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1 Intr oduction

1.1 Overview

The LEON VHDL model implementsa 32-bit processorconforming to the SPARC V8
architecture.It is designedfor embeddedapplicationswith the following featureson-chip:
separateinstructionanddatacaches,hardwaremultiplier anddivider, interruptcontroller,
debug supportunit with tracebuffer, two 24-bit timers,two UARTs, power-down function,
watchdog,16-bit I/O port and a flexible memorycontroller. New modulescan easily be
addedusingtheon-chipAMBA AHB/APB buses.TheVHDL modelis fully synthesisable
with mostsynthesistoolsandcanbe implementedon bothFPGAsandASICs.Simulation
can be done with all VHDL-87 compliant simulators.

Note: thismanualdescribesthefull functionallityof theLEON model.Throughthemodel’s
configuration record (see “Model Configuration” on page63), parts of the described
functionality can be suppressed or modified to generate a smaller or faster implementation.

1.2 News in LEON-2 version 1.0.2

The following modifications (compared to leon2-1.0.1) has been done:

• Corrected ASI generation during co-processor load/store
• Timing optimisation of data cache hit and HLOCK generation
• Correction of AHB HSIZE during cacheable byte/halfword loads
• Modification of configuration record to work-around Leonardo-2001.x bugs.
• Improve accuracy of DSU timer during stepping
• DSU did not break on load exception (trap 0x09) (fixed)
• Change back to cacheability table (acache.vhd)
• Remove all use of non-standard HCACHE signal (amba.vhd, acache.vhd)
• Add generation of AHB HPROT signals for processor (acache.vhd)
• Modified access with ASI 4 and 7 to not allocate a cache line on cache miss

1.3 License

TheLEONVHDL modelisprovidedundertwo licenses:theGNUPublicLicense(GPL)and
theLesserGNU PublicLicense(LGPL). TheLGPL appliesto theLEON modelitself while
remainingsupportfiles andtestbenchesareprovidedunderGPL. This meansthatyou can
useLEON asacorein asystem-on-chipdesignwithouthaving to publishthesourcecodeof
any additionalIP-coresyou might use.You musthowever publishany modificationsyou
have made to the LEON core itself, as described in LGPL.

1.4 Fault-tolerant LEON (LEON-FT)

TheoriginalLEON designincludesadvancedfault-tolerancefeaturesto withstandarbitrary
single-eventupset(SEU)errorswithoutlossof data.Thefault-toleranceisprovidedatdesign
(VHDL) level, anddoesnot requireanSEU-hardsemiconductorprocess,nor a customcell
library or specialback-endtools. This documentprovides somereferencesto LEON-FT
functionality, which usersof the LGPL versioncansafelydisregard sinceall FT logic has
been removed in the LGPL version.
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1.5 Functional overview

A block diagram of LEON-2 can be seen in figure 1.

1.5.1Integer unit

TheLEON integerunit implementsthefull SPARC V8 standard,includingall multiply and
divide instructions.Thenumberof registerwindows is configurablewithin the limit of the
SPARC standard (2 - 32), with a default setting of 8.

1.5.2Floating-point unit and co-processor

TheLEON modeldoesnot includeanFPU,but providesadirectinterfaceto theMeiko FPU
core,anda generalinterfaceto connectotherfloating-pointunits.A genericco-processor
interface is provided to allow interfacing of custom co-processors.

1.5.3Cache sub-system

Separateinstructionanddatacachesareprovided,eachconfigurableto 1 - 64 kbyte,with 8
- 32 bytesper line. Sub-blockingis implementedwith onevalid bit per 32-bit word. The
instructioncacheusesstreamingduringline-refill to minimiserefill latency. Thedatacache
useswrite-throughpolicy andimplementsa double-word write-buffer. The datacachecan
also perform bus-snooping on the AHB bus.

Figure 1: LEON-2 block diagram
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1.5.4Debug support unit

The(optional)debugsupportunit (DSU)allowsnon-intrusivedebuggingontargethardware.
TheDSUallowsto insertinstructionanddatawatchpoints,andaccessto all on-chipregisters
from aremotedebugger. A tracebuffer is providedto tracetheexecutedinstructionflow and/
or AHB bus traffic. The DSU hasno impacton peformanceandhaslow areacomplexity.
Communicationto anoutsidedebugger(e.g.gdb)is doneusingadedicatedUART (RS232).

1.5.5Memory interface

The flexible memory interface provides a direct interface PROM, SRAM and memory
mappedI/O devices.Thememoryareascanbeprogrammedto either8-, 16- or 32-bit data
width.

1.5.6Timers

Two 24-bit timersareprovidedon-chip.Thetimerscanwork in periodicor one-shotmode.
Both timers are clocked by a common 10-bit prescaler.

1.5.7Watchdog

A 24-bit watchdogis provided on-chip.The watchdogis clocked by the timer prescaler.
Whenthewatchdogreacheszero,anoutputsignal(WDOG) is asserted.This signalcanbe
used to generate system reset.

1.5.8UARTs

Two 8-bit UARTs areprovided on-chip.The baud-rateis individually programmableand
datais sentin 8-bitsframeswith onestopbit. Optionally, oneparitybit canbegeneratedand
checked.

1.5.9Interrupt contr oller

The interrupt controller managesa total of 15 interrupts,originating from internal and
externalsources.Eachinterruptcanbeprogrammedto oneof two priority levels.A chained,
secondary controller for up to 32 additional interrupts is also available.

1.5.10Parallel I/O port

A 32-bit parallelI/O port is provided.16 bits arealwaysavailableandcanbe individually
programmedby softwareto beaninputor anoutput.An additional16bitsareonly available
whenthememorybusis configuredfor 8- or 16-bitoperation.Someof thebitshavealternate
usage, such as UART inputs/outputs and external interrupts inputs.

1.5.11AMBA on-chip buses

Theprocessorhasafull implementationof AMBA AHB andAPB on-chipbuses.A flexible
configurationschememakesit simpleto addnew IPcores.Also,all providedperipheralunits
implementthe AMBA AHB/APB interfacemaking it easyto addmoreof them,or reuse
them on other processors using AMBA.
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1.5.12Boot loader

A on-chip boot loader can optionally be enabled,allowing to boot the processorand
downloadapplicationswithout any externalboot prom.This featureis mostly suitablefor
FPGA implementations.In larger FPGAs,a monitor compatiblewith the GNU debugger
(gdb) can also be included.

1.5.13Watchpoint registers

To aid softwaredebugging,up to four watchpointregisterscanbeconfigured.Eachregister
cancauseatraponanarbitraryinstructionor dataaddressrange.If thedebugsupportunit is
enabled, the watchpoints can be used to enter debug mode.

1.6 Performance

Using4K + 4K cachesanda 16x16multiplier, thedhrystone2.1 benchmarkreports1,550
iteration/s/MHz.This translatesto 1.0dhrystoneMIPS/MHz usingtheVAX 11/780valuea
reference for one MIPS.
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2 LEON integer unit

TheLEON integerunit (IU) implementsSPARC integer instructionsasdefinedin SPARC
ArchitectureManual version 8. It is a new implementation,not basedon any previous
designs. The implementation is focused on portability and low complexity.

2.1 Overview

The LEON integer unit has the following features:

• 5-stage instruction pipeline
• Separate instruction and data cache interface
• Support for 2 - 32 register windows
• Configurable multiplier (iterative, 16x16, 32x8, 32x16 & 32x32)
• Optional 16x16 bit MAC with 40-bit accumulator
• Radix-2 divider (non-restoring)

Figure 2 shows a block diagram of the integer unit.

Figure 2: LEON integer unit block diagram
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2.2 Instruction pipeline

The LEON integer unit uses a single instruction issue pipeline with 5 stages:

1. FE (InstructionFetch):If theinstructioncacheis enabled,theinstructionis fetchedfrom
the instructioncache.Otherwise,the fetch is forwardedto the memorycontroller. The
instruction is valid at the end of this stage and is latched inside the IU.

2. DE (Decode):Theinstructionis decodedandtheoperandsareread.Operandsmaycome
from theregisterfile or from internaldatabypasses.CALL andBranchtargetaddresses
are generated in this stage.

3. EX (Execute):ALU, logical,andshift operationsareperformed.For memoryoperations
(e.g., LD) and for JMPL/RETT, the address is generated.

4. ME (Memory):Datacacheis accessed.For cachereads,thedatawill bevalid by theend
of thisstage,atwhichpoint it is alignedasappropriate.Storedatareadout in theE-stage
is written to the data cache at this time.

5. WR (Write): The resultof any ALU, logical, shift, or cachereadoperationsarewritten
back to the register file.

Table 1 lists the cycles per instruction (assuming cache hit and no load interlock):

* depends on multiplier configuration

2.3 Multiply instructions

The LEON processorsupportsthe SPARC integer multiply instructionsUMUL, SMUL
UMULCC and SMULCC. These instructions perform a 32x32-bit integer multiply,
producinga64-bit result.SMUL andSMULCCperformssignedmultiply while UMUL and
UMULCC performsunsignedmultiply. UMULCC and SMULCC also set the condition
codesto reflecttheresult.Severalmultiplier implementationareprovided,makingit possible
to choosebetweenarea,delayandlatency (see“Integerunit configuration”on page64 for
more details).

Instruction Cycles

JMPL 2

Double load 2

Single store 2

Double store 3

SMUL/UMUL 1/2/4/35*

SDIV/UDIV 35

Taken Trap 4

Atomic load/store 3

All other instructions 1

Table 1: Instruction timing
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2.4 Multiply and accumulate instructions

To accelerateDSP algorithms,two multiply&accumulateinstructionsare implemented:
UMAC andSMAC. TheUMAC performsanunsigned16-bit multiply, producinga 32-bit
result,andaddsthe result to a 40-bit accumulatormadeup by the 8 lsb bits from the %y
register and the %asr18register. The least significant 32 bits are also written to the
destinationregister. SMAC works similarly but performssignedmultiply andaccumulate.
TheMAC instructionsexecutein oneclock but have two clockslatency, meaningthatone
pipelinestall cycle will be insertedif thefollowing instructionusesthedestinationregister
of the MAC as a source operand.

Assembler syntax:

umac rs1, reg_imm, rd

smac rs1, reg_imm, rd

Operation:

prod[31:0] = rs1[15:0] * reg_imm[15:0]

result[39:0] =(Y[7:0] & %asr18[31:0]) + prod[31:0]

(Y[7:0] & %asr18[31:0]) = result[39:0]

rd = result[31:0]

%asr18 can be read and written using the rdasr and wrasr instructions.

2.5 Divide instructions

Full support for SPARC V8 divide instructions is provided (SDIV/UDIV/SDIVCC/
UDIVCC). Thedivide instructionsperforma64-by-32bitdivideandproducea32-bit result.
Rounding and overflow detection is performed as defined in the SPARC V8 standard.

2.6 Processor reset operation

The processoris resetby assertingthe RESET input for at least one clock cycle. The
following tableindicatestheresetvaluesof theregisterswhichareaffectedby thereset.All
other registers maintain their value (or are undefined).

Execution will start from address 0.

Register Reset value

PC (program counter) 0x0

nPC (next program counter) 0x4

PSR (processor status register) ET=0, S=1

CCR (cache control register) 0x0

Table 2: Processor reset values
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2.7 Exceptions

LEON adheresto thegeneralSPARC trapmodel.Thetablebelow shows the implemented
traps and their individual priority.

Trap TT Pri Description

reset 0x00 1 Power-on reset

write error 0x2b 2 write buffer error

instruction_access_error 0x01 3 Error during instruction fetch

illegal_instruction 0x02 5 UNIMP or other un-implemented instruction

privileged_instruction 0x03 4 Execution of privileged instruction in user mode

fp_disabled 0x04 6 FP instruction while FPU disabled

cp_disabled 0x24 6 CP instruction while Co-processor disabled

watchpoint_detected 0x0B 7 Instruction or data watchpoint match

window_overflow 0x05 8 SAVE into invalid window

window_underflow 0x06 8 RESTORE into invalid window

register_hadrware_error 0x20 9 register file EDAC error (LEON-FT only)

mem_address_not_aligned 0x07 10 Memory access to un-aligned address

fp_exception 0x08 11 FPU exception

cp_exception 0x28 11 Co-processor exception

data_access_exception 0x09 13 Access error during load or store instruction

tag_overflow 0x0A 14 Tagged arithmetic overflow

divide_exception 0x2A 15 Divide by zero

interrupt_level_1 0x11 31 Asynchronous interrupt 1

interrupt_level_2 0x12 30 Asynchronous interrupt 2

interrupt_level_3 0x13 29 Asynchronous interrupt 3

interrupt_level_4 0x14 28 Asynchronous interrupt 4

interrupt_level_5 0x15 27 Asynchronous interrupt 5

interrupt_level_6 0x16 26 Asynchronous interrupt 6

interrupt_level_7 0x17 25 Asynchronous interrupt 7

interrupt_level_8 0x18 24 Asynchronous interrupt 8

interrupt_level_9 0x19 23 Asynchronous interrupt 9

interrupt_level_10 0x1A 22 Asynchronous interrupt 10

interrupt_level_11 0x1B 21 Asynchronous interrupt 11

interrupt_level_12 0x1C 20 Asynchronous interrupt 12

interrupt_level_13 0x1D 19 Asynchronous interrupt 13

interrupt_level_14 0x1E 18 Asynchronous interrupt 14

interrupt_level_15 0x1F 17 Asynchronous interrupt 15

trap_instruction 0x80 -
0xFF

16 Software trap instruction (TA)

Table 3: Trap allocation and priority
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2.8 Watch-points

Theintegerunit canbeconfiguredto includeupto four hardwarewatch-points.Eachwatch-
point consistsof a pair of application-specificregisters(%asr24/25,%asr26/27,%asr28/30
and %asr30/31) registers; one with the break address and one with a mask:

Any binaryalignedaddressrangecanbewatched- therangeis definedby theWADDR field,
maskedby theWMASK field (WMASK[x] = 1 enablescomparison).On a watch-pointhit,
trap 0x0B is generated.By setting the IF, DL and DS bits, a hit can be generatedon
instructionfetch,dataloador datastore.Clearingthesethreebitswill effectively disablethe
watch-point function.

2.9 Floating-point unit and co-processor

LEON canbeconfiguredto provide a genericinterfaceto a user-definedco-processor. The
interfaceallows an executionunit to operatein parallel to increaseperformance.Oneco-
processorinstructioncanbe startedeachcycle aslong asthereareno datadependencies.
Whenfinished,theresultis writtenbackto theco-processorregisterfile. See“Floating-point
unit and co-processor” on page61 for interfacing details.

TheLEON modelcanalsobeconnectedto theMeiko floating-pointcore,therebyproviding
full floating-pointsupportaccordingto theSPARC-V8 standard.Two interfaceoptionsare
available:eithera parallelinterfaceidenticalto theabove describedco-processorinterface,
or anintegratedinterfacewhereFPinstructiondonotexecutein parallelwith IU instruction.
The FPU interfaceis enabled/selectedby settingof the FPU elementof the configuration
record.

The integratedFPU interfacedoesnot implementa floating-pointqueue,the processoris
stoppedduringtheexecutionof floating-pointinstructions.This meansthatQNE bit in the
%fsr register always is zero, and any attemptsof executing the STDFQ instructionwill
generateaFPUexceptiontrap.TheparallelinterfaceletsFPUinstructionsexecutein parallel
with IU instructionsandonly haltstheprocessorin caseof data-or resourcedependencies.
Referto theSPARC V8 manualfor amorein-depthdiscussionof theFPUandco-processor
characteristics.

01231

DL

WADDR[31:2]
%asr24, %asr26
%asr28, %asr30

0231

DSWMASK[31:2]
%asr25, %asr27
%asr29, %asr31

Figure 3: Watch-point registers

IF
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3 Cache sub-system

3.1 Overview

TheLEON processorimplementsa Harvardarchitecturewith separateinstructionanddata
buses,connectedto two independentcachecontrollers.In additionto theaddress,a SPARC
processoralsogeneratesan8-bit addressspaceidentifier(ASI), providingupto256separate,
32-bit addressspaces.During normaloperation,theLEON processoraccessesinstructions
and datausing ASI 0x8 - 0xA as definedin the SPARC standard.Using the LDA/STA
instructions,alternative addressspacescanbeaccessed.Thetableshows theASI usagefor
LEON. Only ASI[3:0] are usedfor themapping,ASI[7:4] have no influenceon operation.

