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Abstract

A.<; the cOl1lp/c:dl!J of F/Jo'! circuits illl:,·cw'C.... mu/ Ihl' lime 10 mm'À't'! In/tlin'IIIelll ... 111'('01111'

Ilwrc s/l'lll!/cnl, the (h~'m(llul ... 011 lite f/csi!/llcI' fl!/!/l'fllUli:;(' whi/c thl' dw!Il,I1!/,·... of twhif't'ill!/

specific.! pc,jomlllllcc illlellsif!J. Thc s~,ili of l'llpidl!J Il/mlllcillY f"lldiollol";""Ii1.' fol' illll'll­

systcm lest.ill!) aud pl'%lypill!/ is csscll!ia! 10 lite dcdrOl1Ît' UHlt'À'cI. 'l'ouls whir'" aill Ihc

t/csi!Jllcr, lhcI'cb!J quic:kcnill{/ the do.f{jn cycle arc illf/i."'pcwmbic. Ilowt:llt'r. the II1d/wdolo!/il ..'i

cmplo!Jed b!J Ille,'e tools, IlwlIyh IImtlll'illY, still '":t'c,'silaf<, 11111 ciiol'llliOll, liS "hall Ill' "/lIl/lIl1

Ihl'OI/Ilh a cOllceioable msc sltllly.

/!Ill'id l'I'OlotypillY ill Ill/merol/S diyillli ap/llimlioll flollmills al'c .'''''"1'f1 b!J s!JlIllll'Si., 111111

I,'I'GA tec/lIwlogy, Embcdded cOllll'Ollel' syslcms IOllch OIlC Il/,plica/illll IIIUI. T1,c shlll!J of

par/icl/ltll' dcsigll C,,,"Il/lle,, cali /ll'ovidc illfommliOlI 011 /hc c1ll"'C1l1 sia/lls of /001." Ihâl' IlI­

Ilorilhms, IIIl1lavllilable IIIl1Ylwlll'e lII'chiledlll'C.' Illlfi cOII.,cql/el/tl!J fl/l'llish a lisl of <le}ic;"lII:;cs

Illld ejJiCflciol/s ea/II171CCmellts lowlllrls flU'lhe/', alllollllliimlly Ilc''''mlr!d illll'lemClIllllioll," III

flld, sl/bseqvelll to in <Ieplh /'esCf/reh into PI'GA ll/'chitcdll7'Cs, "lllllhcsis alY0/'WlIIlS, 1IIl11 <li!J­

illli desiy" lec!miqlles, one eXllml'le al'l'limt.ioll WIlS Imlb:d. This /lIlrIÎt:lllt11' <'fl,'C ,'II/dy I""d

to /,,'oposefl sl'ecificfltions slll'l'O/'Iillil fOlUlI/fltions fo/' m, "A pplicflliol/ S/Il'ci};,: Ih:.'iy" mlll

Synlhesis Syslem", (lI1I1 thcil' Ileccssily l'fl1'lielllflT'iy whell flesigll ti"", i.' c/'iliml fllld /Y:al-li"",

l'CspOllses (lI'C in flem(lllli.

This Ihesis fo/'multlles, (lI1I1 im/llement.., lm flullll/wlive Allti-I(}(,k n7YIkc Syslcm (A nS),

l'CfIO/'ling on il 's desigll simulation, sYllthesis, (lili/ evenltml /flYfJllI .'I,,/,S, flYJm which "xlm,­

siolls (lI'C d7YIwlI towalY/s digitfl/ eOlltmllef's fll/tO /,'l'GA ledl7wloyy, mil/ Il,,, /JflI.clllifl/ mi­

g'Yllion of the desigll OlltO ASIe tee/Ill%yy. Iml'/emelltft/.ifJIl/"7l1I;''01l11l1:lIt }itu:-l1miIl11 of

embetldetl cOlll1vl/el's fIS ,."eh lIeeessitftte qllick/y /lrototYl'ef/ cifY'lIit fY:rtiizfltiolls, /;xftmi'lfI/Ïf}71

of il.s fllnctionftLity, l'Cftl-time l'Cs/"}7ISe, imrJiemelltfttifJll, mu/ testtlbiLity is /1",jo7'llu:d ill <III



• (f1/l/l/fI' 10 II/(w.;un I/H lf.wI"lu( ...... of liiY/H./' /u,rI rlfsi!J1I ftl/I'Y f{l{:ilitic ... s/Jf:h Ils VI/DL ~n (l

rtI/Jit! prolol.'JJlill.fl UWirtJ1I11H lit. Cou/hll1olls ou-Iii/(' lr's/ill!J is ;"l'iudul /l.'.;ill!J tljJfTior/ic ,l;tll1lplc

illjfdioll'" ,,~/H"'(: Ih" I"(' .... /lltaul !/{'IH:mlf:d mt/Ile." {/1'(, cOI1lfJ'I1'ul/o ... i!Jl111lul'f' ... k1l0Wll (l p,.io,.i~

withollll'utl/IH1)lIli... iu!J !utldiollulily. 'l'he (U'hir:IH1IJlr: urfll and timinfJ air! in the fid(Tmillalion

IIf "" 'jlil'iI'''''Y of 1'" l'''(J(''''''' "'U/I'roll;'''' fllcl fil" 1111 1.'/'(,',1 IIl1d/o,. ASie mi!Jl'lllùm Jllllh

fol' 1'/lt'lIll1l1l i",plc111Clllalioll. COIlI11U:u/m'ic... and !Jcllcra/i:cd mc/flOria/o!Jie... urc assembler!

fm/II 1111' d,·.,i!!II·" .'i"1II1I1fio/!. "il"lllC"i., IIlId IlIilOll1 IIlili:i/!!J VIIDD IIlId F/'G'A". il/lls/mii/!!J

C/1/) lool (·u/Jfl!Jililics/I'Cfjltil'clIlcllt .../limi/atioll..... u'ilh rc."ifJccl /0 l'cal-lime '''1I1l1hesis cuul l'apid

IJl'o/o/ypi,,!/ of flcluTal coutrol/cr appli(~llfi()ns invo/lJill!J w::yncll1Y)n()w~ clements.
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Résumé

1~f1 f'011lp!c:J:ilé f/11mdissnnlc tics ci"Cllil.~ VIJ'~,'f cl /u n:tludioll tif' lt'urs ,:(·Jt':flllfT."l df' 1I11.~,· ""

marché impose,,' une productivité CI'Ois...;alllc Cilla: eOIll'Q)/f'lIl'.'i tI"",.. /,. bill (h' l'I'W'o,,I,.,.,. l,· ...

critères tIc jJcliormancc demandéB. /, ·ca:pcrli.w: l'rqlli....c /10",. /a }Jl'm/"dioll rtll,it1c ,/,. l'ir'('uit.";

pr%ll/PC,':' c011lplel.... el de prototypes !ollcfio1l11c!S CIL !Juh.w de ..."IN.tilutioll tl/lJ~ ('mu/w.""""-'"

1I01l-COnçllC.r.: (FUll système c.'" essentielle alla: lesls tic la phtlSf' de dt:llt'/UP[Jt'IIlt'lI! d'Ilu IH'oc/nit

(lu marché (le Félcctrolliquc. Des outils sous fm'me de IO!Jiciel,&; ...ouf dt'IlCIIII ... ilHlispl.'II ...uMl'.'';

pOlit' flccé.!ércr le processus de c01wcption. Cl:Jwmlau.L bien qllt: n:s outils 0;('11./ ol/,'i7l1 'UII

certain niveau (le m(lllldlé~ ils ont plusieul's défaillau(,cH (lui doilfl'nl. Nrt~ a1l/,:Jim":f's, CI'/I,­

constatation fera l'objet (Fun cw; tFéhule pI'atiquc /'l'é,..cuté da",.. ['eUe t1,,\..c,

La cOllcel'tioll IYIl'ide de prolotYl'es dalls l'IIISiclll'" al'l'Iica!im/s dll ,Iolllai",: ,It, /','lt:t:­

llYmique Illllllérique ellll'ioielll la "lill/hèse digitalc et Ics lalllmll" tic l'm'ft:s /a!liqllt's wo­
glYlllllllllbles (FPGil), Les cOIl/rôlem's diyitall3: cm,as/rés li Icars sys/hm", lY'lIl'l'st:aft:lIl 11111'

lcllc al'/Jiit:a!ioll, L'e"mllell ,le cOllcepls tli!lil'w" /lI'Illiqaes JOIII'lIil'a ,les dmmùs illl/lIlI'l'lIIft:s

"III' l'e[{iCl/ci/é. de la sYll/hèse, des aigorilhllles, cl des w'Ciliteeturf:.' diyitalt:s dispollilllt:s li

l'intérieur de:; ouUls en plus d'indiquer (le." voies meltau/. ci rmllélim'tltio71 (lt! la JWlfm'wtL1we

de ces mêllles oulits, EII cJJd, li la sllilc dCI""lu'rchcs a/I/JI'oJmlllit:s Sllr Ic" fll't:hil.t:t:l.m't:s

FPGA, les aigori/hlllcs de sYlllhèse mlll la com:t'l'ti'l1l digilalc, UII ,:>,cm/11t: ,l'Il/I/Ilim/.ioll li

été conçu. Ce CilS (l'él1ule [mrUculicl' à emuluit li la [lI'ofJ(J,o.;ilio11 ,tl(~ j71stijir.'alitl7l." ,0.;1I[ll'01'ta111.

la bllse dans le DOlllaille d'AIll'licalioll Sl'éciJiqlle (CSDilS) EII /JIl1'liculicr, III ru'"cssil,' ,lu

CSDAS sem ll1Yllnlell/ée Ilour les 11l'Odui!s Ilyalll de eourlcs "',h"'mccs ,Ic cmu,cl'/.itl1l t:I. It:s

systèmes li l'Caclioll lenll'o('C/le clitique,

Celie lhèse ulitise la slléeijicatioll d 'Illl syslèmc ,Ic Jmills ,mli-bIOl:a!IC (il /JS) Imfll' il/us­

tl'el' le [J1'OceSSflS de simulation, s]}nthèsc, (~tltl mise (:n circuit tic con17'olm17's di!Jil.lUl;': SUl' (lt:x

iii
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,·P(,':\ ..... I~'II ouln. la Im" ....jo1"1IIal;olljm....·.... i{,/t ,h- ('f.." ('OII/rh/nlf'.'> ."UI' tin.. t'in'If;f,'; ill/(!ln:... fi (ljJ­

1,li('o/;oll ....,J,t'iuli...,:, (/t,'i/('j ('S/ r!i.w"t!t:('. ", ..... tIIu!tip/f'.'; r.:/fllU"" th, 1'(11T1'1(:",Ull dalls/a ('otu:cp­

1;011 dr ('(Hl/,.iih ur... di!Ji/{l/u ('IIt·(fs/n·... l'uluiin'lIl/a dis",mÎfuïitr: 1'flfJÙ/t' tif: dl'cuil ... JH·O/ol!J[Jc.....

/Jall .... If nI.'" du ('ou/rô/ult' IllJS', la fJflali/(: dt:,.; oufil...., tif tHl1l1 lIim'(l1l d·ab.... /1'OdiOIl. ,'Ollll11f

FllJJlh ( ..... / IIIL"ur((' ,..dOIl h-.... op';mlio" ... jmU'liollud/c.... de rilll/Jlêmc1I./a!ioll ,.é'<;lIl1(Jlllc~ la

,.,.,If'ollln d,· .... ('ou!l'lIill!f.'... de jH:l!01'mmu:c telllpore//c..... d /a (,fll)(u:i1{: du circuit li être llcrijié

/HW/, .'''011 bo" jottdiollllfI1U:IlI.

(/" "n:,'hallisu/f' (r(IIII()-I~(:l'ijir:lIli(J1l flp,!l'Îmliqllc csl in/ir/ré au ,I>yslèmc. De... I]Ccfcu,..~ l.e.~l.s

s,,111 inj('dl... dan... 1(' drcuil cl. les rc~p()Il,"es du ...yslème soul. a/or.,:, compcu'(:s aux .~ÎfJ1UlI,llrcs

"bI."III1f"" Il prim'i d'uu circuit. "'(IIl'" (/rJau/.... lic.... l.e...l. .......e proclui.o;;cnl. (le façon. conlinuclle pen­

dunl r,,/U~ralioll lIot'uw/r (lu circuit. cl. r:c S(1Il8 Cot11IJl'omcUl'e aucune des ses fOI/diol/s. La

.... U'JUI'I: dt' .... i1iâ'llm requi....e cl lu 11c,Jol'm(wce lemp0l't/le cie... cil'cuils ...ynthétisé,o;; contribuenl.

,i l"I/lllly,,,' rie l'eJTir:",;i/.é ,le" olllil" rie "y"thè"e, /Je l'IIIS, ees rlo/mées jOIl1'11;"sellt /111 che",­

i11l'II/1'IIt "':1''' l'il11ll/é"'elltatioll éllelltllelle ,III cOlltrôlcllr ",1/' Illl FPGA Oll 11// ASlC, /J'allircs

1'I'"a/tat", "';'ta;" ri l'artir ,roati/" """le lallgage V/{/J[. cl rie s!lllthèse sllr les l"PGA.', génèrellt

,Ir", o/J,,('I'lIotion,' ",Irlilionllellc", Ccs ,ùII/tals tl/'olle/wnt ,Ic sirlllliatiolls, tic s!lllthèse cl tic

lIIi.... " "Il t'ireuil. déUI.OII 1. rc Il 1. les CJ:if/cllccs, /e.5limil.(It.iow; cllc.~ capacités des outils de concep­

lioll a........ i...Ir:(, /U'" on/hwtcul' pur rapport li la syul.hèse de coutl'ôlcurs ayant des composantes

a...!If1t·hl'm"..... d la l'CllcOIll.re (Ic leur.... conl.milll.es I.emporelle....
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Chapter 1

Introduction

III the I!HO'" the Iirst e1edrollic, programmable, gelleml-pllrpose compllter, the ENIAC, a

hl'eakthl'OlIgh ill its time, occllpied ail area LOO feet IOllg, 8.5 feet high by several feet wide.

Simple dCliign look weckfi, programming \Vas mallual, accompanicd by ca.ble connections and

""I.tilll-\ of "witehes, a task which took from half an honr to an entire day. Along analogons

lilll'S, ill the (!l!lO's, alltomatic desigll tools are f\ollrishillg alld pl'ogrammable hardware exists

which l"all he l'el"onfigllred for an application ill a matter of millntes occnpying abont l sqnare

illeh of al'l'a. Hardware has evolved, circllit densities are increasillg, permissible prototyping

times have diminished, and tools which aid circnit realization have correspondingly been

nnfoltll'd. l'l'Om stand alone compilers and schematic entry packages, complete frameworks

exist whieh take the designer and his/her specifications from design entry to implementation.

11111. the qllestions arises, how efficient are they and is their nmtnrity attainable'? Addition­

aily, as cirenits grew hll'ger and larger, testability became an issue, reqniring controllable

ami nhserm!>le in·circllit viewpoints. Ensnring that the resnltant functionality of the hard·

Wfll'{' Il1Cl'ts the original specifica.tions upon fabrication and aCter in system utilization arc

dillienlt ami grow notably with illcreasing circnit complexities. Conceptualization thus forth

emhodies testability, alongside design with its ever increasing constraint lists.

Cont,l'olier designs were selected for the analysis as they represent a well·known and

hll'gely encompassing application domain. Fnrthermore, conjoining them with FPGA (Field,
Programmable Gate Array) technology, offers an alternative solntion to the current micro-

"'JII/m/lcr·"ojlw<II'C implementations. This additional motivation demands the assnrance or

snrpassing of previonsly attained real-lime effects while maintaining the case of design en·

1
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foding. n'·l'Ilrotlill~. compilation and ll'stinA for hulh r"lllts alld lil\('-tllllill~.

It is 1)J'Opo:it'd in this dissprl.at.ion thal a.n ill\'esti~atioll of Il m't/flla 1'(' and snf/won' Pit'­

ments rouit! produre a set. of de:-;igll. synt.hl'sis. {('sting. and il1lpll'l1ll'l~talioll Illl't.hodologit's

and fecollllllcnda tions for l hl' eieft 1'011ks l'llgi neer a IIll rOlls<'q lIt'll t Iy rarili ta l.l' 1'11 !. Il 1'(' flllU'Pp­

!.t1alizat.ioIl5. EnhancclIlcnt.s arc proposl'd sllggestillg f.\\'ol'ahll' l'\·oll1l.iOll:lI'Y paths hritlgillg

the IIlcthodologic:-; dcveloped t.oday wit.h 011(':; 1.(1)(1 lIsl'd l.oIIIOl'row. Pn'dudillg :In pxr)llsh'l'

reseal'ril-ol'icntlHI stllc!Y, ail engineering approarlt 1.0 (~xplol'l' SUdl hanl",a.rp/:iOn,Will'" farili·

ties/limitations was employed, ntilizing case stndies -"l'l'ci!1/ il. blliltl il. k.,1 il. 11/111 (1/11'11111,'111

mul clUliutllc the .~lqn; lIuclcrlClkcll. 'l'angiblc rcsull.s ('olll~: t.hell he oht.a.illpd. n·-lIset!. and t.hpII

cxt.l'apolatcd 1.0 gcncra! circuit rcaliza.l.ions and sy:;t.CtlU'i. and he la.hl'1l'd OlS applit'atioll spp­

cifie design Illethodologies forllling the gronndwork for AI'I,/icaliml Sl'cl'iJit· /J(·"i!!ll. 81/111//1'.,;"

a//fl I,III/Olti (ASDSL).

This engineering approach cnvclops t.he ahovc lIlcthodologics clllpillyill~ tl'('''uo/O!I!I of Olf'

limc". which wc rcrer to as \ntcgmtcd Circnit (IC) technolog.l', t.wo of whirh a l't' l'l'GAs

and Synthcsis tools. A schcllla~ ta optimizc t.hcir c:Wl'cÎlie h.v dcsi~llcrs in liimilar, rlll.lIn~

design and module lludcrtakings, is c1cvclopcd, t.he cvolul.ioll of \vhich is Iwsl. f0I"1Il11lat,<!d

throngh "hands-on" expcrilllentation. Notwithstan<ling, the deve\oplllcnt of l'l'GA <I<'sign

and synthesis techniqnes reqnir", analysis of theil' architeel.nres and tlw tnols whkh realize

their cil·cnits.

1.1 Background to the Real-time Controller Design and Syn­
thesis onto FPGAs

The time-ta-market expcdicncy has invigorated the scal'ch fOI' rapid circuit :i...d system ÎJllplf~.

ment.a.tions \Vith Iimitcd risks. FPGAs serve as exœl\ent protot.yping devie"s an<\ addit.illlml\y

provide expeditious solutions in selectml application armL'. The evolllt.ion of FI'GAs l'mm

Mllsked Programmable Gate Arrays (M PGAs) and Programllmhle Logie Devi<:es (l'LDs)

mnst encompass not only architectural advanœs hnt Innst incite a profici",,,:y in Eledrollie

Design Antomation, (I~DA) tools as weil. This thesis examines t.hc ahove IIt.i1izing VII DL

for design ent.ry and scparate tools for synthesis and layollt ont.o FPGAs. Spccification of

timing and arCil constraints cannot hc cntercd for a design in VIIDL format., henre real tinw
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(·()Il~traillts must he Plltered throll~h a synthesis tool. Not ail tools addrcss this issue very

wf'\1. In;IIIY of l.helll l'pjyill~ OH the (!t: ..·.igll - ... imllia/c it.erativc process.

R(l;d-tillll' illlplil'li fllI ahility 1.0 respolld 1.0 the fast.es!. rate of arrivai of t.he input c\'cnt:i.

Ilil\ital colltroller applicatiolls exhibit reai-tillle qllalities whell their outputs are generated as

SOOII as possihl(! artel' the inpnts arc availahlc within thcil' sampling time intcrval. Rcal~timc

rilllllol. Iw qll(J.lltificc1 in t.errns of nme limits or Îlltcl'vals as Îndividual system rcsponsc Limes

are highly applicatioll dependellt.. l'uI·thcl'lnOl'e, real-time control syst.ems must be reliable,

l"lssess e....ol· detedion "'lJ",bilities and exhibit. some kind of fault. recavery mechanism such

as au ability 1.0 rcst.art. 01' shut. itself dowu. Tradit.ionally, redulldancy must also be built. iuto

1.111' o"emll wnt.rol syst.em. Success ill it.s desigll aud implementat.ion hinges on achieving this

rea\ time respollse nt.i1izing a given t.echnology. One of the motivations of this thesis is ta

explore a.pplieahility of l'l'GAs in real-time cOlltroller applications.

Some dcments from 1I0upis and Lamant, [2], which receive attention in OUI' design are:

l'cal-lime tm;k COIlCUI'I'l'HlCY, synchroniza.tion, coordination and schcdllling, l'l'sponse lime, sec­

I.iolling of inl.el'llal and exl.el'llal timing (samp\ing), resonrce allocation, fault/error recovery,

r('sl.al'l. alld system shntdolVn, and self testing. Though system controllers require control and

dal.a-pat.h cil'cuits and are most often of a synchronons lIature, asynchronous factors do exist

demanding, in some cases, partieular treatment. Data-path logie indudes operations fol'

hnrrering, multiplexing, control, and data processing. Typical circuits require multiplexers,

J'('gisl,l'rs, burfers, 1'11'0s, connters, accumulators, AL Us, adders/subtracters/comparators,

and m'l' synciu'ollons. The asynchrony emanates from the need to respond ta extet'llally

sampled inpnl. and ta realize the on-Iine self-testing mechanisms.

An AilS conl.rollCl· is one example of an embedded application dass. A l'chicie in motion

is a <'Omplex, nonlinear and time varying system responding to its asynchronous l'nvironment.

