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Milutin Stanaćević,Member, IEEE, Kartikeya Murari,Student Member, IEEE,

Abhishek Rege,Gert Cauwenberghs,Senior Member, IEEE, and Nitish Thakor,Fellow, IEEE

Abstract— A 16-channel current-measuring VLSI sensor array
system for highly sensitive electrochemical detection of electroac-
tive neurotransmiters like dopamine and nitric-oxide is presented.
Each channel embeds a current integrating potentiostat within
a switched-capacitor first-order single-bit delta-sigma modulator
implementing an incremental analog-to-digital converter. Duty-
cycle modulation of current feedback in the delta-sigma loop
together with variable oversampling ratio provide programmable
digital range selection of the input current spanning over six
orders of magnitude from picoamperes to microamperes. The
array offers 100fA input current sensitivity at 3.4 µW power
consumption per channel. The operation of the 3mm x 3mm

chip fabricated in 0.5 µm CMOS technology is demonstrated
with real-time multi-channel acquisition of neurotransmitter
concentration.

Index Terms— Potentiostat, biomedical instrumentation, cur-
rent measurement, sigma-delta modulator, switched-capacitor
circuits, correlated double sampling, micropower techniques.

I. I NTRODUCTION

STUDIES of neural pathways and the etiology of neuro-
logical diseases, like epilepsy and stroke, require real-

time and sensitive detection and monitoring of neurotransmit-
ters. Neurotransmitters are molecular messengers across the
electrically insulating synaptic gaps between neurons. Electro-
chemical detection is the preferred means of neurotransmitter
measurement due to its high sensitivity, its fast detectionspeed,
and its ability to perform distributed measurements [1]–[3].

Electrochemical analysis requires measuring the current
generated by a chemical reaction, involving the species of
interest, at an electrode held at a characteristic potential, the
redox potential for that species [4]. The concentration of the
species is transduced at theworking electrode which is held
at the redox potential with respect to thereference electrode
as shown in Fig. 1. The instrument used to measure current at
the redox potential is a potentiostat. Currently electrochemical
analysis of neurotransmitters requires a benchtop potentiostat.
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Analysis is limited by the size, sensitivity and cost of the
instrument. The ability to record neurotransmitter levelsfrom
a population of neurons, rather than a single cell, is of
tremendous potential. Sensor arrays can be microfabricated
to perform high spatial resolution sensing. Integrated multi-
channel potentiostats interfacing with sensor arrays allow joint
recording of several signals of interest. VLSI technology offers
several advantages for implementation of a highly integrated
potentiostat array: high sensitivity, small feature size,low
noise, low power and modularity.

In previous VLSI designs of integrated potentiostats with
one or few parallel channels, small input currents in the
picoampere to nanoampere range were amplified to microam-
pere range to facilitate current-mode analog-to-digital con-
version [5]–[11]. By directly integrating the current input
within a current feedback modulator loop [12]–[14], we avoid
the imprecision introduced by the amplification stage. The
integration of the input current is embedded within a single-bit
delta-sigma modulator loop implementing a first-order incre-
mental analog-to-digital converter for increased sensitivity and
integrated digital output [15]. Range selection over 6 decades
of input current is performed by a combination of variable duty
cycle of current feedback and variable oversampling ratio in
the delta-sigma modulator.

Low-power implementation of the potentiostat array makes
it amenable to implantation where the power source is a
microbattery or passive RF telemetry based on inductive
coupling. A VLSI design capable of powering both chips
under normal operating conditions has been developed [16].
The sensor probes can be fabricated on the same substrate
as the potentiostat and telemetry circuitry, creating a fully
integrated stand-alone implanted wireless probe capable of
transducing, sensing, processing and transmitting neurotrans-
mitter signals [17].

The principle of digital gain modulation, and system level
description of the potentiostat with biomedical applications
are described in a companion paper [15]. Here we present
details on the VLSI circuit implementation, analysis of pre-
cision and noise performance, and further characterization
of the circuits on multi-channel neurotransmitter measure-
ments. The architecture and circuit-level implementationof
the potentiostat with delta-sigma modulator and decimator
are presented in Section II. Section III analyzes the design
and quantifies the performance of the implemented circuits.
Experimental characterization of a fabricated prototype and
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real-time neurotransmitter measurements using electrodearray
are presented in Section IV, followed by the concluding
comments in Section V.

II. CHIP ARCHITECTURE

The input current ranges from picoamperes to microam-
peres, with time scales ranging from milliseconds to seconds.
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 oversampling
and support the use of a lower-order delta-sigma modulator.
Delta-sigma oversampled data conversion avoids the need
for low-pass anti-alias filtering in the input, and decimation
reduces high-frequency noise present in the current signal
along with the shaped quantization noise.

