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Abstract 

A CMOS SWITCHED CAPACITOR BASED AMPEROMETRIC READOUT CIRCUIT 

FOR MICRONEEDLE GLUCOSE SENSOR 

 

Sunil Govardhan, M.S. 

 

The University of Texas at Arlington, 2013 

 

Supervising Professor: Sungyong Jung 

Accurate regulation of glucose metabolism is one of the key factors in keeping a 

healthy state among mammalians. Increase in failure of this natural blood glucose 

regulatory mechanism has propelled the research for improvements in blood glucose 

measurement and its regulation. Also, advancement in the research of internet of things 

has increased the demand for smart sensors creating a revolution in health care industry  

and which has inturn led to the improvement in point-of-care testing. 

Therefore in this thesis work a microneedle glucose sensor is chosen as it can be 

fabricated by MEMS process which allows it to be easily integrated with CMOS integrated 

circuit in a single package creating a smart glucose sensor. This smart glucose sensor can 

sense glucose concentration and process the data all in one chip called Lab-on-chip(LOC). 

To meet architectural requirements of smart glucose sensor such as low power and 

compact area a switched capacitor based trans-impedance amplifier architecture is chosen 

as amperometric readout circuit, as the existing circuit architectures consume higher power 

compared to switch capacitor trans-impedance amplifier architecture. 

In this work a switched capacitor trans-impedance amplifier is analyzed and 

designed using an operational amplifier and transmission gates. The integrated circuit 

layout of the design is prepared for 0.35µm fabrication technology. The total area of the 
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layout  is 160µm x 157µm and the area of a 100pF on chip capacitance is 900µm x 50µm. 

The design is simulated and tested with on chip gain capacitor of 100pF at 200 kHz and 

with external gain capacitor of 100nF at 200Hz. The circuit linearly amplifies the input 

current from 2µA-30µA to an output voltage of 45mV-664mV with a trans-impedance gain 

of 22kΩ. The measured noise at 200 kHz sampling clock is 3mVrms and system power 

consumed is 1.67mW, whereas measured noise at 200Hz sampling clock is 1.3mVrms and 

the power consumed is 1.34mW. 
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Chapter 1  

Introduction 

 

Blood glucose is the fundamental metabolic fuel for aiding in cancer cell 

progression, cardiovascular disease and inflammation[1]. Accurate regulation of glucose 

metabolism is one of the essential factor’s in keeping a healthy state among mammalians. 

The natural regulatory function is performed by a hormone called insulin which is released 

by pancreatic β-cells [2][3]. Incorrectness of insulin release (including total absence) is the 

primary cause of various forms of diabetes[4]. Thus increase in failure of this natural blood 

glucose regulatory mechanism has propelled the research of blood glucose measurement 

and its regulation. 

It is pivotal to understand the criteria for classification of diabetic conditions to 

develop an accurate and intelligent measurement system. Glucose levels in the blood are 

broadly classified into three states as euglycemia, hypoglycemia and hyperglycemia. If the 

blood glucose level is between 4mM – 7mM it is considered normal state and is called 

euglycemia. Below 4mM is hypoglycemia, it can cause fainting, comma and even death. 

Above 7mM is hyperglycemia, it can cause damages to eyes, kidneys, nerves etc.[5] . 

Currently measurement of glucose from blood is most widely practised method. But in the 

yesteryear urine tasting using ants was practised by doctors to determine diabetic 

condition[6]. Thrust for compact systems is driving the research to shrink glucose 

measurement system to monitor glucose concentration in a tear drop by placing the system 

in a contact lens[7][8][9]. 

The earliest glucose measurement was done in the 1870s using chemical methods 

such as: polarimetry (rotation of polarized light), reduction of Cu(II) to Cu(I) by reducing 

sugars, and measurement of 𝐶𝑂2 resulting from the fermentation of a glucose-containing 
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solution[5]. Then in 1980s electrochemical technique was first used with handheld readout 

instrument for blood glucose measurement and since then electrochemical based 

detection of glucose has been the most popular technique. Amperometric electrochemical 

technique is commonly used over potentiometric technique, as the latter is less sensitive 

to changes in glucose concentration [10]. 

Typical amperometric technique based glucose sensing system has two circuit 

blocks and a glucose sensor as shown in Figure 1-1 

Potentiostat

Readout Circuit
Vout

CE

RE

WE

Iin

Vcell

 

Figure 1-1 Architectural blocks of electrochemical sensor readout system 

A potentiostat is required to maintain a constant voltage across the sensor electrodes in 

order to bias the sensor and kick-start the chemical reaction of interest to produce current 

proportional to the glucose concentration. The sensor current is converted to a voltage, 

as voltage can be processed easily to determine the glucose concentration. 

Emerging trends in research of internet of things for point-of-care testing (POCT) 

using intelligent sensor network which can communicate and process data over an internet 

cloud for health care monitoring as shown in Figure 1-2 is gaining lot of interest among 

researchers. This evolution in health care monitoring system such as glucose 

measurement has imposed new architectural challenges for researchers, which are 

compact architecture and low power along with conventional architectural requirements of 
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typical glucose measurement system such as: accuracy, sensitivity, range and stability [10] 

shown in Figure1-3 

 

Figure 1-2 Future trends of health care monitoring system [11] 

Compact architecture is required to reduce the overall system fabrication cost and 

low power consumption is a key requirement for integration of this measurement system 

into battery operated portable computing platforms such as smartphones and tablets. 

Accuracy, so that glucose level can be measured with minimum errors even in the 

presence of interfering species. Sensitivity, to be able to detect changes at least less than 

1mM in glucose concentration. Range, able to measure all glucose concentrations 

euglycemia (4mM-7mM), hypoglycemia (below 4mM) and hyperglycemia (above 7mM). 

Stability, the signal due to glucose must not deviate more than ±5% of its average value 

during measurement [10] 
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Low Power

Accuracy

Compact 
Architecture

Architecture 
requirements for 

Glucose measurement system Sensitivity

Range Stability

 

Figure 1-3 Architectural requirements of future glucose measurement system 

Glucose sensors are classified as invasive: subcutaneous needle-type sensors, 

non-invasive: optical techniques and minimally invasive: micropore and microneedle 

sensors [12]. Minimally invasive microneedle sensors and non-invasive sensors overcome 

the blood borne infections due to pricking and trypanophobia caused by invasive sensors. 

However, electrochemical detection is still preferred over non-invasive: optical techniques 

as these techniques still need to be checked frequently against direct blood glucose 

measurements (invasive or minimally invasive: microneedle [13]. 

 The most widely used amperometric readout circuit architecture for glucose 

sensing is trans-impedance amplifier with resistive feedback [10]. This architecture is 
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simple and suitable for discrete implementation for commercially available handheld 

glucose meters. But for integrated circuit design it suffers from the drawbacks such as large 

area, power consumption due to continuous conversion and significant thermal noise 

contributed by gain resistor [14]. A single ended current measurement architecture [15] 

uses a resistor inserted between working electrode and ground in the sensor current path, 

causing a voltage drop which makes it difficult to maintain a constant voltage across 

reference and working electrode [15]. In a differential current measurement architecture 

[16] a resistor is inserted in the sensor current path above the counter electrode, the drop 

across this resistor is measured using a differential amplifier, this architecture requires 

large area, consumes more power and thus is noisier. Switched capacitor based trans-

impedance amplifier architecture provides compatibility with CMOS technology, good 

accuracy of time constants, good voltage linearity [17] , also capacitive feedback adds 

lower thermal noise compared to resistive feedback system[18] and switching systems are 

irreplaceable in the era of digital systems and power conservation. 

 In this work a microneedle glucose sensor is chosen as it can be fabricated using 

MEMS technique thus allowing to be integrated with a CMOS readout circuit creating a lab-

on-chip (LOC) platform, which will readily fit into the eco system of future health care 

monitoring. 

The switch-capacitor trans-impedance amplifier has never been used along with 

an amperometric micro-needle glucose sensor. Thus current detection of a microneedle 

glucose sensor with a switch capacitor trans-impedance amplifier is the novelty of this 

work. This trans-impedance amplifier architecture is chosen as it provides high linearity, 

low thermal noise compared to a resistive feedback trans-impedance , satisfies the 

dynamic range of a microneedle based non- enzymatic glucose sensor [19], readily 
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discretizes the measurement making signal processing easier and as it is a switching 

system power can be conserved.  

This thesis is organized into four chapters as follows:  

Chapter 1 presents the motivation for glucose monitoring system and classification 

of glucose states, brief history of chemical and electro-chemical glucose sensing, evolution 

of health care system and new architectural challenges, classification of glucose sensors 

and amperometric readout circuits for current sensing are reviewed and finally novelty of 

this work is explained.  

Chapter 2 provides a concise review of electrochemistry, electrochemical sensors 

and techniques, evolution of electrochemical glucose sensors and its evolution. The 

various current detection circuits used in electrochemical sensing application are 

presented with their merits and demerits. 

 Chapter 3 discusses the design specification, microneedle glucose sensor 

specification, circuit design and analysis of switched-capacitor trans-impedance amplifier 

circuit to amplify input sensor current to an output voltage. Simulation and measurement 

results at 200 kHz with 100pF on chip capacitor and 200 Hz with 100nF external capacitor 

are presented to verify and validate the design. 

 Chapter 4 concludes this thesis with the contribution of this work and a set of 

future research objectives that can be conducted to complete the idea of a smart sensor. 
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Chapter 2  

Background 

  

Electrochemical glucose sensing is still by far the most popular and widely used 

technique over the relatively nascent non-invasive glucose sensing techniques. Thus 

understanding the theory of electrochemistry is quintessential in this work. 

2.1 Electrochemistry 

Electrochemistry is a branch of chemistry that is based on Michael Faraday’s 

experimental study published in 1834 that quantifies generation of electricity during a 

chemical reaction such as electrolysis. The electrode in a solution works as a transducer 

between the chemical and electrical domains. It induces a electrochemical reactions which 

causes an electrical response which is monitored to characterize the chemical species in 

of interest. 

