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And there 's blue sky breaking

Through the edge ofthe night
I can see the light

Oh, I canfeel the light

(Mike Oldfield)
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ABSTRACT

The demand for highly developed photosensors to replace and automate infor¬

mation sensing and processing of the human eye is steadily increasing in every

domain of modern life. Beside classical imaging, the wide range of applications
with large photosensing area is continuously expanding and numerous specific

applications are becoming more and more important, e.g. optical spectrometry

applications such as environmental control. Photodetectors in CMOS technol¬

ogy with on-chip analog and digital signal processing circuitry provide high

functionality and offer cost efficient miniaturized system-on-a-chip solutions.

In this work large-area photosensing in CMOS technology is addressed. Large

photosensing area generally implies high photodetector capacitance and is a

challenge for high speed and noise performance. Therefore different photodetec¬
tor types, system architectures and operating modes are investigated with respect
to speed, dynamic range, resolution, sensitivity, chip area and power

consump¬tion.First,agenericmodelforintegratingsampled-dataphotosensingisintroducedandimplementedinacorrespondingsoftwaretool,thusprovidingnoiseandper¬formanceanalysis.Varioussignalprocessingtechniquesareconsidered,suchastheuseofabiascurrent,abandwidthlimitingfilter,rampanalog-to-digitalcon¬verters(rampADCs),correlateddoublesampling(CDS)andaveraging.Differ¬entrampADCconceptsaredistinguishedandthenoisetransfercharacteristicofarampADCusingacomparatorwithfixedlevelisinvestigated,whichisknownintheliteratureasthelevel-crossingproblemorthefirstpassagetimeproblem.TheeffectofCDSon1/fnoiseisanalyzedandasimpleapproxima¬tionforfirst-orderlow-passfiltered1/fnoiseaftercorrelateddoublesamplingisfound.Thenoiseperformanceofintegratingsampled-dataphotosensingsys¬temsisdeterminedwithrespecttothemodelparameters.Thederivedrelationsshowthathighperformancewithrespecttothermalnoiseand1/fnoiserequireslowphotodetectorcapacitance.



XVI Abstract

Next, the basic photodetectors and architectures for large-area photosensing in

CMOS technology are classified, realized and characterized. The basic pho¬
todetectors are the different types of photodiodes and the photogate. The basic

photosensing architectures are the combinations of these photodetectors with

the different types of integrators, which are the passive and the active integrator.
Further array arrangements ofthe basic architectures such as active pixel sensors

(APS) and photodiode arrays are investigated. Charge-coupled devices (CCDs)
are discussed, but they are not realizable in the current CMOS technology. The

realizable architectures are implemented
inamodern0.6/imCMOSprocessandcomparedwithrespecttothedifferentperformanceparameters.Then,advancedphotodetectorsandarchitecturesforlarge-areaphotosensinginCMOStechnologyaredeveloped.Afterinvestigatingthechargetransportinphotogates,thesweepphotogateconceptispresented,whichcombinesthelowphotodetectorcapacitanceofphotogateswithfastchargetransportandyieldslownoiseandhighspeed.Differentimprovedphotogatesarerealizedandchar¬acterizedconfirmingthesweepphotogateconcept.Therealized500/imlongshiftedsweepphotogateisabouttwodecadesfasterthanthestandardphoto¬gateofthesamelength.Furthercurrent-modearchitecturesforlow-voltageoperationandspeedandnoiseimprovementarediscussedandthephotodiodecurrentsourceandthecurrent-modetransintegratorareintroduced.Thephoto-diodecurrentsourceprovidesseparationofthephotodetectorcapacitanceandtheintegrationcapacitanceresultinginhighspeed.Thecurrent-modetransinte¬gratorisalow-noiseintegratingamplifierstagewithadjustablegainthatyieldshighspeedandimprovednoiseperformance.Cascodeconfigurationssuchastheproposedimprovedregulatedcascodecircuitareusedtoimproveprecision,chipareaandpowerconsumption.Therealizedphotodiodecurrentsourcewithcurrent-modetransintegratorachievesnoise-equivalentopticalpowerdensitiesintherangeof10nW/m2atmeasurementtimesof10swithaphotodetectorareaof30/imx500/im.Theintegratingsampled-dataphotosensingmodelandthecorrespondingsoft¬warearepowerfultoolsforthedesignoffutureadvancedlarge-areaphotosens¬ingsystems.Thesweepphotogateconceptisapromisingapproachforimprovednoiseperformanceofapplicationswithmoderatespeedrequirements,e.g.inopticalspectrometry.Current-modearchitecturesaresuperiorindifferentcon¬cerns,e.g.inveryhighspeedapplicationssuchasinfiberoptictransmissionsystems.Thelow-noisecurrent-modetransintegratorwithitshightransfercoef¬ficientisparticularlysuitabletolow-levelapplicationsthatdonotrequirehighresolution,e.g.forIRremotecontrol

applications.



KURZFASSUNG

Der Bedarf an hochentwickelten Photosensoren, um die Aufnahme und

Verarbeitung von Informationen durch das menschliche Auge zu ersetzen

und zu automatisieren, nimmt täglich in allen Lebensbereichen stetig zu.

Neben herkömmlicher Bildaufnahme vergrössert sich der breite Bereich

von Anwendungen mit grosser photoempfindlicher Fläche fortlaufend, und

zahlreiche spezifische Anwendungen werden immer wichtiger, wie zum Bei¬

spiel Anwendungen optischer Spektrometrie in der UmgebungsÜberwachung.
Photodetektoren in CMOS-Technologie mit auf dem gleichen Chip integrierter

analoger und digitaler SignalVerarbeitung bieten hohe Funktionalität und

ermöglichen kostengünstige miniaturisierte "system-on-a-chip"-Lösungen.
In dieser Arbeit wird grossflächige Photosensorik in CMOS-Technologie
behandelt. Grosse photoempfindliche

FlächebedeutetüblicherweisehohePho¬todetektorkapazitätundstellteineHerausforderungangutesGeschwindigkeits¬undRauschverhaltendar.DeshalbwerdenverschiedeneArtenvonPhotodetek¬toren,SystemarchitekturenundBetriebsartenhinsichtlichGeschwindigkeit,Dynamik,Auflösung,Empfindlichkeit,Chip-FlächeundLeistungsverbrauchuntersucht.ZuerstwirdeingenerischesModellfürintegrierendeabgetastetePhotosensorikeingeführtundineinementsprechendenAnwendungsprogrammimplementiert,wasRausch-undLeistungsauswertungenermöglicht.BerücksichtigtwerdenverschiedenartigeSignalverarbeitungsmethodenwiedieVerwendungeinesGrundstromes,einbandbegrenzendesFilter,Rampen-Analog-Digital-Wandler(Rampen-"analog-to-digitalconverters",Rampen-ADCs),korrelierteDop¬pelabtastung("correlateddoublesampling",CDS)undMittelwertbildung.VerschiedeneKonzeptevonRampen-ADCswerdenunterschiedenunddasRauschübertragungsverhalteneinesRampen-ADCsmiteinemKomparatormitfesterVergleichsschwellewirdbeleuchtet,wasinderLiteraturals"level-crossing"-oder"firstpassagetime"-Problembekanntist.DieAuswirkungvon



XV111 Kurzfassung

CDS auf 1/f-Rauschen wird untersucht und eine einfache Näherung für mit ei¬

nem Tiefpass erster Ordnung gefiltertes 1/f-Rauschen nach CDS wird gefunden.
Das Rauschverhalten integrierender abgetasteter Photosensoriksysteme mit

Bezug auf die Modellparameter wird bestimmt. Die hergeleiteten Beziehungen

zeigen, dass günstiges Verhalten hinsichtlich thermischem und l/f-Rauschen

tiefe Photodetektorkapazität erfordert.

In der Folge werden die grundlegenden Photodetektoren und Architek¬

turen für grossflächige Photosensorik in CMOS-Technologie klassifiziert,

realisiert und charakterisiert. Die grundlegenden Photodetektoren sind die

verschiedenen Arten von PhotodiodenunddasPhotogate.DiegrundlegendenPhotosensorikarchitekturensinddieKombinationendieserPhotodetektorenmitdenverschiedenenArtenvonIntegratoren,welchederpassiveundderaktiveIntegratorsind.WeiterwerdenArray-AnordnungendergrundlegendenArchitekturenwieAktiv-Pixel-Sensoren("activepixelsensors",APS)undPhotodioden-Arraysuntersucht.LadungsgekoppelteElemente("charge-coupleddevices",CCDs)werdenbehandelt,abersiesindnichtrealisierbarinderaktuellenCMOS-Technologie.DierealisierbarenArchitekturensindineinemmodernen0.6/im-CMOS-ProzessimplementiertundwerdenhinsichtlichderverschiedenenLeistungsmerkmaleverglichen.DannwerdenfortgeschrittenePhotodetektorenundArchitekturenfürgrossflächigePhotosensorikinCMOS-Technologieentwickelt.NachderUntersuchungdesLadungstransportsinPhotogateswirddasKonzeptdesSweep-Photogatesvorgestellt,welchesdietiefePhotodetektorkapazitätvonPhotogatesmitschnellemLadungstransportvereintundsomittiefesRauschenundhoheGeschwindigkeitergibt.Dasrealisierte500/imlangeSchieberegister-Sweep-PhotogateistetwazweiDekadenschnelleralsdasgleichlangeeinfachePhotogate.WeiterwerdenArchitekturenimStrombereichfürtiefeVersor¬gungsspannungenundverbessertesGeschwindigkeits-undRauschverhaltenbehandeltunddiePhotostromquelleundderStrombereich-Transintegratorwerdeneingeführt.DiePhotostromquelleermöglichteineTrennungderPho¬todetektorkapazitätundderIntegrationskapazität,washoheGeschwindigkeitbringt.DerStrombereich-TransintegratoristeinerauscharmeintegrierendeVerstärkerstufemiteinstellbarerVerstärkung,washoheGeschwindigkeitundverbessertesRauschverhaltenergibt.Kaskoden-SchaltungenwiedieverbesserteregulierteKaskodewerdenzurVerbesserungvonGenauigkeit,Chip-FlächeundLeistungsverbrauchverwendet.DierealisiertePhotostrom¬quellemitStrombereich-TransintegratorerreichtrauschäquivalenteoptischeLeistungsdichtenimBereichvon10nW/m2beiMesszeitenvon10smiteiner
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Photodetektorfläche von 30 /im x 500 /im.

Das Modell für integrierende abgetastete Photosensorik und das entsprechende

Anwendungsprogramm sind leistungsfähige Werkzeuge für den Entwurf von

zukünftigen fortgeschrittenen grossflächigen Photosensoriksystemen. Das Kon¬

zept des Sweep-Photogates ist ein vielversprechender Ansatz für verbessertes

Rauschverhalten bei Anwendungen mit massigen Geschwindigkeitsanfor¬

derungen, wie zum Beispiel in optischer Spektrometrie. Architekturen im

Strombereich sind in verschiedener Hinsicht überlegen, zum Beispiel in sehr

schnellen Anwendungen wie in faseroptischen Übertragungssystemen. Der

rauscharme Strombereich-Transintegrator mit seinem hohen Ubertragungsmass
ist besonders geeignet für Kleinstsignalanwendungen, welche keine hohe

Auflösung benötigen, wie zum Beispiel für Infrarot-Fernbedienungen.
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1. INTRODUCTION

Motivation

Progress in technology and productivity enhancement in industry as well as in

everyday life shows an ever increasing demand for automation. Reliable and

efficient automation is based on regulation processes requiring a high level of

online information about the environment. Automated information acquisition
makes use of highly developed sensors and demands systems that can replace
human information sensing and processing. One of the most important human

sensors is the eye, which represents a photosensing system with high resolution

and very high dynamic range as well as a high degree of specific integrated in¬

formation pre-processing. There exists a large effort in developing more and

more powerful photosensors extending from smart optical sensors [1] to artifi¬

cial retinas [2][3] and seeing chips [4].
The objective ofthis work is to investigate photodetector types, system architec¬

tures and operating modes of large-area photosensors in complementary metal-

oxide-semiconductor (CMOS) technology
withtheaimofoptimizingperfor¬manceparameterssuchasspeed,dynamicrange,resolution,sensitivity,chipareaandpowerconsumption.Veryimportantfieldsoflarge-areaphotosensingapplicationsareinfrared(IR)remotecontrols,fiberoptictransmissionsystemsandopticalspectrometry.Large-areaphotosensorswithincreasedsensitivityenhancerangeandfacilitatealignmentofIRremotecontrolsorcouldprovidenovelwirelessnetworks.High¬speedlarge-areaphotosensorsinCMOSallowtobuildlow-costsingle-chipfiberopticreceiversinpureCMOStechnologyforuseinfiberoptictransmissionsys¬tems.Completelyintegratedphotosensorswithlargesensitiveareaandveryhighdynamicrangeareusedtodevelopminiaturizedsensorheadsforopticalspectrometry,e.g.forenvironmentalcontrolorbiomedicaldiagnostics.Thisworkshallcontributeintheparticularfieldofphotosensingwithlargesen¬sitiveareatofurtherapproachtheskillsofthehumaneye,toseethelightinits



2 1. Introduction

various intensities and appearances.

Analog versus Digital

Whereas most signals in nature fundamentally behave in a continuous way and

therefore nature mostly represents an analog domain, any kind of images of na¬

ture nowadays are usually represented and processed by electronic circuitry in

the digital domain offering high performance and flexibility. Thus interfacing
with nature requires sensors and actuators working in the analog domain for

compatibility reasons. Conversions between nature's analog domain and the do¬

main ofthe digital circuitry are performed by analog-to-digital converters (ADC)
and digital-to-analog converters (DAC). Signal processing can be performed in

the analog as well as in the digital domain. Thus electronic circuits and systems

generally consist of sensors, analog signal processing circuitry, analog-to-digital

converters, digital signal
processingcircuitry,digital-to-analogconvertersandactuators.Beforedigitalcircuitswereavailable,signalprocessinghadbeenfullyanalogandnoconversionanddigitalcircuitryhadbeenpresent.Laterthesepartswereintroducedandnowadaysthereisanongoingshiftfromanalogtodigitalsignalprocessingduetotheavailabilityofcontinuouslyincreasingcomputingperfor¬manceatdecreasingdimensions[5][6].Thereductioninclassicalanalogsig¬nalprocessingcircuitryincreasestheneedforsmartsensorswithahighlevelofintegratedfunctionalityforcloseandsimpleconnectiontoanalog-to-digitalconverters.Whiletheanalogsignalprocessingpartmayfullydisappearinthefuture,thesensorswillalwaysbepresentandbeofgreatimportance.ImagingversusLarge-AreaPhotosensingAphotodetectorcanbedefinedasanelementwhoseoutputsignalrepresentstheintensityoftheincidentlightintegratedoveracertainarea.Alargenumberofphotosensingapplicationsrequiremorethanonesuchsinglephotosensingelementorphotodetectorinordertoachievespatialresolution.Photosensingel¬ementsorphotodetectorsareusuallyarrangedinone-ortwo-dimensionalarraysinordertoobtainaone-ortwo-dimensionalpicture.Asingleelementofthatarrayorpictureiscalled"pictureelement"or"pixel".Averylargefieldofphotosensingisimagingusinglargearraysofsmallpixelswithsizesdowntoasquareofsome/imedgelength[7].Typicalapplicationsare
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video and electronic still cameras, scientific imaging or guidance and navigation
sensors. There has been a lot of work in the field of imaging where parasitic
effects and technology dependence have high influence.

There is a wide range of specific photosensing applications with large pixel
sizes [8][9], e.g. in optical metrology such as spectrometry or densitometry,
industrial process control, biomedical applications or optical telecommunica¬

tions such as infrared (IR) remote control or fiber optic transmission systems.

Large-area requirements may result from geometry reasons as well as from

speed, resolution or sensitivity requirements. In this work large-area photosens¬

ing is addressed. Since large photosensing area makes the photodetectors robust

to parasitic effects,
acomparativeanalysisofdifferentlarge-areaphotosensingconceptsseemspracticable.Large-areaphotosensinginthisworkreferstopixelsizeslargerthanabout100/imx100/im.CCDversusCMOSCharge-coupleddevices(CCD)[10]hadanenormousimpactonimagingappli¬cationsinthepastandrapidlysupplantedtraditionalmetal-oxide-semiconductor(MOS)technologybasedphotosensorswhichsufferedfromlimitednoiseper¬formanceduetohighparasiticcapacitances[11].CCDshavebeenevolvedforaverylongtimeandtheirbenefitsareveryhighperformanceaswellashighdensity.Butthereareseveraldrawbacksduetotheirsophisticatedlevelofde¬velopment.Theyarefabricatedinahighlyspecializedtechnologyresultinginhighcosts.Theiroperationprinciplerequireshighsupplyvoltagesandmakesitdifficulttoachieveverylargearraysizes.TherehavebeenintensiveeffortsinthelastfewyearstodevelopphotosensorsinCMOStechnologywithcomparableperformanceandthereisacontinuousdis¬cussiononwhetherCMOSphotosensorswillsupplantCCDsinthefuture[12].CMOSisthemainstreamtechnologyindigitalelectronicsandbenefitsfromgoodavailabilityandhighcostefficiencyduetoitshighmarketshare.Itiscom¬patiblewithanaloganddigitalcircuitryaswellaswithphotosensorsandthere¬foreoffersincreasedfunctionalityandanexceptionallevelofminiaturization.Itissuitableforlow-voltageandlow-powerapplicationsanditsarchitecturesproviderandomaccesstotheindividualpixels.However,comparedtoCCDsthesesystemsbasicallyhavelimitedperformancemainlyduetofixed-patternnoise[13]unlesssuitablesignalprocessingtechniquesforfixed-patternnoisereductionare

applied.
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System-on-a-Chip

The compatibility ofCMOS technology with analog and digital circuitry as well

as with photodetectors combined with the continuously increasing level of cir¬

cuit integration push the development of system-on-a-chip solutions in photo-

sensing applications [14]. Single-chip photosensing systems offer cost reduc¬

tions and open new applications due to the enhanced miniaturization. They

support the simple and powerful implementation of drastically increased func¬

tionality and the entire on-chip signal processing circuitry yields potential for

improved performance.

CMOS Scaling

CMOS technology is continuously being scaled down driven by high perfor¬
mance and low power requirements of digital circuits [15] [16]. Scaling down

the dimensions in digital circuits results in smaller chip area or higher density
and therefore

reducedcosts.Inaddition,capacitancesarereducedandspeedperformanceisimproved.Dopingconcentrationshavetobeincreasedtore¬ducethesizeofdepletionregionsandthustopreservenodeseparation.Voltagesarescaleddownalongwithdimensionsinordertopreservetheelectricfields.Reducedvoltagesincombinationwithdecreasedcurrentsyielddrasticallyre¬ducedpowerconsumptionpercircuit.Nevertheless,evenwiththereductionofthevoltages,totalpowerconsumptionincreasesduetotheincreaseddensityandperformance,andbecauseleakagecurrentsareincreasedbyscalingdownthresholdvoltages.InanalogcircuitsCMOSscalinggenerallyresultsinimprovedtransistorsandincombinationwithdecreasingvoltagesreducespowerconsumption.Butatgivenperformance,decreasingvoltageconsiderablyincreasespowerconsump¬tion.Theoveralleffectisthatpowerconsumptiondecreaseswithscalingdowntominimumfeaturesizesofabout0.35/imor0.25/imandincreasesforsmallerminimumfeaturesizesorcircuitperformancedecreases[17].Inaddition,indeepsubmicronCMOStechnologydevicecharacteristicsbecomemoresensi¬tivetovariationsinchannellength,thusmagnifyingtheeffectsofprocessvari¬ationsanddevicemismatch[18].AlthoughalotofparametersrelevanttophotosensingareaffectedbyCMOSscaling,e.g.theavailablevoltageswing,standardCMOStechnologyseemstobesuitableforphotosensingapplicationsdowntominimumfeaturesizesofabout0.35/imor0.25/im[19].
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Chip-Level versus Pixel-Level Analog-to-Digital Conversion

There are different multiplexing approaches in analog-to-digital conversion of

pixel arrays [20][14]. The traditional chip-level analog-to-digital conversion se¬

quentially uses a single analog-to-digital converter (ADC) for all pixels [21].
The chip-level ADC is not area-critical, but it has to be fast due to its serial oper¬

ation. Driven by the increasing level of circuit integration there are approaches
towards column-level analog-to-digital conversion of two-dimensional arrays

corresponding to pixel-level analog-to-digital conversion of one-dimensional

arrays. There are true column-level ADCs that serve one column of a two-

dimensional array [22] as well as interleaved column-level ADCs that are shared

among several columns [20] [23]. Column-level ADCs can be slower
thanchip-levelADCsbuttheirareaismorecriticalasawholeone-dimensionalarrayofADCshastobeimplemented.Furtherdecreasesinmultiplexingintwo-dimensionalarraysarerealizedininterleavedpixel-levelADCs[24]andtruepixel-levelADCs[25][26].Theyhaveevenmorerelaxedspeedrequirementsbuttheirareaisstronglylimited.Whereasinchip-levelADCsvariousanalog-to-digitalconversiontechniquesareused,towardspixel-levelarchitecturesmainlyoversamplingEAconvertersoranykindoframpanalog-to-digitalconversiontechnique[27]areutilizedforareareasons.Voltage-ModeversusCurrent-ModeTraditionalsignalprocessingcircuitsoperateinthevoltage-mode,i.e.thesig¬nalsarerepresentedbyvoltages.Thesupplyvoltagehasstrongimpactoncir¬cuitperformance,sincetheavailablevoltageswingdeterminesthemaximumdynamicrangeandresolution.Speedperformanceismainlylimitedbyparasiticcapacitancesthathavetobechargedaccordingtotheirvoltageswings.Asvolt¬agesarescaleddown,analogcircuitperformancewithrespecttodynamicrangeandresolutionisgenerallyreduced.Incontrast,current-modecircuits,i.e.cir¬cuitswheresignalsarerepresentedbycurrents,canachievehighdynamicrangeandresolutionevenatlowsupplyvoltages[28].Inaddition,speedperformancecanbeveryhighsincenosignificantvoltageswingshavetobeappliedtotheparasiticcapacitances.Thusforhighperformanceanalogcircuitsatlowsupplyvoltagescurrent-modecircuitsareoftenpreferabletotraditionalvoltage-modecircuits.



6 1. Introduction

Outline of this Work

The fundamentals of photosensing such as the basic properties of light and the

conversion of light into an electrical value in a semiconductor are briefly re¬

viewed in Chapter 2. In Chapter 3 a generic model for integrating sampled-data

photosensing is presented and the basic parameters and relations with respect
to noise and performance as well as different signal processing techniques are

discussed. The effect of photodetector capacitance on performance is investi¬

gated. Guidelines for the realized circuits and the corresponding measurements

are given. Chapter 4 analyzes, characterizes and compares the basic photodetec-
tors in standard CMOS technology. The correspondence between photosensing
area and photodetector capacitance is analyzed. In Chapter 5 the basic photo¬

sensing architectures employing the basic photodetectors are analyzed and real¬

ized. The architectures are basically determined by the photodetector, the type
of integrator and

theuseofasingledetectororanarrayofdetectors.Thereal¬izationsarecharacterizedandcomparedandasynopsisispresented.Chapter6exploresadvancedphotodetectorsforlarge-areaphotosensinginCMOStech¬nologywithemphasisonphotodetectorcapacitance.Thechargetransportinphotogatesistreatedandtwoimprovedphotogateconceptsarepresented,real¬izedandcharacterized.InChapter7aphotodetectorcircuitandanintegratorinthecurrent-modeareintroducedandtwoadvancedarchitecturesforlarge-areaphotosensingareproposedandrealized.Thesearchitecturesarelesscriticalwithrespecttophotodetectorcapacitance.Theyarecharacterizedandcomparedandasynopsisispresented.Chapter8concludesthework.



2. PHOTOSENSING FUNDAMENTALS

This chapter briefly reviews the basic properties of light and discusses the con¬

version of light into an electrical value in a semiconductor. The different steps
associated with the photodetection process in CMOS technology are identified

and the characteristic parameters are discussed. Further the general structure of

a photosensing system is introduced and the signal acquisition process is treated

from a signal theory point of view.

2.1 Light

Light is an electromagnetic wave phenomenon described by the same theoret¬

ical principles that govern all forms of electromagnetic radiation [29]. Optical

frequencies occupy a band of the electromagnetic spectrum that extends from

the infrared through
thevisibletotheultravioletwithwavelengthsfrom1mmto10nm.Thewavelengthsofvisiblelightrangefrom390nmto760nm.TheintensityoftheincidentlightischaracterizedbytheopticalpowerdensityperunitareaP'0'pt.AcompleteuniformlightbeamwithlightspotsizeAoptsuppliestheopticalpowerPopt=AoptPopt.(2.1)TheopticalenergyEopttransferredduringthetimetisEopt=Poptt-(2-2)Thisreferstoanumberofphotons_Eopt^photon~j^,i-'-'photon(2.3)
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where the photon energy Evhoton is

he

Ephoton = hf = —. (2.4)

h is the Planck constant

h = 6.63 • 1(T34 Js (2.5)

and / is the frequency

/=f (2.6)

c is the speed of light in vacuum

c = 3.00 • 108 m/s (2.7)

and A is the wavelength.

2.2 Optics

Most ofthe photosensing applications need optical components to produce some

picture of the environment on the photodetector. These optical systems may be

very complex and can perform various operations in the optical domain, but they

generally suffer from very high costs. Therefore if admissible the optical sys¬

tems are usually reduced to the minimum and signal processing is performed in

the electronic domain. Often the optical system consists of an objective with one

or several lenses such as in
cameraapplications.Duetotheneardiffractionlimitofthesecameralensesitisgenerallyacknowledgedthatpixelsizesmuchbelow5/imx5/imarenotneeded[19].Integratedon-chipopticsprovidepotentialforadvancedopticalsignalprocess¬ingandhighlyenhancedminiaturization.Therehasbeenalotofworkinon-chipcolorfiltersforcolorimagingapplicationsandmonolithiclensarraystoincreasetheresponsivityofpixels[30].HoweverthesetechniquesarenotavailableinstandardCMOStechnologyandneedfurtherprocessingstepsthusproducingadditionalcosts.2.3PhotodetectioninCMOSPhotodetectioninCMOStechnologymeanstheconversionofincidentlightwithopticalpowerPoptintoanelectricalvalue,whichisprimaryacurrentand

even-
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Fig. 2.1: Charge generation. An impinging photon generates an electron-hole

pair.

tually a voltage. This whole process consists of charge generation, charge trans¬

port, charge detection or charge collection and finally charge conversion.

Charge generation means that impinging photons are absorbed in the semicon¬

ductor and generate electron-hole pairs by the supplied photon energy as illus¬

trated in Fig. 2.1. The quantum efficiency r] represents the relation between the

number of photons and the number of photogenerated chargecarriersnvh'.nph=rjfiphoton-(2.8)Photonabsorptiondependsonthewavelengthandthematerial.Asphotonsareabsorbedtheopticalpowerdensitywithinthesemiconductordecreasesaccord¬ingtoP'Jptiv)=P"pte-aopty,(2.9)whereaoptistheabsorptioncoefficientandyisthedepthinthesemiconductor.Thelightpenetrationdepthyoptisdefinedasthedepthatwhichtheopticalpowerdensityhasfallentothe1/epartofthesurfaceopticalpowerdensity:yopt=•(2.10)Theabsorptioncoefficientandthelightpenetrationdeptharewavelengthdepen¬dent.Theshorterthewavelengththehighertheabsorptioncoefficientandthelowerthelightpenetrationdepth.Insiliconthelightpenetrationdepthvariesfrom0.055/imto6.7/imforwavelengthsfrom390nmto760nm[31].Chargetransportisnecessarytoseparatetheelectronsandholestoavoidrecom¬binationofthesechargecarriersandtocaptureandtransportthemtoadetec¬tionnodeinordertomeasuretheamountofgeneratedcharge.Thechargesare
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Fig. 2.2: Charge transport. The electric field É separates the electrons and holes
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Fig. 2.3: Charge detection. Equivalent circuit ofthe detection node with capaci¬
tance C and transistor T.

transported by an electric field in the semiconductor as shown in Fig. 2.2. This

produces a photocurrent

iPh = R\Popt, (2-11)

where R\ is the responsivity

with the elementary charge

Rx = ^Xv (2-12)
he

e = 1.60-l(r19C. (2.13)

Charge detection or charge collection refers to collecting the transported charge
at a detection node with a certain capacitance thus producing a detection voltage.
This node is connected to the gate of a transistor for detection as illustrated in

Fig. 2.3. Instead of
collectingthechargeonthecapacitance,thedetectionvolt¬agecouldbeproducedbythechargeflowingthrougharesistoratthedetectionnode.ChargeconversionisaccomplishedbythetransistorinFig.2.3andsubsequentcircuitelementsthusyieldinganelectricalvaluethatrepresentsthephotogener-ated

charge.
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Fig. 2.4: AMS 0.6 /im CMOS process CUX.

In this work the CMOS process CUX with a minimum feature size of 0.6 /im

provided by Austria Mikrosysteme (AMS) is used exclusively. The cross section

of this technology with the typical layers is shown in Fig. 2.4. It provides sev¬

eral semiconductor regions which could be suitable for charge generation and

different space charge regions for charge transport as well as versatile circuits

for charge collection and detection. The AMS 0.6 /im CMOS process CUX is a

twin-well p-substrate epi-layer process with one poly and two metal layers in its

basic configuration. A second poly layer for linear capacitors as well as a third

metal layer are available optionally. There is further a high-resistance option for

the first poly layer in order to integrate high resistor
values.DespiteofthesepartlyanalogoptionsthebasicconfigurationofthisprocessisfullydigitalandthewholetechnologyincludingtheoptionsiswidelyusedandcanbeconsideredasstandardCMOStechnology.2.4PhotosensingAreaInthisworkphotosensingareaisreferencedasanareaofhomogeneousillu¬minationwhoseopticalpowerdensityistobemeasured.Systemswithspatialresolution,e.g.imagingsystems,areconsideredasarraysofmanysuchphoto¬sensingareas,eachofthemshowingapproximatelyhomogeneousilluminationinitsarea.Inalotofapplicationsthesizeofthephotosensingareacanbechosenina

cer-
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Fig. 2.5: Photosensing system.

tain range although having consequences on the optical system. But there are

many systems where optical or geometrical requirements exactly determine the

photosensing area.

Photodetector area does not have to be equal to the photosensing area. It may

cover only a part ofthe photosensing area still yielding the correct optical power

density as it is equal in every spot of the photosensing area. Although small

photodetector area produces small absolute signal values to be measured and

requires more sensitive electronics.

2.5 Photosensing Systems

A photosensing system basically consists of a photosensor,
asignalconverterandadigitalsignalprocessor(DSP)asshowninFig.2.5.Thephotosensorfundamentallycontainsaphotodetectorandapreamplifier,althoughthepream¬plifierdoesnotnecessarilyhavetoexist.Thesignalconverterconsistsofamainamplifierandananalog-to-digitalconverter(ADC).ThedigitalsignalprocessormaybeanydigitalsystemthatfurtherprocessesthedigitaldatadeliveredbytheADC.2.6SignalAcquisitionThesamplingtheoremimpliesthatthesignalbandwidthBs%gnaihastobelowerthanthesampling-limitedsignalbandwidthBss:signal^J^ss-(2.14)
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The sampling-limited signal bandwidth Bss is equal to

Bss =
y, (2.15)

where fs is the sampling frequency

fs = ^r (2-16)
J-

s

with the sampling period Ts.

If the signal bandwidth is higher than the sampling-limited signal bandwidth

the signals are distorted by the sampling process due to aliasing and the sam¬

ples do not precisely represent the complete signal shape before the sampling

process any more. Therefore signal bandwidth usually has to be limited by an

anti-aliasing filter prior to sampling.
As an alternative, aliasing can be overcome by oversampling. This means that

the sampling frequency is chosen much higher than the rate measurement values

are required. This automatically increases the sampling-limited
signalband¬widthandallowsmuchhighersignalbandwidthsaccordingto(2.14).Howeverthisrequiresmuchhigherspeedsandthedigitalsampleswithhighdataratehavetobeprocessedadditionallytoobtainthemeasurementvaluesatreducedrate.Alotofanalog-to-digitalconversionschemesrequiresample-and-holdtech¬niqueattheirinputtoguaranteeproperoperation.Butifmeasurementtimeorsignalbandwidtharelowenoughthesignalisapproximatelyconstantduringthemeasurementandsample-and-holdisnotrequired.Integratinganalog-to-digitalconversiontechniqueswithdirectintegrationofthesignaldonotneedsample-and-holdstagesaswell.Foridealsignalacquisitionsamplingtimeshavetobeequallyspaced.Sam¬plingtimevariationsortimejittergenerallychangethesignalandintroducesomekindofnoise.Itseffectcanbeminimizedusingoversamplingorprecisesample-and-holdtechnique.Samplingtimevariationsareparticularlyeffectiveinanalog-to-digitalconversiontechniqueswithsignal-dependentmeasurementtimessuchasindirectintegrationanalog-to-digitalconverters.Ifintegrationstartsatequallyspacedtimesandlastsasignal-dependentperiodtheeffectivesamplingtimesareapproximatelyhalftheperiodsafterstartofintegrationsandmayvaryverymuch.Inthisworksignalbandwidthsareassumedtobealwayslowenoughthatthesignalsareapproximatelyconstant(quasi-static)duringthewholemeasurementtime,thusremovingsamplingtimevariation

effects.
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2.7 Conclusions

A general photosensing system basically consists of a photosensor, a signal con¬

verter and a digital signal processor, where the photosensor includes the pho-
todetector and the signal converter includes the analog-to-digital converter.

The electrical signal level at the output of a photodetector is a function of op¬

tical power density, light spot size, wavelength, and quantum efficiency of the

photodetector. The quantum efficiency of a photodetector depends on its struc¬

ture, as its geometry and electrical properties determine the charge generation
and transport processes. CMOS processes offer different layers in the semicon¬

ductor that can serve as space charge region to build an electric field for charge

transport.

High oversampling allows to omit sample-and-hold and reduces aliasing and the

influence of sampling time variations.



3. INTEGRATING SAMPLED-DATA

PHOTOSENSING (ISDPS)

This chapter analyzes integrating sampled-data photosensing. Non-integrating

sampled-data photosensing has minor significance in CMOS technology and is

not considered here. This chapter first identifies all the different fundamental

functional blocks of a general integrating sampled-data photosensing system. A

generic model for integrating sampled-data photosensing is developed that pro¬

vides noise and performance analysis for any integrating sampled-data photo¬

sensing system. The basic parameters and relations ofthis model are derived and

different signal processing techniques for enhanced performance are discussed.

After introducing the principal noise sources of this model, the expressions for

the overall noise performance of the system are derived and key performance
issues with regard to different performance challenges are discussed. Finally the

qualitative and quantitative noise behavior of the voltage ramp analog-to-digital
converter in the measurement setup is experimentally verified.

3.1 Generic Model

Fig.
3.1showsthegenericintegratingsampled-dataphotosensing(ISDPS)model.Itbasicallyconsistsofthephotocurrentsource,theintegratinganalog-to-digitalconverter(integratingADC)andthedigitalsignalprocessor(DSP).Thephotocurrentsourcecontainsthephotodetectorandthepreamplifier.Inad¬ditionapotentialbiascurrentisprovided.Theintegratinganalog-to-digitalconverterconsistsoftheintegrator,theampli¬fierandtherampanalog-to-digitalconverter(rampADC).Theamplifiereitheristhevoltageamplifierorthetransconductorincombinationwiththeresistorifnecessary.TherampADCcanbethevoltageorthecurrentrampADC.

There
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Fig. 3.1: Integrating sampled-data photosensing (ISDPS) model with bias cur¬

rent Ib and noise contributions in, vn and Dn. The digital signal processor at

the end of the diagram is not shown.
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are principally three possible arrangements: the voltage amplifier in combination

with the voltage ramp ADC, the transconductor with the resistor in combination

with the voltage ramp ADC, or the transconductor in combination with the cur¬

rent ramp ADC.

The digital signal processor is the digital system that further processes the digital
data delivered by the ADC.

Fig. 3.1 includes the different noise contributions as described later in this chap¬
ter.

3.1.1 Photodetector

The incident light has the optical power density per unit area P'0'pt. The pho¬
todetector converts the light into the photocurrent

iph = RxAP'J^, (3.1)

where A is the photodetector area and R\ is the responsivity. The signal current

is is

is = iPh (3.2)

provided no bias current is present.

Bias
Thebiasisaconstantvaluesuperimposedtothephotogeneratedsignalprovidinganon-zerooutputsignalevenatzerophotogeneratedsignal.ThebiascurrentIbcausesasignalcurrenti8=Ib+iPhb,(3.3)whereiphbisthephotocurrentifabiascurrentisprovided.3.1.2PreamplifierThepreamplifieramplifiesthesignalcurrentwiththepreamplifiergainpandyieldsthepreamplifiedcurrent1"PP^s•

(3.4)
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3.1.3 Integrator

The integrator integrates the preamplified current and converts it to the integra¬
tion voltage

Vtnt = ~— / ipdt (3.5)

using the integration capacitance Cvnt. Provided the preamplified current is con¬

stant during the integration, this simplifies to

Vznt = J^t (3.6)

and represents a linear voltage ramp.

3.1.4 Amplifier

The amplifier is either the voltage amplifier or the transconductor in combination

with the resistor if necessary and amplifies the integration voltage yielding an

amplified signal ramp.

Voltage Amplifier

Thevoltageamplifierwithvoltageamplifiergainadirectlyproducestheampli¬fiedvoltageva=av%nt.(3.7)TransconductorThetransconductorwithtransconductorvalueggeneratestheintegrationcurrentimt=gvint.(3.8)ResistorTheresistorwithresistorvalueRconvertstheintegrationcurrenttotheampli¬fiedvoltageva=Riint.

(3.9)



3.1. Generic Model 19

As the two possible amplifier paths in Fig. 3.1 for voltage ramp analog-to-digital
conversion are equivalent, the voltage amplifier gain has to be equal to the gain
of the transconductor in combination with the resistor:

a = gR. (3.10)

3.1.5 Ramp Analog-to-Digital Converter (Ramp ADC)

The ramp analog-to-digital converter converts the signal ramp into an integra¬
tion sample, which is a digital value representing the slope of the ramp. The

signal ramp is sampled at two different times to get two ramp samples. The time

between these two ramp samples is the integration time At and together with the

difference between the two ramp samples forms the integration sample, which

represents the slope of the signal ramp.

Voltage Ramp ADC

The voltage ramp ADC converts the voltage ramp into the digital output sample
Dv. The difference

betweenthetworampsamplesistheamplifiedvoltagedropCurrentRampADCAnalogoustothevoltagerampADCthecurrentrampADCconvertsthecurrentrampintothedigitaloutputsampleDi.ThedifferencebetweenthetworampsamplesistheintegrationcurrentdropAiznt.3.1.6DigitalSignalProcessor(DSP)ThedigitalsignalprocessoristhedigitalsystemthatfurtherprocessesthedigitaldatadeliveredbytherampADCandisassumednottointroduceadditionalnoise.
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3.2 Derived Parameters

In addition to the primary parameters ofthe integrating sampled-data photosens¬

ing model introduced in Section 3.1, several parameters useful in later discus¬

sions can be defined. Different charges referring to different nodes in the model,

virtual integration parameters describing signal integration, transfer functions,

signal limits and noise-equivalent signals can be derived.

3.2.1 Charge

The photogenerated charge qvn is equal to

qPh = / iphdt (3.11)

Assuming constant
photocurrentthistotalstoQph=iPhAt.(3.12)Thenumberofphotogeneratedchargecarriersnvnisandrespectively.Thecollectedchargeqzntisnph=JL-(3.13)i\U=—(3.14)Qznt=/ipdt(3.15)andtotalstoQvnt=ipAt.(3.16)Thenumberofcollectedchargecarriersnvntisandnint=(3.17)Nmt=^

(3.18)
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respectively. The integration voltage drop Avvnt is

*°i vnt 1"p
Avint = ^±

= -^At. (3.19)

3.2.2 Virtual Integration

The conversion ofthe signal current into the signal ramp at the input ofthe ramp
ADC can be virtually considered as direct integration although it includes several

functions. The virtual integration function depends on whether
thevoltageorthecurrentrampADCisused.VoltageRampADCForthevoltagerampADCthevirtualintegrationcapacitanceCmrtcanbede¬finedasCCVirt=•(3.20)paThisyieldsva=-^—/isdt(3.21)^virtJandassumingthesignalcurrenttobeconstantresultsinalinearrampva=-£-t.(3.22)TheintegrationsamplethenreferstoAva=t^-At.(3.23)^'virtCurrentRampADCForthecurrentrampADCthevirtualintegrationcoefficienthmrtdefinedbyCKirt=—^-(3.24)

pg
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yields

ivnt = T / isdt (3.25)
'Ivirt J

and for constant signal current results in a linear ramp

%%nt = r^1- (3.26)
Js

h-,l"uirt

The integration sample refers to

Aunt = T^-At. (3.27)
Js

hvirt

3.2.3 Transfer Functions

The conversion of light into a photocurrent can be directly expressed by the

specific responsivity Ra-

iPh = RAPÖpf (3-28)

The specific responsivity is defined by

Ra = RxA, (3.29)

where A is the photodetector area.

The transfer function
fromtheincidentlighttothesignalrampdependsonthetypeoframpADC.VoltageRampADCForthevoltagerampADCthetransferfunctionfromtheincidentlighttotheamplifiedvoltageisdeterminedbythetransferfactorTa-Thisyieldsfortheintegrationsamples^f=TAP"Pt,Ib=0.(3.30)ThetransferfactorisdefinedbyTA=ß^.(3.31)

^'virt
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Current Ramp ADC

For the current ramp ADC the transfer is determined by the transfer coefficient

Ha, which yields for the integration sample

^L = HAP>;pt ,/B = 0. (3.32)

The transfer coefficient isdefinedbyHA=-^.(3.33)hvirt3.2.4LimitsInthisworkminimumvaluesaregenerallycharacterizedbythesubscriptsuffixmmandmaximumvaluesbythesubscriptsuffixmax.Accordingtothespecificationsandcircuittopologythereisamaximuminte¬grationtimeAtmaxandaminimumintegrationtimeAtmin.TheminimumintegrationtimelimitsthephotocurrenttothemaximumphotocurrentAvaIphmax^virta,•\->-->^)L-^minThemaximumintegrationtimeanalogouslydeterminestheminimumphotocur¬rentIphrmn^virt*,•(^J.JJjL-^maxThecorrespondingmaximumopticalpowerdensityPoptmaxisp//-*-•-I-^vas~~^x^optmax—T)%phm,ax~rpa,\p.D\i)J^AJ-AL^m,mandtheminimumopticalpowerdensityPr0'ptmïnis1.1AvrRAvpnmmTAAt^optmin~DIphmin~rpA+\~>-~>')respectively.
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3.2.5 Noise-equivalent Signals

Noise-equivalent signals are characterized by the subscript suffix
neq. They rep¬

resent signal values equal to the effective noise signal. This is treated more

detailed later in this chapter.

