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Abstract

In this paperwe describesynthesizableustomlP, anew approach
to analogcircuit design. SynthesizableustomIP is createdby
usinggeometrigprogrammingechniques.

We obsere thatbothtransistobehaior andperformancenea-
suresfor a phaselocked loop can be formulatedas posynomial
functionsof the designvariables. As a result, thesedesignprob-
lems canbe formulatedas geometricprograms a specialtype of
corvex optimizationproblemfor which very efficient global op-
timization methodshave recentlybeendeveloped. The synthesis
methodis thereforefast, and determineshe globally optimal de-
sign; in particularthe final solutionis completelyindependenbf
the starting point (which can even be infeasible),and infeasible
specificationg@reunambiguouslyetected.

We presentdesignresultsand silicon testsresultsfor phase-
lockedloopscircuitsthatweredesignedisingthis new approach.

1 Intr oduction

Over the last five years,we have seena consistenigrowth in the
mixed-signakystem-on-chigmarlet). Technicaladvancesn inte-
gratedcircuit (IC) manufcturingprocessefiave madeit possible
for trueelectronicsystemd1], suchascamerasandradiosystems,
to be integratedin a single silicon substrate. Although the cur
rentsize of the mixed-signalSOCmarlet is very small, very high
grawth rates(in the orderof 40%) peryear are expectedover the
next five years. In 2005, it is expectedthat 65% of all SOCswill
containsomeanalogcomponent$2]. Sincesevenoutof thencom-
plex chipswill containanalog,it meanghattherewill bea funda-
mentalshift on the way we designICs todayfrom the way we will
designICsin afew yearsfrom now.

The factthat analoganddigital circuitry have to co-exist in a
singlesubstratehaseffectively shortenedhe requireddesigntime
for theanalogcircuitry. In the past,whendigital andanalogwere
justmanufcturedin separatelies,they werequiteindependentf
eachother Onewould designthe digital andanalogpartsinitially
in 0.5um. A yearlater, onewould port the digital partto 0.35um
in a shorttime (a few months)and maybe(only maybe)port the
analogpartin along andtediousprocesga yearor more). The
completelydifferent designschedulesof analogand digital was
not an issuewhen two separatgartswere sold. Semiconductor
companiesvould market a new chipsetevery time a new IC pro-
cesswasreleasedeventhoughonly the digital parthadchanged).
Today however, in orderto take advantageof thenew processech-
nologies,semiconductocompaniesreforcedto have comparable
designscheduledor both analoganddigital. This is a big issue
becaus®f the tremendouslifferencein designefficiency between
the analoganddigital parts. While the designof digital circuitsis
highly automatedthe designof analogcircuits is highly manual

(performedby a very reducedsetof expertsusingthe sametech-
niguesthatwereusedthirty yearsagol[3]).

Thereareseveralreasonghatmale analogcircuit designin an
SOCavery comple task. First of all, analogcircuit performance
dependshighly on the transistorbehaior. Small variationsin the
processanresultin dramaticchangesn circuit performanceThis
translatesnto a needfor accurateransistormodelsover different
processcorners. Anotherimportantconcernin mixed-modelCs
is substratenoisecoupling. Switchingof the digital circuitry can
modify significantlythe valueof the sensitve analogsignals.Also
carefullayout to reducedevice mismatchesand parasiticsis cru-
cial to guaranteecorrectcircuit behaior. Finally, unlike digital
circuits, the designerhasto keepin mind a large numberof per
formancespecificationsmakingit time consumingto redesignan
analogblock.

Apart from all the designchallengesthereis a greatlack of
analogdesigners.Universitiesare not graduatingenoughanalog
circuit designerdo meetindustry demands. This small growing
supply of analogdesignerscoupledto the compleity of analog
design,only exacerbateshe problemof analogcircuit design.

