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 ABSTRACT 

 

Front -end Circuits 

for Chemical and Molecular Sensing. (August 2005) 

Youngbok Kim, B.S., Yonsei University 

Chair of Advisory Committee: Dr. Sameer Sonkusale 

 

 

This research demonstrates two building blocks for CMOS integrated sensor IC 

for molecular or chemical sensing. One of them for molecular sensing is the capacitance 

sensing circuit to detect the change of the dielectric constant of novel nanowell devices. 

The size of nanowell (10nm-100nm) enables high fidelity detection and analysis through 

Broadband Dielectric Spectroscopy (BDS) of the parallel-plate capacitor formed by the 

nanowell and the targeted molecules. The signal tranduction is done by a novel, 

continuous-time detection circuit using a low-noise lock-in architecture which generates 

the current output containing the information about the admittance of the sensor as a 

function of the frequency for BDS. This current signal is processed in the current domain 

by a low power current-mode A/D converter. The current signal transducer has a quasi-

linear capacitance resolution of 164pA/aF (at 1Ghz) and power consumption of only 

30uW in 0.18um TSMC CMOS technology. 

 Another building block is a low noise front end for feature extraction for gas and 

nanoparticle detection using Van der Waals sensors. The output of such a sensor consists 

of particle specific information in the low frequency range from 0 to 100 KHz in the 

form of stochastic fluctuations. Such detection schemes are termed as fluctuation 

enhanced sensing, which exploit the statistics of the noise in the low frequency spectrum. 

The front end consists of a low pass filter bank to process the amplified signal from a 

low-noise transimpedance amplifier. It handles the noise-like information signal from 
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the sensor with filters having increasing cut-off frequencies. It is designed to operate at 

temperature as high as 200C with low leakage currents to maximize the stochastic 

fluctuation noise generation. The front-end system was fabricated with TSMC 0.18um 

technology and tested. The gain of the front-end circuit is at least 87dB and its power 

consumption with one transimpedance amplifier and 10 filters is just 1.1mW. Moreover, 

the worst-case maximum input current signal is 0.2uApp while satisfying 5% THD and 

the equivalent input current noise level is under 7nA. The front-end circuit demonstrates 

the considerably high dynamic range with the low noise input range suitable for 

applications for sensing using fluctuation enhanced techniques.  



 v 

 ACKNOWLEDGMENTS 

 
The search of knowledge is never ending. It is a journey that leads people to 

different directions in life. Sometimes the road is long and difficult, but it is the people 

that you come in contact with that make it all worth while. 

I want to express my sincere thanks to my advisor, Dr. Sameer Sonkusale, who 

has been a steady source of encouragement and support. He has taken the time to help 

me explore different ideas and unselfishly given me the resources I needed. I appreciate 

his confidence and trust in my knowledge and abilities. I also want to thank all the 

members on my committee, Dr. Jose Silva-Martinez, Dr. Laszlo Kish, and Dr. 

Alexander Parlos, for taking the time to critique and support my thesis. Special thanks 

go to Dr. Kish for being not only a committee member, but also a good introducer of 

semiconductor sensors to me. 

Special thanks go to Anuj Agarwal for taking the time to help me with my thesis 

proofreading during his busiest days. I am grateful for his voluntary and kindness. My 

sincere thanks also go to Dr. Moon for his support and help. His enthusiasm and 

cheerfulness lifted me up when I was frustrated and stressed out. My truly special thanks 

go to Tianwei Li and Sualp Aras for their greatly helpful support in the lab and 

generosity to my terribly frequent questioning. 

I also want to thank the secretary of this group, Ella Gallagher. Her eagerness to 

help and her enthusiasms are commendable. I would be so lost without all the help and 

support from the people in the AMSC group. They have made my experience at the 

AMSC group memorable. I enjoyed all the conversations we had and I appreciate all the 

advice they have given me. I am grateful for all their friendships.  

Many thanks go to Sangwook Park, Jinwoo Hong and Chunggeun Seok. They 

have been great colleagues and made my life much more exciting at A&M than expected. 

I also want to thank Jianlong Chen, Jinghua Li, Pushkar Sharma, and Xiafeng Wang for 

being my friends and great helpers.  



 vi 

I cannot help remembering Dr. Gunhee Han at Yonsei University, Korea. He 

introduced something called “Analog” to me. Without his introduction, I could not join 

this exciting and challenging area. Thank you again.  

Finally, I dedicate this thesis to my parents who supported and encouraged me in 

my entire life. Also, I would like to give a special thank to my lovely wife, Hyun Jung 

Gong. She has been my shining star and influence of my life since I met her. Without her 

motivation, my academic life could not begin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vii 

 TABLE OF CONTENTS 

                                  Page 

ABSTRACT ..................................................................................................................... iii 

ACKNOWLEDGMENTS..................................................................................................v 

TABLE OF CONTENTS .................................................................................................vii 

LIST OF FIGURES............................................................................................................x 

LIST OF TABLES ..........................................................................................................xiv 

1. INTRODUCTION .................................................................................................................... 1 

1.1 Motivation ..........................................................................................................1 
1.2 Objective of This Thesis ....................................................................................4 

2. BACKGROUND....................................................................................................................... 6 

2.1 Chemical Sensing with Nanowell Capacitors ....................................................6 
2.1.1 Fabrication of a Nanowell Capacitor .........................................................6 
2.1.2 Broadband Dielectric Spectroscopy ...........................................................9 

2.2 Solid State Chemical Sensors...........................................................................11 
2.2.1 History of the Chemical Sensing [12] ......................................................11 
2.2.2 MOSFET-based Sensor............................................................................11 

2.2.2.1 Description...........................................................................................11 
2.2.2.2 Van der Waals Force Enhanced MOSFET Sensor ..............................13 

2.2.2.2.1 Introduction ...................................................................................13 
2.2.2.2.2 Motivation .....................................................................................14 
2.2.2.2.3 Operational Concept of the Device ...............................................15 

2.2.3 Thin-film Based Sensor and New Sensing Technique [8] .......................18 
2.2.3.1 Concept of the Film Based Sensor.......................................................18 
2.2.3.2 New Multiple Type Agents Sensing Technique ..................................19 

2.2.4 The Relationship between the Fluctuation Noise and Temperature ........20 
2.2.5 Summary ..................................................................................................21 

3. IMPLEMENTATION OF THE CIRCUITS ................................................................... 22 

3.1 Nanowell IC Readout Circuit ...........................................................................22 
3.1.1 System Description ..................................................................................22 
3.1.2 Previous Results of Capacitance Sensing Circuit ....................................23 



 viii 

                                  Page 

3.1.3 System Implementation of a Novel Capacitance Sensing Circuit............24 
3.1.3.1 Lock-in Technique...............................................................................25 
3.1.3.2 Operational Concept of the Capacitance Sensing Circuit....................26 
3.1.3.3 Building Block Design.........................................................................27 

3.1.3.3.1 Common Mode Error Amplifier ...................................................27 
3.1.3.3.2 Mixer with the Back-end Amplifier ..............................................30 
3.1.3.3.3 OTA-C LPF with the Voltage-Current Converter.........................31 
3.1.3.3.4 Noise Analysis and Process Variation Problems ..........................33 

3.1.3.4 Simulation Results ...............................................................................36 
3.2 Chemical and Biological Sensing Front-end Using Fluctuation Noise............40 

3.2.1 System Level Implementation..................................................................40 
3.2.2 Fully-differential 1st Order OTA-C Filter Design Considerations ..........41 

3.2.2.1 Resistor ................................................................................................41 
3.2.2.2 First Order Low Pass Filter..................................................................42 
3.2.2.3 Constant-gm Biasing............................................................................46 
3.2.2.4 High Temperature Compensation........................................................51 
3.2.2.5 Low Frequency Noise Reduction ........................................................56 

3.2.3 Final Practical Design Results..................................................................57 
3.2.3.1 Whole System......................................................................................57 
3.2.3.2 Final Design Parameters ......................................................................59 

3.2.3.2.1 Constant-gm Biasing .....................................................................59 
3.2.3.2.2 Operational Transconductance Amplifier .....................................60 
3.2.3.2.3 Common Mode Feedback Circuit .................................................63 

3.2.3.3 Simulation Results ...............................................................................65 

4. CHIP PHOTOGRAPHIES AND TEST RESULTS ..................................................... 70 

4.1 Chip Photographies ..........................................................................................70 
4.1.1 Nanowell Sensor IC .................................................................................70 
4.1.2 Van der Waals Sensor IC .........................................................................72 

4.2 Test Results ......................................................................................................73 
4.2.1 Nanowell Sensor IC .................................................................................73 

4.2.1.1 Test Set-up ...........................................................................................73 
4.2.2 Van der Waals Sensor IC .........................................................................77 

4.2.2.1 Test Set-up ...........................................................................................77 
4.2.2.2 Test Results..........................................................................................84 

4.3 Summary ..........................................................................................................92 

5. CONCLUSION........................................................................................................................ 93 

REFERENCES.................................................................................................................95 



 ix 

                                  Page 

APPENDIX ....................................................................................................................100 

VITA ..............................................................................................................................109 

 



 x 

 LIST OF FIGURES 

                                  Page 

Figure. 1. The conceptual example of distributed sensing using N redundant. .................2

Figure. 2. Fabrication of nanowell capacitors. ...................................................................7

Figure. 3. SEM photograph of the nanometer pattern mask [4].........................................8

Figure. 4. Sketch of the frequency variation of the real and imaginary parts                     

of the complex relative permittivity of the material [6]. ................................10

Figure. 5. The MOSFET-based sensor. ............................................................................13

Figure. 6. Structure and function of the van der Waals force enhanced MOSFET..........16

Figure. 7. Alternative approach to modulate van der Waals force...................................17

Figure. 8. Basic structure of the thin-film sensor [12]. ....................................................18

Figure. 9. Demonstration of the usefulness of the new sensor principle. ........................20

Figure. 10. System level block diagram of the CMOS sensor IC. ...................................22

Figure. 11. The conceptual diagram of the lock-in capacitive sensing. ...........................24

Figure. 12. The spectral representation of the lock-in capacitive sensing system. ..........25

Figure. 13. The conceptual diagram of the front-end circuit system. ..............................26

Figure. 14. Common mode error amplifier with CMFB. .................................................28

Figure. 15.  The mixer stage with the back-end amplifier. ..............................................30

Figure. 16. OTA-C filter and voltage-to-current converter (N=10). ................................33

Figure. 17. The output current vs. the capacitance mismatch plot for 1 GHz 20mV 

amplitude input VRF signal. ........................................................................36

 



 xi 

                                  Page 

Figure. 18. The output current transient response plot with 1fF capacitance mismatch 

with 20mV input amplitude and 1 GHz frequency. .....................................38

Figure. 19. The Monte Carlo simulation result of the output current                                  

with 1 GHz, 20mV input signal and 1fF sensed capacitor.............................39

Figure. 20. System level block diagram of the CMOS sensing front-end using the 

fluctuation noise. ............................................................................................40

Figure. 21. A typical implementation of a resistor with a transconductor. ......................42

Figure. 22. A single-ended voltage-mode gm-C integrator..............................................43

Figure. 23. Single-ended first order gm-C filter...............................................................43

Figure. 24. Concept of a differential integrator................................................................45

Figure. 25. Fully differential integrator............................................................................45

Figure. 26.  Conceptual diagram of a conventional resistor-control loop........................46

Figure. 27. Basic fixed transconductance bias circuit. .....................................................48

Figure. 28. Concept of an improved fixed transconductance bias circuit. .......................50

Figure. 29. Circuit implementation of the scheme of fig. 28. ..........................................51

Figure. 30. Complete "fixed transconductance bias" circuit. ...........................................52

Figure. 31. Drain current characteristics of typical 50-pm/lo-pm p channel MOSFET                       

with temperature as parameter in saturation (VDS = - 6 V) [44]...................54

Figure. 32. MOSFET drain and source to body leakage currents and conductances.......55

Figure. 33. Simple leakage current compensation circuit. ...............................................56

 



 xii 

                                  Page 

Figure. 34. The system diagram of the fully differential first order low pass filter            

with high temperature operation. ...................................................................58

