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Abstract

In thispaper, wedescribesynthesizablecustomIP, anew approach
to analogcircuit design. SynthesizablecustomIP is createdby
usinggeometricprogrammingtechniques.

Weobserve thatbothtransistorbehavior andperformancemea-
suresfor a phaselocked loop can be formulatedas posynomial
functionsof the designvariables. As a result, thesedesignprob-
lemscanbe formulatedasgeometricprograms, a specialtype of
convex optimizationproblemfor which very efficient global op-
timization methodshave recentlybeendeveloped. The synthesis
methodis thereforefast,anddeterminesthe globally optimal de-
sign; in particularthe final solution is completelyindependentof
the startingpoint (which can even be infeasible),and infeasible
specificationsareunambiguouslydetected.

We presentdesignresultsand silicon testsresultsfor phase-
lockedloopscircuitsthatweredesignedusingthisnew approach.

1 Intr oduction

Over the last five years,we have seena consistentgrowth in the
mixed-signalsystem-on-chip(market). Technicaladvancesin inte-
gratedcircuit (IC) manufacturingprocesseshave madeit possible
for trueelectronicsystems[1], suchascamerasandradiosystems,
to be integratedin a single silicon substrate. Although the cur-
rentsizeof themixed-signalSOCmarket is very small,very high
growth rates(in the orderof 40%) peryearareexpectedover the
next five years. In 2005,it is expectedthat 65% of all SOCswill
containsomeanalogcomponents[2]. Sincesevenoutof thencom-
plex chipswill containanalog,it meansthat therewill bea funda-
mentalshift on theway we designICs todayfrom theway we will
designICs in a few yearsfrom now.

The fact that analoganddigital circuitry have to co-exist in a
singlesubstratehaseffectively shortenedtherequireddesigntime
for theanalogcircuitry. In thepast,whendigital andanalogwere
just manufacturedin separatedies,they werequiteindependentof
eachother. Onewould designthedigital andanalogpartsinitially
in 0 � 5µm. A yearlater, onewould port the digital part to 0 � 35µm
in a short time (a few months)andmaybe(only maybe)port the
analogpart in a long and tediousprocess(a yearor more). The
completelydifferent designschedulesof analogand digital was
not an issuewhen two separatepartswere sold. Semiconductor
companieswould market a new chipsetevery time a new IC pro-
cesswasreleased(eventhoughonly thedigital parthadchanged).
Today, however, in orderto takeadvantageof thenew processtech-
nologies,semiconductorcompaniesareforcedto have comparable
designschedulesfor both analoganddigital. This is a big issue
becauseof thetremendousdifferencein designefficiency between
theanaloganddigital parts.While thedesignof digital circuits is
highly automated,the designof analogcircuits is highly manual

(performedby a very reducedsetof expertsusingthe sametech-
niquesthatwereusedthirty yearsago[3]).

Thereareseveralreasonsthatmake analogcircuit designin an
SOCa very complex task. First of all, analogcircuit performance
dependshighly on the transistorbehavior. Small variationsin the
processcanresultin dramaticchangesin circuit performance.This
translatesinto a needfor accuratetransistormodelsover different
processcorners. Another importantconcernin mixed-modeICs
is substratenoisecoupling. Switchingof the digital circuitry can
modify significantlythevalueof thesensitive analogsignals.Also
careful layout to reducedevice mismatchesandparasiticsis cru-
cial to guaranteecorrectcircuit behavior. Finally, unlike digital
circuits, the designerhasto keepin mind a large numberof per-
formancespecifications,makingit time consumingto redesignan
analogblock.

Apart from all the designchallenges,thereis a greatlack of
analogdesigners.Universitiesarenot graduatingenoughanalog
circuit designersto meetindustrydemands.This small growing
supply of analogdesignerscoupledto the complexity of analog
design,only exacerbatestheproblemof analogcircuit design.

Lately, several commercial tools for the automationof the
analogdesignprocesshave becomeavailable (NeoCircuitTM [4],
GeniusTM [5], Antrim AptiviaTM [6]). Thesetoolsarebestsuited
for designcenteringof circuit blocksof smallsize(on theorderof
tensof transistors).They aredesignedto increasetheproductivity
of analreadyexperiencedcircuit designer.

