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ULTRASQUND-BASED PROTOCOL FOR OPERATING AN IMPLANTABLE BEVICE

CROSS-REFERENCE TO RELATED APPLICATION

{0001} This application claims priority benefit to U. S. Provisional Application No.

62/788,390, filed on January 4, 2019, which is incorporated herein by reference for all purposes.

FIELD OF THE DISCLOSURE

[0002] The present disclosure relates generally to operating an implantable device and, more

specifically, to operating the implantable device using ultrasonic waves.

BACKGROUND OF THE DISCLOSURE

{0003} Invasive methods have been developed for treating various medical conditions of a
patient. These methods may involve inserting an implantable medical device (IMD) such as a
cardiac or neural bio-implant within the patient’s body. Operating such iroplantable devices in a
wireless fashion remains a technical challenge for many biomedical applications. This is, in part,
because the traditional approach of using radio frequencies (RF) to control wireless devices has
many limitations in the biomedical context and may pose a health hazard to the patient. For
example, RF antenna needed to process RF may bave a large form factor and would render the
tmplantable device using the RF antenna too large to be safely and comfortably placed at many

locations in the body.

{0004 ] Moreover, biological tissue tends to easily absorb energy from RF carmier frequencies,
which may limit the implantable depth of the implantable device. In addition, due to the high
absorption rate of RF energy, biological tissue may more likely overheat and pose a health hazard

1o the patient.

[0005] The disclosures of all publications, patents, and patent applications referred to herein
are gach hereby incorporated by reference in their entireties. To the extent that any reference

incorporated by reference conflicts with the instant disclosure, the instant disclosuare shall control.
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SUMMARY OF THE DISCLOSURE

10006} As discussed above, there is a need for implantable devices having a smaller form
factor (e.g., in mun and sub-mm dimensions) to increase biocompatibility and reduce the
invasiveness and discomfort caused by larger implantable devices controlled using, for example,
RF. In some embodiments, to achieve this smaller form factor, an implantable device can be
configured to be operated and powered using ultrasonic waves receivable at one or more

ultrasonic transducers of the implantable device.

{0007} In some embodiments, using ultrasonic waves to operate and power the implantable
device can be advantageous over other approaches because biological tissues have significantly
lower absorption rates of ultrasonic waves than other types of waves such as RF waves. This
property of ultrasonic waves can allow the device to be implantable at greater depths in the

subject as well as to reduce tissue heating due to energy absorbed by the tissue.

{0008] In some embodiments, to address the needs noted above, a device implantabie in a
subject includes: an ultrasonic transducer configured to receive ultrasonic waves including an
operating mode command; and a controller circuit configured to set an operating mode of the
implantable device to one operating mode from a plurality of operating modes based on the

operating mode command.

{0009] In some embodiments, the plurality of operating modes includes one or more of a
downlink mode for downloading data from the received ultrasonic waves, or an uplink mode for
uploading data generated at the implantable device to an external device using the received
ultrasonic waves. In some embodiments, the plurality of operating modes includes the downlink

mode and the uplink mode.

[0010] In some embodiments, the ultrasonic waves are received from an interrogator.
(0011} In some embodiments, the ultrasonic waves are received from another implantable
device.

b
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{0012} In some embodiments, the method includes: determining that the operating mode
command corresponds to a pattern from a plurality of predetermined patterns; and setting the

operating mode based on the determined pattern.

{0013} In some embodiments, determining that the operating mode command corresponds (o
the pattern includes: determining that a first portion of the operating mode command corresponds

to the determined pattern.

{0014} In some embodiments, the first portion includes a single pulse that indicates a start of
the operating mode command. In some embodiments, the first portion includes a sequence of two

Of 1Imoere pUESES.,

{0015] In some embodiments, the plurality of predetermined patterns includes a plurality of
corresponding pulse durations, a plurality of corresponding amplitudes, or a plurality of

corresponding phase or frequency changes.

{0016} In some embodiments, the plurality of predetermined patterns includes a plurality of
corresponding puise durations, and one or more of the pulse durations are set based on a carrier

signal period of the recetved ultrasonic waves.

{0017} In some embodiments, determining that the operating mode command corresponds to
the pattern includes: converting the ultrasonic waves into an electrical signal including a
representation of the operating mode command; and counting a number of instances that a first
portion of the electrical signal crosses a predefined voltage level, and the number of instances

corresponds to the determined pattern.

{0018} In some embodiments, the determined pattern is associated with uploading data, and
the operating mode command includes a second portion different from the first portion, and the
method includes: setting the operating mode to an uplink mode for uploading device data
associated with the uplink mode; and backscattering the ultrasonic waves, the backscattered
ultrasonic waves encoding the device data in a backscatter of the second portion of the operating

mode command.



WO 2020/142732 PCT/US2020/012246

{0019} In some embodiments, the uplink mode includes an acknowledgement mode and the
device data includes an acknowledgement that the implantable device successfully extracted an

operating instruction from second ultrasonic waves received by the implantable device.

{0020] In some embodiments, the uplink mode includes a physiological-condition reporting
mode, and the device data includes information associated with a physiological condition

detected by the immplantable device in the physiological-condition reporting mode.

{0021} In some embodiments, the uplink mode includes a neural-activity reporting mode, and
the device data includes information associated with an electrophysiological signal detected by

the implantable device in the neural-activity reporting mode.

10022} In some embodiments, the device data includes information associated with an
electrical pulse emitted by the implantable device, and the electrical pulse is configured to

modulate activity of a target nerve.

100231 In some embodiments, the implantable device is configured to emit the electrical
pulse in response to an operating instruction extracted from second ultrasonic waves received by
the implantable device when the operating mode of the implantable device was set to a downlink

mode,

100241 In some embodiments, the determined pattern is associated with downloading data,
the operating mode command includes a second portion different from the first portion, and the
method includes: setting the operating mode to a downlink mode for extracting data from the

second portion of the operating mode command.

{0025} In some embodiments, the extracted data is associated with measuring a physiological
condition, and the method includes: in response to extracting the data, measuring the

physiological condition.

{0026} In some embodiments, the physiclogical condition includes a temperature, a pulse
rate, a blood pressure, a pH level, a presence of an analyte, or a concentration of the analvte. In
some embodiments, the physiological condition inchudes a concentration of an analyte, and the

analyte is oxygen or glucose.
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{0027] In some embodiments, the extracted data is associated with recording an
electrophysiological signal, and the implantable device includes two or more electrodes that are
in electrical communication with a nerve of a subject, and the two or more electrodes are
configured to record the electrophysiological signal. In some embodiments, the method includes
recording the electrophysiclogical signal in response to the data extracted from the second

portion.

{0028] In some embodiments, the extracted data is associated with stimulating a nerve, the
implantable device includes two or more electrodes that are in electrical communication with the
nerve of a subject, and the method includes: emitting one or more electrical pulses configured to
modulate activity of the nerve using the two or more electrodes in response to the data extracted

from the second portion.

{0029} In some embodiments, the method includes: maintaining a current operating state of
the implantable device based on operation logic that define transitions between operating states,
wherein the implantable device is configured to operate according to the current operating state;
transitioning from the current operating state to a next operating state of the operation logic based
on the operating roode comnmand; and configuring the implantable device to operate according to

the next operating state.

[0030] In some ernbodiments, the operation logic is implemented by a microprocessor or a
microcontrofler of the implantable device. In some embodiments, the operation logic is

implemented by a finite state machine (FSM).

[0031] In some embodiments, an implantable device operated using ultrasonic waves

includes: an ultrasonic transducer configured to receive ultrasonic waves including an operating
mode command; and a controller circuit configured to set an operating mode of the implantable
device to one operating mode from a plurality of operating modes based on the operating mode

comunand.

(0032} Further described herein are various system embodiments for operating an
implantable device using ultrasonic waves, according to any of the aforementioned method

embodiments.
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BRIEF DESCRIPTION OF THE DRAWINGS

{0033} The foregoing summary, as well as the following detailed description of
embodiments, is better understood when read in conjunction with the appended drawings. For the
purpose of illustrating the present disclosure, the drawings show example embodiments of the
disclosure; the disclosure, however, 18 not limited to the specific methods and instrumentalities

disclosed. In the drawings:

{0034} FIG. 1 illustrates a system for operating an implantable device using ultrasonic waves,

according to some embodiments;

[0035] F1G. 2 illustrates a system including an interrogator configured to operate one or more

implantable devices using ultrasonic waves, according to some embodiments;

{0036} FIG. 3 tllustrates panels showing portions of emitted ultrasonic waves for operating

an implantable device, according to some embodiments;

{0037} FIG. 4 illustrate panels showing how an interrogator processes an ultrasounic

backscatter received at the interrogator, according to some embodiments;

{0038] FIG. 5A, FIG. 3B, and FIG. 5C illustrate panels showing altrasonic waves encoding

operating mode commands, according to some embodiments;

{0039] FIG. 6A and FIG. 6B iBlustrate methods for operating an implantable device using

ultrasonic waves, according to some ernbodiments;

[0040] FIG. 7 illustrates a diagram showing example operating logic of an implantable

device, according to some embodiments; and

[0041] FIG. 8 illustrates a diagram of an implantable device configured to interact with a

nerve of a subject, according to some embodiments.
DETAILED DESCRIPTION

[0042] Described herein are systerns and methods for operating a device implantable within a

subject using ultrasonic waves. As discussed above, the use of ultrasonic waves may enable the

6
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implantable device to retain a small form factor and greater implantable depths and to be
operated safely. In some embodiments, to enable such an implantable device to be wirelessly
operated, the implantable device can be configured to include an ultrasonic transducer configured
to receive ultrasonic waves including an operating mode command. The implantable device can
also include a controller circuit configured o set an operating mode of the implantable device to
one operating mode from a plurality of stored operating modes based on the operating mode

comunand.

{0043} In some embodiments, the implantable device can be configured to determine whether
the operating mode command corresponds to a pattern from a plurality of predetermined patterns
hased on a first portion of the operating mode comunand. Then, the implantable device can set an
operating state corresponding to the operating mode based on the determined pattern. In some
embodiments, the implantable device can be configured to operate in an uplink mode from a
plurality of operating modes or to operate in a downlink mode from a plurality of operating

modes depending on the deterroined pattern.

{0044} In some embodiments, in the uplink mode, the implantable device can be configured
to encode device information in a backscatter of a second portion of the operating mode
comynand. Exarnple uplink modes may include a mode for aploading sensor data (e.g., device
information) such as a neural activity, a detected temperature, a pH level, a concentration of an
analyte, etc. Another example uplink mode may inchude a mode to transmit an acknowledgement
(e.g., device information) of previously-received data. Another exarnple uplink mode may
include a mode for transmitting power information {e.g., device information) generated at the

implantable device.

{0045] In some embodiments, in the downlink mode, the implantable device can be
configured to decode data from a second portion of the operating mode command. Exarople
downlink modes may include a mode for downloading device parameters from the received
altrasonic waves. Another example downlink mode way be a mode for selecting a next operating

mode based on the decoded data.

[0046] FIG. 1 illustrates a system 100 for operating an implantable device 104 using

ultrasonic waves, according to some emnbodiments. In some embodiments, implantable device
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104 can be wirelessly powered and operating by ultrasonic waves transmitted from interrogator
102, as will be further described below with respect to Fi(s. 2. In some embodiments,
implantable device 104 can be configured to wirelessly communicate with interrogator 102
through ultrasonic communication. In some embodiments, implantable device 104 can be
configured to wirelessly conumunicate with one or more other implantable devices through
altrasonic comruunication. In some ernbodiments, implantable device 104 can be implanted
within a subject such as a patient and interrogator 102 can be a separate device that is external to

(i.e., non-implanted) or fully-implanted in the subject.

{0047} In some embodiments, to enable implantable device 104 to be operated using
altrasonic waves, implantable device 104 can include the following device components: an
ultrasonic transducer circuit 106, a modulation and demodulation circuit 112, a stimulation
circuit 114, a detection civenit 116, a controller circuit 120, and a power cirenit 130, In some
embodirnents, one or more of these device compounents can be implemented as a digital circuit,
an analog circuit, or a mixed-signal integrated circuit depending on their operations. For

exaraple, controller cirenit 120 may include a microprocessor, a finite state machine (FSM), a

field programmable gate array (FPGA), or a microcontroller.

{00438} In some embodiments, ultrasonic transdhicer circuit 106 inchides an ultrasonic
transducer 108 coupled to a matching network 110. In some erobodiments, ultrasonic transducer
circuit 106 does not inclade matching network 110. In some ermnbodiments, ultrasonic transduacer
108 can be configured to receive ultrasonic waves from interrogator 102 and convert energy from
the received ultrasonic waves into an electrical signal to power one or more device components
of implantable device 104. In some ernbodiments, the electrical signal can be generated by
ultrasonic transducer 108 because vibrations of ultrasonic transducer 108 caused by the received
altrasonic waves induce a voltage across the electric termainals of ultrasonic transducer 108,

which causes an electrical current to flow.

{00491 In some embodiments, as described above, power from the received ultrasonic waves
can be used by implantable device 104 to power its device components; accordingly, these
altrasonic waves are sometimes referred to herein as powering ultrasonic waves. In some

embodiments, the received ultrasonic waves can encode information including operating mode
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comunands for operating the implantable device: accordingly, these ultrasonic waves are
sometimes referred to herein as communication ultrasonic waves. In some embodiments, similar
to how powering ultrasonic waves can be processed, the communication ultrasonic waves can be
received by ultrasonic transducer 108 to generate an electrical signal having an electrical current
that flows through ultrasonic fransducer 108. In some embodiments, the generated electrical
signal encodes the operating mode comands in the electrical current. Tn some embodirnents, the
same ultrasonic waves can be configured to both power implantable device 104 and to encode
information for transmitting to implantable device 104, In some embodirnents, as will be further
described below with respect to FIG. 3, each operating mode command can include one or more
ultrasound pulses and each ultrasound pulse may include one or more carrier cycles of ultrasonic

waves.

[0050] In some emnbodiments, ultrasonic transducer circuit 106 includes a plurality of
ultrasonic transducers coupled to a plurality of corresponding matching networks. By including
at least two ultrasonic transducers, implantable device 104 can be configured to be powered by
electrical signals generated by the at least two ultrasonic transducers to more efficiently and
consistently extract power provided by interrogator 102, according to some embodiments. In
sotne embodiments, implantable device 104 can be configured to harvest power from one or
more ultrasonic transducers selected from the plurality of ultrasonic transducers. For example,
implantable device 104 may select an altrasonic transducer that provides the highest power or the

most consistent power.

{0051} For example, a host of factors such as an orientaton of ultrasonic transduacer or
intervening biological material between ultrasounic transducer 108 and an ultrasonic wave source
interrogator 102 may significantly reduce the power recetvable at ultrasonic transducer 108. By
adding one or more additional ultrasonic transducers, reduced power receivable at a single
ultrasonic transducer {e.g., ultrasonic transducer 108) may be less likely to negatively impact

operations of implantable device 104.

