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Abstract

This thesisfocuseson the performancef pipelineconvertersandtheir integrationon mixed signal
processesWith thisin mind, a 12-b 50 MHz pipeline ADC hasbeenrealizedin a 0.64m digital
CMOS process.Thearchitecturas basedon a 1.5-bperstagestructureutilizing digital correction
for the first six stages. A differential switchedcapacitorcircuit consistingof a cascodegym —C
op-ampwith 250MHz f; is usedfor samplingandamplificationin eachstage. Comparatorsvith
aninternaloffsetvoltageareusedto implementthe decisionlevels requiredfor the 1.5-bper stage
structure.Correctionof the pipelineis accomplishedy measuringhe offset andgain of eachof
thefirst six stagesisingsubsequerdtagesThemeasuredaluesareusedto calculatedigital values
thatcompensatéor theinaccuracie®f the analogpipeline. Correctedligital valuesfor eachstage
are storedin the pipelineandusedto createcorrectedoutputcodes. Errors causedyy measuring
thefirst six stageaisinguncalibratedstagesareminimizedby usingextra switchingcircuitry during

calibration.
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Chapter 1

Intr oduction

Variationson analogto digital corvertersarenumerousgachtailoredfor specificperformancepa-
rametersMore moderncorvertershave implementedgomeform of parallelprocessingf the ana-
log signalto increasebit resolutionwhile still maintainingthe samespeed.Corvertersof thistype

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

Corverterarchitecturesre still a rapidly developing area. Normally analogto digital corverters
arenot strictly limited to pureflash,folding, or pipeline. Implementationsvith pipelinedfolding
stagesor smallerpipelinedstageswith a large flash sectionat the end are not uncommon[17].
Most of thesearchitecturesreimplementedsdiscretecorvertersfor boardlevel integration. With
a movementtoward systemon a chip high performanceconvertersare frequentlyimplemented
on the samechip with microcontrollersand otherdigital systems.This introducesnew noiseand
procesgproblemswhich arenot asdominantin discreteconverterimplementations Additionally,
processetailoredfor digital logic arenotthebestprocesse male thelinearcircuitsrequiredfor
analogo digital conversionbut arebecomingmorefrequentlytheplacewherecorvertersphysically
take shape. With this movementtoward chip level integrationit is desirableto have a converter

architecturdhatis tolerantof matchingandprocessrrorsaswell asnoiseintroducedby adjacent
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devices. With this in mind, this projectfocuseson the pipeline architecturebecauseof its high
toleranceof proceswariations Jow powverconsumptionandsmallareamakingit anidealcandidate

for systemlevel integration.

Thethesisis organizednto tenchaptersChapter2 will introducea few of the morecommonhigh
resolutionanalogto digital corverterarchitectures Someof the conceptghatapplyto corverters
in generakuchasresolutionandthe errorvoltagewill alsobeintroduced.Chapter3 will focuson
pipelineconverterbehaior whichwill emphasizesomeof the problemsencountereéh thisdesign.
Digital correctionis proposedasa solutionto someof the corversionproblems.The remainderof
the chapteiteststhe applicability of digital correctionthroughbehaioral simulations.Chapterd is
the baginning of the designprocesswvhich introducesa few of therequirement®f the analogpro-
cessingolocks. Derivationsof therequirementareincludedwherenecessaryChapters discusses
several amplifier architectureshat have possibleusein the analogprocessinglock. Emphasiss
placedon the mostimportantdesigncriteriaof eachtype of amplifieraswell asperformanceimi-
tations.Thechapteiis concludedy a statemenof theamplifierusedin this projectandasummary
of its performanceChapter6 documentshe comparatousedin thetestchip. Likewise,chapter7
is astrateforvard documentatiof thedigital componentsisedn thetestchip. A discussiorof the
morecritical digital controlblock which produceghe switchingsignalsfor the analogprocessing
block andthe clock generatoiis alsoincluded. Chapter8 combineghe componentsn chaptersb,
6, and7 to createboththe analoganddigital blocks. Thetestchip resultsareincludedin chapter.

Chapterl0Qis a conclusiorwith anoutlineof futuredesignconsiderations.



Chapter 2

Ar chitecture

2.1 Flash

The mostwell know of all ADC architecturess the flash,which consistsf aresistordivider net-
work thatgeneratea “ladder” of referencevoltagesandcomparatorshatcompareheinputto the
referencevoltages.Decodinglogic is usedto take the comparatodecisionsandgenerate digital

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

A flashcorverterneed2N comparatorand2N + 1 resistordor anN bit outputcode.This presents
a power andsilicon areaproblemwith ADCs requireninglarge outputcodes.For this reasorflash
convertersaregenerallyusedin applicationgequiringhigh speedandlow resolution(<8 bits). To
gethigherresolutionseveral smallerflashconverterscanbe combinedto procesghe analoginput
signalandform alarger outputword. The methodausedto combinesereral smallercorverterscan

be quitecomple. A few of thosemethodsarenow introduced.
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é R/2

V
Decoder

out
SR

Figure2.1: Typicalflashcorverter
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2.2 Folding

To reducethenumberof comparatoraswell asincreasinghetotal resolutionsomeform of folding
is commonlyimplemented22]. A folding converterhasan extra analogpreprocessintplock that
folds the input backinto rangesothat a secondflash corvertercanmake a more preciseestimate
ontheinputsignal. Thefolding corverterin Figure2.2is shavn with two singlebit corvertersfor
simplicity, a coarsecorverteranda fine corverter With two singlebit corvertersonly two com-
paratorsarerequiredversusthe four requiredin the previoustwo bit flashconverter Generalizing
this relationship,if the fine andthe coarsecorverter resole the samenumberof bits, the num-
ber of comparatorsequiredis 2%. The adwantagegainedby usingfolding circuitry versussome
form of pipeliningis thatadditionalsampleandholdsarenot necessaryThe signalis concurrently

processetby the coarselashandthefolding circuitry andfine flashcorverter

The numberof folds thatthe folding circuitry performsis referredto asthe folding rate,whichis
onefor the examplein Figure2.2. A limitation on performancas createdby the folding circuitry
becaus®f thefrequeng multiplicationthatoccurs.Fromthegraphsn Figure2.2it is evidentthat
a frequeng increasesqualto the folding ratewill occurasthe signal passeghroughthe folding
circuitry. In this aspecfolding corvertersare not asfastas pure Flashcorvertersbecausef the

speedimited folding circuitry [15].

A possibleimplementatiorof a folding circuit with a folding rate of four is shavn in Figure2.3
[12]. Foldingtype corvertersaregenerallyimplementedn a bipolarprocessecausef the more

idealfolding behaior of bipolartransistorsrersusMOS transistors.
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out

le— Threshold
MSB
Flash
in
LSB
Folding Flash
Circuitry
: le— Threshold
Vout
00 : 01 : 11: 10
Vin
Figure2.2: Corverterimplementedvith afolding block.
vdd Vvdd
%{ ne .
vdd vdd Vvdd

Vrl < Vr2 < Vr3 < Vr4

Figure2.3: Folding circuit with a folding rateof four.




CHAPTERZ2. ARCHITECTURE 7

2.3 Pipelineand Multi Pass

Justaswith folding converters,a pipelineADC combinesseveralsmallerflashconvertersto create
alarger corverter However, the smallerflashconvertersarecombinedby decimatingtime, thatis

eachsmallercorverter hasa specifictime periodin which it cancorvert part of the input signal
beforeor afterotherstagesave or will malke their estimate . The outputsof all stagesaarecombined

to form thefinal outputcode.Thisis bestexplainedby Figure2.4.

S/H amplifier S/H amplifier
Input Last Stage
Signal +
: e
Residue
Signal to
Vief other stages
Digital Estimate Digital Estimate Digital Estimate

Figure2.4: PipelineAnalogto Digital CorverterBlock Diagram

Thesignalpropagationin Figure2.4 begginsat the nodelabeledinput signal,wherethe ADC of the
first stagemalkes a digital estimateof the input signal. The digital estimateis usedimmediately
by the DAC of the first stageto createan analogequivalentto the digital estimate. This analog
eguivalentto the digital estimateis subtractedrom the original input signalcreatinga residuethat
is usedby the next stage.Essentially eachsuccessie stagemakesa finer estimateof the original
inputsignalby looking attheresidueof the previousstage It canbethoughtof asabitwiseestimate
of the input signal, MSB first. The amplifieris neededor hardware simplification. If eachstage
hadto make anestimateof anever shrinkingresiduedifferentvoltagereferencesvould have to be
used. Eachamplifier effectively putsthe residuein the samerangeasthe original input signalso

thathardwareandvoltagereferenceganbereused.

The relationshipbetweenthe input signal, digital output, and residueoutputvoltageis depicted
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betterin Figure2.5wherethe errorvoltagefor atwo bit analogto digital corverteris shavn. Note
thatin this casethe errorvoltagehasnot beenamplifiedfor useby laterstagesFor amorein depth

explanationandprobabilisticdefinition of the errorvoltagesee[2].

Examininga singlestagein moredepthwill helpto explaintheseconceptdetter Figure2.6 shavs
the specificcasefor two bits per stage.On the left handsidethe input outputsignalplot shaws a
ramp, theright handside shavs a residueplot that would be typical of a two bit per stageADC.
Essentiallyit is a plot of the error voltagethat occursin ary analogto digital converter which is
typically discarded.However, in pipelinecorvertersthe error voltageof onestageis passen to
the next stageasa residuesignalthat following stagesuseto male a finer estimateof the input

signal.

Error Voltage (Residue) Digital Output Input Signal

,,,,,,,,,,,,,

Figure2.5: Origin of the Error Voltage

PipelinedA/D corversionhassereraladantagesover moretraditionalflashcorverters. The main
adwantageis that pipeline corvertershave much lower pover consumptionbecausehe number
of comparatorsncreasedinearly with the bit resolutionversusa power of two with typical flash
architecturesHoweverto minimizepowerandmaximizespeedn pipelinecorverters severalissues

mustbetakeninto considerationwhichwill bediscussedn moredetailin latersections.
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Input Signal S/H amplifier Residue Signal

,,,,,,,,,,,,,,

,,,,,,,,,,,,,,

ADC — » 00 01 10 11

Decision bits
from other stages

Figure2.6: SinglePipelineStagewith ResiduePlots

2.4 Summary

Of the threearchitecturesliscussedhe pipeline structurehasthe most desirablecharacteristics
for the problemat hand. It is bestsuitedfor CMOS processesiequiresminimal area,and more
hardwarereplicationtakes placekeepingdesigntime to a minimum. This conclusiorwill become

moreevidentin thenext chaptewherethe specificsof the structurearedevelopedin moredetail.



Chapter 3

Pipeline Ar chitecture

As discussedh theprevioussectionapipelinecornvertermakesaroughestimateof theinputsignal
in eachstageand passes preciseversionof the remaindemnto the next stage.The remaindelis
calculatedby subtractingthe estimatefrom the original signaland amplifying by an appropriate
gainfactor The gainfactordepend®n the numberof bits estimatedn eachstage. The digital
estimateis sentto a D/A corverterto be corvertedto ananalogsignalthatcanbe subtractedrom
theinputsignal. Thedigital estimatdrom eachstages sentto digital correctionogic thatcombines
the stageoutputsinto anoutputcode. This basicpipelineconcepis straightforvard but hasmary
problemghatmalke the physicalimplementatiordifficult. To seehow all of theseproblemsnteract

togetherafew conceptsieedto be exploredfurther

3.1 Bit ResolutionPer Stage

The bit resolutionper stagebecomesan importantaspectn pipeline ADC designbecausef its
influenceon gainbandwidthof theresidueamplifiers total capacitancegpower consumptionerror

tolerance andaccurag of requiredcomponentsjust to namea few. More recentpipeline ADC

10
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convertershave taken two different functional paths. Somedesignsare purely analogfocusing
primarily on componentmatching[3] andothersdesignuselessaccurateanalogdesignsandrely

ondigital correctionlogic to correctary randomvariations[1].

Thegoalis to designa 12-b ADC operatingat 50MHz samplingrateaccuratewithin +/- 0.5LSB
in DNL andINL. Anotherlimiting constraints thatthe ADC mustbe madein anentirely CMOS
process.Theserequirementdhiave beenmet numeroudimesin a BICMOS procesq3] but rarely
in an entirely CMOS processandmostoften usingdigital correction. The main limitation in an
entirelyanalogandCMOS processs the bandwidthandcurrentdrive requiredto getthenecessary
gainandmatching.Typically, fewer stageswith higherbit resolutionareusedin anentirelyanalog
procesdo reduceinjection errorthatcould normally be correctedwith digital logic. In this design

it is proposedo make an12-bpipelinedADC in a0.6umCMOS processwith digital correction.

3.1.1 Device Matching

In mostanalogintegratedcircuit designsdevice matchingbecomesnoreimportantthanthe actual
physicalvalue of the device whetherit is a resistoy capacitor or active device. Typically device
valuesaredesignedwithin an absoluteoleranceof 20% (dependingon the procesaused),but the
ability to matchtwo component®n an IC is usuallymuchbetter Smallerdevicesare harderto
matchthan larger devices becauseof uncertantiesn the circuit fabricationprocess. The spatial
toleranceof a CMOS processds usually specifiedby the parametei, which is half the minimum
gatelength. Theworstpossiblemaskmismatchis typically 0.75A. Thisis notthe only factorthat
determinesomponentolerances Processariationssuchasetching,ion implantation,andoxide
gronth areall controlledto a certainpoint beyond which randomvariationsdeterminethe exact
characteristiof a device. Assumingthatthesetolerancesareknown andthe procesds guaranteed
accuratewithin certainphysicaldimensionsdevice sizescanbeincreasedo a pointwhereprocess

variationsbecomeinsignificantcomparedo the overall size of the device. With this in mind two
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devicescanbe constructedvith aratio of valueswith specifiedprecision.

Matching becomeghe dominantfactorin the performanceof a pipeline ADC. Eachstageof a
pipelinedcorvertermalesaroughestimatenf theinput signal,subtractghatestimateéfrom the sig-
nal, andamplifiesthe remaindeito be passedn to the next stage.The amplificationis dependent
onthebit resolutionperstageandmustbe accuratesothatthe next stagerecevesthepropersignal.
Typically the amplificationis implementedvith somesort of switchedcapacitorarrayandthe ca-
pacitorsmusthave a known ratio in orderfor the amplificationto be accurate Any deviation from
thedesiredratio resultsin improperresultsbeingpassedn to the next stageandthe ADC will not

outputtheright answer

Previouswork hasattemptedo characterizehe worst possiblemismatchof componentdasedon
size[4]. Thepaperreferredto in [4] usesa 0.8umdouble-polyprocesghatis similar to the 0.6um
procesghatis goingto be usedin thisthesis.It is assumedhatthe never 0.Gumprocesswill have
no worsematchingthanthe 0.8um process.Fromthe analysisin [4], a 25um X 25un? capacitor
hasa ratio standarddeviation of 0.05-0.1.%.This sizeresultsin a large capacitancégreaterthan
1.25pF)thatputstoo mary constrainton the analogdesignaswell asconsumingexcessie silicon

area.

