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ABSTRACT 
This thesis reports on the design, modelling, simulation, fabrication and characterisation 
of a novel smart ratiometric ASIC chip for the monitoring of volatile organic 
compounds in air. 

A ratiometric principle of measurement applied in the design addresses common 
problems found in the development and performance of polymer-based devices for gas 
sensing applications. The approach brings about the cancellation of unwanted common 
mode variations that occur on a pair of chemoresistors arranged in a ratiometric 
configuration.  

Variations in the resistance of fabricated sensors are compensated by the ratiometric 
array, allowing the use of polymer resistances ranging from 1 kΩ to 100 kΩ. Problems 
such as humidity and temperature dependence of the baseline output voltage are nearly 
eliminated.  

Besides the ratiometric configuration for the chemoresistive sensors, the designed ASIC 
chip includes relevant smart features such as programmable offset and amplifier gain, 
low-power pulsed-mode operation, FET-switched alternating voltage driving of the 
sensors and a temperature control circuit. These features provide extra benefits such as 
the improvement of measurement sensitivity and the elimination of sensor-related drift 
problems produced by the use of constant voltage sources. 

Cadence software tools were used for the design, modelling, simulation and layout 
stages. The ASIC chip was fabricated using the standard 0.7 µm CMOS process by 
AMI Semiconductor, available through the Europractice IC Service. 

Following the CMOS process fabrication, two types of smart ratiometric ASIC devices 
were created by depositing carbon black/polymer composite materials across the 
electrodes of the chip. In the monotype devices, the same material was applied on both 
sensing elements, having one active and one passive sensor. In the duo-type devices two 
different materials were deposited, thus creating two active sensors. 

The responses of the ASIC devices to toluene and ethanol vapours in air were 
characterised in an automated mass flow system. Additional interfacing circuitry and 
software (LabView virtual instruments) were also designed for the experimental part. 

Results of the experiments confirmed the benefits of the ratiometric approach. In 
particular, the novel duo-type ratiometric devices showed how the combined application 
of two active sensing materials increased the selectivity (average rejection ratio of 127 
for toluene/ethanol) of the devices when compared to the monotype devices (rejection 
ratio averaged only 4.53 for the same analytes). Sensitivity to VOC was also improved 
for the duo-type devices, being up to 11.73 times greater than for monotype devices. 

The design of the ratiometric ASIC chip allows the use of a wide range of resistive gas 
sensing materials and it is also adaptable to different internal or external configurations 
of the sensors. 

The performance of the ratiometric ASIC chip designed and fabricated exceeded the 
original expectations and promising further research is already undertaken. It is believed 
that the circuit offers relevant smart capabilities at a very low cost and hence it can be 
used as the main component for the mass production of a programmable hand-held 
instrument for VOC monitoring. 
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CHAPTER 1 

INTRODUCTION 

1.1 SMART SENSORS TECHNOLOGY. 

One of the most difficult challenges in microtechnology during the last few years has 

been the integration of smart circuitry and sensing devices on the same chip. The aim 

being to produce complete systems capable of measuring and processing in a single 

unit the measured signals; leading the way to what is called “smart sensor 

technologies” [1-6]. 

Many definitions and opinions have arisen about the smart ability of sensors 

and about what is expected from its development in the near future [1, 7-13]. 

Although the establishment of a final and unique definition of smart sensors is still 

far from being reached, there is already an agreement in some of the basic features. 
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Most researches agree with the fact that some capabilities beyond basic signal 

processing circuitry must be included into the same piece as the sensors, in order to 

be considered smart. The main aims for this are, firstly, the need to deal with 

unwanted behaviour affecting the sensing response and, secondly, the convenience of 

providing communication between the sensor system and the host. Whereas for some 

people this is enough, others argue that further features must be added to the 

definition. The criteria in the paper by Giachino [9] include the abilities for 

performing logic functions and for making decisions, apart from the obligated data-

communication feature. Other authors add further special requirements in order to 

delimitate more precisely the boundaries of smart sensors. Van der Horn and 

Huijsing [14-15], for example, consider that sensors should be fabricated together 

with smart electronics by using standard integrated circuit (IC) processes, and they 

mention a list of the functions that must be integrated, starting from basic analogue 

signal processing, analogue to digital conversion, interfacing to processing units, and 

some programmable calibration. Similar approaches are proposed by other research 

groups in several fields of microtechnology [2, 3, 16-17]. 

It is generally accepted that any smart sensor must be capable of processing 

data at a level in which the outputs of sensing devices are transformed into a form of 

information that can be handled by programmable devices. From here, feedback can 

be returned to the system, in a way that self-calibration and self-diagnostic are just a 

part of the whole set of smart features. Virtual instrumentation has also been 

evolving during the last few years as a data processing supplement of the sensing 

systems, which in turn have been evolving in such a way that the ‘intelligence’ has 

been moving from the ‘virtual’ side, supported by software, to the ‘on-chip’ side of 

the smart sensor, thus enabling diagnostic and calibration within the sensor itself [14, 
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18-21]. These and other important aspects related to data processing and 

communication ability have been considered within the definition of intelligent 

sensor systems [10, 22]. 

Nevertheless, the data processing capabilities are not limited to the actual 

physical location of the sensing elements and embedded circuitry. Recent parallel 

development on network technologies has altered that concept of a smart sensor in a 

single piece of silicon or in a clearly defined location. Intelligence can now be 

distributed along networks where useful information is managed not only through 

hard-wired interfaces but also through emerging and effective communication 

protocols. Sensors now range from the simplest digital ‘field-buses’ sensor systems 

in industrial networks, to the more complex Ethernet-based sensors permitting 

remote interrogation over the Internet [23-26]. Therefore, smart sensors cannot be 

defined only in terms of their features on a single-chip and they can rarely be found 

performing a single-parameter sensing function. Instead, they are often referred to as 

entire smart microsystems [10, 27]. 

Smart sensors technology has evolved since the first integrated arrays were 

developed at the beginning of the eighties and it has been rapidly changing and 

moving in different directions during these years. However, most of the efforts and 

advances have concurred towards the fields that at present characterise silicon 

technologies and microsystems [17, 28]. This has not been due only to a coincidence 

on the parallel development of related knowledge but it is also derived from the 

speed at which technical discoveries and information have been spread recently. 

Early at the beginning of the past decade, for example, a co-operative strategy for the 

development of smart sensor technologies was proposed [7]. This and other similar 
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attempts for unification have contributed to the successful growth of smart sensor 

technology. 

Although, as mentioned before, this is not the only aspect to consider in the 

technological expansion of smart sensors, it is important to take into account how 

conventional sensors have been linked to, and how their manufacturing methods 

have been modified to make them compatible with, the fabrication processes 

developed for integrated circuits. 

Putting together signal processing components and sensors has not been an 

easy task, as different technological approaches have been used for each case. On the 

one hand, sensing devices have been traditionally fabricated according to the 

conventional technologies available for the manufacture of each particular type of 

sensors as they were first produced and applied. On the other hand, however, the 

development of standard integrated circuit technologies has made available 

fabrication processes that allow the mass production of complicated circuitry at 

reasonable costs, small sizes, and being reliable for the implementation of complete 

systems. 

After initial attempts for the design of hybrid systems in which conventional 

sensors were connected to, or even installed onto the same chip containing the 

circuits for the signal processing [4, 29-30], there has been a strong tendency for the 

integration of the sensors within the same process in which the ICs are fabricated. 

This has led to the adoption of some of these standard processes as the most suitable 

choice for the fabrication of integrated sensor systems. 

As a consequence, some of the original methods for fabrication of sensors 

have been substantially modified, adapted and even substituted by using silicon 
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technologies, in order to make them compatible with the standard IC processes [17]. 

Among these, Complementary Metal-Oxide Semiconductor (CMOS) technology has 

gained a very good reputation as it is a cheap and reliable way to produce integrated 

smart systems. The low-cost of manufacturing, together with the low power 

consumption compared to other alternative technologies, make it the ideal choice for 

on-chip integration. Advantages and characteristics of the use of CMOS processes 

for the fabrication of on-chip sensor systems have been extensively described by the 

research group at the Physical Electronics Laboratory (PEL), ETH Zurich, 

Switzerland [31-33], and a systems approach to the design, verification and testing of 

CMOS sensors has been also proposed by Hosticka [34]. 

CMOS technology has been used in a variety of sensing applications, which 

extend over a broad range of fields. For example, they allow basic interfacing and 

temperature control [35], high speed communication [36] and other programmable 

capabilities such as temperature compensation [37], for applications as diverse as 

biochemical, imaging, and differential pressure sensing, respectively. 

The review by Baltes and Brand [38] about the developments in CMOS-

based microsensors, describes the post-CMOS approach for the fabrication of 

microsensors and presents examples of research in different areas: a CMOS thermal 

imager used for presence detection, a CMOS chemical microsystem for application 

in detection of gases and volatile organic compounds (VOC) in air, and CMOS 

temperature and stress microsensors used for characterisation of wire bonding 

processes. All of these are packaged microsensors fabricated by CMOS technology. 

Other examples of sensor systems in which post-processing steps were 

required for the implementation of the sensing elements are the CMOS pressure-



Chapter 1: Introduction 

 

6

sensor system and the magnetic-field sensor system described by Hosticka [34]. His 

paper describes how standard CMOS processes were complemented by anisotropic 

cavity etching, in the case of the pressure sensor, and deposition of a ferromagnetic 

material, for the magnetic field sensor. Other CMOS magnetic field sensors have 

been fabricated with the aid of wet etching as a complementary step for the release of 

the mechanical structures [39]. 

Certain types of microsensors have been fabricated completely within 

standard CMOS processes, when the sensing components can be included in the 

layout without requiring additional steps. This is the case of some optical [40-41] and 

temperature [42] sensors that have been made available through the implementation 

of CMOS photodiodes and thermodiodes, respectively. The CMOS temperature 

sensors reported by Anton Bakker [43-44], the CMOS digital pixel sensor chip 

developed by the group at Stanford University [45], and the single-chip pH sensor 

described by Hammond and Cumming [46], are also examples of microsensors 

fabricated through non-modified CMOS processes. 

CMOS process family is at the moment the most representative example of 

the technology used in the development of smart sensing microsystems. Together 

with the innovative adaptation of a number of sensing principles, and taking 

advantage of other recent technological advances in the development of sensing 

materials and sensor arrays, the fabrication of CMOS-based smart systems is indeed 

particularly important in the case of gas sensing applications, which are discussed in 

the next section. 
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1.2 SMART SENSORS FOR GAS SENSING APPLICATIONS 

Among the increasing development and research on different types of sensor 

systems, one of the very interesting and applicative fields is that of the smart systems 

for gas sensing purposes. 

Gas sensing applications, as a research field, has evolved during the last few 

years by gathering efforts and advances in several related disciplines. Some efforts 

have been directed towards the implementation of gas sensing systems in the 

electronic nose instrumentation (“An electronic nose is an instrument, which 

comprises an array of electronic chemical sensors with partial specificity and an 

appropriate pattern-recognition system, capable of recognising simple or complex 

odours” [47]), but also there have been many important improvements and 

innovations on the original gas sensing devices. 

The progress in the field of gas sensors is a consequence of parallel efforts of 

research work undertaken by several groups around the world. In Europe, some 

researchers had already pointed out the need of standards for the development of gas 

sensor systems and their arrangement in the design of electronic-nose 

instrumentation [48]. Further efforts towards the adoption of standards in the fields 

of sensors and electronic noses are carried out by the working groups in the 

Standards Commission of the NOSE II organisation [49]. This early identification of 

the main issues involved in the development of electronic noses has helped to 

address technological research in a coordinated way, although the guidelines 

proposed have not been formally or explicitly adopted. 

Modern gas sensing systems can be approached from a more general point of 

view by considering the performance of the sensor arrays used for each application. 
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Table 1.1 A summary of the main categories of monotype sensor arrays used in gas 
sensing applications, as reviewed by Gardner and Cole [50]. 

Type of sensors Representative examples 

Polymeric sensors 

Neaves and Hatfield [29, 51] Application specific integrated circuit 
(ASIC) with an array of 32 resistive sensors. 

Warwick University [52] CMOS micro-bridge with five resistive 
sensors. 

Zee and Judy [53] micromachined gas sensor arrays. 

Polymer gate FET sensor array by Covington et al. [54]. 

Metal oxide sensors 

Gardner [55] array of six MOS sensors on single silicon substrate. 

Array of four integrated thick-film tin-oxide gas sensors [56]. 

Array of three micromachined tin oxide gas sensors operating at 
different temperatures [57]. 

Array of 40 sensors (SnO2 and WO2) with different sensitivities, used 
for halitosis analysis [58]. 

Quartz resonator 
Monolithic six-element sensor array on a single quartz crystal for 
monitoring of agricultural emissions, at resonant frequency of 10 
MHz [59]. 

Flexural plate wave 
(FPW) and surface 
acoustic wave 
(SAW) devices 

Baca et al [60] GaAs SAW integrated circuit. 

Cai et al. [61] integrated array of six polymer-coated FPW. 

Cunningham et al. [62] integrated FPW sensor array fabricated on 
silicon-on-insulator (SOI) wafers. 

Catalytic FET sensor 
arrays 

Briand et al. [63] MOSFET sensors, in which the gates have been 
replaced by catalytic materials for detection of gases.  

Optical 

Fibre-optic polymer bead-based sensor array designed at Tufts 
University [64], discriminating odours by the colour pattern. 

Sensor array of individually addressable polymeric microspheres for 
the analysis of complex fluids containing various analytes [65]. 

Photomechanical chemical microsensors by Datskos et al. [66] where 
photo-induced bending of microcantilivers varies with the number of 
absorbed molecules. 

Portable homogeneous gas sensor array used to visualize the flow and 
direction of a target gas, via a real-time image-processing algorithm 
[67]. 

Silicon-based 
microelectrode 
arrays 

Schoning et al. [68] array of various electrode shapes and sizes, used 
for study of electrochemical sensing. 

Warwick University sensor arrays with different electrode geometries 
for organic crystals, metal oxide and polymer resistive devices [69-
70]. 
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According to the sensing principles used by the system, an array of sensors 

can be either mono-type or multi-type. Traditionally, and being still the preferred 

choice for most of the applications, gas sensor arrays have relied in using a single 

type of sensor. Monotype arrays of different kinds have been reported and can be 

classified upon either the different sensing materials employed or the type of sensor 

used. An extensive discussion about these, including comments about relevant 

examples of the most important types, has already been published by Gardner and 

Cole [50]. Their analysis has been summarised in Table 1.1. 

There is also an increasing interest in the use of multi-type arrays for the 

sensing of gases and vapours. The use of arrays with different types of sensors, also 

known as hybrid systems, aims to provide better discrimination by including enough 

materials and transducers combined in such a way that allows the identification of 

different gases. This approach increases the resolution capability of gas sensing 

systems, as it has been reported after research work oriented both towards 

biochemical applications and towards the development of more selective electronic 

noses [35, 71]. 

Studies in this field cover different aspects relevant to the development of 

hybrid or composite systems. The method proposed by Chaudry et al. [72] for the 

optimisation of a sensor array relies on selecting the group of sensing elements which 

maximise its overall sensitivity and selectivity. 

Interfacing has been also an important issue for the processing of multi-type 

sensor responses. Dyer and Gardner [73] developed a programmable interface for 

arrays with both resistive and piezoelectric sensors. Likewise, the interface chip 

described by Yazdi et al. [27] offers programmability in a multi-parameter 
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microsystem, although the interfacing function is actually performed over a group of 

capacitive sensors collecting data from various applications. 

An example of the multi-type approach to sensor arrays is the integrated 

chemical microsensor system reported by the ETH group [74-75], in which a mass-

sensitive cantiliver, a capacitive sensor and a calorimetric sensor, all of them coated 

with polymeric sensing layers, are combined in a microsystem for the detection of 

VOC. The single-chip design includes microelectronic components for signal 

amplification and conditioning, a Sigma-Delta converter and an interface which 

transmit the digital data to external units. 

A collaborative project between Cambridge and Warwick Universities has 

also produced an integrated smart sensor composed of chemo-resistive gas sensors 

combined with micro-calorimeters in a SOI membrane, using active micro-FET 

heaters and temperature sensors [76]. 

Many other principles and configurations have been applied in attempts to 

improve the performance of gas sensing systems. Cardinalli et al. [77], for example, 

proposed an interface improvement for a multi-sensor architecture, in a standard 

CMOS process. Bridges, as a classical instrumentation configuration, have been used 

for several years evolving from the basic discrete arrays to the integrated smart 

single-chips developed today in CMOS technology [30, 52, 78-79]. In these, resistive 

sensors have been used and special attention has been devoted to the interfacing 

aspect. 

Regarding the gas sensing materials, conducting polymers are of considerable 

interest for the present research work. The developments in this field during the last 

decade have impacted the electronic nose technologies, as it was observed by 
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Gardner and Bartlett since 1995 [80]. These materials have application in modern 

microsystems, including those related to biosensors [81-84]. Likewise, the response 

and acceptation that the scientific community has given to this advances has allowed 

an increasing growth in the field [85-86]. As a result, conductive polymers and their 

composites are some of the favourite sensing materials employed in the on-chip 

implementation of integrated systems for the detection of gases and vapours, being 

used for the development of modern electronic nose instrumentation for diverse 

applications [87-91]. 

Application of conducting polymers to sensors relies in the fact that their 

resistance changes with absorption or desorption of volatile molecules. These 

changes are usually measured under direct current (DC) [80, 92-94], although there 

have been also significant advances in the use of alternating current (AC) techniques 

for interrogation of conducting polymer gas sensors [95-97]. 

The electric and chemical properties of carbon black/polymer composites 

have also been studied [98-102] and the ability of these materials to be incorporated 

as sensing elements within smart devices has already been successfully tested and 

characterized [53, 103-104]. 

Nevertheless, operation of gas sensor systems based on both conducting 

polymers and carbon black/polymer composites is affected by changes in 

environmental conditions, variations in power supplies and other interferences. These 

unwanted variations can be dealt with through the design of smart circuitry that 

provides automatic calibration and cancellation of undesirable deviations in the 

output. Conditioning of the signals must be preferably carried out in the same place 

where the sensors are located, giving this way an increasing need for the design of 
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ASICs directed both to the incorporation of signal processing and interfacing 

functions, as well as to the integration of the sensing elements in the same chip. As 

commented in the previous section, CMOS technology has brought out the 

opportunity to produce those integrated smart systems at a reasonable cost and with a 

high reliability. 

The consequent growth in the design of ASICs oriented to accomplish these 

functions is perhaps the most important tendency in the current development towards 

a smart and reliable sensing and sampling monolithic microsystem.  
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1.3 CURRENT STATE-OF-THE-ART IN SMART GAS SENSING 

Several research groups are currently working on the development of gas sensing 

systems that are capable of calibrating, testing and diagnosing themselves through 

the addition of smart circuitry, thus improving their performance and making them 

more reliable. 

The combination of achievements in different areas of microtechnology is 

producing everyday better devices, and gas sensing systems are rapidly evolving 

from the conventional and expensive desktop instruments to the smart hand-held 

prototypes, with the ultimate aim of achieving the optimum system-on-a-chip 

instrument. 

Electronic nose instrumentation, as a whole subject, is a field that involves 

and requires the rapid development of several disciplines, such as microsensor 

technologies and nanomaterials, ASIC technologies, microfuidics, and micro-

instrumentation. Multidisciplinary research concerning all of these subjects is 

required, and several groups are making significant progress at present. 

Carbon black/polymer composite sensing materials are also under 

investigation. The research group led by Nathan S. Lewis in the California Institute 

of Technology has contributed to the formal characterization of the response of such 

materials for use in vapour detectors [105]. After studies performed with a number of 

carbon black-polymer composite chemoresistors, exposed during a long period to 

different analytes, they report on the calibration of the sensors and the analysis of 

their responses and the inherent drift [106]. This research work has already led to the 

establishment of the company called Cyrano Sciences, Inc., now Smiths Detection 

(Pasadena, CA). 
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In the same research institute, interaction between analytes and carbon 

black/polymer composites in resistive sensors was also studied and reported by the 

Jet Propulsion Laboratory as part of its work for NASA oriented to air quality 

monitoring. Efforts were directed towards the development of an electronic nose for 

the detection of low concentrations of contaminants in air. A model for the 

composites and their interaction with both inorganic and organic analytes was 

recently obtained, contributing to a better understanding of this type of resistive 

sensors [103]. 

With respect to the current research in the field of CMOS circuits and the 

development of ASICs for sensing applications, the ETH group in Zurich is 

continuing its previous work [33, 107]. They have reported on microelectrode arrays 

integrated with analogue and digital circuitry capable of functions such as signal 

filtering, analogue and digital conversion, multiplexing, simultaneous recording and 

stimulation. The most recent example of this is their 4.4 mm × 4.4 mm CMOS chip, 

containing an array of 4 × 4 electrodes, each measuring 40 µm × 40 µm with a 250 

µm pitch [108]. This group is also reporting on a CMOS gas sensor system 

including, on a single chip, a micro-hotplate and all the required circuitry for control 

and driving. Temperatures up to 350°C were achieved in the hotplate with a 

conventional 5 V power supply [109-110]. 

Considerable amount of work has also been carried out in the field of 

microfluidics, which is one of the most important areas in the development of on-

chip micronose systems. A microfluidic system was reported by Becker et al. [111] 

for increasing the selectivity in the identification of gases through the arrangement of 

tin oxide gas sensors into microreactors. Microvalves, micropumps and 
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microchannels were all fabricated in silicon technology. The smart part of the 

microfluidic system proposed is its ability to overcome the undesirable signal drift by 

implementing cycling operation, through constant-flow and no-flow modes, of the 

sensors with respect to the main functions. Other reports by the same group describe 

how the changes in the operation modes of the microfluidic system produce 

information that can be used for the identification of components in a mixture of 

gases [112-113]. 

Recent activity in the Sensors Research Laboratory (SRL) at Warwick 

University has been directed towards the development of a smart micronose. An 

array of 70 gas sensors based on a combined FET/resistive cell has been fabricated 

under a standard CMOS process and using different carbon black polymer composite 

materials [114]. The array consists of five rows of 14 sensors each, with integrated 

circuitry for signal processing. A different polymer coating was deposited onto each 

row. The design of the combined chemical FET sensor and the resistive element in 

the same silicon area intends to improve the discriminatory ability of the array, by 

measuring two different properties with only one sensing material in each sensor cell. 

Further work at the SRL has been focused on the velocity at which analytes 

flow through the surface of polymer based sensors [115]. An array of 5 rows with 16 

resistive elements each was fabricated in a matrix configuration, using five different 

carbon black-polymer composites as sensing materials. The array has been tested 

with pulses of seven analytes at different pulse widths and flow rates, in order to 

study its discrimination capability. The response of the system was represented as an 

olfactory image and distinctive fingerprints were obtained for every analyte. Some 

‘stereo’ olfactory images were also obtained. 
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Olfactory imaging has also been investigated by several groups. Lundström et 

al. [116-118] have reported on the generation of chemical images for application in 

electronic noses by using a scanning light pulse technique. Likewise, the so-called 

‘olfactory video camera’ reported by Ishida et al. [67, 119] proposes the use of an 

array of gas sensors combined with a real-time image processing algorithm to 

visualise the flow of a gas or vapour,  estimating from here the direction of the flow 

and the location of the source. 

Electronic nose technology has also been applied in robotics. A robot that can 

follow odorous trails on the ground was designed by Russell at Monash University, 

Australia [120-121]. The device uses conductive polymer chemical sensors and a 

wind vane to locate the source of odours, with the aid of control algorithms. A 

similar work was previously reported by Tresoldi [122], who used tin-oxide gas 

sensors and capacitor-charge timing technique for estimating the maximum gas 

concentration point. The robot here uses the gas sensors information to recursively 

calculate concentration gradients and then it moves in that direction, controlled 

through Hall-effect sensors and fuzzy-logic. 

A research group at Tufts University has been working on the design of 

optical sensor arrays for odour recognition [64, 123]. They have reported on high-

density arrays of optical fibres with fluorescent dyes incorporated into polymers, 

which are exposed to brief vapour pulses. The interaction between the dyes light, the 

vapour molecules and the polymers, results in different temporal responses or 

fingerprints that are analysed using image software. Recent work of this group has 

also investigated, using optical vapour sensors, how the flow dynamics affects odour 

perception and discrimination in vertebrates [124]. 
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In summary, the current development on the field of e-nose instrumentation 

and gas sensing applications is characterized by the following main features: 

• Sensor arrays are being optimised in order to contribute to a better 

performance of the systems. 

• Integration of sensor arrays and signal processing circuits onto the same 

substrate is an unavoidable target if substantial reductions in sensor 

deviations, noise, instrument size, power consumption and fabrication 

costs, are expected; the last being a key point for volume market. 

• The use of standard CMOS processes for the fabrication of ASIC chips, 

allows the integration of complete systems, including sensor arrays 

together with smart circuitry for signal processing, interfacing and digital 

data processing. 

• Although most of efforts have been directed towards the research on 

monotype sensor arrays, there are also advances on the design and 

application of multi-type or hybrid systems. 

• Polymeric materials have proved to be a good choice for gas sensing 

applications, as they can operate at room temperature and can be 

deposited onto different types of electrodes in the post-fabrication stages. 

Research work related to conducting polymers and carbon-black polymer 

composite materials is one of the main areas of interest for the sensing 

component of e-nose systems. 
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• There are other materials and technologies that have also found 

successful e-nose applications, although not all of them have been 

implemented as integrated arrays. Tin oxide technology, flexural plate 

wave sensors, SAW devices, bulk acoustic wave sensors and optical 

sensor arrays are currently under investigation. 

• Microfluidics, as the discipline related to the study of fluid dynamics in 

the micrometer scale, has also emerged as an important area of research 

and development associated to the field of electronic noses and micro-

instrumentation in general. 

The work involved in this project has attempted to consider all these basic 

precepts. Guided on these bases, the project goals defined in the following section 

are developed with the global aim of contributing to the current research in the novel 

field of electronic nose instrumentation.  

Although significant efforts have been made towards the integration of gas 

sensors and signal processing circuitry in a single unit [5, 35, 38, 74-75, 125] 

important problems affecting the performance of the sensing devices have not been 

completely resolved.  It is still necessary to develop smart components that can 

compensate for typical variations in ambient conditions and other sources of error 

caused by the power sources and interface electronics associated with the sensors. 

This project addresses these issues through the design of a smart ASIC chip 

in which a ratiometric array of resistive vapour sensors is provided with capabilities 

that validate its potential application in a micro-power palm-top instrument for the 

monitoring of VOC. The ratiometric principle, described in chapter 2, allows the 

smart elimination or reduction of several unwanted variations in the sensors. 
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1.4 AIMS AND OBJECTIVES OF THE PROJECT 

The project reported in this thesis aims the design, simulation, fabrication and 

characterisation of a novel ASIC chip for the monitoring of VOC and gases, which is 

proposed to be the main component for the further design of a hand-held instrument. 

It is expected that the proposed ASIC design will substantially improve the 

performance of the resulting gas sensing device, providing it with the following 

features: 

• Sensors and basic signal processing circuitry will be integrated in a single 

chip. 

• The circuit will compensate for unwanted variations in the fabrication of 

the resistive sensors. 

• Variations in the baseline of the response produced by changes in 

temperature will be eliminated. 

• Humidity dependence of the output will be substantially reduced through 

the integrated circuit and sensor configuration. 

• The design will allow the testing and characterisation of different 

resistive sensing materials. 

Most of the benefits of the proposed design rely on the characteristics and 

functional implementation of a particular array of resistive sensors, using the so-

called ratiometric measurement principle, which is described in the next chapter. 
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CHAPTER 2 

THE RATIOMETRIC PRINCIPLE 

2.1 INTRODUCTION 

This chapter describes the basic measurement principle used in this project for the 

design of a ratiometric ASIC chip. The description starts with a general overview of 

the operating principle and the depiction of its most commonly used configurations, 

and is followed by details of the specific design employed here. 

A brief analysis is presented of the topologies based on the ratiometric 

measurement principle, together with a summary of previous ratiometric designs 

used for gas sensing applications. 
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2.2 THE RATIOMETRIC MEASUREMENT PRINCIPLE 

The ratiometric approach is used in measurement and instrumentation because of its 

benefits when small variations in a signal need to be detected and recorded. In its 

most general definition, the ratiometric principle consists in the comparison of ratios 

from a common supply [1]. When these ratios are equal, the system is in its balanced 

condition. Any change in one of the ratios can be detected through the differential 

output produced by the unbalanced condition derived from these changes.  

In the case of standard analogue electronic circuits, a common practice for the 

implementation of this measurement principle is the use of voltage supplies that are 

applied to voltage dividers. In particular, resistive voltage dividers are of interest for 

this project, given that resistive sensors are used for the detection of changes in the 

concentrations of gases or VOC. 

Figure 2.1 The general ratiometric configuration. 

Figure 2.1 illustrates the ratiometric principle simplified for the case of 

resistive measurements and a voltage source. A reference voltage Vref is applied to a 

set of n resistive dividers. In the balanced condition, the resistance ratio BiAi RR  is 

the same for each arm of the circuit, i.e. 
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Under this condition, the potential at every partial output Vi (i = 1, 2, …n) is 

the same for every arm of the circuit and there is no difference in voltage between 

the points at the middle of each arm; i.e. the differential output taken between any 

pair of partial outputs will be zero. 

As a consequence of this configuration, any change in the reference voltage 

will not have an effect on the measurements, as the ratios make the circuit insensitive 

to supply variations [1]. Moreover, it makes possible to obtain greater accuracy in 

control and measurement than the inherent stability of the voltage reference, 

permitting the measuring of small variations produced by changes in any of the 

resistive elements in the arms. Only those variations that are originated by the 

response of some resistor to a particular phenomenon will lead to measurable 

variations in the corresponding differential output voltage. 

Ratiometric circuits compensate for common problems that appear in discrete 

resistive sensors, where the values of the output obtained are affected by the 

magnitude and duration of the applied voltage, and the effects of temperature and 

humidity must also be considered, particularly for high resistances [2]. 

The ratiometric principle is most commonly used in its simplest form in the 

classic bridge circuits that are described in the next section. 
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2.3 RATIOMETRIC TOPOLOGIES FOR RESISTANCE MEASUREMENT 

Measurement of changes in electrical resistance has been successfully dealt with for 

many years by using different methods and by applying basic principles, which have 

been implemented in successively updated versions of modern instrumentation. 

In particular, symmetric topologies have been an appropriate tool due to the 

ability for compensation of variations from temperature and other external 

interferences that such structures offer and the fact that they allow a way of 

measuring small changes in resistance that would be very difficult to detect by direct 

measurement [3-5]. 

Bridges are perhaps the most representative of these circuit topologies, the 

Wheatstone bridge being the classical example and most common of these structures 

found in measurement and instrumentation. 

A general schematic circuit for the Wheatstone bridge is represented in 

Figure 2.2. Four resistive elements are arranged in a symmetrical polygonal 

configuration, obtained by using only two arms of the general ratiometric structure 

described in section 2.1.  

 

Figure 2.2 The Wheatstone bridge with a voltage supply. 
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The differential output voltage Vout is taken between the halfway points of the 

arms, being zero under the balanced condition. 

refout V
RR
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This is also the voltage for the Thévenin equivalent of the bridge, i.e. the 

open-circuit output voltage. The Thévenin impedance ZTh is given by: 
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This configuration allows compensation of changes in resistances, because it 

is not necessary that any of the resistances are identical or that they have particular 

individual values in order to maintain the balance; the only requirement for a 

balanced condition is that the resistance ratios are the same: 
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R

R
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=      (2.4) 

In order to use the bridge as a measurement system, at least one of the 

resistive elements must be exposed to variations, while the others remain fixed. If all 

the elements have the same resistance R and only one of them, say R3, changes by a 

quantity ∆R, then the output of the resulting quarter-bridge circuit [3] is given by:  

refrefout V
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∆
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Likewise, the output of a half-bridge, i.e. an unbalanced bridge with two 

active arms R2 and R3, is given by: 

refrefout V
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 (2.6) 

which is the double of the quarter-bridge output.  
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Quarter-bridge circuit and half-bridge circuit are represented in Figure 2.3 

and Figure 2.4, respectively. 

 

Figure 2.3 Quarter-bridge circuit with voltage supply. 

 

 

Figure 2.4 Half-bridge circuit with voltage supply. 

It can be observed that the output is not linear in ∆R. However, when the 

change in resistance is small, i.e. ∆R << R, it is possible to obtain an approximately 

linear response from these circuits [2]. 

The relative resistance variation δ, also known as bridge deflection, 

expresses the ratio of the change in resistance to the baseline resistance: 
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Using δ, Equations 2.5 and 2.6 can be rewritten as follows: 

refrefrefout VVVV
84)2(2

2δδ
δ

δ
−≈

+
=    (2.8) 

refrefrefout VVVV
422

2δδ
δ

δ
−≈

+
=    (2.9) 

In most cases, the output of bridge circuits is non linear with respect to the 

change in resistance. However, there is a linear relationship between voltage at the 

output of the half-bridge circuit and the current applied to the input: 

ininout IRIRV
22

)2(
2

δδ
δ

δ
=

+
+

=    (2.10) 

Linearity obtained in this way, makes current driven bridges a suitable option 

for many sensor circuits, given that they have the additional advantages of being less 

susceptible to lead resistance and, in some cases, they may be easier to implement in 

practice [6-7].  

 

Figure 2.5 Linearized bridge circuit with voltage supply. 

 

A linearized bridge for both voltage and current can also be obtained when 

compensation in variations of resistances maintain the bridge under balance, as 
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shown in Figure 2.5. The output can be expressed as a linear function of either the 

voltage or the current at the input, according to the following equations: 

refout VV δ=      (2.11) 

inout IRV δ=      (2.12) 

In general, sensors produce a small signal when exposed to measurands. 

Therefore, the output signal from bridges and other sensor circuits must be normally 

amplified using operational amplifiers. This allows the selection of the desired 

impedance levels, the conversion of the balanced output to a single ended output, 

and, in some cases, the linearization of the output. 

Different configurations are available for the amplification of the signals. In 

the simplest form, the differential output of the bridge could be connected to the 

inputs of a single operational amplifier, with an additional resistor in the feedback 

path for the control of gain and impedance levels. As an example, the current drive 

bridge used by Gardner et al. [8], shown in Figure 2.6, uses an operational amplifier 

and a feedback resistor in order to adjust the gain of the output of the bridge, and 

another operational amplifier is employed to set the offset or bias voltage. 

 

Figure 2.6 Current-driven bridge circuit used by Gardner et al. [8]. 
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Operational amplifier configurations for linear amplification and for the 

conditioning of sensor signals are extensively described in literature [1, 6, 9-10]. 

Two special cases of ratiometric circuits based on operational amplifiers are 

the inverting and the non-inverting amplifiers. These circuits are commonly used in 

instrumentation for the processing of sensor signals.  

 

Figure 2.7 Inverting amplifier. 

The inverting amplifier, shown in Figure 2.7, amplifies a voltage reference 

according to the ratio of the two resistors in the circuit. In general, the voltages are 

related by the basic equation: 

refout V
R
RV

1

2−=     (2.13) 

When the resistances are the same, the output voltage equals the reference 

input with an inversion in sign. If one of the resistors, say R2, is a sensor exposed to 

variations in the measurand, then the ratio changes and the magnitude of the output 

voltage will be different from the reference, as given by: 

refout V
R

RRV ∆+
−=   (for R1 = R2 = R)  (2.14) 

In terms of the relative resistance variation, the output voltage is related to the 

input reference as follows: 
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refout VV )1( δ+−=     (2.15) 

If the resistor R1 is the sensor exposed to changes, then the circuit measures 

conductance and the output voltage is given by: 

refGrefout VV
G
GV )1(

2

1 δ+−=−=    (2.16) 

In the non-inverting configuration, shown in Figure 2.8, the voltage reference 

is passed through an operational amplifier to a resistive divider which defines the 

level of amplification applied to the signal. The output of the circuit is the voltage 

Vout taken directly from the output of the operational amplifier. 

 

Figure 2.8 Non-inverting amplifier. 

 The output voltage of the non-inverting amplifier is given by the equation: 
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In a balanced condition, R1 equals R2 and the magnitude of the output is 

exactly the double of the input. If, starting from this balanced condition, the 

resistance R1 is affected by variations, the output of the non-inverting circuit is given 

by: 
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The same relationship can be expressed as follows in terms of the relative 

resistance variation: 

refout VV )2( δ+=     (2.19) 

Conductance measurement can also be achieved if the resistor R2 is the sensor 

exposed to changes. The output voltage is given in this case by: 

refGrefout VV
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GV )2(1

1

2 δ+=







+=    (2.20) 

Different and more complex relationships between the input and output 

voltages are obtained when even both resistors are exposed to variations. A more 

detailed analysis of these relationships is presented in section 2.5, along with the 

description of the ratiometric configuration adopted for the present work. 



Chapter 2: The ratiometric principle 

 

43

2.4 RATIOMETRIC DESIGNS FOR GAS SENSING APPLICATIONS 

Ratiometric designs for gas sensing purposes have been developed by several 

research groups relying on diverse mechanisms and oriented to many different 

applications. Early sonar instruments, for example, were designed based on a 

ratiometric comparison of velocity of sound in different gases, in order to determine 

the concentration of components in binary mixtures of gases [11]. 

Ratiometric bridges have been used with gas sensing systems because of its 

ability for temperature compensation and also for an easier conversion of the 

measurands into voltage signals. Commercial pellistors by City Technology Ltd. use 

a half-bridge circuit for temperature compensation. Also, the micro-calorimeter 

bridge arrays developed at the SRL for methane detection make use of the 

ratiometric properties for compensation of temperature in the measurements [12]. 