Lately, several commercialtools for the automationof the
analogdesignprocesshave becomeavailable (NeoCircuif™ [4],
GeniugM [5], Antrim Aptivia™ [6]). Thesetoolsarebestsuited
for designcenteringof circuit blocksof smallsize(on the orderof
tensof transistors).They aredesignedo increasehe productvity
of analreadyexperiencedircuit designer

Also, in thepastfew yearsmoreanalogdlP circuitry hasbecome
available[7, 8]. This IP is the so-calledhardIP, i.e, it meetsa
very specificsetperformanceequirementandassuchit hasvery
limited re-use.

In this paper we describea new approacho analogcircuit de-
sign basedon a revolutionary optimizationmethod(see§3). It is
basedon having a setof intellectual propertyblocks that can be
customdesignedquickly in a variety of processes.The IP is so
easyto configurethat a designemith little analogdesignknowl-
edgecanreadily obtaina completedesignof ananalogblock. The
synthesigor configuration)time is so shortthat it allows system
designergo effectively perform systemlevel designexploration.
SynthesizableustomIP is available commerciallyin the form of
setof IP en%l'nesandasynthesiz’,)latform(MirOTM clockingengine
andPrado™ Synthesidlatform[9]).

This paperis organizedas follows. In §2, we give a brief
overview of traditionaldesignapproachedn §3, we describegeo-
metricprogrammingbasednethods First,we coverthefundamen-
talsof themethodandthendescribethetransistorandcircuit mod-
elsused. Thesemodelsarecomple« nonlinearmodelscompatible
with geometricprogrammingandgive goodaccurag comparedo
HSPICEsimulationsandsilicon measuredesults. In §4, we give
threePLL designexamplesandshav somemeasuredesults. We
shav thatthemethods accuratdmeasuredesultsarevery closeto



predictedresults).Finally, in §5 we endup with someconclusions.

2 Traditional circuit design

2.1 Customdesignflow

In a traditional customdesignflow, a designerbegins with some
sortof specificationdor the circuit he needsto design. He starts
by choosinga suitablearchitectureor topology After that, the
next stepis componentsizing, in which the designerdetermines
thesizesor valuesof the componentsor agiventopologyor archi-
tecturethat achieve the requirement®r specificationson the per
formanceindices. Even thoughthe numbersof designvariables
andperformanceonstraintds often”small” by digital circuit de-
sign standardgsay a few tensor hundreds)this taskcanbe very
challenging sincein mostcasesll of the performancendicesare
affectedby all of thedesigrnvariables.Changinghelengthor width
of just onetransistorin anop-amp,say will changeall of the per
formanceindices,sometimedy largeamounts.

Componentizing is typically donein the following manner
First, the designemrites a simplemathematicaimodelfor thecir-
cuit in hand. This model can be written in MATLAB [10], Ex-
cel[11] orit cansimply bea handmodel. This simplemodelpro-
videsa startingdesignfor the next step.

Secondjhe designemproceedgo usea simulatortool suchas
SPICE,which can determinethe performancendices, given the
designvariables. The standarddesignapproachis to repeatedly
cycle throughthefollowing steps:

e Simulatethe designto find the performancendicesachieved

e Think abouthow to changethe designvariablesto improve
thedesign

e Changehedesignvariables
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Figurel: Customanalogdesignflow

Attempts to automatethis flow have consistedon letting a
computerdecidehow to changethe designvariables,i.e., how to
searchthe designspace. The mary methodsdiffer on what en-
gineis used. For example,one canusesimulatedannealingAS-
TRX/OBLX [12], gradientsearcDELIGHT.SPICE[13] or acom-
binationof differentsearchmethodYMAELSTROM [14]). Unfor-
tunately dueto the sizeof the problemandlong simulationtimes
involvedin someanalogblocks,thesemethodshave not beenvery
successfuaitreducingthetime neededor componensizing.

Goodanalogcircuit designersan constructvery high quality
analyticalmodelsthatallow themnot only to obtaina goodinitial
designbut alsoto gaininsightinto the circuit (i.e., how specifica-
tionstrade-of). Theability to startthe designprocesawith abetter
topology or with a betteranalyticalmodelmostof the timesjust
comeswith experience.This meanghatexperiencedlesignergin
generalxcreatebetterdesignsn ashortertime.