Obhviously a smallercapacitotthatis justaswell matchednustbefound. Anothertypeof capacitor
that canbe constructedn the 0.6um processs a metal-polycapinsteadof the poly-silicon caps
thatarestandardn the processThis capacitorconstructiormethodhasanadditionalproblem:the
capacitolis notascloselymatchedor the samesizearea.Thereasorfor thisis thatthemetallayer
is in differentphysicalpositionthanthe poly-silicon. Thefirst metallayeris typically constructed
ontop of a protectie layerof silicon oxidethatis notwell controlledfor its planarproperties.For
this reasonary metallayerthatis appliedon top of the silicon oxide would not be planar Since
capacitances proportionalto the distancebetweentwo plates,it is evident that the non-planar

metalwill not resultin a very predictablecapacitancendfor this reasonshouldnot be usedin
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ary matchingsituations[$. Fromthis analysisit is clearthatthe projectdescriptioncannotbe met
by matchingalone. Latersectionawill discusgheimplicationsof matchingerrorsandintroducea

methodusedfor correctionof theseerrors.

3.1.2 Bandwidth

As previously stated the numberof bits resolutionhasa direct effect on the requiredbandwidthof
theanalogcircuitry. After onestageapproximateshe signalandcreatesanerrorvoltage,theerror
voltagemustbe amplifiedto full scalerangeto createa residuevoltage. The gainfactorincreases
with increasingpit estimaten the first stagebecausehe size of the error voltageis dependenbn
how mary bitsthefirst stageapproximatesgthelargerthebit estimate¢he smallertheerrorvoltage).
Summarizinghe effect on the amplifier, the larger the gainthe larger the gain bandwidthproduct.
This phenomenoiis shawvn in Figure 3.1, whereevery additionalbit of precisionaddedto a stage
increaseshe closedlioop gainof theresidueamplifierby 6dB. This lowersthetime constanof the
circuit. Theeffectof thetime constanbnthe pipelineADC performanceavill bedevelopedmorein

the AnalogArchitecturalRequirementshapter

3.1.3 Latency

Thetime whentheinputsignalentershe cornverterto thetime thatthedigital outputis availableon
the outputpinsis calledthe lateny of the converter Because pipelinecorverterusesdecimation
in time to increasahroughputjateny is a dravbackto their use. For example,if a corverterhas
twelve stages andit determinesonebit per stage,the minimum lateny is twelve cyclesfor the
signalto propagatehroughthe entirepipeline.If thebit resolutionperstagefor the samecorverter
is increasedfewer stagewill berequiredfor thesamenumberof bits. For thisreasoratengy must

alsobe consideredn the designof pipelinecorverters.

In this respectateny limits the applicationsof pipelineconverters. The speedof a pipelinecon-
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f f3db

Gain (dB)

Closed Loop

Frequency (Hz) t

Figure3.1: Closedioop gaineffecton 3dB frequeng

vertermaybereasonabléor certainapplicationsut if lateng is anissue,asin high speedcontrol

loops,anotherconverterarchitecturemight be preferable.
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3.2 PipelineErrors

3.2.1 OffsetErrors

Therearethreemainsourcef errorin pipelineA/D corverters:comparatqroffset,andinterstage
gainerrorall of which leadto nonlinearitiesn the outputcodes.The cause®f bothoffsetandgain

errorwill beexamined.

Offset and gain errors

/ produce out of range values
1

! !
/| /1 Vout /1

. , )
i / 1 ’/ vin
P .

00 ' 01 ' 10 : 11

Figure3.2: Residueexceedingfull scalevoltagein a2 bit perstagecorverter

Offseterrorcanbecausedy chageinjectionduringthesampleandhold processtandomoffsetsin
gainstage<reatedoy manufcturingvariations,andcharacteristicehangingdueto device aging.
While thesecanbeminimizedthroughdesignandlayoutchoicest usuallyis atradeof with powver
andspeed. For examplechage injection andnoisecan be minimizedin the sampleandhold by
makinga larger capacitoranda smallersamplingswitch. This resultsin a slover sampleandhold

andincreasegowerlossdueto the largerchage requiredby the capacitor
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Figure 3.2 shavs the outputresidueof thefirst stageof atwo bit perstageADC if theinputwere
aramp. As discussecabarlier the residueoutputis just the error voltageamplifiedto thefull scale
voltage. The peaksof the outputplot lie exactly onthe full scalevoltageof the corverterdefined
by the outerbox. This presents problemthatis inherentin pipelineconverters:ary type of error
that causeghe residueto exceedthe full scalevoltageresultsin missingcodes. Or more simply
stated,all input valuesthat causethe outputresidueto exceedthe full scalevoltagewill resultin
the sameoutputcode. This is bestillustratedby Figure 3.3 which shavs a simulatedoutput of
a two bit per stageconverter Figure 3.3 (a) shavs the Input versus. Binary Outputfor an 8-bit
converterwith stageghathave two bits of resolution.An offsethasbeenincludedin thefirst stage
that malesthe residueoutputappearexactly asshavn in Figure 3.2. Notice the flat spotsin the
outputthatcorrespondo residueoutputexceedingthefull scalevoltage(the samedigital outputis
occurringfor mary differentinput values). In this case digital correctioncannotbe usedbecause
thesamedigital outputcorrespondg mary differentinputs,thereis noway for correctioncircuitry

to differentiatebetweerthevalues.

3.2.2 Gain Errors

It canbe shavn that gain error hasa similar effect on the residueoutputasan offset. Referring
backto Figure 3.2 the slopeof the residueoutputbetweendecisionlevels is definedby the gain
of theinterstageamplifier As the slopeof theline increaseshe peakof the residueoutputagain
exceedghe full scalevoltageandthe sameoutputshavn in Figure3.3 results. The main causeof
gainerror, assumingsufficient openloop gain of the op-amp,is mismatchbetweercomponent®f

theinterstageamplifier
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Figure3.3: Missing Codeerrorscausedy the outputresidueexceedinghefull scalevoltagein the
first stageof a 2-b perstageconverter
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3.2.3 Comparator Errors

By now it is evidentthat arything that causeghe residueoutputto exceedthe full scalevoltage
causesan error in the outputcodes. Comparatomerrorsalsodo just that. In the two bit per stage
structurea comparatoerror causeshe verticalline, which representshe comparatothresholdto
shiftin eitherdirection. Thisis shawv graphicallyin Figure3.4.Inthis regard,comparatothreshold

canbea critical aspecof pipelinedesign.

Comparator error

/ produces out of range values

Vout

— | Shift

Vin

00 01 10 11

Figure3.4: Comparatothresholdshift causingout of rangevalue.
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3.3 1.5bit Per StageAr chitecture

The problemof missingcodesdiscussegreviously hasseveral differentsolutions. Themostcom-
monis the conceptof overlapbetweerstages.The resultof overlapis bestillustratedby a discus-
sionof the1.5bit perstagearchitecture Figure3.5shavs thespecificpipelineconverterstageused
for this design,which will introducesomespecificsof this projectandhelp understandverlapin

pipelineconvertersin general.

L c1 @
ol
Vin c2
,,,,,, Vout
Vref L~ @l .
Vref \4; - Jj
GND L~
| @
Vref/2 >

Decision
Comparators

Figure3.5: 1.5hbit perstageanalogblock

Thetypical radix 2, 1.5 bits per stage pipelineconverterhasthreedecisionlevels. Thosearel, 0,
and-1. Theseareusedto decidethebit valuesfor a particularstageandto calculateheresiduethat

will be passednto thenext stage.Theresidues calculatedoy

C+C C
Lt 2Vin_D—ZVref (3-1)

Vou = ——
ou C c
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substitutingC; = C, resultsin

VOLt = 2\/in - DVref (3-2)

whereV,es is half of thefull scalevoltage. Thefirst stagecomparesheinputvalueto %Vref . If the
inputis greaterVies is subtractedrom the input andthe resultis sentthrougha gain=2amplifier
Shoulda negatve numbergreaterthan —%Vref result, this simply tells the next stageshouldadd

somebackinto the signal. The decisionlevelsaredescribedy equations:

1
—1= Vet <Vin < —ZVref (3.3)
0——1-V <V <}V (3.4)
= 4 ref in 4 ref .
1
1= Zvref < Vin < Vret (3.5)

Thedecisionlevelsof eachstageareusedto calculatethedigital outputin the following manner

Vou[digital] = D[1]2Y72 + D[2]2" 3 + ... + D[N] (3.6)

3.3.1 Overlap and Error Correction

In the previous non-wverlappingschemegain and offset errorsproducedout of rangevalues,re-
sulting in non-uniqueoutputcodesfor mary differentinput values. In overlappingschemeghe
residueamplifiergaincanbedividedby two asaresultof binaryarithmetic. The overlapof onebit

from onestageto the next is amultiplication by two of the effect of the digital outputof thatstage.
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Figure3.6: Residueplot for 1.5bit perstagearchitecture

Becauseary given stagecanhave doublethe effect on the digital outputcode,the analogresidue
only needsto be multiplied by half asmuchwhenbeingpassedo the next stage.In this manner
the LSB of onestagecaneitherbe determinedy itself or the following stage.Looking atthe 1.5
bit perstageresidueplot in Figure3.7it canbe seerthatthefull scalevoltagelevel, definedby the
dottedoutline, is well clearof the input outputvoltagecurve, evenwith errorspresent.Theinput
outputvoltagecurve canmove arywherewithin the dottedoutline andnot produceary valuesout

of range.

The bit overlapallows for somesort of residueto be passedn the next stagewithout a total loss
of data. The digital numberthatthe A/D reportsincludesthe offset,gainandcomparatoerrorsof
all stageslIn thisaspecthe numberis wronghbut it is still auniquenumberversusnon-orerlapping
schemesvhich have wrong and non-uniquenumbers. To correctwrong numbersin overlapping
schemesomesort of algorithmmustbe implementedigitally to recognizeeachuniquenumber

andsubstituten a correctvalue.
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Figure3.7: Residueplot with possibleerrors.

3.3.2 Overlap and Bit Resolution

The bit resolutionper stagecan be increasedvhile maintainingone bit overlapto help decrease
the throughputlateny of a pipeline corverter but with a decreasen several other performance
parameters.The bit resolutionper stagenot only affects bandwidth,matching,and lateng, but
the feed-throughoffset susceptibilityof overlappingschemesaswell. Two possiblecasedfor a
twelve bit corverter are examined,twelve 2-bit corvertersand six 3-bit corverters. Eachof the
2-bit stagegequiretwo comparatorso distinguishbetweereachof thethreedifferentlevels. The

3-bit convertersrequiresix comparatorso distinguishbetweereachof theserenlevels.

The 1.5-bit corverter structurehasgreateroffset error correction. While the 1.5-bit corvertercan
correcterrorsup to 1/4 of the referencevoltage,shavn graphicallyin Figure 3.8, the 2.5-bit con-
vertercanonly correctupto 1/8 of thereferencevoltage,shavnin Figure3.9. In generalfor every

addedbit of resolutionperstagethe offseterrorcorrectionlimit reducesdy half{6].
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Figure3.8: 1.5-bitperstageresidueplot with comparatoerrorlimits.
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Figure3.9: 2.5-bitperstageresidueplot with comparatoerrorlimits
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3.4 Calibration

3.4.1 Mathematical Characterization

The following sectionpresentsa methodfor correctinggain errorsin a 1.5 bit per stagestructure

originally proposedy [1].

Implementingaradix=21.5-bperstagepipeline,andusinga switchedcapacitoamplifierthetrans-

fer functionfor theresidueamplifierin eachstageis asfollows

. C]_[i] -I-Cz[i] - . Cz[i]
VOLI [|] = T[l]\/m[l] — D[|]mvref (37)
L c1 @
Vin " c2
,,,,,, Vout
Vref ~—~ (018 + i
Vref | \4; - Jj
GND ~
Vref/2 >

Decision
Comparators

Figure3.10: Origin of chagetransferequation.

Which is identicalto equation3.1 but the subscripfi] hasbeenincludedto differentiatebetween

stages.
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For radix=2 1.5-bits per stage,the amplificationmustbe exactly 2 and a knovn amountof Vies
mustbe subtractedut. The quantity %—H}Vref is the analogequivalentof the digital valuethatthat
partof the stageestimated.If theratio of C;[i] andC;[i] is not 1 thenthe digital estimateandthe
analogvalue subtractedwill not match. In additionthe residuepassedn to the next stagewill
not be correct. The pipeline conceptrelieson the fact that the residueis amplified by a factor2
so that essentiallyeachstagedetermineghe value of the next bit of the digital outputcode. Due
to processvariationdiscussegbreviously in the matchingsection theratio of Cy[i] andCy[i] is not
unity. However if the differencebetweerC;[i] andC;[i] is known, digital valuescanbe substituted
into eachstagesothatthedigital valuenow matcheghe analogvalue. For example thefirst stage

might be radix=1.91andthe secondstagecould be radix=2.11.1t doesnot matterwhatthe actual

valueis aslong asit is knovn andcloseenoughto 2 thatout of rangevaluesarenot produced.

To measurghe gainandanalogvaluesubtractedut of eachstage the mismatchof the capacitors
canbeused.Making thefollowing substitutionsn equation3.7: Viy[i] is Viet [i], the chage on Cy[i]

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

Ca[i] — Cofi]

Vouli] = - V,
ou[] Cl[l] ref
: Coli]
Voulll =1— —=V,
ou[] Cl[l] ref
After dividing out Vi the mismatchbetweencapacitorsa is known. SubstitutingCy[i] = (1 +
a[i])Cali] into equation3.7 resultsin
. ali] . . .

2
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Vou [i] = 2Vin[i] — D[i]Vret + Q[i]Vin[i] — a[i]D[i]Vret

subtractingout the quantity a[i]Vin[i] — a[i]D[i]Vref] resultsin the desiredtransferfunction of the

residueamplifier
Vou[i] = 2\/in[i] - D[i]vref

Subtractingthe quantity a[i]Vin[i] — ai]D[i]Vref] to correctthe outputof eachstageis difficult to
do andwould resultin a greatamountof additionalanalogcircuitry. If insteadthe analogvalueis
subtracteautin thedigital circuitry amuchsimplerdesignresults.Thedigital outputequation3.6

replacedwith thefollowing.
— N (di]S +di+ 2% +d[i+2%...)

Simplified,the equationghatdeterminethe coeficient for eachregisterof the pipelineare:

Vouqy[digital] = 2Y?D[1){1— @}

Voupz[digital] = 2V °D[2]{1+ % — %}

Voug3[digital] = 243D[3] {1+ a:[zl] n 0([22] B a:[ZS]}
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Notice that the quantity D[i]a[i]Vier is immediatelysubtractedrom the outputcodesincethatis
a known guantity at the time of the decision. However the quantitya[i]Vin[i] is subtractedasthe
residuemovesdown the pipelineandViy[i] is known with moreprecision.Theentirequantitycould
be subtractedat the end of the pipeline but this would requirea large amountof memory The
methodshavn above only requiresthreedifferentnumbergo be storedfor eachstage.In addition
thedigital valueof V;¢s is actuallydivided by two maving down the pipelinesoV,es is notdigitally

thesamefor eachstage.

With this calibrationmethodit shouldbe notedthatlater stagesareusedto correctpreviousstages.
This presentsa problemin thaterrorsthatoccurin later stageswill shav up in the measurement
of errorsin the previous stage. It is thoughtthat this effect is minimal becausesrror measureds
alreadysmallandtheinteractionof severalerrorswhenmultiplied togethemwill besmallcompared
to a singleerror In otherwords,a >> a?. This effect was simulatedoehaiorally asa proof of

conceptandis includedlaterin this chapter

3.4.2 Offset

An offsettermfor eachstages alsopresentn themeasuremerdf theterma. Theoffsetis actually
an accumulatiorof several differentfactorsin eachstageandis treatedasa superpositioron the
outputof eachstage.Thus,in the previousa measuremergrocedureghe numberthatcomesout of
thepipelineis a plussomeoffset,wheretheoffsetis thesumof all of the offsetsthatoccurafterthe
stagebeingcalibrated.To obtainthe correctdigital numbetrfor a all thatneedgo bedoneis subtract
theoffset. Thedigital numberfor the offsetis measuredh the samemannerasa, usinglaterstages

to quantizethe outputof previous stages.The only differenceis thatthe input to the stagebeing
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calibrateds setto zerosothatthedigital numberthatcomesout of the pipelinecorrespondso later

offsetssuperimposedpononeanother
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3.5 Behavioral Simulations

3.5.1 Linearity Characterization

An importantvalue that is frequentlyusedto characterizeanalogto digital corvertersis linear
ity. Thetypicallinearity figuresusedaredifferentialnonlinearityandintegral nonlinearity both of

whichwill now bebriefly introduced.

