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Abstract
PAM-Blox areobject-orientedcircuit generatorson top of
thePCIPamettedesignenvironment,PamDC.High- perfor-
manceFPGAdesignfor adaptivecomputingissimplifiedby
usinga hierarchyof optimizedhardwareobjectsdescribed
in C++.

PAM-Blox consistof two major layersof abstraction.
First,PamBloxareparameterizablesimpleelementssuchas
countersandadders.Automaticplacementof carrychains
and flexible shapesare supported. PaModulesare more
complex elementspossiblyinstantiatingPamBlox.PaMod-
uleshave fixedshapesandareusuallyoptimizedfor a spe-
cific data-width. Examplesfor PaModulesaremultipliers,
CoordinateRotations(CORDICs), and specialarithmetic
unitsfor encryption.

Thekey differenceof ourapproachto mostotherdesign
tools for FPGAsis that the designerhastotal control over
placementateachlevel of thedesignhierarchy, whichis the
key to high-performanceFPGAdesign.Second,theobject
interfacewaschosencarefullyto encouragecode-reuseand
simplify code-sharingbetweendesigners.

PAM-Blox are intendedto be part of an open library
that allows designsharingbetweenmembersof the adap-
tivecomputingcommunity.

1. Intr oduction

Adaptivecomputinghasbeenanactiveareaof researchover
thepastdecade.A summaryof thecurrentstateof thefield
is given in [3]. While it hasbeenshown that FPGAscan
achieveanimprovementin performanceandpoweroverex-
isting generalpurposeprocessors,competitive FPGA de-
signshave beencreatedmostly on a very low, structural
level.

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

Conventionalgeneralpurposeprocessorsconsistof a
fixed,generaldata-path,andprogrammablecontrol(instruc-

tions) for thatdata-path.A few arithmeticunitsarehighly
optimizedfor low latency[7, 8].

On customcomputingmachinesdata-pathandcontrol
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.

Giventoday’s technology, customcomputingmachines
cancompetewith generalpurposeprocessorsonlatency tol-
erantapplicationsthat requirea relatively small amountof
logic. Dueto largereconfigurationtimesof today’sdevices
singleFPGAsdo not scalewell to large problemsizesor
large data-flow graphs. Multiple FPGAscan be usedto
computelargerproblems.Themajordrawbackis the very
high complexity of partitioninga designontomultiple 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-chipmodulesof FPGAsis exploredin the
Teramacproject[11].

ApplicationsthatexecutefavorablyonFPGAsarethere-
fore dataintensive applicationswhich can be executedin
verydeeppipelines(e.g.encryption,patternmatching,etc.)
and applicationswith a hugeamountof fine grain paral-
lelismsuchasJacobirelaxation(seesection5.1),andlattice
gassimulation[6].

We believe that the reasonwhy customcomputingma-
chineshave not beencommerciallysuccessfularethe still
clumsyprogrammingtoolsfor customcomputers.Currently,
FPGAsareprogrammedwith CAD toolsthathavebeenop-
timizedfor hardwaredesign.

Someattemptshave beenmadetowardscreatingpro-
gramminglanguagesfor FPGAs[14, 13]. Thedrawbackof
simplifying FPGA designis that mostof the performance
andsignificantareaarelost in thecompilationprocess.De-
signscreatedwith today’shighlevel languagescannotcom-
petewith currentmicroprocessorandcompilertechnology.

Handdesignsaretypically moreefficient thancompiled
behavioral descriptions.In orderto exploit theefficiency of
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Figure 1: The PCI Pametteboardconsistsof five Xilinx
XC4000EFPGAs.OneimplementsthePCI interface.Two
areconnectedto SRAM, 64 KBytes each,andoneFPGA
is connectedto DRAM SIMM sockets. The SRAM mem-
ory canbemappedinto acontinuouspieceof mainmemory
on thehostsystem.PCI Pamettecanoperatein masterand
slave modeon thePCI bus. A flexible userclock from 360
KHz to 120MHz canbegeneratedin additionto therecov-
eredPCI clock.

handdesignwhile simplifying the designprocess,we pro-
posea bottomup approachto compilationfor customcom-
puting machines.By creatinga powerful andhighly opti-
mizedparameterizablecircuit generators,PAM-Blox serve
asan additionallevel of abstractionthat preservesoptimal
areaandperformance.Section2 containssomemorede-
tails on the history of the PAM project. Section3 gives
an overview of the currentstateof CAD tools for FPGAs.
Section4 introducesPAM-Blox consistingof PamBloxand
PaModules.Section5 shows a comparisonof performance
andareaof PAM-Blox designsto behavioral synthesistools.
Finally, weconcludewith thecurrentstatusandfuturework
in section6.

