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CMOS Neurostimulation ASIC with 100 Channels,
Scaleable Output, and Bidirectional Radio-Frequency
Telemetry
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Abstract—100-channel neurostimulation circuit comprising a implementation of cochlear prostheses that have been extremely
complementary metal oxide semiconductor (CMOS), application- successful in the treatment of profound and severe deafness.
specific integrated circuit (ASIC) has been designed, constructed Varying these concepts so as to derive a prosthesis suitable for

and tested. . . )
The ASIC forms a significant milestone and an integral compo- stimulation of the visual pathway, the authors have developed

nent of a 100-electrode neurostimulation system being developed by @ complementary metal oxide semiconductor (CMOS) applica-
the authors. The system comprises an externally worn transmitter tion-specific integrated circuit (ASIC) that is capable of sup-
and a body implantable stimulator. The purpose of the system is plying externally programmable, constant current, charge bal-
to communicate both data and power across tissue via radio-fre- anced, biphasic stimulus to 100 unique electrode sites.

quency (RF) telemetry such that externally programmable, con- . .
stant current, charge balanced, biphasic stimuli may be delivered Successful treatment of the effects of retinal diseases through

to neural tissue at 100 unique sites. neural stimulation requires that the neural pathway between the
An intrinsic reverse telemetry feature of the ASIC has been de- stimulation site and the appropriate sectors of the brain remain

signed such that information pertaining to the device function, re- ntact.

construction of the stimulation voltage waveform, and the measure- Recent studies by Veraatal.have led to renewed optimism

ment of impedance may be obtained through noninvasive means. that stimulati fth Hi b ble of .
To compensate for the paucity of data pertaining to the stimula- 1at Stimulation ot the oplic nerve may be capable ot conveying

tion thresholds necessary in evoking a physiological response, theSpatially mapped patterns to patients fitted with a cuff electrode
ASIC has been designed with scaleable current output. upon their optic nerve attached to a stimulation circuit [2].

The ASIC has been designed primarily as a treatment of degen-  The retina, because of its accessiblity with established sur-
erative disorders of the retina whereby the 100 channels are to be gical techniques and its well-defined topographic mapping of

utilized in the delivery of a pattern of stimuli of varying intensity . | be th t iate site for the pl
and or duty cycle to the surviving neural tissue of the retina. How- visual space, may be the most appropriate Siie 1or the place-

ever, it is conceivable that other fields of neurostimulation such ment of a stimulating apparatus when physio!ogicallly expitable
as cochlear prosthetics and functional electronic stimulation may neurons survive. Researchers at Johns Hopkins University (Bal-

benefit from the employment of the system. timore, MD) have confirmed that in the macular region, human
Index Terms_Neurostimu|ator’ retina’ te|emetry’ vision pros- retinal ganglion Ce||S maintain their V|ab|l|ty |0ng aftel’ the onset
thesis, VLSI. of certain forms of blindness [3] but to a lesser extent in the

extra-macular region [4]. The authors intend for the 100-elec-
trode sites to be used to form a mapped pattern or image by
varying either the stimulus intensity or duty cycle (or both) de-
ECENT and promising progress toward the treatment fifered to each of the electrodes mounted on the surface of the
retinal disorders such as retinitis pigmentosa and macutetina. As programming of the stimuli is performed externally,
degeneration through electronic stimulation of surviving retinahy number of processing and stimulation strategies may be ap-
tissue is being made by a handful of research centers [1]. Withigd to optimize the input to the patient.
variety of innovative technological approaches being attempted)n order to avoid the necessity of passing wires through tissue,
the profound blindness associated with these degenerative digta and power for the ASIC and its peripheral components
eases may soon become treatable. are passed through tissue via radio-frequency (RF) telemetry.
The University of New South Wales’ (UNSW) vision pros-The RF configuration data is delivered from the external trans-
thesis project draws upon some of the concepts utilized in theitter in accordance with a strict protocol. Violations of this pro-
tocol place the ASIC into an error state such that it is reset and

. . . _awaits valid data. This serves to prevent erroneous RF data from
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enhanced by the ability to query the implanted electroniésnction, the incident light must possess sufficient energy to en-
and obtain data pertaining to the voltage waveform across #gle the device to deliver sufficient electrical charge to evoke a
stimulation circuit without the need for invasive recordinghysiological response. Without supplemental power, the neces-
probes. To address this issue, a “reverse telemetry” feature basy energy levels of the incident light may be impractical. These
been designed into the ASIC so that the end-of-phase voltagmcerns notwithstanding, there is no convincing evidence either
across the neural tissue may be measured. way as to which stimulation approach (epiretinal or subretinal) is
One-hundred electrodes, while likely to be capable of delivaost effective in conveying visual data to a blind human. There-
ering only rudimentary images, may offer patients significaffibre, at this early stage in the development of a retinal stimulator,
life enhancing treatment to blindness [5] and will serve as a battie subretinal approach should not be discounted.
from which future designs may be developed. In contrast to the subretinal approach, the epiretinal stimu-
A prototype of the circuit described here was first constructédtors being developed generally utilize some form of external
and tested using discrete components [5]. The descriptionpmiwer supply to drive and configure the implant. Stimulating
the CMOS ASIC serves as the next step in the evolution of tleéectrodes are placed at the vitreoretinal interface. A handful

UNSW vision prosthesis. of centers are investigating various designs, each with their
_ _ own unique attributes. An epiretinal stimulating prosthesis is
A. State of the Art in Retinal Prostheses being developed by a consortium of centers in Germany led

Over the years, some researchers have sought to stimulatd&ckmiller from the University of Bonn [11]. Humayan, de
retina electrically. Brindley’s 1955 studies [6] identified the paJuan and their co-workers at Johns Hopkins University are
rameters necessary to evoke a psychophysical response indfyeloping a prosthesis in collaboration with Liu’s electronics
mans. More recent studies by researchers at Johns Hopkins @h@up at the University of North Carolina [12]. Wyatt and
versity [7] have shown that stimulation of the epiretinal sufRizzo of Massachusetts Institute of Technology and Harvard,
face can deliver the perception of light in patients blinded Bgspectively, have proposed a laser-powered system [13]. Yagi
degenerative diseases of the retina such as retinitis pigment@8€él his colleagues of Nagoya University in Japan [14] are
and macular degeneration. Subretinal stimulation studies in #@posing a hybrid approach, combining the photodiode array
rabbit by Chow [8] indicate that the subretinal surface may al§s input but with epiretinal surface electrodes.
be an appropriate site. The optimal location for neurostimula- The authors’ proposal also utilizes an epiretinal device with
tion of the retina remains a topic of intense debate and thdige roots of this approach being with the tried and proven tech-
present day activities in the development of stimulating progology utilized in cochlear neuroprostheses [15], [16] although
theses for the retina may be divided into two classification#/ith several times more stimulation sites and a unique electrode
subretinal and epiretinal stimulation. These classifications dralltiplexing system. The authors have chosen the epiretinal ap-
based upon the placement of the stimulating electrodes witfifpach primarily due to the concerns expressed in the foregoing
the ocular anatomy. paragraph on subretinal prostheses and the authors’ desire to

Subretinal proposals include those by Chow and higaintain control over the stimuli through an external program-
co-workers of Loyola University (Chicago, IL) [9] andming system.