3.3 Signal Processing Techniques

3.3.1 Bias Current

A bias current as shown in Fig. 3.1 has an impact on most of the signal-related
characteristics. The characteristics

referringtotheuseofabiascurrentarechar¬acterizedbythesubscriptsuffixb-GenerallyIb=0isassumedunlessindicatedbythesuffix.WhenabiascurrentIbisbeingused,itisaddedtothephotocurrentiphbaccord¬ingto(3.3).TheeffectonsubsequentstagesisthesameasthatofaphotocurrentiphwithoutbiascurrentwhereipuisiPh=Ib+iPhb-(3.38)Thisrelationisparticularlyusefulinsystemsthatrequireaminimumsignalcur¬renttoworkproperly,astheresultingsignalcurrentisnon-zeroduetothebiascurrentevenforzerophotocurrent.ItisexplainedindetailfortherampADCwithfixedintegrationvoltagedroplaterinthischapter.However,althoughtheeffectonsubsequentstagesisinprinciplethesamewithabiascurrent,inthephotodetectorandparticularlyconcerningtheincidentlightthesignalcharacteristicsaredifferent.Inordertousetheresultswithoutbiascurrenttodeterminethecharacteristicswhenabiascurrentisapplied,thefol¬lowingexpressionscanbederived.Thephotocurrentiphbisdefinedby(3.1)andcanbeexpressedasthephotocurrentipumultipliedbyaconversionfunction:iphb=RxAP':ptb=iph%v.(3.39)J-B+IphbConsequentlythisyieldsforthephotogeneratedchargeQpu{°iphtyphbiasi^°lphbi\pm^^)Qphbias=IßAt,(3.41)
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QPhb = iphbAt = Qphj—— , (3.42)
J-B -Tîphb

for the number of photogenerated charge carriers Nph

Nph = Nvhbias + Nphb, (3.43)

Nphbias = ^^, (3.44)
e

Nphb =
9^±

= Nph y (345)
e ±b +iphb

for the collected charge Qvnt

*°ivnt tyintbias < ^lintbi \->-^^)

Qzntbzas = plßAt, (3.47)

Qmtb = piphbAt = Q%nt-———, (3.48)
J-B + tphb

for the number of collected charge carriers Nmt

Nint = Nmtb%as + Nvntb, (3.49)

AT
^mtbias ,~ CAn

Nmtbias = , (i.D\J)
e

Nmtb =
Q^

= Nmt %^h , (3.51)
e 1b -Tiphb

and for the integration voltage drop Avvnt

Avvnt = Avintb%as + Avvntb, (3.52)

Vmtbias = —~ =

-^ At, (3.53)
^' vnt ^ vnt

A
UJintb Plphb A , a 2pft,6 /o c/i\

Avm*& = t^—
= -^—At = Avvnt *_ .—. (3.54)

This allows to use the results without bias current to determine the character¬

istics when a bias current is applied. In this work it is always assumed that a

photocurrent can be potentially partitioned into a bias current and a lower pho¬
tocurrent.
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3.3.2 Bandwidth Limiting Filter

In order to minimize noise for high performance, the bandwidth of the system
has to be limited to the minimum possible still meeting the signal requirements.
The input signal ofthe ramp ADC is a ramp signal with periodical reset resulting
in a saw-tooth shape. The minimum length of a single saw-tooth is the minimum

integration time. Thus a ramp-related bandwidth 1/Atmm can be defined refer¬

ring to the highest saw-tooth rate.

Simulations indicate that an analog bandwidth B of approximately four times

the ramp-related bandwidth is required to guarantee proper ramp signals with a

tolerable
levelofdistortiontobeprocessedbytherampADC:B«——.(3.55)Asaw-toothshapefilteredbyafirst-orderlow-passwiththisbandwidthyieldsadistortedsaw-toothshapewithapeak-to-peakvalueofmorethan80%oftheoriginalvalue.Thisprovidesreasonablesignaldrop,butthedistortedrampsig¬nalproducesnon-linearityinthesignalconversionthatcouldbecorrectedinthedigitaldomain.Distortionofthefilteredsaw-toothshapeismainlygeneratedatthesteepfallingedge.Theerrorinthegradientislessthan1%overalengthof68%oftheperiod.Filteringasaw-toothshapewithanideallow-passthusremovingallfrequencycomponentsbeyondfourtimestheramp-relatedband¬widthwouldyieldmuchhighererrorsinthegradientoverthewholeperiodandwouldresultin18%distortionifthedccomponentofthesignalwastakenintoconsideration.Assumingabandwidthlimitingfilteroffirst-orderlow-passtypewithanalogbandwidthBthenoise-effectivebandwidthBnisBn=^B(3.56)accordingtoAppendixC.6.Thisisthebandwidthofideallyband-limitedwhitenoiseyieldingthesameeffectivenoisesignalasthefirst-orderlow-passfilteredwhitenoise[32].Inthisworkitisassumedthattheanalogbandwidthisalwayslimitedaccordingto(3.55)byafirst-orderlow-pass

filter.
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3.3.3 Ramp ADC

There is a variety of analog-to-digital conversion architectures that are associ¬

ated with the expression "ramp analog-to-digital converter (ramp ADC)". In this

work ramp ADCs are defined as analog-to-digital converters that measure the

slope of their input signal, which is a ramp signal [33]. Such ramp ADCs are

very suitable for use in integrating ADCs. ADCs that convert the input signal by

comparing it to a separately generated constant ramp are not primarily addressed

here, although their operating principle is very similar [34].
In order to measure the slope of the ramp, ramp ADCs have to acquire a cor¬

responding pair of integration time and signal drop that build the integration

sample. In general this pair can be generated by random signal access, which

means that there are no strong restrictions to either the integration time or the

signal drop. But most architectures work with either a fixed integration time or

a

fixedsignaldrop.FixedsignaldropreferstofixedintegrationvoltagedropforbothvoltageandcurrentrampADC.RandomSignalAccessRandomsignalaccessinslopemeasurementoftherampmeansthatanyalgo¬rithmorstrategycanbeemployedtoacquiretheintegrationsampleasapairofintegrationtimeandsignaldropasshowninFig.3.2.Thismaygivehighflex¬ibilitytotherampADCarchitectureandingeneraldoesnotrestricttheramp,butitaffordscostlycontrollogic.TheperformanceofsuchADCscanbeveryhighastheyallowtousethedynamicrangeandresolutionofboththeintegra¬tiontimedomainandthesignaldropdomain.Multiplesamplingisadynamicrangeenhancementschemethatmakesuseoftheserandomsignalaccessadvan¬tages[35][36].FixedIntegrationTimeThestraightforwardapproachforarampADCistomeasurethesignaldropafterafixedintegrationtimeasshowninFig.3.3.ThistechniqueallowstoemployanykindofstandardADCarchitecture.Thesignaldropduringtheintegrationtimemayrangefromzerotothefull-scaleinputsignaloftheADC,andtheperformanceofthecompleterampADCislimitedbythesignaldrop
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Fig. 3.2: Principle ofthe ramp ADC with random signal access. The integration

sample is measured as a pair of integration time t and signal drop s.

domain measurement. This technique does not directly allow measuring very

steep ramps unless the integration time is decreased.

Fixed Integration Voltage Drop

Ramp ADCs with fixed integration voltage drop measure the slope of the ramp

by determining the integration time the signal ramp needs to attain a fixed sig¬
nal drop as shown in Fig. 3.4. They permanently compare the ramp to a fixed

comparatorlevelthusobtainingthesignal-dependenttime.ThisstructureisverysimilartoADCsthatconverttheinputsignalbycomparingittoaseparatelygen¬eratedconstantramp.Theyprincipallyconsistofacomparator,acounterandalatchandarewell-suitedformultichannelimplementationduetotheirsimpleandarea-efficientarchitecture[33][34][27].Insteadofgeneratingdigitalout¬putdatatheconvertercouldbeusedinafeedbackarrangementwithoutcounterandlatchtoformananalog-to-frequencyconverter[37].Howeverthefrequencywouldhavetobemeasuredbysomemeansanyway.Therearesingleslope[33]aswellasmultipleslopeapproaches[38]torampADCs.Inordertobeindependentofreseteffectsoftheramptwocomparatorscanbeused.Theyhavedifferentcomparatorlevelsdifferingbytheintegrationvoltagedropandbuildawindowcomparator.RampADCswithfixedintegrationvoltagedropdogenerallyneedhigh-speed

\(hs2)
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-> t

Fig. 3.3: Principle ofthe ramp ADC with fixed integration time. The signal drop
s is measured for a fixed integration time At.

Fig. 3.4: Principle of the ramp ADC with fixed integration voltage drop. The

integration time t is measured for a fixed signal drop As.
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counters as their performance is achieved in the integration time domain. And

since the integration voltage drop is fixed, the ramp has to guarantee a minimum

slope to perform the measurements in a given maximum integration time. How¬

ever a bias superimposed to the signal as described earlier in this chapter can be

used to extend the signal range down to zero.

The fixed integration voltage drop corresponds to a fixed amount of collected

charge for all integration samples. This is true for any integration transfer char¬

acteristic, even if it is completely non-linear. Since the integration time is mea¬

sured for this fixed amount of collected charge, the integration samples depend
on the signal current in a well defined way independent of any non-linearities

in the signal path. The integration samples are exactly inversely
proportionaltothesignalcurrentandthesignalmeasurementscorrespondingtothesignalcur¬rentcanbecalculatedfromtheintegrationsamples.ThereforetherampADCwithfixedintegrationvoltagedropisinherentlylinear.Thisisparticularlyuse¬fulinCMOScircuitsifjunctioncapacitancesorMOScapacitorswithvoltage-dependentcapacitanceareusedforintegration.Thenon-linearitiesduetothevoltagedependenceofthecapacitancesdonotaffectthelinearityofthisrampADC.InthisworkrampADCswithfixedintegrationvoltagedropareusedexclusively,although,ingeneral,resultscanbeextendedtotheothertypesaccordingly.3.3.4CorrelatedDoubleSampling(CDS)Asthesignalrampisperiodicallyresettogeneratethesaw-toothshaperequiredforrampanalog-to-digitalconversion,residualoffsetsareintroducedbytheresetoperationgeneratingvariablestartingpointsofthesignalramps.Therearefourmaincontributionstotheseresidualoffsetssometimesreferredtoasresetnoiseorfixed-patternnoiseinarrays:Clockfeedthroughoftheresetswitch;channelchargeinjectionbytheresetswitch;samplednoiseorkTCnoise,whichisNyquistorthermalnoiseacrosstheholdingcapacitorsampledattheendofreset;andleakagecurrent[39].Toremovetheseresidualoffsetscorrelateddoublesampling(CDS)canbeused[40].CDSisanautozeroingtechniquethatfirstsamplestheresetvalueandthenthesignalvalue.Astheresetvalueissubtractedfromthesignalvaluetogettheeffectivesampleresidualoffsetsarecancelled.Inadditionlow-frequencynoisesuchas1/fnoiseisreducedduetothehigh-passfiltercharacteristicsofCDS.ThetransfercharacteristicsofCDShavebeendiverselyinvesti¬gated[41][42][43][44][45]anddifferentadvancedCDSmethods

have
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been proposed [46] [47] [48]. The basic transfer characteristics of CDS are

investigated in Appendix C.

Ramp analog-to-digital conversion with fixed integration voltage drop is

well-suited for simple implementation of CDS by the use of a window com¬

parator as mentioned earlier. In this work CDS is used exclusively for ramp

analog-to-digital
conversionandresidualoffsetsarecompletelycancelledthusremovingresetnoise.3.3.5AveragingIntherampADCwithfixedintegrationvoltagedroptheintegrationtimemaybemuchshorterthanthemeasurementtime,whichisthemaximumintegrationtimereferringtotheminimuminputsignal.Thusmultipleintegrationsamplescanbetakenduringthemeasurementtimeandcanbeaveragedtoafinalsamplerepresentingthemeasurementsample.Thisrepresentssomekindofoversam-plingandprovidesnoisereduction.Characteristicsreferringtothisaveragingtechniquearecharacterizedbythesubscriptsuffixavg.Thenumberofintegrationsamplespersignalmeasurementmdependsonthemeasurementtimeandthesignal-dependentintegrationtimeandhastobeaninteger.Forsimplicityreasonsboundaryeffectsareneglectedandthenumberofintegrationsamplespersignalmeasurementisdefinedasm=a.=7^—X—lPh(3-57)AtCvntAvaeventhoughthisisnotanintegeringeneral.Withunchangedphotocurrentor••Iphb,~^qxJ-B+tphbrespectively,thenumberofphotogeneratedchargecarriersNvhavgincreasestoNphavg=mNph=—!^ip/l(3.60)orNphbavg=rnNphb=iPhb0-61)
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and the integration voltage drop Avintavg to

a a P^t-max .

Avintavg = m/\vint = — lph (3.62)
^' vnt

or

Avintbavg = ml\v%nth = —^ Iphb (3.63)
^vnt

respectively. Thus averaging in ramp analog-to-digital conversion representsameasurementtechniquewithvirtuallyincreasedintegrationvoltagedropforhighsignallevels.Thisconsequentlyachievesenhanceddynamicrangecom¬paredtothefixedintegrationtimecaseandimprovedresolutioncomparedtothefixedintegrationvoltagedropcasewithsingleintegrationsample.3.4NoiseAnoisyvoltagesn(t)canbeexpressedassn(t)=v+vn(t),(3.64)wherethesignalvoltagesiss=sn(t)=v(3.65)andthenoisevoltagevn(t)resultsfromvn{t)=sn(t)-sn(t).(3.66)AccordingtoAppendixCthemeansquarenoisevoltageVneffisIf+T/2v2neff=lim-/[vn(t)]2dt(3.67)T^oo1J_T/2andtherootmeansquare(rms)noisevoltagevnefforeffectivenoisevoltageisgivenbyVneff=V^Ur(3-68)Thenoisevoltagepowerspectraldensityv%isasingle-sidedexpressionandisdefinedas2\neff<=ydf7=25(w),(3.69)



3.4. Noise 33

where the power spectral density S (to) is a double-sided expression defined

in (C.9) with the angular frequency

u) = 2tt/. (3.70)

The mean square noise voltage can be expressed as

/>oo

vleff = / vldf = Stot (3.71)
Jo

with the total power Stot defined in (C.20). The noise voltage
rootpowerspec¬traldensityvnissingle-sidedandresultsfromvn=\A>J.(3.72)Thenoise-equivalentsignalvoltagesneqis$neq^neff•\p•'->)Thegeneraldefinitionofthesignal-to-noiseratioSNRgencorrespondstotheratioofthesignalpowertothenoisepowerandresultstoSNRgen=^^=Patgnal(3.74)*noise*signalneqsinceLnoise*signalneq-\~•'^)Theunitsofthesignal-to-noiseratioaredecibel:SNR9en\dBgendBgen.(3.76)Thesignal-to-noiseratioindB5eniscalculatedbySNRgen\dB=101og(SNRgen).(3.77)iU.J-JgenTheopticalsignal-to-noiseratioSNRoptisdefinedasSNRoPt=jf^-=—(3.78)Loptneq

Sneq
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since according to (2.11), (3.30) and (2.1)

iph
_

AAvc
P,opt S.

R\ TAAt

The units of the optical signal-to-noise ratio are dBopf:

SNR°pfldB
opt

dB
opt •

The optical signal-to-noise ratio in dB
opt

is calculated by

SNRopt\dB = 10log(SNRopt).
'opt

(3.79)

(3.80)

(3.81)

The electrical signal-to-noise ratio SNR ei is defined as

SNRf
PP

P,elneq neq

since

v

PP] = vi = Ri = —- ~ s .

R

The units of
theelectricalsignal-to-noiseratioaredBel-SNRel\dBeidBel-(3.82)(3.83)(3.84)Theelectricalsignal-to-noiseratioindBe\resultstoSNRel\dB=10log{SNRel)=2Qlog(SNRopt)=2SNRopt|dB(3.85)'opt[32].Thesignal-to-noiseratioSNRinphotosensingapplicationsunlessstatedother¬wiseisusuallytheopticalsignal-to-noiseratio:SNR=SNRopt^SNR,v'neqVneff(3.86)However,thesignal-to-noiseratioindBisusuallytheelectricalsignal-to-noiseratioindBe^andthereforeSNR\dB=SNRel\dBd=2SNRopt\dBopt=2Qlog(SNR).

(3.87)
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The correspondence between the different signal-to-noise ratio units is

20dB=20dBeZ=10dBopf. (3.88)

The fundamental noise contributions in integrating sampled-data photosensing
as shown in Fig. 3.1 are shot noise, preamplifier thermal noise, voltage amplifier
thermal noise, transconductor thermal noise, resistor thermal noise,

1/fnoise,rampADCthermalnoiseandquantizationnoise.Theyaretreatedseparatelyinthefollowingparagraphsandthenthetotalnoiseexpressionsaregiven.Duetocorrelateddoublesamplingnoresetnoiseisconsideredhere,butmodelingandestimationoffixed-patternnoisecanbefoundelsewhere[49].3.4.1ShotNoiseThechargegenerationinthephotodetectorisastochasticprocesswithPoissondistributedarrivaltimesofthechargecarriersthuscausingshotnoise.Shotnoise,sometimesreferredtoasPoissonorquantumnoise,isingeneralgeneratedbyrandomdiffusionofchargecarriersthroughspacechargeregionsandbyrandomgenerationandrecombinationofelectron-holepairs.ThermsnoiseinnumberofphotogeneratedchargecarriersNneffforshotnoiseisCintAVrNneff=VNph=\—-•(3-89)l'paeThenoisecurrentpowerspectraldensityofshotnoiseinshotisapproximatelyconstantforlowfrequenciesandassingle-sidedexpressionis*L*«2^vh(3.90)[29].Thenoise-equivalentphotocurrentivhneqaccordingto(3.89)is/Pae.Iphneq—\n»tph-\~>yV)V^'mt^VaThesignal-to-noiseratioresultstoSNR=JCvntAVa.(3.92)pae
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3.4.2 Preamplifier Thermal Noise

The preamplifier thermal noise is assumed to be dominated by the thermal noise

ofthe input transistors ofthe preamplifier. If this is not the case the preamplifier
thermal noise can be referred to noise-equivalent transistors. The thermal noise

or Johnson noise is frequency independent corresponding to white noise. The

noise current power spectral density of the drain current of a single transistor

li in its single-sided expression is

il = ±akTgm (3.93)
'''transistor un* \ /

with the transistor noise coefficient a, the Boltzmann constant

k = 1.38 • 10"23 J/K, (3.94)

the Temperature T usually T = 300 K and the transconductance ofthe transistor

gm [50]. The transistor noise coefficient is process and operating point depen¬
dent and usually about a = 1 [51] [52] [53].
The noise current power spectral density of the preamplifier i2n in its single-
sided expression results to

.2
=

nCDSnTAakT
^cliJ^ ^

9mp

where ucds is the number oframp samples per integration measurement, np the

number of preamplifier noise-equivalent transistors, gmp the transconductance

of preamplifier noise-equivalent transistors and Cph the photodetector capaci¬
tance

Cph = C';hA. (3.96)

Cp'h is the specific photodetector capacitance per unit area, n cds is equal to 2

due to correlated double sampling. np is equal to 1 for single-ended and equal
to 2 for differential input stages of the preamplifier.
The rms noise current ineff is approximately

2-KCph.B IncDsripAakTB

^"-^-y—^—
(3-97)

according to Appendix C with (C.20) for band-limited white noise (C.26) of the

preamplifier. The noise-equivalent photocurrent iphneq is

_

paCph \ncDSnpAakTBn .

Iphneq — a ^
\ ^ph \p •-'*)

l-^Uo\j %ni y grap
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and the signal-to-noise ratio results to

SNR = ^ßüL I ^p==-. (3.99)
paCph y ncDsripAakTBn

3.4.3 Voltage Amplifier Thermal Noise

Using (3.93) the noise voltage power spectral density of the voltage amplifier
vlyieldsthesingle-sidedexpressionvn„=:>(3.100);2n°*aymawherenaisthenumberofvoltageamplifiernoise-equivalenttransistorsandgmaisthetransconductanceofvoltageamplifiernoise-equivalenttransistors.naisequalto1forsingle-endedandequalto2fordifferentialinputstagesofthevoltageamplifier.Thermsnoisevoltagevneffisequalto,ncDsna^akTBnVneff=\l•(3.101)9maThenoise-equivalentphotocurrentivhneqyieldsancDsna^akTBn.nim,Iphneq=~Z\Iph(-3.1UZ)Avaygmaandthesignal-to-noiseratioresultstoSNR=^L.f.9m;~(3.103)aVncDsna4akTBn3.4.4TransconductorThermalNoiseAccordingto(3.93)thenoisecurrentpowerspectraldensityofthetransconduc¬tor;i2nisthesingle-sidedexpression.,=nCDSna4akTg^p^

Qmg
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where ng is the number oftransconductor noise-equivalent transistors and gmg
is

the transconductance of transconductor noise-equivalent transistors. ng is equal
to 1 for single-ended and equal to 2 for differential input stages of the transcon¬

ductor.
ThermsnoisecurrentineffisncDsng4akTBTineff=9\l"(3.105)9mgandthenoise-equivalentphotocurrentiphneqresultstoaIncDsrigAakTBn.iphneq=-I\iph-(3.106)AvaygmgThisyieldsthesignal-to-noiseratiosm=—J9Z\^r-(3-107>3.4.5ResistorThermalNoiseTheresistorthermalnoiseorJohnsonnoiseisfrequencyindependentcorre¬spondingtowhitenoise[32].Similartothetransistorthermalnoisein(3.93)thenoisevoltagepowerspectraldensityofaresistorvnreststorinitssingle-sidedexpressionisvi=AkTR.(3.108)lf/resistorv/Inthismodelthisyieldsthenoisevoltagepowerspectraldensityoftheresistorvlassingle-sidedexpression.2v'=nCDS±kTR.(3.109)ThermsnoisevoltagevneffresultstoVneff=VncDs4kTRBn(3.110)andthenoise-equivalentphotocurrentiphneqisiphneqA—VncDs4kTRBniph.(3.111)
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This yields the signal-to-noise ratio

SNR = AvaJ JL (3.112)

3.4.6 1/f Noise

In electronic circuits low-frequency noise whose power spectral density is in¬

versely proportional to the frequency can be observed. This noise is referred to

as 1/fnoise or flicker noise or contact noise. 1/fnoise is a universal phenomenon

prevalent in all electronic devices where different materials are in contact; the

different "material" may be a vacuum, a different alloy, or a differently doped
semiconductor. The number of carriers flowing through,orparallelto,suchaninterfaceusuallyfluctuatesduetovariousmechanismssuchasgeneration-recombinationortrapping[54].Manyinvestigationshavebeenperformedonthe1/fnoiseinMOStransistorsandithasbeenwidelyobservedthatthe1/fnoiseinMOStransistorsdependsongeometryandbiasconditionsandisre¬latedtotheinterfacestatesandoxidetraps,butthemechanismsinvolvedhavenotyetbeenfullyunderstoodandnodefinitetheoryhasbeensettoaccountforthediverseexperimentalresultsobtainedforthedifferentMOStechnologies.Thismeansthatinordertocharacterizethe1/fnoise,itisnecessarytocarryoutsomekindofnoisemeasurements[55].Thereforeinthisworkasingle1/fnoisesignalcoefficientthathastobeexperimentallydeterminedisused.VoltageRampADCForthevoltagerampADCthenoisevoltagepowerspectraldensityof1/fnoisevlcanbemodeledassingle-sidedexpressionvl,=^f(3.H3)withthe1/fnoisevoltagecoefficientNvf,whichhastobedeterminedexperi¬mentallyorfromexperimentaldataofthedevices.Thisexpressioncorrespondstothetotal1/fnoisecontributionofthesystemreferredtotheamplifiedvoltageattheinputofthevoltagerampADC.Forasingletransistorthenoisevoltagepowerspectraldensityatitsgatecanbeexpressedwith(3.113),wherethe1/f
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noise voltage coefficient of the single transistor Nv /,
,

is
O O v j transistor

Kf
vftransistor /^>//2 T/T/' 7"

^ '

'

with Kf typically Kf re 1(T28 C2/m2 [55][56][32][57]. C'^x is the specific
oxide capacitance per unit areaofthetransistorandWandLarethegatewidthandlength.Thisyieldsanrmsnoisevoltagevneffofvneff~jNvf[l+2ln(27rBAt)}(3.115)accordingtoappendixCwith(C.92)for1/fnoise(C.30)afterafirst-orderlow-passfilterandcorrelateddoublesampling.Thecorrespondingnoise-equivalentphotocurrentiphneqof1iphneq~-^\/Nvf[1+2In(2irBAt)]iph(3.116)resultsinthesignal-to-noiseratioSNRre——AVa(3.117)'Nvf[l+2]n(2irBAt)]CurrentRampADCForthecurrentrampADCthenoisecurrentpowerspectraldensityof1/fnoisei2analogousto(3.113)is•<;2,,=^(3.H8)withthe1/fnoisecurrentcoefficientNif.Thisexpressioncorrespondstothetotal1/fnoisecontributionofthesystemreferredtotheintegrationcurrentattheinputofthecurrentrampADC.Forasingletransistorthenoisecurrentpowerspectraldensityatitsdraincanbeexpressedwith(3.118),wherethe1/fnoisecurrentcoefficientofthesingletransistorA^/,,isOijjtransistor=92mKf=2ßIDKf1Jtransistor^"*"2T/T/"7"(~^117"2V-/
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according to (3.114) with the transconductance of the transistor gm given by

gm = Jw>J^-ID (3.120)

and with the mobility /i and the drain current Id [55].
The rms noise current ineff is

ineff « y'Nif [1 + 2 In (2ttBAt)] (3.121)

analogous to (3.115) and the noise-equivalent photocurrentiphneqof1iphneq~-z^VN*ft1+^(2ttBAt)]iph(3.122)yieldsthesignal-to-noiseratioSNR«Zmt(3.123)'Nif[l+2]n(2irBAt)]3.4.7RampADCThermalNoiseThethermalnoiseoftherampADCinthismodelisgivenasaneffectivenoisevaluesincetherampADCinternallyprocessesthenoisewithconstantband¬widthandthereforeyieldsaconstanteffectivenoise.VoltageRampADCForthevoltagerampADCthermsnoisevoltagevneffisequaltoVneff=VnCDSVnRADCeff(3.124)wherevuradceffistherampADCinputnoisevoltage.Assumingfirst-orderlow-passfilteredwhitenoisethenoisevoltagepowerspec¬traldensityv„canbedeterminedfromthesingle-sidedexpressionnRADG,2h~B2VnRADCeffUnRADC7->•yj.i^j)
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The noise-equivalent photocurrent iphneq is given by

_

\fncDSVnRADCeff .

(~
.

?^
Iphneq Ä ^ph yj.LZÖ)

and the signal-to-noise ratio results to

SNR =

Va
. (3.127)

\JnCDSVnRA
DCeffCurrentRampADCForthecurrentrampADCthermsnoisecurrentineffanalogousto(3.124)isineff=y/ncDsinRADCeff(3.128)withtherampADCinputnoisecurrentinRADCeff-Assumingfirst-orderlow-passfilteredwhitenoisethenoisecurrentpowerspec¬traldensityinnAnrcanbedeterminedfromthesingle-sidedexpressionnRADG;2RB•2_lnRADCeff****,="„«"(3.129)nThenoise-equivalentphotocurrentiphneqresultsto_\JncDsinRADGeff......_.IphneqT~~'Iphyj.lJyJ)andthesignal-to-noiseratiotoSNR=^.(3.131)-s/ncDsinRADCeff3.4.8QuantizationNoiseTransformingananalogsignalintoadigitalsignalwithalimitednumberofdiscretevaluesgenerallychangesthevalueoftheinitialanalogsignalsince

the
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analog values are rounded to the closest discrete values thus introducing a quan¬

tization error. The quantization error has the character of a random signal and

can be considered as quantization noise being added to the initial analog
signal.

Assumingauniformdistributionofthequantizationerror,thermsnoiseintimetneffcanbecalculatedto,y/nCDStrès,~,^ff=7tt'(3.132)wheretresisthetimingresolution.Thenoise-equivalentphotocurrentiphneqthenis_pCLy/ncpstres,2H1TV*iphneqrT7\/~i\^phyJ.lJJ)12CintAvaandthesignal-to-noiseratioresultstoSNR=^CtAv*J_.(3.134)pCLy/ncDStresiph3.4.9TotalNoiseThetotalnoiseofthesysteminthismodelcanbecalculatedfromthesinglenoisecontributionsintroducedintheprevioussections.Thesignal-to-noiseratiooftheintegrationsamplesattheoutputoftherampADCisprincipallyequaltothesignal-to-noiseratiooftherampsignal,althoughtherampADCtransferfunctionmaybeanon-linearbutwelldefinedfunctionsuchasfortherampADCwithfixedintegrationvoltagedrop.ThisisshownindetaillaterinSection3.7.Assumingzerobiascurrentandnoaveraging,forthevoltagerampADCwithvoltageamplifierthenoise-equivalentphotocurrentiphneqtotaltotalstoiphneqtotal=J^Tjlhnea.,U=shot,P,d,f,RADC,t(3.135)andtheresultingsignal-to-noiseratioSNRtotaiisSNRtotal=li,n=shot,p,a,f,RADC,t.(3.136)Z^nSNR'i
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For the voltage ramp ADC with transconductor and resistor the noise-equivalent

photocurrent iphneqtotal totals to

iphneqtotal = J^lhneq» ,
Tl = shut, P, Q, R, f, RADC,t (3.137)

n

and the resulting
signal-to-noiseratioSNRtotaiisSNRtotal=l,n=shot,p,g,R,/,RADC,t.(3.138)^nSNR'iForthecurrentrampADCthenoise-equivalentphotocurrentiphneqtotaltotalstoiPhneqtotal=JXÄ«<*„,n=shot,p,g,f,RADC,t(3.139)nandtheresultingsignal-to-noiseratioSNRtotaiisSNRtotal=f,n=shot,p,g,/,iL4DC,t.(3.140)BiasCurrentInthismodelthebiascurrenthasthesamenoisebehaviorasthephotocurrent,i.e.Ibshowsshotnoise.Forthephotocurrentiphbaccordingto(3.39)thenoise-equivalentphotocurrentiphbneqthenisIphbneqIphneqi\-^-^^^)andtheresultingsignal-to-noiseratioSNRbisdeterminedbySNRb=SNR—^;—.(3.142)Ib+iphbAveragingIfaveragingisapplied,thephotocurrentiphavgisnotchangedaccordingto(3.58)and(3.59).Butthenoise-equivalentphotocurrentiphavgneqisreducedtoIphavgneqIphneqiyD.Y^D)
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and

Iphbavqneq Iphavqneq Iphbneq /— Iphneq /— yj.lHH)

respectively. The resulting signal-to-noise ratio SNR
avg

is

SNRavg = SNR^R = SNRjP";Atax y^ (3.145)

and

SNRbavg = SNRb^R = SNRjP*Atax iph\ (3.146)
V Cïnt/\va ^JIB + iphb

respectively.

3.5 Performance

Theintroducedintegratingsampled-dataphotosensingmodelisimplementedinthesoftwaretool"PhotoList"describedinAppendixE.Thistoolisusedtoanalyzeandtodesignintegratingsampled-dataphotosensingsystems,ftisbasedonparameteridentificationandprovidesnoiseandperformanceanalysisforanyintegratingsampled-dataphotosensingsystem.Thebasicperformanceparametersofaphotosensingsystemaredefinedinthefollowingsections.3.5.1SpeedThespeedperformanceisdeterminedbythemeasurementtime,whichisthemaximumintegrationtimeAtmax.Thisisthetimerequiredtotakeameasure¬mentsampleandthereforerepresentsthesamplingperiodoftheincidentlight.Thesampling-limitedsignalbandwidthBssaccordingto(2.15)isB.S.S=-r^.(3.147)Apartfromsignalbandwidthrestrictions,therearespatialandtemporalaspectsaffectingspeedperformance.IftherearelongandvaryingdelaytimesfromtheincidentlighttotheADC,differentmeasurementsamplesmaysuperimposeandproducesmear.Thiscanlimitthespeedperformancebeyondthelimitgivenin(2.14).
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3.5.2 Dynamic Range

Dynamic range DR can be defined as the ratio of the maximum to the minimum

signal. Since the optical power density represents the signal, this yields

P"
DR= °vtmax. (3.148)

optmvn

The dynamic range in dB is defined as

DR\dB = 2Qlog(DR) (3.149)

according to (3.87).

3.5.3 Resolution

Resolution corresponds to the precision a signal can be determined and is repre¬

sented by the signal-to-noise ratio

P"
SNR = nopt (3.150)

optneq

as long as absolute accuracy is not regarded. The signal-to-noise ratio
indBisdefinedin(3.87):SNR\dB=2Qlog(SNR).(3.151)3.5.4SensitivitySensitivitycorrespondstotheminimumsignalchangethatcanberecognized.//optneq'Thisisrepresentedbythenoise-equivalentopticalpowerdensityP"3.5.5ChipAreaChipareaAch%pisthetotalareaoccupiedbythecircuitintheappropriatetech¬nologyandcanbeacrucialfactorconcerningcostsandsize.
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3.5.6 Power Consumption

Power consumption is characterized by the consumed static power Pbd defined

as

Pdd = VddIdd, (3.152)

where Vbd is the supply voltage and Ibd is the supply current.

3.6 Realization

In this work the circuits are implemented using the AMS 0.6 /im CMOS process

CUX. The supply voltage is Vbd = 5 V, although some circuits could be oper¬

ated at much lower voltages. The photodetector area is A = 30 /im x 500 /im

for all architectures. In order to gain
animpartialcomparativeanalysisofthedif¬ferentarchitectures,signalintegrationisperformedonseparatephysicalcapaci¬tanceswithatotalvalueofCphys%cai=710fFforallcircuits,independentofthenumberofintegrationcapacitances.AvoltagerampADCwithfixedintegrationvoltagedropisusedexclusively.TheamplifiedvoltagedropisAva=1Vforallrealizations.3.7Measurements3.7.1MeasurementSetupThesetupforthenoisemeasurementsofthevariousrealizedarchitecturesisshowninFig.3.5.Thedevices-under-test(DUT)aretheintegratedcircuitsin¬cludingthephotosensingarchitectures,whichcoverthesignalconversionfromtheincidentlighttotheamplifiedvoltage.Theintegratedcircuitsareplacedinashieldingmetalboxandadjustedbyamicroscope.Alightemittingdiode(LED)whichemitsatthewavelengthA=612nmisusedforilluminationthroughthemicroscope.Thelightbeamisgeneratedbyapin-holeandthelightspotisfo-cussedandadjustedbythemicroscope.Thecontrolsignalsforthecircuitsaregeneratedbyapulsegenerator.Theyarefurtherusedastriggersignalsforthemeasurementinstruments.Theamplifiedvoltageoftheintegratedcircuitisfedtoawindowcomparatorbuiltofdiscreteelementsandthetimedifferencebetweentheiroutputpulsesis
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Fig. 3.6: Measurement setup.

measured by a counter. The window comparator circuit together with the counter

represents the ramp ADC. The amplified voltage and the output pulses are an¬

alyzed by additional instruments, such as an oscilloscope and a vector signal

analyzer.
The user interface is realized in LabView running on a PC. The LabView appli¬
cation controls the counter, acquires the data and generates the graphical output.
A photograph of the measurement setup is shown in Fig. 3.6.

3.7.2 Performance
ExtractionNoiseperformanceoftheintegratedcircuitshastobeextractedfromtheexper¬imentaldata,whicharequantizedvaluesoftheintegrationtimeAt.NoiseisdeterminedfromasetofanumberNofsomehundredsofintegrationsamplesAttatconstantillumination.TheintegrationtimeAtcorrespondstothemeanvalueofthesetandisextractedby_1NAt=At=~Y.At*(3-153)
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corresponding to (3.65) and (C. 1) for the discrete time case. In principle, the rms

noise value or effective noise value of the integration time Atneff is extracted

by

Atneff

\
-^(A*,-At)2 (3.154)

%=\

corresponding to (3.66) and (C.4) for the discrete time case [58]. Instead of

the constant mean value for the integration time At, a linearly changing value

for the integration time can be used corresponding to a line fitted to the set of

integration samples according to mean square estimation [59]. This suppresses

long-time drift and transients during the measurement.

The effect of a noisy signal on the distribution of the time when this signal
firstpassesacertainlevelasinthewindowcomparatoroftherampADCisaverycomplextopic.Itisknownintheliteratureasthelevel-crossingproblemorthefirstpassagetimeproblemandhasbeeninvestigatedintensivelynotyieldingageneralandsimpleexpressiontobeusedhere[59][60][61].Thenoiseconsid¬erationsoftheintegratingsampled-dataphotosensingmodelinSection3.4arebasedonthehypothesisthatnoiseonthesignalrampistransferredintonoiseintheintegrationtimemeasurementinthesamewaythesignalitselfistrans¬ferred.Thismeansthatthesignal-to-noiseratiooftherampsignalisequaltothesignal-to-noiseratiooftheintegrationtimemeasurement.Inordertoverifythishypothesisandtoobtaintherelationbetweenthenoiseoftheamplifiedvoltageorvoltagerampandthenoiseoftheintegrationtimeorintegrationsample,arampsignalwithnoiseinavoltagerampADCwithfixintegrationvoltagedropisinvestigatedhere.Firstshotnoiseisconsideredandasimplifiedrelationisderivedvalidforhighsignal-to-noiseratios.Thentherelationissimulatedforvarioussignal-to-noiseratiosforshotnoiseaswellasforfirst-orderlow-passfilteredwhitenoise.Inthefollowingarampsignalwithshotnoisegeneratedbychargecarriercollec¬tionisconsideredandasimplifiedrelationisderivedinawaynotyetdescribedintheliteraturetoourknowledge:Therampsignalisproportionaltothenumberofcollectedchargecarriers,andsincethecollectedchargecarriersareentirelyconserved,theirnumbercanonlyincreaseasshowninFig.3.7.Thereforetherampsignalisamonotonouslyincreasingfunctionoftime.Asaresultiftherampsignalatacertaintimeislowerthanthefixedcomparatorlevel,itisas¬suredthattherampsignalhasnotyetcrossedthecomparatorlevel.Ontheotherhanditisobviousthatiftherampsignalatacertaintimeishigherthanthefixedcomparatorlevel,itmusthavecrossedthecomparatorlevelbefore.Therefore
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Fig. 3.7: Simulated ramp signals with shot noise generated by charge carrier

collection: The number of photogenerated charge carriers nph is plotted versus

the time for three different ramps.

the probability that the ramp signal has crossed the comparator level before a

certain time is equal to the probability that the ramp signal at that time is higher
than the comparator level. This yields a relation between the distribution anddensityfunctionoftherampsignalandthelevel-crossingtime.Thecalculationofthemeanvaluesandstandarddeviationsallowstorelatethecorrespondingsignal-to-noiseratios.ThechargegenerationinthephotodetectorcausesshotnoiseandtheprobabilityofthenumberofphotogeneratedchargecarriersP[nph=n]isgivenbythePoissonlaw[59]withP[nphn/ine-Mrn\(3.155)asillustratedinFig.3.8.\inisthemeannumberofphotogeneratedchargecar¬rierslin=limntPn(3.156)resultingfromanumberoftimeslotsntwiththeprobabilitypnthatachargecarrieroccursinasingletimeslot.Thestandarddeviationofthenumberof
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Fig. 3.8: Probability of the number of photogenerated charge carriers P[nph =

n] versus the number of charge carriers n for the Poisson law. The samples

correspond to mean numbers of photogenerated charge carriers of 2 (o) and 10

(*)

photogenerated charge carriers an is

Gr 'ß? (3.157)

and the signal-to-noise ratio of the number of photogenerated charge carriers

SNRn results to

^, (3.158)SNR„ =
^
Or

For high numbers of photogenerated charge carriers

ßn > 9 (3.159)thePoissonlawcanbeapproximatedbytheGaussianlaw[62]yieldingtheprobabilityofthenumberofphotogeneratedchargecarriersP[nphn1\/2TTßr(3.160)
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Fig. 3.9: Probability of the number of photogenerated charge carriers P[nph =

n] (*) and density function of the number of photogenerated charge carriers

fn{n) (-) versus the number of charge carriers n for the Gaussian law. The

data correspond to a mean number of photogenerated charge carriers of 10.

as illustrated in Fig. 3.9. Considering n to be a continuous variableyieldsthedistributionfunctionofthenumberofphotogeneratedchargecarriersP[nph<n]fn{n')dn'(3.161)-ooasshowninFig.3.10withthedensityfunctionofthenumberofphotogeneratedchargecarriersI(n—un)fn(n)=^==ev^(3.162)V27T/Ï,accordingtoFig.3.9.Forthecorrespondingintegrationvoltagevvntwith^vntperiph^'vnt(3.163)
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Fig. 3.10: Distribution function ofthe number of photogenerated charge carriers

P[nph < n] versus the number of charge carriers n for the Gaussian law. The

curve corresponds to a mean number of photogenerated charge carriers of 10.
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consequently the Normal law is valid and yields the distribution function of the

integration voltage

/v fv(v')dv' = P

-oo

nph <
^'i/niV

pe
(3.164)

with the density function of the integration voltage

fv(v)
(v — ij,vy

2al

lnol
(3.165)

The mean integration voltage /iv is

pe
pv ~~p^ pn

aint

and the standard
deviationoftheintegrationvoltageavis(3.166)o,peC.Pipeintc,'Prmt(3.167)Accordingto(3.19)themeanintegrationvoltage\ivisalinearfunctionoftime:PtC,-t.(3.168)mtThisyieldsforthetimedependentdistributionfunctionoftheintegrationvoltage(„'-Gi^t)2P[Vmt<V]-ooV2'dv'.(3.169)TTCJtThestandarddeviationoftheintegrationvoltageovisalsotimedependentandisalinearfunctionofthesquare-rootoftime.Butforhighsignal-to-noiseratiothenoiseontheintegrationvoltageislowcomparedtothecomparatorlevelorinte¬grationvoltagedrop.Thereforethedeviationsofalltherelevantlevel-crossingtimesfromtheintegrationtimeforanoise-freerampsignalarerelativelysmallandthestandarddeviationoftheintegrationvoltageintheinterestingrangeisapproximatelyconstant:o,lpeAvvntC,(3.170)

mt
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This approximation and setting v = Avvnt results in

'A«mi

,'-j2-t)2
'-'vat

2peAvmt

P[vint < Avint] « / =e c»n* eh/
-°°

A/27T
_peAvv

C,.

/t/ Cint^vint -,2

1 2
72

r^j

\t lt^—.peClntù^vlnt
p eft'.(3.171)

p

As explained above the probability that the considered ramp signal has exceeded

the integration voltage drop before a certain time is equal to the probability that

the integration voltage at that time is higher than the integration voltage drop.
Thus the distribution function P[tx < t] of the level-crossing time tx is

P[tx <t] = P[vmt > Avtnt] = 1 - P[vmt < Avtnt] (3.172)

and the density function ft(t) of the level-crossing time is

ft(t) = -qI (P[tx < t}) = -— (P[vmt < Avmt\). (3.173)

Using (3.171) yields
(*-^t)2

ft(t) « ~^=e *°t (3.174)

with the mean level-crossing time

27T(Ji

ßt = :
= At (3.175)

%p

and the standard deviation of the level-crossing time

at = : . (3.176)
%p

This results in the signal-to-noise ratio of the level-crossing time

SNRt =
^= CmtAVmt

=^Tn = SNRn (3.177)
at V pe
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according to (3.166), (3.168) at t = At and (3.19). This means that for high

signal-to-noise ratios the ramp ADC converts the ramp signal with shot noise

causing a certain signal-to-noise ratio into noise in integration time with the

same signal-to-noise ratio. This result supports the hypothesis that shot noise on

the signal ramp is transferred into noise in the integration time measurement in

the same way the signal itself is transferred.

