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Abstract—DAPPER is a front end system capable of simultane-
ous amperometric and potentiometric sensing proposed for low-
power multi-parameter analysis of bio-fluids such as saliva. The
system consists of two oscillator circuits, generating a frequency
relative to their sensed current and voltage signals. These signals
are then mixed together to produce a single channel output that
can be transmitted through backscattering (load-shift keying).
The entire system consumes 40.W from a 1.4V supply. The linear
ranges of potentiometry and amperometry circuits are 0.4V - 1V
and 250pA - 5.6pA (87dB), and their input referred noise is
1.7,V and 44.6fA, respectively.

I. INTRODUCTION

Interest in applications for wireless electrochemical sensing
has grown over the past decade [l]. Its popularity stems
from its low cost, as well as its ability to be made sensitive
and selective to analytes to provide a real-time analysis of
biofluids. In addition to the proliferation of smartphones, the
evolution of Internet of Things (IoT) allows the possibility
of introducing wireless electrochemical sensors into everyday
life. These biosensors allow for a point-of-care approach to
diagnosing patients, thus allowing for timely intervention.

The two most common transduction mechanisms for elec-
trochemical sensing are potentiometry and amperometry.
Through the use of ion-sensitive electrodes coupled with a
potentiometric readout, the detection of ions such as potas-
sium, sodium and pH is made possible. Additionally, CMOS-
based ISFET arrays have been demonstrated for use with
potentiometric sensing [2]. Amperometry is typically used for
the detection of small biomolecules (lactate, ATP, glucose
and cholesterol). There are numerous commercially available
electrochemical glucose sensors, for instance the Enlite™
from Medtronic [3].

The most common biofluids currently used for medical
diagnostics and monitoring in laboratories and at home are
blood and interstitial fluids. These are invasive and expensive
to collect. Saliva is a non-invasive alternative to blood in
reflecting the state of health [4]. It is known that levels of
most salivary biomolecules correlate with serum [5]. Saliva
analysis provides vast potential for research in particular by
facilitating continuous measurement of biomarkers. This can
be achieved through a miniature intraoral wearable system
equipped with an electrochemical sensor that allows real-
time measurement of biomolecules over a sustained time.
Challenges include detection from the whole biofluid that may
contain potentially interfering molecules and the variability of
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Fig. 1: Envisaged placement of the wireless sensor

the environment, such as variable temperature and pH of saliva
that affects the performance of the electrochemical sensor [6].
The salivary pH has a circadian rhythm which is additionally
affected by the patients diet, oral health condition, diabetes,
gastric acid reflux, etc [7]. Therefore, readings acquired by
electrochemical biomolecule sensors need to be calibrated
with the pH. Concurrent amperometric and potentiometric
measurement is necessary for monitoring different types of
analytes for co-analysis and to allow sensor calibration [8].

Few systems have been introduced to obtain both am-
perometry and potentiometry readings. For example, Sun et
al [9] and Jiang et al [10] describe reconfigurable circuits
that can be switched into potentiometric or amperometric
modes at different moments in time. However, simultaneous
potentiometric and amperometric readings, which is essential
to capture instantaneous changes in pH for accurate calibration
and reliable analysis [11], have yet to be achieved in literature.

This paper presents a Dual Amperometric and
Potentiometric Power Efficient instrumentation (DAPPER).
This system is an analog front end circuit that performs
concurrent potentiometry and amperometry sensing, producing
a single output by combining the two readings. The circuit
consumes low power to allow wireless powering, for example
using the circuit reported in [12]. Future work would involve
transmitting the output data of this circuit wirelessly through
backscattering (load shift keying).

The next section describes the design of the system, along
with the rationale behind the choices made for the topologies.
Section III demonstrates the simulation results for each block
followed by the conclusion and future work.
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Fig. 2: The block diagram of DAPPER, the proposed dual amperometric and potentiometric front end
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II. SYSTEM DESIGN
DAPPER is illustrated in Fig. 2. The envisaged electrochem-

ical cell consists of four electrodes: working electrode (WE)
for amperometric sensing, an ion-selective electrode (ISE) for
potentiometric measurement, a shared reference electrode (RE)
and a counter electrode (CE). This electrode configuration
takes inspiration from [10].

An amplifier in negative feedback drives the counter elec-
trode (CE) and shared reference electrode (RE). Both the am-
perometric and potentiometric circuits transduce their inputs
into output frequencies. The outputs of the two circuits are
then mixed through the use of a D flip-flop to be transmitted
outside on a single channel. The reference voltages v_ref,
int_ref and comp_ref are provided externally, along with a
power-on pulse to start the circuit. The circuit has four main
blocks which will be detailed in this section.

