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ABSTRACT

This thesis presents a gas sensor readout IC for amperoraettic
conductometric electrochemical sensors. The Analog Front-End)(Adelout
circuit enables tracking long term exposure to hazardous gas fardessel and
gasoline equipments, which may be correlated to diseases. Thus eitteodetind
discrimination of gases using microelectronic gas sensor systequired. This
thesis describes the research, development, implementation and test ofandmall
portable based prototype platform for chemical gas sensors to eraklepower
and low noise gas detection system. The AFE reads out the outpaighof
conductometric sensor array and eight amperometric sensor afitagsIC
consists of a low noise potentiostat, and associated 9bit curreritgt® AC for
sensor stimulus, followed by the first order nested chopp&dADC. The
conductometric sensor uses a current driven approach for extractidgctance
of the sensor depending on gas concentration. The amperometric sensar uses
potentiostat to apply constant voltage to the sensors and an I/V ®nteer
measure current out of the sensor. The core area for theésAEB5x0.95 mih
The proposed system achieves 91 dB SNR at 1.32 mW quiescent power
consumption per channel. With digital offset storage and nested chopipéng,

readout chain achieves 50V input referred offset.
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CHAPTER 1
INTRODUCTION
Diesel and gasoline engines produce combustion gases and exhasst fum
which contain a complex mixture of over one hundred types of gasefnand
particles. The widespread and growing use of diesel and gasolineegowe
equipment has raised concern due to several links associated wittn huma
exposure to the diesel exhaust and lung diseases [1], [2]. High eccamd
sensitivity measurement and analysis of exposure are critica@iorrelating
diseases to certain chemicals. The detection and discriminatigase$ using a
microelectronic gas sensor system is required in various indastiydomestic
applications such as automobiles, safety, indoor air quality, and medioid
food industries. As such, since the beginning of the twentieth centany m
biologists, chemists and electrochemists have been tryindhdacaaterize the
electrical activity that results in chemical reactionghie different types of bio-
chemical sensor systems that have excitable membranes rsr. [Blye reason that
this is important is because it helps biologists, scientisteagtheers understand
how the bio gas sensors work with harmful chemical particles, hows@eof
artificial engines create more harmful particles, and howgdw controller or
agent controls can remove exhaust gases. Furthermore, it helpdiagntose and
treat the respiratory nervous system of not only children exposexhaust from
gasoline or diesel buses and cars but also workers in the mamuigct
environment [1], [2]. In particular, chemical/biological sensogenés have

attracted attention from both academia and industry becauseirofpipécation,



efficiency and performance. Several types of chemical sensors been
introduced in the past that can sense fatal chemical/biological agents eveshin har
environments.

One of the powerful approaches to the characterization of respiratory
ailments is analysis of electrical data from gas senBegending on the research
goals, scientists, medical doctors, or engineers who wish to phateen health
may decide to perform the analysis of chemical effects of hsnaad living
things due to a hazardous environment by using a diesel and gasolues
system [2]. The electrical data captured from gas exhaust pravidemedical
doctors with the ability to study respiratory diseases, deterimme the gases
affect the human body, and evaluate responses to external stisel.gTo
provide the information for medical doctors or clinical instructors, afsspecific
gases and chemical sensors simplify the collection and anafydéta. A typical
gas sample is composed of nitrogen dioxide {\©@arbon dioxide (C¢), and
hydrogen sulfide (HS) which are found in hazardous environments such as
automobile engines and manufacturing environments containing handing and
washing chemicals. Without the rest of the other gases, like nxyyerogen,
and nitrogen, present it is possible to stimulate the exhaustegasr detection
system electrically or chemically and determine how it teeagith their
equivalent electrical model. This is an important tool in theticreaf electrical
models of gases. One common application of the system of egtigases is to
gather information about the characteristics of reduction and mmdetiannels.

The collection of gas characteristics from the gas detectisterayprovides the



ability to determine how a gas sensor behaves and which senston®aue
more sensitive when exposed to certain dangerous gases.

The objective of this research is to provide improvements in theose
and microelectronics used for performing exhausted gas detat@tomobiles
or manufacturing machines. This thesis describes the researaipmiaent,
implementation and testing of a small, portable prototype platforncHemical
gas sensors to enable a low-power and low-noise gas detecttamsyThe
following requirements for this li-ion battery operated chemgsmisor system
must be satisfied: weight, size, lifetime, and performanctorBealelineating the
specification for the low-power, low-noise and mobile chemicataoeiectronics
with both conductometric sensor (single wall carbon nanotube sensor) and
amperometric sensor, different types of sensors were studire@nalysis and
comparison of conductometric, amperometric and other chemical sesstr as
capacitive or huge resistance sensors was also performed asgdribatkin this
thesis.

Electrically gathering chemical sensor data is a forrme&surement, and
all measurement systems contain imperfections. By minimizihgset
imperfections, the quality of the sensor output results can be nzaximihe
electrical information measured from the gas sensor systensssts mainly of
DC or low-frequency signals. The amplifiers and integrators uséagei systems
are generally CMOS based. It is well-known that CMOS cir@rgsan enormous
producer of flicker noisel(f), a noise process that produces increasing noise as

the frequency is reduced. To reduce this noise problem, design esgusser



transistors with large width and length or employed filteringghdugh lager
transistors reducel/f noise, they also take up a huge space which limits
fabrication cost and the number of sensor interface channelgahabe used
simultaneously. Applying filtering can cause a loss of sensasarement data in
addition to taking up extra space in fabrication. Instead of conventional
approaches, the approach proposed in this thesis is to use the well+kested
chopper modulation technique to reduce the effects of low-frequency sode,

as dc offsets, flicker noise and residue offset, generated byphiestages of the
CMOS amplifiers, switched capacitor switches and chopper wgitcithis
approach provides a significant reduction in the required noise aretsofihe
smaller core size and footprint reduces die area; as &, m@sue channels can be
used in the electrochemical systems.

The novel contribution of this thesis includes demonstration of the nested
chopper stabilized technique, shows suppression of fl{dBrnoise as well as
DC offset and noise of integrator, and applies the chopper stabiiziedique to
conventional switched capacitor sigma delia\)( analog to digital converter
(ADC).

In the next chapter, background information is provided on the
conductometric sensor based on single wall nanotubes (SWNT) and the
amperometric sensor based on planar microelectrodes. This tloggisgs a low-
residue offset, low-power and mobile-based CMOS interface tiyctdior
conductometric and amperometric gas-chemical sensors. A desplakfierm

system should be battery operated and as small as a welaadple. To satisfy



the size and power consumption requirements of the system, an irdegaste
readout IC, data acquisition, and data signal processing module was developed.
This thesis is organized as follows and focuses on the low-noise, low-
offset and low- voltage analog front-end interface circuitrydusemobile based
gas detection applications, which require small physical an€al@av noise.
Chapter 2 presents the background information for the basitroeleemical
sensors and previous works. Also, it describes the flickBrr{@ise and dc offset
noise as well as their reduction techniques. Chapter 3 introdgecesa delta ADC
theory and operation as well as decimation theory and operation. CHapter
discusses architecture of CMOS interface circuitry, theilsiion of each circuit
block and presents simulation results. In chapter 5, transistor level inmétioe
and post-layout simulation results will be shown. Chapter 6 disctisseship
measurement results and tests the designed portable plaffbendesigned
interface will be connected to the electrochemical sensaysrrand the
performance of the full system will be described. Chapter 7istsnsf the

conclusions and accomplishments.



CHAPTER 2
REVIEW BIOSENSORS AND PREVIOUS WORKS
2.1 SENSORS, BIOSENSORS, TRANSDUCERS AND ACTUATORS

According to etymology, the word transducer is derived from than Lat
verb “transducere-traducere” which means “to transfer-to trais|§3].
Therefore, a device that transfers or translates energydnenkind of system to
another form is termed a transducer. In the instrumentation envirgnanent
transducer is used to indicate a device whose input and output Ingidogihe
same signal domain can be identified as a transistor.

A sensor may be defined as a transducer that converts a sigsaine
specific form into an electrical signal like current and voltageactuator, on the
other hand, can be defined as a transducer that converts arcalesignal or
energy into a signal of another form, usually a mechanicallsijraother form
or a mechanical signal for motors and switches [3].

Examples of sensors as transducer are pressure sensors, ptd aadso
phototransistors. Examples of actuators are solenoids, piezoebb®ircmes and
laser diodes. An electrode at which hydrogen or oxygen is deddrg applying
a potential is an example of a chemical actuator. A digplayspecial kind of
transducer that converts an electrical signal into a displayLEd® or LCD to

readout the electrical signal.
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Figure 2.1 General features of a chemical sensor.

2.2 FEATURES OF CHEMICAL SENSOR

Three general features can be identified that make up a chesaitsor
[3], [6]. These include a selective surface, a transducer, and caspoy as
depicted in Fig. 2.1 below. The selective surface allows f@eaific interaction
with the garget analyte, where analyte refers to be compound wbogmsition
or presence is being sought. The surface can be modified bgdthion of
ligands or catalysts that provide specific recognition featurés. tfansducer
tracks the association of the surface with the analyte. Formeathe transducer
may be a polymerie material that changes its electriesistance with the
incorporation of the analyte. Alternatively, the transducer maygehaolor or
modify the transmittance of light passing through it. Some sige&tction,
processing, and amplification are carried out to generate acptamiitput signal
used by the process controller. The final signal coming froms#mesor is
electronic so that it can be interfaced to standard controllers or data loggers.

The main limitations of many chemical sensors are assdciaith the
selectivity of the response to the target analyte comparidting response seen

for potential background or contaminating compounds [6]. In a constant
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background there is little need for selectivity, but in a morec&psensing
situation the background concentration changes in unknown ways due to the
presence of similar chemical components or “active” speciesvelbs as
temperature and pressure fluctuations. A typical interferencenany gases
sensing situation is the background moisture or humidity levelishatnstantly
undergoing variations.

The main types of chemical sensors developed to date rely onceleot
optical transduction technologies [6]. To a lesser degree, physaceldtiction
processes such as displacement tracking, due to pressure or terepaediated
effects, may also be used, but it is often the case that the operation désioes
rely on electrical or optical signal modulation. Within the eleat transducers, it
is convenient to divide them into amperometric, potentiometric or conueicit
sensors depending on whether the measured signal is the currente waltag
conductance, respectively. Optical sensors include those that mdratdigiit
absorption, refractive index, polarization, or fluorescence of a traesduerhaps
at many different wavelengths and using continuous or variable iingluit
schemes.

The main work in the development of sensors is on designing, finding or
fabricating new materials. The following discussion will focusintyaon the
chemical sensor technologies. Broadly speaking, the chemical sem@soise
categorized as either resistive or capacitive. As the namessigg@ resistive
sensor changes resistance when exposed to a chemical of intdrestas a

capacitive sensor changes capacitance when exposed to a chemical if intere



Table 2.1. Electrochemical Sensor Transduction Mechanisms [6]

Transducer

M echanism

Signal

Example Sensor

Amperometric

Electron charge
transfer  reaction
(Faraday'’s law)

Current: due to
production or
consumption of
electroactive species

Oxygen, some
hydrocarbons,
hydrogen peroxide,
fuel cells

Potentiometric

Multiphase
equilibrium
(Nernst Equation)

Potential: due to
distribution of ionic
species

Glass pH electrode,
ion selective electrode

Conductomeric

Variation of
resistance with
composition

Conductance or
resistance: due to
change in resistive
elements

Metal-oxide-
semiconductor gas and
humidity sensor, the
oxide gas sensors

Electrochemical sensors include the familiar wired or printectredes as

well as metal oxide semiconducting devices, devices, fue| aailselective field

transistors (ISFETS), interdigitating electrodes, high-teatpee solid-electrolyte

systems, and chemi-resistors [3], [6]. A current trend in maeynccal sensors is

toward miniaturization and micro fabrication that can impart novabgties to

sensors, thereby affecting their selectivity, sensitivatygd stability. This thesis

does not explore all the latest research variations and innovatiofschses on

devices that are commercial or near commercial. Recesanas results can be

found in specialized journals devoted to chemical sensing and aahlyti

chemistry.

2.2.1 Electrochemical sensors:

Table 2.1 lists the three main types of electrochemicedags. They are

explored in separate sections below, with specific examplesilligttate the
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important features [6]. Not all sensors can be exactly caregloin this way since
they represent only limiting behaviors. Nevertheless, such distinctmes
routinely used and widely adopted in the chemical sensor literature.
2.2.1.1JAmperometric sensing

An amperometric chemical sensor is composed, at a minimum, oof tw
metal electrodes maintained at a constant potential (voltageredi€e. The
current flowing in a closed circuit (which is established awoditored by suitable
electronics) through the two electrodes is measured and irglitatgresence of
electroactive species. The relationship between the moles, Neafoactive
species reacted (either oxidized or reduced) and the chargedpiésough the

sensor, Q, is known as Faradays’s law

N= (2.1)

nF
wheren is the number of electrons transferred per mole fansd the Faraday
constant (F=9648T/mol). By monitoring the charge over time, which is the
current, the amount of electroactive compounds can be deduced. To operate as
true sensor, however, some selectivity is required, and this carhleved by the
choice of a suitable electrical potential, by the introduction edtalytic reaction
step, and/or through perm selective membranes. For examples, aconathod
for the detection of dissolved oxygen in liquids is through the usesofcalled
polarographic electrode. In this chemical sensor, the reduction afeoxis
followed at constant potential by monitoring the current passirigelea a

working platinum (Pt) electrode and a silver/silver chloride (Agf€ference
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electrode. At steady state, the current is proportional to thelkss oxygen
concentration. This is often reported as an equivalent particle upgess
corresponding to the oxygen concentration and is a gas phase that wawnld be
equilibrium with the actual liquid-phase concentration.
2.2.1.2Potentiometric sensing

A potentiometric chemical sensor is composed of many of the garte
as an amperometric sensor, except that voltage is measured ondigoons of a
small, often negligible current. The most important feature potentiometric
measurement is that equilibrium conditions are established betvestroactive
species in solution and at the electrode. This is in contrast thfthsion-limited
condition just discussed for amperometric measurements and leaglations
between voltage and concentration that are logarithmic rather than linear.
2.2.1.3Conductometric sengin

The electrical resistance change that accompanies the fiterat a
target analyte with a conductive layer (typically a polymerceramic) held
between two electrodes can also be used to construct a sensore$icels dre
generally known as conductometric or resistive sensors. Theserseare one of
the simplest types of sensor to construct and have been widelyhugasl sensing
applications. At the same time, however, they are among theuledsrstood in
terms of their selectivity properties. For this reason, métlysoapplications have
been discovered by empirical modifications to various selectiverdagnd to
electrode physical design. The result is that conductometriorseofen require

detailed calibration with a variety of potential interferentoider to carefully
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define the selectivity and be commercially useful. Nevertheteese sensors are
generally inexpensive and the perceived disadvantages are easily outweighed.
The electrodes in a conductimeric sensing circuit contact wistive
element in such a way that direct current or alternatinggotimeasurements can
be taken with the resistive layer exposed to the sensing fluichrptien of the
analyte occurs both at the surface and within the bulk of the edatehich leads
to changes in the electrical resistance. Such measurementsuedly be done
very accurately using two particular types of layers: metade semiconductors

and conducting polymers.

2.3 CONDUCTOMETIRIC (RESISTIVE) CHEMICAL SESNORS

Resistive chemical sensors form another generally used typensbrs
[4], [5]. The basic mechanism of resistive sensors may varg bne sensor to
another, but the first principle behind the mechanism is either chkeregction
or polarization. In lon-Sensitive FETs (ISFET) sensors likamsistor, a CMOS-
like structure is used as a sensor [71]. The difference betweedMI&S and
ISFET is that the gate of ISFET is coated with a polarizatenal that reacts
with or attracts the interesting chemicals in a solution. Whemwlibaical exists
on the gate of the structure, the amount of inversion in the channa dévite
changes due to the change in effective gate potential. In f@tesults in the
change of resistance after chemical reaction. In non-trandilst resistive

sensors, the chemical of interest directly forms a bond withsénsor, which
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triggers a transfer of excess charge carrier into the seBiscin. a transfer results
in the change of resistance.

The sensitivity of resistive sensors may vary a lot from setaseensor,
but the sensitivity can be partical per trillion (ppt) [2] whieeytare heated or are
activated. Because the statistical information on many seirssoct available in
most papers, an accurate performance characterization of sénswt easy to
conduct. The response time is usually longer than that of the ¢cepaghsors
because the sensor has to react with the chemical. In mest ta&s reaction time
is around 1 millisecond to 10 minutes, but this can also be reducaaglhr
heating and chemical coating.

A drawback of general resistive sensors is that their basgaece is hard
to control. For example, in carbon nanowire sensor case, the basgnoesisan
change from 1 i@ to 1 Q2 [4], [5]. Given the necessary signal to activate the

sensor, and the fact that base resistance chanBe,s proportional to the base

resistance R, the dynamic range of the sensor interface Wwauklto be large
wide. A fair comparison among the sensor is very difficult to condecause of
limited information provided by the published results. In the followsegtion,
conductometric sensor based carbon nanotube sensors is studied dyeitifical
the context of building a low- noise, low-offset and low-power chensieasor
system.

Resistive chemical sensors are used because of their adsanjage
sensitivity to relevant gases, low production costs, and small Bmes, it is

convenient to design miniature gas detection system with thasersg6]. The
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mechanism of resistive sensors may vary from one sensor to arthdre main
principle is a change in resistance according to a cheme&attion or
polarization. In fact, they react to the presence of the gasesrying the
conductivity; therefore, they can be considered resistive sensorstefiace with
such sensors, which can have resistance values varying fromf t&@go tens of
GQ, different coating solutions have been developed. In general, thewsgnsit
resistive sensors may vary significantly from sensor to sémgothe sensitivity
can be high with prolonged exposure to hazardous gases.

One of the disadvantages in resistive sensors is the resporse tim
Generally, the response time of the resistive sensor is lohgerthat of the
capacitive sensors. The other drawback of resistive sensors thehsensor’s
base resistance is hard to control. Since the dynamic ddrige sensor interface
is large power dissipation is required. Furthermore, generatives sensor
applications need to reduce offset and noise at low frequency bebausensor

signal is very low frequency.

2.3.1 Carbon Nanotube (CNT) Chemical Sensor

The discovery of carbon nanotubes (CNTs) has generated and kept interest
in developing CNT-based sensors for many applications [7]. The @Nility to
sense chemicals was first demonstrated in [10]. Much résaat results were
published on CNT sensors based on a bare CNT, a CNT transistorfiemafa
CNTs [4]. The application of CNTs in next-generation sensorshiegsdtential of

revolutionizing the sensor industry due to their inherent propedigs & small
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size, high strength and high electrical and thermal conductiVitg CNTs were
shown to be one of strong candidates for the next-generation cheemisalr,s
first introduced in the pioneering work by Kong et al [10].

As mentioned before, each type of CNT sensors has its own adwantage
such as easier fabrication steps, high selectivity, high setsit@wid high yield.
Single-wall carbon nanotube (SWNT) sensors are an espepgiylar CNT
sensor. This gas detective sensor has chosen a SWNT insteadltiofvati
carbon nanotube because of simple structure to sense the gas chemicals.

A bare carbon nanotube can sense ldihd NQ as shown in Fig. 2.2 and

2.3. If the gate voltage is fixed 4y (4V) as shown in Fig. 2.2, the CNTs
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Figure 2.2 Changes of electrical characteristics of &NSWh exposed N@
and NH (a) Nanotube diameter is ~1.8 nm. (b) I-V curve before aret aft
exposure to NHl (c) I-V before and after NOexposure. J. Kong et al [10].
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Figure 2.3 I-\{s curve for NO Current N&X(circles) and NH (squares)

exposures.
response to the exposure of chemicals could effectively be irtepas the
resistance change of CNTs. Therefore, by reading out thetamse value of
CNTs at a fixed gate bias, the concentration of specific @alsl e inferred. Fig.
2.3 shows a CNT device is a P-type with negative threshold votiagehe shift
of the voltage curve is the shift in the threshold voltage of theceetdowever,

CNTs take more than 500 seconds to fully react with the chennicals at that
concentration. When the concentration of gas increases, the response time
decreases. The response time can actually be decreasedchystom surface of

the CNT. The coating increases the bonding sites for moreicilestoms, which

in turn decreases the response time from 5 second to 10 seconds [4].

The SWNTs (single wall cabonanotubes-COOH 80 ~ 90% purity) were

obtained from Carbon Solution, Inc. (Riverside, CA). Works introduced in the
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AC Dielectrophoresis

Figure 2.4 SWNT fabrication process

following fabrication for this sensor are built by biochemical & University of
California, Riverside. The fabrication process is shown in Fig. 2.4.

The nanotubes (1Qug/ml were ultrasonically dispersed in N, N-
dimethylformamide (DMF) and the suspension was centrifuged at 31,800rG
90 min to remove the non-soluble fraction and aggregates. Preparatibe of
SWNT solution is depicted in Fig. 2.4. The Sifdm with the thickness of 300
nm was deposited on highly doped p-type Si substrates using thealtherm
Chemical Vapor Decomposition (CVD) deposition technique. The Cr/A1&R0/
nm) electrodes were subsequently e-beam evaporated on SiO2/3atmshsthe
gap between two electrodes and the length warenand 200um respectively.
For randomly oriented SWNTSs, Ol of SWNTs suspended in DMF was placed

on top of electrodes using micro syringe or inker.
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Sensor resistance was controlled by drop size and SWNTs solution
concentration. For aligned SWNTs, Qu2 of SWNTs suspended solution was
placed on top of gold electrodes applying 0.36 VRMS at 4 MHz frequency
Sensor resistance was adjusted by deposition time. Resigtaneases with the
decrease in deposition time. To reduce the contact resistancesbetigetrodes
and SWNTs and remove solution residues, the assembled sensors neaiedn

at 300 °C for 1 hr under the reducing environment of 5%nH\,.

2.4 AMPEROMETRIC SENSOR

The following sections describe aspects of electrochemicalekewdro-
analytical chemistry. Amperometry is a special form of voitetery, because
the potential is kept constant and the current is the sensor outputveicia is
recorded as a function of time. In other words, voltammetetyeisrteasurement
of the current which flows at an electrode as a function opdhential applied to
the electrode. As a result of a voltammetric experiment, tieemt-potential

curve is recorded for chemical reactions like oxidation and reduction (redox).

2.4.1 Faradaic Current

Under equilibrium, and in the absence of an externally applied voltage, a
single polarizable electrode resting in solution will develop anpalebased on
the ratio of the solution’s chemical species [8]. When a voltaffieisuatly larger

than this equilibrium potential (an over potential) is applied to kbetrede, the
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system is forced out of equilibrium and results in a reduction/oaiddtedox)

reaction of the form:
O+ne &R (2.2)

where O is the oxidized form of the specias,is the number of electrons per
molecule oxidized or reduced, is an electron, anR is the reduced form of the
species. For every reduction or oxidation, electrons are traegfEom solution
to electrode or vice versa. This results in a faradaic cuaeithe electrode
surface. Among other parameters, the faradaic current is aiociunot the
concentration of the oxidized species and the electrode area. Thusgdkared

faradaic current corresponds to a specific ion concentration.

