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Abstract

Rapid prototypingfollowed by technologyretargeting pro-
videsa fast and cost-effectiveapproach to analog system
synthesis.Field-programmableanalog arrays (FPAAs) en-
ablerapidimplementationofa function-compliantprototype,
while technologyretargeting converts the functional FPAA
prototypeto an ASIC. We first addressthe FPAA technology
mappingproblem. A novel structural approach basedon
hierarchical patternmatching and coveringis employedto
maptheanalogbehaviorontotheFPAA. Wethenaddressis-
suesof technologyretargetinganddesignreuse,andpresent
our FPAA-ASICretargetingstrategy. We presentexperiments
anda designexamplefor FPAA technologymappingandre-
targeting.

1 Introduction
TheVHDL-AMS SynthesisEnvironment(VASE) beingdevel-
opedat the University of Cincinnatiperformssynthesisof
analogandmixedsignaldesigns.Thefirst stepis architec-
ture generation[1]. It producesdifferentsystemtopologies
for the givenspecification.This is followedby component
selectionandconstrainttransformation.They involve selec-
tion of ASIC componentsfrom the library andpropagation
of system-level constraintsto the component-level. For ev-
ery systemtopology, transistorsizing is doneto determine
if the systemperformanceconstraintsare satisfied. Using
the traditionalprototypefabricationmethodto validatethe
designis both time-consumingandexpensive. We propose
a fast andcost-effective approachto analogsystemsynthe-
sis in VASE, employingrapid prototypingand retargeting.
Rapid prototypingusing field-programmableanalogarrays
(FPAAs) [2, 3, 4] producesa function-complianthardware
prototypeof the analogsystem. The retargeting phasere-
hoststhefunctionaldesigninto anASIC. Figure1 showsthe
designflow. In this paper, we focus on FPAA technology
mappingandretargetingof FPAA designsto ASIC.

The rest of this paperis organizedas follows. Section2
gives an overview of FPAA technologyand its limitations.
We presentamethodto overcometheFPAA bandwidthlimi-
tationfor prototyping. Section3 addressesFPAA technology
mappingandpresentsour algorithm. Section4 outlinesis-
suesin FPAA-ASIC retargeting, and describesour strategy.
Section5 presentsexperimentsanda designexample,while
Section6 givestheconcludingremarks.�
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Figure 1. Design Flow

2 FPAA Technology
Field-programmableanalogarraysarea family of integrated
circuitscomposedof configurableanalogblocks(CABs)and
programmableinterconnect,thatcanbeconfiguredto imple-
ment analogcircuits. FPAAs belongto either continuous-
time or discrete-timedomains. Discrete-timedesignsare
basedonswitched-capacitoror switched-currenttechnology.
Theiradvantagesincludewiderangeof programmabilityand
insensitivity to parasiticsof programmingswitches.Thedis-
advantageis that maximumsignal frequenciesare limited
by the maximumsamplingclock frequency. Continuous-
time FPAAs are typically designedusing transconductors.
They have higherbandwidth,but theprogrammableparame-
ter rangeis smaller. Voltage-modedesignshave limited sig-
nal swing while current-modedesignshave unlimited sig-
nal swing. The Motorola MPAA [2] and IMP EPAC [3] are
discrete-timeFPAAswith bandwidthsof 200kHzand150kHz
respectively, while theZetex TRAC [4] is a continuous-time
FPAA with a 4MHz bandwidth.

Irrespective of whether the FPAA is continuous-timeor
discrete-time,the programmableparameterrangeand the
bandwidthposeconstraintson thecircuits realizableon the
FPAA . The FPAA technologymappingphase(discussedin
Section3)addressestheformerlimitation. A methodtoover-
cometheFPAA bandwidthlimitation is presentednext.
2.1 Overcoming the FPAA Bandwidth Limitation
Analog systemsthat work at frequencieshigher than the
FPAA bandwidthcannotbeimplementedon theFPAA . In or-
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Figure 2. Frequency Scaling

der to overcomethis limitation and usethe FPAA for pro-
totyping suchsystems,we proposea strategy basedon fre-
quencyscaling.