A. Amperometric Circuit

The amperometric circuit consists of a switch-capacitor
integrator and a comparator in a feedback loop. The circuit
generates a square waveform with a frequency proportional
to the input current. The integrator accumulates the input
current on a capacitor when S1 is open. The reset clock of the
capacitor is provided by the comparator to ensure the output
voltage of the integrator is within a specific voltage range.

The amperometric circuit has two phases: integration and
reset. The power-on-reset pulse sets the circuit in inte-
gration mode at system start-up. During the reset phase,
COMP _OUT is high and S1 is closed. The integrator is
configured as a voltage buffer, and INT OUT rises to the
input reference int_ref. During the integration phase where
COMP _OUT is low, S1 is open, the capacitor discharges and
INT OUT falls to the comparator reference comp_ref. Once
it reaches comp_ref, COMP OUT goes high, and closes S1
after a propagation delay from the output of the comparator to
S1. This then starts the reset phase all over. The waveforms
that occur throughout the circuit are presented in Fig. 3.

The comparator output is fed into the clock input of the D
flip-flop. This is utilised as a divide-by-2 counter to obtain a
50% duty cycle, making it easier to demodulate at the backend.

Each period of the output pulse width consists of 2,4,
the propagation delay from the time the comparator input
crosses the threshold voltage to when S1 is closed, and ¢;,,
the integration time. The output period of the DFF can be
calculated as:

Tprr_our = 2(tpd + tint) (D

From the equation for the charge in a switched-capacitor
integrator, we obtain the integration time in Eq. 2, where C 7
is the feedback capacitor value, AV is the difference in voltage
between int_ref and comp_ref, and [;,, is the input current:

bint = —F —— 2

i
Putting the equations together, we obtain an expression for
the output frequency at the D flip-flop, fout,amp, as a function

of input current in Eq. 3.
I;
f out,amp —
2(tpalin + CinTAV)
This shows the output frequency varies in a non-linear

fashion due to the non-zero propagation delay ¢,q of the
circuit. However, this could be estimated to a linear equation

3)
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when t,,4 is small compared with Z;,,¢.
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Fig. 4: Potentiometric Frontend Consisting of Current Starved
Oscillator and Differential Pair

The potentiometric circuit serves to convert the input voltage
read between RE and ISE into a frequency. Fig. 4 shows
the potentiometric circuit where IN+ connects to ISE. This
voltage input is passed through a differential input amplifier,
before a central buffer is used to convert this voltage into a
current. PMOS and NMOS current mirrors are used to bias
the current sink and source transistors for the current starved
ring oscillator. Extra capacitors are added after each stage to
further reduce the frequency of the oscillators.

C. Mixing the signals

The output signals of the potentiometry and amperometry
circuits are mixed using a D flip-flop with an asynchronous
active-low reset. Fig. 5 demonstrates the mixing of the differ-
ent waveforms. The figure describes a possible situation that
arises when the potentiometric output is high during a low
edge for the amperometric output. ¢, is the time when the
potentiometric signal goes high, while ¢. is the time when
the mixed signal goes high. ¢, captures the point where the
potentiometric output goes low.

By detecting the edges in the mixed signal and calculating
the edge-to-edge time difference, it is possible to reconstruct
the amperometric data for 74. To ensure at least two rising
edges of Ty are detected on the mixed signal, T» has to
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Fig. 5: Mixing Timing Diagram with the amperometric output,
potentiometric output, and the mixed signals obtained, along
with the error ¢, — t,
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Fig. 6: A: Output frequency of amperometric circuit at D flip-
flop when potentiometry is deactivated for DC input current.
B: Output frequency of potentiometric circuit for DC input
voltage.

be chosen to be at least 4 times higher than T4. For the
potentiometric signal which occurs at a lower frequency, there
exists an error arising from the phase difference. The received
period of Tp is:
TP,TG;GZ’UGd _ tb o te _ % _e (4)
where t, — t, < T4. This becomes % < %, which
allows us to deduce the percentage error. Thus, we have
the requirement that the amperometric frequency is at least
an order of magnitude (x10) larger than the potentiometric
frequency, which gives a maximum error for Tp rcceived t0 be
10%.

In addition, the input clock voltage threshold of the D
flip-flop and the comparator are designed to only trigger for
currents above the 250 pA level. This is done by carefully
designing the dimensions of the input transistors of the D flip-
flop. Hence, lower current values will not be detected.

