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I ntroduction

Overview

The LEON VHDL model implementsa 32-bit processorconformingto the IEEE-1754
(SFARC V8) architecture.lt is designedfor embeddedapplicationswith the following
featureson-chip: separatanstruction and data caches,hardware multiplier and divider,
interrupt controller delug supportunit with trace buffer, two 24-bit timers, two UARTS,
power-dowvn function,watchdog,16-bit1/0O port, flexible memorycontroller etherneMAC
andPCl interface.New modulescaneasilybe addedusingthe on-chipAMBA AHB/APB
buses.The VHDL model is fully synthesisablenith most synthesistools and can be
implementedon both FPGAs and ASICs. Simulation can be done with all VHDL-87
compliant simulators.

Note: thismanualdescribeghefull functionality of the LEON model. Throughthemodel's
configuration record (see “Model Configuration” on page81), parts of the described
functionality can be suppressed or modified to generate a smalester implementation.

License

TheLEON VHDL modelis providedundertwo licensesthe GNU PublicLicense(GPL)and
theLesseiGNU PublicLicense(LGPL). TheLGPL appliesto the LEON modelitself while
remainingsupportfiles andtestbenchesreprovided underGPL. This meanghatyou can
useLEON asacorein asystem-on-chiglesignwithouthaving 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-tolerancdeaturedo withstandarbitrary
single-eentupset(SEU)errorswithoutlossof data.Thefault-tolerances 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 ersion.
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1.4 Functional overview

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

r--r—m»B——;} — - - - - ——" - - ="-"""==-= - -7 = } _______ A
FPU | ocal ram| |
5-Stage Debug Debug
| i ™™ Support Unit ial Link ¢ | >
cp nteger unit pp Serial Lin .

Local ram D-Cache | I-Cache — Cthernet € >

MMU

I AMBA AHB

AHB Memory AMBA APB AHB/APB
Controller Controller Bridge
UARTS || Timers IrqCtrl 1/0 port
L - - - e O == |
8/16/32/64-bits memory bus
PROM 110 SDRAM SRAM

1.4.1 Integer unit

The LEON integer unit implements the full SPARC V8 standard, including all multiply and
divide instructions. The number of register windows is configurable within the limit of the
SPARC standard (2 - 32), with a default setting of 8. To aid software debugging, up to four
watchpoint registers can be configured. Each register can cause a trap on an arbitrary
instruction or data address range. If the debug support unit is enabled, the watchpoints can
be used to enter debug mode.

1.4.2 Floating-point unit and co-processor

The LEON processor model provides an interface to the high-performance GRFPU
(available from Gaider Research), the Meiko FPU core (available from Sun Microsystems)
and the incomplete LTH FPU. A generic co-processor interface is provided to allow
interfacing of custom co-processors.

1.4.3 Cache sub-system

Separate, multi-set instruction and data caches are provided, each configurable with 1 - 4
sets, 1 - 64 kbyte/set, 16 - 32 bytes per line. Sub-blocking isimplemented with one valid bit
per 32-bit word. The instruction cache uses streaming during line-refill to minimise refill
latency. The data cache uses write-through policy and implements a double-word write-
buffer. The data cache can also perform bus-snooping on the AHB bus. A local scratch pad
ram can be added to the data cache controller to allow O-waitstates access without requiring
data write back to external memory.

GAISLER RESEARCH
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1.4.4 M emory management unit

The(optional)memorymanagemeninit (MMU) implementsaa SFARC V8 referenceViMU
andallows usageof robust operatingsystemsuchaslinux or solaris.The MMU canhave
separatél + D) or acommontranslationook-asidebuffer (TLB). The TLB is configurable
for 2 - 32 fully associate entries.

1.4.5 Debug support unit

The(optional)dehug supportunit (DSU)allows non-intrusve deluggingontargethardware.
The DSU allows to insertbreakpointsandwatchpointsandaccesdo all on-chipregisters
from aremotedelugger A tracebuffer is providedto tracetheexecutednstructionflow and/
or AHB bustraffic. The DSU hasno impacton performanceandhaslow areacompleity.

Communicatiorto anoutsidedehugger(e.g.gdb)is doneusinga dedicatedJART (RS232)
or through ap AHB master (e.g. PCI).

1.4.6 Memory interface

The flexible memory interface provides a direct interface PROM, memory mapped|/O
devices, static RAM (SRAM) and synchronouslynamicRAM (SDRAM). The memory
areas can be programmed to either 8-, 16-, 32- or 64-bit data width.

147 Timers

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

1.4.8 Watchdog

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.

1.49 UARTSs

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

1.4.10 Interrupt controller

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.

1.4.11 Parallel 1/0 port

A 32-bit parallell/O portis provided. 16 bits are alwaysavailable and canbe individually

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

GAISLER RESEARCH
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1.4.12 AMBA on-chip buses

The processor has afull implementation of AMBA AHB and APB on-chip buses. A flexible
configuration scheme makesit ssimpleto add new IP cores. Also, all provided peripheral units
implement the AMBA AHB/APB interface making it easy to add more of them, or reuse
them on other processors using AMBA.

1.4.13 PCI interface

A PCI interface supporting target-only can be enabled. The interface haslow complexity and
can be used for debugging over the PCI bus.

1.4.14 Ethernet MAC

An ethernet 10/100 Mbit MAC can be enabled. The MAC isbased on the ethernet MAC core
from OpenCores, with an additional AHB interface.

1.4.15 On-chip ram

A (small) on-chip ram can be attached to AHB bus, providing afast local memory. The size
can be configured from 1 - 64 kbyte.

Perfor mance

Using 4K + 4K caches and a 16x16 multiplier, the dhrystone 2.1 benchmark reports 1,550
iteration/S'MHz using the gcc-2.95.2 compiler (-O2). Thistrandates to 0.9 dhrystone MIPS
MHz using the VAX 11/780 value areference for one MIPS.

GAISLER RESEARCH
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2 Simulation and synthesis

2.1 Un-packing the tar-file

The modelis distributed as a gzippedtar-file; 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 folng directory structure:

leon top directory

leon/Malefile top-level malefile

leon/leon/ LEON vhdl model
leon/pmon Simple boot-monitor
leon/sim/ Simulator support files
leon/syn Synthesis support files
leon/tbench LEON VHDL test bench
leon/tsource LEON test bench (C source)

2.2 Configuration

The LEON modelis highly configurableallowing the modelto be customisedor a certain
applicationor target technology A graphicalconfigurationtool basedon the linux kernel
tkconfigscriptsis usedto configurethe model.In the leon top-level directory do a ‘make
xconfig’ on unix platformsor a ‘make wconfig’ on Windows/Cygwin platforms. After a
configurationhasbeensared, the correspondingy HDL configuratiorfile (device.vhd)will
generate@ndinstalledwhendoinga‘make dep’. Notethataworking installationof gccand
tcl/tk mustbeinstalledonthehostfor tkconfigto work. A configurationcanalsobe madeby
editing leon/device.vhd directly. The tkconfig tools has help texts for eachconfiguration
option- usethoseto derive a suitableconfiguration For a more detaileddescriptionof the
configurationoptionsandtheir effects,see“Model Configuration”on page81. Thetkconfig
tool allows loadingof pre-definecconfigurationsusingthe ‘Load configuration’optionand
a faw configuration files (config_xxx) are pided in the ‘boards’ directory

2.3 Simulation

2.3.1Compilation of the model

Onunix systemgor MS-windowns with cygwin installed) themodelandtestbenchesanbe
built using the ‘mak’ utility. Four male tagets are currently supported:

make vsim: compile for the modelsim simulator (vcom/vlog)
make ncsim: compile for Cadence ncsim simulator (ncvhdl/ncviog)
malke vss: compile for Synopsys VSS simulator (vhdlan)

make ghdl: compile for GNU VHDL simulator (ghdlx@erimental)

To changethe compilerparametersr to usean othersimulator modify the Makefile in the
top directory On non-unixsystemsthe compile.baffile in the leon andtbenchdirectories
can be used to compile the model in correct order

GAISLER RESEARCH
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2.3.2 Generic test bench

A generictestbenchis providedin tbench/tbgen.vhdrhis testbenchallows to generatea

model of a LEON systemwith various memory sizes/typesby setting the appropriate
genericsThefile tbench/tbleon.vhdontainsanumberof alternatve configuratiorusingthe

generic test bench:

TB_FUNCS8, TB_FUNC16, TB_FUNC32, TB_FUNC_SDRAM: Functional tests
performinga quick checkof moston-chipfunctionsusingeither8-, 16-or 32-bitexternal
static ram, or 32-bit SDRAM.

TB_MEM: Testing all on-chip memory with patterns of 0x55 and OxAA.

TB_FULL: Combinedmemoryandfunctionaltests,suitableto generatdestvectorsfor
manufcturing.

Oncethe LEON modelhave beencompiled,usethe TB_FUNC32testbenchto verify the
behaiour of the model. Simulation should be started in the top directory. The output
from the simulation should be similar to:

HHEFHFHFHHHEH

PR HHFHFHFHH

*** Starting LEON systemtest ***
Menory interface test

Cache nenory

Regi ster file

Interrupt controller

Ti mers, watchdog and power - down
Parallel 1/0O port

UARTSs

Test conpleted OK, halting with failure

* Failure: TEST COWPLETED CK, ending with FAI LURE

Simulation is halted by generatingaldire.

Thesuppliedtestprogramwhichis runby thetestbenchesnly testson-chipperipheraland
interfacescomplianceo the SFARC standarchasbeentestedwith proprietarytestvectors,
notsuppliedwith themodel.To re-compilethetestprogram the LEON/ERC32GNU Cross-
Compiler System(LECCS) provided by GaislerResearciiwww.gaislercom) needsto be
installed.Thetestprogramsarein thetsourcedirectoryandarebuilt by executing'make’ in

thetsourcalirectory Themakefilewill build theprogramandgeneratgpromandramimages
for thetestbench Pre-compiledmagesaresuppliedsothatthetestsuitecanberunwithout
installing the compiler

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

2.3.3 Disassembler

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 ‘_disas/éhdisassembly enabled.

GAISLER RESEARCH
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2.3.4 Modelsim support

The file sm/modelsim/wave.do is a macro file for modelsim to display some useful interna
LEON signas. A modelsim init file (modelsim.ini) is present in the top directory and in the
leon and tbench directories to provide appropriate library mapping. The complete model can
be compiled from within modelsim by executing the modelsim/compile.do file:

vsi n> do si nf nodel si nf conpi | e. do

2.3.5Ncsim support

A ncsim library mapping file (cds.lib) is provided in the top directory, and in the leon and
tbench directories to provide the appropriate library mappings. A shell script is provided in
ncsim/compile.sh to build the whole model:

bash$ ./sim ncsimconpile.sh
Note that atest benches first must be elaborated before they can be simulated:

ncel ab -nocopyright tb_func32
2.3.6 GNU VHDL (GHDL) support

A shell script is provided in sim/ghdl/compile.sh to build the whole model:
bash$ ./sim ghdl/conpile.sh

Note that a test benches first must be elaborated before they can be simulated:

ghdl -e --workdir=leon/wrk --ieee=synopsys --std=87 tb_func32
./tb_func32

LEON-2 generic testhench (Il eon2-1.0.23-xst)
Bug reports to Jiri Gaisler, jiri@aisler.com

Test bench configuration:

32 kbyte 32-bit rom 0-ws
2x128 kbyte 32-bit ram 2x64 Myte SDRAM

The GHDL simulator isstill in development and might not simulate the leon model correctly,
see http://ghdl.free.fr/ for the latest version information and bug reports.

2.3.7 Synopsys V SS support

A .synopsys vss.setup fileis present in the top directory and in the leon and tbench directory
to provide appropriate library mapping for Synopsys VSS.

2.3.8 Post-synthesis smulation

The supplied test-benches can be used to simulate the synthesised netlist. Use the following
procedure:

» Compilethe complete model (i.e. do a‘make’ at thetop level). It isessential that you use
the same configuration as during synthesis! This step is necessary because the test bench
uses the target, config and device packages.

* Inthetop directory, compilethe simulation librariesfor you ASIC/FPGA technology, and
then your VHDL netlist.
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» Cd to tbench, and do ‘make clean al’. Thiswill rebuild the test bench, ‘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 smulation, usethe TB_FULL test bench to make sure
that all on-chip memories are properly initialised. Also make sure that you have loaded
the SDF file into the ssimulator and the you use ps time resolution.

2.4 Synthesis
2.4.1 General

The model is written with synthesis in mind and has been tested with Synopsys DC, Xilinx
XST, and Synplicity Synplify synthesis tools. Some versions of the Synopsys FPGA-
Compiler (FPGA-Express) and Exemplar Leonardo can also be used, but these tools are
know to be ‘buggy’ do not always succeed. Technology specific cells are used to implement
the IU/FPU register files, cache rams, PCI FIFOs and pads. These cells can be automatically
inferred (Synplify, XST and Leonardo) or directly instantiated from the target library

(Synopsys).
Non-synthesisable code is enclosed in a set of embedded pragmas as shown below:
- pragnma translate_off
. non-synt hesi sabl e code. ..

- pragma translate_on

This works with most synthesis tools, athough in Synopsys requires the
hdlin_translate df skip_tet variable be set to “true”.

The*syn’ directory includes scripts/project-filesfor Synplify, Synopsys-DC, Synopsys-FC2,
XST and Leonardo. The source files are read from the leon directory, so it is essential that
the model has been correctly configured before. There are 4 top-level entitiesto choose from:

* leon.vhd : standard top entity

* leon_pci.vhd : Leon + PCI

* leon_eth.vhd : Leon + ethernet

* leon_eth pci.vhd : Leon + ethernet + PCI
2.4.2 Synplify

To synthesise LEON using Synplify, start synplify in the syn/synplify directory and open
leon.prj. Make sure you use Synplify-8.2 or later, some previous versions could generate a
incorrect netlist under certain circumstances.

2.4.3 Synopsys-DC

To synthesise LEON using Synopsys DC, start synopsys in the syn/synopsys directory and
execute the script ‘leon.dcsh’. Before executing the script, edit the beginning of the script to
insure that the library search paths reflects your synopsys installation and that the timing
constraints are appropriate:

GAISLER RESEARCH
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/* List paths to your sources, target, and link libraries below */
i ncl ude atc35setup. dcsh
/* constraints - tailor to your own technol ogy. */

frequency = 62.5
cl ock_skew = 0. 25
i nput_setup = 2.0
out put _delay = 5.0

The top-level constraints are used to generate the appropriate synopsys constraints
commands. For best results, use Synopsys DC version 2003.6.SP1. Newer versions with the
PRESTO VHDL compiler are known to crash or produce the wrong netlist of certain LEON2
blocks.

2.4.4 Xilinx XST

Synthesise with Xilinx ISE/XST is possible, and version 7.1.02i is strongly recommended.
The preferred synthesis method with ISE is to use a synthesis board support packages and
the ‘make’ command as described below. However, a sample xst script isin syn/xst/leon.xst
and can be used asatemplate. A template I SE 5.2 project fileis provided in syn/xst/leon.npl.

2.4.5 Synthesisboard support packages

To simplify targeting a particular FPGA board, templatesfor afew board has been made. The
templ ates contains scripts that synthesises and place& route the compl ete design for the target
board. The scripts detects the usage of PCI or ethernet, and chooses the corresponding top-
level entity. The templates are in boards/xxx, where xxx denotes the target board. Using
‘make’, the VHDL model can be configured and an fpga programming file generated for any
of the these boards:

» Gaigder/Pender GR-CPCI-XC2V (Xilinx XC2V6000)
» Gaider/Pender GR-PCI-XC2V (Xilinx XC2V3000)

» Gaider/Pender GR-XC3S1500 (Xilinx Spartan3-1500)
* Avnet Virtex-E Development board (XCV 1000E)

» Hans Tiggler's XCV800 demo board (XCV800)

o XESS XSV800 prototype board (XCV800)

o Xilinx Virtex-11 Multimedia Board (XC2V 2000)

Below isthe ‘make’ output from the top directory:
bash-2. 05a$ make

choose one of follow ng targets:

make xgates : conpile Xilinx gate level nodels with nodel sim

make vsim . conpile simulation nodel wth nodel sim

make ncsim : conpile simulation nodel with ncsim

make vss . conpile simulation nodel with synopsys-vss

make test : run tb_func32 testbench w th nodel si m si nmul at or

make config . configure VHDL nodel for the GR-PCl-XC2V fpga board

make xconfig : run the graphical configuration tool

make fpga . do synthesis and p& for the GR-PCl-XC2V fpga board

make cl ean : renove all tenporary files except config and fpga bitfiles

make dist-clean : renove all tenporary files
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To target other fpga boards than the GR-PCI-XC2V, add BOARD=xxx
where xxx is one of gr-pci-xc2v, gr-cpci-xc2v, avnet-xcv1000e,
gr-xc3s1500, tiggeler-xcv800, hecht-xsv800 or billo-mblaze-xc2v

When synthesising for Virtex fpga’s, Xilinx XST is used by default.

To use Synplify, add parameter SYN=synplify. Place&route effort is

by default 3, but can be set through the EFFORT parameter. The CONFIG
parameter can be used to specify alternative model configurations.

Examples:
make config fpga EFFORT=high CONFIG=60mhz
make config fpga BOARD=avnet-xcv1000e SYN=synplify EFFORT=med

Pre-requisites are a working installation of either XST or synplify (supporting -batch), ISE

7.1.02i, and cygwin (on windows platforms). Tested platforms are linux, solaris and
windows/cygwin.
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3 LEON integer unit

The LEON integer unit (1U) implements SPARC integer instructi

ons as defined in SPARC

Architecture Manual version 8. It is a new implementation, not based on any previous
designs. The implementation is focused on portability and low complexity.

3.1 Overview

The LEON integer unit has the following features:

» b5-stageinstruction pipeline

» Separate instruction and data cache interface

» Support for 2 - 32 register windows

» Configurable multiplier (16x16, 32x1, 32x8, 32x16 & 32x32)
* Optional 16x16 bit MAC with 40-bit accumul ator

* Radix-2 divider (non-restoring)

Figure 2 shows ablock diagram of the integer unit.

call/branch address

‘0’ jmpa tbr
[

I-cache

data address

—————————————————————— U‘E
Fetch
———————————— s R 2 - B
Decode
%mm, tbr, wim, psr
———————————— E@E@
Execute I \ C
w mulidiv
y 32 cexpc
—30, jmpl address
———————————— D mnst - - -------fmpel - -{r|-------DreSU}---FVmpJ-{-----------------
Memory D-cache
3 ddre out
32 < datain
———————————— Pwinstt - - - ------FwWpel- - - ;IZE\'CI
Write = E
tbr, wim, psr
rd
regfile
rsl| rs2|

Figure 2: LEON integer unit block diagram
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3.2

3.3

I nstruction pipeline
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.