Likewise, the resonating cantilever reported by the PEL ETH group, uses 

embedded piezoresistors in a Wheatstone configuration to obtain the voltage signal 

to be amplified [13]. 

The research group at the SRL in the University of Warwick has been 

working for years on the design of ratiometric devices based on conducting polymer 

chemoresistors for the sensing of gases and vapours. The use of this type of gas 

sensors offers several particular advantages that make them suitable for electronic 

nose applications. First, deposition of polymers is relatively easy, either by 

electrochemical processes or by direct injection or spraying. A large variety of 

conducting polymers can be obtained and they can be used for the identification of a 

large range of gases or odours. Secondly, conducting polymers can operate at or near 

ambient temperature, contrasting with the high temperature required by the classical 
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tin oxide resistors (e.g. Taguchi gas sensor) which therefore demand the use of 

heaters that are highly power consuming (200-800 mW). Moreover, polymer 

chemoresistors can be grown on the same chip containing the interfacing and signal 

conditioning circuitry, fulfilling this way the basic requirements for the development 

of an integrated hand-held instrument for gas sensing. 

However, there are some drawbacks in the performance of conducting 

polymers. Environmental conditions, such as temperature and humidity, affect their 

resistance and compensation is required to eliminate these unwanted variations. Also, 

applied voltage and ageing are potential causes of drift in the resistance value, which 

makes necessary a method of calibration within the instrument itself. The ratiometric 

approach has been attempted through several designs at SRL in order to cancel most 

of these effects. 

Early research work was carried out in collaboration with the University of 

Southampton [7-8, 14]. Four arm half-bridge microcircuits were designed using 

Tanner Tools L-Edit™ software, and fabricated with conducting polymer 

(poly(pyrrole) and poly(aniline)) chemoresistors on all arms in a CMOS-compatible 

process. Two of the arms opposite were coated with an epoxy resin to make them 

inert to the effect of gas exposure, obtaining this way a half-bridge configuration 

with only two active arms. The poly(pyrrole) bridges were tested using a discrete 

measurement system and the responses to ethanol vapour in air were obtained in an 

automated mass flow system under different values of humidity and temperature. It 

was reported that the response followed the Langmuir isotherm in concentration and 

showed competitive binding hence, falling with both increasing temperature and 

humidity [7-8, 14]. 
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Further investigation on these bridges was performed with the aid of a 

standard cell CMOS current drive chip, designed to supply currents to an array of six 

polymeric resistive micro-bridges. The chip was designed at the University of 

Southampton and fabricated using a CMOS process [7]. This joint Warwick-

Southampton work was an important step towards the integration of sensors and 

smart circuitry. 

The four arm half-bridge design was improved by adding a fifth element in 

the operational amplifier feedback path, as previously shown in Figure 2.6 [8, 15-

16]. The purpose of this additional polymer resistor was to set the gain of the circuit 

matching the temperature dependence with the bridge elements. In addition to the 

constant gain obtained, the five-element bridge improves compensation for variations 

in polymer resistance and temperature sensitivity. Temperature and humidity 

sensitivity were reduced with respect to the previous four-element design, but most 

of all with respect to the single chemoresistor performance. 

The five-element bridges were designed using again L-Edit software, and 

they were fabricated in two versions: a discrete CMOS-compatible and a fully 

standard CMOS. For the discrete one, conducting polymers films were grown by the 

Chemistry Department at the University of Southampton. For the CMOS version, 

three types of carbon black/polymer composite were deposited at the Cyrano 

Sciences, California, USA. 

Both types of devices were characterised after deposition; their response to 

ethanol vapour, as well as their sensitivity, temperature and humidity dependence, 

were obtained. It was observed that the use of the feedback polymer resistor helped 

to reduce the batch-to-batch variations in the resistors, reduced the high temperature 
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coefficient, and nearly eliminated the long term drift produced by the applied DC 

voltage when a dual voltage supply was used [15]. 

Looking for further improvement in the response of the sensors, and as an 

alternative and more direct method to compensate for both the wide range in the 

values of polymer resistances, and their temperature and humidity dependence, 

several ratiometric devices using the inverting configuration were proposed. 

Discrete devices were designed with arrays of polymeric resistors either in 

series or parallel for the feedback and forward elements. The discrete devices were 

fabricated at the Institute of Microtechnology in the University of Neuchâtel, 

Switzerland, and conducting polymers were grown at Southamptom University [17]. 

The forward resistor was coated using epoxy resin, while the feedback element was 

left uncovered as the active sensing element for the presence of gases or vapours. 

The use of the inverting configuration has the additional advantage that it directly 

cancels those variations that are common to both resistors, like those produced by 

temperature changes, applied voltage or ageing. The reference coated resistor is not 

affected by changes in ambient humidity. 

The devices were exposed to different concentrations of ethanol vapour in air, 

under controlled temperature and humidity conditions. The results showed a 

reduction in the temperature dependence of the baseline signal (approximate linear 

coefficient of 1.2×10-3/°C), and negligible humidity dependence. 

A CMOS integrated version of these circuits was fabricated via the 

Europractice scheme using an AMS 0.8 µm standard CMOS process. Electrodes 

were obtained in two different ways, namely aluminium electrodes and P-type 
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electrodes. The chip contained an operational amplifier and also a heater and a 

temperature sensor [17-19]. 

Based on those previous experiences, a much more ambitious project is 

attempted here, oriented to the design of a complete ASIC chip in which a 

ratiometric array of carbon black-polymer composite chemoresistors is integrated 

with signal processing circuitry. 

The following section describes the features of the ratiometric configuration 

selected for the current thesis work. 
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2.5 THE RATIOMETRIC CONFIGURATION USED IN THIS WORK 

Previous experience in the design of ratiometric devices suggested that the use of an 

appropriate array of chemoresistive sensors could help to both reduce most of the 

unwanted variations in the response, by removing the common mode effects, and to 

improve the sensitivity of the response to vapours, while reducing the sensitivity to 

temperature and humidity. The benefits of the ratiometric devices could also be 

improved with the aid of signal processing circuitry. 

Therefore, a ratiometric approach was selected for the design of the ASIC 

chip which would serve as the main building block in the design of a complete smart 

hand-held system for the monitoring of gases and vapours. Following the basic 

principle, two ratios of the same supply are compared. A voltage reference is applied 

to a pair of non-inverting circuits, in which the resistance ratios are measured 

through the built-in voltage dividers. These configuration results in a ratiometric 

bridge with an amplified differential output. The basic arrangement is shown in 

Figure 2.9. 

In the first of the non-inverting circuits, labelled “Gas sensor circuit”, the two 

resistors are actual chemoresistive sensors used for the detection of gas or VOC. The 

second circuit, labelled “Offset circuit”, acts as a reference, providing the offset 

signal required for the comparison of the resistance ratios. One of the resistors in this 

circuit is digitally programmable, so the offset signal can be adjusted as required. 

The pre-amplified differential output is taken between the individual outputs of the 

two non-inverting circuits. 

This configuration combines the major advantages of previous ratiometric 

devices. According to Equation 2.17, the ratio of the sensor resistances R1/R2 will 
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cancel undesirable effects that are common to both sensors in the same way that it 

was explained for the inverting devices described in section 2.4. However, the use of 

only one pair of resistors in the inverting array had still the drawback of a high 

sensitivity to the applied voltage, which could be significant when compared to the 

relatively low response of the polymer resistors. Also, it was not easy to control in 

practice the required matching in the resistance values of the actual sensors. 

 

Figure 2.9 Ratiometric configuration used in this project. 

These disadvantages are tackled through the use of the offset circuit, which 

mimics in parallel the behaviour of the sensor circuit and produces an output that is 

calibrated as required by the resistance ratio of the chemoresistors. As a result, 

variations in the supply voltage are common to both circuits and therefore they are 

cancelled in the differential output. Differences in the resistances of the fabricated 

sensors are also compensated through the programmable resistor in the offset circuit. 
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The use of the non-inverting configuration also contributes to an 

improvement in the performance of the sensing system and facilitates its 

implementation. Recalling Equation 2.15, the output of the inverting configuration 

affects the reference input by a factor –(1+δ) that barely can be detected in the output 

because of both the required low level of the reference voltage and the typical small 

response of the conducting polymer sensors (0.1-1%). In the non-inverting array, 

however, there is an implicit pre-amplification by a 2+δ factor (Equation 2.19) which 

makes voltage levels more accessible for the subsequent analogue signal processing. 

The use of a non-inverted signal is also an advantage because this allows a higher 

amplitude variation when using a single-supply CMOS technology like the one 

selected for the fabrication of the ASIC chip in this project. 

All of these features are still more important when dealing with practical 

application of the chemoresistors, in which the ideal balanced condition of the bridge 

is not easy to maintain and environmental disturbances modify the overall 

performance of sensors and related circuitry. 

The configuration shown in Figure 2.9 was used in this project in two 

different modes for the measurement of gas or vapour concentrations. In the first 

case, only one of the chemoresistors acts as an active gas sensor, while the other 

remains passive or inert to gas effects. In the ideal case that R2 remains constant and 

R1 is exposed to changes, the corresponding change in the sensor output voltage is 

given by: 

refref
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Hence, under ideal conditions, the sensitivity is a constant and the response 

linear in concentration (R1 ∝ C). 
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If R2 is exposed to variations while R1 stays constant, the change in the output 

voltage is given by: 
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which corresponds to a non-linear and more complicated response in terms of 

resistance, although it would be linear in terms of conductance. 

In a second mode of operation, which is attempted for the first time in this 

project, both chemoresistors are exposed to changes in gas concentration. For this 

case, the overall change in the sensor output voltage is expressed by: 

( )21122
2

dRRdRR
R

V
dV ref

sensor −=    (2.23) 

where again R2 produces a non-linear component in the response. The use of this 

mode would make no sense in the ideal case where resistances are matched and both 

sensors respond in the same way, which would lead to a null change in the output. 

However, relevant results are obtained when two different types of chemoresistors 

are used and the differences in their responses are applied for the identification of 

gases or vapours, as it will be described in depth in the experimental part of this 

work. 

The next chapter describes every component of the entire smart ASIC chip 

designed around the ratiometric configuration explained in this section. 
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CHAPTER 3 

SCHEMATIC DESIGN OF THE 
RATIOMETRIC ASIC CHIP 

3.1 INTRODUCTION 

This chapter describes the schematic design of a novel ASIC chip that has been 

created following the ratiometric measurement principle explained in the previous 

chapter. The design of the ratiometric ASIC chip is presented starting from a top 

block-diagram level and then the description goes down to the details of the 

components in every section. 

 An overview of the system is given first, followed by information about the 

software employed for the design process. Next, the explanation is divided in two 

sections corresponding to the main circuit components of the ASIC chip, namely the 

gas sensor section and the temperature control circuitry.  
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3.2 OVERALL DESCRIPTION OF THE SYSTEM 

The ratiometric ASIC chip is designed for use in a hand-held instrument for the 

monitoring of volatile organic compounds. It facilitates the integration of a 

ratiometric array of chemoresistors together with smart circuitry into a single chip 

fabricated through a standard silicon CMOS process. The integrated circuit provides 

automatic compensation of variation in both supply voltage and ambient temperature, 

and permits control of sensor temperature. The ratiometric design principle also 

compensates for a large range in values of polymer resistance. It is believed that the 

circuit offers relevant smart capabilities at a very low cost and hence it can be used 

as the main component for the mass production of a self-calibrating programmable 

instrument. 

The overall structure of the system is shown in Figure 3.1. The main 

components of the proposed programmable instrument are: 

i) The ratiometric ASIC chip, which integrates the gas sensors and the 

necessary circuitry for the conditioning of signals. 

ii) A programmable unit for the control of the whole system. This may be a 

micro-controller unit or any equivalent programmable device. 

iii) A set of programmable digital potentiometers, as an auxiliary device for 

the automatic setting of the signals required for the ASIC chip. 

The ratiometric ASIC chip has been designed to perform two basic functions: 

(a) sensing the gas presence and concentration, and (b) controlling the operating 

temperature of the gas sensors. 
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Figure 3.1 Top representation of the proposed programmable instrument. 

The ASIC chip includes therefore both a gas sensor section and a 

temperature control section, performing the main functions of the system, as it will 

be explained in this chapter. 

The gas sensor section consists of the five blocks shown on the top part of the 

ASIC diagram. A voltage reference cell feeds a constant voltage to the sensor circuit 

and to the offset circuit as it was be described in section 2.5. The differential output 

is amplified and then filtered in the two following blocks, before sending the final 

output to the controlling unit. 

The temperature control section, shown on the lower half of the ASIC block 

diagram, contains two identical circuits that are intended to regulate the operating 

temperature of two gas sensors, by using a heater and a temperature sensor 

associated with each one of them. 
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A microcontroller unit is proposed for digital signal processing of the outputs 

obtained from the chip, as well as for the control of required inputs and feedback. 

Additionally, the set of digitally controlled potentiometers, included in a separate 

interface circuit, is to accomplish some control functions for the ASIC. The three 

digital potentiometers are shown in the corresponding block at the left side of Figure 

3.1. The first one of them will be acting as the offset regulator described in section 

2.5, within the ratiometric array with the gas sensors. A second one will be used to 

adjust the gain for the amplification of the signals and the third one is used to set the 

temperature on the heaters. 

To complete the system, further interfacing circuitry and a power source are 

also required. 

This chapter includes the description of the schematic views of every section 

and component of the designed ASIC chip. 
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3.3 SOFTWARE TOOLS AND TECHNOLOGY LIBRARIES 

The process of design of the ASIC chip depends directly on the characteristics of the 

technology used for the actual fabrication of the devices. Availability of standard 

cells, limitations on the power supply, and special requirements for interconnection 

and operation of selected cells, defined several important aspects in the final 

structure of the overall circuit design. 

Cadence IC software tools version 4.4.3 were used for the design. The 

schematic views were constructed using Composer-Schematic tool and the behaviour 

of the circuits was simulated using the Analog Artist tool with the Spectre simulator. 

The layout of the devices was designed using the Virtuoso tool. 

Together with the Cadence software tools, the AMI Semiconductor (formerly 

Alcatel Microelectronics) 0.7 µm CMOS analogue process was selected for the 

fabrication. This software-technology combination is supported under the 

Europractice scheme, through which the ASIC chip was produced. 

A preliminary schematic design was obtained with the aid of Composer-

Schematic and using only the generic analogue cells available in the Cadence 

libraries. This theoretical design also enabled the simulation, via the Analog Artist 

tools, of the responses of the circuit, although no practical considerations, such as the 

actual type or size of resistors, capacitors, and other components, could be included 

at this stage. Nevertheless, this preliminary work served as the foundation for the 

development of the final design of the ASIC, which is based in the use of the AMI 

Semiconductor CMOS process selected. 
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The schematic views of the circuit that are described in this chapter were 

obtained after adapting the original preliminary design to the particular specifications 

and characteristics of the AMI Semiconductor 0.7 µm technology. Diagrams 

included here are the ones originally created with Cadence software for the final 

design. 

A more detailed reference to the software and technology libraries used for 

the design can be found in appendices A and B. 
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3.4 THE GAS SENSOR SECTION 

Figure 3.2 shows the Composer schematic view of the block diagram for the ASIC 

chip. The five blocks at the top represent the components of the gas sensor section 

whereas the other blocks correspond to the temperature control components. Bias_1 

and Bias_2 are required standard cells providing the bias current for the operational 

amplifiers and they also supply the current for the excitation of the temperature 

sensors. 

The gas sensor section is the circuit that includes the resistive polymeric 

sensors for the monitoring of VOC in a ratiometric configuration, as shown in Figure 

2.9. As described in chapter 2, each sensor can be either exposed to vapours or it may 

remain passive by being coated with an inert material. When exposed to the presence 

Figure 3.2 Block diagram of the components inside the ASIC chip. 
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of VOC, the electrical resistance of the active polymer elements changes, giving an 

indication of the concentration of the VOC. Only the metal electrodes used for the 

gas sensors are fabricated through the AMI Semiconductor 0.7 µm CMOS process. 

The gas microsensors are constructed by depositing a carbon black-polymer 

composite onto the electrodes, in a post-CMOS fabrication step that will be described 

in Chapter 7. Passive coating, as required, completes the fabrication of the passive 

chemoresistors. 

The actual behaviour of these chemoresistors cannot be precisely predicted. It 

is known from previous research [1-5] that the polymer resistance will vary in the 

presence of VOC, but there are several factors which affect these variations, e.g. 

temperature, humidity, ageing and applied voltage. Even the actual resistance value 

of the devices is not easily controllable during the deposition process and significant 

differences appear between resistors fabricated through apparently identical steps. 

Therefore, the structure of the gas sensor circuit was designed with the aim to 

overcome these problems. Firstly, a ratiometric array of polymer resistors is used in 

order to provide at least partial cancellation of variations that affect the resistance of 

both sensors. Secondly, the polymeric sensors are excited through the use of circuitry 

that also reduces effects such as the drift induced by a constant voltage source. 

Finally, smart circuitry is added for the self-cancellation of some unwanted effects 

such as the differences in the fabrication of the resistors as well as for the calibration 

of the device. 

The gas sensor section, simplified in Figure 3.3, works as follows. A voltage 

reference signal is sent to the pair of non-inverting circuits described in section 2.5. 

The first one of these, shown at the top of Figure 3.3, is the gas sensor circuit, which 
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contains the resistive gas sensors. The second one is the offset circuit, used to 

calibrate the baseline for the comparison of the outputs, by adjusting a programmable 

resistor that is not included inside the ASIC chip; this is the external potentiometer 

Pot 1 shown in Figure 3.1. 

Figure 3.3 Simplified schematic of the gas sensor section. 

The outputs of both the gas sensor circuit and the offset circuit are connected 

to the inputs of an instrumentation amplifier in which any difference will cause an 

output related to the response of the gas sensors to the variations in the concentration 

of the VOC applied. The output signal is adjusted with the aid of the external 

potentiometer Pot 2, which sets the gain of the amplifier. Finally, high-frequency 

components are removed from the amplified signal via a fourth-order Bessel low-

pass filter. 

Every component of the gas sensor section is described below.  
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3.4.1 Voltage reference 

The function of this block is to provide a reference voltage signal for the operation of 

the gas sensor section. For the purposes of this design, the reference voltage is 

obtained through the use of the standard GBDA_Bandgap cell and the corresponding 

bias cell GBDA_BD_bias, available in the AMI Semiconductor libraries. The 

arrangement, shown in Figure 3.4, produces a constant voltage of 1.2V, independent 

of temperature and close to the theoretical bandgap of silicon at 0°K [6-7]. 

 

Figure 3.4 Schematic view of the voltage reference cell. 

The reference voltage cell is operated by applying supply voltage to the Vpulses 

terminal, which is connected to the Vdd terminal of the bandgap. The applied voltage 

can be pulsed in order to obtain a pulsed 1.2V output. This will help to reduce the 

significant effect produced by the use of a constant voltage source, which in the long 

term causes drifting of the signal, besides of the benefits of a lower power 

consumption of the designed device. 
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3.4.2 Ratiometric gas sensor circuit 

The schematic of the ratiometric gas sensor circuit is shown in Figure 3.5. The 

polymeric resistors Rp and Rpo are connected to an operational amplifier in a non-

inverting configuration, following basically the same ratiometric configuration 

described in section 2.5. The main difference is that a set of FET-based switches was 

added in order to eliminate a common problem produced by the use of DC voltage 

sources. 

Figure 3.5 Schematic view of the gas sensor circuit. 

 In effect, given that the use of constant voltage for prolonged periods induces 

drifting in the signals and polarises the sensing materials, the natural choice was to 

apply a square voltage to the sensors, alternatively changing signs between positive 
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and negative. This solution, however, was not possible due to the limitation of the 

AMI Semiconductors 0.7 µm technology, which allows operation with only positive 

voltages between 0 and +5V. 

The problem was solved with the FET-based switches S1 to S8, controlled 

through pulses applied to the input Vgates, which invert alternatively the voltage at the 

terminals of Rp and Rpo, providing compensation against any polarisation effect and 

drifting associated with a constant DC voltage. 

The voltage Vref, obtained from the voltage reference cell, is applied to the 

input, and the output voltage Vsensor is ideally given by the basic relationship: 

ref
po

p
sensor V

R
R

V 









+= 1     (3.1) 

In ideal conditions, the two resistors should be identical and the output 

voltage should be the double of the voltage at the input. According to the ratiometric 

principle, any variation in the resistance of the active element that is also present in 

the passive resistor, e.g. temperature or ageing, will be cancelled from the output 

voltage. The circuit will respond only to variations that affect in different ways to 

both chemoresistors, like the changes in VOC concentration or the humidity effect. 

However, considering the characteristics of the polymeric resistors and the 

FET switches, that ideal behaviour of the circuit is not easy to obtain under practical 

conditions due to the following factors: 

• It is very difficult to obtain identical polymeric resistors during the 

fabrication process. 
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• The values of the resistance obtained when depositing the polymers 

cannot easily be controlled. 

• The forward resistance of individual FETs has a relatively high value 

when compared to the expected resistance of the polymer resistors. 

• The voltage scope from 0 to +5 V that is allowed by the AMI 

Semiconductor 0.7 µm technology is not wide enough to permit an easy 

operation of the FET switches, because their on-resistance can be as high 

as 10% of the polymer sensors resistance, leading easily to unwanted 

saturation problems. 

• The combination of the pulses applied to the gates of the FETs together 

with the pulsed voltage reference originates some spikes at the switching 

edges, as it was shown by the simulations reported in Chapter 4. 

Consequently, special considerations are made for the design, considering the 

fabrication process and the post-processing steps. First of all, it is required to control 

the process of polymer deposition, monitoring the actual value of the resistance in 

order to make it as close to 10 kΩ as possible, which was found to be the optimal 

value compared to the forward resistance of the FETs, according to the simulations 

described in the next chapter. In addition, parallel arrays of FETs (Figure 3.6) are 

used to override the problems originated by the high forward resistance value of 

individual FETs, which causes an important voltage drop when compared with the 

relatively low voltage of the supply. Finally, the period, width and delay of the 

digital pulses applied to the gates are adjusted to values (200 ms, 100 ms and 50 ms, 

respectively) that help to minimise the glitch at the switching edges by avoiding 

interaction with the pulses applied to the voltage reference cell. 
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Figure 3.6 Parallel array of FETs for each switch in the gas sensor circuit. 

Each switch from S1 to S8 in the circuit of Figure 3.5 is an instance of the cell 

shown in Figure 3.6. This cell consists of six NMOSFETs in a parallel array in order 

to reduce the equivalent resistance that otherwise would significantly affect the 

performance of the circuit when added in series to the resistance of the polymer 

sensors. As explained above, the function of the switches is to invert alternatively the 

voltage applied to the terminals of the resistors Rp and Rpo avoiding in this way the 

drifting and polarisation problems associated with the use of a constant voltage 

source in some types of polymers. To make the switches alternate between the on 

and off states, the pulsed voltage Vgates is directly applied to the gate of a basic FET 

inverter and to the gates of the switches S2, S3, S6 and S7. The inverted signal, taken 

from the output of the FET inverter, is applied to the remaining switches S1, S4, S5 

and S8.  

3.4.3 Offset circuit 

The offset circuit, represented in Figure 3.7, has the same non-inverting 

configuration as the gas sensor circuit. The operational amplifier and one of the 

resistors are included inside the chip, whereas the second resistor is the external 

programmable potentiometer Pot 1 shown in Figure 3.1.  

FET1 FET2 FET3 FET4 FET5 FET6 
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The same 1.2V reference voltage Vref applied to the gas sensor circuit is 

applied to the offset circuit. By taking the output of the gas sensor circuit under non-

exposing conditions as a reference, the output of the offset circuit is digitally 

adjusted through the external potentiometer connected to the pin Roff_ext, so that the 

ratio of resistances in the offset circuit equals to that of the gas sensor circuit.  Once 

the circuit is calibrated, the offset signal is fixed, compensating the differences in the 

resistances of the polymer sensors and setting a baseline, leaving the circuit ready for 

further tests. 

 

Figure 3.7 Offset circuit to be completed with an external resistor. 

3.4.4 Instrumentation amplifier 

Both the gas sensor circuit and the offset circuit outputs are fed to the inputs of the 

next stage, where any difference between the signals is amplified. Figure 3.8 shows 

the schematic view of the instrumentation amplifier whose gain is adjustable through 

the external potentiometer Pot 2 (Figure 3.1) connected between the terminals Rgain1 

and Rgain2.  
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Figure 3.8 Schematic view of the instrumentation amplifier. 

The resistance values selected for the differential amplifier stage were 100 kΩ 

for the feedback resistors and 10 kΩ for the forward paths. These values were 

successfully tested during the simulations and are used in the final design. 

The amplifier gain G is given [8] by: 

gainR
RG 121+=      (3.2) 

where Rgain is the resistance of the potentiometer Pot 2 and R1 is 100 kΩ. Varying 

Rgain between 0 and 50 kΩ, the gain of the amplifier can in theory be adjusted to any 

value starting from 5 and above. However, variations in the actual values of the 

components in the fabricated devices can slightly modify this minimum value. 

100kΩ
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 The AMI Semiconductor cell CFSB2 is used in this and every circuit that 

includes operational amplifiers in order to provide the required bias voltage. 

However, only one of these cells was necessary for the instrumentation amplifier, as 

the row distribution in the layout (to be described in Chapter 5) allowed placing the 

three operational amplifiers close to each other, saving space and reducing the cost of 

the fabricated chip. 

3.4.5 Bessel low-pass filter 

A low-pass filter (LPF) is required in order to eliminate any high frequency noise in 

the output of the amplifier. In particular, given that the circuit can be driven by 

pulsed signals, it is important to consider the differences in time delay between the 

frequency components of the raising and falling edges, which produce effects such as 

overshoot when conventional Butterworth filters are used [9]. 

For this reason, a Bessel filter was included in the design, given that it has the 

maximally flat delay characteristic [10]. It results the most suitable type of filter for 

pulsed signals, although its attenuation is rather poor near the cut-off frequency when 

compared to Butterworth or Chebyshev filters. The response of a Bessel filter to step 

or pulses is free from overshoot. 

The circuit in Figure 3.9 is a Bessel LPF with cut-off frequency fc = 10kHz. 

The final design was obtained after considering several choices [9-11], such as 

conventional Butterworth filters and low order circuits, and after trying a number of 

changes in order to select the proper sizes for resistors and capacitors when using the 

cells available within the AMI Semiconductor libraries. The response of the circuit 

was also tested with the aid of software by Texas Instruments [12]. A fourth order 
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filter was chosen because of the poor attenuation slope near the cut-off frequency 

typical of the Bessel characteristic. 

Figure 3.9 Fourth-order Bessel low-pass filter. 

 After simulations of the frequency response (refer to Figure 4.7 in section 

4.3.4) and several considerations about the actual size of resistors and capacitors, the 

set of values shown in Table 3.1 was obtained for the components of the filter. 

Table 3.1 Resistances and capacitances used for the Bessel low-pass filter. 

Component Capacitance (pF) Component Resistance (Ω) 

Ca1 20.0pF Ra1 402 K 

Cb1 14.7pF Rb1 1.05 M 

Ca2 20.0pF Ra2 687 K 

Cb2 7.5pF Rb2 956 K 

D 

DD
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3.5 TEMPERATURE CONTROL CIRCUITRY 

The second major task to be performed by the ASIC chip is the control of 

temperature for the operation of the polymer sensors, which are designed to operate 

at a constant temperature above ambient. To this aim, a heater is placed underneath 

the electrodes of each polymer resistor, with temperature sensors used in a control 

loop. 

The circuit for the control of temperature has particularly importance within 

the design of this ASIC chip. Previous research work [1-2, 5] has reported how 

temperature affects the response of gas sensors and on-chip compensation of 

temperature variations is considered to be an important feature on the development 

of hand-held instruments. 

The availability of circuitry for temperature control adds versatility to the 

chip, because it makes it capable to compensate for ambient temperature, which 

affects the chemical reactions in polymer-based chemoresistors [13]. Common-mode 

effects are inherently removed by the ratiometric configuration when the two 

chemoresistors are fabricated with the same material. 

However, there is the possibility for the use of the chip with combinations of 

different sensing materials, as will be shown in Chapter 7. In this case, temperature 

dependence will be different for each sensor and variations can strongly affect the 

response of the ASIC chip. It will be useful, hence, to have the possibility for 

operation at a controlled temperature. 

Also, given that the ASIC chip is theoretically suitable for the use of any type 

of chemoresistive nanomaterials, having the choice of a temperature control within 

the chip expands the possibilities for the operation at different temperatures. 
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(a) 

 
(b) 

Figure 3.10 (a) Block diagram of the temperature control section; (b) simplified 

schematic circuit. 

 A block diagram of the temperature control system is shown in Figure 

3.10(a), and a simplified schematic circuit is given in Figure 3.10(b). The 

temperature of the heaters, which is the function to be controlled, is measured 

through temperature sensors. With the aid of the external potentiometer Pot 3 (Figure 

3.1), the temperature set-point block provides a reference signal that is fed to the 

compensator circuits controlling the signals required by the heaters. This reference 

signal is compared with the feedback signals obtained from the outputs of the 
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temperature sensor blocks. In each compensator block, a differential amplifier 

produces a compensation signal proportional to the difference of temperatures 

between the respective heater and the set-point. The compensation signal is sent to 

the circuit that drives the current for the heater. 

An additional temperature sensor, whose output is amplified, is included for 

the monitoring of the operating temperature of the chip. The outputs of the 

temperature sensors are made externally available for further processing. 

Each of the components of the temperature control system is briefly described 

in the following sections. 

3.5.1 The temperature sensors 

As mentioned above, the temperature of the polymer resistors is controlled by the 

action of the heaters and the feedback signal is obtained through temperature sensors 

placed near the heaters and sensor pads. 

A forward-biased diode is used as the temperature-sensing element. The 

reference current obtained from one of the outputs of the Bias cells is passed across 

the diode and the voltage is measured as an indication of the temperature. In the 

diagram of Figure 3.11, the constant reference current flows through the terminal Vts 

towards the diode, and the output voltage at the same terminal corresponds to the 

measured temperature. The output of each thermodiode is connected to one of the 

inputs of the differential amplifier in the compensator circuit of the next stage. 

The thermodiodes used in the ASIC were specifically designed for this 

project, as it will be described in Chapter 5. However, schematic design and 

simulations were performed using the standard cells and data that were available 
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before fabricating the ASIC. Characterisation of the fabricated diodes, as it is 

reported in Chapter 6, showed that the actual thermosensors have a linear response to 

temperature with an average slope of -2.36 mV/°C. 

             

Figure 3.11 Temperature sensor and temperature control circuit. 

3.5.2 The temperature set-point circuit 

A voltage signal is used as a reference for the temperature set-point. In the circuit, 

shown in Figure 3.12, the output voltage of the bandgap cell, transmitted by a voltage 

follower, is applied to a voltage divider in which the second resistor is the external 

potentiometer Pot 3 (Figure 3.1) that is connected between the output pin and 

ground, although it is not shown in this diagram. By digitally adjusting the resistance 

of this potentiometer, the output of the circuit can be set to the proper size. 

The output voltage Vsp is applied as a reference to the input of the two 

identical circuits that control the operating temperature of the polymer resistors. 

The internal resistor, shown in Figure 3.12, is fixed in the design to a value of 

Rtr1 = 10 KΩ. The scope limits for the external potentiometer were estimated by 

assuming that the thermodiodes will operate in the range of 330 to 605 mV for 
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temperatures between 10°C to 120°C. The approximated values of the resistance 

required for the potentiometer are obtained from the voltage divider equations, as 

follows: 

Ω=
Ω

=
−

=° KKR
R tr

tr 02.10
604.0

)10(605.0
605.0209.1

605.0
)C10( 1

2   (3.3) 
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)C120( 1

2   (3.4) 

Hence, a potentiometer which can vary resistance in this range is enough for 

the control of the temperature set-point in the range between 10°C to 120°C. 

Figure 3.12 Temperature set-point circuit. 

3.5.3 The compensator amplifier 

A proportional differential amplifier is used to compensate the error between the set-

point temperature and the signal of each temperature sensor. Although stability and 

overshoot problems could arise, the amplifier is designed for a low gain so its 

response is fast and stable enough, making unnecessary to add derivative or even 

integral components to the circuit. 
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The schematic view of the compensator circuit is shown in Figure 3.13. The 

voltage followers at the inputs take the voltage signals from the set-point and 

temperature sensor outputs and the difference appears amplified at the output 

terminal Vcomp. 

 

Figure 3.13 Schematic view of the temperature compensator circuit. 

The gain of the amplifier was determined considering that the maximum 

temperature at which the chip could operate would be 100ºC. Given that no previous 

data were available about the configuration of the heater and electrodes used in this 

design, it was only estimated, based on reports on similar heaters [14],  that a power 

of 80 mW was required for operation at 100°C. 

The heater is designed for a resistance of 50 Ω. For operation at 80 mW, the 

required voltage at the heater is 2 V, which corresponds to 40 mA in the intensity of 

the required current. 
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The compensator amplifier must have a sufficient gain to raise the 

temperature from 20ºC to 100ºC. Considering the expected behaviour of the 

thermodiode, and according to simulations reported in the next chapter, the voltage 

of the diode should fall from around 580 mV to 380 mV. Therefore, the expected 

gain for the amplifier is given by: 

Differential gain 10
380580

0.2

10020

=
−

=
−

=
mVmV

V
VV

Vcomp  (3.5) 

By choosing Rsp1 = Rts1 = R1 = 1 kΩ and Rsp2 = Rts2 = R2 = 10 kΩ, i.e. R2 = 

10R1, the amplifier gain is set to 10, which will produce the proper compensating 

signal. 

The differential input, which actually compares the temperature of the heater 

with the reference set-point, produces a compensating amplified signal that is sent to 

the circuit driving the current for the heater. 

3.5.4 Current drive circuit 

Figure 3.14 shows the current drive circuit. The current is applied to the 

heater through a low-resistance FET, which actually consists of a parallel array of 

four standard FET cells. The use of parallel FETs allows the flow of larger currents 

to the heater and reduces the equivalent forward resistance, which can be too large 

when compared to the heater resistance. 

An operational amplifier drives the gates and the output signal Vcomp of the previous 

circuit is passed directly to the heater that must be connected to the terminal Iheater. 

The capacitor and resistors included form a compensation network that ensures 

stability to drive the inputs of the FETs, which may be highly capacitive. The circuit 
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was adapted from an application bulletin by Burr-Brown [15] and it was recalculated 

in order to keep the same time constants when adjusting the size of the capacitor and 

resistors to the desired layout dimensions. 

Figure 3.14 Schematic view of the current drive circuit. 

The final specifications of the components are as follows: 

Cd = 7.5 pF, R1 = 13.3 kΩ, R2 = 66.67 kΩ. 

3.5.5 The resistive heaters 

The resistive heaters, constructed in the metal1 layer of the ASIC, are placed under 

the electrodes of the polymer resistors in order to produce the required temperature 

for the operation of the sensors. The resistance of each heater is approximately 50 Ω. 

From the schematic point of view, the heater is represented only as a 50 Ω 

resistor, connected to the output of the current drive circuit. From the terminal Iheater, 

current flows through the heater and power is dissipated to keep the sensor at the 

required temperature. 
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Figure 3.15 Schematic and layout view of the resistive heater. 

Figure 3.15 shows the schematic and layout views of the heater. The resistive 

track is designed to be placed underneath the sensor electrodes, with the thermodiode 

in the middle of the gap. Further details of the layout design and characteristics of the 

fabricated heaters are included in chapters 5 and 6. 
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3.6 ADDITIONAL CIRCUITRY 

3.6.1 The ambient temperature sensor 

An extra temperature sensor is included in the design to measure the temperature of 

the ASIC chip. Whereas the other two thermodiodes are placed at the corners of the 

chips, under the electrode pairs, this third diode is placed near the centre of the chip. 

This sensor has the same configuration shown in Figure 3.11 and described in section 

3.4.1, with the output connected to a non-inverting amplifier. The output of the 

amplifier, whose schematic is shown in Figure 3.16, is made externally available for 

additional processing.  

Gain of the amplifier is set to 7 by using R1 = 1 kΩ and R2 = 6 kΩ. 

 

Figure 3.16 Non-inverting amplifier for the ambient temperature sensor. 
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3.6.2 The bias cells 

According to the AMI Semiconductor bias strategy (See section 5.3.1.2), it is 

required to include bias cells that will provide the negative current required by every 

operational amplifier. These bias currents are converted to voltages in the slave cells 

CFSB2 connected to each operational amplifier in the previously described circuits. 

 
(a) 

(b) 

Figure 3.17 Schematic views of cells: (a) BIAS1, (b) BIAS2. 

Given that the master bias cell CHMB1 has outputs for both negative and 

positive currents, it is also used to provide the reference current required by the 

temperature sensors. 
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The schematic views of the two bias cells that are included in the design are 

depicted in Figure 3.16 and the assignation of the outputs is shown in Table 3.2. 

Table 3.2 Assignation of the pins for the bias cells. 

