
Worcester Polytechnic Institute
Digital WPI

Masters Theses (All Theses, All Years) Electronic Theses and Dissertations

2000-05-05

A 12-b 50Msample/s Pipeline Analog to Digital
Converter
Nathan R. Carter
Worcester Polytechnic Institute

Follow this and additional works at: https://digitalcommons.wpi.edu/etd-theses

This thesis is brought to you for free and open access by Digital WPI. It has been accepted for inclusion in Masters Theses (All Theses, All Years) by an
authorized administrator of Digital WPI. For more information, please contact wpi-etd@wpi.edu.

Repository Citation
Carter, Nathan R., "A 12-b 50Msample/s Pipeline Analog to Digital Converter" (2000). Masters Theses (All Theses, All Years). 749.
https://digitalcommons.wpi.edu/etd-theses/749

https://digitalcommons.wpi.edu?utm_source=digitalcommons.wpi.edu%2Fetd-theses%2F749&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.wpi.edu/etd-theses?utm_source=digitalcommons.wpi.edu%2Fetd-theses%2F749&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.wpi.edu/etd?utm_source=digitalcommons.wpi.edu%2Fetd-theses%2F749&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.wpi.edu/etd-theses?utm_source=digitalcommons.wpi.edu%2Fetd-theses%2F749&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.wpi.edu/etd-theses/749?utm_source=digitalcommons.wpi.edu%2Fetd-theses%2F749&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.wpi.edu/
mailto:wpi-etd@wpi.edu


 
 

A 12-b 50Msample/s Pipeline Analog to Digital Converter 
 

by  

Nathan Carter 

A Thesis 

Submitted to the Faculty 

of the 

WORCESTER POLYTECHNIC INSTITUTE 

In partial fulfillment of the requirements for the 

Degree of Master of Science 

in  

Electrical Engineering 

 

April 24, 2000 

 
 

Approved: 
 

Prof. John McNeill      Prof. Yusef Leblebici 
ECE Department       ECE Department 
Thesis Advisor      Thesis Committee 
 
Prof. Len Polizzotto 
ECE Department 
Thesis Committee 

Prof. John Orr 
ECE Department Head 



Acknowledgments

I would like to thankthefollowing peoplefor makingthis thesispossible,

Prof. JohnMcNeill For funding,technicaladvice,professionaladvice,
andgiving methefreedomto makemistakes.

Prof. YusufLeblebici For useof his lab,andhis technicaladvice.

Prof. LenPolizzotto For hiswork onmy thesiscommittee.

1999/2000Staff of For many smallthingsto numerousto say
theAnalogLab,VLSI but in total requireanacknowledgmentin this
Lab,andECEDept. thesis.

-FrankGurkaynak
-RenatoBaumgartner
-IlhanHatirnaz
-Wesley Blackstone
-BruceLavoie

Bill andSadieGoesch For providing living arrangements.

David, Marcia,Chris For flying from Californiaall thosetimes
JoshandTricia andshowing yoursupport.



i

Abstract

This thesisfocuseson theperformanceof pipelineconvertersandtheir integrationonmixedsignal

processes.With this in mind, a 12-b50 MHz pipelineADC hasbeenrealizedin a 0.6-µm digital

CMOSprocess.Thearchitectureis basedon a 1.5-bperstagestructureutilizing digital correction

for the first six stages. A differential switchedcapacitorcircuit consistingof a cascodegm
� C

op-ampwith 250MHz ft is usedfor samplingandamplificationin eachstage.Comparatorswith

aninternaloffsetvoltageareusedto implementthedecisionlevelsrequiredfor the1.5-bperstage

structure.Correctionof the pipelineis accomplishedby measuringtheoffset andgainof eachof

thefirst six stagesusingsubsequentstages.Themeasuredvaluesareusedto calculatedigital values

thatcompensatefor theinaccuraciesof theanalogpipeline.Correcteddigital valuesfor eachstage

arestoredin the pipelineandusedto createcorrectedoutputcodes.Errorscausedby measuring

thefirst six stagesusinguncalibratedstagesareminimizedby usingextraswitchingcircuitry during

calibration.
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Chapter 1

Intr oduction

Variationson analogto digital convertersarenumerous,eachtailoredfor specificperformancepa-

rameters.More modernconvertershave implementedsomeform of parallelprocessingof theana-

log signalto increasebit resolutionwhile still maintainingthesamespeed.Convertersof this type

includefolding, multi-step,andpipeline[19][20][21].

Converterarchitecturesarestill a rapidly developingarea. Normally analogto digital converters

arenot strictly limited to pureflash,folding, or pipeline. Implementationswith pipelinedfolding

stagesor smallerpipelinedstageswith a large flash sectionat the end are not uncommon[17].

Mostof thesearchitecturesareimplementedasdiscreteconvertersfor boardlevel integration.With

a movementtoward systemon a chip high performanceconvertersare frequently implemented

on thesamechip with microcontrollersandotherdigital systems.This introducesnew noiseand

processproblemswhich arenot asdominantin discreteconverterimplementations.Additionally,

processestailoredfor digital logic arenot thebestprocessesto make thelinearcircuitsrequiredfor

analogto digital conversionbut arebecomingmorefrequentlytheplacewhereconvertersphysically

take shape.With this movementtoward chip level integration it is desirableto have a converter

architecturethat is tolerantof matchingandprocesserrorsaswell asnoiseintroducedby adjacent

1



CHAPTER1. INTRODUCTION 2

devices. With this in mind, this project focuseson the pipelinearchitecturebecauseof its high

toleranceof processvariations,low powerconsumption,andsmallareamakingit anidealcandidate

for systemlevel integration.

Thethesisis organizedinto tenchapters.Chapter2 will introducea few of themorecommonhigh

resolutionanalogto digital converterarchitectures.Someof theconceptsthatapply to converters

in generalsuchasresolutionandtheerrorvoltagewill alsobeintroduced.Chapter3 will focuson

pipelineconverterbehavior whichwill emphasizesomeof theproblemsencounteredin thisdesign.

Digital correctionis proposedasa solutionto someof theconversionproblems.Theremainderof

thechapterteststheapplicabilityof digital correctionthroughbehavioral simulations.Chapter4 is

thebeginningof thedesignprocesswhich introducesa few of therequirementsof theanalogpro-

cessingblocks.Derivationsof therequirementsareincludedwherenecessary. Chapter5 discusses

several amplifierarchitecturesthathave possibleusein theanalogprocessingblock. Emphasisis

placedon themostimportantdesigncriteriaof eachtypeof amplifieraswell asperformancelimi-

tations.Thechapteris concludedby astatementof theamplifierusedin thisprojectandasummary

of its performance.Chapter6 documentsthecomparatorusedin thetestchip. Likewise,chapter7

is astrateforwarddocumentationof thedigital componentsusedin thetestchip. A discussionof the

morecritical digital controlblock which producestheswitchingsignalsfor theanalogprocessing

block andtheclock generatoris alsoincluded.Chapter8 combinesthecomponentsin chapters5,

6, and7 to createboththeanaloganddigital blocks.Thetestchip resultsareincludedin chapter9.

Chapter10 is aconclusionwith anoutlineof futuredesignconsiderations.



Chapter 2

Ar chitecture

2.1 Flash

Themostwell know of all ADC architecturesis theflash,which consistsof a resistordivider net-

work thatgeneratesa “ladder” of referencevoltages,andcomparatorsthatcomparetheinput to the

referencevoltages.Decodinglogic is usedto take thecomparatordecisionsandgeneratea digital

outputcode.A two bit flashconverteris shown in Figure2.1.

A flashconverterneeds2N comparatorsand2N � 1 resistorsfor anN bit outputcode.Thispresents

a power andsilicon areaproblemwith ADCs requireninglargeoutputcodes.For this reasonflash

convertersaregenerallyusedin applicationsrequiringhigh speedandlow resolution(<8 bits). To

gethigherresolutionseveralsmallerflashconverterscanbecombinedto processtheanaloginput

signalandform a largeroutputword. Themethodsusedto combineseveralsmallerconverterscan

bequitecomplex. A few of thosemethodsarenow introduced.

3
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2.2 Folding

To reducethenumberof comparatorsaswell asincreasingthetotal resolutionsomeform of folding

is commonlyimplemented[22]. A folding converterhasanextra analogpreprocessingblock that

folds the input backinto rangeso that a secondflashconvertercanmake a morepreciseestimate

on theinput signal.Thefolding converterin Figure2.2 is shown with two singlebit convertersfor

simplicity, a coarseconverteranda fine converter. With two singlebit convertersonly two com-

paratorsarerequiredversusthefour requiredin theprevioustwo bit flashconverter. Generalizing

this relationship,if the fine and the coarseconverter resolve the samenumberof bits, the num-

ber of comparatorsrequiredis 2
N
2 . The advantagegainedby usingfolding circuitry versussome

form of pipeliningis thatadditionalsampleandholdsarenotnecessary. Thesignalis concurrently

processedby thecoarseflashandthefolding circuitry andfineflashconverter.

Thenumberof folds that the folding circuitry performsis referredto asthe folding rate,which is

onefor theexamplein Figure2.2. A limitation on performanceis createdby the folding circuitry

becauseof thefrequency multiplicationthatoccurs.Fromthegraphsin Figure2.2it is evidentthat

a frequency increaseequalto the folding ratewill occurasthe signalpassesthroughthe folding

circuitry. In this aspectfolding convertersarenot asfastaspureFlashconvertersbecauseof the

speedlimited folding circuitry [15].

A possibleimplementationof a folding circuit with a folding rateof four is shown in Figure2.3

[12]. Folding typeconvertersaregenerallyimplementedin a bipolarprocessbecauseof themore

idealfolding behavior of bipolartransistorsversusMOStransistors.
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Figure2.2: Converterimplementedwith a folding block.
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2.3 Pipelineand Multi Pass

Justaswith folding converters,a pipelineADC combinesseveralsmallerflashconvertersto create

a largerconverter. However, thesmallerflashconvertersarecombinedby decimatingtime, that is

eachsmallerconverterhasa specifictime period in which it canconvert part of the input signal

beforeor afterotherstageshaveor will make theirestimate.Theoutputsof all stagesarecombined

to form thefinal outputcode.This is bestexplainedby Figure2.4.

ADC

A

S/H amplifier

+

-

A

S/H amplifier

+

-

DAC ADC DAC

Digital Estimate Digital Estimate

Residue
Signal to
other stages

Input
Signal

Vref Vref

... ADC

Last Stage

Digital Estimate

Figure2.4: PipelineAnalogto Digital ConverterBlock Diagram

Thesignalpropagationin Figure2.4beginsat thenodelabeledinputsignal,wheretheADC of the

first stagemakesa digital estimateof the input signal. The digital estimateis usedimmediately

by the DAC of the first stageto createan analogequivalent to the digital estimate.This analog

equivalentto thedigital estimateis subtractedfrom theoriginal input signalcreatinga residuethat

is usedby thenext stage.Essentially, eachsuccessive stagemakesa finer estimateof theoriginal

inputsignalby lookingattheresidueof thepreviousstage.It canbethoughtof asabitwiseestimate

of the input signal,MSB first. The amplifier is neededfor hardwaresimplification. If eachstage

hadto make anestimateof anever shrinkingresidue,differentvoltagereferenceswouldhave to be

used.Eachamplifiereffectively putsthe residuein thesamerangeasthe original input signalso

thathardwareandvoltagereferencescanbereused.

The relationshipbetweenthe input signal, digital output,and residueoutputvoltageis depicted
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betterin Figure2.5wheretheerrorvoltagefor a two bit analogto digital converteris shown. Note

thatin thiscasetheerrorvoltagehasnotbeenamplifiedfor useby laterstages.For amorein depth

explanationandprobabilisticdefinitionof theerrorvoltagesee[2].

Examiningasinglestagein moredepthwill helpto explain theseconceptsbetter. Figure2.6shows

thespecificcasefor two bits perstage.On the left handsidethe input outputsignalplot shows a

ramp,the right handsideshows a residueplot that would be typical of a two bit per stageADC.

Essentiallyit is a plot of the error voltagethat occursin any analogto digital converter, which is

typically discarded.However, in pipelineconverterstheerrorvoltageof onestageis passedon to

the next stageasa residuesignal that following stagesuseto make a finer estimateof the input

signal.

Error Voltage (Residue) Input Signal

Vout

VinVin

Digital Output

Vout

Vin

-=Vout

Figure2.5: Origin of theErrorVoltage

PipelinedA/D conversionhasseveraladvantagesover moretraditionalflashconverters.Themain

advantageis that pipeline convertershave much lower power consumptionbecausethe number

of comparatorsincreaseslinearly with the bit resolutionversusa power of two with typical flash

architectures.Howevertominimizepowerandmaximizespeedin pipelineconverters,severalissues

mustbetakeninto considerationwhichwill bediscussedin moredetailin latersections.
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Figure2.6: SinglePipelineStagewith ResiduePlots

2.4 Summary

Of the threearchitecturesdiscussedthe pipeline structurehasthe most desirablecharacteristics

for the problemat hand. It is bestsuitedfor CMOS processes,requiresminimal area,andmore

hardwarereplicationtakesplacekeepingdesigntime to a minimum. This conclusionwill become

moreevidentin thenext chapterwherethespecificsof thestructurearedevelopedin moredetail.



Chapter 3

PipelineAr chitecture

As discussedin theprevioussection,apipelineconvertermakesaroughestimateof theinputsignal

in eachstageandpassesa preciseversionof the remainderonto thenext stage.Theremainderis

calculatedby subtractingthe estimatefrom the original signalandamplifying by an appropriate

gain factor. The gain factordependson the numberof bits estimatedin eachstage. The digital

estimateis sentto a D/A converterto beconvertedto ananalogsignalthatcanbesubtractedfrom

theinputsignal.Thedigital estimatefromeachstageis sentto digital correctionlogic thatcombines

thestageoutputsinto anoutputcode.This basicpipelineconceptis straightforward but hasmany

problemsthatmakethephysicalimplementationdifficult. To seehow all of theseproblemsinteract

together, a few conceptsneedto beexploredfurther.

3.1 Bit ResolutionPer Stage

The bit resolutionper stagebecomesan importantaspectin pipelineADC designbecauseof its

influencesongainbandwidthof theresidueamplifiers,totalcapacitance,powerconsumption,error

tolerance,andaccuracy of requiredcomponents,just to namea few. More recentpipelineADC

10
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convertershave taken two different functional paths. Somedesignsare purely analogfocusing

primarily on componentmatching[3] andothersdesignuselessaccurateanalogdesignsandrely

ondigital correctionlogic to correctany randomvariations[1].

Thegoal is to designa 12-bADC operatingat 50MHz samplingrateaccuratewithin +/- 0.5 LSB

in DNL andINL. Anotherlimiting constraintis that theADC mustbemadein anentirelyCMOS

process.Theserequirementshave beenmet numeroustimesin a BiCMOS process[3] but rarely

in an entirely CMOS process,andmostoften usingdigital correction. The main limitation in an

entirelyanalogandCMOSprocessis thebandwidthandcurrentdrive requiredto getthenecessary

gainandmatching.Typically, fewer stageswith higherbit resolutionareusedin anentirelyanalog

processto reduceinjectionerror thatcouldnormallybecorrectedwith digital logic. In this design

it is proposedto make an12-bpipelinedADC in a0.6µmCMOSprocesswith digital correction.

3.1.1 DeviceMatching

In mostanalogintegratedcircuit designsdevice matchingbecomesmoreimportantthantheactual

physicalvalueof the device whetherit is a resistor, capacitor, or active device. Typically device

valuesaredesignedwithin anabsolutetoleranceof 20%(dependingon theprocessused),but the

ability to matchtwo componentson an IC is usuallymuchbetter. Smallerdevicesareharderto

matchthan larger devices becauseof uncertantiesin the circuit fabricationprocess.The spatial

toleranceof a CMOSprocessis usuallyspecifiedby theparameterλ, which is half theminimum

gatelength.Theworstpossiblemaskmismatchis typically 0.75λ. This is not theonly factorthat

determinescomponenttolerances.Processvariationssuchasetching,ion implantation,andoxide

growth areall controlledto a certainpoint beyond which randomvariationsdeterminethe exact

characteristicof a device. Assumingthatthesetolerancesareknown andtheprocessis guaranteed

accuratewithin certainphysicaldimensions,devicesizescanbeincreasedto apointwhereprocess

variationsbecomeinsignificantcomparedto theoverall sizeof thedevice. With this in mind two
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devicescanbeconstructedwith a ratioof valueswith specifiedprecision.

Matching becomesthe dominantfactor in the performanceof a pipelineADC. Eachstageof a

pipelinedconvertermakesa roughestimateof theinputsignal,subtractsthatestimatefrom thesig-

nal, andamplifiestheremainderto bepassedon to thenext stage.Theamplificationis dependent

onthebit resolutionperstageandmustbeaccuratesothatthenext stagereceivesthepropersignal.

Typically theamplificationis implementedwith somesortof switchedcapacitorarrayandtheca-

pacitorsmusthave a known ratio in orderfor theamplificationto beaccurate.Any deviation from

thedesiredratio resultsin improperresultsbeingpassedon to thenext stageandtheADC will not

outputtheright answer.