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 shunts
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 factorG is
achieved by passing the D/A feedback for a single clock cycle
followed byG−1 clock cycles of shunting the feedback. Even
though the digital gain modulation overG clock cycles reduces
the conversion rate by a factorG, it produces more precise
results than increasing the delta-sigma oversampling ratio
OSR by the same factor owing to reduced noise, as we analyze
in Section III and experimentally validate in Section IV. With
fixed reference current but variable feedback digital gainG
and also variable oversampling ratio OSR, the potentiostatis
capable of ranging digitally over a wide range of currents,
spanning 6 decades from 100fA to 500nA.

The digitizing potentiostat is implemented as a first-order
incremental ADC, a version of the first-order delta-sigma
modulator with a counting decimator [18]. A block diagram
for one channel of the potentiostat array is shown in Fig. 2.
The first-order incremental topology is amenable to simple and
compact implementation, leading to significant savings in sil-
icon area and power consumption. A sampled-data switched-
capacitor (SC) realization offers low-noise and low-power
implementation. Single-bit quantization leads to very robust
circuits, relaxing linearity constraints in the design of the D/A
converter with decreased sensitivity to mismatch errors. Gain
modulation is implemented by shunting the D/A feedback,
turning the binary{−1, +1} feedback signal into a trinary
{−1, 0, +1} level signal.

The decimator is implemented using a binary counter,
which is clocked synchronous with the rate of digital gain
modulation,fS/G. The decimated digital value is buffered
in a register at the end of the conversion cycle, at a rate
fS / GOSR. The digital outputs from all 16 channels are
read out asynchronously in bit serial form using an output
shift register.
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Fig. 2. System level diagram of a single channel of the potentiostat.

A. Delta-sigma modulator

The first-order delta-sigma modulator comprises a current
integrator, comparator, and switched-current single-bitD/A
converter (DAC) with variable digital gain duty-cycle mod-
ulation. The integrator and switched-current DAC are shown
in Fig. 3.

1) Current integrator: To achieve high resolution and min-
imize distortion, the input current is directly integratedonto
a capacitorC1 in the feedback loop of a low-noise high-gain
sense amplifier, converting the integrated current into a voltage
signal. One of two values of the current integrating capacitance
C1, 100fF or 1.1pF, is selected by thescale bit. The choice of
integrating capacitanceC1 depends on the input current range
and implies a trade-off between conversion speed and noise
performance as analyzed in Section III.

Instead of using a differential operational amplifier as high
gain element in the current integrator, we have chosen to use
a lower power, single ended inverting amplifier. Correlated
double sampling (CDS) establishes the voltage at the virtual
ground input to the integrator through a coupling capacitor
C2 inserted in between the integrator input and the inverting
amplifier. The capacitorC2 samples the difference between the
inverting amplifier offset and the externally supplied voltage
referenceVref at the beginning of the conversion cycle,
activated by theintClk clock signal. The capacitanceC2 is
1 pF to minimize the effect of charge leakage over the length
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Fig. 3. Schematic of delta-sigma current integrator with switched-current
single-bit DAC.

of the conversion cycle.

The design of the single-stage cascoded inverting amplifier
in the current integrator is shown in Fig. 4. The choice of
telescopic operational amplifier without tail transistor results
in high density of integration and reduced noise and power dis-
sipation [19], and the CDS across the amplifier further reduces
effects of flicker (1/f ) noise [20]. For highest energy efficiency
the amplifier is biased on the verge of the subthreshold regime,
where the amplifier has maximum transconductance-to-current
ratio and low power consumption. The subthreshold operation
also provides extended output dynamic range with minimum
drain-to-source saturation voltage. The bias current of the
amplifier is set by the voltage biasVp

b to the minimum
value that accommodates adequate slew rate relative to the
sampling frequency. At 200 nA of biasing current, 1 pF load
capacitance and 3 V supply, simulations indicate an open-loop
dc gain of 91 dB and gain-bandwidth product of 844.3 kHz.
No additional gain-boosting techniques were attempted, since
the dc gain provided was sufficient for the target resolution.

2) Current feedback DAC: Single-bit D/A conversion and
duty-cycle modulation in the delta-sigma feedback loop are
implemented by a switched current circuit comprising tran-
sistorsM1 throughM6. The switched currents feed directly
into the input node, where they are integrated along with the
input current. The current sourcing transistorsM1 and M2
generating tail currents±Iref are sized with large width and
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Fig. 5. Circuit schematic of comparator used as single-bit quantizer in the
delta-sigma modulator.

length (W = 48µm,L = 12µm) to improve matching between
reference currents across channels. Bias voltagesVp and Vn

are set with a single externally supplied current reference
Iref . TransistorsM3, M4, M5 andM6 implement minimum-
size switches to direct the reference current either into the
integrator or to a shunting path at the same reference voltage
level Vref . Therefore the current sourcesM1 and M2 are
always active, and their drain voltage is maintained at the
reference voltage levelVref , decreasing the effect of charge
injection noise at the integrator input.

Shunting of the feedback current is controlled by the digital
gain modulation clockdsClk. When dsClk is active, one
polarity of reference current is injected into the integrating
node depending on the quantization bitD from the comparator.
WhendsClk is low, both currents are diverted to the shunting
path and cancel onto theVref node.