Fig. 3.11 shows a simulation of the level-crossing problem for a ramp signal
with shot noise with a signal-to-noise ratio of SNR = 20 dB. The upper dia¬

gram shows the distribution of the normalized ramp signal at fixed integration
time for a number of photogenerated charge carriers

Nph=100.Thedistri¬butionrepresentsthePoissonlaw.Thecorrespondingstandarddeviationof0.1is10timessmallerthanthemeanvalueaccordingtothesignal-to-noiseratioofshotnoise,whichisthesquarerootofthenumberofphotogeneratedchargecarriers.Thelowerdiagramshowsthenormalizedintegrationtimeatfixedinte¬grationvoltagedrop.Thedistributionissimilartotheoneintheupperdiagramandityieldsaboutthesamestandarddeviationthusconfirmingtheresultob¬tainedin(3.177).Fig.3.12showsthesimulatedsignal-to-noiseratiooftheintegrationtimeatfixedintegrationvoltagedropversusthesignal-to-noiseratiooftherampsig¬nalatfixedintegrationtimeforarampsignalwithshotnoise.Fig.3.13showsthecorrespondingsimulationforarampsignalwithfirst-orderlow-passfilteredwhitenoisewithafilterbandwidthoffourtimestheramp-relatedbandwidthaccordingto(3.55).Thesignal-to-noiseratiosoftheintegrationtimeareallap¬proximatelyequaltothecorrespondingsignal-to-noiseratiosoftherampsignalforbothshotnoiseandfirst-orderlow-passfilteredwhitenoise.Thesesimu¬lationsconfirmthehypothesisthatnoiseonthesignalrampistransferredintonoiseintheintegrationtimemeasurementinthesamewaythesignalitselfistransferred.Itisassumedherethattheabovehypothesisisvalidfor1/fnoiseaswell.1/fnoisecanbeapproximatedbyaseriesoffirst-orderlow-passfilteredwhitenoise,forwhichthehypothesisisverifiedandconfirmedbysimulations.Theverifica¬tionofthehypothesisfor1/fnoiseisnotcarriedouthere.3.7.3ReferenceMeasurementFig.3.14showsareferencemeasurementofthemeasurementsetupusingalow-noisefunctiongenerator.Thesignal-to-noiseratioisplottedfordifferentinte¬grationtimescorrespondingtodifferentopticalpowerdensities.The

different
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Fig. 3.13: Simulated signal-to-noise ratio ofthe integration time at fixed integra¬
tion voltage drop versus the signal-to-noise ratio ofthe ramp signal at fixed inte¬

gration time for a ramp signal with first-order low-pass filtered white noise. (The
filter bandwidth is four times the ramp-related bandwidth according to (3.55).)
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Fig. 3.14: Signal-to-noise ratio ofthe measurement setup for a low-noise voltage

ramp generated by a function generator.

voltage ramps generated by the low-noise function generator yield a constant

signal-to-noise ratio of SNR = 77 dB, which corresponds to the ramp ADC

thermal noise with a ramp ADC input noise
voltageofabout100/iV.Thismeansthatnoisemeasurementsuptoasignal-to-noiseratioof77dBcanbeperformedwiththissetup.3.7.4LineInterferencesAlthoughthemeasurementsareperformedinashieldingmetalbox,theyaredis¬turbedbylineinterferences.Thesedisturbancesarefedintothecircuitseitherviathepowersuppliesduetoinsufficientsuppressionandblockingorviasignalcablesandthroughtheairdirectlytocriticalhigh-impedancenodes.Fig.3.15showsSNRmeasurementsofthephotodiodewithactiveintegrator,whichisdiscussedinthenextchapter,withdifferentlevelsoflineinterferences.Thein¬terferencelevelisadjustedbyapowercablethatcanbeplacednearthecriticalcircuitpartinsidetheshieldingmetalbox.Thetheoreticalsignal-to-noiseratioofSNR=61dBforaphotodetectorcapacitanceof20pFisdrasticallyreducedincertainregionsduetothelineinterferences.
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o medium interference
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Fig. 3.15: Measured signal-to-noise ratio of a photodiode with active integrator

(section 5.1) with different levels of line interference.

Line interferences are sinusoidal signals at 50 Hz frequency of the power line.

They are particularly
effectiveforintegrationtimesintherangeoftheperiodofthepowerlineduetothewindowcomparatormeasurementprinciple.Forsuchintegrationtimesthelineinterferencecausessignificantdifferencesinthetworampsamplesthatyieldanintegrationsampleandthusintroducesaner¬ror.Forintegrationtimesmuchshorterthantheperiodofthepowerlinethelineinterferencesrepresentsomekindofoffsetandarecancelledbythewin¬dowcomparator.Forverylongintegrationtimesthewindowcomparatorjustmeasurestheenvelopeofthelineinterference,whichisconstantandthereforecancelledlikeanoffset.ThisisconfirmedbythesimulationshowninFig.3.16.Thesignal-to-noiseratioforarampsignalwithconstantnoiselevelandsuper¬imposedlineinterferenceisplottedversustheintegrationtimeandresultsinacurveverysimilartothemeasurementsinFig.3.15.3.8ConclusionsTheintroducedgenericmodelforintegratingsampled-dataphotosensingfun¬damentallyconsistsofaphotocurrentsource,anintegratinganalog-to-digitalSNR10090807060504030201001.E[dB]-itilil»_iii-091.E-061.E-031.E+001.E-
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Fig. 3.16: Simulated signal-to-noise ratio for a ramp signal with constant noise

level and superimposed line interference.

converter and a digital signal processor. It fits for any integrating sampled-data

photosensing system and the developed software tool provides appropriate noise

and performance analysis. Model fitting is based on parameter identification in

the physical system for all the fundamental functional blocks of the model.

The proposed ramp ADC with fixed integration voltage drop is a simple and

area-efficient technique for analog-to-digital conversion of ramp signals well-

suited for photosensing applications. It provides simple implementation of cor¬

related double sampling.
Noiseonthesignalrampisprincipallytransferredintonoiseintheintegrationtimemeasurementinthesamewaythesignalitselfistransferred.ThesuitabilityofthisrampADCforhigh-speedapplicationsislimitedbecausethetimingresolutionoftheappropriatecounterbasicallydeter¬minesthedynamicrangeandhighlyaffectsthesignalresolution.Nevertheless,theresolutionathighsignallevelscanbeenhancedbyaveraging,astheintegra¬tiontimeunderthesecircumstancesbecomesmuchshorterthanthemeasure¬menttime.Theuseofabiascurrentintheproposedcircuitcanexpandthedynamicrangebydecadeswhilestillmeetingspecifictimingconstraints.Ifthebiascurrentissettotheinitialminimumphotocurrent,thedynamicrangeisextendedbyap-
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proximately the signal-to-noise ratio of the bias current.

The analog bandwidth of the system must be limited by a low-pass filter to four

times the ramp-related bandwidth in order to minimize the noise contributions

and yet to guarantee proper ramp signals.
Correlated double sampling is mandatory for high-precision applications. It re¬

moves offsets introduced by switches as well as reset noise, and it reduces low-

frequency noise such as 1/f noise. The effect of correlated double sampling on

first-order low-pass filtered 1/f noise can be approximated by a simple expres¬

sion.

For integration times much shorter than the measurement time, averaging can be

applied to enhance the resolution by the square root ofthe number of integration

samples per measurement sample.

High resolution basically requires low photodetector capacitance to reduce the

contribution of the preamplifier thermal noise. High resolution without averag¬
ingrequireshighvirtualintegrationcapacitancetoenhancetheshotnoiselimit,asthisyieldslongmeasurementtimeandthereforeahighnumberofphotogen-eratedchargecarriers.Thetransferfactordependsontheresponsivityandthevirtualintegrationca¬pacitanceanddirectlydeterminesthespeedofthesystem.Veryhighspeedaswellasveryhighsensitivitydemandveryhightransferfactor,astherampsig¬nalalwayshastocoverafullsignaldropinthespecifiedmeasurementtimefordetection.Veryhightransferfactorforacertainresponsivityrequiresverylowvirtualintegrationcapacitance,whichcanbeachievedbyverylowintegrationcapacitanceorveryhighpreamplifierorvoltageamplifiergain.Themeasurementsetupbasicallyprovidessignal-to-noiseratiomeasurementsof77dB,butlineinterferencesdegradetheresolutionforintegrationtimesintherangeoftheperiodofthepowerline.



4. BASIC PHOTODETECTORS

This chapter analyzes the basic photodetector structures realizable in CMOS

technology. The different basic photodetectors in standard CMOS technology
are realized and characterized. They are compared with respect to different key

performance issues. Special emphasis is given on responsivity and photodetector

capacitance.

4.1 Photodiode (PD)

The most common photodetector in CMOS technology is the photodiode as

shown in Fig. 4.1. It is an ordinary pn junction operated in zero or reverse bias

condition causing a space charge region with a built-in electric field as calculated

in Appendix B. This electric field provides charge transport and a photocurrent
results at the photodiode terminals. The anode is the terminal at the p-side and

the cathode is the one at the n-side of the junction.
There are principally four types of photodiodes realizable in the AMS 0.6 /im

CMOS process CUX as shown in Fig. 4.2. The p-diffusion/n-well diode with

P

J

Fig. 4.1: Photodiode. Cross section and distributionofthepotential4>andtheelectricfieldEinverticaldirection.
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heavily doped p-side and moderately doped n-side is realized by contacting the

p-diffusion and the n-well in Fig. 4.2a. The photodiode terminal voltages can be

chosen freely, but the photocurrent is only available at the anode, since the cur¬

rent at the cathode includes the current flowing to the substrate. Fig. 4.2b shows

the p-substrate/n-well diode with lightly doped p-side and moderately doped n-

side. Since the anode is connected to ground the voltage applied to the cathode

is directly the reverse voltage and the photocurrent is only available at this termi¬

nal. Another photodiode
typeisthecombinationofthep-diffusion/n-welldiodeandthep-substrate/n-welldiodeasshowninFig.4.2a.Herestilltheanodeofthep-substrate/n-welldiodeisconnectedtogroundthoughthevoltageattheanodeofthep-diffusion/n-welldiodecanbechosenfreely.Thephotocurrentisavailableonlyatthecathode.ThelastphotodiodetypeshowninFig.4.2cisthep-substrate/n-diffusiondiode.Itisatwo-stepjunctionwithalowerjunctionoftwolightlyandmoderatelydopedp-typelayersandwithanupperjunctionwithmoderatelydopedp-sideandheavilydopedn-side.Theanodeisconnectedtogroundandthephotocurrentisonlyavailableatthecathode,wherethereversevoltageisapplied.Theresponsivityofaphotodetectorisdirectlyrelatedtoitsquantumefficiencyaccordingto(2.12).Thereareschemesthatallowtodeterminethequantumef¬ficiencyasafunctionofthewavelengthoftheincidentlightandthestructuralparametersofthephotodiode[31].Butbecausethequantumefficiencyisacom¬plexfunctionofprocesstechnologyandthephysicallayoutofthephotodiode,ingeneralitcannotbedeterminedaccuratelyinananalyticalwayorusingsim¬ulation,anditusuallyhastobemeasured[63].Fig.4.3showsthemeasuredspectralquantumefficiencyofthep-diffusion/n-wellphotodiode(pw),thep-diffusion/n-wellphotodiodeincombinationwithp-substrate/n-wellphotodiode(pw+sw),thep-substrate/n-wellphotodiode(sw)andthep-substrate/n-diffusionphotodiode(sn).Theadditionalcurveatthebottomcorrespondstothemini¬mumvalueofthemeasurementcurrentof0.5pAthusindicatingtheresolutionofthemeasurementsetup.Databelowthiscurvearenotreliable.Thediffusionlengthsofthechargecarriersinthedifferentlayersstronglyvaryduetothedifferentdopinglevels.Thep-diffusionandthen-diffusionhavedop¬ingconcentrationsofabout4•1020cm-3andyielddiffusionlengthsoflessthan0.1/im.Thep-wellandthen-wellwithdopingconcentrationsofabout6•1016cm-3achievediffusionlengthsintherangeof100/im.Intheepi-layerthedopingconcentrationisabout7•1014cm-3andthediffusionlengthisabout1000/im.Thesubstratehasadopingconcentrationofabout1•1020cm-3andyieldsadiffusionlengthoflessthan1/im.Incomparisonthedepthofthedif-
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Fig. 4.2: Photodiode types in the AMS 0.6 /im CMOS process CUX. (a) p-

difïusion/n-well diode in combination with p-substrate/n-well diode, (b) p-

substrate/n-well diode, (c) p-substrate/n-difFusion diode.
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Fig. 4.3: Measured spectral quantum efficiency of the different photodiodes,

(pw) p-diffusion/n-well photodiode, (pw+sw) p-diffusion/n-well photodiode in

combination with p-substrate/n-well photodiode, (sw) p-substrate/n-well photo-
diode, (sn) p-substrate/n-diffusion photodiode, (o) resolution of the measure¬

ment setup.
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fusions is about 0.3 /im and that ofthe wells about 2.5 /im. The thickness ofthe

epi-layer below the wells is about 15 /im.

The p-substrate/n-well photodiode achieves the highest quantum efficiency over

the whole wavelength range. This is because the junction is deep in the semicon¬

ductor due to the high n-well depth and because of the high space charge region
width due to the low doping levels according to (B.30). In addition the diffusion

lengths are high according to (B.26) due to the long carrier lifetimes resulting
from the low doping levels.

The p-diffusion/n-well photodiode in combination with the
p-substrate/n-wellphotodiodeachievesaboutthesamequantumefficiencyasthep-substrate/n-wellphotodiodeatlongwavelengths.Thisisbecauseforhighlightpenetra¬tiondepthscorrespondingtolongwavelengthsthep-substrate/n-wellphotodi¬odegeneratesthephotocurrent.Atshortwavelengththequantumefficiencyisconsiderablylowerthanforthep-substrate/n-wellphotodiodebecausethediffu¬sionlengthinthehighlydopedp-diffusionnearthesurfaceisverylow.Thep-substrate/n-diffusionphotodiodeyieldsreducedquantumefficiencycom¬paredtothep-substrate/n-wellphotodiodeoverthewholewavelengthrange.Thisisbecausethejunctionisnearthesurfaceandbecauseofthelowerspacechargeregionwidthaswellasthelowerdiffusionlengthsduetothehigherdop¬inglevels.Thep-diffusion/n-wellphotodiodeachievesthelowestquantumefficiency.Forshortwavelengthsityieldsaboutthesamequantumefficiencyasthep-diffusion/n-wellphotodiodeincombinationwiththep-substrate/n-wellphoto-diodeandasthep-substrate/n-diffusionphotodiodeduetotheequalstructureanddopinglevels.Forlongerwavelengthsityieldsconsiderablyreducedquan¬tumefficiencysinceathighlightpenetrationdepththephotogeneratedchargeiscapturedbythep-diffusion/n-welldiodethatisnotusedfordetection.Theoscillationsinthequantumefficiencyoverthespectralrangeiscausedbyinterferencesinthedifferentlayers,particularlytheoxidelayersandtheprotec¬tionlayers[64].Thephotodetectorcapacitancesandleakagecurrentsofthedifferentphotodi¬odesarediscussedinthenextchapter.4.2Photogate(MOSPhotodetector,PG)AnotherbasicphotodetectorinCMOStechnologyisthephotogateorMOSpho¬todetectorasshowninFig.4.4.ItisanMOSstructureoperatedininversion

with
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Fig. 4.4: Photogate (PG). Cross section, distribution of the potential 4> and the

electric field E, and surface potential profile 4>s.

an adjacent floating diffusion, which is a small p-substrate/n-diffusion diode.

The MOS structure causes a depletion region or space charge region in the semi¬

conductor with an electric field as calculated in Appendix B. This electric field

provides charge transport in the semiconductor perpendicular to the surface and

collects the charge in a thin inversion layer at the surface. The charge in the

inversion layer is transported by diffusion to the p-substrate/n-diffusion diode

and a photocurrent results at the cathode of the diode or floating diffusion.
ThesurfacepotentialprofileinFig.4.4illustratesthattheMOSstructureformsapotentialwellatthesurfaceofthesemiconductoraccordingtotheappliedgatevoltage.Thepotentialwellisalocalmaximumofsurfacepotentialandrepre¬sentsalocalminimumofchargecarrierenergy.Theadjacentfloatingdiffusionisbiasedathighvoltageandrepresentsaverydeeppotentialwell.AsaresultthechargecarriersatthesurfaceintheMOSstructurearetransportedonlybydiffusionandtheyarecapturedbythefloatingdiffusiononcetheygetthere.IntheAMS0.6/imCMOSprocessCUXthesemiconductorintheMOSstruc¬tureisthemoderatelydopedp-well.Thefloatingdiffusionisap-substrate/n-diffusiondiodewithmoderatelydopedp-sideandheavilydopedn-side.Theanodeisconnectedtogroundandthephotocurrentisonlyavailableatthecath¬ode,wherethereversevoltageofthediodeisapplied.Thewholephotogateisnotastandarddeviceinthistechnology,butitcanbeimplementedwithoutchangesinthestandardtechnology,althoughthecommondesignrulesmayhavetobeviolated.Fig.4.5showsthemeasuredspectralquantumefficiencyofthephotogate.

The
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Fig. 4.5: Measured spectral quantum efficiency of the photogate (PG). (o) reso¬

lution of the measurement setup.

additional curve at the bottom corresponds to the minimum value of the mea¬

surement current of 0.5 pA thus indicating the resolution ofthemeasurementsetup.Databelowthiscurvearenotreliable.Thelightpenetrationdepthsinthephotogatearestronglyaffectedbytheover¬layingpolysilicongate,whichhasathicknessofabout0.25/im.Thephotogateyieldsaquantumefficiencyatsmallwavelengthslowerthanallthephotodiodesduetotheabsorptionintheoverlayinggate.Forlongerwave¬lengthsthequantumefficiencyishigherthanthatofthep-diffusion/n-wellpho¬todiodebutstilllowerthanthatofalltheotherphotodiodes.Thephotodetectorcapacitancedependsontheareaofthejunctionandthevolt¬ageacrossthejunctionusedfordetection.ThephotodetectorcapacitanceofthedifferentbasicphotodetectorsversusthevoltageacrossthesensingdiodeinreversedirectionisplottedinFig.4.6.Fromthejunctionswithlargeareaof30/imx500/im,thep-diffusion/n-wellphotodiodeyieldsahigherandthep-substrate/n-wellphotodiodealowerphotodetectorcapacitancethanthep-substrate/n-diffusionphotodiode.Thephotodetectorcapacitanceofthep-diffusion/n-wellphotodiodeincombinationwithp-substrate/n-wellphotodiode
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Fig. 4.6: Photodetector capacitance of the different
basicphotodetectorsversusvoltageacrossthesensingdiodeinreversedirection,(x)p-diffusion/n-wellpho¬todiode.(*)p-diffusion/n-wellphotodiodeincombinationwithp-substrate/n-wellphotodiode.(+)p-substrate/n-wellphotodiode.(-)p-substrate/n-diffusionphotodiode,(o)p-substrate/n-diffusionsensingdiodeofthephotogate.isaboutthesumofthetwoseparatephotodetectorcapacitances.Thephotogatewithitsverysmallp-substrate/n-diffusionsensingdiodehasverylowphotode¬tectorcapacitance.Thedependenceofthephotodetectorcapacitancesonthevoltageacrossthesensingdiodeisclearlyillustrated.Thephotodetectorcapac¬itanceatavoltageof5Vacrossthesensingdiodemaybelessthanhalfofthatatzerovoltage.Fig.4.7showsthephotodetectorcapacitanceofthedifferentbasicphotodetec¬torsatzerovoltageversusphotodetectorarea.Thephotodetectorareaisex¬pressedintheedgelengthofthephotodetectorassumingasquareshape.Thephotodetectorcapacitancesofthephotodiodesincreaseaboutwiththesquareoftheedgelength,whereasthephotodetectorcapacitanceofthephotogatehasverylowconstantvalue.Thephotodetectorleakagecurrentaswelldependsontheareaofthejunctionandthevoltageacrossthejunctionusedfordetection.Itisapproximatelyzeroatzerovoltageandincreaseswithincreasingreversevoltage.The

photodetec-
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square edge length of the photodetector [urn]

Fig. 4.7: Photodetector capacitance of the different basic photodetectors at zero

voltage versus area expressed in square edge length of the photodetector. (x) p-

diffusion/n-well photodiode. (*) p-diffusion/n-well photodiode in combination

with p-substrate/n-well photodiode. (+) p-substrate/n-well photodiode. (-) p-

substrate/n-diffusion photodiode, (o) p-substrate/n-diffusion sensing diode of

the photogate.
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square edge length of the photodetector [um]

Fig. 4.8: Photodetector leakage current of the different basic photodetectors at

5 V reverse voltage versus area expressed in square edge length of the photode¬
tector. (x) p-diffusion/n-well photodiode. (*) p-diffusion/n-well photodiode in

combination with p-substrate/n-well photodiode. (+) p-substrate/n-well photodi¬
ode. (-) p-substrate/n-diffusion photodiode, (o) p-substrate/n-diffusion sensing
diode of the photogate.

tor leakage current of the different basic photodetectors at 5 V reverse voltage
versus photodetector area is plotted in Fig. 4.8. The photodetector area is ex¬

pressed in the edge length of the photodetector assuming a square shape. Anal¬

ogous to the photodetector capacitances, the photodetector leakage currents of

the photodiodes increase about
withthesquareoftheedgelength,whereasthephotodetectorleakagecurrentofthephotogatehasverylowconstantvalue.4.3ConclusionsThebasicphotodetectorsinstandardCMOStechnologyarethephotodiodeandthephotogate.Thereareprincipallythreedifferentpnjunctionsthatcanserveasphotodiodeindividuallyorincombination.Thep-substrate/n-wellphotodiodeachievesthehighestresponsivityoverthe
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whole wavelength range, but it yields a high photodetector capacitance and the

anode is inherently grounded.
The p-difFusion/n-well photodiode allows variable terminal voltages, but its re-

sponsivity is strongly reduced and it still yields a high photodetector capacitance.
The photogate yields a very low photodetector capacitance independent of its

area, although it has reduced responsivity and is especially inefficient in the

lower visible wavelength range corresponding to blue light. It is slower than the

photodiodes and its speed depends on its area, as the dominant charge transport
is driven by lateral diffusion.

Because of its low photodetector capacitance and despite of its reduced respon¬

sivity the photogate can be superior to the photodiodes in applications where

preamplifier thermal noise is dominant.



76 4. Basic Photodetectors



5. BASIC PHOTOSENSING

ARCHITECTURES

In this chapter the basic photosensing architectures realizable in CMOS technol¬

ogy are classified considering the basic photodetectors with respect to their area

and their array arrangement. The various architectures are analyzed and their

performance is derived using the integrating sampled-data photosensing model.

The realizations of the different basic photosensing architectures in the same

standard CMOS technology are characterized under equivalent conditions and

all the relevant parameters of the integrating sampled-data photosensing model

are measured for each architecture. The realizations are compared and the archi¬

tectures with best performance with respect to speed, dynamic range, resolution,

sensitivity, area and power consumption are determined. As a result of these

characterizations the qualitative and quantitative noise behavior of the integrat¬

ing sampled-data photosensing model is experimentally verified.

5.1 Single Detector Architectures

Single detector architectures in large-area photosensing have a single detector

per photosensing area, which is a large area of homogeneous illumination.
Ar¬rangementswithspatialresolutionusinganarrayofsuchphotosensingareaseachhavinglargeareaandhomogeneousilluminationarestillreferredtoassin¬gledetectorarchitectures,sinceeachpixelrepresentsalarge-areaphotosensingarchitecturebyitself.Atraditionalphotosensingarchitectureisthephotodiodewithtransimpedanceamplifier.Itisnotanintegratingarchitecturebutitisincludedinthisworkforcompletenessandforcomparisonduetoitswideuse.Thebasicsingledetectorphotosensingarchitecturesforintegratingsampled-
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data photosensing are characterized by the type of photodetector and the type of

integrator. The basic photodetectors are the photodiode and the photogate. The

basic integrators are the passive and the active integrator [65] [66]. The passive

integrator is a simple capacitance that integrates the input current without any

feedback thus affecting the input voltage [67]. The active integrator is a feed¬

back circuit with a capacitance and an amplifier that integrates the input current

and keeps the input voltage at a defined value. The combination of the two ba¬

sic photodetectors and the two basic integrators yields four basic photosensing architectures.Theactiveintegratorisoftenreferredtoaschargeamplifier.Itcanbeoperatedintherechargemode,wherethephotocurrentisintegratedonthephotodetectorcapacitance.Attheendoftheintegrationtimethephotodetectorcapacitanceisrechargedandtherechargecurrentisinstantlyintegratedontheactiveintegratorthusyieldinganoutputvoltagecorrespondingtothephotogeneratedcharge[65].Thephotodiodearchitecturesarerealizedusingthep-diffusion/n-wellphoto-diodeincombinationwithp-substrate/n-wellphotodiode.Thephotocurrentistakenfromthecathode.Otherphotodiodetypescanbeusedaccordingly.How¬everforthep-diffusion/n-wellphotodiodethephotocurrenthastobetakenfromtheanodethushavingreversedirection,butthiscanberealizedanalogously.Thevoltageacrossthephotodiodeintheactualrealizationisonlyzeroforequalanodeandcathodevoltagesof0Vsincethep-substrate/n-welldiodewithper¬manentlygroundedanodeispartofthephotodiode.Theparametersoftherealizedarchitecturesaccordingtotheintegratingsampled-dataphotosensingmodelaregiveninAppendixG.5.1.1PhotodiodewithTransimpedanceAmplifier(PD+TIA)ThephotodiodewithtransimpedanceamplifierisshowninFig.5.1.Thepho¬tocurrentofthephotodiodeDiisconvertedintothecontinuous-timevoltageVobyresistorR-^.Thissignal-dependentvoltagehastobesampledandconvertedbyavoltageanalog-to-digitalconverterinordertogetthemeasurementsamples.Thisisanon-integratingsampled-dataphotosensingtechniquethatisbasedonacontinuous-timeconcept.Itisoftenemployedindiscretecomponentcircuitswitheithermoderateresistorvaluesrequiringhighphotocurrentsorwithveryhighresistorvaluesatverylowanalogbandwidthfornoisereduction[68].ThisarchitectureisnotsuitableforintegrationinCMOStechnologybecausetherearenostructuresavailablethatofferappropriateresistorswiththerequired
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R,

ZX^i

y

Fig. 5.1: Photodiode with transimpedance amplifier (PD+TIA).

very high values.

A related architecture that is realizable in CMOS technology uses a transistor in

resistor configuration, i.e. a transistor with shorted gate and drain [69]. For low

photocurrents the transistor operates in weak inversion and yields high resistor

values with a logarithmic relation between current and voltage. This architecture

is basically a continuous time circuit but differs from the standard configuration
in Fig. 5.1 due to the logarithmic resistor transfer characteristics

andbecausethevoltageacrossthediodeisnotkeptconstantbyafeedbackcircuit.Itisaverynon-lineararchitecturesusceptibletofabricationandparametervariationsandusuallydoesnotachievehighperformance.Andsinceagainitisnotanintegratingphotosensingarchitecture,itisnotanalyzedindetailinthiswork.5.1.2PhotodiodewithPassiveIntegrator(PD+PI)ThephotodiodewithpassiveintegratorisshowninFig.5.2.Itisbasicallyaphotodiodeoperatedinintegrationmodewithasourcefollower[67].Thepho¬todiodeD\togetherwiththecapacitanceC\arefirstchargedtotheresetvoltageVrbyclosingswitchSi.AftertheresetphasetheswitchSiisopenedandthephotocurrentandthephotodiodeleakagecurrentareintegratedontheintegrationcapacitanceconsistingofthephotodiodecapacitance,thecapacitanceC\andthegate-sourcecapacitanceofthetransistorT\thusyieldingavoltageramp.Thesourcefollowerstageconsistingoftransistor7\andcurrentsourceIrprovideshighimpedanceattheintegrationnodeandtransferstheintegrationvoltagetotheamplifiedvoltageVothusyieldingalowimpedancevoltageramp.



80 5. Basic Photosensing Architectures

Vu

s,
\

ZX^i

y

c,

y

X

T,

®IR

y

V,

o

/

Fig. 5.2: Photodiode with passive integrator (PD+PI).

This architecture is very simple, but it is not wide-spread and can be typically
found in particular circuits with variations of the source follower

[70][71].ThechiplayoutsofthecircuitrealizationsareshowninAppendixF.Thepa¬rametersfortherealizedarchitecturesaccordingtotheintegratingsampled-dataphotosensingmodelofChapter3arelistedinAppendixG.Tosimplifymattersthecircuitsarealloperatedatasupplyvoltageof5V.ThesizeoftransistorT\isW/L=1.6/im/1.2/im.Itissmalltoachievesmallarea,lowbiascur¬rentandlowparasiticcapacitance.However,itisnotdesignedwithminimumsizeofW/L=0.8/im/0.6/imtoreduceshortchanneleffectssuchaschannellengthmodulation.ThebiascurrentIrof1/iAyieldsagate-sourcevoltageofabout1.7Vandatransconductanceof18/iS.Thegate-sourcevoltagemodu¬lationatchangingsourcevoltagesduetothebodyeffectyieldsasmall-signalgainofabout0.82fromtheinputtotheoutputofthissourcefollower.TheusedrangeoftheamplifiedvoltageVofrom2.5Vto1.5Vwithanamountof1Vfortheamplifiedvoltagedropyieldsanintegrationvoltagerangingfromabout4.3Vto3.1Vwithanamountofabout1.2Vfortheintegrationvolt¬agedrop.TheresetvoltageVris5V.TheswitchSiisaCMOSswitchwithann-channeltransistorofW/L=0.8/im/0.6/imandap-channeltransistorofW/L=2.4/im/0.6/im.Theswitchissmalltoachievelowparasiticcapaci¬tanceandlowclockfeedthroughtothehighimpedanceintegrationnode.Thelargersizeofthep-channeltransistorisduetothelowerconductivityofthesedevicesandtoguaranteelowresistanceofabout4kOoftheclosedswitchoverthewholevoltagerange.Theintegrationcapacitanceofthisarchitectureisequaltothephotodetectorcapacitance.ThisisthecapacitanceoftheintegrationnodeandincludestheseparatephysicalcapacitanceC\of710fFandthephotodiode
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capacitance, which depends on the integration voltage. Linearizing this function

in the operating point yields a photodiode capacitance of about 5.9 pF and totals

the integration capacitance and the photodetector capacitance to about 6.6 pF.

D\ is a p-diffusion/n-well photodiode in combination with p-substrate/n-well

photodiode yielding a quantum efficiency of 70 % at a wavelength of 612 nm.

The 1/f noise voltage coefficient of transistor T\ is about 10~10 V2. Using the

voltage amplifier gain of about 0.82, this corresponds to a 1/f noise voltage co¬

efficient of about 0.69 • 10~10 V2
referredtotheamplifiedvoltageattheinputoftherampADC.TheanalogbandwidthofthisarchitectureisdeterminedbytheoutputconductanceofthesourcefollowergivenbythetransconductanceofthetransistorandbytheloadcapacitanceatthisnodethatisconnectedtotherampADC.Theloadcapacitanceofslightlyabove10pFintheactualmeasurementsetupyieldsananalogbandwidthofabout200kHz.Thesoftwaretool"PhotoList"describedinAppendixEprovidesnoiseandper¬formanceanalysisfortherealizedarchitectures.Fig.5.3showsthesignal-to-noiseratiocontributionsofthedifferentnoisesourcesoftherealizedphotodiodewithpassiveintegratorversusthephotocurrent.Thecurvesindicatethesignal-to-noiseratioifonlythespecifiedsinglenoisesourcewaspresent,whichisei¬thertheshotnoise,thepreamplifierthermalnoise,thevoltageamplifierthermalnoise,thetransconductorthermalnoise,theresistorthermalnoise,the1/fnoise,therampADCthermalnoise,orthequantizationnoiseresultingfromlimitedtimingresolution.Thecurvereferringtothetotalnoiseindicatestheresultingsignal-to-noiseratioforthevoltagerampADCwithvoltageamplifierifallnoisecontributionsaretakenintoaccountaccordingto(3.136).Thefigurealsoshowstheresultingsignal-to-noiseratioreferringtothetotalnoiseifaveragingisap¬pliedaccordingto(3.145).Thedominantnoisesourcesofthisrealizationareshotnoisewithacorrespond¬ingSNRof77dBandrampADCthermalnoisewithanSNRof77dB.ThetotalSNRresultsto74dB.Fig.5.4showsthemeasuredsignal-to-noiseratioofthephotodiodewithpas¬siveintegratorwithoutaveragingversustheintegrationtimeAt.ThetheoreticalcurvecorrespondstothetotalnoiseinFig.5.3.ThereductioninmeasuredSNRatshortintegrationtimesisduetolineinterferencesasinvestigatedinSection3.7.ThereducedmeasuredSNRatlongintegrationtimesresultsfromtemperaturedriftduetolongmeasurementtimesandfromtransientsduetoin¬sufficientsettlementpriortothenoisemeasurement.
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Fig. 5.3: Signal-to-noise ratio contributions of the different noise sources of the

photodiode with passive integrator (PD+PI).
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/

Fig. 5.5: Photodiode with active integrator (PD+AI).

5.1.3 Photodiode with Active Integrator (PD+AI)

The photodiode with active integrator is shown in Fig. 5.5. The photodiode
is basically operated at constant voltage and the photodiode current or the

recharge current in switched designs is integrated
thusmeasuringthetransferredcharge[65].TheoperationalamplifierA\permanentlyprovidesvirtualgroundatitsnegativeinputduetothefeedbackandthusyieldsconstantzerovoltageacrossthephotodiodeD\.TheswitchS\isfirstclosedtodéchargethecapaci¬tanceC\.AftertheresetphasetheswitchS\isopenedandthephotocurrentisintegratedontheintegrationcapacitanceC\thusyieldingtheintegrationvoltageVo,whichisequaltotheamplifiedvoltage.Thisarchitectureiswide-spreadandistypicallyusedinlinearphotosensorar¬rayswithlargepixels[8].Theactualrealizationusesastandardoperationalamplifierfromalibrarypro¬videdbythefoundry.Duetothelimitedinputvoltagerangethenon-invertinginputoftheoperationalamplifierA\isconnectedtoaconstantvoltageof1Vrepresentingsignalground.TheintegrationvoltageVoisequaltotheampli¬fiedvoltageandrangesfrom1.5Vto2.5Vwithanamplifiedvoltagedropof1V.TheswitchSiisthesameCMOSswitchwithann-channeltransistorofW/L=0.8/im/0.6/imandap-channeltransistorofW/L=2A/im/0.6/imasinthephotodiodewithpassiveintegrator.Theintegrationcapacitanceofthisar¬chitectureistheseparatephysicalcapacitanceC\of710fF.Thephotodetectorcapacitanceincludesthephotodiodecapacitanceofabout10.6pFandtheinputcapacitanceoftheoperationalamplifierof800fFandtotalstoabout11.4pF.Diisap-diffusion/n-wellphotodiodeincombinationwithp-substrate/n-well

pho-
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todiode yielding a quantum efficiency of 70 % at a wavelength of 612 nm. The

voltage across the p-diffusion/n-well photodiode is zero. The operational am¬

plifier generates both preamplifier thermal noise and voltage amplifier thermal

noise. Its input voltage noise of about 25 nV/VHz is equivalent to the thermal

noise oftwo transistors with a transconductance of 50 /iS at the input of a noise-

free operational amplifier. The 1/f noise voltage coefficient of the operational

amplifier is about 2.2 • 10~12 V2. Using the small-signal gain of about 17 of

the non-inverting amplifier represented
byoperationalamplifierAiandthepho-todetectorcapacitanceandtheintegrationcapacitance,thiscorrespondstoa1/fnoisevoltagecoefficientofabout6.4•10~10V2referredtotheamplifiedvolt¬ageattheinputoftherampADC.Theanalogbandwidthofthisarchitectureisdeterminedbythesmall-signalgainofthementionednon-invertingamplifier.Theoperationalamplifierhasaunitygainbandwidthofabout10MHzandthesmall-signalgainofabout17yieldsananalogbandwidthofabout600kHz.Fig.5.6showsthesignal-to-noiseratiocontributionsofthedifferentnoisesourcesoftherealizedphotodiodewithactiveintegratorversusthephotocurrentanalogoustoFig.5.3.ThedominantnoisesourcesofthisrealizationareshotnoisewithacorrespondingSNRof66dBandparticularlypreamplifierthermalnoisewithanSNRof65dB.ThetotalSNRresultsto62dB.Fig.5.7showsthemeasuredsignal-to-noiseratioofthephotodiodewithac¬tiveintegratorwithoutaveragingversustheintegrationtimeAtanalogoustoFig.5.4.ThereductioninmeasuredSNRatshortintegrationtimesisduetolineinterferencesasinvestigatedinSection3.7.EffectofPhotodetectorCapacitanceTheeffectofphotodetectorcapacitanceonpreamplifierthermalnoiseaccordingto(3.99)isillustratedinFig.5.8.Itshowsthemeasuredsignal-to-noiseratiooftherealizedphotodiodewithactiveintegratorfordifferentphotodetectorca¬pacitances.TheshotnoiseisconstantwithacorrespondingSNRof66dB.Thephotodetectorcapacitanceof11.4pFcausespreamplifierthermalnoisewithacorrespondingSNRof65dBandyieldsatotalSNRof62dBaccordingtoFig.5.6.Anincreasedphotodetectorcapacitanceof100pFcausesincreasedpreamplifierthermalnoisewithacorrespondingSNRequaltothetotalSNRoftheoretically55dB.Averyhighphotodetectorcapacitanceof1nFcausesveryhighpreamplifierthermalnoisewithacorrespondingSNRequaltothetotalSNRoftheoreticallyonly45dB.TheexperimentalresultsinFig.5.8confirmthedifferentphotodetectorcapacitancedependentSNR

levels.
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Fig. 5.6: Signal-to-noise ratio contributions of the different noise sources of the

photodiode with active integrator (PD+AI).
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Fig. 5.8: Measured signal-to-noise ratio ofthe photodiode with active integrator

(PD+AI) for different photodetector capacitances.

Effect of Timing Resolution

The effect of timing resolution on signal-to-noise ratio according to
(3.134)with(3.23),(3.2)and(3.20)isillustratedinFig.5.9.Itshowsthemeasuredsignal-to-noiseratiooftherealizedphotodiodewithactiveintegratorforare¬ducedtimingresolutionof1/is.Thequantizationnoiseincreaseswithincreas¬ingphotocurrentordecreasingintegrationtime.HencethetotalSNRof62dBaccordingtoFig.5.6decreasesforshortintegrationtimestotheSNRcorre¬spondingtothequantizationnoise,whichdecreasesby20dBperdecadewithdecreasingintegrationtime.5.1.4PhotogatewithPassiveIntegrator(PG+PI)ThephotogatewithpassiveintegratorisshowninFig.5.10.Itisbasicallythesamearchitecturewithalmostexactlythesameoperatingprincipleasthephoto-diodewithpassiveintegratoraccordingtoFig.5.2exceptthatthesensingdiodeD\hasamuchlowercapacitancevalue.Incontrasttothephotodiodewithpassiveintegrator,theintegrationcapacitanceIuu9080706050403020100gyilL!<p:<p_:<Itf1'<îî*'<llIfIf"itiiiTtir«I1r«
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Fig. 5.9: Signal-to-noise ratio of the photodiode with active integrator (PD+AI)
for a reduced timing resolution of 1 /is.
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Fig. 5.11: Signal-to-noise ratio contributions ofthe different noise sources ofthe

photogate with passive integrator (PG+PI).

and the photodetector capacitance of this realization are equal to the separate

physical capacitance C\ of 710 fF, sincethecapacitanceoftheverysmallsens¬ingdiodeDiisonlyabout4fF.Thephotogateyieldsaquantumefficiencyof30%atawavelengthof612nm.Fig.5.11showsthesignal-to-noiseratiocontributionsofthedifferentnoisesourcesoftherealizedphotogatewithpassiveintegratorversusthephotocur-rentanalogoustoFig.5.3.ThedominantnoisesourceofthisrealizationisshotnoisewithacorrespondingSNRequaltothetotalSNRof67dB.Comparedtothephotodiodewithpassiveintegratorthelowercapacitanceofthesensingdioderesultsinalowerintegrationcapacitanceandthereforeinlowerphotogeneratedandcollectedcharge.ThisyieldshighershotnoisewithalowercorrespondingSNRsothattherampADCthermalnoiseisnotlimitinghere.Fig.5.12showsthemeasuredsignal-to-noiseratioofthephotogatewithpas¬siveintegratorwithoutaveragingversustheintegrationtimeAtanalogoustoFig.5.4.ThereductioninmeasuredSNRatshortintegrationtimesisduetolineinterferencesasinvestigatedinSection3.7.SNR[dB]1E-151E-121E-091E-06
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Fig. 5.12: Signal-to-noise ratio ofthe photogate with passive integrator (PG+PI).

5.1.5 Photogate with Active Integrator (PG+AI)

The photogate with active integrator is shown in Fig. 5.13. It is basically the

same architecture with almost exactly the same operating principle as the pho¬
todiode

withactiveintegratoraccordingtoFig.5.5exceptthatthesensingdiodeD\hasamuchlowercapacitancevalue.Incontrasttothephotodiodewithactiveintegrator,thephotodetectorcapaci¬tanceofthisrealizationisequaltotheinputcapacitanceoftheoperationalam¬plifierofabout800fF,sincethecapacitanceoftheverysmallsensingdiodeDiisonlyabout4fF.Thephotogateyieldsaquantumefficiencyof30%atawavelengthof612nm.Thesmall-signalgainofthenon-invertingamplifierrepresentedbyoperationalamplifierA\andthephotodetectorcapacitanceandtheintegrationcapacitanceisabout2.1.Thisyieldsa1/fnoisevoltagecoeffi¬cientofabout0.12•10~10V2referredtotheamplifiedvoltageattheinputoftherampADC.Theunitygainbandwidthoftheoperationalamplifierofabout10MHzandthesmall-signalgainofabout2.1yieldananalogbandwidthofabout5MHz.Fig.5.14showsthesignal-to-noiseratiocontributionsofthedifferentnoisesourcesoftherealizedphotogatewithactiveintegratorversusthephotocurrentanalogoustoFig.5.3.Thedominantnoisesourceofthisrealizationisshot908070605040302010Iill11II11''!X<<<x
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Fig. 5.13: Photogate with active integrator (PG+AI).

noise with a corresponding SNR equal to the total SNR of 66 dB. At high pho-
tocurrents quantization noise resulting from limited timing resolution becomes

dominant and the total SNR begins to decrease by 20 dB per decade with in¬

creasing photocurrent. Compared to the photodiode with active integrator the

lower capacitance of the sensing diode results in a lower photodetector capaci¬
tance. This yields lower preamplifier thermal noise and results in shot noise to

be solely limiting.

Fig. 5.15 shows the measured signal-to-noise ratio of the photogate with ac¬

tive integrator without averaging versus the integration time At analogous to

Fig. 5.4. The reduction in measured SNR at medium integration times is due to

line interferences as investigated in Section 3.7.

