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ABSTRACT to microamperes and have a slow time scale ranging
from milliseconds to seconds.

Electroanalysis involves a potentiostat that can mea-
sure the redox current while maintaining the redox po-
tential. Currently electrochemical analysis of neuro-
transmitters is done using a large benchtop potentio-
stat. Analysis is limited by the size, sensitivity and cost
of the instruments. The ability to record neurotrans-
mitter levels from a population of neurons, rather than
a single cell, is of tremendous potential. Sensor arrays
can be microfabricated to perform high spatial resolu-
tion sensing. Accordingly multichannel potentiostats
are needed to be able to process the signals from the
sensor arrays. VLSI affords high sensitivity, small fea-
ture size, low noise, low power and modularity. Inte-
grated potentiostats with one or few parallel channels
have been previously reported by others [4, 5] and our
group [6, 7].

A 16-Channel current-measuring VLSI sensor array sys-
tem for electrochemical detection of electroactive neu-
rotransmiters like dopamine and nitric-oxide is pre-
sented. The designed ADC architecture is first-order sin-
gle bit delta-sigma modulator with programmable over-
sampling ratio. The modulation of feedback duty-cycle in
modulator design enables choice of current range in ac-
cordance to magnitude and time constant of signal lead-
ing to current range that spans over six orders of mag-
nitude and sensitivity up to 1 pA at hundred millisecond
conversion time with power consumption of 100uW. A
3mm X 3mm chip in 0.5 um CMOS technology is used
for real-time multi-channel acquisition of neurotransmit-
ter concentration.

1. INTRODUCTION

Transmission of signals in neural pathways is mostly
electrical in nature with the exception of synapses, the 2. CHIP ARCHITECTURE
non-conductive gaps between adjacent neurons. Neu-

rotransmitters are a class of biomolecules that carryTne currents of interest range from picoamperes to mi-
signals across the synaptic gap between neurons iroamperes, with time scales ranging from miliseconds
the nervous systems of all living organisms. Stud- 1o seconds. The current span of several orders of mag-
ies of neural pathways and the etiology of neurolog- pjtyde calls for different scales of measurements and
ical diseases, like epilepsy and stroke, require realthe jong time constants enable long integration times.
time and sensitive detection and monitoring of neuro- A pqck diagram of one channel of potentiostat array
transmitters. Several methods like fluorescence imag-IS shown in Figure 1. The AD converter implemented

ing, immunochemical, liquid chromatography are usedg ¢\,rrent-measuring first-order single bit delta-sigma
to detect and measure neurotransmitter activity. Cer-,qqulator. The choice of the modulator is driven by
tain electroactive neurotransmitters (eg Nitric Oxide, low-frequency content of the signal of interest, which
dopamine) are amenable to detection via electrochems, ..« high oversampling ratios and trade-off between
ical analysis. Electrochemical analysis of neurotrans-j, - nqwidth and resolution. The high-frequency noise is
mitters is very attractive due to high sensitivity, rapid- oquced in digital domain together with shaped quan-
ity and the ability to perform distributed measurements i, a4ion noise. Single-bit quantization leads to very ro-

[1. 2, 3]. . . . bust circuits, less sensitive to matching and imperfec-
Electrochemical analysis is based on the fact that inyjo errors. The first-order modulator is also amenable
solution certain species can undergo a chemical reacg, simple and compact implementation. The sampled-

tion on the surface of an electrode held at a charaCy,is switched-capacitor (SC) realization offers low-
teristic potential. This characteristic potential depends,,jise and low-power implementation.

on theT species qnd is called the oxidatiop or reduction To achieve wide dynamic range of currents with
po'tenlal depending on Whether the reaction involved amultiple scales, as alternative to using imprecise
galn_of electrons (OX|da_t|o_n) or a loss of ele_ctrons (re- current mirrors, we have chosen to insert a time-
duction). In general this is theedox potential _The modulation in the feedback loop, a variable time-
electron transfer causesr@dox current proportional period over which the feedback is active. This in-

tc: thf c(;)ncl?entraélon OI the ?r;])eues, to ﬂOW. t?rpggh g:etroduces a programmable gain of input current with
electrode towards or from the source maintaining erespect to reference current of DA converter, as a

redox potential. The currents range from PICOAMPEreS; mal| input current is to be integrated over longer time

period, while a reference current is integrated over
0-7803-8665-5/04/$20.008)2004 IEEE shorter time interval. Using programmable duty-cycle
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Fig. 1. Implementation level diagram of a single chan-

nel of the potentiostat. lin (
” I {>¢ vint

for the same reference current and clock frequency, the

chip is capable of handling wide range of currents. intClk,
The decimator is implemented using binary counter Vref

and the digital value is stored in a register at the end of D :')—{

the conversion cycle. The choice of a binary counter dscClk

as decimator eliminates the problem of spurious tones

possible with steady inputs. The value is read from vn

the buffer in serial fashion asynchronously from all 16
channels using shift register.