Electrochemical reactions occur in a solution containing dissolved ions (electrolyte) which 

cause the current to flow. Mostly, the solvent-electrolyte combination used in 

electrochemical experiments are strong electrolytes (fully broken down into ions when 

dissolved in solvent).Current flowing from the positive electrode to negative electrode in a 

electrochemical cell is a function of solution resistance of the electrolyte between the 

electrodes. The value of this resistance depends on the ionic conductivity of the electrolyte, 

and geometric arrangement of electrodes in the cell [20]. 

The two basic types of charge transfer reactions take place at an electrode solution 

interface: oxidation and reduction. During an oxidation reaction, the chemical species 

transfer electron(s) to the electrode, while in a reduction reaction, the chemical species 

receive electron(s) from the electrode. The resulting chemical reactions are represented 

as:  
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Oxidation:  

 𝑅 → 𝑂 + 𝑛𝑒− (1.1) 

Reduction:  

 𝑂 + 𝑛𝑒− → 𝑅 (2.2) 

 where O is the oxidized species, R is the reduced form of species and n is the 

number of electrons transferred during the reaction. 

A classic example of electrochemical reaction is to create silver cations (Ag+) in 

water, by immersing a silver electrode in pure water as shown in Figure 2-1. 

Silver electrode

Ag Ag

Pure water

 

Figure 2-1 Oxidation of a silver electrode immersed in pure water 

Some of the silver atoms dissolve in the water as positive ions, leaving their 

electrons in the electrode as shown in the following equation: 

 𝐴𝑔 →  𝐴𝑔+ + 𝑒− (2.3) 

This buildup of charge in the electrode and solution causes an interfacial potential 

difference, which can affect the rate and direction of the reaction. The interfacial potential 

difference, E, of an electrode can be calculated using the Nernst equation[20]:  

 
𝐸 = 𝐸0 + 

𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝐶𝑜
𝐶𝑅
) (2.4) 
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where E0  is the standard potential of the electrode, R  is the molar gas constant,   T is 

temperature,  F is Faraday’s constant and Co and CR are the concentration of the oxidized 

and reduced forms of the species, respectively[20]. 

2.2 Electrochemical cell 

Electrochemical cells are broadly classified into two sub-types, galvanic and 

electrolytic. The reaction in galvanic cells start spontaneously when the electrodes are 

connected using a conductor, while on the other hand an electrolytic cell shown in Figure 

2-2 requires a voltage to be applied in excess of its operating cell potential (OCP) in order 

to start an electrochemical process.  

Potentiostat

Working ElectrodeCounter  Electrode

Electrolyte

 

Figure 2-2 Simple two electrode electrochemical cell 

The electrodes are identified by the function they perform in the cell: the working 

electrode (WE) and the reference electrode (RE), [20]. The WE is generally a cathode of 

an electrochemical cell, it experiences the reaction of interest and can be tailored to 
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increase its sensitivity to observe a specific species or to decrease the potential required 

to drive a particular reaction. The RE is an anode, it maintains constant composition and 

provides a fixed potential across the electrolyte to monitor the reactions occurring at WE 

reactions can be monitored. Commonly used reference electrode is the silver-silver 

chloride (Ag/AgCl) electrode. In this work a Saturated calomel electrode (SCE) is used as 

a reference electrode [19]. 

2.2.1 Faradaic and Non-faradaic mechanism 

The current flow in an electrochemical cell is due to two kinds of mechanisms 

faradaic and non-faradaic. When charge transfer happens due to oxidation or reduction 

reactions it is a faradaic mechanism resulting in faradaic current flowing through charge-

transfer electrodes. The faradaic current is a function of: 

1. The rate at which the material moves from the bulk of the electrolyte to the 

electrode surface (mass transfer) [20] 

2. The rate at which electrons transfer from the electrode to electrolyte and vice 

versa(charge transfer)[21] 

Processes such as adsorption and desorption can cause transient current to flow 

through the interface when either the potential or electrode area or solution composition 

changes causing a non-faradaic mechanism [22]. Non-faradaic current is inversely 

proportional to the size of the electrode. Current in an ideal sensor will only flow due to 

faradaic mechanism. 

Sensitivity of an electrochemical cell is defined as the ratio of faradaic current to 

non-faradaic current. The peak faradaic current is given by: 

 𝑖𝑚𝑎𝑥 = 2.59 × 10
5𝑛
3
2(𝐷𝑣)1 2⁄ 𝐶𝑣 (2.2) 

where v is the constant rate of variation and Cv  is the values of ionic activity. Non-

faradaic current is given by: 
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 𝑖𝑐ℎ = 𝐶
𝑑𝐸

𝑑𝑡
= ±𝐶𝑣 (2.3) 

  

from equations 2.5 and 2.6 it can be observed that increasing scan rate will 

reduce sensitivity. Thus, lower scan rates are preferred in measurements at solid 

electrode [23]. 

2.3 Electrochemical sensors 

 The principle of all electrochemical sensors is to measure chemical concentration 

of the reactions taking place in an electrochemical cell by monitoring the change in current, 

cell potential, resistance or impedance. Electrochemical sensors are broadly classified into 

three categories [24]:   

2.3.1 Voltammetric sensor 

In a voltammetric sensor current flows when a constant potential is applied across 

the electrodes of the electrochemical cell. This current is measured current to the 

characterize response of chemical species of interest. Voltammetry provides better 

sensitivity by increasing the ratio of the faradaic current (the current of interest) to non-

faradaic current (the background). By applying either a ramp, square or cyclic voltage, 

improved selectivity and sensitivity maybe obtained.  

Cyclic voltammetry is a procedure where a periodic triangular waveform based 

voltage is applied to the two electrodes of a voltammetric sensor at a scan rate v. The 

varying voltage may enable reactions of various chemical species in the electrolyte. The 

plot of measured current vs. applied voltage is known as cyclic voltammogram. These plots 

are studied to obtain stability information of reaction products, the presence of intermediate 

redox reactions and the reversibility of a reaction. 
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2.3.2 Amperometric sensor 

Amperometric sensor is a special type of voltammetric sensor, which requires a  

constant  voltage to be applied across the electrodes of the electrochemical cell and the 

current flow caused by the change in resistance due to chemical reaction is measured. The 

measured current is a function of the concentration of the electroactive species. The 

response will have high linearity if the current is limited by the rate of the mass transfer and 

not by the rate of charge transfer[20]. 

Chronoamperometry is an electrochemical technique in which the potential of the 

working electrode is stepped, and the resulting faradaic current (caused by the stepped 

potential) is measured as a function of time[20]. In this technique current is integrated over 

relatively longer time intervals, thus allowing it to produce a better signal to noise ratio in 

comparison to other amperometric technique. 

2.3.3 Potentiometric sensor 

    In a potentiometric sensor, the open circuit electrochemical cell potential caused 

by the chemical reaction is measured, which is given by equation 2.4 it is logarithmically 

proportional to the concentration of the chemical species of interest. Potentiometric 

sensors are mostly used when the concentration of chemical specie to be measured 

changes by several orders of magnitude, such as pH measurements[24].  

2.3.4 Conductometric sensor 

   A conductometric sensor working principle is based on modulation of resistivity 

of the selected material upon interaction with chemical species and thus is also called 

chemiresistor. Fabrication cost of conductometric sensor is low compared to other 

electrochemical sensor. Commonly used as gas sensor and biosensor [25]. 

A biosensor is a special type of electrochemical sensor made of biological 

materials, e.g., tissue, micro-organisms, enzymes, antibodies, nucleic acids and so on, to 
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detect chemical species such as glucose, urea, lactate, etc. [24]. The property of a 

biosensor to be sensitive and selective to monitor a particular type of biological material 

makes it attractive. A biosensor comprises of two parts: 

     • A biological element such as enzymes or antibodies or micro-organisms.  

    • An optical or a electrochemical detector.  

The selectivity of a biosensor is constrained by the biological element, whereas 

the sensitivity depends on both biological element and the transducer (optical or 

electrochemical). The property of selecting a particular biological material gives biosensor 

edge over chemical sensors analogous to sensing mechanisms existing commonly in the 

nature[24]. 

2.4 Electrochemical Glucose Sensor 

Electrochemical detection of glucose concentration works based on interaction of 

glucose oxidase (biosensor enzyme) with glucose. In normal conditions, glucose oxidase 

enzyme reacts with glucose causing redox reaction. First it reacts with the glucose to form 

gluconic acid and changes into an inactivated reduced state by accepting electrons. This 

reduced enzyme returns to active oxidized state by giving these electrons to molecular 

oxygen and thereby producing hydrogen peroxide (H2O2) as shown in Figure 2.3 and is 

represented by the reaction:  

 
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂2

𝐺𝑂𝑥
→  𝐺𝑙𝑢𝑐𝑜𝑛𝑖𝑐𝑒 𝐴𝑐𝑖𝑑 + 𝐻2𝑂2 

(2.7) 

 

The glucose oxidase enzyme performs the role of catalyzer for the oxidation of 

glucose and is not consumed in the reaction. From the above reaction, there are only three 

possible electrochemical techniques for detecting the glucose concentration [10]. The first 

technique is to use an amperometric sensor to measure the amount of oxygen consumed 

or to measure the hydrogen peroxide produced in the reaction. Second technique is to use 
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a potentiometric sensor to detect the change in pH level caused by the release of gluconic 

acid. Third technique is to use a conductometric sensor to detect the change in electrical 

resistance due to the reaction. 

Potentiometric and conductometric glucose biosensors, are sensitive to the 

interfering biological species other than glucose and, also the response of potentiometric 

sensors is logarithmic to detect glucose concentration, which further limits the 

potentiometric sensors sensitivity [10]. Thus amperometric biosensors are commonly used 

to measure glucose concentration which is linearly proportional to the current flowing in the 

electrochemical cell. 
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Figure 2-3 Enzymatic reaction between glucose and glucose oxidase 

  Amperometric biosensors are broadly classified into four generations[10]. In the 

first generation sensors, the hydrogen peroxide produced or the oxygen consumed in the 

reaction 2.7 is sensed. In the second generation, a mediator which reduces required cell 

potential to start the reaction is used to transfer electrons from the reduced enzyme to the 

electrode. The third generation amperometric glucose biosensor is based on direct electron 
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transfer between the enzyme and electrode. The fourth generation is based on glucose 

oxidation at a noble electrode without using enzymes as mediator. 