5.2 Array Architectures

Array architectures in large-area photosensing have an array of detectors or pix¬
elsperphotosensingareainsteadofonlyonesingledetector.Thepixelsofsuchanarrayarchitecturemayhaveanyarea,buttheyhaveallthesamehomogeneousilluminationandalltogethertheyrepresentalarge-areaphotosensingarchitec¬turewithonephotosensingareathatcanbepartofalargerarrayofphotosensingareaswithspatialresolution.Thebasicarrayphotosensingarchitecturesforintegratingsampled-datapho¬tosensingarecharacterizedbythetypeofphotodetectorandthetypeofpixeldeterminedbytheamplifierarrangement.Thebasicphotodetectorsarethepho¬todiodeandthephotogate.Thebasicpixeltypesaretheactiveandthepassive
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pixel [72] [14]. The active pixel contains an active amplifier in each pixel [12].
The passive pixel just consists of passive components and switches, and ampli¬
fiers are located elsewhere and shared among several or all of the pixels. The

combination ofthe two basic photodetectors and the two basic pixel types yields
in principle four basic photosensing architectures, but the photogate in a pas¬

sive pixel does not make sense and is not found in realizations and therefore not

considered here. The photodiode in an active pixel is the standard active pixel
sensor. The

photodiodeinapassivepixelisfoundinthephotodiodearraywithactiveintegrator.Thephotogateinanactivepixelisreferredtoasphotogateactivepixelsensor.Apartfromtheaboveclassificationtherearebasicarrayphotosensingarchitec¬turesthatdifferinthechargetransportmechanism,knownascharge-coupleddevices[10].TheirphotodetectorsarealwaysMOSstructuresbuildingsomekindofphotogates,buttheyarecharacterizedbyusingeitherthepassiveortheactiveintegrator.Inthisworkarrayarchitecturesarerealizedin1x16arrays.Thephotodetectorareaofthesinglepixelsofthisarrayisequaltothephotodetectorareaofthesingledetectorarchitecturesdividedby16.5.2.1StandardActivePixelSensor(SAPS)ThestandardactivepixelsensorisshowninFig.5.16.ItisbasicallythesamearchitecturewithalmostexactlythesameoperatingprincipleasthephotodiodewithpassiveintegratoraccordingtoFig.5.2exceptthatthephotodiodeDiismuchsmallerandthatthereareselectswitchesandasecondsourcefollowerstage[14].ThefirstsourcefollowerstageconsistingoftransistorT\andcur¬rentsourceIr\provideshighimpedanceattheintegrationnodeinthepixelandtransferstheintegrationvoltagetothebus.Readoutofthepixelsiscontrolledbytheselectswitches.TheswitchSaiselectsthedrawnpixeltodrivethebus.ThesecondsourcefollowerstageconsistingoftransistorT2andcurrentsourceIr2transfersthebusvoltagetotheamplifiedvoltageVothusyieldingalowimpedancevoltageramp.Thisarchitectureiswide-spreadinimagesensorswithtypicallytwo-dimensionalarraysofhighnumbersofsmallpixels[73][74].TherearecircuitsthatprovideabiascurrentinthepixelsasdiscussedinSection3.3[75].Andthesourcefollowersectionmayslightlyvaryandconsistofmorethantwostagesoronlyasinglestage[76].Transistor7\,biascurrentIriandswitchS\ofthisrealizationmatchthe

photo-
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Fig. 5.16: Standard active pixel sensor (SAPS).

diode with passive integrator. The size of transistor T2 is W/L = 16/im/1.2/im.
It is larger than transistor T\ since it is a p-channel device

withlowerconductiv¬ityandsinceparasiticcapacitanceisnotcriticalforthisstage.ThebiascurrentIr2of10/iAyieldsagate-sourcevoltageofabout—1.1Vandatranscon¬ductanceof100/iS.Thegate-sourcevoltagemodulationatchangingsourcevoltagesduetothebodyeffectisnegligibleforthissecondsourcefollower.Thisyieldsasmall-signalgainofabout0.82fromtheinputtotheoutputofthecompletetwo-stagesourcefollower.Theusedrangeoftheamplifiedvolt¬ageVofrom3.6Vto2.6Vwithanamountof1Vfortheamplifiedvoltagedropyieldsthesameintegrationvoltagesasforthephotodiodewithpassivein¬tegrator.TheswitchesSazareCMOSswitcheswithann-channeltransistorofW/L=8/im/0.6/imandap-channeltransistorofW/L=24/im/0.6/imwithaverylowresistanceofabout400Ooftheclosedswitchoverthewholevoltagerange.Theintegrationcapacitanceandthephotodetectorcapacitanceareequaltothecapacitanceoftheintegrationnode,whichincludestheseparatephysicalcapacitanceC\ofabout46fFandthephotodiodecapacitance,whichdependsontheintegrationvoltage.Linearizingthisfunctionintheoperatingpointyieldsaphotodiodecapacitanceofabout390fFandtotalstheintegrationcapacitanceandthephotodetectorcapacitancetoabout440fF.ThephotodiodeD\is16timessmallerthantheoneofthephotodiodewithpassiveintegrator.Thether¬malnoiseoftransistorT\withatransconductanceof18/iSinsequencewithtransistorT2withatransconductanceof100/iScanbemodeledbythether¬malnoiseofasingletransistorwithatransconductanceof14/iS.Themeasuredanalogbandwidthofthisarchitectureintheactualmeasurementsetupisabout550kHz.
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iph[A]1E-03Fig.5.17:Signal-to-noiseratiocontributionsofthedifferentnoisesourcesofasinglepixelofthestandardactivepixelsensor(SAPS).Fig.5.17showsthesignal-to-noiseratiocontributionsofthedifferentnoisesourcesofasinglepixeloftherealizedstandardactivepixelsensorversusthephotocurrentanalogoustoFig.5.3.Thedominantnoisesourceofthisreal¬izationisshotnoisewithacorrespondingSNRof65dBforasinglepixel.Comparedtothephotodiodewithpassiveintegratorthelowercapacitanceofthesmallerphotodioderesultsinalowerintegrationcapacitanceandthereforeinlowerphotogeneratedandcollectedcharge.ThisyieldshighershotnoisewithalowercorrespondingSNRsothattherampADCthermalnoiseisnotlimitinghere.Therealizedstandardactivepixelsensorhas16pixelsperphotosensingarea.Themeasurementsamplesofthesepixelsareaveragedtogetthefinalsig¬nalmeasurement,whichisequivalenttoaveraging16integrationsamplespersignalmeasurementasin(3.57).Accordingto(3.145)thisincreasestheSNRbyafactorof4orby12dBandthetotalSNRresultsto77dB.Fig.5.18showsthemeasuredtotalsignal-to-noiseratioofthestandardactivepixelsensorwithouttemporalaveragingversustheintegrationtimeAtanalo¬goustoFig.5.4.ThereductioninmeasuredSNRatshortintegrationtimesisduetolineinterferencesasinvestigatedinSection3.7.SNR[dB]1601501401301201101009080706050403020100IfflM1itit1itititit':=ê{itit^stftitifr<da—at*ï—A-pititu-iBJfcÏS'-A-ffl-Érfflk—ï~ir4\Hnn•it•itiititiitittititiititiititiii1E-151E-121E-091E-06
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Fig. 5.18: Signal-to-noise ratio of the standard active pixel sensor (SAPS).

5.2.2 Photodiode Array with Active Integrator
(PDA+AI)

The photodiodearraywithactiveintegratorisshowninFig.5.19.ItisbasicallythesamearchitecturewithalmostexactlythesameoperatingprincipleasthephotodiodewithactiveintegratoraccordingtoFig.5.5exceptthatthephotodi¬odeDiismuchsmallerandthatthereareselectswitches[66].Thepixelconsistsonlyofthephotodiode,whichcanbedirectlyconnectedtothebus.Readoutofthepixelsiscontrolledbytheselectswitches.TheswitchSaiselectsthedrawnpixelandconnectsittothebusandthereforetotheactiveintegrator.Thisarchitectureiswide-spreadandisoftenusedintwo-dimensionalphotosen¬sorarrays[77].OperationalamplifierA\,capacitanceC\andswitchS\ofthisrealizationmatchthephotodiodewithactiveintegrator.TheswitchesSa%areCMOSswitcheswithann-channeltransistorofW/L=8/im/0.6/imandap-channeltransis¬torofW/L=24/im/0.6/imwithaverylowresistanceofabout400Ooftheclosedswitchoverthewholevoltagerange.Thephotodetectorcapacitancein¬cludesthephotodiodecapacitanceofabout690fF,theinputcapacitanceoftheoperationalamplifierof800fFandthecapacitanceoftheinterconnectwiresofabout110fF.Thistotalstoabout1.6pF.ThephotodiodeDiis16timessmaller
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/

Fig. 5.19: Photodiode array with active integrator (PDA+AI).

than the one of the photodiode with active integrator. The small-signal gain of

the non-inverting amplifier represented by operational amplifier A i and the pho-
todetector capacitance and the integration capacitance is about 3.3. This yields
a 1/f noise voltage coefficient of about 0.25 • 10~10 V2 referred to the amplified

voltage at the input of the ramp ADC. The unity gain bandwidth of the opera¬

tional amplifier of about 10 MHz and the small-signal gain of about 3.3 yield an

analog bandwidth of about 3 MHz.

Fig. 5.20 shows the signal-to-noise ratio contributions of the different noise

sources of a single pixel of the realized photodiode array with active integra¬
tor versus

thephotocurrentanalogoustoFig.5.3.ThedominantnoisesourceofthisrealizationisshotnoisewithacorrespondingSNRof66dBforasinglepixel.ThisyieldsatotalSNRof65dBforasinglepixel.AthighphotocurrentsquantizationnoiseresultingfromlimitedtimingresolutionbecomesdominantandtheSNRforasinglepixelbeginstodecreaseby20dBperdecadewithincreasingphotocurrent.Comparedtothephotodiodewithactiveintegratorthelowercapacitanceofthesmallerphotodioderesultsinalowerphotodetectorca¬pacitance.Thisyieldslowerpreamplifierthermalnoiseandresultsinshotnoisetobesolelylimiting.Therealizedphotodiodearraywithactiveintegratorhas16pixelsperphotosensingarea.Themeasurementsamplesofthesepixelsareav¬eragedtogetthefinalsignalmeasurement,whichisequivalenttoaveraging16integrationsamplespersignalmeasurementasin(3.57).Accordingto(3.145)thisincreasestheSNRbyafactorof4orby12dBandthetotalSNRresultsto77dB.Fig.5.21showsthemeasuredtotalsignal-to-noiseratioofthephotodiodearraywithactiveintegratorwithouttemporalaveragingversustheintegrationtimeAt
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Fig. 5.20: Signal-to-noise ratio contributions of the different noise sources of a

single pixel of the photodiode array with active integrator (PDA+AI).

analogous to Fig. 5.4. The reduction in measured SNR at medium integration
times is due to line interferences as investigated in Section 3.7.

5.2.3 Photogate Active Pixel Sensor (PAPS)

The photogate active pixel sensor is shown in Fig. 5.22. It is basically the same

architecture with almost exactly the same operating principle as the photogate
with passive integrator according to Fig. 5.10 except that the sensing diode D\

is much smaller and that there are select switches and a second source follower

stage [14]. The first source follower stage consisting of transistor T\ and cur¬

rent source Im provides high impedance at the integration node in the pixel and

transfers the integration voltage to the bus. Readout of the pixels is controlled

by the select switches. The switch Sai selects the drawn pixel to drive the bus.

The second source follower stage consisting of transistor T2 and current source

Ir2 transfers the bus voltage to the amplified voltage Vo thus yielding a low

impedance voltage ramp. The photogate active pixel sensor is almost the same

architecture as the standard active pixel sensor according to Fig. 5.16 except that
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Fig. 5.21: Signal-to-noise ratio of the photodiode array with active integrator

(PDA+AI).

the sensing diode D\ has a much lower capacitance value.

This architecture like the standard active pixel sensor is wide-spread in image
sensors with typically two-dimensional arrays of high numbers of small pix¬
els [78][79].
In contrast to the standard active pixel

sensor,theintegrationcapacitanceandthephotodetectorcapacitanceofthisrealizationaremuchsmaller.Withthesep¬aratephysicalcapacitanceC\ofabout46fFandthecapacitanceoftheverysmallsensingdiodeD\ofabout4fF,themeasuredintegrationcapacitanceandphotodetectorcapacitanceareabout75fF.Thephotogateyieldsaquantumeffi¬ciencyof30%atawavelengthof612nm.Fig.5.23showsthesignal-to-noiseratiocontributionsofthedifferentnoisesourcesofasinglepixeloftherealizedphotogateactivepixelsensorversusthephotocurrentanalogoustoFig.5.3.ThedominantnoisesourceofthisrealizationisshotnoisewithacorrespondingSNRof58dBforasinglepixel.ComparedtothephotogatewithpassiveintegratorandthestandardactivepixelsensorthelowercapacitanceC\andthelowercapacitanceofthesmallsensingdiodere¬sultinalowerintegrationcapacitanceandthereforeinlowerphotogeneratedandcollectedcharge.ThisyieldshighershotnoisewithalowercorrespondingSNRsothatthemargintotherampADCthermalnoiseishigherhere.The

realized
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Fig. 5.22: Photogate active pixel sensor (PAPS).

photogate active pixel sensor has 16 pixels per photosensing area. The measure¬

ment samples of these pixels are averaged to get the final signal measurement,

which is equivalent to averaging 16 integration samples per signal measurement

as in (3.57). According to (3.145) this increases the SNR by a factor of 4 or by
12 dB and the total SNR results to 70 dB.

Fig. 5.24 shows the measured total signal-to-noise ratio of the photogate active

pixel sensor
withouttemporalaveragingversustheintegrationtimeAtanalo¬goustoFig.5.4.5.2.4Charge-CoupledDevicewithPassiveIntegrator(CCD+PI)Thecharge-coupleddevicewithpassiveintegratorisshowninFig.5.25.ItisbasicallythesamearchitecturewithalmostexactlythesameoperatingprincipleasthephotogatewithpassiveintegratoraccordingtoFig.5.10exceptthatthechargetransporttothesensingdiodeDiisdifferent.Acharge-coupleddevice(CCD)isalineararrayofcloselyspacedmetal-oxide-semiconductor(MOS)structuresoperatedininversion[10][80].TheMOSstructuresasanalyzedinSectionB.9formpotentialwellsatthesurfaceofthesemiconductoraccordingtothevoltagesappliedtotheelectrodes.Thepoten¬tialwellsundertheelectrodesarelocalminimaofchargecarrierenergy.ThereareprincipallytwotypesofCCDs,namelythesurface-channelCCDwheretheenergyminimaarelocatedatthesurfaceofthesemiconductor,andtheburied-channelCCDwheretheenergyminimaarelocatedbelowthesurfacedueto

an
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Fig. 5.25: Charge-coupled device with passive integrator (CCD+PI).

additional thin layer of opposite doping at the surface. Because the surface of

the semiconductor is close to the electrode, the surface potential under a given
electrode in the surface-channel CCD is determined almost totally by the volt¬

age ofthat electrode as described by (B.71). The potential wells formed
bythesurfacepotentialcanbeusedtocollectandstorephotogeneratedcharge.Thechargecanbetransferredoverthesurfaceofthesemiconductorbymovingthesurfacepotentialextremaandthereforetheenergyminimabyapplyingappro¬priatevoltagepatternstotheelectrodes.Thechargealwaysflowstowardsthelocalenergyminimumandcanbeeasilytransferredfromoneelectrodetothenextelectrode.Chargetransferisachievedbydiffusion,self-induceddriftandexternallyinduceddriftduetofringingfields.Thechargetransferefficiencyisthefractionofchargetransferredfromoneelectrodetothenext.Chargetransferefficiencyislimitedbyincompletechargetransferduetolimitedtransfertimeandbychargetrappingduetointerfacestatesatthesemiconductor-oxidein¬terface.Chargetransferefficienciestypicallyachievevalueslargerthan0.999.ThereforethechargecanbetransferredtothesensingdiodeattheoutputoftheCCDwithalmostnolossandalmostfreeofnoise.InFig.5.25photogeneratedchargeiscollectedinthe16MOSstructuresform¬ingtheCCD.ThechargeistransferredtothesensingdiodeDibyapplyingappropriatevoltagepatternsV\toV\qtothe16electrodes.AnadditionalMOSstructurebuildsatransfergatethatprovidesisolationofthephotosensitiveCCDelementsfromthesensingdiodeandreducesclockfeedthroughfromtheclockedelectrodevoltageV\qtothesensingdiode.ThetransfergateiscontrolledbythevoltageVt.Thecharge-coupleddevicewithpassiveintegratoristhestandardarchitecture
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for CCDs and is largely used in image sensing systems [40][81].
CCDs are fabricated in dedicated technologies with specific geometries and lev¬

els of doping concentrations. The MOS structure of a surface-channel CCD

used to collect and store photogenerated charge can be implemented in standard

CMOS technology, but charge transfer from one electrode to the next electrode

is typically not achievable with modern CMOS technology due to high doping
concentrations and referred to that high interelectrode spacings or gaps between

the electrodes [82] [83]. The AMS 0.6
/imCMOSprocessCUXhasadopingconcentrationofabout6•1016cm-3inthesemiconductorwhichisformedbyeitherp-wellorn-well.Theminimuminterelectrodespacingaccordingtothedesignrulesis0.8/im,butadrawninterelectrodespacingdownto0.6/imcanbefabricatedstillprovidingelectrodeisolation.Fig.5.26showsthesimulatedsur¬facepotentialoftwoelectrodesofacharge-coupleddeviceintheAMS0.6/imCMOSprocessCUXwithadrawninterelectrodespacingof0.6/imandwithtwofloatingdiffusionsonbothsides.Thestructurewithap-typesemiconductorisdesignedforelectroncollectionandtransport.Thereforethepotentialwellscorrespondtothesurfacepotentialmaximasincetheyaretheminimaofchargecarrierenergy.Thefloatingdiffusionsareexternallybiasedat5Vandrepre¬sentverydeeppotentialwells.Thesolidcurverefersto5Vonbothelectrodesandshowsaveryhighpotentialbarrierbetweenthepotentialwellsundertheelectrodesthusnotallowinganychargetransfer.Thedashedcurvereferstothemaximumavailablepotentialdifferenceforchargetransportwith0Vontheleftelectrodeand5Vontherightelectrode.Thereisstillahighpotentialbarrierbetweentheelectrodesthusprohibitingchargetransferfromoneelectrodetothenextwithreasonablechargetransferefficiency.ThereforeCCDsaregenerallynotrealizableinmodernstandardCMOStechnologysuchastheAMS0.6/imCMOSprocessCUX.Providedthecharge-coupleddevicewithpassiveintegratorisrealizableinaspecificCMOStechnology,ithasaboutthesamenoiseperformanceasthepho-togatewithpassiveintegratorduetoitsequivalentarchitecture.5.2.5Charge-CoupledDevicewithActiveIntegrator(CCD+AI)Thecharge-coupleddevicewithactiveintegratorisshowninFig.5.27.Itisbasicallythesamearchitecturewithalmostexactlythesameoperatingprinci¬pleasthephotogatewithactiveintegratoraccordingtoFig.5.13exceptthatthechargetransporttothesensingdiodeDiisdifferentandworkslikeinthe
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Fig. 5.26: Simulated surface potential of two electrodes of a charge-coupled
device in CMOS with two floating diffusions on both sides. The solid curve

refers to 5 V on both electrodes and the dashed curve refers to 0 V on the left

electrode and 5 V on the right electrode.



104 5. Basic Photosensing Architectures

wwwnn

Vj v2 v3 ^15 Vl6 ^T

_L_L_L

Fig. 5.27: Charge-coupled device with active integrator (CCD+AI).

charge-coupled device with passive integrator according to Fig. 5.25.

The charge-coupled device with active integrator is a not wide-spread alternative

to the standard architecture with passive integrator [84].

According to the previous investigation of the charge-coupled device with pas¬

sive integrator CCDs are generally not realizable in modern standard CMOS

technology such as the AMS 0.6 /im CMOS process CUX.

Provided the charge-coupled device with active integrator is realizable in a spe¬

cific CMOS technology, it has about the same noise performance as the photo-

gate with active
integratorduetoitsequivalentarchitecture.5.3SynopsisFig.5.28showsthedynamicrangeofthedifferentrealizedbasicphotosensingarchitectureswithoutbiascurrentandwithoutaveragingversusthemeasure¬menttimeormaximumintegrationtimeAt.Thedynamicrangeisgivenbytherelationofthemaximumintegrationtimetotheminimumintegrationtimeaccordingto(3.148),(3.36)and(3.37).Thedynamicrangeforacertainmea¬surementtimedependsontheanalogbandwidthwhichdeterminestheminimumintegrationtime.Thedynamicrangewithoutmeasurementtimelimitdependsontheanalogbandwidthaswell,butalsoonthevirtualintegrationcapacitanceandtheminimumphotocurrentordarkcurrentwhichdeterminethemaximumintegrationtime.Thedynamicrangeofpassiveintegratorarchitecturesisbasicallylimitedbythetransconductanceofthesourcefollowertransistorstageandthe

correspond-
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Fig. 5.28: Synopsis of the dynamic range of the realized basic photosensing
architectures.

ing load capacitance, as this determines the analog bandwidth. Dynamic
rangeimprovementrequireseitherlowerloadcapacitancesuchasincompletelyinte¬gratedcircuitsorlargerormulti-stagesourcefollowertransistorstages.Thedynamicrangeofactiveintegratorarchitecturesisbasicallylimitedbythebandwidthoftheoperationalamplifierincombinationwiththerespectivesmall-signalgainoftheintegrator.Thissmall-signalgaindependsontherelationofthephotodetectorcapacitancetotheintegrationcapacitanceandhighdynamicrangeisachievedbylowphotodetectorcapacitance.Foracertainmeasurementtimethephotogatewithactiveintegratorachievesthehighestdynamicrangeduetothehighanalogbandwidthresultingfromthelowphotodetectorcapacitance.Thephotodiodewithactiveintegratorhaslowerdy¬namicrangeduetothehighphotodetectorcapacitance,butitcanbeincreasedbydividingthephotodetector,whichyieldsthephotodiodearraywithactivein¬tegrator.Thephotodiodearraywithactiveintegratorhasthelowestmaximumintegrationtimeduetohighleakagecurrentsintheswitches.Thestandardactivepixelsen¬sorachievesthehighestmaximumintegrationtimeduetothelowdarkcurrentofthesmallphotodiodesincombinationwithmediumvirtualintegrationcapac¬itance.ThehighestdynamicrangewithoutmeasurementtimelimitisachievedbythephotogatewithactiveintegratorduetothehighanalogbandwidthandmediumDR[dB]1601401201008060402001.E-09/'A'HI.'Ay-<<'ls'jtf4*u£'''TH1.E-061.E-031.E+00
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Fig. 5.29: Synopsis ofthe signal-to-noise ratio ofthe realized basic photosensing
architectures.

maximum integration time. The photogate active pixel sensor yields the low¬

est dynamic range due to the low virtual integration capacitance in combination

with medium analog bandwidth.

Fig. 5.29 shows the resolution or signal-to-noise ratio of the different realized

basic photosensing architectures without averaging versus the integration time

At. Tab. 5.1 indicates the dominant noisesourcesandshowsthattheresolutionofallrealizedbasicphotosensingarchitecturesisbasicallylimitedbyshotnoise,althoughforthephotodiodewithactiveintegratorpreamplifierthermalnoiseisslightlymoredominant.Theresolutionlimitedbyshotnoisedependsonthevir¬tualintegrationcapacitanceandisindependentoftheintegrationtimeaccordingto(3.92)with(3.20),buttheresolutionmaydecreaseatlowintegrationtimesduetoquantizationnoiseintroducedbythelimitedtimingresolutionaccord¬ingto(3.134)with(3.23)and(3.2).Averagingwouldincreasetheresolutionwithincreasingmeasurementtimeby10dBperdecadeformeasurementtimeslongerthantheminimumintegrationtimeaccordingto(3.145)with(3.57)andwouldyieldapproximatelythesameresolutionatthesameintegrationtimeforallarchitecturesindependentoftheirvirtualintegrationcapacitance.Mostofthesingledetectorarchitectureshaveavirtualintegrationcapacitanceofaround800fFwhichyieldsaresolutionofaround65dB.Onlythephotodi¬odewithpassiveintegratorhasavirtualintegrationcapacitanceof8000fFandyieldsa10dBhigherresolutionofapproximately75dB.
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Shot Noise Preamplifier 1/f Noise Ramp ADC Timing

PD+PI •

PD+AI (•) •

PG+PI

PG+AI (•)

SAPS

PDA+AI (•)

PAPS

Tab. 5.1: Dominant noise sources of the realized basic photosensing architec¬

tures.

The array architectures provide spatial averaging and an improvement in resolu¬

tion of a single array element by the square root ofthe number of array elements,
which yields approximately 12 dB for the realized arrays with 16 elements. Thus

the standard active pixel sensor and the photodiode array with active integrator
with a virtual integration capacitance of around 800 fF yield a resolution be¬

tween 75 dB and 80 dB. The photogate active pixel sensor with a virtual integra¬
tion capacitance of around 80 fF yields a 10 dB lower resolution between 65 dB

and 70 dB.

The photodiode array with active integrator achieves the highest resolution be¬

cause it has the highest sum of virtual integration capacitances considering spa¬tialaveraging.Thephotodiodewithactiveintegratoryieldsthelowestresolutionduetothelowestvirtualintegrationcapacitanceandtheinfluenceofthepream¬plifierthermalnoise.Fig.5.30showsthesensitivityornoise-equivalentopticalpowerdensityofthedifferentrealizedbasicphotosensingarchitectureswithoutbiascurrentandwith¬outaveragingversustheintegrationtimeAt.Thesensitivityisexpressedbythenoise-equivalentopticalpowerdensitywhichistheopticalpowerdensitydi¬videdbytheresolutionaccordingto(3.150).Highsensitivitymeanslownoise-equivalentopticalpowerdensity.Thenoise-equivalentopticalpowerdensityincreaseswithincreasingsquarerootofthevirtualintegrationcapacitanceanddecreaseswithincreasingresponsivityandintegrationtimeaslongasshotnoiseisdominantaccordingto(3.91)and(3.1)with(3.23)and(3.2).Photodiodearchitecturesyieldahighersensitivitythanphotogatesapproxi-
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Fig.5.30:Synopsisofthenoise-equivalentopticalpowerdensityoftherealizedbasicphotosensingarchitectures.(A=612

nm.)
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mately by a factor of 2.3 due to the higher responsivity provided they have the

same virtual integration capacitance. This is qualitatively demonstrated by the

photodiode and photogate with active integrator.
Decreased virtual integration capacitances by a factor of 10 improve the sen¬

sitivity approximately by a factor
of3.2providedtheresponsivityremainsun¬changed.Thisiswelldemonstratedbythephotodiodewithactiveandpassiveintegrator.Singledetectorarchitecturesyieldahighersensitivitythanarrayarchitecturesapproximatelybyafactorof4duetothelowersquarerootofthesumofvir¬tualintegrationcapacitancesprovidedtheyhavethesameresponsivityandthesamevirtualintegrationcapacitanceperintegratorandarrayelement.Thisisqualitativelydemonstratedbythephotodiodeandphotodiodearraywithactiveintegrator.Overallvariationsinsensitivityofthebasicphotosensingarchitecturesarelessthanafactorof4astheaboveeffectsdiminishoneanother.Thephotodiodewithpassiveintegratoryieldsthelowestsensitivityduetothehighvirtualintegrationcapacitance.Thephotodiodewithactiveintegratorachievesthehighestsensitivityduetothehighresponsivityincombinationwithmediumvirtualintegrationcapacitance.Tab.5.2showsthegeneralperformanceoftherealizedbasicphotosensingar¬chitectures.ItliststheintegrationtimeAtatanopticalpowerdensityofP'opto=0.1W/m2,thedynamicrangewithoutmeasurementlimit,thesignal-to-noiseratioattheopticalpowerdensityofP'Jpt0=0.1W/m2,andthesignal-to-noiseratiowithaveragingatthesameopticalpowerdensityforameasurementtimeofAta=10s.Itshowsfurtherthenoise-equivalentopticalpowerdensityP'JptneqatanintegrationtimeofAt0=1ms,thechipareaAch%vandthecon¬sumedstaticpowerPdd-Tab.5.3showstheperformanceoftherealizedbasicphotosensingarchitec¬turesinatypicalapplicationwithanopticalpowerdensityrangingfromP'ôptbi=0.1mW/m2toP'ôptbmax=0.1W/m2andwithameasurementtimeofAtmax=1msatatimingresolutionoftres=100ns.TheshortmeasurementtimerequiresabiascurrentIbasindicatedinTab.5.3.Theindicatedmini¬mumintegrationtimeAtmvnresultsfromthemaximumopticalpowerdensityincombinationwiththebiascurrent.Tab.5.3showsthedynamicrange,thesignal-to-noiseratiowithaveragingattheminimumandatthemaximumopti¬calpowerdensity,andthenoise-equivalentopticalpowerdensityP"ptbneqattheminimumopticalpowerdensityinthistypicalapplicationwiththebias

current.
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^--"

optO

[ms]

DR

[dB]

SNR

®PÖpW

[dB]

SNRavg

®P£t0,AtA

[dB]

P"
optneq

@At0

[/iW/m2]

-t*-chtp

[mm2]

Pdd

[mW]

PD+PI 15.3 108 74 102 310 0.029 0.005

PD+AI 1.35 117 62 101 1000.0572PG+PI3.85108671011700.0240.005PG+AI3.16136661011600.0522SAPS16.3123771052300.1430.13PDA+AI21.6112771042900.1132PAPS6.49103701012200.1380.13Tab.5.2:Generalperformanceoftherealizedbasicphotosensingarchitectures.(IB=0,P'o'pt0=0.1W/m2,A=612nm,At0=1ms,AtA=10s.)Ib[nA]strain[Ms]DRb[dB]SNRbavg^Joptbl[dB]SNRbavg@P''hoptomax[dB]P"optbneq@P''hoptbrmn[/iW/m2]PD+PI8.0593950-1050310PD+AI0.7105756336168PG+PI0.86679455-554180PG+AI0.71075956-455160SAPS0.53794253-752230PDA+AI0.71095651-951270PAPS0.091586653-753220Tab.5.3:Performanceoftherealizedbasicphotosensingarchitecturesinatyp-icalapplication.(P'Jptbmax=0.1W/m2,P'Jptbl=0.1mW/m2,A=612nm,A=1.5•10"8m2,Atmax=1ms,tres=100ns.)
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[pA]

strain
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DRb

[dB]

SNRavg

[dB]

P"
optbneq

optbrmn

[nW/m2]

pu
optbavgneq

®P'o'Ptbmm^tA

[nW/m2]

PD+PI 1.7 20 181 131 67 47

PD+AI 0.15 6.7 179 124 22 16

PG+PI 0.18 20 174 124 36 26

PG+AI 0.15 0.8 201 134 35 24

SAPS 0.054 7.3 199 138 23 23

PDA+AI 1.5 1.3 189 145 610
140PAPS0.0927.317213122069Tab.5.4:Performancelimitsoftherealizedbasicphotosensingarchitectures.(A=612nm,AtA=10s.)Tab.5.4showstheperformancelimitsoftherealizedbasicphotosensingarchi¬tectures.TheindicatedbiascurrentIbischosenslightlyabovetheminimumphotocurrentivhm%nwithoutbiascurrent.Tab.5.4liststheminimumintegra¬tiontimeAtmm,themaximumdynamicrange,thesignal-to-noiseratiowithaveragingatthemaximumopticalpowerdensityforameasurementtimeofAtA=10s,andtheminimumnoise-equivalentopticalpowerdensitiesP'0'ptbneqwithoutaveragingandP'ôptbavgneqwrtnaveragingforameasurementtimeofAta=10s.Tab.5.5showsthedominantnoisesourcesoftherealizedbasicphotosensingar¬chitectureswithalargephotodetectorwithahighphotodetectorcapacitanceofCph=600pFincontrasttoTab.5.1.Itconfirmsthatphotodetectorcapacitancehasastrongimpactonnoiseperformanceandshowsthatnoisesourcesotherthanshotnoisebecomelimitingathighphotodetectorcapacitances.5.4ConclusionsThebasicphotosensingarchitecturesinstandardCMOStechnologyareprinci¬pallythecombinationsofthebasicphotodetectors,whicharethephotodiodeandphotogate,andthebasicintegratorcircuits,whicharethepassiveandtheactiveintegrator.Inaddition,thephotodetectorelementcanbebuiltofa

single
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Shot Noise Preamplifier 1/f Noise Ramp ADC Timing

PD+PI •

PD+AI (•) •

PG+PI •

PG+AI (•) •

SAPS •

PDA+AI •

PAPS •

Tab. 5.5: Dominant noise sources of the realized basic photosensing architec¬

tures with a large photodetector (Cph = 600 pF).

detector or an array of smaller detectors. CCDs are not realizable in modern

standard CMOS technology.
Tab. 5.6 shows the typical properties ofthe basic photosensing architectures with

respect to performance. "+"means advantageous and "++"very favorable value

for high
performance,whereas"—"meansdisadvantageousand"—"veryun¬suitablevalueconcerningperformance.Tab.5.6characterizesthebasicphoto¬sensingarchitectureswithregardtohighresponsivityR\,zerovoltageacrossthesensingdiodevb,lowpreamplifierthermalnoisecontributioniUp,indepen¬dentintegrationcapacitanceCmt,variablevirtualintegrationcapacitanceCmrt,lowvoltageamplifierthermalnoisecontributionvUaortransconductorthermalnoisecontributioniUg,stablevoltageamplifiergainaortransconductorvalueg,andcompatibilitywithcurrentrampanalog-to-digitalconverterIRADC.Theresultingperformanceofthedifferentbasicphotosensingarchitecturesiscom¬paredinTab.5.7.Itcharacterizesspeed,dynamicrange,resolution,sensitivity,chipareaandpowerconsumption.Speedperformanceisbasicallydeterminedbythetransferfactorwhichdependsontheresponsivityandthevirtualintegrationcapacitance.Thevirtualintegra¬tioncapacitanceisapproximatelyequaltotheintegrationcapacitanceforallthebasicphotosensingarchitecturesastheirpreamplifierandvoltageamplifierhaveallapproximatelyunitygain.Dynamicrangebasicallydependsonthevoltageacrossthesensingdiode,whichdeterminesthedarkcurrent,andaswellthevirtualintegrationcapacitanceortheintegrationcapacitance

itself.
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Rx vD %np (s%nt ^virt vnat 1"ng a,g IRADC

PD+PI + ++ - + + -

PD+AI + + - + - - + -

PG+PI - ++ - - + + -

PG+AI - - - + - - + -

SAPS + ++ - + + -

PDA+AI + + + - - + -

PAPS - ++ - - + + -

Tab. 5.6: Typical properties of the basic photosensing architectures (High re-

sponsivity R\, zero voltage across the sensing diode vb, low pream¬

plifier thermal noise contribution iUp, independent integration capaci¬
tance Cmt, variable virtual integrationcapacitanceCmrt,lowvoltageamplifierthermalnoisecontributionvUaortransconductorthermalnoisecontributioniUg,stablevoltageamplifiergainaortranscon¬ductorvalueg,compatibilitywithcurrentrampanalog-to-digitalcon¬verterIRADC.SpeedDynamicRangeResolutionSensitivityChipAreaPowerConsumptionPD+PI-+-++++PD+AI++-+--PG+PI--+-++++PG+AI------SAPS-+--+PDA+AI------PAPS--+--+Tab.5.7:Synopsisoftheperformanceofthebasicphotosensingarchitectures.
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Resolution is basically limited by the preamplifier and amplifier thermal noise

contributions provided the fundamental shot noise limit is not reached, which

can be controlled by the measurement time.

Sensitivity is basically determined by the voltage across the sensing diode, the

preamplifier and amplifier thermal noise contributions as well as the transfer fac¬

tor, which depends on the responsivity and the virtual integration capacitance or

the integration capacitance itself.

Photodiode architectures are principally faster than photogate architectures due

to their higher responsivity, provided they have the same virtual integration ca¬

pacitance. For architectures that yield the photodetector capacitance being part
of the integration capacitance, the photogate solutions usually achieve signifi¬

cantly higher speeds due to their reducedphotodetectorcapacitance.Thereforethephotogatewithpassiveintegratorandthephotogateactivepixelsensoraremuchfasterthanthephotodiodewithpassiveintegratorandthestandardactivepixelsensor.Inaddition,thephotogatesolutionscanachievehigherresolutionifpreamplifierthermalnoiseisdominant,astheyhavereducedphotodetectorcapacitance.Activeintegratorarchitecturescanprincipallyachievehigherspeedthanpassiveintegratorarchitectures,astheintegrationcapacitanceofactiveintegratorscanbechosenindependentofthephotodetectorcapacitance,whichisveryobviousforthephotodiodewithactiveorpassiveintegrator.Passiveintegratorarchi¬tecturesgenerallyachievehigherresolution,asthepreamplifierandamplifierthermalnoisecontributionsofactiveintegratorsarehigherduetotheuseofcompleteoperationalamplifiers.Butactiveintegratorshavepotentialforhighsensitivity,astheycanprovideconstantzerovoltageacrossthesensingdioderesultinginverylowdarkcurrent.Passiveintegratorsconsumelittlechipareaandpowerduetotheirsimpletransistorstages.Thereforethephotodiodeandphotogatewithpassiveintegratorhavesmallestchipareaandlowestpowercon¬sumption.Theperformanceofarrayarchitecturesisbasicallyequivalenttothatofsingledetectorarchitectures,althoughthearraysconsumemorechipareaandpowerandtheyrequiremuchmorecomplexcircuitsforresultevaluation.Inaddi¬tion,parasiticelementsaremoreeffectiveinarraysasthesingleelementsaresmaller.Fromtherealizedarchitecturesthephotodiodewithactiveintegratorachievesthehighestspeedandthereforethehighestdynamicrangeinatypicalapplica¬tionduetoitshightransferfactorresultingfromthehighresponsivityandlowvirtualintegrationcapacitance.However,thephotogatewithactiveintegrator
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achieves the lowest limit in integration time and therefore generally the high¬
est dynamic range due to its high analog bandwidth, provided the optical power

density can be freely adjusted. The photodiode with passive integrator and the

standard active pixel sensor are slow because they do not provide separation of

their integration capacitance from their high photodetector capacitance and due

to their low analog bandwidth.

The noise performance of all these realizations is basically limited by shot noise.

Speed performance can be exchanged with resolution by changing the virtual in¬

tegration capacitance if applicable to the circuit. This can result in other noise

contributions to limit the performance.
The highest resolution of the realized architectures is achieved by the photodi¬
ode with passive integrator, the standard active pixel sensor and the photodiode

array with
activeintegratorresultingdirectlyfromtheirhighvirtualintegrationcapacitance.Thebasicsignal-to-noiseratioofapproximately75dBcanstillbeimprovedbyaveraging.Inatypicalapplicationthephotodiodewithactiveinte¬gratormayachievethehighestresolutionafteraveraging,asitshighspeeddoesnotdemandhighbiascurrents,whichintroduceadditionalnoise.Thephotodiodewithactiveintegratorachievesthehighestsensitivityduetoitshightransferfactorresultingfromthehighresponsivityandlowvirtualinte¬grationcapacitance.Thelowestnoise-equivalentopticalpowerdensityforameasurementtimeof10sisapproximately10nW/m2.Thesmallestchipareaandthelowestpowerconsumptionarebothachievedbythephotodiodeandphotogatewithpassiveintegratorduetotheirsimplestruc¬ture.Allofthebasicphotosensingarchitecturesprovidehighstabilityintransferfac¬torduetothefeedbackstructureoftheamplifiers.Theyareallbasedonvoltagerampsandthereforenotcompatiblewithcurrentrampanalog-to-digitalconvert¬erssuchasincurrent-modecircuits.Experimentalresultsdemonstrateagoodagreementwiththeintegratingsampled-dataphotosensingmodel.Measurementresultsaredegradedbylineinterferencesduetothe"contaminated"environmentandinsufficientshielding.Lineinterferencesareeffectiveaslongastheperiodofthepowerlineissome¬whereintheintervalrangingfromtheintegrationtimetothetotalmeasurement

time.
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6. ADVANCED PHOTODETECTORS

FOR LARGE-AREA PHOTOSENSING

In this chapter advanced photodetectors for large-area photosensing in CMOS

technology with low photodetector capacitance and sufficient speed performance
are introduced. First the charge transport in photogates is investigated. Then a

photogate with increased speed performance is discussed and an optimized pho-

togate concept with very high speed performance is proposed. The introduced

photodetectors are realized and characterized in standard CMOS technology.

6.1 Charge Transport in Photogates

The photogate as described in Section 4.2 causes a depletion
regionorspacechargeregioninthesemiconductorwithanelectricfieldascalculatedinAp¬pendixB.Thenormalcomponentoftheelectricfieldprovideschargetransportinthesemiconductorperpendiculartothesurfaceandcollectsthechargeinathininversionlayeratthesurface.Thelateralchargetransportintheinversionlayerischaracterizedbythecurrentdensityequationda'"Jx=ß\q':'\Ex-D-^-(6.1)consideringdriftanddiffusionaccordingto(B.23)and(B.24).jxisthesurfacecurrentdensityinlateraldirectionperunitarea,/ithemobility,q'"thesurfacechargedensityperunitvolume,Exthesurfaceelectricfieldinlateraldirection,andDthediffusionconstant.Usingthecontinuityequation¥=

"£•
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where generation and recombination are not taken into account, the transport

equation results to

dg'J'
_

d

dt dx

The surface electric field Er is

fj,\C\Ex+D
dqi

///

dx
(6.3)

Ex = --^, (6.4)
ox

where 4>s is the surface potential approximated by

(f)s « (f)s0 + 7S Ivg- VFB + -^J- J (6.5)

according to (B.72)
withthesurfacepotentialapproximationcoefficient7S~0.8accordingto(B.73)andFig.B.5.vqisthegatevoltagereferredtothesub¬stratecontact,q"isthesurfacechargedensityperunitarea,C"xisthespecificoxidecapacitanceperunitarea,and4>soandVfbareconstants.Using(6.4)and(6.5)thesurfaceelectricfieldresultstoEx^-ls[-^+—-^.(6.6)Theleftpartinthisexpressionrepresentstheexternaldriftfieldorfringingfieldresultingfromthegatevoltageprofile,andtherightpartrepresentstheself-induceddriftfieldofthechargecarriers.Integrating(6.3)inverticaldi¬rectionandusing(6.6)yieldsthemodifiedtransportequationwiththethreecontributionsreferringtoexternallyinduceddrift,self-induceddriftanddiffu¬sion[85][86][87][88][89]:dq'J_ddtdx(6.7)Thechargedistributioninthephotogateasafunctionoftimecanbeevaluatedindifferentwayseachyieldingthesameresult.Eithertheappropriatedifferenceequationaccordingto(6.7)canbesolvednumericallyusingamatrixcomputa¬tionsoftwaresuchasMATLAB[86][89].Oranequivalentdistributedelectricalcircuitmodelwithlumpeddiscreteelementsthatrepresents(6.7)canbesimu¬latedusingaSPICE-likecircuitsimulatorsuchasPSTAR[90][91][92].Orthe
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physical photogate structure can be simulated by finite elements using a device

simulator that includes the transport mechanisms according to (6.7) such as ISE-

TCAD.

