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Abstract

This paperdescribesa new DC modelingmethodologyappli-
cableto CMOS integratedcircuits. It is namedoperating point
drivenDC formulationbecausetheoperatingpoint is specifieddi-
rectly, andthedevice dimensionsW andL aredeterminedout of
it. With othermethods,onespecifiesthedevicedimensionsW and
L anddeterminestheoperatingpoint. Ourmethodis importantfor
manualdesignbecauseit allows thedesignerto reasonin termsof
voltagesandcurrentsandreleaveshim from the burdenof deter-
miningdevicesizes.Thealgorithmis guaranteedto converge,and
is computationallyefficient,whichallows interactivedesignspace
explorationusingoptimization-basedsizing.A designplanusedin
optimization-basedsizingconsistsfor the largestpartout of solv-
ing theDC part. Speedingup theDC partwith a computationally
efficientalgorithm,thatallowsparallellisation,resultsin aboostof
optimizationspeed.

I. Intr oduction
DC modelingis a topic that received muchattentionduring

the pastdecades.This wasmainly dueto convergenceproblems
which hamperedwidespreadacceptanceof SPICE like simula-
tors. Even today’s advancedalgorithmssometimesfail to find a
DC consistentsolution. Also, SPICE DC solvingalgorithmsare
targetedtowardsanalysis.Thedesigner, reasoningin voltagesand
currents,hasto specifythe device dimensionsW and L, leaving
him with theburdento determinethelatter. In this paper, analgo-
rithm applicableto CMOScircuitsis presentedthattakesvoltages
andcurrentsasinput, convergesby constructionandis computa-
tionally efficient,which is requiredfor optimization-basedsizing.
In section2, the applicationof a DC formulationin anoptimiza-
tion basedsizing schemeis discussed.In section3, the different
DC modelingmethodologiesarediscussedandcompared.Section
4 introducesthe influenceof seriesresistorsandjunction diodes
while section5 discussesdimensionreductiontechniques.In sec-
tion 6, anexampleis given.Conclusionsaredrawn in section7.

II. DC root solving in relation with circuit
optimization

A designplanusedfor optimization-basedanalogcircuit siz-
ing hasa structureasdepictedin Fig. 1. An executablemodelis
partof anoptimizationloop. Optimizationallows automatisation
becauseit doesn’t requireexplicit understandingof the complex
nonlinearrelationshipsbetweenthe designparameters.Its draw-
backis that it requiresmodelsfor DC, AC andtransientbehavior
thatarevalid over thepartof thedesignspacethatfullfills thede-
sign requirements.Theexecutablemodelcanbedivided in three
parts.FirsttheDC partof thedevicemodelstakespartin aDC root
solvingloop. After solvingtheDC equations,thesmall-signalpa-
rametersof thedevicesaredeterminedusingtheAC partof their
device models.Given thesmall-signalparameters,onecansolve
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Fig. 1. Nesting of the DC root solving loop inside the optimization loop.

theACmodel.ThiscanbeanMNA model,abehavioralsignalpath
model[1], [2] or anAWEmodel[3]. For transientanalysis,onecan
useapproximatemanualderivedexpressionsor asimulation-based
method.In this paper, we concentrateon theDC root solvingpart
sincethis is themosttimeconsumingpart,which is speededupby
theproposedapproach.

III. DC modeling
DC modelingcanbedonein severalways. Themethodpre-

sentedhereis applicablefor sizing of integratedCMOS circuits.
Wefirst discussthedifferentmethodsandthenmakeacomparison
betweenthem. We considera MOS circuit with N nodesand M
MOStransistors.

A. Simulation

In a simulator like SPICE, the DC solution is obtainedby
solving a systemof simultaneousnonlinear equationswith a
Newton-Raphsonroot solver. The independentvariablesare the
nodevoltagesVn � [ � 1 ��������� � N]T . The numberof independent
variablesof theroot solver is thusN. GiventhenodevoltagesVn,
onecancalculatethebranchvoltagesVb � AT Vn, with A theinci-
dencematrix [4]. Thebranchconstitutiveequations(BCE’s)allow
to determinethedevicecurrentsoutof thebranchvoltagesandthe
device dimensions.TheconstraintsaretheKCL’s of thedifferent
nodes.Given the branchcurrents,onecancalculatethe error on
the KCL’s. The systemof simultaneousnonlinearequationsthe
root solverhasto solve is:

