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Abstract

This paperdescribes new DC modelingmethodologyappli-
cableto CMOS integratedcircuits. It is namedoperating point
drivenDC formulationbecauséhe operatingpointis specifieddi-
rectly, andthe device dimension3V andL aredeterminedut of
it. With othermethodspnespecifiegshedevice dimensiondV and
L anddeterminesheoperatingpoint. Our methodis importantfor
manualdesignbecausét allows thedesigneto reasorin termsof
voltagesand currentsandreleaves him from the burdenof deter
mining device sizes.Thealgorithmis guaranteetb corverge,and
is computationallyefficient, which allows interactive designspace
explorationusingoptimization-basedizing. A designplanusedn
optimization-basedizing consistdor the largestpartout of solv-
ing the DC part. Speedingip the DC partwith a computationally
efficientalgorithm,thatallows parallellisationresultsin aboostof
optimizationspeed.

|. Intr oduction

DC modelingis a topic that receized much attentionduring
the pastdecades.This was mainly dueto corvergenceproblems
which hamperedwidespreadacceptancef SPICE like simula-
tors. Eventoday'’s advancedalgorithmssometimedail to find a
DC consistensolution. Also, SPICE DC solving algorithmsare
talgetedtowardsanalysis.Thedesignerreasoningn voltagesand
currents hasto specifythe device dimensionsW and L, leaving
him with the burdento determinethe latter. In this paperanalgo-
rithm applicableto CMOScircuitsis presentedhattakesvoltages
andcurrentsasinput, corvergesby constructionandis computa-
tionally efficient, whichis requiredfor optimization-basedizing.
In section2, the applicationof a DC formulationin an optimiza-
tion basedsizing schemds discussed.In section3, the different
DC modelingmethodologiesirediscusse@ndcomparedSection
4 introducesthe influenceof seriesresistorsandjunction diodes
while section5 discusseslimensiornreductiontechniquesin sec-
tion 6, anexampleis given. Conclusionsaredrawvn in section?.

[I. DC root solving in relation with circuit
0pt|m|zat|on

A designplan usedfor optimization-basednalogcircuit siz-
ing hasa structureasdepictedin Fig. 1. An executablemodelis
partof an optimizationloop. Optimizationallows automatisation
becauset doesnt requireexplicit understandingf the comple
nonlinearrelationshipdbetweerthe designparameterslts draw-
backis thatit requiresmodelsfor DC, AC andtransientbehaior
thatarevalid over the partof the designspacethatfullfills the de-
signrequirementsThe executablemodelcanbe dividedin three
parts.FirsttheDC partof thedevice modelstakespartin aDC root
solvingloop. After solvingthe DC equationsthe small-signapa-
rameterof the devicesaredeterminedusingthe AC partof their
device models. Given the small-signalparameterspne cansolve
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Fig. 1. Nesting of the DC root solving loop inside the optimization loop.

theAC model. ThiscanbeanMNA model,abehaioral signalpath
model[1], [2] oranAWE model[3]. Fortransienanalysispnecan
useapproximatenanualderivedexpression®r asimulation-based
method.In this paperwe concentrat@n the DC root solving part
sincethisis themosttime consumingpart,whichis speededp by
the proposedapproach.

[ll. DC modeling

DC modelingcanbe donein sereralways. The methodpre-
sentedhereis applicablefor sizing of integratedCMOS circuits.
Wefirst discusghedifferentmethodsandthenmake acomparison
betweenthem. We considera MOS circuit with N nodesand M
MOS transistors.