In the standard photogate as described in Section 4.2 the gate voltage has con¬

stant value along the whole photogate and the externally induced drift compo¬

nent in (6.7) is cancelled. The resulting charge distribution versus time caused

only by self-induced drift and diffusion is qualitatively shown in Fig. 6.1 for

an initial charge packet at the beginning of the photogate structure. The x-axis

represents the location in the photogate, where the beginning is all to the right
and the end all to the left. The t-axis represents the time proceeding

fromleftbehindtorightinfront.Itillustratesthedecayofthechargepacketandthatnousefulnetchargepropagationisobtainedduetotheomnidirectionalspreading.Thechargetransporttotheoutputofthephotogateisveryslowduetothesemechanisms.6.2ConstantLateralFieldPhotogate(CPG)TheconstantlateralfieldphotogateisaphotogatewithaconstantlateralvoltageVlacrossthegatebyapplyingdifferentvoltagestothebeginningandtheendofthegateasshowninFig.6.2[93].Asthegateisfabricatedinhigh-resistivepolysiliconinordertominimizethelateralstaticcurrentflowingthroughthegate,theconstantlateralfieldphotogateisalsoknownasresistive-gatesen¬sor[94][95].ThegatevoltageisalinearfunctionofthegatelocationandtheresultingsurfacepotentialprofileinFig.6.2showsasurfacepotentialgradientinthedesiredtransportdirectionunderthegate.Thisillustratesthepresenceoftheexternallyinduceddriftcomponentin(6.7)incontrasttothestandardpho¬togateasdescribedinSection4.2.ThechargedistributionversustimefortheconstantlateralfieldphotogateisqualitativelyshowninFig.6.3foraninitialchargepacketatthebeginningofthephotogatestructureanalogoustoFig.6.1[93][96].ItillustratesthedecayofthechargepacketaccordingtoFig.6.1andinadditionthepropagationofthewholechargepackettotheoutputduetotheexternaldriftfieldcausedbytheappliedlateralvoltageVl.Thislargeandunidirectionallateraldriftfieldyieldsfastchargetransportandthereforehighspeed.Theincreasedpowerconsumptionduetothestaticlateralgatecurrentlimitsthebenefitofthisphotodetectorinlow-powerapplications.
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Fig. 6.1: Simulated charge distribution versus time of the standard photogate.
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Fig. 6.2: Constant lateral field photogate (CPG). Cross section and surface po¬

tential profile 4>s.

6.2.1 Constant Lateral Field Photogate with Passive

Integrator (CPG+PI)

The realized constant lateral field photogate with passive integrator is the same

circuit as shown in Fig. 5.10 using the constant lateral field photogate as pho-
todetector. Fig. 6.4 shows the measured output signal ofthe constant lateral field

photogate with passive integrator for different lateral voltages Vl After the reset

phase governed by the reset control signal a 100 /is long light pulse
isappliedtothebeginningofthephotogateafterashortdelayof100/isasillustratedbythelightpulsecontrolsignal.Thephotogeneratedchargeisthentransportedacrossthe500/imlongphotogatewithdifferentspeedsaccordingtothedifferentlat¬eralvoltagesVl.Vl=0VreferstothestandardphotogateasdescribedinSection4.2andyieldstheslowestchargetransferandthusthelargestdecayofthechargepacketresultinginastronglydelayedanddeformedoutputsignal.TheoutputsignalsforVl=0.2V,0.4Vand0.6VillustratetheacceleratedchargetransportandthereduceddecayofthechargepacketsresultingfromthelateralvoltageVl.TheoutputsignalforVl=0.6Vshowsacompletechargetransfertotheoutputaftersometensofmicrosecondsshortlyaftertheendofthelightpulse,whereasVl=0Vneedsmorethana

millisecond.
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Fig. 6.3: Simulated charge distribution versus time of the constant lateral field

photogate.
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Fig. 6.4: Measured output signal of the constant lateral field photogate with

passive integrator (CPG+PI) for different lateral voltages Vl- (1) Vl = 0 V, (2)
VL = 0.2 V, (3) VL = 0.4 V, (4) VL = 0.6 V. (5) Light pulse control signal. (6)
Reset control signal.
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Fig. 6.5: Sweep photogate (SPG). Cross section and surface potential profile

6.3 Sweep Photogate (SPG)

The sweep photogate concept is based on a fast traveling drift pulse with high
lateral drift field that sweeps along the photogate as shown in Fig. 6.5 [97].
The idea is that initially the gate voltage is at constant potential. For readout

a voltage step is applied to the beginning of the gate yielding a high local gate

voltage gradient that rapidly
propagatestowardstheendofthegatewhichformsatransmissionline.Alongwiththelocalgatevoltagegradientahighlocalsur¬facepotentialgradientsweepstowardstheendofthephotogateandbuildsafasttravelingdriftpulsethattransportsthephotogeneratedchargecarriersandaccu¬mulatestheminfrontofthissweepinggradientinthesurfacepotentialprofileasshowninFig.6.5.Thesweepingreadoutusingthefasttravelingdriftpulsewithhighlateraldriftfieldyieldsveryhighspeedandmoderatepowerconsumptionasthelateralgatecurrentisappliedverylocallyandonlyduringreadout.TheMOSstructureofthesweepphotogateisasortofmicrostriplineandformsatransmissionline[98][99][100].Thetransmissionlineischaracterizedbythefollowingdifferentialequations:dvGdxdiedxRcßa+LGGqVq+CGdiGdt

(6.8)



6.3. Sweep Photogate (SPG) 125

va is the gate voltage referred to the substrate contact and iq is the gate cur¬

rent in lateral direction. R'G, L'G, G'G and C'G are the specific gate resistance,

inductance, conductance and capacitance per unit length. Combining the above

differential equations yields the Telegrapher's equations

d Vr1 dvc d Vr1

-q^T
= R'gg'gvg + {R'gc'g + l'gg'g) ~öf

+ l'gcg-q^-
d %g 9%g d %g

-—^
= R'GGGiG + {R'gc'g + l'gg'g)-q^ + l'gcg-q£2~- (6-9)

For sinusoidal excitation the complex notation can be used and the Telegrapher's

equations transform to the wave equations

dx2 lG~G

d2I

dx2 —G

where the propagation constant 7 is

G iILg, (6.10)

Ig
= ^R'g+^l'g){G'g+jujC'g) = aG+jßG (6.11)

with the attenuation constant ag and the phase constant ßc- The algebraic so¬

lution of the wave equations yields the transmission line equations as a superpo¬

sition of incident and reflected waves:

EcW = \(V1+^cL1)er±c<+1-(V1-ZsJ_1)ela*
Ux) = \{k+L)e-aX-lÂk-L)^x- (612)

V_\ is the gate input voltage and I_x is the gate input current, and the characteristic

impedance Z_G is

ÄG = W¥^5. (6.13)

The wavelength \q is

and the phase velocity vp is

(6.14)

UJ

vP =
~- = XGf (6.15)
PG
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Fig. 6.6: Lossless transmission line model without load impedance.

where / is the frequency. The group velocity vg is

du
Vr

dß<G
(6.16)

Ideal propagation of the traveling drift pulse in the sweep photogate would be

achieved if the MOS structure was a lossless transmission line. The lossless

transmission line is free of resistive elements and can be modeled as shown in

Fig. 6.6. The propagation constant 7 is

7
G juxlL'GC'G

and the attenuation constant ag is zero:

ao = 0.

The phase constant ßc is

ßc = u\l L'qC'qandthephasevelocityvpandthegroupvelocityvgresultto1Vp=VgL'qC'q(6.17)(6.18)(6.19)(6.20)Thismeansthatthereisnoattenuationofthetravelingpulsealongthetransmis¬sionlineandthepulsehasaconstantshape.Thegatevoltageandchargedistributionsversustimefortheidealsweeppho¬togateassumingalosslesstransmissionlinearequalitativelyshowninFig.6.7
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and Fig. 6.8 for an initial charge packet at the beginning of the photogate struc¬

ture analogous to Fig. 6.1. They illustrate the fast and constant propagation of

the local gate voltage gradient and the fast and complete charge transport by the

traveling drift pulse.
The specific gate conductance G'G of a MOS structure is typically negligible

compared to
itsspecificgatecapacitanceC'G.ButresistivelossesduetothespecificgateresistanceR'GhavetobetakenintoaccountandthespecificgateinductanceL'Gdominatesthecharacteristicsofthetransmissionlineonlyathighfrequencies,whereR'G<lüLg.(6.21)Usingatypicalsheetresistanceof0.1Othespecificgateresistanceofa10/imwidemetallineresultstoR'G«10kO/m.Foraminimumfre¬quencyof100MHzthespecificgateinductanceaccordingto(6.21)hastobeL'G>16/iH/m.Transmissionlineinductancesofmetallinesaretypicallyintheorderofsome100nH/mtoabout1/iH/mandthereforeatleastabouttwoordersofmagnitudetoolow[101][102].Howeverspiralinductorsusingmetallinescanbeusedtoachieveincreasedinductance[103][102][104][105].TheirinductanceistypicallysomenHforaninductorareaof100/imx100/im.Thisyieldssometensof/iH/minalineardimensionforaseriesofdiscretespiralin¬ductors,whichisbarelyhighenoughtosatisfy(6.21).Similarinductancevaluescanbeachievedusingactiveinductorsbuiltoftransistors[106].Neglectingthespecificgateresistancethegroupvelocityisgivenby(6.20).Thisvelocitydeterminesthelocalgatevoltagegradientcausedbythevoltagestepappliedtothebeginningofthegate.Foravoltagestepappliedin10nswithadesiredmaximumdimensionof10/imthemaximumgroupvelocityre¬sultstovp=103m/s.Themaximumachievablespecificgatecapacitanceforaspecificcapacitanceperunitareaofabout1mF/m2withamaximumwidthofabout10mmisC'G«10/iF/m.Thisspecificgatecapacitanceandtheabovegroupvelocityappliedto(6.20)yieldsarequiredspecificgateinductanceofL'G«0.1H/m.Thisismanyordersofmagnitudehigherthanwhatisrealizableaccordingtotheabovediscussion.RealsweepphotogatestructuresarelossytransmissionlinesinformofMOStransmissionlines[91][107].ThespecificgateinductanceL'GinthatkindoflossytransmissionlinesisnegligiblecomparedtothespecificgateresistanceR'GandtheMOStransmissionlinecanbemodeledasshowninFig.6.9.TheTelegrapher'sequationforthegatevoltagein(6.9)thenreducestothediffusion

equation
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Fig. 6.7: Simulated gate voltage distribution versus time ofthe ideal sweep pho-

togate.
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Fig. 6.8: Simulated charge distribution versus time ofthe ideal sweep photogate.
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Fig. 6.9: MOS transmission line model without load impedance.

This means that the transient behavior of the gate voltage is characterized by

strong attenuation and deformation due to the resistive losses, which decreases

the charge transport speed towards the end of the gate.
The gate voltage and charge distributions versus time for the real sweep pho-

togate assuming an MOS transmission line are qualitatively shown in Fig. 6.10

and Fig. 6.11 for an initial charge packet at the beginning ofthe photogate struc¬

ture analogous to Fig. 6.1 [91][108]. They illustrate the diffusion-like spreading
of the local gate voltage gradient and the attenuation of the traveling drift pulse

resulting in decreasing charge transport speed towards
theendofthegate.Theeffectofspeedattenuationalongthephotogateduetotransmissionlinelossescanbereducedbyextendingthegatebeyondthefloatingdiffusionattheoutputorbyterminatingthetransmissionlinewithanappropriateloadimpedance.6.3.1ShiftedSweepPhotogatewithSensitivePassiveIntegrator(SSPG+SPI)Theshiftedsweepphotogateisanuncriticalimplementationofthesweeppho¬togateconceptwherethelocalgatevoltageisexternallycontrolledthroughahighnumberofgatecontactsbydigitalvoltageandtimingcontrolcir¬cuitry[109][110].Thegateissubdividedinahighnumberofsegmentseachhavingitsowngatecontact.Thevoltageappliedtothisgatecontactiscon¬trolledbyastoragecellallocatedtothesegment.Intheshiftedsweepphotogatetheseriesofthestoragecellsofallthesuccessivesegmentsbuildsalongshiftregisterthatpassesvaluesfromcelltocellateachclockcycle.Thusvariablegatevoltageprofilescanbesweptalongthephotogateatvariablespeedscon¬trolledbytheclocksignal.Thisschemeissimilartothecharge-coupleddevices(CCD)operation,butitovercomestheproblemofinsufficientcharge

transfer
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Fig. 6.10: Simulated gate voltage distribution versus time ofthe real sweep pho-

togate.
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Fig. 6.11 : Simulated charge distribution versus time ofthe real sweep photogate.
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due to surface potential barriers caused by interelectrode spacings or gaps.

The realized shifted sweep photogate with sensitive passive integrator is the

same circuit as shown in Fig. 5.10 but with a lower integration capacitance C\

and using the shifted sweep photogate as photodetector. Fig. 6.12 shows the

measured output signal of the shifted sweep photogate with sensitive passive in¬

tegrator for different operating modes referring to different gate voltage profiles.

Immediately after the reset phase governed by the reset control signal a 1.1 /is

long light pulse is applied to the middle of the 500 /im long photogate. The
photogeneratedchargeisthentransportedtotheoutputofthephotogatewithdifferentspeedsaccordingtothedifferentoperatingmodes.Thetransferredchargeisrepresentedbythedifferencebetweentheoutputsignalandthedarksignal,whichistheoutputsignalcausedbythedarkcurrent.Thedarksignalfortheshiftedsweepphotogatemodeisdifferentfromthatforthestandardphoto¬gateandconstantlateralfieldphotogatemodesduetocapacitivecouplingfromclocksignals.Butthedifferencebetweentheoutputsignalaftercompletechargetransferandthedarksignalisconstantforallmodessincethisdifferencerepre¬sentsthetotalphotogeneratedchargeofthelightpulse.ThestandardphotogatemodeyieldstheslowestchargetransferandthusthelargestdecayofthechargepacketresultinginastronglydelayedanddeformedoutputsignalinaccordancewithFig.6.4.TheconstantlateralfieldphotogatemodewithaconstantlateralvoltageVl=1Vyieldsincreasedchargetransportspeedandreduceddecayofthechargepacketresultingfromthelateraldriftfield.Theshiftedsweepphotogatemodewithagatevoltagegradientof1Vachievesveryfastchargetransportandverycompacttransferofthechargepacketduetothehighlocallateraldriftfieldthatissweptacrossthewholephotogatein270/is.Theoutputsignalfortheshiftedsweepphotogatemodeshowsacompletechargetransfertotheoutputaftersomehundredsofmicroseconds,whereastheconstantlat¬eralfieldphotogatemodeneedsseveralmilisecondsandthestandardphotogatemodesometensofmiliseconds.6.4ConclusionsChargetransportinphotogatesisdrivenbydiffusionanddrift.Fastchargetrans¬portisachievedbyhighunidirectionaldriftfields,whereasdiffusionisomnidi¬rectionalandslow.Theconstantlateralfieldphotogateisasimplephotodetectorwithlowphotode¬tectorcapacitanceandmoderatespeed.Itissignificantlyfasterthanthe

standard
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Fig. 6.12: Measured output signal of the shifted sweep photogate with sensitive

passive integrator (SSPG+SPI) for different operating modes. (1) Dark signal for

standard photogate and constant lateral field photogate mode, (2) dark signal for

shifted sweep photogate mode. (3) Standard photogate mode, (4) constant lat¬

eral field photogate mode, (5) shifted sweep photogate mode. (6) Reset control

signal.
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photogate as its charge transport is dominated by drift instead of diffusion. The

static lateral gate current results in increased power consumption.
The proposed sweep photogate concept yields fast large-area photodetectors
with low photodetector capacitance at low power consumption. Its charge trans¬

port is based on fast traveling drift pulses with high local lateral drift fields that

sweep across the whole photogate and are applied for only a short time period.
The shifted sweep photogate is a flexible implementation ofthe sweep photogate

concept yielding low photodetector capacitance and high speed.
The photodetector capacitance of a lO'OOO /im x 100 /im large standard, con¬

stant lateral field or shifted sweep photogate is about three decades smaller than

that of a p-diffusion/n-well photodiode of the same area.

The realized 500 /im long shifted sweep photogate is approximately two decades

and the constant lateral
fieldphotogateapproximatelyonedecadefasterthanthestandardphotogateofthesamelength.Thereducedresponsivityofphotogatescomparedtophotodiodescanbeim¬provedbycoveringonlyaportionofthephotodetectorareawiththegatelayerinsteadofthewholearea,althoughthisinfluencesthespeedperformance.
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7. ADVANCED ARCHITECTURES FOR

LARGE-AREA PHOTOSENSING

This chapter introduces a system architecture that can be implemented in the

current-mode and suitable circuit techniques are investigated. An advanced

architecture for large-area photosensing in CMOS technology that yields high
resolution and simple analog-to-digital conversion is developed and its perfor¬
mance is derived using the integrating sampled-data photosensing model. This

advanced architecture for large-area photosensing is realized and characterized

in standard CMOS technology and compared to the realized basic photosensing
architectures.

7.1 Current-Mode Architecture

A photocurrent measurement system for integrating sampled-data photosensing
in the current-mode basically consists of a photocurrent source, a photocurrent
converter and a digital signal processor (DSP) as shown in Fig. 7.1 [111]. The

photocurrent source fundamentally contains a photodetector and some additional

circuitry that provides current source characteristics at the output. The
photocur¬rentconverterconsistsofanintegrator,anamplifierandarampanalog-to-digitalconverter(rampADC).Thedigitalsignalprocessor(DSP)maybeanydigitalsystemthatfurtherprocessesthedigitaldatadeliveredbytherampADC.7.2PhotodiodeCurrentSource(PDCS)ThephotodiodecurrentsourceasshowninFig.7.2representsaphotocurrentsourcetobeusedincurrent-modearchitectures[111].Operationalamplifier
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Fig. 7.1: Photocurrent measurement system.

As and transistor T6 build a feedback loop that keeps constant zero voltage
across the photodiode D\ and provides current source characteristics at the out¬

put. Hence the output current Io is equal to the photocurrent independent of the

output voltage Vo thus providing separation of the photodiode from the output.
A simple variant ofthis circuit is achieved by removing

theoperationalamplifierAsandbyapplyingaconstantvoltagetothegateoftransistorT6,butthissignif¬icantlyaffectstheperformance[112].VariouscascodecircuitsasdiscussedinAppendixDcanbeusedfortransistorT6inanycasetoachievehighprecisionevenatlow-voltageoperation[113].7.3Current-ModeTransintegrator(CMTI)Thecurrent-modetransintegratorasshowninFig.7.3representsanintegra¬torsuitableforthephotocurrentconverterofcurrent-modearchitectures[114].Itisbasedonthebasicmemorycellofswitched-currentcircuits[115][116].Theswitched-currentmemorycellisproperlyaswitchedcurrentcopiercellforsampled-datacircuits[117][118][119].Buthereitisusedinacontinuous-timemodeservingasacurrent-modeintegratorwithperiodicalreset.ThecurrentsourceIrwiththecurrentmirrorconsistingoftransistorT3andT4providesthebiascurrentfortransistorT\.DuringresettheswitchS\isclosedwhiletheswitch£2isopenandthebiascurrentIrslightlyreducedbythelowinputcur¬rent//isstoredintransistorT\.Theresultinggate-sourcevoltageoftransistorT\ismainlydeterminedbythebiascurrentIrandrepresentstheintegrationvoltageViatreset.AftertheresetphasetheswitchSiisopenedandtheswitchS2isclosed.Sinceimmediatelyafterswitchingthegate-sourcevoltageoftran¬sistorT\orintegrationvoltageVjisunchanged,thedraincurrentof

transistor
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Fig. 7.2: Photodiode current source (PDCS).

T\ is still about the bias current Ir and therefore the output current Io is about

zero. As the input current Ii is integrated on the integration capacitance C\

the gate-source voltage of transistor T\ or integration voltage Vj decreases and

reduces the drain current oftransistor T\ according to the transistor transfer char¬

acteristic. For low integration voltage drops the transistor transfer characteristic

can be linearized and the ratio of the current drop at the drain to the integration

voltage drop is equal to the transistor transconductance. This reduced current

at the drain causes an output current Io equal to the
currentdropatthedrain.ThereforetheoutputcurrentIoisproportionaltotheintegrationvoltagedropandrepresentstheintegraloftheinputcurrent//thusyieldingacurrentrampattheoutput.Highprecisionrequiresveryhighoutputresistancesoftheoutputtransistorswhichactascurrentsources.TherearevariouscascodecircuitsasdiscussedinAppendixDthatcanbeusedfortransistorT\andtransistorT4toachieveveryhighoutputresistanceforhighprecisionevenatlow-voltageoperation[113].HowevertheswitchedcurrentcopierconfigurationoftransistorT\yieldsspe¬cificrestrictionsontheuseofcascodecircuits[120][121].
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Fig. 7.3: Current-mode transintegrator (CMTI).
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7.4 Photodiode with Current-Mode Transintegrator
(PD+CMTI)

The photodiode with current-mode transintegrator is shown in Fig. 7.4. It is

basically a photodiode operated in integration mode with a single transistor

voltage-to-current amplifier stage. Thecurrent-modetransintegratoraccordingtoFig.7.3isimprovedbycascodeconfigurationsfortransistorT\andtransistorT4usingoperationalamplifierA\andtransistorT2aswellasoperationalam¬plifierA2andtransistorT5respectively.DuringresettheswitchSiisclosedwhiletheswitch£2isopenandthebiascurrentIrslightlyreducedbythelowphotocurrentisstoredintransistorT\.ThusthephotodiodeD\togetherwiththecapacitanceC\arechargedtotheintegrationvoltageatresetwhichistheresultinggate-sourcevoltageoftransistorT\mainlydeterminedbythebiascur¬rentIr.AftertheresetphasetheswitchS\isopenedandtheswitch£2isclosed.Sinceimmediatelyafterswitchingthegate-sourcevoltageoftransistorT\orintegrationvoltageisunchanged,thedraincurrentoftransistorT\isstillaboutthebiascurrentIrandthereforetheoutputcurrentIoisaboutzero.Nowthephotocurrentandthephotodiodeleakagecurrentareintegratedonthein¬tegrationcapacitanceconsistingofthephotodiodecapacitance,thecapacitanceC\andthegate-sourcecapacitanceofthetransistorT\thusyieldingavoltageramp.ThetransistoramplifierstageconsistingoftransistorT\withadditionalcascodecircuitryandcurrentsourceIrwithcurrentmirrorandadditionalcas¬codecircuitryprovideshighimpedanceattheintegrationnodeandtransferstheintegrationvoltagetotheintegrationcurrentIothusyieldingahighimpedancecurrentrampsuitabletoacurrentrampanalog-to-digitalconverter.Theinte¬grationcurrentIocanbeconvertedtotheamplifiedvoltageVobyconnectingresistorR±betweentheoutputandthereferencevoltageVr2thusyieldingavoltagerampsuitabletoavoltagerampanalog-to-digitalconverter.Thisarchitectureprovidesdifferentlevelsofprecisioncorrespondingtothecom¬plexityofthecascodeconfigurationsforthetransistors.Itisalsosuitedforarrayimplementation[122].ThechiplayoutsofthecircuitrealizationsareshowninAppendixF.Thepa¬rametersfortherealizedarchitecturesaccordingtotheintegratingsampled-dataphotosensingmodelofChapter3arelistedinAppendixG.ThesizeoftransistorT\isW/L=16/im/0.6/im.Itisdesignedtoachievehightransconductanceandlowgate-sourcecapacitanceatthesametime.ThebiascurrentIrof540/iAyieldsagate-sourcevoltageofabout1.5Vandatransconductanceof1.3mS.OperationalamplifierA\andtransistorT2regulatethedrainoftransistorT\to
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\"i

Fig. 7.4: Photodiode with current-mode transintegrator (PD+CMTI).
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the reference voltage Vri of 1 V. The size oftransistor T2 is W/L = 8/im/0.6/im
to guarantee a drain current equal to the bias current Ir of 540 /iA at reset with a

source voltage
of1Vandadrainvoltageof1.5V.ThesizeoftransistorsT3andT4ofthecurrentmirrorisW/L=32/im/0.6/imtoprovidethebiascurrentIrof540/iAatalowgate-sourcevoltageofabout—1.65V.OperationalamplifierA2andtransistorT5regulatethedrainoftransistorT4toitsgatevoltageofabout3.35V.ThesizeoftransistorT5isW/L=32/im/0.6/imtoachievealowdrain-sourcevoltageatthedraincurrentof540/iAwithasourcevoltageof3.35VandagatevoltagecontrolledbyoperationalamplifierA2.Theachievabledrain-sourcevoltageisabout—0.15V.Thereforethecompletebiascurrentsourceworksuptoavoltageofabout3.2VatthedrainoftransistorT5.TheswitchS2isaCMOSswitchwithann-channeltransistorofW/L=8/im/0.6/imandap-channeltransistorofW/L=24/iin/0.6/imwithaverylowresistanceofabout400Ooftheclosedswitchoverthewholevoltagerange.ThereferencevoltageVr2issetto1.5Vinordertobeequaltothegate-sourcevoltageoftransistorT\atreset.TheresistorR\is10kO.TheusablerangeoftheamplifiedvoltageVoisfromthegate-sourcevoltageoftransistorT\atresetof1.5Vtoabout3.1V,whichisthemaximumoutputvoltageofthebiascurrentsourceofabout3.2VminusthevoltagedropacrosstheswitchS2.Thisvoltagedropisabout65mVforafullswingtothemaximumoutputvoltageofthebiascurrentsourcewitharesistorR±of10kO.Higherresistorvaluesyieldhighervoltageamplifiergainsbutreducetheavailablebandwidthattheoutput.LowerresistorvaluesincreasetheoutputcurrentandlimittheavailableoutputvoltagerangeifthebiascurrentIrof540/iAisreached.ThetransconductanceoftransistorT\of1.3mSandtheresistorR\of10kOyieldavoltageamplifiergainof13.TheusedrangeoftheamplifiedvoltageVofrom2Vto3Vwithanamountof1Vfortheampli¬fiedvoltagedropyieldsanintegrationvoltagerangingfromabout1.4Vto1.3Vwithanamountofabout77mVfortheintegrationvoltagedrop.TheswitchSiisaCMOSswitchwithann-channeltransistorofW/L=0.8/im/0.6/imandap-channeltransistorofW/L=2.4/im/0.6/im.Theswitchissmalltoachievelowparasiticcapacitanceandlowclockfeedthroughtothehighimpedanceinte¬grationnode.Thelargersizeofthep-channeltransistorisduetothelowercon¬ductivityofthesedevicesandtoguaranteelowresistanceofabout4kOoftheclosedswitchoverthewholevoltagerange.Theintegrationcapacitanceofthisarchitectureisequaltothephotodetectorcapacitance.ThisisthecapacitanceoftheintegrationnodeandincludestheseparatephysicalcapacitanceC\of710fF,thegate-sourcecapacitanceoftransistorT\ofabout30fFandthephotodiodecapacitance,whichdependsontheintegrationvoltage.Linearizingthis

function
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Fig. 7.5: Signal-to-noise ratio contributions of the different noise sources of the

photodiode with current-mode transintegrator (PD+CMTI).

in the operating point yields a photodiode capacitance of about 7.8 pF and totals

the integration capacitance and the photodetector capacitance to about 8.5 pF.

D\ is a p-diffusion/n-well photodiode in combination with p-substrate/n-well

photodiode yielding a quantum efficiency of 70 % at a wavelength of 612 nm.

The 1/f noise voltage coefficient of transistor T\ is about 2.2 • 10~10 V2. Using
the voltage amplifier gain of about 13, this corresponds to a 1/f noise voltage
coefficient of about 370 • 10~10 V2 referred to the amplified voltage at the input
of the ramp ADC. The analog bandwidth of this architecture is determined by
the load resistor R\ of 10 kO and by the load capacitance at this node that is

connected to the ramp ADC. The load capacitance of slightly above 10 pF in the

actual measurement setup yields an analog bandwidth of about 1 MHz.

Fig. 7.5 shows the signal-to-noise ratio contributions of the different noise

sources of the realized photodiode with current-mode transintegrator versus the

photocurrent analogous to Fig. 5.3. The dominant noise sources of this realiza¬

tion are shot noise with a corresponding SNR of 66 dB and particularly 1/f noise

with an SNR of 59 dB to 66 dB depending on the photocurrent. The total SNR

results to 58 dB to 63 dB depending on the photocurrent.

Fig. 7.6 shows the measured signal-to-noise ratio ofthe photodiode with current-
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Fig. 7.6: Signal-to-noise ratio ofthe photodiode with current-mode transintegra-
tor (PD+CMTI).

mode transintegrator without averaging versus the integration time At analogous
to Fig. 5.4. The reduction in measured SNR at short integration times is due to

line interferences as investigated in Section 3.7.

7.5 Photodiode Current Source with Current-Mode

Transintegrator (PDCS+CMTI)

The photodiode
currentsourcewithcurrent-modetransintegratorisshowninFig.7.7.Itisbasicallythesamearchitecturewithalmostexactlythesameop¬eratingprincipleasthephotodiodewithcurrent-modetransintegratoraccord¬ingtoFig.7.4exceptthatthephotodiodeDiisseparatedfromtheintegrationnode[111][114].OperationalamplifierA3andtransistorT6buildafeedbackloopthatkeepsconstantzerovoltageacrossthephotodiodeD\andprovidescurrentsourcecharacteristicsattheoutput.TransistorT6isbuiltascascodecir¬cuitusingtransistorT7andreferencevoltageVrs.Incontrasttoalltheotherrealizedphotosensingarchitecturesthepreamplifierbandwidthofthephotodiodecurrentsourcewithcurrent-modetransintegratorisnotconstantbutdependsonthesignalcurrentandthereforeonthe

intégra-
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Fig. 7.7: Photodiode current source with current-mode transintegrator

(PDCS+CMTI).
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tion time At. The preamplifier bandwidth is the bandwidth of the photodiode
current source in Fig. 7.7 and is a square root function of the unity gain band¬

width of the operational amplifier A3, the transconductance of the transistor Tq

and
thephotodetectorcapacitanceCph.Duetothelowsignalcurrents,tran¬sistorTqoperatesinweakinversionandthereforeitstransconductanceispro¬portionaltothesignalcurrent[123].Asaresultthepreamplifierbandwidthisproportionaltothesquarerootofthesignalcurrent.Fig.7.8showstheconstantanalogbandwidthreferringtothephotocurrentconverterandthecorrespondingnoise-effectivebandwidthaccordingto(3.56).ItalsoshowstheapproximatedsignaldependentpreamplifierbandwidthreferringtothephotocurrentsourceversustheintegrationtimeAt.Thisillustratesthatthepreamplifierbandwidthdecreaseswiththesquarerootoftheincreasingintegrationtimeifnobiasisapplied.Thepreamplifierbandwidthcanbeseparatelyadjustedbytheband¬widthoftheoperationalamplifierandbyabiascurrent.Fig.7.8alsoshowsthesampling-limitedsignalbandwidthaccordingto(2.15).Itillustratesthatintheinterestingrangetheadaptivelow-passfilteringofthephotodiodecurrentsourceprovideshighenoughbandwidthwithrespecttothesamplingtheorembutsig¬nificantlyreducesthebandwidthofthepreamplifierforlongintegrationtimesyieldingimprovednoiseperformance.ThesizeoftransistorsTqandTjofthisrealizationisW/L=1.6/im/1.2/im.Theyaresmalltoachievesmallareaandlowparasiticcapacitances.However,theyarenotdesignedwithminimumsizeofW/L=0.8/im/0.6/imtoreduceshortchanneleffectssuchaschannellengthmodulation.Thereferencevolt¬ageVrsis1.5VtoguaranteesaturationoperationofbothtransistorsTqandT7.Incontrasttothephotodiodewithcurrent-modetransintegrator,theintegra¬tioncapacitanceofthisarchitectureincludestheseparatephysicalcapacitanceC\of710fF,thegate-sourcecapacitanceoftransistorT\ofabout30fFandthecapacitanceoftheinterconnectwiresofabout140fF.Thistotalstoabout880fF.Thephotodetectorcapacitanceincludesthephotodiodecapacitanceofabout10.6pFandtheinputcapacitanceoftheoperationalamplifierof800fFandtotalstoabout11.4pF.D\isap-diffusion/n-wellphotodiodeincombina¬tionwithp-substrate/n-wellphotodiodeyieldingaquantumefficiencyof70%atawavelengthof612nm.Thevoltageacrossthep-diffusion/n-wellphotodi¬odeiszero.TheoperationalamplifierA3generatespreamplifierthermalnoise.Itsinputvoltagenoiseofabout25nV/VHzisequivalenttothethermalnoiseoftwotransistorswithatransconductanceof50/iSattheinputofanoise-freeop¬erationalamplifier.The1/fnoisevoltagecoefficientoftheoperationalamplifierisabout2.2•10~12V2.Usingthesmall-signalgainofabout13ofthe

amplifier
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Fig. 7.8: Bandwidth ofthe photodiode current source with current-mode transin-

tegrator (PDCS+CMTI) versus integration time At. (-) Sampling-limited signal
bandwidth (for Atmax = At), (o) Preamplifier bandwidth (photocurrent source

bandwidth). (*) Analog bandwidth (photocurrent converter bandwidth), (x)
Noise-effective bandwidth (according to the photocurrent converter bandwidth).
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represented by operational amplifier A\ and the photodetector capacitance and

the integration capacitance, this corresponds to a 1/f noise voltage coefficient of

about 3.7 • 10~10 V2 referred to the gate of transistor T\. Together with the 1/f

noise voltage coefficient of transistor T\ of about 2.2 • 10~10 V2 and using the

voltage amplifier gain of about 13, this corresponds to a 1/f noise voltage coef¬

ficient of about 1000 • 10~10 V2 referred to the amplified voltage at the input of

the ramp ADC. The calculated preamplifier bandwidth of this realization with

a unity gain bandwidth of operational amplifier A3 of about 10 MHz and with
transistorTqoperatinginweakinversionisshowninFig.7.8.ThepreamplifierbandwidthisplottedversustheintegrationtimeAt.Thesoftwaretool"PhotoList"describedinAppendixEhastobeslightlymod¬ifiedtoprovidenoiseandperformanceanalysisforthisarchitecture.Fig.7.9showsthesignal-to-noiseratiocontributionsofthedifferentnoisesourcesoftherealizedphotodiodecurrentsourcewithcurrent-modetransintegratorversusthephotocurrentanalogoustoFig.5.3.Thedominantnoisesourcesofthisrealiza¬tionareshotnoisewithacorrespondingSNRof56dBand1/fnoisewithanSNRof55dBto61dBdependingonthephotocurrent.ThetotalSNRresultstoabout53dB.Athighphotocurrentspreamplifierthermalnoisebecomesdom¬inantandthetotalSNRbeginstodecreaseby5dBperdecadewithincreasingphotocurrentdownto49dB.Comparedtothephotodiodewithcurrent-modetransintegratortheseparationofthephotodiodefromtheintegrationnodere¬sultsinalowerintegrationcapacitanceandthereforeinlowerphotogeneratedandcollectedcharge.ThisyieldshighershotnoisewithalowercorrespondingSNRsothat1/fnoiseisnotprimarilydominant.Fig.7.10showsthemeasuredsignal-to-noiseratioofthephotodiodecurrentsourcewithcurrent-modetransintegratorwithoutaveragingversustheintegra¬tiontimeAtanalogoustoFig.5.4.ThereductioninmeasuredSNRatshortintegrationtimesisduetolineinterferencesasinvestigatedinSection3.7.7.6SynopsisFig.7.11showsthedynamicrangeoftherealizedadvancedarchitecturesforlarge-areaphotosensingwithoutbiascurrentandwithoutaveragingversusthemeasurementtimeormaximumintegrationtimeAtaccordingtoFig.5.28.Thedynamicrangeofthesearchitecturesisbasicallylimitedbytheresistorvalueandthecorrespondingloadcapacitance,asthisdeterminestheanalogband¬width.Dynamicrangeimprovementrequireseitherlowerloadcapacitancesuch
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Fig. 7.9: Signal-to-noise ratio contributions of the different noise sources of the

photodiode current source with current-mode transintegrator (PDCS+CMTI).
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Fig. 7.10: Signal-to-noise ratio of the photodiode current source with current-

mode transintegrator (PDCS+CMTI).
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Fig. 7.11: Synopsis of the dynamic range of the realized advanced architectures

for large-area photosensing.

as in completely integrated circuits or larger current-mode transintegrator with

higher transconductor and lower resistor value.

These architectures generally achieve medium dynamic range, but the photodi¬
ode current source with current-mode transintegrator yields low dynamic range

without measurement time limit due to the low virtual integration capacitance in

combination with medium analogbandwidth.Fig.7.12showstheresolutionorsignal-to-noiseratiooftherealizedadvancedarchitecturesforlarge-areaphotosensingwithoutaveragingversustheintegra¬tiontimeAtaccordingtoFig.5.29.Tab.7.1indicatesthedominantnoisesourcesandshowsthattheresolutionoftherealizedadvancedarchitecturesforlarge-areaphotosensingisbasicallylimitedbyshotnoiseand1/fnoisesimulta¬neously,althoughforthephotodiodewithcurrent-modetransintegrator1/fnoiseisslightlymoredominant.Thephotodiodewithcurrent-modetransintegratorhasavirtualintegrationca¬pacitanceofaround800fFandyieldsashotnoiselimitedresolutionofaround65dB,whilethephotodiodecurrentsourcewithcurrent-modetransintegratorhasavirtualintegrationcapacitanceofaround80fFandyieldsaresolutionofaround55dB.Thephotodiodewithcurrent-modetransintegratoryieldslowerresolutionthanthephotodiodewithactiveintegratoranddecreasingresolutionwithincreas-
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Fig. 7.12: Synopsis of the signal-to-noise ratio of the realized advanced archi¬

tectures for large-area photosensing.

Shot Noise Preamplifier 1/f Noise Ramp ADC Timing

PD+CMTI (•) •

PDCS+CMTI • (•) •

Tab. 7.1: Dominant noise sources of the realized advanced architectures for

large-area photosensing.
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Fig. 7.13: Synopsis ofthe noise-equivalent optical power density of the realized

advanced architectures for large-area photosensing. (A = 612 nm.)

ing integration time both due to 1/f noise. The photodiode
currentsourcewithcurrent-modetransintegratoryieldsslightlydecreasingresolutionwithdecreas¬ingintegrationtimeduetothepreamplifierthermalnoisewithsignaldependentpreamplifierbandwidth.Fig.7.13showsthesensitivityornoise-equivalentopticalpowerdensityoftherealizedadvancedarchitecturesforlarge-areaphotosensingwithoutbiascurrentandwithoutaveragingversustheintegrationtimeAtaccordingtoFig.5.30.Thephotodiodewithcurrent-modetransintegratoryieldsapproximatelythesamesensitivityasthephotodiodewithactiveintegratorastheyhavethesamerespon-sivityandapproximatelythesamevirtualintegrationcapacitance.Thephotodi¬odecurrentsourcewithcurrent-modetransintegratorachievesmorethanthreetimeshighersensitivitythanthephotodiodewithactiveintegratorduetotheverylowvirtualintegrationcapacitance.ThemaximumsensitivitywithoutmeasurementtimelimitofthephotodiodewithactiveintegratorinFig.5.30isapproximatelyequaltothatofthephoto-diodecurrentsourcewithcurrent-modetransintegratorafteraveragingforthe-icj.nn1.t+uu1Fenipr\R1.t-UD1.E-09
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At

®P"Pto

[ms]

DR

[dB]

SNR

®PÔ'Pto

[dB]

SNRavg

@P£t0,AtA

[dB]

P"
optneq

@At0

[^W/m2]

-t*-chtp

[mm2]
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PD+CMTI 1.25 118 60 99 120 0.088 6.5

PDCS+CMTI
0.12910253101280.1168.5Tab.7.2:Generalperformanceoftherealizedadvancedarchitecturesforlarge-areaphotosensing.{Iß=0,P"pt0=0.1W/m2,A=612nm,At0=1ms,AtA=10s.)Ib[nA]^^mtn[Ms]DRb[dB]SNRbavg®P'o'Ptbl[dB]SNRbavgCUP'',,optomax[dB]P"optbneqcup'',,optbmm[/iW/m2]PD+CMTI0.6545556005895PDCS+CMTI0.067711472126226Tab.7.3:Performanceoftherealizedadvancedarchitecturesforlarge-areapho¬tosensinginatypicalapplication.(P"ptbmax=0.1W/m2,P'Jptbl=0.1mW/m2,A=612nm,A=1.5•10"8m2,Atmax=1ms,ires=100ns.)samemeasurementtime.Tab.7.2showsthegeneralperformanceoftherealizedadvancedarchitecturesforlarge-areaphotosensingaccordingtoTab.5.2.Tab.7.3showstheperformanceoftherealizedadvancedarchitecturesforlarge-areaphotosensinginatypicalapplicationwithanopticalpowerdensityrangingfromP"ptbl=0.1mW/m2toPr0'ptbmax=0.1W/m2andwithameasurementtimeofAtmax=1msatatimingresolutionoftres=100nsaccordingtoTab.5.3.Tab.7.4showstheperformancelimitsoftherealizedadvancedarchitecturesforlarge-areaphotosensingaccordingtoTab.5.4.Tab.7.5showsthedominantnoisesourcesoftherealizedadvancedarchitec¬turesforlarge-areaphotosensingwithalargephotodetectorwithahighpho-todetectorcapacitanceofCph=600pFincontrasttoTab.7.1.Itconfirms

that



7.7. Conclusions 155

Ib

[pA]

strain

[/xs]

DRb

[dB]

SNRavg

[dB]

P"
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optbavgneq

®P'o'Ptbmm^tA

[nW/m2]

PD+CMTI 0.22 4 175 127 52 29

PDCS+CMTI 0.14 4 154 113 63 14

Tab. 7.4: Performance limits of the realized advanced architectures for large-
area photosensing. (A = 612 nm, Ata = 10 s.)

Shot Noise Preamplifier 1/f Noise Ramp ADC Timing

PD+CMTI
•PDCS+CMTI(•)•Tab.7.5:Dominantnoisesourcesoftherealizedadvancedarchitecturesforlarge-areaphotosensingwithalargephotodetector(Cph=600pF).photodetectorcapacitancehasastrongimpactonnoiseperformanceandshowsthatnoisesourcesotherthanshotnoisebecomelimitingathighphotodetectorcapacitances.7.7ConclusionsAphotocurrentmeasurementsystembasicallyconsistsofaphotocurrentsource,aphotocurrentconverterandadigitalsignalprocessor.Itissuitableforcurrent-modeimplementation.Advancedarchitecturesforlarge-areaphotosensinginstandardCMOStechnologyareachievedusingthephotodiodeorthephotodi¬odecurrentsourceincombinationwiththecurrent-modetransintegrator.Tab.7.6showsthetypicalpropertiesoftheadvancedarchitecturesforlarge-areaphotosensingwithrespecttoperformanceaccordingtoTab.5.6.Theresultingperformanceofthedifferentadvancedarchitecturesforlarge-areaphotosensingiscomparedinTab.7.7accordingtoTab.5.7.Theproposedphotodiodecurrentsourceiswell-suitedforcurrent-modecircuitsandprovidesspatialseparationofthechargegenerationandchargedetection,
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Rx vD %np (s%nt ^vtrt vnat 1"ng a,g IRADC

PD+CMTI + ++ + + - +

PDCS+CMTI + + + + + + - +

Tab. 7.6: Typical properties of the advanced architectures for large-area pho¬

tosensing (High responsivity R\, zero voltage across the sensing
diode vb, low preamplifier thermal noise contribution iUp, indepen¬
dent integration capacitance Cmt, variable virtual integration capac¬

itance Cmrt, low voltage
amplifierthermalnoisecontributionvUaortransconductorthermalnoisecontributioniUg,stablevoltageampli¬fiergainaortransconductorvalueg,compatibilitywithcurrentrampanalog-to-digitalconverterIRADC.SpeedDynamicRangeResolutionSensitivityChipAreaPowerConsumptionPD+CMTI+-+-+-PDCS+CMTI+++++++-Tab.7.7:Synopsisoftheperformanceoftheadvancedarchitecturesforlarge-areaphotosensing.
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which yields high flexibility in choosing photodetector and integration capac¬

itance independently. It can provide constant zero voltage across the sensing

diode, which results in very low dark current and therefore high sensitivity. The

photodiode current source provides adaptive low-pass filtering that depends on

the signal level. This preamplifier bandwidth decreases by 10 dB per decade

with increasing integration time ifno bias current is applied. It can be separately

adjusted by the bandwidth of the operational amplifier and by a bias current.