Differentiallinearityis ameasuref how oftenonecodeappearsersusanadjacentode.Basically
it is a normalizedmeasurementf the digital stepsize. Theoreticallythe distancebetweentwo

adjacentigital codecentersshouldbe onelL SB.

Integral linearity canbethoughof asa measuremertaf the overall shapeof the InputversusBinary
outputplot. Basicallyit is arunningsummatiorof thedifferentialnon-linearityerrors.For example,
considereightdifferentbits thatoccurredfor somelinearinputtestsignal. If the distancebetween
eachstepvariesbut the sumof the stepsstill equalseightLSB’s, thentheintegral nonlinearityerror
attheendof testsignalshouldbezero.An exampleof bothdifferentialandintegral non-linearityis

shawvnin Figure3.11.For amorein depthanalysisof integral anddifferentialnon-linearitysee[8].
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Figure3.11: Exampleof Differentialandintegral Non-Linearity
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3.5.2 Simulation Procedure

An overview of the simulationprocedurés includedhere.For completesimulationcodewrittenin
C, seethe Appendix. The effectsof two of thethreemainsourcef errorhave beenincludedin the
behaioral simulation:gainandoffset. Additionally the correctionschemehasalsobeenincluded

in the simulationto testits applicabilityto the architecture.

The goalof the simulationswasto testthe performancef the entirecorverterascloseaspossible
withoutgettinginto too muchcompleity. With thisin mindthefirst stepwasto describehebeha-
ior of theanalogprocessinglock usingequations3.1, 3.3,3.4,and3.5. Equation3.1is described
by chage. Thereasorfor this wasto implementthe calibrationlater, which betterdepictedwhat
was actually occurring. The codein Figure 3.12 shawvs the implementatiorof one stage,uncor
rected.Theactualformulationof thedigital outputis notdonehere.The decisionbits arestoredin

thearrayd[12] andusedaterto calculatethe output.

To simulatecalibrationa similar codestructureasin Figure3.12wasused. As discussecarlier
only onestageis calibratedat a time while later stagesare usedto quantify the calibrationresult.
In thecodeshavn in Figure3.13,0nestageis calibratedandlaterstagesarecreatedusinga simple
loop. Within theloop is the samestructureasthe regularuncalibratecconverter The stagethatis
beingcalibratedoccursfirst in the code,wherethe chage on C, (q2) is setto zeroandthe same
outputchage relatingequations usedasin theuncalibratectorverter Notethattheinputis setto

Viet Whenthesubroutinegs called.

Finally, the decisionbits are combinedwith the measuredx[i] termsto form the outputcodesas
shavn in Figure 3.14. At first glancethe mathappeardo be complex anddifficult to implement
in digital logic, but the coeficient for eachregistercanbe broken down into a few shift andadd
operations.Thefirst line is usedto calculatethe numberthatis storedin the registerof the first
stageof the pipeline. It is calculatedhroughthe additionof 1 anda[0]. Oncethe numberis stored

in theregisterof thefirst stagdt is eithernotaddednto theoutput,halfis addedpr all of it is added
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/luncorrected pipeline
float pipeline(double input,float capl[], float cap2[], float offset[])
{

float output=0;

int output1=0;

inti;

double q1;

double g2;

double g3;

int d[12]={0,0,0,0,0,0,0,0,0,0,0,0};
/lcomparators for all 7 stages

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

{
if (input <= -0.5)
{

d[i]=0;
g3=cap2[i]*2;

else if (-0.5 < input && input < 0.5)

{
dlil=1;
g3=0;

}
else if (input >= 0.5)

{

dlil=2;

gq3=-cap2[i]*2;

}

/IResidue amplifier

gl=input*capl[i];

g2=input*cap2[i];
input=((gq1+q2+qg3)/capl[i])+offset[i];

/ICalculate outputs using decision bits
for (i=0; i<=11; i++)

output = output + d[i]*pow(2,(6-i));

outputl=output;
return(outputl);

Figure3.12: C implementatiorof anuncalibrategipelineconverter
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/[Error calculator
float gain_error(double input,float capl[], float cap2[], int x, float offset[])

float output=0;

inti;

double q1;

double g2;

double g3;

int d[12]={0,0,0,0,0,0,0,0,0,0,0,0};
/lUse Lee’s method on ith stage
gl=input*capl1[x];

q2=0;

g3=-cap2[x];
input=((q1+q2+q3)/capl[x])+offset[x];
/ISend output down remainder of pipeline
for (i=x+1; i<=11; i++)

{
/IComparators

if (input < -0.5)

{
d[i]=0;
g3=cap2[i]*2;

else if (-0.5 <= input && input <= 0.5)
{

dfil=1;

q3=0;

}
else if (input > 0.5)

{
dfi]=2;
q3=-cap2[i]*2;

/IResidue amplifier
gl=input*capl[i];
g2=input*cap2][i];
input=((q1+qg2+qg3)/capl[i])+offset[i];

/ICalculate ouput using decision bits
for (i=0; i<=11; i++)

output = output + d[i]*pow(2,(6-i));
}

return(output);

Figure3.13: C codefor themeasuremerdf o

32
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dependingvhetherD[0] is 0 1 or 2 respectiely!. The secondine correspondso the coeficient
storedin theregisterof the secondstageof the pipeline. Thecoeficient canbecalculatedy adding
two more numbersto the coeficient of the first register 2a[0] + a[1]. The coeficients for the
remainingregistersarecalculatedn the samemanneraddingtwo morenumberdo the coeficients

of the previousregister

}

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

return(outputl);

}

Figure3.14: Formulationof outputcodesusingdecisionbits andcalibrationresults.

Beforemaving on to the actualresultsof the behaioral simulationresultsa few thingsshouldbe
noted.First,randomgainandoffsetvalueswithin tolerablecalibrationrangewerechosenThesame
valueswereusedfor bothcalibratedanduncalibrategimulationssothatany measuregerformance
increasecorrelateglirectly Seconderrorswereincludedfor all stage®f the pipelineincludingthe
uncalibratedstagedo bettersimulatedthe behaior of the corverter Essentiallythis will prove if

02 << a is correct.

3.5.3 Simulation Coverage

The previous simulationwasintendedto cover the mostcommonand dominanterrorsthat occur

in pipelineconverters. Unfortunatelythereare numerousothererrorsthatcanalsobe a dominant

1in previoussectionghedecisionlevelsare-1, 0, and1. In the simulationandphysicalimplementatiorthe decision
levelshave beenshiftedup by onesothatonly additiontakesplacein thedigital pipeline.
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factorin operation.Howeverif designedroperly theseerrorswill be nggligible comparedo gain,

offset,andcomparatoerrors.

Oneproblemthat occursin mary digital devices,not just pipelinecorverters,is digital rounding.
Binary representatiomf numbersare corvenientfor implementingdigital devices, but the most
precisionthatcanbe carriedout in ary binaryarithmeticoperationis one LSB. With regardto the
pipelinecorverters,this becomesnostcritical whenthe pipelineis usedto performcalibrationon

itself. Themostprecisionthatcanbe carriedout on the calibrationroutineis oneLSB. This means
thatthe measuremerdndcalculationof the coeficientsthatareloadedbackinto the pipelinewill

be subjectto binaryrounding.Unfortunatelythis effectis not coveredin the behaioral simulation

andis minimizedin the physicalimplementatiorby addingadditionalstagentothepipeline.

Anothereffectthatcanresultin pooroperatiorof thepipelineis anon-lineamgainerror Thissubject
is expandednin theAnalogArchitecturechapteibut is mentionedriefly hereto clarify its absence
fromthebehaioral simulation.ldeallytheresiduehatis passedetweerstagess amplifiedby two
in the1.5bit perstagearchitectureregardles®f whatvoltagelevel it is. However, analogamplifiers
typically have anon-lineawvoltageamplificationrelationship.Theresultof thiseffectontheresidue
outputhasbeenexaggeratedn Figure3.7 Page22. Fromthefigureit is evidentthatmeasuringhe
slopeof thatline, whichis whatis proposedy measuringhegainfactora, will notwork sincethe
slopeof theline is not a constantHow this non-lineargain problemis minimizedis coveredin the

AnalogArchitecturechapter

3.5.4 ResiduePlots

The previous simulationoutputslarge amountsof datainto a text file, including calibratedand
uncalibratedligital outputcodes.To speedip the manipulatiorandplotting of thedataMatlabwas
used.Theroutinesusedfor makingthefollowing plotshave beenincludedin the Appendix. Three

plotsof boththe calibratedanduncalibratediataareincludedto measuréhe performancéncrease,
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raw outputcodesdifferentiallinearity plots,andintegral linearity plots.

Figure3.15shaws the simulationresultsof the uncalibratectonverter The differentiallinearity is
+1.5LSB andthe integral linearity is within +5 LSB. Theseresultsare poor for even the worst
converters.With thedigital correctionschemethedifferentiallinearity is within 4+ .25LSB andthe
integral linearity is within + .35 LSB. For the sameanalogpipelinewith digital correctionthisis a

dramaticimprovement.

3.5.5 Simulation Results

Simulationof thecalibrationprocedurendicateghatit will work providedthatsecondrdereffects
suchashbinaryroundingandnon-lineargain areminimized. The resultsof the simulationaresig-
nificant but canbe misleadingmainly becausef the phenomenomot modeledin the simulation.
However, theimprovements significantenougho warrantits usein anactualpipeline.In anactual
pipelinethe INL andDNL quotedin the calibratedconvertercouldtriple, but even+ .75LSB in

INL andDNL is arespectabl@erformance.
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Corrected Pipeline
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3.6 Summary of Requirements

Dueto thelack of procesamatchingspecificationsaandlimited experiencein mixed signaldesign
in the HP 0.6um processthe radix=21.5-bit per stagearchitectureshavs the mostpromise.Other
variationswithin the overlappingschemesuchasincreasedit resolutionper stage couldbe used
but they would not permitasmucherrorto occurwithin the pipeline.In laterchipsthesevariations
could be usedonceprocesdolerancesare knowvn andthe performancef mixed signaldesignsn

the processarebetterunderstood Anotheritem in supportof the radix=2 corverterschemss the
requiredbandwidthof the analogamplifier, basicallyit requiresthe leastamountof bandwidth.
Sincethe goal of this projectis an ADC andnot a high speedop-amp the designrequirement®n
the op-ampneedto be asminimal aspossible. The incorporationof otherprojects,suchasa high
speedop-amp,might male it possibleto go to anotherscheman a later ADC project,but in the
first run designtime needso be keptasshortaspossible.For thesereasonsa radix=2 1.5-bit per

stagepipelineADC with digital correctionhasbeenimplementedn thefirst testchip.



Chapter 4

Analog Ar chitectural Requirements

To meettherequiredperformancef a pipelinedADC several performanceriteriamustbe metby
theanalogprocessingircuitry. Thecriteriaincludegain,linearity, bandwidth noise stability, slew
rate,andsettlingtime. Thefollowing is a discussiorof how to determinethe criteriaof the analog

processingircuitry basedn therequiredperformaceof the overall pipelineADC.

4.1 Bandwidth

To ensurdghatthe propersignalis passedo the next stagein a pipelineADC theoutputof onegain
stagemustsettleto a specifiedvaluebeforethe next stagecansampleit. Settlingtimeis influenced
by the 3dB bandwidthof theinterstageamplifier Mostsystemsaretypically concernedvith theten

to ninetypercentisetime whichis usuallyapproximatedby 2.21. T is specifiedby:

1

fags = —
3dB T

Howeverthisrelationshigs only valid for first ordersystemsor higherordersystemghatareover

damped.Assumingthatthe respons®f the intersageamplifieris overdampedthefirst ordertime

39
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resonses definedby:

V(t) = Vima€ T (4.1)

To applythis equatiorto the outputof theinterstageamplifierit is betterdefinedin termsof LSB's.
Thelevel definedasoneLSB in voltsis simply thefull scalevoltagedivided by the numberof bits

resohedby the ADC. Substitutingthis into equationd.1resultsn:

Vs _t
o = Vi
1 _t
2_N =e€er (42)

Equationd.2is the settlingtime for one LSB. With this approximatiorthe time constantandthus
thebandwidthspecifiedn LSBsof accurag canbecalculated Table4.1shavstherequiredsettling

time for onehalf LSB resolutionfor increasingconverterbit resolution.

| Bit Resolution| (1) |

8 6.24
9 6.93%
10 7.6Z
11 8.3
12 9.0
13 9.7x
14 10.4a
15 11.09

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 interstageamplifier mustbe over-damped.The interstageamplifieris of muchhigherorder
thana first ordersystembut if the systemis over-dampedt canbe approximatedy a first order
system A typicalmeasuremerntf thestability of aclosedoop systenisthephasemagin. Depicted
graphicallyin Figure4.1, it is definedasthe phase‘distance”from the 18 point of the feedback
loop, whenthe gain of the amplifierhasreachecunity. Physically the 18(° pointis thefrequeng
at which the nggative feedbackoop, typical of a stablesystem,has18® of phaseshift makingit
positive feedbackpr anoscillator If atthe pointwherethe nggative feedbackecomepositive the
netgainof thesystemis lessthanone,thenthe systemis stable.How stableis definedby thephase

maugin: Thelargerthe phasemaigin, themorestablethe system12].

Theresponsef asecondrdersystemsandmary higherordersystemswith secondrderdominant
poles,is describecby a dampedsinusoid. Figure4.2 shavs several typical responsesrom a sec-
ond ordersystemswith differentdampingfactors. The underdampedesponseeacheghe desired
voltagefasterbut it oscillatesaroundthatpointfor alongtime. This behaior is undesirablén the
interstageamplifier becauséhe next stagehasto wait longerto getthe correctresidue. Typically
in pipeline ADC the settlingtime is specifiedwith LSBs. For atypical converterit is desirableto
have the sampleandhold settlewithin somespecifiedamountof LSBs. The overdampedesponse
hasthe mostdesirablecharacteristicandcanbe bettermodeledoy simpleapproximationsuchas

thosein the bandwidthsection.

Fromthe previousdiscussionthe overdampedsecondrderresponsés the mostdesirableandcan
be approximatedy the first ordermodelin the bandwidthsection. To put this responsen terms
of phasemamgin, 75° or moreensureghatthe systemwill be dominantfirst order Essentiallythis
meansthat thereis a single dominantpole that adds9(° of phaseshift in the feedbacKoop plus

anadditionall5’ from higherorderpolesbeforethe unity gainfrequenyg is reached Thefactthat
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higherorderpolesonly add15° impliesthattheir locationis actuallybeyond f;. Additionally, the

higherorderpoleshave hadno substantiakffect on the magnitudeplot yet.
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4.3 OpenLoop Gain

Openloop gainof anoperationabmplifieris typically quotedasa numberonthe AC responselot
andlittle thoughis givento wherethe value comesfrom or whereit is valid. AC modelsusually
definethe openloop gainasthe derivative of the DC responsevaluatedat somespecificoperating
point. However, whenthe AC operatingsignalgrows to beto large, the AC smallsignalmodelcan

startto breakdown.

