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Abstract 

This thesis focuses on the design and implementation of complementary metal-oxide-

semiconductor (CMOS) based capacitive sensors for life science applications. The use of 

CMOS capacitive sensors has shown to be effective in a variety of applications, including 

chemical solvent monitoring, cellular monitoring, and DNA analysis. Despite significant 

advances, major challenges still exist with the current CMOS capacitive biosensing 

technologies including extending the dynamic range of detection, diminishing the sensitivity 

to remnants, and rapid high-throughput monitoring.  

In the second chapter, a fully integrated capacitive sensor with a wide input dynamic 

range (IDR) and a digital output is proposed. The design concepts and constraints, 

functionality, characterization, and experimental results with chemical solvents are also 

demonstrated in this chapter. With this novel topology, a significant increase in the IDR has 

been achieved which is discussed in the same chapter. Furthermore, in this chapter, we have 

proposed a novel calibration-free capacitive sensing technique. The proposed technique 

allows for uncovering the sudden changes due to the remnants as well as gradual changes due 

to target molecules and cells. The input dynamic range of the system is 400fF based on the 

post-layout simulation results. the measured resolution of the sensor is equal to 416 aF with 

up to 1.27 pF input offset adjustment range using the programmable bank of capacitors with 

a resolution of 10 fF.   

In the third chapter, we present a fully integrated capacitive sensor array for life science 

applications. This sensing device consists of an array of 16 × 16 interdigitated electrodes 

(IDEs) integrated with a charge-based readout and multiplexing circuitries on the same chip. 
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This sensing device has a wide IDR of about 100 fF and a resolution of 150 aF, and the 

capability of temporal, spatial, and dielectric sensing. It makes it possible to develop a low-

cost, calibration-free sensing platform for life science applications. In this chapter, the 

functionality and applicability of the proposed sensing device have been demonstrated and 

discussed by introducing various chemical solvents including ethanol, methanol, and pure 

water. The simulation and experimental results achieved in this work have taken us one step 

closer to a fully automated calibration-free capacitive sensing platform for high-throughput 

monitoring in life science applications. 

In the fourth chapter, the applicability of the proposed CMOS capacitive sensor for 

monitoring dried DNA mass has been demonstrated with experimental results. These 

experiments enabled us to measure the linear effect of five different concentrations with a 

resolution of 45 ng/ɛl DNA mass in ultra-pure water. With this novel application of the 

CMOS capacitive sensor, we can monitor the dried DNA for DNA storage monitoring 

purposes. Based on the results, the detection range of sub-pico mol has been achieved which 

is compatible with the concentrations of DNA used in DNA memory technologies. 

In the fifth chapter, a rapid and accurate assessment of oral cells using our CMOS 

capacitive sensor chips has been demonstrated. This kind of diagnostics allows for the early 

detection and control of periodontal and gum diseases. the experimental and simulation 

results demonstrate the functionality and applicability of the proposed sensor for monitoring 

oral cells in a small volume of 1 µl saliva samples. These results reveal that the hydrophilic 

adhesion of oral cells on the chip alters the capacitance of IDEs. The presented results in this 

chapter set a new stage for the emergence of sensing platforms for testing oral samples.
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1 Chapter 1.        Introduction  

This thesis focuses on the design and implementation of complementary metal-oxide-

semiconductor (CMOS) based capacitive sensors for life science applications. These sensors 

have attracted the attention of researchers for a variety of applications, including chemical 

solvent monitoring [1], [2], cellular monitoring [3]ï[5], and DNA analysis [6]ï[10]. This 

chapter presents the motivation, objective, and challenges associated with CMOS capacitive 

sensors and briefly discusses our proposed solutions to these challenges. 

1.1 Motivation  and the Main Objective 

CMOS process has convincingly demonstrated competitive advantages for developing 

low-cost, high-precision, high-throughput biosensing platforms, with the possibility of rapid 

launching into the market for cellular and molecular applications [3], [5], [11]ï[17], [18]. 

For instance, a landmark DNA sequencing platform featuring millions of Ion-Selective Field 

Effect Transistors (ISFETs) has recently been commercialized for genetic analysis [19]. 

Similarly, CMOS-based biosensors consisting of an array of interdigitated electrodes (IDEs) 

have attracted the attention of researchers for other life science applications such as in-vitro 

drug tests [3], [4], [17], DNA storage [20], [21], and point-of-care (PoC) diagnostics [22], 

[23]. In this thesis, our main objective is to tackle some of the existing CMOS capacitive 

sensors' drawbacks and develop a high-throughput platform.  
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Figure 1.1: The schematic of a capacitive sensing system composed of the CMOS chip with 

the IDEs on the topmost metal layer, which is partially encapsulated with epoxy for the 

protection of pads from liquid samples on a PCB with a microcontroller for control signals 

and data acquisit ion. The captured data is sent to a custom-made GUI via USB and visualized 

in the GUI.  

  

As shown in Figure 1.1, such a sensing platform consists of an array of IDEs connected 

to a capacitive interface circuit on the same chip, a microfluidic encapsulation, a data 

acquisition system, and a graphical user interface (GUI). Despite significant advances, major 

challenges still exist with the current MOS capacitive biosensing technologies. These 

challenges include but are not limited to extending the detection dynamic range, decreasing 

the sensitivity to remnants, and rapid high-throughput monitoring. Tackling these problems 

has been the main motivation for this work. Other challenges include lowering the power 

consumption as well as reducing the noise for higher resolution. Although decrease in power 

consumption is desirable, it has not been considered among main challenges in this thesis 

due to not being limited to battery power in this application and rather having a source of 

power through connections to the PC.  

1.2 State-of-the-art CMOS Biosensors 

CMOS biosensors  have successfully been used for biosensing purposes using different 

measurement techniques including optical [24]ï[27], magnetic [16], [28], electrochemical 
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[14], [29]ï[34],  ion-selective field effect transistors (ISFET)-based [35] and capacitive [4], 

[3], [36] as seen in Table 1.1. 

Optical microscopy is considered a gold standard technique for clinical and research 

purposes. As reported in [24], CMOS-based optical biosensors consist of a  single [26] or 

an array of photodiodes [24], [27], obviating the need for bulky microscopes. Despite 

significant size reduction and increase in throughput (e.g. 16 by 16 pixels/2.56 mm2 in [26]), 

a critical structural problem of on-chip light source for excitation of labels (e.g. fluorescent 

labels [37])  remains unmet in CMOS-based optical biosensors. Furthermore, these CMOS 

optical biosensors require specific light bandwidth that can be achieved by developing 

optical filters on the top of the CMOS chip, as reported in [26], [27]. To date, CMOS optical 

sensors (Table 1.1) have been used for many applications, including breast and prostate 

cancer cell detection [24], [25] as well as the detection of cholesterol levels in serum [26]. 

In addition to optical sensors, magnetic sensors can detect magnetically labeled target 

molecules or cells and thus can be used as a detection tool in cellular and molecular analysis. 

For instance, a CMOS hall magnetic sensor can be effectively used to detect functionalized 

beads with antibodies. The magnetic beads are surrounded by antibodies. These beads are 

used as a label to amplify the magnetic signal. For instance, in [28], a CMOS magnetic 

sensor is used to detect breast cancer cells. In another effort [16], antibodies, labeled with 

magnetic beads have been employed for the selective detection of antigens, in this case, food 

pathogens. Labeling used in optical and magnetic sensors is a costly and time-consuming 

process. It can also affect the natural living environment of bio-particles [3].  

On the other hand, the electrochemical sensing techniques are considered as real-time 

and label-free approaches that can reveal the biochemical changes at the electrode-solution 

interface [5], [38]ï[40]. Electrochemical techniques are highly compatible with standard 

CMOS technology, wherein the topmost metal layer of CMOS can be used to host electrodes 
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without the need for further post-processing or external components. Electrochemical 

measurement technique is an umbrella term for potentiometry [33], [41], impedimetric [2], 

[5], [38], [40], [42], [43], amperometry [14], [31], [33], conductometry [44], [45], and 

capacitance measurement [3], [8], [10], [13], [15], [17], [46]ï[52] sensing. In the 

electrochemical techniques, voltammetry [53], [54] is based on measuring ohmic changes 

in the biosensor due to the presence of analytes with a sweep of voltage as an excitation 

signal. The induced current is measured, and an IV plot is generated. This technique has 

been used in [29] for neurotransmitter detection, as shown in Table 1.1. Similarly, 

amperometry measures the output current for a DC voltage excitation. These techniques 

have been used in [31], [33], [14], and [55] for glucose detection, analysis of chemical 

solutions, detection of neurochemicals, and bacterial counting, respectively, as shown in 

Table 1.1. In another type of electrochemical technique, the so-called potentiometric 

technique, the presence of ions in the proximity of the sensing electrodes creates a voltage 

that can be measured over time. In [41], this technique has been used to screen foodborne 

bacteria rapidly. Successful applications for these techniques typically include reactions 

during which the concentration of ions changes. Additionally, impedimetric, 

conductometric, and capacitive measurements that involve the measurement of resistive and 

capacitive changes during the experiment are other types of electrochemical sensing 

techniques. They become specifically more important when there is no significant ion 

exchange due to the nature of reactions such as cell attachment or antigen-antibody binding. 

[2], [5], [40], [56]. [4], [36], [57], and [43] are some examples of capacitive sensors used for 

real-time measurement of cell proliferation, detection of single bacterial cells, cancer, and 

stem cell monitoring.  

Among the electrochemical sensing techniques, capacitive sensors implement direct 

measurement of the capacitance without the need for indirectly extracting the capacitance 
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from the measured impedance. This, in turn, can bring simplicity to the read-out circuitry 

compared to impedance measurement techniques. Table 1.1 lists some proposed CMOS 

biosensors in the literature based on the type, application, electrode array size, type of 

electrodes, and the implemented CMOS technology. Among various CMOS biosensing 

techniques, this thesis focuses on CMOS Capacitive sensors.  

 

Table 1.1: Various CMOS biosensors 

Sensing 

Principle 
Detecting Target Array # CMOS Process 

Sensing 

Pixel 

Detection 

Concentration 
Ref 

OP1 
Breast and prostate cancer 

cells 
32×32 0.18 µm pD15 

Normalï 300 

times diluted 

blood samples 

[24], [25] 

OP 
Test reports with Qdot8 

only 
- 65 nm PD 

10 fM -48 zM of 

quantum dots 
[27] 

OP Cholesterol 16×16 0.35 ɛm PD 1.2 mM- 29µM [26] 

MG2 Breast cancer cells 2 0.18 µm MC16 
3ng/mL ï 100 

pg/mL 
[28] 

MG Mouse IgG 21 65 nm Mc 200 cells/ µL [16] 

ISFET DNA strands 1.2 million 0.35 ɛm ISFET9 N/A [35] 

IM 3 and 

CV4 
Dopamine 32 and 28 0.18 µm Pt10-MEA17 

200 ï 500 µM 
[29] 

IM 
Zika virus 

oligonucleotides 
16×20 0.18 µm Au11-MEA 

1 µL - 1mM  
[58] 

AM 5 H2O2 1 0.35 ɛm Pt-MEA 100 µL ï 1mM [31] 

AM Dopamine and glutamate 2 0.13 ɛm CïnT12 N/A [14] 

AM 
Microbeads with the same 

size as bacteria 
1024×1024 0.6 ɛm Au13-MEA 

N/A 
[55] 

AM/PO6 
Acetonitrile solvent, 

TBAPF6 and ferrocene 
2 0.35 ɛm Ti-Au 

All pH range 
[33] 

PO Escherichia coli 512×128 65 nm ISFET 100 cfu/mL18 [41] 

CA7 
Human ovarian cancer 

cells 
4×4 0.35 ɛm IDE14 

100 ï 1000  

cells/ɛL  
[4] 

CA 
Staphylococcus 

epidermidis 
16×16 0.25 ɛm IDE 

7 ï 100 cells/ɛL 
[36] 

CA 
Human lung carcinoma 

cell 
8×8 0.35 ɛm IDE 

100 -200 

kcells/mL  
[57] 

1 Optical, 2 Magnetic, 3 Impedimetric, 4 cyclic voltammetry, 5 Amperometry, 6 

Potentiometric, 7 Capacitive, 8 Quantum dots (QDs) are tiny semiconductor particles 

nanometers in size, having unique optical and electronic properties. They are a central topic 

in nanotechnology. When the semiconducting quantum dots are il luminated by UV light, the 

transition of an electron from the valence band to the conductance band accrues. The excited 

electron can drop back into the valence band, releasing its energy by the emission of light, 9 

Ion sensitive f ield-effect transistor, 10 The current sensing electrodes have been post-

processed by Platinum, 11 The current sensing electrodes have been post-processed by Gold, 

12 The current sensing electrodes has been post-processed by Carbon Nanotube, 13 The current 

sensing electrodes has been post-processed by titanium ï Gold Alloy, 14 IDEs passivated with 

sil icon oxide,15 Photodiode, 16 Micro Coil, 17 Microelectrode Array, 18 colony-forming unit 

per mil lil iter . 
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1.3 CMOS Capacitive Sensors 

Capacitive sensors have widely been used for cell or DNA detection applications, via 

recording capacitance change on an interdigitated electrode (IDE), as reported in the 

literature [4], [10], [17], [51], [59]ï[62]. An IDE is shown in Figure 1.2 (a). In the IDEs, the 

attachment of biological or chemical materials to the surface of electrodes typically changes 

the capacitance value in the equivalent circuit model of the electrode-electrolyte interface. 

The electrode-electrolyte interface hosts double-layer capacitance [63], [64] that can change 

because of molecular adsorption onto the electrode interface [3], [4], [15], [62], [65].  

1.3.1 Capacitance Sensing Electrodes  

 The use of IDE (Figure 1.2) for capacitive sensing purposes has widely been reported 

in the literature [4], [7], [9], [17], [47], [49], [59]ï[61], [66], [67]. Figure 1.2 (b) shows a 

cross-section of an IDE in the presence of a sample and the equivalent circuit model of this 

interface. ůC(t) represents the change in the target sensing capacitance for the measurement 

due to the solution or target molecules. Rsol represents the sample solutionôs resistivity. 

Similar equivalent electric models are given in [17], [62], [65], [68], [69]; however, ȹC(t) 

which is the time-varying capacitance due to remnants has been considered in our work for 

the first time. The equivalent capacitance of the passivation layer and the double layer 

capacitance are represented by CPL. In the case of a low-conductive analyte, Rsol can be 

neglected; thus, the equivalent capacitance of the IDE, CIDE, will be equal to Coffset || 

2CPL+Cs(t) where Coffset is the total parasitic capacitance of the IDE with the underlying 

CMOS layers and Cs(t)= ůC(t) +Csol +ȹC(t). If CPL >> Cs(t), on the right-hand side, 

Cp+Cs(t)+Cp will be equal to Cs(t) which can result in the highest possible sensitivity. 

Etching the native insulating layers that cover the electrodes in the standard CMOS process 
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has been considered in some papers as a way to increase CPL and thus boost the sensitivity 

[3], [4], [70]. On the other hand, the reason to keep this layer is to protect the sample from 

direct contact with the metal surface of the electrode that might be toxic to bioparticles [13], 

[68]. In this thesis, both types of electrodes have been implemented to benefit from the high 

sensitivity of the non-passivated IDEs and the stability of results in the non-passivated 

electrodes.  

1.3.2 Challenges and the state-of-the-art  

IDEs implemented on a CMOS chip come with an offset capacitance. The offset 

capacitance is the addition of Cstanding and Cstray, shown in Figure 1.3 [15], [46], [52], 

[62]. This is a static offset that exists due to the topology of the electrodes and is sometimes 

called the static offset. 

Another type of offset is due to the accumulation of the remnants on the electrodes at 

the time of the experiment. This type of offset is shown with ȹC(t) in Figure 1.3 (b) and is 

a result of sedimentation and accumulation of non-target molecules called ñremnantsò.  

 

 

 
(A) (B) 

Figure 1.2: (a) IDE, top view, (b) Cross section of the IDE with the sample and the 

equivalent electr ic model. 
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Despite exclusive benefits of CMOS capacitive sensors proposed for life science 

applications, including high precision, low cost, and size, these sensors suffer from multiple 

drawbacks [67] due to these offset capacitances. One major drawback is the low IDR which 

stems from output saturation when the value of offset is much higher compared to the 

sensing capacitance. To simply quantify this, we define electrode capacitive ratio (ECR) as 

Ŭc =100 Ĭ dC/C0, where dC is the sensing capacitance, and C0 stands for the offset shares 

of the electrode-analyte interface. Canceling the effect of C0 can significantly help increase 

ECR. For instance, in [17] a capacitive bacteria detection sensor is reported with a 61 

aF/bacteria sensing and 2 fF offset capacitance (Ŭc=3.05%). The authors proposed using the 

differential output to cancel the effect of C0 by differentiating two sensor readings, in the 

presence and absence of the sample. They reported a 55 fF dynamic range for their topology. 

In [4], the authors reported the use of several reference electrodes, implemented outside of 

the active sensing area to prevent electrodesô contact with the solution. To increase ECR, 

they implemented differential output values by subtracting the output recorded from the 

sensing electrodes with and without contacting the sample solution at the software level 

within a 1 fF IDR.  

Accumulation of chemical/biological remnants on the electrodes can significantly 

increase C0 in real-time resulting in a further drop in ECR during the experiment [3], [4], 

[70], [71]. For instance, the presence of unwanted remnants was reported in [70] which was 

mostly composed of cells that had undergone apoptosis (cell death). The authors report that 

their bacteria growth monitoring sensor was saturated because of these remnants resulting 

in a drop in the maximum detectable bacteria concentration. In [71], it is pointed out to the 

presence of protein residuals on the electrodes after cells are detached. This was found to 

play the role of an unwanted insulating layer that lowered the sensitivity during cell growth. 

Furthermore, these remnants are hardly removable without damaging the tiny electrodes and 
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are currently the main obstacle preventing the CMOS sensors from being reused for multiple 

tests. For instance, Figure 1.3 (a) shows a 3D microscope image of our chip after being 

washed multiple times following the water droplet test. The image demonstrates the 

solidified remnants after evaporation of the sample (see section 2.5.4) for more details. 