An AilS controller requires data from this vehieular system and its environs. Optimal control

I.edllliques and I.heories can l'l'ovide suitable strategies fol' digital design and Implementation,

Iml. the on-Iine computing requirements become excessive and somewhat time prohibitive.

lience, I.oohl.ain "real-Ume" responses, various assumptions, and simplifications of the ideal

I.heoret.ie equations and 1II0dels must frequently be propased ta reduce the on-line computing

rl'qnirements while still retaining conect functionality,
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Part. of the illlplcllll'lltt'd dl'~iAII {"Oilles from 1\110 and Yl'h [x]. who til'sniht' malht'Illati­

ca Il.'" Cl fOIl r- phasp hrakl' preSSlIl'<.' rOll t 1'01 loup. NII jH'P\'jous ha ni wa n' iIII plPlIH'1l 1alion on 1Il

FPGAs fOi' t.his theory is knowll hl date. flll'tiuA tilt, mot.i\'at.ion for it.s st'It'l'l-ioll fol' l't'aliza­

tiOIl. Pl'elïmillary cOIU;traints l'ut.ail ABS ('ont.l'oller l'l'spon:w lil1lP 1'1'qtlirl'IlH'nts whit'h shollhl

Sil rpaSli t. he h11 111a Il l'l'sponse t.i ml'~ in t. he orcier of llIillis('(·onds. \\' hill' alIora l. illp; adt'q liaIt' t.i lIH'

t.a its aetnators and t.est. dl'ctlit.I'Y in addit.ion 1.0 sal.isfying FPGA ;U'pa alld sizl' Iimil,al.inll:->.

Hapid protol,\'ping is one or I.he l'il'tnes rl'snlling rrom l'l'GA Il'I'hnnlng)', l'l'GAs pl'l'sl'nl

1l1Ore rest.rictions 1.0 the design autol1lal,Îon t.ool, while ont'ring Illon' Ill'xihilit.,r 1.0 tlll' tll'sigIlPI'.

Theil' I,o!!;,: b/od, strllcllll'es exhihil largl'I' gralllllal' divl','sil.)' than prl'sl'lIl. ASICs with I.hdr

gal.c grannlarity. Law Icvel st.ructures are fixcd a.nd a. prclaid illt.c('(~olllll'ction srllPlIla l'or

ronting signais and cOllnccting hlacks already cxist., l'catiy for dlTtlit dl'sign nI' ellst.t JI Ilhml.itl Il

thl'OlIgh lhe FPGA pl'Ogl'<ullma.ble capahililies, The r<'slliting OI'l'l'hl'ad sllggests a ,",,',I I<u'

circnt11vcnt.ions and short.cuts nsing craTty appl'OXitlHttions t.o a.chicve cllidl'Ilt ul.i1iza.l.ion uf

the hardware, Fol' an AilS controller, some or thl'se indllde Iineluüing the tire-l'nad f1'Ïrtion

\'Cl'sns slip dynamics abont certain opcnüing points and cOllsidcrinf,!; (l, silnp\t!1' Upt.illli1.at.itHl

pl'Ohlem, The vehicle velocity is assllmed conslalll for ShOI'!, time int.el'vals so t.hat. WIIllult.a­

tions can complete their execution pl'odllcing valid a.nd cllneut. l'cHuII.H. '1'0 furthcr minÎ1l1i1.p

lhe oll-Iille complllillg lime while mailllaillillg precisioll, ext.lH'lIal (1.0 t.he I,'PGA) hanlwa.re

a.vaila.hilily is assllmed in lhe fot'lll or Real; Only Memory (ROM), Qnick t.o pl'l1gl'llm, t.IIl'Y

cali slore large amonnts or precalcllialed dala, and compet.enUy complement. the I,'I'GA,

An addilional goal of this lhesis is ID evalnale t.he applicahilily or l'l'GA t.erhnology in

saTet.,\' cl'itica! real-time applicalions, This st.ndy rocnses on timing and ranlt./lHTOr deledion

in an FPGA environ ment., ln lhe l'vent or sndden hm.king and slippage 1I11ller hazlU'llons mad

conditions, the vehicle mnst respond qnickl,Y enongh ta reglllat.e hmke pl'essnre t.o arhil've

optimal hraking and sleering, ShOllid lU! enor in opemlioll OCCllr, t.he AilS colltroller sholliti

he disahled la avoid inconect. bmking interrerence alld ID gllaranl"" sarely of t.he drivl'l',

Integmting ail these elements lhrollgh a case stlldy, is an all-encompassing, diflirllit. lask,

The specification and design of l'cal-lime syslems not only re'luires exteusive analysis, hut

also l'clics on modeling and simulation in arder la develop lhe desil'ed conlidenre in achieving

system performance requirements herOt'e drcllit realizalion, Even sa, it. is impossihle la

validate that the system performance reqlliremenls mu achieved fol' ail possihle inpllts given
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tilt, sysl.PIJl l'(>SOIlITPS. This applies 1,0 ail of pre- and post-Iayont. and in-system rcnditions of

1,11f' C'olltl'ollpl'. lIelln~ the laeed for intelligent. designer cont.rolled testing and validat.ion arc

still Ill'l'l'ssary. Addit.ionall.y, t.he shortcnts and dC!'lign approximations which arc rc((nircd in

1.I1l~ illlpll'lllf'lItation pha~iPs IIII1S1. also he justiHcd and acccpt.cd. a task which ran he donc

1.111'1H1gll "sJl{ldal" sillllllat.iolls and mathcmat.ical êlnalysis.

lIigh levd dCliigll languages providc ft standard mediulIl for cOllllllunicating design data.

V III) 1. \Vas se!ected for design cntry bascd on it.s CHsc of implcmcntation, gcncral acceptance

and standanlization, and il.s capability of allowing a designer to specify circuits at varyiug

leveis of abstradion. VII))L possesses traditional hierarchical levcl descriptions yet adds

heha.vioral descriptions and nser defined attributes. Thongh curreutly not the best foc syn­

thesis, as it W'IR originally written for simnlation pnrposes, VUDL is a good refinement of a

hardware specification langnuge which carries a potential for aa nfficient design entry method

to evolvinl'; synthesis tools. Occasionally misleading in simnlation, a clear nnderstanding of

the "vent-driven VIIDL simnlator will resnlt in proper iuterpretation of resnlts.

Hu' vehicles with ABS, il. is estinmted that the qnautity of some models will easily snrpass

1000 nnits so that eventnal migration 1.0 ASICs is feasible and thns considered in addition 1.0

FI'GA itnplemeutation. The resnlts of VUDL synthesis arc judged on how weil the timiug

l'equirements arc met, testahility, und the FPGA chip count required to implement the

design, ail of which affect the choiee for possible migration 1.0 a smaller ASIC die.

1.2 Design lssues, Mode1s, and 1'ools

Modeling a system's dynamics for eveutnal hardware implementation is analogons to writing

a film script, bused on an existing novel. The director/designer must be able prodnce the

hest possible movie/design given the script/specifications and the actors/tools available. The

adors/tools arc int.erchangeable and replaceable while the script/specification provides the

hlueprint.s and fnels the stmtegy.

Circuit, design cmbodies fonr main tasks: modeling, Implementation encompassing both

hardware und software clements, modification, aud validation. Constraints arc inherent to

,,,,,.h t.usk init.ially dirl'cting the synthesis process and ultimately 1.0 check correctness of the

circuit.s reulization. Modeling from initial specification consists of three clements: s17llcttlr-
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lI1!J. f.'11("()(lillfj. mul (·011s/millill!J. Stl'lIl't.tlrill~ nofl't's 10 thl' slIhdh'Îsioll 01' ol'p;aniZalioll of a

dl'sigll/application iuta sllIa!lpr stlh-hlorks l'nI' d(':ii~1I 1'1lI.ryjt1l'lillilinn. Il. al:;o illfOl'pnralt's

hÎl'ra l'chkaIorga Il iza lion. t.he Il Il III I}('I' of (l'n'):; of \\' hich dplH'nd 011 t ht' nl'i~i na 1dt'sniptinn.

Encoding spedfies ho\\' a design is t'nt,'red into a COlllpnl<'r ilt'sign Aidt'd(CAIl) tool. l'or

ftll't.her 1>I'ocessing snch as simulatioll or synt,hl':iis. COllst.raininA l'l'fl'I's 1.0 t.hl' individual

goals êlssoda.t.cd wit.h cach black or groups of hlock:., Enroding a.nd ('ollsl.1'aininp; dl'IH\lld

on t.he chaice of modeling langnage or Iihral'Y hlock l'e!>l'l'sPlIl.at.iomi and UIl' Împll'llH'l1l.a1.ioll

facilities whereby il sn1>scl of these c1ement.s, SOllle gelll'ral~ sornp fllsl.omÎz('d. al'(' IISt'll.

An origina.l description of a. system for evcntual lIIoticlillg nUl fome in sevl'l'al furmats.

TeXl.ual, pictorial, programmiug.oriellted, mathcllmtical. alld petri-llet 01' "'SM I.)'p{' d"snip·

tians, 1,0 na.me a. fc\\', are common. 'l'he eventual modeling of the syst.em tieslTihpd in l.his

thesis was developed l'rom tcxtual descriptiolls alld mal.hematical e'lllatiolls. Th., desigll

platform l'or the realization or the ahove specification, focllses 011 VIIDI. d""",,ipl.iolls a1l<1

models as the aveuue l'or desigu elltry. The availahility or hal'llware alld sorl.ware ill 1.1",

ulliversity environllleut l'elldered Xiii Il x XC·IOIO FGPAs as the dlosell tel'hllology li,,' dreuit

implelllentation, and Synopsys H..."i the choRen tool for ~~a.lIl.ollla.ted drcllil. lTPa.tion".

Acreptillg that there exist lIumerous pat.\ls from IIHltlwmatira.! rnrmulatiOiIS 1.0 sy"I,h,'sis

alld evelltua.! FPGA layollt, wc emlmrked 011 a search fOI' mathematical fOI"lIlIlI"", 01' 1'OIItroi

dYllamics which are hetter suited fol' FPGA implemelltal,ioll. Some IIseful appl'llximatiolls,

optimizatiolls, alld implemelltatioll short'I'uts have hcclI ullearthed throllgh t.\", ClllIStl'lIdioll

or ail ABS 1'0lltro\ler, alld can he applimhle to gClll!rall'Ontrollel' appliratiolls,

ln perspective, the focus of this dissertatioll rests on the exploratioll or VIIDI. desigll

issues for FPGA synthesis of contro\lel' type applimtions IIsillg CA D tools. COllstl'aillt spel'­

ifications, which a.rc a.n integral constituent ofallY design tasks, ca.n he useel 1,0 direct. sy"t.hesis

alld ultimately to check correctuess of the circuits realization. Capahilities alld Iimitatiolls

of the many facets in a design cycle, were sought 1.0 ultimately propose improvcments in

the areas of FPGA architecture, design entry, simulation, synthesis, and rollting, These cali

then he formulated iuto a mcthodology for design and synthesis onto FPGA techuology with

l'articulaI' emphasis on contro\ler type applications, in attempt 1.0 IHtra\lel the fUllctiolls of

the traditional designer via automation. Producing a high performance and area efficient

design meeting a\l constraints is an lL,piration of designer and hence automation process
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as Il'1'11. Addiliollally, 1hl' allal;'sb of I..stahilily pro(,,'dllres ,,,,d tht'Ïr IIsefllllless ill l'l'GA

1.3 Motivation and Research Goals

With th .. adv""t of prograllllllahle hardware, l'l'GA te('hnology has sine<' elllerged, Avoiding

l"C1SI.S alld ri:-;ks of l.rac!il.ional gale (trl'ay design mCl.hoclologics is one aveulie towanls which

FI'(;As "ail h.. diree1ed, Exploration of the capauilities of snch a hardware implementa­

tiOll is hest pel'fol'lned throngh a design example, realized onto the technology, aft<'l' which

vPl'ifiratioll of l.illlinp; a.nd a.rcH. can he donc by the designer. The cxamplc choscn for realiza.­

tion, is that of an AilS Controllel', which exhihits the desired application features, snch as

l'SM wntrol, synehronons and asyu('hronons fnnctionality, datapath mlcnlations, and em­

h..dded syst"l11 cir('nit. Additionally, snch an exercise will verify l'l'GA technology real-time

eapahilities in a. safety nitical control environ ment.

l'rom a design elMy and tool Interpretation l'oint of view, traditional schematic entry is

I,'ss a.lllbignons than Il DI. enwding, as direct Iiurary-component matching dnring synthesis

is J)(Jliliihlc a.nd sOlllcwhat cxpliciL. llowc"cr, a. ra.il' amount of research rcmains to oc donc

in ,miel' to l'l'solve and prodnce an optimized and synthesized design with respect to VnDL

and "'l'GAs, especially with commercial tools and the ever evolving l'l'GA architectures,

l'al't.knlarly, mnch work remains in exploiting technology specilic l'l'GA architectnres and

pr..-designed !>Iocks (hard lIIacros), and explol'ing synthesis, and design methodologies, Syn­

thesis reqnires extensive design spacc exploration schemes and itself is an NP-hard problelll,

Crl'ating an optimal implementation is, conseqnently, not a certainty and henristics shal!

wntinnonsly be songht,

\,'l'GAs are vendor and family specific possessing distinct architectnres uetter adapted

tn ''''l'tain design styles, 01' "niches", This thesis reports on one snch niche by docnmenting

the design prn!'ess from specification to technology mapping,

lIefol'e embarking with uackgronnd Ilmterial, let ns reiterate onr goals:

• '1'0 explore VnDL design issnes for FpGA synthesis of controller type applications
nsing CAD t.ools, This embraces scrntiny of limitations and observance of featnres and
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rapahilitit's.

• To ('valll,II,(' t.lH.' sl1itahilit.,v of C:\D lools fOI' slIrh a d('si~lI.

• '1'0 gallp;l' the applka hili!.." of FPC:A t('fhIlOloA~' in sa fl'ty rril.Îcai n'al·l illH' applkat ions ..

Likl'wisl'. 0111' achil'\'CllH.'Ilt.S e<lll hl' slIl1llllarÎzpd as follow:;:

• The dl'vel0pll1(!lll of a. methodolop;y for design and sYllt.l!l'sis 01110 FP(:A t.('l'hlllllll~~·

with particlIlar clllphasis on dat.a.-path/rontrolll'I" t.ype applirat.ioll:-i. 'J'ht'sl' applkaliolls
l'c\,ol\'c around processing cxtcl"nally ren'j"l'() dat.a. in a conl.l'olll'ti alld t)J'(It'I'l'tl Illil Il 111'1'.

• Analysis of t.cst.ahilit.y prOCl'(itlrcs, t.hdr fcasihility and I,hdr nSl'fnln,'ss in 1'1'(:1\ t.l'rh­
nology.

• List of Iimit.alioncl/capabilitics of COllllllCl'cial sYlIt.hesis t.onls.

• The implclllclltatioll of a sclf.t.cst.illp.; AnS t'ontl'ollcr onto FPeiAs, hast'd OH 1'('('Pllt 1'0111'

phasc cont.rol 1001' I.heory alld sclf-desiglled, <'OInplenl('lIl.al',I' slllTonlllling blo<'ks and
(~Olllll'ctillg logic.

• llcalizat.ion of a wnt.I'OIICI' ont.o programmahlc I.l'dlllology so I.h:ct. pl'Ot.ol,,I'pinl-\ and
Ï1H;yslem testing can he achievcd \Vith minima.l enst.

• PI'cscnt.at.ion of an altcl'lIat.ivc solntioll t.o thc I.nulil.ional implcmenl.al.ioll of ""ntl'olll'I'
applica.tions onto Illicroprocessors and pl'ognull llIemOl'Y ( RA rvl :nl.1HlolII alTt'ssi hlp 111('111­

ol'y).

1.4 Author's Specifie Contribution

Thc ol'iginality of t.his t.hcsis st.cms not. from an individnal spedfic contl'ihllt.ioll hllt fmm ail

cmbodiment of diverse contributions fueling strategies and slIggesting aplu'oac:hcs ami alllt'lio­

rat.ion ill fntllre dcsigll alld synt.hcsis nndel't.akings. Synt.hcsis isslles ,,,"l algorithms fl'Om ail

levcls -syst.cm Icvel dowlI t.o logic and hoolcan Icvcls- wcre rescarched along with I.IIe IInmer­

ons tools, both commercial and non-commercial. Considera.hle t.ilIlC \Vas spcnl l't'sean:hillg

ail availahlc FPGA archit.cct.llrcs, t.hcir const.ruction hlocks, spcdal fcat.llrcs and thoir SY"­

thesis tools, as weil as implicit basics such as digita.l design techniques, progl'amlllahh! logic,

sYllchrollons alld aSYllchronons syst.cms, and Moorc and Mealy machines. III ,uldit,ion, t.he

cxtrinsic arca of automotive lIlechanics and clectronics \Vas invcstigatcd 1.0 alTive al ail illl­

plcmclltablc spccific'tl.iOIl of an ABS Cont.rollcr. A bricf mcnt.ion of ail rcscardllJd elenlfJllts

is inclndcd, and fnrt.hcr dct.ails can bc fonnd from t.hc cxtensivc refcrcnce Iisl. loml.ed ill 1.1",
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bihlill1!.l'aphy. Sllbsl~qlH'lIt tu 1.11(' rpsPfllT!l philS('~ t.he experillll'Iltal phase l'lIs11ed. The ABS

('olll.rfllll'!" \VilS sjH'cilic'd alld rc'lill('d~ slIcceedpd hy il.s encoding. silllulatioll. sYIlt.!Iesi:-l. and

1'\'I'!lI,II:t! rOllling aJl(I layon!.. Helinlls weJ'{~ I.hen 'H'clIlIllliated and ill!.C'I'(lI'ct.ed, followed hy

1111' 1"1l1'1I1llhllÎoll of design IIIcl.hudnlogies amI t.heil' <IOclIlIlcllt.atioll.

BrÎc·lI.v, I.he t.hesis is orp;;IIlÎl:ecl fiS l'ollows: Chapt.er 1 presents background informat.ion and

illdlltll'S pas!. wnl'k in I.lIe a('f~a of application specifie sYllthesis. Clmpl.cl':J ÎIlt.l'odll<'CS design

:1111ll'xl'l'rilllelll.allllel.hodologies alld el'aillal.ioll cril.eria. The AlIl.i-lock Bl'ake S,\'St.l'1II (A US)

dyrlalllifs. the hal'(lwflre specificat.ions cill'ompassing the self-tcsting fcat.lIl'cs~ are recited in

Cha.pl.l'I' ,1. wher"as illlplelllellt.al.ion details, s,\'lIl.hesis alld laYOlIt. resnll.s along wit.h FPGA

(Ipsip;n lil.l'ategies a.re local.ed in Chapl.er 5. ElIsllite~ Chaple!' (j sUll1l1larizcs and gcncralb:cs

l,Ire appl'O;l<:lll's and lIlel.hodologies IIsed I.hrongholli. I.lre design alld s,\'lIl.hesis case sl.ndy,

witlr regard 1.0 VII DL <'olll.rollel' desigll 0111.0 FPGA I.eclrnolog,\'. Finall,\', conclndillg remarks

are presPllted in Chaptcl' 7. Addit.ional ABS dcfinitions, dcrivations and cxplanations a.rc

gil'l'II ill Appell<lix A, wlrile salllple VIIDL code is al'ailable in Appelldix I.l descl'ibing some

illt.l'resl.ing l'n<,oding st.yles 1'01' dal.apal.hjcont.roller implemenlations. Lastly Appendix C

hllldws hrielly on synthcsis Hecels, tools and SUPPol'ting Iibrat'Ïcs and thcir structures as

1'P!:I.l.l'd 1.0 FPGAs, which ili an important arcH. of stlldy cncompassing cntirc ncw domains of

l'l'sPill't'h .
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Chapter 2

Controller Implementation
Fundamentals

The id",,1 synthesis 1.001 will explol'e the I",'gesl d"sigll SP"l'l' "nd hniltl "Il l'lIi<'i''nl dl'sign

fonlol'llling to a.1I liser cOllstraints. A COIllI)l'l'hclI:-ïivl' a.nd fOlllplp!.t' tll' ....;!!" ."iPW'.' l'.,,/d,,m/;o,,.

01' the stlldy of va.l'Îaus possihle dc:-;igns from il. (·llsl.-I)(~rrOI'lIla.lIt·l' l.md('·ull' IH'I'SIH't'l.ivt' hl'­

comes nlOl'e diflicnll. al. highel' lev"'s of design ahst.l'''dion, FixI'd hal'llw,lI''' f""t.III'I'S nSl'fnl

l'DI' ti11lely l'calizatiolls Illa.y add propol'tiona.l.c limitations fllrl.hl'l' nHllpli('atill~ thl' SYlIl.iH'sis

pl'ocess. A/)/llit:ctliOIl-sfJcr:ifir' s,Yllthesis techniqnes 01' Illdhnd()lll/!;il~S, pl'ovidl' il.;;PI'IlIlI. :HI,':w­

t.ages, [.:18], a.nd r(~lieiu'chers have in the pasl. ÎllVl'5tigat.etl spl'dlir dnsHPs of dlTllil.s l'lIt'h aH

micI'Opl'Ol'eSSOl's, DSP Systems and conl.l'Ol/dal.ap".t.h h"sed mel.hodologies, This t.h,'sis f",

cnses on COlltl'ollCl' systems, yct. lllallY of the metllOdologil's pl'csl'lll.l'c1 are npplkahll' 01' ('a.1l

he eXl.ended 1.0 othel' applica.tion domnins,

2.1 Theory behind the Control1er Design and Implementa­
tion

Control system design chara(~cristicfi, ent.ry tIlcthods and illlplelllenta.tioll I.t~dlllology IIlpril.

some introdnction, Fol' synthesis to he acceptahle in I.ightly mnstmiIH,,1 systl'ms. thl'sl'

tllt'ee "'ements mllst be weil IInderstood hy the designel' and int.elligenl.ly administf'l'l',1 and

pl'Ocessed by the taol, as will be seen in Chaptel's 5 nnd fi,

10



• ( '/1 ,1 l' TI,; /I;!, ('()NT /1 () 1. Uo; /1 1MI'l. EM ENTA 'l'JO N Jo' crN J) ..I,\/ EN'/:·' l..'i

2.1.1 System Dynamics Definitions

Il

A ,<;.'/ ... /, fil is il sYIII'I'gistit: rOlllhillatioll of ('Olliponcllt.s whkh pl'rforln il specifie ohjective. A

('(JlII/UlIIt'1I1 ili fi sillf,!;le fUllrtioning. a1.olllic:, unit of this system. A dY1HlIHir.· ."ys/cm is olle

wil,'1'1' 1.11<· 1)J'(""'iPIl!. output dl'pends 011 the p.lst input. and ilS il l'l'suit., the ont.pnt changes

willt tilllC' [1]. A l't'ul-Iill/(' .'i!l,"/UII is olll' where the pl'l'lil'nl. out.put depcnds 011 t.he past. input,

alld as a rl'slll1.~ 1.11(\ output dHllIgcs qllickly l'nollgh so as t.o em:,c1. correct. l'esponsC's in the

SIII'I'Olllldilll.!; SYlil.l'lIl, within the spcdlied lilllc. ~vlodelillg t.illle and l.l'anslating l'vent.s and

dlll'al.inlls in l.illlC' 1.0 hal'(lware (ll'C {lilIienl .. probll'lI1s t.o addl'C'sS in synthesis, .rel happcn lo

he f'ssPlIl.ial in the ('alculatiollli of several real~t.illle controllel' syst.ems. Hence, havillg toois

tllal. (·ul'1'(·ctly lIIode! s1Icl! hchavior 011 the c!lotien techllology is imperative.