3) Comparator: Single-bit quantization in the delta-sigma
modulator is implemented by the comparator shown in Fig. 5.
The comparator is reset at the beginning of each integration
cycle when clockintClk1 is active and coupling capacitorC3

(1pF) samples the mid level voltageVmid. In the conversion
phase, when clockintClk1 is low, the difference between the
integrator output voltageVint andVmid is amplified, and the
result of comparison is latched on the falling edge of clock
dsClk. The same single-stage cascoded inverting amplifier of
Fig. 4 is used as high-gain amplifier in the comparator.

4) Clock timing: The timing of all clocks is generated from
a system clocksysClk at sampling ratefs, nominally 2MHz.
Digital gain modulation is served by clockdsClk, active for
a single cycle in everyG cycles, at a ratefs/G. Example
waveforms of the integrator output for different values ofG
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are shown in Fig. 6. The digital gain modulation clockdsClk
also clocks the counter in the decimator. The decimated output
is available afterOSR cycles ofdsClk, at a conversion rate
fs / GOSR controlled by integrator clockintClk. Active
during the firstdsClk cycle, intClk buffers the decimated
output and resets the integrator, comparator and counter for
the next conversion cycle. Example clock signalsdsClk and
intClk generated fromsysClk are illustrated in Fig. 7; typical
values ofG and OSR are much larger in practice (between 1
and216).

From the integrator clockintClk non-overlapping clocks
intClk1 and intClk2 are derived. The clockintClk1e is
the replica of clockintClk1 with rising edge following the
rising edge ofintClk1 and falling edge preceding the falling
edge of the clockintClk1. All the switches are implemented
with complementary transmission gate MOSFETs, except the
switches controlled byintClk1e, implemented asn-channel
MOSFETs.

The operation of the modulator over one conversion cycle is
summarized as follows. In the reset phase, at the beginning of
the conversion cycle,intClk1 is active which prechargesC1

in Fig. 3 to set the integrator input to reference voltageVref

and set the integrator output to the mid point of the voltage
range,Vmid. On the rising edge ofintClk1e the inverting
amplifier resets, chargingC2 to sample the difference between
Vref and the inverting amplifier threshold. The precharging
operations are completed on the falling edge ofintClk1e, the
external referenceVref is disconnected on the falling edge
of intClk1, and the integration acrossC1 starts on the rising
edge ofintClk2. The sequence of clocksintClk1, intClk1e

andintClk2 implements a correlated double sampling (CDS)
operation which removes the offset of the amplifier and
establishes a virtual ground at levelVref at the input of the
integrator. In similar fashion, and synchronous with integrator
reset, theintClk sequence controls reset of the comparator in
Fig. 5 by prechargingC3 to remove the offset of the amplifier
and set the threshold of the comparator to voltage levelVmid.

The input current is continuously integrated on capacitor
C1, while the feedback current from the D/A converter is
integrated only when the clockdsClk is high, at a variable
duty cycle set by digital gainG. The single-bit quantization
resultD from the comparator is latched on rising edge of clock
dsClk.

B. Decimator and Serial Output

The decimator is implemented as the simple accumulate-
and-dump circuit. The output bits of delta-sigma modulator
that represent logic one are counted using 16-bit counter
during one conversion period. The conversion period is pro-
grammable and represents the period of clockintClk. At the
end of each conversion cycle, the counter value is written
to output register and a new conversion cycle begins with
cleared counter. The register can be read asynchronously at
any time during conversion cycle. The 16 bits representing
the digital value of input current of each channel are shifted
out bit-serially using clock independent of system clock and
256 cycles are necessary to read out all 16 channels. The
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output serial bitstream is amenable to downlink telemetry in
an implantable device for transcutaneous communication.

III. PERFORMANCEL IMITATIONS AND NOISE

1) Range and Resolution: The incremental delta-sigma
converter resets the integrator at the beginning of each conver-
sion period. At timenT from reset, withT = G/fs the period
of clock dsClk, the integrator output voltageVint equals

Vint[n + 1] = Vint[n] + (Iin − D[n]
Iref

G
)

T

C1

, (1)

whereD[n] is the comparator output (−1 or +1) at timenT ,
with initial conditionsVint[0] = Vmid = 0 andD[0] = −1. At
the end of the conversion period, after a number of integration
cycles equal to the oversampling ratio OSR, the integrator
voltage reaches its final value

Vint[OSR] = (OSR Iin −
OSR−1
∑

i=1

D[i]
Iref

G
)

T

C1

. (2)

Therefore the input currentIin (or its average over the
integration interval) decomposes into two terms as

Iin =

OSR−1
∑

i=1

D[i]
Iref

G OSR
+

Vint[OSR]

OSR

C1

T
(3)

where the first term represents the decimated output, and the
second term represents the conversion error. The decimated
output term defines the LSB resolution of the input current as

Ilsb =
2Iref

G OSR
. (4)

The resolution is thus given by the reference currentIref

scaled by both the digital gainG and the oversampling ratio
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OSR, whereas the range of input current2Iref/G is scaled by
the digital gainG only. Correspondingly, the conversion rate
fconv equals

fconv =
fs

G OSR
(5)

which implies a linear trade-off between resolution and con-
version bandwidth. This trade-off is further quantified in terms
of the voltage range of the integrator.

