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1

1.1

1.2

1.3

1.4

Intr oduction

Overview

The LEON VHDL model implementsa 32-bit processorconformingto the SFARC V8
architecturelt is designedor embeddedpplicationswith the following featureson-chip:
separatenstructionand datacacheshardware multiplier anddivider, interruptcontroller
dehug supportunit with tracebuffer, two 24-bit timers,two UARTS, power-down function,
watchdog,16-bit I/0O port and a flexible memory controller New modulescan easily be
addedusingthe on-chipAMBA AHB/APB buses.The VHDL modelis fully synthesisable
with mostsynthesidools andcanbeimplementedn both FPGAsand ASICs. Simulation
can be done with all VHDL-87 compliant simulators.

Note: thismanualdescribeshefull functionallity of theLEON model. Throughthemodels
configuration record (see “Model Configuration” on page63), parts of the described
functionality can be suppressed or modified to generate a smalester implementation.

News in LEON-2 \ersion 1.0.2

The folloving modifiations (compared to leon2-11) .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/haifd/ loads

Modification of configuration record toosk-around Leonardo-2001.x0s.
Improve accurag of DSU timer during stepping

DSU did not break on loaceeption (trap 0x09) (fixd)

Change back to cacheability table (acache.vhd)

Remae all use of non-standard HCAE signal (amba.vhd, acache.vhd)

Add generation of AHB HPET signals for processor (acache.vhd)

Modified access with ASI 4 and 7 to not allocate a cache line on cache miss

L] L] L] L] L] L] L] L] L] L]

License

TheLEON VHDL modelis providedundertwo licensesthe GNU PublicLicense(GPL)and
theLessetGNU PublicLicense(LGPL). TheLGPL appliesto the LEON modelitself while
remainingsupportfiles andtestbenchesareprovided underGPL. This meanghatyou can
useLEON asacorein asystem-on-chiglesignwithout having to publishthe sourcecodeof
ary additionallP-coresyou might use.You musthowever publish any modificationsyou
have made to the LEON core itself, as described in LGPL.

Fault-tolerant LEON (LEON-FT)

Theoriginal LEON designincludesadwancedfault-tolerancdeaturego withstandarbitrary
single-eentupsetfSEU)errorswithoutlossof data.Thefault-toleranceés providedatdesign
(VHDL) level, anddoesnot requirean SEU-hardsemiconductoprocessnor a customcell
library or specialback-endtools. This documentprovides somereferenceso LEON-FT
functionality, which usersof the LGPL versioncansafelydisregard sinceall FT logic has
been remeed in the LGPL grsion.

Gaisler Research



| LEON-2 User's Manual 8 Version 1.0.2, Issue 1

1.5 Functional overview

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

LEON processor

LEON SPARC V8

I
FPU I
I

I

I

| DEbUY | INtEQET UNIL — PCI ¢

| |Support Unit cpP >

| |

| I-Cache | D-Cache frmmm— User I/O <_|’

| AHB interface |

I I AMBA AHB AHB I

| - Controller | |

| |
D_ebug Timers | IrqCtrl |

Serial Link Memory AHB/APB

I Controller UARTS | I/O port Bridge I

| |

| | AMBA APB | | |

L - - - - R J

8/16/32-bits memory bus

PROM SRAM /10

Figure 1: LEON-2 block diagram

1.5.1Integer unit

The LEON integerunit implementghefull SFARC V8 standardincludingall multiply and
divide instructions.The numberof registerwindows is configurablewithin the limit of the
SFARC standard (2 - 32), with a defit setting of 8.

1.5.2Floating-point unit and co-processor

The LEON modeldoesnotincludeanFPU,but providesadirectinterfaceto theMeiko FPU
core,anda generalinterfaceto connectother floating-pointunits. A genericco-processor
interface is proided to allav interfacing of custom co-processors.

1.5.3Cache sub-system

Separaténstructionanddatacachesareprovided, eachconfigurableto 1 - 64 kbyte,with 8
- 32 bytesper line. Sub-blockingis implementedwith onevalid bit per 32-bit word. The
instructioncacheusesstreamingduring line-refill to minimiserefill lateng. The datacache
useswrite-throughpolicy andimplementsa double-vord write-buffer. The datacachecan
also perform bs-snooping on the AHBUS.

Gaisler Research
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1.5.4Debug support unit

The(optional)dehug supportunit (DSU)allows non-intrusve dehuggingontamgethardware.
TheDSUallowsto insertinstructionanddatawatchpointsandaccesso all on-chipregisters
from aremotedelugger A tracebuffer is providedto tracetheexecutednstructionflow and/
or AHB bus traffic. The DSU hasno impacton peformanceand haslow areacompleity.

Communicatiorto anoutsidedehugger(e.g.gdb)is doneusingadedicatedJART (RS232).

1.5.5Memory interface

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

1.5.6Timers

Two 24-bittimersareprovidedon-chip.Thetimerscanwork in periodicor one-shomode.
Both timers are clo&d by a common 10-bit prescaler

1.5.7Watchdog

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

1.5.8UARTSs

Two 8-bit UARTS are provided on-chip. The baud-rates individually programmableand
datais sentin 8-bitsframeswith onestopbit. Optionally, oneparity bit canbegenerate@nd
checled.

1.5.9Interrupt contr oller

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

1.5.10Parallel 1/0O port

A 32-bit parallell/O portis provided. 16 bits arealwaysavailableand canbe individually

programmedby softwareto beaninputor anoutput.An additionall6 bits areonly available
whenthememorybusis configuredor 8- or 16-bitoperation Someof thebits have alternate
usage, such asART inputs/outputs andxéernal interrupts inputs.

1.5.11AMB A on-chip buses

Theprocessohasafull implementatiorof AMBA AHB andAPB on-chipbusesaA flexible
configuratiorschemanalesit simpleto addnew IP cores Also, all providedperipheralinits
implementthe AMBA AHB/APB interfacemakingit easyto add more of them,or reuse
them on other processors using AMB

Gaisler Research
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1.6

1.5.12Boot loader

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

1.5.13Watchpoint registers

To aid softwaredelugging,up to four watchpointregisterscanbe configured Eachregister
cancausetraponanarbitraryinstructionor dataaddressange If thedelug supportunitis
enabled, the atchpoints can be used to enterwginode.

Performance

Using4K + 4K cachesanda 16x16multiplier, the dhrystone2.1 benchmarkeportsl,550
iteration/s/MHz.This translatego 1.0 dhrystoneMIPS/MHz usingthe VAX 11/780valuea
reference for one MIPS.

Gaisler Research
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2 LEON integer unit

The LEON integer unit (IU) implementsSFARC integer instructionsasdefinedin SFARC
Architecture Manual version 8. It is a new implementation,not basedon ary previous
designs. The implementation is focused on portability anwcctompleity.

2.1 Overview

The LEON intger unit has the folleing features:

» b5-stage instruction pipeline

» Separate instruction and data cache iatef

» Support for 2 - 32 gster windavs

» Configurable multiplier (iterate, 16x16, 32x8, 32x16 & 32x32)
* Optional 16x16 bit MA with 40-bit accumulator

» Radix-2 dvider (non-restoring)

Figure 2 shws a block diagram of the irger unit.

call/branch address

‘0" jmpa tbr
[

I-cache

data address

********************** H‘EI********************************************'
Fetch
************ L I A i I B s Tol i B e
Decode
************ E@*********EE***********************************
Execute \‘ \‘ C
Nange” mulidiv
y — 32 cexpc
30
jmpl address
************ BE,,,,,,,,,HE,,,,,,,,,,,,W‘SUT‘,,,,WT‘,,,,,,,,,,,,,,,,,,,,
Memory D-cache
3 ddress/dataout
datain
************ Dwinst} - - - - -----pbwpc]- - - QZE\FI
Write 30 I
tbr, wim, psr
rd
regfile
rs| rs2|

Figure 2: LEON integer unit block diagram

Gaisler Research
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2.2 Instruction pipeline

2.3

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

1.

FE (InstructionFetch):If theinstructioncaches enabledtheinstructionis fetchedfrom
the instructioncache.Otherwise the fetch is forwardedto the memorycontroller The
instruction is alid at the end of this stage and is latched inside the 1U.

. DE (Decode)Theinstructionis decodedandthe operandsireread.Operandsnaycome

from theregisterfile or from internaldatabypassesCALL andBranchtargetaddresses
are generated in this stage.

. EX (Execute):ALU, logical, andshift operationsareperformed For memoryoperations

(e.g., LD) and for JIMPL/RET,the address is generated.

. ME (Memory): Datacaches accessed-or cachereadsthe datawill bevalid by theend

of this stage atwhich pointit is alignedasappropriateStoredatareadoutin the E-stage
is written to the data cache at this time.

. WR (Write): Theresultof any ALU, logical, shift, or cachereadoperationsarewritten

back to the rgister file.

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

Instruction Cycles
JMPL 2
Double load 2
Single store 2
Double store 3
SMUL/UMUL 1/2/4/35*
SDIV/IUDIV 35
Taken Trap

Atomic load/store

All other instructions

Table 1: Instruction timing

* depends on multiplier configuration

Multiply instructions

The LEON processorsupportsthe SFARC integer multiply instructionsUMUL, SMUL

UMULCC and SMULCC. These instructions perform a 32x32-bit integer multiply,

producinga 64-bitresult. SMUL andSMULCC performssignedmultiply while UMUL and
UMULCC performsunsignedmultiply. UMULCC and SMULCC also set the condition
codedo reflecttheresult.Severalmultiplier implementatiorareprovided,makingit possible
to choosebetweenarea,delayandlateny (see“Integer unit configuration”on page64 for

more details).

Gaisler Research
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2.4 Multiply and accumulate instructions

To accelerateDSP algorithms,two multiply&accumulateinstructionsare implemented:
UMAC andSMAC. The UMAC performsan unsignedl6-bit multiply, producinga 32-bit
result,andaddsthe resultto a 40-bit accumulatomadeup by the 8 Isb bits from the %y
register and the %asrl8register The least significant 32 bits are also written to the
destinationregister SMAC works similarly but performssignedmultiply andaccumulate.
The MAC instructionsexecutein oneclock but have two clockslateng, meaningthatone
pipelinestall cycle will beinsertedf the following instructionusesthe destinatiorregister
of the MAC as a source operand.
Assembler syntax:

umac rsl, rg_imm, rd

smac rsl, rg_imm, rd

Operation:
prod[31:0] = rs1[15:0] * rg_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]

%asrl8 can be read and written using the rdasr and wrasr instructions.

2.5 Divide instructions

Full support for SFARC V8 divide instructionsis provided (SDIV/UDIV/SDIVCC/
UDIVCC). Thedivide instructiongperforma 64-by-32bitdivide andproducea 32-bitresult.
Rounding anderflow detection is performed as defined in th&Re V8 standard.

2.6 Processor eset operation

The processolis resetby assertingthe RESET input for at leastone clock cycle. The
following tableindicatesheresetvaluesof theregisterswhich areaffectedby thereset Al
other r@isters maintain theiralue (or are undefined).

Register Reset alue
PC (program counter) 0x0
nPC (ne&t program counter) 0x4

PSR (processor statugyrster) ET=0, S=1
CCR (cache control gister) 0x0

Table 2: Pocessor eset values

Execution will start from address O.
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2.7 Exceptions

LEON adherego the generalSFARC trap model. The tablebelonv showvs the implemented
traps and their ingidual 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 pileged 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 atchpoint match
window_overflow 0x05 8 | SAVE into irvalid window
window_underflav 0x06 8 RESTORE into irvalid windov
register_hadnare_error 0x20 9 | register file EDAC error (LEON-FT only)
mem_address_not_aligne 0x07 10 | Memory access to un-aligned address
fp_exception 0x08 11 | FPU &ception
cp_&ception 0x28 11 | Co-processoneeption
data_accessxeeption 0x09 13 | Access error during load or store instruction
tag_overflow O0x0A 14 | Tagged arithmeticverflow
divide_eception 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 Ox1A 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 Ox1E 18 | Asynchronous interrupt 14
interrupt_level_15 Ox1F 17 | Asynchronous interrupt 15
trap_instruction %XSFOF- 16 | Software trap instruction @)

X

Table 3: Tap allocation and priority
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2.8

%asr24, %asr26

Watch-points

Theintegerunit canbeconfiguredo includeup to four hardwarewatch-pointsEachwatch-
point consistsof a pair of application-specificegisters(%asr24/25%asr26/27%asr28/30
and %asr30/31) gisters; one with the break address and one with a mask:

31 2 10

%asr28, %asr30 ‘ WADDR(31:2] ‘ ‘":‘

%asr25, %asr27

31 2 0

%asr29, %asr3l ‘ WMASK[31:2] ‘ DL ‘ DS‘

2.9

Figure 3: Watch-point registers

Any binaryalignedaddressangecanbewatched therangeis definedoy the WADDR field,
masledby the WMASK field (WMASK][x] =1 enablesomparison)On awatch-pointhit,
trap OxOB is generatedBy settingthe IF, DL and DS bits, a hit can be generatedon
instructionfetch,dataloador datastore.Clearingthesethreebits will effectively disablethe
watch-point function.

Floating-point unit and co-processor

LEON canbe configuredto provide a genericinterfaceto a userdefinedco-processoiThe
interfaceallows an executionunit to operatein parallelto increaseperformanceOne co-
processolnstructioncan be startedeachcycle aslong asthereare no datadependencies.
Whenfinished theresultis written backto the co-processaregisterfile. See‘Floating-point
unit and co-processor” on pa@# for interficing details.

The LEON modelcanalsobe connectedo the Meiko floating-pointcore,therebyproviding

full floating-pointsupportaccordingto the SFARC-V8 standardTwo interfaceoptionsare
available:eithera parallelinterfaceidenticalto the above describedco-processonterface,
or anintegratedinterfacewhereFPinstructiondo notexecutein parallelwith IU instruction.
The FPU interfaceis enabled/selectely settingof the FPU elementof the configuration
record.

The integratedFPU interfacedoesnot implementa floating-pointqueue the processois
stoppedduring the executionof floating-pointinstructions.This meanghat QNE bit in the
%fsr register always is zero, and ary attemptsof executingthe STDFQ instructionwill
generat@a FPUexceptiontrap.TheparallelinterfaceletsFPUinstructionsxecuten parallel
with 1U instructionsandonly haltsthe processoin caseof data-or resourcedependencies.
Referto the SFARC V8 manualfor amorein-depthdiscussiorof the FPUandco-processor
characteristics.
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3.1

Cache sub-system

Overview

The LEON processoimplementsa Harvard architecturewith separatenstructionanddata
busesconnectedo two independentachecontrollers.In additionto theaddressa SFARC
processoalsogeneratean8-bitaddresspaceadentifier(ASI), providing upto 256separate,
32-bitaddresspacesDuring normaloperationthe LEON processoaccesssinstructions
and datausing ASI 0x8 - OxA as definedin the SFARC standard.Using the LDA/STA
instructions alternatve addressspacesanbe accessedrl he tableshavs the ASI usagefor
LEON. Only ASI[3:0] are usedfor the mapping,ASI[7:4] have no influenceon operation.

