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Abstract
PAM-Blox are object-orientectircuit generatorson top of
thePCl Pamettedesigrernvironment,PamDC.High- perfor
mance-PGAdesignfor adaptve computings simplifiedby
usinga hierarchyof optimizedhardware objectsdescribed
in C++.

PAM-Blox consistof two major layers of abstraction.
First,PamBloxareparameterizablsimpleelementsuchas
countersandadders.Automatic placemenbf carry chains
and flexible shapesare supported. PaModulesare more
comple elementgossiblyinstantiatingPamBlox. PaMod-
uleshave fixed shapesaindareusuallyoptimizedfor a spe-
cific data-width. Examplesfor PaModulesare multipliers,
CoordinateRotations(CORDICSs), and specialarithmetic
unitsfor encryption.

Thekey differenceof our approacho mostotherdesign
tools for FPGAsis thatthe designerhastotal control over
placemenateachlevel of thedesignhierarchywhichis the
key to high-performancé&PGA design.Secondthe object
interfacewaschosercarefullyto encourageode-reusand
simplify code-sharindpetweerdesigners.

PAM-Blox are intendedto be part of an openlibrary
that allows designsharingbetweenmembersof the adap-
tive computingcommunity

1. Intr oduction

Adaptive computinghasbeenmanactive areaof researclover
thepastdecade A summaryof the currentstateof thefield
is givenin [3]. While it hasbeenshavn that FPGAscan
achieveanimprovementn performancendpoweroverex-
isting generalpurposeprocessorscompetitve FPGA de-
signs have beencreatedmostly on a very low, structural
level.

The first customcomputingmachines,the PAM (see
section2) andthe Splash-22], werebuild shortly afterthe
introductionof FPGAsby Xilinx in 1985.Both projectsin-
vestigatedhefeasibility of FPGAsascomputingplatforms.

Cornventional generalpurposeprocessorgonsistof a
fixed,generabata-pathandprogrammableontrol(instruc-

tions) for thatdata-path.A few arithmeticunits are highly
optimizedfor low lateng/([7, 8].

On customcomputingmachinesdata-pathand 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.

Giventoday's technology customcomputingmachines
cancompetewith generapurposerocessorsnlateng tol-
erantapplicationsthat requirea relatively small amountof
logic. Dueto largereconfigurationimesof today's devices
single FPGAsdo not scalewell to large problemsizesor
large data-flav graphs. Multiple FPGAs can be usedto
computelarger problems. The major drawbackis the very
high compleity of partitioninga designonto multiple FP-
GAs givena limited amountof pins. Overcomingthe pin-
limitation in software— with designtools — is investigated
in the Virtual Wires[17 project. Eliminating the pin limi-
tationwith multi-chip modulesof FPGAsis exploredin the
Teramaqroject[11].

Applicationsthatexecutefavorablyon FPGAsarethere-
fore dataintensive applicationswhich can be executedin
very deeppipelines(e.g. encryption patternmatching,etc.)
and applicationswith a huge amountof fine grain paral-
lelism suchasJacobirelaxation(seesection5.1),andlattice
gassimulation[§.

We believe thatthe reasonwhy customcomputingma-
chineshave not beencommerciallysuccessfubre the still
clumsyprogrammingoolsfor customcomputersCurrently
FPGAsareprogrammedvith CAD toolsthathave beenop-
timizedfor hardwaredesign.

Someattemptshave beenmadetowards creatingpro-
gramminglanguage$or FPGAs[14, 13]. Thedrawbackof
simplifying FPGA designis that mostof the performance
andsignificantareaarelostin the compilationprocessDe-
signscreatedvith today'shighlevel languagesannotcom-
petewith currentmicroprocessoandcompilertechnology

Handdesignsaretypically moreefficientthancompiled
behavioral descriptionsin orderto exploit the efficiency of
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Figure 1: The PCI Pametteboard consistsof five Xilinx
XC4000EFPGASs.Oneimplementghe PClinterface. Two
are connectedo SRAM, 64 KBytes each,andone FPGA
is connectedo DRAM SIMM soclets. The SRAM mem-
ory canbe mappednto a continuouspieceof mainmemory
on the hostsystem.PCl Pamettecanoperaten masterand
slavze modeon the PCl bus. A flexible userclock from 360
KHz to 120MHz canbegeneratedn additionto therecov-
eredPCl clock.