From (3) the range of the integrator output voltageVint,
covering an LSB change in the quantized output, equals

Vrange = 2
Iref

G

T

C1

= 2
Iref

fsC1

(6)

which corresponds to the voltage excursion across the inte-
grator with the reference currentIref active over one master
clock cycle1/fs. By combining (4), (5) and (6) we obtain a
more fundamental relation between resolution and bandwidth

Ilsb = fconv C1Vrange, (7)

which reflects that the voltage excursion corresponding to an
LSB increment in the input current over one conversion cycle
covers the range of the integrator. From (7) the resolution
Ilsb that can be attained for a given bandwidthfconv depends
only on the value of the integrating capacitorC1. For a
capacitance of 1.1 pF, the input current can be resolved
with 100 fA sensitivity in 10 s, as is shown in Section IV,
Fig. 9. For the smaller value of the integrating capacitance
C1 =0.1 pF, the conversion time is reduced to 1 s at the
expense of increased thermal noise in the input voltage. For
stability the capacitanceC1 should be larger than the parasitic
capacitance at the potentiostat input divided by the gain ofthe
inverting amplifier, which decreases with increasing frequency
of fluctuations coupling into the input. The factorG reduction
in the bandwidth of current feedback by gain modulation thus
also contributes to the stability of the input voltage.

From (7), the current sensitivity appears to be independent
of the digital gainG introduced through modulation of current
feedback. The obtained resolution for a given conversion
bandwidth and sampling rate depends only on the product
of G and OSR, and would in principle be identical for an
incremental data converter without gain modulation (G = 0)
and with oversampling ratioG OSR. However, the intro-
duction of digital gain modulation reduces the activity of
current feedback onto the input and digital switching in the
decimator, and thus reduces noise and power consumption at
the same nominal sensitivity and conversion rate. To obtainthe
same nominal resolutionIlsb, the incremental data converter
without gain modulation requiresG OSR cycles of pulsed
current integration, a factorG larger than the gain modulated
converter. The effect of gain modulated noise on current
sensitivity is analyzed next.

2) Noise Analysis: The main sources of circuit noise af-
fecting the performance of the potentiostat and current data
converter are the inverting amplifier in the integrator, andthe
DAC reference current sources.

The potentiostat voltage noise is determined by the input-
referred voltage noise of the inverting amplifier, dominated by
thermal noise of the input transistor operated in subthreshold.

This noise contribution is shot noise limited with an input-
referred spectral density [22]

v2

amp,n = 2Vth
2 q

κ2Ib

∆f, (8)

where Vth = kTabs/q is the thermal voltage,k is the
Boltzmann constant,Tabs is absolute temperature,q is the
elementary charge of the electron,κ is the gate effectiveness
over bulk back-gate coupling andIb is the bias current of
the amplifier. The contribution of flicker (1/f ) noise, the
dominating noise source at low frequencies, is reduced owing
to the effect of correlated double sampling (CDS) [23] across
the input capacitorC2, at the conversion ratefconv. The switch
injection noise sampled on capacitorC2 represents a DC offset
to the electrode voltage which is minimized by relatively large
sizing of C2 (1pF).

The input-referred current noise of the potentiostat and data
converter is obtained by evaluating the effect of DAC current
noise and integrator noise on the decimated output. According
to (3), the effect of integrator noise in the decimated output is
negligible since it amounts to a variation much smaller than
an LSB. Noise in the reference currentIref however directly
impacts the decimated output since it is integrated along with
the input current onC1. The reference current noise density
is given mainly by thermal noise in the DAC current sources
M1 andM2

i2ref,n =
2

3
4kTabsgm1∆f, (9)

where gm1 is the transconductance of the current sourcing
transistorM1 operating above threshold. Other sources of
noise acting on the DAC feedback current are flicker (1/f )
and switch injection noise. The effect of1/f noise contributed
by M1 andM2 is minimized by large transistor sizing (W =
48µm, L = 12µm). Noise contributions by charge injection
in transistorsM3 and M5 to the integrated reference current
are mimimized by the differential switching topology in Fig. 3
that maintains a constantVref potential on the drains ofM1
andM2.

