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ANTENNA CONFIGURATION

FIELD OF THE INVENTION

[0001] Applications of the present mmvention relate to
transmitting power to an implanted medical device.

BACKGROUND

[0002] Electrical power can be transierred to a percutane-
ous medical implant by magnetic induction. A current flow-
ing through a coil produces a magnetic field, which, 1n turn,
will induce a current 1n a second coil, provided the second
coil 1s 1n close enough proximity to the magnetic field and
oriented such that the magnetic field 1s substantially parallel
to the central longitudinal axis of the second coil. A coil
inside a medical implant can therefore act as a receiving coil,
while a coil outside a patient’s body can act as a transmitting,
coil. A current can be driven through the transmitting coil 1n
order to induce an induced current in the receirving coil,
thereby powering the medical implant.

[0003] A CBS News article enftitled “Migraine ‘smart’
patch tested to help ease pain,” by Steven Reinberg,
describes a study performed at Rambam Medical Center 1n
Haita, Israel, under Dr. David Yarnitzky, chair of neurology
at the Rambam Medical Center. The study tested an arm
patch to be worn on the upper arm with “[rJubber electrodes
and a chip 1n the patch [to] produce electric impulses that
block pain signals from reaching the brain,” in order to treat
migraine pain.

[0004] A St. Jude Medical, Inc. fact sheet entitled “Periph-
eral nerve stimulation for intractable chronic migraine,”
describes peripheral nerve stimulation as a treatment for
chronic migraines. The fact sheet states that “Peripheral
nerve stimulation (PNS) 1s a therapy that uses mild electrical
pulses to stimulate the nerves of the peripheral nervous
system. The peripheral nerves make up a network of nerves
outside of the central nervous system. For example, the ulnar
nerve in the arms and the sciatic nerve 1n the legs are part of
the peripheral nervous system. The St. Jude Medical systems
currently approved for PNS 1n select markets look and
operate much like a cardiac pacemaker. However, instead of
sending pulses to the heart, the pulses are carried to the
occipital nerves, located in the back of the head . . . .
Researchers believe that by delivering electrical pulses to
these specific peripheral nerve fibers, PNS may influence the
way the nerves communicate with the brain and provide an
alternative to long-term drug therapy for the relief of chronic
migraine.”

SUMMARY OF THE INVENTION

[0005] A method 1s described for transmitting power to a
medical implant that includes a receiving coil. For some
applications, a transmitting coil, disposed 1n a transmitting
coil housing, 1s placed against skin of a subject such that a
central longitudinal axis of the transmitting coil 1s substan-
tially perpendicular to the skin. For some applications, the
medical implant 1s implanted between an ankle and a knee
of a leg of a subject, typically closer to the ankle than the
knee. To increase efliciency of the power transfer while
accommodating for limited space near the ankle, the trans-
mitting coil 1s oniented with respect to the skin such that it
1s not centered over the receiving but rather only a portion
of the transmitting coil 1s disposed directly over the receiv-
ing coil. This orientation of the transmitting coil with respect
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to the receiving coil allows for powering the medical
implant using only one transmitting coil. To transmit power
to the medical implant, control circuitry 1s activated to drive
a current through the transmitting coil that induces an
induced current in the receiving coil.

[0006] TTypically, the transmitting coil housing and the
transmitting coil are flexible 1n order to comiortably con-
form to the shape of a limb of the subject. In the absence of
any forces applied to the transmitting coil, the transmitting
coil has a nominal resonance frequency. In order to accom-
modate for possible fluctuations 1n the resonance frequency
of the transmitting coil due to the flexing, a sensor may be
coupled to the control circuitry and configured to determine
an extent of divergence of (a) the resonance frequency of the
transmitting coil when the transmitting coil 1s flexed from
(b) the nominal resonance frequency of the transmitting coil,
occurring in the absence of any forces applied to the
transmitting coil. The control circuitry i1s further configured
to output a signal that controls one or more electrical
components that are (a) coupled to the control circuitry and
(b) configured to tune the resonance frequency of the
transmitting coil 1n order to compensate for the fluctuations.
[0007] There 1s therefore provided, 1n accordance with
some applications of the present invention, a method for
transmitting power to a medical implant that includes a
receiving coil that 1s oriented such that a longitudinal axis of
the receiving coil 1s substantially parallel to skin of a subject,
the method including;:

[0008] providing a transmitting coil disposed 1n a hous-
Ing;

[0009] placing the housing against the skin such that:

[0010] (a) a central longitudinal axis of the transmitting

coil 1s substantially perpendicular to the skin,

[0011] (b) a portion of the transmitting coil 1s disposed
over the receiving coil,

[0012] (c) a first distance, from the central longitudinal
ax1s of the transmitting coil to a longitudinal center of
the receiving coil, 1s greater than a second distance,
from the central longitudinal axis of the transmitting
coil to an 1mner edge of the portion of the transmitting,
coil, and

[0013] (d) the first distance 1s less than a third distance,
from the central longitudinal axis of the transmitting
coil to an outer edge of the portion of the transmitting
coil; and

activating control circuitry to power the medical implant by
driving a current through the transmitting coil that induces
an Induced current 1n the receiving coail.

[0014] For some applications, placing includes identifying
the subject as suflering from migraines or cluster headaches,
and 1n response to the identitying, placing the housing on a
leg of a subject such that:

[0015] (a) the transmitting coil 1s disposed between a knee
and an angle of the leg, and

[0016] (b) the transmitting coil transmits power to a medi-
cal implant configured to stimulate a tibial nerve 1n the leg
of the subject.

[0017] Forsome applications, placing includes placing the
housing on a leg of the subject such that:

[0018] (a) the transmitting coil 1s disposed between a knee
and an ankle of the leg, and

[0019] (b) (1) a portion of the transmitting coil that is
disposed over the recerving coil 1s closer to the ankle than
(11) a portion of the transmitting coil that 1s disposed at 180
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degrees from the portion of the transmitting coil that is
disposed over the recerving coil, 1s to the ankle.

[0020] For some applications, placing includes placing the
housing such that the first distance 1s 15-45 mm.

[0021] For some applications, placing includes placing the
housing such that the second distance 1s less than 30 mm.

[0022] For some applications, placing includes placing the
housing such that the third distance 1s 40-60 mm.

[0023] Forsome apphcatlons placing includes placing the
housing such that a difference between the third distance and
the second distance 1s 30-40 mm.

[0024] For some applications, providing the transmitting
coil includes providing a transmitting coi1l wherein a ratio of
(a) a difference between the third distance and the second
distance, to (b) a longitudinal length of the receiving coil
greater than 0.3.

[0025] For some applications, providing the transmitting
coil includes providing a transmitting coi1l wherein a ratio of
(a) a difference between the third distance and the second
distance, to (b) a longitudinal length of the receiving coil 1s
less than 1.3.

[0026] For some applications, providing the transmitting
coil includes providing a transmitting coi1l wherein a ratio of
(a) a difference between the third distance and the second
distance, to (b) a longitudinal length of the receiving coil 1s
between 0.5 and 1.3.

[0027] For some applications, providing the transmitting
coil includes providing a transmitting coil wherein:

[0028] (a) a height of the transmitting coi1l measured along
a longitudinal axis of the transmitting coil 1s 300-600
microns,

[0029] (b) an outer diameter of the transmitting coil is
100-140 mm, and

[0030] (c) a ratio of the outer diameter of the transmitting
coil to the height of the transmitting coil 1s at least 130.