AccesstoASI 4and7will forceacachemiss,andupdatethecacheif thedatawaspreviously
cached.Accesswith ASI 0 - 3 will force a cachemiss,updatethe cacheif the datawas
previously cached,or allocateda new line if thedatawasnot in thecacheandtheaddress
refersto acacheablelocation.Thecacheableareasareby default thepromandramareas,but
are configurable in the model:

ASI Usage

0x0, 0x1, 0x2, 0x3 Forced cache miss(replace if cacheable)

0x4, 0x7 Forced cache miss (update on hit)

0x5 Flush instruction cache

0x6 Flush data cache

0x8, 0x9, 0xA, 0xB Normal cached access (replace if cacheable)

0xC Instruction cache tags

0xD Instruction cache data

0xE Data cache tags

0xF Data cache data

Table 4: ASI usage

Addr ess range Ar ea Cached

0x00000000 - 0x1FFFFFFF PROM Cacheable

0x20000000 - 0x3FFFFFFF I/O Non-cacheable

0x40000000 -0x7FFFFFFF RAM Cacheable

0x80000000 -0xFFFFFFFF Internal (AHB) Non-cacheable

Table 5: Default cache table
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4 Instruction cache

4.0.1Operation

The LEON instructioncacheis a direct-mappedcache,configurableto 1 - 64 kbyte. The
instructioncacheis dividedinto cachelineswith 8 - 32 bytesof data.Eachline hasa cache
tagassociatedwith it consistingof atagfield andonevalid bit for each4-bytesub-block.On
an instruction cache miss to a cachablelocation, the instruction is fetched and the
corresponding tag and data line updated.

If instructionburstfetchis enabledin thecachecontrolregister(CCR)thecacheline is filled
from mainmemorystartingat themissedaddressanduntil theendof theline. At thesame
time, the instructionsare forwardedto the IU (streaming).If the IU cannotacceptthe
streamedinstructionsdueto internaldependenciesor multi-cycleinstruction,theIU is halted
until thelinefill is completed.If theIU executesacontroltransferinstruction(branch/CALL/
JMPL/RETT/TRAP)duringtheline fill, theline fill will beterminatedon thenext fetch.If
instructionburst fetch is enabled,instructionstreamingis enabledeven whenthe cacheis
disabled.In this case,thefetchedinstructionsareonly forwardedto theIU andthecacheis
not updated.

If amemoryaccesserroroccursduringa line fill with theIU halted,thecorrespondingvalid
bit in the cachetag will not be set. If the IU later fetchesan instructionfrom the failed
address,a cachemisswill occur, triggeringa new accessto the failedaddress.If theerror
remains, an instruction access error trap (tt=0x1) will be generated.

4.0.2Instruction cache flushing

Theinstructioncacheis flushedby executingtheFLUSHinstruction,settingtheFI bit in the
cachecontrolregister, or by writing to any locationwith ASI=0x5.Theflushingwill takeone
cyclepercacheline duringwhich theIU will notbehalted,but duringwhich theinstruction
cachewill bedisabled.Whentheflushoperationiscompleted,thecachewill resumethestate
(disabled, enabled or frozen) indicated in the cache control register.

4.0.3Diagnostic cache access

Diagnosticreadsof the tagsis possibleby executingan LDA instructionwith ASI=0xC.
Addressbits makingup the cacheoffset will be usedto index the tag to be read,all other
addressbits areignored.Similarly, the datasub-blocksmay be readby executingan LDA
with ASI=0xD. Thecacheoffset indexesthe line to bereadwhile A[4:2] indexeswhich of
the sub-blocks to be read.

The tagscanbe directly written by executinga STA with ASI=0xC. The cacheoffset will
index thetagtobewritten,andD[31:12]is writteninto theATAGfiled (seebelow). Thevalid
bitsarewrittenwith theD[7:0] of thewrite data.Thedatasub-blockscanbedirectlywritten
by executinga STA with ASI=0xD. The cacheoffset indexes the cacheline and A[4:2]
selectsthe sub-block.Note that diagnosticaccessto the cacheis not possibleduring a
FLUSH operation and will cause a data exception (trap=0x09) if attempted.
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4.0.4Instruction cache tag

A instruction cache tag entry consists of several fields as shown in figure 4:

Field Definitions:

• [30:10]: Address Tag (ATAG) - Contains the tag address of the cache line.
• [7:0]: Valid (V) - Whenset,the correspondingsub-blockof the cacheline containsvalid data.

Thesebitsis setwhenasub-blockis filled dueto asuccessfulcachemiss;acachefill whichresults
in amemoryerrorwill leavethevalid bit unset.A FLUSHinstructionwill clearall valid bits.V[0]
corresponds to address 0 in the cache line, V[1] to address 1, V[2] to address 2 and so on.

NOTE: only thenecessarybitswill beimplementedin thecachetag,dependingonthecache
configuration.As anexample,a 2 kbytecachewith 32 bytesperline would only have eight
valid bits and21 tagbits. Thecacheramsaresizedautomaticallyby theramgeneratorsin
the model.

4.1 Data cache

4.1.1Operation

The LEON datacacheis a direct-mappedcache,configurableto 1 - 64 kbyte. The write
policy for storesis write-throughwith no-allocateon write-miss.Thedatacacheis divided
into cachelinesof 8 - 32bytes.Eachline hasacachetagassociatedwith it, containinga tag
field andonevalid bit per4-bytesub-block.Onadatacacheread-missto acachablelocation,
4 bytesof dataareloadedinto thecachefrom mainmemory. If amemoryaccesserroroccurs
during a dataload, the correspondingvalid bit in the cachetag will not be set.anda data
access error trap (tt=0x9) will be generated.

4.1.2Write buffer

Thewrite buffer (WRB) consistsof three32-bit registersusedto temporarilyholdstoredata
until it is sentto thedestinationdevice.Forhalf-wordorbytestores,thestoreddatareplicated
into properbytealignmentfor writing to a word-addresseddevice,beforebeingloadedinto
oneof theWRB registers.TheWRB is emptiedprior to a load-misscache-fillsequenceto
avoid any stale data from being read in to the data cache.

Sincetheprocessorexecutesin parallelwith thewrite buffer, a write errorwill not causean
exceptionto thestoreinstruction.Dependingon memoryandcacheactivity, thewrite cycle
maynotoccuruntil severalclockcyclesafterthestoreinstructionshascompleted.If awrite
error occurs, the currently executing instruction will take trap 0x2b.

Note: the0x2btraphandlershouldflushthedatacache,sincea write hit would updatethe
cache while the memory would keep the old value due the write error.

Figure 4: Instruction cache tag layout
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4.1.3Data cache flushing

Thedatacachecanbeflushedby executingtheFLUSHinstruction,settingtheFD bit in the
cachecontrol register, or by writing any locationwith ASI=0x6.Theflushingwill take one
cycleperline duringwhichtheIU will notbehalted,but duringwhichthedatacachewill be
disabled.Whentheflushoperationis completed,thecachewill resumethestate(disabled,
enabled or frozen) indicated in the cache control register.

4.1.4Diagnostic cache access

Diagnosticsoftwaremay readthe tagsdirectly by executinga singleword load alternate
spaceinstructionsin ASI space0xE. The cacheoffset indexesthe tag to be read,all other
addressbits areignored.Similarly, the datasub-blocksmay be readby executinga single
word loadalternatespaceinstructionsin ASI space0xF. Thecacheoffsetindexestheline to
be read while A[4:2] index which of the sub-blocks to be read.

Thetagscanbedirectly written by executingsingleword storealternatespaceinstructions
in ASI space0xE.Thecacheoffsetindexesthetagto bewritten,andA[31:10] is writteninto
the ATAG filed (see below). The valid bits are written with the D[7:0] of the write data.

Thedatasub-blockscanbedirectly written by executingsingleword storealternatespace
instructionsin ASI space0xF. Addressbits The cacheoffset indexes the cacheline and
A[4:2] selects the sub-block. The sub-block is written with the write data.

Note that diagnosticaccessto the cacheis not possibleduring a FLUSH operation.An
attemptto performa diagnosticaccessduringanongoingflushwill causea dataexception
trap (trap = 0x09).

4.1.5Data cache tag

A data cache tag entry consists of several fields as shown in figure 5:

Field Definitions:

• [30:12]: Address Tag (ATAG) - Contains the address of the data held in the cache line.
• [3:0]: Valid (V) - Whenset,the correspondingsub-blockof the cacheline containsvalid data.

Thesebitsis setwhenasub-blockis filled dueto asuccessfulcachemiss;acachefill whichresults
in a memoryerrorwill leave thevalid bit unset.V[0] correspondsto address0 in thecacheline,
V[1] to address 1, V[2] to address 2 and V[3] to address 3.

NOTE: only thenecessarybitswill beimplementedin thecachetag,dependingonthecache
configuration.As anexample,a 2 kbytecachewith 32 bytesperline would only have eight
valid bits and21 tagbits. Thecacheramsaresizedautomaticallyby theramgeneratorsin
the model.

Figure 5: Data cache tag layout
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4.2 Cache Control Register

The operationof the instructionand datacachesis controlledthrougha commonCache
Control Register (CCR) (figure 6). Eachcachecan be in one of threemodes:disabled,
enabledandfrozen.If disabled,nocacheoperationis performedandloadandstorerequests
are passeddirectly to the memorycontroller. If enabled,the cacheoperatesas described
above.In thefrozenstate,thecacheis accessedandkeptin syncwith themainmemoryasif
it was enabled, but no new lines are allocated on read misses.

Field Definitions:

• [31:23]: Reserved
• [23] : Data cache snoop enable [DS] - if set, will enable data cache snooping.
• [22]: Flush data cache (FD). If set, will flush the instruction cache. Always reads as zero.
• [21]: Flush Instruction cache (FI). If set, will flush the instruction cache. Always reads as zero.
• [20:17] Reserved
• [16]: Instruction burst fetch (IB). This bit enables burst fill during instruction fetch.
• [15]: Instructioncacheflushpending(IP).Thisbit is setwhenaninstructioncacheflushoperation

is in progress.
• [14]: Data cache flush pending (DP). This bit is set when an data cache flush operation

is in progress.
• [13:6]: Reserved
• [5]: DataCacheFreezeonInterrupt(DF) - If set,thedatacachewill automaticallybefrozenwhen

an asynchronous interrupt is taken.
• [4]: InstructionCacheFreezeon Interrupt(IF) - If set,theinstructioncachewill automaticallybe

frozen when an asynchronous interrupt is taken.
• [3:2]: DataCachestate(DCS)- Indicatesthecurrentdatacachestateaccordingto thefollowing:

X0= disabled, 01 = frozen, 11 = enabled.
• [1:0]: Instruction Cache state (ICS) - Indicates the current data cache state according to the

following: X0= disabled, 01 = frozen, 11 = enabled.

If the DF or IF bit is set, the correspondingcachewill be frozenwhenan asynchronous
interrupt is taken. This can be beneficial in real-time systemto allow a more accurate
calculationof worst-caseexecutiontime for a codesegment.Theexecutionof theinterrupt
handlerwill notevict any cachelinesandwhencontrolis returnedto theinterruptedtask,the
cache state is identical to what it was before the interrupt.

If a cachehasbeenfrozenby aninterrupt,it canonly beenabledagain by enablingit in the
CCR.This is typically doneat theendof the interrupthandlerbeforecontrol is returnedto
the interrupted task.

Figure 6: Cache control register
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5 AMBA on-chip buses

5.1 Overview

Two on-chipbusesareprovided:AMBA AHB andAPB. TheAPB busis usedto accesson-
chip registersin the peripheralfunctions,while the AHB bus is usedfor high-speeddata
transfers.The specification for the AMBA bus can be downloaded from ARM, at:
www.arm.com.The full AHB/APB standardis implementedand the AHB/APB bus
controllerscan be customisedthrough the TARGET package.Additional (user defined)
AHB/APB peripherals should be added in the MCORE module.

5.2 AHB bus

LEON usesthe AMBA-2.0 AHB bus to connectthe processorcachecontrollersto the
memorycontrollerandother (optional)high-speedunits. In the default configuration,the
processoris theonly masteronthebus,while two slavesareprovided:thememorycontroller
and the APB bridge. Table 6 below shows the default address allocation.

An attempt to access a non-existing device will generate an AHB error response.

5.3 APB bus

TheAPB bridgeis connectedto theAHB busasaslaveandactsasthe(only) masteron the
APB bus.Moston-chipperipheralsareaccessedthroughtheAPB bus.Theaddressmapping
of the APB bus can be seen in table7.

5.4 AHB transfers generated by the processor

The processoris connectedto the AHB bus through the instruction and data cache
controllers.Accessconflictsbetweenthetwo cachecontrollersareresolvedlocally andonly
oneAHB masterinterfaceis connectedto the AHB bus.The processorwill performburst
transfersto fetch instructioncachelines or reading/writingdataasresultsof doubleload/
storeinstructions.Byte,half-wordandwordload/storeinstructionswill performsingle(non-
sequentialaccesses.Lockedtransfersareonly performedon LDST andSWAP instructions.
Doubleload/storetransfersarehowever alsoguaranteedto beatomicsincethearbiterwill
not re-arbitrate the bus during burst transfers.

Addr ess range Size Mapping Module

0x00000000 - 0x1FFFFFFF
0x20000000 - 0x3FFFFFFF
0x40000000 - 0x7FFFFFFF

512 M
512 M

1G

Prom
Memory bus I/O
Ram

Memory controller

0x80000000 - 0x8FFFFFFF 256 M On-chip registers APB bridge

0x90000000 - 0x9FFFFFFF 256 M Debug support unit DSU

Table 6: AHB address allocation



LEON-2 User’s Manual 22 Version 1.0.2, Issue 1

Gaisler Research

6 On-chip peripherals

6.1 On-chip registers

A numberof systemsupportfunctionsare provided directly on-chip. The functionsare
controlled through registers mapped APB bus according to the following table:

Addr ess Register Addr ess

0x80000000 Memory configuration register 1 0x800000B0 Secondaryinterruptpendingregister

0x80000004 Memory configuration register 2 0x800000B4 Secondary interrupt mask register

0x80000008 Reserved 0x800000B8 Secondary interrupt status register

0x8000000C AHB Failing address register 0x800000B8 Secondary interrupt clear register

0x80000010 AHB status register

0x80000014 Cache control register 0x800000C4 DSU UART status register

0x80000018 Power-down register 0x800000C8 DSU UART control register

0x8000001C Write protection register 1 0x800000CC DSU UART scaler register

0x80000020 Write protection register 2

0x80000024 LEON configuration register

0x80000040 Timer 1 counter register

0x80000044 Timer 1 reload register

0x80000048 Timer 1 control register

0x8000004C Watchdog register

0x80000050 Timer 2 counter register

0x80000054 Timer 2 reload register

0x80000058 Timer 2 control register

0x80000060 Scaler counter register

0x80000064 Scaler reload register

0x80000070 Uart 1 data register

0x80000074 Uart 1 status register

0x80000078 Uart 1 control register

0x8000007C Uart 1 scaler register

0x80000080 Uart 2 data register

0x80000084 Uart 2 status register

0x80000088 Uart 2 control register

0x8000008C Uart 2 scaler register

0x80000090 Interrupt mask and priority register

0x80000094 Interrupt pending register

0x80000098 Interrupt force register

0x8000009C Interrupt clear register

0x800000A0 I/O port input/output register

0x800000A4 I/O port direction register

0x800000A8 I/O port interrupt register

Table 7: On-chip registers
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6.2 Interrupt contr oller

The LEON interruptcontroller is usedto prioritize andpropagate interrupt requestsfrom
internalor externaldevicesto theintegerunit. In total 15 interruptsarehandled,dividedon
two priority levels. Figure 7 shows a block diagram of the interrupt controller.

6.2.1Operation

Whenaninterruptis generated,thecorrespondingbit is setin theinterruptpendingregister.
The pendingbits are ANDed with the interrupt maskregister and then forwardedto the
priority selector. Eachinterruptcanbeassignedto oneof two levelsasprogrammedin the
interruptlevel register. Level 1 hashigherpriority thanlevel 0. Theinterruptsareprioritised
within eachlevel,with interrupt15having thehighestpriority andinterrupt1 thelowest.The
highestinterruptfrom level 1 will beforwardedto theIU - if nounmaskedpendinginterrupt
existson level 1, thenthehighestunmaskedinterruptfrom level 0 will beforwarded.When
the IU acknowledgesthe interrupt, the correspondingpendingbit will automaticallybe
cleared.

Interruptcanalsobeforcedby settingabit in theinterruptforceregister. In thiscase,theIU
acknowledgement will clear the force bit rather than the pending bit.

After reset,theinterruptmaskregisteris setto all zeroswhile theremainingcontrolregisters
are undefined.

Interrupts10- 15areunusedby thedefault configurationof LEON andcanbeuseby added
IP cores.Note that interrupt15 cannotbemaskableby the integerunit andshouldbeused
with care - most operating system do safely handle this interrupt.

Figure 7: Interrupt controller block diagram
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6.2.2Interrupt assignment

Table 8 shows the assignment of interrupts.

6.2.3Control registers

The operation of the interrupt controller is programmed through the following registers:

Field Definitions:

• [31:17]: Interruptlevel (ILEVEL[15:1]) - indicateswhetheraninterruptbelongsto priority level
1 (ILEVEL[n]=1) or level 0 (ILEVEL[n]=0).

• [15:1]: Interruptmask(IMASK[15:0]) - indicateswhetheraninterruptis masked(IMASK[n]=0)
or enabled (IMASK[n]=1).