Previouswork hasattemptedto characterizetheworstpossiblemismatchof componentsbasedon

size[4]. Thepaperreferredto in [4] usesa 0.8µmdouble-polyprocessthat is similar to the0.6µm

processthatis goingto beusedin this thesis.It is assumedthatthenewer 0.6µmprocesswill have

no worsematchingthanthe 0.8µmprocess.From the analysisin [4], a 25µm X 25µm2 capacitor

hasa ratio standarddeviation of 0.05-0.1.%.This sizeresultsin a large capacitance(greaterthan

1.25pF)thatputstoomany constraintson theanalogdesignaswell asconsumingexcessive silicon

area.

Obviouslyasmallercapacitorthatis justaswell matchedmustbefound.Anothertypeof capacitor

that canbe constructedin the 0.6µm processis a metal-polycapinsteadof the poly-silicon caps

thatarestandardin theprocess.Thiscapacitorconstructionmethodhasanadditionalproblem:the

capacitoris notascloselymatchedfor thesamesizearea.Thereasonfor this is thatthemetallayer

is in differentphysicalpositionthanthepoly-silicon. Thefirst metallayer is typically constructed

on top of a protective layerof silicon oxidethat is not well controlledfor its planarproperties.For

this reasonany metallayer that is appliedon top of the silicon oxide would not be planar. Since

capacitanceis proportionalto the distancebetweentwo plates,it is evident that the non-planar

metalwill not result in a very predictablecapacitanceandfor this reasonshouldnot be usedin
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any matchingsituations[5]. Fromthis analysisit is clearthattheprojectdescriptioncannotbemet

by matchingalone.Latersectionswill discusstheimplicationsof matchingerrorsandintroducea

methodusedfor correctionof theseerrors.

3.1.2 Bandwidth

As previously stated,thenumberof bits resolutionhasa directeffect on therequiredbandwidthof

theanalogcircuitry. After onestageapproximatesthesignalandcreatesanerrorvoltage,theerror

voltagemustbeamplifiedto full scalerangeto createa residuevoltage.Thegainfactorincreases

with increasingbit estimatein thefirst stagebecausethesizeof theerrorvoltageis dependenton

how many bits thefirst stageapproximates(thelargerthebit estimatethesmallertheerrorvoltage).

Summarizingtheeffect on theamplifier, thelarger thegainthelarger thegainbandwidthproduct.

This phenomenonis shown in Figure3.1,whereevery additionalbit of precisionaddedto a stage

increasestheclosedloopgainof theresidueamplifierby 6dB.This lowersthetimeconstantof the

circuit. Theeffectof thetimeconstantonthepipelineADC performancewill bedevelopedmorein

theAnalogArchitecturalRequirementschapter.

3.1.3 Latency

Thetimewhentheinputsignalenterstheconverterto thetimethatthedigital outputis availableon

theoutputpinsis calledthelatency of theconverter. Becausea pipelineconverterusesdecimation

in time to increasethroughput,latency is a drawbackto their use.For example,if a converterhas

twelve stages, andit determinesonebit per stage,the minimum latency is twelve cyclesfor the

signalto propagatethroughtheentirepipeline.If thebit resolutionperstagefor thesameconverter

is increased,fewerstageswill berequiredfor thesamenumberof bits. For this reasonlatency must

alsobeconsideredin thedesignof pipelineconverters.

In this respectlatency limits theapplicationsof pipelineconverters.Thespeedof a pipelinecon-
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vertermaybereasonablefor certainapplicationsbut if latency is anissue,asin highspeedcontrol

loops,anotherconverterarchitecturemightbepreferable.
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3.2 PipelineErr ors

3.2.1 Offset Err ors

Therearethreemainsourcesof errorin pipelineA/D converters:comparator, offset,andinterstage

gainerrorall of which leadto nonlinearitiesin theoutputcodes.Thecausesof bothoffsetandgain

errorwill beexamined.

Vout

Vin

00 01 10 11

Offset and gain errors 
produce out of range values

Gain

Figure3.2: Residueexceedingfull scalevoltagein a2 bit perstageconverter

Offseterrorcanbecausedby chargeinjectionduringthesampleandholdprocess,randomoffsetsin

gainstagescreatedby manufacturingvariations,andcharacteristicschangingdueto device aging.

While thesecanbeminimizedthroughdesignandlayoutchoicesit usuallyis a tradeoff with power

andspeed.For examplecharge injection andnoisecanbe minimizedin the sampleandhold by

makinga largercapacitoranda smallersamplingswitch. This resultsin a slower sampleandhold

andincreasedpower lossdueto thelargerchargerequiredby thecapacitor.
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Figure3.2 shows theoutputresidueof thefirst stageof a two bit perstageADC if the input were

a ramp. As discussedearlier, theresidueoutputis just theerrorvoltageamplifiedto thefull scale

voltage. Thepeaksof theoutputplot lie exactly on the full scalevoltageof theconverterdefined

by theouterbox. This presentsa problemthat is inherentin pipelineconverters:any typeof error

that causesthe residueto exceedthe full scalevoltageresultsin missingcodes.Or moresimply

stated,all input valuesthat causethe outputresidueto exceedthe full scalevoltagewill result in

the sameoutputcode. This is bestillustratedby Figure3.3 which shows a simulatedoutputof

a two bit per stageconverter. Figure3.3 (a) shows the Input versus. Binary Outputfor an 8-bit

converterwith stagesthathave two bits of resolution.An offsethasbeenincludedin thefirst stage

that makesthe residueoutputappearexactly asshown in Figure3.2. Notice the flat spotsin the

outputthatcorrespondto residueoutputexceedingthefull scalevoltage(thesamedigital outputis

occurringfor many differentinput values).In this case,digital correctioncannotbeusedbecause

thesamedigital outputcorrespondsto many differentinputs,thereis nowayfor correctioncircuitry

to differentiatebetweenthevalues.

3.2.2 Gain Err ors

It canbe shown that gain error hasa similar effect on the residueoutputasan offset. Referring

backto Figure3.2 the slopeof the residueoutputbetweendecisionlevels is definedby the gain

of the interstageamplifier. As the slopeof the line increasesthepeakof the residueoutputagain

exceedsthefull scalevoltageandthesameoutputshown in Figure3.3 results.Themaincauseof

gainerror, assumingsufficient openloop gainof theop-amp,is mismatchbetweencomponentsof

theinterstageamplifier.
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CHAPTER3. PIPELINEARCHITECTURE 18

3.2.3 Comparator Err ors

By now it is evident that anything that causesthe residueoutput to exceedthe full scalevoltage

causesan error in the outputcodes.Comparatorerrorsalsodo just that. In the two bit per stage

structurea comparatorerrorcausesthevertical line, which representsthecomparatorthreshold,to

shift in eitherdirection.This is show graphicallyin Figure3.4.Inthis regard,comparatorthreshold

canbea critical aspectof pipelinedesign.

Vout

Vin

00 01 10 11

Comparator error 
produces out of range values

 Shift 

Figure3.4: Comparatorthresholdshift causingoutof rangevalue.
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3.3 1.5bit Per StageAr chitecture

Theproblemof missingcodesdiscussedpreviously hasseveraldifferentsolutions.Themostcom-

monis theconceptof overlapbetweenstages.Theresultof overlapis bestillustratedby a discus-

sionof the1.5bit perstagearchitecture.Figure3.5showsthespecificpipelineconverterstageused

for this design,which will introducesomespecificsof this projectandhelpunderstandoverlapin

pipelineconvertersin general.

+

-

-

+

-

+

Vref/2

Vin

Vout

C1

C2

Decision 
Comparators

Vref

-Vref

φ1

φ1

φ2

φ2

GND

φ1

Figure3.5: 1.5bit perstageanalogblock

Thetypical radix 2, 1.5bits perstage,pipelineconverterhasthreedecisionlevels. Thoseare1, 0,

and-1. Theseareusedto decidethebit valuesfor aparticularstageandto calculatetheresiduethat

will bepassedon to thenext stage.Theresidueis calculatedby

Vout � C1
�

C2

C1
Vin

� D
C2

C1
Vref (3.1)
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substitutingC1 � C2 resultsin

Vout � 2Vin
� DVref (3.2)

whereVref is half of thefull scalevoltage.Thefirst stagecomparestheinputvalueto 1
4Vref . If the

input is greater, Vref is subtractedfrom the input andtheresultis sentthrougha gain=2amplifier.

Shoulda negative numbergreaterthan � 1
4Vref result, this simply tells the next stageshouldadd

somebackinto thesignal.Thedecisionlevelsaredescribedby equations:

� 1 � � Vref � Vin � � 1
4
Vref (3.3)

0 � � 1
4
Vref � Vin � 1

4
Vref (3.4)

1 � 1
4

Vref � Vin � Vref (3.5)

Thedecisionlevelsof eachstageareusedto calculatethedigital outputin thefollowing manner.

Vout
	
digital 
 � D

	
1
 2N � 2 � D

	
2
 2N � 3 �
������� D

	
N 
 (3.6)

3.3.1 Overlap and Err or Correction

In the previous non-overlappingscheme,gain andoffset errorsproducedout of rangevalues,re-

sulting in non-uniqueoutputcodesfor many different input values. In overlappingschemesthe

residueamplifiergaincanbedividedby two asa resultof binaryarithmetic.Theoverlapof onebit

from onestageto thenext is amultiplicationby two of theeffect of thedigital outputof thatstage.
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Figure3.6: Residueplot for 1.5bit perstagearchitecture

Becauseany givenstagecanhave doubletheeffect on thedigital outputcode,theanalogresidue

only needsto bemultiplied by half asmuchwhenbeingpassedto the next stage.In this manner

theLSB of onestagecaneitherbedeterminedby itself or thefollowing stage.Looking at the1.5

bit perstageresidueplot in Figure3.7it canbeseenthatthefull scalevoltagelevel, definedby the

dottedoutline, is well clearof the input outputvoltagecurve, evenwith errorspresent.The input

outputvoltagecurve canmove anywherewithin thedottedoutlineandnot produceany valuesout

of range.

Thebit overlapallows for somesortof residueto bepassedon thenext stagewithout a total loss

of data.Thedigital numberthattheA/D reportsincludestheoffset,gainandcomparatorerrorsof

all stages.In thisaspectthenumberis wrongbut it is still auniquenumberversusnon-overlapping

schemeswhich have wrong andnon-uniquenumbers.To correctwrong numbersin overlapping

schemessomesort of algorithmmustbe implementeddigitally to recognizeeachuniquenumber

andsubstitutein acorrectvalue.



CHAPTER3. PIPELINEARCHITECTURE 22

Vout

Vin

Non-linear
gain error

Linear gain
and offset
errors

Ideal

Figure3.7: Residueplot with possibleerrors.

3.3.2 Overlap and Bit Resolution

The bit resolutionper stagecanbe increasedwhile maintainingonebit overlap to help decrease

the throughputlatency of a pipelineconverter, but with a decreasein several otherperformance

parameters.The bit resolutionper stagenot only affectsbandwidth,matching,and latency, but

the feed-throughoffset susceptibilityof overlappingschemesas well. Two possiblecasesfor a

twelve bit converterareexamined,twelve 2-bit convertersandsix 3-bit converters. Eachof the

2-bit stagesrequiretwo comparatorsto distinguishbetweeneachof thethreedifferentlevels. The

3-bit convertersrequiresix comparatorsto distinguishbetweeneachof thesevenlevels.

The1.5-bit converterstructurehasgreateroffseterror correction.While the1.5-bit convertercan

correcterrorsup to 1/4 of the referencevoltage,shown graphicallyin Figure3.8, the2.5-bit con-

vertercanonly correctupto 1/8of thereferencevoltage,shown in Figure3.9. In general,for every

addedbit of resolutionperstage,theoffseterrorcorrectionlimit reducesby half[6].
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Figure3.8: 1.5-bitperstageresidueplot with comparatorerrorlimits.
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3.4 Calibration

3.4.1 Mathematical Characterization

The following sectionpresentsa methodfor correctinggainerrorsin a 1.5 bit per stagestructure

originally proposedby [1].

Implementingaradix=21.5-bperstagepipeline,andusingaswitchedcapacitoramplifierthetrans-

fer functionfor theresidueamplifierin eachstageis asfollows

Vout
	
i 
 � C1

	
i 
 � C2

	
i 


C1
	
i 
 Vin

	
i 
 � D

	
i 
 C2

	
i 


C1
	
i 
 Vref (3.7)

+

-

-

+

-

+

Vref/2
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Decision 
Comparators

Vref

-Vref

φ1

φ1

φ2

φ2

GND

φ1

Figure3.10:Origin of chargetransferequation.

Which is identicalto equation3.1 but the subscript[i] hasbeenincludedto differentiatebetween

stages.
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For radix=2 1.5-bitsper stage,the amplificationmustbe exactly 2 anda known amountof Vref

mustbesubtractedout. Thequantity C1 � i �
C2 � i � Vref is theanalogequivalentof thedigital valuethat that

partof thestageestimated.If theratio of C1
	
i 
 andC2

	
i 
 is not 1 thenthedigital estimateandthe

analogvaluesubtractedwill not match. In addition the residuepassedon to the next stagewill

not be correct. The pipelineconceptrelieson the fact that the residueis amplifiedby a factor2

so that essentiallyeachstagedeterminesthevalueof the next bit of the digital outputcode. Due

to processvariationdiscussedpreviously in thematchingsection,theratio of C1
	
i 
 andC2

	
i 
 is not

unity. However if thedifferencebetweenC1
	
i 
 andC2

	
i 
 is known, digital valuescanbesubstituted

into eachstagesothatthedigital valuenow matchestheanalogvalue.For example,thefirst stage

might beradix=1.91andthesecondstagecouldberadix=2.11.It doesnot matterwhat theactual

valueis aslongasit is known andcloseenoughto 2 thatoutof rangevaluesarenotproduced.

To measurethegainandanalogvaluesubtractedout of eachstage,themismatchof thecapacitors

canbeused.Making thefollowing substitutionsin equation3.7:Vin
	
i 
 is Vref

	
i 
 , thechargeonC2

	
i 


is setto 0, andthedecisionD
	
i 
 is forcedto 1 which resultsin:

Vout
	
i 
 � C1

	
i 
 � C2

	
i 


C1
	
i 
 Vref

Vout
	
i 
 � 1 � C2

	
i 


C1
	
i 
 Vref

After dividing out Vref the mismatchbetweencapacitorsα is known. SubstitutingC2
	
i 
 ��� 1 �

α
	
i 
�� C1

	
i 
 into equation3.7resultsin

Vout
	
i 
 � 2 � 1 � α

	
i 


2

�
Vin
	
i 
 � D

	
i 
�� 1 � α

	
i 
 � Vref
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Vout
	
i 
 � 2Vin

	
i 
 � D

	
i 
 Vref

� α
	
i 
 Vin

	
i 
 � α

	
i 
 D 	 i 
 Vref

subtractingout the quantityα
	
i 
 Vin

	
i 
 � α

	
i 
 D 	 i 
 Vref 
 resultsin the desiredtransferfunction of the

residueamplifier.

Vout
	
i 
 � 2Vin

	
i 
 � D

	
i 
 Vref

Subtractingthe quantityα
	
i 
 Vin

	
i 
 � α

	
i 
 D 	 i 
 Vref 
 to correctthe outputof eachstageis difficult to

do andwould resultin a greatamountof additionalanalogcircuitry. If insteadtheanalogvalueis

subtractedout in thedigital circuitry amuchsimplerdesignresults.Thedigital outputequation3.6

replacedwith thefollowing.

� 2N � i � d 	 i 
 αi
2
�

d
	
i
�

1
 αi
4
�

d
	
i
�

2
 αi
8
����� �

Simplified,theequationsthatdeterminethecoefficient for eachregisterof thepipelineare:
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�����

Notice that the quantityD
	
i 
 α 	 i 
 Vref is immediatelysubtractedfrom the outputcodesincethat is

a known quantityat the time of the decision. However the quantityα
	
i 
 Vin

	
i 
 is subtractedasthe

residuemovesdown thepipelineandVin
	
i 
 is known with moreprecision.Theentirequantitycould

be subtractedat the end of the pipelinebut this would requirea large amountof memory. The

methodshown above only requiresthreedifferentnumbersto bestoredfor eachstage.In addition

thedigital valueof Vref is actuallydividedby two moving down thepipelinesoVref is notdigitally

thesamefor eachstage.

With this calibrationmethodit shouldbenotedthatlaterstagesareusedto correctpreviousstages.

This presentsa problemin that errorsthat occurin later stageswill show up in the measurement

of errorsin the previous stage.It is thoughtthat this effect is minimal becauseerrormeasuredis

alreadysmallandtheinteractionof severalerrorswhenmultiplied togetherwill besmallcompared

to a singleerror. In otherwords,α ��� α2. This effect wassimulatedbehaviorally asa proof of

conceptandis includedlaterin thischapter.