2.4.2 Amperometric Sensor
Single electrode systems are operationally impracticausecof there are
no electrical signal paths. A typical sensor configuratiorhés three-electrode
amperometric cell. The three electrodes are the count elec{fodg the
reference electrode (RE), and the working electrode (WE), as shown in Fig. 2.5
On all boundaries between electrodes and solution there exists double
layer capacitorCqy . This capacitor will be discussed later. The faradaic reaofion
interest occurs at the WE. The RE, which ideally draws zenm@rmris a non-
polarizable electrode that tracks the solution potential. Consequitatlyotential

between the electrode and solution which induces the faradaicore&tyiven

by:

1

VWE _VRE VCELL (2-3)
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Figure 2.5 Amperometric Sensor Symble by using Flexible-Wearaldeiscr
printed Electrode (SPE).

The amperometric cell’'s potential is defined by (2.3). The Gdblkes the
potential of the solution to be set via secondary redox reactions aragsde
current necessary for the faradic reaction. To keep constant vbkageen WE
and RE, a potentiostat is used. The potentiostat can be defineddiascta
analytical application of the Nernst equation [71] through measureafiehie
potential of non-polarized electrodes under conditions of zero curiém.
measurement is thought to be performed in thermodynamic equilibrivnee S
only the potential of the half-reaction is of interest, a refegeelectrode is
necessary. Reference electrodes are therefore of specprtamce for
electrochemical experiments. Without a stable referenceredie, no reliable
electrochemical sensor can be made. Reference electrodals@i®msed on the
principles of the Nernst equation. The normal hydrogen electrode (NHE)

calomel and the Ag/AgCI electrode are detailed in [71].
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Research articles on CMOS interfaces to amperometricayasors have
also been published in the past. Two different electrode configuraiershown
in Fig. 2.6 (a) the two-electrode system consists of a referelectrode (RE) and
a working electrode (WE). A potential is applied to this etettemical cell and
the current is recorded as a function of this potential. Howevedr#veback of
this two electrode system is that the electrode will padaaizd over-potential will
occur while the reference electrode carries current. Thus, thetipbtgt the WE
is unknown. This polarization can be avoided by the use of a vegyefgrence
electrode and a small working electrode. In this way, the curresitdevill be
low enough to prevent polarization of the electrode. The other proloiamoi

electrode systems is the material consumption in the refesdexcteode. A good

Ty
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Figure 2.6 (a) Two electrodes potentiostat  (b) three electrodes potntiost
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example of this problem is an oxygen sensor consisting of an Au ngorki
electrode and an Ag/AgCI reference electrode. To reduce the oxygbe WE,
oxidation of Ag to AgCl will take place at the RE. If all Ag the RE is
consumed, the RE will not function properly and the potential at the Wibev
unknown. To avoid this problem, large electrodes are used for the R&meatd
working electrode. A better approach is the use of a thretrade system and a
potentiostat, instead of a two electrode system [3]. Besides thaf RE, the
counter electrode (CE) is introduced in Fig. 2.6 (b). The RE in theestactrode
system is split into two electrodes for the three electrogesy the true RE for
controlling the potential and the CE for current injection in tieetsblyte. In fact,
in three electrode systems, the potentiostat controls the cutrédme £E as a
function of the potential. Based on this, the work by Zhang achtbeedetection
current range of 10 pA to 10A by controlling the gain in the amplifier stage with
the amperometric sensor [12]. It consists of a potentiostat bissingure and a
single channel switched capacitor current readout circuit.

The amperometric sensor is fabricated using the following proeedbe
sensor used in this thesis design was made by biochemical lafvatrsity of
San Diego, CA. A semi-automatic screen printer (Model TF 10MMRanklin,
MA) was used for printing the thick film carbon (working and counger
Ag/AgCI (pseudo reference) electrodes. The carbon [G-449(l), ErcareR&m,
MA] and silver ink [R-414(DPM-68) 1.25 Ag/AgCI ink, Ercon] were printed
through a patterned stencil on 10 cm x 10 cm ceramic platesrengt80 strips

(3.3 cm x 1.0 cm each). Both printed Ag/AgCI and carbon thick filrotreldes
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were cured at 12@ for 20 minutes. An insulating ink (E6165-116, Blue
Insulator, Ercon) was subsequently printed on a portion of the plate, leaving
exposed sections of the electrode and silver-contact areas on botmend#g

a 6 mm x 2 mm carbon working electrode. The insulating layeroneesd at

120°C for 30 minutes.

2.5 PLANAR MICROELECTRODES

Thomas and others introduced the concept of planar microelectrodes in
1972 [13]. A planar microelectrode is a thin-film deposit of gold diimplan on a
glass substrate. The planar microelectrode is enclosed @triadBh or a glass
chamber of some sort. The container is filled with microedeets which are
implemented in arrays. Planar microelectrodes are non-invasive, ca
accommodate large numbers of cells, and are simple to implement.

A metal electrode is not generally inert to the electeolpedium into
which it is immersed [17]. There is generally an electrocb@meaction between
the electrode and electrolyte [8], [9]. When an unbiased metalisteipped into
an electrolyte, several chemical reactions start betweemetal and the liquid.
One of these reactions is oxidation, where the metal with donors gitean

electron and an acceptor, which are metal ions. This reaction is shown in (2.4).
AcA +e (2.4)
In equation (2.4), donor A gives out an acceptofr,afvd an electron, .eAn

electrolyte and the sample is then placed upon the electrodealyepéanar at

the interface. Donated electrons will accumulate at the efitiee metal, because
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electrons repel each other and are attracted to the mditesufhe ions in the
electrolyte will align themselves by forming a double lagatled as inner
Helmholtz plane (IHP) and outer Helmholtz plane (OHP) as seen in Fig. 2.7.
The space charge layer formed in this equilibrium is usually radded a
capacitance, known as the “interfacial capacitance.” Thergual current flow in
both directions which results in zero net current. If a DC voltaggplied across
the interface, there will be a current flow across the plg [11] so a resistive
path needs to be added to the model. If the potential differenelatisvely small,
the current flow will be linearly related to the voltage. The edentaesistance is

called “charge transfer resistand®(.” The solution resistance shown Bsin
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Figure 2.8 Equivalent electrical model of metal-electrode interface.

Fig. 2.8 is modeled for the current that flows outward from thetrelge into the
chemical solution.

In general, its value depends on the shape of the electrode and
conductivity of the electrolyte. In fact, the equivalent circuit moftel an
amperometric sensor in the electrode-electrolyte interfaagven in Fig. 2.8.
Planar microelectrode arrays have been used extensively by manistcientall

kinds of current and voltage measurements.

2.6 LOW FREQUENCY NOISE SOURCES

The analog sensor signals usually have a bandwidth between DC and a
few kilohertz. In the low frequency range problems that have éftlect in high
frequency circuits start to become important. In this thesis these noisesoult
be identified and explained. Methods of low frequency noise reduetbmiques

will be presented and some implementation issues will be addressed.
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2.6.1 Flicker Noise and Thermal Noise

Flicker noise is a low-frequency noise and is probably the most iamtor
and most misunderstood noise source in CMOS circuit design [31]. Fhiokss
is known as pink noise orfloise because its PSD is inversely proportional to
frequency. Flicker noise originates in the amplifier and isigaificant noise
source for low-frequency applications. The most significant contribuabithis
type of noise are the input transistors because the noise gdnkeyateem is
directly added to the signal and amplified by the following stages.

A simple method of reducing floise is to increase device geometry and
add a special process. In CMOS process the input referred ndlse tonsistor

is described using a well-known equation, as shown below [58]:

K
S, (f)=akT-L+—2 (2.5)
gm WLCOXf

wherek is Boltzmann’s constant (1.38x10-23 J/K)is absolute temperaturk)(

y iS a noise excess coefficiet, is transconductance of the transistdg,is a
process dependent constant on the order 6f \téF, WL is the product of the
transistor’'s width and length, ar@ly is oxide capacitance. From (2.5), the first
term of the left side represents the thermal noise, and the siecond 1f noise.
Fig. 2.9 above shows the noise spectrum. The flicker noise corner freqliey (
given by:

__ K 9n
°WLC,,f 4kty

(2.6)
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Figure 2.9 Noise spectrum of CMOS transistor.

This equation implies thdt generally depends on device dimension and bias
current. Nonetheless, since the dependence isvedlaiveak for a given L, the fl/
noise corner is relatively constant, falling in theinity of 100 kHz to 1 MHz for
submicron transistors.

A challenging research question for analog cirddgsigners is how to
reduce 1f/ noise. There are several methods to minimiteandise. One approach
is to use large input device geometries. As sedB.6), 1f noise is the inversely
proportional to the area of the transistor. Usiaigé device geometries reduces
1/ noise associated with these devices. However, tdtlnique costs large
parasitic capacitances and die area.

A second approach involves adding a special proctsp while
manufacturing devices to produce a buried chamelthe device. Any 1hoise
is due to trapping and de-trapping carriers (ebestrand holes) on the channel
surface when the channel is formed in operatioritiom [14]. Since the channel
is built at the interface between silicon and tla¢egoxide, carriers flow at the
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Figure 2.10 (a) p-channel MOS vs. (b) n-channel MBE

interface and could be easily trapped and de-tdhppe the case of a buried
channel device, the channel could be built deggdyseen Fig. 2.10.

Therefore, the carrier could flow away from theenfdice and the flicker
noise performance of the buried channel devicanmlas to a bipolar junction

transistor (BJT) with very low flicker noise.

2.6.2 DC Offset

In general, the differential outputs of an amplifshould be zero when its
differential inputs are also zero, but generalhgre is an offset voltage between
the outputs of the amplifier. This DC offset mayabeesult of the improper design
of the circuit but is usually caused by mismatcimethe circuit. The DC offset
seen at the output of an amplifier will decrease dignamic range of the circuit.
This offset voltage can usually be compensatednbyducing an offset at the
input. This offset is referred to as the amplifeinput offset voltage. Fig. 2.11

shows this voltage.
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Figure 2.11 DC Offset.

2.6.3 Channel Charge Injection and Clock Feed tifvou

Every time a MOS switch is turned off, as shownFig. 2.12, some
fraction of the charge that is stored in its chamsénjected into the line. These
unwanted charge transfers affects system precaidninearity. This results in a
DC offset at the amplifier's output and MOS switethich is called residual
offset. Here an important trade-off comes into @ffdf the main amplifier’'s
bandwidth is much larger than the chopper frequemayill result in an increase

in the gain as mentioned in previous chapters. Wewethis will also cause

s S
| L 11,
- e

— — + +
Charge injection
Vin CLoan—— Vout  Vin CLoan—— Voul

1- 1

Figure 2.12 An MOS switch to show charge injectmal clock feed through.
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the residual offset voltage to increase because rspectral components of the
spikes will be added to the signal and amplifiechéW choosing the amplifier’s

bandwidth this trade-off must be taken into consiten.

2.6.4 Other Noise Sources

There are some other noise sources that are speaxifhe materials and
manufacturing processes chosen. In the case ofl mleirodes the resistive
elements between metal-electrolyte interfaces erealditional thermal noise
which will degrade system quality. This noise, eséy which created by the
spreading resistand®;), limits the size and the shape of the electroddjng
another constraint to the recording system desi§h [16]. Another noise source
is the random baseline driftvhich is reported to be very slow and therefore
relevant. This drift is usually around 100mV ateglency of less than a couple
of hertz [18]. Designers usually remove this noisth a high-pass filter which
has a low cutoff frequency. It is reported thasthbise only applies to metal
electrodes and does not appear on neuron-tranbested systems [15].

Another noise source that limits the system’s perénce is Electro-
Magnetic Interference or (EMI) [15]. Any wire thpasses a current can be a
source of EMI. One of the problematic manifestagiof EMI is the 60 Hz noise
that is caused by electric lines. Many designetsadotch filter to attenuate this
type of noise.

Crosstalk between adjacent lines that connect tsore the sensor signal

can cause problems. If a large signal is passedghrone of these wires, artifacts
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may appear on the adjacent lines. This is ofterohl@m when one of the lines

connects to a test chip while the other carriegasuring sensor signal.

2.7 Noise Cancellation Techniques

DC Offset and I/noise in CMOS system are constraints on the cdibéen
accuracy and dynamic range of CMOS amplifiers. &hare several ways to
reduce offset and low frequency noise based on lgagnpr modulation. The
autozero technique and correlated double sampdicignique (CDS) are methods
of reducingl/f noise and offset based on sampling. In the neoticsg the two
methods and dummy switch are considered and tdeardages and drawbacks

are discussed.

2.7.1 Dummy Switch
One way to reduce this injected noise is to usd-dieéd dummy
[7] %] [7]
Rs I * *
VY AN +

0.5Qch  0.5Qch
Vin (_) CLoro—T— Vout

Figure 2.13 An MOS switch to show charge injectionl clock feed through.
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transistors as seen in Fig. 2.13 [34]. The builth@rge on the switch will equally
split between source and drain and be compensatételse dummy switches.
However, this requires that dummy switching is tmenplement of the signal
controlling MOS switch should also be slightly deld. When MOS turns off,
half of the channel charge is injected toward theniohy switch. However, it is
difficult to fabricate exactly half of the channai MOS switch for the dummy

switch.

2.7.2 Auto-Zero Technique
The auto-zero technique reduces the offset andreguency noise based
on sampling methods [18]. This method has beemsitely used in the past for

offset reduction in comparators and amplifiers. Mad the current A/D
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converters with offset cancellation make use obagroed comparators. Fig.
2.14 illustrates the principle of auto-zero amplii.

The auto-zero process requires at least two phbstte first phase of the
clock, the sampling phase, the offset and the dlickoise of the amplifier
configured as a buffer is sampled on the capaditeor The outpulVou(t) is
actually the offset voltag¥,s as long as the open loop gain of the ampl#igris

large:

1
Vout (t) = 1 Vos
1— —

Ao

Q

-V, (2.7)

In the second phase of the clock, the amplificapbase, the input signal
Vin(t) is sampled and amplified. The offset andl idise is removed from the

output by subtracting the value sampled on theatgdrom its actual output:

\Y
V,, ()= A, | Vin(t) - =22 2.8
out (1) Ab[ln() '%j (2.8)

L
The equivalent input offset is reduced by a faetgual to the amplifier
open loop gain. The reduction off IMoise is based on the high correlation
between the 1f noise samples. The charge injected from the swptchluces
residual offset which is not cancelled by the az#me mechanism.
To show the auto-zero effect, consider a statiomangom procesa(t)
which can be white noise or flicker noise generdigdhe amplifier A from Fig.

2.14. For simplicity, the amplifier is assumed &wé an infinite bandwidth, unity
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Figure 2.15 Noise sampling in auto-zero amplifiers.

gain, A=1, and the input signal ¥4,(t)=0. The equivalent circuit for the noise
sampling is shown in Fig. 2.15.

Assuming the switch is ideal, the voltage on thpacitor Cs is an ideal
sample and hold signal. KTs are sampling time instants(t) the hold function,

the voltage on the capacitor Cs is:

0

V. (t) = D n(KT)h(t - KT,) (2.9)

k=—0

At the output of the amplifier we have a sigial(t):
Vo () =N(t) = (KT )h(t - KT,) (2.10)
k=—00

Given the sample and hold of the noise and/or btisethe capacitor Cs

the output spectrum is found to be:

Vou (1) = N(f) = sinc(fT,) exp(- jT,) 3 N[f —TLJ (2.11)

The output noise spectrum is a sequence of spshified at multiples of the
sampling frequencyd The transfer function for every harmomig(f) has a value

of:
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1-sinc(#fT,)exp(T,) k=0

Hk(f):{ _ (2.12)
sinc(AT,)exp@fT,) k=0

The transfer function fdk=0 has a zero at the origin and acts like a diffeatot.
Therefore, any DC component of the random proné3ss cancelled out, which
is why this technique is called auto-zero. The @ospectral density of the output

noise is found in equation (2.13)

S, (f) =|H0(f)|28XX(f) + sinc? (#AT,) isxx[f _Thj (2.13)

If the random process(t) is white noise the second term from (2.13) intezu
fold over components in the baseband. The firsh tiekes care of fLhoise and
offset reduction. In conclusion, auto-zero ampigivill reduce the offset andfl/
noise by using sampling techniques at the expeinser@asing the white noise in

the baseband.

2.7.3 Correlated Double Sampling (CDS) Technique
Correlated double sampling (CDS) is another teamiépr offset and

noise reduction [19]. This CDS technique is a paféir case of the auto-zero
process. The main difference between auto-zeroGid8 techniques is the way
the signal is delivered to the output. In CDS md#idhere are two sampling
times, a sampling time for noise only and a seczardpling time for noise and
signal with opposite signs. In CDS the output isampled and hold signal
whereas for auto-zero, the output is a continumos butput. Fig. 2.16 shows the

CDS technique realization.
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Fig. 2.16 Correlated double sampling technique.

The CDS operation is performed in two phasesildnp, sampling of a
reference value and noise at T1, and 2) samplindigttirbed signal with the
clamped value subtracted at T2. If the noise ofdaenp and sampling time is
correlated, this signal-processing scheme resulis ieffective noise reduction.

CDS is used in sampled-data systems and partigulariSC circuits.
Although the signal at the output of a circuit gsfdDS is now S/H, the effect of
CDS on the amplifier offset and noise is very samilo that of the auto-zero
process. The baseband transfer functtiti imposes a zero at the origin of
frequency that cancels any offset and strongly cesluhe 1f noise in the same
way the auto-zero technique does. On the other, haltidough the transfer

functions fork # 0 are different from those obtained for the awgmzrocess, the
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fold over component due to aliasing is comparaleesthe wideband noise has
already been sampled once. Therefore, the CDS itpehnalso has the

disadvantage of aliasing white noise in the basgban

2.7.4 Chopper Modulation

The chopper technique is used to reduce the eftécliscker noise and
DC offset in amplification systems. This method sloet decrease either types of
noise, it simply isolates the noise from the signahe frequency domain so that

the noise can be easily removed without affectmegsignal.

.

m(t) fchop 3fchop Sfchop m(t)

Vin(f) '3 / e b @ Vout(t)

f
S(f)

0 | |_| I_ 0 fehop 3fehop Sfenop

Vin m(t) Vout

Figure 2.17 Chopper stabilization technique.
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In this technique, as seen in Fig 2.17, the inpriad is pushed to higher
frequencies, specifically the odd harmonics of ¢hepper frequency where the
flicker noise has an insignificant value. The cate@ signal is amplified and
afterwards a second chopper modulator brings tirekback to its original band.
The result is that the amplified signal does nattaim a significant flicker noise
component.

If the amplifier has an infinite bandwidth, the difigd signal can be
recovered in its full strength since demodulatiwhich in this case is exactly the
same as modulation, will collect the signal fronh @i the harmonics which
modulated in previous stage. However, all ampkfieave a limited bandwidth so
complete recovery is not possible [20]. As an eXampa Vi, signal is used with
an amplifier which has bandwidth of 2 f., where fchop is the chopper
frequency, and a gain of A, the recovered sigraatplitude would be 0.8 x A x
Vin [21]. The chopper frequency, amplifier bandwidthsignal bandwidth can be
chosen as seen in (2.14), provided that they carhéeged by the designer. This
equation assumes that the signal bandwidtlygis, amplifier bandwidth iSamp
and the chopper modulator is a square wave sigttaladrequencycnop

f (2.14)

+ fsigna, <f, < famp— f

corner chop signal
This equation implies that the smallest valué.@f, should at least be able
to separate the flicker noise from the signal, tredhighestalue should not push
the signals main harmonic out of the amplifier's passband.
The amplitude of the modulation signal decreasés Wn wheren is the

harmonic number. Offset andf Hioise are modulated at odd harmonics leaving
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Figure 2.18 The baseband spectrum.

the baseband free offIoise. In the ideal chopping case the bandwidtthef
amplifier should be infinity. If this is true, miptying the signal twice withm(t)
will reconstruct the input signal. If the bandwidihthe amplifier is limited the
result is a high frequency residue centered ardbedeven harmonics, and the
signal in the baseband is attenuated. To recoeesinal the output should be
low-pass filtered, as shown in Fig 2.18.

Given the corner frequency of the hbisef..mer and the cutoff frequency
of the low-pass filter at the output aB¥\yna, the necessary condition to have
complete reduction of the flicker noise in the Il is found from using the
following equation [22]:

fenop = BWogna + feomer (2.15)

cho signal
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To analyze the effect of chopping on the offsethaf amplifier the offset
has been represented in Fig. 2.17 at the inputeoimplifier (Amp). As long as
the frequency response of the amplifier is flat dput voltageVou(f) is found

from the following equation:

Vout(f): 'A‘\/os®.i i lé(f _Ej (216)
Jn— N T

This sequence of Dirac pulses has no DC compoaadtthe offset at the output
has a theoretical value of 0 V. It is clear thay samperature drift of the offset
voltage is also cancelled out after chopper moaurat

The effect of the chopper modulation on the anw®lifnoise can be
analyzed from Fig. 2.19 whe¥g(t) is the noise anth(t) is the carrier signal. The
PSD (power spectrum density) of the chopper owalVedt) is given by:

Scs(f)=(%j > n—lzsN(f —gj (2.17)

N=—ow0

n=odd
Eqg. (2.16) can be approximated in the basebaiid € 0.5) by a white noise PSD

given by:

m(t) m(t)

+1

V() Ves(t) >

Figure 2.19 Chopper modulation.
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tanl'(ﬁ chj
Suume(F) = Syume(f =0) =8| 1-— 2/ (2.18)

ZtT
2
which forf. T >>1 can further approximated by:
Sywnie(f) =S, , for|fT| < 05and f.T >>1 (2.19)

Unlike the auto-zero technique, the chopper mootulatoes not introduce
aliasing of the broadband noise, which for aut@zeauses the PSD in the
baseband to increase proportionally with the rafithe noise bandwidth and the
sampling frequency. As seen by (2.17), the baseP&tal resulting from chopper
modulation is nearly constant (white noise), anapproaches to the value of the
input white nois&, whenf.T is large.

The effect of the chopper modulation on thienbise can also be analyzed
assuming a cutoff frequency much larger than tlogpér frequency and an input
PSD given by,

f fT
Suf(f)zso_kzso .

2.20
f T ( )

whereS, is the white noise, T is the period of the modatasignal (m(t)), andf
is the cutoff frequency. From (2.20)f hbise is transposed #4/T and is applied
to the odd harmonics of the chopper frequencyisti ahows that the chopped 1/f

noise PSD can be approximated in the basebandvjt@ noise component [26]:

Ses 1,1 (f) = 0.8525S, f, T (2.21)

Therefore, total noise in the baseband for a ty@iow®lifier is given by:

Ses( f)=S,(1+0.8525, T) (2.22)
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Figure 2.20 Spike signal at the amplifier input.

