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Ali Meimandi, Student Member, IEEE, Gian Luca Barbruni, Member, IEEE,
Paolo Stefano Crovetti, Senior Member, IEEE, and Sandro Carrara, Fellow, |IEEE.

Abstract— This paper presents a highly miniaturized and low-power
CMOS electrochemical potentiostat based on a fully digital de-
sign. The potentiostat functionality has been evaluated through
dopamine detection using proper microelectrodes. The system
drives an electrochemical cell in a three-electrode configuration
and implements the chronoamperometric technique to minimize
both power consumption and required area. The circuit has been
fabricated using TSMC 180 nm CMOS technology. Supplied at 0.4
V, the potentiostat alone consumes the up-to-date smallest power
of 1.2 nW and occupies the up-to-date smallest ever area of 260
Mmz. Together with its voltage reference and oscillator, the entire
system consumes 9.2 nW and occupies 370 qu. The potentiostatic
voltage maintains an accuracy of +10% (180 mV to 220 mV) for a
200 mV reference and supply voltage ranging from 0.4 V to 0.56
V, at a frequency of 25 kHz, driven by the ring oscillator. In-vitro
experiments demonstrate dopamine detection with a sensitivity
of 18.74 pulses/uM and a limit of detection of 0.525 .M. Results
demonstrate the huge advantage of using the proposed fully-digital

design, making this potentiostat well-suited for implantable devices where size and energy efficiency are critical (e.g.,

Neural Dust).

Index Terms— CMOS design, Digital Potentiostat, Digital OTA, Electrochemical Sensing, Ultra-Miniaturized and Ultra-Low

Power IC, Biomedical Implants, Neural Dust, Body Dust.

[. INTRODUCTION

OPAMINE (DA) is a neuromodulatory molecule, which

plays a critical role in regulating learning, motivation,
and movement [1]. Dysregulation or deficiency of DA is
correlated to movement and mood disorders, addiction, de-
pression, Parkinson’s disease, and schizophrenia [2]. DA con-
centration can be selectively measured in the striatum, where
norepinephrine (electrochemically indistinguishable from DA)
concentration is lower [3].

Ultra-miniaturized implants (e.g., Neural Dust [4] and
neurograin [5]) are necessary for dopamine sensing due to
the need for highly localized and selective measurements in
complex brain environments while minimizing tissue damage
and immune response. In the case of wirelessly-powered and
miniaturized implants with lateral sizes smaller than 100 pm
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(such as Neural Dust and Body Dust [6]), ultra-low power IC
design in the nW range is required.

Conventional analog CMOS potentiostats employ a sensing
and a digitalization stage. For the sensing stage, Resistive-
feedback Transimpedance Amplifier (R-TTIA) [7], [8], [9]
and Capacitive-feedback TIA (C-TIA) [10], [11] methods are
commonly used. However, the feedback resistor assigns the
gain, bandwidth and current noise of the current reader. To
detect an nA-pA level current, a linear resistor in the G{?
range is required for a low-power resistive feedback structure.
However, the resistor’s large size makes full integration on
the chip potentiostat challenging and may cause the sensor
output to be affected by a significant quantity of thermal
noise. On the other hand, the capacitive configuration can
diminish the effect of thermal noise and reduce the area with
respect to the resistive feedback architecture. Yet, the DC
offset from the electrode can saturate the amplifier due to
the charge build-up on the capacitor. Alternatively, Current
Conveyor (CC) topologies [12]-[14] are used due to their
versatility and ability to handle a large input range with high
efficiency. The issue with conventional CCs is that they could
not achieve simultaneous low quiescent power consumption
and large input range since they have a maximum input and
output current limited by the dc bias current [15]. Following
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Fig. 1: Schematic of the a) proposed digital potentiostat, consisting of transistors M1-M12, the D Flip-Flops, and associated
logic gates. The positive and negative inputs of digital potentiostat are connected to voltage reference and RE respectively.
Schematic of the b) 4T voltage reference circuit, and c) ring oscillator. d) System layout, and e) microphotograph of the

fabricated circuit.