Assignation 
IB1 Instrumentation amplifier 
IB2 Low-pass filter 
IB3 Current drive circuit for the heater of the passive1 polymer resistor 
IB4 Comparator circuit for the heater of the passive polymer resistor 
IB5 Offset circuit 
IB6 Amplifier of the gas sensor circuit 
IB7 Amplifier for the diode sensing the operating temperature of the ASIC chip 
IB8 Comparator circuit for the heater of the active polymer resistor 
IB9 Current drive circuit for the heater of the active polymer resistor 
IB10 Temperature set-point circuit. 
IBP1 Diode sensing the operating temperature of the ASIC chip 
IBP2 Diode sensing the temperature of the heater for the active polymer resistor 
IBP3 Diode sensing the temperature of the heater for the passive polymer resistor 

 
 

 

 

 

 

                                                           
1  The names ‘active’ and ‘passive’ are used here only as a reference to distinguish between the two 

sets of electrodes and the corresponding polymeric resistors. These names are adequate for the 
case when one active and one passive sensor are used. As explained in Chapter 7, both sensors 
may be simultaneously active.  
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3.7 CONCLUSIONS 

The schematic views of the ratiometric ASIC chip have been described in this 

chapter. Cadence Composer tool was used for the design and the technology adopted 

was the AMI Semiconductor 0.7 µm analogue CMOS standard process. Whenever 

available, the components of the circuit were represented using the parameter models 

of the actual cells included in the layout sent to fabrication. However, custom-

designed components such as the heater and thermodiodes, were represented with 

generic models available in the software at the design stage. 

The structure and functioning of the ASIC chip was described step by step 

from the block level to the components level. 

In the gas sensor section a voltage reference is applied to a pair non-inverting 

amplifiers. One of these circuits contains the gas sensing resistive elements, whilst 

the other circuit provides a programmable offset signal. The outputs of both the 

sensor circuit and the offset circuit are connected to the differential input of an 

instrumentation amplifier, and the output signal is finally obtained after a low-pass 

filter stage. 

The temperature control circuit uses a current-driven resistive heater that is 

regulated by a proportional feedback signal obtained through a p-n thermodiode. A 

programmable set-point circuit provides the reference signal which is compared with 

the temperature feedback through a voltage compensator connected to the current 

drive circuit. 

The performance of each component of the circuit was modelled and 

simulated as described in the next chapter. 
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CHAPTER 4 

RATIOMETRIC ASIC CHIP 
MODELLING AND SIMULATION 

4.1 INTRODUCTION 

This chapter reports on the modelling and simulations that supported the design 

process of the ratiometric ASIC chip and helped to adapt it to the actual conditions of 

fabrication. Firstly, a model of the CMOS gas sensor section is presented, showing 

the response of each cell in the circuit, as it was obtained from simulations made 

with the final design. Secondly, simulations for the temperature control circuit are 

also given, showing the expected performance of the thermosensors, heater and other 

circuit cells. 

Lastly, a comprehensive polymer gas sensor Cadence model has been 

developed for this project, and is used to simulate the smart sensor response with 

respect to gas concentration, at different values of temperature and humidity. 
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4.2 SIMULATION TOOLS AND ENVIRONMENT 

Most of the simulations were performed using the Analog Artist tool of Cadence IC 

software, version 4.4.3, running on a UNIX workstation Sun Microsystems Ultra 10. 

The Spectre simulator, available under the Analog Artist tool, was used for this work. 

Whenever obtainable, parameter models of the actual cells included in the AMI 

Semiconductor libraries were used in the simulations, leading to a more realistic 

design of the features of the circuit. In the case of cells that were custom designed for 

this project, simulations were performed with the aid of standard cells and using 

parameters obtained through their expected characteristics. 

The model cell used for the study of the chemoresistors response was also 

developed in Cadence, using the Composer tool for the schematic views and 

defining the code through Verilog-A and HDL script. 

Variations on the response with varying sensor temperature and humidity 

were simulated using the same model and the results were plotted with Matlab 

software, version 6. 

Additional simulations of the response of the fourth order Bessel filter were 

obtained through the use of the Texas Instruments FilterPro software. 
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4.3 GAS SENSOR SECTION SIMULATION 

In order to verify the performance of the gas sensor section, the circuit was originally 

tested by applying a constant voltage supply to the voltage reference cell and 

observing the outputs at every stage of the circuit. After several modifications on the 

original schematics, the desired voltage levels were obtained. 

However, the main interest was focused on the operation of the entire circuit 

in the pulsed mode, i.e. with a pulsed signal applied to the voltage reference cell, 

given that this mode increases the benefits of the ratiometric configuration as 

explained in previous chapters. Simulations presented in this section were therefore 

obtained with pulses applied to the input of the voltage reference cell (terminal Vpulses 

in Fig. 3.3) and observing the responses at different stages of the circuit. 

4.3.1 Voltage reference signals 

The input and output waveforms obtained with the Spectre simulator for the voltage 

reference cell are shown in Figure 4.1. The input was obtained from the cell vpulse 

available for simulation of ideal sources in the standard library analogLib of 

Cadence. The width of the pulses was set to 10 ms and the period was set to 100 ms. 

The output is obtained through the use of the actual model cells provided by 

AMI Semiconductor for the bandgap and associated cells. The amplitude of the 

pulses in the signal Vref, which is sent to the gas sensor and offset circuits, is 1.2 V. 

The simulation shows the appearance of spike at the raising edge of the output, 

typical of circuits driven by pulsed signals [1]. 
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Figure 4.1 Input and output waveforms in the voltage reference cell. 

4.3.2 Ratiometric circuit 

The performance of the ratiometric circuit is crucial for good behaviour of the 

sensors in the ASIC. The elimination (or reduction) of the unwanted effects in the 

sensors response depends on the correct functioning of the ratiometric circuit. 

Therefore, exhaustive simulations were required and the original circuit was 

modified several times until the desired response was achieved. 

Given that the precise resistances (i.e. range 100 Ω to 100 kΩ) and other 

characteristics of the polymeric sensors were unknown when the circuit was 

designed, it was necessary to test the performance of the circuit for a range of 

different parameters and conditions. In particular, the operation of the FET switches, 

used to produce the alternating signals on the resistive sensors, required several tests 

in order to determine the proper size and configuration of the final arrays. This 

involved considerations about the actual layout that only through simulation 

permitted to optimise the schematic design. 
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The resistance of the FETs was originally high when compared to the 

expected lowest resistance of the sensors, thus impeding the correct adherence to the 

ratiometric principle for the series switches and polymer resistors. The desired 

voltage waveforms could not be obtained and, in order to correct this, several FETs 

in parallel were used, in an attempt to reduce the unwanted effect of switch 

resistance. 

However, a crucial factor in the design of the switches is the selection of the 

ratio W/L = 64 for the FETs. Simulations showed that this ratio produces the optimal 

performance of the switching circuit and that this parameter has greater significance 

than the number of parallel FETs included into each switch. The results of some of 

these simulations are summarised in Table 4.1. 

Table 4.1 Parameters obtained for the selection of the FET switches. 

N W 
(µm) 

L 
(µm) W/L Vpolymer 

(V) 
Vsensor 
(V) 

Rpolymer  
(KΩ) 

6 128 8 16 1.117 2.438 1 

6 256 8 32 1.157 2.420 1 

6 512 8 64 1.178 2.410 1 

6 256 4 64 1.178 2.409 1 

6 128 2 64 1.178 2.408 1 

6 128 2 64 1.198 2.401 10 

1 128 2 64 1.078 2.448 1 

1 128 2 64 1.187 2.405 10 

8 256 8 32 1.167 2.415 1 

8 128 2 64 1.183 2.406 1 

It can be observed in the last two rows that an increase in the number n of 

FETs does not make a significant improvement of the voltage at the output of the 

sensor circuit Vsensor, which would be 2.400 V under ideal conditions. 
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On the contrary, an increase on the resistance of the polymer sensors Rpolymer 

produces a considerable improvement of Vsensor as well as in the voltage across the 

polymer resistors Vpolymer, which should be ideally the same as Vref, i.e. 1.2 V. 

Although smaller dimensions with the same ratio would produce slightly 

better results, it was decided to use for the layout the dimensions W = 128 µm and L 

= 2 µm, with W/L = 64, as these conformed better to the technology layout rules. 

Once the FETs were working properly, simulations showed that the circuit 

was able to produce the desired response with sensor resistances ranging from 1 kΩ 

to 100 kΩ. However, the design is calculated for optimal performance at 10 kΩ. 

Figure 4.2 Waveforms simulation for 10 kΩ polymer resistors. 

Figure 4.2 shows the waveforms in the gas sensor circuit (Figure 3.4), 

obtained with the Spectre simulator, assuming resistances of 10 kΩ for both Rp and 

Rpo and disregarding any variations due to exposure to gases or vapours. 
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The left side plots correspond to the actual voltage waveforms at the 

terminals of the resistors, i.e. the differences in the corresponding positive voltages, 

plotted on the right side, appearing at the plus and minus terminals of each resistor. It 

can be observed how the effect of the switches, pulsed at 5 Hz, results in an 

alternating signal appearing at the terminals of the chemoresistors. The waveforms 

for Vref and Vsensor are also illustrated in the same figure. 

Simulations also show that the use of parallel FET switches produces an 

acceptable response even when the resistance of the sensors is as low as 1 kΩ. The 

plots for this case are depicted in Figure 4.3. 

Figure 4.3 Waveforms simulation for 1 kΩ polymer resistors.  

Table 4.2 summarises the results of further simulations with different 

resistance values for all the chemosensors, i.e. R = Rp = Rpo. It includes the 

magnitudes of the voltage at the output of the non-inverting sensor circuit, Vsensor, 
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and the voltages at the chemoresistors terminals, VRp and VRpo. The magnitudes of the 

transient spike produced at the switching edges in each resistor, are also shown in the 

table. 

Table 4.2 Results of simulations for several values of chemosensors resistance. 

Chemoresistor Rp voltages 
(Volts) 

Chemoresistor Rpo voltages 
(Volts) R 

(kΩ) 
Vsensor 

(Volts) VRp 
Raising 

edge 
spike 

Falling 
edge 
spike 

VRpo 
Raising 

edge 
spike 

Falling 
edge 
spike 

1 2.413 1.167 0.0 0.00 1.167 0.0 0.00 
10 2.421 1.207 0.3 0.05 1.207 0.3 0.05 
100 2.419 1.209 0.5 0.07 1.209 0.3 0.07 
200 2.419 1.209 0.8 0.12 1.209 0.3 0.07 
400 2.419 1.209 1.2 0.18 1.209 0.2 0.06 
600 2.419 1.209 1.4 0.23 1.209 0.3 0.07 
800 2.419 1.209 1.6 0.30 1.209 0.3 0.07 

1000 2.419 1.209 1.7 0.26 1.209 0.3 0.06 

From the table, it can be noticed that, although the output is free of noise for 

R = 1 kΩ, the voltage in the sensors is still below its ideal value (1.2 V), due to the 

effect of the resistance of the FETs. 

For R = 10 kΩ, conditions are optimal, as the ideal voltage appears across the 

sensors. The switching spike, although significant when compared with the previous 

case, is a common effect that is easily removed at the differential input of the 

amplifier in the next stage of the circuit. The noise components are balanced, i.e. 

voltage peaks have the same values at both edges of the switching pulses, and they 

have the same magnitudes as the spike produced in the offset circuit, which is also 

designed with 10 kΩ resistors. 

For higher resistances, the input impedance of the sensor circuit is greater 

than that of the offset circuit. This produces an unbalanced spike condition at the 

resistors, as for Rpo it remains at the expected values due to the Vref voltage being 
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applied through the operational amplifier, whereas a bigger change is forced to 

appear through the active resistor Rp. 

The unbalance increases with higher resistance values of the sensors, creating 

a noise component that is not removed by the differential input of the amplifier, and 

that will be added to the response of the chemoresistors to gas exposure. This is 

particularly critical considering that most of the harmonic content of these signals 

occurs at the same low frequency of Vref and it also coincides with the response and 

the flicker noise characteristic of the carbon black/polymer composite sensors, which 

is modelled and studied in section 4.5. 

When resistance of the sensors is 400 kΩ, the amplitude of the spike noise 

reaches the same magnitude as the output signal, and it is even greater for higher 

resistances. Therefore, the simulations suggest that the operation of the circuit is not 

recommended with resistances greater than 100 kΩ and it is advisable to try to use 

sensors with resistance as close to 10 kΩ as possible, for an optimal performance. 

The circuit can be also operated without a pulsed signal, avoiding this way 

the problem of the spike produced at the switching edges. The use of a constant DC 

voltage, however, can produce unwanted sensor drift that was mentioned in the two 

previous chapters. 

Regarding the offset circuit, its operation is free from all of these problems. It 

only produces a replica of the voltage pulses appearing in Vsensor, without any 

additional spike as there is no switching in this circuit. The 10 kΩ resistors used in 

the offset circuit, match the impedance of other cells in the ASIC, including the 

recommended resistance of the chemosensors. 
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4.3.3 Instrumentation amplifier 

When the circuit is being calibrated, both inputs of the instrumentation amplifier 

receive nominally identical signals, i.e. the differential input is zero. As a result, the 

voltage at the output terminal of the amplifier is also equal to zero. 

The plots in Figure 4.4 correspond to the simulation of the voltages in the 

instrumentation amplifier under these circumstances. The output of the offset circuit 

equals the output of the sensor circuit, with pulses sized 2.421 V. Both the 

differential input and the output of the amplifier are almost zero. 

Figure 4.4 Voltages in the instrumentation amplifier for zero differential input. 

 The 600 mV common spike produced in the 10 kΩ resistors of both the 

sensor and offset circuits is almost entirely cancelled in the differential input of the 

amplifier, leaving the output at a proper level, ready for the detection of other 

variations in the resistance and output voltage of the polymeric sensors. 
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When the sensor system is exposed to a gas, a relative change δ will be 

produced in the polymer resistance, which in turn will cause a voltage difference 

between the input terminals. Therefore, the voltage at the output will be non-zero, 

indicating the presence and concentration of the gas. 

Figure 4.5 shows the simulation results obtained considering a relative 

variation of δ = 0.020. The gain of the amplifier was adjusted to 50 by setting Rgain in 

the external potentiometer, raising the output signal to an appropriate level for further 

processing. As a result, the pulsed voltage difference between Vsensor and Voffset, 2.445 

– 2.421 = 0.024 V is applied to the input, where the common spike is cancelled. The 

output signal has amplitude of 1.20 V, and it is practically free of spiking. Such small 

variations are expected when the sensor system is exposed to low concentrations of 

VOC. 

 

Figure 4.5 Voltage waveforms obtained with δ = 0.020. 
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The response of the circuit to higher variations in the resistance of the 

chemosensors is illustrated in the plots of Figure 4.6, that was obtained after a 

simulation with δ = 0.200 and setting the gain of the amplifier to 10. 

 

Figure 4.6 Voltage waveforms obtained with δ = 0.200. 

4.3.4 Fourth order Bessel filter 

Apart from its frequency response, it was necessary to verify that the Bessel low-pass 

filter had the sufficient flat delay characteristic needed to remove the overshoot due 

to the differences in time delay between the harmonic contents of the raising and 

falling edges of the voltage pulses used in the circuit. 

Also, although it is not critical for this design, attenuation slope near the cut-

off frequency was tested and compared with typical values for more conventional 

filters. 
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Initial simulations performed with Cadence software showed that a fourth-

order Bessel filter was appropriate for the required processing of the output signal 

obtained after the amplification stage. However, it was not easy to transform the 

Composer schematics into the corresponding Virtuoso layout views and meet at the 

same time the sizing specifications suitable for matching the rest of the components 

in the ASIC chip. The Texas Instruments software FilterPro was used instead for 

the simulation of the filter response in the final stages of the design. 

Figure 4.7 shows the characteristics obtained with the values mentioned in 

Table 3.1. The gain (green line) is unity in the pass-band, although not as flat as for a 

Butterworth filter, with attenuation falling down to −70 dB for 100 kHz, which is 

good for only four poles. Group delay (black line) is flat, free from overshoot and 

slightly above 30 ms for the pass-band, which is much better than the simulated 

performance for conventional Butterworth and Chevishev responses, which showed 

group delay spikes from 40 to 60 ms and from 50 to 100 ms, respectively. 

 
Figure 4.7 Bessel filter characteristics obtained with FilterPro software, showing 

the gain (green line), phase (red line) and group delay (black line). 
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4.3.5 Overall performance 

To summarise the description of the gas sensing circuit, a simulation of the voltage 

waveforms, including from the voltage reference to the filtered output, is shown in 

Figure 4.8. 

The circuit parameters have the values given in the previous sections. The 

value of the resistance of the chemosensors was set to 10 kΩ, the relative change in 

resistance δ to 0.200, and the voltage gain of the instrumentation amplifier was 10. 

Pulses of amplitude 1.2 V and width 10 ms are applied through the voltage 

reference cell, at a frequency of 10 Hz. The outputs of both offset circuit and gas 

sensor circuit have a difference of 242 mV produced by the simulated resistive 

change δ of 0.200. This difference is amplified by a factor of 10 and the output 

pulses are filtered to produce the final output of the circuit. 

 

Figure 4.8 Voltages in the gas sensor section obtained with δ = 0.200. 
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4.4 TEMPERATURE CONTROL CIRCUIT SIMULATION 

Components of the temperature control circuit were also simulated. In particular, the 

temperature sensors and heater were simulated using the information available for 

these custom-designed components. A reasonable estimation of the circuit behaviour 

was obtained, as verified by results taken from the fabricated ASIC chip. 

4.4.1 Temperature sensors 

As the p-n diode included in the design was not a standard cell, there was no 

information available about its temperature response. The simulation results given 

below were obtained with an AMI Semiconductor library model for a diode whose 

response to a 5 µA forward current varies between 580.6 mV and 545.7 mV for the 

range of temperature between 20ºC and 35ºC, corresponding to a slope of −2.35 mV/ºC, 

which is above the theoretical value of −2.1 mV/ºC for a p-n diode [2].  Approximately 

linear response for this diode is expected and shown in Figure 4.9. The variation of 

the forward voltage Vts decreases with increasing temperature over the working 

temperature of the sensing element, e.g. +20ºC to +100ºC. 
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Figure 4.9 Simulated voltage-temperature characteristic of the p-n diode. 
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The simulated diode characteristic is the same for the three thermosensors in 

the circuit, one between each pair of electrodes and the third one in the middle of the 

chip. The only difference in the last one being that output is amplified by a factor of 

7, as it was described in section 3.5.1. The results of these simulations differ only 

slightly from the theoretical values and are close to the values reported in Chapter 6 

for the diodes measured in the fabricated ASIC chip. 

4.4.2 Heater 

The two resistive aluminium heaters were designed to each have a resistance of 50 Ω 

and dissipate a maximum of 80 mW of power, enough to operate the sensors at 

100°C.  Heaters were represented in simulations as linear resistors using only a 

standard cell available in the analogLib library of Cadence. 

According to the simulated response of the thermodiodes, if the heater should 

reach a temperature of 35°C, the set-point voltage must be 545.7 mV (see Figure 

4.9). The equation for the voltage divider gives the required resistance for the 

external potentiometer in the temperature set-point circuit: 

Ω=
Ω

=
−

= k227.8
6633.0

)k10(5457.0
5457.0209.1

5457.0 1
2

tr
tr

RR    (4.1) 

Thus, the external potentiometer must be set to 8.227 kΩ for operation of the 

heater at 35ºC. The value of the internal resistor is fixed in the design to Rtr1 = 10 kΩ. 

In order to reach a temperature of 100° C, the power of 80 mW must be 

dissipated by the heater, whose nominal resistance is 50 Ω. The value of the required 

current is thus 40 mA, which corresponds to 2 V dropped at the heater terminals. 

These are the maximum nominal values for the electrical parameters of the heater. 
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Assuming that the heater starts at T = 20ºC, then the voltage in the 

temperature sensor is 580.6 mV. In order to reach a set-point temperature of 35ºC 

(Vsp = 545.7 mV), the voltage that must be initially applied to the heater from the 

temperature compensator is given by: 

)(
1

2
sptsheater VV

R
RV −=  = 10(580.6 – 545.7) = 349 mV (4.2) 

The current driven to the heater at this point is I = 349 mV / 50Ω = 6.98 mA, 

which corresponds to a power of 2.44 mW. 

The simulated performance of the heater, obtained with Spectre, is shown in 

Figure 4.10. In order to raise the temperature of the heater from 20ºC to 35ºC, the 

applied voltage starts from 349 mV and drops until the required temperature is 

reached. This allows the transfer of the corresponding power to the heater, by driving 

through a current which starts at 6.98 mA. 

 

Figure 4.10 Heater waveforms when temperature increases from 20ºC to 35ºC. 
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4.4.3 Overall performance 

The simulation of the overall performance of the temperature control system is 

presented here, assuming as an example that the circuit is required to drive the 

heaters up to 35° C, starting from an ambient temperature of 20° C. The thermal 

behaviour is expected to be approximately linear at these low operating temperatures. 

 

Figure 4.11 Example of overall performance of the temperature control system.  

The plots in Figure 4.11 were obtained with Spectre simulator using a Cadence 

library diode model and assuming an nwell type external resistor. The variation of 

voltage in the diode and the compensator output for temperature between 20 and 35ºC 

are also shown. The plot at the top corresponds to the current driven to the heater.  
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4.5 MODELLING AND SIMULATION OF POLYMERIC CHEMORESISTORS2 
Finally, a parametric model of a polymeric chemoresistor was developed for use in 

the design and simulation of a smart gas sensor. The model was implemented in 

Cadence software and it allows the simulation of both the static and dynamic 

response of resistive sensing elements to a mixture of gases. It takes into account 

temperature and humidity effects and simulates the noise present in polymer resistive 

sensors, such as Johnson [3] and flicker noise [4-6]. The model also takes into 

account certain sample delivery system (SDS) parameters, such as the volumetric 

flow rate and mixing volume of the sensor chamber. 

 
Figure 4.12 Structure of the polymeric chemoresistor model. 

Figure 4.12 shows the basic structure of the proposed model, comprising four 

blocks that represent the SDS, the static and dynamic responses of the sensor, and the 

chemoresistor itself.  The model has two inputs for different gas concentrations and 

one input for temperature effect simulation (Cgas_1, Cgas_2, and Temperature) as well 

as two external ports (R+, R-) for sensors connection within the complete test system.  

The sensor static response is a function of the input gas concentrations and 

temperature while the dynamic response depends both on the gas transfer method 

and the reaction process on, or within, the gas sensitive material.  The chemoresistor 

itself is represented as a complex impedance ZS element with two noise generators 

                                                           
2  The work presented in this section was developed in collaboration with Nicola Ulivieri, from 

Universitá di Siena, Italy. 
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connected in series representing Johnson and flicker noise, which depend on the 

sensor temperature and sensor resistance [3] and the type of polymer, its volume and 

its biasing voltage [4-6], respectively. 

The schematic view for the model is shown in Figure 4.13(a) with its 

associated symbol represented in Figure 4.13(b).  One of the gas inputs, H, is 

assumed to be the water vapour concentration, i.e. absolute humidity. Each block 

within the electrical model has been custom designed to perform a desired function 

or to emulate an electrical device. Two main sections can be distinguished: the block 

composed from the sub-cells SDS02, eSR04, CT03, vcR01, simulating the response 

of the sensor (i.e. its change in resistance) and the noise generation section which 

comprises the sub-cells eJN02, eFN02, WNs04 and FNs04. 

 
(a) 

 
(b) 

Figure 4.13 Polymeric chemoresistor cell: (a) schematic view, (b) symbol. 
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The sensor static response is a function of the gas concentration CG, the 

sensor temperature T and the water vapour concentration CH. The dynamic response 

depends both on the gas transfer method and/or on the gas reaction kinetics. The 

static resistance of the standard cell, RSC, is evaluated in the block ‘Sensor Static 

Response’ (Figure 4.12) which implements the developed model, assuming that 

carbon-black composite polymer films are used as the gas sensitive material. The cell 

could be easily modified to model other sensor isotherms, e.g. Langmuir or 

Freundlich, see reference [7]. The model developed for these materials includes the 

temperature variations of the baseline resistance and the static resistance is given by: 


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where RSCo is the baseline sensor resistance (measured in the presence of a reference 

gas, generally zero grade air or pure nitrogen), kG, kH are sensitivity coefficients, CG, 

CH are the gas/vapour concentrations expressed in ppm, γG, γH are the power law 

exponents, B, KsG, KsH are the temperature coefficients and T is the temperature in 

degrees Kelvin. The subscripts G and H refer to the gas and the water vapour, 

respectively. The sensitivity coefficients can be positive or negative depending on 

the nature of the gas and the polymer, producing an increase (or decrease) of the 

sensor resistance after the gas has been introduced. 

The transient behaviour of the polymeric gas sensor is simulated by a second 

order multi-exponential model implemented through a second-order low-pass filter 

(‘Sensor Dynamic Response’ in Figure 4.12) [8-10]. Since the on-dynamics are 

generally faster than the off-dynamics, two filters with different poles have been used 

[3-4]. The sample delivery system is also modelled (‘Sample Delivery System’ in 

Figure 4.12) in order to include the overall system transfer function. The 
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performance of the model, and all individual blocks within it, is explained in recent 

publication [7] and for the sake of completeness has been included in Appendix F. 

4.5.1 Discrete chemoresistor model 

The resistor model can be used in the voltage divider configuration shown in Figure 

4.14 in order to simulate the response of a discrete chemoresistor converting the 

change in resistance into a change in voltage that can be further processed. 

 

Figure 4.14 Schematic view of the discrete chemoresistor circuit. 

The variation in resistance of the gas-sensitive device, subsequent to exposure 

to a gas of concentration C, can then be measured through the change in the output 

voltage Vout which is function of the sensor resistance RS: 
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=      (4.4) 

The voltage sensitivity S of the potential divider is defined as 
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ref

S

out

+
==     (4.5) 

which has a maximum for Rref=RS. The reference resistance value is chosen to be 

equal to the sensor baseline value (10 kΩ) to maximize sensitivity for small changes 

of RS. Gases injection and sensor temperature are simulated by voltage sources. 
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4.5.2 Ratiometric chemoresistor model 

The general parametric model described above can also be used for the modelling of 

the response of the polymeric chemoresistors in the ratiometric configuration. In the 

schematic shown in Figure 4.15, the sensor cell SCa emulates the behaviour of the 

‘active’ polymeric sensor, while the cell SCp emulates the ‘passive’ sensor. 

  

Figure 4.15 Schematic view of the modelled ratiometric sensor circuit. 

The chemoresistor model cell replaces the resistive sensors included in the 

ratiometric circuit previously described, connected to this via two resistive terminals, 

while voltage sources simulate the effect of gas concentration, ambient humidity, and 

sensor temperature. In the circuit shown, the sensor cell SCp represents the passive 

condition by having the gas concentration input connected to ground. 

The variation in voltage with the changes in resistance of the ratiometric 

configuration was already studied in section 2.5, where also the equations for every 

possible measuring case were presented.  
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Two passivation methods can be analysed in the circuit simulations. In the first 

case, represented in Figure 4.16(a), one of the polymeric sensors is coated with an inert, 

passivating material to remove the gas effect. In this way, the passive sensor is sensitive 

to any temperature variation but will not respond to the gas or ambient humidity. The 

water vapour concentration is fixed to the concentration present at the moment of the 

coat deposition (e.g. RH = 40% at 20°C corresponding to 9214 ppm). The gas flow is 

divided into two paths to expose both sensors simultaneously. The passivation is 

simulated by connecting the input C of the SCp cell to gnd (gas concentration = 0 ppm) 

and the input H to a voltage source (e.g. VHp = 9214 V → 9214 ppm).  

 

Figure 4.16 Passivation methods tested in the simulations: (a) one inlet, with 

one uncoated and one coated sensors (b) two separate inlets, with two 

uncoated sensors. 

The second method requires two separate gas inlets to carry the gas under test 

and a reference gas to the sensors SCa and SCp (Figure 4.16(b)). In this case the 

sensor SCp is not coated but it acts as a reference device because the reference gas is 

injected in the second inlet (‘Inlet2 GAS’). This solution theoretically allows a 

cancelling of the humidity effect when the reference gas has the same water vapour 

concentration as the gas under test injected in the ‘Inlet1 GAS’. 



Chapter 4: Ratiometric ASIC chip modelling and simulation 
 

 

111

4.5.3 Performance simulation 

Extensive simulations were carried out, with the aid of the chemoresistor model cell, 

for the evaluation of the performance of the ratiometric circuit. The response of the 

polymeric sensors to gases or vapours, their dependence on temperature, and the 

effect of humidity were all simulated prior to fabrication. A noise analysis was also 

obtained from the simulations. 

Table 4.3 summarises the model parameters values used in the simulations 

reported in this section. 

Table 4.3 Model parameters used in the simulations a. 

Parameter 
used in the 
Cadence 
model 

Symbols 
used in 
the 
equations 

Value(s) b Description 

Cgas CG 1k Gas concentration (ppm) 

Humid CH 0-30k Humidity concentration (ppm) 

Temper T 40-100 Sensor temperature (°C) 

KsH KsH 31.32 Temperature coefficient for the humidity (°C) 

kH kH −94n Sensitivity coefficient for the humidity (1/ppm) 

gammaH γH 1 Power law exponent for the humidity 

Ro RSCo 9512 Sensor baseline resistance (Ω) 

B B 2 Temperature coefficient for sensor baseline 
resistance (ºC) 

Ks KsG 88.42 Temperature coefficient for the gas (°C) 

k1 kG 3.2µ Sensitivity coefficient for the gas (1/ppm) 

Gamma γG 1.07 Power law exponent for the gas 

a  A complete list of parameter values can be found in the journal article reproduced in Appendix F. 

b The values of the parameters used for simulations are obtained from measurements on carbon-black 
polymer films deposited at the Sensors Research Laboratory of the University of Warwick; the noise 
measurements were performed in collaboration with the University of Torvegata (Rome). 
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4.5.3.1 Gas response simulation 

Figure 4.17 shows the results of simulations performed using polymer resistors of 10 

kΩ at 40ºC under the second passivation method. Gas and humidity concentrations 

of 1000 ppm and 5000 ppm, respectively, were applied to the sensors terminals.  

The changes in resistances of active and passive sensors are shown in figures 

4.17 (b) and (c). The output signals from ratiometric and offset sections are also 

shown. The combination of these variations produces an output which is derived 

from the modelled response of the chemoresistors (Equation 4.3) and from the 

ratiometric circuit behaviour, described in section 2.5. The differential input to the 

amplifier is depicted in Figure 4.17 (f) and the output signal of the gas sensor section 

is shown in Figure 4.17 (g). 

4.5.3.2 Temperature simulation 

Figure 4.18 shows the percentage variation of the circuit output voltage with varying 

sensor temperature. The two sensor configurations depicted in Figure 4.16 are taken 

into account. The ratiometric configuration shows less sensitivity to temperature 

variation compared to a single discrete circuit. In particular, the baseline output value 

is not sensitive to the temperature variation when the configuration with reference 

gas (two separate inlets) is adopted. These results can be observed in the curves for 

the ratiometric circuit with CHa = CHp, depicted in figures 4.18 (a) and (b).  

This occurs, as expected, because the sensors are assumed to be fabricated 

under the same conditions and thus should respond to temperature changes with the 

same coefficient. The plots in figures 4.18 (c) and (d) show that the ratiometric 

circuit has superior performance when compared to a single chemosensor circuit 

exposed to gas at different temperatures. 
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Figure 4.17 Gas response of the ratiometric circuit for active and passive baseline 

resistances of 10 kΩ at 40°C, gas concentration = 1000 ppm, water vapour mixed 

to the gas = 5000 ppm. (a) Voltage pulses applied to the sensor cell SCa simulating 

the humidity and gas concentration (1 V ↔ 1 ppm); (b) resistance of the active 

sensor; (c) resistance of the passive sensor; (d) output voltage of the ratiometric 

circuit; (e) output voltage of the offset circuit; (f) differential input of the 

instrumentation amplifier; (g) output of the gas sensor section. 
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Figure 4.18 Simulation of the variation of output voltages with changes in sensor 

temperature. 

4.5.3.3 Humidity simulation 

The ratiometric circuit shows also better performance in terms of linear humidity 

dependence3 (Figure 4.19). The water vapour effect is cancelled in the reference 

sensor SCp when this one is not coated and the two-inlet configuration shown in 

Figure 4.16 (b) is adopted (CHa = CHp). If the reference sensor SCp is coated with an 

inert material, as in Figure 4.16 (a), the humidity effect cannot be annulled 

(ratiometric curves for CHa ≠ CHp in Figure 4.19) but the ratiometric circuit is still 

less sensitive with respect to the voltage divider configuration. 

                                                           
3  The model adopted here assumes that there is no competition between the gas and water 

molecules, i.e. the law of linear superposition applies. The model could be changed for a 
competitive one, e.g. for electroactive conducting polymers. 
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Figure 4.19 Simulation of the effect of water vapour concentration. 

4.5.3.4 Noise simulation 

Noise simulation was also performed based on the model developed. Figure 4.20 

shows the simulated noise analysis of the ratiometric circuit. It should be noted that 

in carbon-black polymer resistors flicker noise4 dominates the thermal noise over the 

frequency range shown [4]. 

The operational amplifier CFOA23 (Figure 4.15) gives the main contribution 

to the total output noise. The RMS value of the noise voltage at the ASIC chip output 

is evaluated from the simulation results to be vn = 33 µV. Considering a RMS signal 

output of 3.3 V the signal-to-noise ratio is:  

dBSNR 100
33

3.3log20 =







=

µ
    (4.6) 

                                                           
4  Noise was generally 1/f; however possibility of 1/f2 noise is under investigation. 
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Figure 4.20 Noise power spectral density at the ratiometric circuit output (From 

d’Amico, University of Torvegata, Rome). 
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4.6 CONCLUSIONS 

The performance of each part of the circuit was tested prior to fabrication, with the 

use of available library parameter models provided by AMI Semiconductor and by 

predicting the required additional parameters for the custom designed components. In 

particular, a generalised parametric model was developed for the chemoresistive 

sensors, and it was used for the simulation of the response of the whole smart sensor 

system. 

Simulations show that every component of the ratiometric ASIC chip 

performs according to the expectations and predicts superior performance to a 

conventional single resistive polymer sensor. On-chip compensation of temperature 

and humidity variations, and pulsed-mode cancellation of polarisation effects and 

voltage-induced drifting, were built-in to the simulations. 
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CHAPTER 5 

RATIOMETRIC ASIC CHIP 
LAYOUT AND CHECKING 

5.1 INTRODUCTION 

A description of the layout views of the whole ASIC chip and of each cell included 

in the design is presented in this chapter. AMI Semiconductor cells are described in 

terms of functionality and a brief explanation of the bias strategy required by the 0.7 

µm CMOS technology is included for a better understanding of the overall design. 

Whenever appropriate, details of the custom-designed cells are given and 

some calculations are also included. Design parameters that were used for the 

simulations presented in the previous chapter are annotated together with the layout 

views of the cells. 

Verification and rule checking steps are also reported in this chapter, and a 

summary of the post layout testing is also included. 
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5.2 CAD AND TECHNOLOGY CONSIDERATIONS 

The layout view for the ASIC chip was obtained with the Virtuoso layout editor 

included in Cadence IC version 4.4.3 software package. It was designed according 

to the layout rules of the AMI Semiconductor 0.7 µm CMOS technology and it was 

fabricated through the Europractice IC Service at the Interuniversity 

MicroElectronics Center (IMEC), Belgium.  

Although Cadence IC software offers extended capabilities for the design 

of layout views derived from the schematic views, and for the complete verification 

of the correspondence between equivalent views of a given design, it is always 

limited by the availability of the required sets of parameters in the technology 

selected for the design. 

In the case of the AMI Semiconductor 0.7 µm silicon CMOS process, 

parameter models for the components were obtainable but a direct link between 

schematic and layout views was not available for the automated synthesis of the 

design. This led to the need of a complete step-by-step design process for the layout 

views, and it also impeded the direct use of the electrical verification tools included 

in the Cadence software. 

However, the support provided by the Europractice IC Service team at 

IMEC, complemented the verification process and aided the design by running 

several tests with the software available in Belgium while the required modifications 

to the design were performed at the Warwick SRL laboratories. 

As a result, the ASIC chip design was optimised by the use of the most up to 

date CAD software and technology libraries available. Verification and rule checking 
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was also exhaustively performed through state-of-the-art software in order to ensure 

the proper functioning of the design. 

The AMI Semiconductor 0.7 µm CMOS C07M-A technology is a mixed 

Analogue/Digital process, derived from an originally pure digital process but 

extended by precision resistors and capacitors, plus an additional special PMOS 

transistor. It is a single polysilicon and double metal layer process. 

Standard cell libraries in the process include the digital libraries MTC-22000, 

MTC-22200, MTC-22400, MTC 23000, and the analogue library MTC-22500, 

whose characteristics are further described in Appendix B. Access to the libraries and 

layout rules, as well as support for the use of this technology, was obtained via the 

Europractice IC Manufacturing Service. 

  As mentioned in Chapter 3, the choice of the AMI Semiconductor 0.7 µm 

CMOS technology forced the use of some special cells. In particular, the bias cells, 

demanded mainly by amplifiers, increased the complexity of the overall design. 

 



Chapter 5: Ratiometric ASIC chip layout and checking 
 

 

122

5.3 LAYOUT VIEWS 

The layout views of every component on the design are described in this section. 

Standard cells are described first and then every cell that was custom designed for 

this project. Then, a description of the interconnections and distribution of the cells is 

presented, showing also the characteristics of the elements provided for the external 

connectivity of the chip. Finally, an overall view of the circuit layout is shown. 

5.3.1 Standard cells 

Several standard cells were selected directly from the AMI Semiconductor libraries 

for the design of the components of the circuit, whenever those were appropriate for 

the purposes of the project. These standard cells are described here in terms of its 

functionality within the design of this ASIC chip in particular. 

