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ABSTRACT

HIGH-PERFORMANCE CHEMIRESISTOR INSTRUMENTATION CIR@GT FOR
MICRO GAS CHROMATOGRAPH
By
Xiaoyi Mu

Gas chromatography is a technology that permiteatien, classification and
guantification of gas and vapor mixtures, showiniglevapplication in environmental
monitoring, military surveillance, and healthcatiagihostics. Miniaturization of the gas
chromatograph to a portable platform would brimgngicant benefits in terms of speed,
sensitivity, and cost. Such a micro gas chromaggr@GC) would open many new
sensing applications that cannot be addressedibyrexinstruments. This thesis seeks to
overcome the challenges and limitations in instnot@igon circuits for quGC detector
utilizing thiolate-monolayer-protected gold nandpdes (MPN) chemiresistor (CR)
arrays. Two approaches for CR array instrumentatiene explored. First, a CMOS
instrumentation circuit using DC techniques wasgfes] and tested. The 8-channel DC
chip achieves a resolution better than 125ppm awesry wide baseline resistance range
and 120dB dynamic range. Second, an AC instrumentatircuit was developed to
overcome the noise limitations inherent to the xCuit. In addition, a methodology for
integrating CR arrays directly onto the surfacéhefinstrumentation chip was studied and
implemented to further miniaturize th&C and maximize resolution. The results of this

research lay a solid foundation for future real@abf high sensitivityuGCs.
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1 Introduction

1.1 Motivation

Gas chromatography is widely used in analytic clséwyifor separating and
analyzing mixture of compounds that can be vapdringthout decomposition [1].
Nowadays, the applications of gas chromatograpbgneikoeyond the laboratory, reaching
into indoor environmental monitoring, biomedicalnseillance and diagnosis, and
explosive detection, etc[2]. These applicationsunegon-site rapid measurement by
portable and low-cost instruments. Supported byaratectrical-and-mechanical-system
(MEMS) and CMOS fabrication processes, scaling dgasichromatographs to hand-held
devices commonly referred to micro-gas-chromatdgrapGC) system is now

conceivable.

ThepGC consists of four main components as shown iarEid.1 (adapted from [3]).
The micro-fabricated pre-concentrator/focugd?@F) collects the sample and injects into
the system. Microfabricated flow columns with réses heaters separate the samples. The
sensor array detects vapors in the sample andajeseazlectrical signals. Instrumentation
electronics detect the sensor response, amplifyextiéct it. By fabricating theGC
components with MEMS processes and implementingngteumentation electronics in a

single-chip integrated circuit, the system can heiaturized for on-site monitoring



applications using a hand-held vapor analysis syste

nGC

=

Vapor HPCF [ Do
sanet =1l /g = N

Separation Sensor Instrumentation
\ ) columns array  electronics

Figure 1.1. Block diagram showing the three maimgonents inuGC. For
Interpretation of the references to color in thasl @ll other figures, the reader is
referred to the electronic version of this thesis.

1.2 Challenge

The applications foruGCs often involve vapor concentration levels in the
parts-per-billion (ppb) to parts-per-trillion (pptange, making detection of target

compounds difficult. Three efforts that can hel@thieve high detection limits are:

(1) Improving the concentration of analytestlPCF by providing a focused injection pulse

(2) Adopting a high-sensitivity vapor sensopu@C system

(3) Improving the sensitivity of the readout instrentation circuit

Effect (1) and (2) have been achieved by our colator, Dr. Zellers’ group in

University of Michigan [3]. From the sensor poirftwaew, chemiresistors (CR) coated



with thiolate-monolayer-protected gold nanopar8c{®MPN) have been demonstrated as
highly sensitive vapor sensors, achieving partshiéon (by volume) detection limits[4].
However, to enablgGC systems to benefit from the sensitivity of MPR @rrays, several
critical limitations to CR technology need be addexl by instrumentation electronics.
First, CR baseline values (the resistance bef@gorading to a vapor) vary by up to two
order of magnitude from device to device. Secone biaseline values drift over time and
independently for each CR device. From a circuibhipof view, all these challenges from
uGC and MPN CR array can be addressed by develapimgh-resolution readout circuit
with large dynamic range, thus enabliwGCs to achieve the greatest possible limits of
detection. Furthermore, because CRs exhibit a staglhcitive response, an orthogonal
measurement of vapor concentrations can potentlyncorporated into the CR array

instrumentation electronics.

1.3 Goal

The goal of this project is to maximize the seusitiand stability (accuracy over
time) of sensor arrays in emerginGC platforms by designing instrumentation circuits
that fully exploit the high sensitivity of MPN-caatt CR sensors while overcoming their
limitations. To achieve this goal, the developegtimmentation circuitry attempts to meet

the following specifications:

- Very high resolution readout of relative resisichange: target 1ppm
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- Large dynamic range (support of baseline resigtaalues): target 100k—1QM

- Support multiple CR channel readout on a singip:darget 8 channels

- Low power (maximize portableGC battery lifetime): target 1Q0V/channel

- Support on-chip realization of CR sensor arrays

1.4 Thesisoutline

Chapter 2 describes the technology and applicatbise uGC, outlines MPN CR
technology, and reviews existing resistive readmathods. Chapter 3 describes the
development and VLSI realization of an 8-channel OR instrumentation circuit for
uGCs, with experimental test results and analysi€hapter 4. Chapter 5 introduces an
alternative AC CR readout design to further improgsistance resolution. In the final

chapter, a summary of this thesis work and sugmgesfor future research are provided.



2 Background of Gas Chromatograph and Resistance

Measurement

2.1 Vapor mixtureanalysis applications and micro gas chromatograph

Vapor mixture is a mixture of compounds that can \mgporized without
decomposition. In health, environment and secuegyons, important information can be
extracted from vapor mixture’s composition and eaomponent’s concentration. By
determining the ingredients and concentration, vapgture analysis has been adopted in
health, environment and security applications idclg indoor monitoring, environmental
tobacco smoke markers, lung cancer biomarkersgaplbsive detection. The following
sections will briefly introduce each applicatiordasorresponding vapor mixture analysis
methodologies with their advantages and disadvastathen introduce th@GC, a

universal solution which can overcome the disachges.

2.1.1 Indoor vaporsmonitoring

Health problems associated with exposure to intlmdac chemicals have become a
growing public health concern. Many such chemicals be classified as volatile organic
compounds (VOCs), which refer to organic compoumaisng significant vapor pressure
and affecting environment and human health. Conatohs of many VOCs are

consistently higher indoors (up to ten times higliean outdoors, which may have short-



and long-term adverse health effects. Indoor VO@siy come from: (1) emissions from
building materials [5]; (2) infiltration from outaw air [6]; (3) human activities [7]; (4)
microorganisms|8]; (5) reaction products of exigtvlOCs [9]. The most abundant VOCs
are aliphatic and aromatic hydrocarbons, such lkanak, benzene and toluene[10]. To
further study the VOCs'’ health effect, it is impont to determine VOCSs’ ingredients and

concentration by vapor mixture analysis.

To date, almost all investigations of indoor VOCitre have adopted separate
sample collections and laboratory analytical stepgh the methods such as
gas-chromatography/mass-spectrometry  (GC-MS) [11f gas-chromatography/
flame-ionization- detector (GC-FID) [12]. Due teetbost and delay between sampling and
analysis, these conventional methods are limiteonksite monitoring, and do not allow

characterization of concentration profiles withpest to spatial and temporal variations.

2.1.2 Environmental tobacco smoke markers

Exposure to environmental tobacco smoke (ETS), lwigcalso called secondhand
tobacco smoke, has been proved to cause lung careat disease and other health
disorders. An estimated 3,400 lung cancer deatis4&r000 heart disease deaths occur
annually among nonsmokers in the US as a reselxpdsure to ETS [13]. People can be
exposed to ETS in smoking-permitted environmenitsh &s restaurants, bars and private

cars. Due to the public health concerns, theresgang need to accurately assess ETS



exposure.

ETS contains a complex mixture of more than 4,@@egic components [14], among
which more than 50 has been proved to individuedlyse cancer [13]. The complexity of
ETS makes it difficult to determine ETS, promptitige use of marker compounds as
surrogates for ETS detection. Vapor-phase nicdiigN), 3-ethenylpyridine (3-EP) and
2,5-Dimethylfuran (2,5-DMF) has been used as a bhidmr of ETS [14][15]. These
chemicals are often determined by GC-MS[16], GC-F1] and gas-chromatography
with a nitrogen-phosphorus detector (GC-NPD) [1Blowever, there are several
disadvantages to these conventional methods: tleehalaor and intensive expensive, and
provide less effective intervention feedback fofeetied individuals, which limit the

potential to address the problems associated with &posure.

2.1.3 Breath vapor analysis and the lung cancer biomarkers

Analysis of vapor mixture in breath can provideommfation about diseases and
environmental exposure [19]. It is more attractitean blood analysis due to its
non-invasive nature. It is the best way to direettgmine respiratory function and permits
real-time monitoring of volatile toxic substancestihe body. The links between breath
substances and diseases are currently being stuhddbreath analysis may provide a

useful diagnostic tool.



Lung cancer is the most common cause of canceedetieath and is responsible for
1.3 million deaths worldwide annually [13]. The oa risk of developing lung cancer
during human’s lifetime is 1 in 13.5. According statistical data, survival rate for lung
cancer can dramatically be increased by detechdrsargical treatment at an early stage.
Breath biomarker analysis is a promising lung cascesening method [20]. VOCs such
as alkanes and aromatic compounds have been fouredssociated with lung cancer as

breath biomarker.