Fig. 2. The schematic of sigma-delta current integrator

2.1. Delta-sigma modulator with programmable gain control.

The first-order delta-sigma modulator consist of cur-
rent integrator, comparator and switched-current 1-bit
DA converter. The integrator design with switched- of the period of oversampling clock. This has the same
current DAC, controlled by clock with programmable €ffect on the integrated voltage as the change of the ref-
duty-cycle, is shown in Figure 2. The measured cur-€rence current of 1-bit DAC. Effectively, we introduce
rent is integrated on capacit6l,. The capacitoiC, a gain of input current, integrated through the whole
provides a high input conductance virtual ground nodeperiod of oversampling clock, with respect to reference
at reference voltag#,.; and samples the input off- current. The 1-bit results of comparison between in-
set of the amplifier. The dominating noise source, 1/ftegrated voltage and zero-level is multiplied with the
noise, is reduced by correlated-double sampling (CDS)oversampling clock, enabling the feedback loop only
technique. 1-bit DA converter is implemented using When this clock is active. The reference current is now
switched current sources, transisfdi, and M,. The  being integrated only when oversampling cleiClk
current sources are always turned on, decreasing thé high and by varying the duty-cycle of this clock we
effect of charge injection noise. Transistdig, M,,  vary the gain of the input current, enabling multiple
M5 and Mg are minimum size switches that direct the scales with the same reference current. This clock is
reference current into integrator or reference voltagederived from the system clock of frequency fs and the
source. The reference voltagésandV, are set with duration of the period when the oversampling clock is
the single externally supplied current reference. high is equal to the period of the system clock. The
In the reset phase, at the beginning of the conver-duration of the period when the oversampling clock is
sion cycle, clockintClk, is low. The input node is lowis a multiple of period of the system clock and rep-
precharged to reference voltagée.; and integrating resents the digital gain of the input current N with re-
capacitorC is precharged to mid point of the voltage Spect to reference current of DA converter. In the Fig-
range, zero voltage level;,;,. In the conversion cy- ure 3, we illustrate the feedback-control clock, time-
cle, when clockntClk; is high,C5 provides a virtual modulated feedback signal and output voltage of the
ground node and input and reference current are beeftegrator for two different values of digital gain N. By
integrated during this cycle. In the conventional delta- adjusting the programmable duty-cycle for the same
sigma design, at the rising edge of the oversamplingreference current and system clock frequency, the chip
clock, dsC1k, the output bitD is obtained by compar-  is capable of handling wide range of currents. The gain
ison of the integration voltag®;,, and zero voltage N can be set anywhere between 1 and 65536.
level V,,,;q and it determines the sign of reference cur-  Conversion clockntClk is derived from oversam-
rent for the next period of the oversampling clock. The pling clockdsClk and their ratio defines the oversam-
maximum input current to be measured in this case ispling ratio. The oversampling ratio can also be set any-
equal to reference current. For different range of thewhere between 1 and 65536. The clo¢ksClk; and
currents to be measured, the reference current has tintClk, in Figure 2 are non-overlapping clocks de-
be changed accordingly. Instead of integrating the ref-rived from the clockintClk. The clockintClk;e is
erence current over the whole period of oversamplingthe replica of clockintClk;, with its rising edge fol-
clock, we propose to integrate it over time that is ratio lowing the rising edge ofntClk, and its falling edge



\///\ Vmig NEClk,
) C,
Current integration output Vint intCIk, Iy b
- k {>° D Q—

Time modulated feedback \_‘ intClk, dsClk—]
Feedback control clock (a) Fig. 5. Schematic of delta-sigma comparator.

Current integration output

shift registers

Time modulated feedback

Feedback control clock

(b)

Fig. 3. Time-modulation of the feedback signal for two
different values of digital gaimv.

counters clocks

{55711 1S I I I 1
mox L1 delta-sigma modulator

intClk

Fig. 4. The programmable duty-cycle clodkCk and
integration clockintClk. The gain is 3 and oversam-
pling ratio is 4 in the depicted case.