5.3.1.1 GBDA_Bandgap 

This cell produces an output voltage that is equal to the bandgap voltage of silicon. Its 

functionality and schematic view have already been described in section 3.3.1, because 

it is the same cell that was used to obtain the voltage reference for the circuits. As 

explained previously, it requires the use of the bias cell GBDA_BG_bias, and together 

with this one they constitute one of the largest building blocks used in the chip. 

The bandgap cell is used to obtain the reference voltage needed for the 

temperature set-point described in section 3.4.2, and again to produce the voltage 

signals that feed the bias cells (section 3.5.2). 

Figure 5.1 shows the general aspect and metal frames of the bandgap cell and 

its associated bias cell as they were assembled within the ASIC chip structure. 
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Figure 5.1 General aspect of cells GBDA_Bandgap and GBDA_BG_bias. 

5.3.1.2 Bias strategy and required cells 

In analogue cells, components are often biased with a controlled amount of current in 

order to set them to their required characteristics. The particular bias strategy 

required by the 0.7 µm CMOS technology avoids the use of individual bias-current 

generators in each cell, using instead a reference current which is generated only 

once and is distributed to the whole circuit. This strategy is illustrated in the block 

diagram in Figure 5.2. 

    

Figure 5.2 Bias strategy for the AMI Semiconductor 0.7 µm CMOS technology. 
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A constant voltage is generated by the bandgap cell, as explained before. 

Then, the voltage is converted to a reference current in the master bias circuit 

CHMB1, which in turn feeds the current copier CFCP1. From this cell, copies of the 

master reference current can be provided to the slave bias circuit cells CFSB2 which 

convert the reference currents into bias voltages because they are needed by 

operational amplifiers and other analogue cells. 

The symbols and main characteristics of the cells involved in the bias process 

are summarized in Table 5.1. 

A power-down (PDN) terminal is available in each analogue cell for cutting 

the current when required. The pin must be high (5 V) during normal operation and 

low (0 V) when in power-down mode. 

All the required bias cells were integrated in the cells BIAS1 and BIAS2 

previously described in Chapter 3. The general aspect of the resulting layout views of 

BIAS1 and BIAS2 are shown in Figure 5.3. 

 
(a) 

 

 
(b) 

Figure 5.3 General aspect of cells (a) BIAS1 and (b) BIAS2. 

µm 

µm 
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Table 5.1 Symbols and functions of standard cells in the bias process. 

Cell Symbol Function 

Bandgap 
GBDA_Bandgap 

 

Generates a reference 
voltage equal to the 
bandgap voltage of 
silicon. 

Bandgap bias 
GBDA_BG_bias 

 

Produces the voltage 
and current required to 
bias the bandgap cell. 

Master bias circuit 
CHMB1 

 

Generates the 
reference current from 
the output voltage of 
the bandgap circuit. 

Current copier 
CFBCP1 

Takes a reference 
current and generates 
several copies of that. 

Slave bias circuit  
CFSB2 

 

Converts the reference 
current to bias voltage. 
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5.3.1.3 Operational amplifier 

The standard operational amplifier selected for the ASIC chip was the two-stage cell 

CFOA23, whose main characteristics are given in Table 5.2. The cell needs to be 

biased with a reference voltage, which is obtained through the slave bias cell CFSB2, 

that is biased at 5 µA. This cell needs to be placed as close as possible to the 

operational amplifier cell, in order to minimize voltage drops in the supply lines. 

Table 5.2 Main characteristics of operational amplifier CFOA23. 

Minimum supply voltage 2.7 V 

Maximum supply voltage 5.5 V 

Minimum DC Gain 100 dB 

Gain bandwidth 350 kHz 

Cell width 468 µm 

Minimum output current −340 µA 

Maximum output current +340 µA 

5.3.2 Custom and semi-custom designed cells 

Several cells were designed specifically for this research project, and some others 

were constructed from generic standard cells that were adapted to the particular 

requirements of the design. This section summarizes the characteristics of these cells, 

giving particular details of their layout views.  

5.3.2.1 Sensor electrodes and heaters 

The sensor area of the layout is shown in Figure 5.4. The electrodes, in layer Metal2, 

are 96 µm × 96 µm in size, with 80 µm inter-electrode gap, in order to achieve 
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resistance of approximately 10 kΩ when using the carbon-black polymer composite 

films made in the SRL [1]. Overlay openings of 76 µm × 76 µm down to layer 

Metal2 were specified for the post-CMOS deposition of the sensing materials, 

altering intentionally the layout rules but still following the standard CMOS process. 

However, although special care was given to the geometry of the electrodes, the 

actual resistance of the sensors was difficult to control due to variation in the film 

thickness and precise carbon loading in the semi-automated deposition process.  

The heaters are constructed underneath the electrodes in the layer Metal1, 

which has a nominal sheet resistance of 50 mΩ/sq. Each heater has a nominal design 

resistance of 50 Ω, obtained from a metal serpentine with a width of 4 µm and an 

approximate length of 4000 µm. Metal spacing is 3 µm. An opening has been provided 

in the centre of the heater in order to allocate a thermodiode, also shown in Figure 5.4.  

 

 

Figure 5.4 Layout view of the sensor area. 
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5.3.2.2 Diode 

The thermodiodes are placed in the centre of the heater regions, just between the 

electrodes. Figure 5.5 shows the layout view of the diode, custom designed for this 

project using the junction from P+ diffusion to Nwell region, forward biased for 

measuring the anode voltage with respect to ground. 

These thermodiodes are used for each sensor region, as shown in Figure 5.4, 

and for the temperature monitoring of the centre of the ASIC chip. 

 

Figure 5.5 Layout view of the custom designed thermodiode. 

5.3.2.3 Capacitors 

Capacitors were obtained from the cell npc_poly_cap available in the libraries for 

the analogue version of the AMI Semiconductors process, C07M-A. This cell 

allows the semi-custom design of precision analogue capacitors, formed between a 

bottom plate made with implanted N-type dopants and a top plate defined by a 

polysilicon mask over active area. The nominal capacitance per unit area is 

calculated to be 0.75 fF/(µm)2
. 

µm 
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Table 5.3 Specifications for the layout of capacitors.  

Instance Used in cell Capacitance 
(pF) 

Area 
(µm)2 

Width 
(µm) 

Ca1 = Ca2 Bessel low-pass filter 20.0 26667 163.3 

Cb1 Bessel low-pass filter 14.7 19600 140.0 

Cb2 Bessel low-pass filter 7.5 10000 100.0 

Cd Current drive circuit 7.5 10000 100.0 

Four capacitors were used in the Bessel low-pass filter and two more in the 

current drive circuits. The data for all of them are summarised in Table 5.3 and the 

layout of one of them is shown in Figure 5.6. 

 

 

Figure 5.6 Layout view of a 7.5 pF capacitor. 

5.3.2.4 Resistors 

Two types of resistors were used in the layout of the ASIC chip: Nwell resistors in 

most of the cases, obtained from the cell npc_Nwell_res, and high ohmic polysilicon 

(HIPO) resistors when higher resistances were required, obtained from the cell 

npc_hipo_res. Both cells are available in the libraries of the C07M-A process. 
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HIPO resistors are a special type of component created by defining low 

doped polysilicon regions in order to achieve high sheet resistance. Nominal sheet 

resistance for HIPO resistors that are more that 2 µm wide is 2000 Ω/sq, whereas the 

sheet resistance for Nwell resistors is between 1200 and 1400 Ω/sq. 

Whenever possible, resistances values chosen were 10 kΩ, trying to match 

the expected resistance of the polymer sensors. Resistors in the Bessel low-pass 

filter, which had the highest values in the ASIC in order to allow reasonable sizes for 

the capacitors, were designed with HIPO type, being 3 µm in width and calculated 

with the nominal sheet resistance of 2000 Ω/sq. The rest of resistors in the design are 

Nwell type, with 5 µm in width, and calculated at 1200 Ω/sq. 

The specifications for the layout of every semi-custom resistor designed in 

the ASIC chip are given in Table 5.4. 

Table 5.4 Specifications for the layout of resistors.  

Instance Used in cell Type Resistance 
(kΩ) 

Width 
(µm) 

Sheets × resistors 

Ra1 Bessel filter HIPO 402 3 67 × 3 

Rb1 Bessel filter HIPO 1050 3 35 × 15 

Ra2 Bessel filter HIPO 687 3 68.7 × 5 

Rb2 Bessel filter HIPO 956 3 23.9 × 20 

Several Several Nwell 100 5 83.33 × 1 

Several Several Nwell 10 5 8.333 × 1 

Several Several Nwell 1 5 0.8333 × 1 

R1 Current drive Nwell 13.3 5 11.11 × 1 

R2 Current drive Nwell 66.67 5 55.56 × 1 

R2 Amplifier for diode Nwell 6 5 5 × 1 
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Figure 5.7 shows the layout views of two of the designed resistors. The first 

one is the most used 10 kΩ Nwell resistor and the second one is the 1.05 MΩ HIPO 

resistor. Views are not at the same scale. 

 
 

 
 

(a) 
 

 
 

(b) 

Figure 5.7 Layout view of: (a) 10 kΩ Nwell resistor; (b) 1.05 MΩ HIPO resistor. 

5.3.2.5 NMOSFETs 

Semi-custom designed NMOSFETs were obtained starting with the cell npc_Mos 

available in the libraries of the analogue process C07M-A. Figure 5.8 shows the 

layout view of the NMOSFET used in the current drive circuit, which consists of the 

parallel combination of four individual cells although it was actually designed as a 

cell with four gates. 
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Figure 5.8 Layout view of the NMOSFET used in the current drive circuit. 

All the NMOSFETs designed for the ASIC chip have the dimensions shown 

in Figure 5.8, varying only in the number of gates. There are six gates or parallel 

cells in each of the FET-switches used to alternate the signal in the gas sensor circuit, 

and only one gate in the FET receiving the pulsed signal Vgates (see Figure 3.4). 

Additional connections were required for the substrate by the sides of the 

NMOSFETs. These can be seen in Figure 5.9, which shows the array used to switch 

alternatively the terminals of the polymer gas sensors. Four switches, each one 

consisting of six parallel NMOSFETs, are interconnected and placed near each 

electrodes area. 

 
 

 

Figure 5.9 Layout view of the switches array. 
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5.3.3 Cells distribution and overall layout view 

All the analogue cells in the libraries of the C07M-A process have a height of 210 µm, 

with different widths. Each cell is surrounded by P+ diffusion at substrate voltage, 

sharing this P+ ring with the neighbouring cells. Analogue pins are placed at the top 

side and digital pins are at the bottom side. Power and ground lines, built in Metal1 

layer, are 25 micron width each and they are placed at the top and the bottom of the 

cell respectively. [2]. 

Whenever it was possible, the cells were distributed symmetrically along 

eight rows, sharing the power lines and trying to minimise the distances for the 

connections between components. Slave bias cells were always placed in the same 

row as the cells they bias. Semi-custom designed components were placed at the top 

side of the standard cells to which they are primarily connected. 

Figure 5.10 shows the actual location of every main functional block in the 

final layout view of the ASIC chip. 

The electrodes for the gas sensors are placed in the top left and bottom right 

corners, just in front of the corresponding set of FET switches and the row containing 

the temperature compensator and the current drive circuit. 

The bias cells are placed near the circuits that they are biasing, minimising in 

this way the lengths of connections. The instrumentation amplifier and the Bessel 

low-pass filter are located in the second row from top, with several operational 

amplifiers sharing voltage bias cells. 

The two middle rows contain the voltage reference cells, one of them 

providing the signal for the ratiometric gas sensor and offset circuits, and the other, 
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located below, for the temperature set-point. The operational amplifier at the left of 

the first voltage reference corresponds to the offset circuit and the one at the right of 

the temperature set-point cell is the voltage follower passing the reference signal for 

the temperature control. 

Just above the last row there are two amplifiers. The one at the left side is for 

the output of the temperature sensor located at the centre of the chip, which measures 

the operating temperature of the ASIC chip. The other amplifier corresponds to the 

ratiometric gas sensor circuit. The identification of the chip, which has the number 

SRL-194, is just at the right of these amplifiers. 

The overall dimensions of the chip are 3300 µm x 3750 µm. 

 
 

Figure 5.10 Overall layout view of the 0.7 µm CMOS ASIC chip. 
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5.3.4 Power rails, bondpads and ESD protection 

The power rails form two rings around the cells and they contain 33 bondpads for 

external connections of the chip components, as well as five pads structured for 

electrostatic discharge (ESD) protection. 

Figure 5.11 shows in detail one of the corners of the ASIC chip. Power lines 

are built into layer Metal2, with the ground rail in the external side. Different types 

of pads were used for every particular purpose. 

 
 

 

Figure 5.11 Detail of power rails and bondpads. 

Analogue pins are available for testing every component of the ASIC 

separately. Every point required for the monitoring of the signals reported in the 

simulations has been made also available. Likewise, there are pins that allow the use 

of some external components instead the internal ones, for testing purposes. A 

detailed description of the pins configuration is given in Chapter 6. 
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5.4 VERIFICATION AND RULE CHECKING 

As mentioned at the beginning of this chapter, it was not possible to link directly the 

schematic and layout views of the design, because of the limitations in the libraries 

provided. However, although a direct layout versus schematic (LVS) test was not 

performed, the functionality of the layout was extensively tested and verified. 

First, Diva check tools available within the Cadence software were used for 

basic design rule check (DRC) in the layout views. Accessed from the Virtuoso 

layout editor, Diva DRC was performed to verify the correspondence of the layout 

views with the design rules file mtcn0u7iV.drc provided by AMI Semiconductors. 

Cells and rows of cells were tested individually using the layout views of every 

component designed. Once the required corrections were made, verification of the 

whole layout view was also performed, until the design was free of edge and shape 

errors. 

In order to attempt the LVS test, extracted views were obtained with the aid 

of the rules file mtcn0u7iV.ext. The extracted views were compared to the schematic 

views with the Diva LVS checker according to the rules file mtcn0u7iV.lvs2. A 

complete verification was not possible because parameters were not available for all 

the cells used in the design. In particular, the bandgap cell, which was new when the 

design was submitted for fabrication, included several error messages and warnings 

that affected the flow of the test. 

The design was, however, extensively inspected step-by-step before sending 

it to IMEC for final post-layout testing. 
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5.5 POST-LAYOUT TESTING AND VERIFICATION 

After running basic design rule checks with Diva on the layout and making all 

required corrections, the design was sent to the Europractice IMEC in Belgium for 

further testing and verification. Once there, the design was checked using the 

Dracula software, running more detailed tests that allowed the further detection and 

amendment of errors. Extracted views and verification reports were sent back to the 

SRL, where the Dracula output was fed back into the Virtuoso editor to locate and 

correct layout problems. Although design rule problems had been practically 

eliminated before using Dracula, importing its error cells over the ASIC chip layout 

allowed the recognition and correction of minor errors that were not detected 

previously by Diva tools. 

However, the reports generated by the Dracula electrical rule check tool 

allowed the detection and correction of errors that were not considered before, and 

they also permitted the verification of the electrical functions of custom and semi-

custom cells, namely thermodiodes, FETs, resistors and capacitors. 

Finally, substrate checks were also performed with Dracula tools, allowing 

the correction of details about physical connections to the substrate. 

After making minor modifications to the circuit layout, every design error 

was corrected and check passed. Only a few messages about errors that were no 

relevant for the aims of the project remained unattended, such as those produced by 

the intentionally requested openings on top of the electrode pads. 
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5.6 CONCLUSIONS 

In spite of some limitations in the AMI Semiconductor technology, and after 

checking and verifying carefully every layout cell, a complete and reliable design 

was finally obtained. Special considerations were requested about the overlay 

openings on top of the sensor electrodes over the Metal2 layer, as these were 

required for the post-CMOS deposition of the polymeric sensing materials. 

The final layout design was submitted under the Europractice IC 

Manufacturing Service and approved for fabrication by IMEC in the run 730 

scheduled for May of 2002. A total of 20 samples were ordered at an educational 

charge of €2476. 

The characteristics of the actual ratiometric ASIC chips obtained after 

fabrication are described in the next chapter. 
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CHAPTER 6 

ELECTRICAL CHARACTERISATION OF 
FABRICATED RATIOMETRIC ASIC CHIP 

6.1 INTRODUCTION 

The ASIC chip was fabricated through the AMI Semiconductor 0.7 µm standard 

CMOS process via the Europractice IC Manufacturing Service at IMEC, Belgium. 

The design was submitted in May 2002, and after a delay in the fabrication run, the 

chips were received at Warwick SRL by October 2002. Thanks to the support of the 

staff at IMEC, a total count of 105 ASIC chips were produced instead of the 20 

samples originally requested. A photograph of the resulting chip, measuring 3.30 mm 

× 3.75 mm, is shown in Figure 6.1. 

This chapter describes the electrical characterisation of the ASIC chip and its 

preparation, including bonding, packaging and the design of a single-chip electronic 

interface, for the testing of each component of the circuit. 
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Figure 6.1 Photograph of the fabricated ASIC chip, sized 3.30 mm × 3.75 mm. 

 

 

Figure 6.2 The ratiometric ASIC chip, bonded in the PGA 68-pin package. 
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6.2 PACKAGING AND BONDING 

The fabricated ASIC chips were packaged using a standard ceramic Pin Grid Array 

(PGA) 68-pin package shown in Figure 6.2. The complete list of the pins, with the 

names of the points of the circuit they connect, is given in Table 6.1, where the 

numbers in the first column correspond to the pin numbers in the package. 

Table 6.2. Complete list of pins of the ASIC chip. 

No. Name Description 
5 VSSA (GROUND) To be connected to 0 VDC, analogue ground 
7 VSENSOR Voltage at the output of the ratiometric sensor 
8 VCOMP_A Output of the temperature compensator (active resistor) 
10 RACT_PLUS_RETURN Return point for the “positive” terminal of the active resistor 
12 HEATER_A Input terminal of the heater under the active resistor 
13 VDRIVE_A Output of the current drive circuit (active resistor) 
14 RACT_MINUS “Negative” terminal of the active resistor 
22 RACT_PLUS “Positive” terminal of the active resistor 
23 TEMP_HEATER_A Output from the temperature sensor near the active resistor 
24 RACT_MINUS_RETURN Return point for the “negative” terminal of the active resistor 
25 RTR2 Terminal for the external resistor of the temperature reference 
26 VSP Input/return terminal for the temperature set-point 
27 VPULSES Input of pulses for the voltage reference 
28 VREF Output of the voltage reference 
29 TEMP_DIODE_IN Terminal of the anode of the thermodiode 
30 VOUT Output voltage of the sensor section after amplifying and filtering 
31 VAMP Output of the instrumentation amplifier 
39 VDDA Analogue power supply, to be connected to +5 VDC 
41 VCOMP_P Output of the temperature compensator (passive resistor) 
43 RPAS_PLUS_RETURN Return point for the “positive” terminal of the passive resistor 
45 HEATER_P Input terminal of the heater under the passive resistor 
47 VDRIVE_P Output of the current drive circuit (passive resistor) 
48 RPAS_MINUS “Negative” terminal of the passive resistor 
56 RPAS_PLUS “Positive” terminal of the passive resistor 
57 TEMP_HEATER_P Output from the temperature sensor near the passive resistor 
58 RPAS_MINUS_RETURN Return point for the “negative” terminal of the passive resistor 
59 RGAIN2 Output to the terminal 2 of the potentiometer for gain setting 
60 ROFF_EXT Terminal for the external potentiometer of the offset circuit 
61 VOFFSET Output voltage of the offset circuit 
62 RGAIN1 Output to the terminal 1 of the potentiometer for gain setting 
63 VGATES Input of pulses for the gates of the switches 
64 TEMP_DIODE_OUT Terminal of the current source and input to the amplifier 
65 TEMP_ASIC Output of the amplifier of the thermodiode 
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The guidelines for bonding each pin of the ratiometric ASIC chip to the 

external pins of the package are given in the diagram shown in Figure 6.3. 

              
 

 
 

 

Figure 6.3 Diagram showing the bonding guidelines for the ratiometric ASIC 

chip. Pins labelled with bold typeface are employed (33 out of 68). 
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6.3 PRELIMINARY SINGLE-CHIP TESTING BOARD DESIGN 

In order to test and characterize the components of the fabricated ASIC chip, an 

interface printed circuit board (PCB) was designed. The board also served to test the 

implementation of both the complementary circuitry and the additional software for 

the use of the ASIC chip in an automated testing system. A photograph of the board 

fabricated in-house, designed to test a single ASIC chip, is shown in Figure 6.3. 

Three digital potentiometers available in the Xicor’s X9241A [1] chip are 

externally programmed in order to achieve the calibration of three signals: the offset 

level, the gain of the instrumentation amplifier, and the set-point of the temperature 

circuit. The board is also provided with a set of analogue potentiometers, selectable 

through jumpers, which alternatively allow manual calibration of the same signals. 

 

Figure 6.4 The testing PCB for the characterisation of a single ASIC chip. 

The test board is connected to a personal computer through the parallel port, 

for the control of the digital potentiometers, and through a National Instruments data 

acquisition card (NI-DAQ), for processing the required input and output signals. A 
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number of jumpers and test points were included in the design of the board to 

facilitate the testing of individual components of the chip at different stages. 

Both the test board and the ASIC chip design allow the testing of the whole 

system prior to the deposition of the polymeric sensing resistors, by connecting 

instead a pair of precision resistors included in the board or any other set of external 

resistors.  

LabView® virtual instruments (VI) have been written for both controlling and 

monitoring the operation of the ASIC chip. Analogue inputs and outputs can 

respectively be sent and obtained by means of the NI-DAQ; the processed output 

signals are monitored and analysed in a personal computer. 

Details and specifications of the circuitry designed are given in Appendix C. 

Likewise, Appendix D includes a description of the virtual instrumentation written 

for the programming of digital potentiometers and for the automated control of the 

testing process. 
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6.4 ELECTRICAL CHARACTERISATION AND TESTING 

Using the interface PCB described in the previous section, the ASIC chip was tested 

and the semi-custom designed components were characterised. First, an overall 

verification of signals, for both the gas sensor section and the temperature control 

section, was performed. Several samples of the ASIC chip were tested, using 10 kΩ 

precision resistors connected between the sensor electrodes. In this way, every 

voltage signal that was previously simulated was verified on the actual ASIC chip, 

showing the results expected from the simulations. 

The setup for these tests consisted of basic laboratory equipment: a power 

supply, providing the +5 VDC required by the test board; an oscilloscope, to register 

the signals; a multi-meter and the ASIC chip test board. A personal computer, 

running LabView software with the virtual instruments written for the tests, was used 

for the control of the input and output signals, interfaced to the test board through the 

NI-DAQ and through the parallel port. 

6.4.1 The voltage reference 

The main signal inside the system is the output of the voltage reference cell, as it is 

used to drive the rest of the components of the circuit, both in the gas sensor section 

and in the temperature control section. 

Measurements of the voltage Vref, at the output of the voltage reference cell in 

a sample of 20 ASIC chips, averaged 1.23 V, with a standard deviation of 8.37 mV. 

This value was obtained when the supply voltage was VDD = +5 VDC. The same 

magnitude was produced when pulses with a period of 100 ms and width of 10 ms 

were applied to the input Vpulses. No difference in phase was observed. The actual 
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output of the voltage reference cell corresponds, therefore, to the expected values of 

1.2 V and 1.209 V predicted by the process specifications and the results of the 

simulations, respectively. 

6.4.2 The ratiometric gas sensor circuit 

The non-inverting ratiometric array was tested with the aid of a pair of 10 kΩ 

precision resistors available in the PCB, connected to the corresponding operational 

amplifier bypassing the sensor electrodes with the aid of the jumpers provided. As 

these precision resistors have identical resistances, the gain of the circuit was set to 2 

and the expected output was the double of the input, which corresponded to the 

previously tested signal Vref. The average amplitude of the output Vsensor was 2.42 V, 

with a standard deviation of 8.83 mV, which is very close to the expected values. 

The signals obtained in the simulations described in section 4.3.2, for the 

response of the ratiometric gas sensor circuit, were actually obtained in the 

experimental set up when the pulsed signals Vpulses and Vgates were applied to the 

inputs of the ASIC chip. The pulsed inputs were generated through a VI developed in 

LabView software and interfaced to the test board via the NI-DAQ (see appendices C 

and D). 

It was observed that the semi-custom FET-switches were also working as 

expected, alternating the input pulses to reduce the constant voltage drifting effect, as 

the waveforms obtained for the voltage signals in the resistors corresponded to the 

simulations reported in Chapter 4. 
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6.4.3 Offset circuit 

As explained in Chapter 3, the offset circuit uses the same configuration as the 

ratiometric gas sensor circuit. In the offset circuit, the two resistors forming the 

voltage divider at the output of the operational amplifier are theoretically identical, 

and designed to have 10 kΩ resistances. 

In the actual ASIC chip, however, the resistances obtained differ from the 

values in the design by a significant amount as a result of variations in the fabrication 

process. Also, different types of resistors were used in the design of the offset circuit, 

as one of them is built inside the chip in the Nwell type, whereas the other one is 

obtained from the digital potentiometers in the Xicor’s X9241A integrated circuit. 

The offset circuit was tested by applying the voltage reference Vref to the 

input and calibrating its output through the programmable potentiometer in such a 

way that the voltage Voffset matched the voltage Vsensor, obtained from the gas sensor 

circuit. 

Variations in resistance produced no significant effects on the operation of 

the offset circuit, given that differences are cancelled according to the ratiometric 

principle. Tests showed that when the 10 kΩ precision resistors were used in the 

ratiometric circuit, the variable digital resistor needed to be adjusted to an average 

value of 16.5 kΩ with a standard deviation of 0.43 kΩ in order to obtain identical 

output in the offset circuit. This value corresponds to the indirect measurement of the 

resistance of the internal offset resistor, including the interfacing wiring and contacts. 

The offset circuit worked as predicted in the design specifications. The 

functionality of the digital potentiometers and the controlling software was also 

tested. 
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6.4.4 Amplified and filtered output 

Although the voltage levels at every point of the circuit matched the values predicted 

by the simulations, it was found that the gain of the instrumentation amplifier was 

higher than expected. As it happened also within the offset circuit, the reason for this 

was found to be in the variations of the fabricated Nwell type resistors, which differ 

significantly from the nominal values in the design. 

According to Equation 3.2, the gain of the amplifier depends on the values of 

the resistors R1, built in Nwell type inside the ASIC chip, and Rgain, obtained with one 

of the Xicor’s digital potentiometers. Measurements of gain with samples of the 

ASIC chip showed that the actual value of R1 was as large as 150 kΩ, which is far 

from the 100 kΩ specified in the design. Programmability of Rgain, however, allowed 

enough control over the gain of the circuit, being the only change with respect to the 

design that the minimum possible gain obtained is 7 instead of the designed value of 

5. There is no maximum limit for the gain of the amplifier, but it is actually restricted 

by the saturation condition of the operational amplifiers. Details of the actual 

amplifier cell CFOA23 are given in Appendix B. 

The output of the instrumentation amplifier was observed to be zero when 

identical signals where applied to its inputs. Positive differences Vsensor – Voffset 

applied to the input produced correctly amplified outputs. When negative differences 

were applied during the tests, the output was also reduced to zero, as it was expected 

from the amplifier design and the power supply limitations (0 to +5 VDC). 

Figure 6.5 shows the approximately linear response of the amplifier, obtained 

by averaging the outputs of five samples of the ASIC chip for three different values 
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of gain when Rgain was set to 47 kΩ, 36 kΩ and 23 kΩ. The average resistance of R1 

was 149.7 kΩ, with standard variation of 3.87 kΩ. 
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Figure 6.5 Response of the instrumentation amplifier for different values of gain. 

Resistors in the Bessel low-pass filter, which were fabricated in the HIPO 

type, matched correctly the specifications of the design. The filter response showed 

unity gain and no change in phase for all the measurements and this was later 

confirmed when the ASIC chip was used for polymeric sensors characterisation. 

6.4.5 Thermodiode characterisation 

Characterisation of the n-p thermodiode designed for this project showed that data 

proposed for the simulations corresponded with a good approximation to the actual 

fabricated device. 

Thermodiodes are located in the middle of the space between each pair of 

electrodes, in the centre of the heater area, in order to measure the temperature of the 

polymer resistors. An identical diode is also used in the centre of the ASIC chip for 
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the measurement of its operating temperature. Figure 6.6 shows a photograph of one 

of the thermodiodes. 

 

Figure 6.6 Photograph of a p-n thermodiode, between the heater and electrodes. 

Figure 6.7 shows the average I-V characteristic of the p-n diode in the 

forward region. The forward voltage drop is in the typical range just above 500 mV 

and the I-V curve follows the expected diode behaviour. 
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Figure 6.7 I-V characteristic of the thermodiode. 
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The diodes showed a linear response to temperature, with an average 

sensitivity of -2.36 mV/ºC, as it is depicted in Figure 6.8. The actual response is 

similar to that obtained in the simulations, but differs slightly from the theoretical 

value of −2.1 mV/ºC [2]. 
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Figure 6.8 Temperature characteristic of the thermodiode. 

6.4.6 Heater characterisation 

The characteristics of the designed heater and the results of the simulations were 

described in previous chapters. The photograph in Figure 6.9 corresponds to the 

sensor pads and heater area  

An external variable current source was applied to the heaters in a set of five 

ASIC chips and the characteristic I-V was obtained by measuring voltage, producing 

the averaged response shown in Figure 6.10, where the reciprocal of the slope 

corresponds to the actual resistance of the heater, averaged to 62.8 Ω with standard 

deviation of 5.65 Ω. The reasons for the difference with respect to the nominal 

design value of 50 Ω are not easy to understand but it might be the combined result 

of the variations in the fabrication process and the errors introduced by the wiring 

and equipment used during the tests. 

Slope -2.36 mV/ºC 
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Figure 6.9 Photograph of the sensor pads and heater area. 

The values of current and voltage used during the tests correspond to the 

operating conditions expected during the actual application of the ratiometric ASIC 

chip. The response of the heater showed linearity within this range. 
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Figure 6.10 Averaged I-V characteristic of the heaters in the ASIC chip. 
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6.4.7 Temperature control circuit 

As mentioned before for other components of the fabricated ASIC chip, Nwell type 

resistors have different resistance values with respect to the design. However, due to 

the fact that not all the terminals were externally available for testing, it was not 

possible to measure directly the actual values of resistance of all these elements in 

the temperature compensator circuit and in the current drive circuit. 

Indirect measurements in the temperature compensator circuit showed that 

the possible variations in its internal Nwell resistors did not affect the gain, which 

was calculated by testing voltages at the inputs and output of the circuit. This also 

suggests that variations in the resistance occurred at a constant percentage and they 

are therefore cancelled through the ratio of the resistors involved. 

In the current drive circuit, the variations in the resistance of the two Nwell 

resistors could have modified the transient response and it is possible that a slight 

capacitive effect could appear in the input of the FET. However, there were not signs 

of instability observed and the circuit drives current to the heater as expected. 

The temperature set-point circuit is also affected by the changes in the Nwell 

resistance, but the changes can still be compensated via the external digital 

potentiometer Rtr2. The internal resistor Rtr1, which was designed for 10 kΩ, resulted 

to be around 16 kΩ in the fabricated ASIC chips. The use of a 0-50 kΩ potentiometer 

for Rtr2 allows the compensation of that difference and the reference for temperature 

can still be set to any desired value within the operating range of the ASIC chip. 
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6.5 CONCLUSIONS 

After testing a number of samples as explained in this chapter, it was found that the 

fabricated ASIC chip performed mainly according to the design specifications, and 

that they were ready for the deposition of polymeric materials and for further 

experimentation in the automated testing system. 

The variations in the resistances and temperature coefficients of the resistors 

in the circuit do not affect significantly the overall performance of the ASIC chip, 

which also showed its ability for the compensation of such differences through the 

use of either ratiometric relationships of resistors or externally programmable 

potentiometers. 

The main section of the ASIC chip, which corresponds to the ratiometric gas 

sensor circuit, responded as expected in the original design. Its ability to compensate 

for variations in parameters such as resistance of the sensors, temperature, humidity, 

and for the cancellation of voltage-induced drifting, showed that the chip is highly 

suitable for application in combination with gas sensing materials. 

The components in the temperature control section were also characterized 

and the results showed that its behaviour follows the design specifications. In 

particular, the responses of the custom-designed heater and diode are very close to 

the theoretical predictions. A more detailed analysis of the overall functioning of this 

section can still be performed, as it is proposed in Chapter 8. 

The next chapter describes the incorporation of chemoresistive sensors into 

the ASIC chip and the results obtained when exposing the ratiometric ASIC chip to 

the presence of VOC. 
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CHAPTER 7 

SMART SENSORS CHARACTERISATION 

7.1 INTRODUCTION 

Chemoresistors are devices whose resistance changes with the concentration of gas 

that is present. Even when they may not exhibit specificity to a particular gas, it is 

still possible to use them in the form of sensing arrays and extract from them 

information that can be used for the identification of specific gases, vapours or 

odours. 

This chapter describes two types of chemoresistive devices fabricated at 

Warwick SRL and evaluates the performance of the smart ratiometric ASIC chip 

when the system was exposed to toluene and ethanol vapours in air under different 

testing conditions. 



Chapter 7: Smart sensors characterisation 

 

158

7.2 POST-CMOS FABRICATION OF CHEMORESISTIVE SENSORS 

As explained in chapters 5 and 6, the metal electrodes on the ratiometric ASIC chip 

can be accessed through the overlay openings made during the fabrication process 

thus allowing the deposition of resistive materials to create two embedded 

chemoresistors. Alternatively, the layout of the ASIC bond-pads also permits the 

connection of the interface circuitry to external resistive sensors. 

Polymer-carbon black composite films are used here as a gas sensitive 

material both to demonstrate the practical application of the ratiometric ASIC chip 

and to study the response of two different types of smart devices.  These films, firstly 

reported by Lewis at the California Institute of Technology, USA, consist of 

conducting carbon black nanospheres dispersed into a non-conducting base polymer 

film [1-4].  When exposed to VOC, the polymer within the composite film absorbs 

the vapour and generally swells reversibly.  This swelling causes the distances 

between the conductive carbon black nanoparticles to increase and thus, induces a 

resistance increase in the composite film [1, 3]. 

Carbon black polymer composite film-based sensors are not selective toward 

a specific gas but they show different sensitivities to different gases. However, the 

pattern response of an array of several sensors made up by different polymer 

composite films can be used as a ‘fingerprint’ to classify different gas or chemical 

mixtures [5, 6] using multivariate pattern recognition methods. 

The chemoresistors were created through a post-fabrication stage via in-house 

spray coating of carbon black/polymer composite materials across the electrodes. 

The aluminium electrodes required a gold layer, attached using ultrasonic wedge 

bonding, before the deposition of the sensing materials. Effort has been made to 
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obtain resistance values as close to 10 kΩ as possible for each chemoresistor, but 

most importantly, special care was given to matching the resistances of the sensor 

pair and therefore take maximum advantage from the benefits of the ratiometric 

configuration. 

Mixtures of 20% carbon black with poly(ethylene-co-vinyl acetate) (PEVA) 

and poly(caprolactone) (PCL) polymers have been deposited onto the openings for 

the electrodes of the ASIC chips. The resistive layer obtained acts as a sensing 

element which reacts both quantitatively and qualitatively to the presence of VOC. A 

cross-section of the general structure of the chemoresistors is shown in Figure 7.1. 

For simplicity, the gold layer on top of the metal electrodes, and the heater in the first 

metal layer underneath the electrodes, are not shown. Figure 7.2 shows photographs 

of two of the resulting sensors embedded inside the ratiometric ASIC chip. 

 

Figure 7.1 Cross-section of the general structure of the chemoresistors fabricated 

onto the ASIC chips. 

A description of the fabrication and characterisation of two types of devices 

is given below. In the first type, both chemoresistors in the ASIC chip are based in 

Carbon black/polymer composite
0.95µm 1.1µm 

1.05µm 
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the same material, with one of them exposed to the presence of a VOC while the 

other is covered to make it immune to the exposure. The second type uses a different 

material for each chemoresistor and both sensors are exposed to the presence of 

VOC. Current research at Warwick includes the application of the ratiometric ASIC 

chip with other materials and under different novel configurations, which are briefly 

commented in the final chapter of this thesis. 

 
(a) 

 
(b) 

Figure 7.2 Aspect of two of the chemoresistors obtained by spray coating carbon 

black/polymer composite onto the electrode areas. Resistances averaged over a 17 

weeks period at 24ºC are: (a) 9.7 kΩ and (b) 8.9 kΩ. 

7.2.1 Monotype ratiometric devices 

In the first type of device tested, both chemoresistors were made out of the same 

material. One of them was covered with a non-corrosive adhesive/sealant5 in order to 

make it passive to the VOC effects, whilst the other sensor remained completely 

exposed. In this way, the active sensor responds to the variations in gas concentration 

and humidity, whereas the passive resistor remains at constant humidity and does not 

                                                           
5  Dow Corning 3145 RTV MIL-A-46146. 

300 µm 

300 µm 
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respond to the presence of a VOC. However, both of the sensors in the array are 

sensitive to temperature changes, drift and other variations, which are mostly 

eliminated through the circuit response previously described, as a consequence of the 

ratiometric relationship. 

Although it was difficult in practice to obtain sensors with actual resistances 

of 10 kΩ, the circuit also showed excellent response with values out of this range. 

More important than the actual resistance value, the resistance ratio (rr) R1/R2 was 

kept within the range ½ < rr < 2 and as close to 1.0 as possible (0.96 in average, with 

standard deviation of 0.070). Devices with sensors based on PEVA material were 

labelled 122n, being n the number of the sample, whereas devices based on PCL 

composite are identified as 133n. The resistances of some of the samples tested are 

shown in Table 7.1. 

