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IntroductionIntroduction
uuRecent dense programmable logic enables Recent dense programmable logic enables 

affordable “desktop processor development”affordable “desktop processor development”
uuExample: J32: 32Example: J32: 32--bit RISC at 16 MIPS (1995)bit RISC at 16 MIPS (1995)

uuclassic 32classic 32--bit RISCbit RISC
uu32 registers, 332 registers, 3--operand architectureoperand architecture

uuclassic classic µµarch: 4arch: 4--stage pipeline (IF/RF/EX/WB)stage pipeline (IF/RF/EX/WB)
uuonon--chip peripheralschip peripherals

uu3232--bit bus, boot ROM, UART, DRAM control, ...bit bus, boot ROM, UART, DRAM control, ...
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Talk OutlineTalk Outline
uuFPGAsFPGAs
uuXilinx XC4000 architectureXilinx XC4000 architecture
uuDesign Process,Design Process, CNetsCNets HDLHDL
uu J32: architecture, J32: architecture, µµarch,arch, floorplanfloorplan, peripherals, peripherals
uuDemoDemo
uuOngoing workOngoing work
uuReferences, ResourcesReferences, Resources
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Field ProgrammableField Programmable
Gate ArraysGate Arrays

uuEvolved fromEvolved from PALsPALs,, PLDsPLDs, Complex, Complex PLDsPLDs
uuA niche hardware implementation technologyA niche hardware implementation technology

uuStrengths: quick prototyping and timeStrengths: quick prototyping and time--toto--market,market,
reprogrammabilityreprogrammability, relatively easy to use, relatively easy to use

uuWeaknesses: cost, density, speedWeaknesses: cost, density, speed
uuVendors: Xilinx,Vendors: Xilinx, AlteraAltera,, ActelActel,, AtmelAtmel, Lucent, , Lucent, 

Cypress,Cypress, QuickLogicQuickLogic, IBM, Motorola, IBM, Motorola

Technology Gates Speed NRE Cost Part Cost Spin time
Custom VLSI <10M <500 MHz $20K-$100M $1-up weeks
Gate array <2M <200 MHz $10K-$1M $1-up days/weeks
FPGA <100K <100 MHz $100-$100K $10-$1K minutes/hours
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FPGA TechnologiesFPGA Technologies
uuProgrammable ElementsProgrammable Elements

uuLogic blocksLogic blocks
uucombinatorial: lookup tables (combinatorial: lookup tables (LUTsLUTs) or gates +) or gates + muxesmuxes
uusequential: flipsequential: flip--flopsflops

uuInterconnect: metal wire segments connected by...Interconnect: metal wire segments connected by...
uupass transistors driven by SRAM or EEPROM bit cellspass transistors driven by SRAM or EEPROM bit cells
uufuses orfuses or antifusesantifuses (one(one--time programmable)time programmable)

uuFPGA architecture variationsFPGA architecture variations
uuCLB arrays, rows,CLB arrays, rows, macrocellsmacrocells; fine/coarse grain; fine/coarse grain
uuRAM, fast wide adders,RAM, fast wide adders, TBUFsTBUFs (3(3--state buffers)state buffers)
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FPGAsFPGAs: Easy to Use: Easy to Use
uu Idealized digital design modelIdealized digital design model

uuNo analog EE: ignore gate and wire capacitances, No analog EE: ignore gate and wire capacitances, 
transistor W/L ratios, etc.transistor W/L ratios, etc.

uuLow skew global nets Low skew global nets ⇒⇒ No clock skew worriesNo clock skew worries
uuBuffered line drivers Buffered line drivers ⇒⇒ No gate fanNo gate fan--out worriesout worries

uuSynchronous design “just works”Synchronous design “just works”
uuAvoidAvoid asyncasync. flip. flip--flop state changes, gated clocksflop state changes, gated clocks
uuTry to keep everything on one deviceTry to keep everything on one device
uuDesign, simulate, it Design, simulate, it shouldshould just workjust work