• [16], [0]: Reserved

Interrupt Source

15 user defined

14 user defined

13 user defined

12 user defined

11 DSU trace buffer

10 Second interrupt controller

9 Timer 2

8 Timer 1

7 Parallel I/O[3]

6 Parallel I/O[2]

5 Parallel I/O[1]

4 Parallel I/O[0]

3 UART 1

2 UART 2

1 AHB error

Table 8: Interrupt assignments

Figure 8: Interrupt mask and priority register
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Field Definitions:

• [15:1]: Interrupt pending (IPEND[15:1]) - indicates whether an interrupt is pending
(IPEND[n]=1).

• [31:16], [0]: Reserved

Field Definitions:

• [15:1]: Interrupt force (IFORCE[15:1]) - indicates whether an interrupt is being forced
(IFORCE[n]=1).

• [31:16], [0]: Reserved

Field Definitions:

• [15:1]: Interruptclear(ICLEAR[15:1]) - if written with a ‘1’, will clearthecorrespondingbit(s)
in the interrupt pending register. A read returns zero.

• [31:16], [0]: Reserved

Figure 9: Interrupt pending register
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Figure 10: Interrupt force register
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Figure 11: Interrupt clear register
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6.3 Secondary interrupt controller

The(optional)secondaryinterruptcontrolleris usedaddupto 32additionalinterrupts,to be
usedby on-chipunits in system-on-chipdesigns.Figure7 shows a block diagramof the
interrupt controller.

6.3.1Operation

The incoming interrupt signalsare filtered accordingto the setting in the configuration
record.The filtering conditioncanbe oneof four: active low, active high, negative edge-
triggeredandpositive edge-triggered.Whentheconditionis fulfilled, thecorrespondingbit
is setin theinterruptpendingregister. Thependingbits areANDed with theinterruptmask
registerandthenforwardedto thepriority selector. If atleastoneunmaskedpendinginterrupt
exists, the interruptoutputwill bedriven,generatinginterrupt10 (by default). Thehighest
unmasked pending interrupt can be read from the interrupt status register (see below).

Interruptsarenot clearedautomaticallyupona taken interrupt- the interrupthandlermust
resetthependingbit by writing a ‘1’ to thecorrespondingbit in theinterruptclearregister.
It mustthenalsoclearinterrupt10 in theprimary interruptcontroller. Testingof interrupts
canbedoneby writing directly to theinterruptpendingregisters.Bits written with ‘1’ will
be set while bits written with ‘0’ will keep their previous value.

Notethatnotall 32 interruptshave to beimplemented,how many areactuallyuseddepends
on theconfiguration.Unusedinterruptsareignoredandthecorrespondingregisterbits are
notgenerated.Mappingof interruptsto thesecondaryinterruptcontrolleris doneby editing
mcore.vhd.See the configurationsection on how to enablethe controller and how to
configure the interrupt filters.

After reset,theinterruptmaskregisteris setto all zeroswhile theremainingcontrolregisters
are undefined.

Figure 12: Secondary interrupt controller block diagram
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6.3.2Control registers

The operation of the interrupt controller is programmed through the following registers:

• [31:0]: Interrupt mask - indicateswhetheran interrupt is masked (IMASK[n]=0) or enabled
(IMASK[n]=1).

• [31:0]: Interrupt pending - indicates whether an interrupt is pending (IPEND[n]=1).

• [4:0]: Interrupt request level - indicates the highest unmasked pending interrupt.
• [5]: Interrupt pending - if set, then IRL is valid. If cleared, no unmasked interrupt is pending.

• [31:0]: Interruptclear- if written with a ‘1’, will clearthe correspondingbit(s) in the interrupt
pending register.

Figure 13: Interrupt mask register
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Figure 14: Interrupt pending register
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Figure 15: Interrupt status register
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Figure 16: Interrupt clear register
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6.4 Timer unit

The timer unit implementstwo 24-bit timers,one24-bit watchdogandone10-bit shared
prescaler (figure 17).

6.4.1Operation

Theprescaleris clockedby thesystemclock anddecrementedon eachclock cycle. When
theprescalerunderflows, it is reloadedfrom theprescalerreloadregisteranda timer tick is
generatedfor thetwo timersandwatchdog.Theeffective division rateis thereforeequalto
prescaler reload register value + 1.

Theoperationof thetimersis controlledthroughthetimercontrolregister. A timeris enabled
by settingtheenablebit in thecontrolregister. Thetimervalueis thendecrementedeachtime
the prescalergeneratesa timer tick. When a timer underflows, it will automaticallybe
reloadedwith thevalueof the timer reloadregisterif thereloadbit is set,otherwiseit will
stop(at0xffffff) andresettheenablebit. An interruptwill begeneratedaftereachunderflow.

Thetimercanbereloadedwith thevaluein thereloadregisteratany timeby writing a ‘one’
to the load bit in the control register.

Thewatchdogoperatessimilar to thetimers,with thedifferencethatit is alwaysenabledand
uponunderflow assertsthe externalsignalWDOG. This signalcanbe usedto generatea
system reset.

To minimise complexity, the two timers andwatchdogsharethe samedecrementer. This
means that the minimum allowed prescaler division factor is 4 (reload register = 3).

Figure 17: Timer unit block diagram

prescaler reload

-1

prescaler value timer1 value

timer2 value

watchdog

timer1 reload

timer2 reload

-1

tick

irq 8

irq 9

WDOG



LEON-2 User’s Manual 29 Version 1.0.2, Issue 1

Gaisler Research

6.4.2Registers

Figures 18 to 22 shows the layout of the timer unit registers.

• [2]: Loadcounter(LD) - whenwrittenwith ‘one’, will loadthetimerreloadregisterinto thetimer
counter register. Always reads as a ‘zero’.

• [1]: Reloadcounter(RL) - if RL is set,thenthecounterwill automaticallybereloadedwith the
reload value after each underflow.

• [0]: Enable (EN) - enables the timer when set.

Figure 18: Timer 1/2 and Watchdog counter registers
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Figure 19: Timer 1/2 reload registers
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Figure 20: Timer 1/2 control registers
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Figure 21: Prescaler reload register
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Figure 22: Prescaler counter register
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6.5 UARTs

Two identical UARTs are provided for serial communications.The UARTs supportdata
frameswith 8 databits,oneoptionalparitybit andonestopbit. To generatethebit-rate,each
UART has a programmable12-bits clock divider. Hardware flow-control is supported
through the RTSN/CTSN hand-shake signals. Figure 23 shows a block diagram of a UART.

6.5.1Transmitter operation

Thetransmitteris enabledthroughtheTE bit in theUART control register. Whenreadyto
transmit,data is transferredfrom the transmitterholding register to the transmittershift
register and converted to a serial streamon the transmitterserial output pin (TXD). It
automaticallysendsastartbit followedby eightdatabits,anoptionalparitybit, andonestop
bits (figure 24). The least significant bit of the data is sent first

Following thetransmissionof thestopbit, if anew characterisnotavailablein thetransmitter
holding register, the transmitterserial dataoutput remainshigh and the transmittershift
registeremptybit (TSRE)will besetin theUART controlregister. Transmissionresumesand
theTSREis clearedwhenanew characteris loadedin thetransmitterholdingregister. If the

Figure 23: UART block diagram
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transmitter is disabled, it will continue operating until the charactercurrently being
transmittedis completelysentout. The transmitterholdingregistercannotbe loadedwhen
the transmitter is disabled.

If flow control is enabled,the CTSN input must be low in order for the characterto be
transmitted.If it is deassertedin the middle of a transmission,the characterin the shift
registeris transmittedandthetransmitterserialoutputthenremainsinactive until CTSNis
assertedagain. If the CTSN is connectedto a receiversRTSN, overruncaneffectively be
prevented.

6.5.2Receiver operation

Thereceiver is enabledfor datareceptionthroughthereceiverenable(RE)bit in theUSART
control register. Thereceiver looksfor a high to low transitionof a startbit on thereceiver
serialdatainput pin. If a transitionis detected,thestateof theserialinput is sampleda half
bit clockslater. If theserialinput is sampledhigh thestartbit is invalid andthesearchfor a
valid startbit continues.If the serial input is still low, a valid startbit is assumedandthe
receivercontinuesto sampletheserialinputatonebit timeintervals(at thetheoreticalcentre
of thebit) until thepropernumberof databitsandtheparitybit havebeenassembledandone
stopbit hasbeendetected.Theserialinput is sampledthreetimesfor eachbit andaveraged
to filter out noise.

Duringthisprocesstheleastsignificantbit is receivedfirst.Thedatais thentransferredto the
receiver holding register (RHR) and the dataready(DR) bit is set in the USART status
register. Theparity, framingandoverrunerrorbits aresetat thereceivedbyteboundary, at
the same time as the receiver ready bit is set.

If bothreceiverholdingandshift registerscontainanun-readcharacterwhenanew startbit
is detected,thenthecharacterheld in thereceiver shift registerwill be lost andtheoverrun
bit will besetin theUART statusregister. If flow control is enabled,thentheRTSN will be
negated(high)whenavalid startbit is detectedandthereceiverholdingregistercontainsan
un-readcharacter. When the holding register is read, the RTSN will automaticallybe
reasserted again.

6.5.3Baud-rate generation

EachUART containsa 12-bit down-countingscalerto generatethedesiredbaud-rate.The
scaleris clockedby thesystemclockandgeneratesaUART tick eachtimeit underflows.The
scaleris reloadedwith thevalueof theUART scalerreloadregisteraftereachunderflow. The
resultingUART tick frequency shouldbe8 timesthedesiredbaud-rate.If theEC bit is set,
thescalerwill beclockedby thePIO[3] input ratherthanthesystemclock. In this case,the
frequency of PIO[3] must be less than half the frequency of the system clock.

6.5.4Loop back mode

If theLB bit in theUART controlregisteris set,theUART will bein loopbackmode.In this
mode,the transmitteroutputis internally connectedto the receiver input andthe RTSN is
connectedto theCTSN.It is thenpossibleto performloop backteststo verify operationof
receiver, transmitterandassociatedsoftwareroutines.In thismode,theoutputsremainin the
inactive state, in order to avoid sending out data.
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6.5.5Interrupt generation

TheUART will generateaninterruptunderthefollowing conditions:whenthetransmitteris
enabled,thetransmitterinterruptis enabledandthetransmitterholdingregistermovesfrom
full to empty;whenthereceiver is enabled,thereceiver interruptis enabledandthereceiver
holdingregistermovesfromemptyto full; whenthereceiverisenabled,thereceiverinterrupt
is enabled and a character with either parity, framing or overrun error is received.

6.5.6UART registers

• 0: Receiver enable (RE) - if set, enables the receiver.
• 1: Transmitter enable (TE) - if set, enables the transmitter.
• 2: Receiver interrupt enable (RI) - if set, enables generation of receiver interrupt.
• 3: Transmitter interrupt enable (TI) - if set, enables generation of transmitter interrupt.
• 4: Parity select (PS) - selects parity polarity (0 = odd parity, 1 = even parity)
• 5: Parity enable (PE) - if set, enables parity generation and checking.
• 6: Flow control (FL) - if set, enables flow control using CTS/RTS.
• 7: Loop back (LB) - if set, loop back mode will be enabled.
• 8: External Clock - if set, the UART scaler will be clocked by PIO[3]

• 0: Data ready (DR) - indicates that new data is available in the receiver holding register.
• 1: Transmitter shift register empty (TS) - indicates that the transmitter shift register is empty.
• 2: Transmitter hold register empty (TH) - indicates that the transmitter hold register is empty.
• 3: Break received (BR) - indicates that a BREAK has been received.
• 4: Overrun (OV) - indicates that one or more character have been lost due to overrun.
• 5: Parity error (PE) - indicates that a parity error was detected.
• 6: Framing error (FE) - indicates that a framing error was detected.

Figure 25: UART control register
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Figure 26: UART status register
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Figure 27: UART scaler reload register
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6.6 Parallel I/O port

A partially bit-wise programmable32-bit I/O port is provided on-chip.The port is split in
two parts- thelower 16-bitsareaccessiblevia thePIO[15:0]signalwhile theupper16-bits
usesD[15:0] andcanonly beusedwhenall areas(rom,ramandI/O) of thememorybusare
in 8- or 16-bit mode (see “8-bit and 16-bit memory configuration” on page39).

Thelower 16 bits of theI/O port canbeindividually programmedasoutputor input,while
thehigh 16 bits of the I/O port only beconfiguresasoutputsor inputson bytebasis.Two
registersareassociatedwith the operationof the I/O port; the combinedI/O input/output
register, andI/O directionregister. Whenread,theinput/outputregisterwill returnthecurrent
valueof theI/O port;whenwritten,thevaluewill bedrivenontheportsignals(if enabledas
output).The direction register definesthe direction for eachindividual port bit (0=input,
1=output).

• IODIRn - I/O port direction.Thevalueof IODIR[15:0] definesthedirectionof I/O ports15 - 0.
If bit n is setthecorrespondingI/O port becomesanoutput,otherwiseit is aninput. IODIR[16]
controls D[15:8] while IODIR[17] controls D[7:0]

The I/O ports can also be usedas interrupt inputs from external devices.A total of four
interruptscanbe generated,correspondingto interrupt levels 4, 5, 6 and7. The I/O port
interruptconfigurationregister(figure29)defineswhichportshouldgenerateeachinterrupt
and how it should be filtered.

• ISELn - I/O port select.The valueof this field defineswhich I/O port (0 - 31) shouldgenerate
parallel I/O port interruptn.

• PL - Polarity. If set,thecorrespondinginterruptwill beactivehigh (or edge-triggeredonpositive
edge). Otherwise, it will be active low (or edge-triggered on negative edge).

• LE - Level/edge triggered. If set, the interrupt will be edge-triggered, otherwise level sensitive.
• EN - Enable. If set, the corresponding interrupt will be enabled, otherwise it will be masked.

Figure 28: I/O port direction register
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Figure 29: I/O port interrupt configuration register
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To save pins, I/O pins are shared with other functions according to the table below:

6.7 LEON configuration r egister

Since LEON is synthesisedfrom a extensively configurableVHDL model, the LEON
configurationregister (read-only)is usedto indicatewhich optionswere enabledduring
synthesis.For eachoptionpresent,thecorrespondingregisterbit is hardwiredto ‘1’. Figure
30 shows the layout of the register.

• [25]: UMAC/SMAC instruction implemented
• [24:20]: Number of register windows. The implemented number of SPARC register windows -1.
• [19:17]: Instruction cache size. The size (in Kbytes) of the instruction cache. Cache size = 2ICSZ.
• [16:15]: Instruction cache line size.The line size (in 32-bit words) of each line. Line size = 2ILSZ.
• [14:12]: Data cache size. The size (in kbytes) of the data cache. Cache size = 2DCSZ.
• [11:10]: Data cache line size. The line size (in 32-bit words) of each line. Line size = 2DLSZ.
• [9]: UDIV/SDIV instruction implemented
• [8]: UMUL/SMUL instruction implemented
• [6]: Memory status and failing address register present
• [5:4]: FPU type (00 = none, 01=Meiko)
• [3:2]: PCI core type (00=none, 01=InSilicon, 10=ESA, 11=other)
• [1:0]: Write protection type (00=none, 01=standard)

I/O port Function Type Description Enabling condition

PIO[15] TXD1 Output UART1 transmitter data UART1 transmitter enabled

PIO[14] RXD1 Input UART1 receiver data -

PIO[13] RTS1 Output UART1 request-to-send UART1 flow-control enabled

PIO[12] CTS1 Input UART1 clear-to-send -

PIO[11] TXD2 Output UART2 transmitter data UART2 transmitter enabled

PIO[10] RXD2 Input UART2 receiver data -

PIO[9] RTS2 Output UART2 request-to-send UART2 flow-control enabled

PIO[8] CTS2 Input UART2 clear-to-send -

PIO[4] Boot select Input Internal or external boot prom -

PIO[3] UART clock Input Use as alternative UART clock -

PIO[1:0] Prom width Input Defines prom width at boot time -

Table 9: UART/IO port usage

Figure 30: LEON configuration register
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6.8 Power-down

The processorcan be powered-down by writing (an arbitrary) value to the power-down
register. Power-down modewill be enteredon the next load or storeinstruction.To enter
power-down modeimmediately, two consecutive storesto the power-down registershould
be performed.During power-down mode,the integer unit will effectively be halted.The
power-down modewill be terminated(andthe integerunit re-enabled)whenanunmasked
interruptwith higherlevel thanthecurrentprocessorinterruptlevel (PIL) becomespending.
All other functions and peripherals operate as nominal during the power-down mode.

6.9 AHB status register

Any accesstriggeringanerrorresponseon theAHB buswill beregisteredin two registers;
AHB failing addressregisterandAHB statusregister. Thefailing addressregisterwill store
the addressof the accesswhile the memorystatusregisterwill storethe accessanderror
types.Theregistersareupdatedwhenanerroroccur, andtheNE (new error)is set.Whenthe
NE bit is set,interrupt1 is generatedto inform theprocessorabouttheerror. After anerror,
the NE bit has to be reset by software.

Figure 31 shows the layout of the AHB status register.

