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Abstract

Rapid prototypingfollowed by tednology retargeting pro-
videsa fast and cost-efective appmoacd to analog system
synthesis. Field-programmableanalog arrays (FPAAS) en-
ablerapidimplementatiomf a function-compliahprototype,
while tednology retamgeting corverts the functional FPAA
prototypeto an ASIC We first addressthe FPAA technology
mappingproblem. A novel structural approac basedon
hierarchical patternmatding and coveringis employedo
maptheanalogbehaviorontothe FPAA. We thenaddressis-
suesof technologyretagetinganddesignreuse and present
our FPAA-ASICretametingstrategy. e presentexperiments
and a designexamplefor FPAA technologymappingandre-
targeting

1 Introduction

TheVHDL-AMS Synthesi€nvironment(VASE) beingdevel-
opedat the University of Cincinnati performssynthesisof
analogandmixed signaldesigns. Thefirst stepis architec-
ture generatior1]. It producedifferentsystemtopologies
for the given specification. This is followed by component
selectionand constraintransformation.They involve selec-
tion of ASIC componentdrom the library and propagation
of system-lgel constraintdo the component-leel. For ev-
ery systemtopology transistorsizing is doneto determine
if the systemperformanceconstraintsare satisfied. Using
the traditional prototypefabricationmethodto validatethe
designis both time-consumingand expensve. We propose
a fastand cost-efective approacho analogsystemsynthe-
sisin VASE, employingrapid prototypingand retageting.
Rapid prototypingusing field-programmableanalogarrays
(FRAAS) [2, 3, 4] producesa function-complianthardware
prototypeof the analogsystem. The retageting phasere-
hoststhe functionaldesigninto anASIC. Figurel shavsthe
designflow. In this paper we focus on FRPAA technology
mappingandretagetingof FPAA designgo ASIC.

The rest of this paperis organizedas follows. Section2
givesan overview of FPAA technologyand its limitations.
We presenta methodto overcomethe FPAA bandwidthlimi-
tationfor prototyping Section3 addresseEPAA technology
mappingand presentour algorithm. Section4 outlinesis-
suesin FPAA-ASIC retageting, and describesour stratey.
Section5 presentgxperimentsanda designexample,while
Section6 givesthe concludingremarks.

*This work is sponsoredby AFRL, Wright PattersonAir Force Base
undercontracnumberF33615-96-C-1911
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Figure 1. Design Flow
2 FPAA Technology

Field-programmablanalogarraysarea family of integrated
circuitscomposeaf configurableanalogblocks(CABs) and
programmablénterconnectthatcanbe configuredo imple-
ment analogcircuits. FPAASs belongto either continuous-
time or discrete-timedomains. Discrete-timedesignsare
basedn switched-capacitasr switched-currentechnology
Theiradwantagesncludewide rangeof programmabilityand
insensitvity to parasiticof programmingwitches.Thedis-
adwantageis that maximumsignal frequenciesare limited
by the maximum samplingclock frequeng. Continuous-
time FPAAS are typically designedusing transconductors.
They have higherbandwidth but theprogrammabl@arame-
terrangeis smaller Voltage-modealesignshave limited sig-
nal swing while current-modedesignshave unlimited sig-
nal swing. The Motorola MPAA [2] and IMP EPAC [3] are
discrete-timé-PAA swith bandwidthf 200kHzand150kHz
respectiely, while the Zetex TRAC [4] is a continuous-time
FPAA with a4MHz bandwidth.

Irrespectve of whetherthe FPAA is continuous-timeor
discrete-time,the programmableparameterange and the
bandwidthposeconstrainton the circuits realizableon the
FPAA. The FPAA technologymappingphase(discussedn
Section3) addressetheformerlimitation. A methodto over
comethe FPAA bandwidthlimitation is presentechext.

2.1 Overcomingthe FPAA Bandwidth Limitation

Analog systemsthat work at frequencieshigher than the
FPAA bandwidthcannotbeimplementednthe FPAA. In or-
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Figure 2. Frequency Scaling

der to overcomethis limitation and usethe FPAA for pro-
totyping suchsystemswe proposea stratgy basedon fre-
guencyscaling

Considera linear network n; with behaior specifiedby
transferfunction T(s). Now we constructanothemetwork
n2 with the sametopologyasn;. Letits behaior be speci-
fied by thetransferfunction To(s) suchthat

Tao(s) = Ta(s/ws) (N
The factorws is referredto asthe frequeng scalingfactor
The implication of Equation 1 is that frequeng response

of the two networksremainsunchangeaxceptthatthe fre-
gueng axisis scaleddown for networkn.