ASI Usage

0x0, 0x1, 0x2, 0x3 Forced cache miqseplace if cacheable)
0x4, 0x7 Forced cache miss (update on hit)

0x5 Flush instruction cache

0x6 Flush data cache

0x8, 0x9, OxA, 0xB Normal c&éhed acces@eplace if cacheable)
0xC Instruction cache tags

0xD Instruction cache data

OxE Data cache tags

OxF Data cache data

Table 4: ASI usge

Accesgo0 ASI 4 and7 will forceacachaniss,andupdatehecachef thedatawaspreviously
cached Accesswith ASI 0 - 3 will force a cachemiss, updatethe cacheif the datawas
previously cachedpr allocateda new line if the datawasnotin the cacheandthe address
refersto acacheabléocation.Thecacheablareasareby defaultthepromandramareasbut
are configurable in the model:

Address range Area Cached
0x00000000 - OX1FFFFFFF PROM Cacheable
0x20000000 - 0x3FFFFFFF 1/0 Non-cacheable
0x40000000 -0x7FFFFFFF RAM Cacheable
0x80000000 -OXFFFFFFFF Internal (AHB) Non-cacheable

Table 5: Default calee table
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4

| nstruction cache

4.0.10peration

The LEON instructioncacheis a direct-mappedache,configurableto 1 - 64 kbyte. The
instructioncacheis dividedinto cacheineswith 8 - 32 bytesof data.Eachline hasa cache
tagassociateavith 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 enabledn thecachecontrolregister(CCR)thecachdine isfilled

from main memorystartingat the missedaddressanduntil theendof theline. At the same
time, the instructionsare forwardedto the IU (streaming).If the IU cannotacceptthe
streamedhnstructionsdueto internaldependenciesr multi-cycleinstruction thelU is halted
until thelinefill is completedIf thelU executesacontroltransfennstruction(branch/CALL/
JMPL/RETT/TRAP)duringtheline fill, theline fill will beterminatedon the next fetch. If

instructionburst fetch is enabledjnstructionstreamings enabledeven whenthe cacheis

disabledln this casethefetchedinstructionsareonly forwardedto the lU andthe caches

not updated.

If amemoryacces®rroroccursduringaline fill with thelU halted the correspondingalid
bit in the cachetag will not be set.If the IU later fetchesan instructionfrom the failed
addressa cachemisswill occur triggeringa newv accesdo the failed addressif the error
remains, an instruction access error trap (tt=0x1) will be generated.

4.0.2Instruction cache flushing

Theinstructioncaches flushedby executingthe FLUSH instruction,settingthe FI bit in the
cachecontrolregister or by writing to ary locationwith ASI=0x5.Theflushingwill take one
cycle percachdine duringwhichthelU will notbehalted,but duringwhichtheinstruction
cachewill bedisabledWhentheflushoperations completedthecachewill resumehestate
(disabled, enabled or frozen) indicated in the cache congistee

4.0.3Diagnostic cache access

Diagnosticreadsof the tagsis possibleby executingan LDA instructionwith ASI=0xC.
Addressbits makingup the cacheoffsetwill be usedto index the tagto be read,all other
addresdits areignored.Similarly, the datasub-blocksmay be readby executingan LDA
with ASI=0xD. The cacheoffsetindexestheline to bereadwhile A[4:2] indexeswhich of
the sub-blocks to be read.

Thetagscanbe directly written by executinga STA with ASI=0xC. The cacheoffsetwill

index thetagto bewritten,andD[31:12]is writteninto the ATAG filed (seebelow). Thevalid
bits arewritten with the D[7:0] of thewrite data.The datasub-blockscanbedirectly written
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 daxaeption (trap=0x09) if attempted.

Gaisler Research



| LEON-2 User's Manual 18 Version 1.0.2, Issue 1

4.1

4.0.4Instruction cache tag

A instruction cache tag entry consists ofegal fields as shn in figure 4:

31 109 8 7 0
‘ ATAG ‘ oo‘ VALID

Figure 4: Instruction cache tag layout

Field Definitions:

* [30:10]: Address ag (ATAG) - Contains the tag address of the cache line.

e [7:0]: Valid (V) - Whenset,the correspondingub-blockof the cacheline containsvalid data.
Thesebitsis setwhenasub-blockis filled dueto asuccessfutachemiss;acach€ill whichresults
in amemoryerrorwill leavethevalid bit unsetA FLUSH instructionwill 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 thenecessarpitswill beimplementedn thecacheag,dependingnthecache
configuration As anexample,a 2 kbyte cachewith 32 bytesperline would only have eight
valid bits and21 tag bits. The cacheramsare sizedautomaticallyby the ram generatorsn
the model.

Data cache
4.1.10peration

The LEON datacacheis a direct-mappedache,configurableto 1 - 64 kbyte. The write

policy for storesis write-throughwith no-allocateon write-miss.The datacacheis divided
into cachdinesof 8 - 32 bytes.Eachline hasa cachetagassociateavith it, containingatag
field andonevalid bit per4-bytesub-block Onadatacacheread-misgo acachabldocation,
4 bytesof dataareloadednto thecacherom mainmemory If amemoryaccesgrroroccurs
during a dataload, the correspondingalid bit in the cachetag will not be set.anda data
access error trap (tt=0x9) will be generated.

4.1.2Write b uffer

Thewrite buffer (WRB) consistf three32-bitregistersusedto temporarilyhold storedata
until it is sentto thedestinatiordevice. For half-word or bytestoresthestoreddatareplicated
into properbyte alignmentfor writing to a word-addressedevice, beforebeingloadedinto
oneof the WRB registers.The WRB is emptiedprior to aload-misscache-fillsequenceo
avoid ary stale data from being read in to the data cache.

Sincethe processoexecutesn parallelwith thewrite buffer, awrite errorwill notcausean
exceptionto the storeinstruction.Dependingon memoryandcacheactivity, thewrite cycle
may not occuruntil severalclock cyclesafterthe storeinstructionshascompletedIf awrite
error occurs, the currentlkecuting instruction will ta& trap 0x2b

Note: the Ox2btrap handlershouldflush the datacache sincea write hit would updatethe
cache while the memoryoumld keep the old alue due the write error
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4.1.3Data cache flushing

Thedatacachecanbeflushedby executingthe FLUSH instruction,settingthe FD bit in the
cachecontrolregister, or by writing ary locationwith ASI=0x6. Theflushingwill take one
cycle perline duringwhichthelU will notbehalted,but duringwhichthedatacachewill be
disabled Whenthe flush operationis completedthe cachewill resumethe state(disabled,
enabled or frozen) indicated in the cache contigikter

4.1.4Diagnostic cache access

Diagnosticsoftware may readthe tagsdirectly by executinga single word load alternate
spaceinstructionsin ASI spaceOxXE. The cacheoffsetindexesthetagto beread,all other
addresdits areignored.Similarly, the datasub-blocksmay be readby executinga single
word loadalternatespacenstructionan ASI spaceDxF. Thecacheoffsetindexestheline to

be read while A[4:2] indewhich of the sub-blocks to be read.

Thetagscanbedirectly written by executingsingleword storealternatespaceanstructions
in ASI spacdxE. Thecacheoffsetindexesthetagto bewritten,andA[31:10]is writteninto
the ATAG filed (see belw). The \alid bits are written with the D[7:0] of the write data.

The datasub-blockscanbe directly written by executingsingleword storealternatespace
instructionsin ASI spaceOxF. 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 diagnosticaccesgo the cacheis not possibleduring a FLUSH operation.An
attemptto performa diagnosticaccesgluring an ongoingflushwill causea dataexception
trap (trap = 0x09).

4.1.5Data cache tag

A data cache tag entry consists ofesal fields as shn in figure 5:

31 109 8 7 0
‘ ATAG ‘ 00 ‘ VALID

Figure 5: Data cache tag layout

Field Definitions:

* [30:12]: Address ag (ATAG) - Contains the address of the data held in the cache line.

* [3:0]: Valid (V) - Whenset,the correspondingub-blockof the cacheline containsvalid data.
Thesebitsis setwhenasub-blockis filled dueto asuccessfutachemiss;acach€ill whichresults
in amemoryerrorwill leave thevalid bit unset.V[0] correspondso addres® in the cacheline,
V[1] to address 1, V[2] to address 2 and V[3] to address 3.

NOTE: only thenecessarpitswill beimplementedn thecachetag,dependingnthecache
configuration As anexample,a 2 kbyte cachewith 32 bytesperline would only have eight
valid bits and21 tag bits. The cacheramsare sizedautomaticallyby the ram generatorsn
the model.
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4.2 Cache Control Register

The operationof the instructionand datacachess controlledthrougha commonCache
Control Register (CCR) (figure 6). Eachcachecan be in one of three modes:disabled,
enabledandfrozen.If disabledno cacheoperations performedandloadandstorerequests
are passedirectly to the memorycontroller If enabledthe cacheoperatesas described
above.In thefrozenstate thecaches accessedndkeptin syncwith themainmemoryasif
it was enabled,ui no nav lines are allocated on read misses.

31 23 22 21 16 15 14 6 5432 10
RESER/ED |DSFD|FI | RESERED |18 |IP |DP) RESER/ED |oFiF | Des| ics |

Figure 6: Cache control register

Field Definitions:

* [31:23]: Resergd

» [23] : Data cache snoop enable [DS] - if set, will enable data cache snooping.

* [22]: Flush data cache (FD). If set, will flush the instruction cacheayd reads as zero.

* [21]: Flush Instruction cache (FI). If set, will flush the instruction cach@ayd reads as zero.

* [20:17] Resered

* [16]: Instruction lirst fetch (IB). This bit enablesitst 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]: Resered

» [5]: DataCacherreezeonInterrupt(DF) - If set,thedatacachewill automaticallypefrozenwhen
an asynchronous interrupt is éak

* [4]: InstructionCacheFreezeon Interrupt(IF) - If set,theinstructioncachewill automaticallybe
frozen when an asynchronous interrupt ietak

» [3:2]: DataCachestate(DCS)- Indicatesthe currentdatacachestateaccordingto 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 correspondingachewill be frozenwhenan asynchronous
interrupt is taken. This can be beneficialin real-time systemto allow a more accurate
calculationof worst-casexecutiontime for a codesegment.The executionof theinterrupt
handlemwill notevict any cachdinesandwhencontrolis returnedo theinterruptedask,the
cache state is identical to what iasvbefore the interrupt.

If acachehasbeenfrozenby aninterrupt,it canonly be enabledagain by enablingit in the
CCR.Thisis typically doneat the endof theinterrupthandlerbeforecontrolis returnedto
the interrupted task.
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5.1

5.2

5.3

5.4

AMB A on-chip buses

Overview

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

AHB bus

LEON usesthe AMBA-2.0 AHB bus to connectthe processorcachecontrollersto the
memorycontrollerand other (optional) high-speedunits. In the default configuration the
processois theonly mastemonthebus,while two slavesareprovided:thememorycontroller
and the APB bridge.able 6 belws shavs the dedult address allocation.

Address range Size Mapping Module
0x00000000 - Ox1FFFFFFF 512 M | Prom Memory controller
0x20000000 - 0x3FFFFFFF 512 M | Memory tus I/O

0x40000000 - OX7FFFFFFF 1G Ram

0x80000000 - Ox8FFFFFFF 256 M | On-chip regjisters APB bridge
0x90000000 - OX9FFFFFFF 256 M | Delug support unit DSU

Table 6: AHB addess allocation

An attempt to access a noxising device will generate an AHB error response.

APB bus

The APB bridgeis connectedo the AHB busasa slave andactsasthe (only) masteronthe
APB bus.Moston-chipperipheralsareaccessethroughthe APB bus. Theaddressnapping
of the APB lus can be seen in talile

AHB transfers generated by the pocessor

The processoris connectedto the AHB bus through the instruction and data cache
controllers Accessconflictsbetweerthetwo cachecontrollersareresohedlocally andonly
one AHB masterinterfaceis connectedo the AHB bus. The processomwill performburst
transfersto fetch instructioncachelines or reading/writingdataas resultsof doubleload/
storeinstructionsByte, half-wordandwordload/storenstructionswill performsingle(non-
sequentiabccessed.ockedtransfersareonly performedon LDST andSWAP instructions.
Doubleload/storetransfersare however alsoguaranteedo be atomicsincethe arbiterwill
not re-arbitrate theus during lrst transfers.
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6 On-chip peripherals

6.1 On-chip registers

A numberof systemsupportfunctions are provided directly on-chip. The functions are
controlled through gisters mapped APBuUs according to the folwing table:

Address

Register

Address

0x80000000

Memory configuration igister 1

0x800000B0

Secondarynterruptpendingregister

0x80000004

Memory configuration igister 2

0x800000B4

Secondary interrupt maskgister

0x80000008

Resered

0x800000B8

Secondary interrupt statuggister

0x8000000C

AHB Failing address gister

0x800000B8

Secondary interrupt cleargister

0x80000010

AHB status rgister

0x80000014

Cache control @ister

0x800000C4

DSU UART status rgister

0x80000018

Paver-down register

0x800000C8

DSU UART control reister

0x8000001C

Write protection rgister 1

0x800000CC

DSU UART scaler rgister

0x80000020

Write protection rgister 2

0x80000024

LEON configuration register

0x80000040

Timer 1 counter igister

0x80000044

Timer 1 reload rgister

0x80000048

Timer 1 control rgister

0x8000004C

Watchdog rgister

0x80000050

Timer 2 counter igister

0x80000054

Timer 2 reload register

0x80000058

Timer 2 control rgister

0x80000060

Scaler counter gaster

0x80000064

Scaler reload gster

0x80000070

Uart 1 data rgister

0x80000074

Uart 1 status gister

0x80000078

Uart 1 control rgister

0x8000007C

Uart 1 scaler mgister

0x80000080

Uart 2 data rgister

0x80000084

Uart 2 status gister

0x80000088

Uart 2 control rgister

0x8000008C

Uart 2 scaler mgister

0x80000090

Interrupt mask and priority gister

0x80000094

Interrupt pending gister

0x80000098

Interrupt force rgister

0x8000009C

Interrupt clear rgister

0x800000A0

I/O port input/output rgister

0x800000A4

I/O port direction rgister

0x800000A8

I/O port interrupt rgister

Table 7: On-tip registers
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6.2 Interrupt contr oller

The LEON interruptcontrolleris usedto prioritize and propagte interruptrequestsfrom
internalor externaldevicesto theintegerunit. In total 15 interruptsarehandled divided on
two priority levels. Figure 7 shes a block diagram of the interrupt contraller

IRQ
Pending
11 .
PER_IRQ[10:0}——»| Priority
15 encoder
Lz
IRL[3:0]
4 Irq & trig| 4
PIO[15:0]——¥ select |
PO Priority
::I?)?ce mask select

Figure 7: Interrupt controller block diagram

6.2.10peration

Whenaninterruptis generatedthe correspondingpit is setin theinterruptpendingregister
The pendingbits are ANDed with the interrupt maskregister and then forwardedto the
priority selector Eachinterruptcanbe assignedo oneof two levelsasprogrammedn the
interruptlevel register Level 1 hashigherpriority thanlevel 0. Theinterruptsareprioritised
within eachlevel, with interruptl5 having thehighestpriority andinterruptl thelowest.The
highestinterruptfrom level 1 will beforwardedto thelU - if nounmaslkedpendinginterrupt
existsonlevel 1, thenthe highestunmasledinterruptfrom level O will beforwarded.When
the IU acknavledgesthe interrupt, the correspondingoendingbit will automaticallybe
cleared.

