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Chopper-Stabilized Bidirectional Current
Acquisition Circuits for Electrochemical
Amperometric Biosensors

Hamed Mazhab Jafari and Roman Genov

Abstract—Two low-noise bidirectional current acquisition cir-
cuits for interfacing with electrochemical amperometric biosensor
arrays are presented. The first design is a switched-capacitor
transimpedance amplifier (TIA). The second design is a current
conveyer (CC) with regulated-cascode current mirrors. Both
circuits employ chopper stabilization to reduce flicker noise. The
TIA and the CC were prototyped in 0.13 pm CMOS and consume
3 uW and 4 4'W from a 1.2 V supply, respectively. The electrical
and electrochemical recording properties of both circuits have
been characterized. The current conveyer exhibits superior per-
formance in low-concentration electrochemical catalytic reporter
sensing, as less switching noise is injected into the biosensor.

Index Terms—Bidirectional current, biosensor, current con-
veyer, cyclic voltammetry, electrochemical sensor, transimpedance
amplifier.

I. INTRODUCTION

EVERAL promising sensory interfaces for biological and
S chemical sensing applications have been introduced in re-
cent years, such as sensory systems for monitoring of chem-
ical neural activity of the brain [1], [2] and for DNA detection
[3]-[9]. Electrochemical amperometric sensing is gaining pop-
ularity in such applications [10], [11].

A block diagram of an electrochemical amperometric sensing
system is shown in Fig. 1 [10]. The electrochemical cell con-
sists of a working electrode (WE) and a reference electrode
(RE). The current acquisition circuit holds the working elec-
trode at a known potential and records the reduction-oxidiza-
tion (redox) current generated due to the voltage difference be-
tween the working and reference electrodes. Two common types
of current acquisition circuits are a transimpedance amplifier
(TIA) and a current conveyer (CC) that generate a voltage and
a current, respectively, at the output as shown in Fig. 1.

A generic IR — C' biosensor impedance model is depicted in
Fig. 2. In this model Rgs represents the electrolyte resistance
between the working and reference electrodes, Cyy g represents
the diffusion layer capacitance, Cpp models the interfacial
double-layer capacitance at the WE-electrolyte interface and
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Fig. 1. Conceptual view of an electrochemical amperometric sensory system.
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Fig. 2. Charge profile of the electrode-electrolyte interface and its equivalent
circuit model.

Rer models the charge transfer resistance at the WE-elec-
trolyte interface [11]. The double-layer consists of solvated
positive ions physically separated from the working electrode
surface by a monolayer of water molecules and ions at the
working electrode surface. Biochemical probes, biologically
active compounds such as artificial antibodies, enzymes or
receptors, are integrated with the working electrode. The dif-
fusion layer is the layer beyond the double layer where the
capturing probe molecules are located [12]. The integration
process is performed by the immobilization and stabilization of
biological sensor molecules on the electrode surface. For ex-
ample, in DNA sensing applications the surface of the working
electrode is functionalized with probe DNA. Binding of the
probe DNA with the matching target DNA results in a change of
the working electrode surface properties such as impedance and
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Fig. 3. Electrode voltage waveform for the three electrochemical amper-
ometric sensory methods: constant potential amperometry (CA), cyclic
voltammetry (CV) and impedance spectroscopy (IS).

surface charge amount. The variation of the surface properties
results in a change in the recorded value and waveform features
of the redox current flowing through the working electrode,
thus indicating the thermodynamics and kinetics of chemical
reactions at the sensory interface indicative of the presence and
concentration of the target DNA. In most biochemical sensing
applications the recorded redox current is in the range of low
pAs to low nAs and the biosensor frequency response covers
arange of 1 Hz to 1 kHz [10].

An example of the mechanism of generation of the redox cur-
rent is also shown in Fig. 2. In the presence of a potential differ-
ence between the working electrode and the reference electrode
the electroactive chemical species of the electrolyte solution are
either reduced (gain an electron) or oxidized (loss an electron).
The amount of charge transferred between the electrolyte solu-
tion and the working electrode depends on the surface charge.
The surface charge in turn depends on the density of the target
molecules that have bound to probes. Measuring the current cor-
responding to the charge transfer yields a measures of the con-
centration of the target molecules.