As seen by (2.22), the chopper stabilization tepimidoes not affect the white
noise and unlike an auto-zero technique, it trasspalf noise to a chopper
frequency.

As mentioned above, residual offset is mainly duelock feedthrough
and charge injection in the input modulator. Moeagyally, any spikes caused by
the modulator non-idealities and appearing at thplifier input will be amplified
and demodulated by the output modulator, giving tisa residual dc component.
Since only the odd harmonics of the chopper frequewill contribute to the
residual offset, the positive and negative spikéishave an odd symmetry in Fig.
2.20.

Using an amplifier with a bandwidth much largearththe chopper
frequency results in a maximum gain but leads tmaximum output offset
voltage since almost all of the spectral componeritshe spike signal will

contribute. The input referred offset can be calt@d assuming that<T/2:
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V z&V

os spike
T p

(2.23)

wherer is a settling time constant of spike signal. Kagghe same gain A in the
passband but limiting the bandwidth to twice thepper frequency slightly
lowers the overall DC gain to (BJA=0.81A, but greatly reduces the offset

voltage referred to the input. The offset voltaggiven by,

20\’
Vosz ? Vspike (224)

As seen in (2.24), if is much smaller tham/2, the offset voltage can be reduced

sufficiently by limiting the amplifier bandwidth tvice the chopper frequency.

2.7.5Nested-Chopper Modulation

In the low frequency band, the increase in flicker noise is priopaitto the
decrease in frequency. In the relative-low frequency band, teetoffill dominate
the noise, especially in sensor interface circuits, whetersygerformance is limited.

The chopper stabilized technique with conventional op-amps has beem tshbave

Slow chopping signal

Fast chopping signal l

B ’2’7 R
+ [} o, - : B -
Vin > B, s Vout
_ m: ﬂ/ : + R : 2 +
Vos

[«

ddads

Figure 2.21INested-chopper modulation [23].
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better immunity to low frequency noise. Unfortunately, the choppingoappralso
generates residue noise, which comes from the charge-emenismatch between
the switches during the operation of the chopper. One approachlioigdedh this
problem is proposed in [23]. This idea is depicted in Fig. 2.21.

In this technique another chopper pair operating at much lower fregeen
than the first chopper pair is included in the circuit. The spikes, which evginally
caused by the first chopper modulator, will be inverted by the secoopper
modulator resulting in zero offset. The outer pair will stilraluce an offset but
since they operate at much lower frequencies it will be mosierl than that of the
version without the second pair. Using this technique 100 nV offset h&s be

achieved by the authors.
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CHAPTER 3
SIGNAM DELTA ANALOG TO DIGITAL CONVERTER AND DIGITAL TO
ANALOG CONVERTER

Sigma delta Analog-Digital ConvertersX A/D) have been known for
nearly thirty years, but only recently has the hagimsity digital VLSI existed to
manufacture them as inexpensive integrated cir¢8itk Now, they are used in
many applications where a low-cost, low-bandwidlbnw-power, and high-
resolution ADC is required. ThuSA ADC can be used in biosensor applications
with low power and low noise. THeA A/D combine the over sampling analog
sigma delta modulators with digital decimationefit to achieve high precision
and cost effective A/D conversion solutions. Thipet of converter is used to
implement high-precision and low-power A/D convestéor applications such as
sensor interfaces and audio processing.

The demand of powerful digital signal processorplemented in CMOS
technologies raises the need for robust, high-néisol analog-to-digital (ADC)
and digital-to-analog converters (DAC). Convertsinould be integrated on the
same substrate with the digital circuitry and pdevi high performance
functionality. This requirement is met by oversamgpl analog-to-digital and
digital —to-analog converters which are also thestnsoitable converters for both
low frequency and high resolution applications. ld@er, whileXA modulators
gain accuracy when utilized in precision analogcuwis, implementation is
difficult. Furthermore, proper implementation regs a small signal bandwidth

[26], [27]. Nowadays, low-cost and small footprgas chemical sensor with low



noise, low offset, high resolution, and low powensumption are required in a
vast number of applications ranging from portalgpaaatus for hazardous gases
in automobiles.

In this chapter, a CMOS first-ord&A modulator for the readout of the
conductometric sensor and amperometric sensoegepted. The interface IC is
based on a front-end programmable switched capaZito modulator. This
architecture decouples the two types of gas serfismn the optimized

performance&A modulator.

3.1 ANALOG TO DIGITAL CONVERSION THEORY

Analog to digital conversion (ADC) is the procesé sampling a
continuous analog signal and converting the sigrala quantized representation
of the signal in the digital domain. There are mdifferent ADC architectures,
such as successive approximation ADC, sigma del¥C Aflash ADC, and
pipeline ADC, used to convert analog signals intgital signal representations.
The conventional ADC transforms an analog inpunhaig{(t) into a sequence of
digital codes X{T) at a sampling rate d§ = 1/T, whereT denotes the sampling
interval or period and is integer number. The sampling function is egleinato
modulating the input signal by a carrier signale Bampled signal is represented
as the signal frequency modulated by integer neKipf the sampling frequency
and the summation of the original signal contemtsis, any signal information
about the Nyquist frequency in the input signalseddom properly sampled

because the signals will get folded into the bas®llsignal in the sampled signal
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which was not present in the original input signihis non-linear behavior in
sampling signal and folding or signal distortiorréderred to aliasing. Therefore,
to avoid this, anti-aliasing filters are requiredprevent or reduce these aliasing
artifacts. Successive approximation registers (SAR) flash converters among
many A/D converters work at the Nyquist rakg).(These converters sample the
analog input signal according to a sample frequéRgyvhich is almost twice the
maximum frequency of the input signal. A NyquiderADC converts the analog
signal into an n-bit representation depending @ Nlyquist sample time. Since
the Nyquist rate is two times the input frequendéythee sample pass band of
interest, an anti-aliasing filter is required tokadhe limitation in the maximum

input frequency for the A/D converter.

3.2 SIGMA DELTA ANALOG TO DIGITAL CONVERTER

Analog-to-digital converters can be categorized imio types depending
on the sampling rate [28]. As mentioned previoushyg, first group samples the
analog input at the Nyquist frequenfzysuch thaffs = fy = 2fg, wherefs is the
sampling frequency an@ is the bandwidth of the input signal. The secomkty
of ADCs samples the analog input at much highegueacies than the Nyquist
frequency, and are called oversampling ADCs [29%idgkna deltaXA) ADC can
be under this second category. Im ADC, the input signal is sampled at
oversampling frequendy= OSRx 2f, whereOSRis defined as the oversampling

ratio and is given by:
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21,

OSR=

(3.1)

Sigma delta analog-to-digital converters do nottantly digitize the
analog signal into a digital sample of n-bit premisat the Nyquist frequency.
Instead, a sigma delta ADC over samples the argifgmpl by an over sample
ratio of OSRresulting infy << fsin equation 3.1 shown. The over sampling A/D
conversion is performed at a lower precision wittbarser quantization. In fact,
manyXA ADCs have a 1-bit quantizer normally. As showifrig. 3.1, the output
of the 1-bit ADC is a bit stream with the one’s giéy of the stream proportional
to the magnitude of the sine wave input. The 1CAfdream that is generated at
the fs sampling frequency can be digitally filtered ontdadecimated back down

to a Nyquist rate of n-bit precision samples.

analyze  Utilities  Help 3:59 PM

File Control Setup Measure
Rc ed.

r ole=lg 100 s/
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Figure 3.1XA modulator output with a 1 kHz sine wave input.
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Figure 3.2 Block diagram ofA ADC.

The block diagram of a sigma-delta ADC is shownFig. 3.2. The
modulator samples the analog input signal at mughen frequencies by the
oversampling ratio and converts the analog inpghadi into a pulse density
modulated digital signal containing both the orainnput signal and the
unwanted out of band noise [30]. A decimation filfellowing the modulator
filters out the out-of-band noise. Both the modwladnd the decimator are
operated with the same oversampling clock. As shiowkig. 3.2, the modulator
is the first order with a 1-bit quantizer and gextes a 1-bit output. The output of
the decimator is also shown as n-bit digital datait is the output resolution of
the ADC and is dependent on the oversampling r&@®R The order of the
decimator depends on the order of the modulatoualls the order of the
decimator is one more than the order of the modu[82].

In fact, the 1-bit stream of ADC is digitally fited to obtain an n-bit
representation of the analog input. The 1-bit ADf@am is accumulated until

sampling cycles reach OSR and divided by ADC regwiwn - bit. This procedure
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Figure 3.3%A A/D stream accumulated and decimated to reprememt-bit

value of the input.

yields a decimated value which is the average vafuine bit stream from the
modulator as shown in Fig. 3.3. Decimation filtev8l be discussed in next
section.

In addition to anti-aliasing, a Nyquist rate ADG@lrequires a precise
sample and hold analog circuit [33]. The circuitidsocontinuous amplitude,
discrete time samples of the analog waveform stahlk the converter performs
the quantization. The sample and hold output ispaoed to a set of reference
levels within the ADC. The quality and precision tbese reference levels is a
limiting factor for high resolution A/D convertersor instance, a 16-bit ADC
requires 2 (=65535) different reference levels. A typical certer may span a
1.8V input range. The spacing between any adjumctlévels is only 27.quV.
This type of matching is difficult to achieve onnarmal Nyquist integrated

circuit without the use of expensive and compliddtenming techniques.
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One of the major advantagesf ADCs over a conventional parallel or
Nyquist ADC is the relaxation of the requiremends the anti-aliasing filter. As
mentioned above, the requirement of an anti-algg8iter for a Nyquist rate ADC
is a sharp transition from the pass bafg) {0 stop bandf$/2 as mentioned
before. The anti-aliasing filter for a conventio®dDC needs to be flat through
the pass band and attenuate signals above thdaitopby an attenuation factor
greater than the dynamic range of the ADC [33].

An over sampling A/D converter moves the samplimgjfiency f) much
farther away from the original sampling frequendyhva Nyquist rate converter
by an oversampling ratio. Since the complexity of anti-aliasing filter is
proportional to the ratio of the width of the traim band to the width of the pass
band, over sampled converters require far simpldr-adiasing filters than
Nyquist rate converters with similar performancenatvhas been a complex filter
requiring significant component matching in the Mgy rate converter can be

replaced by a simple RC filter in an oversampleavecoter [32].

3.3 FISRT ORDER MODULATOR

The modulator is the analog part of a sigma-de&CAas shown Fig. 3.2.
The final resolution of the ADC is dependent onhbitte order of the modulator
and the oversampling ratio at the modulator st&gece the modulator uses the
principle of oversampling, the critical need for anti-aliasing filter may be
eliminated and the analog input signal can dirediy sampled using the

oversampling ratio [34]. Due to oversampling of Hmalog signal, the accuracy
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Figure 3.4 Block diagram of a first-order modulator

of the analog circuitry can be compromised withgpeed. The modulator shapes
the quantization noise to higher frequencies, wiceh be filtered out by using a
digital low pass filter at the decimation stage.eTimodulator outputs a 1-bit
digital data, which is applied as an input to tleeichator stage with low pass
filtering. The basic block diagram of the first erdnodulator design is shown in
Fig. 3.4. The difference between the analog inmat the output of a digital-to-
analog converter (DAC) is applied to an integratdrich is quantized to generate
a pulse density modulated (PDM) 1-bit digital stneautput.

For the case of a 1-level quantizer, the ADC andCDAduce to a simple
clocked comparator with a direct feedback connactibo develop a linear
presentation for the modulator and characterize gbectral response of the
guantization noise, the following assumptions (B#tis criteria) are made

concerning the input signal [32], [34]:
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e The modulator's input signal falls within the DAC'sutput levels
(reference level). Hence, no saturation of thetaigiutput code occurs. In other
words, exceeding the normal operating range of Ire ADC affects the
guantization noise spectrum by adding spurs (tomesypikes to the output
spectrum.

e The modulator’s least significant bit (LSB) is musimaller than the input
signal amplitude. Otherwise, the output of the ntadwn can look like square
wave which results in tonal output spectral. Howgewelding or subtracting a
feedback signal based on the expected or pastigatiom noise helps to avoid
these spurs.

e The input signal is busy or unpredicted with no &Grery low-frequency
components. In other words, no two consecutive wgtpf the modulator have
the same digital code. In first order sigma deltBCAcase, adding a high
frequency dither signal or pseudo-random noisen&imput helps to make the
input signal randomized and suppress the tones figh-frequency noise is
eventually filtered by a digital filter or an outpneéconstruction filter.

With these assumptions, the operation of the mdoiulean be better
understood from the linear quantizer model of Bif, in which the quantizer is
replaced by an additive quantization error sou€@]. In this model, the input
signal, X[n], is a busy signal and the quantizatiemor values resemble
uncorrelated samples with a flat frequency spectrum

In Figure 3.5, the summation takes the differere@vben the input signal

and the feedback signal from DAC. The integratauawulates this difference
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Figure 3.5 Linear model of a first order sigma a@todulator with 1-bit DAC.

(X[n]-Y[n])) and feeds the result back to the suntiora node through the
guantizer. This process explains the output ofmtieelulator to track the average
value of the input. When quantization error is pwsj the feedback signal is
greater than the input, otherwise it is smallenttie input signal. Sometimes, the
average feedback signal should ideally be the sasnéhe input signal if no
guantization error exists. One of the oversamptiogverters ar&A modulators,
which means that the quantization noise power reagp over the sampling
frequency range and small parts of it fall in thgnal band width. As defined
previously, the ratio of the sampling frequencyrabe Nyquist rate (twice of the
signal bandwidth ofg) is the oversampling rati®SR. The quantization noise in
the signal band is more suppressed by the loay fijain. Fig 3.5 shows that the
input signal simply passing through the modulatithve delay unit while the
guantization noise is differentiated and pushetigher frequencies. The output

is equal to:
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Y(Z)=H(Z)X(Z)+H(Z)Q(Z2) =Z'X(2)+ 1-Z27)Q(2) (3.2)

The magnitude of the quantization noise transfaction H(Z) is found as below

[32]:
e
arn 2] f, (et
NTE H(e) = (1—e )= a—e ™) 2l _Ts _ 2je!'"
(™) ( ) ( )Zj% ( 2j ’
fS
- (1 STg — H ~ :L
NTF fL- 27| = (1- e )= (2sinAT,) ~ 24T, o5t (3.3)

for frequencies which satisfy f<<INTF[" ~ (2 / £.)° |t is a high pass response

which suppresses the quantization noise at and M€aand amplifies it out of
band atf42. This noise- shaping action is the key to the ¢iffeaess of:A
modulation.

In Fig. 3.5, the quantization noise model is line&iite noise model. This
simplifies the analysis of an ADC system, becausdeterministic nonlinear

system is replaced by a stochastic linear onethieequantization error becomes a

frork

Aare =1

> | =

Figure 3.6 Probability density (PDF) of the quaatian error.
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guantization noise. The LSB between positive anghtiee reference is defined
by A. The noise generated by a quantizer with two egually spaced by is
uncorrelated and has equal probability of layingvarere in between +06in
Fig. 3.6. As shown in Fig. 3.6, the probability diy function (PDF) of this error
is1l/A. The average power and the power spectral dewisitys quantization noise

are calculated as:

S,(0= [ 1(@e=1 (3.4)

It should be noted at this point that the total rqization noise power is
independent of the sampling frequency and is oelgminined by the quantizer
resolution. Since the signals at the quantizer sampled signals, all the
guantization noise power is folded into the frequyerange [f/2, f4/2]. Thus, with

the white noise approximation in Fig. 3.7, the powpectral density of the

guantization noise is:

Se(f) 4

Figure 3.7 Power spectrum density (PSD) of the tization error.
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2 A1
S(f)= jfsso(e)df =t (3.5)

s
2

The in-band quantization noise power over the senggiequency band offsto

fsis equal to

f fg .2 2
¢ E AT 1| 24
PQ= H(NTF)df = [ =—={==1 df
Q= [Sy(eH(NTF) kv fs{ fs}

_fB

oA 1 (24)° .. AN 1x2(2f)° A2 1)
S 126 f, 12, 3 | f 36 | OSR) - .

Because of the oversampling, the signal bandwidtimuch smaller than the

sampling frequency (i.e. OSR>>1) and the followamproximation is valid. One
can assume the input signal is a sinusoidal wave/dsm positive reference
voltage (+\kep and negative reference voltage g} and its root mean square
power is \ke#/8. The signal-to-noise ratio (SNR) for an n-biDA¢onverter with

guantization level oA = 2 x Vred2V is defined by

1Vref2 Vref2
SNR=10I e 4 10l ° 602N + 1.76 [dB]
— og———<%£ = 0gJ————= 0! + L
g Aiz g 2\/REFZ (37)
12 2"
12

If the same input power is used in tH& drder =A modulator, the SNR by the

modulator’s quantization noise is
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1Vref2
2 4 P
SNR=10log 3

= 5)0%)

= 602N + 1.76— 517+ 30logOSR (3.8)

~= 602+ 1.76—10Iog( ]+10I09(OSF§3

The equation (3.8) can predict an increas®8Rin the SNRof an oversampling
modulator. In other words, (3.8) corresponds tollt tncrease in resolution for a
doubling in the OSR. Thus, it is evident that a boration of noise shaping and
oversampling is a favorable concept for achievinghhresolution ADC. For
example, when an input signal has 1 kHz bandwidththe sampling frequency
is 1 MHz, theOSRis 500 as equation (3.1). Thid3SRresults in a remarkable
increase of 80.96 dB in SNR. By using (3.8), therall SNR in i orderzA
ADC is then equal to:

SNR= 602+ 1.76— 517+ 30log500=83.58 dB (3.9
Thus, the resolution will be 14 bit.

A main drawback of the first-ord&A modulator described above is the
generation of tones and pattern noise appearirtgeroutput [32], which is in
strong disagreement with the theoretical behawowing the linearized model
in Fig. 3.5. This is due to the assumption of tieklof a correlation between the
guantizer input signal and the quantization errgm]@ Bennett's theorems in
previous section. Thus, when the input to the dments not a random signal, the
guantization noise will no longer be white. Esplbgian a first order modulator,

the input signal and the quantizer input are sisoogrrelated, while the output
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contains strong in-band frequency tones. This issejaf an additional dc signal
is applied. For dc input signals the first ord&y modulator runs into repetitive
patterns, trying to equal the input level on averag

A possible solution to this problem is to inclualgpseudorandom noise
(PRN) source at the quantizer input in order to adche nonperiodic signals
which are called dither. Therewith a partial catiein of the quantization error
from the input signal can be achieved in low-ordeodulators. The
implementation of this PRN with linear feedbackftstegisters will be discussed

in chapter 5.

3.4 DECIMATOR

The process of converting the sampling rate ofgamadi from a given
higher ratefs to a lower ratdy is called decimation [34], [36]. Decimation in the
dictionary means reduction by 10 percent, but gnai processing decimation
means a reduction in sampling rate by any factded¢ier number) as shown Fig.
3.3.

Basically a decimator is a digital low-pass filtethich performs the
operation of sample rate reduction. The sigma-dettadulator pushes
guantization noise to higher frequencies so thatdbcimation stage after the
modulator output should filter this noise out abtwe cutoff frequencys/2

The band limited signal can then be re-sampledi§yadding K samples
out of every K samples, where K being the oversamgptatio. By averaging

every K samples out of the quantized sigma deltpututhe decimation filter
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X(z) —» H(z) — Y(2)

Input at fs Output at fs/K

Figure 3.8 Basic block diagrammatic representatiaine decimator.

achieves a high output resolution and the frequefdiie output data is at twice

the input signal bandwidth which is the Nyquiserat

3.4.1 Decimator Theory

Decimation is the processes of lowering the wortk raf a digitally
encoded signal. It is usually carried out to inseeahe resolution of an
oversampled signal and to remove the out-of-bansendn a sigma delta ADC,
oversampling the analog input signal by the modulatoes not lower the
guantization noise. In fact, the modulator justhmssthe noise to high frequency.
The ADC should employ an averaging filter, whichrkg as a decimator to
remove the noise and to achieve higher resolutidnsasic block diagrammatic
representation of the decimator is shown in Fig. 3.

The decimator is a combination of a low pass fidted a down sampler. In
Fig. 3.8 the transfer function, H(z) is represaméatof performing both the
operations. The output word rate of the decimaatawn sampled by the factor
K, where K is the oversampling ratio. The functaifow-pass filtering and down

sampling can be carried out using an averagingiitirche transfer function of
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the averaging circuit is given by equation (3.12gstablishes a relation between

the input and output functions [34].

HZ)=Y@) 1S 7

X(2) K (3.11)
H(2) :%i; (3.12)

The averaging circuit defined by the equation ZB.averages every K

samples. By converting the z-domain transfer funmcinto the frequency domain

with Z =€, the characteristics of the circuit can be plotiedrig. 3.9. The

frequency response of the decimator is given bytagpu (3.13) [36].

. Kaf
11-e°% S'm{fsj
H(f):E = (3.13)

—sT,
1-e K sinc{ﬂf]
fs

The frequency response of the averaging circuitichvhs used as a

decimator, is similar to that of a sync filter asligital low pass filter [32]. The
sync filter can be used to filter out the high fregcy noise from the modulated
input signal. The signal band is the range of feggies from zero to the signal
bandwidthfs/2K in main lobe. The sync filter attenuates any digisove the
Nyquist ratefs/K, 2fs/K and Nfs/Ko remove the out-of-band noise. In order to
satisfy the digital low-pass filter characteristitise attenuation in the stop band
should be high. In designing a decimation filtée tatio of the main lobe to the

side lobe forms a critical factor. The filter chatexistics can be improved to have
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Figure 3.9 Frequency response of a sync averaijieqg f

a sharp transition between the pass band and apebsind in addition to good
attenuation in the stop band by cascading the dgmm stages. In Fig. 3.9, the
gain of the filter is the valuK. Increasing the value & means increasing the
final output resolution and has no direct significa on the frequency response.
The decimator averages evekl samples. In fact, the variable K is the
oversampling ratio and since the output occursetyeK™ sample, the output rate
of the decimator ifs/K. The input to a decimator is the sequence ofdiiss and
0’'s because oEA modulator output. Since the averaging operatioolires the
addition of these input bits, the output resolutiocreases due to the addition of

every K number of bits. The relation between thmber of bits increased to the
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oversampling ratio K for a first order sigma-deA®C is given by equation
(3.14) [32].

602N + 1.76= 602+ 1.76— 517+ 30log K

N = 30logK - 5'17+
6.02

1 (3.14)

The final output resolution of the decimator notyodepends on the
oversampling ratio but also on the input resolutaanl in shown (3.14). The
output of the modulator is applied as an inputhie decimator, but the output
resolution of the modulator depends on the quantieeel in the modulator
designed (or the order of modulator). In this woakfirst order modulator is
considered; therefore, the output of the modulatar1-bit digital data.