Also, in thepastfew years,moreanalogIPcircuitry hasbecome
available [7, 8]. This IP is the so-calledhard IP, i.e., it meetsa
very specificsetperformancerequirementsandassuchit hasvery
limited re-use.

In this paper, we describea new approachto analogcircuit de-
sign basedon a revolutionaryoptimizationmethod(see

�
3). It is

basedon having a setof intellectualpropertyblocks that can be
customdesignedquickly in a variety of processes.The IP is so
easyto configurethat a designerwith little analogdesignknowl-
edgecanreadilyobtaina completedesignof ananalogblock. The
synthesis(or configuration)time is so short that it allows system
designersto effectively perform systemlevel designexploration.
SynthesizablecustomIP is availablecommerciallyin the form of
setof IP enginesandasynthesisplatform(Mir óTM clockingengine
andPradoTM SynthesisPlatform[9]).

This paperis organizedas follows. In
�
2, we give a brief

overview of traditionaldesignapproaches.In
�
3, we describegeo-

metricprogrammingbasedmethods.First,wecoverthefundamen-
talsof themethodandthendescribethetransistorandcircuit mod-
elsused.Thesemodelsarecomplex nonlinearmodelscompatible
with geometricprogrammingandgive goodaccuracy comparedto
HSPICEsimulationsandsilicon measuredresults. In

�
4, we give

threePLL designexamplesandshow somemeasuredresults.We
show thatthemethodis accurate(measuredresultsareverycloseto



predictedresults).Finally, in
�
5 weendupwith someconclusions.

2 Traditional circuit design

2.1 Custom designflow

In a traditionalcustomdesignflow, a designerbegins with some
sort of specificationsfor the circuit he needsto design. He starts
by choosinga suitablearchitectureor topology. After that, the
next stepis componentsizing, in which the designerdetermines
thesizesor valuesof thecomponentsfor agiventopologyor archi-
tecturethat achieve the requirementsor specificationson the per-
formanceindices. Even thoughthe numbersof designvariables
andperformanceconstraintsis often”small” by digital circuit de-
signstandards(say, a few tensor hundreds),this taskcanbevery
challenging,sincein mostcasesall of theperformanceindicesare
affectedbyall of thedesignvariables.Changingthelengthor width
of just onetransistorin anop-amp,say, will changeall of theper-
formanceindices,sometimesby largeamounts.

Componentsizing is typically donein the following manner.
First, thedesignerwritesa simplemathematicalmodelfor thecir-
cuit in hand. This model can be written in MATLAB [10], Ex-
cel [11] or it cansimply bea handmodel.This simplemodelpro-
videsa startingdesignfor thenext step.

Second,the designerproceedsto usea simulatortool suchas
SPICE,which can determinethe performanceindices,given the
designvariables. The standarddesignapproachis to repeatedly
cycle throughthefollowing steps:� Simulatethedesignto find theperformanceindicesachieved� Think abouthow to changethe designvariablesto improve

thedesign� Changethedesignvariables

Figure1: Customanalogdesignflow

Attempts to automatethis flow have consistedon letting a
computerdecidehow to changethe designvariables,i.e., how to
searchthe designspace. The many methodsdiffer on what en-
gine is used. For example,onecanusesimulatedannealingAS-
TRX/OBLX [12], gradientsearchDELIGHT.SPICE[13] or acom-
binationof differentsearchmethods(MAELSTROM [14]). Unfor-
tunately, dueto thesizeof theproblemandlong simulationtimes
involvedin someanalogblocks,thesemethodshave not beenvery
successfulat reducingthetime neededfor componentsizing.

Goodanalogcircuit designerscanconstructvery high quality
analyticalmodelsthatallow themnot only to obtaina goodinitial
designbut alsoto gain insight into thecircuit (i.e., how specifica-
tionstrade-off). Theability to startthedesignprocesswith abetter
topologyor with a betteranalyticalmodelmostof the times just
comeswith experience.This meansthatexperienceddesigners(in
general)createbetterdesignsin a shortertime.