Zrenner's team at the University of Tiibingen, Germany [10]. A number of other circuits have been proposed and designed
These proposals primarily consist of photodiode circuitrf@r both research and commercial use in neurostimulation (not
with stimulating electrodes placed beneath the retina at tty@ited to retinal stimulation). These include the notable exam-
retino-pigment epithelium interface. Prostheses of this natuttes of an eight-channel stimulator for the deaf by Hochmair
possess several attractive attributes, most significantly thad Hochmair-Desoyer [15], the Nucleus 22-channel hearing
use of direct incident light to derive power and deliver stimulprosthesis [16], and the University of Utah’s eight-channel ex-
Furthermore, this approach is able to provide high quantitiggple of a proposed demultiplexing system [17]. These exam-
of stimulation sites (limited only by fabrication resolution) aples utilize some form of trans-tissue telemetry system in their
well as simplified fabrication (essentially complete following?peration, as is the case in the present study. However, none of
the automated semiconductor fabrication). these have the combined features of 100 stimulation channels,

Of concern, however, is the fact that the subretinal approagggleable current output, bidirectional (feedback) telemetry, and
does not facilitate any form of postoperative image processingirinsic error-detection mechanisms to ensure patient safety.
compensation for the anticipated loss of processing mechanisms
that exist in a healthy retina. This leaves no mechanism for al- II. METHODS
tering the stimulation parameters (amplitude, stimulus duration, ,
and frequency) should it be found that psychophysical percep- SYStem Overview
tionisimproved by variation of any of these parameters. AnotherTo place the ASIC within the appropriate context by identi-
concern exists over the ability to control irreversible and potefying its role in the overall vision prosthesis system, Fig. 1 de-
tially hazardous chemical reactions at the electrode/tissue intecribes the general operation. An image is captured from the
face — a situation exacerbated by the relatively small electrodisual environment by means of a CMOS camera (VV6300,
surface areas of these devices. Moreover, the long-term stabiftyS| Vision Limited, UK). The image is processed in the ex-
of the materials utilized in the fabrication and passivation of sutérnal image processor (StrongARM 1100, Intel, USA) wherein
a device remains in question owing to the aggressive chemita appropriate attributes of the image, as determined by a pro-
environmentinwhich the device is implanted. Finally, in order tgrammable protocol, are detected, extracted and pixelized into
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Fig. 1. Block diagram of system operation. External image processor takes in an image from the environment. Image is pixelized according to aleogramm
compression protocol. External Encoder/Transmitter translates the pixelized image into a series of encoded RF sequences according to depstigralatioab
protocol. RF sequences are broadcast through the ocular tissue via the Data and Power Link. Implanted Receiver/Decoder/Stimulator rece&gestivte RF s
decodes the data and delivers stimulus from an active electrode, through the neural tissue and returning to an indifferent electrode. Télenhetatath{the
end-of-phase voltage across the current source) is detected externally by way of monitoring the transmitting antenna.
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Fig. 2. Insituconfiguration. Anterior chamber and part of the posterior chamber of the eye with scale dimensions typical of the ovis aries. Placed upon the cornea
is a transmitting antenna embedded within a permeable contact lens. Within the posterior chamber, the prosthesis is shown encased withimpsuéertietic c
is fixed in position by permanent sutures suspended from the sclera. Separation between the transmitting and receiving antennae is 5.75 mm.

a 10x 10 array. Within the external encoder/transmitter, eathesis using “reverse telemetry” wherein an energy burst, related
pixel above a selected threshold intensity is translated into @rtime to the voltage, is broadcast out of the body.
encoded RF telemetry sequence, wherein the active and indifThe ASIC was designed in a single iteration on a budget
ferent electrode(s) selection, current amplitude, stimulus du-less than US $5000 (in addition to the designer salary that
tions (one for each phase of the biphasic waveform) and intéormed part of a Ph.D. degree project). The public domain
phase gap duration are encoded. The RF sequence is then breaffware packages MAGIC, SPICE, and IRSIM were used
cast at the carrier frequency (2.5 MHz during testing presentieat the layout of the ASIC, analog modeling and digital
herein) through the ocular tissue to the implanted prosthesissamulations, respectively. All of these were run on the Linux
shown in Fig. 2. operating system using an AMDx@6 processor platform.
Upon completion of the delivery of stimulus, a request can B&brication of the ASIC using the ORBIT /2n technology
made (by extending the period before the next RF sequencea@s contracted through the MOSIS service at the University
transmit the end-of-phase voltage as measured across the stirBouthern California (Los Angeles). The resulting device is
ulus circuit. This voltage is transmitted by the implanted proshown in Fig. 3.
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the time of system start-up, obvious bandwidth savings may be
realized by nothaving to send this information with each stimulus
sequence. However, subsequent corruption of the “preset” pa-
rameter(s) resulting from any number of extraneous RF sourcesis
likely to allow potentially harmful or painful stimuli to continue
until the system is reset. The authors’ approach is to require each
stimulation sequence to reset and reconfigure the implanted
prosthesis entirely. This ensures that no erroneous stimulation
pulses are delivered on more than one occasion owing to a single
event of data corruption. The trade of bandwidth for safety in
this instance is necessary in order to avoid the unacceptable
consequences ofthe “preset” corruption scenario.

Second, the stimulation data translation for each RF sequence
follows a predetermined safety protocol such that errors may be
detected by the ASIC and appropriate remedial action taken in
this event.

The DATA signal (Fig. 5) extracted from the RF carrier is
“cleaned-up” by passing through a filtering circuit on the ASIC.
This signal is then decoded by the ASIC according to the pro-
tocol as described below.