Considera linear network η1 with behavior specifiedby
transferfunction T1 G sH . Now we constructanothernetwork
η2 with thesametopologyasη1. Let its behavior bespeci-
fied by thetransferfunctionT2 G sH suchthat

T2 I sJLK T1 I sM ws J (1)

The factor ws is referredto asthe frequency scalingfactor.
The implication of Equation 1 is that frequency response
of the two networksremainsunchangedexceptthat the fre-
quency axisis scaleddown for networkη2.

For instance,considersecondorderChebyshev bandpassbi-
quadfilter thathasthefollowing transferfunction:

T I sJLK 1 N 167e O 06s

1 P 1 N 167e O 06s P 5N 214e O 10s2 (2)

This design cannot be implemented on the Motorola
FPAA [2] due to bandwidthlimitation of 200kHz. With a
frequency scalingfactorws = 100,centerfrequenciesbefore
andafter are697kHzand6.97kHzrespectively. Shown in
Figure2 is thefrequency responseof thebandpassfilter be-
fore (dashedline) andafter(solid line) frequency scaling.

Sincethe aim of technologymappingis to producea func-
tionalprototype,thehigh-frequency systemtransferfunction
is scaleddown appropriatelysuchthat the scaledresponse
is achievableon the target FPAA . After this, the frequency-
scaledsystemis prototypedto determineif the circuit has
therequiredfunctionality. To ensurethatthehigh-frequency
systemalsohasthesamefunctionalityaswell asdesiredper-
formance,it is importantto usea topologydesignedspecifi-
cally for thehigh-frequency system.

3 Library Based FPAA Technology Mapping
Coarse-granularityFPAAsaresuitablecandidatesfor system-
level designsincetheirCABscanbeconfiguredasfunctional
building blocksor macros.Technologymappingtransforms
the giventechnology-independentnetlist into a netlist of li-
brarymacrosof thetargetFPAA technology. Theapproachis

to selectsubnetworksof theinputnetlistthatcaneachbeim-
plementedby oneof theavailablelibrary components,while
optimizingthe circuit to minimizea costfunction that typi-
cally incorporatesmeasuresof areaandperformance.This is
callednetworkcoveringby library cells.
3.1 System Representation
All lineartime-invariantsystemscanbebuilt usingthreeba-
sicfunctionalelements:Integrator, GainAmplifier andSum-
mingAmplifier [6]. Thissetof basicelementsis functionally
complete. Henceany linear time-invariantsystemmay be
representedby ablock-diagramor asignal-flow graph(SFG)
composedof thesebasicelements[6]. For nonlinearsystems,
thesetof basicelementsalsoincludeselementscorrespond-
ing to thenonlinearfunctionblockssuchasAbsoluteValue,
Maximum,Minimum,Log,Antilog, Greateror LesserThan,
andsoon.

For FPAA technologymapping,a list of parametersrequired
to achieve the desiredfunctionality is associatedwith each
basicelement. For instance,the Gain elementwill have a
“gain” parameterthatdeterminestheactualamplificationbe-
tweentheinputandoutputof theelement.

The given analogsystemis specifiedas a connectednet-
work of behavioral blocks. In other words, a signal flow
graphrepresentationof theanalogsystemcomposedof trans-
fer functionblocks,nonlinearfunctionblocksandsumming
nodes.Generationof a structurefrom thespecifiedbehavior
is achievedby realizingeachof the transferfunctionblocks
usingstate-spacemethods[5]. We refer to this SFGasthe
designSFG.
3.2 Library Representation
Eachcomponentof thetargetFPAA library is likewiserepre-
sentedin all possiblewaysusingthesetof basicfunctional
elements.This generatesa setof patternSFGs. Associated
with eachpatternSFGis a cost,which in ourcaseis thearea
(numberof CABs)occupiedontheFPAA . Theunderlyingas-
sumptionof theapproachis thatthenodesof theSFGdonot
haveany couplingeffects.This is avalid assumptionfor a li-
brarycomposedof isolatedcomponents,for instanceopamp-
level designswherethe input impedanceis largeandoutput
impedancesmall. The target FPAA library mustsatisfythis
requirement.
3.3 Strategy
Theobjectiveof theFPAA library-binding problemis to find
a minimum cost covering of the designSFG using pattern
SFGs of library components,andensurethatprogrammable
parametersof theFPAA componentsarewithin legal ranges.
ThedesignSFGis a directedgraph,andtheproblemof find-
inganoptimalcoveris NP-complete.Efficientalgorithmsfor
usingdynamicprogramminghave beendevelopedfor tree
circuits.Oneof thetechniquesusedfor DAG coveringis ap-
proximatingit by anumberof treecoveringproblemsby par-
titioning it into aforestof trees[7]. Ourapproachis outlined
in Figure 3. Procedureconvert SFG to forest() transforms
thedesignSFG from a graphinto a forestof SFGtreesF by
disconnectingall edgesat eachof theoutputnodesfeeding