2.4.1 First Generation Sensor 

The first generation glucose sensors are of two types: hydrogen peroxide 

electrode-based (H2O2) biosensors and oxygen electrode-based (O2) biosensors. 

A H2O2-based sensor responds to hydrogen peroxide produced in the enzymatic 

glucose reaction. This sensor can be easily fabricated by screen-printing technique. 

However, these sensors have a few drawbacks [10].   

1. Enzymatic reaction is oxygen limited.  

2. Hydrogen peroxide produced by the reaction over a period of time makes 

the glucose oxidase ineffective. 

3. High cell voltage is required for oxidizing the hydrogen peroxide, thus may 

also trigger the interferers such as urea and ascorbate (vitamin-C).  

In a O2 based biosensor, oxygen used in the enzymatic reaction is measured. This 

method is not limited by oxygen deficit and interference problems. But it still has short life 

time problem due to release of hydrogen peroxide. The other drawbacks are slow response 

time, requirement for more complex electronic circuitry, difficulties in miniaturization, and 

low accuracy and reproducibility[10]. 

2.4.2 Second Generation Sensor 

In the second generation glucose biosensors, a mediator (chemical component) is 

introduced to aid the transfer of electrons from the reduced enzyme to the electrode. The 

oxidation cell potential of the mediator would be much lower than that of a hydrogen 

peroxide based sensor, thus reducing the impact from interferers and also, the signal 

generation is independent of oxygen. This technique is popularly used to detect, the true 

glucose concentration in the subcutaneous tissue[10]. Disadvantage of this type of sensor 
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is that, mediator could leak from the electrode surface and secondly most of the proposed 

mediators are toxic, which makes their use hazardous for in vivo sensing [10]. 

2.4.3 Third Generation Sensor 

The third generation glucose biosensor is based on the direct electron transfer 

without any mediator between the enzyme and the electrode made of organic conducting 

substances [26]. This type of biosensor require low operating potential, and thereby will 

have reduce the impact of interferers. As there is no soluble compound involved in the 

construction of this sensor, it is most suited for in vivo sensing [10]. 

2.4.4 Fourth Generation Sensor 

A fourth generation sensor is based on direct glucose oxidation at noble electrode 

interface without the use of any enzyme [27]. Direct glucose oxidation at a noble electrode 

with a large surface area offers a substantial improvement in signal to noise ratio. Major 

drawback of non-enzymatic glucose sensor is its low sensitivity. Although advancements 

in fabrication methods has improved the selectivity of non-enzymatic glucose sensors 

based on direct oxidation on the nanoprous electrode [28].  Due to the use of high electro-

active surface area based nano-scale electrodes enhancement in electro-catalysis can be 

achieved [29]. 

2.5 Two and three electrode glucose sensors 

Electrochemical sensors are broadly classified based on the electrodes as, two 

electrodes and three electrodes. A two electrode electrochemical sensor as shown in 

Figure 2-4 it has a working electrode and a counter electrode. 
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Figure 2-4 Two electrode electrochemical sensor 

The reaction of interest occurs at the working electrode and the counter electrode 

is required to complete the electrical connection for the current to flow in the sensor. As 

the current flows through the counter electrode due to chemical reaction in the working 

electrode, it polarizes the counter electrode and also cause a voltage drop across the 

counter electrode. Thus causing the potential difference across working electrode and the 

counter electrode to vary. This major drawback of two electrode electrochemical sensor is 

resolved by a three electrode sensor. 

The three electrode electrochemical sensor as shown if Figure 2-5 has three 

electrodes which are counter electrode, reference electrode and working electrode. 
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Figure 2-5 Three electrode electrochemical sensor 

The role of working electrode is to respond to chemical reaction of interest like it 

works in a two electrode electrochemical sensor and it is normally coated with an enzyme 

to improve its sensitivity to a particular chemical or bio-chemical substance for example 

glucose oxidase is the enzyme commonly used for glucose sensing. Reference electrode 

maintains a stable voltage across the electrolyte and working electrode, without conducting 

any current due to chemical reaction, thereby eliminates the problem of varying cell 

potential seen in a two electrode electrochemical cell. The counter electrode completes the 

electrical circuit for the current due to reaction at working electrode to flow in the 

electrochemical sensor as in a two electrode electrochemical sensor. Thus three electrode 

electrochemical sensor type has been widely used in recent works. 

2.5.1 Electrical Model of electrochemical sensor 

Glucose electrochemical sensors is a electrochemical cell in which electrical 

attribute such as current corresponding to the glucose concentration can be measured by 

an electrical readout circuit and then processed in digital domain. Therefore in order to 
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design, simulate and test an optimal sensor readout circuit an electrical model of an 

electrochemical cell is crucial. The electrical model shown in Figure 2-6 is of a three 

electrode electrochemical cell or sensor.  

CWERWE

CCERCE

RRE

Rs1

Rs2

WE

RE

CE

 

Figure 2-6 Electrical model of a three electrode electrochemical cell 

CCE and CWE is the double layer capacitances of CE and WE. RCE, RRE and RWE 

mimic the charge transfer resistances of the CE, RE, and WE. Rs1 and R s2 function as the 

solution resistance [15]. Table 2-1 enlists all the components presented above that are 

required to make an electrical model of an electrochemical sensor. 
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Table 2-1 Sensor model component description 

Component Description 

CCE, Cwe Double layer capacitances 

RCE,RRE,RWE Charge transfer resistances 

Rs1,R s2 Solution resistances 

 

2.6 Electrochemical sensor readout circuit architectures 

As sensors used for sensing glucose in blood and tear fluid work based on the 

amperometric electrochemical cell principle, thus readout circuits for amperometric sensing 

will also be used as glucose sensor readout circuits. Readout system consists of two types 

of circuit which are potentiostat and an amperometric sensor readout circuit. A potentiostat 

circuit ensures that a constant potential difference between reference electrode and 

working electrode is maintained. An amperometric sensor readout circuit amplifies the input 

reaction current proportional to glucose concentration into output voltage. All architectures 

presented in this section are made of a potentiostat and an amperometric sensor readout 

as shown in Figure 2-7. 

Potentiostat

Readout Circuit
Vout

CE

RE

WE

Iin

Vcell

 

Figure 2-7 Architectural blocks of electrochemical sensor readout system 

A transimpedance amplifier architecture shown in Figure 2-8, is most commonly 

used.  
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Figure 2-8 Trans-impedance amplifier architecture 

Amplifier A1 functions as a potentiostat to maintain constant voltage difference Vref 

is equal to cell potential between the reference electrode RE and working electrode WE, 

also completes the electrical circuit by allowing the current due to reaction to flow only 

through counter electrode. Amplifier A2 functions as a trans-impedance which amplifies 

the current flowing from working electrode to a gained voltage. Since amplifier A2 is 

implemented using a high gain operational amplifier forces the WE electrode to ground 

potential by principle of virtual ground. This architecture is most suited for implementation 

using commercial off-the-shelf components. But drawbacks such as large area, power and 

noise restrict this architecture from being implemented using integrated circuit design [30].  

A trans-impedance variant architecture is presented in [31] as shown in Figure 2-

9. 
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Figure 2-9 Trans-impedance amplifier variant architecture [31] 

This architecture has an additional amplifier A2 to buffer the Vref applied to the 

reference electrode by ensuring that no current is drawn through RE. Thus providing a very 

high input impedance to reference electrode. The trans-impedance variant provides an 

accurate potential control, but as in the previous architecture drawbacks such as large 

area, power and noise restrict this architecture from being implemented using integrated 

circuit design. 

Switched capacitor based architecture shown in Figure 2-10 is a low noise solution 

[32]. This architecture is implemented using operational amplifier based potentiostat and a 

switched capacitor trans-impedance amplifier. 
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Figure 2-10 Switched capacitor trans-impedance architecture [32] 
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Operational amplifier A3 and C are used to implement a switched capacitor trans-

impedance amplifier. Switched capacitor trans-impedance amplifier works based on 

charge integration over a fixed time to amplify input current to output voltage. Operational 

amplifier along with capacitors Cf and Cin work as inverting amplifier to invert the polarity 

of output voltage amplified by switched capacitor trans-impedance amplifier. Switched 

capacitor circuits discretize the system, thereby making them fundamental block for circuit 

based signal processing such as analog to digital conversion. 

Fully differential current measurement architecture is as shown in Figure 2-11 [16]. 

This architecture requires three operational amplifiers A2, A3, A4 for current measurement. 
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Figure 2-11 Fully differential current measurement architecture [16] 

In this architecture the working electrode is connected to circuit ground immunizing 

it from environmental noise unlike other architectures where it is connected to virtual 

ground. The resistor RM is placed in the current path and the drop across it is measured 

using operational amplifier A2, A3 and A4. A2 and A3 are voltage buffers to prevent the 

amplifier A4 from drawing any sensor current. 
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A single ended sensor current measurement architecture is as shown in Figure 

2-12 [15]. 
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Figure 2-12 Single ended current measurement architecture [15] 

RM is placed between working electrode and ground such that current output from the 

sensor flows through this resistor causing a voltage drop proportional to the sensor current. 

This approach changes the potential of working electrode depending on the sensor current 

flowing through RM, hence it is difficult to maintain constant potential difference between 

the reference electrode and working electrode. 
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Table below shows the comparison of different architectures 

 

Table 2-2 Comparison of different architectures  

Architecture Power 

consumption 

Noise Complexity 

Trans-impedance [33] ≈4.3mW N/A Less 

Fully differential architecture [31] 15.84mW N/A More 

Switched capacitor  [32] 1.1mW ≈2mVrms Moderate 
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Chapter 3  

CMOS Switched Capacitor Based Microneedle Glucose Sensor Readout Circuit 

 

As presented in the previous chapter the salient features of a switched capacitor 

amplifiers such as compatibility with CMOS technology, good accuracy of time constants, 

good voltage linearity, good temperature characteristics make them most preferred type of 

circuit for a compact and accurate Lab-on-chip type electrochemical analysis system. In 

this ubiquitous digital and power conservation era switching systems are irreplaceable. 

Thus a switched capacitor type trans-impedance amplifier is chosen for this work to read 

and discretize the response of micro-needle glucose sensor. Lastly, capacitive feedback 

adds lower thermal noise compared to resistive feedback system [18].  

