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Abstract— A 16-channel current-measuring VLSI sensor array  Analysis is limited by the size, sensitivity and cost of the
system for highly sensitive electrochemical detection oflectroac-  jnstrument. The ability to record neurotransmitter levietsn
tive neurotransmiters like dopamine and nitric-oxide is presented. a population of neurons, rather than a single cell, is of

Each channel embeds a current integrating potentiostat whin ¢ d tential. S b icrofabdicat
a switched-capacitor first-order single-bit delta-sigma nodulator remendous potential. sensor arrays can be microiabacate

implementing an incremental analog-to-digital converter Duty- 0 perform high spatial resolution sensing. Integratedtimul
cycle modulation of current feedback in the delta-sigma lop channel potentiostats interfacing with sensor arrayswgthant

together with variable oversampling ratio provide programmable  recording of several signals of interest. VLSI technoloffgrs
digital range selection of the input current spanning over & several advantages for implementation of a highly integtat

orders of magnitude from picoamperes to microamperes. The . T e .
array offers 100fA input current sensitivity at 3.4 W power potentiostat array: high sensitivity, small feature sikmy

consumption per channel. The operation of the 8um x 3mm Noise, low power and modularity.
chip fabricated in 0.5 yum CMOS technology is demonstrated In previous VLSI designs of integrated potentiostats with

with real-time multi-channel acquisition of neurotransmitter one or few parallel channels, small input currents in the
concentration. picoampere to nanoampere range were amplified to microam-
Index Terms— Potentiostat, biomedical instrumentation, cur- pere range to facilitate current-mode analog-to-digitaih-c
rent measurement, sigma-delta modulator, switched-capéor yersjon [5]-[11]. By directly integrating the current irtpu
circuits, correlated double sampling, micropower techniges. within a current feedback modulator loop [12]-[14], we a@oi
the imprecision introduced by the amplification stage. The
I. INTRODUCTION integration of the input current is embedded within a sirgjte

TUDIES of neural pathways and the etiology of neurddelta-sigma modulator loop implementing a first-order éacr

|Ogica| diseasesi like ep"epsy and Stroke’ require reé]'lental analog-to-digital converter for increased Seﬂmand
time and sensitive detection and monitoring of neurotransmintegrated digital output [15]. Range selection over 6 desa
ters. Neurotransmitters are molecular messengers adnessof input current is performed by a combination of variabléydu
e|ectrica||y insu|ating Synaptic gaps between neuronsctEd- Cycle of current feedback and variable oversampling ratio i
chemical detection is the preferred means of neurotratemithe delta-sigma modulator.
measurement due to its high sensitivity, its fast detectfmred, ~ Low-power implementation of the potentiostat array makes
and its ability to perform distributed measurements [1]-[3 it amenable to implantation where the power source is a

Electrochemical analysis requires measuring the currdhicrobattery or passive RF telemetry based on inductive

generated by a chemical reaction, involving the species @upling. A VLSI design capable of powering both chips
interest, at an electrode held at a characteristic potetiia under normal operating conditions has been developed [16].
redox potential for that species [4]. The concentrationhef t The sensor probes can be fabricated on the same substrate
species is transduced at therking electrode which is held as the potentiostat and telemetry circuitry, creating dy ful
at the redox potential with respect to theference electrode integrated stand-alone implanted wireless probe capable o
as shown in Fig. 1. The instrument used to measure current@nsducing, sensing, processing and transmitting nenst
the redox potential is a potentiostat. Currently electematral Mitter signals [17].

analysis of neurotransmitters requires a benchtop potgati ~ The principle of digital gain modulation, and system level
description of the potentiostat with biomedical applioat
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real-time neurotransmitter measurements using elecaodg ’E@C (et Oy 1 or}
>

are presented in Section IV, followed by the concluding L
comments in Section V. G
|
/ [
[1. CHIP ARCHITECTURE 1% in ~ y>
. . . Oversampling|
The input current ranges from picoamperes to microam Vi sy v, y Cjalint' »
peres, with time scales ranging from milliseconds to sesond oduation

This wide range of currents calls for multiple scales of
measurement, while the long time constants allow for long
integration times. Long integration times call for overgding

and support the use of a lower-order delta-sigma modulator.
Delta-sigma oversampled data conversion avoids the need- <« Electrochemical Cell
for low-pass anti-alias filtering in the input, and deciroati
reduces high-frequency noise present in the current SigR@| 1. Simplified schematic of potentiostat system andrfating electro-
along with the shaped quantization noise. chemical cell.