2. DE (Decode)Theinstructionis decodedandtheoperandareread.Operandsnaycome
from theregisterfile or from internaldatabypassesCALL andBranchtamgetaddresses
are generated in this stage.

3. EX (Execute):ALU, logical, andshift operationsareperformed For memoryoperations
(e.g., LD) and for JIMPL/RET,he address is generated.

4. ME (Memory): Datacaches accessed-or cachereadsthedatawill bevalid by theend
of thisstageatwhichpointit is alignedasappropriateStoredatareadoutin theexecution
stage is written to the data cache at this time.

5. 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 1/2/4/5/35*
SDIV/UDIV 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
codegoreflecttheresult.Severalmultiplierimplementatiorareprovided,makingit possible
to choosebetweenarea,delayandlateny (see“Integer unit configuration”on page81 for

more details).

LEON2 XST User’s Manual
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34

35

3.6
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Multiply and accumulate instructions

To accelerate DSP agorithms, two multiply& accumulate instructions are implemented:
UMAC and SMAC. The UMAC performs an unsigned 16-bit multiply, producing a 32-bit
result, and adds the result to a 40-bit accumulator made up by the 8 Isb bits from the %y
register and the %asr18 register. The least significant 32 bits are also written to the
destination register. SMAC works similarly but performs signed multiply and accumulate.
The MAC instructions execute in one clock but have two clocks latency, meaning that one
pipeline stall cycle will be inserted if the following instruction uses the destination register
of the MAC as a source operand.

Assembler syntax:

umac rsl, reg imm, rd

smac  rsl, reg_imm, rd

Operation:
prod[31:0] = rs1[15:0] * reg_imm[15:0]
result[39:0] = (Y[7:0] & %asr18[31:0]) + prod[31:0]
(Y[7:0] & %asr18[31:0]) = result[39:0]
rd = result[31:0]

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

Divideinstructions

Full support for SPARC V8 divide instructions is provided (SDIV/UDIV/SDIVCC/
UDIVCC). Thedivideinstructions perform a 64-by-32 bit divide and produce a 32-hit result.
Rounding and overflow detection is performed as defined in the SPARC V8 standard.

Processor reset operation

The processor is reset by asserting the RESET input for at least one clock cycle. The
following table indicates the reset values of the registers which are affected by the reset. All
other registers maintain their value (or are undefined).

Register Reset value
PC (program counter) 0x0

nPC (next program counter) 0x4

PSR (processor status register) ET=0, S=1
CCR (cache control register) 0x0

Table 2: Processor reset values

Execution will start from address O.
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3.7 Exceptions

LEON adheres to the general SPARC trap model. The table below shows the implemented
traps and their individual priority.

Trap TT Pri | Description

reset 0x00 1 Power-on reset

write error 0x2b 2 | write buffer error

instruction_access_error 0x01 3 Error during instruction fetch
illegal_instruction 0x02 5 UNIMP or other un-implemented instruction
privileged_instruction 0x03 4 Execution of privileged instruction in user mode
fp_disabled 0x04 6 | FPinstruction while FPU disabled
cp_disabled 0x24 6 | CPinstruction while Co-processor disabled
watchpoint_detected 0x0B 7 Hardware breakpoint match
window_overflow 0x05 8 | SAVE intoinvalid window
window_underflow 0x06 8 RESTORE into invalid window
register_hadrware_error 0x20 9 register file EDAC error (LEON-FT only)
mem_address_not_aligned 0x07 10 | Memory access to un-aligned address
fp_exception 0x08 11 | FPU exception

cp_exception 0x28 11 | Co-processor exception
data_access_exception 0x09 13 | Access error during load or store instruction
tag_overflow O0x0A 14 | Tagged arithmetic overflow
divide_exception 0x2A 15 | Divide by zero

interrupt_level 1 Ox11 31 | Asynchronousinterrupt 1

interrupt_level 2 0x12 30 | Asynchronousinterrupt 2

interrupt_level_3 0x13 29 | Asynchronousinterrupt 3

interrupt_level_4 0x14 28 | Asynchronousinterrupt 4

interrupt_level 5 0x15 27 | Asynchronousinterrupt 5

interrupt_level_6 0x16 26 | Asynchronousinterrupt 6

interrupt_level 7 0x17 25 | Asynchronousinterrupt 7

interrupt_level_8 0x18 24 | Asynchronousinterrupt 8

interrupt_level 9 0x19 23 | Asynchronousinterrupt 9
interrupt_level_10 Ox1A 22 | Asynchronousinterrupt 10

interrupt_level 11 0x1B 21 | Asynchronousinterrupt 11
interrupt_level_12 0x1C 20 | Asynchronousinterrupt 12
interrupt_level_13 0x1D 19 | Asynchronousinterrupt 13
interrupt_level_14 Ox1E 18 | Asynchronousinterrupt 14

interrupt_level 15 Ox1F 17 | Asynchronousinterrupt 15

trap_instruction 06<X8'§)F- 16 | Softwaretrap instruction (TA)

Table 3: Trap allocation and priority
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3.8 Hardware breakpoints

The integer unit can be configured to include up to four hardware breakpoints. Each
breakpoint consists of a pair of application-specific registers (%oasr24/25, %asr26/27,
%asr28/30 and %asr30/31) registers; one with the break address and one with a mask:

31 2 10

zﬁgggj Zggg \ WADDRJ[31:2] ‘ ‘ ,,:‘
31 2 0

kb todd \ WMASK[31:2] ‘ DL ‘ DS‘

Y%asr29, %asr31

Figure 3: Watch-point registers

Any binary aligned address range can be watched - the rangeis defined by the WADDR field,
masked by the WMASK field (WMASK[x] = 1 enables comparison). On a breakpoint hit,
trap OxOB is generated. By setting the IF, DL and DS bits, a hit can be generated on
instruction fetch, dataload or data store. Clearing these three bitswill effectively disable the
breakpoint function.

3.9 SPARC Implementor’'s ID

Gaider Research is assigned number 15 (0xF) as SPARC implementor’s identification. This
valueis hard-coded into bits 31:28 in the %psr register. The version number for LEONZ2is 2,
which is hard-coded in to bits 27:24 of the %psr.

3.10Floating-point unit
3.10.1Intr oduction

The SPARC V8 architecture defines two (optional) co-processors. one floating-point unit
(FPU) and one custom-defined co-processor. The LEON2 pipeline provides one interface
port for each of these units. Three different FPU’s can be interfaced: Gaisler Research’s
GRFPU, the Meiko FPU from Sun and the LTH FPU. Selection of which FPU to useisdone
in the model’s configuration record.

3.10.2Gaisler Reseach’s floating-point unit (GRFPU)

The high-performance GRFPU operates on single- and double-precision operands, and
implements all SPARC V8 FPU instructions. The FPU isinterfaced to the LEON2 pipeline
using a LEON2-specific FPU controller (GRFPC) that allows FPU instructions to be
executed simultaneously with integer instructions. Only in case of a data or resource
dependency is the integer pipeline held. The GRFPU is fully pipelined and allows the start
of anew instruction each clock cycle, with the exceptionisFDIV and FSQRT which can only
be executed one at atime. The FDIV and FSQRT are however executed in a separate divide
unit and do not block the FPU from performing all other operationsin parallel.
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All instructionsexceptFDIV andFSQR hasalateng of threecycles,buttoimprovetiming,
theLEON2 FPU controllerinsertsanextra pipelinestagen theresultforwardingpath.This
resultsin a lateng of four clock cycles at instructionlevel. The table belon shavs the
GRFPU instruction timing when used together with GRFPC:

Instruction Throughput Latency
FADDS, FADDD, FSUBS, FSUBD,FMULS, FMULD,

FSMULD, FITOS, FITOD, FSTOI, FDTOI, FSTOD, FDTOS, 1 4
FCMPS, FCMPD, FCMPES. FCMPED

FDIVS 14 16
FDIVD 15 17
FSQR'S 22 24
FSQRD 23 25

Table 4: GRFPU instruction timing with GRFPC

Note that the GRFPU/GRFPUJs not distributed with the open-source. EON model,and
must be obtained separately from Gaisler Research.

3.10.3 The Meiko FPU

The Meiko floating-pointcore operateson both single-anddouble-precisioroperandsand
implementsall SFARC V8 FPUinstructions.Theinterfaceoperatesn serialfashionwhere
FP instructiondo not executein parallelwith U instructionandthe processois stopped
during the executionof floating-pointinstructions.This meansthat QNE bit in the %fsr
registeralwaysis zero,andary attemptsof executingthe STDFQinstructionwill generate
FPU exceptiontrap. The Meiko FPU is not distributedwith the open-sourcé EON model,
and must be obtained separately from Sun.

3.104ThelLTH FPU

TheLTH FPUis designedy Martin Kasprzykandoperate®n single-anddouble-precision
operands.The FPU doesnot implementall SFARC V8 instruction, nor is it IEEE-754
compliant.lt canthusnotbeusedfor generapurposegrogramsandshouldbeseenaswork

in progress. The FPU uses the same serial agerds the Metk FPU.

3.10.5 Generic 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 pag® for interficing details.
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4  Cachesub-system

4.1 Overview

The LEON processor implements a Harvard architecture with separate instruction and data
buses, connected to two independent cache controllers. In addition to the address, a SPARC
processor aso generates an 8-bit address spaceidentifier (ASl), providing up to 256 separate,
32-bit address spaces. During normal operation, the LEON processor accesses instructions
and data using ASI 0x8 - OxB as defined in the SPARC standard. Using the LDA/STA
instructions, alternative address spaces can be accessed. The table shows the ASI usage for
LEON. Only ASI[3:0] are used for the mapping, ASI[7:4] have no influence on operation.

AS Usage

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

0x5 Flush instruction cache

0x6 Flush data cache

0x8, 0x9, OxA, OxB Normal cached access (replace if cacheable)
0xC Instruction cache tags

0xD Instruction cache data

OxE Data cache tags

OxF Data cache data

Table 5: AS usage

Accessto ASl 4 and 7 will force acache miss, and update the cacheif the datawas previously
cached. Access with ASI 0 - 3 will force a cache miss, update the cache if the data was
previously cached, or allocated a new line if the data was not in the cache and the address
refersto acacheable location. The cacheable areas are by default the prom and ram areas, but
are configurable by modifying the is_cacheable() function in macro.vhd:

Addressrange Area Cached
0x00000000 - OX1FFFFFFF PROM Cacheable
0x20000000 - Ox3FFFFFFF /10 Non-cacheable
0x40000000 -0x7FFFFFFF RAM Cacheable
0x80000000 -OxFFFFFFFF Internal (AHB) Non-cacheable

Table 6: Default cache table

Both instruction and data cache controllers can be separately configured to implement a
direct-mapped cache or a multi-set cache with set associativity of 2 - 4. The set size is
configurable to 1 - 64 kbyte divided into cache lines with 8 - 32 bytes of data. In the multi-
set configuration one of three replacement policies can be selected: least-recently-used
(LRU), least-recently-replaced (LRR) or (pseudo-) random. If the LRR algorithm is used the
cache hasto be 2-way associative. A cache line can be locked in theinstruction or data cache
preventing it from being replaced by the replacement algorithm.
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NOTE: The LRR agorithm uses one extra bit in tag rams to store replacement history. The
LRU algorithm needs extra flip-flops per cache line to store access history. The random
replacement algorithm is implemented through modulo-N counter that selects which line to
evict on cache miss.

I nstruction cache
4.2.1 Operation

Theinstruction cache can be configured as adirect-mapped cache or asamulti-set cachewith
associativity of 2 - 4 implementing either LRU or random replacement policy or as 2-way
associative cache implementing LRR algorithm. The set size is configurable to 1 - 64 kbyte
and divided into cache lines of 16- 32 bytes. Each line has a cache tag associated with it
consisting of atag field, valid field with one valid bit for each 4-byte sub-block and optional
LRR and lock bits. On an instruction cache miss to a cachable location, the instruction is
fetched and the corresponding tag and data line updated. In a multi-set configuration a line
to be replaced is chosen according to the replacement policy.

If instruction burst fetch is enabled in the cache control register (CCR) the cachelineisfilled
from main memory starting at the missed address and until the end of the line. At the same
time, the instructions are forwarded to the IU (streaming). If the IU cannot accept the
streamed instructions dueto internal dependencies or multi-cycleinstruction, thelU ishalted
until thelinefill iscompleted. If the IU executesacontrol transfer instruction (branch/CALL/
JMPL/RETT/TRAP) during the linefill, the line fill will be terminated on the next fetch. If
instruction burst fetch is enabled, instruction streaming is enabled even when the cache is
disabled. In this case, the fetched instructions are only forwarded to the U and the cacheis
not updated.

If amemory access error occurs during aline fill with the IU halted, the corresponding valid
bit in the cache tag will not be set. If the IU later fetches an instruction from the failed
address, a cache miss will occur, triggering a new access to the failed address. If the error
remains, an instruction access error trap (tt=0x1) will be generated.

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

Tag for 1 Kbyte set, 32 bytes/line

31 0 9 8 7 0
ATAG | LRR‘LOCK‘ VALID

Tag for 4 Kbyte set, 16bytes/line
31 12 9 8 3 0
ATAG | 0 |LRR \ LOCK‘ 0000 VALID

Figure 4: Instruction cache tag layout examples
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Field Definitions:

e [31:10]: Address Tag (ATAG) - Contains the tag address of the cache line.

* [9]: LRR - Used by LRR algorithm to store replacement history. O if other replacement policy is
used.

* [8]: LOCK - Locks a cache line when set. 0 if instruction cache locking was not enabled in the
configuration.

» [7:0]: valid (V) - When set, the corresponding sub-block of the cache line contains valid data.
These bitsis set when asub-block isfilled dueto asuccessful cache miss; acachefill which results
inamemory error will leavethevalid bit unset. A FLUSH instruction will clear al 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 the necessary bitswill be implemented in the cache tag, depending on the cache
configuration. As an example, a 4 kbyte cache with 16 bytes per line would only have four
valid bits and 20 tag bits. The cache rams are sized automatically by the ram generators in
the model.

4.3 Data cache
4.3.1 Operation

The data cache can be configured as a direct-mapped cache or as a multi-set cache with
associativity of 2 - 4 implementing either LRU or (pseudo-) random replacement policy or
as 2-way associative cache implementing LRR algorithm. The set sizeis configurableto 1 -
64 kbyte and divided into cache lines of 16 - 32 bytes. Each line has a cache tag associated
with it consisting of atag field, valid field with one valid bit for each 4-byte sub-block and
optional lock and LRR bits. On a data cache read-miss to a cachable location 4 bytes of data
are loaded into the cache from main memory. The write policy for stores is write-through
with no-allocate on write-miss. In amulti-set configuration aline to be replaced on read-miss
is chosen according to the replacement policy. If amemory access error occurs during adata
load, the corresponding valid bit in the cache tag will not be set. and a data access error trap
(tt=0x9) will be generated.

4.3.2 Write buffer

The write buffer (WRB) consists of three 32-bit registers used to temporarily hold store data
until itissent to the destination device. For half-word or byte stores, the stored datareplicated
into proper byte alignment for writing to a word-addressed device, before being loaded into
one of the WRB registers. The WRB is emptied prior to aload-miss cache-fill sequence to
avoid any stale data from being read in to the data cache.

Since the processor executes in parallel with the write buffer, awrite error will not cause an
exception to the store instruction. Depending on memory and cache activity, the write cycle
may not occur until several clock cycles after the store instructions has completed. If awrite
error occurs, the currently executing instruction will take trap 0x2b.

Note: the Ox2b trap handler should flush the data cache, since a write hit would update the
cache while the memory would keep the old value due the write error.
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4.3.3Data cache snooping

The data cache can optionally perform snooping on the AHB bus. When snooping is enabled,
the data cache controller will monitor write accesses on the AHB bus performed by other
AHB masters (DMA). When a write access is performed to a cacheable memory location,
the corresponding cache line will be invalidated in the data cache if present. Cache snooping
has no overhead and does not affect performance. It can be dynamically enabled/disabled
through bit 23 in the cache control register. Note that snooping is an optional feature and
must be enabled in the VHDL configuration. Cache snooping requires the target technology
to implement dual -port memories, which will be used to implement the cachetag RAM.. Itis
not possible to enable snooping when an MMU is present in the system, since the cache
addresses are virtual and the AHB addresses are physical.

4.3.4Data cache tag
A data cache tag entry consists of several fields as shown in figure 5:

31 0 9 8 7 0
‘ ATAG | LRR‘LOCK‘ VALID

Figure 5: Data cache tag layout

Field Definitions:

e [31:10]: Address Tag (ATAG) - Contains the address of the data held in the cache line.

* [9]: LRR - Used by LRR agorithm to store replacement history. ‘0" if other replacement policy is
used.

* [8]: LOCK - Locks acachelinewhen set. ‘O’ if instruction cache locking was not enabled in the
configuration.

e [3:0]: valid (V) - When set, the corresponding sub-block of the cache line contains valid data.
These bitsis set when asub-block isfilled due to asuccessful cache miss; acachefill which results
in amemory error will leave the valid bit unset. V[Q] corresponds to address 0 in the cache line,
V[1] to address 1, V[2] to address 2 and V[3] to address 3.

NOTE: only the necessary bitswill be implemented in the cache tag, depending on the cache
configuration. As an example, a 2 kbyte cache with 32 bytes per line would only have eight
valid bits and 21 tag bits. The cache rams are sized automatically by the ram generators in
the model.

Cache flushing

Theinstruction and data cache is flushed by executing the FLUSH instruction, setting the FI
bit in the cache control register, or by writing to any location with ASI=0x5. The flushing
will take one cycle per cache line and set during which the U will not be halted, but during
which the instruction cache will be disabled. When the flush operation is completed, the
cache will resume the state (disabled, enabled or frozen) indicated in the cache control
register.
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4.5 Diagnostic cache access

Tags and data in the instruction and data cache can be accessed through AS| address space
OxC, 0xD, OxE and OxF by executing LDA and STA instructions. Address bits making up the
cache offset will be used to index the tag to be accessed while the |east significant bits of the
bits making up the address tag will be used to index the cache set.

Diagnostic read of tags is possible by executing an LDA instruction with ASI=0xC for
instruction cache tags and ASI=0xE for data cache tags. A cache line and set are indexed by
the address bits making up the cache offset and the least significant bits of the address bits
making up the addresstag. Similarly, the data sub-blocks may be read by executing an LDA
instruction with ASI=0xD for instruction cache data and ASI=0xF for data cache data. The
sub-block to be read in the indexed cache line and set is selected by A[4:2].