handdesignwhile simplifying the designprocesswe pro-
posea bottomup approacho compilationfor customcom-
puting machines.By creatinga powerful and highly opti-
mized parameterizableircuit generatorsPAM-Blox sene
asan additionallevel of abstractiorthat preseresoptimal
areaand performance.Section2 containssomemore de-
tails on the history of the PAM project. Section3 gives
an overview of the currentstateof CAD toolsfor FPGAs.
Sectiond introducesPAM-Blox consistingof PamBloxand
PaModules.Section5 shavs a comparisorof performance
andareaof PAM-Blox designdo behavioral synthesigools.
Finally, we concludewith thecurrentstatusandfuturework
in section6.

2. PAM-Story

PAM standgor Programmabléctive Memories. Thefirst
PAM, PeRLe-0developedatDECPRLin France[], isone
of the first customcomputingmachines.Next to the hard-
ware efforts the PAM teamalsodevelopeda C++ classli-
brary, PamDC,for creatingdesigngfor Xilinx FPGAs.The
mostimpressve result obtainedwith a PeRLe-1boardis
RSA encryptionat Cray speeds[1]D

2.1. PCI Pamette

ThemostcurrentPAM is the PCl Pametteboarddeveloped
by Mark Shand[1$. The PCI Pametteconsistsof 5 Xilinx

XC4000seriesFPGAs.

The highlights of the boardand runtime ervironment
include: PClwrite-burstcapability a flexible DMA engine,
compatibilitywith DIGITAL AlpharunningUnix andintel
x86 PCswith WindowsNT. On both platforms, control of
the boardis achieved via systemcalls implementedn the
respectie device driver.

The PCl Interface(PIF) developedfor the PCI Pamette
mapsa region of mainmemoryto the Pametteboard.Com-
municationbandwidthbetweenthe host CPU and the FP-
GAsis setby the clock speedandbus-widthof the PCl bus.
PCl Pamettesupports32 and64 bit PClat 33 and66 MHz.

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

The FPGAdesigncanbe clocked by the PCl clock and
by anadditionaluserprogrammableclock. For delugging
purposestheuserclock canbessinglestepped.

TheinterconneconthePClPametteboardis a2D mesh
shawvn in Figure 1. The signal delay from one FPGA to
anothelis thereforevery small,comparedo a moreflexible
switchbasednterconnect.

3. Existing CAD for Xilinx FPGAs

In this sectionwe describea few popular CAD tools for
Xilinx FPGAs. We presentexamplesfor the differentap-
proachedgo createnetlistsfor FPGAsandrelatethemto the
need=f customcomputingernvironments.
Synopsy$-PGA Compileris partof the CAD environ-
mentthat is mostly usedfor ASIC development. FPGA
Compilermapsadesigrnto theXilinx NetlistFormat(XNF).
For high-level behaioral synthesisthe usergoesthrough
the Behavioral Compiler, the DesignCompiler the FPGA
Compiler, andfinally throughXilinx place-and-routéools.
With this tool-flow, mary independentools transformthe
design.At theendit is almostimpossibleto predictwhich
effect a small changein the initial codewill have on the
actualdesign. This problemis madeworseby thefactthat
Synopsygoolsdo acarefultechnologymapping but before
Xilinx tools getstarted the designis flattened eliminating
muchof thework doneby the Synopsygools.
Synopsy$PGAExpresss aunifiedtool compilingVer-
ilog or VHDL to XNF. While theentireprocesss optimized
for FPGAs,thetool still doesnot allow thedesignetto gain
muchinsightinto theresultsof thecompilation.Like FPGA
Compiler FPGAExpressasapowerful state-minimization
algorithmfor state-machinesin general data-pattperfor
manceis suffering from non-optimalautomaticplacement
andhigh cycle timescomparedo hand-designedircuits.

1For the PCI Pametteboardreconfiguratiortakesabout100 ms.



The secondmajor approachs to usegraphicaldesign
entrysuchasViewLogic. While graphicaldesigrentryworks
well for small designs)arge projectsare moremanageable
with hardwaredescriptionanguagesuchasVHDL or Ver-
ilog.