Interruptcanalsobeforcedby settingabit in theinterruptforceregister In this casethe U
acknavledgement will clear the force bit rather than the pending bit.

After resettheinterruptmaskregisteris setto all zeroswhile theremainingcontrolregisters
are undefined.

Interruptsl0- 15 areunusedy the default configurationof LEON andcanbeuseby added
IP cores.Notethatinterrupt15 cannotbe maskabledy the integer unit andshouldbe used
with care - most operating system do safely handle this interrupt.
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6.2.2Interrupt assignment

Table 8 shws the assignment of interrupts.

Interrupt Source
15 user defined
14 user defined
13 user defined
12 user defined
11 DSU trace bffer
10 Second interrupt controller
9 Timer 2
8 Timer 1
7 Parallel 1/0[3]
6 Parallel 1/0[2]
5 Parallel 1/0[1]
4 Parallel 1/0[0]
3 UART 1
2 UART 2
1 AHB error

Table 8: Interrupt assignments
6.2.3Control registers

The operation of the interrupt controller is programmed through thevinljoregisters:

31 17 16 15 10
ILEVEL[15:1] R IMASK[15:1] R

Figure 8: Interrupt mask and priority register

Field Definitions:

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

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

* [16], [0]: Resered
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31 16 15 10
RESER/ED IPEND[15:1] ‘ R‘

Figure 9: Interrupt pending register

Field Definitions:

e [15:1]: Interrupt pending (IPEND[15:1]) - indicates whether an interrupt is pending
(IPEND[N]=1).
* [31:16], [0]: Resered

31 16 15 10
RESER/ED IFORCE[15:1] ‘ R‘

Figure 10: Interrupt force register

Field Definitions:

e [15:1]: Interrupt force (IFORCE[15:1]) - indicates whether an interrupt is being forced
(IFORCE[n]=1).
* [31:16], [0]: Resered

31 16 15 10
RESER/ED ICLEAR[15:1] ‘ R‘

Figure 11: Interrupt clear register

Field Definitions:

e [15:1]: Interruptclear(ICLEAR[15:1]) - if writtenwith a‘1’, will clearthe correspondindpit(s)
in the interrupt pending gister A read returns zero.

* [31:16], [0]: Resered
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6.3 Secondary interrupt controller

The (optional)secondarynterruptcontrolleris usedaddupto 32 additionalinterruptsto be
usedby on-chip units in system-on-chiplesigns.Figure 7 shavs a block diagramof the
interrupt controller

IRQ
Pending

] Priority
encoder

Filtering| 32
i erlng_'(_’ 5 IRL[4:0]

IRQ10

IRQI31:0°2—»)

IRQ
mask

Figure 12: Secondary interrupt controller block diagram

6.3.10peration

The incoming interrupt signalsare filtered accordingto the settingin the configuration
record.The filtering condition canbe one of four: active low, active high, negative edge-
triggeredandpositive edge-triggeredWhenthe conditionis fulfilled, the correspondingpit

is setin theinterruptpendingregister The pendingbits are ANDed with the interruptmask
registerandthenforwardedo thepriority selectorlIf atleastoneunmaslkedpendingnterrupt
exists, the interruptoutputwill be driven, generatingnterrupt10 (by default). The highest
unmasled pending interrupt can be read from the interrupt stagjistee (see belw).

Interruptsare not clearedautomaticallyupona takeninterrupt- the interrupthandlermust
resetthe pendingbit by writing a‘1’ to the correspondingpit in the interruptclearregister
It mustthenalsoclearinterrupt10in the primary interruptcontroller Testingof interrupts
canbedoneby writing directly to theinterruptpendingregisters.Bits written with ‘1" will

be set while bits written with ‘0’ will &ep their preious \alue.

Notethatnotall 32interruptshave to beimplementedhow mary areactuallyuseddepends
on the configuration.Unusedinterruptsareignoredandthe correspondingegisterbits are
notgeneratedMappingof interruptsto the secondarynterruptcontrolleris doneby editing
mcore.vhd.Seethe configurationsectionon how to enablethe controller and how to
configure the interrupt filters.

After resettheinterruptmaskregisteris setto all zeroswhile theremainingcontrolregisters
are undefined.
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6.3.2Control registers

The operation of the interrupt controller is programmed through theviolbjoregisters:

31 0
\ IMASK([31:0] \

Figure 13: Interrupt mask register
* [31:0]: Interrupt mask - indicateswhetheran interruptis masled (IMASK[n]=0) or enabled

(IMASK[n]=1).

31 0
IPEND[31:0]

Figure 14: Interrupt pending register

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

31 5 4 0
RESER/ED ‘IP‘ IRL[4:0]

Figure 15: Interrupt status register
* [4:0]: Interrupt request el - indicates the highest unmaskpending interrupt.

* [5]: Interrupt pending - if set, then IRL ighd. If cleared, no unmasl interrupt is pending.

31 0
ICLEAR[31:0]

Figure 16: Interrupt clear register

* [31:0]: Interruptclear- if written with a‘1’, will clearthe correspondingit(s) in the interrupt
pending rgistet
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6.4 Timer unit

The timer unit implementstwo 24-bit timers, one 24-bit watchdogand one 10-bit shared
prescaler (figure 17).

timerl reload

prescaler reload timer2 reload

timerl value —— > irq8

prescaler value

timer2 value [——» irq9

tick

watchdog > WDOG

Figure 17: Timer unit block diagram

6.4.10peration

The prescaleiis clocked by the systemclock anddecremente@n eachclock cycle. When
the prescaleunderflavs, it is reloadedrom the prescalereloadregisterandatimer tick is
generatedor thetwo timersandwatchdog.The effective division rateis thereforeequalto
prescaler reload gester \alue + 1.

Theoperatiorof thetimersis controlledthroughthetimer controlregister A timeris enabled
by settingtheenablebit in thecontrolregister Thetimervalueis thendecrementedachtime
the prescalergeneratesa timer tick. When a timer underflavs, it will automaticallybe
reloadedwith the valueof thetimer reloadregisterif thereloadbit is set,otherwiseit will
stop(at Oxffffff) andresetheenablebit. An interruptwill begenerate@ftereachunderflav.

Thetimer canbereloadedvith thevaluein thereloadregisteratary time by writing a‘one’
to the load bit in the control gester

Thewatchdogoperatesimilarto thetimers,with thedifferencehatit is alwaysenabledand
uponunderflav assertghe external signal WDOG. This signal can be usedto generatea
system reset.

To minimise compl«ity, the two timers and watchdogsharethe samedecrementerThis
means that the minimum alled prescaler dision factor is 4 (reload mgster = 3).
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6.4.2Registers

Figures 18 to 22 shs the layout of the timer unitgesters.

31 24 23 0
RESER/ED TIMER/WATCHDOG \ALUE
Figure 18: Timer 1/2 and Watchdog counter registers
31 24 23 0
RESER/ED TIMER RELOAD VALUE
Figure 19: Timer 1/2 reload registers
31 3210
RESER/ED ‘LD‘RL‘EN‘

Figure 20: Timer 1/2 control registers

* [2]: LoadcounterLD) - whenwrittenwith ‘one’, will loadthetimerreloadregisterinto thetimer
counter rgister Always reads as a ‘zero’.

* [1]: Reloadcounter(RL) - if RL is set,thenthe counterwill automaticallybe reloadedwith the
reload \alue after each underiio

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

31 10 9 0
RESER/ED RELOAD VALUE
Figure 21: Prescaler reload register
31 10 9 0
RESER/ED COUNTER \ALUE

Figure 22: Prescaler counter register
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6.5 UARTS

Two identical UARTS are provided for serial communicationsThe UARTS supportdata
frameswith 8 databits, oneoptionalparity bit andonestopbit. To generatéhebit-rate,each
UART has a programmablel2-bits clock divider. Hardware flow-control is supported
through the RSN/CTSN hand-shaksignals. Figure 23 siws a block diagram of aART.

<4—FXJ CTSN
Serial port
Baud-rate 8*bitclk Controller ——»K] RTSN
generator
RXD K}— Receiver shift register Transmitter shift register ——»KJ  TXD
Receiver holding register Transmit. holding register

l Internal I/O Bus T

Figure 23: UART block diagram

6.5.1Transmitter operation

Thetransmitteris enabledhroughthe TE bit in the UART control register Whenreadyto
transmit,datais transferredfrom the transmitterholding register to the transmittershift
register and corvertedto a serial streamon the transmitterserial output pin (TXD). It
automaticallysendsa startbit followedby eightdatabits,anoptionalparity bit, andonestop
bits (figure 24). The least significant bit of the data is sent first

Data frame, no parity: TStart‘ DO ‘ D1 ‘ D2 ‘ D3 ‘ D4 ‘ D5 ‘ D6 ‘ D7 ‘Stop‘

Data frame with parity: TStart‘ Do | b1 | b2 b3 | D4 | D5 | D6 | D7 aritstop

Figure 24;: UART data frames

Following thetransmissiomf thestopbit, if anew characters notavailablein thetransmitter
holding register the transmitterserial dataoutput remainshigh and the transmittershift
registeremptybit (TSRE)will besetin theUART controlregister Transmissiomesumesnd
the TSREIs clearedvhenanew characters loadedin thetransmittetholdingregister If the
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transmitteris disabled,it will continue operating until the charactercurrently being
transmitteds completelysentout. The transmitterholding registercannotbe loadedwhen
the transmitter is disabled.

If flow control is enabled,the CTSN input mustbe low in orderfor the characterto be
transmitted.If it is deassertedh the middle of a transmissionthe characterin the shift
registeris transmittedandthe transmitterserialoutputthenremainsinactive until CTSNis
assertecgain. If the CTSN s connectedo a recevers RTSN, overruncan effectively be
prevented.

6.5.2Recever operation

Thereceveris enabledor datareceptiorthroughthereceverenablgRE) bit in the USART

controlregister Therecever looksfor a high to low transitionof a startbit on therecever

serialdatainput pin. If atransitionis detectedthe stateof the serialinputis sampleda half

bit clockslater. If theserialinputis samplechigh the startbit is invalid andthe searchor a

valid startbit continueslf the serialinputis still low, a valid startbit is assumedndthe

recever continuego sampletheserialinputatonebit timeintervals(atthetheoreticacentre
of thebit) until thepropemumberof databits andthe parity bit have beenassembledndone
stopbit hasbeendetectedThe serialinputis sampledhreetimesfor eachbit andaveraged
to filter out noise.

Duringthis procesgheleastsignificantbit is recevedfirst. Thedatais thentransferredo the
recever holding register (RHR) and the dataready (DR) bit is setin the USART status
register The parity, framingandoverrunerror bits aresetat the receved byte boundaryat
the same time as the regsi ready bit is set.

If bothrecever holdingandshift registerscontainanun-readcharactewhenanew startbit
is detectedthenthe characteheldin therecever shift registerwill belostandthe overrun
bit will besetin the UART statusregister If flow controlis enabledthenthe RTSN will be
negated(high) whenavalid startbit is detectecandtherecever holdingregistercontainsan
un-readcharacter When the holding register is read, the RTSN will automaticallybe
reasserted ain.

6.5.3Baud-rate generation

EachUART containsa 12-bit down-countingscalerto generatehe desiredbaud-rateThe
scaletis clockedby thesystenclockandgeneratea UART tick eachtimeit underflavs. The
scaleris reloadedvith thevalueof the UART scalerreloadregisteraftereachunderflav. The
resultingUART tick frequeng shouldbe 8 timesthe desiredbaud-ratelf the EC bit is set,
thescalemwill beclockedby the PIO[3] input ratherthanthe systemclock. In this case the
frequeng of PIO[3] must be less than half the frequentthe system clock.

6.5.4Loop back mode

If theLB bit in the UART controlregisteris set,the UART will bein loop backmode.In this
mode,the transmitteroutputis internally connectedo the recever input andthe RTSN is
connectedo the CTSN. It is thenpossibleto performloop backteststo verify operationof
recever, transmitterandassociategoftwareroutinesIn thismode theoutputsremainin the
inactive state, in order tovaid sending out data.
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6.5.5Interrupt generation

TheUART will generataninterruptunderthefollowing conditionswhenthetransmittelis
enabledthetransmitterinterruptis enabledandthetransmittertholdingregistermovesfrom

full to empty;whenthereceveris enabledthereceverinterruptis enabledandtherecever
holdingregistermovesfrom emptyto full; whenthereceveris enabledthereceverinterrupt

is enabled and a character with either pafigming or @errun error is receed.

6.5.6UART registers

31 8 76 54 3 210

RESER/ED |Ec|LB|FL|PElPS T1 [RI|TE|RE]

L]
0O ~NO O WN - O

Figure 25: UART control register

: Recever enable (RE) - if set, enables the reeei

. Transmitter enable (TE) - if set, enables the transmitter

: Recever interrupt enable (RI) - if set, enables generation ofveceiterrupt.

. Transmitter interrupt enable (TI) - if set, enables generation of transmitter interrupt.
: Parity select (PS) - selects parity polarity (O = odd patity ezen parity)

. Parity enable (PE) - if set, enables parity generation and checking.

: Flow control (FL) - if set, enables fiocontrol using CTS/IRS.

: Loop back (LB) - if set, loop back mode will be enabled.

: External Clock - if set, theART scaler will be clockd by P1O[3]

31 76 54 32 10

RESER/ED |FE|PE[ovBRTH TS[DR

L]
o Ol WDN PP O

31

Figure 26: UART status register

: Data ready (DR) - indicates thatindata is gailable in the receer holding rgister

: Transmitter shift rgister empty (TS) - indicates that the transmitter shgfister is empty
: Transmitter hold rgister empty (TH) - indicates that the transmitter hotgister is empty
: Break recefed (BR) - indicates that a BREAK has been nesghi

: Owerrun (Q) - indicates that one or more characterénbeen lost due toverrun.

: Parity error (PE) - indicates that a parity errasaetected.

: Framing error (FE) - indicates that a framing erras wetected.

12 11 0

RESER/ED SCALER RELGAD VALUE

Figure 27: UART scaler reload register
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6.6 Parallel I/O port

A partially bit-wise programmable2-bit I/O port is provided on-chip.The portis split in
two parts- thelower 16-bitsareaccessibleria the PIO[15:0] signalwhile the upperl6-bits
usesD[15:0] andcanonly beusedwhenall areagrom, ramand|/O) of thememorybusare
in 8- or 16-bit mode (see “8-bit and 16-bit memory configuration” on paye

Thelower 16 bits of the l/O port canbe individually programmedsoutputor input, while
the high 16 bits of the I/0O port only be configuresas outputsor inputson byte basis.Two
registersare associatedvith the operationof the 1/0O port; the combinedIl/O input/output
register andl/O directionregister Whenread theinput/outputregisterwill returnthecurrent
valueof thel/O port; whenwritten, thevaluewill bedrivenontheportsignals(if enabledas
output). The direction register definesthe direction for eachindividual port bit (O=input,
1=output).