The tags can be directly written by executing a STA instruction with ASI=0xC for the
instruction cache tags and ASI=0xE for the data cache tags. The cache line and set are
indexed by the address bits making up the cache offset and the least significant bits of the
address bits making up the address tag. D[31:10] is written into the ATAG filed (see above)
and the valid bits are written with the D[7:0] of the write data. Bit D[9] is written into the
LRR bit (if enabled) and D[8] is written into the lock bit (if enabled). The data sub-blocks
can be directly written by executing a STA instruction with ASI=0xD for the instruction
cache data and ASI=0xF for the data cache data. The sub-block to be read in the indexed
cache line and set is selected by A[4:2].

Note that diagnostic access to the cache is not possible during a FLUSH operation and will
cause a data exception (trap=0x09) if attempted.

4.6 Cachelinelocking

In amulti-set configuration the instruction and data cache controllers can be configured with
optional lock bit in the cache tag. Setting the lock bit prevents the cache line to be replaced
by the replacement algorithm. A cachelineislocked by performing a diagnostic writeto the
instruction tag on the cache offset of the line to be locked setting the Address Tag field to the
addresstag of the lineto be locked, setting the lock bit and clearing the valid bits. The locked
cache line will be updated on a read-miss and will remain in the cache until the line is
unlocked. Thefirst cache line on certain cache offset islocked in the set O. If several lineson
the same cache offset are to be locked the locking is performed on the same cache offset and
in sets in ascending order starting with set 0. The last set can not be locked and is always
replaceable. Unlocking is performed in descending set order.

NOTE: Setting the lock bit in acache tag and reading the same tag will show if the cacheline
locking was enabled during the LEON configuration: the lock bit will be set if the cacheline
locking was enabled otherwise it will be 0.
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4.7

4.8

Local ram
4.7.1 Local instruction ram

A localinstructionramcanoptionallybeattachedo theinstructioncachecontroller Thesize
of the local instructionis configurablefrom 1-64 KB. The local instructionram can be

mappedo ary 16 Mbyte block of theaddresspaceWhenexecutingin thelocalinstruction
ramall instructionfetchesareperformedrom thelocal instructionramandwill never cause
IU pipelinestall or generateninstructionfetchonthe AHB bus.Localinstructionramcan

beaccessethroughload/storantegerword instructiongLD/ST). Whenwriting to thelocal

ram,only word accesseareallowed. Byte, halfword or doubleword write will generatean

data eception (trap 0x09). Read accesses cae hay data size.

4.7.2 Local dataram

A local dataram canoptionally be attachedo the datacachecontroller Dataaccesgload

andstoreinstructions)performedo thelocal dataramandwill notbe cachedn thenormal
datacachenorappeamonthe AHB bus. Theramcanbebetweenl - 64 kbyte,andmapped
on ary 16 Mbyte block in the addressspace.See“Cache configuration”on page83 for

configuration details. Note that the ram cannot be used for instructions, only data.

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 nev lines are allocated on read misses.

31 3029 2827 26 2524 2322 21 16 15 14 6 5432 10
‘DREPL‘ IREPL‘ ISETS ‘DSET#DS‘ FD‘FI ‘ RESER/ED ‘IB ‘IP DP|  RESER/ED ‘DF‘IF ‘ DCS‘ ICS ‘

Figure 6: Cache control register

Field Definitions:

* [31:30]: Datacachereplacemenpolicy (DREPL)- 00 - no replacemenpolicy (direct-mapped
cache), 01 - random, 10 - least-recently replaced (LRR), 11 - least-recently usgd (LR

* [29:28]: Instruction cachereplacemenpolicy (IREPL) - 00 - no replacemenpolicy (direct-
mapped cache), 01 - random, 10 - least-recently replaced (LRR), 11 - least-recently U§ed (LR

» [27:26]: Instructioncacheassociatiity (ISETS)- Numberof setsin theinstructioncache- 1: 00
- direct mapped, 01 - 2ay associatie, 10 - 3-vay associatie, 11 - 4-vay associatie

* [25:24]: Datacacheassociatiity (DSETS)- Numberof setsin the datacache- 1: 00 - direct
mapped, 01 - 2-ay associatie, 10 - 3-vay associatie, 11 - 4-vay associatie

» [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.
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e [21]: Flush Instruction cache (FI). If set, will flush the instruction cache. Always reads as zero.

* [20:17] Reserved

» [16]: Instruction burst fetch (IB). This bit enables burst fill during instruction fetch.

* [15]: Instruction cache flush pending (1P). Thisbit is set when an instruction cache flush operation
isin progress.

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

e [13:6]: Reserved

» [5]: DataCache Freeze on Interrupt (DF) - If set, the data cache will automatically be frozen when
an asynchronous interrupt is taken.

* [4]: Instruction Cache Freeze on Interrupt (IF) - If set, the instruction cache will automatically be
frozen when an asynchronous interrupt is taken.

» [3:2]: Data Cache state (DCS) - Indicates the current data cache state according to the following:
XO0=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 bhit is set, the corresponding cache will be frozen when an asynchronous
interrupt is taken. This can be beneficial in real-time system to allow a more accurate
calculation of worst-case execution time for a code segment. The execution of the interrupt
handler will not evict any cache lines and when control isreturned to the interrupted task, the
cache state is identical to what it was before the interrupt.

If a cache has been frozen by an interrupt, it can only be enabled again by enabling it in the
CCR. Thisistypically done at the end of the interrupt handler before control is returned to
the interrupted task.
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5.1

5.2

5.3

LEON2 XST User’s Manual

A memory management unit (MMU) compatible with the SPARC V8 reference MMU can
optionally be configured. For details on operation, see the SPARC V8 manual.

ASl mappings
When the MMU is used, the following ASI mappings are made:
ASl Usage
0x5 Flush instruction cache
0x6 Flush data cache
0x8, 0x9, OxA, 0xB Normal cached access (replace if cacheable)
0xC Instruction cache tags
0xD Instruction cache data
OxE Data cache tags
OxF Data cache data
0x10 Flush page
0x13 Flush context
0x19 MMU registers
0x1C MMU bypass

Table 7: MMU ASl usage

Caches

When the MMU is disabled, the caches operate as normal with physical address mapping.
When the MMU is enabled, the caches tags store the virtual address and also include an 8-
bit context field. AHB cache snooping is not available when the MMU is enabled.

MMU registers

The following MMU registers are implemented:
Address Register
0x000 MMU control register
0x100 Context pointer register
0x200 Context register
0x300 Fault status register
0x400 Fault address register

Table 8: MMU registers (AS = 0x19)

The definition of the registers can be found in the SPARC V8 manual.
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5.4 Trandation look-aside buffer (TLB)

The MMU can be configured to use ashared TLB, or separate TL B for instructions and data.
The number of TLB entries can be set to 2 - 32 in the configuration record. The organisation
of the TLB and number of entriesis not visible to the software and does thus not require any
modification to the operating system.
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6.1

6.2

6.3

6.4

AMBA 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-speediata
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 peripheralshouldbe addedin the MCORE module(see“Model hierarcly” on
page76).

AHB bus

LEON usesthe AMBA-2.0 AHB bus to connectthe processorcachecontrollersto the

memorycontrollerand other (optional) high-speedunits. In the default configuration the

processors theonly masteionthebus,while two slavesareprovided:thememorycontroller

andtheAPB bridge.Table9 belov shavsthedefaultaddressllocation An attempto access
a non-gisting device will generate an AHB error response.

Addressrange Size | Mapping Module
0x00000000 - OX1FFFFFFF 512 M | Prom Memory controller
0x20000000 - 0x3FFFFFFF 512 M | Memory tus I/O

0x40000000 - 0x7FFFFFFF 1G | SRAM and/or SDRAM

0x80000000 - OXx8FFFFFFF 256 M | On-chip rgisters APB bridge
0x90000000 - OX9FFFFFFF 256 M | Delug support unit DSU

0xB0000000 - 0OXxBOO1FFFF 128 K | Ethernet MAC registers Ethernet

Table 9: Default AHB address allocation

APB bus

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

AHB transfers generated by the processor

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/writingdataasresultsof doubleload/
storeinstructionsByte, half-word andwordload/storenstructionswill performsingle(non-
sequentiabccessed.ockedtransfersareonly performedon LDST andSWAP instructions.
Doubleload/storetransfersare however alsoguaranteedo be atomicsincethe arbiterwill
not re-arbitrate theus during st transfers.

LEON2 XST User’s Manual
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7 On-chip peripherals

7.1 On-chip registers

A number of system support functions are provided directly on-chip. The functions are

controlled through registers mapped APB bus according to the following table:

Address

Register

Address

0x80000000

Memory configuration register 1

0x800000B0

Secondary interrupt mask register

0x80000004

Memory configuration register 2

0x800000B4

Secondary interrupt pending register

0x80000008

Memory configuration register 3

0x800000B8

Secondary interrupt status register

0x8000000C

AHB Failing address register

0x800000B8

Secondary interrupt clear register

0x80000010

AHB status register

0x80000014

Cache control register

0x800000C4

DSU UART status register

0x80000018

Power-down register

0x800000C8

DSU UART control register

0x8000001C

Write protection register 1

0x800000CC

DSU UART scaler register

0x80000020

Write protection register 2

0x80000024

LEON configuration register

0x80000040

Timer 1 counter register

0x80000044

Timer 1 reload register

0x80000048

Timer 1 control register

0x8000004C

Watchdog register

0x80000050

Timer 2 counter register

0x80000054

Timer 2 reload register

0x80000058

Timer 2 control register

0x80000060

Prescaler counter register

0x80000064

prescaler reload register

0x80000070

Uart 1 dataregister

0x80000074

Uart 1 status register

0x80000078

Uart 1 control register

0x8000007C

Uart 1 scaler register

0x80000080

Uart 2 dataregister

0x80000084

Uart 2 status register

0x80000088

Uart 2 control register

0x8000008C

Uart 2 scaler register

0x80000090

Interrupt mask and priority register

0x80000094

Interrupt pending register

0x80000098

Interrupt force register

0x8000009C

Interrupt clear register

0x800000A0

1/O port input/output register

0x800000A4

1/O port direction register

0x800000A8

1/O port interrupt config. register

Table 10
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7.2 Interrupt controller

The LEON interrupt controller is used to prioritize and propagate interrupt requests from
internal or external devicesto the integer unit. In total 15 interrupts are handled, divided on
two priority levels. Figure 7 shows a block diagram of the interrupt controller.

IRQ
4 Pending
PCI
Ethernet L»

DSU trace L»
Priority
encoder

32 [2ndIRQ 10 | 15
> controller q

9 IRL[3:0]
Timer2 ——p

Timer 1 8—»
Priority
select

. IRQ IRQ
16 [Irq& tid 456.7 ask
PIO[15:0] -] et | Force m

UART 1 3—>
UART 2 2—»

AHB error 1—>

Figure 7: Interrupt controller block diagram

7.2.1 Operation

When an interrupt is generated, the corresponding bit is set in the interrupt pending register.
The pending bits are ANDed with the interrupt mask register and then forwarded to the
priority selector. Each interrupt can be assigned to one of two levels as programmed in the
interrupt level register. Level 1 has higher priority than level 0. The interrupts are prioritised
within each level, with interrupt 15 having the highest priority and interrupt 1 the lowest. The
highest interrupt from level 1 will be forwarded to the IU - if no unmasked pending interrupt
existson level 1, then the highest unmasked interrupt from level O will be forwarded. When
the 1U acknowledges the interrupt, the corresponding pending bit will automatically be
Cleared.

Interrupt can also be forced by setting abit in the interrupt force register. In this case, the |lU
acknowledgement will clear the force bit rather than the pending bit.

After reset, the interrupt mask register is set to all zeros while the remaining control registers
are undefined.

Interrupts 10 - 15 are unused by the default configuration of LEON and can be use by added
IP cores. Note that interrupt 15 cannot be maskable by the integer unit and should be used
with care - most operating system do not safely handle this interrupt.
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7.2.2 Interrupt assignment

Table 11 shows the assignment of interrupts.

Interrupt Source
15 user defined
14 PCI
13 user defined
12 Ethernet MAC
11 DSU trace buffer
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 11: Interrupt assignments

7.2.3 Control registers

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

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

Figure 8: Interrupt mask and priority register

Field Definitions:

e [31:17]: Interrupt level (ILEVEL[15:1]) - indicates whether an interrupt belongs to priority level
1 (ILEVEL[N]=1) or level O (ILEVEL[Nn]=0).

e [15:1]: Interrupt mask (IMASK[15:0Q]) - indicates whether an interrupt is masked (IMASK[n]=0)
or enabled (IMASK[n]=1).

. [16], [0]: Reserved
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31 16 15 10
RESERVED IPEND[15:1] ‘ R‘

Figure 9: Interrupt pending register

Field Definitions:

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

* [31:16], [0]: Reserved

31 16 15 10
RESERVED IFORCE[15:1] ‘ R‘

Figure 10: Interrupt force register

Field Definitions:

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

31 16 15 10
RESERVED ICLEAR[15:1] ‘ R‘

Figure 11: Interrupt clear register

Field Definitions:

* [15:1]: Interrupt clear (ICLEAR[15:1]) - if written witha*1’, will clear the corresponding bit(s)
in the interrupt pending register. A read returns zero.
* [31:16], [0]: Reserved
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7.3 Secondary interrupt controller

The (optional) secondary interrupt controller is used add up to 32 additional interrupts, to be
used by on-chip units in system-on-chip designs. Figure 7 shows a block diagram of the
interrupt controller.

IRQ
Pending

] Priority

encoder
Filtering | 32 5
IRQ[31:O]12:—> 9 - IRL[4:0]
IRQ10
IRQ

mask

Figure 12: Secondary interrupt controller block diagram

7.3.1 Operation

The incoming interrupt signals are filtered according to the setting in the configuration
record. The filtering condition can be one of four: active low, active high, negative edge-
triggered and positive edge-triggered. When the condition is fulfilled, the corresponding bit
is set in the interrupt pending register. The pending bits are ANDed with the interrupt mask
register and then forwarded to the priority selector. If at |east one unmasked pending interrupt
exists, the interrupt output will be driven, generating interrupt 10 (by default). The highest
unmasked pending interrupt can be read from the interrupt status register (see below).

Interrupts are not cleared automatically upon a taken interrupt - the interrupt handler must
reset the pending bit by writing a“1’ to the corresponding bit in the interrupt clear register.
It must then also clear interrupt 10 in the primary interrupt controller. Testing of interrupts
can be done by writing directly to the interrupt pending registers. Bits written with ‘1" will
be set while bits written with ‘0" will keep their previous value.

Note that not all 32 interrupts have to be implemented, how many are actually used depends
on the configuration. Unused interrupts are ignored and the corresponding register bits are
not generated. Mapping of interrupts to the secondary interrupt controller is done by editing
mcore.vhd. See the configuration section on how to enable the controller and how to
configure the interrupt filters.

After reset, the interrupt mask register is set to al zeros while the remaining control registers
are undefined.
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7.3.2 Control registers
The operation of the secondary interrupt controller is programmed through the following
registers:

31 0
\ IMASK[31:0]

Figure 13: Secondary interrupt mask register
* [32:0]: Interrupt mask - indicates whether an interrupt is masked (IMASK[n]=0) or enabled

(IMASK[n]=1).

31 0
IPEND[31:0]

Figure 14: Secondary interrupt pending register

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

31 5 4 0
RESERVED ‘IP‘ IRL[4:0]

Figure 15: Secondary interrupt status register
* [4:Q]: Interrupt request level - indicates the highest unmasked pending interrupt.

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

31 0
ICLEAR[31:0]

Figure 16: Secondary interrupt clear register

e [31:0]: Interrupt clear - if written with a‘1’, will clear the corresponding bit(s) in the interrupt
pending register.

GAISLER RESEARCH




-40-
LEON2 XST Usar’'sManual

7.4 Timer unit

The timer unit implements two 24-bit timers, one 24-bit watchdog and 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

7.4.1 Operation

The prescaler is clocked by the system clock and decremented on each clock cycle. When
the prescaler underflows, it is reloaded from the prescaler reload register and atimer tick is
generated for the two timers and watchdog. The effective division rate is therefore equal to
prescaler reload register value + 1.

The operation of thetimersis controlled through the timer control register. A timer isenabled
by setting the enable bit in the control register. Thetimer valueisthen decremented each time
the prescaler generates a timer tick. When a timer underflows, it will automatically be
reloaded with the value of the timer reload register if the reload bit is set, otherwise it will
stop (at Oxffffff) and reset the enable bit. Aninterrupt will be generated after each underflow.

Thetimer can be reloaded with the value in the reload register at any time by writing a“one’
to the load bit in the control register.

The watchdog operates similar to the timers, with the differencethat it is always enabled and
upon underflow asserts the external signal WDOG. This signal can be used to generate a
system reset.

To minimise complexity, the two timers and watchdog share the same decrementer. This
means that the minimum allowed prescaler division factor is 4 (reload register = 3).
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7.4.2 Registers
Figures 18 to 22 shows the layout of the timer unit registers.
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31 24 23 0
RESERVED TIMER/WATCHDOG VALUE
Figure 18: Timer 1/2 and Watchdog counter registers
31 24 23 0
RESERVED TIMER RELOAD VALUE
Figure 19: Timer 1/2 reload registers
31 3210
RESERVED ‘LD‘RL‘EN‘

Figure 20: Timer 1/2 control registers

* [2]: Load counter (LD) - when written with ‘one’, will load the timer reload register into the timer

counter register. Alwaysreadsasa‘zero’.

* [1]: Reload counter (RL) - if RL is set, then the counter will automatically be reloaded with the

reload val ue after each underflow.
» [0]: Enable (EN) - enables the timer when set.

31 10 9 0
RESERVED RELOAD VALUE
Figure 21: Prescaler reload register
31 10 9 0
RESERVED COUNTER VALUE

Figure 22: Prescaler counter register
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7.5 UARTs

Two identical UARTSs are provided for serial communications. The UARTS support data
frameswith 8 data bits, one optional parity bit and one stop bit. To generate the bit-rate, each
UART has a progranmable 12-bits clock divider. Hardware flow-control is supported
through the RTSN/CTSN hand-shake signals. Figure 23 shows a block diagram of a UART.