procedure lib bind()

Inputs: DesignSFGd sfg,TargetLibrary lib
Output: BestCoveringbestsfg cover
begin

F : forestof SFGtrees
F Q convert SFGto forest(dsfg);
bestsfg cover Q null;
foreach τ R F

Cτ : setof coveringsof treeτ
Cτ Q cover(τ);
besttreecover Q null;
foreach c R Cτ

c Q sumexpansion(c);
c Q gain chaining(c);
if cost(c) S cost(besttreecover)then

besttreecover Q c;
end if

end for
bestsfg cover Q bestsfg cover T besttreecover;
end for

end
procedure hierarchical bind()
Inputs: DesignSFGd sfg,

TargetMulti-levelLibrary l ib0 U l ib1 U N N N U l ibk

Output: BestCoveringbestcover
begin

g Q d sfg;
bestcover Q null;
for l ib K l ib0 to l ibk

g Q lib bind(g,lib);
if cost(g) S cost(bestcover)then

bestcover Q g;
end if

end for
end

Figure 3. Library Binding Algorithm
multiple inputs. Therebyfeedbackloopsaswell asfeedfor-
wardpathsareconvertedinto branchesof treesin theforest.

Therearetwo restrictionson thelibrary: (1) We donot han-
dle multi-output components,and hencethe library is re-
strictedto only single-outputcomponentsi.e. the patterns
musthave exactly one root node. (2) The patternSFGs of
library componentsaredirectedgraphsthatmaycontaincy-
cles. Since we perform tree covering, the patternsmust
be acyclic. In otherwords,every componentmustbe rep-
resentedusing a single patterntree. This restriction im-
plies that the componentcorrespondingto the patternmay
not exhibit fanoutexcept at the primary inputsandoutput.
Only feedbackloopsfrom the primaryoutputto intermedi-
atenodesarepermissible.

A coveris acollectionof patterngraphssuchthateverynode
of anSFGtree,τ V F is containedin exactlyoneof thepattern
graphs.In addition,eachinputusedby a patterngraphmust
beanoutputof anotherpatterngraph.Procedurecover()pro-
ducesthesetof possiblecoverings, W Cτ X implementingeach
SFGtreeby meansof dynamicprogrammingtraversalfrom
theleaf to theroot node.In orderto detectoutputfeedback,
thematchingalgorithmmustalsodetermineif thevertex and
correspondingleaf node(s)match. We then performsum-
expansionon eachcovering c VYW Cτ X . Summingamplifiers
in FPAA library have a fixed numberof inputs,sayk. For

instance,theMPAA [2] hasa 2-inputinvertingsummer. The
designSFGmayhave summingnodeswith greaterthank in-
puts,andthesum expansion()stepreplacesthosenodeswith
anequivalenttreeof k-input summingnodes.

Oncea matchhasbeenfound, the parametersof the basic
elementsare usedto determinethe programmableparam-
eter valuesfor the FPAA componentcorrespondingto the
match. The next stepis to verify whetherlegal valuesare
obtainedfor the programmableparameters.Exceptfor the
gain parameter, we determinedthat other parameterssuch
asQ-factor, cornerfrequency (for filter components)andso
on arenot “flexible”. Hence,thecomponentis discardedif
thereis violationof theparameterbounds.In thecaseof vi-
olationof gainparameterbound,we employgain-chaining.
Thisstepachievestherequiredgain,G by cascadingthemin-
imumnumber, n of legalgains,g suchthat

G K gn

if G S gmin then n K Z logI GJ
logI gminJ\[

if G ] gmax then n K Z logI GJ
logI gmaxJ�[

wheregmin andgmaxaretheminimumandmaximumpermis-
siblegainparametervaluesrespectively.

