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(57) ABSTRACT

An apparatus and method is related to providing sensing
functions that are similar to “human touch” when located in a
prosthetic device such as a BION microstimulator that is
implanted in a patient. The apparatus includes a power circuit,
a communication circuit, and a sensor circuit. The power
circuit provides power to the communication circuit and the
sensor circuit. The sensor cooperates with the communication
circuit, which communicates to the brain. The sensor uses
various techniques to detect changes in the environment for
the surrounding tissue using criteria such as reflectivity,
impedance, conductivity, return signal spectrum, return sig-
nal rate, and return signal phase to name a few. For example,
the impedance observed by the sensor changes when: the skin
tissue is deformed around the sensor, or when the skin is
surrounded by water. The sensory information is interpreted
by the brain as an analog of touch or feel.

16 Claims, 9 Drawing Sheets
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NEURAL PROSTHETIC WITH TOUCH-LIKE
SENSING

RELATED APPLICATION DATA

The present application claims the benefit under 35 U.S.C.
§119(e) to Provisional Patent Application No. 60/583,478,
filed on Jun. 28, 2004, and titled “Touch-Like Sensing In
Neural Prosthetics.”

FIELD OF THE INVENTION

The present disclosure relates generally to prosthetic
devices. More particularly, the present disclosure relates to an
apparatus and method for providing sensing functions that are
similar to “human touch” when located in a prosthetic device
such as a BION microstimulator that is implanted in a patient
(BION is a registered trademark of the Advanced Bionics
Corporation of Santa Clarita, Calif.).

BACKGROUND OF THE INVENTION

Bionics is a discipline focusing on the application of
advanced technologies to biological systems. Generally
speaking, a bionic is a manufactured device or engineered
tissue that substitutes for, or augments, the function of a
natural limb, organ or other portion of a biological body.
Although commonly thought of within the context of science
fiction, significant strides have been made in the field of
bionics. Research in bionics offers the possibility of restoring
function to impaired and damaged biological systems.

One significant application of bionics is in the area of
vision. Over 30 million people have been subject to retinal
degenerative diseases. Retinal degenerative diseases can gen-
erally be broken into two categories: Retinitis Pigmentosa
(RP) and Age-related Macular Degeneration (AMD).

Retinitis Pigmentosa (RP) is a general term for a number of
diseases that predominately affect the photoreceptor layer
cells of the retina. The injured photoreceptor cell layer
reduces the retina’s ability to sense light. Most cases of RP
affect the mid-peripheral vision first, which sometimes
progresses to affect the far-periphery and the central areas of
vision. This narrowing of the field of vision (aka “tunnel
vision™) can sometimes result in complete blindness.

Age-Related Macular Degeneration (AMD) refers to a
degenerative condition that occurs most frequently in the
elderly, where decreased function is observed in specific cel-
lular layers of the retina’s macula. The outer retina and inner
retina photoreceptor layer are affected such that patients
experience a loss of their central vision, which affects their
ability to read and perform visually demanding tasks.

Significant research has been conducted in the areas of
artificial vision to develop an artificial silicon retina (ASR).
An ASR is a micro-electronic circuit (or microchip) that is
implantable in the body and arranged to stimulate damaged
retinal cells, allowing the patient to send visual signals to the
brain. An ASR contains thousands of light sensitive cells that
convert the light into a series of electrical pulses that mimic
the functions of the cones and rods in the eye. Clinical trials
have been conducted for ASR devices, although currently
vision quality is relatively poor. Additional research in ASR-
type devices continues to progress and the promise of restored
vision, even to the blind, may be within our grasp.

Another significant application of bionics is in the area of
hearing. Hearing loss may be either congenital (acquired
either genetically or in utero) or acquired. Various types of
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hearing loss include: conductive hearing loss, sensorineural
hearing loss, or neural hearing loss.

Conductive hearing loss is caused by a problem in the outer
or middle ear, wherein the sound path is blocked impairing
the ability of the eardrum and bones from vibrating. Conduc-
tive losses are usually mild or moderate in nature and in some
cases a conductive hearing loss can be temporary. In most
cases of conductive hearing loss, hearing can be either
restored through surgery and/or medication, or improved
with hearing aids.

Sensorineural hearing loss is caused by a problem in the
inner ear or cochlea. A damaged inner ear does not change
sound waves into the tiny electrical pulses that the auditory
nerves need to send sound information to the brain. Senso-
rineural hearing losses are usually permanent, and cannot
typically be repaired through surgical procedures. Conven-
tional hearing aids can usually help in mild to severe hearing
loss.

Neural hearing loss is due to a problem in the nerve path-
way, wherein the auditory nerve is damaged or missing such
that signals cannot be sent to the brain. In very rare cases,
hearing loss is caused by the absence of or damage to the
auditory nerve, resulting in a neural hearing loss. Conven-
tional hearing aids are of little benefit because to a neural
hearing loss since the nerve is unable to pass on information
to the brain.