2. PAM-Story

PAM standsfor ProgrammableActive Memories.Thefirst
PAM, PeRLe-0,developedatDECPRLin France[1], is one
of the first customcomputingmachines.Next to the hard-
wareefforts the PAM teamalsodevelopeda C++ classli-
brary, PamDC,for creatingdesignsfor Xilinx FPGAs.The
most impressive result obtainedwith a PeRLe-1boardis
RSAencryptionat Crayspeeds[10].

2.1. PCI Pamette

ThemostcurrentPAM is thePCI Pametteboarddeveloped
by Mark Shand[15]. ThePCI Pametteconsistsof 5 Xilinx

XC4000seriesFPGAs.
The highlights of the boardand runtime environment

include:PCIwrite-burstcapability, a flexible DMA engine,
compatibilitywith DIGITAL Alpha runningUnix andIntel
x86 PCswith WindowsNT. On both platforms,control of
the boardis achieved via systemcalls implementedin the
respectivedevicedriver.

ThePCI Interface(PIF) developedfor thePCI Pamette
mapsaregionof mainmemoryto thePametteboard.Com-
municationbandwidthbetweenthe hostCPU andthe FP-
GAs is setby theclockspeedandbus-widthof thePCIbus.
PCI Pamettesupports32 and64 bit PCI at 33 and66 MHz.

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

TheFPGAdesigncanbeclockedby thePCI clock and
by an additionaluserprogrammableclock. For debugging
purposes,theuserclock canbesinglestepped.

TheinterconnectonthePCIPametteboardis a2D mesh
shown in Figure 1. The signal delay from one FPGA to
anotheris thereforeverysmall,comparedto amoreflexible
switchbasedinterconnect.

3. Existing CAD for Xilinx FPGAs

In this sectionwe describea few popularCAD tools for
Xilinx FPGAs. We presentexamplesfor the differentap-
proachesto createnetlistsfor FPGAsandrelatethemto the
needsof customcomputingenvironments.

SynopsysFPGACompileris partof theCAD environ-
ment that is mostly usedfor ASIC development. FPGA
Compilermapsadesignto theXilinx NetlistFormat(XNF).
For high-level behavioral synthesisthe usergoesthrough
the Behavioral Compiler, the DesignCompiler, the FPGA
Compiler, andfinally throughXilinx place-and-routetools.
With this tool-flow, many independenttools transformthe
design.At theendit is almostimpossibleto predictwhich
effect a small changein the initial codewill have on the
actualdesign.This problemis madeworseby thefact that
Synopsystoolsdoacarefultechnologymapping,but before
Xilinx toolsgetstarted,thedesignis flattened,eliminating
muchof thework doneby theSynopsystools.

SynopsysFPGAExpressisaunifiedtool compilingVer-
ilog or VHDL to XNF. While theentireprocessis optimized
for FPGAs,thetool still doesnot allow thedesignerto gain
muchinsightinto theresultsof thecompilation.LikeFPGA
Compiler, FPGAExpresshasapowerful state-minimization
algorithmfor state-machines.In general,data-pathperfor-
manceis suffering from non-optimalautomaticplacement
andhighcycle timescomparedto hand-designedcircuits.

1For thePCI Pametteboardreconfigurationtakesabout100ms.



The secondmajor approachis to usegraphicaldesign
entrysuchasViewLogic. Whilegraphicaldesignentryworks
well for smalldesigns,largeprojectsaremoremanageable
with hardwaredescriptionlanguagessuchasVHDL or Ver-
ilog.