In the presence of a reference capacitance to take the benefit of higher resolution, 

another major drawback is the effect of mismatches in the IDEs as well as in the pixel read-

out circuitry [3], [4], [17], [24], [72], [73]. The mismatch can impose an offset on the output 

that can lead to diminished IDR. In [74], [75], current mirrors with digitally programmable 

gain are used as a calibration tool for mismatch compensation. In [50], [76], the use of 

floating-gate transistors with a combination of impact-ionized channel hot electron injection 

and FowlerïNordheim tunneling mechanisms is suggested for mismatch compensation and 

output offset cancelation.  

In another effort, in [4], it is shown that a capacitance-to-frequency (CFC) conversion 

scheme can provide a higher dynamic range than a capacitance-to-voltage (CVC). This is 

because the change of frequency can reach multiple times of magnitude higher compared to 

the change in voltage which is limited by the rail-to-rail swing room.  Based on this 

principle, a capacitance-to-frequency interface circuit using a five-stage ring oscillator 

loaded with five IDEs for bacteria detection is proposed in [68] to reach a higher IDR. 
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(A) 

 

(B) 

Figure 1.3: IDEs: (a) 3D microscope image of the IDE in the proposed capacitive sensor in 

this chapter (using VHX ï 5000 - Keyence microscope) (b) Cross-section accompanied by the 

electric equivalent circuit model of the IDE electrodes and the analyte. 

In a nutshell, while differential methods can provide higher ECR, calibration schemes 

are necessary for mismatch compensation and input offset cancelation. It is also important 

to have a mechanism to cancel the extra offset capacitance due to sedimentation. On one 

side, differential capacitance circuit topologies present themselves as necessary components 

of high-IDR CMOS capacitive chemical and biological sensors. On another side, 

capacitance-to-frequency has become a more popular conversion scheme for higher 

dynamic range benefits.  

1.3.3 Proposed Solutions in this Thesis 

1.3.3.1 Linearity of the Capacitive Sensor 

We have shown that using an integrating capacitor to integrate the current, which has 

been shown in the three generations discussed in Section 2.2.2 is the main factor in 

introducing saturation and decreasing the nonlinearity of the CBCM circuit. We have 
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proposed a novel enhanced CBCM (ECBCM) circuitry that provides a significant linearity 

increase, as discussed in detail in Chapter 2. 

1.3.3.2 Input Dynamic Range (IDR)  

In this thesis, in addition to an increase in the linearity through proposing the ECBCM 

block in a wider range of input, we have proposed a new topology to integrate a current-

controlled oscillator (CCO) into the ECBCM block. This way, the conversion of capacitance 

to voltage has been avoided. Instead, the differential current from the ECBCM block has 

been directly converted to frequency. This topology has been explained in detail in Chapter 

2, together with the chip fabrication and measurement results based on this topology. 

1.3.3.3 An array of Capacitive Sensing Electrodes 

In this thesis, we have proposed and demonstrated an array topology without adding 

any switching element on the measurement nodes. We have shown the functionality of this 

topology where multiplexing takes place on the CBCM clock signals. In Chapter 3, the 

details about this topology, fabricated chip and the experimental results have been 

demonstrated.   

1.3.3.4 Variation of Offset Capacitance 

CMOS capacitive sensors that are used in life science applications are exposed to 

aqueous samples in the presence of bioparticles or other non-target remnants [67], [70]. The 

presence of remnants can change the sensor reading and can easily saturate the sensor 

depending on their size. Different calibration techniques discussed in Section 2.2.2.2, are 

only effective for pre-experiment calibration. In this thesis, a calibration-free sensing 
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paradigm has been proposed that uses a digitally programmable bank of capacitors on the 

reference side of the ECBCM circuit, that can reveal the operating point changes during the 

experiment because of the deposition of non-target molecules. The detail of this technique 

is highlighted in Chapter 2. 

1.3.3.5 New Cellular and Molecular Applications 

The quantification of DNA in the dry phase and the detection of oral cells are introduced 

in this thesis as two new applications for CMOS capacitive sensors.  

1.3.3.5.1 DNA Quantification in the Dry Mode for DNA Storage Monitoring 

The reported applications of DNA detection using CMOS capacitive sensors, such as 

the ones in Table 2.1, are limited to the detection of DNA hybridization in an aqueous 

solution. In the reported works, the hybridization of a specific strand of DNA molecule that 

covers the area of the electrode, with a target molecule results in a change in capacitance.  

In data storage devices, where DNA molecules are used as the medium of storage, using 

the hybridization technique for quantifying the amount of DNA is less feasible since the 

DNA is stored in a dry phase. To that end, quantification of DNA in the range of nanograms 

in the dry mode is crucial to evaluate the data storage accuracy. For the first time, we have 

shown the applicability of our device for the quantification of DNA in dry mode. Chapter 4 

discusses the details of the DNA detection that can pave the way toward future data storage 

devices using DNA, offering multiple times higher storage capacity per same mass 

compared to the semiconductor-based storage devices. 
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1.3.3.5.2 Screening Oral Cells for Periodontal Point-of-care (PoC) Purposes 

Many research papers have addressed using CMOS capacitive sensors for cell 

monitoring, as shown in Table 2.1. In these works, cells have been cultured on the CMOS 

sensor and the live cells that proliferated and attached to the surface of the electrodes have 

been detected. However, for oral cells screening in the saliva sample, culturing is impractical 

since oral cells have been inactivated after entering the mouth cavity. In Chapter 5, we have 

shown the applicability of the proposed CMOS capacitive sensor for the screening of oral 

cells in saliva samples without culturing them which can set a new stage for developing PoC 

diagnostics tools for periodontal diseases. 

1.3.3.6 Design Metrics 

The capacitive sensor in this thesis is intended to be a general-purpose device without 

being limited to a specific application. For cell monitoring and DNA detection applications 

a resolution in the range of sub-femto farad is necessary from the literature. In addition, the 

presence of remnants has shown to increase the capacitance of the IDE to the level of tens 

of femtofarads. Measurement speed and power consumption are not major limiting factors 

in the design mainly due to slow dynamic of the biological reactions and non-stringent 

power budget due to continuous connectivity to power sources such as USB ports. 

1.3.4 Organization of the Thesis  

In Chapter 1, the main objective of this research, the state-of-art capacitive interface 

circuits, and the challenges were covered. In Chapter 2, we address the challenge of 

developing a high IDR and resolution interface circuit and demonstrate its advantages for 

chemical solvent monitoring. The proposed circuitries, simulation, and experimental results 
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of this chapter have been published in IEEE Transactions on Biomedical Circuits and 

Systems (TBioCAS) journal in a paper titled ñWide IDR fully integrated capacitive sensor 

for life science applicationsò [77] and in IEEE Transactions on Instrument and Measurement 

(TIM) journal entitled ñCalibration-free CMOS capacitive sensor for life science 

applicationsò [78]. Chapter 3 addresses the challenges of developing high throughput 

capacitive sensor arrays for life science applications. This chapter has been submitted as a 

paper titled ñA high dynamic range 16×16 capacitive sensor array for life science 

applicationsò to IEEE Transactions on Biomedical Circuits and Systems (TBioCAS) journal 

[77]. In Chapter 4, we demonstrate and discuss the applicability of the proposed circuitries 

for DNA storage purposes. The focus of this chapter is on DNA quantification in dry mode 

using the proposed CMOS capacitive sensor. The details of this chapter were published as 

a paper titled ñCMOS capacitive dry DNA storage monitoring: design, implementation and 

experimental resultsò in IEEE Sensors Journal [79]. Chapter 5 puts forward the advantages 

of the proposed circuitries for cellular monitoring. This chapter is published in 

Bioengineering journal in the form of a paper entitled ñOral cells-on-chip: design, modeling 

and experimental resultsò  [80] and for the first time addresses the challenge of monitoring 

oral cells on a CMOS chip. Chapter 6 is dedicated to concluding remarks and future work. 
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2 Chapter 2:     Wide-Input Dynamic 

Range and Calibration -free CMOS 

Capacitive Sensor 

 

This chapter demonstrates a new circuit and system with a high IDR targeting 

multipurpose detection in life science applications. In addition, thanks to the proposed 

circuit topology, a new measurement technique is proposed that can be used for the detection 

of large capacitance changes due to remnants as well as small capacitance changes due to 

target molecules without the need for calibrating the sensor. The proposed circuitries and 

the achieved simulation and experimental results of this chapter have been published in 

IEEE Transactions on Biomedical Circuits and Systems (TBioCAS) journal in a paper titled 

ñWide IDR fully integrated capacitive sensor for life science applicationsò [77] and in IEEE 

Transactions on Instrument and Measurement (TIM) journal entitled ñCalibration-free 

CMOS capacitive sensor for life science applicationsò [78]. 

2.1 Abstract 

In this chapter, a wide-IDR fully integrated capacitive sensor is proposed. The design 

concepts and constraints, functionality, characterization, and experimental results with 

chemical solvents are demonstrated. This circuit is composed of a new CBCM block which 

has a feedback circuit at its output that extends the linearity of the CBCM block, here 
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designated as ECBCM. Furthermore, a topology is proposed in which the output current of 

the ECBCM is directly converted to a frequency in a CCO, with a maximum frequency of 

300 MHz without converting it to voltage. In this topology, the integrating capacitor has 

been eliminated and the integration of ECBCM output current takes place in the digital 

domain using the CCO and a counter. With this novel topology, an IDR of about seven times 

higher compared to the previous second-generation CBCM circuits and about three times 

higher compared to the CBCM with cascode current mirrors has been achieved. A counter-

serializer generates the digital output of the sensor. In addition to the ECBCM block and the 

capacitance-to-digital conversion, in this chapter, we have proposed a novel calibration-free 

capacitive sensing technique. This technique relies on the implementation of a 

programmable bank of capacitors on the reference side of the ECBCM block for the first 

time. This programable bank of capacitors is crucial for sweeping the value of the reference 

capacitance which allows for the creation of time-resolved three-dimensional (3D) specific 

patterns for the measurement of capacitance variations of the sample-electrode interface. 

The main advantage of this technique is the revelation of huge capacitance change due to 

remnants in the sample. CMOS capacitive sensors in life science applications are typically 

reported to suffer from significant capacitance changes caused by remnants and sediments 

during the experiment within several biological and chemical reactions. The proposed 

technique allows for uncovering the sudden changes due to the remnants as well as gradual 

changes due to target molecules and cells. 

The circuit has been implemented and fabricated under AMS 0.35 µm technology and 

has two independent circuits with one IDE connected to each. The input dynamic rage of 

the system is at least 400fF based on the post layout simulation results. The measured 

resolution of the sensor is equal to 416 aF with up to 1.27 pF input offset adjustment range 

(IOAR) using the programmable bank of capacitors with a resolution of 10 fF. Having a 
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measurement speed of 15 µs, this sensor is among the fast CMOS capacitive sensors in the 

literature. In this chapter, the sensorsô functionality and applicability to life science 

applications have been demonstrated through the experimental results µL for monitoring 2 

evaporating droplets of chemical solvents. By using samples of solvents with different 

conductivity and relative permittivity, a wide range of capacitance and resistance variations 

in the sample-IDE interface electric equivalent model has been created. We tested the sensor 

using three different chemical solvents. The four different categories of curves that 

constitute the specific patterns of the chemicals showed a match with the post-layout 

simulation results. The generated specific pattern is valid for the chemicals with a 

conductivity of up to 5 mS/cm.  

Based on the results, our proposed device addresses the challenge of detecting small 

capacitance changes despite large parasitic elements caused by the ions in the solution or by 

remnants deposited on the electrode. This chapter has been prepared regarding two of our 

published papers in IEEE Transactions on Biomedical Circuits and Systems (TBioCAS) 

[77] and IEEE Transactions on Instrumentation and Measurement (TIM) [78] journals.  

2.2 Introduction  

2.2.1 Capacitive Circuit Topologies for Life Science Applications 

This section puts forward the recent advances of CMOS capacitive interface circuits in 

three categories, capacitance-to-voltage converters (CVC), capacitance-to-frequency 

converters (CFC), and capacitance-to-current converters (CCC).   
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2.2.1.1 Capacitance-to-Voltage Converters (CVC) 

 Charge-sharing circuits and charge-sensitive amplifiers are the two main circuit 

topologies that convert capacitance to voltage. In [81] and [82], a circuit based on a charge-

sharing technique is shown for tracking breast cancer cell proliferation. Figure 2.1 (a) 

illustrates the circuit topology. In the reset phase, the capacitances of nodes N1 and N2, CN1 

and CN1, are charged to the supply voltages, Vdd and Vss, respectively. In the evaluation 

phase, the charge is redistributed between the capacitances of the nodes N1 and N2. The 

output voltage is a function of the capacitance of the sensing electrode, CS, as well as other 

parasitic capacitances, as shown in 2-1.  

ὠ
# ὅ Ȣὠ # Ȣὠ

# # ὅ
 2-1 

Some practical considerations for the implementation of this circuit are to minimize the 

parasitic capacitances at N1 and N2 nodes such as the capacitance between the electrode 

and the substrate.  

Figure 2.1 (b) illustrates a typical charge-sensitive amplifier (CSA) circuit used in [83]. 

When ū transitions to the high state, the reset switch on the integrator is closed, and the Op-

Amp charges the sensing capacitor, CS. When ū falls, the feedback capacitor, Cfb, 

integrates a charge proportional to the difference between the sensing and reference 

capacitors. The output of this charge-sensitive circuit is given in 2-2. An analog-to-digital 

converter (ADC) with appropriate resolution converts this voltage to a digital output.  

ὠ
ὅ ὅ

ὅ
 ὠ 2-2 

where VA denotes the amplitude of ū and CR is the reference capacitor. Charge-

sensitive amplifier circuits are sensitive to parasitic capacitances unless used in a differential 

topology to measure the differential capacitance [84]. In [85], a differential topology has 

been implemented which uses a combination of three capacitors as a reference. A 
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configurable on-chip reference capacitor has also been used in [86] where the reference 

capacitance can be configured in the range of 250 fF to 15 pF in steps of 250 fF. These 

circuits have typically small footprints but require precise timing signals. One drawback of 

this category is the limitation of the output to a fraction of Vdd, which limits the dynamic 

range. Another issue is that the parasitic capacitances at the measurement nodes can decrease 

the sensitivity. 

 

 

 

(a) (b) 

Figure 2.1: (a) Charge sharing circuit used in [81], (b) Charge sensitive amplifier circuit [83]. 

2.2.1.2 Capacitance-to-Frequency Converters (CFC) 

Figure 2.2 (a) demonstrates a circuit in which a P-type device connected to a bias 

voltage, Vb, creates a constant current to charge the sensing capacitor, CS. A comparator 

compares the voltage of CS with a threshold voltage, Vth. The output voltage of the 

comparator is initially zero. When VA reaches the threshold voltage, the output of the 

comparator flips to high, resulting in CS being discharged by the switch controlled by the 

output signal of the comparator. This topology, the so-called relaxation oscillator, is utilized 

in [87], [88] for label-free sensing of neurotransmitter dopamine as well as labeled magnetic-

based detection of microbeads. It is shown that the output frequency is a function of the 

sensing capacitor value in 2-3. 
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where † is the delay caused by the comparator. A similar circuit has been implemented 

in [8] using switches for reversing the direction of a single reference current and the creation 

of two symmetric threshold voltages for a comparator working with a single threshold 

voltage. As a result, a squared waveform is generated with a frequency inversely 

proportional to the sensing capacitance.  

 

(a) 

 

(b) 

 

(c) 

Figure 2.2: Schematic of (a) comparator-based relaxation oscil lator used in [88], (b) Ring 

oscillator-based CFC [4]  (c) LC-tank oscillator-based CFC [89]. 

As seen in equation 2-3, the delay term can cause nonlinearity if the period of the output 

signal is in the same range of †. Besides, comparator-based relaxation oscillators need 

accurate current references and comparators. 

In  [4], [59], [68], [90]ï[92], a ring oscillator-based capacitance measurement circuit 

has been utilized for the measurement of the sensing capacitors as a varying load, Figure 2.2 

(b). The effect of change in the value of sensing capacitance is the change in the frequency 

of the oscillator. The bottleneck of the ring oscillators is the high sensitivity of the output 

frequency to temperature, process variations, supply voltage, and a nonlinear relation of the 

output frequency with the load capacitance [90].  

In [89], [93], the sensing capacitors are inserted in an LC tank of an oscillator. The 

change in the value of the sensing capacitance leads to a frequency shift in the output of the 

oscillator. A typical implementation is illustrated in Figure 2.2 (c). LC oscillatorôs frequency 

before exposure, Ὢ , alters by ЎὪ after the change in sensing capacitance due to the presence 
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of samples. The relative frequency shift (
Ў

) of the LC tank is proportional to the capacitance 

change over the initial capacitance (
Ў

), 2-4, as shown in [94]. 

ρ
ῳὪ

Ὢ

ρ

ρ
Ўὅ
ὅ

 
2-4 

where C0 is the equivalent capacitance consisting of the sensing capacitor, CS, and 

parasitic capacitances. Another approach is given in [89] where a phase-locked loop (PLL) 

circuit is used to fix the frequency shift to a nominal operating frequency. The DC tuning 

voltage of the PLL loop is shown to be proportional to the change in capacitance value. The 

required inductors are in the range of nH that can occupy a significantly large area on the 

die. 

2.2.1.3 Capacitance-to-Current Converters (CCC) 

The circuit proposed for this conversion is charge-based capacitance measurement 

(CBCM). The technique inherently measures the differential capacitance and thus can reach 

high accuracy by canceling the parasitic capacitances [95]. The core of this circuit topology 

is depicted in the dotted-line block in Figure 2.3. 

 

Figure 2.3: CBCM circuit 
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Two identical branches, composed of NMOS (M1 and M2) and PMOS devices (M3 

and M4) provide the charge and discharge paths for the sensing, CS, and the reference 

capacitor CR. Two non-overlapping clock pulses, ū1 and ū2, provide the necessary 

switching signals. When ū1 and ū2 are low, the capacitors, CS and CR, are charged via 

pull-up switches (M3 and M4) up to, Vdd. Whenever these clock pulses transition to high, 

the capacitors are discharged via pull-down switches (M1 and M2). The ñaverageò of 

differential current of the two branches is(t, CS) and iR(t, CR), over one period of ū1 and 

ū2 is linearly proportional to the difference of the sensing and reference capacitances, (CS 

- CR) as given in 2-5. 

