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Abstract—Attempts are underway to construct a retinal
prosthesis to recover limited vision for blind patients with re-
tinitis pigmentosa using implantable electronic devices. These
microchips provide electrical stimulation to damaged retinal
tissues using an array of stimulus circuits. This paper describes
improvements to conventional circuit designs with significantly
decreased implementation area and the ability to support arbi-
trary stimulus waveforms where an array of such stimulus circuits
is required. This yields greater spatial resolution in stimulation
owing to more stimulus circuits per chip area. Also introduced are
digital-to-analog converter gain prescalar and dc-offset circuits
which tune the stimulus circuits to an optimally effective range
due to variation in retinal degradation. The prototype chip was
fabricated by MOSIS in 1.2- m CMOS technology.

Index Terms—Age-related macular degeneration, digital-
to-analog converter (DAC), electrical stimulation, retinal pros-
thesis, retinitis pigmentosa, visual prosthesis.

I. INTRODUCTION

A GE-RELATED macular degeneration (AMD) and retinitis
pigmentosa (RP), which are among the leading causes

of blindness [1], affect over 10 million people worldwide
through progressive photoreceptor loss (rod/cones) in the retina
[2]. Attempts are underway to construct a visual prosthesis
to recover a limited sense of vision for these patients using
implantable electronic devices to electrically stimulate existing
viable retinal tissues using an array of on-chip stimulus circuits.
Acute medical experiments have determined that the effective
impedance of RP and AMD degenerate retinal tissue at the
stimulation frequencies of interests (40–60 Hz) varies around
a value of 10 k [3] and could require stimulus current
amplitudes upwards of 600A [4]. The demonstration that direct
electrical stimulation of retinal ganglion cells can create visual
sensation in patients has been shown clinically [5]. Controlled
biphasic charge-balanced current signals in this range delivered
to degenerate retina can elicit the perception of phosphenes, or
spots of light, in blind patients. By stimulating several adjacent
locations simultaneously on the retina patients can experience
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multiple phosphenes which convey an image when viewed
collectively. Patients have been able to recognize alphabetic
characters and other simple patterns when stimulated by a
small array (e.g., 3 3 or 5 5) of retinal electrodes. This
opens the possibility of an electronic prosthesis to bypass the
defective photoreceptors. Several studies have investigated the
effectiveness of low-resolution vision [5], [6]. Results from [7]
indicate that larger electrode size/spacing increases the difficulty
in detecting facial features. Images of only two gray levels are
insufficient for resolving facial detail. A reduction in electrode
count from 25 25 to 16 16 requires more manual “scanning”
across the scene to offset “tunnel vision.” This was exacerbated
when increasing the pixel dropout percentage. Based on these
insights, innovative circuit topologies yielding greater spatial
or intensity resolution through reduced circuit area would be
valuable to visual prostheses. Furthermore, differing degrees
of retinal degeneration among patients requires various forms
of stimulation patterns.

Numerous stimulators designed for visual prostheses
[8]–[10] use current-mode digital-to-analog converters (DACs)
which switch currents weighted in powers of two. Although this
does not provide linearity as good as with “thermometer-coded”
DACs [11] and requires the same amount of analog circuitry
[12], the binary-weighted DAC requires no decoding of the
digital input, justifying its popularity in implantable devices
where area is a premium. The major disadvantage of both
DACs for implantable stimulators is an implementation area
which grows exponentially with resolution.

In [13], a DAC implementation is reported with circuit
area reduced to 0.01 mmin 1.2 m for 5-bit resolution
in which device widths and lengths are varied together to
achieve a power-of-two current weighting. Since tracking
performance between transistors in current mirrors can suffer
from variation, process variation in device geometry, or from
channel length modulation [14], this approach may lead to
nonmonotonicity in the DAC transfer function. Themultibias
DAC offers an alternative where devices of fixed width and
length are used in a low-area topology while retaining low
integral nonlinearity (INL) and differential nonlinearity (DNL).
INL is a measure of deviation of the actual transfer function
from a straight line whereas DNL is a measure of deviation of
the actual least significant bit (LSB) step size from the ideal
step size. The circuit area scales linearly versus number of bits
instead of exponentially, yielding more stimulus circuits per
chip area and thus, greater stimulus resolution.

This paper is organized into six sections. Section II intro-
duces the novel multibias concept and how this leads to a
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Fig. 1. Multibias DAC concept introduced with simple pMOS current mirrors.

lower implementation area over conventional stimulus circuits.
Section III discusses circuit implementation. Section IV pro-
vides experimental measurements and additional insights from
circuit simulation. Section V covers improvements and design
enhancements in future revisions, with concluding remarks in
Section VI.