3.4.2 Offset

An offsettermfor eachstageis alsopresentin themeasurementof thetermα. Theoffsetis actually

an accumulationof several differentfactorsin eachstageandis treatedasa superpositionon the

outputof eachstage.Thus,in thepreviousα measurementprocedurethenumberthatcomesoutof

thepipelineis α plussomeoffset,wheretheoffsetis thesumof all of theoffsetsthatoccurafterthe

stagebeingcalibrated.To obtainthecorrectdigital numberfor α all thatneedsto bedoneis subtract

theoffset.Thedigital numberfor theoffsetis measuredin thesamemannerasα, usinglaterstages

to quantizethe outputof previous stages.The only differenceis that the input to the stagebeing
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calibratedis setto zerosothatthedigital numberthatcomesoutof thepipelinecorrespondsto later

offsetssuperimposedupononeanother.
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3.5 Behavioral Simulations

3.5.1 Linearity Characterization

An importantvalue that is frequentlyusedto characterizeanalogto digital convertersis linear-

ity. Thetypical linearity figuresusedaredifferentialnonlinearityandintegral nonlinearity, bothof

whichwill now bebriefly introduced.

Differentiallinearity is ameasureof how oftenonecodeappearsversusanadjacentcode.Basically

it is a normalizedmeasurementof the digital stepsize. Theoreticallythe distancebetweentwo

adjacentdigital codecentersshouldbeoneLSB.

Integral linearitycanbethoughof asameasurementof theoverall shapeof theInputversusBinary

outputplot. Basicallyit is arunningsummationof thedifferentialnon-linearityerrors.For example,

considereightdifferentbits thatoccurredfor somelinearinput testsignal. If thedistancebetween

eachstepvariesbut thesumof thestepsstill equalseightLSB’s,thentheintegralnonlinearityerror

at theendof testsignalshouldbezero.An exampleof bothdifferentialandintegralnon-linearityis

shown in Figure3.11.For amorein depthanalysisof integral anddifferentialnon-linearitysee[8].
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3.5.2 Simulation Procedure

An overview of thesimulationprocedureis includedhere.For completesimulationcodewritten in

C, seetheAppendix.Theeffectsof two of thethreemainsourcesof errorhavebeenincludedin the

behavioral simulation:gainandoffset. Additionally thecorrectionschemehasalsobeenincluded

in thesimulationto testits applicabilityto thearchitecture.

Thegoalof thesimulationswasto testtheperformanceof theentireconverterascloseaspossible

withoutgettinginto toomuchcomplexity. With this in mindthefirst stepwasto describethebehav-

ior of theanalogprocessingblock usingequations3.1,3.3,3.4,and3.5. Equation3.1 is described

by charge. Thereasonfor this wasto implementthecalibrationlater, which betterdepictedwhat

wasactuallyoccurring. The codein Figure3.12 shows the implementationof onestage,uncor-

rected.Theactualformulationof thedigital outputis notdonehere.Thedecisionbitsarestoredin

thearrayd[12] andusedlaterto calculatetheoutput.

To simulatecalibrationa similar codestructureasin Figure3.12wasused. As discussedearlier,

only onestageis calibratedat a time while later stagesareusedto quantify thecalibrationresult.

In thecodeshown in Figure3.13,onestageis calibratedandlaterstagesarecreatedusinga simple

loop. Within the loop is thesamestructureastheregularuncalibratedconverter. Thestagethat is

beingcalibratedoccursfirst in the code,wherethe charge on C2 (q2) is setto zeroandthe same

outputchargerelatingequationis usedasin theuncalibratedconverter. Notethattheinput is setto

Vref whenthesubroutineis called.

Finally, the decisionbits arecombinedwith the measuredα
	
i 
 termsto form the outputcodesas

shown in Figure3.14. At first glancethe mathappearsto be complex anddifficult to implement

in digital logic, but the coefficient for eachregistercanbe broken down into a few shift andadd

operations.The first line is usedto calculatethe numberthat is storedin the registerof the first

stageof thepipeline.It is calculatedthroughtheadditionof 1 andα
	
0
 . Oncethenumberis stored

in theregisterof thefirst stageit is eithernotaddedinto theoutput,half is added,or all of it is added
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//uncorrected pipeline
float pipeline(double input,float cap1[], float cap2[], float offset[])
{
	float output=0;
	int output1=0;
	int i;
	double q1;
	double q2;
	double q3;
	int d[12]={0,0,0,0,0,0,0,0,0,0,0,0};
//comparators for all 7 stages
	for (i=0; i<=11; i++)
	{
		if (input <= -0.5)
		{
			d[i]=0;
			q3=cap2[i]*2;
		}
		else if (-0.5 < input && input < 0.5)
		{	
			d[i]=1;
			q3=0;
		}	
		else if (input >= 0.5)
		{	
			d[i]=2;
			q3=-cap2[i]*2;
		}
//Residue amplifier
		q1=input*cap1[i];
		q2=input*cap2[i];
		input=((q1+q2+q3)/cap1[i])+offset[i];
	}
//Calculate outputs using decision bits
	for (i=0; i<=11; i++)
	{
		output = output + d[i]*pow(2,(6-i));
	}
	output1=output;
	return(output1);

Figure3.12:C implementationof anuncalibratedpipelineconverter
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//Error calculator
float gain_error(double input,float cap1[], float cap2[], int x, float offset[])
{
	float output=0;
	int i;
	double q1;
	double q2;
	double q3;
	int d[12]={0,0,0,0,0,0,0,0,0,0,0,0};
//Use Lee’s method on ith stage
	q1=input*cap1[x];
	q2=0;
	q3=-cap2[x];
	input=((q1+q2+q3)/cap1[x])+offset[x];
//Send output down remainder of pipeline
	for (i=x+1; i<=11; i++)
	{
//Comparators
		if (input < -0.5)
		{
			d[i]=0;
			q3=cap2[i]*2;
		}
		else if (-0.5 <= input && input <= 0.5)
		{	
			d[i]=1;
			q3=0;
		}	
		else if (input > 0.5)
		{	
			d[i]=2;
			q3=-cap2[i]*2;
		}
//Residue amplifier
		q1=input*cap1[i];
		q2=input*cap2[i];
		input=((q1+q2+q3)/cap1[i])+offset[i];
	}
//Calculate ouput using decision bits
	for (i=0; i<=11; i++)
	{
		output = output + d[i]*pow(2,(6-i));
	}
	return(output);
}

Figure3.13:C codefor themeasurementof α
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dependingwhetherD[0] is 0 1 or 2 respectively1. The secondline correspondsto the coefficient

storedin theregisterof thesecondstageof thepipeline.Thecoefficientcanbecalculatedby adding

two more numbersto the coefficient of the first register, 2α
	
0
 � α

	
1
 . The coefficients for the

remainingregistersarecalculatedin thesamemanner, addingtwo morenumbersto thecoefficients

of thepreviousregister.

	}
		output = output + (d[0]*64)*(1-alpha[0]); 
		output = output + (d[1]*32)*(1+alpha[0]-alpha[1]); 
		output = output + (d[2]*16)*(1+alpha[0]+alpha[1]-alpha[2]);
		output = output + (d[3]*8)* (1+alpha[0]+alpha[1]+alpha[2]-alpha[3]);
		output = output + d[4]*4*   (1+alpha[0]+alpha[1]+alpha[2]+alpha[3]);
		output = output + d[5]*2*   (1+alpha[0]+alpha[1]+alpha[2]+alpha[3]);
  output = output + d[6] *    (1+alpha[0]+alpha[1]+alpha[2]+alpha[3]);
		output = output + d[7] *    (1+alpha[0]+alpha[1]+alpha[2]+alpha[3])/2;
		output = output + d[8] *    (1+alpha[0]+alpha[1]+alpha[2]+alpha[3])/4;
		output = output + d[9] *    (1+alpha[0]+alpha[1]+alpha[2]+alpha[3])/8;
		output = output + d[10]*    (1+alpha[0]+alpha[1]+alpha[2]+alpha[3])/16;
		output = output + d[11]*    (1+alpha[0]+alpha[1]+alpha[2]+alpha[3])/32;
		output1=output-m_offset[0];
	return(output1);
}

Figure3.14:Formulationof outputcodesusingdecisionbitsandcalibrationresults.

Beforemoving on to theactualresultsof thebehavioral simulationresultsa few thingsshouldbe

noted.First,randomgainandoffsetvalueswithin tolerablecalibrationrangewerechosen.Thesame

valueswereusedfor bothcalibratedanduncalibratedsimulationssothatany measuredperformance

increasecorrelatesdirectly. Second,errorswereincludedfor all stagesof thepipelineincludingthe

uncalibratedstagesto bettersimulatedthebehavior of theconverter. Essentiallythis will prove if

α2 ��� α is correct.

3.5.3 Simulation Coverage

The previous simulationwasintendedto cover the mostcommonanddominanterrorsthat occur

in pipelineconverters.Unfortunatelytherearenumerousothererrorsthatcanalsobea dominant

1In previoussectionsthedecisionlevelsare-1, 0, and1. In thesimulationandphysicalimplementationthedecision
levelshavebeenshiftedupby onesothatonly additiontakesplacein thedigital pipeline.
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factorin operation.However if designedproperly, theseerrorswill benegligible comparedto gain,

offset,andcomparatorerrors.

Oneproblemthat occursin many digital devices,not just pipelineconverters,is digital rounding.

Binary representationof numbersare convenientfor implementingdigital devices, but the most

precisionthatcanbecarriedout in any binaryarithmeticoperationis oneLSB. With regardto the

pipelineconverters,this becomesmostcritical whenthepipelineis usedto performcalibrationon

itself. Themostprecisionthatcanbecarriedout on thecalibrationroutineis oneLSB. Thismeans

that themeasurementandcalculationof thecoefficientsthatareloadedbackinto thepipelinewill

besubjectto binaryrounding.Unfortunatelythis effect is not coveredin thebehavioral simulation

andis minimizedin thephysicalimplementationby addingadditionalstagesontothepipeline.

Anothereffectthatcanresultin pooroperationof thepipelineis anon-lineargainerror. Thissubject

is expandedonin theAnalogArchitecturechapterbut is mentionedbrieflyhereto clarify its absence

from thebehavioral simulation.Ideallytheresiduethatis passedbetweenstagesis amplifiedby two

in the1.5bit perstagearchitecture,regardlessof whatvoltagelevel it is. However, analogamplifiers

typically haveanon-linearvoltageamplificationrelationship.Theresultof thiseffectontheresidue

outputhasbeenexaggeratedin Figure3.7Page22. Fromthefigureit is evidentthatmeasuringthe

slopeof thatline, which is whatis proposedby measuringthegainfactorα, will notwork sincethe

slopeof theline is not a constant.How this non-lineargainproblemis minimizedis coveredin the

AnalogArchitecturechapter.

3.5.4 ResiduePlots

The previous simulationoutputslarge amountsof datainto a text file, including calibratedand

uncalibrateddigital outputcodes.To speedupthemanipulationandplottingof thedataMatlabwas

used.Theroutinesusedfor makingthefollowing plotshave beenincludedin theAppendix.Three

plotsof boththecalibratedanduncalibrateddataareincludedto measuretheperformanceincrease,
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raw outputcodes,differentiallinearityplots,andintegral linearityplots.

Figure3.15shows thesimulationresultsof theuncalibratedconverter. Thedifferentiallinearity is�
1.5 LSB andthe integral linearity is within

�
5 LSB. Theseresultsarepoor for even the worst

converters.With thedigital correctionscheme,thedifferentiallinearity is within
�

.25LSB andthe

integral linearity is within
�

.35LSB. For thesameanalogpipelinewith digital correctionthis is a

dramaticimprovement.

3.5.5 Simulation Results

Simulationof thecalibrationprocedureindicatesthatit will work providedthatsecondordereffects

suchasbinaryroundingandnon-lineargainareminimized. Theresultsof thesimulationaresig-

nificantbut canbemisleadingmainly becauseof thephenomenonnot modeledin thesimulation.

However, theimprovementis significantenoughto warrantits usein anactualpipeline.In anactual

pipelinethe INL andDNL quotedin thecalibratedconvertercould triple, but even
�

.75 LSB in

INL andDNL is a respectableperformance.
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3.6 Summary of Requirements

Due to the lack of processmatchingspecificationsandlimited experiencein mixed signaldesign

in theHP 0.6µm process,theradix=21.5-bitperstagearchitectureshows themostpromise.Other

variationswithin theoverlappingscheme,suchasincreasedbit resolutionperstage,couldbeused

but they wouldnotpermitasmucherrorto occurwithin thepipeline.In laterchipsthesevariations

couldbeusedonceprocesstolerancesareknown andtheperformanceof mixedsignaldesignsin

theprocessarebetterunderstood.Anotheritem in supportof theradix=2converterschemeis the

requiredbandwidthof the analogamplifier, basicallyit requiresthe leastamountof bandwidth.

Sincethegoalof this projectis anADC andnot a high speedop-amp,thedesignrequirementson

theop-ampneedto beasminimal aspossible.Theincorporationof otherprojects,suchasa high

speedop-amp,might make it possibleto go to anotherschemein a later ADC project,but in the

first run designtime needsto bekeptasshortaspossible.For thesereasonsa radix=21.5-bit per

stagepipelineADC with digital correctionhasbeenimplementedin thefirst testchip.



Chapter 4

Analog Ar chitectural Requirements

To meettherequiredperformanceof a pipelinedADC severalperformancecriteriamustbemetby

theanalogprocessingcircuitry. Thecriteriaincludegain,linearity, bandwidth,noise,stability, slew

rate,andsettlingtime. Thefollowing is a discussionof how to determinethecriteriaof theanalog

processingcircuitry basedon therequiredperformaceof theoverallpipelineADC.

4.1 Bandwidth

To ensurethatthepropersignalis passedto thenext stagein apipelineADC theoutputof onegain

stagemustsettleto aspecifiedvaluebeforethenext stagecansampleit. Settlingtime is influenced

by the3dBbandwidthof theinterstageamplifier. Mostsystemsaretypically concernedwith theten

to ninetypercentrisetimewhich is usuallyapproximatedby 2.2τ. τ is specifiedby:

f3dB � 1
2πτ

Howeverthis relationshipis only valid for first ordersystems,or higherordersystemsthatareover-

damped.Assumingthat theresponseof the intersageamplifier is overdamped,thefirst ordertime

39
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resonseis definedby:

V � t � � Vmaxe� t
τ (4.1)

To applythisequationto theoutputof theinterstageamplifierit is betterdefinedin termsof LSB’s.

Thelevel definedasoneLSB in volts is simply thefull scalevoltagedividedby thenumberof bits

resolvedby theADC. Substitutingthis into equation4.1resultsin:

Vf s

2N � Vf se� t
τ

1
2N � e� t

τ (4.2)

Equation4.2 is thesettlingtime for oneLSB. With this approximationthetime constant,andthus

thebandwidthspecifiedin LSBsof accuracy canbecalculated.Table4.1showstherequiredsettling

time for onehalf LSB resolutionfor increasingconverterbit resolution.

Bit Resolution t(τ)

8 6.24τ
9 6.93τ
10 7.62τ
11 8.32τ
12 9.01τ
13 9.70τ
14 10.40τ
15 11.09τ

Table4.1: Settlingtime for onehalf LSB resolution.
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4.2 Stability

For the approximationmadein the bandwidthsectionto be correctthe AC closedloop response

of the interstageamplifiermustbeover-damped.The interstageamplifier is of muchhigherorder

thana first ordersystembut if the systemis over-dampedit canbe approximatedby a first order

system.A typicalmeasurementof thestabilityof aclosedloopsystemis thephasemargin. Depicted

graphicallyin Figure4.1, it is definedasthephase“distance”from the180o point of thefeedback

loop, whenthegainof theamplifierhasreachedunity. Physically, the180o point is thefrequency

at which thenegative feedbackloop, typical of a stablesystem,has180o of phaseshift makingit

positive feedback,or anoscillator. If at thepointwherethenegative feedbackbecomespositive the

netgainof thesystemis lessthanone,thenthesystemis stable.How stableis definedby thephase

margin: Thelargerthephasemargin, themorestablethesystem[12].

Theresponseof asecondordersystems,andmany higherordersystemswith secondorderdominant

poles,is describedby a dampedsinusoid.Figure4.2 shows several typical responsesfrom a sec-

ondordersystemswith differentdampingfactors.Theunderdampedresponsereachesthedesired

voltagefasterbut it oscillatesaroundthatpoint for a long time. This behavior is undesirablein the

interstageamplifierbecausethenext stagehasto wait longerto get thecorrectresidue.Typically

in pipelineADC thesettlingtime is specifiedwith LSBs. For a typical converterit is desirableto

have thesampleandhold settlewithin somespecifiedamountof LSBs. Theoverdampedresponse

hasthemostdesirablecharacteristicsandcanbebettermodeledby simpleapproximationssuchas

thosein thebandwidthsection.

Fromthepreviousdiscussiontheover-dampedsecondorderresponseis themostdesirableandcan

beapproximatedby the first ordermodelin the bandwidthsection.To put this responsein terms

of phasemargin, 75o or moreensuresthat thesystemwill bedominantfirst order. Essentiallythis

meansthat thereis a singledominantpole that adds90o of phaseshift in the feedbackloop plus

anadditional15o from higherorderpolesbeforetheunity gainfrequency is reached.Thefact that
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higherorderpolesonly add15o impliesthat their locationis actuallybeyond ft . Additionally, the

higherorderpoleshave hadnosubstantialeffecton themagnitudeplot yet.
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4.3 OpenLoop Gain

Openloopgainof anoperationalamplifieris typically quotedasanumberon theAC responseplot

andlittle thoughis given to wherethevaluecomesfrom or whereit is valid. AC modelsusually

definetheopenloopgainasthederivative of theDC responseevaluatedat somespecificoperating

point. However, whentheAC operatingsignalgrows to beto large,theAC smallsignalmodelcan

startto breakdown.