In the present work, the decimator is designedotonfa*A ADC by
cascading it with an already-designed modulatoe d@ésigned modulator is the
first order and based on the following equatiod%3. As a result, the order of the
decimator has to be two [32].

L=1+M (3.15)
In equation (3.15), L is the order of the decimaaod M is the order of the

modulator. The complete transfer function of theiator of order L is given in

equation (3.16).

1 1_Z_kj (3.16)

H(Z)z(ﬁl—z-l
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From this equation, higher order decimator filteas be designed by cascading
single stage decimation stage. Thus, for the @rger XA modulator, a second

order decimator will be suitable to achieved filtbaracteristics.

3.4.2 Cascaded Integrator Comb (CIC) Filter Theory

The cascaded integrator combo (CIC) filter is a lom@tion of digital
integrator and differentiator stages in series wiperforms the decimation and
low pass filtering in Fig. 3.10. The CIC filters dwt require any multiplier
circuits. Therefore, they are very economical fopliementation in hardware.
Generally, the problems in a filter design impleteenby an accumulate-and-
dump circuit are overcome with the CIC design. Egua(3.17) gives the transfer
function of the CIC filter in z-domain and it isvsiar to equation (3.16) except
the numerator term and the denominator terms paaed [32].

The numerator represents the transfer function diffarentiator and the

denominator indicates that of an integrator.

H(Z) = (1—2*){%} (1_12 _J (3.17)

Down-
1
Oﬁ?it—’ 177 [ 1-Z2" Ky — sampled
P B output
Integrator Differentiator Decimator

Figure 3.10 First order CIC decimation filter
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Decimator
ecimato Down-

ADC | 1 —»@—» 1-2" |— sampled
output 17"

output

Integrator Differentiator

Figure 3.11 Equivalent block diagram for first ar@4C decimation filter

The transfer function of both the CIC filter ande thilter with an
accumulator-and-dump circuit are similar, but theaywthe circuits are
implemented is different. The CIC filter first perins the averaging operation
and then follows it with the decimation not like the accumulate-and-dump
circuit where the averaging and decimation openatioccur at the same time. A
simple block diagram of a first order CIC filter sfown in Fig. 3.11. The unit
needed to implement the CIC filter shown in Fi@ & very significant because
of the delay elements that are used in the difteatam stage. It can be seen that
the differentiator circuit needs K delay elemenfthe delays are implemented
using registers in the hardware circuit. As thersampling ratio increases, the
number of delay elements also increases as wétleasumber of register bits that
are used to store the data. The above design efpores another decimation
circuit for decreasing the data rate, which recquadditional hardware. Hence it
becomes very cumbersome to design the differentvaith many delay elements.
Because of the problem with the area, most decomdtiter can be implemented

in software like MatLab or LabView. Also, in hardsgamplementation, a clock
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divider circuit in-between the integrator and diffietiator stages is used to reduce
area. The clock divider circuit divides the overpéing clock signal by the
oversampling ratio K. By dividing the clock frequgnby K the number of delay
elements used in the differentiator can be reduogdst one. In Fig. 3.11, the
integrator operates at the sampling clock frequescyhile the differentiator
operates at down sampled clock frequencistf. By operating the differentiator
at lower frequencies, a reduction in the power gon#ion is achieved. In this
research, the CIC filter based on this model has lokesigned. In this work, CIC
is implemented in software to reduce area and mtbstoupling noise as well as
reduce the many sensor channels, interface ciycaitd ADC occupied in analog

front-end (AFE). The following sections discuss ittegrator and differentiator.

3.4.3 Digital Integrator
The digital integrator is similar to an accumulatdrich is used to store or
accumulate the sum of the input data. It is a sipglle Infinite Impulse Response
(IIR) filter with a filter coefficient factor of oa. The transfer function of the
integrator is shown in equation (3.18) [32].
Y[nT,] = X[nT,] +Y[(n+ DT, ]

Y
Y(Z): H(Z) =

1
1-z7

(3.18)

The output of the integrator is the sum of the trgnd the delayed output.
This procedure can be observed from the time domepresentation equation

(3.18). Based on equation (3.18), a block diagramhe digital integrator can be
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X(z) —(+ »  Y(2)=X(2)+Z'Y(2)

Figure 3.12 Block diagram of digital integrator

modeled and is shown in Fig. 3.12. The delay unitised to delay the output
signal by one clock period and can be implememeldardware design using a
memory element such as a simple register. The fenarfignction (3.18) in z-
domain representation can be converted into a ércudomain by substituting Z
with €™ The magnitude response of the integrator is glwerequation (3.19)

[H(z)|

A

......................................................................................

Figure 3.13 Frequency response of digital integrato
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and the plot showing the magnitude response oirntegrator is shown in Fig
3.13[32].

1 1
H(f)= 1_e ST - 1_g 12t

1

{fefert)

In equation (3.19), the integrator has an infigiéén at DC and at multiples of the

H(f)= (3.19)

sampling frequencyfg). The integrator has a minimum value of 0.5, the t

frequency of operation that is of interest isatSince the gain is infinite at DC

and atfs, hardware design should take into account thag#ie might cause the

integrator to become unstable and there is eveapahthat the register used in
the delay element could overflow causing data losrder to avoid problems

with register overflow, the two’s complement codsaheme is needed. By using
the two’s complement method of coding, the datd mat be lost even when the
register overflow occurs. In accumulate-and-dunrpudis, an accumulator is an
integrator, and since binary form is used, data tmmild be possible [34]. This is
another advantage of the CIC filter as it avoids ttata loss due to register
overflow. Here, N is the number of input bits taithparticular integrator stage.
Each integrator achieves an increase in resolitydog.K bits. The input size of

an integrator to avoid data loss is given by equats.20) [34].

Register size M (in bits) = lod + N (3.20)
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X(z) =® > Y(2)= (1- Z")X(z)

\J
N

Figure 3.14 Block diagram of digital differentiator

In order to boost the word size to that shown inagign (3.20) each integrator is

preceded with a coder circuit.

3.4.4 Digital Differentiator
A differentiator circuit, also called a comb filteis a Finite Impulse
Response (FIR) filter. A comb filter is a digitaw pass filter. The time domain
expression and the transfer function of the difiéegor are given in equation
(3.21). From the time domain representation itgla&ned that the output of the
differentiator is the difference between the présgput and the past input.
YInT] = X[nT,] - X[(n-DT,]

%(z): H(Z)=1-2" 3.21)

The block diagram of the differentiator is modeledFig. 3.14. The
transfer function  (3.21) is converted into theqgiiency response and the

expression for the magnitude response is givengonateon (3.22) [32]. The plot
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of magnitude response of the differentiator is shmaw Fig. 3.15. The two’s
complement output of the integrator is appliedtesihput to the differentiator,

and so the differentiator also uses the two’s cemgit scheme of coding.

H(f) zl_efsTszl_eijHf/fs

H(f) = Jz(l—co{z;zfiD (3.22)

The final output of the decimator is the outputhd differentiator and the

output is in binary form; thus, the two’s complermentput is converted back to
the binary form. It should be noted that the ddfderator operates at a different
clock frequency compared to the clock frequencyhef integrator as explained
above. Because of this, both the circuits act dwittual blocks and can be used

for cascading in order to form a cascaded integ@mb filter.

H(2)|

A

| | |
025f,  05f,  0.75f

Figure 3.15 Frequency response for digital difféetar.
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3.5 CURRENT-STEERING DIGITAL TO ANALOG (DAC) CONVERER

Despite the widespread use of digital electroniks, real world is still
analog. As a result, digital-to-analog convert&8Cs) are needed as interfaces
between digital and analog circuit sections. Moszpdue to the fast increasing
demand for IC technology, high-speed DACs are ret@uenany applications. In
particular, current-steering converters have shtavbe suitable candidates for
applications requiring high speed and high resotutindeed, they exhibit an
inherent speed potential, since no output buffereeded to drive the load [37],
[38].

In conventional current-steering DACs the curremitch is usually
implemented using a differential pair [37]. The usk this circuit, besides
allowing differential output, is mandatory in order prevent the current source
from completely switching off. As such, outputtghies are reduced.

Although a full thermometer-coded DAC gives thetlesformance, it is
unpractical for exclusive use due to its complex@yrrently, high-performance
DACs are implemented using a segmented architectoresisting of a binary-
weighted and a thermometer-coded sub-DAC for thstlsignificant bits (LSBS)
and the most significant bits (MSBs), respectively.

Basically, a current-steering converter is madefuan array of weighted
current sources that are switched to the outputclnyent-steering switches
controlled by the input bits. Current sources mustwell matched in order to

guarantee good static linearity performance. Adogrdo the weight assigned to
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Figure 3.16 A Binary-weighted Current Steering DAC.

b1 b,

each current source of the array, we obtain diffe@chitectures as briefly

discussed below.

3.5.1 Binary weighted Architectures
As no decoding logic is required, a binary-weighE28C as shown Fig.

3.16 has higher conversion speed, offers simpliaitsouting and has low power
consumption. However, this structure has major demks on both static and
dynamic performance. These drawbacks are all asdcwith major transitions
of the DAC. The severity of the problem is propamal to the weight of the bit.
The worst case occurs at the middle-code transitioen the MSB current source
of the binary-weighted array is being turned on aldhe other current sources
are being turned off. Therefore, this architectisenot guaranteed to be

monotonic and may result in large differential noaarity (DNL) error.
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Figure 3.17 Thermometer coded Current Steering DAC.

3.5.2 Thermometer-coded Architectures

In thermometer decoding, a digital decoder is maguito convert the
binary input values to a thermometer-coded equmialm Fig. 3.17. In
thermometer coding, an additional output on theodec is selected for every
increase in the binary input code. Therefore, athges of thermometer-code
based architectures are that they offer guaranmtemubtonic outputs, low DNL
errors and reduced glitch noise. The major drawlmidkermometer-code based
architecture is that it requires a decoder whicAwdr extra power and takes
additional area to implement. To represefit different digital values, the
thermometer code requires™2levels. Therefore, for higher n values, the

decoding logic can introduce large decoding delay eould take a lot of real
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estate on silicon. Also, for high speed DAC desitpe decoder design is not

trivial.

3.5.3 Segmented Architectures

The widely used segmented DACs utilize the advastagf binary-
weighted and thermometer-coded architectures. @kyen certain number of
most significant bits are implemented in thermometaled architecture and the
rest of the least significant bits are realizedimary-weighted fashion. This, in
addition to using binary-weighted architecture lacps where the overall DNL is
least affected, allows the low DNL of thermometeded architecture to be
exploited in order to achieve better overall DNLfpemance while reducing the
decoder logic. Using this concept, segmented custeering DAC is applied to
produce the constant current for the conductomsénsor arrays.

Thermometer-coded-architectures of current-steerilACs have
guaranteed monotonicity. Also, the matching regquent is significantly less, as
50% matching of the unit current source results DNL of under 0.5 LSB. Also,
glitches do not contribute to non-linearity in timameter-coded case because the
size of the glitch in thermometer-coded DACs ispmmdional to the number of
switches that switch at a given sample time. Howethee major drawback of
thermometer-coded architecture is that as the numibbits increases, the area
increases significantly. On the other hand, in lyirexchitecture, the output can
change by substantially more than 1 LSB, causipgtantially substantial glitch

created by the MSB source varying in one direcéind the LSB sources varying
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in another direction during mid-code transitionsls@ the severity of the

matching problem is determined by the weight ofiheTherefore, the matching

of the MSB current source transistor must be exttgraccurate. Still, for high

bit resolution, binary architecture requires sigaihtly less area than

thermometer architecture. In this way, there arenyn&rade-offs between

thermometer-coded and binary weighted architectureshis work, segmented

current steering DAC is selected because lesshgpmwver and less area are
required instead of both binary weighted DAC arafitiometer-coded DAC.

In this thesis, an optimum segmentation currerdrstg DAC is designed
by combining using both the binary weighted andrtimmeter-coded types in
order to have the minimum area requirement and taaidNL < 1.0 LSB, and
DNL < 0.5 LSB. Also, the thermometer-coded bits gpét into two groups to
reduce area requirement in Fig. 3.18. In this dgglge current source dimensions
are designed taking all these process mismatchesconsideration. A major
problem associated with current steering architeaguthat if the current required
is large, the dimension of switches A and B in Bifj8 becomes so large that a
glitch of significant height occurs. Charge feetbtlgh of the switches is the one
of caution of glitches. To reduce the glitch powsagch switch circuit is modified
with dummy switches as presented by cascade typieh&s. It will be discussed
in chapter 5.

Based on the architecture above, the advantageuotiag current to the
conductometric sensor is that the current can berated directly and can

improve dynamic range in analog front-end circuitffne current through the
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Figure 3.18 A Current Steering DAC with Thermometeded with for more

matching.
current steering DAC can be limited to less thamu8ecause of the maximum

current derived in conductometric sensor array. dll@vable maximum current
from the DAC is 51.1A. The specification and implementation of this DA

be presented later.

3.6 LOW VOLTAGE SWITCHED CAPACITOR CIRCUITS
Low voltage switched capacitor circuits are coaesd a specific class of

circuits often employed in analog signal processasgswitched capacitor [61].
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Switched capacitor circuits find widespread useabee of their robustness,
inherent linearity and implementation efficiencyorFexample, the cutoff
frequencies of switched capacitor filters dependhmncapacitor ratio instead of
RC time constants as in continuous time filtersmionolithic circuits, capacitor
ratios are easier to control and implement thantiR@ constants. As the name
suggests, an important element in this case otliitsrds the switch. In a low
voltage environment, the switch implemented witiNldOS or PMOS suffers
from a low overdrive voltage. Low overdrive voltagguates to low conductance

as seen in the follow equations for channel coraihaet of a CMOS switch.

W
Om = :uncox(TJ (Vdd _Vin _Vthn) (323)
w
gp = /’Ipcox(rj (\/in _Mhp‘) (324)
p
Om = Gmn + gmp
Om \/in < rvtp‘
={0n+ 0, |Mp|SViN<Vy -V, (3.25)
gp Vdd _\/tn <\/in

As is apparent from (3.25), Wyq is less than the sum of the threshold
voltages Vi + Vi), a region exists in which the switch does notdvan. Fig.
3.19 graphically depicts the relationship betwelea tperating regions. Even
when the supply voltage becomes comparable to time ef the threshold
voltages, the switch conductance varies greatly dwe input range, leading to
excessive harmonic distortion. Settling requirermedéemand that the switch

resistance be less than a certain value. A widatying resistance over the signal

77



conductance
Z =

s
N\ <
&

Vout |

Vin

—A
!

Vm

Figure 3.19 Conductance of CMOS switch operatioth wespect to supply

voltage.

range would also lead to an inefficient desigremmis of area.

The following recent designs employ several tegh@s to overcome the
low voltage switch conductance problem describesdveab low threshold
transistor option, supply or clock voltage multyaliion, gate-voltage
bootstrapping and switched operational amplifiég. B.19 suggests that reducing
the threshold voltage will extend the region ofactance for the CMOS switch.
A reportedXA D/A converter operates down to a supply voltagel &f V by
employing 0.3V threshold transistor [39]. Howevitre low threshold voltage of
the transistor increases processing cost and redciceuit robustness due to
greater leakage currents. As a result, bootstrgppgechniques have been
developed to remove the need for lower thresholthges. Although increasing

the transistor length in a deep submicron procedsaes the threshold voltage,
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the switch conductance is proportional to W/L. &asing W to compensate for
longer channels would increase switch capacitatheegeby increasing clock feed
through and charge injection. Therefore, the depeoel of charge injection
according to the input level trades the switch widhd the sampling capacitor in
switched capacitance. In this work, one of the m@shof cancelling the effect of

charge injection is chopper stabilization technigaexplained in chapter 2.
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CHAPTER 4
ARCHITECTURE OF ANALOG FRONT-END CIRCUITRY FOR
CONDUCTOMETRIC AND AMPEROMETRIC SENSORS

A desirable system should be as small as a baddjédaitery operated,
similar to radiation counters. To satisfy the silmy noise and low power
consumption requirements, an integrated readoetfate circuit, data collection
and a signal processing module are required. Theplste system diagram is
illustrated in Fig. 4.1. In the conductometric sensase, a large variation of
resistance from the single-wall carbon nanotube NSY\Wbase resistance and the
minimum resolvable resistance change dependingasncgncentration translate
into a wide dynamic range specification for the C#@nalog front-end (AFE)
interface circuitry. Also, the current change inp@mometric sensor depends on

gas concentration and will translate into a widagea specification for AFE

Analog Front-End IC
AMPEROMETRIC

SENSORS ¢ Potentiostat r«m—@ ) 3bit
e | L :
SIOW FLASH

(-.

- wj\-
._/ WEs . Chopper 1bit MICRO MEMORY
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SENSORS Power
[ ] /@ B %bit Management
11:8] N\ T ]
<,[ DEMUX DAC He
CLK Gen
& Control Logic <

Fiaure 4.1 Block diaaram of exhaust aas detectiammonlectronic.



interface circuitry. The AFE combines both conduwiétric and amperometric
sensor channels along with the shared ADC to reduyateysical system size.

The conductometric and amperometric sensors amadieazed to define
an adequate specification for the CMOS, analogtfemd interface. In this
chapter, both conductometric sensor and amperamelraracteristics will be
analyzed to formally define an adequate specibcator the CMOS interface.

Also, the flow of the following block diagram witle explained.

4.1 CONDUCTOMETRIC SENSOR INTERFACE SPECIFICATIONS

From the conductometric sensor characteristicsinaber of specifications
for the interface circuitry can be determined. Whexposed to a reasonable
concentration of chemicals as 100 particles petianil(ppm), the minimum
resistance change in conductometric sensor is hpuf@Po from the base
resistance [4]. By being able to resolve a 1% changonductance, the effective
chemical concentration can be inferred to resohi@mchange in conductance,
and the effective chemical concentration can berratl from the conductometric
conductance or resistance measurements. If theresistance in conductometric
sensor arrays and its own resistance of sensongtieary much from channel to
channel, the minimum resolution requirement oninkerface would be about to 7
bits. However, due to poor fabrication steps orrpeavironmental conditions
when building the conductometric sensors, the basestance actually varies

from 10 kK2 to 10 MQ.
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To determine the effective dynamic range in andiamt-end (AFE)
circuitry for conductometric sensor arrays, the lggsh resistance change that
needs to be resolved from base resistance varigido be considered. The
smallest change could be 100when a 10 K base resistance reacts with the gas
chemicals. In fact, the dynamic range requirememKE circuitry translates into
17 bits because of 1% change detection and bastares variation. Thus, when
100 Q is considered as the LSB of the sensor resistanggut, 10 M2 will
become 10times greater than 10Q. It is interesting to notice that while the
dynamic range requirement is 17 bits, the resalutequirement is only seven
bits per 1% resistance change at each base resist@mannel because the
minimum resistance change in the conductometric@eby electrochemical
reaction is around 1%.

The sensitivity and the maximum drive current chemastics can be
different for each channel in a similar mode beeaasconductometric sensor
exhibits a statistical variation in its charactecs such as base resistance. From
averaging theory with large numbers, by increasiieghumber of sensor channels,
the reliability of the sensor system may be enh@dn€aus, the AFE interface IC
that accommodates an array of the sensor shouldebeloped with dynamic
range and accuracy. The ability to accommodateosemsays should not come at
a large overhead on the interface side. The reedabttionality of the AFE may
apply to many sensors such as fuel cell, temperafold sensor or pressure
sensors. Therefore, the interface is designedne-tmultiplex the existing AFE

resources. This may increase the readout raterezgent on the interface, but
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such an increase in the readout rate is tolerabt= ghe reaction rate for each
sensor is very slow [5].

Another restriction on the interface circuitry bketconductometric sensor
is the maximum current through the sensor chanrdis. single wall carbon
nanotube (SWNT) as represented by the conductarssrisor can withstand up
to 60 - 70uA of current [40]. In the case of double wall carbmanotubes, the
current-carrying capacity is above gA. The single wall tube normally breaks or
loses its characteristics over 8. Since the entire conductometric sensor arrays
will be composed of a SWNT, the maximum currentpsiepl to each sensor cell
is constrained to be less than 68

Based on these requirements for the conductomstnesors, the limited
noise allocated to a sensor system should be takeraccount when designing
the interface. The noise analysis will be discuda&gt. These specifications are

summarized below in Table 4.1 below.

Table 4.1 Required Specifications for the Interfac@rcuitry for

conductometric sensor

Resolution 17 bits for detection < 1% change
Dynamic Range 10kQ ~ 10MQ
Readout Rate < 16 sec / channel
Maximum Current < 7QA / sensor
Number of Sensors on a System More than 8 sensors

83



4.2 SPECIFICATIONS FOR AMPEROMETRIC SENSOR

In constructing a system for an electrochemical g@ssor arrays, the
composition of the system is determined by the aysand electrical
requirements associated with the correspondingirgagfaces that continuously
monitors the physical and electrical activity. Sabvegas classes are good
candidates for miniaturized electrochemical sens@rskey challenge in gas
detector sensor development is assembling intefattet simultaneously
immobilize the gases on the electrodes during cte&meaction and allow the gas
activity to be measured. A variety of electrochaehimethods can be utilized to
monitor hazardous activity including voltammetrydampedance spectroscopy.
For amperometric sensor array, several voltammgtchniques can be used
which require a transducer system composed of ererefe electrode (RE), a
counter electrode (CE), and an array of workingtebeles (WE). To complete the
electrochemical measurement system, the instruti@mtaelectronics should
incorporate amperometric readout circuit, electroids and control circuits.

While applying constant voltage between the RE thedWE reduction-
oxidation reactions occur in the sensor cell amdRaradid; current generated by
the sensor can be estimated by

|, = AnFI'T (4.1)

whereA is the electrode area,is the number of electrons involved in the reactio
F is Faraday’s constant;is the surface coverage density of the gas,Taisdthe
turnover rate [41]. To support micrometer-sized;obiip electrodes relative to

gasoline and diesel gases, the University of Sagd®iperformed wet bench
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Table 4.2 Required Specifications for the Interfa€&rcuitry with

amperometric sensor

Resolution 10 bits
Current Range 10 nA- 100pA
Readout Rate < 16 sec / channel
Maximum Current < 10QA / sensor
Number of Sensors on a System More than 8 sensors

testing and determined that the maximum currentdcazach from 10 nA to 100
uwA depending on gas concentration and types. Thes,réadout circuit must
support a wide input current range from 10 nA tO 8. It is typically difficult

to precisely control the density and types of gascentrations on each electrode;
thus, calibration would be needed for individuaottodes. These specifications
are summarized in Table 4.2.

A typical amperometric sensor configuration corsst three electrodes
consisting of a CE, RE, and a WE. The target ia &FE design is to be able to
detect chemical sensing signals using either amperac sensors as planar
electrodes or platinum microelectrodes. These apmpetric sensor structures can
detect quanta release of oxidization transmittetssh as the catecholamines,
epinephrine and norepinephrine [42]sing a carbon fiber or a platinum
microelectrode that is positioned close to the setface and held at a potential
that is sufficiently high enough to oxidize thee@ded molecules. Upon release
from a vesicle, the catecholamine molecules thHus# to the surface of the

electrode are rapidly oxidized, resulting in thansfer of two electrons to the
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electrode [43]. To detect the different gas typgsitemical reaction, the voltage
levels for the power signals can be as low as 1\m#ke stimulus for only
oxidation and the bandwidth no more than 1 kHZfehannels or more.