• [8]: NE - New error. Set when a new error occurred.
• [7]: RW - Read/Write. This bit is set if the failed access was a read cycle, otherwise it is cleared.
• [6:3]: HMASTER - AHB master. This field contains the HMASTER[3:0] of the failed access.
• [2:0] HSIZE - transfer size. This filed contains the HSIZE[2:0] of the failed transfer.

Figure 31: AHB status register
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7 External memory access

7.1 Memory interface

Thememorybusprovidesadirectinterfaceto PROM, staticRAM andmemorymappedI/O
devices.Chip-selectdecodingis donefor two PROM banks,oneI/O bankandfour RAM
banks. Figure 32 shows how the connection to the different device types is made.

7.2 Memory controller

Theexternalmemorybusiscontrolledbyaprogrammablememorycontroller. Thecontroller
actsas a slave on the AHB bus. The function of the memorycontroller is programmed
throughmemoryconfigurationregisters1 & 2 (MCR1& MCR2) throughtheAPB bus.The
memorybussupportsthreetypesof devices:prom,ramandlocal I/O. Thememorybuscan
also be configuredin 8-bit mode for applicationswith low memory and performance
demands.The controller candecodea 2 Gbyteaddressspace,divided accordingto table
table10:

Addr ess range Size Mapping

0x00000000 - 0x1FFFFFFF 512 M Prom

0x20000000 - 0x3FFFFFFF 512M I/O

0x40000000 -0x5FFFFFFF 512 M RAM (RAMSN[3:0])

0x50000000 -0x7FFFFFFF 512M RAM (RAMSN[4])

Table 10: Memory controller address map

Figure 32: Memory device interface
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7.3 RAM access

TheRAM areacanbeupto 1 Gbyte,dividedonupto fiveRAM banks.Thesizeof banks1-
4 (RAMSN[3:0]isprogrammedin theRAM bank-sizefield (MCR2[12:9])andcanbesetin
binarystepsfrom 8 Kbyteto 256Mbyte.Thefifth bank(RAMSN[4]) decodestheupper512
Mbyte.A readaccessto staticRAM consistsof two datacyclesandbetweenzeroandthree
waitstates.Acessesto RAMSN[4] canfurtherbestretchedby de-assertingBRDYN until the
datais availble.On non-consecutive accesses,a lead-outcycle is addedaftera readcycle to
preventbuscontentionduetoslow turn-off timeof memoriesor I/O devices.Figure33shows
the basic read cycle waveform (zero waitstate).

For read accessesto RAMSN[3:0], a separateoutput enablesignal (RAMOEN[n]) is
provided for each RAM bank and only assertedwhen that bank is selected.Memory
connectedto to RAMSN[4] shouldusetheOENsignalinsteadwhichis assertedonany read
cycle. A write access is similar to the read access but has takes a minimum of three cycles:

Throughafeed-backloopfrom thewrite strobes,thedatabusis guaranteedto bedrivenuntil
the write strobesare de-asserted.Eachbyte lane hasan individual write strobeto allow
efficient byteandhalf-word writes.If you memoryuseda commonwrite strobefor thefull
16-or 32-bitdata,settheread-modify-writebit MCR2whichwill enableread-modify-write
cycles for sub-word writes.
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Figure 33: Static ram read cycle

Figure 34: Static ram write cycle
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7.4 PROM access

Accessesto promhave thesametiming asRAM accesses,thedifferencesbeingthatPROM
cycles can have up to 15 waitstates.

Two PROM chip-selectsignalsareprovided,ROMSN[1:0].ROMSN[0] is assertedwhenthe
lowerhalf (0 - 0x10000000)of thePROM areaasaddressedwhile ROMSN[1] is assertedfor
theupperhalf (0x10000000- 0x20000000).WhentheVHDL modelis configuredto boot
from internalprom(see“Boot configuration”onpage68),ROMSN[0] is neverassertedand
all accessesbetween0 - 0x10000000aremappedon the internalprom.Whenthemodelis
configuredto supportbothexternalandinternalbootprom,thePIO[4] inputis usedto enable
the internal prom.

7.5 Memory mapped I/O

Accessesto I/O have similar timing to ROM/RAM accesses,the differencesbeing that a
additionalwaitstatescanbeinsertedbyde-assertingtheBRDYN signal.TheI/O selectsignal
(IOSN) is delayed one clock to provide stable address before IOSN is asserted.

Figure 35: Prom read cycle
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Figure 36: I/O read cycle
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7.6 Burst cycles

To improve the bandwidthof the memorybus, accessesto consecutive addressescan be
performedin burstmode.Burst transferswill begeneratedwhenthememorycontrolleris
accessedusing an AHB burst request.Theseincludesinstructioncache-linefills, double
loadsanddoublestores.The timing of a burst cycle is identical to the programmedbasic
cyclewith theexceptionthatduringreadcycles,thelead-outcyclewill only occursafterthe
last transfer.

7.7 8-bit and 16-bit memory configuration

To supportapplicationswith low memoryandperformancerequirementsefficiently, it is not
necessaryto always have full 32-bit memorybanks.The RAM and PROM areascan be
individually configuredfor 8- or 16-bit operationby programmingtheROM andRAM size
fieldsin thememoryconfigurationregisters.Sinceaccessto memoryis alwaysdoneon 32-
bit wordbasis,readaccessto 8-bit memorywill betransformedin aburstof four readcycles
while accessto 16-bitmemorywill generateaburstof two 16-bitsreads.Duringwrites,only
thenecessarybyteswill bewriten.Figure37 shows aninterfaceexamplewith 8-bit PROM
and 8-bit RAM. Figure 38 shows an example of a 16-bit memory interface.

Figure 37: 8-bit memory interface example
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7.8 8- and 16-bit I/O access

Similar to thePROM/RAM areas,theI/O areacanalsobeconfiguredto 8- or 16-bitsmode.
However, theI/O devicewill NOT beaccessedby multiple8/16bitsaccessesasthememory
areas,but only with onesingleaccessjustasin 32-bitmode.To accessesanI/O deviceona
16-bit bus,LDUH/STH instructionsshouldbeusedwhile LDUB/STB shouldbeusedwith
an 8-bit bus.

7.9 Memory configuration register 1

Memoryconfigurationregister1 is usedto programthetiming of romandlocalI/O accesses.

• [3:0]: Promreadwaitstates.Definesthenumberof waitstatesduringpromreadcycles(“0000”=0,
“0001”=1,... “1111”=15).

• [7:4]: Prom write waitstates.Defines the number of waitstatesduring prom write cycles
(“0000”=0, “0001”=1,... “1111”=15).

• [9:8]: Prom width. Defines the data with of the prom area (“00”=8, “01”=16, “10”=32).

Figure 38: 16-bit memory interface example
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• [10]: Reserved
• [11]: Prom write enable. If set, enables write cycles to the prom area.
• [17:12]: Reserved
• [18]: Externaladdresslatchenable.If set,theaddressis sentout unlatchedandmustbe latched

by external address latches.
• [19]: I/O enable. If set, the access to the memory bus I/O area are enabled.
• [23:20]: I/O waitstates. Defines the number of waitstates during I/O accesses (“0000”=0,

“0001”=1, “0010”=2,..., “1111”=15).
• [25]: Bus error (BEXCN) enable.
• [26]:Bus ready (BRDYN) enable.
• [28:27]: I/O bus width. Defines the data with of the I/O area (“00”=8, “01”=16, “10”=32).

Duringpower-up,thepromwidth (bits[9:8]) aresetwith valueonPIO[1:0]inputs.Theprom
waitstatesfieldsaresetto 15 (maximum).Externalbuserrorandbusreadyaredisabled.All
other fields are undefined.

7.10Memory configuration register 2

Memory configuration register 2 is used to control the timing of static ram accesses.

• [1:0]: Ramreadwaitstates.Definesthe numberof waitstatesduring ram readcycles (“00”=0,
“01”=1, “10”=2, “11”=3).

• [3:2]: Ramwrite waitstates.Definesthenumberof waitstatesduring ramwrite cycles(“00”=0,
“01”=1, “10”=2, “11”=3).

• [5:4]: Ram with. Defines the data with of the ram area (“00”=8, “01”=16, “1X”= 32).
• [6]: Read-modify-write.Enableread-modify-writecycleson sub-word writes to 16- and32-bit

areas with common write strobe (no byte write strobe).
• [7]: Bus ready enable. If set, will enable BRDYN for ram area
• [12:9]: Rambanksize.Definesthesizeof eachrambank(“0000”=8 Kbyte, “0001”=16Kbyte...

“1111”=256 Mbyte).

7.11Write pr otection

Write protectionis provided to protectthe memoryandI/O areasagainstaccidentalover-
writing. It is implementedastwo block protectunitscapableof disablingor enablingwrite
accessto a binary alignedmemoryblock in the rangeof 32 Kbyte - 1 Mbyte. Eachblock
protectunit is controlledthroughacontrolregister(figure41).Theunitsoperateasfollows:
oneachwrite accessto RAM, addressbits (29:15)arexoredwith thetagfield in thecontrol
register, andandedwith themaskfield. A write protectionerror is generatedif theresultis

BRDYN enable
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Ram width
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Figure 40: Memory configuration register 2
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not equalto zero,thecorrespondingunit is enabledandtheblock protectbit (BP) is set,or
if theBP bit is clearedandtheresultis equalto zero.If a write protectionerror is detected,
the write cycle is aborted and a memory access error is generated.

• [14:0] Address mask (MASK) - this field contains the address mask
• [29:15] Address tag (TAG) - this field is compared against address(29:15)
• [30] Block protect (BP) - if set, selects block protect mode
• [31] Enable (EN) - if set, enables the write protect unit

The ROM area can be write protected by clearing the write enable bit MCR1.

7.12Using BRDYN

The BRDYN signalcanbe usedto strecthaccesscyclesto the I/O areaandthe ram area
decodedby RAMSN[4]. Theaccesseswill alwayshaveat leastthepre-programmednumber
of waitstatesasdefinedin memoryconfigurationregisters1 & 2, but will befurtherstreched
until BRDYN is asserted.BRDYN shouldbeassertedin thecycle preceedingthe lastone.
The use of BRDYN can be enabled separately for the I/O and RAM areas.

Figure 41: Write protection register 1 & 2

01415293031

MASK[14:0]TAG[14:0]BPEN
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7.13Access errors

An accesserrorcanbesignalledby assertingtheBEXCN signal,which is sampledtogether
with thedata.If theusageof BEXCN is enabledin memoryconfigurtionregister1, anerror
responswill be generatedon the internalAMBA bus.BEXCN canbe enabledor disabled
through memory configuration register 1, and is active for all areas (PROM, I/O an RAM).

7.14Attaching an external DRAM contr oller

To attachanexternalDRAM controller, RAMSN[4] shouldbeusedsinceit allows thecycle
time to vary throughtheuseof BRDYN. In this way, delayscanbeinsertedasrequiredfor
opening of banks and refresh.

7.15Cache configuration

ThememorycontrollermarksthePROM andRAM areasascacheableandthe I/O areaas
non-cacheable.

Figure 43: Read cycle with BEXCN

data1 data2

D1

lead-out

A1

CLK

A

RAMSN

D

OEN

BEXCN



LEON-2 User’s Manual 44 Version 1.0.2, Issue 1

Gaisler Research

8 Hardware debug support

8.1 Overview

TheLEON processorincludeshardwaredebug supportto aid softwaredebuggingon target
hardware.Thesupportis providedthroughtwo modules:a debug supportunit (DSU) anda
debugcommunicationlink (DCL). TheDSUcanput theprocessorin debugmode,allowing
read/writeaccessto all processorregistersandcachememories.The DSU alsocontainsa
tracebuffer whichstoresexecutedinstructionsor datatransfersontheAMBA AHB bus.The
debug communicationslink implementsa simple read/writeprotocol and usesstandard
asynchronous UART communications (RS232C).

8.2 Debug support unit

8.2.1Overview

Thedebug supportunit is usedcontrol thetracebuffer andtheprocessordebug mode.The
DSUis attachedto theAHB busasslave,occupying a2 Mbyteaddressspace.Throughthis
addressspace,any AHB mastercanaccessthe processorregistersandthe contentsof the
tracebuffer. The DSU control registerscanbe accessedat any time, while the processor
registersandcachescanonly beaccessedwhentheprocessorhasentereddebug mode.The
tracebuffer canbe accessedonly whentracingis disabled/completed.In debug mode,the
processorpipelineis held andthe processoris controlledby the DSU. Enteringthe debug
mode can occur on the following events:

• executing a breakpoint instruction (ta 1)
• integer unit hardware breakpoint/watchpoint hit (trap 0xb)
• rising edge of the external break signal (DSUBRE)
• setting the break-now (BN) bit in the DSU control register
• a trap that would cause the processor to enter error mode
• occurrence of any, or a selection of traps as defined in the DSU control register
• after a single-step operation
• DSU breakpoint hit
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LEON processor
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The debug modecanonly be enteredwhenthe debug supportunit is enabledthroughan
external pin (DSUEN). When the debug mode is entered, the following actions are taken:

• PC and nPC are saved in temporary registers (accessible by the debug unit)
• an output signal (DSUACT) is asserted to indicate the debug state
• the timer unit is (optionally) stopped to freeze the LEON timers and watchdog

The instruction that causedthe processorto enterdebug mode is not executed,and the
processorstateis keptunmodified.Executionis resumedby clearingtheBN bit in theDSU
controlregisteror by de-assertingDSUEN.Thetimer unit will bere-enabledandexecution
will continuefrom the saved PC and nPC. Debug mode can also be enteredafter the
processorhasenterederrormode,for instancewhenanapplicationhasterminatedandhalted
the processor. The error mode can be reset and the processor restarted at any address.

8.2.2Trace buffer

The tracebuffer consistsof a circularbuffer thatstoresexecutedinstructionsor AHB data
transfers.A 30-bit counteris alsoprovided andstoredin the traceas time tag. The trace
buffer operationis controlledthroughtheDSU controlregisterandtheTracebuffer control
register(seebelow). Whentheprocessorentersdebug mode,tracingis suspended.thesize
of the tracebuffer is by default 128 words( = 2 kbyte),but canbe configuredto any size
through the VHDL model configuration record.

Thetracebuffer is 128bitswide,theinformationstoredis indicatedin table11andtable12
below:

Bits Name Definition

127 AHB breakpoint hit Set to ‘1’ if a DSU AHB breakpoint hit occurred.

126 - Unused

125:96 DSU counter The value of the DSU counter

95:92 IRL Processor interrupt request input

91:88 PIL Processor interrupt level (psr.pil)

95:80 Trap type Processor trap type (psr.tt)

79 Hwrite AHB HWRITE

78:77 Htrans AHB HTRANS

76:74 Hsize AHB HSIZE

73:71 Hburst AHB HBURST

70:67 Hmaster AHB HMASTER

66 Hmastlock AHB HMASTLOCK

65:64 Hresp AHB HRESP

63:32 Load/Store data AHB HRDATA or HWDATA

31:0 Load/Store address AHB HADDR

Table 11: Trace buffer data allocation, AHB tracing mode
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During instructiontracing, one instruction is storedper line in the tracebuffer with the
exceptionof multi-cycle instructions.Multi-cycle instructionsareenteredtwo or threetimes
in thetracebuffer. For storeinstructions,bits [63:32] correspondto thestoreaddresson the
first entryandto thestoreddataonthesecondentry(andthird in caseof STD).Bit 126is set
on thesecondandthird entry to indicatethis. A doubleload(LDD) is enteredtwice in the
tracebuffer, with bits[63:32]containingtheloadeddata.Multiply anddivideinstructionsare
enteredtwice,but onlhy thelastentrycontainstheresult.Bit 126is setfor thesecondentry.
For FPUoperationproducinga double-precisionresult,thefirst entryputstheMSB 32 bits
of theresultsin bit [63:32]while thesecondentryputstheLSB 32bits in thisfield. Whena
trace is frozen, interrupt 11 is generated.

The tracebuffer canexecutedinstructions,transferson AHB or both (mixed-mode).The
tracebuffer controlregistercontainstwo counterthatstoretheaddressof which locationof
thetracebuffer will bewrittenonnext trace.Sincethebuffer is circular, it actuallypointsto
the oldestentry in the buffer. The indexesareautomaticallyincrementedafter eachstored
trace entry.

In mixedmode,thebuffer is dividedon two halfs,with instructionsstoredin thelower half
and AHB transfersin the upper half. The MSB bit of the AHB index counter is then
automatically kept high, while the MSB of the instruction index counter is kept low.

• [11:0] : Instruction trace index counter
• [23:12] : AHB trace index counter
• [24] : Trace instruction enable
• [25] : Trace AHB enable

Note that the VHDL modelconfigurationallows to disablethe mixed-mode.In this case,
only the instruction trace index counter is provided, and is used also during AHB tracing.

