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Abstract
This paper presents a low noise electrochemical interface 
circuit that is tuned to the needs of protein-based biosensor 
arrays and compatible with the formation of fully 
integrated biochemical microsystems.  The circuit includes 
an integrated potentiostat and highly sensitive 
amperometric readout amplifier. It achieves good noise 
performance while supporting biosensor output currents 
from 10pA to 10 A to suit a wide range of sensitivities and 
electrode areas.  Implemented in 0.5 m CMOS process, it 
is compatible with a post-CMOS process to realize an 
integrated biosensor array. 

INTRODUCTION
Protein-based electrochemical biosensor arrays integrated 
on CMOS chips allow fully electronic measurement of 
biochemical analyte concentrations that are essential for 
disease diagnose and treatment and the study of biological 
systems.  The standard method for interfacing biological 
recognition elements (BRE) to electronics utilizes a three-
electrode electrochemical measurement technique. The key 
electronic component for electrochemical measurement is a 
potentiostat which can be configured for potentiometric 
(apply fixed current and measure output voltage) or 
amperometric (apply fixed voltage and measure output 
current) readout.  Recently several integrated potentiostats 
[1-8] have been developed for various applications.  For 
high density electrochemical sensor arrays based on 
nanostructured biomimetic interfaces [9], the readout 
electronics must be capable of both high resolution, to 
exploit the sensitivity of the protein BRE, and large range, 
to accommodate various BREs on different electrode areas.  
Using amperometric detection suitable of this class of 
sensor, this amounts to sensitivities on the order of 
picoamperes to nanoamperes over a range from 10pA to 
10 A.  Key to this approach is a low-level current 
detection circuit with high linearity and high noise 
performance. 
In measuring extremely small current levels, producing a 
linear readout using solely current mirrors, current 
amplifiers, or transimpedance amplifiers would require 
linear transistor operation in the signal range (1-100nA) 
and bias currents on the order of the signal.  These 
conditions would require potentiostats based on 
subthreshold transistor operation [6, 10].  Unfortunately, in 
most standard CMOS processes, subthreshold operation 
has the drawbacks of being largely uncharacterized, 

variable, and susceptible to transistor mismatch.  In 
addition it limits the current input range.  Charge integrator 
based potentiostats that converter currents to a voltage or 
digital pulse have also been reported [3, 5, 8].  Although 
these circuits demonstrate that high resolution can be 
achieved with charge integrators, the input current range 
and features provided are not well suited to protein-based 
electrochemical sensor arrays.  This paper reports a 
potentiostat that features highly sensitive current readout 
capable of operating over a wide input range and supports 
cyclic voltammetry measurement techniques commonly 
employed for biochemical assays. 

SYSTEM ARCHITECTURE AND REQUIREMENTS 
Figure 1 shows a block diagram of the targeted 
electrochemical biosensor array microsystem.  Interface to 
the electrochemical biosensors utilizes one reference 
electrode, one auxiliary electrode, and multiple working 
electrodes fabricated on the readout chip using post-CMOS 
processing.  The potentiostat block establishes a potential 
between a selected working electrode and the reference 
electrode and measures the current flowing between the 
working and auxiliary electrodes. A specific 
electrochemical cell within the array is selected for 
measurement by routing the signal from the corresponding 
working electrode through the current switch matrix.  The 
current readout block converts the current to a voltage and 
then feeds the signal to an A/D converter.  For this 
electrochemical sensor system, the technical challenges in 
the design of the readout circuits include 1) high current 
sensitivity using low noise circuits to ensure accurate 
measurements from microelectrodes as small as 10 m
diameter, and 2) highly linear readout over a wide current 
range to support various BREs and electrode sizes. 
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Figure 1.  Block diagram of the electrochemical 
biosensor array microsystem. 

