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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-um CMOS technology.

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

I. INTRODUCTION

GE-RELATED macular degeneration (AMD) and retinitis

pigmentosa (RP), which are among the leading cau

implantable electronic devices to electrically stimulate existi

viable retinal tissues using an array of on-chip stimulus circui
Acute medical experiments have determined that the effect

impedance of RP and AMD degenerate retinal tissue at

stimulation frequencies of interests (40-60 Hz) varies aroun
a value of 10 K [3] and could require stimulus current
amplitudes upwards of 6Q0A [4]. The demonstration that direct
electrical stimulation of retinal ganglion cells can create visu
sensation in patients has been shown clinically [5]. Controlle
biphasic charge-balanced current signals in this range deliveFe
to degenerate retina can elicit the perception of phosphenes
spots of light, in blind patients. By stimulating several adjacen
locations simultaneously on the retina patients can experie

Manuscript received May 23, 2002; revised May 19, 2003.

S. C. DeMarco, P. R. Singh, and G. Lazzi are with the Department of Eleg-
trical and Computer Engineering, North Carolina State University, Raleigh, NC,

27695 USA (e-mail: scdemarc@eos.ncsu.edu).

t

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 or 5x 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
countfrom 25x 25to 16x 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

of blindness [1], affect over 10 million people worldwid(j%f_[lo] use current-mode digital-to-analog converters (DACS)

through progressive photoreceptor loss (rod/cones) in the re
[2]. Attempts are underway to construct a visual prosthe%s
to recover a limited sense of vision for these patients usi

which switch currents weighted in powers of two. Although this
s not provide linearity as good as with “thermometer-coded”
ACs [11] and requires the same amount of analog circuitry
], the binary-weighted DAC requires no decoding of the
gital input, justifying its popularity in implantable devices

‘Sf/‘nere area is a premium. The major disadvantage of both

'[\.1')‘;\05 for implantable stimulators is an implementation area
§1ich grows exponentially with resolution.

In [13], a DAC implementation is reported with circuit
area reduced to 0.01 nfmin 1.2 pm for 5-bit resolution
iaﬂ which device widths and lengths are varied together to
aé:hieve a power-of-two current weighting. Since tracking
eéformance between transistors in current mirrors can suffer
rom V; variation, process variation in device geometry, or from
Cpannel length modulation [14], this approach may lead to
nonmonotonicity in the DAC transfer function. Timeultibias

rB:EC 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).

L is a measure of deviation of the actual transfer function
from a straight line whereas DNL is a measure of deviation of
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instead of exponentially, yielding more stimulus circuits per
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This paper is organized into six sections. Section Il 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 circuitsurrents drawn through diode connected FETs with the aid of
Section Ill discusses circuit implementation. Section IV pra conventional binary-weighted DAC, as shown in Fig. 1(b).
vides experimental measurements and additional insights fréthough this second DAC would appear to impart a high
circuit simulation. Section V covers improvements and desigmea penalty, it is instantiated only once per chip to service a
enhancements in future revisions, with concluding remarks mmuch larger array of reduced area stimulus circuits based on

Section VI. the multibias concept. The bias voltagBg.s, ,—Vbias, are,
therefore, generated centrally and distributed to all of the DACs
ll. PROPOSEDIMPROVEMENT. MULTIBIAS DAC throughout the stimulator.
Currents in the binary-weighted DAC derive from a shared . CIRCUIT IMPLEMENTATION

field effect transistor (FET) gate bias which is produced in a .

single reference branch. This is distributed across the DA Architecture

branches to reproduce the output currents. The power-of-twoTlhe architecture of the prototype chip for the proposed stim-
weighting of the branch currents is controlled using deviadus circuit is shown in Fig. 2. It is programmed serially using
geometries, defined as, = K(2"W/L)(Viet — V4)?, for digital clockanddatainput pins. The chip processesanfigu-

