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Abstract—W ireless biosensors are playing a pivotal
role in health monitoring, disease detection and man-
agement. The development of wireless biosensor nodes
and networks strongly relies on the design of novel
low-power, low-cost and flexible CMOS sensor read-
outs. This paper presents a CMOS potentiostat that
integrates a control amplifier, a dual-slope ADC and a
wireless unit on the same chip. It implements a novel
time-based readout scheme, whereby the counter of
the dual-slope ADC is moved to the receiver and the
sensor current is encoded in the timing between two
wireless pulses transmitted via pulse-harmonic modu-
lation across an inductive link. Measured results show
that the potentiostat chip can resolve a minimum input
current of 10pA at a sampling frequency of 125 Hz and
a power consumption of 12 yW.

Indexr Terms—Amperometry, biosensors, dual-slope
ADC, potentiostat, pulse harmonic modulation, wire-
less.

I. INTRODUCTION

EARABLE and implantable biosensors are poised

to play a critical role in clinical diagnostics, dis-
ease prevention, monitoring and management. Electro-
chemical biosensors, in particular, are widely used as
label-free, real-time, quantitative, sensitive and CMOS-
compatible devices. CMOS instrumentation for electro-
chemical biosensors has received wide attention in the
last decade as it supports the development of complex
miniaturized sensing platforms that can readily interface
with disposable sensors and be operated remotely [1].
Since their introduction in 1987 [2], CMOS potentiostats
have been developed for numerous applications, including
biosensors [3], neurotransmitter sensing [4], glucose moni-
toring [5] and protein and DNA sensor arrays [6].

The choice of the readout electronics is conventionally
based on three topologies, including current-to-voltage
(I/V) conversion, or a current conveyor (CC) followed by
an ADC [7], [8], a current-to-frequency (I/F) conversion

Manuscript received —, 2019; revised —, —.

This work was supported by the Engineering and Physical Sciences
Research Council under Grant EP/K031953/1.

N. Neshatvar, Evdokia Pilavaki, M. Schormans and A. Demos-
thenous are with the Department of Electronic and Electrical En-
gineering, University College London, London WC1E 7JE, UK. (e-
mail: a.demosthenous@ucl.ac.uk)

V. Valente was with the Department of Electronic and Electrical
Engineering, University College London, London WC1E 7JE, UK.
He is now with the Department of Microelectronics, Delft Uni-
versity of Technology, 2628 CD Delft, The Netherlands. (e-mail:
v.valente@tudelft.nl)

[5], [9] or a current-input ADC [10]. A signal conditioning
stage before the digitisation helps to increase the readout
SNR at the cost of limited input current range due to
the amplifier swing [8]. To circumvent this issue, input
modulation has been adopted after the current-conveyor,
to extend the input current-dynamic range [7]. The use
of a CC, however, results in a power consumption penalty.
Direct I/F conversion using relaxation oscillators has been
recently demonstrated as a power saving alternative solu-
tion achieving good linearity and extended dynamic range
[11]. This configuration, however, cannot be easily adapted
to different applications since the design of the oscilla-
tor is usually tailored to specific input current ranges.
Additionally, a limited number of CMOS potentiostat
implementations fully integrate the control, conversion
and wireless units on the same chip and often result in
large current consumption [9].

This paper presents a novel energy-efficient wireless
potentiostat architecture based on a dual-slope (DS) ADC
combined with an innovative wireless unit [12]. The con-
ventional counter used in DS ADC architectures has been
moved to the receiver end, while a pulse modulation
scheme has been adopted to encode ADC conversion time
into two wireless pulses that can be easily detected by the
receiver. In addition, the ADC is input-modulated in order
to extend its dynamic range between pA to pA.

This paper expands on a previous publication [13], by
presenting details on the design and implementation of
the wireless potentiostat with experimental measurements.
Section II presents the novel architecture of the wire-
less potentiostat. Section IV discusses the circuit-level
implementation of the potentiostat. Section V presents
the measured results of the functional performance of the
chip and electrochemical measurements performed with it.
Section VI draws conclusions and comparison with state-
of-the-art implementations.

II. POTENTIOSTAT PRINCIPLE OF OPERATION

Fig. 1(a) shows the architecture of a conventional
current-mode wireless potentiostat readout. A DS ADC
operates in two phases. During the first phase the input
current, Iy, is integrated onto the integrator capacitor,
while during the second phase the capacitor is discharged
by a reference current, Iggr. This operation effectively
converts the input current to a pulse, whose duration is
proportional to the ratio between Iy and Iggr. A local
counter is used to measure the duration of the pulse. The
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output of the counter is modulated by a local oscillator
(LO) and sent over the wireless link. The presence of an
LO and a counter decreases the energy efficiency of the
front-end unit and the transmitter.
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Fig. 1. Wireless potentiostat architecture. (a) Conventional and (b)
proposed system.

Here we propose a new strategy based on a modified
pulse harmonic-modulation scheme [12], whereby only two
pulses are sent via the wireless link, one at the start and
one at the end of the capacitor discharge period, as shown
in Fig. 1(b). These pulses inherently encode the capacitor
discharge time, which can be determined at the receiver
end. This approach greatly reduces the complexity and
power requirements of the readout circuit.