II. PROPOSEDIMPROVEMENT: MULTIBIAS DAC

Currents in the binary-weighted DAC derive from a shared
field effect transistor (FET) gate bias which is produced in a
single reference branch. This is distributed across the DAC
branches to reproduce the output currents. The power-of-two
weighting of the branch currents is controlled using device
geometries, defined as , for

(neglecting channel length modulation). For an
-bit DAC of simple current mirrors, this requires

transistors of size . The modification developed for the
multibias DAC is to replace the single FET gate bias, with
multiple gate biases ( ),
with transistors all sized at instead of tran-
sistors. Then, the drain currents for the-bit DAC become

. This new technique is referred
to as themultibias DAC, because each DAC branch uses
an independent FET gate bias. Hence, relative currents are
controlled by gate bias rather than by geometry. This permits
each branch to use identically sized devices, which is the key
to area reduction while preserving device tracking, as shown
in Fig. 1(a) for an 8-bit DAC. The biases are generated using

currents drawn through diode connected FETs with the aid of
a conventional binary-weighted DAC, as shown in Fig. 1(b).
Although this second DAC would appear to impart a high
area penalty, it is instantiated only once per chip to service a
much larger array of reduced area stimulus circuits based on
the multibias concept. The bias voltages – are,
therefore, generated centrally and distributed to all of the DACs
throughout the stimulator.

III. CIRCUIT IMPLEMENTATION

A. Architecture

The architecture of the prototype chip for the proposed stim-
ulus circuit is shown in Fig. 2. It is programmed serially using
digital clockanddata input pins. The chip processes aconfigu-
ration packet and astimulusdata packet. Digital data is shifted
into a 15-bit first-in-first-out (FIFO) shift register – on
eachclock cycle and is then latched into either a 15-bitcon-
figuration data register using theload-configinput or else into
an 11-bitstimulusdata register using theload-DACinput. Bits

– tune the adjustable resistance in the current reference
circuit (or select an off-chip using ), bits - pro-
gram the current gain prescalar (discussed in Section III-E1),
bits - program the multibias dc-offset DAC (discussed in
Section III-E2), and bits - of the stimulus data register
program the 8-bit multibias stimulus DAC (discussed in Sec-
tion III-B). The current outputs from the stimulus DAC and the
dc-offset DAC are summed and passed into the biphasic current
output amplifier. Bits and determine current steering within
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Fig. 2. System block diagram for the reduced-area (multibias) DAC prototype chip.

Fig. 3. Wide-swing cascoded configuration of the multibias DAC.

the output amplifier (discussed in Section III-D), to produce ei-
ther an anodic or cathodic current pulse.

B. 8-Bit Wide-Swing Cascoded Multibias DAC

INL and DNL in the transfer characteristic of the multibias
DAC are sensitive to correctly scaled currents in the DAC
branches. Each branch current associated with a digital
input bit should be twice the magnitude of branch current

. Therefore, we have investigated the performance of a
wide-swing cascoded form of the multibias DAC, as shown
in Fig. 3. This structure provides increased output impedance
for improved branch current tracking, while requiring only one
additional cascode bias to be distributed to the DACs.

Fig. 4. Wide-swing cascoded 8-bit multibias generator (biases shown for the
stimulus DAC only).

C. Multibias Generator

The multibias generator, shown in Fig. 4, is a centrally
located circuit which produces gate bias potentials for all
the multibias DACs. It is analogous to Fig. 1(b) with the
exception that the devices are now wide-swing cascoded. The
bias voltages of and , as well as
from Fig. 5, are produced in a tunable current reference circuit
based on the type from our prior stimulator IC design [10],
with the addition of a digitally adjustable biasing resistance to
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Fig. 5. Biphasic current output amplifier.

tune the reference current. The bias voltage of derives
from the gain prescalar from Fig. 6, which in turns uses
from the current reference circuit. NFETs – and

– in Fig. 4 form the wide-swing cascoded weighted
DAC which mirrors this reference current in binary-weighted
fractional increments. The resulting current-source bias poten-
tials along with the cascode bias

form the set of biases which are distributed to the
multibias stimulus DACs.

D. Biphasic Output Current Amplifier

The current from the multibias DAC is passed into
a biphasic current amplifier, which acts as an output stage to
drive the tissue impedance. It is detailed in Fig. 5. The current
from the DAC is passed into NFETs and , which form
the reference branch of a wide swing cascode mirror formed
with and (for producing the anodic pulse) and with

and (for producing the cathodic pulse). Output stage
FETs , and are 30 times wider in order to
mirror the multibias DAC up to full-scale level of 400A
[4]. Logic signals and control complementary
switches to enable or disable the anodic (– ) and cathodic
currents currents, respectively. As this output stage
is intended for our epi-retinal prosthesis [10], the combined
electrode/retina impedance is modeled with the load resistance

. Although the value of this load varies with geometry
of the electrode, extent of retinal degeneration, and frequency
of stimulation, impedances on the order of 10 khave be
observed experimentally [3]. Wide-swing cascode current
mirrors are used in the output stage to achieve maximum output
current per supply voltage while maintaining FET operation in
the saturation region [12].