This customdesignflow hasa greatadwantage: circuits are
hand-craftedThedesigneispendsalong time tweakingthe circuit
andtrying to obtainthe lastbit of performanceut of it. Unfortu-
nately this designflow hassereral disadwantages First, it is very
time consuming.In fact, given the choice,designersvould spend
longertime tweakingtheir designslt is very hardto know whento
stoptweakinga circuit.

Secondjt requiresan analogdesignerto createa newv custom
circuit or just performa new sizing of an alreadyexisting circuit.
This designflow doesnot encapsulatéhe knowledge of the ex-
perienceddesignerand as suchit cannotbe usedlater by a less
experiencedlesignerFor example,anexperienceddesignemight
know exactly whatto tweak,changeor be watchful of in a design.
However, thisinformationis notembeddedrnywheresoevenif he
hasspentmary monthsin adesign|f hedecidego leave thedesign
groupmostof thatinformationis lost.

2.2 Hard intellectual property

Other recentapproachto obtaining analogcircuitry hasbeento

make useof intellectualpropertyblocks. TheselP blocksarepre-

designectircuits (typically designedisingthe customdesignflow

describedabore) andthey areintendedo beusedin mary designs.
They arereadily available from foundriesor intellectualproperty
companies.

Using hardIP blocks hasa greatadvantageversususing cus-
tom designedblocks: they offer a much lesserrisk than custom
designedblocks. First, the time neededor their designis mini-
mal (sincethey have alreadybeendesignedandsecondthey are
silicon provensothe chance®f themworking againarehigh.

Unfortunatelyusing hard IP blocks hasa greatdisadantage:
they arein facthard blocks. They arepre-designedo meeta par
ticular setof specifications.If onerequiresa changein the speci-
fications,the hardIP block becomesot-optimal(or in somecases
useless). This is especiallytrue in the caseof analoglP, where
smallchangean the specificationganresultin acompletelydiffer-
entdesign.Thefactthatanalogdesignis so sensitve to specifica-
tions, malesthere-useof analoghardIP arareoccurrence.

2.3 Synthesizablecustomintellectual property

Whatis neededs anew approactthatallows thedesigneto create
customanalogdesigndn areasonabléime. BarcelonaDesignhas
createdsynthesizableustomanaloglIP.

First, thelP is designedn avery specialway. Ratherthanjust
usinga simulatorto sizecomponentgor a singlesetof specifica-
tions, the IP is modeledaccuratelyusinggeometricprogramming
techniquesin this stepwe arecreatingsynthesizabléP.

SecondtheIP modelsareconnectedo a synthesienginethat
allows a novice circuit designeto customizethe IP block.

IP creation

We first describehow the intellectualpropertyis createdor made
synthesizable.The technique describedn Figure 2, is basedon
geometrigorogramming Geometriqprogrammings avery special
type of optimizationproblem(see3.1for moredetails).

This methodof IP creationis basedon two principles:



e Comple circuit behaior is modeledvery accuratelyin a
form compatiblewith geometrigprogramming.

o Geometrigprogramsanbe solvedvery efficiently
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Figure2: Geometrigprogrammingarchitecture

In this method,the circuit behaior is modeleda priori using
geometricprogramming. The circuit modelis expressedn terms
of transistorparametersuchastransconductancégm) or output
conductancégo) anddesignvariablessuchastransistowidth (W)
andtransistolength(L). Thetransistobehaior is alsomodeledn
a form compatiblewith geometricprogrammingjn termsof pro-
cessparameterandtransistordesignvariables.

At thetime of synthesighe circuit modelis linked to the spe-
cific transistormodel. In thisform, onecancouplethe samecircuit
modelwith differentprocessnodels.This allows very quick port-
ing of cellsfrom oneprocesgo another

There have beenseveral publicationsabout using geometric
programmingor the designof analogcircuits[15], [16], [17].