Cochlear implants can be a very effective option for those
with severe, profound hearing loss who obtain little or no
benefit from conventional acoustic amplification such as
hearing aids. However, cochlear implants will not help unless
there is some auditory nerve function. A cochlear implant is
an electronic device that consists of two main parts: an inter-
nal implanted part called the implant, and an external part
known as the speech processor. Sounds are picked up by a
microphone and turned into an electrical signal. This signal
goes to the speech processor where it is “coded” (turned into
a special pattern of electrical pulses). The coded electrical
pulses are sent to the coil and are then transmitted across the
intact skin (by radio waves) to the implant. The implant sends
a pattern of electrical pulses to the electrodes in the cochlea.
The auditory nerve picks up these tiny electrical pulses and
sends them to the brain. The brain recognizes these signals as
sound.

The examples described above illustrate but a few applica-
tions for bionics. While bionics cannot cure many of the
ailments that exist, current developments present a number of
opportunities for improving quality of life. Exciting new
research in the field of bionics continues in such areas as drug
delivery systems for chronic disabilities, neuromuscular
stimulation devices that enable the activation or enhancement
of motion to replace lost or impaired motor control, micro-
stimulators to treat chronic disorders of the central nervous
system, as well as many others.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an example operating environment for a
neural prosthetic device;

FIG. 2 illustrates an example process flow for another
neural prosthetic device;

FIG. 3 is a block diagram for yet another example neural
prosthetic device;

FIG. 4 is a block diagram for still another example neural
prosthetic device;

FIG. § is a block diagram for yet still another example
neural prosthetic device;
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FIG. 6 is a block diagram for still yet another example
neural prosthetic device;

FIG. 7 is ablock diagram for a neural prosthetic device that
is arranged sense changes in impedance of an antenna by
sensing frequency changes;

FIG. 8 is ablock diagram for a neural prosthetic device that
is arranged sense changes in impedance of an antenna by
sensing amplitude and phase changes; and

FIG. 9 is ablock diagram for a neural prosthetic device that
is arranged sense changes in impedance of an antenna by
locking a reference signal to a variable signal, arranged in
accordance with at least one aspect of present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Throughout the specification, and in the claims, the term
“connected”” means a direct electrical connection between the
things that are connected, without any intermediary devices.
The term “coupled” means either a direct electrical connec-
tion between the things that are connected, or an indirect
connection through one or more passive or active intermedi-
ary devices. The term “circuit” means one or more passive
and/or active components that are arranged to cooperate with
one another to provide a desired function. The term “signal”
means at least one current signal, voltage signal, electromag-
netic wave signal, or data signal. The meaning of an”,
and “the” include plural references. The meaning of “in”
includes “in” and “on”.

Briefly stated, the present disclosure is related to an appa-
ratus and method for providing sensing functions that are
similar to “human touch” when located in a prosthetic device
such as a BION microstimulator that is implanted in a patient.
The apparatus includes a power circuit, a communication
circuit, and a sensor circuit. The power circuit provides power
to the communication circuit and the sensor circuit. The sen-
sor cooperates with the communication circuit, which com-
municates with the brain. The sensor uses various techniques
to detect changes in the environment for the surrounding
tissue using criteria such as reflectivity, impedance, conduc-
tivity, return signal spectrum, return signal rate, and return
signal phase to name a few. For example, the impedance
observed by the sensor changes when: the skin tissue is
deformed around the sensor, or when the skin is surrounded
by water. The sensory information is interpreted by the brain
as an analog of touch or feel.

Although many of the examples found herein are described
within the context of a sensory device that can be used to
communicate with a main control unit (MCU), applications
ofthe devices are not so limited. In one example, the sensory
device is configured to communicate with other sensory
devices (e.g., BION microstimulators that are arranged to
“talk” to one another). In another example, the sensory device
is configured to communicate with other devices such as
BION microstimulators that are arranged to stimulate or
influence muscular functions, stimulate nerves to influence or
control motor function, as well as others. In yet another
example, the sensory device is configured to communicate
with a data-logging device that is external to the body (e.g., a
computer system, a monitoring system, etc). In still another
example, the sensory device is configured in communication
with a set of electrodes that are implanted in a neural pathway.
In a further example, the sensory device is configured to
stimulate or influence a communication path to a sensory
system (e.g., another neural path), a physiological control
system (e.g., muscular contraction), or the brain. Such
examples can be accomplished by mechanisms that are inter-
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nal to the body (e.g., through an electrode, through another
implanted BION microstimulator, or through some other
device) or external to the body (e.g., to an external master
control unit, an external computing device, etc.). Many vari-
eties of circuits can be arranged to provide such functions
where sensory information is relayed, processed, data-
logged, or otherwise handled and communicated.