Figure4.3(b) shavs a typical DC sweepof a differential CMOS pair with a single endedoutput.
It hastwo saturatiorregionsanda two transitionregionsdefinedby the cornersof the plot anda
somevhatlinearregionin themiddle. Thelinearregionis typically theregionthatamplifiersareset
to operatdn becausehegainfrom inputto outputcanbeassumedonstantwherethe gainquoted
is theslopeof theline in thelinearregion. Whentheoutputsignalbeginsto enterthe cornersof the
plot theslopeis no longerconstantandthereforethe gaincanno longerbe assumedonstant.This
canresultin adistortedoutput. Whenappliedto pipelinecorvertersthis meanghatinformationis
beinglost.

Range where large signal
model applies

R

Triode ,

Vout
Vout
Verror

+ “Linear" «
' Region '

' Triode

Vin Vin Vin

(a)ldeal (b)Actual (c)Actual-ldeal

Figure4.3: Ideal DC sweepactual,anderrorvoltagebetweerthem.

Looking closerat thelinearregion, it is in factnot linearandcanbe describedy the large signal
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DC modelequatiord.3[10], whereVihax is the maximumoutputvoltageandA is the highestgain

in thelinearregion usuallydenotedy gmR,. Equationd.3doesnotapplywhenthetransistorenter

/ 2\/2
Vou = AgViny/1— ﬁ;';zm (4-3)

As statedearlier simple AC modelsappoximatehe slopeof the line asa constantand plug that

thetrioderegion.

constaninto aclosedoop modelto getaclosedoop gain. Thesimpleclosedoop modelshavn in

Figure4.4is describedy equatiord.4.

vin RV TT:

Figure4.4: Amplifier with closedoop feedback.

VOLt = [Vin - BVOLI]A

Vou A 1

R — ~

Vi 1+BA 1+B

(4.4)

I =

Typicallythe% termis assumedo be nggligablein amplifierdesignmakingthe desiredgainfactor

1 1
3 andtheerrorfactorW

factor A changeswith voltage,which it does. This is becauseligital correctionwill only measure

[11]. With digital correctionthis errorwould not matterunlesshegain

thegainatthenominalvoltage. This makesthedifferencen the closedioop gainfrom thenominal
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voltageto themaximumvoltagethecritical designparametethatneedso beminimized. Thechange

in closedloop gainis describedy:

AA = 1 o 1 _ Ao — Anmin
" B+HAnnB?  B+AB? 14 B(Ao+ Amin) + AcAminB?
AO_Amin
~ 45
AOAminBZ ( )

WhereAmin andAg arethederivative of equatiord.3evaluatedatthenominalandmaximumvoltage
levels. Theappoximatiormadein equatiord.5is allowed becaus@roppingthe extratermsmakes
the estimateof the errorlargerthantheactualerrorresultingin amoreconserative andmathemat-
ically easierapproach.Substitutingthe derivative of equation4.3 into 4.5 resultsin equation4.6
whichis the closedloop gainerrorasa function of the output. Only theresultsareshavn herebut
aderivationusingMapleis includedin the appendix.Althoughthe equationdoesnot appearo be
significantsomeimportantresultscanbe concluded.The gainerroris a groupof functionsof Vo
denotedby I' divided by the smallsignalopenloop gainAg. Theimplicationsof thisareshavn in
Figure4.5whereastheopenloop gaingetslargertheclosedioop gainerrorasaresultof changing

outputvoltagegetssmaller

V24 2r—-2r
AA:—;/_AO = (4.6)

r— Vr121ax_V02Lt

=\

max

Sincethefirst stagewill contritute the mosterrorto the systemthenminimizing the gainerror of
thefirst stageis critical. With theresultsof equatiord.6 a goodestimateon therequiredopenloop

gain canbe madeby putting the equationin termsof LSB’s in the first stage. The only required
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informationis the maximumoutputvoltageVmnay thefull scalevoltageVyy = Vis, andthe gain of
theinterstageamplifier % It shouldbe notedthattheseequationsareroughestimate®f theactual

behaior but with someaddedsafetymangin the desiredperformacecanbereached.
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Figure 4.5: Plot of the closedloop gain error AA with changingopenloop gain Ag and output
voltage.
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4.4 SlewRate

Anotherimportantdesignparametefor the interstageamplifierthatcanaffect the outputresponse
is theslew rateof theop-amp.Thisis aquantitythatdescribesheinteractionof thebiascurrentsof
the op-ampandthe capacitorghatform the sampleandhold . Thetransistorghatform the output
stageof anop-ampare(in a DC senserurrentsourcesThe maximumcurrentthatthey cansupply
is the DC bias currentlpias andthe chage that they supplyis IpiadAt. Assumingthat this chage
is deliveredto the sampleandhold capacitor the voltagechangeresultingfrom the chage will be
%. With this approximatiorthebiascurrentfor anop-ampcanbedeterminedf it is known what
voltageswing the outputundegoes,in whatamountof time, andwhatthe load capacitancés as

depictedn Figure4.6.

Vdd

+ I bias

| bias

out
O

"L

Figure4.6: Biascurrentsandslew rate.

The simple approximationshavn in Figure4.6 canbe usedin morecomple switchedcapacitor
amplifierssuchasthe interstageamplifier of a pipelineADC; the only differenceis thattheloadis
not a single capacitancdut a groupof capacitors.A simplemethodfor estimatingthe necessary
biascurrentfrom therequiredslew rateis to find the equivalentimpedencendequatechages[12].
Figure 4.7 shaws an interstageamplifier with the samplingcapacitorconnectedn the feedback

loop anddriving thesamplingcapacitorof the next stage Notethatin theradix=21.5-bitperstage
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architectureall capacitorsarethe samesize. Looking at the schematicof the radix=2 1.5-bit per

stagethe equivalentimpedencehatmustbe metby IpiadAt is:

C1aCoa
lpiasAt = Vis[C1g +Cop + ——F—— 4.7
biasAt = Vis[Cig +Cos C1A+C2A] (4.7)
Thefactthatall capacitorsarethe samesizeresultsin:
IpiasAt = V¢s2.5C

This methodis usedto calculatethe biascurrentsfor a radix=2 corverterbut it canbe appliedto
higher resolutioncorvertersaswell. Additionally, if the input stageto the amplifier is large in
comparasoto the switchingcapacitorsthe extra capacitancef theinput stageshouldbeincluded

in the equivalentcircuit.

CZA CZB
| |
ClA
I ~ Cis
L I I
) . I L
N~ — B

- Equivalent circuit
for next stage.

Figure4.7: Equivalentcircuit for determiningoiascurrentso achieve arequiredslew rate.
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4.5 Noise

The radix=2 1.5-hit per stagepipeline ADC with digital correctionallows capacitorsizesin the
sampleandholdsto besizedbasednnoiseconsiderationsatherthanmatching.Thisis becausary
matchingerrorsthatoccurarecorrectedligitally. With noisebeingthelower limit on performance

it is necessaryo understandhe effect of noiseon the overall pipelinestructure.

Thereis a sampleandhold for eachstagebut eachsampleandhold doesnot contritute the same
amountof noise.Consideringhe 12-bitcorverteragain thefirst stagewould addKT/C noiseto 12
bits andthe secondstagewould addKT/C noiseto 11 bits. Essentiallythe noisefloor limitation is

halvedwith eachsuccessie stage. Thetotal noiseof all sampleandholdscanbeapproximatedy:

If it is desiredthateachstagecontritute the sameamountof noiseto the systemthenthe capacitor
for eachsuccessie stagecanbedecreasetly afactorof four. Theadwantageo thisis thatthe bias
currentscanalsobe decreasetyy a factorof four. Anotherapproackmightbeto keepevery stage
the samemakingthe majority of the noisecontrituted by the first few stages.Comparingthe two
approachesjecreasingapacitorsize by a factor of four sases power but resultsin the the most
noise,andkeepingthe capacitorsizesthe sameresultsin thelowestnoisebut useshe mostpower.
A compromiséetweerthetwo is scalingdown by afactorof two[2]. However, anaddedbenefitof
keepingall capacitorghesameis thateachstageis exactly the sameminimizing designtime. This
is theapproaclhtakenin this design.With this approachdesigningor onequarte.SB rmsnoisein

thefirst stageensureshatonehalf LSB noiseis contritutedby the entiresystem.

To apply the previous resultto the switchedcapacitorinterstageamplifier it is necessaryo know
how noiseis addedn this structure Referringto Figure4.7 it is evidentthatthefeedbaclcapacitor

Coa andtheinput capacitotCy 4 areboth chagedthroughseparatesamplingswitches.This means
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that the rms noiseon eachcapacitorwill be uncorrelated.Assumingthat the effectsaddin rms

fashion thisincreaseshetotal noiseby afactorof v/2.

4.6 Summary of Requirements

The previous discussionoutlines someimportantdesigncriteria for the interstageamplifier and
sampleand hold systemin pipeline ADCs. Whenthe designof the amplifier is attemptedhese
criteriacannotbe met on an individual basisbecausehey aredependenbn oneanother For ex-
ample: capacitorsizein the sampleandhold determineghe slew rate, noise,andstability of the
system.Theresultsof thisinteractionis thatthe designof theinterstageamplifieris guidedby slew
rate, noise,bandwidth,andstability The optimal designfor aninterstageamplifieris reachedy
calculatingthe boundarieswith the previous criteria anditeratingwithin thoseboundariesuntil a
suitableagreemenbetweerall is made.With thisin mind afew op-amparchitecturesrediscussed

andhow they fit within the ADC’s operatingooundaries.
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Op-Amp Ar chitectures

5.1 Intr oduction

In all previousschematicshecircuitshave beenshavn assingleendedmplementationsThemain
reasonfor this is to aid in understandingipeline concepts.For performancethosecircuits were
actuallyimplementeddifferentially The main advantageof differential over single endedsignal
processindplocksin integratedcircuitsis substrataoiseimmunity, wherassubstrateoisein single
endedcircuitsmanifeststself asanoffset,in differentialcircuitsit resultsin acommonmodesignal

thatis for the mostpartrejected.

The mostcommonintegratedcircuit differentialamplifier is the operationaktransconductancer
om — C amplifierwhichis usedto drive capacitve loads. It is characterizedby its simplicity while
still maintainingreasonabligh performancejualitiessuchasspeedandgain. Therearemary dif-
ferentvariationsof fully differentialg,,—C amplifiersthatareuseddependingpnwhatperformance
parametergare mostimportant. For this designa few basicop-amparchitecturesvereconsidered
aspotentialcandidate$or theinterstageamplifier: the cascodedurrentmirror amplifier, thefolded

cascodeandthecurrentmirror amplifierwith actve cascodesThedesignaspect®f eachwill now

53
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bereviewed.

5.1.1 CurrentMirr or Amplifier

A currentmirror amplifieris shawvn in Figure5.1. Q9 andQ10form adifferentialpairwhosesource
load arethe diodeconnectedransistor€)2 andQ3. Because)2 andQ3 arediodeconnectedhey
form a low impedancenodewith anapproximatevalue gim wheregn, is the small signaltranscon-
ductancgl13]. Becausehey arediodeconnectedhesignalthatis amplifiedin thedifferentialpairis
currentwhichis reflectedo theoutputtransistor€)1 andQ4 wheretheactualvoltageamplification
takesplace. The currentgainthatoccursin the outertransistor€Q1 and Q4 is equalto the current
gainin Q2 and Q3 multiplied by the ratio of Q2 andQ1 or Q3 and Q4(Theratiosare sometimes
scaledto getmoregain.) The currentchangingn Q1 andQ4 alsochangesn Q14 andQ16 which
behae asnonideal currentsourceswith highimpedanceslt is theimpedancef Q14andQ16(as
well asQ1 and Q4) that corvertsthe changingcurrentinto a changingvoltage. The specificsof

theserelationshipawvill be developedmorein the smallsignalgainsection.

Therangeover which the cascodep-ampfunctionsfairly linearly is definedby thecommonmode
inputanddifferentialoutputrange.lt is describedasfairly linearbecausaoneof therelationships
arelinearbut canbe approximatedslinearin certainregions. Desiredoperationresultswhenall
transistorsaarein saturationwherethey canbe modeledascurrentsourceswith highimpedances,
versusthetrioderegion wherethey behae asresistorawvith alinearvoltageresistanceelationship.

Currentsourcesaremoredesirablebecausdighervoltagegaincanberealized.

Theboundanbetweerthetriodeandthesaturatiorregionis determinedy thedrain-sourceoltage
Vus- Specificallyif Vys > Vgs—W = Vet f thentheoutputtransistorswill behae like highimpedance
currentsources.This limits the maximumdifferentialoutputto 2(Vpp +Vett, — Vett,). To achieve

amorelinearsignal,differentialoutputsignalsshouldbelimited to somethindessthanthis. Since

theseamplifiersare configuredin a feedbacKkoop the differentialinput signalis often small and
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vdd vdd vdd vdd

out- out+

Vbias ° I |: Q15

Figure5.1: Currentmirror amplifier

it is not necessaryo be concernediboutdifferentregionsof operation. The commonmodeinput
voltage,however; is a differentmatter Althoughit shouldstayaroundsomenominalvalueit can
vary becausef noiseandotherlimiting factorsin the commonmodefeedbackcircuitry. For this
reasorit is desiredto have a large commonmodeinput rangeto minimize the effectsof common
modesignals.The maximuminput signalis limited by the transistorgQ2 andQ3 andis definedby
Vop + Vgs, — Vih,- The minimum input commonmodevoltageis limited by the differentialinput

pair Q9 andQ10andthecurrentsourceQ15andis definedby Ve 1, + Vys,-
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5.1.2 Small Signal Operation

The voltagegain of the currentmirror amplifieris all derived at the outputsinceit is the only high
impedanceodein thecircuit. This classifiegshecurrentmirror amplifierasasinglestageamplifier,
limiting its applicationdo driving capacitve loadsonly. The mainreasorfor thisis thataresistve
load would lower the outputimpedancepotentiallynegatingary voltagegainthatoccurredin the
circuit. For this reasorresistie loadsaretypically driven by an op-ampwith two stagesor more.
Anotherpoint to noteis the addedcompleity of the structure. The outputstagesareintendedto
increasehedifferentialoutputswingwhile maintaininghesamevoltagegain. If asmalldifferential
outputswingis desiredthenonly a differentialpair may be necessaryFigure5.2 shavs the small

signalmodelfor atransistoractingasa currentsource.

vdd

d gmvgs

Cascoded Current Mirror Small Signal Model

Figure5.2: MOS transistoractingasa currentsource.

Usingthesmallsignalmodelof aMOS transistorthe openloop gainof thecurrentmirror amplifier

in Figure5.1is describedy:

Ao = Kngo

whereR,; is the parallelcombinationof theimpedancesf transistor€Q1 andQ14 or Q4 andQ16.
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ThefactorK is includedto representhe currentratio from the differentialpair to the outputstage.