[0031] Forsome applications, placing includes placing the
housing such that the transmitting coil 1s over a receiving
coil, wherein:

[0032] (a) a longitudinal length of the receiving coil is
3-15 mm,

[0033] (b) an outer diameter of the recerving coil 15 0.6-1.5
mm, and

[0034] (c) aratio of the outer diameter of the receiving coil
to the longitudinal length of the receiving coil 1s less than
0.5.

[0035] For some applications, activating the control cir-

cuitry includes activating the control circuitry to drive the

current through the transmitting coil at a frequency of 1-20
MHz.

[0036] Forsome applications, placing includes placing the
housing against the skin and subsequently sliding 1t along
the skin until an 1ndicator, coupled to the housing, indicates
that the transmitting coil 1s 1 an acceptable position with
respect to the receiving coil.

[0037] For some applications, providing the transmitting
coil includes providing a transmitting coil wherein a cross-
sectional area of a wire of the transmitting coil 1s rectangu-
lar, wherein the cross-section 1s taken perpendicular to a
direction of current flow within the wire.

[0038] For some applications, providing the transmitting
coil 1includes providing a transmitting coil that 1s elongated
in a direction perpendicular to the central longitudinal axis
of the receiving coil.
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[0039] For some applications, providing the transmitting
coil includes providing a planar coil disposed in a housing.
[0040] For some applications, providing the planar coil
includes providing a planar coil including a plurality of
layers.

[0041] For some applications, providing the planar coil
includes providing a planar coil with a line spacing, of
adjacent coplanar wires, of 0.25-3 mm.

[0042] For some applications, providing the planar coil
includes providing a planar coil with a line width of 1-4 mm.

[0043] For some applications, providing the transmitting
coil includes providing a transmitting coil wherein an aver-
age distance from a wire of the transmitting coil to the
central longitudinal axis of the transmitting coil 1s less than
two times a square root of a cross-sectional area of a central
non-coiled region of the transmitting coil.

[0044] For some applications, providing includes provid-
ing a transmitting coil wherein an average distance from the
wire of the transmitting coil to the central longitudinal axis
of the transmitting coil 1s 0.6-1.5 times the square root of the
cross-sectional area of the central non-coiled region of the
transmitting coil.

[0045] There 1s further provided, 1n accordance with some
applications of the present invention, apparatus including:

[0046] a medical implant, the medical implant including:
[0047] a recerving coil; and
[0048] a plurality of electrodes;

[0049] a transmitting coil, having wire disposed at all
rotational locations about a central longitudinal axis of the
transmitting coil, oriented such that:

[0050] (a) the central longitudinal axis of the transmit-
ting coil 1s substantially perpendicular to a central
longitudinal axis of the recerving coil,

[0051] (b) at one of the rotational locations, a line from
the wire and substantially parallel to the central longi-
tudinal axis of the transmitting coil intersects the
receiving coil, and at 180 degrees from the rotational
location a line from the wire and substantially parallel
to the central longitudinal axis of the transmitting coil
does not intersect the receiving coil,

[0052] (c) a first distance from the central longitudinal
axis of the transmitting coil to a longitudinal center of
the receiving coil, 1s greater than a second distance
from the central longitudinal axis of the transmitting
coil to an 1nner edge of the transmitting coil at the one
of the rotational locations, and

[0053] (d) the first distance 1s less than a third distance
from the central longitudinal axis of the transmitting
coil to an outer edge of the transmitting coil at the one
of the rotational locations; and

[0054] control circuitry configured to transmit power to
the medical implant by driving a current through the trans-

mitting coil that induces an mnduced current 1n the receiving
coil.

[0055] For some applications, the control circuitry 1s con-
figured to drive the current through the transmitting coil at
a frequency of 1-20 MHz.

[0056] For some applications, the medical implant 1s con-
figured to be 1mplanted 1-5 cm below skin of a subject, and
the control circuitry 1s configured to transmit the power, by
driving the current through the transmitting coil that induces
the induced current in the recerving coil, when the medical
implant 1s 1implanted 1-5 cm below the skin.
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[0057] For some applications, the receiving coil 1s a cylin-
drical coil including a ferrite core.

[0058] For some applications, the first distance 1s 15-45
mm

[0059] For some applications, the second distance 1s less
than 30 mm.

[0060] For some applications, the third distance 1s 40-60
mm

[0061] For some applications, a difference between the
third distance and the second distance 1s 30-40 mm.

[0062] For some applications, a ratio of (a) a diflerence
between the third distance and the second distance, to (b) a
longitudinal length of the receiving coil 1s greater than 0.5.

[0063] For some applications, a ratio of (a) a diflerence
between the third distance and the second distance, to (b) a
longitudinal length of the receiving coil 1s less than 1.5.

[0064] For some applications, a ratio of (a) a diflerence
between the third distance and the second distance, to (b) a
longitudinal length of the receiving coil 1s between 0.5 and

1.5.
[0065] For some applications:
[0066] (a) a height of the transmitting coi1l measured along

a longitudinal axis of the transmitting coil 1s 300-600
microns,

[0067] (b) an outer diameter of the transmitting coil is
100-140 mm, and

[0068] (c) a ratio of the outer diameter of the transmitting
coil to the height of the transmitting coil 1s at least 130.

[0069] For some applications:

[0070] (a) a longitudinal length of the receiving coil is
3-15 mm,

[0071] (b) an outer diameter of the receiving coil 15 0.6-1.5
mm, and

[0072] (c¢) aratio of the outer diameter of the receiving coil
to the longitudinal length of the receiving coil 1s less than
0.5.

[0073] For some applications:

[0074] (a) a first ratio, of the outer diameter of the trans-

mitting coil to a height of the transmitting coil measured

along a longitudinal axis of the transmitting coil, 1s at least
150,

[0075] (b) a second ratio, of the outer diameter of the
receiving coil to the longitudinal length of the recerving coil,
1s less than 0.5, and

[0076] (c) aratio of the first ratio to the second ratio 1s at
least 300.
[0077] For some applications, the transmitting coil has

between 4 and 10 turns.

[0078] For some applications, the receiving coil has
between 10 and 40 turns.

[0079] For some applications, the medical implant 1s con-
figured to send a signal to the control circuitry upon receiv-
ing the transmitted power.

[0080] For some applications, a cross-sectional area of a
wire of the transmitting coil 1s rectangular, the cross-section

being taken perpendicular to a direction of current flow
within the wire.

[0081] For some applications, the transmitting coil 1is
clongated 1n a direction perpendicular to the central longi-
tudinal axis of the receiving coil.

[0082] For some applications, a length of the receiving
coil 1s 3-15 mm.
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[0083] For some applications, the medical implant
includes a housing having a length of 30-45 mm and the
receiving coil 1s disposed in within the housing.

[0084] For some applications, the apparatus further
includes an indicator, and the control circuitry 1s configured
to activate the indicator upon the transmitting coil being in
an acceptable position with respect to the receiving coil.

[0085] For some applications, the control circuitry 1s con-
figured to detect interference with 1ts output signal and to
activate the indicator upon the detection of the interference.