the sensing stage, a digitalization stage is used thorough
Analog-to-Digital Converters (ADCs), such as AX modulators
[16], [17] or Time-to-Digital Converters (TDCs) [18], [19].
While these designs offer straightforward implementations,
they come with drawbacks, including high power consumption
from the TIA and large area requirements due to the explicit
ADC. Alternatively, current-mirror architectures, combined
with a current-to-frequency converter (I-F) [18]-[20] have
been proposed to eliminate the need for a TIA by directly
digitizing the sensor current. However, these approaches suffer
from non-linearity, which impact the overall performance. To
improve linearity, an additional TDC block is used in the
feedback loop. Additionally, all these designs incorporate a
control stage to apply the reference voltage, resulting in an
increased power and area consumption. Overall, these topolo-
gies fail to meet the stringent requirements of ultra-low-power
and compact area. Recent sensor-in-the-loop implementations,
such as the ultrasensitive amperometric platform by Aymerich
et al. [17], integrate sensing and control to achieve self-
noise cancellation, offering improved linearity and efficiency.
However, these topologies still struggle to meet the ultra-low-

power and compact area demands of next-generation implants.

This work addresses these challenges by integrating the
sensing, digitization, and control stages into a unified block,
employing a digital-based operational transconductance am-
plifier to effectively reduce both power and area consumption.
In our previous work, we presented the potential of the
digital potentiostat by showing simulation results for glucose
detection, with a circuit consuming 4.7 nW and occupying
460 pm? [21]. Building on this preliminary work, this paper
demonstrates in-vitro measurements with the fabricated digital
CMOS frontend for DA detection, achieving the lowest power
consumption, area footprint, and supply voltage ever reported
to date in the state-of-the-art.

[l. SYSTEM DESIGN

The CMOS circuit drives an electrochemical cell in a three-
electrode configuration for electrochemical detection of the
DA. The driving voltage is applied between the Working
Electrode (WE) and the Reference Electrode (RE), while the
current flows from the WE to the Counter Electrode (CE).
Following the conventional approach in amperometric sensing,
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the RE is driven by the potentiostat without allowing current
flow, ensuring a stable voltage between the WE and the
RE. This way, the cell is driven in the right thermodynamic
potential to correctly support the redox reaction involving
the DA. The driving voltage is kept constant to measure
DA concentration in chronoamperometry, with the aim of
minimizing both area and power consumption.

The proposed digital potentiostat (Fig.la) leverages the
digital-based amplifier principle [22]. It operates as a digital-
based Operational Transconductance Amplifier (OTA) that
drives the CE, supplying the necessary current to flow between
the CE and WE while maintaining the RE at a constant bias of
Viet. If Vg — Vg corresponds to the right Nernst potential
(i.e., Vier = 200 mV for DA [23]), the DA concentration is
linearly proportional to the faradaic current, and consequently
to the number of pulses derived from digital streams of D,
and D,,. For every specific sampling time window (Tpess), the
average faradaic current I is derived by (1):

nl, — pl,

where n and p are the number of pulses respectively generated
by D, and Di,, and M is the total number of clock cycles
driving the logical gates (OSC). I, and I, are the currents
flowing through M6 and M5 at every clock cycle, respectively.
Equation (1) represents the average faradaic current over
Tmeas, smoothing out transient fluctuations and quantization
noise. When no DA is present (/y = 0), the baseline ratio K¢
is derived as the average pulse ratio using (2):

nOIn - pOIp
M

K¢ is then used to derive the effective number of pulses N
proportional to the faradaic current, as an average value using

3):

In _m

O =
Ip N0

:>Kf: (2)

NfZKan—p 3)

The use of average values in equations (1)—(3) ensures robust
DA concentration measurements by mitigating the impact
of high-frequency noise and ripple. To establish a 200 mV
voltage peak for DA oxidation between the WE and RE, the
WE is connected to the system’s power supply (V4q) at 400
mV. A Vs = 200 mV voltage is generated by a 4T voltage
reference circuit, which is adopted from 2T voltage reference
topology [24] (Fig. 1b). Vi is applied to the RE through the
negative feedback loop created by the digital potentiostat. The
required clock signal for the D Flip-Flops is generated by a
three-stage ring oscillator (Fig. 1c), producing a 25 kHz clock
at 0.4 V supply voltage via dynamic leakage suppression logic
to minimize both area and power consumption [25].