Figure4.3(b)shows a typical DC sweepof a differentialCMOS pair with a singleendedoutput.

It hastwo saturationregionsanda two transitionregionsdefinedby thecornersof theplot anda

somewhatlinearregionin themiddle.Thelinearregionis typically theregionthatamplifiersareset

to operatein becausethegainfrom input to outputcanbeassumedconstant,wherethegainquoted

is theslopeof theline in thelinearregion. Whentheoutputsignalbeginsto enterthecornersof the

plot theslopeis no longerconstantandthereforethegaincanno longerbeassumedconstant.This

canresultin a distortedoutput.Whenappliedto pipelineconvertersthis meansthat informationis

beinglost.
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Looking closerat the linear region, it is in factnot linearandcanbedescribedby the largesignal
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DC modelequation4.3[10], whereVmax is themaximumoutputvoltageandA0 is thehighestgain

in thelinearregionusuallydenotedby gmRo  Equation4.3doesnotapplywhenthetransistorsenter

thetrioderegion.

Vout � A0Vin 1 ! A2
0V

2
in

4V2
max

(4.3)

As statedearlier, simpleAC modelsappoximatethe slopeof the line asa constantandplug that

constantinto aclosedloopmodelto getaclosedloopgain.Thesimpleclosedloopmodelshown in

Figure4.4is describedby equation4.4.

A

B

Vin Vout

-
+

Figure4.4: Amplifier with closedloop feedback.

Vout "$#Vin % βVout & A

Vout

Vin
" A

1 ' βA " 1
1
A ' β (

1
β

(4.4)

Typically the 1
A termis assumedto benegligablein amplifierdesignmakingthedesiredgainfactor

1
β andtheerrorfactor 1

β ) Aβ2 [11]. With digital correctionthiserrorwouldnotmatterunlessthegain

factorA changeswith voltage,which it does.This is becausedigital correctionwill only measure

thegainat thenominalvoltage.Thismakesthedifferencein theclosedloopgainfrom thenominal
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voltageto themaximumvoltagethecriticaldesignparameterthatneedstobeminimized.Thechange

in closedloopgainis describedby:

∆A � 1
β * Aminβ2 ! 1

β * A0β2 � A0 ! Amin

1 * β � A0 * Amin�+* A0Aminβ2

, A0 ! Amin

A0Aminβ2 (4.5)

WhereAmin andA0 arethederivativeof equation4.3evaluatedatthenominalandmaximumvoltage

levels. Theappoximationmadein equation4.5 is allowedbecausedroppingtheextra termsmakes

theestimateof theerrorlargerthantheactualerrorresultingin amoreconservative andmathemat-

ically easierapproach.Substitutingthe derivative of equation4.3 into 4.5 resultsin equation4.6

which is theclosedloop gainerrorasa functionof theoutput.Only theresultsareshown herebut

a derivationusingMapleis includedin theappendix.Althoughtheequationdoesnot appearto be

significantsomeimportantresultscanbeconcluded.Thegainerror is a groupof functionsof Vout

denotedby Γ dividedby thesmallsignalopenloop gainA0. Theimplicationsof this areshown in

Figure4.5whereastheopenloopgaingetslargertheclosedloopgainerrorasaresultof changing

outputvoltagegetssmaller.

∆A �
-

2 * 2Γ ! 2Γ
2A0Γβ2 (4.6)

Γ � V2
max ! V2

out

V2
max

Sincethefirst stagewill contribute themosterror to thesystemthenminimizing thegainerrorof

thefirst stageis critical. With theresultsof equation4.6a goodestimateon therequiredopenloop

gaincanbe madeby putting the equationin termsof LSB’s in the first stage.The only required
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informationis themaximumoutputvoltageVmax, thefull scalevoltageVout � Vf s, andthegainof

theinterstageamplifier 1
β . It shouldbenotedthattheseequationsareroughestimatesof theactual

behavior but with someaddedsafetymargin thedesiredperformacecanbereached.
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Figure 4.5: Plot of the closedloop gain error ∆A with changingopenloop gain A0 and output
voltage.
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4.4 SlewRate

Anotherimportantdesignparameterfor theinterstageamplifierthatcanaffect theoutputresponse

is theslew rateof theop-amp.This is aquantitythatdescribestheinteractionof thebiascurrentsof

theop-ampandthecapacitorsthatform thesampleandhold . Thetransistorsthatform theoutput

stageof anop-ampare(in aDC sense)currentsources.Themaximumcurrentthatthey cansupply

is the DC biascurrentIbias andthe charge that they supply is Ibias∆t. Assumingthat this charge

is deliveredto thesampleandhold capacitor, thevoltagechangeresultingfrom thechargewill be

Ibias∆t
C . With thisapproximationthebiascurrentfor anop-ampcanbedeterminedif it is known what

voltageswing the outputundergoes,in whatamountof time, andwhat the loadcapacitanceis as

depictedin Figure4.6.

Vdd.
I bias

I bias

C

Time

V
/

out

Vin

Figure4.6: Biascurrentsandslew rate.

The simpleapproximationshown in Figure4.6 canbe usedin morecomplex switchedcapacitor

amplifierssuchastheinterstageamplifierof a pipelineADC; theonly differenceis thattheloadis

not a singlecapacitancebut a groupof capacitors.A simplemethodfor estimatingthe necessary

biascurrentfrom therequiredslew rateis to find theequivalentimpedenceandequatecharges[12].

Figure4.7 shows an interstageamplifier with the samplingcapacitorconnectedin the feedback

loopanddriving thesamplingcapacitorsof thenext stage.Notethatin theradix=21.5-bitperstage
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architectureall capacitorsarethe samesize. Looking at the schematicof the radix=21.5-bit per

stagetheequivalentimpedencethatmustbemetby Ibias∆t is:

Ibias∆t � Vf s 0C1B * C2B * C1AC2A

C1A * C2A

1
(4.7)

Thefactthatall capacitorsarethesamesizeresultsin:

Ibias∆t � Vf s2  5C

This methodis usedto calculatethebiascurrentsfor a radix=2converterbut it canbeappliedto

higher resolutionconvertersaswell. Additionally, if the input stageto the amplifier is large in

comparasonto theswitchingcapacitors,theextracapacitanceof theinputstageshouldbeincluded

in theequivalentcircuit.

−

+2

C1A

C2A C2B

C1B

Equivalent circuit

for next stage.

Figure4.7: Equivalentcircuit for determiningbiascurrentsto achieve a requiredslew rate.
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4.5 Noise

The radix=2 1.5-bit per stagepipelineADC with digital correctionallows capacitorsizesin the

sampleandholdstobesizedbasedonnoiseconsiderationsratherthanmatching.Thisisbecauseany

matchingerrorsthatoccurarecorrecteddigitally. With noisebeingthelower limit on performance

it is necessaryto understandtheeffectof noiseon theoverallpipelinestructure.

Thereis a sampleandhold for eachstagebut eachsampleandhold doesnot contribute thesame

amountof noise.Consideringthe12-bitconverteragain,thefirst stagewouldaddKT/C noiseto 12

bits andthesecondstagewould addKT/C noiseto 11 bits. Essentiallythenoisefloor limitation is

halvedwith eachsuccessive stage.Thetotalnoiseof all sampleandholdscanbeapproximatedby:

Vrms �
3445 N � 1

∑
n6 0

KT
Cn� 2n � 2

If it is desiredthateachstagecontribute thesameamountof noiseto thesystemthenthecapacitor

for eachsuccessive stagecanbedecreasedby a factorof four. Theadvantageto this is thatthebias

currentscanalsobedecreasedby a factorof four. Anotherapproachmight beto keepevery stage

thesamemakingthemajority of thenoisecontributedby thefirst few stages.Comparingthe two

approaches,decreasingcapacitorsizeby a factorof four savespower but resultsin the the most

noise,andkeepingthecapacitorsizesthesameresultsin thelowestnoisebut usesthemostpower.

A compromisebetweenthetwo is scalingdown by afactorof two[2]. However, anaddedbenefitof

keepingall capacitorsthesameis thateachstageis exactly thesame,minimizingdesigntime. This

is theapproachtakenin thisdesign.With thisapproachdesigningfor onequarterLSB rmsnoisein

thefirst stageensuresthatonehalf LSB noiseis contributedby theentiresystem.

To apply the previous resultto theswitchedcapacitorinterstageamplifier it is necessaryto know

how noiseis addedin thisstructure.Referringto Figure4.7it is evidentthatthefeedbackcapacitor

C2A andtheinput capacitorC1A arebothchargedthroughseparatesamplingswitches.This means
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that the rms noiseon eachcapacitorwill be uncorrelated.Assumingthat the effectsadd in rms

fashion,this increasesthetotalnoiseby a factorof
-

2.

4.6 Summary of Requirements

The previous discussionoutlinessomeimportantdesigncriteria for the interstageamplifier and

sampleandhold systemin pipelineADCs. Whenthe designof the amplifier is attemptedthese

criteriacannotbemet on an individual basisbecausethey aredependenton oneanother. For ex-

ample: capacitorsizein the sampleandhold determinesthe slew rate,noise,andstability of the

system.Theresultsof this interactionis thatthedesignof theinterstageamplifieris guidedby slew

rate,noise,bandwidth,andstability. The optimaldesignfor an interstageamplifier is reachedby

calculatingthe boundarieswith the previous criteria anditeratingwithin thoseboundariesuntil a

suitableagreementbetweenall is made.With this in mindafew op-amparchitecturesarediscussed

andhow they fit within theADC’soperatingboundaries.



Chapter 5

Op-Amp Ar chitectures

5.1 Intr oduction

In all previousschematicsthecircuitshavebeenshown assingleendedimplementations.Themain

reasonfor this is to aid in understandingpipelineconcepts.For performance,thosecircuitswere

actually implementeddifferentially. The main advantageof differentialover singleendedsignal

processingblocksin integratedcircuitsis substratenoiseimmunity, wherassubstratenoisein single

endedcircuitsmanifestsitself asanoffset,in differentialcircuitsit resultsin acommonmodesignal

thatis for themostpartrejected.

The mostcommonintegratedcircuit differentialamplifier is the operationaltransconductanceor

gm ! C amplifierwhich is usedto drive capacitive loads.It is characterizedby its simplicity while

still maintainingreasonablyhighperformancequalitiessuchasspeedandgain.Therearemany dif-

ferentvariationsof fully differentialgm ! C amplifiersthatareuseddependingonwhatperformance

parametersaremostimportant.For this designa few basicop-amparchitectureswereconsidered

aspotentialcandidatesfor theinterstageamplifier: thecascodedcurrentmirror amplifier, thefolded

cascode,andthecurrentmirror amplifierwith activecascodes.Thedesignaspectsof eachwill now

53
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bereviewed.

5.1.1 Curr ent Mirr or Amplifier

A currentmirror amplifieris shown in Figure5.1.Q9andQ10form adifferentialpairwhosesource

loadarethediodeconnectedtransistorsQ2 andQ3. BecauseQ2 andQ3 arediodeconnectedthey

form a low impedancenodewith anapproximatevalue 1
gm

, wheregm is thesmallsignaltranscon-

ductance[13]. Becausethey arediodeconnectedthesignalthatis amplifiedin thedifferentialpair is

current,whichis reflectedto theoutputtransistorsQ1andQ4wheretheactualvoltageamplification

takesplace.Thecurrentgainthatoccursin theoutertransistorsQ1 andQ4 is equalto thecurrent

gain in Q2 andQ3 multiplied by the ratio of Q2 andQ1 or Q3 andQ4(Theratiosaresometimes

scaledto getmoregain.) Thecurrentchangingin Q1 andQ4 alsochangesin Q14andQ16which

behave asnonidealcurrentsourceswith high impedances.It is theimpedanceof Q14andQ16(as

well asQ1 andQ4) that converts the changingcurrentinto a changingvoltage. The specificsof

theserelationshipswill bedevelopedmorein thesmallsignalgainsection.

Therangeoverwhich thecascodeop-ampfunctionsfairly linearly is definedby thecommonmode

input anddifferentialoutputrange.It is describedasfairly linearbecausenoneof therelationships

arelinearbut canbeapproximatedaslinear in certainregions. Desiredoperationresultswhenall

transistorsarein saturation,wherethey canbemodeledascurrentsourceswith high impedances,

versusthetrioderegionwherethey behave asresistorswith a linearvoltageresistancerelationship.

Currentsourcesaremoredesirablebecausehighervoltagegaincanberealized.

Theboundarybetweenthetriodeandthesaturationregionis determinedby thedrain-sourcevoltage

Vds. Specifically, if Vds 7 Vgs ! Vt � Vef f thentheoutputtransistorswill behave likehighimpedance

currentsources.This limits themaximumdifferentialoutputto 2 � VDD * Vef fp ! Vef fn 8 . To achieve

a morelinearsignal,differentialoutputsignalsshouldbelimited to somethinglessthanthis. Since

theseamplifiersareconfiguredin a feedbackloop the differential input signal is often small and
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Figure5.1: Currentmirror amplifier.

it is not necessaryto beconcernedaboutdifferentregionsof operation.Thecommonmodeinput

voltage,however; is a differentmatter. Althoughit shouldstayaroundsomenominalvalueit can

vary becauseof noiseandotherlimiting factorsin thecommonmodefeedbackcircuitry. For this

reasonit is desiredto have a large commonmodeinput rangeto minimize theeffectsof common

modesignals.Themaximuminputsignalis limited by thetransistorsQ2 andQ3andis definedby

VDD * Vgsp ! Vthn. The minimum input commonmodevoltageis limited by the differential input

pairQ9andQ10andthecurrentsourceQ15andis definedbyVef fn * Vgsn.
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5.1.2 Small SignalOperation

Thevoltagegainof thecurrentmirror amplifieris all derivedat theoutputsinceit is theonly high

impedancenodein thecircuit. Thisclassifiesthecurrentmirror amplifierasasinglestageamplifier,

limiting its applicationsto driving capacitive loadsonly. Themainreasonfor this is thata resistive

loadwould lower theoutputimpedance,potentiallynegatingany voltagegainthatoccurredin the

circuit. For this reasonresistive loadsaretypically drivenby anop-ampwith two stagesor more.

Anotherpoint to noteis the addedcomplexity of thestructure.The outputstagesareintendedto

increasethedifferentialoutputswingwhilemaintainingthesamevoltagegain.If asmalldifferential

outputswing is desiredthenonly a differentialpair maybenecessary. Figure5.2 shows thesmall

signalmodelfor a transistoractingasacurrentsource.

Vin

Vdd<

Small Signal ModelCascoded Current Mirror

rds

Vo
Io

Ro

=
1

λ
=

n Id gmVgs

Figure5.2: MOStransistoractingasacurrentsource.

Usingthesmallsignalmodelof aMOStransistor, theopenloopgainof thecurrentmirror amplifier

in Figure5.1is describedby:

Ao � KgmRo

whereRo is theparallelcombinationof theimpedancesof transistorsQ1 andQ14or Q4 andQ16.
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ThefactorK is includedto representthecurrentratio from thedifferentialpair to theoutputstage.

Substitutingexpressionsrelatinggm andRo to thebiascurrentID resultsin[12]:

Ao � K > 2Kn
w
l ID� λp * λn � ID � K > 2Kn

w
l� λp * λn � - ID

In otherwords,to maximizegainthebiascurrentshouldbeassmallaspossible,but theminimum

currentis dictatedby the desiredslew rateandnoisegeneratedby the outputstage. The factor

K couldbe increasedindefinitelybut is usuallykeptbelow five for stability reasons.This will be

developedmorein thenext section.
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5.1.3 AC Response

Themostfrequentyusedmethodfor op-ampcompensationis to capacitively loadoneof thehigh

impedancenodesin the circuit if possibleincorporatingthe miller effect. The reasonfor this is

to realizethemostcompensationfor thesmallestcompensationcapacitance(capacitanceis area).

For a simpleRC circuit f3db � 1
2πRC . Althoughthis relationshipis modifiedsomewhat in anactive

circuit theprincipleis still thesame,to make f3db smallR andC mustbelarge.Sincetheonly high

impedancenodeof currentmirror amplifier is at the output, the load servesasthe compensation

making f3db � 1
2πRoCL

andthegainbandwidthproduct:

ft � gm

2πCL
(5.1)

Thefirst orderprincipleof gainbandwidthproductonlyappliesif higherorderpolesdonotinterfere

with themagnituderesponseuntil beyond ft andasstatedin thestabilitysectionof chapter4, higher

order polescan dramaticallyeffect the phaseresponseand thus the stability of the closedloop

system.For this reasonit is necessaryto understandwherehigherorderpolesoccurin thecurrent

mirror amplifierto minimizethereinteractionwith boththephaseandmagnituderesponses.Figure

5.3shows a currentmirror amplifierwith theloadcapacitanceCL andtheparasiticcapacitancesCp

at thegatesof transistorsQ1andQ4.Cp is acombinationof capacitancesthatoccurat thosenodes.