The proposed current-mode transintegrator provides adjustable voltage amplifier

gain and achieves low virtual integration capacitance even for high integration

capacitances resulting in high speed. It can achieve low preamplifier
thermalnoise,asasingletransistorwithhightransconductancecanbeusedasamplifierinsteadofanoperationalamplifier.However,thecurrent-modetransintegratordoesnotachievehighstabilityofthetransferfactorasthetransconductorvalueisfabricationandtemperaturedependent.Theinvestigatedcascodecircuitsprovidevariouslevelsofprecisionandcom¬plexityforuseincurrent-modecircuits.Theproposedimprovedregulatedcas¬codecircuitisarea-efficientandyieldshighprecisionevenatlowsupplyvolt¬ages.Thesecascodecircuitscanreplacetheoperationalamplifiersinthephoto-diodecurrentsourceandthecurrent-modetransintegratortoachievesmallchiparea,lowpowerconsumptionandfullcurrent-modecompatibility.Photodiodesasphotodetectorsinthesearchitecturesaresuperiortophotogatesastheyachievehigherresponsivityandasthecurrent-modetransintegratorachieveslowvirtualintegrationcapacitanceevenforhighintegrationcapaci¬tances.However,anapplicationlimitedbypreamplifierthermalnoisecouldrequireaphotogateasphotodetectorinordertoreducethepreamplifierthermalnoisecontribution.Thephotodiodewithcurrent-modetransintegratorachievesthespeedperfor¬manceofthephotodiodewithactiveintegratorandprovidespotentialforhighresolutionandsmallchipareaasitdoesnotrequireoperationalamplifiers.Thephotodiodecurrentsourcewithcurrent-modetransintegratorisasimplear¬chitectureforadvancedlarge-areaphotosensing.Theactualrealizationisap¬proximatelyonedecadefasterthanthephotogatewithactiveintegratorandachievesthehighestdynamicrangeinatypicalapplicationduetoitsapprox¬imatelyonedecadehighertransferfactorresultingfromthelowervirtualin¬tegrationcapacitance.Thishigherspeedbyonedecaderesultsinanapprox¬imately10dBlowerresolutionasstillshotnoiseisdominantandthenspeedperformanceexchangeswithresolution.Inatypicalapplicationthephotodiodecurrentsourcewithcurrent-modetransintegratormayachievethehighest

résolu-
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tion after averaging, as its high speed does not demand high bias currents, which

introduce additional noise. This architecture achieves the highest sensitivity due

to its highest transfer factor. The lowest noise-equivalent optical power density
is approximately 10 nW/m2 like that of the photodiode with active integrator.
The required operational amplifier yields large chip area and together with the

required bias current for the current-mode transintegrator high power consump¬

tion.

The photodiode current source with current-mode transintegrator is particularly
suitable for large-area photosensing where preamplifier thermal noise is critical

due to the high photodetector capacitance. The photodiode current source pro¬

vides low-pass filtering ofthe preamplifier thermal noise while the current-mode

transintegrator still achievesveryhighbandwidth,whichyieldsadecouplingofthesignalandpreamplifierbandwidthfromtheanalogbandwidth,theramp-relatedbandwidthandtheintegrationtime.Apreamplifierbandwidthmuchlowerthantheanalogbandwidthofthecurrent-modetransintegratorresultsinasignificantreductioninpreamplifierthermalnoiseandallowstoreachtheshotnoiselimit.Thepreamplifierbandwidthcanbesettoonlythesignalbandwidthwhiletheanalogbandwidthofthecurrent-modetransintegratorisstillfourtimestheramp-relatedbandwidthasrequiredforproperrampsignalsorevenhigherifshorterintegrationtimesarerequired.Thuslowpreamplifierbandwidthwithhighanalogbandwidthisparticularlysuitableforserialmeasurementsequencesinarrayarchitectureswherethemeasurementtimeshavetobeveryshortal¬thoughthesignalbandwidthisquitelow.Thephotodiodewithcurrent-modetransintegratorandthephotodiodecurrentsourcewithcurrent-modetransintegratormayhaveproblemsintransferfactorstabilitysincethetransconductorvaluesarefabricationandtemperaturedepen¬dent.Thesearchitecturessupportbothvoltageandcurrentrampanalog-to-digitalcon¬verters.
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The introduced generic model for integrating sampled-data photosensing pro¬

vides noise modeling and performance analysis for any integrating sampled-data

photosensing system.
The ramp analog-to-digital converter in the model determines the slope of the

ramp signal which corresponds to the optical power density at the input of the

system. The ramp signal is represented by either a voltage or a current and

offers this technique to be implemented in the voltage-mode or in the current-

mode. Determining the slope of the ramp signal is based on measuring two

ramp samples on the same ramp yielding a certain signal drop and a certain in¬

tegration time. Random signal access is a difficult technique and measuring the

signal drop for a fixed integration time or measuring the integration time for a

fixed signal drop are much simpler to implement. A bias current superimposed
to the photocurrent provides finite integration times even for zero inputsignalbutyieldsadditionalnoise.Theanalogbandwidthofthesystemhastobelimitedbyafilterinordertoachieveanoptimuminnoisereduction.Theanalogbandwidthhastobefourtimestheramp-relatedbandwidthtoguaranteeproperrampsignalsandtheramp-relatedbandwidthhastobelargerthantwotimesthesignalbandwidthinordertoavoidaliasingaccordingtothesamplingtheorem.Measuringtworampsamplesonthesamerampasexplainedaboveprovidescorrelateddoublesamplingandremovesoffsetsandreducesresetnoiseaswellaslow-frequencynoise.Theeffectofcorrelateddoublesamplingon1/fnoiseisimplementedinthemodelbyasimpleapproximationforfirst-orderlow-passfiltered1/fnoiseaftercorrelateddoublesampling.Forintegrationtimesmuchshorterthanthemeasurementtime,averagingcanbeappliedtoenhancetheresolution.Comparativeanalysisandexperimentalresultsareallbasedonvoltagerampanalog-to-digitalconverterswithfixedvoltagedropprovidingcorrelateddou¬blesampling,optimumbandwidthlimitationandidealaveraging.Noiseonthe
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signal ramp is principally transferred into noise in the integration time measure¬

ment in the same way the signal itself is transferred.

The photodetector capacitance determines the preamplifier thermal noise and

should be very low for high resolution.

The virtual integration capacitance determines the shot noise contribution and

the transfer factor. High resolution without averaging requires high virtual inte¬

gration capacitance to enhance the shot noise limit, whereas high speed as well

as high sensitivity demand low virtual integration capacitance in order to achieve

high transfer factor. Thus speed and sensitivity can basically be exchanged with

resolution by adjusting the virtual integration capacitance. However, high speed
and sensitivity as well as high resolution can be achieved by low virtual integra¬
tion capacitance if averaging is used.

Photodiodes are simple photodetectors
andofferdifferenttypestobeimple¬mentedinCMOStechnology.Theyachievehighresponsivityandfastchargetransport,buttheyhavehighphotodetectorcapacitancesparticularlyforlargephotodetectorarea.ThephotogateisabasicphotodetectorinCMOStechnologythatyieldslowphotodetectorcapacitanceevenforlargephotodetectorarea,butithaslowerresponsivityandthechargetransportisslowbecauseitisachievedonlybydif¬fusionacrossthewholephotodetectorarea.Thebasicphotosensingarchitecturesallyieldavirtualintegrationcapacitanceapproximatelyequaltotheintegrationcapacitancewhichisatleastashighasthephysicalcapacitanceinsertedforintegration.Inpassiveintegratorarchitecturestheintegrationcapacitanceishigherthanthephotodetectorcapacitancewhereasactiveintegratorsprovideseparationofthephotodetectorcapacitanceandtheintegrationcapacitanceandthereforeachievecertainintegrationcapacitancein¬dependentofthephotodetectorarea.Photodiodearchitecturesgenerallyachievehigherspeedthanphotogatearchi¬tecturesduetothehigherresponsivity,butphotogatescanachievesignificantlyhigherspeedsthanphotodiodesinpassiveintegratorarchitecturesduetothelowphotodetectorcapacitance.Inaddition,photogatearchitecturescanachievehigherresolutionifpreamplifierthermalnoiseisdominant.Activeintegratorarchitecturesgenerallyachievehigherspeedthanpassiveinte¬gratorarchitecturesduetotheseparationofphotodetectorcapacitanceandinte¬grationcapacitance.Buttheygenerallyyieldlowerresolutionduetothehighpreamplifierandvoltageamplifierthermalnoisecontributionsoftheoperationalamplifiers.Activeintegratorsprovideconstantzerovoltageacrossthesensingdiodeandthuscanachievehighersensitivity.Passiveintegrator

architectures
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yield smaller chip area and lower power consumption due to their simple tran¬

sistor stages.

Array architectures do not improve performance of single detector architectures.

From the realized basic photosensing architectures the photodiode with active

integrator generally achieves the highest speed due to the high transfer factor.

For that reason it also yields the highest dynamic range in a typical application.

However, the realized photogate with active integrator has potentially the highest

dynamic range due to the high analog bandwidth and short minimum integration
time.

The resolution of all the realized basic photosensing architectures is basically
shot noise limited. The realized photodiode array with active integrator yields
the highest resolution limit due to the high sum of virtual integration capaci¬
tances of all array elements.

The photodiode with active integrator achieves
thehighestsensitivityduetothehightransferfactor.Thesmallestchipareaandthelowestpowerconsumptionarebothachievedbythephotodiodeandphotogatewithpassiveintegratorduetotheirsimplestruc¬ture.Allofthebasicphotosensingarchitecturesprovidehighstabilityintransferfac¬torduetothefeedbackstructureoftheamplifiers.Theyareallbasedonvoltagerampanalog-to-digitalconvertersandthereforeoperateinthevoltage-mode.Themeasurementresultsaresystematicallydegradedbylineinterferences,whichhasbeenverifiedintheoryandexperimentally.Theconstantlateralfieldphotogateisanadvancedphotodetectorforlarge-areaphotosensingasityieldslowphotodetectorcapacitanceandmoderatespeedinchargetransportduetotheapplieddriftfield.Theproposedsweepphotogateconceptisverysuitableforlarge-areaphotosens¬ingduetothelowphotodetectorcapacitanceandtheveryfastchargetransportresultingfromhighlocallateraldriftfields.Thephotodetectorcapacitanceoftheseadvancedphotodetectorsforlarge-areaphotosensingisequaltothatofthestandardphotogate.Buttheyachievehigherspeedduetotheimprovedchargetransport.Theproposedphotodiodecurrentsourceiswell-suitedforcurrent-modecircuitsandprovidesseparationofphotodetectorcapacitanceandintegrationcapaci¬tanceforhighspeedaswellaszerovoltageacrossthesensingdiodeforhighsensitivity.Inadditionthepreamplifiernoiseislow-passfilteredresultinginim¬provedresolution.Theintroducedcurrent-modetransintegratorisacurrent-modecircuitthatpro-
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vides low virtual integration capacitance and high transfer factor even for high

integration capacitances due to the adjustable voltage amplifier gain, which

yields high speed. It achieves low preamplifier thermal noise and therefore high
resolution due to the low-noise amplifier stage.

Precision, chip area and power consumption of these circuits can be improved

by cascodes such as the proposed improved regulated cascode circuit.

The photodiode with current-mode transintegrator is an advanced architecture

for large-area photosensing that achieves the speed performance of the photodi¬
ode with active integrator and provides potential for high resolution and small

chip area as it does not require operational amplifiers.
Thephotodiodecurrentsourcewithcurrent-modetransintegratorisasimplear¬chitectureforlarge-areaphotosensingthatachievesveryhightransferfactorre¬sultinginveryhighspeed,dynamicrangeandsensitivity.Highspeedyieldslowbiascurrentsandthereforecanresultinhigherresolution.Inherentlow-passfil¬teringofthepreamplifierthermalnoiseimprovesresolutionaswellandisveryusefulforarrayarchitectures.Theseadvancedarchitecturesforlarge-areaphotosensingmayhaveproblemsintransferfactorstabilityduetothenon-feedbackstructureoftheamplifierandthereforemayneedregularcalibration.Theyaresuitableforvoltage-modeaswellascurrent-modecircuitsandcanbeusedincombinationwithvoltageaswellascurrentrampanalog-to-digitalconverters.Tab.8.1summarizesthetypicalperformanceofthedifferentphotosensingar¬chitectures.Theintroducedintegratingsampled-dataphotosensingmodelandthecorre¬spondingsoftwaretool"PhotoList"areveryhelpfulinapplyingtheabovecon¬clusionstothedesignandanalysisofspecificlarge-areaphotosensingapplica¬tions,e.g.theonesmentionedintheintroductionofthiswork.InIRremotecontrolapplicationsthephotodetectorareaistypicallyabout5mmx5mmandtheclockfrequencyofabout100kHzyieldsmeasurementtimesofabout10/is.Inordertoachievehighestsensitivity,thebestarchitec¬tureforthisverylargephotosensingareaathighspeedisthephotodiodewithcurrent-modetransintegratorusingthecurrentrampADCwithfixedintegrationvoltagedrop.Thebestphotodiodeisthep-substrate/n-welldiodeyieldinglowphotodiodecapacitanceofsomenFandhighresponsivityatthetypicalwave¬lengthofabout900nm.Photogateswiththatlargephotosensingareawouldyieldlowerphotodetectorcapacitancebutwouldnotachievetherequiredspeedperformance.Thecurrent-modetransintegratorachievesthehighestsensitivityduetoitslowtransconductorthermalnoiseand1/fnoiseaswellasitshigh
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Speed Dynamic Range Resolution Sensitivity Chip Area Power Consumption

PD+PI - + - ++ ++

PD+AI + + - + - -

PG+PI - - + - ++ ++

PG+AI - - - - - -

SAPS - + - - +

PDA+AI - - - - - -

PAPS - - + - - +

PD+CMTI + - + - + -

PDCS+CMTI ++ ++ + ++ -

Tab. 8.1: Synopsis of the performance of the different photosensing architec¬

tures.

transfer coefficient. The transconductor thermal noise and the 1/f noise of the

single transistor in the current-mode transintegrator can be optimized by its ge¬

ometry and are lower than the preamplifier and voltage amplifier thermal noise

and the 1/f noise contributions of an operational amplifier such as in the active

integrator. Although the passive integrator can principally achieve the noise per¬

formance of the current-mode
transintegrator,itdoesnotachievehightransferfactorcomparabletothetransfercoefficientofthecurrent-modetransintegra¬tor.ThecurrentrampADCwithfixedintegrationvoltagedropsuitswelltothecurrent-modetransintegrator,isverysimpleanddoesnotrequirehightimingresolutioninthisapplicationwheredynamicrangeandresolutioncanbelow.Ifdynamicrangeorresolutioniscrucial,thecurrentrampADCwithfixedintegra¬tiontimeorwithrandomsignalaccesscanbeused.ThesensitivityofIRremotecontrolapplicationsislimitedbytransconductorthermalnoiseand1/fnoiseandusingtheproposedarchitectureyieldsnoise-equivalentopticalpowerdensitiesintherangeof100/iW/m2withtheactuallyrealizedtransistors.Thebestarchitectureforfiberoptictransmissionapplicationswithatypicalpho¬tosensingareaofabout100/imx100/imoperatingatveryhighspeedisthephotodiodewithcurrent-modetransintegratorusingthecurrentrampADCwithfixedintegrationtime.Thebestphotodiodeisthep-substrate/n-welldiodeyield¬inglowphotodiodecapacitanceintherangeof1pFandhighresponsivityatawavelengthof500nm.Photogatesaretooslowfortheseapplications.Andar¬chitecturesincludingoperationalamplifiersarenotpracticableduetothe

very
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high speed requirements. In the range of GSamples/s the ramp ADC thermal

noise is dominant due to the input noise of about 10 mV of available voltage
ADCs or about 1 /iA of available current ADCs at such short measurement

times. The current-mode transintegrator in combination with the current ADC

yields an equivalent input voltage noise of about 1 mV and is superior to the

architectures using the voltage ADC. The speed limit in fiber optic transmission

applications in CMOS at optical power values of some /iW using the proposed
architecture corresponds to measurement times in the range of 1 ns.

In optical spectrometry applications photosensing areas are typically
30 /im x 500 /im with maximum optical power densities in the range of

100 mW/m2
atmeasurementtimesofabout10ms.ThebestarchitecturetoachieveveryhighdynamicrangeisthephotogatewithactiveintegratorusingthesweepphotogateconceptandthevoltagerampADCwithrandomsignalac¬cess.Thesweepphotogateyieldsverylowphotodetectorcapacitanceofabout10fFandcanbeeasilyoperateddowntointegrationtimesofabout100/is.Thelowphotodetectorcapacitanceyieldslownoise-equivalentopticalpowerdensitiesforboththermalnoiseand1/fnoiseoftheoperationalamplifier.Thedynamicrangeinthesignaldropdomainislimitedbythe1/fnoiseoftheop¬erationalamplifierintheactiveintegratorandisintherangeof100dBcorre¬spondingtoabout16bit.ThevoltagerampADCwithrandomsignalaccessusinga16bitvoltageADCyieldsadynamicrangeofabout100dBinthesig¬naldropdomainandabout40dBintheintegrationtimedomainaccordingtominimumintegrationtimesofabout100/is.Thustheproposedarchitectureforopticalspectrometryapplicationsyieldsadynamicrangeofabout140dBwithmaximumopticalpowerdensitiesofabout1W/m2andnoise-equivalentopticalpowerdensitiesintherangeof100nW/m2.
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A. PHYSICAL CONSTANTS

Planck constant h = 6.63 io-34 Js

Speed of light c = 3.00 108 m/s

Elementary charge e = 1.60 IO"19 C

Boltzmann constant k = 1.38 10-23 J/K

Permittivity of free space eo = 8.85 IO"12 F/m
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B. SEMICONDUCTOR PROPERTIES

This appendix lists the basic properties of semiconductors. It includes the fun¬

damental relations of the pn junction, the MOS structure in equilibrium and

nonequilibrium as well as the MOS transistor. There is special emphasis on

the surface potential of the MOS structure in nonequilibrium operating in in¬

version. The relation between the gate voltage, the surface potential and the

inversion layer charge density and the corresponding surface potential approx¬

imation (B.72) are particularly useful in the discussion of charge transport in

photogates. At the end of this appendix the most important parameters of
theinvolvedmaterialsandtherelevantsimulationparametersoftheusedCMOSprocessaregiven.B.1CarrierConcentration•Electronconcentrationn•Holeconcentrationp•Intrinsiccarrierconcentrationn%=p%•Carrierconcentrationsnp=nl=pl(B.l)•Electrostaticpotential4>•Electronconcentrationsatdifferentpoints—=ettri2(B.2)
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Electrostatic potential difference between points 1 and 2 0i2

012 = 01 - 02 = -021

Thermal voltage 0t

kT

(B.3)

25.9 mV (B.4)
e

Boltzmann constant k = 1.38 • 10~23 J/K

Temperature T = 300 K

Elementary charge e = 1.60 • 10~19 C

B.1.1 n-Type Semiconductor

• Donor concentration Njj

• Majority carrier concentration in the absence of electric field no

n0 ~ ND (B.5)

• Minority carrier concentration in the absence of electric field po

2
n

po « £ (B.6)

B.1.2 p-Type Semiconductor

• Acceptor concentration Na

• Minority carrier concentration in the
absenceofelectricfieldno2nno»^(B.7)•MajoritycarrierconcentrationintheabsenceofelectricfieldpoPo~NA(B.8)
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B.2 Work Function

• The work function of material J Wj is the energy required to remove an

electron from the material to the vacuum [123].

Wj = ER - EF (B.9)

Vacuum energy level Er

Fermi energy level Ep

B.3 Contact Potential

• The contact potential of material A to material B lçab is the electrostatic

potential drop in going from A to B [123].

Wa-Wb
mim

^AB = <fA- <fB = (B.10)
e

Contact potential of material A to
theintrinsicsemiconductorlçaContactpotentialofmaterialBtotheintrinsicsemiconductorlçr•ContactpotentialoftheextrinsicsemiconductorJtotheintrinsicsemi¬conductorLfj<Pj=-</>f(B.ll)•Fermipotential4>p^F=_ë^Il=<Ptili(^)=4>thl(PA)(B.12)TheintrinsicenergylevelE%istheFermienergyleveloftheintrinsicsemiconductor.•ElectronconcentrationnEF—Et4>Fn=nte^=nte**(B-13)
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• Hole concentration n

Et — EF 4>p

p = nle *t = nle ** (B-14)

B.3.1 n-Type Semiconductor

• Fermi potential 4>p

'ND
ü.«-&ln — (B.15)

B.3.2 p-Type Semiconductor

• Fermi potential 4>p

'NA
F«+(Mn( — ) (B.16)

B.4 Electrostatics

• Charge density per unit volume Q'"

• Electric field E_

1
E=- Q'"dx (B.17)

Permittivity e

= r0 (B.18)

Relative permittivity er

Permittivity of free space eo

e0 = 8.85 • 1(T12 F/m (B.19)
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Electrostatic potential

Edx (B.20)

Poisson equation

d2cf) Q

dx2
e

B.5 Drift

• Drift velocity vc

Mobility ß
Saturation velocity vs

(B.21)

vd = ±ßE (B.22)

• Current density j

l = Q"'Hd = ±ßQ'"E = ii IQ'"| E (B.23)

B.6 Diffusion

• Current density j

-

ox

Diffusion constant D

D = //& (B.25)

• Diffusion length L

L = VDt (B.26)

Carrier lifetime r
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B.7 pn Junction

OK
© © © © ©

0 ©

© 0 ©

P

semiconductor (silicon)

0 0

>Q'" +E

Fig. B.l: pn junction with external voltage source.

• Electrostatic potential across the depletion region

VD

External voltage across the pn junction Vd
Built-in potential 4>o

(B.27)

00 = (fnp

Fermi potential of the p-side 4>pv
Fermi potential of the n-side 4>pn

• Depletion region widths lp, ln

>Fn (B.28)

lp
_

ND

In NA
(B.29)

"V * v

p
i

vn

'2eNA + ND

e NAND
(0o

-VD)

(B.30)



B.7. pn Junction 175

B.7.1 p+n Junction

• Doping concentrations

NA^>ND (B.31)

• Depletion region widths lp, ln

L <C ln (B.32)

V eND

• Specific junction capacitance per unit area C"

26

(<h-VD) (B.33)

Y// , eeND
'3

V2((f>0-VD)

C" = \l-ZTT-^77-T (B.34)

• Current Id

VD

Id = Ir [e— - 1) (B.35)

Reverse current Ir

B.7.2 pn Junction

• Doping concentrations

NA <C ND (B.36)

• Depletion region widths lp, ln

L > ln (B.37)

1p = y 3^{^0 ~ Vd) (R38)
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• Specific junction capacitance per unit area C'

C'
eeNA

2(<£o-Vb)
(B.39)

• Current Id according to (B.35)

B.8 MOS Structure in Equilibrium

ÔI Vr,

metal (polysiticon)
+++++++++++

oxide (silicon dioxide)
-{FhHiMB^HIM±bH3-
e e e

9 ©

e e e

semiconductor (silicon)
Qi'"*Qb"—*Q'"*Qg"*Qo"+EVn§ox0,Fig.B.2:Two-terminalMOSstructureinequilibrium(p-typesubstrate).•PotentialbalanceVG+(j)s+(j)MS(B.40)GatevoltageVq(referredtosubstratecontact)Potentialdropacrosstheoxide4>oxSurfacepotential4>sContactcompensationpotential4>ms>MS-fGB=—{tPgate~<fbulk)=^fbulk~Vgate(B-41)
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Charge balance

Qg + Q"o + Q"i + Qb = 0 (B.42)

Gate charge density per unit area Qq

Qg = C'Lto* (B.43)

Specific oxide capacitance per unit area C'c
y//

'ox

C'L = -f- (B.44)

Permittivity of the oxide eox

Oxide thickness dox

Effective interface charge density
perunitareaQ"0InversionlayerchargedensityperunitareaQ'[DepletionregionchargedensityperunitareaQ'BSemiconductorchargedensityperunitareaQ'[+QBQ"+Qb=TC'^-yJfae&+(j)s~<j>t+e^(&e>s—9tBodyeffectcoefficient7ritt^oxPermittivityofsilicone<B.8.1Flat-BandCondition•Flat-bandvoltageVfbQ[(B.45)V2eesNA7=—7^(B-46)VFB=4>MS-^fr(B-47)OX
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• Conditions

Vq = Vfb

Q'l + Qb = o

</>s = 0

(B.48)

B.8.2 Accumulation

• Conditions

B.8.3 Depletion

• Conditions

B.8.4 Inversion

• Conditions

VG < VFB

Q'l + Qb > 0

0S<O

(B.49)

VG > VFB

Q'l + Qb < 0

0 < 0S < (f)F

(B.50)

^g > Vfb

Q'/ + Qb <0

(f>s > (f>F

(B.51)
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Semiconductor charge density Q[ + Qg

Q'i + Qb -C'LlV fa + fa
4>s —2<f>F

(B.52)

Depletion region charge density Q'B

Ql C" ~f
^
OX I (B.53)

• Potential relation

VG = VFB + (j)s +7"

//

01
fill
^
OX

(B.54)

Depletion region width Ib

^B

'

2es

eNA
(B.55)

• Surface electron concentration nsurfac

nsurface ~^A^4>s—2<f>F(B.56)WeakInversionSurfacepotentialcondition>F<4>s<^4>F(B.57)ModerateInversion•Surfacepotentialcondition2(j)p<(f)s<2(j)p+x(f)t,x>0(B.58)
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Strong Inversion

Surface potential condition

> 2(j)p + x(f)t ,
x > 0 (B.59)

• Surface potential approximation

>B (B.60)

Strong inversion surface potential shift 4>b

>£> = 2(f)F + 6(f)t (B.61)

• Inversion layer charge density Q'[

Qi^-C'UVg Vto) (B.62)

Extrapolated threshold voltage Vto

Vto = Vfb + ^b + 1\/~4>b (B.63)
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B.9 MOS Structure in Nonequilibrium

oxide (silicon dioxide)
H±M±]-H±M±M±h^B-
e e e

OK

metal (polysilicon)
+++++++++++

e e e e

0000

\ 0 0

semiconductor (silicon)

OK

Fig. B.3: Three-terminal MOS structure in nonequilibrium (p-type substrate).

Potential balance

VG + 4>s + 4>MS (B.64)

• Charge balance

Qg + Qo + Q'i + Qb = o (B.65)

Gate charge density per unit area QG

Qg =
C"
oxYox (B.66)

B.9.1 Inversion

Conditions
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vG >vFB

Q'i + Qb <0

(f>s > (f)F + Vc

Diffusion voltage Vc (referred to substrate B)

• Semiconductor charge density Q'[ + QB

Qi + QBK-c'LiVts + fa
4>s-(24,F + vc)

Depletion region charge density Q'B

Potential relation

Q'L -C" 7-

(B.67)

(B.68)

(B.69)

vG = vFB + 4>s+i'
01
fill
^
OX

(B.70)

2 3

surface potential [V]

Fig. B.4: Gate voltage Vc according to (B.70) versus surface potential 4>s at

different inversion layer charge densities Q'I for the AMS 0.6/im CMOS
processCUX.
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• Surface potential

Vg-Vfb + ^1 + ^Ç

From (B.70)

(B.71)

ho + 1s[VG- VFB +
or

Uox.
(B.72)

Surface potential fitting parameter cf)s0
Surface potential approximation coefficient 7<

7*
1 +

2\/</>s

(B.73)

"E ' i i i i

<u

.ë 0.9
M—

-

8 0.8 — -

c

o 0.7 ^^
ro

E 0.6 - /
X
o

à. 0.5 - f
Q.

^0.4 -

CO

JO.3 1

o

°-0.2 -

<u
o

£ 0.1 -

3

co n I I I I

2 3

surface potential [V]

Fig. B.5: Surface potential approximation coefficient7Saccordingto(B.73)versussurfacepotential4>sfortheAMS0.6/imCMOSprocessCUX.
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120

2 3

surface potential [V]

Fig. B.6: Inversion layer charge density Q'[ according to (B.70) or (B.71) versus

surface potential 4>s at different gate voltages Vg for the AMS 0.6/im CMOS

process CUX.

• Depletion region width Ib

IB

'

2es

eNA

• Surface electron concentration nsurfa'face

(B.74)

nsurface ~ ^A^
4>s-(2<t>F + vc)

(B.75)

Weak Inversion

• Surface potential condition

>F + Vc < <f>s < 2(f>F + Vc (B.76)

Moderate Inversion

• Surface potential condition



B.9. MOS Structure in Nonequilibrium 185

2<f>F + Vc < 4>s < 14>f + x<f>t + Vc ,
x > 0 (B.77)

Strong Inversion

Surface potential condition

> 2<f>F + x<f>t + Vc ,x>Q (B.78)

• Surface potential approximation

>.s » (PB + Vc (B.79)

• Inversion layer charge density Q'[

Q'i^-C'L[Vg-Vgt{Vc)] (B.80)

Extrapolated gate-substrate
thresholdvoltageVgt{Vc,VGT(Vc)=VFB+<j)B+Vc+tvVb+Vc=VT+VC(B.81)Extrapolatedgate-surfacethresholdvoltageVtVt=VT0+7(V</>B+Vc-V<h)(B.82)
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B.10 MOS Transistor

61V,
GS

Ö\y,

O
metal (polysilicon)
+++++++++++

oxide (silicon dioxide)
4±M±M±M±]-=-!±M±}-
e e e

V,
DS

e e g e g o

© g © © 0

© © / \ © ©

semiconductor (silicon)

Fig. B.7: Four-terminal MOS transistor (n-channel).

• Drain current Ip

Gate-source voltage Vqs
Drain-source voltage Vps
Source voltage Vs (referred to substrate contact)

• Small-signal transconductance grn

9r

Small-signal output conductance gc

dip

dVGs
(B.83)

9c
dip

dVps
(B.84)

B.10.1 Weak Inversion (Approximate Model)

Condition
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The most heavily inverted channel end (usually the

source channel end) is in weak inversion:

VL < VGS < VM

(B.85)

Weak inversion limit voltage Vl

VL = VFB + ())f + 7V0F + Vs (B.86)

Moderate inversion limit voltage Vm

Vm = VFB + 2(/>F + -yy/2(/>F + Vs (B.87)

• Drain current Id

W (vgs-Vm)

ID = —iMe nM*t (1 - e

VPS

(B.88)

Weak inversion gain current Im

/M = Ä^2^+W
(B.89)

Weak inversion voltage fitting coefficient nM

Um « 1 +
7

2^24>F + Vs
(B.90)

• Small-signal transconductance gr

9r
Id

riM4>t
(B.91)
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B.10.2 Moderate Inversion

Condition

The most heavily inverted channel end (usually the

source channel end) is in moderate inversion:

VM < VGS < VH

Strong inversion limit voltage Vh

VH = VM + Vz « Vt + 6n0t

Moderate inversion range voltage Vz

Vz « 0.5 V

(B.92)

(B.93)

(B.94)

B.10.3 Strong Inversion (Approximate Model)

• Condition

The most heavily inverted channel end (usually the

source channel end) is in strong inversion:

VGS > VH

(B.95)

Threshold voltage (extrapolated gate-source threshold voltage) Vt

Vt = VT0 + 7 (V</>B + Vs - v^ß) (B.96)

Extrapolated threshold voltage
VroVto=VFB+(j>B+TV^bStronginversionsurfacepotentialshift4>b(B.97))ß=^4>f+60i

(B.98)
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Pinchoffvoltage Vp

Vp
Vos — Vp

n

(B.99)

Strong inversion voltage fitting coefficient n

n « 1 +
7

2V0B + Vs
(B.100)

• Gain factor/?

W

ß=Tßo (B.101)

Normalized gain factor ßc

ßo = ßCox (B.102)

Nonsaturation (Ohmic / Linear/ Triode Region)

• Condition

VDS < Vp (B.103)

• Drain current Ip

ID=ß (VGS - VT)VDS - \riVls (B.104)

Small-signal transconductance g,,

9m = ßVlDS (B.105)
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Saturation (Pinchoff Region)

Condition

• Pinchoffvoltage Vp

• Drain current Ip

VpS > Vp (B.106)

Vp
21p

ßn
(B.107)

Id = ^-(Vgs-Vt)'
2n

(B.108)

• Small-signal transconductance g,,

ß,„
T/M

2ßID 21D
9m = -{Vgs ~

VT)
= \ = — —

n V n Vgs — Vp
(B.109)
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B.11 Parameters of Materials

Silicon

Si

Intrinsic carrier concentration nt 1.45-1010 cm"3

Relative permittivity er 11.9

Electron mobility /in 1500 cm2/Vs

Hole mobility /ip 450 cm2/Vs

Carrier saturation velocity vs 107 cm/s

Electron diffusion constant Dn 35 cm2/s

Hole diffusion constant Dp 12.5 cm2/s

Minority carrier lifetime r 2.5-10"3 s

Silicon Dioxide

Si02

Relative permittivity er 3.9

Aluminum

Al

Contact potential to intrinsic silicon cp j 0.6 V
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B.12 Simulation Parameters for the AMS 0.6/m CMOS

Process CUX

Gate doping Njj 1 • 1020 cm"3

Oxide thickness dox 12.5 nm

Effective interface charge density Q"0 0 C/cm2

Effective substrate doping Na 1.45 • 1017 cm"3



C. SPECTRAL ANALYSIS

In this appendix the fundamental terms, definitions and relations of signal rep¬

resentations in the time and the frequency domain are given. The properties of

white noise and 1/f noise are presented and the effects of basic signal process¬

ing techniques such as low-pass filtering, correlated double sampling as well as

sampling and holding are investigated. There is special emphasis on correlated

double sampling of 1/f noise. The expression for the total power of first-order

low-pass filtered 1/f noise after correlated double sampling and the correspond¬

ing approximation
(C.92)areusedintheintegratingsampled-dataphotosensingmodelfor1/fnoiseimplementation.C.1TermsC.1.1TimeDomain•Signalx(t)•Meanvaluea7Ir+T/2x=lim—/x(t)dt(C.l)T^ooTJ-T/2•Integratedsquarevaluex2sum(signalenergy)r+ooXlam=/[x{t)]2dt(C.2)•Meansquarevaluex2eff-(signal

power)
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I p+T/2

;pff
=

lim
_

2 t
i / r /ai2

a^
=

lim
-

/ [x(t)fdt (C.3)
-T/2

Root mean square (rms) value xeff (effective value)

I f+T/2
Xeff = \l lim - / [x(t)]2dt (C.4)

1 ^oo 1 J_t/2

Autocorrelation function R(r)

I f+T/2
R(r) = lim — / x(t)x(t + r)rft (C.5)

T^oo T
J-T/2

• Autocorrelation integralfunctionp{r)r+oop(r)=x(t)x(t+r)dt(C.6)C.1.2FrequencyDomain•SpectraldensityX_{uj)(double-sided)/+oox{t)e-Jujtdt(C.7)-ooEnergyspectraldensityE{uj)(double-sided)E{uj)=\X{uj)\2(C.8)PowerspectraldensityS(to)(double-sided)1\2S(u)=lim-\X(u)\'(C.9)1^oo1Powerspectraldensity2S{uj)(single-sided)
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2%) = 2 1im ^\X(u)\2 (CIO)
1 ^oo 1

Root power spectral density ^/2S{uS) (single-sided)

1
V/2^R=W2 lim -|X(a;)|2 (C.ll)

V 1 ^oo 1

C.1.3 Relations

• Fourier transform

/+oo x{t)e-Jujtdt (C.12)
-oo

Inverse Fourier transform

i r+°°

x(t) = — X{u)eJU}tdu; (C.13)
2tt J_00

Fourier pair

x{t)o-.X{uj) (C.14)

Tables of Fourier pairs can be found e.g. in [124]andin[125]Fourierpairir+oox(t)=—X{u)e3UJtduj(C.15)27Tl_r^oI/+oox{t)e-jujtdt(C.16)-oo
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• Wiener-Khintchine theorem

R(t)o-»S(uj) (C.17)

p{r)o-.E{uj) (C.18)

• Total energy Etot

>+oo

/>+oo
-i />i-oo />-|-oo

Etat = TT-
/ E{uj)duj = x2sum = / [x{t)f dt = p(0) (C.19)

2lr J-oo J-oo

• Total power Stot

;+oo -, r+T/2

Stot = 7T~
Z7T j_00

-

1^00 ± J_T/2

1 /•-!-00 1 /«-t-J/z

r / S(u;)du; = x2eif = lim - / [x(t)]2 dt = Ä(0)

(C.20)
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C.2 Signal Classification

Finite Energy Signal

(FES)

Finite Power Signal

(FPS)

Spectrum 2L(<+>) / x(t)e-3Ujt dt
J —oo

-

Autocorrelation Integral Function p(r) / x(t)x(t + r)dt
J —oo

-

Energy Spectrum E(w) I2CHI2 -

Total Energy Etot
l r+°°
— / E(cv)dcv
2lT J-oo

oo

Autocorrelation Function ^(T) 0
I r+T/2

lim — / x(t)x(t + r)dt
T^oo T J-T/2

Power Spectrum S(u) 0 lim i|XH|21—»oo1TotalPowerStot01f+°°Tab.C.1:Signalclassification.•Typicalfinitepowersignals(FPS):-Periodicsignal-Stationaryrandomsignal
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C.3 Signal Spectra

Time Domain Frequency Domain

Continuous-Time Time-Limited Signal Continuous Nonperiodic Spectrum

x{t) = — / X{u)eoujtduj
2"7T ./^

X{u) = / x{t)e~3Ujtdt

Discrete-Time Time-LimitedSignalContinuousPeriodicSpectrumx*{t)=x(t)s5s(t)+00=Y^x(kTs)6(t-kTsX*(lü)=—X(lü)*S5s(lü)k=—oo2vr2vr££(to—nw,»+ws/2-,f+u>s/zreverse+00x(kTs)=—X*(u)eJ"kTsdLüFourierseriesX*(uj)=V"x(kTaWsJ-L0J2sKI-^-]ujkTsContinuous-TimePeriodicSignalDiscreteNonperiodicSpectrumzp(i)=z(i)*sj(*)=Y,x(t-kTpIp(W)=I(W)S(W)00=caw—nw.k=—00*P(i)=£ç„ejn^Fourierseriesn=—00+00=E2vrcn5(w—nwp)1r+TP/2pjPJ-Tp/20Jt,Tab.C.2:Signalspectra1.
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Time Domain Frequency Domain

Discrete-Time Periodic Signal Discrete Periodic Spectrum

x*p(t) = xp(t)ssa(t)
+00

O—• 2QM = -^£PM*s?M
+00

= Y, xp(kTa)S(t-kTa)
k=—oo

= £ Y, 2LP(uj-nujs)
n=— 00

= x*(t)*s5p(t)
+00 +CXD

= ]T x*(t-kTp) = ujp 2_, X*{nu)p)5(uj — nujp)
k=—oo

n=— cxd

+00 +00

= Y^ x(k)5(t-kTa) = /_] 27tç^(w — nujp)
k=—oo

n=— cxd

+CXD

= J^ Zpi(w-nws)
n=—cxd

+CXD

= ujp 2_j X_(n)5(uj — nujp)
n=— cxd

N-l AT-1

x*(t) = Y x(kTs)ö(t - kTs) 2CpiM = Y 27T^(^ ~ nujp)
k=0 n=0

+CXD N-l

T*(t) — V^ r* pinup*
Fourier series

^ = 7FY x(kTs)e-jn^m
n=— cxd

p fc-0

= ^2C(nujp)

2ttN~1
xp(kTs) = ~Y ^nuJvkTs

discrete N-l

& = 7FY. <kTsy-rn^kTsFourier series
Us

n=0

discrete

1p
k=0

N-l N-l

x{k) = -'£x{n)e>^nk
Fourier

transform
X{n) = Y x{k)e~^nk

n=0 k=0

= Xp{kls) 2vr
,

— On
UJp

= X* {nujp)

Tab. C.3: Signal spectra 2.
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Time Domain Frequency Domain

Transformation Functions

+00 +00

4(t)= E Kt-KTs) 0—• Ss (to) = üüs 2_, ^(W ~ nuJs)
k=— oo n=— oo

2tt

-L
s

+00 +00

4w= E Kt-KTp) 0—• Sp(u) =Up ^2 à{u - nup)
k=—oo n=— oo

2tt

l
p

ufs

Tp = NTS ^=7V

Tab. C.4: Signal spectra 3.

