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An Interrogation Circuit For A Nanowire Sensor Array And A 

Method For Interrogating A Nanowire Sensor Array 

5 FIELD OF INVENTION 

The present invention relates broadly to an interrogation circuit for a nanowire 

sensor array and to a method for interrogating a nanowire sensor array. 

10 
BACKGROUND 

Interface circuitry for nanowire based sensors is typically important for reading 

out conductance changes that occur in the nanowires when detecting the density or 

15 reaction between macromolecuies such as Deoxyribonucieic acid (DNA) or protein. 

Typically, the design of interface circuits with iow noise, large dynamic range and high 

sensitivity to small changes in the conductance of nanowires is practically challenging. 

A typical nanowire sensor behaves electrically as a resistor. Its resistance value 

20 comprises of three components ie. a baseline resistance RBL , which can vary from a few 

MQ to a few GO depending on fabrication conditions such as the doping density, a 

deviation ARBL from the baseline resistance RBr , which is caused by temperature 

variation, and a resistance variation AR due to bonding of charged macromolecuies to 

nanowire receptors. Hence, the nanowire sensor impedance can be written as Rtw = RBL 

25 + ARBL + AR. The resistance variation AR is measured when the nanowire sensor is 

exposed to a solution containing a specific biomoiecuie. The resistance Rw can typically 

increase or decrease by as small as about 1% of the baseline value RBL depending on 

the net charge of the macromolecule (ie. the biomoiecuie) and the semiconductor type 

(ie. p- or n-type) of the sensor, The typical large variation of the baseiine impedance RBL, 

30 combined with the typical small variation AR to be measured, thus necessitates a high 

precision detection requirement for an electrical read-out interface circuit, in order to 

provide an adequate margin for a subsequent data processing block, such as a 
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microcontroller, to recognize the macromoiecuie contained in the solution and the 

concentration of the marcomolecuie. 

M. Grassi, P. Maicovati, and A. Baschirotto in "A 160 dB equivalent dynamic 

5 range auto-scaiing interface for resistive gas sensors arrays," IEEE Journal of Solid-

State Circuits, vol. 42, no. 3, pp. 518-528, March 2007, describe an integrated wide 

dynamic-range interface circuit for gas sensors that achieves an accuracy of about 0.1% 

over a sensor resistance range of more than 5 decades. However, the accuracy is at a 

cost of using a practically sophisticated calibration system, an increased die area and 

10 increased realization costs. 

A. FSammini, D. Marioii, and A. Taroni in "A low-cost interface to high value 

resistive sensors varying over a wide range," IEEE Transactions on Instrumentation 

Measurement, vol. 53, no. 4, pp. 1052-1058, August 2004, describe a low-cost interface 

15 which is implemented by using a similar approach to M. Grassi et ai for high-value 

resistive sensors. However, the work of A. Flammini et ai is not an integrated circuit and 

is undesirably sensitive to parasitic capacitances. Thus, there is a probiem of a large 

parasitic capacitance affecting sensing accuracy. 

20 Hence, there exists a need for an interrogation circuit for a nanowire sensor 

array and a method for interrogating a nanowire sensor array which seek to address 

at least one of the above problems. 

25 SUMMARY 

In accordance with an aspect of the present invention, there is provided an 

interrogation circuit for a nanowire sensor array, the circuit comprising a switch array 

connected to the nanowire sensor array for selectively connecting first ends of 

30 nanowire sensors of the nanowire sensor array to a reference voltage; an integration 

amplifier (IA) connected to second ends of the nanowire sensors at a first input of 

the iA and to the reference voitage at a second input of the IA, for generating an 

oscillating output signal clamped between first and second voltage values; wherein 

the switch array is further arranged for switching one of the nanowire sensors to be 
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connected in & dosed loop with the IA such that a current through said one 

nanowire sensor periodically charges and discharges an integration capacitor of the 

iA for determining a resistance of said one nanowire sensor from a frequency of the 

periodic charging and discharging. 