{0052] In some embodiments, including at least two gltrasonic transducers may enable
implantable device 102 to be more reliably controlled using ultrasonic waves. For example,

tmplantable device 102 may be configured to compare the signal strength of the at least two



WO 2020/142732 PCT/US2020/012246

ultrasonic transducers and select the signal having a highest signal strength to operate
implantable device 102. In some embodiments, implantable device 102 can use a selected
ultrasonic transducer o receive communication from (i.e., during downlink) and to backscatter
information on (i.e., during uplink). In some embodiments, implantable device 102 can select a
first ultrasonic transducer from the at least two ultrasonic transducers to receive ultrasonic
cormnmunications for downlink ultrasonic coramunication and select a second ultrasonic
transducer from the at least two ultrasonic transducers to backscatter encode information for
uplink ultrasonic communications. In some embodiments, implantable device 102 can be
configured to perform beamforming with the at least two ultrasonic transducers to iraprove the
signal to noise ratio of the uplink and downlink ultrasonic communications. In some
embodiments, one or more of these witrasonic transducers can be a micro machined ultrasonic
transducer, such as a capacitive moicro-machined altrasonic transducer (CMUT) or a piezoelectric
micro-machined ultrasonic transducer (PMUT), or can be a bulk piezoelectric transducer.
Additionally irmoplementations of ultrasonic transducer 108 are described below with respect to

FIG. 8.

{0053} In some ernbodiments, matching network 110 can be an electronic circuit configured
to select an impedance match between the electrical impedance of ultrasonic transducer 108 and
the electrical impedance of implantable device 104 (e.g., power circuit 130) to reduce signal
reflection. In some embodiments, matching network 110 can be implemented in various
configurations of one or more circuit elements such inductors, capacitors, resistors, diodes,
transistors, or any combination thereof. For exaruple, matching network 110 may be
implemented as a phurality of capacitors connected in parallel and coupled to a plurality of
corresponding switches. By controlling which of the switches open or close, matching network
110 may control how the plurality of capacitors is charged to select the impedance. In some
embodiments, matching network 110 can be configured to enable the electrical signal generated
by ultrasonic transducer 108 to bypass the plurality of capacitors via a separate wire controlled

by a switch.

{0054 In some embodiments, to enable implantable device 104 to be powered using
ultrasonic waves, power circuit 130 can include a power recovery circuit 132 electrically coupled

to a regulation circuit 138. In some embodiments, power recovery circuit 132 can be configured

10
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to receive and process the electrical signal generated by ultrasonic transducer circuit 106. In
some embodiments, power recovery circuit 132 can include a rectifying circuit (e.g., an active
rectifier) to convert the electrical signal in an AC form to a DC form where the converted
electrical signal may be associated with a first voltage (i.e., the supply voltage of the received

ultrasonic waves).

[0055] In some embodiments, due to health hazards in propagating high-powered waves
through biological tissue of the subject, government regulations may limit the amount of power
{e.g., 720 mW/cm?) provided by ultrasonic waves transmitted by interrogator 102. Therefore, the
first voltage derived from the received ultrasonic waves may not be high enough to operate the
electronic components of implantable device 104, For example, transistors used in
complementary metal-oxide-semiconductor (CMOS) technology may require a minimum of

about 2 Volts to operate the transistors.

{0056} In some embodiments, to provide a higher first voltage to operate the electronic
cormponents implantable device 102, the powering ultrasonic waves can be transmitted as a pulse
width modulated (PWM) signal. In some embodiments, by transmitting the powering ultrasonic
waves as the PWM signal, interrogator 102 can be configured to provide short, high intensity
pulses such that the average intensity stays within the regulation limits and to provide higher
instantaneous power Lo generate a higher first voltage. In some embodiments, the interrogator can
be configured to control an instantaneous intensity and/or a pulse width (e.g., example ultrasonic
wave settings) of the PWM signal to control the power provided by the powering ultrasonic

waves.

[0057] In some ernbodiments, to enable implantable device 104 to be powered by these
ultrasonic waves, power conveyor circuit 134 can include a charge purop configured to convert
the first voltage to a second voltage greater than the first voltage. In some embodiments, the
charge pump can include a plurality of coupled capacitors controlled by one or more switches to
generate the second voltage. In some embodiments, the charge pump can achieve conversion
gains of at least I%, 2%, 3x, or 4x. In some embodiments, the magnitude of the second voltage can

be controlled based on a switching frequency of the one or more switches.

11
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{0058} As discussed above, power provided by the received ultrasonic waves can be
inconsistent due to a host of factors including, for example, an implant depth of implantable
device 1{4 or intervening biclogical material between ultrasonic transducer 108 and the
ultrasonic wave source, e.g., interrogator 102. Accordingly, in some embodiments, to provide
more consistent power to implantable device 104, power recovery circuit 132 can include an
energy storage device 136 coupled to power conveyor circuit 134, In some embodiments, the
energy storage device includes a battery or a storage capacitor. In some embodiments, {o retain
the small form factor of iraplantable device 104, the energy storage device can be configured as a

storage capacitor.

[0059] In some erobodiments, the storage capacitor can have a capacitance that is at least 0.1
uF, at least 0.25 uF, at least 0.5 uF, at least | uF, at least 2 yF, at least 4 uF, or at least 8. In some
embodiments, the storage capacitor can have a capacitance that is less than 10 uF, less than 8 pF,
less than 4 pF, less than 2 uF, Jess than 1 uF, less than 0.5 pF, or less than 0.25 yF. For example,
the storage capacitor may have a capacitance in the range of 0.1-10 pF such as in the range of

0.5-2 pF. In some erobodiments, the storage capacitor can have a capacitance that is about | pF.

[0060] In some ernbodiments, energy storage device 136 can be configured to operate in at
received ultrasonic waves and to provide roore consistent power. In sorne embodiments, the
power modes include a charging mode in which a portion of power of the received ultrasonic
waves can be conveyed to energy storage device 136 capable of storing the energy. In some
embodiroents, power conveyor circait 134 can be configured to charge energy storage device 136
based on the generated first voltage. In some embodiments, the power modes include a
discharging mode in which a portion of energy stored at energy storage device 136 is discharged
to convey power from energy storage device 136 to provide additional power to other device
components (e.g., stirnulation circuit | 14, detection circuit 116, or controller circuit 120, etc.) of
implantable device 104. In some embodiments, the power flow to and from energy storage device

136 can be routed through power conveyor circuit 134.

[0061} In some emnbodiments, regulation circuit 138 can be configured to regulate the output

voltage (e.g., the second voltage) generated by power conveyor circuit 134 to provide regulated

12



WO 2020/142732 PCT/US2020/012246

voltages to one or more circuit loads of implantable device 104. In some embodiments, where
power conveyor circuit 134 includes a charge pump, regulation circuit 138 can be configured to
remove or reduce potential voltage ripples caused by operating switches of the charge pump. In
some embodiments, regulation circuit 138 includes a DC voltage regulator (e.g.. a low-dropout
(LDO) regulator) to regulate a voltage supplied to digital circuit loads of implantable device 104.
In some embodiments, regulation circuit 138 includes a DC voltage regulator (e.g., a low-dropout
(LDO) regulator) to regulate a voltage supplied to digital circuit loads of implantable device 104.
In soroe embodiments, regulation circuit 138 includes an AC voltage regulator (e.g., a low-
dropout (LDO) regulator) to regulate a voltage supplied to analog circuit loads of implantable

device 104.

{0062] In some embodiments, modulation and demodulation circuit 112 can include a
dermodulation circuit configured to demodulate the electrical signal generated by ultrasonic
transducer circuit 106 to extract information encoded in the received ultrasonic waves. In some
embodiments, the demodulation circuit can transmit the extracted information including an
mstruction to controller circuit |20 configured to control how implantable device 104 operates

hased on the 1nstruction.

{0063} In some embodiments, to enable iraplantable device 104 1o wireless communicate
information with interrogator 102, modulation and demodulation circuit 112 can include a
modulation circuit configured to encode the information using ultrasonic backscatter. This
information is generated by implantable device 104 and, for ease of explanation, will sometimes

be referred to as device information in the following descriptions.

[0064] In general, when implantable device 104 is embedded within a subject, the ultrasonic
waves (including carrier waves) emitted by an ultrasonic transceiver of interrogator 102 will pass
through biological tissue before being received by ultrasonic transducer circuit 106 of
implantable device 104. As described above, the carrier waves cause roechanical vibrations on
altrasonic transducer 108 {e.g., a bulk piezoelectric transducer) to generate a voltage across
ultrasonic transducer 108, which then imiparts an electrical current to flow to the rest of

implantable device 104. In some embodiments, the electrical current flowing through ultrasonic
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transducer 108 causes ulirasonic transducer circuit 106 to emit backscatter ultrasonic waves

corresponding to the received ultrasonic waves.

100651 In some embodiments, the modulation circuit can be configured to modulate the
electrical current flowing through ultrasonic transducer 108 to encode the device information,
which causes the resulting ultrasonic backscatter waves to also encode the device information.
Accordingly, the ultrasonic backscatter emitted from implantable device 104 can encode the
device information related to implantable device 104. In some embodiments, the modulation
circuit can include one or more switches, such as an on/off switch or a field-effect transistor
(FET). An example FET that may be used with some embodiments of implantable device [04
inclodes a metal-oxide-semiconductor field-effect transistor (MOSFET). In some embodiments,
the modulation circuit can be configured to alter the impedance of an electrical current flowing
through ultrasonic transducer 108, and variation in the flowing electrical current flowing encodes

the information.

{0066} As will be further described below with respect to FIG. 2, the ultrasonic backscatter
can be received by interrogator 102 and deciphered to extract the device information encoded in
the ultrasonic backscatter, according to some embodiments. In some embodiments, the ultrasonic
backscatter can be received by an interrogator that may be the same or different than interrogator

102 that transmitted the ultrasonic waves received by ultrasonic transducer 108,

{0067] In some embodiments, detection circuit 116 can be configured to interface with one or
more sensors 140A-C to measuare or detect one or more physiological conditions of the subject.
In some embodiments, detection circuit 116 can include a driver configured to provide current to
the one or more sensors 140A-C and receive generated signals from the one or more sensors
140A-C. In some embodiments, a received signal can inclade information representative of a
detected physiological condition or representative of a measured physiological condition. In
sorne embodiments, detection circuit 116 can be configured to transmit the information to

controller circuit 120.

{0068} In some embodiments, one or more of sensors 140A-C can be located inside
implantable device 104 or coupled to the exterior of implantable device 104, In some

embodiments, implantable device 104 includes at least two sensors 140A-Cl.In some

14



WO 2020/142732 PCT/US2020/012246

embodiments, the one or more physiological conditions can include temperature, pH, pressure,
heart rate, strain, oxygen tension, a presence of an analyte, or an amount of the analyte. For

example, the analyte may be oxygen or glucose.

{0069] In some embodiments, sensors 140A-C can include an optical sensor. In some
embodiments, the optical sensor comprises a light source and an optical detector. In some
embodiments, the optical sensor detects blood pressure or a pulse. In some embodiments, the
optical sensor comprises a matrix comprising a flucrophore or luminescent probe, and wherein
fluorescence intensity or fluorescence lifetime of the fluorophore depends on the amount of the
analyte. In some embodiments, the optical sensor is configured to perform near-infrared

spectroscopy. In some embodiments, the optical sensor detects glucose.

[0070] In some embodiments, sensors 140A-C can include a potentiometric chemical sensor
or an amperometric chemical sensor. In some embodiments, the sensor detects oxygen, pH, or

glucose.

(0071} In some embodiments, sensors 140A-C can include a temperature sensor. In some
embodiments, the temperature sensor is a thermistor, a thermocouple, or a proportional to

absohute temperature (PTAT) circuit.

[0072] In some embodiments, sensors 140A-C can include a pressure sensor. In some
embodiments, the pressure sensor is a microelectromechanical system (MEMS) sensor. In some

embodiments, detection circuit 116 is configured to measure blood pressure or a pulse.

(0073} In some embodiments, sensors 140A-C can include a strain sensor.
[0074] In some embodiments, detection circuit 116 can be configured to interface with, for

example, sensor 140C to detect an electrophysiological signal from a nerve or a targeted subset
of nerve fibers within the nerve, as will be further explained below with respect to FIG. 8. In
some embodiments, sensor 140C can include electrode pads, which may be the same or different
from electrode pads 142 operated by stimulation circuit 114. In some embodiments, detection
circuit 116 can be configured to record neural activity of a nerve or the targeted subset of nerve

fibers based on the detected electrophysiological signal.
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{0075} In some embodiments, one or more technigues such as computational modeling {e.g.,
finite element models), inverse source estimation, multipole (e.g., tripole) neural recording,
velocity-selective recording, or beamforming can be implemented by detection circuit 116 (alone
or in conjunction with controller circuit 120) to selectively target the subset of nerve fibers. See,
tor example, Taylor et al., Multiple-electrode nerve cuffs for low-velocity and velocity selective
neural recording, Medical & Biological Engineering & Computing, vol. 42, pp. 634- 643 (2004);
and Wodlinger et al., Localization and Recovery of Peripheral Neural Sources with Beamforming
Algorithms, IEEE Transactions on Neural Systermns and Rehabilitation Engineering, vol. 17, no. 3,

pp. 461-468 (2009).

[0076] In some ernbodiments, detection circuit 116 can be configured to operate the plurality
of electrodes of sensor 140C for targeted detection of the electrophysiological signal. For
example, sensor 140C may be a curved member that extends from implantable device 104, as
further described below with respect to FIG. 8. In some embodiments, detection circuit 116 can
analyze the electrophysiclogical signal detected by all or a subset of the electrode pads to
determine the subset of nerve fibers within the nerve that are trapsmitting the
electrophysiological signal. Certain nerves may transmit compound electrophysiological signal
{or compound action potentials), which is the sum of the electrophysiological signals (or action
potentials) stmultaneously transmitied by two or more different subsets of nerve fibers. Based on
the electrophysiological signal detected by the plarality of electrode pads, detection circuit 116
may be able to determine which subset of nerve fibers transmits which electrophysiological
signal. In some embodiments, data received from interrogator 102 (such as temperature data, or
data related to an analyte concentration or other physiological condition) is further used to

determine which subset of nerve fibers transmuts the electrophysiological signal.

{0077 For example, in some embodiments, detection circuit 116 may be configured to
selectively detect an electrophysiological signal from a targeted subset of nerve fibers using
velocity-selective recording, which may be combined with multipolar {e.g., tripolar) recording
{which can include any number of tripoles within the phurality of electrodes on one or more

curved members).
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{0078} Beamforming can additionally or alternatively be used to detect the
electrophysiological signals from the targeted subset of nerve fibers. A portion of or all of the
electrode pads of one or more curved members can detect the electrophysiological signal from
the nerve, and detection circuit 116 can determine the cross-sectional location of the transmitied
signal within the nerve based on the differences in electrophysiclogical signal detected by a

portion or all of the electrode pads of the one or more curved members.

