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Abstract

FET based biosensors are more promising devices for detecting cancer due to cost benefits, faster
response and simple approach. For a biosensor to be used in a real environment for both clinical and
lab applications, the electronic circuits that process the signals from biosensors and identify the
changes in signal properties is a significant activity. The design of interface circuits and signal
conditioning circuits need to be designed according to the biosensor responses.In this work, the
design of a biosensor array interfacing circuit is carried out using CNTFETSs. In order to improve the
sensor performances, sensor arrays are developed. The design of sub-circuits for interfacing circuits
and signal conditioning circuits is also presented. The sensitivity is enhanced with a sensor array
model that has eight columns of series-connected biosensors. The 8x8 array model is interfaced with
an instrumentation amplifier. The analog readout circuit is designed with a reference electrode for
the real-time comparison of the sensor array model. All of the circuits are designed using CNTFETS,
modelled using SPICE coding and simulated in SPICE environment.
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Introduction

Carbon Nano Tubes (CNT) is a lightweight hexagonal structure made up of graphene sheets or tubes.
The electronic conduction property of CNT is an advantage in addition to electrostatic control of the
channel. CNTFET based sensors are reported to be highly sensitive, selective, operates at low
temperatures providing faster response time and recovery time. These sensors also offer label free
detection and stability. The CNT used as a channel connecting the source and drain of the FET can
be modified by the chemical destruction of side walls or C-C bonds to generate new surfaces of a
carboxyl group and hydroxyl group. The modified surfaces can be attached with functional groups to
attract target molecules. The functional molecules attached to the surfaces are fluorescent labelled
molecules, antigens, DNA, etc. Ni et al. have introduced -COOH derivative on CNT surface through
oxidation reaction and introduced aminopyridine and aminoethyl mercaptan catalyst phthalocyanine
(VE-H). Dendrimer with poly attached with divalent platinum metal catalyst on the surface of CNT
using —COOH derivative group is carried out by Rezaie et al. Another method of making the
CNTFET work as a biosensor is to perform non-covalent modification of the surface through the
hybridization of atoms. The non-covalent modification includes dispersion force, hydrogen bonds, n-
n stacking and dipole bonds. Metal iridium complex catalyst is coated on CNT using non-covalent
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bond by Liu et al. Dalton et al. have used conjugated poly-phenylene vinylene for non-covalent
bonding to study dispersion in the polymer matrix. Sodium lauryl sulphate is used for non-covalent
bonding using ultrasound. It is observed that by coating CNT with sodium benzoate and sodium
dodecylbenzene sulfonate has increased the solubility in water.

The work carried out by Villamizar reports developing salmonella antibodies that functionalize
CNTFET to detect salmonella detection with concentrations of 100 colony-forming units (CFU/mL).
Similar work is also carried out by So et al. in detecting Escherichia coli. It is observed that the
conductivity of the device is reduced by 50% in the presence of Escherichia coli. The current in the
CNTFET device is reduced from 3 pA to 1 pA with concentrations of Salmonella varying between
100 CFU/mL to 300 CFU/mL. CNTFET used in detecting Prostate Specific Antigen and the current
measurements of PSA detection has been reported by Kim et al. With the increase in PSA-ACT
concentration from 0 ng/ml to 100 ng/mL; the electrical signal is found to increase from 1 G/Gs to
1.2 G/Gs. Dastagir et al. in their work have reported the design of FET based sensor for detecting
hepatitis C virus (HCV), and it is observed that with a change in concentration of RNA from 0.2 to
0.5 pM, the current is found to change from 50 nA to 200 nA indicating the presence of HCV
concentration in the analyte. Similar work carried out for detection of H5N1 is reported by Thu et al.
The CNT is used as a conductor channel that changes its signal strength when the H5N1 virus binds
with the receptors on the CNT surface. The sensitivity of the device is 0.28 nM/nA for detection
concentration limited to 1.25 pM. The drain current is found to vary by 10-2 with gate voltage
change of 8 V. The CNT biosensors have been extensively used for biological parameter sensing,
and the output of CNTFET is in terms of drain current changes that are observed in response to
change in concentration. The drain current is in the nA and pA for any change in the biological
parameter concentration, and the variations in drain current are very low, and this requires an
accurate interfacing circuit to detect these changes. In order to improve the sensing capability, array
sensors are being used.

Operational amplifier design

Figure 1 presents the circuit schematic of CNTFET based two stage operational amplifier circuit.
Table 1 presents the OPAMP design specifications considered for the requirement of signal
conditioning circuits. The slew rate is assumed to be greater than 1V/ uS, and the power dissipation
is set to be less than 10 pW with mobility factors considered from model file the constants K’, and
K’ are computed.