5 
The circuit may further comprise a comparator connected to an output of the 

iA at a first input of the comparator and to the reference voitage at a second input of 

the comparator, the comparator having an internal hysteresis for generating the 

oscillating output signal clamped between first and second voltage values at an 

10 output of the comparator; and a clocked flipfiop connected to an output of the 

comparator at a first input of the flipfiop and to a clock signal at a second input of the 

flipfiop for measuring the frequency of the periodic charging and discharging. 

The circuit may further comprise a digitally-controlled ring oscillator (DCO) for 

15 generating the dock signal. 

The DCO may comprise a programmable voltage-referenced inversion current 

source; a multi-stage ring oscillator circuit having a reduced-swing output; and a full 

swing restoration circuit. 

20 
The full swing restoration circuit may comprise a dummy oscillator circuit and 

a comparator circuit, the fuli swing restoration circuit being capable of restoration of a 

full-swing output with a duty-cycle of about 50%. 

25 The switch array may be arranged for switching said one of the nanowire 

sensors to be connected in a closed loop with the IA and the flipfiop. 

The IA may comprise an opamp connected to the second ends of the 

nanowire sensors at a first input of the opamp functioning as the first input of the IA, 

30 and to the reference voltage at a second input of the opamp functioning as the 

second input of the IA. 

The IA may be programmable. 
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The integration capacitor may comprise a capacitor array for selectively 

setting a capacitance of the integration capacitor. 

in accordance with another aspect of the present invention, there is provided 

5 a method for interrogating a nanowire sensor array, the method comprising 

seiectiveiy connecting first ends of nanowire sensors of the nanowire sensor array to 
a reference voitage; connecting an integration amplifier (!A) to second ends of the 

nanowire sensors at a first input of the IA and to the reference voitage at a second 

input of the IA, for generating an oscillating output signal clamped between first and 

10 second voitage values; switching one of the nanowire sensors to be connected in a 

closed loop with the IA such that a current through said one nanowire sensor 

periodically charges and discharges an integration capacitor of the IA; and 

determining a resistance of said one nanowire sensor from a frequency of the 

periodic charging and discharging. 

15 
The method may further comprise connecting a comparator to an output of 

the iA at a first input of the comparator and to the reference voltage at a second 

input of the comparator, the comparator having an internal hysteresis for generating 

the oscillating output signal clamped between first and second voltage values at an 

20 output of the comparator; and connecting a clocked flipfiop to an output of the 

comparator at a first input of the flipfiop and to a clock signal at a second input of the 

flipfiop for measuring the frequency of the periodic charging and discharging. 

The method may further comprise generating the dock signal using a 

25 digitally-controlled ring oscillator (DCO). 

The DCO may comprise a programmable voltage-referenced inversion current 

source; a multi-stage ring oscillator circuit having a reduced-swing output; and a full 

swing restoration circuit. 

30 

The full swing restoration circuit may comprise a dummy oscillator circuit and 

a comparator circuit the full swing restoration circuit being capable of restoration of a 

full-swing output with a duty-cycle of about 50%. 
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The method may further comprise switching said one of the nanowire 

sensors to be connected in a closed loop with the IA and the fiipflop. 

The IA may comprise an opamp connected to the second ends of the 

5 nanowire sensors at a first input of the opamp functioning as the first input of the IA, 

and to the reference voitage at a second input of the opamp functioning as the 

second input of the IA. 

The iA may be programmable. 

0 
The integration capacitor may comprise a capacitor array for selectively 

setting & capacitance of the integration capacitor. 

15 BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the invention will be better understood and readily apparent 

to one of ordinary skill in the art from the following written description, by way of 

example only, and in conjunction with the drawings, in which: 

20 
Figure 1 is microphotograph showing a typical nanowire rnicroarray sensor. 

Figure 2 is a schematic circuit model of the rnicroarray sensor of Figure 1. 

25 Figure 3 is a schematic block diagram illustrating a nanowire sensor system in an 

example embodiment. 