The examples described above are only to be construed as
example applications for such sensory devices as described
below. Many embodiments of the invention can be made
without departing from the spirit and scope of the invention,
and the invention resides in the claims that follow this disclo-
sure.

The overall operating environment for the present inven-
tion will be discussed as follows below with reference to
FIGS. 1 and 2.

Example Operating Environment

FIG. 1 illustrates an example operating environment (100)
for a neural prosthetic device. A person may have lost or
impaired ability to sense touch in a particular region of the
body such as a hand (110). One or more bionic implants (120)
are placed in locations where sensor information is desirable.
Each of the bionic implants (120) includes a sensor circuit
(121), and a communication circuit (122) that are powered by
a power source circuit (123). The sensor circuit (121) pro-
vides sensory information to the communication circuit
(122), which subsequently communicates information to the
brain. The brain receives the sensory information and inter-
prets the sensory information as touch or feel.

In one example, the communication circuit is arranged to
provide a wireless communication signal 140 to a master
control unit (MCU, 130) that may be implanted in the body
(e.g., coupled to a neural pathway), or it may be external to the
body. For this example, MCU 130 includes a sensor process-
ing circuit (131), and a communication circuit (132) that are
powered by a power source circuit (133). The communication
circuit (132) receives wireless communication signal 140,
and provides sensory information to sensor processing circuit
(131). Sensor processing circuit 131 is arranged to commu-
nicate to the MCU, where the sensory information may be
further processed for application. Example applications
include communication to other bionic implants to affect
motor functions, muscular contractions, etc. The sensory
information is interpreted as touch or feel.

MCU 130 may not be necessary in some implementations.
In example application, the patient has damaged a nerve
ending in a finger such that touch sensitivity is impaired even
though the nerve is still capable of communicating to the
brain. In this example, communication circuit 122 corre-
sponds to a signal conditioner that is configured to couple
electrical signals (e.g., via one or more electrodes) to the
nerve. In another case where the nerve is incapable of com-
municating to the brain, a different nerve may be used to
communicate electrical signals that are associated with sen-
sor 121 to the brain.

Example Process Flow

FIG. 2 illustrates an example process flow (200) for another
neural prosthetic device. Process flow 200 may be imple-
mented as software that is stored in a memory device (e.g., a
read only memory), as a programmable logic device (PLD),
as a digital logic circuit, as operations that are handled by a
controller, or any other appropriate mechanism as will
become apparent from the present disclosure. Processing
begins at block 210, and proceeds to block 220.

At block 220, time is evaluated to determine if an appro-
priate time has elapsed for activating an emitter. Processing
flows from decision block 230 to block 240 when sufficient
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time has elapsed to begin emitting. Alternatively, processing
returns from decision block 230 to block 220 when insuffi-
cient time has elapsed to begin emitting a signal. Optional
block 280 may be used to place the device in a suspended
operating mode (e.g., sleep, conserve power, suspend, etc.) as
may be needed.

At block 240 the emitter (or emitters) are activated such
that one or more signals are emitted from the neural prosthetic
device. Example emitters include: modulated transmitters,
ultra-wideband transmitters, wideband transmitters, narrow
band transmitters, sweep frequency transmitters, pulse trans-
mitters, RF transmitters, ultrasonic transducers, high fre-
quency LC oscillators, and infrared devices. The emitter(s)
transmit a signal (or signals) through the tissue that surrounds
the implanted device. One or more signals may be reflected
from within the tissue, or perhaps from outside of the tissue
depending on the environmental conditions that are exerted
upon the region of the tissue that surrounds the neural pros-
thetic device. Continuing to block 250 the return signal is
received by the neural prosthetic device (e.g., via a detector
circuit, a receiver circuit, a transducer circuit, etc.).

Continuing to block 260, the received signal is processed
by asignal processing means to provide an information signal
(or signals). Example signal processing means includes: an
analog signal processing circuit, a digital signal processing
circuit, a Fast Fourier Transform (FFT) circuit, an amplifier
circuit, a filter circuit, a correlator circuit, a convolution cir-
cuit, and an integrator circuit, to name a few. The signal
processing means may further include an encoder circuit that
is arranged to prepare the information signal for transmission
(e.g., provide encryption, coding, compression, etc.).

Flowing to block 270, the information signal (or the coded
information signal) is transmitted form the neural prosthetic
device to the MCU. Processing returns from block 270 to
block 220, where the processing flow cycle repeats again.
Sensory Factors

A single bionic device, or multiple bionic devices, can be
implanted in tissue to provide sensory feedback from the
various limbs or other parts of the human body that may be
inoperable (or impaired) due to nervous system malfunction
ordamage. The sensory feedback is useful for both functional
and safety reasons. Although it is difficult to restore the exact
set of neural stimulations that are interpreted in the human
body as touch, it is possible to use radio frequency commu-
nication techniques to generate sensory data that is similar to
human tactile sensation.