One of the problems with using low frequency signadbm both a
conductometric sensor and an amperometric senghiaisow frequency noise
can interfere with the sensor signals in the oVergtem. The flicker noise and
the DC offset of the CMOS amplifiers can be a peablsince their effects
increase with the decrease in frequency. In ampei@on sensor system,
potentiostat and current-to-voltage convertersuatally used in CMOS amplifier
designs for their proper operation. Furthermorethie case of using planar or
impaled electrodes, the output impedance is rougigiier than 2 K. Thus, the
output impedance of the AFE device is a significkautor in determining the
specification of the sensor output impedance. Tineeat to voltage converter
should have a high input impedance to transfer rab#te sensor signal. This is
usually not hard to achieve because at low fregasrtbe input impedance of a
CMOS-based amplifier is generally high.

The goal of AFE system for both types of sensorisperate at low
noise, low offset, and low power in a portable uiihe AFE circuitry could
deliver an overall offset suppression up to h¥Obecause all sensor signals work
at very low frequencies and DC. In this chaptdgve-noise and high-resolvable
architecture for both sensors that is based orséhsors’ specifications and that

accommodates both wide dynamic range and low neibebe proposed. The
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Figure 4.2 General concept of a sensor interfaceaitiy.

following section discusses the proposed architedimachieve the specifications

of the AFE mentioned above.

4.3 PROPOSED ARCHITECTURE

The primary function of sensor interface circuitsyto read and amplify
transducer output signals. Generally, most sengerface circuitry should have
an actuator or stimuli to excite the sensor todaeted, a signal detector to detect
the signal from sensors after a chemical reacaod, a data analyzer to analyze
and store the signal in the detector. A block diagincluding all the components
is shown in Fig. 4.2. In fact, the interface intuodd actuates the sensor with a
voltage source, then converts and measures thageolignal at amperometric
sensor output node. On the other hand, the sanefaoe actuates with
predetermined current sources into the conductaenstnsor and measures the
voltage signal at the sensor output node. In fiacthe interface design, it had
been tried to actuate directly with a variable entrsources and constant voltage,

and then measure the voltage from the both sensors.
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String DAC
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Figure 4.3 Analog front-end circuit for a conductint sensor.

4.3.1 Sensor Analog Front-End Circuit for a Condaoestric Sensor

The main idea for the proposed architecture isttiainterface can trigger
the sensor with a current source and measure tlteegecato detect the resistance
change of the sensors, as shown in Fig. 4.3. Anndea, the requirement for an
amplifier to generate a virtual ground as well s heed for an amplifier to
generate a stimulus across the sensor can be atedinThis idea satisfies the
requirement of having a 17-bit dynamic range withalag blocks smaller than the
current dynamic range shown in Table 4.3. This idea provide a coarse
absolute resolution in the high-resistance rangkafine absolute resolution in
the low resistance range. Since the resistancegeharthe conductometric sensor

is proportional to sensor voltage and inverselypprtional to the current being
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Table 4.3 Current Specifications for conductometgnsor

Contents Value Unit Value Unit Rsensor range
1% change of 10kohm 100 ohm
Start resistance 1000hm stag A 50u A 10kQ~24 kQ
maxdetection R with this curren 24k ohm
1% change of 24kohm 240 ohm
with resistance 24kohm stage A 20.8u A 24kQ~57.6kQ
max detetion R with this current 57.6 ohn
1% change of 57.6kohm 576 ohm
with resistance 24kohm stagei-l A 8.6u A 56.7kQ~138 kQ
max detetion R with this current 138K ohn
1% change of 138kohm 1.38K ohm
with resistance 24kohm stage A 3.6u A 138kQ~332 kQ2
max detetion R with this current 332K ohny
1% change of 332kohm 3.32K ohm
with resistance 24kohm stage A 1.5p A 332kQ~796 kQ
max detetion R with this current 796K ohn
1% change of 796kohm 7.96k ohm
with resistance 24kohm stageG-I A 600n A 796kQ~1.91 MQ
max detetion R with this current 1.91M ohny
1% change of 1.91Mohm 19.1K ohm
- ; 1.91IMQ~
with resistance 24kohm stage7- A 300n A 459 MQ
max detetion R with this current 4.59M ohny
1% change of 4.59Mohm 45.9K ohnm
- : 4.59MQ~
with resistance 24kohm stage: A 100n A 11MQ
max detetion R with this curren 11M ohm

pushed through the current source, the minimumlvakle resistance change
may decrease as the current is increased. Howiinecurrent through the sensor
cannot be increased in order to keep the outpthgelbelow the supply. There is

a maximum current that can be supplied to a minintatectable resistance of
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conductometric sensor array. In fact, the maximualuer is small for large
resistors and large for small resistors, which ltesin the varying absolute
resolution feature described.

In general, a sensor input voltage/current spamosel equals the
DAC/actuator interface or the output voltage/currepan. The DAC output
voltage span must match the actuator input voltgggn to achieve maximum
performance. The procedure for matching the DAGpuuuspan to the actuator
input span can be quite different from the procedior matching the sensor
output span to the ADC input span. Sensor outpatsusually low-level signals,
thus care must be taken to preserve their sigrabige ratio. Actuator input
signals may require significant power, thus rolstamps are required to drive
some actuators. To resolve these problems in actD#C, the idea of using a
current steering DAC can provide a solution.

The interface should be designed such that the igsolution is required
to detect a 1% change in resistance. This requimesi®eould be met across the
whole dynamic range. In effect, the current soustesuld be set to detect the
minimum resolvable resistance in the operating eaofghe interface circuitry. As
shown in Fig. 4.3, analog blocks in the interfaperate at the supply voltage of
1.8V and the sensor signal processing chain opgeeat&V. The current source in
this system can be implemented as a current-stedigital-to-analog converter
(CSDAC). The input word for the DAC is a digitalpresentation to choose the
current sources, and the input is controlled byierenontroller. The minimum

current source cell for 1 LSB in the DAC is 100 tAdetect 10 M2 or higher
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resistance. Furthermore, in this work, the readsygtem may require 16-bit
resolution when 1 LSB current source is appliedvai as when an unknown
sensor is tested. To digitize the analog sensorakignd store the signal into a
flash memory, an ADC is implemented with 3 drder sigma delta modulator,
which has a good resolution and moderate speedcapphs [44]. The analog
front-end IC employs 8 conductometric sensor célte 3-bit resistor string DAC
with a class AB buffer is used to bias the baclegahe output of the DAC can
be used to apply a static voltage to the back-gatde conductometric sensor
array, modulating the sensor sensitivity. In th@ky current stimuli using current
steering DAC is applied to the sensor directly rah the voltage signal at sensor

output node is digitized by first order sigma d&aC.

4.3.2 Sensor Analog Front-End Circuit for an Ammpeetric Sensor

This section describes the operation of the paistat in detail and
discusses the sensor interface circuitry for an eaowpetric sensor. The
potentiostat is normally used for amperometric ee1sThe analog front-end
interface for amperometric sensor contains thegmated control-loop-amplifiers
which drive the on-chip counter electrodes and fiuthop reference electrode.
This, along with the working electrodes, forms angfard potentiostat that can be
used to perform classical electrochemical measumsmesuch as cyclic
voltammetry (CV) and electrochemical impedance spscopy (EIS) [45]. From
Fig. 4.4 it can be seen that a potentiostat isedldack control system used to

apply a desired potential to an electrochemicdlarad to measure the movement
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Figure 4.4 Potentiostat operation.

of charge through the sensor cell that accompaglestrochemical reactions
occurring at an electro-electrolyte interface. Anstard potentiostat is used in a
typical electrochemical setup. The potentiostat sgia of three electrodes
immersed in an electrolyte as gas solution: a warlkdlectrode (WE) where the
reaction of interest occurs, a reference elect{(&e to hold the electrolyte at a
known potential, and a counter electrode (CE). Amary function of the
potentiostat is to ensure thatcytracks an applied source voltages(y under
varying current-loading conditions. The negativedigack around I/V converter
op-amp creates a virtual ground at the WE. Thusyragig an ideal op-amp,

VceLL IS given by:
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Veer = Ve - Ve (4.2)

When a working electrode noise is consideredwagal ground, equation (4.2)

can be solved by:

VRE = L AL (_VRE +Vstim)
R, + Ry

VRE — Aina
Vstim A:LRfa + Rs + Rfa

(4.3)

The RE’s potential is buffered by a source folloenit gain buffer) to
ensure that no current is drawn through the RE. fAdgative feedback around
amplifier A1, which is connected via the amperometric sensibrfoeces node X
to ground. The voltage seen at the X node is 1/hefsum ofVsim andVge. It
follows that X node is only equal to zero (groumdjen Vgin is equal to Vreor
by (4.2), whenVgin is equal toVey. Thus, the negative feedback of the
potentiostat ensures théi tracksVsgim.

Since WE is held at virtual ground because of faelipthe value oY/
can only be altered by changing the potential at Tke voltage swing of this
architectureVeen_swing assuming amplifieA; has rail-to-rail output, is defined by

the voltage swing at CE.

VceII_SWING = Vaa _VSS)L (4.4)

Rs+ Rfa
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whereVyq is the positive supply voltage ands is the negative supply voltage.
The rail-to-rail Amplifiers atA; andA; will be presented and implemented in next
chapter.

The potentiostat amplifies the sensor's faradaicrretit from
electrochemical reaction. The current is accomgptistvith an I/ converter for
input at ADC. The sensor’s output current flowsotigh the feedback resistBy
which is referenced to virtual ground to provide anplified current-to-voltage

conversion such that
Vou =11 R (4.5)

In summary, the potentiostat for the amperomeeitser reaction keeps
the voltage from applied voltage and measures tihet signal from the sensor

by using current to voltage converter as shownign £5. The interface circuit

R

Amperometric sensor

AWE ADC

ova buns
lojsisey

Potentiostat

Figure 4.5 Analog front-end circuit for an amperadmneesensor.
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actuates the sensor with a voltage source fronogr@mmable 3-bit DAC, and
then measures the current signal from the senspraiatain a stable oxidation-
reduction reaction in the electrochemical cell.eAft/V converter, the faradaic
current become voltage at the ADC input. This outmltage will be digitized by

the £'SA ADC in Fig. 4.5.

4.4, FIRST ORDER SIGMA DELTA XA) ADC WITH CHOPPER

STABILIZATION

The sensor output voltage span seldom equals th@ iAput voltage span.
Sensor data is lost and/or ADC dynamic range isfulbt utilized because the
spans are unequal, start at different DC voltage®oth [11]. In Fig. 4.6(a) the
spans are equal but offset. This situation requées shifting to move the sensor
output voltage up by one volt so that the spansiman Fig. 4.6(b) the spans are

unequal, but no offset exists. This situation resgii amplification of

av

v 1 :
2V yy ADC E 2v I
Input span
Sensor E Sensor ADC
output span v v ' output span Input span
oV y i ov Y \
(@) same spans (Hfepdint spans

Figure 4.6 Sensor span and ADC span for same dfiedetit spans.
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the sensor output to match the spans. When the sparunequal and offset, level
shifting and amplification are required to matclke 8pans. The spans should be
matched to achieve optimum performance becauseattbed spans lose sensor
data or require an expensive increase in ADC dyoaamge. The amplifier is the
best analog circuit available for matching the sphacause it level shifts and
amplifies the input voltage to make the spans edua op-amp is so versatile
that it level shifts and amplifies the input sigraimultaneously. To achieve
optimum performance, all significant signal chaimass are equal with the sensor
actuator, the AFE, and the ADC [46].

Depending on art A modulator loop, it is possible to build up theg®i
shaping filter as a discrete time (DT) or a cortins time (CT) circuit[47]. The

DT XA modulators are implemented using the switched@tpa(SC) circuit

technique. In SC circuits, amplifiers with high gdandwidth product (GBW)
satisfy the settling requirements. Typically, thBW& is seven times higher than

the sampling frequency. By nature, CIA modulators are not sensitive to
settling behavior. As a result, CI' A modulators can potentially operate at higher

clock frequency and/or with less power consumptiora CT 2 A modulator, the

loop filter provides additional anti-aliasing fitteg, which is beneficial when
having to handle large interface. In SC circuit® in-band noise is bounded by
the capacitor size. Consequently, CT modulatorse hamaller power and
consume less silicon area than the DT counterp@dstrary to a CT modulator,

in a DT modulator large glitches appear on the myp-airtual ground node of the
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RC integrators due to switching transient. Therf@ CT modulator achieves
better linearity performance. However, it is watiokvn that the clock jitter of the
feedback DAC is critical in the SNR degradationaofCT single-bit feedback
DAC. Some solutions should exist to circumvent jitter effect. For example,

going to an N-bit A ADC will reduce the quantization step by'-2.

Consequently, the DAC charge transfer fluctuatien gock period due to jitter
will also decrease by*21. However, this solution could be chip area comisg.

A more interesting solution consists of implemegtine DT modulator as
an SC DAC while keeping a continuous-time loopefiltAs demonstrated in [49],
because of a return-to-zero clock scheme configuraa settling time constant of
the SC DAC would be eight times smaller than theckclperiod and the jitter
sensitivity would decrease by 4 dB. This latterusioh is preferred for wireless
applications that do not require more than 5 MHavession bandwidth because
it optimally trades off the CT and DT advantadesa DT modulator the variation
in time constant is determined ratio of the capasit This enables excellent
matching in the time constant of the noise shafiltey. However, this is not the
case in CT modulators where the time constant’mran is between 25% to 30%
due to R and C spreads. This variation can segouslgrade the SNR
performance. Thus, a DT modulator is selected im ttresis for higher accuracy

and better matching.
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Figure 4.7 Simplified diagram of the first order &adulator.

The basic block diagram of a first order sigmaaleibdulator is shown in
Fig. 4.7, which consists of an integrator and a garator, which acts as an ADC
and 1-bit DAC, which is placed in the feedback lodpe name first order is
derived from the information showing that thereoidy one integrator in the
circuit, placed in the forward path. When the ottpluthe integrator is positive,
the comparator feeds back a positive referenceakitjat is subtracted from the
input signal of the integrator.

Similarly, when the integrator output is negatitlee comparator feeds
back a negative signal that is added to the incgndignal. The integrator
therefore accumulates the difference between tpetiand quantized output
signals from the DAC output, which is in feedbacdlod, and then makes the
integrator output around zero. A zero integratapatimplies that the difference
between the input signal and the quantized outpst zero [50].

Low noise, low 1/f noise and reusable ADC is oh¢he most important
blocks for the developed interface system. ADC parform the function of
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signal detector in the interface model introducadai sensor interface chip
diagram. While the conversion rate is not critithgé low dc offset noise and 1/f
noise from AFE affect the sensor signal chain at fiequency. As introduced in
chapter 2, the nested sigma delta scheme was chroieis requirement because
the nested chopper scheme is one of the most ezffianoise suppression
techniques for the CMOS amplifier and the mixechaighain.

The XA ADC with chopper stabilization technique is apgli® digitize

the electrochemical measured voltages which isirddafrom the amperometric
sensor and the conductometric sensor. The comgilgtal flow diagram for the

ADC with cascaded integrate comb (CIC) filters sihewn in Figure 4.8(a). The
outputs of both amperometric sensors and condud¢tmnsensors are applied to
the ADC. Two nested choppers modulate the outgasifrom the sensor. One
is a low frequency and the other one has a higfuérecy inner side of the ADC.
Figure 4.8(b) and Figure 4.8(c) show the frequespsctrum for nodes W, X, Y,

and Z in Figure 4.8(a).

The slow chopper is applied to decrease the midmiiated residual
offsets in the switched-capacitor (SC) circuitlatsschopper frequency [24], [25].
After the external slow chopper modulates the irgpgbal, the first order ADC
digitizes the significant signal at the slow chapfrequency and offset the DC at
node W as shown in Figure 4.8(a), which is stilthin the flat-band of the
guantization noise for the ADC as shown in Figu&). Inner fast chopper pair

removesl/f noise and the DC offset of the ADC integrator.

99



Analog | Digital

-t
]

A

ffast
: ) Ly
Sensor output signal ; b& % 3 lg_ 5
>AADC LPF1 LPF2
slow fslow
(a)
| 3
= LPF1 (X,Y) A ~LPF2(2)
o ¢ Sensor
; output signal
Shaped Q-noise
L\ ¥ . /Residue offset
- A .... e A [ﬁAmpTer offset /\ e
0 fslow 3fslow 5fslow fs/ 2 —I_ fslow 31:s,low 5fslow
Frequency[Hz] Frequency[HZ]

(b) (c)

Figure 4.8 The complete signal flow diagram andudency spectrum f&A

ADC with decimation filters.

In addition to this, the ADC architecture in FigB4relates to chopper

circuitry for reducing residual noise caused by @nmatch between the input

chopper switches and the switched capacitor mogluldhe performance of the

delta sigma modulator is sensitive to input noskich is caused by switches,

operational amplifiers, and digital circuits. Sunbise will degrade the dynamic

range of the input signal. In the low frequencydahe increase in flicker noise

is proportion to the decrease in frequency. Inrélative-low frequency band, the

offset will dominate the noise. In sensor interfageuits, system performance is

limited. As mentioned in the previous chapter, elated double sampling, self-
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calibrating operational amplifiers, and choppeb#itzation techniques are used to
deal with this type of noise. The chopper stabdizielta sigma modulator with
conventional op-amps has been shown to have batterunity from low
frequency noise [51], [53]. Unfortunately, the cpop approach also generated
residual noise, which switches during the operatibthe chopper as well as the
1-bit feedback DAC switch. The ON and OFF of thécdwinduce the spikes into
the input end of the delta sigma modulator. Theigh frequency switching
noises will track the input signal and get injeciatb the modulator thereby
degrading the resolution and SNDR of the systemréBwmlve this problem, a
nested chopper amplifier is used to reduce thelwatinoise that was mentioned
earlier. However, the front-end of the modulatoll suffer from high-frequency
noise caused by the mismatch between sampling lsgitand microcontroller
[53], [54].

After the interested signal goes through all thal@yp components in Fig
4.8, the demodulation of the input signal occuterathe first digital low pass
filter in digital area. The cutoff frequency of tifiest set of CIC filter should be
higher than the chopper frequency to eliminateritie of high frequency noise
demodulation. In fact, the first filter should pakge odd harmonics of signal at
odd chopper frequencies because the signal shaulcedonstructed with low
distortion. After the digital demodulator with slasthopper frequency, the signal
at the slow chopper frequency is down-converteth@original signal band by

the chopper switches in the module. Finally, the lloequency drift at slow
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Figure 4.9 Proposed the first ord&x ADC with chopper switches and dither

circuit.

chopper frequency is eliminated by the secondalittv-pass filter as shown in
Fig. 4.8(c).

Based on the signal chain in ADC block diagram, phesent proposed
architecture for SC A ADC is shown in Fig. 4.9. The proposed ADC corssadt
an OTA, a comparator, chopper switches, a digiltalr f and dither circuitry with
a linear feedback shift register (LFSR).

The micro instrument integrates a sharédoider XA ADC to reduce
chip size and power consumption. The single slop&€As more susceptible to
substrate noise [53]. Because of this limitatidrve $econdary converter could be

useful for measuring noise transmission in this edigignal environment. The
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step voltage for the converter is generated by Igimgpa fixed current, derived

from 3-bit resistor string DAC to an off-chip resis

Both sensors are needed to digitize their sengmakidepending on gas

concentration to store them into a flash memoryabse this module will be used

to portable gas detection platform.

4.5 EQUVLAENT CIRCUIT MODEL FOR AMPEROMETRIC SENSOR

Before attaching the real amperometric sensor rialog front-end

circuitry, an equivalent circuit model needs todimulated to verify the proper

functionality of the proposed module. Figure 4.b0w8s an electrical equivalent

model for a three electrode chemical sensors imwdudoise source [55], [56].

K4[Fe(CN)e]

Ag/AgCl

CE — B wE

|

RE

RE

CE o———

e lawn—

Rs Rs

——e\WE

Figure 4.10 An equivalent circuit model for ampes&trt sensor.
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Each of these electrodes introduces parasitic dapae into the electrochemical
cell. These parasitics can be adequately modeledg ubnear electrical
components as shown Fig. 4.10. The double layaai@mce of both CE and WE
is represented

by C4 and is given by:
C, =20- A(uF /en?) (4.6)

Rs represent the gas solution resistance betweenrattious electrodes and are
given by:

d
R =A—
K 4.7)

whered is the distance between the two electrodeskasdhe gas conductivity.

The charge transfer resistance at CE and R¢Eis given by:

1

R =i F A

4.8)

wherei, is the equilibrium current density,is the number of electrons, akRds
Faraday’s constant [56]. Of the parasiti€; is of utmost concern since any
current needed to charge/discharge the double tmacitance is summed with
the concentration dependent faradaic current. Lahgeging currents mask the
desired reduction/oxidation (redox) current anddleéa poor detection limits.
Equations (4.6) to (4.8) demonstrate that the parasave dependencies on the
areas of the electrodes and their separationshéfunbre, the relationships

between the various parasitics and their areasectesle-offs in electrode sizing.
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Noise in the electrochemical cell is generatechbiobm the faradaic
currentitaradaic and from the parasitics. Similar to any resistthre solution

resistance and charge transfer resistance prodihezraal current noise given by:

AT
Ithermalnoise ~ E 4.9

wherek is the Boltzmann constant, is temperature, angs is the resistance of
gas. Additional noise in the form of shot noises@si from the discrete electron
transfer from ions in the solution to electrode engiven by:

2 - -
Ithermalnoise ~ 2q(| faradaic + Icharge) (4- 10)

whereq is the charge of an electron angige is the charging current. In the
electrical model, these noise sources can be addmatallel with their respective
sources. Since the magnitudes R ifaradaic @aNd ichage are dependent on area,

electrode dimensions directly affect the total a@snerated in the system.

4.6 EQUVLAENT CIRCUIT MODEL FOR CONDUCTOMETRIC SENIR

Fig. 4.11 shows an equivalent circuit of a carbamatube (CNT) as a
conductometric sensor trapped between two electrodéhough only one CNT
is depicted in the Fig. 4.8, this circuit is equ@rd to all of the conductometric
sensor channels connected in parallel in the miecoede gap [57]. The
electrode and gas contact is formed at the botls ehdhe CNT side. The total

resistance of the gas sensgri®kgiven by:

R =R +R +R. (4.11)
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Figure 4.11 An equivalent circuit model for condwroetric sensor.

whereRs is solution resistance from the CNT resistancenwdteemical reaction is
activated, andR: is the charge transfer resistance between theel®atrodes and
CNT contacts respectively.