A. Simulation

In a simulatorlike SPICE, the DC solutionis obtainedby
solving a systemof simultaneousnonlinear equationswith a
Newton-Raphsorroot solver. The independentariablesare the
nodevoltagesV, = [vy,...,vn]T. Thenumberof independent
variablesof theroot solveris thusN. Giventhenodevoltagesv,,
onecancalculatethebranchvoltagesV, = ATV, with A theinci-
dencematrix[4]. Thebranchconstitutize equation§BCE's) allow
to determinghe device currentsout of thebranchvoltagesandthe
device dimensions.The constraintarethe KCL's of the different
nodes. Given the branchcurrents,one can calculatethe error on
the KCL's. The systemof simultaneousionlinearequationghe
rootsolver hasto solweis:

KCL(Alp) =0, Ip = BCE(Vp), Vo = ATV,
£ | t

kel (Vn) = KCL(ABCEA™Vy)) =0 i=1...N

Root solving is anincompletesolution method: onecant garan-
teethatthe solutionwill alwaysbefound. The iterative Newton-



Raphsorschemeanfail to corverge. A goodmeasurdor theerror
ontheKCL'sis thelogarithmicdifferencebetweerthesumof cur-

rentsthatenterandleave a nodein functionof log V,,. Whethera

branchcurrentwill flow to or from a nodecanbe determinedy

inspectionof the transistorterminalsthe branchcurrentoriginates
from.

8lkcy (log V) = Iog( > Im> —log

lio—>e

Z Ifrom
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In simulation-basedptimization,this root solving processs re-
peatedfor eachiterationin the optimization. For eachiteration,
the exact DC solutionis determined.Theinputsof the optimizer
arethe device dimensionsW and L of eachtransistorandsome
biasingsourcesf the optimizerallows integervariables,on-grid
device sizesareobtained.

Obtaininga startingpointwith asimulation-base®C formu-
lationis problematic Onemethods to passhistaskto adesigner
which excludesautomationof the analogsizing flow. An auto-
matedbut computationallyexpensve methodis generatingW, L)
pairsin arandomfashionandsubmittingthemto a simulatoruntil
thelattercornverges.

The numberof circuit evaluationsduring an optimizationis
thus Opt(M)Root (N), with Opt(n) and Root(n) the numberof
evaluationgrequiredto optimizerespectrely solve a systemof or-
dern.

B. RelaxedC

In arelaxed DC optimizationschemd5], theinner DC root
solving loop is memged into the outer optimizationloop. Both
problemsaresolvedsimultaneouslyThe exactDC solutionis not
determinedfor eachiterationin the optimization. It is enforced
graduallyduringthe optimizationandis obtainedat the endof the
optimization.

A fundamentatiravbackis thattheinnerloopis solved with
optimization while it should be solved by root solving, which
is mathematicallya totally differentproblem. Reformulatinga
root solving probleminto optimizationintroducedocal optimal6,
pp.286-289].

An examplecan give someflavor on this. Supposea two-
node circuit of which the errors on the KCL's are given by
5|<C|_1(U1, vp) = 5/1)1 + 0.1vy — vy and 5|<C|_2(U1, vp) = O.lv% —
1.4v;+7—v,. Thesearebothsmoothfunctionsof whichtheunique
solutionis theintersectiorof thetwo loci correspondingp dkci, =
0, asdepictedn Fig. 2. Thesefunctionsarenow combinedor op-
timizationinto thefunction Akcy = 83¢,, (v1, v2) + 83c,, (v1, v2).
This functionis non-cowex andhaslocal minima asdepictedin
Fig. 2. It appearghatsolvingthe DC root solving problemwith
optimizationscatterghe designspacewith local optima.

This hastwo major dravbacks. With a designspacescat-
teredfull of local minima[3], efficient local optimization[1] is
excluded. Oneis obligatedto do the optimizationwith a com-
putionally expensve global optimizer suchas simulatedanneal-
ing. The possiblespeedgain obtainedby not persuingan exact
DC solutionduringeachoptimizationiterationis lost by this.

A seconddrawbackof theintroducedocal optimais thatDC
consisteng is lessgaranteed.DC consisteng requiresthat one
achievesthe real global optimum. This requireslong annealing
times.Avoiding DCinconsisteng by increasingheweightsonthe
KCL errormeasuress temptingbut resultsin aprematurdreezing
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Fig. 2. (a) 3KCL; = Oloci. (b) Surface plot of AKCL

of the nodevoltagesV, which arekey designparametersvhich
shouldbefrozenonly atthelatestmoment.As a consequencéehe
situationmay occur frequentlythat optimizationshave to be run
multiple timesbecausehe obtainedresultsareDC inconsistent.

