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GRFPU Ov erv iew

● IEEE754 com p lian t  sup p or t ing s ingle and  d ouble FP num bers

● Prim ar ily d evelop ed  for  u se with  LEON

● Sign ifican t  system  p erform ance im p rovem en t  over  exis t ing solu t ions  

● Extensively valid ated

● Fault  Toleran t

● Writ ten  in  h igh - level syn thes iz able VHDL- cod e
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S EXPONENT FRACTION

31 30 23 22 0

EXPONENT FRACTION

63 62 52 51 0

S

f p single=−1s 1. f ∗2e x p−1 2 7

f p double=−1s 1. f ∗2e x p−1 0 2 3

Single p recis ion  FP

Double p recis ion  FP

IEEE- 75 4  Standard for Binary  Floating- Point Arithm etic

● Form ats

● Operat ions
 Arithm etic: Ad d it ion , subtract ion , m u lt ip licat ion , d ivis ion  and  square- root
 Com p ar ison
 Form at  convers ions : FP to in teger , in teger  to FP

● Round ing
 4 round ing m od es: round - to- neares t , round - to- z ero, round - to-  + ∞, round -

to-  -∞
● Excep t ions

 Invalid  op erat ion , d ivis ion  by z ero, overflow, und erflow, inexact  
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FPU Design Challenges

● FP Algorith m s
– Com plexity 

– Correctness  and  accuracy

– IEEE- 754 com pliance

● Hard ware d es ign

– Com plex h igh  p recis ion  operat ions   ⇒  Large data paths  

– Tradeoffs  to ach ieve h igh  perform ance/ area 

● Tes t  an d  valid at ion

● Sys tem  arch it ectu re

– HW or SW support   ⇒ Affects  overall sys tem  perform ance
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FPU Algorithms

● Sys tem  level p erform an ce im p act  
– Latency and  th roughput

– HW Support

● Divis ion  an d  squ are- root

– Lack of support  in  HW ⇒ overall CPI increase ⇒ sys tem  perform ance d egradat ion

– High latency ( > 30 clock cycles) ⇒ s ign ifican t  CPI increase 

● Div/ sq r t  by d igit - recu rren ce
– Ded icated  HW, h igh  latency

● Div/ sq r t  by fu n ct ion al it erat ion
– Low latency d iv and  sqrt  operat ions

– Mult ip licat ion  is  bas ic s tep  ⇒ Mult ip lier  can  be shared  between  m ul, d iv and  sqrt

– Sm all area overhead  ⇒ h igh  perform ance/ area



GRFPU – High Performance IEEE754 Floating- Point Unit Gaisler Research

● Im p lem ents  all SPARC V8 FP op erat ions  

● Efficien t ly im p lem en tat ion  of com p lex FDIV and  FSQRT op erat ions

● Low latency and  h igh  th roughp u t

● Sp ecial hand ling of d enorm aliz ed  num bers  

– Operat ions  on  denorm aliz ed  inpu ts  deferred  to software

– Tiny resu lts  flushed  to z ero (allowed  by IEEE- 754) 

– Fast  non- IEEE m ode

● Fast  FP m ult ip lier

– Capable of perform ing m ult ip licat ion  on  two DP operands  ⇒ low latency m ul

– Adap ted  for d ivis ion  and  square- root  ⇒ good  perform ance/ area t radeoff 

– Non- blocking d ivis ion  and  square- root  

GRFPU Architectural Features
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GRFPU – Logical View 

opcode

operand1

operand2

id

clk

id

exceptions

result

Iteration unit

Pipelined execution unit

● All SPARC V8 FP op erat ions

● FADD, FSUB, FMUL, FCMP and  CONV are fu lly p ip elined

● Sep arate non - blocking iterat ion  un it  (FDIV and  FSQRT)
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GRFPU Operation Timing Example

● Fu lly p ip elined  op erat ions (FADD, FSUB, FMUL, FCMP, CONV)

Clock cycle 1 2 3 4 5 6

Stage 1
FADDD FMULD FSUBD

Stage 2
FADDD FMULD FSUBD

Stage 3
FADDD FMULD FSUBD

●  Fully p ipelined  operat ions  in ter leaved  with  FDIV (or FSQRT)