The reference electrode is set to a constant voltage for con-
stant-potential amperometry (CA), a bidirectional ramp voltage
for cyclic voltammetry (CV), or a small-amplitude sinusoid for
impedance spectroscopy (IS) as shown in Fig. 3. The constant-
potential amperometry method provides high sensitivity at the
cost of limited selectivity. The cyclic voltammetry method pro-
vides lower sensitivity compared to the CA method but it is
highly selective. A drawback of this method is the creation of
a large background current due to the dynamic nature of CV
waveforms. The background current can be orders of magnitude
larger than the redox current. This places a stringent requirement
on the dynamic range of the current acquisition circuit. A draw-
back of the IS method compared to the CV and CA methods is
the long time required for acquiring a biosensor spectrum which
can affect the real-time detection capability.

The use of a transimpedance amplifier is the most common
approach to redox current acquisition [10]. In this approach the
transimpedance amplifier (TIA) sets a virtual potential at the
working electrode and at the same time generates an output
voltage that is proportional to the redox current. This can be
implemented as a resistive feedback configuration [13] or a
switched-capacitor circuit [14]. The size of the resistors in
the resistive feedback configuration makes it impractical for
massively-parallel array sensing implementations. Additionally
in a resistive feedback configuration the thermal noise can be
injected back into the biosensor. The switched-capacitor TIA
configuration is a common choice for arrayed implementa-
tions [7].
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A current conveyer (CC) is another common compact cir-
cuit for measuring the redox current [17]. The WE is held at
a virtual potential. Instead of converting the redox current di-
rectly to voltage, it is conveyed from WE to a high-impedance
output node and can then be converted to a voltage. A number
of current conveyer designs for amperometric sensing applica-
tions have been reported [16]-[21].

We present a study of the utility of the switched-capacitor TIA
and CC circuits in acquisition of bidirectional currents in elec-
trochemical amperometric biosensing applications. Advantages
and disadvantages of the TIA and CC circuits in such applica-
tions are described and experimentally confirmed. This work
builds on the theoretical noise analysis presented in [22], [23].
Specifically, we show that the main drawbacks of the switched-
capacitor TIA is the injection of the the switching noise into
the sensor working electrode. The switching noise injected into
the working electrode alters the charge at the working electrode
surface, thus degrading the electrochemical recording results
accuracy.

We introduce a solution to this problem, a low-noise bidi-
rectional current conveyer for small currents. The advantage of
this method, compared to a transimpedance amplifier, is that
the working electrode is isolated from the clocked circuitry
(e.g, switches, ADC, comparator) thus reducing the effect of
charge injection into the working electrode due to high-fre-
quency switching. Generally current conveyers suffer from
the amplifier flicker noise as it is not integrated as in the case
of the TIA. Internal OTA chopper stabilization is utilized to
reduce the effect of the flicker noise, the dominant noise of
the amplifier. The CC achieves a dynamic range of 8.6 pA
to 350 nA. Finally, we present a comparative analysis of a
bidirectional-input TTA and a bidirectional CC fabricated in
0.13 M CMOS technology.

This paper extends on an earlier report of the current conveyer
design presented in [15], and offers a more detailed analysis of
the design and additional electrochemical experimental results
characterizing the circuit implementation and comparing the
current conveyer implementation to a transimpedance amplifier
implementation for electrochemical recording. The rest of the
paper is organized as follows. Section II presents the TIA de-
sign and implementation and includes experimentally measured
results. Section III details the circuit implementation of the CC
and also includes experimentally measured results. Section IV
presents a comparative analysis of the TIA and CC designs and
their utility in electrochemical sensing applications.