Figure. 35. Constant gm biasing circuit for a PMOS input stage.....................................59

Figure. 36. Operational transconductance amplifer diagram. ..........................................61

Figure. 37.  Common mode feedback circuit. ..................................................................64

Figure. 38. Frequency response plot of the filter array at 200
�
C.....................................66

Figure. 39.  3dB point vs. temperature plot of filter #3....................................................67

Figure. 40.  Nanowell sensor IC photograph. ..................................................................70

Figure. 41. Zoomed photo of one front-end channel........................................................71

Figure. 42. Van der Waals sensor IC full photograph......................................................72

Figure. 43. Nanowell sensor IC test set-up. .....................................................................73

Figure. 44. Test set-up for Van der Waals sensor IC. ......................................................77

Figure. 45. Test board #1 layout. .....................................................................................81

Figure. 46. Photograph of test board #1. ..........................................................................82

Figure. 47.  Test board #2 layout. ....................................................................................83

Figure. 48. Test board #2 photograph. .............................................................................84

Figure. 49. The output transient response of filter #6 with 50mV amplitude                      

(the upper is 1Khz signal and the lower is 5Khz signal)................................85

Figure. 50. The conversion gain plot taken from the simulation in Cadence. .................86

Figure. 51. The magnitude and phase response of the output of filter #5. .......................87

Figure. 52. The noise spectrum of the output of filter #5.................................................88



 xiii 

                                  Page 

Figure. 53. The signal spectrum of the output of filter #5................................................89

Figure. 54. The magnitude and phase response from filter #1. ......................................100

Figure. 55. The magnitude and phase response from filter #2. ......................................101

Figure. 56. The magnitude and phase response from filter #3. ......................................102

Figure. 57. The magnitude and phase response from filter #4. ......................................103

Figure. 58. The magnitude and phase response from filter #5. ......................................104

Figure. 59. The magnitude and phase response from filter #6. ......................................105

Figure. 60. The magnitude and phase response from filter #7. ......................................106

Figure. 61. The magnitude and phase response from filter #9. ......................................107

Figure. 62. The magnitude and phase response from filter #10. ....................................108

 
 

 

 

 

 

 

 

 



 xiv 

 LIST OF TABLES 

                                        Page 

Table 1. Design parameters of the common mode error amplifier. .................................29

Table 2. Design parameters of the mixer and the back-end amplifier. ............................31

Table 3. Design parameters of the OTA-C filter and voltage-to-current converter. ........32

Table 4. Constant gm bias circuit final design parameters. .............................................60

Table 5. Operational transconductace amplifier design parameters A.............................62

Table 6. Operational transconductace amplifier design parameters B.............................63

Table 7. Design parameters of the common mode feedback circuit. ...............................64

Table 8. Cut-off frequencies A of the filter array at 200°C(simulation results). .............68

Table 9. Cut-off frequencies B of the filter array at 200°C(simulation results)...............69

Table 10. Pin description A of Nanowell sensor IC.........................................................75

Table 11. Pin description B of Nanowell sensor IC. ........................................................76

Table 12. Pin description A of the Van der Waals sensor IC...........................................79

Table 13. Pin description B of the Van der Waals sensor IC...........................................80

Table 14. Filter performance parameters A including TIA of each filter output. ............90

Table 15. Filter performance parameters B including TIA of each filter output. ............91

  



   1  

�����������  

This thesis follows the style of IEEE Journal of Solid State Circuits. 

1. INTRODUCTION 

1.1 Motivation 

A wireless sensor network is one of the greatest breakthroughs happening in these 

times to facilitate truly autonomous, distributed and pervasive computing. Such a 

network consists of a large numbers of nodes each equipped with front-end circuits and 

radio devices. Each node of the network monitors its local environment, locally 

processing and storing the collected data. Network nodes share this information via 

wireless link between each other and a central base station. Using data fusion, specific 

features of interest to the end user can be extracted from the information that several 

nodes collect [1, 2]. For applications ranging from industrial automation to homeland 

security, distributed wireless ad-hoc sensor networks will make an everlasting impact to 

improve everyday life. This research focuses on the design of the front-end electronics 

for two specific sensors used in environment monitoring applications targeted for gas, 

chemical and molecular sensing. 

The design issues for sensor nodes in a wireless sensor network are that of low 

power and small form factor. Moreover it should be implemented using low cost 

techniques. The sensors designed in a traditional CMOS technology are desirable due to 

their low cost, low power consumption, portability and potential advantages in mass 

production. Also, the state-of-art CMOS technology enables the integration of all the 

sub-building blocks such as the readout circuit and the signal processing circuitry on a 

same chip or package as the sensor itself towards "lab-on-a-chip" implementation. 

An autonomous node in a sensor network ideally contains a sensor, a readout 

circuit, a digital signal processing part to process information from the sensor and a RF 

communication circuit. The central base station which functions as a network controller 

collects the data from all the sensor nodes and extracts meaningful information of the 

target material by performing advanced digital signal processing. Fig. 1 demonstrates the 

conceptual block diagram of the N redundant distributed sensing. As seen, the system 
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has the front-end which converts the raw signal from the sensor to the electrical signal. 

At the second stage, ADC converts the electrical signals into the digital signals which 

are much easier to process. The processed digital signals are converted into analog signal 

in order to be transmitted as the radio frequency signal through Power Amplifier. Also, 

the control signals from Central Network Controller and that sensor data from 

neighboring nodes come via the same antenna,  the low noise amplifier and the A/D 

converter. 

 

  Fig. 1. The conceptual example of distributed sensing using N redundant. 

 

 

 One of the sensor devices used in this research is a nanowell capacitor. The 

nanowell capacitor was introduced recently [3, 4] by researchers at Texas A&M 

University using a well-know CMOS process. This nanowell capacitor was postulated 

for use as a chemical and biological sensor using the technique called Broadband 
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Dielectric Spectroscopy[5,6], which measures the dielectric constant of the material 

trapped in the capacitor as a function of the frequency.  By capturing the capacitance 

value change of “nano-size” capacitors on the silicon wafer, the target materials in the 

capacitor is detected. Its small size is the great advantage in secure environment 

monitoring applications.  

Another device is a Van der Waals MOSFET sensor or a Taguchi sensor, which is 

fabricated with the CMOS technology.  A Van der Waals MOSFET sensor was invented 

from researchers at Texas A&M University [7]. The trapped molecules on the gate 

surface modulate the threshold voltage of the MOSFET, resulting in a stochastic 

fluctuation of drain current which can be used for the identification, quantitative analysis 

of molecules and their mixtures by the fluctuation-enhanced stochastic analysis method 

[8]. A Taguchi sensor is one of the typical film-based sensor devices used for gas 

sensing applications. The operating principle for detection in both these sensors is the 

use of fluctuation enhanced sensing. The idea of fluctuation enhanced sensing utilizes 

the statistics of the noise like information signal in the low frequency spectrum to detect 

target molecules. Our approach to such detection is using a low pass filter bank from 

0.1Hz to 100 KHz to extract the information contained therein and processing them 

individually using advanced pattern matching algorithm [9]. The pattern matching 

algorithms is not the scope of this research. The low power consumption and s mall size 

of these sensors (Van der waals and Taguchi) along with their ease of fabrication in 

traditional CMOS technology makes them suitable candidates for distributed gas sensing 

applications [10,11].  

To use the nanowell capacitors in the sensor network, we need very accurate 

capacitance sensing circuits which consume ultra low power. Capacitance detection 

circuit measures the change in the dielectric constant value by measuring the capacitance 

of the nanowell. The low power consumption of  this circuit minimizes the total power 

consumption of the entire system. We implemented a lock-in sensing technique which 

can extract both real and imaginary part of the capacitance and hence the dielectric 

constant of the trapped material with low power consumption. 
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For the other sensor, we implemented a low power and high gain transimpedance 

amplifier to amplify the stochastic fluctuation noise current signal from a Van der Waals 

or Taguchi type sensor. At the next stage of this sensor, extremely low cut-off frequency 

lowpass filters are used for processing the information located in very low frequency 

range from 0.1Hz to 100 KHz range [9]. The considerable linear dependency of the 

fluctuation noise generation of CMOS devices on temperature requires very high 

temperature operating environment for maximizing the noise-like input current [12]. So, 

the robustness of the front-end circuit including the amplifier and the filters to the 

temperature variation(~200
�

) is critical and has been addressed in this research.   

   

1.2 Objective of This Thesis 

In this thesis, as the building block of front-end circuits using nanowell capacitors, 

the accurate and low power capacitance sensing circuit is designed. The extremely low 

cut-off frequency filters, which are very temperature-insensitive, are implemented and 

tested as one of the building blocks of the front-end circuits using the fluctuation noise 

current signal from a Van der Waals MOSFET sensor or a Taguchi sensor. The overall 

layout of the thesis is given below. 

First of all, the fundamentals on the fabrications process and the operational 

concept of nanowell capacitors will be demonstrated. After that, the conceptual 

background on Broadband Dielectric Spectroscopy will be presented. Next, the 

background on MOSFET-based sensors is clarified. It covers a Van der Waals sensor 

and film-based sensors such as a Taguchi sensor. Thirdly, the systematic explanation of 

the nanowell sensor IC is conducted. The concise description of the previous capacitance 

sensing circuits will be shown. The need to devise a novel capacitance sensing circuit 

comes into view while describing them. The novel capacitance value sensing circuit is 

demonstrated and simulated while displaying the circuit design parameters. Following 

this discussion, the systematic concept of the Van der Waals Sensor IC is explained. The 

required characteristics of the building blocks of the IC are clarified. Also, the circuit 
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topology and technique which enables the circuit to satisfy the requirements are 

demonstrated and the relevant physical background is attached. Finally, the circuit 

design parameters are shown and the simulation results are displayed.  

The fabrication results of the nanowell sensor IC and the Van der Waals sensor IC 

are shown with detailed explanation of the test procedures and the test results. Finally, 

the final conclusion of this thesis is drawn and the future possibilities for exploration are 

discussed. 
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2. BACKGROUND 

2.1 Chemical Sensing with Nanowell Capacitors 

2.1.1 Fabrication of a Nanowell Capacitor 

Recently, a novel innovative photo-lithographic method was used to fabricate very 

large scale nanowell arrays in silicon [4]. In Fig.3, Hashioka’s implementation of the 

array is demonstrated [4]. The lateral dimension of the nanowell (10-100nm) is defined 

by anodic oxidation of Ti or Si (Fig. 2). The nanowell, 10-50nm wide, 10 – 1000nm long 

and 60nm deep, is essentially a parallel plate capacitor. The dimension of the capacitor 

enables trapping of single biomolecules. Trapping of molecules is achieved through 

positive dielectrophoresis, in which a non-uniform electric field induces a net dipole 

moment and corresponding attractive force on a polarizable molecule. By tuning the 

frequency and the voltage applied to the nanowell, the target molecules can be forced in 

a resonant motion for measurement. Moreover, by changing the frequency and voltage 

of the applied signal, we can alter the polarizability of the medium and the trapped 

molecules. It is a very useful technique to release the already trapped molecules from the 

nanowell to alter the frequency and polarity of the electric field for the future use of the 

nano-capacitor [5]. Detection of the trapped molecules for its material properties is 

performed using broadband dielectric spectroscopy (BDS). BDS measures the complex 

permittivity of the molecule as a function of the frequency. An overview of the BDS 

technique is provided in the next section. 
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Fig. 2. Fabrication of nanowell capacitors. 
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Fig. 3. SEM photograph of the nanometer pattern mask [4]. 
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2.1.2 Broadband Dielectric Spectroscopy 

 Broadband Dielectric Spectroscopy (BDS) is widely used for investigating the 

characteristics of a great number of materials. The interaction of electromagnetic (EM) 

radiation with molecular system induces quantized transitions between the electronic, 

vibrational and rotational molecular energy states. Those interactions can be observed by 

UV/visible and infra-red absorption spectroscopies at the high frequency. The dielectric 

dispersion and absorption phenomena that occur in the wide high frequency range are 

due to the dipole relaxation arising from the reorientational motions of molecular dipoles 

and electrical conduction arising from the transitional motions of electric charge [5].  