TheTrianussysten{9] developedat ETH in Zurich, of-
fersanintegratedrPGAdesignsystenmwith placemenhints
atthe designentrylevel. Thetool handleseverythingfrom
technologymappingto placeandroute. Trianusis currently
only availablefor Xilinx XC6000 seriesFPGAs. Experi-
encewith Trianusshaws a significantreductionin compile
time, whenplacementintsareavailable.

The programmerof a customcomputingmachinere-
guiresasoftwaredesign-like ervironmentwith ashortcom-
pilation cycle. In addition,thereis aneedfor theequivalent
of systemcallsandlibrary functions.

3.1. PAM DesignCompiler: PamDC

PamDC was developedas part of the PAM project[]] de-
scribedabove. The designis describedstructurallyin C++.
Runningthe resultingprogramcreatesa Xilinx netlistfile
whichis passednto place-and-routéools.

The advantageof PamDC s that the designerhasfull
control over placement.Technologymappingcanbe done
automaticallyor by the designer This is especiallyimpor-
tantin orderto make efficient useof the fastcarry chain,
availablein Xilinx XC4000FPGAs. PamDCgivesthe de-
signertotal controlover the design,which with someeffort
canresultin maximalperformancendminimal area.

The drawbacksof PamDCaretherelatively high effort
neededo createstructuraldesignson a very low level. In
softwareterminology PamDCcouldbecomparedo assem-
bly level programming.

4. PAM-Blox: PamBlox and PaModules

Traditional VLSI designfor high-performanc@SICs con-

sistsof completenand-layoubf thedata-pattandhigh-level

compilationof the control circuit. FPGAsdo not offer the

high flexibility of silicon area.For data-pathdt is therefore
sufficientto specifythelogic, mapthelogic to lookup-tables
andspecifytheirlocation.

Experiencewith PamDC has showvn that a low level,
structuralrepresentatiomf FPGA circuits in C++ is very
well suitedfor high-performancd-PGA design. The ma-
jor drawvbackof PamDCis the low level of design. In or-
derto simplify the designprocesswe introduceadditional
levels of abstractioron top of PamDC.Figure 2 shavs an
overview of the PAM-Blox system We usePAM-Bloxasthe
namefor theentiredesignernvironment.PamBloxstandgor
templateof hardwareobjectswhile PaModulesareobjects
with afixedsize.

PAM-Blox

Applications

PaModul es:
Miltipliers, etc.
PamBIl ox : \'
Count er, Adder, etc.

PanDC :
Regi sters, Logi ¢ Equati ons, Rom Ram etc.

Y Y Y
Xilinx Netlist Format - XNF ‘

Figure2: Thefigure shows the layersof the PAM-Blox de-
signenvironment.PamDCcompilesthedesignto the Xilinx
Netlist FormatXNF. PamBloxareinteractingwith PamDC
objects PaModuledgnteractwith PamBloxandPamDC,and
theapplicationcanaccesdeaturedrom all threelayersbe-
low.

PAM-Blox simplify thedesignof data-path$or FPGAs
by implementingan object-orientechierarchyin PamDC
/ C++. With PAM-Blox, hardware designerscan benefit
from all the advantagesof object-orientedsystemdesign
thatthe softwareindustryhaslearnedto cherishduringthe
last decade. Efficient use of function overloading,virtual
functionsand templatesmake PAM-Blox a very powerful
andyet simpleto usedesignervironment.

By implementingPAM-Blox togetherwith the actual
designwithin aC++hierarchywe simplify thetaskof adapt-
ing library modulego thespecificneedsf thedesign.There-
fore the PAM-Blox generatolibrary is easilyscalableand
allows FPGAdesignergo shareandreusepiecesof designs
by writing new PamBloxandPaModules.

PAM-Blox are compatiblewith all the platformsthat
supportPamDC.Currentlytheseare WindowsNT with Mi-
crosoftVisual C++andDIGITAL Alphaworkstationswith
DIGITAL Unix andDIGITAL C++.

4.1. Hardware Objects

Thereare mary waysto describehardware objectsin an
object-orientedsequentialanguagdik e C++. Thedescrip-
tion of the hardware objecthasto be efficient in termsof
code-sizejn orderto minimize the compleity of the de-
scription. The secondmajor designissueis to createa very
explicit specificatiorof theinterfaceto the hardwareobject
i.e. objectsize,inputs, outputsand optionalinputsor out-
puts.