Vb � AT VnIb � BCE
	
Vb 
 ,KCL

	
AIb 
�� 0,�

KCLi

	
Vn 

� KCL

	
A
	
BCE

	
ATVn 
�
�

� 0 i � 1 ����� N

Root solving is an incompletesolutionmethod:onecan’t garan-
teethat the solutionwill alwaysbe found. The iterative Newton-



Raphsonschemecanfail to converge.A goodmeasurefor theerror
ontheKCL’s is thelogarithmicdifferencebetweenthesumof cur-
rentsthatenterandleave a nodein functionof logVn. Whethera
branchcurrentwill flow to or from a nodecanbe determinedby
inspectionof thetransistorterminalsthebranchcurrentoriginates
from. �

IKCLi � logVn �
� log

���
I to ��� Ito ��� log �� ���� I from

Ifrom !
In simulation-basedoptimization,this root solving processis re-
peatedfor eachiteration in the optimization. For eachiteration,
theexactDC solutionis determined.The inputsof theoptimizer
arethe device dimensionsW and L of eachtransistorandsome
biasingsources.If theoptimizerallows integervariables,on-grid
devicesizesareobtained.

Obtainingastartingpointwith asimulation-basedDC formu-
lationis problematic.Onemethodis to passthis taskto adesigner,
which excludesautomationof the analogsizing flow. An auto-
matedbut computationallyexpensivemethodis generating� W " L �
pairsin a randomfashionandsubmittingthemto asimulatoruntil
thelatterconverges.

The numberof circuit evaluationsduring an optimizationis
thus Opt � M � Root � N � , with Opt � n � and Root � n � thenumberof
evaluationsrequiredto optimizerespectively solveasystemof or-
dern.

B. RelaxedDC

In a relaxed DC optimizationscheme[5], the inner DC root
solving loop is merged into the outer optimization loop. Both
problemsaresolvedsimultaneously. TheexactDC solutionis not
determinedfor eachiteration in the optimization. It is enforced
graduallyduringtheoptimizationandis obtainedat theendof the
optimization.

A fundamentaldrawbackis that theinner loop is solvedwith
optimization while it should be solved by root solving, which
is mathematicallya totally different problem. Reformulatinga
rootsolvingprobleminto optimizationintroduceslocaloptima[6,
pp.286–289].

An examplecan give someflavor on this. Supposea two-
node circuit of which the errors on the KCL’s are given by�

KCL1 ��# 1 " # 2 �$� 5% # 1 & 0 ' 1 # 1 � # 2 and
�
KCL2 ��# 1 " # 2 �$� 0 ' 1 # 2

1 �
1 ' 4 # 1 & 7 � # 2. Thesearebothsmoothfunctionsof whichtheunique
solutionis theintersectionof thetwo loci correspondingto

�
KCLi �

0, asdepictedin Fig. 2. Thesefunctionsarenow combinedfor op-
timizationinto thefunction ( KCL � � 2

KCL1 �)# 1 " # 2 �*& � 2
KCL2 ��# 1 " # 2 � .

This function is non-convex andhaslocal minima asdepictedin
Fig. 2. It appearsthat solving the DC root solving problemwith
optimizationscattersthedesignspacewith localoptima.

This has two major drawbacks. With a designspacescat-
teredfull of local minima [3], efficient local optimization[1] is
excluded. One is obligatedto do the optimizationwith a com-
putionally expensive global optimizersuchas simulatedanneal-
ing. The possiblespeedgain obtainedby not persuingan exact
DC solutionduringeachoptimizationiterationis lostby this.

A seconddrawbackof theintroducedlocal optimais thatDC
consistency is lessgaranteed.DC consistency requiresthat one
achieves the real global optimum. This requireslong annealing
times.AvoidingDC inconsistency by increasingtheweightsonthe
KCL errormeasuresis temptingbut resultsin aprematurefreezing
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Fig. 2. (a) ] KCLi ^ 0 loci. (b) Surface plot of _ KCL

of the nodevoltagesVn which arekey designparameterswhich
shouldbefrozenonly at thelatestmoment.As a consequence,the
situationmay occur frequentlythat optimizationshave to be run
multiple timesbecausetheobtainedresultsareDC inconsistent.