Table 7.1 Resistances of several samples of devices based on a single 

material – monotype ratiometric devices. 

Sensing materials Device ID R1 (kΩ) R2 (kΩ) rr = R1 / R2 

1221 8.70 8.90 0.98 

1222 36.2 34.55 1.05 

1223 9.39 11.28 0.83 

PEVA + carbon 

black 

1224 12.10 12.20 0.99 

1331 9.70 10.00 0.97 

1332 5.29 5.23 1.01 
PCL + carbon 

black 
1333 8.85 9.65 0.92 

In these samples, R1 is the resistance of the uncoated or active chemoresistor, 

whilst R2 is the resistance of the coated or passive element. Characterisation of these 

devices is reported in section 7.4. 
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7.2.2 Duo-type ratiometric devices 

In the second type of devices reported, each sensor possesses a different material and 

both of them are exposed to VOC and humidity variations. The idea behind this 

configuration is to take advantage of the contrasting responses of different materials 

when exposed to the same VOC. This means that two materials showing different 

responses to a given VOC will produce an enhanced output derived from the 

ratiometric configuration, provided that the partial outputs of the sensors have 

opposite signs in sensitivity, in order to obtain the adding effect in the expression for 

the output of the sensor circuit given in equation 2.23: ( )21122
2

dRRdRR
R

Vref − . 

In order to test this idea, several sample devices were prepared using the 

carbon black/PEVA and carbon black/PCL materials, the first of them for R1 and the 

latter for R2. In this configuration, none of the sensors was coated, so both of them 

can be exposed to gas and humidity effects. Table 7.2 shows data for some of these 

devices, labelled 323n, being n the number of the sample. 

The responses showed by these samples are reported in section 7.5. 

Table 7.2 Resistances of several samples of devices based on contrasting 

materials – duo-type ratiometric devices. 

Sensing materials Device ID R1 (kΩ) R2 (kΩ) rr = R1 / R2 

3231 1.53 1.53 1.00 

3232 5.94 7.04 0.84 

3233 18.27 15.19 1.20 

PEVA + carbon black 
in R1 

PCL + carbon black 
in R2 

3234 22.30 12.66 1.76 
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7.3 AUTOMATED TESTING SYSTEM FOR DEVICE CHARACTERISATION 

Devices were tested and characterised using an automated system. A dual-chip test 

board was used for interfacing a pair of ASIC chips to the rest of the system, 

consisting on the following components: 

• A Flow Injection Analysis (FIA) test station [7] for the automated 

exposure of the ASIC chips to vapours. 

• A data acquisition system and interface electronics for the control of the 

FIA test station. 

• A data acquisition system for the control of the ASIC chips and the 

collection of output data. 

• An I2C-bus data control system for the programming of the external set of 

digital potentiometers used with the ASIC chips. 

• Virtual instrumentation written in LabView for the automated control of 

the whole testing process. 

The FIA test station and the corresponding data acquisition software and 

electronics were available at the SRL as they were designed and fabricated for 

previous research work [7]. The rest of the components were designed specifically 

for this project. A diagram of the components of the whole testing system is shown 

in Figure 7.3. 

7.3.1 Dual-chip testing board design 

A PCB was designed and constructed for the simultaneous and automated testing of 

two ASIC chips within the gas testing chamber. The dual-chip testing board consists 

basically on the duplication of the components included in the single-chip board 

described  in  section 6.3.  However,  the  dual-chip version  is  provided  with a 
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Figure 7.3 Diagram of the testing system for smart sensor characterisation. 

 

 

(a) (b) 

Figure 7.4 Dual-chip test board for the characterisation of smart ratiometric ASIC 

devices, showing: (a) two packaged chips connected for preliminary testing, and 

(b) 68-pin and 25-pin PC connectors, and additional electronics for testing. 
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complementary board that can be directly fitted to the metallic chamber where the 

ASIC chips are exposed to VOC. Photographs of the dual-chip test board are shown 

in Figure 7.4, and further details about it are included in Appendix C. 

7.3.2 FIA test station 

Testing and characterisation of the ASIC chips were performed with the aid of a 

previously developed automated FIA test station [7]. The FIA test station was 

constructed for previous research work with the aim of controlling accurately 

atmosphere conditions, and its design allows the exposure and characterisation of ASIC 

chips to mixtures of water and analyte vapours in air, at controlled concentrations. 

7.3.2.1 Hardware 

Basically, the FIA test station (Figure 7.5(a)) controls the mix of air with analyte 

vapours under test and under particular conditions of humidity and temperature. For 

the purposes of the research project described in this thesis, analytes tested were 

toluene and ethanol vapours. Air is injected through the system and the concentrations 

of analyte and water vapours are regulated through mass flow controllers, producing a 

mix that is taken to the gas exposure chamber, where the ASIC chips are placed. For 

each test, the chamber was maintained at constant temperature inside a controlled 

heating unit. The action of valves and mass flow controllers is commanded through an 

electronic interface connected to a standard personal computer via a National Instruments 

Lab-PC-1200 card. A complete description of the FIA test station is given in [7]. 

The configuration adopted for the exposure of the ratiometric ASIC chips, is 

that where both sensors are exposed to the same flow, although one of them can be 

covered by an inert material, as described in chapter 4 (Figure 4.16 (a)). 
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(a) 

 
(b) 

 

Figure 7.5 (a) Photograph of the FIA test station, its interface electronics and the 

dual-chip test board as they were arranged for the tests. The ratiometric ASIC 

devices are in the exposure chamber, placed inside the heater block just 

underneath the dual-chip test board. (b) The front panel of the FIA control 

software, showing a schematic view of the FIA test station [7]. 

DUAL-CHIP TEST BOARD.  
Two ratiometric ASIC 
devices are underneath 

the board, inside the 
exposure chamber 

which in turn is 
contained into the heater 

block at constant 
temperature. 

INTERFACE ELECTRONICS 

FIA TEST STATION 
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7.3.2.2 Virtual instrumentation 

Operation of the FIA test station is completely automated and controlled from 

software running on a standard PC. Virtual instrumentation was written in 

LabView for Windows version 5.0 and its structure, organisation and presentation 

has been thoroughly described elsewhere [7]. 

The FIA test station software allows the programming of automated test 

sequences, in which analyte samples are mixed with air and water vapour at 

regulated concentrations. These analyte concentrations and humidity values are 

usually given in a series of parameters that determine the exposure times of the ASIC 

devices to the programmed sequence of analyte sample, vapour concentration, and 

humidity. Once started, the whole test runs without need of user intervention. Figure 

7.5(b) shows the front panel of the FIA control software [7]. 

7.3.3 Data acquisition system for the control of ASIC devices 

A data acquisition system was implemented for the control of input and output 

signals of the ratiometric ASIC devices under test. The voltage signals required for 

the operation of the ASIC devices, as described in chapter 3, were provided through 

National Instruments software and hardware, installed and running on a standard PC. 

The same system was also used for the data acquisition of the output signals 

produced by the ASIC devices. 

7.3.3.1 Hardware 

A National Instruments data acquisition card NI 6036E was installed in a desktop 

personal computer and connected to the corresponding 68-pin port available in the 

dual-chip test board previously described. The NI 6036E card has sixteen channels of 
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16-bit analogue input, eight lines of digital input-output, two channels of 16-bit 

analogue output, and a 68-pin connector. The NI 6036E card was found suitable for 

the data acquisition system required by this particular application, where analogue 

signals were obtained from the ratiometric ASIC devices. However, data acquisition 

cards produce distortion in the frequency spectrum as their analogue output glitches 

due to updating with new values [8], and this effect was reflected in the data 

collected from the ASIC devices responses, making necessary additional data 

processing. 

The two 16-bit analogue output channels were used for the delivery of the 

input voltage signals required by the ASIC devices, namely Vpulses, which activates 

the voltage reference cell, and Vgates, which allows the operation of the FET switches 

in the ratiometric sensor circuit. 

The outputs of the ASIC devices are acquired through the analogue input 

channels of the NI 6036E card. Four channels were assigned to each ASIC chip, to 

register the amplified and filtered output voltage of the sensor response and to 

monitor the outputs of the three temperature sensors. With two chips under test, only 

eight of the sixteen available channels were used, but the system can be easily 

expanded in order to test four ASIC devices simultaneously. 

A R6868 ribbon cable was used for the connection between the NI 6036E and 

the dual-chip test board. 

Further details on the connections, pin assignment and configuration of the 

NI 6036E card and related hardware are given in Appendix C. 
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7.3.3.2 Virtual instrumentation 

LabView software was written by the author for the automated control of the 

vapour exposure process that allowed the characterisation of the response obtained 

from the sensors in the ratiometric ASIC devices. The software runs in the desktop 

computer where the NI 6036E card is installed and, through this data acquisition 

device, it controls input and output signals of the ASIC chips connected via the dual-

chip test board. 

There are two main functions in the data acquisition system for the control of 

the ASIC devices: 

a) Generation of the input voltage pulses which drive the ASIC chips: 

A square waveform of 10 Hz and a duty cycle of 10% is used for 

energizing the voltage reference cell which produces the basic signal for 

the gas sensor circuit. A second square waveform of 5 Hz and duty cycle 

of 50% is required in order to alternately invert the polarity of the voltage 

applied to the sensing chemoresistors through the set of FET-based 

switches. Both square waveforms are generated with LabView and they 

are sent to the ASICs through the analogue outputs of the NI 6036E card. 

b) Data acquisition of the output voltages from the ASIC chips 

The output of the ratiometric ASIC chips is monitored through the 

analogue input channels of the NI 6036E card and the sampled response is 

saved to files in the desktop computer by using LabView software. 

A virtual instrument was written in LabView version 6.1 for each of these 

functions and the whole process is controlled from a main module that integrates the 

corresponding sub-programs. 
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The front panel of the main module for ratiometric ASIC devices test is 

shown in Figure 7.6. When the program is run, it starts immediately the virtual 

instrument that produces the input pulses for the two ASIC chips under test. The 

input pulses produce in turn pulses in the voltage reference cell and from here all the 

corresponding parts of the circuit respond to the pulsed stimuli. The waveforms of 

the input pulses are shown in the left-side sub-panel. 

 
Figure 7.6 Front panel of the data acquisition system for characterisation of the 

smart ratiometric ASIC devices. 

The right-side sub-panel corresponds to the acquisition of data from the 

output of the ASIC chips. From the main panel the actual acquisition of data can be 

started and finished, obtaining a file with the sampled values of voltages in a tabular 

form. The waveforms of the output voltages are shown as they are obtained through 

the input analogue channels of the NI 6036E card. 

The block diagrams and additional information of the virtual instrumentation 

written for this project are included in Appendix D. 
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7.3.4 I2C-bus data control system for digital potentiometers 

Three programmable digital potentiometers are used with each ASIC chip for the 

adjustment of the following variables: the gain of the instrumentation amplifier, the 

offset voltage signal which calibrates the output of the sensor circuit, and the voltage 

corresponding to the set-point of the temperature control. The resistance values of 

these potentiometers are set through a piece of LabView software which 

communicates with them using an I2C-bus [9] data stream via the parallel port of the 

computer. 

7.3.4.1 Hardware 

The programmable digital potentiometers are obtained from the Xicor’s X9241A 

integrated circuit [10], which contains four 50 kΩ potentiometers. There are two 

X9241A in the dual-chip text board, one to be used with each ASIC device. 

Communication between the desktop computer and the X9241A is achieved 

through an I2C-bus standard protocol [9], which uses the parallel port of the 

computer to send two lines of data, namely a serial clock signal and a serial data 

stream. Serial data are buffered with the aid of a 74SL07 integrated circuit, while 

routing of data to the proper X9241A chip for each ASIC device is achieved by 

identifying the chips with different digital device addresses. 

A standard 25-pin shielded cable was used for the connection between the 

parallel port in the desktop computer and the corresponding connector in the dual-

chip test board. 

Additional details and diagrams of the I2C-bus data control circuitry used in 

the dual-chip test board are included in Appendix C. 
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7.3.4.2 Virtual instrumentation 

The front panel of the main module described in the previous section, also contains a 

sub-panel for the calibration of the digital potentiometers connected to the two 

ratiometric ASIC devices under test. This sub-panel is shown on top of the input and 

output waveforms panels in Figure 7.6. 

The virtual instrumentation written for the calibration of the digital 

potentiometers generates the serial clock signal and the serial data stream required by 

the I2C-bus protocol. The serial data bytes needed to automatically transfer and set 

the resistance values for each potentiometer are generated in a sub-module which the 

user does not need to access. 

The resistance values can be directly varied from 0 to 50 kΩ through the 

controls in the main panel, adjusting in this way the proper levels of gain, offset 

voltage and temperature set-point. 

Complete diagrams and details of the virtual instruments for calibration of 

X9241A digital potentiometers are also included in Appendix D. 
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7.4 RESPONSE OF MONOTYPE RATIOMETRIC DEVICES 

Following the spray coating of carbon black/polymer composite materials, the 

responses of the resulting ASIC devices to toluene and ethanol vapours in air have 

been characterised in the automated testing system. Each test consisted in the exposure 

of the ASIC to a series of concentrations of vapours in air at two given fixed humidity 

levels, while holding the chip at constant temperature (30, 35, 40, 45 and 50°C). The 

variations of the output voltage were automatically registered through the VI software 

and using the PCB previously described. A summary of the results of the experiments 

is presented here. A more complete set of plots and results is included in Appendix G. 

The ASICs were tested at 442, 619, 884, 1946, 2918 and 4156 ppm of toluene 

vapour in air. Likewise, concentrations of 805, 1127, 1610, 3542, 5312 and 7566 

ppm of ethanol vapour were also applied to the devices. Each series of analyte 

concentrations was tested under two different humidity conditions: 9853 ppm and 

3000 ppm of water vapour. 

7.4.1 Response of monotype devices to ethanol and toluene vapours 

Samples of monotype devices (as referred in Table 7.1) were exposed to the presence 

of ethanol and toluene vapours in air. It was observed that carbon black/PEVA 

devices have a better response to polar ethanol vapours in air, whereas the carbon 

black/PCL ASICs responded much better when exposed to non-polar toluene 

vapours. 

7.4.1.1 Response of monotype devices to ethanol concentration 

Figure 7.7 shows the typical response to ethanol vapours in air obtained with the 

poly(ethylene-co-vinyl acetate) ASIC samples maintained at 35°C. The plot in Figure 
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7.7(a) corresponds to the amplified voltage at the output of the ASIC. The change in 

output voltage of the sensor itself before any amplification is plotted in Figure 7.7(b). 

As expected, the magnitude of the change in the output voltage increases with the 

concentration of vapours, with a typical sensitivity coefficient to ethanol of 3.2 

µV/ppm, prior to amplification, or with a minimum of 22.4 µV/ppm in the amplified 

output, at 35°C. 

The response of the carbon black/PCL ASIC devices to ethanol vapours in air 

was lower, with a sensitivity coefficient to ethanol of around 1.9 µV/ppm without 

amplification, at 35°C. 

As a consequence of the ratiometric configuration, there is no considerable 

drift on the baseline voltage of the output. 

7.4.1.2 Response of monotype devices to toluene concentration 

Figure 7.8(a) shows the response to toluene vapours in air obtained with the 

poly(caprolactone) ASIC samples at 35°C at the amplified output of the circuit. This 

device responds with a voltage sensitivity coefficient to toluene of 8.6 µV/ppm 

before amplification. Figure 7.8(b) shows the near elimination of humidity 

dependence on the response of the ASIC chip to VOC. The change in voltage is 

plotted as obtained prior to any amplification. Again, there is no significant drifting 

on the baseline voltage of the output. 

Samples of the carbon black/PEVA devices responded with less sensitivity 

(2.6 µV/ppm prior to amplification) to toluene vapours, although the ASICs were too 

sensitive (14.7 µV/ppm without amplification) to the raising edge of the pulses, as is 

shown by the spikes in the time response plot (Figure 7.9). 
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(b) 

Figure 7.7 Typical response of the poly(ethylene-co-vinyl acetate) ASIC devices to 

different concentrations of ethanol vapours in air at 35°C. (a) Amplified output 

voltage. (b) Change in voltage prior to amplification. 
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(b) 

Figure 7.8 Typical response of the poly(caprolactone) ASIC devices to different 

concentrations of toluene vapours in air at 35°C. The output shows very small 

drifting and low humidity dependence. (a) Amplified output voltage. (b) Change in 

voltage prior to amplification. 
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Figure 7.9 Typical time response of carbon black/PEVA devices to different 

concentrations of toluene vapours in air at 35°C. 

7.4.2 Response of monotype devices to humidity 

Monotype devices were tested using the configuration in which one of the 

chemoresistors is coated and therefore the reference humidity remained constant 

during the tests and different to ambient humidity. The active chemoresistor, on the 

contrary, was exposed to changes in humidity and the output shows a slight 

difference for the concentrations of water vapour that were tested. 

Previous research at SRL had revealed that these carbon-based polymeric 

resistive sensors show a smaller variation in response with water concentration than 

conducting polymers, on both the baseline resistance and on the effect of ethanol and 

toluene vapours [7]. This was confirmed by the tests performed at water 

concentrations of 3000 and 9853 ppm, and at constant temperature. The responses are 

almost the same for both humidity tests, although there is a slight difference that may 
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be produced either by the immunity to these changes obtained with the coating on the 

passive sensor or by the linear additive water term modelled elsewhere [7]. 

Although variations due to humidity are small, it could be noticed that PEVA 

based devices had a larger average response (0.503 µV/ppm with toluene and −0.477 

µV/ppm with ethanol) to water vapour than PCL based devices (0.021 µV/ppm with 

toluene and −0.246 µV/ppm with ethanol). 

7.4.2.1 Response of monotype devices to humidity and ethanol vapours  

Ethanol vapour tends to mix with water vapour and the result is a slight decrease in 

the response of the sensors with an increase in water vapour concentration. 

Coefficients measured were −0.477 µV/ppm for PEVA based devices and −0.226 

µV/ppm for PCL based devices, averaged at the four ethanol concentrations tested. 

7.4.2.2 Response of monotype devices to humidity and toluene vapours 

Contrasting with the effect of humidity on the response to ethanol, toluene vapours 

produce an increase on the output with an increase in the water vapour concentration. 

Averaged humidity sensitivities for toluene were 0.503 µV/ppm for PEVA based 

devices and 0.021 µV/ppm for PCL based devices. 

Figure 7.10 shows the response with humidity of one the poly(caprolactone) 

devices at four fixed toluene vapour concentrations in air. Humidity coefficients are 

0.083, 0.020, −0.063 and 0.045 µV/ppm for 884, 1946, 2918 and 4156 ppm of 

toluene, respectively. 
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Figure 7.10 Humidity dependence of the response of poly(caprolactone) devices at 

several concentrations of toluene vapour. 

7.4.3 Response of monotype devices to temperature 

As expected from results in previous work with resistive composite polymers [7], the 

response of monotype devices decreased with increasing temperature. 

The fact that only one active chemoresistor sensor is used in the monotype 

configuration, produces the same behaviour for the response to temperature as in the 

case of single resistive sensors. Common variations in sensor resistance that are 

originated by variations in temperature are cancelled because of the ratiometric 

configuration adopted. Therefore, the effect of temperature on the baseline resistance 

is minimum, as it is mostly cancelled in the ratio of the two sensor resistances. 

However, the effect of increasing temperature on the boiling point of the 

analyte is reflected as a reduction in the response of the ASIC sensing devices. 
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7.4.3.1 Response of monotype devices to temperature and ethanol vapour 

The ratiometric ASIC devices based on poly(ethylene-co-vinyl acetate) showed a 

response almost linear to temperature when they were exposed to ethanol vapour is 

air. The reduction in the response with increasing temperature produced coefficients 

as low as −0.157 mV/°C in average, with standard deviation of only 0.01 mV/°C. 

Figure 7.11 shows the almost linear response to temperature of monotype 

PEVA-based ASIC devices, when exposed at several concentrations of ethanol 

vapour in air. 
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Figure 7.11 Temperature dependence of monotype PEVA-based ASIC devices at 

several concentrations of ethanol vapour in air. 

Poly(caprolactone) ASIC devices produced a similar response to temperature 

when exposed to ethanol vapour. Average temperature coefficient was −0.027 mV/°C, 

with standard deviation of 0.04 mV/°C. 
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7.4.3.2 Response of monotype devices to temperature and toluene vapours 

Temperature dependence of monotype ASIC devices showed higher first and second 

order gradients for tests with toluene vapours. Both PEVA and PCL devices 

averaged temperature sensitivities of −1.420 mV/°C, but standard deviation was 

larger for PCL-based ASIC devices (1.56 mV/°C) than for PEVA-based ASIC 

devices (0.92 mV/°C). 

The response to temperature at four concentrations of toluene for PCL-based 

ratiometric ASIC devices is shown in Figure 7.12. 
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Figure 7.12 Temperature dependence of monotype PCL-based ratiometric ASIC 

devices at several concentrations of toluene vapour in air. 

Figure 7.13 shows the plot of log(∆V) vs.1/T for the same set of data. It is 

observed that, for high concentrations of toluene, the increasing temperature 

produces a reduction in the response of the PCL devices, following a log model close 

to linearity, which can be approximately scaled to the concentration of the analyte. 



Chapter 7: Smart sensors characterisation 

 

182

3.05 3.1 3.15 3.2 3.25 3.3 3.35

x 10
-3

1

1.5

2

2.5

3

3.5

4

4.5

5

1/T (1/K)

Lo
g(

dV
)

 884 ppm of toluene
1946 ppm of toluene
2918 ppm of toluene
4156 ppm of toluene

 

Figure 7.13 Log plot of temperature dependence of monotype PCL-based ratiometric 

ASIC devices for several concentrations of toluene vapour in air. 

A more precise fit can be obtained by representing log(∆V) vs. T, as shown in 

Figure 7.14 where for the same higher concentrations the logarithmic plots are closer 

to linearity, in correspondence with the analyte boiling point model studied in [7]. 
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Figure 7.14 Logarithmic plots showing how increasing temperature produces a 

decrease on the response of monotype PCL-based ratiometric ASIC devices. 
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7.5 RESPONSE OF DUO-TYPE DEVICES 

The innovative idea of using two materials with contrasting responses for the sensing 

elements connected to the ratiometric circuit has been tested with a combination of 

Warwick sensors. The combined use of two different carbon black/polymer 

composite materials was tested with the samples listed in Table 7.2. 

7.5.1 Response of duo-type devices to ethanol and toluene vapours 

It was observed that the combined responses of PEVA and PCL composites to ethanol 

vapours in air virtually cancelled the output of the circuit, whereas the differences in 

their dynamical responses to toluene vapours produced a considerable change in output 

voltage. Initial results show a promising significant increase in sensitivity, even though 

the phenomenon is still under investigation. The response, however, is only significant 

from medium to high concentrations of the vapours. Although with a difference in 

magnitude, all the samples tested showed similar responses. 

7.5.1.1 Response of duo-type devices to ethanol concentration 

The plots in Figure 7.15 correspond to the typical response to ethanol vapours in air of 

the duo-type devices with a carbon black/PEVA sensor in R1 and a carbon black/PCL 

sensor in R2, tested at 35°C. It is clear that the output has been mostly cancelled for 

ethanol vapour, with an average response of 0.24 µV/ppm before amplification, 

contrasting with the response of the same devices to toluene, which is described below. 

The explanation for this behaviour comes from the contrasting partial 

responses of the combination of sensors when the products 12dRR  and 21dRR  are 

equal, cancelling the total variation in the output voltage given by Equation 2.23 in 

Chapter 2. 
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(b) 

Figure 7.15 Typical almost null response of the duo-type devices to different 

concentrations of ethanol vapours in air at 35°C. (a) Output voltage. (b) Change in 

voltage prior to amplification. 
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7.5.1.2 Response of duo-type devices to toluene concentration 

The response of the duo-type devices to toluene has been significantly increased, 

with respect to the responses of the two composites used in the monotype devices, 

reaching a notable voltage sensitivity coefficient of 30.5 µV/ppm prior to any 

amplification. The plots in Figure 7.16 show the typical response of a duo-type 

device to toluene vapours. 

 7.5.2 Response of duo-type devices to humidity 

Derived from the particular ratiometric configuration adopted and given that both 

chemoresistors in the sensor array are exposed to any variations in the environment 

conditions, changes due to different humidity levels are reduced to a minimum in the 

duo-type devices.  

There is, however, a difference produced by the larger response to humidity 

of the PEVA based sensors when compared to the PCL based ones, in particular 

when the ratiometric ASIC devices are exposed to toluene vapours. 

7.5.2.1 Response of duo-type devices to humidity and ethanol vapours  

Besides the observation that the duo-type devices produce virtually no response to 

ethanol vapours, the comparable sensitivities of PEVA and PCL based sensors to 

water vapour contribute to generate an overall output which is barely sensitive to 

humidity changes. 

The average sensitivity coefficient to water vapour concentration for the duo-

type devices exposed to ethanol vapours in air at 35°C was 0.056 µV/ppm. The plots 

in Figure 7.17 show the typical response of duo-type devices to humidity, for 

different concentrations of ethanol vapour. 
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(b) 

Figure 7.16 Typical response of the PEVA/PCL duo-type devices to different 

concentrations of toluene vapours in air at 35°C. (a) Output voltage. (b) Change in 

voltage prior to amplification. 
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Figure 7.17 Typical response of the duo-type ASIC chips to different 

concentrations of water vapour when exposed to ethanol vapours in air at 35°C. 

7.5.2.2 Response of duo-type devices to humidity and toluene vapours  

The sensitivity of PEVA composites to toluene vapours is significantly larger than 

the sensitivity of the PCL based sensors, and the interaction with water vapour 

produces also a difference in the response of the two types of sensors at different 

humidity values. 

The sensitivity to water vapour concentration for the duo-type devices 

exposed to different concentrations of toluene vapour in air at 35°C averaged 0.390 

µV/ppm. Figure 7.18 shows the typical response of duo-type devices to humidity, 

obtained with different concentrations of toluene vapour. 
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Figure 7.18 Typical response of the duo-type ASIC chips to different 

concentrations of water vapour when exposed to toluene vapours in air at 35°C. 

7.5.3 Response of duo-type devices to temperature 

The main characteristic of the duo-type ASIC devices is the selective response to the 

analytes tested. Whereas for ethanol the response is practically cancelled, the 

contrasting responses of PEVA and PCL sensors act additively for toluene vapours. 

This phenomenon was also observed with respect to temperature dependence, given 

that very low temperature coefficients were obtained with ethanol vapour whilst the 

temperature response was significantly increased with toluene exposure. 

7.5.3.1 Response of duo-type devices to temperature and ethanol vapours 

Given the low response to ethanol that the duo-type ASIC devices produced, there is 

not much that can be observed regarding the effect of temperature. The low averaged 

coefficient (−0.010 mV/°C) obtained for temperature dependence with ethanol has 

no significance when the overall output of the duo-type devices is practically nil. 
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7.5.3.2 Response of duo-type devices to temperature and toluene vapours 

Temperature dependence is highly significant in the response of the duo-type ASIC 

devices to toluene vapours. The differences in the responses to temperature showed 

by the PEVA and PCL materials have in this case an additive effect. 

A comparison of responses obtained with the same duo-type device at 35ºC 

and 45ºC is shown in Figure 7.19. The increase in temperature produces a lessening 

in the magnitude of the response, modifying the voltage sensitivity coefficient to 

toluene vapour from 30.5 µV/ppm at 35ºC to 10.5 µV/ppm at 45ºC for the duo-type 

ASIC device at the humidity values tested. It can also be noticed that the differences 

between the two humidity tests are minimised. 
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(b) 

Figure 7.19 Response of one of the duo-type ASIC chips with the contrasting 

PEVA-PCL array of sensors to different concentrations of toluene vapours in air at 

(a) 35ºC and (b) 45°C. 

Temperature dependence of the duo-type ratiometric ASIC device is shown 

in Figure 7.20 for different concentrations of toluene vapour in air. Average 

sensitivity is −3.123 mV/°C, with standard deviation of 1.99 mV/°C. The combined 

response of the two sensing materials did not follow the same log model shown by 

the monotype devices. 
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Figure 7.20 Temperature dependence of duo-type ratiometric ASIC devices at 

several concentrations of toluene vapour in air.  
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7.6 OVERALL PERFORMANCE 

The two types of ratiometric ASIC devices that were tested produced results within 

the expectations and predictions based on simulations reported in chapter 4 of this 

work. 

Characterisation shows two consistent types of devices performing with 

clearly defined patterns and confirming the behaviour envisaged from the analysis of 

the characteristics of both the sensing materials employed and the configurations in 

which they were applied within the ratiometric ASIC devices. 

For the first type of them, i.e. the monotype devices, it was observed a limited 

selectivity of the composite material to the analytes. The use of PEVA based 

resistive sensors produced a type of device with a response slightly better to ethanol 

(3.2 µV/ppm) than the one for toluene (2.6 µV/ppm), whereas the devices based on 

PCL resistive sensors showed a much better response to toluene (8.6 µV/ppm) than 

the one for ethanol (1.9 µV/ppm). 

Duo-type devices based on combined active PEVA and PCL resistive sensors 

showed a highly improved selectivity to the same analytes, clearly discriminating 

between toluene, with typical sensitivity as high as 30.5 µV/ppm, and ethanol, whose 

response was as low as 0.24 µV/ppm, which gives a rejection ratio of 127.  

Mono and duo-types of devices are compared in terms of sensitivity as shown 

in Figure 7.21. The voltage sensitivity coefficient to toluene for the PEVA/PCL duo-

type ratiometric device, estimated as 30.5 µV/ppm at the tested concentrations, 

outperforms that of the monotype ASIC devices, whose sensitivity coefficients to 

toluene are only 8.6 µV/ppm (PCL devices), and 2.6 µV/ppm (PEVA devices). 
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For ethanol, the response of the duo-type PEVA/PCL devices is almost zero 

(0.24 µV/ppm) at concentrations tested, whereas the monotype devices responded 

with sensitivity coefficients of 3.2 µV/ppm (PEVA devices) and 1.9 µV/ppm (PCL 

devices). 
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(b) 

Figure 7.21 Comparison of voltage sensitivities of duo-type and monotype 

ratiometric ASIC devices to (a) toluene, and (b) ethanol. 
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A summary of the typical response coefficients for all the types of ratiometric 

ASIC devices tested is presented in Table 7.3. 

Table 7.3 Response coefficients to vapours in air for ratiometric ASIC devices. 

Water vapour 
(µV/ppm) Ratiometric 

ASIC devices 
Toluene 

(µV/ppm) 
Ethanol 

(µV/ppm) 

Rejection 
ratio 

Toluene/Ethanol Toluene Ethanol 

Mono type 
devices based 
on PEVA 

2.6 3.2 0.81 0.503 −0.477 

Mono type 
devices based 
on PCL 

8.6 1.9 4.53 0.021 −0.246 

Duo-type 
devices 
PEVA/PCL 

30.5 0.24 127 0.390 0.056 

In terms of humidity, it was noticed that, for the monotype devices tested, the 

sensitivity to water vapour was positive for toluene and negative for ethanol, 

reflecting the differences in the affinity of these analytes to water. The ratiometric 

configuration used with monotype devices had also some effect on the response to 

humidity, as only one of the chemoresistors in a given ASIC device was exposed to 

variations in water vapour concentration, whereas the passive chemoresistor 

remained at a fixed humidity during the tests, resulting in a higher sensitivity when 

compared to that of the duo-type devices. Typical values of the response coefficients 

to humidity are also included in Table 7.3. 

Duo-type devices, on the contrary, showed no difference in the sign of 

sensitivity coefficients to water vapour for the analytes tested. However, the fact that 

the PEVA and PCL sensors were both active and they acted on complementary 
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resistive and conductive effects, respectively, gave as a result that the response to 

humidity of the duo-type devices was also different with respect to that of the 

monotype ones. The response of the PEVA/PCL devices to the mix of toluene and 

water vapours (0.390 µV/ppm) was not as high as it was for the PEVA monotype 

devices (0.503 µV/ppm). Also, duo-type devices showed a very low sensitivity to the 

mix of ethanol and water vapours (0.056 µV/ppm), derived from the ability of the 

PEVA/PCL combination for the near elimination of the response to ethanol. 

Increasing temperature caused a reduction in the response for all the ASIC 

devices tested. Near linearity was observed for ethanol vapours, where the decreasing 

of the response was almost null, as it is confirmed by the summary of coefficients 

presented in Table 7.4. 

The figures shown for the duo-type devices are not relevant at all, given the 

fact of the very low response of these devices to ethanol vapours. 

Table 7.4 Temperature coefficients for ratiometric ASIC devices obtained at 
different concentrations of ethanol vapour in air. 

Temperature coefficients 
(µV / °C) Ratiometric 

ASIC devices 1610 
ppm 

3542 
ppm 

5312 
ppm 

7566 
ppm 

Average 
sensitivity 

Standard 
deviation

Mono type 
devices based 
on PCL 

−78.8 −14.8 −14.6 1.4 −26.7 35.6 

Mono type 
devices based 
on PEVA 

−151.0 −175.7 −149.8 −149.7 −156.6 12.8 

Duo-type 
devices 
PEVA/PCL 

−50.9 9.0 −11.7 12.3 −10.3 29.1 
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The effect of increasing temperature on the reduction of the response was 

larger when the ratiometric ASIC devices were exposed to toluene vapours in air. 

The difference in results with respect to ethanol suggest that the temperature effect is 

mainly related to the analyte boiling point, as it has been extensively analysed and 

modelled in previous research work [7]. These differences are made more noticeable 

by the use of the uncoated duo-type devices, whose temperature coefficients for 

toluene are larger (−3123 µV/°C in average) than those obtained for the monotype 

devices (averaged −1420 µV/°C). A summary of temperature coefficients for 

different concentrations of toluene vapour in air is presented in Table 7.5. 

Table 7.5 Temperature coefficients for ratiometric ASIC devices obtained at 
different concentrations of toluene vapour in air. 

Temperature coefficients 
(µV / °C) Ratiometric 

ASIC devices 884 
ppm 

1946 
ppm 

2918 
ppm 

4156 
ppm 

Average 
sensitivity 

Standard 
deviation

Mono type 
devices based 
on PCL 

56.1 −647.6 −1542.7 −3545.5 −1420 1561 

Mono type 
devices based 
on PEVA 

−281.9 −1131.9 −1868.1 −2398.8 −1420 919.6 

Duo-type 
devices 
PEVA/PCL 

−625.2 −2629.9 −3932.6 −5304.1 −3123 1991.2 

The tests also revealed that the ratiometric configuration practically 

eliminated the temperature dependence of the baseline output voltage for the 

monotype devices, as a consequence of the cancellation of the common temperature 

effect through the ratio of the resistances of the sensors. 



Chapter 7: Smart sensors characterisation 

 

196

7.7 CONCLUSIONS 

Two types of smart sensors have been characterised using the ratiometric ASIC chip 

designed in this project. Chemoresistors made out of carbon black/polymer 

composite were arranged in two different ratiometric configurations, called 

monotype and duo-type. In the first of these, both the active and the passive resistive 

sensors were fabricated with the same polymer material. The passive chemoresistor 

acted as a reference while the active one responded to the ethanol and toluene 

vapours applied in the tests. In the second type of array both chemoresistors 

responded actively to the vapours applied, but each one was fabricated with a 

different sensing material. 

Samples of both types of smart ratiometric devices were tested in an 

automated station in order to test their response to different concentrations of ethanol 

and toluene vapours in air. The tests were performed at different values of humidity 

and temperature, in order to study the effect of these variables on the response of the 

sensors, but most of all, to observe and validate the performance of the ratiometric 

ASIC chip. 

Additional electronics designed for the control of the tests with the ASIC 

devices worked as expected. The virtual instrumentation written for the same 

purpose allowed the automated calibration of the devices prior to the tests and the 

automatic recording of the output voltage data while the ASIC devices were exposed 

to the programmed concentrations of analyte vapours.  

The results obtained with the monotype ASIC devices confirmed the response 

that was predicted by the simulations. It was remarkable, however, the near 
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elimination of the temperature dependence on the baseline output voltage, produced 

by the ratiometric configuration of the circuit. 

Also noticeable were the results obtained with the duo-type ASIC devices, 

given that the use of the combined effect of different active materials had not been 

reported before. The resulting devices showed high selectivity for the analytes tested, 

achieved also through the ratiometric arrangement of the sensors. 

The reported results also illustrate additional benefits of the ratiometric 

principle applied for the design of the ASIC chip. Low drift in the baseline output 

voltage was observed and a considerable reduction of the dependence on humidity 

was also found. Some of the devices were available for several months and it was 

also confirmed that the circuit minimises long-term drift and ageing effects of the 

sensing materials, by producing consistent responses. 

The complete set of results obtained with all the tests performed is included 

in Appendix G. 

Overall conclusions about the project and some proposals for additional work 

with the ratiometric ASIC chip are presented in the last chapter of this work. 
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CHAPTER 8 

CONCLUSIONS AND FURTHER WORK 

8.1 AIMS REVIEWED 

A novel ratiometric ASIC chip has been designed, fabricated and characterised with 

resistive vapour sensors made out of carbon black/polymer composite materials in 

two ratiometric configurations. Its smart capabilities of drift reduction and self-

calibration demonstrate its potential application in a micro-power hand-held unit for 

the monitoring of VOC. 