 

3.1 Design specification 

This work is fabricated in 0.35µM CMOS process technology. Technology 

specification are listed below in Table 3-1: 

Table 3-1 Process specifications 

Parameter Value 

VDD 3.3V 

Minimum L 0.35µm 

PAD size 81.4µm*81.4µm 

Resistance 1KΩ/square 

Metal Layers 4 

 

The CMOS device in this process can handle up to 3.3V and the minimum feature 

size of the CMOS device is 0.35µm. In this technology there are four metal layers available 
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to lay the interconnections and the bond pad size is 81.4µm*81.4µm to wire bond the pad 

on the die to the QFPP package leads. 

3.1.1 Microneedle Glucose Sensor 

This work uses a microneedle array based non-enzymatic electrochemical glucose 

sensor developed by Yoon et.al [19] as shown in Figure 3-2.  

 

Figure 3-1 Microneedle-integrated non-enzymatic glucose sensor structure [19] 

The microneedle array is made of 15x15 sharp silicon microneedle each 380 µm 

long and tip diameter is 1 µm. As carbon nanotubes have an intrinsically high active surface 

area that is preferred for kinetically controlled, surface bound reaction such as glucose 

oxidation. Thus to increase the surface area the multi-walled carbon nanotubes (MWCNTs) 

are grown directly on non-planar sharp silicon microneedle array, followed by platinum 

nanoparticle catalyst electroplating on the MWCNT forest. Then a miniaturized silver/silver 

chloride third electrode is fabricated as reference electrode. 

The amperometric sensor response shown in Figure 3-2 is obtained using 

phosphate buffered saline solution in the presence of relevant physiological species such 

as acetaminophen and ascorbic acid to mimic interfering agents in blood.  
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Figure 3-2 Amperometric response vs. glucose concentration [19] 

The sensor sensitivity is in the range of 8.10 ~ 13.67 µA/mM-cm2 for a physiological 

level of 0 ~ 15 mM glucose concentration [19].  

Thus, the microneedle sensor response shown in Figure 3-2 is used in this work 

as input current specification for simulation and measurement of the proposed switch 

capacitor based trans-impedance amplifier. 

Circuit design specifications for this work are listed in table 3-2: 

Table 3-2 Circuit design specifications 

Parameter Value 

Glucose level 2.5 mM -15 mM 

Sensor current 2 µA - 30 µA 

Power Supply ±1.65 V 

Output Voltage 44mV - 660mV 

Switching frequency 200 Hz, 200k Hz 

Trans-impedance gain 22kΩ 

Power, noise, area minimize 
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3.2 Proposed CMOS switched capacitor trans-impedance amplifier design 

The proposed switch capacitor trans-impedance amplifier based readout circuit is 

designed and implemented in 0.35µm CMOS fabrication technology, using operational 

amplifier for I-V and transmission gates are realized as shunt and series switch. 

3.2.1 Theory of operation 

The proposed switched capacitor trans-impedance amplifier shown in Figure 3-3 

is required to convert the current produced by the micro-needle glucose sensor in three 

different boundary scenarios, which are Hypoglycemia (below 4mM), Euglycemia (4mM-

7mM) and hyperglycemia (above 7mM) to corresponding voltage. The output voltage is a 

function of the amplifier gain. 
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Figure 3-3 Switch capacitor based trans-impedance amplifier system 

  It works based on charge integration principle. As presented in the previous 

chapters the reference electrode (RE) and counter electrode (CE) are connected to the 

potentiostat. The reaction to sense glucose concentration occurs at working electrode (WE) 

causing a current Isense to flow from potentiostat from counter electrode and out of the 
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working electrode. Then the sensor current Isense is converted to corresponding output 

voltage Vout which is a function of gain of the switched capacitor trans-impedance amplifier. 

The voltage output from the switched capacitor has inverse phase dependence to the 

direction of current Isense, therefore an inverting amplifier of gain 1 is implemented in the 

second stage to correct the phase. 

Working principle: 

The switched capacitor trans-impedance amplifier shown in Figure 3-4 operates 

in two phases. Phase 1 samples the input current onto a holding capacitor and in phase 2 

the charge accumulated due to the sampled current is reset or cleared. 
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Figure 3-4 Switch capacitor based trans-impedance amplifier 

The governing equations for switched capacitor amplifiers that define Q charge 

stored by the sampling capacitor C to obtain a voltage V is given by: 

 

𝑉 =
𝑄

𝐶
 

(3.1) 
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And from the conservation of electric charge, as expressed by the charge-continuity 

equation. The charge transferred between initial time ti and final time tf is given by: 

 
𝑄 = ∫ 𝐼 𝑑𝑡

𝑡𝑓

𝑡𝑖

 
          (3.2) 

In steady state, equation 3.2 can be re-written as: 

 𝑄 = 𝐼 . 𝑇 (3.3) 

Thus from equations 3.1 & 3.3, the golden equation for switched capacitor trans-impedance 

amplifier is obtained and is given by: 

 

𝑉𝑜𝑢𝑡 = −
𝐼𝑖𝑛. 𝑇

𝐶
 

(3.4) 

 

Where Vout is the amplifier output voltage, Isense is the glucose sensor current, T is the 

sampling time and C is holding or gain capacitor.  

The series switch S1 control signal samples the sensor current Isense, and allows it 

to charge the gain or holding capacitor, C  to the output voltage given by equation 3.4. 

Then the shunt switch S2 resets the charged gain capacitor, C to its initial condition by 

shunting the capacitor. This prepares the capacitor to sample the sensor current Isense 

during the sampling phase.  

Also, equation 3.4 readily shows that gain of the switched capacitor amplifier can 

be dynamically controlled by varying the width of switch timing signal. 

3.2.2 Operational amplifier design & analysis 

 The operational amplifier should have high gain to reduce the gain error due to 

feedback. In this work a folded cascode op-amp architectire as shown in Figure 3-5, as it 

provides relatively larger output swing while providing equally large gain as the telescopic 
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op-amps [34]. Large output swing is required to measure the full current range of the micro-

needle glucose sensor. 

 This op-amp is a differential-to-single ended type with NMOS devices at the input. 

Due to the fact that their higher mobility the NMOS devices at the input offer higher gain 

and lower noise. The gain expression of this folded cascode op-amp is given by: 

     10888426661 .)(||)||()( oombmooombmmv rrggrrrgggA   
(3.5) 
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Figure 3-5 Folded cascode operational amplifier schematic 
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 A strong biasing scheme is holds the key to the attractive properties the operational 

amplifier has to offer. Thus a high swing cascode current mirror shown in Figure 3-6 is 

implemented in this work. 
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Figure 3-6 High swing casode current mirror for biasing 

This is a modified Sooch cascode current mirror. The MOS transistors sourcing or 

sinking current are minimally biased to operate them at the edge of active region while the 

cascode MOS transistors are in saturation [35]. Thereby reducing the voltage headroom 

consumption by at least one threshold voltage. The minimum output voltage required to 

keep the device in saturation is given by: 
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In order to minimize mismatch due to process variation, the device dimensions of 

MOS transistors in the high swing cascode current mirror and those of the operational 

amplifier are identical. 

To obtain full output swing with a load, a large current-driving output stage is 

required. The output stage shown in Figure 3-7 is implemented in this work. This is a buffer 

amplifier with a typical two-stage differential-to-single ended circuit at its core [36]. This 

amplifier uses a negative feedback by connecting the output of the amplifier to its negative 

input. Therefore this output stage configuration has a very low output resistance and 

thereby allowing it to drive large loads. The output resistance of this amplifier is given by: 

 
𝑅𝑜𝑢𝑡 = (

1

(𝑔𝑑𝑠6 + 𝑔𝑑𝑠7) [1 + (
𝑔𝑚2
2𝑔𝑚4

) (
𝑔𝑚6 + 𝑔𝑚7
𝑔𝑑𝑠6 + 𝑔𝑑𝑠7

)]
) 

(3.7) 
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Figure 3-7 Output stage as buffer 

Operational amplifier noise analysis 

The main contributors of noise in an op-amp are due to the devices in the signal 

path. Thus, the noise contributed by the cascode devices can be neglected. Also, the noise 

generated by the tail current source devices is cancelled by the differential property of an 

op-amp. The resulting input referred noise spectrum of the op-amp can be expressed as: 

 
𝑣𝑛,𝑡𝑜𝑡
2̅̅ ̅̅ ̅̅ ̅ = 2 [𝑣𝑛1

2 (𝑓) + (
𝑔𝑚3
𝑔𝑚1

)
2

𝑣𝑛
3(𝑓) + (

𝑔𝑚9
𝑔𝑚1

)
2

𝑣9
2(𝑓)] 

(3.8) 
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where 𝑣𝑛𝑖
2 (𝑓) is the noise spectral corresponding to the ith transistor due to both thermal 

and 1/f noise and 𝑔𝑚𝑖  is the transconductance of transistor Mi. Thus by substituting the 

thermal noise and 1/f noise of M1, M3, and M9 into the input voltage, yields noise spectral. 

 

𝑣𝑛,𝑡𝑜𝑡
2̅̅ ̅̅ ̅̅ ̅ =  

16𝑘𝑇

3√2𝜇𝑛𝐶𝑜𝑥(
𝑊
𝐿⁄ )1
𝐼𝐷𝑆1

 (1 + √
2𝜇𝑝(

𝑊
𝐿⁄ )3

𝜇𝑛(
𝑊
𝐿⁄ )1

+√
(𝑊 𝐿⁄ )9

(𝑊 𝐿⁄ )1

) 

+
2𝑘𝑓𝑛

𝐶𝑜𝑥(𝑊𝐿)1

𝛥𝑓

𝑓
[1 +

2𝜇𝑝𝑘𝑓𝑝
𝜇𝑛𝑘𝑓𝑛

(
𝐿1
𝐿3
)
2

+ (
𝐿1
𝐿9
)
2

] 

(3.9) 

  

 From equation 3.9, by increasing W/L for the input devices and increasing the tail 

current will decrease the thermal noise. As 𝜇𝑛 >𝜇𝑝, the amplifier with NMOS inputs has 

lower thermal noise than the one with PMOS input devices. The noise contributed by the 

output stage is: 

  vn,tot
2 =  

16kT

3

1

gm1
2 [gm1 + gm3 + 

gm8 + gm9

gm8
2 (r01‖ r03)

2] 
(3.10) 

   
≈ 

16kT
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2 {
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L )1}

 

 

+
2kfn

Cox(WL)1

1

f
[1 +

μpkfp

μnkfn
(
L1
L3
)
2

] 

(3.11) 

 

 From equation 3.11, the noise decreases by decreasing the PMOS transistor 

width to length ratio and also by increasing the NMOS transistor width to length ratio. 
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The complete implementation of the operational amplifier is shown in Figure 3-8. 
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Figure 3-8 Complete op-amp schematic 
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Operational amplifier gain, phase margin and DC response simulations 

 The operational amplifier shown in Figure 3-8 achieves a gain of 118.3 dB and 

phase margin of 47.3 degrees with a load capacitance of 100fF. The plots of this 

simulation is shown in Figure 3-9. 