To date, several methods have been utilized inttrie@marker analysis, such as
GC-MS [21], GC-FID [22], and electronic nose teclogies [23]. GC-MS has advantages
such as high sensitivity and ability to identify ngpounds on the basis of their
fragmentation spectra, but suffers high expensthefsystem and need for expertise in
operation. GC-FID’s use in field is prevented ks/gomplicated system design and data
analysis. Electronic nose technologies have beetialha successful when applied to
differentiate lung cancer patients from healthytoas, but have been judged for their

inability to identify specific VOCs and low sensity.

2.1.4 Explosivesdetection

Since Sep 11 2001, explosives inspection in aispartd other public areas have
become more strictly enforced. Facilitating thismd@d requires portable, fast,

high-sensitivity explosive detection instrumentsréplace conventional methods like



trained animals. Therefore, the explosive detedgchniques have been an active area of
research in recent years. The United States Buredlecohol, Tobacco, and Firearms [24]
lists nearly 250 explosive materials, in which itrotoluene (TNT), hexogen (RDX) and
different combinations with both of them are veowgrful explosives used by terrorists.
Directly detecting these ingredients is more effecand accurate than indirect way such
as X-ray or metal detectors. To date, several vapgture analysis methods have been
utilized in explosive detection, such as GC-MS [284s-chromatograph-ion-mobility
-spectrometers (GC-IMS) [26], infrared absorptiqgrecroscopy [27], photo-thermal
deflection spectroscopy (PDS) [28], fluorescencéymer-porous silicon microcavity
device [29], and thermal sensor [30]. However, ttusample’s ultra low vapor pressure
property and high-resolution requirement compardith weneral VOC detector, all of

them are experimental, not yet implemented as taipler device.

2.1.5 pGC for vapor mixture analysis

The health, environment and security regions demamdh-sensitivity on-site
portable applications for vapor mixture analysiswéver, most of the methods mentioned
in previous sections hardly satisfy all the requieats. There are very few portable
instruments which can analyze the components opt&nvapor mixtures. These include
hand-held IMS [31], hand-held mass spectrometry)(M3], Fourier transform infrared

spectrophotometers (FTIR) [33] apd5Cs. Due to the versatility associated with the



ability to separate components prior to detectbmmpatibility with various detectors, and
possibility to achieve high sensitivityGCs are the most promising for on-site vapor

mixture monitoring and analyzing.

The uGC consists of four main components as shown imrgidl.1. TheuPCF
collects the sample and injects into the systefintHe concentration in the same time.
Microfabricated flow columns separate the sampléh @assistance of resistive heaters.
The sensor array responds uniquely to differentovapomposite and different
concentration. Instrumentation electronics deteetstensor response, amplify and extract
it. TheuGC components can be fabricated with MEMS proceasdghe instrumentation

electronics can be implemented in a single-chipgrdated circuit.

The vapor mixture analysis in health, environmamd aecurity applications often
involve vapor concentration levels in the partsip#ion (ppb) to parts-per-trillion (ppt)
range, making detection of target compounds diffictihree efforts that can help to

achieve high detection limits fauGC are:

(1) Improving the concentration of analytespiRCF by providing a focused injection

pulse;

(2) Adopting a high-sensitivity vapor sensorpu@C system, where chemiresistors (CR)

coated with thiolate-monolayer-protected gold nambples (MPN) have been

10



demonstrated as promising candidate;

(3) Improving the sensitivity of the readout instrentation circuit.

2.2 CR sensor array for pGC

Various detectors have been employed in reseaG prototypes, such as
micro-FID [34], PID [35], IMS [31], micro-flame phlometric detector (FPD) [36],
micro-counter-flow FID [36], argon-doped helium ipation detector (HID) [37], electron
capture detector (ECD) [37], micro-machined therowiductivity detector (TCD) [38],
MS [39], and chemical sensor array such as CR sansxy [40]. The complexity and high
cost of these instruments limit their widespreaglafgment and potential in the many

possible vapor mixture analysis applications.

A chemical sensor consists of a chemically seledayer which changes its physical
property when interacting with incoming VOCs, anttansducer which transforms this
change into electrical signal. Compared with come@l detectors used ipGC,
chemical sensors have been developing rapidly and hecome popular in recent years
because of advantages including: low-cost of prodncsmall size, simplicity, low power
operation, and minimal maintenance [41]. Furtheemarsing an array of different
functional sensors, selectivity can be obtained pogviding characteristic chemical

‘fingerprint’ of each analyte.
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Several kinds of chemical sensors have been usedpas detectors. These include
metal-oxide semiconductor (MOX), optical, piezodlec (e.g. SAW sensors), and
chemiresistor (CR) sensors. MOX sensors are inestpenbut suffer from performance
drift and poor selectivity [42]. Optical fiber sams, based on spectrometry measurements,
offer some advantages such as electromagnetic imynumultiplexation capability and
passive operation (no bias is needed), but theygpensive [43]. Piezoelectric sensors
consist of a piezoelectric substrate coating wahous sensing materials; they provide
good sensitivity and selectivity for chemical atesybut suffer high cost [44]. Compared
with other alternatives, CR sensors are inexpensiv@anufacture and have very high

sensitivity that is determined by the method ofraleal functionalization [45].

Carbon-doped polymers and electrically conductimgmpers have been widely used
as interfaces of CR sensors [46][47]. Gold-thiolatenolayer-protected nanoparticles
(MPN) have arisen as promising CR interface witlvdo detection limits and higher
sensitivity[48]. It has been reported that the MER has a detection limit as good as
sub-parts-per-billion (ppb) concentration of trimfdethylene in mixtures [49]. The MPNs
consist of a gold core of nano-dimensions, surredrigy a monolayer of self-assembled
thiolate that provide stability to the gold coréee MPN film swells when vapor partitions
diffuse into it, changing the electron tunnelingriea and thereby the film resistance.

Therefore, CR response to vapors can be obtaineddasuring the relative resistance

12



change of the MPN film. A model was proposed tadfmtethe responses of MPN-CRs
based on a vapor-film partition coefficient, thelte density and dielectric constant [50].
The model also indicates that the sensitivity c& MMPN-CR depends only on vapor
concentration, regardless of electrode geometryfimdhickness, showing a promising
possibility for miniaturization of MPN-CRs. HoweyeMPN-CR, also introduce several

challenges that must be overcome by readout aiycuit

(1) Baseline values {§} vary widely from device to device, typically frob®0k to 10M2,

corresponding to a dynamic baseline readout raegainement in circuit design.

(2) Baseline value drift over time independentlyetch device, corresponding to a drift

tracking ability in circuit design.

(3) When detecting vapor such as trichloroethyhleith concentration as low as sub ppb
level, the sensor respongeR/R) is quite small, as little as one part per imill(ppm)

[49]. To utilize the CR signal, it requires a ppesolution readout in circuit design.

(4) CRs also exhibit a small capacitive responsgergially providing an orthogonal
means of vapor measurement, corresponding to aitapee readout requirement in

circuit design.

In addition, multiple channel readout for CR aremd 20Hz sampling rate are essential

requirements in circuit design.
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2.3 Methodologiesfor resistance measurement

Usually, in CR sensor measurement, current iswdaeh a constant voltage is applied
across the CR sensor film [51]. The resistanceevadobtained as the voltage to current
ratio. For a baseline valuggRthe CR response is defined as the normalizedtaesie
changes AR/ Ry), to achieve high resolution of CR response (saglseveral ppm), a
high-stability voltage generator and a high-resotutpicoammeter are required in a
laboratory environment. For example, to meas@aekistance change in a thbaseline
resistance, less thap\Irms would be generated with a 1V bias appliech®® €R. This
would require a bias voltage stability of bettartiuVrms, which is achievable with most
commercial equipment. To obtainuM resolution over 1V range in measurement, a
picoammeter with 20-bit resolution is required, gthiwould typically be achieved with
some sort of analog-to-digital converter (ADC). thermore, if we consider that CR
baseline values can vary from roughly 100k — TONhe required ADC resolution would
be pushed up to approximately 27 bits to obtainmipesolution over the whole range.
Generally speaking, higher ADC resolution requinesre power and chip area and
significantly adds to cost. Currently, the best owarcially available ADCs can only
achieve 24 bits [52], so it would be impossibleatiieve the required 27-bit resolution

with commercial electronics.

To address this resolution challenge in CR readuoat)yy CR interface circuits have
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been developed using a variety of techniques. Ascrdeed below, these circuits are
tailored to the performance requirements of spe@R sensor technologies that do not

necessarily match the demands of MPN CR sensors.

2.3.1 Resistance-to-frequency converter

Resistance-to-frequency converter (RFC) is a methioeély used by resistive gas
sensors, especially for large variation of resistd®1][53-57], for example, sensors based
on metal-oxide thin film have five decades in baeelalue variance due to process
variation [53]. RFC allows measurement of a mualyda resistance range than direct
linear conversion because it is not limited by &g# swing constraints in analog circuits.
Figure 2.1. shows a general circuit implementelHC, consisting of a voltage-to-current
convertor followed by an integrator, a Schmitt cangor and a digital control circuit. The
current flowing in the CR alternately charges aisgltarges the capacitor in the integrator,
the Schmitt comparator gives pulses according tegnator’s output and the resulting
oscillation period linearly depends on the CR vallikis circuit has been reported to
achieve 141dB dynamic range with a maximum accucd@y000ppm over five decades
[53]. However, this approach is slower than ditemtversion and the accuracy is limited

by parasitic capacitances to be far below MPN-CRiirements.

15



Integrator

VREF ik
ochmitt
m V-to-| Trigger
_L_ — Icr _,| Digital Control ,‘___,
Clk Digital output

Figure 2.1. Block diagram of resistance-to-frequecmnversion.