ὥὺὩὶὥὫὩὭὸ Ὥὸ ὠ Ȣὅ ὅ  2-5 

To use this topology in cellular and molecular detection applications, CS node is 

connected to an IDE that can be exposed to samples. On the other hand, CR is designed in 

different versions ranging from floating nodes or a dummy IDE to internal capacitors. The 

common point about all the variations is that the reference side is insensitive to samples.   

Averaging is essential in this technique to maintain the linear relation of differential 

current to differential capacitance. Therefore, the integrator is an essential building block in 

the CBCM. A wide range of research uses integrating capacitor for this purpose  [3], [15], 

[38], [40], [50], [52], [60], [61], [96]ï[98]. In [66], to increase the sensitivity, current 

amplification has been added to this circuitry. The high sensitivity of CBCM is demonstrated 

in [66].  

 

Table 2.1: Summary of various circuit topology and measurement techniques discussed in 

this section 

Ref. Application 
Tech 

(ɛm) 
Method D/ND 

Output 

type 
Array # 

Resolutio

n 
Sensitivity IDR 

Area 

(mm2) 
Vdd (V) Power 

[36] 
Single 

bacterial 
0.25 

CVC by ChS 

(ChR) 
ND A 16×16 450 aF 55 mV/fF 

0.45 fF-57 

fF 
0.1 (DA) 2.5 29 ɛW 

[81] 
Cell 

proliferation 
0.5 

CVC by ChS 

(ChR) 
ND A 28 0.1 fF - 25 fF 

2.25 (DA), 

0.16 (EA) 
3 - 

[83] Localization 0.35 CVC by CSA D D 320×320 21 aF 345 mV/fF - - 3.3 - 
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Ref. Application 
Tech 

(ɛm) 
Method D/ND 

Output 

type 
Array # 

Resolutio

n 
Sensitivity IDR 

Area 

(mm2) 
Vdd (V) Power 

of 

bioparticles 

(ChR), external 

ADC 

[99] Cancer 0.18 SC+ SAR ND D 9 4.5 fF - 16.137 pF 
0.06 (AA), 

8.76 (EA) 
0.9 - 1 2.1 ɛW 

[87] 

Neurotrans

mitter 

dopamine 

0.35 CFC by Rel.O ND D 5×5 - 

21 kHz/fF 

@ 4.9 

MHz       

@ 123 fF 

12 fF-700 

fF 
- - - 

[8] DNA 0.5 CFC by Rel.O D D 8×16 - 

23 Hz/pF 

@ 7.5 kHz 

@ 330 pF 

330 pF- 10 

nF 
28.8 (DA) 5 - 

[92] 
Cell volume 

growth 
0.13 CFC by RO D D 3×4 10 aF 235 mV/fF +/- 100 fF 

2.25 (DA),   

1 (AA) 
- - 

[4] 
Cell 

proliferation 
0.35 CFC by RO ND D 4×4 14.4 aF 590 kHz/fF 1 fF 

9 (DA), 

0.0144 

(EA) 

3.3 

 
8 mW 

[59] Single cell 0.35 CFC by RO D D 1 14 aF 

570 kHz/fF    

@ 1.37 

GHz       @ 

500 fF 

- 4 (DA) - - 

[88] 

Cells and 

biomolecule

s 

0.35 CFC by RO ND D 8×8 2.5 fF 

223 kHz/fF    

@ 5.2 

MHz       

@ 23 fF 

- - - - 

[68] Bacteria 0.25 CFC by RO ND D 1 10 fF 

11 kHz/fF 

@ 254 

MHz       

@ 17.5 fF 

- 

0.05 (AA), 

0.0506 

(EA) 

2.5 29 mW 

[100] 

Nano- and 

micro-

particles 

0.18 
CVC by 

CBCM 
ND D 3×3 1 fF 

10 fF/mV 

(or 0.1 

mV/fF) 

- 1.8 (DA) 1.2 to 1.3 - 

[15] Cell 0.5 
CVC by 

CBCM 
D A 6×6 15 aF 200 mV/fF ±25 fF 3 3 165 ɛW 

[70] 
Bacteria 

growth 
0.18 

CBCM+Ɇȹ 

ADC 
ND D 3 110 aF 250 mV/fF 7 fF 2 (DA) 1.8 - 

[57] Cell growth 0.35 
CBCM, Ɇȹ 

ADC 
D D 8×8 10 aF 350 mV/fF 10 fF 9 (DA) - - 

[2] - 90 nm CBCM, ADC ND D 256×256 10 aF - 1 fF 

2,525,253 

(DA), 

(Radius of 

NE=90 

nm) 

1.2 15 mW 

[101] 

DNA 

hybridizatio

n 

0.35 TW, SC, ADC ND D 16×8 1 pF - 10 pF-10nF 10 (DA) - - 

CVC: Capacitance-to-voltage converter, ChS: Charge sharing, ChR: Charge redistribution 

method, CSA: Charge sensit ive amplifier, ADC: Analog-to-digital converter, SC: Switched 

capacitor technique, SAR: Successive approximation register ADC, CFC: Capacitance-to-

frequency converter, Rel.O: Relaxation oscil lator, RO: Ring oscillator, CBCM: Charge based 

capacitance measurement, TW: Triangular waveforms analysis, ND: None-differential, D: 

Differential, DA: Die area, EA: Electrode(s) area, AA: Active area, Vdd: Supply voltage, NE: 

nanoelectrodes, D: Digital, A: Analog 
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However, the limitation of voltage swing of the amplifier from zero to Vdd restricts the 

sensorôs output and thus input dynamic range (IDR). Section 2.2.2 thoroughly reviews 

CBCM-based circuit topologies.  

2.2.1.4 Comparison of the Circuit Topologies 

Table 2.1 compares the state-of-the-art read-out circuitry for capacitive sensors based 

on sensitivity, IDR, resolution, power consumption, and array size. The sensitivity of the 

sensors in the category of capacitance-to-voltage or -current converters reaches a maximum 

of 350 mv/fF for a CBCM-based technique presented in [57]. The maximum sensitivity of 

590 kHz/fF has been reported for the implementation of ring oscillator-based CFC reported 

in [4]. In terms of IDR, the implementation proposed in [92], using a ring oscillator-based 

capacitance-to-frequency conversion, has reached 200 fF. The CBCM-based technique 

reported in [2] demonstrates a significantly high resolution of 6.7 aF. As the table shows, 

the power consumption varies significantly among the designs from a few ɛW to a few mW 

depending on the circuit topology. Power consumption up to a few tens of mW therefore 

has been considered an accepted range with no significant impact on the performance of the 

sensor. Besides, the largest size of array implementation has reached 320 × 320 due to the 

small footprint of the circuit with a differential charge-sensitive approach reported in [83]. 

In general, techniques based on CBCM and CFS using oscillators present high 

resolution in the range of some tens of aF and are among the most popular approaches used 

for LoC applications due to their high dynamic range, low complexity, and smaller on-chip 

footprint [18]. 
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2.2.2 Core-CBCM Capacitive Circuit Topologies  

An overview of capacitive interface circuits based on CBCM method is presented in 

this section. 

2.2.2.1 First -generation core-CBCM Circuitry  

In an approach reported in [66], the CBCM currents, iS and iR shown in Figure 2.4 (a), 

are first amplified utilizing two current mirrors with equal gains of AI as depicted in Figure 

2.4 (b). When ū1 is low and CS is charged rapidly, the amplified currents are equal to iôS = 

AI.iS and  iôR = AI.iR. After amplification, the currents i'S and i'R are averaged using two 

individual integrating capacitors, Cint+ and Cint-. The voltages of the integrating capacitors, 

VO+ and VO- are amplified by employing a differential amplifier. In this approach, the 

common mode offset voltage, which might vary due to remnants in the sample, can result 

in the saturation of the differential amplifier. Despite the high resolution of about 10 aF, a 

low dynamic range of 1fF has been reported [66]. An extended version of the circuit has 

been used in [102] where typical current mirrors have been replaced with the current-voltage 

mirrors shown in Figure 2.4 (c). (M6, M7) and (M12, M13) are the typical current mirrors 

while the four-transistor pairs (M5, M8, M9, and M10) and (M11, M14, M15, and M16) are 

implemented as voltage mirrors. (M9, M10) and (M15, M16) pairs create a virtual short 

between the CBCM and output nodes of the current mirrors to decrease the nonlinearity due 

to the dependency of the output current on drain-source voltage. To understand the virtual 

short, we should observe that Vsg10=0 and (Vsg16=0), thus M10  and  M16 are literally off. 

The current path for M9 and M15 is through M10  and  M16, respectively. Therefore, M9 

and M15 will also be turned off dictating their Vsg voltage to be zero and thus creating the 

virtual short. An increase in the sensitivity from 28.7 mV/fF to 47.73 mV/fF has been 
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reported with higher linearity achieved from voltage mirroring pairs compared to the typical 

current mirror circuit. However, the cost of adding these voltage mirroring pairs is 

diminishing dynamic range due to more limited output voltage swings [102]. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 2.4: (a) Core-CBCM circuit, (b) a CVC topology where CBCM currents are amplified 

in regular current mirrors and integrated individually on two integrating capacitors creating 

VO+ and VO- voltages. The output is generated in a differential amplifier with VO+ and VO- 

as inputs, (c) the typical current mirrors have been replaced by current-voltage mirror 

topology. 

Another alternative circuit has been proposed in [103] and is shown in Figure 2.5. ὠ  

and ὠ  are used instead of Vdd and Vss, where ὠ  ὠ . In the evaluation phase, S1 

is closed and both CS and CR are charged to ὠ ὠ . In the integration phase, S2 is 
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closed and i+ and i- are integrated with two Cint capacitors while both CS and CR are 

discharged to ὠ ὠ  where Vcm = (Vdd+Vss)/2. The output voltage is a differential 

voltage on the load capacitors, CL, as expressed in 2-6. 

ὠ
ῳὅὠ ὠ ὃ

ὅ ρ ὃ
 2-6 

where Cint is the value of integrating capacitor, ὃ  stands for the gain of the 

differential amplifier, ῳὅ denotes the input differential capacitance between CS and CR, 

and ὠ  is an arbitrary reference voltage. The use of the same circuit along with a Ɇȹ ADC 

and wireless tags has been reported in [104] as a wireless biosensor. The circuit has been 

repeated to create a 4 × 4 array of sensors. In the array structure, the integrating capacitors 

and the Op-Amp are shared among all 16 blocks. The selection of blocks has been 

implemented using N-type and P-type array-clock controllers. The main disadvantage 

reported for this topology is its low sensitivity of 3 mV/fF and consequently its low 

resolution of 10 fF. 

 

Figure 2.5 A switching capacitive interface circuit proposed in [103]. 
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2.2.2.2 Second-generation Core-CBCM Circuitry with Differential Current  

The second generation of core-CBCM circuits include a differential current mirror that 

can generate the difference between the current of the sensing side and the reference side. 

In this section these circuits have been explained in detail. 

2.2.2.2.1 Charge-based Capacitance-to-Voltage Converter (CVC) Using Differential Current 

Figure 2.6 demonstrates the implementation of the circuitry proposed in [105]. This 

circuit differentiates the CBCM currents, iôS and iôR , by adding M9-M10 N-type devices. 

This circuit mitigates the dynamic rangeôs limitation caused by common mode offset voltage 

in the CBCM first-generation circuits by differentiating the amplified currents. 

 

Figure 2.6: A second-generation CBCM circuit with a current mirror composed of M10 and 

M9 for differentiating the current before integration for increasing the dynamic range. 

Potentiometers as well as a current mirror with programable gain have been used for 

calibration. 

In the second generation, the mismatch of the devices on the sensing and the reference 

branch has been reported to be the main source of error in the readings. To alleviate that 

problem, a calibration mechanism has been proposed using two potentiometers, RP1 and 

RP2 (see Figure 2.6) to manually adjust the gain of the current mirror composed of (M6, 

M8) at the time of characterization. In addition, since only a coarse adjustment can be 
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performed in RP1 or RP2, M8 has been implemented as a connection of multiple transistors 

in parallel, connected to switches that can be digitally turned on or off. In this 

implementation, the gain of the current mirror that is on the reference side of the CBCM can 

be digitally adjusted before putting the sample. The aspect ratio of W/L of M8 has been 

increased in a binary fashion as shown in 2-7. 
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A sensitivity of about 250 mV/fF in 0.18 ɛm technology and 1.8 V power supply voltage 

and an increased IDR of about 2.7 fF with a resolution of about 10 aF have been reported 

for this circuit. In the early chips published in [46], [52], [105], the output of the chip was 

an analog voltage and external ADCs were required to convert the voltage to a digital output. 

To cancel the effect of parasitic elements of the PAD and I/O Pin, in [98], a source follower 

buffer has been added consisting of M11 and M12 to the output of the circuit shown in 

Figure 2.6, (see Figure 2.7 (a)). The buffer also makes it possible to drive a larger capacitor, 

CL, for further high-frequency noise filtering. This circuit has been used for the detection 

of Salmonella and E. coli bacteria.  

2.2.2.2.2 Charge-based Analog-to-Digital Converter (ADC) Using Differential Current  

An on-chip Ɇȹ modulator with low complexity has been adapted to the circuit in [61] 

to generate digital output that is shown in Figure 2.7 (b). In Figure 2.7 (c), a conceptual 

model of operation for this ADC is illustrated. The digital output is 0 in every clock pulse if 

the accumulated voltage on the integrating capacitor is lower than a reference voltage, Vref. 

The output becomes 1 as soon as VOut >= Vref . This condition triggers SZ switch that 

discharges the integrating capacitor. Considering a predefined number of bits for the output, 

higher capacitance results in more 1s in the output which translates to a higher output value.  
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(a) (b) (c) 

Figure 2.7 (a) Source follower output buffer, (b) simple model of the Ɇȹ modulator, (c) 

applied clock pulses, differential current, Ɇȹ current, output voltage, and the bitstream of the 

sensor. 

The proposed circuit has been examined in [46], [61], [65] by using polyelectrolyte 

solutions, chemical solvents with known dielectric constants, and bacteria for growth 

monitoring in [70], [105]. In [98] (M5 and M7) and (M6 and M8) pairs have been biased in 

the subthreshold region instead of the saturation region. The objective was to benefit from 

the increased gm, which is exponential in the subthreshold region in contrast to quadratic in 

the saturation region. In addition, this could mean the operation of the sensor in the ultra-

low-power region. A simple circuit with one current mirror was fabricated to test this idea. 

However, the transistors in the subthreshold region are higher nonlinear which in turn 

resulted in significantly limited IDR.  

 

2.2.2.3 Third -generation Core-CBCM Circuitry  

The third generation of core-CBCM circuits include differential output and on-chip 

analog to digital converters that has been explained in this section. 
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2.2.2.3.1 Two-stage Current Mirror -based Circuitry 

Single-ended structures suffer from limited dynamic range. An idea has been proposed 

in [50], [62] to use two copies of the differential current, namely, iôS - iôR as well as iôR - 

iôS, to create a differential rail-to-rail output voltage. This circuit not only mitigates the 

common mode noise but also doubles the IDR compared to a single-ended output (see Figure 

2.8 (a)). In this circuit, in an ideal case, Cint+=Cint-=Cint, and both currents ȹi+=iS-iR, and 

ȹi-=iR-iS are amplified with current mirrors with equal gains. The differential output 

voltages (VOut±) are given in 2-8 [62]. 

ὠ
ὃȢЎὅȢὠ ὠ ὠ ȢὪ

ὅ ȢὪ
ὠ ὠ  2-8 

where Vdd and Vss are dual supply voltages, and Vcm represents the common-mode 

voltage at the output nodes. VoffÑ denotes the offset voltage after integration of ȹi+ and ȹi-

. Integration is performed during a single period of ū1 and ū2. Equation 2-9, describes the 

differential output [62]. 

Ўὠ
ςȢὃȢЎὅȢὠ ὠ ὠ ȢὪ

ὅ ȢὪ
Ўὠ  2-9 

The equation is straightforward if ȹVoff =Voff+-Voff -=0, which only happens under 

ideal conditions. In practice, the output has some offset voltage due to the mismatches 

between the sensing and the reference sides of the circuit. 

In [15], [62], to alleviate the offset voltage and reach a higher dynamic range, floating 

gate transistors for the M7 and M12 in the current subtractors are utilized in the current 

mirrors. Furthermore, a combination of electron injection and tunneling has been reported 

as extra calibration techniques. The gate of the transistor must be isolated via a high-quality 

insulator (SiO2) to provide a reliable charge storage node.  

In [106], simple current mirrors are replaced by cascade current mirrors shown in Figure 

2.8 (b). The motivation has been to achieve higher linearity in the output of current mirrors. 
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The sensitivity of this sensor is increased to 1.42 V/fF. Despite showing a significantly high 

resolution, the output voltage swing restriction due to cascade current mirrors limits the IDR 

to about 0.3 fF. 

 

(a) 

 

 

 

 

 

(b) 

Figure 2.8: (a) Third-generation CBCM capacitive sensor, (b) cascode current mirrors 

replaced in [106] for higher linearity. 

2.2.2.3.2 Differential Charge-based ADC 

In [75], an extended version of the Ɇȹ modulator in [61] is proposed to be implemented 

on a chip and provide a digital output  (see Figure 2.9 (a)). If VOut+-VOut- > VRef+-VRef-

, the comparator will close Sz+ and Sz- switches. As a result, iz- will be subtracted from the 

positive differential current iôS- iôR and iz+ will be added to the negative differential current.  
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(a) (b) 

Figure 2.9 (a) A Ɇȹ modulator adapted to a fully differential core-CBCM capacitive sensor, 

(b) the related signal diagrams.  

 

Figure 2.9 (b) illustrates the generated signals. Similar to the Ɇȹ modulator in [61], the 

ADC reading was considered in a predefined n number of clocks that resulted in an n-bit 

output. This sensor has been characterized using chemical solvents [75], adopting 10 bits 

for the digital output. A sensitivity of about 350 mV/fF and a dynamic range of 10 fF in 0.35 

ɛm CMOS technology has been reported for this circuit.  