[0086] For some applications, the control circuitry 1s con-
figured to activate the indicator again, upon the transmitting
coil no longer being in correct position with respect to the
receiving coil.

[0087] For some applications, the control circuitry 1s con-
figured to ascertain an indication of an efliciency of the
power transier between the transmitting coil and the receiv-
ing coil, and to activate the indicator according to the
ascertaining.

[0088] For some applications, the control circuitry 1s con-
figured to measure a loss of power 1n the transmitting coil,
the loss of power being indicative of the efhiciency of the

power transier.

[0089] For some applications, the transmitting coil 1s a
planar coil.
[0090] For some applications, a line width of the trans-

mitting coil 1s 1-4 mm.
[0091] For some applications, the planar coil includes a
plurality of layers.

[0092] For some applications, a line spacing of adjacent
coplanar wires 1n the transmitting coil 1s 0.25-3 mm.

[0093] For some applications, the apparatus further
includes a flexible printed circuit board (PCB), and the

transmitting coil includes two planar layers disposed on
either side of the flexible PCB.

[0094] For some applications, a height of each layer
measured along a longitudinal axis of the transmitting coil 1s
15-100 microns.

[0095] For some applications, a height of the tlexible PCB
measured along a longitudinal axis of the transmitting coil 1s

100-200 microns.

[0096] For some applications, respective wires of the two
layers are conductively connected to each other at at least
one location along each turn of the transmitting coil.

[0097] For some applications, the apparatus further
includes at least one capacitor, coupled to the transmitting
coil at at least one location along at least one turn of the
transmitting coil.

[0098] For some applications, the capacitor 1s electrically
coupled to both of the two layers.

[0099] For some applications, the apparatus further
includes a plurality of capacitors coupled to the transmitting
coill such that at least one capacitor 1s coupled to the
transmitting coil at at least one location along each turn of
the transmitting coil.

[0100] For some applications, each of the capacitors is
clectrically coupled to both of the two layers.

[0101] For some applications, an 1insulating cover 1is

coupled to both layers of the transmitting coil disposed on
the flexible PCB.

[0102] For some applications, an average distance from a
wire of the transmaitting coil to the central longitudinal axis
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of the transmitting coil 1s less than two times a square root
ol a cross-sectional area of a central non-coiled region of the
transmitting coil.

[0103] For some applications, the average distance from
the wire of the transmitting coil to the central longitudinal
axis of the transmitting coil 1s 0.6-1.5 times the square root
of the cross-sectional area of the central non-coiled region of
the transmitting coil.

[0104] There 1s further provided, 1n accordance with some
applications of the present invention, apparatus for use with
a medical implant that includes a receiving coil, the appa-
ratus 1ncluding:

[0105] a flexible housing configured to be placed against
skin of a subject;

[0106] a flexible transmitting coil disposed 1n the housing;

[0107] control circuitry configured to transmit power to
the medical implant by driving a current through the trans-
mitting coil that induces an induced current 1n the receiving,
coil:

[0108] a sensor coupled to the control circuitry, the sensor
configured to determine an extent of divergence of (a) a
resonance frequency of the transmitting coil when the trans-
mitting coil 1s flexed from (b) a nominal resonance Ire-
quency of the transmitting coil, occurring 1n the absence of
any forces applied to the transmitting coil, and configured to
output a signal according to the determination; and

[0109] one or more electrical components, coupled to the
control circuitry and configured to tune the resonance ire-
quency of the transmitting coil i response to the determi-
nation of the sensor.

[0110] For some applications, the control country i1s con-
figured to set the frequency of the current output by the
control circuitry to be between 1 and 20 MHz.

[0111] For some applications, the flexible transmitting coil
1s configured to flex such that 1t can substantially conform to

a lateral wall of a cylinder having a diameter between 8 and
S0 cm.

[0112] For some applications, the sensor includes a phase
detector, configured to (a) determine a phase diflerence
between the phase of the current output by the control
circuitry, and the phase of either a current or a voltage on at
least one component of the transmitting coil, the phase
difference being due to flexing of the transmitting coil, and
(b) output a signal according to the determination.

[0113] For some applications, the control
includes feedback calculator configured to:

[0114] (a) recerve the signal output by the phase detector,

[0115] (b) determine, according to the signal output by the
phase detector, a necessary change 1n the resonance Ire-
quency of the transmitting coil, 1n order to reduce the extent
of divergence of (a) the resonance frequency of the trans-
mitting coil when the transmitting coal 1s flexed from (b) the
nominal resonance frequency of the transmitting coil, and

[0116] (c) output a signal to the one or more electrical
components, according to the determination.

[0117] For some applications, the sensor 1s configured to:

[0118] (a) measure a parameter that 1s indicative of the
frequency of the current output by the control circuitry and
the resonance frequency of the transmitting coil,

[0119] (b) look up at least one value 1n a look-up table with
respect to the measured parameter, and

[0120] (c) output a signal to the one or more electrical
components based on the looked-up value.

circultry
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[0121] For some applications, the control circuitry 1s con-
figured such that the measured parameter 1s a level of power
output by the transmitting coail.

[0122] For some applications, at least one of the one or
more electrical components 1s a variable inductor, the con-
trol circuitry 1s configured to vary an inductance of the
variable inductor according to the signal output by the
sensor, and the resonance frequency of the transmitting coil
varies according to the variation of the inductance of the
variable mductor.

[0123] For some applications, at least one of the one or
more electrical components 1s a variable capacitor, the
control circuitry 1s configured to vary a capacitance of the
variable capacitor according to the signal output by the
sensor, and the resonance frequency of the transmitting coil
varies according to the variation of the capacitance of the
variable capacitor.

[0124] For some applications, the apparatus further
includes a plurality of switches, each switch coupled to a
respective one of the electrical components.

[0125] For some applications, the control circuitry 1s con-
figured to tune the resonance frequency of the transmitting
coil, according to the signal output by the sensor, by
activating at least one of the plurality of switches to facilitate
or inhibit current flow through the respective electrical
component.

[0126] For some applications, the control circuitry 1s con-
figured to dither the resonance frequency of the transmitting
coil by repeatedly activating and deactivating the at least one
of the plurality of switches to facilitate or inhibit current
flow through the respective electrical component.

[0127] For some applications, at least one of the plurality
of switches 1s configured to be manually operated and the
remaining switches are configured to be operated by the
control circuitry, wherein (a) the electrical component
coupled to the manually-operated switch 1s configured to
vary the resonance frequency of the transmitting coil by
more than (b) the electrical components coupled to the
switches operated by the control circuitry are configured to
vary the resonance frequency of the transmitting coil.

[0128] For some applications, the one or more electrical
components 1s a plurality of inductors, coupled in series.

[0129] For some applications, the plurality of inductors
includes 3-9 inductors.

[0130] For some applications, a first one of the inductors
has an inductance of 1.5-2.5 times an inductance of another
one of the inductors.

[0131] For some applications, the inductance of the first
one of the inductors 1s twice the inductance of the other one
of the inductors.

[0132] For some applications, each one of at least half of
the inductors has an inductance which 1s twice an inductance
ol another one of the inductors.

[0133] For some applications, the control circuitry 1s con-
figured such that when the extent of divergence of (a) the
resonance frequency of the transmitting coil when the trans-
mitting coil 1s flexed from (b) the nominal resonance ire-
quency of the transmitting coil 1s reduced, current 1s allowed
to pass through at least one of the inductors and current 1s
inhibited from passing through at least another one of the
inductors.