0 < n < N (neglecting channel length modulation). For amation packet and atimulusdata packet. Digital data is shifted
N-bit DAC of simple current mirrors, this require®® — 1 into a 15-bit first-in-first-out (FIFO) shift regista,.—Q, on
transistors of sizé¥/L. The madification developed for theeachclock cycle and is then latched into either a 15-titn-
multibias DAC is to replace the single FET gate big; with  figuration data register using thead-configinput or else into
multiple gate biasesWiasy —1, Vibiasy -2, - - - » Vbias; s Vbiaso)»  an 11-bitstimulusdata register using thead-DACinput. Bits
with N transistors all sized df//L instead of2V — 1 tran- R;—R, tune the adjustable resistance in the current reference
sistors. Then, the drain currents for tA&bit DAC become circuit (or select an off-chiRy,;.s usingRg), bits G3-G, pro-

in = K(W/L)(Viias, — Vi)?. This new technique is referredgram the current gain prescalar (discussed in Section l1I-E1),
to as themultibias DAC, because each DAC branch usebits O4-Og program the multibias dc-offset DAC (discussed in
an independent FET gate bias. Hence, relative currents &exction IlI-E2), and bitsD;-D, of the stimulus data register
controlled by gate bias rather than by geometry. This permjsogram the 8-bit multibias stimulus DAC (discussed in Sec-
each branch to use identically sized devices, which is the kign IlI-B). The current outputs from the stimulus DAC and the
to area reduction while preserving device tracking, as shown-offset DAC are summed and passed into the biphasic current
in Fig. 1(a) for an 8-bit DAC. The biases are generated usingtput amplifier. BitsA andC' determine current steering within
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Fig. 4. Wide-swing cascoded 8-bit multibias generator (biases shown for the
. . . . stimulus DAC only).
B. 8-Bit Wide-Swing Cascoded Multibias DAC "

INL and DNL in the transfer characteristic of the multibia&: Multibias Generator

DAC are sensitive to correctly scaled currents in the DAC The multibias generator, shown in Fig. 4, is a centrally
branches. Each branch curreijt associated with a digital located circuit which produces gate bias potentials for all
input bit D, should be twice the magnitude of branch currenhe multibias DACs. It is analogous to Fig. 1(b) with the
ir—1. Therefore, we have investigated the performance ofeaception that the devices are now wide-swing cascoded. The
wide-swing cascoded form of the multibias DAC, as showbias voltages o¥,casc andVi,casc(vee), @S Well sV, case(vaa)

in Fig. 3. This structure provides increased output impedanitzem Fig. 5, are produced in a tunable current reference circuit
for improved branch current tracking, while requiring only onbased on the type from our prior stimulator IC design [10],
additional cascode bias to be distributed to the DACs. with the addition of a digitally adjustable biasing resistance to
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perception to brightness variation should saturate at some cur-
rent amplitude, uration With no change in perception from in-
Fig. 5. Biphasic current output amplifier. creased stimulus currents. The prototype IC implements a gain
prescalar and a dc-offset DAC which produce a curgaih

tune the reference current. The bias voltagé/gf.» derives andoffsetto defineiipreshold @8N isaturation. These establish
from the gain prescalar from Fig. 6, which in turns u$gs. the operating range of the the 8-bit multibias DAC such that
from the current reference circuit. NFET&/>;—M>g and ithfeShOld < lstimulus < isatu@ion from the_OUtput amplifier. _
Mag—Msg in Fig. 4 form the wide-swing cascoded WeighteJh'S prevents the loss of stimulus resolution over the domain
DAC which mirrors this reference current in binary-weighte@f €xcitation currents which are effective for eliciting percep-
fractional increments. The resulting current-source bias potdih: and thus, provides greater flexibility for device optimiza-
tials Vobins7, Vobiases - - - » Vbbiaso along with the cascode biastion compared with our previous IC design [10]. .
Viease(vee) fOrm the set of biases which are distributed to the 1) Programmable Current  Gain PrescalaThe  gain
multibias stimulus DACs. 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 biaseB,.,sc and V.. in NFETs M3 and

The currentipac from the multibias DAC is passed into y; - \hich is passed to the wide-swing cascoded reference