Wide dynamic range over multiple scales of input current
is achieved by a gain-modulation scheme implemented as a
variable duty cycle shunting sequence in the D/A feedback
loop of the delta-sigma modulator. Digital control over the
duty cycle of the shunting sequence directly sets the gain =+
of input amplification, since the duty cycle effectively sitsl
the strength of the reference signal in the D/A feedback loop
by the same factor. Digital shunting of the reference signal
is more precise than analog scaling of the reference current
which is prone to mismatch errors. A precise gain factois
achieved by passing the D/A feedback for a single clock cycle
followed by G —1 clock cycles of shunting the feedback. Even
though the digital gain modulation ovérclock cycles reduces
the conversion rate by a facte?, it produces more preciseFig- 2. System level diagram of a single channel of the pisistat.
results than increasing the delta-sigma oversampling rati
OSR by the same factor owing to reduced noise, as we analyze ,
in Section Il and experimentally validate in Section IV.tWi A. Delta-sigma modulator
fixed reference current but variable feedback digital gdin  The first-order delta-sigma modulator comprises a current
and also variable oversampling ratio OSR, the potentidgstatintegrator, comparator, and switched-current singleEnit
capable of ranging digitally over a wide range of currentspnverter (DAC) with variable digital gain duty-cycle mod-
spanning 6 decades from 100fA to 500nA. ulation. The integrator and switched-current DAC are shown

The digitizing potentiostat is implemented as a first-ordém Fig. 3.
incremental ADC, a version of the first-order delta-sigma 1) Current integrator: To achieve high resolution and min-
modulator with a counting decimator [18]. A block diagranimize distortion, the input current is directly integratedto
for one channel of the potentiostat array is shown in Fig. &.capacitorC; in the feedback loop of a low-noise high-gain
The first-order incremental topology is amenable to simptk asense amplifier, converting the integrated current intoleage
compact implementation, leading to significant savingsilin ssignal. One of two values of the current integrating capacié
icon area and power consumption. A sampled-data switchédr, 100fF or 1.1pF, is selected by tkeale bit. The choice of
capacitor (SC) realization offers low-noise and low-poweéntegrating capacitanc@,; depends on the input current range
implementation. Single-bit quantization leads to veryustb and implies a trade-off between conversion speed and noise
circuits, relaxing linearity constraints in the designloé tD/A  performance as analyzed in Section IlI.
converter with decreased sensitivity to mismatch errosnG Instead of using a differential operational amplifier ashhig
modulation is implemented by shunting the D/A feedbackain element in the current integrator, we have chosen to use
turning the binary{—1,+1} feedback signal into a trinary a lower power, single ended inverting amplifier. Correlated
{-1,0,+1} level signal. double sampling (CDS) establishes the voltage at the Virtua

The decimator is implemented using a binary counteground input to the integrator through a coupling capacitor
which is clocked synchronous with the rate of digital gai@s inserted in between the integrator input and the inverting
modulation, fs/G. The decimated digital value is bufferedamplifier. The capacitaf’; samples the difference between the
in a register at the end of the conversion cycle, at a rateserting amplifier offset and the externally supplied agk
fs / GOSR. The digital outputs from all 16 channels areeferenceV,.; at the beginning of the conversion cycle,
read out asynchronously in bit serial form using an outpattivated by thentClk clock signal. The capacitandg, is
shift register. 1 pF to minimize the effect of charge leakage over the length
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Fig. 5. Circuit schematic of comparator used as single-béngjzer in the
M, delta-sigma modulator.

length (W = 48um, L = 12um) to improve matching between
Fig. 3. Schematic of delta-sigma current integrator wittiteved-current  reference currents across channels. Bias voltageand V,,
single-bit DAC. are set with a single externally supplied current reference

Irc¢. TransistorsMs, My, Ms and Mg implement minimum-

size switches to direct the reference current either in® th
of the conversion cycle. integrator or to a shunting path at the same reference wltag