31 18 17 0
IODIR[17:0]

Figure 28: I/O port direction register

* |IODIRnN - I/O portdirection.Thevalueof IODIR[15:0] definesthe directionof I/O ports15- 0.
If bit nis setthe correspondind/O port becomesanoutput,otherwiseit is aninput. IODIR[16]
controls D[15:8] while IODIR[17] controls D[7:0]

The I/O ports canalso be usedas interruptinputs from external devices. A total of four
interruptscan be generatedgcorrespondingo interruptlevels 4, 5, 6 and 7. The I/O port
interruptconfiguratiorregister(figure 29) defineswhich port shouldgenerateeachinterrupt
and hov it should be filtered.

31 30 29 28 24 23 22 21 20 16 15 14 13 12 8 7 6 5 4 0
‘ EN‘ LE‘ PL‘ ISEL3 ‘El\l LE‘ PL‘ ISEL2 ‘ El\i LE‘ PL‘ ISEL1 ‘EN‘LE‘PL‘ ISELO

Figure 29: /O port interrupt configuration register

* ISELnN - I/O port select.The value of this field defineswhich I/O port (0 - 31) shouldgenerate
parallel I/O port interrupi.

» PL- Polarity If set,thecorrespondingnterruptwill beactive high (or edge-triggeredn positive
edge). Otherwise, it will be agé low (or edge-triggered on gative edge).

» LE - Level/edge triggered. If set, the interrupt will be edge-triggered, otherwiskeskensitie.
* EN - Enable. If set, the corresponding interrupt will be enabled, otherwise it will bednask
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6.7

To sae pins, I/O pins are shared with other functions according to the tab¥e belo

I/O port Function Type | Description Enabling condition
PIO[15] TXD1 Output | UART1 transmitter data UART1 transmitter enabled
PIO[14] RXD1 Input UART1 recever data -

PIO[13] RTS1 Output | UART1 request-to-send UART1 flow-control enabled
PIO[12] CTS1 Input UART1 clearto-send -

PIO[11] TXD2 Output | UART2 transmitter data UART?2 transmitter enabled
PIO[10] RXD2 Input UART2 recever data -

PIO[9] RTS2 Output | UART2 request-to-send UART?2 flow-control enabled
PIO[8] CTS2 Input UART?2 clearto-send -

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

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

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

Table 9: UART/IO port usge

LEON configuration r egister

Since LEON is synthesisedrom a extensvely configurableVHDL model, the LEON
configurationregister (read-only)is usedto indicate which optionswere enabledduring
synthesisFor eachoptionpresentthe correspondingegisterbit is hardwiredto ‘1’. Figure

30 shavs the layout of the gster

3130 29 28 27 26 25 24 2019 17161514 1211109 8 7 6 5 4 3 2 1 0
[ ] ] | | | | ~winoows | icsz |wsz| pcsz |pisz| | | | ] | | |

UMAC/SMAC inst UDIV/SDIV inst.
SMUL/UMUL inst.

Watchdog presept———————

Memory status reg-

FPU

PCI core

Write protection

Figure 30: LEON configuration register

e [25]: UMAC/SMAC instruction implemented

e [24:20]: Number of rgister windavs. The implemented number of &RC register windavs -1.
« [19:17]: Instruction cache size. The size (in Kbytes) of the instruction cache. Cache '§i2é = 2
« [16:15]: Instruction cache line size.The line size (in 32-hitds) of each line. Line size 4.
« [14:12]: Data cache size. The size (in kbytes) of the data cache. Cache fz¢= 2

« [11:10]: Data cache line size. The line size (in 32-lnitds) of each line. Line size £257.

¢ [9]: UDIV/SDIV instruction implemented

¢ [8]: UMUL/SMUL instruction implemented

¢ [6]: Memory status andafling address gister present

e [5:4]: FPU type (00 = none, 01=Mak

¢ [3:2]: PCI core type (00=none, 01=InSilicon, 10=ESA, 11=other)

e [1:0]: Write protection type (00=none, 01=standard)
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6.8

6.9

Power-down

The processorcan be powvered-devn by writing (an arbitrary) value to the power-down
register Pover-dowvn modewill be enteredon the next load or storeinstruction.To enter
power-dovn modeimmediately two consecutie storesto the power-down registershould
be performed.During powver-down mode,the integer unit will effectively be halted. The
power-dovn modewill beterminatedandthe integer unit re-enabledyvhenanunmasied
interruptwith higherlevel thanthe currentprocessomterruptlevel (PIL) becomegpending.
All other functions and peripherals operate as nominal during therqamvn mode.

AHB status register

Any accesdriggeringanerrorresponsenthe AHB buswill beregisteredn two registers;
AHB failing addressegisterandAHB statusregister Thefailing addressegisterwill store
the addresof the accesswvhile the memorystatusregisterwill storethe accessanderror
types.Theregistersareupdatedvhenanerroroccur andtheNE (new error)is set.Whenthe
NE bit is set,interruptl is generatedo inform the processoaboutthe error. After anerror,
the NE bit has to be reset by sdditw.

Figure 31 shas the layout of the AHB statusgister

31 8 7 6 3 2 0
‘ RESER/ED ‘NE‘R\N‘ HMASTER‘ HSIZE ‘

Figure 31: AHB status register

[8]: NE - New error Set when a ne error occurred.

[7]: RW - Read/Write. This bit is set if thaifed access as a readycle, otherwise it is cleared.
[6:3]: HMASTER - AHB masterThis field contains the HMASTER[3:0] of thailed access.
[2:0] HSIZE - transfer size. This filed contains the HSIZE[2:0] of #iked transfer
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7 External memory access

7.1 Memory interface

Thememorybusprovidesadirectinterfaceto PROM, staticRAM andmemorymapped/O
devices.Chip-selectdecodingis donefor two PROM banks,onel/O bankandfour RAM
banks. Figure 32 sk hav the connection to the difrent deice types is made.

ROMSNI[1:0]
OEN

WRITEN

IOSN

LEON

RAMSN([3:0]

RAMOEN(3:0]

RWEN([3:0]

A[27:0]

D3L:0] |«

A D
cs
e PROM A [
WE D | Y
cs
L oE I} A
WE D | Y
A[27:2]
cs A
ce  SRAM
WE D =
=)

Figure 32: Memory device interface

7.2 Memory controller

Theexternalmemorybusis controlledby aprogrammablenemorycontroller Thecontroller
actsas a slave on the AHB bus. The function of the memory controlleris programmed
throughmemoryconfiguratiorregistersl & 2 (MCR1 & MCR2)throughthe APB bus.The
memorybus supportghreetypesof devices:prom,ramandlocal I/O. Thememorybuscan
also be configuredin 8-bit mode for applicationswith low memory and performance
demandsThe controller can decodea 2 Gbyte addressspace divided accordingto table

table10:

Address range Size Mapping
0x00000000 - Ox1FFFFFFF 512 M Prom
0x20000000 - 0x3FFFFFFF 512M I/0
0x40000000 -Ox5FFFFFFF 512 M RAM (RAMSN][3:0])
0x50000000 -0x7FFFFFFF 512M RAM (RAMSNI4])

Table 10: Memory contdler address map
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7.3 RAM access

TheRAM areacanbeupto 1 Gbyte,dividedon upto five RAM banks.Thesizeof banksl-
4 (RAMSNJ3:0]is programmedn the RAM bank-sizefield (MCR2[12:9])andcanbesetin
binarystepsrom 8 Kbyte to 256 Mbyte. Thefifth bank(RAMSNI[4]) decodesheupper512
Mbyte. A readaccesgo staticRAM consistf two datacyclesandbetweerzeroandthree
waitstatesAcesseso RAMSN[4] canfurtherbestretchedy de-assertin@RDYN until the
datais availble. On non-consecute accesses lead-outcycle is addedafterareadcycle to
preventbuscontentiordueto slow turn-off time of memoriesr 1/O devices.Figure33showvs
the basic readycle waveform (zero \waitstate).

datal data2 lead-out
c /o \ \ \ \ \ \
A Al
RAMSN
RAMOEN \
0 CD

Figure 33: Static ram read cycle

For read accesseso RAMSN[3:0], a separateoutput enablesignal (RAMOENIN]) is
provided for eachRAM bank and only assertedwhen that bank is selected.Memory
connectedo to RAMSN[4] shouldusethe OEN signalinsteadwhichis assertednary read
cycle. A write access is similar to the read acceshias taks a minimum of threeycles:

lead-in data lead-out
c /o \ \ \ \
A — Al
RAMSN — N
RWEN /
D D1

Figure 34: Static ram write cycle

Throughafeed-backoop from thewrite strobesthedatabusis guaranteetb bedrivenuntil
the write strobesare de-assertedEach byte lane hasan individual write strobeto allow
efficient byte andhalf-word writes. If you memoryuseda commonwrite strobefor thefull
16-or 32-bitdata,settheread-modify-writebit MCR2 which will enableread-modify-write
cycles for sub-wrd writes.
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7.4 PROM access

Accesseso promhave thesametiming asRAM accesseghedifferenceseingthatPROM
cycles can hee up to 15 witstates.

datal data2 lead-out

ck [\ \ \ _/ \ \
A Al

ROMSN

OEN /
0 oD

Figure 35: Prom read cycle

Two PROM chip-selecsignalsareprovided, ROMSN|[1:0]. ROMSN][0] is asserte@vhenthe
lower half (0 - 0x10000000pf the PROM areaasaddressedhile ROMSN[1]is assertedor

the upperhalf (0x10000000 0x20000000)Whenthe VHDL modelis configuredto boot
from internalprom(see“Boot configuration”’on page68), ROMSN[0] is never asserte@nd
all accessebetweenD - 0x10000000are mappedon the internalprom. Whenthe modelis

configuredo supportbothexternalandinternalbootprom,theP1O[4] inputis usedo enable
the internal prom.

7.5 Memory mapped I/O

Accessedo /0O have similar timing to ROM/RAM accesseghe differencesbeingthat a
additionalwaitstatexanbeinsertedby de-assertintheBRDYN signal.Thel/O selectsignal
(IOSN) is delayed one clock to pide stable address before IOSN is asserted.

lead-in data lead-out
ck / \_/ \ \ \ \ \
A Al
IOSN /
OEN \
: oD
BRDYN \__/

Figure 36: 1/0O read cycle
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7.6

7.7

Burst cycles

To improve the bandwidthof the memorybus, accesse$o consecutie addressesan be
performedin burstmode.Bursttransferswill be generatedvhenthe memorycontrolleris
accessedising an AHB burst request.Theseincludesinstruction cache-linefills, double
loadsand doublestores.The timing of a burstcycle is identicalto the programmedasic
cycle with theexceptionthatduringreadcycles,thelead-outcycle will only occursafterthe
last transfer

8-bit and 16-bit memory configuration

To supportapplicationswvith low memoryandperformanceequirementgfficiently, it is not
necessaryo always have full 32-bit memorybanks.The RAM and PROM areascan be
individually configuredfor 8- or 16-bit operationby programminghe ROM andRAM size
fieldsin the memoryconfiguratiornregisters.Sinceacces$o memoryis alwaysdoneon 32-
bit word basis readaccesso 8-bit memorywill betransformedn aburstof four readcycles
while accesso 16-bitmemorywill generateburstof two 16-bitsreadsDuringwrites,only
the necessarpyteswill bewriten. Figure37 shavs aninterfaceexamplewith 8-bit PROM
and 8-bit RAM. Figure 38 shs an @ample of a 16-bit memory intede.

8-bit PROM L
ROMSNI0] cs prOM A A2r0
OEN OE D[31:24
WRITEN WE D |t =
LEON
8-bit RAM
A[27:0
RAMSNI[0] CS A
RAMOENI(0] oe  SRAM D[31:24
RWENI[0] RWE[O \ve D =p
A[27:0] >
D[31:24] |« =

Figure 37: 8-bit memory interface example
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16-bit PFOM A b
ROMSN([0] S oM A ol LY
OEN OE ,
WRITEN WE D & =)
LEON
16-bit RAM
A[27:1
RAMSNI[0] CS A
RAMOEN([0] —{oe  SRAM D[31:16
RWEN([0:1] RWE[L.OM \yg D =)
A[27:0] >
D[31:16] |« =

Figure 38: 16-bit memory interface example

7.8 8- and 16-bit I/O access

Similarto the PROM/RAM areasthel/O areacanalsobe configuredo 8- or 16-bitsmode.
However, thel/O device will NOT beaccessebly multiple 8/16bits accesseasthememory
areasput only with onesingleaccessgustasin 32-bitmode.To accessean|/O deviceona
16-bit bus, LDUH/STH instructionsshouldbe usedwhile LDUB/STB shouldbe usedwith

an 8-bit lus.

7.9 Memory configuration register 1

Memoryconfiguratiorregisterl is usedo programthetiming of romandlocal l/O accesses.

31 29 28 27 26 25 24 23 20 1918 17 12 1110 9 8 7 4 3 0
‘ Resered ‘ ‘ ‘ ‘ ‘ 1/0 waitstate# ‘ ‘ Resered ‘ ‘ ‘ ‘Prom write w# Prom read w#
/0 width 110 enabIeJ
I/0 ready enable— External alatch—
BEXCN enable—— Prom write enable |
Prom width

Figure 39: Memory configuration register 1

* [3:0]: PromreadwaitstatesDefinesthe numberof waitstatesluringpromreadcycles(“0000"=0,
“0001"=1,... “1111"=15).

* [7:4]: Prom write waitstates.Defines the number of waitstatesduring prom write cycles
(“00007=0, “0001"=1,... “1111"=15).

* [9:8]: Prom width. Defines the data with of the prom area (“00"=8, “01"=16, “10"=32).
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[10]: Resered
[11]: Prom write enable. If set, enables wriyeles to the prom area.
[17:12]: Resered

[18]: Externaladdresdatchenablelf set,the addresss sentout unlatchedandmustbe latched
by external address latches.

[19]: I/O enable. If set, the access to the memasyIHO area are enabled.

[23:20]: I/O waitstates. Defines the number ditstates during I/O accesses (“*0000"=0,
“0001=1, “0010"=2,..., “1111"=15).

[25]: Bus error (BEXCN) enable.

[26]:Bus ready (BRI¥N) enable.

[28:27]: /0O tus width. Defines the data with of the 1/0 area (“00"=8, “01"=16, “10"=32).

During power-up,thepromwidth (bits[9:8]) aresetwith valueon PIO[1:0]inputs.Theprom
waitstatedieldsaresetto 15 (maximum).Externalbuserrorandbusreadyaredisabled Al
other fields are undefined.

7.10Memory configuration register 2

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

31 13 12 987 6543210
| Not used [ Banksize| | | [ [ | |

BRDYN enable______|
Read-modify-write____ |
Figure 40: Memory configuration register 2 Ram width
Write waitstates
Read waitstates

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

[3:2]: Ramwrite waitstates Definesthe numberof 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- and 32-bit
areas with common write strobe (no byte write strobe).

[7]: Bus ready enable. If set, will enable BR® for ram area

[12:9]: Rambanksize.Definesthe sizeof eachrambank(“0000"=8 Kbyte, “0001"=16 Kbyte...
“1111"=256 Mbyte).