Figure 4 is a schematic diagram illustrating the nanowire sensor system in more 

detail. 

30 

Figure 5 is a frequency-resistance graph illustrating how system oscillation 

frequency is related to a combination of integration capacitance and nanowire sensor 

resistance. 
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Figure 6 is a schematic diagram illustrating a digitally-controlled ring oscillator 

(DCO) of the nanowire sensor system. 

Figure 7 is a graph of system output frequency vs sensor resistance obtained 

5 from simulation results using a sample interface circuit. 

Figure 8 is a schematic flowchart for illustrating a method for interrogating a 

nanowire sensor array. 

10 
DETAILED DESCRIPTION 

Figure 1 is microphotograph 100 showing a typical nanowire rnicroarray sensor. 

There are two hundred nanowire sensors integrated on a chip, with one hundred 

15 sensors on each side 102, 104. Each nanowire sensor comprises a single nanowire 

connected for resistive measurements. The two hundred sensors share a common 

terminal. Figure 2 is a schematic circuit model 200 of the rnicroarray sensor of Figure 1. 

AH parasitic capacitors are included in the model 200, including a parasitic capacitor 202 

contributed by the common terminal, CpQ, and parasitic capacitors e.g. 204, 206 

20 contributed by the metal lines on the sides 102, 104 ie. Cpn (n=1,2...). The parasitic 

capacitor 202 is the largest capacitor while the parasitic capacitors e.g. 204, 206 are 

much smaller than the parasitic capacitor 202. Since the nanowire sensors e.g. 208, 210 

are connected to an external DC voitage through switches (not shown), the small 

parasitic capacitors e.g. 204, 206 typically do not have any effect on the performance of 

25 the rnicroarray sensor of Figure 1. 

Figure 3 is a schematic block diagram illustrating a nanowire sensor system 300 

in an example embodiment. The nanowire sensor system 300 is of a four-channel type 

and comprises a switch array 302, a nanowire sensor array 304, an interrogation or 

30 read-out interface circuit 306 and a microcontroller 308. It is noted that the nanowire 

sensor parasitic capacitors are not shown in Figure 3. The nanowire sensor array 304 

comprises four sensors e.g. e.g. 310, 312. A common terminal 314 of the sensor array 

304 is coupled to the read-out interface circuit 306 and connection ends e.g. 316, 318 of 

the four sensors e.g. 310, 312 to be measured are coupled to the switch array 302. The 
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switch array 302 connects only one sensor into a loop 320 at any one time while the 
other three sensors are diverted to a fixed voitage Vref. The nanowire sensor system 300 

cycles through the sensors e.g. 310, 312 one at a time using a switching sequence. The 

switching sequence can be carried out by off-chip blocks such as a Field Programmable 

5 Gate Array (FPGA) unit or the microcontroller 308. in addition to the switching sequence, 

data gathering of the nanowire sensors in complete switching sequences can be 

implemented by a FPGA unit or the microcontroller 308. Further, it will be appreciated by 

a person skilled in the art that although four nanowire sensors are described in the 

example embodiment, the nanowire sensor system 300 is not limited to only four 

10 nanowire sensors and is applicable to a plurality of nanowire sensors. 

Figure 4 is a schematic diagram illustrating the nanowire sensor system 300 in 

more detail. The read-out interface circuit 306 is shown in more detail. The read-out 

interface circuit 306 comprises a programmable integration amplifier (PIA) 402 

15 comprising an opamp 401 and an integration capacitance Cin, 403 tunable across two 

decades. The PIA 402 is coupled to a comparator 404 with hysteresis. The read-out 

interface circuit 306 further comprises an oversampied flipfiop 406 clocked by a three-bit 

digitally-controlled ring oscillator (DCO) 408. The DCO 408 is shown in the form of a ring 

voltage controlled oscillator (VCO) in Figure 4. The DCO 408 output is used for sampling 

20 the comparator 404 output and also used to synchronise the microcontroller 308. 

