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Abstract

Reconfigurableomputinghasshavn impressve successes
with dataintensive andlateng tolerantapplications.Pipe-
linedandparallelimplementationef CORDICscanachiere
very high throughputfor rotation, and variousotherfunc-
tions suchasmultiplication, division, aswell ashyperbolic
andotherhigherorderfunctions.Reconfiguratiorallows us
to adapttheimplementatiorof CORDICsandrelatedarchi-
tecturesto the specificneedsand propertiesof individual
applicationsor specificsetsof applicationshencecreating
applicationspecificCORDICimplementationsThereforet
is becomingevidentthat CORDICsarevery well suitedto
reconfigurableomputingandcustomcomputingmachines.

1. Intr oduction and Moti vation

CORDICalgorithmswereformally introducedby Volderin
[1] andunifiedto computeelementaryunctionsby Walther
in [2]. The fundamentalmathematicalprinciples behind
CORDIC algorithmscan be found in their scalarform in
thework of T.C. Chen[6], aspointedout by Ahmedin his
thesig[19]. Ahmedshowvedthatif T.C. Chens corvergence
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 quaterniong18, 26, 27], or more generally
using group theoreticmethods[18] to computehigher or-
der functionslike Besselfunctions[M(2) group] or Leg-
endrepolynomials[SU(2), relatedto quaternionr hyper
complex numbers]. As a historic note, one of the earliest
methodsdatesback three centuriesagowhen Briggs gen-
eratedhis logarithmtablesusing decimaldigits. Another
very old mathematicatoncept,quaternionshasgenerally
beenavoided,sinceordinary matrix theorycanbe usedin-
stead— as hasbeenarguedsincethe inceptionof quater
nions. A similar debatewaswagedby electricalengineers
in the early daysof circuit theory aboutthe use of com-
plex numbersfor representingmpedancess functionsof
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R,L,C’s. Matrix methodsare beginningto run their course
onsomeadwancedproblemsnvolving Maxwell’'sequations
(e.gin advancedantennaheoryandphotonics.)The useof
more advancedconceptssuchasquaternionswill increase
in the future. Field-Programmabl&ate Arrays (FPGAS)
which will be describedater in more detail, enableeffec-
tive implementationsof quaternionCORDICsin harware
(firmware).

The actualsuccessfulisageof CORDIC algorithmsin
hardwarehasa very checleredhistory. Someof thetouted
examplescarrytheirown ironiesaswell. Giventhefactthat
CORDICscomputevector(or matrix) functions— typically
threearguments,andtwo to threeresults— it is surprising
thatsometime®nly oneresultis usede.g.the HP35calcu-
lator usedCORDICs,but only usedoneresult. The HP45
calculatordoneby adifferentdesigngroup,computectoor
dinatetransformationsvith two argumentsandtwo results
— but did not use CORDICs! Similarly the Motorolla 68k
floating-pointcoprocessoused CORDICsbut saved only
oneresult—the marketingresearctasked only whatscalar
functioncustomersvanted!

Therealpower of CORDICsandrelatedalgorithmscan
only beexploitedif onematcheshe CORDICfunctions,es-
peciallythe higherorderfunctions,to applications Match-
ing algorithmsto setsof applicationsis a computerarchi-
tectureor systemdesignissue. Thereare mary ways of
implementingfunctionsandmary criteriato judgesuchim-
plementations.

Amongthecriteriawe consider‘the 5P’s”: performance,
power, persistenceprogramability price. Any oneof these
criteriacouldmake CORDICsnotto bethechosermethod,
unlessthe applicationandsystemsontext is considered.

Performancecallsfor parallelismandmaximumpipelin-
ing, unlesslateng is anissue. CORDICsare usually as-
sociatedwith “shift & add” hardware primitives. We be-
lieve thatthis is a too narrav view! Ahmedshowvedin his
thesis[19] that hybrid CORDICswith largerlookuptables
and specificmultipliers insteadof “shift & add” with cer
tain multipliers, canimprove theimplementatioraccording
to the P metricsmentionedabove. Similarly, combining
the partial productarrays(PRA) techniquesdescribedby



E. Schwarz[20] in his thesis,with multiple equationsused
in CORDICscanagainimprovethe CORDICscompetitve-
nessover corventionalhigh performancelgorithms.