The design of the single-stage cascoded inverting amplifievel V,..;. Therefore the current sourcéd; and M, are
in the current integrator is shown in Fig. 4. The choice dflways active, and their drain voltage is maintained at the
telescopic operational amplifier without tail transistesults reference voltage level,.;, decreasing the effect of charge
in high density of integration and reduced noise and power dinjection noise at the integrator input.
sipation [19], and the CDS across the amplifier further reduc  Shunting of the feedback current is controlled by the digita
effects of flicker (1f) noise [20]. For highest energy efficiencygain modulation clockdsClk. When dsCik is active, one
the amplifier is biased on the verge of the subthreshold reginpolarity of reference current is injected into the integrat
where the amplifier has maximum transconductance-to-curraode depending on the quantization Bifrom the comparator.
ratio and low power consumption. The subthreshold opearativhendsCik is low, both currents are diverted to the shunting
also provides extended output dynamic range with minimupath and cancel onto tHé..; node.
drain-to-source saturation voltage. The bias current @f th 3) Comparator: Single-bit quantization in the delta-sigma
amplifier is set by the voltage biak,” to the minimum modulator is implemented by the comparator shown in Fig. 5.
value that accommodates adequate slew rate relative to tfhe comparator is reset at the beginning of each integration
sampling frequency. At 200 nA of biasing current, 1 pF loagycle when clockntCik; is active and coupling capacit6t
capacitance and 3 V supply, simulations indicate an opep-lo(1pF) samples the mid level voltagé,;s. In the conversion
dc gain of 91 dB and gain-bandwidth product of 844.3 kHphase, when clockitClk; is low, the difference between the
No additional gain-boosting techniques were attemptettesi integrator output voltag®;,,, andV,,,, is amplified, and the
the dc gain provided was sufficient for the target resolutionresult of comparison is latched on the falling edge of clock
2) Current feedback DAC: Single-bit D/A conversion and dsClk. The same single-stage cascoded inverting amplifier of

duty-cycle modulation in the delta-sigma feedback loop afdg. 4 is used as high-gain amplifier in the comparator.
implemented by a switched current circuit comprising tran- 4) Clock timing: The timing of all clocks is generated from
sistors M, through M. The switched currents feed directlya system clockysClk at sampling ratefs, nominally 2MHz.
into the input node, where they are integrated along with tldgital gain modulation is served by cloakCik, active for
input current. The current sourcing transistdisl and M2 a single cycle in evenyG cycles, at a ratef;/G. Example
generating tail currents,.; are sized with large width and waveforms of the integrator output for different values(®f



are shown in Fig. 6. The digital gain modulation clatéCk v \///‘\
int

also clocks the counter in the decimator. The decimatedubutp

is available aftelOSR cycles ofdsClk, at a conversion rate o [
fs / GOSR controlled by integrator clockntClk. Active DAC L]
during the firstdsCik cycle, intClk buffers the decimated dsClk ~ | [ 1 [
output and resets the integrator, comparator and counter fo (a)

the next conversion cycle. Example clock signé€’lk and

intClk generated fromysClk are illustrated in Fig. 7; typical Vv \/\/\/\/\/
values of G and OSR are much larger in practice (between 1 int

and2'6).
From the integrator clockntClk non-overlapping clocks loac —\—\_[—m—l_\—m—u
intClk; and intClk, are derived. The clockntClk;. is s I e B e B e B e e

the replica of clockintClk, with rising edge following the (b)
rising edge ofintClk,; and falling edge preceding the falling
edge of the clockntClk,. All the switches are implementedFig. 6. Effect of duty cycle modulation of delta-sigma feadk on the
with complementary transmission gate MOSFETS, except tihegrated current, illustrated for two values of digitading G. (a) Lower
switches controlled byntClk,., implemented asi-channel Scale of currents at = 6. (b) Higher scale of currents & = 2.
MOSFETSs.