In arelaxedDC approachthenodevoltagesV, andthedevice
dimensions/V andL of the MOS transistorsaarethe independent
variables.Thereforegenerating@ninitial pointwith thismethodis
straightforvard. If the optimizerallows integer variables,on-grid
device sizesareobtained.For on-grid device sizes,mixedinteger
nonlinearprogramming(MINLP) is required. The integer partis
requiredfor the device dimensiondV andL, the noninteyer(real)
partfor thenodevoltagesV,,. Togethemwith theBCE's, they allow
to evaluatethe currentthroughall devicesandthustheerroronall
KCL’s. Theerrorsonthe KCL's areaddedaspenaltytermsto the
goalfunctionwhich expresseshe designobjectives. The number
of circuit evaluationds thusOpt (M + N).

C. Opeiating Point Driven

In opemating point driven sizing one specifiesthe operating
pointanddetermineshedevice dimensiondV outof it. Theinde-
pendentvariablesarethe nodevoltagesV, , a setof independent
chordcurrentsl. andthe L’s. Out of the nodevoltagesV,, the
branchvoltagesV, = ATV, aredeterminedandout of thechosen
setof independenthordcurrentsthebranchcurrentsly, aredeter
minedasl, = BT |, with B thebasicloopsetmatrix[4]. Giventhe
L’s of thedevices,the W’'s of thedevicescanbedeterminedsince
the Ips currentsare branchcurrentsthat are calculatedout of the
chordcurrents:

lp = BT ¢ B : Basicloopsetmatrix

dw; (W) = Ipsp— Ipsi(Vasi, Vosis Vesi, Wi, Li) =0 i=1...M

This is a sequenceof M one-dimensionalproblems. For
each transistoy one solves W = W(lps, Vs, Vbs, VBs, L).
The root solving is always corverging since the function
W(lps, Vss, Vbs, Vs, L) is monotonicand thus can be solved
with for examplea bisectionmethod. A solutionis thusguaran-
teed(evenif it is unfeasible= W < Wyn), makingit a complete
method. Theroot solvingin W of w(W) = lps — Ips(W) =



Ips — lIps(Ves, Vbs, Vs, W, L) = 0 can be acceleratedy ex-
ploiting theknown functionform of 8y (W). Level-1modelsdon't
requireroot solvingsincean explicit equationfor W() exist. The
level-1W valueis a goodstartingpoint for higherordermodels.

Oncethe branchcurrentsl, andthe branchvoltagesV, are
known, theroot solvingin W for eachtransistorindividually can
start. As for the othermethodsthis allows parallellisationat the
level of the device equations.This candrasticallyboostDC root
solvingspeedsincetheDC equationgomprisehelargestpartof a
desigrplan. Givenaprocessobusconnectingnultiple processors,
the PthreadsmultithreadingPOSIX standard[7] can be usedto
spreadhe M rootsolvingprocessesy, (W) =0, i =1,..., M
overthemultiple processors.

Sincethe W of atransistoiis the resultof aroot solvingpro-
cesstheobtainedW’s mostlikely will beoff-grid. A snapto grid
methodis requiredto obtainon-grid W's. The mostappropriate
way to do so, is by usinga simulation-base®C formulation. A
fastapproximateHermite interpolatingmodel canbe usedto ex-
haustvely try on-gridsolutionsin theneighborhoodf theoriginal
solutionwhich fulfill the specifications.Therisk of divergencels
absentsinceoneis in the closeneighbourhoodf a known DC
consistenbperatingooint.

The generationof a staring point with an operatingpoint
driven DC formulationis straightforvard since one specifiesthe
operatingpoint directly. The only conditionis thatall transistor
mustbe on. Neglectingthe bulk effect on the thresholdvoltage
by settingVr = Vi + €, allows to write a setof inequalityfunc-
tions which arelinear in the nodevoltages:hi = —Vpsj, g =
—(Vsi— V1),i = 1... M. Solvingtheminimaxproblem:

(V) = min maxh;(Vh), 6i(Vn))
VnE|R !

delivers a starting point where all transistorsare on. Another
methodis generatinghodevoltagesat randomuntil one obtains
onefulfilling all inequalityfunctions. Both methodscanalsobe
usedfor arelaxed DC formulation.