Substitutingexpressionselatinggm andR, to thebiascurrentlp resultsin[12]:

B K./2KnTIp B Ky/2Kn T

~ (Ap+M)lo  Ap+An)Vio

In otherwords,to maximizegainthe biascurrentshouldbe assmallaspossible but the minimum
currentis dictatedby the desiredslen rate and noisegeneratedy the outputstage. The factor
K could be increasedndefinitely but is usuallykeptbelaw five for stability reasons.This will be

developedmorein the next section.
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5.1.3 AC Response

The mostfrequentyusedmethodfor op-ampcompensatiolis to capacitvely load oneof the high
impedancenodesin the circuit if possibleincorporatingthe miller effect. The reasonfor this is
to realizethe mostcompensatioffor the smallestcompensatioapacitancécapacitancés area).
For asimpleRC circuit fagy = ﬁ Althoughthis relationshipis modifiedsomeavhatin anactive
circuittheprincipleis still the sameto malke f3g, smallR andC mustbelarge. Sincetheonly high
impedancenodeof currentmirror amplifieris at the output,the load senesasthe compensation

making fagp = ﬁ andthe gainbandwidthproduct:

— 9m
fi = 2, (5.1)

Thefirst orderprincipleof gainbandwidthproductonly appliesif higherorderpolesdonotinterfere
with themagnitudeesponseintil beyond f; andasstatedn thestability sectionof chapte#, higher
order poles can dramaticallyeffect the phaseresponseand thus the stability of the closedloop
system.For this reasorit is necessaryo understandvherehigherorderpolesoccurin the current
mirror amplifierto minimizethereinteractionwith boththe phaseandmagnitudeesponsedrigure
5.3shaws a currentmirror amplifierwith theload capacitanc€_ andthe parasiticcapacitance§,
atthegatesof transistor€)1andQ4. C, is acombinatiorof capacitancethatoccuratthosenodes.
The effect of the parasiticcapacitanceat the baseof transistor9Q2 andQ3 canaddenoughphase
shift in the outputto go beyond 18(° beforeary changen the magnituderesponsés seen.Thisis
shawvn in the simulationof Figure5.4. At 600kHzthe dominantpole from the load startsto affect
the magnituderesponseandby 6MHz, 9C° of phaseshift hasoccurred. Also at about6MHz the
two secondarypolesthat occurbecausef the parasiticcapacitancédeagin to interferewith phase
response.The simulationshavs the resultsof differentcapacitanceat the baseof transistorsQ2
and Q3 with the minimum addingthe leastamountof phaseshift. The bestway to malke a stable

designis to minimizethe capacitancethatoccuratthosenodeshroughdevice sizeandlayout.
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As mentionecearlier thecurrentmirroringfactorK alsodeterminesvheretheparasitiqpolesoccur
As K increasesthe currentin the differentialpair decreasesaisingtheimpedancet the basesf

Q2 andQ3. This hasthe effect of moving the parasiticpolescloserto f; (Assumingthatgy, is kept

vdd
o)

thesame).

o I Q15

o | |
o P

Figure5.3: Currentmirror amplifierwith parasiticcapacitance§,,.
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ALC OP_AMP_1EST schematic @ Feb 15 13:12:88 2080
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Figure5.4: Simulationshaving the effect of parasiticcapacitancem a currentmirror amplifier
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5.1.4 CascodedCurr ent Mirr or Amplifier

With the ever growing needfor fastertransistorschannellengthshave beensteadily deceasing
andasa resultthe drain to sourceimpedancesiecrease Without gettinginto shortchanneland
saturationvelocity effects, rys is directly proportionalto the channellengthL. To overcomethis
limitation it is frequentlynecessaryo usecascodedurrentmirrors suchasthe simpleoneshavn
in Figure5.5. To calculatehe smallsignalinputimpedancehe simplerelationshipR, = \IL; isused,

resultingin:

lNds2
Ro = [1+4 rgoOm + @]rdsl & I'gs1lds2Om

Theregion in whichthis relationshigs valid is Vin > Veff1 + Vet 2! [12].

vdd
g ly
e OVo
| R I
= V r
Vbias gm gs ds1
v S

Cascoded Current Mirror Small Signal Model

Figure5.5: Cascodedurrentmirror.

Combiningall of the elementgreviously mentionedresultsin the schematicshavn in Figure5.6
whichdiffersonly in theextracascoderansistorsFollowing thebasicoutlinepreviously mentioned
anop-ampwith sufiicient gainandstability canbe obtained.The cascoddransistor€5, Q6, Q7,

andQ8 allow thetransistorgQ1, Q2, Q3, andQ4 to be minimumchannelengthwhile still having

Whias Mustbe chosersothatVyias > Vgs+ Vet -



CHAPTERS5. OP-AMPARCHITECTURES 62

reasonablgain. As well asbeingfaster minimumsizetransistor$iave lower parasiticcapacitance
makingthe secondarypolesasineffective aspossible. Additionally, the DC gain canbe controlled
by the cascoddransistorsQ5 and Q8. For symmetrythe transistorsQ11, Q12 and Q13 canbe
includedbut cascodedN-channeldevices are not necessary Usually the limiting factor are the
P-channetlevices. For speedQ11,Q12andQ13canbe madewith minimumlength.

Vvdd

@ I——EFQZ S —

Vpiass e Q5 jl I ”: Q8
VOUt' © V|n 1 VOUt"‘
1l |
Vbiasz  ° o1 Q2 I|: Q13
Voass  © Q15

chfb ° Q 14

| i Ii@le

Figure5.6: Cascodedurrentmirror amplifier

=
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5.2 Folded Cascode

A variation of the cascodedturrentmirror amplifieris the folded cascode.The main difference
betweerthe simplecascode@mplifierandfolded cascodemplifieris the currentsharingbetween
the outputstageandthe differential pair thattakes placein the folded cascode Figure5.7 shavs
a typical schematicof a folded cascodeamplifier The currentsin the differential pair and the
outputstageareboth suppliedby the currentsourceQ1 andQ2. Any currentthatchangesn the
differentialpair Q5 andQ6 becausef a differentialinputsignalis subtractear addedo the output

stagedirectly. Active devicesareno longerusedto mirror the currentfrom the differentialpair to

theoutputstage.
Vdd Vdd
Vbiasa o—'_”?;]- QZ—E}—‘
V ias.
Q3 "= IH Q4
Vout- © Vin- ° I; Q5 QG ‘|—o Vin+ — Vout+

Vbiasz  © Q7 ]I Qs I ”: Qo
Viiasz  © I Q11
v Bl

o
cmfb Q 10

I Q12
1 T

Figure5.7: Foldedcascode@mplifier

5.2.1 Small Signal Operation

Justaswith the cascodedurrentmirror amplifier, the voltage gain that occursat the outputis a

resultof the transconductancef the differential pair and the outputimpedancepr A, = gmRo.
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However, the outputimpedancdR, is differentbecausef the structure Figure5.8 shavs thesmall
signalmodelfor oneside of the folded cascode UsingR, = \IL;’ asbefore,theinputimpedances

foundto be:

Ro = [1+ (fas2//Yds1)Om+ %]

Fdss ~ I'ds3(Tds2/ /Tds1)9m

For similar devicesthis is a slight decreasén the outputimpedancedrom a regular cascoddo a
folded cascode.This hasa direct effect on the openloop gain but the unity gainfrequeng stays
approximatelfthe samefor thesamdoad capacitancandgy,. Notethatfor greatemainthe current
sourcdy shouldbe cascodedswell.

vdd

VbiasZ

Cascoded Current Mirror Small Signal Model

Figure5.8: Smallsignalmodelof afoldedcascode.

5.2.2 AC Response

The adwantageof a folded cascodeover a regular cascodas stability Greaterstability is obtained
by the elimination of the parasiticpolesat the baseof transistorsQ2 and Q3 in Figure 5.6 (the
regularcascodedurrentmirror amplifier). Thisleavesthedominantpolefrom theloadcapacitance.

Additional polesdo occur but they lie at much higher frequencieson the magnitudeand phase
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spectrumin thisregardthefoldedcascodés somavhatmorestablethanatypical cascodedurrent
mirror amplifier Figure5.9shawvs asimulationof afoldedcascodeverethe only thingthatappears
in themagnitudespectrunis asinglepoleroll off andin the phasesecondarypoleshavelittle effect.

Thesimulationshavn hasa phasemamgin of 80° anda openloop gainof 48dB.

AC Response 0
sg =i dB2B(VF(/net14™)
40
30
Z 20
°
119
2.9
-10
gop 0 phase(VE('/neti4"))
—30.0
—60.0
2 _90.0
S
—120
—150
—180
1K 10K 100K ™ 19M 190M 1G
freq ((Hz )

Figure5.9: AC simulationof afolded cascodemplifiet
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5.3 Cascodewith Active Curr ent Sources

Anothervariationof the cascodedurrentmirror amplifieris anactive cascodemplifier Typically
the gateto sourcevoltagein a cascoddransistorchangesith the outputvoltagebecausehe gate
is connectedo a biasvoltageandthe sourcevoltagechangessa resultof rys of the othercascode
transistar With an active bias a feedbackamplifier is usedto keepthe gateto sourcevoltagea
constanfaspossible.In this way the interactionof therys of onecascoddransistothaslittle effect

onthegateto sourcebiasvoltageof the othercascoddransistor

Figure5.10shavs anactively biasedcurrentmirror. Usingthe smallsignalmodelsin the previous

analysigheimpedancés describedy:

Ro = rdsifds2Om(1+A)

As anexample,a device with VT" = % in the HP 0.6um processasanrys of 9K Ohms.Assuming
areasonablealueof 50QUA/V andA=5, theinputimpedenceas 250K Ohms. As a comparasom

device with VTV = %O only hasanimpedencef 200K Ohmsandis significantlyslower.

With active currentsourceshigh gainscan be achiered but with mary additionalamplifiers. To
male onecurrentmirror amplifier with active currentsourcedour additionalamplifierswould be
necessaryA simpleMOS implementatioris alsoshavn in Figure5.10. Thefeedbaclkamplifieris
madeusinga commonsourceamplifier Note thatwith this configurationthe outputis limited to
within Vs + Vet ¢ Of thetop andbottomrail. “Wide swing” actve currentmirror configurationsan

be usedwith addedcompleity [12].

Figure5.11shavs a simulationof an amplifierwith active sources.The phasemangin is 45° with
85dBof openloop gain. Notethat f; is aboutthesameasthe otherconfigurationdecausd is only

dependenbn g, of the differentialpair asstatedn equatiorb. 1.
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<
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<

vdd vdd

VbiasZ VbiasZ E’

Vbiasl I: 1 I:
R,
Active Current Mirror MOS Implementation
Figure5.10: Active currentsource.
AC Response ll
1 -i dB2O(VE(/net14"))
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& 40.0 L
10.0 ] _
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Figure5.11: AC simulationof anactively cascodeaurrentmirror amplifiet
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5.4 Summary of Ar chitectures

Figure5.12 summarizeshe performancef the differentarchitecturesliscussedThe Foldedcas-
codeis in generalnot desirablebecausef its lower gainbut if stabilityis anissue,it requiredess
compensatioapacitancéthusarea)to achieve stableoperation.On the oppositeendof the spec-
trum is the cascodeamplifier with active currentsources.With approximatelythe samespeedas
the folded cascodea large openloop gain canbe obtained. In situationswherea linear response
andsmallerrorvoltagesaredesiredanactive currentsourceamplifierwould beagoodchoice.The
maindravbackis a greatdealof active circuitry is required consumingnuchmoreareaandpower.
A goodcompromiseébetweerthetwo is acascoded),, — C amplifier It is characterizethy average

gain,reasonablstability andgoodspeedAdditionally, it requiresminimal extra circuitry.

Regardles®of whatschemas choserthe designprocedurés the same.Setgy, basednthedesired
bandwidthanddesigncurrentsourcesdasedn the necessargpenloop gainandslew rate.Device
sizesareselecteasedn biascurrentsandthe requiredoutputrange.Finally, a simulatoris used

to refineary problemshatoccurbecausef secondaryoles.

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

Cascode
-Average gain, Simple

Gain (dB)

”””””””” N\ Folded Cascode
-More stable, less gain
poor slewing

Frequency (Hz) t

Figure5.12: Summaryof ArchitecturalPerformance
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5.5 CommonMode Feedback

Thedesignof agmn— C amplifieris straightforvard asshavn in the previoussectionsbut thedesign
of acommonmodefeedbaclcircuit to controlfully differentialamplifiersis usuallythe mostdiffi-
cult part. The purposeof the commonmodefeedbacks to sensehe commonmodevoltagefrom
the differentialoutputandcontrolthe biaslevelsin the amplifierto getthe desiredcommonmode
outputvoltage. The difficult partis rejectinglarge differential outputvoltages(sometimegail to
rail) while still sensingsmallcommonmodechangeslf thecommonmodevoltageontheoutputis
to highor low it maycausdifferentialsignalsto clip. Generallythedesiredcommonmodevoltage
is half way betweerthe supplyrails to getthelargestswingout of the differentialcircuits. Usually
the differential signalrejectionrangein the commonmodefeedbackcircuit setsthe limit on the

largestdifferentialoutputvoltage notthe biaslevelsin theamplifieritself.

5.5.1 Continuous Time Common Mode Feedback

Severaldifferentscheme$iave beenusedto controlthe commonmodevoltage ,the mostcommon
continuoudime circuitis shavn in Figure5.13.1t usestwo differentialpair, onefor eachoutputof
afully differentialamplifier, to comparehe outputsto somecommonmodevoltage.If thevoltages
areequalattheinputsof eachdifferentialpair, thenthecurrentl, from eachsourcewill splitexactly
in half andthenrecombinein transistor€Q7 andQ8. In the presencef a differentialinput signal,
the currentin Q3 will be%b + Ai andthe currentin Q6 will be%b — Ai, which sumin transistorQ7
to bely. In asimilarfashionthecurrentin Q4 will be%b — Ai andthecurrentin Q5 will be%b +Ai,
which alsosumsto Iy. If the commonmodevoltagesare not the samethe currentwill not divide
in transistorg) 7 andQ8 evenly andthe commonmodefeedbackvoltagewill changegchanginghe

biascurrentsin theamplifier

The sharingof currentin the feedbaclkecircuit is dependenon the transistorsQ3, Q4, Q5, andQ6

all operatingn alinearfashionwhichis notalwaysthe case.The AC linearmodelfor aMOSFET
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is the derivative with respecto a smallinput voltage,but with large differentialinput signals,it is
difficult to have all transistor®peratingn thesameregion. In fact,the smallsignalmodeldoesnot
apply andthe behaior of thetwo differentialpairsis governedmoreby the large signalmodelin

equationb.2.

W W
lg = HpCoxr(VGS—Vt)2 = UpCoeresz (5.2)

For all transistordo be operatingn the sameregion the gateto sourcevoltageVss mustbe greater
thanthethresholdvoltage\;, aswell asbeingin theactive region. With thisrestrictionthemaximum
differentialinput voltagecanbe found. AssumingthatVi,_ is aslow aspossibleandVi,, is ahigh

aspossiblejgz = Ig, lga =0, Igs = I, Ige = 0. Noting thatthe gateto sourcevoltageatlqs = 0 is

V4, themaximumdifferentialinputis 2Ves . In otherwords,the effective voltagesof the differential
pairsshouldbe maximizedto increasehedifferentialoutputrange.Theupperlimit ontheeffective

voltagesis setby transistor91, Q2, Q7, and Q8. The effective voltagesof the differential pairs
mustbemadesmallenoughto fit within Vg — Vet fo1,02 andVesgr,gs-

vdd

Vbiasl © =
vem ref
Vgs@lb |
Vin- 0—/VH:Q3 o Vin+
1 oV cmfb
Lo L g
Q7 Q8

Figure5.13: ContinuousTime CommonMode FeedbaclCircuit.
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The stability of this type of feedbackstructureis anotherimiting factorthat mustbe considered
in thedesign.In Figure5.13,transistorQ7 andQ8 arenot connectedn a standardsingleended
output. Insteadthey are both diode connectedsignificantlylowering the gain. This is necessary
becausef the instability of the commonmodefeedbacknetwork. Becauseof the compleity of
thecommonmodefeedbaclkandamplifierworking togetherit is usuallynecessaryo optimizethe

designusinga simulatorto achieve stability.