Materials can be characterized based on their electrical,
magnetic, acoustic, and mechanical properties as described
by: conductivity, dielectric constant, magnetic permeability,
acoustic impedance, and sound velocity, to name a few. These
materials further vary in their characteristic as a function of
frequency, denoting their real and imaginary parts. An
antenna can be used as part of a sensor system since the
antenna perceives the surrounding environment as a complex
impedance. A modulated communication signal, as well as
other communication signals can be provided to the antenna
bionic devices can be arranged to provide functions that are
analogous to human tactile sensation (e.g., “touch”) by emit-
ting (or transmitting) a frequency sensitive signal into a reso-
nant circuit that includes the antenna. Since the surrounding
human tissue presents a complex impedance to the load, the
tissue exhibits quantifiable characteristics that can be evalu-
ated by the difference between the desired operating fre-
quency of the resonant circuit and the actual resonant fre-
quency.

The complex impedance of the antenna/resonant circuit
can be indexed according to a number of test frequencies. The
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vectors can then be evaluated with a signal processor such as
a vector analyzer, an inverse FFT algorithni, or some other
processing that provides a time domain representation of the
antennas performance. Wider frequency ranges of operation
can be used to permit collection of more information. In some
instances, a very wide band (UWB) signal may be desirable
since the wide band signal contains a significant amount of
information related to the environment surrounding the sen-
SOr.

Inone example, amodulated signal in one portion of the RF
spectrum is transmitted into the human tissue (e.g. TDMA
modulated UHF) surrounding the sensor device. The modu-
lated signal may be the same communication signal that is
used for normal BION microstimulator communication, or it
could be a separate signal. RF communication signals are
affected in number of complex ways when transmitted into
tissue such as in the body of a patient. At the skin boundary,
some RF signals are transmitted out of the tissue while others
are reflected back towards the tissue. The reflectivity of the
tissue at the boundary is dependent on the complex imped-
ances of the tissue(s) and of the external environment. For
example, the complex RF impedance of the surrounding tis-
sue changes when the shape of the tissue immediately sur-
rounding the bionic implant device changes due to external
pressure. The complex impedance is also affected by the
boundary region when the tissue is adjacent a medium differ-
ent from air (e.g., water causes a change in the impedance at
the surface). By sensing the changes in impedance at the
surface, as well as changes in the impedance surrounding the
bionic implant, a model can be constructed for sensing human
touch.

One very convenient way to achieve sensing human touch
is to create a complex correlation between the desired trans-
mitted signal and the actual transmitted signal, as affected by
the environment. In one example, an analog multiplier-type
circuit is employed to multiply the complex modulated signal
proved to a final amplifier stage by either the signal at the
output of the final amplifier or the signal at the output of a
matching network. The output of the multiplier can be inte-
grated and digitized for transmission over a regular interval
(e.g., 100 times per second). A receiver circuit can receive the
transmissions and communicate the information to the brain
(e.g., through an implanted bionic receiver device).

In another example, a complex digital multiplier circuit is
employed consisting of XOR gates or the like, followed by an
integrator. Since the modulated signal is used as a reference,
the modulation itself is absent from the resulting signal. For
more sophisticated systems, a half analog and half digital
circuit can be utilized. A maximum amount of information
can be recovered with information such as time and modula-
tion, since in this way reflections can be sensed.

In general terms, a reference complex impedance can be
generated and then variations from this reference complex
impedance can be evaluated to identify changes in the envi-
ronment about the implanted sensor device. Very small
changes in the phase and/or amplitude of the signals can be
identified with this method. Also changes in the frequency
may also be evaluated with this method.

While pressure information can be inferred from imped-
ance due to tissue deformation, other effects, such as changes
in external conductivity and dielectric properties can also be
measured. Therefore, the proposed sensor devices can detect
close objects without contact, and can further be arranged to
differentiate between substances such as wood, metal, plastic,
and water, to name a few. This sensory data can be combined
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with other information to formulate a highly informative arti-
ficial sensor (e.g., infra-red sensing can be combined with
impedance sensing, etc.)

The presentation of sensory information to the brain can be
accomplished through direct connection to the remaining
peripheral (or central) nervous system or converted to audio
orvisual signals. The brain’s natural ability to uniquely. inter-
pret recurring stimuli can generate a sensory map to the
provided sensory data.

Example Neural Prosthetic Devices

FIGS. 3-7 are block diagrams for various example neural
prosthetic devices.