Bits Name Definition

127 Instruction breakpoint hit Set to ‘1’ if a DSU instruction breakpoint hit occurred.

126 Multi-cycle instruction Set to ‘1’ on the second and third instance of a multi-cycle
instruction (LDD, ST or FPOP)

125:96 DSU counter The value of the DSU counter

95:64 Load/Store parameters Instruction result, Store address or Store data

63:34 Program counter Programcounter(2 lsbbits removedsincethey arealwayszero)

33 Instruction trap Set to ‘1’ if traced instruction trapped

32 Processor error mode Set to ‘1’ if the traced instruction caused processor error mode

31:0 Opcode Instruction opcode

Table 12: Trace buffer data allocation, Instruction tracing mode

Figure 45: DSU control register
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8.2.3DSU control register

The DSU is controlled by the DSU control register:

• 0: Trace enable (TE). Enables the trace buffer.
• 1: Delaycountermode(DM). In mixedtracingmode,settingthisbit will causethedelaycountertodecrementonAHB

traces. If reset, the delay counter will decrement on instruction traces.
• 2: Break on trace (BT) - if set, will generate a DSU break condition on trace freeze.
• 3: Freezetimers(FT) - if set,thescalerin theLEON timer unit will bestoppedduringdebug modeto preserve the

time for the software application.
• 4: Breakon error(BE) - if set,will forcetheprocessorto debug modewhentheprocessorwould have enterederror

condition (trap in trap).
• 5: Break on IU watchpoint - if set, debug mode will be forced on a IU watchpoint (trap 0xb).
• 6: BreakonS/Wbreakpoint(BS)- if set,debugmodewill beforcedwhenanbreakpointinstruction(ta1) is executed.
• 7: Break now (BN) -Force processor into debug mode. If cleared, the processor will resume execution.
• 8: Break on DSU breakpoint (BD) - if set, will force the processor to debug mode when an DSU breakpoint is hit.
• 9: Break on trap (BX) - if set, will force the processor into debug mode when any trap occurs.
• 10: Break on error traps(BZ) - if set,will force the processorinto debug modeon all except the following traps:

priviledged_instruction, fpu_disabled, window_overflow, window_underflow, asynchronous_interrupt, ticc_trap.
• 11: Delaycounterenable(DE) - if set,thetracebuffer delaycounterwill decrementfor eachstoredtrace.Thisbit is set

automatically when an DSU breakpoint is hit and the delay counter is not equal to zero.
• 12: Debug mode (DM). Indicates when the processor has entered debug mode (read-only).
• 13: EB - value of the external DSUBRE signal (read-only)
• 14: EE - value of the external DSUEN signal (read-only)
• 15: Processor error mode (PE) - returns ‘1’ on read when processor is in error mode, else ‘0’.
• 16: Single step (SS) - if set, the processor will execute one instruction and the return to debug mode.
• 17: Link response (LR) - is set, the DSU communication link will send a response word after AHB transfer.
• 18: Debug moderesponse(DR) - if set,theDSU communicationlink will senda responseword whentheprocessor

enters debug mode.
• 19: Reset error mode (RE) - if set, will clear the error mode in the processor.
• 31:20Tracebuffer delaycounter(DCNT).Notethatthenumberof bitsactuallyimplementeddependsonthesizeof the

trace buffer.

8.2.4DSU breakpoint registers

TheDSU containstwo breakpointregistersfor matchingeitherAHB addressesor executed
processorinstructions.A breakpointhit is typically usedto freezethe tracebuffer, but can
also put the processorin debug mode. Freezingcan be delayedby programmingthe
TDELAY field in theDSU control registerto a non-zerovalue.In this case,theTDELAY
valuewill bedecrementedfor eachadditionaltraceuntil it reacheszero,afterwhichthetrace
buffer is frozen. If the BT bit in the DSU control register is set, the DSU will force the
processorinto debugmodewhenthetracebuffer is frozen.Notethatdueto pipelinedelays,
up to 4 additionalinstructioncanbeexecutedbeforetheprocessoris placedin debugmode.
A mask register is associatedwith each breakpoint,allowing breaking on a block of
addresses.Only addressbitswith thecorrespondingmaskbit setto ‘1’ arecomparedduring
breakpointdetection.To breakon executedinstructions,theEX bit shouldbeset.To break
on AHB load or store accesses, the LD and/or ST bits should be set.

Figure 46: DSU control register
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8.2.5DSU trap register

The DSU trap register is a read-onlyregister that indicateswhich SPARC trap type that
causedtheprocessorto enterdebug mode.Whendebug modeis forceby settingtheBN bit
in the DSU control register, the trap type will be 0xb (hardware watchpoint trap).

• [11:4] : 8-bit SPARC trap type
• 12 :Error mode (EM). Set if the trap would have cause the processor to enter error mode.

8.2.6DSU memory map

DSU memory map can be seen in table13 below.

Addr ess Register

0x800000c4 DSU UART status register

0x800000c8 DSU UART control register

0x800000cc DSU UART scaler register

0x90000000 DSU control register

0x90000004 Trace buffer control register

0x90000008 Time tag counter

0x90000010 AHB break address 1

0x90000014 AHB mask 1

0x90000018 AHB break address 2

0x9000001C AHB mask 2

0x90010000 - 0x90020000Trace buffer

..0 Trace bits 127 - 96

...4 Trace bits 95 - 64

...8 Trace bits 63 - 32

...C Trace bits 31 - 0

0x90020000 - 0x90040000IU/FPU register file

Table 13: DSU address space

01231
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BADDR[31:2]
Break address reg.

0231

STBMASK[31:2]
Break mask reg.

Figure 47: DSU breakpoint registers
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Figure 48: DSU control register
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The addressesof the IU/FPU registersdependson how many registerwindows hasbeen
implementedand if and FPU is present.The registerscan be accessedat the following
addresses (NWINDOWS = number of SPARC register windows):

• %on : 0x90020000 + (((psr.cwp * 64) + 32 +n) mod (NWINDOWS*64))
• %ln : 0x90020000 + (((psr.cwp * 64) + 64 +n) mod (NWINDOWS*64))
• %in : 0x90020000 + (((psr.cwp * 64) + 96 +n) mod (NWINDOWS*64))
• %gn : 0x90020000 + (NWINDOWS*64) (no FPU)
• %gn : 0x90020000 + (NWINDOWS*64) + 128 (FPU present)
• %fn : 0x90020000 + (NWINDOWS*64)

8.3 DSU communication link

8.3.1Operation

The DSU communicationlink consistsof a UART connectedto the AHB bus asa master
(figure49).A simplecommunicationprotocolis supportedto transmitaccessparametersand
data.A link commandconsistof a controlbyte,followedby anda 32-bit address,followed
by optionalwrite data.If theLR bit in theDSU control registeris set,a responsebytewill
besentaftereachAHB transfer. If theLR bit is not set,a write accessdoesnot returnany
response,while a readaccessonly returnsthereaddata.Datais senton8-bit basisasshown
in figure51. Throughthecommunicationlink, a reador write transfercanbegeneratedto
any address on the AHB bus.

0x90080000 - 0x90100000IU special purpose registers

0x90080000 Y register

0x90080004 PSR register

0x90080008 WIM register

0x9008000C TBR register

0x90080010 PC register

0x90080014 NPC register

0x90080018 FSR register

0x9008001C DSU trap register

0x90080040 - 0x9008007CASR16 - ASR31 (when implemented)

0x90100000 - 0x90140000Instruction cache tags

0x90140000 - 0x90180000Instruction cache data

0x90180000 - 0x901C0000Data cache tags

0x901C0000 - 0x90200000Data cache data

Addr ess Register

Table 13: DSU address space
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A responsebyte is canoptionallybesentwhentheprocessorgoesfrom executionmodeto
debug mode.Block transferscanbe performedbe settingthe lengthfield to n-1, wheren
denotesthenumberof transferredwords.For write accesses,thecontrolbyteandaddressis
sentonce,followedby thenumberof datawordsto bewritten.Theaddressis automatically
incrementedaftereachdataword.For readaccesses,thecontrolbyteandaddressis sentonce
and the corresponding number of data words is returned.

Figure 49: DSU communication link block diagram
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Figure 50: DSU UART data frame
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Figure 51: DSU Communication link commands
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8.3.2DSU UART control register

• 0: Receiver enable (RE) - if set, enables both the transmitter and receiver.
• 1: Baud rate locked (BL) - is automatically set when the baud rate is locked.

8.3.3DSU UART status register

• 0: Data ready (DR) - indicates that new data is available in the receiver holding register.
• 1: Transmitter shift register empty (TS) - indicates that the transmitter shift register is empty.
• 2: Transmitter hold register empty (TH) - indicates that the transmitter hold register is empty.
• 4: Overrun (OV) - indicates that one or more character have been lost due to overrun.
• 6: Framing error (FE) - indicates that a framing error was detected.

8.3.4Baud rate generation

The UART containsa 14-bit down-countingscalerto generatethe desiredbaud-rate.The
scaleris clockedby thesystemclockandgeneratesaUART tick eachtimeit underflows.The
scaleris reloadedwith thevalueof theUART scalerreloadregisteraftereachunderflow. The
resulting UART tick frequency should be 8 times the desired baud-rate.

If not programmedby software,the baudratewill be automaticallybe discovered.This is
doneby searchingfor the shortestperiodbetweentwo falling edgesof the received data
(correspondingto two bit periods).Whenthreeidenticaltwo-bit periodshasbeenfound,the
correspondingscalerreloadvalueis latchedinto thereloadregister, andtheBL bit is setin
theUART controlregister. If theBL bit is resetby software,thebaudratediscoveryprocess
is restarted.The baud-ratediscovey is also restartedwhen a ‘break’ is received by the
receiver, allowing to changeto baudratefrom theexternaltransmitter. For properbaudrate
detection,the value0x55 shouldbe transmittedto the receiver after resetor after sending
break.

The best scaler value for manually programming the baudrate can be calculated as follows:

scaler = (((system_clk*10)/(baudrate*8))-5)/10

Figure 52: UART control register
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Figure 53: UART status register
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8.4 Common operations

8.4.1Instruction br eakpoints

To insertinstructionbreakpoints,thebreakpointinstruction(ta 1) shouldbeused.This will
leave the four IU hardwarebreakpointsfree to be usedasdatawatchpoints.Sincecache
snoopingis only doneon the datacache,the instructioncachemust be flushedafter the
insertionor removal of breakpoints.To minimizetheinfluenceon execution,it is enoughto
clear the corresponding instruction cache tag (which is accesible through the DSU).

TheDSU hardwarebreakpointsshouldonly beusedto freezethe tracebuffer, andnot for
software debugging since there is a 4-cycle delay from the breakpointhit before the
processor enters the debug mode.

8.4.2Single stepping

By writing theSSbit andresetingtheBN bit in theDSUcontrolregister, theprocessorwill
resume execution for one instruction and then automatically enter debug mode.

8.4.3Alter native debug sources

It is possibleto debug theprocessorthroughany availableAHB mastersincetheDSU is a
regularAHB slave. For instance,if a PCI interfaceis available,all debuggingfeatureswill
be available from any other PCI master.

8.4.4Booting from DSU

By assertingDSUEN andDSUBREat resettime, the processorwill directly enterdebug
mode without executing any instructions.The systemcan then be initialised from the
communicationlink, and applicationscan be downloadedand debugged.Additionally,
external (flash) proms for standalone booting can be re-programmed.

8.5 Design limitations

Theregistersof a co-processoror FPU in parallelconfiguration(separateregisterfile) can
not be read by the DSU.

8.6 DSU monitor

GaislerResearchprovidesa DSU monitorthatallows bothstandalonedebuggingaswell as
an interface to gdb. See www.gaisler.com for details.

Figure 54: DSU UART scaler reload register
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8.7 External DSU signals

TheDSU usesfive externalsignals:DSUACT, DSUBRE,DSUEN,DSURX andDSUTX.
They are used as follows:

DSUACT - DSU active (output)

This active high outputis assertedwhentheprocessoris in debug modeandcontrolledby
the DSU.

DSUBRE - DSU break enable

A low-to-hightransitionon this active high input will generatebreakconditionandput the
processor in debug mode.

DSUEN - DSU enable (input)

TheactivehighinputenablestheDSUunit. If de-asserted,theDSUtracebufferwill continue
to operate but the processor will not enter debug mode.

DSURX - DSU receiver (input)

This active high input provides the data to the DSU communication link receiver.

DSUTX - DSU transmitter (output)

This active high input provides the output from the DSU communication link transmitter.
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9 Signals

All inputsignalsarelatchedontherisingedgeof CLK. All outputsareclockedontherising
edge of CLK.

9.1 Memory bus signals

9.2 System interface signals

Name Type Function Active

A[30:0] Output Memory address High

BEXCN Input Bus exception Low

BRDYN Input Bus ready strobe Low

D[31:0] Bidir Memory data High

IOSN Output Local I/O select Low

OEN Output Output enable Low

RAMOEN[3:0] Output RAM output enable Low

RAMSN[3:0] Output RAM chip-select Low

READ Output Read strobe High

ROMSN[1:0] Output PROM chip-select Low

RWEN[3:0] Output RAM write enable Low

WRITEN Output Write strobe Low

Table 14: Memory bus signals

Name Type Function Active

CLK Input System clock High

ERRORN Open-drain System error Low

PIO[15:0] Bidir Parallel I/O port High

RESETN Input System reset Low

WDOGN Open-drain Watchdog output Low

DSUACT Output DSU active High

DSUBRE Input DSU break High

DSUEN Input DSU enable High

DSURX Input DSU communication link transmission input High

DSUTX Output DSU communication link transmission output High

Table 15: System interface signals
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9.3 Signal description

A[30:0] - Addr ess bus (output)

Theseactive high outputscarry the addressduring accesseson the memorybus.Whenno
access is performed, the address of the last access is driven (also internal cycles).

BEXCN - Bus exception (input)

Thisactivelow inputis sampledsimultaneouslywith thedataduringaccessesonthememory
bus. If asserted, a memory error will be generated.

BRDYN - Bus ready (input)

This active low input indicatesthat the accessto a memory mappedI/O areacan be
terminated on the next rising clock edge.

CLK - Pr ocessor clock (input)

This active high input provides the main processor clock.

D[31:0] - Data bus (bi-directional)

D[31:0] carriesthedataduringtransferson thememorybus.Theprocessoronly drivesthe
bus during write cycles. During accesses to 8-bit areas, only D[31:24] are used.

DSUACT - DSU active (output)

This active high outputis assertedwhentheprocessoris in debug modeandcontrolledby
the DSU.

DSUBRE - DSU break enable

A low-to-hightransitionon this active high input will generatebreakconditionandput the
processor in debug mode.

DSUEN - DSU enable (input)

TheactivehighinputenablestheDSUunit. If de-asserted,theDSUtracebufferwill continue
to operate but the processor will not enter debug mode.

DSURX - DSU receiver (input)

This active high input provides the data to the DSU communication link receiver



LEON-2 User’s Manual 56 Version 1.0.2, Issue 1

Gaisler Research

DSUTX - DSU transmitter (output)

This active high input provides the output from the DSU communication link transmitter.

ERROR - Processor error (open-drain output)

This active low outputis assertedwhentheprocessorhasenterederrorstateandis halted.
This happens when traps are disabled and an synchronous (un-maskable) trap occurs.

IOSN - I/O select (output)

This active low output is the chip-select signal for the memory mapped I/O area.

OEN - Output enable (output)

This active low output is asserted during read cycles on the memory bus.

PIO[15:0] - Parallel I/O port (bi-dir ectional)

These bi-directional signals can be used as inputs or outputs to control external devices.

RAMOEN[3:0] - RAM output enable (output)

These active low signals provide an individual output enable for each RAM bank.

RAMSN[3:0] - RAM chip-select (output)

These active low outputs provide the chip-select signals for each RAM bank.

READ - Read cycle

This active high output is asserted during read cycles on the memory bus.

RESETN - Processor reset (input)

When asserted, this active low input will reset the processor and all on-chip peripherals.

ROMSN[1:0] - PROM chip-select (output)

Theseactive low outputsprovide the chip-selectsignalfor the PROM area.ROMSN[0] is
assertedwhen the lower half of the PROM area is accessed(0 - 0x10000000),while
ROMSN[1] is asserted for the upper half.

RWEN [3:0] - RAM write enable (output)

Theseactive low outputsprovide individual write strobesfor eachbyte lane. RWEN[0]
controls D[31:24], RWEN[1] controls D[23:16], etc.
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WDOGN - Watchdog time-out (open-drain output)

This active low output is asserted when the watchdog times-out.

WRITEN - Write enable (output)

This active low output provides a write strobe during write cycles on the memory bus.
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10 VHDL model architecture

10.1Model hierarchy

The LEON VHDL model hierarchy can be seen in table 16 below.