5.5.2 SwitchedCapacitor CMFB

Morerecentdevelopmentsn commommodefeedbaclcircuitshaveincorporatedheuseof switched
capacitorcircuits for improved linear range. Variationson the overall topology are numeroushut
thebasicconcepts to samplethetwo differentialoutputson separateapacitorsandin thesecond
phaseaveragethe chage to getthe commonmodevoltage. With a little additionalcircuitry the
commonmodevoltagecanbe usedto controlthebiaslevelsin theamplifier Theadwantagegained

throughswitchedcapacitorcircuitsis alinearrelationshipover the entireoperatingange.

A switchedcapacitocommonmodefeedbackeircuit is shavn in Figure5.14. This circuit is only
usefulwhentheamplifieritself is beingusedin aswitchedcapacitoapplicationbecaus¢heoutputs
aredisabledduring the samplingphasef;. During this time the chageson the outputcapacitors
areaveragedandfed into an amplifierfor comparisorto the desiredcommonmodevoltage. Any
desiredcorrectionof theerroris putbackon the outputcapacitorsandthecircuit goesinto the next

cycle of operation16].

A problemwith switchedcapacitorcommonmodefeedbackmplementationss that patternnoise
atthesamplingfrequeny is injectedinto continuoudime signals.For thisreasona high precision
amplifier would not be appropriatefor switchedcapacitorcommonmodefeedbackimplementa-
tions. However, in someapplicationsvheremixed modeclockingsignalsalreadyexist on chip, the

adwantagegained(suchasincreasedinearoutput)might be worth thetradeoff.
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Figure5.14: SwitchedCapacitotCommonMode Feedback.
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5.6 TestChip Amplifier

The architectureusedin the testchip wasthe cascodedurrentmirror amplifier with continuous
time commonmodefeedback.This choicewasmadebecaus®f the smallarearequiredwhile still
maintainingsufiicient performanceThefinal schemati@andlayoutusedareshavn in figures5.15
and5.16. Specificperformanceriteriamet by this designwere obtainedthroughsimulationsand

aresummarizedn Table5.1.

| Criteria | Value | Remarks \
OpenLoop Gain 58dB Fully differential
f; 400MHz | 1pFLoad
fad 600kHz | 1pFLoad
LinearOutputRange| £1V Forerror< 1/4LSB
Slew Rate 500VAS | 1pFLoad
Supply +5V
BiasCurrent 1.9mA
PhaseéMargin 45° 1pFLoad

Table5.1: Simulatedperformancef testchip amplifier
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Figure5.15: Schematiof testchip amplifier
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Chapter 6

Comparator Architecture

To make the roughdecisionsfor eachstageof the pipeline convertertwo comparatorsare neces-
sary Dueto theinherentcorrectionin the pipelinewith digital overlappingschemethe threshold
accurag requirementsireminimal. As discussearlieranerrorup to \% canbemadein the1.5
bit per stagearchitecturewithout any consequencesn the outputcodes.The two mostimportant

performanceequirementarespeedandflashbackbothof whicharenow discussed.

6.1 Flashback

Most corvertersrequire somesort of latching of the outputto take place so thatthe value at a
particulartime canberead. Anotherthing gainedfrom latchingis thatit allows the comparatoto
be resetcompletelybeforegoingon to the next value. In this way residuechagesfrom onevalue
to the next do not interferewith one another At the momentthe latchingtakes place,nodesin
the circuit canmove asmuchasthe supplyrail in very little time. Becauseof the natureof the
the structureparasiticchagescangetinjectedfrom the circuit itself to the input at the momentof

latching,addingerrorto the signalbeingprocessedThis is commonlyreferredto asflashback.

76
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The explanationof flashbackcanbestbe seenin the circuit in Figure6.1 whichis a latchedcom-
parator The centerpartof the comparatoforms the latchingcircuitry. It hasspeedimited only
by the process.The transistor€Q4 and Q5 form sourcefollowersto buffer the input signalbefore
it goesinto the high gain setupstage. The buffering helpsto minimize flashbackduring latching.
Any chagethatis to beinjectedinto theinputsignalduringlatchingmustfirst transmitthroughthe
parasiticof thegatesof Q6 andQ4 aswell asQ7 andQ5. SinceQ4 andQ5 form sourcefollowers
they canbe small(assuminghatthey have suficient matching)minimizing flashbackevenfurthet
A simulationwhich shavs flashbacks includedin Figure6.2. In this casethe flashbacks of the
orderof 50QuV peak.

Vdd vdd Vdd Vdd

i
Vin- [ o4 s J——t— Vi

o T v
7] g

Q11 I Q12 _‘I le:DC[ Q14 I'_ Q14
r 1

Figure6.1: LatchedComparator
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6.2 ReferenceVoltage

The referencevoltageis generatedhroughan intentionalmismatchin the input circuitry of the

comparatar The inaccuraciesassociatedvith this are high but can be toleratedbecauseof the
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Figure6.2: Flashback

decisionoffset correct-abilityinherentin the overlappingscheme.In the physicalimplementation
theoffsetoccurdan thesourcdollowersQ4andQ5, whereonetransistothasaneffective voltage\%
greaterthanthe other Obviously thereferencevoltagewill changegrom comparatoto comparator
aswell asbeingprocesslependentAnotherdravbackis thatthe referencevoltagewill nottrack
with othervoltageschangingin the circuit. In spite of all of thesenegatvesit is still believed
thatbecausef the robustnesof the digital correction,internally generateaffset voltageswill be

sufficient.

6.3 TestChip Comparator

Theschematiausedn thetestchipis thesameasthatshavnin Figure6.1. Thetestchipcomparator
layoutis shavn in Figure6.3. Thecritical componentsuchasthelatchingstage(transistor€)6 Q7
andQ8 Q9in Figure6.1) have beenplaceascloseaspossiblefor the bestmatching.Thetransistor

sizesarealsokeptassmallaspossibleto keepflashbacko a minimum.
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Chapter 7

Digital Architectural Requirements

Most of the previous discussiorhasfocusedon the requirement®f the analogprocessinglocks.
This is becausst is difficult to malke devicesthathave high bandwidthandlinearresponse.The
requirement®f the digital component@re muchlessstringentbecausehe processeingusedis
optimizedfor digital circuitry. With gatedelaysaslow as200psmostof the digital processing
requiredfor eachstagecanbe completedeasilyin onehalf a clock cycle. In this chaptertheoverall
blockdiagramwill bediscusse@ndthefunctionof eachcomponentill beexplained.Theminimal
speedequirementsllowedeachdigital componento beconstructedrom widely usedcircuitswith

little or no extra modification.

7.1 Control Signal Generationin the Analog ProcessingBlock

To implementeachpipeline stage seseral additionalcontrol signalsarerequiredto determinethe
operatingmode. Thosemodesare: offset measurementgain measurementand normal opera-
tion. Normal operationincludesthreesub-stategor the decisionsof the two comparatorg¢00, 01

10).Theseontrolsignalsaredecodedandsentto switchdriversthatdo the actualswitchinginside
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theanalogblock. The switchingstructureusedin thetestchipis shavn in Figure7.1andTable7.1

helpsto clarify the groupingsof switchesandhow they areusedin eachoperatingmode.

All modesof operationare depictedin the timing diagramin Figure7.2. In normaloperationall

capacitorssampletheinputin the first phase.In the secondphasethe capacitorsCia andCyg are
switchedin feedbackwhile Cop andCyg areconnectedo +V;es or virtual grounddependingon the
decisionsof the comparatorsvhich is analogougo the single endedimplementation.In the first
phaseq is measuredby samplingViet On capacitorsC;a andCig while Cy4 andCyg arecompletely
dischaged. During the secondohaseCia andCig areagainconnectedn feedbackwhile Cpa and
Cog areconnectedo —Ves . And finally, in thefirst phasefor offsetmeasuremerall capacitorsare
dischaged,andin the secondphaseC;p andCyg areconnectedn feedbackandC,a andCyg are

connectedo virtual ground.

| SwitchGroup | Switches | Remarks |
SSND BcND Occursin thefirst half of all phases
SB OrB Occursin the seconchalf of all phases
2 GNDL Bc2_enp1 01, Offset
S1.GND Bc1_GND Offset
S\/in eC2_Vin; eCl_Vin SampldnpUt
S:2+Vref eC2+Vref Add Vref
Sco_vref Bco—vref Subtracyet
14 vref Bc1yvref a
S2_GND2 Bc1_cND2 Offset,a

Table7.1: Switchingof fully differentialamplifier

The schematiaisedto createthe switchingsignalsfrom thefour inputsis shavn in Figure7.3. To
simplify aswell asoptimizethe speedall casesverenot consideredn the decoder(For example,
alphaandoffsetshouldnever beassertedtthe sametime andcouldnotin thephysicaldesign)One
item to noteaboutthe controlblock is thatall signalsareprocessedirst andthenANDed with the
clock or /clock signals. This assureghat all transmissiorgatesare switchedat the sametime as
well ashelpsto eliminateglitches. Additionally, Comparatodecisionsaremade2.5nsbeforethe

edgesof the clock signalsto leave enoughtime for the decisionlogic to setup.
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Figure7.1: Fully differentialswitchedcapacitoramplifier
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Figure7.2: Timing Diagramfor digital controlof analogprocessingdplock.
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In certaincasega andoffsetmeasurement) is necessarjor the capacitor€ia andCyg to betied
to virtual groundduringbothhalvesof theclock cycle. In orderto usethe sameransmissiomgyates,
additionallogic involving bothclock signalswould berequired causingswitchingof thosegateso
occursometime aftertheclockedgegnotsynchronizedvith theothergates).To solve this problem
additionaltransmissiorgateswereincludedthat connectcapacitor<C;, andCyg to groundduring
thefirst half of theoperatingcycle. An addedbenefitof usingseparatéransmissiomgatess thatthe
switchingbehaior is closerto ideal. During the offsetmeasurementnode,capacitor<ia andCig
areconnectedo virtual groundduringbothphaseslf only onesetof gateswasused,no switching
would take placefrom thefirst to secondphaseandthe chage injectionthatwould take placein
normaloperationwould not be measuredWith two setsof gates switchingbetweerphasesvould

inject chagethatwould occurduringnormaloperatioryielding a moreaccurateeading.

g 73

NORZ Y B

Ci_vrer+

Vout+ Clgnd_off+
offset B DT-gote \ ut- C1_gnd_off—

ut+ €2_gnd_AO+
ut- €2_gnd_AO—

Figure7.3: SwitchingDecoder

Thelayoutof the controlblock is shavn in Figure7.4. The shapds resultof the spacethe control

blockfitsin. A postlayoutsimulationis includedin Figure7.5asa verificationof operation.
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Figure7.4: SwitchDecoderlayout.
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Transient Response
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Figure7.5: Postlayoutsimulationof digital controllerfor analogprocessindlock.
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7.2 Digital Pipeline

The remainingcomponentf the digital pipeline, shawn in Figure 7.6, are: coeficient storage
register multiplexer, pipelinestorageregister andadder The coeficient storageregisterA[i] stores
the calculatedvaluefor eachstageandcanbeloadedindependenof the pipeline. The multiplexer
takesthetwo bit decisionlevel from thecomparatorin theanalogprocessindplockandeithersends
all or thevaluein the coeficient registerto the addey half, or none. The adderis requiredto add
thevaluefrom themuxinto the pipeline.And finally thepipelineregisterlatcheghevaluefrom the
previousadderin the pipeline.With this brief introductionthetiming, structure andsimulationsof

eachcomponenarepresented.

Apalc?g Analog Analog
Pipeline Processing Pipeline
Input Block Output
Coefficient
Register
A
Alll |—’ ‘
A/2 | 3tol
MUX
0
Digital

» Pipeline

Output

Digital
Pipeline Pipeline Register >

Input
Adder

Figure7.6: Pipelinestageblock diagram
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7.2.1 Coefficientand Pipeline Registers

All datastoragen the ADC wasimplementedwith D flip flops. Althoughflip flopsrequiremore
areato storelarge amountsof data,the total amountof memoryin the ADC is small makingflip

flopsmoreeconomicathancomples structureghatmight 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 shawvn in

Figure7.7[14]. It is constructeaut of two D latchesnakingit edgetriggered.

Vvdd Vvdd

D@EE DE@DE EEQ

T T
CK /ICK
~ CK - — /CK —-
1 .
] —
/ICK CK

Figure7.7: D Flip Flop

Thelayoutfor a D flip-flop is shavn in Figure7.8

7.2.2 Multiplexer

The multiplexer is constructedut of 16 smaller3-to-1 multiplexersaddedtogetherto make a 48-
to-16 mux. Thethreeinputsto the mux are: the input taken directly from the coeficient storage
register the input from the coeficient registershiftedby onebit (giving the division by two), or O.

Theschematidor the 3-to-1muxis shavn in Figure7.9andthelayoutin Figure7.10.



CHAPTERY. DIGITAL ARCHITECTURAL REQUIREMENTS

( 1 4 \ '

- . &£ @ @ @@ - =&

\ 1

-
%
.
|

|

.

L
|

.

n

e
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iy
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%////// L

Inputs
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Figure7.10: Layoutof a 3-to-1 Multiplexer

7.2.3 Ripple Carry Adders

The mostcommonlyknown andeasiestidderto implementis theripple carry adder The circuit
diagramfor a singlefull bit adderis shawn in Figure7.11[14]. Fourteenbits of additionhastake
placein eachstageof the pipelinein lessthana half of a clock cycle(10ns).Thiswould require13
full addersandonehalf adder Theworstcasefor the additionof sixteenbitswould requireonesum
outtsp and13 carryoutst,, . The sumout andcarryout timesarefor 50% risetimesbecausehat
is whentheinputsto the next gatebegin to switch. Fromthe simulationsshavn in Figure7.12,the
total time requiredfor 14 bits of additionis about3.5nswhich is muchlessthan10ns(half a clock
cycle at50MHz). With this safetymaigin a sufiiciently fastaddershouldresult,evenwith achange

in the switchingthresholddueto proceswariations.
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7.3 Clock Generation

A dravbackto pipelined ADCs with switchedcapacitorcircuits is that they requiremary non-
overlappingclock phasesSeveralclock phasesareneededo ensurehe properswitchingbetween
stagesswell asaseparatelocksfor thecomparatorso latch. Additionally, themainclockneedgo
beascloseto a50%duty cycle aspossibleto avoid patternerrorscausedy differentsettlingtimes
betweenstages.However with clock speedsapproachindgOMHz, an off chip systemclock with
an accurateduty cycle is animpracticalrequirement.The division of a fasterclock is a common
methodfor fixing all of theseproblemswhichis whatwasusedin this project. The detailsof which

is now presented.

The differentclocksrequiredare shavn in Figure7.13. Two out of phaseclocksarerequiredby
the analogprocessinglock so that while one stageis samplingthe previous stageis creatingthe
output. Likewise, two out of phasdatchingsignalsarerequiredfor the comparatorso make their
decisionsn eachstage. Therising edgeof the latch signalsoccur at the sametime asthe rising
edgein the clock signal, however the falling edgeof the latch occursslightly beforethe edgeof
theclock. Thisis necessaryor the comparatorso male their decisionsheforethe stageactually

changestate giving the decodingcircuitry in eachstateenoughtime to setup.

Alsoincludedin Figure7.13arethethreeclock signalsusedto derive the latchandthe stageclock
signals.Clock B is clock A divided by two, andclock C is clock B divided by two. Sinceclock A
(200MHz)wasavailablein thetestingenvironmentit wasnot necessaryo bring a slover clock on

chipandusePLL multiplication. This savesdesigntime andcompleity.