[0134] For some applications, the one or more electrical
components 1s a plurality of capacitors coupled in parallel.
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[0135] For some applications, the plurality of capacitors
includes 4 to 10 capacitors.

[0136] For some applications, a first one of the capacitors
has a capacitance of 1.5-2.5 times a capacitance of another
one of the capacitors.

[0137] For some applications, the capacitance of the first
one of the capacitors 1s twice the capacitance of the other
one of the capacitors.

[0138] For some applications, each one of at least half of
the capacitors has a capacitance that 1s twice a capacitance
ol another one of the capacitors.

[0139] For some applications, the control circuitry 1s con-
figured such that when the extent of divergence of (a) the
resonance Irequency of the transmitting coi1l when the trans-
mitting coil 1s flexed from (b) the nominal resonance fre-
quency of the transmitting coil 1s reduced, current 1s allowed
to pass through at least one of the capacitors and current 1s
inhibited from passing through at least another one of the
capacitors.

[0140] For some applications, the one or more electrical
components 1s a plurality of electrical components including
inductors, coupled 1n series, and capacitors, coupled 1n
parallel.

[0141] For some applications, a first one of the inductors
has an inductance of 1.5-2.5 times an inductance of another
one of the inductors.

[0142] For some applications, the inductance of the first
one of the inductors 1s twice the inductance of the other one
of the inductors.

[0143] For some applications, each one of at least half of
the inductors has an inductance that 1s twice an inductance
of another one of the inductors.

[0144] For some applications, a first one of the capacitors
has a capacitance of 1.5-2.5 times a capacitance of another
one of the capacitors.

[0145] For some applications, the capacitance of the first
one of the capacitors 1s twice the capacitance of the other
one of the capacitors.

[0146] For some applications, each one of at least half of
the capacitors has a capacitance that 1s twice a capacitance
ol another one of the capacitors.

[0147] For some applications, the control circuitry 1s con-
figured such that when the extent of divergence of (a) the
resonance Ifrequency of the transmitting coil when the trans-
mitting coil 1s flexed from (b) the nominal resonance ire-
quency of the transmitting coil 1s reduced, current 1s allowed
to pass through at least one of the electrical components and
current 1s inhibited from passing through at least another one
of the electrical components.

[0148] For some applications:

[0149] the control circuitry 1s configured to activate the
switches by applying a respective voltage of 30-300 volts to
each switch,

[0150] the switches include transistors, acting as diodes,
having respective capacitances that are dependent on the
respective voltage applied to each switch.

[0151] For some applications, the control circuitry 1s con-
figured to apply the respective voltages to the respective
switches at a voltage of 50-200 volts.

[0152] For some applications:

[0153] the control circuitry 1s configured to activate the
switches applying a respective voltage of 30-300 volts to
each switch, and
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[0154] the switches 1nclude transistors, which behave 1n
theirr ofl states as variable capacitors, having respective
capacitances that are dependent on the respective voltage
applied to each switch.

[0155] For some applications, the control circuitry 1s con-
figured to apply the respective voltages to the respective
switches at a voltage of 50-200 volts.

[0156] For some applications, the apparatus further
includes the medical implant.

[0157] There 1s further provided, 1n accordance with some
applications of the present invention, a method for treating
a subject sullering from migraines or cluster headaches, the
method including:

[0158] 1dentifying the subject as suflering from migraines
or cluster headaches:; and

[0159] 1n response to the 1dentifying, powering a medical
implant to stimulate a tibial nerve 1n a leg of the subject.
[0160] The present invention will be more fully under-
stood from the following detailed description of applications
thereol, taken together with the drawings, 1n which:

BRIEF DESCRIPTION OF THE DRAWINGS

[0161] FIGS. 1A-B are schematic illustrations of a medi-

cal implant comprising a receiving coil under skin of a
subject and a transmitting coil disposed in a housing that 1s
placed against the skin, 1 accordance with some applica-
tions of the present invention;

[0162] FIGS. 2A-B are schematic 1llustrations of a cross-
sectional view of the receiving coil disposed 1n the medical
implant and the transmitting coil disposed 1n the housing
against the skin, 1n accordance with some applications of the
present 1nvention;

[0163] FIG. 3 1s a schematic i1llustration of the orientation
of the transmitting coil with respect to the recerving coil, 1n
accordance with some applications of the present invention;
[0164] FIG. 4 1s a schematic illustration of a top view and
a cross-section of the transmitting coil, 1n accordance with
some applications of the present invention;

[0165] FIGS. SA-B are schematic illustrations of a cross-
sectional view of the transmitting coil and a top view of the
transmitting coil, in accordance with some applications of
the present mnvention;

[0166] FIGS. 6-7 are schematic illustrations of the trans-
mitting coil 1n the housing being tlexed to conform to a
curve ol a limb of the subject, in accordance with some
applications of the present invention;

[0167] FIGS. 8-13 are schematic 1llustrations of control
circuitry of the transmitting coil, in accordance with some
applications of the present invention;

[0168] FIG. 14 1s a circuit diagram of the control circuitry
of the transmitting coil, 1n accordance with some applica-
tions of the present invention; and

[0169] FIG. 15 1s a graph showing rate of change of
capacitance versus drain-to-source voltage change of a
switch coupled to the control circuitry, 1n accordance with
some applications of the present invention.

DETAILED DESCRIPTION

[0170] Reference 1s made to FIGS. 1A-B, which are
schematic illustrations of a transmitting coil 20, disposed 1n
a transmitting coil housing 22 that 1s placed against skin 28
of a subject, and a medical implant 23, under skin 28 of a
limb 30 of a subject, comprising a recerving coil 24 that
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disposed 1n a recerving coil housing 26, 1n accordance with
some applications of the present invention. Typically,
receiving coil housing 26 1s oriented such that a central
longitudinal axis 32 of receiving coil 24 1s substantially
parallel to skin 28. Transmitting coil housing 22 of trans-
mitting coil 20 1s typically placed against skin 28 and
oriented such that a central longitudinal axis 34 (FIG. 2) of
transmitting coil 20 1s substantially perpendicular to skin 28.
Power 1s transmitted to medical implant 23 by activating
control circuitry 36 (FIG. 1B), coupled to transmitting coil
housing 22, to drive a current through transmitting coil 20,
for example at a frequency of 1-20 MHz, e.g., a fixed
frequency of 6.78 or 13.56 MHz. For some applications,
lower frequencies such as 0.1-0.5 MHz may also be used. A
magnetic field, for example magnetic field 52 (FIG. 2A),
generated by the current 1n transmitting coil 20, induces an
induced current in receiving coil 24.

[0171] As used 1n the present application, including in the
claims, a “central longitudinal axis” of an elongate structure
1s the set of all centroids of transverse cross-sectional
sections of the structure along the structure. Thus, the
cross-sectional sections are locally perpendicular to the
central longitudinal axis, which runs along the structure. (If
the structure 1s circular 1n cross-section, the centroids cor-
respond with the centers of the circular cross-sectional
sections. )

[0172] As used in the present application, including in the
claims, substantially parallel elements are to be understood
as having an angle between them that 1s less than 10 degrees.
For some applications, substantially parallel elements have
an angle between them that 1s less than 5 degrees.