Clock cycle 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Stage 1
FDIVS FADDS FMULD

FDIVS FDIVS FDIVS FDIVS FDIVS FDIVS FDIVS FDIVS FDIVS FDIVS FDIVS

Stage 3
FADDS FMULD FDIVS

Stage 2 / Iter. 
Stage

FDI
VS

FAD
DS

FDI
VS

FMU
LD

– FDIV an d  FSQRT are n on - blockin g op erat ion

– All oth ers  op erat ion s  can  be in ter leaved  with  FDIV or  FSQRT

– Op erat ion s  can  com p lete ou t- of- ord er
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Perfo rm ance

OPERATION THROUGHPUT LATENCY

FADDD, FSUBD, FMULD, COMP, CONV 1 3

FDIVS 15 15

FDIVD 16 16

FSQRTS 23 23

FSQRTD 24 24

● Throughp ut  and  latency

● Frequency

 250 MHz  on  0.13 um  stand ard - cell ASIC p rocess

 65 MHz  on  Vir tex- II FPGA 

● Area

 100 kgates  on  ASIC

 8500 LUTs on  Vir tex- II FPGA
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BOOTH ENCODER

WALLACE TREE

ITERATION
BUFFER AND 

CTRL
UNPACK

APPROX
TABLES

POSTNORM /  
ROUNDER

INTERM.
RESULT

ALIGNMENT 
LOGIC

ADDER LZ 
CNT

ADDER SHIFTER

POSTNORM /  ROUNDER

FPOP DECODE 
AND 

CONTROL

GRFPU Block Diagram
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FPU Comparison

● Table shows th roughput  and  (latency)   

FPU FADDD FMULD FDIVD FREQ AREA COMMENTS

GRFPU 1 (3) 1 (3) 16 (16) 250 100 0.13 um, synthesis

ARM VFP9-S 1 (4) 2 (5) 28 (31) 140 100 0.18 um, synthesis

ARM VFP11 1 (5) 2 (10) 29 (33) 350 100 0.13 um, hard-block

AMD K7 1 (2) 1 (4) 17 (20) 500 ? 0.13 um, hard-block

MEIKO 8 10 50 140 25 0.18 um synthesis

● GRFPU com pares  well agains t  other  FPUs on  the m arket
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GRFPU Controller -  GRFPC

● GRFPC p rovid es  an  in ter face between  LEON and  GRFPU

●  Sched u les  SPARC FPOPs for  execu t ion  on  GRFPU

● Hand les  FP regis ter  file (32 x 32- bit  FP regis ters) 

● Excep t ion  hand ling (FP Status  regis ter , FP d eferred  queue)

● Parallel execu t ion  of FP and  in teger  op erat ions

– FP op erat ions  d o not  block IU p ip eline and  vice versa

– FP load  and  s tore hand led  by IU

● Out- of- ord er  execu t ion  of FP in st ruct ions

● Fu ll com p liance with  SPARC V8 in s truct ion  sched u ling and  t rap  m od el     
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FORWARD

GRFPC Block Diagram

Decode stage

Register f ile stage

Execution stage(s)

Write- back stage
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  TIME       ADDRESS   INSTRUCTION                 RESULT

  262843492  40003700  fsubs  %f6, %f3, %f6        [10000060]

  262843493  40003704  ld  [%o0 + 0xc], %f5        [3cc90aaf]

  262843494  40003708  fmuls  %f2, %f4, %f2        [00000054]

  262843495  4000370c  fmuls  %f5, %f6, %f3        [00001fe1]

  262843499  40003710  fsubs  %f2, %f3, %f2        [00000054]

  262843503  40003714  st  %f2, [%o7 + %o3]        [40014dd8]

  262843504  40003718  ld  [%o1 + %i5], %f3        [c1200000]

  262843505  4000371c  add  %o7, 8, %o7            [00000028]

  262843506  40003720  ld  [%o1 + %i0], %f4        [c1200000]

  262843507  40003724  add  %i5, 8, %i5            [00000418]

  262843510  40003728  fsubs  %f4, %f3, %f4        [4000a800]

  262843511  4000372c  ld  [%o0 + 0x8], %f2        [3f7fec43]