Figure 3 shows the structureof a hardware objectde-
scribedin C++. All dataandmethodsnsidea hardwareob-
jectaredeclaredoublicin orderto allow maximalvisibility
duringsimulation.Inputsandoutputsaresyntacticallysep-



cl ass HWbbj ect: public parent{
public:
<internal wre declarations>
/1 constructor
HWobj ect (i nput paraneters, optionals){
<initialization of inputs>

}

out (out put paraneters,
<internal |ogic>

optional s){

}
<addi tional nethods called by 'out’>

pl ace(absol ut pl acenent paraneters)({
<absol ut pl acenent >

}
pl ace(){

<rel ative placenent>
}

}

Figure3: A generalPAM-Blox hardware objectdescribed
in C++.

aratedy passingnputsto theconstructoandoutputsto the
‘out’ method.Requiredparametergrepassedy declaring
the formal argumentsto be type referencewhile optional
parameterarepassedspointers.

Examplesof optional inputs are the clock and the ob-
ject name.Without specifyinga clock, PAM-Blox usesthe
defaultclock. An exampleof anoptionaloutputis thecarry-
outof anadder

Size is specifiedas a templateparameter As a con-
sequencehe PamBlox interfaceis protectedby C++ type
checking.

4.2. PamBlox and PaModules

PamBlox are parameterizablsimple templatesof objects
suchas counters shiftersor adders possiblycontaininga
carrychain. Theinitial PamBloxhierarchyis shovnin Fig-
ure4.

The top object, PBtop, consistsof a vector of regis-
ters,andasetof placemenfunctionswhich handledifferent
carry-chainconfigurations. As an exampleof codereuse,
every child of PBtopinheritsthe placemenfunctionsand
canoverwritethemif necessary

PaModulesare comple, fixed circuits implementedas
C++ objects. PaModulesconsistof multiple PamBlox and
areoptimizedfor a specificdata-width. Examplesarecon-
stant(k)coeficient multipliers (KCMs), Booth multipliers,
CoordinateRotationDigital Computer(CORDIC) circuits

PamBlox

Const Reg

Regi st er ¢ MuxReg
PBt
op \Ser ToPar
Par ToSer

RCount er

LCount er RLCount er
LECount er
Add

Fl exAdd

Count er

LEShi fter

Figure4: A subsebf the PamBlox hierarchy Thetop ob-
ject PBtopconsistsof minimal logic anda setof placement
functionswhich areinheritedby all PamBlox objects.Pre-
fix ‘R’ standsfor “Resetable”/L’ for “Loadable”,and‘E’
for an“Enable”.

[5], andspecialpurposearithmeticunits suchasa constant
multiply modulo (26 + 1) operationfor encryption[4.

Figure 5 shaws the instantiationof PamBlox within a
PaModuleobject. ThePaModuleimplementsa 16 bit multi-
plier by usinga16x20 bit lookup-tableandashift-accumulate
unit. Thecircuit multiplies4 bits atatime andaccumulates
theresult.

Thetablein figure 6 shows the currentcode-sizeof the
PAM-Blox v1.0 circuit generators. Code-sizeis given in
PamDC/ C++linesnecessaryo implementthe objects.

4.3. Hierar chical Naming

PamDC enablesdirect control over the naming of wires.
PAM-Blox areimplementedo supporta hierarchicainam-
ing schemethat createsa unique namefor eachwire in
the designsimilar to pathsin a filesystem. The nameof
eachwire containsall the ancestorgparentobjects)of the
wire. Thetop namecanbe specifiedby the designere.g.
a PaModule multiplier with the name“multy” containing
oneadderwith a carry-chainwould resultin thefollowing
namefor thethird elementof the carry-chain:

multy/add0/carry < 3 > Q)

The namingschemeenableslesignerdo useadditional
toolsfor deluggingandstill be ableto tracethe sourceof
eachwire. For example,the naminghierarchyis presered
for simulation(within PamDC)andlow-level tools suchas
Xilinx fplan.