2.3.2 Logarithmic converter

The logarithmic converter is another solution tdrads a wide range of CR baseline
values [58]. The logarithmic converter is typicalhlyplemented with a voltage-to-current
converter and a pair of diode-connected verticalP Rfdnsistors as shown in Figure 2.2.

The difference of the two bipolars’ emitter-basétage VEg1 & VEg2 can be expressed

as:

kT I
AVEB =VEBl _VEBZ =_|n( R )

REF

(2.1)

KT |
== (Rop )
q " Ve

where k is he Boltzmann constant, q is the electbarge, T is the absolute
temperature on the chiprgg is a reference currentglis the output current of the
voltage-to-current converter, and thepy is the common-mode voltage of the logarithmic
converter. Therefore, the differential outpagg is logarithmic related with CR
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resistance value (). This method can provide five decades of dynamange (1K2 —
10MQ). However, because of the nonidealities in CMOgitic vertical bipolar devices,

only 10,000ppm resolutionAR/Rp) is achieved. This resolution does not satisfy

MPN-CR’s requirements (~1ppm).

Jodl  Jedl

I: Veg: ¢ Vess (l)

W V'tO'I ‘E IREF
J_ lCR

- A

Figure 2.2. Logarithmic converter for readout a @ikh a wide resistance change.

2.3.3 Multi-scale current-to-voltage converter

Another method to address the wide CR resistanogeranvolving a multi-scale
current-to-voltage converter was proposed [59].sTieiadout circuit is composed of a
single-ended continuous-time programmable transissie amplifier (PTA) and a 13-bit
ADC as shown in Figure 2.3. The PTA converts theenu flowing through the sensor into
a voltage and the 13-bit ADC digitizes the outptittiee PTA. To accommodate a
five-decade range of baseline values, this systemraquires two 8-bit digital-to-analog
convertors (DAC) and a digital signal processor Pp®r control and calibration. This
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readout circuit can measure a sensor resistancge rah more than five decades
(1002-20MQ) and achieve a resolution of better than 1000pgnthwdoes not satisfy

MPN-CR’s resolution requirement.

| R
loR - —— W
Vref LR V
° ‘NW\ L 0
ADC |—»
+ Digital
Veum Output
oY

Figure 2.3. Block diagram of multi-scale currenvtitage converter.

2.3.4 Basdline cancellation methodology

To achieve high resolution of CR response, basetiaecellation method was

proposed recently[60]. The working principle anaéig are described below.

As mentioned in the first paragraph of section &mMall CR response requires high
ADC resolution in direct linear conversion. Thesea is that when the entire sensor value
(baseline plus response) is digitizetR receives only a small portion of the ADC's
resolution. In other words, the resolution avagstiol digitizeAR is very small. If, however,
Ry is first canceled andR is amplified before digitizing, the full resolati of the ADC
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may be used. Figure 2.4 shows an illustration isflithseline cancellation principle. Given
a gain of A, extra log(A) bits of resolution is provide compared to theedt linear
conversion. In this way, the requirement for AD&solution is loosed and the complexity
of ADC is dramatically decreased. For example, easure @ resistance change in a
1MQ baseline resistance, direct linear conversion r2gedit ADC; in contrast, by

baseline cancellation and amplifying 64 times, only 14-bit ADC is required.
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Figure 2.4. lllustration of baseline cancellatiompiple.

Several interface circuits have been developedaselne cancellation method.
Amplifying differential signal between an active C&d a passivated (non-sensing)
element can achieve a resolution better than tiseffloor of CR itself [61]. However, this

approach has limited utility because fabricating sensors with identical initial baseline
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and drift characteristics is nearly impossible witbst sensor technologies. Alternatively,
baseline cancellation using an op-amp with ressiedback and a power gain stage has

been reported to provide a resolutiafR{ R,) of about 200ppm [60]. However, it does not

provide drift tracking.

2.3.5 Methodologies summary

In section 2.3, the methodologies for CR readoutreweeviewed. Although
resistance-to-frequency converter and logarithnoleverters can provide large dynamic
range, they only achieve limited resolution ~ 10ff@. In comparison multi-scale
current-to-voltage converter is better in dynanange and resolution, but still does not
satisfy the MPN-CR resolution specification. Baselcancellation methodology provides
a promising way to push down the resolution. Owsrpwork shows a baseline cancellation
and tracking approach for MPN-CR readout [62], ik a cancellation and amplification
circuit was implemented in IC. In the next chaptefully integrated baseline cancellation

system based on [62] will be presented, targetieggpals listed in Chapter 1.
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3 DC Chemiresistor Instrumentation Circuit Design

3.1 Requirement and approach for high sensitivity

The normalized resistance changd&k(Rp) of a CR sensor is directly related to the
concentration of target vapors. However, the ddgiesponse portion of the sendd is
small and buried within the large total vala® +R,. Furthermore, R varies widely
from sensor to sensor in two orders of magnitudeadquireAR/ Ry with high resolution,
the readout circuit must both overcome the larg@atian of R, and precisely measure
small AR values. In our lab’s prior work [62] we introdace baseline resistance
cancelation approach that subtractg fRom the total CR resistance, amplifies and
digitizes theAR portion. The readout range and resolutiomnABf are limited by how
accurately B is measured and subtracted and how largeAReis amplified. Thus,
tracking R, values closely is important over the wide dynanaiege typical CR sensors
present. Canceling (Rin the analog domain and amplifying onty\R significantly
improves the overall signal to noise ratio (SNR).

To meet these requirements, the architecture ®KCR instrumentation circuit (one

channel) is shown in Figure 3.1. The CR sensotinsutated by a constant bias current

IR, and the sensor voltage response is

Vsens= IRRsen§ (3_1)
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where Rens= AR + R,. The circuit works in two phases. In the idle ph@sR=0), a
calibration is performed to determine the bias enirisuch that the voltage drop on CR
sensor ¥ens1= IR Ry is between Whin and inax Because Rcan vary by more than two
orders of magnitude, this large resistance ranges& be mapped into a small voltage
range by adjusting the programmable current bibs.determined value oféns1is then
stored on the analog memory (AM) to end the id#diljcation) phase.

During the response phase when CR is exposed tarfpet vapor, the voltage drop
on CR sensor changes tegy2= IR (Ry + AR) and is input to the subtraction and gain
block. This block removes the baseline valugp4i(previously stored on the AM) from
Vsens? amplifies the difference, and outputs only thesee response with a gain of A.
After these two phases,gi¥hsiand A(Vsens2- Vsensl are obtained, corresponding tg R
and AAR. With subsequent A/D conversion and offline ckltans, AR/ Ry, can readily

be obtained from YensiA(Vsens2 Vsens)- The scale A provides extra lg(@\) bits of

resolution compared to the direct linear conversi®ecause thaR signal is very small
and susceptible to noise, the subtraction and lgiaick is fully differential to minimize
common mode noise. Input offsets of the subtracéind gain block are eliminated by

this sample and subtract process.
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Figure 3.1. Single channel architecture for CR basadliacking and cancellation.

3.2 Circuit implementation

The CR baseline tracking and cancellation apprdiashdescribed in [62] has been
significantly expanded and improved in the 8-chareuit. This fully integrated CR
instrumentation system contains a wide-range prograble exponential current bias, an
8-bit DAC for the AM, a subtraction and gain bloekdigital communication and control

circuit, and surface contacts to support an on-8BiffN CR sensor array.

3.2.1 Programmable exponential current bias

The normalized resistance changeR( R,) of the MPN-coated CR sensor is
proportional to the concentration of target vapadsd, the ratio ofAR/ R, to vapor
concentration is independent of the baseligeBecause Rvaries from 100 to 10MQ
from sensor to senor, 2 order of magnitude vamatiAR will be observed when sensing
the same analyte. With a fixed current biassg2- Vsens] could vary in the same

magnitude oAAR, giving a tremendously variable resolutiom\&/Ry,. To extract the same
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level of AR/ Ry resolution for all values of iR a programmable current bias is essential for

mapping baseline resistance into a narrow outplhge range, V.

Assuming that the range of voltagg ¥ held within \{,jj, to Vijmax by the current bias
and that the discrete programmable current is ijjere n is number of current values

available, the current values I[n] provided by siystem must be set such that

Vmin s I[n]Ro SVmax (3_2)

In other words, for all values ofjRa current I[n] should be available such that the
conditions in (3.2) are met. To ensure all possijevalues generate a voltage between

Vmin and Vihax the W, steps for each I[n] must overlap. This can be esged

mathematically as

V.. V Vv \Y/

min_ max max min

I[n] I[n-1]  I[n+1] " I[n] (3.3)

When the boundary values of adjacent steps aeqgsel to each other, (3.3) becomes

I[n] _1[n+]] —u
[[n-1] [[n] (3.4)

So I[n] can be derived as

I[n] = 1[1]°"

(3.5)

This indicates that an exponential current bias ld/dnest span the required range with
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the fewest steps.

The current bias circuit shown in Figure 3.2 wasigiged to achieve this goal. The
lower five control bits tune the current scaling2®a exponential steps, from 1 to 31
(=7.4). The higher two control bits provide coasseps via programmable current gain
with values of 1, 5 and 25. The exponential ratiohiosen as 1.1 to keeg kange in [0.62V,
0.72V] with overlap between adjacent steps, coutiiigg AM DAC extra 2 bits resolution.
The coarse step extends the exponential curremgferam 2 orders, in the meantime
guarantees overlap between adjacent steps. Thetomicity in range selection is not

critical because the current only changes duritigpresion and for each set &R and Ry

measurements, the current is fixed.