  262843515  40003730  fmuls  %f2, %f6, %f2        [00000054]

  262843516  40003734  fmuls  %f5, %f4, %f5        [00001fe1]

Instruction Trace Example
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● High  p erform ance p rovid ed  by GRFPU 

Parallel in teger  and  float ing- p oin t  in st ruct ion  execu t ion

⇒ Overall sys tem  level perform ance increase

● Exam p le: LEON2 +  GRFPU/ GRFPC runn ing at  100 MHz

– GRFPU @ 100 MHz :  100 MFLOPS peak FP perform ance

– C- code: 30 -  40 MFLOPS @  100 MHz  

– Hand  coded  assem bly: 40 - 70 MFLOPS @ 100 MHz

● Large overall sys tem  level p erform ance increase for  heavy FP ap p licat ions

– A typ ical GNC app licat ion  runs  60 % fas ter  with  GRFPU com pared  to MEIKO (at  the 

sam e clock frequency)

Application Level Performance
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● GRFPU and  GRFPC are SEU p rotected  by d es ign

● TMR regis ters

● FP regis ter  file is  p rotected  u s ing (32, 7) BCH cod e (SEC/ DED)

● In tegrated  with  LEON ins truct ion  restar t  cap ability

Fault Tolerance



GRFPU – High Performance IEEE754 Floating- Point Unit Gaisler Research

Design methodology and validation

● FP algor ithm s are h igh ly com p lex (sp ecially d ivid e and  square- root)

● Valid at ion  showed  to be a very hard  task
– Several cases  of bugs  in  com m ercial p rocessors  were detected  after  large- scale 

dep loym ent  (Pen t ium  d ivide- bug)

● GRFPU Design  Work:
– Phase 1: Developm ent  of FP algorithm s. Correctness , accuracy and  convergence of 

the FP algorithm s were m athem at ically p roved

– Phase 2: Developm ent  of h igh  level FPU m odel in  C and  at tach ing it  to TSIM 
sim ulator . FP tes t  p rogram s and  real- life software cou ld  be run  on  the m odel before 
developm ent  of HW star ted .

– Phase 3: HW developm ent

– Phase 4: Tes t  and  validat ion    

 

● Valid at ion  p erform ed  d u r ing several s tages  of the d evelop m en t  work
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TSIM

GRFPU

● TSIM sim u lates  fu ll funct ionality of LEON, m em ory and  p er ip herals

● Provid es  an  in ter face to at tach  user- d efined  FPU m od el

● Poss ible to tes t  the FP algor ithm s before HW im p lem entat ion  s tar ted

● Offers  h igh  p erform ance (+ 20 MIPS)

– Large and  exhaust ive tes t  p rogram s were run  on  the C- m odel (UCBTEST, SoftFloat , 

IeeeCC754, GNC app licat ion)

● Used  as  gold en  m od el in  later  s tages  of the d evelop m ent  work

● Efficien t  d ebugging environm ent  

FPU 
module
I/F

fadds() fdivs()
faddd() fdivs()
fmuld() fsqrts()
...

Design methodology and validation (2)

● TSIM +  GRFPU as  load able m od ule 
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● Float ing- Poin t  Test  p rogram s

– UCBTEST: Uses  num ber theory to generate hard  case tes t  vectors . 

– TestFloat : Checks  FPU im p lem entat ion  by com paring it  agains t  it s  own  software 

im plem en tat ion . Uses  large set  of tes t  vectors  +  random  data.

– IeeeCC754: Checks  IEEE754 com pliance

● Run  on  both  final im p lem entat ion  as  well as  a C- m od el of the GRFPU

 

Design methodology and validation (3)



GRFPU – High Performance IEEE754 Floating- Point Unit Gaisler Research

Summary

● GRFPU/ GRFPC offer  s ign ifican t  p erform ance im p rovem ent  over  exis t ing 

solu t ions (LEON/ MEIKO or  ERC32/ MEIKO)

● GRFPU com p ares  well agains t  other  im p lem entat ions

● Sched u led  for  2 SOC d esigns

● Portability and  FT cap abilit ies  m akes it  su itable for  long- term  sp ace u se