II. TRANSIMPEDANCE AMPLIFIER (TIA)

As described in Section I, most electrochemical biosensing
applications require sourcing and sinking the redox current. One
way to measure a bidirectional redox current is to directly con-
vertitto a voltage. The conversion can be done by a resistive or a
capacitive feedback across an OTA, known as a transimpedance
amplifier (TIA). To convert a low-level current in the nano-am-
pere or pico-ampere range, a very large resistor is required. A
capacitive feedback allows to keep the area small. In addition, a
capacitive TIA has an averaging behavior and acts as a low-pass
filter to remove the high-frequency noise [14].
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Fig.4. Chopper-stabilized bidirectional-input transimpedance amplifier (TIA).
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Fig. 5. Circuit schematic diagram of the OTA within the TIA.
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Fig. 6. Simulated input-referred noise spectrum of the TIA from 0.01 Hz to
1 kHz.

A. Circuit Implementation

The circuit diagram of the presented TIA is shown in Fig. 4.
The TIA consist of a chopper-stabilized OTA with a capacitive
feedback. The TIA operates in two phases. In phase one switch
S is open. In this phase the OTA feedback ensures that the neg-
ative terminal of the OTA is at the working electrode potential.
The input current is integrated over the feedback capacitor. This
is the integrating phase of the TIA. In the next phase, switch .S
is closed to discharge the feedback capacitor. This removes any
residual charge on the feedback capacitor at the end of one full
cycle.
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TABLE 1
TIA OTA TRANSISTORS SIZING
Transistor ~ W/L (um)
M 8x1/0.4
Mgy 1x0.5/5
My 4x0.5/4
M7yg 8 X 05/4
M9,10 2 x 05/05
Mll 4 x 1/4
Mg 4%1/0.13
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Fig. 7. Transimpedance amplifier noise summary: (a) flicker noise contribu-
tions, and (b) thermal noise contributions.

The OTA has a folded cascode topology as shown in Fig. 5.
To reduce the effect of flicker noise, the amplifier utilizes input
PMOS devices with a high aspect ratio and internal chopping.
One set of the chopper switches is placed at the input of the
OTA. Another set is placed at the folding nodes as depicted in
Fig. 5. This significantly reduces the flicker noise and DC offsets
caused by the input pair transistors, M; and My, and the NMOS
current mirror transistors, M3 and M. The size of the feedback
capacitor is 10 pF. The chopper clock frequency can be set up
to 20 kHz.

The simulated input-referred noise of the integrator for the
cases where the chopper is disabled and enabled is shown in
Fig. 6. The integrated input-referred noise from 0.01 Hz to 1 kHz
is 0.12 pA when the chopper is disabled and 0.07 pA when the
chopper is enabled. The integrator transistor sizes are shown in
Table I. Contribution of each transistor to the total input-referred
noise is shown in Fig. 7. When the chopper is disabled the main
contributions are from the OTA current mirror transistors M
and My and the input pair transistors M; and M,. When the
chopper is enabled, the current mirror transistors Mg and Mg
are the main contributors to the input-referred noise.
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Fig. 8. Experimentally measured relative error of the output of the TIA for the
input current of (a) 10 pA to 350 nA, and (b) —350 nA to —10 pA. The results
are measured from one typical channel on one chip.
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Fig. 9. Experimentally measured TIA output current of 16 channels (from 16
chips, one channel each) for the input current of (a) 100 pA, and (b) 100 nA.
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TABLE III
EXPERIMENTALLY MEASURED TRANSIMPEDANCE AMPLIFIER (TIA) AND
CURRENT CONVEYER (CC) CHARACTERISTICS

TIA CC
Technology 0.13pym CMOS  0.13um CMOS
Supply Voltage 1.2V 1.2v
Area 80pmx60pum  100pmx100pm
Sensitivity 135fA 8.6pA
Max Relative Error 5.1 8.0
(10pA to 350nA)
Max Relative Error 4.8 7.8

(10pA to 350nA)

Input Referred Noise 0.07pA 0.13pA

(0.01Hz to 1kHz)

Charge Injection at 6kHz 221fA 53fA

(Simulated)

Power Consumption
Core Circuit im 2uW
Biasin, 1uW 1uW
Digita 1uW 1uW
Total 3uW 4uW
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Fig. 10. Conventional pseudo-bidirectional current conveyer with a DC offset
current.