This methodhasseveral advantagesFirst, it is extremelyeffi-
cient. Large problemswith tensof thousand®f variablesandtens
of thousandof constraintsare solved in a matterof minutesin a
matterof minutesin a simplepersonakcomputer The othermain
adwantagseis thatthe globalsolutionis alwaysfound, regardlesof
the startingpoint. Anotheradwantageis that this methodis very
accurate Eventhoughthe form of the modeis restrictedto aform
compatiblewith geometricprogramming this form canrepresent
accuratelyvery complicatechonlinearbehaior.

Finally, anotheradwantageis thatthe designknowledgeof the
experiencedlesigneiis capturedn the circuit model.

IP use

OncethelP is createds readyto beusedby anovice designerThe
designemonly needgo input thecircuit specificationsHe doesnot
needto provide a startingpoint, a setof simulationtestsor asearch
plan(see3). ThelP block is customizedrapidly (only a matterof

minutesfor a small block like an op-ampand a few hoursfor a

block like aphase-lockd loop).

3 Technicalrationale

In this sectionwe cover the basicsof the methodbehindcreating
synthesizabléP.

3.1 Geometric programming

Geometrigorogramming GP)is aspeciakypeof cornvex optimiza-
tion problem. It hasbeenknown and usedsincethe late 1960s
(see[18]); morerecentlyit hasbeenwidely usedin transistorand
wire sizingfor EImoredelayminimizationin digital circuits,asin
TILOS [19].
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Figure3: Useof synthesizableustomIP

Let x be a vector (xq, . ..,%n) of n real, positive variables. A
function f is calleda posynomiafunctionof x if it hastheform

Ckx‘ilkxgzk .. _Xgnk

M~

f(Xl:"'aXn):

k=1

wherecj > 0 andajj € R. Whenthereis only onetermin thesum,
i.e, t =1, wecall f amonomialfunction. Note thatposynomials
areclosedunderaddition,multiplication,andnonn@ative scaling.
Monomialsareclosedundermultiplicationanddivision.

A geometricprogramis anoptimizationproblemof theform

minimize  fo(X)

subjectto  fi(x) <1, i=1,....m, 1)
g'(x):]" i:17"'7p’
x>0, i=1...,n

wherefy,.. ., fm areposynomiafunctionsandgy, . .., gp aremono-
mial functions.

If fis aposynomialandg is a monomial,thenthe constraint
f(x) < g(x) canbehandledby expressingt as f (x)/g(x) < 1. We
canalsohandleconstraint®f theform f(x) < a, wheref is posyn-
omialanda > 0. In asimilarway if g; andg, areboth monomial
functions thenwe canhandletheequalityconstraing; (X) = g2(x)
by expressingt asg; (x)/g2(x) = 1.

A geometricprogramcan be reformulatedas a corvex opti-
mizationproblem,by changingvariablesandconsideringhelogs
of thefunctionsinvolved(see e.g., [20]).

There are several methodsfor solving geometricprograms.
Oneoptionis to solve the exponentialform of the geometricpro-
gramusing a generalpurposeoptimizationcodesuchas NPSOL
or MINOS. Thesegeneralpurposecodeswill in principle find
the globally optimal solution, but codesspecificallydesignedfor
solvinggeometrigorogramsoffer greatercomputationaéfficiengy.
Recently Kortanek et al. have shavn how the most sophisti-
catedprimal-dualinterior-point methodsusedin linear program-
ming can be extendedto GPR, resultingin an algorithmwith effi-
cieng approachinghat of currentinterior-point linear program-
mingsolvers[21]. Simpleprimalbarriermethoddor solvingsmall
circuitsposedasgeometrigprogramshave beenreportedn [22].

3.2 Transistor modeling

Thetransistormodelswe usehave to have a form compatiblewith
geometricprogramming. For example,a simple transistormodel
for along channeMOS transistoiis the following:

Thetransistormodelwe usehasthe following form, which we
callaGP1model.



e The overdrive voltageVgs — VrH is @ monomialfunction of
transistorlength L, transistorwidth W and transistordrain
currentl.

e Thetransconductanagy, isamonomialfunctionin L, W, and
.

e The outputconductancey, is given by agom wheregom is
monomialin L, W, andl, anda is a constant. We usetwo
differentvaluesof a, dependingon whetherthe transistorin
questiontypically operatesvith large or smallVgs.

e Capacitancebetweertheterminalsandbulk areposynomial
inL, W, andl.