FIG. 3 is a block diagram (300) illustrating an example
neural prosthetic device that includes a sensor circuit (320)
and a communication circuit (330). Sensor circuit 320
includes a controller (321), an emitter (322), a receiver (323),
and a signal processor (324). Controller 321 is arranged to
coordinate the various timing and control signals that are
necessary to provide for proper operation of emitter 322,
receiver 323 and signal processor 324. An output of the signal
processor is coupled to the communication circuit (330) for
communication of sensory information to the brain as previ-
ously described.

The sensor (320) is implanted in the tissue (310) of a person
in a region (311) near a surface (312) where sensory data is
relevant (e.g., the tip of a finger). Emitter 322 is configured to
provide an emitted signal (341) when selectively activated by
controller 321. As illustrated, emitted signal 341 is transmit-
ted towards surface 312 through region 311. A portion of
emitted signal 341 may be reflected back from surface 312
into tissue region 311. Another portion of emitted signal 341
may be transmitted into adjacent region 313 as illustrated by
signal 342. Adjacent region 313 is external to tissue region
310 and may contain foreign matter such as an object that the
person is in contact with, and/or a number of other environ-
mental conditions such as: heat, cold, water, light, etc. The
various conditions and forces exerted on signal 342 may
result in another reflected signal (343).

Receiver 323 is configured to receive a return signal (344)
when selectively activated by controller 321. Return signal
344 consists of all reflected signals that result from emitted
signal 341. Signal processor 324 is configured to condition
the received return signal and provide the resulting signal to
communication circuit (330) for communication of sensory
information. Signal processor 324 may be arranged to pro-
vide a number of signal processing functions including, but
not limited to: analog signal processing, digital signal pro-
cessing, FFTs, amplification, attenuation, filtering, correla-
tion, convolution, integration, time displacement, spectrum
analysis, return signal strength, peak signal strength, average
signal strength, mean signal strength, and return signal phase,
to name a few. The signal processing means may further
include an encoder circuit that is arranged to prepare the
information signal(s) for transmission (e.g., provide encryp-
tion, coding, compression, etc.).

FIG. 4 is a block diagram (400) for still another example
neural prosthetic device. The example neural prosthetic
device includes: a controller (410), a transmitter (420), a
receiver (430), a matching network (440), an antenna (450),
and a sensor processor (460).

Controller 410 is arranged in cooperation with transmitter
420, receiver 430, and matching network 440. Transmitter
420 and receiver 430 are selectively coupled to antenna 450
via matching network 440. For this example device, transmit-
ter 420 is configured to operate similar to emitter 322
described previously with respect to FIG. 3. Also, receiver
430 is arranged to operate similar to receiver 323 from FIG. 3.
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Since transmitter 420 and receiver 430 share the use of a
single antenna, controller 410 must be arranged to ensure that
the operation of receiver 430 and transmitter 420 do not
interfere with one another.

Sensory processor 460 includes a correlator (461), a signal
conditioner (462), and an optional encoder (463). The corr-
elator includes an input that is coupled to an output of receiver
430, and an output that is coupled to signal conditioner 462.
Signal conditioner 462 includes an output that is coupled to an
input of optional encoder 463. The signal conditioner is con-
figured to provide any desired function such as gain, attenu-
ation, filtering, limiting, as well as other signal processing
functions as described previously. The optional encoder is
arranged to encode signals from the signal conditioner for
communication to the MCU via transmitter 420.

Sensor Processor 460 is arranged to receive an output sig-
nal from receiver 430, and provide an input signal to trans-
mitter 420. Controller 410 is arranged to selectively operate
transmitter 420 and matching network 440 for communica-
tion to an MCU unit without the use of an additional circuitry.
In other words, antenna 450 and matching network 440 can be
tuned for two operations. The first operation corresponds to
transmission of a signal through tissue for sensory purposes.
The second operation corresponds to transmission of a com-
munication signal to the MCU.

FIG. 5 is a block diagram (500) for yet still another
example neural prosthetic device. The device includes a con-
troller (510), a transmitter (520), areceiver (530), one or more
antenna circuits (540, 550), a signal processor (560), an
optional encoder (570), and a communication block (580).

Controller 510 is arranged in communication with at least
one of transmitter 520, receiver 530, signal processor 560,
optional encoder 570, and communication block 580. Trans-
mitter 520 includes a pulse generator 521 that is arranged to
selectively couple pulse signals to a driver (522). Driver 522
is arranged to transmit a pulse signal via antenna circuit 540.
Receiver 530 includes a detector (531) that is coupled to an
amplifier (532), where reflected signals that are received by
antenna circuit 550 are detected and amplified. The amplified
signal is provided to signal processor 560, which is arranged
to provide gain, attenuation, filtering, as well as any other
desired signal processing function. The output of the signal
processor can be encoded by encoder 570 for communication
via communication block 580.