Table 10PAMP design specifications

Parameters Value

Slew Rate = SR >1V/uS

Vout Frange =+1.5V

ICMR =0.15t0 1.2V
Power Dissipation <10uW

Vin =Vl =0.25V to 0.45V
K'p = HpCoxl/2 = -455 HA/V?
K'n = 1y Coxl2 = 1085 pA/V?
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The design procedure for MOSFET based OPAMP is discussed in detail by Allen Hollberg. In this
work, the design procedure is fine tuned to compute the transistor geometries of CNTFETs for
OPAMP circuit schematic.
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Figure 1. Two stage CNTFET based operational amplifier

The schematic is captured in SPICE environment and simulated in HSPICE for DC and AC
response. Output voltage swing, CMRR, PSSR and settling time is also analyzed. The frequency
response of the designed OPAMP is also captured for different input voltages from which the gain
margin and phase margin is computed. Figure 2 presents the gain margin and phase margin response
for OPAMP. The design specifications were set to 60° of PM; from the simulation results, the PM is
obtained to be 58°. The UGB measured from the response plot is found to be approximately 1 GHz
demonstrating the wider operating range of the designed OPAMP.
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Figure 2. Frequency response representing gain and phase margin
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Figure 3 presents the comparator design of OPAMP circuit with DC voltage set to 0V. The
comparator output switches between +/- VVoltage rails demonstrating functionality.
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Figure 3. OPAMP configured as comparator

The results obtained in this work for the opamp design is verified and evaluated. The comparisons in
terms of PSRR, UGB, SLEW RATE and power dissipation is presented in Table 2. The parameters
are considered for the operating frequency of 1 GHz.

Table 2 Comparison of OPAMP metrics

Parameters in OPAMP

Existing Literature using 32nm
CNTFET technology

Present work using 22nm
CNTFET technology

Design

DC Gain 42 dB 53 dB
PSRR 32.4dB 45dB
SLEW RATE 26.36V/uS 10V/uS
Power Dissipation 58uW 12uw
FOM 53 52.5

Comparing the performances in terms of PSRR, slew rate, power dissipation and Figure of Merit
(FOM), the proposed FINFET based opamp is superior in its performances. The systematic design

approach has enabled to design the transistor geometries and the selection of suitable device
parameters.

Biosensor interface circuit

The interface circuit for sensing the changes in biosensor current or voltage is designed using a
CNTFET device. The operational amplifier that forms the subsystem of the interface circuit is
considered and is integrated with passive components to design the interface circuit. Figure 4
presents the interface circuit for the biosensor device.

2093



Design of CNTFET based Biosensor Interface Circuit for Array Sensors

OAl R2 R1 —g
AYRef. _

" Vout
OA3
Vbs
- -
t :
OA2 R4 R3

Figure 4. Instrumentation amplifier for biosensor

The difference in voltage that occurs across Vds is measured by the instrumentation amplifier. The
feedback resistor is isolated from the input to achieve closed loop gain. The input from the biosensor
device is amplified with two voltage followers, and the difference of this voltage is further amplified
in the second stage of the amplifier. CMRR and input impedance of instrumentation amplifier are
very high, offering good sensitivity to changes in Vds.

Vour = (V2 = V1) [1 + ZRllz (ﬁ—:)(l)

The voltage Vout at the output of the instrumentation amplifier is given as in Eq. (1). The difference
in V1 and V2 are captured and amplified with gain at the output. In order to evaluate the
instrumentation amplifier in Figure 4, the SPICE model is developed and the Vref. voltage is set to
0.1 V, and VBMEP voltage is set between 0.01 V to 0.05 V, which is equivalent to electro potential
for different pH levels. Figure 5 presents the Vg (Vg = Vref. + Vguep) and Vout relations in the
instrumentation amplifier. With the increase in pH concentration, the sensitivity of the
instrumentation amplifier is also increased. The maximum voltage that is available at the output of
the instrumentation amplifier is 0.2 V.

2094



Radha B. L., Cyril Prasanna Raj P, Dinesh Rangappa

Vout vs. Vg
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Figure 5. Sensitivity of instrumentation amplifier

In order to increase the sensitivity of detection, the sensor array model is designed, as shown in
Figure 6. In the biosensor array model, 64 CNTFET biosensors are considered and arranged in 8 x 8
arrays. The first column of devices is connected in series, and the voltages across the drain and
source of the first CNTFET device and last (A*; and A’ respectively) CNTFET device are
connected to the instrumentation amplifier. Similarly, the voltages across all the series connected
columns of devices are considered as inputs to the instrumentation amplifier. Each of the CNTFET
devices labelled as (Cn) is connected to a reference gate voltage Vref,
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Figure 6. Biosensor array model
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The gate voltage (Vg) of each of the CNTFET devices is given as Vg = Vref. + VBMEP. VBMEP is
the electro potential voltage due to the biomarker-bioreceptor reaction. As eight devices are
connected in series, the total voltage is the sum of all the eight voltages across the biosensor device
that is amplified by the instrumentation amplifier for detecting the changes in the biosensor. Figure 7
presents the interface circuit for the first column of the biosensor model shown in Figure 6.
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Figure 7. Interface circuit for biosensor array model

As the biosensors are connected in series, the total voltage across the drain-source terminal will be
8Vds which will be sensed by the difference amplifier and amplified by the second stage of the
instrumentation amplifier. The biosensor array model has eight columns that generate eight outputs
of A", and A7, (n = 1 to 8), and all eight outputs are processed to generate the final output of the
sensor array model.
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Vout vs. Vgcol
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Figure 8. Sensitivity of sensor array model considering single column