. - . . Each event of stimulation is configured and delivered by a
The block diagram shown in Fig. 4 describes the Operat'on‘%fequence” of data. Each sequence contains a series of “packet

the A.SIC and its peripheral components and is relevant to tBﬁrsts,” each serving to configure particular aspects of the ASIC
following text. or, in the case of stimulus delivery, serving to define the duration
B. RE Power and Data c_)f the stimulus. A packet burst is defined by the presence of
fixed-frequency pulses. Each packet burst has a beginning and
While the emphasis of the present paper is to describe #¢ end whereby fixed carrier frequency pulses commence and
ASIC, some discussion of the RF data and power transmissi@shse, respectively. Packet bursts are translated from logic level
(or RF link) is warranted. A thorough review of this topic i§0-5 V) signals to RF waves prior to broadcast from the external
provided in Donaldson and Perkins [18]. transmitter by way of an oscillating circuit, tuned to the carrier
Thein situconfiguration of the RF link is as shown in Fig. 2 frequency as described above.
The authors have chosen the ovis aries (sheep) species as tigeych packet burst is separated in time by a “silent” period or
animal model for Surgical fixation and phySiOIOgical Studiespacket burst gap" wherein no pu|ses are present_ This packet
As such, relative dimensions shown in Fig. 2 are relevant to thrst gap is necessary in order to provide a distinct separation
anatomy of that species. of packet bursts and to allow for a packet burst detection circuit
The transmitting antenna is a 13.4 mm diameter coil, Cofy hbecome de-asserted. Choice of packet burst gap duration is
sisting of five turns of 0.125-mm-diameter copper wire. Indugzased upon: the need to deliver sufficient RF to power the im-
tance of the antennais 1.2P and is tuned to parallel resonanceyjantable electronics, the need to avoid the possibility of over-
at 2.5 MHz with a capacitance of 3.33 nF. lapping two or more sequential packet bursts and the need to
Connection of the resonant circuit tatb-V supply is gated avoid disabling the sequence detection circuit (described below)
via a pair of complementary power MOSFETs with data sigtyring a sequence. The packet burst gap may exist in the form of
nals from the image processing hardware in accordance Wiffibthreshold RF signals so as to maintain some power supply.
the aforementioned data protocol. The testing presented herein uses the absence of RF during the
The receiving antenna is also 13.4 mm in diameter so as top‘gcket burst gap.
within the anatomy of an implantable, hermetic capsule (Fig. 2). pye to the energy build-up and discharge intrinsic to all os-
The antenna consists of six turns of 0.125-mm-diameter copp@fating circuits, undershoot and ringing will occur at the be-
wire and has an inductance of 1.4H. The circuit is tuned ginning and end of a given RF packet burst, respectively. For
to parallel resonance at 2.5 MHz with 2.88 nF of capacitanggjs reason, counting the exact quantity of pulses exceeding a
The schematic shown in Fig. 5 describes the data and powgfen threshold is likely to lead to errors. To eliminate the ef-
extraction used. fects of this phenomenon, divide by nstrategy is employed.
This allows some pulses to be below the threshold and provides
a facility for tolerance of ringing. The selection of the value.of
In the interest of safety and to ensure the predictable delivasydependent upon several factors such as damping, frequency,
of stimuli to the retinal tissue, the system employs a twofoldhreshold, etc. although the authors’ choice.db be eight was
strategy of data integrity for the delivery of stimulus configurasomewhat arbitrary. Prelayout “breadboard” testing provided
tion data. satisfactory results with a standard CMOS octal divider, and as
First, there exist no “preset” parameters in the operation of tagesult, the octal division was simply carried over to the ASIC
system. By setting a fixed phase duration or current amplitudeveithout optimization. Reduction of the division constant would

Fig. 3. Micrograph of the ASIC: Die size is 46 6.8 mm CMOS fabrication
using the 2um Orbit process.

C. Data Integrity Protocol and ASIC Programming
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Fig. 4. Detailed ASIC operation. RF energy (received by antenna circuit) is rectified and stored in Power Supply where it is divided and reguieitdel to pr
VDD, VLOGIC, and VREF for analog stimulation, digital logic, and reverse telemetry, respectively. Simultaneously, the RF signal passes tlketugidpac
sequence detectors then into signal divider for cycle counting and division by eight. These signals are passed to the relevant sub circuits Ivies tiBeidkt
router determines which packet burst of a given sequence is being received, and directs the clock signal to the appropriate module of thediirglyitiadtiaty,
synchronization burst detector is activated. An invalid synchronize burst evokes a reset signal from the error/completion detector (viatauspiashg the
circuit in a state wherein it awaits the next valid synchronize burst. Otherwise, the Burst Router activates the Row/Column Counters & Potauiyhcihai the
Row/Column Buses are configured according to the quantity of Clock cycles received. Clock-1 circuit filters the clock signal, subtracting le@elfsoksignals
during each burst. Signals on the Row/Column buses determine which of the Row/Column switches within active and indifferent electrode swiitithsug cir
connected to the output of the phase routing circuit.

provide some (albeit minor) improvement to data throughput ajuency, for decay sufficient to de-assert packet detection from
though reduction to values less than five would render the dddgic high to logic low. If no further RF cycles arrive within
transfer prone to errors. By sending eight RF cycles abovetas time, packet burst detection is de-asserted. The sequence de-
given (logic level) threshold, the implant will count tpacket tection circuit waits an extended period of time, approximately
burstas:8/8 = 1. 4500 ns, slightly longer than the maximum prescribed packet
Incoming RF cycles are detected by the implant at twlourst gap, for additional RF cycles to arrive (i.e., the next packet
levels: packets burst detection and sequence detection. THasest). Sequence gaps, being longer than the maximum pre-
are “sample and hold” circuits with different resistence—capaderibed packet burst gap, cause the sequence detection circuit
tence RC) time constants. to decay and de-assert sequence detection. In effect, the packet
Upon detection of a packet burst, both detection levels are asirst detection is asserted only when a packet burst is being re-
serted. Upon the completion of the packet burst, both detectiogived whereas sequence detection is asserted throughout the
circuits begin to decay while they wait for additional RF cycledelivery of a sequence.
to arrive. Packet burst detection waits for approximately 600 The errors that are likely to occur during RF transmission
ns, slightly longer than the period of the 2.5-MHz carrier frewould be in the form of either too few or too many RF cycles



SUANING AND LOVELL: CMOS NEUROSTIMULATION ASIC 253

DATE >

L f i
1 ] Lyl — ke
Ll
c

L

VE1

+ | T2

i _

| T R
VES >

Fig. 5. Power and data extraction circuit. RF is received on inductor (antérindiat is tuned to the carrier frequency by capaciidr. Diode D1 rectifies the

RF and stores charge in capacio2. Voltage regulatol” R1 clips the voltage to the desired level for VLOGIC (5 V). Capacittr de-couples the RF from the
remainder of the circuit such that it may be clipped by zeéhgthrough resistoR1 so as not to introduce supply instability through the ASIC’s input protection
diodes. Resulting signals include: DATA, the cycles of which are to be analyzed by the ASIC; VDD, unregulated dc for the ASIC’s analog stimulétipn circ
VLOGIC, stable supply for logic; and VSS, the lowest potential of the circuit.