TheTrianussystem[9] developedatETH in Zurich,of-
fersanintegratedFPGAdesignsystemwith placementhints
at thedesignentry level. Thetool handleseverythingfrom
technologymappingto placeandroute.Trianusis currently
only available for Xilinx XC6000 seriesFPGAs. Experi-
encewith Trianusshows a significantreductionin compile
time,whenplacementhintsareavailable.

The programmerof a customcomputingmachinere-
quiresasoftwaredesign-likeenvironmentwith ashortcom-
pilationcycle. In addition,thereis aneedfor theequivalent
of systemcallsandlibrary functions.

3.1. PAM DesignCompiler: PamDC

PamDC wasdevelopedaspart of the PAM project[1] de-
scribedabove. Thedesignis describedstructurallyin C++.
Runningthe resultingprogramcreatesa Xilinx netlist file
which is passedon to place-and-routetools.

The advantageof PamDCis that the designerhasfull
control over placement.Technologymappingcanbe done
automaticallyor by thedesigner. This is especiallyimpor-
tant in order to make efficient useof the fastcarry chain,
availablein Xilinx XC4000FPGAs. PamDCgivesthede-
signertotal controlover thedesign,which with someeffort
canresultin maximalperformanceandminimalarea.

Thedrawbacksof PamDCaretherelatively high effort
neededto createstructuraldesignson a very low level. In
softwareterminology, PamDCcouldbecomparedto assem-
bly level programming.

4. PAM-Blox: PamBlox and PaModules

TraditionalVLSI designfor high-performanceASICscon-
sistsof completehand-layoutof thedata-pathandhigh-level
compilationof thecontrol circuit. FPGAsdo not offer the
high flexibility of silicon area.For data-pathsit is therefore
sufficientto specifythelogic,mapthelogic to lookup-tables
andspecifytheir location.

Experiencewith PamDC hasshown that a low level,
structuralrepresentationof FPGA circuits in C++ is very
well suitedfor high-performanceFPGA design. The ma-
jor drawbackof PamDCis the low level of design. In or-
der to simplify thedesignprocess,we introduceadditional
levels of abstractionon top of PamDC.Figure2 shows an
overview of thePAM-Blox system.WeusePAM-Bloxasthe
namefor theentiredesignenvironment.PamBloxstandsfor
templatesof hardwareobjectswhile PaModulesareobjects
with a fixedsize.

� � � � � � � � � � � � � 	 
 � �  � � � � 	

Applications

PamDC :

PamBlox :
Counter, Adder, etc.

PaModules: 
Multipliers, etc.

Registers,Logic Equations,Rom,Ram, etc.

PAM-Blox

Figure2: Thefigureshows thelayersof thePAM-Blox de-
signenvironment.PamDCcompilesthedesignto theXilinx
Netlist FormatXNF. PamBloxareinteractingwith PamDC
objects,PaModulesinteractwith PamBloxandPamDC,and
theapplicationcanaccessfeaturesfrom all threelayersbe-
low.

PAM-Blox simplify thedesignof data-pathsfor FPGAs
by implementingan object-orientedhierarchyin PamDC
/ C++. With PAM-Blox, hardware designerscan benefit
from all the advantagesof object-orientedsystemdesign
that thesoftwareindustryhaslearnedto cherishduringthe
last decade.Efficient useof function overloading,virtual
functionsand templatesmake PAM-Blox a very powerful
andyetsimpleto usedesignenvironment.

By implementingPAM-Blox togetherwith the actual
designwithin aC++hierarchy, wesimplify thetaskof adapt-
ing librarymodulesto thespecificneedsof thedesign.There-
fore the PAM-Blox generatorlibrary is easilyscalableand
allowsFPGAdesignersto shareandreusepiecesof designs
by writing new PamBloxandPaModules.

PAM-Blox are compatiblewith all the platforms that
supportPamDC.CurrentlytheseareWindowsNT with Mi-
crosoftVisualC++ andDIGITAL Alpha workstationswith
DIGITAL Unix andDIGITAL C++.

4.1. HardwareObjects

Thereare many ways to describehardware objectsin an
object-orientedsequentiallanguagelike C++. Thedescrip-
tion of the hardwareobjecthasto be efficient in termsof
code-size,in order to minimize the complexity of the de-
scription.Thesecondmajordesignissueis to createa very
explicit specificationof theinterfaceto thehardwareobject
i.e. objectsize,inputs,outputsandoptionalinputsor out-
puts.