For instanceconsidersecondrderChebyshe bandpassi-
quadfilter thathasthefollowing transferfunction:
1.167e— 06s

() = T3 1167 065+ 52126 — 109 @
This design cannot be implemented on the Motorola
FPAA [2] dueto bandwidthlimitation of 200kHz. With a
frequeng scalingfactorws = 100, centerfrequenciedefore
and after are 697kHz and 6.97kHzrespectrely. Shaown in
Figure? is thefrequeng responsef the bandpaséilter be-
fore (dashedine) andafter(solid line) frequeng scaling.

Sincethe aim of technologymappingis to producea func-
tional prototype thehigh-frequeng systemtransferfunction
is scaleddown appropriatelysuchthat the scaledresponse
is achiezable on the target FPAA. After this, the frequeng-
scaledsystemis prototypedto determineif the circuit has
therequiredfunctionality. To ensurghatthe high-frequeng
systemalsohasthe samedunctionalityaswell asdesirecber
formanceijt is importantto useatopologydesignedspecifi-
cally for thehigh-frequeng system.

3 Library Based FPAA Technology Mapping

Coarse-granularitPAA saresuitablecandidateor system-
level designsincetheir CABs canbeconfiguredasfunctional
building blocksor macros.Technologymappingtransforms
the giventechnology-independenttlistinto a netlist of li-
brarymacrosof thetarget FPAA technology Theapproachs

to selectsubnetwork®f theinputnetlistthatcaneachbeim-
plementedy oneof theavailablelibrary componentswhile
optimizingthe circuit to minimize a costfunction that typi-
cally incorporatesneasuresf areaandperformanceThisis
callednetworkcoveringby library cells.

3.1 System Representation

All lineartime-invariantsystemsanbe built usingthreeba-
sicfunctionalelementsintegrator Gain Amplifier andSum-
ming Amplifier [6]. Thissetof basicelementss functionally
complete. Henceary linear time-invariantsystemmay be
representetly a block-diagranor asignal-flav graph(SFG
composeaf thesebasicelementg§6]. For nonlinearsystems,
the setof basicelementsalsoincludeselementsorrespond-
ing to the nonlinearfunction blockssuchasAbsoluteValue,
Maximum,Minimum, Log, Antilog, Greateror LessefThan,
andsoon.

For FRAA technologymapping,a list of parametersequired
to achieve the desiredfunctionality is associatedvith each
basicelement. For instance the Gain elementwill have a
“gain” parametethatdeterminesheactualamplificationbe-
tweentheinputandoutputof theelement.

The given analogsystemis specifiedas a connectednet-
work of behaioral blocks. In otherwords, a signal flow
graphrepresentationf theanalogsystentomposeaf trans-
fer functionblocks,nonlinearfunction blocksandsumming
nodes.Generatiorof a structurefrom the specifiedbehaior
is achieved by realizingeachof the transferfunction blocks
using state-spacenethodg[5]. We refer to this SFGasthe
designSFG

3.2 Library Representation

Eachcomponenbf thetargetFPAA libraryis likewiserepre-
sentedn all possiblewaysusingthe setof basicfunctional
elements.This generates setof patternSFGs. Associated
with eachpatternSFGis a cost,whichin our cases thearea
(numberof CABs) occupiecbntheFPAA. Theunderlyingas-
sumptionof theapproachs thatthe nodesof the SFGdo not
have ary couplingeffects. Thisis avalid assumptiorfior a li-
brarycomposeaf isolatedcomponentdspr instanceopamp-
level designawvherethe inputimpedancas large and output
impedancesmall. Thetamget FPAA library mustsatisfythis
requirement.