E. Gain/Offset Scaling of Stimulus Currents

Generally, more advanced retinal degradation is accompa-
nied by a greater stimulation threshold requiring a minimum
current to elicit perception. Moreover, sensitivity in

Fig. 6. Digitally programmable 4-bit reference-current gain prescalar circuit.

perception to brightness variation should saturate at some cur-
rent amplitude with no change in perception from in-
creased stimulus currents. The prototype IC implements a gain
prescalar and a dc-offset DAC which produce a currentgain
and offset to define and . These establish
the operating range of the the 8-bit multibias DAC such that

from the output amplifier.
This prevents the loss of stimulus resolution over the domain
of excitation currents which are effective for eliciting percep-
tion, and thus, provides greater flexibility for device optimiza-
tion compared with our previous IC design [10].

1) Programmable Current Gain Prescalar:The gain
prescalar circuit, shown in Fig. 6, allows the master reference
current to be scaled from 1/16th to 100% of its nominal value
with 4-bit linear resolution. A copy of the reference current is
reproduced from biases and in NFETs and

, which is passed to the wide-swing cascoded reference
branch of and . This current is fractionally mirrored into
the binary-weighted branches of – , thus implementing
a 4-bit conventional wide-swing cascoded current-mode DAC.
The complementary switches controlled by– enable the
DAC branches by switching the gate potential of the current
source PFETs ( , and ) to either the bias
voltage from the reference branch (ON state) or to (OFF

state). The unswitched branch of and prevents a gain
of zero such that – does not yield zero current.
Selected current from the prescalar DAC is passed to NFETs

and and then mirrored into the multibias generator,
to supply bias potentials for the stimulus DACs. The prescalar
current programmed by – establishes a full-scale current
over which the multibias DAC exercises its 8-bit resolution
using bits – . The gain prescalar is implemented only
once on the chip to establish a global shared current gain for all
of the multibias stimulus circuits on chip.

2) Programmable Multibias DC-Offset DAC:The offset
DAC, shown in Fig. 7, provides the minimum current of

by implementing a 4-bit current-mode DAC which
again scales the master reference current from zero to its
nominal value. The dc-offset DAC is contained in each
stimulus circuit. Accordingly, it is implemented using the
proposed multibias concept to reduce area. Accordingly, it
taps gate bias voltages from the central multibias generator.
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Fig. 7. Digitally programmable 4-bit multibias dc-offset DAC (in parallel with the 8-bit multibias stimulus DAC).

Fig. 8. Experimental measurement of the 4-bit gain prescalar.

The DAC is implemented with PFETs – equally sized,
which implement wide-swing cascoded current mirrors in the
same manner as in the multibias stimulus DAC. Bits–
control complementary switches to enable or disable the DAC
branches. The selected current is connected in parallel with the
current from the 8-bit multibias stimulus DAC, summing the
two currents into the load (recall from Fig. 5).

IV. M EASUREDRESULTS

The prototype chip was fabricated in 1.2-m CMOS with
a die size of 2.2 mm 2.2 mm. Measurements are taken of
the circuit’s output current delivered to the load resistance,

k , as shown in Fig. 5. An important design
criteria in circuits for bioimplantable neurostimulators is that
biphasic currents be charge balanced in order to protect the
electrodes. Therefore, the performance of the new multibias
DAC in Fig. 3 and the output amplifier of Fig. 5 is characterized
in terms of linearity, and accuracy (or tracking). Power-supply
sensitivity is measured due to anticipated transient disruptions
in supply levels if powered from a wireless telemetry link where
relative motion between coils can occur. Power consumption
and output impedance are also assessed.

A. Gain Prescalar Measurement

In measuring the performance of the gain prescalar, the cur-
rent reference circuit is tuned to yield of 400 A. Six-
teen separate measurements were taken, one for each setting
of the 4-bit prescalar circuit. For each gain setting, the dig-
ital input to the 8-bit multibias stimulus DAC was swept from
00(hex) to FF(hex). This produces a stimulus current
in ranging from zero to the maximum value determined
by prescalar current , with a full-scale expected anodic
and cathodic current of 400A. The dc-offset DAC of Fig. 7
was set to – during these measurements. The ex-
perimental measurements overlayed and shown in Fig. 8 indi-
cate that the gain prescalar can effectively vary the full-scale

value.