C.4 Noise Power Spectra

• Stationary1 stochastic signals

C.4.1 White Noise

• Power spectral
densityS(to)(double-sided)S{u)=S0(C.21)•AutocorrelationfunctionR(t)R(r)=S0ô(t)(C.22)DeltafunctionÖ(T1Statisticalpropertiesareinvarianttoashiftoftheorigin
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(C.24)

ö(t) = 0 ,r^0 (C.23)

/+oo ô(r)dT = 1

-oo

• Total power Stot

Stot = R{0) = S0ô{0) (C.25)

C.4.2 Band-Limited White Noise

• Power spectral density S (lu) (double-sided)

SM = ( o H > u0
(C26)

• Autocorrelation function R(t)

7T (CJOTJ

• Total power Stot

Stot = R(0) = — = 2S0B (C.28)
Tï

Noise bandwidth B

luo = 2ttB (C.29)

C.4.3 1/f Noise

• Power spectral density S (lu) (double-sided)

S{lo) = f^ (C.30)
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• Autocorrelation function R(r)

R(r) =
^ rCOs("r)^^oo (C.31)
TT JO W

• Total power Stot

Stot = R(0) = — / -du —> oo (C.32)

C.4.4 Band-Limited 1/f Noise

• Power spectral density S (to) (double-sided)

S(u) =
( M M ^ <**

(C.33)V ;
I 0 \uj\ >uj0

• Autocorrelation function R(t)

=
^o n çœ^^ _ ^ (Q34)
TT JO ^

Total power 5tot

Stot = R(0) = -° / -rfa; — oo (C.35)
TT JO WC.5LinearSystems•Inputsignalx(t)•Impulseresponseg(t)•Outputsignaly(t)>+ooy/-t-oog(r)x(t-r)dr(C.36)-oo
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• Input spectral density X_(uj) (double-sided)

• Transfer function G (lu )

g(t)o-.G(uj) (C.37)

• Output spectral density Y_{uj) (double-sided)

Y_(uj) = G(u))X(uj) (C.38)

• Input power spectral density Sx(lü) (double-sided)

• Output power spectral density Sy(cj) (double-sided)

Sy{uj) = \G{uj)\2Sx{uj) (C.39)

• Input autocorrelation functionRx(r)•OutputautocorrelationfunctionRy{r)C.6First-OrderLow-PassFilterC.6.1TransferFunction•Impulseresponseg(t)^={L—III(c-4°)Cut-offangularfrequencyujquj0=2ttB(C.41)BandwidthB•TransferfunctionG(lu)G(v)=y-^(C42)
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• Output power spectral density Sy(cj) (double-sided)

S„(uj)
1 +

•LOQ
)

Sr-(UJ] (C.43)

C.6.2 White Noise

• Output power spectral density Sy(cj) (double-sided)

Sy(u) - T~T^Tyï

1 +
-UJQ

(C.44) OutputautocorrelationfunctionRy{r)Ry(r)SqUJq-LOq\t\(C.45)TotaloutputpowerS.ytotSytot=Ry(Q)=-^—=1So-B=2S0Bn(C.46)Noise-effectivebandwidthBrBn=—B(C.47)C.6.31/fNoise•OutputpowerspectraldensitySy{uj)(double-sided)Sy{u)SrM1+^ycooLO_\2(C.48)OutputautocorrelationfunctionRy{r)QPOORy(r)=^-71JocüCOSWT,1+^ycooLO\2diu—>oo(C.49)
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Total output power S.
ytot

O l-OO -j

Sytot = Ry^) = — — Td^ > O0 CG"50)
11 Jo

C.7 Correlated Double Sampling

C.7.1 Transfer Function

• Impulse response g(t)

g(t) = ô(t) - ô(t - At) (C.51)

Double sampling time At

At > 0 (C.52)

• Output signal y (t)

y(t) = x(t) - x(t - At) (C.53)

• Transfer function G (lu )

G(lü) = 1 - e"^At (C.54)

• Output power spectral density Sy(cu) (double-sided)

Sy(u) = 2 [1 - cos(cjAt)]
Sx(u)(C.55)•OutputautocorrelationfunctionRy(r)Ry(r)=2Rx(t)-Rx{r+At)-Rx{t-At)(C.56)•TotaloutputpowerSytotSytot=RyW=2[MV~R*(At)](C.57)Thisrelationcanalsobefoundin

[59]
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C.7.2 White Noise

Output power spectral density Sy(cj) (double-sided)

Sy{u) = 2S0[1 -cos(uAt)} (C.58)

Output autocorrelation function Ry{r)

Ry(r) = So [2(5(0) - 6{t + At) - 6{t - At)} (C.59)

• Total output power S.
ytot

Sytot=Ry(0)
=2So[ô(0)-ô(At)](C.60)C.7.3Band-LimitedWhiteNoise•OutputpowerspectraldensitySy(cj)(double-sided)Sy{u)2Sq[1—cos(u;A£)]\cu\<ujq0la;I>ujq(C.61)•OutputautocorrelationfunctionRy{r)Ry{r)Squjq/sin(o;or)_sin[g;o(r+At)]7TV(^or)[a;0(r+At)]sin[a;o(r—At)]\[wo(r-At)])(C.62)•TotaloutputpowerS.ytotSvtot=Ry(Q)ZSqujoITsin(o;oAt){oooAt)(C.63)
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C.7.4 First-Order Low-Pass Filtered White Noise

• Output power spectral density Sy(co) (double-sided)

SM = 2S0[1:?7iy] (C.64)

Output autocorrelation function Ry{r)

p
, x

_

f So«*) [e-W0'Tl - e—°At cosher)] \r\ < At

y[T)

\ SoLüoe-^ [1
-

cosh(a;oAt)] \r\ > At
{ }•TotaloutputpowerSytotSytot=Ry(0)=Solüo[l-e~^At](C.66)C.7.51/fNoise•OutputpowerspectraldensitySv(lü)(double-sided)Sy{u)=2So[1~CfwM)](C.67)•OutputautocorrelationfunctionRy{r)RM2Sof°°,[1-cosJLüAt)]Atiy\T)=/cos(o;r)—ülü—>oo(C.68)TTJowTotaloutputpowerS.ytot^,x2S0f°°[1-cosfwAt)]7Sytot=Ry(0)=—/]*J1dLU—OO(C.69)
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C.7.6 Band-Limited 1/f Noise

Output power spectral density Sy(cj) (double-sided)

Syfa]
r> q [1—cos(o;At)]

0

\iü\ < UÜQ

\lü\ > UÜQ

(C.70)

Output autocorrelation function Ry{r)

Ry{r)
2Sn r°

TT Jo

,

Jl - cos(cjAt)]
7 ,„n^

cos(ujt)- - -diu (C.71)
üü

Total output power S.
ytot

Svtot = Ry(fy
2Sq r° [1 - cos(u;At)]
IT UJ

dcu (C.72)Fig.C.l:Totaloutputpowerofband-limited1/fnoise(normalizedbySo)ac¬cordingto(C.72)versustheproductofthebandwidthandthedoublesamplingtime(x=iüoAt).
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C.7.7 First-Order Low-Pass Filtered 1/f Noise

• Output power spectral density Sy(cj) (double-sided)

Sy(u) = 2S0
[1 - cos(u;A£)]

a; l + (^)2
(C.73)

• Output
autocorrelationfunctionRy{r)Ry{r)25of°°TTJol-cos(cjAt)].,^nA.cos(lot)^-r-^duo(C.74)UJl+(^)2•Totaloutputpower5.ytots.ytotRy(0)=-±/[exEkJo[x]-e~xE^-x)\dx(C.75)ExponentialintegralEAx)*ooe-tdt(C.76)•Derivationof(C.75):Using(C.57)S.ytot2[Rx(Q)-Rx(At)]=-2fJoAtd[Rx(r)]drdr(C.77)Using(C.49)drTTJosinwr,-^-duo1+C,,2rooOqUJq/1ITLu1+UJÎsin.(iüT)diü

(C.78)
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r°° l

Jo oj2+uj20

Fourier sine transform g{y)

9(y) = Io°° f(x) sm(xy)dx , y > 0 (C.79)

of/(a;)

/M = :?rfer ,«>0 (C.80)

with

x = UJ

y = t

a = ujq (C.81)

According to [125]

1

sm(iüT)dLü = — [e-WoTEi(a;or) - ew°TEi(-o;or]

(C.82)

with

ËÏ(w0t) = i [Ei(a;or + jO) + Ei(u;0r - JO)] = Ei(u;0r) (C.83)

and

Ei(w0r) = -^(-cjot) (C.84)

Using (C.78)

d [Rx(r)} Sou;o
[e^EiW _e-or^^^^j(Q85)ör27T
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Using (C.77)

S
SqUJq

ytot

/>ZAt

/ [eU0TE^ujot) - e~^TE^-ujot)} dr

Jo

/ [ex£i(a;) - e^E^-x)] dx (C.86)
Jo

q /«woAt

IT

Confirmation of (C.75)
Same result obtained in [41]

Fig. C.2: Total output power offirst-order low-pass filtered 1/fnoise (normalized

by So) according to (C.75) versus the product of the bandwidth and the double

samplingtime(x=cooAt).•Approximationof(C.75)foro;0At>1:Accordingto[126]E\{x)=T(0,a:)=limV(a,x)(C.87)
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Complementary incomplete gamma function T(a, x)
Asymptotic series

EA (x) =

x

e~

1 2
!-- + -

,£> 1

6
— +
xà

(C.88)

exE1(x)-e-xE1(-x) ,x e

e XJ^- ,x > 1

- ,x> 1 (C.89)

For

cü()At > xq ^> 1 (C.90)

Sytot ~

So

TT

So

TT

px0
/ [e^^x]
Jo

rxo

/ [exE1{x)
Jo

e~xE1(—x)] dx + / —dx

Xq
X

e xEi(—x)] dx — 2ln(xo]

+21n(u;oA£)
(C.91)•Substitutionof(C.75)Sytot«^[1+2ln(w0At)],uj0At>25(C.92)
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Fig. C.3: Absolute (- -) and relative (—) error of the substitution (C.92) com¬

pared to the exact total output power of first-order low-pass filtered 1/f noise

according to (C.75). The values are plotted versus the product of the bandwidth

and the double sampling time (x = too At).

Relative error er

er < 0.02 ,w0At>25 (C.93)

C.8 Sampling

C.8.1 Input Signal

• Input signal x(t)

'+00

x(t)
2tt

X(uj)e3Ujtduj (C.94)

Input spectral density X(u;) (double-sided)
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/+oo x{t)e-Jujtdt (C.95)
-oo

Input power spectral density Sx{uj) (double-sided)

1

Sx(uj)= lim -\X(u>)\< (C.96)
1 ^oo 1

• Input autocorrelation function Rx (r)

I f+T/2
Rx(r)= lim - / x(t)x(t + r)dt (C.97)

T^oo T
J-T/2

• Total input power SXtot

•+T/2

-T/2

SXtot = Äx(0) = lim i / [x(t)]2 dt (C.98)
J ^oo i J-T/2

C.8.2 Transfer Characteristics
•Samplingfunctionfs(t)+oo/«(*)=E^"nT*)(C-99)n=—ooSamplingperiodTs•Outputsignaly(t)y(t)=fs(t)x(t)(C.100)•SamplingtransfercharacteristicsFs(lu)+ooFs(u))=u)sY^ô(u)-nu)s)(C.101)n=—ooSamplingangularfrequency

ws
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UA

2tt
(C.102)

• Output spectral density Y_{uj) (double-sided)

1 1 f+oc
Y(uj) = —Fs(uj) * X{u) = — / Fs(Q)X(u ~ tt)dQ (C.103)

2tt 2tt J_00

C.8.3 Sampled Signal

• Sampled signal y (£)

+oo

y (t)= J2 x(nTa)S(t - nTa

n= —ooSignalsamplesx(nTs)x{nTs)=—f"Y{u)eJU}nTsdu;UsJ-ujs/2•SampledspectraldensityY_{uj)(double-sided)(C.104)(C.105)+oo+ooY{u)=^-VX{u-nu;s)=Vx{nTs)e-Jujnls(C.106)-jLonTg•SampledpowerspectraldensitySy(lu)(double-sided)Sv(u)=lim—(—l=—<•SampledautocorrelationfunctionRy(t)+oouj—nuj.n=—oo+ooRy(T)=Z^xR(nTs)—ö(r-nTtn=—oo(C.107)(C.108)
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Autocorrelation samples function xr(îiTs

1
+N

xR(nTs)= lim —- V x(kTs)x([k + n]Ts) (C.109)
k=-N

• Total sampled power £ytot

5,
ytot iyo) = xß(o)-U(o)

1
+iv

1
lim —-

V
[x{kTs)f —

0(0)

i^oo 2N ^
[ v SJi

T*
J

k=-N

(C.110)

C.9 Holding C.9.1InputSignal•Inputsignaly(t)+ooy(t)=Ylx(nTa)S(t-nTan=—ooSignalsamplesx(nTs)in(C.105)•InputspectraldensityY_{uj)(double-sided)(C.lll)Y(u]2tt+oo+oo£*uj—nuj.Y^x{nTs)e-JüjnTs(C.I12)•InputpowerspectraldensitySy(cj)(double-sided)Sv(u)=lim—(—yy>T-ooTV27T+ooEsuj—nuj.n=—oo(C.113)
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• Input autocorrelation function Ry (t)

+00 -t

Ry(r)= J2 XR(nTs)—6{r-nTs) (C.114)

Autocorrelation samples function xr(îiTs) in (C. 109)

• Total input power Sytot

1
_ ..

1 ^ , 1

Sytot = Ry(0) = xR(0)-S(0) = Virn^
— ^ [x{kTs)Y -6(0)

(C.115)~s"k=-NC.9.2TransferFunction•Impulseresponsegh{t)gh{t)=\0else(C.116)•TransferfunctionGh(cu)97rsin;W7r,Zi/I\LOsI„0J7TGh(u)=—""^e-^(C.117)UJSJÜJ7TU><C.9.3SignalafterHold•Signalafterholdz(t)+00z(t)=Ylx{nTs)gh{t-nTs)(C.118)n=—00Signalsamplesx(nTs)in(C.105)
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• Spectral density after hold Z_{uj) (double-sided)

sin

Z(u.

+00

£*< uj — nuj.

n=— 00

• Power spectral density after hold Sz{uj) (double-sided)

(C.119)

SJuj) lim —

T^ooT

sin +00

Enuj — nuj.

n=—00

(C.120)

• Autocorrelation function after hold R? (r)

+00

Rz(t)= ]T xR(nTa)da(r-nTa)
(C.121)n=—00Autocorrelationsamplesfunctionxr(îiTs)in(C.109)Trianglefunctionds(r)rf,Mm0\r\>TS(C.122)•TotalpowerafterholdSZtot1+NSZtot=Rz(0)=xR(0)=lim—:J2\<kTs)]2(C-123)k=-N



D. CASCODE CONFIGURATIONS FOR

SWITCHED CURRENT COPIERS

D.1 Introduction

Today's analog and digital CMOS integrated circuit design is highly dominated

by miniaturization and low power requirements [15].
Device down-scaling is applied in order to reduce chip area and to achieve higher

packing density in monolithic integrated circuits. In addition, smaller device di¬

mensions imply lower parasitic capacitances, and decreasing MOS transistor

channel length increases transconductances, which result both in higher speed

performance or lower operating currents. However, short channels decrease out¬

put impedance and therefore reduce transistor dc voltage gain. This brings up

the need for a "super transistor" with improved output impedance, which can be

obtained by the use of cascode circuits [127].
Beside the accompanying loss of speed, down-scaling the operating currents

doesn't pose major problems. More problems are involved by down-scaling
thevoltages.Inthecaseofvoltage-modeoperatedcircuits,signalswingshavetobereducedaccordingly.Theyarefurtherreducedbythenon-saturationregionsofthetransistorswhichoftencannotbedown-scaledaccordingly.Thisisparticu¬larlythecaseincircuitswherelowoutputconductancesinshortchanneldevicesarerequiredandthereforecascodeshavetobeused.Circuitsbasedonhighoutputresistancesoftheamplifyingdevices,i.e.cascodes,arefoundinmanyapplicationslikecurrentsourcesindifferentialamplifiersforcommon-modeandpower-supplyrejection,oroperationaltransconductanceamplifier(OTA)outputstageswithlargevoltagegain.Switched-capacitorcircuitsoperatedwithOTA'sarefacedwiththisproblem.Cascodeswithminimumnon-saturationregionarethereforeofhighinterest.Current-modecircuitsareanalternativeapproachinordertooperatesignalpro-
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cessing circuits at low supply voltages. This technique also requires current

sources with high output resistances. Therefore cascode circuits which oper¬

ate down to small output voltages are needed here as well, if supply voltage
is reduced. Of special interest in this context are switched-current (SI) circuits

[115]. Their precision depends on the output resistance of the current storage
cells whicharebasicallyMOS"supertransistors"withopengates.Inthisappli¬cationthecascodeproblemappearsinamodifiedversion.Besidehighoutputresistanceatlowoutputvoltagesadditionaldesignruleshavetobefollowedwhenoperatedasso-called"currentcopiers"[117].Theaimofthispaperistoinvestigatemethodsforthereductionofthenon-saturationregionofdifferentcascodecircuitswithspecialemphasisonthelim¬itationsinswitchedcurrentcopierapplications.Thepaperstartswithageneraldiscussiononcascodecircuits.InsectionD.2thebasicinvestigatedcascodecircuitsarepresentedwiththeircorrespondingsmall-signalparameters.SectionD.3comparesthedynamicoutputrangesofthedifferentcascodecircuits.Severalmodificationsofthebasiccascodeidealikeregulatedcascodes[127]andvariationsofthiscircuitwithreducednon-saturationregions[128]arediscussedandcompared.Simplecircuitsforrefer¬encevoltageorcurrentgenerationanddynamicoutputrangeimprovementarepresentedinsectionD.4.SectionD.5discussesswitchedcurrentcopiercircuitsandcomparesthedynamicrangesofthedifferentcascodecircuitsforuseinswitchedcurrentcopierapplications.D.2CascodeCircuitsD.2.1SingleTransistorIfasingletransistor(ST)asshowninfig.D.1isusedasavoltage-controlledcurrentsource,theoutputhastobeoperatedinthesaturationregionyieldingmaximumoutputresistance.Intheohmicregion,theoutputcharacteristicsofthetransistorcanbeapproxi¬matedby(VGs-VT)VDs-lnVèsID=ß2(D.l)whereVristhethresholdvoltageofthetransistor.Typicalvaluesfornrangefrom1to1.5.TheoutputresistanceforsmallVdsisverylowandthereforenotsuitableforcurrentsourceoperation.Thetransistorremainsinohmicoperation
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Vo=VDS

T Io=Id

V^Vqs

/

Fig. D. 1: Single transistor (ST).

as long as Vds does not exceed Vp, which is the value of Vds that yields the

maximum current Id in (D. 1) for a given Vos-

Vp
Vqs — Vp

n

(D.2)

If Vbs > Vp the transistor is in the saturation region and in this simple model

the large-signal output current becomes independent of the output voltage, thus

yielding current source operation:

iD = 7^(vGs-vTy
This

isequivalenttoVqs=Vp+2nIDßThistransferfunctionyieldsthesmall-signaltransconductanceß9m=-{Vgs-Vp).n(D.3)(D.4)(D.5)Howeverthereisaprocessdependentnon-zerosmall-signaloutputconductanceg0thatlimitscurrentsourceperformance,mainlyduetothechannellengthmod¬ulation.
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Vo
o

vR~ T
2

Vj Ti

/

Fig. D.2: Normal cascode circuit with either a fixed (FBC) or an optimally

adapted (OBC) reference voltage Vr.

D.2.2 Normal Cascode Circuit

The classical cascode circuit shown in fig. D.2 consists of a common-source

stage followed by a common-gate stage that has to be biased
byareferencevoltageVr.Whereastheoptimallybiasedcascodecircuit(OBC)isoperatedatminimumVrstillguaranteeingthatbothtransistorsaresaturatedfortheactualoutputcurrent,thefixedbiasedcascodecircuit(FBC)hasafixedVrthatisoptimalonlyforthemaximumoutputcurrentanddeviatesfromoptimumatlowercurrents.Thetransconductanceofthenormalcascodecircuitissimilartothatofthesingletransistor:gm{OBC)=gm{FBC)«—(Vj-V^)9ml•(D.6)ßi,V~Tt,9mtandgolrefertotransistorTx,anditisassumedthatgol<Cgmt-Theoutputconductanceinthesaturationregionisapproximatedbygo(0BC)=g0(FBC)«gol9o29m2(D.7)whichismuchsmallerthanthatofthesingle

transistor.
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Vj

Fig. D.3: Regulated cascode circuit (RGC).

D.2.3 Regulated Cascode Circuit

The regulated cascode circuit shown in fig. D.3 is a normal cascode circuit with

an amplifier stage T3 regulating the reference voltage in order to keep Vdsi con¬

stant [127]. The transconductance is approximately the same as for the normal

cascode circuit:

gm{RGC) ^ gml. (D.8)

The output conductanceinthesaturationregionisfurtherimproved:g0(RGC)«gol9o29o39m29m3(D.9)D.2.4GeneralizedRegulatedCascodeCircuitTheconceptoftheregulatedcascodecircuitcanbegeneralizedtoanormalcascodewithanamplifierregulatingthereferencevoltagesoastokeepVdsiatadefinedconstantvalueVm-TheamplifierhastosenseandamplifydeviationsofVdsifromthegivenreferenceVmwithhighgaina.Fig.D.4showsthegeneralizedregulatedcascodecircuit(GRGC)consistingofanormalcascodecircuitT\andT2andadifferentialamplifierA.TheamplifierAhastwoinputsVmandV/vandoneoutputVr.ItstransferfunctionisgivenbyVR=VA+a{VM-VN),(D.10)
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Vh
M

A
vR

Vj

Vo
o

T7

V,
N

Ti

y

Fig. D.4: Symbolic representation of the generalized regulated cascode circuit

(GRGC).

where Va and Vm are operating point values and a is a small-signal gain. Very

high gain
a^oo (D.ll)

yields the equivalence
VN « VM, (D.12)

which is normally intended to obtain very high output
conductance.TheGRGChasagainanapproximatedtransconductance9m\GRGC)«Qml-(D.13)Theoutputconductanceofthiscircuitwithbothtransistorsoperatinginsatura¬tionisapproximatelyg0(GRGC)ngol9o219m2a+1(D.14)ItcanbedemonstratedthateachoftheabovementionedcascodecircuitsOBC,FBCandRGCrepresentsaspecialcaseoftheGRGC.Ithastobeempha¬sizedthatthereferenceVmisnotbyallmeansameasurablevoltageofthecircuit,butitcanbeaswellanimplicitvalueoftheamplifyingcircuitA.TheamplifierAmayhaveanon-lineartransferfunction,where(D.10)isthelin¬earizedtransferfunctionintheoperatingpointwiththelarge-signalvaluesVaandVmandwiththesmall-signalgaina.ThustheOBCrepresentsa

GRGC
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with Va = foBc(Io) and a = 0, whereas the FBC is a GRGC with Va = Vr

and a = 0 as well. The RGC represents a GRGC with Va = fRGc(Io),
VM = VGS3imda= ff.
Another example of a GRGC would have a simple differential amplifier A with

the transfer function Vr = cl(Vm
—Vjv)andanexternallyappliedreferenceVm[128].D.3DynamicOutputRangeD.3.1SingleTransistorThesaturationconditionforthesingletransistor(ST)infig.D.lisVds>Vp.Equation(D.2)incombinationwith(D.3)yieldsthelimitofthedynamicoutputvoltagerangeVoMST)>Jj£.(D.15)Besideoverloadconsiderationsandaslongastheoutputvoltagecanbeadaptedaccordingly,theoutputcurrentrangehasnoupperorlowerlimit:Io,sat(ST)>0.(D.16)D.3.2OptimallyBiasedCascodeCircuitTheoptimallybiasedcascodecircuit(OBC)infig.D.2isassumedtohaveareferencevoltageVryieldingthesaturationlimitVdsi=VpifortransistorT\.ThusthesaturationconditionfortheOBCistheadditionofthesaturationconditionsforeachtransistorT\andT2andyieldsforthelimitofthedynamicoutputvoltagerangeVo,sat(0BC)>W—^+W-^.(D.17)whichisareductioncomparedtothesingletransistor.Assumingthattheoutputvoltagecanstillbeadaptedaccordingtothissaturationlimitincrease,theoutputcurrentrangehasnoupperorlowerlimitaswell:Io,sat(OBC)>0.(D.l8)
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D.3.3 Fixed Biased Cascode Circuit

The saturation condition for the fixed biased cascode circuit (FBC) in fig. D.2

depends on the applied reference voltage Vr, since transistor T2 is in saturation

for V0 - {Vr - VGS2) >VP2.Using(D.3)thisyieldsforthelimitofthedynamicoutputvoltagerangeVo,Sat(FBC)>VR-VT22nl0fh+'2Iqß2n(D.19)TheoutputcurrentislimitedbyVp\<Vr—Vgs2,whichisthesaturationconditionfortransistorT\.Equations(D.2)and(D.3)yieldfortheoutputcurrentrange0<I0,sat(FBC)<Vr—Vt2ß\n+(D.20)Equation(D.19)cannowbeexpressedintermsofthemaximumoutputcurrentImcixbyusingtheupperlimitofIo,satin(D.20),yieldingthecurrentrangedependentlimitofthedynamicoutputvoltagerangeV0,sat(FBC)>21Max+<ß\n^270ß2n+2nIMoß22nl0ß2(D.21)D.3.4RegulatedCascodeCircuitIntheregulatedcascodecircuit(RGC)infig.D.3thevoltageVdsiiskeptattheconstantvalueVgs3resultingfromIrforT3operatinginsaturation.ThesaturationconditionfortransistorT2isVo—Vgs3>Vp2andyieldsthelimitofthedynamicoutputvoltagerangeV0,sat(RGC)>VT3+2nIRßs+2I0ß2n(D.22)
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The output current limit is given by the saturation condition for transistor T\.

which is Vqs3 >Vpi- This yields for the output current range

0 < I0,sat(RGC)
-,

2

I fit n,

(D.23)< ßin2lR+vTnß^
ß3

Applying this equation for the maximum
outputcurrentIMaxto(D.22)yieldsthecurrentrangedependentlimitofthedynamicoutputvoltagerangeVoMRGC)>A/Hp+J%°.(D.24)Pinyß2nD.3.5GeneralizedRegulatedCascodeCircuitSimilartotheRGC,inthegeneralizedregulatedcascodecircuit(GRGC)infig.D.4thevoltageVdsiiskeptataconstantvalue,whichisnowVm-ThesaturationconditionfortransistorT2isnowVo—Vn>Vp2andyieldswith(D.12)thelimitofthedynamicoutputvoltagerangeVoMGRGC)>VM+\I^,(D.25)P2nassumingaisverylarge.Vn>Vpilimitstheoutputcurrentrangewith(D.12)toßinVj2M0<Io,sat(GRGC)<'-^-^.(D.26)Thecurrentrangedependentoutputvoltagerangecorrespondingto(D.25)withIMaxderivedfrom(D.26)isVoMGRGC)>W^+J^2-.(D.27)Piny

ß2n
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which is exactly the same as for the RGC.

Fig. D.5 shows the output voltage ranges Vo,sat of the discussed circuits op¬

erating in saturation in relation to the output current lo at a given maximum

output current IMax- The ST has a large dynamic output voltage range and no

output current limitation at a relatively poor output conductance. The OBC with

improved output conductance still has no output current limit,
butthedynamicoutputvoltagerangeisreduced.TheFBChasthesameoutputconductanceastheOBC,butitsdynamicoutputvoltagerangeisdrasticallyreducedcomparedtotheOBC,becausethefixedreferencevoltagedeterminedbythemaximumoutputcurrentleadstohigherresidualvoltagesatsmalleroutputcurrents.ThusforthemaximumoutputcurrenttheFBCachievestheoutputvoltagerangeoftheOBC,butanyloweroutputcurrentsignificantlyreducestheoutputvoltagerange.TheRGCwithitslowestoutputconductancehasafixedreferencecurrentandisoutputcurrentlimitedaswell.LiketheFBCtheRGCachievestheoutputvoltagerangeoftheOBConlyatthemaximumoutputcurrent.AtloweroutputcurrentsthedynamicoutputvoltagerangeoftheRGCissmallerthanthatoftheOBC,butstillmuchhigherthantheoneoftheFBC.Thediscusseddynamicoutputvoltagerangessupposesaturationofbothcas¬cadedtransistorsT\andT2.Accordingto(D.14)thisresultsinloweroutputconductancesforcascodeswitha>1.Acomparisonofthedynamicoutputvoltagerangesforthedifferentcascodesassumingafixedupperlimitoftheout¬putconductancewouldshowconsiderablybetterresultsforcircuitswitha>1thanthoseshowninfig.D.5.ThesecircuitsstillhaveoutputconductancevaluescomparabletothoseofclassicalcascodesiftransistorT2operatesinitsohmicregion.Adetailedanalysis[129]revealsthatcascodeswitha>1(i.e.theRGC)haveloweroutputconductancesthanconventionalcascodeswitha=0(i.e.theFBC)downtoVokVm+J1-^9—-.(D.28)VP29o2aThesimulatedcurvesinfig.D.6oftheoutputconductancesofthedifferentcas¬codetypesconfirmthetheoreticalresultsforthedynamicoutputvoltagerangesaswellasthedifferentobtainablelevelsofoutputconductances.
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Fig. D.5: Saturation operating areas of the single transistor (ST), the optimally
biased cascode circuit (OBC), the fixed biased cascode circuit (FBC) and the

regulated cascode circuit (RGC). The output voltage ranges Vo,sat are plotted
in relation to the output current Io at a given maximum occuring output currentIMax-Thefollowingvaluescorrespondingtoa1/i-SACMOSprocessareused:Vt=0.65V,ß=1mA/V2,n=1.2,1Max=300/iA.Thenumbersinbracketsindicatetheequationnumberinthetextofthecorrespondingcurve.
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Fig. D.6: Simulated output conductances according to fig. D.5 at lo = 100 /xA.
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Fig. D.7: Simple constant reference voltage generation circuits.

D.4 Reference Voltage and Current Generation and

Dynamic Output Range Improvement

D.4.1 Constant Reference Voltage and Current

Generation

The reference voltage Vr for the OBC and FBC in fig. D.2 can be generated with

a simple circuit shown in fig. D.7a. According to (D.3) the resulting voltage is

Vr = VTA +
2nIB

ft
(D.29)

This reference voltage can be adjusted by the selection of the bias current Ib

and the transistor parameter ft.

Significantly higher reference voltages can be generated accurately with a circuit

shown in fig. D.7b.
ThereferencevoltageisnowgivenbyVr=VTA+VT5+'2nIBft+2nIBft(D.30)ReferencevoltageslowerthanVtamaybegeneratedwiththecircuitinfig.

D.7a
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Fig. D.8: Reference voltage (a) and reference current (b) tracking circuits for

adaptive cascode circuit biasing.

operating T4 in the subthreshold region. Special care has to be taken for the

equations, since (D.3) is no more valid.

Reference current generation as needed for the RGC in fig. D.3 is a standard

building block
inCMOScircuitdesignandisnotdiscussedatthisplace.D.4.2ReferenceVoltageandCurrentTrackingDynamicoutputvoltagerangeoftheFBCinfig.D.2,theRGCinfig.D.3andtheGRGCinfig.D.4isdeterminedbythemaximumoccurringoutputcurrentIMaxasdescribedin(D.21),(D.24)and(D.27).Anobvioussolutionfordynamicoutputvoltagerangeimprovementistheadaptationofthecircuitstotheiractualoutputcurrentlevelusingreferencevoltageorcurrenttracking.Fig.D.8ashowsacircuitwherethereferencevoltageVrtrackstheinputsignalVjandfig.D.8bthecorrespondingcircuitforthereferencecurrentIr.AFBCwithreferencevoltagetrackingispresentedinfig.D.9.ThereferencevoltagetrackstheinputvoltageandthefollowingrelationbetweenVrandtheoutputcurrentIoresults:Vr2mnß6ßifkIo+mßßß4(Vpi—Vre
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Fig. D.9: Adaptively biased normal cascode circuit derived from a fixed biased

cascode circuit (FBC) with reference voltage tracking.

+VTa-

Optimum biasing as assumed for the OBC is achieved for

(D.31)

VR

1 2 /2n
lo + Vt2i (D.32)

which can be accomplished i.e. with/?i = ß2 = [h = ßß, Vti = Vti = Vt4 =

Vt6, and m = (1 + ^)2. Thus using reference
voltagetracking,thedynamicoutputvoltagerangeoftheFBCcanbeimprovedtothatoftheOBC.ARGCwithreferencecurrenttrackingispresentedinfig.D.IO[130].TherelationbetweenthetrackingreferencecurrentandtheoutputcurrentisIrmßeßiIo+mß62n(Vti—Vrt(D.33)OptimumbiasingforbothtransistorsT\andT2operatinginsaturationatlowestpossibleoutputvoltagewouldbeachievedforIrfhßlTV2nVt3(D.34)whichcannotbegenerallyaccomplishedwith(D.33).Butinpracticeparam¬etershavetobechoseninthewaythat(D.33)and(D.34)areequalfor

the
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Fig. D. 10: Regulated cascode circuit (RGC) with reference current tracking.

maximum occurring output current IMax and that the two equations fit best for

lower currents. Special care should be taken if transistor T3 operates in the sub¬

threshold region, since (D.3) and therefore (D.34) have to be modified. A way

to further improve the fitting of (D.33) and (D.34) is to use some kind of level

shifter
fromthegateoftransistorT3tothedrainofT\.Thisisaccomplishedintheimprovedregulatedcascodecircuit(IRGC)thatisdiscussedinthenextchapter.IntheGRGCoffig.D.4signaltrackingwouldhavetobeaccomplishedforthevoltageVm-Assumingveryhighgaina,therequirementforVmwith(D.3)isVM'2Io(D.35)ThisisthefunctionforthesignaltrackingcircuitgeneratingVm-Apossiblecircuitrealizationofthisfunctionisbasedonthetrackingcircuitinfig.D.8acascadedbyalevelshiftingcircuitinordertocompensatethesignalindependenttermin(D.31).D.4.3ImprovedRegulatedCascodeCircuitAnimprovedregulatedcascodecircuit(IRGC)withsignaltrackingandlevelshiftingtechniqueispresentedinfig.D.11.AssumingVt\=Vpßin(D.33),the
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reference current is

Ir = —^lo- (D.36)
Pi

This yields

Vn = ^J^Ê±^+Vt3_Vt7 /â. (d,37)
PlP3 y ^7

The dynamic output voltage range of the OBC is achieved if Vjv = Vp\, which

yields

VN = J—y/Io- (D.38)
V Pin

This condition can be accomplished for

Vt3=VT7+xI?j^,(D.39)whichhastobeadjustedtotheprocessparametersandcanalsobeadaptedtothesubthresholdregionoftransistorT7ifnecessary.Inadditionthefollowingequationhastobefulfilled:ß6nm=-f^.(D.40)ThiscircuitachievesthedynamicoutputrangeoftheOBCincombinationwiththehighoutputresistanceoftheRGC.Incase(D.39)cannotbefulfilled,correctbiastrackingisnotpossible.Anaddi¬tionalbiascurrentsourceappliedtothedrainofT3infig.D.11maythenhelptofindasatisfactorytrackingperformance.D.5SwitchedCurrentCopiersD.5.1SingleTransistorAtypicalswitchedcurrentcopiercellisshowninfig.D.12[117][119][131][118].Singlecopiercellsareusedi.e.indynamiccur¬rentmirrors,SIoutputstagesandcomplementarySIcells.InthecopyphasetheswitchSisclosedforcingVi=Vo,

(D.41)
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Fig. D.ll: Improved regulated cascode circuit (IRGC) with reference current

tracking and level shifter.

and the transistor has to be in saturation in order to yield small output conduc¬

tance. The applied current lo determines the voltage Vj that appears after a

certain settling time. In the hold phase the switch S is open and the voltage
Vj keeps its value, yielding the unchanged

currentloattheoutputaslongasthetransistorremainsinsaturation.Thedynamicoutputvoltagerangeinthisholdphaseisakeyfactorincircuitsusingswitchedcurrentcopiers.ThisrangeisprincipallythesameasderivedinsectionD.3,butithastocovertheoutputvoltagedeterminedbythecopyphaseaccordingto(D.3)and(D.41),whichisVo.2nl0copyß+vT.(D.42)FortheST,(D.15)combinedwith(D.42)yields'2nl0,„./2/oßßn'(D.43)whichisalwaystrueforn>1.ThustheoutputcurrentrangeoftheSTinswitchedcurrentcopiersisnotlimitedand(D.16)isstillvalid:IO,copy{ST)>0.

(D.44)
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Fig. D. 12: Switched current copier cell.

D.5.2 Optimally Biased Cascode Circuit

For the OBC in fig. D.2, (D.42) applies to transistor T\. Combined with (D. 17)
and considering (D.18) it yields for the output current range of OBC switched

current copiers

0 < Io

<

,copy (OBC)

VT1

ßin

2n i

ßi
"+"

ß2n

(D.45)

This relation is valid
fortheIRGCaswell.D.5.3FixedBiasedCascodeCircuitIncorrespondencewiththeOBCtheoutputcurrentrangeofFBCswitchedcur¬rentcopiersisobtainedfrom(D.19),(D.20)and(D.42)andyields-i2Vr—Vti—Vt2+ß2n<l0,copy[FBC)<Vr—Vt22IIIn(D.46)
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D.5.4 Regulated Cascode Circuit

For the RGC in fig. D.3, (D.22) and (D.23) together with (D.42) applied to tran¬

sistor T\ yield for the output current range of the RGC switched current copier:

y/^ + Vn-Vn'

J2n / 2

V ßi V
An<Io,copy{RGC)</ßin2IR,T/1ßinVßs+VT^2(D.47)D.5.5GeneralizedRegulatedCascodeCircuitIntheGRGCoffig.D.4,(D.42)appliestotransistorTx.Combinedwith(D.25)andconsidering(D.26),assumingaisverylarge,thisyieldstheoutputcurrentrangeoftheGRGCswitchedcurrentcopier:Vm—Vtiß2n<I(D,copy{GRGC)<thnVl(D.48)ThisisthesameresultasfortheRGCswitchedcurrentcopier,butexpressedintermsoftheGRGCcircuit.Fig.D.13showstheoutputvoltageconditioninthecopyphaseVo,coPyac¬cordingto(D.42)andthecorrespondingoutputrangesVo,satandIo,copyofthediscussedswitchedcurrentcopiercircuitsforsaturationoperationatagivenmaximumcopycurrentIMax-TheSTswitchedcurrentcopierachievesthecom¬pletesaturationoperatingareaoftheSTwithoutanycopycurrentlimitation,butitsoutputconductanceisrelativelypoor.Incomparison,theOBCswitchedcur¬rentcopierhasanimprovedoutputconductance,butthesaturationoperatingareaisreducedduetotheincreasedminimumoutputvoltageandtheuppercopycurrentlimitIc,whichresultsfromthecopyphase.TheFBCswitchedcur¬rentcopierhasonlyasmallsaturationoperatingarea,sincethefixedreferencevoltagereferingtothemaximumcopycurrentcausesadisadvatageouslowercopycurrentlimitinthecopyphaseandsincethesaturationvoltageis

generally
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higher than that of the OBC. The maximum current in RGC switched current

copiers must be lower than Ic and determines the border of the output voltage

range. A lower copy current limit may exist. RGC and FBC versions achieve

the minimum output voltage of the OBC version only at the maximum copy

current. Compared to the FBC version, the output voltage range of the RGC

version at lower copy currents is much higher and a lower copy current limit is

much smaller.

The discussed
operatingareassupposesaturationofbothcascadedtransistorsT\andT2.SimilartothediscussionofthedynamicoutputrangeinsectionD.3,acomparisonoftheoperatingareasforthedifferentcascodeswitchedcurrentcopiersassumingafixedupperlimitoftheoutputconductancewouldshowcon¬siderablybetterresultsforcircuitswitha>1(i.e.theRGC)thanthoseshowninfig.D.13,sincethesecircuitsstillhaveoutputconductancevaluescomparabletothoseofclassicalcascodes(i.e.theFGC)iftransistorT2operatesinitsohmicregion.InapplicationswheretheoutputconductanceoftheSTissufficient,theSTswitchedcurrentcopierisrecommendedduetoitslargeoperatingarea.Ifloweroutputconductancesarerequired,theFBCswitchedcurrentcopiermightbesuitableduetoitssimplecircuitdesign,butitssmalloperatingareamaybeinsufficient.Ifevenloweroutputconductancesorlargeroperatingareasarere¬quired,theRGCswitchedcurrentcopiercanbeused.ThelargeoperatingareaoftheOBCswitchedcurrentcopiercanbeachievedwithRGCcircuitsusingreferencecurrenttracking.D.5.6CurrentSwingLimitationsinSICircuitsInSIcircuitscopiercellsareoftenconnectedincascadeandoperatedwithbiasandsuperimposedsignalcurrent.Atypicalswitchedcurrentcopierpairisshowninfig.D.14.Itcanbeusedtomemorizeasignalcurrentiswithinatwo-phaseclockperiod[119].Singletransistorsareusedinthetwocopiercellsoffig.D.14inordertosimplifythedrawing.Theyarereplacedbycascodecircuitsforthedynamicrangeinvestigationtobepresentedinthissection.RGCsaretakenasanexample,howevertheprocedurecanbeusedfortheothercascodetypesaswell.Asignalcurrentisiscopiedintotheleftcellduringthefirstclockphasebyclos¬ingswitchesSoandSia.Itisthentransferredtotherightcellbyopening£0andSiaandclosingSuandS^a-Fig-D-15basicallyrepresentstheRGCsubsetofthecurvesdepictedinfig.D.13.Inadditiontofig.D.13,fig.D.15showsthe
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Fig. D.13: Saturation operating areas of switched current copier cells using a

single transistor (ST), an optimally biased cascode circuit (OBC),afixedbiasedcascodecircuit(FBC)oraregulatedcascodecircuit(RGC).Therangereductioncomparedtofig.D.5isduetothefeedbackcondition(copyvoltageVo,CoPy)inthecopyphase.Thenumbersinbracketsindicatetheequationnumberinthetextofthecorrespondingcurve.
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Fig. D. 14: Pair of switched current copier cells representing a typical SI memory

cell.

operating points of the cells when the maximum amount of positive signal cur¬

rent is,max is applied. IMax
tobecarriedbythecellsisthenIb+is,max-Thecriticalsituationlimitingthesignalcurrentrangeoccurswhenthepositiveis,maxiscopiedfromtheleftintotherightcell.TheprocessstartswithcopyingImcix=Ib+is,maxintotheleftcell(pt.1).Accordingtoourassumptionthisisthehighestcurrentflowingthroughthecascode.IMax<IchastobefulfilledforkeepingVo,copy>Vo,sat{RGC).IMaxshouldhoweverbechosenconsiderablysmallerthanIcinordertoallowforadynamicrangeofsignalcur¬rents.WiththechoiceofIMaxtheallowedoperatingareaoftheRGC(dottedareainfig.D.15)canbesetaccordingto(D.24)incombinationwith(47).ThecopyvoltageVhoftheleftcelllieswellwithinthisarea(pt.1).InthesecondhalfoftheclockcyclewithSoandSiaopenandS^andS2aclosedthecurrentIb—is,maxisflowingthroughtherightcell.TheassociatedcopyvoltageVloftherightcell(pt.3)isappliedbacktotheoutputoftheleftcellstillcarryingIMax(pt.2).Theillustrationinfig.D.15withpt.2(Vl,IMax)lyingontheVo,sat{RGC)-curvethuscharacterizesthelimitingsituationandallowsthede¬terminationofthebiascurrentIbwhichhastobechoseninthemiddlebetweenpt.2and3.AsimilaranalysisfortheotherdiscussedcascodestructuresshowsthatbesidetheRGConlytheOBC,i.e.anormalcascodecircuitwithreferencevoltagetracking,yieldsareasonablesignalcurrentrange.Cascodeswithfixedrefer¬encevoltagearenotsuitableatallforswitchedcurrentcopierpairs.Comparingtheremainingsolutions(RGCandOBC)undertheassumptionof
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Fig. D.15: Saturation operating area of a switched current copier cell using a

regulated cascode circuit (RGC) and illustration of the dynamic current range

limiting situation if used as switched current copier pair.
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equal output conductances of the cells, the RGC is definitely superior since its

output conductance is comparable to that of the OBC even if the upper transis¬

tor is partly working in the ohmic region (See (D.28) and fig. D.6). A limited

violation of the border Vo,sat{RGC) is then tolerable. Using an IRGC doesn't

enlarge the operating area in switched current copier pair applications compared
to the RGC.

D.6 Conclusions

The dynamic output range and output limitations of different cascode circuits

have been investigated. The cascode circuits improve the output resistance com¬

pared to the single transistor, but at the same time the non-saturation region of

the output is increased andthedynamicoutputvoltagerangeisreduced.Apartfromtheconventionalcascodecircuits,wehavediscussedthecascodeconceptforanoptimallybiasedcascodecircuit,whichisasimplecascodecir¬cuitwithanoptimalbiasfortheactualoutputcurrent.Thiscircuitimpliesthelowerlimitofthenon-saturationregionforallcascodecircuits.Theoutputre¬sistancedependsonwhetheraregulationfeedbackisappliedornot.Thecascodecircuitswithregulationfeedbackhavebeenpresentedasageneral¬izedregulatedcascodecircuit,whichisageneralrepresentationofallcascodecircuits.Thedynamicoutputvoltagerangeofcascodecircuitswithaconstantreferencevoltageorcurrentisdeterminedbythemaximumoccurringoutputcurrent.Thecorrespondingsaturationoutputvoltagerangedependsonthiscurrentandisusuallysmallerthanthatoftheoptimallybiasedcascodecircuit.Atthemax¬imumoccurringoutputcurrenttheoutputvoltagerangeisequaltothatoftheoptimallybiasedcascodecircuit.Thedynamicoutputvoltagerangeandtheout¬putcurrentrangeforeachcascodecircuithavebeenderived.Thedynamicoutputrangeoftheoptimallybiasedcascodecircuitcanbeap¬proachedbyreferencevoltageorcurrenttracking.Thisprocedureadaptsthereferencevoltageorcurrentoftheconventionalorregulatedcascodecircuitsre¬spectively,sothattheinputtransistorofthecascodecircuitalwaysoperatesatthelimitofitssaturationregion.Differentreferencevoltageandcurrenttrackingcircuitsfordynamicoutputrangeimprovementhavebeenproposed.Furthermoreanimprovedregulatedcascodecircuitthatusesreferencecurrenttrackingandthatcombinesthelargedynamicoutputrangeoftheoptimallybi¬asedcascodecircuitwiththehighoutputresistanceoftheregulatedcascode
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circuit has been presented.