The operation of the modulator over one conversion cycle fgscm—m—m—m—ﬂ—m
summarized as follows. In the reset phase, at the beginriing_dSC'k -1 1 M o 1 1
the conversion cycleintClk, is active which precharges, ™% - L
in Fig. 3 to set the integrator input to reference voltdges Fig. 7. Gain modulation clockisClk and integration clockintClk,
and set the integrator output to the mid point of the voltagestrated for digital gainG = 3 and oversampling rati®SR = 4.
range, Vy.:q. On the rising edge ointClk,. the inverting
amplifier resets, charging, to sample the difference between
V,.; and the inverting amplifier threshold. The prechargingutput serial bitstream is amenable to downlink telemetry i
operations are completed on the falling edgerdiClk; ., the an implantable device for transcutaneous communication.
external referencé/..; is disconnected on the falling edge
of intClk;, and the integration acro€s, starts on the rising [1l. PERFORMANCELIMITATIONS AND NOISE

edge ofintClk,. The sequence of clockstClky, intClkie 1) Range and Resolution: The incremental delta-sigma

andintClk, implements a correlated double sampling (CDS)oerter resets the integrator at the beginning of eacteren

operation which removes the offset of the amplifier an&on period. At timenT from reset, withl’ = G/, the period

_establishes a yirFuaI 9“’9”0‘ at level., at the input _Of the ot clock dsClk, the integrator output voltag¥;,,; equals
integrator. In similar fashion, and synchronous with imggr

reset, thentClk sequence controls reset of the comparator in Vine[n + 1] = Vine[n] + (Iin — D[n]ﬁ)£7 (1)

Fig. 5 by precharging’; to remove the offset of the amplifier G "1

and set the threshold of the comparator to voltage I4gh. where D[] is the comparator output(l or +1) at timenT,
The input current is continuously integrated on capacit@yith initial conditionsV,,, [0] = Vinig = 0 @andD[0] = —1. At

C1, while the feedback current from the D/A converter ishe end of the conversion period, after a number of integnati

integrated only when the clocksClk is high, at a variable cycles equal to the oversampling ratio OSR, the integrator
duty cycle set by digital gaiiz. The single-bit quantization yoltage reaches its final value

resultD from the comparator is latched on rising edge of clock

OSR—1

dsClk. drer . T
Vint|OSR] = (OSR I, — D —. 2

[OSR] = ( ; e @
B. Decimator and Serial Output Therefore the input curreni;, (or its average over the
The decimator is implemented as the simple accumulatgtegration interval) decomposes into two terms as

and-dump circuit. The output bits of delta-sigma modulator OSR—1 I V. [OSR] C

that represent logic one are counted using 16-bit counter I, = Z Dli] ref 4 int [ ]_1 (3)

during one conversion period. The conversion period is pro- i=1 G OSR OSR T

grammable and represents the period of cloelClk. Atthe \ hare the first term represents the decimated output, and the
end of each conversion cycle, the counter value is Writtelyong term represents the conversion error. The decimated

to output register and a new conversion cycle begins Wil ¢ term defines the LSB resolution of the input current as
cleared counter. The register can be read asynchronously at
2Ly (4)

any time during conversion cycle. The 16 bits representing o '
the digital value of input current of each channel are stifte G OSR
out bit-serially using clock independent of system clockl ariThe resolution is thus given by the reference currény

256 cycles are necessary to read out all 16 channels. Toaled by both the digital gai& and the oversampling ratio



OSR, whereas the range of input curretdt..; /G is scaled by This noise contribution is shot noise limited with an input-
the digital gainG only. Correspondingly, the conversion rateeferred spectral density [22]

onv €quals
f ) _ fs ’U?zmp,n
fconv - (5)

G OSR ) .
which implies a linear trade-off between resolution and-coghere Vin = kTaps/q is the thermal voltagek is the

version bandwidth. This trade-off is further quantifiedénnhs oltzmann constant/o;. is absolu_te temperature, IS the
of the voltage range of the integrator. elementary charge of the electronjs the gate effectiveness

From (3) the range of the integrator output voltae;, over bulk back-gate coupling anfl is the bias current of

covering an LSB change in the quantized output, equals the gmpllfler. _The contribution of ﬂ'Cke.rl(f.) noise, the .
dominating noise source at low frequencies, is reducedgwin

Vianoe = 2Iref T —9 ey (6) to the effect of correlated double sampling (CDS) [23] asros
g G Oy fsCr the input capacito€’s,, at the conversion ratg.,,,,,. The switch

which corresponds to the voltage excursion across the int@iection noise sampled on capacitGy represents a DC offset
grator with the reference curreifit.; active over one master to the electrode voltage which is minimized by relativelsgia
clock cycle1/f,. By combining (4), (5) and (6) we obtain asizing of C> (1pF).
more fundamental relation between resolution and bantiwidt The input-referred current noise of the potentiostat artd da
converter is obtained by evaluating the effect of DAC cutren
sy = feonv C1Vrange: (7)  noise and integrator noise on the decimated output. Acagrdi

which reflects that the voltage excursion correspondingnto ¥ (3). the effect of integrator noise in the decimated outpu
LSB increment in the input current over one conversion cyclidligible since it amounts to a variation much smaller than
covers the range of the integrator. From (7) the resoluti@f LSB. Noise in the reference currehit; however directly

