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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 often exceedshe time needed
for the designof the digital part. The reasonis, that for
thedigital partmary designautomatiortoolsareavailable,
whereador the analogdesignnumericalcircuit simulators
are still the mostimportanttools. Circuit sizing is usu-
ally donemanuallyby experiencedanalogdesignerandis
thereforea time-consuminginderrorpronetask.

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

For thesimulation-basetbols,thetime consumingasks
arethecircuit simulationswhereaghecomputationaéffort
for the optimizationalgorithmitself canbe neglected. Ex-
pensve optimizationalgorithmscanbe used,if thenumber
of simulationscanbereduced.

Moreover, the circuit designerusually specifiesonly
thoseperformancesthat are critical for the applicationof
the circuit. Thus, circuit specificationsare often incom-
plete. Solving this incompletelydefinedproblemwith an
automaticsizingtool oftenresultsin bador pathologically
sizedcircuits, thatviolate basicdesignrules. Thesecircuits
arevery sensitve to variationsof processand operational
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parameterandthe unspecifiegerformancesnay have un-
expectedvalues.

In this contribution, an automaticsizing methodis pre-
sented that overcomegheseproblemsby introducingcir-
cuit knowledgeinto the sizing process.Basicsizing rules
aresetup on componentevel for transistorpairs(e.g. dif-
ferentialpair) andsubcircuitge.g. cascodeurrentmirror)
andformulatedasconstraints.Thesestructuralconstraints
expressgenerafunctionandmatchingconditions.By sys-
tematic consideratiorof structuralconstraints,pathologi-
cally sizedcircuits are preventedand so automaticsizing
of analogcircuitsis enabled.

Thesizingis donewith asensitvity-basedijterative trust
region algorithm.In eachstep,thecircuit performancesre
linearizedanda parametecorrectionis calculatedbasedn
the characteristiboundarycurve[1, 8]. Thus,the number
of simulationscanbereducedsignificantly

2 Structural Constraints

Performanceslescribethe circuit behaior. Specifica-
tions definerequirement®n the performancesindthuson
thecircuit behaior. Normally, thecircuit specificationsind
thus the requirement=on the circuit behaior are incom-
plete. In an automaticsizing processthis canresultin a
pathologicallysizedcircuit that fulfills all given specifica-
tions, but violatesbasicdesignrules.

Thesebasicdesignrules dependonly on the structure
of the circuit[2]. Thereforethey arecalledstructuralcon-
straints. As shawvn in Figure 1, theseconstraintsexpress
generafunctionandmatchingconditions.By fulfilling the
constraintsproperfunctionof thecircuit is guaranteed.

Structuralconstraintsare derived on componentievel,
for transistorpairs and subcircuits. At this level thereis
only alimited numberof structures.Thesestructureshave
a low complity andare not specificfor the circuit class.
Thus, constraintcanbe derived for all relevant structures
andtherewvith for every circuit.
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Figure 1. Structural constraints

Structuralconstraintgfor transistorpairs canbe setup
for differential pairs, level shifter, complementarypairs
andcurrentmirrors[d. In this paragraplsettingup struc-
tural constraintds shovn on the exampleof a currentmir-
ror (Figure 2). The mostimportantrequirementsthat a
properdesignecturrentmirror mustfulfill are:

¢ Forgoodmismatchpropertieandanareaefficientlay-
out, thelengthof thetwo transistorsnustbethesame.
With the transistorlengthbeingthe same theratio of
the two transistomwidths mustbe equalto the ratio of
thecurrents:

m = lw (1)
L/L = wwi/wme (2

e The smallerthe areaof a transistoy the higheris its
mismatchsensitvity. Therefore,the transistorwidth
andlengthmustnotfall belov aminimumvaluew,y,;,
andl ,in:

Wmin, and 3)
i € {M1,M2} 4)

ws; 2
>

lmin 3

¢ Both transistorsoperateas voltage-controlleccurrent
sourcegvccs)andthusthey mustbein saturation:

0< Vps, < Va, = Vas, — Vo, i€ {M1,M2}

()

e For alow Vr-mismatchsensitvity, the effective gate
voltagemustnotfall belav a minimumvalueVeg min

0 < VG min <Vagsi —Vr, i€ {M1LM2} (6)

e For a low A sensitvity the differenceof the drain-
sourcevoltagesmust not exceeda maximum value
VDS,max:

[VDsw — VDsw| < VDS maz (7)

M1 M2

Figure 2. Current mirror

As shavnabove, structurakonstraintareeitherequality
or inequalityconstraints. Equality constraintscanonly oc-
cur for designparameterandareeasilyfulfilled via track-
ing parametersThereforehey arenotincludedin thesizing
algorithm. For eachequalityconstraintthe numberof free
designparameterss reducecdoy one.