{00749] In some embodiments, stimulation of one or more nerves at a location separate from
the location of implantable device 104 can result in a modulation of the electrophysiological
signal at the location of implantable device 104. The modulation of the electrophysiological
signal detected at different subsets of nerve fibers within the nerve in electrical cornmunication
with the electrode pads (g.g., electrode pads 142) of implantable device 104 can be the result of
stirnulation in different distant nerves. For example, stimulation of the splenic nerve can result in
modulation of an electrophysiological signal detected from first subset of nerve fibers within the
vagus nerve, and stimulation of a renal nerve can result in modulation of an electrophysiological
signal detected from a second subset of nerve fibers within the vagus nerve. Therefore, an
implantable device positioned on the vagus nerve can detect an electrophysiological signal from
the first subset of nerve fibers to monitor stimulation of the splenic nerve, and a second subset of

nerve fibers to monitor stimulation of the renal nerve.

{0080} In some embodiments, stimulation circuit |14 can be configured to emit a targeted
electrical pulse to a subset of nerve fibers within the nerve by selectively activating one or more
electrode pads 142 connected to the subset of nerve fibers. In some embodiments, implantable
device 104 can include one or more curved members that electrically connect stimulation circuit

114 to electrode pads 142, as will be further described below with respect to FIG. 8.

{0081} In some emnbodiments, stmulation circuit 114 can be controlled by controller circuit
120 to operate electrode pads 142 or to selectively activate electrode pads 142, Selective
activation can include, for example, activating a portion of electrode pads within the plurality of
electrode pads 142 of one or more curved members and/or differentially activating all or a
portion of the electrode pads within the phurality of electrode pads 142 of the one or more curved

members. The plurality of electrodes can therefore be operated to steer the electrical pulse
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emitted by the plurality of electrode pads 142 to the target subset of nerve fibers. Technigues
such as electrical field interference or multipolar stimulation (e.g., tripolar stimulation) can be
used to target the electrical pulse to the subset of nerve fibers within the nerve, according to some
embodiments. See, for example, Grossman, et al., Noninvasive Deep Brain Stimulation via
Temporally Interfering Electrical Fields, Cell, vol. 169, pp. 1029-1041 (2017). Electrode pads
142 within one or more curved mernbers can be selectively activated by controller circuit 120 to

target the emitted electrical pulse to the subset of nerve fibers.

{0082] The subset of nerve fibers targeted by the emitted electrical pulse can be the same or
different as the subset of nerve fibers from which the electrophysiological signal is detected by
detection circuit 116, The one or more curved member configured to emit the targeted electrical
pulse can be the same or different as the one or more curved members on implantable device 104
configured to detect the electrophysiological signal. The emutted targeted electrical pulse can
stimulate the nerve at the position of implantable device 104, The subset of nerve fibers targeted
by the electrical pulse can be the same or a different subset of nerve fibers for which the

electrophysiological signal is selectively detected.

[0083] The subset of nerve fibers targeted by the electrical pulse emitted by implantable
device 104 can be, for example, one or more (e.g., 2, 3, 4, or more) fascicles, or a portion of one
or more (e.g., 2, 3, 4, or more) fascicles within the nerve. In some erabodiments, the subset of
nerve fibers comprises or consists of afferent nerve fibers within the nerve, or a subset of afferent
nerve fibers within the nerve. In some embodiments, the subset of nerve fibers comprises or
consists of efferent nerve fibers within the nerve, or a subset of efferent nerve fibers within the
nerve. In some embodiments, the subset of nerve fibers comprises or consists of efferent nerve
fibers within two or more fascicles within the nerve or afferent nerve fibers within two or more

fascicles within the nerve.

{0084 ] Targeted stimulation of a subset of nerve fibers by emitting a targeted electrical pulse
to the subset of nerve fibers can result in stiroulation of a nerve at a location distant from the
position of the nerve. The distant nerve stimulated by implantable device 104 depends on the
subset of nerves at the position of iraplantable device 104 targeted by the electrical pulse emitted

by the device. In some embodiments, implantable device 104 1s positioned at a first nerve locus
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and is configured to stimulate a second nerve locus by emitting a targeted electrical pulse to a
subset of nerve fibers within the first nerve locus that is associated with the second nerve locus.
In some embodiments, the first nerve locus and the second nerve locus are separated by one or
more nerve branch points or one or more synapses. In some embodiments, the second nerve locus
is proximal to the brain relative to the first nerve locus, and in some embodiment the second
nerve locus is distal from the brain relative to the first nerve locus. In some embodiments, the
targeted subset of nerve fibers comprises or consists of afferent nerve fibers. In some

embodiments, the targeted subset of nerve fibers comprises or consists of efferent nerve fibers.

{0085] In some embodiments, controller circuit 120 includes a command processor 122, a
power monitor 124, a mode detector 126, and a memory 150. In some embodiments, memory
150 includes a non-transitory storage memory such as register memory, a processor cache, or
Randor Access Memory (RAM). In some embodiments, controller circuit 120 can be a digital
circuit, an analog circuit, or a mixed-signal integrated circuit. Examples of controller circuit 120
may include a microprocessor, a finite state machine (FSM), a field progranimable gate array

{(FPGA), and a microcontroller.

{0086} In some emnbodiments, mode detector 126 can be configured to determine an
operating mode command from the ultrasonic waves received by ultrasonic transducer 108. In
some embodiments, mode detector 126 can determine the operating mode cornmand upon
determining a correspondence to a pattern from a plurality of predetermined patterns 156 stored
in memory 150. For example, the pattern may be a sequence of one or more pulses having
specific ultrasonic wave properties such as an ultrasound pulse duration. In this example, mode
detector 126 can match a portion of the operating mode command to one or more of
predetermined patterns 156 to determine a matching pattern. In another example, the pattern may
correspond to an sltrasound property such as a pulse duration, an amplitude, or a phase or
frequency change. In this exarople, mode detector 126 way analyze the ultrasound property {e.g.,
the pulse duration) of the portion to determiine a correspondence to a pattern. In some
embodiments, the portion of the operating mode command can be a single pulse that indicates the
start of the operating mode conumnand. In other embodiments, the portion can be a sequence of

ultrasound pulses. In some embodiments, controller circuit 120 can be configured to perform
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methods 600A-B of FIGS. 6A-B, respectively, to determine the operating mode command, as

will be further described below.

100871 In some embodiments, mode detector 126 can receive the ultrasonic waves as an
electrical signal that has been generated (e.g., demodulated) by modulation and demodulation
circuit 112 based on the ultrasonic waves received in ultrasonic fransducer circuit 106. In some
embodiments, mode detector 126 can include one or more detection circuits configured to detect
one or more ultrasonic wave properties from the electrical signal. In some embodiments, one of
these detection circuits can include a zero-crossing circuit configured to determine a pulse
duration of each ultrasound pulse in the operating mode command. For example, the zero-
crossing circuit can be configured to count and store a nuraber of instances that a first portion of
the electrical signal crosses a predefined voltage level within a predetermined number of clock
cycles to determine a pulse duration. In some embodiments, the predefined voltage level is a
voltage close to 0V (e.g., less than 10mV, less than S0mV, less than 100 mV, or less than

200mV).

s ]

{0088} In some embodiments, comimand processor 122 can be configured to set an operating
mode of implantable device 104 to one operating mode from a plurality of predetermined
operating modes 132 based on the operating mode command deterrined by mode detector 126,
as will be further described below with respect to FIGS. 6A-B. In some embodiments, command
processor 122 can store the received operating mode command and associated jnstructions in
memory 150 such as an 1nstruction register. In some embodiments, command processor 122 can
be configured to control implantable device 104 to enter an operating state corresponding to the
operating mode based on the stored operating mode cormmand. For example, command processor
122 may be implanted as a FSM or a program in a microcontroller that countrols the operating
states of implantable device 104 based on a current operating state and one or more detected
inputs such as one or more received operating mode commands, one or more sensor values, or a

cornbination thereof.

{00891 In some embodiments, command processor 122 can be configured to extract
information from a portion of the operating mode command to configure various parameters or (o

select an operating mode. Information encoded in the ultrasonic waves emitted by the
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interrogator and received by the closed-loop implantable device can include, for example,
instructions for starting or stopping neuromodulation, one or more calibration instructions, one or
more updates to the operation software, and/or or one or more templates (such as template
electrophysiological signals, one or more template electrophysiological signals, and/or one or
more temnplate stimulation signals). In some embodiments, command processor 122 can be
configured to process and store the received instructions in memory 130, In some embodiments,
comunand processor 122 can enter an operating mode from a plurality of operating modes based
on one or more received operating mode commands, as will be further described below with
respect to FIGS. 6A-B. In some embodiments, the plurality of operating modes can include, for
example, a mode to stirmmulate a nerve, a mode to record neural activity, or a mode to determine
one or more physiological conditions, as will be further described below with respect to FIGS. 7-
8. For example, if the operating mode command indicates that implantable device 104 should
enter the neural stimulation mode, controler circuit 120 may be configured to control stimnulation

circuit 114 to stimulate specific nerve fibers or portions of the nerve.

[0090] In some embodiments, when command processor 122 controls iroplantable device 104
to enter the neural activity recording mode or a mode to determine one or more physiological
condifions, command processor 122 may control detection circuif 116 to retrieve the device
information {e.g., neural record or detected/measured physiological condition). In some
embodiments, command processor 122 can be configured to retrieve command 154 associated
with a current operating wode 152 to contro} operations of implantable device 104. For exaruple,
in the neural activity recording mode, command processor 122 may receive command 154
corresponding to the neural activity recording mode and issue command 154 to countrol detection
circuit 116 to sample a neural activity {e.g., an example of device information) of a nerve. In
some embodiments, upon retrieving the device information, command processor 122 can be
configured to control modulation and demodulation circuit 112 based on command 154 to encode

the device information in an ultrasonic backscatter, as described above.

[0091] In some embodiments, to provide power controls and calibration to implantable
device 14, power monitor 124 can be configured to monitor an available power and a power
consumption of implantable device 104. In some embodiments, the available power can include a

supply power provided by the ultrasonic waves received at ultrasonic transducer 108 and include
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an accessible power stored on implantable device 104. For example, the accessible power may
include power accessible from energy storage device 136 storing excess energy. In some
embodiments, power monitor 124 can determine the power consumption based on an output

voltage generated by power conveyor circuit 134.

{0002} In some embodiments, when command processor 122 controls implantable device to
enter a power calibration mode, command processor 122 can be configured to generate
information indicating whether more power or less power should be trapsmitted to implantable
device 104 based on the available power and the consumed power monitored by power monitor
124, For example, commmand processor 122 can receive commands 154 corresponding to
operating mode 152 {e.g., power calibration mode) that are transmitted to other components suc
as power monitor 124 and modulation and demodulation circuit 112 to generate and transimit the
power information. In some embodiments, controler circuit 120 can be configured to control
modulation and demodulation circuit 112 according to command 154 to encode the generated

information in an ultrasonic backscatter,

{0093} F1G. 2 illustrates a system 200 including an interrogator 202 configured fo operate
one or more implantable devices 240 using ultrasonic waves, according to sore embodiments. In
sorne embodiments, interrogator 202 can be an example of interrogator 102 as described above

with respect to FIG. 1.

{0094 ] In some embodiments, interrogator 202 includes a power supply 203, a computational
circuit 210, a signal-generation circuit 220, and an ultrasonic transdacer circunit 204, As shown,
power supply 203 can be configured to power computational circuit 210 and signal-generation
circuit 220. In some erobodiments, power supply 203 can provide 1.8V, although any suitable
voltage can be used. For example, power supply 203 may 1nclude one or more batteries to supply

the 1.8V.

[0095] In some embodiments, signal-generation circuit 220 includes a charge pump 222
configured to power one or more channels 224, In some embodiments, charge pump 222 can be
configured to increase the voltage provided by power supply 203. For example, charge purap 222

may increase the 1.8V supplied by power supply 203 to 32V.
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{0096} In some embodiments, each channel 224 is coupled to and controls an operation of a
corresponding uitrasonic transducer 208 of transducer circuit 204. In some embodiments,
ultrasonic transducer 208 connected to channel 224 can be configured only to receive or only o
transmit ultrasonic waves, in which case switch 229 can be optionally omitted from channel 22
In some embodiments, each channel 224 can include the following electronic components: a

delay control 226, a level shifter 228, and a switch 229,

{0097] In some embodiments, delay control 226 can be configured to control the waveforms
and/or signals of ultrasonic waves transmitted by ultrasonic transducer 208. In some
embodiments, delay control 226 can control, for example, a phase shift, a time delay, a pulse
frequency, a wave shape (including amphitude and wavelength), or a combination thereof based
on commands from controller circuit 212 to generate the transmit waveform. In some
embodiments, the data representing the wave shape and frequency for each channel can be stored
in a ‘wave table’ stored in delay control 226 or in memory 216. This may allow the transmit

waveform on each channel 224 to be different.

{0098] In some embodiments, delay control 226 can be connected to a level shifter 228 that
is configured to shift input pulses frorn delay control 226 to a higher voltage used by ultrasonic
transducer 208 to transmit the ultrasonic waves. In some ernbodiments, delay control 226 and
level shifter 228 can be configured to be used to strearn data to the actual transinit signals to
transducer array 206. In some embodiments, the transtoit waveform for each channel 224 can be
produced directly by a high-speed serial output of a microcontroller or other digital systern and
sent to the transducer elernent (e.g., vlirasonic transducer 208) through level shifter 228 or a

high-voltage aroplifier.

[0099] In some embodiments, switch 229 of chanuoel 224 can configure a corresponding
ultrasonic transducer 208 to receive altrasonic waves such as an ultrasonic backscatter. In some
embodiments, the received ultrasonic waves are converted to an electrical current by ultrasonic
transducer 208 (set in a receiving mode) and transmitted to data processor 211 to process data
captured in the received ultrasonic waves. In sorne embodiments, an amplifier, an analog-to-

digital converter (ADC), a variable-gain-amplifier, or a time-gain-controlled variable-gain-
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amplifier which compensates for tissue loss, and/or a band pass filter can be included to process

the received ultrasonic waves,

10106} In some embodiments, channel 224 described above does not include a T/RX switch
229, but instead contains independent Tx (transmit) and RX (receive) with a high-voltage Rx
(receiver circuit) in the form of a low noise amplifier with good saturation recovery. In some
embodiments, the T/Rx circuit includes a circulator. In some embodiments, transducer array 206
includes more transducer elements (e.g., ultrasonic transducer 208) than processing channels 224,
and interrogator 202 can be configured to include a multiplexer to select different sets of
transmitting elements for each pulse. For example, 64 transmit/receive channels may be
connected via a 3:1 multiplexer to 192 physical transducer elements — with only 64 transduacer

elements active on a given pulse.

{0101} In some embodiments, computational circuit 210 can be a digital circuit, an analog
circuit, or a mixed-signal integrated circuit. Examples of computational circuit 210 may include a
microprocessor, a finite state machine (FSM), a field programmable gate array (FPGA), and a
microcontroller. In some embodiments, interrogator 202 can include a volatile memory, which

can be accessed by computational circuit 210

[0102] In some embodiments, computational circuit 210 includes controller circuit 212, data
processor 211, and aser interface 213, In some embodiments, controller circuit 212 includes

command generator 214 and memory 216 storing ultrasonic wave settings 218.