[0173] As used 1n the present application, including in the
claims, substantially perpendicular elements are to be under-
stood as having an angle between them that 1s at least 85
degrees and/or less than 95 degrees.

[0174] Retference 1s now made to FIGS. 2A-B, which are
schematic 1llustrations of an orientation of transmitting coil
housing 22, and thereby transmitting coil 20, with respect to
receiving coil 24, 1n accordance with some applications of
the present invention. For some applications, medical
implant 23 1s implanted between a knee and an ankle of a
subject, closer to the ankle than to the knee, such as 1s shown
in FIGS. 1A-B. Typically, a doctor will implant the medical
implant 2-10 cm away from the medial malleolus. Inside

medical implant 23, receiving coil 24 1s disposed closer to
an ankle-side 84 (FIG. 2A) of the medical implant than 1t 1s

to a knee-side 86 (FI1G. 2A) of the medical implant. Space
on skin 28 near the ankle however 1s limited due to the
subject’s ankle bone and shoe. Efficiency of the power
transfer can be improved by ensuring that magnetic fields,
¢.g., magnetic field 52, generated by the current in trans-
mitting coil 20 are substantially parallel to receiving coil 24
in the vicinity of receiving coil 24. Magnetic fields that are
substantially parallel to receiving coil 24, but not in the
vicinity of receiving coil 24, ¢.g., magnetic field 53, do not
substantially aflect the power transfer.

[0175] Theretfore, taking into account the limited space
avallable near the ankle, the desired orientation of the
generated magnetic fields 1s accomplished by placing trans-
mitting coil housing 22 against skin 28 such that transmuit-
ting coil 20, having a wire disposed at all rotational locations
about central longitudinal axis 34, i1s not centered over
receiving coil 24. Rather, only a portion 50 (FIG. 1A) of
transmitting coil 20 1s disposed over receiving coil 24, such
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that at one of the rotational locations about central longitu-
dinal axis 34 of transmitting coil 20, a line 38 extending
from the wire and substantially parallel to central longitu-
dinal axis 34 of transmitting coil 20 intersects receiving coil
24, and at 180 degrees from the rotational location, a line 40
extending from the wire and substantially parallel to central
longitudinal axis 34 of transmitting coil 20 does not intersect
receiving coil 24. This orientation of transmitting coil 20,
turther described hereinbelow, allows for the use of only one
transmitting coil 20 to power medical implant 23. Typically,
(a) portion 50 of transmitting coil 20, that 1s disposed over
receiving coil 24, closer to the ankle than (b) a portion 51 of
transmitting coil 20, that 1s not disposed over receiving coil
24, e.g., disposed at 180 degrees from portion 50, 1s to the
ankle (for example as shown 1n FIG. 1A).

[0176] For some applications, medical implant 23 1is
implanted on a leg between the knee and the ankle, as
described hereinabove, 1n order to treat patients sullering
from migraines or cluster headaches using tibial nerve
stimulation. Transmitting coil 20 powers medical implant 23
in order to provide neural stimulation to the tibial nerve, for
example at a repetition rate of 10-60 Hz. Similarly to
over-stimulation of the ulnar nerve for treatment of
migraines, over-stimulation of the tibial nerve may cause
paresthesia 1n the active pain centers in the brain, thereby
reducing the pain of the migraine or cluster headache.

[0177] Relerence 1s now made to FIG. 3, which 1s a
schematic illustration of transmitting coil 20 disposed 1n
transmitting coil housing 22 and recerving coil 24 disposed
in recewving coil housing 26, in accordance with some
applications of the present invention. Typically, transmitting
coil housing 22 1s placed such that (a) a first distance D1,
from central longitudinal axis 34 of transmitting coil 20 to
a longitudinal center 42 of receiving coil 24, 1s 15-45 mm,
(b) a second distance D2, from central longitudinal axis 34
of transmitting coil 20 to an iner edge 44 of portion 50 of
transmitting coil 20 that 1s disposed over receiving coil 24,
1s less than 30 mm, and (c) a third distance D3, from central
longitudinal axis 34 of transmitting coil 20 to an outer edge
46 of portion 50 of transmitting coil 20 that 1s disposed over
receiving coil 24, 1s 40-60 mm. Typically, (a) first distance
D1 1s greater than second distance D2 and less than third
distance D3, and (b) a difference between second distance
D2 and third distance D3 i1s 30-40 mm. The difference
between third distance D3 and second distance D2 1s
referred to hereinbelow as width W of transmitting coil 20.

[0178] In order to further improve the efliciency of the
power transier, transmitting coil 20 1s typically elongated in
a direction perpendicular to central longitudinal axis 32 of
receiving coil 24 thus increasing a distance between central
longitudinal axis 34 and a wire of transmitting coil 20.
Therefore, magnetic fields generated by the current in trans-
mitting coil 20, e.g., magnetic field 54, that are not substan-
tially parallel to receiving coil 24, are farther away from
receiving coil 24 thereby they have less of an effect on the
induced current 1n receiving coil 24. For some applications,
an average distance D10 (FIG. 4) from the wire of trans-
mitting coil 20 to central longitudinal axis 34 of transmitting,
coil 20 1s less than two times, e.g., 0.6-1.5 times, a square
root of a cross-sectional area of a central non-coiled region
56 of transmitting coil 20.

[0179] FEilliciency of the power transfer 1s also aflected by
a depth of implantation of medical implant 23. Typically,
medical implant 23 1s implanted at a depth D14 (FI1G. 2B)
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of 1-5 cm below skin 28. As used 1n the present application,
including in the claims, the depth of medical implant 23 i1s
the distance from skin 28 to central longitudinal axis 32 of
receiving coil 24 measured substantially normal to the skin.

[0180] Reference 1s again made to FIG. 1B. In some
applications, an indicator 48 1s coupled to transmitting coil
housing 22. Control circuitry 36 1s configured to activate
indicator 48 upon transmitting coil 20 being in an acceptable
position with respect to receiving coil 24. For example,
indicator 48 may be a visual indicator, an audible indicator,
or a vibrator. Typically, indicator 48 1s configured to indicate
an acceptable position of transmitting coil 20 when the
ciliciency of the energy transmission between transmitting
coil 20 and receiving coil 24 1s above a threshold that 1s at
least 85% of the maximum efliciency possible for the patent.
For some applications, the maximum efliciency of the power
transier 1s approximately 5%.

[0181] For some applications, control circuitry 36 1s able
to detect when transmitting coil 20 1s 1 an acceptable
position by outputting a signal and subsequently detecting,
an interference, caused by receiving coil 24, with the signal.
Upon detection of the interference, control circuitry 36
activates indicator 48.

[0182] Altematively or additionally, control circuitry 36 1s
able to ascertain an indication of the efliciency of the energy
transmission between transmitting coil 20 and recerving coil
24, and indicator 48 1s configured to have a range of
indications that are respectively representative of the efli-
ciency ascertained by control circuitry 36. For some appli-
cations, the indication of the efliciency 1s a measurement of
power loss 1n transmitting coil 20. Power loss 1n transmitting,
coil 20 may 1include one or more of the following: (a) power
losses that do not appreciably change with the positioning of
the transmitting coil, such as losses due to unavoidable
resistance of transmitting coil 20 and other losses in the
transmitting electronics, and (b) losses 1n the power trans-
mitted to medical implant 23 which depend on the relative
positioning of transmitting coil 20 and receiving coil 24,
such as absorption of power 1n the tissue and surrounding
structures. Thus, monitoring the power loss 1n transmitting
coil 20 may facilitate proper positioning of transmitting coil
20 1n relation to medical implant 23.