I,4 that can be attained for a given bandwidth,,, depends impacts the decimated output since it is integrated alorly wi
only on the value of the integrating capacit6. For a the input current orC;. The reference current noise density

capacitance of 1.1 pF, the input current can be resolvisggiven mainly by thermal noise in the DAC current sources

with 100 fA sensitivity in 10 s, as is shown in Section v/ 1 and 2 Y 9
Fig. 9. For the smaller value of the integrating capacitance lrefn = §4kTabsgmlAfa 9)

C; =0.1 pF, the conversion time is reduced to 1 s at the

expense of increased thermal noise in the input voltage. I'—Vgr]ere gm1 I8 the transconductance of the current sourcing

stability the capacitanc€; should be larger than the parasitictr"’ms's‘torM1 operating above threshold. Other sources of

capacitance at the potentiostat input divided by the gaihef n0|dse a;:tlr?g _ont_the DAC f_ﬁ? db?fcktc;rrent_ are ﬂ'?k.? J: 0 d
inverting amplifier, which decreases with increasing fremzy zn ]\;W' cd}\r}eg 'on n_0|§e.d bele ec t;f n_0|tse contri Uf
of fluctuations coupling into the input. The factGrreduction y M, and M, is minimized by large transistor sizingi{ =

in the bandwidth of current feedback by gain modulation thg&#M L = 12um). Noise contributions by charge injection
also contributes to the stability of the input voltage. In transistorsM3 and M5 to the integrated reference current

From (7), the current sensitivity appears to be independeﬂj?tm'm'n:';ed by the ;:ilffer?ntlatl svt\{|t?h|ngihtopdolo_gy '&5?
of the digital gainG introduced through modulation of current a:“\n;;m ains a constat..; potential on the drains
feedback. The obtained resolution for a given conversi )

bandwidth and sampling rate depends only on the produc ach gain modulation current feedback cycle contributes th
of G and OSR, and would in principle be identical for an _noise density (9) over approximatefy bandwidth, resulting

incremental data converter without gain modulatiéh-£ 0) in a total input-referred noise power

—ov, 2L A 8
‘/th KQIb .f7 ()

and with oversampling ratia2¥ OSR. However, the intro- OSR-1 ;2
duction of digital gain modulation reduces the activity of ann ~ Z #JIS”RQ

current feedback onto the input and digital switching in the i=1

decimator, and thus reduces noise and power consumption at ~ 1 g4kT gmif

the same nominal sensitivity and conversion rate. To oltkain G20SR 3 | ebsdml/s

same nominal resolutiofy,,, the incremental data converter _ ngabsgmlng”. (10)

without gain modulation require& OSR cycles of pulsed
current integration, a facta® larger than the gain modulatedThe advantage of gain modulati@s > 1 in improving the
converter. The effect of gain modulated noise on curreatirrent sensitivity of the potentiostat is evideatfold gain
sensitivity is analyzed next. modulation atG-fold increased reference current yielg&s-

2) Noise Analysis. The main sources of circuit noise af-fold reduction in input-referred noise power because of the
fecting the performance of the potentiostat and currend dateak square-root dependence of transconductance on turren
converter are the inverting amplifier in the integrator, #nel in M1 (M2) above thresholdg,,; « +/Ir.¢. However, at
DAC reference current sources. given nominal target resolutiofs, (4) and given conversion

The potentiostat voltage noise is determined by the inpitandwidth (7), the reference curreht.; is fixed, and gain
referred voltage noise of the inverting amplifier, domigalty modulation yields a neti-fold reduction in input-referred
thermal noise of the input transistor operated in subttoiesh noise power, and hence afG-fold improvement in current



sensitivity of the potentiostat (compare with Fig. 11 fo
experimental validation). Gain modulation also affordéra
fold reduction in dynamic digital power dissipation in thd
counting decimator owing to the resulting-fold reduction
in oversampling ratidOSR.