<+——FX1 CTSN
Serial port
Baud-rate 8*bitclk Controller ——»] RTSN
generator
RXD K3—» Receiver shift register Transmitter shift register ——»KJ  TXD
Receiver holding register Transmit. holding register

l Internal 1/0 Bus T

Figure 23: UART block diagram

7.5.1 Transmitter operation

The transmitter is enabled through the TE bit in the UART control register. When ready to
transmit, data is transferred from the transmitter holding register to the transmitter shift
register and converted to a serial stream on the transmitter serial output pin (TXD). It
automatically sends a start bit followed by eight data bits, an optional parity bit, and one stop
bits (figure 24). The least significant bit of the datais sent first

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

Data frame with parity: TStart‘ Do ‘ D1 ‘ D2 ‘ D3 ‘ D4 ‘ D5 ‘ D6 ‘ D7 ‘Parity‘Stop

Figure 24: UART data frames

Following the transmission of the stop bit, if anew character isnot availablein the transmitter
holding register, the transmitter serial data output remains high and the transmitter shift
register empty bit (TSRE) will be set inthe UART control register. Transmission resumesand
the TSRE is cleared when a new character isloaded in the transmitter holding register. If the
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transmitter is disabled, it will continue operating until the character currently being
transmitted is completely sent out. The transmitter holding register cannot be loaded when
the transmitter is disabled.

If flow control is enabled, the CTSN input must be low in order for the character to be
transmitted. If it is deasserted in the middle of a transmission, the character in the shift
register is transmitted and the transmitter serial output then remains inactive until CTSN is
asserted again. If the CTSN is connected to a receivers RTSN, overrun can effectively be
prevented.

7.5.2 Receiver operation

Thereceiver isenabled for data reception through the receiver enable (RE) bit in the USART
control register. The receiver looks for a high to low transition of a start bit on the receiver
seria datainput pin. If atransition is detected, the state of the serial input is sampled a half
bit clocks later. If the seria input is sampled high the start bit isinvalid and the search for a
valid start bit continues. If the serial input is still low, a valid start bit is assumed and the
receiver continues to sample the serial input at one bit timeintervals (at the theoretical centre
of the bit) until the proper number of databits and the parity bit have been assembled and one
stop bit has been detected. The seria input is shifted through an 8-bit shift register where al
bits have to have the same value before the new value is taken into account, effectively
forming alow-pass filter with a cut-off frequency of 1/8 system clock.

During reception, the least significant bit is received first. The datais then transferred to the
receiver holding register (RHR) and the data ready (DR) bit is set in the USART status
register. The parity, framing and overrun error bits are set at the received byte boundary, at
the same time as the receiver ready bit is set. If both receiver holding and shift registers
contain an un-read character when a new start bit is detected, then the character held in the
receiver shift register will be lost and the overrun bit will be set in the UART status register.
If flow control is enabled, then the RTSN will be negated (high) when a valid start bit is
detected and the receiver holding register contains an un-read character. When the holding
register isread, the RTSN will automatically be reasserted again.

7.5.3 Baud-rate generation

Each UART contains a 12-bit down-counting scaler to generate the desired baud-rate. The
scaler isclocked by the system clock and generatesa UART tick each timeit underflows. The
scaler isreloaded with the value of the UART scaler reload register after each underflow. The
resulting UART tick frequency should be 8 times the desired baud-rate. If the EC bit is s,
the scaler will be clocked by the PIO[3] input rather than the system clock. In this case, the
frequency of PIO[3] must be less than half the frequency of the system clock.

7.5.4 Loop back mode

If the LB bit inthe UART control register is set, the UART will be in loop back mode. In this
mode, the transmitter output is internally connected to the receiver input and the RTSN is
connected to the CTSN. It is then possible to perform loop back tests to verify operation of
receiver, transmitter and associated software routines. In this mode, the outputs remain in the
inactive state, in order to avoid sending out data.
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7.5.5 Interrupt generation

The UART will generate an interrupt under the following conditions: when the transmitter is
enabled, the transmitter interrupt is enabled and the transmitter holding register moves from
full to empty; when the receiver is enabled, the receiver interrupt is enabled and the receiver
holding register moves from empty to full; when thereceiver isenabled, thereceiver interrupt
is enabled and a character with either parity, framing or overrun error is received.

7.5.6 UART registers
UART registers

31 8 7 0
‘ RESERVED DATA

Figure 25: UART data register

* [7:0] : Receiver holding register (read access
e [7:0] : Transmitter holding register (write access)

31 8 765432 10
‘ RESERVED ‘EC‘LB‘FL‘PE‘PS‘TI ‘RI ‘TE‘RE‘

Figure 26: UART control register

* 0: Receiver enable (RE) - if set, enables the receiver.

e 1: Transmitter enable (TE) - if set, enables the transmitter.

» 2: Receiver interrupt enable (RI) - if set, enables generation of receiver interrupt.

e 3: Transmitter interrupt enable (TI) - if set, enables generation of transmitter interrupt.

» 4 Parity select (PS) - selects parity polarity (0 = even parity, 1 = odd parity)
» 5: Parity enable (PE) - if set, enables parity generation and checking.
» 6: Flow contral (FL) - if set, enables flow control using CTS/RTS.
e 7:Loop back (LB) - if set, loop back mode will be enabled.
» 8: External Clock (EC) - if set, the UART scaler will be clocked by PIO[3]
31 76543210

RESERVED |Fe|PE|ov|BR TH TS[DR

Figure 27: UART status register

0: Dataready (DR) - indicates that new datais available in the receiver holding register.

» 1: Transmitter shift register empty (TS) - indicates that the transmitter shift register is empty.
» 2 Transmitter hold register empty (TH) - indicates that the transmitter hold register is empty.
» 3: Break received (BR) - indicates that a BREAK has been received.

4: Overrun (OV) - indicates that one or more character have been lost due to overrun.
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» 5: Parity error (PE) - indicates that a parity erraasadetected.
* 6: Framing error (FE) - indicates that a framing errasdetected.

31 12 11 0
RESER/ED SCALER RELQAD VALUE

Figure 28: UART scaler reload register

7.6 Paralle 1/0 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, ramandl/O) of thememorybusare
in 8- or 16-bit mode(see“8-bit and16-bit PROM and SRAM access’on page52). If the
SDRAM controller is enabled, the upper 16-bits cannot be used.

Thelower 16 bits of the l/O port canbe individually programmedsoutputor input, while
the high 16 bits of the I/O 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 directionfor eachindividual port bit (O=input,
1=output).

Direction —{p Q

—1o Q PAD
Input

Value Q D |

Output
Value

Figure 29: 1/O port block diagram
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31 18 17 0
|ODIR[17:0]

Figure 30: 1/O port direction register

* |ODIRn - 1/O port direction. The value of IODIR[15:0] defines the direction of 1/O ports 15 - 0.
If bit nis set the corresponding I/O port becomes an output, otherwise it is an input. IODIR[16]
controls D[15:8] while IODIR[17] controls D[7:0]

The 1/0 ports can aso be used as interrupt inputs from external devices. A total of four
interrupts can be generated, corresponding to interrupt levels 4, 5, 6 and 7. The 1/O port
interrupt configuration register (figure 31) defines which port should generate each interrupt
and how 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 ‘EN‘LE‘PL‘ ISEL2 ‘EN‘LE‘PL‘ ISEL1 ‘EN‘LE‘PL‘ ISELO

Figure 31: 1/O port interrupt configuration register

* |ISELn - I/O port select. The value of this field defines which 1/0 port (0 - 31) should generate
parallel 1/0 port interrupt n.

» PL - Polarity. If set, the corresponding interrupt will be active high (or edge-triggered on positive
edge). Otherwise, it will be active low (or edge-triggered on negative edge).

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

To save pins, I/0 pins are shared with other functions according to the table below:

1/0 port Function Type Description Enabling condition

PIO[15] TXD1 Output UART1 transmitter data UART1 transmitter enabled
PIO[14] RXD1 Input UART1 receiver data

PIO[13] RTS1 Output UART1 request-to-send UART1 flow-control enabled
PIO[12] CTSs1 Input UART1 clear-to-send

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

PIO[9] RTS2 Output UART?2 request-to-send UART?2 flow-control enabled
PIO[8] CTSs2 Input UART?2 clear-to-send

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

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

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

Table 12: UART/IO port usage
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7.7 LEON configuration register

7.8

Since LEON is synthesised from a extensively configurable VHDL model, the LEON
configuration register (read-only) is used to indicate which options were enabled during
synthesis. For each option present, the corresponding register bit is hardwired to ‘1. Figure
32 shows the layout of the register.

3130 29 28 27 26 25 24 20 19 17 16 15 14 121110 9 8 7 6 5 4 3 2 10
[T ] ] | | nwinbows | icsz [isz| pesz |oisz| | | | | | | |
UMAC/SMAC inst UDIV/SDIV inst.
Number of watchpoints ~ SMUL/UMUL inst.
SDRAM controller Watchdog present
DSU present Memory status reg.
. FPU
PCI core
Write protection

Figure 32: LEON configuration register

« [30]: Debug support unit (O=disabled, 1=present)

e [29]: SDRAM controller present (O=disabled, 1=present)

e [28:26]: Number of implemented watchpoints (O - 4)

e [25]: UMAC/SMAC instruction implemented

e [24:20]: Number of register windows. The implemented number of SPARC register windows -1.
« [19:17]: Instruction cache size. The size (in Kbytes) of the instruction cache. Cache size = 2/ csz,
« [16:15]: Instruction cache line size. The line size (in 32-bit words) of each line. Line size = 2'-52,
o [14:12]: Datacache size. The size (in kbytes) of the data cache. Cache size = 202,

« [11:10]: Data cache line size. The line size (in 32-bit words) of each line. Line size = 2P-S2,

e [9]: UDIV/SDIV instruction implemented

¢ [8]: UMUL/SMUL instruction implemented

¢ [6]: Memory status and failing address register present

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

¢ [3:2]: PCI coretype (00=none, 01=InSilicon, 10=ESA, 11=cther)

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

Power-down

The processor can be powered-down by writing (an arbitrary) value to the power-down
register. Power-down mode will be entered on the next load or store instruction. To enter
power-down mode immediately, a store to the power-down register should be performed
followed a ‘dummy’ load. During power-down mode, the integer unit will effectively be
halted. The power-down mode will be terminated (and the integer unit re-enabled) when an
unmasked interrupt with higher level than the current processor interrupt level (PIL) becomes
pending. All other functions and peripherals operate as nominal during the power-down
mode. A suitable power-down routine could be:

struct pwd_reg_type { volatile int pwd; };
power _down()

struct pwd_reg_type *lreg = (struct pwd_reg_type *) 0x80000018;
whil e (1) Ireg->pwd = |reg_>pv\d;
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In assembly, a suitable sequence could be:

power _down:

set 0x80000000, 9% 3
st %90, [% 3 + 0x18]
ba  power_down

I d [943 + 0x18], %0

7.9 AHB statusregister

Any access triggering an error response on the AHB bus will be registered in two registers;
AHB failing address register and AHB status register. The failing address register will store
the address of the access while the AHB status register will store the access and error types.
The registers are updated when an error occur, and the EV (error valid) is not set. When the
EV bit isset, interrupt 1 is generated to inform the processor about the error. After an error,
the EV bit hasto be reset by software.

Figure 33 shows the layout of the AHB status register.

31 8 7 6 3 2 0
‘ RESERVED ‘EV‘RW‘ HMASTER ‘ HSIZE ‘

Figure 33: AHB status register

[8]: NE - error valid. Set when an error occurred.

[7]: RW - Read/Write. This bit is set if the failed access was aread cycle, otherwiseit is cleared.
[6:3]: HMASTER - AHB master. Thisfield contains the HMASTER([3:0] of the failed access.
[2:0] HSIZE - transfer size. Thisfiled contains the HSIZE[2:0] of the failed transfer.

7.10 AHB ram

An optional RAM module can be placed on the AHB bus, providing high-speed on-chip
memory. The RAM can be 1 - 64 Kbyte, and will occupy address 0x60000000 - 0x 70000000
on the AHB bus. Enabling of the RAM is done in the configuration record.
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8 External memory access

8.1 Memory interface

The memory bus provides a direct interface to PROM, memory mapped /O devices,
asynchronous static ram (SRAM) and synchronous dynamic ram (SDRAM). Chip-select
decoding is done for two PROM banks, one 1/0 bank, five SRAM banks and two SDRAM
banks. Figure 34 shows how the connection to the different device typesis made.

A D
ROMSN[L:0] cs  —
OEN ot PROM *
WRITEN WE D |«
IOSN cs
L] oe /10 A
LEON WE D |
RAMSN[4:0] cs A
RAMOEN[4:0] oe  SRAM
RWEN([3:0] WE D =
[A[16:15]
SDCLK CLK BA M
SDCSN[1:0] CSN A[14:2]
SDRASN RAS SDRAM A K
SDCASN CAS
SDWEN WE D
SDDQM[3:0] DQM
A[27:0] >
D[3L0] |«

Figure 34: Memory device interface

8.2 Memory controller

The external memory busis controlled by aprogrammable memory controller. The controller
acts as a lave on the AHB bus. The function of the memory controller is programmed
through memory configuration registers1, 2 & 3 (MCR1, MCR2 & MCR3) through the APB
bus. The memory bus supports four types of devices. prom, sram, sdram and local 1/0. The
memory bus can also be configured in 8- or 16-bit mode for applications with low memory
and performance demands. The controller decodes a 2 Gbyte address space, divided
according to table 13:

Addressrange Size Mapping
0x00000000 - OX1FFFFFFF 512 M Prom
0x20000000 - Ox3FFFFFFF 512M 1/0
0x40000000 -0x7FFFFFFF 1G SRAM/SDRAM

Table 13: Memory controller address map
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8.3 PROM access

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

datal data2 lead-out
ck /o \ \ \ _/ \ \
A Al }
ROMSN
OEN /
0 oD

Figure 35: Promread cycle

Two PROM chip-selecsignalsareprovided, ROMSN[1:0]. ROMSN][0] is asserteavhenthe
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 page86), ROMSNIO0] is never asserteénd
all accessebetweerD - 0x10000000are mappedon the internalprom. Whenthe modelis

configuredo supportothexternalandinternalbootprom,theP10[4] inputis usedto enable
the internal prom.

8.4 Memory mapped I/0

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

lead-in data lead-out
ck [/ \_/ \ \ \ \ \
A Al
IOSN /
OEN \
0 =1
BRDYN \_|/

Figure 36: 1/O read cycle
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8.5 SRAM access

The SRAM area can be up to 1 Gbyte, divided on up to five RAM banks. The size of banks
1-4 (RAMSN]3:0]is programmed in the RAM bank-size field (MCR2[12:9]) and can be set
in binary steps from 8 Kbyte to 256 Mbyte. The fifth bank (RAMSN[4]) decodes the upper
512 Mbyte. A read access to SRAM consists of two data cycles and between zero and three
walitstates. Accessesto RAMSN[4] can further be stretched by de-asserting BRDY N until the
datais available. On non-consecutive accesses, alead-out cycleis added after aread cycleto
prevent bus contention due to slow turn-off time of memoriesor 1/0O devices. Figure 37 shows
the basic read cycle waveform (zero waitstate).

datal data2 lead-out
ck /o \ \ \ \ \ \
A Al )
RAMSN
RAMOEN \
0 =

Figure 37: Satic ramread cycle (0-waitstate)

For read accesses to RAMSN[4:0], a separate output enable signal (RAMOENI[N]) is
provided for each RAM bank and only asserted when that bank is selected. A write accessis
similar to the read access but takes a minimum of three cycles:

lead-in data lead-out
ok /[ \ \ \ \ \
A — Al
RAMSN  — N
RWEN /
D D1

Figure 38: Satic ramwrite cycle

Through an (optional) feed-back 1oop from the write strobes, the databusis guaranteed to be
driven until the write strobes are de-asserted. Each byte lane has an individual write strobe
to alow efficient byte and half-word writes. If the memory uses a common write strobe for
the full 16- or 32-bit data, the read-modify-write bit MCR2 should be set to enable read-
modify-write cycles for sub-word writes.

GAISLER RESEARCH




LEON2 XST Usar’'sManual

8.6

8.7
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Burst cycles

To improve the bandwidth of the memory bus, accesses to consecutive addresses can be
performed in burst mode. Burst transfers will be generated when the memory controller is
accessed using an AHB burst request. These includes instruction cache-line fills, double
loads and double stores. The timing of a burst cycle is identical to the programmed basic
cycle with the exception that during read cycles, the lead-out cycle will only occurs after the
last transfer.

8-bit and 16-bit PROM and SRAM access

To support applications with low memory and performance requirements efficiently, it is not
necessary to always have full 32-bit memory banks. The SRAM and PROM areas can be
individually configured for 8- or 16-bit operation by programming the ROM and RAM size
fieldsin the memory configuration registers. Since read access to memory is always done on
32-bit word basis, read access to 8-bit memory will be transformed in a burst of four read
cycles while access to 16-bit memory will generate a burst of two 16-bits reads. During
writes, only the necessary bytes will be writen. Figure 39 shows an interface example with
8-bit PROM and 8-bit SRAM. Figure 40 shows an example of a 16-bit memory interface.

8-bit PROM i b
ROMSN[0] S oom A alzd
OEN OE :
WRITEN WE D 42% =)
LEON
8-bit RAM
A[27:0
RAMSN[O] cs A
RAMOEN(Q] oe  SRAM D[31:24]
RWEN[0] RWEIOL) we P =
A[27:0] >
D[31:24] |« =

Figure 39: 8-bit memory interface example
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16-bit PROM A D
ROMSN[O] cs prom A el 2
OEN OE .
WRITEN WE D & =)
LEON
16-bit RAM
RAMSN[O] cs cam A A[27:1]
RAMOEN([(] —1 OE D[31:16]
RWEN[0:1] RWE[L0] | e D =)
A[27:0] >
D[31:16] | P

Figure 40: 16-bit memory interface example

8.8 8- and 16-bit 1/0 access

Similar to the PROM/RAM areas, the I/O area can also be configured to 8- or 16-bits mode.
However, the 1/O device will NOT be accessed by multiple 8/16 bits accesses as the memory
areas, but only with one single access just as in 32-bit mode. To accesses an 1/O deviceon a
16-bit bus, LDUH/STH instructions should be used while LDUB/STB should be used with
an 8-bit bus.

8.9 SDRAM access
8.9.1 General

Synchronous dynamic RAM (SDRAM) access is supported to two banks of PC100/PC133
compatible devices. The controller supports 64M, 256M and 512M device with 8 - 12
column-address bhits, up to 13 row-address bits, and 4 banks. The size of each of the two
banks can be programmed in binary steps between 4 Mbyte and 512 Mbyte. The operation
of the SDRAM controller is controlled through MCFG2 and MCFG3 (see below).

The SDRAM has a separate address and control bus. The SDRAM data signals can either be
attached using the common data bus (DATA[31:0]), or be attached via a dedicated SDRAM
data bus (SD[63:0]). Inthelater case, the SDRAM can be either 32 or 64 bitswide. The data
width is selected during the configuration of the VHDL model, and cannot be change later
by software.