A review of the aims of the project, enunciated at the end of chapter 1, shows 

a positive balance on the achievements of this work. Not only the all goals were 

more than satisfactorily reached, but also additional findings and possibilities were 

envisaged and explored after the successful fabrication of the ratiometric ASIC chip. 
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In effect, the proposed CMOS ASIC chip was fabricated and characterised 

after being designed, modelled and simulated in order to accomplish the required 

features for its application in the smart monitoring of VOC or gases. All the stages of 

the process were described along previous chapters and the characterisation of the 

fabricated ASIC chip and resulting smart sensing devices were also presented. 

As put forward from the aims of the project, chemoresistors and processing 

circuitry were integrated into a single chip. Post-fabrication tests demonstrated that 

the designed ratiometric ASIC devices fulfilled all the expectances when the gas 

sensitive material was added to the CMOS chips. 

The post-CMOS fabrication of the chemoresistors complemented the ASIC 

chip design. Whenever possible, resistances of the sensors were tried to match when 

the carbon black/polymer composites were deposited within every ASIC device. 

However, the unavoidable variations due to the fabrication process were effectively 

compensated through the ratiometric array used in the ASIC design. Additionally, the 

ASIC chip allows the use of a large range of values of resistances in the sensors 

around the nominal design value of 10kΩ. Resistances of at least one order of 

magnitude, both above and below this nominal value, were satisfactorily tested in the 

simulations presented in Chapter 4. 

Effects of environmental variations such as temperature and humidity were 

also reduced and a substantial improvement has being obtained with respect to 

previous attempts [1-6]. Changes in ambient temperature are automatically 

compensated on sensors made out of identical material, given that variations are 

absorbed in the ratio of their resistances. As a consequence of this ratiometric 

relationship, temperature dependence of the baseline voltage was practically 
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eliminated in the monotype devices. The effect of humidity, although negligible for 

the type of resistive sensors used, was also found to be lessened for the ratiometric 

monotype devices, reaching values below than 0.50 µV/ppm and as low as 0.021 

µV/ppm for mixtures with toluene, and within the same range of magnitude for 

mixtures with ethanol (See Table 7.3). 

Expecting to gain better control and independence of ambient variations, a 

temperature control circuit was also included in the design. The circuit relies on the 

use of resistive heaters which are controlled by themodiodes and powered via a 

proportional feedback system, which compensates for differences in temperature 

between the heaters regions and a previously established set-point. The temperature 

control circuit, however, was not required in the experimental part of this work, 

given that the tests were performed with the ASIC devices within a heater block 

included in the automated test station. The availability of the temperature control 

circuitry, however, expands the versatility of the ASIC chip for the use of other 

resistive materials which may require operation at different temperatures, as it was 

explained in section 3.4. 

Carbon black/polymer composites were used as resistive sensing materials in 

order to produce the smart devices that were tested using some of the different 

ratiometric configurations allowed by the ASIC chip design. Availability and 

performance of the ASIC chip allowed both the testing of the benefits of the 

ratiometric configuration in the monotype devices and the exploration of a novel 

sensing design in the duo type devices. 



Chapter 8: Conclusions and further work 

 

202

In summary, the application of the ratiometric principle to the design, 

fabrication and testing of the smart ASIC devices reported in this work, demonstrated 

the following benefits: 

• The circuit compensates for unwanted variations in the fabrication of the 

resistive sensors, allowing the use of resistance ratios between ½ and 2 

in the chemoresistors of the ratiometric array. 

• Apart from the wide range allowed in the resistance ratios, the ASIC chip 

operates accurately with chemoresistors varying widely (from 1 kΩ to 

100 kΩ) around the nominal design value of 10 kΩ, avoiding the need for 

the use of multiplexed current sources or other methods to accommodate 

range of polymer resistances. 

• Temperature dependence of the baseline output voltage was practically 

eliminated in the monotype devices, and its effect was negligible in the 

case of the duo-type devices (Figures were given in tables 7.4 and 7.5). 

• The drift problem originated by the use of constant voltage sources has 

been eliminated by driving the chemoresistors with a pulsed voltage that 

is alternated by a FET-switched circuit. 

• Important progress has been made in the reduction of long-term drift, 

given that ageing occurs simultaneously and in the same proportion in the 

chemoresistors, thus cancelling differences in the ratio of their 

resistances. 

• Humidity dependence of the output, although negligible for the carbon 

black/polymer composite materials employed in the tests, was also 
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substantially reduced through the partial cancellation in the ratio of 

resistances of the sensor configuration. 

• The design of the ASIC chip allowed the testing and characterisation of 

different ratiometric configurations, namely monotype and duo-type 

devices. Its flexibility is not limited only to these types, but other 

innovative configurations can also be implemented, as it is proposed 

below. 

• The ASIC chip can work with practically any resistive sensing material, 

internal or external to the chip; the only practical limitation being the size 

of the electrodes area. Carbon black/polymer composite materials were 

characterised in this project, but modelling and simulation performed 

(Chapter 4) show the adaptability of the circuit to any other type of 

chemoresistors. 

A comparison of the aims set at the beginning of the project with the 

conclusions and findings summarised in this chapter, shows how the global 

achievements of this work exceed the goals originally proposed. Moreover, the 

successful design, modelling, simulation, fabrication and testing of the ratiometric 

ASIC chip has opened the possibilities for more advanced and innovative research 

based on the application of the fully functional product of this project. 
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8.2 THE ASIC TOP-DOWN DESIGN 

Although the original proposal of the project considered the fabrication of the smart 

ASIC chip in two separated steps, all the original targets were achieved within a 

single design stage. This was possible by following a complete top-down process for 

the design and fabrication of the ASIC chip, ensuring that every feature required by 

the expected final product was successively: 

a) included in the design since the first schematic version (presented in 

chapter 3), defining particular and global functions of every component, 

b) modelled either by available parameter sets obtained from the technology 

vendors or by parameter models explicitly written for this project 

(reported in chapter 4), 

c) simulated under operating conditions and redesigned until each part 

performed as it was proposed (also reported in chapter 4), 

d) included in the layout of the ASIC chip (as described in chapter 5) 

according to the characteristics and requirements of the CMOS process 

adopted, and verified against its design rules prior to the fabrication step, 

e) tested and characterised after fabrication (as summarised in chapter 6), in 

order to compare the actual performance of the ASIC chips with the 

predictions of the simulations, 

Once all these steps were accomplished in that order and with the proper 

feedback reconsiderations, the resulting ratiometric ASIC chip proved to work 

efficiently when the carbon black/polymer composite were integrated to the chip (as 

reported in chapter 7). 
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8.3 SMART SENSORS CHARACTERISATION 

Two different configurations of carbon black/polymer composite chemoresistors 

were used for the complete characterisation of smart sensors based on the ratiometric 

ASIC chip, namely: monotype devices and duo-type devices. In the first one of them, 

monotype devices, the sensing resistors were made out of the same material, with 

one being active while the other was prevented from gas exposure. Characterisation 

of these ASIC devices led to the following conclusions: 

a) The response of the devices increased with increasing concentration of 

toluene and ethanol vapours in air. 

b) Humidity effect on the response was negligible with the sensing materials 

and analytes tested, even after considering the difference produced with 

respect of the coated chemoresistor, which was maintained at constant 

humidity. 

c) Temperature dependence of the baseline voltage was eliminated by the 

use of the ratiometric configuration. 

The characterisation of the novel duo-type devices allowed the exploration of 

the combined properties of two different materials and also permitted the use of two 

active sensing elements in the ratiometric array, i.e. no passive sensors were used in 

this configuration. From these experiments, it was concluded that: 

a) Duo-type ASIC devices were proposed, fabricated and tested for the first 

time in this project. The novel devices are also based on the ratiometric 

principle and its operation was successfully characterised. 
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b) Duo-type devices responded with superior sensitivity to VOC 

concentration with respect to the monotype devices (figures reported in 

Table 7.3). Compared to the monotype devices, sensitivity to toluene was 

clearly superior for the duo-type devices, resulting 3.55 times greater than 

for the PCL-based monotype devices and 11.73 times greater than for the 

PEVA-based monotype devices. 

c) The duo-type ASIC devices tested showed clear selectivity for the two 

analytes used in the tests. The average voltage response to toluene was 

127 times greater than the response to ethanol, which is much higher than 

the 4.53 ratio obtained with the most selective samples of monotype 

devices. Data were given in Table 7.3. 
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8.4 ADDITIONAL BENEFITS OF THE RATIOMETRIC DESIGN 

The benefits of the ratiometric design have already been described in the sections 8.1 

and 8.3 and in the conclusions of Chapter 7. In general, the ratiometric ASIC chip 

proved to be effective in the reduction of drift problems and for the compensation of 

unwanted variations that affect in the same proportion to both resistive sensors of the 

array. 

Additionally, the use of the ratiometric configuration showed several beneficial 

consequences. First of all, the ratiometric ASIC chip possesses extensive flexibility and 

adaptability, being able to work with a number of nano-materials and combinations 

thereof and producing coherent results, as it was revealed after its experimental 

application with two types of carbon black/polymer composite sensors. Moreover, the 

implementation of innovative configurations, such as duo type devices, also showed 

that the sensitivity and selectivity of the device as a whole can be enhanced. 

Also, the versatile pad design applied in the structure of the chip allowed the 

use of both internal and external resistive sensors and the straight access to the 

supporting electronics for interconnectivity and testing of every component. 

Interfacing electronics also worked as expected both for electrical characterisation of 

the ASIC chip and for the characterisation of the smart ratiometric devices under 

vapour exposure. 

Even variations in the CMOS fabrication process that were not considered at 

the moment of the design, were cancelled through the resistance ratios adopted 

thoroughly in the circuit. That was the case of the Nwell resistors used, whose actual 

resistance differed from nominal values given in the technology specifications, but 

differences were compensated through the ratiometric relationship, as it was deduced 

from indirect measurements in those points that were not available for direct testing. 
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8.5 PROPOSED FURTHER WORK 

Although the design and fabrication project was successfully completed, capabilities 

of the ASIC chip are still too extensive and there are a number of projects which can 

be derived from its applications and possible improvements. Some proposals for the 

possible further work derived from this project are given below, with basic 

guidelines for its practical implementation. 

8.5.1 Application of the ASIC chip with novel nano-materials 

The designed ratiometric ASIC chip is capable to drive not only the carbon 

black/polymer composite sensors reported in the previous chapter, but it also works 

with any set of external resistive sensors, provided these matched the general 

requirements regarding the absolute resistance and, most of all, the proper resistance 

ratio. In fact, the precision 10 kΩ resistors used for the initial electrical tests of the 

chips are a good example of the adaptability of the ASIC to any external resistive 

element connected through the available sensor pads. 

The ratiometric circuit concept applied in the design allows the use of 

practically any resistive sensing material, as it was also shown through the modelling 

described in Chapter 4, section 4.5. The designed structure of the sensor electrodes 

allowed the deposition or spray coating of polymer-based materials, but other 

chemoresistive elements can be used, especially if electroless plating is applied onto 

the aluminium electrodes. 

There is, however, a more concrete possibility already under development. 

Discrete gas sensor chips with different gas sensing materials have been used 

together with the ratiometric ASIC to obtain novel hybrid devices that are currently 

under characterisation. 
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The first of these microsensors is a special chemoresistor type based on gold-

nanoparticle/organic linker films developed and provided by the Materials Science 

Laboratories of Sony International (Europe) [7-8]. In these discrete chemoresistors, 

the organic linker allows the absorption of the analytes, while the gold nanoparticles 

provide electric conductivity to the film, [7, 9-10], resembling the behaviour of the 

carbon black/polymer composites. The films show linear current-voltage 

characteristics, with resistance increasing when exposed to solvent vapours. The 

electrical response to the concentration of the absorbed analyte is also linear [8]. 

Research with these materials is currently undertaken at the SRL using the 

ratiometric ASIC chip and all the testing equipment described in this work, with 

expectances for the development of better sensing devices. Likewise, other 

chemoresistive nano-materials can be studied by exploiting the possibilities of the 

ratiometric ASIC chip. 

8.5.2 Application of the ASIC chip with novel configurations 

The design of the ratiometric ASIC chip is also adaptable to the use of different 

configurations that can be obtained through the addition of post-CMOS components 

for the experimentation with other innovative structures. 

In chapter 4, section 4.5.2, two methods are described for the exposure of the 

sensors to the sample vapour under test. Although both of these methods were tested 

in the simulations, only the one with the coated passive sensor was used in the 

characterisation of the smart devices. The second method, consisting on the use of 

two separate flows in the gas exposure chamber, still requires practical investigation. 
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A review of the configuration proposed in figure 4.16(b) reveals the need of 

an appropriate package which will allow the dual-input line ratiometric method to be 

implemented. This will require of a precise design in order to expose one of the 

sensors to the analyte under test, while the second sensor is exposed to a reference 

gas within the chamber. As studied in simulations, a more detailed analysis could be 

obtained of the individual contribution of each sensor to the overall response of the 

device, in terms of applied concentrations of analytes and water vapours. 

Other possibilities for the experimentation with novel configurations can be 

derived after the success of the duo-type devices tested and after developing micro-

channel structures like the one required for the dual-input line method just 

mentioned. This would eventually lead to more selective devices for more gas 

sensing applications. 

8.5.3 Characterisation and use of the temperature control circuit 

Although most of the experimental work reported here is related to the gas sensor 

section of the ASIC chip, the availability of the temperature control circuit within the 

design offers the opportunity for further research in the use of this feature. 

The components of the temperature control circuit have been individually 

tested as described in chapter 6. However, a more detailed characterisation is still 

required, covering both electrical and thermal behaviour of heaters, thermodiodes, 

and the corresponding circuitry providing the control function. 

In particular, developing a proper thermal model would be useful in order to 

show the distribution of heat in the electrodes area. Although such a model would not 

be easily applied in the case of the spray coated polymeric materials used in this 
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project, it will be accurate enough in the case of materials more evenly deposited, or 

even for sensing materials arranged onto new electrodes and heater structures 

designed for other resistive sensors, like the gold nanoparticle/organic linker films 

mentioned above. 

Operation of the temperature control circuit needs also be studied in detail. 

Stability of the system can be analysed, the speed of the response can be determined 

and the heater power can be characterised in terms of proportionality and 

performance. Looking for optimisation of the control system in future versions of the 

ASIC, it would be useful to find the proper value of gain that could keep the system 

stable in order to obtain a faster response. Also, analysis in the frequency domain 

could help to evaluate whether the noise in the thermosensors is low enough and 

does not produce significant fluctuations on the heater power. If so, the possible 

benefits of adding a derivative effect to the circuit could be considered. 

Another possibility for further study could be that related to the difference in 

the type of resistors used in the voltage divider of the set-point circuit. Whereas the 

first resistor is fabricated in the Nwell type available in the CMOS process adopted, 

the resistor of the divider is taken from one of the external potentiometers in the 

Xicor chip, which are fabricated as series arrays of small resistive elements [11]. The 

differences in fabrication make the resistors have different temperature coefficients 

and this leads to an unwanted displacement of the set point. 

There are two possible ways, which can be the subject of new research, to 

overcome this problem. The first proposed approach consists in the study of the 

differences on the temperature response of the two resistors in the voltage divider. 

Once the difference is well identified, corrective action can be taken either by 
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programming a self-adjusted setting of the external potentiometer or by externally 

correcting the action of the compensator circuit. A second approach would be 

suitable in the case of the design of new generations of the chip, as proposed below. 

In this case, an alternative way to match the temperature response of the resistors 

could be implemented, such as the use of two external potentiometers for the voltage 

divider used in the temperature set-point circuit. 

8.5.4 Improving the design: new generations of the ASIC chip 

Since the first ratiometric ASIC chip has proved to work accordingly with 

expectances, the design of a new generation of the same devices would aim more for 

additional innovations than for simple modifications to the previous design.  

A second generation of the ratiometric ASIC chip would improve its 

predecessor by considering modifications and innovations such as the following: 

a) Using a complete external set-point voltage divider, to avoid differences 

in temperature coefficients of resistors, as it was commented in the 

previous sub-section. 

b) Increasing the resistance ratios that the circuit can handle, by using a 

larger potentiometer range in the offset circuit. It might also be included 

a circuit which allows the scaling of the offset to different resistance 

levels, making the ASIC adaptable to the use of a much wider range of 

resistances in the sensors. 

c) Providing external access to the voltage in each individual sensor, 

allowing the monitoring and better study of the variations produced. 
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d) Including an internal section in the ASIC chip for the conversion of the 

analogue signals to digital format. In this way, on-chip basic signal 

processing could be achieved and the output would be more easily 

adaptable for the use of standard micro-controllers. Also, current spike 

phenomena produced by the analogue output of the ASIC chip through 

the data acquisition cards would be substantially reduced. 

e) Additionally, the implementation of a standard interface protocol such as 

the IEEE 1451 will enable the ASIC chip with the capability of network 

communication, following the recent trends in smart sensors technology 

[12]. 

8.5.5 The hand-held instrument 

As stated in the aims and objectives of the project (section 1.4), the ratiometric ASIC 

chip is intended to be the main component of a micro-power hand-held instrument 

for the monitoring of VOC. 

The diagram in Figure 3.1 showed an initial proposal for the integration of a 

complete instrument, by adding the required external potentiometers and a micro-

controller unit. The ratiometric ASIC chip was designed following that structure for 

the sensor system. The functions of the micro-controller unit were performed in the 

experimental stage by a desktop computer interfaced to the ASIC chip with a data 

acquisition card and running LabView virtual instrumentation. 

Given that the smart sensor system have shown adequate performance based 

on this configuration, a further project would consider the consolidation of the 

instrument into a smaller unit. This would mainly require the translation of the 
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functions currently assigned to the desktop computer into a properly programmed 

micro-controller. Possibilities for the forthcoming application of the ASIC chip in a 

VOC-monitoring hand-held instrument are as close to reality as outlined in other 

theoretical proposals [13]. 

Additionally, an appropriate analogue-to-digital interface would be required, 

although this could also be included in a newer version of the ASIC chip, as it is 

proposed above. 

A display unit would also be necessary, showing values and settings in the 

instrument. An input numeric pad will complement the user interface. 

The exposure of the chemoresistors to gas or VOC would require of a proper 

interface which must accomplish the basic functions of the current vapour exposure 

chamber used in the FIA test station described in chapter 7.  

 

Figure 8.1. Block diagram of the proposed hand-held VOC monitoring instrument. 

The block diagram of the proposed hand-held instrument is shown in Figure 

8.1. A list of specifications for the signals in the main micro-controller unit is given 
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in Appendix E. Programming of the micro-controller unit should follow the functions 

developed for the LabView virtual instruments described in Appendix D. 

The possibilities for this hand-held instrument, when considered together 

with the options for new nano-materials and new configurations described above, 

clearly envisage a promising future for the practical application of the ratiometric 

ASIC chip developed in this project. 
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8.6 A FINAL SUMMARY 

A CMOS ratiometric ASIC chip for the monitoring of VOC has been successfully 

designed, modelled, simulated, fabricated and characterised in this project. 

The following important smart features were included in the ASIC chip: 

a) The ratiometric measurement principle was employed in the design of the 

circuit with the chemoresistive sensors. This allowed the nearly 

elimination of the temperature dependence of the baseline output voltage, 

provided compensation for variations in the resistance of the sensors, and 

made the circuit capable of operating correctly with a wide range of 

resistances (from 1 kΩ to 100 kΩ). 

b) A programmable offset circuit complements the ratiometric configuration, 

permitting the use of a wide range of resistance ratios in the chemoresistors 

of the ratiometric array, i.e. compensating for differences between the 

two resistive elements of the array. 

c) The instrumentation amplifier is provided with programmable gain, 

which allows a proper setting of the output signal and improves the 

sensitivity of the device as a whole. 

d) The sensor circuit can be operated either in constant mode or in a pulsed-

mode, the latter allowing low-power consumption, which is highly 

desirable for application in commercial instruments. 

e) The chemoresistors are driven by applying a pulsed voltage that is 

alternated by a FET-switched circuit. This would eliminate the drift 
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problems associated with the use of constant voltage sources, especially 

with conducting polymers as gas sensitive materials. 

f) A dual temperature control circuit is provided for the operation of the 

chemoresistors under regulated thermal conditions. 

Smart ratiometric ASIC devices were tested by depositing carbon 

black/polymer composite materials across the electrodes of the chip. The results of 

the experiments confirmed that through the ratiometric principle applied in the 

design, common problems found in discrete resistive gas sensors, such as humidity 

and temperature dependence of the response, induced voltage drift, and variations in 

the resistance of fabricated chemoresistors were reduced. 

Furthermore, the design of the ratiometric ASIC chip allows the use of other 

gas sensitive materials, with no more internal limitations than the size of the 

electrodes area. In particular, the use of electroless plating on the aluminium 

electrodes would extend the possibilities for the employment of new nano-materials. 

In addition, its adaptability for being used in hybrid configuration with external 

chemoresistors makes the ASIC chip suitable for practically any resistive gas sensing 

material. 

The novel duo-type ratiometric devices, proposed for the first time in this 

project, were successfully tested with the aid of the developed ASIC chip. The 

combined application of two active sensing materials produced results that have 

revealed an increase in the selectivity (average rejection ratio of 127 for 

toluene/ethanol) of the devices when compared to the mono-type devices (rejection 

ratio averaged only 4.53 for the same analytes). Sensitivity to VOC was also 

improved for the duo-type devices, resulting 3.55 times greater than for the PCL-
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based monotype devices and 11.73 times greater than for the PEVA-based monotype 

devices. 

Several research projects have already been proposed, and some of them are 

already underway, in order to continue the work related to the ratiometric ASIC chip 

described in this thesis. The success of its design has brought the opportunity to 

investigate new gas sensing materials and novel ratiometric configurations. 

Improvements for a new generation of the chip have been recommended, and the 

structure of a hand-held instrument for VOC monitoring based on the ASIC chip has 

also been outlined. 

It is believed that the functionality, benefits and possibilities of the designed 

ratiometric ASIC chip have exceeded the original expectations and aims of the 

project. 
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APPENDIX A 

DESIGN AND SIMULATION 
ENVIRONMENT AND TOOLS 



A.2 

 

SOFTWARE 

Purpose Software package used 

General ASIC design, simulation and 
verification 

CadenceTM IC, version 4.4.3 

Schematic design Composer-Schematic 

Simulation Analog artist, with Spectre simulator, 
included in  

Layout design Virtuoso tool included in Cadence 

Verification and design rule checks(DRC) Diva DRC 

Additional verification at IMEC Belgium Dracula tools 

Additional filter calculations FilterProTM, by Texas Instruments 

Data processing and plots Matlab, version 6 

Excel, Office 2000 

    

HARDWARE 

Purpose Hardware used 

General ASIC design, simulation and 

verification 

UNIX workstation Sun Microsystems 

Ultra 10 

Windows based software Standard desktop PC 

 



APPENDIX B 

AMI SEMICONDUCTORS 0.7 µM 
CMOS TECHNOLOGY DESCRIPTION 



B.2 

 

CMOS TECHNOLOGY  

Process AMI Semiconductor 0.7 µm CMOS C07M-A 

Characteristics  Mixed analogue/digital process, single polysilicon and 
double metal layer. 

Digital Libraries MTC-22000, MTC-22200, MTC-22400, MTC-23000 

Analogue Library MTC-22500 

Fabrication facilities: Europractice IC Service at the Interuniversity 
MicroElectronics Center (IMEC), Belgium 

Design rules file mtcn0u7iV.dcr 

Extracted rules file mtcn0u7iV.ext 

Layout versus schematic 
(LVS) rules file 

mtcn0u7iV.lvs2 

Date of design submission May 2002  

Registration of design MPW run 730, reference number of the registration is 
68730/A37630/01 

Date of ASIC chips 
delivery 

October 2002 

Cost of production €2476 

Number of samples 
produced 

20 samples ordered + 85 free additional samples 

Overall dimensions 3.30 mm × 3.75 mm 

 



B.3 

 

AMI SEMICONDUCTORS CELLS USED IN THE DESIGN 

COMPONENT SCHEMATIC LAYOUT 

Bandgap c07_bandgap / GBDA_Bandgap c07_bandgap / GBDA_Bandgap 

Bandgap Bias c07_bandgap / GBDA_BG_bias c07_bandgap / GBDA_BG_bias 

Resistors transistorLib / M_R cmos07NewPCells / npc_Nwell_res 

Resistors (LPF) transistorLib / M_R cmos07NewPCells / npc_hipo_res 

Capacitors transistorLib / M_C cmos07NewPCells / npc_poly_cap 

NMOSFET transistorLib / M_NMOS cmos07NewPCells / npc_Mos 

Diode transistorLib / M_D Designed at SRL for this project 

Op Amps MTC-22500 / CFOA23 MTC-22500 / P_CFOA23 

Master Bias circuit MTC-22500 / CHMB1 MTC-22500 / P_CHMB1 

Current copier MTC-22500 / CFBCP1 MTC-22500 / P_CFBCP1 

Slave Bias circuit MTC-22500 / CFSB2 MTC-22500 / P_CFSB2 



B.4 

 

SELECTED AMIS DOCUMENTATION 

Important information about the AMI Semiconductor 0.7 um CMOS technology§ is 

included here, under permission of the proprietor, as a reference for the reported 

design. These pages contain details about the following topics: 

Characteristics of the 0.7 um CMOS technology family C07M 

Bias and power-down strategy 

Datasheet of the operational amplifier CFOA23 

Selection guide for operational amplifiers 

 

 

                                                 
§  AMI Semiconductor (2002). Library MTC 22500, Revision 1.0, Information accessed under 

permission of the proprietor. 



APPENDIX C 

DETAILS AND ESPECIFICATIONS OF 
ADDITIONAL CIRCUITRY DESIGNED 



C.2 

 

ASIC PACKAGING 

A ceramic PGA 68 pin package was used according to the bonding guidelines given below. 

         
(a) 

 
 

 
 
 

(b) 

Figure C.1 (a) The ceramic PGA 68-pin package and (b) the bonding guidelines. 
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DIAGRAM OF PIN DISTRIBUTION 

11

10

9

8

7

6

5

4

3

2

1

EXTRA
PIN

 

PAD PIN PAD PIN PAD PIN PAD PIN 
1 B2 18 K2 35 K10 52 B10 
2 B1 19 L2 36 K11 53 A10 
3 C2 20 K3 37 J10 54 B9 
4 C1 21 L3 38 J11 55 A9 
5 D2 22 K4 39 H10 56 B8 
6 D1 23 L4 40 H11 57 A8 
7 E2 24 K5 41 G10 58 B7 
8 E1 25 L5 42 G11 59 A7 
9 F2 26 K6 43 F10 60 B6 
10 F1 27 L6 44 F11 61 A6 
11 G2 28 K7 45 E10 62 B5 
12 G1 29 L7 46 E11 63 A5 
13 H2 30 K8 47 D10 64 B4 
14 H1 31 L8 48 D11 65 A4 
15 J2 32 K9 49 C10 66 B3 
16 J1 33 L9 50 C11 67 A3 
17 K1 34 L10 51 B11 68 A2 

CONNECTION TABLE

NOTES: 

Numbers in grey indicate that pins are 
not connected. 

Cavity size: .291 in x .291 in. 

Index mark corresponds to pin 
number 1. 

Connection table is referred to the 
attached pin diagram. 

SSM Part No. CPG 06844 

SRL-194: RATIOMETRIC ASIC CHIP 

ASIC TESTING BOARD 
PGA PIN DISTRIBUTION August 2002 

PhD project JESÚS GARCÍA GUZMÁN Lis sobre la arena 



C.4 

 

COMPLETE LIST OF PINS OF THE ASIC CHIP AND PACKAGE 

No. Name Description 
5 VSSA (GROUND) To be connected to 0 VDC, analog ground 
7 VSENSOR Voltage at the output of the ratiometric sensor 
8 VCOMP_A Output of the temperature compensator (active resistor) 

10 RACT_PLUS_RETURN Return point for the “positive” terminal of the active resistor 
12 HEATER_A Input terminal of the heater under the active resistor 
13 VDRIVE_A Output of the current drive circuit (active resistor) 
14 RACT_MINUS “Negative” terminal of the active resistor 
22 RACT_PLUS “Positive” terminal of the active resistor 
23 TEMP_HEATER_A Output from the temperature sensor near the active resistor 
24 RACT_MINUS_RETURN Return point for the “negative” terminal of the active resistor 
25 RTR2 Terminal for the external resistor of the temperature reference 
26 VSP Input/return terminal for the temperature set-point 
27 VPULSES Input of pulses for the voltage reference 
28 VREF Output of the voltage reference 
29 TEMP_DIODE_IN Terminal of the anode of the thermodiode 
30 VOUT Output voltage of the sensor section after amplifying and filtering 
31 VAMP Output of the instrumentation amplifier 
39 VDDA Analog power supply, to be connected to +5 VDC 
41 VCOMP_P Output of the temperature compensator (passive resistor) 
43 RPAS_PLUS_RETURN Return point for the “positive” terminal of the passive resistor 
45 HEATER_P Input terminal of the heater under the passive resistor 
47 VDRIVE_P Output of the current drive circuit (passive resistor) 
48 RPAS_MINUS “Negative” terminal of the passive resistor 
56 RPAS_PLUS “Positive” terminal of the passive resistor 
57 TEMP_HEATER_P Output from the temperature sensor near the passive resistor 
58 RPAS_MINUS_RETURN Return point for the “negative” terminal of the passive resistor 
59 RGAIN2 Output to the terminal 2 of the potentiometer for gain setting 
60 ROFF_EXT Terminal for the external potentiometer of the offset circuit 
61 VOFFSET Output voltage of the offset circuit 
62 RGAIN1 Output to the terminal 1 of the potentiometer for gain setting 
63 VGATES Input of pulses for the gates of the switches 
64 TEMP_DIODE_OUT Terminal of the current source and input to the amplifier 
65 TEMP_ASIC Output of the amplifier of the thermodiode 

SRL-194: RATIOMETRIC ASIC CHIP 

ASIC TESTING BOARD 
PGA-ASIC PINS August 2002 

PhD project JESÚS GARCÍA GUZMÁN Lis sobre la arena 
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PRELIMINARY SINGLE-CHIP TESTING BOARD DESIGN 

 

 

Figure C.2 The testing board for the characterisation of a single ASIC chip. 

ANALOG POTENTIOMETERS 

TESTING POINTS 

PARALLEL PORT

DIGITAL POTENTIOMETERS 
X9241A 

POTENTIOMETERS’ JUMPERS 

ASIC CHIP UNDER TEST 
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DUAL-CHIP TEST BOARD 

This is a modification of the previous single testing board used to test the components. This new 
dual-chip board will be used for the test rig experiments and it must fit into the existing chamber, 
having the dimensions of previous designs. Two ASIC chips will be tested simultaneously and 
this will require the use of a circuit in the board capable of controlling the data for both of them.   

Two identical circuits will be used, sharing the same PC connectors to the DAQ card and the 
parallel port. All conections are identical in both of the circuits, namely A and B or either 1 and 
2. 

The connections for the parallel port remain the same, giving its signals to both the first and 
second sets of [X9241A + 74LS07 + 4.7k Resistors], from pins 2, 3 and 11. 

The connections for the DAQ card are different for each set, as is shown in the following table: 

PIN  NAME ASIC 1 connected to ASIC 2 connected to 
5 VSSA (GROUND)  AIGND [64] AIGND [64] 

23 TEMP_HEATER_A ACH8 [34] ACH10 [31] 
27 VPULSES DAC1OUT[21] DAC1OUT[21] 
30 VOUT ACH0 [68] ACH2 [65] 
57 TEMP_HEATER_P ACH4 [28] ACH15 [23] 
63 VGATES DAC0OUT[22] DAC0OUT[22] 
65 TEMP_ASIC  ACH12 [61]  ACH7 [57] 

 
 

The connections for the X9241 vary in the pins determining the device address. 

PIN NAME XDCP 1 CONNECTED TO XDCP 2 CONNECTED TO 
4 A0 GND +5V (VCC) 

16 A1 GND GND 
5 A2 GND GND 

15 A3 GND GND 
 

 Power supply connectors do not need to be repeated. 
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DUAL-CHIP TEST BOARD PHOTOGRAPHS 

 

1. Power supply connector +5 VDC (only one is required) 
2. Digital potentiometers XDCP1 
3. Digital Potentiometers XDCP2 
4. Analog potentiometers 
5. Jumpers for potentiometers 
6. Jumpers for ASIC1 
7. Jumpers for ASIC2 
8. Test points for ASIC1 
9. Test points for ASIC2 
10. 74LS07 
11. Resistors 10k 
12. NI-DAQ card connector 
13. Parallel port 

 
ASIC chips must be connected as 
shown, with gold reference line 
pointing in the same direction as the 
PC connectors. 

Connection between the two PCBs is 
allowed only in one way, with the two 
sockets aligned towards the PC 
connectors. 

