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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 devel opment.

1 Introduction

In October1997,aninternalproject(denoted.EON) waslaunchedat ESTECto studyanddevelopa high-perform-
ance32-bit processofor Europearspacemissions beyongiear2000.This papermresentsherational,designgoalsand
current status of the project.

2 Background

With the developmenbf the ERC32(1996)andERC32S(1999),Europearspacendustryhaveunrestrictecaccess
to aradiation-toleran82-bit processowith a performancef upto 20 MIPS/ 4 MFLOPS.Neverthelesgp staycompet-
itive in the commercialspacemarketandto meetthe requirementsf future applicationshigherperformanceo a lower
cost will be needed. The following requirements are anticipated for future missions:

» High performance (100 MIPS / 25 MFLOPS)

» Low componenand system cost

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

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

Processoperformancas typically acombinationof architectureandprocesgechnology Using state-of-the-artom-
mercialtechnology,processorsretoday capableof morethan1,000MIPS. By reusingcommercialarchitecturesand
investingheavilyin radiation-toleranprocesgechnology severahigh-performanc@rocessofor spaceapplicationsare
now availableor underdevelopmenin U.S.(RH32+,PowerPCPentium).A solutionfor Europearspacendustrycould
thereforebeto useanU.S.-providegrocessom demandingpplicationsHowever this solutionis notwithout problems.
Radiation-toleranprocessoraresubjectto (changing)J.S exportregulationsplacingrestrictionon usageandre-expor-
tation. Proposalhavealsobeenmadeto limit theavailability of NASA technologyin orderto improvethe competitive-
nessof U.S. companien the commercialspacemarket.In somecasesthe processors not availableasa component,
but only as a complete board or sub-system.

Looking at a Europearsourcefor a future high-performanc@rocessorthe problemslie moreon the technicalside.
Comparedo U.S., Europearradiation-toleranprocessechnologyis not asadvancedprimarily dueto lower level of
funding. Also, mostof the widely usedprocessoarchitecturesre developecandownedby U.S. companiesEventhe
processor design used in ERC32 is licensed from U.S. and cannot (easily) be modified or improved in Europe.

Long-termavailability is a problemareafor both EuropearandU.S. solutions.Sofar, all usedprocessorsiave been
proprietarydesignsmanufactureéndsupportedy a singlecompanylf thecompanyfor somereasordecidedo discon-
tinuethemanufacturingf the processorijttle canbe done.Moreover,processodesigngendto be speciallyadaptedor
a particular process or cell library, and difficult to port even if the design was made available.



TheLEON projectwasstartedn late 1997to studyanddevelopa high-performancgrocessoto beusedin European
spaceprojects.The objectivesfor the projectwere simple:to provide an open,portableand non-proprietaryprocessor
designcapabldo meettheidentifiedrequirement$or performancesoftwarecompatibilityandlow systencost.Thefol-
lowing design goals were defined for the processor:

» Portability. Totakeadvantagef thelatestsemiconductotechnologytheprocessoshouldbeeasilyportablewithout
requiring manual redesign or special cell-library development.

» Modular design. Theprocessodesignshouldbe modularto simplify modificationsandimprovementsandto beused
as a core in SOC designs.

» Standard interfaces. The processoshouldhavestandardiseihterfacesto simplify systemintegrationandto reuse
commercial cores, components and tools.

« Software compatibility. The processoshouldbecompatiblewith boththecurrentlyusedsoftwaredevelopmentools
and COTS software packages.

» Useof single-event-upset (SEU) sensitive semiconductor process. Toreducecostandincreasgerformanceit should
be possibleto implementthe processoon SEU sensitivesemiconductoprocessesvhile still meetingthe reliability
requirement of space applications.

 Scalability. Theprocessoshouldbe usablen bothlow- andhigh-endapplicationswith minimumhardwareandsoft-
ware overhead.

