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Abstract

Reconfigurablecomputinghasshown impressivesuccesses
with dataintensive andlatency tolerantapplications.Pipe-
linedandparallelimplementationsof CORDICscanachieve
very high throughputfor rotation,andvariousother func-
tionssuchasmultiplication,division,aswell ashyperbolic
andotherhigherorderfunctions.Reconfigurationallowsus
to adapttheimplementationof CORDICsandrelatedarchi-
tecturesto the specificneedsand propertiesof individual
applicationsor specificsetsof applications;hencecreating
applicationspecificCORDICimplementations.Thereforeit
is becomingevident thatCORDICsarevery well suitedto
reconfigurablecomputingandcustomcomputingmachines.

1. Intr oduction and Moti vation

CORDICalgorithmswereformally introducedby Volderin
[1] andunifiedto computeelementaryfunctionsby Walther
in [2]. The fundamentalmathematicalprinciplesbehind
CORDIC algorithmscan be found in their scalarform in
thework of T.C. Chen[6], aspointedout by Ahmedin his
thesis[19]. Ahmedshowedthatif T.C.Chen’sconvergence
computationtechniqueis appliedinsteadof real numbers
(asassumedby Chen)to complex numbersoneobtainsthe
classof CORDIC algorithms. The methodof “replacing”
real by complex numberscan be extendedto other alge-
bras,suchas quaternions[18, 26, 27], or more generally
usinggrouptheoreticmethods[18] to computehigheror-
der functions like Besselfunctions [M(2) group] or Leg-
endrepolynomials[SU(2), relatedto quaternionsor hyper-
complex numbers]. As a historic note,oneof the earliest
methodsdatesback threecenturiesagowhenBriggs gen-
eratedhis logarithm tablesusingdecimaldigits. Another
very old mathematicalconcept,quaternions,hasgenerally
beenavoided,sinceordinary matrix theorycanbeusedin-
stead– as hasbeenarguedsincethe inceptionof quater-
nions. A similar debatewaswagedby electricalengineers
in the early daysof circuit theory about the useof com-
plex numbersfor representingimpedancesas functionsof
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R,L,C’s. Matrix methodsarebeginning to run their course
onsomeadvancedproblemsinvolving Maxwell’sequations
(e.gin advancedantennatheoryandphotonics.)Theuseof
moreadvancedconceptssuchasquaternionswill increase
in the future. Field-ProgrammableGateArrays (FPGAs)
which will be describedlater in moredetail, enableeffec-
tive implementationsof quaternionCORDICs in harware
(firmware).

The actualsuccessfulusageof CORDIC algorithmsin
hardwarehasa very checkeredhistory. Someof thetouted
examplescarrytheirown ironiesaswell. Giventhefactthat
CORDICscomputevector(or matrix) functions– typically
threearguments,andtwo to threeresults– it is surprising
thatsometimesonly oneresultis used,e.g.theHP35calcu-
lator usedCORDICs,but only usedoneresult. The HP45
calculator, donebyadifferentdesigngroup,computedcoor-
dinatetransformationswith two argumentsandtwo results
– but did not useCORDICs! Similarly the Motorolla 68k
floating-pointcoprocessorusedCORDICsbut saved only
oneresult– themarketingresearchaskedonly whatscalar
functioncustomerswanted!

Therealpowerof CORDICsandrelatedalgorithmscan
only beexploitedif onematchestheCORDICfunctions,es-
pecially thehigherorderfunctions,to applications.Match-
ing algorithmsto setsof applicationsis a computerarchi-
tectureor systemdesignissue. Thereare many ways of
implementingfunctionsandmany criteriato judgesuchim-
plementations.

Amongthecriteriaweconsider“the5P’s”: performance,
power, persistence,programability, price. Any oneof these
criteriacouldmakeCORDICsnot to bethechosenmethod,
unlesstheapplicationandsystemscontext is considered.

Performancecallsfor parallelismandmaximumpipelin-
ing, unlesslatency is an issue. CORDICsareusually as-
sociatedwith “shift & add” hardwareprimitives. We be-
lieve that this is a too narrow view! Ahmedshowed in his
thesis[19] thathybrid CORDICswith larger lookup tables
andspecificmultipliers insteadof “shift & add” with cer-
tain multipliers,canimprovetheimplementationaccording
to the � metricsmentionedabove. Similarly, combining
the partial productarrays(PPA) techniques,describedby



E. Schwarz[20] in his thesis,with multiple equationsused
in CORDICscanagainimprovetheCORDICscompetitive-
nessoverconventionalhighperformancealgorithms.