a _biphasic_ curre_nt amplifier, W_hiCh apts as an output stagegpy -, ofM; and M. This current is fractionally mirrored into
drive the tissue impedance. It is detailed in Fig. 5. The curreg, binary-weighted branches df;—M, 4, thus implementing
from the DAC is passed into NFET®, andM>, which form 5 4 pit conventional wide-swing cascoded current-mode DAC.
the reference branch of a wide swing cascode mirror formqﬂe complementary switches controlled 8y—G,, enable the
with M; and M (for producing the anodic pulse) and Withpac pranches by switching the gate potential of the current
My and My (for producing the catho_dlc pulse). Qutput stadgy rce PFETSs NI7, Mg, My, and M;s) to either the bias
FETs My, Ms, My, and M;, are 30 times wider in order to voltage from the reference brancbn state) or toVyq (OFF
mirror the multibias DAC up to full-scale level of 400A  q4te) The unswitched branch bf; and M; prevents a gain
[4]. Logic signals 4,4 and C,C control complementary o ;o5 gych thats—G, = 0000 does not yield zero current.
switches to enable or disable the anodif;{-Ms) and cathodic ggjected current from the prescalar DAC is passed to NFETSs
currents( My, Mio) currents, respectively. As this output stag§, . anqg a7, and then mirrored into the multibias generator,
is intended f_or our epl-retm_al prosthe5|s_ [10], the com_blnetg supply bias potentials for the stimulus DACs. The prescalar
electrode/retina impedance is modeled with the load resistan¢g ant programmed bis—G,, establishes a full-scale current
Rroap. Although the value of this load varies with geometry, o \yhich the multibias DAC exercises its 8-bit resolution
of the electrode, extent of retinal degeneration, and frequeqﬁfmg bits D-—Dy. The gain prescalar is implemented only

of stimulation, impedances on the order of 1@ kave be .0 on the chip to establish a global shared current gain for all
observed experimentally [3]. Wide-swing cascode curregf e multibias stimulus circuits on chip.

mirrors are used in the output stage to achieve maximum outpuE) Programmable Multibias DC-Offset DACThe offset
current per_supply_ voltage while maintaining FET operation iBAC, shown in Fig. 7, provides the minimum current of
the saturation region [12]. itnreshold DY implementing a 4-bit current-mode DAC which
. , . again scales the master reference current from zero to its
E. Gain/Offset Scaling of Stimulus Currents nominal value. The dc-offset DAC is contained in each
Generally, more advanced retinal degradation is accompaimulus circuit. Accordingly, it is implemented using the
nied by a greater stimulation threshold requiring a minimuproposed multibias concept to reduce area. Accordingly, it
currenticneshola tO €licit perception. Moreover, sensitivity intaps gate bias voltages from the central multibias generator.

D. Biphasic Output Current Amplifier
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Fig. 8. Experimental measurement of the 4-bit gain prescalar.

The DAC is implemented with PFET&;—Mg equally sized, A. Gain Prescalar Measurement

which implement \{vide-swing_c_aSCO(J_Ied current mirrors in the |, measuring the performance of the gain prescalar, the cur-
same manner as in the multibias stimulus DAC. Bs-Oo  rent reference circuit is tuned to Yielguiue Of 400 A, Six-
control complementary switches to enable or disable the DAG., separate measurements were taken, one for each setting
branches. The selected current is connected in parallel with theihe 4-pit prescalar circuit. For each gain setting, the dig-
current from the 8-bit multibias stimulus DAC, summing th&g) input to the 8-bit multibias stimulus DAC was swept from
two currents into the load (recall from Fig. 5). 00(hex) to FF(hex). This produces a stimulus Curtienf,uius
in Rj,aq ranging from zero to the maximum value determined
by prescalar currentx30), with a full-scale expected anodic
and cathodic current of 400A. The dc-offset DAC of Fig. 7
The prototype chip was fabricated in 1u2a CMOS with was set ta)3—0, = 0000 during these measurements. The ex-
a die size of 2.2 mmx 2.2 mm. Measurements are taken operimental measurements overlayed and shown in Fig. 8 indi-
the circuit's output current delivered to the load resistanceate that the gain prescalar can effectively vary the full-scale
Rroap = 10 k2, as shown in Fig. 5. An important designisaturation Value.
criteria in circuits for bioimplantable neurostimulators is that
biphasic currents be charge balanced in order to protect fhe DC-Offset Measurement
electrodes. Therefore, the performance of the new multibiasin measuring the performance of the dc-offset DAC, sixteen
DAC in Fig. 3 and the output amplifier of Fig. 5 is characterizegeparate measurements are again taken for each selectable offset
in terms of linearity, and accuracy (or tracking). Power-supplgvel. For each setting, the digital input to the 8-bit multibias
sensitivity is measured due to anticipated transient disruptiostimulus DAC is swept from 00(hex) to FF(hex). This yields
in supply levels if powered from a wireless telemetry link whera stimulation current;uuus I Rioaqa Fanging from a min-
relative motion between coils can occur. Power consumptiomum value established by the dc-offset DAL30) to a max-
and output impedance are also assessed. imum value determined by the prescalar curren80), with