3.3 Strategy

Theobjective of the FPAA library-binding problemis to find
a minimum cost covering of the designSFG using pattern
SFGs of library componentsandensurethat programmable
parametersf the FRPAA componentsrewithin legal ranges.
ThedesignSFGis adirectedgraph,andthe problemof find-
ing anoptimalcoveris NP-completeEfficientalgorithmsfor
using dynamic programminghave beendevelopedfor tree
circuits. Oneof thetechniquesisedfor DAG coveringis ap-
proximatingit by anumberof treecoveringproblemsby par
titioning it into aforestof treeg[7]. Ourapproachs outlined
in Figure 3. Procedurecorvert SFG to_forest() transforms
the designSFGfrom a graphinto a forestof SFGtreesF by
disconnectingll edgesat eachof the outputnodesfeeding



procedure lib_bind()
Inputs: DesignSFGd_sfg, TargetLibrary lib
Output: BestCoveringbestsfg cover
begin
F : forestof SFGtrees
F + corvert SFGto_forest(dsfg);
bestsfg.cover+ null;
foreacht e F
C; : setof coveringsoftreet
C: + coverfr);
besttreecover+ null;
foreachc e C;
C + sumexpansion(c);
¢ + gainchaining(c);
if cost(c)< cost(bestreecover)then
besttreecover+ c;
end if
end for
bestsfg cover+~ bestsfg.coveru besttreecover;
end for
end
procedure hierarchicalbind()
Inputs: DesignSFGd_sfg,
TargetMulti-levelLibrary libg, lib, ..., libk
Output: BestCoveringbestcover
begin
g + d_sfg;
bestcover+ null;
for lib = libg to liby
g « lib_bind(g,lib);
if cost(g)< cost(bescover)then
bestcover+ g;
end if
end for

d
o Figure 3. Library Binding Algorithm

multiple inputs. Therebyfeedbackoopsaswell asfeedfor
wardpathsarecorvertedinto branche®f treesin theforest.

Therearetwo restrictionsonthelibrary: (1) We do not han-
dle multi-output componentsand hencethe library is re-

strictedto only single-outputcomponents.e. the patterns
must have exactly oneroot node. (2) The patternSFGs of

library componentaredirectedgraphsthatmay containcy-

cles. Sincewe perform tree covering, the patternsmust
be agsclic. In otherwords, every componenmustbe rep-
resentedusing a single patterntree. This restrictionim-

plies that the componentcorrespondingo the patternmay
not exhibit fanoutexcept at the primary inputs and output.
Only feedbacKoops from the primary outputto intermedi-
atenodesarepermissible.

A coveris acollectionof patterngraphssuchthateverynode
of anSFGtree,T € F is containedn exactly oneof thepattern
graphs.In addition,eachinput usedby a patterngraphmust
beanoutputof anotheipatterngraph.Procedureover() pro-

ducegthesetof possiblecoverings,{C;} implementingeach
SFGtreeby meansof dynamicprogrammingtraversalfrom

theleafto theroot node.In orderto detectoutputfeedback,
thematchingalgorithmmustalsodeterminef thevertex and
correspondindeaf node(s)match. We then perform sum-
expansionon eachcovering c € {C;}. Summingamplifiers
in FPAA library have a fixed numberof inputs,sayk. For

instancethe MPAA [2] hasa 2-inputinvertingsummer The
designSFGmayhave summingnodeswith greatethank in-
puts,andthesumexpansion(stepreplaceshosenodeswith
anequvalenttreeof k-input summingnodes.

Oncea matchhasbeenfound, the parameter®f the basic
elementsare usedto determinethe programmableparam-
eter valuesfor the FPAA componentcorrespondingo the
match. The next stepis to verify whetherlegal valuesare
obtainedfor the programmablearameters.Exceptfor the
gain parameterwe determinedthat other parametersuch
asQ-factor cornerfrequeng (for filter componentsandso
on arenot “flexible”. Hence,the components discardedf

thereis violation of the parametebounds.In the caseof vi-

olation of gain parametebound,we employgain-caining.

Thisstepachievestherequiredgain,G by cascadinghemin-
imum number n of legal gains,g suchthat

G=¢"
. log(G)
if G < Omin then n=
Grin [ Tog(gmin
. log(G)
ifG > then n=
Gmax [|09(9max)]

wheregmin andgmaxaretheminimumandmaximumpermis-
siblegainparameteraluesrespectrely.

Next the minimumareacovering, besttree coverof the SFG
treesis obtained.The minimumareacovering of the design
SFG bestsfg coveris obtainedby putting togetherthe best
coveringsof the SFGtreesandreplacingthe brokenedgesat
fanoutnodes.