Figure 3 shows the structureof a hardwareobjectde-
scribedin C++. All dataandmethodsinsideahardwareob-
ject aredeclaredpublic in orderto allow maximalvisibility
duringsimulation.Inputsandoutputsaresyntacticallysep-



class HWobject:public parent{
public:
<internal wire declarations>

// constructor
HWobject(input parameters, optionals){

<initialization of inputs>
}

out(output parameters, optionals){
<internal logic>

}

<additional methods called by ’out’>

place(absolut placement parameters){
<absolut placement>

}
place(){

<relative placement>
}

}

Figure3: A generalPAM-Blox hardwareobjectdescribed
in C++.

aratedby passinginputsto theconstructorandoutputsto the
’out’ method.Requiredparametersarepassedby declaring
the formal argumentsto be type reference,while optional
parametersarepassedaspointers.

Examplesof optional inputsare the clock and the ob-
ject name.Without specifyinga clock, PAM-Blox usesthe
defaultclock. An exampleof anoptionaloutputis thecarry-
out of anadder.

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

4.2. PamBlox and PaModules

PamBloxare parameterizablesimple templatesof objects
suchascounters,shiftersor adders,possiblycontaininga
carrychain.Theinitial PamBloxhierarchyis shown in Fig-
ure4.

The top object, PBtop, consistsof a vector of regis-
ters,andasetof placementfunctionswhichhandledifferent
carry-chainconfigurations.As an exampleof codereuse,
every child of PBtop inherits the placementfunctionsand
canoverwritethemif necessary.

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

PamBlox

ConstReg

Register MuxReg

Counter

SerToPar

ParToSer

RCounter
LCounter

Add
FlexAdd

RLCounter
LECounter

LEShifter

PBtop

Figure4: A subsetof thePamBloxhierarchy. The top ob-
ject PBtopconsistsof minimal logic anda setof placement
functionswhich areinheritedby all PamBloxobjects.Pre-
fix ‘R’ standsfor “Resetable”,‘L’ for “Loadable”,and‘E’
for an“Enable”.

[5], andspecialpurposearithmeticunitssuchasa constant
multiply modulo ������������� operationfor encryption[4].

Figure 5 shows the instantiationof PamBlox within a
PaModuleobject.ThePaModuleimplementsa16bit multi-
plierbyusinga ��� x ��� bit lookup-tableandashift-accumulate
unit. Thecircuit multiplies4 bits at a time andaccumulates
theresult.

Thetablein figure6 shows thecurrentcode-sizeof the
PAM-Blox v1.0 circuit generators.Code-sizeis given in
PamDC/ C++ linesnecessaryto implementtheobjects.

4.3. Hierar chical Naming

PamDC enablesdirect control over the namingof wires.
PAM-Blox areimplementedto supporta hierarchicalnam-
ing schemethat createsa unique namefor eachwire in
the designsimilar to pathsin a filesystem. The nameof
eachwire containsall the ancestors(parentobjects)of the
wire. The top namecanbe specifiedby the designer, e.g.
a PaModulemultiplier with the name“multy” containing
oneadderwith a carry-chain,would resultin thefollowing
namefor thethird elementof thecarry-chain:

 "!$#&%('*),+.-/- � ),01+/2323'547698 (1)

Thenamingschemeenablesdesignersto useadditional
tools for debuggingandstill be ableto tracethe sourceof
eachwire. For example,thenaminghierarchyis preserved
for simulation(within PamDC)andlow-level toolssuchas
Xilinx fplan.