III. SYSTEM ARCHITECTURE

The block diagram of the potentiostat chip is shown in
Fig. 2. The chip consists of a 4-channel potentiostat and
a wireless unit.
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Fig. 2. Chip block diagram.

Each potentiostat comprises a control amplifier, a dual-
slope ADC and a reference DAC. The potentiostat can

be programmed via an on-chip 7-register 20-bit SPI inter-
face. Two SPI registers are used to enable and address
individual potentiostat channel. One register stores the
settings of the wireless unit and 4 registers are used to
individually calibrate the offset of individual channels. The
local controller is used to set the polarity of the channel,
the operation mode and the timing pulses. The timing
sequence is implemented on an FPGA unit, whereas the
selection switches are implemented directly on the PCB.

IV. CirculT IMPLEMENTATION

The schematic of each potentiostat readout channel is
shown in Fig. 3. A dual-mode current-mirror-based control
amplifier is used to set the electrochemical cell potential
Vre_weg to a fixed value. The control amplifier can set
a positive VrRg_wg or negative Vrr_wg, depending on
whether a reduction or oxidation current is measured dur-
ing the chemical reaction. In the former case the working
electrode (WE) is connected to ground, whereas in the
latter case WE is connected to the supply potential Vpp.

The core of the DS ADC consists of a switched-capacitor
integrator featuring correlated-double sampling and a dy-
namic comparator. The wireless unit consists of a pulse
generator (PG), a pulse harmonic modulation (PHM)
transmitter (TX) and a coil antenna for inductive data
transfer. Details on the design and simulated performance
of individual blocks of the potentiostat can be found in
[13]. Extensive detail on the design and measured perfor-
mance of the wireless unit are available in [12].

The operation of the potentiostat channel can be de-
scribed with the aid of the timing diagram in Fig. 4 in
conversion and calibration modalities.

1) Conwversion mode: After a global reset phase, ¢,
the output of the integrator, Viyt is held at Vrgp. During
the integration phase, ¢1, the input current, Iy, is inte-
grated on the capacitor C; for a fixed time, ¢; by closing
switch S7. During t;, Vi, increases or decreases from
VREF, depending on the direction of Ijx. During the dis-
charge phase, ¢s, the reference DAC is enabled forcing Vips
to decrease (or increase) toward Vrgr. As the threshold is
crossed the output of the comparator, Veomyp, toggles and
the conversion is completed. The amplitude of the input
current can be determined as: Iy = a- k- (t2/t1)- I, where
k is the input current modulation index equal to t1/T 04
and « is a gain factor due circuit non-idealities and I, is
the programmable current from the reference DAC.

The PG generates two short pulses (ns), one triggered
by the rising edge of ¢» and one at the rising edge
of the comparator output (see ¢pg in Fig. 4(a)). The
integrator discharge time, t5, is then encoded in the delay
between the PG pulses. These two pulses are modulated
by two PHM pulses generated by the TX at a frequency
of approximately 200 MHz.

2) Calibration mode: : The comparator complementary
outputs are connected to the inputs of the DAC via
the local controller. In this modality the ADC is run as
a 1%t-order YA modulator. The integrator capacitor is
charged and discharged by the complementary REF DAC
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Fig. 4. Detailed timing diagram of the operation of the potentiostat
channel in (a) conversion and (b) calibration mode.

currents. The average value of Vj,; equals Vrpr + Vogs.
The offset can be reduced by digitally trimming the load
capacitance at the outputs of the comparator by changing
the calibration bits DP and DN (Fig. 4b).

V. EXPERIMENTAL RESULTS

The chip was designed in a 0.35 pm CMOS process. The
chip microphotograph is shown in Fig. 5. The chip was
wire-bonded to an LQFP64 package and soldered to an

Detailed schematic of a potentiostat channel. The polarity of the potentiostat is selected manually via J1, J2 and static switches

adaptor board. This was connected into a mother board
providing the required supply and bias signals and was
directly connected to an FPGA board (Xilinx Artix 7).

Fig. 5. Chip Layout. A. 4-channel dual-slope ADC with control
amplifier; B. 8-register SPI; C. Bandgap; D. 1.2V voltage regulator;
E Bias cell; F. Power-on reset; G. Beta multiplier; H. TX; Unlabeled
blocks represent test structures.

The ADC current range was measured at a sampling
rates between 5 kHz and 20 kHz with a clock frequency
of 10 MHz. The values of ¢ty were measured from 3
consecutive conversion cycles. Figure 6 shows the linearity
of ty for an input current range between (a) 10 nA and
100 nA and (b) 100 nA and 1 pA. The worst error was
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1.58% between 10 nA and 100 nA and 5.4% between 100
nA and 1.
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Fig. 6. Linearity of the ADC for a input current range between (a)

10nA and 100nA and (b) 100nA to 1pA.