[1l. MATERIALS AND METHODS

The CMOS circuit was designed using Cadence Virtuoso
6.1.8.330 and optimized for a supply voltage of 0.4 V to
minimize power consumption. Fig. 1d,e respectively show
the system layout and its micrograph. Table I reports the
transistor sizes for the entire circuit. The latter was fabricated
using TSMC 180nm MS/RF/G technology, packaged in a
QFN80, and assembled on a testing PCB. For the CMOS

TABLE [: Transistors Sizes (W/L)

Transistor  [pm/pm] Transistor [pm/pm]
MI1,M2,M3,M4 4.5/0.18 M15! 10.4/0.3
M5 1.5/4.4 M16? 6/0.6
M6 1/4.4 M17! 4/0.6
M7,M8,MI9,M10 0.86/0.18 M18! 2/0.25
Ml11 0.8/0.18 M19! 2.6/0.3
M12 1.2/0.18 M20! 1.32/0.25
M13 1.43/0.18 M21,M22 2/0.18
M14 1.1/0.18 M23! M24!' M25' M26'  2/0.3

"medium threshold voltage transistor 23V transistor

measurements, a DC power supply (Keysight E3646A) and
an oscilloscope (Keysight MSO-S 804A) were used to eval-
uate system performance. The digital pulses of D, and D,
were recorded using the oscilloscope and post-processed in
MATLAB to derive the effective number of pulses (Ny) using
equations 1-3. The power consumption of the system was
measured using a source meter (Keysight B2901A). The elec-
trical characterization was performed using a unity-feedback
configuration, as illustrated in Fig. 2a, while the experimental
setup for electrochemical detection is shown in Fig. 2b.
Platinum/iridium (Pt/Ir) microelectrodes were chosen for
their excellent biocompatibility and superior resistance to
corrosion and surface degradation, outperforming other metals
like tungsten and stainless steel. These properties make Pt/Ir
ideal for long-term applications in biological environments
[26]. Custom Pt/Ir microelectrodes (Microprobes for Life
Science) with exposed tips of 400 um? were used to accom-
modate the driving current in the current range of the designed
digital potentiostat. The microelectrodes were cleaned by
sonication in ethanol and deionized water for 5 minutes each.
This ensures stable electrochemical performance and limits
fouling effects at the start of each measurement session. A
standard platinum reference electrode (Metrohm) was used for
the electrochemical measurements. Phosphate Buffer Saline
(PBS, from Sigma-Aldrich) was prepared with a concentration
of 0.01 M phosphate buffer, 0.0027 M potassium chloride, and
0.137 M sodium chloride, pH 7.4, at 25 °C.
Chronoamperometric analysis was conducted using both the
fabricated digital potentiostat and the Autolab PGSTAT302N.
Dopamine hydrochloride (Sigma-Aldrich) was dissolved in
PBS using a magnetic stirrer (Heidolph HeiMix) at 250 rpm
to ensure homogeneity. The measurements were conducted by
immersing the microelectrodes in the solution while stirring
at 250 rpm. Beginning with a PBS-only solution, the DA
concentration was increased by 10 uM every 120 seconds.
An acquisition time of 120 seconds was initially chosen due
to the slow diffusion of species in lab samples. Throughout
the measurement period, N¢ is calculated continuously. For
constructing the calibration curve, Ny is averaged over the
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Fig. 2: a) Unity feedback configuration for electrical char-
acterization and b) experimental setup for electrochemical
measurement

final 30 seconds of each 120-second interval, once the signal
stabilizes, to mitigate transient effects. This approach allowed
us to minimize the impact of the slow diffusion of species and
capture the steady-state response of the system.

However, brain neurons release and re-absorb DA within a
time frame ranging from 10 ms [27] to 5 s [28]. On the other
hand, the proposed digital potentiostat offers trade-off between
the quantization error and the sensitivity. In other words, the
lower Tyeqs, the lower the sensitivity. By considering all these
aspects, the sampling time window was set to 100 ms to
balance sensitivity and quantization error. This window aligns
with sampling rates used in established techniques like Fast-
Scan Cyclic Voltammetry (FSCV), which is widely accepted
for in vivo DA monitoring [29], [30].

All the above-mentioned experiments were repeated using
four different CMOS chips to account for process variations,
with standard deviations calculated to assess measurement
reliability.

IV. RESULTS AND DISCUSSION
A. Electrical Characterization

Fig. 3 presents the transient waveforms of Dp (green) and
Dn (red) under zero-load current conditions (i.e., Ir = 0). By
counting the number of pulses p and n during the measurement
window and applying Equation (2), the baseline ratio Kf is
computed. This, in turn, allows the calculation of the effective
number of pulses Nf.

Fig. 3: Transient signal derived from D, and D, for a zero-
load current at a supply voltage of 0.4 V.

Fig. 4: Effective number of pulses with R? = 0.9998 as a
function of the load current for supply voltages ranging from
0.4V to 0.56 V.