This customdesignflow hasa greatadvantage: circuits are
hand-crafted.Thedesignerspendsa long time tweakingthecircuit
andtrying to obtainthe lastbit of performanceout of it. Unfortu-
nately, this designflow hasseveral disadvantages.First, it is very
time consuming.In fact,given thechoice,designerswould spend
longertimetweakingtheirdesigns.It is veryhardto know whento
stoptweakinga circuit.

Second,it requiresananalogdesignerto createa new custom
circuit or just performa new sizing of an alreadyexisting circuit.
This designflow doesnot encapsulatethe knowledgeof the ex-
perienceddesignerand as suchit cannotbe usedlater by a less
experienceddesigner. For example,anexperienceddesignermight
know exactly whatto tweak,changeor bewatchfulof in a design.
However, this informationis notembeddedanywheresoevenif he
hasspentmany monthsin adesign,if hedecidesto leavethedesign
groupmostof thatinformationis lost.

2.2 Hard intellectual property

Other recentapproachto obtaininganalogcircuitry hasbeento
make useof intellectualpropertyblocks. TheseIP blocksarepre-
designedcircuits(typically designedusingthecustomdesignflow
describedabove) andthey areintendedto beusedin many designs.
They arereadily availablefrom foundriesor intellectualproperty
companies.

Using hardIP blockshasa greatadvantageversususingcus-
tom designedblocks: they offer a much lesserrisk than custom
designedblocks. First, the time neededfor their designis mini-
mal (sincethey have alreadybeendesigned)andsecond,they are
siliconprovensothechancesof themworking againarehigh.

Unfortunatelyusinghard IP blockshasa greatdisadvantage:
they arein facthard blocks. They arepre-designedto meeta par-
ticular setof specifications.If onerequiresa changein thespeci-
fications,thehardIP block becomesnot-optimal(or in somecases
useless).This is especiallytrue in the caseof analogIP, where
smallchangein thespecificationscanresultin acompletelydiffer-
entdesign.Thefactthatanalogdesignis sosensitive to specifica-
tions,makesthere-useof analoghardIP a rareoccurrence.

2.3 Synthesizablecustomintellectual property

Whatis neededis anew approachthatallows thedesignerto create
customanalogdesignsin a reasonabletime. BarcelonaDesignhas
createdsynthesizablecustomanalogIP.

First, theIP is designedin a very specialway. Ratherthanjust
usinga simulatorto sizecomponentsfor a singlesetof specifica-
tions, the IP is modeledaccuratelyusinggeometricprogramming
techniques.In this stepwe arecreatingsynthesizableIP.

Second,theIP modelsareconnectedto a synthesisenginethat
allows a novice circuit designerto customizetheIP block.

IP creation

We first describehow the intellectualpropertyis createdor made
synthesizable.The technique,describedin Figure2, is basedon
geometricprogramming.Geometricprogrammingis averyspecial
typeof optimizationproblem(see3.1for moredetails).

This methodof IP creationis basedon two principles:



� Complex circuit behavior is modeledvery accuratelyin a
form compatiblewith geometricprogramming.� Geometricprogramscanbesolvedveryefficiently

Figure2: Geometricprogrammingarchitecture

In this method,the circuit behavior is modeleda priori using
geometricprogramming.The circuit model is expressedin terms
of transistorparameterssuchas transconductance(gm) or output
conductance(go) anddesignvariablessuchastransistorwidth (W)
andtransistorlength(L). Thetransistorbehavior is alsomodeledin
a form compatiblewith geometricprogramming,in termsof pro-
cessparametersandtransistordesignvariables.

At the time of synthesisthecircuit modelis linked to thespe-
cific transistormodel.In this form, onecancouplethesamecircuit
modelwith differentprocessmodels.This allows very quick port-
ing of cellsfrom oneprocessto another.

There have beenseveral publicationsabout using geometric
programmingfor thedesignof analogcircuits[15], [16], [17].