In arelaxedDC approach,thenodevoltagesVn andthedevice
dimensionsW and L of theMOS transistorsarethe independent
variables.Therefore,generatinganinitial pointwith thismethodis
straightforward. If theoptimizerallows integervariables,on-grid
device sizesareobtained.For on-griddevice sizes,mixedinteger
nonlinearprogramming(MINLP) is required.The integerpart is
requiredfor thedevicedimensionsW andL, thenoninteger(real)
partfor thenodevoltagesVn. Togetherwith theBCE’s, they allow
to evaluatethecurrentthroughall devicesandthustheerroron all
KCL’s. Theerrorson theKCL’s areaddedaspenaltytermsto the
goal functionwhich expressesthedesignobjectives.Thenumber
of circuit evaluationsis thusOpt � M & N � .
C. OperatingPoint Driven

In operating point driven sizing, onespecifiesthe operating
pointanddeterminesthedevicedimensionsW outof it. Theinde-
pendentvariablesarethe nodevoltagesVn , a setof independent
chordcurrentsIc and the L ’s. Out of the nodevoltagesVn, the
branchvoltagesVb � AT Vn aredetermined,andoutof thechosen
setof independentchordcurrents,thebranchcurrentsIb aredeter-
minedasIb � BT Ic with B thebasicloopsetmatrix[4]. Giventhe
L ’s of thedevices,theW’s of thedevicescanbedeterminedsince
the IDS currentsarebranchcurrentsthat arecalculatedout of the
chordcurrents:

Ib � BT Ic B : Basicloopsetmatrix�
Wi � Wi �
� IDSb � IDSi � VGSi " VDSi " VBSi " Wi " L i �
� 0 i � 1 '�'�' M

This is a sequenceof M one-dimensionalproblems. For
each transistor, one solves W � W � IDS " VGS" VDS " VBS" L � .
The root solving is always converging since the function
W � IDS " VGS" VDS " VBS" L � is monotonicand thus can be solved
with for examplea bisectionmethod. A solutionis thusguaran-
teed(evenif it is unfeasiblè W a WMIN), makingit a complete
method. The root solving in W of

�
W � W �b� IDS � IDS � W �b�



IDS c IDS d VGSe VDSe VBSe W e L fhg 0 can be acceleratedby ex-
ploiting theknown functionform of i W d W f . Level-1modelsdon’t
requireroot solvingsinceanexplicit equationfor W d f exist. The
level-1 W valueis a goodstartingpoint for higher-ordermodels.

Oncethe branchcurrentsIb and the branchvoltagesVb are
known, the root solving in W for eachtransistorindividually can
start. As for the othermethods,this allows parallellisationat the
level of the device equations.This candrasticallyboostDC root
solvingspeed,sincetheDCequationscomprisethelargestpartof a
designplan.Givenaprocessorbusconnectingmultipleprocessors,
the PthreadsmultithreadingPOSIX standard[7] can be usedto
spreadthe M root solvingprocessesi Wi d Wi f-g 0 e i g 1 e�j�j�jke M
over themultipleprocessors.

SincetheW of a transistoris theresultof a root solvingpro-
cess,theobtainedW’s mostlikely will beoff-grid. A snapto grid
methodis requiredto obtainon-grid W’s. The mostappropriate
way to do so, is by usinga simulation-basedDC formulation. A
fastapproximateHermiteinterpolatingmodelcanbe usedto ex-
haustively try on-gridsolutionsin theneighborhoodof theoriginal
solutionwhich fulfill thespecifications.Therisk of divergenceis
absentsinceone is in the closeneighbourhoodof a known DC
consistentoperatingpoint.