[0183] Alternatively or additionally, medical implant 23 1s
configured to send an output signal to control circuitry 36
upon recerving transmitted power from transmitting coil 20.
This output signal may include data indicative of the power
received by recerving coil 24 in medical implant 23. Control
circuitry 36 receives the data indicative of the power
received by receiving coil 24 1n medical implant 23, and by
comparing 1t to the power transmitted by transmitting coail
20, determines a parameter indicative of the efliciency of the
power transmission. This parameter may be used to indicate
to the user: a) 1f the efliciency 1s within a range of acceptable
values; and b) it repositioning transmitting coil housing 22
has caused an increase or decrease in the power transmis-
sion. The indication may be used by a healthcare provider,
during an initial training session, to train the patient or
family member to correctly position transmitting coil hous-
ing 22. Similarly, the indication may be used by the patient
or family member each time transmitting coil housing 22 has
to be placed on the patient or repositioned. For some
applications, the output signal from medical implant 23,
indicative of the power received by recerving coil 24, 1s sent
only when needed. For example, the output signal from
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medical implant 23 may be sent (a) when medical implant 23
1s powered-up, (b) durings positioming of transmitting coil
20, or (c) when the power received by receiving coil 24 1n
medical implant 23 1s changed unexpectedly, indicating a
possible movement of transmitting coil 20 relative to receiv-
ing coil 24.

[0184] Transmitting coil housing 22 can be positioned on
skin 28 by placing housing 22 against skin 28 and subse-
quently sliding transmitting coil housing 22 along skin 28
until indicator 48 indicates that transmitting coil 20 1s 1n an
acceptable position with respect to receiving coil 24. In
some applications, control circuitry 36 is further configured
to activate indicator 48 again upon transmitting coil 20 no
longer being in an acceptable position with respect to
receiving coil 24.

[0185] Relference 1s now made to FIG. 4, which 1s a
schematic 1illustration of transmitting coil 20 1n accordance
with some applications of the present mvention. Typically,
transmitting coil 20 1s a planar coil having between 4 and 10
turns, €.g., 8 turns. A line spacing D9 of adjacent coplanar
wires 1n transmitting coil 20 1s typically 0.25-3 mm, e.g., 2
mm, and a line width D8 of the wires 1n transmitting coil 20
1s typically 1-4 mm, e.g., 2 mm. For some applications,
transmitting coil 20 comprises a plurality of planar layers,
¢.g., two planar layers.

[0186] One or more dimensions of transmitting coil 20
that highlight the planar properties of transmitting coil 20
are as follows:

[0187] a height D5 (FIG. 2B) of transmitting coil 20,
measured along central longitudinal axis 34 of trans-
mitting coil 20 when transmitting coil 20 1s laid flat, 1.¢.
the thickness of transmitting coil 20, 1s at least 300
and/or less than 600 microns;

[0188] an outer diameter D6 (FIG. 3) of transmitting
coil 20 1s at least 100 mm and/or less than 140 mm;

[0189] a ratio of outer diameter D6 of transmitting coil
20 to height D5 of transmitting coil 20 1s at least 130.

[0190] As used 1n the present application, including in the
claims, outer diameter D6 of transmitting coil 20 1s the
largest dimension of transmitting coil 20 from one side of
the coil to the other, measured perpendicular to central
longitudinal axis 34 of transmitting coil 20.

[0191] TTypically, a cross-sectional area 108 of the wire of
transmitting coil 20 1s rectangular when the cross-section,
¢.g., cross-section A-A shown in FIG. 4, 1s taken perpen-
dicular to a direction of current flow within the wire.
[0192] ‘Typically, receiving coil 24 1s a cylindrical coil
having 10-40 turns, e.g., 20 turns, and comprising a ferrite
core. For some applications, one or more dimensions of
receiving coil 24 are as follows:

[0193] a longitudinal length D4 (FIG. 3) of receiving
coil 24 1s at least 3 mm and/or less than 15 mm;
[0194] an outer diameter D7 of receiving coil 24 (FIG.
2B) 1s at least 0.6 mm and/or less than 1.5 mm; and/or
[0195] aratio of outer diameter D7 of receiving coil 24
to longitudinal length D4 of receiving coil 24 1s less
than 0.5.
[0196] Typically, receiving coil housing 26 i1s longitudi-
nally longer than receiving coil 24, to accommodate for
control circuitry disposed within medical implant 23. For
some applications, a longitudinal length D11 of receiving
coil housing 26 1s at least 30 mm and/or less 1n 45 mm.
Medical implant 23 may also comprise a plurality of elec-
trodes.
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[0197] For some applications, some dimensional relation-
ships between transmitting coil 20 and receiving coil 24 are
expressed according to a set of one or more of the following
options:

[0198] (a) a first rati0, of outer diameter D6 (FIG. 3) of
transmitting coil 20 to height D5 (FIG. 2B) of trans-
mitting coil 20 1s at least 150, (b) a second ratio, of
outer diameter D7 (FIG. 2B) of receiving coil 24 to
longitudinal length D4 (FIG. 3) of receiving coil 24 1s
less than 0.5, and (c¢) a ratio of the first ratio to the
second ratio 1s at least 300;

[0199] a ratio of width W of transmitting coil 20 to
longitudinal length D4 (FIG. 3) of receiving coil 24 1s
greater than 0.3;

[0200] a ratio of width W of transmitting coil 20 to
longitudinal length D4 of receiving coil 24 1s less than

1.5; and/or

[0201] a ratio of width W of transmitting coil 20 to
longitudinal length D4 of receiving coil 24 1s at least

0.5 and/or less than 1.5.

[0202] Retference 1s now made to FIGS. 5A-B, which are
schematic 1llustrations of transmitting coil 20, 1n accordance
with some applications of the present invention. FIG. 5A
depicts schematic cross-sectional views of several locations
of transmitting coil 20, in accordance with some applica-
tions of the present mvention. For some applications, trans-
mitting coil 20 comprises two planar layers 94 and 96
disposed on either side of a flexible printed circuit board
(PCB) 98. A height D12 of each planar layer 94 and 96,
measured along longitudinal axis 34 of transmitting coil 20,
1s 15-100 microns, e.g., 35 or 70 microns, and a thickness
D13 of flexible PCB 98 1s 100-200 microns, e.g., 150
microns. For some applications, at least once along each turn
of transmitting coil 20 the two planar layers 94 and 96 are
conductively connected to each other, such that current may
flow from one layer to the other. For example, a via 100
filled with solder may be used to conductively connect the
two planar layers 94 and 96.

[0203] Additionally, a capacitor 102 1s coupled to trans-
mitting coil 20 at at least one location along at least one turn
of transmitting coil 20. Typically, capacitor 102 1s attached
to an exposed pad 92 of one of planar layers 94 or 96. For
some applications, as seen 1 FIG. SA, capacitor 102 1s
clectrically coupled to both planar layers 94 and 96 by being
coupled to two or more vias 100 in pad 92. For some
applications, as seen 1 FIG. 3B, capacitor 102 is directly
soldered to pad 92. For some applications, a plurality of
capacitors 102 are coupled to transmitting coil 20 such that
at least one capacitor 102 1s coupled to transmitting coil 20
at at least one location along each turn of transmitting coil

20.