Noise and mismatch need to be taken into considerat the design point of view.
First, the noise comes primarily from current seuand the CR. The thermal noise of a

normal resistor R can be shown as

2
VR = 4KTRAf (3.6)

where k is Boltzmann’s constant, equals to 1.38?>§1DK; T is the temperaturaf is the
bandwidth. For a single transistor current soutice,noise is composed of thermal noise

and flicker noise, shown as
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where gy, is the transistor’s transconductanceyxds unit capacitance of the transistor’s
thin oxide, W is the width of transistor gate, Ltie length of the transistor gate, K is
flicker noise constant(related with the process),sf the up boundary of frequency
bandwidth and,fis the lower boundary. (3.6) and (3.7) indicatat tto reach low noise

level, small R, small g and large W and L are preferred. Because the dugent is

constant, the flicker noise dominates the noisecg®u Thus the main effect to eliminate
the noise is to enlarge W and L. In the meantiroe, mismatch also benefits from the

large transistor design.

iSIb 25Ib
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i #E“L i
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l

Figure 3.2. Schematic of wide-range programmabpee&ntial current bias.

In the current bias circuit design, transistors 6127 have a large width and length
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to minimize flicker noise, reduce errors due togess mismatch, and bolster output

resistance. The current variations caused by Maridb.,sare negligible (only 0.1% in

simulation) because M6 to M27 have a large gatgtlerand their drain voltages are

narrowly held between Maxand Vimin.

As shown in Figure 3.3, the total tunable rangewfent is from 60nA to 12.7pA,
which keeps ¥ between 0.62V (Min) and 0.72V (\hax for all values of I8 between
48.6lQ to 12MQ. The three coarse steps of current have overlzgragtees continuous
coverage when tuning higher two bits. Figure 3@wahthat adjacent steps of current have

overlap in resistance range, which guaranteesruamiis coverage over the whole range.

Coarse step?2 Coarse step3
Coarse step1 ; 60nA
12.70uA < % I}
“a A 12Mohm

0. 72T T T T T T T T T T T T SHERSEL /T
‘| | |I‘ I| ‘I‘lf]\ |.'I‘|.‘ | P

I 4
bt

.‘;.‘ ";:.‘
i

{1
P
i

L J.‘ .y
Q.628 0 lbbbin Lo

1
48.6kohm CR Resistance (ohm)

Figure 3.3. Post-layout simulation results show @Ristance is mapped to, \by
multi-scale currents. By choosing a proper curneaitie, any CR resistance value
between 48.6R to 12MQ can generate a voltage drop between 0.62V to 0.7Q¥.
three coarse steps of current set show overldpeifigure.
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3.2.2 Analog memory

To achieve high resolution measurement of the s&nssponse, an analog memory
(AM) is utilized to store the baseline output valy§)) and subsequently subtract this
offset value during sensor readout. A simple catibn routine is used to set the value in
the AM. When the sensor is idlAR=0), the readout circuit output should ideallyté
During calibration, a feedback loop from the ametibutput to the AM is used to drive the
output to OV. Calibration is complete once thidesta achieved, and thus the AM will hold
the proper baseline value. This approach also lmadvantage of compensating for all

non-ideal offsets in the base cancellation and glioks shown in Figure 3.1.

12.70uA 11.50uA 10.43uA 9.42uA 8 54yuA
84.0kohm
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CR ReS|stance (ohm)
Figure 3.4. Partial plots of Figure 3.4. Each sadleurrent has overlap in resistance
coverage, which guarantees continuous coveragetioeerhole range in regardless of
layout mismatch or channel length modulation.
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The baseline resistances of MPN CRs are knowniftosaynificantly within a matter
of minutes. Ideally the readout system should stipdrift tracking re-calibration scheme.
Our targeted MPN CRs are typically implemented imith pnGC system [40] that
periodically analyzes pre-concentrated vapor sasrgole permits regular recalibration in a
clear environment. Because the time between rea#itin periods is on the order of
minutes, charge leakage excludes the use of aitapbased AM. Therefore, the AM was
implemented as a digital to analog converter (DAGat can hold the AM value
indefinitely. Note that after calibration, the AMAT holds the digital value of fso it is

readily available to determineR/Ry,.

The disadvantage of a DAC-based AM is that it staediscrete estimate of the

baseline resistance. The AM output voltage canxpeessed as
VAM - IRRb (3.8)

where R’ is the DAC estimate of R IR Ry’ is within one LSB of the actuak Ry To
determine the necessary resolution of the DAC, idenghat the baseline cancellation

error, €, can be expressed by

NERVARY,
(3.9)

where \, to V] is the output range of the DAC and N is the DACrbsolution. During
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calibration, the output never reaches exactly 0¥ thue. Thus, if higher precision is
required,e can be recorded during calibration and used it paxcessing the data. The
primary restriction ore is that it should not exceed the input range &f dmplifier.
Because the programmable current bias alreadyslivit to 0.62 - 0.72V, the DAC is
just need to span this range for AM control. It vide$ermined that an 8-bit R-2R ladder
current-mode DAC limits the output error to lesartimV and satisfies the requirement
set by (3.9). The resistor-based DAC shown in FEdub was implemented and holds the

output indefinitely without ripple.

R/2
>
+

Vout

& 3 5 & & 4 1 &
2R 2R 2R 2R 2R 2R3 2R 2R
AN AW AN AV ANV AW
= R R R R R

R R R Vref

Figure 3.5. R-2R ladder current-mode 8-bit DAC schgc. Setting Vref to 0.6V sets
Vout to matctVy,

3.2.3 Subtraction and gain block

To achieve high resolution measurement of the s&nssponse, Ris cancelled and
only AR is amplified by the subtraction and gain blockeTsubtraction and gain block
needs good linearity over the readout range andranomable gain set to match the
dynamic range of the sensor during operation. Is waplemented using the fully

differential amplifier shown in Figure 3.6. The dfir stage is an operational
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transconductance amplifier (OTA), withpgl/Rs. High input impedance and fully
differential structure minimize the noise and areampared to the conventional
closed-loop operational amplifier with buffer desighe second stage is a closed loop
amplifier. The total gain is A =§ - Ry = Ry / Rs. Gain accuracy is ensured by careful
resistance matching in the layout and the gairalitgis ensured by fixing common-mode
voltage at the input of the second stage. Thrderdifit values of Rare designed to select,
in able to provide programmable gain from 20 to.3&6h external 16bit A/D conversion,

at least 20bit resolution ohR/ R, could be achieved based on baseline cancellation

principle, satisfies the design goal (1ppm) mergtbm Chapter 2.

-
® ®
M4 M2 M6 M8
p L re P 4L
Vip W Vin
l o —d[ M1 ™5 |b— lop l ~d
e
® © <
Il

Figure %.6. Subtraction and gain block with a total gairRy/Re.
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3.24 Digital control and communication block

To provide programmable configurations and commatioa with the computer,
digital control and communication block is utilized the circuit. The schematic of the
8-channel CR instrumentation circuit is shown igufe 3.7 with digitally controlled AM
DAC, programmable current bias, amplifier gain, aghnnel selection. The channel
multiplexer was inserted between OTA and the sestenge of subtraction and gain block.
By placing the second stage after channel multgrleonly one amplifier is needed, saving
power and area. A 6-byte memory was implementeaugalth a serial peripheral interface
(SP1) communication block to minimize the numbed/Qf pins required. Serial data are
fed into the SPI and stored into memory registersanfigure the settings for all analog

circuits.

3.25 Compatibility with on-chip CR array

There are significant advantages to integratinga@RYy directly on the surface of the
instrumentation chip, including elimination of masiurces of environmental noise and
miniaturization of the detector sub-system of jti&&C platform. However, two important

challenges need to be addressed in order to acthiesvgoal.

First, experimental efforts to form interdigitatetbctrodes for MPN sensors on the
surface of CMOS chips demonstrated a problem iktatéhe flatness of the chip’s surface.

Because the MPN-CR sensor electrodes are formed) wgry thin metal layers, they
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require an extremely flat surface to avoid tracadintinuities in the electrodes and their
connections to on-chip contact openings. Howevestr@MOS processes, including AMI
0.5um process used in this research, do not planaheesurface after the top-most

metallization, and any top metal routing would teesharp surface topography.
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Figure 3.7. Schematic of the 8-channel CR instruatemn circuit that integrates
subtraction and gain cells, an analog memory DAgrogrammable current bias and a
digital control and communication block.

To solve this issue, there are two primary optibias avoid additional process steps to
planarize the chip’s surface. One is to eliminatg tp metal routing within the sensor
area, and the other is to cover the entire sensar\with the top metal layer. In order to

address the issue below, the second option waeclayl a metal3 plateau was formed

33



beneath the sensor electrode area.

Second, the electron beam lithography (EBL) thas wsed in CR fabrication was
observed to cause defects the circuit beneathetigos area exposure to EBL. The defect
principle can be explained as following: (1) Highmeegy electron beam can stimulate the
electron-hole pairs in thin gate oxide. Compareth&higher mobility of electrons, holes
have relatively higher probability to be trappedhe oxide defects and to form positive
charge in the gate [63]. (2) Electron beam accuteslat the gate to induce negative
voltage. Under the high electric field, great defainajority carrier holes are accumulated
at the Si/SiQ interface and a very small proportion of theseebdiave enough of the
energy to enter into the gate oxide and been tchpipere [64]. The trapped chargeQ

affects transistor’s threshold voltage shift,,, which is shown

Qs

OX (3.10)

AV, =-

The extra charge trapped in the gate oxide shifgransistor’s threshold, causing the

whole analog block’s failure.

To solve this problem, several options were ideadif Annealing has been shown to
be a promising solution to remove the trapped ahfg]. Alternatively, grounded metal

layer shows a possible solution to isolate the tsatesfrom EBL effect. Finally, because
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high-energy electrons travel only a very limitegtdnce (~1@Am) from their point of
impact, the EBL exposure region can be physicadyasated from the circuit region

without losing significant silicon area.

