JUNE 2019

A Four-Quadrant Switched Capacitor DC-DC
Convertor for Use in Lab-Grade Potentiostats

Matthias Swiggers

Abstract—This paper presents a low-power potentiostat based
on a four-quadrant switched capacitor DC-DC convertor, opti-
mized for a high overall efficiency. The potentiostat targets output
currents in the range of 1 A to 1 mA and achieves a compliance
voltage of +2.5V. The system is designed and simulated in a
0.35 ym process.

I. INTRODUCTION

HE design of modern sensors is driven towards more

power efficient applications. A large class of sensors
is based around the measurement of concentrations of com-
pounds in a solution, which is typically the electrolyte in-
side an electrochemical cell. Voltammetric methods use the
relationship between the current through this electrochemical
cell, and the voltage across its electrodes to derive useful
information about concentrations in the electrolyte [1].

The device used to apply the current and voltage to the
cell is called a potentiostat. Voltammetric setups often use
three-electrode systems, where power is applied to one pair
of electrodes, and the resulting voltage drop is sensed across
another. The first and simplest designs of potentiostats use an
operational amplifier to power the cell, as shown in figure la.
Op-amps are however not suited to supply power across a large
range of output voltages, resulting in a large power dissipation
inside the amplifier.

A common alteration to the basic op-amp architecture of
figure la is to use a seperate linear output stage to power
the cell [2], [3]. This allows the static power consumption of
the op-amp to be reduced as it no longer has to supply a large
current to the load, thereby decreasing the power consumption
of the potentiostat.

In literature, several methods have been proposed to further
increase the efficiency. In [4], the static power consumption
of the op-amp is completely eliminated by replacing it by
a latched comparator (shown in figure 1b). For integrated
applications, techniques like bulk-driven amplifiers [5] enable
the design of potentiostats at very low supply voltages, auto-
matically increasing the efficiency of the output stage. Both of
these techniques are however fundamentally limited by their
linear output stage. They rely on bringing the supply voltage as
close as possible to the required output voltage, which means
these solutions have to be tailored to a specific application.

The use of a switching instead of a linear output stage,
allows to decouple the efficiency from the required output
voltage of the potentiostat. Ghanbari et al. [6], [7] therefore
respectively propose to use a continuous or discontinuous
conduction mode buck convertor in the output stage of the
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Fig. 1: (a) Basic operational amplifier architecture (b)
architecture with seperate linear output stage (c) buck
convertor based architecture (d) proposed solution

potentiostat. This significantly increases the efficiency of the
potentiostat.

In reality, both electrochemical cells that require power as
cells that deliver power exist, and so a truly universally em-
ployable potentiostat has to achieve a four-quadrant operation.
Although operational amplifiers (figure 1a) are able to provide
a four quadrant operation, they are unable to harvest energy
from an electrochemical cell. Due to the transistor in the output
stage, option 1b is only able to source current at positive output
voltages. Even though two- and four-quadrant buck convertors
exist, the solution in figure 1d only offers a single-quadrant
operation.

This paper describes the design of a potentiostat based
around a four-quadrant switched capacitor (SC) DC-DC con-
vertor. Thanks to the switching nature of this convertor, this
potentiostat is expected to have a good overall efficiency.
Moreover, this potentiostat should be also be able to harness
power from the electrochemical cell. The SC DC-DC convertor
is designed and simulated in an ON Semiconductor 0.35 um
technology.

The rest of this paper is organised as follows. Section II
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discusses voltammetric sensors and their requirements. Sec-
tion III digs deeper into the requirement of a four quadrant
operation, and its implications on the design of a SC DC-
DC convertor. Section IV covers the transistor level design of
the potentiostat. Finally, section V shows the results of the
simulation in SPICE.