[0204] Typically, an msulating cover 104 1s coupled, e.g.,
glued, to both planar layers 94 and 96 of transmitting coil 20
on flexible PCB 98. For some applications, a thickness D17
of a layer of glue 106 between cover 104 and each planar

layer 94 and 96 1s 15-50 microns. For some applications, a
thickness D18 of cover 104 1s 15-100 microns.

[0205] FIG. 5A shows both a cross-section and a top-view
of transmitting coil 20. In the top-view, one planar layer 94
can be seen on flexible PCB 98, with one capacitor 102
coupled to each turn of transmitting coil 20. A plurality of
solder-filled vias 100 are coupled to each turn of transmitting
coil 20 to conductively connect planar layer 94 to planar

layer 96, which 1s coupled to the other side of flexible PCB
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98 and not visible 1n this figure. For some applications, vias
100 are positioned at the corners of each turn of transmitting
coil 20, and on either side of each capacitor 102, as shown
in FIG. 5A. Alternatively or additionally a plurality of vias
100, e.g., 2-30 vias 100 may be positioned anywhere along
cach turn of transmitting coil 20.

[0206] Retference 1s now made to FIGS. 6-7, which are
schematic Illustrations of transmitting coil housing 22, com-
prising transmitting coil 20, placed against skin 28 of limb
30 of the subject, 1n accordance with some applications of
the present invention. Typically, in order to allow comiort-
able placement of transmitting housing 22 against limb 30,
transmitting coil housing 22 and transmitting coil 20 are
configured to be tlexible such that they can substantially
conform to a lateral wall of cylinders having diameters that
range between a diameter D15 (FI1G. 6) of 8 cm, e.g., a wrist,
and a diameter D16 (FIG. 7) of 50 cm, e.g., a torso or obese
upper leg. The tlexing of transmitting coil 20, however, may
cause the resonance frequency of transmitting coil 20 to
fluctuate rather than remain at a nominal resonance fre-
quency that occurs 1n the absence of any forces applied to
transmitting coil 20 and 1s near the frequency of the current
output by control circuitry 36.

[0207] Reference 1s now made to FIGS. 8-13, which are
circuit diagrams of control circuitry 36, 1n accordance with
some applications of the present mvention. Portion 21 of
control circuitry 36, as shown in FIGS. 8-13, 1s a model of
transmitting coil 20 as shown in FIGS. 1-7. For some
applications, a sensor 58 i1s coupled to control circuitry 36.
Sensor 38 15 coupled to control circuitry 36 and 1s configured
to (a) determine an extent of divergence of (1) the resonance
frequency of transmitting coil when transmitting coil 20 1s
flexed from (11) the nominal resonance frequency of trans-
mitting coil 20, and (b) subsequently output a signal to one
or more electrical components that are coupled to control
circuitry 36 and configured to tune the resonance frequency
of transmitting coil 20 in response to the determination of
sensor 58.

[0208] For some applications, sensor 58 comprises a phase
detector 60 and a feedback calculator 62 (for example, as
shown 1 FIGS. 8-12). Phase detector 60 1s configured to (a)
determine a phase difference between the phase of the
current output by signal generator 64 and the phase of either
a current or a voltage on at least one component of trans-
mitting coil 20, and (b) output a signal to feedback calculator
62 according to the determination. After receiving the signal
from phase detector 60, feedback calculator 62 (a) deter-
mines a necessary change in the resonance frequency of
transmitting coil 20 that will reduce the extent of divergence
of (1) the resonance frequency of transmitting coil 20 when
transmitting coil 20 1s flexed from (11) the nominal resonance
frequency of transmitting coil 20 and (b) outputs a signal to
the electrical components according to the determination.

Dashed lines 88 (FIGS. 8-12 represent feedback calculator
62 controlling each respective switch 74.

[0209] For some applications (e.g., as shown 1n FIG. 13),
sensor 38 does not comprise phase detector 60 and feedback
calculator 62. Rather, sensor 58 1s configured to (a) measure
a parameter that 1s indicative of both the frequency output by
signal generator 64 and the resonance frequency of trans-
mitting coil 20, e.g., by measuring the power output of
transmitting coil 20, (b) look up at least one value 1n a
look-up table with respect to the measured parameter, and
(c) output a signal to the electrical components based on the
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looked-up value. Dashed line 90 (FIG. 13) represents sensor
58 controlling each respective switch 74.

[0210] For some applications, at least one of the electrical
components 1s a variable inductor 66 (FIG. 8), whose
inductance 1s varied according to the signal output by sensor
58. Variation of the inductance of variable inductor 66, in
turn, cause variations in the resonance frequency of trans-
mitting coil 20.

[0211] For some applications, at least one of the electrical
components 1s a variable capacitor 68 (FIG. 9), whose
capacitance 1s varied according to the signal output by
sensor 58. Variation of the capacitance of variable capacitor
68, 1n turn, cause variations 1n the resonance frequency of
transmitting coil 20.

[0212] For some applications, the one or more electrical
components 1s a (a) a plurality of inductors 70, e.g., 3-9
inductors 70, coupled 1n series (FI1G. 10), (b) a plurality of
capacitors 72, e.g., 4-10 capacitors 72, coupled 1n parallel
(FIG. 11), or (¢) a combination of inductors 70, coupled 1n
series, and capacitors 72, coupled in parallel (FIG. 12).
When a plurality of inductors are used, typically a first one
of inductors 70 has an inductance of 1.5-2.5 times, e.g., 2
times, an inductance of another one of inductors 70, and/or
cach one of at least half of inductors 70 has an inductance
that 1s twice an inductance of another one of inductors 70.
For example, 9 inductors 70 may have respective induc-
tances of 2, 4, 8, 16, 32, 64, 128, 256, and 512 (arbitrary
units). Similar sequencing may be used for a plurality of
capacitors 72. For example, 10 capacitors 72 may have
respective capacitances of 2, 4, 8, 16, 32, 64, 128, 256, 512,
and 1024 (arbitrary units).

[0213] Typically control circuitry 36 tunes the resonance
frequency of transmitting coil 20, according to the signal
output by sensor 38, by activating and/or deactivating at
least one of a plurality of switches 74, each switch 74 being
coupled to a respective one of the electrical components, 1n
order to facilitate or inhibit current tlow through the respec-
tive electrical component. In order to easily be able to
increase and decrease the resonance frequency of transmit-
ting coil 20, as necessary according to the signal output by
sensor 38, control circuitry 36 1s configured such that, when
the extent of divergence of (a) the resonance frequency of
transmitting coil 20 when transmitting coil 20 1s flexed from
(b) the nominal resonance frequency of transmitting coil 20
1s reduced, at least one of switches 74 1s activated, allowing
current to flow through a respective electrical component,
and at least another switch 74 1s deactivated, inhibiting
current from flowing through another respective electrical
component. For some applications, control circuitry 36 1is
configured to dither the resonance frequency of transmitting
coil 20 by repeatedly activating and deactivating at least of
switches 74 to alternatingly facilitate and inhibit current
flow through a respective electrical component.