B. DC-Offset Measurement

In measuring the performance of the dc-offset DAC, sixteen
separate measurements are again taken for each selectable offset
level. For each setting, the digital input to the 8-bit multibias
stimulus DAC is swept from 00(hex) to FF(hex). This yields
a stimulation current in ranging from a min-
imum value established by the dc-offset DAC to a max-
imum value determined by the prescalar current , with
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Fig. 9. Experimental measurement of the multibias dc-offset DAC.

a full-scale expected anodic and cathodic current of 400A.
At V load current much beyond 400A will
force PFETs – of the biphasic amplifier into the linear
region and will clip the output current. This is evident in the
curves of Fig. 9, where the gain prescalar is programmed at
a setting of (binary), corresponding to a
full-scale load current of approximately 260A. For this set-
ting, a dc-offset programmed setting near
(binary) and beyond will lead to clipping. In practice, the gain
prescalar and offset DAC would together be programmed to im-
plement and current limits within the drive
capabilities of the stimulus circuits. The experimental measure-
ments shown in Fig. 9 indicated that the multibias dc-offset DAC
wired in parallel with the stimulus DAC can effectively estab-
lish to conserve resolution in the stimulus DAC.

C. Linearity

Linearity in the DAC’s transfer characteristic is useful for
characterizing the effectiveness of tissue stimulation as a func-
tion of current amplitude. Thus, we measure the INL and DNL
errors in the currents delivered to . INL is measured
with respect to a straight line connecting the endpoints. That
is, , for
where , for bits. DNL
is measured as the ratio of the actual step size to the nominal
step size. That is, , for

. Accordingly, the error in the anodic and cathodic
currents is shown in Fig. 10(a) and (b). Maximum error is

3.11 LSB and 1.59 LSB, respectively. The DNL error in
the anodic and cathodic currents is shown in Fig. 10(c) and
(d), for which maximum errors are 2.15 LSB and 2.11 LSB,
respectively. This renders the 8-bit DAC to six bits of accuracy.
Circuit simulations show that the multibias DAC concept
is susceptible to DNL errors. We discovered that the refer-
ence currents in FETs – in the multibias generator
(Fig. 4) and the mirrored currents in FETs – of the
multibias DAC (Fig. 3) did not match precisely, but were
instead mirrored to the DAC with positive offsets which
became progressively larger for the higher order bits. The
source of these offsets is related to the difference in output
impedance between FETs – in the multibias generator
and FETs and in biphasic amplifier into which the
multibias DAC delivers its current . As the widths of

– increase from to , the
discrepancy in mirrored current increases. When stepping
through the DAC digital input in a binary fashion, these
current offsets lead to negative DNL errors at each major
bit transition

Fig. 10. Experimentally measured integral and differential nonlinearity
characteristics of current outputs from Fig. 5 at 400-�A full-scale current.

. In order to achieve
these measurements in spite of the inherent nonmonotonicty in
the wide-swing form of the multibias DAC, it was necessary
to increase the widths of and to and
and to in the multibias generator (Fig. 4) with
identical changes to , and in the multibias
DAC (Fig. 3). This is estimated to increase the implementation
area by approximately 10% of the what it otherwise would be
if all FETs were sized at .

Although not fabricated on the test chip, we subsequently
discovered that a fully cascoded form of the multibias gen-
erator and DAC, shown in Fig. 11, is more immune to these
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Fig. 11. Fully cascoded topology of the multibias concept.

nonmonotonicities because of the higher output impedance
of this circuit structure. It, therefore, produces negligible off-
sets in the mirrored currents yielding improved INL and DNL
without the need to extend device sized in the high order bits.
Circuit simulation yields curves similar to those in Fig. 10
with lower maximum INL errors of 1.31 LSB and 0.45 LSB
for the anodic and cathodic currents, respectively, and reduced
maximum DNL errors of 0.55 LSB for both currents. This
improvement in INL and DNL comes at the expense of a
greater number of bias potentials which must be distributed
to the DACs (eight current source biases plus eight cascode
biases, for a total of 16 per DAC for 8-bit resolution).

D. Accuracy

We measure the accuracy in terms of the tracking between the
anodic and cathodic currents. Fig. 12 provides the current am-
plitude of the two currents delivered into for a full-scale

value of 400 A at V. The increase
of to V was determined experimentally to keep
the pMOS mirrors from entering the linear region. The mea-
surement shows that the anodic current is less by an amount
equal to 14.56 LSB at – FF or 5.74% with respect to
the cathodic current. The charge imbalance on electrodes due to
this mismatch could be depleted with a charge cancellation or

Fig. 12. Experimentally measured current amplitude matching between the
anodic and cathodic phases for 400-�A full-scale current.

shorting circuit in the output stage briefly connecting to
the ground return potential [10].