3.4 Hierarchical Pattern Matching and Covering

One of the limitations of the tree covering approachs the
restrictionon the patternlibrary that every componenmust
be representablas a single patterntree composedf basic
functionalelementsThis greatlyrestrictsthe representation
of componentsvith feedback.Considera bandpas$iquad
filter. Its controllableform representationesultsin two pat-
terntrees,as shavn in Figure4. Even thoughthe biquad
componengxistsin thelibrary, the occurrencef theformer
structuren the SFGtreewill fail to shav amatch.!

Remawal of the restrictionon the patternlibrary canresult
in a patternnow representetdy a forestof trees.Determin-
ing a matchwith sucha patternforesttendsto increasehe
compleity of the algorithm. Insteadof incurring this over
head theremedywe proposes to have a multi-level pattern
library. Level 1 patternsarecomposedf basicelementsor
level O patterns. Level 2 patternsare composedf level 1
patternsandbasicelementsandsoon. As shovn in Figure

1Unlike the analogdomain, this is not of muchconcernin the digital
domain. Eventhoughdigital circuits are often sequentialand hierarchi-
calin nature moststudiedbinding problemsdealwith their combinational
componentdecausechoice of implementationof registers,inputs/output
circuits and driversis often straightforwardand binding is doneby direct
replacemenf8]. As for combinationaportionsof the circuit, thereis little
or no feedbackexhibited. With AND2/INV decompositioror NAND2
decompositionpnly gatessuchasEXOR and EXNOR exhibit feedback.
A matchwith thesepatternsexistsif the vertexand correspondindeaves
match[9].
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5, the bandpassiquadfilter canberepresentedsa level 2

pattern. It is composedf onelevel 1 pattern(single-pole
lowpass)andrestare level 0 patterns(gain, integrator and
summingamplifier). Sucha hierarchicalrepresentatiomf

thelibrary is naturalandwell-suitedto systemdesignsince
componentsnaybespecifiedacrosseverallevelsof abstrac-
tion.

The library-binding now involvespartitioninginto forestof
trees,followed by hierarchicalpatternmatchingand cover
ing. Supposahe multi-level patternlibrary hask+1 levels.
Firstthe networkis coveredusinglevel O patterndrom libg.
Thenpatternof levels1,2,....kfromliby, liby, ... andliby re-
spectvely areused.At eachlevel, the bestcoveringsolution
obtaineds choserasinputto the next level. Thebestcover
ing encounteredmonggall levels,bestcoveris returned.The
proceduras outlinedin Figure3. Oneof the advantageof
this approachis thatif the networkcannotbe coveredusing
libj, it might be possibleto find a covering solutionusinga
higherlevel library, libj (j>i) sincethe latter containspat-
ternscomposedrom level 0 to level j-1.

The costof a library componenis lessthanthe sumof the
costsof the constituentcomponentaisedto implementthe
samefunction. In sucha situation, every match using a
higherlevel library resultsin lowering the costof the cur
rentsolution. Thussolutionquality with amulti-level library
will alwaysbe betterthanthatobtainedwith a singlepattern
library.

Limitations: As with ary library-basedechnique the size
of the patternlibrary is a concernhere. Also, since we
consideronly single-outputomponentdjbrary components
with multiple outputscannotbe utilized. Fanoutnodesre-
mainas“obsenable” nodesof the networksincewe do not
performcovering acrosgreeboundariesThesefactorstend
to affectthe optimality of the coveringsolution.

4 Retargetingto ASIC

FPAASs are economicalwhen usedfor the initial prototype
and limited production. Neverthelesghere are several ad-
vantage®f an ASIC solution: it allows the useof a smaller
packagewith lessemumberof pins,andreducegpower con-
sumption. Also, FPAA limitations do not applyto ASIC so-
lution. Thereis wider rangefor parameteralues,andit is
possibleto achieve higherbandwidth.

Therearetwo approache$o producethe ASIC solution: (1)
re-synthesizéhe systemfor ASIC technologyand(2) retar
getingthe synthesized-PAA designto an ASIC. Theformer
requiresa system-lgel analogsynthesigool and produces
a functional equivalent of the FPAA design. The compo-
nentselectionandconstraintransformatiorstepin the syn-
thesisprocesss selectscomponentdrom the ASIC library
and propagatesystem-lgel constraintso the component-
level. This producesa system-lgel functionalequivalentof
theFPAA design.In orderto ensurehatthedesiredunction-
ality is obtained,t is essentiato incorporateall the design
changesnadeduringtherapid prototypingruns.

