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Abstract

In this paper, a method for the automatic sizing of ana-
log integrated circuits is presented. Basic sizing rules, re-
presenting circuit knowledge, are set up before the sizing
and are introduced as structural constraints into the sizing
process. Systematic consideration of these structural con-
straints during the automatic sizing prevents pathologically
sized circuits and speeds up the automatic sizing. The siz-
ing is done with a sensitivity-based, iterative trust region
method.

1 Introduction

Although the analogpart of a mixed signal circuit is
rathersmall,its designtime oftenexceedsthe time needed
for the designof the digital part. The reasonis, that for
thedigital partmany designautomationtoolsareavailable,
whereasfor theanalogdesignnumericalcircuit simulators
are still the most important tools. Circuit sizing is usu-
ally donemanuallyby experiencedanalogdesignersandis
thereforea time-consuminganderror-pronetask.

In thelastyears,symbolic[3] andnumerical,simulation-
based[5,7] sizing tools weredevelopedandarecommer-
cially available,but they arestill rarelyused.

For thesimulation-basedtools,thetimeconsumingtasks
arethecircuit simulations,whereasthecomputationaleffort
for theoptimizationalgorithmitself canbeneglected.Ex-
pensive optimizationalgorithmscanbeused,if thenumber
of simulationscanbereduced.

Moreover, the circuit designerusually specifiesonly
thoseperformances,that arecritical for the applicationof
the circuit. Thus, circuit specificationsare often incom-
plete. Solving this incompletelydefinedproblemwith an
automaticsizingtool often resultsin bador pathologically
sizedcircuits,thatviolatebasicdesignrules.Thesecircuits
arevery sensitive to variationsof processandoperational

parametersandtheunspecifiedperformancesmayhave un-
expectedvalues.

In this contribution, an automaticsizing methodis pre-
sented,that overcomestheseproblemsby introducingcir-
cuit knowledgeinto the sizing process.Basicsizing rules
aresetup on componentlevel for transistorpairs(e.g. dif-
ferentialpair) andsubcircuits(e.g. cascodecurrentmirror)
andformulatedasconstraints.Thesestructuralconstraints
expressgeneralfunctionandmatchingconditions.By sys-
tematicconsiderationof structuralconstraints,pathologi-
cally sizedcircuits arepreventedand so automaticsizing
of analogcircuitsis enabled.

Thesizingis donewith asensitivity-based,iterativetrust
region algorithm.In eachstep,thecircuit performancesare
linearizedandaparametercorrectionis calculatedbasedon
the characteristicboundarycurve[1, 8]. Thus,the number
of simulationscanbereducedsignificantly.

2 Structural Constraints

Performancesdescribethe circuit behavior. Specifica-
tionsdefinerequirementson theperformancesandthuson
thecircuit behavior. Normally, thecircuit specificationsand
thus the requirementson the circuit behavior are incom-
plete. In an automaticsizing processthis can result in a
pathologicallysizedcircuit that fulfills all givenspecifica-
tions,but violatesbasicdesignrules.

Thesebasicdesignrules dependonly on the structure
of the circuit[2]. Thereforethey arecalledstructuralcon-
straints. As shown in Figure 1, theseconstraintsexpress
generalfunctionandmatchingconditions.By fulfilling the
constraints,properfunctionof thecircuit is guaranteed.

Structuralconstraintsare derived on componentlevel,
for transistorpairs and subcircuits. At this level there is
only a limited numberof structures.Thesestructureshave
a low complexity andarenot specificfor the circuit class.
Thus,constraintscanbe derived for all relevant structures
andtherewith for every circuit.
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Figure 1. Structural constraints

Structuralconstraintsfor transistorpairscan be set up
for differential pairs, level shifter, complementarypairs
andcurrentmirrors[2]. In this paragraphsettingup struc-
tural constraintsis shown on theexampleof a currentmir-
ror (Figure 2). The most important requirements,that a
properdesignedcurrentmirror mustfulfill are:� For goodmismatchpropertiesandanareaefficient lay-

out,thelengthof thetwo transistorsmustbethesame.
With the transistorlengthbeingthesame,theratio of
the two transistorwidthsmustbeequalto theratio of
thecurrents: �

M1 � �
M2 (1)�	��
���� �  M1

  M2 (2)

� The smallerthe areaof a transistor, the higher is its
mismatchsensitivity. Therefore,the transistorwidth
andlengthmustnot fall below aminimumvalue ������
and
� ����� :

���� �������� and (3)� ��� � ����������� � M1,M2 ! (4)

� Both transistorsoperateasvoltage-controlledcurrent
sources(vccs)andthusthey mustbein saturation:"$#&%('�)+*,#-%/.0* � %1.2)+*435%�6 ����� � M1,M2 !