To evaluate the effect of the EBL on circuit andifyethe potential solutions
mentioned above, a test chip with transistor awayg designed and exposed under 30keV
electron beam with dose of ],tE(O/cmZ. Figure 3.8. (a) shows three transistors’ threghol
voltage shift after EBL. The first transistor doeg have metal covered while the left two
have either one layer or two layers of metal codvened grounded in EBL process. All of
them have significant threshold shift, indicatirig tgrounded metal cannot isolate the
high-energy electrons. Figure 3.8.(b) shows thesitwld voltage shift of a transistor after
EBL exposure and then annealing for 8 hour at 2@8@perature. The annealing can
attenuate but cannot eliminate the EBL effect. Feg@18.(c) shows the threshold voltage
shift of three transistors with different locatioinem the exposure spot. The results point
out that the farther the circuit area is from tkesor area, the less effect on transistor’s
threshold shift. Placing transistors 120 away from exposure spot would be safe. In
conclusion, the best solution is to separate thaiitiregion from CR array region and

12Qum is a conservative value.
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Figure 3.8. (a) Threshold voltage shift of thresngistors after EBL exposure. The first
transistor does not have metal covered while thiewe have either one layer or two
layers of metal covered and grounded in EBL pracggsThreshold voltage shift of a
transistor after EBL exposure and then annealing toour at 200C temperature. (¢c) The
threshold voltage shift of three transistors wiffedent locations from the exposure spot.
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4 DC Instrumentation Results and Analysis

4.1 CMOSimplementation

The 8-channel DC CR-array instrumentation circugtswabricated in AMI 04m
CMOS process. It uses a 3.3V power supply and eoasw6@W per channel. The die
photo of the 2.22.2mm chip is shown in Figure 4.1 with the maindumnal blocks
labeled. The electrode area with metal3 layer umelth permits direct connection
between on-chip circuitry and interdigitated eledes patterned on the chip’s surface
using electron-beam lithography. To avoid damagecitguitry from post-CMOS
electron-beam lithography, the sensor array (eddeticontact) area contains no circuitry.
All the functional circuits are placed far from tbkectrode area. The sensor area is placed
in the middle of the chip to facilitate post-wire+iwling application of a PDMS “cap” that

creates a microfluidic cell on the surface of thgc

4.2 CRinstrumentation circuit perfor mance characterization

4.2.1 Experiment setup

A data acquisition card (DAQ PCI-6259) from Agilérgchnologies was used to
interface the CR-array readout chip with a PC mgniabVIEW to configure and
control the chip. The setup is shown in Figure Zl#& DAQ PCI-6259 can generate

digital control signals for the chip, acquire thabg signals from the chip, digitize,
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display and store data in the PC. The chip, the @A@nector block and the battery are
placed in a metal shielding box to isolate envirenimoise. A standard carbon film

resistor as simulated CR is used to charactereltip’s performance.

Test Block
g Electrode
Contact
CR
AM - & Readout
Test Block —=iil | ‘Array
SPIBlock = ¥ Current
= Bias
Figure 4.1. Die photo of 22.2mm CR-array readout chip.
Digital .
1 input CR readout chip
[ DAQ 21]-—/—-—» ——
JU PCI-6259 T S— |
— Analog : J 1| &
- output

Metal shield box

Figure 4.2. Experiment setup diagram for CR insentation circuit performance
characterization.
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4.2.2 Characteristics of programmable exponential current bias

To characterize the performance of the programmekfgonential current bias, the
baseline resistance was swept over a large ranggéh@ncurrent bias was periodically
re-programmed to minimize thep\fange. \j was recorded in terms of CR resistance
change and is shown in Figure 4.3, The result atdg that \y can be held within the
tight range of 0.61 - 0.72V for all values ofy Rom 52k to 13.28M2. Compared to the
design specification setting in 3.2.1, which iskeep 4, between 0.62V and 0.72V for

Rp between 48.6R to 12MQ, the result approximately meets the requirement.

0.72
0.7
0.68

% 0.66

0.64

0.62

0.6

CR Resistance value (ohm)

Figure 4.3. \§ vs. CR value by tuning the programmable curreas bi

4.2.3 Characteristicsof AM DAC

To characterize the performance of the AM DAC, 8ebntrol input was swept from

1 to 255. Recall that the current bias was desigoedaintain \j, between 0.61 — 0.72V,
the job of the DAC is to span this range for AM toh Figure 4.4 (a) shows that the
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output range of DAC is 0.6 — 0.75V, meeting theiglesequirement.

The DAC was designed to achieve an accuracy df &he integral nonlinearity (INL)
and differential nonlinearity (DNL) of the DAC wepalculated from the measured step
error in the Figure 4.4. (a) data. Figure 4.4 sfimws that the INL and DNL are lower than
-50dB for all DAC input codes. Since -48dB is equa8-bit resolution, the DAC achieves

the designed resolution.

0.8

0.75

0.65

AM output voltage (V)
o
\‘

1 1 1
0 50 100 150 200 250 300
(a) code

-120
0
(b)

Figure 4.4. (a) The output range of DAC. (b) Thé& Bhd DNL of DAC.
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4.2.4 Characteristics of subtraction and gain block

To characterize the performance of the subtraetr@hgain block, the input voltage of
this block was swept near the operational pointhef OTA and the voltage transfer
function of this block was acquired. The gain, diféerential input range and the linearity
were calculated from the data at three gain seitisgbsequently, the extra resolution bits
contribution and the readout range in termsABfR were derived. Table 4.1. lists the
performance of the subtraction and grain block. fEselt shows that the linearity is good
over the programmable gain range. Recall that #ie § optional to accommodate the
dynamic range of the sensor during the CR arraly Bys choosing low gain, the CR
instrumentation chip can read@\R as large as +/- 12.6% ofRith extra 4 bits resolution;
by choosing high gain, the CR instrumentation aap provide as high as 8.3 extra bits

resolution with +/- 0.7%\R/ Ry,

Gain 17.7 85 325

Extra resolution bits (logx(gain)) 4.1 6.4 8.3

Input range(+/-) (mV) 85 16.4 4.9

Readout range of AR/R (+/-) 12.6% 2.4% 0.7%
Linearity (R-square) 0.9999997 | 0.9999996 | 0.9999960

Table 4.1. Subtraction and gain block performangersary.

4.25 Characteristics of the CR-array instrumentation chip

The resolution of a signal is commonly defined dsr&s the standard deviatios) (

of the signal noise level. This definition hasmaedopted to establish tA&R/R resolution.
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Chip readout output was measured 1000 times fixed Sensor resistance (input) and the
standard deviation of the collected output valuess walculated. In this manner, by
sweeping resistance from @0kto 10MQ, the chip resolution vs. CR resistance was
obtained as plotted in Figure 4.5. The resoluti@s Yound to be better than 125ppm over
the resistance range. Notice that the resolutiopgim) is lowest (best) for low values of
resistance and increases (gets worse) as resistameases. This agrees with analysis in
Chapter 3, Equation 3.6 and 3.7, showing that itisé tivo noise terms are related with

resistance value.

el el

onN B

© O O
I I

60
1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08
CR Resistance))

Resolution (ppr
Q0
o

Figure 4.5. CR instrumentation circuit readout heson vs. CR resistance value.

426 Discussion

The above experiment shows that the CR instrumientaircuit is able to cancel the
baseline from 60k to 10M and providdR/ R, resolution better than 125ppm over the
whole baseline range. In terms of the baseline re@eerange and resolution over the
whole baseline range, the circuit achieves equnal20dB dynamic range. Table 4.2.
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shows a comparison of resistive readout methodetodt should be noticed that our
previous approach [64] can achieve the resolutigppi only after 5Hz low pass filter,
however, is not fitting the speed requirementu@®C (20Hz). Although the test result
hasn’t meet the 1ppm goal listed in Chapterl, ittesrumentation circuit’s resolution is

better than other approaches and provides largendigrrange as well.

Methodology Resolution Baseline Dynamic
(AR/R) range range
Resistance-to-frequency converter [55] | 4000ppm | five decades | 141dB
Logarithmic converter [60] 10,000ppm | 1kQ — 10MQ | x
Multi-scale I-to-V converter [61] 1000ppm 100Q-20MQ | 160dB
Baseline cancellation methodology [63] | 200ppm X X
Baseline cancellation methodology [64] | 57ppm X X
Our approach 60ppm- 60kQ-10MQ | 120dB
125ppm

Table 4.2. Comparison of CR instrumentation citsuiperformance with other
approache

4.3 CR sensor array measurement

4.3.1 Experiment setup

Having verified and characterized the performantcéhe DC CR instrumentation
circuit with fix resistance values, the next stepa perform vapor chamber tests with an
MPN-CR array to demonstrate the chip’s capabiliiess baseline cancellation, drift
tracking and multi-channel supporting and charamtahe linearity. To test the CR array
chip under real conditions, a prototype CR readystem was developed. The electrical

part was adapted from the chip characterizatidrptaform. The CR instrumentation chip
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is connected to an MPN-CR sensor array, as showigure 4.6. A customized small PCB
(3.6inch x 2.7inch shown in Figure 4.7 was designed to be able td hoth the chip

and the CR array, and to fit in the test chambevels A user interface was implemented

using LabVIEW, providing a customized setup andrtual oscilloscope, as shown in

Figure 4.8.