8.9.2 Address mapping

The two SDRAM banks can be mapped starting at address 0x40000000 or 0x60000000.
When the SDRAM enable bit is set in MCFG2, the controller is enabled and mapped at
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0x60000000 as long as the SRAM disable bit is not set. If the SRAM disable bit is set, al
access to SRAM is disabled and the SDRAM banks are mapped starting at 0x40000000.

8.9.3 Initialisation

When the SDRAM controller isenabled, it automatically performsthe SDRAM initialisation
sequence of PRECHARGE, 2x AUTO-REFRESH and LOAD-MODE-REG on both banks
simultaneously. The controller programs the SDRAM to use page burst on read and single
location access on write.

8.9.4 Configurable SDRAM timing parameters

To provide optimum access cycles for different SDRAM devices (and at different
frequencies), some SDRAM parameters can be programmed through memory configuration
register 2 (MCFG2) The programmable SDRAM parameters can be seen in table 14:

Function Parameter range unit
CAS latency, RAS/CAS delay tcas treb 2-3 clocks
Precharge to activate trp 2-3 clocks
Auto-refresh command period trRrc 3-11 clocks
Auto-refresh interval 10 - 32768 clocks

Table 14: SDRAM programmable timing parameters

Remaining SDRAM timing parameters are according the PC100/PC133 specification.
8.9.5 Refresh

The SDRAM controller contains a refresh function that periodically issues an AUTO-
REFRESH command to both SDRAM banks. The period between the commands (in clock
periods) is programmed in the refresh counter reload field in the M CFG3 register. Depending
on SDRAM type, the required period is typicaly 7.8 or 15.6 s (corresponding to 780 or
1560 clocks at 100 MHz). The generated refresh period is calculated as (reload valuet1)/
sysclk. The refresh function is enabled by setting bit 31 in MCFG2.

8.9.6 SDRAM commands

The controller can issue three SDRAM commands by writing to the SDRAM command field
in MCFG2: PRE-CHARGE, AUTO-REFRESH and LOAD-MODE-REG (LMR). If the
LMR command isissued, the CAS delay as programmed in MCFG2 will be used, remaining
fields are fixed: page read burst, single location write, sequential burst. The command field
will be cleared after acommand has been executed. Note that when changing the value of the
CASdelay, aLOAD-MODE-REGISTER command should be generated at the same time.

8.9.7 Read cycles

A read cycleis started by performing an ACTIVATE command to the desired bank and row,
followed by a READ command after the programmed CAS delay. A read burst is performed
if a burst access has been requested on the AHB bus. The read cycle is terminated with a
PRE-CHARGE command, no banks are left open between two accesses.
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8.9.8 Write cycles

Write cycles are performedsimilarly to read cycles, with the differencethat WRITE
commandsreissuedafteractivation. A write burstonthe AHB buswill generate burstof
write commands without idleycles in-between.

8.9.9 Address bus connection

Thememorycontrollercanbe configuredo eithersharetheaddressinddatabuseswith the
SRAM, or to useseparataddressinddatabusesWhenthebusesaresharedtheaddressus
of the SDRAMSs shouldbe connectedo A[14:2], the bankaddresgo A[16:15]. The MSB
part of A[14:2] can be left unconnectedf not used.When separatébusesare used,the
SDRAM address$us shouldbe connectedo SA[12:0], thebankaddresso SA[14:13],and
the data bs to SD[31:0].

8.9.10 Clocking

The SDRAM clockis generatedby LEON, andtypically requiresspecialsynchronisatiorat
layoutlevel. For Virtex targets,enablingthe CLKDLL or DCM will alsoproduceaproperly
synchronise@6DRAM clock. For otherFPGAtargets,theinvertedclock optioncanbeused.

8.10 Memory configuration register 1 (MCFG1)

Memoryconfiguratiorregisterl is usedo programthetiming of romandlocall/O accesses.

31 29 28 27 26 25 24 23 20 1918 17 12 11 10 9 8 7 4 3 0
‘ Resered ‘ ‘ ‘ ‘ ‘ 1/0 Waitstate# ‘ ‘ Resered ‘ ‘ ‘ ‘Prom write W# Prom read W#
/O width I/0 enable
1/0 ready enable—!
BEXCN enable—— Prom write enable |
Prom width

Figure 41: Memory configuration register 1

» [3:0]: PromreadwaitstatesDefinesthenumberof 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).

* [10]: Resered

* [11]: Prom write enable. If set, enables wriyeles to the prom area.

e [17:12]: Resergd

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

» [23:20]: /O waitstates. Defines the number ditgtates during 1/0 accesses (“0000"=0,
“0001"=1, “00107=2,..., “1111"=15).

* [25]: Bus error (BEXCN) enable.

» [26]:Bus ready (BRI¥N) enable.

» [28:27]: /0 tus width. Defines the data with of the 1/0 area (“00"=8, “01"=16, “10"=32).
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During power-up, the prom width (bits[9:8]) are set with value on PIO[1:0] inputs. The prom
walitstates fields are set to 15 (maximum). External bus error and bus ready are disabled. All
other fields are undefined.

8.11 Memory configuration register 2 (MCFG2)
Memory configuration register 2 is used to control the timing of the SRAM and SDRAM.

3130 20 27 26 25 23 22 21 2019 18 14 1312 987 6543210
LI T | [se[sfsrambanksd | | | [ | |

|-64—bit SDRAM
SDRAM command BRDYN enable

SDRAM Cal. size Read-mod.-write

SDRAM Bank size Ram width
CASdelay, tRCD Write waitstates
tRFC Read waitstates
tRP

Refresh enable

Figure 42: Memory configuration register 2

e [1:0]: Ram read waitstates. Defines the number of waitstates during ram read cycles (“00"=0,
“01"=1, “10"=2, “11"=3).

* [3:2]: Ram write waitstates. Defines the number of waitstates during ram write 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. Enable read-modify-write cycles on sub-word writes to 16- and 32-bit
areas with common write strobe (no byte write strobe).

* [7]: Busready enable. If set, will enable BRDY N for ram area

e [12:9]: Ram bank size. Defines the size of each ram bank (“0000" =8 Kbyte, “0001"=16 Kbyte...
“1111"=256 Mbyte).

* [13]: Sl - SRAM disable. If set together with bit 14 (SDRAM enable), the static ram access will
be disabled.

* [14]: SE - SDRAM enable. If set, the SDRAM controller will be enabled.

e [18]: 64-bit SDRAM. If set, the SDRAM controller is configured to use 64-bit wide SDRAM.

* [20:19] SDRAM command. Writing a non-zero value will generate an SDRAM command:
“01"=PRECHARGE, “10"=AUTO-REFRESH, “11"=LOAD-COMMAND-REGISTER. The
field isreset after command has been executed.

o [22:21]: SDRAM column size. “00"=256, “01"=512, “10"=1024, “11"=4096 when bit[25:23]=
“111”, 2048 otherwise.

» [25:23]: SDRAM banks size. Defines the banks size for SDRAM chip selects: “000"=4 Mbyte,
“001"=8 Mbyte, “010"=16 Mbyte .... “111"=512 Mbyte.

* [26]: SDRAM CAS delay. Selects 2 or 3 cycle CAS delay (0/1). When changed, a LOAD-
COMMAND-REGISTER command must be issued at the same time. Also sets RAS/CAS delay
(tRCD).

* [29:27]: SDRAM tRec timing. tgrec Will be equal to 3 + field-value system clocks.

» [30]: SDRAM trp timing. tgp will be equal to 2 or 3 system clocks (0/1).

* [31]: SDRAM refresh. If set, the SDRAM refresh will be enabled.
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8.12 Memory configuration register 3 (MCFG?3)
MCFG3 is contains the reload value for the SDRAM refresh counter.

31 27 26 12 11 0
\ RESERVED \ SDRAM refresh reload value \ RESERVED

Figure 43: Memory configuration register 3

The period between each AUTO-REFRESH command is calculated as follows:
tREFRESH = ((rel oad val Ue) + 1) [/ SYSCLK

8.13 Write protection

Write protection is provided to protect the RAM area against accidental over-writing. It is
implemented as two block protect units capable of disabling or enabling write access to a
binary aligned memory block in the range of 32 Kbyte - 1 Gbyte. Each block protect unit is
controlled through a control register (figure 44). The units operate as follows: on each write
access to RAM, address bits (29:15) are xored with the tag field in the control register, and
anded with the mask field. A write protection error is generated if the result is equal to zero,
the corresponding unit is enabled and the block protect bit (BP) is set, or if the BP bit is
cleared and the result is not equal to zero. If a write protection error is detected, the write
cycleis aborted and a memory access error is generated.

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

Figure 44: Write protection register 1 & 2

[14:0] Address mask (MASK) - this field contains the address mask
[29:15] Addresstag (TAG) - thisfield is compared against address(29:15)
[30] Block protect (BP) - if set, selects block protect mode

[31] Enable (EN) - if set, enables the write protect unit

The ROM area can be write protected by clearing the write enable bit MCRL1.

8.14 Using BRDYN

The BRDYN signal can be used to stretch access cycles to the I/O area and the ram area
decoded by RAMSN[4]. The accesseswill always have at |east the pre-programmed number
of waitstates as defined in memory configuration registers1 & 2, but will be further stretched
until BRDY N isasserted. BRDY N should be asserted in the cycle preceding the last one. The
use of BRDY N can be enabled separately for the 1/0 and RAM areas.
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datal data2 waitstate lead-out
ax [T\ \ \ \ \ \
A —A Al
RAMSN[4]
OEN /
° D
BRDYN \_ |/

Figure 45: RAM read cycle with one BRDYN controlled waitstate

8.15 Accesserrors

An access error can be signalled by asserting the BEXCN signal, which is sampled together
with the data. If the usage of BEXCN is enabled in memory configuration register 1, an error
response will be generated on the internal AMBA bus. BEXCN can be enabled or disabled
through memory configuration register 1, and is active for al areas (PROM, I/0 an RAM).

datal data2 |ead-out
ax [T/ \ \ \ \
A Al
RAMSN \
OEN \ /
° D
BEXCN \_ _/

Figure 46: Read cycle with BEXCN

8.16 Attaching an external DRAM controller

To attach an external DRAM controller, RAMSN[4] should be used sinceit allows the cycle
time to vary through the use of BRDY N. In this way, delays can be inserted as required for
opening of banks and refresh.
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9 PCI interface

The LEON2-XST model includes one optional PCI interface: asimple target-only interface.
The interface is developed primarily to support DSU communications over the PCI bus.
Focus has been put on small area and robust operation, rather than performance. The
interface has no FIFOs, limiting the transfer rate to about 5 Mbyte/s. This is however fully
sufficient to allow fast download and debugging using the DSU.

AMBA AHB PCI Bus

AHB Master AHB PCI

Interface ¢ > Target +—>

Figure 47: Target-only PCI interface

The interface consist of one PClI memory BAR occupying 2 Mbyte of the PCI address space,
and an AHB address register. Any access to the first 1 Mbyte of the address space (O -
OXFFFFF) will be forwarded to the internal AHB bus. The AHB address will be formed by
concatenating the 12 M SB bits of the AHB address register with the LSB 20 bits of the PCI
address. An access to the upper 1 Mbyte (0x100000 - Ox1FFFFF) of the BAR will read or
write the AHB address register.

31 20 19 0
AHB address [3L:20] | UNUSED

Figure 48: AHB address register (BARO, 0x100000)
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10 Ethernet interface

The LEON model includes an optional ethernet interface based on the 10/100 Mbit ethernet
MAC from OpenCores. The ethernet MAC has one AHB dlave interface and one AHB
master interface. The dave interface is mapped at address 0XBO00000O0 as indicated in table
15 below. The AHB master interface is used by the MAC DMA engine to transfer ethernet
packets to and from memory. The interrupt generated by the ethernet MAC is routed to
interrupt 12 on the LEON interrupt controller.

AHB address Ethernet MAC
0xB0000000 - 0xBOOOOOFF Control registers
0xB0000400 - 0xBOOOO7FF Transmitter & receiver descriptors

Table 15: AHB / Ethernet MAC mapping

For details on the ethernet MAC itself, see doc/ethernet.pdf or refer to the documentation on
WWW.OPEencores.org.
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11 Hardware debug support

11.1 Overview

The LEON processor includes hardware debug support to aid software debugging on target
hardware. The support is provided through two modules: a debug support unit (DSU) and a
debug communication link (DCL). The DSU can put the processor in debug mode, allowing
read/write access to all processor registers and cache memories. The DSU also contains a
trace buffer which stores executed instructions and/or datatransfers on the AMBA AHB bus.
The debug communications link implements a simple read/write protocol and uses standard
asynchronous UART communications (RS232C).

LEON processor

Trace

Buffer Debug IIF LEON SPAR_C V8
Integer unit

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

|I-Cache D-Cache

AHB interface

AMBA AHB ‘

Debug

DSURX > comm. Link Figure 49: Debug support unit and comm. link

11.2 Debug support unit
11.2.1 Overview

The debug support unit is used to control the trace buffer and the processor debug mode. The
DSU is attached to the AHB bus as slave, occupying a 2 Mbyte address space. Through this
address space, any AHB master can access the processor registers and the contents of the
trace buffer. The DSU control registers can be accessed at any time, while the processor
registers and caches can only be accessed when the processor has entered debug mode. The
trace buffer can be accessed only when tracing is disabled/completed. In debug mode, the
processor pipelineis held and the processor state can be accessed by the DSU. Entering the
debug mode can occur on the following events:

 executing abreakpoint instruction (ta 1)

* integer unit hardware breakpoint/watchpoint hit (trap Oxb)

* rising edge of the external break signal (DSUBRE)

* setting the break-now (BN) bit in the DSU control register

» atrap that would cause the processor to enter error mode

 occurrence of any, or a selection of traps as defined in the DSU control register
» after asingle-step operation

* DSU breakpoint hit
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The debug mode can only be entered when the debug support unit is enabled through an
external pin (DSUEN). When the debug mode is entered, the following actions are taken:

» PC and nPC are saved in temporary registers (accessible by the debug unit)
e anoutput signal (DSUACT) is asserted to indicate the debug state
 thetimer unit is (optionally) stopped to freeze the LEON timers and watchdog

The instruction that caused the processor to enter debug mode is not executed, and the
processor state is kept unmodified. Execution isresumed by clearing the BN bit in the DSU
control register or by de-asserting DSUEN. The timer unit will be re-enabled and execution
will continue from the saved PC and nPC. Debug mode can also be entered after the
processor has entered error mode, for instance when an application has terminated and halted
the processor. The error mode can be reset and the processor restarted at any address.

11.2.2 Trace buffer

The trace buffer consists of a circular buffer that stores executed instructions and/or AHB
datatransfers. A 30-bit counter is also provided and stored in the trace astime tag. Thetrace
buffer operation is controlled through the DSU control register and the Trace buffer control
register (see below). When the processor enters debug mode, tracing is suspended. The size
of the trace buffer is by default 128 lines ( = 2 kbyte), but can be configured to 8 - 4096 lines
the VHDL model configuration record.

Each lihe in the trace buffer is 128 bits wide, and the information stored is indicated in

table 16 and table 17 below:
Bits Name Definition
127 AHB breakpoint hit Setto ‘1’ if aDSU AHB breakpoint hit occurred.
126 - Unused
125:96 | Timetag The value of the time tag counter
95:92 IRL Processor interrupt request input
91:88 PIL Processor interrupt level (psr.pil)
87:80 | Traptype Processor trap type (psr.tt)
79 Hwrite AHB HWRITE
78:77 | Htrans AHB HTRANS
76:74 | Hsize AHB HSIZE
73:71 | Hburst AHB HBURST
70:67 | Hmaster AHB HMASTER
66 Hmastlock AHB HMASTLOCK
65:64 | Hresp AHB HRESP
63:32 | Load/Store data AHB HRDATA or HWDATA
31:0 L oad/Store address AHB HADDR

Table 16: Trace buffer data allocation, AHB tracing mode
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Bits Name Definition

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

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

125:96 | Timetag The value of the time tag counter

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

63:34 | Program counter Program counter (2 Isb bits removed since they are always zero)

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

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

31.0 Opcode Instruction opcode

Table 17: Trace buffer data allocation, Instruction tracing mode

During instruction tracing, one instruction is stored per line in the trace buffer with the
exception of multi-cycle instructions. Multi-cycle instructions are entered two or three times
in the trace buffer. For store instructions, bits [63:32] correspond to the store address on the
first entry and to the stored data on the second entry (and third in case of STD). Bit 126 is set
on the second and third entry to indicate this. A double load (LDD) is entered twice in the
trace buffer, with bits[63:32] containing the loaded data. Multiply and divide instructions are
entered twice, but only the last entry contains the result. Bit 126 is set for the second entry.
For FPU operation producing a double-precision result, the first entry puts the MSB 32 bits
of theresultsin bit [63:32] while the second entry putsthe LSB 32 bitsin thisfield. When a
traceisfrozen, interrupt 11 is generated.

The DSU timetag counter isincremented each clock aslong asthe processor isrunning. The
counter is stopped when the processor enters debug mode, and restarted when execution is
resumed.

31 29 0
‘ 00 ‘ DSU TIME TAG VALUE

Figure 50: DSU time tag counter

The trace buffer control register contains two counters that contain the next address of the
trace buffer to be written. Since the buffer is circular, it actually pointsto the oldest entry in
the buffer. The counters are automatically incremented after each stored trace entry.

31 25 24 23 12 1 0
| |71 | AHB INDEX | INST . INDEX |

Figure 51: Trace buffer control register

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

[25]: Trace AHB enable
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When both instructions and AHB transfers are traced (‘ mixed mode tracing’), the buffer is
divided on two halves. Instructions are stored in the lower half and AHB transfers in the
upper half of the buffer. The MSB bit of the AHB index counter is then automatically kept
high, while the MSB of the instruction index counter is kept low.

Notethat the VHDL model configuration allowsto disable the mixed-mode capability. Inthis
case, only the instruction trace index counter is provided, and is used aso during AHB
tracing. Setting both TA and Tl bitsin the trace buffer control register istheniillegal.

11.2.3 DSU memory map

DSU memory map can be seen in table 18 below.