Syst<'1lI design b<,gins with a predietion of its pel'forlllance and behavior. Snch prediction

is haspd oH tl. ilia.!. lletllatÎCa1descriptioll of the system 's dYllamÎC dm racteristics, ca.lled a. 11l(flh~

",,/(/Iil'lllll/mlrl. For physieal systems, dilferential eqnations arc nsed for these nHLthematical

Inoll,'ls, S!/-'/t:1II d!/"II/nie" deals with the mathenmtical modeling and response analysis of

dYlltl.lllÏl' sysl.clw;. Lill(~(u' a.nd nOIl-lincar systems arc modclcd hy !inear and non-lincar dif­

il'rentinl eqnations respect.il'e1y. Dne to the mathematicnl diflicnlty inl'oll'ed with non·lineal·

systl'IIIS, they are often Iinearized abont the operating point. Many hydranlic and pneumatic

sY8t<'nls exhihit non-Iinear relatiouships amougst theil' variables.

2.1.2 Asynchronous vs Synchronous Design and their Synthesis

Seqnl'ntinl rircuits al'e composed of gates, lIip-fiops and latches interconnect.ed in some com­

plex l'llnligurat.ion, A synchronous cil'cuit employs an independent, periodic c10ck signal to

sY"t'lll'onize ils intel'lml changes of st.atc, whel'eas an asynchronous circuit docs not. Set,

resel. and intelTl'llt signais occnrring sporadically characterize such asynchronous circuits,

SI.al.<' chauges occur in direct response to signal changes on primal'y input Iines, and different

nW11lOl'Y clement.s can change statc at differcnt limes. This can give risc to critical race con~

ditions which must be avoided. Asynchronous circuits orfer substantia\ benents in the design

of digital control units or sequencers, particu\arly when lIlany of the actions of the control

nnits are hnsed on extcrually gencrated signaIs t.hat arc not guarantccd to be correlated to

an al'a.ilable c10ck signal [41].
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The d{',,{'!opmelll. of aSYllchronolls dt'sip;n tt'chniqtlt,s for synl ht'sis an' ht'Ill'lirial in roll­

Irai syslplIls whprl' input {'\"{'IIt.S 0('('111' haphazanlly. and ill illtprfadllg: t'lll1llhHIt'1l1s wht'!"\'

handshaking: O{'CUI'S 01' t.ln' indh'idnal hloeks an' Ilol syuchronize't1 10 a cot1llllun t'Iock. :\s."11­

Chl'OIIOUS Illl'thods are also l'x{'J'(:ised for Illo<iull' nI' :-;ysll'1l1 illtt'I'fadllg:. Hl'qlll'sl·arkllllwil'dg:t'

(lIcgati\'C' arknowledge) jll'otocol of t.he fotlr-ryc!p nI' t\\'U-cyril' t.YPt' COlllllllIllÏt"aliollS l'l'qllil'l's

aSYllchl'DnOtlS procedures and t"êlreflll <'Îrl'llÏl. l'l'alizatioll. SI al'tin!!: l'rom as t'arly ilS [.I~l antl

[.11]. whl're Cl. "ollc-hoC ra\\' assigllltlC'1l1. and Olle fl'pdhack variahle l'est.ridioll was slI!!:g:t'sl.t·d

for circnit synthesis~ asyndlrollolls {'olltrol Hnit, impll'lIH.'Ilt.at.ions \\'('1'<' heitlg ôlnalyzl'd. Silll~

1I1atioll of asynchronons systcms lIsing IIDLs is {'OIl1l1l0Ilplaf{~. (a.l}. ho\\,{'\'('l' tilt' I"l's{':lrt"il

iu"cslcd in it.s implclIlcllt.at.ion has not. j'et. l'eached COIllIllt'ITitil t.ool 1(',,{'ls, (~onl.l'ol applka.­

t.ions in cOlllplcx embedded sj'stellls~ Sil ch as t.he A BS 1'calil.a.tioll~ \\'0111<1 ht'IIt'lit l'rom s\H'h a

1001.

The appl'Oach la pal'Iitioll the spedfical.ioll alld t.hell emplo,l' dillel'''"t. sy"t.lll'sis t.ools

l'ur algorithmic and intcrface parts ['1'-1] is reasihlc~ hlli. 1101. the integra.ted sol1ltion souV;hl

artel'. It. assllmes clock availahilit.y, a sYllchl'OlIolls desigll alld rOC lises solely 011 halldshakillg,

omitting sampling and rcsponsc t.inte issues which arc "ital fOI' aS'ynchrntlolls dt'signs. Ali

ideal s,l'Ilthesis t.ool wOllld permit. modlllal·i~at.ioll al. a rllllctiollai rat.hel· t.hall al. a· t.imillg

level, sa t.hat a lallgllage sllch as VIIDL collid speciry mdel' alld time or evellt.s \Vit.h simple

scquential and 44if .,. thcn ..." stalclllcnts, lIowever, as advallccs in as'yllchl'uno1ls SYIII.IH~si:;

ctllTcntly t1udergoing rescal'ch arc Ilot yct readil,Y a.va.i1ahlr~ in comlllerciai sYlIl.lIclïis tools,

designers arc forced to cithcr a IIHlIIIHti approach or a sYllchronolls apprnaeh l , If the l.Î1nillJ,!;

isslles cali he solved wit.h t.he switchillg speed or the techllology, t.hell c10cks cali he IIsc,1

and ail asynchronous design can and is most ort,cn transfol'lIIcd Înto a. synrhrnllolls dt~l'iigtl,

Altel'lIativel)', a synthesis t.ool alld part.icllhll· designel' ellcodillg cnn l'cslIll. ill nSYlldll'OlInnS

cil·cllits. The Design Compiler'l'M by SYllopsys cali proccss VIIDL which l'',sllll.s ill 'L'YII­

chrouous type component.s, howcvcr, thcir rcalizcd hchaviol' is Ilot glla.l"atll,eed 1.0 wOl'k as

simulatcd. Certa.in clements arc not allowccl , and othcrs are Pl'occssccl withoul. gllara.nl.f~cill~

{~Ol'l'cct.nessor imtHuuity from hazards or race conditions. Designer dis{~rcl.ion is aclvis(!d and

the nntomatic sYllthesis may Ilot pl'Ovide any adv1\.lItage. Ultimnt.cly, marc lIcxihilit.y nll<l

1apPclld a Ja,d.cnoIlU" dock la the circuit and synchronize t.he cnl,ire desiJ!.ll , inputs, harulshakillJ.; ami
ncl.uaLor control signal gencraLion Lo Lhe dock
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Illllrf' l'Pfillt.'d :iYllthesis are expected in IIc\\'er t.ool \'crsiolls~ while il. is still llndcrstood that

Ilia lilial syul.lw:ïis options IIIl1st l'cma.in.

2.1.:3 Control System Commonalities with Respect to Synthesis

(:olll.roi H)'HI.l'mH call he divided illto datapath alld cOlltrollogie hlocks. the latter of which is

"fl.ell rl'alizl'd ill the form of finite Htate machines (l'SMs). l'SMs prevail, dne 1.0 the facilit)'

of depiding st.ates of operation for tasks sneh as data proccssing or rcsponsc gcncratioll and

th,,;1' I.l'anHitions whieh crfectllal\y seqllences the sllh-tasks and applies order 1.0 them. l'Sll'ls

colllpriHe Heqllelltial c1emellts for cnrrellt (past) state storage and comhinational logic for

the determination of the next Htate. Datapath reflects the flow of data in a system nnder

1.1", management of control Illlits sllch as seqllellcers 01' l'SMs. Datapath infers a chain of

operal.iollH whieh will he executed ou oue or several words of data of some pre·defined length.

Again, hoth comhinational and sequeutial logie arc required for circuit materialization.

Typiea.l coutrol-type applications involve tasks such as sampling, data-processing, burfer­

ing, multiplexing, ordering and decision-making, and response generation. Func\.ionality

al. the periphery is associated with analog circuits whereas data processing is often associ·

att',1 with digital circuits. Smnpling often reqnires an analog-digital (A/D) interface, just

aH l'eHpOnSt' generation will implicate digital-ana.log conversion. Data-processing leads to

dat.apath/registel'-ALU-mux based hardware while decision making encompasses straight­

fOl'ward boolean t.ype logic and combinational gate level logic. Typieal datapath and control

circuits arc transformed into components such as: adders, subtracters, accumnlators, coun­

tel·H. multiplexel's, register liIes, 1'11'0 buffers, three-state buffers, and busses.

Several facets exist withiu a digital control system; control laws (algorithms), hardware

implementation, the conversion between analog and digital signal domains, the system per­

fDl'nlance, and the sa.mpling process [2]. In continuous control systems, ail system varia.bles

al'e contilluous signa.ls, rega.rdless of whether the system is Iinear or not. The genera.tion of a

control model t.o be realized as a digital information processing deviee is of primary impor­

tance [2], and it is why much time was alloted to develop these models and why Clmpter <1

is devoted t.o the specification of the example control system selected and employed.

l'reviously proposed techniques for synthesis of control systems involving l'SM and dat-
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flPfllh slruct.urp$ [:JS]. [.1.1]. [-ID] asstlll1l' a sill1i1ar SIl<"("<'ssioll of st<'ps: tilt, rOlllpilat iOIl or 1Ill'

inpnt hehavior iuta an int.crmcciiat.f..l graph rl'prCsPlltalion:! follo\\'('<1 h)' sYlll.llt'sis lasks :->11("11

a:-i sehcdnlillg. unit selection. flll1cl.ional. sl.orage and intpl'fOlllu'rl.inn hilldill~. alld l'Ollll'oi

getlcrat.ioll. From ail IIDL st.art.ing point.. :mrh as VIIDL. man." la('1\ sIH·t'ili<' p;llith'!iIH's in

t.he tise of timing construet.s for :iynthcsis. su rh as aJlr'r ami wail stat.PII1l'Ilt.s. silll'p tht'y han'

simulation scmantïcs for sciacciuling future c"cnts or for slIspcllding simulation l'xt.'('n1.ioll. III

SYllt hcsis t hcsc construct.s ha.ve am hignons sema Il tics.\\.jt.ho11tsperiliegllhll.lilu.S.

Control logic activates fuuctioual nllits, compollent hloeks iu a s('hemalic alld elll.it,\"

blocks ill Vil DL, iu the datapath accordiug to a giveu sl"hedule. S,\"lIthesis of l"tllltl"Ol logk

is impOl'tant beca.lIse il ;:diècts the control f10w of opera.tions a.nd heure c1in.,etly impart.:-; t.ht'

oventll performauce of the resultiug hardware ['10]. COlltrol logie ellll 1)(, impl"mellt"d liS

mierocode sequeuces (software solutioll) or fiuite state machilles (hanlwar<' solut.ioll). With

V][DL this would implicate explicitly ellcodiug FSMs via pracess statemeuts, as shoWII ill

Appcndix Il, or via wait statmncnt sequences, Section :l.:L

Duc to the commou uature of coutrol applicatiolls, their decompositioll alld suhsellnellt

realizatiou leads to a commnulIl set of logie alld drcllit c1emeuts. Typklll datllpath wmpo­

Houts such as addm's, ALUs, rcgistcrs, and intcrcouncction nuits are ilHet! tn realize npcl'a.t.inlls

suelt as +,-,*,/,>,<,=,&,-, to rctricvc and store thcïr opcrands, and 1.0 (~Olllled. l.hem via.

mnltiplexors. FSMs, which coutrol the multiplexers, registers, bus drivers, ALUs, "te., llta.­

tel·ialize themselves through registers and combinational logic. l'igure 2.1 iIIusl.nttes simple

datapath compoueuts with a bll.<-IIl11X iutercollnectiou system. Dlle 1.0 the inherellt uature

of the fom· l'h"se contmIIo01' which domiuates the AnS cout.rollcr desigll, uot.ahly coml>lex

calcu!atious were required iu short times. Il was determiued that. t.hey wllid he hest ,·"alized

through look up tables (LUTs) implemeuted ill a ROM. Ilence;, ROM is iudllded illadditiou

to RAM aud registers as datapath memory c1emeuts.

Efficieut VlIDL syuthesis elicits a proxinmte coupliug of VIIDL t.o thes" wmponellt.s,

which in turu must evoke an adroit nUl/JIJin!! betweeu themalldFPGAinherelltst.ru<:1.nres.

Further discussion of VIIDL design issues appears in Chapter :/, Section :/.:1.

2 0 ftcn a datnfiow graph (DFG) and il data ~trucLurc, or (:onlrol now graph (Cfi'G) for cuutrol f10w
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Figure 2.1: Typical datapath components and their interconnections

2.2 Automated and FPGA Specifie Synthesis

15

Th,' ,'calm of synthesis emhodies fonr main clements, the a"ailahle hardware, a set of design

styles or mechanisms, tools and designer. An FPGA architectnre hase can he mnltiplexor,

ga.l.e, LUT, or PLA oriented. Design styles slIch as pipe-lined, data-path and FSM, random

logic, 0\' highly memory dependent, will have their corresponding components implemented

with varying levels of efliciency on the nniqnely strllctnred FPGAs. Snhsequently some

FI'GA types from differellt vendors or families hetter suit certain applications. Software

tools link l,lIe designer to the hardware aud attempt to perform automatic synthesis and

mnp a supposedly generically entered design to the FpGA technology. Vet jllst as different

design types will, and should, he diversely implemented on FPGAs, they also tend to adjust

themselves 1.0 different design compilers and methods of encoding. Accommodation to the

tools alld hardware can he equated to 1II"lllwl synlhesis, and results in customizations, which

is often disadvantageous. By and large, there will always l'enmin a certain amollnt of designer

."l/lIlhc,,;,. with its level dependent on the avaHahle tool snites and on the quality of final

, implementation specified hy the design constraints.

ln addition 1.0 the ahove, it is viewed that further classifications reside in the design

alld 1.001 analysis; the fmnt end, the design constminl specification calJabi/ities, the synthesis

al!JlJI'ilhm" mul hcm·i../ics, the layo"t lools and their tool specific constraint inclusion ca­

pahilities, the auai/ablc teclmoll/gy liblYlries for simulation and synthesis, and the testability

fm/m'Cs. Whilc we captnre the FPGA Design fiow in Figure 2.2, a technology specific design

f10w shaU he descrihed in Chapter 3, Section 3.2. Certain simnlation phases are optional
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Figure 2.2: FPGA design flow (:hart fol' VIIDL de~igll and illlplelllellt.at.ïoll

snch as the black which étppears after the synthesis st('p. J)edsi~li nodes a,l'l~ pres('llt in t.he

design f10w indicrtting tlmt :t step was performcd and l'eqllires il pOHiti VI.' WIl fi l'Il1a1.ioll 1)(llil1'l!

PI'occcdillg to the lIext step. Without COllfil'llI:t1.ion re-concept.lla1î1.a.tioll Illust hll done. 'l'wo

snch tests are those for v:tlidatioll of COl'rect. fUllctionality, and vnl'ific:Llioll fur l:ol'I'm:t t.iming

and acceptable area. The l'emailling steps involve desi~n p.utitioning a.lld lImppillg 1.0 logic

blocks, actua\ placement or selection of 011 chip blocks, and rOlltillg, colll!ct.ively rl'ferred 1.0

as PPR(Partition, Place .wd Route). The layout version include~ more accumte dc1a.y valueH

permittillg more precise mlidations of the implenwntcd circuit. As SOOII as t.he layout. version

is acceptable, it can he tmnsformed iuto a bit file Hpccilically encodml fOl' the tcchllology

chosen, and then downloaded onto the programmable gate :trmy.

•
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2.2.1 Synthesis Fundamentals

li

1

A !.;IXO!lllIIlY fol' ciesiAII aut.olllation, the Y-chart. intl'o<1l1l'ed hy Ga.,iHki [;~8] ronsÎst.s of t.hl'ee

dill'l'rf'llt dOlllaÎlls: the bduwioml tI(J"'lli,,~ the ... /ruduml dOI1Uliu, and the fJh.lJ... il.'lll domo;lI.

Eu('h (IOlllaill Plllhodies Il Il 1IIt'1'0 Il 5 levels frolll the tran:-iist.ol' level t.o t.he syst.em level dc­

srripl.ioll which IlIilllilP;l'H items snell as CPUs and IltelllOI'Y e1cmcllt.s. The ultima.l.c goa.l of

dl'si;.;n aut.olllation is 1.0 automat.e the l.I'am,formation of a. specification givclI at t.he highcst.

level of ahst.l'a.. t.i,," ill t.he hehaviol'al dOlllaill illt.o a descl'ipt.ion at. t.he lowest. lev<>l in t.he

ph,l'skal d"llIain [:lH] , Soft.wal'e s,l'st.ellls which provide t.his t.mnsfol'lllation al'e ca.\led sili­

"OU "(JHljJilr.. r.... Contiugcllt 1.0 t.he Icvel of design <'~Iltl'Y, a. cOl'l'csponding synthcsis IH'ol:cdurc

will Ill' elllpl",I'ed, On,' llitilllat.e foells Was on hi!Jh-lc"c/ sYIIl.hesis whel'e a be\",viol'al de·

sl'l'ifll.ion al. the algol'ithmie level wOllld sel've as t.he st.al'ting point. III elfect, encoding and

impleml'ntation hegan wit.h highe,' levcl specilicat.ions bllt. tel'lllinatcd with the in<:1nsion of

"Hi"Ic"-I.I'I"'.sj,,,, /c"eI "11"llte,'i" whe"e initial design descriptions were in tel'ms of clements

sn('h as ALUs, l'egiste,'s, mlllt.iplexers, et.e, VII DL, the choiee fol' design elltl',Y is applicahle

tu ail theH(~ IC"üls of d(lHCI'iption.

S,I'nl.hl'sis emhodies a diverse set, of algOl'ithms, many of whieh al'e NP hare1. The pnl'pose

of 1It.i1i~ing high levcl met.hods of design entl'Y al'e manifold: t.he l'edllction of design effort

and design t,ime, t.he creation of cil'cllit.s whieh arc cOl'I'ect lhe lirst. time, cor'I'Cc/.lleSS by

(,1I1l"h'I/dioll, t.hlls eliminaling the need fol' time eonsnmillg engineel'illg changes and l'edesign.

Design sfledlicat,ion and synthesis t.ools shollld be IInifol'm so that VIlDL sections whieh

am hehaviomlly descl'ibed, stl'l1ctllrall,l' written 01' aS,l'nchl'onons\,I' encoded can he compiled

as a <'Onglomemtl' wit.h at 1II0St dilrerent algo,'ithms being applied alltomatically to their

s,l'nt.hesis. Aside from the t.ype and level of the systems description, constraints on the

dl'sign hehavior weigh heavily in impol't.ance during the synthesis process. They serve to

gnid" the s,l'nt.hesis algorithms t.oward feasible reali~ations in tenus of pel'fol'mance, costs,

\.<·stahilit,l', reliability, and other ph,l'sical l'estrictions [a8].