 Therefore, these effects can dominantly influence the dielectric properties of the 

material in the relevant frequency range. At the microelectronics side, the dielectric 

properties of the material are expressed by the complex electrical impedance. The 

underlying effects mentioned above and their impact on the impedance can be modeled 

by a couple of standard models such as Debye, Cole-Cole and Cole-Davison models [3].  
*** εεε j−=                     (2-1) 

2
*

)(1 ωτ
εεεε

+
−

+= ∞
∞

s          (2-2) 

ε** = ωτ (εs −ε∞ )

1+ ω 2τ 2
+ σ dc

ωε0
         (2-3) 

The classical physical behavior of the frequency dependence of the real and 

imaginary parts of the permittivity was described by Debye [5]. His model can be 

summarized by (2-1), (2-2) and (2-3), where ε∞ is the absolute value of the permittivity 

at infinite frequency, εs  is the absolute value of the permittivity at zero frequency, ε0  is 

the vacuums permittivity and σ dc is the DC conductivity of the system. Fig. 4 shows us 

the graphical way of expression of the frequency-dependence of the permittivity of the 

measured material according to (2-1), (2-2) and (2-3) [5]. BDS measures the real and 

imaginary part of the capacitance C = C(e,w), where e is the complex permittivity and w 

is the frequency of the applied electric field. Each molecule or combination thereof 
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provides a unique signature in the dielectric spectrum as a function of frequency for 

purpose of detection and analysis. 

  We also understand that we can fabricate a very tiny value capacitor on the 

silicon wafer which is used to sense the molecule trapped within itself using the BDS 

technique. If we can realize the cost-effective dielectric constant sensing CMOS 

circuitry with that tiny capacitor, we can build up a very good chemical or biological 

sensing system with the economical CMOS technology. One drawback of the CMOS 

technology for BDS is the limited frequency range for analysis. However for most 

molecules, the frequency range (0 ~ 1GHz) provide enough information for selectivity. 

Therefore, the sensing technique can emerge to be one of the promising sensing 

solutions with low cost.  

 

 

 
Fig. 4. Sketch of the frequency variation of the real and imaginary parts of 

the complex relative permittivity of the material [6]. 
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2.2 Solid State Chemical Sensors 

2.2.1 History of the Chemical Sensing [12] 

 Generally speaking, the classical and the current solutions for chemical sensing 

have been complex like laboratory methods such as gas chromatography and ion-

mobility spectroscopy. Even though the methods are accurate for detecting chemical 

materials and in their ability to perform multi-material detection, they are often very 

expensive to commercialize for consumer and low-end application. To lower the cost of 

the chemical sensing system enough to be commercialized in the consumer and low-end 

market as in distributed sensor network, a new approach to chemical sensing has been 

created.  

 To overcome the cost problem of the previous chemical sensing system, 

miniaturization technique has been used. However, the technique is supposed to sacrifice 

some of the accuracy of laboratory methods for lower cost, faster response times and 

greater accessibility.  Since the early 1970's, the microelectronic chemical sensor has 

been investigated as this low-cost, miniaturized alternative to laboratory chemical 

sensing methods. However, it has been difficult to overcome some of the inherent 

problems of the miniature chemical sensors such as reproducibility, selectivity, 

sensitivity, stability and response time while keeping the cost down at a manageable 

level. After a while, some progress has been made in the research community for 

realizing the balance between cost and robustness of viable chemical sensing system. 

2.2.2 MOSFET-based Sensor 

2.2.2.1  Description 

MOSFET-based sensors such as ISFET and ChemFET mean the sensor devices 

using a chemically sensitive insulator or chemically sensitive gate on the gate area of a 

MOSFET device to sense the chemical material. ISFET was introduced for the first time 

as an implementation of a MOSFET-based sensor. An ISFET is simply a MOSFET 
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which has a chemically sensitive insulator membrane instead of a gate. Charge change 

caused by the sensitive chemicals on the membrane is amplified by operation of the FET 

device under the membrane [13]. However, vulnerability of the insulator membrane to 

the external effect and the subsequent transistor breakdown has been the most critical 

problem in its becoming popular for chemical sensing. Also, the light sensitivity of the 

insulator has been one of the problems with these devices since no optical shielding 

exists around the FETs. Therefore, a novel device called "ChemFET" was invented. It 

has successfully demonstrated more potential for practical chemical sensing. Even 

though it has less selectivity and chemical sensitivity than ISFET, ChemFET makes use 

of a standard oxide layer as the insulator and a chemically sensitive metal [14]. The 

metal gate minimizes light sensitivity problems of ISFETs. Moreover, the physical 

barrier of the metal gate and the resilience of silicon dioxide can successfully minimize 

the potential environmental poisoning problems of ISFETs [13]. Also, we can modify 

the ChemFET to integrate the advantages of two different devices to achieve a better 

performance. The results are called the "Surface Accessible FET" or "SAFET"[15]. and 

the "Suspended Gate FET" or "SGFET"[16]. Despite the enhanced selectivity and 

sensitivity of these devices over the ChemFET, however, they suffer from a short 

lifetime problem because the exposed oxide layer degrades very fast than other device. 

Therefore, due to its strong robustness to the environmental degradation, the ChemFET 

is thought to be the best fit for the MOSFET-based chemical sensing in spite of its 

relatively low selectivity. The conceptual structures and operational concepts are 

demonstrated in Fig. 5. 
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Fig. 5. The MOSFET-based sensor. 

 

 

2.2.2.2  Van der Waals Force Enhanced MOSFET Sensor 

2.2.2.2.1 Introduction 

 The Van der Waals Force Enhanced MOSFET (VWFE) sensor was proposed by 

Dr. Mosong Cheng and others [7]. The Van der Waals Forced Enhanced MOSFET 

sensor manipulates van der Waals force interaction between silicon and molecules by 

tuning the gate voltage or electrical injection of carriers. The modulation of van der 

Waals force affects the equilibrium and rate at which molecules on the gate surface are 

trapped and released. The trapped molecules modulate the threshold voltage of the 

MOSFET, resulting in a stochastic fluctuation of drain current which can be used for the 

identification, quantitative analysis of molecules and their mixtures by the fluctuation-

enhanced stochastic analysis method. Millions of such devices can be integrated with 
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CMOS circuitry on a single chip by standard IC processing to construct electronic dog-

nose. The sensor is potentially versatile, robust, inexpensive, and would exhibit high 

sensitivity and selectivity for the analysis of multiple agents. The van der Waals force 

and electrical excitation can affect the shape and function of trapped molecules. The 

proposed device, as a molecule/electronics interface, will be explored as a key enabling 

component of highly parallel, single molecule level “lab-on-a-chip” system[17]. Dr. 

Mosong Cheng group is working on the fabrication of the first prototype. 

2.2.2.2.2 Motivation 

 Solid-State sensors have been the considerably attractive implementation for the 

compact, fast and integrated sensor device with the analog/digital electronic circuitry 

and the potential low-cost sensor device with the mass production possibility.  Usually, 

the sensor is realized by coating an active film (such as oxide, polymer or metal) on the 

surface of silicon. The sensor is supposed to use the change of physical or chemical 

property of the coated film, such as mass, dielectric constant, temperature, conductivity, 

charge, chemical potential, work function or surface potential depending on absorption 

of target molecules by the film [18, 19, 20, and 21]. In these sensors, the selectivity of 

target molecules/ion is realized by coating the right material which has the strong 

sensitivity to target agents and intense insensitivity to the other substances. Therefore, 

for sensing multiple types of materials, the sensor is necessary to be coated with several 

different films, which causes excessive processing steps and highly expensive 

manufacturing cost.  Also, the sensor is unable to sense the unexpected yet important 

molecules (for instance, breaking out of a terrible virus). Also, how to reverse the effect 

of target material on the film for the future is supposed to limit the availability of those 

type sensors.  

 Moreover, the current apparatuses for single molecular detection such as 

Scanning Probe Microscope (SPM) and Optical Spectroscopy are too bulky and need 

much time finishing the detection and isolated environment. Also, often, they are pretty 

incapable of simultaneous multiple type agents sensing. Since the single molecular 

detection is very essential for revealing information about molecular kinetics and 
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dynamics which is not currently measurable without some professional devices, the 

capability of single molecular probing with the solid-state devices has been imperatively 

demanded in many chemical and biological applications[22].  

 It is possible that a molecule is embedded between electrodes and performs basic 

functions of sensing and computation in a very sophisticated experimental condition. 

However, the cost required to fabricate the complete circuit at the molecular level is still 

seriously high [23]. Nevertheless, the concept of bioelectronics, aiming to integrate 

biomolecules and electronics into functional systems, appears to be very attractive as a 

progressing cross-disciplinary field. Therefore, the implementation of hybrid system that 

efficiently sense, compute and transform the chemical processes into electric power or 

signal is emerging to be one of the most promising areas. Additionally, the 

communication between biomolecules and electronics is the essence of all bioelectronics 

system. 

 To address the above needs, a "Van der Waals Force Enhanced MOSFET" sensor 

as a potentially compact, flexible, and massively parallelable device [11]. It has been 

intended to have high-selectivity and high-sensitivity for "lab-on-a-chip" analytical 

system which can sense multiple agents, mostly gaseous substances. 

2.2.2.2.3 Operational Concept of the Device 

 The proposed Van der Waal Enhanced MOSFET sensor manipulates van der 

Waals force interaction between the silicon and molecules by tuning the gate voltage or 

injecting carriers to PN junction [11]. The structure of the proposed sensor of NMOS is 

described in Figure 6. Based on the conventional MOS theory, we can say that if the gate 

voltage is positive but lower than a threshold voltage VT, the MOSFET works in the 

depletion region, that is, the free carrier density (mostly holes) in the channel between 

source and drain is very low, as is depicted in Fig. 6 (a). In this condition, the Van der 

Waals force between the carriers is negligibly small. However, if the gate voltage is 

above VT, the MOSFET works in inversion region and the free carrier density (mostly 

electrons) in the channel is high, as is shown in Fig. 6 (b). The increased free carrier 

density is supposed to rapidly increase van der Waals force between silicon and 
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neighboring molecules or ions, therefore many more molecules/ions can be brought to 

collisions, and therefore trapped, on the surface of silicon, shown in Fig. 6 (b). 

Additionally, the van der Waals force can be modulated by electrically injecting free 

carriers into a PN junction under MOSFET as described in Fig. 7.  
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Fig. 6. Structure and function of the van der Waals force enhanced MOSFET.   
(a) gate voltage Vg is low, MOSFET is in depletion mode, few carriers exist in the 
channel, and the van der Waals force is week; (b) Vg>VT, MOSFET is in inversion 
mode, carrier density in channel is high, the van der Waals force is much stronger and 
many more molecules are trapped on the gate surface [17]. 

 

 

As explained above, the van der Waals interaction between semiconductor and 

insulator can intensify due to the increase of the free carrier density. Thus it is possible 

to modulate van der Waals attraction from silicon by tuning the free carrier density in the 

channel of a MOSFET with gate voltage. Therefore, according to the change of van der 

Waals force, the neighboring molecules and ions are supposed to reach a new 

equilibrium state. Since van der Waals force is a long-range interaction, the temporary 

external effect does not cause a seriously considerable contamination effect.  
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Fig. 7. Alternative approach to modulate van der Waals force. 
By applying forward bias, free carriers are injected into the PN junction beneath 
the MOSFET. 
 

 

The trapped molecules, with their dipole moment, can change the work function 

of the insulator, semiconductor or metal. Since the working function is one of the values 

composing the whole threshold voltage, the changing working function results in a 

change of VT of the MOSFET. Since the current between source and drain is given 

by
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, the change of threshold voltage induces a 

fluctuation of the drain current dI . The stochastic fluctuation of drain current can be used 

for the detection, identification and quantitative analysis of molecules and their mixtures 

by the stochastic analysis method presented by G. Schmera and L. Kish[21,24], which is 

probably the most powerful application of fluctuation-enhanced chemical sensing 

[25,26,27 and 9]. Therefore, by using the device, the MOSFET sensor with multiple type 

agents sensing capability can be realized. Also, since the sensor is fabricated with the 

conventional CMOS technology, it is possible that the sensor is integrated with the 

readout circuitry and amplifier on the same chip to realize the molecular sensor-system-

on-chip [17].  
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2.2.3 Thin-film Based Sensor and New Sensing Technique [8] 

2.2.3.1 Concept of the Film Based Sensor 

 The microelectronic chemical sensor has been recognized as a low-cost 

alternative to overcome the problems of laboratory chemical sensing methods [12]. 