0-7803-8692-2/04/$20.00 ©2004 IEEE. 36



CIRCUIT DESIGN AND ANALYSIS 
The topology for the low noise interface circuit for three-
electrode electrochemical measurement is shown in Figure 
2.  It consists of a potentiostat biasing structure and a single 
channel switched capacitor current readout circuit. The 
potential difference between the reference electrode (RE) 
and working (WE) electrode is sensed by Amp2. Two 
resistors and Amp1 form a feedback circuit to apply the 
potential difference to the auxiliary electrode (AE) in order 
to regulate the voltage applied across the RE and WE.  
Vsrc sets the potential applied across the electrochemical 
cell and can be either constant voltage or sweeping signal 
as necessary cyclic voltammetry measurements. 

Figure 2. Potentiostat with cyclic voltammetry capability 
and switched capacitor current readout.

In the current readout block, a charge integrator converts 
the sensor output current into a voltage, which then goes 
through a gain stage that has auto-zero compensation.  The 
output voltage is sampled, held, and then fed to an A/D 
converter.  During clock phi1, the integrator capacitor is 
charged by the current from working electrode.  At the end 
of phi1, the voltage on the capacitor is fed to the 
programmable gain stage and then a sample-and-hold 
stage.  The entire readout channel utilizes the correlated 
double sampling (CDS) [11] technique to reduce the kT/C 
noise due to the feedback capacitor and input capacitor of 
the programmable gain stage. 

The output voltage of the charge integrator at the end of 
phi1 is given by: 
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where, fs is the frequency of phi1, Iw is the sensor current 
from the working electrode, and Cint is the integrator 
capacitor.

The programmable gain (PGA) stage utilizes offset 
compensation technique [11] to remove the amplifier 
offset.  The final output voltage is obtained as: 
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where, Cint is binary weighted programmable capacitor and 
Cf is the feedback capacitor of the PGA.  This equation 
shows that the output voltage is linearly dependent on the 
working electrode current, the integrator capacitor, the 
PGA gain, and the clock frequency of the SC circuit.  
These parameters can be adjusted to set the range of 
operation of the circuit, scaling the overall gain of the 
current-to-voltage conversion. 

Amplifier topology 
An operational transconductance amplifier (OTA) 
configuration has been chosen for the switched capacitor 
(SC) current readout block.  The two main design 
considerations for this OTA are high gain, to ensure 
precision operation, and rapid settling time, to ensure that 
the output settles within half of the clock period.  Figure 3 
shows the schematic of the OTA.  MN1 and MN2 form the 
input differential pair, MN11 acts as the tail current source 
pair, MP5 and MP6 are cascode transistors to the input 
differential pair, MP3 and MP4 form the PMOS current 
source and MN7, MN8, MN9, MN10 form a wide swing 
cascoded NMOS current source.  Since the load is purely 
capacitive in SC circuits, an op amp with a single high 
impedance output node is suitable.  A cascode gain stage is 
selected due to its high gain and its immunity to the Miller 
effect at high frequencies.  The amplifier output is shorted 
to the input during the first phase or SC operation.  
Therefore, a folded topology, which allows the input and 
output voltages to be at the DC same level, is necessary.  
Due to the higher mobility of NMOS devices, NMOS 
transistors are chosen for the differential input stage to 
provide a higher transconductance, gain, and bandwidth 
than their PMOS counterparts.  The DC gain of this 
amplifier can be expressed as 
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where gmi and gdsi are the transconductance and the output 
conductance, respectively, of transistor Mi.

Figure 3.  Schematic of the folded cascode amplifier. 
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The simulated performance of this circuit shows a DC gain 
of 79dB, unity gain bandwidth of 24MHz with a 60 degree 
phase margin, 49 V/ sec slew rate and 33nsec settling 
time, an input/output range of 0.8V to 3V, CMRR of 107 
dB (DC) and PSRR of 80dB.  In 0.5 m CMOS with a 3.3V 
supply and 3pF load, the circuit, including bias stage, 
dissipates 1.1mW. 