IV. MEASUREDRESULTS
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Fig. 9. Experimental measurement of the multibias dc-offset DAC.
a full-scale expected anodic and cathodic current of 480 (@) INL for the anodic ramp from 0 to 400uA for Vdd/Vss=+5v

At Vyq/Ves = £5 V load current much beyond 400A will 2
force PFETsM7—M;, of the biphasic amplifier into the linear
region and will clip the output current. This is evident in tht3 ©
curves of Fig. 9, where the gain prescalar is programmed I _,
a setting of(Gs: Go) = 1000 (binary), corresponding to a
f_uII-scaIe load current of approxim_ately 260\, For this set- 4 %0 00 50 200 250
ting, a dc-offset programmed setting néér;: Op) = 0111 DAC digital input code

binary) and beyond will lead to clipping. In practice, the gai i

érescgl)ar and o?‘/fset DAC would togpert?he% be grogrammed tgo il 2( i .I.NL forthe cathodic ramp from O to 400uA for V,ddNSS: #SV
plementis eshold @Ndisaturation CUrrent limits within the drive -
capabilities of the stimulus circuits. The experimental measul m 1
ments shown in Fig. 9 indicated that the multibias dc-offset DA <
wired in parallel with the stimulus DAC can effectively estab z

lish 7¢heshola 1O CONSserve resolution in the stimulus DAC. -1 ' ! ' ! '
0 50 100 150 200 250

DAC digital input code

C. Linearity
] o , o (c) DNL for the anodic ramp from 0 to 400uA for Vdd/Vss= +5v
Linearity in the DAC's transfer characteristic is useful fo 3 : :

characterizing the effectiveness of tissue stimulation as a fui Z 2
tion of current amplitude. Thus, we measure the INL and DN co
errors in the currents delivered #®;,04p. INL is measured 4
with respect to a straight line connecting the endpoints. Tt 5o
is, INL(n) = (i(n) — nArss + i(0)/Arss), for0 < n < 2N -1 = : : ‘ :
= 0 50 100 150 200 250
whereArsg = (i(2Y — 1) —i(0)/2Y), for N = 8 bits. DNL DAC digital input code
'St mea_sure_lqhast t_h&{]e};uo of the( ?(‘Ct”all )step S';‘Zto tr;efnoml (d) DNL for the cathodic ramp from 0 to 400uA for Vdd/Vss=5v
step size at Is (n) = n —+ (n) LSB or 3
0 < n < 2V, Accordingly, the error in the anodic and cathodnA
currents is shown in Fig. 10(a) and (b). Maximum error Icn ]
—3.11 LSB and 1.59 LSB, respectively. The DNL error ”2'
the anodic and cathodic currents is shown in Fig. 10(c) aio ©
(d), for which maximum errors are 2.15 LSB and 2.11 LSE -1

. ) X = 50 100 150 200 250
respectively. This renders the 8-bit DAC to six bits of accurac DAC digital input code

Circuit simulations show that the multibias DAC concept
is susceptible to DNL errors. We discovered that the reféf.l_g 10. Experimentally measured integral and differential nonlinearity

. . L. characteristics of current outputs from Fig. 5 at 4084ull-scale current.
ence currents in FET9/5—Ms in the multibias generator P g- 4

(Fig. 4) and the mirrored currents in FETd;—M;4 of the

multibias DAC (Fig. 3) did not match precisely, but wer@0010000,...,01111111 — 10000000). In order to achieve
instead mirrored to the DAC with positive offsets whichhese measurements in spite of the inherent nonmonotonicty in
became progressively larger for the higher order bits. Thige wide-swing form of the multibias DAC, it was necessary
source of these offsets is related to the difference in outpot increase the widths oM and M, to 2W /L and M;
impedance between FETd;—M> in the multibias generator and M;3 to 4W /L in the multibias generator (Fig. 4) with
and FETsM; and M, in biphasic amplifier into which the identical changes td/,, M1y, My, and My in the multibias
multibias DAC delivers its currenipac. As the widths of DAC (Fig. 3). This is estimated to increase the implementation
M;5—Ms, increase from(W/L)(1x) to (W/L)(128x), the area by approximately 10% of the what it otherwise would be
discrepancy in mirrored current increases. When steppitigll FETs were sized aV/ L.