II. SYSTEM REQUIREMENTS

Voltammetric methods observe the current through an elec-
trochemical cell in function of the voltage across its electrodes.
In a three electrode setup, a potentiostat attempts to make the
voltage between the working electrode (WE) and the reference
electrode (RE) track a reference voltage V.. by sending
a current into the auxiliary electrode (AE). The reference
electrode is connected to a very high input impedance, such
that all current going into the auxiliary electrode flows through
the working electrode.

electrode
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Fig. 2: Half-cell model Fig. 3: Three electrode cell model

Although the relationship between the current through and
the voltage across an electrode is heavily nonlinear [1], it is
possible to linearize an electrode around an operating point. A
linearized model of an three electrode cell is given by figure 3,
and consists of three half-cell models (WE, RE, AE)[8], [9].
Both the working and the counter electrode contain a resistor
and a capacitor. These respectively represent the ease with
which the electrode conducts current, and the charge build-up
between the electrode and the electrolyte. Since the reference
electrode is very small and it does not conduct any current, the
resistor and capacitor are omitted. Each electrode is linearised
at some voltage Ej;, and bias current [j;,.

The linearized model clarifies how the sign and magnitude
of the output voltage and current, are mainly defined by the
choice of electrodes. In general, the potentiostat will have to be
able to source and sink currents at both positive and negative
output voltages in order to be able to use it in combination
with a wide variety of electrochemical cells.

Table I lists the targeted specifications for this design. The
potentiostat has to achieve a compliance voltage of —2.5V
to 2.5V, which is sufficient for most watery solutions [10].
The convertor has to be able to achieve efficiencies which are
considerably better than those of an operational amplifier, for
output currents between 1 mA and 1 pA. A maximum 5mV

output ripple is desired for the potentiostat to accurately follow
the reference voltage V;..;. The convertor should be able to
accurately reproduce variations in the reference voltage up to
a frequency of 100 Hz.

TABLE I: Specifications for the potentiostat

Specification Value
Iout, mazx +1mA
Iout, min +1 /J,A

Vaw +25V
Vew +25V

VRW, ripple 5mV
f'ref, max 100 Hz
Chip area 3mm?

Finally, since both the capacitance Cy;;,, and the current [j;,
are related to the surface of the electrode, it is assumed that
the following relation holds:

Clin ~ 1&
Ilin - nk’

(1)

III. ARCHITECTURE LEVEL DESIGN

Whereas two quadrant convertors are a well established
topic within the design of SC DC-DC convertors [11], [12],
four-quadrant convertors have been relatively untouched upon.
From the point of view of the three-electrode cell, the four-
quadrant operation can be achieved in several ways.

A first option to achieve a four-quadrant operation is to
use a symmetrical supply rail at —3.3 and 3.3 V. The use of
two seperate rails causes the voltage swing on the capacitor
plates to lie anywhere between —3.3V and 3.3V. Since
the breakdown voltage in the used 0.35 um technology is
only 3.6V, many switches in the convertor will have to be
implemented as either cascodes or thick-oxide transistors. This
will require additional area, and it complexifies the driving of
the switches.

A better alternative is to use only a single supply rail, and
to connect the second terminal of the output (in this case the
working electrode) to the 3.3 V-rail or ground, depending on
whether a positive or a negative output voltage is required.
Figure 4 presents a very simple model of this convertor,
consisting of an ideal voltage conversion by a ratio VCR;,
which is determined by the topology, and a finite output
resistance R,,: [13]. The naming convention for the four-
quadrant operation is shown in figure 5.

Since three-electrode cells can both function as an elec-
trolysis as a galvanic cell, the efficiency of the convertor in
quadrant I and III is defined differently from the efficiency in
quadrant IT and IV:

Pcell Vout * Iout

M, 3= = 2
Pcell + }Dlosses Vout * Iout + ]Dlosses

" o Pcell - —Plosses o Vout * Iout - Plosses (3)
2, 4 = =
Pcell Vout * Iout

The potentiostat implements a gearbox convertor in order to
achieve a high efficiency over a wide range of output voltages
[14]. Suitable topologies for the gearbox are found by listing
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Fig. 4: DC-DC convertor model  Fig. 5: Four-quadrant

operation

several options for every VCR;, for which unfortunately no
exhaustive strategy exists[15]. The different topologies for a
single VCR are compared to each other using charge flow
analysis [16]. Different topologies are combined to a gearbox
based on their similarity, which reduces the complexity of
the driving circuits. Table II for example shows that T1 and
T2 have ¢; in common. Furthermore, capacitor C'1 always
transfers the biggest charge in each of the topologies. These
design strategies ensure that a component sizing exists which
is beneficial for each of the topologies.