Theeffect of theparasiticcapacitancesat thebaseof transistorsQ2 andQ3 canaddenoughphase

shift in theoutputto go beyond180o beforeany changein themagnituderesponseis seen.This is

shown in thesimulationof Figure5.4. At 600kHzthedominantpolefrom theloadstartsto affect

the magnituderesponseandby 6MHz, 90o of phaseshift hasoccurred.Also at about6MHz the

two secondarypolesthat occurbecauseof the parasiticcapacitancebegin to interferewith phase

response.The simulationshows the resultsof differentcapacitancesat thebaseof transistorsQ2

andQ3 with theminimumaddingthe leastamountof phaseshift. Thebestway to make a stable

designis to minimizethecapacitancesthatoccurat thosenodesthroughdevice sizeandlayout.
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As mentionedearlier, thecurrentmirroringfactorK alsodetermineswheretheparasiticpolesoccur.

As K increases,thecurrentin thedifferentialpair decreases,raisingtheimpedanceat thebasesof

Q2 andQ3. Thishastheeffect of moving theparasiticpolescloserto ft (Assumingthatgm is kept

thesame).
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Figure5.3: Currentmirror amplifierwith parasiticcapacitancesCp.
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Figure5.4: Simulationshowing theeffectof parasiticcapacitancesin acurrentmirror amplifier.
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5.1.4 CascodedCurr ent Mirr or Amplifier

With the ever growing needfor fastertransistors,channellengthshave beensteadilydeceasing

andasa result the drain to sourceimpedancesdecrease.Without getting into shortchanneland

saturationvelocity effects, rds is directly proportionalto the channellengthL. To overcomethis

limitation it is frequentlynecessaryto usecascodedcurrentmirrorssuchasthesimpleoneshown

in Figure5.5.To calculatethesmallsignalinput impedancethesimplerelationshipRo � Vo
Io

is used,

resultingin:

Ro �$0 1 * rds2gm * rds2

rds1

1
rds1

, rds1rds2gm

Theregion in which this relationshipis valid isVin 7 Vef f 1 * Vef f 2
1 [12].

Vin

Vbias

Vdd<

Small Signal ModelCascoded Current Mirror

rC ds2

rC ds1

g

s

Vo

Io

Ro
gmVgs

Figure5.5: Cascodedcurrentmirror.

Combiningall of theelementspreviously mentionedresultsin theschematicshown in Figure5.6

whichdiffersonly in theextracascodetransistors.Following thebasicoutlinepreviouslymentioned

anop-ampwith sufficient gainandstability canbeobtained.ThecascodetransistorsQ5, Q6, Q7,

andQ8 allow thetransistorsQ1, Q2,Q3,andQ4 to beminimumchannellengthwhile still having

1Vbias mustbechosensothatVbias D Vgs E Vef f .
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reasonablegain.As well asbeingfaster, minimumsizetransistorshave lowerparasiticcapacitance

makingthesecondarypolesasineffective aspossible.Additionally, theDC gaincanbecontrolled

by the cascodetransistorsQ5 andQ8. For symmetrythe transistorsQ11, Q12 andQ13 canbe

includedbut cascodedN-channeldevices are not necessary. Usually the limiting factor are the

P-channeldevices.For speedQ11,Q12andQ13canbemadewith minimumlength.
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Figure5.6: Cascodedcurrentmirror amplifier
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5.2 FoldedCascode

A variationof the cascodedcurrentmirror amplifier is the folded cascode.The main difference

betweenthesimplecascodedamplifierandfoldedcascodeamplifieris thecurrentsharingbetween

theoutputstageandthedifferentialpair that takesplacein the foldedcascode.Figure5.7 shows

a typical schematicof a folded cascodeamplifier. The currentsin the differential pair and the

outputstagearebothsuppliedby thecurrentsourcesQ1 andQ2. Any currentthatchangesin the

differentialpairQ5andQ6becauseof adifferentialinputsignalis subtractedor addedto theoutput

stagedirectly. Active devicesareno longerusedto mirror thecurrentfrom thedifferentialpair to

theoutputstage.
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H

Q3
H
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Figure5.7: Foldedcascodedamplifier.

5.2.1 Small SignalOperation

Justaswith the cascodedcurrentmirror amplifier, the voltagegain that occursat the output is a

result of the transconductanceof the differential pair and the output impedance,or Ao � gmRo.
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However, theoutputimpedanceRo is differentbecauseof thestructure.Figure5.8shows thesmall

signalmodelfor onesideof the foldedcascode.UsingRo � Vo
Io

asbefore,the input impedanceis

foundto be:

Ro �$0 1 *I� rds2 JKJ rds1 � gm * rds2 JKJ rds1

rds3

1
rds3

, rds3 L rds2 JKJ rds1 � gm

For similar devicesthis is a slight decreasein the output impedancefrom a regular cascodeto a

foldedcascode.This hasa direct effect on the openloop gainbut the unity gain frequency stays

approximatelythesamefor thesameloadcapacitanceandgm. Notethatfor greatergainthecurrent

sourceIb shouldbecascodedaswell.

Vbias2

VddM

Small Signal ModelCascoded Current Mirror

Ro

Vbias1

Vo

Io
Diff.
Pair

rds1

rds2

rds3

gmVgs

g s

Ib

Figure5.8: Smallsignalmodelof a foldedcascode.

5.2.2 AC Response

Theadvantageof a foldedcascodeover a regularcascodeis stability. Greaterstability is obtained

by the eliminationof the parasiticpolesat the baseof transistorsQ2 andQ3 in Figure5.6 (the

regularcascodedcurrentmirror amplifier).Thisleavesthedominantpolefromtheloadcapacitance.

Additional polesdo occur but they lie at much higher frequencieson the magnitudeand phase
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spectrum.In thisregardthefoldedcascodeis somewhatmorestablethanatypicalcascodedcurrent

mirror amplifier. Figure5.9showsasimulationof afoldedcascodeweretheonly thingthatappears

in themagnitudespectrumis asinglepoleroll off andin thephasesecondarypoleshavelittle effect.

Thesimulationshown hasa phasemargin of 80o andaopenloopgainof 48dB.

Figure5.9: AC simulationof a foldedcascodeamplifier.
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5.3 Cascodewith ActiveCurr ent Sources

Anothervariationof thecascodedcurrentmirror amplifieris anactive cascodeamplifier. Typically

thegateto sourcevoltagein a cascodetransistorchangeswith theoutputvoltagebecausethegate

is connectedto a biasvoltageandthesourcevoltagechangesasa resultof rds of theothercascode

transistor. With an active biasa feedbackamplifier is usedto keepthe gateto sourcevoltagea

constantaspossible.In this way theinteractionof the rds of onecascodetransistorhaslittle effect

on thegateto sourcebiasvoltageof theothercascodetransistor.

Figure5.10shows anactively biasedcurrentmirror. Usingthesmallsignalmodelsin theprevious

analysistheimpedanceis describedby:

Ro � rds1rds2gm � 1 * A�

As anexample,a device with W
L � 40

0 N 6 in theHP 0.6µm processhasanrds of 9K Ohms.Assuming

a reasonablevalueof 500µA/V andA=5, the input impedenceis 250K Ohms.As a comparasona

device with W
L � 120

3 only hasanimpedenceof 200KOhmsandis significantlyslower.

With active currentsourceshigh gainscanbe achieved but with many additionalamplifiers. To

make onecurrentmirror amplifierwith active currentsourcesfour additionalamplifierswould be

necessary. A simpleMOS implementationis alsoshown in Figure5.10. Thefeedbackamplifieris

madeusinga commonsourceamplifier. Note that with this configurationthe outputis limited to

within Vgs * Vef f of thetopandbottomrail. “Wide swing” active currentmirror configurationscan

beusedwith addedcomplexity [12].

Figure5.11shows a simulationof anamplifierwith active sources.Thephasemargin is 45o with

85dBof openloopgain.Notethat ft is aboutthesameastheotherconfigurationsbecauseft is only

dependentongm of thedifferentialpairasstatedin equation5.1.
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Figure5.10:Activecurrentsource.

Figure5.11:AC simulationof anactively cascodedcurrentmirror amplifier.
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5.4 Summary of Ar chitectures

Figure5.12summarizestheperformanceof thedifferentarchitecturesdiscussed.TheFoldedcas-

codeis in generalnot desirablebecauseof its lower gainbut if stability is anissue,it requiresless

compensationcapacitance(thusarea)to achieve stableoperation.On theoppositeendof thespec-

trum is the cascodeamplifier with active currentsources.With approximatelythe samespeedas

the folded cascodea large openloop gaincanbe obtained. In situationswherea linear response

andsmallerrorvoltagesaredesiredanactive currentsourceamplifierwouldbeagoodchoice.The

maindrawbackis agreatdealof activecircuitry is required,consumingmuchmoreareaandpower.

A goodcompromisebetweenthetwo is acascodedgm ! C amplifier. It is characterizedby average

gain,reasonablestability, andgoodspeed.Additionally, it requiresminimalextracircuitry.

Regardlessof whatschemeis chosenthedesignprocedureis thesame.Setgm basedon thedesired

bandwidthanddesigncurrentsourcesbasedon thenecessaryopenloopgainandslew rate.Device

sizesareselectedbasedon biascurrentsandtherequiredoutputrange.Finally, a simulatoris used

to refineany problemsthatoccurbecauseof secondarypoles.
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B
)

Cascode w/ Active current Sources
-Complex,larger area, greater power,
limited output range.

Cascode
-Average gain, Simple

Folded Cascode
-More stable, less gain
poor slewing

Figure5.12:Summaryof ArchitecturalPerformance
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5.5 CommonMode Feedback

Thedesignof agm ! C amplifieris straightforwardasshown in theprevioussections,but thedesign

of acommonmodefeedbackcircuit to controlfully differentialamplifiersis usuallythemostdiffi-

cult part. Thepurposeof thecommonmodefeedbackis to sensethecommonmodevoltagefrom

thedifferentialoutputandcontrol thebiaslevels in theamplifierto getthedesiredcommonmode

outputvoltage. The difficult part is rejectinglarge differentialoutputvoltages(sometimesrail to

rail) while still sensingsmallcommonmodechanges.If thecommonmodevoltageon theoutputis

to highor low it maycausedifferentialsignalsto clip. Generallythedesiredcommonmodevoltage

is half waybetweenthesupplyrails to getthelargestswingout of thedifferentialcircuits.Usually

the differentialsignalrejectionrangein the commonmodefeedbackcircuit setsthe limit on the

largestdifferentialoutputvoltage,not thebiaslevelsin theamplifieritself.

5.5.1 ContinuousTime CommonMode Feedback

Severaldifferentschemeshave beenusedto controlthecommonmodevoltage,themostcommon

continuoustimecircuit is shown in Figure5.13.It usestwo differentialpair, onefor eachoutputof

a fully differentialamplifier, to comparetheoutputsto somecommonmodevoltage.If thevoltages

areequalattheinputsof eachdifferentialpair, thenthecurrentIb from eachsourcewill split exactly

in half andthenrecombinein transistorsQ7 andQ8. In thepresenceof a differentialinput signal,

thecurrentin Q3 will be Ib
2 * ∆i andthecurrentin Q6 will be Ib

2 ! ∆i, which sumin transistorQ7

to beIb. In asimilar fashion,thecurrentin Q4will be Ib
2 ! ∆i andthecurrentin Q5will be Ib

2 * ∆i,

which alsosumsto Ib. If thecommonmodevoltagesarenot thesamethecurrentwill not divide

in transistorsQ7andQ8evenlyandthecommonmodefeedbackvoltagewill change,changingthe

biascurrentsin theamplifier.

Thesharingof currentin the feedbackcircuit is dependenton the transistorsQ3, Q4, Q5, andQ6

all operatingin a linearfashion,which is notalwaysthecase.TheAC linearmodelfor aMOSFET
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is thederivative with respectto a small input voltage,but with largedifferentialinput signals,it is

difficult to haveall transistorsoperatingin thesameregion. In fact,thesmallsignalmodeldoesnot

applyandthebehavior of the two differentialpairsis governedmoreby the largesignalmodelin

equation5.2.

Id � µpCox
W
L
� VGS ! Vt � 2 � µpCox

W
L

V2
ef f (5.2)

For all transistorsto beoperatingin thesameregion thegateto sourcevoltageVGS mustbegreater

thanthethresholdvoltageVt , aswell asbeingin theactiveregion. With thisrestrictionthemaximum

differentialinput voltagecanbefound. AssumingthatVin � is aslow aspossibleandVin R is a high

aspossible,IQ3 � IB, IQ4 � 0, IQ5 � IB, IQ6 � 0. Noting thatthegateto sourcevoltageat Ids � 0 is

Vt , themaximumdifferentialinput is 2Vef f . In otherwords,theeffective voltagesof thedifferential

pairsshouldbemaximizedto increasethedifferentialoutputrange.Theupperlimit ontheeffective

voltagesis setby transistorsQ1, Q2, Q7, andQ8. The effective voltagesof the differentialpairs

mustbemadesmallenoughto fit within Vdd ! Vef f Q1SQ2 andVGSSQ7 SQ8.

VddT
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Vin- Vin+

Vcm ref
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Ib Ib
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Q2

Q3 Q4 Q5 Q6

Q7 Q8

Vgs @Ib

Vgs
@Ib Vgs @0Vgs @0

Figure5.13:ContinuousTimeCommonModeFeedbackCircuit.
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The stability of this type of feedbackstructureis anotherlimiting factorthat mustbe considered

in thedesign.In Figure5.13,transistorsQ7 andQ8 arenot connectedin a standardsingleended

output. Insteadthey areboth diodeconnectedsignificantlylowering the gain. This is necessary

becauseof the instability of the commonmodefeedbacknetwork. Becauseof the complexity of

thecommonmodefeedbackandamplifierworking together, it is usuallynecessaryto optimizethe

designusingasimulatorto achieve stability.

5.5.2 SwitchedCapacitor CMFB

Morerecentdevelopmentsin commonmodefeedbackcircuitshaveincorporatedtheuseof switched

capacitorcircuits for improved linear range.Variationson the overall topologyarenumerousbut

thebasicconceptis to samplethetwo differentialoutputsonseparatecapacitors,andin thesecond

phaseaveragethe charge to get the commonmodevoltage. With a little additionalcircuitry the

commonmodevoltagecanbeusedto controlthebiaslevelsin theamplifier. Theadvantagegained

throughswitchedcapacitorcircuitsis a linearrelationshipover theentireoperatingrange.

A switchedcapacitorcommonmodefeedbackcircuit is shown in Figure5.14. This circuit is only

usefulwhentheamplifieritself is beingusedin aswitchedcapacitorapplicationbecausetheoutputs

aredisabledduring the samplingphaseθ1. During this time the chargeson the outputcapacitors

areaveragedandfed into anamplifier for comparisonto thedesiredcommonmodevoltage. Any

desiredcorrectionof theerroris putbackon theoutputcapacitorsandthecircuit goesinto thenext

cycleof operation[16].

A problemwith switchedcapacitorcommonmodefeedbackimplementationsis thatpatternnoise

at thesamplingfrequency is injectedinto continuoustimesignals.For this reason,ahighprecision

amplifier would not be appropriatefor switchedcapacitorcommonmodefeedbackimplementa-

tions.However, in someapplicationswheremixedmodeclockingsignalsalreadyexist onchip, the

advantagesgained(suchasincreasedlinearoutput)mightbeworth thetradeoff.
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Figure5.14:SwitchedCapacitorCommonModeFeedback.
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5.6 TestChip Amplifier

The architectureusedin the testchip wasthe cascodedcurrentmirror amplifier with continuous

time commonmodefeedback.This choicewasmadebecauseof thesmallarearequiredwhile still

maintainingsufficient performance.Thefinal schematicandlayoutusedareshown in figures5.15

and5.16. Specificperformancecriteriametby this designwereobtainedthroughsimulationsand

aresummarizedin Table5.1.

Criteria Value Remarks

OpenLoopGain 58dB Fully differential
ft 400MHz 1pFLoad
f3dB 600kHz 1pFLoad
LinearOutputRange V 1 V For error< 1/4LSB
Slew Rate 500V/µS 1pFLoad
Supply +5V
BiasCurrent 1.9mA
PhaseMargin 45o 1pFLoad

Table5.1: Simulatedperformanceof testchipamplifier.
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Figure5.15:Schematicof testchipamplifier.
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Amplifier

CMFB
CMFB
Reference
Voltage

Figure5.16:TestchipAmplifier Layout



Chapter 6

Comparator Ar chitecture

To make the roughdecisionsfor eachstageof the pipelineconverter two comparatorsareneces-

sary. Dueto the inherentcorrectionin thepipelinewith digital overlappingscheme,the threshold

accuracy requirementsareminimal. As discussedearlieranerrorup to Vref

4 canbemadein the1.5

bit perstagearchitecturewithout any consequenceson theoutputcodes.Thetwo mostimportant

performancerequirementsarespeedandflashbackbothof whicharenow discussed.