through the DAC digital input in a binary fashion, these Although not fabricated on the test chip, we subsequently
current offsets lead to negative DNL errors at each majdiscovered that a fully cascoded form of the multibias gen-
bit transition (...00000111 — 00001000,00001111 — erator and DAC, shown in Fig. 11, is more immune to these
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nonmonotonicities because of the higher output impedanc Anodic/cathodic current mismatch
of this circuit structure. It, therefore, produces negligible off- <400 -
current

sets in the mirrored currents yielding improved INL and DNL =300
without the need to extend device sized in the high order bit: gzoo .
Circuit simulation yields curves similar to those in Fig. 10 2.,
with lower maximum INL errors of 1.31 LSB and 0.45 LSB 2

for the anodic and cathodic currents, respectively, and reduct = 100 150 200 20
maximum DNL errors of~0.55 LSB for both currents. This DAC digital input code '
improvement in INL and DNL comes at the expense of a

greater number of bias potentials which must be distribut&ty: 12. Experimentally measured current amplitude matching between the
to the DACs (eight current source biases plus eight cascddg™ic and cathodic phases for 408-full-scale current.

biases, for a total of 16 per DAC for 8-bit resolution).

(=)
o

shorting circuit in the output stage briefly connectiRgoap to
D. Accuracy the ground return potential [10].

We measure the accuracy in terms of the tracking between the .
anodic and cathodic currents. Fig. 12 provides the current afn- POWer-Supply Sensitivity
plitude of the two currents delivered inf&y, o 4 p for a full-scale When a neurostimulator is powered inductively, relative
istimulus Value of 400uA at Viq/Vis = £5.5 V. The increase movement between exterior and interior coils will cause a
of Vaa/Vss to £5.5 V was determined experimentally to keepmodulation of the dc supplies to the chip. To characterize the
the pMOS mirrors from entering the linear region. The meaensitivity to this, we measured the anodic and cathodic cur-
surement shows that the anodic current is less by an amotentsig;muius for5V < Vgg <7Vand-7V <V, < -5 V.
equal to 14.56 LSB ab,—D, = FF,4 or 5.74% with respect to Results in Fig. 13 show good supply immunity for full-scale
the cathodic current. The charge imbalance on electrodes duedaent amplitudes iNis¢imuiws Of 200 and 400u A, with
this mismatch could be depleted with a charge cancellation26 (A /V) measured for the 40QA anodic current.



1686 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 38, NO. 10, OCTOBER 2003

e - Zow =16.45MQ
450- Current sensitivity to supply variation i[;’:(‘ for DAC code FF(hex)
Output impedance of the multi-bias DAC
2400¢ 8 <20 20
€ v 7 v v v v v v v v \%15 %g 21
L 3s50r 5 e 6|
5 510 \C 0|2
3] o \ 8 13
= 300 o5 \ $ |2
2 b4 AN 3 l=
5 (1)) n s L L SN )
o 2501 0 05 1 15 2 25 3 35 4 4514 5
5 Voltage across the DAC (Vcc-vDAC)
g 20 gt p iac for DAC code 00(hex)
150 ; ; ; ; ; ; ; Fig. 14. Circuit simulation of the output impedance of the wide-swing
5 52 54 56 58 6 62 64 66 68 7 cascoded multibias DAC as implemented on the prototype chip.
Supply voltage, Vdd/Vss (Volts)
o cathodic current for ¢ cathodic current for
400pA full-scale 200pA full-scale
. ) Zouwt =21.75MQ
v anodic current for p> anodic current for ipac for DAC code FF(hex)
400pA full-scale 200uA full-scale Output impedance of the multi-bias DAC
<20 20
. . TR Brz
Fig. 13. Experimentally measured current dependence on supply varlatlon.g 15 = A igﬁ 3
o \ %
E10 \ vle
o \ 6 o
. o5 AN 4 |8
F. Power Consumption < AN 3 1=
o o n " : " " : " TN ;
o . . . 0 05 1 15 2 25 3 35 4 454 5
The multibias DAC claims to provide areaimprovements ove Voltage across the DAC (Vcc-vDAC)