Each gain modulation current feedback cycle contributes the
noise density (9) over approximatelyfs bandwidth, resulting
in a total input-referred noise power

i2in,n ≈
OSR−1
∑

i=1

i2ref,n

G2OSR2

≈ 1

G2OSR

2

3
4kTabsgm1fs

=
8

3
kTabsgm1

fconv

G
. (10)

The advantage of gain modulationG > 1 in improving the
current sensitivity of the potentiostat is evident.G-fold gain
modulation atG-fold increased reference current yields

√
G-

fold reduction in input-referred noise power because of the
weak square-root dependence of transconductance on current
in M1 (M2) above threshold,gm1 ∝

√

Iref . However, at
given nominal target resolutionIlsb (4) and given conversion
bandwidth (7), the reference currentIref is fixed, and gain
modulation yields a netG-fold reduction in input-referred
noise power, and hence an

√
G-fold improvement in current
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sensitivity of the potentiostat (compare with Fig. 11 for
experimental validation). Gain modulation also affords aG-
fold reduction in dynamic digital power dissipation in the
counting decimator owing to the resultingG-fold reduction
in oversampling ratioOSR.

3) Power dissipation: Power dissipation is a limiting factor
in the performance of the integrated potentiostat, especially for
implantable applications with very low power budgets in the
microwatt range. The power dissipation for one channel of the
integrated potentiostat and data converter is approximated by

Pdiss = 2IrefVdd + 2IbVdd +
1

G
fconvCdecV

2

dd (11)

where the first term accounts for both DAC sourcesM1
and M2, the second term corresponds to the integrator and
comparator amplifiers, and the last term the dynamic power
of the decimator with equivalent internal capacitive loadCdec.

The limit of energy efficiency for a given resolutionG OSR
can be readily estimated from (11). According to (4) and (7),
the first term reduces toG OSRC1fconvVrangeVdd. The bi-
asing of the inverting amplifiers in the second term can be
minimized subject to bandwidth requirements. To accomodate
a signal swingVrange in the integrator over a fractionλ < 1
of one integration cycleT = G/fs,

Ib =
1

λG
fsC1Vrange (12)

with an equivalent condition for the comparator biasing. The
resulting power decomposes into analog and digital contribu-
tions

Pdiss = G OSRfconv (
2

λG
+ 1)C1VrangeVdd

+
1

G
fconvCdecV

2

dd. (13)

Gain modulation thus reduces the digital power, at the expense
of analog power. Even so, for largeG the analog power shows
a linear dependence on resolutionG OSR and bandwidth
fconv, tending to a constant figure of merit (FOM). The
reciprocal of the FOM, defined as the energy consumed per
conversion and per quantization level, is in the limit of large
G

1

FOM
= C1VrangeVdd. (14)

For C1 = C3 = 1pF, Vdd = 3V, and Vrange = 0.5V, the
maximum attainable FOM is 0.7 conversions per pJ of energy.
The experimental results confirm this FOM for the analog
component of the dissipated power.

IV. EXPERIMENTAL RESULTS

The potentiostat system integrates 16 identical current input
channels onto a single VLSI chip measuring3 × 3 mm2 in
0.5 µm CMOS technology. Figure 8 depicts the micrograph
and system floorplan of the chip. Voltage reference levelsVref

are set individually for 4 groups each comprising 4 channels.
Reference currentIref of the feedback DAC, gainG and
oversampling ratioOSR are set jointly for all 16 channels.

The power supply voltage is 3 V, withVmid set to 1.5 V,
and cascode biases set for a signal swing of 2.4 Vpp at the

Fig. 8. Micrograph of the 16-channel potentiostat. Die sizeis 3 × 3 mm2

in 0.5 µm CMOS technology.

TABLE I

PARAMETERS FOR CHARACTERIZATION TRACES SHOWN INFIG. 9.

Trace Gain OSR Input current Conversion time Power
(G) range (ms) mW

A 20 216
±500nA 32 1.27

B 22 215
±125nA 65 0.97

C 24 214
±30nA 131 0.67

D 26 213
±8nA 262 0.57

E 28 212 ±2nA 524 0.54
F 210 211 ±500pA 1048 0.54
G 212 210 ±125pA 2097 0.54
H 214 29 ±30pA 4194 0.54
I 216 28 ±8pA 8388 0.54

cascoded inverting amplifier output. These biases were pro-
vided off-chip for test purposes and would incur a small area
and power penalty when integrated on-chip. For implantable
use, it would also be necessary to generate reference voltages
Vref and reference currentIref using on-chip D/A converters.
A single clock and configuration bit sequence generates all
clock signals internally. The output is read asynchronously in
bit-serial form using a separate clock.

A. Chip Characterization

For performance characterization of the potentiostat chip,
multiple input current sweeps were performed using a Keithley
SourceMeter model 6430 (Keithley Instruments Inc., Cleve-
land, OH) controlled via a GBIP interface. In the following
tests, the system clock frequencyfs was set to 2 MHz, the
DAC reference currentIref was set to 500 nA, and the
amplifier biasIb was set to 200 nA. The input potentialVref

was set to 1 V. The digital gainG and oversampling ratioOSR
were programmed individually for each test, varying between
1 and216.
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Fig. 10. Actual gain as a function of digitally programmed gain G of current
measurement.