Inequality constraintscan occur for designparameters
and simulatedproperties. They canbe written asa func-
tion u;, dependingn the designparametersl. For aneasy
notationthey areformulatedin auniqueway:

ui(d) >0, Yiell,... n (8)
Combiningall inequalityconstraintsn thevectoru, (8) can
bewritten as:

u(d) >0 ©)
This inequationdefinesthe feasibility region of the sizing
algorithmdiscussedh the next section.

3 Automatic Sizing

For eachperformancef;, a specificationf; ; is givenby
the designer The designparametersl shouldbetuned,so
thatthe sizedcircuit satisfieghe givenspecificatiot:

Fid) = fo; Yi€[i,... ng] (10)

For an easynotation, all performancesnd specifications
are combinedin the vectorsf andf,. The differencebe-
tweenthe performancesndspecificationss the error e of
thecircuit:

e(d) = £(d) £, (12)

Besidethespecificationsthe structuralconstraint$9) must
also be fulfilled. The resultingproblemis a constrained
nonlineaminimizationproblem:

min {[[e(@)]|* | u(d) > 0} (12)

1The specificatiorcanbe tightenedor relaxedduring the optimization
in orderto adaptthe optimization processto the performancepotential
turningout duringthe optimization.



As circuit simulationsare extremely expensve, an opti-

mizationalgorithmis required thatneedsfew simulations.

Thealgorithmpresentedn therestof this sectioncarefully
planseachiterationstep,investigatingoptimizationcost(in
form of therequiredcorrectionnorm) andoptimizationef-
fectiveness(in form of the achievable error reductionto-
wardsthe specification).

3.1 Sizing Algorithm

Theminimizationproblemis solvedwith aniterative al-
gorithm. In every stepu, theperformancearelinearizedat

the currentnominalpoint dg“) :

£(d)=f(AY))+Vaf| ;_yo0 (d — df)+ ...
R i e (13)
f(x)= fé“) + s . x

Thesames donewith theconstraints:

u(d)=u(df")+Vaul,_ye-(d - df)+ ...
— _ (14)
u(x)= u(()“) + U . X

Thelinearizederroris definedaccordingto (11):
é(x) =SWx 4 (F1 —£,) =sWx 1 (15)

Thesizingis donewith thefollowing algorithmbasecbn
thelinearizationdiscusse@bore:

1. Settheiterationindex ¢ = 0 andthe nominalpoint
d(()“ ) to thegiveninitial parameters.

2. Calculatethe sensitvity matrixes S and U, the

performancevaluesfé“) andtheconstraint/aluealé“)
asdescribedn (13)and(14).

3. Calculatea parametercorrectionx asshown in sec-
tion 3.2anda nev nominalpoint:

dlr+) = a4+ x (16)

4. Check,if thelinearizationis still valid. Thisis done
by comparingthe errorreductionin thelinearandthe
nonlinearsystem:

_ e = lle(@d M)
€51 — lle()]]

2p07 Po 6]170[ (17)

Herebyp, is aproperlychoserconstantlf (17) holds,
the newv nominal point dg““) is acceptedptherwise
it is rejected.In the latter casethe linearizationis not
valid. A new parametecorrectionwith a smaller||x||
is calculatedandthe algorithmcontinueswith step3.

5. The algorithmterminateswith the solution d(()““) if
either

e — e(@f My
le(@y“ )

o Or (18)

<
S T0, 0 > 0 (19)
is fulfilled. 75 is the maximumacceptableerror. If
(18) holds,no moreimprovementis possible- alocal
or global minimum is reached. (19) meansthat the
specificatioris fulfilled.