Cont.l'oll,,1' VIIDL s,l'nthesis isslles and datapath synthesis algorithms al'e addressed in

[,1,1]. [,1(;], [:lS], [.Ia], [40], and [48], to list a few. Intel'face behaviol' specilication where

s,l'nchroni~at.ion and Imndshaking, and inter·process timing isslles were addressed throllgh

"sped:I\" VIIDL sllbsets, is discllssed in [45] and [44] with a more thorongh discussion of
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sYIlt.lwsis a\gol'ilhms round in [.IIi]. Thl'Îl' Iin;l :-llt'p !-!:l'lu'l'atl's;\ data lIo\\' ~raph (DFl:) alld

il da!.a S\.l'lIr1.IIt'l' f()!' t.h" ("onl.l'ol fin\\' fol' a rohl'I'l'ut ÎIlt,t'l'IIll'dialp 1'l'!H'(,Sl'Ilt.atÎoll 01\ whit'h

10 1)(\1'1'01'111 t.he dl'l"li~1I transformat.ion ln l't'alizal.ion. Along silllilal' lilll's. ail al~tH'ithlll l'Ill'

t.he.' allocat.ion of fllndiouai Ilnit.H fl'Olll nT fompolH'lI1. Iihl'aril's 1'01' l,Ill' ahst.l'i\c\ 0JH'I'atiuIlH

wilhill a heha\'iol'al desl'l'ipl.Îoll is pl'l'sellied ill [,1:1], Th" s)'lllh,'sis sl"ps 1I0\\' 1'1'0111 1\ Ill. illplll

pal'sl'd la a CDI'G, la ail IlT Daia Fla\\' Cmph, alld Iillall)' lollll' IlT SI.I'II('llIl'es alld illslalll.Î­

a.l.ions. Fu l'tI \(.' l' mentiOIl 01' a. variet.y of int,t'rfa('(' n'pn'st'II t.a tiOlls~ alui st l'a t.('~it's fUI' al1oral.Ït HI

of Hhl'ar." {'olllpOnl'IIt,5 and l'ichcdllling of opl'ra.t.iolls ïll'P gi\'t'n COlll)U'pl!t'llsi\'(' llal'l'il.tÎons hy

Gajski, Mkhel, alld DeMichcli, ill [:J~], [:l!l], alld [,Ill] whel'" Ihl'Y "0\'''1' an l'xl.l'nsÏl'1' l'an1\" of

liynt.hcsis algol'ithms. A eollllllon clement wit.h thpsl' al~ol'Ît.hllls iH t.ha" tht'Y a.rt' \\'t'II dt'\,t'I·

oped in theQl'Yl sotllclimcs Împlcmcntcd, hut. t.hcil' illtegl'a.l.ioll in ('Ollllltl'lTial FPGA synt.!ltlsis

lools frolll a VIIDL enll'Y point, is nol l'eadily adl'allel'd liaI' wl'lI-dol'nnll'nll"1. 'I\'l'xl'Illplify

lîlleh a. situation, Synopsys, a. Icacling cdgc synthcsis 1.001, ('illlllO{. Yl'l. ma.nipula.!.... hi~h h'\'l~l

bchaviol'al dcscdptions, cannat gllitl'êlntcc rUlldiollal tilllill~ with hl'imvinl'al Plu'otifld prtU'pss

slatelllents, contains a st l'icI. VIl DL sn bset and still l'l''! Il ires IlTL Il'\'e1 "esl'ri pl.Îuns in'" Ild in1\

planllccI l'cgistcl' infcrcnccs and cxplicit c10ek ril'clIit.I'Y cllcodillg. Il. dlll'S howpvpl' t'onl.aill ail

P.5'M COII>[Jilc,:/'M la Cl'eate highly optitnized l'SM stl'netnl'l'S and l'n(,llllings, wh"I'"as no

snch design specific tool exists fol' datapath/control type cit'Cnil illlplelnl'ntations,

ln an FPGA l'nvil'onml'nt, ail antomatic design 1001, will sitnilariy tl'ansl'en" Il'I''''S 01'

cil'cnit l'epl'esl'ntations dlll'ing ils sYllthesis algOl'ithms, the nllmhel' 01' whkh "l'pends on

the design entl'Y format. Ilighel' lel'els 01' inpnt desniptions ahstl'aet the IISI'I' l'rom low

lel'c1 FPGA component considerations, alld pl'odnee cOl'l'ecl.", hnl not so 1'1Iicil'nt eil'l'Ilit

t'calbmtions. Low Icvcl syntitcsis, which l'cqtlircs FPGA black sl.l't1ct.lII'C knowletlgc, (~'1I1

pl'ocess l'egister transfel' levcl blacks \'ia algol'ithms in closel' proxilllity 1.0 the hal'dwal''', alld

will produee more efficient FPGA l'ealizal.iolls. Regal'dless of the frolll. etltl, th" Iinal oh,iedivc

is 1.0 minimize the lIumber of Logic Blacks (LBs) and 1/0 1II0cks (lOBs) in the lilial eil'cllit

wheu eithcr arcH. or timing constl'aints, or hoth, a.rc lIndcr rega.rd.

Deseending the FPGA synthesis laddel', ultimately yidds a l.edlllology nHl.pping l'nd­

point where the design description, which has heen l'edllced 1.0 logic lel'c1 e,!natioll fOl'n",l., is

tl",ppl'd ta the anays of equal hlocks and spl!Cial fl'atllre elemellts. Speeilically, hool"an logi<:

3 a.'i pcr \'cmlor/dcsigncr mensnre and criterial nul as per verification
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•

f'qllil1.illIlS i1!'f' trallsfol'Illed illto pl'ograllllllf~d IOflif: bloch',... A Illllllher of :illch LUT tecllllology

111"1'1"'1" l'xbl illclildilll(: Ch""II" [2G]. lIIi,-pg" [2i]. [2~]. A,ly, Il,I'dl'a. Xlllap, alld VISMAp,

;\ Il of 1,IIf'S(~ lIIap a Boolean netwnl'k illto fi circuit. of I\,·illpul. LUTs, aUcllIpting t.a millimize

l'ilhl'l" 1.1,,· lol;d Il Il III b,'1' or LUT, 01' the IIl1l11bel' or level, or LUT, ill I.he filial cil'cuit. Re­

('l'III. work hy M Il l'gai , [2D), has inc1l1c!ctl mention of FPGA mapping of seqllelll.iai drcuits.

'1'11'11 "pI"'oaeh", al'" di,clI,"ed: (i) lIIapping cOlllbinalional logic and lIip-IIops logelhel' 01'

(ii) Il,,,ppilll( I:OlIIbinalioual logi<: and lIip-IIol" ,eIH,,'alel,l', Ascending the s,l'nthesis ladder

l.oWa.l'dli higlwl' Ic\'{~ls of design ent!'y dCIllH-lIds additiollèl.l algorithms and better strategies al

(';l(:h level t.o lu'oduct! a. favOI'ahle F'PGA illlplclIlcnlatioll.

2.2.2 Contl'oller Synthesis Techniques

As il. precedent., {:ontt'ol syst.ems have orteil bccn implcmcnted ou varions computing engine

hmi(.'d lIIaehines sneh as microcolltl'oilcl's/micropt'occssors, transputcrs, a.nd la.rger computing

'y'I.""1', Software wa' wl'il.l.en, <:ompiled and lhen execnted and testcd on lhe hardware, AI­

1(000i1.hlllÏ<: modification, indncing implementation alterations muid be performed easily aud

r"IH'al.<·dly. 'l'he lack or spced and the difllc.nlty with ensnring testability aud reliahility are

1.11'0 <Ibadvanlage, which ,u:compauy this approach. Room fol' pel'formauce enhancemeuts

alway, exi,I.', and corl'ed operalion was ofleu assured through mnltiplicily of microproces­

"li' and il., associaled RAM. ASIe implementation offers a hardware solution and iucreased

('xeclIl,Îon speeds but lack in the (mse of design altet'il.tions, improvcmcnts, and upgrades.

l'l'GA,. on the other haml, present a favorable alternative in offering both the speed of

hardware and th" re.pl'ogramntability of software. Much has beeu writteu about software

apPl'<l,u:he, 1.0 controller applications [2], and many software packages l'xist to simulate con­

ll'ollel' lype applicalions. Performance can be measured, operalion can be tested in-system,

huI. I.l·'l.ahiiity and reliability arc <lifficult to build inl.o a single processor, Our aim was to

appl'oach <:Dntl'Ollel' applications rrom a hardware viewpoint, analyze the feasibility of de­

,ign l'elinement and perrormance altainment, and introduce a form of concurrent testability

<'mployiug l'l'CAs as the ltardware ,olution for circnit materialization.

Rao and I\urdahi [,Ii] proposed asynthesis method which exploits inherent characteristics

of a pal'I.icnlar c1ass of VLS) systems, to build efficient models or abstractions which simplify

the ,ynl.hesi' process, A/mie/in!IOr allstlYlcting the problem domain is unlike altentative tech-
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niques which cOII('ent.ratt' 011 t.he dl'\'(-'lopnwlIl of ('olllplit-atl'd hl'urislirs l'tH' dl'cisÏtHI 1l1akillp;

in the \"ariot1~ synthesis slap;ps. \Vl' Stl~APst. tlnalop;ulIs mm!l'liuA at thl' t1('si~1l t'lIlr,\' slap;p.

slieh tha.t. additional l'f1orl. is Spl'Ilt wit h dt'sip;1I s!wrilkat.ioll and t'Ilt.!',\'. a lit1 pl'l'St'Il!. il ('ast'

sludy 1.0 StlppOl't. our pfopmmls and l'Xl'm pli fy t.he pxt.l'tlrlÏolI or rolllllHlIl fpat.lln's and t1t'si~1l

stages in the c1l'sign pro<:ess or a dass of applkat.ions. \Vl' dplilll' t'ia.-.:s r"!lu!tI1'ily c'J"mdioll

as t.he except.ion of telliplatcs to serve as Iihl'ary eh.·IIlt'nts. sYlll.lH'sis a.nd dl'siAIl lin\\' st.t'ps. tir

aggl'('ga.l.ed design COIHÜl'uds for a.pplications whkh l'xhihit. pal't.irnlar llllifol'llIÏl.,\" and ('Olll·

pal'ableness. This inhcrcnl. rcgulal'it.y in cicSCl'iptiOIl ;uul in dt'si~tl 1lll't.h(}(lull1~Y Shlll1ld IH'

exploit.ed in l'l'GA synthesis t.o flll'nish het.ter Îlllplenwnt.at.ions and l'cd """ d"si~n t.illl",

2.3 FPGAs: Technology of the Times

An cnginccl'Îllg apPl'oach in l'cscal'ch dcma.nds implclllülll.atioll in at!(lit.illll tu 1)1I1'(~ l't'sl'<l.n'h,

One known illlplelllentation of and AnS l'ont l'Olle,' was hy nosclI [!)] whel'" a. IllÎlT,u'on1. roller

was used in conjunction with saille HAM, supporting a da.l.a.pa.l.h, a.l1(l this predsioll or

10 hit.s of dat.a, [n OUI' case, the t.echnology of the Ullles e""ulllhers Fl'<:i\s, VII!)!. ail<1

cOllllllcrcially availahle synthcsis and layout. 1.0ols. Const.ant evolntion of the t.oo1s IllUSt.

follow the archit.ect.ural changes for thelll 1.0 l'elllain usefnl, Onl' or the intents or this thesis

is to t'ccommclld some refinemcnts ta the tools, Il. is also aCl~ept.ed t.!la.t al. puhlishillg date,

ma.ny of t.hc suggestions ma.y a.lready he implcmcllled, IlCWCI' hardwarc st.ructures will cxist.

and new 1.001 versions will be released.

l'l'GAs arc changing the world of ASIC design hy pl'Oviding fast tn1'llal'onnd alld 1It'~IiJ.\i­

hic non-rcclIlTing enginccring costs. Bnt they snffer 1'1'0111 10wcI'iogic dcnsity and spced WIll­

pared ta Masked l'rogmlllmahle Gate Armys (MI'GAs) heeause the pl'OgmnllIHlhle swit<:\ws

nscel for logic configura.tion and routÎlIg ta.ke up marc HIHU:C a.nd prodlH:e hip;lwl' l'llsist.a.ne{lH

a.nd capacit.ances than metetl \Vires,

At present, l'l'GAs have elllerged as the I>revailing solnUon ta the traditional tilllc­

ta-market and risk pl'Oblems in the electronics indnstry, he,,,,"se they provide illlllledi;lt.e

mannfactnring and very law-cast prot.otypes, The final strndlll'e "'UI he dire<:t.ly wnfigured

by the end nser without. the need for IC fabrkation facilities, l'l'GAs wlllhinc thc nser

progr:unllmbility ofa l'rogrammahle Logic ()evke (l'L!)) and the scalahle and f1exihle inter-



• (:/I,\l'T/';U 2. (:O,yT/Wl,U-;U lMI'U-;MJo:N'I~\TJONFUNDAMEN'ml,s

COIIII'·("l. iOIl S1.I'II(:1. \1 re of fi Il ivl PC: i\. Thcsc attri hll I.es fOlIl plCIllCII t. t. he design Cil vi rOlll11Cnt, hy

;dhl\vill~ 1JI1·si1.f~ illlplclllcnl.al.ioll and imlllcdiatc tcstillg in cil.hcr a. workhench tcst-jig or t.he

d('stillation PIII1H·ddpd system. S,Yllthcsb tools cali accollllllodalc design changes for explo­

rat.ion of all.el'nativps ral.hcr quickly so t.hat altcrcci dl'cnits cali he downloadcd in minutes!

and Illllll.iple Îlilplelllelltatiolis cali he tcstcd \vithoul allY additional hardware costs.

Silllilal' tu ASles, FPGAs cali he lIscd fol' SOIllC' highcr dcnsit.y circuit nccds sneh as:

"OllltiOIll iOl!;ic, Aille lagie, interface !luits, cmhcddcd <:01111'ollcl' systems of val'ying lcvcls of

p;ralllliaril.y, smaH 1,0 mediulIl si~cd computing Illachines, a.nd ror decoder or sequencer logie,

1,u li:;!. a. few.

2.3.1 FPGA Classification and Architectures

Ali FI'GA colIsist.R of ail anay of Ill1commit.t.ed elemellt.s t.hat. can be int.erconnected in a.

gl'IH.'I'al way. Ea,ch vendor assumes a proprietary nallle for their two~dimcnsional a.rray com­

ponl'nt.s, hllt. t.hey 'Ill pORsess similar feat.ures: t.hey cont.ain a programmable rout.ing struc­

1,\II'e, t.hey implement multi-levellogic, and they are user-programmable, which characterizes

t.helll as FI'GAs. Logic circuit.s are designcd and rcalized onto FpGAs by partitioning the

lop;ic into individnal logic 1,100;k" and then interconnect.ing t.he blocks throllgh a network of

swit.ches and mlllt.iplexers. The strllct.llre IUld configllrat.ion mechanism of the logie blacks

a.ud t.he iufrrcol!l!ed.iol! .'Csmu'Ces vary grea,tly amongst. the individnal modern day vendors

of (·'l'GAs.

FPGA Tnxonomies

1"0111' majOl" archit.ect.nre classifications exist. for FpGAs. They are: (i) symmetrical array,

(ii) l'ow-based, (iii) hierarchical PLI), and (iv) sea-of-gat.es [21]. FPGAs can additionally

he p;rolll'ed I,,:wrding to t,heir granlliarity and programmability. Commonly used struct.ural

ei;"sificat.ions arc: (i) minnte-grained such as those \Vith transistor-level programmability,

(ii)(a) line-grained: LUT based, (ii)(b) fine-grained: MUX based, (iii) coarse-grained: Logic

Illoek Based (LUT AND MUX) \Vith higher logic densities, and (iv) large-grained: pLD

Based FI'GAs. FpGA families of the above typeR ean be found from respective commercial
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'"<'II dors Sil rh as: (i) (:l'O'"l'oilll Sollltiolls, (iil Xilillx INr" Qlliek Lop;ie, ,\rll'lllIl' .. ('Olll'lll"

1'<'111 Logic, (iii)Xilillx IlIc .. alld (i\') AliNa,

Fitu.'-grailll'd FPGA architectuJ'('s have il larg<' 1I111ll1H'1' of slIIall logir n,Ils. Dut' 1.0 1hl'

highl'I' density of !.hcse Jugie l'clis on olle chip. laI'gel' rOlltillp; challllt'is arp 1Il'('Pssary 1.0 halltllt'

a. massive amolllll of inter-cell t:ollllediolls. Conseq11l'lIt.1y. a. higlwl' IH'1'(·('IIt.a~(' or I.IH' total

arcH. is cOlIsuIllcd by routing lilles l.han with il. larp;e.gl'aiIlPd êlIThil.l,t,1. Il l'l', Lal'g('.gl'aillt'd

FPGAs a.rchitectures have a. smallcr llullIhl'r of logk hlocks a.nd t.hlls ha"t· a. h'ss t1t'IIHt' and

morc lIlallagcahlc routing chanuels pel" chip. Cnnsider 1. il (1 illr:UIIOllS dl'sign I.r;\(!l·oll:-;: l'or

cach advalllagc crcatcd, a. disadvilutagc of sOllle sort will l't'SIIIt.. The alm\'(' art"hit.('dlll't's

a.re ilOt. optimal silll~e il. lixed Ia.rge r;rain structure l'H.lIllot IH~ fully llt.i1i~('d Il,\' t.ht' lIlappill~

softwa.re, The more strict/complkated a design, t.he Jess case lor 1'1111 t1t.i1i~at.i()l1 of t.ht' hlork.

but t.he Icss need for l'outing resali l'ces and duttcring olïllt.(~l'eolllwct.inll "('SOIlI'('('S.

Floorplnns and routing interconnections

Nllmerous 1I00l'pian types exist fol' the layollt of the logic hlocks, \.11<' 1/0 hlneks, \.h" l'x\."a

feat.llres and t.he intcrconnection networks. Saille specilic rea.t.lIl'l~S of l'ionw major FPGA

mallufact.nrel's are shown iu Figure 2,:1. Bo\.h horizoll\.al alld vel'\.ical, as w<'l1 as hiel'<ll'ehi·

cal ('ou1,ing facilitics exist, and vary a.mongst vendonj, Logic hlocks eau nmtaill say :-.impltl

2-inpu\. NAND gates, some are complex, alld colltaill mul\.iplexer, LUT ni' l'LA \.ype 5\.1'1":­

\.1II'es, aud most coutaill !lip-llop l'lemelits to aid iu the implemell\.a\.ioll nf se'lI"'II\.ia.l desigll,

The diversity amongst a collectiou of logic hlock collfigul'<l\.iolls is i11l1s\.ra\.ed ill I-'iglll'e 2A,

Repeated logie blocks of type (a), (c), (e), alld (f) fil. ill\.o \.he ullmerolls 1i(0)f'plall vari,,\.ies,

Lm'ger blocks of type (b) alld (d) cOlltaill smallel' blocks and are dlal'll.cl.erized hy hicl'<ll'­

chieal l'olltiug uetwol'ks such ;L~ those ill figlll'es 2.:I(e) aud (h), Loca\.ed lIeal' \.11<' pel'iphery

alld couuec\.iug to the l'outing ne\.work are 1/0 hlocks, Val'yillg theil' iu\.el'Ilai S\.t'I":\.UI'l'S

and contents, thcy can be analogously diverse amollgst t.he IIUlIlerOllS FPGA vendonj. Theil'

uniqucncss arises from t.he individual hidirectionai, l'f~gistel', slew rate, hOllllda.ry ~call, a.nd

\.ristate capabilities of the blocks, Additiollal detail5 cau be found ill the cot'l".'spnlldillg

FPGA data books.

The t'Outing architectnl'e of ail FI'GA, l'IICOmIHL,sillg both the stl'UC\.lIre and cOII\.ellt. of
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Figure 2.:3: 1;'loorplans and Intcreonneets: (a) Xilinx's Double..Length Lines, (b) Xilinx's
~\djaeent. Single-Length Lines, (e) Actel's Gelleralized Floor Plan of ACT 3 Deviee, (d)
Atmel's Ccll-lo-Ccll and Bus-to·Bus Connections, (e) AT&T's Interquad Routing, (f)
Motoroln's MPA10:36, (g) AT&T's Single PLC View of Inter-PLe R-Nodes and (h)
Altern's FLEX 8000 Deviee lntereonneet Resoufees
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Figure 2.4: FPGA Logic block architectures: (a.) XiHnx'x XC-1000 COllligurahl(~ Logic:
Block, (b) AT&T's SimplHicd FPU Diagram, (c) Actel's S-Module &. C·Module Diagralll
(lop), Motorola's Core ccII (botlom) (d) Altera's Logic Array B10ck (LA n), (e) Altera 's
FLEX 8000 Logic Element (LE) and (f) Atmel's Cdl Structure
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Ilu' illll'ITOIIII(·I'1ÏolI. illl'0IïIOI';llps hot h 1.11(' win' St').!;lIIt'lIts and the programmahle switches.

('ollllllf'J'l'Îally ilvail;l!>!p prll~rallllllahle swi1.clles (,1I1'1'plltly in Wi(' fail inln 1he fnllowillp; fDrllls:

(i) slalÏ<" HA,I ('l'Ils, (ii) allli-rllsI's. (iii) I-:I'HOM IrallsislOI's. all<l (iv) I-:EI'HOM lrallsislors.

1':01('11 S!l:II'I'S COrlllllOIl pl'operl.y l.\\'o-sl.atc cOllriAlll'ahilit.y: 0" and ojT. III (i). programmable

('Olllll'l'liollS al'f' Illa<!f' lISillA palis-transistors. transmission gales. or llIultiplexors whieh arc

1'01111'011".1 hy SHAM Cl'Ils. Th"s" l.I'pI's or l'l'GAs mllsl he "ollligllr,,<1 011 power-llp all<l

('xitibil. a rlllat.ih~ ju'oAl'allllllinA t.edlllology. As a ronseqllellce~ sOIlle kind of permanent

s!.orap,(' 1I1t'c1mnislII mw;!. exisl. in t.he system to charge up the RA~d cclls. Compared to

olhl'r 1I'..hlli'lIl('S, Ihe ..hip area 1'1''1 IIi 1'1'<1 hy Ihe SRAM approa"h is relalh'el.l' large. On

1hl' olhl'" hall<l, h....e is ail l'l'GA which cali he re-conliglll'e<l in circuil Vl'l'y qnkkly. In

(ii). Ih.. allti-rllSe 1l000IIIally l'l'si des ill a high.illlpedance slate bllt "an be f"scd illto a low­

ÎIIIJll'c1alj('(' s1.al.e whcll pl'ogral1llllc(1 hy il. high-volt.age. Lcss m'ca is occtlpicd hut thesc

,\1'(1 cmly olle-l.illlc prognl-llllllahic alld l'cqllÎI'C larger CUITent and \'oltage driving circuits to

pr0l-\I'alll 1111'11I. Ilotb (iii) and (iv) l'xhibit programlllahle ""pahilities with (iv) ollcring in­

cilTllil. l'c-pro~raJnlllahility.

Xilinx Architecture

Xilillx l'l'GAs, 0111' chosen medinlll for implemelliatioll, also known as Logk Cell Arrays

(LCAs). ",msist or ail intel'iol' lIIatrix of logic blocks and a slll'ronnding ring of 1/0 interface

blo..ks. IlIlelTonllect l'l'SOli l'ces OC""PY the dlallllPls between the rows and wlumns of logk

hlo.. ks and hetll'el'lI the logic blocks alld the 1/0 blocks. The wre of the LCA deviee is a

nlal,rix ofi<ll'ntkal wnfigllmble logk blocks (CLDs). Each CLU contains programmable com­

binaliollallogk amI storage l'l'gisters, pennitting the implementation or both combinational

Inl-\k an<l S"'1nl'lltiallogic. The combinational section of the block is capable of implementing

any Iloull'an runcl,ion or its inpnt variables, explainable in terllls or its LUT-filled strncture.