3) Power dissipation: Power dissipation is a limiting factor
in the performance of the integrated potentiostat, esfhe i
implantable applications with very low power budgets in th
microwatt range. The power dissipation for one channel ef t
integrated potentiostat and data converter is approxunaye

L IL IL L

Shift registers

Counters

1
Pdiss - 2Irerdd + 2Ided + éfconvcdecvd%i (11)

where the first term accounts for both DAC sourcesl
and M2, the second term corresponds to the integrator a
comparator amplifiers, and the last term the dynamic po
of the decimator with equivalent internal capacitive la@ag...
The limit of energy efficiency for a given resolutighOSR
can be readily estimated from (11). According to (4) and (
the first term reduces t6/ OSRC' feonv Vrange Vaa. The bi-
asing of the inverting amplifiers in the second term can be
minimized subject to bandwidth requirements. To acconeddtg. 8. Micrograph of the 16-channel potentiostat. Die $&8 x 3 mm?
a signal swingV,.qn,. in the integrator over a fraction < 1 " 0-5#m CMOS technology.
of one integration cycld" = G/ fs,

Delta-sigma modulator

TABLE |
1 PARAMETERS FOR CHARACTERIZATION TRACES SHOWN INFIG. 9.
I, = Efscl‘/range (12)

. . o o Trace | Gain | OSR | Input current | Conversion time | Power
with an equivalent condition for the comparator biasinge Th (@) range (ms) mw
resulting power decomposes into analog and digital camtrib | A 20 T 2° +500nA 32 1.27
tions B 22 215 +125nA 65 0.97

c 24 214 +30nA 131 0.67
2 D 26 213 +8nA 262 0.57
Pdiss = G OSRfcon'u (E + 1)01 ‘/;‘angevdd E 28 212 +2nA 524 0.54
1 F 210 211 +500pA 1048 0.54
+— feonvCaec Vi (13) G 212 | 210 +125pA 2097 0.54
G H 214 | 99 +30pA 4194 0.54
. . . 16 8
Gain modulation thus reduces the digital power, at the esgen L 2 2 £8pA 8388 0.54

of analog power. Even so, for largethe analog power shows
a linear dependence on resolutich OSR and bandwidth

feonv, tending to a constant figure of merit (FOM). Theascoded inverting amplifier output. These biases were pro-
reciprocal of the FOM, defined as the energy consumed Rgfied off-chip for test purposes and would incur a small area
conversion and per quantization level, is in the limit ofglr 4, power penalty when integrated on-chip. For implantable
G 1 use, it would also be necessary to generate reference gsltag
FOM C1Vrange Vaa- (14) Vie and reference curretf. ¢ u.sing pn-chip D/A converters.
For Gy = Cy = 1pF, Vg = 3V, and Viange = 0.5V, the A single clock and configuration bit sequence generates all

) _ . ‘ clock signals internally. The output is read asynchronpirsl
maximum attainable FOM is 0.7 conversions per pJ of ener g y P y id

Yft-serial form using a separate clock.
The experimental results confirm this FOM for the analog g P

component of the dissipated power.
A. Chip Characterization

IV. EXPERIMENTAL RESULTS For performance characterization of the potentiostat,chip

The potentiostat system integrates 16 identical currgnttin multiple input current sweeps were performed using a Kejthl
channels onto a single VLSI chip measuriBgk 3 mm? in  SourceMeter model 6430 (Keithley Instruments Inc., Cleve-
0.5 um CMOS technology. Figure 8 depicts the micrograpland, OH) controlled via a GBIP interface. In the following
and system floorplan of the chip. Voltage reference leVgls tests, the system clock frequendy was set to 2 MHz, the
are set individually for 4 groups each comprising 4 channelBAC reference current,.; was set to 500 nA, and the
Reference currenf,.; of the feedback DAC, gairG and amplifier biasl, was set to 200 nA. The input potentil]. s
oversampling ratidd SR are set jointly for all 16 channels. was setto 1 V. The digital gai¥ and oversampling rati®SR

The power supply voltage is 3 V, with,,;4 set to 1.5 V, were programmed individually for each test, varying betwee
and cascode biases set for a signal swing of 2.4 Vpp at thand2'6.