Figure 7.14 shaws the block diagramof the clock generatar Therearetwo D flip-flops usedas
division elementdo createsignalsB andC. Eachsignalpathhasadditionaldelayelementgo put
all signalsbackin phaseafter the division, followed by decodinglogic to createthe final clock

signals.A postlayoutsimulationwasperformedao verify operatiorandis shawvn in Figure7.15.



CHAPTERY. DIGITAL ARCHITECTURAL REQUIREMENTS

/CLK 1 1 ! 1 1 1 1 1 1 ! ! 1 1

= (A+B)*C

/LATCH \

Figure7.13:PipelineClocks

93



CHAPTERY. DIGITAL ARCHITECTURAL REQUIREMENTS 94
Latch
Clock T T A
/Latch
B
2 T
Clk
C IClk
2
Figure7.14:Block diagramof clock generatar
Transient Response 0
/netb
6.0 v /netd
50 [ .
| | | n
JEELH | | | |
S | n |
- 20 [ | \mcw ‘ “ “
a | L | |
00 | k_;,—b (U U
1.0
: et7
60 & /net8
5.0 4,1‘_,“
40 | ||
o se g “ “
i 2.0 /latch
1.0
0.0
e Ton 5n S 5 5on & 7on
time (s )

Figure7.15: Postlayoutsimulationof clock generation.



Chapter 8

Top Level Design

This chaptertalks abouthow all of the partsin the digital and analogarchitecturesectionswork
togetheraswell ashow they fit togetherin the top level layout. Simulationsareincludedwhere

possible.

8.1 Analog ProcessingBlock

Figure8.1is the completeschematidor the analogprocessindlock which includesthe amplifier,
digital control block, and comparators.The columnof boxeslabeledT_gateare complementary
transmissiorgatesdriven by the digital decoder The remainingtransmissiorgatesaroundthe
amplifieraremadeof NMOStransistor®nly becaus¢hevoltagesarewell belon thesupplyvoltage.
The block hasseveninput signalsandtwo outputsignals. They are: clk, /clk, latch, /latch, Vin+,

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

Thelayoutof theanalogblockis shavn in Figure8.2. All supplyandreferencevoltagesarelocated
at the top of the layout. All substratenoiseproducingsourcessuchasthe digital control block

andthe comparatorsresituatedat the bottomof thelayoutanda guardbandof substrateontacts
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surroundghe amplifierandcapacitors An additionalheary guardbandis locatedat the bottomof
the layoutto shieldthe analogblock from the digital pipelinewhich is locateddirectly beneattit

(shawn laterin thetop level layout). After the guardbandis a busfor controlsignals.

A postlayoutsimulationof theanalogblockis includedin Figure8.3. It is equivalentto theresidue
plotsthathave beenshavn in previouschapterexceptthattheinputis representetly thetime axis
becausef theswitchedcapacitomatureof the output. Theinputis arampfrom -1.0Vto 1.0V with

thetime axisscalerepresentin@.25V per100ns.As expectedhe comparatorshangeat 300nsand

500ns(-0.25Vand0.25V).
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8.2 Digital Block

Thefull schematidor the digital blockis shavn in Figure8.4. Therearetwo registersto latchthe
comparatomecisionsfrom the analogblock. The outputsare NORedtogetherto form the three
decisiondevels andthensentthroughbuffersto drive the multiplexers. Two additionalgroupings
of registersstorethe coeficientsfor eachstageand latch the outputsfrom previous stages.The
registersthatform thepipelinefeedinto theripple carryaddersdirectly. Theothergroupof registers
feedthe48to 16 mux andthenthemuxfeedstheotherinputto theripple carryaddersTwo signals
write_p andwrite_nfeedthe clock signalsof the registersto form a latchingmechanisnio load

coeficientsinto the stage(shavn onthe bottomof the schematic.)

Thelayoutof thedigital block, shavn in Figure8.5,is almostexactly asdepictedn theschematic.
Therearetwo columnsof registers,a columnof multiplexers,andfinally theripple carryadderson

the output. The comparatotatchesandmultiplexer drivesarelocatedon thetop of thelayout.
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8.3 Top Level Layout

Combining14 analoganddigital stagesogetherforms the testconverter shavn in the top level
schematién Figure8.6. Additional peripherakircuitsnotdiscussedhclude: clock buffersfor each
stagetwo 4 to 16 multiplexersto derive the calibrationandcoeficient load signals,andothermis-
cellaneoudligital buffers. The schematicsand correspondindayoutsfor theseperipheralkircuits

have beenincludedin AppendixD.

At theendof the pipelineatestblock hasbeenincludedthatallows accesso theresidueoutputand
comparatotestsignals. The testblock derivesits clocking signalsfrom the sameinput clock but

hasanindependentlock generatar

Datais loadedinto the pipelinethrougha 16-b parallelinput bus thatis connectedo the inputsof
all stagesWhich stageactuallylatcheghedatais determinedy a4-binputvector Theinputdata
andaddressectorareallowed onecycle to setup beforea write enablesignalis strobed Jatching

theinputvalues.

Datais takendirectly off chip for processindy a 16-b paralleloutputbus. This busis takenfrom
thelast pipelinestagebufferedonceandthenbufferedthroughpaddriversbeforeit is seenon the

outputpins.

Offsetandgain calibrationcanbe performedon thefirst six stages A 4-b input vectordetermines

the calibrationmode.

The overall size of the testchip shawvn in Figure8.7is 1.8mmby 4.2mm. The signalflow is also
indicatedon thetop level layout. Becausedhetop level layoutcontainsmorethan30k transistorsa
full testchip simulationwasnotpossible A chip pin-outis includedin AppendixC whichdescribes

theinputvectorsneededo controlthe corverter
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Chapter 9

TestChip Results

Theintentof thetestchipwasto verify andjudgethe performancef asmary of the ADC structures
aspossibleaswell asmale afirst attemptat a fully operationakorverter This chaptemwill cover

theverificationof functionalcomponentsindattemptto explain ary non-idealbehaior.

9.1 Clock Generation

The clock wasthe beginning of testingof the chip becausdts operationis mandatoryfor anything
elseto work. As discussedn the clock generatiorsection,phasingaswell asduty cycle of the
on chip clocksis very importantfor the overall operationof the analogprocessindlocks. Figure
9.1 shaws the four clockingsignals(latch, clk, /latch, /clk) taken directly from the chip runningat
30MHz. Thereasorthegeneratois notrunningatthefull 50MHzis becausef thelimited driving
capabilityof the standargaddriversusedin thechip. A 50MHz clock canbeseerbut its edgesare
notasdistinctasthoseshavn in Figure9.1. Fromthe 30MHz testit is evidentthattheclock phases
arecorrectandthe duty cycle very closeto 50%. Thefirst signalhasthe fastestise andfall times

becausdé wasmeasuredisingalow capacitanc@robe.
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Figure9.1: Testchip clock generatorunningat 30MHz.

9.2 Digital Pipeline

Oneof themorecritical aspect®f thepipelinedesignwastheability of the multiplexersandadders
to work in conjunctionto add 14 bits in one half of the clock cycle (10ns). To testthis the hex
numberhlFFFwasloadedin oneregisterandh0001lin a secondregister Figure9.2 shaws the
resultwith thetestchip clocked at 50MHz. In onecaseh0000is addedto h1FFFleaving h1FFF
atthe outputof the pipeline. In the secondcaseh1FFFandh000Olareaddedeaving h2000on the
outputof the pipeline. This verifiesthatfor theworstcase(13 carryoutsand1 sumout) theadders

arestill ableto performin theallotedhalf clock cycle.
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Figure9.2: Logic analyzerscreershotof worstcasel4 bit additionin 10ns.
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9.3 Analog Block

To understanary problemsthatmight occurin the operationof thelarger corverter the operation
of the singlestagewasverified. Oneitemto noteis thatthetestblock cannotoperateasfastasthe
blocksin the larger converter becausehe switchedcapacitoramplifieris driving the outputpads
directly. Thecapacitancef thepadandexternalmeasuringquipments afactorof tengreatetthan
whatthe amplifierwasdesignedor. Slowing thetestblock down allows the amplifierto drive the

padswhile still obtainingsufiicientinformationabouttheblock’s operation.

With theinputasa 2V, 1KHz rampandanoperatiorspeedf 10MHz, the outputshavn in Figure
9.3 results. The outputwas not as expectedand indicateda problemwith the layout. Upon fur-
therinvestigationit wasdiscoveredthatan error occurredin the layoutthat wasreinforcedby the

extractionsoftware.

thi~ 100V @i T1.00V ™M20.0ms Chi # 1.68V Chi~ 100V @W T.00V  ™M20.0ms ChiF 0V

Different Loads Same Loads

Figure9.3: Testblock output.

The error occurredin the layout of the capacitors.Becauseof the increasectapacitanceper unit
area,linear capacitorsvereused. In the HP AMOS14LC process|inear capacitorsare madeby

heavily implantingthe substrateao form a highly conductve well, gronving a thin oxide layer, and
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thengrowing a polysiliconlayeron top of that. In this mannerthewell region formsoneplateand
the polysiliconformsthe otherplate of a capacitar In additionto the heavily dopedwell region a
lightly dopedregion of thesamedopantypeis installedaroundtheentirearea.lf within thislightly
dopedlayer othercapacitorsaareincluded,a conductve region betweenthe wells will be formed.
This is whatwasdonein the layoutof the capacitordor theanalogblock, all wells wereputin the
samelightly dopedregion. The extractionsoftware did not connectthe wells togetheranda false

simulationresulted.

Uponnotificationthatanerroroccursduringlayoutextractionthewritersof the extractionsoftware
senta correctedpatch. Installing the patchandre-simulatingthe extractedview resultsin Figure
9.4,whichis thesameasobseredonthetestchip. With thisdiscoveryit is known thatthetestchip

converterwill notwork sonotfurthertestingasawholeconverterwasperformed.

Transient Response Ul
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time (s )

Figure9.4: Analogblock simulationwith correctedpatch.
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An attemptwas madedo verify the operationof digital controllogic for the analogblock. Since
thosesignalswerenottakendirectly off chiptheonly meango verify their operatiorwasto attempt
to analyzethe outputof thetestblock. As previously stated thewells of the capacitorsareshorted
andadditionaldummycapacitordocatedin the samewell areshortedo ground.Thisresultsin the
differentialamplifier beingturnedoff becausehe well side of the capacitorsare connectedo the
inputsof theamplifier With theamplifierbeingturnedoff the only outputseenis the chage of the
feedbaclkcapacitordeingplacedon the testprobes.This behaior is believed to be valid because

differentcapacitve loadsresultsin differentoutputamplitudesasshavn in Figure9.3.

Looking at the differential componentf the two outputsresultsin an attenuatedrersionof the
inputasshavn in Figure9.5. The signalhasbeenfilteredto remove the switchedcapacitoroutput

components.

The outputwhenthe testblock is put in calibrationmodeis alsoshavn in Figure9.5. Theinput
signalis bypasseandthe referencevoltagesare sampledon the inputs. The outputis someDC

valuethatrepresentsheerrorin thetestblock.

AP A Wisoos TR A0y A R Y
5.00 V 5.00V
ath3 50.0mv 500us Math3 50.0mv 500us

Normal Operation Calibration Mode

Figure9.5: Time averagedifferentialoutputof testblock.
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In spiteof thefactthata completelyoperationatestblock wasnotachieved, it is believedthatfrom

theresultsobtainedthatswitchingwithin thetestblock is taking placeproperly
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9.4 Comparator Operation

Thetestchip comparatoresultsareshavn in Figure9.6. Both comparatoputputsfor thetestblock
areshavn aswell asthe rampinput form -2.0V to 2.0V. As expectedonecomparatois triggered
on the negative endof the input andthe otheron the positive end. The comparatothresholdsare
at0.50V and0.75V which is fartherthanthe designed.25V value. All testchipsshav the same
unequalbffsetsin thecomparatothresholdsndicatingsomesortof systematierror Onepossible
explanationis thattheinputsareconnectedo the shortedcapacitorsausingsomesortof reflection
into the input signal. The exact causefor the thresholderrorscould not be found and shouldbe

verifiedin latertestchips.

500V Ch2 5.00V M 200§s Ch3 7 —200mV
0V

Figure9.6: ComparatoOperation



Chapter 10

Conclusions

A detailedperformancenalysisof pipelineADCs hasbeenpresentedDesignconsiderationsuch
as bit resolutionper stage,speed,and matchingwere discussed.The specificsof the 1.5-bit per
stagepipelinedADC with digital correctiorwereextensvely examinedandabehaioral simulation
wasincludedasa proof of concept With anunderstandingf pipelineADCswith digital correction
developed,a designprocedurevasoutlined. Thedesignprocedurevasusedto make aninitial test

chipto gatherinformationfor futuredesignstheresultsof whicharesummarizedn Table10.1.

Theintentof this work wasto implementa capacitormeasuremerdndcalibrationtechniqueorig-
inally proposedoy [1]. This methodhasadwantagesver the predominanimethodof measuring
transitionheightsin that the interactionof errorsin the pipeline are believed to be smallerthus
makingthe calibrationreadingsmore accurate.In behaioral simulationsdonein this work this
assumptions theoreticallyverified. Systemlevel aspectghatareimportantto theimplementation

of the calibrationtechniquéehave alsobeenverified onthefirst testchip.

An improvementto this relatively unusedcalibrationtechniqueis the orderin which the pipeline
is calibrated. The original authorimplementedhe calibrationtechniquewith a cyclic corverter

dictatingthat the higherorderstagesare calibratedusing lower orderuncalibratedstages.In this
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proposedmplementatiorthe possibility exists for the reorderingof calibration,calibratinglower
orderstagedeforethe higherorderones furtherimproving performanceAny futurework should
bedirectedin this areawhetherit is anactualtestchip or behaioral simulationswhich encompass

morepipelinebehaior.

| Device | Functionality || Remarks |
Clock generatokvith Functions Resultgndicateit is possibleto send
200MHzoff chipclock 400MHzclock on chip.
Pipelineloading Functions
mechanisms
Pipelinew/ mux, Functions Addition in only two stagewerified but
addersandlatches valuespropagatelown pipelinecorrectly
100MHzoperatiorpossible.
Comparators Functionsout Thresholdoff. Stand-alon®peration
notwithin limits || shouldbeverifiedin futuretestchips.
Amplifier Not Verified Testinglimited by extractionerrors.
Stand-aloneerificationneeded.
StageControlBlock Believedto be Resultsobtainedrom limited
functional. operationof testchip.
Behavioral and Not Verified Limited by testchip
theoreticaloperation operation

Table10.1: Summaryof testchip results.

Futur e DesignConsiderations

OneTime Calibration

A full productionversionof thisconvertercoulduseonetime calibrationattheendof theproduction
line with somesort of electricalfuseson chip. Recentfull productiondesignshave usedon time
calibrationwith succes$17]. This designusesalow gainamplifierto decreasareaandincrease
speedand dependson the calibrationto fix ary gain errors. Becauseof the low gain, different
calibrationcoeficientsmight be necessaryor differentoperatingiemperaturesAn amplifierwith

highergainshouldbe usedto fix this problemif onetime calibrationis to be considered16].