For a systemconsistingof hardware and software re-
sources,persistenceof a taskcorrespondsto thepercentage
of executiontimespendonthisparticulartask.For taskwith
very high persistence,we canthenjustify theextensiveuse
of highly optimizedlibrariesand/orhandoptimizationby a
humanexpert (”brain-ware”). Suchoptimizationseemsto
beevenmoreimportantfor CORDICs,especiallyif higher
orderfunctionsareinvolved.

Customdesignof CORDICunitsfor individualapplica-
tionsappearsto beacomplex tasknotsuitedfor theaverage
time constrainedprogrammer. Low-level designtools and
symboliccomputingtoolsthatsupporta domainexpertare
oneway to createhigh performanceCORDICdesigns.So-
phisticated,saywebbasedtools, thatcansupporta typical
programmerwill eventuallybecomeavailable; however, a
perusalof theliterature,especiallythereferences(by Morf,
Lee,Ahmed,Ang,Delosme)below, indicatethatit will take
yearsto build suchtools ([24]). In the mean-timedomain
expertswill have to usetodaystools to createwinning de-
signsusingtheseideasin advancedapplications.

For example,designinga high performanceCORDIC
processorfor solving for the rootsof a fourth degreepoly-
nomialcanbedoneby first usingasymbolictool, sayMath-
ematica,to find thefour symbolicexpressionsfor theroots
– 800kBytes.UsingCORDICfunctionsasprimitive trans-
formationscombinedwith commonsub-experessionelim-
ination can be usedto reducethese(initial) symbolic so-
lutions from 800kB to 16 CORDIC operations,which can
be organizedasfour pipelinedstages,eachwith 4 parallel
CORDICoperations.Sucha maximallypipelinedarchitec-
turewith oneresultpercycle(and4 cycleslatency) is avery
unexpectedsolution,giventheclassicalsolutionof two cas-
cadedthird ordersolutions.

The(CORDIC)transformationprinciplecanalsobeap-
plied atotherlevelsof abstraction:

At the gate-level the conceptof rotationstranslatesto
conditionalpermutations,or Conservative Invertible func-
tions(e.g.theFredkingate,or theconditionalexchange- X-
gate).A majorapplicationthat is basedon thesefunctions
is Lattice Gas(seethesisof F.F. Lee [14] and his ALGE
architecturefor solving fluid flow problems.) Conditional
exchange(X-gates)andconditionalrotation(R-gates)have
beendevelopedandexploitedin photonics[29] andunitary
logic in quantumcomputing.

Regular Arrays of CORDIC processorsare relatedto
systolic arrays. They cancomputelarge rotations,gener-
alizedrotations(unitary transforms)or matrix decomposi-
tions (eigen-decompositions).Such regular architectures
canbeviewedasnaturalgeneralizationsof CORDICs.By
combiningelementaryCORDIC rotationswe canachieve

arbitrarysizerotations. Hence,CORDICsappearasarray
nodeprocessors.CORDICscanalsobeextendedto higher-
orderfunctionsby usinggrouptheory.

Mathematically, generalizedCORDICfunctionsarepos-
sibly large transformationsthat preserve someform of in-
variantsor metrics. Any function can be imbeddedinto
a larger function subjectto a metric, the subjectof homo-
topiesin mathematics.Theselarger functions,transforma-
tionsor rotations,thatnaturallydecomposeinto elementary
transformationsor rotations.ThereforeCORDICsarenatu-
ral candidatesfor elementaryoperations,or primitives,that
can be supportedin optimizedhardware, firmware, or li-
braryfunctions.

2. ReconfigurableComputing

Reconfigurablecomputinghasbeenan active areaof re-
searchover thepastdecade.A summaryof thecurrentstate
of thefield is givenin [9]. While it hasbeenshown thatFP-
GAscanachieveanimprovementin performanceandpower
overgeneralpurposeprocessors,competitiveFPGAdesigns
havebeencreatedmostlyon avery low, structurallevel.

The first customcomputingmachines,the PAM (see
section2) andtheSplash-2[5], werebuild shortlyafterthe
introductionof FPGAsby Xilinx in 1985.Bothprojectsin-
vestigatedthefeasibilityof FPGAsascomputingplatforms.

Conventionalgeneralpurposeprocessorsconsistof a
fixed,generaldatapath,andprogrammablecontrol(instruc-
tions) for that datapath.A few generalpurposearithmetic
unitsarehighly optimizedfor low latency i.e.[13].