B. Experimental Results

The transimpedance amplifier was fabricated in a 0.13 pm
CMOS process with a 1.2 V supply and occupies an area of
80 pm x 60 pm.

The experimentally measured relative errors of the digital
output for the input current swept between +10 pA and +350
nA are shown in Fig. 8. The relative error stays below 5 percent
over the whole operating range. The TIA achieves a dynamic
range of 10 pA to 350 nA. The lower limit is defined by the
LSB of the on-chip ADC. The higher limit is defined by the
input current that saturates the TIA.

Figs. 9(a), (b) show the experimentally recorded output cur-
rent distribution for the input currents of 100 pA and 100 nA, re-
spectively, measured from 16 channels on 16 chips (one channel
per chip). The mean output current and the corresponding stan-
dard deviation are 80.89 pA and 6.9 pA, respectively, for the
input current of 100 pA. They are 100.10 nA and 17.8 pA for
input current of 100 nA. Table III summarizes the experimen-
tally measured characteristics of the TIA.

IIT. CURRENT CONVEYER (CC)

Another common method to acquire a bidirectional current is
to use a unidirectional current conveyer and to add a DC offset
current to its input as shown in Fig. 10 [7]-[12]. This requires
high resolution in the subsequent ADC and adds noise to the
redox current. Also, depending on the WE impedance, a por-
tion of the DC offset current, Izrror, can leak into the elec-
trochemical cell and disturb the charge balance on the WE-elec-
trolyte interface.
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Fig. 12. Chopper-stabilized bidirectional current conveyer circuit schematic diagram.

A. Circuit Implementation

The top-level VLSI architecture of the presented bidirectional
current conveyer is shown in Fig. 11. It is comprised of a PMOS
and an NMOS transistors M,, and M, connected in the feedback
of the OTA. The negative feedback ensures a known potential at
the working electrode is set by the voltage at the non-inverting
input of the OTA. It also enables the current conveyer to source
and sink input current without the need for a DC offset current.
The currents through A4, and A, are mirrored to the output of
the current conveyer.Internal OTA chopping has been utilized
to reduce the effect of its flicker noise. The current mirrors are
implemented in a low-current regulated cascode topology to en-
able accurate current copying down to the pA level. To facilitate
a comparative analysis with the TIA presented in Section IV, the
output current is integrated on the load capacitor C of 10 pF
and sampled.

The schematic diagram of the current conveyer is shown in
Fig. 12. The OTA is implemented as a folded-cascode ampli-
fier and the current mirrors are implemented as a low-current
regulated cascode current mirror comprised of the transistors
M5 to Myy and My to Mag [11]. The regulated cascode cur-
rent mirrors ensure high precision and high output impedance of
the current conveyer. The regulated current mirrors monitor I
through M3 and M»,. The input current is used to bias the regu-
lating amplifiers consisting of transistors M4, Mg, M17, M19,

Mosg and Mas, Moy, Mog, Mag, Mag. The regulating amplifies
sense the drain voltage of M5 and M»4 through transistors My 4
and M»g and adjust the gate voltage of M;5 and M»7 such that
the drain-source voltage of M;3—Mj5 pair and Ma;—May pair
are equal pairwise thus ensuring accurate current copying down
to pA level.

In more detail, for the NMOS section of the regulated cascode
current mirror, transistors M4, M7 and My form a common-
source amplifier. The common-source amplifier forms a nega-
tive feedback loop with the help of source follower transistor
M. This ensures a high impedance at the output of the cur-
rent mirror. V. of M;5 should be equal to V;;, of M5 to en-
sure accurate current copying. This is achieved as follows: the
common-source amplifier is biased with the current I7x using
a (1:1) current mirror consisting of transistors M9 and M.
The sizes of transistors M4 and M3 are equal to those of the
transistors M1, and M5 respectively. Transistors Myg and M7
are sized such that they provide enough voltage drop to ensure
that transistors Mo, M3, M4, M5 have all the same V. The
value of the capacitor C.. is set to 0.5 pF to ensure OTA stability
over the operating current range.