Figure 8 presents the sensitivity of the sensor array model considering one of the columns of the 8 x
8 array model. The maximum voltage is approximately 1.7 V, and amplification of 8 is achieved
with series connected biosensors. The sensitivity is improved by a factor of 4% as compared with the
single biosensor model. Considering the outputs of eight columns processed together, the sensitivity
of the 8 x 8 biosensor array model is increased by a factor of 32 as compared with the single sensor
array model. The output of each column sensor array model is independently processed by the
instrumentation amplifier (IAl to 1A8), and the eight outputs of the instrumentation amplifier are
combined to generate the final output of the sensor array model. In this work, two methods are
proposed to characterize the biosensor array outputs. Figure 9 presents the first method termed as
“Digital Readout”, and Figure 10 presents the second method, “Analog readout with reference”. In
the digital readout method, each of the eight outputs of the instrumentation amplifier is
independently compared with reference voltages V1 to V8 in a comparator circuit to generate outputs
T1 to T8, which are binary outputs. The thermometric decoder processes these eight outputs and
converts it to 3-bit digital data indicating eight levels. Each of these eight levels classifies the
biosensor array model into eight classes.
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Figure 9. Digital readout models

2097



Design of CNTFET based Biosensor Interface Circuit for Array Sensors

Table 3Digital readout circuit 1 outputs

Gate voltage (VQ) Comparator output Output
TgT7TeTs T4T3T2T, D3 D2 D1
0.11 00 0 0O0O0O01 000
0.12 00 000011 001
0.13 00 000111 010
0.14 00 0 01111 011
0.15 00 0 11111 100
0.16 00 1 11111 101
0.17 01111111 110
0.18 11111111 111

In the analog readout model, two circuits are designed, as shown in Figure 10 and Figure 11. In the
analog readout circuit 1, the outputs of each of the eight instrumentation amplifiers are given to an
adder module, and the final output Vfinal is generated.
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Figure 10. Analog readout circuit 1

Vfinal

Figure 11 presents the simulation results that compare the sensitivity of a single biosensor with array
biosensor. The graph also presents the variation of Vout with regard to pH levels.
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Vout vs. pH
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Figure 11. Comparing biosensor outputs with single sensor and array sensor models
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Figure 12. Comparison of output voltages with gate voltage

In Figure 12 comparison of the output voltage of the instrumentation amplifier with gate voltage is
presented for both single sensor and array sensor models. The sensitivity of the array sensor model is
higher than the single sensor model.

Figure 13 presents the analog readout model with reference. In this model, the first column and last
column of the sensor array (i.e. column 1 and column 8) are biased with a reference voltage of 0.3 V.
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The reference voltages of all other sensor array models (column 2 to column 7) are set with a
reference bias voltage of 0.1 V. The analyte concentration and DNA biomarker-bioreceptor
equivalent voltage represented by VBMEP are set to 0.1 V to 0.3 V. The output of first and last
column is accumulated in the adder module (reference adder), and the outputs of all other column

biosensors are accumulated in adder circuit. The outputs of both are compared and presented as in
Figure 14.
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Figure 13. Analog readout model circuit 2

In circuit model 2, the gate voltage of the first column and last column are set to Vref alone, and the
voltages of all other columns are VVg= Vref. + VBMEP. The output of IA1 and A8 are accumulated
in the adder 1 circuit to generate Veina. The outputs of all other instrumentation amplifiers are
accumulated in the second adder to generate Vfinal. Comparison of V effinal With Viing 1S considered
for characterization of biosensor array model.
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Vout vs. vg with Vref
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Figure 14. Output response of analog readout with reference
Conclusion

The design of biosensor array interfacing circuits is carried out using CNTFETs. The primary
building blocks of interfacing circuit such as single stage amplifier, differential amplifier and
operational amplifier are designed considering basic principles. The operational amplifier is designed
to have a unity gain bandwidth of 1 GHz and a phase margin of 530. The wideband operational
amplifier is stable and is designed with a trade-off for a high slew rate and stability. The biosensor is
interfaced with instrumentation amplifier that comprises of three operational amplifiers. The front
end of the instrumentation amplifier is made up of voltage followers, and the difference in voltage
across the source and drain ends of the biosensor are considered for amplification. The second stage
of the instrumentation amplifier has a high gain, and the voltage difference is amplified. The
sensitivity is improved with a sensor array model that has eight columns of series connected
biosensors. The 8 x 8 array model is interfaced with instrumentation amplifier, and the performances
of the model are evaluated considering different biomarker electro potential equivalent voltages. The
sensitivity of the series connected sensor array model is increased by a factor of 32 as compared with
the single sensor array model. The 8 x 8 array model has a sensitivity of 96.12 compared with the
single column sensor array model with a sensitivity of 88.3523. The analog readout circuit is
designed with a reference electrode for real time comparison of the sensor array model.
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