Scalingof theindependeninput variables performancevari-
ablesanddesignrequirementss essentialn orderto obtaingood
conditionedoptimizationproblems. The purposeof scalingis to
linearizestronglynonlinearfunctionsto a maximumextent,in or-
der to easeand acceleratehe optimization process. Almost all
encounteregquationsin analogcircuit designhave logarithmic
behaior. For the device equations|og Ips dependsn anasymp-
totically linearway on log Vs andlog Vps. The sameis valid for
thesmall-signaparametersTheexpressiongor polesalsohave a
logarithmicnature(bode/pole-zergplot). Logarithmictransforma-
tionsarethereforethe appropriatescalingmethod. The root solv-
ing equationsare written in logW;, while the optimizationvari-
ablesarelog Vy:

3w (logW) = log Ipsp—log IpsilogVy, logW) =0 i=1...M

D. Comparison

In tablel, thepropertieof thepreviousdiscusseanethodsare
summarised.Since Opt and Root have at bestquadraticcorver-
gencepropertiesthe fastestmethodis the onewith lowestordet
Multiple algumentsarein favor of operatingpoint driven sizing
concerningthe requirednumberof circuit evaluations. First, the
effort requiredfor root solvingis significantlylower thanfor the
othermethods.In generaljt is moreefficientto solve a setof M

DC problems Sizingorder
Simulation | Convergeny Opt(2M) Root(N)
RelaxedDC | Consisteng Opt(2M+N)
OperatingPointDriven N Opt(N+#+M) M Root(1)
TABLE |

Comparison between diff erent DC modeling methods concerning
potential problems and sizing order.

one-dimensiongbroblemsthanonebig problemof orderN. The
optimizationandroot solving part are separatedyhich avoids a
large orderfor optimizationasin the caseof relaxedDC. Corver-

genceandconsisteng problemsareabsent.On-grid device sizes
canbe obtainedwith a snapto grid method.

IV. Seriesresistorsand junction diodes

The above reasoningor operatingpoint driven DC formula-
tion neglectedthe presencef seriesresistorsaandjunctiondiodes
in ordernotto complicatethereasoning.They arenow takeninto
account(seeFig. 3). Supposenly junctiondiodesare present.If
thesediodesare not shorted(B-S), they areconnectedetweera
nodeanda power supplyrail. Sincethe nodevoltagesareknown,
their leakagecurrentcan be determined. Given the setof inde-
pendchordcurrents the branchcurrentscanbe determinedising
an adaptedbasicloopsetmatrix incorporatingequivalentleakage
currentsourcesallowing the methodto be appliedasbefore.

Considerthe casewhereonly seriesresistorsaarepresent Al-
thoughthe currentthroughthesedevicesis known, the voltage
acrosstheir terminalscant be determinedsincetheir resistance
valuedepend®ntheW of thedevice. However, theW canonly be
determinedf theinternalvoltagesVgs;, Vbsi, andVgsj areknown,
somethingvhichis only the caseif the seriesresistorsareknown.
This makesthatthe device equationf theinternaltransistorand
the seriesresistorsmust be solved simultaneously This canbe
solved by applying the root solving equationsto device models
includingseriesresistors.

If both seriesresistorsand junction diodesare present,the
situationis moredifficult. The seriesresistorsrequirethe device
modelto be solved asa whole, makingthat the nodevoltagesof
the internaldevice nodesD; and S, andthusthe diode leakage
currentscanonly be determinedafterwards. However, the diode
leakagewvasa prerequisiteo determinethe branchcurrentswhich
were requiredto solve the DC root solving equations. This si-
multanity canbe brokenby reconnectinghe non-shortequnction
diodesfrom the internalnodesD; or S to the externalnodesD
respectiely S. Thisapproximatiorintroducesanegligible DC er-
ror, which shouldhave no influenceon the manufcturability of
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Fig. 3. Series resisistor s and junction diodes of a MOS device .



thecircuit to startwith. For the AC model,the normalconnectv-
ity patterncanbeused.