Through this chamber, the target vapor was altelyatlosed in a controlled
concentration with a dosing phase of 5 minutes adssive vapor during recovering
phase for 5 minutes. A 1-mercapto-6-phenoxyhex@iH)-thiolated MPN-coated CR

array was tested in two common breath VOCs as karmger biomark, toluene and

2-butanone.
Target
vaporin
. Digital
input
e [Dra J P »
‘N PCI-6259 T (|
% Analog
output

Metal shield box
Target
vapor out

Figure 4.6. CR sensor array experiment setup diagra
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CR array
socket

Figure 4.7. Photo of the customized PCB for intarfg a CR-sensor array to the CR
instrumentation chip.
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Figure 4.8. LabVIEW graphic user interface for Cé&hsor array test, providing a
customized setup and a virtual oscilloscope.

4.3.2 Basdinecancellation verification

To verify baseline cancellation function of the @R instrumentation circuit, a test
was performed using the experiment setup describegection 4.3.1. The DC CR
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instrumentation circuit was used to record outfudsn OPH-MPN CR array. Figure 4.9.
shows OPH-MPN CR sensor response to 2-butanon®aah temperature and the
corresponding output of CR instrumentation cirdDifferent concentration of 2-butanone
were dosed in each dosing phase. The CR had & sgjetance response at dosing phase
and is recovered back to baseline value at recaygriase. The circuit was calibrated at
the start of the first dose, sampled the baseliakiev and output the amplified
baseline-cancelled response. Performing baselineetlation, the CR instrumentation

chip dramatically amplifies the resistance chargya eesult.
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Figure 4.9. OPH-MPN-CR sensor responding to 2-lmrtarat room temperature and
correshondina utout of CRinstrumentatio circuit for the sensor restnse
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4.3.3 Drifting tracking verification

The OPH-MPN CR sensor drifts obviously at highengerature. To demonstrate the
DC CR instrumentation circuit’s ability of driftacking, the chamber was placed in water
at temperature 45°C. Figure 4.10. shows the outpuER instrumentation circuit for
OPH-MPN CR sensor responses to 2-butanone at temper 45°C. The CR
instrumentation circuit calibrates periodically éey 10 minutes) and adjusts the baseline
back to zero before the next vapor dosing phaseamng the error introduced by baseline
drifting. The drift observed at the circuit outgsitarger than minimum response measured.

Thus without drift tracking, this variation wouldésignificant error to the measurement.

x10° ~ Recalibration point
207 “Jan g
— With drift tracking P
_____ Without drift tracking |
st Drifting baseline |
Adjusted baseline I i
] L
j |
,,,W"""'wl f. |
| : ?’M?M%
|
@ i- |
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time(min)

Figure 4.10. Output of CR instrumentation circoit OPH-MPN CR sensor responses
to Z-butanone at temperature 45°
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4.3.4 Multiple-channel supporting verification

To demonstrate DC CR instrumentation circuit’s ipilof the multi-channel
supporting, 2-channel OPH-MPN CR array was testetibhutanone at room temperature
and response was recorded by the DC CR instruniemtzitcuit. The CR array contains
two CR sensors with baseline values of 0.91&hd 1.25M) and both of them are in the
circuit’s readout range. Figure 4.11. shows ougf@-channel-CR instrumentation circuit
for this CR array response. The CR instrumentatiop performs multi-channel readout

and outputs results at 20Hz sampling rate in ehanrel.

207777777777777777T7777777T7777777T7777777\77777777777777777
CR1-1.25M l l l 1

15 ***** CR2'091M ************ .ﬂ;' T i e B B

deltaR/R

time(min)

Figure 4.11. Output of 2-channel-CR readout cirdoit OPH-MPN CR sensor
responses to 2-butanone at room temperature. ThergaBout chip performs
multi-channel readout and outputs results at 2Qithapding rate in each channel.

4.35 Linearity characterization

To characterize the linearity of the CR instrum&atacircuit, the circuit recorded

48



response from OPH-MPN-coated CR sensor with toluem 2-butanone. Figure 4.12
shows the measured results #®R/R as function of test vapor concentration, which

represent the calibration curves of the sensor.dthput of the system is observed to be

good linearity, with I%value of 0.998 in toluene and 0.997 in 2-butanone.

. 2

2 ‘/ —il
0 ll—-‘ll""-—'lT__ ! .
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‘ + toluene B 2-butanone ‘

Figure 4.12. Toluene and 2-butanone vapor caltmaturves for an OPH-MPN CR.

4.4 Performance summary

In this chapter, the silicon realization of CR mshentation circuit was characterized
and verified by a series of experiments. CR arsgpeaments demonstrated the ability of
baseline cancellation, drift tracking and multi-chal supporting, and characterized the
linearity of the circuit. Table 4.3 lists all theek performances. In all, this circuit

overcomes many of the instrumentation challengesgmted by CR sensors, meets the
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design goals listed in Chapterl (except resolutaog is well suitable for on-chip sensor

array readout.

Process 0.5um

Power supply 3.3V

Power per channel 66 UW

Channel 8

Sampling rate 20Hz

Readout range of AR/R(+/-) 12.6%

Rb cancellation range 60kQ - 10MQ
AR/R resolution 60ppm — 125ppm

Table 4.3. Performance summary of CR DC instruntemaircuit.
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5 AC Chemiresistor Instrumentation Circuit Design

In the previous chapter, the silicon realizatiortted DC CR instrumentation circuit
was characterized and verified by a series of exmsts. However, the achieved
performance in terms of resolution did not meetttrget goal of 1ppm. In addition, the
MPN-CR device exhibits a capacitance responseagtatractive to potentially provide an
orthogonal means of vapor measurement. In thistehahe limitation of the DC approach
is first analyzed. Then an alternative solutionngsAC measurement is presented to
overcome the challenge and provide supplementaitifumality of capacitance change
readout. A circuit designed to implement this applowill be introduced and simulation

results will be shown.

5.1 Limitation of DC CR instrumentation cir cuit

In order to analyze the DC instrumentation cirsuifitrinsic noise, excluding CR, a
standard carbon film resistor, which has much lom@se than either a CR or the readout
circuit, is used in place of the CR. Using a fixadbon resistor, the DC readout circuit was
tested and the equivalent inpuip4is noise was found to be 12 when 1V is applied to a
1Mohm resistor. A simplified noise analysis ciragigiven in Figure 5.1 which identifies
noise sources including: current bias noigg,M, resistor’s intrinsic noise \, AM DAC
noise Vgacn gain block noise Ympn and power supply’s noiserdgn Noise from the

power supply, a 3.3V voltage regulator, and AM DAC¢ommercial component, were
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determined from data sheets, and noise levels finengain block and the current bias and
resistor were estimated from simulation. The ne@kele of each component is listed in

Table 5.1. The total estimated noise based on atinnl and datasheet is

Vnoise_all = \/\/regN2 +VdacN2 T (\/curN2 +VrN2) +VampN2 = 177(/LN) (5.1)

which is close to the test result ofd2 Table 5.1 shows the main noise contribution ceme
from the current bias. Based on the analysis inp@me8, 1/f noise dominants over other
sources because the whole system runs at low fneg{20Hz). Although the current bias
was designed with large area to minimize 1/f noikes to area constraints, it cannot be
designed large enough to push 1/f noise down tagpgme level. Thus, the DC current

source is the main limitation to resolution of D€ readout approach.

Viegh: Power supply noise
effect on current bias

VampN: Equivalent
input noise of gain stage

X :
VeurN: Current bias nois%J A >

Vin: Resistor
noise

S
Ko

Vdac: DAC noise

AM

Figure 5.1. Noise analysis circuit of CR instrunaiain circuit.
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Noise source Value
VregN 2uV
VdacN 70nV

Veurn and Uy 17.60v
VampN 0.725uV

Table 5... Noise value of each combponent in noise analvsisiit

5.2 AC CRinstrumentation circuit design

To overcome the limitation of DC instrumentatiomamcorporate information within
the sensor’s capacitance response, an AC methaddasuring impedance is preferable.
Building on past work in our lab, an impedance measent with baseline cancellation
(IMBC) technique [65] was chosen as the startingtpnd adapted to the specifications of
MPN-CR sensor arrays. The following sub-sectiond ¥iist introduce the IMBC
algorithm, then present the new AC CR instrumeotatircuit implementation. The

simulation results are presented and discussdeilast section.

521 IMBC algorithm

Based on experimental observations, an MPN-CR eanddeled by a resistance and
capacitance in parallel as shown in Figure 5.2 revRg and G, are baseline values an&
andAC are sensor response. The goal of the IMBC alguris to extracAR/ R, andAC/

Cp with high resolution. Similar to the DC baselin@ncellation procedure, the IMBC
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system shown in Figure 5.3. extracts baseligga®l G, during idle phase and extracts
baseline cancelled respornsB andAC during response phase. Four working phases are
introduced to extract information by manipulatin &d S2, which is listed in Table 5.2.

The working principle will be presented below.

Vout

: sin(wst)
Signal
Generator |—c0s(wst)

Vs’

Figure 53. IMBC system diagrau.

IMBC Phase | CR Phase S1 S2 Purpose
Phy.o Idle sin(st) Off Extract Rb
Php.1 Response sinfst) On ExtrachAR
Phi o Idle cos(st) Off Extract Cb
Phy 1 Response cosbt) On ExtrachC

Table 5.2. Four working phases of IMBC system.
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CR is stimulated by a sinusoid voltage waveformegator given by

V(1) = Assin(at) (5.2)

where A is stimulus amplitude anel is stimulus frequency.

The CR'’s current response t@ I given by

I (1) = A [Yer [Sin(@t + DY) (5.3)

where |YcRl| is the amplitude of CR admittance- and £ YcRr is the phase of CR

admittance &R.

In Php,0. AR andAC are equal to O,(k) is multiplied with sinfgt) and integrated in

one period of T=2/wg. the output voltage is obtained by

T 1
Vout(O,O) = 2? (Rb)
int

(5.4)

where Gut IS the integrator capacitance. (Details of deroratwill be provided in

Appendix A)

Equation (5.4) indicates that the output voltagg) oyduring Plp ois proportional

to 1/ R,.