2.2.2.4 Core-CBCM Capacitance-to-Frequency Conversion (CFC)  

A combination of CBCM and CFC circuitries enables a high-resolution and high-IDR 

differential input circuitry and is proposed in [107]. The circuit proposed in [108] is shown 

in Figure 2.10. Since the output of CFC circuitry is frequency rather than voltage, higher 

bandwidth is possible to be achieved. In this circuit, two integrating capacitors are used to 

convert the output currents into the output voltage. The output voltage is compared to Vref 

and passed to a delay gate, D. As soon as the output of the delay gate is transitioned to high, 

the integrating capacitors are discharged. The output frequency is shown to be a function of 
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the capacitance that is being evaluated. To achieve a high resolution, small integrating 

capacitors are required while for a large dynamic range, larger integrating capacitors are 

needed. In this scheme, first, the CBCM current is converted to voltage, and then the voltage 

is converted to frequency. Thus, the voltage swing limitation still exists, and a small IDR of 

a few femto Farads has been reported. 

Another circuit is proposed in [48] that uses a combination of an integrator, and a 

Schmitt trigger which is illustrated in Figure 2.11. In this topology, currents from the sensing 

and the reference sides of the CBCM circuit are separately mirrored and integrated into both 

charging and discharging cycles creating a triangular signal. The Schmitt trigger block is 

used to convert the triangular signal to a square wave signal and a counter is used to create 

a digital output. The difference is calculated in the software based on the digital outputs of 

the two sides. The main challenge within both topologies is to achieve a high resolution 

since the differentiation takes place at the output stage instead of using a CBCM differential 

current.  

 

Figure 2.10: A combination of the CBCM method and conversion to a frequency. 
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Figure 2.11: circuit topology proposed in [48] 

 

2.2.2.5 CBCM-based Array Implementations 

In [3], [75], [100], [15], [62], an array of capacitors is implemented as shown in Figure 

2.12 (a). In this implementation, the CBCM block has been repeated for every cell, as 

depicted in Figure 2.12 (a), in a column, and each cell has been connected to a shared current 

mirror circuitry using PMOS switches to enable the cell (via Enn , n=0,1,2,3 signal). Each 

one of the command lines En0, En1, and En2 can activate one row to do the measurement. 

Each column has independent integrating circuitry for current-to-voltage conversion and Ɇȹ 

ADC. One drawback in this topology is the addition of parasitic capacitances of the Enn 

switches to the common node of the current mirror. As a result, the nonlinearity can increase 

if the array size grows. 
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(A) 

 

 

 

(B) 

Figure 2.12 A 3×3 sensor array configuration with the capabil ity of simultaneous evaluation 

of three different capacitances. 

In another CBCM-based array design, as shown in Figure 2.12 (b), an array of 8 × 8 

electrodes has been implemented by adding switches in the path of current to fulfill the 

multiplexing of the electrodes [74]. The bottleneck of this technique is the addition of 

parasitic capacitances of many switches that can hinder the implementation of a large array.  

In Chapter 3, a novel CBCM array chip has been proposed that supports a large array size 

using a single shared reference for all the electrodes. 

2.3 The Proposed Circuits and System  

A schematic of the proposed system is illustrated in Figure 2.13. The building blocks 

of our proposed system-on-chip include a CBCM circuit, a calibration circuitry consisting 

of an array of switched capacitors, a feedback circuit, a current-controlled 300 MHz 

oscillator, a counter-serializer, and the IDEs realized on the topmost metal layer. The output 

of the chip is connected to a microcontroller through which the data is transmitted to a 
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customized GUI. In this section, we demonstrate the details of the design of each block and 

discuss the characteristics of the proposed system. 

 

Figure 2.13: The system-level block diagram of the proposed capacitive sensor 

2.3.1 IDE-sample Interface Model 

The proposed capacitive sensor has been implemented in AMS 0.35 µm CMOS 

technology. This sensor consists of two almost identical interface circuits connected to two 

IDEs. To increase the sensitivity, the passivation layer on the electrodes is etched using PAD 

masks. As a result, an aluminum oxide layer forms naturally on top of the aluminum 

electrodes when they are exposed to air and acts as a passivation layer. Figure 1.3 (b) 

illustrates a cross-section schematic and the equivalent circuit model of the electrode when 

it is exposed to the sample. The electric equivalent model is similar to the one shown in [17], 

[68]; however, the effect of remnants, modeled by ȹC(t), is considered in this thesis for the 

first time. CPL represents the capacitance formed by the Al2O3 passivation layer, in series 

with the double-layer capacitance, CDL. Rsol models the resistivity of the solution, in 

parallel with the capacitance of the solution material, Csol. The presence of bioparticles in 

the proximity of the electrodes, or attachment to the surface can change the structure, and as 

a result, alter the capacitance which is shown with ůC(t) in this model. The relative 

permittivity, Ůr, of the passivation layer composed of Al2O3 is equal to 9 while it is 80 for 

a typical water-based ionic buffer sample medium solution. The thickness of the Al2O3 
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layer that is naturally formed on the electrode reaches a few tens of nanometers while the 

thickness of double-layer capacitance is around 1 nm [109]. Considering the thickness and 

the relative permittivity values, CPL is much smaller compared to CDL. Thus, the total 

capacitance of the series structure of CPL and CDL is close to the value of CPL. The 

presence of CPL is therefore crucial for eliminating the effect of CDL as one of the 

components of the overall offset capacitance for increased ECR. 

 

2.3.2 Enhanced CBCM Interface Circuit (ECBCM) 

In Figure 2.14, the second-generation CBCM topology is demonstrated in gray. The 

purpose of this circuit is to transduce the differential input capacitance (dC = CIDE - CR) to 

the differential current. An integrating capacitor, Cint, is conventionally utilized to convert 

the differential current to the output voltage as shown in gray dotted lines as discussed in 

2.2.2. In equation 2-5), we showed that the transfer function of ( /dC) where  ( ) is the 

average of output current of the CBCM block is linear. However, with Cint  as a load, the 

drain-source voltage of N2 (VD), varies following the charge and discharge of Cint, while 

the drain-source voltage of N1 (VC) remains fixed for a given CR. In the circuit shown in 

grey, I1, and i'R also depend on the drain-source voltage due to the channel length 

modulation effect. As a result, I1, which is required to be equal to i'R, can significantly 

deviate because ɚ, the channel-length modulation parameter, is non-zero. The use of long-

channel devices for N1 and N2 can to some extent suppress the adverse effect of ɚ but cannot 

completely solve this systematic deviation [110]. Cascode current mirrors are also known 

and have been considered to alleviate the adverse effect of channel length modulation by 

utilizing an additional stage to shield the current mirrors from being affected by the variation 

of the load voltage [111]. Despite the improvement, cascode topology still has restrictions 
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due to the limited voltage headroom. The use of current-voltage mirrors in [102], as 

discussed in Section 2.2.2.1, and cascode current mirrors in [106], as discussed in Section 

2.2.2.3, increase the linearity at the cost of a lower dynamic range. 

The focus of this chapter has been on showing the effectiveness of the novel feedback 

loop for CBCM circuits that reduces the above-mentioned tracking error for a wide range of 

input differential capacitance values. The proposed ECBCM topology has a feedback path 

composed of N2, N3, and the Op-Amp, shown in Figure 2.14, that forces VD to track VC 

regardless of the value of CIDE. Simulation results in Figure 2.15 (a) show the deviation of 

VD from VC for different CIDE values in typical CBCM with Cint. Figure 2.15 (b) 

demonstrates that in the ECBCM topology, the drain-source voltage of N2 successfully 

tracks the drain-source voltage of N1. The result is that I1 will be equal to i'R, regardless of 

the value of CIDE. Equations 2-10 and 2-11 show the transfer function of the ECBCM 

circuit.  

 

Figure 2.14: (A)  Proposed circuit: The CBCM CVC is shown in grey with an integrating 

capacitor for current-to-voltage conversion depicted in dotted l ines. The proposed feedback 

path consists of the N2, N3, and Op-Amp blocks shown in black that along with the CBCM 

circuitry form the ECBCM topology. the opAmp is used from the TSMC 0.18 µm CMOS 

Standard Cells Library - tsmc-cl018g_sc-x_2004q3v1 [112] without any change. 
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where k denotes the gain of current mirrors composed of P1-P3 and P2-P4, VTP is the 

threshold voltage of the P-channel MOSFET device. W and L stand for the width and length 

of devices, respectively. Vdd is the supply voltage, and iB, given in 2-11, denotes the offset 

current from P5. The equation is not linear, due to the terms ρ ‗ὠ  / ρ ‗ὠ and iB. To 

alleviate the nonlinearity, long channel transistors are used for the realization of N3 and N4 

at the final stage (see Table 2.2 for sizing) which helps to fulfill ‗ὠ Ḻρ and ‗ὠ Ḻρ 

conditions. Thus, the nonlinear term ρ ‗ὠ  / ρ ‗ὠ can be approximated as unity. To 

decrease the effect of iB, W/L of P5 is minimized. Thus, Ὧ Ὥ  Ὥ ḻ Ὥ, and 

equation 2-10 can reduce to a linear equation given in 2-12. It is noteworthy to mention that, 

in 2-10, the channel-length modulation effect of P3 and P4 are not considered for simplicity. 

 
(a) 

 
(b) 

 
(c) 

Figure 2.15: Performance of proposed circuit using ECBCM versus CBCM (a) VC (solid) and 

VD (dashed) for different values of CIDE when the output is connected to an integrating 

capacitor, (b) The same simulation for the ECBCM with the feedback loop, (c) The transfer 

f unction of the proposed ECBCM, the CBCM with adding cascode current mirrors similar to 

cascode topology used in [111], and CBCM circuit. 
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Besides, P5 is added to the topology for adding a bias current which is proportional to 

the value of reference capacitance as a baseline. This helps when the CCO has nonlinear 

behavior for very small currents (the CCO used in this circuit shows nonlinearity for currents 

of less than 1 µA). Figure 2.15 (c) demonstrates the transfer function of the proposed 
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ECBCM and the CBCM with Cint circuits with and without cascode current mirror 

topologies. We have considered the dynamic range of each circuit to be the maximum input 

differential capacitance variation for which the transfer function (/ dC) maintains above 

98% linearity with respect to linear regression, (for the linearity of the proposed ECBCM 

circuit see Section 2.4.5). From Figure 2.15 (c), the IDR is about 200 fF (from 100 fF to 

about 300 fF) for the CBCM circuitry, about 600 fF (from 100 fF to 700 fF) for the CBCM 

with cascode current mirrors, and about 1800 fF (from 100 fF to 1900 fF) for the ECBCM. 

These numbers might slightly vary for different sizing (for the sizing in this chapter refer to 

Table 2.2) but in general, reflect the effectiveness of the proposed feedback loop. 

Table 2.2: Device sizing 

DEVICE  W/L (µM)  EQ1 DEVICE  W/L (µM)  EQ 

P1, P2 0.5 / 4 (3) N1, N2 20 / 0.35 (2) 

P3, P4 40 / 0.35 (3) N3 8 / 10 (3) 

P5 0.4 / 0.5 (2) N4 4 / 10 (3) 

P6 6.8 / 0.35 (2) N5, N6 0.4/10 (-) 

P7, P8 0.4 / 10 (4) N7 3 / 0.35  

P9, P10, P12, P13 3.4 / 0.35 (-)2 N8 ,, N9 2.2 0.35 (-) 

P11, P14 34 / 0.35 (-) CO1, CO2, CO3 50 FF (-) 

1 Eq: the equation that the sizing is calculated from   2 (-): Obtained empirically. 

 

2.3.3 Digitally Programmable Bank of Capacitors 

The reference capacitance, CR, is implemented using a bank of on-chip capacitors in a 

topology shown in Figure 2.16. This topology allows the implementation of a digitally 

programmable capacitor. It consists of seven NMOS switches, S1 to S7 in series with seven 

capacitors, C1 to C7 where Cn = 2Cn-1. Considering the ON/OFF state of each switch, 

the equivalent capacitance value can be obtained as ὅ ὲ  ὅ Ὓ  ς  Ὓ

Ễ  ς Ὓ  where Ὓ is equal to 1 if the switch of the ith branch is ON and is 0 
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otherwise. The primary role of the bank of capacitors on the reference side is to provide a 

wide range of capacitance to cancel the total offset capacitance, including ȹC of remnants 

to maximize ECR during the experiment. This topology makes the necessary calibration 

possible with a wide input offset adjustment range (IOAR). C1 is chosen to be 10 fF in this 

implementation, thus, CR of up to 1.27 pF with a step of 10 fF change (42 dB) can be 

programmed. The effect of all parasitic capacitances of the NMOS switches on each path is 

compensated by adjusting the size of the CPOLY cap of that path in the post-layout 

simulations. 

 

Figure 2.16: Digitally programable bank of capacitors ranging from 10 fF to 1.27 pF with a 

10 fF resolution. 

2.3.4 Differential Current -to-Digital Conversion 

The output current of ECBCM (iout in Figure 2.14) feeds a current-controlled relaxation 

oscillator similar to the one proposed in [113]. The topology is shown in Figure 2.17 (a). 

The W/L ratio of transistors (see Table 2.2 for sizing) in this oscillator has been modified to 

increase the IDR of the CCO to around 280 µA where its oscillation frequency can reach 

300 MHz. CO1, CO2, and CO3, in series with the SO1, SO2, and SO3 switches are added 

to the topology to create a programmable oscillation frequency for test purposes. The path, 

consisting of P6 and N4 is added to connect ECBCM to the CCO. To generate the digital 

output from the oscillation frequency, a counter is implemented. A serializer is designed and 

implemented that loads the counterôs value in every measurement cycle and outputs the 

value during the next cycle (see Figure 2.17 (b) for the counter and the serializer topology, 

Figure 2.17 (c) for the circuit that creates the timing signals, and Figure 2.17 (d) for the 
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timing diagram). When ū1 becomes low, CR and CIDE are charged. Thus, the number of 

pulses must be counted while ū1 is low. The NOR gate at the input of the counter satisfies 

this condition. The serializer outputs the number that was loaded in the previous cycle with 

the clock pulse of ū3. In each cycle, the generated number is loaded in parallel into the 

serializer as soon as ū2 becomes high. The reset signal of the counter is inverted ū2 to keep 

the counter value at zero during the time that capacitors are being discharged. The 

implemented counter-serializer has 12 bits (see section 2.4.1); however, only 3 bits are 

shown in Figure 2.17 (b) for simplicity. The frequency of ū3 must be chosen high enough 

to output all 12 bits when ū1 is low. 

 
(a) 

 

(b) 

 

(c) 

 
(d) 



44 

 

 

 

Figure 2.17: Implemented circuit topologies: (a) The linear CCO using a relaxation oscil lator 

topology introduced in [113], (b) Counter-serializer topology (DFFs are digital f lip-flops), 

(c) The circuit generating the timing signals, (d) Counter-serializer timing diagram. 

2.3.5 Maximum Measurement Speed Using ECBCM  

Figure 2.18 shows the reference (P1, P7, and N5) and the sensing (P2, P8, and N6) 

branches of ECBCM circuitry during ū1 and ū2 at a low level (evaluation phase). At the 

onset of the evaluation phase, P7 and P8 turn on in saturation and stay in saturation as long 

as VCR < |VTP7| and VIDE < |VTP8|, respectively, where VCR is the voltage drop on CR 

and VIDE stands for the voltage drop on the IDEs. When P7 and P8 are in saturation P1-P7 

and P2-P8 pairs constitute current sources. The current value is a function of W/L of these 

pairs, as given in 2-13, where µp and Cox are the mobility of holes and gate oxide 

capacitance in a P-channel MOSFET. We call this phase the ñconstant currentò phase.  
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When VCR > |VTP7|, P7 enters the triode region. The same happens to P8 when VIDE 

> |VTP8|. In this phase, P7 and P8 act like resistances, shown as R, with the value given in 

2-14. We call this phase the ñRCò phase. As CR and CIDE are charged, the current in the 

path decays, and the voltage drop on the diode connected P1 and P2 decreases. Therefore, 

V rises, and the value of R reduces according to  2-14. VIDE in the constant current mode 

region is given in 2-15. 
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The sensitivity of the interface circuit to dC is zero in the constant current mode since 

iR,cte = iIDE,cte. Therefore, the minimum time for proper measurement should include the 

RC phase. The time, t1, when the circuit is in constant current phase can be calculated 

from2-14 2-16 by putting VIDE = |VTP7|. The equation for calculating t1 is given in 2-17.  

Ὑ Ὥ ȟ ρ Ὡ ȿὠ ȿ  
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Since 4 × RC is required for the settlement, the minimum time for proper measurement 

will be Tmin = t1 + 4 Ĭ RC. Since R varies, we approximated Tmin to Ŭ Ĭ t1 for simplicity 

where Ŭ >1, and its value can be obtained either empirically or using simulation. The 

maximum frequency of CBCM non-overlapping clocks, ū1  and ū2, will therefore be 

Fmax= 1 / (Tmin + Tdischarge +Tnon-overlap) where Tnon-overlap is the time overhead 

for creating the non-overlapping signals, and Tdischarge stands for the discharge time. 

Since, in our interface circuit, the evaluation of the capacitance completes in one cycle, 

Fmax represents the maximum measurement speed. 

It is noteworthy to mention that, based on the above discussion, minimizing the length 

of P7 and P8 for a given width, results in a faster response. Table 2.2 shows that we have 

not used minimum length for these devices. This suggests that the topology has the potential 

to achieve even faster speed if it is needed. There are some considerations that we would 

like to mention about the sizing of P7 and P8. First, P7 and P8 are critical devices in terms 

of device noise in this topology. The main reason is that noise of these devices is amplified 

by the current mirror gain composed of P1-P3 and P2-P4 pairs. Thermal noise of MOSFET 

devices is related to gm, Ὅ τὑὝ‎Ὣ , (transconductance Ὣ  is inversely related to the L, 

Ὣ Аὅ  ὠ ὠ . Fliker noise has also an inverse relation with L, (ὠ

 Ȣ ) [110]. Since with a value larger than the minimum length, an acceptable speed 

has been reached, we have chosen a longer L for lowering the noise. Additionally, from the 
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mismatch perspective, larger devices suffer less from mismatch which is another benefit we 

wanted to consider in this circuit dedicated to high-accuracy sensing. Moreover, from the 

application point of view, shorter lengths of P7 and P8 allow significantly higher transient 

currents at the onset of the transition of ū1 from high to low. Since the application of this 

sensor is life science, sudden changes in the excitation voltage or current, with significant 

magnitude might result in biological stress [56], [114]. Another consideration is the error 

due to the charge injection mismatch in the CBCM topology requiring that the size of 

devices be minimized. Based on quantitative analysis in [115], the total error caused by 

charge injection mismatch for PMOS device sizes of W=10 µm and L=0.6 µm is less than 

4% when the capacitance under test is less than 1 fF. The error decreases to less than 3% for 

larger capacitances under tests of >20 fF. The 4% error in the capacitance reading can 

typically be acceptable for quantitively analyzing the surface changes in most of the life 

science applications. Besides, the variable reference capacitance that has been implemented 

on the reference side can be used for compensating mismatches (see Section 2.4.9). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2.18: Modes of operation of the CBCM reference and sensing branches during the 

evaluation phase, necessary to obtain the maximum measurement speed: (a) Reference 

evaluation in saturation mode, (b) Reference evaluation in the triode region, (c) Sensing side 

evaluation phase in the saturation region, (d) Sensing side evaluation phase in the tr iode 

region.  