Next theminimumareacovering,besttreecoverof theSFG
treesis obtained.Theminimumareacoveringof thedesign
SFG, bestsfg cover is obtainedby putting togetherthe best
coveringsof theSFGtreesandreplacingthebrokenedgesat
fanoutnodes.

3.4 Hierarchical Pattern Matching and Covering
Oneof the limitations of the treecovering approachis the
restrictionon thepatternlibrary thatevery componentmust
be representableasa singlepatterntreecomposedof basic
functionalelements.This greatlyrestrictstherepresentation
of componentswith feedback.Considera bandpassbiquad
filter. Its controllableform representationresultsin two pat-
tern trees,as shown in Figure 4. Even thoughthe biquad
componentexistsin thelibrary, theoccurrenceof theformer
structurein theSFGtreewill fail to show amatch.1

Removal of the restrictionon the patternlibrary can result
in a patternnow representedby a forestof trees.Determin-
ing a matchwith sucha patternforesttendsto increasethe
complexity of thealgorithm. Insteadof incurring this over-
head,theremedyweproposeis to have a multi-levelpattern
library. Level 1 patternsarecomposedof basicelementsor
level 0 patterns. Level 2 patternsarecomposedof level 1
patternsandbasicelements,andsoon. As shown in Figure

1Unlike the analogdomain,this is not of muchconcernin the digital
domain. Even thoughdigital circuits are often sequentialand hierarchi-
cal in nature,moststudiedbindingproblemsdealwith their combinational
componentsbecausechoiceof implementationof registers,inputs/output
circuits anddriversis often straightforwardandbinding is doneby direct
replacement[8]. As for combinationalportionsof thecircuit, thereis little
or no feedbackexhibited. With AND2/INV decompositionor NAND2
decomposition,only gatessuchasEXORandEXNORexhibit feedback.
A matchwith thesepatternsexistsif the vertexandcorrespondingleaves
match[9].
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5, thebandpassbiquadfilter canberepresentedasa level 2
pattern. It is composedof one level 1 pattern(single-pole
lowpass)and restare level 0 patterns(gain, integratorand
summingamplifier). Sucha hierarchicalrepresentationof
the library is naturalandwell-suitedto systemdesignsince
componentsmaybespecifiedacrossseverallevelsof abstrac-
tion.

The library-binding now involvespartitioninginto forestof
trees,followedby hierarchicalpatternmatchingandcover-
ing. Supposethe multi-level patternlibrary hask+1 levels.
First thenetworkis coveredusinglevel 0 patternsfrom l ib0.
Thenpatternsof levels1,2,...,kfrom l ib1, l ib2, ... andl ibk re-
spectively areused.At eachlevel, thebestcoveringsolution
obtainedis chosenasinput to thenext level. Thebestcover-
ing encounteredamongall levels,bestcoveris returned.The
procedureis outlinedin Figure3. Oneof theadvantagesof
this approachis that if thenetworkcannotbecoveredusing
l ibi, it might bepossibleto find a covering solutionusinga
higher-level library, l ib j (j � i) sincethe latter containspat-
ternscomposedfrom level 0 to level j-1.

The costof a library componentis lessthanthesumof the
costsof the constituentcomponentsusedto implementthe
samefunction. In such a situation, every match using a
higher-level library resultsin lowering the costof the cur-
rentsolution.Thussolutionqualitywith amulti-level library
will alwaysbebetterthanthatobtainedwith a singlepattern
library.

Limitations: As with any library-basedtechnique,the size
of the patternlibrary is a concernhere. Also, since we
consideronly single-outputcomponents,library components
with multiple outputscannotbe utilized. Fanoutnodesre-
mainas“observable” nodesof thenetworksincewe do not
performcoveringacrosstreeboundaries.Thesefactorstend
to affect theoptimalityof thecoveringsolution.