Fig. 4 shows N as a function of the load current for different
supply voltages. Ny remains linear with R? = 0.9998 for load
currents and supply voltages respectively ranging from -12 nA
to 24 nA and from 0.4 V to 0.56 V. For every supply voltage,
the slope represents the sensitivity of the digital potentiostat.
For the nominal and optimized Vy4q = 0.4 V the sensitivity
is 110 pulses/nA, which decreases as V44 increases. Indeed,
with a higher Vg4, I, and I, of (1) increase, resulting in
a lower Ny. In addition, the higher the supply voltage, the
lower the oscillation frequency of the ring oscillator [25],
thus contributing in decreasing the number of pulses in both
D, and D,. On the other hand, increasing the supply voltage
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Fig. 5: Dynamic range as a function of the sampling time win-
dows (Tpeas)- The error bars represent the standard deviation
of the dynamic range across 300 subsequent measurements.

Fig. 6: Power consumption as a function of the supply voltage.
The error bars represent the standard deviation across four
different chips.

improves the drive strength of the output transistors M5 and
M6, resulting in lower variation of the output voltage. Indeed,
in unity feedback configuration, the output voltage remains
within a range of £10% of the voltage reference (i.e., from
180 mV to 220 mV) for supply voltages in the range 0.4 V -
0.56 V and load currents in the range from -12 nA to 24 nA.

By considering the nominal sensitivity of the digital poten-
tiostat (Fig. 4, black), the standard deviation of N¢ was derived
by averaging the measured Di, and D, within Ty, for a total
of 300 subsequent windows. Therefore, the total input-referred
noise (including quantization noise) was derived by dividing
the standard deviation of N; for a zero-load current (i.e., 3.63

Fig. 7: Number of pulses recorded from gates of transistor M5
(p) and M6 (n) of the digital potentiostat while increasing the
DA concentration every 120 seconds.

pulses) over the sensitivity of the digital potentiostat, resulting
in 33 pArms. The Dynamic Range (DR) is then derived as in

4
Current range

DR =20 x log “)

Input noise

Fig. 5 shows the potentiostat DR as a function of the time
window. The DR is 60 dB for a nominal Ty, = 100 ms. By
increasing Tpeas, the quantization noise is reduced, and the
sensitivity of the digital potentiostat increases, resulting in a
higher DR. In scenarios where Ty, can be increased toward
3 seconds, the DR can exceed 85 dB.

Fig. 6 shows the power consumption of the system as a
function of the supply voltage. For a nominal Vg = 04 V,
the entire circuit consumes 9.2 nW, remaining below 45 nW
for the maximum V45 = 0.56 V.

B. In-vitro Electrochemical Validation

In DA measurement using the fabricated digital potentio-
stat, adding DA to the PBS solution increases the faradaic
current due to DA’s redox reaction at the microelectrodes
electrochemical interface. Fig. 7 shows the measured number
of pulses at the M5 gate (p, green) and M6 gate (n, red)
over a 100 milliseconds window. As expected, the increase
in DA concentration results in a higher faradaic current, as
in (1), with PMOS sourcing less current and NMOS sinking
more current accordingly. Consequently, an increase in pulse
count is observed at the NMOS M6 gate, with a corresponding
decrease at the PMOS M5 gate to accommodate the increased
faradaic current.

Due to the discrete-time nature of the digital feedback loop,
the control signals introduce ripple at the reference electrode.
However, this ripple is inherently attenuated by the double-
layer capacitance (Cgq) of the microelectrode—electrolyte in-
terface, which acts as a low-pass filter. The Pt/Ir microelec-
trodes used in this work exhibit a Cg of approximately 4
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Fig. 8: a) Chronoamperometric measurement of several DA
concentrations using microelectrodes and digital potentiostat
and b) related calibration curve.

nF, effectively smoothing the high-frequency ripple (25 kHz)
introduced by the OTA. As a result, the RE voltage remains
stable, ensuring reliable redox operation during the 100 ms
chronoamperometric sampling window [31].

Fig. 8a reports N¢ as a function of time while increasing
the DA concentration. K¢ = 10.09 was derived by the baseline
number of pulses for zero concentration (i.e., If = 0), as in (2).