The switch array 302 is controlled by a 2-to-4 decoder 410. At any one time, 

there is only one nanowire sensor connected into the loop 320. The other three nanowire 

sensors are connected to the reference voltage Vref. The positive input of the PIA 402 is 

25 connected to Vre/ and the common terminal 314 of alt the sensors e.g. 310, 312 is 

connected to the negative input of the PIA 402. Thus, the connections have the effect of 

virtually shorting both ends of the other three nanowire sensors. One advantage of 

virtually shorting both ends of the other three sensors is that the leakage current 

introduced by the other three sensors is significantly reduced to minimize the impact on 

30 the measurement of the one sensor connected into the ioop 320. Thus, advantageously, 

the significant parasitic capacitance contributed by the common terminal 314 does not 

have any effect on the sensing accuracy because of its connection to the virtual ground 

of the PIA 402. 
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In the example embodiment, the current flowing through the nanowire sensor 

connected into the loop 320 periodically charges and discharges the integration 
capacitor C;nr403. Given that = Vrefl! - Vr9f ~ Vref - Vre//( the current can be described 

as 

As shown in Figure 4, S0-S3 control which nanowire sensor e.g. 310, 312 is to be 

connected into the loop, e.g. if S0=1 and S1~S3=0, only nanowire sensor RNWo is 

connected to the flipfiop 406 output, ie. functioning as a flipflop-controiled switch, while 

the other three nanowire sensors are connected to Vref. The flipfiop 406 output 

10 determines whether a high voltage Vrefil or a low voltage Vref( is connected to the 

connected nanowire sensor for discharging or charging of the integration capacitor Cint 

403. 

Since the comparator 404 is built with interna! hysteresis, the output of the PIA 

15 402 is damped within a hysteresis band {VTHF, VTHR}, where \ZTHR is a trip point for rising 

input voitage and VTHF represents a trip point for falling input voltage. Assuming that the 

hysteresis band value is VTB = VTHR-VTHF, the output oscillation frequency at numeral 
412 can be derived as 

r- ]: = —Liz— (o) 
J V -C iv r ' K ' 2-H---ML ZiTB int 

By replacing /mv with Eq. (1), a linear relationship between the resistive impedance Rnw of 

the nanowire sensor connected into the loop 320 and the output clock frequency is found 

to be 

V / = . (3) 
2Fra-C,„t-i?TO 

The output ciock frequency f is provided to the microcontroller (not shown in 

Figure 4) for use by the microcontroller to determine frequency at any one stage of 

measurement. 
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The integration capacitor 403 comprises two switches e.g. 414 and three 
capacitors e.g. 416. The values of the capacitors e.g. 416 are CO, C1 = 9CO and C2 = 

90CO so as to obtain three integration capacitances ie. CO, 10CO and lOOCO. By 

adopting this configuration, advantageously, the bandwidth requirement on the PIA 402 

5 and the comparator 404 is significantiy reduced. As an example, if a small nanowire 

sensor impedance is detected ie. resulting in a large output frequency according to 

Eq.(3), the microcontroller 308 chooses a larger integration capacitance to thereby 

reduce the frequency by one or two decades. 

10 in the example embodiment, the PiA 402 is implemented using a gain-boosted 

folded-cascode amplifier. The gain-boosted foided-cascode amplifier can provide the 

necessary improved dc gain and Power Supply Rejection Ratio (PSRR). 