// PaModule 16 bit KCM [28 CLBs]
class NibbleMult28:public PMtop{
public:

<initializations>

void out(
WireVector<Bool, INPUT_WIDTH>&Out,
WireVector<Bool, MULT_WIDTH> *SOut=NULL)

{
int n,i,rval;
char nmult[4];
unsigned short romval[ADD_WIDTH];

// values for 20 LUTs
for(n=0;n<ADD_WIDTH;n++){
// 16 bits per LUT

romval[n]=0;
for (i=0;i<MULT_WIDTH;i++){

if ((((factor*i)>>n)&1)==1)
romval[n]=romval[n] |

(((unsigned short)1)<<i);
}

}
//create LUT ROMs
for(i=0;i<ADD_WIDTH;i++)

PSum[i]=reg(rom(NIn,romval[i]),clk);

//2nd stage: PamBlox Accumulator
Add<ADD_WIDTH> *A2;
A2=new Add<ADD_WIDTH>

(PSum,RSum,zero,&clk);
A2->out(result,cout3);
A2->place();

// feedback
for(i=0;i<ADD_WIDTH;i++){

if (i<16){
RSum[i]=mux(Nstart,

ZERO,
result[INPUT_WIDTH+i]);

}else if (i==17){
RSum[i]=mux(Nstart,ZERO,cout3);

}else{
RSum[i]=ZERO;

}
}

}
<placement>
};

Figure5: ThecodeaboveshowsthePaModuleimplementa-
tion of ahighperformanceconstant(k)coefficientmultiplier
(KCM) in 28CLBs with PamBlox(seesection5.2.).

PamBlox PaModules

No. of Objects 28 6
Linesof Code 1370 750

Av. LinesperObject : 50 : 120

Figure6: Thetableshowsthecurrentsizeof thePAM-Blox
v1.0circuit generators,givenin linesof PamDC/ C++code.

5. Performanceand Ar ea

Ourmetricsof comparisonareminimalcycletime, areare-
quirementin configurablelogic blocks(CLBs) andcompile
time(from C++ / PAM-Blox to theXilinx NetlistFormat).

A simplemethodto estimatethepowerconsumptionof
anFPGAdesignis shown in [19]. We use:

;�< %>=�2 < +.#@?BA3CD=�2FE < !G IHJ=�23ALKNMPO�QSRUTUVP23=3W3!$= < 0J' (2)

X 8 � ?B=�2LK$A323 Y+ < 0Z=,)L?BA3C[=�2 � E�MPO�QSR�\ � (3)

CompiletimewasmeasuredonaconventionalIntelPen-
tium PCrunningat120MHz. PAM-Blox arecompiledwith
Microsoft VisualC++ 4.0.

Anotherpoint of considerationis programmability. It is
mucheasierto createFPGAdesignsonthebehavioral level;
howeverexperienceshowsthatfor mostnon-trivial applica-
tions much of the performanceadvantageof FPGAsover
microprocessorsis lost. Oncetiming andpowerconstraints
canbe met by a generalpurposeDSPprocessor, program-
ming becomeseasierby ordersof magnitude.

The objective of this sectionis to show how muchcan
begainedby focusingon thestructuraldesignof data-paths
for FPGAsusinghand-optimizedlibrary elements.

We comparethe original implementationsof the RAW
benchmarks[12] Jacobi,Matrix Multiply andDESencryp-
tion synthesizedby SynopsysFPGAExpressII with imple-
mentationsusingPAM-Blox. ThePAM-Blox implementa-
tionsof theseRAW benchmarkshavebeendesignedby try-
ing to keepthe designeffort within orderof magnitudeto
thedesigneffort for theimplementationsin Verilog.

5.1. RAW: JacobiRelaxation

Jacobirelaxationis aniterativemethodfor solvingdifferen-
tial equationsof theform:

]9^�_ � Q X � (4)

The basicoperationsfor this benchmarkare shift and
add. The implementationscomparedin table7 consistof
a 4x4 arraywith 2x2 active cells and8 bit values. During



CompileTime Area[CLB] Frequency

JACOBI 4x4 (8 bit)

FE II 80 s 164 30 MHz
PAM-Blox 45 s 129 35 MHz

DES(1)

FE II 1,510s 828 15 MHz
PAM-Blox 86 s 398 22 MHz

MATMULT 4x4 (8 bit) CompileTime Area[CLB] Mega-mmps

FE II 350s 609 0.38
PAM-Blox 1 77 s 604 1.23
PAM-Blox 2 98 s 954 1.52

Figure 7: RAW benchmarkscompiled with Synopsys
FPGA ExpressII (FE II) arecomparedto PAM-Blox im-
plementations.Compiletimestandsfor thetime to compile
a designdescriptionto a Xilinx netlist file. FPGAExpress
resultsare reportedfor the completelyplacedand routed
system. The performancefor matrix multiply is given in
matrix multiplicationspersecond(mmps).