Low Noise Analysis and Design  
Due to the demand for high sensitivity in the current 
readout circuit, care has been taken to minimize the noise 
power due to the amplifiers.  In the noise analysis of these 
amplifiers, only devices in the signal path are important 
and noise in the cascode devices can be ignored.  Also, 
noise contribution of the current source transistor MN11 is 
cancelled by the differential symmetry and matching.  The 
resulting input referred noise spectrum of the amplifier can 
be expressed as 
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where )(2 fvni represents the noise spectral corresponding 

to the ith transistor due to both thermal and 1/f component 
and gmi is the transconductance of transistor Mi.
Substituting the thermal noise and 1/f noise [12] of M1, 
M3, and M9 into the input voltage noise spectral yields, 
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This equation shows that an increasing W/L for the input 
devices and increasing the tail current will decrease the 
thermal noise.  Since n > p, the amplifier with NMOS 
inputs has less thermal noise than one with PMOS input 
devices.  Since the SC configuration will suppress 1/f 
noise, the input devices are chosen to be NMOS with the 
size optimized at 150 m/1.8 m. 

With CDS technique, the kT/C noise and the clock 
feedthrough charge can be sampled and subtracted and are 
therefore suppressed at the output stage.  All switches are 
realized with complementary switches of minimum size to 
minimize the charge injection and dummy switches are 
used to reduce the clock feedthrough errors.

The simulated input referred noise current spectrum of the 
entire readout circuit is shown in Figure 4.  The noise 
current is 80fA/sqrt(Hz) in 100Hz bandwidth and the 
integrated noise current power in 100Hz bandwidth is less 
than 800fA showing the circuit can resolve sub-pA inputs. 

Other Design Considerations 
The circuit can be programmed to operate over different 
current ranges by adjusting the master clock frequency, the 
programmable integrator capacitor and the PGA gain.  This 

allows the circuit to measure the input currents ranging 
from 10pA to 10 A.

Figure 4. Input referred noise at the sensor input from
1 Hz to 1 kHz. 

Figure 5 shows a plot of the transient response of the 
readout circuit at the sample and hold stage to a 10nA 
sinusoidal input signal.  By varying the amplitude of the 
input signal, the output voltage is recorded and plotted in 
Figure 6, which shows the circuit can resolve low-level 
currents with high linearity.

Figure 5. The transient response of current readout 
block to a 10nA sinusoidal signal. 
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Figure 6. I-V plot of the current readout circuit showing 
high linearity from -450 to 500nA at one range setting. 

MEASUREMENT RESULTS 
The circuit has been fabricated in 0.5 m CMOS and Figure 
7 shows the potentiostat and current readout block 
occupying an area of 1.2mm by 0.6mm.  Functionality was 

Output voltage

Input current
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verified by testing a packaged chip. By injecting a current 
to the input of the readout circuit, the signal and noise 
power levels at the input and output were measured with 
Agilent 4395A Spectrum Analyzer via an active probe for 
impedance matching.  Figure 8 shows the signal and noise 
power at the input and output of the readout circuit.  The 
output noise level is below –110dBm. A 2 kHz harmonic at 
the output can be removed by a low pass filter in the ADC. 
By applying a triangle voltage signal at the input of the 
potentiostat, the circuit can perform the cyclic voltammetry 
readout of the electrochemical biosensors. 

Figure 7. Photograph of the readout circuit. 

(a) Input signal and noise power 

(b) Output signal and noise power 

Figure 8. Measured noise performance (input and 
output signal at 1kHz) showing the noise level is below 
–110dBm.

CONCLUSION
A low noise electrochemical interface circuit has been 
designed and tuned to the needs of a fully integrated 
protein-based biosensor microsystem.  The circuit includes 

an integrated potentiostat and highly sensitive current 
readout circuit.  It achieves good noise performance while 
supporting sensor output currents from 10pA to 10 A to 
suit a wide range of sensors and electrode areas.
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