Entity/Package File name Function

LEON leon.vhd LEON top level entity

LEON_PCI leon_pci.vhd LEON/PCI top level entity

LEON/MCORE mcore.vhd Main core

LEON/MCORE/CLKGEN clkgen.vhd Clock generator

LEON/MCORE/RSTGEN rstgen.vhd Reset generator

LEON/MCORE/AHBARB ahbarb.vhd AMBA/AHB controller

LEON/MCORE/APBMST apbmst.vhd AMBA/APB controller

LEON/MCORE/MCTRL mctrl.vhd Memory controller

LEON/MCORE/MCTRL/BPROM bprom.vhd Internal boot prom

LEON/MCORE/PROC proc.vhd Processor core

LEON/MCORE/PROC/CACHE cache.vhd Cache module

LEON/MCORE/PROC/CACHEMEM cachemem.vhd Cache ram

LEON/MCORE/PROC/CACHE/DCACHE dcache.vhd Data cache controller

LEON/MCORE/PROC/CACHE/ICACHE icache.vhd Instruction cache controller

LEON/MCORE/PROC/CACHE/ACACHE acache.vhd AHB/cache interface module

LEON/MCORE/PROC/IU iu.vhd Processor integer unit

LEON/MCORE/PROC/IU/MUL mul.vhd Multiplier state machined

LEON/MCORE/PROC/IU/DIV div.vhd radix-2 divider

LEON/MCORE/PROC/REGFILE regfil.vhd Integer unit register file

LEON/MCORE/PROC/FPU meiko.vhd Meiko FPU core (not included)

LEON/MCORE/PROC/FPU_LTH fpu_lth.vhd FPU core from Lund University

LEON/MCORE/PROC/FPU_CORE fpu_core.vhd FPU core wrapper

LEON/MCORE/PROC/FP1EU fp1eu.vhd parallel FPU interface

LEON/MCORE/IRQCTRL irqctrl.vhd Interrupt controller

LEON/MCORE/IOPORT ioport.vhd Parallel I/O port

LEON/MCORE/TIMERS timers.vhd Timers and watchdog

LEON/MCORE/UART uart.vhd UARTs

LEON/MCORE/LCONF lconf.vhd LEON configuration register

LEON/MCORE/AHBSTAT ahbstat.vhd AHB status register

LEON/MCORE/DSU dsu.vhd Debug support unit

LEON/MCORE/DSU_MEM dsu_mem.vhd DSU trace buffer memory

LEON/MCORE/DCOM dcom.vhd Debug comm. link controller

LEON/MCORE/DCOM/DCOM_UART dcom_uart.vhd UART for debug comm. link

Table 16: LEON model hierarchy
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Table 17 shows the packages used in the LEON model.

10.2Model coding style

The LEON VHDL model is designedto be used for both synthesisand board-level
simulation.It is thereforewritten using ratherhigh-level VHDL constructs,mostly using
sequential statements.Typically, each module only contains two processes,one
combinationalprocessdescribingall functionalityandoneprocessimplementingregisters.
Recordsareusedextensively to groupsignalsaccordingtheir functionality. In particular,
signals between modules are passed in records.

10.3Clocking scheme

Themodelimplementstwoclockingschemes:acontinuousclockandtheuseof multiplexers
to enableloadingof pipe-lineregisters,or a gatedclock which is stoppedduringpipe-line
stalls.While a continuousclock provideseasiertiming analysis,gatedclocksusuallycost
lessareaand power. The selectionof clock schemeis doneby settingthe configuration
element GATEDCLK to true or false.

10.4AMBA buses

10.4.1AMBA AHB

TheAHB buscanconnectup to 16mastersandany numberof slaves.TheLEON processor
coreis normally connectedasmaster0, while the memorycontrollerandAPB bridgeare
connected at slaves 0 and 1.

Package File name Function

TARGET target.vhd Pre-defined configurations for various targets

DEVICE device.vhd Current configuration

CONFIG config.vhd Generation of various constants for processor and caches

SPARCV8 sparcv8.vhd SPARCV8 opcode definitions

IFACE iface.vhd Type declarations for module interface signals

MACRO macro.vhd Various utility functions

AMBA amba.vhd Type definitions for the AMBA buses

AMBACOMP ambacomp.vhd AMBA component declarations

MULTLIB multlib.vhd Multiplier modules

FPULIB fpu.vhd FPU interface package

DEBUG debug.vhd Debug package with SPARC disassembler

TECH_GENERIC tech_generic.vhd Generic regfile and pad models

TECH_ATC25 tech_atc25.vhd Atmel ATC25 specific regfile, ram and pad generators

TECH_ATC35 tech_atc35.vhd Atmel ATC35 specific regfile, ram and pad generators

TECH_FS90 tech_fs90.vhd UMC/FS90AB specific regfile, ram and pad generators

TECH_UMC18 tech_umc18.vhd UMC 0.18 um specific regfile, ram and pad generators

TECH_MAP tech_map.vhd Maps mega-cells according to selected target

Table 17: LEON packages
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TheAHB controller(AHBARB) controlstheAHB busandimplementsbothbusdecoder/
multiplexerandthebusarbiter. Thearbitrationschemeis fixedpriority wherethebusmaster
with highestindex hashighestpriority. Theprocessoris by default put on thelowestindex.
To begrantedthebus,amastermustdrivetherequestsignal(HREQ).Re-arbitrationis done
after each transfer, but not during burst transfers(HTRANS = SEQ) or locked cycles
(HLOCK asserted during arbitration).

EachAHB masteris connectedto thebus throughtwo records,correspondingto theAHB
signals as defined in the AMBA 2.0 standard:

-- AHB master inputs (HCLK and HRESETn routed separately)
   type AHB_Mst_In_Type is
      record
         HGRANT:     Std_ULogic;                         -- bus grant
         HREADY:     Std_ULogic;                         -- transfer done
         HRESP:      Std_Logic_Vector(1       downto 0); -- response type
         HRDATA:     Std_Logic_Vector(HDMAX-1 downto 0); -- read data bu s

end record;

   -- AHB master outputs
   type AHB_Mst_Out_Type is
      record
         HBUSREQ:    Std_ULogic;                         -- bus request
         HLOCK:      Std_ULogic;                         -- lock request
         HTRANS:     Std_Logic_Vector(1       downto 0); -- transfer type
         HADDR:      Std_Logic_Vector(HAMAX-1 downto 0); -- address bus (byte)
         HWRITE:     Std_ULogic;                         -- read/write
         HSIZE:      Std_Logic_Vector(2       downto 0); -- transfer size
         HBURST:     Std_Logic_Vector(2       downto 0); -- burst type
         HPROT:      Std_Logic_Vector(3       downto 0); -- protection control
         HWDATA:     Std_Logic_Vector(HDMAX-1 downto 0); -- write data bus
      end record;

Each AHB slave is similarly connected through two records:

-- AHB slave inputs (HCLK and HRESETn routed separately)
   type AHB_Slv_In_Type is
      record
         HSEL:       Std_ULogic;                         -- slave select
         HADDR:      Std_Logic_Vector(HAMAX-1 downto 0); -- address bus (byte)
         HWRITE:     Std_ULogic;                         -- read/write
         HTRANS:     Std_Logic_Vector(1       downto 0); -- transfer type
         HSIZE:      Std_Logic_Vector(2       downto 0); -- transfer size
         HBURST:     Std_Logic_Vector(2       downto 0); -- burst type
         HWDATA:     Std_Logic_Vector(HDMAX-1 downto 0); -- write data bus
         HPROT:      Std_Logic_Vector(3       downto 0); -- protection control
         HREADY:     Std_ULogic;                         -- transfer done
         HMASTER:    Std_Logic_Vector(3       downto 0); -- current master
         HMASTLOCK:  Std_ULogic;                         -- locked access
      end record;

   -- AHB slave outputs
type AHB_Slv_Out_Type is
      record
         HREADY:     Std_Logic;                         -- transfer done
         HRESP:      Std_Logic_Vector(1       downto 0); -- response type
         HRDATA:     Std_Logic_Vector(HDMAX-1 downto 0); -- read data bus
         HSPLIT:     Std_Logic_Vector(15      downto 0); -- split completio n
      end record;
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10.4.2AHB cache aspects

Sinceno MMU is provided with LEON, the configurationrecordcontainsa tablewhich
indicateswhich adresseswill be cachedby the processor. By default, only the PROM and
RAM area of the memory controller are marked as cacheable.

10.4.3AHB pr otection signals

TheprocessordrivestheAHB protectionsignals(HPROT) asfollows: theopcode/databit is
drivenaccordingto if aninstructionfetchor a dataload/storeis performed,thepriviledged
bit is drivenwhentheprocessoris in supervisormode,thebufferableandcacheablebitsare
driven if a cacheable address is accessed.

10.4.4APB bus

TheAPB bridgeis connectedto theAHB busasaslaveandactsasthe(only) masteron the
APB bus. The slaves are connected through a pair of records containing the APB signals:

t ype APB_Slv_In_Type is
      record
         PSEL:       Std_ULogic;
         PENABLE:    Std_ULogic;
         PADDR:      Std_Logic_Vector(PAMAX-1 downto 0);
         PWRITE:     Std_ULogic;
         PWDATA:     Std_Logic_Vector(PDMAX-1 downto 0);
      end record;

t ype APB_Slv_Out_Type is
      record
         PRDATA:     Std_Logic_Vector(PDMAX-1 downto 0);
      end record;

Thenumberof APB slavesandtheiraddressrangeis definedthroughtheAPB slavetablein
the TARGET package.

10.5Floating-point unit and co-processor

10.5.1Generic CP interface

LEON canbe configuredto provide a genericinterfaceto a special-purposeco-processor.
Theinterfaceallowsanexecutionunit to operatein parallelto increaseperformance.Oneco-
processorinstructioncanbe startedeachcycle aslong asthereareno datadependencies.
Whenfinished,theresultis writtenbackto theco-processorregisterfile. Theexecutionunit
is connected to the interface using the following two records:

type cp_unit_in_type is record -- coprocessor execution unit input
  op1      : std_logic_vector (63 downto 0); -- operand 1
  op2      : std_logic_vector (63 downto 0); -- operand 2
  opcode   : std_logic_vector (9 downto 0);  -- opcode
  start    : std_logic;              -- start
  load     : std_logic;              -- load operands
  flush    : std_logic;              -- cancel operation
end record;

type cp_unit_out_type is record -- coprocessor execution unit output
  res      : std_logic_vector (63 downto 0); -- result
  cc       : std_logic_vector (1 downto 0);  -- condition codes
  exc      : std_logic_vector (5 downto 0);  -- exception
  busy     : std_logic;              -- eu busy
end record;
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The waveform diagram for the execution unit interface can be seen in figure 55

Theexecutionunit is startedby assertingthestartsignaltogetherwith a valid opcode.The
operandsaredrivenon the following cycle togetherwith the loadsignal.If the instruction
will takemorethanonecycle to complete,theexecutionunit mustdrivebusyfrom thecycle
after the start signal was asserted,until the cycle before the result is valid. The result,
conditioncodesandexceptioninformationarevalid from thecycle afterthede-assertionof
busy, anduntil thenext assertionof start.Theopcode(cpi.opcode[9:0])is theconcatenation
of bits [19,13:5]of theinstruction.If executionof aco-processorinstructionneedto bepre-
maturelyaborted(dueto an IU trap), cpi.flushwill be assertedfor two clock cycles.The
execution unit should then be reset to its idle condition.

10.5.2FPU interface

TheLEON modeltwo interfaceoptionsfor afloating-pointunit: eitheraparallelinterfaceor
an integratedinterfacewhereFP instructiondo not executein parallelwith IU instruction.
Both interfacemethodsexpectanFPUcoreto have thesameinterfaceasdescribedinfigure
55 above, and which also is the interface used by the Meiko FPU core.

ThedirectFPUinterfacedoesnot implementafloating-pointqueue,theprocessoris stopped
during the executionof floating-point instructions.This meansthat QNE bit in the %fsr
registeralwaysis zero,andany attemptsof executingtheSTDFQinstructionwill generatea
FPUexceptiontrap.TheparallelinterfaceletsFPUinstructionsexecutein parallelwith IU
instructionsandonly haltstheprocessorin caseof data-or resourcedependencies.Referto
the SPARC V8 manual for a more in-depth discussionof the FPU and co-processor
characteristics.

As of leon2-1.0.1,a partial implementationof anIEEE-754compatibleFPUis includedin
the model (fpu_lth.vhd).This FPU is contributedby Martin Kasprzyk,a studentat Lund
TechnicalUniversity, anddoescurrentlyimplementsingle-anddouble-precisionaddition,
subtractionand compare.All rounding modes are implementedas well as a Meiko
compatibleinterface.To makethisFPUusefulfor LEON, multiplication,divideandsquare-
root musthowever alsobe implemented.A documentdescribingthis FPU is provided in
doc .

Figure 55: Co-processor execution unit waveform diagram
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11 Model Configuration

The model is configurableto allow different cachesizes,multiplier performance,clock
generation,andtargettechnologies.Severalconfigurationsaredefinedasconstantrecordsin
the TARGET packagewhile the active configurationrecord is selectedin the DEVICE
package.The model is configuredfrom a masterconfigurationrecordwhich containsa
number of sub-records which each configure a specific module/function:

-- complete configuration record type
type config_type is record
  synthesis : syn_config_type;
  iu : iu_config_type;
  fpu : fpu_config_type;
  cp : cp_config_type;
  cache : cache_config_type;
  ahb : ahb_config_type;
  apb : apb_config_type;
  mctrl : mctrl_config_type;
  boot : boot_config_type;
  debug : debug_config_type;
  pci : pci_config_type;
  peri : peri_config_type;
end record;

11.1Synthesis configuration

Thesynthesisconfigurationsub-recordis usedto adaptthemodelto varioussynthesistools
and target libraries:

type targettechs is (gen, virtex, atc35, atc25);
-- synthesis configuration
type syn_config_type is record
  targettech : targettechs;
  infer_ram : boolean; -- infer cache ram automatically
  infer_regf : boolean; -- infer regfile automatically
  infer_rom : boolean; -- infer boot prom automatically
  infer_pads : boolean; -- infer pads automatically
  infer_mult : boolean; -- infer multiplier automatically
  gatedclk : boolean; -- select clocking strategy
  rftype : integer; -- register file implementation option
end record;

Dependingon synthesistool and target technology, the technologydependantmega-cells
(ram, rom, pads)caneitherbe automaticallyinferredor directly instantiated.Using direct
instantiation,three types of target technologiesare currently supported:Xilinx Virtex
(FPGA),Atmel ATC35(0.35um CMOS)andAtmel ATC25(0.25um CMOS).In addition,
any technologythatis supportedby synthesistoolscapableof automaticinferenceof mega-
cells(Synplify andLeonardo)is alsosupported.Whenusingtoolswith inferencecapability
targetingXilinx Virtex, achoicecanbemadeto eitherinfer themega-cellsautomaticallyor
to use direct instantiation.The choice is done by setting the parametersinfer_ram ,
infer_r egf andinfer_r om accordingly.

The rftype option hasimpacton target technologieswhich arecapableof providing more
thanonetype of registerfile. Currently, this is only usedwhen infer_r egf is true andthe
synthesistool inferstheregisterfile. Infer_mult selectshow themultiplier is generated,for
details see section11.2 below.
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11.2Integer unit configuration

The integer unit configurationrecordis usedto control the implementationof the integer
unit:

-- integer unit configuration
type multypes is (none, iterative, m32x8, m16x16, m32x16, m32x32);
type divtypes is (none, radix2);
type iu_config_type is record
  nwindows : integer; -- # register windows (2 - 32)
  multiplier : multypes; -- multiplier type
  divider : divtypes; -- divider type
  mac : boolean; -- multiply/accumulate
  fpuen : integer range 0 to 1; -- FPU enable
  cpen : boolean; -- co-processor enable
  fastjump : boolean; -- enable fast jump address generation
  icchold : boolean; -- enable fast branch logic
  lddelay : integer range 1 to 2; -- # load delay cycles (1-2)
  fastdecode : boolean; -- optimise instruction decoding (FPGA only)
  watchpoints : integer range 0 to 4; -- # hardware watchpoints (0-4)
  impl : integer range 0 to 15; -- IU implementation ID
  version : integer range 0 to 15; -- IU version ID
end record;

nwindows setthenumberof registerwindows; theSPARC standardallows 2 - 32 windows,
but to becompatiblewith thewindow overflow/underflow handlersin theLECCScompiler,
8 windows should be used.

The multiplier option selectshow the multiply instructionsare implementedThe table
below show the possible configurations:

If infer_mult in thesynthesisconfigurationrecord(seeabove) is false,themultipliersare
implementedusingthemodulegeneratorsin multlib.vhd.If infer_mult is true,thesynthesis
tool will infer a multiplier. For FPGAimplementations,bestperformanceis achievedwhen
infer_mult is true and m16x16is selected.ASIC implementations(using synopsysDC)
shouldsetinfer_mult to falsesincetheprovidedmultiplier macrosin MULTLIB arefaster
than the synopsysgeneratedequivalents. The mac option enablesthe SMAC/UMAC
instructions. Requires themultiplier  to use the m16x16 configuration.

Thedivider field selecthow theUDIV/SDIV instructionsareimplemented.Currently, only
a radix-2 divider is available.

If anFPUwill beattached,fpuen shouldbesetto 1. If aco-processorwill beattached,cpen

should be set to true.