Thismodelwasusedn thetool GPCAD[15]. To modelsubmi-
crondevices,moresophisticatedndaccuratenodelsthat arestill

compatiblewith geometrigprogrammingbasediesignareneeded.

Thesemodelsarea partof BarcelonaPrado™ Synthesidlatform.
Thesemodelsarefarmorecomple thatthesimpleGP1modeland
arevery accurate.For example,in Figures4- 5 we plot I/V mea-
sureddataversusGP modelsfor a TSMC 0.35um process. We
obsere very little errorover alargerangeof themodelingspace.

1=V curves for TSMC0.35 W=8um, L=0.35um
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Figure4: Comparisorof GPmodelsto BSIM modelsfor atransis-
tor of W = 8um, L = 0.35um in a0.35um process

3.3 Circuit modeling

Circuit behaior needsto modeledusing a form also compatible
with geometricprogramming.In [15] the authorsdescribehow to
model op-ampbehaior, in [16] the authorsshav how to model
RF circuit behaior andin [17] the authorsshav how to model
multistagefeedbackamplifiers.

The PLL architecturesve modeledare shovn in Figure 6
(clock generationandFigure? (clock synchronization).

The designconstraintareformulatedhierarchically First, the
designconstraintof the sub-blocksof the PLL suchasthechage-
pumpandVCO areformulatedasa function of theirinput/output
specifications. For example, the output currentmismatchof the
chage-pumpis formulatedin posynomialform as a function of
thetransistorsizesand parameteraluesof the chage-pump.Sec-
ond,the systemlevel designconstraintof the PLL areformulated
in termsof the input/outputspecificationsof the sub-blocks. For
example, the contribution of the output currentmismatchof the

1=V curves for TSMCO0.35 W=31.75um, L=1.35um
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Figure5: Comparisorof GP modelsto BSIM modelsfor atransis-
tor of W = 3175um, L = 1.35um in a 0.35um process

chage pumpto PLL jitter is written in posynomialform. This
hierarchicalformulation resultsin a modulardescriptionfor the
geometricprogram. It resultsin bettermaintainabilityof the im-
plementationand enablesre-useof codewhenimplementingthe
methodfor different PLL topologies. For example, if we want
to usea differentchage-pumpin the PLL only the muchsmaller
chage-pumpmoduleof thecodeneedgo beupdated.

In summarythe designmethodologyconsistsof the following
steps:

1. Defining sub-blo&s and correspondinginput/output vari-
ables. The sub-blocksof a PLL includethe phase/frequeryc
detectorchage-pumpoopfilter, voltage-controlledscilla-
tor, and divider (seeFigures6 and 7). Eachsub-blockhas
a minimal numberof defininginput/outputvariablesthatare
sufiicient to describethe behaiour of the PLL andthe in-
teractionbetweensub-blocks.For example,the input/output
variablesof the PFD include power dissipation,area,reset
time, up/davn timing mismatchandoutputrise/fall time.

2. Writing (posynomiallequationgor input/outputvariablesof
sub-blo&s in terms of componentsizes. For analogsub-
blocksthis canbe doneusingthe methodologydescribedn
previous paperg15] or it canbe doneusingothernumerical
fitting methodg23]. The focusof this paperis not to shaw
thedetailedmodelingof the componentdut ratherto explain
how to expandthe methologyfor higherlevel blocks.

3. Writing (posynomial)systemlevel PLL designequationsin
termsof input/outputvariablesof sub-blo&s. At this step,
the designconstraintsof the PLL are put in posynomialin-
equality form in termsof the input/outputvariablesof the
sub-blocks. This stepandthe previous stepintroducea hi-
erarchicalmethodologyfor writing PLL designequationsn
termsof the PLL componensizes.

