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Abstract. The LEON-1 is a synthesisable processor developed internally at ESTEC/TOS-ES. It has been synthesised
targeting both ASIC and FPGA technologies. This paper describes the rational, design goals and current status of the
LEON development.

1 Introduction

In October1997,aninternalproject(denotedLEON) waslaunchedat ESTECto studyanddevelopa high-perform-
ance32-bit processorfor Europeanspacemissions beyondyear2000.This paperpresentstherational,designgoalsand
current status of the project.

2 Background

With thedevelopmentof theERC32(1996)andERC32SC(1999),Europeanspaceindustryhaveunrestrictedaccess
to a radiation-tolerant32-bitprocessorwith aperformanceof up to 20MIPS/ 4 MFLOPS.Nevertheless,to staycompet-
itive in thecommercialspacemarketandto meettherequirementsof futureapplications,higherperformanceto a lower
cost will be needed. The following requirements are anticipated for future missions:

• High performance (100 MIPS / 25 MFLOPS)

• Low componentand system cost

• Efficient use ofcheap-of-the-shelf (COTS) software development tools

• Unrestricted long-term availability of both components and software tools

Processorperformanceis typically acombinationof architectureandprocesstechnology.Usingstate-of-the-artcom-
mercial technology,processorsaretodaycapableof morethan1,000MIPS. By reusingcommercialarchitecturesand
investingheavilyin radiation-tolerantprocesstechnology,severalhigh-performanceprocessorfor spaceapplicationsare
nowavailableor underdevelopmentin U.S.(RH32+,PowerPC,Pentium).A solutionfor Europeanspaceindustrycould
thereforebeto useanU.S.-providedprocessorin demandingapplications.However,thissolutionis notwithoutproblems.
Radiation-tolerantprocessorsaresubjectto (changing)U.Sexportregulations,placingrestrictiononusageandre-expor-
tation.Proposalshavealsobeenmadeto limit theavailability of NASA technologyin orderto improvethecompetitive-
nessof U.S.companieson thecommercialspacemarket.In somecases,theprocessoris not availableasa component,
but only as a complete board or sub-system.

Looking at a Europeansourcefor a futurehigh-performanceprocessor,theproblemslie moreon thetechnicalside.
Comparedto U.S.,Europeanradiation-tolerantprocesstechnologyis not asadvanced,primarily dueto lower level of
funding.Also, mostof thewidely usedprocessorarchitecturesaredevelopedandownedby U.S.companies.Eventhe
processor design used in ERC32 is licensed from U.S. and cannot (easily) be modified or improved in Europe.

Long-termavailability is a problemareafor bothEuropeanandU.S.solutions.Sofar, all usedprocessorshave been
proprietarydesigns,manufacturedandsupportedby asinglecompany.If thecompanyfor somereasondecidesto discon-
tinuethemanufacturingof theprocessor,little canbedone.Moreover,processordesignstendto bespeciallyadaptedfor
a particular process or cell library, and difficult to port even if the design was made available.



TheLEON projectwasstartedin late1997to studyanddevelopahigh-performanceprocessorto beusedin European
spaceprojects.The objectivesfor the projectweresimple:to providean open,portableandnon-proprietaryprocessor
design,capableto meettheidentifiedrequirementsfor performance,softwarecompatibilityandlow systemcost.Thefol-
lowing design goals were defined for the processor:

• Portability. To takeadvantageof thelatestsemiconductortechnology,theprocessorshouldbeeasilyportablewithout
requiring manual redesign or special cell-library development.

• Modular design. Theprocessordesignshouldbemodularto simplify modificationsandimprovements,andto beused
as a core in SOC designs.

• Standard interfaces. Theprocessorshouldhavestandardisedinterfacesto simplify systemintegrationandto reuse
commercial cores, components and tools.

• Software compatibility. Theprocessorshouldbecompatiblewith boththecurrentlyusedsoftwaredevelopmenttools
and COTS software packages.

• Use of single-event-upset (SEU) sensitive semiconductor process. To reducecostandincreaseperformance,it should
bepossibleto implementtheprocessoron SEUsensitivesemiconductorprocesseswhile still meetingthe reliability
requirement of space applications.