7.11Write pr otection

Write protectionis providedto protectthe memoryand1/O areasagainstaccidentalover-
writing. It is implementedastwo block protectunits capableof disablingor enablingwrite
accesdo a binary alignedmemoryblock in the rangeof 32 Kbyte - 1 Mbyte. Eachblock
protectunit is controlledthrougha controlregister(figure 41). The unitsoperateasfollows:
on eachwrite accesso RAM, addresdits (29:15)arexoredwith thetagfield in the control
register andandedwith the maskfield. A write protectionerroris generatedf theresultis
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not equalto zero,the correspondinginit is enabledandthe block protectbit (BP) is set,or
if the BP bit is clearedandtheresultis equalto zero.If awrite protectionerroris detected,
the write gcle is aborted and a memory access error is generated.

31 30 29 15 14 0
‘ EN‘ BP‘ TAG[14:0] MASK[14:0]

Figure 41: Write protection register 1 & 2

[14:0] Address mask (MASK) - this field contains the address mask
[29:15] Address tag @G) - this field is compared amst 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 strecthaccessyclesto the I/O areaandthe ram area
decodedy RAMSNI[4]. Theaccessewill alwayshave atleastthe pre-programmedumber
of waitstatesasdefinedin memoryconfigurationregistersl & 2, but will befurtherstreched
until BRDYN is assertedBRDYN shouldbe assertedn the cycle preceedinghe lastone.
The use of BRIN can be enabled separately for the I/O and RAM areas.

datal data2 waitstate | lead-out
ok /o \ \ \ \ \ \
A — Al
RAMSN[4]
OEN /
° «ap
BRDYN \_ |/

Figure 42: RAM read cycle with one BRDYN controlled waitstate
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7.13Access erors

An acces®rrorcanbesignalledby assertinghe BEXCN signal,whichis sampledogether
with thedata.lf theusageof BEXCN is enabledn memoryconfigurtionregisterl, anerror
responswill be generatean the internal AMBA bus. BEXCN canbe enabledor disabled
through memory configurationgister 1, and is aste for all areas (PBM, I/O an RAM).

datal data2 lead-out
ck /o \_/ '\ \ / \ \
A AL
RAMSN \
OEN \ /
° o
BEXCN \_ |/

Figure 43: Read cycle with BEXCN

7.14Attaching an extemal DRAM controller

To attachanexternalDRAM controllet RAMSN[4] shouldbeusedsinceit allowsthecycle
time to vary throughthe useof BRDYN. In this way, delayscanbeinsertedasrequiredfor
opening of banks and refresh.

7.15Cache configuration

The memorycontrollermarksthe PROM andRAM areasascacheabl@andthe /O areaas
non-cacheable.
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8

8.1

8.2

Hardware delug support

Overview

The LEON processoincludeshardwaredehug supportto aid softwaredehuggingon target
hardware.The supportis providedthroughtwo modules:a detug supportunit (DSU) anda
delug communicatiodink (DCL). TheDSU canputthe processom delug mode,allowing
read/writeaccesdo all processoregistersand cachememories.The DSU also containsa
tracebuffer which storesexecutednstructionsor datatransfersonthe AMBA AHB bus.The
delug communicationdink implementsa simple read/write protocol and usesstandard
asynchronous ART communications (RS232C).

LEON processor

Trace

Buffer | popq e | FEON SPARC V8
Integer unit

DSUEN Debug
DSUBRE ¢—————————p/ )
DSUACT Support Unit]

I-Cache D-Cache

AHB interface

AMBA AHB ‘

Debug

DSURX. =¥ Ccomm. Link Figure 44: Debug support unit and comm. link

Debug support unit
8.2.10verview

The delug supportunit is usedcontrol the tracebuffer andthe processodelug mode.The
DSUis attachedo the AHB busasslave, occupying a 2 Mbyte addresspace Throughthis
addresspaceary AHB mastercanaccesgshe processoregistersandthe contentsof the
tracebuffer. The DSU control registerscan be accessedt ary time, while the processor
registersandcachesanonly beaccessewhenthe processohasentereddelhug mode.The
tracebuffer canbe accessednly whentracingis disabled/completedn delug mode,the
processopipelineis held andthe processois controlledby the DSU. Enteringthe delug
mode can occur on the follang events:

» executing a breakpoint instruction (ta 1)

 integer unit hardwre breakpoint/atchpoint hit (trap 0xb)

* rising edge of thexgéernal break signal (DSUBRE)

» setting the break-nmo (BN) bit in the DSU control gaster

» atrap that wuld cause the processor to enter error mode

» occurrence of an or a selection of traps as defined in the DSU contgidter
« after a single-step operation

» DSU breakpoint hit
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The delug modecanonly be enteredwhenthe dehug supportunit is enabledthroughan
external pin (DSUEN). When the detp mode is entered, the folong actions are tan:

* PC and nPC arewad in temporary gisters (accessible by the degjounit)
* an output signal (DSACT) is asserted to indicate the dglstate
 the timer unit is (optionally) stopped to freeze the LEON timers aidhaog

The instructionthat causedthe processorto enterdelug modeis not executed,and the
processostateis keptunmodified Executionis resumedy clearingthe BN bit in theDSU
controlregisteror by de-assertin@ SUEN. Thetimer unit will bere-enablecindexecution
will continuefrom the saved PC and nPC. Delug mode can also be enteredafter the
processohasenterederrormode for instancevhenanapplicatiorhasterminatecandhalted
the processoiThe error mode can be reset and the processor restartgchaldaess.

8.2.2Trace huffer

The tracebuffer consistsof a circular buffer that storesexecutedinstructionsor AHB data
transfers A 30-bit counteris also provided and storedin the traceastime tag. The trace
buffer operationis controlledthroughthe DSU controlregisterandthe Tracebuffer control
register(seebelow). Whenthe processoentersdelug mode,tracingis suspendedhe size
of the tracebuffer is by default 128 words ( = 2 kbyte), but canbe configuredto ary size
through the VHDL model configuration record.

Thetracebuffer is 128 bits wide, theinformationstoredis indicatedin table11 andtable12
below:

Bits Name Definition

127 AHB breakpoint hit Setto ‘1’ if a DSU AHB breakpoint hit occurred.
126 - Unused

125:96 | DSU counter The \alue of the DSU counter
95:92 | IRL Processor interrupt request input
91:88 | PIL Processor interruptvel (pstpil)
95:80 | Trap type Processor trap type (pty

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: Tace uffer data allocation, AHB taicing mode
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Bits Name Definition

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

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

125:96 | DSU counter The \alue of the DSU counter

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

63:34 | Program counter Programcounter(2 Isb bitsremovedsincethey 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 mpde

31:0 Opcode Instruction opcode

Table 12: Tace luffer data allocation, Instruction &cing mode

During instructiontracing, one instructionis storedper line in the trace buffer with the
exceptionof multi-cycle instructions Multi-cycle instructionsareenteredwo or threetimes
in thetracebuffer. For storeinstructions bits [63:32] correspondo the storeaddres®n the
first entryandto the storeddataon thesecondentry (andthird in caseof STD).Bit 126is set
on the secondandthird entryto indicatethis. A doubleload (LDD) is enteredwice in the
tracebuffer, with bits[63:32] containingtheloadeddata.Multiply anddivideinstructionsare
enteredwice, but onlhy thelastentry containgheresult.Bit 126is setfor the seconcentry.
For FPU operationproducinga double-precisiomesult, thefirst entry putsthe MSB 32 bits
of theresultsin bit [63:32] while the secondentry putsthe LSB 32 bitsin thisfield. Whena
trace is frozen, interrupt 11 is generated.

The tracebuffer can executedinstructions,transferson AHB or both (mixed-mode).The
tracebuffer controlregistercontainstwo counterthatstorethe addres®of which locationof
thetracebuffer will bewritten on next trace.Sincethebuffer is circular, it actuallypointsto
the oldestentry in the buffer. The indexesare automaticallyincrementedafter eachstored
trace entry

In mixed mode,the buffer is divided on two halfs,with instructionsstoredin thelower half
and AHB transfersin the upper half. The MSB bit of the AHB index counteris then
automatically kept high, while the MSB of the instruction indeounter is kpt low.

31 25 2423 12 11 0
\ ‘TA‘TI \ AHB INDEX \ INST . INDEX \

Figure 45: DSU control register

[11:0] : Instruction trace indecounter
[23:12] : AHB trace inde counter
[24] : Trace instruction enable

[25] : Trace AHB enable

e o o o

Note thatthe VHDL model configurationallows to disablethe mixed-mode.n this case,
only the instruction trace indecounter is preided, and is used also during AHB tracing.
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8.2.3DSU control register
The DSU is controlled by the DSU controgigter:

31 2019 18 171615 14 13 12 11 109 8 7 6 5 4 3 2 1 0
| DCNT |Re| DR| LR 5 PE|EE|EB | DM DE|BZ |BX |BB|BN BSBW BE| FT|BT|DM TE|

Figure 46: DSU control register

e 0: Trace enable (TE). Enables the tracéfd.

¢ 1: Delaycountermode(DM). In mixedtracingmode settingthisbit will causeghedelaycounterto decrementn AHB
traces. If reset, the delay counter will decrement on instruction traces.

e 2: Breakon trace (BT) - if set, will generate a DSU break condition on trace freeze.

e 3: Freezetimers(FT) - if set,the scalerin the LEON timer unit will be stoppedduring dehug modeto presere the
time for the software application.

e 4: Breakonerror(BE) - if set,will forcethe processoto dehug modewhenthe processowould have enterederror

condition (trap in trap).

Break on IU vatchpoint - if set, daly mode will be forced on a IUatchpoint (trap 0xb).

Breakon S/W breakpoini{BS) - if set,detugmodewill beforcedwhenanbreakpoininstruction(ta 1) is executed.

Break nav (BN) -Force processor into de mode. If cleared, the processor will resuxecation.

Break on DSU breakpoint (BD) - if set, will force the processor tagi@bode when an DSU breakpoint is hit.

Break on trap (BX) - if set, will force the processor intowdemode when antrap occurs.

e 10:Breakon errortraps(BZ) - if set,will force the processoiinto detug modeon all exceptthe following traps:
priviledged_instruction, fpu_disabled, windooverflow, windov_underflav, asynchronous_interrupt, ticc_trap.

e 11: Delaycounterenablg(DE) - if set,thetracebuffer delaycountemwill decrementfor eachstoredtrace.Thisbit is set
automatically when an DSU breakpoint is hit and the delay counter is not equal to zero.

e 12:Debug mode (DM). Indicates when the processor has entered detde (read-only).

e 13:EB - value of the gternal DSUBRE signal (read-only)

e 14:EE - walue of the rternal DSUEN signal (read-only)

e 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 wit@ite one instruction and the return touwtemode.

e 17:Link response (LR) - is set, the DSU communication link will send a respanseafter AHB transfer

e 18: Delug moderespons€DR) - if set,the DSU communicatiorlink will senda responsevord whenthe processor
enters debg mode.

e 19: Reset error mode (RE) - if set, will clear the error mode in the processor

¢ 31:20Tracebuffer delaycountefDCNT). Notethatthe numberof bits actuallyimplementediepend®nthesizeof the
trace luffer.

L]

8.2.4DSU breakpoint registers

The DSU containstwo breakpointregistersfor matchingeitherAHB addressesr executed
processoinstructions. A breakpointhit is typically usedto freezethe tracebuffer, but can
also put the processorin delug mode. Freezingcan be delayedby programmingthe
TDELAY field in the DSU control registerto a non-zerovalue.In this casethe TDELAY

valuewill bedecrementetbr eachadditionaltraceuntil it reachezero,afterwhichthetrace
buffer is frozen.If the BT bit in the DSU control registeris set,the DSU will force the
processomto delug modewhenthetracebuffer is frozen.Notethatdueto pipelinedelays,
up to 4 additionalinstructioncanbe executedbeforethe processors placedin delug mode.
A mask register is associatedvith each breakpoint,allowing breakingon a block of

addressenly addresbits with the correspondingnaskbit setto ‘1’ arecompareduring
breakpointdetection.To breakon executedinstructionsthe EX bit shouldbe set.To break
on AHB load or store accesses, the LD and/or ST bits should be set.
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a1 2 1 0

Break address g ‘ BADDR[31:2] ‘ ‘ EX‘
a1 2 0

Breakmask g BMASK([31:2] Lo[sT]

Figure 47: DSU breakpoint registers

8.2.5DSU trap register

The DSU trap registeris a read-onlyregister that indicateswhich SFARC trap type that
causedhe processoto enterdelug mode.Whendelug modeis force by settingthe BN bit
in the DSU control rgister the trap type will be Oxb (hardwe watchpoint trap).

31 13 12 11 4 3 0
‘ RESERED ‘EM‘ TRAP TYPE 0000

Figure 48: DSU control register

e [11:4] :8-bit SFARC trap type
e 12 :Error mode (EM). Set if the trapowld hare cause the processor to enter error mode.

8.2.6DSU memory map

DSU memory map can be seen in tatebelav.

Address Register

0x800000c4 DSU UART status rgister
0x800000c8 DSU UART control reister
0x800000cq DSU UART scaler rgister
0x90000000 DSU control rgister
0x90000004 Trace luffer 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 huffer
..0 | Trace bits 127 - 96
.4 | Trace bits 95 - 64
...8 | Trace bits 63 - 32
...C | Trace bits 31 -0
0x90020000 - 0x900400001U/FPU register file

Table 13: DSU addrss space
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8.3

Address Register

0x90080000 - 0x90100000IU special purpose gisters

0x9008000Q Y register

0x90080004) PSR rgister

0x90080008 WIM register

0x9008000C| TBR register

0x90080010 PC reister

0x90080014f NPC rayister

0x90080018 FSR rejister

0x9008001C| DSU trap reister
0x90080040 - 0x9008007CASR16 - ASR31 (when implemented)
0x90100000 - 0x90140000Instruction cache tags
0x90140000 - 0x90180000Instruction cache data
0x90180000 - 0x901C0000Data cache tags
0x901C0000 - 0x90200000Data cache data

Table 13: DSU add¥ss space

The addressesf the IU/FPU registersdependson how mary registerwindows hasbeen
implementedand if and FPU is present.The registerscan be accessedt the following
addresses (NWIND@'S = number of SARC register windavs):

e %on : 0x90020000 + (((psswp * 64) + 32 +n) mod (NWINDONS*64))
e %In : 0x90020000 + (((psswp * 64) + 64 +n) mod (NWINDONS*64))
s %in : 0x90020000 + (((psswp * 64) + 96 +) mod (NWINDONS*64))
* %gn : 0x90020000 + (NWIND@/S*64) (no FPU)

e %gn : 0x90020000 + (NWINDW/S*64) + 128 (FPU present)

s %fn : 0x90020000 + (NWIND®@/S*64)

DSU communication link
8.3.10peration

The DSU communicationink consistsof a UART connectedo the AHB bus asa master
(figure49).A simplecommunicatiorprotocolis supportedo transmitaccesparameterand
data.A link commandconsistof a control byte, followed by anda 32-bit addressfollowed
by optionalwrite data.If the LR bit in the DSU controlregisteris set,a responsdyte will
be sentaftereachAHB transfer If the LR bit is not set,a write accessloesnot returnary
responsewhile areadacces®nly returnsthereaddata.Datais senton 8-bit basisasshavn
in figure 51. Throughthe communicatiorlink, a reador write transfercanbe generatedo
ary address on the AHBuUS.
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Baud-rate “bi Serial port
generator 8*bitclk Controller [ ——— AMBA APB
DSURX K}——»| Receiver shift register Transmitter shift register ——»KJ  DSUTX
AHB master interface AHB data/response

l AMBA AHB T

Figure 49: DSU communication link block diagram

TStart‘ DO ‘ D1 ‘ D2 ‘ D3 ‘ D4 ‘ D5 ‘ D6 ‘ D7 ‘Stop‘

Figure 50: DSU UART data frame

DSU Write Command

Send  [11]Length -1|| Addr[31:24] || Addr[23:16]|| Addr{15:8] || Addr[7:0] | | Data[31:24]|| Data[23:16]|| Data[15:8] || Data[7:0] |

Receive Resp. byte | (optional)

Response byte encoding
bit 7:3 = 000000

bit 2 = DMODE

Send  [10[Length -1|[ Addr[31:24] || Addr{23:16]|| Addr[15:8] || Addr(7:0] | bit 1:0 = HRESP

DSU Read command

Receive [ pata[31:24] || Data[23:16]|| Data[15:8] || Data[7:0] | | Resp. byte | (optional)

Figure 51: DSU Communication link commands

A responsdyteis canoptionally be sentwhenthe processogoesfrom executionmodeto
dehug mode.Block transferscan be performedbe settingthe lengthfield to n-1, wheren
denoteghe numberof transferredvords.For write accesseghe controlbyteandaddresss
sentonce followedby thenumberof datawordsto bewritten. Theaddresss automatically
incrementedftereachdataword. For readaccesseshecontrolbyteandaddresss sentonce
and the corresponding number of datads is returned.
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8.3.2DSU UART control register

31 2 10
| RESER/ED [BL|EN

Figure 52: UART control register

» 0: Recever enable (RE) - if set, enables both the transmitter andieecei
» 1: Baud rate loakd (BL) - is automatically set when the baud rate isddck

8.3.3DSU UART status register

31 765432 10
| RESER/ED FE| |ov |tH|Ts[oR

Figure 53: UART status register

» 0: Dataready (DR) - indicates thatindata is gailable in the recger holding rgistet

» 1. Transmitter shift rgister empty (TS) - indicates that the transmitter shigfister is empty
» 2: Transmitter hold rgister empty (TH) - indicates that the transmitter hofister is empty
» 4: Owerrun (O/) - indicates that one or more characterenbeen lost due toserrun.