{0103} In some embodiments, command generator 214 can be configured to generate
instructions to control operation of delay control 226 (o transmit one or more operating mode
commands to one or more implantable devices 240 to operate the one or more implantable
devices 240. In some embodiments, as will be further described below with respect to Fi(G. 6B,
the operating mode command can instruct an implantable device (e.g., iraplantable device 242)
receiving the operating mode coromand to upload certain device data or to download data
encoded in the operating mode comrand. Exaraples of such operating mode comumands and their

waveform formats are further described below with respect to FIGS. 5A-C.
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{0104} In some embodiments, the device data received and processed by data processor 211
can include power information. In these embodiments, command generator 214 can be
configured to set or select ultrasonic wave settings to control an output power of transmitted
ultrasound waves based on the device information received from, for example, implantable
device 242. For example, received device information may indicate that more power should be
transtoitted to implantable device 242, In this example, command geverator 214 1oay select
ultrasonic wave settings 218, such as a higher pulse width or a higher instantaneous intensity, of
the wavetorm to increase power of ultrasonic waves transmitted by ultrasonic transducer circuit

204.

{0105} In some embodiments, transducer circuit 204 includes one or more ultrasonic
transducers 208 configured to transmit ultrasonic waves to power implantable devices 240 such
as implantable device 242, In some embodiments, as shown in FIG. 2, transducer circuit 204
includes transducer array 206 having a plurality of ultrasonic transducers 208. In some
embodiments, transducer array 206 includes 1 or more, 2 or more, 3 or more, S or more, 7 or
more, 10 or more, 15 or more, 20 or more, 25 or more, 50 or more, 100 or more 250 or more, 5300
or more, 1000 or more, 2508 or more, 3000 or more, or 13,000 or more ultrasonic transducers. In
some embodiments, transducer array 206 inclades 100,000 or fewer, 50,000 or fewer, 25,000 or
fewer, 10,000 or fewer, 5000 or fewer, 2500 or fewer, 1000 or fewer, 500 or fewer, 200 or fewer,
150 or fewer, 100 or tewer, 90 or fewer, 80 or fewer, 70 or fewer, 60 or fewer, 50 or fewer, 40 or
fewer, 30 or fewer, 25 or fewer, 20 or fewer, 15 or fewer, 10 or fewer, 7 or fewer or 5 or fewer
ultrasonic transducers. Transducer array 206 may be, for example, a chip comprising 30 or more

gltrasonic transducer pixels.

{0106} As shown in FIG. 2, transducer circuit 204 includes a single transducer array 206;
transducer circuit 204, however, can include 1 or more, 2 or more, or 3 or more sgparate
transducer arrays, according to some embodiments. In some embodiments, transducer circut 204
inclodes 10 or fewer transducer arrays (such as 9, 8,7, 6, 5, 4, 3, 2, or | transducer arrays). In
soroe embodiments, the separate transducer arrays can be placed at different points of a subject,
and can communicate to the same or different implantable devices 240. In some embodiments,
the transducer arrays can be located on opposite sides of an implantable device such as

implantable device 242.
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{0107} In some embodiments, the specific design of transducer array 206 of interrogator 202
depends on the desired penetration depth, aperture size, and size of the individual ultrasonic
transducers 208 within transducer array 206. The Rayleigh distance, R, of the transducer array
206 is computed as:

D*— 3% p?

—— T p2 2
R = 5 ‘M,D 2 A

where D is the size of the aperture and A is the wavelength of ultrasound in the propagation
medium (i.e., the tissue). As understood in the art, the Rayleigh distance is the distance at which
the beam radiated by transducer array 206 is fully formed. That is, the pressure filed converges o
a natural focus at the Rayleigh distance to maximize the received power. Therefore, in some
embodiments, implantable devices 240 can be approximately the same distance from transducer
array 206 as the Rayleigh distance.

{0108] The individual ultrasonic transducers 20¥ in transducer array 206 can be modulated to
control the Raleigh distance and the position of the beam of ultrasonic waves emitted by
transducer array 206 through a process of beamforming or beam steering. Techniques such as
linearly constrained minimum variance (LCMV) beamforming can be used to communicate a
plurality of implantable devices 240 (e.g., implantable device 242) with an external ultrasonic
transceiver. See, for example, Bertrand et al., Beamforming Approaches for Untethered,
Ultrasonic Neural Dust Motes for Cortical Recording: a Sinulation Study, IEEE EMBC (Aug.
2014). In some embodiments, beam steering is performed by adjusting the power or phase of the

ultrasonic waves emitted by ultrasonic transducers 208 in transducer array 206.

{0109} In some erobodiments, interrogator 202 {(e.g., computational circuit 210) includes one
or more of instructions for beam steering ultrasonic waves using one or more ultrasonic
transducers 208, instructions for deterrnining the relative location of one or rmore implantable
devices 240, instructions for monitoring the relative movement of one or more implantable
devices 240, instructions for recording the relative roovement of one or more implantable devices

240, and instructions for deconvoluting backscatter from a phurality of implantable devices 240.

{0110} In some erobodiments, user interface 213 can be configured to allow a user (e.g., a
physician or a patient) to control the operations of interrogator 202 to power or operate

implantable devices 240 or to comununicate with implantable devices 240. In sorme embodiments,
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user interface 213 can include an input device that provides input, such as a touch screen or
monitor, kevboard, mouse, or voice-recognition device to interrogator 202. In some
embodiments, user interface 213 can include an output device such as any suitable device that

provides output, such as a touch screen, monitor, printer, disk drive, or speaker.

{0111} In some embodiments, interrogator 202 can be controlled using a separate computer
system (not shown), such as a mobile device (e.g., a smartphone or a tablet). The computer
system can wirelessly communicate to interrogator 202, for example through a network
connection, a radiofrequency (RF) connection, or Bluetooth. The computer system may, for
example, turn on or off interrogator 202 or analyze information encoded in ultrasonic waves

received by interrogator 202.

(0112} In some embodiments, interrogator 202 commmunicates with a plurality of implantable
devices 240. This can be performed, for example, using multiple-input, multiple cutput (MIMO)
system theory. For example, communication between interrogator 202 and the plurality of
implantable devices 240 may be performed using tirae division multiplexing, spatial
multiplexing, or frequency multiplexing. Interrogator 202 can receive a combined ultrasonic
backscatter frorn the plurality of the implantable devices 240, which can be deconvoluted,
thereby extracting information from each iroplantable device 242. In some embodiments,
nterrogator 202 can be configured to focus the ultrasonic waves transmitted from transducer
array 206 to a particular implantable device through bearn steering. For exarple, interrogator
202 may focus the transmitted ultrasonic waves to a first iroplantable device (e.g., implantable
device 242), receives backscatter from the first implantable device, focuses transmitted ultrasonic
waves to a second implantable device, and receives backscatter from the second implantable
device. In some embodiments, interrogator 202 transmits ultrasonic waves to a plurality of
implantable devices 240, and then receives ultrasonic backscatter from the plorality of

implantable devices 240.

{0113} In some embodiments, interrogator 202 or one or more of ultrasonic transducers 208
are wearable. For example, interrogator 202 or one or more of ultrasonic transdocers 208 may be
fixed to the subject’s body by a strap or adhesive. In another example, interrogator 202 canbe a

wand, which may be held by a user (such as a healthcare professional). In some embodiments,
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interrogator 202 can be held to the body via suture, simple surface tension, a clothing-based
fixation device such as a cloth wrap, a sleeve, an elastic band, or by sub-cutaneous fixation. In
some embodiments, one or more ultrasonic transducers 208 or transducer array 206 of
interrogator 202 may be positioned separately from the rest of interrogator 202. For example,
transducer array 206 may be fixed to the skin of a subject at a first location (such as proximal to
one or more implanted devices), and the rest of interrogator 202 may be located at a second

location, with a wire tethering ultrasonic transducer 208 or transducer array 206 to the rest of

nterrogator 202,

{0114} FIG. 3 illustrates panels 3A-C showing portions of emitted ultrasonic waves for
operating an implantable device, according to some embodiments. For example, the ultrasonic
waves shown in panels 3A-C may be emitted by interrogator 102 of FIG. 1 or interrogator 202 of
FIG. 2. In some embodiments, the emitted vlfrasonic waves can be configured to be emitted by

one or more other implantable devices.

{0115} Panel 3A shows that the emitted ultrasonic waves inchude a series of ultrasonic wave
comunands such as ultrasonic wave commands 302A and 302B. In some embodiments, each of
the ultrasonic wave commands may include one or more pulses of ultrasonic waves (i.e., also
known as ultrasound pulses). For exaraple, panel 3B shows a zoomed-in view of ultrasonic wave
cornmand 3028, which may include a sequence of six ultrasound pulses (e.g., pulses 304 A-B).
For illustration purposes only, the aroplitude (i.e., pressure aroplitude) and pulse width (i.e., also
called pulse length or pulse duration) of each pulse in ultrasonic wave comynand 302B is shown
as heing the same, but, this may not be the case. In some embodiments, the amplitude or pulse
width of each ultrasound pulse may be dictated by the ultrasonic wave protocol iraplemented by
the interrogator. Therefore, the amplitudes and pulse width of the pulses may be different. In
some embodiments, each of the sltrasound pulses may include one or more carrier cyeles (i.e,
also known as vibration or oscillation cycles). As used in the present disclosure herein, a carrier
cycle may correspond to a single oscillation of the ultrasonic waves. For example, panel 3C
shows a zoomed-in view of ultrasound pulse 304A that includes five carrier cycles (e.g.,

ultrasound cycles 306A-B) that comprise a pulse duration 308 of ultrasound pulse 304A.
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{0116} F1G. 4 illustrates panel 4A-E showing how an interrogator processes an ulirasonic
backscatter received at the interrogator, according to some embodiments. In some embodiments,
an implantable device (e.g., implantable device 104 of FIG. 1) can be configured to emit the
ultrasonic backscatter, as shown in panel 44, in response to receiving ultrasonic waves such as
those described above with respect to panel 3A of FIG. 3.

{0117} Panel 4A shows the ultrasonic backscatter received from the implantable device. In
some embodiments, the ultrasonic hackscatter can correspond to a backscatter of the ultrasonic
waves transmitted to the implantable device, as shown in panel 3A of FIG. 3. As shown in panel
4A, the ultrasonic backscatter can include backscattered portions 402A-B that corresponds to a
hackscatter of the operating mode command portions of the transmitted ultrasonic waves of panel
3A. In some embodiments, at the end of a transmit cycle, the interrogator can be configured to
control a switch (e.g., switch 229) to disconnect the transmit module and connect the receive

module to receive the ultrasonic backscatter.

[0118] Panel 4B shows a zoomed-in view of a backscatter of a single ultrasonic pulse 404,
which can be analyzed to extract data encoded in the backscatter 404. For example, as shown in
panel 4C, the ultrasonic backscatter 404 can be filtered. As shown in panel 4C, the filtered
backscatter can include four distinct regions 406A-D corresponding to reflections arising from
mechanical boundaries: region 406A corresponds to reflection from the biocorapatible material
that encapsulates the iroplantable device; region 406B correspond to reflection frorm the top
surface of the miniaturized ultrasonic transducer; (3) region 406C correspond to reflection from
the boundary between a printed circuit board and the mimaturized ultrasonic transducer; and
region 406D correspond to reflection from the back of the printed circuit board of the
tmplantable device. The amplitude of the backscatter waves reflected from the surface of the
mintaturized transducer changed as a function of changes in irapedance of the current returning
to the minaturized ultrasonic transducer, and can be referred to as the “responsive backscatter”
since this region of the backscatter encodes mformation generated at the implantable device. For
examaple, panel 4C shows the difference in amplitude of the filtered backscatter depending on
whether the implantable device is in an operating mode for stimulating a nerve. Further analysis
of the filtered backscatter may include rectifving the ultrasonic backscatter, as shown in panel

4D, and integrating the rectified signal to decode data, as shown in panel 4E.
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[0119] FIGS. SA-C illustrate panels showing ultrasonic waves encoding operating mode

commands, according to some embodiments.

101264 In ultrasound communications, the time of flight (TOF) refers to the two way travel
time between an interrogator transmitting the ultrasonic waves and an implantable device
receiving the ultrasonic waves. The time of flight may depend on the distance of the interrogator
relative to implantable device. In some embodiments, the time of flight may constrain how an
operating mode command is generated because data uplink is enabled by encoding information in
a backscatter of the ultrasonic waves. Accordingly, if the interrogator transimits carrier waves
while previcusly transmitted ultrasonic waves are backscattered, there may be crosstalk between

the transroitted carrier waves and the ultrasonic backscatter.

{0121} F1G. 5A illustrates panel 502-506 showing the timing requirements and data structure
of an operating mode command associated with data uplink, according to some embodiments.
Panel 502 shows an example ultrasound envelope for the operating mode command 502A
transtoitted by an ultrasound interrogator {e.g., interrogator 102 or interrogator 202). Operating
mode command 502A can have a total time or period of Temd and include a first portion 502B
having a pulse duration of Tsyne_up, 2 second portion 502C having a duration of Typ, a third

portion 502D having a duration of Tpower, and a fourth portion 502E having a duration of Tp.

(0122} First portion 502B may include a first pulse of operating mode command 502A that
enables a mode detector of the implantable device to determine a type of operating mode
coromand. In some embodiments, the mode detector can be configured to determine that the
pulse duration of first portion 302B corresponds to an uplink pattern of Tiyne up to determine that
operating mode comynand 502A is associated with uplink. The uplink pattern may be associated
with a carrier frequency of the received ultrasonic waves. For exarple, Tsyne o 102y be a multiple

of the carrier frequency.

[0123] In some embodiments, using the pulse duration of first portion 5028 to differentiate
hetween operating mode coromands S02A can allow the implantable device to operate in
multiple operating modes as well as to be powered using ultrasonic waves as an adjustable PWM
signal. As discussed above with respect to FIG. 1, transmitting ultrasonic waves as the PWM

signal can enable the implantable device to be sufficiently powered using ultrasonic waves while
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controfling the average intensity of the ultrasonic waves to stay within government regulations.
The use of the PWM signal with varying pulse widths, however, would render traditional
comununication protocol approaches using defined timing structures ineffective. This is in part
because the pulse width of the PWM signal can be dynamically adjusted based on power needs of
the implantable device, so the absence or presence of carrier waves at specific time intervals may
not necessary indicate any instructions or commands. The use of the first portion 5028, as
described above, addresses the problems that would be encountered using traditional approaches

for communication protocols.

{0124} Second portion 502C may include communication ultrasonic waves that enable the
implantable device to upload device data and the duration of Ty corresponds to the time that the
implantable device has to modulate the carrier wave to upload device data. Third portion 502D of
duration Tpower correspond to ultrasonic waves that can be used by, for example, the implantable
device 104 to power its various cornponents such as power conveyor circait 134 or energy
storage device 136. Finally, fourth portion 502E can correspond to a dead tirne of Tp where no
carrier waves are transmitted. During fourth portion 502E, the interrogator can be configured to
enter a receive mode to allow for receipt of an ultrasonic backscatter. In some embodiments, the
total duration of the second and third portions 502C-D is configured to remain within the tiroe of
flight sach that crosstalk does not occur. In some embodiments, the dead time can be at least as
fong as Typ, but may be longer depending on how much power needs to be provided by third

portion 502D.