D. Amplifier

The topology of the amplifier in Fig. 4 is used for both
amperometric circuits and potentiometric circuits, and is a
single stage differential input amplifier. PMOS transistors with
long lengths are used as input transistors minimise the noise.
The open-loop gain of the amplifier is 54 dB with a phase
margin of 77° (with no load connected). The maximum power
consumption, power supply rejection ratio, common-mode
rejection ratio and the -3 dB bandwidth from simulations for
the amplifier are 6uW, 52 dB, 63 dB and 10 kHz respectively.
The integrated input-referred voltage noise over the -3dB
bandwidth of the amplifier 1.7,V.
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TABLE I: Comparison with state-of-the-art

Paper Technology Supply Power Input Referred Dl);;in:c Size Trans. Conc.
P (nm) V) (LW) Noise ( ng; (mm?) Mech. Trans.
[13] 350 33 9300 0.47 pA 156 (amp.) 10.08 Amp. No
[14] 350 33 5830 0.044 pA 169 (amp.) 0.3 Amp. No
[15] NA 33 3600 21.6 mV NA 140 Pot. No
0.5 mV (pot.) 43 (pot.)
[10] 65 0.9 0.97 2.5 nA (amp.) 30.1 (amp.) 1.275 Amp.&Pot. No
[16] 180 1.8 5220 204 fA 140.8 @ 10kHz(amp.) 0.091 Amp. No
[17] 350 1.4 92 1.8 uv 66 (pot.) 2.1 Pot. No
1.6 ©V (pot.) 121(pot.)
[18] NA 2.8-3.6 990 0.05 nA (amp.) 155 (amp.) 15.12  Amp.& Pot. No
. 1.7 pV (pot.) 62 (pot.)
This Work 180 1.4 40 446 fA (amp.) 87 (amp.) 0.098  Amp.&Pot. Yes

*Trans.Mech. = Transmission Mechanism, Pot. = Potentiometry, Amp. = Amperometry
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Fig. 7: Layout of DAPPER
ITI. SIMULATION RESULTS

The circuit is designed in a standard 180nm CMOS technol-
ogy and simulated with cadence. The layout is presented in
Fig. 7 with the circuits occupies a total area of 0.098mm?.
Fig. 6 displays the output frequency ranges for both the
potentiometric and the amperometric circuits. For the amper-
ometric circuit, the frequency output is shown for DC current
inputs from 250pA to 5.6pA. This circuit draws 29 W at the
maximum frequency. The output frequency of the D flip-flop
when potentiometry is deactivated begins at 214Hz@250pA
before increasing to 551kHz@5.6A.

The frequency output shows a linear trend from 250pA to
0.1uA with a slope of 1260Hz/nA. From 0.1uA to 5.6uA,
this gradient reduces to 68Hz/nA. This corresponds with the
reduced gain of the amplifier after the bandwidth of 10kHz of
the amplifier. The propagation delay ¢,4 from the comparator
output to S1 increases from 100 ns at I;,,= 250pA to 500 ns
at I,,=0.1uA, which explains the difference in the gradient as
per Eq. 3. This delay increases as for higher currents, Cjnp
takes a longer time to discharge.

The simulated input-output characteristics of the potentio-
metric circuit is shown in Fig. 6, showing sufficiently linear
behavior between 0.4V to 1V, which is adequate for values
measured using a metal oxide based pH electrode [15]. The
curve displays a linear relation, with a slope of -11.4Hz/V
input. The power consumption at the maximum frequency of
the circuit is 3uW.

Fig. 8 displays the output simulation for the D flip-flop
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Fig. 8: Simulation of the output voltages for an Isense = 300pA
and Vsense = 0.7V. This corresponds to SHz and 260Hz on
the D flip-flop output.

for Isense = 300pA and Vsense = 0.7V. The reset switch
is effective in modulating the output of the D flip-flop to
correspond to the potentiometric output frequency, while the
amperometric output frequency can still be obtained from the
individual pulses.

A comparison with state-of-the-art is presented in Table. I
demonstrating the innovative aspect of this work in providing
concurrent dual transduction methodologies. The chip is now
in fabrication. The future plan is to test the performance of the
chip with both off-chip and on-chip glucose and pH sensors.

I'V. CONCLUSION AND FUTURE WORK

An analog front-end chip capable of simultaneous readings
of potentiometry and amperometry is presented along with
the design of each system block. The output consists of two
frequencies that vary according to the input current and voltage
that can be transmitted wirelessly through backscattering. Sim-
ulation results are presented to demonstrate the performance
and functionality of the chip.
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