through transmission interruptions or extraneous RF. As d&son the head of the volunteer. By these means, the visual cortex
signed, excess cycles beyond that “allowed” in a given packatthe patient could be stimulated.
burst would trigger an error state in the ASIC and cause a resetA significant technological difficulty experienced in this pro-
“Lost” cycles would resultin the loss of assertion in the sequencedure was that of “cross-talk” between the inductive receivers.
detection circuit, thus detecting the error by means other th@ihe cross talk was as a result of misalignment of the transmitter
cycle counting, but nevertheless eventuating a circuit reskélmet and the small center-to-center distance between the re-
While no specific means exist on the ASIC of detecting deficiengivers.
or excess RF cycles that remain “valid” from the point of view of In a second study, enhancements to the electronic design
simply switching to the “wrong” electrode, errors of this naturey Donaldson produced a “row/column” transmission strategy
would likely be systematic (such as the transmitting antenmanich dramatically reduced the number of receivers necessary
becoming displaced). As such, these errors would likely lma the implant while maintaining a similar quantity of elec-
detected by other means, such as during the synchronize btnades (75) [20]. Donaldson’s concept of a row/column solution
for example. to Brindley and Lewin’s difficulties also provides a realistic
1) Synchronization:Each sequence is initiated with a “syn-compromise between bandwidth and functionality in the design
chronize burst,” a unique packet burst which alerts the circuif a RF telemetry system such as in the present case.
that a sequence is beginning and valid data are to be delivere®y dividing the 100 electrodes into two distinct blocks of
in subsequent packet bursts. The synchronize burst is uniquét(41-50 and/1-50 of Fig. 6), and addressing each member
comparison to the other packet bursts in that it must be suffif these blocks by a row and column address, the 100 elec-
cient in duration to assert the packet burst detection circuit duedes may be efficiently and effectively multiplexed to the dig-
must not have sufficient cycles to trigger a count of one whetal-to-analog converter (DAC) current source. Through utiliza-
the cycles delivered are divided by eight. Only by receiving tion of this strategy, the quantity of data passed through the RF
synchronize burst meeting these conditions will the implant tbelemetry system is dramatically reduced. Using this strategy,
enabled for decoding subsequent packet bursts. Detection of@jy one member of a given electrode block may be stimulated

cles in excess of seven for a given synchronize burst shall plaéh respect to any one or more member(s) of the opposing
the implant in a state whereby it is inactive until a new, valiglectrode block. With some constraint on the stimulus return

synchronize burst arrives. path (which must pass through one or more electrodes from the

2) Electrode Multiplexing and Current Source PoOpposing electrode block), it is possible to achieve true 100-
larity: Studies by Brindley and Lewin in the late 1960s involveg@hannel stimulation with minimal set-up data requirements.

a cortical stimulator comprised of 80 electrodes implanted in theA further advantage of dividing the electrodes into two dis-
visual cortex of a female volunteer who had developed bilatet#ict blocks is the ability to place a single capacitor in series
glaucoma [19]. Upon application of stimulus, the volunteerith each block (CAP1 and CAP2 of Fig. 6). This provides an
reported “seeing” a small spot of white light. The spot wagfficient means of dealing with charge imbalances beyond that
described as “the size of a grain of sago at arm’s length” or “likeghich may be recovered through application of the biphasic,
a star in the sky.” constant current, waveform as proposed by Léityal. [21].

So as to avoid the infection issues to do with percutaneousEach packet burst in the protocol must exist in its respective
connections, the stimulator utilized inductive coupling to desrder for the circuit to decode the data and avoid protocol viola-
liver stimuli as prescribed from electronics positioned outsid®n. In the event that a given packet burst is to achieve nothing
the body. Receivers, one per electrode, were implanted bengdibes not turn on any electrode rows or columns), the quantity
the scalp and connected by wire to electrodes positioned witliounted by the circuit using the divide bystrategy must be
the visual cortex [19]. A “helmet” containing transmitting coilszero. Since the packet burst must exist, it must contain suffi-
corresponding to each of the implanted receivers was positioreent cycles to assert packet detection. A packet burst meeting
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Fig. 6. Electrode switching schematic. Switctf&lsandS3 are simultaneously closed for one phase of stimulus, switRemnd.S4 are closed for the opposite
phase. The 100 electrodes are divided into two distinct blocks, “Active electrode block” and “Indifferent electrode block”; each block confiiistzttvbdes
each. Stimulus passes from one block to the other. Individual electrodes are added to or removed from the stimulation circuit by the closingadrtbeening
respective switches. Improved recovery of net dc may be achieved through the addition of series capacitors CAP1 and CAP2.

this description would also meet the description of a synchrstudy, psychophysical observations were made while stimu-
nize burst. In order to differentiate between a synchronize bulating the retinas of human subjects using a small electrode
and other packet bursts that are delivered to provide a counipaiir contained within and directed into position by a cannula.

0((8+0) +4 = 4), the ASIC employs a “count minus one” cir-Their results indicate that the stimulation current necessary for
cuit. The content of all packet bursts that specify electrode rowsocation of a psychophysical response in patients blinded by

or columns is subtracted by one. retinitis pigmentosa or age related macular degeneration is of

Thus, the formula for RF cycle quantities in these packetie order of 300-80@:A under their test conditions. In this
bursts is study, however, the geometric separation, configuration and
counts = 8 + (8 + 4) (RF cycles) proximity to neuronal tissue of the stimulating electrodes are

likely to differ from a stimulating prosthesis in its final form.

For a count of zero to be detected by the implant in a giveR},rthermore, there exist other stimulation profiles wherein

packet burst, 12 cycles are sent. This value exceeds that of fligeased current amplitudes could be utilized in conjunction
synchronize burst but the “count minus one” circuit interpré{giy, gecreased stimulus duration in order to inject similar

this as zero counts. charge-per-phase, thus facilitating increased stimulation rates.

Packetbursts that serve to configure rows and columns are g inese reasons, the authors targeted an output current beyond

ciphered through binary counting of their content. Similarly, thlﬁﬁat of the upper limit of the Hopkins results and chose 2 mA
polarity is set in this way as well. The polarity signal serves be the maximum full-scale current output
J .

transpose the roles of the active and indifferent electrode bloc ) i ] ] )
by directing the cathodic phase of the biphasic stimulus to the e ASIC's DAC is comprised of five bits, each bit a factor
indifferent block instead of the active block. This facilitates th@f two of the subsequent bit with the LSB corresponding to ap-
use of any of the 100 electrodes as the stimulating electrodePfigXimately 65.A when using the full-scale output.

a given sequence. The choice of a linearly scaled DAC as opposed to a loga-
3) DAC: There is intrinsic difficulty in developing a stimu- rithmically scaled DAC was primarily due to the largely unde-
lation system for physiological excitation of tissue wherein thitned threshold and operating current parameters as discussed
appropriate current threshold and modulation parameters aregretviously. Stimulus thresholds and the effects of small changes
to be thoroughly defined. In a typical “chicken-before-the-eggibout these thresholds have not been studied in depth. In the ab-
situation, one must either make assumptions based upon skace of these data, some advantage may be had by the use of
available data or devise a means of scaling the output characli&ear scaling as it provides the same resolution across the full-
istics such that the full-scale current output may be adjusteddcale range of the DAC. Should it be determined that small vari-
the appropriate range following ASIC fabrication. The authoetions of current provide a large variation in the psychophysical
have chosen a combination of the two. perception of “brightness” continued use of linear scaling would