(5)

� For a low
%

T-mismatchsensitivity, the effective gate
voltagemustnot fall below a minimumvalue

% .07 ����� :"8#-% .�7 ����� #-% .2)+7 � 39% T ����� � M1,M2 ! (6)

� For a low : sensitivity the differenceof the drain-
sourcevoltagesmust not exceeda maximum value% '�)+7 �<;>= : ? %('�)

M1

3@%A'�)
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? #-%('�)+7 �<;>= (7)
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Figure 2. Current mirr or

Asshownabove,structuralconstraintsareeitherequality
or inequalityconstraints.Equalityconstraintscanonly oc-
cur for designparametersandareeasilyfulfilled via track-
ingparameters.Thereforethey arenotincludedin thesizing
algorithm. For eachequalityconstraintthenumberof free
designparametersis reducedby one.

Inequality constraintscan occur for designparameters
andsimulatedproperties. They can be written asa func-
tion B � , dependingon thedesignparametersC . For aneasy
notationthey areformulatedin a uniqueway:

B �ED C�F � " �HGI���KJ�L+�NM	M	MO�>PRQTS (8)

Combiningall inequalityconstraintsin thevector U , (8) can
bewrittenas:

U D CVF �XW (9)

This inequationdefinesthe feasibility region of the sizing
algorithmdiscussedin thenext section.

3 Automatic Sizing

For eachperformanceY � , a specificationYTZ 7 � is givenby
thedesigner. ThedesignparametersC shouldbetuned,so
thatthesizedcircuit satisfiesthegivenspecification1:

Y �[D C2F]\� YTZ 7 � GI���9J^�E�NM	M	MO�>PR_TS (10)

For an easynotation,all performancesand specifications
arecombinedin the vectors̀ and ` Z . The differencebe-
tweentheperformancesandspecificationsis theerror a of
thecircuit:

a D C�F � ` D C2F 3 ` Z (11)

Besidethespecifications,thestructuralconstraints(9) must
also be fulfilled. The resultingproblemis a constrained
nonlinearminimizationproblem:bdc�efhgRi a D C�F i � ? U D C�F �-WVj (12)

1Thespecificationcanbetightenedor relaxedduringtheoptimization
in order to adaptthe optimizationprocessto the performancepotential
turningout duringtheoptimization.



As circuit simulationsare extremely expensive, an opti-
mizationalgorithmis required,thatneedsfew simulations.
Thealgorithmpresentedin therestof thissectioncarefully
planseachiterationstep,investigatingoptimizationcost(in
form of therequiredcorrectionnorm)andoptimizationef-
fectiveness(in form of the achievable error reductionto-
wardsthespecification).

3.1 Sizing Algorithm

Theminimizationproblemis solvedwith aniterativeal-
gorithm.In every stepk , theperformancesarelinearizedat
thecurrentnominalpoint C,l�mTno :

` D C�F � ` D C l�mTno Fp q	r s�tvu f ` ? f�wRfyx zN{|p qNr sA} D C 3 C l�mTno Fp qNr sTt M	M	M~` D�� F � ` l�mTno t � l�mTn } � (13)

Thesameis donewith theconstraints:

U D C2F � U D C,l�mTno Fp qNr s t�u f U ? f�wRf1x zN{|p qNr s } D C 3 C0l�mTno Fp q	r s t MNM	M~U D�� F � U�l�mTno t � l�mTn } � (14)

Thelinearizederroris definedaccordingto (11):~a D�� F � � l�mTn � t D `1l�mTno 3 `�Z�F � � l�mTn � t a+l�mTno (15)

Thesizingis donewith thefollowingalgorithmbasedon
thelinearizationdiscussedabove:

1. Set the iteration index k � " andthe nominalpointC l�mTno to thegiveninitial parameters.

2. Calculatethe sensitivity matrixes � l�mTn and � l�mTn , the
performancevalues̀Al�mTno andtheconstraintvaluesU�l�mTno
asdescribedin (13)and(14).

3. Calculatea parametercorrection � as shown in sec-
tion 3.2anda new nominalpoint:

C l�mT� � no � C l�mTno t � (16)

4. Check,if the linearizationis still valid. This is done
by comparingtheerrorreductionin thelinearandthe
nonlinearsystem:

� � i a l�mTno i 3 i a D C l�mT�
� no F ii a l�mTno i 3 i ~a D�� F i � � o � � o �4SOL�� " J (17)

Hereby� o is aproperlychosenconstant.If (17)holds,
the new nominalpoint C l�mT� � no is accepted,otherwise
it is rejected.In the lattercasethe linearizationis not
valid. A new parametercorrectionwith a smaller i � i
is calculatedandthealgorithmcontinueswith step3.