/1 Palbdule 16 bit KCM [28 CLBs]

cl ass Ni bbl eMul t 28: publi ¢ PM op{
public:

<initializations>

voi d out (
W r eVect or <Bool ,
W r eVect or <Bool ,

| NPUT_W DTH>&Qut
MULT_W DTH> * SQut =NULL)

int n,i,rval;
char nmult[4];
unsi gned short ronval [ ADD_W DTH] ;

/'l values for 20 LUTs
f or (n=0; N<ADD_W DTH; n++) {
/1 16 bits per LUT

ronval [ n] =0;

for (i=0;i<MILT_WDTH;i++){

if ((((factor*i)>>n)&1)==1)
romval [ n] =ronval [ n] |
(((unsigned short)1)<<i);
}

}
//create LUT ROV

for(i=0;i<ADD W DTH; i ++)
PSunii]=reg(rom(Nin,ronval [i]),clk);

/12nd stage: PanBl ox Accunul at or
Add<ADD_W DTH> * A2;
A2=new Add<ADD W DTH>

(PSum RSum zer o, &cl k) ;
A2->out (resul t, cout 3);
A2->pl ace();

/'l feedback
for(i=0;i<ADD W DTH; i ++) {
if (i<16){
RSuni]=mux(Nstart,
ZERO,
resul t [ | NPUT_W DTH+i ] ) ;
telse if (i==17){
RSunf i ] =mux(Nstart, ZERO, cout 3) ;

}el sef
RSuni i ] =ZERQ,
}
}
}
<pl acenent >
H

Figure5: Thecodeabore shavsthePaModuleimplementa-
tion of ahigh performanceonstant(koeficientmultiplier
(KCM) in 28 CLBs with PamBlox (seesection5.2.).

| | PamBlox | PaModules]

No. of Objects 28 6
Linesof Code 1370 750
| Av. LinesperObject|] ~50 | ~120 |

Figure6: Thetableshavsthe currentsizeof the PAM-Blox
v1.0circuitgeneratorggivenin linesof PamDC/ C++code.

5. Performanceand Area

Our metricsof comparisorareminimalcycletime, areare-
quirementn configurabldogic blocks(CLBs) andcompile
time (from C++/ PAM-BIlox to theXilinx Netlist Format).
A simplemethodto estimatethe pawer consumptiorof
anFPGAdesignis shavn in [19]. We use:

Internal Power x numberofCLBs x Frequency (2)

=> (Per formance/ Power) oc CLBs™" 3

Compiletimewasmeasurednacorventionalintel Pen-
tium PCrunningat120MHz. PAM-Blox arecompiledwith
Microsoft VisualC++4.0.

Anotherpoint of considerations programmability It is
mucheasietto createFPGAdesignonthebehaioral level;
however experienceshavs thatfor mostnon-trivial applica-
tions much of the performanceadvantageof FPGAsover
microprocessoris lost. Oncetiming andpower constraints
canbe metby a generalpurposeDSP processqrprogram-
ming become®asielby ordersof magnitude.

The objective of this sectionis to shov how muchcan
be gainedby focusingon the structuraldesignof data-paths
for FPGAsusinghand-optimizedibrary elements.

We comparethe original implementation®f the RAW
benchmark$12] JacobiMatrix Multiply andDESencryp-
tion synthesizedby Synopsyd=PGAEXxpresd| with imple-
mentationsusing PAM-Blox. The PAM-Blox implementa-
tionsof theseRAW benchmarkéave beendesignedy try-
ing to keepthe designeffort within orderof magnitudeto
the designeffort for theimplementationsn Verilog.

5.1. RAW: JacobiRelaxation

Jacobirelaxationis aniterative methodfor solvingdifferen-
tial equationf theform:

VZA+B=0 (4)

The basicoperationsfor this benchmarkare shift and
add. The implementationcomparedn table 7 consistof
a 4x4 arraywith 2x2 active cells and 8 bit values. During



| || CompileTime | Area[CLB] | Frequeny |
JACOBI 4x4 (8 bit)
FEII 80s 164 30 MHz
PAM-Blox 45s 129 35MHz
DES(1)
FEII 1,510s 828 15MHz
PAM-Blox 86s 398 22 MHz
MATMULT 4x4 (8 bit) | CompileTime | Area[CLB] | Mega-mmps
FEII 350s 609 0.38
PAM-Blox 1 77s 604 1.23
PAM-Blox 2 98s 954 1.52

Area[CLB]
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Figure 7. RAW benchmarkscompiled with Synopsys
FPGA Expressll (FE II) arecomparedo PAM-Blox im-

plementationsCompiletime standor thetime to compile
adesigndescriptionto a Xilinx netlistfile. FPGAExpress
resultsare reportedfor the completelyplacedand routed
system. The performancefor matrix multiply is givenin

matrix multiplicationspersecondmmps).

eachclock cycle, eachactive cell takesthe valuesof cells
neighboringeast,south westandnorth,addsthemtogether
anddividestheresultby four.