uu...even if you’re just a software type...even if you’re just a software type

uuBut, effort to master effective use of resourcesBut, effort to master effective use of resources
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FPGA ApplicationsFPGA Applications
uuConventional: cheap, fast turnaround, fieldConventional: cheap, fast turnaround, field

upgradable ASICsupgradable ASICs (J32)(J32)
uuSomeSome reconfigurablereconfigurable applicationsapplications

uuQuickturnQuickturn: fast design simulation/verification: fast design simulation/verification
uuSignal, image processing: filters, warping, musicSignal, image processing: filters, warping, music
uuGraphics: span andGraphics: span and octtreeocttree rendering accelerationrendering acceleration
uuMilitary: target dependent correlation/recognitionMilitary: target dependent correlation/recognition
uuCryptography: DES searchCryptography: DES search
uu“Hardware” genetic algorithms“Hardware” genetic algorithms
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Xilinx XC4000 FPGAXilinx XC4000 FPGA
uu Introduced in 1992,Introduced in 1992, Xilinx’sXilinx’s third generationthird generation
uuDevice family spans 3,000 to 125,000 “gates”,Device family spans 3,000 to 125,000 “gates”,

2 ns to 6 ns gate delays, $20 to $1000 Q12 ns to 6 ns gate delays, $20 to $1000 Q1
uu J32 uses XC4010PC84J32 uses XC4010PC84--55

uu20x20 Configurable Logic Blocks, 60 I/Os,20x20 Configurable Logic Blocks, 60 I/Os,
5 ns gate delay, $1505 ns gate delay, $150
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XC4000XC4000
Configurable Logic BlockConfigurable Logic Block

uuTwo 4Two 4--inputinput LUTsLUTs and one 3and one 3--input LUTinput LUT
uuTwo f(a,b,c,d), or f(a,b,c,d,e, ...), 5 or 7 ns delayTwo f(a,b,c,d), or f(a,b,c,d,e, ...), 5 or 7 ns delay

uuTwo flipTwo flip--flops w/ clock enable, reset/setflops w/ clock enable, reset/set
uu0 ns setup if input is its LUT0 ns setup if input is its LUT

uuSpecial features:Special features:
uuWriteable LUTsWriteable LUTs provide 32x1 or 16x2 SRAMprovide 32x1 or 16x2 SRAM

uu3232 CLBsCLBs make a 32x32 register filemake a 32x32 register file

uuDedicated fast ripple carry chain hardwareDedicated fast ripple carry chain hardware
uu1616 CLBsCLBs implement 32implement 32--bit adder, ~35 ns delaybit adder, ~35 ns delay

uuFig. 1Fig. 1
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XC4000 InterconnectXC4000 Interconnect
uuHierarchical resources for hierarchical circuitsHierarchical resources for hierarchical circuits

uuMore/better connections toMore/better connections to neighbouring CLBsneighbouring CLBs

uu Wires per CLB:Wires per CLB:
uu8 horizontal + 8 vertical local interconnect8 horizontal + 8 vertical local interconnect
uu4H+4V double4H+4V double--length: connect every other CLBlength: connect every other CLB
uu6H+6V long lines (2H w/6H+6V long lines (2H w/ TBUFsTBUFs): connect): connect CLBsCLBs

on a row or column: on a row or column: buses and control linesbuses and control lines
uu4V global: 4V global: lowlow--skew clock driversskew clock drivers
uu2V carry2V carry--chain: chain: fast wide adders/comparatorsfast wide adders/comparators

uuFig. 29, 26, 27Fig. 29, 26, 27
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XC4000 I/O BlockXC4000 I/O Block
uu Input: direct, registeredInput: direct, registered
uuOutput: direct, registered, 3Output: direct, registered, 3--stated,stated,

pullpull--ups/pullups/pull--downs, slew rate optionsdowns, slew rate options
uuSome IOB pads not bonded to package pinsSome IOB pads not bonded to package pins
uuFig. 16Fig. 16
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FPGA Development ProcessFPGA Development Process
uuDesign capture: schematics, custom tools, Design capture: schematics, custom tools, 