6. Increasaheiterationindex ¢ andcontinuewith step2.

For this algorithm, convergenceto a local minimum of
|le(d)]|] canbe proven theoretically[4. Circuit examples
presentedn section4 alsoshawv the effectivenessof this
methodin practice.

3.2 Oneparameter correction step

In this sectiont is shavn, how the parametecorrection
x, heededn step3 of the sizing procesds calculated.All
calculationsaredonein the linearizedsystemin oneitera-
tion of thesizingalgorithm.Thus,theiterationindex p will
beleft outin this section.

In thelinearizedsystem(12) canbewritten as:

min {||eg + Sx]|? | ug + Ux > 0} (20)

This problemcanbesolvedexactly, but if thematrix S isiill
conditionedhugeparametecorrectiong|x|| mayoccur In
thiscasdt canhappenthatthelinearizationis notvalid, and
so,althoughx solves(20),theerrorin thenonlinearsystem
(11) mayevenraiseor the simulatordoesnot cornvergewith
thenaw parameters.

To avoid this problem,an objective functionis defined,
that takes error reduction and parametercorrection into
account[68]:

®(x,A) = |leo + Sx||* + Al[x][?, A>0 (21)
With this objective functionthe new minimizationproblem
canbe setup. Solving this problemwe get the solution
x.(A) andits errore.(A) in thelinearsystem:

x.(A) = amgmin{®(x,A) |ug + Ux >0} (22)

e(A) = €+ Sxc(A) (23)

Theindex “c” denotesthat this is the solutionof a con-
strainedproblem. The solutioncanbe transformedas dis-
cussedn[8]. Thetransformectorrectionnorma, is:

[[xc M = llxe (A = o0
1% (O] = [lxe (A = o0)|

a.(A) = (24)



Figure 3. Typical
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boundary curve (CBC).

Thetransformederrornormr, is calculatedas

F(A)'_ Tmino

() = AT (25)
— Tmin0
with
u eI = fler]P
r(A) = , d (26
) leao) P = e P’ 24 @0
Pmin0 = 7““(0) (27

Herebyl||e, || is theresidualof theunconstrainedninimiza-
tion problem

lle-|| = min {|[e; + Sx|[}. (28)

The resultingcurve r.(a.) is the characteristidoundary
cune (CBC)[8, 1]. Figure 3 shaws a typical CBC. The
curwve hasthefollowing properties:

e Thetransformedrrorr. andcorrectiornorma, arein
theintervall [0, 1]. Thus,differentCBCsarecompara-
ble.

¢ TheCBCis thesolutionwith thesmalleserror||e(x)||
for a given maximumcorrectionnorm. This means,
thatno solutionsbelow the CBC arepossible.

¢ Forasensitvity matrix S with anidealconditionnum-
ber of one and no active constraintsthe curwe is a
straightline. The higherthe conditionnumberof the
matrix, the morebendis the curve. In every casethe
Curweis corvex.

Efficient ways for calculatingthe characteristidooundary
curwve arepresentedn[8, 1].

It canbe seenin Figure3, thatusuallywith a smallcor
rectiona., theerrorr. canbereducedsignificantly whereas
ahugecorrectionis neededo reducetheerrorto zero. The
goalis, to find a solutionwith a goodratio betweercorrec-
tion effort and correctioneffect. Thesesolutionsare near
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Figure 4. Folded-cascode operational amplifier .
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thebendof thecurve, markedwith agrey colorin thefigure.
Thebendcanbe foundbasedon the cunature-radius: of

thecune:
9 3
(1+(2))

K= (29)

d3re
2
da?

The smallerthe radiusx, the higherthe cunvature. Sothe
solutionwith the smallestcurvature-radiugs takenasthe
parametercorrectionx for this step. The curvature and
cunature-radiu®f the CBC canefficiently becalculatedy
interpolatingthe CBC betweentwo calculatedpointswith
a Berstein-Beziercurve (B-B-curve). The B-B-cune is a
parametriccurve, that, if appropriatelycalculated hasthe
following properties:

e It isconvex,

¢ in the startingandendingpoint it hasthe sameslope
astheCBCand

¢ all derivativescanbecalculatecanalytically

Thefirst two propertiegguaranteethatthe B-B-curve prin-
cipally hasthe sameshapeasthe CBC andcorvergesto the
CBC for smalldifferencedetweerthe startingandending
point. Thelastpropertyis importantfor an efficient calcu-
lation of the curvatureradius.