{0125} As described above, the mode detector can be configured to analyze a duration of the
third portion to determine whether the ultrasonic waves are associated with power transmission.
In some embodiments, a duration of pulses in third portion 502C that exceeds the uplink pattern
{e.g., Tsyc up) and that exceeds a downlink pattern (e.g., Tomne down) can indicate that power is to

be extracted from the ultrasonic waves.

[0126] Pane} 304 shows an ultrasound envelop for operating mode command 302A received
at the imiplantable device. As shown, the implantable device can receive operating mode
cornmand 302A as operating mode command 504 A after a period of tirae (i.e., half of TOF) that

operating rode command 302A was transmitted. The received operating mode cominand 504A



WO 2020/142732 PCT/US2020/012246

includes portions 504B-E that correspond to portions S02B-E of operating mode command 502A,
as described ahove. Panel 506 shows an ultrasonic backscatter of second portion 504C received
at the interrogator. As shown, the ultrasonic backscatter would have a duration of Ty, and needs
to be received during the dead time of fourth portion 502E to ensure that crosstalk does not occur

so that the interrogator can successfully extract data from the uitrasonic backscatter.

{0127} Fi(3. 5B illustrates panels 508-512 showing the timing requirements and data structure
of an operating mode command associated with data uplink, according to some embodiments.
Panel 508 shows an example ultrasound envelope for the operating mode command S08A
transmitted by an ultrasound interrogator {e.g., interrogator 102 or interrogator 202). Operating
mode command 508A can have a total time or period of Tewa and include a first portion SO8B
having a pulse duration of Tsync_up, @ second portion 308C having a duration of Tup. a third
portion SO8D having a duration of Tpower, and a fourth portion 508E having a daration of Tp. In
contrast to operating mode command 3024 as shown in FIG. 34, third portion 508D inclading
powering ultrasonic waves can be transmitted after the dead time of fourth portion 508E. In some
embodiroents, this configuration enables the duration of Ty to be extended and for ultrasonic
wave transmissions after the first portion S08B to stay within a duration of the time of flight.
Accordingly, it the power needs of the implantable device requires that the duration of Tpower to
increase such that the combined duration of the second and third portions 502C-D (as shown in
panel 502) exceeds the time of flight, then the powering ultrasonic waves can be configured to be

transioitted after the dead time.

[0128] Panel 510 shows an ultrasound envelop for operating mode command S08A received
at the implantable device. As shown, the implantable device can receive operating mode
command SO8A as operating mode commmand 310A after a period of time (i.e., half of time of
flight) that operating mode command 508A was transmitted. The received operating mode
command ST0A inclodes portions 310B-E that correspond to portions 308B-E of operating mode
cornmand 3084, as described above. Panel 512 shows an ultrasonic backscatter of second portion
510C received at the interrogator. As shown, the ultrasonic backscatter would have a duration of
Tup and needs to be transmitted during the dead time of fourth portion 508E to ensure that
crosstalk does not occur so that the interrogator can successfully extract data form the ultrasonic

backscatter.
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[0129] F1G. 5C illustrates panels 514-516 showing the timing requirements and data structure
of an operating mode command associated with data downlink, according to some embodiments.
Panel 514 shows an example ultrasound envelope for the operating mode command 514A
received by an ultrasound interrogator (e.g., interrogator 102 or interrogator 202). Operating
mode command 514A can have a total time or period of Teng and include a first portion 514B
having a pulse duration of Ty down and a second portion 514C having a duration of Tasea_wanster-
In some embodiments, the mode detector can be configured to determine that the pulse duration
of first portion 514B corresponds t0 Tyne_down associated with data downlink. In sorne
embodiroents, the value of Tiyne_down can be different than Tene up, but less than the value for
Toower. For example, Tsyne downs Can be set to a first multiple of the carrier frequency (e.g.,
Tayne_down = 5%} and Teyne up can be set to a second multiple of the carrier frequency (e.g.,
Tsyae_uwp = Te). In some embodirents, a pulse duration that exceeds Tsyne down a0d Tayne up can

configure the iroplantable device to extract power from the ultrasonic waves (e.g., Tpower > 3¥T¢).

[0130] In some ernbodiments, upon determining that first portion 514B indicates the
downlink mode, the implantable device can be configured to extract data from second portion
514C. In some embodiments, data can be encoded in second portion 514C using pulse-width
modulated amplitude-shift keying (PWM-ASK) encoding scheme. For example, as shown in
panel 516, a pulse encoding logical 0 can bave a higher amplitude than a pulse encoding logical
I. Additionally, the pulse encoding logical O may have a waveform with period To (e.g., To =
FOFT.) following by Taoen (€.8., Taowen = 5%T¢), whereas the pulse encoding logical | may have a
waveform with period Tq (e.g., T1 = 15%T) following by Thoweh {€.2., Thowen = 3FT¢c). The use of
PWM-ASK may ensure that sufficient power is transmitted in portion 514C if multiple data
values of Jogical O are transmitted in a sequence. In some ervbodiments, data can be encoded in
operating mode command 514A using another encoding scheme such as pulse-interval encoding

(PIE), frequency-shift keying (PSK), or phase-shift keyving (PSK).

{01311 FIG. 6A illustrates a method 600A {or operating an implantable device using
ultrasonic waves, according to some ersbodiments. In some embodiments, the implantable device
may be an example of implantable device 104 of FIG. 1. For ease of explanation, various steps
below of method 600 may refer to components of implantable device 104 as described with

respect to FIG. 1.
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[0132] In step 602, the implantable device receives ultrasonic waves including an operating
mode command. In some embodiments, an ultrasonic transducer (e.g., ultrasonic transducer 108)
of the implantable device can be configured to receive the ultrasonic waves and convert energy
from the received ultrasonic waves into an electrical signal including an electrical representation
of the operating mode conumand. In some embodiments, the ultrasonic waves are transmitted by
an interrogator such as interrogator 102 of FIG. 1 or interrogator 202 of FIG. 2. In some
embodiments, the uitrasonic waves can be transmitted by another implantable device. In some
embodiments, the operating mode cornmand can correspond o one or more pulses of the
ultrasonic waves, as described above with respect to panel 3B of FIG. 3. In some embodiments,

step 602 includes step 602A.

[0133] In step 602 A, the implantable device determines that the operating mode command
corresponds to a pattern from a plurality of predetermined patterns. In some embodiments, the
implantable device can be configured to determine the correspondence by determining a
correspondence between a first portion of the operating mode command and the pattern. For
example, the iroplantable device may compare the first portion with one or more patterns from
the plurality of predetermined patterns to determine the correspondence. In some embodiments,
the first portion can include a single pulse of the operating mode command. For example, the first
portion may be the initial pulse of the operating mode command. In some erobodiments, the first

portion can include a sequence of two or more pulses of the operating mode commmand.

[0134] In some emnbodiment, the plurality of predetermined patterns can be a plurality of
corresponding pulses with different properties. In some embodiments, the plurality of
predeterroined patterns can be a plurality of corresponding values associated with a property of a
pulse. For example, a pulse property may inchude a pelse duration, a pulse amplitude, or a phase
or frequency change. In some embodiments, each predetermined pattern of the plurality of
patterns can include a unigue set of values corresponding to two or more pulse properties. In
some embodiments, each predetermined pattern of the plurality of patterns can include a anigue

sequence of pulses.

[0135] In some emnbodiments, the plurality of predetermined patterns includes a plurality of

corresponding pulse durations, as described above with respect to FIG. 1. In some embodiments,
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one or more of the pulse durations are predetermined based on a carrier signal period of the

recetved ultrasonic waves.

10136} In some embodiments, a mode detector {e.g., mode detector 126) of the implantable
device can be configured to count a number of instances that a first portion of the electrical signal
crosses a predefined voitage level to determine whether the operating mode command
corresponds to the pattern. In some embodiments, the predefined voltage level may be a voliage
value close to OV {e.g., less than 10mV, less than 50mV, less than 100 mV, or less than 200mV).
In some embodiments, the number of instances may correspond to a pulse duration of the

operating mode command.

{0137} In some embodiments, the mode detector can be configured to continuously monitor
the ultrasonic waves to determine whether an operating mode command is received. For
example, the mode detector may determine that the operating command is received if a first
portion of the operating mode command is determined to correspond to a patiern from the

plurality of predetermined patterns.

[0138] In step 604, the implantable device sets an operating mode of the implantable device
to one operating mode from a plurality of predetermined operating modes based on the operating
mode command. In some embodiments, the operating mode may include a stimulation mode, a
neural-activity recording mode, or a sensor mode, as described above with respect to FIG. 1. In

some embodiments, setting the operating mode may include step 604A.

{0139] In step 604A, the implantable device sets an operating state corresponding to the
operating mode based on the determined pattern. In some embodiments, the implantable device
can be configured to iroplement and maintain operation logic that includes a plurality of
operating states and transitions defined between operating states. In some embodiments, a
controlier circait (e.g., controller circuit 120) of the implantable device can be configured to
implement and maintain the operation logic as to set the operating state based on the determined
pattern. In some embodiments, the controller circuit can include a finite state machine (FSM) to
implement the operation logic. In some embodirnents, the controller circuit can include a
microprocessor (o iraplement the operation logic. In other embodiments, the controller circuit can

be implemented using a field progranumable gate array (FPGA) or a microcontroller.
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{01446] In some embodiments, the implantable device can be configured to maintain a current
operating state and transition the implantable device from the current operating state 1 to a next
operating state based on the operating mode command. In some embodiments, the implantable
device can be configured to operate according to the next operating state, which becomes the new
current operating state. For example, the implantable device can control one or more of its
cornponents based on one or more commands associated with the set operating mode. In some
embodiments, associations between the plurality of operating states (e.g., operating mode 152)
and a plarality of corresponding comiands (e.g., cornmand 154) can be stored in the memory

{e.g., memory 150).

(0141} In some emnbodiments, as described above with respect to step 602, the mode detector
can be configured to continuously monitor received ultrasonic waves to determine whether an
operating mode comrand is received. In these embodiments, the implantable device can be

configured to reset the operating based on the detected operating mode command.

(0142} FIG. 6B illustrates a method 600B for operating an implantable device using
ultrasonic waves, according to some embodiments. In some embodiments, the implantable device
may be an exaraple of implantable device 104 of FIG. 1. For ease of explanation, various steps
below of method 600 may refer to cornpouents of implantable device 104 as described with

respect to FIG. L.

{0143} In step 612, the implantable device receives ultrasonic waves including an operating
mode cornmand. In sorue embodiments, step 612 corresponds to step 602 as described above
with respect to FIG. 6A. In some embodiments, step 612 includes steps 612A, which may

correspond to step 602A of FIG. 6A.

{0144} In step 612A, the implantable device analyzes a first portion of the operating mode
cornmand to determine a correspondence (o a pattern from a plurality of predetermined patterns.
In some embodiments, the implantable device determines that the operating roode command
corresponds to the pattern in response to determining that the first portion corresponds to the
determined pattern. For example, as described above with respect to step 602A, the first portion
may be a single pulse that indicates a start of the operating mode command. In other examples,

the first portion may include a sequence of two or more pulses of the operating mode command.
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{0145} In step 614, the implantable device sets an operating mode of the implantable device
to one operating mode from a plurality of predetermined operating modes based on the operating
mode comimand. In some embodiments, the plurality of operating modes includes a downlink
mode for downloading data from the received ultrasonic waves and includes an uplink mode for
uploading data generated at the implantable device to an external device using the received
altrasonic waves of step 612, In some embodiments, the plurality of operating modes includes a
plurality of downlink modes for performing different operations on downloaded data, as
described above with respect to FIG. 1. In some embodiments, the plurality of operating modes
includes a plurality of uplink modes for uploading different types of device to the interrogator, as

described above with respect to FIG. 1.

{0146} In some embodiments, step 614 corresponds to step 604 as described above with
respect to FIG. 6A. In some ernbodiments, step 614 includes steps 614A. In step 614A, the
implantable device sets an operating state corresponding to the operating mode based on the
analyzed first portion. For example, the implantable device can set the operating state based on
the determine pattern of step 61 2A. In some embodiments where the implantable device
implernents a FSM, data representing the correspondence to the determined pattern can be used

as an input to the FSM to set the operating state.

(0147} In some emnbodiments, the determined correspondence to the pattern can configure the
implantable device to set the operating rmode to a downlink mode for extracting data from the
received ultrasonic waves. For example, the iraplantable device may be configured to extract data
from a second portion of the operating mode command. In some embodiments, the determined
correspondence to the pattern can configure the implantable device to set the operating mode (o

an uplink mode for uploading device data to the interrogator using the received ultrasonic waves.

[0148] In step 616, the implantable device operates according to the set operating state
corresponding to the operating mode. In somne embodiments, step 616 includes one or more of

steps 616A-D.

{0149] In some embodiments, for operating states associated with downlink 618A, step 616
inclodes steps 616A-B. In step 616A, the implantable device extracts data from a second portion

of the operating mode conunand. In some embodiments, the second portion includes a sequence
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of one or more pulses of the operating mode command. In some embodiments, the second
portion follows the first portion and does not overlap the first portion. In some embodiments, the
implantable device can be configured to decode the second portion to extract the data. In some
embodiments, the implantable device can be configured to decode the second portion using a
pulse-width modulated amplitude-shift keying (PWM-ASK) encoding scheme. In some
embodiments, the extracted data can include an instruction to select an operating mode. In some
embodiments, the extracted data can include one or more parameters {(e.g., a PGA gain)
associated with recording neural activity. In some embodiments, the extracted data can include

one or more pararneters associated with stimulating a nerve.

[0150] In step 6168, the implantable device configures the irnplantable device based on the
extracted data. In some embodiments, the implantable device can be configured to generate one
or more commands o control one or more components based on the extracted data. In some
embodirpents, the one or more cornmands {e.g., command 154) are generated based on the

current operating state as set in step 614A.

[0151] In some embodiments, for operating states associated with uplink 618B, step 616
includes steps 616C-D. In step 616C, the iroplantable device determines device data to transmoit
based on the operating state. In sorme embodiments, the device data includes data generated at the
implantable device. In some embodiments, the implantable device can be configured to retrieve

the device data from memory (e.g., memory 150) based on the operating state.

(0152} In some ernbodiments, the operating state can correspond to a physiological-condition
reporting mode (i.e., an example of an uplink mode), in which the device data can include
information associated with a physiological condition detected or measured by the implantable
device in the physiological-condition reporting mode. For example, the physiological condition
may include a teroperature, a pulse rate, a blood pressure, a pH level, a presence of an analyte, or

a concentration of the analyte. In some embodiments, the analyte can inclade oxygen or glucose.

[0153] In some erobodiments, the operating state can correspond to a neural-activity
reporting mode (i.e., an example of an uplink mode). In this operating state, the implantable

device can be configured to generate device data including information associated with an
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electrophysiological signal detected by the implantable device in the neural-activity reporting

mode, as will be further described below with respect to FIG. 8.

[0154] In some embodiments, the operating state can correspond to an acknowledgement
mode (i.e., an example of an uplink mode}, in which the device data can include an
acknowledgement that the implantable device successtully extracted an operating instruction

from previously-received ultrasonic waves.