4 Retargeting to ASIC

FPAAs are economicalwhen usedfor the initial prototype
and limited production. Neverthelessthereareseveral ad-
vantagesof an ASIC solution: it allows the useof a smaller
packagewith lessernumberof pins,andreducespowercon-
sumption.Also, FPAA limitationsdo not apply to ASIC so-
lution. Thereis wider rangefor parametervalues,andit is
possibleto achieve higherbandwidth.

Therearetwo approachesto producetheASIC solution: (1)
re-synthesizethesystemfor ASIC technology, and(2) retar-
getingthesynthesizedFPAA designto an ASIC. The former
requiresa system-level analogsynthesistool andproduces
a functional equivalent of the FPAA design. The compo-
nentselectionandconstrainttransformationstepin thesyn-
thesisprocessis selectscomponentsfrom the ASIC library
and propagatessystem-level constraintsto the component-
level. This producesa system-level functionalequivalentof
theFPAA design.In orderto ensurethatthedesiredfunction-
ality is obtained,it is essentialto incorporateall the design
changesmadeduringtherapidprototypingruns.

Since a component-level netlist for the systemis already
available, retargeting re-usesthe existing FPAA component
netlist.This savesthetime thatthesynthesisprocessspends
on the searchfor componentsandtheir parameters.Every
FPAA componentis mappedto a ASIC componentthat has
samefunctionality. ASIC componentparametersarederived
from theFPAA componentparameters.Thusretargetingpro-
ducesanASIC netlistof component-level functionalequiva-
lents.

4.1 Representation

TheFPAA componenthasa pinlist f paa, thelist of input and
outputpins of the component.Associatedwith the compo-
nentis a behavioral modelthatcapturesthe terminalbehav-
ior. Finally, parl ist f paa consistsof thelist of programmable
parametersandthecomponentbandwidth.TheASIC compo-
nentinterface,namelyinput andoutput,is identifiedby the
pinlistasic. Associatedwith theASIC componentis its analyt-
ical performancemodelcomprisingof performancecompo-
sition equations.Theperformanceparametersof themodel
constitutethe parl istasic.

For instance, consider a non-inverting amplifier. The
parl ist f paacontainsgaing andbandwidthbw. Theparl istasic
includesgain G, bandwidthB, biascurrentIbias, openloop
gain Adm, output impedanceRout , and gain-width-length
product,GWL.

4.2 Library Characterization

In thisstep,FPAA componentbandwidthsaredetermined(ei-
therfrom datasheetsprovidedby themanufactureror by ex-
perimentalmethods).The parl ist f paa of eachFPAA compo-
nentis updatedwith thebandwidthfound. Unlike theASIC
library, sucha characterizationis possiblefor the FPAA li-
brarybecausethe componentsarefabricatedandthedevice
technologyis known.



4.3 Library Mapping
This involves obtaininga mapping,libmap betweenFPAA
componentsandASIC components.TheFPAA componentis
identifiedby theterminalbehavior. It is possibleto havesev-
eralASIC componentseachwith a differenttopologyimple-
mentingthesamebehavior astheFPAA component.Without
secondordereffectssuchassensitivity, distortion,noise,off-
setandsoon,thebehavioral modelcannotbeusedin select-
ing a specifictopology. Henceone-to-many mappingscan
now occur. If FPAA component’s behavior hasno informa-
tion aboutsecondordereffects,therearetwo waysto choose
the ASIC component:(1) employthe designer’s knowledge
to guidetheselection,or else(2) selectany oneof theASIC
components.

Thusl ibmap is aone-to-onerelationbetweenthesetof FPAA
componentsandASIC components.For eachFPAA compo-
nent in the domainof l ibmap, there is exactly one corre-
spondingASIC componentin therangeof l ibmap.

In addition to identifying the FPAA-ASIC componentmap,
pin mappingandparametermappingarealsoperformed.Pin
mappingmaybeone-to-oneor one-to-many or many-to-one.
If therearepinsin pinlistasicthatremainunmapped,theASIC
component’sanalyticalmodeldetermineswhetherthesepins
aretied to Vdd or Gnd. Next, eachparameterof parl ist f paa
is mappedto a parameterof parl istasic. Therewill be un-
mappedparametersof parl istasic thatcorrespondto the de-
signparametersof thecomponent(thesearedetermineddur-
ing netlistgenerationphase).