As shown in Fig. 4.11, after the gas adsorptioectebn), the Schottky
barrier and the resistané® become higher according to the chemical reaction
mechanism. The idea is that the conductometricosgesponse can be expressed
as a superposition of the Schottky contact resistdR:) and the CNT resistance
(Rs), which are differently influenced by the gas agson and contribute to the
overall sensor response. For example, when th@senexposed to Nf£gas, the
NO, molecules are adsorbed on the CNT surface arattgtectrons in the CNT
due to high electron affinity. As a result, the igwe hole density in the p-type

semiconducting CNT increases so that the CNT eesisiRs decreases from the
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base resistance value. The resistance exponentetiseases as the number of
adsorbed N@molecules increases with elapsed time accordirantadsorption
scheme such as a Langmuir-model. In faRg can be changed by gas
concentration.

It is possible that measuring equipment and theiremwment may
contribute to the conductometric sensor outputeoigo investigate the noise
contributed to the sensor, the same experimergpeated but the CNT sensors
are replaced with a carbon film resistor with sanitesistance [57]. The paper
has found out that the noise of this carbon filsigtr is 0.01 — 0.02% which is
an order lower than the CNT noise. Hence, it cartdncluded that most of the
noise in the CNTs sensor is inherent noise (ndiae éxists in the CNTSs) rather
than noise coming from measurement. Theoreticedlyistors only have thermal
noise. Thermal noise can be formulated by [58]:

Viermatnoise = AKTRAf (4.12)
where Af is the measuring bandwidtfi, is the temperature, ankl is the

Boltzmann constant.

4.7. SYSTEM SIMULATION

This section discusses the simulation for the fostler sigma delta
modulator with chopper stabilization. System stgbibnd performance were
analyzed and determined using MatLab Simulink satioh. Each block in the
architecture was modeled according to the previbsisussions. Fig. 4.12 shows
the block diagram of the simulation schematic usefimulink. The advantages
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Figure 4.12 MatLab first order sigma delta modulatdh chopper

stabilization system simulation.

of modeling simulations are speed and ease of @s®doon the chopper
stabilization technique and th& arder sigma delta ADC. Sensitivity analysis was
performed by degrading finite amplifier gain andsmatch in sense capacitance.
Other analog non-idealities, such as amplifierrtr@moise andT/C noise, were
included in the MatLab simulation.

The AFE circuitry performance under non-ideal ctinds is presented in
Fig. 4.13. The noise is shaped 20dB per decade dirds order shaping due to
the interface integrator. This noise shaping waudtl be present if an amplifier
was implemented instead of an integrator. Given iopat signal and a sample
rate of 262.144 kHz, the simulated Signal-to-Nd#sio (SNR) is 60.27 dB for a
signal bandwidth of 1 kHz. In Fig. 4.13, the SC tswiresidue offset and the

chopper switches offset appear at DC while theaesignal is at slow chopper
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Figure 4.13 AFE circuit system simulation.

frequency. The amplifier DC offset was pushed ghHrequency. In this MatLab
simulation, 32 Hz frequency is used for the slowpger frequency and 131 kHz
is used for the fast chopper frequency. In thet fmgler modulator, the input
signal and the quantizer input are strongly coteelavhile the output contains
strong in-band frequency tones. This is even wdrs@ additional dc signal is
applied.

For DC input signals, the first-ordBA ADC modulator runs in repetitive
pattern trying to equal the input level on avera@epossible solution to this
problem is to include a random noise source atqgunmentizer input (or at the
modulator input) in order to add non-periodic aaddom signals called dither. In

Fig. 4.12, a sequence of delay blocks in simulirdspnts a linear feedback shift
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Figure 4.14 Simulink schematic with amplifier thedmoise for ADC.

register (LFSR) and then this LFSR makes uniformagdom noise signal to
reduce pattern noise.

In Fig. 4.12, the ADC block consists of the lowevdl Simulink block
diagrams with the amplifier thermal noise injectadhe summing node of the
integrator in Fig 4.14. This Simulink simulatiorckaique was presented by P.
Malcovati for modeling amplifier non-idealities [R1

Fig 4.15 shows that the noise floor has increasad fin ideal system of -
120dB to a system with amplifier thermal noise d®0dB. The thermal noise
injected into the system was 1m Vrms. A samplingac#or G of 12.5pF was
chosen. The circuit was simulated with the sampliregguencyFs equal to
262.144 kHz (a jitter of 1%o of the clock period)tlvan oversampling ratio (OSR)

of 128.
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Fig. 4.15 shows the case where the AFE systemmslaied with 1mV

residual offset and 5mV signal from the sensorg. #i15 shows the PSD of input

P30 of Input signal
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Figure 4.15 Power spectral density of the 5 mV HdhanV input signals.

PZD of Input signal after slow chopper demaoulatian
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Figure 4.16 Output signals at slow chopper frequ&i@2 Hz after the first

decimation filter.
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signal and Fig. 4.16 shows the PSD of the ADC dugdter the digital slow
chopper demodulation and the first decimationtrfilfes shown in this simulation,
the input signal that comes from the sensors ificegpd at the ADC output
without any gain error tracking the input signaB-ger-dB at the lowest signal

levels.
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Chapter 5
IMPLEMETATION CMOS INTERFACE CIRCUITRY FOR GAS SENIIRS

An analog front-end (AFE) can provide the interfaetdween a transducer
and a digital processing part. AFE contain cirquiior sensor output, which
include conversion of the sensor output to mordéuligdectric signals, low-noise
delivery and amplification, and data conversion.pkesented in Chapter 4, the
AFE presents practical implementations of the gegedalion system in this
chapter. The potentiostat consists of operationglliiers and resistors which,
through feedback, regulate the voltage across #ferance and working
electrodes independent of the current through teenical cell. To achieve high
swing, these operational amplifiers should havé-toarail outputs and the
operational amplifiers should drive the large dediblyer capacitor of the CE and
WE. Based on these requirements, the operationplifeers were implemented
using the architecture with rail-to-rail input, deld cascade, and class AB output
stages.

In Section 5.1, the implemented rail-to-rail opema&l amplifier will be
presented for a potentiostat and buffer. In Sedi@) a resistor string DAC with
class a AB buffer will be implemented. In SectiaB $e current steering DAC
with a segmented current source cell will be intiet and its performance will
be characterized. In Section 5.4, the on-resistafnd¢be analog multiplexer and
chopper switches should be minimized to get a dioedrity for the sensor signal
channel in the developed sensor array interfacesetition 5.5, a scheme of a

nested chopper ADC will be discussed and the padace will be characterized.



5.1 RAIL-TO-RAIL OPERATIONAL AMPLIFIER WITH 0.18um PROCESS
This section describes the first of two low-vokagil-to-rail operational
amplifiers for a potentiostat, a buffer and a cott®-voltage converter. The
primary objective of this design was the developnwra standalone rail-to-rail
CMOS operational amplifier or op-amp. Standalonerseto a circuit that is
packaged separately to be used as a discrete cempiona larger system. Such
general purpose circuitry requires specificatioapathding on managing driving

and loading conditions.

5.1.1 Target Specifications

Table 5.1 lists the target specifications for &V operational amplifiers.
For similar reasons mentioned in the previous @rdpt rail-to-rail input, a rail-
to-rail output voltage range increases the dynaamge for a potentiostat and a

DAC buffer.

5.1.2 Design Methodology

The research has developed and continues to gexasleto-rail op-amps
which are intended to be used in an integratediGaijun where the driving and
loading conditions are known. The op-amp designcudised herein is a
modification of one of the topologies [60].

In the op-amp design, input referred na@sandly; are assumed to be the
most challenging to meet in Table 5.1. Therefdne, design process focused on

transistor sizing and rationing to reduce noise @mutrol all static current paths.
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Transistor sizes in the input stage are determityaaiinimizing the input-referred
voltage noise. The output stage has little effecinput noise, but requires most
of the supply current budget to guarantee stabdeation; a class AB output stage

minimizes bias current while providing relativefrde current drive.

Table 5.1 Folded cascade op-amp specification

Symbol Parameter Conditions Value

Vs Offset voltage <1l mV
PSRR Power supply rejection ratig >80 dB
CMRR Co-mmon mode rejectiop > 80 dB

ratio

Adc Open loop gain > 100 dB

SR Slow rate > 1 Vlus

fu Unit gain bandwidth 3 MHz

| gc Bias current 30uA

PM Phase Margin G50 pF 81.23

e Input referred noise <1 kHz 300 miHz

Vg Supply voltage range 16Vto20V

Temperature | Temperature range -40 to 85C
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Figure 5.1 Rail-to-rail input pairs.

5.1.3 Circuit Design

This section represents the design methodology medents the key
circuit diagrams in previous chapter. Without comgaion, rail-to-rail input
stages exhibit transconductance variation overitbat common mode range.
This characteristic leads to deficiencies in perfance which are discussed later.
The section continues with a discussion of thetigmal output stages and the bias
current circuit for the op-amp.

Fig. 5.1(a) shows a common method to increasenfh@g common mode
range of the classic op-amps. At low common mod&ages inputs, the PMOS
input pair as M1 and M2 conducts current whereasad@ M4 as NMOS pair
operate at high common mode voltages. For mid-ramgemon-mode voltage,
both NMOS pair and PMOS pair work. Thus, the tatahsconductancegis

defined by

Om = 9mnmos T Impmos (5.1)
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where gmnmos and gmpemos are the transconductances of MBad M3,4
respectively. Fig. 5.1(b) shows the plot of theas a function of common mode
voltage. In the middle of the rangg, is twice the value at either low or high
input common mode. Thgy, variation may lead to distortion and inefficient
frequency compensation [61]. Another drawback ef dwal differential pairs is
the minimum CMRR when the input CMR is near the digedsince the offsets
from each input pair are different. The input stdgscribed circuitry to maintain
a constangm over the entire input CMR.

Fig. 5.2 is the schematic of the class AB op-asgdun AFE. Transistors
M1 to M4 form the dual differential pairs. M5-M1Pansistors constitute a low-
voltage folded cascade load for the differentialr gmased with the floating
current source as presented by M23 and M25. M1gugir M26 provide class
AB control for the output stage consisting of Mllgdavil4. Finally, BP1 and

VDD

Bp1— M5 ms ——I s M1 7:|4}—| BP1—{ M20

M7’:"__":‘M8 ijl_l |7—||:|v|13
M23 |_>|I M25 I"Il
VINM —E@T‘N'E"ﬂ— VINP ’_"MZ“ ;I — E_P—vo

|
M3 M4 M26 |<J[ =
|

S | G e

BNt —[_m16 M1 |——|ﬁm12 BNl":‘MW I—TE‘M22

VSS

Fiaure5.2 The sinale ended r-to-rail class ABop-amg.
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BN1 maintain constargy, across the CMR by controlling the tail currentsafing
through each differential pair.

The method for reducing thgg, variation across the input CMR depends
on the region of the operation of the differenpairs. The input transistors are
biased in weak inversion to reduce the input offedtage and input referred
noise [61]. However, in the weak inversion regithre current source mismatch is
bigger than the saturation region. Thus, the inpansistor should be biased in
strong inversion to reduce mismatch at DC or laegdrency. In strong inversion,

Om: depends only on the bias currénandV,, (= Vgs sg) and is given by:

21,

Onm :V_ov (5.2)

Applying (5.2) and assuming all coefficients arentcal for the PMOS and

NMOS pair:

g, = 2(' dLi/"' |d3,4) 5.3)

ov

wherelg;andlg,are the bias currents for the PMOS and NMOS. Thezef), is
constant if the sum of the bias current sources B M16 is constant. At low
common-mode input, the PMOS pair receives alligf of M15 whereas the
NMOS pair sees all dfy; of M16 curing high common-mode voltage excursions.
In general, the assumption made is that some \@iahg, occurs even with
perfect control of the currents.

Due to the gain of the first stage only a few s$iators contribute

substantially to the total noise and offset: M1-NW11-M12 and M17-18. The
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equivalent input noise voltage spectral desist dI@SFET biased in strong

inversion with widthW, lengthL and oxide capacitance per unit are€dgsgiven

by:

Va _ 4kT(2i] —K (5.4)

wherek is Boltzmann’s constant, is the Kelvin temperaturé,is the frequency,
andK is flicker noise constant. The first term resditsm the random thermal
noise and the second term is caused by traps atréyuie associated with poor
fabrication and contamination as flickerdf noise.

Applying a voltage noise source with noise spédeasity given in (5.4)
at the gate of each transistor in the deal diffegaémput pair and referring the
noise back to the input of the op-amp results envbltage noise spectral density

contribution of M1-M4 given by:

2

Vamiwma 1 3 2 21 K
Af ) (gmlz + gm3,4)2 ;(gmu ' gm3'4) (4kT(3 g jn ' (WLCOX fc jJn

m

K
4 3 gm 1,2 (WL)],Z Cox fc 12 3 gm 34 (WL)34 Cox fc 34

K. +u K
:kT(Eij +1(ﬂn p 4y ] 5.5)
30m)1p5a 2\ WL),,C,,

ox "C

wherepu is the mobility and the subscripts p and n reePMOS and NMOS
transistors. The derivation assun®s > = Omz 4, L1,= Lzaand gpWi 2 = 1nWs 4.

Note that (5.5) is valid only for the middle of tB®MR when both input pairs are
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equally active. Similarly, applying (5.4), the mn@isontribution from the current

source transistors given by the following derivatio

A K 2
nMS56andill2 _ kT E 29m5,6 42 p 92 56
Af 3 g m1234 (WL)56 Cox fc 49 m1234
+ 2kT 2 Omu2 + Ky 9 mia2
3 g°m1234 (WL)ll,].ZCox f. )40%mi234

= oKkT 2 ngs,e +g gzmll,lz
30°m1234 30 m1234

1 1 p ) 2
' Ko+—K m5,6 +
( 2C,, f (WL)11,12 j( 0°m1234 j[ "u D P ](g s6+9 "‘1112)

(5.6)

The combination of (5.5) and (5.6) result in th&atenput-referred voltage noise
spectral density for the input common-mode voltagéhe middle of the CMR.

Table 5.2 summarized methods and associated costsedlucing the noise.

Table 5.2 Noise reduction and associated cost

Technique Cost
Increase size of input differential paifs Area
Increasegm Power
Increasdgas Power
Increasd._q1 12andLi71s Area and bandwidth
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In addition to providing gain, the output stagévels signals rail-to-rail
and ensures stability for the unity-gain configimat Some applications require
the output stage to have low output resistancdfitently drive low resistance
loads. The voltage follower configuration, wheree teources of the output
transistors connect to the output, has a low outpsistance but restricts the
output from swinging within a drain-source satuwatvoltage and a gate-source
voltage to both supply rails. To facilitate thel-tairail operation, however, the
drains not the sources of the output transistommect to the output node in Fig.
5.2. While this topology increases the output swthg output resistance suffers.
Typically, large output resistance is not a probfemon-chip applications when
the amplifier drives loads that are predominangdgacitive.

As mentioned earlier, the class AB output stagéénamplifier consumes
most of the current budget. To estimate the reduoerrent, the frequency
characteristics of the output stage are examinkd. olutput stage adds a second
pole to the frequency characteristics of the angpliiAlthough non-dominant, this
pole affects the parse margin. Assuming relatiValge compensation capacitors

and load capacitanc€,, the second pole resides at frequeng)y$8] given by:

gmab
f ~—T2 57
- 27C, ®.7)

wheregmap IS the transconductance of the output stage wikiggual to the sum

of gn1zandgmis TO be a stable operational amplifi, should be at least three

times the unity gain frequencf, to guarantee phase margin (PMYf @é@er. If
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Om13 and gmi4 are equal, substituting (5.7) into (5.2) resutisthe following
eqguation for the required quiescent current incimput stage:
l 42 =37V, C, fo (5.8)
At room temperature, the output stage consumesyrtbage quarter of the power.
Class AB control provided by trans-linear looptsgbe quiescent current
level in the output transistors. Trans-linear loog@se originally developed in the
context of a sum of based-emitter voltages in (58} the concept can also be

applied to gate-source voltages.
VSG,17 +VSG,18 = VSG,25 +VSG,13 (59)

The trans-linear loop controls the biasing of M@9-ig. 5.2 where M25 conducts
half of M19, 415 IS equal tdy of M19, and it is assumed th@iV/L)yg= 2(W/L)3
andVsg3:=Vsgs. Therefore, (5.9) implies thatsg1~=Vsgi1zand that the following

relationship can be derived:

I — (W/ L)l3
d,AB dai9 (VV/ L)17

(5.10)
Since M13 is biased in strong inversion as welMds. A similar equation (5.11)
results for the quiescent current in M14 controllegl the trans-linear loop

consisting of M14, M21, M22 and M26.

(W/L)w

Iy a = Id,ZO(VV/—L)22 (5.11)

Equations (5.10) and (5.11) imply that M13, M14,9%dnd M20 should be sized
such that4 13 is equal tdg 14 Based on this equation and the simulated tramsisto

level, the ac response results show in Fig. 5.3.
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Figure 5.3 AC response of Chopper Amplifier.

5.2 RESISTOR STRING DAC

In this section, the implementation of the resisttring DAC will be
presented. This DAC is based on a decoder. Thedy@AC consists of a
resistor string acting as a voltage divider thatvmtes taps for the different
voltage levels to perform digital-to-analog datagersion. One of these voltage
taps is selected by a decoder to connect the apaieg voltage tap to the output
node. A 3-bit DAC is shown in Fig. 5.4.

The decoder in Fig. 5.4 consists of a humber ofstrassion gates that
form a switching network. The switches are conreeatethe form of a tree; only

one low impedance path connecting one of the m¥ss$ting voltage tap points to
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Figure 5.4 A 3 bit resistor string DAC using transsion gate.

the output node exists. The advantage of usingresmnission gate switch is that
the output voltage will operate close to the postgiply voltage levels.

Instead of transmission gates, a NMOS transisteedalecoder may be
used. This results in a reduced value of the veltaging at the output node.
However, the speed of operation may not be seveatihnished because of
reduced amount of source and drain capacitancehendbsence of the PMOS
transistors. This reduced capacitance can offsgh&increased resistance due to
the absence of the PMOS transistors of the trarssonigates.

The resistor string tap points ensure that monotiynis maintained in the
tapped voltage and therefore for the DAC. The amuof the DAC depends on

the matching of these resistors. The delay thrdahgldecoder determines the data
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conversion speed of the DAC. Each of the transomisgjates adds to the
resistance of the decoding path. The low impedapath will have three

transmission gates with ON resistance. The capaclbad consists of at the
source and drain capacitances of nearly 9 tramsigtoFig. 5.4. Generally, 2N

from the transistors comprise transmission gatessanirce/drain capacitance of
non-N-switching transistors of the high impedanathg.

To make a low impedance node at the DAC outputisoidte the DAC
output and potentiostat input, a class AB buffagsetis used. The buffer amplifier
is shown in Fig. 5.2 which is used to generateag@toutput. The amplifier also
works as a rail-to-rail amplifier to stimuli cheralc reactions like
oxidation/reduction. The advantages of string DA@s low cost and guaranteed
monotonicity due to the string architecture. An ortant aspect of string DACs is
it offers low power and small die area which allfmw small packages and makes
them desirable in portable applications. Anothevaathge is that the output
buffer is already included which eliminates the chéer an additional external
component on the board. Furthermore, the outputebu$olates the internal
resistors and the analogue circuitry from the detsvorld. This is quite helpful in
low-impedance circuitry. Many applications requiogv-glitch energy, which is
another benefit of string architecture. Of couraédy amplifiers have offset and

this can cause non-monotonicity in a buffered tesistring DAC.
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5.3 CURRENT STEERING DIGITAL-TO-ANALOG CONVERTER

Segmented DACs are a hybrid between the binary edgand the

thermometer decoded topologies. This mix proveddothe fastest and most

precise topology at the expense of die area. Thernaavantage of sourcing

current to the conductometric sensor array is ttmatcurrent through the sensors

can be controlled by digital input. This is a vemyportance issue because the

maximum current drive for conductometric sensor rbaylimited to less than

60uA. Thus, the maximum current from the DAC is 51A

The DAC operates from a 1.2V power supply and tesud limited

voltage headroom for each DAC cell. In many cursgaering DACs, the limited

Table 5.3 Binary to thermometer code

B3 B2 B1 D7 D6 D5 D4 D3 D2 D1
0 0 0 0 0 0 0 0 0 0
oo 1|l o o oo o o 1
I Y
I S T
I Y T e
TR S
EFE Y P
P P
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voltage headroom and the finite output resistarideAC cells leads to nonlinear
characteristics. The voltage headroom concern mestat relieved for this
application; however, because the DAC cells openat¢he strong inversion
region, 1LSB as a unit current is only 100 nA.

The segmented DAC consists of a 3-bit binary weidiDAC and 6-bit
unit element DAC. The six most significant bits (B)Sof the DAC select the 6-
bit unit element DAC. The 6-bit unit element arebture consists of 64 unit array
current sources arranged in an 8 x 8 matrix. Thiixnia logically seen as being
composed of 8 x 8 arrays oriented side-by-sidendsig. 5.5. The thermometer
decoder is a two-stage decoder reproduced two tiffileere is a 3 to 7 bit

3 MSB Bit(B4 B5 B6)

3-to-7 Thermometer Column Decoder

ﬁﬁﬁﬁﬁﬁﬁ
JOO0 -
ERmn SRR <
Joo0

IR O
DDDDDDDDIls—jM
D000 OO -
DDDDDDDDIE=(%%@

ER RN .
EEEEEEEEEEE

Q WEIGHTED CURRENT NON-WEIGHTED CURRENT
SOURCE CELLS SOURCE CELLS

3 MSB Bit (B7 B8 B9)

‘ 3-to-7 Thermometer Column Decoder ‘

DUMMY
CELL

Figure 5.5 Current steering DAC for the conductaioetensor.
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thermometer row decoder and a 3 to 7 bit (Tablg¢ h@8rmometer decoder. A
row-column decoder of six bits requires only ANDda@R gates with at most
three inputs.

The remaining binary weighted four LSB select apenPMOS 3-bit
current divider. These current sources will be gthn two columns next to the
matrix. The 3-bit current divider generates theentsl, sg, 2. ss, and 4.sg The
first three currents are each switched by a two svaych tolouaor lous.

Typical sources of systematic process related M@Bsistor mismatch
are variations in the gate dimensions, wafer gradien the gate-oxide thickness
and in the channel doping, photolithographic aruthiag effect and asymmetry.
To reduce these effects, the device should havesdginge shape and size. In
addition, matching devices should be at minimuntadise. Also, devices should
have the same current orientation. To avoid gradéfiects, common centroid
geometry and interdigitated geometry are used. Wewefor transistors with
largeW/L, a simple rectangular geometry becomes impractiemlause the aspect
ratio strongly devices from one, and introducesdistors with larga@V/L ratios
are used, the layout style may have an influencéhermatching performance.
The avoid systematic variations in the transist@airdcurrent, duet to electrical,
thermal or process gradients and point symmetncsires are recommended. To
keep the transistor aspect ratio close to onegefirsgructures are the preferred
layout method.