[0155] In step 616D, the implantable device encodes the device data in a backscatter of a
second portion of the operating mode command. As described above with respect to step 616A,
the second portion can include a sequence of one or more pulses of the operating mode
command. In some embodiments, the second portion follows the first portion and does not
overlap the first portion. In some embodiments, the implantable device can be configured to
modulate an electric current generated from the received ultrasonic waves of step 612 to encode
the data. In some embodiments, one or more ultrasonic transducers of the implantable device can
he configured to emit an ultrasonic backscatter of the ultrasonic waves, in which the

backscattered ultrasonic wave encodes the device data.

[0156] Accordingly, based on method 600B, the implantable device can be configured to
operate in an uplink mode or a downlink mode based on the operating mode command received

in the sltrasonic waves.

{0157} F1G. 7 illustrates a diagram 700 showing example operating logic of an implantable
device (e.g., implantable device 104), according to some embodiments. As discussed above, a
controfler circuit {e.g., controller circuit 120) of the implantable device can be configured to
implerent a finite state machine (FSM) to control operations of the implantable device. For
example, diagram 700 shows a Moore state machine. As shown in diagram 700, the FSM may
include a plurality of operating states 702A-0. In some embodiments, the implantable device
includes a plurality of operating modes, which may each correspond fo a unique subset of the
plurality of operating states 702A-0. While the FSM is shown as being a Moore machine, the
implantable device can be configured its control the operating logic according to other types of
FSMs. For exarople, instead of the Moore machine, the FSM may be implemented as a Mealy
state machine, a Harel state machine, or a Unified Modeling Language (UML) state machine.
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{0158] In some embodiments, the implantable device can be configured to transition from a
current operating state to a next operating state based on the operating mode command in
received ultrasonic waves, as described above with respect to FIGS. 6A-B. In some
embodiments, the implantable device can be configured to compare information corresponding o
the operating mode command to one or more patterns from a plurality of predetermined patterns
to set the operating roode and associated operating state 1o the FSM. For example, as shown in
diagram 700, the operating mode command can be associated with an ultrasound pulse duration
{(e.g., Tus) that can match an uplink pattern (e.g., a titne period of Tine w) OF a downlink pattern
{e.g., a time period of Tiyne down). The uplink pattern may be associated with transitioning the
implantable device to an operating state for uploading data and the downlink pattern may be

associated with transitioning the implantable device to an operating state for downloading data.

[0159] In some erobodiments, the implantable device can be configured to upload and
download data through ultrasonic comruunications. While the following description may be
described with respect to the iraplantable device communicating with an interrogator, it should be
understood that the implantable device can similarly use ultrasonic waves to communicate with
another implantable device, according to some embodiments. As described above with respect to
FIG. 6B, whenever the implantable device transitions to an operating state associated with
downlink of data, the iroplantable device can be counfigured to decode a portion of the ultrasonic
waves received {rom an interrogator to extract an operating mode command for operating the
implantable device. As described above with respect to FIG. 6B, whenever the implantable
device transitions to an operating state associated with uplink of data, the implantable device can
be configured to encode device data o be transmitted in a backscatter of a portion of the received
ultrasonic waves. Then, the interrogator can be configured to receive the altrasonic backscatter

and decode the device data encoded in the ultrasonic backscatter.

{0160} In some embodiments, the implantable device can be configured to start in operating
state 7O0ZA corresponding to a power-up operating mode. In operating state 702A, the
implantable device can be configured to use the ultrasonic waves received at one or more
ultrasonic transducers to charge one or more energy storage devices {e.g., energy storage device

136} of the implantable device.
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[0161] In some embodiments, the implantable device can be configured to continuously
monitor the received ultrasonic waves to determine whether an operating mode command is
included in the received ultrasonic waves. As shown in diagram 700, when the operating mode
commmand corresponds to the uplink pattern (i.e., Tus = Toyne wp). the implantable device can
transition to operating state 7028 corresponding to a broadcast operating mode. In operating state

7028, the irnplantable device can transmit a device 1D to the nterrogator.

{0162] In some embodiments, the implantable device can be configured to retransmit the
device ID) in operating state 7028 until a next operating mode command corresponding (o the
downlink pattern ({(e.g2., Tus = Tsyne_down) 18 detected. Then, the implantable device can transition
to operating state 702C corresponding to a power calibration operating mode. In operating state
702C, the implantable device can transmit power information to the interrogator. For example,
the power information may inchude an available power or a consumed power, as described above
with respect to FIG. 1. In some embodirnents, upon receiving the power information, the
interrogator can be configured to adpust one or more ulirasonic wave settings (e.g., a power pulse
intensity or a pulse width) based on the power informuation. Accordingly, power provided by the
interrogator can be adjusted based on power mformation transmitted by the implantable device to

the interrogator.

{0163} As shown in diagram 700, when a next operating mode cormmand corresponds to the
downlink pattern (i.e., Tus = Tsyne_down), the implantable device can transition from operating state
702C to operating state 702D corresponding to a mode selection operating mode. In operating
state 702D, the implantable device can extract data from a second portion of the received
operating mode command. In some embodiments, the extracted data may include information

selecting an operating mode of the implantable device.

[0164] When a next operating mode cornmand corresponds to the uplink pattern (.e., Tus =
Tsyne_up), the implantable device can transition from operating state 702D to operating state 702E
corresponding to a mode-acknowledgement operating mode. In operating state 702E, the
tmplantable device can transmit an acknowledgersent to the interrogator indicating that the

selection iformation associated with selecting an operating roode was successfully received.
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[0165] When a next operating mode conymand corresponds to the uplink pattern (i.e., Tus =
Tsyne_up), the implantable device can determine which of one or more reporting operating modes
to enter based on the selection information previously received in operating state 702D. For
example, the reporting operating modes may be associated with transmitting information
associated with various physiclogical conditions such as a temperature, a pulse rate, a pH level,
or a presence or a concentration of a specific analyte. For example, as shown in diagram 700, the
implantable device may transition to operating state 702N corresponding to temperature
operating mode 704C. In some embodiments, the amount of information that can be uploaded is
limited (e.g., 4 bits of information). Therefore, as shown in diagram 700, temperature operating
mode 704C may include multiple operating states 702N-0O for transmitting a measured
teraperature. In some embodiments, when a next operating mode comimand corresponds to the
downlink pattern (i.e., Tus = Tsyne_up), the implantable device may transition from operating state

7020 back to operating state 702C to recalibrate power transmission from the interrogator.

[0166] Returning to operating state 702E, when a next operating mode command corresponds
to the downlink pattern (i.e., Tus = Tsync_down ), the implantable device can determine whether to
enter a neural-activity recording mode 704 A or a searal-stimulation mode 704B based on the

selection information previously received in operating state 702D.

{0167} In some emnbodiments, when the selection information indicates neural-activity
recording mode 704 A, the implantable device can transition from operating state 702E to
operating state 702F of neural-activity recording mode 704 A. In neural-activity recording mode
704 A, the implantable device can be configured to receive parameters in operating state 702F
and transmit neural-activity data in operating states 702G-H. For example, a parameter may
include a programmable-gain amplifier (PGA) gain that configures the implantable device to
control how much to amplify a detected neural activity signal. As described above with respect to
teruperature operating mode 704C, device data such as a neural-activity record may be too large
to transmit in a backscatter of the second portion of the operating mode commmand. Accordingly,
newral-activity recording mode 704 A may inclade multiple operating states 702G-H for
transmitting the entire neural-activity record. Further details for how the neural activity can be
sampled and recorded are provided below with respect to FIG. 8. In some embodiments, when a

next operating mode command corresponds to the downlink pattern (i.e., Tus = Tiync_up), the
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implantable device may transition from operating state 702H back to operating state 702C to

recalibrate power transmission from the interrogator.

10168} In some embodiments, when the selection information indicates neural stimulation
mode 7048, the implantable device can transition from operating state 702E to operating state
7021 of neural stimulation mode 7048, In neural stimulation mode 7048 and as shown in
diagram 700, the implantable device can be configured to receive and stimulation parameters in
operating state 7021 and transmit an acknowledgement of the received parameters in operating

state 702J based on successively received operating mode commands.

[0169] In operating state 702J, a charge detector of the implantable device can be configured
to determine whether a stimulation capacitor is sufficiently charged to be used to stimulate a
nerve. If the charge detector indicates sufficient charge (i.e.,, Charge Indication = 1), the
implantable device transitions to operating state 7021, otherwise the implantable device remains
in operating state 702K in which the stimulation capacitor continues to be charged based on
altrasonic waves received from the interrogator. In operating state 7021, the implantable device
can stimulate one or more selected nerves by emitting an electric pulse to the one or more

selected nerves, as will be further described below with respect to FIG. 8.

[0170] When the operating mode command corresponds to an uplink pattern, the implantable
device can transition to operating state 702M corresponding to an acknowledgement operating
mode to transmit a status of the stimulation as performed in operating state 702L. When the
operating mode comrand corresponds to a downlink pattern, the implantable device can
transition back to operating state 702K to repeat stimulation or back to operating state 702C to
recalibrate the implantable device to enter other operating modes depending on data included in
the operating mode command. For example, an instruction extracted from the operating mode
command may request repeated stimulation, which would cause the implantable device to

transition to operating state 702K to recharge the stimnulation capacitor,

(0171} FIG. 8 illustrates a diagram 800 of an implantable device 8§11 configured to interact
with a nerve 814 of a subject, according to sorne embodiments. In some embodiments,
implantable device §11 can be an example implementation of implantable device 104 as

described above with respect to FIG. 1. As shown in diagram 800, implantable device §11 can be
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implanted on nerve 814 and include one or more curved member such as curved member 802
extending from a body 812. Body 812 of implantable device 811 can include integrated circuit
8§24 (including, e.g., modulation and demodulation circuit 112, stimulation circuit 114, detection
circuit 116, or controller circuit 120}, a non-transitory memory 826 (e.g., memory 180), a power
circuit 828 (e.g., power circuit 130), and an ultrasonic transducer 30 {(e.g., ultrasonic transducer
108 or ultrasonic transducer circuit 106). In some embodiments, body 812 includes a plurality of
ultrasonic transducers including ultrasonic transducer 830. Accordingly, it is to be understood
that ultrasonic transducer 830, as shown in diagram 800, roay represent a plurality of ultrasonic

transducers.

{0172} In some ernbodiments, ultrasonic transducer 830 can be configured to receive
ultrasonic waves transmitted by an interrogator (e.g., interrogator 102 of FIG. 1 or interrogator
202 of FIG. 2) and convert the mechanical energy of the ultrasonic waves into an electrical signal
having an electrical energy. In some embodiments, the ultrasonic waves can include one or more
operating mode comynands that are detected by integrated circuit 824 to set an operating mode of
implantable device 811 to one operating mode from a plurality of operating modes. In some
embodiments, the electrical signal includes electrical representations of the one or more

operating mode commands,

(0173} In some ernbodiments, a portion of the electrical signal can be processed by power
circuit 828 to power the components of implantable device 81 1. In some ernbodiments, power
circuit 828 can include a power conveyor circuit (e.g., power conveyor circuit 134) configured to
convert the electrical signal having a first voltage to a second signal having a second voltage to
power various components of integrated circuit 824. In some embodiments, power circuit 828
can include a rectifying circuit (e.g., an active rectifier) to convert the electrical signal in an AC
form to a DC form where the converted electrical signal may be associated with the first voltage.
In some embodiments, the power conveyor circuit can include a charge pump to generate the
second voltage greater than the first voltage. In some embodiments, power circuit 828 can
include an energy storage device (e.g., energy storage device 136) configured to store excess
energy provided by the electrical signal and to operate as a secondary power source if the power
supplied by the interrogator is insufficient. In some embodiments, the power conveyor circuit can

be configured to control whether power is to be conveyed to or from the energy storage device,
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which effectively charges or discharges the energy storage device, respectively. In some
embodiments, the power conveyor circuit can be configured control an amount of time {(2.g., a
number of clock cycles) that the power is conveyed in addition to the direction of power flow

{(e.g., in forward flow or in reverse flow).

{0174} In some embodiments, integrated circuit 824 includes a controller circuit (e.g.,
controlier circuit 120) configured to set the operating mode of implantable device 811 based on
an operating mode command received in the ultrasonic waves, as described above with respect to

FI1G. 1.

[0175] In some embodiments, the operating mode command can instruct implantable device
811 to enter a power calibration mode in which the controller circuit can generate information
indicating whether more power or less power should be transmitted to the interrogator. In some
embodiments, the controller circuit can be configured to generate this power information based
on the available power as supplied by power circuit 828 and a power consumed by integrated
circuit 824. In some embodiments, the available power includes the supply power provided by
ultrasonic transducer 830 and accessible power provided by the energy storage device of power
circuit 828. In some erabodiments, the countroller circuit can be configured to control ultrasounic
transducer 830 to transmit to the interrogator the generated power information to cause the
nterrogator to control the wave power of transmitted ultrasonic waves. In some embodiments,
the consumed power can be determined by the countroller circuit based on an operating mode of

implantable device 811, as described above with respect to FIG. 1.

[0176] In some embodiments, the operating mode command can instruct implantable device
811 to enter a nerve-stimulation mode or a detection mode, each of which may operate electrode
pads 818 on curved merber 802. In sorme embodiments, the detection mode may be an example
of an uplink mwode associated with transmitting device data to other devices such as an

interrogator, as described above with respect to FIGS. 6B-7.

{0177} In some ernbodiments, in the detection mode, electrode pads 818 are configured to
detect an electrophysiological signal, and a detection signal based on the electrophysiological
signal is received by integrated circuit 824. The detection signal received by integrated circuit

824 may be processed (for example, amplified, digitized, and/or filtered) by a detection circuit

45



WO 2020/142732 PCT/US2020/012246

{e.g., by detection circuit 116) before being received by the controller circuit. In some
embodiments, the controller circuit can access non-transitory memory (e.g., memory 180) to
store data related to the detected electrophysiological signal. In some embodiments, in the
detection mode, the controller circuit can be configured to operate ultrasonic transducer 830 to
emit a backscatter of received ultrasonic waves in which the backscattered ultrasonic waves

encodes the data related to the detected electrophysiological signal.

{0178} In some embodiments, the operating mode command can instruct implantable device
811 to enter the nerve-stimulating mode. In the stimulation mode, the controller circuit can
generate a stimulation signal based on the detection signal, and operate one or more electrode
pads 813 to emit an electrical pulse to nerve §14 based on the stirnulation signal. In some
embodiments, the controller circuit can access the non-transitory memory {e.g., memory [80) to
store data related to the stimulation signal or electrical pulse emitted to nerve 814. In some
embodiroents, in the stimulation mode, the controller circuit can be configured to operate
ultrasonic transducer 830 to ernit a backscatter of received ultrasonic waves in which the

backscattered ultrasonic waves encodes data related a status of the stirnulation.

[0179] Data stored on the non-transitory memory can be wirelessly transmitted through
ultrasonic backscatter waves emitted by ultrasonic transducer 830, As described above with
respect to FIG. 1, to transroit data using the ultrasonic backscatter, ultrasonic transducer 830 may
tirst receive ultrasonic waves and generates an electrical current that flows through a modulation
circuit. Then, the controller circuit may access the memory and operate the modulation circuit to
modulate the electrical current flowing through the modulation circuit to encode the data.
Through such a process, the ultrasonic backscatter waves emitted by ultrasonic transducer 830

can encode the data.