For a systemconsistingof hardware and software re-
sourcespersistenceof ataskcorrespondso thepercentage
of executiontime spendonthis particulartask. For taskwith
very high persistencewe canthenjustify the extensive use
of highly optimizedlibrariesand/orhandoptimizationby a
humanexpert ("brain-ware”). Suchoptimizationseemso
be evenmoreimportantfor CORDICs,especiallyif higher
orderfunctionsareinvolved.

Customdesignof CORDICunitsfor individualapplica-
tionsappearso beacomplex tasknot suitedfor theaverage
time constrainedorogrammer Low-level designtools and
symboliccomputingtoolsthat supporta domainexpertare
oneway to createhigh performanceCORDIC designs.So-
phisticated sayweb basedools, that cansupporta typical
programmemwill eventuallybecomeavailable; however, a
perusabf theliterature,especiallythe referencegby Morf,
Lee,Ahmed,Ang, Delosme)elow, indicatethatit will take
yearsto build suchtools ([24]). In the mean-timedomain
expertswill have to usetodaystoolsto createwinning de-
signsusingtheseideasin advancedapplications.

For example, designinga high performanceCORDIC
processofor solving for the rootsof a fourth degreepoly-
nomialcanbedoneby first usingasymbolictool, sayMath-
ematicato find the four symbolicexpressiondor theroots
— 800kBytes. Using CORDICfunctionsasprimitive trans-
formationscombinedwith commonsub-eperessiorelim-
ination can be usedto reducethese(initial) symbolic so-
lutions from 800kB to 16 CORDIC operationswhich can
be organizedasfour pipelinedstagesgachwith 4 parallel
CORDICoperationsSucha maximally pipelinedarchitec-
turewith oneresultpercycle (and4 cycleslateny) is avery
unexpectedsolution,giventheclassicakolutionof two cas-
cadedthird ordersolutions.

The (CORDIC)transformatiorprinciplecanalsobeap-
plied atotherlevelsof abstraction:

At the gate-level the conceptof rotationstranslateso
conditionalpermutationsor Conserative Invertible func-
tions(e.g.theFredkingate or theconditionalexchange X-
gate). A majorapplicationthatis basedon thesefunctions
is Lattice Gas(seethesisof FF. Lee [14] and his ALGE
architecturefor solving fluid flow problems.) Conditional
exchangeg(X-gates)andconditionalrotation(R-gateshave
beendevelopedandexploitedin photonicg29] andunitary
logic in quantumcomputing.

Regular Arrays of CORDIC processorsre relatedto
systolicarrays. They can computelarge rotations,gener
alizedrotations(unitary transforms)or matrix decomposi-
tions (eigen-decompositions).Such regular architectures
canbe viewed asnaturalgeneralization®f CORDICs. By
combiningelementaryCORDIC rotationswe canachieve

arbitrary size rotations. Hence, CORDICsappearasarray
nodeprocessorsCORDICscanalsobe extendedo higher
orderfunctionsby usinggrouptheory

MathematicallygeneralizedC ORDICfunctionsarepos-
sibly large transformationghat presere someform of in-
variantsor metrics. Any function can be imbeddedinto
a larger function subjectto a metric, the subjectof homo-
topiesin mathematicsTheselarger functions,transforma-
tionsor rotations thatnaturallydecomposénto elementary
transformation®r rotations.ThereforeCORDICsarenatu-
ral candidategor elementaryoperationspr primitives,that
can be supportedin optimized hardware, firmware, or li-
braryfunctions.

2. ReconfigurableComputing

Reconfigurablecomputinghas beenan active areaof re-
searcloverthepastdecade A summaryof thecurrentstate
of thefield is givenin [9]. While it hasbeenshovn thatFP-
GAscanachiezeanimprovemenin performancendpower
overgenerapurposeprocessorssompetitve FPGAdesigns
have beencreatednostlyon avery low, structuralevel.

The first customcomputingmachines,the PAM (see
section2) andthe Splash-Z5], werebuild shortly afterthe
introductionof FPGAsby Xilinx in 1985.Both projectsin-
vestigatedhefeasibility of FPGAsascomputingplatforms.

Corventional generalpurposeprocessorsonsistof a
fixed,generadatapathandprogrammableontrol (instruc-
tions) for that datapath.A few generalpurposearithmetic
unitsarehighly optimizedfor low lateng i.e.[13.