Becausehearithmeticoperationshiftandaddmapeas-
ily ontotheXilinx XC4000Elibrary usedby FPGAExpress
I, thereis notmuchroomfor areaimprovement.Clock fre-
queng of the PAM-Blox designis only about15% higher
thanthe designoptimizedby SynopsyHDL compiler The
improvementn areais about20%.

5.2. RAW: DES Encryption

DES encryptionis very well suitedfor implementationn
hardware. The basicprimitivesarefixed permutationsand
exclusive-or. The resultsfor the PAM-Blox DES designin
table7 shav a 50 % improvementin clock frequeng with
half the areaover the original RAW implementationwith
Synopsy$+PGAEXxpresdl.

The superiorresultsobtainedwith PAM-Blox are due
to partially manualplacemenandtechnologymapping,i.e.
the carefuldesignof logic thatfits into 4 bit lookuptables
andefficientusageof registers.

Furtherimprovementof the throughputof DES could
be achiesed by pipelining the design. Pipelining on the
CLB level maximizesregister utilization andwould result
in maximalthroughput.

5.3. RAW: Integer Matrix Multiply

The Matrix Multiply benchmarkmultiplies two 4x4 matri-
ceswith 42 = 16 multipliersandanaddertree.

Figure8: Thefigureshovs AreaandLateng for 16 bit con-
stant(k)coeficient multiplierswith athroughputof 1,4 and
16 bits perclock cycle. Lateng is shovn in unitsof 10!
clock cyclesi.e. 160meansl6 clock cycles. Throughputis
givenin 'clock cyclesbetweersuccessie results’.

FPGA Expressll usessimple bit-serial shift-and-add
multiplication. A full matrix multiply thereforetakesmore
than50clock cycles. For thisbenchmarkve choseo create
amoreefficientcomputationastructureto shov how PAM-
Blox canbeusedto adapthearithmeticunitsto the specific
requirement®f theapplication.

By implementingmultiple bit-serial multipliers using
Boothencodingwe areableto tradeareafor performance.
Obviously Boothmultipliersaremoreefficientfor this spe-
cific application.The pointis ratherto shov how the PAM-
Blox ernvironmentcanbeusedto chooseheright arithmetic
unit for a specificapplication.

Table7 shovs two PAM-Blox designdiffering only in
the selectionof the multiplication algorithn?. PAM-Blox 1
multipliesthe matricesin 27 clock cycleswhile PAM-Blox
2 takes 19 clock cyclesfor a full 4x4 matrix multiplication
includingdatatransfer Clock cycletimesfor thePAM-Blox
designsare around33 MHz. The original designsynthe-
sizedwith FPGA Expressll runsat 15 MHz andrequires
39 clock cyclesfor a full matrix multiply. Thetableabove
shaws the throughputin matrix multiplicationsper second
(mmps). With the right multiplier we seean increasein
throughpubof up to 4 times,comparedo theoriginal RAW
benchmarlcompiledwith Synopsy$=PGAExpresdl.

5.4. Constant(K) Coefficient Multipliers - KCM

Constant(K)Coeficient Multipliers (KCMs) are of inter
estfor mary applicationsincluding filters and encryption.
KCMs areimplementedasPaModules.We comparel 6 bit

2for detailson the specificmultiplier architectureseethe PAM-Blox
distribution at http://Jumunhum.stanford.ed@M®-Blox/ or email pam-
blox@umunhum.stanford.edu



KCMs with athroughputof 16,4 and1 bits respectiely, in
figure8, in orderto shaw thetime-spacdradeof for KCMs
on Xilinx XC4000FPGAs.With increasinghroughputwe
increasahearearequiremenainddecreaséateng —trading
areafor lateng andthroughput.

First,we implementedhefully-parallel KCM proposed
in[18] to PAM-Blox, achieving the sameperformanceand
areavaluesreportedin the applicationnote from Xilinx.
Secondwe createdan additionaldesignfor a 16 bit KCM
which takes 4 bits at a time at about1/3 the areaof the
fully parallelversion.Thismultiplieris basedndistributed
arithmetic[16], combining multiply-addsinto lookup ta-
bles.