» 6: Framing error (FE) - indicates that a framing erras wetected.

8.3.4Baud rate generation

The UART containsa 14-bit down-countingscalerto generatehe desiredbaud-rate The
scaleiis clockedby thesystenctlockandgeneratea UART tick eachtimeit underflavs. The
scaleris reloadedwvith thevalueof the UART scalerreloadregisteraftereachunderflav. The
resulting LART tick frequenyg should be 8 times the desired baud-rate.

If not programmedy software,the baudratewill be automaticallybe discovered.This is
doneby searchingfor the shortestperiod betweentwo falling edgesof the receved data
(correspondingo two bit periods) Whenthreeidenticaltwo-bit periodshasbeenfound,the
correspondingcalerreloadvalueis latchedinto the reloadregister andthe BL bit is setin
the UART controlregister If theBL bit is resetoby software,thebaudratediscovery process
is restarted.The baud-ratediscovey is also restartedwhen a ‘break’ is receved by the
recever, allowing to changeto baudrategfrom the externaltransmitter For properbaudrate
detection the value 0x55 shouldbe transmittedto the recever after resetor after sending
break.

The best scaleralue for manually programming the baudrate can be calculated agsfollo

scaler = (((system_clk*10)/(baudrate*8))-5)/10
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8.4

8.5

8.6

31 14 13 0
RESER/ED SCALER RELQAD VALUE

Figure 54: DSU UART scaler reload register

Common operations
8.4.1Instruction br eakpoints

To insertinstructionbreakpointsthe breakpointinstruction(ta 1) shouldbe used.This will

leave the four IU hardware breakpointdree to be usedas datawatchpoints.Since cache
snoopingis only doneon the datacache,the instructioncachemustbe flushedafter the
insertionor removal of breakpointsTo minimizetheinfluenceon execution,it is enoughto
clear the corresponding instruction cache tag (which is accesible through the DSU).

The DSU hardware breakpointsshouldonly be usedto freezethe tracebuffer, andnot for
software dehugging since there is a 4-cycle delay from the breakpointhit before the
processor enters the depmode.

8.4.2Single stepping

By writing the SShit andresetinghe BN bit in the DSU controlregister, the processowiill
resume eecution for one instruction and then automatically entengl@bode.

8.4.3Alter native delug sources

It is possibleto delug the processothroughary available AHB mastersincethe DSU is a
regular AHB slave. For instancejf a PClinterfaceis available,all deluggingfeatureswill
be aailable from ag other PCI master

8.4.4Booting from DSU

By assertingDSUEN and DSUBRE at resettime, the processowmiill directly enterdelug
mode without executing ary instructions. The systemcan then be initialised from the
communicationlink, and applicationscan be downloadedand delugged. Additionally,
external (flash) proms for standalone booting can be re-programmed.

Design limitations

The registersof a co-processoor FPU in parallelconfiguration(separateegisterfile) can
not be read by the DSU.

DSU monitor

GaislerResearclprovidesa DSU monitorthatallows both standaloneleluggingaswell as
an interbce to gdbSee wwwgaislercom for details.

Gaisler Research



| LEON-2 User's Manual 53 Version 1.0.2, Issue 1

8.7 External DSU signals

The DSU usesfive externalsignals:DSUACT, DSUBRE,DSUEN,DSURX andDSUTX.
They are used as foles:

DSUACT - DSU actve (output)

This active high outputis assertedvhenthe processois in delug modeandcontrolledby
the DSU.

DSUBRE - DSU break enable

A low-to-hightransitionon this active high input will generatéoreakconditionandput the
processor in delyg mode.

DSUEN - DSU enable (input)

Theactive highinputenablesheDSUunit. If de-assertedheDSUtracebuffer will continue
to operate bt the processor will not enter depmode.

DSURX - DSU recever (input)

This actve high input preides the data to the DSU communication link regei

DSUTX - DSU transmitter (output)

This actie high input preides 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

Name Type Function Active
A[30:0] Output | Memory address High
BEXCN Input Bus eception 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
RAMSNJ[3:0] Output | RAM chip-select Low
READ Output | Read strobe High
ROMSNIJ1:0] Output | PROM chip-select Low
RWEN[3:0] Output | RAM write enable Low
WRITEN Output | Write strobe Low

Table 14: Memory bs signals

9.2 System interface signals

Name Type Function Active
CLK Input System clock High
ERRORN Open-drain| System error Low
PIO[15:0] Bidir Parallel 1/0O port High
RESETN Input System reset Low
WDOGN Open-drain| Watchdog output Low
DSUACT Output DSU actie 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] - Address lus (output)

Theseactive high outputscarry the addresgluring accessesn the memorybus. Whenno
access is performed, the address of the last accesgeais (hiso internalycles).

BEXCN - Bus exception (input)

Thisactivelow inputis sampledsimultaneouslyith thedataduringaccessesnthememory
bus. If asserted, a memory error will be generated.

BRDYN - Bus ready (input)

This active low input indicatesthat the accessto a memory mappedl/O areacan be
terminated on the merising clock edge.

CLK - Processor clock (input)

This actve high input preides the main processor clock.

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

D[31:0] carriesthe dataduring transferson the memorybus. The processopnly drivesthe
bus during write gcles. During accesses to 8-bit areas, only D[31:24] are used.

DSUACT - DSU actve (output)

This active high outputis assertedvhenthe processois in delug modeandcontrolledby
the DSU.

DSUBRE - DSU beak enable

A low-to-hightransitionon this active high input will generatéoreakconditionandput the
processor in daly mode.

DSUEN - DSU enable (input)

Theactive highinputenablesheDSU unit. If de-assertedheDSU tracebuffer will continue
to operate bt the processor will not enter deppmode.

DSURX - DSU recever (input)

This actie high input preides the data to the DSU communication link reeei

Gaisler Research



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

DSUTX - DSU transmitter (output)

This actve high input preides the output from the DSU communication link transmitter

ERROR - Processor eror (open-drain output)

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

IOSN - 1/O select (output)

This actve lov output is the chip-select signal for the memory mapped 1/O area.

OEN - Output enable (output)

This actve lov output is asserted during reagtles on the memoryus.

P10[15:0] - Parallel 1/0 port (bi-dir ectional)

These bi-directional signals can be used as inputs or outputs to catdrobédeices.

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

These actie low signals preide an indvidual output enable for each RAM bank.

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

These actie low outputs preide the chip-select signals for each RAM bank.

READ - Read cycle

This actie high output is asserted during regdles on the memoryus.

RESETN - Processor eset (input)

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

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

Theseactive low outputsprovide the chip-selectsignalfor the PROM area.ROMSNIO] is
assertedwhen the lower half of the PROM areais accessed0 - 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. RWENJO]
controls D[31:24], RVEN[1] controls D[23:16], etc.
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WDOGN - Watchdog time-out (open-drain output)

This actve lov output is asserted when thatehdog times-out.

WRITEN - Write enable (output)

This actve lov output preides a write strobe during writgaes on the memoryus.
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10.1Model hierarchy

10 VHDL model architecture

The LEON VHDL model hierarghcan be seen in table 16 bslo

Entity/P ackage File name Function
LEON leon.vhd LEON top level entity
LEON_PCI leon_pci.vhd LEON/PCI top leel entity
LEON/MCORE mcore.vhd Main core
LEON/MCORE/CLKGEN clkgen.vhd Clock generator
LEON/MCORE/RSTGEN rstgen.vhd Reset generator
LEON/MCORE/AHBARB ahbarbvhd AMBA/AHB controller
LEON/MCORE/APBMST apbmst.vhd AMBA/APB controller
LEON/MCORE/MCTRL mctrl.vhd Memory controller
LEON/MCORE/MCTRL/BPFROM 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 interfice module
LEON/MCORE/PROC/IU iu.vhd Processor intger unit
LEON/MCORE/PROC/IU/MUL mul.vhd Multiplier state machined
LEON/MCORE/PROC/IU/DIV div.vhd radix-2 dvider
LEON/MCORE/PROC/REGFILE regfil.vhd Integer unit rgister file
LEON/MCORE/PROC/FPU meiko.vhd Meiko FPU core (not included)
LEON/MCORE/PROC/FPU_ITH fpu_lth.vhd FPU core from Lund Urersity
LEON/MCORE/PROC/FPU_CORE fpu_core.vhd FPU core wrapper
LEON/MCORE/PROC/FP1EU fpleu.vhd parallel FPU intedce
LEON/MCORE/IRQCTRL irgctrl.vhd Interrupt controller
LEON/MCORE/IOPOR ioport.vhd Parallel 1/O port
LEON/MCORE/TIMERS timers.vhd Timers and watchdog
LEON/MCORE/WART uart.vhd UARTs
LEON/MCORE/LCONF Iconf.vhd LEON configuration register
LEON/MCORE/AHBSTRAT ahbstat.vhd AHB status rgister
LEON/MCORE/DSU dsu.vhd Delug support unit
LEON/MCORE/DSU_MEM dsu_mem.vhd DSU trace bffer memory
LEON/MCORE/DCOM dcom.vhd Debug comm. link controller

LEON/MCORE/DCOM/DCOM_ART

dcom_uart.vhd

UART for delug comm. link

Table 16: LEON model hiarchy
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Table 17 shas the packages used in the LEON model.

Package File name Function
TARGET target.vhd Pre-defined configurations foarous tagets
DEVICE device.vhd Current configuration
CONFIG config.vhd Generation of arious constants for processor and caches
SFARCVS8 sparcv8.vhd SFARCV8 opcode definitions
IFACE iface.vhd Type declarations for module intade signals
MACRO macro.vhd Various utility functions
AMBA amba.vhd Type definitions for the AMB buses
AMBACOMP ambacomp.vhd AMBA component declarations
MULTLIB multlib.vhd Multiplier modules
FPULIB fpu.vhd FPU interfice package
DEBUG dehug.vhd Dehug package with SFRC disassembler
TECH_GENERIC tech_generic.vhd | Generic rgfile and pad models
TECH_ATC25 tech_atc25.vhd Atmel ATC25 specific rgfile, ram and pad generators
TECH_ATC35 tech_atc35.vhd Atmel ATC35 specific rgfile, ram and pad generators
TECH_FS90 tech_fs90.vhd UMC/FS90AB specific rgfile, ram and pad generators
TECH_UMC18 tech_umc18.vhd | UMC 0.18 um specific gile, ram and pad generators
TECH_MAP tech_map.vhd Maps mea-cells according to selectedgat

Table 17: LEON pakages

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 constructsmostly using
sequential statements. Typically, each module only contains two processes,one
combinationaprocesgescribingall functionality andone processmplementingregisters.
Recordsare usedextensvely to group signalsaccordingtheir functionality In particular
signals between modules are passed in records.

10.3Clocking scheme

Themodelimplementdwo clockingschemesacontinuouslockandtheuseof multiplexers
to enableloadingof pipe-lineregisters,or a gatedclock which is stoppedduring pipe-line
stalls.While a continuousclock provides easiertiming analysis,gatedclocks usually cost
lessareaand power. The selectionof clock schemeis doneby settingthe configuration
element GAEDCLK to true or &lse.

10.4AMB A buses
10.4.1AMB A AHB

The AHB buscanconnectupto 16 mastersandany numberof slaves. The LEON processor
coreis normally connectedas masterO, while the memorycontrollerand APB bridge are
connected at sl@s 0 and 1.
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The AHB controller(AHBARB) controlsthe AHB bus andimplementsboth bus decoder/
multiplexer andthebusarbiter Thearbitrationschemas fixedpriority wherethebusmaster
with highestindex hashighestpriority. The processors by default put on the lowestindex.

To begrantedhebus,amastemustdrive therequessignal(HREQ).Re-arbitrationis done

after eachtransfer but not during burst transfers(HTRANS = SEQ) or locked cycles
(HLOCK asserted during arbitration).

EachAHB masteris connectedo the busthroughtwo recordscorrespondindo the AHB
signalsas defined in the AMB 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 slae is similarly connected throughdwecords:

-- AHB slave inputs (HCLK and HRESETn routed separately)
type AHB_SIv_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_SIv_Out_Type is

record
HREADY: Std_Logic; -- transfer done
HRESP: Std_Logic_Vector(1l 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 configurationrecord containsa table which
indicateswhich adressesvill be cachedby the processarBy default, only the PROM and
RAM area of the memory controller are medkas cacheable

10.4.3AHB pr otection signals

Theprocessodrivesthe AHB protectionsignals(HPROT) asfollows: theopcode/datait is
drivenaccordingto if aninstructionfetch or a dataload/stords performed the priviledged
bit is drivenwhenthe processors in supervisomode the bufferableandcacheabldits are
driven if a cacheable address is accessed.

10.4.4APB bus

The APB bridgeis connectedo the AHB busasa slave andactsasthe (only) masteronthe
APB lus. The slees are connected through a pair of records containing the APB signals
type APB_SIv_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_SIv_Out_Type is
record

PRDATA: Std_Logic_Vector(PDMAX-1 downto 0);
end record,;

Thenumberof APB slavesandtheiraddressangeis definedthroughthe APB slave tablein
the TARGET package.