To verify the range and precision of the potentiostat at fixed
value of the reference current, we swept the input currents
logarithmicly over a range spanning over six orders of magni-
tude [14]. Figure 9 [15] shows the normalized digital output
of the chip as a function of input current. The normalization
is necessary for comparison across various scales. The gain
G, oversampling ratioOSR, and corresponding range of input
currentsIrange, conversion time1/fconv and power dissipa-
tion Pdiss are shown in Table I for each of the traces in Fig. 9.
The value of the integrating capacitorC1 was kept at 1.1 pF.
In each consecutive sweep, the conversion time was doubled,
while the value of current corresponding to the least significant
bit was decreased four-fold illustrating the trade-off between
conversion speed and resolution of measurement. Figure 10
shows the relation between the digitally programmed gainG
and the actual measured gain [24].

The analog power consumption by the chip, covering all 16
integrators, 16 comparators and bias circuits measured 53µW,

identical for each of the range selections in Fig. 9. We did
not adapt the amplifier bias (Ib =200 nA) with the value of
digital gain G which would lead to further power savings at
high G values. At 3.3µW 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 495µW for gains larger than
G = 28. This power measure covers clock generation and bit-
serial readout in addition to the 16 decimators. Therefore we
anticipate the 495µW asymptote of the measure excludes the
array of decimators, and the digital power ranges between 0
and 44µW per channel. Digital power consumption could be
further reduced by low-power digital design techniques such
as Gray-level counters for the decimators.

To demonstrate the utility of digital gain by1/G duty-cycle
modulation of current feedback, we compared the sensitiv-
ity for digital gain G with that for an equivalent increase
in oversampling ratioGOSR. The value of the integrating
capacitorC1 was set at 0.1 pF and a current referenceIref

value was 256 nA. The input current was swept from -800 pA
to 800 pA in steps of 2 pA. This sweep range covers the
±1 nA range selected by a digital gainG set to 256. Over
the same range, the input is observed at the same effective
8-bit resolution by the settingG = 1 and OSR = 216.
The integral nonlinearity (INL) measured for both settings
of digital gain and oversampling ratio are shown in Fig. 11.
As predicted in Section III, even though both settings have
the same nominal resolution1/GOSR, the setting with larger
digital G gives lower error. The measured improvement in
sensitivity in Fig. 11(a) over (b) is consistent with the

√
G-

fold improvement predicted forG = 256. The instability in
the center region of Fig. 11(b) is due to the small feedback
capacitanceC1 = 0.1 pF and increased input capacitance of
the autoranging sourcemeter instrument at its lowest scales.

To test the voltage clamping characteristic of the potentio-
stat, we observed the variation in input voltage,starting from
reset of the capacitorC2 sampling the reference voltageVref .
Figure 12 shows the variation of voltage at the input node,
and the corresponding variation at the output of the integrator.
The digital gainG was set to 1 and oversampling ratioOSR
was216, leading to a conversion time of 16 ms.

Mismatch between channels was characterized by evaluat-
ing gain and offset errors across channels. The current was
swept over the range±8 nA for Iref = 2 µA, G = 256
andOSR = 212. For each of the channels, the deviation from
ideal gain and offset was computed and represented in relative
units in Fig. 13. The variation is due to current mismatch
in transistorsM1 and M2, and could be reduced by careful
layout techniques using centroid geometry and local current
mirroring, at the expense of a two-fold increase in analog
power consumption and significant additional silicon area.We
opted instead for digital calibration and compensation of the
gain and offset errors.

Comparison of our design with VLSI potentiostats in the
literature indicates highest sensitivity at lowest power con-
sumption per channel. The comparison of current sensitivity,
dynamic range, number of channels and power consumption
is summarized in Table II. The larger dynamic range and
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Fig. 11. Measured integral non-linearity (INL) for(a) digital gain G = 256 and oversamplingOSR = 256; and (b) G = 1 and OSR = 216 evaluated
over the same range.

Fig. 12. Measured voltage variationTop: Voltage at the input node, reset to
Vref at the beginning of the conversion cycle.Bottom: Voltage at the output
of the integrator.

sensitivity of our design owes to the use of digital gain
modulation.

B. Neurotransmitter measurements

Following electrical testing and characterization of the po-
tentiostat, we performed basic neurotransmitter measurements.
The chip was used for potentiostatic measurements of the
neurotransmitter Dopamine in a phosphate buffered solution
(PBS). Lack of dopamine producing neurons is implicated in
Parkinson disease [25]. A standardized solution of dopamine
was prepared [10] to test the chipin vitro. A static cal-
ibration curve of the potentiostat output versus dopamine
concentration was generated using commercial carbon fiber
electrodes (CF30-250, WPI, Fl.). Different concentrations of
dopamine were added to a stirred phosphate buffered saline
(PBS) solution and the chip output allowed to equilibriate.The
volume of the PBS and the dopamine added were adjusted to
obtain final concentrations in steps of5µM . A commercial
Ag/AgCl electrode (Bioanalytical Systems, IN) was used as
the reference. The result is shown in Fig. 14.
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Fig. 13. Measured gain and offset errors, relative to nominal gain and offset
values, across the 16 channels.