This methodhasseveraladvantages.First, it is extremelyeffi-
cient. Largeproblemswith tensof thousandsof variablesandtens
of thousandsof constraintsaresolved in a matterof minutesin a
matterof minutesin a simplepersonalcomputer. Theothermain
advantageis thattheglobalsolutionis alwaysfound,regardlessof
the startingpoint. Anotheradvantageis that this methodis very
accurate.Eventhoughtheform of themodeis restrictedto a form
compatiblewith geometricprogramming,this form canrepresent
accuratelyverycomplicatednonlinearbehavior.

Finally, anotheradvantageis that thedesignknowledgeof the
experienceddesigneris capturedin thecircuit model.

IP use

OncetheIP is createdis readyto beusedby anovicedesigner. The
designeronly needsto input thecircuit specifications.He doesnot
needto provideastartingpoint,asetof simulationtestsor asearch
plan(see3). TheIP block is customizedrapidly (only a matterof
minutesfor a small block like an op-ampand a few hoursfor a
block like aphase-locked loop).

3 Technicalrationale

In this sectionwe cover the basicsof the methodbehindcreating
synthesizableIP.

3.1 Geometricprogramming

Geometricprogramming(GP)is aspecialtypeof convex optimiza-
tion problem. It hasbeenknown and usedsincethe late 1960s
(see[18]); morerecentlyit hasbeenwidely usedin transistorand
wire sizingfor Elmoredelayminimizationin digital circuits,asin
TILOS [19].

Figure3: Useof synthesizablecustomIP

Let x be a vector � x1 � ����� � xn � of n real, positive variables. A
function f is calleda posynomialfunctionof x if it hastheform

f � x1 � ����� � xn ��� t

∑
k 	 1

ckxα1k
1 xα2k

2 
�
�
 xαnk
n

wherec j � 0 andαi j � R. Whenthereis only onetermin thesum,
i.e., t � 1, we call f a monomialfunction. Note thatposynomials
areclosedunderaddition,multiplication,andnonnegative scaling.
Monomialsareclosedundermultiplicationanddivision.

A geometricprogram is anoptimizationproblemof theform

minimize f0 � x�
subjectto fi � x��
 1 � i � 1 � ����� � m�

gi � x��� 1 � i � 1 � ����� � p �
xi � 0 � i � 1 � ����� � n � (1)

wheref0 � ����� � fm areposynomialfunctionsandg1 � ����� � gp aremono-
mial functions.

If f is a posynomialandg is a monomial,thenthe constraint
f � x��
 g � x� canbehandledby expressingit as f � x��� g � x��
 1. We
canalsohandleconstraintsof theform f � x��
 a, where f is posyn-
omial anda � 0. In a similar way if g1 andg2 arebothmonomial
functions,thenwecanhandletheequalityconstraintg1 � x��� g2 � x�
by expressingit asg1 � x��� g2 � x��� 1.

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

There are several methodsfor solving geometricprograms.
Oneoption is to solve theexponentialform of thegeometricpro-
gramusinga generalpurposeoptimizationcodesuchasNPSOL
or MINOS. Thesegeneralpurposecodeswill in principle find
the globally optimal solution,but codesspecificallydesignedfor
solvinggeometricprogramsoffer greatercomputationalefficiency.
Recently, Kortanek et al. have shown how the most sophisti-
catedprimal-dualinterior-point methodsusedin linear program-
ming can be extendedto GP, resultingin an algorithm with effi-
ciency approachingthat of current interior-point linear program-
mingsolvers[21]. Simpleprimalbarriermethodsfor solvingsmall
circuitsposedasgeometricprogramshave beenreportedin [22].

3.2 Transistor modeling

Thetransistormodelswe usehave to have a form compatiblewith
geometricprogramming.For example,a simple transistormodel
for a longchannelMOS transistoris thefollowing:

Thetransistormodelwe usehasthefollowing form, which we
call aGP1model.