For the noninvertingamplifier, the library mappingsetsup
the mapbetweenthe FPAA noninverting amplifier, andthe
ASIC noninvertingamplifier. Parametermappingsetsup the
mapbetweeng andbwof theformerto G andB of thelatter.
For a giventargetFPAA library, library mappingandcharac-
terizationareboth one-timedesignefforts. The restof the
stepsin retargetingarediscussedbelow. Figure6 illustrates
theretargetingprocedure.

4.4 Netlist Translation/ Constraint Generation
First eachFPAA component,fpaa compis replacedwith the
ASIC equivalent,asic compobtainedfrom the library map-
ping. The netlist generationphasethendeterminesthe un-
mappedparametersof parl istasic.

The ASIC component’s performanceparameterconstraints
areof two types: equalityand inequalityconstraints. The
former implies that theexact parametervalueis requiredto
satisfytheconstraint,while thelatter impliesa lower or up-
perboundontheparametervalue.

The programmableparametervaluessuchas gain, cut-off
frequency andsoon of theFPAA componentsarethe setof
equalityconstraint parameters,Cset. The primary inequal-
ity constraint parameteris thebandwidthlowerbound,Bmin.
TheFPAA componentbandwidthobtainedfrom theFPAA li-
brarycharacterizationis setasthelowerboundfor theASIC
component. Using such a pessimisticlower bound band-
width constraintcan lead to an overheadin the areaof the

procedure retarget()

Inputs: FPAAnetlistfpaa ckt, Library Mappinglib map
Output:ASICnetlistasic ckt
begin

foreach fpaa comp R fpaa ckt
asic comp Q libmap[fpaacomp];
Cset : equalityconstraintparameterset
Bmin : bandwidthlowerboundconstraint
DPset : designparameterset
Cset Q get constraints(fpaacomp);
Bmin Q get bandwidth(fpaacomp);
parl istasic Q�� Cset , Bmin, DPset �
asic ckt Q asic ckt T asic comp;

end for
asic ckt Q optimizearea(asicckt);
foreach asic comp R asic ckt

asic comp Q optimizecomponent(asiccomp);
end for

end
Figure 6. Retargeting Procedure
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Figure 7. Area Optimization

ASIC design.

4.5 Area Optimization
This stepinvolvesapplicationof rewriting rulesto improve
the areaof the design. Procedureoptimizearea()achieves
this by performingsumming-amplifieraggregationandgain
aggregation. Blind applicationof theserewriting rulescan
result in lossof bandwidth. Hence,we comparethe band-
widthsbeforeandaftertherewriting rule is applied.If there
is improvementin bandwidth,thepost-rewrite solutionis ac-
cepted. If thereis bandwidthdegradation,the post-rewrite
solutionis acceptedif the degradationis within a specified
bound.

Sum Aggregation: In theFPAA , therewill bea limit on the
numberof inputsto anadder. In theMotorolaFPAA , only 2-
input invertingsummingamplifiersareavailable. This limi-
tationdoesnot exist for theASIC component.In the FPAA ,
treesof summingnodeswill be employedto achieve a k-
inputadd-subtractfunction.Thesumaggregationrulesiden-
tify suchsummingnodetreesandreplacethemwith a single
adder-subtracternode.

Figure 7 illustrates the rule for combining two Motorola
FPAA InvSumAmp (inverting summingamplifier) compo-



nentsto producea 3-inputadder-subtracter. Thebandwidths
of the InvSumAmpandthe ASIC adder-subtracterarebw1,
bw2 andBW respectively. The equivalentbandwidth,bweq
of the2 InvSumAmpsin cascadeis (bw1*bw2)/(bw1+bw2).
Hence,the rule is appliedif BW � bweq or BW ¼ bweq ½
bound. Similar rulesarewritten for varioussummingnode
trees.