Many of the microelectronic sensor technologies are based simply on conductivity 

changes in a material in response to chemicals in the environment [8]. The simplest of 

these conductivity-based sensors, the thin-film sensor, was first introduced into the 

research community in the early 1970’s [12]. The thin-film sensor in Fig. 8 is simply a 

film of chemically sensitive material, such as SnO2, TiO2, or porous silicon [10] whose 

conductivity changes in response to the neighboring chemicals in the sensing 

environment. The metal-oxide, thin-film sensors are the only miniaturized chemical 

sensors which has become popular in the commercial market. The most popular sensor 

among those sensors is the Taguchi-type sensor. The sensor is composed of tin oxide 

modified with various catalysts and additive to improve the ability of detecting target 

materials [10].  

 

 

sensorV
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Fig. 8. Basic structure of the thin-film sensor [12]. 
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The reason why thinness is required is because the conductivity change is mainly 

due to surface interactions. Therefore, to maximize the interaction effect on the 

conductivity, the film should be made as thin as possible.  

 Also, since the thin-film sensor device is very compatible with standard 

integrated circuit fabrication process, it has been possible to integrate these sensors with 

complex signal processing circuitry on single chip [12]. So, thin-film device can be 

considered as one of the most promising sensor device for diagnostics and measurement 

in a "lab-on-chip" system implementation.  

2.2.3.2 New Multiple Type Agents Sensing Technique 

 A conventional film-based sensor however has a serious problem. Since the 

oxide of the sensor is modified to have a good sensitivity to one target agent, a number 

of sensors are required to detect various chemical and biological agents. Therefore, it is 

undesirable to use the conventional type film-based sensor to build a multiple agent 

sensing sensor.  To overcome this problem, Dr. Kish at Texas A&M proposed to use the 

stochastic fluctuation noise generated by the sensor for realizing the multiple sensing 

with conventional film-based sensors [8].  

 The technique is based on sensing the conductance noise caused by each 

chemical and biological agent when they encounter the sensor layer. The usefulness of 

the conductivity noise for the sensor application was investigated by Bruschi and 

coworkers [28,29]. From their research, it is generally recognized that the conductance 

noise spectrum is very sensitive to the chemical environment.  Therefore, if we can 

measure the noise spectrum which is based on the neighboring chemical environment, 

we can detect those agents. In Fig.9, the noise spectrum density from four different 

materials is shown. It shows that the noise density is considerably different from others. 

 Even though we have much thing to do in order to find the exact origin of the 

microscopic noise components caused by the neighboring chemical environment, it is 

absolutely clear that the noise is related to the fluctuation of the carrier mobility and 

density due to concentration fluctuation and motion of the chemical fragments, 

originating from the chemical environment. The resultant resistance fluctuations are 
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supposed to be the source of an ac signal with wide frequency bandwidth, which carries 

more information than the traditional DC signal [9].  

 

 

 
Fig. 9. Demonstration of the usefulness of the new sensor principle.   
The voltage noise spectrum Su(f) of the sensor (proportional to the resistance 
noise spectrum) was measured at a current of 125 mA during exposition of the 
sensor to different types of natural odors. The differences between the shapes of 
the spectra should be noticed [9]. 
 

 

2.2.4 The Relationship between the Fluctuation Noise and Temperature 

The dominant information of the fluctuation noise current from the sensor 

devices is located in very low frequency range. The flicker noise is the major contributor 

to the noise power in low frequency range. Therefore, by investigating the relationship 

between the flicker noise and temperature, we can find out the dependency of the 

fluctuation noise generation of CMOS devices on temperature.  

 In Hung’s research, the unified model for flicker noise in MOSFET devices is 

demonstrated [30]. He formulates the unified flicker noise model like below. 
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The formula (2-4) shows the proportional relationship between the output flicker 

noise power spectrum density and temperature. It means that the high temperature 

operating environment is required to maximize the output noise generation of CMOS 

sensor devices. Although the above expression is true for pure MOSFET devices, its 

applicability as a general rule of dependence can be extended to other materials. 

2.2.5 Summary 

 In this chapter, we discuss the relevant physical background of the sensor devices 

used. The two sensor elements discussed were a “nanowell capacitor for molecular 

sensing” and a “van der waals enhanced MOSFET sensor” for gas sensing. A traditional 

taguchi sensor can also be used instead of the van der waals sensor and is also discussed.  
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3. IMPLEMENTATION OF THE CIRCUITS 

3.1 Nanowell IC Readout Circuit 

3.1.1 System Description 

 The readout circuit generates the raw signal expressing the dielectric constant 

variation. Therefore, Analog-to-Digital Converter is used to transform the raw signal 

into digital signals for the future Digital Signal Processing for better determination. Also, 

the control circuitry should be integrated to provide the external control functionality to 

the chip. Therefore, the system in Fig. 10 can be proposed [3].  

 

 

 

Fig. 10. System level block diagram of the CMOS sensor IC. 
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 In the above system, the readout circuit, the capacitance detection front-end, is 

expressed as C#. C# provides the signal carrying the information about the dielectric 

constant change by sensing the change in capacitance value of the capacitor. The analog 

signal from C# is converted to digital signal through an ADC which is followed by the 

digital circuitry which controls the data transmission from the sensor IC to a DSP. The 

basic requirements of the readout circuit C# for the sensor system implementation 

according to the above system are as follows. First of all, the circuit should process the 

high frequency signal (~1 GHz) since it detects the capacitance value variation under the 

influence of the chemical material at the high frequency range. Secondly, power 

consumption of each readout circuit should be minimized as a number of cells are 

integrated. Thirdly, the output signal should be current. Finally, the built-in circuit noise 

should be minimized for increasing the dynamic range of the readout circuit and keeping 

the output signal power at the low level for minimum power consumption. 

3.1.2 Previous Results of Capacitance Sensing Circuit 

First of all, Bramani figured out a technique to measure the capacitance variation 

by measuring the phase shift between voltage and current is a series RLC circuits tuned 

to a certain resonance [31]. Also, the techniques proposed by Toth and Goes measure the 

capacitance by forming an oscillator using the sensor capacitor [32, 33]. Additionally, 

off-the-shelf components were used by Mochizuki in an interface circuit used to measure 

capacitance ratio [34].  A charge distribution technique was used by Kung [35] for 

capacitance sensing. Moreover, the IC which uses correlated double sampling (CDS) in 

combination with delta modulation has been reported by Ranganathan [36]. The CDS 

circuit acts as a high-pass filter that gets rid of low-frequency noise and interference. 

However, the available capacitive measuring techniques mentioned above are not 

appropriate for sensing the change of the dielectric permittivity in the high frequency 

range for BDS measurement. Even though C. Baltes [37] reported a single-chip gas 

detection system using the dielectric constant change, it was not adaptable for high 

frequency application, such as the Ghz range, which is the important regime of BDS. 

Recently, Sarpeshkar [38] used synchronous demodulation technique adapted in low 
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noise lock-in architecture for capacitive sensing. His technique has shown some 

potential for implementing the BDS on the silicon chip because it can vary the frequency 

of the probing signal. But, the achieved modulating frequency is not high enough for the 

BDS frequency range and is not designed for low power application. Also, for small-size 

sensing devices for portable or medical applications, the sensed capacitor size should be 

minimized and integrated on the silicon chip together with the other part of sensing 

circuitry. Therefore, the previously reported results are not proper in the BDS 

application with a very tiny capacitance value fabricated on the silicon.  

3.1.3 System Implementation of a Novel Capacitance Sensing Circuit 
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Fig. 11. The conceptual diagram of the lock-in capacitive sensing. 
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3.1.3.1 Lock-in Technique 

 The excellent noise performance is very essential for this system. So, the 

effective technique useful for reducing the amount of noise is required. As one of those 

techniques, lock-in technique is used in this research. 

 

 

 
Fig. 12. The spectral representation of the lock-in capacitive sensing system. 

 

 

The lock-in technique is very useful for implementing a low noise system in 

sensor electronics.  It is because it can attenuate the low frequency noise signal such as 

1/f noise and other offset inherent in the device [38].  

The common mode Lock-in technique is illustrated in Fig.11 and Fig. 12. Fig 11 

demonstrates its systematic modeling and Fig 12 shows the spectral representation of the 

system. First of all, the differential output of the amplifier “A” in Fig.11 is influenced by 

the difference of two capacitors, the reference capacitor Cref and the sense capacitor to 

be measured, Csense. It means that the mismatch between two capacitors is modulated 

by the applied high frequency signal, generating a signal quasi-linearly proportional to 

Cref-Csense. After this step, the mixer demodulates the output signal from the 

antecedent amplifier with the same high frequency signal. The demodulation in the 

mixer moves the low frequency noise and offset to the high frequency range. Also, the 

high frequency information signal is transferred into the low frequency range. As a result, 
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Mixer_out carries the noise at the high frequency range and the information signal at the 

low frequency range. Finally, a lowpass filter dramatically attenuates the high frequency 

noise and capture the mismatch information located in the low frequency range. 

Changing the frequency of the input signal into amplifier “A” enables us to realize 

wideband BDS measurements. 

3.1.3.2 Operational Concept of the Capacitance Sensing Circuit 
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Fig. 13. The conceptual diagram of the front-end circuit system. 

 

 

The conceptual block diagram of the sensor front-end for BDS measurement is 

shown in Fig. 13.  First of all, a common mode error amplifier modulates and amplifies 

the mismatch between the reference capacitor value and the sensed capacitor value in the 
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first stage. Next, the mixer demodulates the signal. The phase shifter is used to measure 

the amplitude and phase information of the capacitance mismatch by use of quadrature 

modulation. The back-end amplifier intensifies the weak demodulated signal from the 

mixer. Finally, the demodulated signal passes through an OTA-C low-pass filter and 

transforms into current. The current domain output can then be fed to a low-power 

current-mode ADC for digitization [39, 40].  

3.1.3.3 Building Block Design 

3.1.3.3.1 Common Mode Error Amplifier 

Fig. 14 shows the implementation of the Common Mode Error Amplifier 

(CMEA).Also, the design parameters are tabulated in Table 1. To amplify the common 

mode error, the conventional differential gain stage is used. The input VRF to the 

CMEA is the modulating carrier signal of high frequency. Since each common mode 

output values are different from each other because of the different capacitance value on 

each output load, CMEA can be used as a capacitance mismatch detector to measure the 

difference between a small reference capacitor Cref value and the sense capacitor Csense 

value (with molecules to be detected via measurement of the change in the dielectric 

constant), generating the modulated common mode error signal at a non-zero frequency. 

Also, because the effects of the parasitic capacitance are cancelled at the output stage, 

assuming that the parasitic capacitance values on each output are same to each other, the 

circuit can work at the high frequency range. Even if there are mismatches in the 

parasitic capacitance, it can be easily calibrated externally. In addition, the simple 

structure of the circuit has the advantage of low power implementation. The additional 

common mode feedback circuit is attached to stabilize the output common mode signal. 

The output function of the amplifier is formulated in (3-1) with the capacitive mismatch 

value in its amplitude. By sensing the value, we can detect the change of the capacitance. 
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Rout value is the output resistance of CMEA and gm1, 2 is the transconductance 

value of the driving transistors M1 and M2. Also, ro3 means the output resistance of M3 

and Cp is the symbol for the parasitic capacitance around the output port. Finally, � C 

means Csense-Cref value. 
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Fig. 14. Common mode error amplifier with CMFB. 
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Table 1. Design parameters of the common mode error amplifier. 