� The overdrive voltageVgs � VTH is a monomialfunction of
transistorlength L, transistorwidth W and transistordrain
currentI .� Thetransconductancegm is amonomialfunctionin L,W, and
I .� The outputconductancego is given by αgo �m wherego �m is
monomialin L, W, and I , andα is a constant.We usetwo
differentvaluesof α, dependingon whetherthe transistorin
questiontypically operateswith largeor smallVds.� Capacitancesbetweentheterminalsandbulk areposynomial
in L, W, andI .

Thismodelwasusedin thetool GPCAD[15]. To modelsubmi-
crondevices,moresophisticatedandaccuratemodelsthatarestill
compatiblewith geometricprogrammingbaseddesignareneeded.
Thesemodelsareapartof BarcelonaPradoTM SynthesisPlatform.
Thesemodelsarefarmorecomplex thatthesimpleGP1modeland
arevery accurate.For example,in Figures4- 5 we plot I/V mea-
sureddataversusGP modelsfor a TSMC 0 � 35µm process. We
observe very little errorover a largerangeof themodelingspace.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
I−V curves for TSMC0.35 W=8um, L=0.35um

Vds in V

Id
 in

 u
A

Figure4: Comparisonof GPmodelsto BSIM modelsfor a transis-
tor of W � 8µm, L � 0 � 35µm in a 0 � 35µm process

3.3 Cir cuit modeling

Circuit behavior needsto modeledusinga form also compatible
with geometricprogramming.In [15] theauthorsdescribehow to
model op-ampbehavior, in [16] the authorsshow how to model
RF circuit behavior and in [17] the authorsshow how to model
multistagefeedbackamplifiers.

The PLL architectureswe modeledare shown in Figure 6
(clockgeneration)andFigure7 (clocksynchronization).

Thedesignconstraintsareformulatedhierarchically. First, the
designconstraintsof thesub-blocksof thePLL suchasthecharge-
pumpandVCO areformulatedasa functionof their input/output
specifications.For example,the output currentmismatchof the
charge-pumpis formulatedin posynomialform as a function of
thetransistorsizesandparametervaluesof thecharge-pump.Sec-
ond,thesystemlevel designconstraintsof thePLL areformulated
in termsof the input/outputspecificationsof the sub-blocks.For
example, the contribution of the output currentmismatchof the
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Figure5: Comparisonof GPmodelsto BSIM modelsfor a transis-
tor of W � 31� 75µm, L � 1 � 35µm in a 0 � 35µm process

charge pump to PLL jitter is written in posynomialform. This
hierarchicalformulation resultsin a modulardescriptionfor the
geometricprogram. It resultsin bettermaintainabilityof the im-
plementationandenablesre-useof codewhen implementingthe
methodfor different PLL topologies. For example, if we want
to usea differentcharge-pumpin the PLL only the muchsmaller
charge-pumpmoduleof thecodeneedsto beupdated.

In summary, thedesignmethodologyconsistsof thefollowing
steps:

1. Defining sub-blocks and correspondinginput/output vari-
ables.Thesub-blocksof a PLL includethephase/frequency
detector, charge-pump,loop filter, voltage-controlledoscilla-
tor, anddivider (seeFigures6 and7). Eachsub-blockhas
a minimal numberof defininginput/outputvariablesthatare
sufficient to describethe behaviour of the PLL and the in-
teractionbetweensub-blocks.For example,the input/output
variablesof the PFD include power dissipation,area,reset
time,up/down timing mismatch,andoutputrise/fall time.

2. Writing (posynomial)equationsfor input/outputvariablesof
sub-blocks in terms of componentsizes. For analogsub-
blocksthis canbe doneusingthemethodologydescribedin
previouspapers[15] or it canbedoneusingothernumerical
fitting methods[23]. The focusof this paperis not to show
thedetailedmodelingof thecomponentsbut ratherto explain
how to expandthemethologyfor higherlevel blocks.

3. Writing (posynomial)systemlevel PLL designequationsin
termsof input/outputvariablesof sub-blocks. At this step,
the designconstraintsof the PLL areput in posynomialin-
equality form in termsof the input/outputvariablesof the
sub-blocks.This stepand the previous stepintroducea hi-
erarchicalmethodologyfor writing PLL designequationsin
termsof thePLL componentsizes.