On customcomputingmachinesdatapathand control
arefully programmableallowing the designetto tailor the
architectureof the computerto the structureof the algo-
rithm. Flexibility or reconfigurabilitycomesat the expense
of lateng (i.e. longercycle time) andlogic densityon the
chip.

Given todaystechnology customcomputingmachines
cancompetewith generapurposerocessorsnlateng tol-
erantapplicationsthat requirea relatively small amountof
logic. We have shovn animplementation[1pof the IDEA
encryptionalgorithmthatis upto 6 timesmoreperformance
/ power efficientthancurrentleadingDSPmicroprocessors.

Dueto largereconfiguratiortimesof todaysdevicessin-
gle FPGAsdo not scalewell to large problemsizes. Mul-
tiple FPGAscanbe usedto computelarger problems.The
major drawbackis the very high compleity of partitioning
a designonto multiple FPGAsgiven a limited amountof
pins. Overcomingthe pin-limitation in software— with de-
signtools — is investigatedn the Virtual Wires[§ project.
Elliminating the pin limitation with multichip modulesof
FPGAsis exploredin the Teramagroject[13.

Applicationsthatexecutefavorablyon FPGAsarethere-
fore dataintensive applicationswhich can be executedin
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Figurel: Thefigure shows the architectureof a Xilinx XC
4000Configurabld_ogic Block (CLB). Therearetwo 4-bit
Lookup-Tables(LUTs) andup to two registers.

very deeppipelines(e.g. encryption patternmatching,etc.)
and applicationswith a huge amountof fine grain paral-
lelism suchaslattice gassimulation[14 mentionedabove.
For datapathshanddesignsaretypically moreefficient
than compiledbehaioral descriptions.In orderto exploit
the efficiengy of handdesignwhile simplifying the design
processwe proposea bottomup approachto compilation
for customcomputingmachines. By creatinga powerful
and highly optimized parameterizabldibrary, PAM-Blox
[11], we adda level of abstractionthat preseres optimal
areaandperformancevhile simplifying thedesignprocess.

3. The PCI Pamette Custom Computing Machine

We usethePClPametteboarddevelopedby Mark Shand[1T
asthe platformfor investigatingreconfigurableeomputing.
The PCI Pametteconsistsof 5 Xilinx XC4000 seriesFP-
GAs.

ThePClbuswith the Pametteéboardis mappednto main
memory CommunicatiorspeecbetweerthehostCPUand
the FPGAsis setby the clock speedof the PCI bus. PCI
Pamettesupports33 and66MHz with PCl buswidths of 32
and64 bits.

The four userprogrammablé=PGAs can be reconfig-
uredindividually or in parallelat runtime,allowing the de-
signerto explore dynamicreconfiguratiorwithin the limits
of Xilinx XC4000FPGAS.

TheinterconnecbnthePClPametteboardis a2D mesh
connectinghefour userprogrammablé-PGAs.Thesignal
delay from one FPGA to anotheris thereforevery small,
comparedo moregenerakwitchbasednterconnects.

Arearequirementwhichis directly proportionato power
consumption([10Q]) is givenin ConfigurableLogic Blocks

IFor Xilinx XC4010FPGAs reconfiguratiortakesabout100ms.

(CLBs). Figurel shavsthearchitecturef a Xilinx XC4000
CLB.

4. CORDICs onthe PCI Pamette

A more recentsurnwey of CORDIC algorithmson FPGAs
is givenin [16]. We implementa simple coordinaterota-
tion unit to demonstratéhe powerandperformancdenefits
from CORDICalgorithms.

The following threeequationsarethe coreof a coordi-
naterotationunit usingthe CORDIC algorithm.

T; = Ti_1 — sign - yi_q - 2™ 1)
Yi = yi—1 + sign - ;1 - 2™ 2)
2 = zi_1 — sign - tan 1 (2M7) 3)

Givenapoint (zg, yo) andananglez, the CORDICal-
gorithm corvergestowards the rotatedpoint (x,y) while
z — 0. Thisis achieved by partitioningthe anglez into
powersof two. The sign for eachroundis setby the sign
of z atthepreviousiteration,forcing z to zero.

The seriesof numbersM; areusually continuousinte-
gersi.e. [0... (N — 1)] which have to bechoseraccording
to the desiredcorvergencebehaior. We have confirmed
the resultsfor the convergencebehavior describedn [19]
by simulationof the algorithmin software.

We arecurrentlyworking on FPGAimplementation®f
variousCORDIC algorithms?.
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