Antenna circuit 550 can be eliminated when antenna 540 is
shared between the transmitter (520) and receiver (530). In
one example, the pulse generator is arranged to provide an
ultra-wideband signal pulse via antenna 540. For this
example, the receiver is arranged to capture the reflected
signal and extract various signal characteristics with signal
processor 560. Example characteristics of the reflected signal
includes: return signal spectrum, signal amplitudes for the
return signal spectrum, peak return signal frequency, return
signal phase, signal dispersion, and other useful characteris-
tics. These various characteristics may be used to identify
different materials that are proximate to the sensor, different
pressures that are exerted about the tissue surrounding the
sensor, as well as any other appropriate condition.

As described previously, wider frequency ranges of opera-
tion can be used to permit collection of a significant amount of
information related to the environment surrounding the sen-
sor. For this example, the pulse generator can be arranged to
provide ultra-short pulses such that the received signals can
be time domain separated from the transmitted signal, similar
to a conventional radar system. To accomplish this, the round-
trip time between the transmission of the pulse and the recep-
tion of a reflected pulse is on the order of 200 ps for a 1 cm
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distance. In some applications, pulses on the order of 50 ps
may be necessary to generate sensory data to detect skin
deformation.

FIG. 6 is a block diagram (600) for still yet another
example neural prosthetic device. The device includes a
transmitter (610), a transducer (620), a capture block (630), a
signal processor (640), an optional encoder (650), an optional
communication block (660), and an optional transducer
(670).

Transmitter 610 includes a signal generator (611) that is
arranged in communication with a driver (612) to provide a
suitable input signal for transducer 620 to transmit an emitted
signal. A reflected signal is received from either transducer
620 or optional transducer 670) and stored in capture block
630. Signal processor block 640 is arranged to provide vari-
ous signal processing functions to the stored signals resulting
from the reflected signals. Optional encoder 650 and commu-
nication block 660 operate similar to that previously
described.

In one example, signal generator 611 is arranged to provide
a pulsed signal. In another example, signal generator 611 is
arranged to provide a chirped signal. In still another example,
signal generator 611 is arranged to provide a pseudo-noise
like modulation signal. In yet another example, transducer
620 is capable of providing an ultrasonic signal as the emitted
signal. In still yet another example, transducer 620 is arranged
to provide sense pressure changes in the surrounding tissue.
In yet another implementation, transducer 620 is capable of
transmitting/sensing an audio signal or a subsonic signal. The
basic function of the transducer is that of a signal emitter and
receiver for any of a number of sensing applications.

Anultrasonic sensor application may be implemented with
the topology illustrated in FIG. 6. Ultrasound travels through
tissue at a rate on the order of 1200-1700 meters/second. For
frequencies on the order of 10 MHz, the wavelength is on the
order of 0.1 mm, which provide adequate resolution for sen-
sory data. Such an ultrasonic transducer can be used to mea-
sure skin deformations in a different manner than the RF
communication signals.

FIG. 7 is a block diagram (700) for a neural prosthetic
device that is arranged to sense changes in impedance of an
antenna by sensing frequency changes. The device includes
an oscillator (710), a tuned circuit (720), and a frequency
meter 730.

The oscillator is arranged to excite the tuned circuit, which
includes a capacitor (C7), an inductor (L7) and an antenna.
Frequency meter 730 is arranged to evaluate resonant fre-
quencies associated with the tuned circuit. The frequency
meter provides one or more output signals, which can subse-
quently be coded and communicated to an MCU as previ-
ously described.

The illustrated example is arranged to provide one particu-
lar type of sense (e.g., touch) by detecting a change in the
impedance of an antenna. As the antenna is brought into close
proximity with an object (e.g., 740), the impedance of the
antenna changes based on electrical effects. The inductor
(L7) and the capacitor (C7) form a resonance with the
antenna. The resonant frequency of the tuned circuit is thus
varied based on a distance between the object and the antenna.

The object may be any type of material such as metal,
stone, wood, water, etc. Each object has its own particular
effect on the inductive and/or capacitive characteristics of the
tuned circuit. When the object and the implantable device are
proximal to each other, the total amount of the LC coupled to
the oscillator is affected. For example, if the object proximal
to the LC circuit is a material that affects the capacitive
component of the LC circuit, then the total amount of the
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inductance and capacitance coupled to the power oscillator is
the sum of L7 and C7 plus the capacitance associated with the
object. The change in the total amount of the inductance and
capacitance causes a corresponding change in the impedance
of the LC resonant circuit and consequently changes the
frequency of the oscillator. By measuring the corresponding
change in the frequency and comparing the same with a table
of values associated with different materials, the characteris-
tic of the material namely, metal, wood, or any other type of
material can be identified.