10.5Floating-point unit and co-processor
10.5.1Generic CP interface

LEON canbe configuredto provide a genericinterfaceto a special-purposeo-processor
Theinterfaceallows anexecutionunit to operaten parallelto increasgerformanceOneco-
processoinstructioncan be startedeachcycle aslong asthereare no datadependencies.
Whenfinished,theresultis written backto the co-processoregisterfile. Theexecutionunit
is connected to the intaxde using the follwing two records:
type cp_unit_in_type is record -- coprocessor execution unit input

opl :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 thexecution unit inteidice can be seen in figure 55
TS [N W T [ Y VY [ T [ Y [ Y Y O
cpi.opl X opl X
cpi.op2 _X op 2 X
cpi.opcode _X OPC X"
cpi.start [
cpi.load |\
cpo.husy \
cpo.cc X X__condlition codes
Cpo.&C X[ A__excéption codes
cpo.result X[ ) rest,lllt

Figure 55: Co-processor execution unit waveform diagram

The executionunit is startedby assertinghe startsignaltogethemwith a valid opcode.The
operandsaredriven on the following cycle togetherwith the load signal.If the instruction
will take morethanonecycle to completethe executionunit mustdrive busyfrom thecycle
after the start signal was asserteduntil the cycle beforethe resultis valid. The result,
conditioncodesandexceptioninformationarevalid from the cycle afterthe de-assertiomwf
busy, anduntil the next assertiorof start. Theopcode(cpi.opcode[9:0])s the concatenation
of bits[19,13:5]of theinstruction.If executionof a co-processoinstructionneedto be pre-
maturelyaborted(dueto an U trap), cpi.flushwill be assertedor two clock cycles. The
execution unit should then be reset to its idle condition.

10.5.2FPU interface

The LEON modeltwo interfaceoptionsfor afloating-pointunit: eitheraparallelinterfaceor
anintegratedinterfacewhereFP instructiondo not executein parallelwith 1U instruction.
Both interfacemethodsexpectan FPU coreto have the sameinterfaceasdescribednfigure
55 abwee, and which also is the intade used by the Mak-PU core.

ThedirectFPUinterfacedoesnotimplementafloating-pointqueuetheprocessors stopped
during the execution of floating-pointinstructions.This meansthat QNE bit in the %fsr
registeralwaysis zero,andary attemptsof executingthe STDFQinstructionwill generate
FPU exceptiontrap. The parallelinterfacelets FPU instructionsexecutein parallelwith 1U
instructionsandonly haltsthe processoin caseof data-or resourcedependenciefReferto
the SFARC V8 manualfor a more in-depth discussionof the FPU and co-processor
characteristics.

As of leon2-1.0.1a partialimplementatiorof an IEEE-754compatibleFPU s includedin

the model (fpu_Ith.vhd). This FPU is contribtuted by Martin Kasprzyk,a studentat Lund

TechnicalUniversity, and doescurrentlyimplementsingle-and double-precisioraddition,
subtractionand compare.All rounding modes are implementedas well as a Meiko

compatibleinterface.To make this FPUusefulfor LEON, multiplication,divide andsquare-
root musthowever also be implemented A documentdescribingthis FPU is provided in

doc.
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11 Model Configuration

The modelis configurableto allow different cachesizes, multiplier performanceclock
generationandtargettechnologiesSeveralconfigurationsaredefinedasconstantecordsn
the TARGET packagewhile the actve configurationrecordis selectedin the DEVICE
package.The modelis configuredfrom a masterconfigurationrecord which 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

The synthesigonfigurationsub-records usedto adaptthe modelto varioussynthesigools
and taget 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 s integer; -- register file implementation option
end record;

Dependingon synthesistool and target technology the technologydependanmega-cells
(ram,rom, pads)caneitherbe automaticallyinferred or directly instantiatedUsing direct
instantiation, three types of target technologiesare currently supported:Xilinx Virtex
(FPGA),Atmel ATC35(0.35um CMOS)andAtmel ATC25(0.25um CMOS).In addition,
ary technologythatis supportedy synthesigoolscapableof automatianferenceof mega-
cells(Synplify andLeonardo)s alsosupportedWhenusingtoolswith inferencecapability
targetingXilinx Virtex, achoicecanbe madeto eitherinfer the mega-cellsautomaticallyor
to use direct instantiation. The choice is done by setting the parametersnfer_ram,
infer_regfandinfer_rom accordingly

Therftype option hasimpacton targettechnologiesvhich are capableof providing more
thanonetype of registerfile. Currently this is only usedwheninfer_regf is true andthe
synthesidool inferstheregisterfile. Infer_mult selectshow the multiplier is generatedfor
details see sectidlil.2 belav.
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11.2Integer unit configuration

The integer unit configurationrecordis usedto control the implementatiorof 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
Iddelay :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 O to 15; -- U version ID

end record,;

nwi ndows setthe numberof registerwindows; the SFARC standardallows 2 - 32 windows,
but to be compatiblewith thewindow overflonv/underflav handleran the LECCScompiler
8 windaws should be used.

The multiplier option selectshow the multiply instructionsare implementedThe table
belov shav the possible configurations:

Configuration (lglts:g) ap(plzr;);t.ezzr)ea
iterative 35 1000
ml16x16 4 6,000
m32x8 4 5,000
m32x16 2 9,000
mx32x32 1 15,000

Table 18: Multiplier configuations

If infer_mult in the synthesisconfigurationrecord(seeabove) is false,the multipliers are
implementedisingthemodulegeneratorén multlib.vhd.If infer_mult is true,thesynthesis
tool will infer amultiplier. For FPGAimplementationshestperformances achiezedwhen
infer_mult is true and m16x16is selected ASIC implementationgusing synopsysDC)

shouldsetinfer_mult to falsesincethe provided multiplier macrosn MULTLIB arefaster
than the synopsysgeneratedequivalents. The mac option enablesthe SMAC/UMAC

instructions. Requires thaultiplier to use the m16x16 configuration.

Thedivider field selecthow the UDIV/SDIV instructionsareimplementedCurrently only
a radix-2 dvider is aailable.

If anFPUwiIll beattachedfpuen shouldbesetto 1. If aco-processowill beattachedgpen
should be set to true.
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To speedup branchaddresgenerationfastjump canbesetto implementa separatdranch
addressadder The pipeline canbe configuredto have eitheroneor two load delaycycles
usingthelddelay option.Onecycle giveshigherperformancglower CPI) but mayresultin
slower timing in ASIC implementationsin FPGA implementationssettingi cchol d will
improve timing by addingapipelinehold cycleif abranchinstructionis precededy anicc-
modifying instruction.Similarly, f ast decode will improve timing by addingparallellogic
for register file address generation.

Settingwatchpoint to a value betweenl - 4 will enablecorespondinghumberof watch-
points.Seetingit to 0, will disableall watch-pointlogic. Thei npl andver si on fieldsare
used to set the fed fields in the %psr gester

11.3FPU configuration

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

type fpucoretype is (meiko, Ith); -- 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 O to 7; -- FPU version ID
end record;

Thecore elementcaneitherbe meiko or Ith, selectingwhich of thetwo coreswill beused.
Theinterface elementdefinesvhetherto usea serial, parallel or none (no FPU)interface.
Theversion element defines the (constant) FRdsion ID in the %fsr ggster

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 s 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 the cachesizearel - 64 (Kbyte), andmustbe a power of 2. Theline size
maybe2 - 4 (words/line).Theinstructionanddatacachesnaybe configuredndependently
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The deéult 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

busl6en : boolean; -- enable 16-bit bus operation

rawaddr : boolean;  -- enable unlatched address option
end record;

The 8- and 16-bit memory interface featuresare optional; if setto falsethe associated
functionwill bedisabledresultingin a smallerdesign.The rawaddrfields enableghe raw
(unlatchedpddressutputoptionin thememorycontroller If enabledfiming 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 dehg features are controlled through thewgbonfiguration 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 enabl e field hasto be true to enablethe built-in disassemble(it doesnot affect
synthesisiandto allow DSU operationsSettinguar t to truewill tie the UART transmitter
readybit permanentlyhigh for simulation(doesnot affect synthesis)and outputary sent
characterenthesimulatorconsolgline buffered). The UART output(TX) will notsimulate
properlyin this mode.Settingi ur eg will traceall U registerwritesto the console Setting
f pur eg will trace all FPU rgister writes to the console.

Settingnohal t will causethe processoto take a resettrap and continueexecutionwhen
error mode(trap in a trap) is encounteredDo NOT setthis bit for synthesissinceit will
violate the SRRC standard and will makit impossible to halt the processor

SinceSFARC instructionsare alwaysword-aligned all internal programcounterregisters
only have 30 bits (A[31:2]), makingthemdifficult to tracein waveforms.If pcl owis setto
0, the programcounterswill be made 32-bit to aid delugging. Only use pcl ow=2 for
synthesis.
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Thedsuenablefield enableghe dehug supportunit. Dsutrace enableghetracebuffer. The
tracelinesfield indicateshow mary linesthetracebuffer shouldcontain.Notethatfor each
line in thetracebuffer, 16 byteswill beusedby thetracebuffer memory Thedsumixedfield
enableshemixedtracingmode(simultaneougstructionandAHB tracing).Thedsudpram
enableghe DSU tracebuffer to be implementedwith dual-portrams,otherwiseordinary
single-portramsare used.Ram blockswith 32-bit width will be usedfor the tracebuffer
memory;the table belov shavs the type and numberof blocks usedas a function of the
configuration options.

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 tace luffer ram usge

11.7Peripheral configuration
Enabling of someperipheralfunction is controlled throughthe peripheralconfiguration
record:

type irg_filter_type is (IvlO, Ivl1, edgeO, edgel);
type irg_filter_vec is array (0 to 31) of irg_filter_type;

type irg2type 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
irg2cfg : irg2type; -- 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
irg2cfg.enable = true. Arxample record defining fouxga interrupts could look I this:

constant irq2chan4 : irg2type := ( enable => true, channels => 4,
filter => (IvIO, IvI1, edgeO, edgel, others => Ivl0));

Lvl0 meanthat the interrupt will be treatedas active low, Ivi1 as active high, edgeOas
negative edge-triggeredand edgelas positve edge-triggeredSince the registersin the
secondarynterruptcontrollerareaccessethroughthe APB bus,an APB configuratiorwith
the interrupt controller present must be selected.
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11.8Boot configuration

Apartfrom thatstandarcdoot procedureof bootingfrom addres® in the externalmemory
LEON canbeconfiguredto bootfrom aninternalpromor from the detug supportunit. The
bootoptionsaredefinedonthebootconfiguratiorrecordasdefinedn the TARGET package:

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 optionis setto ‘prom’, aninternalpromwill be inferred. Whenbootingfrom
internalprom,the UART baudgeneratartimer 1 scaler andmemoryconfigurationregister
2 arepreseto thevaluescalculatedrom the bootconfiguratiorrecord. The UART scaleris
preseto generatéhe desirecbaudrate,takingthesystenclock frequeng into accountThe
timer 1 scaleris presetto generatea 1 MHz tick to the timers. The ram read and write
waitstatearesetdirectly from to the bootconfigurationrecord.If the extbaudvariableis set
in thebootconfiguratiorrecord,the UART scalerswill insteadbeinitialisedwith the value
on I/O port [7:0] (the top 4 bits of the scalerswill be cleared).Using external strapsor
assigninghe portaspull-up/pull-dovn, the desiredbaudratecanbe setregardlessof clock
frequeny andwithout having to regeneratehe prom or re-synthesiself a differentboot
programis desiredusethe utility in the pmondirectoryto generatea new promfile. When
the dual boottypeis configuredthe bootsourceis definedby PIO[4]. If PIO[4] is asserted
(=1), the internal prom will be enabled, otherwise tktermal prom will be used.

Whichcontentis placedn theboot-promis decidedoy theinfer_promandthepabitssettings
in theconfiguratiorrecord.If infer_promis true,the contentds generatedrom bprom.vhd,
which by default containsPMON (seebelow). If infer_promis false,only Xilinx Virtex

devices canbe taigettedandthe promis directly instantiated Dependingon the value of

pabits,eitherapromwith 1, 2, 4 or 8 kbyteis instantiatedThexilinx sub-directorycontains
two templates, virtex_prom256 (1 kbyte) and virtex_prom2048 (8 kbyte). The
virtex_prom256 contains PMON, while virtex_prom2048containsa prom version of

rdbmon from LECCS-1.1.1. The pre-defined configuration virtex_2k1k_rdbmon in

device.vhd will instantiate the virke prom2048 prom.

11.8.2PMON S-record loader

Pmonis asimplemonitorthatcanbeplacedn anon-chipbootprom,externalpromor cache
memoriegusingthe boot-cacheconfiguration).Two versionsare provided, oneto be used
for on-chip prom or caches (bprom.c) and one xbermal proms (eprom.c).

On reset,the monitor scansall ram-banksand configuresthe memory control register 2
accordingly Themonitorcandetectif 8-, 16-or 32-bitmemoryis attachedif read-modify-
write sub-wordwrite cyclesareneededindthesizeof eachrambank.It will alsosetthestack
pointer to the top of ram. The monitor writes a boot messageon UART1 transmitter
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describinghedetectednemoryconfiguratiorandthenwaitsfor S-records¢o bedownloaded
onUART1 recever. It recogniseswo typesof S-recordsmemorycontentsandstartaddress.
A memorycontentS-records savedto thespecifiedaddressn memorywhile astartaddress
recordwill causethe monitorto jump to theindicatedaddressApplicationscompiledwith
LECCS can be caerted to a suitable S-record stream with:

sparc-rtems-objcop-O srec app app.srec

Seethe README files in the pmondirectoryfor more details.After successfuboot, the
monitor will write a message similar to:

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

11.8.3Rdbmon

A promableversionof rdbmonis providedin pmon/Imon.olt canbeputin theboot-promif

infer_promis falseand pabits= 11. Note that rdbmonneedsto be re-compiledfor each
specifictamget hardware, it doesnot automaticallydetectthe memoryconfiguration.To do
this, changehe malefile in thepmondirectorysothatthe mkpromsettingswill reflectyour
hardware.Then,doa‘make’ whichwill produceavirtex_prom2048.mifile. Usethe Xilinx

Coregento producea synchronougam from the .mif file, and put the resulting edif file
(virtex_prom2048.ednin the syndirectorysothatthe Xilinx place&routetoolswill find it
during designexpansion.The file virtex_prom2048.xcaontainsa suitableprojectfile for
corggen. LECCS-1.1.1or higheris neededto build rdbmonfor the boot-prom.Rdbmon
consumes kbyte (16 Virtex blockrams)soatleastan XCV800 device is neededo fit both
the boot prom and ram for the caches agdster file.

11.8.4Booting from the delug support unit

Bootingfrom the delug supportunit canbe doneregardlesof which bootconfiguratiorhas
beenmade,by assertingooth DSUEN and DSUBRE at resettime. See“Hardware delug
support” on pagéd4 for details.