E. Power-Supply Sensitivity

When a neurostimulator is powered inductively, relative
movement between exterior and interior coils will cause a
modulation of the dc supplies to the chip. To characterize the
sensitivity to this, we measured the anodic and cathodic cur-
rents for V V and V V.
Results in Fig. 13 show good supply immunity for full-scale
current amplitudes in of 200 and 400 A, with
2.5 A V measured for the 400-A anodic current.
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Fig. 13. Experimentally measured current dependence on supply variation.

F. Power Consumption

The multibias DAC claims to provide area improvements over
the conventional binary-weighted DAC. Therefore, power con-
sumptions associated with these two topologies are compared.
Unfortunately, the binary-weighted DAC was not fabricated on
our prototype chip. Furthermore, the circuits stages do not use
isolated power-supply pins which would facilitate the analysis
of an experimental measurement of the power consumption to
be made on the prototype chip. Therefore, we have used cir-
cuit simulation for comparison of the power consumption of
these two DAC structures. A sequence of 100 biphasic pulses of
random amplitude at 100-Hz repetition rate was instructed, in
which the anodic and cathodic amplitudes were equal and pulse
widths were 2 ms. Full-scale current was 400A. By generating
such a sequence in this way, the effect of switching the gate ca-
pacitances was included. Over the duration of this sequence, the
binary weighted yields an average power of 26.70W while
the multibias DAC yields a slight improvement of 26.67W.
This difference is accounted for by the reduced gate capacitance
of the multibias DAC. The biphasic output stage itself is the
same in both cases and has an average power consumption of
217.32 W for a total of 244 W.

G. Output Impedance

The current output of the multibias DAC on the prototype
chip is not accessible off chip, but instead passes directly into
the biphasic output stage. Therefore, we have used circuit sim-
ulation to assess the output impedance, voltage swing, and cur-
rent limitations of the variations in multibias DAC topology. The
– characteristic of the wide-swing cascoded topology which

was implemented on the prototype chip is shown in Fig. 14 when
biased to several values of current. The bold curve represents
the – trajectory followed by the DAC as it proceeds from a
00(hex) to FF(hex) with a full-scale current of 13.33A, which
gives the targeted 400-A stimulus current after gain in
the output stage. An output impedance of 16.45 Mwas deter-
mined at 13.33 A, which remains greater than 16 Mfor a
voltage headroom as low as 2.46 V.

Fig. 14. Circuit simulation of the output impedance of the wide-swing
cascoded multibias DAC as implemented on the prototype chip.

Fig. 15. Circuit simulation of the output impedance of the fully cascoded
multibias DAC proposed as a design enhancement.

The family of – curves for the fully cascoded implemen-
tation is shown in Fig. 15. These curves indicate a higher output
impedance of 21.76 M at 13.33 A, which remains greater
than 20 M for a voltage headroom as low as 2.48 V.

The wide-swing cascoded topology is expected to allow for
a lower voltage headroom while allowing the devices to re-
main in saturation. This was not evident by comparing Figs. 14
and 15 where both topologies appear to have approximately the
same minimum headroom of about 2.5 V. We determined that
the wide-swing cascoded topology is not optimally biased from
a single cascode bias potential,ws pbias. Instead, each of the
eight branches of the multibias generator needs an independent
cascode biasws pbias for . In this case, the min-
imum allowable headroom for the DAC decreases to about 1 V.
The output impedance at 13.33A is 9.22 M and remains
greater than 4.26 M down to 1 V. This additional require-
ment of independent cascode biases defeats the sole advantage
of the wide-swing cascoded topology, which was to reduce the
number of bias potentials needed to use large numbers of multi-
bias DAC on stimulator ICs. The reduced headroom accompa-
nying a wide-swing topology is not really necessary since the
current level is so low (13.33A) in lieu of the gain in the
output stage. Ultimately, the fully cascoded topology becomes
the best choice for the multibias DAC since its high output
impedance most effectively minimizes nonmonotonicities in the
DAC staircase transfer function. Both the wide-swing cascoded
(as implemented) and the fully cascoded topologies provide up
to 36 A of current while remaining in saturation. Accordingly,
when sourcing the nominal full-scale current of 13.33A, the
preferred fully cascoded implementation would have about 1 V
of additional headroom.

A graph of the experimental measurement of anodic and ca-
thodic stimulus current amplitude versus the voltage across the
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Fig. 16. Experimental measurement of the output impedance of the biphasic
output amplifier stage.

biphasic output stage is shown in Fig. 16. Each point corre-
sponds to a unique resistive load applied to the circuit. From
a least squares linear fit to this data, the output impedance of
the anodic (pMOS) and cathodic (nMOS) circuitry of the output
stage was determined to be 236 and 443 k, respectively. This
is lower than would be desired for a current source. The slope
of the versus curves in the saturation region (owing to
channel length modulation) increases for progressively higher
values of (i.e., the biased drain current). In these measure-
ments, the circuits are biased to deliver the maximum nominal
stimulus current of 400 A, which yields a much lower output
impedance than would be encountered at lower current levels.
The output impedance could be improved by replacing the wide-
swing cascoded output stage with a fully cascoded stage, but
would require higher supply voltages and would worsen power
consumption for a stimulator IC using this circuit. The impact
of channel length modulation could be “softened” with longer
channel devices (thereby improving the output impedance). But,
unless the ratio is maintained by widening the devices ac-
cordingly, the voltage swing benefit of the wide-swing mirrors
is compromised. Therefore, in light of the competing constraints
of chip area (which the multibias DAC was designed to enhance)
and of power consumption, the lower output impedance of the
output stage is tolerated in the biostimulator application.