Address Register

0x90000000 | DSU control register
0x90000004 | Trace buffer control register
0x90000008 | Time tag counter
0x90000010 | AHB break address 1
0x90000014 | AHB mask 1
0x90000018 | AHB break address 2
0x9000001C | AHB mask 2
0x90010000 - 0x90020000 | Trace buffer
.0 | Trace bits 127 - 96
.4 | Tracebits 95 - 64
.8 | Tracebits 63 - 32
...C | Tracebits31-0
(0x90020000 - 0x90040000 | IU/FPU register file
0x90080000 - 0x90100000 | IU special purpose registers
0x90080000 | Y register
0x90080004 | PSR register
0x90080008 | WIM register
0x9008000C | TBR register
0x90080010 | PC register
0x90080014 | NPC register
0x90080018 | FSR register
0x9008001C | DSU trap register
0x90080040 - 0x9008007C | ASR16 - ASR31 (when implemented)
0x90100000 - 0x90140000 | Instruction cache tags
0x90140000 - 0x90160000 | Instruction cache data
0x90160000 - 0x90180000 | Local instruction ram (instruction scratch pad ram)
0x90180000 - 0x901C0000 | Data cache tags
0x901C0000 - 0x901F0000 | Data cache data
0x901F0000 - 0x90200000 | Local dataram (data scratch pad ram)
0x90300000 - 0x90340000 | Instruction cache context field (MMU only)
0x90380000 - 0x903C0000 | Data cache context field (MMU only)

Table 18: DSU address space
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The addresses of the IU/FPU registers depends on how many register windows has been
implemented and if and what type of FPU is present. The registers can be accessed at the
following addresses (NWINDOWS = number of SPARC register windows):

e %on : 0x90020000 + (((psr.cwp * 64) + 32 + n) mod (NWINDOWS* 64))
* %ln : 0x90020000 + (((psr.cwp * 64) + 64 + n) mod (NWINDOWS* 64))
e %in : 0x90020000 + (((psr.cwp * 64) + 96 + n) mod (NWINDOWS* 64))
s %gn : 0x90020000 + (NWINDOWS*64) (no FPU)

* %gn : 0x90020000 + (NWINDOWS*64) + 128 (Meiko/LTH FPU present)
s %fn : 090020000 + (NWINDOWS*64) (Meiko/LTH FPU)

e %fn : 0x90030000 (GRFPU)

When the MMU is present, the following MMU registers can be accessed by the DSU:

Address Register

0x901E0000 | MMU control register
0x901E0004 | MMU context register
0x901E0008 | MMU context table pointer register
0x901E000C | MMU fault status register
0x901E0010 | MMU fault address register

Table 19: MMU registers address space

11.2.4 DSU control register
The DSU is controlled by the DSU control register:

31 2019 18 17 1615 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
| DCNT |Re| DR LR ss| Pe|EE|EB | DM DE|BZ |BX |BB|BN BSBW BE| FT|BT|DM TE|

Figure 52: DSU control register

e 0: Traceenable (TE). Enables the trace buffer.

e 1. Delay counter mode (DM). In mixed tracing mode, setting thisbit will cause the delay counter to decrement on AHB
traces. If reset, the delay counter will decrement on instruction traces.

e« 2. Breakontrace (BT) - if set, will generate aDSU break condition on trace freeze.

e 3 Freezetimers (FT) - if set, the scaler in the LEON timer unit will be stopped during debug mode to preserve the
time for the software application.

e 4. Break on error (BE) - if set, will force the processor to debug mode when the processor would have entered error

condition (trap in trap).

Break on U watchpoint - if set, debug mode will be forced on alU watchpoint (trap 0xb).

Break on S/W breskpoint (BS) - if set, debug mode will be forced when an breakpoint instruction (ta 1) is executed.

Break now (BN) -Force processor into debug mode. If cleared, the processor will resume execution.

Break on DSU breakpoint (BD) - if set, will force the processor to debug mode when an DSU breakpoint is hit.

Break on trap (BX) - if set, will force the processor into debug mode when any trap occurs.

e 10: Break on error traps (BZ) - if set, will force the processor into debug mode on all except the following traps:
priviledged_instruction, fpu_disabled, window_overflow, window_underflow, asynchronous_interrupt, ticc_trap.

« 11: Delay counter enable (DE) - if set, the trace buffer delay counter will decrement for each stored trace. 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 debug mode (read-only).

e 13: EB - value of the external DSUBRE signa (read-only)

e 14: EE - value of the external DSUEN signal (read-only)

e 15: Processor error mode (PE) - returns ‘1’ on read when processor isin error mode, else‘0’.

L]
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16: Single step (SS) - if set, the processor will execute one instruction and the return to debug mode.

17: Link response (LR) - is set, the DSU communication link will send aresponse word after AHB transfer.

18: Debug mode response (DR) - if set, the DSU communication link will send a response word when the processor
enters debug mode.

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

31:20 Trace buffer delay counter (DCNT). Note that the number of bits actually implemented depends on the size of the
trace buffer.

11.2.5 DSU breakpoint registers

The DSU contains two breakpoint registers for matching either AHB addresses or executed
processor instructions. A breakpoint hit is typically used to freeze the trace buffer, but can
also put the processor in debug mode. Freezing can be delayed by programming the DCNT
field in the DSU control register to a non-zero value. In this case, the DCNT value will be
decremented for each additional trace until it reaches zero, after which the trace buffer is
frozen. If the BT bit in the DSU control register is set, the DSU will force the processor into
debug mode when the trace buffer is frozen. Note that due to pipeline delays, up to 4
additional instruction can be executed before the processor is placed in debug mode. A mask
register is associated with each breakpoint, allowing breaking on ablock of addresses. Only
address bits with the corresponding mask bit set to ‘1’ are compared during breakpoint
detection. To break on executed instructions, the EX bit should be set. To break on AHB load
or store accesses, the LD and/or ST bits should be set.

" 2 10
Break addressreg. ‘ BADDRI[3L:2] ‘ 0 ‘Ex‘

31 2 1 0
Break mask reg. | BMASK[31:2] LD|sT|

Figure 53: DSU breakpoint registers

BADDR : breakpoint address (bits 31:2)
EX : break on instruction

BMASK : Breakpoint mask (see text)
LD : break on dataload address

ST : beak on data store address

11.2.6 DSU trap register

The DSU trap register is a read-only register that indicates which SPARC trap type that
caused the processor to enter debug mode. When debug mode is force by setting the BN bit
in the DSU control register, the trap type will be Oxb (hardware watchpoint trap).

31 13 12 11 4 3 0
‘ RESERVED EMm| TRAPTYPE 0000 ‘

Figure 54: DSU trap register

[12:4]: 8-bit SPARC trap type
[12]: Error mode (EM). Set if the trap would have cause the processor to enter error mode.
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11.3 DSU communication link
11.3.1 Operation

The DSU communication link consists of a UART connected to the AHB bus as a master
(figure55). A ssimple communication protocol is supported to transmit access parameters and
data. A link command consist of a control byte, followed by a 32-bit address, followed by
optional write data. If the LR bit in the DSU control register is set, a response byte will be
sent after each AHB transfer. If the LR bit is not set, a write access does not return any
response, while aread access only returns the read data. Datais sent on 8-bit basis as shown
in figure 57. Through the communication link, a read or write transfer can be generated to
any address on the AHB bus.

Baud-rate i Serial port
( generator 8*bitclk Controﬁler 4¢——» AMBA APB
DSURX K} Receiver shift register Transmitter shift register —»KJ  DSUTX
AHB master interface AHB data/response

l AMBA AHB T

Figure 55: DSU communication link block diagram

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

Figure 56: DSU UART data frame
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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
DSU Read command bit 7:3 = 00000
bit 2 = DMODE
Send  [10[Length -1|[ Addr[31:24] || Addr{23:16]|| Addr[15:8] || Addr(7:0] | bit 1:0 = AHB HRESP
Receive |Data[31:24]|| Data[23:16]|| Data[15:8] || Data[7:0] | | Resp. bytel (optional)

Figure 57: DSU Communication link commands

A response byte can optionally be sent when the processor goes from execution mode to
debug mode. Block transfers can be performed be setting the length field to n-1, where n
denotes the number of transferred words. For write accesses, the control byte and addressis
sent once, followed by the number of data words to be written. The address is automatically
incremented after each dataword. For read accesses, the control byte and addressis sent once
and the corresponding number of datawordsis returned.

The UART receiver isimplemented with same glitch filtering as the nominal UARTS.

11.3.2 DSU UART control register

31 2 10
| RESERVED [BLJEN

Figure 58: UART control register

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

11.3.3 DSU UART statusregister

3 765432 10
| RESERVED Fe| |ov |tH|Ts[oR

Figure 59: UART status register
» 0: Dataready (DR) - indicates that new data has been received and not yet read-out by the AHB

master interface.
o 1: Transmitter shift register empty (TS) - indicates that the transmitter shift register is empty.
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e 2: Transmitter hold register empty (TH) - indicates that the transmitter hold register is empty.
* 4: Overrun (OV) - indicates that one or more character have been lost due to overrun.
e 6: Framing error (FE) - indicates that a framing error was detected.

11.3.4 Baud rate generation

The UART contains a 18-bit down-counting scaler to generate the desired baud-rate. The
scaler isclocked by the system clock and generatesa UART tick each timeit underflows. The
scaler isreloaded with the value of the UART scaler reload register after each underflow. The
resulting UART tick frequency should be 8 times the desired baud-rate.

If not programmed by software, the baud rate will be automatically be discovered. Thisis
done by searching for the shortest period between two falling edges of the received data
(corresponding to two bit periods). When three identical two-bit periods has been found, the
corresponding scaler reload value is latched into the reload register, and the BL bit isset in
the UART control register. If the BL bit isreset by software, the baud rate discovery process
is restarted. The baud-rate discovery is also restarted when a ‘break’ or framing error is
detected by the receiver, allowing to change to baudrate from the external transmitter. For
proper baudrate detection, the value 0x55 should be transmitted to the receiver after reset or
after sending break.

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

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

31 14 13 0
RESERVED SCALER RELOAD VALUE

Figure 60: DSU UART scaler reload register

11.4 Common oper ations
11.4.1 Instruction breakpoints

Instruction breakpoints can be inserted by writing the breakpoint instruction (ta 1) to the
desired memory address (software breakpoint) or using any of the four integer unit hardware
breakpoints. Since cache snooping is only done on the data cache, the instruction cache must
be flushed after the insertion or removal of software breakpoints. To minimize the influence
on execution, it isenough to clear the corresponding instruction cache tag valid bit (whichis
accessible through the DSU).

The two DSU hardware breakpoints should only be used to freeze the trace buffer, and not
for software debugging since there is a 4-instruction delay from the breakpoint hit before the
processor enters the debug mode.
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11.4.2 Single stepping

By setting the SS bit and clearing the BN bit in the DSU control register, the processor will
resume execution for one instruction and then automatically return to debug mode.

11.4.3 Alternative debug sources

It is possible to debug the processor through any available AHB master since the DSU isa
regular AHB slave. For instance, if a PCI interface is available, all debugging features will
be available from any other PCI master.

11.4.4 Booting from DSU

By asserting DSUEN and DSUBRE at reset time, the processor will directly enter debug
mode without executing any instructions. The system can then be initialised from the
communication link, and applications can be downloaded and debugged. Additionally,
external (flash) proms for stand-alone booting can be re-programmed.

11.5 Design limitations

The registers of a co-processor or FPU in parallel configuration (separate register file) can
not be read by the DSU.

11.6 DSU monitor

Gaigler Research provides a DSU monitor that allows both stand-alone debugging as well as
an interface to gdb. See www.gaisler.com for details.

11.7 External DSU signals

The DSU uses five external signals: DSUACT, DSUBRE, DSUEN, DSURX and DSUTX.
They are used as follows:

DSUACT - DSU active (output)

This active high output is asserted when the processor is in debug mode and controlled by
the DSU.

DSUBRE - DSU break enable

A low-to-high transition on this active high input will generate break condition and put the
processor in debug mode. After a low-to-high transition is detected, up to four instruction
will be executed before debug node is entered.

DSUEN - DSU enable (input)

The active high input enablesthe DSU unit. If de-asserted, the DSU trace buffer will continue
to operate but the processor will not enter debug mode.
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DSURX - DSU receiver (input)

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

DSUTX - DSU transmitter (output)

This active high input provides the output from the DSU communication link transmitter.
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12 Signals
12.1 Memory bussignals

Name Type Function Active
A[27:0] Output Memory address High
BEXCN Input Bus exception Low
BRDYN Input Bus ready strobe Low
D[31.0] Bidir Memory data High
IOSN Output Local 1/0 select Low
OEN Output Output enable Low
RAMOEN[4:0] Output SRAM output enable Low
RAMSNJ4:0] Output SRAM chip-select Low
READ Output Read strobe High
ROMSN[1:0] Output PROM chip-select Low
RWEN[3:0] Output SRAM write enable Low
SA[14:0] Output SDRAM separate address bus High
SDCASN Output SDRAM column address strobe Low
SDCLK Output SDRAM clock -
SDCKE[1:0] Output SDRAM clock enable High
SDCSN[1:0] Output SDRAM chip select Low
SD[31.0] Bidir SDRAM separate data bus High
SDDQM[3:0] Output SDRAM data mask Low
SDRASN Output SDRAM row address strobe Low
SDWEN Output SDRAM write enable Low
WRITEN Output Write strobe Low

Table 20: Memory bus signals

12.2 System interface signals

Name Type Function Active
CLK Input System clock

PLLREF Input SDRAM clock PLL/DLL feedback

ERRORN Open-drain | System error Low
PIO[15:0] Bidir Parallel 1/O port High
RESETN Input System reset Low
WDOGN Open-drain | Watchdog output Low
DSUACT Output DSU active High
DSUBRE Input DSU break High
DSUEN Input DSU enable High
DSURX Input DSU communication link transmission input High
DSUTX Output DSU communication link transmission output High

Table 21: Systeminterface signals
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12.3 Signal description
All signals are clocked on the rising edge of CLK.

A[27:0] - Address bus (output)

These active high outputs carry the address during accesses on the memory bus. When no
accessis performed, the address of the last access is driven (also internal cycles).

BEXCN - Bus exception (input)

Thisactivelow input is sampled simultaneously with the data during accesses on the memory
bus. If asserted, a memory error will be generated.

BRDYN - Busready (input)

This active low input indicates that the access to a memory mapped 1/O area can be
terminated on the next rising clock edge.

CLK - Processor clock (input)
This active high input provides the main processor clock.
D[31:0] - Data bus (bi-directional)

D[31:0] carries the data during transfers on the memory bus. The processor only drives the
bus during write cycles. During accesses to 8-bit areas, only D[31:24] are used.

DSUACT - DSU active (output)

This active high output is asserted when the processor is in debug mode and controlled by
the DSU.

DSUBRE - DSU break enable

A low-to-high transition on this active high input will generate break condition and put the
processor in debug mode.

DSUEN - DSU enable (input)

Theactive high input enablesthe DSU unit. If de-asserted, the DSU trace buffer will continue
to operate but the processor will not enter debug mode.

DSURX - DSU receiver (input)

This active high input provides the data to the DSU communication link receiver
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DSUTX - DSU transmitter (output)

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

ERRORN - Processor error (open-drain output)

This active low output is asserted when the processor has entered error state and is halted.
This happens when traps are disabled and an synchronous (un-maskable) trap occurs.

IOSN - 1/0 select (output)

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

OEN - Output enable (output)

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

PIO[15:0] - Parallel 1/0 port (bi-directional)

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

PLLREF- PLL/DLL reference (input)

Used as reference input for SDRAM clock generation in some implementations. Should be
connected to SDCLK.

RAMOEN]4:0] - RAM output enable (output)

These active low signals provide an individual output enable for each RAM bank.
RAMSN[4:0] - RAM chip-select (output)
These active low outputs provide the chip-select signals for each RAM bank.

READ - Read cycle (output)

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

RESETN - Processor reset (input)

When asserted, this active low input will reset the processor and all on-chip peripherals.
ROMSN[1:0] - PROM chip-select (output)

These active low outputs provide the chip-select signal for the PROM area. ROMSNI[0] is

asserted when the lower half of the PROM area is accessed (0O - 0x10000000), while
ROMSN[1] is asserted for the upper half.
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RWEN [3:0] - RAM write enable (output)

These active low outputs provide individual write strobes for each byte lane. RWEN]O]
controls D[31:24], RWEN[1] controls D[23:16], etc.

SA[14:0] - SDRAM separ ate address bus (output)

When the model is configured for separate SDRAM address/data buses, the SDRAM address
will appear on SA[12:0], while the SDRAM bank address will be on SA[14:13].

SDCLK - SDRAM clock (output)

SDRAM clock, can be configured to be identical or inverted in relation to the system clock.

SDCASN - SDRAM column address strobe (output)

This active low signal provides acommon CASfor all SDRAM devices.

SDCSN[1:0] - SDRAM chip select (output)

These active low outputs provide the chip select signals for the two SDRAM banks.
SD[31:0] - SDRAM separ ate data bus (bidir)

Provides the SDRAM data bus when the model is configured for separate SDRAM buses.

SDDQM[3:0] - SDRAM data mask (output)

These active low outputs provide the DQM signals for both SDRAM banks.

SDRASN - SDRAM row address strobe (output)

This active low signal provides acommon RAS for all SDRAM devices.

SDWEN - SDRAM write strobe (output)

This active low signal provides a common write strobe for all SDRAM devices.

WDOGN - Watchdog time-out (open-drain output)

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

WRITEN - Write enable (output)

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

13.1 Model hierarchy
The LEON VHDL model hierarchy can be seen in table 22 below.

Entity/Package File name Function
LEON leon.vhd LEON top level entity
LEON_PCI leon_pci.vhd LEON/PCI top level entity
LEON/MCORE mcore.vhd Main core
LEON/MCORE/RSTGEN rstgen.vhd Reset generator
LEON/MCORE/AHBARB ahbarb.vhd AMBA/AHB controller
LEON/MCORE/APBMST apbmst.vhd AMBA/APB controller
LEON/MCORE/MCTRL mctrl.vhd Memory controller
LEON/MCORE/MCTRL/BPROM bprom.vhd Internal boot prom
LEON/MCORE/MCTRL/SDMCTRL sdmctrl.vhd SDRAM controller
LEON/MCORE/PROC proc.vhd Processor core
LEON/MCORE/PROC/CACHE cache.vhd Cache module
LEON/M CORE/PROC/CACHEMEM cachemem.vhd Cacheram
LEON/M CORE/PROC/CACHE/DCACHE dcache.vhd Data cache controller
LEON/MCORE/PROC/CACHE/ICACHE icache.vhd Instruction cache controller
LEON/M CORE/PROC/CACHE/ACACHE acache.vhd AHB/cache interface module
LEON/MCORE/PROC/IU iu.vhd Processor integer unit
LEON/MCORE/PROC/IU/MUL mul.vhd Multiplier state machined
LEON/MCORE/PROC/IU/DIV div.vhd radix-2 divider
LEON/MCORE/PROC/REGFILE regfil.vhd Integer unit register file
LEON/MCORE/PROC/FPU meiko.vhd Meiko FPU core (not included)
LEON/MCORE/PROC/FPU_LTH fpu_lth.vhd FPU core from Lund University
LEON/MCORE/PROC/FPU_CORE fpu_core.vhd FPU core wrapper
L EON/M CORE/PROC/FP1EU fpleu.vhd parallel FPU interface
LEON/MCORE/IRQCTRL irqctrl.vhd Interrupt controller
LEON/M CORE/IOPORT ioport.vhd Parallel 1/0 port
LEON/MCORE/TIMERS timers.vhd Timers and watchdog
LEON/MCORE/UART uart.vhd UARTs
LEON/MCORE/LCONF Iconf.vhd LEON configuration register
LEON/MCORE/AHBSTAT ahbstat.vhd AHB status register
LEON/MCORE/AHBMEM ahbmem.vhd AHB ram
LEON/MCORE/DSU dsu.vhd Debug support unit
LEON/MCORE/DSU_MEM dsu_mem.vhd DSU trace buffer memory
LEON/MCORE/DCOM dcom.vhd Debug comm. link controller
LEON/MCORE/DCOM/DCOM_UART dcom_uart.vhd UART for debug comm. link
LEON/MCORE/PCI/PCI_GR pci_gr.vhd Target-only PCl interface
LEON/MCORE/PCI pci.vhd Main PCI module

Table 22: LEON model hierarchy

GAISLER RESEARCH




-77 -
LEON2 XST User’s Manual

Table 23 shows the packages used in the LEON model.