In Phy 1, AR andAC have values based on the sensor response. Ta thignbaseline

value of CR, \{ is generated by the sinusoid voltage waveform ggoegiven by
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Vi'(t) = Assin(agt + U Yeg )

(5.5)

And gn (which can be implemented by operational transaotathce amplifier) is
adjusted to equal to 1/ & . The OTA's outputy is multiplied with sinf4t) to obtain
Imb- Then the difference betweegy and |y is integrated in one period Talzdg and the

output voltage is given by

_ T& AR _ T&
Vout(O,l) - - 2
2Cint (Rb + AR) Rb 2Cim Rb

AR when AR<<R
(5.6)

(Details of derivation will be provided in Append®

Equation (5.6) indicates that the output voltagg) 1)during Ply 1 is proportional

to AR/ Ry>.
Dividing (5.6) by (5.4)AR/ Ry is acquired by

AR Vout (0,

VOUt (0,0) (57)

Similarly, when applying cosine waveform cegl in Phy g and Ph 1, the outputs

are given by

int (5.8)
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T
out (1,1) = % wsAC
int

(5.9
(Details of derivation will be provided in Append®
Dividing (5.9) by (5.8) AR/ Ry is acquired by
AC — Vout(l,l)

Thus bothAR/ Ry andAC/ G, are successfully extracted by IMBC algorithm.

Notice that \but(0,17<Vout(0,0) and Vout(1,17<Vout(1,1) becauseAR<< R, and
AC<< G,. To digitize Vpyt(o,1)and Vout(1,1) With maximum resolution, variable gain is
preferable in the IMBC system. By providing prograable gain Ai in | and |,
programmable integrator capacitanggiGand variable integrating time (N periods of T),
Voutin Phy 1 and Ph 1 can be amplified to the same amplitude level &hiynpand PR ;.
Annotating Ai, Gyt and N with index (n1,n2), which corresponds foMBIC system

phases, Equation (5.4), (5.6)~(5.10) can be reawriés follows:

V _ Ai (0,0) N(o,O)TAs ( 1 )
oo 2Cint(0,0) R,

(5.11)

— Al (01) N (0,1)T'A5

V. on = AR
o 2Cint(0,1) sz

(5.12)
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AR _ Vo DAi 01 Cinog) DN (01)

Vout(O,O) Al (0,0) Cint(O,l) N(O’O) (5.13)

— Al (1.0) N (1,0)TA§

out(1,0) — 2C C()st
int(1,0) (514)
— Ai(ll) N (1,1)T'Ag
out(L)) — a)sAC
’ 2C
int(1,1) (5 15)
AC — Vout ()] DAI @y c:int(l,O) DN @1
Cb Vout 1,0 Ai 1,0 c:int(l,l) N (1,0 (516)

Equation (5.13) shows thalR/ Ry is independent of stimulus frequeney. Thus

with a high frequency AC stimulus, the system camd1/f noise. With the variable gains,

maximum resolution will be utilized when digitizingg,t in each IMBC phase, thus

improving resolution oAR/ R, andAC/ G,

5.2.2 Circuit implementation

The functionality of Figure 5.3 IMBC algorithm cdre realized by several analog
circuit blocks which include an amperometry, an Qo chopper multipliers, anda\
ADC. As described below, each of these blocks vadesigned to minimize complexity

while achieving AC instrumentation circuit’s regennents.
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5221 Amperometry

To readout CR current respongédue to the AC voltage stimulug\an amperometry
is required. Programmable gain is essential to dynplwith different magnitudes during
different phases. The amperometry with programmgaie adapted from [65] was shown
in Figure 5.4. The closed-loop opamp was usedamplCR between AC voltage source
and DC ground and introducgeihto the current mirror blockglis the bias current in the
mirror block to set the operational point. By depling current mirror A times, and using
multiplexer to select the amount of branches, ayfanmmable gain from 5 to 200 was
realized. The current mirror was design as casstadeture to minimize the current mirror

error.

5.2.2.2 Operational transconductance amplifier

To reproduce the baseline value during the CR resp@hase, an operational
transconductance amplifier (OTA) with variablg, gs required. The g needs to be
adjusted to 1/ [¥r_d- [Ycr_H is from 100K to 10MQ, thus g, is expected to range from
100nS to 10uS. The OTA was implemented [65] as shawfigure 5.5. with g=1/Rgsmr-

By tuning the gate voltage of Mr,Mgm, can be adjusted to the required range. Because Mr

is working in the linear region,gis linear with \f. M3 and M4 is designed to attenuate

AVi, keeping Mr in the linear region.
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Figure 5.4. Schematic of amperometry circuit in AGtrumentation circuit. The
amperometry is designed to readout the CR curreasponse, and provide
programmable gain.
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Figure 5.5. Schematic of OTA in AC iastrumentath:jrcuit. The OTA reproduces
the baseline value during the CR response phase.
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5.2.2.3 Chopper multiplier

The multiplication functions in Figure 5.3 can lealized by a circuit that implements
the chopping technique [66]. A chopper circuit basn shown to be the best choice for a
multiplier in an AC response analyzer because ttimizes complexity while achieving
performance goals [67]. The undesirable harmoreceated by the chopper function will

be suppressed in the integrator function that vadlonultiplication in the Figure 5.3.

Two multiplier needs to be realized in AC instruaion circuit as shown in Figure
5.3. Observing that the amperometry in Figure Bag. current branches with current flow
Ig-Iy and B+, it is readily to flip the direction of the outpeurrent by alternately
mirroring these two current branches. In this mantie multiplier after amperometry is
able to be incorporated into the amperometry asvsho Figure 5.6. The designed OTA
inherently provides differential output, thus tHeopper multiplier after the OTA can be

implemented by multiplexer as shown in Figure 5.7.

5224 Sigma-delta ADC

The integration function of the IMBC algorithm mplemented using®A ADC. The
YA ADC provides the added benefits of digitizing theput signal while also reducing
low frequency noise. The current mad& ADC[65] shown in Figure 5.8 uses a switched

capacitor approach to implement theunction and eliminate the mismatch problem in
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traditional (up-down current bias) current moda ADC. A compact dual-level
amplifier-based comparator [67] is utilized, outpatl when ¥mp> Vin, and -1 when

Vamp <- Vih. The counter counts up or down based on the catgré output polarity.

According to the different value of the comparaooutput, the digital control block

manipulate$1 andp2 as shown in Figure 5.8., which determines chdrgeilarge on fat.

With oversampling rate of 128, the first-ord& ADC can achieve 10-bit resolution.
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Figure 5.6. Schematic of amperometry circuit incogbing chopper multiplier.
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Figure 5.7. Schematic of chopper multiplier and OmAC instrumentation circuit.
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Figure 5.8. Schematic aA ADC and timing chart op1 andg2.

5.3 AC CRinstrumentation results

In this section, simulation will be given to demtage the functionality of IMBC.
The AC CR instrumentation circuit was implementethvprogrammable amperometry
gain Ai ranging from x5 to x200, a programmablesgrator capacitor jg ranges from
6.4pF to 400fF. In the CR idle phase, a small migain and large capacitor are selected to

ensure \jyt does not exceed the output range. In the CR regpphase, the baseline

generator is activated and only the response duisdad into the integrator. To increase

the resolution, a high gain and small capacitou@alould be selected and more than one
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integration cycle would be run to amplify the sniakeline-cancelled signal.

The simulation runs all the four phases of IMBCgufe 5.9 shows the simulated
output plots of the circuit measuring a 0.1% chaingen a 1M2 baseline B with 10kHz
sinusoid stimulus. Th&A ADC oversampling rate is 250. x5 mirror gain andp&
integrator capacitor were chosen ingfghand x40 mirror gain and 400fF integrator
capacitor were chosen in #h Figure 5.8 shows both the integrator output dmal t
comparator output in Ry and Pl 1. The comparator detects whether the output of
integrator exceeds the Vth or —Vth, and output tbfrespondingly. The counter output
value is 14 in Pfg after 1 integration cycle and -16 ind>hafter 10 cyclesAR/ R, can be
calculated by Equation (5.15), which is 0.102%. Tésdout only has 20ppm error. Figure
5.10 shows simulated waveform plots of circuit agting 10% change of a 1pF baseline
Cp with 10kHz sinusoid waveform. All the setups armikar to the one in Raddressing.

The counter outputs 1 in g phase (1 cycle) and 10 in Pp(10 cycles)AC/ G, can be

calculated by Equation (5.18), which is 0.89%. Téedout has 0.11% error.

To characterize the resolution of AC instrumentatocuit, AR/R was swept from 1

to 100ppm in a 10@k Ry,. The quantization noise of IMBC was characterizsishown
in Figure 5.11. The maximum noise in this rangé&.B2ppm, which is equivalent to the

best resolution of 1.22ppm.
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Figure 5.9. Simulated waveform plots of circuitrexting 0.1% change of 1M Ry
with 10kHz sinusoid stimulus. (a) The integratortput during P g (b) The
comparator output during Bl (c) The integrator output during &y (d) The
comparator output during gh.
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Figure 5.11. Simulated quantization noise for A&trimmentation circuit demonstrates
a resolution of 1.22ppm is achieved.