H. Sensitivity of Bias Voltages to Noise

A sensitivity analysis of multibias DAC branch currents
to bias noise is summarized in Table I. These branch cur-
rents correspond to – as annotated on the fully cascoded
multibias DAC of Fig. 11. In this study, the branch currents
were simulated with 10 mV of dc noise offset from the
nominal values of the eight current-source bias potentials,

– of PFETs – , and the eight cascode
bias potentials – of PFETs – . As
expected, the noise on biases – imparts greater
current disturbance than noise on biases – .
Furthermore, the lower significant bits exhibit more sensitivity
expressed in percent difference. However, in spite of a lower
sensitivity to noise in the higher order bits, as the nominal
currents increase by factors of two, the10 mV of bias noise
results in a larger absolution deviation in the current. If routing
resources allow, a better solution would provide grounded
shielding for all sixteen bias potentials. If a compromise must
be made, then shielding preference should be given to the
current source biases, – , owing to their greater
sensitivity to noise.

TABLE I
BRANCH CURRENT SENSITIVITY TO BIAS NOISE

TABLE II
CHIP PERFORMANCESPECIFICATION AND MEASUREMENTS

I. Area Reduction

A summary of the experimental measurements and simu-
lations results is provided in Table II. A die photograph of
the prototype chip is shown in Fig. 17. The die measures
2.2 mm 2.2 mm and was fabricated in the AMI 1.2-m
CMOS process through MOSIS. The area occupied on the chip
by the 8-bit multibias generator is 0.177 mm, which while ap-
pearing significant is incurred only once per chip to service an
array of multibias DACs. The binary-weighted DAC employed
within the multibias generator occupies an area of 0.107 mm.
The multibias DAC, on the other hand, consumes 0.0265 mm,
for a savings of 75% compared with the conventional binary
current-weighted DAC, with potentially higher savings from
tighter layout in more advanced IC processes having more
than two metal layers for routing the bias potentials, as was
available in AMI 1.2- m CMOS. In AMI 1.2- m CMOS, the
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Fig. 17. Die micrograph of themultibiasDAC prototype IC.

fully cascoded multibias DAC topology is estimated to require
about 25% more area that the wide-swing cascoded topology,
owing to the routing overhead of the additional bias potentials.

V. IMPROVEMENTS ANDDESIGN ENHANCEMENTS

One concern of the multibias concept to reduce area regards
the impact of noise on the bias voltages. Future implant ICs
will contain arrays of hundreds of stimulator circuits, with
the bias potentials of the multibias DACs distributed across
the chip from the central multibias generator. Two foreseeable
sources of noise exist. Our recent stimulator devices [10] are
mixed-signal designs with digital clocks and data distributed
throughout the chip alongside analog dc bias potentials with
capacitively coupled noise. In the AMI 1.2-m process with its
two metal layers, there is limited routability to protect the bias
potentials from noise on adjacent interconnect and from noise
injected into the substrate. In more advanced IC processes

with more metal layers, all of the multibias potentials can be
collected into a common group with grounded interconnect on
either side of the group and grounded metal shield planes above
and below the group [15]. However, when the complementary
switches in the multibias DACs toggle state, clock feedthrough
noise can couple onto the multibias interconnect and affect
other multibias DACs sharing those biases. Replacing these
switches with single FET pass gates in series with the branch
current will remove clock feedthrough noise onto the bias
voltages, albeit at the cost of higher necessary to keep the
DAC FETs saturated. In this configuration, the unswitched
bias potentials connect directly to the FET gate terminals
and provide additional noise immunity in that the biases
are “buffered” by the combined gate capacitances of all the
multibias DACs. Noise associated with series switching of
the branch current should not be problematic as it relates to
electrical stimulation in our retinal prosthesis. Since the time
scale of this noise is much shorter than the stimulus pulse
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widths needed for ganglion cell excitation [5], [16] and is
shorter than the refractory times of the neurons/cells [17], it is
not expected to elicit perceptual artifacts.