The generationof a staring point with an operatingpoint
driven DC formulation is straightforward sinceonespecifiesthe
operatingpoint directly. The only conditionis that all transistor
mustbe on. Neglecting the bulk effect on the thresholdvoltage
by settingVT g VT0 lnm , allows to write a setof inequalityfunc-
tions which are linear in the nodevoltages: hi g c VDSi e gi gc;d VGSi c VTi f e i g 1 j�j�j M. Solvingtheminimaxproblem:o d V pn f
g min

Vn q IRmax
i
d hi d Vn f e gi d Vn f�f

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

Scalingof theindependentinput variables,performancevari-
ablesanddesignrequirementsis essentialin orderto obtaingood
conditionedoptimizationproblems.The purposeof scaling is to
linearizestronglynonlinearfunctionsto a maximumextent,in or-
der to easeand acceleratethe optimizationprocess. Almost all
encounteredequationsin analogcircuit designhave logarithmic
behavior. For thedevice equations,log IDS dependsin anasymp-
totically linearway on logVGS andlogVDS. Thesameis valid for
thesmall-signalparameters.Theexpressionsfor polesalsohavea
logarithmicnature(bode/pole-zeroplot). Logarithmictransforma-
tionsarethereforetheappropriatescalingmethod.Theroot solv-
ing equationsarewritten in log Wi , while the optimizationvari-
ablesarelogVn:i Wi d logWi f@g log IDSb c log IDSi d l ogVn e logWi f
g 0 i g 1 j�j�j M
D. Comparison

In tableI, thepropertiesof thepreviousdiscussedmethodsare
summarised.SinceOpt andRoothave at bestquadraticconver-
genceproperties,the fastestmethodis the onewith lowestorder.
Multiple argumentsare in favor of operatingpoint driven sizing
concerningthe requirednumberof circuit evaluations.First, the
effort requiredfor root solving is significantlylower thanfor the
othermethods.In general,it is moreefficient to solve a setof M

DC problems Sizingorder
Simulation Convergency Opt(2M)Root(N)

RelaxedDC Consistency Opt(2M+N)
OperatingPointDriven N Opt(N+#Ic+M) M Root(1)

TABLE I
Comparison between diff erent DC modeling methods concerning

potential problems and sizing order.

one-dimensionalproblemsthanonebig problemof orderN. The
optimizationandroot solving part areseparated,which avoids a
largeorderfor optimizationasin thecaseof relaxedDC. Conver-
genceandconsistency problemsareabsent.On-griddevice sizes
canbeobtainedwith asnapto grid method.

IV. Seriesresistorsand junction diodes
Theabove reasoningfor operatingpoint drivenDC formula-

tion neglectedthepresenceof seriesresistorsandjunctiondiodes
in ordernot to complicatethereasoning.They arenow takeninto
account(seeFig. 3). Supposeonly junctiondiodesarepresent.If
thesediodesarenot shorted(B-S), they areconnectedbetweena
nodeanda powersupplyrail. Sincethenodevoltagesareknown,
their leakagecurrentcan be determined.Given the set of inde-
pendchordcurrents,thebranchcurrentscanbedeterminedusing
an adaptedbasicloopsetmatrix incorporatingequivalentleakage
currentsources,allowing themethodto beappliedasbefore.

Considerthecasewhereonly seriesresistorsarepresent.Al-
thoughthe current throughthesedevices is known, the voltage
acrosstheir terminalscan’t be determinedsincetheir resistance
valuedependsontheW of thedevice.However, theW canonly be
determinedif theinternalvoltagesVGSi, VDSi, andVBSi areknown,
somethingwhich is only thecaseif theseriesresistorsareknown.
This makesthatthedeviceequationsof theinternaltransistorand
the seriesresistorsmust be solved simultaneously. This can be
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 nodesDi and Si , and thus the diode leakage
currents,canonly be determinedafterwards. However, thediode
leakagewasa prerequisiteto determinethebranchcurrentswhich
were requiredto solve the DC root solving equations. This si-
multanitycanbebrokenby reconnectingthenon-shortedjunction
diodesfrom the internalnodesDi or Si to the externalnodesD
respectively S. Thisapproximationintroducesanegligible DC er-
ror, which shouldhave no influenceon the manufacturabilityof
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Fig. 3. Series resisistor s and junction diodes of a MOS device .



thecircuit to startwith. For theAC model,thenormalconnectiv-
ity patterncanbeused.

V. Dimensionreduction techniques
Thenumberof optimizationvariablescanbe reducedby the

methodsbelow whichareapplicableto all DC modelingmethods.