Fig. 7(a) shows the measured RMS input noise current,
L, in of the ADC for different sampling frequencies. At a
sampling frequency of 125Hz, I,, ;,, equals 10 pAgrys. For
an integrator output scale of 0.55V, the SNR of the ADC
is approximately 39 dB, resulting in an ENOB of 6.2bits.
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Fig. 7. (a) RMS input current noise for different sampling frequencies
and (b) potentiostat channel power breakdown estimated at a sam-
pling frequency of 1 kHz and equal to 12 uyW from a 1.2V supply.

Fig. 7(b) show the potentiostat channel power break-
down. The total estimated power at a sampling frequency
of 1 kHz was 12 yW. Most of the power is consumed by
the control amplifier and the biasing circuits. The ADC
consumes less than 2.5 uW resulting in 34 pJ/conversion.
The TX unit consumes 16 nW.

1) Offset calibration: Figure 8 shows the transient op-
eration of the calibration scheme. The complementary
outputs of the dynamic comparator are connected to the
reference DAC. The DAC complementary currents were
set to equal values of 80 nA. The ADC operates as a
1%t-order YA modulator. The traces in the figure show
the integrator output voltage without calibration and
after calibration. The comparator offset due to transistor
mismatches causes the comparator threshold voltage to
be Vog below Vggr. By varying the value of the 6-bit
capacitor array, the offset was reduced by 100 mV.

2) Wireless transmission: The output of the compara-
tor was connected to the TX unit at pinout. The input
current was set to 100 nA, k to 10 and the sampling
frequency to 10 kHz. Fig. 9 shows the operation of
the wireless transmission. One pulse is generated at the
start of the integrator discharge phase (¢o in Fig. 4(a)).
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Fig. 8. Calibration of ADC offset.

The integrator voltage increases towards the comparator
threshold voltage, Vgrgr, which then toggles its state,
driving the generation of another short pulse. The timing
between the two pulses encodes to (and hence Ijx). The
PHM pulses were transmitted across an inductive link.
The TX power was 1.6 mW with the receiver coil at a
distance of 10 mm . As the properties of the link do not
vary during a conversion cycle, the time ¢ can be faithfully
recovered at the receiver end.

—IPG pulses

Time (us)

Fig. 9. Operation of the wireless unit.

3) Electrochemical experiments: The potentiostat was
interfaced to a 3-terminal screen printed carbon electrode
(Metrohm DropSens) and used to measure different con-
centrations of ferrocyanide, [FE(CN)g]*~ diluted in 20 mL
of PBS (1X). The concentration was varied between 1 mM
and 100 mM and ts was measured from 3 consecutive
conversion cycles with results shown in Fig. 10.
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TABLE 1
PERFORMANCE COMPARISON. DS:DUAL-SLOPE; PHM: PULSE HARMONIC MODULATION; CC: CURRENT CONVEYOR; ASK: AMPLITUDE SHIFT
KEYING; FSK: FREQUENCY SHIFT KEYING; UWB: ULTRA WIDE BAND

Parameter | This work [4] [14] [8] [15] [7] [16] [10] [11]
Technology /Supply 0.35 pm 0.18 pm 0.35 pm 65nm 0.18 pm 0.5 pm 0.13 pm  0.25 pm  0.18 um
Supply 12V 18V 1V 12V 18V 5V 12V 25V 18V
Readout DS ADC DT/buf TIA n/a I/V & SAR ADC  I-to-pulse CC & A ADC cC DS ADC 1/F
Max Input Current 1 pA 50 nA 2.6 pA 430 nA 1 pA 16 pA 350 nA 110 nA 800 nA
Sensitivity 10 pA* n/a 70 nA 92 pA n/a 100 fA 8.6 pA 240 pA 3.3 pA
CTRL Amp yes n/a yes yes yes yes n/a yes yes
Wireless PHM n/a n/a UWB n/a n/a n/a n/a n/a
#W /channel 12 12 22 30 CA: 60 241 4 n/a 4.4
*Measured at a sampling frequency of 125 Hz

451 y=0.3394x+13.327

R2-0.98

0 10 20 30 40 50 60 70 80 90 100
[FE(CN)]** (mM)

Fig. 10. Measurements of different to for different concentrations of
[FE(CN)g]*~ diluted in PBS 1X solution.

VI. CONCLUSION

The work presented in this paper defines a novel strat-
egy to reduce the circuit complexity and power consump-
tion of a biosensor readout system. The key innovation
lies in a time-domain conversion and wireless transmission
of the input current. This approach allows to remove the
counter from the sensor node and use an energy-efficient
PHM scheme to encode the value of the input current in
the time delay between two pulses. Measured results show
that the potentiostat compares favourably with state-
of-the-art implementations, in terms of dynamic range,
power consumption and functionality as reported in the
performance comparison in Table I. The potentiostat chip
integrates the control amplifier, the ADC stage and the
wireless unit. Only a limited number of CMOS potentio-
stat offer such level of integration but they often consume
significant power in the wireless transmission [9] or have
limited input current range [14]. The proposed architec-
ture lends itself to the development of future low-power
multichannel systems based on time-domain multiplexing
schemes, where the conversion is initiated at the sensor
node and completed at the receiver end.
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