{0180} In some ernbodiments, as shown in diagram 800, curved roember 802 can include a
first portion 802a and a second portion 802b bridged by body 812 at point 816. In some
embodiments, first portion 802a and second portion 802b are directly connected, and curved
mernber 802 is attached to body 812 through a connecting member. Carved member 802 can
include a plurality of electrode pads 818 on the inver surface of curved member 802, and

electrode pads 818 can be radially positioned around an axis parallel to the length of nerve 814.
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A separation 820 between first portion 202a and second portion 202b is present along curved
member 802 (which may be similarly present in other curved members of implantable device
§11). In some embodiments, implantable device 811 can be implanted by flexing first portion
802a and second portion 802b of curved member 802 outwardly, thereby expanding the size of
the separation and allowing nerve 814 or other filamentous tissue to pass through separation 820
and fit within the cylindrical space formed by curved member 802, First portion 802a and second
portion 802b of curved member 802 can be released, which allows curved member 802 to wrap

around nerve 814 or other filamentous tissue,

[0181] The plurality of electrode pads 818 of as shown in FIG. 8 are outside of nerve 814,
but in direct contact with the epineurium of nerve 814. Nerve §14 can include several fascicles
§22. In some embodiments, electrode pads 818 within curved member 802 can be operated for
targeted emission of an electrical pulse to one or more of fascicles 822 or other subset of nerve
tibers, and/or operated for targeted detection of an electrophysiological signal transmitted by one
or more of fascicles 822 or other subset of nerve fibers. For example, electrode pads 818 can be
selectively activated by the controller circuit within integrated circuit 824, which is housed
within body 812, to emit an electric pulse targeted to one or more fascicles 822. In another
example, electrode pads 818 are operated by the controller circuit to detect an
electrophysiological signal transmitted by one or more of fascicles 822 within nerve 814. In some
embodiment, curved member 802 can be configured to detect the electrophysiological signal
transtoitted by nerve 814 or a subset of nerve fibers, emit an electrical pulse to nerve 814 or
targeted to a subset of nerve fibers, or both detect the electrophysiological signal transmitted by
nerve 814 or a subset of nerve fibers and emit an electrical pulse to nerve 814 or targeted to a
subset of nerve fibers. For example, iroplantable device 811 may include a plurality of curved
members (including curved member 802) in which a first curved member can be configured to
detect the electrophysiological signal transmitted by nerve&14 or a subset of nerve fibers, and a
second curved member can be configured to emit an electrical pulse to nerve 814 or targeted to a

subset of nerve fibers.

[0182] In some embodiments, curved member 802 can be sized to engage a selected nerve
814 or fibrous tissue containing nerve 814. Nerve 814 can be the spinal cord or a peripheral

nerve. In some embodiments, nerve 814 is an autonomic nerve or a somatic nerve. In some

s
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embodiments, nerve 814 is a sympathetic nerve or a parasympathetic nerve. In some
embodiments, nerve 814 is a vagus nerve, a mesenteric nerve, a splenic nerve, a sciatic nerve, a

tibial nerve, a pudendal nerve, a celiac ganglion, a sacral nerve, or any branch thereof.

{0183} The size, shape, and spacing of curved member 802 on implantable device 811 can
depend on the type and size of tissue that implantable device 811 engages. In some embodiments,
two or more curved members of implantable device 811 are spaced by about 0.25 mm or more
(such as about 0.5 mm or more, about 1 mm or more, about 2 mum or more, about 3 mm or more,
about 4 mm or more, about 5 mun or more, about 6 mm or more, or about 7 mim or more). In
some embodiments, the two or more curved members are space by about 8 mm or less (such as
about 7 mm or less, about 6 rom or less, about 3 mun or less, about 4 nmum or less, about 3 mm or
less, about 2 mum or less, about 1 mm or less, or about 0.5 mm or less). By way of example, the
two or more curved members can be spaced about (.25 mm to about 0.5 mom, about 0.5 mm to
about 1 mm, about 1 min to about 2 mm, about 2 mrm to about 3 mm, about 3 mm to about 4 mom,
about 4 mm to about 5§ mum, abowut 5 mm to about 6 mun, about 5 mum o about 7 mun, or about 7
mm to about 8 mun apart. The width of curved member 802 can also vary depending on the
application of imnplantable device 8§11 or the tissue engaged by implantable device 811. In some
embodiroents, the width of curved member 802 is about 100 pm or more (such as about 150 ym
or more, about 250 ywm or wore, about 300 um or more, about 1 mm or more, or about 1.5 mam or
more). In some embodiments, the width of curved member 502 is about 2 mum or less (such as
about 1.5 mim or less, about 1 mm or less, about 500 pum or less, about 250 um or less, or about
130 pm or less. In some emabodiments, the width of curved members 502 is about 100 pm to
about 2 mm (such as about 100 wm to about 150 um, about 150 wm to about 250 pum, about 250
wm o about 300 um, about 500 wm to about | mm, about | mam to about 1.5 mm, or about 1.5
mm to about 2 mum). The inner surface of curved member 802 form a cylindrical space through
which nerve 814 and/or filamentous tissue passes. The diameter of the cylindrical space formed
by curved member 802 depends on the target nerve and/or filamentous tissue that implantable
device 811 will engage. In some embodiments, curved member 802 forms a cylindrical space
vith a diameter of about 50 um to about 15 mm (for example, about 50 pm to about 100 pm,
about 100 pm to about 250 pum, about 250 pm to about 500 pum, about 500 um to about 1 num,
about 1 mm to about 1.5 mm, about 1.5 mm to about 2.5 mum, about 2.5 num to about 5 mm,

about 5 mm {0 about 10 mm, or about 10 mum to about 15 mm).
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{0184] In some embodiments, implantable device 811 includes one or more additional
securing members configured to secure implantable device §11 to the filamentous tissue. Such
securing members can include, for example, loops for suturing the implantable device to
anatomical structure (such as the filamentous tissue or nerve, or other tissue surrounding the
filamentous tissue or nerve), pins, or clamps. For example, implantable device 811 can be sutured
to the filamentous tissue or nerve 814, or tissue surrounding the filamentous tissue or nerve, to

limit movement of implantable device 811 once implanted.

{0185] In some embodiment, curved member 802 of implantable device 811 can include a
metal, metal alloy, ceramic, silicon, or a non-polymeric material. Curved member 802 may be
flexible, and is preferably sprung such that curved member 802 can be positioned around nerve
814 and/or filamentous tissue. In some embodiments, curved member 802 or a portion of curved
member 802 15 coated with an elastomeric coating or 4 non-elastomeric coating, which is
preferably bioinert, such as polydimethylsioloxane (PDMS), a silicone, a urethane polymer, a
polyv{p-xylylene)polymer (such as a poly(p-xylylene) polymer sold under the tradename
PARYLENE®), or a polyimide. Curved member 802 can include a plarality of electrode pads
818 on an inner surface. In some embodiments, electrode pads 818 on the inner surface of curved
mernber 802 are not coated with the elastomeric coating or the non-elastomeric polymer coating,
although the 1nner surface may be coated with a conductive material (e.g., electroplated with a
PEDOT polymer or a metal to improve electrical characteristics of the electrode pad).
Accordingly, in some embodiments, only the outer surface of curved member 802 1s coated with

the coating. Optionally, the coating further coats the housing of body 812

{0186] In some emnbodiments, the plurality of electrode pads 818 can include 3,4, 5,6, 7, &,
9,10, 11, 12,13, 14, 15, 16, 17, 18, 19, 20, or more electrode pads, such as between about 3 and
about 50 electrode pads, between about 3 and about 3 electrode pads, between about 3 and about
[0 electrode pads, between about 10 and about 25 electrode pads, or between about 25 and about
50 electrode pads. In some embodiments, the electrode pads within the pluarality of electrode pads
818 can be selectively activated by the controller circuit, which allows for targeted electrical

pulse emission, as further described herein.
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[0187] In some embodiments, electrode pads 818 can include any suitable conductive
material, such as one or more of (or an alloy of one or more of) tungsten, platinum, palladium,
gold, iridium, niobium, tantalum, or titanium. The material of the detecting electrode pads and
the stimulating electrode pads may be the same or different. The size and shape of electrode pads
§18 may also be the same or different. For example, electrode pads 818 on a given curved
member 802 may be of the sarne or different size, and electrode pads on different curved

members may be of the same or different size.

{0188} In some embodiments, electrode pads 818 of implantable device 811 are positioned
by curved member 802 to be in electrical communication with nerve 8§14, In some embodiments,
electrode pads 818 are not in direct contact with nerve 814 (for exarople outside and not indirect
contact with nerve 814), but are in electrical communication with nerve £14. In some
embodiments, electrode pads 818 are positioned within about 2 mum (e.g., within about 1.8 mum,
within about 1.6 mam, within about 1.4 mun, within abowt 1.2 mrn, within about 1.0 mam, within
about 0.8 mun, within about 0.6 mum, within about 0.4 mm, or within about 0.2 rom) of nerve 814,
In some embodiments, electrode pads 8§18 are configured to penetrate the epineuriur of nerve
814 at owe or more locations. For exaraple, electrode pads 81§ can be needle-shaped, whic
allows for penetration of the epineurium. To some embodiments, electrode pads 818 directly

contact nerve 814, for example the epineurivm of nerve 8i4.

{0189} In some embodiments, body 812 inchudes a housing, which can include a base, one or
more sidewalls, and a top. The housing can enclose ultrasonic transducer §30 and integrated
circuit §24. The housing may be sealed closed (for example by soldering or laser welding) to
prevent interstitial fluid from coming in contact with ultrasonic transducer 830 or integrated
circuit 824. The housing is preferably made from a bioinert material, such as a bioinert metal
{e.g., stee] or titanium) or a bioinert ceramic {e.g., titania or alumina). The housing (or the top of
the housing) may be thin to allow ultrasonic waves to penetrate through the housing. In some
embodiments, the thickness of the housing is about 100 micormeters {pm) or less in thickness,
such as about 75 pm or less, about 30 pum or less, about 25 pm or less, or about 10 pm or less. In
some embodiments, the thickness of the housing is about 5 um to about 10 um, about 10 um to
about 25 pm, about 25 um to about 50 pm, about 50 pm to about 75 pm, or about 73 pm to about

100 pm in thickness.
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{0190} In some embodiments, body 812 of implantable device 811 is relatively small, which
allows for comfortable and long-term implantation while limiting tissue inflammation that is

often associated with implantable medical devices. In some embodiments, the longest dimension
of body 812 is about 10 mm or less, such as about 5 mm to about 9 mm, or about 6 mm to about

8 mm,

{0191} In some embodiments, body 812 includes a material, such as a polymer, within the
housing. The material can fill empty space within the housing to reduce acoustic impedance
mismatch between the tissue outside of the housing and within the housing. Accordingly, body

§12 is preferably void of air or vacuum, according to some embodiments.

{0192} In some embodiments, ultrasonic transducer 830 can include a micro machined
ultrasonic transducer, such as a capacitive micro-machined ultrasonic transducer (CMUT) or a
piezoelectric micro-machined ultrasonic transducer (PMUT), or can include a bulk piezoelectric
transducer. Bulk piezoelectric transducers can be any natural or synthetic material, such as a
crystal, ceramic, or polymer. Example bulk piezoclectric transdacer materials may include
barium titanate (BaTi(2), lead zirconate titanate (PZ7T), zinc oxide (Z0), aluminum nitride
(AIN), quartz, berlinite (A1PQy), topaz, langasite (La:GasSi1014), galliur orthophosphate
{GaPOy), lithium niobate {LiNbOs), lithinm tantalite (LiTa(s), potassium nicbate (KINbQO3),
sodiom tungstate (NapyWOa), bismuth ferrite (BiFe()s), polyvinylidene (di)fluoride (PVDF), and

lead magunesinm nichate-lead titanate (PMIN-PT).

[0193] In some erobodiments, the bulk piezoelectric transducer is approgimately cubic (i.e.,
an aspect ratio of about 1:1:1 (Jength:width:height)). In some ernbodiments, the piezoelectric
transducer is plate-like, with an aspect ratio of about 5:5:1 or greater in either the length or width
aspect, such as about 7:5:1 or greater, or about 10:10:1 or greater. In some embodiments, the bulk
piezoelectric transducer is long and narrow, with an aspect ratio of about 3:1:1 or greater, with
the longest dimension being aligned to the direction of the ultrasonic backscatter waves (i.e., the
polarization axis). In some ermbodiments, one dimension of the bulk piezoelectric transducer is
equal to one half of the wavelength (A) corresponding to the drive frequency or resonant
frequency of the transducer. At the resonant frequency, the ultrasound wave irmopinging on either

the face of the transducer will undergoe a 180" phase shift to reach the opposite phase, causing the
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largest displacement between the two faces. In some embodiments, the height of the piezoelectric
transducer is about 10 wm to about 1000 pm (such as about 40 ym to about 400 um, about 100
wm to about 250 pm, about 250 um to about 500 um, or about 500 pm to about 1000 pm). In
sotne embodiments, the height of the piezoelectric transducer is about 5 nmun or less (such as
about 4 mn or less, about 3 mun or less, about 2 mm or less, about 1 rom or less, about 500 pm or
less, about 400 pm or less, 250 um or less, about 100 ym or less, or about 40 ym or less). In
some embodiments, the height of the piezoelectric transducer is about 20 pm or more {such as
about 40 wm or more, about 100 um or more, about 250 m or more, about 400 ym or more,
about 500 um or more, about 1 mim or more, about 2 mm or more, about 3 mm or more, or about

4 mm or more) in length.

{0194} In some embodiments, ultrasonic transducer 830 has a length of about 3 myu or less
{such as about 4 mam or less, about 3 myn or less, about 2 mm or less, about 1 mm or less, about
SO0 wm or less, about 400 pm or less, 250 pum or less, about 100 wm or less, or about 40 wm or
lessy in the longest dimension. In some embodirments, ultrasonic transducer 830 has a length of
about 20 um or more (such as about 40 pm or more, about 100 pm or more, about 250 ym or
more, about 400 um or more, about 300 um or more, about 1| mm or more, about 2 mm or more,

about 3 mm or more, or about 4 mm or roore) 1o the longest dimension.

{01951 In some embodiments, ultrasonic transducer 830 is connected to two electrodes to
allow electrical communication with integrated circuit 824. The first electrode is attached to a
first face of ultrasonic transducer 830 and the second electrode 13 attached to a second face of
ultrasonic transducer 830, with the first face and the second face on opposite sides of ultrasonic
transducer 8340 along one dimension. In some embodiments, the electrodes include silver, gold,
platinum, platinum-black, poly(3,4-ethylenedioxythiophene (PEDQOT)), a conductive polymer
{such as conductive PDMS or polyimide), or nickel. In some embodiments, the axis between the

electrodes of ultrasonic transducer 830 is orthogonal to the motion of ultrasonic transducer 83(.