TRANSISORS SIZE TRANSISORS SIZE 

M1 1.62um/0.54um MP1 1.98um/1.53um 

M2 1.62um/0.54um MP2 1.98um/1.53um 

M3 1.44um/0.36um MP3 1.8um/0.54um 

MN1 1.44um/0.36um MP4 0.72um/1.215um 

MN2 1.44um/0.36um MP5 0.18um/0.27um 

MN3 3.015um/360um MP6 0.18um/0.27um 

MN4 0.27um/0.18um MP7 0.585um/0.18um 

MN5 0.27um/0.18um MP8 0.585um/0.18um 
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3.1.3.3.2 Mixer with the Back-end Amplifier 

The single balanced mixer and the back-end amplifier demodulate and amplify the 

output signal from CMEA. The used topology is shown and the design parameters are 

tabulated in Table 2. 
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Fig. 15.  The mixer stage with the back-end amplifier. 

 

 

In this stage, the low frequency noise signal transfers into the high frequency 

range around the carrier frequency. Demodulated signal carrying the capacitance 

mismatch information transfers into the low frequency range for future low-pass filtering. 

Minimizing parasitic capacitance of participating transistors is the most important factor 

for implementing a circuit handling very high frequency signals from CMEA. Therefore, 

the very conventional single-balanced mixer topology will be proper to be used for 

achieving minimum parasitic capacitance value. That simple topology is also good for 

reducing the power consumption at the mixer. Additionally, because the sensed capacitor 
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value is comparably small with the neighboring parasitic capacitance, the common mode 

error signal amplified at CMEA is estimated not to have the intense power enough to be 

directly fed into the current-mode ADC input stage. In other words, an additional 

amplifier is essential to provide the strong error signal for accurate analog-to-digital 

conversion in the current-mode ADC converter in the next stage. The conventional OTA 

amplifies the demodulated signal. As you can assume, a very simple topology was 

adopted to design an OTA in order to minimize the power consumption. 

 

 

Table 2. Design parameters of the mixer and the back-end amplifier. 

TRANSISORS SIZE TRANSISORS SIZE 

MN1 3.015um/0.36um MP2 0.27um/0.495um 

MN2 1.08umum/0.405um MP3 7.92um/0.36um 

MN3 1.08um/0.405um MP4 7.92um/0.36um 

MN4 1.44um/0.36um MP5 0.81um/0.36um 

MN5 1.215um/0.36um MP6 0.81um/0.36um 

MP1 0.27um/0.495um   

 

 

3.1.3.3.3 OTA-C LPF with the Voltage-Current Converter 

 We need a very low cut-off frequency low-pass filter to capture the main signal 

power located in the low frequency range and attenuate the noise signal power 

distributed over the high frequency range. OTA-C topology is one of the most popular 

and efficient ways to realize the integrated filter on the silicon without any external 

components. However, in order to realize a very small cut-off frequency with OTA-C 
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topology, a tiny transconductace value is indispensable for minimizing the size of the 

integrated capacitor and possibly the external capacitor. Among a wide variety of 

techniques, the current splitting technique [41] is selected to design an OTA with a very 

small transconductance. The resulting filter is the simple 1st order OTA-C lowpass filter. 

That’s because the future digital signal processing can compensate for the inaccuracy of 

the 1st order filtering results and the simple circuit is better for low power design. Fig 16. 

shows the circuit implementation of the filter and voltage-to-current converter. 

Additionally, the conventional input stage of the current mode ADC [39, 40] is shown in 

the figure to facilitate the understanding that the output signal is the current. Moreover, 

the final design parameters are tabulated in Table 3. 

 

 

Table 3. Design parameters of the OTA-C filter and voltage-to-current converter. 

TRANSISORS SIZE TRANSISORS SIZE 

MN1 0.27um/2.115um MP3 0.27um/7.2um 

MN2 0.27um/2.115um MP4 0.27um/0.72um 

MN3 0.27um/2.115um MP5 0.27um/3.78um 

MN4 0.27um/2.115um MP6 0.27um/1.8um 

MN5 0.495um/0.36um MP7 0.27um/1.8um 

MP1 0.27um/0.72um MP8 0.27um/3.78um 

MP2 0.27um/7.2um MP9 0.63um/1.35um 
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Fig. 16. OTA-C filter and voltage-to-current converter (N=10). 

 

 

3.1.3.3.4 Noise Analysis and Process Variation Problems 

 Since this circuit is designed to measure a very small capacitance value change, 

the error caused by the internal circuit noise and offset would be serious. Therefore, the 

lock-in technique is used to cancel the low frequency noise and offset. However, the 

thermal noise of the circuit itself and the low frequency noise and offset of the sensing 

circuit itself will cause a considerable error at the final value. Therefore, by estimating 
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the internal error, we can calculate the minimum capacitance value mismatch which this 

system can sense.  

 First of all, we can calculate the output noise power spectrum density of CMEA 

in Fig 14 like (3-2).  The current noise signals (in#) in these equations include the flicker 

noise and thermal noise together. 
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In the mixer in Fig 15, the noise signal from CMEA is multiplied with the mixing 

signal and the main power of the noise is transferred into the high frequency noise. The 

noise power spectrum at the output of the single-balanced mixer is formulated like (3-3). 

GMIXER means the gain of the single-balanced mixer. 
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The noise signal from the mixer is amplified by the back-end amplifier. Taking 

the gain of the amplifier and the built-in noise into account, the total noise power 

spectrum density is formulated in (3-4). 
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Finally, the output noise power spectrum density at the output of the lowpass filter 

in Fig. 16 is.  
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The Lock-in Technique cancels the low frequency noise and offset, the flicker 

noise and low frequency offset in 
2

nCMEAv . The larger load capacitance of the filter can 

reduce the thermal noise of the filter itself in the relatively high frequency range. 

However, the size of the capacitor cannot be increased indefinitely because of the 
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limited area on the chip for integrated capacitors. Therefore, the optimal capacitance 

value is found to meet the noise requirement and size limit together. Since the thermal 

noise of the filter usually is smaller than the amplified low frequency noise of CMEA, it 

is much inefficient to use a large size integrated capacitor in order to minimize the 

thermal noise signal.  

 Moreover, the process variation is one of the most serious problems which make 

this circuit useless unless the variation is compensated for properly. Even though the 

stochastically accurate information can be extracted from the data collected in many 

sensor nodes, the minimization of the effect of the process variation on the circuit 

performance is required. Monte Carlo simulation is one of the best techniques to check 

the effect. Therefore, the simulation is the essential step to be conducted before the 

fabrication. 

 Also, the parasitic capacitance difference between the two outputs of CMEA can 

cause serious problem because it assumes the parasitic capacitance of each output has 

the same value. So, the calibration circuitry is required. The circuit should calibrate the 

output value of CMEA before the capacitance value is connected to CMEA. Therefore, 

CMEA can measure only the sensed capacitance value change. The calibration circuit 

design would be the future work. 
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3.1.3.4 Simulation Results 
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Fig. 17. The output current vs. the capacitance mismatch plot for 1 GHz 20mV 
amplitude input VRF signal. 
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The overall circuit was simulated with the low power current-mode ADC input 

section [39] shown in Fig 16. The reference capacitor and the sensed capacitor have very 

small capacitor value of few femto farads. It is because this circuit was designed for 

sensing the very small capacitance of a nano-size silicon structure used for chemical 

sensing using innovative dense integration technique of the sensed capacitor and the 

signal sensing circuitry together on the same chip. Due to the recent advancement in 

semiconductor technology, such a small capacitor can be realized on the silicon with the 

conventional lithography [4]. The circuit was designed with the conventional 0.18um 

CMOS technology and � 0.65V power supply.  Fig. 17 demonstrates that this circuit has 

the quasi-linear relationship between the output current and the capacitance mismatch.  

The dotted line shows that the quasi-linear conversion ratio is about 164pA/aF and the 

overall power consumption is about 30uW with 1 GHz modulating signal. 

 Fig. 18 shows the transient response plot of the readout circuit output current. As 

you see, the output current stabilizes until 10us. Since the high speed response time is 

not the mandatory requirement for chemical and biological sensors. 10uS response time 

is fast enough for the sensor application. 

Fig 19. shows the Monte Carlo Simulation result of the output current. The 

simulation is based on the assumption that standard deviation of the threshold voltage 

and the mobility is about 0.5%. It shows some deviation from the mean value. However, 

if thousands of sensor nodes are used in order to form an entire sensing system, those 

deviations are mutually cancelled by averaging effect. Therefore, it is possible that the 

system has good accuracy. 
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Fig. 18. The output current transient response plot with 1fF capacitance mismatch 
with 20mV input amplitude and 1 GHz frequency. 
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Fig. 19. The Monte Carlo simulation result of the output current with 1 GHz, 
20mV input signal and 1fF sensed capacitor. It assumes 0.5% standard deviation 
of VT and the mobility.  
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3.2 Chemical and Biological Sensing Front-end Using Fluctuation Noise 

3.2.1 System Level Implementation 

 

 

 

Fig. 20. System level block diagram of the CMOS sensing front-end using the 
fluctuation noise. 

 

 

 Fig. 20 shows the system diagram of the chemical sensing system using van der 

Waals MOSFETs or Taguchi type sensors. The transimpedance amplifier accepts the 

stochastic fluctuation noise current as its input and amplifies it to a considerable voltage 

signal.  The amplified voltage signals become the input signals of the low pass filter 

array. The lowpass filter array provides a convenient mechanism to monitor “selected” 

regions in the frequency response of the sensor signal for “distinguishable” features 

specific to the particle under detection. The filter array provides functionality similar to a 
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matched filter array in a communication receiver. Higher SNR and higher selectivity is 

achieved using such an array. The output signal of each filter is fed into an external ADC 

or DSP for stochastic analysis. 

 Realizing a very low cut-off frequency in the lowpass filter array is the most 

important for the system implementation. Moreover, the filters should be designed so 

that they keep their cut-off frequencies strictly constant over wide range of temperature 

variation. Most sensors based on thin films exhibit high selectivity and sensitivity at 

operating temperature in the range of 200
�

 or higher. In other words, the additional 

circuitry which helps an operational transconductance amplifier achieve a constant gm 

value regardless of the temperature variation is required. Also, the biasing circuitry to 

compensate for the parameter variations of MOS transistors is the indispensable sub-

block in this system. In this chapter, a novel OTA-C filter is designed, which integrates 

the constant gm biasing circuit and the high temperature compensation circuit together to 

guarantee the stable high temperature operation with wide temperature variation range.  

3.2.2 Fully-differential 1st Order OTA-C Filter Design Considerations 

3.2.2.1 Resistor 

 Basic idea of an OTA-C filter is to realize the resistance value with the 

transconductance value.  Fig. 21 shows the typical implementation of a resistor with a 

transconductor. 

It shows a transconductance with its negative output terminal connected back to 

its positive input terminal. Since the transconductance input is ideally an open circuit, 

the input current Ii is equal to the transconductance output current Io=gmVi, thus  

imoi VgII ==    (3-2) 

As a result, the circuit represents a resistor: 

mi

i

gI
V

R
1==    (3-3) 

 



 42 

 

mG

oI

iI

iV
 

Fig. 21. A typical implementation of a resistor with a transconductor. 

 

 

Based on the above equation, we can understand that a resistor can be realized 

with a transconductance value. Using this property, we can replace the external resistor 

which requires a wide area or an integrated silicon resistor which is very sensitive to the 

process variation.   

3.2.2.2 First Order Low Pass Filter 

 We understand that we can get the better filtering performance if we use a high 

order filter at the cost of increased area and high power consumption. In this application, 

the output signals of each filter are processed by an external digital signal processor. 

Therefore, the high-level accurate signal processing is not required in the filter. Also, if 

we use a high order filter on the chip, the limited chip size will be the most serious 

bottleneck for integrating a great number of sensing nodes. Therefore, in this application, 

a first order filter (integrator) topology is the best fit. Let's turn our attention to the 

implementation of an integrator.  
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Fig. 22. A single-ended voltage-mode gm-C integrator. 

 

 

We can see a single-ended voltage-mode gm-C integrator in Fig. 22. The Laplace 

transfer function of the circuit becomes 

sC
g

V m
o =  if the transconductor is ideal. (3-4) 

However, the above topology does not provide any controllability of its cut-off 

frequency. Therefore, we have to integrate a resistor made by a transconductor to a 

single-ended voltage-mode integrator illustrated in Fig. 22.  
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Fig. 23. Single-ended first order gm-C filter. 