To test the chip in a more realistic situation where neu-
rotransmitters are not static but flowing, we used a multi-
electrode flow sensor [26]. Figure 15 shows the experimental
setup with the potentiostat acquiring multichannel real-time
dopamine concentrations from the micro-fabricated sensor
array. Figure 16 shows a multi-channel multi-site measurement
of dopamine. Initially PBS was pumped through the channel.
At t =40 s, the pumped solution was changed to a dopamine
solution. This leads to the transient increase in the currents
measured by the potentiostat. The responses of individual
channels correspond to the order in which the sensors see the
dopamine, with the first sensor being the one most upstream.
At t =75 s, the pumping was stopped and the sensors
transduce the static dopamine concentration into a relatively
constant current. Pumping was restarted att =150 s and the
pumping solution was changed back to PBS att =200 s. This
leads to transient effects again and as the dopamine is washed
out by the PBS, the currents return to the baseline levels.

V. CONCLUSION

We presented a 16-channel potentiostat array with a wide
dynamic range of currents that span through six orders of
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TABLE II

COMPARISON BETWEENVLSI POTENTIOSTAT CHIPS

Sensitivity Dynamic range Channels Power per channel
Kakerow [6] 100pA 75dB 1 NA
Turner [5] 100nA 32dB 1 2mW
Breten [8] > 10pA 74dB 1 NA
Bandyopadhyay [9] 500pA 120dB 8 62.5µW
Narula [12] 1pA 116dB 1 0.13mW
Gore [13] 50fA 60dB 42 11µW
This work 100fA 140dB 16 3.4µW (G > 28)
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Fig. 14. The static current output of the potentiostat chip in response to
additions of5µM dopamine.

Fig. 15. Experimental setup showing the potentiostat chip interfaced to the
multichannel flow sensor.

magnitude from picoamperes to microamperes and sensitivity
down to 100 fA. The current range is controlled through
programmable feedback duty-ratio cycle. The measured char-
acteristics are summarized in Table III. The potentiostat chip
was used to acquire real-time multichannel data from a
microfabricated neurotransmitter sensor array. Further tests
and developments are validating the technology with wireless
telemetry in an integrated implantable neurotransmitter moni-
toring system [17].
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Fig. 16. Real-time 4 channel simultaneous monitoring of neurotransmitters
flowing in a fluidic channel.

TABLE III

MULTI -CHANNEL POTENTIOSTATCHARACTERISTICS

Technology 0.5µm 2P3M CMOS
Size 3 mm× 3 mm
Supply 3 V
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

REFERENCES

[1] F. Bedioui, S. Trevin, and J. Devynck, “The use of gold electrodes in
the electrochemical detection of nitric oxide in aqueous solution”, J.
Electroanal. Chem., vol. vol. 377, pp. 295, 1994.

[2] T. Malinski, Z. Taha, S. Grunfeld, A. Burewicz, and P. Tomboulian,
“Measurements of nitric oxide in biological materials using a porphyrinic
microsensor”,Anal. Chim. Acta., vol. 279, pp. 135, 1994.

[3] R. Gomez, A. Rhodes, and J. Feliu, “FTIRS and electrochemical char-
acterization of the NO adlayer generated by immersion of a Rh(111)
electrode in an acidic solution of nitrite”,J. Electroanal. Chem., vol. 393,
pp. 123, 1995.

[4] A.J. Bard and L.R. Faulkner, “Electrochemical Methods”, John Wiley &
Sons, 1980.

[5] R.B.F. Turner, D.J. Harrison, and H.P. Baltes, “A CMOS Potentiostat for
Amperometric Chemical Sensors,”IEEE J. Solid-State Circuits, vol. SC-
22, pp. 473-478, 1987.



10

[6] R.G. Kakerow, H. Kappert, E. Spiegel, and Y. Manoli, “LowPower
Single Chip CMOS Potentiostat,”Transducers 95, Eurosensors IX, vol. 1,
pp. 142-145, 1995.

[7] A. Frey, M. Jenkner, M. Schienle, C. Paulus, B. Holzapfl, P. Schindler-
Bauer, F. Hofmann, D. Kuhlmeier, J. Krause, J. Albers, W. Gumbrecht,
D. Schmitt-Landsiedel and R. Thewes, “Design of an integrated potentio-
stat circuit for CMOS bio sensor chips,”Proc. IEEE Int. Symp. Circuits
and Systems (ISCAS’2003), Bangkok Thailand, May 25-28, 2003.

[8] M. Breten, T. Lehmann and E. Braun, “Integrating data converters for
picoampere currents from electrochemical transducers,”Proc. IEEE Int.
Symp. Circuits and Systems (ISCAS’2000), Geneva Switzerland, May 28-
31, 2000.

[9] A. Bandyopadhyay, G. Mulliken, G. Cauwenberghs, and N. Thakor,
“VLSI Potentiostat Array for Distributed ElectrochemicalNeural Record-
ing,” Proc. IEEE Int. Symp. Circuits and Systems (ISCAS’2002), Phoenix
AZ, May 26-29, 2002.