Similarly to the TIA, internal OTA chopping has been imple-
mented to reduce the effect of both flicker noise and the input
offset voltage. As shown in Fig. 12, chopper switches are placed
at the input of the OTA. Another set is placed after the NMOS
tail current source. This significantly reduces the flicker noise



1154

TABLE 11

CURRENT CONVEYER TRANSISTOR SIZING
Transistor W/L (um)  Transistor ~ W/L (um)
M1y2 8 X 3/04 M16,17,18 1 x 05/4
]\/13’4 1 x 05/5 M19’20 8 x 03/5
M5,6 4 x 05/4 M21,22,23’24 2 X 04/8
M7,8 8 % 05/4 M25,26,27 4 x 07/3
M9,10 2 X 05/05 M28,29 4 x 03/4
My, 4x1/4 M, 1x1/1
M11’13’14’15 1x 04/8 M,n 1x 04/4
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Fig. 13. (a) Simulated current conveyer AC response, and (b) simulated input-
referred noise spectrum of the current conveyer from 0.01 Hz to 1 kHz.

and offsets due to the input pair transistors and the NMOS tail
current source transistors. Minimum size switches are utilized to
reduce the effect of charge injection into the working electrode.
The current conveyer transistor sizes are shown in Table II.

In typical electrochemical sensing applications, the current
conveyer operates in the frequency range of 0.01 Hz to 1 kHz.
To achieve efficient flicker noise reduction, the chopper fre-
quency needs to be higher than the input signal frequency. The
chopper clock frequency was set to 10 kHz. As a result the cur-
rent conveyer bandwidth should be higher compared to the case
where no chopper stabilization is utilized. Simulated bandwidth
of the current conveyer is shown in Fig. 13(a). The current con-
veyer achieves a 3 dB bandwidth of 35.7 kHz.

The simulated input-referred noise of the current conveyer for
the cases where the chopper is disabled and enabled is shown in
Fig. 13(b). The integrated-input referred noise from 0.01 Hz to
1 kHz is 0.27 pA for the case when the chopper is disabled and
is 0.13 pA when the chopper is enabled.
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Fig. 14. Current conveyor noise summary: (a) flicker noise contributions, and
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Contribution of each transistor to the total input-referred
noise is shown in Fig. 14. When the chopper is disabled the
main contributions are from the OTA current mirror transistors
M3 4 and the input pair transistors M ». When the chopper is
enabled, the current mirror transistors A2 21 24 15 are the main
contributors to the input-referred noise.

B. Experimental Results

The current conveyer was fabricated in a 0.13 ym CMOS
process with a 1.2 V supply and occupies an area of 100 ;sm x
100 pm.

The experimentally measured relative errors of the dig-
ital output for the input current swept between =10 pA and
£350 nA are shown in Fig. 15. The relative error stays below 8
percent over the whole operating range. The current conveyer
achieves a dynamic range of 8.6 pA to 350 nA. The lower limit
is defined by the ADC LSB and the higher limit is defined by
the input current that saturates the current conveyer. Fig. 16
shows the experimentally recorded output current distribution
for the input currents of 100 pA and 100 nA measured from
16 channels on 16 chips (one channel per chip). The mean
output current and the corresponding standard deviation are
81.19 pA and 20.31 pA, respectively, for the input current of
100 pA. They are 100.21 nA and 29.0 pA for the input current
of 100 nA. Table III summarizes the experimentally measured
characteristics of the current conveyer.

IV. COMPARATIVE ANALYSIS

The electrical characteristics of TIA and CC are compared
first. When the chopper is enabled, the TIA achieves and input-
referred noise of 0.07 pArms and CC achieves an 0.13 pArms.
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Fig. 15. Experimentally measured relative error of the output of the current
conveyer for the input current of (a) 10 pA to 350 nA, and (b) —350 nA to
—10 pA. The results are measured from one typical channel on one chip.

This is due to the fact that the TIA integrates noise over one
sampling period.