The left side chip is the ASIC1, on the 
side of the NI-DAQ connector, 
whereas ASIC2 is at the right side, 
near the parallel port. 
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ASIC CHIP CONNECTIONS 

PIN NO NAME ASIC 1 connected to ASIC 2 connected to 

5 D2 VSSA (GROUND)  AIGND [64] AIGND [64] 
7 E2 VSENSOR TP1 TP1 
8 E1 VCOMP_A TP2 TP2 

10 F1 RACT_PLUS_RETURN JP1-B JP1-B 
12 G1 HEATER_A JP5-A JP5-A 
13 H2 VDRIVE_A JP5-B &  TP3 JP5-B &  TP3 
14 H1 RACT_MINUS JP2-A JP2-A 
22 K4 RACT_PLUS JP1-A JP1-A 
23 L4 TEMP_HEATER_A ACH8 [34] ACH10 [31] 
24 K5 RACT_MINUS_RETURN JP2-B JP2-B 
25 L5 RTR2  JPT-A & JP6-A  JPT-A & JP6-A 
26 K6 VSP JP6-B JP6-B 
27 L6 VPULSES DAC1OUT[21] DAC1OUT[21] 
28 K7 VREF TP4 TP4 
29 L7 TEMP_DIODE_IN JP7-B JP7-B 
30 K8 VOUT ACH0 [68] ACH2 [65] 
31 L8 VAMP TP5 TP5 
39 H10 VDDA +5VDC +5VDC 
41 G10 VCOMP_P TP6 TP6 
43 F10 RPAS_PLUS_RETURN JP3-B JP3-B 
45 E10 HEATER_P JP8-A & TP7 JP8-A & TP7 
47 D10 VDRIVE_P JP8-B JP8-B 
48 D11 RPAS_MINUS JP4-A JP4-A 
56 B8 RPAS_PLUS JP3-A JP3-A 
57 A8 TEMP_HEATER_P ACH4 [28] ACH15 [23] 
58 B7 RPAS_MINUS_RETURN JP4-B JP4-B 
59 A7 RGAIN2 JPG-A2 JPG-A2 
60 B6 ROFF_EXT JPO-A JPO-A 
61 A6 VOFFSET TP8 TP8 
62 B5 RGAIN1 JPG-A1 JPG-A1 
63 A5 VGATES DAC0OUT[22] DAC0OUT[22] 
64 B4 TEMP_DIODE_OUT JP7-A JP7-A 
65 A4 TEMP_ASIC  ACH12 [61]  ACH7 [57] 
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XDCPS CONNECTIONS 

PIN 
NO NAME FUNCTION XDCP1 CONNECTED 

TO: 
XDCP2 CONNECTED 

TO: 

14 SCL SERIAL CLOCK D0 [2] &  R2 D0 [2] &  R4 

9 SDA SERIAL DATA 7S  [11] & R1 & 
74LS07-A[2] 

7S  [11] & R3 & 
74LS07-B[2] 

4 A0 DEVICE ADDRESS GND +5V (VCC) 

16 A1 DEVICE ADDRESS GND GND 

5 A2 DEVICE ADDRESS GND GND 

15 A3 DEVICE ADDRESS GND GND 

2 RL0 POTENTIOMETER 0 LOW JPT-L JPT-L 

3 RH0 POTENTIOMETER 0 HIGH JPT-H JPT-H 

1 RW0 POTENTIOMETER 0 WIPER JPT-W JPT-W 

7 RL1 POTENTIOMETER 1 LOW JPO-L JPO-L 

8 RH1 POTENTIOMETER 1 HIGH JPO-H JPO-H 

6 RW1 POTENTIOMETER 1 WIPER JPO-W JPO-W 

18 RL3 POTENTIOMETER 3 LOW JPG-L JPG-L 

17 RH3 POTENTIOMETER 3 HIGH JPG-H JPG-H 

19 RW3 POTENTIOMETER 3 WIPER JPG-W JPG-W 

20 VCC DIGITAL POWER SUPPLY +5V (VCC) +5V (VCC) 

10 VSS DIGITAL GROUND GND GND 
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PC D-CONNECTORS FOR THE TEST BOARD 

      
      

ACH8  34 68  ACH0 
ACH1  33 67  AIGND 

AIGND  32 66  ACH9 
ACH10  31 65  ACH2 
ACH3  30 64  AIGND  

AIGND  29 63  ACH11 
ACH4  28 62  AISENSE 

AIGND  27 61  ACH12 
ACH13  26 60  ACH5 
ACH6  25 59  AIGND 

AIGND  24 58  ACH14 
ACH15  23 57  ACH7 

DAC0OUT  22 56  AIGND 
DAC1OUT  21 55  AOGND 

RESERVED  20 54  AOGND 
DIO4  19 53  DGND 

DGND  18 52  DIO0 
DIO1  17 51  DIO5 
DIO6  16 50  DGND 

DGND  15 49  DIO2 
+5V  14 48  DIO7 

DGND  13 47  DIO3 
DGND  12 46  SCANCLK 

PFI0/TRIG1  11 45  EXTSTROBE* 

PFI1/TRIG2  10 44  DGND 
DGND  9 43  PFI2/CONVERT* 

+5V  8 42  PFI3/GPCTR1_SOURCE 
DGND  7 41  PFI4/GPCTR1_GATE 

PFI5/UPDATE*  6 40  GPCTR1_OUT 
PFI6/WFTRIG  5 39  DGND 

DGND  4 38  PFI7/STARTSCAN 
PFI9/GPCTR0_GATE  3 37  PFI8/GPCTR0_SOURCE 

GPCTR0_OUT  2 36  DGND 
FREQ_OUT  1 35  DGND 

 
 

 

NI 6036 DAQ CARD 

I/O Connector Pin Assignment for the NI 6036E 

      
      

C0  1    
   14  C1 

D0  2    
   15  S3 

D1  3    
   16  C2 

D2  4    
   17  C3 

D3  5    
   18   

D4  6    
   19   

D5  7    
   20   

D6  8    
   21   

D7  9    
   22   

S6  10    
   23   

S7  11    
   24   

S5  12    
   25   

S4  13    
 
 
 

PARALLEL PRINTER PORT 

25-way Female D-Type Connector 
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TEST POINTS SIGNALS 

TP SIGNAL DESCRIPTION 

1 VSENSOR Output voltage from the ratiometric sensor circuit 

2 VCOMP_A Output voltage from the compensator circuit, for the 
active sensor

3 VDRIVE_A Voltage applied to the heater for the active sensor 

4 VREF Voltage reference applied to the input of the 
ratiometric circuit

5 VAMP Voltage at the output of the instrumentation amplifier 

6 VCOMP_P Output voltage from the compensator circuit, for the 
passive sensor

7 VDRIVE_P Voltage applied to the heater for the passive sensor 

8 VOFFSET Output voltage from the offset circuit 
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JUMPERS CONNECTIONS 

JP PINS IS CONNECTING: 
1 A-B ACTIVE RESISTOR (PLUS PIN) TO THE INTERNAL CIRCUIT 

1 B-C INTERNAL CIRCUIT TO THE DUMMY ACTIVE RESISTOR (PLUS PIN) 

2 A-B ACTIVE RESISTOR (MINUS PIN) TO THE INTERNAL CIRCUIT 

2 B-C INTERNAL CIRCUIT TO THE DUMMY ACTIVE RESISTOR (MINUS PIN) 

3 A-B PASSIVE RESISTOR (PLUS PIN) TO THE INTERNAL CIRCUIT 

3 B-C INTERNAL CIRCUIT TO THE DUMMY PASSIVE RESISTOR (PLUS PIN) 

4 A-B PASSIVE RESISTOR (MINUS PIN) TO THE INTERNAL CIRCUIT 

4 B-C INTERNAL CIRCUIT TO THE DUMMY PASSIVE RESISTOR (MINUS PIN) 

5 A-B HEATER_A TO VDRIVE_A; APPLIES VOLTAGE TO THE HEATER (ACTIVE) 

6 A-B RTR2 TO VSP; SET-POINT VOLTAGE APPLIED TO THE CIRCUIT 

7 A-B TEMP_DIODE_OUT TO TEMP_DIODE_IN; THERMODIODE CONNECTED TO THE CIRCUIT 

8 A-B HEATER_P TO VDRIVE_P; APPLIES VOLTAGE  TO THE HEATER (PASSIVE) 
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JUMPERS FOR POTENTIOMETERS 

JP PINS IS CONNECTING: 

G A1-W RGAIN1 TO DIGITAL POTENTIOMETER  

G A1-G1 RGAIN1 TO ANALOG POTENTIOMETER  

G A2-L RGAIN2 TO DIGITAL POTENTIOMETER 

G A2-G2 RGAIN2 TO ANALOG POTENTIOMETER 

G H-V HIGH TERMINAL OF DIGITAL POTENTIOMETER TO VCC 

G H-W HIGH TERMINAL OF DIGITAL POTENTIOMETER SHORTED TO WIPER TERMINAL 

O A-W ROFF_EXT TO DIGITAL POTENTIOMETER 

O A-O1 ROFF_EXT TO ANALOG POTENTIOMETER (O2 DIRECTLY GROUNDED) 

O L-G LOW TERMINAL OF DIGITAL POTENTIOMETER TO GROUND 

O H-V HIGH TERMINAL OF DIGITAL POTENTIOMETER TO VCC 

O H-W HIGH TERMINAL OF DIGITAL POTENTIOMETER SHORTED TO WIPER TERMINAL 

T A-W RTR2 TO DIGITAL POTENTIOMETER 

T A-T1 RTR2 TO ANALOG POTENTIOMETER (T2 DIRECTLY GROUNDED) 

T L-G LOW TERMINAL OF DIGITAL POTENTIOMETER TO GROUND 

T H-V HIGH TERMINAL OF DIGITAL POTENTIOMETER TO VCC 

T H-W HIGH TERMINAL OF DIGITAL POTENTIOMETER SHORTED TO WIPER TERMINAL 
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VIRTUAL INSTRUMENTATION 

LabView software has been written for the automated control of the gas-exposure 
process that  allow the characterisation of the response obtained with the ratiometric 
ASIC chip and several sets of sensors. 

The software is going to be used together with the Dual-chip test board 
designed to fit into the test rig. Communication between the computer and the test 
board will be established both through the parallel port and through the National 
Instruments NI-6036E data acquisition card. 

There are three main functions that the software performs: 

a) Generation of the input pulses of voltage required for driving the ASIC 
chips. A square waveform of 10 Hz and a duty cycle of 10% is used for 
energizing the voltage reference cell which produces the basic signal for 
the gas sensor circuit. A second square waveform of 5 Hz and duty cycle 
of 50% is required in order to alternately invert the polarity of the voltage 
applied to the sensing chemoresistors through the use of a set of FET-
based switches. Both square waveforms are generated with LabView 
and are sent to the ASICs through the NI-DAQ card. 

b) Calibration of the Xicor’s digital potentiometers. Three digital 
potentiometers are used with each ASIC chip for the adjustment of the 
following variables: the gain of the instrumentation amplifier, the offset 
voltage signal matching the output of the sensor circuit, and the voltage 
corresponding to the temperature set-point. The values of these 
potentiometers are set through a piece of LabView software that sends 
the proper resistance values using an I2C data stream via the parallel port 
of the computer. 

c) Data acquisition of the output voltages from the ASIC chips. The output 
of the ratiometric ASIC chips is monitored through the analog channels of 
the NI-DAQ card and the sampled response is saved to files in the 
computer by using LabView software. 

A LabView virtual instrument has been written for each of these functions 
and the whole process is controlled from a main module that integrates the 
corresponding sub-programs. Some additional virtual instruments perform specific 
tasks inside the programs. 

A folder containing the complete set of virtual instruments used in the project 
is included in the Appendix G (CD-ROM). 
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MAIN MODULE FOR ASIC TEST 

The front panel of the main module for ASIC test consists of three sub-panels that 
correspond to each of the main tasks described above. When the program is run, it 
starts immediately the virtual instrument that produces the input pulses for the two 
ASIC chips that are going to be under test. When the power supply is on, the input 
pulses produce in turn pulses in the voltage reference cell and from here all the 
corresponding parts of the circuit respond to the pulsed stimuli. The waveforms of 
the input pulses are shown in this sub-panel. 

The calibration module is then available in order to set the required values for 
the resistances of the digital potentiometers. The resistance values in kilo-ohms can 
be varied from 0 to 50 through the controls in this sub-panel so the proper levels of 
gain, offset voltage and temperature set-point can be achieved. 

The third sub-panel corresponds to the acquisition of data from the output of 
the ASIC chips. From this panel the actual acquisition of data can be started and 
finished, obtaining a file with the sampled values of voltages in a tabular form. The 
waveforms of the voltages are shown as they are obtained through the analogue 
channels of the NI-DAQ. 
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SUB-PROGRAM FOR INPUT PULSES GENERATION 

The sub-program for the generation of the input voltage pulses produces the two 
pulsed signals that are sent to the ASIC chips via the two output channels available in 
the NI-DAQ card. Vpulses appears in channel 0 whereas Vgates appears through channel 
1. Both signals are previously aligned in order to make them appear at the times 
required for the proper ASIC functioning. 

device

channels (0)

Choose a number to say which waveform
will be used as the reference for aligning

Vgates

Vpulses

Vgates

50.00

2.50

5.00

90.00

2.50

Vpulses

10.00

2.50

10.00

0.00

2.50
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SUB-PROGRAMS FOR DATA ACQUISITION 

Start.Vi 

taskID out

error out

actual scan rate

dup refnum

device

0

continuous acq

scan rate
(250 scans/sec)

buffer size
(2500 scans)

Enter Filename: 

2

open or create
Select and 
open

interchannel delay (secs)
( -1: hardware default)

DATA.TX

Configure and start
the acquisition, then 
write the scan rate to
the first line of the file.

%.3f
formatinput limits

channels (0)

 

SetX.vi 

Multiplier
Offset0

0.0

Set X-axis scale before
starting the loop.

WFChart (strict)
XScale.Ofst&Mult

WFChart (strict)

History
XScale.Ofst&Mult

Numeric

actual scan rate

reference
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PulsedTest.vi diagram 

device

channels (0)

Stop pulses

Choose a number to say which waveform
will be used as the reference for aligning

Vgates

50.00

2.50

5.00

90.00

2.50

Vpulses

10.00

2.50

10.00

0.00

2.50

WaveformChart
waveform chart

number of scans
to write at
a time (50)

scan backlog

number of scans written to file

status

%.3f
format

waveform chart

0

Stop Acquisition

 False 

Set resistances

Read the data, convert it to a spreadsheet 
string, write it to the file, and plot it until an error 
occurs or the stop button is pressed.

0

buffer size
(2500 scans)

scan rate
(250 scans/sec)
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ConstantTest.vi diagram 

channels (0) device

Choose a number to say which waveform
will be used as the reference for aligning

Constant Voltage
0.00

5.00

WaveformChart
waveform chart

number of scans
to write at
a time (50)

scan backlog

number of scans written to file

status

%.3f
format

waveform chart

0

End Program

Rgain 1

Roffset 1

Rtemp 1

Gain 1

Rgain 2

Roffset 2

Rtemp 2 Gain 2

 True 

Set resistances

Read the data, convert it to a spreadsheet 
string, write it to the file, and plot it until an error 
occurs or the stop button is pressed.

0

buffer size
(2500 scans)

scan rate
(250 scans/sec)
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SUB-PROGRAM FOR CALIBRATION OF DIGITAL POTENTIOMETERS 

Callibration.vi panel 

 

Calibration.vi diagram 

ASIC
1

ASIC
2

Potentiometer
1

Roffset 2

Vout 2

 4 [0..5]

End ProgramXicor's XDCPs
calibration
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SUB-PROGRAM FOR SETTING RESISTANCE VALUES 

SetResistance.vi 

Computed as 63/maximum resistance
1.26 for 50k (ideal)
1.2 for 52.5k used with ASIC 1
1.1954 for 52.7 used with ASIC 2 

Instruction 12 for Write Data Register

ASIC

80

 1, Defa

register address

Write a byte

Writes SDA byte 

 2 [0..2]
Writes STOP condition

0

 0 [0..2]
Writes START condition

Device ID

Instruction is set to 10 for Write WCR
10

Register is set to 0
0

Data Bits

1.19772

SDA byte 1

SDA byte 2

SDA byte 3

76

8

0

8

3

 0 [0..1]

12

10

8

Resistance

Potentiometer

  

Write SDA byte 

register address

Write a byte

Parallel port address

Array

0

 0 [0..2]

2 3

 True 
8

1

 1 [0..1]

Writes SDA byte to parallel port

Acknowledge
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FUNCTIONS TO BE PERFORMED BY THE MICRO-CONTROLLER UNIT 

Signals and ranges Functions to perform in the micro-controller unit 

Vout 
Analogue input 
0-4.5V 

A/D conversion2 
Vout is an analogue signal that must be converted to digital before 
processing. 

Offset (calibration mode) 
Without gas exposition, while Vout is non-zero, the resistance of Pot1 
must be adjusted, starting from 10kΩ, until the desired value is 
obtained. When the baseline Vout is set, the value in potentiometer 
Pot1 must be fixed. This will be the offset calibration point. 
The offset point must be confirmed for the expected gain values of the 
Instrumentation Amplifier. 

Gain adjusting (testing mode) 
When the ASIC is exposed to VOC, Vout must be preferably between 
2 and 3 volts. To obtain this, the potentiometer Pot2 must be 
automatically adjusted, giving the proper gain. 

Display 
The digital value of Vout must appear in the display unit 

Temp_P and Temp_A 
Analogue inputa 
0-800mV 

A/D conversion 
These analogue signals must be converted to digital before processing. 

Temperature conversion 
The diode voltage must be converted to temperature, for display 
purposes. 
The signals will eventually reach the same temperature as the set-
point. 

Display 
The digital values of the temperature equivalents for these signals 
must appear in the display unit 

Temp_ASIC 
Analogue input 
3-4.5V 

A/D conversion 
This analogue signal must be converted to digital before processing. 

Temperature conversion 
The diode voltage must be converted to temperature, for display 
purposes 

Display 
The digital value of the temperature equivalent of this signal must 
appear in the display unit 

Set-point temperature 
20-100ºC 

This temperature value must be entered to the micro-controller, ideally 
in Celsius degrees and converted by software to the required diode 
voltage or to the corresponding value of the potentiometer Pot3. 

Vpulses 
Digital ourput 
0-5 VDC 
Period 100ms 
Width 10ms 

This digital pulsed signal must be applied to the Vpulses input of the 
ASIC chip. 
This signal set the waveform of the voltage reference. 

Vgates 
Digital output 
0-5 VDC 
Period 200ms 
Width 100ms 
Delay –50ms 

This digital pulsed signal must be applied to the corresponding input of 
the ASIC chip. 
This signal controls the alternating switching process for the polymer 
resistors. 

                                                 
2  Analogue to digital (A/D) conversion could be performed instead inside the ASIC chip, if a proper 

converter is integrated into the circuit. 
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SUMMARY 

A novel ASIC chip has been designed for use in a 
hand-held instrument for the monitoring of volatile 
organic compounds (VOCs) or gases. The design 
integrates a ratiometric array of conducting polymer 
chemoresistors together with smart circuitry into a 
single chip fabricated through standard silicon CMOS 
process. The integrated circuit provides automatic 
compensation of variation in both supply voltage and 
ambient temperature, and permits control of sensor 
temperature. The ratiometric design principle also 
compensates for a large range in values of polymer 
resistance. It is believed that the circuit offers relevant 
smart capabilities at a very low cost and hence it can be 
used as the main component for the mass production 
of a self-calibrating programmable instrument. 
 
Keywords: Smart sensor, gas sensor, ASIC. 
 
Subject category: (6) Chemical sensors; (9) System 
architecture, intelligent sensor systems. 
 

INTRODUCTION 

Further advances in the field of polymer resistors 
for the sensing of vapours require the development of 

low-cost smart devices capable of addressing the 
problems in process variation and sensitivity to 
environmental conditions. The use of integrated 
circuits capable of self-calibration and compensation 
within a single chip unit can provide a good solution 
to these requirements. The adoption of a standard 
fabrication process allows the integration of smart 
interface circuitry and arrays of polymer-based 
sensors, leading to the development of novel 
intelligent sensor systems for gas or vapour 
monitoring. 

This paper reports on the design of an 
Application Specific Integrated Circuit (ASIC) chip 
for gas monitoring that provides several smart 
features and incorporates polymer resistors and 
interface circuitry on a single unit. Cadence software 
and the Alcatel 0.7 µm CMOS process were chosen 
for the design and low-cost fabrication of the chip 
through the Europractice scheme. 

DESCRIPTION OF THE DESIGN 

Figure 1 shows the overall structure of the 
system. The main component is the ASIC chip, which 
performs two basic functions: (a) sensing the gas 
presence and concentration, and (b) controlling the 
operating temperature of the gas sensor. The top 

 

Fig. 1: Top representation of the sensor system. 
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section corresponds to the gas sensor circuit, whereas 
the bottom sections correspond to the temperature 
monitoring and control. A micro-controller unit is 
used for processing the inputs and outputs of the 
ASIC chip. Additionally, three digitally controlled 
potentiometers (available in the Xicor´s X9258 
integrated circuit) are used in order to accomplish 
some specific functions. 

Gas sensor section 

The first section of the ASIC chip is the circuit 
that includes the polymeric sensors for the monitoring 
of gases or VOCs. These gas microsensors are 
constructed by depositing a polymer onto metal 
electrodes. One of the sensors is exposed to gases or 
VOCs whilst the second one is passivated with an 
inert material, such as Nafion, which offers common 
mode rejection of humidity signals, reduces the 
temperature sensitivity of the responses and produces 
an increase in response with an increase in 
temperature. When exposed to the presence of a gas, 
the electrical resistance of the active polymer element 
changes, giving an indication of the concentration of 
the gas. Only the metal electrodes are fabricated 
through the CMOS process, with the subsequent steps 
of polymer deposition and passive coating completing 
the fabrication of the sensing active and passive 
resistors. 

The actual behaviour of these resistors cannot be 
precisely predicted. It is known from previous 
research [1-5] that the polymer resistance will vary in 
the presence of VOCs, but there are several factors 
which affect these variations, e.g. temperature, 
humidity, ageing and applied voltage. Even the actual 
resistance value of the devices is not easily 
controllable during the deposition process and 
significant differences appear between resistors 
fabricated through apparently identical steps. 

Consequently, the structure of the gas sensor 
circuit was designed with the aim of overcome these 
problems. Firstly, a ratiometric array of polymer 
resistors is used in order to provide at least partial 
cancellation of the mentioned variations. Secondly, 
the polymeric sensors are excited through the use of 
circuitry that also reduces these effects. Finally, smart 
circuitry is added for the self-cancellation of some 
unwanted effects as well as for the calibration of the 
device. 

As a result, the gas sensor circuit produces an 
amplified and filtered voltage signal proportional to 
the change in resistance experienced by one of the 
polymer resistors when exposed to the presence of 
organic vapours and gases while the other polymer 
resistor is used as a passive reference. 

The blocks in the top section of the ASIC chip 
diagram in Figure 1 perform this sensing function. A 
reference pulsed voltage signal is sent to a pair of 
ratiometric circuits. The first of these is the sensor 
circuit, whose schematic view is shown in Figure 2. 
The polymer resistors Rp and Rpo are connected to an 

operational amplifier in a non-inverting configuration, 
following basically the same ratiometric principle 
reported previously [6]. In this, Rp is the active sensor 
exposed to VOCs or gases, while Rpo remains passive. 
The FET-based switches S1 to S8, controlled through 
pulses applied to the input Vg, invert alternatively the 
voltage at the terminals of Rp and Rpo, providing 
compensation against any polarisation effect and 
drifting associated with a constant DC voltage. The 
second ratiometric circuit is used to offset the output 
signal of the sensor ratiometric circuit under non-
exposure circumstances, thus removing any variation 
in the polymer resistance ratio from unity. This offset 
signal is digitally adjusted through the external 
potentiometer Pot 1 (Figure 1). The outputs of both 
ratiometric circuits are fed in to an instrumentation 
amplifier in which any difference between the input 
signals will cause an output approximately 
proportional to the concentration of a gas. The signal 
is adjusted with the aid of the potentiometer Pot 2, 
which sets the gain of the amplifier.  

Finally, high-frequency components are removed 
from the amplified signal via a Bessel low-pass filter 
that was found to be the most suitable for the 
processing of the pulsed signals. 

Temperature control section 

The second major task to be performed by the 
ASIC chip is the control of temperature, which is 
known to seriously affect the response of polymer 
sensors [1, 5]. The bottom sections on the ASIC chip 
diagram in Figure 1 correspond to this control and 
monitoring function. In order to maintain the proper 
operating conditions and to minimise variations, a 
controlled heater is placed underneath the electrodes 
of each polymer resistor. A temperature sensor closes 
the control loop by feeding back a signal to the 
compensator circuit, where it is compared with a 

Fig. 2: Ratiometric sensor circuit. 
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reference point that is set with the aid of a third 
external potentiometer. Here, a differential amplifier 
produces a compensating signal proportional to the 
difference of temperatures between the heater and the 
set-point. This compensating signal controls the 
current through the heaters thus in turn controlling the 
temperature of the polymer resistors. An additional 
temperature sensor, whose output is amplified, is used 
for monitoring the ambient temperature of the chip. 
The outputs of the temperature sensors are made 
externally available to the microcontroller unit. 

Simulations 

The Spectre simulator was used to test every 
section of the design. Figure 3 shows the voltages 
obtained at the sensor circuit assuming equal 
resistances for Rp and Rpo and disregarding any 
variations due to exposure to gases or vapours. The 
left plots correspond to the actual voltage waveforms 
at the terminals of the resistors, i.e. the differences in 
the corresponding positive voltages, plotted on the 
right, appearing at the plus and minus terminals of 
each resistor. 

Figure 4 shows the voltage waveforms resulting 
at every stage of the gas sensor section. The reference 
signal Vref produced by feeding pulses to a standard 
bandgap cell consists of pulses that are 10 ms width 
and have amplitude of 1.2 V. This signal produces the 
response that is registered at the output of the offset 
circuit, which is calibrated assuming the sensors 
unexposed to VOCs or gases. After calibration, 
exposure to VOCs and gases is simulated via the 
change in resistance δ applied to the active sensor. 
The sensor output Vsensor differs from the offset 

signal Voffset and the difference in voltage is applied 
to the input of the instrumentation amplifier. This 
differential voltage Vdiff was only 60.37 mV in the 
simulation when the change in resistance δ was set to 
0.05, i. e. 5% of Rpo. With the gain of the amplifier 
adjusted to 50 the amplitude of the signal is raised to 
approximately 3 V in amplitude (Vamp). Finally, Vout 
represents the filtered signal at the output of the 
circuit. 

Further simulations also showed that the circuit is 
capable of dealing with the wide range in the actual 
resistance obtained for the different types of polymer 
sensors (e.g. three orders of magnitude). 

Layout view 

The layout view for the chip, shown in Figure 5, 
was drawn with the Virtuoso layout editor according 
to the specifications and layout rules of the Alcatel 
Microelectronics 0.7 µm CMOS technology. The 
dimensions of the ASIC chip are 3300 µm x 3750 µm 
and it contains all the components that are represented 
in the block diagram of Figure 1. The cells are placed 
along several rows in the layout, thus obtaining a 
symmetrical distribution with the two gas sensors 
located at opposite corners of the chip, to aid post-
CMOS polymer deposition. 

The cells BIAS1 and BIAS2 provide the bias 
current for the operational amplifiers according to the 
bias strategy required by the Alcatel analogue cells 
and they also supply the current for the driving of the 
temperature sensors. 

Several test points are available at the bonding 
pads for testing purposes, allowing the realisation of 
measurements at different sections of the circuit. 

A number of tests where performed with the Diva 
and Dracula software packages in order to check the 

Fig. 3: Simulation of sensor voltages. 

Fig. 4: Voltages simulation with δ  = 0.05 
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consistence of the design with the layout rules, with 
the electrical rules and with the substrate requirements 
under the particular CMOS process selected for the 
fabrication of the ASIC chip. Nevertheless, in order to 
obtain the openings for the deposition of the polymers 
onto the sensor electrodes, it was necessary to violate 
some design rules and special modifications were 
introduced to the standard process. 

CONCLUSIONS  

Our ASIC design offers the implementation of a 
gas microsensor with on-chip compensation of 
variation in ambient temperature. Features of self-
calibration against voltage drift and other parameter 
correction are realisable through a microcontroller 
unit. Our design should permit the development of 
accurate low-cost palm-top gas monitors. 
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Design and simulation of a smart ratiometric
ASIC chip for VOC monitoring
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Abstract

This paper reports on the design and simulation of a novel ratiometric application specific integrated circuit (ASIC) chip for the monitoring
of volatile organic compounds (VOCs) or gases. The design integrates two polymeric chemoresistors in a ratiometric configuration, together
with smart circuitry, into a single chip fabricated through a standard silicon CMOS process. The circuit provides automatic compensation
of signal from variations in both supply voltage and ambient temperature. On-chip control of the operating temperature of the sensors is
also an option. The response of the ratiometric set of polymeric chemoresistors to different concentrations of gases at different temperatures
and humidities was simulated with the aid of a novel parametric Cadence model. Simulations confirm that the ratiometric configuration
is less sensitive to temperature variations and that it also has a better performance in terms of humidity dependence when compared to an
individual chemoresistor. These features, together with its ability to compensate for a large range in values of polymer resistance, make
us believe that the circuit offers relevant smart capabilities at a very low-cost and so it can be used as the main component for the mass
production of a self-calibrating, programmable, palm-top instrument.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Smart sensor; ASIC; Resistive gas sensor; Ratiometric sensor array; Behavioural models

1. Introduction

Further advances, in the field of polymer resistors for
the sensing of vapours, require the development of low-cost
smart devices capable of addressing the problems of both
process variation and changes in environmental conditions.
The use of integrated circuits capable of self-calibration and
compensation within a single chip unit can provide a good
solution. The adoption of a standard fabrication process al-
lows the integration of smart interface circuitry and arrays of
polymer-based sensors, leading to the development of novel
intelligent sensor systems for gas or vapour monitoring.

Some of the problems associated with conducting poly-
mers, such as temperature dependence, have already been
addressed through the design of four-element and five-
element microbridge devices[1–3] and a significant reduc-
tion in the values of temperature and humidity coefficients
was achieved.

In this paper we describe an application specific integrated
circuit (ASIC) chip for gas monitoring that provides several
smart features and incorporates a pair of polymer resistors

∗ Corresponding author. Fax:+44-1203-418922.
E-mail address:mvc@eng.warwick.ac.uk (M. Cole).
URL: http://www.eng.warwick.ac.uk/srl.

in a ratiometric configuration[4]. In order to perform de-
tailed analyses of the behaviour of this ratiometric chip, a
parametric model was developed to simulate the polymer re-
sistance on exposure to a given gas at different temperatures
and humidities[5]. This model is particularly useful because
it permits the response of polymeric chemoresistors to be
predicted before CMOS processing. Cadence software was
used for the design and simulation of the ASIC chip as well
as for the implementation of the model. An Alcatel 0.7�m
CMOS process was chosen for the design and fabrication of
the chip through the low-cost Europractice scheme.

2. Description of the design

Fig. 1 shows the overall structure of the new smart gas
sensor system. The main component is the ASIC chip, which
performs two basic functions: (a) sensing the gas presence
and concentration and (b) controlling the operating tempera-
ture of the gas sensor. Within the ASIC chip, the top section
corresponds to the gas sensor circuit, whereas the bottom
sections correspond to temperature control and monitoring.
A microcontroller unit is used for processing the inputs
and outputs of the ASIC chip. Additionally, three digitally
controlled potentiometers (available in the Xicor’s X9241A

0925-4005/$ – see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0925-4005(03)00432-5
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Fig. 1. Top representation of the ratiometric sensor system.

integrated circuit) are used in order to accomplish some
specific trimming functions.

2.1. Gas sensor section

The first section of the ASIC chip is the circuit that in-
cludes two polymeric sensing resistors in a ratiometric con-
figuration for the monitoring of gases. The basic operating
principle of ratiometric configuration is shown inFig. 2(a).
In this, two sensors are connected in a non-inverting op-
erational amplifier configuration. One of the sensorsRp,
responds to gas whilst the second oneRpo, is either pas-
sivated with an inert material, or placed in a separate flow
path. When exposed to the presence of gases, the electrical
resistance of the active polymer element changes, giving an
indication of the concentration of the gas, whilst any com-
mon mode effects, such as aging, temperature dependence
and humidity dependence, will cancel each other through
the simple ratioRp/Rpo.

The gas microsensors are constructed by spray-coating
a polymer across the aluminium electrodes following a
plating process. The electrodes are fabricated in a CMOS
process, with the subsequent steps of polymer deposition
and passive coating completing the fabrication of the active
and passive chemoresistors. The actual behaviour of these
resistors cannot be precisely predicted. It is known from
previous research[1–3,6,7]that the polymer resistance will
vary in the presence of gases, but there are several factors
which affect these variations, e.g. temperature, humidity,

ageing, and applied voltage. Even the actual resistance
value of the devices is not easily controllable during the de-
position process and significant differences appear between
resistors fabricated through apparently identical batches.

Consequently, the structure of the gas sensor circuit was
designed to overcome these problems. Firstly, a ratiometric
pair of polymer resistors is used in order to provide at least
partial cancellation of the above-mentioned variations. Sec-
ondly, the polymeric sensors are excited through the use
of circuitry that also reduces these effects. Finally, smart
circuitry is added for the self-cancellation of offset errors
for the calibration of the device. As a result, the gas sensor
circuit produces an amplified and filtered voltage signal
proportional to the change in resistance experienced by one
of the polymer resistors on gas exposure while the other
resistor is used as a passive reference.

The blocks in the top section of the ASIC chip diagram
in Fig. 1 perform this sensing function. A reference pulsed
voltage signal is sent to a pair of ratiometric circuits. The
first of these is the sensor circuit, whose schematic view is
shown inFig. 2(b). The polymer resistorsRp and Rpo are
connected, as described before, to an operational amplifier
in a non-inverting configuration, following basically the
same ratiometric principle reported previously[4]. In this,
Rp is the active sensor exposed to the gas, whileRpo re-
mains passive. Apart from the elimination of temperature,
humidity, and aging effects on the baseline resistance, the
sensor circuit also incorporates polarity pulse switching
in order to cancel long-term drift problems caused by a
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Fig. 2. Ratiometric sensor circuit: (a) basic principle; (b) Cadence imple-
mentation including analogue switching.

polarisation effect. The FET-based switches S1 to S8,
controlled through pulses applied to the inputVg, invert
alternately the voltage at the terminals ofRp and Rpo,
providing compensation against any polarisation effect or
drifting associated with a constant dc voltage. The benefits
obtained with the ratiometric configuration of the sensors
were confirmed via simulations as described below.

The second ratiometric circuit is used to offset the output
signal of the sensor ratiometric circuit under non-exposure
circumstances, thus removing any variation in the polymer
resistance ratio from unity. This offset signal is digitally ad-
justed through the external potentiometerPot 1(Fig. 1). The
outputs of both ratiometric circuits are fed into an instru-
mentation amplifier in which any difference between the in-
put signals will cause an output approximately proportional
to the concentration of the monitored gas. The signal is then
adjusted with the aid of the potentiometerPot 2, which sets
the gain of the amplifier. Finally, a Bessel low-pass filter

Fig. 3. Simplified schematic diagram of the temperature control circuit.

was found to be the most suitable to remove high frequency
switching errors from the amplified signal.

2.2. Temperature control section

The second major task to be performed by the ASIC chip
is the control of temperature, which is known to seriously
affect the response of polymer sensors[1–3,6,7]. The bot-
tom sections on the ASIC chip diagram inFig. 1correspond
to this control and monitoring function. In order to maintain
the proper operating conditions and to minimise variations,
a controlled heater is placed underneath the electrodes of
each polymer resistor. A temperature sensor closes the con-
trol loop by feeding back a signal to the compensator circuit,
where it is compared with a reference point that is set with
the aid of a third external potentiometer. Here, a differen-
tial amplifier produces a compensating signal proportional
to the difference of temperatures between the heater and
the set point. This compensating signal controls the current
through the heaters thus in turn controlling the temperature
of the polymer resistors. A simplified schematic diagram
of the temperature control section is shown inFig. 3. An
additional temperature sensor, whose output is amplified, is
used to monitor the ambient temperature of the chip. The
outputs of the temperature sensors are made available to the
microcontroller unit.

2.3. Layout view

The layout view for the chip, shown complete inFig. 4(a),
was drawn with theVirtuoso layout editor according to the
specifications and layout rules of the Alcatel Microelectron-
ics 0.7�m CMOS technology. The dimensions of the ASIC
chip are 3300�m×3750�m and it contains all the compo-
nents that are represented in the block diagram ofFig. 1. The
cells are placed along several rows in the layout, thus ob-
taining a symmetrical distribution with the two gas sensors
located at opposite corners of the chip, to aid post-CMOS
polymer deposition.
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Fig. 4. Layout view of (a) the complete smart ratiometric ASIC chip and (b) the sensor area including heater and thermodiode.

The sensor area of the layout is shown inFig. 4(b).
The electrodes, in metal2 layer, are 96�m × 96�m in
size, with 80�m interelectrode gap, in order to achieve
approximately 10 k� resistance when using carbon-black
polymer composite films[8]. The heaters are constructed
underneath the electrodes in the metal1 layer, which has a
nominal sheet resistance of 50 m�/sq. Each heater has a
nominal design resistance of 50�. The thermodiodes are
placed in the centre of the heater regions, just between the
electrodes.

The cellsBias1 and Bias2 provide the bias current for
the operational amplifiers according to the bias strategy re-
quired by the Alcatel analogue cells and they also supply the
current for the driving of the temperature sensors. Several
test points are available at the bonding pads for testing pur-
poses, allowing the realisation of measurements at different
sections of the circuit.

A number of tests where performed with theDiva and
Dracula software packages in order to check the consis-
tence of the design with the layout rules, with the electrical
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rules and with the substrate requirements under the particu-
lar CMOS process selected for the fabrication of the ASIC
chip. In order to obtain the openings down to metal2 layer for
the deposition of the polymers onto the sensor electrodes, it
was necessary to include some special modifications while
still following the standard CMOS process.

3. Simulations

The Spectresimulator was used to test each part of the
design.Fig. 5 shows the voltages obtained at the ratiomet-
ric sensor circuit when assuming initially equal resistances
for Rp andRpo and hence disregarding any variations due to
exposure to reactive gases. The left plots correspond to the
actual voltage waveforms at the terminals of the resistors,
i.e. the differences in the corresponding positive voltages,
plotted on the right, appearing at theplus and minus ter-
minals of each resistor. The simulation results confirm the
advantage of using the switching circuitry in order to invert
the sign of the voltages at the chemoresistors terminals and
thus providing compensation against polarisation effects.

Fig. 6 shows the voltage waveforms appearing at ev-
ery stage of the gas sensor section. The reference signal

Fig. 5. Simulation of sensor voltages in the circuit.

Vref (Fig. 6(a)) produced by feeding pulses to a standard
bandgap cell consists of pulses that are 10 ms in width and
have an amplitude of 1.2 V. This signal produces the re-
sponse that is registered at the output of the offset circuit
(Fig. 6(c)), which is calibrated to the baseline signal, i.e.
the sensors unexposed to gases. After calibration, exposure
to gases is simulated via the change in resistanceδ applied
to the active sensor. The sensor outputVsensor (Fig. 6(b))
differs from the offset signalVoffset and the difference in
voltage is applied to the input of the instrumentation am-
plifier. This differential voltageVdiff (Fig. 6(d)) was only
60.37 mV in the simulation when the change in resistance
δ was set to 0.05, i.e. 5% ofRpo. When the gain of the
amplifier is set to 50, the amplitude of the signal is raised to
approximately 3 V in amplitude (Vamp, Fig. 6(e)). Finally,
Vout represents the filtered signal at the output of the circuit
(Fig. 6(f)).

The performance of the temperature control section was
also simulated.Fig. 7(a) shows the voltages obtained at
27◦C, whereasFig. 7(b) shows the voltage waveforms re-
sulting when temperature varies between 20◦C and a nom-
inal setpoint at 35◦C.

Further simulations also showed that the circuit is capa-
ble of dealing with the wide range in the actual resistance
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Fig. 6. Voltage simulation with a change in resistance equal to 5% ofRpo: (a) reference voltage, (b) voltage at the output of the sensor circuit, (c) offset
voltage, (d) differential input at the instrumentation amplifier, (e) amplified voltage, and (f) output of the low-pass filter.

obtained for the different types of polymer sensors (e.g. three
orders of magnitude).

3.1. Application of the polymeric chemoresistor model

In order to compare performances of ratiometric configu-
ration to discrete chemoresistors, the polymeric chemoresis-
tor model was used. This model, implemented in Cadence
and described thoroughly elsewhere[5], is able to simulate
accurately the polymeric chemoresistor response to gas and
humidity under different operating conditions. The model
simulates the static and dynamic sensor response to gas
or gas mixture exposure, and includes flicker and Johnson
noise. It also takes account of the sensor sample delivery
system.Fig. 8(a) shows the conceptual structure of the pro-
posed model having three inputs (CG, CH, T) for gas and
humidity concentration and sensor temperature, and two
pins (R+, R−) for sensor connection with the rest of the cir-
cuitry. The inputs are connected to voltage sources whose
voltage level emulates both the gas and humidity concen-
trations (1 V↔ 1 ppm) and the sensor temperature (1 V↔
1◦C). The model has been implemented as a standard cell
(SC) in Cadence software (Fig. 8(b)). The polymeric sen-

sor is represented as a complex impedanceZSC, with two
noise sources in series (flicker and Johnson noise[8]). ZSC
is the impedance resulting from the parallel combination of
the sensor capacitanceCSC and the sensor resistanceRSC.
Parasitic resistances and capacitances are neglected because
they are insignificant when compared withRSC andCSC [5].