 

 

The circuit in Fig 23. shows a voltage-mode single-ended first order low pass 

filter. The Laplace transform function of the circuit becomes 
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As seen in 3-5, we can change the cut-off frequency of the low pass filter by 

changing gm2 value.  

 However, a single-ended filter is not appropriate for low noise application. Fully 

differential filter is more proper than a single-ended filter for better noise performance. 

We can realize a fully differential first order filter by merging two single-ended first 

order filters. Fig. 24 shows the concept of a differential integrator consisting of two 

single-ended integrators. Since two single-ended integrators are fully symmetric to each 

other, we can merge the corresponding transconductors in the two paths each into one 

fully differential transconductor. Fig. 25 shows the resulting fully differential integrator. 

We have to understand that we doubles their input voltage by merging two 

transconductors. This means that the output currents are also doubled and we have to 

double the capacitor. We can find the Laplace transform function by following the steps 

below. 

0)()(2 21 =−+−+ −+−++
moomiio gVVgVVsCV    (3-6) 

0)()(2 21 =−+−+ −+−+−
moomiio gVVgVVsCV    (3-7) 

By subtracting (3-7) from (3-6), we find 

)(2)(22)( 21
−+−+−+ −−−−=− oomiimoo VVgVVgsCVV  (3-8) 

Finally, we can find 
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 (3-9) 
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Fig. 24. Concept of a differential integrator. 
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Fig. 25. Fully differential integrator. 
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3.2.2.3 Constant-gm Biasing 

 The only active component of an OTA-C filter is a transconductor. Therefore, we 

have to design a temperature insensitive transconductor in order to realize a temperature-

insensitive filter. A great number of techniques have been invented. As one of them, 

"Fixed Transconductance Bias Circuit" proposed by Pavan [42] is used to design the bias 

circuit in this research. 

 In order to keep the transconductance value of a transconductor constant 

regardless of temperature and process variation, the value should be controlled to a 

temperature and process insensitive external resistor. This is a relatively simple tuning 

system in comparison with other complicated techniques. Fig. 26 demonstrates the 

conceptual schematic of a conventional resistor-control loop.  

 

 

 

Fig. 26.  Conceptual diagram of a conventional resistor-control loop. 

 

 

The operational mechanism of this circuit is explained as follows. An input 

voltage Vi is applied to the transconductor, and its output is fed into the input of an 
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operation amplifier. However, the output is compared with the external current which 

has Vi/R value. So, only the difference between two current is integrated at the input of 

the opamp. Due to the negative feedback effect, the opamp output settles to the value 

which makes the transconductance value locked to 1/Rext. Also, this voltage is shared 

by the other transconductors.  

However, using an additional opamp in this resistor-control loop is so bulky and 

inefficient. Utilizing the square law characteristics of a MOSFET is a very effective 

alternative of the traditional resistor-control loop. Let's assume that the MOSFETs work 

in saturation region and strong inversion. Also, mobility reduction due to gate field, 

velocity saturation and finite drain conductance are neglected. In this case, we can 

express the drain current like below. 

2)(
2 TGS

OXn
DS VV

L

WCu
I −�

�

	


�

�=
α

 (3-10) 

The basis for all the fixed transconductance-bias circuit in this research is based 

on Zele's paper shown in Fig 27[43]. The basic idea of this bias circuit is that the current 

generated in the bias circuit is used as the tail current for the differential pair formed by 

Ma and Mb. Of course, Vref is the common-mode reference for the filter. The current 

mirror formed by M3 and M4 forces identical currents through M1 and M2. Let me 

explain that using a couple of equations.  
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III MM == 21     (3-12) 

IRVV GSGS =− 21    (3-14) 

From 3-11,3-12,3-13,3-14, we can induce 

)(2 21 TGSTGS VVVV −=−   (3-15) 

from 3-14 and 3-15, we can get 
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Therefore, we can understand that the circuit stabilizes to a state where the current 

maintains the transconductance as 1/R, regardless of any VT, u or temperature variation 

due to the negative feedback effect. However, the biasing condition of Ma and Mb is not 

same to that of M1 since the source voltage is different from each other. Therefore, we 

cannot guarantee that the temperature and process variation will be controlled enough.  

 

 

 

Fig. 27. Basic fixed transconductance bias circuit. 
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To fix this problem, we have to make the source voltage of M1 to Vx. The 

conceptual scheme is shown in Fig. 28.  The voltage of the source coupled node of Ma-

Mb is sensed and the sources of M1 and M2 are modified to have the same value to that 

of Ma-Mb. By doing so, we can make the operating condition of M1, M2, Ma and Mb 

same. So, we can take better performance. We can assume that the source of M1 and M2 

is connected to a battery which has 2I current through it. The concept can be realized 

with the scheme in Fig. 29. M5 is used to mirror I flowing through M4. This current is 

multiplied by 3 in the NMOS mirror formed by M8 and M9. M9 works as a current sink 

of value 3I. Of this, 2I is supplied by M1 and M2, and I flows through M6 (M6 is of 

same dimension as Ma in Fig 27).So, it is said that the source voltage of M1 and M2 is 

Vx. 

 The more advanced circuit is shown in Fig 30. The output impedance of PMOS 

mirrors have been enhanced with cascode devices, and the drain of M6 has been tied to 

the gate (this is because the OTA works with unity feedback condition in OTA-C 

topology). M7, M10 and M11 operate in order to make the drain-source voltage of M8 

and M9 same to each other for a wide range of Vref. Cc is the compensation capacitor to 

stabilize the loop formed by M7, M8, M10, and M11. Also, the resistor Rb isolates the 

bias voltage generated at the gate of M8 and M9 from the capacitive load which the 

circuit sees. Also, it increases the effectiveness of Cc at the high frequency. 
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Fig. 28. Concept of an improved fixed transconductance bias circuit. 
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Fig. 29. Circuit implementation of the scheme of fig. 28. 

 

 

3.2.2.4 High Temperature Compensation 

 Recently developed advanced CMOS technology demonstrated the ability to 

realize the high temperature operation(~250
�
C) of a CMOS device for analog or a digital 

circuitries[44]. However, the device parameters are truly dependent on temperature 

variation. The temperature sensitive parameters are Threshold Voltage, Average 

Effective Mobility, Zero-Temperature-Coefficient Bias Point and Leakage Current [44].  
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 Assuming that we use the constant gm biasing circuit to compensate for the 

temperature and process variation while operating in the saturation, the influence of the 

temperature sensitive parameters is minimized. However, the leakage current at the high 

temperature can cause a serious problem to CMOS device operation. 

 

 

 

Fig. 30. Complete "fixed transconductance bias" circuit. 

 

 

That's because of the considerable leakage current mismatch between a NMOS 

and a PMOS transistor. In Fig. 31 it may be seen that the curves measured at temperature 

exceeding 250°C exhibit a substantial upward shift along the current axis. 
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This is because drain (to body) leakage currents have become comparable to drain 

channel current. Usually, the drain leakage current has the four or five orders of 

magnitude smaller at 25°C than at 250°C (Fig 32). The drain (or source) junction 

leakage current is generally dominated by generation-recombination leakage between 

25°C and Ttrans and by diffusion leakage between Ttrans and 250°C. Finding the exact 

value of Ttrans is a seriously difficult job.  However, it is generally known to lie in 130-

150°C [44].  In Fig. 32, it is shown that the leakage current of a NMOS device after 

Ttrans is highly more sizable than the PMOS counterpart.  The diffusion leakage current 

of a NMOS device surpassing the PMOS counterpart after Ttrans is the major reason. 

 Therefore, we have to take into account the considerable leakage current 

mismatch between PMOS and NMOS devices for the high temperature operation. The 

effect of other temperature sensitive characteristics of semiconductor devices on the 

transconductance of a transconductor can be compensated for by the constant gm biasing 

circuit. However, the huge leakage current can cause the circuit to drift away from the 

proper biasing point at the high impedance point.  

 There are a few compensation circuitries proposed in the literature [44]. In this 

research, a very simple compensation circuit consisting of one "dead" PMOS and one 

"dead" NMOS transistor in Fig. 33 is used. The leakage current mismatch between two 

transistors flows into the high impedance point and compensate for its leakage current 

mismatch. 
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Fig. 31. Drain current characteristics of typical 50-pm/lo-pm p channel MOSFET 
with temperature as parameter in saturation (VDS = - 6 V) [44]. 
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Fig. 32. MOSFET drain and source to body leakage currents and conductances. 
(a) N channel. (b) P channel [44]. 
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Fig. 33. Simple leakage current compensation circuit. 

 

 

3.2.2.5 Low Frequency Noise Reduction 

 The suppression of the low frequency noise to increase SNR is very vital because 

the target noise signal power is located in the low frequency range. Lock-in technique 

might be considered as one of good solutions to diminish the low frequency noise power. 

However, the overlap between the target noise and the unwanted noise prevents the 

Lock-in technique from extracting pure signal from the mixed signals of the target and 

unwanted noise. Therefore, we have to figure out another technique. 

 The two major contributions to CMOS noise are the thermal noise and the flicker 

noise. The thermal noise is ideally distributed on the entire frequency range with the 

same power spectrum density. However, the flicker noise is mainly located in the low 

frequency range.  
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currentdrainIfrequencyfparameterfittingk DSF =::  

 (3-19) means the total noise current from one transistor. As you see, the noise 

power spectrum density depends on different variables. Therefore, controlling the 

density is feasible by adjusting them. However, due to the limited design flexibility, we 

cannot make use of many variables together simultaneously. So, the most dominant 

controlling factor for low noise should be found.  The channel length is included in the 

thermal noise and flicker noise equation together. Also, the flicker noise at the low 

frequency is inversely proportional to the square of the channel length. Therefore, 

increasing the channel length is the most efficient technique to reduce the noise spectrum 

density, mainly low frequency spectrum density. Therefore, the relatively long channel 

length is used in this design for minimum noise spectrum density in case of output noise 

contributing transistors.  

3.2.3 Final Practical Design Results 

3.2.3.1 Whole System 

 Based on the design consideration, the whole fully differential first order low 

pass filter with high temperature operation is design as in Fig. 34. The IC is design with 

the conventional TSMC 0.18um CMOS technology. 
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Fig. 34. The system diagram of the fully differential first order low pass filter 
with high temperature operation. 
 

 

As explained before, two transconductors are used to build one filter. The current 

splitting technique [41] is used to achieve a very small transconductance value for 

extremely low cut-off frequencies. Also, a Common Mode Feedback circuitry is applied 

to suppress the common mode error and maintain a stable operating point. Moreover, the 

constant gm biasing circuit provides the adaptive reference voltage to operational 

transconductance amplifiers for the constant transconductace value over broad range of 

temperature.  
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3.2.3.2 Final Design Parameters 

3.2.3.2.1 Constant-gm Biasing 

 The circuit topology illustrated in Fig.30 should be modified for use with the 

PMOS input differential stages of the transconductors. It is shown in Fig. 35 and the 

final design parameters are tabulated in Table 4. 

 

 

 

Fig. 35. Constant gm biasing circuit for a PMOS input stage. 
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Table 4. Constant gm bias circuit final design parameters. 

TRANSISORS SIZE TRANSISORS SIZE 

MN1 1.8um/0.945um MP3 0.9um/0.945um 

MN2 1.8um/0.945um MP4 0.9um/0.945um 

MN3 1.8um/0.945um MP5 2.7um/0.945um 

MN4 4.32um/0.18um MP6 0.9um/0.945um 

MP1 0.9um/0.945um MP7 0.9um/0.945um 

MP2 3.6um/0.945um MP8 0.9um/0.945um 

Rext 270K   

 

 

3.2.3.2.2 Operational Transconductance Amplifier 

 To realize a variety of filters with different cut-off frequencies, four distinctive 

operational transconductance amplifiers of the same sort are designed with their own 

transconductance value. The used topology is shown in Fig. 36 and the final design 

parameters are tabulated in Table 5 and 6. 