 

Figure 3-9 Operational amplifier gain and phase plots 

In order to measure the output and input swing, the operational amplifier is 

simulated in a unity-gain buffer configuration, by connecting the output to inverting terminal. 

The non-inverting terminal is connected to a DC power supply which is swept from VDD to 

VSS. The output vs. input curve is shown in Figure 3-10. The output swing of 1.56 to -1.52V 

is achieved. 
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Figure 3-10 Operational amplifier DC response 

3.2.3 Transmission gate design & analysis 

The series switch S1 and shunt switch S2 in Figure 3-4 is implemented using a 

transmission gate. The schematic of transmission gate is as shown in Figure 3-11. 

clk

nclk

in out

Mp1

Mn1

 

Figure 3-11 Transmission gate schematic 

The philosophy for using a parallel combination of an NMOS and a PMOS device 

is due to the fact that an NMOS cannot pass a strong logic 1 voltage, while a PMOS cannot 

pass a strong logic 0 voltage. Thus by paralleling the two devices, the full voltage range 
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from VSS to VDD can be transmitted. The equivalent transmission gate resistance RTG can 

be defined by [37]: 

 𝑅𝑇𝐺 =
𝑉𝑇𝐺

𝐼𝐷𝑛 + 𝐼𝐷𝑝
 (3.12) 

 

Since the devices are connected in parallel as shown in Figure 3-11, RTG can 

also be obtained by: 

 𝑅𝑇𝐺 = 𝑟𝑛||𝑟𝑝 (3.13) 

 

where, rn is NMOS device resistance and rp is PMOS device resistance. 

Thus, RTG is approximated obtained as PMOS device resistance while charging 

the capacitor [37]: 

 
𝑅𝑇𝐺 = 

2

μ𝑝𝐶𝑜𝑥 (
𝑊
𝐿 )𝑝

[2(𝑉𝐷𝐷 − |𝑉𝑇𝑝|) + 𝑉𝑇𝑛]
 

 

(3.14) 

where, µp is the mobility of charge carriers in PMOS device, Cox is oxide capacitance of 

PMOS device, W and L are device dimensions of PMOS device, VTp is threshold voltage 

of PMOS device and VTn is the threshold voltage of NMOS device. Ron  is in the range of 

2.5kΩ  - 870Ω   and is strongly dependent on  [34]. 

Transmission gate noise analysis 

The two important intrinsic noise effects in MOS transistors are: thermal and flicker 

noise. Thermal motion of the charge carriers in the channel of the device causes random 

fluctuation in the drain current by a small amount. The thermal noise of a device operating 

in triode region is given by [38]: 

 

𝑆𝐼 =
4𝑘𝑇

𝑅𝑜𝑛
 [𝐴2/𝐻𝑧] 

(3.15) 
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where, k is the Boltzmann constant , 𝑘 = 1.38 ∗ 10−23 𝐽/𝐾, T is absolute temperature of 

the device in degrees Kelvin, and Ron is its on-resistance in ohms of a transmission gate 

and it is given by equation 3.14. 

 Flicker noise or 1/𝑓 noise is caused when charge carriers get trapped and later 

released as they move through the channel of the transistor. The power spectral density 

SId(f) is derived from “Hooge’s bulk mobility fluctuation model” [39]and is given by: 

 

𝑆𝐼𝑑(𝑓) =
𝐼𝑑
2𝛼𝐻
𝑓𝑊𝐿𝑁

 [𝐴2/𝐻𝑧] 
(3.16) 

 

where,αH is Hooge’s empirical parameter universal value of about 2 ∗ 10−3, N is the total 

number of free carriers in the sample. 

Transmission gate transient simulation 

 Transient analysis is performed on the transmission gate to ascertain its 

functionality at sampling frequencies of 200 Hz and 200 kHz is as shown in Figure 3-12 

and Figure 3-13. A +1.25 V DC power supply is connected at the input and a 15kΩ resistive 

load is connected at the output. A 200 Hz sampling clock is applied to NMOS gate and an 

inverted phase clock is connected to PMOS gate of transmission gate in Figure 3-11. The 

output toggles between +1.16V and 0V at 200 Hz as shown in Figure 3-12. Similarly the 

transient analysis is performed at 200 kHz as shown in Figure 3-13 output toggles between 

+1.16V and 0V at 200 kHz. The transient analysis at both 200 Hz and 200 kHz are 

performed on post layout extracted netlist. 
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Figure 3-12 Transient response with 200 Hz clock and 15kΩ load 

 

Figure 3-13 Transient response with 200 kHz clock and 15kΩ load 
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3.2.4 Switched capacitor trans-impedance amplifier  analysis 

Gain Analysis 

The gain analysis of a switched capacitor trans-impedance is divided into two 

phases (a) sampling phase (b) reset phase as shown in Figure 3-14. 

(a)

+

-

C

Vout

Iin

(b)

+

-

C

Vout

Iin

 

Figure 3-14 Gain analysis (a) sampling phase (b) reset phase 

Reset phase 

 During the reset phase, operational amplifier functions as a non-inverting voltage 

follower and its gain is given by 

 𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
= 1 

(3.17) 

 

 where Vin is the voltage at non-inverting terminal and since it is connected to ground, 

Vin = 0V. Thus, Vout of this voltage follower is 0V. 

Sampling phase 

 During the sampling phase, the operational amplifier functions as a charge 

integrator. Thus, integrated output voltage Vout(t) during sampling time T can be 

represented as the convolution of the glucose sensor current and a rectangular time pulse 

given by equation 3.17: 
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𝑉𝑜𝑢𝑡(𝑡) =
1

𝐶
 . 𝐼𝑖𝑛(𝑡) ∗ (𝑢(𝑡) − 𝑢(𝑡 − 𝑇))    

(3.18) 

Laplace transform of equation 3.18 can be obtained as: 

 

𝑣𝑜𝑢𝑡(𝑠)  =
1

𝐶𝑠
 . 𝑖𝑖𝑛(𝑠). (1 − 𝑒

−𝑇𝑠) 
(3.19) 

 

Thus, gain of switched capacitor trans-impedance amplifier in frequency domain is:  

 𝑣𝑜𝑢𝑡(𝑠)

𝑖𝑖𝑛(𝑠)
 =

1

𝐶𝑠
  . (1 − 𝑒−𝑇𝑠) 

(3.20) 

By applying inverse Laplace transform to equation 3.20, gain in time domain is 

 𝑉𝑜𝑢𝑡(𝑡)

𝐼𝑖𝑛(𝑡)
 =
𝑇

𝐶
   

(3.21) 

Thus, from equation 3.21 the DC value of Vout for DC input Iin is: 

 

 𝑉𝑜𝑢𝑡 = 𝐼𝑖𝑛.
𝑇

𝐶
   

(3.22) 

 where Iin is the sensor current, T is sampling time and C is value of holding capacitor. 

Noise Analysis 

 The flicker and thermal noise, are dominant noise mechanisms in a switched 

capacitor contributed by operational amplifier noise  𝑒𝑀
2  is given by: 

 

𝑒𝑀
2  [𝑉2/𝐻𝑧] ≈  

16𝑘𝑇

3√2𝜇𝑛𝐶𝑜𝑥 (
𝑊
𝐿 )1

𝐼𝑠𝑠
2 {
 

 
1 + √

𝜇𝑝 (
𝑊
𝐿 )3

𝜇𝑛 (
𝑊
𝐿 )1}

 

 

+
2𝑘𝑓𝑛

𝐶𝑜𝑥(𝑊𝐿)1

1

𝑓
[1 +

𝜇𝑝𝑘𝑓𝑝
𝜇𝑛𝑘𝑓𝑛

(
𝐿1
𝐿3
)
2

] 

(3.23) 

 

and the thermal noise and flicker noise due to transmission gate is given by: 
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𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙_𝑇𝐺 =
4𝑘𝑇

𝑅𝑜𝑛
 [𝐴2/𝐻𝑧] 

(3.24) 

   

 

𝑆𝐼𝑑_𝑓𝑙𝑖𝑐𝑘𝑒𝑟_𝑇𝐺(𝑓) =
𝐼𝑑
2𝛼𝐻
𝑓𝑊𝐿𝑁

 [𝐴2/𝐻𝑧] 
(3.25) 

 

The noise analysis of switched capacitor system is different from a continuous time 

system because the integration time is not infinite. Thus noise analysis of the system has 

to be done separately for each of the operating phases namely sampling and reset. The 

noise contribution of the first stage is the most dominant source of noise in a multi-stage 

amplification system. 

In the reset phase as shown in Figure 3-15, the holding capacitor’s terminals are 

shunted, configuring the op-amp as a voltage follower.  

(a) (b)

SI

+

-

C
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Vout

e
M

2

Iin
SV = e

M

2

+

-

C

YM

Vout

e
M

2
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2
e

M

2

/

Iin

SI

SV

 

Figure 3-15 Noise model (a) sampling phase (b) reset phase. 