Package Filename Function
TARGET target.vhd Pre-defined configurations for various targets
DEVICE device.vhd Current configuration
CONFIG config.vhd Generation of various constants for processor and caches
SPARCV8 sparcv8.vhd SPARCYV 8 opcode definitions
IFACE iface.vhd Type declarations for module interface signals
MACRO macro.vhd Various utility functions
AMBA ambavhd Type definitions for the AMBA buses
AMBACOMP ambacomp.vhd AMBA component declarations
MULTLIB multlib.vhd Multiplier modules
FPULIB fpu.vhd FPU interface package
DEBUG debug.vhd Debug package with SPARC disassembler
TECH_GENERIC tech_generic.vhd Generic regfile and pad models
TECH_ATC18 tech_atc18.vhd Atmel ATC18 specific pads with Virage ram cells
TECH_ATC25 tech_atc25.vhd Atmel ATC25 specific regfile, ram and pad generators
TECH_ATC35 tech_atc35.vhd Atmel ATC35 specific regfile, ram and pad generators
TECH_FS90 tech_fs90.vhd UMC/FS90AB specific regfile, ram and pad generators
TECH_TSMC25 tech_tsmc25.vhd TSMC 0.25 um specific pads, with Artisan ram cells
TECH_UMC18 tech_umc18.vhd UMC 0.18 um specific regfile, ram and pad generators
TECH_VIRTEX tech_virtex.vhd Xilinx Virtex specific regfile and ram generators
TECH_VIRTEX2 tech_virtex2.vhd Xilinx Virtex2 specific regfile and ram generators
TECH_AXCEL tech_axcel.vhd Actel Axcellerator specific regfile and ram generators
TECH_PROASIC tech_proasic.vhd Actel Proasic specific regfile and ram generators
TECH_MAP tech_map.vhd Maps mega-cells according to selected target

Table 23: LEON packages

13.2 Moddl coding style

The LEON VHDL model is designed to be used for both synthesis and board-level
simulation. It is therefore written using rather high-level VHDL constructs, mostly using
sequential  statements. Typically, each module only contains two processes, one
combinational process describing all functionality and one process implementing registers.
Records are used extensively to group signals according their functionality. In particular,
signals between modules are passed in records.

The model is fully synchronous using a continuous clock and the use of multiplexers to
enable loading of pipe-lineregisters. The rising edge of the clock isused for al registersand
most on-chip rams. However, some technology-specific rams use the negative edge to
generate write strobes or as enable signal for address and data latches.
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13.3 AMBA buses
13.3.1 AMBA AHB

The AHB bus can connect up to 16 masters and any number of slaves. The LEON processor
core is normally connected as master O, while the memory controller and APB bridge are
connected at slaves 0 and 1.

The AHB controller (AHBARB) controls the AHB bus and implements both bus decoder/
multiplexer and the bus arbiter. The arbitration scheme isfixed priority where the bus master
with highest index has highest priority. The processor is by default put on the lowest index.
Re-arbitration is done after each transfer, but not during burst transfers (HTRANS = SEQ)
or locked cycles (HLOCK asserted during arbitration).

Each AHB master is connected to the bus through two records, corresponding to the AHB
signals as defined in the AMBA 2.0 standard:

-- AHB master inputs (HCLK and HRESETn routed separately)
type AHB_Mst I n_Type is

record
HGRANT: Std_ULogi c; -- bus grant
HREADY: Std_ULogi c; - transfer done
HRESP: Std_Logi c_Vector (1 downto 0); -- response type
HRDATA: Std_Logi c_Vect or (HDMAX-1 downto 0); -- read data bus

end record;

-- AHB nmster outputs
type AHB Mst _Qut _Type is

record
HBUSREQ. Std_ULogi c; -- bus request
HLOCK: Std_ULogi c; -- lock request
HTRANS: Std_Logi c_Vector (1 downto 0); -- transfer type
HADDR: Std_Logi c_Vect or (HAMAX-1 downto 0); -- address bus (byte)
HWRI TE: Std_ULogi c; -- read/wite
HSI ZE: Std_Logi c_Vector (2 downto 0); -- transfer size
HBURST: Std_Logi c_Vector (2 downto 0); -- burst type
HPROT: Std_Logi c_Vector (3 downto 0); -- protection control
HWDATA: Std_Logi c_Vector (HDVAX-1 downto 0); -- wite data bus

end record,;

Each AHB daveis similarly connected through two records:

-- AHB sl ave inputs (HCLK and HRESETn routed separately)
type AHB_SIv_In_Type is

record
HSEL: St d_ULogi c; -- slave select
HADDR: Std_Logi c_Vect or (HAMAX-1 downto 0); -- address bus (byte)
HRI TE: St d_ULogi c; - read/wite
HTRANS: Std_Logi c_Vector(1 downto 0); -- transfer type
HSI ZE: Std_Logi c_Vector (2 downto 0); -- transfer size
HBURST: Std_Logi c_Vector (2 downto 0); -- burst type
HWDATA: Std_Logi c_Vect or (HDMAX-1 downto 0); -- wite data bus
HPROT: Std_Logi c_Vector (3 downto 0); -- protection control
HREADY: St d_ULogi c; - transfer done
HMASTER: Std_Logi c_Vector (3 downto 0); -- current master

HVASTLOCK:  Std_ULogi c;
end record;

| ocked access

-- AHB sl ave outputs
type AHB Sl v_CQut_Type is

record
HREADY: Std_Logi c; -- transfer done
HRESP: Std_Logi c_Vector (1 downto 0); -- response type
HRDATA: Std_Logi c_Vect or (HDMAX-1 downto 0); -- read data bus
HSPLI T: Std_Logi c_Vector (15 downto 0); -- split conpletion

end record;
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13.3.2 AHB cache aspects

The function is_cacheable() in macro.vhd defines which addresses will be cached by the
processor. By default, only the PROM and RAM area of the memory controller are marked
as cacheable.

13.3.3 AHB protection signals

The processor drives the AHB protection signals (HPROT) asfollows: the opcode/data bit is
driven according to if an instruction fetch or a dataload/store is performed, the privileged bit
is driven when the processor is in supervisor mode, the bufferable and cacheable bits are
driven if a cacheable address is accessed.

13.3.4 APB bus

The APB bridge is connected to the AHB bus as a slave and acts as the (only) master on the
APB bus. The slaves are connected through a pair of records containing the APB signals:

type APB_SIv_In_Type is

record
PSEL: Std_ULogi c;
PENABLE: Std_ULogi c
PADDR: Std_Logi ¢c_Vect or (PAMAX-1 downto 0)
PRI TE: Std_ULogi c
PWDATA: Std_Logi ¢c_Vect or (PDVAX-1 downto 0)

end record,;

type APB _Slv_CQut_Type is
record
PRDATA: Std_Logi c_Vect or (PDVAX-1 downt o 0)
end record;

The maximum number of APB slaves is defined by the APB_SLV_MAX constant in the
TARGET package. The address decoding of each slave is done in apbmst.vhd.

13.4 Floating-point unit and co-processor
13.4.1 Generic CP interface

LEON can be configured to provide a generic interface to a special-purpose co-processor.
Theinterface alows an execution unit to operate in parallel to increase performance. One co-
processor instruction can be started each cycle as long as there are no data dependencies.
When finished, the result is written back to the co-processor register file. The execution unit
is connected to the interface using the following two records:

type cp_unit_in_type is record-- coprocessor execution unit input
opl : std_l ogic_vector (63 downto 0); -- operand 1
op2 : std_l ogic_vector (63 downto 0); -- operand 2
opcode : std_logic_vector (9 downto 0); -- opcode
start std_| ogi c; - start
| oad std_| ogi c; -- |l oad operands
flush std_| ogic; - cancel operation

end record;

type cp_unit_out _type is record-- coprocessor execution unit output

res : std_l ogic_vector (63 downto 0); -- result

cc : std_l ogic_vector (1 downto 0); -- condition codes
exc : std_l ogic_vector (5 downto 0); -- exception

busy . std_l ogic; -- eu busy

end record;
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The waveform diagram for the execution unit interface can be seenin figure 61

SN [N VN [ A [ Y U VY [ Y [ Y O VY [

cpi.opl X opl
cpiop2 X op? <
cpi.opcode _“X” X OPC “X"
cpi.start [ )
cpi.load |\
cpobusy _____ § \
cpo.cc ‘N X___condition codes

Cpo.exc X X_excaption codes

cpo.result X A__result

Figure 61: Co-processor execution unit waveform diagram

The execution unit is started by asserting the start signal together with a valid opcode. The
operands are driven on the following cycle together with the load signal. If the instruction
will take more than one cycle to compl ete, the execution unit must drive busy from the cycle
after the start signal was asserted, until the cycle before the result is valid. The result,
condition codes and exception information are valid from the cycle after the de-assertion of
busy, and until the next assertion of start. The opcode (cpi.opcode[9:0]) is the concatenation
of bits[19,13:5] of the instruction. If execution of a co-processor instruction need to be pre-
maturely aborted (due to an U trap), cpi.flush will be asserted for two clock cycles. The
execution unit should then be reset to its idle condition.

13.4.2 FPU interface

The LEON model two interface optionsfor afloating-point unit: either aparallel interface or
an integrated interface where FP instruction do not execute in parallel with 1U instruction.
Both interface methods expect an FPU core to have the same interface as described in figure
61 above, and which also is the interface used by the Meiko FPU core.

Thedirect FPU interface does not implement afloating-point queue, the processor is stopped
during the execution of floating-point instructions. This means that QNE bit in the %fsr
register alwaysis zero, and any attempts of executing the STDFQ instruction will generate a
FPU exception trap. The paralel interface lets FPU instructions execute in parallel with 1U
instructions and only halts the processor in case of data- or resource dependencies. Refer to
the SPARC V8 manual for a more in-depth discussion of the FPU and co-processor
characteristics.

As of leon2-1.0.1, a partial implementation of an |EEE-754 compatible FPU isincluded in
the model (fpu_Ith.vhd). This FPU is contributed by Martin Kasprzyk, a student at Lund
Technical University, and does currently implement single- and double-precision addition,
subtraction and compare. All rounding modes are implemented as well as a Meiko
compatible interface. To make this FPU useful for LEON, multiplication, divide and square-
root must however also be implemented. A document describing this FPU is provided in
doc.
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14 Mode Configuration

The modél is configurable to alow different cache sizes, multiplier performance, clock
generation, and target technologies. The model is configured through a number of constant
records which each configure a specific module/function. The declaration of the
configuration record types is in the TARGET package, while the specification of the
configuration records is defined in the DEVICE package.

14.1 Synthesis configuration

The synthesis configuration sub-record is used to adapt the model to various synthesis tools
and target libraries:

type targettechs is
(gen, virtex, virtex2, atc35, atc25, atcl8, fs90, untl8, tsnt25, proasic, axcel);

- synthesis configuration
type syn_config_type is record
targettech: targettechs

infer_ram: bool ean;-- infer cache and dsu ram automatically
infer_regf : boolean;-- infer regfile automatically

infer_rom bool ean;-- infer boot prom automatically

i nfer_pads: bool ean;-- infer pads autonatically

infer_mult: boolean;-- infer multiplier automatically

rftype . integer;-- regfile inplenentation option

targetclk : targettechs; -- use technology specific clock generation
clk_mul : integer;-- PLL clock multiply factor

clk_div : integer;-- PLL clock divide factor

pci _dl | . bool ean; -- Re-synchronize PCl clock using a DLL

end record;type targettechs is (gen, virtex, atc35, atc25);

Depending on synthesis tool and target technology, the technology dependant mega-cells
(ram, rom, pads) can either be automatically inferred or directly instantiated. Using direct
instantiation, 8 types of target technologies are currently supported: Xilinx Virtex (FPGA),
Atmel ATC35 and ATC25 (0.35 & 0.25 um CMOS), TSMC 0.25 um CMOS, UMC 0.25 &
0.18 um CMOS, Actel ProAsic (FPGA), and Actel Axcellerator (anti-fuse FPGA). In
addition, any technology that is supported by synthesis tools capable of automatic inference
of mega-cells (Synplify and Leonardo) is also supported. When using tools with inference
capability targeting Xilinx Virtex, a choice can be made to either infer the mega-cells
automatically or to use direct instantiation. The choice is done by setting the parameters
infer_ram, infer_regf and infer_rom accordingly.

The rftype option has impact on target technologies which are capable of providing more
than one type of register file. Infer_mult selects how the multiplier is generated, for details
see section 14.2 below. On Virtex targets, clk_mul and clk_div are used to configure the
frequency synthesizer (DCM or CLKDLL).

14.2 Integer unit configuration

The integer unit configuration record defines the implementation of the integer unit:

- processor configuration
type nmultypes is (none, iterative, nB82x8, ml6x16, nmB2x16, nMB2x32)
type divtypes is (none, radix2);
type iu_config_type is record
nw ndows: integer;-- # register windows (2 - 32)
mul tiplier: nultypes;-- nmultiplier type
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mul pi pe: boolean; -- multiplier pipeline registers
di vi der : divtypes;-- divider type
mac : bool ean; -- multiply/accunul ate
fpuen: integer range 0 to 1;-- FPU enable
cpen: bool ean; -- co-processor enable
fastjunp : bool ean; -- enable fast junp address generation
i cchol d . bool ean; -- enable fast branch | ogic
| ddel ay: integer range 1 to 2; -- # |load delay cycles (1-2)
fastdecode : bool ean; -- optimise instruction decoding (FPGA only)
rflowpow : bool ean;-- disable regfile when not accessed
wat chpoints: integer range O to 4; -- # hardware wat chpoints (0-4)
end record,;

nwi ndows Set the number of register windows; the SPARC standard allows 2 - 32 windows,
but to be compatible with the window overflow/underflow handlersin the LECCS compiler,
8 windows should be used.

The multiplier option selects how the multiply instructions are implemented The table
below show the possible configurations:

Configuration (Igtsgkcg) ap(;:(rg;;r)ea
iterative 35 1000
m16x16 + pipelinereg 5 6,500
m16x16 4 6,000
ma32x8 4 5,000
m32x16 2 9,000
mx32x32 1 15,000

Table 24: Multiplier configuations

If infer_mult in the synthesis configuration record (see above) is false, the multipliers are
implemented using the module generatorsin multlib.vhd. If infer_mult istrue, the synthesis
tool will infer amultiplier. For FPGA implementations, best performance is achieved when
infer_mult is true and m16x16 is selected. ASIC implementations (using synopsys DC)
should set infer_mult to false since the provided multiplier macrosin MULTLIB are faster
than the synopsys generated equivalents. The mac option enables the SMAC/UMAC
instructions. Requires the multiplier to use the m16x16 configuration. The mulpipe option
can be used to infer pipeline registers in the m16x16 multiplier when infer_mult is false.
Thiswill improve the timing of the multiplier but increase the latency from 4 to 5 clocks.

Thedivider field select how the UDIV/SDIV instructions are implemented. Currently, only
aradix-2 divider is available.

If an FPU will be attached, f puen should be set to 1. If a co-processor will be attached, cpen
should be set to true.

To speed up branch address generation, fastjump can be set to implement a separate branch
address adder. The pipeline can be configured to have either one or two load delay cycles
using the Iddelay option. One cycle gives higher performance (lower CPI) but may result in
dlower timing in ASIC implementations. Setting i cchol d will improve timing by adding a
pipeline hold cycle if a branch instruction is preceded by an icc-modifying instruction.
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Similarly, f ast decode will improve timing by adding parallel logic for register file address
generation. The rflowpow option will enable read-enable signals to the register file write
ports, thereby saving power when the register fileisnot accessed. However, this option might
introduce a critical path to the read-enable ports on some register files.

Setting watchpoint to a value between 1 - 4 will enable corresponding number of watch-
points. Setting it to O, will disable all watch-point logic.

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

type fpucoretype is (neiko, 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 paralle
version: integer range 0 to 7; -- FPU version ID
end record;

The core element can either be meiko or Ith, selecting which of the two cores will be used.
The interface element defines whether to use aserial, parallel or none (no FPU) interface.
The version element defines the (constant) FPU version ID in the %fsr register.

14.4 Cache configur ation

The cache is configured through the cache configuration record:

type dsnoop_type is (none, slow, fast); -- snoop inplenentation type

const ant PROC_CACHE_MAX: |nteger D= 4 - mexi mum cacheability ranges

const ant PROC_CACHE_ADDR MSB : integer := 3;

subtype proc_cache_addr _type is std_logic vector(PROC CACHE_ADDR_MSB-1 downto 0);

type cache_replace_type is (lru, Irr, rnd); -- cache replacenent algorithm
constant MAXSETS : integer := 4;
type cache_config_type is record
I sets . integer range 1 to MAXSETS; -- # of sets in icache
i setsize: integer;-- |-cache size per set in Kbytes
ilinesize: integer;-- # words per |-cache line
i repl ace : cache_repl ace_type; -- icache replacenment algorithm
il ock . integer;-- icache |ocking
ilram . bool ean; -- local inst ram enable
ilransize : integer;-- local inst ramsize in kbytes
ilramaddr : integer;-- local inst ramstart address (8 mnsb)
dsets : integer range 1 to MAXSETS; -- # of sets in dcache
dsetsize: integer;-- D-cache size per set in Kbytes
dl i nesi ze: integer;-- # words per D-cache line
drepl ace : cache_repl ace_type; -- icache replacenment algorithm
dl ock . integer;-- dcache | ocking
dsnoop : dsnoop_type;-- data-cache snooping
drf ast . bool ean; -- data-cache fast read-data generation
dwf ast . bool ean; -- data-cache fast wite-data generation
dl ram . bool ean; -- |l ocal data ram enabl e
dlransi ze : integer;-- |local data ramsize in kbytes
dlramaddr : integer;-- local data ramstart address (8 nsb)

end record;

Valid settings for the cache set size are 1 - 64 (Kbyte), and must be a power of 2. The line
size may be 4 - 8 (wordg/line). Valid settings for the number of setsare 1 - 4 (2 if LRR
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algorithmis selected). Replacement algorithm may berandom, LRR or LRU. Theinstruction
and data caches may be configured independently. The dlock and ilock fields enable cache
locking for the dataand instruction cache respectively. Thedrfast field enables parallel logic
to improve data cache read timing, while the dwfast field improves data cache write timing.
L ocal instruction and/or dataram are enabled by setting ilram and/or dIram to true. The size
of the rams in Kbyte is determined by values of ilramsize and dlramsize. The 8 MSB bits
of the ram start addresses are set in ilramaddr and diramaddr. To enable data cache
snooping, dsnoop should be set to true.