It is further contemplated that in the event pressure is
exerted on the tissue proximal to the implantable device, the
change in the physical characteristics of the compressed tis-
sue accordingly produces a change in the total inductance and
capacitance of the LC circuit. As described above, the change
in the value of the LC circuit results in a corresponding
change in the frequency of the oscillator. In this manner, the
implantable device is capable of measuring pressure proxi-
mal thereto.

FIG. 8 is a block diagram (800) for a neural prosthetic
device that is arranged sense changes in impedance of an
antenna by sensing amplitude and phase changes. The device
includes a fixed frequency oscillator (810), a tuned circuit
(820), amplitude detectors (830, 840), a signal processor
(850), and a phase meter (860).

Fixed frequency oscillator 810 is coupled to the tuned
circuit, which includes an inductor (L8) and a capacitor (C8)
that are coupled to an antenna. Phase meter 860 is coupled
across inductor L.8. Amplitude detector 830 is coupled to an
input side of the tuned circuit (820), while amplitude detector
840 is coupled to an output side of the tuned circuit (820).
Signal processor 850 is arranged to receive various inputs
such as the output of the amplitude detectors (830, 840) and
the output of the phase meter (860). The impedance of the
tuned circuit is varied based on the proximity of the antenna
to an object (870).

In one example, the fixed frequency oscillator is a crystal
oscillator for generating signals that are supplied to the induc-
tor (L8) and the capacitor (C8) of the tuned circuit. The first
amplitude detector (830) is arranged to measure the ampli-
tude of the signals generated by the oscillator, while the
second amplitude detector (840) is arranged to measure an
amplitude of the signal across the capacitor (C8). The two
amplitudes are evaluated by the signal processor (850), which
can determine a ratio of the respective amplitudes.

The physical and electrical properties of the object affect
the inductance and capacitance of the tuned circuit (820). A
change in the phase shift and also a change in the ratio of the
amplitudes of the respective generated signals is observed as
a result in the changed impedance of the tuned circuit (820).
Signal processor 850 is arranged to evaluate the various sen-
sory inputs and identify touch-like characteristics as ampli-
tude change and phase change.

FIG.9 is a block diagram for a neural prosthetic device 900
that is arranged to sense changes in impedance of an antenna
by locking a reference signal to a variable signal, using a
closed loop control topology (e.g., frequency locked loop,
phase locked loop, delay locked loop, etc.). The device
includes a fixed frequency oscillator (910), a voltage con-
trolled circuit (920), a tuned circuit (930), a signal comparator
(940, and a signal processor (950).

The fixed frequency oscillator is arranged to provide a
reference signal. Voltage controlled circuit 910 and tuned
circuit 930 are arranged to operate together as a voltage
controlled oscillator to provide a variable signal. Although
voltage controlled circuit 910 is responsive to a control signal
(Vcontrol), tuned circuit 930 has a variable resonant fre-



US 8,361,165 B2

11

quency that is responsive to the environmental conditions.
The result is that the variable signal is affected by the envi-
ronmental conditions that are surrounding the tissue near the
device. The signal comparator is arranged to compare the
variable signal to the reference signal to provide the closed
loop feedback in the form of the control signal (Vcontrol).
Signal processor 950 can be employed to evaluate the control
signal and identify the relevant sensory information.

The signal comparator can be arranged to compare fre-
quency, phase, and amplitude of the signals to adjust the
control signal. A phase locked loop topology can be used to
lock the variable frequency to the reference frequency. The
resulting control voltage indicates the sensory information
since the tuned circuit will have a different resonant condition
in each different environment.

Although the electronic systems and circuits are illustrated
by various individual blocks, the electronic system should not
be interpreted as limited to these discrete blocks. One or more
of'the electronic system blocks may be combined or separated
into one or more blocks that provide a similar functionality.
The invention is not limited to the embodiments described
above, but rather covers all modifications, alternatives, and
equivalents that fall within the spirit and scope of the inven-
tion. Since many embodiments of the invention can be made
without departing from the spirit and scope of the invention,
the invention resides in the claims hereinafter appended.

What is claimed is:

1. An implantable neural prosthetic sensor device compris-

ing:

an emitter that is arranged to emit a first transmitted signal
when activated, wherein the emitter is configured such
that the first transmitted signal is emitted in the tissue
such that changes in the tissue environment influences
the first transmitted signal;

a receiver that is arranged to receive a second signal when
activated, wherein the second signal comprises the first
transmitted signal that is altered as influenced by the
tissue environment;

asignal processor that is arranged to evaluate at least one of
the first transmitted signal and the second signal to pro-
vide sensory information; and

a controller that is arranged to selectively activate at least
one of the emitter and the receiver.