There exist a number of factors that will influence the randsge warranted, otherwise, logarithmic scaling may be more ap-
of stimulation current required of the stimulation system. Thegeopriate in future designs.
include parameters such as electrode size, material, and surfads with the configuration of the electrode rows and columns,
roughness, as well as the proximity of the electrodes to excitaliie DAC is programmed through binary counting of data re-
tissue, media impedance, tissue excitability, stimulation pulseived during the amplitude packet burst. The programmed cur-
width, etc. [22]. As the final form of the electrode/tissue interrent output of the DAC is reduced by subsequent counts of data.
face is likely to undergo evolutionary development, the ASIChe authors believe that the more likely scenario of data corrup-
possesses a feature whereby the full-scale output range mayidee would be with too many rather than too few counts from
adjusted. extraneous RF sources and, thus, this decision was taken from
The choice of the maximum full-scale output current in ththe perspective of safety.
ASIC has been based, in part, on the results of studies performed) DAC Scaling: Owing to the paucity of repeatable stim-
by researchers at Johns Hopkins University [7]. In their acut#ation threshold data and the numerous factors that will in-
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fluence the stimulation parameters, a means of adjusting the : il » Stp MoMas A0LDe  SAYEE
full-scale current output range is desired so that the entire range - .RF Duiing = : tatups
of the DAC may be utilized for stimulation profile variation. < Stimulation 0 I | EEE
Furthermore, adjustment of the full-scale output to a level below T T S .
that at which potentially uncomfortable or harmful stimulation SRR R 1 ®E
could occur is desirable from a safety perspective. A facility for S EOE

this adjustment has been included on the ASIC so that, as the sit- LA Réf

uation warrants, the full-scale output current may be reduced by ik UL
the introduction of a single resistor to the circuit. This resistor : S
serves to reduce the drain to source current of the five DAC bits,

Save

thus reducing the full-scale output and maintaining proportional | [N = ] e_fle;_l_ive_tfyk s | Ret B
resolution at all scales [above where the field effect transistors S or o,
(FETSs) are operating in saturation — otherwise the DAC output  |EHT®, i~ T A T ToTTT oY
would be nonlinear but nevertheless predictable]. P=fb 200w 10

The scaling feature also eliminates the need for additional
ASIC design iterations in order to realize high-resolution DA@ig. 7. Reverse telemetry burst.: Time measured from the cessation of RF
adjustment once the appropriate full-scale output current is dting simulation to the onset of the telemetry detection may be translated to
termined through psychophysical studies. the voltage across the constant current source during stimulus.

5) Stimulus Delivery:Upon completion of the program-
ming of the ASIC through the delivery of the packet burstmay yield some insight into the progression over time of fibrous
that set electrode rows and columns then DAC amplitude, thgsue formation at the electrode/tissue interface.
delivery of stimulus may begin. The electrode chosen as thevoltage Waveform Reconstruction — measurement of the
stimulating electrode shall receive the cathodic phase of tbgd-of-phase voltage for a series of pulse widths will provide
biphasic stimulus first. The duration of the cathodic phase d&ta points allowing for the reconstruction of the voltage
defined by the period of assertion of packet burst detectiogfaveform for a given stimulus amplitude, potentially providing
for the packet burst defining the first phase of stimulus and émeans of assessing irreversible chemical reactions resulting
limited only by the transmitting electronics. The anodic phaseom stimulus delivery. Following an initial minimum pulse
of the biphasic stimulus (charge recovery phase) begins witlidth of approximately 5:s for RF stabilization, resolution in
the assertion of packet burst detection for the packet butighe of the waveform reconstruction is the same as the period
defining the second phase of stimulus. Similarly, the durati@i the RF carrier frequency.
of the anodic phase is defined by the period of assertion ofA brief “shorting” of the power supply capacitor to the
packet burst detection for the phase two packet burst. In norméteiving antenna of the implanted prosthesis gives rise to the
operation, it is envisaged that the two phases shall be of equedadcast of a “spike” of RF energy that is detectable on the

duration, although this is not a requirement. transmitting antenna outside the body during the otherwise
“silent” period between stimulus sequences (Fig. 7).
D. Reverse Telemetry Because incoming RF signals would obscure the reverse

telemetry signal, it is necessary that a period of RF inactivity
Following implantation, the implant’s circuitry is no longerexist between successive stimulus sequences in order for the re-
accessible by conventional means as there are no wires throygkse telemetry to be detected. Similarly, the reverse telemetry
which signals may be communicated across tissue. As some gignal is likely to corrupt the encoded RF signals from the
gree of communication is desirable, and indeed necessary g@hsmitter should the two events occur simultaneously. For
diagnostics and research, the ASIC has been designed totfiese reasons, the telemetry is only delivered when a sufficient
liver two reverse telemetry signals, one for the supply voltagfp is present between successive stimulus sequences. In other
(Vbp) and another for the voltage across the constant currgidrds, to “turn-on” the reverse telemetry facility, the gap
sink (Voes). Each of these signals are in the form of a burst ¢fetween stimulus sequences is simply extended.
RF energy caused by briefly short circuiting the implant’s power Measuring the time between the end of the second phase of
supply across the receiving antenna. stimulus and the onset of the energy spike provides a means
This facility provides a noninvasive means of obtaining dais determining the original value of a voltage that has decayed
yielding the end-of-phase voltage across the circuit througikponentially (using an RC circuit) to a reference voltage. Said
which a given stimulus pulse has been passed. This informati@ference voltage is approximately 0.5 VDC and obtained by
can serve several purposes, including: a voltage divider of thé7.ocrc supply. At the time when the
System Diagnostics — providing a meansrodituconfirma- measured voltage has decayed to the reference voltage, a voltage
tion of the integrity of each electrode connection, offering cluesmparator initiates the shorting of the power supply capacitor
toward the determination of fault modes such as electrode shrtthe implant's antennaj2 and L1 of Fig. 5, respectively)
or open circuits. for a period determined by a monostable. By connecting the
Tissue Impedance — with knowledge of the programmaedrcuit node corresponding to the voltage across the constant
current, the end-of-phase voltage will provide a means of emirrent source to the telemetry circuit at the time of stimulus
timating the tissue impedance for a given stimulus profile. Thdelivery, the subsequent delay between the end of the stimulus
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phase and the onset of the RF energy “spike” yields estimation2) Synchronization:Appropriate synchronize detection is

of the end-of-phase voltage present on that node. critical to data integrity. To examine the effectiveness of the
This time measurement)(may be related back to the signakynchronize burst detection circuit of the ASIC, a series of RF
voltage by the following basic formula: stimulation sequences containing synchronization bursts of
increasing cycle quantities were sent to the ASIC. The status
Vie = D+ Vrpr * exp ((t - t,) /RC) of the ASIC’s error handling logic was monitored (through
probing the ASIC’s “RESET” data pin) in order to confirm
where e
D constant voltage division of the signal voltad& 6 Fhat cprrupthn N th‘? form of extra RF cycles _(beyond Seven
or Veos); |nclu§|ye of ringing) indeed causes the evocation of the error
ts comparator’s slew delay; condition.