Fig. 6. Micrograph of3 x 3 mm? chip in 0.5 um

receding the falling edge of the clo¢ktClk;. The
P d g ecd h CMOS technology.

clocks are illustrated in Figure 4 for the value of the
gain of 3 and for oversampling ratio of 4.

The high gain amplifier is single-stage cascoded in-
verter operating in the subthreshold region. It offers
low-noise and low-power solution, as well as high den-
sity of integration. The gain of the inverter is sufficient
for specified resolution. 3. EXPERIMENTAL RESULTS

The voltage referenci.. ; that sets the voltage level ]
of the virtual-ground current input is jointly set for 4 The 16-Channel VLSI potentiostat measurésx
channels. Gain and oversampling ratio are same for al mm_Q in 0.5um CMOS technology. Figure 6 depicts
16 channels. the micrograph and system floorplan of the chip.

The comparator design is shown in Figure 5. The 10 demonstrate precision and wide dynamic range
comparator is reseted at the beginning of each integra®f currents over few scales using programmable feed-
tion cycle to middle point voltagd,..,s. The result Pack duty-cycle period, the input current was swept
of comparison between integrated voltage and voltagdtOm picoampers to microampers. In Figure 7 we show
Vinia is latched at the end of period of cloakCik.  the normalized digital output of the chip as function of

The high-gain amplifier used here is also single-stagelNPut current, for wide range of gains and resolutions.
cascoded inverter. The input current was swept in logarithmical fashion

using Keithley SourceMeter model 6430 (Keithley In-
struments Inc., Cleveland, OH). The gain, OSR, the
range of input currents that can be handled by those
The decimator is implemented as the simple parameters and conversion time are shown in Table 1
accumulate-and-dump circuit. The output bits of for each of the traces. The reference current was set
delta-sigma modulator that represent logic one areto 0.6uA and the system clock frequency was 2 MHz.
counted using 16-bit counter during one conversionThe input potential was setto 1 V.

period. The conversion period is programmable The chip was used for potentiostatic measurements
and represents the period of cloekkint. At the of the neurotransmitter Dopamine in a phosphate
end of each conversion cycle, the counter value isbuffered solution (PBS). A standardized solution of
written to output register and a new conversion cycle Dopamine with concentration 1.055mM and a standard
begins with cleared counter. The register can be readAg/AgCl reference electrode were used. The prepara-
asynchronously at any time during conversion cycle.tions are described elsewhere [7]. Commercially avail-
The 16 bits representing the digital value of input able carbon microfiber electrode (CF 30-250, WPI Inc,
current of each channel are shifted out bit-serially Sarasota, FL) was used as the sensor. The sensor

using clock independent of system clock and 256
cycles are necessary to read out all 16 channels.

2.2. Decimator and Serial Output



Trace | Gain | OSR| Input current | Conversion 0.5
(GQ) range time (ms)
A 20 216 +500nA 32 o4k |
B 22 215 +125nA 65 '
C 24 214 +30nA 131 —
D 26 | 213 +8nA 262 So3 1
E 28 212 +2nA 524 =
F 210 211 +500pA 1048 S o2 |
G 212 | 910 +125pA 2097 ©
H 214 29 +30pA 4194 \
| 216 | 98 +8pA 8388 01 I
Table 1. Parameters for characterization traces shown 0 ‘ ‘ ‘ ‘ ‘ ‘
in Fig. 7. 0 10 20 30 40 50 60 70 80 90
Time (sec)
0 Fig. 8. Real time neurotransmitter monitoring by the
s G// /D sc B Al icnhip using the commercial CF 30-250 as the work-
g electrode. The arrow marks denote times pE 1
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Fig. 7. Normalized digital output of the chip for several
values of gain, OSR and input currents.

(4]

and the reference electrode were immersed in the PBS
solution and boluses of the dopamine solution were
added (shown by the arrow marks on Fig. 8) into the
PBS at fixed intervals. [5

4. CONCLUSION

(6]
We presented a 16-Channel potentiostat array with
a wide dynamic range of currents that span through
six orders of magnitude and sensitivity of 1 pA. The
current range is digitally controlled through program-
mable feedback duty-ratio cycle. The potentiostat chip 7]
can be used to acquire real-time multichannel data
from microfabricated neurotransmitter sensor arrays.
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