For illustration, during measurement of macromolecuies in a solution, since the 

15 macromoiecules are usually charged, the voltage across the nanowire sensor connected 

into the loop 320 is restrained below about 0.5V. It will be appreciated by a person 

skilled in the art that the antibody receptors on the surface of nanowires and the 

macromolecuies in a buffer solution to be detected are usually charged (ie. either 

positive or negative charge). Thus, in order to avoid electrochemical reactions, the 

20 potential applied across the nanowire sensor is limited to beiow 0.5V. That is, Vnw ~ \Irefh 

- Vfe/ = Vref ~ Vref! is limited to below 0.5V. The baseline resistance of the nanowire 

typically varies between 10MQ and 10GD. Thus, if the voltage across the nanowire is set 

to about 0.4V, i.e., Vnw = Vrefh ~ Vref = Mref ~ = 0.4V, and the hysteresis band value 

VTB of the comparator 404 is designed to be about 80mV, the system oscillation 

25 frequency can be limited to a range of about 25kHz to about 2.5kHz, assuming that the 

unit integration capacitor CO is set to 100fF (ie. compare Eq.(3)). Vrefh and Vreti are 

provided off-chip. This would mean that capacitance values [1 OOfF, 1pF, 10pF] are 

available for microcontroller selection based on the detected nanowire sensor 

impedance. 

30 

Figure 5 is a frequency-resistance graph 600 illustrating how the system 

oscillation frequency is related to a combination of integration capacitance and nanowire 

sensor resistance. The different integration capacitor values can cover three decades 

variation of nanowire sensor resistance. 
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Figure 6 is a schematic diagram illustrating the DCO 408 of the nanowire sensor 

system 300 (Figure 3). The DCO 408 is of a current-starved type and has a duty-cycle of 

about 50%. The DCO 408 comprises a programmable V^-referenced weak-inversion 

5 current source 702, a nine-stage current-starved ring oscillator 704 with reduced-swing 

output and a full swing restoration circuit 705 consisting of a dummy oscillator stage 706 

coupled to a comparator stage 708 for restoration of fuii-swing output with a 50% duty-

qycfe. The DCO 408 further comprises a ciock output buffer 710. Please refer to B. A. 

Warneke, "Ultra-low energy architectures and circuits for cubic milimeter distributed 

10 wireless sensor networks," Ph.D. Dissertation,.Univ. of Cal. at Berkeley, 2003 for details 

on the current-starved ring oscillator 704 having the weak-inversion current source 702. 
The current consumed by the ring oscillator 704 is set by the V/h-referenced current 

source 702 using a programmable binary weighted resistor 712. in the Vfh-referenced 

current source 702, a transistor M1 is sized as K times wider than a transistor M2 ana 

15 the current flowing through the resistor 712 is 

r VAnK k T-lnK 
= . 4 

R q-R 

T is the temperature and q is the elementary charge constant. P-type metal-oxide-

20 semiconductor (PMOS) transistors M3, M4 and M5 are sized at substantially the same 

dimensions for better current mirror matching, in contrast to M1/M2 that are operating in 

a weak-inversion region, the three PMOS current mirror transistors M3, M4 and M5 are 

working in a strong inversion region. 

25 For a 1.8V supply, the current-starved DCO 408 swings only at about 0.6V. As 

will be appreciated by a person skilled in the art, this may not be acceptable by a 

typical/general logic inverter for level restoration, in one embodiment, the full swing 

restoration circuit 705 is added to further improve the circuit The comparator stage 708 

is implemented using a PMOS-input symmetrical opamp. The dummy oscillator stage 

30 706 with its input and output connected together (see numeral 713) is used to obtain the 

dc voltage of the oscillators output voitage swing. As will be appreciated by a person 

skilled in the art, the dummy oscillator stage 706 adds the oscillating signals at the input 
and output with a slight time delay to obtain the dc voltage of the oscillator's output 
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voltage swing. The oscillator's output voitage swing is connected to a positive input of 

the opamp and the dc voltage of the oscillator's output voltage swing from the dummy 

oscillator stage 706 is connected to the negative input of the opamp. By comparing the 

output voltage swing to the dc voltage using the opamp, a full-swing output can be 

5 provided at the output of the opamp. As will be appreciated by a person skilled in the art, 

the full-swing output can have an amplitude close to the supply voltage applied to the 

opamp, ie. about 1.8V. A duty-cycle close to about 50% is also obtained by using the 

reference voltage with the time delay effects generated from the dummy oscillator stage 

706. A 1pF capacitor 714 is added at the output of the dummy oscillator stage 706 to 

10 reduce ripples on the output 716, ie. dco__out. The output buffer 710 is provided to 

enhance the driving capability of the DCO 408 since the DCO 408 is used to drive the 

flip-flop 406 (Figure 4), an output pad for use for die bonding (not shown) and the 

external microcontroller 308 (Figure 4). The output 716 is used for driving these 

components and for synchronisation. 