3) Data Integrity: Confirmation of the effectiveness of the
rT(El_ata extraction of the ASIC was encompassed within the RF
link integrity testing as described above, as the ability to extract
e datais required in order to obtain the travelling spiral used in
e evaluation. However, the functionality of all error handling
(ljnechanisms is not covered in that test.
In order to confirm that excess RF cycles (beyond that
Iéowed in a given packet burst by the “rules” of the protocol)
entuate a circuit reset, the ASIC was sent erroneous RF
ile the status of the ASIC’s error handling logic (the ASIC’s
SET” data pin) was monitored. Each packet burst that
sets row, column, polarity or DAC amplitude parameters (all
AVpropg = 0.65 * (1 — exp (— (AVbrope + Vi) /7)) packets excepting “synchronization” and the stimulus delivery
phases) was tested in this fashion.
WhereAVprope is the voltage drop across the diode, and  4) DAC Programming: Successful data decoding culmi-
is the voltage constant describing the exponential behaviordtes with the delivery of a biphasic waveform at the site of
the diode at a given temperature. Note that this must be sol@é selected electrode and reference electrode(s). Successful
by iteration. decoding of the DAC data and subsequent delivery of the
A further consideration in utilizing/ccs and/orVpp with  programmed current during stimulus delivery was confirmed
respect to the stimulation circuit, in particular, attempting tBy simulating tissue impedance by fixed resistors, 1 and3.9 k
measure tissue impedance, is the potentially significant draintae stimulus amplitude results were compared with a SPICE
source impedance that each multiplexing FET contributes to th@del of the circuit.
circuit. The impedance of each FET, and its associated voltage) DAC Current Scaling:With a series of fixed resistors
drop, is a function of current and gate to source voltage, as Wedlrying the DAC scaling resistor, the full-scale current output
as transistor geometry. of the ASIC was adjusted and measured. A comparison of mea-
Owing to these considerations, it is far more convenient ured full-scale output with predictions made using SPICE mod-
characterize the lump-sum effects of the governing factors igling was performed.
volved in the reverse telemetry measurement for each curreng) Reverse TelemetryEmpirical results were generated
step and determine the time/voltage relation empirically. using nominal DAC current output of 87@A and a regulated
5-V supply so as to facilitate correlation between end-of-phase

Veer  comparator reference voltage;
RC product of the sizes of the exponential decay co
ponents in the implant’s telemetry circuitry;
Vi signal voltage following its passage through a diod
and furthes explained in the following. t
In an effort to simplify the telemetry circuit, avoiding the nee
for two operational amplifiers on the ASIC, thgp andVecs
signals are passed to the telemetry circuit via a diode. As #
current passing through this diode is very small and of varyirﬁ3
magnitude, the change in voltage across the diode must be ¢
sidered. This relation is as follows:

E. Testing and Characterization voltage and the time to the telemetry burst.
1) RF Link Integrity: Powered by the rectified RF supply,
each of the 100 stimulation channels of the ASIC was con- I1l. RESULTS AND DISCUSSION

nected to a light emitting diode (LED) such that the cathodic

phase of stimulus passed through the LED. The LEDs were A RF Power and Data

ranged in a ten-row-by-ten-column array such that rudimentaryDetermination of the RF link integrity was performed as de-

images, text-based characters and symbols could be conveseibed in Section Il. The RF link performs satisfactorily in

and visualized by an observer. The image processing system wWesimplant scenario identified in Fig. 2. Results are shown in

configured to deliver a “travelling spiral” pattern on the LEDTable I.

array such that all stimulation channels were utilized in the con-Further observations were made for angular displacement

veyance of the pattern and systematic data errors would be iwvith a separation distance of 5 mm. Rotation of 30.5 degrees

mediately obvious to an observer by disruptions in the patterabout a tangential axis could be tolerated without data loss.
Various separation distances between the transmitting and®@nilarly, an eccentricity of 4 mm at 5 mm separation could be

ceiving antennae were made by inserting 1-mme-thick glass nlerated without data loss.

croscope slides between the two antennae. At each separatidrimited optimization has been applied to this aspect of the

distance}pp andVi oaic were measured as well as an assesgroject to-date, primarily due to the adequate performance of this

ment made of the integrity of the data transmission by way pfeliminary design. However, these results should only be con-

observing the spiral pattern displayed on the LED array. strued as proof-of-point rather than a definitive description of
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TABLE |

Separation (mm) V logic VDD Data Integrity
0.0 5.0 9.3 No data loss
1.0 5.0 11.2 No data loss
2.0 5.0 12.4 No data loss
3.0 5.0 114 No data loss
4.0 5.0 11.0 No data loss
5.0 5.0 7.8 No data loss
6.0 5.0 6.9 No data loss
7.0 5.0 54 Some data loss
8.0 4.4 4.4 Some data loss
9.0 3.6 3.6 Frequent data loss

the RF link in its final form. Indeed there exists significant roon

. - ) 1.8
for improvement. For example, the parallel transmitting circu
passes significant current (160 mA) through the gating MO: 1.6 1
FETS and as such, significant efficiency improvement could | & 1.4 -
achieved through increasing the inductance of the transmitti £ 2]
coil (associated with a similar increase in the receiving coil). Ar ‘g '
other alternative is a series resonance design for the transmi § 1.0 1 —=— Measured Data
such as that described by Donaldson and Perkins [18]. © o8 —0— SPICE Model
Itis interesting to note that data loss occurred pridfiteic 3
dropping below its setting of 5 V. This is an indication that im a 061
proved selection of capacit6r3 and resisto®2 of Fig. 5 could 0.4 -
conceivably improve the error free data range. 02 |
o _ ) 0.0 : : ; q — .
B. Synchronization and “Configuration” 0 5 10 15 20 25 30
Results of testing described in Section Il indicate that the sy DAC Control Setting
chronization circuit is performing as designed. Upon detection (@)
of cycles contained within the synchronize packet burst in ex-
cess of seven, the ASIC enters the error condition and succe
1.0

fully resets itself to await subsequent sequences.