The cacheable areas is defined by the function is_cacheable() in macro.vhd.

14.5 Memory controller configuration

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

type nctrl _config_type is record

bus8en : bool ean; -- enable 8-bit bus operation

busl6en . bool ean; -- enable 16-bit bus operation

wendf b . bool ean; -- enable wen feed-back to data bus drivers
ransel 5 . boolean; -- enable 5th ram sel ect

sdr anen . bool ean; -- enable sdramcontroller

sdi nvcl k . bool ean;-- invert sdram cl ock

sdsepbus : bool ean;-- enabl e separate SDRAM buses

end record;

The 8- and 16-bit memory interface features are optional; if set to false the associated
function will be disabled, resulting in asmaller design. The ramsel5 fields enables the fifth
(RAMSN[4]) chip select signal in the memory controller. The sdramen field enables the
SDRAM controller, while sdinvclk controls the polarity of the SDRAM clock. If sdinvclk
istrue, the SDRAM clock output (SDCLK) will beinverted with respect to the system clock.
Setting sdsepbus to true will configure the SDRAM controller to use separate address and
data buses (SA[14:0], SD[31:0]). When set to false, the SDRAM should be connected to the
common address and data buses (A[16:2], D[31:0]).

14.6 Debug configuration

Various debug features are controlled through the debug configuration record:

type debug_config_type is record

enabl e . bool ean; -- enabl e debug port

uart . bool ean;-- enable fast uart data to console

iureg . bool ean;-- enable tracing of iu register wites

f pureg : bool ean;-- enable tracing of fpu register wites
nohal t : bool ean;-- dont halt on error

pcl ow : integer;-- set to 2 for synthesis, 0 for debug
dsuenabl e : bool ean; -- enabl e DSU

tracesize: integer;-- # trace buffer size in kbyte

end record;

The enabl e field has to be true to enable the built-in disassembler (it does not affect
synthesis) and to allow DSU operations. Setting uart to true will tie the UART transmitter
ready bit permanently high for smulation (does not affect synthesis) and output any sent
characters on the ssmulator console (line buffered). The UART output (TX) will not simulate
properly in this mode. Setting i ur eg will trace all 1U register writes to the console. Setting
f pur eg Will trace all FPU register writes to the console.
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Setting nohal t will cause the processor to take a reset trap and continue execution when
error mode (trap in atrap) is encountered. Do NOT set this bit for synthesis since it will
violate the SPARC standard and will make it impossible to halt the processor.

Since SPARC instructions are always word-aligned, all internal program counter registers
only have 30 bits (A[31:2]), making them difficult to trace in waveforms. If pcl owis set to
0, the program counters will be made 32-bit to aid debugging. Only use pcl ow=2 for
synthesis.

The dsuenable field enables the debug support unit. Dsutr ace enables the trace buffer. The
tracelinesfield indicates how many lines the trace buffer should contain. Note that for each
linein thetrace buffer, 16 byteswill be used by the trace buffer memory. The dsumixed field
enables the mixed tracing mode (simultaneous instruction and AHB tracing). The dsudpram
enables the DSU trace buffer to be implemented with dual-port rams, otherwise ordinary
single-port rams are used. Ram blocks with 32-bit width will be used for the trace buffer
memory; the table below shows the type and number of blocks used as a function of the
configuration options.

dsumixed dsudpram single-port dual-port
fase fase 4 0
fase true 0 2
true fase 8 0
true fase 0 4

Table 25: DSU trace buffer ram usage

14.7 Peripheral configuration

Enabling of peripheral function is controlled through the peripheral configuration record:

type irq_filter_type is (lvl0O, Ivl1l, edgeO, edgel);
type irq_filter_vec is array (0 to 31) of irg_filter_type

type irq2type is record
enabl e : bool ean; -- secondary interrupt controller
channel s : integer;-- nunmber of additional interrupts (1 - 32)
filter: irg_filter_vec; -- irq filter definitions

end record,;

type peri_config type is record

cfgreg : bool ean; -- enabl e LEON configuration register
ahbstat : bool ean;-- enable AHB status register

wprot : bool ean;-- enable RAM write-protection unit
wdog : bool ean; -- enabl e wat chdog

ahbram : bool ean;-- enable AHB RAM

ahbranbits : integer;-- address bits in AHB ram

end record,;

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

The secondary interrupt controller is enabled by selecting a configuration record with
irg2cfg.enable = true. An example record defining four extrainterrupts could ook like this:

constant irg2chand4 : irg2type := ( enable => true, channels => 4,
filter => (Ivl0O, Ivl1l, edgeO, edgel, others => 1vl0));
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LvliO mean that the interrupt will be treated as active low, Ivl1 as active high, edge0 as
negative edge-triggered and edgel as positive edge-triggered. Since the registers in the
secondary interrupt controller are accessed through the APB bus, an APB configuration with
the interrupt controller present must be selected.

The on-chip AHB ram is enabled by setting ahbram to true. The ahbrambits denote the
number of address bits used by the ram. Since a 32-bit ramis used, 8 address bitswill results
in a 1-kbyte ram block.

14.8 Boot configuration
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Apart from that standard boot procedure of booting from address 0 in the external memory,
LEON can be configured to boot from an internal prom or from the debug support unit. The
boot options are defined on the boot configuration record asdefined in the TARGET package:

type boottype is (nenory, prom dual)
type boot _config type is record

boot : boottype; -- sel ect boot source

ranrt ws : integer range 0 to 3;-- ramread waitstates
r amms . integer range 0 to 3;-- ramwite waitstates
syscl k . integer;-- cpu clock

baud . positive;-- UART baud rate

extbaud : bool ean;-- use external baud rate setting
pabits . positive;-- internal boot-promaddress bits

end record;

14.8.1 Booting from internal prom

If the boot option is set to ‘prom’, an internal prom will be inferred. When booting from
internal prom, the UART baud generator, timer 1 scaler, and memory configuration register
2 are preset to the values cal culated from the boot configuration record. The UART scaler is
preset to generate the desired baud rate, taking the system clock frequency into account. The
timer 1 scaler is preset to generate a 1 MHz tick to the timers. The ram read and write
walitstate are set directly from to the boot configuration record. If the extbaud variable is set
in the boot configuration record, the UART scalers will instead be initialised with the value
on 1/0O port [7:0] (the top 4 bits of the scalers will be cleared). Using external straps or
assigning the port as pull-up/pull-down, the desired baud rate can be set regardless of clock
frequency and without having to regenerate the prom or re-synthesise. If a different boot
program is desired, use the utility in the pmon directory to generate a new prom file. When
the dual boottype is configured, the boot source is defined by PIO[4]. If PIO[4] is asserted
(=1), theinternal prom will be enabled, otherwise the external prom will be used.

Which content is placed in the boot-prom is decided by theinfer_prom and the pabits settings
in the configuration record. If infer_prom is true, the contents is generated from bprom.vhd,
which by default contains PMON (see below). If infer_prom is false, only Xilinx Virtex
devices can be targeted and the prom is directly instantiated. Depending on the value of
pabits, either aprom with 1, 2, 4 or 8 kbyte isinstantiated. The xilinx sub-directory contains
two templates, virtex_prom256 (1 kbyte) and virtex_prom2048 (8 kbyte). The
virtex_prom256 contains PMON, while virtex_prom2048 contains a prom version of
rdomon from LECCS-1.1.1. The pre-defined configuration virtex_2klk rdomon in
device.vhd will instantiate the virtex_prom2048 prom.
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14.8.2 PMON S-record loader

Pmon isasimple monitor that can be placed in an on-chip boot prom, external prom or cache
memories (using the boot-cache configuration). Two versions are provided, one to be used
for on-chip prom or caches (bprom.c) and one for external proms (eprom.c).

On reset, the monitor scans al ram-banks and configures the memory control register 2
accordingly. The monitor can detect if 8-, 16- or 32-bit memory is attached, if read-modify-
write sub-word write cycles are needed and the size of each ram bank. It will also set the stack
pointer to the top of ram. The monitor writes a boot message on UART1 transmitter
describing the detected memory configuration and then waitsfor S-recordsto be downloaded
on UART 1 receiver. It recognisestwo types of S-records. memory contents and start address.
A memory content S-record is saved to the specified addressin memory, while a start address
record will cause the monitor to jump to the indicated address. Applications compiled with
LECCS can be converted to a suitable S-record stream with:

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

See the README files in the pmon directory for more details. After successful boot, the
monitor will write a message similar to:

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

14.8.3 Rdbmon

A promable version of rdbmon is provided in pmon/Imon.o. It can be put in the boot-prom if
infer_prom is false and pabits = 11. Note that rdomon needs to be re-compiled for each
specific target hardware, it does not automatically detect the memory configuration. To do
this, change the makefile in the pmon directory so that the mkprom settings will reflect your
hardware. Then, do a‘make which will produce avirtex_prom2048.mif file. Use the Xilinx
Coregen to produce a synchronous ram from the .mif file, and put the resulting edif file
(virtex_prom?2048.edn) in the syn directory so that the Xilinx place&route tools will find it
during design expansion. The file virtex_prom2048.xco contains a suitable project file for
coregen. LECCS-1.1.1 or higher is needed to build rdomon for the boot-prom. Rdbmon
consumes 8 kbyte (16 Virtex blockrams), so at least an XCV 800 device is heeded to fit both
the boot prom and ram for the caches and register file.

14.8.4 Booting from the debug support unit

Booting from the debug support unit can be done regardless of which boot configuration has
been made, by asserting both DSUEN and DSUBRE at reset time. See “Hardware debug
support” on page 61 for details.

14.9 AMBA configur ation

The AMBA buses are the main way of adding new functional units. The LEON model
provides aflexible configuration method to add and map new AHB/APB compliant modul es.
The full AMBA configuration is defined through two configuration sub-records, one for the
AHB bus and one for APB:

type ahb_config_type is record
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masters: integer range 1 to AHB_MST_MAX

defrst : integer range O to AHB MST_MAX-1

split : boolean;-- add support for SPLIT reponse

slvtable : ahb_slv_config_vector(0 to AHB_SLV_NAX-1);

cachetabl e : ahb_cache_config_vector(0 to AHB _CACHE MAX-1);
end record,;

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

14.9.1 AHB configuration

The number of attached masters is defined by the nast er s field in the AHB configuration
record. The masters are connected to the ahbni / ahbmo buses in the MCORE module. AHB
master should be connected to index O - (mast er s-1) of the ahbmi / ahbro buses. The defmst
field indicates which master is granted by default if no other master is requesting the bus.

The number of AHB slaves and their address range is defined through the AHB save table.
Thetableislocated in device.vhd, and defines which AHB slave will be addressed for each
256 Mbyte block of the address space. Slave number 7 means that the block is unused.

- standard slave config

constant ahbrange_config : ahbslv_addr_type :=
(o0,0,0,0,0,0,0,0,1,7,7,7,7,7,7,7);

constant ahb_config : ahb_config_type := ( masters => 1, defnst => 0,
split => false, testmbd => fal se)

To add or remove an AHB dlave, edit the configuration table and the AHB bus decoder/
multiplexer and will automatically be reconfigured. The AHB slaves should be connected to
the ahbsi / ahbso buses. The i ndex field in the table indicates which bus index the slave
should connect to. If split is set to true, the AHB arbiter will include split support and each
slave must then driver the SPLIT signal.

14.9.2 APB configuration

The decoding of APB slavesis defined in the APB bridge (apbmst.vhd). To add APB dlaves,
edit the corresponding case statement in apbmst.vhd and add your modulesin MCORE. The
APB dlaves should be connected to the apbi / apbo buses.

14.10 PCI configuration

Configuration of the PCI interface is done through the PCI configuration record:

constant pci_config : pci_config_type := (
pcicore => sinple_target, ahbmasters => 1, ahbslaves => 0,
arbiter => false, fixpri => false, prilevels => 4, pcimasters => 4,
vendorid => 16#16E3#, deviceid => 16#0210#, subsysid => 16#0000%#,
revisionid => 16#01#, cl asscode =>16#000000#, pnepads => fal se
p66pad => false, pcirstall => fal se);

The pcicore field indicates which PCI core to use. Currently, only the target-only PCI core
is provided with model. Set pcicore to none to disable the PCI interface. The ahbmasters
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and ahbdlaves fields indicate how many AHB master and slave interfaces the selected core
types has. To enable the PCI arbiter, set arbiter to true. This should only be done in case the
processor acts as a system controller. The PCl vendorid, deviceid and subsystemid can be
configured through the corresponding fields.
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15 Porting to a new technology or synthesistool

15.1 General

LEON uses three types of technology dependant cells; rams for the cache memories, 3-port
register file for the IU/FPU registers, and pads. These cells can either be inferred by the
synthesis tool or directly instantiated from a target specific library. For each technology or
instantiation method, a specific package is provided. The selection of instantiation method
and target library is done through the configuration record in the TARGET package. The
following technology dependant packages are provided:

package technology RAM PADS
TECH_GENERIC Behavioural models inferred inferred
TECH_VIRTEX/VIRTEX2 Xilinx VIRTEX/2 FPGA instantiated inferred
TECH_ATC18/25/35 Atmel ATC18/25/35 instantiated instantiated
TECH_FS90 UMC FS90A/B instantiated instantiated
TECH_UMCI18 UMC 0.18 um CMOS instantiated instantiated
TECH_TSMC25 TSMC 0.25 um w. Artisan rams instantiated instantiated
TECH_PROASIC Actel Proasic FPGA instantiated inferred
TECH_AXCEL Actel AX anti-fuse FPGA instantiated inferred
TECH_MAP Selects mega-cells depending on

configuration

Table 26: Technology mapping packages

The technology dependant packages can be seen awrappers around the mega cells provided
by the target technology or synthesis tool. The wrappers are then called from TECH_MAP,
where the selection is done depending on the configured synthesis method and target
technology. To port to a new tool or target library, a technology dependant package should
be added, exporting the proper cell generators. Inthe TARGET package, the targettechstype
should be updated to include the new technology or synthesis tool, while the TECH_MAP
package should be edited to call the exported cell generators for the appropriate
configuration.

15.2 Tar get specific mega-cells
15.2.1 Integer unit register-file

The IU register-file must have one 32-bits write port and two 32-bits read ports. The number
of registers depend on the configured number of register windows. The standard
configuration of 8 windows requires 136 registers, numbered O - 135. Note that register 128
isnot used and will never be written (corresponds to SPARC register %g0).

If the Meiko FPU is enabled using the direct interface, the register file should have 32 extra
registers to store the FPU registers (i.e 168 registers for 8 register windows + FPU). For all
target technologies (FPGA and ASIC), the register file is currently implemented as two
parallel dual-port rams, each one with one read port and one write port.
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The register file must provide the read-data at the end of the same cycle as the read address
is provided (figure 62). This can be implemented with asynchronous read ports, or by
clocking a synchronous read port on the negative clock (CLKN). Read/write collisionsin the
same cycle (RAL/WA1) does not have to be handled since this will be detected in the 1U
pipeline and the write data will be bypassed automatically. However, collision between two
consecutive cycles (WAL/RA?2) is not handled and the register file must provide a bypassin
case write-through is not supported.

oLk \ \ \
CLKN / / /
Read address ———— RAL [X RA2 [ )
Writeaddress —————— WAL [X'  WA2 | )
Write data (WO }—{ W02 }—
Read data ( ROL »— RD2 }—

Figure 62: 1U register file read/write timing

The TECH_ATC35 package provides an example of a synchronous register file clocked on
the inverted clock, while TECH_ATC25 shows an example of afully asynchronous register
file. TECH_GENERIC contains an example of WA 1/RA2 contention and associated bypass
logic.

15.2.2 Parallel FPU & co-processor register file

The paralel FPU and co-processor uses a separate register file with 32 32-bit words. The
FPU/CP controller (fpleu.vhd) instantiates two 16x32 register files to make up one 32x32
register filewith two 64-bit read ports and one 64-bit write port with individual (32-bits) write
enables. To use fpleu.vhd, the technology file must contain a register file with two 32-bit
read ports and one 32-bit write port. All ports should operate synchronously on the rising
edge. Read/write contention in the same cycle does not have to be handled, the FPU/CP
controller contains contention and bypass logic. See TECH_GENERIC and TECH_ATC25
for examples.

15.2.3 Cacheram memory cells

Synchronous single-port ram cells are used for both tag and data in the cache. The width and
depth depends on the configuration as defined in the configuration record. The table below
shows the ram size for certain cache configurations:
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Cacheset size | Words/line tagram dataram
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
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 27: Cacheram cell sizes

The cache controllers are designed such that the used ram cells do NOT have to support
write-through (simultaneous read of written data).

15.2.4 Dual-port rams

If data cache snooping is enabled, or the DSU trace buffer is set to use dual-port rams, the
target technology must contains synchronous dual-port rams. The dual-port rams will be
used to implement the data cache tag memory or the trace buffer memory. Currently, only the
TECH_VIRTEX, TECH_ATC25 and TECH_TSMC25 packages include mappings to dual-
port rams,

15.2.5 Pads

Technology specific pads are usually automatically inferred by the synthesis tool targeting
FPGA technologies. For ASIC technologies, generate statements are used to instantiate
technology dependant pads. The selection of padsis donein TECH_MAP. Output pads has
ageneric parameter to select driving strength, see TECH_ATC25 for examples.

15.2.6 Adding a new technology or synthesistool

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

1. Create a package similar to tech_*.vhd, containing the specific rams, regfile, and pads.
2. Edit target.vhd to include your technology or synthesis tool in targettechs.

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

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

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