6.1 Flashback

Most convertersrequiresomesort of latching of the output to take placeso that the value at a

particulartime canberead.Anotherthing gainedfrom latchingis that it allows thecomparatorto

beresetcompletelybeforegoingon to thenext value. In this way residuechargesfrom onevalue

to the next do not interferewith oneanother. At the momentthe latchingtakesplace,nodesin

the circuit canmove asmuchasthe supplyrail in very little time. Becauseof the natureof the

thestructureparasiticchargescanget injectedfrom thecircuit itself to the input at themomentof

latching,addingerrorto thesignalbeingprocessed.This is commonlyreferredto asflashback.
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Theexplanationof flashbackcanbestbeseenin thecircuit in Figure6.1 which is a latchedcom-

parator. The centerpart of the comparatorforms the latchingcircuitry. It hasspeedlimited only

by theprocess.ThetransistorsQ4 andQ5 form sourcefollowersto buffer the input signalbefore

it goesinto thehigh gainsetupstage.Thebuffering helpsto minimizeflashbackduring latching.

Any chargethatis to beinjectedinto theinputsignalduringlatchingmustfirst transmitthroughthe

parasiticsof thegatesof Q6andQ4aswell asQ7andQ5. SinceQ4andQ5 form sourcefollowers

they canbesmall(assumingthatthey have sufficientmatching)minimizingflashbackevenfurther.

A simulationwhich shows flashbackis includedin Figure6.2. In this casetheflashbackis of the

orderof 500µV peak.

VddW VddW VddW VddWVddW
Vlt

Vin+
XVin-

X

Vout+

Vout-

Vbias

Ib Ib
Ib

Q1 Q2 Q3

Q4 Q5

Q6 Q7Q8
Q9

Q10

Q11
Q12 Q13 Q14 Q14

Figure6.1: LatchedComparator

6.2 ReferenceVoltage

The referencevoltageis generatedthroughan intentionalmismatchin the input circuitry of the

comparator. The inaccuraciesassociatedwith this are high but can be toleratedbecauseof the
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Figure6.2: Flashback

decisionoffsetcorrect-abilityinherentin theoverlappingscheme.In thephysicalimplementation

theoffsetoccursin thesourcefollowersQ4andQ5,whereonetransistorhasaneffectivevoltageVref

4

greaterthantheother. Obviously thereferencevoltagewill changefrom comparatorto comparator

aswell asbeingprocessdependent.Anotherdrawbackis that the referencevoltagewill not track

with other voltageschangingin the circuit. In spite of all of thesenegatives it is still believed

thatbecauseof therobustnessof thedigital correction,internallygeneratedoffsetvoltageswill be

sufficient.

6.3 TestChip Comparator

Theschematicusedin thetestchipis thesameasthatshown in Figure6.1.Thetestchipcomparator

layoutis shown in Figure6.3.Thecritical componentssuchasthelatchingstage(transistorsQ6Q7

andQ8 Q9 in Figure6.1)have beenplaceascloseaspossiblefor thebestmatching.Thetransistor

sizesarealsokeptassmallaspossibleto keepflashbackto aminimum.
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Figure6.3: Testchipcomparatorlayout.



Chapter 7

Digital Ar chitectural Requirements

Most of thepreviousdiscussionhasfocusedon therequirementsof theanalogprocessingblocks.

This is becauseit is difficult to make devicesthat have high bandwidthandlinear response.The

requirementsof the digital componentsaremuchlessstringentbecausethe processbeingusedis

optimizedfor digital circuitry. With gatedelaysas low as200psmostof the digital processing

requiredfor eachstagecanbecompletedeasilyin onehalf aclockcycle. In thischaptertheoverall

blockdiagramwill bediscussedandthefunctionof eachcomponentwill beexplained.Theminimal

speedrequirementsallowedeachdigital componentto beconstructedfromwidelyusedcircuitswith

little or noextramodification.

7.1 Control SignalGeneration in the Analog ProcessingBlock

To implementeachpipelinestage,several additionalcontrol signalsarerequiredto determinethe

operatingmode. Thosemodesare: offset measurement,gain measurement,and normal opera-

tion. Normaloperationincludesthreesub-statesfor thedecisionsof the two comparators(00, 01

10).Thesecontrolsignalsaredecodedandsentto switchdriversthatdo theactualswitchinginside

80



CHAPTER7. DIGITAL ARCHITECTURAL REQUIREMENTS 81

theanalogblock. Theswitchingstructureusedin thetestchip is shown in Figure7.1andTable7.1

helpsto clarify thegroupingsof switchesandhow they areusedin eachoperatingmode.

All modesof operationaredepictedin the timing diagramin Figure7.2. In normaloperationall

capacitorssamplethe input in thefirst phase.In thesecondphasethecapacitorsC1A andC1B are

switchedin feedbackwhileC2A andC2B areconnectedto V Vref or virtual grounddependingon the

decisionsof the comparatorswhich is analogousto the singleendedimplementation.In the first

phase,α is measuredby samplingVref oncapacitorsC1A andC1B whileC2A andC2B arecompletely

discharged. During thesecondphaseC1A andC1B areagainconnectedin feedbackwhile C2A and

C2B areconnectedto ] Vref . And finally, in thefirst phasefor offsetmeasurementall capacitorsare

discharged,andin the secondphaseC1A andC1B areconnectedin feedback,andC2A andC2B are

connectedto virtual ground.

SwitchGroup Switches Remarks

SGND θGND Occursin thefirst half of all phases
SFB θFB Occursin thesecondhalf of all phases
SC2 GND1 θC2 GND1 01,Offset
SC1 GND θC1 GND Offset
SVin θC2 Vin ^ θC1 Vin Sampleinput
SC2_ Vref θC2_ Vref AddVref

SC2̀ Vref θC2 ` Vref SubtractVref

SC1_ Vref θC1_ Vref α
SC2 GND2 θC1 GND2 Offset,α

Table7.1: Switchingof fully differentialamplifier.

Theschematicusedto createtheswitchingsignalsfrom thefour inputsis shown in Figure7.3. To

simplify aswell asoptimizethespeedall caseswerenot consideredin thedecoder(For example,

alphaandoffsetshouldneverbeassertedat thesametimeandcouldnot in thephysicaldesign)One

item to noteaboutthecontrolblock is thatall signalsareprocessedfirst andthenANDed with the

clock or /clock signals. This assuresthat all transmissiongatesareswitchedat the sametime as

well ashelpsto eliminateglitches.Additionally, Comparatordecisionsaremade2.5nsbeforethe

edgesof theclocksignalsto leave enoughtime for thedecisionlogic to setup.
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Figure7.1: Fully differentialswitchedcapacitoramplifier.
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Figure7.2: Timing Diagramfor digital controlof analogprocessingblock.
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In certaincases(α andoffsetmeasurement)it is necessaryfor thecapacitorsC1A andC1B to betied

to virtual groundduringbothhalvesof theclockcycle. In orderto usethesametransmissiongates,

additionallogic involving bothclocksignalswouldberequired,causingswitchingof thosegatesto

occursometimeaftertheclockedges(notsynchronizedwith theothergates).To solvethisproblem

additionaltransmissiongateswereincludedthatconnectcapacitorsC1A andC1B to groundduring

thefirst half of theoperatingcycle. An addedbenefitof usingseparatetransmissiongatesis thatthe

switchingbehavior is closerto ideal.During theoffsetmeasurementmode,capacitorsC1A andC1B

areconnectedto virtual groundduringbothphases.If only onesetof gateswasused,noswitching

would take placefrom thefirst to secondphase,andthecharge injectionthatwould take placein

normaloperationwouldnot bemeasured.With two setsof gates,switchingbetweenphaseswould

injectchargethatwouldoccurduringnormaloperationyieldingamoreaccuratereading.

Figure7.3: SwitchingDecoder.

Thelayoutof thecontrolblock is shown in Figure7.4. Theshapeis resultof thespacethecontrol

blockfits in. A postlayoutsimulationis includedin Figure7.5asaverificationof operation.
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Figure7.4: SwitchDecoderLayout.



CHAPTER7. DIGITAL ARCHITECTURAL REQUIREMENTS 86

Figure7.5: Postlayoutsimulationof digital controllerfor analogprocessingblock.



CHAPTER7. DIGITAL ARCHITECTURAL REQUIREMENTS 87

7.2 Digital Pipeline

The remainingcomponentsof the digital pipeline,shown in Figure7.6, are: coefficient storage

register, multiplexer, pipelinestorageregister, andadder. Thecoefficient storageregisterA c i d stores

thecalculatedvaluefor eachstageandcanbeloadedindependentof thepipeline.Themultiplexer

takesthetwo bit decisionlevel from thecomparatorsin theanalogprocessingblockandeithersends

all or thevaluein thecoefficient registerto theadder, half, or none. Theadderis requiredto add

thevaluefrom themuxinto thepipeline.And finally thepipelineregisterlatchesthevaluefrom the

previousadderin thepipeline.With thisbrief introductionthetiming, structure,andsimulationsof

eachcomponentarepresented.

0
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Register

A

A/2

Digital 
Pipeline
Input

Digital
Pipeline
Output

Analog 
Pipeline 
Input

Analog
Pipeline
Output

Pipeline Register

A[i]

Analog
Processing
Block

3to1 
MUX

Adder

Figure7.6: Pipelinestageblockdiagram
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7.2.1 Coefficientand PipelineRegisters

All datastoragein theADC wasimplementedwith D flip flops. Althoughflip flopsrequiremore

areato storelarge amountsof data,the total amountof memoryin the ADC is small makingflip

flopsmoreeconomicalthancomplex structuresthatmight requirerefreshcircuitry. Anotheradded

benefitto using D flip flops for the storageregistersis that they can be reusedfor the pipeline

registersshorteninglayout time. The schematicfor and edgetriggeredD flip flop is shown in

Figure7.7[14]. It is constructedoutof two D latchesmakingit edgetriggered.

Vdde Vdde Vdde Vdde
D Q

f
/CK
g

CK
h

CK
h

/CK
g

CK
h

/CK
g

/CK
g

CK
h

Figure7.7: D Flip Flop

Thelayoutfor aD flip-flop is shown in Figure7.8

7.2.2 Multiplexer

Themultiplexer is constructedout of 16 smaller3-to-1multiplexersaddedtogetherto make a 48-

to-16 mux. The threeinputsto the mux are: the input taken directly from the coefficient storage

register, theinput from thecoefficient registershiftedby onebit (giving thedivision by two), or 0.

Theschematicfor the3-to-1mux is shown in Figure7.9andthelayoutin Figure7.10.
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Figure7.8: D flip-flop layout.
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Figure7.9: 3-to-1Multiplexer
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Figure7.10:Layoutof a3-to-1Multiplexer

7.2.3 Ripple Carry Adders

The mostcommonlyknown andeasiestadderto implementis the ripple carry adder. The circuit

diagramfor a singlefull bit adderis shown in Figure7.11[14]. Fourteenbits of additionhastake

placein eachstageof thepipelinein lessthana half of a clock cycle(10ns).Thiswould require13

full addersandonehalf adder. Theworstcasefor theadditionof sixteenbitswouldrequireonesum

out tso and13 carryoutstco . Thesumout andcarryout timesarefor 50%risetimesbecausethat

is whentheinputsto thenext gatebegin to switch.Fromthesimulationsshown in Figure7.12,the

total time requiredfor 14 bits of additionis about3.5nswhich is muchlessthan10ns(half a clock

cycleat50MHz). With thissafetymargin asufficiently fastaddershouldresult,evenwith achange

in theswitchingthresholddueto processvariations.
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Figure7.12:Simulationof aRippleCarryAdderin a0.6µm technology.
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7.3 Clock Generation

A drawback to pipelinedADCs with switchedcapacitorcircuits is that they requiremany non-

overlappingclock phases.Severalclock phasesareneededto ensuretheproperswitchingbetween

stagesaswell asaseparateclocksfor thecomparatorsto latch.Additionally, themainclockneedsto

beascloseto a50%dutycycleaspossibleto avoid patternerrorscausedby differentsettlingtimes

betweenstages.However with clock speedsapproaching50MHz, an off chip systemclock with

an accurateduty cycle is an impracticalrequirement.The division of a fasterclock is a common

methodfor fixing all of theseproblemswhich is whatwasusedin thisproject.Thedetailsof which

is now presented.

The differentclocksrequiredareshown in Figure7.13. Two out of phaseclocksarerequiredby

theanalogprocessingblock so that while onestageis samplingtheprevious stageis creatingthe

output. Likewise,two out of phaselatchingsignalsarerequiredfor thecomparatorsto make their

decisionsin eachstage.The rising edgeof the latch signalsoccurat the sametime asthe rising

edgein the clock signal,however the falling edgeof the latch occursslightly beforethe edgeof

theclock. This is necessaryfor thecomparatorsto make their decisionsbeforethestageactually

changesstate,giving thedecodingcircuitry in eachstateenoughtime to setup.

Also includedin Figure7.13arethethreeclock signalsusedto derive thelatchandthestageclock

signals.Clock B is clock A dividedby two, andclock C is clock B dividedby two. Sinceclock A

(200MHz)wasavailablein thetestingenvironmentit wasnot necessaryto bringa slower clock on

chipandusePLL multiplication.Thissavesdesigntimeandcomplexity.

Figure7.14 shows the block diagramof the clock generator. Thereare two D flip-flops usedas

division elementsto createsignalsB andC. Eachsignalpathhasadditionaldelayelementsto put

all signalsback in phaseafter the division, followed by decodinglogic to createthe final clock

signals.A postlayoutsimulationwasperformedto verify operationandis shown in Figure7.15.
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Figure7.15:Postlayoutsimulationof clockgeneration.



Chapter 8

Top Level Design

This chaptertalks abouthow all of the partsin the digital andanalogarchitecturesectionswork

togetheraswell ashow they fit togetherin the top level layout. Simulationsareincludedwhere

possible.

8.1 Analog ProcessingBlock

Figure8.1 is thecompleteschematicfor theanalogprocessingblock which includestheamplifier,

digital control block, andcomparators.The columnof boxes labeledT_gatearecomplementary

transmissiongatesdriven by the digital decoder. The remainingtransmissiongatesaroundthe

amplifieraremadeof NMOStransistorsonlybecausethevoltagesarewell below thesupplyvoltage.

Theblock hasseven input signalsandtwo outputsignals.They are: clk, /clk, latch, /latch,Vin+,

Vin-, alpha,offset,Vout+,andVout-.

Thelayoutof theanalogblockis shown in Figure8.2.All supplyandreferencevoltagesarelocated

at the top of the layout. All substratenoiseproducingsourcessuchas the digital control block

andthecomparatorsaresituatedat thebottomof thelayoutanda guardbandof substratecontacts
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Figure8.1: Analogblockschematic
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surroundstheamplifierandcapacitors.An additionalheavy guardbandis locatedat thebottomof

the layout to shieldthe analogblock from thedigital pipelinewhich is locateddirectly beneathit

(shown laterin thetop level layout).After theguardbandis abusfor controlsignals.

A postlayoutsimulationof theanalogblock is includedin Figure8.3. It is equivalentto theresidue

plotsthathavebeenshown in previouschaptersexceptthattheinput is representedby thetimeaxis

becauseof theswitchedcapacitornatureof theoutput.Theinput is a rampfrom -1.0V to 1.0Vwith

thetimeaxisscalerepresenting0.25Vper100ns.As expectedthecomparatorschangeat300nsand

500ns(-0.25Vand0.25V).



CHAPTER8. TOPLEVEL DESIGN 98

Comparators

Decoding
Logic

Amplifier

Capacitors

T_gates

T_gate
Drivers

Supply Rails
And Voltage
References

Control
Signals

Guard 
Band

Figure8.2: Analogblock layout.
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Figure8.3: Singlestageresidueplot.
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8.2 Digital Block

Thefull schematicfor thedigital block is shown in Figure8.4. Therearetwo registersto latchthe

comparatordecisionsfrom the analogblock. The outputsareNORedtogetherto form the three

decisionslevelsandthensentthroughbuffers to drive themultiplexers. Two additionalgroupings

of registersstorethe coefficients for eachstageand latch the outputsfrom previous stages.The

registersthatform thepipelinefeedinto theripplecarryaddersdirectly. Theothergroupof registers

feedthe48to 16muxandthenthemuxfeedstheotherinput to theripplecarryadders.Two signals

write_p andwrite_n feedthe clock signalsof the registersto form a latchingmechanismto load

coefficientsinto thestage(shown on thebottomof theschematic.)

Thelayoutof thedigital block, shown in Figure8.5,is almostexactlyasdepictedin theschematic.

Therearetwo columnsof registers,acolumnof multiplexers,andfinally theripplecarryadderson

theoutput.Thecomparatorlatchesandmultiplexer drivesarelocatedon thetopof thelayout.
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Figure8.4: Digital blockschematic
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Figure8.5: Digital block layout.
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8.3 Top Level Layout

Combining14 analoganddigital stagestogetherforms the testconverter shown in the top level

schematicin Figure8.6.Additionalperipheralcircuitsnotdiscussedinclude:clockbuffersfor each

stage,two 4 to 16multiplexersto derive thecalibrationandcoefficient loadsignals,andothermis-

cellaneousdigital buffers. The schematicsandcorrespondinglayoutsfor theseperipheralcircuits

have beenincludedin AppendixD.