 As you see, the channel of the transistors is very long. The long channel leads to 

the serious size problem in the integrated sensor system. However, the minimum low 

frequency noise is required to boost up SNR of the target signal mixed with the low 

frequency noise. The usage of the long channel length is very effective to realize a very 

small low frequency noise spectrum. Therefore, the very long channel length is applied 

in the circuit for the minimum flicker noise spectrum at cost of the size. 
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Fig. 36. Operational transconductance amplifer diagram. 
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Table 5. Operational transconductace amplifier design parameters A 

TRANSISTOR GM=1.8nA/V GM=15nA/V 

MN1 0.27um/360um 0.27um/210um 

MN2 0.27um/360um 0.27um/210um 

MN3 0.27um/360um 0.27um/210um 

MN4 0.27um/360um 0.27um/210um 

MP1 0.9um/0.945um 0.27um/0.945um 

MP2 0.27um/360um 0.27um/93.24um 

MP3 0.27um/360um 0.27um/93.24um 

MP4 0.9um/0.945um 0.27um/0.945um 

MP5 0.27um/360um 1.215um/210um 

MP6 0.63um/1.8um 0.63um/1.8um 

MP7 0.63um/1.8um 0.63um/1.8um 

MP8 0.27um/360um 1.215um/210um 

N 1270 99 
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Table 6. Operational transconductace amplifier design parameters B 

TRANSISTOR GM=150nA/V GM=2.2uA/V 

MN1 0.27um/21um 0.27um/2.115um 

MN2 0.27um/21um 0.27um/2.115um 

MN3 0.27um/21um 0.27um/2.115um 

MN4 0.27um/21um 0.27um/2.115um 

MP1 0.27um/0.945um  

MP2 0.27um/9.225um 0.315um/0.585um 

MP3 0.27um/9.225um 0.315um/0.585um 

MP4 0.27um/0.945um  

MP5 0.27um/4.5um 3.42um/2.115um 

MP6 0.63um/1.8um 0.63um/1.8um 

MP7 0.63um/1.8um 0.63um/1.8um 

MP8 0.27um/4.5um 3.42um/2.115um 

N 10  

 

 

3.2.3.2.3  Common Mode Feedback Circuit 

Since the OTA is fully differential, CMFB circuit is required. A very conventional 

CMFB topology is used in Fig. 37 and the final design parameters are tabulated in Table 

7.  
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Fig. 37.  Common mode feedback circuit. 

 

 

 

Table 7. Design parameters of the common mode feedback circuit. 

TRANSISORS SIZE TRANSISORS SIZE 

MN1 0.27um/5.4um MP2 8.46um/0.18um 

MN2 0.45um/0.27um MP3 8.46um/0.18um 

MN3 0.27um/5.4um MP4 0.315um/0.54um 

MN4 0.27um/5.4um MP5 0.315um/0.18um 

MN5 0.9um/0.945um MP6 0.315um/0.18um 

MN6 3.6um/0.945um MP7 0.315um/0.54um 

MP1 0.315um/0.54um   
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3.2.3.3 Simulation Results 

Fig.38 demonstrates that the filters in the array operate properly at very high, 0dB 

and the typical lowpass filter frequency response. Moreover, Fig. 39 shows temperature 

(~200
�
C). Also, it shows a trivial deviation of the filter gain from the ideal value the 

very stable variation of 3dB point of Filter #3 in Table 8. As you see, the deviation of the 

3dB point is so small that the filter can operate at the high temperature without serious 

modification. Numerically, for the above case, only 16% of the starting 3dB point value 

changes from 0
�
C to 200

�
C. Therefore, it is concluded that the filter maintains a 

relatively fixed 3dB point over the wide temperature variation due to the constant gm 

biasing circuit. 

All the filter specifications achieved in the simulation are tabulated in Table 8 and 

9. Actually, the filter array and the transimpedance amplifier are fabricated together on 

the same chip. So, the real independent test of each block is infeasible. However, by 

performing the independent filter simulation, we can predict the actual filter 

performance and attain the supporting knowledge for measuring the actual independent 

filter performance from the real composite test result with the integrated circuit. 

Especially, two of the circuit performance parameters draw careful attentions. One 

is the output noise level inherent in the system.  It is the major determinant of the 

minimum amplitude of the input noise signal into the filter. So, the minimum output 

noise level is required. Another is Total Harmonic Distortion (THD). It is one of the 

most dangerous system degrading factors. The system distortion represented by THD 

will restrict the system dynamic range most seriously. Therefore, the effort to minimize 

THD is vital. 
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Fig. 38. Frequency response plot of the filter array at 200
�
C. 
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Fig. 39.  3dB point vs. temperature plot of filter #3. 
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Table 8. Cut-off frequencies A of the filter array at 200
�
C(simulation results). 

 F#1 F#2 F#3 F#4 F#5 

GAIN(dB) 2.035 2.074 2.074 2.074 2.074 

3dB 0.11Hz 1.07Hz 10.72Hz 103Hz 600Hz 

CMRR(dB) 40.91 40.95 40.95 40.95 40.95 

Output noise 

level 
4uV 12uV 39uV 124uV 299uV 

HD(dB) 

50mVpp 
-38.48 -38.28 -49.1 -62.9 -59.4 

SNR with 

50mVpp 
83.8dB 74.6dB 64.2dB 54.2dB 46.5dB 

Dynamic 

Range 

(SNDR) with 

50mVpp 

40.4dB 40.2dB 49.3dB 52.0dB 45.1dB 

Input Signal Amplitude=50mVpp  and Frequency is 
dBf32

1

 at 200 Celsius. 

F#X = Filter #X 
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Table 9. Cut-off frequencies B of the filter array at 200
�
C(simulation results). 

 F#6 F#7 F#8 F#9 F#10 

GAIN(dB) 2.451 2.451 2.451 3.711 3.711 

3dB 1Khz 5.1Khz 10.1Khz 51Khz 102Khz 

CMRR(dB) 42.34 42.34 42.34 35.141 35.141 

Output 

noise level 
255uV 567uV 706uV 386uV 436uV 

HD(dB) 

50mVpp 
-59.2 -59.0 -59.0 -49.4 -49.4 

SNR with 

50mVpp 
48.3dB 41.3dB 39.4dB 45.9dB 44.9dB 

Dynamic 

Range 

(SNDR) 

with 

50mVpp 

46.6dB 40.5dB 38.1dB 42.8dB 42.4dB 

Input Signal Amplitude=50mVpp  and Frequency is 
dBf32

1

 at 200 

Celsius. F#X = Filter #X 
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4. CHIP PHOTOGRAPHIES AND TEST RESULTS  

4.1 Chip Photographies 

4.1.1  Nanowell Sensor IC 

 

 

 

Fig. 40.  Nanowell sensor IC photograph. 

 

 

Fig.40 is the whole top-view photo of Nanowell sensor IC.  The size of the chip is 

1.6mm by 1.6mm and it was fabricated with TSMC 0.18um CMOS technology and 
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packaged with PGA145M package. It has 8 channels which integrate one readout circuit 

and one low power current-mode ADC converter. Also, for future testing, it also has one 

additional channel for characterization. The wide empty area is reserved for the post-

fabrication process of placing a nanowell capacitor.  

 

 

 

Fig. 41. Zoomed photo of one front-end channel. 

 

 

Fig. 41 shows the zoomed photography of one front-end channel including one 

capacitance readout circuit and low-power current-mode ADC [39]. 
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4.1.2 Van der Waals Sensor IC 

 

 

 

Fig. 42. Van der Waals sensor IC full photograph. 

 

 

Fig. 42 shows the top-view photography of the Van der Waals Sensor IC. It was 

also fabricated with TSMC 0.18um CMOS technology and packaged with LCC44 

package. The size of the chip itself is 1.6mm by 1.6mm. As explained before, the IC 

includes one transimpedance amplifier and one filter array consisting of 10 different 

lowpass filters with the distinctive cut-off frequencies. Also, the internal capacitors used 

with the transconductance amplifiers to form filters are integrated together. However, in 

cases of Filter #1, #2 and #3, external capacitors are used on the printed circuit board 

due to their large size. 
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4.2 Test Results 

4.2.1  Nanowell Sensor IC 

4.2.1.1 Test Set-up 
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Fig. 43. Nanowell sensor IC test set-up. 
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 Fig. 43 shows the whole test set-up for Nanowell Sensor IC. First of all, the PCB 

where the chip is placed is designed. Next, the mixed signal oscilloscope is connected to 

the output ports of the PCB. One function generator provides the circuit with the clock to 

the digital circuitry and the high frequency common mode signal to the readout circuit. 

Of course, one power supply is used to provide VDD, VSS and GND power connection. 

Finally, very precise liquid control equipment is required to drop a very small chemical 

or biological liquid on the exposed chip to change the dielectric constant of the tiny 

capacitors placed on the empty area of the chip. The addition of the microfluids will be 

implemented in the next generation device. Currently, our focus is to test the electronics 

coupled to the sensor array IC. 

The PCB test board should be design to have the external calibration circuitry, 

output ports, input ports and power supply ports. The pin description summarized in 

Table 10 and 11 can be used to design a good test PCB. The addition of the microfluids 

will be implemented in the next generation device. Currently, our focus is to test the 

electronics coupled to the sensor array IC. 
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Table 10. Pin description A of Nanowell sensor IC. 

PIN NO. PIN NAME PIN DESCP. 

G1 VRF MixerInput-125mV DC offset 

F1 VIN Amplifier Input 

G3 IREF_EXT_150u Reference Current 150uA 

G2 VSS_WHOLE VSS=-0.65 

E1 VDD_WHOLE VDD=0.65 

F2 GND `0 

F3 IREF_EXT_ TEST_150uA 
Reference Current 150uA for 

Testing 

D1 VO_TEST OUTPUT TESTING(DC) 

E2 EXT External Calibration for Testing 

Channel 

D3,C2,B1,D2,E3, C1 O1,O2,O3,O4, O5,O6 TEST CHANNEL OUTPUT 

C12,B13,A14,B12,C11,A13 O1_6, O2_6, O3_6, O4_6, O5_6, 

O6_6 

CHANNEL#6 OUTPUT 

B11,A12,C10,B10,A11,B9 O1_5, O2_5, O3_5, O4_5, O5_5, 

O6_5 

CHANNEL#5 OUTPUT 
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Table 11. Pin description B of Nanowell sensor IC. 

PIN NO. PIN NAME PIN DESCP. 

C9,A10,A9,B8,A8,C8 O1_4,O2_4, O3_4, 

O4_4,O5_4,O6_4 

CHANNEL#4 OUTPUT 

C7,A7,A6,B7,B6,C6 O1_3,O2_3,O3_3,O4_3,O5_3, 

O6_3 

CHANNEL#3 OUTPUT 

A5,B5,A4,A3,B4,C5 O1_2,O2_2, O3_2, 

O4_2,O5_2,O6_2 

CHANNEL#2 OUTPUT 

B3,A2,C4,C3,B2,A1 O1_1,O2_1, O3_1, 

O4_1,O5_1,O6_1 

CHANNEL#1 OUTPUT 

F14,F13,E15,E14, D15,C15 O1_7,O2_7,O3_7,O4_7,O5_7, 

O6_7 

CHANNEL#7 OUTPUT 

H15,H13,G13,G15, F15,G14 
O1_8,O2_8, O3_8, 

O4_8,O5_8,O6_8 
CHANNEL#8 INPUT 

J13 GND_DIG DIGITAL GOUND 

K15 VDD_DIG DIGITAL VDD 

J15 CLK CLOCK+ 

H14 CLK_M CLOCK- 

H2,H1,H3,J3,J1,K1, J2,K2 EXT1,EXT2,EXT3EXT4,EXT5,

EXT6, EXT7, EXT8 

External Calibration of each 

channel 
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4.2.2 Van der Waals Sensor IC 

4.2.2.1 Test Set-up 

 

 

 

Fig. 44. Test set-up for Van der Waals sensor IC. 

 

 

 Before tested with the real sensor devices, the independent test without sensor 

devices should be conducted. The test focuses on measuring the basic specifications of 

the filters. It covers measuring frequency response, noise, harmonic distortion and 

dynamic range.   
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 Fig. 44 demonstrates the test set-up for the Van der Waals Sensor IC. HP89410A 

Vector Signal Analyzer is one of the useful measurement equipments especially for the 

seriously low frequency circuits. The measurable frequency range of HP 89410A is from 

DC to 10Mhz. It means that 89410A includes the entire frequency range to be measured. 