hardware design languages; hardware design languages; mustmust floorplanfloorplan!!
uuSimulate/Verify: Simulate/Verify: oh welloh well
uuCompile: “technology mapping”, place, routeCompile: “technology mapping”, place, route
uuMakeMake config bitstreamconfig bitstream: XC4010: 178,000 bits: XC4010: 178,000 bits
uuDownload:Download:

uu“master load” from byte“master load” from byte--wide or bitwide or bit--serial ROMserial ROM
uu“slave load” by microprocessor or“slave load” by microprocessor or XCheckerXChecker podpod

uuTest/Debug: pod canTest/Debug: pod can readbackreadback internal state!internal state!
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CNetsCNets HDLHDL
uuC++ class library for XilinxC++ class library for Xilinx FPGAsFPGAs

uuNets, buses, gates, primitives, modulesNets, buses, gates, primitives, modules
uuIntuitive notation courtesy overloaded operatorsIntuitive notation courtesy overloaded operators
uuC++C++--based design is compiled, run, emits XNFbased design is compiled, run, emits XNF

uuMotivationMotivation
uuInadequacies and costs of schematic capture,Inadequacies and costs of schematic capture,

VerilogVerilog/VHDL synthesis and simulation/VHDL synthesis and simulation
uuPower of general purpose programming languagePower of general purpose programming language
uuExplicit controlExplicit control

uuPlacement constraints to achieve floor planPlacement constraints to achieve floor plan
uuMap particular gate expressions intoMap particular gate expressions into CLBsCLBs
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J32 Instruction SetJ32 Instruction Set
uu InstructionsInstructions

uuadd/sub, and/or/add/sub, and/or/xorxor//xnorxnor, shift/rotate left/right 1,2,4, shift/rotate left/right 1,2,4
uu load/store byte/half/word signed/unsignedload/store byte/half/word signed/unsigned
uu jump conditional, jumpjump conditional, jump--andand--link (two delay slots)link (two delay slots)

uuCondition codes: Zero,Condition codes: Zero, NegNeg, Carry,, Carry, oVerflowoVerflow
uuZNCV on add/sub, ZN.. on op/ld, no change onZNCV on add/sub, ZN.. on op/ld, no change on stst/j/j

uuFormatsFormats
uuopop regreg:   { 0|op:4|0 rd:5:   { 0|op:4|0 rd:5 rara:5:5 rbrb:5    }: add r3,r1,r2:5    }: add r3,r1,r2
uuopop immimm: { 0|op:4|1 rd:5: { 0|op:4|1 rd:5 rara:5:5 imim:16 }: add r3,r1,42:16 }: add r3,r1,42
uu ld/ld/stst/j:    { 1|op:5    rd:5/j:    { 1|op:5    rd:5 rara:5:5 imim:16 }::16 }: lbulbu r1,42(r31)r1,42(r31)
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J32 Design ProcessJ32 Design Process
uuEvolve “unrealized” 16Evolve “unrealized” 16--bitbit microcodemicrocode designdesign
uuDLXDLX--like ISA to run C code; DLXlike ISA to run C code; DLX--like like µµarcharch
uuArchitecture/Architecture/microarchitecture codesignmicroarchitecture codesign

uuTry mapping structures into FPGA elementsTry mapping structures into FPGA elements
uuIterativeIterative floorplanningfloorplanning
uuExample: ld/Example: ld/stst byte/byte/halfwordhalfword requires byterequires byte--lane lane 

alignment hardware; feasible usingalignment hardware; feasible using TBUFsTBUFs!!
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Missing/Compromised FeaturesMissing/Compromised Features

uuNo barrel shifter: 1No barrel shifter: 1--, 2, 2--bit shifts onlybit shifts only
uu JumpsJumps

uuReuse effective address adderReuse effective address adder
uuSaves adder,Saves adder, multiplexormultiplexor, much interconnect, much interconnect

uuNo PCNo PC--relative “branch” instructionsrelative “branch” instructions
uu2 cycle branch delay2 cycle branch delay
uuTwo branch delay slotsTwo branch delay slots

uuBetter to annul some, give 0, 1, 2 delay slot versions?Better to annul some, give 0, 1, 2 delay slot versions?