At theendof thepipelineatestblockhasbeenincludedthatallowsaccessto theresidueoutputand

comparatortestsignals.The testblock derivesits clockingsignalsfrom thesameinput clock but

hasanindependentclockgenerator.

Datais loadedinto thepipelinethrougha 16-bparallelinput busthat is connectedto theinputsof

all stages.Whichstageactuallylatchesthedatais determinedby a 4-b inputvector. Theinputdata

andaddressvectorareallowedonecycle to setup beforea write enablesignalis strobed,latching

theinputvalues.

Datais takendirectly off chip for processingby a 16-bparalleloutputbus. This bus is takenfrom

thelastpipelinestagebufferedonceandthenbufferedthroughpaddriversbeforeit is seenon the

outputpins.

Offsetandgaincalibrationcanbeperformedon thefirst six stages.A 4-b input vectordetermines

thecalibrationmode.

Theoverall sizeof the testchip shown in Figure8.7 is 1.8mmby 4.2mm. Thesignalflow is also

indicatedon thetop level layout. Becausethetop level layoutcontainsmorethan30k transistorsa

full testchipsimulationwasnotpossible.A chippin-outis includedin AppendixC whichdescribes

theinputvectorsneededto controltheconverter.
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Figure8.6: Top level schematic
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Chapter 9

TestChip Results

Theintentof thetestchipwasto verify andjudgetheperformanceof asmany of theADC structures

aspossibleaswell asmake a first attemptat a fully operationalconverter. This chapterwill cover

theverificationof functionalcomponentsandattemptto explainany non-idealbehavior.

9.1 Clock Generation

Theclock wasthebeginningof testingof thechip becauseits operationis mandatoryfor anything

elseto work. As discussedin the clock generationsection,phasingaswell asduty cycle of the

on chip clocksis very importantfor theoverall operationof theanalogprocessingblocks. Figure

9.1shows thefour clockingsignals(latch,clk, /latch,/clk) takendirectly from thechip runningat

30MHz. Thereasonthegeneratoris not runningat thefull 50MHzis becauseof thelimited driving

capabilityof thestandardpaddriversusedin thechip. A 50MHzclockcanbeseenbut its edgesare

notasdistinctasthoseshown in Figure9.1.Fromthe30MHztestit is evidentthattheclockphases

arecorrectandtheduty cycle very closeto 50%. Thefirst signalhasthefastestriseandfall times

becauseit wasmeasuredusinga low capacitanceprobe.
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Figure9.1: Testchipclockgeneratorrunningat30MHz.

9.2 Digital Pipeline

Oneof themorecritical aspectsof thepipelinedesignwastheability of themultiplexersandadders

to work in conjunctionto add14 bits in onehalf of the clock cycle (10ns). To test this the hex

numberh1FFFwasloadedin oneregisterandh0001in a secondregister. Figure9.2 shows the

resultwith the testchip clocked at 50MHz. In onecaseh0000is addedto h1FFFleaving h1FFF

at theoutputof thepipeline. In thesecondcaseh1FFFandh0001areaddedleaving h2000on the

outputof thepipeline.Thisverifiesthatfor theworstcase(13carryoutsand1 sumout) theadders

arestill ableto performin theallotedhalf clockcycle.
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Figure9.2: Logic analyzerscreenshotof worstcase14bit additionin 10ns.
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9.3 Analog Block

To understandany problemsthatmight occurin theoperationof thelargerconverter, theoperation

of thesinglestagewasverified. Oneitem to noteis thatthetestblock cannotoperateasfastasthe

blocksin the larger converterbecausethe switchedcapacitoramplifier is driving the outputpads

directly. Thecapacitanceof thepadandexternalmeasuringequipmentis afactorof tengreaterthan

whattheamplifierwasdesignedfor. Slowing thetestblock down allows theamplifierto drive the

padswhile still obtainingsufficient informationabouttheblock’s operation.

With theinputasa2Vpp 1KHz rampandanoperationspeedof 10MHz,theoutputshown in Figure

9.3 results. The outputwasnot asexpectedandindicateda problemwith the layout. Upon fur-

ther investigationit wasdiscoveredthatanerroroccurredin the layout thatwasreinforcedby the

extractionsoftware.

Different Loads Same Loads

Figure9.3: Testblockoutput.

The error occurredin the layoutof the capacitors.Becauseof the increasedcapacitanceper unit

area,linear capacitorswereused. In the HP AMOS14LC process,linear capacitorsaremadeby

heavily implantingthesubstrateto form a highly conductive well, growing a thin oxidelayer, and
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thengrowing a polysiliconlayeron top of that. In this mannerthewell region formsoneplateand

thepolysiliconformstheotherplateof a capacitor. In additionto theheavily dopedwell region a

lightly dopedregionof thesamedopanttypeis installedaroundtheentirearea.If within this lightly

dopedlayer othercapacitorsareincluded,a conductive region betweenthe wells will be formed.

This is whatwasdonein thelayoutof thecapacitorsfor theanalogblock,all wells wereput in the

samelightly dopedregion. Theextractionsoftwaredid not connectthewells togetheranda false

simulationresulted.

Uponnotificationthatanerroroccursduringlayoutextractionthewritersof theextractionsoftware

senta correctedpatch. Installing the patchandre-simulatingthe extractedview resultsin Figure

9.4,whichis thesameasobservedonthetestchip. With thisdiscovery it is known thatthetestchip

converterwill notwork sonot furthertestingasawholeconverterwasperformed.

Figure9.4: Analogblocksimulationwith correctedpatch.
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An attemptwasmadedo verify the operationof digital control logic for the analogblock. Since

thosesignalswerenottakendirectlyoff chiptheonly meansto verify theiroperationwasto attempt

to analyzetheoutputof thetestblock. As previously stated,thewells of thecapacitorsareshorted

andadditionaldummycapacitorslocatedin thesamewell areshortedto ground.This resultsin the

differentialamplifierbeingturnedoff becausethewell sideof thecapacitorsareconnectedto the

inputsof theamplifier. With theamplifierbeingturnedoff theonly outputseenis thechargeof the

feedbackcapacitorsbeingplacedon the testprobes.This behavior is believed to bevalid because

differentcapacitive loadsresultsin differentoutputamplitudesasshown in Figure9.3.

Looking at the differential componentof the two outputsresultsin an attenuatedversionof the

input asshown in Figure9.5. Thesignalhasbeenfilteredto remove theswitchedcapacitoroutput

components.

The outputwhenthe testblock is put in calibrationmodeis alsoshown in Figure9.5. The input

signal is bypassedandthe referencevoltagesaresampledon the inputs. The outputis someDC

valuethatrepresentstheerrorin thetestblock.

Calibration ModeNormal Operation

Figure9.5: Timeaverageddifferentialoutputof testblock.
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In spiteof thefactthatacompletelyoperationaltestblockwasnotachieved,it is believedthatfrom

theresultsobtainedthatswitchingwithin thetestblock is takingplaceproperly.



CHAPTER9. TESTCHIPRESULTS 113

9.4 Comparator Operation

Thetestchipcomparatorresultsareshown in Figure9.6.Bothcomparatoroutputsfor thetestblock

areshown aswell astherampinput form -2.0V to 2.0V. As expectedonecomparatoris triggered

on thenegative endof the input andtheotheron thepositive end. Thecomparatorthresholdsare

at 0.50V and0.75V which is fartherthanthedesigned0.25V value. All testchipsshow thesame

unequaloffsetsin thecomparatorthresholdsindicatingsomesortof systematicerror. Onepossible

explanationis thattheinputsareconnectedto theshortedcapacitorscausingsomesortof reflection

into the input signal. The exact causefor the thresholderrorscould not be found andshouldbe

verifiedin latertestchips.

0.50V
0.75V

Figure9.6: ComparatorOperation



Chapter 10

Conclusions

A detailedperformanceanalysisof pipelineADCshasbeenpresented.Designconsiderationssuch

asbit resolutionper stage,speed,andmatchingwerediscussed.The specificsof the 1.5-bit per

stagepipelinedADC with digital correctionwereextensively examinedandabehavioral simulation

wasincludedasaproofof concept.With anunderstandingof pipelineADCswith digital correction

developed,a designprocedurewasoutlined.Thedesignprocedurewasusedto make aninitial test

chip to gatherinformationfor futuredesigns,theresultsof whicharesummarizedin Table10.1.

Theintentof this work wasto implementa capacitormeasurementandcalibrationtechniqueorig-

inally proposedby [1]. This methodhasadvantagesover the predominantmethodof measuring

transitionheightsin that the interactionof errorsin the pipelineare believed to be smallerthus

makingthe calibrationreadingsmoreaccurate.In behavioral simulationsdonein this work this

assumptionis theoreticallyverified. Systemlevel aspectsthatareimportantto theimplementation

of thecalibrationtechniquehave alsobeenverifiedon thefirst testchip.

An improvementto this relatively unusedcalibrationtechniqueis the orderin which the pipeline

is calibrated. The original authorimplementedthe calibrationtechniquewith a cyclic converter,

dictatingthat the higherorderstagesarecalibratedusinglower orderuncalibratedstages.In this
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proposedimplementationthe possibilityexists for the reorderingof calibration,calibratinglower

orderstagesbeforethehigherorderones,furtherimproving performance.Any futurework should

bedirectedin this areawhetherit is anactualtestchipor behavioral simulationswhich encompass

morepipelinebehavior.

Device Functionality Remarks

Clockgeneratorwith Functions Resultsindicateit is possibleto send
200MHzoff chipclock 400MHzclockonchip.
Pipelineloading Functions
mechanisms
Pipelinew/ mux, Functions Addition in only two stagesverifiedbut
addersandlatches valuespropagatedown pipelinecorrectly.

100MHzoperationpossible.
Comparators Functionsbut Thresholdsoff. Stand-aloneoperation

notwithin limits shouldbeverifiedin futuretestchips.
Amplifier Not Verified Testinglimited by extractionerrors.

Stand-aloneverificationneeded.
StageControlBlock Believedto be Resultsobtainedfrom limited

functional. operationof testchip.
Behavioral and Not Verified Limited by testchip
theoreticaloperation operation

Table10.1:Summaryof testchip results.

Future DesignConsiderations

OneTime Calibration

A full productionversionof thisconvertercoulduseonetimecalibrationattheendof theproduction

line with somesort of electricalfuseson chip. Recentfull productiondesignshave usedon time

calibrationwith success[17]. This designusesa low gainamplifier to decreaseareaandincrease

speedand dependson the calibrationto fix any gain errors. Becauseof the low gain, different

calibrationcoefficientsmight benecessaryfor differentoperatingtemperatures.An amplifierwith

highergainshouldbeusedto fix thisproblemif onetimecalibrationis to beconsidered[16].



Appendix A

Simulation SourceCode

Thefollowing sectionis alisting of thesourcecodewrittenin C usedfor thebehavioral modelingof

aPipelineADC. Thecodeis writtenasan8 bit converterwith a radix=21.5-bitperstagestructure.

Thecodeincludesasectionwhich implementsdigital correctionfor thefirst four stages.All results

areincludedin chapter3. Thiscodewaswrittenusingreference[19].
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#include <st di o. h>
#include <mat h. h>

voi d mai n( )
{
/ / Fi xed pu i pu el i ne

f l oat  f i xed_pi pel i ne( doubl e i nput , f l oat  cap1[ ] ,  f l oat  cap2[ ] ,  f l oat  of f s
et [ ] ,  f l oat  m_of f set [ ] ,  f l oat  al pha[ ] ) ;
/ / Funct i on t o cal cul at e of f set

f l oat  of f _cal c( doubl e i nput , f l oat  cap1[ ] ,  f l oat  cap2[ ] ,  i nt  x ,  f l oat  of f
set [ ] ) ;
/ / Funct i on f or  Pl ot t i ng

voi d r es_pl ot s( doubl e i nput , f l oat  cap1[ ] ,  f l oat  cap2[ ] ,  i nt  x ,  FI LE* out ,
 f l oat  of f set [ ] ) ;
/ / f unct i on t hat  cal cul at es al pu ha* Vr ef

f l oat  gai n_er r or ( doubl e i nput , f l oat  cap1[ ] ,  f l oat  cap2[ ] ,  i nt  x ,  f l oat  o
f f set [ ] ) ;
/ / f unct i on t o i mpu l ement  uncompu ensat ed out pu ut

f l oat  pi pel i ne( doubl e i nput ,  f l oat  cap1[ ] ,  f l oat  cap2[ ] ,  f l oat  of f set [ ] )
;

/ *
/ / Capu aci t or s f or  each st age

f l oat  c1[ 12]  = { 1,   1,   1,   1,   1,   1,   1,   1, 1, 1, 1, 1} ;
f l oat  c2[ 12]  = { 1,   1,   1,   1,   1,   1,   1,   1, 1, 1, 1, 1} ;

/ / Of f set  f or  each st age as gi ven
f l oat  of f set [ 12]    = { 0, 0, . 1, 0, 0, 0, 0, 0, 0, 0, 0, 0} ;
* /

/ / Capu aci t or s f or  each st age
f l oat  c1[ 12]  = { 1. 1,   1,   1. 1,   1,   1. 02,   1,   1. 01,   1, 1, 1. 03, 1, 1} ;
f l oat  c2[ 12]  = { 1,   1. 1,   1,   1. 05,   1,   1. 04,   1,   1, 1. 05, 1, 1. 02, 1. 001}

;
/ / Of f set  f or  each st age as gi ven

f l oat  of f set [ 12]    = { −. 05, . 1, . 1, . 02, . 03, −. 03, −. 01, . 01, −. 01, . 05, . 02, −. 04
} ;

/ / Of f set  f or  each st age as measur ed
f l oat  m_of f set [ 12]  = { 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0} ;

/ / Ar r ay t o st or e i npu ut  wavef or m
doubl e s1[ 4096] ;

/ / Ar r ay t o st or e out pu ut  codes
doubl e r 1[ 4096] ;
doubl e r 3[ 4096] ;  / / f i xed out pu ut ,  not  qui t e wor k i ng

/ / Ar r ay t o st or e al pu ha
f l oat  al pha[ 12] ={ 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0} ;
f l oat  gai n[ 12]  ={ 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0} ;

/ / i ncr ament  i nt eger s
i nt  i ;
f l oat  j ;

/ / opu en oupu ut  f i l e and cr eat e pu oi nt er  t o f i l e
FI LE* out ;
out =f open( " ouv tw px uv tw .m" , " wy +" ) ;

/ / Cr eat e i npu ut  r ampu  
/ / f r om −2 t o 2 Vol t s
/ / wi t h 4096 pu oi nt s

for ( i =0;  i <4096;  i ++)
{

j =i ;
s1[ i ] =( ( j −2048) / 1024) ;

}
/ / cal cul at e out pu ut  of f set  er r or  by set t i ng t he
/ / i npu ut  t o each st age t o 0 and l et t i ng t he
/ / r emai nder  of  t he pu i pu el i ne cal cul at e t he of f set
/ / pu r i nt  t he measur ed of f set s t o a f i l e f or  r ef er ence

for ( i =0;  i <=5;  i ++)
{

m_of f set [ i ] =of f _cal c( s1[ i ] , c1, c2, i , of f set ) ;
f pr i nt f ( out , " offsez tw (%i)

{
=%f;\

|
n" , i +1, m_of f set [ i ] ) ;

}
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/ / Fi r s t  at t empu t  at  cal cul at i on gai n er r or s
/ / us i ng t he equat i on
/ / al pu ha* Vr ef =( Vr ef * c1−Vr ef * c2) / c1 f or  each st age
/ / t he r esul t  i s  t hen di v i ded by Vr ef
/ / and pu r i nt ed t o t he out pu ut  f i l e
/ / not e al pu ha i s  act ual l y  al pu ha di vi ded by 2

for ( i =0;  i <=5;  i ++)
{

al pha[ i ] =( ( ( gai n_er r or ( 1, c1, c2, i , of f set ) −m_of f set [ i ] ) / ( pow( 2, 6−i
) ) ) −1) ;

f pr i nt f ( out , " alpx ha(%i)
{
=%f;\

|
n" , i +1, al pha[ i ] ) ;

}
/ / cal cul at e uncor r ect ed r ampu  f r om out pu ut
/ / and pu r i nt  out pu ut  vect or  t o f i l e

for ( i =0;  i <4096;  i ++)
{

r 1[ i ] =pi pel i ne( s1[ i ] , c1, c2,  of f set ) ;
f pr i nt f ( out , " r1(%i)

{
=%f;\

|
n" , i +1, r 1[ i ] ) ;

}
/ / cal cul at e cor r ect ed r ampu  f r om out pu ut  
/ / and pu r i nt  out pu ut  vect or  t o f i l e
/ / t hi s  f unct i on i s i n pu r ogr ess and does not  wor k

for ( i =0;  i <4096;  i ++)
{

r 3[ i ] =f i xed_pi pel i ne( s1[ i ] , c1, c2,  of f set ,  m_of f set ,  al pha) ;
f pr i nt f ( out , " r3(%i)

{
=%f;\

|
n" , i +1, r 3[ i ] ) ;