5.4 Discussion

The IMBC algorithm was proved by the simulationules The baseline-cancelled
responses are magnified by mirror gain, integredgacitance and integration time, which
provide a similar level of the digital output taetbaseline. Recalling Chapter 3, baseline
cancellation and amplification is able to contribektra log(A) bits resolution compared
to direct linear conversion. However, a very lagagén could deteriorate the linearity and
accuracy due to mismatch, which limits the resoluboost. In AC instrumentation circuit,
because there are three tunable gain-parameterst#h gain A can be designed very large
while each gain part still keeps small mismatch &otdl measurement time is short. By
adjusting ratio of mirror gain, integrator capacita and integration period between ideal
phase and response phase, ultra-high resolutachisvable. As shown in Figure 5.10.,

setting Ai ratio equal to 20, j§ ratio equal to 16, N ratio equal to 20 and choose
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oversampling rate as 250, the system reaches In?2ggolution in terms of quantization
noise. The 1/f noise, which is an obstacle to a@hidigh resolution in DC CR
instrumentation circuit, can be omitted because whele system is running at high

frequency andA modulation further helps to reduce noise.
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6 Summary and Future Work

6.1 Summary of the contributions

The uGC is a promising vapor analysis tool for enviromtaé monitoring, military
detection, healthcare diagnosis, and many newcagipns that can benefit from small size,
low cost, and high sensitivity. The significance thé uGCs and the instrumentation
requirements for MPN-CR arrays (a&C detectors) were discussed, and existing CR
readout technologies were reviewed. A new DC CRrunsentation circuit with high
sensitivity and wide dynamic range was introdu&aked on the test results and analysis
of the DC circuit, a new AC CR instrumentation aitcwith ultra high resolution was
presented. In addition, a methodology for integiaCR arrays directly onto the surface of
the instrumentation chip was described. The resaftsthis research address the
instrumentation challenges in high sensitivitCs. The main contributions in this

research are described below.

Contribution 1:  Developed a new DC instrumentatiaircuit that overcomes the

unique performance limitations of MPN-coated CR sors.

MPN-CR sensors show great promise in achievinghtbk resolution requirement
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of uGCs but suffer from a key challenge due to theaigdabaseline values (relative to
their response signal) that vary unpredictably frdaevice to device. Compared to any
reported resistive readout circuits, the DC ins&atation circuit introduced in this thesis
achieves the best resolutiohR/ Ry, better than 125ppm) over the 60k to 1DMaseline

range (see Table 4.2). This performance is equivatea 120dB dynamic range. The DC
chip provides eight sensor readout channels, coesuomly 66uW per channel and

ideally suited fopnGCs featuring MPN-CR sensor arrays.

Contribution 2:  Implemented the first ever CMOS imamentation circuit with

an MPN-coated CR array on the chip’s surface.

Integrating the CR array on the readout chip’s aefis an important step in
minimizinguGC size. It also improves sensitivity by elimingtenvironmental noise. The
key challenge is establishing a methodology thatides compatibility between CMOS
and the MPN coating process. The MPN coating psyadgsveloped and carried out by
colleagues at The University of Michigan, was thmioly studied; damage to CMOS
circuitry caused by electron-beam patterning am$stinking was identified. Multiple
solutions were explored, and most suitable approea$ demonstrated in a prototype
CMOS instrumentation circuit with on-chip MPN-CRray. The prototype CMOS

MPN-CR array established a platform that is suddbl integration with a microfluidics
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cap that creates a vapor flow chamber necessamypiement the overallGC.

Contribution 3:  Adapted the AC baseline cancelatiaeadout approach to

implement an ultra high resolution CR readout cirdu

The DC instrumentation circuit has a limited resioln due to the flicker noise
inherent in the DC stimulus. An AC baseline cant@tareadout approach developed for
biosensors was adapted to the design requiremér@Rasensor arrays. The resulting
CMOS circuit demonstrates that the resistance apdatance of an MPN-coated CR can
be extracted with resolution as high as 1.22ppms Thicuit shows strong potential to

overcome the resolution limitation of the DC instentation circuit.

6.2 Futurework

Based on the results of this thesis, the follonsnggestions for future research are

made.

6.2.1 Fully on-chip-CR-array instrumentation system

Fully on-chip-CR-array instrumentation system wide built based on the
on-chip-CR-array readout circuit. Figure 6.1. shows illustration of on-CMOS

microsystem concept, integrating a CR array andaoffuidic vapor chamber. Future
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work with our collaborators will focus on the readtion, validation and characterization of

the fully-integrated microsystem, which will finglbe incorporated intaGC.

6.2.2 Maturation of IMBC algorithm

Preliminary work of IMBC algorithm has been doné@n@lation results have been
shown to demonstrate the functionality of IMBC aﬂ%lt generation of AC CR
instrumentation chip based on IMBC algorithm hasrbiabricated. Future work will focus
on the test, verification and characterizatiorhefGenl AC chip and based on the analysis

of the test results, ng generation AC chip will be developed with fully 8L

implementation and on-chip CR array compatibility.

Nanopartical
chemiresistor

Chemresistor sensor array in
microfluidic vapor chamber

Figure 6.1. lllustration of the micro CR sensorteys
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Appendix A

Derivation of Vgyt in Phg o

vV E CR Vout
sin(wst)

Signal
Generator cos(wst)

Vs’

Figure A.1. IMBC system diagram.

The total admittance (Yr(®) is given by

1
Yer(@W) =——=+ Ja(C, + AC)
R, +AR (A1)

whereo is the angular frequency. Following the definisdn Chapter 3AR andAC are
equal to zero in the idle phase, and during respphaseAR andAC have values based on

the sensor response. The baseline admittance idlehphase is designated by
1
Yer b(@W) = _Rb +]a(C,)
(A.2)
As given in Chapter 5, stimulus voltage is
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V() = Assin(w)

(A.3)

The CR'’s current response t@ I given by

()= A | Yer ISinfet + DY) -
where |YcRl| is the amplitude of CR admittance-p and £ YcRr is the phase of CR

admittance &R.
I,(t) is multiplied with sinfp4t) to acquire d,(t) which is given by
me (1) = Ay [ Yeg [sin(at + D Ycg) sin(at)
= 2 A Ve |[005(0 Yeg) + COSR@L + DY )]

- 1AS+ A [Yop 1005@e,t + 1Y)
2R, 2 (A5)

After integration, the output of the integrator is

I mr (t)
Vouo) = .Ec—dt

int (A.6)
where Gyt is the integrator capacitance.

By Substituting (A.5) in (A.6)
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Voson = [ 15 5 5 A Yer 1008+ T¥er )]/ Co
= - TA% +0
2C,

_TA
. (Rb)

(A.7)

Thus, Equation (5.4) is approved.

Derivation of Vgt in Phg 1

In Phy 1, AR andAC have values based on the sensor response. Ta thigbaseline

value of CR, \{ is generated by the sinusoid voltage waveform geaegiven by

V,'(t) = Asin(egt +0Yeg o) (A8)

and OTA's g is adjusted to equal to 1ifk - The OTA's outputy is expressed as

o (1) = A [Yor 1 ISIN(ast + UYcg 1) (A.9)

Imb IS acquired from multiplication ofland sin@4t), given by

Lo (8) = A [ Yer b [SIN(et + DYeg ) sin(at)

1
=5 As | Yer b |[COSQRat + Yy ) —COSU Y )]

_ASD(YCR b) = As |YCR b ICOSth + DYCR b)
(A.10)

76



where U(Yer ») =1/ R, is the real part ofYcg .

The difference betweenyh and |y, is integrated in one period Taldbg and the

output voltage is given by

| ()1, (t
Vo = [ Lo OOl

int

=[5 AT0G) 5 A [Yen [ coSR@L + TYer)
-[- A%D(YCR )t As | Yer b |COSRLL +UYeg )]}/ Cdit

= _E AD(Yer)/ Ciy +E AL (YCR_b)/Cint

T,, 1 1

_EA‘S( Rb+AR+Rb)/Cint

_TA AR

~ 2C,, (R, +ARR,

= A )R
2CintRb2

when AR<<R,

(A.11)

Thus, Equation (5.6) is approved.

Derivation of Vgt in Phygand Phy 1

Similar to the derivation in Appendix | & II, sulitsiting cosfgt) for singt) as

multiplier input, G; andAC can be extracted in Pand Ph 1.

In Phy o,
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| () = A [Yer [SiN(egt + OYeg ) cOSEt)
1 , :
= E A% |YCR_b |[S|n(DYCR_b) +S|n(2wst + DYCR_b)]

1
EAo‘D(YCR b)+ A& |YCR b |S|n(2wt+DYCR b)

(A.12)

where D(YCR_b) = COSCb, is the imaginary part 01¥CR_b.

e (0)
Vout(l,O) = f C dt

1 1
= f[— AL(Yer b) “SA |Yer b |COSRL +OY,g ,)]dt/Cy,

_TA
= e IVer)

= TAS a)st

2Cn (A.13)

int

Thus, Equation (5.8) is approved.

In Phl,]_,

Imr (t) = As IYCR |Sin(a“st + DYCR)COS(aSt)
- %As | Yor [[SIN(LYcg) + sIN(2awt + U Ycg)]

1 1 i
=—AU(YR)+ EAS | Yer [SIN(205t + T Yer)

2 (A.14)
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| o (1) = A |YCR_b |sin(at + DYCR_b)COS(CUst)

1 , :
= _As | Yer b [[SIN(UYer ) +SIN(2ewt + 0 Ycg )]

__ASD(YCR b)+ As |YCR b |S|n(2wt+DYCR b)
(A.15)

whereD(YCR) = Qg (Cb + AC) , Is the imaginary part 01¥(:R.

Jj [l mr (t) B I mb(t)] dt

|nt

- .E{— AL(Yer) "‘—A& |Yer [SIN@e0t + L Ycr)

out 1y

_[ A%D(YCR b)+ As |YCR b |S|n(2wt+DYCR b)]}/Clnt

T& _ T&
2C ( CR) C |:l(YCR b)

int

= ZTé* (@,(C, +AC) - ,Cy)

int

- 1A w,AC
2Cin (A.16)

Thus, Equation (5.9) is approved.
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