3 Definition and ar chitecture

3.1 Processor architecture

To maintainsoftwarecompatibilitywith ERC32andthecurrentline of softwaredevelopmentools,the SPARCarchi-
tecturewasselectedor theLEON processorit couldbearguedhatotherarchitecturege.g.x86,PowerPCMIPS,ARM)
aresupportedy moreCOTSsoftwaretools,howeveramajoradvantagef the SPARCarchitecturas thatis completely
“open”, well documentedandundercontrol of a non-profitorganisatio(SPARCInternational) Re-implementingpro-
prietaryarchitecturedften bring legal problemsin form of allegedpatentor copyrightviolations.A well-know caseis
INTEL versusAMD regardingthex86 architectureput othercasesalsoexist(e.g.MIPS versusLEXRA, INTEL versus
NEC).

3.2 Cache memory

Cachememorieshavenotbeenusedin spaceapplicationsdueto the problemsof calculatingtheworst-casexecution
time in hardreal-timesystemsTo increasehe performanceandreducepowerconsumptionit is howevernecessaryo
useon-chipcachememoriesThe cachememoriesnustbeimplementecandusedin away thatwill makeit possibleto
accuratelycalculatethe worst-caseexecutiontime for a codesegmentCachesimulatorsandothertools canbe usedto
predictcachenhit-ratesandprocessoperformancebutcannofpredicttheeffectsof asynchronousventginterrupts) Since
aninterruptcanoccuranywheren the programiit is difficult to predictwhich impactit will haveon the cacheandthe
overallexecutiontime. To accuratelycalculatethe worst-caseexecutiorntime for a programin the presencef asynchro-
nous interrupts, the interrupt rate as well as the impact on the cache has to be determined and bounded.

Cachelocking hasoften beenusedto guaranteghe executiontime of a particularcodesegmentput this technique
lowersthe overallcachehit rateandcanonly be usedon smallcodesegmentsTheimportantaspectn real-timesystems
is predictabilityratherthanmaximumperformanceandthe developedsolutionfor LEON is to automaticallydisablethe
cachewhenaninterruptis taken.Theinterrupthandlingroutinewill notevictanycachdinesandthecachewill maintain
thestateit hadbeforetheinterrupt. The caches re-enablediponthereturnfrom theinterrupthandler.The worst-execu-
tion time canbe determinedy addingthe nominalexecutiontime with the executiontime of theinterrupthandler.The
nominalexecutiortime canbe calculatedusinga cachesimulatoror similartool, while theexecutiortime of theinterrupt
handlercanbe calculateddirectly sinceit doesnot usethe cache The maximuminterruptratehasto be determinedrom
the application.

TheLEON cachememoryis implementedsa separaténstructionanddatacache Both cachesredirect-mappeénd
thedatacache@mplementswrite-throughpolicy. A cachewith higherassociativitymulti-set)wouldyield higherhit rates
butrequirecustomRAM cellswhichwould affectportability. Thesimpledirect-mappe@achesanbeimplementedvith
ordinary single-port static RAM cells, which exist in most cell libraries.



3.3 Memory interface

A fastandefficientmemoryinterfaceis a key parameteto reachhigh performanceCommerciaprocessorareusing
dynamicRAM (DRAM) in conjunctionwith cachememoriego find acompromisédetweercostandmemorybandwidth.
In spaceapplicationsstaticRAM (SRAM) have beemxclusivelyuseddueto thepoorradiationcharacteristicef DRAM.
An increasingnumberof spaceapplicationsare now requiringmemorysizesabove8 Mbyte, makingit difficult to use
SRAM. Theseapplicationsoften operatein low-earthorbits, wherethe radiationenvironments lesssevere.To reduce
costandweightof theapplicationsDRAM will mostlikely beusedin thefuture.The LEON processothereforemple-
mentsaflexible memoryinterfaceallowing bothSRAM andDRAM to beattachedvithoutadditionalexternalogic. The
memoryis organisedn 32-bitwordswith a 7-bit SEC/DEDBCH codefor error-detectiorandcorrection.To be ableto
use the processor in low-end applications, 8-bit devices can also be attached.