The sensor static response is a function of the gas concen-
tration CG, the sensor temperatureT and the water vapour
concentrationCH, while the dynamic response depends both
on the gas transfer method and/or on the gas reaction kinet-
ics. The static resistance of the SC,RSC, is evaluated in the
block ‘Sensor Static Response’ (seeFig. 8(a)) which im-
plements the developed model, assuming that carbon-black
composite polymer films are used as gas sensitive materials.
The model developed for these materials in Ref.[5] has been
expanded in order to include the temperature variations of
the baseline resistance and the static resistance is given by

RSC = RSC0 exp

(
B

T

)

×
[
1 + kGC

γG
G exp

(
KsG

T

)
+ kHC

γH
H exp

(
KsH

T

)]

(1)
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Fig. 7. Waveforms for the temperature control system: (a) results at 27◦C, (b) response between 20 and 35◦C.

whereRSC0 is the baseline sensor resistance (measured in
presence of a reference gas, generally synthetic air or nitro-
gen),kG andkH are sensitivity coefficients,CG andCH are
the gas/vapour concentrations expressed in ppm,γG andγH
are the power law exponents,B, KsG andKsH are the tem-
perature coefficients, andT the temperature in Kelvin. The
subscripts G and H refer to the gas and the water vapour,
respectively. The sensitivity coefficients can be positive
or negative depending on the nature of the gas and the
polymer, producing an increase or decrease of the sen-
sor resistance after the gas injection. The transient be-
haviour of the polymeric gas sensor is simulated by a
second-order multi-exponential model implemented through
a second-order low-pass filter (‘Sensor Dynamic Response’
in Fig. 8(a)). Since the on-dynamics are generally faster
than the off-dynamics, two filters with different poles have
been used. The sample delivery system (SDS) is also mod-
elled (‘Sample Delivery System’ inFig. 8(a)) in order to
include the real gas transfer[5].

The general parametric model described above and the
values given inTable 1were used to simulate the response
of the polymeric chemoresistors in the ratiometric configu-

Fig. 8. (a) Model framework of the SC for a polymeric gas sensor. (b)
symbol for the cell.
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Table 1
Model parameters used in the simulations

Parameter used in the
Cadence model

Value(s)a Symbols used for Cadence
parameters in theEq. (1)

Description

Cgas 1 k CG Gas concentration (ppm)
Humid 0–30 k CH Humidity concentration (ppm)
Temper 40–100 T Sensor temperature (◦C)
KsH 31.32 KsH Temperature coefficient for the humidity (◦C)
kH −94n kH Sensitivity coefficient for the humidity (1/ppm)
gammaH 1 γH Power low exponent for the humidity
Slope 1 – Slope of the flicker noise (1/fslope)
Vol 30 × 10−15 – Polymer volume (m3)
X 300 × 10−27 – Polymer coefficient to evaluate flicker noise
SDSCt −1 – SDS control (positive→ active, negative→ inactive)
w1SDSoff – – Pole for off-dynamics SDS
w1SDSon – – Pole for on-dynamics SDS
w2 on 10 k – Second pole on-dynamics chemical transient
w2 off 4 k – Second pole off-dynamics chemical transient
w1 on 10 m – First pole on-dynamics chemical transient
w1 off 4 m – First pole off-dynamics chemical transient
R0 9512 RSC0 Sensor baseline resistance (�)
B 2 B Temperature coefficient for sensor baseline resistance (◦C)
Ks 88.42 KsG Temperature coefficient for the gas (◦C)
k1 3.2µ kG Sensitivity coefficient for the gas (1/ppm)
gamma 1.07 γG Power low exponent for the gas

a The values of the parameters used for simulations are obtained from measurements on carbon-black polymer composite film performed at the Sensors
Research Laboratory of the University of Warwick with exception of the noise measurements which were performed by the University of Torvegata (Rome).

ration.Fig. 9 shows how the cells SCa and SCp were used
to represent the active and passive sensors.

Two passivation methods were tested in the simulations.
In the first case, represented inFig. 10(a), one of the poly-
meric sensors is coated with an inert material to avoid the

Fig. 9. Ratiometric sensor circuit. The sensor cell SCa emulates the
behaviour of the active polymeric sensor, while the cell SCp emulates the
passive sensor.

gas effect. In this way, the passive sensor is sensitive to tem-
perature variation but it does not respond to the gas or ambi-
ent humidity. The water vapour concentration is fixed to the
concentration present at the moment of the coat deposition
(e.g. RH= 40% at 20◦C corresponding to 9214 ppm). The
gas flow is split in two paths to expose both sensors. The
passivation was simulated by connecting the input ‘C’ of the
SCp cell to gnd (gas concentration= 0 ppm) and the input
‘H’ to a voltage source (e.g. VHp = 9214 V→ 9214 ppm).

The second method requires two separate inlets to carry
the gas under test and a reference gas to the sensors SCa and
SCp (Fig. 10(b)). In this case the sensor SCp is not coated

Fig. 10. The use of the reference sensor SCp in the ASIC chip: (a) the
polymer sensor SCp is coated with an inert material to avoid the reaction
with a gas which flow over sensors SCa and SCp; (b) two separate flow
paths are used to expose the two sensors to different gases but to the
same water vapour concentration; this enables for humidity rejection.
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Fig. 11. Transient analysis of the ratiometric circuit for active and passive baseline resistances of 10 k� at 40◦C, gas concentration= 1000 ppm, water
vapour mixed to the gas= 5000 ppm: (a) voltage pulses applied to the sensor cell SCa simulating the humidity and gas concentration (1 V↔ 1 ppm); (b)
resistance of the active sensor; (c) resistance of the passive sensor; (d) output voltage of the ratiometric circuit; (e) output voltage of the offsetcircuit;
(f) differential input of the instrumentation amplifier; (g) output of the gas sensor section.

but it acts as a reference device because the reference gas
is injected in the second inlet (‘Inlet 2 GAS’). This solution
allows cancelling the humidity effect, when the reference
gas has the same water vapour concentration as the gas under
test injected in the ‘Inlet 1 GAS’.

Fig. 11shows the results of simulations performed using
polymer resistors of 10 k� at 40◦C under the second pas-
sivation method. Gas and humidity concentrations of 1000
and 5000 ppm, respectively were applied to the sensors ter-
minals. The changes in resistances of active and passive sen-
sors are shown inFig. 11(b) and (c). The output signals from
ratiometric and offset sections are also shown. The differ-
ential input to the amplifier is depicted inFig. 11(f) and the
output signal of the gas sensor section is shown inFig. 11(g).

The benefits of the ratiometric circuit structure are com-
pared to the potential divider configuration (Fig. 12) already

discussed elsewhere[5]. In particular, the temperature and
humidity dependencies of the circuits are explored.

Figs. 13 and 14show the percentage variation of the cir-
cuit output voltage with varying sensor temperature and hu-
midity. The two setups depicted inFig. 10 are taken into
account. The ratiometric configuration shows less sensitiv-
ity to temperature variation compared to the discrete circuit.
In particular, the baseline output value is not sensitive to
the temperature variation when the configuration with refer-
ence gas shown inFig. 10(b) is adopted. These results can
be observed in the curves for the ratiometric circuit with
CHa = CHp, depicted inFig. 13(a) and (b). This is expected,
since the sensors are fabricated under the same conditions
and they should respond to temperature changes with the
same exponential law. The plots inFig. 13(c) and (d) show
that the ratiometric circuit has superior performance when
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Fig. 12. Schematic view of the single chemosensor circuit.

Fig. 13. Percentage variation of the output voltage for the ratiometric and potential divider circuits when the temperature of the sensors spans from40
to 100◦C: (a) response to gas and water vapour concentrations equal to zero; (b) response with wet air and without gas exposure; (c) response to gas
exposure with dry air; (d) response with gas exposure and wet air.

compared to a single chemosensor circuit exposed to gas at
varying temperature.

The ratiometric circuit shows better performance also in
terms of linear humidity dependence (Fig. 14). The wa-
ter vapour effect is cancelled by the reference sensor SCp
when this one is not coated and the configuration depicted
in Fig. 10(b) is adopted (CHa = CHp). If the reference sen-
sor SCp is coated with an inert material, as inFig. 10(a), the
humidity effect cannot be annulled (ratiometric curves for
CHa 	= CHp in Fig. 14) but the ratiometric circuit is still less
sensitive with respect to the potential divider configuration.

Noise simulation was also performed based on the model
developed in Ref.[5]. Fig. 15 shows the simulated noise
analysis of the ratiometric circuit. The operational amplifier
CFOA23 (Fig. 9) gives the main contribution to the total
output noise. The polymeric sensor noise is also shown and
it is assumed to be dominated by flicker noise measured for
carbon-black polymer composite films[8]. The RMS value
of the noise voltage at the ASIC chip output is evaluated
from the simulation results to bevn = 33�V. Considering
a RMS signal output of 3.3 V the signal-to-noise ratio is

SNR= 20 log

(
3.3

33�

)
= 100 dB
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Fig. 14. Percentage variation of the output voltage for the ratiometric and potential divider circuits when the water vapour concentration spans from 0
to 30 ppt: (a) response without gas exposure; (b) response to gas exposure.

Fig. 15. Noise power spectral density at the ratiometric circuit output
and noise contributions of the active sensor and the operational amplifier
CFOA23.

4. Conclusions

A novel smart ratiometric ASIC chip has been designed
for gas sensing applications and fabricated using a standard
CMOS process. Simulations have shown that the ratiometric
configuration shows superior performance when compared

to conventional resistive polymer devices. Its characteris-
tics of pulsed-mode operation to prevent polarisation ef-
fects/voltage induced drifting, and on-chip compensation of
temperature and humidity variations, are considered to be
crucial features for the development of an accurate low-cost,
palm-top gas monitor.
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Abstract

A novel parametric model of a polymeric chemoresistor is proposed for application in the design and simulation of smart gas sensors. The

model has been implemented using Cadencee software and enables the simulation of both the static and dynamic response of a

chemoresistor to a mixture of different gases. It also takes into account parametrically the effects of ambient temperature, humidity and

sensor noise. The layout design and a schematic symbol have also been generated in Cadence -thus creating a resistive polymeric cell that can

be used in the general design of smart ASIC based systems. The top cell comprises several sub-cells allowing versatility and adaptability in

implementation through its modular structure. By changing the values of the simulation parameters and/or the mathematical model of the

sub-cell that evaluates the gas sensor response, it is possible to extend its application to the design and simulation of chemoresistors in

different configurations and with different gas sensitive materials. Here we illustrate our model in the design and simulation of resistive

sensors employing carbon-black polymer composite films as the class of gas sensitive material.

q 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Resistive gas sensors; Smart sensors; ASICs; Carbon-black polymer composites; Parametric model

1. Introduction

Sensors, based on conducting polymer resistors, are very

attractive for vapour/odour sensing applications because of

the wide range of available polymer combinations and their

ease of deposition, their ability to operate at room

temperature (i.e. low device power consumption), and

sensitivity to a broad range of volatile organic compounds

[1–3]. The resistive principle, in which a change in the

sensor resistance DRS is monitored while the sensor is

exposed to the gas, is the most commonly used principle

within the field of vapour/odour sensing [2,4 – 7,9].

However, there are some disadvantages commonly associ-

ated with polymeric chemoresistors, in particular the batch-

to-batch variation in baseline resistance and its large

temperature and humidity coefficients. There can also be a

long-term drift effect, associated especially with conducting

polymer resistors, when driven by constant d.c. voltage. A

small signal-to-noise ratio, common for most types of gas

sensors, is another parameter that cannot be neglected.

Different measurement techniques have been used to

improve the resistive gas sensor performance. For instance,

transient and dynamic sensor responses [1,10–13] can be

monitored and used to extract information that can improve

the gas recognition performance. Also high-frequency a.c.

measurements can be employed to improve sensor sensi-

tivity [14–16]. However, a fundamental understanding of

the response of polymer film sensors to different gas species

under different conditions and with different interferences is

essential to ameliorate the undesirable features commonly

associated with gas sensor signals as mentioned above.

Development of parametric models for polymeric

chemoresistors can help in the design of new devices with

improved characteristics and in the interpretation of

experimental data. An absorption/desorption model for

d.c. conducting polymer sensors consisting of a thin uniform

polymer film deposited on a pair of finite coplanar

electrodes supported by an insulating substrate was

presented in Ref. [17]. The diffusion and adsorption

equations were presented in terms of several fundamental

dimensionless parameters describing the underlying
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chemical and physical properties of the sensor. In another

development electrical equivalent models for resistive gas

and odour sensors have been developed using Pspice [18,

19]. Furthermore, the advances and benefits of the IC

technology can be exploited in the development of

integrated, low-cost, reliable devices capable of addressing

problems associated with discrete chemoresistive sensors.

This could be achieved through the design of smart sensors

capable of self-testing, self-calibration and compensation

within a single chip unit.

In this paper we present a parametric model of a

polymeric chemoresistor developed for use in the design

and simulation of smart gas/odour sensor systems. The

model is implemented in Cadence software together with

associated schematic, symbol and layout design; thus

allowing both the implementation of resistive elements in

smart sensor design and the simulation of the chemical static

response and chemical step response of a polymeric

chemoresistor to a mixture of different gases. The model

takes into account temperature and humidity effects and

simulates the noise present in polymer sensors, such as

Johnson [20] and flicker or 1/f noise [21–23]. The new

model also takes into account sample delivery system (SDS)

parameters, such as the volumetric flow rate and volume of

the sensor chamber that can be customised to specific

experimental set-ups.

Polymer-carbon black composite films are used here as

gas sensitive materials both to demonstrate the practical

application of the new model in the design of polymeric

chemoresistors and to simulate their behaviour. The films,

firstly reported by Lewis at Caltech, consist of conducting

carbon black nanospheres dispersed into a non-conducting

base polymer films [4–7]. When exposed to gases, the

polymer within the composite film absorbs the vapour and

swells reversibly. This swelling causes the distances

between the conductive carbon black particles to increase

and thus, induces a resistance change in the composite film

[4,6]. Carbon black polymer composite film-based sensors

are not selective toward a specific gas but they show

different sensitivities to different gases. However the pattern

response of an array of several sensors made up by different

polymer composite films can be used as a ‘fingerprint’ to

classify different gas or chemical mixture [1,8].

2. Architecture of the standard cell

Fig. 1 shows the basic structure of the proposed model,

realised in Cadence, comprising four blocks that represent

SDS, sensor’s static and dynamic responses and chemor-

esistor itself (dotted box). The model has two inputs for

different gas concentrations and one input for temperature

effect simulation (Cgas_1, Cgas_2, and Temperature) as well

as two external ports (Rþ, R2) for sensors connection within

the complete test system. The sensor static response is a

function of the input gas concentrations and temperature

while the dynamic response depends both on the gas transfer

method and the reaction process on, or within, the gas

sensitive material. The chemoresistor itself is represented as

a complex impedance ZS element with two noise generators

connected in series representing Johnson and flicker noise,

which are dependant on the sensor temperature and sensor

resistance [20] and the type of polymer, its volume and

biasing voltage [21–23], respectively.

The schematic view for the model has also been designed

in order to enable its application in the design of smart

sensors and systems using commercial IC packages and it is

shown in Fig. 2a with its associated symbol represented in

Fig. 2b. One of the gas inputs, H, is assumed to be the water

vapour concentration or humidity. More inputs can be added

depending on the knowledge of the chemoresistive

behaviour when exposed to the gas mixture. Each block

(sub-cell) within the electrical model has been custom

designed to perform a desired function or to emulate an

electrical device and the graphical symbol has been edited,

see Fig. 2b. In this, two main sections can be distinguished:

the chain composed from the sub-cells SDS02, eSR04,

CT03, vcR01, simulating the sensor’s response (i.e. change

in resistance) and the noise generation section which

comprises the sub-cells eJN02, eFN02, WNs04 and

Fig. 1. Model framework.
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FNs04. Functionality of the model, and all individual blocks

within it, is explained in the following sections.

2.1. Modelling of chemoresistor’s behaviour

The sub-cell eSR04 (Fig. 2) evaluates the sensor static

response as a function of the gas concentration C, the

sensor’s temperature T and the humidity H. For simulation

purposes and simplicity reasons, a voltage source emulates

the gas concentration where it is assumed that 1 V

corresponds to 1 ppm of gas concentration. For instance,

the injection of 100 ppm of carbon monoxide (CO) in air

can be simulated by supplying a d.c. voltage of 100 V. R

indicates the output voltage corresponding to the sensor

resistance (1 V ! 1 V).

The variation of the sensor resistance in the presence of a

gas is modelled with the following generic power law

function, which is suitable for carbon-black polymer

composite films as well as other types [24]:

R ¼ R0· 1 þ k Cg exp
KS

T

� �� �
ð1Þ

where R0 is the baseline sensor resistance (measured in

the presence of a reference gas, generally clean air), k is

a sensitivity coefficient, C is the gas concentration expressed

in ppm, g is the power low exponent, KS is a temperature

coefficient and T is the temperature in degrees Kelvin.

The sensitivity coefficient can be positive or negative

depending on the nature of the gas and the polymer used,

producing an increase or decrease of the sensor resistance

after the gas is introduced. It should be noticed that an

increase in temperature results in a reduction of the sensor

resistance when KS is positive. The above resistance model

can be extended to a gas mixture by adding the effect of the

individual component as separate inputs assuming that there

is no interaction between them. This assumption is valid for

low concentrations of volatile organic compounds [24,25].

The resistance model can also be expanded to include the

independent additive effect of humidity:

R ¼ R0· 1 þ kGC
gG

G exp
KsG

T

� �
þ kHC

gH

H exp
KsH

T

� �� �
ð2Þ

where the subscripts G and H correspond to the gas and the

water vapour, respectively.

The above model is implemented in Cadence through a

combination of functional blocks, performing basic oper-

ations (e.g. adder block, exponential block). This is

represented in the schematic view shown in Fig. 3. The

same result could be achieved by the definition of the model

using a Verilog-A or an HDL script [26,27].

The cell CT03 emulates the dynamic sensor response to

gas pulses (Fig. 4). The input to this cell is a voltage value

corresponding to the steady-state sensor response Rin

(1 V ! 1 V) calculated by the eSR04 block previously

Fig. 2. Polymeric chemoresistor standard cell. (a) Schematic view. (b) Symbol.
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described. The transient behaviour of a resistive gas sensor

can often be approximated by a second-order multi-

exponential model [11,18,19]. Two unity-gain second-

order low-pass filters have been used to simulate the

exposure (or on-dynamics) and recovery (or off-dynamics)

of the sensor; the off-dynamics is generally slower [20,21].

The selection of the cell output ðRoutÞ is achieved using a

switch sub-cell (Swtc04, in Fig. 4), which passes the higher

out of the two filter outputs. This selection also avoids the

occurrence of sharp changes in the output voltage when the

simulation requires a gas switching before the steady-state

condition is reached. The switch sub-cell acts as an ideal 2:1

multiplexer where the output voltage is equal to one of the

two inputs in1, in2 depending on the voltage difference

between the control signals sc_p and sc_n. In order to obtain

a good portability of the model, the cell functionality is

defined by both ahdl and verilog-A scripts. The filters are

realized with ideal passive components (independent of the

temperature and noiseless) connected as shown in Fig. 4.

The transfer function of a second-order filter can be

written in Laplace s notation as follows:

Hlp2ðsÞ ¼
1

1 þ
s

v1

� �
1 þ

s

v2

� �

¼
1

s2

v1v2

þ s
1

v1

þ
1

v2

� �
þ 1

ð3Þ

The transfer function can also be written as a function of

electrical elements L; R and C :

Hlp2ðsÞ ¼
1

s2LC þ s
L

R
þ 1

ð4Þ

Fig. 4. Schematic view of the CT03 cell.

Fig. 3. Schematic view of the eSR04 cell evaluating the static sensor resistance.
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where

L

R
¼

1

v1

þ
1

v2

� �
; LC ¼

1

v1v2

R ¼ 1V ð5Þ

The cell acts as a functional block with no current flowing

from the input to output terminal. The resistance R can have

a value assigned to, e.g. 1 V, and the filter cut-off frequency

can then be determined calculating the C and L values which

are included in the model using following equations:

L ¼
1

v1

þ
1

v2

� �
; C ¼

1
v1v2

1
v1

þ 1
v2

� � R ¼ 1V ð6Þ

Thus, the cell requires only the values of v1off ; v2off ; v1on;

and v2on where on and off refer to on- and off-dynamics of

the chemoresistor.

The sub-cell vcR01 (Fig. 2) is a voltage-controlled

resistance implemented in the model via the following

formula,

IRþR2
¼ ðVRþ 2 VR2Þ=Vin ð7Þ

where Vin is the input voltage corresponding to the

simulated resistance value, IRþR2
is the current flowing

from the terminal Rþ to the terminal R2 and VRþ
;VR2

are,

respectively the voltages at the terminals Rþ and R2.

Since the dynamic system is composed of the sensor

itself and the SDS, a sub-cell SDS02 (Fig. 2) simulating the

gas transfer behaviour is also included in the model. Gas

transfer methods can be divided into two main categories

called headspace sampling and flow injection, but various

other methods can also be used [1,28]. In the former case the

headspace of an odorant material to be analysed is

physically removed from a sample vessel and injected into

a gas-tight chamber hosting gas sensors using either a

manual or automated procedure. In the case of flow

injection, a carrier gas can be used to carry the odorant

from the sample vessel into the sensor chamber. It can be

approximated that in the case of static headspace sampling

the actual gas flow behaves like the output of a unity-gain

first-order low pass filter where the input is an ideal voltage

pulse. Therefore, the structure of the cell SDS02 is very

similar the one of the cell CT03 where the two 2nd order

filters are replaced by two 1st order filters with different

poles to emulate different on-and off-dynamics. A further

switch sub-cell (Swtc04) and a voltage source are included

to allow the internal bypass of the SDS02 cell by setting the

voltage level to a negative value.

2.2. Noise model

Signals from gas sensors are often weak, noisy, and they

exhibit parametric drift and contain undesirable com-

ponents. The new model takes into account the presence

of noise in terms of both Johnson noise and flicker noise.

The noise factor is very important since the point at which

the signal-to-noise ratio drops below an acceptable level

sets the limit or resolution of an electrical circuit and

therefore the sensor system itself. Thermal (Johnson) noise,

caused by the thermal agitation of charge carriers (electrons

or holes) is present in all passive resistive elements [20].

The Johnson noise is spectrally flat and its root mean

squared (rms) voltage density, VJN; can be expressed as

follows:

VJN ¼ ð4kTRBÞ1=2 ð8Þ

where k is Boltzmann’s constant (1.38 £ 10223 J/K), T is the

absolute temperature in Kelvin (K), R is the resistance of the

conductor in ohms (V) and B is the bandwidth (Hz). The term

4kTR is a voltagepower density having units of V2/Hz. Thermal

noise is a fundamental lower limit on the noise of any device of

resistance R; and its magnitude is independent of the volume or

of other fabrication-dependent properties of the resistor.

In carbon-black polymer composite chemoresistors,

additional noise is observed with a power spectral density

that displays an inverse dependence on frequency of the form

1=f exp where the exponent exp is usually close to the unity but

different slopes have been observed in different materials.

Such noise is called flicker noise or 1=f noise and is associated

with the d.c. bias voltage applied to the resistor [20]. The

power spectral density of the 1=f noise scales with the square

of the bias voltage. Further factors that affect the level of

the 1=f noise in carbon black-polymer composite resistors are

the structure of the carbon black, its volume fraction in the

composite, the type of insulator, the resistivity of the

composite, and the method of resistor preparation [21–23].

The power density of the 1/f noise in carbon-black polymer

films is proportional to the resistor volume when the

correlation length of the resistive particle network is small

compared to the physical length scale of interest [22,23].

The Johnson and 1=f noise effects are included in the

polymeric chemoresistor model presented in this paper via

series of noise sources (WNs04, FNs04 in Fig. 2) created

with both verilog-A and ahdl scripts. The scripts make use

of the noise functions white_noise( pw) and flicker_noi-

se( pf,slope). The created noise sources accept as an input

the voltage power density at 1 Hz ( pw, pf), which is

evaluated by other sub-cells (eJN02 and eFN02). The flicker

noise source has a further parameter, slope, which allows for

the slope definition of the 1=f slope noise. The value of slope is

stored in the FNs04 cell and it depends on the type of

chemoresistor implemented (usually is 1). The noise

functions are active only during small-signal analysis and

return 0 otherwise, and different noise models can be

implemented by changing the verilog-A or ahdl scripts.

3. Layout the design and equivalent circuit

3.1. Layout design

The layout of the chemoresistive sensor, modelled in

Section 2, was designed using the Virtuoso layout editor
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according to the specifications and layout rules of the

Alcatel 0.7 mm CMOS process. This process was chosen

for possible implementation of our devices in smart sensor

design and low-cost fabrication through the Europractice

scheme. Fig. 5a shows the layout of the sensor electrodes

consisting of two square metal pads, while the cross section

of the carbon black polymer resistor is shown in Fig. 5b.

Minimum size dimensions were chosen for the pads while

the inter-electrode gap was chosen to be about 100 mm in

order to obtain a baseline sensor resistance of approxi-

mately 10 k V, based on the typical sheet resistances of

carbon-black polymers (RA ¼ 1 2 10 k V per sq. depend-

ing on the polymer thickness and the carbon black volume

fraction in the composite). There are two metal layers

available within the Alcatel 0.7 mm CMOS process. Both

of these layers are aluminium, but the ‘METAL 2’ layer

has a lower sheet resistance. It was decided to implement

the metal electrodes using the ‘METAL 2’ layer, which

requires an overlay opening to enable access for the

polymer deposition. This also has the advantage that other

layers can still be routed underneath this layer like a

‘METAL 1’ heater to ensure that the deposited polymer is

at the required temperature. Temperature control can be

achieved using a temperature sensor within the device (i.e.

temperature diode). Chemoresistors can also be constructed

from poly-Si or Pþ electrodes where a contact window

again has to be opened for possible electrochemical

deposition of electroactive polymers.

3.2. Equivalent circuit

Equivalent circuit of the chemoresistor layout is shown

in Fig. 6. Circuit includes parasitic capacitances: metal

pads capacitances Cp; metal tracks capacitances Ct; and

polymeric sensor capacitance CS: Capacitances are eval-

uated by the following formula given by Alcatel:

Cgnd ¼ L·ðW·C0
plane þ 2·C0 0

sideÞ ð9Þ

where

C0
plane ¼ 1:15=H

F

mm2

� �

C0
side ¼ 1:4·ðT=HÞ0:222 F

mm

� �

T is Poly, Metal1 or Metal2 line thickness, H is oxide

thickness between Poly, Metal1, Metal2 and underlying

layer, W is Poly, Metal1 or Metal2 line width and L is Poly,

Metal1 or Metal2 line length. Hence the track capacitances

Ct1;2 were calculated to be 320 fF, while the pad

capacitances Cp1;2 were estimated to be 210 fF. The metal2

track resistance is Rt ¼ 2:34 VðRA ¼ 35 mV per sqÞ:

Finally, the capacitance of the polymer sensor CS can be

calculated from the finite co-planar electrode geometry

using the following equation based upon Jacobean elliptical

integrals of the second kind:

CS ¼
b10

2Ap
1sub

ð0

21

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk2x2 þ w2=4Þðx2 þ w2=4Þ

p
"

þ1p

ðL

0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk2x2 þ w2=4Þðx2 þ w2=4Þ

p
þ
ðþ1

L

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk2x2 þ w2=4Þðx2 þ w2=4Þ

p
#

ð10Þ

Fig. 5. Polymer chemoresistor layout. a) Layout view of the metal sensor

pads; the two squares (96 mm £ 96 mm) filled with dashed lines represents

the metal pads and the crosses indicate the openings on the above insulator

(Nitride) to allow the access to the metal pads. b) Cross-section view. The

polymer is deposited across the two openings in a process subsequent to the

standard CMOS process. All dimensions are in mm.

Fig. 6. Equivalent circuit of the polymeric sensor. Sensor capacitance CS; pads capacitances CP; metal tracks resistances Rt; and capacitances, Ct; are all taken

into account. The sensor resistance RS is represented with its baseline value.
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where b is the breadth of the electrodes, w is the separation

of the electrodes, L is the thickness of the polymer film, 10 is

the dielectric permittivity of free space, 1sub and 1p are the

dielectric constants of the substrate and polymer film, k is

the geometric parameter equal to w=ðw þ 2dÞ where d is the

depth of the electrodes, and finally Ap is another geometric

constant computed from the following complete elliptical

integral:

Ap ¼
ðw=2

0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2k2x2 þ w2=4Þð2x2 þ w2=4Þ

p dx ð11Þ

The three integrals in Eq. (10) represent the capacitance

associated with the substrate, film and air. The first and third

terms will be largely the pad value provided above for

Metal1; the second term can be simplified when the

electrode separation w is smaller than the electrode depth

d and thus an approximate equation (excluding the pads) is

given by:

CS <
b101p

p
ln

1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ w2=4L2

p

w=2L

" #

For, say, an electrode breadth b ¼ 100 mm; width w ¼

100 mm; film thickness L ¼ 10 mm and dielectric constant

1p equal to 10, the capacitance associated with the film is

only 0.70 fF. So the sensor capacitance is dominated by

the parasitic capacitance of the two electrode pads, which is

a total of 420 fF, rather than the inter-electrode capacitance.

4. Simulation results

The model described in the above section was verified

and used to simulate the behaviour of carbon-black polymer

composite sensors when exposed to a single gas or mixture

of gases. The complete cell comprising a chemoresistor

model, schematic representation and a layout design, was

used in a voltage divider configuration shown in Fig. 7. In

this simulation a d.c. voltage of 2.4 V is applied to the input

while the output signal is the voltage difference across the

sensor terminal Rþ;R2: A voltage divider configuration has

been chosen here, as recommended by some gas sensor

manufacturers, in order to convert the sensor resistance into

a voltage that can be further processed, amplified or

interfaced to other devices.

The variation in resistance of the gas-sensitive device

(typically 1–50%), subsequent to exposure to a gas of

concentration C; can then be measured through the change

in the output voltage Vout which is function of the sensor

resistance RS :

Vout ¼ Vref

RSðCÞ

Rref þ RSðCÞ
ð12Þ

The sensitivity S of the potential divider is defined as

S ¼
dVout

dRS

¼ Vref

Rref

ðRref þ RSðCÞÞ2
ð13Þ

which has a maximum for Rref ¼ RS: The reference

resistance value was chosen to be equal to the sensor

baseline value (10 k V) to maximize sensitivity for small

Fig. 7. Schematic view of the potential divider circuit used to test the cell.

M. Cole et al. / Microelectronics Journal 34 (2003) 865–875 871



changes of RS: Gases injection and sensor temperature are

simulated by voltage sources.

Fig. 8 shows the simulated behaviour of carbon-black

polymer resistors while Table 1 summarizes the parameters

used in the equations and Cadence sensor model. The

coefficients are obtained from measurements on real

polymeric gas-sensitive films made at the Sensor Research

Laboratory at Warwick University [24]. The transient

response to a gas pulse of 1000 ppm (Fig. 8a) is shown in

Fig. 8c where it can been noticed that the gas presence

causes a sensor resistance (RS) increase of about 5% with

respect to the baseline value. Left-hand plots show the effect

of temperature on the chemoresistor response and the right-

hand plots show the effect of humidity variation. Plot labels

are referred to nets in Fig. 7 and, for nets internal to the

sensor model, to Fig. 2. C is the voltage input representing

the gas concentration injected into the measurement

chamber while R is the output voltage value of the eSR04

cell (see Fig. 2) corresponding to the static sensor resistance.

Rdyn is the dynamic sensor response, expressed in volts,

evaluated by the CT03 cell. It can be noticed that the return

to the resistance baseline value is slower than the change

after gas injection. In this, the block simulating the real

SDS, SDS02, is bypassed and the dynamic response shown

is due only to the gases interacting with the polymeric film.

The temperature and humidity effects evaluated as the ratio

between the voltage across the sensor Vout and the current

IRþR2 are shown in Figs. 8d and i. It can be observed that a

temperature change of 10 8C causes a decrease in the sensor

response of about 2% with respect to the baseline value.

When low gas concentrations have to be recognised, the

temperature effect cannot be neglected and an accurate

temperature compensation/control system should be used.

Humidity produces a slight decrease of the sensor resistance

(Fig. 8i) because the carbon-black polymer here is weakly

hydrophilic. Water vapour also affects the baseline

resistance because it is present in the reference gas.

Fig. 9 shows the total electrical noise and the

contribution of each noise source at the circuit output

obtained by noise analysis. In the simulation the noise

power density is evaluated considering a normalized

bandwidth equal to 1. It should be noted that in carbon-

black polymer resistors the total noise is dominated by

the flicker noise; the thermal noise is much lower. The

slight difference between the thermal noise of the sensor

and the reference resistance Rref is due to the different

temperature. In fact, while the reference resistance is at

ambient temperature, the polymer chemoresistor is heated

and kept by a control system to a higher temperature

than the ambient temperature (50 8C in the simulation).

Recent measurements on thin films of carbon black-

polymer composite resistors have shown an interesting

Fig. 8. Transient analysis responses during 1000 ppm gas injection for two different sensor temperatures (40 and 50 8C, absence of humidity, left-hand plots)

and two different water vapour concentrations (0 and 10 kppm, temperature ¼ 40 8C, right-hand plots). (a) and (f) show the simulated gas pulse, (b) and (g) the

static sensor response, (c) and (h) the dynamic sensor response, (d) and (i) the sensor resistance evaluated as the ratio between the voltage across the sensor Vout

and the current IRþR2; (e) and (j) the output voltage.
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behaviour of their noise spectra, displaying different

slopes (1=f and 1=f 2) in different frequency windows.

Such kind of noise can also be implemented with

Cadence by using the piecewise linear function noise_

table. However we cannot offer here an explanation for

this unusual behaviour.

4.1. A.C. simulation

An a.c. simulation was also performed in order to

establish the circuit bandwidth. For this purpose, the

developed model also includes parasitic elements

calculated in Section 3.2. Fig. 10a shows the a.c. simulation

Fig. 9. Noise analysis responses for the polymeric chemoresistor model showed in Fig. 5; refer to Figs. 5 and 2 for symbols meaning.

Table 1

Model parameters used in the simulations

Parameter used in the

Cadence model

Value(s)a Symbols used for Cadence parameters

in Eqs. (1–10)

Description

Cgas 1 k CG Gas concentration (ppm)

Humid 0, 10 k CH Humidity concentration (ppm)

Temper 40, 50 T Sensor temperature (8C)

KsH 31.32 KsH Temperature coefficient for the humidity (8C)

kH 294 n kH Sensitivity coefficient for the humidity (1/ppm)

GammaH 1 gH Power low exponent for the humidity

Slope 1 – Slope of the flicker noise ð1=f slopeÞ

Vol 3.54·10215 – Polymer volume (m3)

X 35.4·10227 – Polymer coefficient to evaluate flicker noise.

SDS_Ct 21 – SDS control (positive ! active, negative ! inactive)

w1SDS_off – – Pole for off-dynamics SDS

w1SDS_on – – Pole for on-dynamics SDS

w2_on 10 k v2on 2nd pole on-dynamics chemical transient

w2_off 4 k v2off 2nd pole off-dynamics chemical transient

w1_on 10 m v1on 1st pole on-dynamics chemical transient

w1_off 4 m v1off 1st pole off-dynamics chemical transient

Ro 10 k R0 Sensor baseline resistance (V)

Ks 88.42 KsG Temperature coefficient for the gas (8C)

k1 3.2 m kG Sensitivity coefficient for the gas (1/ppm)

Gamma 1.07 gG Powder low exponent for the gas

a The values of the parameters used for simulations are obtained from measurements on carbon-black polymer films performed at the School of Engineering

of the University of Warwick with exception of the noise measurements which were performed by the University of Torvegata (Rome).
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of the circuit shown in Fig. 7 where Vout is normalized with

respect to its d.c. value. The evaluated bandwidth is less

than 20 MHz and is mainly determined by the polymer

capacitance and, actually, all the electrical parasitic

elements can be neglected. In Fig. 10b the transient analysis

of the circuit is also shown. From a comparison with the

transient analysis in Fig. 8 it is clear that the dynamic

response of the system is dominated by the chemical

interaction rather than electrical properties. Furthermore,

the electrical time-constant of the polymer chemoresistor

may be estimated from the above calculations to be around

0.5 nF and this is several orders of magnitude smaller than

the time-constants observed in practice. Thus, it is evident

that the transient response of these sensors is associated with

the chemical interaction between the gases and polymer film

and typically lies in the range of 1–10 s. So the time-

constants must be found experimentally for the precise

choice of gas and polymer film.

5. Conclusions and future work

We have presented a newly developed model used for the

design and simulation of a resistive polymeric cell that can

be standardized and used in the design of smart gas or ASIC

based systems. The model simulates the chemical static

response and chemical step response to a gas or mixture of

gases. It takes into account the temperature, humidity and

sensor noise effects. The modular structure of the cell allows

for versatility and adaptability. Changing values of the

parameters it is possible to implement different polymeric

chemoresistors with different sensing characteristics.

The new model was tested in a potential divider

configuration, which is very simple to use but does possess

some disadvantages. Firstly, it is not very sensitive to very

small changes in RS: Secondly, the output voltage Vout

depends not only upon the input resistance of the next

device but more importantly on the temperature-depen-

dence of the sensor itself. The use of an active divider where

the reference element is a duplicate of the sensing element

(but does not sense the gas) can obviate this drawback [2].

The model will be extended to ratiometric circuit

configurations in order to reduce temperature dependence

and sensor drift. Noise reduction can be performed through

dynamic offset-cancellation techniques like auto zero and

chopper techniques. [29,30]. The model is complemented

by the addition of the layout view and it also includes real

parameters such as contacts’ impedance and bulk capaci-

tance. The advantage of the standard layout and the model is

that it can be implemented in different technologies (e.g.

Alcatel1, AMS2).

The cell SCCP07 is available from the website, http://

www.eng.warwick.ac.uk/SRL.
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