Appendix A

Simulation Source Code

Thefollowing sectionis alisting of thesourcecodewrittenin C usedfor thebehaioral modelingof
aPipelineADC. Thecodeis writtenasan8 bit corverterwith aradix=21.5-bitperstagestructure.
The codeincludesa sectionwhich implementdigital correctionfor thefirst four stagesAll results

areincludedin chapter3. This codewaswritten usingreferencg19].
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APPENDIXA. SIMULATION SOURCECODE

#i ncl ude <stdio. h>
#i ncl ude <mat h. h>

void main()

/1 Fi xed pi pel i ne

float fixed_pipeline(double input,float capl[], float cap2[], float offs

float moffset[], float alphal[]);

et[],
/] Function to cal cul ate of fset

float off_cal c(double input,float capl[], float cap2[], int x, float off

set[]);
//Function for Pl otting

voi d res_pl ots(double input,float capl[], float cap2[], int x, FlILE*out,

float offset[]);
//function that calcul ates al pha* Vr ef

float gain_error(double input,float capl[], float cap2[], int x, float o

6n to i npl ement unconpensated out put
fl

oat pipeline(double input, float capl[], float cap2[], float offset[])

/*
/| Capacitors for each stage
float c1[12] = {1, 1,
float c2[12] = {1, 1,
/I Offset for each stage as given
flloat of fset[12] ={0,0,.1,0,0,0,0,0,0,0,0,0};
*
/] Capacitors for each stag
float c1[12]
float c2[12]

1,
1,

{1, 1.1, 1, 1.05 1, 1.04, 1,

JIOifset for each stage as given

{1.1, 1, 1.1, 1, 1.02, 1, 1.01,

1,1,1.03,1, 1};
1,1.05,1,1.02,1.001}

float offset[12] = {-.05,.1,.1,.02,.03, - 03,-.01,.01, - 01,.05,.02, -. 04

}s

/I O fset for each stage as nEasured

float moffset[12] {0,0,0,0,0,0,0,0,0,0,0,0};
//Array to store input waveform

doubl e s1[4096];
//Array to store output codes

doubl e r1[ 4096] ;

doubl e r3[4096]; //fixed output, not quite working
//Array to store al pha

float al pha[12]={0,0,0,0,0,0,0,0,0,0,0,0};

float gain[12] ={0,0,0,0,0,0,0,0,0,0,0,0};
/lincranment integers

int i;

float j;
/1 open ouput file and create pointer to file

FI LE*out ;

out =f open( " output.m", " w+") ;

// Create input ranp
//from-2 to 2 Volts
//with 4096 points
for (i=0; i<4096; i++)
{

‘si'[ | 1=((j -2048) / 1024) ;

/Il cal cul ate output offset error by setting the

/linput to each stage to 0 and letting the

/'l remai nder of the pipeline calculate the of fset

//print the measured offsets to a file for reference
for (i=0; i<=5; i++)

moffset[i]=off_calc(sl[i],cl,c2,i,offset);
fprintf(out, "offset(%i)=%f\n", i +1, moffset[i]);
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First attenpt at calculation gain errors
usi ng the equation
al pha*Vref =(Vref*cl-Vref*c2)/cl for each stage
the result is then divided by Vref
and printed to the output file
note al pha is actually al pha divided by 2
for (i=0; i<=5; i++)

/1
/1
/1
Il
/1
/1

al phal[i]=(((gain_error(1,cl,c2,i,offset)-moffset[i])/(pow 2, 6-i
-1 :
=D fprintf(out, "apha(%i)=%f\n",i+1, al pha[i]);

/Il cal cul ate uncorrected ranp from out put
/land print output vector to file
for (i=0; i<4096; i++)

rifi

] =pi peline(si[i],cl,c2, offset);
fprintf

(out, "rl(%i)=%f\n", i +1,r1[i]);

/Il cal cul ate corrected ranp from out put

//and print output vector to file

//this function is in progress and does not work
for (i=0; i<4096; i++)

r3[i]=fi xed_pipeline(sl[i],cl,c2, offset, moffset, alpha);
fprintf(out, "r3(%i)=%f\n",i+1,r3[i]);

//Print input ranp to output file
//so it can be used in plotting routines

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

{

fprintf(out,"sl(%i)=%f\n",i+1,s1[i]);

Resi due plotting routine. The output file pointer
is passed to the function so that an output val ue
for each stage can be printed.

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

res_plots(sl[i],cl,c2,i, out, offset);

/1 Close file

fcl ose(out);

/1
/1
/1

uncorrected pipeline
oat pipeline(double input,float capl[], float cap2[], float offset[])

. —— e~
——— e — —

fl oat out put=0;
int output 1=0;
int i;

doubl e q1;
doubl e q2;
doubl e g3;

int d[12]={0,0,0,0,0,0,0,0,0,0,0,0};
//conparators for all 7 stages
for (i=0; i<=11; i++)
if (input <= -0.5)

dl[i]=0;
g3=cap2[i]*2;
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else if (-0.5 < input & input < 0.5)

dlil=1;
q3=0;

else if (input >= 0.5)

dli]=2;
g3=-cap2[i]*2;

}
// Resi due anplifier
ql=i nput *capl[i];
g2=i nput *cap2[i];
i nput=((qgl+q2+q93)/capl[i])+offset[i];

}
/] Cal cul ate outputs using decision bits
for (i=0; i<=11; i++)

output = output + d[i]*pow(2,(6-i));

}
out put 1=out put ;
return(outputl);

Error cal cul ator
oat gain_error(doubl e input,float capl[], float cap2[], int x, float offset[])

fl oat out put=0;
int i;

doubl e q1;
doubl e g2;
doubl e g3;

int d[12]={0,0,0,0,0,0,0,0,0,0,0,O0};
/1 Use Lee’s nmethod on ith stage

gql=i nput *capl[ x] ;

q2=0;

q3=-cap2[ x];

i nput =((gql+q2+q93)/ capl[x]) +of fset[x];
// Send out put down renui nder of pipeline

for (i=x+1; i<=11; i++)

{
/| Conpar at or s
if (input < -0.5)
{

dl[i]=0;
g3=cap2[i]*2;

}
else if (-0.5 <= input && input <= 0.5)
{
dli]=1;
q3=0;
}
else if (input > 0.5)
{

dli]=2;
g3=-cap2[i]*2;
}
/I Resi due anplifier

gql=i nput *capl[i];
g2=i nput *cap2[i];
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i nput =((ql+q2+q3)/capl[i])+offset[i];

}

/] Cal cul ate ouput using decision bits
for (i=0; i<=11; i++)
{

output = output + d[i]*pow(2, (6-i));

return(output);

pl ot residues
id res_plots(double input,float capl[], float cap2[], int x, FILE*out, float o
set[])

.~~~
O N~~~ — ==

int i;

doubl e qg1;
doubl e g2;
doubl e g3;

//conparators for all 8 stages

//decision bits are not used in this

//routine because we are only concerned

//with the anal og ouput val ue of each stage
for (i=0; i<=6; i++)

if (input <= -0.5)
g3=cap2[i]*2;

}

else if (-0.5 < input & input < 0.5)
q3=0;

}

else if (input >= 0.5)
g3=—cap2[i]*2;

/] Resi due anplifier

gl=i nput *capl[i];

q2=i nput *cap2[i];

i nput =((ql+q2+q3)/capl[i])+offset[i];

//print an output for each progression through the Ioop
fprintf(out, "r2(%i%i)=%f\n", x+1,i +1, i nput);

O fset calcul ator
oat off_cal c(doubl e input,float capl[], float cap2[], int x, float offset[])

fl oat out put =0;
int i;

doubl e q1;
doubl e g2;
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doubl e g3;

int d[12]={0,0,0,0,0,0,0,0,0,0,0,0};
This routine is only called once for each stage
of the pipeline. The index x is passed to the routine
so that one stage is renmoved fromthe pipeline
each time the function is called.
for (i=x; i<=11; i++)

/| Conpar at or s
if (input < -0.5)
{

d[i]=0;
g3=cap2[i]*2;

}
else if (-0.5 <= input && input <= 0.5)
{

dli]=1;
g3=0;

%Ise if (input > 0.5)

dli]=2;
g3=-cap2[i]*2;

}
/] Resi due anplifier
ql=i nput *capl[i];
q2=i nput *cap2[i];
i nput =((ql+q2+q3)/capl[i])+offset[i];

/] Cal cul ate ouput using decision bits
for (i=0; i<=11; i++)
{

output = output + d[i]*pow(2,(6-i));

return(output);

Corrected pipeline (does not work yet)
oat fixed_pipeline(double input,float capl[], float cap2[], float offset[], fl
t moffset[], float alphal[])

el e R e e T e e e o
B i e T

int output1=0;
fl oat out put =0;
float beta;

int i;

doubl e q1;
doubl e g2;
doubl e g3;

int d[12]={0,0,0,0,0,0,0,0,0,0,0,0};
//conparators for all 7 stages
for (i=0; i<=11; i++)
if (input < -0.5)

d[i]=0;
g3=cap2[i]*2;

else if (-0.5 <= input && input <= 0.5)
dli]=1;
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q3=0;
}
else if (input > 0.5)

dli]=2;
q3=—cap2[i]*2;

// Resi due anplifier

3]):

3]);

3]);

3]):

3])/2;

3])/4;

3])/8;

3])/ 16;

3])/32;

gl=i nput *capl[i];
q2=i nput *cap2[i];

i nput =((ql+q2+q3)/capl[i])+offset[i];

output = output + (d[0]*64)*(1-al pha[O0]);

output = output + (d[1]*32)*(1+al pha[O0]-al pha[1]);

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

output = output + (d[3]*8)* (1+al pha[ 0] +al pha[ 1] +al pha[ 2] —al pha][

out put = output + d[4]*4*

out put = output + d[5]*2*

output = output + d[6] *

output = output + d[7] *

output = output + d[8] *

output = output + d[9] *

out put = output + d[10]*

output = output + d[11]*

out put = output + d[12]/64;
out put 1=out put -m of fset [ 0] ;

return(outputl);

(1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[

(1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha][

(1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[

(1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[

(1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha]

(1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[

(1+al pha[ 0] +al pha[ 1] +al pha[ 2] +al pha[

(1+al pha[ O] +al pha[ 1] +al pha[ 2] +al pha[

122



APPENDIXA. SIMULATION SOURCECODE 123

%l otting routines
i =hi st (r3, 256);
for i=1:256,
N(I) (N|(|) -16)/16;
end
in I O,
for i=3:254,
inl(i)=sum(Ni(3:i));

end;

subpl ot (3,1,1),

plot(s1,r3);

grid;

title(' Corrected Pipeline’);
yl abel (" I nput Signal’);

x| abel (" Qut put Codes’);

subpl ot(3, 1, 2),p| ot (Ni);
title(’ DNL Test');

yl abel (" LSB' "' s’);

%l abel (' Codes’ );

grid;

subpl ot (3,1,3),plot(inl);
title(’INL Test');

yl abel (' LSB' 's’);

x| abel (' Codes’ ) ;

grid;

%rint —-djpeg c:\figl.jpg
%ax! i mdl g;
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%l otting routines
N=hi st (r1, 256);

for i=1:256,
N(i)=(N(i)-16)/16;

end;

i nl =0;

for i=1:256,
inl(i)=sum(N(1:i));

end;

i =1: 4096;

subpl ot (3,1, 1),

pl ot ((i-2048)/1024,r1);
title(’Uncorrected Qutput’);
yl abel (" Qut put Codes’);

x| abel (" I nput Signal’);

subpl ot (3,1,2), plot(N);
axis([0 256 -2 4])
title(’ DNL Test');

yl abel (' LSB' "s’);

x| abel (* Codes’);

grid;

subpl ot (3,1,3),plot(inl);
axis([0 256 -5 3])
title("INL Test');

yl abel (" LSB' 's’);

x| abel (* Codes’);

grid;

%rint —djpeg c:\fig2.jpg

Y%ax! i mdl g;



Appendix B

Maple gain error derivation

This sectionis alisting of theMaplecodeusedto derive therequiredopenloop gainof anamplifier
Theseresultsarederived for a sourcecoupledpair which describeghe structureof a single stage
om — C amplifier For amplifierswith morethanonestagefurtheranalysisis required.This deriva-
tion is acombinatiorof materialcontainedwithin reference$9][10][11]. Theresultsarementioned

in chapterd.
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N> V_out:=(A_0)*(V_e)*sqrt(1-(((A_0)*(V_e)/(V_max))"2)/4);
A_GV_¢€

1
V_out:= *A _0V_e 4 -
V.| V. ma®

n> gain:=diff(V_out,V e)
/ AL Fv & 1 A CV €

gain: —*
V_mag / A FV_ 62
V_ V. ma®

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

A_nom— A_max

error := 2
I A_maxA_nomf
> x:=subs(A_nom=A_0,A_max=gain,error);

/ A02Ve2 L A CV €
AO—AO
V_mag / Aozvé
Vma)?
_ACVE 1 A OV € EA ,
04/ 4 _of
V_mag AOZVeZ
V_max

V_max

N> x:=simplify(x);

N/ _-4V_max+A PV € V_maX-2V_maX+A_(V_¢&
V_max

A 0(=2V_maf+A FV_é&)f

\/ AV MR A OV E e v makeA RV &
V_max

I A 0(-2V_mag+A_ OV _&)f
N> V_error:=(V_max*sqrt(2)/A_0)*sqrt(1-sqrt(1-(V_o/V_max)"2));

V_maxﬁ 1- 1- VV;OZ)%
\/ _ma

A0

X=-

[l > delta_error:=x;

delta_error:=-

V_error:=

n> 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

1 1
254 /2424 /1-—V & =504 /1-—V &
25 25
y :=.08000000006
1
AOs/1-—V. &
25

N> z:=simplify(y);
5 —1.«/50.+ 10.«/25.—1.v_o2 +2.\/25.—1.v_o2
Z:=—Z.
| A 04/25.-1.V_ &
0>

1>
> plot3d(z,V_o0=-.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+

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

APPENDIXB. MAPLE GAIN ERRORDERIVATION

A
AR

AR

o

-4V_ma% +2V_max E1 —\/ 1- VV—O; E

y:== -

El / vV &
+2V_maXH -,/ 1-
V_max

V_mag

V_max - 2V_mag
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%ZV_ma)%+2V_ma)€El—A [1- v.d %ﬁ%
I V_max
1> simplify(y);
I V_maf-V_ o o V maf-V_ o
1 V_max V_max
2 V_mat-V & ,
A0, | ==
V_mag

0>

Page 4
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Appendix C

TestChip and Board

Pinname| Pinnumber| Description
VDD 2 Paver
VIN+ 3 Testblockinput
VIN- 4 Testblockinput
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
ICLK 22 output/clock
LATCH 23 outputlatch
/LATCH 24 output/latch
GND 25 Ground
3V 37 3V referencanput
2.5V 38 2.5V referencanput
2V 39 2V referencanput
VIN+ 40 Full pipelineinput
VIN- 41 Full pipelineinput
Al 42 Datain MSB
A2 43
A3 44
VDD 57 Powver
A4 58
A5 59
A6 60
A7 61
A8 62
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Pinename| Pinnumber| Description

A9 63

Al10 64

All 65

Al2 66

Al3 67

Al4 68

Al5 69

Al16 70 Datain LSB

ENABLE | 71 Datain Enable

AD 1 72 Datain addres4.SB

AD 2 73

AD 3 74

AD 4 75 Datain addresMSB
CAL_1 76 CalibrationMSB

CAL 2 |77

CAL 3 |78

CAL_4 79 CalibrationLSB

GND 91 Ground

CLK_IN |92 Clockinput

D1 94 Testblock comparatod. output
D2 95 Testblock comparato output
VOUT+ 97 Testblock residueoutput
VOUT- 98 Testblock residueoutput
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TestBoard

Differential to Single-ended Converter Test Block Outputs
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Schematics
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FigureD.1: Calibrationdecodeischematic.
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FigureD.8: Rayisterloaderlayout.
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