In order to limit its complexity, the gearbox implements 10
VCR,;’s using 3 flying capacitors, as indicated in the left hand
side of table II. Due to the switch at the working electrode,
every topology realises two conversion ratio’s VCR; and
VCR; — 1.

IV. TRANSISTOR LEVEL DESIGN
A. Capacitors and switches

The choice to implement a switch as either an n-type or
p-type MOS transistor depends on the available gate-source
voltage. Thanks to the use of only a single supply rail, both
nMOS and pMOS switches can be driven by a 0—3.3 V signal,
and no bootstrapping circuits are required.

Figure 7 shows the implementation of the switches and
capacitors. S1 to S3 connect a capacitor to the 3.3 V-rail, and
are implemented by pMOS-transistors. Switches S4 to S6 are
nMOS transistors since they connect a node to ground. Finally,
switches S7 to S17 interconnect plates of the capacitors. Some
switches, like S8 and S9 can be implemented as a single
transistor because the gate-source voltage in every topology
sufficiently large to use a pMOS transistor. For others, like S7
and S10, the Vg is always sufficiently large such that it is
possible to use the same type of transistor in every topology.
These are therefore implemented as a pass-gate.

Since the voltages in the gearbox stay within the 0 — 3.3V
range, every capacitor is implemented as a MIM-capacitor,
offered by the technology [17].

The area of the chip is optimally divided between the
switches and capacitors by a MATLAB® script, based around
the built-in nonlinear constrained optimization function fimin-
con [18]. The script computes the FSL and SSL losses of
the gearbox by means of the charge flow vectors d. and
a,.. Furthermore, the energy required to charge or discharge

TABLE II: Topologies in the gearbox

Name VCR; b1 P2

—

T1
—4

o)
=

T2
= T 7 T
3
=055 3 a=[5 33
: TT1 %
2
T3
= T T
2
a=[F13 7Y a=[F Y
: 11 %
3
T4
= T T
3
@=[333 %3 a=[FF5%3
TS ° I T

the gate of the transistors, as well as the parasitic bottom-
plate capacitance of the MIM capacitors are extracted by
simulation in Cadence Virtuoso® and inserted into MATLAB.
This data allows the script to estimate the gate and bottom-
plate capacitance losses. In order to limit dynamic power
consumption, the switching frequency (¢1 — @2 — ¢1) of
the gearbox is limited to 2 MHz.

The optimization results in an area Ac; = 1.598 mm?,
Aco = 0.666mm? and Agz = 0.672mm?. Finally, the
convertor also implements a 1nF output capacitor to limit
the ripple, which is approximated by [19]:

Iout
Vripple B Cout * fsw (4)

This requires an additional area of 0.67 mm?, bringing the
area to a total of 3.67 mm?. At large output currents however,
this capacitance will be negligible with respect to the cell
capacitance (see formula 1).



JUNE 2019

SNK
R

‘_‘/out>0

+ L
Out+ T\Jr Vrnf

Fig. 7: Implementation of the switches

B. Control loop

Figure 6 shows a complete overview of the potentiostat. A
hysteretic controller ensures that the voltage at the reference
electrode VrE accurately follows the reference voltage V...
Following sections cover the seperate building blocks of the
control loop.

1) Logic and driving stage: Thanks to the use of a single
supply rail, every switch can be driven with a 0—3.3'V signal.
A chain of unit invertors buffer the logic output signal before
applying it to the transistors. Since all of the logic is non-
inverting, these buffers also provide an additional inversion
for pMOS-switches.