11.9AMB A configuration

The AMBA busesare the main way of addingnew functional units. The LEON model
providesaflexible configuratiormethodto addandmapnen AHB/APB compliantmodules.
Thefull AMBA configurationis definedthroughtwo configurationsub-recordspnefor 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

The numberof attachedmnasterds definedby the masters  field in the AHB configuration
record.Themastersareconnectedo theahbmi/ahbmo busesn the MCORE module.AHB
mastershouldbeconnectedo index O - (masters -1) of theahbmi/anbmo buses.Thedefmst
field indicates which master is granted byadsfif no other master is requesting thesb

11.9.2AHB slave configuration

Thenumberof AHB slavesandtheir addressangeis definedthroughthe AHB slave table.
Thedefaulttablehasfour pre-definedslaves:the memorycontroller 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 HADDRJ[31:28]

("0000", "0111", O, 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),-- PCl initiator 0xC- OxF
others => ahb_slv_config_void);

Thetablealsoindicatesf theslave is capableof returninga SPLIT responseif so,thesplit
elemenshouldbesetto true,therebygeneratinghenecessargplit supportiogic in the AHB
arbiter To add or remove an AHB slave, edit the configurationtable and the AHB bus
decoder/multipleer and will automaticallybe reconfigured.The AHB slaves should be
connectedo theahbsi/ahbso  busesTheindex fieldin thetableindicateswvhichbusindex
the slae should connect to.

11.9.3APB configuration

Thenumberof APB slavesandtheir addressangeis definedthroughthe APB slave tablein
the TARGET package. The daidlt table has 14 slas.

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 s 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", true), -- memory controller, 0x00 - 0x08
("0000001100", "0000010000", true), -- AHB status reg., 0x0C - 0x10

0

1
("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), -- uartl, 0x70 - Ox7C
("0010000000", "0010001100", 7, true), -- uart2, 0x80 - 0x8C
("0010010000", "0010011100", 8, true), -- interrupt ctrl  0x90 - 0x9C
("0010100000", "0010101100", 9, true), -- I/O port O0xAO0 - OXAC
("0010110000", "0010111100", 10, false),-- 2nd interrupt ctrl 0xBO - 0XxBC
("0011000000", "0011001100", 11, false),-- DSU uart 0xCO - OxCC
("0100000000", "0111111100", 12, false),-- PCI configuration 0x100- Ox1FC
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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 automaticallyconfigurethe AHB/APB bridge.To addAPB slaves,edit
the slave configurationtableandaddyour modulesin MCORE. The APB slavesshouldbe

connectedo theapbi/apbo busesTheindex fieldin thetableindicatesvhichbusindex the
slave should connect to.
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12 Simulation

12.1Un-packing the tar-file

The modelis distributed as a gzippedtarfile; leon-2.x.x.talgz. On unix systemsusethe
commandgunzip -c leon-2.x.x.taigz | tar xf -’ to unpackthe modelin the currentdirectory
The LEON model has the follong directory structure:

leon top directory

leon/Malefile top-level malefile

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 systemgor MS-windows with cygwin installed),the LEON VHDL modelandtest
benchcanbebuilt using‘make’ in thetop directory Doing make without a target(or ‘make
all’) will build themodelandtestbenchesisingthemodeltechcompiler Doinga‘make vss’
will build the model with Synopsys VSS.

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

12.3Generic test bench

A generictestbenchis providedin tbench/tbgen.vhdrlhis testbenchallows to generatea
model of a LEON systemwith various memory sizesand configuration,by settingthe
appropriategenerics.A default configurationof the test bench, TBDEF is in tbench/
tbdef.vhd.Thefile tbench/tbleon.vhaontainsa numberof alternatve configurationusing
the generic test bench.

Oncethe LEON modelhave beencompiled,one of the testbenchege.g. TBDEF) canbe
simulatedto verify the behaiour of the model. Simulation should be started in the top
dir ectory. The output from the simulation should be as fe$io

# # *** 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 generatingaldire.
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12.4Disassembler

A SFARC disassembleis providedin the DEBUG packagelt is usedby the testbenchto
disassembldéhe executedinstructionsand print them to stdout (if enabled).Test bench
configurations with names ending in a ‘_dvhalisassembly enabled.

12.5Test suite

Thesuppliedtestsuitewhichis run by thetestbenchandonly testson-chipperipheralsand
interfacescomplianceo the SFARC standarchasbeentestedwith proprietarytestvectors,
notsuppliedwith themodel.To re-compilethetestprogram the LEON/ERC32GNU Cross-
Compiler System(LECCS) provided by GaislerResearciiwww.gaislercom) needsto be
installed. The testprogramsarein the tsourcedirectory and are built by executing‘make
tests’in thetop directoryor in thetsourcedirectory The makefile will build theprogramand
generatgpromandramimagesfor thetestbench.Pre-compiledmagesaresuppliedsothat
the test suite can be run without installing the compiler

Thetestprogramsprobesthe LEON configurationregisterto determinewhich optionsare
enabledn theparticularLEON configurationandonly testshose E.g.,if noFPUis present,
the test program will not attempt to perform FPU testing.

12.6Simulator specific support

The file modelsim/vave.dois a macrofile for modelsimto display someuseful internal
LEON signals.A modelsiminit file (modelsim.ini)is presenin thetop directoryandin the
leonandtbenchdirectoryto provide appropriatdibrary mapping.The completemodelcan
be compiled from within modelsim byxecuting the modelsim/compile.do file:

vsim> do modelsim/compile.do

A .synopsys_vss.settite is presentn thetop directoryandin theleonandtbenchdirectory
to provide appropriate library mapping for Synopsys VSS.

12.7Post-synthesis simulation

Thesuppliedtest-benchesanbe usedto simulatethe synthesisedetlist. Usethefollowing
procedure:
» Compilethecompletemodel(i.e.doa‘make’ atthetoplevel). It is essentiathatyouuse

the sameconfigurationasduringsynthesisThis stepis necessarpecausehetestbench
uses the tget, config and dece packages.

* Inthetopdirectory compilethesimulationlibrariesfor you ASIC/FPGAtechnologyand
then your VHDL netlist.

» Cdto tbench,anddo ‘make cleanall’. Thiswill rekuild 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 anduiébthe test programs (malall).
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13 Synthesis

13.1General

The model is written with synthesisin mind and has beentestedwith SynopsysDC,
SynopsysFPGA-Compiler(FPGA-Express)ExemplarLeonardoand Synplicity Synplify
synthesigools. Technologyspecificcells are usedto implementthe IU/FPU registerfiles,
cacheamsandpads.Thesecellscanbeautomaticallyinferred(Synplify andLeonardoonly)
or directly instantiated from the tgat library (Synopsys).

Non-synthesisable code is enclosed in a set of embedded pragmasrabaloe:

-- pragma translate_off
... hon-synthesisable code...
-- pragma translate_on

This works with most synthesis tools, although in Synopsys requires the
hdlin_translate df skip_tet variable be set tdrue”.

13.2Synthesis pocedure

Synthesisshould be done from the ‘syn’ directory It includes scripts/project-filesfor
Synplify, Synopsys-DCSynopsys-FCand Leonardo.The sourcefiles arereadfrom the
leondirectory soit is essentiathattheconfigurationin theTARGET andDEVICE packages
is correct.To simplify the synthesigprocedurea numberof pre-definedconfigurationare
providedin the TARGET packageThe selectionof the active configurationis donein the
DEVICE packageThefollowing tableshowvs the characteristicef someof the pre-defined
configurations:

Configuration cache regfile | mul/div rom pads target syntool
fpga_2k2k inferred | inferred none none inferred ary synp, leo
fpga_2k2k_softprom inferred | inferred none inferred inferred ary synp, leo
fpga_2k2k v8_softprom inferred | inferred | inferred inferred inferred ary synp, leo
virtex_2k2k_blockprom inferred | instance none instance inferred virtex ary
virtex_2k2k_v8_blockprom| inferred | instance | inferred instance inferred virtex ary
gen_atc25 instance | instance| instance none instance | ATC25 ary
gen_atc35 instance| instance| instance none instance | ATC35 ary
gen_fs90 instance | instance | instance none instance | FS90AB ary

Table 20: Some prdefined synthesis configtions

Note:

» 8/16-bit memory support is optional, neakure that you enable the option(s) if needed.

» Make surethatthe selectecconfigurationin the DEVICE packagecorrectlyreflectsyour
synthesis tools and @&t technology!
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13.2.1Synplify

To synthesis&.EON usingSynplify, startsynplify in the syndirectoryandopenleon.prj.A
synthesigun takesabout5 minuteson a 1 GHz Pentium-111 PC (128 MB ram necessary).
The table bele shavs some obtained synthesis results (post-layout timing):

Icache | Dcache _ Regfile Device Freq Area
(Kbyte) (Kbyte | implement. (MHz)
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 mject files

The FSM complierhasunfortunatelysomebugsandmust be switchedoff or somemodules
(including the divider) will not be correctly synthesisedwith synplify _pro,re-timing and
pipeliningmust also be disabled to guarantee correct result.

13.2.2Synopsys-DC

To synthesisé. EON usingSynopsy®DC, startsynopsysn thesyndirectoryandexecutethe
script‘leon.dcsh’.Beforeexecutingthe script, edit the beginning of the scriptto insurethat
thelibrary searctpathsreflectsyour synopsysnstallationandthatthetiming constraintsare
appropriate:

/ /

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

/* 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 appropriate synopsys constraints
commands.

13.2.3Synopsys-FC2 and Synopsys-FE

To synthesisé. EON usingSynopsys-FC2/FEstartfc2_shell(fe2_shell)in thesyndirectory
andexecutethe script‘leon.fc2’. The scriptwill analyseall sourcefiles andcreatea ‘leon’
project.Compilationandoptimisationis left to theuser Note: FC2/FE-3.4do NOT support
automatianferenceof ramcells,ramshave to bedirectly instantiatedrom thetargetlibrary.
Currently only the Xilinx VIRTEX technologyis supportedhroughthe TECH_VIRTEX
package.
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13.2.4Leonardo
Use the follaving steps to synthesise LEON usingeBlar Leonardo:

» Start Leonardo, and selectdgat technology and giee

» 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 the user It is essentiathatthe sourcefiles areread
with the -dont_elaborateswitch, or Leonardowill not be ableto properly resole certain
generatestatementdNote:only Leonardo version2001.1aor later canbeused theearlier
2000.xversionshave bugsin type resolutionfunctionsandwill fail during analysisof the
model.Leonardds capableof automaticallyinferringthenecessaryamcellsfor registerfile
and caches.
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14 Porting to a new technology or synthesis tool

14.1General

LEON usesthreetypesof technologydependantells; ramsfor the cachememories 3-port
registerfile for the IU/FPU registers,and pads.Thesecells can either be inferred by the
synthesigool or directly instantiatedrom a target specificlibrary. For eachtechnologyor
instantiationmethod,a specificpackagds provided. The selectionof instantiationmethod
andtamet library is donethroughthe configurationrecordin the TARGET packageThe
following technology dependant packages areigeal:

package Function Instantiation method
TECH_GENERIC Behavioural models inferred
TECH_VIRTEX Generators for Xilinx VIREX direct instantiated
TECH_ATC25 Generators for Atmel BC25 direct instantiated
TECH_ATC35 Generators for Atmel RC35 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 mga-cells depending on configuration

Table 22: 'Bchnolagy mapping pakages

Thetechnologydependanpackageganbe seenawrappersaroundthe mega cellsprovided
by thetargettechnologyor synthesidool. Thewrappersarethencalledfrom TECH_MAR
where the selectionis done dependingon the configuredsynthesismethod and target
technology To portto a new tool or targetlibrary, a technologydependanpackageshould
beaddedgexportingthepropercell generatordn the TARGET packagethetargettetstype
shouldbe updatedo includethe new technologyor synthesigool, while the TECH_MAP
package should be edited to call the exported cell generatorsfor the appropriate
configuration.

14.2Target specific mega-cells

14.2.1Integer unit r egistekrfile

ThelU registerfile musthave one32-bitswrite portandtwo 32-bitsreadports.Thenumber
of registers depend on the configured number of register windows. The standard
configurationof 8 windows requiresl36 registers,numbered - 135.Notethatregister128
is not used and will ver be written (corresponds to/ARC register %g0).

If the Meiko FPU s enabledusingthedirectinterface theregisterfile shouldhave 32 extra
registersto storethe FPUregisters(i.e 168 registersfor 8 registerwindows + FPU). For all
target technologieg 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 the endof the samecycle asthereadaddress
is provided (figure 56). This can be implementedwith asynchronousead ports, or by
clockingasynchronouseadportonthenegative clock (CLKN). Read/writecollisionsin the
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samecycle (RA1/WA1) doesnot have to be handledsincethis will be detectedn the IU
pipelineandthewrite datawill be bypassedutomaticallyHowever, collision betweertwo
consecutre cycles(WA1/RA2) is not handledandthe registerfile mustprovide abypassn
case write-through is not supported.

cLK \ \ \

CLKN _/ / N/
Read address ————  RAL [X RA2 | )
Write address ——— WAL [} WA2 | )

Write data { wil }— wh2 }—

Read data ( ROL »— RO2 }—

Figure 56: IU register file read/write timing

The TECH_ATC35 packageprovidesan exampleof a synchronousegisterfile clockedon

theinvertedclock, while TECH_ATC25shavs anexampleof afully asynchronousegister
file. TECH_GENERICcontainsanexampleof WA1/RA2 contentionandassociatethypass
logic.

14.2.2Parallel FPU & co-processor egister file

The parallel FPU and co-processousesa separateegisterfile with 32 32-bit words. The
FPU/CPcontroller (fpleu.vhd)instantiateswo 16x32registerfiles to make up one 32x32
registerfile with two 64-bitreadportsandone64-bitwrite portwith individual(32-bits)write
enablesTo usefpleu.vhd,the technologyfile mustcontaina registerfile with two 32-bit
readportsandone 32-bit write port. All portsshouldoperatesynchronouslyon the rising
edge.Read/writecontentionin the samecycle doesnot have to be handled,the FPU/CP
controllercontainscontentionandbypasdogic. SeeTECH_GENERICandTECH_ATC25
for examples.

14.2.3Cache ram memory cells

Synchronousingle-portramcellsareusedfor bothtaganddatain thecache Thewidth and
depthdependsn the configurationasdefinedin the configurationrecord.The tablebelov
shaws 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: Cabe ram cell sizes
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Cache size Words/line tag ram data ram
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

Table 23: Cabe ram cell sizes

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

14.2.4Dual-port rams

If datacachesnoopingis enabledpr the DSU tracebuffer is setto usedual-portrams,the
target technologymust containssynchronousiual-portrams. The dual-portramswill be
usedto implementhedatacacheagmemoryor thetracebuffer memory Currently only the
TECH_VIRTEX and TECH_AC25 packages include mappings to dual-port rams.

14.2.5Pads

Technologyspecificpadsare usuallyautomaticallyinferred by the synthesidool targeting
FPGA technologiesFor ASIC technologiesgeneratestatementsare usedto instantiate
technologydependanpads.The selectionof padsis donein TECH_MARPR Outputpadshas
a generic parameter to selecwdrg strength, see TECHTE25 for kamples.

14.2.6Adding a new technology or synthesis tool

Adding support for a e target library or synthesis tool is done as folto

1. Create a package similar to tech_*.vhd, containing the specific rafie, rend pads.
2. Edit taget.vhd to include your technology or synthesis tool igetiechs.

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

4. Define and select a configuration using the teehnology (tayet.vhd/dgice.vhd).

5. Submit your changes to jiri@glercom for inclusion in futureersion of LEON!
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