15 
A sample interface circuit has been implemented in 0.18pm CMOS technology. 

Figure 7 is a graph 800 of system output frequency vs sensor resistance obtained from 

simulation results using the sample interface circuit. The Cint of the sample interface 

circuit is fixed at 1pF. The graph 800 shows a linear interface circuit response (compare 

20 numeral 802) over three decades of nanowire sensor resistance variations. 

Figure 8 is a schematic flowchart 900 for illustrating a method for interrogating a 

nanowire sensor array. At step 902, first ends of nanowire sensors of the nanowire 

sensor array are selectively connected to a reference voitage. At step 904, an 

25 integration amplifier (IA) is connected to second ends of the nanowire sensors at a 

first input of the IA and to the reference voitage at a second input of the IA, for 

generating an oscillating output signal clamped between first and second voitage 

values. At step 906, one of the nanowire sensors is switched to be connected in a 

dosed bop with the IA such that a current through said one nanowire sensor 

30 periodically charges and discharges an integration capacitor of the IA. At step 908, a 

resistance of said one nanowire sensor is determined from a frequency of the 

periodic charging and discharging. 
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In the described example embodiment, there is provided an integrated nanowire 

sensor interface circuit that is configurable in terms of output frequency and can achieve 

a highly linear detection range over sensor resistance of 10MQ to 10GQ, without using 

an additional calibration system. Furthermore, the typical problem arising from a large 

5 parasitic capacitance contributed by the common terminal of the nanowire sensor on 

sensing accuracy can be effectively avoided by the example embodiment. 

The described example embodiment may be applied to bio-eiectronic 

applications. The described example embodiment can effectively implement a 

resistance-to-frequency conversion as an interface circuit for a nanowire sensor array. In 

the described example embodiment, a three-bit digitally-controlled current-starved ring 

oscillator is used to over-sample the resistance-to-frequency conversion result for 

subsequent data processing. A duty-cycie of ciose to about 50% and a full-swing output 

may be obtained by using a reference voltage generated from a dummy oscillator stage 

in the described example embodiment. 

It will be appreciated by a person skilled in the art that numerous variations 

and/or modifications may be made to the present invention as shown in the specific 

embodiments without departing from the spirit or scope of the invention as broadly 

20 described. The present embodiments are, therefore, to be considered in ait respects to 

be illustrative and not restrictive. 

10 

15 
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CLAIMS 

1. An interrogation circuit for a nanowire sensor array, the circuit comprising: 

a switch array connected to the nanowire sensor array for selectively 

5 connecting first ends of nanowire sensors of the nanowire sensor array to a 

reference voitage; 

an integration amplifier (IA) connected to second ends of the nanowire 

sensors at a first input of the IA and to the reference voltage at a second input of the 

iA, for generating an oscillating output signal ciamped between first and second 

10 voltage values; 

wherein the switch array is further arranged for switching one of the nanowire 

sensors to be connected in a closed loop with the IA such that a current through 

said one nanowire sensor periodically charges and discharges an integration 

capacitor of the IA for determining a resistance of said one nanowire sensor from a 

15 frequency of the periodic charging and discharging. 

2. The circuit as claimed in claim 1, further comprising 

a comparator connected to an output of the IA at a first input of the 

comparator and to the reference voitage at a second input of the comparator, the 

20 comparator having an internal hysteresis for generating the oscillating output signal 

ciamped between first and second voltage values at an output of the comparator; 

and 

a clocked flipfiop connected to an output of the comparator at a first input of 

the flipfiop and to a ciock signal at a second input of the flipfiop for measuring the 

25 frequency of the periodic charging and discharging. 