2) Clock generator: A clock generator with a maximum
dead time of 1.3% at a switching frequency of fs,, = 2 MHz
generates the phase signals ¢; and ¢,.

3) Latched comparator: A popular choice for the clocked
comparator is the so-called StrongARM latch [20]. This com-
parator features a very fast decision time thanks to its positive
feedback loop. Moreover, it does not suffer from any static
power consumption.

The independence of the voltage between the reference
electrode and the working electrode from the voltage between
the auxiliary and working electrode, requires a very broad
input range of —2.5V to 5.8V. On the other hand, the
comparator should generate rail-to-rail voltages between 0V
and 3.3V at its outputs. This is not achieveable for the

—o

3.3V

StrongARM latch, as the speed is strongly dependent on the
common mode input voltage [21].

3.3V 3.3V 3.3V
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Fig. 8: Double tail comparator with hysteresis of section
IV-C2 in red

Therefore, the convertor features a double tail comparator
[22] with a seperate input and output stage. By providing
the input stage with a symmetric supply rail at —3.3V,
the input range of the comparator reaches well below 0V.
The output stage generates single-ended outputs. Two pMOS
transistors M8 isolate the input from the output stage and
avoid it from discharging the gates of transistors M4 below
Vg, M4 = ‘/bias - ‘/th, MS8-

4) Topology selection: Finally, an algorithm implemented
in Verilog-A allows the gearbox to change between different
topologies depending on the output voltage and current.

C. Improvements

Previous sections already discuss a fully operational DC-DC
convertor. The convertor however implements three more ad-
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vanced methods to further increase the performance, indicated
in red in figure 6.

1) Interleaving: A first improvement is the interleaving
of the convertor. By splitting the convertor into N smaller
fragments, and shifting each of these copies in time over 3(}30 ,
the output ripple of the convertor improves by a factor N
[19]. In order to limit the dynamic power consumption of the
comparator, the number of fragments in this design is limited
to N = 4. Moreover, to make the output ripple constant over
time, each fragment is splitted up into 2 smaller fragments in
anti-phase.

2) Hysteretic double-tail comparator: For the potentiostat
to accurately reproduce quick variations in the reference
voltage V..y, it has to be able to quickly change between
charging and discharging the three-electrode cell by switching
between the two outputs of the comparator.

A second, hysteretic comparator as indicated in figure 6
decides which comparator output drives the clock generators.
In [12], a hysteretic comparator is realised by adding a pair of
transistors to a StrongARM latch. In this case, this hysteretic
comparator is realised by adding bleeding transistors to the
second stage of a double-tail comparator. This generates a
variable offset to the second stage of the convertor, depending
on whether the convertor is currently sourcing or sinking
current. Thanks to the slow variations in the reference voltage
Vieg, this hysteretic comparator can generally be clocked
much slower than the first, such that its power consumption
is limited.

3) Frequency scaling: The dynamic power consumption of
the comparator is reduced by decreasing the clock frequency
at low output currents. This design achieves frequency scaling
by a chain of D flip-flops acting as clock dividers.

V. RESULTS

Firstly, figure 9 shows the simulated waveforms in the
double-tail comparator. Since Vi, > Vj,_, the input stage
decharges the gate of M4 at a different rate. M4r is turned of
first, and the positive feedback loop converges to Vi, =
3.3V. Transistors M8 prevent the gates from discharging
beyond Vgie =~ 0V.

Voltage [V]
f?/

t [ns]
‘/outf _‘/in,

== =Clk+ —Vouy

_sz'm, ‘/yat(mr — Vgate_

Fig. 9: Waveforms in the double-tail comparator

Figure 10 shows the the potentiostats efficiency in steady-
state obtained by a series of transient simulations in Virtuoso.
The efficiency is calculated with respect to the power supplied
by the 3.3V and —3.3V lines. The power consumption of
clock signals, as well as that of the clock divider and hysteretic
comparator, is not taken into account. The simulation shows
a close correpondence to the results obtained from the opti-
mization in MATLAB. The optimized result does not account

(Iout > 0)

ZT
el

Quadrant IT and Quadrant I

V;;u! [V]
Quadrant IIT and Quadrant IV (I, < 0)

B S - S
‘/uut [V]
Post optimization —SPICE‘

- - -Op-amp SSL only

Fig. 10: Comparison of the efficiencies at I,,; = 1 mA (I, II)
and I,,; = —1mA (III, IV)

for the power consumption of the control loop, causing a
discrepancy which becomes larger at low output powers. The
graph also shows the theoretical maximum efficiency for this
gearbox, if only SSL losses were present.