identical for each of the range selections in Fig. 9. We did
HGFEDTCBA not adapt the amplifier biagy( =200 nA) with the value of
digital gain G which would lead to further power savings at
high G values. At 3.3uW per channel, the resulting FOM
is 0.6 conversions per pJ consistent with (14). The measured
digital power consumption by the chip ranged from 1.2 mW
for digital gainG = 1 down to 495, W for gains larger than
G = 28. This power measure covers clock generation and bit-
serial readout in addition to the 16 decimators. Therefoee w
anticipate the 49%W asymptote of the measure excludes the
array of decimators, and the digital power ranges between 0
and 44uW per channel. Digital power consumption could be
—1,<0 further reduced by low-power digital design techniqueshsuc
o 5 s as Gray-level counters for the decimators.
10 10 10 10 To demonstrate the utility of digital gain by/G' duty-cycle
Input current [A] modulation of current feedback, we compared the sensitiv-
Fig. 9. Normalized digital output of the chip for severalues of digital !ty for dlgltal_ gan G with that for an equwaleljt mcre_ase
gain G, oversampling rati®SR and both polarities of input currents [15]. in oversampling ratioGOSR. The value of the integrating
capacitorC; was set at 0.1 pF and a current referedgg
10° ‘ ‘ ‘ ‘ value was 256 nA. The input current was swept from -800 pA
e to 800 pA in steps of 2 pA. This sweep range covers the
S +1 nA range selected by a digital ga® set to 256. Over
100 : : T the same range, the input is observed at the same effective
HEEEE ‘ ' g " 8-bit resolution by the setting; = 1 and OSR = 216,
The integral nonlinearity (INL) measured for both settings
10°k: i : STl S T B of digital gain and oversampling ratio are shown in Fig. 11.
g As predicted in Section lll, even though both settings have
) 2 the same nominal resolutidry GOSR, the setting with larger
10 G S 7 digital G gives lower error. The measured improvement in
RS e : Lo : sensitivity in Fig. 11(a) over (b) is consistent with tha/G-
1 /7 fold improvement predicted fo = 256. The instability in
s : S - - the center region of Fig. 1) is due to the small feedback
—— Obtained capacitance’; = 0.1 pF and increased input capacitance of
10°= ‘ ‘ i the autoranging sourcemeter instrument at its lowest scale
10° 10 102 10° 10 10° To test the voltage clamping characteristic of the potentio
Diaital Gain stat, we observed the variation in input voltage,startirmgnf
Fig. 10. Actual gain as a function of digitally programmeding& of current re.'SEt of the capacitar; sa_mpllng the reference VOlFageef'
measurement. Figure 12 shows the variation of voltage at the input node,
and the corresponding variation at the output of the integra
The digital gainG was set to 1 and oversampling ratitsR
To verify the range and precision of the potentiostat at fixegas 26, leading to a conversion time of 16 ms.
value of the reference current, we swept the input currentsMismatch between channels was characterized by evaluat-
logarithmicly over a range spanning over six orders of magring gain and offset errors across channels. The current was
tude [14]. Figure 9 [15] shows the normalized digital outpigwept over the range:8 nA for I..; = 2 pA, G = 256
of the chip as a function of input current. The normalizatioand OSR = 2'2. For each of the channels, the deviation from
is necessary for comparison across various scales. The deeul gain and offset was computed and represented invelati
G, oversampling rati® SR, and corresponding range of inputunits in Fig. 13. The variation is due to current mismatch
currentsl, qnqe, CONversion timel/ f..n, and power dissipa- in transistorsi/1 and M2, and could be reduced by careful
tion P, are shown in Table | for each of the traces in Fig. 9ayout techniques using centroid geometry and local ctirren
The value of the integrating capacitéf was kept at 1.1 pF. mirroring, at the expense of a two-fold increase in analog
In each consecutive sweep, the conversion time was doublpdwer consumption and significant additional silicon ak¥a.
while the value of current corresponding to the least sigaiifi opted instead for digital calibration and compensationhef t
bit was decreased four-fold illustrating the trade-offvbe#n gain and offset errors.
conversion speed and resolution of measurement. Figure 1@omparison of our design with VLSI potentiostats in the
shows the relation between the digitally programmed d@ain literature indicates highest sensitivity at lowest powen-c
and the actual measured gain [24]. sumption per channel. The comparison of current sengitivit
The analog power consumption by the chip, covering all I8/namic range, number of channels and power consumption
integrators, 16 comparators and bias circuits measured®3 is summarized in Table Il. The larger dynamic range and
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Fig. 11. Measured integral non-linearity (INL) f¢a) digital gain G = 256 and oversamplingdSR = 256; and (b) G = 1 and OSR = 216 evaluated
over the same range.
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Fig. 12. Measured voltage variatiofop: Voltage at the input node, reset to \Ij;glu:ss ac'\r/loesass?r::dlgaclzrl:;ir?r?e?sﬁset errors, relative to nohgan and offset
V,.es at the beginning of the conversion cyckottom: Voltage at the output ' :
of the integrator.