Thr"" rnllcl.ion gl'nemtors, severaI mnltiplexOl's, t.wo !lip-flops with clock enable cireuitry

and asyn<'!lI"ollollS sct/rcsct capabilitics, and carry logic roI' fast il.t'ithmctic operations arc

ail hnns"d in tbe CUls as can be seen in Figure 2.4{a). Interconnect network containing

l1l'ighbol'ing, shOl'l, and long (global) ronting capabilities arc illnstrated in Figures 2.:l(a) and

(h). The rnncl.ions of the LCA confignrable logie blocks, and 1/0 blocks, and their intercon­

1Il,.. I,;OIlS are defined b.l' a eonfignration program stored in a on-chip memory, whieh must be
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loa<1('d 011 IHl\\'pr-lIp. L(,A IH'rformanrp i~ dptt'I'IlIÎtH'd h~' Illt, \ll!!:ir Spt'I't1. slora)..:;l' ,,1t'1I1t'llls.

and progl'allllllahl(\ inlpITOlllll'rts. Thps{' Ihr('(' 1('aI1l1'{'s art' rt11llllltHliy lIst'd III rhartlrlt'l'iZt,

1h<' illdi\'idllal l'l'GA Iyp"s.

2.3.2 FPGA Propitious Technology-speeific Fentures

FI)GA <IIThil.ectul'Ps are taiiored fol' s)'lIrhl'onOIlS applications. with l,ht·il' r1t)('k dist.I'ihlllit)JI

nel.works and Illult.iplicity of regist.ers. In mos!. FPGA:i. (il·(lical.pd glohal !Ip!.\\,or!,s dislrihlltt'

lo\\'·ske\\' docks alld colltrol sigllals I.hrollghollt th<, ana,\', Mali,\' data path appliral.iolls

requin' multiple c1oeks. sn lIlult.iple gloha.1 1I('t,\\'ol'ks on,PII art' pro\"idl'tl !.Il dbl.rihllt.t' IIlllltiJlIt'

docks withont. cOlIsliming ot.he!' roul.ing l'eSOlllTes 01' ÎIlt.rodurÎng durk sk('\\'. Additiollally.

with reghaer rkh ea.pahilil.ies in FPGAs, I-hot enCluling'\ \\'0111<1 ~l'l'Ill 1.0. ;\Il<l <litt in rad

prod Uce vel'y efficien t l'S M rea Iizat.ions fol' t. he l'Ont. roll,,!' exa ml'le.

Similari)'. global set. and reset. nets nsnaH)' are provide,1 t.o <'asily li»'('e ail r<'lJ;ist.<'rs into a

kno\\'n st.,u'l.ing st.at.e, l'l'GA logic hlocks typieally include a llip-liop and "'llll' wmhinat.ioual

logic. This provicles roI' rast. alul eonvcnielll. regisl.el'Îng nr IOj!;k signais. Mail,\' FPC:As alsu

indnd" d<,dieat.ed c1oà·enahle inpnts for the llip-liops ill t.h,' IOIJ;ÎI' ('dis, 'l'he,,' d,'dÎl'atl'd

t'nahle Sigllills permit c10ck cont.I'ol without eOllslImillg vaillahle Ingk ni' l'outillA l'l'solln'ps tir

introducillg additional dela)' illto t.he circllit.. Clock poladty wntrols in these ,1<'vÎl'l's allo\\'

regist.cl's to he indcpendently cOllfigurecl to trigger on the l'ising or falJing edges of t.IH! dCH:k,

again withont cOllsuming oUIet' logic t'CSOIlI'CCS.

\Veighing lhe ahovc, succcss in the domaill of FPGA s'ynthesis rcqllil'(~s dev(~I' 1ll11(1(~ling of

t.he elemellts. 1'\\'0 domains ofhurdles c1assified in [Hl \\'ere applie,1 t.o 1-'I'GAs InatedaJizinlJ;

t.o: (i) the incorporation of realistie l'hysical design details into t.he synt.hesis proce" most.

part.iculariy rontillg delays and LB strucl.ure, and (H) t.he abilit.y t.o eDn'lner t.he <:lllnplexity

of t.he s)'lIt.hesis problem it.self, often resnlting in henrist.i<: tedllli'lues produdlllJ; subopt.inJaI

sol t1 lions 01' exhallstivc scarch t.ccii Iliq lies whkh al'C expcnsi vc· alld ti Ille COIISlllll iIIg.

·1 One rcgistcl' or r1ip-f1op is dcdicatcd to il single statc uf a finit(: :-;tal.e machine. III I.t~nll:-; uf 1~1lt:ll(lillJ.;, Ulil'i
mct.hod is the Icast I"cgister efficient, howe\'cr the logic del.el'lllinin~ :-;I.nl,(: ll"llllsil.ions is Ofl.l~1I simplifier!.
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A lilllil/!! morld, presellt.s a met.hodology t.o calclliate l'ml',,!!,,'iol/ riel"!!,, from illplltS ta Ollt­

p"ts, of silll';le logic hlocks, al';grel';ates of hlocks, and dnsters of aggregates in the respective

FP(;i\s. Exad or lIear exact, timing valllcs cannat. be gencratcd withollt post~la)'out back·

anllotation. lIow(~vcl\ conscrvative cstilllatcs can he calcula.tcd givcn the rcgnlar structure

alld configllrahility of t.he ~'·I'GAs. With modlliar Iihrary sllpport. systems, vendor-specific

timinl'; mudels cali be illdnded. Be it sy"thesis tool or l'l'GA velldor wbo desiglls them,

coIIl'erted efforts are vit.al as is highlight.ed ill Chapter 5, where one cat.ers ta algorithms and

dat.abase management and specification while t.he lat.t.er knows t.he hardware. Combining

t.he twu is IIseflll t.o accllrately model the time delays, connect.ivity, and density of ail the

bllilding blacks in arder t.o calculated the final, overall t.ime delays reslliting from and duc

tu t.llt' pl'ogramnmble nature of the l'l'GA, Developlllent of these models is a research topic

of it.s owu.

!''l'GAs operate at circuit speeds where a complete operation, induding data. set-up and

computation times, can be executed in one dock cycle, unlike with microproccssors where an

upenltioll traditionally takes severai dock cydes of assembler generated code. liencc, l'l'GAs

eompute much faster than pure software functions but wiring and logic delays make them

slowel' than equivalent masked gate arrays, or ASICs. 1I0wever, timing is 'luite predictable

due t.o the Iixed hardware sa that a conservative estimates can be made, simulated and

ult.imn.lely rerIect.ed in the resulting circnitry. ~':)veral models exist for mensuring the delay or

n. cirl:nit, cach of which is heavily depeudent on blocks affiliated with the l'l'GA architecture.

Sinl';h et. ail, [32J, suggest the speed of a circuit implemented in au l'l'GA with given logic

black stl"l1ctl\l'es is a fuuction of the combinational delay of the Logic black, the number of

logic blacks in the critical path, and the delay incurred in the routing betweeu logic blocks. A

rea,,)nable assumption where cach stage of block incurs one logic black delay and one routing

del<I.I', [21], results in a total delay of D'roT = NL X (DLB +On). The number of levels of

logie blacks N" can be determined for each circuit after the technology m~pping step, the

lugie block delays (D',B) arc readily available since the chip is already fabricated, but the

ruu1.ing delays (D Il) arc more difficult ta estimate. It depends on routing architecture, fanout

(C<\.pncitive loads), length of couuectious which are determined by the placement and routing
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or thl' drrllit. Ihl' proCl'SS tl'chllology. alld 1hl' prograllllllillg l<'I'hllology. 'l'hl' Xilillx 1'1'(;,\

is one cxamplc helil.ting slIch t.iming predirl.ions and analysps.

Alternatively_ [30] and [((i] oner t.iming lllodPls hasf.'ll 011 st.l'kh~r l'(lllt.ill~ slrll("I.III'(,S. tht'

rorlller 011 the row-based architel't.lll'e or Al't.eI. alld t.h,' la lit'!' 011 t.h,' hi""ardliral l'LA rorlllal.

or Altera.. lt. is clailllcd in [Hi] t.ha.!. dcvicc-widl' l'otlt.illg pnn'ides pn·tlict.ahll' pprrOl'lllanfP

cn'II in complcx designs, whilc scgmcnt.cd rOIlt.ing rl'qllÎl'l's switdl Ilmt.l'ices 1.0 COlllIl'd il

va.ria.ble IItllllbcr or rOlllÎng paths, incrcasing t.he dclays hctwl'l'n logk l'{'sources alld l'l'dlldng

perrormance. Longer ('otlting dclays \Vith I·cspcct.ivc Re tillle constants V{'l'lillS swit,('h dela.,Vs

is Olle t.I'ade-offto cOllsider, Other models, [J8]. [:la]. alld [21] roclIs 011 thl' divl'I's"iogir hh",k

architecture types and sizcs. Each IIlcthoci of dcla~y IllcaStll'CmclI1. :-lccms 1.0 IlHuid t.h<' In~ic.

blocks alld illterconnect cllpabilities very weil alld lea"s \.0 a high levei or l"OlIlidell"" ill \.h ..

l'csulting timing analyscs from simula.tions a.nd synl.hcsis, yet is Ilot il. dctcl'lltillillg fartol' in

the selectioll or the Fl'CA type roI' implemelltatioll.

2.3.4 Technology Considerations

Space limita.tions and performa.nce dcma.nds rcqllirc integratcd circuit. tcdlllolugy sneh as

ASIe and Fl'CA. Olle \.0 its many advantages, l'l'GAs are excellen\. ror mpid-pl'o\.otypillg

and serve liS a logical star\.illg poillt. Hence the goal of the case s\.lI<1y lIIa\.el'iali"ed \.0

initially reali"ing controllers with asynchrollons featnres Ollto pl'Ogmmntable hardwa.l'e whih,

reserving the optioll to migrate to the dellscr ASICs. Real-tillle cOllstraints wonld still have

\.0 be satislied while maintaining the above lIexibility. Depending 011 \.he \.echllology Il.lId

the manllfactnring process, the gate logic and l'Ontillg delays will vary a.eross ASle-ASIC

boundaries, and FPGA-FPGA boundarics as sccn ahoVe. 1"lIl'thcrmorc, circuit. timings across

different Implementation techllologies, l'l'GA-ASIC, will diflcr l'vell more SO.

Althollgh circuit timing analyzed with l'l'GA simlllators alld syntl",sis \.ools will most

orteil predic\. acccptable resnlts to procce<l with their pl'Ogramming, the correspolldillg timillg

and l'esponses with ASIC technology cannot be gllaranteed. l'nnctiollal validatioll is equitable

bnt timing analyses arc not comparable. While certain clements are predic\.ahle ill l'l'GAs,

some such as parasitic capacitances, rl'sistances, illtercollnect dei:,ys alld loadillg ill ASICs are

not. Worst case delays cali be given for FI'GAs, however the same is Ilot necessarily l,rue with
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ASICS. ""lIre if ASICs are the filial implemelltat.ioll, circuit t.imillg from l'l'GA simulatiolls

al'(' Ilot i1et:Ul'ate cnollgh and rC 4 sillluiatioll of the clltil'c circuit is nceded. In fa.ct, post layont

rhara<:l.eristic: vailles will he lIeeded for the hack allllotatioll alld re-simulat.ion. Even though

the dlTllit will 1II0St likely he fa.•ter, the relat.ive tillling is no longer similar alld functionalit.y

<:;111 fail. Nonetheless, an alt.ernative exists bnt it bears drawbacks. Predictability can be

arhieved 1.0 a certaill degrec if the circnit is completely synchronons. Snch circuit.s are

11101'0 easily trallsferable, process and technology-wise, thall asynchronous circnits. Given

the natllre of the FpGA afl,hitectnre, mnch of the asynchronous clements will have to be

sYIH,hronized to ensure correct fnnctionality and predictable behavior shonld ASIC migration

he a potential route in the implementation phase.

2.4 VHDL for Design Entry

For high·deusity l'l'GA designs, gate-Ievel entry tools often arc cumbersome, and the use

of logic:, IlTL, or high-Ievel synthesis and high level description languages (HDLs), such

as VII DL or Vel'Îlog, can raise designer productivity [54]. Simnlation of HDL descriptions

(""1 test alt.ernative decisions carly in the design cycle and can hence refine specification.

Additionally, with design changes facilitated, more extensive experimeutation and trade-off

exploration in the architectnral design are permitted. Elements which deserve attention

while reviewing VIIDL synthesis issues arc:

• 'l'he synthesizable subset

• lIelmvioral versns structural encoding advantages

• 'l'hue 1.0 nlitrket versns design specifications

• Arca versns timing tradeoffs

• 1I0w 1.0 design with VUDL for controller applications, (hints for good syntax dependent
synthesis)

• Limitations/cl\pabilities of VHDL language, synthesis and layout tools.

VIIDL was chosen for design entry due 1.0 its ability 1.0 accept hierarchical design inpnt

sJlecifkations, and capture designs al. various levels of abstraction permitting both behavioral

and structural specifications. These can be expressed through sequential and concurrent
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:-;t.al.elllt'Ilt.s. "(,Slll'ct.i\,ply. Encodillg ran Ill' alp;ol'ithlllÎ(' (Iu'hilyjol'al) 01' il. cali IH' st.l'lIrl.ul'al

(registOl" h'I'e1 ancl sch"lIIati<: lik". with CDlllpolll'nt instan\.ial.ionsl. In addi\.ion. VII ilL ran

adequat.ely ll10del conclIl'l'l'Ilt.ly l'xccllt.ing pI'0('('liS0S. il IH-'('(\S:-iary rl'atl1l'l' fol' l'l'liahilit..v chpcks

and fol' hanlwal'P desc1'Îpt.ioIlS ",hel'(.' Iilll'~ alld (,O:ll'S(·-p;l'i.lin pal'a.lll'liHIIl t'xis!. alltl IIIIISI. Ill'

l'l'alizcd expressly.

Pl'ocesscs were cmployed whl'I'cvl'I' possihle as t.hey a.re a. nat.ura\ st.a.rtillp; puint. of hi~h­

I('"cl synthcsis. They arc dcscrihed wit.h scqllcntiaJ sl.a.t.elnCllt.~ and illlpl't'ss hiRIH'1' le\'('ls

of design cntl'Y. 13lod~s cont.aill concurrent. stat.elllcnts a.nd il1lpn~sH Iower st.rllci.lIl'pti 1(~V(lIH

of design cnt.ry. As with any lcxlual design desrriplioll, rel't.aill ellrodill~s pl'udnrl' mul'p

opt.imal implementations. Weil IVriUen VIIDL l'Ode for sillllllat.ion. may nut. hl' su IIsdnl fm

synthesis. The pros and cons of 10IV and high level VII DL, IVhkh ell't'div"'y t.l"anslat.<'s t.o t.h..

calling of 10IV alld high level synthesis pl"Ocedllres, respedi""ly, mnst. h" IVdgllL'd. SYIlt.I",sis

of st.ructural descriptions is less amhignDns, more pl'cdidablp and helH:c Jess Ume ('ol1sn1l1illg,

algorit.hmically speaking. Uehavioml descriptions are le" predidahle, not. as <'!lic\ent., hllt.

portable across technologies, often more readable, and casier for t.he dcsigtlel' t.u ennuie.

2.5 Evaluation of Synthesis Quality

Benchmarking, 'lnantifying the area ntilization and rnntime of hlocks, aggl·egat.e hlOl:ks alld

syst.ems through simulatiou or execntion, circuits for performance lIIeasnr"s is a dassiml IVay

ta compare hardware. Design methodologies are not sa ea.'y ta evalnat.e and their 1It.i1izat.ion

on different technologies is further difficnlt ta gange and eqnate. One of t.he Iirsl analysis

of design methodologies known ta date, appeared in 198:1 undel' Ohn,hska ['12]. Severai

methodologies were presented and compared in the design of control parts of microproce"urs

where layant 'lnality and facilitation of the designers' tasks ranked in import.ance. The

term Usynthesis" scarccly existed yet the underlying rcquircmcllts, goals and t.hcorics wcrc

present. Design methodologies were weighted on efficiency in lerms of hardware cost., which

was delined as a function of the total area, design tillle, and performance. Design time w;.,

estinmted based on the percentage of structnres which conld he generated automatically Iike

ROMs or PLAs, and was labeled [Jcrcenll/ye reyul""ily fl/ctor·. Today synthesis tools III Il st
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halldh' IliallY 11101'«' stl'lIcl.III'C'S ami wurk a.l regulal'ity fadol's of clos(~ 1.0 100% silice ol.hcl'wisc

l.Iu' dl'siA"\ illlp!f'IIIf'lIl.al.ioll \\'ollid Ilot he alltolllal.ÎC'ally gCllcl'at.ed.

AIlI)t1If~1' dHIi('ull.y for achiC'vÎlIg eqllit.ahle eOIlIf>ilI'boIlS a.riseR 1'1'0111 the diverse lIaturc of

FPGA l.('chlloIClgy. CUI'I'l'lIt1y il. is vh!wed that, to crl"edivt'!y compa.re t.echnologies is ta syn­

t1lf'siz(' 1.1)(' sallH! top Icvd dC!iign specificatioll, f(~lîortillg: 1.0 gellcl'ic lllo<1cliug if lIeCCSRël.I'Y, \Vith

th" ,Iif",,,,,"t sYllthesis tools. 'l'hulIAh the FPGA '"Thiledlll'"s alld sy"thesis algorithms will

1,,· si!\lIifiealll.ly divel's", 110 l'Ilstomizatiolls shollid he allowed 1.0 bettel' the I·esults. Ilowever,

th" i,lell l 'lIId d"si red approadi of fi IIdi ug a <:ommoll VIl D)' su bset may IHove impossible aud

il.s illrlllsiolls lIlay he sOl1wwlmt hial'lcd. Tcehnology specifie fcattll'cs will Dnly be ntili?c<!

if th" v"lIdol' specifie sy"tl",sis algol"ithms <:au realize th cm fwm the VIID), st,utillg poillt.

A di:mdv<l.IIt.Hg:l' 1'1'0111 a 1.001 dcyclopel"l'i viewpoint5 , but an appl'eciablc advillltage from il

d"si!\lIl'r's pl'l"spl'cl.ive aTise. In fa<:t, a <:nl"l"ent set of FPGA qnalifiers, the pREpTM bench­

marks at.t.empt. t.o measure the 1It.i1ization alld implementation of a Iist of sperified dr<:uits.

1I01V1'1'CI", t.he eilTnits IVI'I'e realized by t.he vendol's t.hemselves exploiting their features 1.0

t.hl' fllllest. not ne<:essarily IIsing their synthesis algorithms and VnDL encoding, predllding

t.hl' nl'iginal intent. of nllhiased implementation comparisons, leaving their worth somewhat

pn'judicl'd and qllestionahle. If, on t.he other hand, a genel'i<: VnDL description was used

allli sy"t.hesizl'd 011 t.hl' individual ar<:hitednres, wmlHu'isons of the l'ealizations would he

illlill"lnllt.ive. nOlVever, this is on<:e more <:hallellged, as some of the <:nstol1lized features will

not. he l'xploited duc t.o VnDL enwding limitations or vendor 1.001 statns.

2.6 'l'estability Measures

ülf t.he shelf, progr:uumahle FpGAs prednde designing tests for l1lauufa<:turing fanlts, in

t.heir d,'sign and field environments", fnlld,unental in ASIes and full custom dlips, yet admit

t.he lICl'd for t.ests for field reliability. A snbset of <:riteria for evaluation of the qnality of

t.l'st.ahilit.y indndes some of the follolVing: the area overhead and the performance degradation

~'Thl!:o' will he forccd 1.0 dc\'clop t.ools cxp!oiting t.heir proprictf\ry fef\tures while cf\tering to some generie
plal.fol'm which will Iikcl)' be ilI.speciricd in their Cl'CS clil1lillf\tÎng the ease of adding "patehes" which arc
mmll10n fol' cust,omizing softwf\re

IIFPGA llie IUcmufaei,ul"illg, logie and illt.creonnects are tcstcd by t.he manufacturing when the wafen; arc
l:t't!att!d
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illl'III'I'l'd h,l' ('Xl ra ci l'l'II Ît 1',1'.1 h,' l'l'al'1 iOIl nI' l'ail 11 S/I'II 1Il'1 iOllalil,l' Il'SI('d/l'()\'l'I'l'd h)' 1h" cil'l'Ilii l')',

alld Ihl' dl'sip;1I lillll' l'nI' ils illlpit'IIIl'lIlalinll. ,\ddiliollall,l'. 1hl' lillll' 1'<'l(lIil'<'d 10 app1)' thl'

tt'St.s. 1.IlP applicahility t.n a Al'IlPl'al c1a:-;s of s~·sl('lIIs. ami {hl' ll'('hllol()~ical illdt'IH\lHll'lll'l' ail

("ollt,l'ihIlI.P 1.0 t.ht' !Iwl'i1.s of il Ipst.a.hlp dl'sip;lI. S{'ction ;\.·1 rUl'uishl's addiliollal dPl.ails .
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Chapter 3

Control1er and FPGA Design
Considerations

'l'hl..' ('ollstalltly evolving design characteristics alld system variables, and the nccd fol' in­

",1'"1.<'11I (elllh,',lded) te"t.ing pl'Ovides jnstificnt.ion fOI' t.he design of a controllel' application

ont.o l'l'GA t.echnolog,l', The al'ailahilit.,I' of fast prot.ot,l'ping aud progmnllnable capabili­

ti<'S of ),'l'GA t.echnolog,l' oriel' a favomhle d,l'ad, VIIDL design specifications as opposed

1.0 sC'llelllatic (,1It.)'y implica.tc highel' Icvcl synthcsis techniques whcrc the implcmcntation

"","ihilit.,I' can he detel'tuined, This stnd,l' is likel,l' 1.0 open nI' a high lel'ei of automated

d<,sign lIIet.hodolog,l' fOI' safet,l' critical applications with real-time constmints, ln this chap­

1.<'1' d,,"ign considemtions, in context of VIIDL fol' design entr,l' and l'l'GA technology fol'

implenl<'nt.ation, al'" elabomted npon, The generic design rlow diagmm of Chaptel' 2 has

h,'"n inst.antiated to a Xilinx l'l'GA design rlow,

3.1 Requirements for Optimal Controller Oesign

l'l'GA l'ealizat.ion of cont.roller type applicat.ions is dl'il'en by several objectives, Many are

qnalifie" a" engineering issnes and mnst therefore be soll'cd 01' concluded upon aftel' the

re"eal'ch and experimentation, A wish-list. follows:

• Ilapid prot.ot.yping feasibilit,l' - easily altemble designs and embedded testing,

33
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• Hl'ai-tilllt' \'alidaliolls - eall 1.111' han!wan' ('t'Spoilli 10 iUJlUI p\'t'1l1s. t'xplirilly. III thl'
ras\t'st. rat.(' or cha1l1.V' or t Ill' input \'alll<':"'. wllich ilsplr is hip;hl~' s,\'slt'1l1 .\Ill! applkal,iull

spl'('Hi<' ,

• Para 111('1.('1' Jll'ogl'a IIllllahll' - pasily ada pl.a hl(' t.u pa l'ôllllpl rÎt' ait t'l'a t iOlls il IId l'ha lI~illP;

s,\'sl l'Ill ''(\.l'jahles.