5. The algorithmterminateswith the solution C�l�mT� � no if
either

i a l�mTno 3 a D C l�mT� � no F i�� � o or (18)i a D C l�mT� � no F i�� � o � � o�� " (19)

is fulfilled. � o is the maximumacceptableerror. If
(18) holds,no moreimprovementis possible– a local
or global minimum is reached. (19) means,that the
specificationis fulfilled.

6. Increasetheiterationindex k andcontinuewith step2.

For this algorithm,convergenceto a local minimum ofi a D C2F i can be proven theoretically[4]. Circuit examples
presentedin section4 alsoshow the effectivenessof this
methodin practice.

3.2 One parameter correction step

In thissection,it is shown, how theparametercorrection� , neededin step3 of thesizingprocessis calculated.All
calculationsaredonein the linearizedsystemin oneitera-
tion of thesizingalgorithm.Thus,theiterationindex k will
beleft out in this section.

In thelinearizedsystem(12)canbewrittenas:bdc�e� g i a o tX� � i � ? U o t@� � �XW j (20)

Thisproblemcanbesolvedexactly, but if thematrix � is ill
conditioned,hugeparametercorrectionsi � i mayoccur. In
thiscaseit canhappen,thatthelinearizationis notvalid,and
so,although� solves(20),theerrorin thenonlinearsystem
(11)mayevenraiseor thesimulatordoesnotconvergewith
thenew parameters.

To avoid this problem,anobjective function is defined,
that takeserror reductionand parametercorrection into
account[6,8]:� D�� � :RF � i a o t@� � i � t : i � i � � : � " (21)

With this objective functionthenew minimizationproblem
can be set up. Solving this problemwe get the solution�4�TD :RF andits error a �TD :RF in thelinearsystem:

�4�TD :RF � argmin� � � D�� � :�F ? U o t5� � ��W ! (22)

a �TD :RF � a o t�� �4�TD :RF (23)

The index “c” denotes,that this is the solutionof a con-
strainedproblem. Thesolutioncanbe transformedasdis-
cussedin[8]. Thetransformedcorrectionnorm � � is:

� �TD :RF � i � � D :RF i 3 i � � D :����@F ii �4��D " F i 3 i �4�TD :d���@F i (24)
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Figure 3. Typical example of a characteristic
boundary curve (CBC).

Thetransformederrornorm � � is calculatedas

� � D :RF � �� D :RF 3 � ����� oL 3 � ����� o (25)

with

�� D :RF � � i a �TD :RF i � 3 i a	� i �i a � D �@FOF i � 3 i a � i � � and (26)� ����� o � �� D " F (27)

Hereby i a � i is theresidualof theunconstrainedminimiza-
tion problem

i a	� i � b�c�e� �/� a o t�� � i ! M (28)

The resultingcurve � �	D � � F is the characteristicboundary
curve (CBC)[8, 1]. Figure 3 shows a typical CBC. The
curve hasthefollowingproperties:� Thetransformederror � � andcorrectionnorm � � arein

theintervall J " �NL S . Thus,differentCBCsarecompara-
ble.� TheCBCis thesolutionwith thesmallesterror i ~a D�� F i
for a given maximumcorrectionnorm. This means,
thatnosolutionsbelow theCBCarepossible.� For asensitivity matrix � with anidealconditionnum-
ber of one and no active constraints,the curve is a
straightline. Thehigherthe conditionnumberof the
matrix, the morebendis thecurve. In every casethe
curve is convex.

Efficient ways for calculatingthe characteristicboundary
curve arepresentedin[8, 1].

It canbeseenin Figure3, thatusuallywith a smallcor-
rection� � , theerror � � canbereducedsignificantly,whereas
a hugecorrectionis neededto reducetheerrorto zero.The
goalis, to find a solutionwith a goodratio betweencorrec-
tion effort andcorrectioneffect. Thesesolutionsarenear
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Figure 4. Folded-cascode operational amplifier .

thebendof thecurve,markedwith agrey colorin thefigure.
Thebendcanbe foundbasedon the curvature-radius¡ of
thecurve:

¡ �
� ¢
L t¤£�¥ �O¦¥ ; ¦	§

��¨ª©
¥T« � ¦¥ ; «¦ (29)

The smallerthe radius ¡ , the higherthe curvature. So the
solutionwith the smallestcurvature-radiusis takenas the
parametercorrection � for this step. The curvatureand
curvature-radiusof theCBCcanefficiently becalculatedby
interpolatingthe CBC betweentwo calculatedpointswith
a Berstein-B́ezier-curve (B-B-curve). The B-B-curve is a
parametriccurve, that, if appropriatelycalculated,hasthe
following properties:� It is convex,� in the startingandendingpoint it hasthe sameslope

astheCBCand� all derivativescanbecalculatedanalytically.