Thus, the only noise if from the op-amp and the voltage power spectral density of 

the output equivalent voltage noise, SV,rst is 

 𝑆𝑉,𝑟𝑠𝑡 = 𝑒𝑀
2  [𝑉2/𝐻𝑧] (3.26) 

where eM is the input referred noise of the op-amp. The equivalent input referred current 

noise, SI,rst in terms of the feedback capacitance C and the sampling time T is 
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𝑆𝐼,𝑟𝑠𝑡 = 𝑆𝑉,𝑟𝑠𝑡 . (
𝐶

𝑇
)
2

 
(3.27) 

 

𝑆𝐼,𝑟𝑠𝑡 = 𝑒𝑀 
2 . (

𝐶

𝑇
)
2

 [𝐴2/𝐻𝑧] 
(3.28) 

Post reset phase, the holding capacitor has an initial charge of zero. During the 

sampling phase, the holding capacitor samples the input current, and the integrated output 

voltage during sampling time T can be represented as the convolution of the glucose 

sensor current and a rectangular time pulse, following from [40] 

 

𝑉𝑜𝑢𝑡(𝑡) =
1

𝐶
 . 𝑖(𝑡) ∗ (𝑢(𝑡) − 𝑢(𝑡 − 𝑇))    

(3.29) 

where i(t) is an input current and u(t) is the unit step function. The Laplace transform of the 

expression of equation 3.29 can be obtained as 

 

𝐿 (
1

𝐶
 . 𝑖(𝑡) ∗ (𝑢(𝑡) − 𝑢(𝑡 − 𝑇)))  

=
1

𝐶𝑠
 . 𝑖(𝑠). (1 − 𝑒−𝑇𝑠) 

(3.30) 

 

where L(i(t)) = i(s). 

 From equation 3.29, the power spectral density of the output, SV is calculated as 

 

𝑆𝑉,𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑒𝑀
2 (
𝑌𝑀
𝐶. 𝑠

 .  (1 − 𝑒−𝑇 .𝑠))

2

 [𝑉2/ 𝐻𝑧] 
(3.31) 

where YM is the admittance of the equivalent input circuit, which includes the inverse of 

resistance of the series switch given by equation 3.32: 

 

𝑅𝑜𝑛 = 
1

μ𝐶𝑜𝑥
𝑊
𝐿
(𝑉𝐷𝐷 − 𝑉𝑖𝑛 − 𝑉𝑇𝐻)

 
(3.32) 
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where, µ is the mobility of charge carriers, Cox is oxide capacitance, W and L are device 

dimensions. Ron  is in the range of 2.5kΩ  - 870Ω   and is strongly dependent on  [34]. 

Thus, from the above equations, the input referred current noise during sampling 

is SI,sample is: 

 

𝑆𝐼,𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑆𝑉,𝑠𝑎𝑚𝑝𝑙𝑒 . (
𝐶

𝑇
)
2

 
(3.33) 

 

𝑆𝐼,𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑒𝑀
2  . (

𝑌𝑀
𝑇. 𝑠
 .  (1 − 𝑒−𝑇 .𝑠))

2

 [𝐴2/ 𝐻𝑧]  
(3.34) 

 

The total input referred noise, ST, in a capacitive feedback measurement system 

is the sum of the noise current power spectral densities of the rest phase and the sampling 

phase including the noise of the input equivalent circuit [18]: 

 𝑆𝑇 = 𝑆𝑀 + 𝑆𝐼,𝑟𝑠𝑡 + 𝑆𝐼,𝑠𝑎𝑚𝑝𝑙𝑒  (3.35) 

where SM is the noise of equivalent input circuit 

The main source of SM is from MOSFET based sampling switch due to  thermal 

motion of the charge carriers in the channel of the device causing random fluctuations in 

the drain current. When operated as switch the MOS transistor operates in triode region, 

thus noise can be represented by a current source in parallel to the channel current [38]. 

The power spectral density (PSD) of this current source is white and is given by equation 

3.36: 

 

𝑆𝐼 =
4𝑘𝑇

𝑅𝑜𝑛
 [𝐴2/𝐻𝑧] 

(3.36) 

where, k is the Boltzmann constant,  , T is absolute temperature of the device in degrees 

Kelvin, and  Ron is on-resistance in ohms of a MOS transistor and is given by equation 3.32. 
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In the low frequencies the noise from the input equivalent circuit has a large effect 

while at higher frequencies the contribution from the sampling phase is dominant [18]. 

3.3 Simulation results 

The post layout extracted netlist is simulated at 200 kHz clock with only on chip 

capacitor of 100pF and at 200 Hz clock with external capacitor of 100nF for the input 

current range of 2µA-30µA obtained from the output current vs. glucose concentration plot 

of the microneedle glucose sensor as shown in Figure 3-2. 

3.3.1 CMOS IC layout of proposed circuit 

The circuit for the proposed architecture is fabricated in 0.35µm CMOS technology 

process. Circuit design and custom layout is done using Cadence tool suite. Assura is used 

to complete the custom design flow by doing design rule check, layout versus schematic 

check and parasitic RC extraction of the layout. The PAD size provided for this design 

along with the seal ring is 81.4µm x 81.4 µm. Figure 3-16 shows the full chip layout with 

the layout of proposed architecture marked in red. The area of the proposed architecture 

is 160 µm x 157 µm. The area of 100pF on chip capacitance is 900 µm x 50 µm. 
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Figure 3-16 Full chip layout 

Figure 3-17 shows the zoomed layout capture of the proposed architecture. 

 

Figure 3-17 Zoomed layout of proposed architecture 

3.3.2 Simulation results with 100pF on chip capacitor and 200 kHz sampling clock 

The post extracted simulated response of proposed circuit for input current range 

from 2µA to 30µA is shown in Figure 3-19 to Figure 3-30 and the corresponding output 

varies from 45mV to 664mV. 
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Figure 3-18 Post extraction netlist simulation with 200 kHz clock @ Iin = 2µA 

 

Figure 3-19 Post extraction netlist simulation with 200 kHz clock @ Iin = 3µA 
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Figure 3-20 Post extraction netlist simulation with 200 kHz clock @ Iin = 4µA 

 

Figure 3-21 Post extraction netlist simulation with 200 kHz clock @ Iin = 5µA 
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Figure 3-22 Post extraction netlist simulation with 200 kHz clock @ Iin = 6µA 

 

Figure 3-23 Post extraction netlist simulation with 200 kHz clock @ Iin = 7µA 
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Figure 3-24 Post extraction netlist simulation with 200 kHz clock @ Iin = 8µA 

 

Figure 3-25 Post extraction netlist simulation with 200 kHz clock @ Iin = 9µA 
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Figure 3-26 Post extraction netlist simulation with 200 kHz clock @ Iin = 10µA 

 

Figure 3-27 Post extraction netlist simulation with 200 kHz clock @ Iin = 15µA 
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Figure 3-28 Post extraction netlist simulation with 200 kHz clock @ Iin = 20µA 

 

Figure 3-29 Post extraction netlist simulation with 200 kHz clock @ Iin = 25µA 
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Figure 3-30 Post extraction netlist simulation with 200 kHz clock @ Iin = 30µA 

The readings of all the measurements shown from Figure 3-19 to 3-20 is tabulated 

in Table 3-3.  The minimum glucose level that can be measured is 1mM, the corresponding 

sensor current is 2µA and maximum is 15mM corresponding sensor current is 30 µA. 

 

Table 3-3 Post extraction simulation results with 200 kHz clock 

Glucose concentration 

(mM) 

Electrode Resistance 

(kΩ) 

Iin (µA) Simulated Output 

(mV) 

Gain (kΩ) 

1 250 2 45.05 22 

1.5 166.6 3 66.98 22 

2 125 4 88.491 22 

2.5 100 5 110.79 22 

3 83.33 6 132.69 22 
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Glucose concentration 

(mM) 

Electrode Resistance 

(kΩ) 

Iin (µA) Simulated Output 

(mV) 

Gain (kΩ) 

3.5 71.428 7 156.04 22 

4 62.5 8 177.93 22 

4.5 55.5 9 199.1 22 

5 50 10 222.39 22 

7.5 33.3 15 331.4 22 

10 25 20 441.56 22 

12.5 20 25 553.59 22 

15 16.66 30 663.43 22 

 

Output voltage vs. sensor current at sampling frequency of 200 kHz is plotted in 

Figure 3-31. The resolution of the proposed circuit is 22mV/ µA which indicates that for 

every 1 µA change in input current the output voltage changes by 22mV. 

 

Table 3.3—Continued 
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Figure 3-31 Sensor current vs. output voltage with 200 kHz clock 

Output voltage vs. glucose concentration at sampling frequency of 200 kHz is 

plotted in Figure 3-32. The simulated trans-impedance gain of the proposed switched 

capacitor trans-impedance amplifier circuits is 22 kΩ. Thus at 1mM glucose concentration 

output voltage is 45.05mV and at 15mM glucose concentration output voltage is 663.43mV. 

 

 

Figure 3-32 Glucose concentration vs. output voltage with 200 kHz clock 
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The noise simulation response of the proposed circuit with 200 kHz clock is 

obtained from 10Hz to 100MHz is shown in Figure 3-32. The total output integrated rms 

noise in the 10Hz to 100MHz bandwidth is 953.442µVrms. The power consumed by the 

system at 200 kHz is 3.05mW. Table 3-4 is the summary of post extracted simulation 

results with 200 kHz sampling clock. 

 

Figure 3-33 Proposed circuit noise simulation with 200 kHz clock 

 

Table 3-4 Summary of post extraction simulation results with 200 kHz clock 

Parameter Post extraction simulation 

Input current 2µA – 30µA 

Output voltage 45mV - 664mV 

Total integrated noise 953.442µVrms  

System power dissipation 3.05mW 
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3.3.3 Simulation results with 100nF external capacitor and 200 Hz sampling clock 

The post extracted simulated response of proposed circuit for input current range 

from 2µA to 30µA is shown in Figure 3-34 to Figure 3-46 and the corresponding output 

varies from 45mV to 664mV. 