uu1+ cycle load/store pipe 1+ cycle load/store pipe stallstall
uuShare one memory portShare one memory port
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J32 Design Process (2)J32 Design Process (2)
uuChallenge: minimize interconnect needsChallenge: minimize interconnect needs

uuMultiplex any result onto shared 32Multiplex any result onto shared 32--bit busbit bus
uuAAdder, logic, shifts, load, signdder, logic, shifts, load, sign--extensions, store, PCextensions, store, PC

uuCritical pathsCritical paths
uuRegister file: resultRegister file: result writebackwriteback and operand readand operand read
uuExecute: operand register, adder, resultExecute: operand register, adder, result muxmux, , 

bypassbypass muxmux, operand register, operand register
uuMemory (lbs): address out, address decode, Memory (lbs): address out, address decode, 

memory access, result byte alignment, sign ext., memory access, result byte alignment, sign ext., 
resultresult muxmux, bypass, bypass muxmux, operand register, operand register
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J32 Pipeline Stages J32 Pipeline Stages 
uu IF: Instruction FetchIF: Instruction Fetch

uuMAR out; incr. PC; accessMAR out; incr. PC; access memmem; latch instruction; latch instruction

uuRF: Decode and Register File accessRF: Decode and Register File access
uuDecode instruction; read register operands;Decode instruction; read register operands;

sign ext. immediate field; select operandssign ext. immediate field; select operands

uuEX: ExecuteEX: Execute
uuAdd/effective address; logic; shift; select resultAdd/effective address; logic; shift; select result
uu j: load MAR, PC with eaj: load MAR, PC with ea
uu ld/ld/stst: load MAR with ea, stop pipe for: load MAR with ea, stop pipe for memmem accessaccess

uuWB: Write Back results to register fileWB: Write Back results to register file
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J32 Pipeline HazardsJ32 Pipeline Hazards
uuProblem: result dependenciesProblem: result dependencies
add r1,r1,1  IF RF EX WBadd r1,r1,1  IF RF EX WB

ld  r2,0(r1)    IF RF EX WBld  r2,0(r1)    IF RF EX WB

uuFix: Software: reorder instructions/insertFix: Software: reorder instructions/insert nopsnops
uuFix: Stall pipeline (not used)Fix: Stall pipeline (not used)
add r1,r1,1  IF RF EX WBadd r1,r1,1  IF RF EX WB
ld  r2,0(r1)    IF ld  r2,0(r1)    IF ---- RF EX WBRF EX WB

uuFix: register forwarding (register file bypass)Fix: register forwarding (register file bypass)
add r1,r1,1  IF RF EX WBadd r1,r1,1  IF RF EX WB

ld  r2,0(r1)    IF RF EX WBld  r2,0(r1)    IF RF EX WB

uuCompromise: A operand onlyCompromise: A operand only
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J32J32 MicroarchitectureMicroarchitecture
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J32 Control UnitJ32 Control Unit
uuHardwired controlHardwired control
uuSequence clock phasesSequence clock phases
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J32 Integrated PeripheralsJ32 Integrated Peripherals
uu3232--bit onbit on--chip memory/peripherals buschip memory/peripherals bus

uuAddress decoding,Address decoding, ackack, wait, wait--state insertionstate insertion
uuSubwordsSubwords: byte enables, byte: byte enables, byte--lane shifterslane shifters

uu3232--word boot “ROM”word boot “ROM”
uuUA(R)TUA(R)T

uuBaud rate generator, shift register, busy arbiterBaud rate generator, shift register, busy arbiter
uu (DRAM controller)(DRAM controller)

uuState machine, addressState machine, address muxmux, RAS/ CAS/, refresh, RAS/ CAS/, refresh
uuFast page mode: page address register, comparatorFast page mode: page address register, comparator
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Future PlansFuture Plans
uuRedesignRedesign CNetsCNets as Java HDL, add simulatoras Java HDL, add simulator
uuRetarget XC4000ERetarget XC4000E
uu Interpreter, operating systemInterpreter, operating system
uu“J64”“J64”
uu3D rendering accelerator3D rendering accelerator
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