In Fig. 5.6, there is a basic current source antickimg transistors. As

discussed in the previous chapter, the currenicechas to be rather big for better
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matching and for better linearity. The currents @aeh switched by a two-way
switch tolgua OF lous. TO reduce the glitch energy, the control sigrfalsthe
switches come from thermometer code shown in Tal3le

Charge feed through is the one of caution of ghitchTo reduce the glitch
power, the switch circuit is modified in Fig. 5&n extra cascade transistor is
added to provide the necessary high output impedand a dummy transistor is

inserted to partially compensate for the chargd teeough.

5.4 ANALOG MULTIPLEXER
The analog multiplexer allow the use of a singlephiner to service

multiple gas sensor channels. One possible camdafe multiplexer is the tree-

i _  iDummy ¢ _  {Dummy
E S1 : St E S1 :
Sensor : E : E
signall E 5 i 2 E S i
Sensor E : E : . MUX
signal2 : : ° : : ~ OUT
: i o : i
i ; ° ; :
I s8 = I
Sensor E E E E
signal8 : E ; :

Figure 5.8 8-Channels analog multiplexer.
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structured transmission gate. By organizing thesimassion gates in a tree-
structure, a separate decoder is not needed. Thetaetails for a part of the 8-
channel analog multiplexer possessed by each gasersare shown in Fig. 5.8.
The input and select signals will be labeled sesgprall through sensor signal8
and S1 through S8 respectively. The select digitput signals go off-chip
allowing user control. The multiplexers are simpignsmission gates that pass
the signal when their gates are turned on and bedogh-impedance when their
gates are turned off. Charge injection cancellagarchieved by inserting dummy
switches which are driven by complementary seleptats [31]. The dummy
switches are also inserted between the channehmd switches to isolate the
effect of charge feed through from the originalsseroutput signal.

The problem of having a tree-structured transmimsgiate multiplexer is
that the on resistance is be too large, and tleateistance is actually nonlinearly
dependent on the input voltage. The maximum orstasce of the transmission
gate is at least 1@kwith minimum channel length and the value of thgistance
may vary as the input voltage varies. The variongesistances exist because
neither NMOS nor PMOS are strongly turned on ardomdinput signal and high
input signal.

To gain lower on-resistance regardless of inpubhaigthe width of the
transmission gates should be increased. Howeverwitth of the transistors
cannot be increased indefinitely because the lgege capacitance may require
the drivers to turn on and off the transistor. Ttasises not only the increase in

energy dissipated from charging and dischargingldlhge gate capacitance, but
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Figure 5.9 Block diagram of thé'brder>A modulator

also to turn on and off the large drivers. Thustiplexor trade-offs between

transistor size, power consumption and parasipaciéor should be considered.

5.5 FIRST ORDER NESTED CHOPPED SIGMA DELTBA) MODULATOR
5.5.1 First OrdeEA Modulator
Recall from chapter 3, the block diagram of a fiostler sigma delta

modulator is shown in Fig. 5.9, which consists ofigtegrator, a comparator and
1-bit DAC. The target application for this converie gas chemical sensor with
two types of sensors. Typically, applications imioy chemical transducers
require low bandwidth like a low Hz, but high ragan. The name first order is
derived from the information that there is only ongrator in the circuit placed
in the forward path. When the output of the intégraés positive, the comparator
feeds back a positive reference signal that israated from the input signal of

the integrator. Similarly, when the integrator autgs negative, the comparator
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Table 5.4 Target specification for first order ADC

Parameter Specification
Supply voltage 1.8V
Power <100pW

Input signal bandwidth < 32Hz
Dynamic range 91 dB
Oversampling ratio 4096

feeds back a negative signal that is added torib@ming signal. The integrator
therefore accumulates the difference between tpetiand quantizes the output
signals from the DAC output which is in the feedbdoop and makes the
integrator output around zero. A zero integraiatpat implies that the difference
between the input signal and the quantized ouspzeiio [63].

The coefficients,a; and ap, determine the signal and noise transfer
function. Table 5.4 shows the specifications fa finst order ADC. Based on the

simulink simulation in MatLab, the coefficients && and 1.

5.5.2 Design of Integrator
The integrator is the most important component BBAamodulator. As
discussed earlier, oversampling converters typicalse switched-capacitor

circuits and therefore do not need sample-and-botdits. In many analog and
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Figure 5.10 A noninverting integrator.

mixed-signal devices, SC circuits perform lineaalag signal processing. They
are used in various practical applications, suckeda converters, analog filters,
and sensor interfaces [64].

The basic building block of most SC circuits is thigay insensitive
integrator as shown in Fig. 5.10 [34]. The SC iraégy is single ended to explain
the transfer function and time simply. It is thengentional non-inverting SC
integrator which is used in our analog to digitaineerter architecture. The
frequency response of the integrator is sensitivethe various parasitic
capacitances presented on all the nodes in theitcikdkowever, there are some
limitations on the operation of switches with louwpply voltages. The low supply
voltage may not allow enough overdrive to turn dwe transistors used as
switches even if complementary switches are used.

As seen from Fig. 5.10, the SC integrator consitan OTA, a sampling
capacitor (, an integrating capacit@;, and four MOS transistor switches. Fig.
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Figure 5.11 Timing diagram for the non-overlap sign

5.11 shows the timing diagram of two non-overlagpaiock signalsg, andé,,
which control the operation of the circuit. The coon mode voltage ¥ is
halfway between the mixed signal systems high eefs® voltage and low
reference voltage. Hence the common mode voltagg)(ié 0.9 V. During the
interval when the clock phasg is high, switches S1 and S3 operate and serve to
charge the sampling capacit@s to a voltage that is equal to the input voltage.
Subsequently, clock signa| falls. Then clock signa, rises, switches S2 and
S4 to turn on and the sampling capacit@s,is connected between the inverting
OTA input, which is sometimes called the summingeycand ground. If the op-
amp is ideal, the resulting change in the summindenvoltage causes the op-amp
output to change so that the summing-node voltagériven back to ground.

After the transient has gone to completion, théagd acros€sis driven to zero.
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To find the relationship between the input and aotutpa charge
conservation analysis is used. After switch S1 epéme charge on the plates of
the capacitors connected to node top and the ingeop-amp input is conserved
until switch S1 closes again. Now define two poimjsand [n+1/2] as the time

indices at whichy, and ¢, first fall as shown in Fig. 5.11. Point [n+1] isfuhed
as the next time index at whief) falls. The points [n] and [n+1] are separated by

one clock period T. If the switches and the op-argideal, the charge stored at

time index [n] is given by[49]:

Qn] = (0-Vi[n) C; +(0-Vdn])C, (5.12)

whereV; represents the input voltage at the eng,@hdVo represents the output
voltage at the end aof,. Here, if the op-amp is ideal, the voltagefrom the
inverting op-amp input to ground is driven to zéo negative feedback during

P,
At the same conditions, the charge stored at timdex [n+1/2] is given by the

following equation:

Qn+1/2] = (0-V,[n+1/2])C, (5.13)

For charge conversatioQn+1/2]=Q[n] . Also, the charge stored og; is
constant duringg, under these conditions; therefokg[n+1]=V,[n+1/2] .

Combining these equations gives (5.14).
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Vo[n+1]:V0[n]+%(Vi[n]) (5.14)

Thus, one complete clock cycle results in a chamglee integrator output voltage
that is proportional to the value of the input agk and to the capacitor ratio. The
above equation is used to find the frequency respar the integrator by using
the fact that the signal is delayed by a clockqukeim in the time domain. The
equation in z-domain results in the equation bg@y:

Y%(D-2") = 2@ 2 v, 22 (5.15)

The transfer function of the DAI with the outputncected to thes, switches is

given by [32]:

Cs (M@ -z7-v(9- 2"

V,(9l-z1) = 5.16
(@-24=¢ — ) (516)
Note that ifv, (z) =Vcw, this equation can be written as [32]:
V.= 7y (5.17)
° C 1-z'" '

The (5.17) is used for the integrator in the desafj modulator. The values of
capacitances are shown in the Fig. 5.10, igg&=@2.5 pF and C= 25 pF so that

the gain of the integrator is 0.5. Here the gaikeist less than 1 to make the first
order modulator loop stable and also to avoid titegrator from saturating. The

capacitance ratio is important than the individualues of the capacitors. Even
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smaller capacitances can be used, but to avoidyeHaakage problem, they are

taken high.

5.5.3 Design of Operational Transconductance Amepl{fOTA)

As mentioned above, the operational transconduetanplifier (OTA) is
the important element of most analog systems, qudatily in switched capacitor
techniques, and the performance of many circuiinfiienced by the OTA
performance [60], [68]. The OTA has sufficientighivoltage gain so that when
the negative feedback is applied, the closed-loapsfer function can be made
independent of the gain of the OTA. This princigeemployed in many useful
analog circuits and systems. The primary requirérakan amplifier is to have an
open loop gain that is sufficiently large to impksmh the negative feedback
concept. One of the popular methodologies is aefiblchscade OTA.

If the OTA is intended to drive a small purely caipige load, which is the
case in many switched capacitor or data convegmtications, the output buffer
is not used. On the other hand, if the op-amp dritee a resistive load or a large
capacitive load, the output buffer is used. Desifjf@®TA consists of determining
the specifications, selecting device sizes andrgasonditions, compensating the
op-amp for stability, simulating and characterizthg OTA loop gain, creating
common-mode range (CMR) on the input, in additian determining the
common-mode rejection ratio (CMRR), the power sypp|ection ratio (PSRR),

the output voltage range and the power dissipation.
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The amplifier used in this system is a fully-ditatial cascode amplifier

which can be seen in Fig. 5.12. The folded cas@dplifier topology is used

because it achieves the highest gain with a sistége and load capacitor

compensation. The area of the input transistors lmmeduced because their

flicker noise contribution will be reduced by thkopper technique. This OTA

with chopping switches will be discussing latereTgrincipal factors that effected

the amplifier type selection were [12], [60]:

Input Dynamic Range: The inputs to the amplifierymange between
microvolts to 1 mV. Therefore, a gain somewheréharange of 500
t01000 was required.

Noise: Although our chopper implementation helpeathwhe flicker
noise, it offered no reduction in thermal noise. Weeded to have a
reasonably small amount of noise compared to tirabmeasured.
Area: The area available is fairly small in a crétlitissue and cell
recording environment. Although multiplexing theun signals does
reduce the area, it may still not be enough foordiag via massive

arrays.

The cascode amplifier is the best choice for thieiong reasons:

It provides a large gain in a single stage.
Area is reduced because there is no need for adeatage.
It is more stable because of self-compensationoad Icapacitor

compensation.
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Figure 5.12 The fully differential transcendencepéfier (OTA) with SC
CMFB and no chopper stabilization technique.

The cascode amplifier has an important drawbacklwisi that the dynamic range

of the output is somewhat limited due to the staglaf the transistors. As shown

in Fig. 5.12, this amplifier exhibits a gain of @B with a 3.2 MHz gain

bandwidth. This configuration results in more ti&@ndB CMRR.

5.5.4 Ota with Chopper Stabilized Switches

As discussed in previous section, the dominantensisurce of the 1
2AADC is DC offset and./f noise in operational transconductance amplifier. T
reduce the offset and noise of the OTA, a choppabilezation technique is
applied to the amplifier then called a chopper isza amplifier. The chopper
stabilized amplifier is shown in Fig. 5.13. Thestirchopper in a PMOS
differential pair converters a significant signalav frequency to high frequency.

The second chopper again transposes the signawainmipedance nodes and
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Figure 5.13 Chopper Stabilized Amplifier.

demodulates back the signal canceling out the toffisne bottom transistors. The

offset and noise from the current sources will &ieceled out by the third chopper
which dynamically matches the two transistors gn ithere are no consequences
to the signal due to the third chopper.

The benefit of chopping at low impedance nodes cofr@m the large
bandwidth of the basic amplifier. Therefore, we aamop at much higher
frequencies where the only limitation is the chaigection residual offset and
the slewing behavior of the input stage. In additithe cascoded transistors
provide low-pass filtering for the high frequenqyestral contributions that are

generated from chopping clock.
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Figure 5.14 Nonoverlap chopping signal.

5.5.5 Chopper Modulator and Demodulator

The purpose of the modulator is to multiply theunwith the waveform

seen in Fig. 5.14. The variablgs,,, and 4,,,, are non-overlapped signals. The

simplest way to do this is using the circuitry isown in Fig. 5.15 [21].
Depending on input signal level, the type of chopetch is different. The low-
to-high input swing needs the switch in Fig. 5.1%¢aile low input or high input
only needs the switch in Fig. 5.15(b). The modulatwerts the signal when
CLOCK is low and does not invert the signal whenQQK is high. The
demodulator is identical. However, the modulatod afemodulator can be
independently controlled which makes it possibleatdjust for phase delay

problems [62].
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Figure 5.15 Chopper modulator and demodulator.

Fig. 5.16 illustrates the circuit diagram. The ihplopper Ms1, Ms2, Ms3
and Ms4 transposes the differential input signalied to the terminals Vin+ and
Vin- to the alternate output nodes. The second pbioMs5, Ms6, Ms7 and Ms8
demodulates the signal and modulatdsnoise and offset at odd harmonics. The
cascoded mirror M5, M6, M7 and M8 performs the s broadband
differential to single ended conversion at the autpThe need for large
bandwidths implies small transistor lengths for Mirid M12 and therefore, also
implies extra offset and 1/f noise. For this reasorthird chopper is being
introduced in the signal path Ms9, Ms10, Msl1l andlR®! The unswitched
cascode transistors provide further improvemergwitching noise and residual
offset by low-pass filtering some of the noise comgnts generated from
chopping and keeping low-voltage swings at theirses.
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Another source of concern in mixed-level applimasi is the substrate
bounce coming from the digital circuitry. Modernopesses have a low ohmic
substrate that generate noise in the digital dscaiffects and pollutes the
substrate of analog circuin CMOS technology for mixed level signal processi
the substrate bounce can reach 300mV in amplituttespectral contributions in
the gigahertz range further reducing the voltagem@\43]. In order to minimize
substrate interferences, only PMOS transistors MRS switches with small
dimensions are being used in the signal path [Bdé oxide capacitance of M25
decouples the BIAS line to ground. Substrate ieterices present in the sources
of cascoded transistors M7 and M8 will also be gméest their gates such that
gate source voltages of the same transistors catom&dered constant for HF
substrate noise [43]. For the same reason, therdusources M5 and M6 have
their gates decoupled to ground via a large caguramitin M24.

As seen in Fig. 5.16, without chopper (Msl1~Ms1®)s tamplifier is
nothing but a folded cascoded amplifier. A foldembanded amplifier has the
following open loop response by

_ gmlRout
Als)= (1+s/ pl) (5.18)

whereRyy: is the output impedance ¥, andp; is a pole of the system, which

can be represented in the following equations,

Rout = Omsloslo7 ” Omalo11fo9 (5.19)
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(5.20)

As seen in (5.20), a folded cascoded amplifier daasngle pole ) andC, is
presented for load capacitance. Therefore, gaind\ve@th product is depicted as

follows:

GBW:‘(J:—'“1 (5.21)

L
From (5.21), the unity gain frequency is depenaenthe load capacitoC() and
transconductancegf,) of the input device of the amplifier. Fig. 5.1Fosvs the

simulated open loop AC response of the proposed @T25 pF load conditions.
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Figure 5.17 AC response of Chopper Amplifier wibhd (solid line) and no
load (dash line).
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From the simulation results, phase margin (PM)eds 89.1 degrees at no load

and full load conditions respectively.

5.5.6 Amplifier Common Mode Feedback

Although the magnitude and percent mismatch ciigic capacitance has
a considerable effect on the performance of the ulabok, a ten percent
difference should not cause the modulator to segutwas determined that the
saturation in the initial design was due to the l#epgs common-mode feedback
(CMFB). The CMFB produced a large common mode duipple. The ripple is
considered to be the output swing of the integratben no input signal or
parasitic mismatch is present. Together a parasitgmatch error term and a
large CM output ripple can easily saturate the naidu even for a small input
parasitic mismatch. The CMFB produced a large egmcause of the following

four reasons. First, the switches found in the CM&B circuit were too large,

VOP VOM
b2 1 1 b,
VCM N N /. /. VCM
Cy C. =T C, T-Co
VBN2 N N e e VBN2
02 1 | 1 0o
VCMFB

Figure 5.18 Switched capacitor common mode feedbmciit.
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creating charge injection problems on the outmitage. Second, the averaging
capacitors as £as presented in Fig. 5.18 in the SC CMFB circudtemoo small
allowing the output to leak. Third, the averagimgl diasing capacitors,s(have a
ratio of one half which aggressively pulls on théput. Last, the CMFB would
update in phases when the output is not valid.

The averaging capacitors of the CMFB were increasemder to reduce
the leakage at the output. With larger averagingaciors, the ratio between the
averaging and biasing capacitors has been reduoed dne to one-tenth. This
will lower the effect of the biasing capacitor dretoutput. The clocking of the
CMFB has been changed to adjust the output comnuerwhile the output is

valid.

5.5.7 Amplifier Bandwidth Challenges
The required unity gain bandwidth is derived froj2@) resulting in
(5.23). Solvingz, the settling time constant and the feedback fagtof the

amplifier from (5.25) are used to determing,.

T= ﬂ; (5.22)
Ty = % (5.23)

(5.23) is re-arranged in (5.24) to solve fomhe variablel represents the

time period available for the voltage to settleisTperiod is the clock period of
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Figure 5.19 Integrator schematic showing the sargpleedback and parasitic
capacitor.
the switch capacitor sampling clo€k. As shown in Fig. 5.19, feedback factor,

f, is derivative from input and integration capacitatio.

C
f=—"TD12 (5.24)
CimntC+C,

There are four phase in each integration cyclehefihtegrator. During
each phase the node voltages must settle withimébermined error voltage of

the desired value. With a sampling clock frequerafy262.144 kHz, the

corresponding is equal to 238 ns.

Ts=zIn(error) (5.25)
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r=—~Ts _o3gns (5.26)
In(error)

In order to determine the feedback factor, the ciipa network of the
integrator is analyzed in Fig. 5.19. The sense aapaCs is the sensor and
sampling capacitor of the interface integrator. Then of the interconnect
capacitances associated with this two-chip impldéatem isC,. The integrating
feedback capacitor 8. From the integrator output back to the amplifigrut is
a capacitive divider representing the closed |lagalback factor of the amplifier
as expressed in (5.26). Thyiss 0.663.

The following two equations assume a parasitic ciéguaceC,, of 200 fF.
The other capacitanc€s, andCsare 25 pF and 12.5 pF respectively.

1 1
2718 27 -238x107° - 0.663

fugbw= = 1.1MHz (5.27)

The required amplifier bandwidths are extremely &l difficult to meet
with theUMC 0.18um processes. The feedback fagtas extremely small in this
application. From (5.27) above, the large inter@mtirparasitic capacitances may
affect frequency response. There are two negatifecte on the amplifier
requirements due to small feedback factor. Theyuygin frequency bandwidth
has been almost identified as shown in Fig. 5.2@& 3econd is the closed loop
gain of the amplifier is greatly reduced in Fig2B. A reduction in loop gain has a
detrimental effect of the amplifier's distortion camoise in the integrator. The

amplifier’s closed loop gain is shown dependindemdback factor in Fig. 5.22.
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Figure 5.20 Open loop frequency response for thA.OT

From the open loop frequency response we can sedhth DC gain is
63.2 dB and the unity gain bandwidth is 1.89 MH#Ww89.1 phase margin. When
determining the stability of a system, the clossaplwhich includes the feedback
factor should be analyzed. Since the feedback rfastemall, the closed loop
frequency response is stable. This means that B Bandwidth is increased
with feedback factor. Thus, the closed loop gaspoase is the open loop gain
response multiplied byg. Sincep is small, the open loop gain is shifted down
lowering the gain and bandwidth but increasingpghase margin. This effect can

be seen in Fig. 5.22 showing the closed loop respon
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Periodic AC Response
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Figure 5.21 Closed loop frequency response foirttegface amplifier.

5.5.8 Quantizer

The comparator is widely used in the process of/edimg analog signal
to digital signals. In an analog-to-digital conversprocess, it is necessary to first
sample the input. Once, this sampled signal isiegplo a combination of
comparators to determine the digital equivalenttled analog signal. The
comparator is a circuit that compares an analogasigiith another analog signal
or reference and outputs a binary signal basedch@mamparison. In its simplest
form, the comparator can be considered as a 1Halog-to-digital converter.
Hence, in the first order sigma delta modulatog, cbmparator (i.e. 1-bit analog-

to-digital converter) acts as the quantizer.
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Figure 5.22 Closed loop frequency and open loop.gai

The quantizer inputs come from the differentialput$ of SC integrator in
>A modulator. The differential outputs of the intedgraare compared resulting in
digital output bit stream that modulates. The gdia 1-bit quantizer is linear and
self-adjusting within the loop of ADC. This is advantage of 1-bit, two-level

ADC’ s. In multi-level quantizer case, the gain mustletermined according to

system stability requirements and implemented aatbquate linearity.

To combine the sample-and-hold function and thexparator function
and also to match speeds, a latched comparatbe ibdst choice. Comparators
are circuits which change the output state depgnaimthe difference of the two
input signals. A clocked comparator is used hergytehronize its operation with
the other circuits in the ADC as they are run lghhspeed clocks. The schematic

of the latched comparator is shown in Fig. 5.23vabo
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Figure 5.23 Comparator schematic implementing ithgles-bit quantizer.

As shown in Fig. 5.23, M1 and M2 are the input $fstors which are
connected to a feedback network formed by M5 and M® and M4 are control
transistors. M8 and M9 form another feedback ndtwor M7 and M10 which
are pre-charge transistors used for refreshinginternal nodes when not in
operation in order to reduce hysteresis. M11 to Ntik& two inverters for each
side which act as buffers to isolate the latch ftbe output load and to amplify
the comparator output. During the pre-charge phiasewhen CLK goes high,
transistors M3 and M4 are cut off and the compardtes not respond to any
input signal. The voltagesoy, and Voem Will be pulled to the negative rail,s¥
and the output of the inverters will be pulled townd. During the comparison
phase, i.e. when CLK goes low, both the voltagegand Vocm drive Vop and Vom

to opposite rails depending on the value @f ¥nd Vpm.
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In other words, a comparison;,yand Mnm are charged to the integrator
output voltage. The CLK signal is high and creaesirrent path from p to Vss
thereby grounding outputs,.yand Vom, and resetting the comparator. When
grounding the outputs of the comparator, a constamtent consumption is
present. When making a comparisom,\and Vnm are valid integrator outputs.
The comparator reset signal CLK is released allgwime cross-coupled, positive
feedback to drive ¥, and \om to opposite rails depending on the value @f ®nd
Vinm from OTA output. If \lypis greater than My, Vopis pulled to \bp and Vo is
pulled down low.