 
Figure 3-34 Post extraction netlist simulation with 200 Hz clock @ Iin = 2µA 
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Figure 3-35 Post extraction netlist simulation with 200 Hz clock @ Iin = 3µA 

 

Figure 3-36 Post extraction netlist simulation with 200 Hz clock @ Iin = 4µA 
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Figure 3-37 Post extraction netlist simulation with 200 Hz clock @ Iin = 5µA 

 

Figure 3-38 Post extraction netlist simulation with 200 Hz clock @ Iin = 6µA 
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Figure 3-39 Post extraction netlist simulation with 200 Hz clock @ Iin = 7µA 

 

Figure 3-40 Post extraction netlist simulation with 200 Hz clock @ Iin = 8µA 
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Figure 3-41 Post extraction netlist simulation with 200 Hz clock @ Iin = 9µA 

 

Figure 3-42 Post extraction netlist simulation with 200 Hz clock @ Iin = 10µA 
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Figure 3-43 Post extraction netlist simulation with 200 Hz clock @ Iin = 15µA 

 

Figure 3-44 Post extraction netlist simulation with 200 Hz clock @ Iin = 20µA 
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Figure 3-45 Post extraction netlist simulation with 200 Hz clock @ Iin = 25µA 

 

Figure 3-46 Post extraction netlist simulation with 200 Hz clock @ Iin = 30µA 
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The readings of all the measurements shown from Figure 3-34 to 3-46 is tabulated 

in Table 3-5.  The minimum glucose level that can be measured is 1mM, the corresponding 

sensor current is 2µA and maximum is 15mM corresponding sensor current is 30 µA. 

 

Table 3-5 Post extraction simulation results with 200 Hz clock 

Glucose concentration 

(mM) 

Electrode Resistance 

(kΩ) 

Iin (µA) Simulated Output 

(mV) 

Gain (kΩ) 

1 250 2 44.89 22 

1.5 166.6 3 66.86 22 

2 125 4 89.806 22 

2.5 100 5 110.89 22 

3 83.33 6 132.89 22 

3.5 71.428 7 157.11 22 

4 62.5 8 178.2 22 

4.5 55.5 9 200.97 22 

5 50  10 224.34 22 

7.5 33.3 15 332.99 22 

10 25 20 443 22 

12.5 20 25 554.24 22 

15 16.66 30 664 22 

 

 Output voltage vs. sensor current at sampling frequency of 200 kHz is plotted in 

Figure 3-47. The resolution of the proposed circuit is 22mV/ µA which indicates that for 

every 1 µA change in input current the output voltage changes by 22mV. 
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Figure 3-47 Sensor current vs. output voltage with 200 Hz clock 

Output voltage vs. glucose concentration at sampling frequency of 200 kHz is 

plotted in Figure 3-32. The simulated trans-impedance gain of the proposed switched 

capacitor trans-impedance amplifier circuits is 22 kΩ. Thus at 1mM glucose concentration 

output voltage is 44.89mV and at 15mM glucose concentration output voltage is 664mV. 
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Figure 3-48 Glucose concentration vs. output voltage with 200 Hz clock 

The noise simulation response of the proposed circuit with 200 Hz clock is obtained 

from 10Hz to 100MHz is shown in Figure 3-49. The total output integrated rms noise in the 

10Hz to 100MHz bandwidth is 803.442µVrms. The power consumed by the system at 200 

Hz is 2.49mW. Table 3-6 is the summary of post extracted simulation results with 200 Hz 

sampling clock. 

 

Figure 3-49 Proposed circuit noise simulation with 200 Hz clock 
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Table 3-6 Summary of post extraction simulation results with 200 Hz clock 

Parameter Post extraction simulation 

Input current 2µA – 30µA 

Output voltage 45mV - 664mV 

Total integrated noise 803.442µVrms (100MHz BW) 

System power dissipation 2.49mW 

 

3.4 Measurement results 

 

Figure 3-50 Die photograph of complete chip 
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Figure 3-51 shows the die photograph of complete chip. Location of the proposed 

circuit in Figure 3-51 is marked in red. Figure 3-52 is the zoomed area of the die showing 

the proposed circuit. 

 

Figure 3-51 Zoomed die photograph of proposed circuit 

The die shown in Figure 3-51 is wire bonded and packaged into a 208 pin quad 

flat package case and Figure 3-53 shows the photograph of a packaged chip.  

 

Figure 3-52 Photograph of packaged chip 

 

3.4.1 Measurement setup 

The block diagram of measurement setup is as shown in Figure 3-54, equipment 

used and their respective function is listed in Table 3-7. The glucose sensor model as 

shown in Figure 2-6 is connected on the breadboard. The sampling and reset clocks are 

generated using a 16bit microcontroller from Microchip dsPIC33FJ128GP on a Microstick 

II evaluation board. 
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Keithley 2400_1

Keithley 2400_2

Sensor model

Ibias_R

Agilent 3620A_1

Agilent 3620A_2
Agilent InfiniiVision

Microstick II

DUT

KOPJH

QFP socket board

 

Figure 3-53 Block diagram of measurement setup 

A 200 pin quad flat package socket is soldered on to the adapter board as shown 

in Figure 3-55 to test the chip. 



 

73 

 

Figure 3-54 Adapter board with QFPP socket 

The packaged chip is put into this socket for testing. Sensor model is wired on 

the bread board and connections are made from adapter board to bread board. The 

complete measurement setup is shown in Figure 3-56. 

 

Figure 3-55 Measurement setup 
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Keithley 2400 source meter is used to bias the glucose sensor model and 

operational amplifier, Agilent power supply is used to power on the chip and microcontroller 

for generating switch control signals. Agilent InfiniiVision digital storage oscilloscope to 

measure the output of proposed circuit. Agilent multi-meter is used to measure the power 

consumption.  

 

Table 3-7 Equipment list and functions 

Equipment Function 

Keithley 2400_1 Sensor bias 

Keithley 2400_2 Opamp bias current 

Agilent 3620A_1 Opamp power supply  

Agilent 3620A_2 Microstick II power supply 

Microstick II PIC eval board Sampling and reset clocks 

Agilent InfiniiVision Digital storage oscilloscope 

 

 

 

3.4.2 Measurement results with 100pF on chip capacitor and 200 kHz sampling clock 

The post extracted simulated response of proposed circuit for input current range 

from 2µA to 30µA is shown in Figure 3-57 to Figure 3-69 and the corresponding output 

varies from 20mV to 749mV. 
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Figure 3-56 Measured output with 200 kHz clock @ Iin = 2µA 

 

Figure 3-57 Measured output with 200 kHz clock @ Iin = 3µA 
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Figure 3-58 Measured output with 200 kHz clock @ Iin = 4µA 

 

Figure 3-59 Measured output with 200 kHz clock @ Iin = 5µA 
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Figure 3-60 Measured output with 200 kHz clock @ Iin = 6µA 

 

Figure 3-61 Measured output with 200 kHz clock @ Iin = 7µA 
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Figure 3-62 Measured output with 200 kHz clock @ Iin = 8µA 

 

Figure 3-63 Measured output with 200 kHz clock @ Iin = 9µA 
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Figure 3-64 Measured output with 200 kHz clock @ Iin = 10µA 

 

Figure 3-65 Measured output with 200 kHz clock @ Iin = 15µA 
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Figure 3-66 Measured output with 200 kHz clock @ Iin = 20µA 

 

Figure 3-67 Measured output with 200 kHz clock @ Iin = 25µA 
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Figure 3-68 Measured output with 200 kHz clock @ Iin = 30µA 

The readings of all the measurements shown from Figure 3-57 to 3-69 is tabulated 

in Table 3-8.  The minimum glucose level that can be measured is 1mM, the corresponding 

sensor current is 2µA and maximum is 15mM corresponding sensor current is 30 µA. 

 

Table 3-8 Measured results with 200 kHz clock 

Glucose concentration 

(mM) 

Electrode Resistance 

(kΩ) 

Iin (µA) Measured Output 

(mV) 

1 250 2 20 

1.5 166.6 3 50 

2 125 4 73.25 

2.5 100 5 97 

3 83.33 6 122.5 
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Glucose concentration 

(mM) 

Electrode Resistance 

(kΩ) 

Iin (µA) Measured Output 

(mV) 

3.5 71.428 7 150 

4 62.5 8 172.5 

4.5 55.5 9 198.7 

5 50 10 222.5 

7.5 33.3 15 355 

10 25 20 492.5 

12.5 20 25 615 

15 16.66 30 749 

  

Output voltage vs. sensor current at sampling frequency of 200 kHz is plotted in 

Figure 3-70. The resolution of the proposed circuit is 22.5mV/ µA which indicates that for 

every 1 µA change in input current the output voltage changes by 25mV. 

 

Figure 3-69 Sensor current vs. measured output voltage 

Table 3.8—Continued 
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Output voltage vs. glucose concentration at sampling frequency of 200 kHz is 

plotted in Figure 3-72. The measured trans-impedance gain of the proposed switched 

capacitor trans-impedance amplifier circuits is 22.8 kΩ. Thus at 1mM glucose 

concentration output voltage is 20mV and at 15mM glucose concentration output voltage 

is 749mV. 

 

Figure 3-70 Glucose concentration vs. measured output voltage 

3.4.3 Measurement results with 100nF external capacitor and 200 Hz sampling clock 

The post extracted simulated response of proposed circuit for input current range 

from 2µA to 30µA is shown in Figure 3-72 to Figure 3-83 and the corresponding output 

varies from 19.25mV to 624mV. 
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Figure 3-71 Measured output with 200 Hz clock @ Iin = 2µA 

 
Figure 3-72 Measured output with 200 Hz clock @ Iin = 3µA 
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Figure 3-73 Measured output with 200 Hz clock @ Iin = 4µA 

 

Figure 3-74 Measured output with 200 Hz clock @ Iin = 5µA 
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Figure 3-75 Measured output with 200 Hz clock @ Iin = 6µA 

 

 

Figure 3-76 Measured output with 200 Hz clock @ Iin = 7µA 
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Figure 3-77 Measured output with 200 Hz clock @ Iin = 8µA 

 

Figure 3-78 Measured output with 200 Hz clock @ Iin = 9µA 



 

88 

 

Figure 3-79 Measured output with 200 Hz clock @ Iin = 10µA 

 

Figure 3-80 Measured output with 200 Hz clock @ Iin = 15µA 
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Figure 3-81 Measured output with 200 Hz clock @ Iin = 20µA 

 

Figure 3-82 Measured output with 200 Hz clock @ Iin = 25µA 



 

90 

 

Figure 3-83 Measured output with 200 Hz clock @ Iin = 30µA 

The readings of all the measurements shown from Figure 3-72 to 3-84 is tabulated 

in Table 3-9.  The minimum glucose level that can be measured is 1mM, the corresponding 

sensor current is 2µA and maximum is 15mM corresponding sensor current is 30 µA. 