The efficiency in quadrant II and IV drops to zero near
Vout = 0. This can be explained with the model from figure
4. The only suitable VCR; in these regions is respectively
the 1 : 1 conversion and the 1 : 0 conversion, and so all
the power generated by the cell is dissipated in the convertor
output resistance.

Furthermore, table III shows the difference in losses at
a maximal and a minimal load. Frequency scaling clearly
reduces the power consumption of the load, even though the
power consumption of the comparator does not decrease as
quickly as desired.

TABLE III: Allocation of losses for V.. = 2.5V

Teew =1mA Ieey =1pA
Pout 2492 /LW 2565 nW
Pioss,pc—pc 196 pW 197 nW
Priip flop 15 W 380W
Bogic,buffer 44 pW 60 nW
comparator 41 ,U«W 1340 nW
Prnoca 34 uW 26 nW

The response of the potentiostat to changes in the reference
voltage is evaluated using the model of figure 3, using the set
of parameters shown in IV. Figure 11 shows the response of
the convertor to a step response. The potentiostat accurately
reproduces the applied waveform. The VCR selection block
ensures that the convertor correctly switches between topolo-
gies at t = 22.5 us, t =~ 41 us and ¢t ~ 44.5 us. The hysteretic
comparator causes the potentiostat to switch from charging to
discharging the output capacitance around t ~ 40 us.

TABLE IV: Parameters for the linearized model of figure 3

fek
16 MHz

Rwg
500 2

Ragp
100 Q2

Cweg
100 nF

Cag
1uF

Figure 12 shows the potentiostats ability to accurately
follow a sinusoidal reference with f = 10 kHz. The hysteretic
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Fig. 11: Response of the convertor to a step in the reference
voltage between 1.3V and 1.7V

TABLE V: Comparison to previous work

[4] [7] This work
Type Linear DCM Buck SC DC-DC
Process 2.5 pm 0.18 pm 0.35 pm
Vout 0—-5V 0—18V —25—-25V
Tout 2 — 32uA 12 uA +(1 A — 1mA)
n 6%Q2 uA 95%@12 puA 54%Q12 uA
Viipple 10mV@2kHz 2.5mV@Q8kHz 2mV@Q27.5kHz
Die size 2.3 X 2.8 mm? — 3 mm?

comparator is clocked at f = 500kHz and causes the
convertor to switch between sourcing and sinking current at
t ~ 40 pus and ¢ ~ 80 us.

—Vier H

—Vke

0 10 20 30 40 50 60 70 80 90 100
t [us]
Fig. 12: Response of the convertor to a sinusoidal reference
voltage with mean 1.5V and amplitude of 200 mV

Table V shows a comparison of the presented potentiostat to
previous publications. The comparison uses a similar setup to
[4] with an output capacitance of 320 nF, an output resistance
of 500kS2 and a reference voltage V,..y = 0.7 V.

Frequency scaling reduces the clock frequency of the com-
parator to 250 kHz. The convertor uses topology T2 to provide
the 0.7V output voltage, which causes a rather low efficiency
of 55%, and a ripple at 27.5 kHz. The power consumption of
the clock divider is not taken into account.

VI. CONCLUSION

In this paper, a potentiostat based on a four-quadrant
switched-capacitor convertor was designed and simulated in a
0.35 pm technology. The system showed a high output voltage
and current range in comparison to other efficient potentiostat
designs. The potentiostat has a good overall efficiency and can
be used for both amperometric and voltammetric experiments.
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