2. The implantable neural prosthetic sensor device of claim

1, wherein the emitter corresponds to at least one of: an
antenna, a transmitter, a modulator, a modulated transmitter,
a matching network, a tuned circuit, a filter circuit, a tuned
frequency oscillator, a variable tuned frequency oscillator, a
high frequency LC oscillator, an RF transmitter, a signal
generator, a pulse generator, an oscillator, a driver, an ultra
wide-band pulse generator, a narrow-band pulse generator, a
sweep-frequency transmitter, a transducer, an ultrasonic
transducer, an infrared source, and a visible light source.

3. The implantable neural prosthetic sensor device of claim

1, wherein the receiver corresponds to at least one of: an
antenna, an RF signal receiver, a pulse detector, a signal
amplifier, a peak detector, an amplitude detector, a phase
detector, a frequency detector, a demodulator, a matching
network, a tuned circuit, a filter circuit, a capture circuit, a
correlator circuit, an integrator circuit, a transducer, an ultra-
sonic transducer, an infrared detector, and a visible light
detector.

4. The implantable neural prosthetic sensor device of claim

1, wherein the signal processor corresponds to at least one of:
an analog signal processor, a digital signal processor, a fre-
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quency detector, a phase detector, an amplitude detector, a
peak detector, a limiter, a correlator, an integrator, a signal
conditioner, and an encoder.

5. The implantable neural prosthetic sensor device of claim
1, wherein the emitter and the receiver are arranged to share at
least one of: a common antenna, a common matching net-
work, a common tuned circuit, a common oscillator, a com-
mon transducer.

6. The implantable neural prosthetic sensor device of claim
1, wherein the emitter and the receiver are arranged in a
common circuit.

7. The implantable neural prosthetic sensor device of claim
1, further comprising a communications circuit that is
arranged to communicate the sensory information to a master
control unit.

8. The implantable neural prosthetic sensor device of claim
1, wherein the emitter circuit is further arranged to commu-
nicate the sensory information to a master control unit at
substantially the same time that additional sensory informa-
tion is collected from the receiver.

9. The implantable neural prosthetic sensor device of claim
1, wherein at least one of the emitter and the receiver are
responsive to conditions associated with the tissue such that
the sensory information indicates a change in the conditions
of'the tissue related to at least one of: an electrical property, a
magnetic property, an acoustic property, a mechanical prop-
erty, a conductivity, a dielectric constant, a magnetic perme-
ability, an acoustic impedance, and a sound velocity.

10. The implantable neural prosthetic sensor device of
claim 1, wherein the tissue environment influencing the first
transmitted signal comprises at least one of: ambient tem-
perature of the tissue, surface temperature of a surface of the
tissue, pressure exerted on the surface by a foreign object,
heat exerted on the surface by the foreign object, cold exerted
on the surface by the foreign object, and deformation of a
region of tissue about the prosthetic sensor device.

11. A method of collecting sensory information with a
neural prosthetic device that is implanted in a tissue, the
method comprising:

emitting an emitted signal from an emitter into the tissue

such that changes in the tissue environment influences
the emitted signal;

receiving a return signal in response to the emitted signal,

wherein said return signal comprises the emitted signal
that is altered as influenced by the tissue environment;
and

evaluating at least one of the emitted signal and the return

signal to identify sensory information associated with
the tissue environment.

12. The method of claim 11, wherein evaluating comprises:

identifying at least one of a first phase, a first amplitude,

and a first frequency from the emitted signal;
identifying at least one of a second phase, a second ampli-
tude, and a second frequency from the return signal; and
comparing at least one of the first phase, firstamplitude and
first frequency to a corresponding one of the second
phase, second amplitude and second frequency to iden-
tify sensory information.

13. The method of claim 11, wherein emitting comprises
generating at least one of: a modulated signal, an RF commu-
nication signal, an ultrasonic signal, an infrared signal, a
visible light signal, an RF pulse, an ultra-wide band pulse, a
wideband pulse, and a narrow band pulse.

14. The method of claim 11, further comprising: commu-
nicating the sensory information to a master control unit with
the emitted signal.
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15. An implantable neural prosthetic sensor device com- a signal processor that is arranged to evaluate at least one of
prising: the first transmitted signal and the second signal to pro-
an emitter that is arranged to emit a first transmitted signal vide sensory information; and
when activated, wherein the emitter is configured such a controller that is arranged to selectively activate at least
that the first transmitted signal is emitted in the tissue s one of the emitter and the receiver.
such that changes in the tissue environment influences 16. The implantable neural prosthetic sensor device of
the first transmitted signal; claim 15 wherein the at least a portion of the first transmitted
a receiver that is arranged to receive a second signal when signal that is reflected comprises all reflected signals related
activated, wherein the second signal comprises at least a to the first transmitted signal.

portion of the first transmitted signal that is reflected as 10
influenced by the tissue environment; EIE T
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