 

Table 3-9 Measured results with 200 Hz clock 

Glucose concentration 

(mM) 

Electrode Resistance 

(kΩ) 

Iin (µA) Measured Output 

(mV) 

1 250 2 19.25 

1.5 166.6 3 49.5 

2 125 4 70.75 

2.5 100 5 88.25 

3 83.33 6 107.5 
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Glucose concentration 

(mM) 

Electrode Resistance 

(kΩ) 

Iin (µA) Measured Output 

(mV) 

3.5 71.428 7 131.25 

4 62.5 8 150 

4.5 55.5 9 172 

5 50 10 198 

7.5 33.3 15 307.5 

10 25 20 412 

12.5 20 25 520 

15 16.66 30 624 

 
Output voltage vs. sensor current at sampling frequency of 200 Hz is plotted in 

Figure 3-85. The resolution of the proposed circuit is 21.5mV/ µA which indicates that for 

every 1 µA change in input current the output voltage changes by 21.5mV. 

 

 

Figure 3-84 Sensor current vs. measured output voltage with 200 Hz clock 

Table 3.9—Continued 
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Output voltage vs. glucose concentration at sampling frequency of 200 kHz is 

plotted in Figure 3-86. The measured trans-impedance gain of the proposed switched 

capacitor trans-impedance amplifier circuits is 21.2 kΩ. Thus at 1mM glucose 

concentration output voltage is 19.25mV and at 15mM glucose concentration output 

voltage is 624mV. 

 

 

Figure 3-85 Glucose concentration vs. measured output voltage with 200 Hz clock 

 
3.5 Comparison of simulation versus measurement results 

Measurement and simulated sensor current vs. output voltage results with internal 

capacitor of 100pF at 200 kHz sampling frequency and with external capacitor of 100nF at 

200 Hz are compared in Figure 3-85 and Figure 3-86 respectively. The comparison plots 

in Figure 3-85 and Figure 3-86 show that the measurement results closely matches with 

the simulation results with a mean percentage error of 15% between simulation and 

measurement results. The most likely causes for this error are gain error and offset error 

due to channel charge injection and body effects from transmission gate, operational 
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amplifier output offset introduced due to device mismatch introduced by process variation, 

component tolerance of the resistor used for glucose sensor emulation, component 

tolerance of the gain capacitor which determines the gain of switched capacitor trans-

impedance amplifier. 

 

Figure 3-86 Comparison of measured and simulated results with 200 kHz clock 

 

 

Figure 3-87 Comparison of measured and simulated results with 200 Hz clock 
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Charge injection problem at the output occurs due to flow of stored charge in the 

channel into output stage. Thus stored charge Qch in the channel of transmission gate is 

 𝑄𝑐ℎ = 𝑊𝐿𝐶𝑜𝑥(𝑉𝐷𝐷 − 𝑉𝑖𝑛 − 𝑉𝑇ℎ) (3.37) 

The error caused at the output due to channel charge injection on to the holding capacitor 

C is given by ∆𝑉 

 

∆𝑉 =
𝑊𝐿𝐶𝑜𝑥(𝑉𝐷𝐷 − 𝑉𝑖𝑛 − 𝑉𝑇ℎ)

𝐶
 

(3.38) 

 

Thus Vout is given by, 

 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 (1 +
𝑊𝐿𝐶𝑜𝑥
𝐶

) −
𝑊𝐿𝐶𝑜𝑥
𝐶

(𝑉𝐷𝐷 − 𝑉𝑇ℎ) 
  (3.39) 

 

where Vin is a function of sensor current and working electrode resistance. 

 In equation 3.39 the first term introduces gain error in the output, given by 

 

𝐺𝑎𝑖𝑛 𝑒𝑟𝑟𝑜𝑟: 𝑉𝑖𝑛. (
𝑊𝐿𝐶𝑜𝑥
𝐶

) 
(3.40) 

 

and the second term introduces constant offset at the output 

 

𝑂𝑓𝑓𝑠𝑒𝑡: 
𝑊𝐿𝐶𝑜𝑥
𝐶

(𝑉𝐷𝐷 − 𝑉𝑇ℎ) 
(3.41) 

 

By including the body effect, equation 3.39 can be re-written as 

 

𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 (1 +
𝑊𝐿𝐶𝑜𝑥
𝐶

) + 𝛾
𝑊𝐿𝐶𝑜𝑥
𝐶

√2𝜙𝐵 + 𝑉𝑖𝑛

−
𝑊𝐿𝐶𝑜𝑥
𝐶

(𝑉𝐷𝐷 − 𝑉𝑇ℎ + 𝛾√2𝜙𝐵) 

(3.42) 
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Thus, gain and offset error equation with body effect are: 

 

𝐺𝑎𝑖𝑛 𝑒𝑟𝑟𝑜𝑟: 𝑉𝑖𝑛. (
𝑊𝐿𝐶𝑜𝑥
𝐶

) + 𝛾
𝑊𝐿𝐶𝑜𝑥
𝐶

√2𝜙𝐵 + 𝑉𝑖𝑛 
(3.43) 

 

𝑂𝑓𝑓𝑠𝑒𝑡: 
𝑊𝐿𝐶𝑜𝑥
𝐶

(𝑉𝐷𝐷 − 𝑉𝑇ℎ + 𝛾√2𝜙𝐵) 
(3.44) 

 

The noise is measured in time domain using Agilent InfiniiVsion digital storage 

oscilloscope and the measured noise is shown in Figure 3-88 and Figure 3-89 at 200 kHz 

and 200 Hz sampling clocks. Since oscilloscope analyzes the signal in time domain, AC 

RMS is used to measure integrated noise. Total measured noise is around 3 mVrms at 200 

kHz sampling clock and 1.3mVrms at 200 Hz sampling clock. 

 

Figure 3-88 Noise measurement at 200 kHz sampling clock 
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Figure 3-89 Noise measurement at 200 Hz sampling clock 

Table 3-10 and 3 -11 summarizes the comparison between simulation and 

measurement results at 200 kHz and 200 Hz sampling clock. The measurement results 

closely follow the simulation results as expected. Noise at 200 kHz is higher due to higher 

power consumption and overshoot on the clock edges getting coupled to the output. 

Table 3-10 Comparison between measurement and simulation results at 200 kHz 

Parameter Post extraction simulation Measurement 

Input Current 2µA-30µA 2µA-30µA 

Output voltage 45mV-664mV 19.25mV-624mV 

Total integrated noise 953.442µVrms  3mVrms  

System power dissipation 3.05mW 3.33mW 
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Table 3-11 Comparison between measurement and simulation results at 200 Hz 

Parameter Post extraction simulation Measurement 

Input Current 2µA-30µA 2µA-30µA 

Output voltage 45mV-664mV 19.25mV-624mV 

Total integrated noise 803.442µVrms  1.3mVrms  

System power dissipation 2.49mW 2.67mW 
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Chapter 4  

Conclusion 

 

In this work, a switched capacitor based trans-impedance amplifier amperometric 

readout circuit for microneedle glucose sensor is proposed. The designed switched 

capacitor based trans-impedance amplifier circuit has a linear output response for the input 

current range from (2µA to 30µA). Thus it will be used to amplify the complete output 

current range (5µA to 30µA) of a novel microneedle glucose sensor. The switched 

capacitor based trans-impedance amplifier offers lower noise and wider dynamic range 

compared to the conventional trans-impedance amplifier with resistive feedback 

architecture and fully differential current measurement architecture. 

This switched capacitor based trans-impedance amplifier is designed and 

fabricated in 0.35µm CMOS process technology. The switched capacitor based trans-

impedance amplifier in this work is implemented using an operational amplifier and 

transmission gates. The designed operational amplifier has a differential-to-single ended 

folded cascode structure at the core to provide high gain and the output stage is a two 

stage differential-to-single ended amplifier with negative feedback to drive low impedance 

(upto 1kΩ) loads. The PAD size for wire bonding with the QFP package is 81.4um × 

81.4um. The total area of the proposed readout circuit is 160 µm x 157 µm and the area of 

100pF on chip capacitance is capacitance is 900 µm x 50 µm. 

The designed switched capacitor trans-impedance amplifier was simulated and 

tested with on chip gain capacitor of 100pF at 200 kHz and with external gain capacitor of 

100nF at 200 Hz. The circuit linearly amplifies the input current from 2µA-30µA to output 

voltage of 45mV-664mV with a trans-impedance gain of 22kΩ. Therefore the output varies 

by 22mV for a 1µA change in input current. Also, from the microneedle current response 
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vs. glucose concentration plot it can be seen that for every 0.5mM change in glucose 

concentration sensor current changes by 1µA. Thus, the output voltage changes by 22mV 

for every 0.5mM change in glucose concentration. There is a mean percentage error of 

15% between simulation and measured response due to the gain and offset error 

introduced by charge injection effect and also due to component tolerances. The measured 

noise at 200 kHz sampling clock is 3mVrms and the system power consumed is 3.33mW, 

whereas measured noise at 200 Hz sampling clock is 1.3mVrms and the system power 

consumed is 2.67mW. Since the electrochemical sensors work at speeds lower than 100 

Hz, configuring the switched capacitor based trans-impedance amplifier to sample at 200 

Hz provides optimal solution to conserve power. Comparison of this work with existing 

architectures is shown in Table 

Table 4-1 Architecture comparison 

Architecture Power 

consumption 

Noise Complexity 

Trans-impedance [33] ≈4.3mW N/A Less 

Fully differential architecture [31] 15.84mW N/A Moderate 

Switched capacitor based trans-impedance 

amplifier at 200 kHz(this work) 

1.665mW ≈3mVrms Moderate 

Switched capacitor based trans-impedance 

amplifier at 200 Hz(this work) 

1.335mW ≈1.3mVrms Moderate 

 

In the future work, the proposed CMOS switch capacitor based trans-impedance 

amplifier  readout circuit is intended to be integrated with a microneedle glucose sensor. 

Thus creating a lab on chip platform for glucose measurement that can be interfaced with 

or embedded into the current portable computing platforms such as tablets and 
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smartphones allowing seamless flow of data for doctors to remotely monitor their patient’s 

glucose levels and prescribe accurate treatment. 
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