Fig. 8b shows the derived calibration curve in terms of
N¢ as a function of the DA concentration. Results highlight
a sensitivity of 18.74 pulses/uM and a limit of detection
(LoD) of 0.525 uM, with a linearity R? of 0.991. The notable
drift observed after each dopamine injection in Fig. 8a is
primarily attributed to the fouling effect of dopamine [32],
which progressively degrades the electrode surface and affects
current stability. This phenomenon contributes significantly to
the increased standard deviation seen in the calibration curve
in Fig. 8b. In addition, various registered noises due to the
process variation of the fabricated chip also contribute to the
standard deviation of the calibration curve.

Fig. 9: a) Area and b) power distribution across different
blocks of the system.

The same chronoamperometry experiment was performed
with the lab instrument, resulting in a maximum measured
current of 800 pA, which is in the correct operation range of
the digital potentiostat.

Fig. 9a,b respectively show the area and power distribution
over the blocks of the system. The latter occupies a total area
of 370 pm?. The digital potentiostat occupies 260 pm? only,
while the oscillator and the voltage reference circuit occupy 69
wm? and 43 pm?, respectively. The total power consumption
of the system is 9.2 nW. The digital potentiostat consumes
1.2 nW only, while the oscillator and voltage reference circuit
consume 7.9 nW and 0.1 nW, respectively. It is indeed worth
mentioning that 85.9% of the total power consumption is
coming from the ring oscillator, due to the used medium
threshold voltage transistors for its design. The proposed
digital potentiostat architecture allows for future optimization,
including lower-power auxiliary blocks and improved scala-
bility in advanced nodes. This work prioritized experimental
validation under strict area and power constraints, using a
robust ring oscillator at 0.4 V. Future versions could adopt
lower-power alternatives such as digital relaxation oscillators
[33]. Additionally, the capacitor-less design enables better
scaling, as on-chip capacitors do not shrink proportionally with
technology nodes and often limit area reduction [34].

Table II compares this work with the state-of-the-art. The
measured results are consistent with the simulations previously
reported [21], demonstrating that the proposed circuit is three
orders of magnitude smaller than the other previously pub-
lished systems. In addition, the potentiostat alone consumes
1.2 nW, which is the lowest power consumption up-to-date.
Akram and collaborators reported a power consumption of
372 nW at the cost of a 1000 times larger silicon area
[35]. Furthermore, the supply voltage of 0.4 V is significantly
smaller than the ones previously reported, making the pro-
posed system optimal for miniaturized and wirelessly-powered
implants [36]. This comparison highlights the superiority of
this digital design in achieving the lowest power and area
consumption, making it highly suitable for Neural Dust [4]
and Body Dust [6] applications, where minimizing area and
power consumption is key.
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TABLE II: State-of-the-art comparison of electronic front-ends for electrochemical sensing

Ref. Tech. Supply Area  Power Current Range 7,,.,s DR Linearity Topology Sensing Measured
(mm) (V)  (mm?) (W) (nA) ms  (dB) Method
[18]% 180 1.2 3.17 19000 -7000 —+10000 0.02 58 0.999 I-F+Count+TDC CA,CV Yes
[16]? 180 1.8 1.6 470000 0 -105100 10 1645 - CT>-AXY CA,CV Yes
[19]? 180 1.2 0.5 6000 0 — 100000 10 61 0995 I-F+VCO+TDC CA Yes
[35] 180 1.2 0266  3.72  0.08 —240000 1 129.5  0.998 Comp+Count CA Yes
[21]! 180 04 0.00046 4.7 -22 —+33 72 58 0.999 Digital OTA CA No
This work? 0.00037 9.2
180 04 -12 -+24 100 60 0.991 Digital OTA CA Yes
This work! 0.00026 1.2

! Potentiostat only. 2 Total system.

V. CONCLUSION

This work presented the smallest ever-fabricated and low-
power digital potentiostat, here proposed for dopamine detec-
tion. The system has been designed, fabricated, and measured
with realistic in-vitro experiments. To evaluate the system’s
functionality, dopamine sensing was performed using Pt/Ir mi-
croelectrodes, demonstrating a sensitivity of 18.74 pulses/uM
and a limit of detection of 0.525 uM. The proposed digital
approach is the least power-hungry system and the smallest
ever potentiostat to date. Occupying just 260 ym?, and con-
suming 1.2 nW only at 0.4 V supply voltage, this potentiostat
is conceived for implantable biomedical devices targeting
neural dust and body dust applications, where power and area
consumption are prominent figures of merits. Furthermore,
dramatically smaller areas and lower power-hungry circuits
can be achieved for sensor front-ends by exploiting this fully
digital design approach and utilizing lower CMOS technology
nodes.
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