Since a component-leel netlist for the systemis already
available, retageting re-useghe existing FPAA component
netlist. This savesthetime thatthe synthesigprocesspends
on the searchfor componentsandtheir parameters.Every

FPAA componenis mappedto a ASIC componenthat has
samefunctionality. ASIC componenparametergrederived

fromthe FPAA componenparametersThusretagetingpro-

ducesanASIC netlistof component-leel functionalequiva-

lents.

4.1 Representation

TheFPAA componenhasa pinlistspaa thelist of inputand
outputpins of the component.Associatedvith the compo-
nentis a behaioral modelthatcaptureghe terminalbeha-
ior. Finally, parlistpaa consistf thelist of programmable
parameterandthecomponenbandwidth.TheASIC compo-
nentinterface,namelyinput andoutput,is identified by the
pinlistasic Associatedvith the ASIC components its analyt-
ical performancenodelcomprisingof performanceeompo-
sition equations.The performanceparameter®f the model
constitutethe parlist;sc.

For instance, consider a non-irverting amplifier  The
parlists paacontainggaing andbandwidthbw. The parlistasic
includesgain G, bandwidthB, biascurrently;zs, openloop
gain Aym, output impedanceR,y, and gain-width-lengh
product,GWL.

4.2 Library Characterization

In thisstep,FPAA componenbandwidthsaredeterminedei-
therfrom datasheetgprovidedby the manufactureor by ex-

perimentaimethods).The parlistpaa Of €aChFPAA compo-
nentis updatedwith the bandwidthfound. Unlike the ASIC
library, sucha characterizations possiblefor the FPAA li-

brary becausehe componentare fabricatedandthe device
technologyis known.



4.3 Library Mapping

This involves obtaininga mapping,libmap betweenFPAA
componenteindASIC componentsThe FPAA components
identifiedby theterminalbehaior. It is possibleto have sev/-
eral ASIC componentgachwith a differenttopologyimple-
mentingthesamebehaior asthe FPAA componentWithout
secondrdereffectssuchassensitvity, distortion,noise 0ff-
setandsoon, thebehaioral modelcannotbe usedin select-
ing a specifictopology Henceone-to-mag mappingscan
now occur If FPAA componens behaior hasno informa-
tion aboutsecondrdereffects,therearetwo waysto choose
the ASIC component:(1) employthe designers knowledge
to guidethe selectionpr else(2) selectary oneof the ASIC
components.

Thuslibmapis aone-to-oneelationbetweernhesetof FPAA
componentand ASIC components For eachFPAA compo-
nentin the domainof libmap, thereis exactly one corre-
spondingASIC componentn therangeof libmap.

In additionto identifying the FPAA-ASIC componentmap,
pin mappingandparametemappingarealsoperformed.Pin
mappingmaybe one-to-oner one-to-mawg or mary-to-one.
If therearepinsin pinlistgsicthatremainunmappedheASIC
componensanalyticalmodeldeterminesvhetherthesepins
aretied to Vdd or Gnd. Next, eachparametepf parlistpaa
is mappedto a parameteof parlistasic Therewill be un-
mappedparameter®f parlistasic that correspondo the de-
signparametersf thecomponen(thesearedeterminediur-
ing netlistgeneratiorphase).

For the noninverting amplifier, the library mappingsetsup
the map betweenthe FPAA noninverting amplifier, andthe
ASIC nonirvertingamplifier Parametemappingsetsup the
mapbetweerg andbw of theformerto G andB of thelatter.

For agiventargetFPAA library, library mappingandcharac-
terizationare both one-timedesignefforts. Therestof the
stepsin retagetingarediscussedelown. Figure6 illustrates
theretagetingprocedure.

4.4 Netlist Trandation/ Constraint Generation

First eachFPAA componentfpaa.compis replacedwith the
ASIC equivalent,asic compobtainedfrom the library map-
ping. The netlist generatiorphasethen determineghe un-
mappedrarametersf parlistssic.

The ASIC componens performanceparameterconstraints
are of two types: equality and inequality constaints. The
formerimpliesthat the exact parametewalueis requiredto
satisfythe constraintwhile the latterimplies a lower or up-
perboundonthe parametevalue.