Gain Aggregation: It is possiblethattheFPAA components
may not satisfy all specifiedrequirements.For instance,a
gainof 100maybespecifiedin a design.But theFPAA com-
ponent’s gainmustlie within a specifiedrange,for instance
[0.001-20]in theMotorolaFPAA library. Theprototypewill
bebuilt with a cascadeof two gainstages,sayx10 followed
by x10,while therequiredgainof 100canbeobtainedonthe
ASIC usinga singlegainstageduringretargeting.This is the
basisof thegain aggregationrule.

4.6 Component Optimization
A componentoptimization engine[10] then employsthe
ASIC component’s analyticalperformancemodelanddeter-
minesthe unmappedparametersof the parl istasic suchthat
theCset andBmin constraintsaresatisfied.Thus,for thenon-
invertingamplifier, theoptimizationenginedeterminesIbias,
Adm, Rout andGWL suchthat the desiredG andB areob-
tained.

Limitations: To save time and computingeffort, we have
resortedto a library of predefinedASIC components.The
consequenceis that resultingcircuitsmaynot beoptimal in
termsof areaandperformance.This is a drawbackwhenthe
maingoalis high performanceandnot fastaccessto silicon.

5 Experiments
First we studiedtheperformanceof thehierarchicalpattern
matchingandcoveringalgorithm.RandomlygeneratedSFGs
wereprovidedasinput. Figure8 shows thebehavior of the
algorithm: improvementin solutionquality with the library
levels. This is becausethe costof a componentis smaller
that the costof its constituentpatterns. Hence,any match
from a higherlevel library lowersthe cost. Figure9 shows
theexecutiontimeversusnumberof levels.We observe that
the curves show a linear increasein time with the number
of levels. The complexity of covering directedgraphswith
cyclesis controlledby formulatingit asasetof treecovering
problems(Note: thecomplexity of treecovering is linear in
boththenumberof nodesandnumberof patterns.)

A secondsetof experimentswereconductedto studyFPAA
technologymappingfor various input structuresof linear
systems,as well as the effect of programmableparameter
range. The Motorola FPAA [2] wasusedfor theseexperi-
ments.Thefollowingstate-spacestructureswerestudied:(1)
block, (2) observable,(3) controllable,(4) observablestair-
case,(5) controllablestaircase,and(6) cascadeform. The
MotorolaFPAA hierarchicalpatternlibrary is composedof 2
levels: Level 1 (L1) includesintegrators,gainandsumming
amplifiersand single-polelow passfilter, and level 2 (L2)
consistsof biquadfilter components.
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For the structures(1), (2), (4) and(5), only L1 patternsare
used.In structure(3), L2 patternsareusedbut insignificant
in number. For cascadestructure(6), several matcheswere
L2 patterns.Sincethe input is a seriesof biquadfilters and
a single-pole/bilinearfilter, cascadeforms lend themselves
well to hierarchicalrepresentation.Table1 shows the costs
of the mappeddesigns,executiontimesandthe numberof
patternsmatchedfrom L1 andL2 for thedifferentstructures.
In thefirst case,thecascadeform wasthebest.In thesecond
case,the samefilter wasusedbut with muchhigherQ. We
observed that the cascadeform couldnot usethe L2 match
becauseof parameterboundviolation. The next example
showed similar results. In the cascadeform, of the six bi-
quadsections,two low-Q biquadsectionswererealizedus-

Design Structure Cost Time(s) #L1 #L2
3rd Block 18 0.073 11 0
order Obs. 10 0.075 7 0
Butter. Ctrl. 10 0.071 7 0
LPF Obs.Stair. 17 0.084 12 0
(low Q) Ctrl. Stair. 15 0.070 12 0

Cascade 5 0.047 3 1
3rd Block 18 0.073 11 0
order Obs. 10 0.075 7 0
Butter. Ctrl. 10 0.071 7 0
LPF Obs.Stair. 17 0.084 12 0
(highQ) Ctrl. Stair. 15 0.070 12 0

Cascade 14 0.069 12 0
6th Block 88 0.194 71 0
order Obs. 51 0.186 41 0
Cheby. Ctrl. 51 0.187 41 0
LPF Obs.Stair. 111 0.221 90 0

Ctrl. Stair. 123 0.202 102 0
Cascade 48 0.168 38 2

Table 1. Effects of Structure and Prog. Parameter s



Function FPAA Programmable Parameters
Library Center Quality
Macro Gain Freq.(Hz) Factor