In packet bursts that serve to configure the ASIC (electror __
rows, columns, indifferent rows, columns, and DAC polarity an g 0.8 1
amplitude), RF cycle quantities beyond that “allowed” by th =
protocol in any packet burst indeed evokes a system reset @
designed. Furthermore, sending “constant” RF, as would be 1 g
case if there were a transmitter failure in the RF gating circuitr §
evokes error detection at the synchronization packet burst ¢ -g'
triggers successive circuit resets, never eventuating delivery ©

n

—#— Measured Data
—C— SPICE Model

a stimulus. 0.2 1
C. DAC Characteristics 0.0 ‘ ‘ " ' ’ "
0 5 10 15 20 25 30
Through a 1-k fixed resistor, combinations of the five DAC DAC Control Setting
bits (31in all) yield good correlationto predicted (SPICE) values. (b)
These results are graphed in Fig. 8(a). the moderate nonlinearity
toward the upper end of the scale is discussed below. Fig. 8. DAC characteristics. SPICE estimates in comparison to measured out-

The ability to achieve the aforementioned full-scale outp@t! from the ASIC for simulated loads of (a) Tmpedance and (b) 3.9k
|md)edance across the 31 DAC settings.

is affected by a number of factors that influence the observe
impedance through which stimulus is passed. As the observed

impedance and the device’s supply voltage determine the corapabilities of the prosthesis (while maintaining a steady, pre-
pliance of the constant current DAC at a given amplitude satictable supply for logic), results presented herein are based
ting, the ability of the prosthesis to achieve this full-scale outpupon a single supply rail regulated at 5 V.

current is condition dependent. While the ASIC has been de-As the voltage drop across the tissue impedance increases
signed to utilize dual supply rails to increase the complianteward the supply voltage, the ability of the ASIC to supply
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0 Voltage Drop Characterization at 870 pA
1.0 _ 25
g N
E @ 20
= E
= F [
2 2"
[
3 £ 10
- (]
3 K]
=3 —&— Measured Data - 5
3 —0— SPICE Model
O 0.4 0 . '
0 1 2 3 4
AV Tissue (V)
1 10 100 Fig. 10. DAC scaling results: lllustrative example (nominal §78-DAC
. . setting) correlating time to onset of telemetry burst and the change in voltage
Scaling Resistor (kQ) across the stimulating electrodes. Similar characterizations exist for each of

the 31 DAC steps.

Fig. 9. The effect of the DAC scaling resistor RSCALE. SPICE estimates in
comparison to measured output from the ASIC. ) )
thus far, been inconclusive but have nevertheless provoked

. e . L . thought, and increased knowledge in this area significantly. A
additional CL!rrent IS _d|m|n|shed. S|mula_t|ng t|ss_ue mpedaqggcem study by Greenberg and his colleagues used a mathemat-
by_ a 3.9-Ki fixed resistor, S.PICE F"Ode"”g confirms that _th'§ al model in an effort to answer questions raised during their
IS mde_ed the case..Cor.nparlson with results measured usm% ﬁchophysical studies of human epiretinal stimulation [24].
AS'.C 1S pre_sented in Fig. 8(b). . . . Inparticular, they sought to determine: why, when stimulation

. Fig. 8(b) illustrates an undesirable lfeature in the circuit de\ias applied to a particular region of the epiretinal surface, did
sign. One would expect that for a 3.9Hmpedance and a 5'V_ the patients perceive a round spot of light rather than a “wedge”
supply, that the ASIC would be capable of closely app_roachlrayg light? A wedge of light would be anticipated if neighboring
1.3-mA output current. However, as a result of a design OV&J3ons where stimulated in addition to the ganglion cells at the

S'%ht’ one o.ff.the F.ETS (;N'thm thfehmultldplemfr;]g?kcwc;]unry_ CONite of stimulation whereas a spot of light would be anticipated
tributes significantimpedance (of the order offho the stim- if ganglion cell somas were preferentially stimulated over the

ulating circuit and, thus, limits the output current at the high%rxons of neighboring cells. Psychophysical studies favor the

SA(.: settin?js. Thisb error may b? Z‘?”Y r?ﬁtiﬁed in stu(;Jse_quelgli er argument [7] as the patients observed (primarily) round
e3|g(;15 and, can be gompenlsa el orin the present design ‘é’B ts of light. This argument is backed by some (but not all)
a moderate increase In supply voltage. of the mathematical modeling leaving the conclusions to be

The manner in which the full-scale output is adjusted by vatlached by further study

ation of the DAC scaling resistor is shown in Fig. 9 wherein both .
SPICE and measured values from the ASIC are shown. In the Same paper [24], an alternat|ve'argument for the rea-
sons behind the psychophysical perception of round spots was
proposed. It is possible that the bipolar cells rather than the gan-
glion cells possess lower stimulation thresholds and as such are
As an illustrative example of correlation between the stimulyie actual site of electrical stimulation. If this is true, some of the
impedance and the time to the telemetry burst, testing was pgfocessing mechanisms present in a healthy retina remain func-
formed for a series of simulated tissue impedances at nomifighal and accessible in damaged retinas. Through selecting the
DAC setting of 87QuA. These results are provided in Fig. 10. Irappropriate stimulation parameters (amplitude, frequency and
this study, the results utilize a regulafégl, of 5V soastoavoid pulse duration), this “higher level” processing mechanism could
the necessity for two telemetry spikes (the secondyieltiifng).  conceivably be exploited to provide localized phosphenes and,
The reverse telemetry facility is essentially a temporally efhus, clearer psychophysical images.
coded voltmeter. Virtually any circuit node may be connected From the above discussion, itis clear that the most appropriate
to the reverse telemetry circuit and broadcast to the outside fgfm of electrical stimulation is far from being resolved and thus,
deciphering in accordance with the foregoing governing equgescribing the “stimulation rate” of the present system is a diffi-
tions (described in Methods). This lends itself to applicationg,|t task owing to the number of unresolved factors influencing
for telemetry aside from.that of stimulator circuit behav!or afhis concept. In particular, the strategy utilized in conveying the
has been demonstrated in the Nucleus CI24M cochlear implgitge to the patient will ultimately determine the “stimulation
wherein reverse telemetry is utilized for evoked auditory potepsie » The system possesses 100 sites of stimulation and there-

D. Reverse Telemetry

tials (EAP) [23]. fore it is tempting to describe the rate as the frequency at which
. ) an individual site may be stimulated with all other sites being
E. Stimulation Rate stimulated in series. However, in conveying a meaningful image,