}
/ / Pr i nt  i npu ut  r ampu  t o out pu ut  f i l e
/ / so i t  can be used i n pu l ot t i ng r out i nes

for ( i =0;  i <4096;  i ++)
{

f pr i nt f ( out , " s1(%i)
{
=%f;\

|
n" , i +1, s1[ i ] ) ;

}
/ / Resi due pu l ot t i ng r out i ne.  The out pu ut  f i l e pu oi nt er
/ / i s  pu assed t o t he f unct i on so t hat  an out pu ut  val ue 
/ / f or  each st age can be pu r i nt ed.

for ( i =0;  i <4096;  i ++)
r es_pl ot s( s1[ i ] , c1, c2, i ,  out ,  of f set ) ;

/ / Cl ose f i l e
f c l ose( out ) ;

}
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ / uncor r ect ed pu i pu el i ne
f l oat  pi pel i ne( doubl e i nput , f l oat  cap1[ ] ,  f l oat  cap2[ ] ,  f l oat  of f set [ ] )
{

f l oat  out put =0;
i nt  out put 1=0;
i nt  i ;
doubl e q1;
doubl e q2;
doubl e q3;

i nt  d[ 12] ={ 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0} ;
/ / compu ar at or s f or  al l  7 st ages

for ( i =0;  i <=11;  i ++)
{

if ( i nput  <= −0. 5)
{

d[ i ] =0;
q3=cap2[ i ] * 2;

}
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else if ( −0. 5 < i nput  && i nput  < 0. 5)
{

d[ i ] =1;
q3=0;

}
else if ( i nput  >= 0. 5)
{

d[ i ] =2;
q3=−cap2[ i ] * 2;

}
/ / Resi due ampu l i f i er

q1=i nput * cap1[ i ] ;
q2=i nput * cap2[ i ] ;
i nput =( ( q1+q2+q3) / cap1[ i ] ) +of f set [ i ] ;

}
/ / Cal cul at e out pu ut s us i ng deci s i on bi t s

for ( i =0;  i <=11;  i ++)
{

out put  = out put  + d[ i ] * pow( 2, ( 6−i ) ) ;
}
out put 1=out put ;
return( out put 1) ;

}
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ / Er r or  cal cul at or
f l oat  gai n_er r or ( doubl e i nput , f l oat  cap1[ ] ,  f l oat  cap2[ ] ,  i nt  x,  f l oat  of f set [ ] )
{

f l oat  out put =0;
i nt  i ;
doubl e q1;
doubl e q2;
doubl e q3;

i nt  d[ 12] ={ 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0} ;
/ / Use Lee’ s met hod on i t h st age

q1=i nput * cap1[ x] ;
q2=0;
q3=−cap2[ x] ;
i nput =( ( q1+q2+q3) / cap1[ x] ) +of f set [ x] ;

/ / Send out pu ut  down r emai nder  of  pu i pu el i ne
for ( i =x+1;  i <=11;  i ++)
{

/ / Compu ar at or s
if ( i nput  < −0. 5)
{

d[ i ] =0;
q3=cap2[ i ] * 2;

}
else if ( −0. 5 <= i nput  && i nput  <= 0. 5)
{

d[ i ] =1;
q3=0;

}
else if ( i nput  > 0. 5)
{

d[ i ] =2;
q3=−cap2[ i ] * 2;

}
/ / Resi due ampu l i f i er

q1=i nput * cap1[ i ] ;
q2=i nput * cap2[ i ] ;
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i nput =( ( q1+q2+q3) / cap1[ i ] ) +of f set [ i ] ;
}

/ / Cal cul at e oupu ut  us i ng deci s i on bi t s
for ( i =0;  i <=11;  i ++)
{

out put  = out put  + d[ i ] * pow( 2, ( 6−i ) ) ;
}
return( out put ) ;

}
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ / pu l ot  r esi dues
voi d r es_pl ot s( doubl e i nput , f l oat  cap1[ ] ,  f l oat  cap2[ ] ,  i nt  x,  FI LE* out ,  f l oat  o
f f set [ ] )
{

i nt  i ;
doubl e q1;
doubl e q2;
doubl e q3;

/ / compu ar at or s f or  al l  8 st ages
/ / deci si on bi t s  ar e not  used i n t hi s
/ / r out i ne because we ar e onl y  concer ned
/ / wi t h t he anal og oupu ut  val ue of  each st age

for ( i =0;  i <=6;  i ++)
{

if ( i nput  <= −0. 5)
{

q3=cap2[ i ] * 2;
}
else if ( −0. 5 < i nput  && i nput  < 0. 5)
{

q3=0;
}
else if ( i nput  >= 0. 5)
{

q3=−cap2[ i ] * 2;
}

/ / Resi due ampu l i f i er
q1=i nput * cap1[ i ] ;
q2=i nput * cap2[ i ] ;
i nput =( ( q1+q2+q3) / cap1[ i ] ) +of f set [ i ] ;

/ / pu r i nt  an out pu ut  f or  each pu r ogr essi on t hr ough t he l oopu
f pr i nt f ( out , " r2(%i,%i)

{
=%f;\

|
n" , x+1, i +1, i nput ) ;

}

}
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ / Of f set  cal cul at or
f l oat  of f _cal c( doubl e i nput , f l oat  cap1[ ] ,  f l oat  cap2[ ] ,  i nt  x,  f l oat  of f set [ ] )
{

f l oat  out put =0;
i nt  i ;
doubl e q1;
doubl e q2;
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doubl e q3;

i nt  d[ 12] ={ 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0} ;
/ / Thi s  r out i ne i s  onl y  cal l ed once f or  each st age
/ / of  t he pu i pu el i ne.  The i ndex x i s  pu assed t o t he r out i ne 
/ / so t hat  one st age i s  r emoved f r om t he pu i pu el i ne
/ / each t i me t he f unct i on i s cal l ed.

for ( i =x;  i <=11;  i ++)
{

/ / Compu ar at or s
if ( i nput  < −0. 5)
{

d[ i ] =0;
q3=cap2[ i ] * 2;

}
else if ( −0. 5 <= i nput  && i nput  <= 0. 5)
{

d[ i ] =1;
q3=0;

}
else if ( i nput  > 0. 5)
{

d[ i ] =2;
q3=−cap2[ i ] * 2;

}
/ / Resi due ampu l i f i er

q1=i nput * cap1[ i ] ;
q2=i nput * cap2[ i ] ;
i nput =( ( q1+q2+q3) / cap1[ i ] ) +of f set [ i ] ;

}
/ / Cal cul at e oupu ut  us i ng deci s i on bi t s

for ( i =0;  i <=11;  i ++)
{

out put  = out put  + d[ i ] * pow( 2, ( 6−i ) ) ;
}
return( out put ) ;

}
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ /
/ / Cor r ect ed pu i pu el i ne ( does not  wor k yet )
f l oat  f i xed_pi pel i ne( doubl e i nput , f l oat  cap1[ ] ,  f l oat  cap2[ ] ,  f l oat  of f set [ ] ,  f l
oat  m_of f set [ ] ,  f l oat  al pha[ ] )
{

i nt  out put 1=0;
f l oat  out put =0;
f l oat  bet a;
i nt  i ;
doubl e q1;
doubl e q2;
doubl e q3;

i nt  d[ 12] ={ 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0} ;
/ / compu ar at or s f or  al l  7 st ages

for ( i =0;  i <=11;  i ++)
{

if ( i nput  < −0. 5)
{

d[ i ] =0;
q3=cap2[ i ] * 2;

}
else if ( −0. 5 <= i nput  && i nput  <= 0. 5)
{

d[ i ] =1;
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q3=0;
}
else if ( i nput  > 0. 5)
{

d[ i ] =2;
q3=−cap2[ i ] * 2;

}
/ / Resi due ampu l i f i er

q1=i nput * cap1[ i ] ;
q2=i nput * cap2[ i ] ;
i nput =( ( q1+q2+q3) / cap1[ i ] ) +of f set [ i ] ;

}

out put  = out put  + ( d[ 0] * 64) * ( 1−al pha[ 0] ) ;  

out put  = out put  + ( d[ 1] * 32) * ( 1+al pha[ 0] −al pha[ 1] ) ;  

out put  = out put  + ( d[ 2] * 16) * ( 1+al pha[ 0] +al pha[ 1] −al pha[ 2] ) ;

out put  = out put  + ( d[ 3] * 8) *  ( 1+al pha[ 0] +al pha[ 1] +al pha[ 2] −al pha[
3] ) ;

out put  = out put  + d[ 4] * 4*    ( 1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[
3] ) ;

out put  = out put  + d[ 5] * 2*    ( 1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[
3] ) ;
 

out put  = out put  + d[ 6]  *     ( 1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[
3] ) ;

out put  = out put  + d[ 7]  *     ( 1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[
3] ) / 2;

out put  = out put  + d[ 8]  *     ( 1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[
3] ) / 4;

out put  = out put  + d[ 9]  *     ( 1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[
3] ) / 8;

out put  = out put  + d[ 10] *     ( 1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[
3] ) / 16;

out put  = out put  + d[ 11] *     ( 1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[
3] ) / 32;

out put  = out put  + d[ 12] / 64;

out put 1=out put −m_of f set [ 0] ;

return( out put 1) ;
}
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%Pl ot t i ng r out i nes
Ni =hi st ( r 3, 256) ;
for i =1: 256,
   Ni ( i ) =( Ni ( i ) −16) / 16;
end;
i nl =0;
for i =3: 254,
   i nl ( i ) =sum( Ni ( 3: i ) ) ;
end;

subpl ot ( 3, 1, 1) ,
pl ot ( s1, r 3) ;
gr i d;
t i t l e( ’ Cor r ect ed Pi pel i ne’ ) ;  
y l abel ( ’ I nput  Si gnal ’ ) ;  
x l abel ( ’ Out put  Codes’ ) ;

subpl ot ( 3, 1, 2) , pl ot ( Ni ) ;
t i t l e( ’ DNL Test ’ ) ;  
y l abel ( ’ LSB’ ’ s ’ ) ;  
%xl abel ( ’ Codes’ ) ;
gr i d;

subpl ot ( 3, 1, 3) , pl ot ( i nl ) ;
t i t l e( ’ I NL Test ’ ) ;
y l abel ( ’ LSB’ ’ s ’ ) ;
x l abel ( ’ Codes’ ) ;
gr i d;
%pr i nt  −dj peg c: \ f i g1. j pg
%axl i mdl g;
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%Pl ot t i ng r out i nes
N=hi st ( r 1, 256) ;
for i =1: 256,
   N( i ) =( N( i ) −16) / 16;
end;
i nl =0;
for i =1: 256,
   i nl ( i ) =sum( N( 1: i ) ) ;
end;

i =1: 4096;
subpl ot ( 3, 1, 1) ,
pl ot ( ( i −2048) / 1024, r 1) ;
t i t l e( ’ Uncor r ect ed Out put ’ ) ;
y l abel ( ’ Out put  Codes’ ) ;
x l abel ( ’ I nput  Si gnal ’ ) ;

subpl ot ( 3, 1, 2) , pl ot ( N) ;
ax i s( [ 0 256 −2 4] )
t i t l e( ’ DNL Test ’ ) ;  
y l abel ( ’ LSB’ ’ s ’ ) ;  
x l abel ( ’ Codes’ ) ;
gr i d;

subpl ot ( 3, 1, 3) , pl ot ( i nl ) ;
ax i s( [ 0 256 −5 3] )
t i t l e( ’ I NL Test ’ ) ;
y l abel ( ’ LSB’ ’ s ’ ) ;
x l abel ( ’ Codes’ ) ;
gr i d;
%pr i nt  −dj peg c: \ f i g2. j pg

%axl i mdl g;



Appendix B

Maple gain error derivation

Thissectionis alisting of theMaplecodeusedto derive therequiredopenloopgainof anamplifier.

Theseresultsarederived for a sourcecoupledpair which describesthestructureof a singlestage

gm ] C amplifier. For amplifierswith morethanonestagefurtheranalysisis required.Thisderiva-

tion is acombinationof materialcontainedwithin references[9][10][11].Theresultsarementioned

in chapter4.
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> V_out:=(A_0)*(V_e)*sqrt(1-(((A_0)*(V_e)/(V_max))^2)/4);

 := V_out
1

2
A_0V_e −4

A_02 V_e2

V_max2

> gain:=diff(V_out,V_e);

 := gain −
1

2
A_0 −4

A_02 V_e2

V_max2
1

2

A_03 V_e2

−4
A_02 V_e2

V_max2
V_max2

> error:=(A_nom-A_max)/(A_max*A_nom*f^2);

 := error
−A_nom A_max

A_maxA_nomf2

> x:=subs(A_nom=A_0,A_max=gain,error);

 := x

− +A_0
1

2
A_0 −4

A_02 V_e2

V_max2
1

2

A_03 V_e2

−4
A_02 V_e2

V_max2
V_max2













−
1

2
A_0 −4

A_02 V_e2

V_max2
1

2

A_03 V_e2

−4
A_02 V_e2

V_max2
V_max2

A_0f2

> x:=simplify(x);

 := x −

− +−
− +4 V_max2 A_02 V_e2

V_max2
V_max2 2 V_max2 A_02 V_e2

A_0( )− +2 V_max2 A_02 V_e2 f2

> delta_error:=x;

 := delta_error −

− +−
− +4 V_max2 A_02 V_e2

V_max2
V_max2 2 V_max2 A_02 V_e2

A_0( )− +2 V_max2 A_02 V_e2 f2

> V_error:=(V_max*sqrt(2)/A_0)*sqrt(1-sqrt(1-(V_o/V_max)^2));

 := V_error

V_max 2 −1 −1
V_o2

V_max2

A_0
> V_error:=subs(V_max=5,V_error);
> y:=subs(V_max=5,f=0.5,V_e=V_error,x);

Page 1
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 := V_error 5

2 −1 −1
1

25
V_o2

A_0

 := y .08000000000

−25 +2 2 −1
1

25
V_o2 50 −1

1

25
V_o2

A_0 −1
1

25
V_o2

> z:=simplify(y);

 := z −2.
− +1. +50. 10. −25. 1. V_o2 2. −25. 1. V_o2

A_0 −25. 1. V_o2

> 
> 
> plot3d(z,V_o=-.5..0.5,A_0=2..20);
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0.007

0.006

0.005

0.004

0.003

0.002

0.001

0

A_0

20

18

16

14

12

10

8

6

4

2

V_o

0.4

0.2

0

-0.2

-0.4

> y:=subs(V_e=V_error,delta_error);

y −

− +4 V_max2 2 V_max2








−1 −1

V_o2

V_max2

V_max2
V_max2 2 V_max2−





− := 

2 V_max2








−1 −1

V_o2

V_max2
+ A_0










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







− +2 V_max2 2 V_max2









−1 −1

V_o2

V_max2
f2






> simplify(y);

−
1

2

− ++2 2
−V_max2 V_o2

V_max2
2

−V_max2 V_o2

V_max2

A_0
−V_max2 V_o2

V_max2
f2

> 
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Appendix C

TestChip and Board

Pinname Pinnumber Description

VDD 2 Power

VIN+ 3 Testblock input

VIN- 4 Testblock input

D16 5 DataoutLSB

D15 6

D14 7

D13 8

D12 9

D11 10

D10 11

D9 12

D8 13

D7 14

D6 15
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Pinname Pinnumber Description

D5 16

D4 17

D3 18

D2 19

D1 20 DataoutMSB

CLK 21 outputclock

/CLK 22 output/clock

LATCH 23 outputlatch

/LATCH 24 output/latch

GND 25 Ground

3V 37 3V referenceinput

2.5V 38 2.5V referenceinput

2V 39 2V referenceinput

VIN+ 40 Full pipelineinput

VIN- 41 Full pipelineinput

A1 42 Datain MSB

A2 43

A3 44

VDD 57 Power

A4 58

A5 59

A6 60

A7 61

A8 62
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Pinename Pinnumber Description

A9 63

A10 64

A11 65

A12 66

A13 67

A14 68

A15 69

A16 70 Datain LSB

ENABLE 71 Datain Enable

AD_1 72 Datain addressLSB

AD_2 73

AD_3 74

AD_4 75 Datain addressMSB

CAL_1 76 CalibrationMSB

CAL_2 77

CAL_3 78

CAL_4 79 CalibrationLSB

GND 91 Ground

CLK_IN 92 Clock input

D1 94 Testblockcomparator1 output

D2 95 Testblockcomparator2 output

VOUT+ 97 Testblockresidueoutput

VOUT- 98 Testblockresidueoutput
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TestBoard

Clock InTest Block Analog Input

D
ig

ita
l O

ut
pu

t
C

lo
ck

 O
ut

pu
ts

D
ig

ita
l I

np
ut

s
C

on
tr

ol
 In

pu
ts

ADC Analog Input

Differential to Single-ended Converter
(AD8038 )

Test Block Outputs

Reference Voltage
Generator
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Schematics
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FigureD.1: Calibrationdecoderschematic.
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FigureD.2: Calibrationdecoderlayout.
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FigureD.3: Registerloadingdecoderschematic.
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FigureD.4: Registerloadingdecoderlayout.
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FigureD.5: Clockbuffer schematic.
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FigureD.6: Clockbuffer layout.
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FigureD.7: Registerloaderschematic.
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FigureD.8: Registerloaderlayout.
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