3.4 1/O interface

Thechoiceof I/O bushasalargeimpacton overallsystemdesign.Dueto the continuouslyincreasingdeviceintegra-
tion, morean morel/O devicesare placedon the computemain board,ratherthanasearlieron the backplanébus.To
standardizehe interconnectiorbetweencomplexl/O devicesandthe CPU, Intel definedthe PCl bus.The PCl busis a
synchronousnulti-masterbuswith transferratesof up to 132 Mbyte/sin 32-bit modeand528 Mbyte/swith the 64-bit
and66 MHz extensionsThe PCI bushasalsobeenextendedo anbackplanebuscalled CompactPClDueto the wide
acceptancejumeroud/O deviceswith PClinterfaceareavailableon themarketandatleast10 differentcompaniegpro-
vide PCI coresfor ASIC design.For spaceapplicationsthe PCl bushaveseveralpositive characteristicsit includesa
parity bit for error-detectionit haslow powerconsumptiorandit canbeimplementedvith devicetechnologieswailable
for spaceuse.In addition,commerciaPCl devicescanbe usedduring prototypingto reducecost. The availability of PCI
cores will also reduce the development cost of new, space-specific, /0 devices.

The selectedsolutionfor LEON is to providea 32-bit PCl interfacedirectly on-chip. Theinterfacecanwork both as
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 standardperipheralfunctionsareincludedin the LEON processorThese
includetimers,UARTSs, watchdog)/O portsandinterruptcontroller.Figure1 belowshowsthe processoblock diagram.
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Figure 1: LEON block diagram



4 Error-detection and fault-tolerance

Oneimportantobjectivefor the LEON developments to be ableto usea SEU-sensitivessemiconductoprocessTo
maintain correctoperationin the presenceof SEU errors, extensiveerror-detectiorand error-handlingfunctions are
neededThegoalsfor LEON is to detectandtolerateoneerrorin any on-chipregisterwithout softwareintervention,and
to suppress effects from SEU errors in combinational logic.

To meetthefault-tolerancegoals,all on-chipregisterscanbeimplementedisingtriple-modular redundancy (TMR),
i.e.threeregistersn parallelanda voterselectinghe majority result. The benefitof sucha schemas thaterror-masking
anderror-removals implicit, andthanno glitch is producedon the outputwhenan SEU occurs.Theregisterfile canbe
providedwith a 32-bit SEC/DEDEDAC which will checkandcorrectusedregisterdata.On-chipcachememorieqtags
anddata)canbe providedwith parity bits which arecheckedvhenthe tagor dataareused.A parity errorwill translate
into acachamiss,causinghecacheo beupdatedvith thecorrectdatafrom themainmemory Sincethedatacacheample-
ments a write-through policy, valid data can always be loaded from the main memory.

5 VHDL mode€

To achieveportability, the LEON in implementedasa synthesisabl&HDL model(figure 2). A full-customdesign
stylewould haveresultedn bothhigherperformanceandsmallerareabut would betied to a particularprocessanddif-
ficult to modify andport. In addition,the VHDL modelcanalsobe usedfor low-costprototypingusingFPGA devices
and for board-level system simulation.

The LEON VHDL modeldoesnot requireany custommacro-cellsapartfrom staticRAM which are usedfor the
cachesandregisteffile. Themodelis extensivelyconfigurablethenumberof registerwindows,cachesizeandorganisa-
tion, fault-toleranceoptions,clockingschemeandspeed/arerade-offcanbe definedthrougha singleconfigurationfile.
The modelis written at highestpossibleRTL level to allow designergo quickly understandhe modelif modifications
arenecessaryEachentity typically consistsof only two processespneimplementingthe combinationalogic and one
sequentiaklementqregisters).This schemealsobenefitssimulationspeed;on an ordinary PC (pentium@ 550 MHz)
approximatelyp0instructions/ss reachedisingtheModelSim-5.3simulator.To simplify debuggingabuilt-in disassem-
bler can list executed instructions in the simulator window.