Attempts to determine the precise site of action potential irit-is unlikely that activation of all 100 sites would be beneficial,
tiation when electrically stimulating the epiretinal surface havas the contrast of important features would be reduced by stim-
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ulation of surrounding electrodes. The present system posse$gaguency modulation to convey temporal information. Similar
two basic mechanisms for the variation of phosphene brightneasgguments exist with vision prostheses as the traditional mech-
Increasing the stimulus charge per phase could conceivably peoisms for charge recovery, namely biphasic waveforms and
vide phosphene brightness through the recruitment of additiosalies capacitors preventing the passage of net DC are common
neurons. Frequency modulation may take advantage of tempdoaboth fields of neurostimulation.
summation within the lateral geniculate. Increasing amplitude (and, thus, the recruitment of additional
For common return stimulation (one stimulating electrodeeurons) in order to convey brightness in image formation is
with the current returning through all 50 electrodes of thikely to lead to the perception of larger size phosphenes. These
opposing block), the average of the setup cycles requirkdger phosphenes may limit the benefits of close pitch micro-
(assuming full-scale DAC output) is 588.16 RF cycles. Falectrode arrays as the phosphenes generated by adjacent elec-
bipolar stimulation, the average of the setup cycles is 344.32 RBdes may overlap. In light of Humayun'’s study [25], the ability
cycles. With a RF carrier frequency of 2.5 MHz, these averagtsincrease the frequency of stimulation above that of 19 Hz may
correspond to 235.3- and 137u&- setup time for common be desirable. A conceivable mechanism for increasing the re-
return and bipolar stimulation, respectively. As the stimufresh rate is to stimulate in a parallel fashion. At the time of
are to be delivered in real-time, the duration of the biphasitesigning the ASIC, this opportunity was considered to be be-
waveform is simply added to the above values to determine t@nd the power supplying capabilities of the RF telemetry. Sub-
time required for the complete event of stimulus delivery. ~ sequently, it has been discovered that this is not the case, leaving
In addition to the stimulation strategy, the “refresh rate” of tnepen the possibility of parallel stimulation as has been achieved
10 x 10-pixel array is largely dependent upon the duration of tti@ cochlear neuroprostheses [29]. Within certain constraints, the
biphasic waveform. As such, it may be desirable to utilize stihSIC is capable of parallel stimulation with current division
ulation strategies wherein these pulse widths are minimized. farough the stimulating electrodes.
example, assuming each phase has duration of;E)Gach
electrode is stimulated in series, and 50% of the electrodes Ard Uture Improvements
stimulated to convey a given image, the “refresh rate” is ap- The present system was designed as a tool through which the
proximately 19 Hz. Using interleaving as in the conveyance afithors’ physiological and psychophysical studies of epiretinal
television images, this refresh rate approaches that of the 25-¢timulation may advance and is intended to form a starting point
television refresh rate [50-Hz phase alteration by line (PAL)jrom which more complex and beneficial systems may be de-
However, as the temporal processing mechanisms presentived. The ASIC, designed as part of this system, with its em-
a healthy retina are by-passed by the electrical stimulation @iasis on patient safety and experimental versatility, remains
higher order neurons, the flicker fusion frequency may differ guitable for its intended purpose. However, as is true with any
that of healthy eyes. Humayun and his colleagues have studigineering effort, hindsight provides a means of devising im-
the psychophysical effects of epiretinal stimulation on a numbefovements for the future. A few of these examples are pre-
of patients [7], [25]. In their recent publication [25], phosphengented here.
flicker was eliminated by the application of stimuli at a rate be- Parallel stimulation could be controlled further by the addi-
tween 40 and 50 Hz. At 19 Hz, the phosphenes generatedtigy of multiple DACs on the ASIC. Nine additional DACs could
electronic stimulation may appear pulsatile, the psychophysi€#isily be placed within the multiplexing circuitry, thus allowing
tolerance of which has yet to be determined with compensatitsii multiple electrodes in a given block (active or indifferent)
anticipated through the enormous processing plasticity of tiebe stimulated in parallel with identical waveforms. A similar
brain and technological mechanisms that are described belo@Pproach has been employed in cochlear neuroprostheses.
Some compelling arguments exist toward maintaining An effort was made to anticipate the subsequent mounting
relatively low (tens to hundreds of Hz order) rates of stimi@f the ASIC within an appropriate hermetically sealed and bio-
lation. Drawing analogies from the wealth of data associaté@mpatible capsule suitable for implantation. As this is to be
with cochlear neuroprostheses, the more successful speaghieved with similar budgetary constraints as the ASIC devel-
processing strategies deliver temporal frequency informati@Rment, the method of bonding chosen was “chip-on-board”
as amplitude variations at a constant rate of stimulation [2égchnology requiring the majority of the bonding pads to exist at
In other words, stimulation occurs at a generally fixed rate afde die periphery. Thus, arelatively large die size (468 mm)
tonotopic mapping in conjunction with stimulus current ampliwas utilized to accommodate the 132 pads required for physical
tude modulation vary psychophysical perception. Furthermof@nnections to the 100 electrodes, supply rails, peripheral com-
the advancing capabilities of the more recent cochlear neuRNents, and desired test points. It is feasible to utilize the iden-
prostheses, specifically their ability to stimulate at faster rati§al circuit design and reduce the die size to that of2.2.2
(kHz order), have raised concern over the ability to recovB¥M using 1.2xm technology. The die could then be mounted
residual charge imbalances [27] as stimulation rates increastsing “flip-chip” technology so as to avoid the clearance diffi-

These examples argue in favor of amplitude modulation ovelties associated with wire bonding on closely pitched bonding

pads.

IA recent study indicates that charge recovery may be improved throughAs mentioned previously, the “ideal” DAC type, logarithmic
the introduction of a cathodic-anodic-anodic-cathodic stimulus sequence (rat§eflinear. remains to be determined. It is desirable to have both
than cathodic-anodic-cathodic-anodic) [28]. However, the effects of this vafi- ' . . . Lo
ation on the generation of action potentials, stimulus thresholds and ultimgyspeS of DAC available on the ASIC with a hard-wired logic bit

psychophysical perception are yet to be described in the literature. providing a mechanism for the selection of either DAC.
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IV. CONCLUSION [17]

A 100-electrode neurostimulation ASIC has been designed,
fabricated and shown to perform satisfactorily in accordancé'8l
with the design in terms of DAC output, multiplexing and data
decoding via RF telemetry. The system integrates a number §f9]
novel features, including 100 unique stimulation sites, bidirec-
tional telemetry, scalable output, programmable DAC, controf2g
over pulse widths, and a data transfer protocol with error han-
dling features that ensure patient safety. [21

The system was primarily designed as part of an intra-oc-
ular vision prosthesis for epiretinal stimulation. However, thel22]
telemetry system and stimulus output of the ASIC are such that
the system could conceivably be utilized in many other fields of
neurophysiology such as stimulation of motor neurons, auditorW]
prosthetics, and bladder control to name but a few.

The advent of this ASIC shall now provide a basis for furtherl24]
research in neurostimulation, specifically, study related to the

implementation of intra ocular vision prostheses.
[25]
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