The programmablgparametewaluessuch as gain, cut-off
frequeng andsoon of the FPAA componentarethe setof
equality constaint parametersCsq. The primary inequal-
ity constaint parameteis the bandwidthlower bound,Bp;n.
TheFPAA componenbandwidthobtainedrom the FPAA li-
brary characterizatiois setasthelowerboundfor the ASIC
component. Using such a pessimisticlower bound band-
width constraintcanleadto an overheadin the areaof the

procedure retarget()
Inputs: FPAAnetlistfpaa.ckt, Library Mappinglib_map
Output: ASICnetlistasic_ckt
begin
foreach fpaa.compe fpaa.ckt
asic.comp+ libmap[fpaacomp];
Csq : equalityconstraintparameterset
Bmin : bandwidthiower boundconstraint
DPs4 : designparameterset
Csa + getconstraints(fpaacomp);
Bmin + getbandwidth(fpaacomp);
parlistasic + { Cse, Bmin, DPs¢ }
asic.ckt + asic.ckt U asic.comp;
end for
asic.ckt + optimizearea(asicekt);
foreach asic.compe asic.ckt
asic.comp+ optimizecomponent(asicomp);
end for
end . .
Figure 6. Retargeting Procedure
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This stepinvolvesapplicationof rewriting rulesto improve
the areaof the design. Procedureoptimize area()achieves
this by performingsumming-amplifieaggregation andgain
aggregation. Blind applicationof theserewriting rulescan
resultin lossof bandwidth. Hence,we comparethe band-
widths beforeandafterthe rewriting rule is applied.If there
is improvementin bandwidth the post-revrite solutionis ac-
cepted. If thereis bandwidthdegradation,the post-revrite
solutionis acceptedf the degradationis within a specified
bound.

Sum Aggregation: In the FPAA, therewill bealimit onthe
numberof inputsto anadder In the MotorolaFPAA, only 2-
inputinvertingsummingamplifiersareavailable. This limi-
tation doesnot exist for the ASIC component.In the FPAA,
treesof summingnodeswill be employedto achieve a k-
inputadd-subtraciunction. Thesumaggregationrulesiden-
tify suchsummingnodetreesandreplacethemwith asingle
addersubtractenode.

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



nentsto producea 3-inputaddersubtracterThe bandwidths
of the InvSumAmpandthe ASIC addefsubtracterare bwl,
bw2 and BW respectiely. The equivalentbandwidth,bweq
of the 2 InvSumAmpsin cascadés (bw1*bw?2)/(bw1+kw2).
Hence,the rule is appliedif BW > bweq or BW — bweq <
bound Similar rulesarewritten for varioussummingnode
trees.

Gain Aggregation: It is possiblethatthe FPAA components
may not satisfy all specifiedrequirements.For instance,a
gainof 100maybespecifiedn adesign.But the FPAA com-
ponents gain mustlie within a specifiedrange,for instance
[0.001-20]in the MotorolaFPAA library. The prototypewill
be built with a cascad®f two gainstagessayx10 followed
by x10,while therequiredgainof 100canbeobtainednthe
ASIC usingasinglegainstageduringretageting. Thisis the
basisof thegain aggregationrule.

4.6 Component Optimization

A componentoptimization engine [10] then employsthe
ASIC componens analyticalperformancenodelanddeter
minesthe unmappecarameter®f the parlistasic suchthat
the Cs¢ andBpin constraintsaresatisfied.Thus,for thenon-
invertingamplifier, the optimizationenginedeterminesy;as,
Adm, Rou and GWL suchthat the desiredG andB are ob-
tained.

Limitations: To sare time and computingeffort, we have
resortedto a library of predefinedASIC components.The
consequencis thatresultingcircuits may not be optimalin
termsof areaandperformanceThisis adravbackwhenthe
maingoalis high performancendnotfastaccesgo silicon.

5 Experiments

First we studiedthe performanceof the hierarchicalpattern
matchingandcoveringalgorithm.Randomlygenerate$FGs

wereprovided asinput. Figure8 shavs the behaior of the
algorithm: improvementin solutionquality with the library

levels. This is becausehe costof a componenis smaller
that the costof its constituentpatterns. Hence,ary match
from a higherlevel library lowersthe cost. Figure9 shavs

the executiontime versusnumberof levels. We obsere that
the curves shav a linear increasen time with the number
of levels. The compleity of covering directedgraphswith

cyclesis controlledby formulatingit asa setof treecovering
problems(Note: the compleity of treecoveringis linearin

boththe numberof nodesandnumberof patterns.)