[0214] For some applications, a wider range of vanation
of the resonance frequency of transmitting coil 20 may be
achieved by having at least one electrical component (a)
configured to vary the resonance frequency of transmitting
coil 20 by more than the remaining electrical components
are configured to vary the resonance frequency of transmit-
ting coil 20 and (b) coupled to a manually-operated switch.
The manually-operated switch may be activated and/or
deactivated by a user to provide gross tuning of the reso-
nance frequency of transmitting coil 20 and the remaining,
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switches 74 activated and/or deactivated by control circuitry
36 to provide fine tuning of the resonance frequency of
transmitting coil 20.

[0215] Reference 1s now made to FIG. 14, which 1s a
circuit diagram of control circuitry 36, in accordance with
some applications of the present invention. For some appli-
cations, switches 74 comprise transistors 76 that behave, 1n
the off state, as either diodes or variable capacitors, such that
cach switch 74 has a respective parasitic capacitance that
depends on a respective voltage applied to each switch 74.
[0216] Reference 1s now made to FIG. 15, which 1s a graph
showing rate of capacitance change versus drain-to-source
voltage change of a switch, such as a switch 74 1n control
circuitry 36, in accordance with some applications of the
present invention. Curve 78 of the graph shows (a) how the
rate of capacitance chance of a switch, such as switch 74, 1s
significantly decreased when the switch 1s activated by an
alternating current (AC) voltage of over 350 volts, and (b)
how the output capacitance of a switch, such as switch 74,
significantly decreases as the drain-to-source voltage 1s
increased from 0-50 volts. As shown by arrows 80 and 82,
in order to reduce an eilect that the respective parasitic
capacitances of respective switches 74 may have on the
resonance Irequency of transmitting coil 20, control cir-
cuitry 36 1s configured to activate switches 74 by applying
a respective AC voltage of 30-300 volts (arrow 80), e.g.,
50-200 volts (arrow 82), to each switch 74, thereby reducing
the output capacitance of each switch 74, as well as reducing
the variation 1n output capacitance of each switch 74 over
the duration of the AC voltage cycle.

[0217] It will be appreciated by persons skilled 1n the art
that the present invention i1s not limited to what has been
particularly shown and described hereinabove. Rather, the

scope of the present mnvention includes both combinations
and subcombinations of the various features described here-
inabove, as well as variations and modifications thereot that
are not 1n the prior art, which would occur to persons skilled
in the art upon reading the foregoing description.

1-63. (canceled)

64. Apparatus for use with a medical implant that com-
prises a receiving coil, the apparatus comprising:

a flexible housing configured to be placed against skin of
a subject;

a flexible transmitting coil disposed in the housing;

control circuitry configured to transmit power to the
medical implant by driving a current through the trans-
mitting coil that induces an induced current in the
receiving coil;

a sensor coupled to the control circuitry, the sensor
configured to determine an extent of divergence of (a)
a resonance Irequency of the transmitting coil when the
transmitting coil 1s tlexed from (b) a nominal resonance
frequency of the transmitting coil, occurring in the
absence of any forces applied to the transmitting coil,
and configured to output a signal according to the
determination; and

one or more electrical components, coupled to the control
circuitry and configured to tune the resonance {ire-

quency of the transmitting coil 1n response to the
determination of the sensor.

65. The apparatus according to claim 64, wherein the
control country 1s configured to set the frequency of the
current output by the control circuitry to be between 1 and

20 MHz.
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66. The apparatus according to claam 64, wherein the
flexible transmitting coil 1s configured to flex such that 1t can
substantially conform to a lateral wall of a cylinder having
a diameter between 8 and 50 cm.

67. The apparatus according to claam 64, wherein the
sensor comprises a phase detector, configured to (a) deter-
mine a phase difference between the phase of the current
output by the control circuitry, and the phase of either a
current or a voltage on at least one component of the
transmitting coil, wherein the phase difference 1s due to
flexing of the transmitting coil, and (b) output a signal
according to the determination.

68-71. (canceled)

72. The apparatus according to claim 64, wherein at least
one of the one or more electrical components 1s a variable
capacitor, wherein the control circuitry 1s configured to vary
a capacitance of the vaniable capacitor according to the
signal output by the sensor, and wheremn the resonance
frequency of the transmitting coil varies according to the
variation of the capacitance of the variable capacitor.

73. The apparatus according to claim 64, further com-
prising a plurality of switches, each switch coupled to a
respective one of the electrical components.

74. The apparatus according to claim 73, wherein the
control circuitry 1s configured to tune the resonance fre-
quency of the transmitting coil, according to the signal
output by the sensor, by activating at least one of the
plurality of switches to facilitate or inhibit current flow
through the respective electrical component.

75. The apparatus according to claim 74, wherein the
control circuitry 1s configured to dither the resonance fre-
quency of the transmitting coil by repeatedly activating and
deactivating the at least one of the plurality of switches to
facilitate or mnhibit current flow through the respective
clectrical component.

76. (canceled)

77. The apparatus according to claim 73, wherein the one
or more electrical components 1s a plurality of inductors,
coupled 1n series.

78. (canceled)

79. The apparatus according to claim 77, wherein a first
one of the inductors has an inductance of 1.5-2.5 times an
inductance of another one of the inductors.

80-81. (canceled)

82. The apparatus according to claim 77, wherein the
control circuitry 1s configured such that when the extent of
divergence of (a) the resonance frequency of the transmit-
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ting coil when the transmitting coil 1s flexed from (b) the
nominal resonance frequency of the transmitting coil 1s
reduced, current 1s allowed to pass through at least one of the
inductors and current 1s mhibited from passing through at
least another one of the inductors.

83. The apparatus according to claim 73, wherein the one
or more ¢lectrical components 1s a plurality of capacitors
coupled 1n parallel.

84. (canceled)

835. The apparatus according to claim 83, wherein a first
one of the capacitors has a capacitance of 1.5-2.5 times a
capacitance ol another one of the capacitors.

86-87. (canceled)

88. The apparatus according to claim 83, wherein the
control circuitry 1s configured such that when the extent of
divergence of (a) the resonance frequency of the transmit-
ting coil when the transmitting coil 1s flexed from (b) the
nominal resonance frequency of the transmitting coil 1s
reduced, current 1s allowed to pass through at least one of the
capacitors and current 1s inhibited from passing through at
least another one of the capacitors.

89-96. (canceled)

97. The apparatus according to claim 73, wherein:

the control circuitry 1s configured to activate the switches

by applying a respective voltage of 30-300 volts to each
switch,

the switches comprise transistors, acting as diodes, having

respective capacitances that are dependent on the
respective voltage applied to each switch.

98. The apparatus according to claim 97, wherein the
control circuitry 1s configured to apply the respective volt-
ages to the respective switches at a voltage of 50-200 volts.

99. The apparatus according to claim 73, wherein:

the control circuitry 1s configured to activate the switches

by applying a respective voltage of 30-300 volts to each
switch, and

the switches comprise transistors, which behave 1n their
ofl states as varnable capacitors, having respective

capacitances that are dependent on the respective volt-
age applied to each switch.

100. The apparatus according to claim 99, wherein the
control circuitry 1s configured to apply the respective volt-
ages to the respective switches at a voltage of 50-200 volts.

101. The apparatus according to claim 64, further com-

prising the medical implant.
102. (canceled)
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