V. Dimensionreductiontechniques

The numberof optimizationvariablescanbe reducedby the
methodshelov which areapplicableto all DC modelingmethods.

A. Minimal areadevices

The effective gateareaof someMOS transistorshasa domi-
nantinfluenceon performanceparameterdik e offsetvoltageand
noise. If specificationsaregiven for theseperformancgarame-
ters,thesdransistorsnaynotbedesignedisminimalareadevices.
Theremainingtransistordhowever canandshouldbedesignedo-
wardsminimal area. A temptingway to do sois to fix their L to
L = Lwin. However, sinceminimal areacancorrespondo both
L = Lyin or W = Wiyin, settingL = Ly is equivalentto cut-
ting away a partof the designspace. In orderto avoid this, the
ratiovariabler = W/L is used.Theturnoverratiory is defined
asryin = Wwin/Lmin, Whichis higherthanonefor deepsubmi-
cron processesThe device geometryandroot solving equations
become:

W = Wuin
L=W/r

L =Lmn

r<rum — r>run —
R VIIN [ MIN [W:rL

8, (logr;) = log Ipsi—log Ipsi(log Vi, logri) =0 i=1...M

B. Symmetry

All differential structuresare designedsymmetrically This
allows to reducethe degreesof freedomby introducingsymmetry
constraints.With a simulation-base®C formulationthesesym-
metry constraintamalke the geometryof symmetricdevicesequal.
The equivalentfor an operatingpoint driven DC formulationis
makingthenodevoltagesandbranchcurrentsof symmetricnodes
respectiely symmetricbranchegqual.

VI. Example

As example the CMOS currentbuffer OTA depictedn Fig. 4
[8] is used. The technologyis 0.7tm Mietec CMOS. Thellist of
specificationss givenin tablell. All transistorsarebiasedin the
saturatiorregion. The power supplyvoltageis +2.5V. The load
capacitances 5pF. The independentnput setis log{ Vinbpc,
Vesia Vesza Vessa Vessa Vesn Vbssa Vpsab Vbssa Vours
|DSla IDS4& LMla7 LMga, LM4a, fu, fgmr } Minimal areadevices
are Mz, Ms,, Mg, and M7. Symmetryconstraintsare Ipsia =
Ipsib Ipssa = Ipsab Lmia = Lmib, Lmza = Lmzb, Lmza = Lmab,
Lmaa = Lmab, Lmsa = Lwmsb, Vhaa = Vhab, Ving = Vin-,
Vh3 = Vhout This input setenforceghe operatingpoint, making
it designoriented. Generatingan initial startingpointis straight-
forward. Thelow optimizationtimesallow interactize use,which
is not the casefor batchorientedmethods[3]. DC consisteng
is guaranteedby construction.With minimax optimization[1], a
maximalunity gainfrequeny of 274MHzis obtainedafteraround
100evaluations.The performancgarameterdulfill the specifica-
tionsasdepictedn tablell.

VIl. Conclusions

An efficientandcompleteDC modelingmethodhasbeenpre-
sented.lt is applicableto analogintegratedCMOS circuits. The
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Fig. 4. Schematiof acurrentbuffer OTA.

required obtained
ltot < 3mA 3mA
PM | > 60 60°
GMR | > 6dB 18.6dB
Avo | = 60dB 86.4dB
Vof f <5mV 5mvV
SR | > 150v/us | 150v/us
OR | > 15V 1.5v
fu | max 274MHz
TABLE I

Specifications and obtained performance of the current buffer OTA.

operatingpoint is specifieddirectly and the device sizesW and
L aredeterminedutof it. Thealgorithmlackscorvergenceprob-
lems,therebyguaranteeinglgorithmdlik e optimizationaDC con-
sistentresultin all circumstanceslt is computationallyefficient
with respecto traditionalmethodsmakingit suitablefor interac-
tive designspacesxplorationusingoptimization-basedizing. It is
suitablefor parallellisationallowing additionalspeedup.
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