In designing the WJ/L ratios of the transistors fitbre comparator,
considerations have to be made for high speed operd he delay of the whole
comparator determines the fastest operation frexyueh the comparator. For
high-speed operations, the size of transistors MBM4 may be large enough so
that their resistance values are minimal, but snesbugh to reduce the
capacitance in order to have minimal comparatoaydelhe sizes of transistors
M1 and M2 may be large enough to ensure quick respto the input signal, but
small enough for minimal gate capacitances for Bigged operation. The sizes of
transistors M5, M6, M8 and M9 can be small enoughhigh speed operation,
but large enough for quick regenerative actionthi@ inverter transistors pairs
case, they are large enough for driving the outpad to reduce the inverter delay,

but small enough for minimal gate-capacitance&tinuce the comparator delay.
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Figure 5.24 1 bit DAC with gate logic.

5.5.9 1 bit Digital-to-Analog Converter (DAC)

The comparator designed as shown in Fig. 5.23gnié an output of 1-bit
digital input (BIT and BITB in Fig.5.24) to the DAGhe DAC converts the 1-bit
digital signal to an analog signal and then feedsklio the switched capacitor
integrator as shown in the block diagram of finstes modulator of Fig. 5.9. Fig.
5.24 shows the transistor level schematic of IDAC. As seen the name 1-bit,
the corresponding analog output will only have texels is similar to the digital
output. The 1-bit digital-to-analog converter (DAIJs two reference voltages as
shown in Fig. 5.24: a positive reference voltage+dgrer and a negative
reference voltage of p¢r between ¥ rail to Vssrail.

The corresponding voltages of g¢ and -\kegr are 1.5V and 0.3V in
single supply voltage respectively. In case whendigital input is high, the DAC
output will be the positive reference voltage,gt¥ Otherwise, DAC output is —

VRrer respectively.
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The quantizer used in this design is of 1-bit h&tson hence the feedback

DAC is also 1-bit in resolution. The 1-bit DAC cé&e implemented using a

simple wire connected with the reference voltagé® advantage of a 1-bit DAC

is that it is inherently linear. This linearity téts in the output of the DAC being

only two values (+¥Wgr and -\kep); therefore, no calibration or trimming is

required.

5.5.10 Dither

It is well known that first order modulators pro@utones. Dither is used

to reduce the amount of idle tones [70]. Theretareconcerns when using dither.

Dither must have a white noise type spectrum anst mot saturate the quantizer.

Dither is added prior to the quantizer. Therefdhe, dither noise can be noise

Cl 2,
[ —
2, L®1 VSS
VSS A Y 2
O | L
A
Voutp 9,
LFSR 2, Vout
L, (o]
Voutn . @, @ Vout
\j
QH [ 1L
Vdith \ c2
a> ( 2 . @i Vss
Cl

Figure 5.25 Implemented SC Dither Structure.
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shaped along with the quantization noise [7]. lmjgcdither into the integrator
output is done with the structure shown in Fig.554]. One important point to
make about this structure is the division of th#edence between VINTP or
VINTM and signal ground by two due to charge shgnvhen C1 and C2 are
equal. However, the gain of the single bit quamtiz#l adjust as needed for the
required loop gain. The disadvantage is the redudti the differential integrator

output voltage to be quantized. Switch control aigig, and ¢, are driven from

a pseudo random number generator (RNG) with ardifeslback shift register as
shown in Fig. 5.26. This pseudo RNG is used with dithering controller to
produce a white-noise property.

An on-chip Dither system can reduce test board anecomplexity. The
dither circuit on the AFE chip needs two phasesrder to perform the dithering
in Fig. 5.26. The single-bit, pseudo-random nundgrerator was implemented
using a Linear Feedback Shift Register (LFSR). g&eerated pattern will repeat

every predetermined number of clock cycles accgrtbrthe number of flip flops,

Q Q Q OUTA

D @B D QB D @B D @B D @B D QB——OUTB

CLK

RESET (

Figure 5.26 Single-bit pseudo RNG used for dither.

158



m, in the architecture [70]. This is known as tleeiqd of the generator. Equation
(5.28) relates the number of D-flip flops in the &Nb its period

period=2" -1 (5.28)
wheremis the number of D-flip flops (DFF). To produce thete noise by using
them, 10 DFF are used. From this implementatioa, SWitching pattern may
repeat every 1023 cycles. In this project, a 262314&Hz master clock
corresponds to a 65.536 kHz of RNG if there are fouases or master clock

cycles per integration cycle. The RNG period is 3d@¥cles multiplied by the
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Figure 5.27 Implemented Dither simulation results.
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period of one integration cycle, 15.26. The total period a 15.61 ms period and
corresponding frequency is 64.1 Hz. Fig. 5.27 shthvesrepetition signal every
15.61ms. The frequency 64.1 Hz is seen in the gpacdf the system when the
dither is activated. The signal power depends an dither voltage applied.
Therefore, to avoid SNDR degradation, this freqyestould not fall in the signal
band of interest. For this implementation, the gassor signal band is DC to
32Hz. The simulation result shows that the sigmamf the random number

generator repeats every 1023 cycles is providéagn5.27.

5.5.11 On-Chip Clock Generator
The clock generator for producing non-overlappohack signals can be

realized with a simple circuit constructed of logates. Such a circuit is shown in

9,

S g S

(}

VA AY

I

DO?}’ O

10}

Figure 5.28 Non overlapping clock phase generator
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Figure 5.29 Output signal of non-overlap clock gatu.

Fig. 5.28 [29], [31]. It consists of four NAND gateand six inverters.
Complementary signals for the TG switches can beeigged adding inverters
subsequently. Further delayed clock can be prodbgembnnecting six inverters

again to one of the output clocks to produce itdayss clock. Thus,
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complementary phase signals are taken one invafter each phase and no
compensation delay gate is needed to equalize délay drom the inverter. The
expected timing diagram of cloclgs and ¢,, (¢, delayed),4, and ¢, is shown
in Fig. 5.29.

The main advantage of this circuit is its simpliciAt least a part of the
buffering of output signals can be included in theday elements, making the
circuit quite robust. On the other hand, the noarlap time often becomes larger
than necessary because of the buffering includedl tae margin added to
accommodate the process and temperature varialibes.esulting speed penalty
is emphasized in high clock rate circuits. Furthenem the duty cycle of the
generated clock signals is inherited from the ingaitk, requiring it to be close to

50%.

162



CHAPTER 6
EXPERIMENT RESULTS

The CMOS interface chip has been designed anicéed in a 0.18um
CMOS process. Fig. 6.1 shows a micrograph of thgleichip sensor system.
The chip core area is 2.65x0.95 frfihe chip consumes 23.4 mW at a supply
voltage of 1.8V for 16 sensor channels. The desigmalog front end (AFE) has
been packaged using a Quad Flat Package (QFP)id3tapkage type. In this
chapter, the AFE chip measurement results willresgnted.

The specific printed circuit board (PCB) in ne@agsfor testing circuit
designs especially for a low-power, high-resolutia ADC which demands a
low-noise environment. The layout of the PCB destyfor the AFE test is shown
in Fig. 6.2 and the 3D view for PCB is shown in.Feg3. Two different settings

are provided on the PCB.

Jis.
—
S
=}
o o
o~
A
®)

Figure 6.1 Micrograph of the analog front end I€das sensor system.
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Figure 6.3 The PCB 3D view
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Figure 6.4 Photograph of the PCB for Testing AFE IC

The left side of the test board in Fig. 6.4 goaver management chip for
mobile based module platform. The right side isARE IC inFig. 6.4 shows a
photograph of the PCB assembling discrete components.

Fig 6.5 shows the actual test setup for the tgsiinthe AFE IC. The test
setup was assembled from generic test-discrete @oamps which resulted in a
less than optimal configuration for testing the AlRE Noise in the test setup was
a constant issue when taking measurements. Thegetwe main components of
noise in the system. The first component was ngisked up from the
environment by the long wire or cable. The secoothmonent of noise was
dominant and resulted from signals going throughess cables and several

connectors. Parasitic capacitors and inductorsechas excessive amount of
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Fig. 6.5 AFE Test setup

ringing in the digital signal. Analog and digitactions used a common ground
plane. The ground plane was implemented in dowylers in PCB and connected
to global ground in testing equipment. The grouiakes were placed directly
under the chip, making these visas a low resistanea, and ensuring that the
analog and digital signals are referred to a compumtential. The top was used
mainly for analog signal traces. The second layas @ common ground plane.
The top layer was broken into separate an analegpsupply (AVDD) and a

digital power supply (DVDD). All voltage referencegere generated using a
Texas Instruments multi-regulator TPS65054. Thiuies all voltage supplies
like AVDD, DVDD, VREF, VCOMMON, AVSS and DVSS. Theutput voltage

from the power management IC can be adjusted legtagd) the resistor ratio.
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Figure 6.6 Equivalent circuit model for an ampertmeensor as &= 1000,
Rsource= 10MQ, 3.3MQ2 and 1M2, Cy = 10pF.

6.1 Potentiostat Measurement

To test the potentiostat performance during thesiB¥p operation, a fixed-
value discrete test resistor was biased by thereté potential drive block to
create a current source. This current is preseaweal faradic current source and
this current was measured by the current readoigrfate to measure the
potentiostat function. The test resistor was placetiveen the WE and RE/CE
nodes in shown Fig. 6.6, and the small value m@sisas placed between RE and
CE in an electrolyte solutiorNbte: a possible option is to short the CE and RE
electrode). Based on sensor analysis with a fitdegsor characteristic line, the
control portion of the potentiostat was charactstiby loading the circuit with a
resistor R.= 100Q) between RE and CE and by placing a resistju.= 10
MQ) between RE and WE. Also, the stability testshaf potentiostat utilized an

additional capacitor (Cdl = 10F) in parallel with théRsource Fig. 6.7
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Figure 6.8 Results of the potentiostat
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shows that the integrated potentiostat enforce®rdralled constant potential

between RE and WE to produce the desired pertorbdtr measuring and

presenting current versus time. As shown in Fig, the potentiostat can work as
cyclic voltammetry because of keeping differenttagé levels. Fig. 6.8 shows a
typical constant voltage for amperometric sensoayar to activate chemical
reaction. The plot of the transfer function is elds unity as shown figure 6.8. In
other words, We-Vre is properly transferred to the electrochemicalssemwith

on-chip electronics.

6.2 3 BIT RESISTOR STRING DAC MEASUREMENT
In this section, the 3-bit resistor string DAC asarement result is
presented. Measuring 225mV of DC stimulus voltagi Wigh accuracy is not

easy because the voltage measurement fluctuatesamiplitude larger than the
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DACINPUT CODE

Figure 6.9 result of 3 bit resistor string DAC
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desired accuracy due to the noise in the voltmdteerefore, the voltage value
was integrated for at least 10 minutes and wasded/iby the length of the
integration time. This method is a kind of movingeeging technique.
Effectively, an average voltage from the DAC iscoddted. A result of the 3-bit
resistor string DAC is shown in Fig. 6.9. As shoinrFig 6.9, the 3-bit resistor
string DAC is inherently monotonic. For this DACrederence voltage (VREF) is
connected to one of the power management IC outpititsa buffer stage. The
maximum DNL of the DAC is +0.026LSB/-0.013LSB whilee maximum INL

of the DAC is +0.005LSB/-0.028LSB. Fig. 6.10 showee INL and DNL

characteristic for the digital input code rangec@sse the DNL is kept below +/-

0.5LSB, this DAC concludes that there are no mgssdes.
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Figure 6.10 Measured DNL and INL of the 3-bit resmistring DAC
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Figure 6.11 Measured DNL and INL of the 9 bit catrstring DAC

6.3 9-BIT CURRENT STEERING DAC MEASUREMENT

In this section, the measurement results of thé 8urrent steering DAC
are discussed. First of all, to measure the cuseutce, an ammeter is used with
cables. Due to this set up, measuring 100 nA (1L&B)xurrent with high
accuracy is not an easy task because the curremsumment fluctuates with
amplitude larger than the desired accuracy. Thos,measure the current
accurately, the current was integrated over tirke the voltage measurement in
the resistor string DAC, and then was averagedhbyléngth of the integration
time. The GPIB was connected to the NI data adiomscard (NI USB 6229).
The LabView program controlled and received theanirvalues in a function of

time. Fig. 6.11 shows the current measurementtregtiie current steering DAC.
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As can be seen from Fig. 6.11, the measured cufodotvs the power of 2 at
digital input code. To reduce the error rate, digtalibration is needed. The error
can be up to 8% without calibration while the erran be down 2% below after
calibration. The 1% physical reference resistoeswmed to do calibration in the
DAC current source even though accuracy of refereesistors can become a
possible error source. To check whether the acgumantation of the proposed
calibration is mainly due to the reference resgstother chips were tested. Based
on the calibration, the DAC bias was kept the samthe previous chip to see the
effect of chip-to-chip process variation. The nmaxim DNL of the DAC is +0.
0.402LSB/-0.420LSB while the maximum INL of the DA€ + 0.940LSB/-
0.850LSB as shown in Fig. 6.9 In fact, the DNL epkbelow +/-0.5LSB; thus,

the 9-bit current steering DAC concluded that theeeno missing codes.

6.4 ADC MEASUREMENT

The basic setup for the experimental testing @whin Fig. 6.1. On the
test circuit board the single-ended signal is caedeto differential signal using
LT1994 (LinearTech). The single-to-differential difiper IC was built in PCB.
The common-mode voltage of the test signal goitgtime ADC is set through 50
matching resistors connected to a voltage referencthe PCB. This common-
mode voltage can be adjusted using a variabletoedist is nominally at half the
supply or 0.9V. This voltage is bypassed to therdboground with a 1QuF
capacitor. A 50% duty-cycle clock is generatedhsy Agilent 33120A function

generator and Maxim DS1099 series. Both the ADQotype and the 16802A
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logic analyzer use this clock. The logic analyzeres all the digital output codes
including the slow chopper signal in an uncorreckecnat. The data is then
down-loaded to a computer which provides the imgfihe digital decimation and
low pass filters in MatLab. The correction can bglemented on-chip but die
area and substrate noise would affect the AFE pegnces.

The linearity and noise performance of the comreran be characterized
by a signal-to-noise-plus-distortion (SNDR) measwrt. The SNDR is defined
as the ratio of signal power to all other noise hadmonic power in the digital
output stream. This characteristic determines tmallest signal that can be
detected in the presence of noise and the larggsldhat does not overload the

converter. The dynamic linearity of the ADC was swad by analyzing a Fast-
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Figure 6.12 PSD of*iordersA ADC without the slow chopper
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Fourier-Transform (FFT) of the output codes for Hiegle input tone using a
Hanning window in MatLab. The peak SNR for a 1Hz DPut with 32Hz
bandwidth was measured at 91.2 dB with a clockueeqy of 262.144 kHz in Fig.
6.12.

The modulator was characterized by configuring &FE to record the
modulator single- bit stream output. Fig. 6.13 pIBNR and SNDR versus input
voltage with dB scale referring to 1.2Vpp. The dyi@arange is around 91dB.
The results of this measurement imply that physgsgaration of analog and
digital circuits, dedicated analog supply pins, amticious deployment of analog
substrate contacts provide adequate protectionaf@og circuits. The input

signal amplitude was set to 1.2V of full scale ahé modulator operating
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Figure 6.14 Measured PSD of the nested choppedDC at each critical

point.
frequency was 262.144 kHz, which gives a conversate of 32 Hz at an
oversampling rate of 4096.

Fig. 6.14 shows the 65536-point FFT plot of the@Dutput read. The
measured resolution can be limited by the perfooeanf the external signal
generator when the ADC is tested. As seen in Eity,8he nested choppEn
ADC pushes offset and 1/f noise to high choppeguescy. In Fig. 6.15, the DC
offset reduction due to nested chopping is showith \Wow chopping enabled,

almost 50QuV offset is suppressed at DC.
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Figure 6.15 Offset reduction with slow chopperms.chopping

Table 6.1 and 6.2 show the specification of the types of sensors and
the main circuit specification using a single pdylevel metal 0.18m CMOS
process. The differential amplifier for the ADC ha$8.2 dB DC gain and the
class AB amplifier for resistor string DAC has 8B BC gain. The total power
consumption is expected to be around 23.4 mW faelBors. The chip core area

is 2.65x0.95 mm The AFE IC achieves is 91 dB SNR.
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Table 6.1 Measured results of AFE and Electricdigpmance summary

Analog Front End IC

Technology 0.18um CMOS, 1 poly 6 metal layers

Die size 2.65mm x 0.95 mm

Power consumption 23.4 mW (1.8V supply)

DNL (+ 0.026/-0.012 LSB)/ INL(+0.005/-0.028 LSBYower(402.7

Resistor string DAC uW with class AB amp)

Current steering

DAC DNL (+ 0.402/-0.42 LSB)/ INL(+0.941/-0.808 LSB), wer(93.6uW)

Slow chopping freq/

Fast chopping freq. 32 Hz/131.072 kHz

System Input

Referred Offset  200MY
System Dynamic ¢, 4o
range
Chemical
Measurement <5 ppm
Sensitivity
Amperometric
Readout Range 10 nA-100pA
Amperometric .
Readout Accuracy <0.05%
Conductometric
Readout Range 10 k2-10MQ
Conductometric < 0.05%

Readout Accuracy

Table 6.2 Sensor specification

Sensor Array

2 cm x 2 cm for conductomeric sensor

Array size .
y 10 cm x 10 cm for amperometric sensor

Number of 16 channels
channel (Conductometric sensor: 8, Amperometric sensor : 8)

Cr/Au (20/180 nm) on SiO2/Si substrates for condunettric sensor, thick

Electrode spec carbon film with 1.25 Ag/AgCl for amperometric sens
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6.5 MINIATURE PLATFORM MODULE

The badge-style sensor platform module is shawkig. 6.16. The 4 layer
PCB containing two multi-sensor chips has beennalsksl into a handheld
application specific sensor system which additipnacludes a microcontroller
board (signal processing unit), a power manageivegtd with li-ion battery and
a miniaturized gas-flow system developed by theveksity of San Diego and
River side. The platform size is 65mm x 65mm x 23nfmidth, length and
height). Fig. 6.16 shows a photograph and a schermhthe module platform.
The module has a real conductometric sensor chdpaanamperometric sensor
chip on the top layer. To test circuit performamsere during faradaic current
change depending on gas concentration, a disastevariable resistance was

biased by the electrode potential drive block teate a current source. This

Figure 6.16 CMOS platform for gas sensors.
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Figure 6.17 Result of testing platform (a) transi@sponse for amperometric
mode (b) interval change mode (c) transient respéorsconductometric mode

current was measured by an on-chip current readbotk to record the
potentiostat transfer function. The variable resistas placed between the WE
and RE nodes ass&cein Fig. 6.6. Also, the change in the conductoretgnsor
was tested as a variable resistance. Based osédtup, the AFE IC was tested.
The change of the resistance and current convptt isignal in the low-power
tiny micro controller. In fact, the signals comifrgm the multi sensor chips are
processed and evaluated by the MSP430 microprac@ssaas Instruments). The
sensor data are stored in tiny flash memory. Tdaeasensor data in tiny flash

memory, WinHex program was used. After reading thttya data are transmitted
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to a personal computer for post-signal processiiogdo post-signal processing,
MatLab was used to implement the decimation fidted the low-pass filter. Fig.
6.17 shows the results from the sensor platformuteodn Fig. 6. 17, region (a) is
presents the amperometric sensor output. As se@),ithe graph shows that only
oxidation happened over common mode voltage. Whehamge mode switch
turned on, the common mode region went to a voltdgeh results in a chemical
reaction with a conductometric sensor. Region (@ws the conductometric
sensor output. When the resistance of the condwttansensor was changed, the

output voltage of the sensor was changed.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

A 0.18um CMOS electrochemical analog front-end (AFE) dircu
designed for a 16 channel air quality monitoringtegn is presented in this thesis.
The AFE circuit for diesel and gasoline sensors ogplace currently-used,
expensive instruments that measure electrochemaaation results. The circuitry
consists of an integrated CMOS potentiostat, a ovge current-to-voltage
converter, a low noise instrumentation amplifieGuarent steering DACs and a
first-order nestedA ADC for the conductometric and amperometric sensor
arrays. This thesis presents the first demonstratd bringing together
conductometric sensor and amperometric sensor BM@3technology.

To adaptively control the DAC current, the DAC gqohtcan be
elaborated, which is not suitable for low-power laggpions. This thesis proposed
a segmented 9-bit DAC scheme. The DAC can providary multiples of LSB
current source. In addition, the DAC current shdagddmaximized while meeting
the DAC headroom constraint. This scheme consitieratecreased the
complexity of the DAC control.

In bio-chemical sensor applications, large spreafdbase resistance in
conductometric sensors and large spreads of curr@mhperometric sensors pose
the greatest challenge to the gas detection sy3tkus, several innovations have
been made to design a stable AFE system, and thmos®d techniques were
verified with a prototype CMOS interface chip. Seleontributions and possible

improvements are delineated below. The architecigrealso sampling-rate



scalable; by duty-cycling the system, a linear powsealing is achieved. To
reduce residual offsets at low frequency noise ¢bate from clock feed through
mismatches and integrator mismatches, the nestexppeh technique is
implemented. A full signal chain is simulated witittual electrochemical
reactions data from the amperometric and condudtamsensors. This chip
implements a 16-bEA ADC to measure the voltage that is generated &ihit
current steering DAC and sensors as well as theag®l generated by 3-bit
resistor string DAC and potentiostat. The propasesign is fabricated and tested
for the physical conductometric and amperometritsses to detect diesel and
gasoline exhaust.

The main contribution of this thesis is the desigriow-noise, low-DC
offset and energy-efficient CMOS interface circyitfor gas sensor arrays.
Although most chemical sensor measurements aréy likebe in a very low
frequency or DC domain, there are several challermgsociated with a single-
chip based sensor readout system. To determinesffeetive dynamic range
required in the base resistance change, the smatestance change that needs to
be resolved in conductometric sensor has to berrdeted. Furthermore,
amperometric sensor arrays suffer from the op-affgets and the 1/f noise in a
standard CMOS potentiostat. To resolve this problanger devices and PMOS
input pairs are used to design the system. Beaaubese problems, it is difficult
to achieve small area, low power consumption amdroise in an analog front-
end IC. To reduce die area and power dissipatiothig1 system, a shared and

reusable high resolution sigma delta ADC, a predeteed current steering DAC,
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and an integrated potentiostat are used. To gee rdetection sensitivity, the
sigma delta ADC in discrete domain was designec feery wide dynamic range
and high accuracy when power consumption is spereniThus, this system
attempts to trade-off power consumption and resmiuib increase the detection
range for hazardous chemical gases. More and mad&©)S switched capacitor
design can suffer from the DC offset and 1/f na@ééhe op-amp and especially
residue offset from both chopper switches and CM&@@ches; as such, the
nested chopper technique is applied to the ADCusecaensor signals are at very

low frequencies.
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