VI. CONCLUSION

We have introduced key improvements to the stimulus cir-
cuit used in our existing retinal stimulator designs. The gain
prescalar and dc-offset circuits allowed the stimulus circuits to
be tuned to compensate for variations in retinal degradation per
patient. In additional, a novel modification to the conventional
binary-weighted current-mode DAC based on distributed mul-
tiple bias potentials was presented to significantly reduce im-
plementation area. Measured INL and DNL of3.11 and 2.15,
respectively, were obtained with even better metrics expected
from the fully cascoded topology. Anodic and cathodic current
tracking within 5.74% was experimentally measured with good
supply insensitivity of 2.5 A V recorded. The multibias ap-
proach significantly decreases the circuit area compared with
the conventional DAC structure, resulting in a linear instead of
exponential increase in area versus resolution. Transistor counts
are reduced from FETs for an -bit conventional bi-
nary-weighted DAC using cascoded mirrors to FETs for the
reduced-area multibias DAC. Area savings for an 8-bit DAC are
approximately 75%. The benefits of reduced area will be bene-
ficial for increasing spatial resolution in stimulator devices and,
consequently, the effectiveness of visual prostheses.

REFERENCES

[1] L. Hymen, “Epidemiology of eye diseases in the elderly,”Eye, vol. 1,
pp. 330–341, 1987.

[2] (1993) Eye care statistics.Association of Vision Science Librarians. [On-
line]. Available: http://spectacle.berkeley.edu/library/stats.htm#age

[3] A. B. Majji, M. S. Humayun, J. D. Weiland, S. Suzuki, S. A. D’Anna, and
E. De Juan Jr., “Long-term histological and electrophysiological results
of an inactive epi-retinal electrode array implantation in dogs,”Inves-
tigative Ophthalmol. Vis. Sci., vol. 40, no. 9, pp. 2073–2081, Aug. 1999.

[4] M. S. Humayun, private communication.
[5] M. S. Humayun, E. De Juan Jr., J. D. Weiland, G. Dagnelie, S. Katona, R.

Greenberg, and S. Suzuki, “Pattern electrical stimulation of the human
retina,”Vis. Res., vol. 39, pp. 2569–2576, 1999.

[6] K. Cha, K. W. Horch, and R. A. Normann, “Mobility performance with a
pixelized vision system,”Vis. Res., vol. 32, no. 7, pp. 1367–1372, 2000.

[7] G. Dagnelie and D. Barnett. (2000) Simulations of Prosthetic Vision.
[Online]. Available: http://www.irp.jhu.edu/media/index.htm

[8] K. E. Jones and R. A. Normann, “An advanced demultiplexing system
for physiological stimulation,”IEEE Trans. Biomed. Eng., vol. 44, pp.
1210–1220, Dec. 1997.

[9] C. Kim and K. D. Wise, “A 64-site multishank CMOS low-profile neural
stimulating probe,”IEEE J. Solid-State Circuits, vol. 31, pp. 1230–1238,
Sept. 1996.

[10] W. Liu, K. Vichienchom, S. C. DeMarco, C. Hughes, E. McGucken, M.
S. Humayun, E. De Juan Jr., J. D. Weiland, and R. Greenberg, “A neuro
stimulus chip with telemetry unit for retinal prosthetic device,”IEEE J.
Solid-State Circuits, vol. 35, pp. 1487–1497, Oct. 2000.

[11] C. H. Lin and K. Bult, “A 10-b 500-MSample/s CMOS DAC in 0.6
mm ,” IEEE J. Solid-State Circuits, vol. 33, pp. 1948–1958, Dec. 1998.

[12] D. A. Johns and K. Martin,Analog Integrated Circuit Design. New
York: Wiley, 1997.

[13] R. St-Amand, Y. Savaria, and M. Sawan, “Design optimization of a cur-
rent source for microstimulator applications,” inProc. 37th Midwest
Symp. Circuits and Systems, vol. 1, 1994, pp. 129–132.

[14] B. Razavi,Principles of Data Conversion System Design. Piscataway,
NJ: IEEE Press, 1995.

[15] C. T. Gray, W. Liu, and R. K. Cavin III,Wave Pipelining: Theory and
CMOS Implementation. Boston, MA: Kluwer, 1994.

[16] M. S. Humayun, E. De Juan Jr., G. Dagnelie, R. J. Greenberg, R. H.
Propst, and H. Phillips, “Visual perception elicited by electrical stimu-
lation of the retina in blind humans,”Archives Ophthalmol., vol. 114,
pp. 40–46, 1996.

[17] D. Purves, G. Augustine, D. Fitzpatrick, L. C. Katz, A. S. LaMantia, and
J. O. McNamara,Neuroscience. Sunderland, MA: Sinauer, 1997.

Stephen C. DeMarcowas born in Fairmont, WV,
in 1971. He received the B.S. (summa cum laude),
M.S., and Ph.D. degrees in computer engineering
from North Carolina State University, Raleigh, in
1994, 1996, and 2003, respectively.