3. The circuit as claimed in claim 2, further comprising a digitally-controlled ring 

oscillator (DCO) for generating the ciock signal. 

30 4. The circuit as claimed in claim 3, wherein the DCO comprises 

a programmable voltage-referenced inversion current source; 

a multi-stage ring oscillator circuit having a reduced-swing output; and 

a full swing restoration circuit. 
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5. The circuit as claimed in claim 4, wherein the full swing restoration circuit 

comprises a dummy oscillator circuit and a comparator circuit, the full swing 
restoration circuit being capable of restoration of a full-swing output with a duty-cycie of 

about 50%. 

5 

6. The circuit as claimed in any one of claims 2 to 5, wherein the switch array is 

arranged for switching said one of the nanowire sensors to be connected in a closed 

loop with the !A and the flipfiop. 

10 7. The circuit as claimed in any one of the preceding claims, wherein the IA 

comprises an opamp connected to the second ends of the nanowire sensors at a 

first input of the opamp functioning as the first input of the IA, and to the reference 

voitage at a second input of the opamp functioning as the second input of the iA. 

15 8. The circuit as claimed in any one of the preceding claims, wherein the {A is 
programmable. 

9. The circuit as claimed in any one of the preceding claims, wherein the 

integration capacitor comprises a capacitor array for selectively setting a 

20 capacitance of the integration capacitor. 

10. A method for interrogating a nanowire sensor array, the method comprising: 

selectively connecting first ends of nanowire sensors of the nanowire sensor 
array to a reference voltage; 

25 connecting an integration amplifier (IA) to second ends of the nanowire 

sensors at a first input of the IA and to the reference voltage at a second input of the 

IA, for generating an oscillating output signal clamped between first and second 

voltage values; 

switching one of the nanowire sensors to be connected in a closed loop with 

30 the IA such that a current through said one nanowire sensor periodically charges 

and discharges an integration capacitor of the IA; and 

determining a resistance of said one nanowire sensor from a frequency of the 
periodic charging and discharging. 
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11. The method as claimed in claim 10, further comprising 

connecting a comparator to an output of the IA at a first input of the 

comparator and to the reference voltage at a second input of the comparator, the 

comparator having an internal hysteresis for generating the oscillating output signal 

5 clamped between first and second voltage values at an output of the comparator; 

and 

connecting a docked flipfiop to an output of the comparator at a first input of 

the flipfiop and to a clock signal at a second input of the fiipflop for measuring the 

frequency of the periodic charging and discharging. 

10 

12. The method as claimed in claim 11, further comprising generating the ciock 

signal using a digitally-controlled ring oscillator (DCO). 

13. The method as claimed in claim 12, wherein the DCO comprises 

15 a programmable voltage-referenced inversion current source; 

a multi-stage ring oscillator circuit having a reduced-swing output; and 

a full swing restoration circuit. 

14. The method as claimed in claim 13, wherein the full swing restoration circuit 

20 comprises a dummy oscillator circuit and a comparator circuit, the full swing 

restoration circuit being capable of restoration of a full-swing output with a duty-cycle of 

about 50%. 

15. The method as claimed in any one of claims 11 to 14, further comprising 

25 switching said one of the nanowire sensors to be connected in a closed loop with 

the IA and the fiipflop. 

16. The method as claimed in any one of claims 10 to 15, wherein the IA 

comprises an opamp connected to the second ends of the nanowire sensors at a 

30 first input of the opamp functioning as the first input of the IA, and to the reference 

voitage at a second input of the opamp functioning as the second input of the IA. 
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17. The method as ciairned in any one of the preceding claims, wherein the IA is 
programmable. 

18. The method as claimed in any one of the preceding claims, wherein the 

5 integration capacitor comprises a capacitor array for selectively setting a 

capacitance of the integration capacitor. 