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

Becausethearithmeticoperationsshift andaddmapeas-
ily ontotheXilinx XC4000Elibrary usedby FPGAExpress
II, thereis notmuchroomfor areaimprovement.Clock fre-
quency of the PAM-Blox designis only about15% higher
thanthedesignoptimizedby SynopsysHDL compiler. The
improvementin areais about20%.

5.2. RAW: DES Encryption

DES encryptionis very well suitedfor implementationin
hardware. Thebasicprimitivesarefixedpermutationsand
exclusive-or. The resultsfor thePAM-Blox DESdesignin
table7 show a 50 % improvementin clock frequency with
half the areaover the original RAW implementationwith
SynopsysFPGAExpressII.

The superiorresultsobtainedwith PAM-Blox are due
to partiallymanualplacementandtechnologymapping,i.e.
the carefuldesignof logic that fits into 4 bit lookup tables
andefficientusageof registers.

Furtherimprovementof the throughputof DES could
be achieved by pipelining the design. Pipelining on the
CLB level maximizesregisterutilization andwould result
in maximalthroughput.

5.3. RAW: Integer Matrix Multiply

TheMatrix Multiply benchmarkmultiplies two ` x ` matri-
ceswith ` ^ X ��� multipliersandanaddertree.

Figure8: ThefigureshowsAreaandLatency for 16bit con-
stant(k)coefficientmultiplierswith a throughputof 1,4and
16 bits perclock cycle. Latency is shown in unitsof ��� \ �
clock cyclesi.e. 160means16 clock cycles.Throughputis
givenin ’clock cyclesbetweensuccessive results’.

FPGA ExpressII usessimple bit-serial shift-and-add
multiplication. A full matrix multiply thereforetakesmore
than50clockcycles.For thisbenchmarkwechoseto create
amoreefficientcomputationalstructureto show how PAM-
Blox canbeusedto adaptthearithmeticunitsto thespecific
requirementsof theapplication.

By implementingmultiple bit-serial multipliers using
Boothencoding,we areableto tradeareafor performance.
ObviouslyBoothmultipliersaremoreefficient for this spe-
cific application.Thepoint is ratherto show how thePAM-
Blox environmentcanbeusedto choosetheright arithmetic
unit for a specificapplication.

Table7 shows two PAM-Blox designsdiffering only in
theselectionof themultiplicationalgorithm2. PAM-Blox 1
multipliesthematricesin 27 clock cycleswhile PAM-Blox
2 takes19 clock cyclesfor a full ` x ` matrix multiplication
includingdatatransfer. Clockcycletimesfor thePAM-Blox
designsare around33 MHz. The original designsynthe-
sizedwith FPGA ExpressII runsat 15 MHz andrequires
39 clock cyclesfor a full matrix multiply. Thetableabove
shows the throughputin matrix multiplicationsper second
(mmps). With the right multiplier we seean increasein
throughputof up to 4 times,comparedto theoriginal RAW
benchmarkcompiledwith SynopsysFPGAExpressII.

5.4. Constant(K) Coefficient Multipliers - KCM

Constant(K)Coefficient Multipliers (KCMs) are of inter-
est for many applicationsincluding filters andencryption.
KCMs areimplementedasPaModules.We compare16 bit

2for detailson the specificmultiplier architecturesseethe PAM-Blox
distribution at http://umunhum.stanford.edu/PAM-Blox/ or email pam-
blox@umunhum.stanford.edu



KCMs with a throughputof 16,4 and1 bits respectively, in
figure8, in orderto show thetime-spacetradeoff for KCMs
onXilinx XC4000FPGAs.With increasingthroughput,we
increasethearearequirementanddecreaselatency – trading
areafor latency andthroughput.

First,we implementedthefully-parallelKCM proposed
in[18] to PAM-Blox, achieving the sameperformanceand
areavaluesreportedin the applicationnote from Xilinx.
Second,we createdan additionaldesignfor a 16 bit KCM
which takes 4 bits at a time at about � )L6 the areaof the
fully parallelversion.Thismultiplier is basedondistributed
arithmetic [16], combining multiply-addsinto lookup ta-
bles.