the conventional binary-weighted DAC. Therefore, power con- ipac for DAC code 00(hex)
igh 15. Circuit simulation of the output impedance of the fully cascoded

sumptions associated with these two topologies are compargé, 1 .
Unfortunately, the binary-weighted DAC was not fabricated on" fibias DAC proposed as a design enhancement.
our prototype chip. Furthermore, the circuits stages do not use
isolated power-supply pins which would facilitate the analysis The family of I-V" curves for the fully cascoded implemen-
of an experimental measurement of the power consumptionté&ion is shown in Fig. 15. These curves indicate a higher output
be made on the prototype chip. Therefore, we have used démnpedance of 21.76 M at 13.33A, which remains greater
cuit simulation for comparison of the power consumption dhan 20 M for a voltage headroom as low as 2.48 V.
these two DAC structures. A sequence of 100 biphasic pulses ofrhe wide-swing cascoded topology is expected to allow for
random amplitude at 100-Hz repetition rate was instructed, anlower voltage headroom while allowing the devices to re-
which the anodic and cathodic amplitudes were equal and putaein in saturation. This was not evident by comparing Figs. 14
widths were 2 ms. Full-scale current was 400 By generating and 15 where both topologies appear to have approximately the
such a sequence in this way, the effect of switching the gate same minimum headroom of about 2.5 V. We determined that
pacitances was included. Over the duration of this sequence, e wide-swing cascoded topology is not optimally biased from
binary weighted yields an average power of 26,A¥ while a single cascode bias potentials pbias Instead, each of the
the multibias DAC yields a slight improvement of 26.6W. eight branches of the multibias generator needs an independent
This difference is accounted for by the reduced gate capacitaregcode biasvs pbias for 7 > ¢ > 0. In this case, the min-
of the multibias DAC. The biphasic output stage itself is thenum allowable headroom for the DAC decreases to about 1 V.
same in both cases and has an average power consumptiofitaf output impedance at 13.3&\ is 9.22 MQ and remains
217.32uW for a total of 244uW. 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-
The current output of the multibias DAC on the prototypbias DAC on stimulator ICs. The reduced headroom accompa-
chip is not accessible off chip, but instead passes directly intging a wide-swing topology is not really necessary since the
the biphasic output stage. Therefore, we have used circuit sicovrent level is so low (13.38A) in lieu of the30x gain in the
ulation to assess the output impedance, voltage swing, and autput stage. Ultimately, the fully cascoded topology becomes
rent limitations of the variations in multibias DAC topology. Thehe best choice for the multibias DAC since its high output
I-V characteristic of the wide-swing cascoded topology whidmpedance most effectively minimizes nonmonotonicities in the
was implemented on the prototype chip is shown in Fig. 14 wh&AC staircase transfer function. Both the wide-swing cascoded
biased to several values of current. The bold curve represefas implemented) and the fully cascoded topologies provide up
the I-V trajectory followed by the DAC as it proceeds from d@o 36 1A of current while remaining in saturation. Accordingly,
00(hex) to FF(hex) with a full-scale current of 13,38, which  when sourcing the nominal full-scale current of 13,88, the
gives the targeted 400A stimulus current afteBOx gain in preferred fully cascoded implementation would have about 1 V
the output stage. An output impedance of 16.48 Was deter- of additional headroom.
mined at 13.33:A, which remains greater than 16{Mfor a A graph of the experimental measurement of anodic and ca-
voltage headroom as low as 2.46 V. thodic stimulus current amplitude versus the voltage across the