Finally the different cascode structures have been applied to switched current

copiers. The additional restriction of the operating range due to the short circuit

condition during the copy phase has been discussed. In signal processing appli¬
cations SI memory cells are often used in cascade. A method for the discussion

of their dynamic current range has been developped for a two-phase SI memory

cell using two cascaded copier cells. It has been shown that a regulated cascode

circuit suits best for this application.



E. SOFTWARE TOOL "PHOTOLIST

E.1 Introduction

This application is used to analyse and to design Integrating Sampled-Data

Photosensing (ISDPS) systems. ISDPS systems are all photosensing systems
that sample the incident optical power by integrating the photocurrent during
the time between two successive samples and measuring the resulting value that

is equivalent to the collected photogenerated charge.
A generic ISDPS model consists of a photocurrent source and an integrating

analog-to-digital converter as well as a digital signal processor. The photocur¬
rent source is made of a photodetector and eventually a preamplifier. The

photodetector separates the electron-hole pairs generated by the impinging

photons and transports the respective charge to the output thus generating a

photocurrent that is proportional to the incident optical power. The pream¬

plifier can be used to amplify the photocurrent or to provide certain output
characteristicsforthephotocurrentsource.Theintegratinganalog-to-digitalconverter(integratingADC)ismadeofanintegrator,anamplifierandarampanalog-to-digitalconverter.Theintegratorcollectsthephotogeneratedchargebyintegratingthephotocurrentandgeneratesarampvoltageforchargedetection.Theamplifiercanbepartoftheintegrationcircuitorcanbeusedtoamplifyandconvertthedetectedrampvoltage.Therampanalog-to-digitalconverter(rampADC)convertstheanalogsignaltoadigitalsamplebymeasuringtheslopeoftheramp.Thedigitalsignalprocessor(DSP)isusedforfurtherprocessingofthedigitalsignal.Thestructureofthisapplicationhasfourmainsections.SectionI(ISDPSModel,SystemDefinitions)describestheISDPSmodelandintroducesthesys¬temparameters.SectionII(OperatingParameters,PhotocurrentSourceParameters,IntegratingADCParameters)istheuserinputsectionfor

pa-
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rameter definition that completely maps the specific photosensing system to the

ISDPS model. Section III (System Performance, Noise Performance) is the

output section that lists the system properties and performance tables. Section

IV (Noise Graphs, Illumination Graphs) is the graphical output section of the

system properties and performance.
The green fields are input fields. The yellow fields are output fields that are

copied into the grey fields that are in line.
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E.3 System Definitions

Operation

An ISDPS system measures the optical power density P'J t
ofthe incident light.

This optical power per unit area ranges from a minimum optical power density

P'Jptrmn t° a maximum optical power density Pf0fptmax that can be measured in

theory
providedtheareaofilluminationwiththelightspotsizeAoptiscenteredonthephotodetectorofthesystem.AkeyissuetoISDPSsystemoperationisthetiming.ThemaximumintegrationtimeAtmaxisequaltothemaximumtimeavailableforasinglemeasurement,andtheminimumintegrationtimeAtmmisrelatedtothebandwidthofthesys¬tem.Theinfluenceofambienceandtechnologytothesystemisreflectedinthetem¬peratureTandthetransistornoisecoefficienta.Thelatterdescribesthedevia¬tionofthetransistornoisefromtheidealtransistornoisemodel.PhotocurrentSourceTheincidentlightthatfallsonthephotodetectorareaAhastheopticalpowerPoptwiththeminimumopticalpowerP0ptm%nandthemaximumopticalpowerPoptmaxthatcanbemeasuredintheory.Theimpingingphotonsgenerateelectron-holepairsthatareseparatedandthechargecarriersaretransportedtotheoutputofthephotodetector.TheresponsivityR\isthetransfercoefficientfromtheincidentopticalpowertothephotocurrentiph.Intheoryaminimumphotocurrentiphm%nandamaximumphotocurrentiphmaxcanbemeasured.Theshotnoisecontributioninshottothephotocurrentisduetothequantumnatureofthecharge.DuringtheintegrationtimeAtthephotogeneratedchargeqvhistransportedtotheoutput,whichcorrespondstothenumberofphotogen¬eratedchargecarriersNph.AccordingtothespecificphotodetectorcapacitanceCp'h,whichisthecapacitanceperunitarea,aphotodetectorcapacitanceCpuispresentattheoutputofthephotodetector.AbiascurrentIbcanbeaddedtothephotocurrentinordertohaveadesiredsignalcurrentiswithadeterminedminimumvalue.Theshotnoisecontributioninshotisthendeterminedbythetotalsignalcurrent,whichisthesumofthe

bias
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current and the photocurrent.

The preamplifier can amplify the signal current or provide certain output char¬

acteristics. The preamplifier thermal noise contribution iUp to the signal current

is determined by the noise dominating elements of the preamplifier, which are

typically its input transistors. The number of preamplifiernoise-equivalenttran¬sistorsn,pandthetransconductanceofpreamplifiernoise-equivalenttransistorsgmpdeterminethenoise-equivalentvoltageattheinputofthepreamplifierandthereforeattheoutputofthephotodetector.npisequalto1forsingle-endedandequalto2fordifferentialinputstages.Thenoise-equivalentvoltageistrans¬formedtothepreamplifierthermalnoisecontributioninbythephotodetectorcapacitanceCpu.Thepreamplifiergainptransformsthesignalcurrentintothepreamplifiedcurrentip.IntegratingADCTheintegratorintegratesthepreamplifiedcurrentontheintegrationcapacitanceCvntandtheintegrationvoltagevvntbuildsavoltagerampforchargedetection.AftertheintegrationtimeAttheintegrationvoltagedropAvvntisobtainedduetothecollectedchargeqmt,whichcorrespondstothenumberofcollectedchargecarriersNmt.TheamplifieriseitheraVoltageamplifieroritisaTransconductanceamplifierthatcanbefollowedbyaresistor.ThevoltageamplifierthermalnoisecontributionvUatotheintegrationvoltageisdeterminedbythenoisedominatingelementsofthevoltageamplifier,whicharetypicallyitsinputtransistors.Thenumberofvoltageamplifiernoise-equivalenttransistorsnaandthetransconductanceofvoltageamplifiernoise-equivalenttransistorsgmadeterminethenoise-equivalentvoltageattheinputofthevoltageamplifier.naisequalto1forsingle-endedandequalto2fordifferentialinputstages.Thevoltageamplifieramplifiestheintegrationvoltagewiththevoltageamplifiergainaandgeneratestheamplifiedvoltageva.Thetransconductorhasanumberoftransconductornoise-equivalenttransistorsngwiththetransconductanceoftransconductornoise-equivalenttransistorsgrngandthetransferfactorofthetransconductorisgivenbythetransconductorvalueg.rigisequalto1forsingle-endedandequalto2fordifferentialinputstages.Thetransconductortransformstheintegrationvoltageintotheintegration
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current imt that builds a current ramp. The transconductor thermal noise

contribution iUg to the integration current is determined by the noise dominating
elements of the transconductor, which are typically its input transistors.

The resistor with the resistor value R can be used to transform the integration
current into the amplified voltage va.ItaddstheresistorthermalnoisecontributionvnRtotheamplifiedvoltage.Thetotalgainofthetransconductorandtheresistorinseriesisequaltothevoltageamplifiergainaandampli¬fiestheintegrationvoltagetotheamplifiedvoltagevathatbuildsavoltageramp.TherampADCiseitheraVoltagerampADCoraCurrentrampADC.TherampADCdeterminestheslopeofitsinputsignalrampbyeithermeasuringthesignalincreaseduringafixedmeasurementtimeorbymeasuringthetimeforafixedsignaldrop.Itisassumedherethatthesignaldropisfixedandthetimeforthisdropismeasured.Althoughifafixedmeasurementtimeisgiven,mul¬tipletimemeasurementscanbedoneduringthatfixedmeasurementtimeandthecorrespondingsamplescanbeaveragedtoafinalsample.Thistechniqueisequivalenttothementionedmeasurementofthesignalincreaseduringafixedmeasurementtime.Itisfurtherassumedthatcorrelateddoublesamplingisappliedinordertocanceloffsetsgeneratedbythesignalresetbetweentwosamples.Thismeans,thattheinputsignalrampissampledatthebeginningandattheendoftherampandthedifferenceofthesetwovaluesistakenaseffectivesample,insteadofonlyresettingandjusttakingthesampleattheendoftherampaseffectivesample.The1/fnoisecontributionvnfforthevoltagerampADCorinfforthecurrentrampADCistheresultingcontributionofall1/fnoisesourcesinthesystemandisdeterminedbythe1/fvoltagenoisecoefficientNvfforthevoltagerampADCorthe1/fcurrentnoisecoefficientNifforthecurrentrampADC.TherampADCthermalnoisecontributionvnRADCforthevoltagerampADCorinRADcf°rthecurrentrampADCisdeterminedbytherampADCinputnoisevoltageVnRADCeffforthevoltagerampADCortherampADCinputnoisecurrentinRADCeffforthecurrentrampADC,whicharebotheffectivenoisevalues.InthevoltagerampADCtheamplifiedvoltagedropAvaandinthecur¬rentrampADCtheintegrationcurrentdropAimtisgivenandtheintegrationtimeAtthatcorrespondstothisdropismeasuredwiththetimingresolutiontres.TheintegrationtimeyieldsthedigitaloutputsampleDvorDithatrepresentsthemeasuredopticalpowerdensityoftheincidentlight.Duetothetimingres¬olutiontresofthetimemeasurementcircuitthequantizationnoisecontributionDnisaddedtothesignal.
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Performance

The system performance is determined for an analog bandwidth B that is the

total bandwidth of the ramp ADC input path and corresponds to the minimum

integration time Atmvn via the ramp-related bandwidth 1/Atmm. The noise-

effective bandwidth Bn corresponds to the analog bandwidth B and represents
the effective bandwidth limitation for the thermal noise contributions, which

have constant spectral noise density. The measurement time is determined by
the maximum integration time Atmax. Minimum and maximum

valuesaregen¬erallycharacterizedbythesubscriptsuffixmmandmax.Performancespecificationsaredividedintwoseparatepartsdependingonwhetherabiascurrentisusedornot.Specificationsthatrefertotheuseofabiascurrentarecharacterizedbythesubscriptsuffix5.SpecificationsgenerallyrefertoasingletimemeasurementAtwithafixedin¬tegrationvoltagedropAvvnt.Ifafixedmeasurementtimeisgivenbythemax¬imumintegrationtimeAtmax,multipletimemeasurementswithsmallerinte¬grationtimeAtcanbedoneduringthatmeasurementtimeandtheirvaluescanbeaveragedtoafinalvalue.Specificationsthatrefertothisaveragingtechniquearecharacterizedbythesubscriptsuffixavg.Noisecontributionsatanynodecanbetransformedandexpressedforeveryvariableinthesignalpathofthesystem.Thisnoiseexpressionforavariableiscalledthenoise-equivalentsignalandischaracterizedbythesubscriptsuffix

neq-
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E.4 Operating Parameters

Temperature 1 |

30QKTemperature |t \^T

CMOS Process J J
'

1Transistor noise coefficient a =

Illumination

1 OOE+08 n*naLight spot size A -

pt I

I I
Timinq 1 1

1 us

1 ms

Minimum integration time j^min

Maximum integration time K^max —

Constants

pi

e =

314E+00

1 60E-19JC

Pi

Elementary charge

Boltzmann constant [k p~^T38E^23jJ/K E.5PhotocurrentSourceParametersPhotodetectorPhotodetectorareaA=10000um*Specificphotodetectorcapacitance^ph=1IF^IT?;PhotodetectorcapacitanceCph=10|pFResponsivityRx=01AfWBiasBiascurrentIb=1«APreamplifierPreamplifiergainp=1Numberofpreamplifiernoise-equivalenttransistorsnp=2Transconductanceofpreamplifiernoise-equivalenttransistors9mp=01fnSr
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E.6 Integrating ADC Parameters

Integrator

Integration capacitance Cint - 1 pF

Amplifier

Voltage(O) or Transconductance(l) amplifier 0

V Voltage amplifier gam a = 1

V Number of voltage amplifier noise-equivalent transistors na = 2 :

V Transconductance of voltage amplifier noise-equivalent transistors 9 ma = 01 mS ;

|
T Transconductor value g = 1 ms

T Number of transconductor noise-equivalent transistors ng = 1

T Transconductance of transconductor noise-equivalent transistors 9mg=1mSTResistorvalueR=tkQRampADCTimingresolutionVes=tööraSingle(1)ordouble(2)sampling2Voltage(O)orCurrent(1)rampADC0IV1/fnoisevoltagecoefficientNvf=IxtO'^V8VRampADCinputnoisevoltagevnRADCeff=100|i¥VAmplifiedvoltagedropAva=IVC1/fnoisecurrentcoefficientN„=1x1016A2CRampADCinputnoisecurrent'nRADCeff=100nACIntegrationcurrentdropAl.nt=1000uA
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E.7 System Performance

Soeed Reauirements

Analog bandwidth B 4 MHz

Sceed Properties

Ramp-related bandwidth 1/Atmln 1 MHz

Noise-effective bandwidth B„ = 6.283185 MHz

Signal Properties

Photogenerated charge qPh 1 pC

Number of photogenerated charge carriers NPh 6250000

Collected charge

Number of collected charge carriers

Integration voltage drop

N,nt

Avrt

1 pC

6250000

1 V

Full-scale Signal Properties With Bias Current:

Maximum optical power density
p "

r optm ax
1000 W/m2 999 W/m2

Maximum optical power ' optm ax
10000 nW 9990 nW

Maximum photocurrent 'phmax 1000 nA 999 nA

Minimum-scale Signal Properties

Minimum optical power density
P "

r optm in
1000 mW/m20mW/m2Minimumopticalpower"optmin10000pW0pWMinimumphotocurrent'phmin1000pA0PA
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E.8 Noise Performance

Noise term

Noise spectral density

Effective noise

Without Bias Current:

Photocurrent

neqOph)

neqOphmax)

Number of Photogenerated Charge Carriers NphavgOph)

NphavgOphmax)

NphneqOph)

NphneqOphmaO

NphneqOphmn)

AVntavg(lph)

AVntavgOphmax)

Integration
VoltageDropSignal-to-NoiseRatioAvntSNRavgOph)SNFWiphmaJSystemOverallPerformance4083219039pA0777272944pA6250000AiA62500000006250000RangeLimitations6250000/nA62500000006250000llumination0017888544pA/SQRT(nA*Hz)04pA/nA1000nA1000pA04pA/nA400pA04pA6250000/nA625000000062500002500250025001V/nA1000VIV2500250068dB250068dB2500/SQRT(nA)79057Preampl0001617112746911919110001000064513424664513424550645134246625000062500000006250000403240324032106451342460645134246155049017Fig.E.l:Performancetablelistingthenoisetermsandthecharacteristic,limit¬ingandnoise-equivalentvaluesofthephotocurrent,thephotogeneratedchargecarriers,theintegrationvoltagedrop,thesignal-to-noiseratioandthedynamicrange.Thevaluesarelistedforthedifferentnoisecontributionsseparatelyaswellasforthewholesystem.Thispartrepresentstheresultswithoutbiascur¬

rent.



256 E. Software Tool "PhotoList"

Fig. E.2: Performance table listing the noise terms and the characteristic, limit¬

ing and noise-equivalent values of the photocurrent, the photogenerated charge

carriers, the integration voltage drop, the signal-to-noise ratio and the dynamic

range. The values are listed for the different noise contributions separately as

well as for the whole system. This part represents the results with bias current.
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E.9 Noise Graphs
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1E-15-

1E

Noise Equivalent Photocurrent
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ê- Preamplifier

Voltage Amplifier

- Transconductor

—•—Resistor

—A—Ramp ADC
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—•—Total Noise

—9—Total Noise (AVG)

niPPlS
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11

.us
-15 1E-12 1E-09 1E-06 1E-CK
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i

Fig. E.3: Noise-equivalent photocurrent versus photocurrent for the different

noise contributions separately as well as for the whole system. This part repre¬

sents the results without bias current.
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i
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Fig. E.4: Noise-equivalent photocurrent versus photocurrent for the different

noise contributions separately as well as for the whole system. This part repre¬

sents the results with bias current.
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Fig. E.6: Signal-to-noise ratio versus photocurrent for the different noise con¬

tributions separately as well as for the whole system. This part represents the

results with bias current.
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E.10 Illumination Graphs

Noise Equivalent Optical Power Density

1E+06

1E+03

1E+00
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"11
iiiii iiiiiij i "iSf

1E-06 1E-03 1E+00
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1E+03 1E+06

Fig. E.7: Noise-equivalent optical power density versus optical power density
for the different noise contributions separately as well as for the whole system.
This part represents the results without bias current.
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1F+OR -

Noise Equivalent Optical Power Density (With Bias Current)
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Fig. E.8: Noise-equivalent optical power density versus optical power density
for the different noise contributions separately as well as for the whole system.
This part represents the results with bias current.
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Fig. E.9: Noise-equivalent number of photogenerated charge carriers versus op¬

tical power density for the different noise contributions separately as well as for

the whole system. This part represents the results without bias current.
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Noise Equivalent Number of Photogenerated Charge Carriers (With Bias

Current)
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Fig. E.10: Noise-equivalent number of photogenerated charge carriers versus

optical power density for the different noise contributions separately as well as

for the whole system. This part represents the results with bias current.
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Fig F 1 Chip photograph of "Simple Test Structures"
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Fig F 2 Chip photograph of "Advanced Test Structures"
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Fig F 3 Chip photograph of "Photodetectors" (1)PD



Fig. F.4: Chip photograph of "Single Detector Photosensing Architectures".

(1) PG, (2) PD+PI, (3) PD+AI, (4) PG+PI, (5) PG+AI.
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^k§^ßg^PM^Mmm0M^ffa

Fig. F.5: Chip photograph of "Advanced Photodetectors". (1) CPG+PI,

(2) SSPG+SPI.
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Fig. F.6: Chip photograph ofArray Photosensing Architectures". (1) SAPS,

(2) PAPS, (3) CCD+PI (typical layout), (4) CCD+AI (typical layout).
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Fig. F.7: Chip photograph of 'Advanced Architectures for Photosensing"

(1) PDA+AI, (2) PDCS, (3) CMTI, (4) PD+CMTI, (5) PDCS+CMTI.
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-t*-chtp

[mm2]

PD 0.027

PG 0.021

PD+PI 0.029

PD+AI 0.057

PG+PI 0.024

PG+AI 0.052

CPG+PI 0.024

SSPG+SPI 0.356

SAPS 0.143

PAPS 0.138

(CCD+PI) (0.024)

(CCD+AI) (0.052)

PDA+AI 0.113

PDCS 0.055

CMTI 0.061

PD+CMTI 0.088

PDCS+CMTI 0.116

OPAMP 0.028

PI 0.003

AI 0.031

Tab. F.1 : Chip areas of realized structures.
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G. ISDPS PARAMETERS FOR THE

REALIZED ARCHITECTURES

Parameters correspond to a single pixel or array element in array architectures.

T == 300K

a == 1

-A opt
== i 10-6m2

^Ph -

Lph

A

Ib vanable ylphmtn < Ib < Iphmax )

Zres -

= 1 ns

Tab. G.1 : Common parameters for the realized architectures.
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[%] [A/W]

Ra11

[Am2AV]

A

[m2] [V] [V]

f^i IV

[fF]

Nphn

PD+PI 70 0.35 52 • 10-10 150•10-10 1 3.7 6600 50 • 106

PD+AI 70 0.35 52 • 10-10 150•10-10 1 1 11400 4.4 • 106

PG+PI 30 0.15 22 • 10-10 150•10-10 0 3.7 710 5.4 • 106

PG+AI 30 0.15 22 • 10-10 150•10-10 0 1 800 4.4 • 106

SAPS 70 0.35 3.2- 10-10 9.4 • 10-10 1 3.7 440 3.4 • 106

PDA+AI 70 0.35 3.2- 10"10 9.4 • 10"10
1116004.4•106PAPS300.151.4-10"109.4•10"1003.7750.57-106PD+CMTI700.3552•10-10150•10-100.51.585004.1•106PDCS+CMTI700.3552•10-10150•10-100.50.5114000.42•106Tab.G.2:Photodetectorparametersfortherealizedarchitectures.npIVa1V[/xS]PPD+PI0-1PD+AI2501PG+PI0-1PG+AI2501SAPS0-1PDA+AI2501PAPS0-1PD+CMTI0-1PDCS+CMTI2501Tab.G.3:Preamplifierparametersfortherealizedarchitectures.'Section2.3,A=612nm''Section3.21Potentialsattheanode(p)andatthecathode(n)ofthesensingdiodevSection3.4
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[fF]

Vmtl

[V]

Vmf2

[V] [V]

PD+PI 6600 4.3 3.1 1.2

PD+AI 710 1.5 2.5 1

PG+PI 710 4.3 3.1 1.2

PG+AI 710 1.5 2.5 1

SAPS 440 4.3 3.1 1.2

PDA+AI 710 1.5 2.5 1

PAPS 75 4.3 3.1 1.2

PD+CMTI 8500 1.4 1.3 0.077

PDCS+CMTI 880 1.4 1.3 0.077

Tab. G.4: Integrator parameters for the realized architectures.

nam
111

9ma

[/xS]

a <n
111

9m g

[mS]

9

[mS]

R

[kQ]

PD+PI 1 18 0.82 (1) (1) (1) (0.82)

PD+AI 2 50 1 (1) (1) (1) (1)

PG+PI 1 18 0.82 (1) (1) (1) (0.82)
PG+AI2501(1)(1)(1)(1)SAPS1140.82(1)(1)(1)(0.82)PDA+AI2501(1)(1)(1)(1)PAPS1140.82(1)(1)(1)(0.82)PD+CMTI(1)(1300)(13)11.31.310PDCS+CMTI(1)(1300)(13)11.31.310Tab.G.5:Amplifierparametersfortherealizedarchitectures.1Voltagesreferringtothefirst(1)andsecond(2)referencelevelofthewindowcomparatoroftherampADC''Section3.2''Section3.4
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[V]

Va2

[V]

Avau

[V]

Nvfm

[V2]

m

VnRADCeff

[MV]

PD+PI 2.5 1.5 1 0.69 • 10"10 100

PD+AI 1.5 2.5 1 6.4 • 10-10 100

PG+PI 2.5 1.5 1 0.69 • 10-10 100

PG+AI 1.5 2.5 1 0.12 • 10-10 100

SAPS 3.6 2.6 1 0.69 • 10-10 100

PDA+AI 1.5 2.5 1 0.25 • 10-10 100

PAPS 3.6 2.6 1 0.69 • 10"10 100

PD+CMTI 2 3 1 370•10"10 100

PDCS+CMTI 2 3 1 1000•10-10 100

Tab. G.6: Ramp ADC parameters for the realized architectures.

s~i 11

[ff]

TV

[Vm2/Ws]

PD+PI 8000 650

PD+AI
7107300PG+PI8702500PG+AI7103100SAPS540590PDA+AI710460PAPS911500PD+CMTI6507900PDCS+CMTI6876000Tab.G.7:Derivedparametersfortherealizedarchitectures.IVoltagesreferringtothefirst(1)andsecond(2)referencelevelofthewindowcomparatoroftherampADC''Section3.2IIEstimated

values
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p"
optmm

[/iW/m2]

pu
optmax

[W/m2]

^phmtn

[fA]

^phmax

[nA]

^^max

[s]

^^mtn R n

[MHz]

PD+PI 310 77 1600 400 5 20 0.2

PD+AI 27 20 140 110 5 6.7 0.6

PG+PI 77 19 170 43 5 20 0.2

PG+AI 63 390 140 890 5 0.8 5

SAPS 160 220 54 74 10 7.3 0.55

PDA+AI 4400 1700 1400 550 0.5 1.3 3

PAPS 650 89 91 13 1 7.3 0.55

PD+CMTI 42 32 220 160 3 4 1

PDCS+CMTI 26 3.3 140 17 0.5 4 1

Tab. G.8: Limits for the realized architectures.

' Section
3.21MaximumanalogbandwidthB(Section3.3)withoutbandwidthlimitingfilter
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ABBREVIATIONS

Abbreviation Description Reference

ADC analog-to-digital converter Chapter 1

AMS Austria Mikrosysteme Section 2.3

AVG averaging Section 5.1

CCD charge-coupled device Chapter 1

CCD+AI charge-coupled device with active integrator Section 5.2

CCD+PI charge-coupled device with passive integrator Section 5.2

CDS correlated double sampling Section 3.3

CMOS complementary metal-oxide-semiconductor Chapter 1

CMTI current-mode transintegrator Section 7.3

CPG constant lateral field photogate Section 6.2

CPG+PI constant lateral field photogate with passive in¬

tegrator

Section 6.2

dc direct current Section 3.3

DAC digital-to-analog converter Chapter 1

DR dynamic range Section 3.5

DSP digital signal processor Section 2.5

DUT device-under-test
Section3.7IRinfraredChapter1IRADCcurrentrampanalog-to-digitalconverterSection5.4ISDPSintegratingsampled-dataphotosensingChapter3LEDlightemittingdiodeSection3.7MOSmetal-oxide-semiconductorChapter1pixelpictureelementChapter1pwp-difFusion/n-wellphotodiodeSection4.1pw+swp-diffusion/n-wellphotodiodeincombinationwithp-substrate/n-wellphotodiodeSection

4.1
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Abbreviation Description Reference

PAPS

PD

PD+AI

PD+CMTI

PD+PI

PD+TIA

PDA+AI

PDCS

PDCS+CMTI

PG

PG+AI

PG+PI

rms

sn

sw

SAPS

SNR

SPG

SSPG+SPI

photogate active pixel sensor Section 5.2

photodiode Section 4.1

photodiode with active integrator Section 5.1

photodiode with current-mode transintegrator Section 7.4

photodiode with passive integrator Section 5.1

photodiode with transimpedance amplifier Section 5.1

photodiode array with active integrator Section 5.2

photodiode current source Section 7.2

photodiode current source with current-mode Section 7.5

transintegrator

photogate Section 4.2

photogate with active integrator Section 5.1

photogate with passive integrator Section 5.1

root mean square Section 3.4

p-substrate/n-difFusion photodiode Section 4.1

p-substrate/n-well photodiode Section 4.1

standard active pixel sensor Section 5.2

signal-to-noise ratio Section 3.4

sweep photogate Section 6.3

shifted sweep photogate with sensitive passive Section 6.3

integrator



SYMBOLS

Symbol Description Unit Reference

a transistor noise coefficient [-] (3.93)

aG attenuation constant [m"1] (6.11)

(%-opt absorption coefficient [m"1] (2.9)

ßc phase constant [m"1] (6.11)

Ig propagation constant [m"1] (6.11)

1s surface potential approximation co¬

efficient

[-] (6.5)

T] quantum efficiency [%] (2.8)
X wavelength [m] (2.6)
Xg wavelength (transmission line) [m] (6.14)

ß mobility [m2/Vs] (3.120)

ßn mean number of photogenerated

charge carriers

[-] (3.156)

ßt mean level-crossing time
[s](3.175)ßvmeanintegrationvoltage[V](3.166)Onstandarddeviationofthenumberofphotogeneratedchargecarriers[-](3.157)(7tstandarddeviationofthelevel-crossingtime[s](3.176)avstandarddeviationoftheintegrationvoltage[V](3.167)4>potential[V]Fig.4.1(f>ssurfacepotential[V]Fig.4.4,(6.5)UJangularfrequency[S"1](3.70)
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Symbol Description Unit Reference

a voltage amplifier gain [-] (3.7)
A photodetector area [m2] (3.1)

-ft-chip chip area [m2] Sect. 3.5

A
opt light spot size [m2] (2.1)

B analog bandwidth [Hz] (3.55)
Bn noise-effective bandwidth [Hz] (3.56)
-Ö signal signal bandwidth [Hz] (2.14)

Bsssampling-limitedsignalbandwidth[Hz](2.15)cspeedoflight[m/s](2.7)Ccapacitance[F]Fig.2.3CGspecificgatecapacitanceperunitlength[F/m](6.8)^'intintegrationcapacitance[F](3.5)/-illspecificoxidecapacitanceperunitarea[F/m2](3.114)t'phphotodetectorcapacitance[F](3.96)Uphspecificphotodetectorcapacitanceperunitarea[F/m2](3.96)^physicalphysicalcapacitance[F]Sect.3.6^virtvirtualintegrationcapacitance[F](3.20)Ddiffusionconstant[m2/s](6.1)AdigitaloutputsampleofthecurrentrampADC[-]Sect.3.1Dndigitaloutputsampleerror[-]Fig.3.1Dntdigitaloutputsampleerrorduetoquantizationnoise[-]Fig.3.1DvdigitaloutputsampleofthevoltagerampADC[-]Sect.3.1DRdynamicrange[-MdB](3.148)DRbdynamicrange(ifabiascurrentisprovided)[-MdB]Tab.5.3eelementarycharge[C](2.13)Eelectricfield[V/m]Fig.2.2E0ptopticalenergy[J](2.2)J-1photonphotonenergy[J](2.4)Exsurfaceelectricfieldinlateraldirec-[V/m]

(6.4)



Symbol Description Unit Reference

f frequency [Hz] (2.6)

fn{n) density function of the number of

photogenerated charge carriers

[-] (3.162)

fs sampling frequency [Hz] (2.16)

ft(t) density function of the level-

crossing time

[-] (3.173)

fv(v) density function of the integration
voltage[-](3.165)9transconductorvalue[S](3.8)9mtransconductanceofthetransistor[S](3.120)9matransconductanceofvoltageampli¬fiernoise-equivalenttransistors[S](3.100)9mgtransconductanceoftransconductornoise-equivalenttransistors[S](3.104)9mptransconductanceofpreamplifiernoise-equivalenttransistors[S](3.95)GGspecificgateconductanceperunitlength[S/m](6.8)hPlanckconstant[Js](2.5)'l'uirtvirtualintegrationcoefficient[s](3.24)HAtransfercoefficient[Am2/Ws](3.33)icurrent,[A],(3.83)(index)[-]iGgatecurrent[A](6.8)^vntintegrationcurrent[A](3.8)L^intintegrationcurrentdrop[A]Sect.3.1?"nnoisecurrentrootpowerspectraldensity[A/VHz]Fig.3.1%nînoisecurrentrootpowerspectraldensityof1/fnoise[A/VHz](3.118)%n9noisecurrentrootpowerspectraldensityofthetransconductor[A/VHz](3.104)%nvnoisecurrentrootpowerspectraldensityofthepreamplifier[A/VHz](3.95)IriRADCnoisecurrentrootpowerspectraldensityoftherampADC[A/VHz](3.129)



Symbols

Symbol

%nshot

^transistor

lneff

inRADCeff
lout

%p

Iph

Iphavg

Iphavgneq

Iphb

Iphbavg

Iphbavgneq

Iphbneq

Iphmax

Iphrmn

Iphneq

1phneqa

Iphneqs

Iphneq

Iphneq

1phneqR

1phneqRADC

Description

noise current root power spectral

density of shot noise

noise current root power spectral
density

ofasingletransistorrmsnoisecurrentrampADCinputnoisecurrentoutputcurrentpreamplifiedcurrentphotocurrentphotocurrent(ifaveragingisap¬plied)noise-equivalentphotocurrent(ifaveragingisapplied)photocurrent(ifabiascurrentisprovided)photocurrent(ifabiascurrentisprovidedandaveragingisapplied)noise-equivalentphotocurrent(ifabiascurrentisprovidedandaverag¬ingisapplied)noise-equivalentphotocurrent(ifabiascurrentisprovided)maximumphotocurrentminimumphotocurrentnoise-equivalentphotocurrentnoise-equivalentphotocurrentforvoltageamplifierthermalnoisenoise-equivalentphotocurrentfor1/fnoisenoise-equivalentphotocurrentfortransconductorthermalnoisenoise-equivalentphotocurrentforpreamplifierthermalnoisenoise-equivalentphotocurrentforresistorthermalnoisenoise-equivalentphotocurrentforrampADCthermalnoiseUnitReference[A/VHz](3.90)[A/VHz](3.93)[A][A][A][A][A][A](3.97)(3.128)Fig.4.1(3.4)(2.11)(3.58)[A](3.143)[A](3.3)[A](3.59)[A](3.144)[A](3.141)[A][A][A][A](3.34)(3.35)(3.91)(3.135)[A](3.135)[A](3.137)[A](3.135)[A](3.137)[A](3.135)



Symbol Description Unit Reference

1phneqshot noise-equivalent photocurrent
shot noise

for [A] (3.135)

1phneqt noise-equivalent photocurrent

quantization noise

for [A] (3.135)

lphneqtotal total noise-equivalent photocurrent [A] (3.135),

(3.137),

(3.139)

is signal current [A] (3.2)
I current

(complexnotation)[A](6.12)Ibbiascurrent[A](3-3)Iddraincurrent[A](3.120)Iddsupplycurrent[A](3.152)Iggatecurrent(complexnotation)[A](6.10)Iiinputcurrent[A]Fig.7.3Iooutputcurrent[A]Fig.7.2Irbiascurrent(fortransistors)[A]Fig.5.2Jxsurfacecurrentdensityinlateraldi¬[A/m2](6.1)rectionperunitareakBoltzmannconstant[J/K](3.94)Kf1/fnoisefactor[C2/m2](3.114)Lgatelength,[m],(3.114),inductance[H]Fig.6.6LGspecificgateinductanceperlengthunit[H/m](6.8)mnumberofintegrationsamplessignalmeasurementper[-](3.57)nnumberofchargecarriers,(index)[-](3.155)ri'(integrationvariable)[-](3.161)nanumberofvoltageamplifiernoise-[-](3.100)equivalenttransistorsncDSnumberoframpsamplesperinte¬[-](3.95)grationmeasurementngnumberoftransconductornoise-[-](3.104)equivalenttransistorsT^intnumberofcollectedchargecarriers[-]

(3.17)



Symbols

Symbol

n,,

nph

Tlphoton

nt

N

if

1J Jtransistor

Nint

Nzntb

N,

mtbias

Nneff

Nph

Nph avg

N,

phb

N,

phbavg

Description

number of preamplifier noise-

equivalent transistors

number of photogenerated charge
carriers

number of photons
number of time slots

number of integration samples (for

performance extraction)
1/f noise current coefficient

1/f noise current coefficient of the

single transistor
totalnumberofcollectedchargecarrierstotalnumberofcollectedchargecarriersnotgeneratedbythebiascurrent(ifabiascurrentispro¬vided)totalnumberofcollectedchargecarriersgeneratedonlybythebiascurrentrmsnoiseinnumberofphotogener¬atedchargecarrierstotalnumberofphotogeneratedchargecarriers,totalnumberofapparentlyphoto¬generatedchargecarriers(ifabiascurrentisprovided)totalnumberofphotogeneratedchargecarriers(ifaveragingisap¬plied)totalnumberofphotogeneratedchargecarriers(ifabiascurrentisprovided)totalnumberofphotogeneratedchargecarriers(ifabiascurrentisprovidedandaveragingisapplied)UnitReference[-](3.95)[-](2.8)[-][-][-](2.3)(3.156)(3.153)[A2][A2](3.118)(3.119)[-](3.18)[-](3.51)[-][-][-][-](3.50)[-](3.89)[-](3.14),(3.43)(3.60)(3.45)(3.61)
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Symbol Description Unit Reference

-** phbias total number of apparently photo-

generated charge carriers generated

only by the bias current

[-] (3.44)

Nvf 1/f noise voltage coefficient [V2] (3.113)
Nvft

u J transistor
1/f noise voltage

coefficientofthesingletransistor[V2](3.114)Ppreamplifiergain[-](3.4)Pnprobabilitythatachargecarrieroc¬cursinasingletimesloti-1(3.156)P[]probability[-](3.155)P[nph=n]probabilityofthenumberofphoto-generatedchargecarriersi-1(3.155)P[nph<n]distributionfunctionofthenumberofphotogeneratedchargecarriersl-J(3.161)P[tx<t]distributionfunctionofthelevel-crossingtime1-J(3.172)P[v%nt<V]distributionfunctionoftheintegra¬tionvoltage1-J(3.164)Pddconsumedstaticpower[W](3.152)Pelelectricalpower[W](3.83)Lelneqnoise-equivalentelectricalpower[W](3.82)P±noisenoisepower[W](3.75)LOptopticalpower[W](2.1)pHoptopticalpowerdensityperunitarea[W/m2](2.1)pHroptbopticalpowerdensity(ifabiascur¬rentisprovided)[W/m2](3.39)plioptbavgneqnoise-equivalentopticalpowerden¬sity(ifabiascurrentisprovidedandaveragingisapplied)[W/m2]Tab.5.4plioptbmaxmaximumopticalpowerdensity(ifabiascurrentisprovided)[W/m2]Tab.5.3plioptbminminimumopticalpowerdensity(ifabiascurrentisprovided)[W/m2]Tab.5.3plioptbneqnoise-equivalentopticalpowerden¬sity(ifabiascurrentisprovided)[W/m2]Tab.5.3plioptmaxmaximumopticalpowerdensity[W/m2](3.36)plioptmmminimumopticalpowerdensity[W/m2]

(3.37)



Symbols

Symbol Description Unit Reference

± optneq noise-equivalent optical power [W] (3.78)
P"
optneq noise-equivalent optical power den¬

sity

[W/m2] (3.150)

i signal signal power [W] (3.74)
L signal neq noise-equivalent signal power [W] (3.75)

Qmtcollectedcharge[C](3.15)Qphphotogeneratedcharge[C](3.11)Q's'surfacechargedensityperunitarea[C/m2](6.5)eis"surfacechargedensityperunitvol¬ume[C/m3](6.1)W,inttotalcollectedcharge[C](3.16){°iintbtotalcollectedchargenotgeneratedbythebiascurrent(ifabiascurrentisprovided)[C](3.48)^intbiastotalcollectedchargegeneratedonlybythebiascurrent[C](3.47){°iphtotalphotogeneratedcharge,[C](3.12),totalapparentlyphotogenerated(3.40)charge(ifabiascurrentisprovided){°iphbtotalphotogeneratedcharge(ifabiascurrentisprovided)[C](3.42){°iphbiastotalapparentlyphotogeneratedchargegeneratedonlybythebiascurrent[C](3.41)Rresistorvalue,[0](3-9),resistanceFig.5.1R\responsivity[A/W](2.12)Raspecificresponsivity[Am2/W](3.29)Rqspecificgateresistanceperunitlength[0/m](6.8)ssignal,Fig.3.2,signalvoltage[V](3.65)AssignaldropFig.3.4sn(t)noisyvoltage[V](3.64)Sneqnoise-equivalentsignalvoltage[V](3.73)S(üj)powerspectraldensity[V2/Hz](3.69)Stottotalpower[V2](3.71)
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Symbol Description Unit Reference

SNR signal-to-noise ratio [-MdB] (3.86)
SNRa signal-to-noise ratio for voltage am¬

plifier thermal noise

[-MdB] (3.136)

SNRavg signal-to-noise ratio (if averaging is

applied)

[-MdB] (3.145)

SNRb signal-to-noise ratio (if a bias cur¬

rent is provided)

[-MdB] (3.142)

SNRbavg signal-to-noise ratio (if a bias
cur¬rentisprovidedandaveragingisap¬plied)[-MdB](3.146)SNRelelectricalsignal-to-noiseratio[-MdBeZ](3.82)SNRfsignal-to-noiseratiofor1/fnoise[-MdB](3.136)SNRgsignal-to-noiseratiofortranscon-ductorthermalnoise[-MdB](3.138)SNRgensignal-to-noiseratio(generaldefini¬tion)[-],[dB5en](3.74)SNRnsignal-to-noiseratioofthenumberofphotogeneratedchargecarriers[-MdB](3.158)SNRoptopticalsignal-to-noiseratio[-MdBopt](3.78)SNRPsignal-to-noiseratioforpreampli¬fierthermalnoise[-MdB](3.136)SNRRsignal-to-noiseratioforresistorthermalnoise[-MdB](3.138)SNRradcsignal-to-noiseratioforrampADCthermalnoise[-MdB](3.136)SNRshotsignal-to-noiseratioforshotnoise[-MdB](3.136)SNRtsignal-to-noiseratioforquantiza¬tionnoise,[-MdB](3.136),signal-to-noiseratioofthelevel-(3.177)crossingtimeSNRtotaitotalsignal-to-noiseratio[-MdB](3.136),(3.138),(3.140)ttime[s](3-6)t'(integrationvariable)[s](3.171)Atintegrationtime[s]Sect.3.1AtAmeasurementtime[s]Tab.5.2



Symbols

Symbol Description Unit Reference

AU integration samples [s] (3.153)

L-^max maximum integration time [s] Sect. 3.2

L^-tmin minimum integration time [s] Sect. 3.2

tneff rms noise in time [s] (3.132)
Atneffrmsnoiseinintegrationtime[s](3.154)T-restimingresolution[s](3.132)T-xlevel-crossingtime[s](3.172)Tperiod,[s],(3.67),temperature[K](3.93)TAtransferfactor[Vm2/Ws](3.31)Tssamplingperiod[s](2.16)Vvoltage[V](3.64)v'(integrationvariable)[V](3.164)Vaamplifiedvoltage[V](3.7)Avaamplifiedvoltagedrop[V]Sect.3.1VDvoltageacrossthesensingdiode[V]Tab.5.6V9groupvelocity[m/s](6.16)VGgatevoltage[V](6.5)V%ninputvoltage[V]Fig.6.6V%ntintegrationvoltage[V](3.5)Avintintegrationvoltagedrop[V](3.19)*-^Vvnlavgintegrationvoltagedrop(ifaverag¬ingisapplied)[V](3.62)AVmtbintegrationvoltagedropnotgener¬atedbythebiascurrent(ifabiascurrentisprovided)[V](3.54)'-^V%nl\)avgintegrationvoltagedropnotgener¬atedbythebiascurrent(ifabiascurrentisprovidedandaveragingisapplied)[V](3.63)^Viniinasintegrationvoltagedropgeneratedonlybythebiascurrent[V](3.53)Vnnoisevoltagerootpowerspectral[V/VHz]Fig.3.1,density(3.72)Vnanoisevoltagerootpowerspectraldensityofthevoltageamplifier[V/VHz]

(3.100)



Symbol Description Unit Reference

Vnf noise voltage root power spectral [V/VHz] (3.113)

density of 1/f noise

"'resistor
noise voltage root power spectral

density of a resistor

[V/Vliz] (3.108)

VnR noise voltage root power spectral [V/VHz] (3.109)

density of the resistor

VriRADC noise voltage root power spectral
density

oftherampADC[V/Vliz](3.125)Vn(t)noisevoltage[V](3.66)Vneffrmsnoisevoltage[V](3.68)VnRADCefframpADCinputnoisevoltage[V](3.124)Vpphasevelocity[m/s](6.15)Vvoltage[V]Fig.5.25Vvoltage(complexnotation)[V](6.12)vDDsupplyvoltage[V](3.152)Vfbflat-bandvoltage[V](6.5)VGgatevoltage[V]Fig.4.4Vggatevoltage(complexnotation)[V](6.10)Vjinputvoltage[V]Fig.7.3vLlateralvoltage[V]Fig.6.2V0outputvoltage[V]Fig.5.1vRresetvoltage,referencevoltage[V]Fig.5.2,Fig.7.4VTtransfergatevoltage[V]Fig.5.25Wgatewidth[m](3.114)Xposition(inlateraldirection)[m](6.1)ydepth(inverticaldirection)[m](2.9)Voptlightpenetrationdepth[m](2.10)Zlgcharacteristicimpedance[0](6.13)
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