With this algorithm,a parametecorrectionwith a good
ratio betweercorrectioneffort andcorrectioneffect canbe
calculatedwith anacceptableomputationakffort.

4 Resaults

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



For this circuit 165inequalityand35 equalityconstraints
canbederived. As statedin section2, every equalitycon-
straintreduceshenumberof freedesignparameterby one,
whichis resultingin 9 freedesignparametersr areduction
of 80%.

All structuralconstraintsareevalutedwith anoperating
point simulation,that mustbe donein ary case.Thus,no
additionalsimulationeffort is neededor the evaluationof
theconstraints.

Startingfrom a pathologicallysizedinitial point, thecir-
cuitwassizedtwice. Oncein consideratiorof all structural
constraintandonceonly with respecto parametebounds.
Tablel compareghe givenspecificationandthe achieved
results.

Speci- | Initial | With | Without

fication | sizing | constr | constr
A, [dB] 75 99.5 74.7 75.5
ft [MHZ] 54 7.9 54.1 53.9
PHM [°] 70 34.0 69.9 69.9
SR, [V/ug 42 4.4 41.9 42.6
Powver [ mW]| 1.7 0.36 1.71 1.71
Violatedconstr [ — | 6 [ 0 | 7
Iterations — — 5 14
Sensitvity calc. — — 45 126

Table 1. Results for the operational amplifier .

The sensitvities werecalculatedwith finite differences,
usingthe forward-differenceformula. For this calculation
methoda simulationtime of approximately240sona SUN
Ultra 1 wasneededor eachiteration. Thisis resultingin a
sizingtime of 20minfor the constrainectircuit andnearly
onehourin the unconstrained¢ase.In ary casethe CPU-
time neededy the optimizationalgorithmitself is neglegi-
ble. Thetotal sizingtime couldfurtherbereducedy using
asimulatorwith built-in sensitvities.

It clearlyturnsout, that consideringhe constraintssig-
nificantly speedsip the sizing algorithm. Furthermorethe
circuit sized without considerationof the structuralcon-
straintsviolatesseveral basicdesignrules. Especiallythe
effective gatevoltagesof the transistorsMN5, MN1 and
MN3 aretoo small. Thesdow effective gatevoltagesesult
in a mismatch-sensite circuit asshavn on the exampleof
theCMRRin table2.

With Constr || Without Constr
Performance| mean| o mean o
CMRR[dB] 98.6 | 9.6 92.2 9.7

Table 2. Mean values and standar d deviations o
calculated with a 100 sample monte carlo analysis
with VT variations.

In summaryit emeges,that, althoughboth sizingsful-
fill the specificationthe circuit sizedunderconsideration

of the structuralconstraintds significantlylesssensitie to
processariations.

5 Conclusion

In this paper a methodfor the automaticsizing of in-
tegratedanalogCMOS circuits is presented.Basic sizing
rulesfor transistorpairs (e.g. differentialpair) andsubcir
cuits (e.g. cascodecurrentmirror) are setup on compo-
nentlevel andformulatedasconstraintsA systematicon-
siderationof thesestructuralconstraintsduring the sizing
significantlyreduceghe numberof freedesignparameters,
speedsp the sizing,and preventspathologicallysizedcir-
cuits. Settingup the structuralconstraintss shovn on the
exampleof a currentmirror.

The sizing is done with an iterative trust region algo-
rithm. In eachstep thecircuit performanceandconstraints
arelinearizedanda parametecorrectionwith a goodratio
betweenerror reductionand parametedeviation is calcu-
latedbasedn the characteristiboundarycurve.

The sizing methodwasappliedto a folded-cascodep-
erationalamplifier. It turnedout, thatby systematiconsid-
erationof the structuralconstraintsthe overall sizingtime
wasreducedy a factorof threeandtheresultingcircuit is
lesssensitie to procesyariations.
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