While performanceverareafor this multiplier is worse
thanfor thefully parallelcase the smallareaof this multi-
plier allows usto maptheentirelDEA encryptionalgorithm
onto around3200 CLBs or 4 XC4020Echipsresultingin
528 Mbits/sof maximalencryptionspeed.This designon 4
Xilinx XC4020E-3was comparedo currentmicroproces-
sorsin [4]. Performancever power or MOPS per Watt of
the PAM-Blox designon low-power XC4000XV FPGAsis
about6 times higher than the microprocessobasedsolu-
tions.

Therelatively smallsizeof thebit-serialKCM (17 CLBSs)
allows usto fit morethan45 suchmultipliers on a Xilinx
XC4020Ewith 800CLBs.

5.5. Performanceof Xilinx Place-and-Route

We expectedmanualplacemento decreasglace-and-route
time. Insteadwe foundthat Xilinx place-and-rout@erfor
manceis dominatedby routing. Place-and-routg@erfor
mancethereforevaried dependingon how easyor hardit
is to routethe placeddesign.

While hand-placemennhanagedo improve circuit per
formance,place-and-routgéimes varied dependingon the
specificdesign,FPGA size and seednumberfor the non-
deterministicplace-and-routalgorithm.

6. Conclusions,Curr ent Statusand Futur e Work

One of the goalsof adaptve computingis to offer higher
performancewith lower power consumptionthan general
purposeprocessorsWe believethattoday's FPGAcompiler
technologyenablesisto competewith today’s generapur-
poseprocessor®nly whenusinga hand-optimizedibrary
of FPGAcircuits.

We have showvn thatit is possibleto outperformtoday’s
FPGA-CAD ervironmentsby using PAM-Blox for hand-
designof circuitsandplacementWe believe thatoneof the
reasongor betterperformancevith PAM-Blox is complete
control over placementat every level of the designhierar
chy — a fact generallyemphasizedy experiencedFPGA

DATA-FLOW GRAPH CONTROL
v v
PAM-Blox FPGA Express
V

‘ Xilinx Netlist Format ‘ — | (import XNF)

|

Final XNF

Figure9: Thefigure shavs onepossibletool-flow of a uni-

fied designernvironmentenablingcontrol circuits designed
with SynopsysFPGA Expressto be combinedwith data-
pathsdesignedvith PAM-Blox.

designers.We do not claim that PAM-Blox designsauto-
matically resultin betterperformancehanhigh level syn-
thesis.Ratherfor data-pathntensive applicationsanexpe-
rienceddesignercangetaccessgo all the featuresof Xilinx
XC4000FPGA.

Oncethe PamBlox or PaModulesobjectis createdit is
very simple to shareit’'s designwith other researchersr
reuseportionsof their designfor otherobjects.

The object-orientedfeaturesof PAM-Blox leadto re-
ducedcompleity of the descriptionof a circuit, and fast
compilationtimesleadto shorteneddesigncycles— espe-
cially in ateam-orienteervironment.

PAM-Blox arecurrentlyexpandedo includeawide va-
riety of arithmetic unit generatordrom distributed arith-
metic to online arithmeticand CORDICs[5]. The objec-
tiveis to introduceanopenrepositoryof firmwareto afield
whichis dominatecdby proprietarydesigns.

We would like to encouragesharingof designsby en-
ablingthird partiesto useandcontributeto PAM-Blox. PAM-
Blox arethereforedistributedundera GNU license,allow-
ing andencouragingrnybodyto use modify andredistribute
PAM-Blox aslong asthe GNU licenseis presered.

In orderto allow the designerto integrate optimized
statemachine<reatedy traditional CAD toolswith a PAM-
Blox data-path,PAM-Blox supportseasymodule genera-
tion. Thesemodulescanbeimportedfor exampleinto FPGA
Expressll. A sampletool-flow is shovn in figure 9. Con-
sequentlythe FPGA designercan optimize the data-path
with PAM-Blox, while synthesizingthe controlling state-
machinefrom a higherlevel — a methodologywidely ac-
ceptedor high-performancépplicationSpecificintegrated
Circuits.
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