• Fi<,ld IIp'';I'a<ieahle 4 ean t.ht' Îlllpll'lIIt'lIt.atioll Ill' alh'I'l't1 in il.s t'1lI1H'ddpd syslt'Ill wit.hollt
having tu Înstall il Ile\\' ('OIllPOIH-'IIt. 01' 1'(-'\'('1'1 ln a IIl'\\' lIIallllfarllll'Îllp; pt'odud.

• E1'I'0I' eon'l'ding! rall1t, t.nlemut..

• Sl'If-I.l'sl.ing,

• Compact, Ume erridenl..

• El'I'o!' deteetioll, syst.em shlltdowll capahility

• SaIel.y - hol.h frol1l l'l'liahilil.y and hnl1lan sall'I.y \'il'II' point s,

III addition ta the ahovc set of goa.ls, theil' evaluatioll rl"Î1.eria. t!pservp a l.l.1'1I l.ioll. Sl'\'­

eral merits of CAl) tool lisage for design a.nd illlplelllelll.at.ioll 011 FPGA teehllology (';l.II hl'

llIl'asllred hy their ahility to excel il! some, 01" ail, of the follnwitlg e\'allla.l.ioll rritt'ria.:

• I~xp\oil.al.ion of I.echnology (the diflel'ent. FI'GA al'chite<:tlll'es, \ogi<' hlllcks)

• Hapid protol.yping raciliUes (imperative fOI' il'/,Ir!I"'"llli"" jilll:-fullill!l)

• Arca versns timing t.radeofrs

• Designer synthesis vel'sus 1.00\ synl.hesis I.radeolfs

• ToDI capabilitics fl'olll a. I"cal-time implemclltation pm'spm:t.ivc

inpnl. sampie rates: snrricienl.ly high

ca\cnlations: surricienl.ly rasl.

Dntpnt rcsnlts: adcqna.tc l'CSpOIlSC tÎllles d(!!H.mdclIl 011 the applka.l.ioll.

safety criticality of the conl.rollel' syst.em.

3.2 FPGA 1Jesign Flow

l'recluding final implement.at.ion and focusing on a prot.ol.ype implmnental.ion where t.he

t.echnology is known, t.he generic design f10w ;L~ depicted in Figure 2,2 <:an he <:nsl.omizecl
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ln 1h" Xiii IIX d"si).\11 /low as d, Fi[\lIl'e :1.1. Commellci IIg wil h a VIl DL des"ri plioll, 1he

sYlllh"sjo platJol'm fo/lowed illitial1y pl'odll"ed a list ofgelleric l'l'GA CLUs alld lOBs, takillg

SfJlIIf' d('sj~1I <:ollsl.l'aint.s illl.o cOllfiideration. ThcHe \Vere slIbsequcntly trê\.nslatcd 1.0 logically

(>{lllivalell1. primitive comhinatiollal, SCCJIH~IIt.ial, ftlld tristatc gales from Synopsys' defined

V"l'si<H1 ofaXilillx l'l'GA techllology specific libral'Y. The l'esllitillg lIetlist, ill ".xllf" fOl'mat t

was Ihell IIsed by l'l'GA velldOl"s (Xilillx') l'Iacemellt, l'al'titioll alld ROllte (l'PH.) Tools

fol' ail XC·IOIO implemell\,atioll. COllse'lllelltly, it was dctNmilled that the SYllopsys-XACT

layollt W'LS Ilot a direct techllology dl'ivell path, as the ".xllf" files wel'e created. Hence, l'l'GA

CLII c1l1ste1'Ïng and implementation before the ,'cplace_fpya command, will not necessarily

he pl'csel'ved. A transformation to logic gates a.ftel' l'l'GA synthesis, whel'e CLB and lOB

pl'ogJ'a.lJllllillt~ W(~rc prcviollsly crcatcd, \Vas rcqllired, distallcing the router from clustcring

and inp"t desi[\n constraints. Fcll'tllnately thollgh, some hard macros2 were and can be

pa!iscd in t.he ".xuf file" format.

3.3 VHDL Constructs

Wit.h an appetite 1.0 snbstantiate highet' levels of design entry, the VHDL 1"'Ocr..~s and its

rOl'l'esponding se'lllentiai statemellts were IIsed wherevel' possible in the description of the

l'OlItl'ol\el'. Similar research by Glltberlet alld Rosellstiel, [4,1], illvolving high level sYllthesis

ami algol'ithmic specificatiolls also advocates process statement IItilization. The resllitillg

tnt'[\et system architect11l'e is t,hell composed of interacting hardware proeesses in which com­

mnnieat.ioll is achieved IIsing signais connecting the control units and the data paths. For

pllrl'!y synchronons designs, this commnnication can be embedded withill the process de­

slTiption where the nser can explicitly describe the commnnication nsing standard VlIDL

ronstl'ltrts which force events (l'cali, wl'ite, calcnlate, set, l'eset) on correct c10ck cycles. When

<:Dmmllnicat.ing processes are not synchronous, a specific set of Pl'otocols to achieve synchro­

nizal,iou of the interacting designs is l'.eeded. There are two basic methods for achieving this

"ynchronization: "lmred medinm and message passing [38]. In VHDL the former becomes

interwnnections between pmcesses via straight port descriptions. In the latter, primitives

1t.hiJo' .xnf nctlit't file docs not support CLUs and lOBs but. rathcl' inc1udcs a small subsct of primitive
gat.es, and some hard macros, ADSU 16 and ADSU8.
. 1V(~ndor specifie blacks with specifie functionalit)' and prcdictaùl~ OLB utilization and some routing
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Figure 3.1: Design flow for VHDL design Rnd illlplüllIülltatioll lISillg Xilinx FPGAs

are used 1,0 describeand cOlltrol the synchronhmtion betweün cOIllIIIllllÎcatillg procei'ii'i<.'S.

A subset of prefemble alld l'ensable VIIDL cncoding styles fur intcr-process Wllllllullit:a.­

tiou are inc1udec1 below. Theil' syutactic forlll is bcnclicial fol' FPGA types whkh exhihil.

buHt-in dock ella.ble drcnitl'Y. A typical VII DL control for ('xccution of ;1, fllnctiollal hlock

follows:

process:

wait until (enable='l'):
initialize some signaIs;
initialize some variables;
may or may not vant to synchronize to a signal;
do vork, calculations:
(re)assign signaIs;
(re)assign variables;

end process;

A typical situation where one process cxhibits cOlltro1 ovcr another pror.css ifi c1cmoll-
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slratpci ily t.IlP VIIDL ('ode hdow. Olle process eau he IIHlSI.CI' o\'el' ail oUter. IlIiillg wait

stal.f' III f!Il1.S.

process;

initializc sorne signaIs; initlalizc sorne variables;
do York;
set slave_cntrl_job_enable;
\lait slave_cntrl_job_complete;
do York:
(re)assign signalsi (re)assign variables;

end procees:

A typkal handshaking example betwccn processes, each of which drives the intercommu­

nicatioll signais, is outlined for a general case. Cnstomization is stralghtforward and merely

follows snit.

proceS8;

set rcsource_request;
uait for rcsour~e_acki

use resource;
resot resource_requestsi -- release resource
walt for rosourcc_ack_off:
(or wait for a clock avent ta synchronize this process:)

end procees;

Ca.I'e mnst be taken when employing the above vnDL construct sa as 1.0 avoid an ac­

ddl!lltal a.nd nnwanted dcml/ock situation, where twn processes reach ;t point in time where

thcy mnst wait for each other. Additionally, aside from llandshaking, the WA TT statement

l'an aid in the creation of a control now for the design. Averages can be calculated over many

dock cydes easily with the WAITstatement. Additionally, time or event durations can be

synthesized with Ir1lllti[>le, consecntive nses of a wait statement.

3.4 The Testable Design

One pnrl'0se of int.egrated cirruit testing is to reject those parts that do not functiou due to

imperfect.ions in the nlanufact.uring process. Since SRAM FPGA [>rogralllming is reversiblc3,

Jl"cpct.iti\'c apl.ions ta laad bath 0 and l iuta cach mcmory ccli pcrll1itting circuit modifications
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1hl' FPG:\ rail and should 1)(' tt'slpd al. tlll' faelm'.\' 10 ('IISIII'(' 1hal il b ('01'1'('1'1 1'l'p.anl1l'ss nI'

t1w (>l'ogl'HlIlIlliug pat.t.l'I'II. 'l'h('I'(,1'01'(', 1.1((1 part. dol's lIol !'('(l'lil'\' h·st.inp. part (in t hl' lIslial

1(' Ipl'llIinology) l'al' l'i!ch dpsip;n illlpit'III('lItl'd 011 il IIH' fartot'~· (l'still!!: Aual':lIII l't'S thal tht'

1)(11'1 will \\'01'1\ l'egal'dless or Iht' pl'ogralllilliup;. Thh; pI'Opl'I'1.~' still hold:; n'~anlll'ss of th(' :->iz('

or Ih<' l'l'GA. \11 ral't.• mosl. Xilillx. AII.<'l'a. AI.Ill<'1. Al'I<,I. <,Il'. riaim 100% rallli l'IlI'(,l'a)';<'.

:\lIol.h('1' aspel't. of t.est.illg t1eals wit.h l'l'!iahilily. Sl'fUI'ÎI..\'. and 11It' t'irclIit's l'p;ll'tiull 10

l'I'I'QI' del.t'ct.ioll. lt is almust impossihle ilOt. t.u ha\'{' rault,s SOIlll'wlu\J'(' in a sY:"'II'IIl. ht' il

in the fOllll'oller it.self 01' in t.he surl'ollllding t'k'l1Il'Ilt.S, al. ail." gi\'l'll tillH', A 1'1lIldaIlH'ul.al

pl'oh1<.'m in est.ima.t.ing l'eliahilit.y is whet.ht'I' a sys!.t'III will fllllrl-ÎolI in n pn'srrihl'd 1111111 Il l'l' ill

a giVl~n cn vi l'onlllent for a gi\'en pcl'Îmi of ti Ille [5], Thl'I't' al'l'ilia Il,\' solutiollS to raul l.-l.olc'J'il Il t.

and deteet.ioll circuit.s, Olll' solution wOllld he t.o (luplirHl.p t.he dl'fUÎt. ;ltld in l'Olllpal';ltivt'

dlTlIÎtI'Y a.nd busing fOI' t.he illterc~onnediolls and arri\'t' at. a sl'!r-dH'ddn~ (·Î1Tlli1. wit.h 11101'('

t.hnll L10% o\'cl'head. Ail altel'I\ntive proposed in l.his thl'sis, is tu illlpll'lIIt'llt a paltial sulution

elllploying a selr-testing l'aIne injecl.ioll cil'enit. dl'sl'I'ih<,d in Cha.ptel' ·1, S"l'lion ,(.(.,(.

A l'cIHaining al'ca. fol' tcsting ari:'ies whclI design cOlllplt'xities illl.l'nsil:v I)l'yontl sill~11'

cOlllpollellt8 to boards~ sets of bOHl'ds and systems. IIlt.el'l'OIlIlCl't.S, rOlltill~, l.illlill~, tll'Î\'c~

capabilitics~ and shOl-t circuits can lead to filUlty operation evell if the ICs I.ht'lIIsP!\'ps iU'1'

ranlt. l'l'cc. ln addit.ion to the testability l'OnCel'IIS l'or hieral'l'hieal sysl.<'1II d"si)';lIs snch as

l.hese, pa.rticulal' timc-sequclltia.1 tcstability eoncel'IIS surface with PC:As, COllsiclt'r 1.Iw nit­

turc of progra.mmable dcviccs whep it Cailles ta hoard tCl'it.s, 'l'heÎ1' lo~Ît: il'i cha.lI~f~a.hle alld

pl'epa.ra.tion of tests for sueh eompollcnts 1Il1lst he t1dèly(~d for the t1I1I'at.ioll of l.h(IHP changl's,

Confnsion alld diagnostic difficlllt.ies cansed by bmml fanlts cali mise fl'OlIl I.h<' th ne the h''''I'<I

is po\Vel'ed np, to the time the pl'ogmmllmhle chip has settled.

A pal'tial solntion \Vith a .Ioint Test Action Gronp (.l'I'I\G) Ilonndal'y-Scall 'l'csl. (IIS'I')

èll'chitcctUI'C'1 ca.n 1.>e applicd ta onc case, but provitlillg tcstability ovcz' tillw illtcl'vals is Ilot

straightfol'lval'd. Wlten il. comes to testing these field pl'Ogmmmahle cl<'nIenl.s, t.wo dCl'ke

t.ypes cxist: (i) l,hose that hal'e no pl'e·defined logie and (H) those that. hal'e a small amollnt.

of logie bnilt in, and cel'tain 1/0 pins assigned, and I.hl'ee methodologies exist.: (i) ine!nsioll

4\'Vhich allows thc isolation of a dC\'Îcc's intentai circuill'Y fl'om its 1/0 circllitry wil.h the ÎIIl.l!UI. I.hat .ITAG
boundal'y-scnn tcsling can olfer the capnbilil,y 1,0 efficielltly lest (:()lIIporlt~nts 011 circuit hoards wil.h l.iglll. Il~ad

spacing,
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of ,ITAC: ilS f""IIIrl's. (ii) "" illclilsioli alld (iii) power-III' inclnsioll with no·inclnsion dnring

Opf'I'al,ioll. 'l'h('J'(~ al'C~ 'Id\'alltap.;es/disadvalllages in each type. 'l'hast' tha1. have 110 pre-deHucd

Ill~ic"' rail i1lways 1)(> IH·op.;rilllIIlH~d 1.0 Înclude 1>olllld.lry seau lagie. but. I.hC'n~ not. ail logic

""Ils will hl' frl'l' 10 illlpll'lIIl'nl Ihl' inlended design for Ihe le. Otherwise the l'l'GA can be

pl'ol';l'alnlll,,,1 t.wi,'(' with .ITAG feat.nres loaded fil'st. and the le design implementation loaded

dllrinl'; ol"'I'at.ioli olfering no snbseqllent. test.ahilit.y options nnless power down. 1I0wevcr.

add('d circuit.ry, t'on 1. 1'01 and IIICIIlOl'Y lo support two FPGA programmîng is l'cquired and

1111' sl'condal''y progl'a.lllmat.ion of t.he chip is not t.esl,ed. On t.1ll' ot.her hand. a hard-coded.

honllliary sran lol';ic in a small area of t.he chip. and in t.he 1/0 blocks. can l'ednce t.he area

t.akl'n fOI' ilS and t.hns offers more logic blocks for the int.ended circnit. Bnt. some l'l'GA

an'a is remDvl'd reslIlt.ing in fl'wer overall gales pel' dico

Some FI'GAs offer bnilt in hardware [20]. [W]. ot.hers don·t. bnt. pl'ovide applicat.ion not.es

on .l'l'AG impll'ment.at.ion indicating t.hat. t.he cast. of t.he added cil'cuitry is not. just.ifiable as

t.heil' l'esonl'<'es become deplet.ed and t.he performance degl'adation is not worth the ,JTAG

impll'lIIentation. Xilinx's XC4005, contains a hard-codcd boundal'y-scan facilit,Y. Il contains

a hanl-coded Il,I!l.l shell comprising of a TAI>, an "[nstruct.ion Itegister" and a "Bypass

Ill'gist.er" snperimposed on the IC infrastructnre. What remains to be added is the "Bonud­

al'Y Ilegister" itself, which is made part of the [/0 blocks. The idea is 1.0 have a resnlting

l'Onfignl'a.tion which is that of a 11·19.1 compliant component. In addition to Xilinx, bath

Alt.era and Crosspoint carry snpport in their latest programmable devices, fol' the .JTAG

hOlllldary t.est. scan sta.ndard.

3.4.1 Fault-Detecting and Fault-Tolerant Designs

There exist many techniques to construct fault-tolerant and fault-detecting systems, a few

al'e listed helow:

• "'i/J/c 11/01/111</1' l'CI/wu/alley ('l'Mit) \Vith three of the same modules where the result can
he <Ill average of all three or it can be the majority value (2 out of 3).

• N-II/odu/e l'CdullI/alley (NMIt), a generalization of the TRM for N-modules,

• dllp/cx -,y,<lclll, where a single back np unit exists and their results arc compared.

• bidllp/ex -,y-,lclIl, a double dupleX system \Vhere two sets of two operation results are
muqi.1red and four modules arc required.
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Of II10S('. indh'idual rllstOlnizalions an' possihll'. :\ Illismatrh al ail 01ltp111 sl.a~(' fall

t.riggel" an ('l'l'or f1ag whirh llIay shnt. t.hp <'utin' systt'lll dO\\'1l or just. thl' l'ault-y 1110<1 Il Il'. lu

l!H.' rasC' of only tWQ modules. 111(-' failli." uuit. II111St. Iir:;\. Ill' dph'l'milll'd. :\ hark·l1p s,\'sl-\'l1I

Illay or ma,\' ilOt. thcll l'estime :-;,\'sl.cm operatioll. 'l'wo m:du t.yp{'s of f:lults l'Xi:-il.: pl'l'llI:llH'll1

and illtrol'mittcnl. Int.ermittent fault.s cali he rOl'l'l'cl.{'d ",it,h a TM R sysl('11\ \\,11('1'(' Uu' syst,{'lIl

l'l:!sponsC' assnmes majority l'l'stllt. Permanent. raults Illllst. :-ihul t.1ll' sysl.1'11I do",n or ('psorl 1.0

a. hackllJ> unit.

Vital to Cüutrollcr systcms is iuclusiou of surh cirruitry which is j"i/",,· I"kll/III. Au

('1"1'01' of all'y kind must be dctect.cd, and the syst.clll must l'l'spolld iH:conlingiy :-iO tha!. rlll'-

1hcr ma Ifuucl.ious do not ot:t:n r prod uci ng hazardous consequcnce,;, Faull.s (IV hkh al. 1. hl'il·

lo\vc:-it levcl cali he modelcd as ."111u:k~(lt~() and ,"1/'Ud:~(lt.1) Illllst eiLlwl' he COI1lIH~Il~aültl or

cflcct system shnt·down. As with aU tcstahlc systcms, I.his also applics 1.0 the lop;k ",hkh

pCrfOl'lllS thc system fnuctiona.Iity. In thc AilS, a f/lIl'/ex ,'ys/ml is ,'mplo,l'ed wit.honl. the

added ovcrhead of module duplicity. The appl'Oa<.'l1 ta.ken wa:-i tu eXllloit illl.cgl'att~d t'Ïrc:lIÎ1.

spccd of opcration and pCrfOl'lll comparïsous al, dWcl'cnt I.ime inl.el'vals iu lien of simnll.ane­

ous output matching. Hardwarc timc-sharing aud addcd control and sl.OI'ap;c logk I.n 1.1'sl.

the fllnctiona.lity \Vith previously stored vaincs was iucol'poraled iuto t.he :;peeilira.l.ÏolI roI'

I.hc AilS dcsign. Fault dctccl.iou hcra.mc availahlc, however it.s I.olcl'a.uce would 1", Iimit.,'d

to H. certain ctTor margin rcsulting from the calclliatiom; thcmsclvcH. As a l'c~H1II., if the 01'1'01'

was large cuough, the systcm would shut itsclf down aud rcqncst maiul.cnaut:<', 'l'he ol>l.ion

of a hack up unit docs exist, ,l'ct was not implcmcnted duc to thc original specifkal.ion of

l'l'GA rcsonrcc limitations (a rcstriction as limitcd hy this ,,,.,«, sl.udy and uol. hy the AilS

emhcddcd cnvironmcnt, informatiou of whkh was not knowu).

3.4.2 Test Circuitry Evaluation Criteria

,Just as thc dcsign, thc mcthodologics, and thc pcrformancc nndcrgo jndgmeul., I.hc mcril.s of

test circuitry can be cvaluated by consideration or the following criteria.. This Iist CIlIlIIICr;l.tnH

a possihlc sct of paralllctcrs which can I~c uscd to cvaluatc thc ovcn,1l quality of a given hnill.·

i:l sclf-I.cstiug, sclf-diagnosiug circnit desigu .

• Arca overhead iucurrcd hy the extra circuitl'y,

• Effcct of cxtra circuitry on pcrformaucc of thc original circnit.
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• IÏlIlt' 1"('<jllin-c1 1.0 apply l.'~sts and perrorlll the diap,no!iis.

• EII~irH'(lr\i dt·sigll titllP reqllirpd to illlpielllC'llt self-telit ovcrhead.

• 'l'hl' fradion of fanlto localed hy huilt-iu oelf-diagnoob

• 'l'Ill' .w:/f-I('.,ltlbilil!J of l'xtra circuitry whirh performo the self diagnooio

• 'l'hl' f1l'xihility of design with r"opect 1.0 the following i"ueo:

Illdepclidence of the fahrication l.echnology uscc!

Ahility 1.0 arcolllluodate 1.0 lIew and differellt fault types as the terhllology l'volves
Cllld

Applicahility with minOl' chauges 1.0 dHrer"nl. I.yp"s of FPGAs such as those which
are PLA, nallti, or III Il X hascd.

• Lellgth of lhe tcsting sequence and the fault co\'erage.

'l'h,, 1."01. o"(lu"nce length determines the I.Îm" required 1.0 test the actual device, Fault

('()v"rag" io d"lined as the percentage of ail faults del.ected given that the faults could exist,

hy the verton; in the test sequence.