A secondsetof experimentswvereconductedo studyFPAA

technologymappingfor variousinput structuresof linear
systemsaswell asthe effect of programmableparameter
range. The Motorola FPAA [2] wasusedfor theseexperi-

ments.Thefollowing state-spacstructuresverestudied:(1)

block, (2) obserable,(3) controllable,(4) obsenable stair

case,(5) controllablestaircaseand (6) cascaddorm. The

MotorolaFPAA hierarchicabpatternlibrary is composeaf 2

levels: Level 1 (L1) includesintegrators,gainandsumming
amplifiersand single-polelow passfilter, andlevel 2 (L2)

consistof biquadfilter components.
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For the structureq1), (2), (4) and(5), only L1 patternsare
used.In structure(3), L2 patternsareusedbut insignificant
in number For cascadestructure(6), several matchesvere
L2 patterns.Sincetheinputis a seriesof biquadfilters and
a single-pole/bilnearfilter, cascaddorms lend themseles
well to hierarchicalrepresentationTable 1 shows the costs
of the mappeddesigns,executiontimesandthe numberof
patternamatchedrom L1 andL2 for thedifferentstructures.
In thefirst casethecascaddéorm wasthebest.In thesecond
case the samefilter wasusedbut with much higherQ. We
obseredthatthe cascaddorm could not usethe L2 match
becauseof parametetboundviolation. The next example
shaved similar results. In the cascaddorm, of the six bi-
guadsectionswo 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. Stait 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. Stait 17 0.084 12 0
(highQ) | Citrl. Staic 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 0.221 920 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 Par ameters
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-2componentsvhile theremainingfour high-Qsec-
tionsviolatedthe Q-parametebounds.

Design Example: DTMF Decoder

In this section,we illustrate the prototyping and retaget-
ing of a Dual-Tone Multi-Frequengy (DTMF) decoder[11].

In the DTMF technique,eachdigit in the telephoneis rep-
resentedy a differentpair of frequencieswithin the voice
band. One of the frequencieds from the lower frequeng
group(697Hz,770Hz,852Hzand941Hz)while the otheris
from the upperfrequenyg group(1209Hz,1336Hz,1477Hz
and1633Hz). The behaior is specifiedin VHDL-AMS, and
compiledinto the intermediateformat: SFG for the analog
part,andCDFG for thedigital. The SFGcomprise®f trans-
fer functionsof the variousblocks. Technologymappingis
performedfor the MotorolaFPAA [2] library. Table2 showvs
themacrosandthe programmabl@arametesettingsusedto
implementthe variousfunctions. The analogpartwasim-

plementedbn the MotorolaMPAA020 FPAA anddigital part
onaXilinx XC4010EFPGA, andthe prototypewastestedor
the desiredfrequeng responsendalso the following sys-
tem performanceequirementsdetectiontime < 40ms,and
talk-off < 10 hits.

FPAA-ASIC retagetingwas performednext. For the tamget
FPAA, thelibrary characterizatioandmappingtook upto 20
minutesfor eachmacroin thelibrary. Figure 10 illustrates
thefrequeng responsef theeightoutputs(correspondingo
the697Hz,770Hz...,1663Hztones)obtainedafter Spice3gf
simulationof thesizedASIC netlist. Table3 givesthe perfor
manceobtainedfor the ASIC componentsThe averagearea
andpower obtainedor thefilterswas24.81and3.65mWre-
spectvely. The deviation of the obtainedperformancdrom
desiredperformancavasfoundto belessthan2.5%,1% and
1.5%for thegain,centerfrequeny andquality factorrespec-
tively.

6 Concluding Remarks

In this papaerwe have presentedur synthesismethodol-
ogy usingrapid prototypingandtechnologyretagetingthat
reducesime-to-marketindis alsocost-efective. First,tech-
nology mappingof analogsystemsvasdiscussed We em-
ployedanovel structuralapproachbasedn hierarchicapat-
tern matchingand covering to solwe the covering problem
for directedgraphs(with cycles). Compleity is controlled

DTMF Decoder
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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-coering problems. Next,

theneedfor retagetinganFPAA to ASIC wasaddressedie
have presentea stratgy to producean ASIC equivalentfor

anFRAA design. Futurework will addressow-level effects
suchasnoiseandparasiticsandextensionof the methodol-
ogy for mixedsignalsystems.
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