Prefilter BPF(lo Q) 1.0 1000 0.70
Band LPF(lo Q) 1.0 966 0.70
Separators HPF(lo Q) 1.0 1180 0.70
Tone BPF(hi Q) 1.0 700 20.00
Detectors BPF(hi Q) 1.0 770 19.84

BPF(hi Q) 1.0 850 20.00
BPF(hi Q) 1.0 940 20.00
BPF(hi Q) 1.0 1210 20.00
BPF(hi Q) 1.0 1330 20.00
BPF(hi Q) 1.0 1480 20.00
BPF(hi Q) 1.0 1630 20.00

Table 2. FPAA Prototype DTMF Decoder

ing level-2componentswhile theremainingfour high-Qsec-
tionsviolatedtheQ-parameterbounds.

Design Example: DTMF Decoder
In this section,we illustrate the prototyping and retarget-
ing of a Dual-ToneMulti-Frequency (DTMF) decoder[11].
In the DTMF technique,eachdigit in the telephoneis rep-
resentedby a differentpair of frequencieswithin the voice
band. One of the frequenciesis from the lower frequency
group(697Hz,770Hz,852Hzand941Hz)while theotheris
from theupperfrequency group(1209Hz,1336Hz,1477Hz
and1633Hz).Thebehavior is specifiedin VHDL-AMS, and
compiledinto the intermediateformat: SFG for the analog
part,andCDFG for thedigital. TheSFGcomprisesof trans-
fer functionsof the variousblocks. Technologymappingis
performedfor theMotorolaFPAA [2] library. Table2 shows
themacrosandtheprogrammableparametersettingsusedto
implementthe variousfunctions. The analogpart wasim-
plementedon theMotorolaMPAA020 FPAA anddigital part
ona Xilinx XC4010EFPGA, andtheprototypewastestedfor
the desiredfrequency responseandalso the following sys-
temperformancerequirements:detectiontime ½ 40ms,and
talk-off ½ 10hits.

FPAA-ASIC retargetingwasperformednext. For the target
FPAA , thelibrary characterizationandmappingtookupto20
minutesfor eachmacroin the library. Figure10 illustrates
thefrequency responseof theeightoutputs(correspondingto
the697Hz,770Hz..., 1663Hztones)obtainedafterSpice3gf
simulationof thesizedASIC netlist.Table3 givestheperfor-
manceobtainedfor theASIC components.Theaveragearea
andpowerobtainedfor thefilterswas24.8µ and3.65mWre-
spectively. Thedeviation of theobtainedperformancefrom
desiredperformancewasfoundto belessthan2.5%,1%and
1.5%for thegain,centerfrequency andqualityfactorrespec-
tively.

6 Concluding Remarks
In this papaer, we have presentedour synthesismethodol-
ogy usingrapidprototypingandtechnologyretargetingthat
reducestime-to-marketandis alsocost-effective. First,tech-
nologymappingof analogsystemswasdiscussed.We em-
ployedanovel structuralapproachbasedonhierarchicalpat-
tern matchingand covering to solve the covering problem
for directedgraphs(with cycles). Complexity is controlled
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Figure 10. Spice Simulation of Freq. Response

Function ASIC Frequency Response
Component Center Quality

Gain Freq.(Hz) Factor
Prefilter BandPass 0.976 990 0.68
Band LowPass 0.987 972 0.71
Separators HighPass 0.991 1153 0.70
Tone BandPass 0.979 692 20.30
Detectors BandPass 0.982 765 19.95

BandPass 0.975 848 20.29
BandPass 0.979 945 20.22
BandPass 0.987 1192 20.31
BandPass 0.999 1320 19.72
BandPass 1.004 1484 19.97
BandPass 1.019 1626 20.10

Table 3. Retargeted DTMF Decoder

by formulatingit asa setof tree-covering problems.Next,
theneedfor retargetinganFPAA to ASIC wasaddressed.We
have presenteda strategy to producean ASIC equivalentfor
an FPAA design.Futurework will addresslow-level effects
suchasnoiseandparasitics,andextensionof themethodol-
ogy for mixedsignalsystems.
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