• Scalability. Theprocessorshouldbeusablein bothlow- andhigh-endapplicationswith minimumhardwareandsoft-
ware overhead.

3 Definition and architecture

3.1 Processor architecture

To maintainsoftwarecompatibilitywith ERC32andthecurrentline of softwaredevelopmenttools,theSPARCarchi-
tecturewasselectedfor theLEON processor.It couldbearguedthatotherarchitectures(e.g.x86,PowerPC,MIPS,ARM)
aresupportedby moreCOTSsoftwaretools,however,amajoradvantageof theSPARCarchitectureis thatis completely
“open”, well documented,andundercontrolof a non-profitorganisation(SPARCInternational).Re-implementingpro-
prietaryarchitecturesoftenbring legalproblemsin form of allegedpatentor copyrightviolations.A well-know caseis
INTEL versusAMD regardingthex86architecture,butothercasesalsoexist(e.g.MIPS versusLEXRA, INTEL versus
NEC).

3.2 Cache memory

Cachememorieshavenotbeenusedin spaceapplicationsdueto theproblemsof calculatingtheworst-caseexecution
time in hardreal-timesystems.To increasetheperformanceandreducepowerconsumption,it is howevernecessaryto
useon-chipcachememories.Thecachememoriesmustbeimplementedandusedin a way thatwill makeit possibleto
accuratelycalculatetheworst-caseexecutiontime for a codesegment.Cachesimulatorsandothertoolscanbeusedto
predictcachehit-ratesandprocessorperformance,butcannotpredicttheeffectsof asynchronousevents(interrupts).Since
an interruptcanoccuranywherein theprogram,it is difficult to predictwhich impactit will haveon thecacheandthe
overallexecutiontime.To accuratelycalculatetheworst-caseexecutiontime for a programin thepresenceof asynchro-
nous interrupts, the interrupt rate as well as the impact on the cache has to be determined and bounded.

Cachelocking hasoftenbeenusedto guaranteetheexecutiontime of a particularcodesegment,but this technique
lowerstheoverallcachehit rateandcanonly beusedonsmallcodesegments.Theimportantaspectin real-timesystems
is predictabilityratherthanmaximumperformance,andthedevelopedsolutionfor LEON is to automaticallydisablethe
cachewhenaninterruptis taken.Theinterrupthandlingroutinewill notevictanycachelinesandthecachewill maintain
thestateit hadbeforetheinterrupt.Thecacheis re-enableduponthereturnfrom theinterrupthandler.Theworst-execu-
tion time canbedeterminedby addingthenominalexecutiontime with theexecutiontime of theinterrupthandler.The
nominalexecutiontimecanbecalculatedusingacachesimulatoror similar tool,while theexecutiontimeof theinterrupt
handlercanbecalculateddirectlysinceit doesnotusethecache.Themaximuminterruptratehasto bedeterminedfrom
the application.

TheLEON cachememoryis implementedasaseparateinstructionanddatacache.Bothcachesaredirect-mappedand
thedatacacheimplementswrite-throughpolicy.A cachewith higherassociativity(multi-set)wouldyield higherhit rates
butrequirecustomRAM cellswhichwouldaffectportability.Thesimpledirect-mappedcachescanbeimplementedwith
ordinary single-port static RAM cells, which exist in most cell libraries.



3.3 Memory interface

A fastandefficientmemoryinterfaceis akeyparameterto reachhighperformance.Commercialprocessorsareusing
dynamicRAM (DRAM) in conjunctionwith cachememoriesto find acompromisebetweencostandmemorybandwidth.
In spaceapplications,staticRAM (SRAM) have beenexclusivelyuseddueto thepoorradiationcharacteristicsof DRAM.
An increasingnumberof spaceapplicationsarenow requiringmemorysizesabove8 Mbyte, makingit difficult to use
SRAM. Theseapplicationsoftenoperatein low-earthorbits,wheretheradiationenvironmentis lesssevere.To reduce
costandweightof theapplications,DRAM will mostlikely beusedin thefuture.TheLEON processorthereforeimple-
mentsaflexible memoryinterfaceallowingbothSRAM andDRAM to beattachedwithoutadditionalexternallogic.The
memoryis organisedin 32-bit wordswith a 7-bit SEC/DEDBCH codefor error-detectionandcorrection.To beableto
use the processor in low-end applications, 8-bit devices can also be attached.