2.3.6 Input -output Transfer Function of the System 

The transfer function of the analog-to-digital conversion (number of pulses versus ) 

is obtained by post-layout simulations and is given in Figure 2.19. The transfer function of 
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the linear region is fitted to the curve N= 11.227  + 135.7. This linear regression yields 

R2 = 99%. As a result, the input-output transfer function of the system is described by 2-10 

and the transfer function of the CCO.  

 

 

Figure 2.19: Left vertical axis: transfer function of the analog-to-digital converter block 

based on an evaluation time of 10 µs using post- layout simulation results. Right vertical axis: 

maximum error in the number of pulses due to device and supply voltage noise during the 

same time frame. 

2.3.7 Maximum Sensitivity Analysis 

As seen in Figure 2.19, the oscillation increases linearly until 280 µA and then non-

linearly decreases until it stops at around 420 µA which is called the ñoscillation thresholdò 

in this thesis. The sensitivity of the system is a function of the sensitivity of the ECBCM 

block and the frequency of the oscillator, given in 2-18.  

Ὓ ρρȢςςχ 
Ὠὅ

 2-18 

where  is the average of the output current of the ECBCM circuit. 
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2.4 Results 

In this section, we present the simulation and experimental results using the microliter 

droplets of three different chemical solvents. 

2.4.1 Measurement Speed 

Simulation results in Figure 2.20 (a) show that t1 for the maximum possible capacitance 

on the reference side, 1.27 pF, is about 4 Õs. Therefore, we chose Ŭ to be 2.5, which results 

in Tmin = 10 µs. Moreover, Treset is 3 µs for the reset phase, and an extra 2 µs is also 

defined to create the non-overlapping signals. Thus, the optimal period for the ū1 and ū2 

signals will be 15 µs. (frequency = 66.7 kHz). Also, from Figure 2.19, the maximum number 

of pulses can reach 3000 during 10 µs. Therefore, a 12-bit counter is utilized for generating 

digital output. 

 

(a) 
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(b) 

 

(c) 

Figure 2.20: Waveform trends of the reference, sensing, and output of ECBCM circuit with 

respect to different solution conductivit ies: (a) Charging current curve (Left) and the voltage 

(right) on the reference side for different values of CR, (b) Charging current curves on the 

sensing side for different values of parallel resistance, (c) Output current waveforms for fixed 

values of capacitances and variable Rsols. 

2.4.2 The Effect of the Solution Conductivity on the Output of ECBCM 

Figure 2.20 (b) demonstrates the simulation results for the sensing side current where 

the electric equivalent model, discussed in Section.2.3.1, is considered for the IDE-sample 

interface. It illustrates iIDE waveforms for a fixed value of CR, and Ctotal= Csol+ůC+ȹC, 

and Coffset while Rsol varies. For Rsol < 200 kÝ (high-conductivity solution), the constant 

current phase becomes larger than the evaluation period and as a result, the sensitivity to dC 
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becomes zero (curve in blue). On the other hand, when Rsol rises (low-conductivity 

solution), CPL in series with the Ctotal capacitance becomes dominant and the current 

waveform trends (shown in red) become like the pure capacitive behavior seen for the 

reference side (see Figure 2.20 (a)). The region in between is the medium range of resistance 

(curves in yellow). Figure 2.20 (c) shows the simulation results for the output current of 

ECBCM block, iout. From 2-12, iout is a function of iR and iIDE. The waveform for the 

high-conductivity solution is shown in blue. The pattern for the medium conductivity 

solution is shown in yellow. As the figure shows, for medium- to high-conductivity 

solutions, part of the curve lies under the oscillation threshold whereas for low- to medium-

conductivity, the whole curve is under the oscillation threshold. Also, low conductivity 

curves, shown in red, stand under the oscillation threshold. Thus, we see two different output 

patterns that are discussed in Section 2.4.9.  

2.4.3 Sensitivity Considering the Effect of Solution Conductivity 

The ȾὨὅ curves are illustrated in Figure 2.21 for different values of Rsol. The 

highest sensitivity happens for Rsol >100 MÝ shown in red and is 0.22 ÕA/fF. This value 

translates to a sensitivity of 2.46 pulses per fF change in capacitance from 2-18. Therefore, 

the resolution will be 416 aF. The slope of the curve reduces as Rsol drops. Around Rsol = 

200 kÝ, the sensitivity becomes zero. The minimum value of Rsol is a design parameter for 

P1-P7 and P2-P8 sizing.  By increasing the W/L ratio of P1 and P2, the value of constant 

current will increase, which will reduce t1 and, consequently, makes it possible to measure 

capacitance variations for Rsol  < 200 kÝ (equal to 0.05 S/m concerning our electrode 

dimensions, see Section 2.4.10.1). 
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2.4.4 Oscillator Noise 

The bars in Figure 2.19 demonstrate the deviation in the number of pulses due to device 

and voltage supply noise for various input current values. The deviation is insignificant in 

the linear oscillation region, but they become considerably higher when the input current 

exceeds 280 µA. The experimental results, shown in section 2.5.4, are obtained based on 

sweeping the bank of capacitors in the full range, as a result,  at some point exceeds 280 

µA. This especially  

 

Figure 2.21: Sensitivity analysis for different values of Rsol. 

happens when the reference side has a much smaller capacitance than the sensing side. 

The same happens when Rsol is in the range of low to medium allowing a high transition 

current to be passed on the sensing side. If the measurement takes place in the linear region 

of oscillation by adjusting the value of the bank of capacitors to a proper value, the average 

oscillation noise will be insignificant. The sensor, therefore, can achieve its highest 

resolution in the linear region since noise is minimum there.  
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2.4.5 Nonlinearity Analysis 

The transfer function of the ECBCM enters a nonlinear region for significantly high 

input (CIDE-CR). Overall, P4 entering the triode region and Op-Amp entering saturation 

can be two reasons for the nonlinearity. Figure 2.22 demonstrates the degree of nonlinearity 

in different given IDRs. The linearity of above 98% is preserved for a change in the 

differential input capacitance of 2 pF. 

 

 

Figure 2.22: Linearity of the ECBCM block for dif ferent given IDRs. 

2.4.6 Randomness Analysis 

2.4.6.1 Monte Carlo Analysis for Mismatch Evaluation 

The randomness effect of fabrication on the transfer function of the ECBCM block is 

illustrated in Figure 2.23. 200 runs are performed to obtain iout in the ECBCM block for the 

CIDE-CR=1 pF, for which the linearity of the transfer function is  above 99%. Based on the 

simulations, the typical current is 284.3 µA and the standard deviation due to mismatch is 

12.52 µA. 113 runs fall under average ± standard deviation which is about 60% of the chips. 
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The effect of mismatch on the oscillator, shown in the blue histogram, is near optimum 

where 148 runs fall under the typical condition.  

 

Figure 2.23: Monte Carlo simulation results including 200 points. For CIDE-CR=1 pF where 

the l inearity of the transfer function is still  more than 99%,  varies between 256.7 µA and 

314.4 µA with  an average equal to 284.3 µA and a standard deviation of 12.52 µA. The effect 

of mismatch on the maximum oscil lation frequency is given with the histogram in blue. The 

oscillator is signif icantly more resilient to mismatch as 148 runs show no variation from the 

nominal value. 

2.4.6.2 Corner Analysis 

The summary of simulation results of fast and slow process variation and temperature 

corners for the ECBCM block are shown in Table 2.3. 

 

Table 2.3: Summary of Corner simulations 

Process Corners Temperature Corners (OC) ▫◊◄ for CIDE-CR = 1 pF (µA) # of pulses in 10 µs for ▫◊◄=260 µA 

 

Fast 

 

0 375.6 

3928 27 355.1 

100 351.7 

 

Slow 

 

0 202.8 

2106 27 200 

100 195.8 
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2.4.7 Discussion on the Effect of Randomness on Sensitivity 

According to the mismatch analysis, in the worst-case scenario,  can vary by about 

±10% (as shown in Figure 2.23,  can vary from 256.7 µA to 314.4 µA because of 

mismatch). The effect of mismatch on the maximum oscillation frequency is given with the 

histogram in blue. The oscillator is significantly more resilient to mismatch as 148 runs show 

no variation from the nominal value. Thus, the overall change in the sensitivity can be 

approximated to vary by ±10% which translates to ±0.24 pulses/fF. The worst-case scenario 

of the change due to the corners is from high temperature with the slow corner (195.8 µA, 

2106 pulses) to low temperature and fast corner (375.6 µA, 3928 pulses). This constitutes 

about ± 31% variation in the  and about ±30% variation in the maximum frequency of 

oscillation. As a result, the whole variation due to the corners is expected to be ±61% which 

translates to ±1.46 pulses/fF. 

2.4.8 The Effect of the Sweep of CR on iout Curves in Fully Capacitive 

Mode 

The peak and average of the needle-shaped current waveform of the reference side, iR, 

increases when CR is swept from its minimum to its maximum value. From 2-12, iout is a 

function of CR as well as CIDE. Thus, for a given iIDE, an increase in iR decreases the 

differential current (iIDE ï iR) resulting in a negative slope curve of iout with respect to CR 

as illustrated in simulation results in Figure 2.24. In Figure 2.24, three different values are 

assumed for Ўὅὸ. Ўὅὸ=200 fF represents a small amount of remnant. Ўὅὸ=700 fF 

denotes medium residuals and Ўὅὸ=1200 fF mimics a sample that creates a high amount 

of sedimentation. Figure 2.24 demonstrates that the average current entering the oscillator 
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linearly drops when CR grows for a given CIDE. It is noteworthy to mention that the bank 

of capacitors can create CRMin < CR < CRMAX with a step change of CRSTEP. The 

linearity of the ECBCM circuit with the transfer function given in 2-12 for CR < CIDE < 

CR + CRSTEP is crucial for the linearity of the sensor and its whole dynamic range. In other 

words, the resolution of the bank of capacitors should be such that the read-out circuit 

remains linear when the change of measurand capacitance is between two consecutive 

values of the reference capacitance. On another side, the minimum detectable differential 

capacitance, (CIDE - CR) determines the applicability of the sensor for different 

bio/chemical applications. In our design, ECBCM circuitôs output remains linear based on 

the post-layout simulations shown in Figure 2.24 for the programmable bank of capacitors 

that can create capacitance values between 10 fF to1.27 pF with a step change of 10. 

Therefore, the maximum ñoffset capacitanceò, ȹCMax, is 1.27 pF which can be 

compensated in our design.  

 

Figure 2.24:  CR sweep curves for the average of iôout (the output current of the ECBCM 

block) for various amounts of remnants (ȹC(t)). 

2.4.9 Patterns of Sensor Output Curves and the Calibration Scheme 

As shown in 2.4.8 , by reading the output of the circuit at each reference value, a 2D 

curve with the value of reference capacitance at the x-axis can be created. This curve can 

also reveal the conductivity of the solution medium and the value of total capacitance. 
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Considering the solution conductivity, inversely related to Rsol, and concerning the 

oscillation threshold as discussed in Section 2.4.4, four different types of curves are created. 

When the conductivity of the solution is high, the output curve becomes a straight line as 

shown in gray in Figure 2.25 (a). This pattern corresponds to the type of curves demonstrated 

in blue in Figure 2.20 (c). The reason for the creation of this pattern is that during the CR 

sweep, for each step increase, the iout curves slightly shift to the right, leaving a larger area 

under the oscillation threshold. This in turn means a greater number of pulses at the output. 

On the contrary, with a low-conductivity solution, where the capacitive behavior is 

dominant, curve patterns are like the ones shown in black in Figure 2.25 (a). From Figure 

2.25 (a), the change in dC results in a shift in the point where the peak happens (horizontal 

axis value). Besides, when the conductivity of the solution is medium to high, the curves 

will be like the ones shown in gray in Figure 2.25 (b). The reason is that iout waveforms, 

shown in dotted yellow lines in Figure 2.20 (c), shift down as a result of an increase in the 

CR. Two curves with dC = 400 and 800 fF are shown that the CR value in which the curve 

peaks is shifted. Finally, when the value of conductivity is low to medium, the output 

waveforms become like the curves shown in black in Figure 2.25 (b) since only a portion of 

the iout waveform stays under the oscillating threshold. In this mode, an increase in CR 

shifts the whole curve down as demonstrated for dCs ranging from 400 fF to 800 fF. These 

curves, therefore, can serve as a measurement scheme, as explained. Another measurement 

scheme can be considered by using the curves obtained from the sweep method (see Figure 

2.25 (a) and (b)) to choose a fixed value of reference capacitance. For various applications, 

such as biological cell culture, this is more suitable since the sensor tracks the changes in 

cell attachment on the surface of the chip. Therefore, one can cancel the effect of offset 

capacitance at the beginning of the sensing procedure and throughout the experiment. The 

scheme for finding the value of reference capacitance through calibration procedure takes 
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all the four regions discussed above into account and includes the following steps. 1- Obtain 

the output curve by sweeping the CR; 2- Detect the CR for which the output curve peaks; 

3- Fix the CR to the detected value; 4- Monitor the changes in the number of pulses with the 

fixed CR.  

 

(A) 

 

(B) 

Figure 2.25: Simulation results showing the output patterns of the sensor with respect to 

different measurement capacitance and solution conductivities: (a) High-conductivity 

solution (Rsol < 200 kɋ) in gray and low-conductivity solution (Rsol > 10 Mɋ) in black, (b) 

Output trend for low to medium conductivity (1 Mɋ < Rsol < 10 Mɋ) in black and, medium 

to high conductivity (200 kɋ < Rsol < 1 Mɋ) in gray. 

Thus, scanning CR can be repeated multiple times during the experiment to observe any 

change in the value of ȹC because of remnants or Rsol due to a possible change in ionsô 

concentration. 
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2.4.10 Fabrication and Measurement Test Bench 

2.4.10.1    Chip and the printed circuit board ( PCB) 

Table 2.2 reveals the sizing of the devices and the corresponding equation numbers for 

obtaining the size. A die micrograph of the chip is demonstrated in Figure 2.26. This chip 

occupies 2 mm × 1 mm. We have implemented two IDEs, 220 µm × 110 µm with 10 fingers, 

electrode width, and pitch of 10 µm, with two identical interface circuits. After receiving 

the chips, all chips have been partially encapsulated using hysol epoxy resin to cover the 

pads and bond wires (Figure 2.27 (b) and (c)).  

To practically utilize the chip, a dedicated test bench including both hardware (see 

Figure 2.27 (a)) and software (see Figure 2.28) has been developed. The chip requires two 

sets of supply voltages for digital and analog parts and a reference voltage. The supply 

voltages are fed through Texas instruments low dropout voltage regulators TPS75901KTTR 

with adjusting the output to 3.3 V. Considering that we have separated the left and right 

circuits, four voltage regulators in total were used. The CCO requires a 1.85 V reference 

that has been supplied through the NCP705MTADJTCG adjustable output regulator from 

ON Semiconductor. Required clocking signals were generated using an Arduino DUE 

board, and the serial peripheral interface (SPI) port of the board was used to capture the 

digital output data. Detailed technical information about the test bench can be seen in 

Appendix II.  

2.4.10.2   GUI Development 

The use of a test bench without a GUI is not very practical and user-friendly. As a result, 

a GUI has been implemented in Python, enabling the users to configure their required set of 
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experiments as well as perform data visualization. Figure 2.28 illustrates a snapshot of the 

GUI. Users can select to capture data from right, left, or both channels and also choose to 

obtain curves when the reference bank of capacitorôs values are swept in the whole range or 

measured at a single point by determining the reference point value. Furthermore, by 

determining the number of samples, multiple measurements will be performed at a single 

reference point that can be averaged for better noise immunity. Users can set the GUI to 

obtain as many curves as desired or set the time-based measurement settings for the time 

interval of data acquisition and the experiment time. 

 

Figure 2.26: Die micrograph 
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Figure 2.27: (a) An Arduino DUE microcontroller board together with a custom-made 

electronic board holding the chip, (b) The chip, (c) The microscopic image of the two 

electrodes and the surrounding encapsulation layer with a hole for the non-passivated sensing 

electrodes 

 

The visualized data is a 3D curve with the chip's output (number of pulses) on the z-

axis, the values of the reference capacitance on the x-axis, and time on the y-axis that has 

been explained in detail in Section 2.5.3. The GUI also extracts the value of capacitance 

from the captured data, explained in detail in Section 4.4. Snapshots of the visualized 3D 

data for both the right and left channels are shown in Figure 2.29 (a) and (b), respectively.  
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Figure 2.28: A snapshot of the GUI. 

  

(A ) (B) 

Figure 2.29: The visualized data captured by the GUI in real-t ime: (a) for the left IDE, (b) 

for the right IDE. 

The real-time visualization and signal processing capability that the GUI provides 

enables monitoring of the experiment and detection of the time that the sample has been 

introduced as well as the time that the sample evaporates, as discussed in detail in Chapter 

4 and 5. Figure 2.30 illustrates the flowchart of the operation of the GUI that communicates 

with the microcontroller (Arduino DUE board). 
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After a serial communication channel has been established between the GUI and the 

microcontroller unit (MCU), the GUI converts the user input settings to four different types 

of commands, namely the number of samples, and the value of the reference capacitance, 

and the channel of interest. If writing the commands were successful, the GUI initiates the 

measurement command. After receiving this command, the MCU transmits the 

measurement data through the SPI port to the GUI. 