Configuration
latency
(clocks)

approx. area
(Kgates)

iterative 35 1000

m16x16 4 6,000

m32x8 4 5,000

m32x16 2 9,000

mx32x32 1 15,000

Table 18: Multiplier configurations
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To speedupbranchaddressgeneration,fastjump canbesetto implementaseparatebranch
addressadder. The pipelinecanbe configuredto have eitheroneor two load delaycycles
usingthe lddelay option.Onecyclegiveshigherperformance(lowerCPI)but mayresultin
slower timing in ASIC implementations.In FPGA implementations,settingicchold will
improvetiming by addingapipelineholdcycle if abranchinstructionis precededby anicc-
modifying instruction.Similarly, fastdecode will improve timing by addingparallellogic
for register file address generation.

Settingwatchpoint to a valuebetween1 - 4 will enablecorespondingnumberof watch-
points.Seetingit to 0, will disableall watch-pointlogic. Theimpl andversion fieldsare
used to set the fixed fields in the %psr register.

11.3FPU configuration

The FPU configuration record is used to select FPU interface and core type:

type fpucoretype  is (meiko, lth); -- FPU core type
type fpuiftype is (none, serial, parallel);         -- FPU interface type
type fpu_config_type is record
  core : fpucoretype; -- FPU core type
  interface : fpuiftype; -- FPU inteface type
  fregs : integer; -- 32 for serial interface, 0 for parallel
  version : integer range 0 to 7; -- FPU version ID
end record;

Thecore elementcaneitherbemeiko or lth , selectingwhich of thetwo coreswill beused.
The interface elementdefineswhetherto usea serial, parallel or none(noFPU)interface.
Theversion element defines the (constant) FPU version ID in the %fsr register.

11.4Cache configuration

The cache is configured through the cache configuration record:

type dsnoop_type is (none, slow, fast); -- snoop implementation type
constant PROC_CACHE_MAX: integer := 4;   -- maximum cacheability ranges
constant PROC_CACHE_ADDR_MSB : integer := 3;
subtype proc_cache_addr_type is std_logic_vector(PROC_CACHE_ADDR_MSB-1 downto 0);

type proc_cache_config_type is record
  firstaddr : proc_cache_addr_type;
  lastaddr : proc_cache_addr_type;
end record;

type proc_cache_config_vector is array (Natural Range <> ) of
proc_cache_config_type;

constant proc_cache_config_void : proc_cache_config_type :=
  ((others => ’0’), (others => ’0’));

type cache_config_type is record
  icachesize : integer; -- size of I-cache in Kbytes
  ilinesize : integer; -- # words per I-cache line
  dcachesize : integer; -- size of D-cache in Kbytes
  dlinesize : integer; -- # words per D-cache line
  dsnoop : dsnoop_type; -- data-cache snooping
  cachetable : proc_cache_config_vector(0 to PROC_CACHE_MAX-1);
end record;

Valid settingsfor thecachesizeare1 - 64 (Kbyte),andmustbea power of 2. Theline size
maybe2 - 4 (words/line).Theinstructionanddatacachesmaybeconfiguredindependently.
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The default cacheability table marks only prom and ram areas as cacheable:

-- standard cacheability config
constant cachetbl_std : proc_cache_config_vector(0 to PROC_CACHE_MAX-1) := (
-- first    last        function   address[31:29]
  ("000", "000"),   -- PROM area    0x0- 0x0
  ("010", "011"),   -- RAM area     0x2- 0x3
   others => proc_cache_config_void);

11.5Memory controller configuration

The memory controller is configured through the memory controller configuration record:

type mctrl_config_type is record
  bus8en : boolean; -- enable 8-bit bus operation
  bus16en : boolean; -- enable 16-bit bus operation
  rawaddr : boolean; -- enable unlatched address option
end record;

The 8- and 16-bit memory interface featuresare optional; if set to false the associated
functionwill bedisabled,resultingin a smallerdesign.Therawaddrfieldsenablestheraw
(unlatched)addressoutputoptionin thememorycontroller. If enabled,timing analysisof the
addressbus might be difficult since the bus outputs can be driven both by registers
(synchronous) and combinational logic (asynchronous).

11.6Debug configuration

Various debug features are controlled through the debug configuration record:

type debug_config_type is record
  enable : boolean; -- enable debug port
  uart : boolean; -- enable fast uart data to console
  iureg : boolean; -- enable tracing of iu register writes
  fpureg : boolean; -- enable tracing of fpu register writes
  nohalt : boolean; -- dont halt on error
  pclow : integer; -- set to 2 for synthesis, 0 for debug
  dsuenable : boolean; -- enable DSU
  tracesize : integer; -- # trace buffer size in kbyte
end record;

The enable field has to be true to enablethe built-in disassembler(it doesnot affect
synthesis)andto allow DSU operations.Settinguart to truewill tie theUART transmitter
readybit permanentlyhigh for simulation(doesnot affect synthesis)andoutputany sent
charactersonthesimulatorconsole(line buffered).TheUART output(TX) will notsimulate
properlyin this mode.Settingiureg will traceall IU registerwritesto theconsole.Setting
fpureg will trace all FPU register writes to the console.

Settingnohalt will causethe processorto take a resettrap andcontinueexecutionwhen
error mode(trap in a trap) is encountered.Do NOT set this bit for synthesissinceit will
violate the SPARC standard and will make it impossible to halt the processor.

SinceSPARC instructionsarealwaysword-aligned,all internalprogramcounterregisters
only have 30 bits (A[31:2]), makingthemdifficult to tracein waveforms.If pclow is setto
0, the programcounterswill be made32-bit to aid debugging. Only use pclow=2 for
synthesis.
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Thedsuenablefield enablesthedebug supportunit. Dsutraceenablesthetracebuffer. The
tracelinesfield indicateshow many linesthetracebuffer shouldcontain.Notethatfor each
line in thetracebuffer, 16byteswill beusedby thetracebuffer memory. Thedsumixedfield
enablesthemixedtracingmode(simultaneousinstructionandAHB tracing).Thedsudpram
enablesthe DSU tracebuffer to be implementedwith dual-portrams,otherwiseordinary
single-portramsareused.Ramblockswith 32-bit width will be usedfor the tracebuffer
memory;the tablebelow shows the type andnumberof blocksusedasa function of the
configuration options.

11.7Peripheral configuration

Enabling of someperipheralfunction is controlled through the peripheralconfiguration
record:

type irq_filter_type is (lvl0, lvl1, edge0, edge1);
type irq_filter_vec is array (0 to 31) of irq_filter_type;

type irq2type is record
  enable : boolean; -- secondary interrupt controller
  channels : integer; -- number of additional interrupts (1 - 32)
  filter : irq_filter_vec; -- irq filter definitions
end record;

type peri_config_type is record
  cfgreg : boolean; -- enable LEON configuration register
  ahbstat : boolean; -- enable AHB status register
  wprot : boolean; -- enable RAM write-protection unit
  wdog : boolean; -- enable watchdog
  irq2cfg : irq2type; -- secondary interrupt controller config
end record;

If not enabled, the corresponding function will be suppressed resulting in a smaller design.

The secondaryinterrupt controller is enabledby selectinga configurationrecord with
irq2cfg.enable = true. An example record defining four extra interrupts could look like this:

constant irq2chan4 : irq2type := ( enable => true, channels => 4,
  filter => (lvl0, lvl1, edge0, edge1, others => lvl0));

Lvl0 meanthat the interrupt will be treatedas active low, lvl1 as active high, edge0as
negative edge-triggeredand edge1as positive edge-triggered.Since the registersin the
secondaryinterruptcontrollerareaccessedthroughtheAPB bus,anAPB configurationwith
the interrupt controller present must be selected.

dsumixed dsudpram single-port dual-port

false false 4 0

false true 0 2

true false 8 0

true false 0 4

Table 19: DSU trace buffer ram usage
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11.8Boot configuration

Apart from thatstandardbootprocedureof bootingfrom address0 in theexternalmemory,
LEON canbeconfiguredto bootfrom aninternalpromor from thedebugsupportunit. The
bootoptionsaredefinedonthebootconfigurationrecordasdefinedin theTARGETpackage:

type boottype is (memory, prom, dual);
type boot_config_type is record
  boot : boottype; -- select boot source
  ramrws : integer range 0 to 3; -- ram read waitstates
  ramwws : integer range 0 to 3; -- ram write waitstates
  sysclk : integer; -- cpu clock
  baud : positive; -- UART baud rate
  extbaud : boolean; -- use external baud rate setting
  pabits : positive; -- internal boot-prom address bits
end record;

11.8.1Booting from internal prom

If the boot option is set to ‘prom’, an internalprom will be inferred.Whenbootingfrom
internalprom,theUART baudgenerator, timer 1 scaler, andmemoryconfigurationregister
2 arepresetto thevaluescalculatedfrom thebootconfigurationrecord.TheUART scaleris
presetto generatethedesiredbaudrate,takingthesystemclockfrequency into account.The
timer 1 scaleris presetto generatea 1 MHz tick to the timers.The ram readand write
waitstatearesetdirectly from to thebootconfigurationrecord.If theextbaudvariableis set
in thebootconfigurationrecord,theUART scalerswill insteadbeinitialisedwith thevalue
on I/O port [7:0] (the top 4 bits of the scalerswill be cleared).Using external strapsor
assigningtheport aspull-up/pull-down, thedesiredbaudratecanbesetregardlessof clock
frequency andwithout having to regeneratethe prom or re-synthesise.If a differentboot
programis desired,usetheutility in thepmondirectoryto generatea new promfile. When
thedual boottypeis configured,thebootsourceis definedby PIO[4]. If PIO[4] is asserted
(=1), the internal prom will be enabled, otherwise the external prom will be used.

Whichcontentisplacedin theboot-promisdecidedby theinfer_promandthepabitssettings
in theconfigurationrecord.If infer_promis true,thecontentsis generatedfrom bprom.vhd,
which by default containsPMON (seebelow). If infer_promis false,only Xilinx Virtex
devicescanbe targettedandthe prom is directly instantiated.Dependingon the valueof
pabits,eitherapromwith 1, 2, 4 or 8 kbyteis instantiated.Thexilinx sub-directorycontains
two templates, virtex_prom256 (1 kbyte) and virtex_prom2048 (8 kbyte). The
virtex_prom256 contains PMON, while virtex_prom2048contains a prom version of
rdbmon from LECCS-1.1.1. The pre-defined configuration virtex_2k1k_rdbmon in
device.vhd will instantiate the virtex_prom2048 prom.

11.8.2PMON S-record loader

Pmonis asimplemonitorthatcanbeplacedin anon-chipbootprom,externalpromor cache
memories(usingtheboot-cacheconfiguration).Two versionsareprovided,oneto beused
for on-chip prom or caches (bprom.c) and one for external proms (eprom.c).

On reset,the monitor scansall ram-banksand configuresthe memorycontrol register 2
accordingly. Themonitorcandetectif 8-, 16-or 32-bitmemoryis attached,if read-modify-
writesub-wordwritecyclesareneededandthesizeof eachrambank.It will alsosetthestack
pointer to the top of ram. The monitor writes a boot messageon UART1 transmitter
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describingthedetectedmemoryconfigurationandthenwaitsfor S-recordsto bedownloaded
onUART1 receiver. It recognisestwo typesof S-records:memorycontentsandstartaddress.
A memorycontentS-recordis savedto thespecifiedaddressin memory, while astartaddress
recordwill causethemonitor to jump to theindicatedaddress.Applicationscompiledwith
LECCS can be converted to a suitable S-record stream with:

sparc-rtems-objcopy -O srec app app.srec

Seethe README files in the pmondirectoryfor moredetails.After successfulboot, the
monitor will write a message similar to:

LEON-1: 2*2048K 32-bit memory
>

11.8.3Rdbmon

A promableversionof rdbmonis providedin pmon/lmon.o.It canbeput in theboot-promif
infer_promis falseand pabits= 11. Note that rdbmonneedsto be re-compiledfor each
specifictargethardware,it doesnot automaticallydetectthememoryconfiguration.To do
this,changethemakefile in thepmondirectorysothatthemkpromsettingswill reflectyour
hardware.Then,doa ‘make’ whichwill produceavirtex_prom2048.miffile. UsetheXilinx
Coregen to producea synchronousram from the .mif file, and put the resultingedif file
(virtex_prom2048.edn)in thesyndirectorysothat theXilinx place&routetoolswill find it
during designexpansion.The file virtex_prom2048.xcocontainsa suitableprojectfile for
coregen.LECCS-1.1.1or higher is neededto build rdbmonfor the boot-prom.Rdbmon
consumes8 kbyte(16Virtex blockrams),soat leastanXCV800device is neededto fit both
the boot prom and ram for the caches and register file.

11.8.4Booting from the debug support unit

Bootingfrom thedebugsupportunit canbedoneregardlessof whichbootconfigurationhas
beenmade,by assertingboth DSUEN andDSUBREat resettime. See“Hardwaredebug
support” on page44 for details.

11.9AMBA configuration

The AMBA busesare the main way of addingnew functional units. The LEON model
providesaflexible configurationmethodto addandmapnew AHB/APB compliantmodules.
Thefull AMBA configurationis definedthroughtwo configurationsub-records,onefor the
AHB bus and one for APB:

type ahb_config_type is record
  masters : integer range 1 to AHB_MST_MAX;
  defmst : integer range 0 to AHB_MST_MAX-1;
  split : boolean; -- add support for SPLIT reponse
  slvtable : ahb_slv_config_vector(0 to AHB_SLV_MAX-1);
  cachetable : ahb_cache_config_vector(0 to AHB_CACHE_MAX-1);
end record;

type apb_config_type is record
  table : apb_slv_config_vector(0 to APB_SLV_MAX-1);
end record;
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11.9.1AHB master configuration

Thenumberof attachedmastersis definedby the masters field in theAHB configuration
record.Themastersareconnectedto theahbmi/ahbmo busesin theMCOREmodule.AHB
mastershouldbeconnectedto index 0 - (masters -1) of theahbmi/ahbmo buses.Thedefmst
field indicates which master is granted by default if no other master is requesting the bus.

11.9.2AHB slave configuration

Thenumberof AHB slavesandtheir addressrangeis definedthroughtheAHB slave table.
Thedefault tablehasfour pre-definedslaves:thememorycontroller, APB bridge,DSU and
PCI:

-- standard slave config
constant ahbslvcfg_dsu : ahb_slv_config_vector(0 to AHB_SLV_MAX-1) := (
-- first    last  index  split  enable  function            HADDR[31:28]
  ("0000", "0111",  0,   false, true), -- memory controller,   0x0- 0x7
  ("1000", "1000",  1,   false, true), -- APB bridge, 128 MB   0x8- 0x8
  ("1001", "1001",  2,   false, true), -- DSU         128 MB   0x9- 0x9
  ("1100", "1111",  3,   false, false),-- PCI initiator        0xC- 0xF
   others => ahb_slv_config_void);

Thetablealsoindicatesif theslave is capableof returninga SPLIT response;if so,thesplit
elementshouldbesetto true,therebygeneratingthenecessarysplit supportlogic in theAHB
arbiter. To add or remove an AHB slave, edit the configurationtable and the AHB bus
decoder/multiplexer and will automaticallybe reconfigured.The AHB slaves should be
connectedto theahbsi/ahbso buses.The index field in thetableindicateswhichbusindex
the slave should connect to.