3.4 I/O interface

Thechoiceof I/O bushasa largeimpactonoverallsystemdesign.Dueto thecontinuouslyincreasingdeviceintegra-
tion, moreanmoreI/O devicesareplacedon thecomputermainboard,ratherthanasearlieron thebackplanebus.To
standardizethe interconnectionbetweencomplexI/O devicesandtheCPU,Intel definedthePCI bus.ThePCI busis a
synchronousmulti-masterbuswith transferratesof up to 132Mbyte/sin 32-bit modeand528Mbyte/swith the64-bit
and66 MHz extensions.ThePCI bushasalsobeenextendedto anbackplanebuscalledCompactPCI.Dueto thewide
acceptance,numerousI/O deviceswith PCI interfaceareavailableon themarketandat least10differentcompaniespro-
vide PCI coresfor ASIC design.For spaceapplications,thePCI bushaveseveralpositivecharacteristics;it includesa
paritybit for error-detection,it haslow powerconsumptionandit canbeimplementedwith devicetechnologiesavailable
for spaceuse.In addition,commercialPCIdevicescanbeusedduringprototypingto reducecost.Theavailabilityof PCI
cores will also reduce the development cost of new, space-specific, I/O devices.

Theselectedsolutionfor LEON is to providea 32-bit PCI interfacedirectly on-chip.Theinterfacecanwork bothas
PCI host and PCI target. However, “traditional” I/O devices can still be attached to the memory bus.

3.5 On-chip peripherals

To simplify systemintegration,a setof standardperipheralfunctionsare includedin the LEON processor.These
includetimers,UARTs,watchdog,I/O portsandinterruptcontroller.Figure1 belowshowstheprocessorblockdiagram.
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4 Error-detection and fault-tolerance

Oneimportantobjectivefor theLEON developmentis to beableto usea SEU-sensitivesemiconductorprocess.To
maintaincorrectoperationin the presenceof SEU errors,extensiveerror-detectionand error-handlingfunctionsare
needed.Thegoalsfor LEON is to detectandtolerateoneerrorin anyon-chipregisterwithoutsoftwareintervention,and
to suppress effects from SEU errors in combinational logic.

To meetthefault-tolerancegoals,all on-chipregisterscanbeimplementedusingtriple-modular redundancy (TMR),
i.e. threeregistersin parallelandavoterselectingthemajority result.Thebenefitof suchaschemeis thaterror-masking
anderror-removalis implicit, andthanno glitch is producedon theoutputwhenanSEUoccurs.Theregisterfile canbe
providedwith a 32-bit SEC/DEDEDAC which will checkandcorrectusedregisterdata.On-chipcachememories(tags
anddata)canbeprovidedwith parity bits which arecheckedwhenthe tagor dataareused.A parity errorwill translate
intoacachemiss,causingthecachetobeupdatedwith thecorrectdatafromthemainmemory.Sincethedatacacheimple-
ments a write-through policy, valid data can always be loaded from the main memory.

5 VHDL model

To achieveportability, theLEON in implementedasa synthesisableVHDL model(figure 2). A full-customdesign
stylewould haveresultedin bothhigherperformanceandsmallerarea,but would betied to a particularprocessanddif-
ficult to modify andport. In addition,theVHDL modelcanalsobeusedfor low-costprototypingusingFPGAdevices
and for board-level system simulation.

The LEON VHDL modeldoesnot requireany custommacro-cellsapartfrom staticRAM which areusedfor the
cachesandregisterfile. Themodelis extensivelyconfigurable:thenumberof registerwindows,cachesizeandorganisa-
tion, fault-toleranceoptions,clockingschemeandspeed/areatrade-offcanbedefinedthroughasingleconfigurationfile.
Themodelis written at highestpossibleRTL level to allow designersto quickly understandthemodelif modifications
arenecessary.Eachentity typically consistsof only two processes,oneimplementingthecombinationallogic and one
sequentialelements(registers).This schemealsobenefitssimulationspeed;on an ordinaryPC (pentium@ 550 MHz)
approximately50instructions/sis reachedusingtheModelSim-5.3simulator.To simplify debugging,abuilt-in disassem-
bler can list executed instructions in the simulator window.