On customcomputingmachinesdatapathand control
arefully programmable,allowing thedesignerto tailor the
architectureof the computerto the structureof the algo-
rithm. Flexibility or reconfigurabilitycomesat theexpense
of latency (i.e. longercycle time) andlogic densityon the
chip.

Given todaystechnology, customcomputingmachines
cancompetewith generalpurposeprocessorsonlatency tol-
erantapplicationsthat requirea relatively small amountof
logic. We have shown animplementation[10] of the IDEA
encryptionalgorithmthatis upto 6 timesmoreperformance
/ powerefficient thancurrentleadingDSPmicroprocessors.

Dueto largereconfigurationtimesof todaysdevicessin-
gle FPGAsdo not scalewell to large problemsizes. Mul-
tiple FPGAscanbeusedto computelargerproblems.The
majordrawbackis thevery high complexity of partitioning
a designonto multiple FPGAsgiven a limited amountof
pins. Overcomingthepin-limitation in software– with de-
sign tools – is investigatedin the Virtual Wires[8] project.
Elliminating the pin limitation with multichip modulesof
FPGAsis exploredin theTeramacproject[15].

ApplicationsthatexecutefavorablyonFPGAsarethere-
fore dataintensive applicationswhich can be executedin
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Figure1: Thefigureshows thearchitectureof a Xilinx XC
4000ConfigurableLogic Block (CLB). Therearetwo 4-bit
Lookup-Tables(LUTs) andup to two registers.

verydeeppipelines(e.g.encryption,patternmatching,etc.)
and applicationswith a hugeamountof fine grain paral-
lelism suchaslatticegassimulation[14] mentionedabove.

For datapaths,handdesignsaretypically moreefficient
thancompiledbehavioral descriptions.In order to exploit
the efficiency of handdesignwhile simplifying the design
process,we proposea bottomup approachto compilation
for customcomputingmachines. By creatinga powerful
and highly optimized parameterizablelibrary, PAM-Blox
[11], we adda level of abstractionthat preservesoptimal
areaandperformancewhile simplifying thedesignprocess.

3. The PCI PametteCustomComputing Machine

WeusethePCIPametteboarddevelopedbyMarkShand[17]
astheplatformfor investigatingreconfigurablecomputing.
The PCI Pametteconsistsof 5 Xilinx XC4000seriesFP-
GAs.

ThePCIbuswith thePametteboardismappedintomain
memory. CommunicationspeedbetweenthehostCPUand
the FPGAsis setby the clock speedof the PCI bus. PCI
Pamettesupports33 and66MHzwith PCI buswidthsof 32
and64bits.

The four userprogrammableFPGAscan be reconfig-
uredindividually or in parallelat runtime,allowing thede-
signerto exploredynamicreconfigurationwithin thelimits
of Xilinx XC4000FPGAs1.

TheinterconnectonthePCIPametteboardis a2D mesh
connectingthefour userprogrammableFPGAs.Thesignal
delay from one FPGA to anotheris thereforevery small,
comparedto moregeneralswitchbasedinterconnects.

Arearequirement,whichisdirectlyproportionaltopower
consumption([10]) is given in ConfigurableLogic Blocks

1For Xilinx XC4010FPGAs,reconfigurationtakesabout100ms.

(CLBs). Figure1showsthearchitectureof aXilinx XC4000
CLB.

4. CORDICs on the PCI Pamette

A more recentsurvey of CORDIC algorithmson FPGAs
is given in [16]. We implementa simplecoordinaterota-
tion unit to demonstratethepowerandperformancebenefits
from CORDICalgorithms.

The following threeequationsarethecoreof a coordi-
naterotationunit usingtheCORDICalgorithm.
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Givena point
2 �65�78�35 4 andanangle * , theCORDICal-

gorithm convergestowards the rotatedpoint
2 �97:� 4 while*+;=< . This is achieved by partitioning the anglez into

powersof two. The �����>� for eachroundis setby thesign
of * at thepreviousiteration,forcing * to zero.

The seriesof numbers? � areusuallycontinuousinte-
gersi.e. @ <BA�A�A 2
C ED 4GF which have to bechosenaccording
to the desiredconvergencebehavior. We have confirmed
the resultsfor the convergencebehavior describedin [19]
by simulationof thealgorithmin software.

We arecurrentlyworkingon FPGAimplementationsof
variousCORDICalgorithms2.
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