To build up the whole test set-up, two PCBs are designed and manufactured. Van der 

Waals Sensor IC is placed on Test Board #1. The board is equipped with the power 

supply connection, Voltage-to-Current conversion resistor network, output ports. The 

buffer circuitry for differential-to-single-ended conversion operates on Test Board #2. 

Also, it has a transformer which isolates the source output of HP 89410A from the input 

of Test Board #1.   

 In the frequency response measurement, the source signal from 89410A passes 

through the whole test set-up including Van der Waals Sensor IC. Channel #2 accepts 

the output signal from the buffer circuitry. So, by comparing Channel #2 signal with 

Channel #1 source signal, HP 89410A can successfully reconstruct the frequency 

response. However, the frequency response achieved in this set-up is not what we want 

exactly. That’s because this test set-up measures the frequency response from the 

transformer to the output of the buffer circuitry. Fortunately, because the transformer 

and the buffer circuitry do not influence the frequency response, the frequency response 

taken from 89410A is assumed to be the result from Voltage-Current Conversion 

network to the input of the buffer circuitry. Therefore, by compensating for the effect of 

the conversion network on the frequency response, we can successfully reconstruct the 

frequency response of Van der Waals Sensor IC. 

 Moreover, 89410A has the capability of changing the source signal amplitude 

and frequency very flexibly and displaying the output signal spectrum. Therefore, by 

measuring the harmonic distortion of the output spectrum, we can calculate Total 

Harmonic Distortion (THD). Additionally, 89410A can measure the noise power in the 

designated bandwidth. As a result, SNR and SNDR (Dynamic Range) can be easily 

calculated from the test results from 89410A.  
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Table 12. Pin description A of the Van der Waals sensor IC. 

PIN NO. PIN NAME PIN DESC. 

16 VDD VDD=0.65 

14 EXT_R2 
270K OHM 

CONNECTION 

13 EXT_R1 
270K OHM 

CONNECTION 

12 V1_P FILTER #1 

11 V1_N FILTER #1 

10 V2_P FILTER #2 

9 V2_N FILTER #2 

5 V3_P FILTER #3 

4 V3_N FILTER #3 

42 V4_P FILTER #4 

43 V4_N FILTER #4 

19 TEST1 TEST PIN #1 for TIA 

20 TEST2 TEST PIN #2 for TIA 

21 IN INPUT PORT 

38 V5_P FILTER #5 

 

 

With reference to the pin description of Van der Waals Sensor IC, Test Board #1 

is designed. The pin description is tabulated in Table 12 and 13. 
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Table 13. Pin description B of the Van der Waals sensor IC. 

 

 

 

 

 

PIN NO. PIN NAME PIN DESC. 

3 V6_P FILTER #6 

2 V6_N FILTER #6 

36 V7_P FILTER #7 

35 V7_N FILTER #7 

1 V8_P FILTER #8 

44 V8_N FILTER #8 

32 V9_P FILTER #9 

31 V9_N FILTER #9 

34 V10_P FILTER #10 

33 V10_N FILTER #10 

22 IBIAS2 BIAS CURRENT 

24 IBIAS1 BIAS CURRENT 

25 GND  

26 VSS=-0.65  

37 V5_N FILTER #5 
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Fig. 45. Test board #1 layout. 

 

 

 Fig 45. and 46. show the PCB layout and photograph of Test Board #1. It has one 

SMA connector which receives the input signal from the transformer. Also, in front of 

the input pin of the chip, the conversion network consisting of resistors is attached. Also, 

it has a few resistors composing the biasing circuitry and capacitors such as external 
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capacitors of the filters and ample capacitors for better power supply quality. Finally, it 

has 20 output pins to be connected to Test Board #2 input pins.   

 

 

 

Fig. 46. Photograph of test board #1. 

 

 

 Fig 47. and 48. display the buffer circuitry. Simply, it is composed of a few 

resistors, two huge capacitors and two TL072 operational amplifier packages. Two 
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operational amplifiers are used to isolate the output ports of Van der Waals IC from the 

subtractor inputs as unity-gain buffers. The subtractor made with one operational 

amplifier and four resistors generates single-ended signals from the differential signals 

coming out from the unity-gain buffers. The output of the subtractor is connected to 

Channel #2 of HP 89410A. 

 

 

 

Fig. 47.  Test board #2 layout. 
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Fig. 48. Test board #2 photograph. 

 

 

 

4.2.2.2 Test Results 

HP 89410A can provide the test set-up with the transient signal such as sinusoidal 

signal.  By watching the transient output signal with the oscilloscope, we can make sure 

that the chip works in transient response’s point of view. Fig. 49 shows the output 

transient of one typical filter of the Van der Waals Sensor IC. 

First of all, the fact that the frequency response taken from the set-up is not the 

exact frequency response from the input of Van der Waals Sensor IC to the buffer input 

should be stressed again. That’s because the gain of the conversion network before Van 

der Waals Sensor IC influences the response. So, in order to recover the frequency 
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response we want precisely, the conversion gain of the network should be calculated 

from the simulation. Since the network is composed of passive components, the 

simulation result is assumed to be same to the real results. Fig. 50. shows the simulated 

conversion gain of the network. From the plot, we know that the actual gain of Van der 

Waals Sensor IC should be calculated by adding 91.28dB to the gain of the frequency 

response taken from the above set-up in Fig. 44.  

 

 

 

 

Fig. 49. The output transient response of filter #6 with 50mV amplitude (the upper 
is 1Khz signal and the lower is 5Khz signal). 
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Fig. 50. The conversion gain plot taken from the simulation in Cadence. 
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Fig. 51. The magnitude and phase response of the output of filter #5. 
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[X axis: frequency (Hz), Y axis: noise power density (dBm)] 

Fig. 52. The noise spectrum of the output of filter #5.  
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 [X axis: frequency (Hz), Y axis: signal amplitude (uVrms)] 

Fig. 53. The signal spectrum of the output of filter #5  
       with 50mVpp and 470Hz sinusoidal input. 
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Table 14. Filter performance parameters A including TIA of each filter output. 

 

 

 

 F#1 F#2 F#3 F#4 F#5 
GAIN (dB)             

(WHOLE) 
-3.88 7.415 16 0.07 10.6 

GAIN (dB)                 

(TIA + 

Filter) 

87.4 98.7 107 91.3 101.9 

3dB 0.7Hz 70Hz 103Hz 110Hz 945Hz 

Output 

noise 

level(uV) 

<30 <17 <21 <24 <23 

Equivalent 

Input Current 

Noise Level(nA) 

<1.28 <0.2 <0.1 <0.7 <0.2 

Vpp(mV) 

(Conversion 

Network Input) 

100 17.4 100 96 50 

Ipp(uA)          

(Van der Waals 

IC Input) 

2.7 0.5 2.7 2.6 1.4 

THD(dB) 25% 5% 5% 5% 5% 

SNR(dB) >60.6 >61.6 >83.5 >66.1 >71.3 

Dynamic 

Range (SNDR) 
12dB 25.9dB 26dB 26dB 26dB 

Total Power 

Consumption 

(TIA+All 

Filters) 

1.1mW 
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Table 15. Filter performance parameters B including TIA of each filter output. 

 F#6 F#7 F#9 F#10 
GAIN (dB)             

(WHOLE) 
1.89 -1.78 -3.97 -1.63 

GAIN (dB)               

(TIA + Filter) 
93.2 89.5 87.3 89.7 

3dB 2360Hz 5.5Khz 22Khz 24Khz 

Output noise 

level(uV) 
<14 <40 <163 <155 

Equivalent Input 

Current Noise 

Level(nA) 

<0.3 <1.4 <7 <5.1 

Vpp(mV) 

(Conversion 

Network Input) 

20 16 8 8 

Ipp(uA)          (Van 

der Waals IC Input) 
0.5 0.4 0.2 0.2 

THD(dB) 5% 5% 5% 5% 

SNR(dB) >58.9 >44.2 >23.8 >29.9 

Dynamic Range 

(SNDR) 
29.3dB 25dB 18.9dB 20.2dB 

Total Power 

Consumption 

(TIA+All Filters) 

1.1mW 
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Fig. 51, 52 and 53 show the frequency response, the noise spectrum density and 

the output spectrum of one typical filter in Van der Waals IC, respectively.  The plots 

include almost all the information needed to calculate the general filter specifications. 

For each filter output signal, the measurement has been conducted. From the data, the 

filter specifications have been achieved. The general filter specifications are tabulated in 

Table 14 and 15.  

 

4.3 Summary 

  Nanowell Sensor IC and Van der Waals Sensor IC were fabricated with TSMC 

0.18um technology. For Nanowell IC, the unavailability of the post-fabrication process 

prevented the real test from taking places even with the figured-out test set-up. It will be 

a part of the future work. For Van der Waals Sensor IC, the independent test without the 

real sensor device has been conducted. The results show the performance parameters of 

the signal processing system composed of one transimpedance amplifier and the lowpass 

filters with distinct cut-off frequencies. The measured performance parameters include 

the gain, 3dB points, noise levels, THD, SNR, Dynamic Range and total power 

consumption. Currently the experiment was performed at the room temperature. 

However in the future, we would like to perform high temperature operation to test the 

feasibility in real life implementations.  

The high temperature operation test and the whole system test with a real sensor 

device will be a part of the future work. 
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5. CONCLUSION 

A wireless sensor network is one of the greatest achievements in the history of 

wireless network architecture.  All the sensor nodes are widely distributed in the network. 

Each node watches the local environment, locally collecting, processing and storing the 

data for sharing with other nodes via wireless link. The network extracts the meaningful 

information to the end user from the data collected from the participating nodes. The 

Nanowell Sensor device [3] and Van der Waals Sensor [11] or the traditional Taguchi 

type sensor [45] might be the potential candidates of the novel sensor devices used in the 

widely distributed sensor network.  

 To implement the whole system which uses the Nanowell Sensor device for 

chemical or biological material sensing, a low power and small size capacitance value 

sensing readout circuit is required. Mainly based on the "Lock-in" technique, t he 

readout circuit has been designed and fabricated with TSMC 0.18um CMOS technology. 

Also, it has been integrated together with the back-end low power current-mode ADC on 

the same chip. In the simulation result, the readout circuit demonstrates its high 

resolution conversion ratio of 165pA/aF and low power consumption characteristic of 

30uW per channel. The chip will be tested as soon as possible after the post-fabrication 

process is available. 

To realize the multiple sensing systems with one type sensor device, the 

"fluctuation noise" sensing technique proposed by Dr. Kish [9] is used in this research. 

The fluctuation noise spectrum is used as a "defining" factor to distinguish one agent 

from another. Therefore, the front-end system amplifying the fluctuation noise signal of 

the sensor and capturing the signal in the required frequency range with different cut-off 

frequencies, while maintaining stable operation in the wide range of temperature 

variation until 200 Celsius is demanded.  It was fabricated with TSMC 0.18um 

technology and tested. The gain of the front-end circuit is at least 87dB and its power 

consumption with one transimpedance amplifier and 10 filters is just 1.1mW. Moreover, 

the worst-case maximum input current signal is 0.2uApp while satisfying 5% THD and 
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the equivalent input current noise level is under 7nA. It clarifies that the front-end circuit 

demonstrates the considerably high dynamic range with the noise level input signal 

amplitude. The back-end digital signal processing unit accepts the output signals of the 

front-end system and extracts considerably meaningful information. . The high 

temperature operation test and the whole system operation test with the real sensor 

device will be part of the future work. 
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 APPENDIX 

In this section, all the plots taken from the test are included.  

 
Fig. 54. The magnitude and phase response from filter #1. 
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Fig. 55. The magnitude and phase response from filter #2. 
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Fig. 56. The magnitude and phase response from filter #3. 
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Fig. 57. The magnitude and phase response from filter #4. 
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Fig. 58. The magnitude and phase response from filter #5. 
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Fig. 59. The magnitude and phase response from filter #6. 
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Fig. 60. The magnitude and phase response from filter #7. 
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Fig. 61. The magnitude and phase response from filter #9. 
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Fig. 62. The magnitude and phase response from filter #10. 
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