6 Current status

At present(March2000),thedevelopmentof version2.0of LEON hasbeencompletedandsynthesisrunstargeting
varioustechnologieshave beenperformed.Extensivesimulationshavealsobeenperformed,aimedatverifying conform-
ance to the SPARC standard and to verify the behaviour of the cache/memory sub-system and on-chip peripherals.

In additionto thebasicmodel,a fault-tolerantversion(LEON-FT)hasbeendeveloped,capableof detectingandcor-
rectinganSEUerrorin anyon-chipregisterorRAM cellwithoutsoftwareintervention.Toverify thefault-tolerancecapa-
bilities, all conformancetestshave beenrun while errorswereinjectedinto themodel.More than250,000errorswere
randomlyinjectedinto theregisterfile andon-chipcachememory,all beingappropriatelydetectedandcorrected.Errors
werenot injectedinto ordinaryregisters,sincetheyareprotectedusingtriple-modularredundancy(TMR), and anyerror
is implicitly removed after each clock cycle.

Table1 showstheresultsof thesynthesisruns:onacommercial0.35µm CMOSprocessusingstandard-cells,amax-
imum frequencyof around100MHz canbereached.TargetingXilinx VirtexE FPGA,around45 MHz canbereached.
TheLEON processorhasfairly low complexity;35 Kgatesor 3.4 mm2 (0.35µm CMOS).On theXilinx FPGA,5,300
LUTs areneeded,correspondingto 25%of a XCV1000Edevice.If thefault-tolerancefunctionsareenabled,theoverall
area increase is 35 - 40%, while the timing impact is around 10%.

Table 1: LEON Synthesis results

Technology Version Freq (WC) Area (IU + FPU) Tool

Mietec 0.35, 3.3V LEON-STD 100 MHz 33 + 15 Kgate Synopsys

Temic MH1RT, 3.3 V LEON-STD 75 MHz 60 + 30 Kgate Synopsys

Temic MH1RT, 3.3 V LEON-FT 50 MHz 100 + 45 Kgate Synopsys



7 Availability and future development

Theinitial LEONmodel(version1.2)wasreleasedundertheGNUPublicLicense(GPL)in October1999.It contained
all basicLEON functionality but lackedFPU,PCI andDRAM interfaces.The modelwasdownloadedmorethan130
timesandvaluablefeedbackwasreceivedby severalusers.A morerefinedversion(2.0) wassubsequentlyreleasedin
February2000.This modelcontainedaninterfaceto theMeiko FPUandcorrecteda minor bugin thecachecontroller.
The licensingschemefor version2.0 waschangedto GNU LesserPublic License(LGPL) allowing the useof LEON
togetherwith proprietaryIP coreswithouthavingto disclosethesourcecodeof these.At thesametime,thefault-tolerant
versionof themodel(LEON-FT)wasannounced.TheFT versionis notpublicly availablebutcanbelicensedfrom ESA.

By freelydistributingthebasicLEON design,therebypotentiallyincreasingtheuserbase,it is believedthatimprove-
mentsandcorrectionto the designwill be contributedin muchthe sameway aswith open-source software.This has
indeedbeenthe casefor otherfreely distributedmodelssuchERC32andEVI32. During the first four weeksafter the
releaseof version2.0,themodelwasdownloadedmorethan1,100times(!), showinga largeinterestfrom usersoutside
the space segment.

WhentheLEONdevelopmentiscompleted,it isplannedtomanufactureaprototypedeviceonacommercialprocesses
for furtherevaluation.After theevaluation,a radiation-tolerantdevicesuitablefor spaceapplicationscouldthenbeman-
ufactured on the best available process at that time.

Atmel ATC35, 3.3V LEON-STD 100 MHz 3.4 + 1.6 mm2 Synopsys

Atmel ATC35, 3.3V LEON-FT 80 MHz 4.4 + 2.0 mm2 Synopsys

Xilinx V irtexE-8, 1.8 V LEON-STD 45 MHz 5 + 2 KLUT Synplify

Table 1: LEON Synthesis results

Technology Version Freq (WC) Area (IU + FPU) Tool