For example the total power dissipationof the clock genera-
tion PLL is given by the sumof the power dissipationf its
sub-blocksij.e.,

PpLL = Pprp+ Pcp+ Pep+PRyco ++Pocoiv +Poiv -+ (2)
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The power for eachsub-blockis oneof its I/O variablesand
canin turnbeexpresseédsaposynomiafunctionof its design
variables.

Anothersimpleadditive top level specis area.Thetotal PLL
areais the sumof theareasof eachof its subcomponents.

ApLL = Aprp+ Pcp+Acp+Avco ++Abcoiv +Apiv (3)

The layout areaof a componenis anotherof the sub-block
I/O variables. The areaof a sub-blockcan be written asa
posynomiabf thedesignvariables.

Stability conditionsfor the PLL canbe obtainedby deriing
posynomialkonstrainton the phasemaigin andgain marmgin
from theloop gainexpressiorof the PLL [24]. Theloopgain
of thePLL is givenby

[k (1+115)(1—T35)e™
T(s) = (a) P(1+129)(1+as+ b +cs¥)’

wherek = kygkepkiskvco, m is the frequeng division ratio
of the frequeny divider and duty cycle divider, —1/t; and
—1/1, arethe zeroandpole of the LF, 13, a, b andc repre-
sentthe transferfunction of the VCO, andty is the delay of
thePFD,frequeng divider, duty cycledivider, clocktree,and
VCO combined.

(4)

To computethe peak-to-pealjitter, cycle-to-gscle jitter and
staticphaseerroronemusttake into accountall sourcef jit-
ter: phasenoisein the oscillator power supplynoise,chage
pump currentmismatch,etc Posynomialmodeling of these
characteristicatthecircuit level is needed.

4. Formulateproblemasgeometricprogram and solvefor com-
ponentsizesusing numericalalgorithm. Oncedesigncon-
straintsareputin posynomiaform, the PLL designproblem
is castas a geometricprogramand henceit canbe readily
solvedusingefficient numericalalgorithms.

4 Practical designexamples

We have usedMir6™ Clocking Engineto synthesize¢hreephase-
lockedloopsin the TSMC 0.18umlogic process.

The usercandefinehis PLL requirementsspecifytarget pro-
cessandcircuit parametersuchasinput frequeny andfrequeng
multiplication factors,specificationson area,power, clock jitter,
etcAll of the performancemetricsfor the PLL designhave been
accuratelymodeledusinggeometricorogramming.

In Table 1 we shav the designresultsof a clock synchro-
nization PLL. Within three hours, Mir6™ producedan optimal
PLL designall theway from specificationgo fully routedGDSII.
The PLL wasdesignedbver threeprocessorners:typical-typical,
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Vgg= 1.8V, T = 25°C; slow-slow, Vgq = 1.6V, T = 75°C andfast-
fast,Vgg= 1.9V, T = 0°C. Thegoalin this desigrwasto minimize
power while meetingall the specificationshavn in Tablel.

| Parameter | Spec.| Synthesis]

Inputreferencdrequenyg 1 (MHz) 9 9
Inputreferencdrequeny 2 (MHz) 27 27
VCO frequeng 1 (MHz) 384 384
VCO frequeng 2 (MHz) 1080 1080
Width (um) 680 572
Heigth (um) 760 751
Duty cycle +5 +1
Jitter (peak-to-peakjps) 150 91
Jitter (cycle-to-g/cle) (ps) - 3.6
Staticphaseerror (ns) 0.1 0.1
Power consumptior(mwW) min 8.25

Tablel: PLL A, specification@andsynthesizedesults

The designercanexplore the designspaceby plotting optimal
trade-of curves. Thesecurvescurvesshav how theobjective func-
tion will trade-of with anotherspecification.For example,in Fig-
ure 8, we shav an areaversuspower tradeof curve. This curve
is obtainingby repeatedlysolving the designproblem (minimiz-
ing area)while varying power. Therestof specificationgaresetto
thevaluesgivenin Tablel. We seethat(asexpected)morepower
meandessarea. However, we canmeasurdhingsthatwe do not
know apriori. For example,increasinghepower budgetmorethan
10mWwill nottranslatanto areductionon area;thereasons that
thereareotherdesignspecificationshatareconstrainingheobjec-
tive.