Thefirst two propertiesguarantee,thattheB-B-curve prin-
cipally hasthesameshapeastheCBCandconvergesto the
CBC for smalldifferencesbetweenthestartingandending
point. The lastpropertyis importantfor anefficient calcu-
lationof thecurvatureradius.

With this algorithm,a parametercorrectionwith a good
ratio betweencorrectioneffort andcorrectioneffect canbe
calculatedwith anacceptablecomputationaleffort.

4 Results

Theintroducedautomaticsizingmethodwasusedto size
the operationalamplifier shown in Figure 4. The circuit
consistsof 22 MOS-transistors.With two designparame-
ters(width andlength)for every transistorthis resultsin 44
designparameters.



For thiscircuit165inequalityand35equalityconstraints
canbederived. As statedin section2, every equalitycon-
straintreducesthenumberof freedesignparametersby one,
whichis resultingin 9 freedesignparametersor areduction
of ¬ "� .

All structuralconstraintsareevalutedwith anoperating
point simulation,that mustbedonein any case.Thus,no
additionalsimulationeffort is neededfor the evaluationof
theconstraints.

Startingfrom a pathologicallysizedinitial point, thecir-
cuit wassizedtwice. Oncein considerationof all structural
constraintsandonceonly with respectto parameterbounds.
Table1 comparesthegivenspecificationsandtheachieved
results.

Speci- Initial With Without
fication sizing constr. constr.

A o J dBS 75 99.5 74.7 75.5
ft JMHzS 54 7.9 54.1 53.9
PHM J>®ES 70 34.0 69.9 69.9
SRp JV 
 k sS 42 4.4 41.9 42.6
Power JmWS 1.7 0.36 1.71 1.71

Violatedconstr. — 6 0 7

Iterations — — 5 14
Sensitivity calc. — — 45 126

Table 1. Results for the operational amplifier .

Thesensitivities werecalculatedwith finite differences,
usingthe forward-differenceformula. For this calculation
methoda simulationtime of approximately240sona SUN
Ultra 1 wasneededfor eachiteration.This is resultingin a
sizingtime of 20min for theconstrainedcircuit andnearly
onehour in the unconstrainedcase.In any casethe CPU-
timeneededby theoptimizationalgorithmitself is neglegi-
ble. Thetotalsizingtimecouldfurtherbereducedby using
a simulatorwith built-in sensitivities.

It clearly turnsout, thatconsideringtheconstraintssig-
nificantly speedsup thesizingalgorithm.Furthermore,the
circuit sizedwithout considerationof the structuralcon-
straintsviolatesseveral basicdesignrules. Especiallythe
effective gatevoltagesof the transistorsMN5, MN1 and
MN3 aretoosmall.Theselow effectivegatevoltagesresult
in a mismatch-sensitive circuit asshown on theexampleof
theCMRRin table2.

With Constr. Without Constr.
Performance mean ¯ mean ¯
CMRR J dBS 98.6 9.6 92.2 9.7

Table 2. Mean values and standar d deviations °
calculated with a 100 sample monte carlo analysis
with V ± variations.

In summaryit emerges,that, althoughboth sizingsful-
fill the specification,the circuit sizedunderconsideration

of thestructuralconstraintsis significantlylesssensitive to
processvariations.

5 Conclusion

In this paper, a methodfor the automaticsizing of in-
tegratedanalogCMOS circuits is presented.Basicsizing
rulesfor transistorpairs(e.g. differentialpair) andsubcir-
cuits (e.g. cascodecurrentmirror) are set up on compo-
nentlevel andformulatedasconstraints.A systematiccon-
siderationof thesestructuralconstraintsduring the sizing
significantlyreducesthenumberof freedesignparameters,
speedsup thesizing,andpreventspathologicallysizedcir-
cuits. Settingup the structuralconstraintsis shown on the
exampleof a currentmirror.

The sizing is donewith an iterative trust region algo-
rithm. In eachstep,thecircuit performancesandconstraints
arelinearizedanda parametercorrectionwith a goodratio
betweenerror reductionandparameterdeviation is calcu-
latedbasedon thecharacteristicboundarycurve.

Thesizingmethodwasappliedto a folded-cascodeop-
erationalamplifier. It turnedout, thatby systematicconsid-
erationof thestructuralconstraints,theoverall sizingtime
wasreducedby a factorof threeandtheresultingcircuit is
lesssensitive to processvariations.
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