[0196] The foregoing description sets forth exemplary methods, parameters and the like. t
should be recognized, however, that such description is not intended as a limitation on the scope
of the present disclosure but is instead provided as a description of exemplary embodiments. The

iHustrative embodiments described above are not intended to be exhaustive or to limit the
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disclosure to the precise forms disclosed. Many modifications and variations are possible in view
of the above teachings. The embodiments were chosen and described to best explain the
principles of the disclosed techniques and their practical applications. Others skilled in the art are
thereby enabled to best utilize the technigues and various embodirments with various

modifications as are suited to the particular use contemplated.

{0197} Although the disclosure and examples have been fully described with reference to the
accompanying figures, it is to be noted that various changes and modifications will become
apparent to those skilled in the art. Such changes and modifications are to be understoced as being
included within the scope of the disclosure and examples as defined by the claims. In the
foregoing description of the disclosure and embodiments, reference is made to the accompanying
drawings, in which are shown, by way of illustration, specific embodiments that can be practiced.
It 15 to be understood that other embodiments and examples can be practiced, and changes can be

made without departing from the scope of the present disclosure.

[0198] Although the foregoing description uses terms first, second, ete. to describe various
elements, these elements should not be limited by the terms. These terms are only used to

distinguish one element from another.

[0199] Reference to “about” or “approximately” a value or parameter herein includes (and
describes) variations that are directed to that value or parameter per se. For example, description

referring to “about X includes description of “X.”

{0200] It is understood that aspects and variations of the invention described herein include

“consisting” and/or “consisting essentially of” aspects and variations.

{0201} The terms “implantable” and “implanted” refer to an object being fully implantable or

fully implanted in a subject such that no portion of the object breaches the surface of the subject.

{0202} The term “substantially” refers to 90% or more. For example, a curved member that
substantially surrounds a cross-section of a nerve refers to a curved member that surrounds 0%

or more of the cross-section of the nerve.
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{0203} The term “subject” and “patient” are used interchangeably herein to refer to a

vertebrate animal such as a human.

{0204} The terms “treat,” “treating,” and “treatment” are used synonymously herein to refer
to any action providing a benefit to a subject afflicted with a disease state or condition, including
improvement in the condition through lessening, inhibition, suppression, or elimination of at least
one symptom, delay in progression of the disease or condition, delay in recurrence of the disease

or condition, or inhibition of the disease or condition.

{0205} Where a range of values is provided, it is to be understood that each intervening value
between the upper and lower limit of that range, and any other stated or intervening value in that
stated range, is encompassed within the scope of the present disclosure. Where the stated range
includes upper or lower limits, ranges excluding either of those included limits are also included

in the present disclosure.

[0206] In addition, it is also to be understood that the singular forms “a,” “an,” and “the”
used in the foregoing description are intended to include the plural forms as well, unless the
context clearly indicates otherwise. It is also to be understood that the term “and/or” as used
herein refers to and encompasses any and all possible combinations of one or more of the
associated listed items. It is further to be understood that the terms “includes, “including,”

b

“comprises,” and/or “comprising,”’ when used herein, specify the presence of stated features,
integers, steps, operations, elements, components, and/or units but do not preclude the presence
or addition of one or more other features, integers, steps, operations, elements, coraponents,

units, and/or groups thereof.

(0207} The term “if” may be construed to mean “when’” or “upon” or “in response to
determining” or “in response to detecting,” depending on the context. Similarly, the phrase “if it
18 determined” or “if {a stated condition or event] is detected” may be construed to mean “upon
determining’ or “in response to determining” or “vpon detecting [the stated condition or event]”

or “in response to detecting fthe stated condition or event],” depending on the context.

[0208] Features and preferences described above in relation to “embodiments™ are distinct

preferences and are not limited only to that particular embodiment; they may be freely combined

e
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with features from other embodiments, where technically feasible, and may form preferred
combinations of features. The description is presented o enable one of ordinary skill in the art to
make and use the invention and is provided in the context of a patent application and its
requirements. Various modifications to the described embodiments will be readily apparent to
those persons skilled in the art and the generic principles herein may be applied to other
embodiments. Thus, the present invention is not intended to be limited to the ernbodiment shown
but is to be accorded the widest scope consistent with the principles and features described

herein.

L%
e



WO 2020/142732 PCT/US2020/012246

CLAIMS

What is claimed is:

1. A method for operating an implantable device using ultrasonic waves, comprising,
at the implantable device:

receiving ultrasonic waves comyprising an operating mode command; and

setting an operating mode of the implantable device to one operating mode from a

plurality of operating modes based on the operating mode command.

2. The method of claim |, wherein the plurality of operating modes corprises one or
more of a downlink mode for downloading data from the received ultrasonic waves, or an uplink
mode for uploading data generated at the implantable device to an external device using the

recetved ultrasonic waves.

3. The method of claim 2, wherein the plurality of operating mode comprises the

downlink mode and the uplink mode.

4. The wethod of claim 1, wherein the altrasonic waves are transmitted by an

interrogator.

5. The method of claim 1, wherein the ultrasonic waves are transmitted by another

implantable device.

6. The method of any one of claims 1-5, comprising:
determining that the operating mode command corresponds to a pattern from a plurality
of predetermined patterns; and

setting the operating mode based on the determined pattern.

7. The method of claim 6, wherein determining that the operating mode command
corresponds to the patiern comprises determining that a first portion of the operating mode

command corresponds to the determined pattern.
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N



WO 2020/142732 PCT/US2020/012246

8. The method of claim 7, wherein the first portion comprises a single pulse that indicates

a start of the operating mode command.

9. The method of claim 7, wherein the first portion comprises a sequence of two or more

pulses.

10. The method of any one of claims 6-9, wherein the plurality of predetermined patterns
comprises a plurality of corresponding pulse durations, a plurality of corresponding amplitudes,

or a plurality of corresponding phase or frequency changes.
o Lo B Lol

{1. The method of any one of claims 6-9, wherein the plurality of predetermined patterns
comprises a plurality of correspondiyr se durations, and wherein one or more of the pulse
comprises a plurality of corresponding pulse durations, and wherein one or more of the puls

durations are set based on a carrier signal period of the received ultrasonic waves.

12. The method of claim 11, wherein determining that the operating mode command
corresponds to the pattern comprises:

converting the ultrasonic waves into an electrical signal comprising a representation of
the operating mode command; and

counting a number of instances that a first portion of the electrical signal crosses a

predefined voltage level, wherein the number of instances corresponds to the determined pattern.

13. The method of claim 7, wherein the determined pattern is associated with uploading
data, and wherein the operating mode command comprises a second portion different from the
first portion, comprising:

setting the operating mode to an uplink mode for uploading device data associated with
the uplink mode; and

backscattering the ultrasonic waves, wherein the backscattered ultrasonic waves encodes

the device data in a backscatter of the second portion of the operating mode command.

(¥ 1
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14. The method of claim 13, wherein the uplink mode comprises an acknowledgement
mode and the device data comprises an acknowledgement that the implantable device
successfully extracted an operating instruction from second ultrasonic waves received by the

implantable device.

15. The method of clairn 13, wherein the uplink mode comprises a physiological-
condition reporting mode, and wherein the device data comprises information associated with a
physiological condition detected by the implantable device in the physiological-condition

reporting mode.

16. The method of claim 13, wherein the uplink mode comprises a neural-activity
reporting mode, and wherein the device data comprises information associated with an
electrophysiological signal detected by the implantable device in the neural-activity reporting

mode.

17. The method of claim 13, wherein the device data comprises information associated
with an electrical pulse emitted by the implantable device, and wherein the electrical pulse i3

configured to modulate activity of a target nerve.

18. The method of claim 17, wherein the implantable device is configured to emit the
electrical pulse in response to an operating instruction extracted from second ultrasonic waves
received by the implantable device when the operating mode of the implantable device was set to

a downlink mode.

19. The method of claim 7, wherein the determined pattern is associated with
downloading data, and wherein the operating mode command comprises a second portion
different from the first portion, comprising:

setting the operating mode to a downlink mode for extracting data from the second

portion of the operating mode command.

A%
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20. The method of claim 19, wherein the extracted data is associated with measuring a
physiclogical condition, and wherein the method comprises, in response to extracting the data,

measuring the physiological condition.

21. The method of claim 20, wherein the physiclogical condition comprises a
temperatare, a pulse rate, a blood pressure, a pH level, a presence of an analyte, or a

concentration of the analyte.

22. The method of claim 20, wherein the physiological condition corprises a

concentration of an analyte, and wherein the analyte is oxygen or glucose.

23. The moethod of claim 19, wherein the extracted data is associated with recording an
electrophysiological signal, wherein the implantable device comprises two or more electrodes
that are in electrical communication with a nerve of a subject, and wherein the two or more

electrodes are configured to record the electrophysiological signal.

24. The mwethod of claimn 23, comprising recording the electrophysiological signal in

response to the data extracted from the second portion.

25. The method of claim 19, wherein the extracted data is associated with stimulating a
nerve, wherein the implantable device comprises two or more electrodes that are in electrical
comununication with the nerve of a subject, and wherein the method comprises:

emitting one or more electrical pulses configured to modulate activity of the nerve using

the two or more electrodes in response to the data extracted from the second portion.

26. The method of any one of claims 1-25, comprising:

maintaining a current operating state of the implantable device based on operation logic
that define transitions between operating states, wherein the implantable device is configured to
operate according to the current operating state;

transitioning from the current operating state to a next operating state of the operation

logic based on the operating mode command; and
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configuring the implantable device to operate according to the next operating state.

27. The method of claim 26, wherein the operation logic is implemented by a

microprocessor, a microcontroller, or a finite state machine (FSM).

28. An implantable device operated using ultrasonic waves, coroprising:

an ultrasonic transducer configured to receive ulirasonic waves comprising an operating
mode command; and

a controller circuit configured to set an operating mode of the implantable device to one

operating mode from a plurality of operating modes based on the operating roode command.

29. The device of claimn 28, wherein the plurality of operating modes comprises one or
more of a downlink mode for downloading data from the received ultrasonic waves, or an uplink
mode for uploading data generated at the implantable device to an external device using the

recetved ultrasonic waves.

30. The device of claim 29, wherein the plurality of operating modes comprises the

downlink mode and the uplink mode.

31. The device of any one of claims 28-30, wherein the ultrasonic transducer is

configured to recetve the ultrasonic waves from an interrogator.

32. The device of any one of claims 28-31, wherein the ultrasonic transducer is

configured to receive the ultrasonic waves from another implantable device.

33. The device of any one of claims 28-32, wherein the controller circuit is configured to:
determine that the operating mode command corresponds to a pattern from a plarality of
predetermined patterns; and

set the operating mode based on the determined pattern.
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34. The device of claim 33, wherein to determine that the operating mode conumand
corresponds to the pattern, the controller circuit is configured to determine that a first portion of

the operating mode command corresponds to the determined pattern.

35. The device of claim 34, wherein the first portion comprises a single pulse that

indicates a start of the operating mode command.

36. The device of claim 34, wherein the first portion comprises a seguence of two or more

pulses.

37. The device of claim 33, wherein the plurality of predetermined patteras comprises a
plurality of correspounding pulse durations, a plurality of corresponding amplitudes, or a plurality

of corresponding phase or frequency changes.

38. The device of claim 33, wherein the plurality of predetermined patterns comprises a
phirality of corresponding pulse durations, and wherein one or more of the pulse durations are set
based on a carrier signal period of the received ultrasonic waves.

38. The device of any one of claims 33-38, wherein to determine that the operating mode
conmand corresponds to the pattern:

the ultrasonic transducer is configured to convert the ultrasonic waves into an electrical
signal comprising a representation of the operating mode command, and

the controller circuit is configured to count a number of instances that a first portion of
the electrical signal crosses a predefined voltage level, wherein the number of instances

corresponds to the determined pattern.

40. The device of any one of claims 33-39, wherein the determined pattern is associated
with uploading data, wherein the operating mode command comprises a second portion different
from the first portion,

wherein the controller circuit is configured to set the operating mode to an uplink mode

for uploading device data associated with the uplink mode; and
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wherein the ultrasonic transducer is configured to backscatter the ultrasonic waves,
wherein the backscattered ultrasonic waves encodes the device data in a backscatter of the second

portion of the operating mode command.

41. The device of claim 40, wherein the uplink mode comprises an acknowledgement
mode and the device data cornprises an acknowledgement that the implantable device
successfully extracted an operating instruction from second ultrasonic waves received by the

implantable device.

42. The device of claimn 40, wherein the uplink mode comprises a physiological-condition
reporting mode, and wherein the device data cornprises information associated with a
physiological condition detected by the implantable device in the physiological-condition

reporting mode.

43. The device of claim 40, wherein the uplink mode comprises a neural-activity
reporting wode, and wherein the device data comprises information associated with an
electrophysiological signal detected by the implantable device in the neural-activity reporting

mode.

44. The device of claim 40, wherein the device data comprises information associated
with an electrical pulse emitted by the implantable device, and wherein the electrical pulse is

configured to modulate activity of a target nerve.

45. The device of claim 44, comprising:
a stimulation circuit configured to emit the electrical pulse in response to an operating
instruction extracted from second ultrasonic waves received by the implantable device when the

operating mode of the implantable device was set to a downlink mode.
46. The device of any one of claims 33-39, wherein the determined pattern is associated

with downloading data, wherein the operating mode command comprises a second portion

different from the first portion, and wherein the controller circuit is configured to set the
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operating mode to a downlink mode for extracting data from the second portion of the operating

mode command.

47. The device of claim 46, wherein the extracted data is associated with measuring a
physiological condition, and wherein the device comprises a detection circuit configured o

measure the physiological condition in response to the data being extracted.

48. The device of clairn 47, wherein the physiological condition comprises a ternperature,
a pulse rate, a blood pressure, a pH level, a presence of an analyte, or a concentration of the

analvte.

49. The device of clairn 47, wherein the physiological condition comprises a

concentration of an analyte, and wherein the analyte is oxygen or glucose.

50. The device of claim 46, wherein the extracted data is associated with recording an
electrophysiological signal, wherein the device comprises two or more electrodes that are in
electrical communication with a nerve of a sabject, and wherein the two or more electrodes are

configured to record the electrophysiological signal.

51. The device of claim 50, wherein the two or more electrodes are configured to record

the electrophysiological signal in response to the data extracted from the second portion.

52. The device of claim 46, wherein the extracted data is associated with stimulating a
nerve, wherein the device comprises two or more electrodes that are in electrical communication
with the nerve of a subject, wherein the two or more electrodes are configured to emit one or
more electrical pulses configured to modulate activity of the nerve in response to the data

extracted from the second portion.



WO 2020/142732 PCT/US2020/012246

53. The device of any one of claims 28-52, wherein the controller circuit is configured to:

maintain a current operating state of the implantable device based on operation logic that
define trapsitions between operating states, wherein the implantable device is configured to
operate according to the current operating state;

transition from the current operating state to a next operating state of the operation logic
hased on the operating mode command; and

configure the implantable device to operate according to the next operating state.

54. The device of claim 33, wherein the operation logic is imaplemented by a

microprocessor, a microcontroller, or a finite state machine (FSM).
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