3.5 Design Procedures

I\nOlvledge of the design process was acquired hy selecting a specific controller example and

prllgn'ooing throngh the steps from design specification 1.0 implementation. The nature of

an "nginccl'ing control·design prohlem can h" split into seven stages accOl'ding 1.0 Houpis

and L:l.lnont [2]. 'l'he steps originally referred 1.0 a software solution but can be applied for

hal'dwal'" solutions, FOIII' have heen assimilated here fOI' their direct applicability while the

thil'(l e1eml'nt in the Iist was app"nded for its bendit towards hardware implementation. The

laot two ;"crib" particnlarly 1.0 the work which produccd seveml of the design methodologies

ftlVcl'ed in Hubscqncllt chaptcrs.

1. Esl,ahlish a set of performance specifications rclating system inpnt 1.0 ontput based
upon given criteria (tmcking response, sensitivity 1.0 system variations/uncertainties,
l'tC. ).

2, Genl'I'ate a Iinear model that describes the basic 01' original physical system.

:l, Exploit availahle Compnter Aided System Tcchnology (CAST), 1.0 help formulate the
im plementation specifications.

.1. Simnlal,e the ovcmll control system, ilemlill!J the design nntil performance specifica­
tions arc achicvcd.
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IL El1lulat<'. t.cst.. and ;/tTU/t' tlll' illlpll'llH'lIl<'ci dl'sigll. 'lh'hnÏl'al kllt)\\'It'd~t' or fOllll'll\­

pOl'cH)' digital hardwan' and soflwan' :tl'fhih'rlul't's has nilkal illllllt'Ilfl' OH t'ost and
l'C'al-lillll' operation.

FPGA technology is very \\'ell adapl.l'c1 1.0 step Tl, and 0111' ("(lIll,rol pl'ohll'lIl rail lU' :-illlll­

marizcci 1,0 t.hat of c1csigning the system to oht.ain thl' dl'sirpd pt'l'l'ormallfl'. 'l'hl' ..::y"lIl1'... is

ufJprofli.'h (~mbodic5 an Ï1.crativl' design 1)('O('('<lnl"('. ll1it.ial a.t.t.<'lllpt.s IH'l'IllÎI. 1hl' !.uols l'rom

SynopsiH. t.o pcrform the synt.hesis for hardware "('aliz.il.ioll :lIId l'onfnl'lll wil.hin t.IH-ir 0\\'11

limitations 1,0 the original spcdficatiolls. Subsequent. Ïl.crat.iolls reqllirt' tilt' d('si~1l t'1Ip;ilH'l'I" lu

bccomc more in\'olved tlsing knowll or Icarllcd l"iYllthc:iis l"i!.I'a.t.('gi(·:i. lJlt.ima.l.dy tht' dt'lillit.ioll

of ievl'i" of de"ign "pedlication in VIIDL which l'an he elllploye<l fOl' l'ontl'Oller systelll type

a.pplicat.ions~ while conforming 1.0 and sat.isfyillg t.lw (Iesigll cOlIstl':l.illl.s, i:i t.1lt' ~oal. Sp('('ir~

ica.lly~ whal is, or \Vhal ca.n he delined, as a. syntheshmhle set of VII DL l'or :\.Il t'xtl'I'IHllly

a"ynehronons, intcl'nal1y synehl'Onon" contl'Oller design. At a 10IV lev(,1 this translates 1.0 elli­

cient. speciHcaliotl, design pal'Lilian, synlhesis, alld implclncllt.ation of t'.oll1.l'nllcl' ('ollst.it.IIPlll.s

slIeh as FSM, data path al' randolll (eolltl'OI) logie 0111.0 FI'GA technolof\Y.
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Chapter 4

The ABS Control Model

011,' "vollltiollal'y IIl1derstanding of control synthesis arose from the ana.!ysis of two experi­

n,,,nt:iI applications, A tclephone answering n",chine contl'oller and an ABS contl'Oller were

sp"cilied, ,I,'signed and simnlated in VIIDL, In this chapter wc describe the more complex

and mOl'e wmplete of the two, the ABS controller, which was eventnally synthesized and

l'l1nted onto a Xilinx FPGA, The circnit's specification follows while details of its' realiza­

tion. and the formnlation of application specific design and synthesis methodologies follow

in Chaptcl's 5 and fi, respcctivcly.

'l'he experimental aspect of this thesis thns focuses on developing a schema for an ABS

Contl'ollm' application which continnally self tests its operation, implementing it, verifying

all<l validating its opemtion, And, in the process, fashion FPGA design methodologies and

,'".usahle, well-constrncted VIIDL components specific to FPGAs and real-time controller

applications writt.en to conform efliciently 1.0 both area and timing constraints, These arc to

then se"VI' as a means for designing hu'ger modules and systems and be used by higher level

synUtesis and simnlation tools, and will become part of the ASDSL for FPGAs,

4.1 ABS Dynamics

4.1.1 Motivation for ABS Design and Implementation

Originally developed for airplanes, where the high cost of development was justifiable from

hoU. monetar,V and silfety fosterings, ABSs have transgressed to the antomotive industry

43



• ('/1.-11''1'/0:/1 ,1. 'l'III-: AilS ('ONT/lOI. ,\10IJE/. ,1,\

1

•

and loday art' cOllllllOnplal'P in s{,\"l'I'al ,'phiclp IIIlH!P)S..\11 :\ ns is Il:wtl 10 pt't'\'PIlI wlll',,1

lock-llp dlll'ÎlIg ail 1'l1lel'gt'llcy J)I'akinp; ilia 11('\1 \'1'1', hy ('ollll'ollinp; t.llt' so!l'Iloid \'al\'t':; whit'h

lIlodulate hl'ake pl'eSSlll'e. and thus IH'(H'idp dil'{'('t.iollnl :-il,ahilit.y ant! :-ill'l'rahilits ur ,'phidt's.

while ,'pduring t.he st.opping dist.nlll'l'. Thp moti\'ation l'or tlllt.ulllat.Ît" :\ BS:-: ill'OSI' rl'Olll t.ht'

Ilerd 1.0 redtlre speed dlll'illg a "pank" hral\(' 01\ slipPl'ry sUI'l'l!l't'S, 1'('l(t1il'Înp; 1hl' dl'Î\'PI'\;

l'l'moval of ("olllÎllun.l appliea.t.ioll of t.ht' hrakl'. 01' )lUlllpillg. 11. is daillH'd l.hal. ail t'1t't'!.l'onir

Hyst.elll/collt.rollel" would he llIorc l'l'!iahll' and l'l'SPOIl:-iÎ\'{' titan 11111110\11 l'partions and wOllld

t.hel'erol'e contrihut.e 1.0 t.he sarP",\' of "l'hide opl~I'a.tioll.

4.1.2 The ABS Functiona! Madel

Mueh l'eseardl l'xist.s in t.he I\lodl'liug of AilS aud in it.s l"OITl'Sp'Hlding ('out.ml t.h,'ol'Y l!ll.
(1-1]. (10], [Il], as weil as iu relat.ed a.nt.i-slip regulat.OI'Y (MiR) SYSt.(·IIIS lil\' al'rc!<'rat.ioll

cOIlt.I'OI, [12], alld (1:1]. 'l'he IIl1derlyiug fl\lIdallll'lIt.als of opl'mt.ioll of ail AilS sYSt.CIII iuy"I\'('

t.he det.edioll of opt.i III Il III brakillg eDlldit.iolls alld t.he applieal.ioll of WIT"SIHlIIdillg hm;,c

pl'CSS11I'CS to main tain the optimum conditions. Deta.i1s of I.hesl' 1.\\'0 e1l'IIlPllt.S a.1ong with

notatiolla! derinitiotls, tenninology, and mathcmal.ieaJ equal.Ïons and dl'l'Ïva.tiolls (':1.11 IlP (iHlIlll

ill Appelldix A.

III t.he si ligie wheel vehide 1II0del, t.he eqllat.iolls: J\of\> = _/i~" /w = -('1/, - r1i~.),

/3 = 1 - \f, where \~ = rw, dcscribc the ruudamcntal vchide dyutllllirs. S is delined a:;

t.he slippage whel'e slip is the lIIeaSllre of the slidillg eOlllpollellt. dllrillg a rollillg l\,oyelllelll..

/"" repl'esellts t.he frkt.iollal force bet.weeu t.ire alld road, / alld ,. t.he 1II01ltellt. of illert.ia, alld

mdius of t.he wheel, alld 11 is t.he wheel tOl'qlle l'esultillg 1'1'0111 bmkillg. \IF is I.hc talg""l.ia.1

wheel yelodty, alld \1 is the aetual Y"'lide velodl.y. l'lIrl.her defillil.iolls of th" wlllplel."

sel. of v'tl'iables ca.n be fOlmd ill Appelldix A. 'l'he AilS alollf!, wit.h the lIIallllal hrakillg ,,1'

the driver interact with the solenoid valves whose hydralliie pressllres me heillg <:0111.1'011",1

indudng varying amounts of wheel braking. Many hydmulie and pnellllHll.k sysl."lIIs illvolve

nonlinear relationships among I.heir variables. In OUI' ease, ail AilS conl.roller is highly

dependellt 011 a tire-road model, the eharaderistks of which depclld 011 weal.her wlldil.iolls,

vehide parameters and dynalllics, and hydrau\ic systelll parallleters. In an AilS, I.irc fnroJ

varies non-\inearly \Vith s\ip S. As in [Ii], [7], alld [8], a pie<:cwise \inear apprnxillHltioll of I.hc

I.ire-road charaeteristics will be used .
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Ans (,0111,1'0111'1' l'll(Plil'PlIH'III,S f'lllhod.\' c<'l't.ain aS~'IJ(~hl'r)1I0IlS design t.echniques dll(, ta 1111­

pl'I'c!irl.ahlr' ÎllpUl. 'lI'1'iV'lls allcl c!esirf!c! illllllec!iall' ac1.II<1tol' n'spollse. i\ potl'Iltiai dl'Illand

l'Ill' IIIIIJl.jplr~ docks or int(,I'-c1od:. ildivith!s 1.0 support l.he difl'el'ellt timings l'cquil'cd fol'

illpllt saillplill~, ealelliatinns, system l'cs pOli se and oll~lille ('olll.ill1l0Wi testing, add to the

('oillplf'xil.'y. A dcviatioll J'I'OIII single dodwcl sYllchronolls contl'ollt'I" designs surfaces, yct il

C'OII('ppl,uaJizatioll rail he fOl'lllccI hy lilllit.ing the syst.em t.o Olle main e1ock~ a ··ra.st.'~ dock

with ""'<'l'al ofl'sp";IIA docks ne'II,<'d by 011 chip dock dividel's re'lui";lIg illter-dock sYllchro­

lIizHl.iolls l.eclilliqllcs using tllis olle Illaill "rast."clock. EII(~oding 1l1any of thesc charact.cristics

in a VII DL lIIodei is a lIIajOl' part or this thesis,

Th" AilS design illlplelllented in this t.hesis was rorlllulated l'rom a culmiuatiou or al­

~()I'it.IIIIIS, l.heol'ills, and known physical autotllot.ivc dynHmics, as mentioned aboveo Com·

plexil.i(lH al'Îse dlle to the non-linear dynamics, a.nd the Ia.rge IlUmbeloa.nd diverse natlll'e of

iupnt variahles, AilS dyuamics hehave difrerent.ly ulllier t.he val'ying road condit.ions, vehi­

df~ Hpeeds, nonlineé\.r tire llIodels, and different va.lncs of prcsslII'c incl'casing and decreasing

ra\.l's du<' to inherent, difl'erenccs in a hydraulic system it.selr, Appendix A briefly out.lines

the "l'l'l'aH runct.ionaIit.y and evolut.ion or the AilS cont.roller while met.hodically developing

t.he lIIod"'s used 1'01' implement.at.ion or t.he cent.ral I"'CSS"''C cOlllml 1001J, which dominates in

the realizat.ion or t.he AilS ca_'e st.udy . Measuring cont.inuous vehicle variables, perrol'llliug

raleulations, wmparing result.s, evaluat.ing time expirat.ions and responding accordingly with

dirert.ives t.o t.he soleuoic!l'alves (pressure aduators) comprise the presslll'e controlloop. One

path in the development, or its t.heOl'Y, hinges on the evolution l'rom a two-phase controller to

a 1'0ul'-phase <:ont.roller, Proven in theory to be better, facility ofits implementation remained

tn he evalnated.

'1'11'0 phase <:on l,roi loops employed 1"'CSSllI'C ÎllC1'Casiul! and )1I'CSS'It1'C dCC1'Cllsilll! stages

t.o <'Ont.rol hmking by circulating arollnd the optimum braking force, 01' tire-road friction

l'Ol'Ilident. [Ill], [li], I\no and Yeh [8], suggested fOllr-phase control to improve the AilS

pel'rornmnce hy adding a hifjh-/II'CSSlll'C and a 10w-I"'cssu1'c ho/rUIlI! mode, Previously, no

anaIylkal st.udies existed describing the fund'tllIental design principle for AilS with four­

phase cont.rol, until [8] where systems with this four-phase control were illvestigated and the

t.hreshold \'alues l'or t.he AilS controllaws were determined. Figure 4.1 depicts the pressure

l'l)nt.rolloop during AilS operation. The ab arc indica.tes the pressure increasing phase, the
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lJl' Sl'A III l'Il 1 illdicall's thl' hiAh 1)('(''';Sl1l'(I holdinp; phase, and su 011. "\PPI'OXilllaliollS 10 this

t IH10I'." with ~;OIlH' PXl.{'llSiOIlS f01'1ll 1hl' COIlIpll'lt' ronl t'olloup. rlll't hpl' th'sC1'ih('~1 in 1his l'ha pl!'"

alld ill ,\ppl'Ildix ..\,

'J~/,' l~ltl'Vl!

v-,:-'-:-' ---'=.

r-..,:-l.-S"-!-l'B----..,c,---f'
Figure ·1.1: PiccewisC' tinca.1' approximation or t.he tire-I'mu1 dlar.u'I.PI'Îsl.ic and t.ht' tlt'sirl'd
pat.h 1.0 follow nnder t.he AUS COli 1. 1'01 Loop,

FPGA implemcntation of the ahovc controllaws was invcsI.Îga.1.pt! along \Vith sllpplellwlI~

t.al'Y mod nies fOl'lning mnch of t.he aggl'egat.e AUS wn\.l'OlIel', d,'n....ndi IIg l'''al· t.i Il Il' opl'ra.t.ions,

Having met il. satisfactory titi IIIbel' or design Cotlstl'ai lits, (:III"1'l'IIt. a,1It) rul.lll'l' work fOllt'l'lI t.1'a.tI~S

on t.he expansion of t.he single,whee! mode! of past. l'l'se'I.I'chel's [li], [ïl, [81 1.0 a. Illlll' wh"d

syst.em whcl'c cach whcel assumes t.he appropl'Ïatc dist.rihution of the IlHU':;S of I.Ill! vehidll and

cal't'ics au additiolla.1 dl'ivcn/non·dl'iven attl'ihute, allli individua.1 hrakillV; fOl'(~(l peIT{'lIl,aAl~:':;'

4.1.3 ABs Design Specifications and Structure

Global constl'aints for the design were set consideriug t.he <:Îl'euit'li l~vl~lIl.lIal llllvjI'OIlIlH~IIt.

ivlinimaJ area and system respollse times fast.CI' than h1l1lH1.I1 l'C:':;PUllliC Ume:.:; (in l.hn :':;lIh-lIls

l'ange) \Vere sought. Real-t.ime relative 1.0 sampling, calclllat.ions and responses 'L' <ieline<i in

Sect.ion :1.1 is aut.icipated. Addit.ionally, an on·line self.l.esl.iug/monit.ol'ing syst.em capahie of

CI' roI' det.ect.ion for syst.em shut.·down falls int.o t.he design spe<:ilicat.ion, La.,t.Iy, il. W'L' <iesire<i

1.0 a1lomt.e minimal time in t.he design phase for t.he implement.at.ion or t.he ahove syst.em

ont.o programmable hardware nsing an IIDL,

A block diagram of t.he proposed aggregat.e syst.em appears in Figure 4,:!, wher" ail hlncks
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1

alld ,"b-bllll'k, al''' l'lllll.l'olll'd by Fillil" StaIl' Machill"s (FSMs), COlllpll'llIellt.al'y blacks slIch

;l~ th.. IVhn1 Ilf'/m.'iI!/ !Jl'IH'l'(llor, w/ied "dm:Î!.!! ('a/r.'I1/a/or, wlu.'d accl.'lr~f'(lli()1l calcu/alol', and

81il' l'IIlnllll/ol', alld FSMs ,"ch as 11I118/"1' FSi\!, alld 11/'''8811'''' ('(JII/ml FSi\!, sllpplelllellt. t.he

'"'llIat.ol' ('III1t.I'OII"I' lab<'ll'd as th" IIIJS l'1'''88111Y: l'Cf/IIII1/ill!! 4-1'1"'8" 1001', This black "llIbodies

1111' fllll l' phas" AilS """t.l'ollel' of [8], a IId collsist.s of f01l1' Sil b·bloci" eacll activat.ed d lll'illg

011(' phasl1 or l,lit! 1)f'CSSlIre regllla.t.ing cycle, and contl'oEed hy t.he pressure control PSiH,

sllbsl'qllellt.ly l'l'fel'l'ed 1.0 as t.he PIY:8 ,,"1t'1 FSi\!,

Ofl'.dlip e1,,,"ellt.s sllch as a ROM, which holds I"'e-ca.lclllat.ed da.l.a, is also pmt of the

syst.1'1lI bill, ilOt. pal'1. of t.he illlplelllellt.atloll 011 FPUAs, FPGA l'eSOlll'ces IlII1St, be used

ra.lll.Îollsly :m ollly cakulalions l'equil'Îng the sétlllpicci incomÎlIg data. ha.ve cxplicit hardware

l'''SOlIl'('es, A lal'ge Look-III' Table (LUT) of vailles callnot be l'ealized in an FPGA, but as it

is vit.al t.u t.he desigll, it. was indnded in the systelll specification, is l'efel'I'ed to as the AIlS­

nOM and was IIsed ill ail sillllliations, Not. indllded is the added cil'cllitr,Y fol' the on-Ii ne

sysl.PIlI lIIonitol'Îng. '.l'lie complexity and size or the design uccessitatcs design partitionÎng,

one nI' which is pl'Oposed by the designer and indicated hy a dotted line in the ABS block

diagnlln of Fignl'e ,1.2, Upon actllal circllit realization through 1001 and m(mlml synlhesisl ,

ail init.ial pill'l.it.ion is llIost Iikely to change, as it did with the ABS controller (Clmpter 5),

Mastel' Contl'ollel': Top Level FSM

Cnnt.l'olll'l' applicat.ions na.tul'Rlly descend into FSM cycle control nnit.s and dat.a path circuit

illlpll'lIlent.at.ions, The l,op leve! FSM, refened ta as the IIllls/,e,' PSU, determines the overall

st.ale 01' the vehide, in the AnS contl'OlIer, There exist live major states of vehicle operat.ion:

(il St.opped vehide position; (H) Rest to sliding action; (iii) Normal vehicle movement; (iv)

Hegulal' braking of vehide; (v) AilS contl'OlIec1 stat.e. Appendix B lists the VllDL code for the

MIl8"','_PSi\! implementat.ion which demonstrates the conditions fol' vehicle state t.ransitions

and FSM l'ncoding. The calcnlat.ion and storage of values snch as velocity and acceleration

will dill"r, depending on t.he state of the vehicle, Angular wheel dynamics l'an be obtained

l'rolll whecl l'Ot.atiOlIilI lIlenSllrement instrnments and arc central to most calculations.

A Ireq/lc/le!! ge/lemlOl' generates the wheel rotational frequency (velocity) from values

1Thil'i l'l!fcl'~ 1.0 dCl'iigncr direction and c:<plicit hardware illslantiations or partitions Lhrough compiler
dÏl'(!dh'cl'O 01' dcfinith'(l and tluambiguol1s cncoding durillg an itcrativc synthcsis proccss.
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Figurc '\.2: 1lI0ck diagram of AnS COIlt.rollcl' : Top Lcv<'1
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gencl'ated 1'1'0111 illdividual wltcel SClISOI'S, FOUI' of tlll'se exist. 'l'hl' fllUtiUlIolIsly lllcaslll'c'"

vclocitics, 01' samplcs, arc accllmlllated by the (WC1Ylf/r. m:/odl.y mien/film' l'eKlllt,inA in ail

a.vemge vclocity value al, Il, lowcr salllplîng rate, Cont.ingt!nt 011 t.llt' sl,a.l.e of t.he vchidt!,

particlllal'1y whether il. is braking 01' uot, the vc10dty is eakulatt!d 1'1'0111 :\.11 a.veral!;c ëU:I'OS:;

diagonals with more weight givcn 1.0 the 1I0n-dl'iven wheels sillet! they beHer l'elH'CStHl1. the

wheel velocity. Diagonals arc compal'cd, with the fOlll' whed :wm'agc, :lIul when hrakill!,!;

OCCII1"8, past velocit~, Vétilles arc ta.kell illto consideratioll for gellcratioll or tIlt! lilial vl!\ucit,Y

value, Using aIl extcrmtl, lJ1'O!JOSC(/ tOilft s!Jcdfir:aliou, dock of toM I1z, rl'eqlll'Ilcy valu!!s ëln!

genemted every 25{i clock cycles. Frolll this, the avcraging velocity modIlle l.akes (fj sam pies

producing roullded vclocity values cvery 0.'1 ms, This rate is withill. muge 1,0 sIH:<:essflllly

furnish values to the other modules and affect the IlCCC8S:U'Y ::;ystclll respOllses, ane! t!lllS il.

proves real-time capabiliti~s of some cOlltroller ou FPGAs,

The tJchicle velot:ily ca[C(liflI01'alld storage unit, m1culatcs, broadca.sts, and l'egisters2 the

2When braking; is present and slipp:ng OCCllrs, Ill'cviolls ve!ocily vulucs arc l!Iore rclillhll~ and an: rcqllin:d
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\'l'Ioril)' of 1.11(' \,phic!l' whirh is IIl,plled for 1l1l1lll'I'O\lS cO!llputations alld sllbs(~qll{'l1t o!)(ll'a.tiolls

hy IIl'i~h"(Jl'ill1!. lIlo<!ulc's. V('hirir' v<'locit.\' is derived 1'1'0111 the angl1Ial' velodt.y~ radius, alld

drÎ\'f' I.,VIH,:I of 1.11<' illdividuill wlu'l'Is. Velodty stol'age (,llIploys Iil'st·iu-firsl-oul. da.ta. manage­

/lIPIII. ilS ÎUCOIIlÎIIJ,!; valllf'l'i illTÎve cOlltiUllollSly and ol'del' Illllst iH' IH'CSCI'\'cd. Ot.hel' modules

1i1.;C' t.hl' allJ!;ulal' alld v(>hid(~ acceleratioll ealculatol'l;, t1w slip l'alcula.l.or, t.he timcl', and the

pl'ak/:-;lip dpl.pdclI' ail caklliate 1IIPir values frolll both measlIl'cd, caklllat.ed, a.nd prC'violllily

sl.(Il'f~d qnalll.ities. The cl'Ilt.l'al olle heÎng the inst.a.lltalll'ons angula,r wheel vclocit.y.