The chip-to-chip output current variation of TIA, in Fig. 8,
is lower compared to that of the CC design shown in Fig. 14.
The variation in CC is mainly due to the mismatch in the output
current mirrors. The maximum relative error of the output over
the operating current range is 5 percent for the TIA and 8 percent
for the CC. Mismatch in the regulated cascode current sources
limits the linearity of the current conveyer. The mismatch in the
regulated cascode current mirrors is due to the mismatch in the
transistor pairs My2—M5 and My —Moy, as shown in Fig. 12.
Dynamic element matching (DEM) can be employed to reduce
the effect of the mismatch in the current mirrors.

To study the effect of charge injection into the working elec-
trode, two sets of simulations were performed with the working
electrode model in both Fig. 4 and Fig. 11 connected to the
voltage Vr . The average current integration into the working
electrode, due to current integration and sampling, is calculated
for the cases where the sampling frequency is varied from 1 kHz
to 12 kHz and the chopping frequency is set to 20 kHz. As it can
be seen from Figs. 17(a) and (b), the average current injected
into the working electrode at 6 kHz for the case of the TIA is
significantly higher compared to the average current injected by
the CC.
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Fig. 18. Cyclic voltammogram of 2 pM potassium ferricyanide in 1 M
potassium phosphate buffer solution experimentally recorded with the
transimpedance amplifier (TIA) and the current conveyer (CC) using a
50 pm x 30 pm gold electrode.

To compare the performance of the TIA and CC in elec-
trochemical sensing applications, two sets of CV scans of a
DNA reporter, potassium ferricyanide, have been performed.
Potassium ferricyanide K3 [Fe(CN)¢] is commonly used in elec-
trochemical sensing systems as a redox reporter [24]. Cyclic
voltammetry recordings of 2 ;M potassium ferricyanide in a
1 M potassium phosphate buffer (pH 7.3) have been carried out.
A 100 mV/sec 0.7 V peak-to-peak CV waveform with 50 ms
resting period was applied between a 55 pm X 55 pym on-chip
gold working electrode and an off-chip Ag-AgCl reference elec-
trode. The resulting CV curves recorded by the chopper-stabi-
lized TIA and the chopper-stabilized CC are shown in Fig. 18.
The CV curves for both TIA and CC show two distinct peaks at
the reduction and oxidation voltages of potassium ferricyanide
at —250 mV and —450 mV respectively. The measurements
match as well.

Next the same set of CV recordings have been conducted
using a 2 pn x 2 g on-chip gold working electrode. The re-
sulting CV curves recorded by the chopper-stabilized TIA and
the chopper-stabilized CC are shown in Fig. 19. The CV curve
for the CC shows two distinct peaks at the reduction and oxi-
dation voltages of potassium ferricyanide, as expected. The CV
curve for the TIA shows no reduction or oxidation peaks. In the
TIA case the switching charge from switch .S is injected into
the working electrode. This disturbs the charge balance at the
electrode-electrolyte interface thus affecting the electrochem-
ical reaction required for reduction and oxidation of the potas-
sium ferricyanide. As expected, this effect is more pronounced
for smaller electrode size.

Both circuits inject small amount of charge generated by the
chopper switches into the biosensor. This injected noise is negli-
gibly small compared to the switching noise due to the feedback
switch in the TIA and is due to the chopper switches mismatch.

V. CONCLUSIONS

Designs of two low-noise chopper-stabilized bidirectional
current acquisition circuits for electrochemical sensing applica-
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Fig. 19. Cyclic voltammogram of 2 p)M potassium ferricyanide in 1 M
potassium phosphate buffer solution experimentally recorded with the
transimpedance amplifier (TIA) and the current conveyer (CC) using a
2 pm x 2 pm gold electrode.

tions have been presented. The first design has a switched-ca-
pacitor transimpedance amplifier topology. The second one has
a current conveyer topology. Both designs are implemented in
a 0.13 pm CMOS technology. Electrical and electrochemical
performance of both design has been characterized. The TIA
and CC consume 3 W and 4 uW from a 1.2 V supply, re-
spectively. It is shown that the TIA marginally outperforms the
CC for high-amplitude input currents. For small input currents
corresponding to low concentration of biochemicals the CC is
the preferred choice as it better isolates the working electrode
from current injection.
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