His research is in the areas of analog/dig-
ital/mixed-mode circuit design, VLSI, field
programmable gate arrays, computer vision, and
image processing applicable to retina prosthesis
development.

Wentai Liu (S’78–M’81–SM’93) received the Ph.D.
degree in computer engineering from the University
of Michigan, Ann Arbor, in 1983.

He is currently a Professor in the Department of
Electrical Engineering, University of California at
Santa Cruz. From 1983 to 2002, he was with North
Carolina State University, Raleigh, where he held the
Alcoa Chair Professorship of Electrical and Com-
puter Engineering. He has done pioneering research
on wave pipelining and timing optimization in
high-speed IC design. He has been one of the leaders

for the Retinal Prosthesis Project since its conception. His research interests
include retinal prosthesis, biomimetic microelectronic systems, integrated
neuro-electronics, molecular electronics, CMOS and SOI transceiver design,
current mode band limited signaling, microelectronic sensor, timing/clock
recovery and optimization, noise characterization and modeling, and computer
vision/image processing.

Dr. Liu has received an IEEE Outstanding Paper Award and the Alcoa Foun-
dation’s Distinguished Engineering Research Award.

Praveen Rajan Singhwas born on September 21,
1978, in Jallandhar, India. He received the B.Tech.
degree from the Indian Institute of Technology
(IIT), Madras, and the M.S. degree in electrical
engineering from North Carolina State University,
Raleigh, in 2003.

He is currently a Design Engineer with Integrated
Device Technology. His current research interests are
in the field of mixed signal IC design and biomedical
applications of circuits and systems.

Mr. Singh was a recipient of the Prof. Achim Bopp
Prize for best hardware project in electrical engineering at IIT, Madras.

Gianluca Lazzi (S’94–M’95–SM’99) received the
Dr.Eng. degree in electronics from the University
of Rome La Sapienza, Rome, Italy, in 1994 and
the Ph.D. degree in electrical engineering from the
University of Utah, Salt Lake City, in 1998.

He has been a consultant for several companies
(1988–1994), Visiting Researcher at the Italian Na-
tional Board for New Technologies, Energy, and En-
vironment (ENEA) (1994), Visiting Researcher at the
University of Rome La Sapienza (1994–1995), and

Research Associate and Research Assistant Professor at the University of Utah
(1995–1998). He is currently an Assistant Professor of electrical and computer
engineering at North Carolina State University, Raleigh. He has authored or
co-authored over 50 international journal papers or conference presentations on
FDTD modeling, wireless antennas, dosimetry, and bioelectromagnetics. He is
listed inWho’s Who in the World, Who’s Who in America, Who’s Who in Sci-
ence and Engineering, theDictionary of International Biographies, and2000
Outstanding Scientists of the 20th Century.

Dr. Lazzi was the recipient of the 1996 International Union of Radio Sci-
ence (URSI) Young Scientist Award and the 1996 Curtis Carl Johnson Memo-
rial Award for the best student paper presented at the 18th Annual Technical
Meeting of the Bioelectromagnetics Society (BEMS).



1690 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 38, NO. 10, OCTOBER 2003

Mark S. Humayun (M’97) received the B.S. degree
from Georgetown University in 1984, the M.D. de-
gree from Duke University, Durham, NC, in 1989,
and the Ph.D. degree from the University of North
Carolina, Chapel Hill, in 1994.

He is currently Professor of Ophthalmology
and Biomedical Engineering at the University of
Southern California, Los Angeles, and the Associate
Director of Research at the Doheny Retina Institute.
His research interests include retinal prosthesis,
implantable microelectronics, and ophthalmic
surgical instrumentation.

Dr. Humayun is a member of the IEEE Engineering in Medicine and Biology
Society, the Biomedical Engineering Society, the Association for Research in
Vision and Ophthalmology, the Vitreous Society, and the Retina Society.

James D. Weiland(S’92–M’99) received the B.S.
degree in 1988, the M.S. and Ph.D. degrees in
biomedical engineering in 1993 and 1997, respec-
tively, and the M.S. degree in electrical engineering
in 1995, all from the University of Michigan, Ann
Arbor.

He was at the Wilmer Ophthalmological Institute
as a Postdoctoral Fellow (1997–1999) and an Assis-
tant Professor of ophthalmology (1999–2001). He is
currently with the Doheny Retina Institute, Univer-
sity of Southern California, Los Angeles, and is an

Assistant Professor in the Departments of Ophthalmology and Biomedical En-
gineering. His research interests include electrode technology, visual evoked
responses, and implantable electrical systems.

Dr. Weiland is a member of the IEEE Engineering in Medicine and Biology
Society, the Biomedical Engineering Society, and the Association for Research
in Vision and Ophthalmology.


	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