G. Output Impedance
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Output impedance of the biphasic output stage

TABLE |

1687

5450 BRANCH CURRENT SENSITIVITY TO Bias NoISE
& oo "Je bias! nominal | nominal | Aips® from % diff Aips> from | % diff
5 350 value ips* +10mV AV -10mV AV
553300 T U S St Ny A NSy A NUNS) N O N v [SVII)gili %A(%w S T80 [1[19/?]00 190
Forey erey 5 < ! : : : . DhiassT | 9- ! —189. -1 X .
%250 10kQ 9kQ” 8KQ 7kQ 6kQ 5kQ 4kQ 3kQ 2kQ 1k Vohisss | 5473 | 5.0270 | -13839 | -275 | 14012 279
o ' L . ' ' . ' Dbiasss | 5-67 2.5220 | —100.19 -3.97 | 102.06 4.05
06 1 15 2 25 3 35 4 45 5 Vobimss | 5.806 12670 | —72.56 572 | 7450 5.88
Voltage headroom in the output stage (|Vdd|-|Vout|,|Vout|-|Vss|) Dbiass3 | 5-9 0.6379 -52.76 —-8.28 | 54.82 8.60
- - . : ass2 | 5.965 03219 | -37.57 —11.73 | 39.94 12.4
|D cathodic current amplitude O _anodic current amplitude I gz;:‘:f 6.011 0.1628 ~25.28 ~15.61 | 27.91 17,2Z
Vibiasso | 6.046 00823 | —15.78 -19.25 | 18.28 22.30
PbiascT | 3-037 10.030 | =5.70 ~0.06 | 5.70 0.06
Fig. 16. Experimental measurement of the output impedance of the bipha Vobiascs | 3.653 5.0270 | -3.86 -0.08 | 3.84 0.08
outout amplifier stage Vppiascs | 4.078 25220 | -2.62 -0.10 | 2.61 0.10
p p ge. Vpbiasca | 4.373 12670 | —1.81 —-0.14 | 1.81 0.14
Vibiascs | 4.576 0.6379 | —1.27 -020 | 1.27 0.20
Viviascz | 4.716 0.3219 | —0.89 -028 | 0.89 0.28
; ; ; . ; ; Voviasc1 | 4.816 0.1628 | —0.60 —-037 | 0.60 0.37
biphasic output stage is shown in Fig. 16. Each point corr jprieci | 7e02 | 7023 | 2038 To1e | 03 06

sponds to a unique resistive load applied to the circuit. Fro
a least squares linear fit to this data, the output impedance
the anodic (pMOS) and cathodic (nMOS) circuitry of the outpu
stage was determined to be 236 and 443 tespectively. This

is lower than would be desired for a current source. The sloj
of the Ipg versusl/pg curves in the saturation region (owing to

channel length modulation) increases for progressively higher
values ofVgs (i.e., the biased drain current). In these measure-

IBias potentials correspond to the 8-bit fully cascoded bias generator
of Figure 11a set to produce a 20pA full-scale current in the multi-bias
DAC of Figure 11b (”S” subscript refers to a current-source bias
otential; “C” subscript refers to a cascode bias potential).
Branch current is taken in association with the corresponding bias.

3Bias potential is offset +£10mV to model noise.

TABLE 1l

ments, the circuits are biased to deliver the maximum nominal

CHIP PERFORMANCE SPECIFICATION AND MEASUREMENTS

stimulus current of 40QA, which yields a much lower output gghsrllgéogy g’lggrlns i %#Z“I‘anMOS
impedance than would be encountered at lower current leve—ayea - :
The output impedance could be improved by replacingthe wid ~ multi-bias generator 0.177 mm?
swing cascoded output stage with a fully cascoded stage, |  multi-bias DAC 0.0264 mﬂzlz
would require higher supply voltages and would worsen pow:  Pinary current-weighted DAC 0.107 mm”
. . . L . biphasic output amplifier 0.0237 mm
consumption for a stimulator IC using this circuit. The impac—zmplitude resolution S bits
of channel length modulation could be “softened” with longe INL ™ 11 LSB
channel devices (thereby improving the outputimpedance). Bi ég&%&g‘ggg&%ﬁfﬁ’e‘m aolh
unless théV/ L ratio is maintained by widening the devices ac " DNL™~_
cordingly, the voltage swing benefit of the wide-swing mirror: ég&dggig‘gggui“cﬁ;‘gm %%? Iigg
is compromised. Therefore, in light of the competing constrain—Anodic/Cathodic mismatching 14.56 LSB (3.74%)
of chip area (which the multibias DAC was designed to enhanc_Supply sensitivity 2.5 pAIV
. . Power consumption
and of power consumption, the lower output impedance of tt ~ ., 11i-pias DAC 26.70 W
output stage is tolerated in the biostimulator application. binary current-weighted DAC 26.67 uW
biphasic output stage 217.32 pyW
e . . Output impedance
H. Sensitivity of Bias Voltages to Noise Wide-swing cascoded multi-bias DAC | 16.45 MQ
S . " Fully cascoded multi-bias DAC 21.75 MQ
A sensitivity analysis of multibias DAC branch currents  pMOS half of the biphasic output stage | 236 kQ
to bias noise is summarized in Table |. These branch ci___ NMOS half of the biphasic output stage | 443 kQ