[10] G. Mulliken, M. Naware, A. Bandyopadhyay, G. Cauwenberghs and
N. Thakor, “Distributed Neurochemical Sensing:In Vitro Experiments,”
Proc. IEEE Int. Symp. Circuits and Systems (ISCAS’2003), Bangkok
Thailand, May 25-28, 2003.

[11] R. Genov, M. Stanacevic, M. Naware, G. Cauwenberghs andN. Thakor,
“VLSI Multi-Channel Track-and-Hold Potentiostat,” inMicrotechnologies
for the New Millennium 2003, Proc. SPIE, vol.5119, May 2003.

[12] H.S. Narula and J.G. Harris, “VLSI potentiostat for amperometric
measurements for electrolytic reactions,”Proc. IEEE Int. Symp. Circuits
and Systems (ISCAS’2004), Vancouver Canada, May 23-26, 2004.

[13] A. Gore, S. Chakrabartty, S. Pal and E.C. Alocilja, “A Multichan-
nel Femtoampere-Sensitivity Potentiostat Array for Biosensing Applica-
tions,” IEEE Transactions on Circuits and Systems I: Regular Papers,
vol 53 (11), pp. 2357-2363, 2006.

[14] M. Stanacevic, K. Murari, G. Cauwenberghs and N. Thakor, “16-
Channel Wide-range VLSI Potentiostat Array”,IEEE International Work-
shop on BioMedical Circuits and Systems (BIOCAS’2004), Singapore,
Dec 2004.

[15] K. Murari, M. Stanacevic, G. Cauwenberghs and N. Thakor, “Wide-
Range, Picoampere-Sensitivity Multichannel VLSI Potentiostat for Neu-
rotransmitter Sensing”,IEEE Engineering in Medicine and Biology
Magazine, vol 24 (6), pp. 23-29, 2005.

[16] C. Sauer, M. Stanacevic, G. Cauwenberghs and N. Thakor,“Power
Harvesting and Telemetry in CMOS for Implanted Devices,”IEEE Inter-
national Workshop on BioMedical Circuits and Systems (BIOCAS’2004),
Singapore, Dec 2004.

[17] K. Murari, C. Sauer, M. Stanacevic, G. Cauwenberghs andN. Thakor,
“Wireless Multichannel Integrated Potentiostat for Distributed Neuro-
transmitter Sensing,”Proc. 27th Ann. Int. Conf. IEEE Engineering in
Medicine and Biology Society (EMBS’2005), Shanghai, China, Sept. 1-4,
2005.

[18] J. Robert, G. C. Temes, V. Valencic, R. Dessoulavy and P.Deval, “A
16-bit low-voltage CMOS A/D converter,”IEEE Journal of Solid-State
Circuits, vol. 22 (2), pp. 157-163, 1987.

[19] G. Nicollini, F. Moretti and M. Conti, “High-FrequencyFully Dif-
ferential Filter Usign Operational Amplifier Without Common-Mode
Feedback”,IEEE Journal of Solid-State Circuits, vol. 24 (3), pp. 803-
813, 1989.

[20] M. Stanacevic and G. Cauwenberghs, “Micropower Gradient Flow
Acoustic Localizer,”IEEE Trans. Circuits and Systems I: Regular Papers,
vol. 52 (10), pp. 2148-2157, 2005.

[21] M. Naware, N.V. Thakor, R.N. Orth, K. Murari, and P.A. Passeraub,
“Design and Microfabrication of a Polymer Modified Carbon Sensor
Array for the Measurement of Neurotransmitter Signals,”25th Annual
International Conference of the IEEE EMBS, Washington DC, 2003

[22] R. Sarpeshkar, T. Delbruck and C.A. Mead, “White noise in MOS
transistors and resistors”,IEEE Circuits and Devices Magazine, vol. 9 (6),
pp. 23-29, 1993.

[23] C.C. Enz and G.C. Temes, “Circuit Techniques for Reducing the Effects
of Op-Amp Imperfections: Autozeroing, Correlated Double Sampling,
and Chopper Stabilization”,IEEE Proceedings, vol. 84 (11), pp. 1584-
1614, 1996.

[24] K. Murari, N. Thakor, M. Stanacevic and G. Cauwenberghs, “Wide-
Range, Picoampere-Sensitivity Multichannel VLSI Potentiostat for Neu-
rotransmitter Sensing”,Proc. 26th Ann. Int. Conf. IEEE Engineering in
Medicine and Biology Society (EMBS’2004), San Francisco, Sept. 1-4,
2004.

[25] T. Wichmann, and M.R. DeLong, “Pathophysiology of Parkinsonian
motor abnormalities,”Adv. Neurol., vol. 60, pp. 53-61, 1993.

[26] A. Rege, “A microfluidic sensor with VLSI potentiostat for the study of
neurotransmitter and vascular physiology,” Master’s thesis, Johns Hopkins
University, 2005.
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