For example,thetotal power dissipationof theclock genera-
tion PLL is givenby thesumof thepower dissipationsof its
sub-blocks,i.e.,

PPLL � PPFD � PCP � PCP � PVCO ��� PDCDIV � PDIV (2)
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Thepower for eachsub-blockis oneof its I/O variablesand
canin turnbeexpressedasaposynomialfunctionof itsdesign
variables.

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

APLL � APFD � PCP � ACP � AVCO ��� ADCDIV � ADIV (3)

The layout areaof a componentis anotherof the sub-block
I/O variables. The areaof a sub-blockcan be written as a
posynomialof thedesignvariables.

Stability conditionsfor thePLL canbeobtainedby deriving
posynomialconstraintson thephasemargin andgainmargin
from theloopgainexpressionof thePLL [24]. Theloopgain
of thePLL is givenby

T � s��� �
k
m � � 1 � τ1s� � 1 � τ3s� e� std

s2 � 1 � τ2s� � 1 � as � bs2 � cs3 � � (4)

where k � kpdkcpklf kvco, m is the frequency division ratio
of the frequency divider andduty cycle divider, � 1� τ1 and� 1� τ2 arethe zeroandpole of the LF, τ3, a, b andc repre-
sentthe transferfunctionof the VCO, andtd is thedelayof
thePFD,frequency divider, dutycycledivider, clocktree,and
VCO combined.

To computethe peak-to-peakjitter, cycle-to-cycle jitter and
staticphaseerroronemusttake into accountall sourcesof jit-
ter: phasenoisein theoscillator, power supplynoise,charge
pump currentmismatch,etc.Posynomialmodelingof these
characteristicsat thecircuit level is needed.

4. Formulateproblemasgeometricprogramandsolvefor com-
ponentsizesusing numericalalgorithm. Oncedesigncon-
straintsareput in posynomialform, thePLL designproblem
is castas a geometricprogramand henceit can be readily
solvedusingefficient numericalalgorithms.

4 Practical designexamples

We have usedMir óTM ClockingEngineto synthesizethreephase-
lockedloopsin theTSMC0 � 18µmlogic process.

The usercandefinehis PLL requirements,specifytargetpro-
cessandcircuit parameterssuchasinput frequency andfrequency
multiplication factors,specificationson area,power, clock jitter,
etc.All of the performancemetricsfor the PLL designhave been
accuratelymodeledusinggeometricprogramming.

In Table 1 we show the designresultsof a clock synchro-
nization PLL. Within threehours,Mir óTM producedan optimal
PLL designall theway from specificationsto fully routedGDSII.
ThePLL wasdesignedover threeprocesscorners:typical-typical,



Figure8: Optimal tradeoff curve betweenminimumareaandmin-
imumpower

Vdd � 1 � 8V, T � 25oC; slow-slow, Vdd � 1 � 6V, T � 75oC andfast-
fast,Vdd � 1 � 9V, T � 0oC. Thegoalin thisdesignwasto minimize
power while meetingall thespecificationsshown in Table1.

Parameter Spec. Synthesis
Input referencefrequency 1 (MHz) 9 9
Input referencefrequency 2 (MHz) 27 27
VCO frequency 1 (MHz) 384 384
VCO frequency 2 (MHz) 1080 1080
Width (µm) 680 572
Heigth(µm) 760 751
Duty cycle � 5 � 1
Jitter(peak-to-peak)(ps) 150 91
Jitter(cycle-to-cycle) (ps) - 3.6
Staticphaseerror(ns) 0.1 0.1
Power consumption(mW) min 8.25

Table1: PLL A, specificationsandsynthesizedresults

Thedesignercanexplore thedesignspaceby plotting optimal
trade-off curves.Thesecurvescurvesshow how theobjectivefunc-
tion will trade-off with anotherspecification.For example,in Fig-
ure 8, we show an areaversuspower tradeoff curve. This curve
is obtainingby repeatedlysolving the designproblem(minimiz-
ing area)while varyingpower. Therestof specificationsaresetto
thevaluesgiven in Table1. We seethat(asexpected)morepower
meanslessarea.However, we canmeasurethingsthatwe do not
know apriori. For example,increasingthepowerbudgetmorethan
10mWwill not translateinto a reductiononarea;thereasonis that
thereareotherdesignspecificationsthatareconstrainingtheobjec-
tive.