rents correspond td;—, 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 |- Aréa Reduction

nominal values of the eight current-source bias potentials,A summary of the experimental measurements and simu-
Vbbiass7—VDbiasso Of PFETSM;—M5, and the eight cascodelations results is provided in Table Il. A die photograph of
bias potentialsVppiasc7—Vbbiasco Of PFETS M13—Mso. As the prototype chip is shown in Fig. 17. The die measures
expected, the noise on biadés,;.ss7—Vbbiasso IMmparts greater 2.2 mmx 2.2 mm and was fabricated in the AMI 1;2n
current disturbance than noise on biasgs,.scv—Vpbiasco- CMOS process through MOSIS. The area occupied on the chip
Furthermore, the lower significant bits exhibit more sensitivitpy the 8-bit multibias generator is 0.177 riywhich while ap-
expressed in percent difference. However, in spite of a lowpearing significant is incurred only once per chip to service an
sensitivity to noise in the higher order bits, as the nominalray of multibias DACs. The binary-weighted DAC employed
currents increase by factors of two, €0 mV of bias noise within the multibias generator occupies an area of 0.10Z2mm
results in a larger absolution deviation in the current. If routinghe multibias DAC, on the other hand, consumes 0.0265 mm
resources allow, a better solution would provide groundddr a savings of 75% compared with the conventional binary
shielding for all sixteen bias potentials. If a compromise mustirrent-weighted DAC, with potentially higher savings from
be made, then shielding preference should be given to tiighter layout in more advanced IC processes having more
current source biaseBpiass7—VDbiasso, OWINgG to their greater than two metal layers for routing the bias potentials, as was
sensitivity to noise. available in AMI 1.2um CMOS. In AMI 1.2um CMOS, the
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Fig. 17. Die micrograph of thenultibias DAC prototype IC.

fully cascoded multibias DAC topology is estimated to requir@ith more metal layers, all of the multibias potentials can be
about 25% more area that the wide-swing cascoded topologgllected into a common group with grounded interconnect on
owing to the routing overhead of the additional bias potentialgither 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
One concern of the multibias concept to reduce area regaatiser multibias DACs sharing those biases. Replacing these
the impact of noise on the bias voltages. Future implant IGgitches with single FET pass gates in series with the branch
will contain arrays of hundreds of stimulator circuits, witlcurrent will remove clock feedthrough noise onto the bias
the bias potentials of the multibias DACs distributed acrosmltages, albeit at the cost of high&r. necessary to keep the
the chip from the central multibias generator. Two foreseealdAC FETs saturated. In this configuration, the unswitched
sources of noise exist. Our recent stimulator devices [10] dvas potentials connect directly to the FET gate terminals
mixed-signal designs with digital clocks and data distributeghd provide additional noise immunity in that the biases
throughout the chip alongside analog dc bias potentials withhe “buffered” by the combined gate capacitances of all the
capacitively coupled noise. In the AMI 1,2 process with its multibias DACs. Noise associated with series switching of
two metal layers, there is limited routability to protect the biathe branch current should not be problematic as it relates to
potentials from noise on adjacent interconnect and from noiskectrical stimulation in our retinal prosthesis. Since the time
injected into the substrate. In more advanced IC processesle of this noise is much shorter than the stimulus pulse

V. IMPROVEMENTS AND DESIGN ENHANCEMENTS
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widths needed for ganglion cell excitation [5], [16] and is[17] D.Purves, G. Augustine, D. Fitzpatrick, L. C. Katz, A. S. LaMantia, and
shorter than the refractory times of the neurons/cells [17], itis  J- O- McNamaraNeuroscience Sunderland, MA: Sinauer, 1997.
not expected to elicit perceptual artifacts.

We have introduced key improvements to the stimulus ci
cuit used in our existing retinal stimulator designs. The ga
prescalar and dc-offset circuits allowed the stimulus circuits
be tuned to compensate for variations in retinal degradation |
patient. In additional, a novel modification to the convention:
binary-weighted current-mode DAC based on distributed m
tiple bias potentials was presented to significantly reduce i
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