6 Current status

At preseni{March2000),the developmenbf version2.0 of LEON hasbeencompletedandsynthesigunstargeting
varioustechnologie$have beemperformed Extensivesimulationshavealsobeenperformedaimedatverifying conform-
ance to the SPARC standard and to verify the behaviour of the cache/memory sub-system and on-chip peripherals.

In additionto the basicmodel,a fault-tolerantversion(LEON-FT) hasbeendevelopedcapableof detectingandcor-
rectinganSEUerrorin anyon-chipregisteror RAM cell withoutsoftwareinterventionTo verify thefault-toleranceapa-
bilities, all conformancedestshave beemun while errorswereinjectedinto the model. More than250,000errorswere
randomlyinjectedinto theregisterfile andon-chipcachememory,all beingappropriatelydetectecandcorrectedErrors
werenotinjectedinto ordinaryregisterssincetheyareprotectedusingtriple-modularedundancy{TMR), and anyerror
is implicitly removed after each clock cycle.

Tablel showstheresultsof thesynthesisuns:onacommercial.35pm CMOS procesaisingstandard-cellsa max-
imum frequencyof around100 MHz canbereachedTargetingXilinx VirtexE FPGA, around45 MHz canbereached.
The LEON processohasfairly low complexity; 35 Kgatesor 3.4 mm? (0.35um CMOS). On the Xilinx FPGA, 5,300
LUTs areneededgorrespondingo 25% of a XCV1000Edevice.If thefault-tolerancdunctionsareenabledthe overall
area increase is 35 - 40%, while the timing impact is around 10%.

Table 1: LEON Synthesisresults

Technology Version Freq (WC) Area (IU + FPU) Tool
Mietec 0.35, 3.3V LEON-STD 100 MHz 33 + 15 Kgate Synopsys
Temic MH1RT, 3.3V LEON-STD 75 MHz 60 + 30 Kgate Synopsys
Temic MH1RT, 3.3 V LEON-FT 50 MHz 100 + 45 Kgate Synopsys




Table 1: LEON Synthesisresults

Technology Version Freq (WC) Area (IU + FPU) Tool
Atmel ATC35, 3.3V LEON-STD 100 MHz 3.4 +1.6 mn Synopsys
Atmel ATC35, 3.3V LEON-FT 80 MHz 4.4 +2.0mm Synopsys
Xilinx VirtexE-8, 1.8 V LEON-STD 45 MHz 5+ 2 KLUT Synplify

7 Availability and future development

Theinitial LEON model(versionl.2)wasreleasedinderthe GNU PublicLicense(GPL)in Octoberl999.It contained
all basicLEON functionality but lackedFPU, PCl and DRAM interfacesThe modelwas downloadedmorethan 130
timesandvaluablefeedbackwasreceivedby severalusers A morerefinedversion(2.0) wassubsequentlyeleasedn
February2000.This modelcontainedaninterfaceto the Meiko FPU andcorrecteda minor bugin the cachecontroller.
The licensingschemefor version2.0 waschangedo GNU LesserPublic License(LGPL) allowing the useof LEON
togethemwith proprietarylP coreswithout havingto disclosethe sourcecodeof these At thesametime, thefault-tolerant
versionof themodel(LEON-FT)wasannouncedTheFT versionis not publicly availablebut canbelicensedrom ESA.

By freely distributingthebasicLEON design therebypotentiallyincreasingheuserbaseijt is believedthatimprove-
mentsand correctionto 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,the modelwasdownloadednorethan1,100times(!), showinga largeinterestfrom usersoutside
the space segment.

WhentheLEON developmenis completedit is plannedo manufactur@prototypedeviceonacommerciaprocesses
for furtherevaluation After the evaluationaradiation-tolerantievicesuitablefor spaceapplicationscouldthenbe man-
ufactured on the best available process at that time.