A. Minimal areadevices

Theeffective gateareaof someMOS transistorshasa domi-
nantinfluenceon performanceparameterslike offsetvoltageand
noise. If specificationsaregiven for theseperformanceparame-
ters,thesetransistorsmaynotbedesignedasminimalareadevices.
Theremainingtransistorshowevercanandshouldbedesignedto-
wardsminimal area.A temptingway to do so is to fix their L to
L r LMIN . However, sinceminimal areacancorrespondto both
L r LMIN or W r WMIN , settingL r LMIN is equivalentto cut-
ting away a part of the designspace. In order to avoid this, the
ratiovariabler r W s L is used.Theturnover ratio rMIN is defined
asrMIN r WMIN s LMIN , which is higherthanonefor deepsubmi-
cron processes.The device geometryandroot solving equations
become:

r t rMIN uwv W r WMIN

L r W s r r x rMIN uyv L r LMIN

W r r Lz
r i { logr i | r log IDSi } log IDSi { log Vn ~ logr i | r 0 i r 1 ����� M

B. Symmetry

All differential structuresare designedsymmetrically. This
allows to reducethedegreesof freedomby introducingsymmetry
constraints.With a simulation-basedDC formulationthesesym-
metryconstraintsmake thegeometryof symmetricdevicesequal.
The equivalent for an operatingpoint driven DC formulation is
makingthenodevoltagesandbranchcurrentsof symmetricnodes
respectively symmetricbranchesequal.

VI. Example
As example,theCMOScurrentbuffer OTA depictedin Fig. 4

[8] is used.The technologyis 0 � 7� m MietecCMOS.The list of
specificationsis given in tableII. All transistorsarebiasedin the
saturationregion. Thepower supplyvoltageis � 2 � 5V. The load
capacitanceis 5pF. The independentinput set is log � VI N DC ~
VGS1a~ VGS2a~ VGS4a~ VGS5a~ VGS7~ VDS3a~ VDS3b~ VDS4a~ VOUT ~
IDS1a~ IDS4a~ LM1a ~ LM3a ~ LM4a ~ fu ~ fgmr � . Minimal areadevices
are M2a, M5a, M6, and M7. Symmetryconstraintsare IDS1a r
IDS1b, IDS4a r IDS4b, LM1a r LM1b, LM2a r LM2b, LM3a r LM3b,
LM4a r LM4b, LM5a r LM5b, Vn4a r Vn4b, Vin � r Vin � ,
Vn3 r Vnout. This input setenforcestheoperatingpoint, making
it designoriented.Generatingan initial startingpoint is straight-
forward. Thelow optimizationtimesallow interactive use,which
is not the casefor batchorientedmethods[3]. DC consistency
is guaranteedby construction.With minimaxoptimization[1], a
maximalunity gainfrequency of 274MHzis obtainedafteraround
100evaluations.Theperformanceparametersfulfill thespecifica-
tionsasdepictedin tableII.

VII. Conclusions
An efficientandcompleteDC modelingmethodhasbeenpre-

sented.It is applicableto analogintegratedCMOS circuits. The

~ ~
-

neg

cmrn

Vi-
M1b

n2bn2a

M1a
n1

+

cmrp

cmrpp

pos

out

cload

in pos in neg Vo

Vi+

M3a n3

M2a

M4a

M5a
n4a

M4b

n4b

M5b

nout

M2b

M3b

M6

n6

M7

Fig. 4. Schematicof acurrentbuffer OTA.

required obtained
Itot � 3mA 3mA
PM � 60� 60�

GMR � 6dB 18� 6dB
AV0 � 60dB 86� 4dB
Vof f � 5mV 5mV

SR � 150V ��� s 150V ��� s
OR ��� 1 � 5V 1 � 5V

fu max 274MHz

TABLE II
Specifications and obtained perf ormance of the current buff er OTA.

operatingpoint is specifieddirectly and the device sizesW and
L aredeterminedoutof it. Thealgorithmlacksconvergenceprob-
lems,therebyguaranteeingalgorithmslikeoptimizationaDC con-
sistentresult in all circumstances.It is computationallyefficient
with respectto traditionalmethods,makingit suitablefor interac-
tivedesignspaceexplorationusingoptimization-basedsizing.It is
suitablefor parallellisation,allowing additionalspeedup.
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