11.9.3APB configuration

Thenumberof APB slavesandtheiraddressrangeis definedthroughtheAPB slavetablein
the TARGET package. The default table has 14 slaves.

constant APB_SLV_MAX    : integer := 16;  -- maximum APB slaves
constant APB_SLV_ADDR_BITS : integer := 10;  -- address bits to decode APB slaves
subtype apb_range_addr_type is std_logic_vector(APB_SLV_ADDR_BITS-1 downto 0);
type apb_slv_config_type is record
  firstaddr : apb_range_addr_type;
  lastaddr : apb_range_addr_type;
  index : integer;
  enable : boolean;
end record;
type apb_slv_config_vector is array (Natural Range <> ) of apb_slv_config_type;
constant apb_slv_config_void : apb_slv_config_type :=
  ((others => ’0’), (others => ’0’), 0, false);

-- standard config
constant apbslvcfg_std : apb_slv_config_vector(0 to APB_SLV_MAX-1) := (
--   first         last      index  enable     function           PADDR[9:0]
( "0000000000", "0000001000",  0,   true), -- memory controller, 0x00 - 0x08
( "0000001100", "0000010000",  1,   true), -- AHB status reg.,   0x0C - 0x10
( "0000010100", "0000011000",  2,   true), -- cache controller,  0x14 - 0x18
( "0000011100", "0000100000",  3,   true), -- write protection,  0x1C - 0x20
( "0000100100", "0000100100",  4,   true), -- config register,   0x24 - 0x24
( "0001000000", "0001101100",  5,   true), -- timers,            0x40 - 0x6C
( "0001110000", "0001111100",  6,   true), -- uart1,             0x70 - 0x7C
( "0010000000", "0010001100",  7,   true), -- uart2,             0x80 - 0x8C
( "0010010000", "0010011100",  8,   true), -- interrupt ctrl     0x90 - 0x9C
( "0010100000", "0010101100",  9,   true), -- I/O port           0xA0 - 0xAC
( "0010110000", "0010111100", 10,   false),-- 2nd interrupt ctrl 0xB0 - 0xBC
( "0011000000", "0011001100", 11,   false),-- DSU uart           0xC0 - 0xCC
( "0100000000", "0111111100", 12,   false),-- PCI configuration  0x100- 0x1FC
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( "1000000000", "1011111100", 13,   false),-- PCI arbiter        0x200- 0x2FC
  others => apb_slv_config_void);

type apb_config_type is record
  table : apb_slv_config_vector(0 to APB_SLV_MAX-1);
end record;

constant apb_std : apb_config_type := (table => apbslvcfg_std);

Thetableis usedto automaticallyconfiguretheAHB/APB bridge.To addAPB slaves,edit
theslave configurationtableandaddyour modulesin MCORE.TheAPB slavesshouldbe
connectedto theapbi/apbo buses.Theindex field in thetableindicateswhichbusindex the
slave should connect to.
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12 Simulation

12.1Un-packing the tar-file

The model is distributedasa gzippedtar-file; leon-2.x.x.tar.gz. On unix systems,usethe
command‘gunzip -c leon-2.x.x.tar.gz| tarxf -’ to unpackthemodelin thecurrentdirectory.
The LEON model has the following directory structure:

leon top directory
leon/Makefile top-level makefile
leon/leon/ LEON vhdl model
leon/modelsim/ Modelsim simulator support files
leon/pmon Boot-monitor
leon/syn Synthesis support files
leon/tbench LEON VHDL test bench
leon/tsource LEON test bench (C source)

12.2Compilation of the model

Onunix systems(or MS-windowswith cygwin installed),theLEON VHDL modelandtest
benchcanbebuilt using‘make’ in thetopdirectory. Doingmakewithouta target(or ‘make
all’) will build themodelandtestbenchesusingthemodeltechcompiler. Doinga‘makevss’
will build the model with Synopsys VSS.

To usean othersimulator, the makefilesin the leon andtbenchsub-directorieshave to be
modified to reflect the simulator commands.On non-unix systems(e.g. windows), the
compile.batfile in theleonandtbenchdirectoriescanbeusedto compilethemodelin correct
order.

12.3Generic test bench

A generictestbenchis provided in tbench/tbgen.vhd.This testbenchallows to generatea
model of a LEON systemwith various memory sizesand configuration,by setting the
appropriategenerics.A default configurationof the test bench,TBDEF, is in tbench/
tbdef.vhd.The file tbench/tbleon.vhdcontainsa numberof alternative configurationusing
the generic test bench.

Oncethe LEON modelhave beencompiled,oneof the testbenches(e.g.TBDEF) canbe
simulatedto verify the behaviour of the model.Simulation should be started in the top
dir ectory. The output from the simulation should be as follows:

# # *** Starting LEON system test ***
# # Memory interface test
# # Cache memory
# # Register file
# # Interrupt controller
# # Timers, watchdog and power-down
# # Parallel I/O port
# # UARTs
# # Test completed OK, halting with failure
# ** Failure: TEST COMPLETED OK, ending with FAILURE

Simulation is halted by generating a failure.
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12.4Disassembler

A SPARC disassembleris provided in theDEBUG package.It is usedby thetestbenchto
disassemblethe executedinstructionsand print them to stdout (if enabled).Test bench
configurations with names ending in a ‘_d’ have disassembly enabled.

12.5Test suite

Thesuppliedtestsuitewhich is runby thetestbenchandonly testson-chipperipheralsand
interfaces,complianceto theSPARC standardhasbeentestedwith proprietarytestvectors,
notsuppliedwith themodel.To re-compilethetestprogram,theLEON/ERC32GNU Cross-
CompilerSystem(LECCS)provided by GaislerResearch(www.gaisler.com) needsto be
installed.The testprogramsare in the tsourcedirectoryandarebuilt by executing‘make
tests’in thetopdirectoryor in thetsourcedirectory. Themakefilewill build theprogramand
generatepromandramimagesfor thetestbench.Pre-compiledimagesaresuppliedsothat
the test suite can be run without installing the compiler.

The testprogramsprobestheLEON configurationregisterto determinewhich optionsare
enabledin theparticularLEON configuration,andonly teststhose.E.g.,if noFPUis present,
the test program will not attempt to perform FPU testing.

12.6Simulator specific support

The file modelsim/wave.do is a macrofile for modelsimto display someuseful internal
LEON signals.A modelsiminit file (modelsim.ini)is presentin thetop directoryandin the
leonandtbenchdirectoryto provide appropriatelibrary mapping.Thecompletemodelcan
be compiled from within modelsim by executing the modelsim/compile.do file:

vsim> do modelsim/compile.do

A .synopsys_vss.setupfile is presentin thetopdirectoryandin theleonandtbenchdirectory
to provide appropriate library mapping for Synopsys VSS.

12.7Post-synthesis simulation

Thesuppliedtest-benchescanbeusedto simulatethesynthesisednetlist.Usethefollowing
procedure:

• Compilethecompletemodel(i.e.doa ‘make’ at thetop level). It is essentialthatyouuse
thesameconfigurationasduringsynthesis!This stepis necessarybecausethetestbench
uses the target, config and device packages.

• In thetopdirectory, compilethesimulationlibrariesfor youASIC/FPGAtechnology, and
then your VHDL netlist.

• Cd to tbench,anddo ‘make cleanall’. This will rebuild the testbench,‘linking’ it with
your netlist.

• Cd back to the top directory and simulate you test bench as usual.
• If you get problem with ‘X’ during simulation, enablethe cache-raminitialisation

routines in tsource/leon_test.c and rebuild the test programs (make all).
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13 Synthesis

13.1General

The model is written with synthesisin mind and has been testedwith SynopsysDC,
SynopsysFPGA-Compiler(FPGA-Express),ExemplarLeonardoandSynplicity Synplify
synthesistools.Technologyspecificcells areusedto implementthe IU/FPU registerfiles,
cacheramsandpads.Thesecellscanbeautomaticallyinferred(SynplifyandLeonardoonly)
or directly instantiated from the target library (Synopsys).

Non-synthesisable code is enclosed in a set of embedded pragmas as shown below:

-- pragma translate_off

... non-synthesisable code...

-- pragma translate_on

This works with most synthesis tools, although in Synopsys requires the
hdlin_translate_off_skip_text variable be set to“true”.

13.2Synthesis procedure

Synthesisshould be done from the ‘syn’ directory. It includes scripts/project-filesfor
Synplify, Synopsys-DC,Synopsys-FC2andLeonardo.The sourcefiles are readfrom the
leondirectory, soit is essentialthattheconfigurationin theTARGETandDEVICE packages
is correct.To simplify the synthesisprocedure,a numberof pre-definedconfigurationare
provided in theTARGET package.Theselectionof theactive configurationis donein the
DEVICE package.Thefollowing tableshows thecharacteristicsof someof thepre-defined
configurations:

Note:

• 8/16-bit memory support is optional, make sure that you enable the option(s) if needed.
• Makesurethattheselectedconfigurationin theDEVICE packagecorrectlyreflectsyour

synthesis tools and target technology!

Configuration cache regfile mul/div rom pads target syntool

fpga_2k2k inferred inferred none none inferred any synp, leo

fpga_2k2k_softprom inferred inferred none inferred inferred any synp, leo

fpga_2k2k_v8_softprom inferred inferred inferred inferred inferred any synp, leo

virtex_2k2k_blockprom inferred instance none instance inferred virtex any

virtex_2k2k_v8_blockprom inferred instance inferred instance inferred virtex any

gen_atc25 instance instance instance none instance ATC25 any

gen_atc35 instance instance instance none instance ATC35 any

gen_fs90 instance instance instance none instance FS90AB any

Table 20: Some pre-defined synthesis configurations



LEON-2 User’s Manual 75 Version 1.0.2, Issue 1

Gaisler Research

13.2.1Synplify

To synthesiseLEON usingSynplify, startsynplify in thesyndirectoryandopenleon.prj.A
synthesisrun takesabout5 minuteson a 1 GHz Pentium-IIIPC(128MB ramnecessary).
The table below shows some obtained synthesis results (post-layout timing):

TheFSMcomplierhasunfortunatelysomebugsandmust beswitchedoff or somemodules
(including the divider) will not be correctlysynthesised.With synplify_pro,re-timing and
pipeliningmust also be disabled to guarantee correct result.

13.2.2Synopsys-DC

To synthesiseLEON usingSynopsysDC,startsynopsysin thesyndirectoryandexecutethe
script ‘leon.dcsh’.Beforeexecutingthescript,edit thebeginningof thescript to insurethat
thelibrary searchpathsreflectsyoursynopsysinstallationandthatthetiming constraintsare
appropriate:

/*******************************************/
/* Script to compile leon with synopsys DC */
/* Jiri Gaisler, Gaisler Research, 2001    */
/*******************************************/

/* List paths to your sources, target, and link libraries below. */

include atc35setup.dcsh

/* constraints - tailor to your own technology. */

frequency = 62.5
clock_skew = 0.25
input_setup = 2.0
output_delay = 5.0

/* don’t touch anything from here unless you know what you are doing */

The top-level constraintsare used to generatethe appropriatesynopsysconstraints
commands.

13.2.3Synopsys-FC2 and Synopsys-FE

To synthesiseLEON usingSynopsys-FC2/FE,startfc2_shell(fe2_shell)in thesyndirectory
andexecutethescript ‘leon.fc2’. Thescriptwill analyseall sourcefiles andcreatea ‘leon’
project.Compilationandoptimisationis left to theuser. Note:FC2/FE-3.4do NOT support
automaticinferenceof ramcells,ramshaveto bedirectly instantiatedfrom thetargetlibrary.
Currently, only the Xilinx VIRTEX technologyis supportedthroughthe TECH_VIRTEX
package.

Icache
(Kbyte)

Dcache
(Kbyte

Regfile
implement.

Device
Freq

(MHz)
Ar ea

2 2 EAB EPF10K200E-1 20 5,800 LC

8 4 blockRam XCV300E-8 45 5,000 LUT

8 8 RAM16X1 XCV400E-8 48 6,300 LUT

Table 21: Synplify project files
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13.2.4Leonardo

Use the following steps to synthesise LEON using Exemplar Leonardo:

• Start Leonardo, and select target technology and device
• Read the technology library
• Set working directory to leon/syn
• Run the ‘leon.tcl’ script which will analyse and elaborate the design

Compilationandoptimisationis left to theuser. It is essentialthat thesourcefiles areread
with the -dont_elaborateswitch, or Leonardowill not be able to properly resolve certain
generatestatements.Note:only Leonardo version2001.1aor later canbeused, theearlier
2000.xversionshave bugsin type resolutionfunctionsandwill fail during analysisof the
model.Leonardois capableof automaticallyinferringthenecessaryramcellsfor registerfile
and caches.
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14 Porting to a new technology or synthesis tool

14.1General

LEON usesthreetypesof technologydependantcells;ramsfor thecachememories,3-port
register file for the IU/FPU registers,andpads.Thesecells caneitherbe inferredby the
synthesistool or directly instantiatedfrom a targetspecificlibrary. For eachtechnologyor
instantiationmethod,a specificpackageis provided.Theselectionof instantiationmethod
andtarget library is donethroughthe configurationrecordin the TARGET package.The
following technology dependant packages are provided:

Thetechnologydependantpackagescanbeseenawrappersaroundthemegacellsprovided
by thetargettechnologyor synthesistool. Thewrappersarethencalledfrom TECH_MAP,
where the selectionis done dependingon the configuredsynthesismethod and target
technology. To port to a new tool or target library, a technologydependantpackageshould
beadded,exportingthepropercell generators.In theTARGETpackage,thetargettechstype
shouldbeupdatedto includethenew technologyor synthesistool, while theTECH_MAP
package should be edited to call the exported cell generatorsfor the appropriate
configuration.

14.2Target specific mega-cells

14.2.1Integer unit r egister-file

TheIU register-file musthaveone32-bitswrite portandtwo 32-bitsreadports.Thenumber
of registers depend on the configured number of register windows. The standard
configurationof 8 windows requires136registers,numbered0 - 135.Notethatregister128
is not used and will never be written (corresponds to SPARC register %g0).

If theMeiko FPUis enabledusingthedirectinterface,theregisterfile shouldhave 32 extra
registersto storetheFPUregisters(i.e 168registersfor 8 registerwindows + FPU).For all
target technologies(FPGA and ASIC), the register file is currently implementedas two
parallel dual-port rams, each one with one read port and one write port.

Theregisterfile mustprovide theread-dataat theendof thesamecycle asthereadaddress
is provided (figure 56). This can be implementedwith asynchronousread ports, or by
clockingasynchronousreadportonthenegativeclock(CLKN). Read/writecollisionsin the

package Function Instantiation method

TECH_GENERIC Behavioural models inferred

TECH_VIRTEX Generators for Xilinx VIRTEX direct instantiated

TECH_ATC25 Generators for Atmel ATC25 direct instantiated

TECH_ATC35 Generators for Atmel ATC35 direct instantiated

TECH_FS90 Generators for UMC FS90A/B direct instantiated

TECH_UMC18 Generators for UMC 0.18 um CMOS direct instantiated

TECH_MAP Selects mega-cells depending on configuration -

Table 22: Technology mapping packages
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samecycle (RA1/WA1) doesnot have to be handledsincethis will be detectedin the IU
pipelineandthewrite datawill bebypassedautomatically. However, collision betweentwo
consecutive cycles(WA1/RA2) is not handledandtheregisterfile mustprovide a bypassin
case write-through is not supported.

TheTECH_ATC35packageprovidesanexampleof a synchronousregisterfile clockedon
theinvertedclock,while TECH_ATC25shows anexampleof a fully asynchronousregister
file. TECH_GENERICcontainsanexampleof WA1/RA2 contentionandassociatedbypass
logic.

14.2.2Parallel FPU & co-processor register file

The parallelFPU andco-processorusesa separateregisterfile with 32 32-bit words.The
FPU/CPcontroller(fp1eu.vhd)instantiatestwo 16x32registerfiles to make up one32x32
registerfile with two64-bitreadportsandone64-bitwriteportwith individual(32-bits)write
enables.To usefp1eu.vhd,the technologyfile mustcontaina registerfile with two 32-bit
readportsandone32-bit write port. All portsshouldoperatesynchronouslyon the rising
edge.Read/writecontentionin the samecycle doesnot have to be handled,the FPU/CP
controllercontainscontentionandbypasslogic. SeeTECH_GENERICandTECH_ATC25
for examples.

14.2.3Cache ram memory cells

Synchronoussingle-portramcellsareusedfor bothtaganddatain thecache.Thewidth and
depthdependson theconfigurationasdefinedin theconfigurationrecord.Thetablebelow
shows the ram size for certain cache configurations:

Cache size Words/line tag ram data ram

 1 kbyte 8 32x30 256x32

 1 kbyte 4 64x26 256x32

 2 kbyte 8 64x29 512x32

 2 kbyte 4 128x25 512x32

4 kbyte 8 128x28 1024x32

Table 23: Cache ram cell sizes

Figure 56: IU register file read/write timing

RD2

RA1

CLK

Read address

Write address

Read data

Write data

RA2

WA1 WA2

RD1

WD2WD1

CLKN



LEON-2 User’s Manual 79 Version 1.0.2, Issue 1

Gaisler Research

The cachecontrollersaredesignedsuchthat the usedram cells do NOT have to support
write-through (simultaneous read of written data).

14.2.4Dual-port rams

If datacachesnoopingis enabled,or theDSU tracebuffer is setto usedual-portrams,the
target technologymust containssynchronousdual-portrams.The dual-portramswill be
usedto implementthedatacachetagmemoryor thetracebuffer memory. Currently, only the
TECH_VIRTEX and TECH_ATC25 packages include mappings to dual-port rams.

14.2.5Pads

Technologyspecificpadsareusuallyautomaticallyinferredby thesynthesistool targeting
FPGA technologies.For ASIC technologies,generatestatementsare usedto instantiate
technologydependantpads.Theselectionof padsis donein TECH_MAP. Outputpadshas
a generic parameter to select driving strength, see TECH_ATC25 for examples.

14.2.6Adding a new technology or synthesis tool

Adding support for a new target library or synthesis tool is done as follows:

1. Create a package similar to tech_*.vhd, containing the specific rams, regfile, and pads.

2. Edit target.vhd to include your technology or synthesis tool in targettechs.

3. Edit tech_map.vhd to instantiate the cells when the technology is selected.

4. Define and select a configuration using the new technology (target.vhd/device.vhd).

5. Submit your changes to jiri@gaisler.com for inclusion in future version of LEON!

4 kbyte 4 256x24 1024x32

8 kbyte 8 256x27 2048x32

8 kbyte 4 512x23 2048x32

16 kbyte 8 512x26 4096x32

16 kbyte 4 1024x22 4096x32

Cache size Words/line tag ram data ram

Table 23: Cache ram cell sizes
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