To test the chip in a more realistic situation where neu-
sensitivity of our design owes to the use of digital ga”cptransmmers are not stat|c_ but flowing, we used a_multl—
modulation. electrode flow sensor [26]. Figure 15 shows the experimental
setup with the potentiostat acquiring multichannel réaakt
dopamine concentrations from the micro-fabricated sensor
array. Figure 16 shows a multi-channel multi-site measergm

Following electrical testing and characterization of tiee p ©f dopamine. Initially PBS was pumped through the channel.
tentiostat, we performed basic neurotransmitter measemesn At ¢ =40 s, the pumped solution was changed to a dopamine
The chip was used for potentiostatic measurements of pRlution. This leads to the transient increase in the cisren
neurotransmitter Dopamine in a phosphate buffered solutifeasured by the potentiostat. The responses of individual
(PBS). Lack of dopamine producing neurons is implicated ghannels correspond to the order in which the sensors see the
Parkinson disease [25]. A standardized solution of dopamifioPamine, with the first sensor being the one most upstream.
was prepared [10] to test the chip vitro. A static cal- At ¢ =75 s, the pumping was stopped and the sensors
ibration curve of the potentiostat output versus dopamifi@nsduce the static dopamine concentration into a relgtiv
concentration was generated using commercial carbon fig@nstant current. Pumping was restarted at150 s and the
electrodes (CF30-250, WPI, FI.). Different concentragiaf PUMPping solution was changed back to PB3 a2200 s. This
dopamine were added to a stirred phosphate buffered safi@ds to transient effects again and as the dopamine is dashe
(PBS) solution and the chip output allowed to equilibridtee  OUt by the PBS, the currents return to the baseline levels.
volume of the PBS and the dopamine added were adjusted to
obtain final concentrations in steps BfiM. A commercial V. CONCLUSION
Ag/AgCI electrode (Bioanalytical Systems, IN) was used as We presented a 16-channel potentiostat array with a wide
the reference. The result is shown in Fig. 14. dynamic range of currents that span through six orders of

B. Neurotransmitter measurements



TABLE Il
COMPARISON BETWEENVLSI POTENTIOSTAT CHIPS

Sensitivity | Dynamic range | Channels | Power per channel
Kakerow [6] T00pA 75dB 1 NA
Turner [5 100nA 32dB 1 2mwW
Breten [8 > 10pA 74dB 1 NA
Bandyopadhyay [9]] 500pA 120dB 8 62.5uW
Narula [12] 1pA 116dB 1 0.13mW
Gore [13] 507A 60dB 42 TIW
This work 100fA 140dB 16 3.4uW (G > 28)
500 250¢
—— Sensor 1
200! ——Sensor 2
400¢ | ——Sensor 3
o < 150} ———Sensor 4
& 300} 1 S —— Open channels
e 1=
é g 100
3 200f © ] 5
O 50
100} @ 1 0
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Fig. 14. The static current output of the potentiostat chiprésponse to Fig. 16. Real-time 4 channel simultaneous monitoring ofroansmitters
additions of5,M dopamine. flowing in a fluidic channel.

TABLE Il
MULTI-CHANNEL POTENTIOSTATCHARACTERISTICS

Technology 0.5um 2P3M CMOS
Size 3 mmx 3 mm
Supply 3V

Current inputs 16

Current range 100 fA to 1 uA

Minimum detected current 100 fA
Power dissipation

Array:
Analog 4.3 uW / chan.
Digital 44/G uW/ chan.
Chip total 450 uW - 1.2mW
Fig. 15. Experimental setup showing the potentiostat chipriaced to the REFERENCES
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