While performanceoverareafor thismultiplier is worse
thanfor thefully parallelcase,thesmallareaof this multi-
plier allowsusto maptheentireIDEA encryptionalgorithm
onto around3200CLBs or 4 XC4020Echipsresultingin
528Mbits/sof maximalencryptionspeed.Thisdesignon4
Xilinx XC4020E-3wascomparedto currentmicroproces-
sorsin [4]. Performanceover power or MOPSperWatt of
thePAM-Blox designon low-powerXC4000XV FPGAsis
about6 times higher than the microprocessorbasedsolu-
tions.

Therelativelysmallsizeof thebit-serialKCM (17CLBs)
allows us to fit more than45 suchmultipliers on a Xilinx
XC4020Ewith 800CLBs.

5.5. Performanceof Xilinx Place-and-Route

Weexpectedmanualplacementto decreaseplace-and-route
time. Insteadwe foundthatXilinx place-and-routeperfor-
manceis dominatedby routing. Place-and-routeperfor-
mancethereforevarieddependingon how easyor hard it
is to routetheplaceddesign.

While hand-placementmanagedto improvecircuit per-
formance,place-and-routetimes varied dependingon the
specificdesign,FPGA sizeandseednumberfor the non-
deterministicplace-and-routealgorithm.

6. Conclusions,Curr ent Statusand Futur eWork

Oneof the goalsof adaptive computingis to offer higher
performancewith lower power consumptionthan general
purposeprocessors.Webelievethattoday’sFPGAcompiler
technologyenablesusto competewith today’sgeneralpur-
poseprocessorsonly whenusinga hand-optimizedlibrary
of FPGAcircuits.

We haveshown thatit is possibleto outperformtoday’s
FPGA-CAD environmentsby using PAM-Blox for hand-
designof circuitsandplacement.Webelievethatoneof the
reasonsfor betterperformancewith PAM-Blox is complete
control over placementat every level of the designhierar-
chy – a fact generallyemphasizedby experiencedFPGA

DATA-FLOW GRAPH CONTROL

FPGA Express

Xilinx Netlist Format (import XNF)

Final XNF

PAM-Blox

Figure9: Thefigureshows onepossibletool-flow of a uni-
fied designenvironmentenablingcontrol circuits designed
with SynopsysFPGA Expressto be combinedwith data-
pathsdesignedwith PAM-Blox.

designers.We do not claim that PAM-Blox designsauto-
matically result in betterperformancethanhigh level syn-
thesis.Rather, for data-pathintensiveapplications,anexpe-
rienceddesignercangetaccessto all thefeaturesof Xilinx
XC4000FPGA.

OncethePamBloxor PaModulesobjectis created,it is
very simple to shareit’s designwith other researchersor
reuseportionsof their designfor otherobjects.

The object-orientedfeaturesof PAM-Blox lead to re-
ducedcomplexity of the descriptionof a circuit, and fast
compilationtimes leadto shorteneddesigncycles– espe-
cially in a team-orientedenvironment.

PAM-Blox arecurrentlyexpandedto includeawideva-
riety of arithmeticunit generatorsfrom distributed arith-
metic to online arithmeticand CORDICs[5]. The objec-
tive is to introduceanopenrepositoryof firmwareto afield
which is dominatedby proprietarydesigns.

We would like to encouragesharingof designsby en-
ablingthirdpartiesto useandcontributetoPAM-Blox. PAM-
Blox arethereforedistributedundera GNU license,allow-
ingandencouraginganybodytouse,modifyandredistribute
PAM-Blox aslong astheGNU licenseis preserved.

In order to allow the designerto integrate optimized
statemachinescreatedby traditionalCAD toolswith aPAM-
Blox data-path,PAM-Blox supportseasymodulegenera-
tion. Thesemodulescanbeimportedfor exampleintoFPGA
ExpressII. A sampletool-flow is shown in figure 9. Con-
sequentlythe FPGA designercan optimize the data-path
with PAM-Blox, while synthesizingthe controlling state-
machinefrom a higher level – a methodologywidely ac-
ceptedfor high-performanceApplicationSpecificIntegrated
Circuits.
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