In Figure9 weplot theoptimaltradeoff curvepeakjitter versus
powerwhentheremainingspecificationsaresetto thevaluesgiven
in Table1. This curve allows usto measureexactly how jitter and
power tradeoff.

In Table 2 we show the designresultsof a clock generation
PLL. This PLL is usedin video applications.This PLL wasde-
signedover thesameprocesscornersasthepreviousPLL.

In Table3 weshow thedesignandmeasuredresultsfor another
clockgenerationPLL. ThisPLL is usedin audioapplications.Due
to the large sizeof its components,the loop filter is implemented
externally. This PLL wasdesignedover thesameprocesscorners
asthepreviousones.

Figure9: Optimal tradeoff curve betweenminimumpeak-to-peak
jitter andminimumpower

Parameter Spec. Synthesis
Input referencefrequency 1 (MHz) 33 33
Outputfrequency 1 (MHz) 3.30 3.30
Outputfrequency 2 (MHz) 81.0 81.0
Outputfrequency 3 (MHz) 13.5 13.5
Area(mm2) min 0.589
Duty cycle � 5 � 1
Jitter(peak-to-peak)(ps) 300 240
Jitter(cycle-to-cycle) (ps) 80 40
Power consumption(mW) 3 3

Table2: PLL B, specificationsandsynthesizedresults

Parameter Spec. Synthesis Simulated Measured

Input frequency 1 (MHz) 27 27 27 27
Outputfrequency 1 (KHz) 43.2 43.2 43.2 43.2
Outputfrequency 2 (MHz) 135.472 135.4752 135.4752 135.4752
Outputfrequency 3 (MHz) 11.2896 11.2896 11.2896 11.2896
Area(µm2) min 348 348 348
Duty cycle  5  1 - 50
Jitter(peak-to-peak)(ps) 400 240 304
Jitter(cycle-to-cycle) (ps) 100 40 - 36.5
Powerconsumption(mW) 10 3.5 3.8 2.7

Table3: PLL C, specifications,synthesized,simulatedandmea-
suredresults

We notethecloseagreementbetweenmeasuredandpredicted
results.

Weguaranteedrobustnessof ourdesignsto processvariationby
requiringthatall constraintsandspecificationsholdoverall process
corners.In otherwords,wereplicatedeachconstraintfor eachpro-
cesscorner. This methodis morecomprehensive thantraditional
techniqueswhichuseonly a few critical parametersandcircuit de-
signintuition to ensurerobustnessover processvariations.Table4
shows the jitter performanceover supply and temperaturevaria-
tions.

5 Conclusions

We have shown somedesignresultsand experimentalverifica-
tion of phase-lockedloopsdesignedusinggeometricprogramming
techniques. The most importantpoint is that the PLL we built
andtestedwasdesignedin a completelyautomatedway, directly



Jitter, T=-20o Jitter, T=25o Jitter, T=75o

Vd 1σ p-p 1σ p-p 1σ p-p
1.6V 28.4 286 32.1 265 27.8 229
1.8V 36.5 304 30.3 284 28.0 229
2.0V 35.3 294 31.2 339 28.1 231

Table4: Jittermeasurementsover temperatureandvoltagecondi-
tions

from the specifications.No hand-tuningor designertweakingof
the designswascarriedout beforefabricating;the fabricatedcir-
cuitsdirectlyusedthedesignsobtainedfrom theBarcelonaMir óTM

ClockingEngine.
The useof synthesizablecustomIP offers the advantagesof

customdesignedblocks(sinceblocksarecustomdesignedto meet
a setof requirements)andtheadvantagesof hardIP blocks(since
designtime is veryshort).
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