In Figure9 we plot the optimaltradeof curve peakjitter versus
powverwhentheremainingspecificationgresetto thevaluesgiven
in Tablel. This curve allows usto measurexactly how jitter and
power tradeof.

In Table 2 we shav the designresultsof a clock generation
PLL. This PLL is usedin video applications. This PLL wasde-
signhedover the sameprocesornersasthe previous PLL.

In Table3 we shav thedesignandmeasuredesultsfor another
clockgeneratiorPLL. ThisPLL is usedin audioapplicationsDue
to the large size of its componentsthe loop filter is implemented
externally This PLL wasdesignedver the sameprocesscorners
asthepreviousones.
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Figure9: Optimaltradeof curve betweerminimum peak-to-peak
jitter andminimum power

| Parameter | Spec.| Synthesis]

Inputreferencdrequeny 1 (MHz) | 33 33
Outputfrequenyg 1 (MHz) 3.30 3.30
Outputfrequeny 2 (MHz) 81.0 81.0
Outputfrequeny 3 (MHz) 135 135
Area(mm?) min 0.589
Duty cycle +5 +1
Jitter (peak-to-peakjps) 300 240
Jitter (cycle-to-g/cle) (ps) 80 40
Power consumptior(mw) 3 3

Table2: PLL B, specificationsndsynthesizedesults

| Parameter | Spec. | Synthesis| Simulated| Measured|
Inputfrequeng 1 (MHz) 27 27 27 27
Outputfrequeng 1 (KHz) 43.2 43.2 43.2 43.2
Outputfrequeny 2 (MHz) | 135.472| 135.4752| 135.4752| 135.4752
Outputfrequeny 3 (MHz) | 11.2896| 11.2896 | 11.2896 | 11.2896
Area(um?) min 348 348 348
Duty cycle +5 +1 - 50
Jitter (peak-to-peakjps) 400 240 304
Jitter(cycle-to-gcle) (ps) 100 40 - 36.5
Paver consumptior(mw) 10 35 3.8 2.7

Table 3: PLL C, specificationssynthesizedsimulatedand mea-
suredresults

We notethe closeagreemenbetweermeasuredindpredicted
results.

We guaranteedobustnes®f ourdesigngo proceswariationby
requiringthatall constraint@&ndspecification$iold overall process
corners.In otherwords,we replicatedeachconstraintfor eachpro-
cesscorner This methodis more comprehense thantraditional
techniquesvhich useonly afew critical parameterandcircuit de-
signintuition to ensurerobustnes®ver processariations.Table4
shaws the jitter performanceover supply and temperaturevaria-
tions.

5 Conclusions

We have shown somedesignresults and experimentalverifica-
tion of phase-lockdloopsdesignedisinggeometrigorogramming
techniques. The most importantpoint is that the PLL we built

andtestedwas designedn a completelyautomatedvay, directly



Jitter, T=-2CP | Jitter, T=25° | Jitter T=75°

\ lo p-p lo p-p 1o p-p
16V | 28.4| 286 | 32.1| 265 | 27.8| 229
1.8V | 36.5| 304 | 30.3| 284 | 28.0| 229
2.0V | 353| 294 | 31.2| 339 | 28.1| 231

Table4: Jitter measurementsver temperatureandvoltagecondi-
tions

from the specifications.No hand-tuningor designertweakingof
the designswas carriedout beforefabricating;the fabricatedcir-
cuitsdirectlyusedthedesign®btainedrom theBarcelonaviir 6™
Clocking Engine.

The useof synthesizableustomIP offers the advantagesof
customdesignedlocks(sinceblocksarecustomdesignedo meet
a setof requirementsandthe advantagesf hardIP blocks(since
designtime is very short).
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