 

Figure 2.30: The flowchart of the GUI data acquisition from the Microcontroller: After a 

serial connection is set up between the GUI and the microcontroller, the user can input all 

the settings shown in Figure 2.28. The GUI generates three commands based on the user 

settings and sends them to the microcontroller. Then, the serial port is checked again before 

establishing the measurement command on the serial port. Next, the data is received from the 

chip and read from the microcontrollerôs SPI port buffer. 

2.4.11 Consistency Test of the Fabricated Chips and the Repeatability 

In total, five chips have been fabricated using the AMS 0.35 µm technology. All the 

chips have passed the functionality test. The output curves in a scan mode without any 
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sample on the chips are obtained. All the obtained curves showed the pattern expected for a 

capacitive model with infinite resistance due to the absence of the solution (Figure 2.25 (a) 

for low conductivity patterns). Figure 2.31 demonstrates the distribution of the peak of the 

curves for all 10 runs. Each characterization has been repeated 10 times to test the 

repeatability of the set-up. The difference between the number of pulses is only 1 at the peak 

because of overall noise. 

 

Figure 2.31: The summary of chip characterization shows a variation among the 5 received 

chips. Each characterization has been repeated 10 times to see the repeatabili ty of the 

experiments. The difference between the number of pulses is only 1 which is a result of noise. 

2.5 Calibration -free Capacitance Measurement Technique 

 The effect of environmental factors, systematic errors, parasitic effects, and 

experiment-time offset change caused by the remnants of biological and chemical samples 

are among the main challenges of CMOS biosensors that can diminish the accuracy of 

obtained results [69]. Calibration helps to decrease the inaccuracy in the assessment of the 

desired sensing parameter. In the multimodal sensor, reported in [12], a current digital-to-

analog converter (DAC) calibration unit is embedded in the stimulation units to compensate 

the effect of parasitic capacitance on the output. In [4], a CFC sensor is reported that utilizes 

a calibration curve obtained by a distance measurement platform to model the capacitance 

variations and readout calibration. In the so-called sensors, calibration circuitry has 

significantly increased the footprint and the complexity of measurement. 
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In CBCM methods non-idealities like the mismatches between the sensing and the 

reference channels and the deposition of biological and chemical remnants on electrodes can 

limit the dynamic range of the measurement by creating a large input offset. Digitally 

programmable current mirrors [69], [70], [74], potentiometers [69], and floating-gate 

transistors [15], [76] are some of the in-circuit trimming elements reported for the 

compensation of mismatch and offset in CBCM circuits and discussed in 2.2.2. While the 

offset resulting from mismatch is time-invariant and can be adjusted with calibration, 

sediments from biological and chemical samples can generate a significant offset during the 

experiment time [17], [116]. Thus, a coarse calibration of the offset capacitance based on 

the conditions before the exposure of the electrodes to the analyte might not cancel such an 

instantaneous experiment-time offset change.  

We address this issue by proposing the sweeping of the value of variable reference 

capacitors at periodical time slots to uncover the instantaneous and gradual capacitance 

changes in a wide range during the experiment without calibrating the sensor. The generated 

2D curves, when plotted with respect to time, form an informative 3D graph which is 

hypothesized to be a signature that specific ptterns the capacitive properties of the biological 

and chemical samples at the interface with electrodes as well as discloses the sedimentation 

of non-target molecules such as dead cells, etc. 

2.5.1 Offset Cancellation-related Works 

With reference to Figure 1.3 (a), where CStray represents the parasitic capacitance 

between the electrode and the underlying interconnect layers or substrate, CStanding stands 

for the parasitic capacitance in between the fingers of IDEs, four compensation schemes 

have been introduced to cancel the effect of parasitic and offset capacitances for CBCM 

circuits until recently.  
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In the first scheme, CSc1, implemented in [15], the node of the reference capacitor is 

left unconnected to the electrodes making the capacitance at the reference node equal to 

ὅ ὅ . The disadvantage of this technique is that the standing capacitance, CStanding 

will not be compensated, and the IDR of the circuit will be restricted by the offset introduced 

by CStanding. The main reason for employing this scheme is to create smaller pixels in 

arrays. 

The second scheme, CSc2, [66], in which the sensing IDE is replicated on the reference 

side, is an approach to compensate the standing capacitance. In this case, the reference 

electrode is either insensitive to or not in touch with the analyte. In an ideal case, where the 

two sides of the circuit completely match, the capacitance at the reference node will be 

ὅ ὅ ὅ . This technique aims at compensating the time-invariant offset 

capacitance more precisely. However, in practice, inevitable mismatch in the devices results 

in compensation error. Compared to the first scheme, this technique can provide higher IDR 

at the expense of larger pixel sizes. 

In the third scheme, CSc3, like in [69], [70], [74], the reference side has tunable current 

mirrors and potentiometers. In this scheme, the offset capacitances, ὅ ὅ , can 

be compensated by the reference capacitor as well as the mismatch can be compensated by 

adjusting the gain of the current mirror on the reference side. The adjustment can replicate 

the effect of electrode mismatch. In this case, CR can be formulated as ὅ ὅ

ὅ ὅ , where Cos is the equivalent value of reference capacitance after 

proportional adjustment. The advantage of this technique is that the time-invariant offset 

capacitance can be compensated more precisely. However, this technique requires 

configuring the optimum gain of the digitally programable current mirror before each 

experiment and per each pixel which makes it a cumbersome technique, especially for a chip 

with a large array of electrodes. 
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In the fourth scheme, CSc4, which is employed in [9], offset capacitances are 

compensated without replicating the sensing structure. In this technique, an offsetting 

capacitor (Cos), has been implemented by interlayer dielectric capacitances and has been 

added to the reference node. Thus, CR can be expressed as ὅ ὅ ὅ . This 

technique is the closest to our work; however, due to a fixed value of the reference capacitor, 

large offset capacitance during the experiment because of sedimentation and remnant cannot 

be compensated. This in turn limits the IDR of the sensor.  

2.5.2 Capacitive Signature 

Assuming ȹC(t), a capacitance change resulting from remnants (see Section  2.3.1), 

stays constant over a period between t1 and t2 and t2-t1> Tū, a reference capacitance CR 

can be used to cancel the effect of ȹC. Assuming the offset capacitance of an IDE, CIDE, 

is canceled with ȹCMin (part (1) of Figure 2.32(a)) in the first period T, iout in the ECBCM 

circuit will only be proportional to the change in ůC(t). During the experiment, the presence 

of remnants on the IDE can cause extra offset capacitance, such as ȹC1 and ȹC2 as shown 

in parts (2) and (3) of Figure 2.32 (a). As a result, a fixed CR cannot secure the cancellation 

of ȹC(t) at all times of the experiment. If any of the calibration schemes described in Section 

2.5.1 were used, the value of CR would be kept at ȹCMin and iout could easily reach the 

saturation region or leave lowered headroom for the measurement of the target sensing 

capacitances ůC(t). 
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Figure 2.32: Illustrations of CBCMôs output current with respect to change as a result of 

remnants and cells: (a) 2D, and (b) 3D signals. 

This problem has been addressed by proposing a variable CR and sweeping it in its full 

dynamic range, ȹCMin < CR < ȹCMax, where ȹCMin and ȹCMax are the lowest and the 

highest capacitances that can be achieved with the implemented bank of capacitors. 

Sweeping the CR allows the detection of sudden and gradual capacitance changes caused 

by the remnants above the electrodes ȹC(t) and the attachment of target molecules ůC(t). In 

Figure 2.32 (b), iout as a function of (CIDE-CR) and time is illustrated as a 3D 

representation. In analogy to Figure 2.32 (a), each plate represents a baseline regarding the 

value of ȹC(t). Thus, Figure 2.32 (b) is an extension of Figure 2.32 (a) with the addition of 

ὅ axis. With consecutive acquisition of 2D curves, 3D representation of the entire time of 

the experiment is achieved that can uncover both ȹC(t) and ůC(t) for the whole time of the 

experiment. This constitutes a calibration-free technique in monitoring a wide range of 

capacitance changes in a solution including abrupt changes due to remnants, ȹC(t), as well 

as gradual changes due to the interaction of target molecules with the electrode, ůC(t).  

2.5.3 Time-resolved 3D Signature 

The output of the chip is a digital number (number of pulses) that is proportional to the 

input differential capacitance. Consecutive acquisition of the chip output with respect to the 



68 

 

 

 

full -range sweep of CR has been used as a tool for time-resolved monitoring of the samples. 

For this purpose, the so-called ñoutput versus CRò 2D curves are combined with time. The 

result forms a 3D signature of the changes during the entire experiment period. Thus, the 

generated 3D specific pttern has 3 axes including CR, time, and the output of the chip 

(number of pulses). The experimental results demonstrated in Section 2.5.4.5 are generated 

utilizing this technique. 

 

2.5.4  Experimental Results with Chemical Solvents 

To observe all four types of output curves as proof for the high-dynamic range of the 

sensor, we conducted the test using 2 µL droplets of three different chemical solvents with 

known relative permittivity and conductivity , (see Table 2.4) and put them on the chip using 

a micropipette. In addition to that, we needed a sample with a fast dynamic so that our 

sensorôs response time could be examined. 

2.5.4.1 Steady-state Results 

 Figure 2.33 shows the obtained curves for the filtered water, methanol, and propanol 

droplets and compares them with the simulation results. The curve in solid blue illustrates 

the filtered water in a steady state. Filtered water, as seen in Table 2.4 is highly conductive 

due to its high ionic impurities. As a result, the expected pattern of a straight line is obtained. 

The curve in dashed blue corresponds to the simulation result using the model given in 

section 2.3.1 with Rsol and Csol corresponding to the filtered water from Table 2.4. Curves 

in gray are for methanol with relative permittivity of 30 and conductivity of 0.3 mS/cm 

(equal to 24.8 fF and 350 kɋ) which puts the solution in the medium to the high conductivity 

range. Therefore, the expected pattern is like the type shown in gray in Figure 2.25 (b). 
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Propanol on the other hand falls under the category of low to medium conductivity with a 

pattern like the curves shown in black in Figure 2.25 (b) and depicted in red in Figure 2.33. 

In all the above curves, the simulation results based on the known conductivity and 

permittivity of solutions agree with the experimental data. 

Table 2.4: The chemical properties of the chemical solvents used. 

Chemical Ⱡ► Csol (fF) ŭ (mS/cm) Rsol kɋ 

Water 80.2 66.5 fF 15 7 

Methanol 30 24.8 fF 0.3 350 

Propanol 20.1 16.7 fF 0.1 1000 

 

 

Figure 2.33: Experimental results and the simulation curves for the steady state of the droplet 

test using fi ltered water (Blue) Methanol (Gray), and Propanol (Red). 

2.5.4.2 Fully Capacitive Experiment 

Another experiment validates the dynamic range of dC change in the fully capacitive 

mode. Before testing the chip with droplets, the output curve was obtained for both left and 

right-side IDEs as shown in Figure 2.34. Since there is no sample on the IDE, the curve 

corresponds to the very high R and the capacitance change is dominant. Another curve is 

obtained after the complete evaporation of the filtered water droplet and the solidification 

of salty remnants, (see Figure 2.35 (a) for a 3D microscopic image of the remnants in two 

different runs of the experiment). The drift in the curves of the left IDE on which major 
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remnants have been deposited reveals a 470 fF capacitance change by calibrating the CR to 

400 fF (200 pulses) that results in the highest sensitivity (see Section. 2.3.7). 

 

Figure 2.34: The proposed sensorôs output at the onset of introducing the filtered water 

droplet and after complete evaporation and solidif ication of salty remnants. 

 

 
(A) 

 
(B) 

Figure 2.35: (a) Microscopic image of the electrodes before being exposed to any sample, 

(b) The electrodes after f i ltered water droplet evaporation test. This f igure shows a layer of 

deposited material on the electrode mainly composed of salt. 

2.5.4.3  Time-resolved Water Experiment with Transition Curves  

Figure 2.16 illustrates the main patterns observed in the filtered water experiment. We 

have hypothesized that these curves are generated because of a change in the equivalent 

electric model of the interface during the evaporation of filtered water. ñAò represents the 

no-sample situation and ñBò captured shortly after introducing the filtered water complies 
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with the low conductivity and low-to-medium conductivity, respectively (see Figure 2.25). 

As the droplet settles on the electrode, the conductivity of filtered water, because of the 

presence of ions, dominates the capacitance in the parallel equivalent circuit model (see 

Figure 1.3 (b)) and creates curve ñCò that follows the medium-to-high conductivity pattern 

shown in Figure 2.25. Simulation results show that after adding the conductivity of the 

solution to the model iIDE curve will not necessarily remain needle-shaped. Instead, the 

shape can vary depending on the sampleôs conductivity. As a result, the waveform shape of 

Ὥ  Ὥ that forms iôout also depends on the conductivity of the sample, shown in Figure 

2.20. Meanwhile, Ὅ , the upper bound of the CCO (see Section 2.4.4) introduces a 

truncation line for iôout curves. Any input current above IMAX will not result in oscillation. 

Solution conductivity for our sensing system can be categorized as ñlowò, ñlow to mediumò, 

ñmedium to highò and ñhighò, (see Table 2.5), conductivity solutions that are briefly 

explained here. When the conductivity of the solution is low or low to medium, the 

capacitive behaviour is dominant and iôout patterns are not truncated with the IMAX. On 

the other hand, when the conductivity of the solution is medium to high, the curves expand 

upwards where a portion of curves are truncated, as shown in Figure 2.37. 

 

Figure 2.36: All four types of curves observed for evaporating droplet experiment with 

filtered water. 
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Table 2.5: Sample solution and affected design parameters 

Design Parameter Range 

Rsol 
Rsol < 200 kÝ 

High Conductivity 

200 kÝ <Rsol < 1 MÝ 

Medium to High 

Conductivity 

1 MÝ <Rsol < 10 MÝ 

Low to Medium 

Conductivity 

10 MÝ <Rsol 

Low Conductivity 

Csol 500 aF to 1.27 pF 

IMAX  280 µA 

CR 10 fF to 1.27 pF with a step of 10 fF 

 

In this mode, the curves shift down because of an increase in the CR. When the 

conductivity of the solution is high, all the curves are truncated by IMAX, (see Figure 2.38). 

The reason is that during the CR sweep, for each step increase, the iôout curves slightly shift 

to the right, leaving a larger area under the oscillation threshold. This means a greater 

number of pulses at the output as CR increases. In Figure 2.36, ñFò is the curve that shows 

the output of the sensor after the complete evaporation of the droplet. Comparing Figure 

2.35 (a) to Figure 2.35 (b), there is a significant amount of salt remnants on the electrode 

and the difference in the amplitude of ñAò and ñFò corresponds to the capacitance increase 

due to this remnant in the dry phase. 

 

 

Figure 2.37: iôout curves in a medium to high conductivity solution for different CR values 

and the IMAX truncation line. 
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Figure 2.38: i 'out curves in a high conductivity solution for different CR values and the IMAX 

truncation line. 

2.5.4.4 Measurement Speed Test 

To evaluate the measurement speed of the sensor, we repeated the filtered water droplet 

test by keeping track of the time and repeating the full CR sweep. The full-range CR sweep 

creates 128 reference capacitance values from 10 fF to 1.27 pF with a step of 10 fF. Each 

measurement completes in 15 µs, which in total takes 2 ms for a complete sweep and to 

obtain the curve. Our GUI receives the data after every sweep for real-time visualization. 

This data transfer from the MCU to GUI added overhead of about 1 s for serial 

communication. Our system was able to show the curve every second which proves the 

expected speed discussed in Section 2.4.1. For the application where real-time visualization 

is not required, the data can be buffered at the MCU to avoid serial communication overhead 

time. Table 2.6 compares this work to the previous state-of-the-art sensors. This work brings 

about the possibility of a wider IDR of multiple times higher compared to relative works 

while maintaining an acceptable sub-femto Farad measurement resolution for life science 

applications. It also offers the advantage of a significant input offset dynamic range 

adjustment for offset cancellation. Furthermore, because of the high measurement speed, 

our sensor is suitable for applications with rapidly changing dynamics. On the other hand, 
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the ECBCM-based chip consumes higher power than the typical CBCM which can be 

considered as the cost of this topology. 

2.5.4.5 3D Specific pattern of Chemical Solvents 

To test the capability of our sensor in generating 3D specific patterns of samples, 2 µL 

droplets of three different chemical solvents, with different conductivities and resistivities 

are introduced to the on-chip IDEs and the 3D specific pattern is captured in the time frame 

of 5 seconds before putting the sample until complete evaporation of the droplets at the room 

temperature. Complete evaporation of the samples allows the formation of salty crystals and 

sedimentation on the electrodes that in turn allows us to see the effect of attached material 

in addition to monitoring the liquid phase. Figure 2.39 illustrates the 3D specific pattern 

created for a 2 µL droplet of propanol (dielectric constant (‐=20.1, conductivity (ŭ)=0.1 

mS/cm). The baseline represents the total offset capacitance of the electrode without the 

effect of the sample on it. At the onset of introducing the sample, a significant capacitance 

change is observed which shows the equivalent capacitance due to the sample which has not 

yet contacted the electrodes. During the experiment, a gradual increase in capacitance is 

recorded. At time=90 s, a sudden increase in the capacitance is captured which can be due 

to a solid salt particle passing on top of the electrode. The pattern in this specific pattern is 

aligned with what is discussed in Section 2.4.9. The signature shows that the capacitance of 

the droplet slightly increases during the experiment and then falls at the onset of complete 

evaporation close to the baseline when there was no sample. It also shows that rapid changes 

can be detected such as the bump-shaped pattern captured around 90 s after the start of the 

experiment. A mathematical model for the impedance of an evaporating droplet, given in 

[56], suggests that the increase in capacitance happens as a result of the evaporation of the 

droplet. In this model, a parallel combination of geometrical capacitance, Cgeo, and double-
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layer capacitance, Cdl, forms a total capacitance that might increase during evaporation 

because of the increase in double-layer capacitance.  

 

Figure 2.39: 3D signature for evaporating droplet experiment with a 2µL  of propanol. 

 

Another test is performed using a droplet of methanol which has a higher dielectric 

property and slightly higher conductivity (‐=30, ŭ=0.3 mS/cm). The result is shown in 

Figure 2.40. The specific pattern starts with a baseline and demonstrates the same sudden 

increase of capacitance as seen in Figure 2.36. The difference is in the value of output which 

is higher for methanol compared to propanol due to its higher dielectric property. At about 

time=100 s, the curves change their pattern and show higher capacitance until the end of the 

experiment when the droplet completely dries. When the sample dries, the curves do not 

return to the baseline, unlike the propanol test. This part is a result of the significant 

sedimentation of salty crystals that existed in the initial sample. The third experiment has 

been performed using filtered water (‐= 80.2, ŭ=15 mS/cm) and the results are 

demonstrated in Figure 2.41. In comparison to what is observed in the propanol and 

methanol specific patterns, the test using filtered water demonstrates a similar baseline with 

different patterns of curves. These patterns have roots in the discussed maximum input 

current limit Ὅ  above which the CCO stops oscillating. 
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Figure 2.40: 3D signature for evaporating droplet experiment with a 2 µL of methanol. 

 

Figure 2.41: 3D signature for evaporating droplet experiment with a 2 µL of filtered water. 

2.6 Chapter Summary 

A novel capacitance sensor based on a hybrid topology of ECBCM circuit and oscillator 

was introduced. The proposed ECBCM circuit offers the advantage of a wider IDR of about 

400 fF based on post-layout simulation results for a given reference capacitance value. The 

minimum detectable change in the differential capacitance of 416 aF was achieved which is 

typically enough for the detection of a wide range of cells and molecules. The sensor is 

among the fastest in the literature with only a 15 µs measurement time. In addition, by 

replacing the reference IDE with a programmable bank of on-chip capacitors and sweeping 
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the value of reference capacitance in its full dynamic range, the novel calibration-free 3D 

time-resolved specific pattern was created. The experimental results with a 2 µL droplet of 

chemicals showed an agreement with the simulation results. Furthermore, they revealed that 

the abrupt and gradual change of capacitance due to sample-electrode interactions can be 

captured in the 3D time-resolved specific pattern. The proposed capacitive sensing method 

can, therefore, be employed to measure small capacitive changes in a liquid condition with 

various sources of large offset capacitances as well as detect the remnants in the dried 

condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



78 

 

 

 

 

Table 2.6: Comparison of this work with the state-of-the-art 

Ref 
Circuit 

Topology 

Electrode 

Dimension 

ID

R 

Input 

Offset 

Dynami

c Range 

Measuremen

t Time 

Resolutio

n 

Passivatio

n Layer 

Digital 

Output 

Supply 

Voltage 

(V) 

Technolog

y (µm) 

Power 

Consumptio

n 

Calibratio

n 

technique 

The elements/ 

models/ 

methods used 

for calibration 

[3] 

DC2DVï

IDE on 

CBCM + 

×ɝ 

50 µm × 50 

µm IDE 
6 fF A5 6 fF 50 ms 10 aF 

Natural 

CMOS 
8-bit 3.3 / 0.35 700 µW 

In 

Hardware 

Current 

mirrors with 

programmabl

e gain 

[4] 
C2Fï 

IDE  

30 µm × 30 

µm IDE 
1 fF NA6 1.5 s 14.4 aF 

Natural 

CMOS 

12-bit 

Digital  
3.3 / 0.35 8 mW 

In 

Software 

Calibration 

curve (f-C) 

obtained by 

distance 

measurement 

platform 

[17] 
C2V3ï

IDE  

14 µm × 16 

µm IDE 

57 

fF 
NA 20 µs 450 aF Al 2O3 

NO / 

(Voltage) 
3.3 / 0.35 29 µW 

In-circuit 

trimming 

Reference 

voltage and 

large on-chip 

capacitance 

[70] 

DC2DV ï

IDE on 

CBCM + 

×ɝ 

1000 µm × 

200 µm 
7 fF A 7 fF 10 ms 110 aF 

Natural 

CMOS 
6-bit 1.8 / 0.18 126µW 

In 

Hardware 

Current 

mirrors with 

programmabl

e gain 

[68] 
C2F1ï 

IDE  

200 µm × 

230 µm 

IDE 

10 

pF 
NA 20 min 10 fF Al 2O3 

NO / 

(output of 

Oscillator

) 

0.3-2.5 / 

0.25 
29 mW 

In 

Software 

Comparison 

with a no 

sample 

baseline 

[15] 

DC2DV2

ï IDE on 

CBCM 

30 µm × 30 

µm IDE 

±25 

fF 
NA 1 ms 15 aF 

Natural 

CMOS 

NO / 

(Voltage) 
3 / 0.5 165 µW 

In-circuit 

trimming  

impact-

ionized 

channel hot 

electron 

injection 

[117] 
C2Fï 

IDE  
N/A 

350 

pF 
NA Max 750 µs 85 fF N/A 

16 bits 

Digital 
±0.9 / 0.18 162 µW 

In 

hardware 

Switch 

Capacitor 

[118] C2V  
40 µm × 40 

µm 

N/

A 
NA 

1.1 s @ 

1kHz 
N/A Au 

NO / 

(Voltage) 
3.3 V 85 mW 

In 

Software 

Comparison 

with a no 

sample 

baseline 

[119] C2VïIDE  
Off-chip 

IDE 

27 

pF 
NA 30 µs 10 fF Si3N4 

NO / 

(Voltage) 
1.8 / 0.18 11.772 mW 

In 

Software 

Comparison 

with a no 

sample 

baseline 

[90] 
DC2Vï

IDE  

Customize

d coplanar 

device 

1.5 

pF 
NA 100 ms 800 aF - 

NO / 

(Voltage) 
- 

Not 

Reported 

In-circuit 

trimming 

Variable 

capacitor/ 

Calibration 

curve (f-C) 

This 

Wor

k 

DCDC2F
4 ïIDE  

220 µm × 

110 µm 

IDE 

> 

400 

fF 

A 1.27 

pF 
15 µs 416 aF Al 2O3 

12-bit 

Digital  
3.3 / 0.35 29.91 mW N/A 

Calibration 

Free 

1 C2F: Capacitance-to-frequency, 2 DC2DV: Differential Capacitance-to-Differential 

Voltage, 3  C2V: Capacitance-to-Voltage, 4  DC2DC2F: Differential Capacitance -to-

Differential-Current -to-Frequency,  5 Adjustable, 6 Not Adjustable  



79 

 

 

 

 

 

3 Chapter 3: A High Dynamic Range 

16×16 Capacitive Sensor Array 

This chapter proposes a circuit and system for high throughput monitoring based on the 

proposed high IDR and calibration-free sensor in Chapter 2. A new array topology for the 

CBCM family of circuits has been proposed that allows the electrodes to use a shared bus 

to connect to a single read-out circuit. The content of this chapter has been submitted as a 

paper with the same title to IEEE Transactions on Biomedical Circuits and Systems 

(TBioCAS) journal. 

3.1 Abstract 

We present a fully integrated CMOS capacitive sensor array for life science 

applications. This sensing device consists of an array of 16 × 16 IDEs integrated with a 

charge-based readout and multiplexing circuitries on the same chip. This chip was 

implemented in 0.35 µm AMS CMOS process. This sensing device has a wide IDR of about 

100 fF and a resolution of 150 aF, and the capability of temporal, spatial, and dielectric 

sensing. It makes it possible to develop a low-cost, calibration-free sensing platform for life 

science applications. In this chapter, we demonstrate and discuss the functionality and 

applicability of the proposed sensing device by introducing various chemical solvents 
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including ethanol, methanol, and pure water. The simulation and experimental results 

achieved in this work have taken us one step closer to a fully automated calibration-free 

capacitive sensing platform for high-throughput drug development and other purposes. 

3.2 Introduction  

CMOS capacitive sensors have opened up new horizons for the development of 

integrated platforms for various applications such as DNA hybridization detection [9], drug 

toxicity tests [3], bacteria growth monitoring [17], virus detection [120], and detecting 

different cancer cells like breast cancer [81], and ovarian cancer cells [4], [121] as well as 

chemical solvent monitoring [75]. In these CMOS sensors, an array of electrodes is 

implemented on the same chip together with the interface circuit offering practical 

advantages such as low complexity, label-free, and high precision sensing [122]. These 

features have paved the way for the monolithic integration of large arrays of sensors on a 

single chip for high-throughput measurements. A schematic of such a system with an off-

chip data acquisition and a GUI is shown in Figure 3.1.  

 

Figure 3.1: A platform including an array of capacitive sensors and an interface circuit on 

the same CMOS chip encapsulated for introducing biological and chemical samples, as well 

as a data acquisit ion system and GUI. 

As seen in Table 3.1, in life science applications, several custom-made capacitive sensor 

arrays have been developed to measure from auto Farad (aF)- [3], [4], [17], [62], [74], [123], 
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[124] to femto Farad (fF)- [81] change in the sensing capacitance. For instance, Prakash et 

al. [81] reported a voltage-mode circuit using charge sharing principle for the development 

of an array of 28 sensors, each pixel of which consists of 8 MOSFET Transistors (MTs) but 

the resolution of this sensor is limited to a femto Farad range (5 fF). In [17] a 16×16 

capacitive sensor array has been proposed whose pixels include 7 MTs one of which is used 

as a switch for selecting the pixel. They achieved a higher IDR of 57 fF and a better 

resolution in the range of atto Farad (about 450 aF) by using a similar principle but with one 

less MT in each pixel. In [4], [123], [124] a 4 × 4 array, each pixel with 9 MTs for 

implementing a ring oscillator, a switch, and a buffer has been demonstrated. Row/column 

decoders automatically activate each pixel by an on-chip control logic and the output of each 

ring oscillator passes through a digital buffer into a multiplexer connected to a counter. This 

sensor reads the capacitance changes with a resolution of 14.4 aF but with a limited IDR of 

12 fF. For the calibration of this sensor, a distance measurement platform was used for 

modeling the capacitance changes and obtaining a calibration curve. Among the sensors 

using CBCM technique, an array of 6 × 6 sensors is reported in [62] each pixel of which is 

composed of the core of CBCM circuitry including 4 transistors as the switches. A column-

parallel architecture based on a shielded current routing bus has been designed to eliminate 

the need for individual pixel calibration and improve immunity to noise and junction 

leakage. Moreover, they used floating-gate transistors for offset cancellation. A row-wise 

selection and a column-wise readout addressing scheme have been employed in this 

architecture. As mentioned in Table 3.1, this sensor can provide a resolution of 15 aF but 

with a limited IDR of 10 fF because it works in the voltage mode, and its output voltage is 

restricted by the supply voltage. In addition, our team has previously reported an array of 8 

× 8 core-CBCM sensors [3], [46], [74] with only two transistors in each pixel. In this sensor, 

a sigma-delta modulator is adapted to CBCM technique which includes adjustable current 
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mirrors for mitigating the offset of the sensor. This sensor can achieve a resolution of 10 aF 

but in the limited IDR of 10 fF which is due to the voltage conversion employed in the 

middle of the readout process of the signal. Furthermore, in the array structure of this sensor, 

a transmission gate was inserted into the current path of each IDE to connect/disconnect it 

to/from the readout circuit. Considering that the CBCM sensors work based on charging and 

discharging of the capacitance of the electrode, this technique can introduce unwanted 

resistor-capacitor (RC) parasitic effects directly to the current path.  

As shown in Table 3.1, several researchers have tried to achieve a high-density matrix 

of electrodes for high spatial resolution with a reasonable IDR. On the one hand, there is a 

compromise between IDR and resolution. Thus, these metrics are usually defined according 

to the desired application, such as cell growth monitoring which needs a high resolution [3], 

[46], [62], [74]. On the other hand, to achieve a high-density array, the measurement circuit 

should occupy a small silicon area. To this end, as shown in Table 3.1, researchers have 

developed various circuit topologies to minimize the circuit footprint that has to be placed 

under the electrodes. Obviously, the number of MTs and the employed technology can affect 

this issue.  

 

Table 3.1: Comparison of different array-based capacitive sensors. 

CMOS  

(µm) 

MT1  

# 

Array  

size 

Res.2  

(aF) 

IDR  

(fF) 

Cal.4  

method 
Application Ref. 

0.5 8 28 5000 NA3 DA5 CGM8 [5] 

0.25 7 16 × 16 450 57 NA BD9 [3] 

0.35 9 4 × 4 14.4 12 DA CCD10 [6,12,13] 

0.5 4 6 × 6 15 10 ICM6 CG [10] 

0.35 2  8 × 8 10 10 ICM  CG/ DT11 [2,11] 

0.35 2 16 × 16 160 100 CF7 DA12 This work 

1MOSFET Transistor (the required multiplexing switches inside a single cell) , 2Resolution, 
3Not Available, 4Calibration, 5Data analysis, 6In-circuit trimming, 7Calibration-free, 8Cell 

growth monitoring, 9Bacteria detection, 10Cancer cell detection, 11Drug test, 12Droplet 

analysis. 
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Moreover, capacitive sensors are considered non-selective sensing devices. Thus, the 

presence of any other non-targeted cells or molecules may change the capacitance. 

Therefore, in addition to the change of sensing capacitance (CS) due to the attachment of 

sensing cells [3], [81] or absorption of molecules [9] on the surface of these sensors, there 

are other non-ideal sources of capacitive changes that can be time-variant. These include the 

detachment and levitation of dead cells, deposition of non-targeted molecules on the surface, 

the evaporation of culture medium, variation of temperature, or the variation of pH resulting 

in so-called non-targeted capacitance changes (æC(t)). Therefore, the measurement of CS, 

in the presence of time-variant æC(t) requires a high-IDR capacitive sensor with proper 

calibration to cancel the parasitic capacitances. So, the sensing capacitance of an IDE which 

is mostly reported for biosensors can be expressed by equation 3-1. 

ὅ ὅ ɝὅὸ „ὅὸ 3-1 

where ůC(t) denotes time-variant target sensing capacitance change, and CC stands for 

all the offset and parasitic capacitances inside the chip. 

 As aforementioned and summarized in Table 3.1, various techniques have been used 

to mitigate the effects of parasitic and offset capacitances of the sensors including data 

analysis [81], [125] using a calibration curve as well as different types of in-circuit trimming 

techniques [2], [3], [62], [74] such as connecting identical electrodes along with replicated 

circuits to both reference and sensing nodes [66], or employing potentiometers and 

adjustable current mirrors [66], [69], [70], [74], or adding an offsetting capacitor to the 

reference node [62]. Despite great advances in developing capacitive sensors, less attention 

has been paid to developing high-precision calibration procedures to cancel the effect of 

æC(t) to increase IDR. 

We proposed a calibration-free and wide-IDR capacitive sensor using a current-mode 

technique based on ECBCM technique that can address the removal of unpredictable time-
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variant offset [62], [77], [78] in Chapter 2. To go further in this approach, we modified the 

circuitry associated with the calibration structure and ECBCM to achieve a higher resolution 

in this chapter. Herein, we propose a novel 16 × 16 capacitive sensor array with the 

advantage of being calibration-free on each single sensing electrode which can provide a 

wide IDR of 100 fF and a resolution of 150 aF. The obtained IDR and resolution in this 

capacitive sensor array can be suitable for some applications like on-chip analyses of 

chemical solvents and droplets. Furthermore, in this work, we propose a novel multiplexing 

scheme so that no extra MT switch is used for the IDEs and each pixel uses only the two 

transistors of the core CBCM structure (P8, and N6 in Figure 3.2 (a)).  

3.3 Proposed Array -based Capacitive Sensor  

In this section, the proposed multiplexing circuitry is introduced, and the optimized 

ECBCM circuitry, oscillator, and bank of capacitors are discussed. 

3.3.1 ECBCM Circuitry for the Array Chip  

The ECBCM-Array circuit, including the ECBCM circuit and the proposed array, is 

shown in Figure 3.2 (a) and (b). The ECBCM circuit depicted in Figure 3.2 (a) is modified 

to support an array of electrodes instead of a single electrode. In Chapter 2, it has been 

proved that Ὥ Ὥ and Ὥ  Ὥ are proportional to ὅ ὅ in CBCM technique.  
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(a) 

 

(b) 

Figure 3.2: (a) The ECBCM circuit topology, (b) The proposed array topology. 

 

By increasing the gain of the feedback stabilization circuit in the ECBCM, this block 

acts as an intermediate block that compares the currents from the reference side and the 

sensing side of the circuits. The dropped voltage on node X, (VX) is a function of Ὥ as seen 

in equation 3-2 and the voltage on node Y (VY) can be obtained from equation 3-3. 
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where ὒ and ὡ are the length and width of N1, and ὠ  denotes the threshold voltage 

of N1. ὃ  is the open-loop gain of the Op-Amp, ὒᴂ and ὡᴂ are the length and width of N3. 

‗ is the channel length modulation parameter and Ὧ ‘ὅ  where ‘ and ὅ  stand for 

mobility and gate-oxide capacitance per unit area, respectively. According to equation 3-3, 

an increase in Ὥ  Ὥ causes ὠ to rise, resulting in a boost in the Ὅ current (see Figure 

3.2 (a)). The gain of Ὥ /Ὅ has been designed to be significantly high by increasing the 

aspect ratio (width/length) of N4 over N3. Equations 3-2 and 3-3 describe the output current 

of the ECBCM circuit. Equation 3-4 defines the sensitivity of the device as the change in 

the average of the output current over one period of ʌ1 and ʌ2 for a given reference 

capacitance. In this design, we have tried to increase the sensitivity by, first, decreasing the 

value of the bias current, iB, and second, increasing the gain of iout over differential 

capacitances. 

Ὓ
ὨὃὺὩὶὥὫὩὭ

Ὠὅ
ȿ  3-4 

 

In Section 3.4.1, the waveforms of this block and the dependency of Ὥ  to ὅ  ὅ 

(dC) are illustrated and the linearity and sensitivity of the ECBCM-Array circuit have been 

investigated using post-layout simulation results.  

3.3.2 Proposed Multiplexing Topology for a Large Array  

Figure 3.2 (b) illustrates the schematic of the proposed circuit composed of an array of 

electrodes. In this topology, a group of IDEs, 16 × 8 in this work, are multiplexed and 

connected to only one ECBCM circuit. In this multiplexing scheme, the P(i,j) and N(i,j), 
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where i and j represent row and column, respectively, are the only in-pixel devices. The 

gates of each pair of P(i,j)-N(i,j) transistors are connected to a network of multiplexed clock 

signals, namely i,j), and i,j) shown in Figure 3.3. This digital circuitry includes 

3-bit and 2-bit multiplexers with A, B, C, D, E, F, and G as the control signals with G being 

the most significant bit in this 7-bit number. The timing signals resulting in i,j), and 

i,j) signals generated in the multiplexing circuit for rows i=j=1, i=2, j=1, and i=8, j=16 

are shown in Figure 3.4, as three examples of how the multiplexing circuitry works. In this 

scheme, all the PMOS switches that are connected to the IDEs and provide a charging path 

are off except for the one whose IDE is being evaluated, called Active IDE. As an example, 

as shown in Figure 3.4 (b) when the input of the multiplexers, GFEDCBA is 0000001, P(2,1) 

and N(2,1) receive the ʌ1 and ʌ2 signals while the PMOS devices of the rest of the IDEs 

(P(i,j) for i ={1,é8}f, j={1,2,é16}) are all off. It is noteworthy to mention that the IDEs 

are charged at the falling edge of i,j) and discharged at the rising edge of i,j). 

The clock pulse signals of the reference side that are fed to P7 and N5 (see Figure 3.2 (a)) 

are not multiplexed as the reference is shared for all the IDEs. Figure 3.2 (b) also shows that 

in this multiplexing scheme, all other non-active IDEs are connected to the ground through 

the NMOS device. This is a great advantage in the electrochemical tests that creates a large 

counter electrode and makes the voltage of the solution uniformly close to zero. The 

electrodes in this work are IDEs implemented on the topmost metal layer with 2 fingers and 

dimensions of 35 µm by 30 µm. 
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Figure 3.3: The multiplexing circuitry 

3.3.3 Oscillator Circuit  

The circuit topology of the oscillator, shown in Figure 3.5, is based on the charge and 

discharge cycles of a timing capacitor, CT, up to a reference voltage [113]. The part of the 

circuit shown in red illustrates the parts that we have changed compared to the CCO circuit 

of the non-array chip discussed in Chapter 2. The circuit depicted in gray is for tuning 

switches that can be considered for changing the frequency of the oscillation frequency. The 

circuit in blue illustrates the output stage of the current mirror circuitry from the ECBCM 

block. The size of MB1 and MB2 is crucial as they play the role of current mirrors in 

mirroring the output current of the ECBCM-Array into the CCO.  



89 

 

 

 

 

(A) 

 

(B) 

 

(C) 

Figure 3.4: Timing diagram of the multiplexed clock pulses: (a) when all multiplexing signals 

are zero, IDE (1,1) becomes active IDE and receives the  and  clock pulses. PMOS 

and NMOS devices of all other IDEs are high, making the IDE connected to the ground 

through the NMOS device, (b) When A becomes high, IDE (2,1) is active, (c) IDE (8, 16) is 

active when all multiplexing signals are high. 

 

Figure 3.5: The CCO circuit topology. The gray parts are eliminated in the CCO of the array 

chip. The parts of the circuit shown in red i llustrate the parts that we have changed and 

optimized compared to the original circuit. The circuit shown in gray depicts the switches 

that can be considered for tuning the oscillation frequency. The circuit in blue shows the 

output stage of the current mirror circuitry from the ECBCM block. 

In addition, the value of the timing capacitance, CT, has an inverse relation with the 

frequency of oscillation. Smaller capacitance causes a decreased time constant that results 

in faster charge/discharge cycles and consequently higher oscillation frequency. 

 

Figure 3.6: Circuit topology for the bank of capacitors of ECBCM-Array. 
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3.3.4 The Bank of Capacitors for Offset Capacitance Cancellation 

With the proposed calibration-free measurement technique in Chapter 2, a smaller 

change in the programmable bank of capacitors results in a higher resolution in the scanning 

mode. While the ECBCM circuit provides a high dynamic range, the bank of capacitors 

enables sweeping the value of the reference capacitor to cancel unwanted offsets, such as 

the offset of remnants during the experiment. The sweeping step of 1 fF with 10 bits up to 

1024 fF has been made possible with the programable bank of capacitors shown in Figure 

3.6. 

3.3.5 Generation of the Digital Output of the Chip 

The digital output of the chip is generated in an on-chip 12-bit counter-serializer that 

counts the number of pulses received from the oscillator with no change as discussed in 

chapter 2. The same F1 and F2 signals are used to cycle through the counter and the 

serializer. In this chip, there are two outputs that work in parallel, and each is connected to 

8 × 16 electrodes. In this topology increasing the number of electrodes will result in 

decreased speed since the interface circuitry is shared. To avoid that problem the number of 

outputs must be increased if the array size must be increased. 

3.4 Simulation Results 

In this section, the simulation results of the circuit for testing the multiplexing scheme 

and the performance of different blocks are demonstrated and the effects of different corners 

and temperatures are discussed. 
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3.4.1 ECBCM-Array Blockôs Dynamic Range and Sensitivity 

Figure 3.7 illustrates the waveforms of the ECBCM block shown in Figure 3.2 (a) which 

is obtained by post-layout simulation. As seen in the figure, once Ὥ  becomes higher than 

Ὥ, the value of Ὅ increases. Since Ὥ  mirrors Ὅ with a large gain, their waveforms are 

alike with a difference in amplitude. In the circuit of the reference side, Ὥ is the current 

passing through ὅ amplified by the ὖ and ὖ pair. From the circuit of the sensing side, Ὥ  

is the current passing through ὅ  amplified by the ὖ and ὖ pair. Since Ὥ  is transitioning 

from low to high based on the comparison of the Ὥ  and Ὥ, (Ὥ  Ὥ), it can be said that 

the transitioning is based on the (ὅ  ὅ). 

 

 

Figure 3.7: post-layout simulation results for ECBCM-Array circuit. The circuit works like a 

comparator of two currents, Ὥ  , and Ὥ. The output is Ὥ  that transitions in two states of 

zero and Ὥ ȟ . 

Figure 3.8 shows the post-layout simulation results for the transfer function of the 

ECBCM-Array block in different input ranges and the corresponding root mean squared 

parameter for the linearity. In this simulation, all the bits of the bank of capacitors are zero. 

Thus, the reference capacitance is equal to its offset value, shown to be close to 260 fF. The 

variation of sensing capacitance is the dC value, depicted in the figure, plus the offset 

capacitance of the array network, which is estimated to be about 260 fF as well. As seen in 

this figure, the linearity of the block can be considered an acceptable amount of R2 = 0.9886 
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with an IDR of 100 fF. The linearity of the curve increases for the smaller range of IDR. For 

instance, in the IDR of 80 fF, the linearity of the curve becomes R2 = 0.9927. 

 

Figure 3.8: The linearity of the transfer function is R2 = 0.9886 in the dynamic range of 100 

fF while it decreases to R2 = 0.9715 in a larger dC of 200 fF. 

Figure 3.9 illustrates the change in the average of Ὥ  for each 0.5 fF of differential 

input capacitance variation in the range of 2 fF within the IDR of the sensor. The simulation 

conditions for the bank of capacitors are the same as the conditions in Figure 3.8. The 

sensitivity of the block based on this post-layout simulation result is 0.59 µA/fF. 

 

Figure 3.9: The change in the average of Ὥ  for each 0.5 fF of differential input capacitance 

change in the range of 2 fF within the range of the sensorôs dynamic range. 
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3.4.2 The Resolution of the Sensor 

Figure 3.10 shows the post-layout simulation results of the ECBCM-Array circuit. This 

figure shows that the output current curve, Ὥ , shifts to left by about 95 ns for a unit dC 

increase. The oscillation frequency when Ὥ Ὥ ȟ  is about 75 MHz in the typical 

corner and temperature (25°C) conditions. Thus, the curve for 1 fF higher dC results in 7.125 

more pulses when  is low (evaluation period, see Figure 3.7). Therefore, the resolution 

of the sensor is roughly equal to 150 aF. This can be changed in different process corners 

and temperatures. The simulation results in different corners and temperature conditions are 

given in Sections 3.4.6 and 3.4.7. 

 

Figure 3.10: The amount of shift to left in the output of the ECBCM-Array circuit as a result 

of a unit increase in the differential input capacitance. 

3.4.3 Current -controlled Oscillator (CCO) and Back of Capacitors 

Figure 3.11 shows the characteristic curve of the oscillator. The linearly increasing part 

of the curve which is the IDR of the CCO is about 1000 µA. In this range, the oscillation 

frequency can reach about 90 MHz. 
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Figure 3.11: The characteristic curve of the oscil lator. The linearly increasing part of the 

curve denotes the IDR of the CCO and is about 1000 µA where the oscil lation frequency can 

reach about 90 MHz. 

 

3.4.4 Bank of Capacitors  

The post-layout simulation results show the offset value of the bank as well as the 

capacitance values that can be generated with a 10-bit-binary input (Figure 3.12). The offset 

capacitance for the bank of capacitors is about 260 fF. Thus, the reference capacitance value 

when all the switches are off is equal to this offset capacitance. 

 

Figure 3.12: The comparison between the nominal value of the bank of capacitors and the 

post-layout values. 
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3.4.5 Multiplexing Circuitry  

To show the functionality of the multiplexing scheme, we have performed post-layout 

simulations by selecting IDEs that are connected to capacitances within the IDR of the 

system from different regions of the implemented array. This simulation is to test the effect 

of the routing in the array on the readings of the sensor. The results are shown in Figure 3.13 

(a) and (b). In Figure 3.13 (a), the average of iout is shown on the left axis and the differential 

capacitance that has been connected to an IDE, numbered as mentioned on the x-axis, is 

shown on the right axis. In Figure 3.13 (b), the IDEs are sorted based on the value of the 

capacitance that is connected to them. For instance, IDE (7,1) is connected to a capacitance 

of 260 fF which is equal to the offset capacitance of the bank of capacitors, and IDE (6,10) 

is connected to a 260 fF + 83 fF.  
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(B) 

Figure 3.13: Post- layout simulation results for the functionality of the array. IDEs that are 

connected to capacitances within the IDR of the system are selected from different regions 

of the implemented array. The value connected to these IDEs is equal to the offset capacitance 

of the reference side plus the value of dC shown in the figure: (a) Bar graph, (b) Average 

output current with respect to dC value. 

Results show a linear increase for different IDEs with a root mean squared index of R2 

= 0.956. This result shows that the multiplexing scheme can successfully evaluate one 

capacitance change connected to the target IDE in the array and can successfully turn off 

other IDEs with the insignificant effect of the array routings or other IDEs. 

3.4.6 Corner Analysis 

Since the counter-serializer is a digital block, whose functionality cannot be 

significantly altered by process variations, the ECBCM-Array and the CCO blocksô 

variations within different process corners are investigated. Based on the simulation results 

shown in Figure 3.14 (a), the IDR of the CCO shown as IMAX -CCO varies from 900 µA at the 

slow corner to 1.2 mA at the typical corner and about 1.5 mA at the fast corner. On another 

side, the variation in the saturated output current of ECBCM-Array block, iout,sat, varies from 

around 650 µA to around 1.15 mA in the range of slow corner to fast corner. 
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3.4.7 The Effect of Temperature Variation 

The effect of temperature on the ECBCM-Array and the CCO blocks is investigated 

through post-layout simulations. Figure 3.14 (b) demonstrates the increase in the effect of 

temperature on IMAX-CCO and iout,sat. By increasing the temperature from 0°C to 50°C, 

oscillatorôs IDR decreases from 1 mA to 800 ÕA, and iout,sat reduces from 1.3 mA to 1.1 

mA. By increasing the temperature, the maximum output current decreases resulting in a 

uniform decline in the output value.  

 

(A) 

 

(B) 

Figure 3.14: Post- layout simulation results: (a) for different corners: Maximum current 

causing the oscillation at different corners based on post-layout simulation: At the slow 

corner, the oscillation stops at 900 µA. At the typical corner, the oscillation stops at 1.2 mA, 

and at the fast corner, the oscillation stops at about 1.5 mA, (b) for different temperatures: 

Maximum current causing the oscil lation at different temperatures based on post-layout 

simulation: At 0°C the oscillation stops at 1 mA, at 27°C the oscillation stops at 900 µA, and 

at 50°C, the oscil lation stops at about 800 µA. 

This means that for the same dC, an increase in temperature can result in uniformly 

smaller values for the output. 

3.5 The Fabricated Chip and the Test Bench 

In this section, we demonstrate and explain the fabricated chip and the test bench. 
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3.5.1 The Fabricated Chip 

The chip was implemented in AMS 0.35 µm CMOS technology. In the layout, an 8×16 

array was implemented to one block of ECBCM with the CCO and the 12-bit counter-

serializer. To increase the number of electrodes, this layout was repeated in the opposite 

direction to build a 16×16 array of electrodes. Therefore, the whole chip is composed of two 

independent compartments each with independent outputs. Also, the IDEs have been 

implemented as both passivated (with silicon oxide) and non-passivated (bare aluminum 

electrode) in both compartments. As a result, each compartment has 8 × 8 passivated and 8 

× 8 non-passivated arrays of electrodes. The layout is shown in Figure 3.15 (a) and the 

partially encapsulated chip is illustrated in Figure 3.15 (b). 

3.5.2 Test Bench printed circuit board ( PCB) 

The chip is in a commercial CPGA85 ceramic package on a PCB dedicated to providing 

the necessary clock signals as well as data acquisition shown in Figure 3.16. There are five 

different voltage regulators and one multiplexer on this board. Four voltage regulators are 

of the type of TLV75533PDBVR, which is a 500-mA, high-PSRR, low-IQ, low-dropout 

voltage regulator with 5 V enable voltage, SOT-23 package, and -40 to 125°C operating 

temperature range. Each of these four regulators was used to power analog and digital 

voltages to 3.3 V, two for the right side and two for the left side. TLV713185PDBVT, which 

is a 500-mA, high-PSRR, low-IQ, low-dropout voltage regulator with 5 V enable voltage, 

SOT-23 package, and -40 to 125°C operating temperature range was utilized for the required 

1.85 V reference voltage for the oscillator's VREF pin. All LDOsô enable pins were tied to 

the input voltage. TMUX1247DCKR, a precision analog multiplexer with 30-ohm ON 
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resistance and rail-to-rail capability was also used. Decoupling capacitors were employed 

for all the components' input power and output power supplies to reduce the noise. 

The PCB was connected to an Arduino DUE board that creates the clock signals and 

performs the data acquisition using an SPI port. The MCU was configured as a master and 

the chip was a slave where data transmits from the chip to the MCU with a shared clock bus, 

ū3. Details about the test bench are given in Appendix III. 

  

(A) (B) 

Figure 3.15: (a) Die layout, (b) Microscopic image of the partial ly encapsulated chip. 

 

Figure 3.16: The designed test bench. 
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3.6 Measurement Results 

In this section, after showing the characterization results without any samples in Section 

3.6.1, we will demonstrate the experimental results using different liquid samples in 

Sections 3.6.2 to 3.6.5. 

3.6.1 Characterization Results with no Sample 

We obtained the characterization curves without any samples. The curves were acquired 

by recording the output of the chip as the reference capacitor was swept in its full range for 

every pixel. The resulting decreasing patterns are shown in Figure 3.17. In these curves, an 

increase in CR results in a gradual drop in the output of the chip creating a linear decreasing 

pattern. The pattern is the same for both passivated and non-passivated electrodes with a 

slightly higher value of the output which indicates a higher capacitance due to the 

passivation layer capacitance. Regarding IDE (1,7), a transmission gate is implemented in 

series with the IDE which connects and disconnects the IDE to the sensing circuit. Figure 

3.17 also demonstrates the measurement results for the closed transmission gate that shows 

a large shift to the right compared to the IDEs without a transmission gate which indicates 

the effect of parasitic capacitances of the transmission gate. 
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Figure 3.17: The output of the chip with the decreasing pattern with respect to the rise in the 

value of the reference capacitance. 

3.6.2 Pixelated Results for Monitoring Droplets  

To demonstrate the ability of the sensor to differentiate between the liquids with 

different dielectric values and to determine the position of the droplet, different droplets 

with various volumes were put manually by a precise micropipette on the surface of the 

electrodes of the partially encapsulated chip. It is expected to see different outputs for the 

electrodes covered and uncovered by the sample. We scanned all 256 electrodes once before 

and once after putting the droplet. Each full-page scanning takes about 7 minutes. In this 

experiment, the top of the sensing area was covered by a lid to provide enough time for 

scanning the whole area by decreasing the evaporation time of the droplet and avoiding the 

effects of light penetration on the measurement. As a result, it is possible to map the droplet 

footprint with the sensor readings with an acceptable accuracy to match the image with the 

sensor data. by considering the presence and absence of the sample as the sensed and 

baseline values, respectively, the metric for the measurement of the capacitance change can 

be the difference between these two values. After obtaining this index for all the pixels, a 

map was generated that is shown in each part of Figure 3.18 beside each droplet snapshot. 

Figure 3.18 (a) to (f) are obtained for 0.3 µL of pure water, 0.5 µL of 10% ethanol in pure 
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water, 0.5 µL of 30% ethanol in pure water, 0.5 µL of 50% ethanol in pure water, 0.5 µL of 

10% methanol in pure water, and 0.5 µL of 30% methanol in pure water, respectively. As 

seen in these figures, all the maps indicate that the pixels under the droplet show a higher 

differential index than the ones that are not covered. 

  

 

(A) (B) 

  
(C) (D) 

  
(E) (F) 

Figure 3.18: The microscopic images of the chip during the droplet test (on the left side) and 

the differential values of the output with respect to the baseline (on the r ight side) for: (a) 

0.3 µL of pure water, (b) 0.5 µL of 10% ethanol in pure water, (c) 0.5 µL of 30% ethanol in 

pure water, (d) 0.5 µL of 50% ethanol in pure water, (e) 0.5 µL of 10% methanol in pure 

water, (f) 0.5 µL of 30% methanol in pure water. 

3.6.3 Sensitivity of the Sensor to Different Dielectric Constants  

To test the sensitivity of the sensor, the chamber was filled with different samples with 

different dielectric properties, and the top of the sensing area was covered by a paper lid to 

avoid light penetration and slow the evaporation speed of the liquid. Water, ethanol, and 

methanol with dielectric constants of 78.2, 24.55, and 32.7 at room temperature (25°C) were 

file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Methanol-AllE-AllCR-WithoutLight-covered%20electrode/10%25-0.5%20uL
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)
file:///D:/R18-TBioCAS-CBCM-Array/Ethanol-AllE-AllCR-WithoutLight-covered%20electrode/5-30%25-Ethanol%20(0.5%20uL)

































































































































































