1,1,,:111.1', :Ill "X:I"I., l'lIlhl'dded vl'hidl' velocil..I' IIl1il. is desil'ed, slleh that. the modllie collid

l'p!i'lhly, dp1.(ld t.he velodty hy fadlities snch as mo/.ioll ddcc/.ioll t.hl'otlgh image proccssillg

I.f'fillliqllt'S, la:-l(,1" !Wil.lll lIIeaSlIl'ClIlcllts 011 l'oad surfaces, radar techniques, 0)' with l'and side

f'xl.pl"lIfd 1I11il.H whieh measlIl'c and t.ransmit vchiclc vclodties on a. ""l'cqucsC' a.nd "send t.o

lIWII<'I'" pl'ol.Ol'o!. AilS eil'l:lIil.l'Y wOllld he l'edllCl'd with db'cci. vehiclc velocity availabilit.y.

Pressure control F5M: the 4-phase loop

Olll'l' ill I.hl' A ilS ellablcd sl.a.l.e, a sllb-collt.l'ollel' I.akes ovel' alld mOllit.ol's t.he ,1 phases of

AilS t:llll t. 1'01 which involves rl'gnlat.ing the pressme applied t.o the brakillg syst.em, t.hrongh

dllally t:lllll.rnllcd valves, A liI,,;1 e!lcle is comjll'ised of fOllr sllbstal.es: pressure increasing,

high-pl'l'ssnl'l' holding, preSSlll'e decreasing, and low-pressnre holding and is IIsed t.o keep

vl'llÎelllal' operation <Iming slippage aronnd t.he peak fricl.ioll coefncient. of t.he P" cnrvc, Il

in Fignre '1.1, so as to secnre opt.imal hraking force. Each stat.e is represent.ed by a block

wlll>sl' fnndion is 1.0 generat.e it.s respective deee/emlion peak or lime r1ulYlliol! t.hreshold when

adivat.c,!. The control paramet.ers for every mode are designed t.o achieve phase transitions

IIn<lcI' alll'Oad <:ondit.ions'Ifor ail the possible ranges of slope, snbseqnent.ly denoted as m, in

rl'gions A and C, and 1.0 follow a cnrve cir<:nmferencing Sopl' The mode threshold calcnlators

arl' individnally enabled by t.he IJI'CSSll1'C eontl'OI 10011 FSM, whicll indirect.ly authorizes t.heir

a,"('"ss t.n nl'Îghborillg hardware resonrces throngh muitilllexers. Figure 5.4 ilIustmtes the

in rul,1II'I.' \'docil,~' predictions and ca!clllnl.ion of slippagc conditions.
;1 A \\'hl~c1 il'i sait! flr'illf~1I whcn gas pcdal pressure affects the whccl diffcrential dircctly cfTccLing il t.urning

1lIU\'tmwllt.. III il front. whccl drivc vchiclc, thc l'car tires I1Icrcly roll ilIong the rond \Vith no gas.pcdnl pressurc
t.()l'qllt~ f(lT'cc~.

., V;u'~'ing mali conditions l'csult in dHrcl'cnt slippagc values which l'csult in dirfcl'ent slopcs fol' the Cl1rve in
t.llt' fl'icl.ion.pcl'ccntagc slip v;raph. Thus, the l'Iopc 111 Ilumcl'icall)' equales la a ratio of friction O\'CI' slip yct
1'c1lœl.s t.lw mali condit.ions,
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l'nt in' prpSSIIl'l' l'Olltrol IIi0rk \\'il Il sllllrolllpollPlll ('11'1I1\'1l1s. 'IH' tillll'r, 1hl' l1lul1.ip!('x(·l'S, autl

1t'st dl'clIilry alld thl' pX\Prtlal HOM \\'hirh 1l01lSl'S 1Ill' LllTs.

As l'('COlllllll'lllled hy 1\110 all<\ 'Ù'1l [~], tht' trallsilioll or slnll's l'l'Dili lhl' prCSSl\l'C lIi­

cl'easing mode, tH' initial hl'akinp;, ln Ihl' hi~h prI'SSlll't' hllidinp; 1II0lk lH'rllI'S \\'111'11 Ihl'

whet'1 dt'cl'!l'I'at.ioll l'xCt'eds a cl'I'1.ain \'alut' Jlt, i.t', -/0.) > Jl I , ln Iiell or spll'('lill~ ôll,hn'sh·

old ql1all1.ity which exisls het"'l't'll Iwo eJlklllal.l,l! hOllll<\al'Y \'ahll's [~I, 0111' 10\\'1'1' IHllllllt

thn'shold is ralclllatcd and a pl'l'dett"'ll1int'd olrsl't is addt'd 10 i1.a, JI" 1.hl' thl't'shold \'nlnl'

tl'igW'riug the high-prl!:iSllI'C holdillg lIIode, is oll1.ailll'<\ l'roll1 JI." \\'hkh is Ill'l.l'I'lIIÎIlI'd rrolll

tilt' largest value of hi, the nitica! \'allll' or torqlle dilfl'rential 1.0 pass l)\'I'l' tilt' pl'al, ur thl' '/:.

Clll've l'or a gi\'t!ll l'Qat! l:OlIdil.ioll, l'or ail road wlldit.iolls, so that /lI> IIHu{/ljlF,III)} 1I\'l'r

the l'augl! (10 ~ 1/1 ~ 1). hi l'ail hl' fOllnd hy solvillg the sillluitanl10lls l'qllaliuns (,1.1) l'll1' ,1,11

and hi, rro11l [8], which are t.he slip vaille and [n - d'~.] l'espl'I~tivdy.

=

•
hi - III/!JP - ,s't)SJ/1' IFUj

1111' M !J Ill:! l':! "t=!!l 2

" hi - HI/NP - 8t)SJ/"= .s"I" - --=---....;;....;'-:-:----=-....;..:­
II/I'M !J

1 [
III":! Al,lf {/ 1II1!1(1 - 8 1 )•.,'1 }]

X fi 1- 1\ 'U
i

'1 - ,.

l'U)

•

Altalysis r\llls lIsing IvlATLABH over extensive rallges of 11/., V, jUill sysl.Pt11 pal'ôlllll'I.l't'S

Were attemptNI t.o 1)I'oclllce a safe illlTenwntal ofl'set of hi, whidl sntisli('s tht' condition rlll'

11 h ,uul which translates weil int.o Imrdw.u'(! as SllCII iIl Eqllatioll (11.2). Addi l.ionally, VIl J) L

cllcodillg and hardware implelllclIlation limitations engender Œrt.ain i\,djllstillellts Hill!:P lIIilll'y

of the above opcmt.ions me not readily ëtVélilahlc, pat'l.iclllctl'ly 011 FPGAs, Nll1.(~ thal. I.hl~

e([lIél.tioIlS (lU) can he l'edllccd 1.0 t.he set in (11.:l) and (11.11).

/lI 1• 1 1• ('I.~)= l, + 8: * /[

81
' kd! [- - $,tIV·~] (il ,:1)= 5",,/ - -,-. 1- e 1

1/1-

hi = m bl (8"1" - 8,~ +/31 (1 - S, )81] (i1.iJ )
'.'

~'Vlum Il mugc of \'alllcs cxists for the l.hreshold calclllatiolls, the minimum val Ill: l:all hl! c1Il1St:ll ;L'l a has,!,
knowing il. will be first al.taim:d. The Jll'l:calclllated offset ((:alcllllltct! wit.h Lhe ait! of MATLAB lliIllUllll,jCl/lli)

lIIlIst be valid over the entire range of input variables and whcll addet!, milst ellSlIrc adl!l(Ual.e t.imill~ tll'

decclcrntion valucs for corrcctly timct! stal.l: transitions,

(la registcl'cd tradcmark of The Math\\'ol'kll 11It:,
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'J'hf' illitiai df'!.f·ctioll of rrÎti<'al sljpp;J~e/a.lIg1l1al' decell'I'atioll dUl'illg hl'akillg hm; bren

illC'ol'pol'al,(ld illto the fOllr pllflse loop control1el'. COlIscqucnt,Jy, phase l, !.he preSfitlr~ in­

C'f('asillg 1I10dp, \\'hel'C~ .1 thl'{!!'ihold Vidup is calclllatpd a.nd compa.ree! to the whcel anglilar

'",(,l'll'ra.l.ioll, \\"ill hl' adival."d dlll'Îllg hol.h of th" AIJS ("o//lrol c//ab/cd alld bmki//!J states,

'J'I,,' /"1'11I1'1' will reslIll. ill a cha lige of I""$SIII'" sl.at.e hllt. ilOt. efiect. a challge ill t.he vehicle

st.al.l' whill' t.h" lal.lel' \\"i11.

OIlC" th" high pressure holding mode is t.riggered, a t.illl" illt."rval 72e1apses, alld a slip

dlalll\l' of S, is pl'rJllit.t.ed, h"fore t.he lIat. t.raject.ory of Figlll'p. .1.1 is challged illto t.he 1"'eSSllre

dl'l'I'"asilll\ lIIod", The I.Ïllle illtel'l'al '1'." IIII1St. he 10llg enongh so t.hat. the trajectOl'y dnring

I.hiH Illo<!e pHsses OV('I' the peak of the l'~. <:lII'VC for ail road conditions, obtains IlHLXilllllrt1

hrak" forc" ami avoids wheel 10ck-lIp, hnt not. too long t.o canse a, greatel' th an allowahle

slip changl' of !:!,,'h, A necessar}' and snllicient !:!,S, of DA is recommelHled [8], 1'0 satisf}'

hoUI (,()lIdHions, an ellective Tl mnst he chosen sllch tllltt, Ti < Tl < Ti", where the limits

ar<' delermin"d in [8], Wc propose snlficiency in the calcnlation of T2", Eqna.l.ion ·1.5, with a

('orl'cspondillg predetermined ofr.~ct, to dctcnninc T'-l.

r. MAX [". -IV { 'II1'MI/(S'.,'t - S'Il }]= Il .•• > Ill> III l" : l,. = " xiII 1- ,
- - 11If'-MiJ /JI -11IIiJ(l- S'dSI/"

(4,5)

•

1'01' 0111' AilS desigll, hoth the calcnlated '/2 and known S2 values arc used to detect the

l'nd nf thl' state, Eadl condition then acts as mntnal hack-up, where the lirst couditioll

11I('1. indures a. change or st.ate. Slip comparisolls can be doue immcdiatcly whcreas '1; must

Iirst hl' ea.Iculated, followed hy the start of a timer which signais expimtioll of lime illterval

'1'.", lleductioll of l~quation 4.5 hased on the approximations of Equation 4.2 resllits in

E'I"al.ion A, \(j as derived in Appelldix A,

Ilol,h holding phases exist fur a. duralion of lime calculated from the present state of

1.11<' syslem varia hies. l~xpimtion of the time is measured hy ml on chip timer. Calibcation

a n<l normalimtion must he dOliC both in theory and in hardware, The time count, value

genel'al.l'd is fed to the timer which connts clock cycles of known period, lIence the input

dock frequl'nc}' must he lixed and worked into the eqnations, which in tum will have to be
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1I0rtll.l1iz{'d fol' II\(' Iwrt!wan'. ~L\TI.:\B aidpd in lht'HP cairulaliolls as \\'('11 as rOl'llil' pl't'SSlIrt'

('Ollt l'ni loup calclllat.iolls.

S('\'(~I'al const.ant.s :11'(' kllO\\'1I CI priori. lH'in~ l'it.ht'I' \'phklt· slH'rilic or dil'pt'lly dl'IH'lltit'lll UII

l'nad 01' t.l' lllpel'al.lIl'p condit.ions. Fol' t.ht' lIIal,IH'lIlalÎCal Opt'l'illiollS whit'h IHIIS! Ill' ralrlllatl'd

oH-li Ile. look Il Il 1ahles ( Lli Ts) a J'(' 1H'l'it. l'III pIO.\'l'd as illl ph'lI11'1l1 a1ion ilids 1Il ~('IIt'l'a1C' t'l! lla 1iOIl

l'psl1lts and l'olllp!ex rOllllHlt.atÎolIs HlICh as In~ill'il hllls. S('I'lÎolI ·I.:!.I ('\ari!it's 1ht' llSa~t' lIf

lvlATLAB rOI' LUT gl'lIl'l'alioll, 1Il'1I"" hoth Ihl'l'shold alld lillll'·dlll'aiiolll'allles lill' "..Ioril." \'.

a.nd road ('ouditions 1/1. cali he det.t'l'lIlilled 1'1'0111 (1)(' or ilIOn' ,.(ut! (""dl'... nI' III(' LllT. 1'l':dil.t't1

th l'OlIgh a HOM. 'l'hl' l'aille ohtailled rOI' Il,,, allglllal' d"",'I<'I'a lioll " (01' w) is l'lllll pa l'l'd 10 Il,,,

cakulaled va.luc fol' /lI t.o delel'lIlÎnt' whel,!le!' t111' I\('XI. IH'PHlilll'l' ('0111.1'011('1' slalt' ht'('oll\('s 1,114'

pressure holding stale. Implemellt.ation of t.he pn'HSIII't' ill('I'('asill~ phal'it' or 1.111' fU1l1' pilas!'

loop is illllstl'ated ill, Figlll'l' 5.2.

Similal' aS1Hllllplions and caklliatiollli Wt~l'e made fol' tht' 1'l\llIaillill~ l.wo sta,l,!'s. Ellahlill~ uf

I.hl' pressure decreasing mode illitiall'S gl'lIl'1'al.ioll or I.h" I.hl'"sl\(lld ,'aill" 1/" = ll.ll~,.i\l y.

whkh lIlust he eompared 1,0 input whce! dceclcral.ioll tu tiel.(')'llIilll' 1.11(1 stal.l' I.PI'IIlÎllatilill.

\Vil.h slI<:h ail appl'Oxintation, rnl·thl'I' olltlilled ill Appl'Ildix /\, 110 LUT is ('(·qllil''''i. Th" low­

pressure holding mode IIIl1st <:,t\.OI· 1.0 1II000l' possihilit.iPs alld hl'lIrl' .1"III,,"ds SllpP"'II"'III.""'v

caSes which intl'oclucc additional internai slIh-HtateB of operatiull. Thl'PP l.hl'l'shnld t(lIillll.il.îPl'1

1.0 hl' dctl'l'lIIillcd ill I.his 1II0dl' have h<'l'II l'l'dll<:cd 1.0 I.hal. or 1/:, rrolll I.hl' pl'"violls ph as,' alld

l'qnaliolls A.l9 alld A.20, dl'l'ivcd ill appelldix A. Salllple IIl1l11l'l'ieal vailles rOI' l.illH' illl."I'vals

ill I.Iw holdillg phases Wel'l' rOlllld ill [8] al. '/~=0.08sl'<: "lId '/:1=0.25s",·.

4.1.4 The Self-Testing Design

•

The spl'cificatioll l'l'qllil'l's that the systl'III <:olltillllally tesl. il.s rllllel.iollalil.y. IlIcol'l'''<:1. opl"'a.·

tion must he dctcetcd duc 1.0 the sevcrity and potcntiallm:t.ilT'ds of llla.lfulldiollS. COllsetl'leul.

1,0 the na.ture of the design, its timing, space limitatiolls and desirecl l'cspOflses, a l.it1II~·sli«:f!c1

~·ha.l'dwa.re re~lIsablc" solution fol' on~lillc system lIIolliLorinp; wa.s elllplnyed. 'l'o!(!raIlCf! for

t.he rl'sllitillg ovel'hcad is l'l'f1eet.l'c1 ill l'otahlishillg it. 1101. IIIl'l'dy '"' '" pal't. or t.ill' t."sl. <:Ï1'l:lIit.

bill, also as IL part or the design.

Clarification on the motivations for onlillc tcslillg is rcquircd. The plll'pose is Ilot 1.0
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dpII'('1 "lallllra(~lllrillg faults. Cllips fp('pivc'd from the FPC:\ \'cneiot" arl' aS511med to l}f~

ll'slpd alld \\.'orkillg:. :\BS fOIll.rollflf ll'still/-!; lIlonitors jield fau/l ...: t.hose l'rrOfS which ocrur

1lllriflA: 111f' iif<'liIIH' of ft ('ilTllit IlpOIl ll'a\"in~ Ille sitp of prograltlltlillg. Det.ection of ('rfors

(';lIISf'd hy physiral plPIIH,'lIl.s l'luch as I.l'illlSil'llt faillis. Held distortion crrect.s. mechanical wear.

radiatioll f'f1i.·l'.l.s~ ;111(1 a~illg:~ t'IT is illlperati\'c for COI'r(~<:l and l'l'Hable operation. The interne­

t,jOli 1H'IW('f'lI Plllhedded cOlltl'olierti and l.hrir slIrronndings must he continuonsly mDnitored

si Ill'" ('l'l'tain aitC'rat.iolls 01' \'aria,tiolls. he they elcctronir or magnetic, may weil crfcct circuit

fllllfl.iollalil.y al, :;oIl1l' point in tilllc. Vehicle wear~ for exampl,·~ change of tires, an acci­

<1 .. 111. illstallatioll of heavy e'l"ipmellt 011 the vehicle, l'ails III1<1er this category. Additiollally

III<' w<'ath"l" may have detrimelltal erfecls. At some poillt ill time the vehide may IIl1del"go

slIlIieiPII1. dmnges to warrant re-programming of the original controller.

A <'Olitroi ,yst,,,n sllch as the AnS, whic!! depellds 011 extemal variables ta control its

''l'''''atiolls alld change of state, will Ilot exhibit a pl"edictable operation. Snbse'lllellt states

nI' ('''"1.1'01, theil" dlll·'ltioll. alld segllellces of operatiolls depelld on the illpllt collditiollS, (the

PllvirOIlIlll'nt. tiser! r:lld vehicle) and ail timer expira.tions, an additional internally generatcd

illpllt. Thesl' e1clllents. dassical in asynchrollolls systems, cOlltributc ta a. degree of non·

dl'lel"lIIillislll of the cOlltroller, for evell thollgh a lIe,,1 s/a/e cali be defilled ill terms of the

i"p"l" alld I"'esrll/ .<Ialr, its dlll"atioll is Ilot kIlOWII, alld it will ollly challge depelldent 011

aSYllrhl'onOIlS changes in the envi l'on ment or the int.ernal signais.

Sneh ft, circuit ca.nnot he tested fol' ail situations as thure exist a myriad of ways, times,

alld dill'atiolls for which a test circllit wOllld have to be activated. Howevel", by defillitioll,

ronl.rollcl' applicat.ions do have a lixed Humber of st.ates a.nd a. known ::2t of sta.te sequences

which "'"1 1", tl'sted l'vell if their dllratioll i, Ilot kllowlI. Hence, test sllites cali be ol"gallized

to ('alise state t,rallsitiolls by illjectillg "prepal"ed" illputs and thellcdorth effect calculatioll

se'lIll'lIrl'S. Ilespollses cali be checked fOI" correctlless by acculllniating the partial resllits

and IllPaStll'CIIH.'nts along the seqnences of test state transitions and comparing them with

sigllatlln's kllowlI alld stol"ed a priori. Testillg a sllbset of wisely chosen state transitions cali

vafidate flllH,tiollality of hoth the AnS cOlltrollel" alld the self-testillg circuitry itself. The

leve! of ('o"el"age will depelld on the lIumber of test segllences stored on chip which in turn

dl'pl,tHls 011 the amoullt of free space 011 the FPGA al'ter cil"cllit sYllthesis.

FOI" AnS, Sil ch lest illjectioll I"efers to the injectiou of velocity values into the p1'CSSIlI'C
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1'0111,.0/ !oo!J 1I10<111\l'S whl'n' thrpshold \,alll('s will hl' ~('II('ralt'd a~ in a l'(lp,:ular ilt'raliull of

lh(' ront l'DIll'r. slalt' transition will OCCIlI". Ill'rt'ssary rOl11ph'Illt'lItar~' inputs will Ill' !!.l'lll'rall'ti.

1"111'111<'1' t.ransitions will oretlr alld a\lllll' rpsults will 1)(' aCClIIIlUlal.l'd and fOlllparpl! wilh

t.h<, FPG:\ slon'c1 signat.ures. Dllrillg t.l'sl IIIlHll'. SOIlll' hlorks IUIIS! ha\'t' opt.ioll;d rt'l'dhark

pat.lls to input 1heir '~alrtilat<~d t.hn'sholds. so 1hal transitions ran nr ('aullut. Ol'rU!'. Physkal

ailllll'Ilts \\'iII afl','ct Ihe illt"l'a('\ioll h"I\\'''''" th" AilS alld it,s ",lITll\lIlllill)';S \\'hkh ill tmn \\'ill

am'ct dll' lIlC'astlred vailles. Incorrect. I1IPfllilll't'llll'uls. Ollt. or l':tugl' salllp\l'i-i tll' l't'SpOIl:il':i (':Ill

hl' dl't<'c{ed h." il drclIit. whirh l'xhihiLs t.his /('.'.• / injectioll lH'ha\'iol'. as t'rroIH'IlIlS ('(':mihi will

IlP propaga t ('d to iIlcorrect 'H.'cllll1ula t.Îons,

4.2 Design Engineering and Mechanics

Thl'(,t' phases compriseci the progression fl'om ('onl.l'olll'r spedlit'a.tinn t.n FPGA imp1t'IIll'Il­

t.atioll: (i) t.he Iheol'y/mathemat.ics, (ii) the appl'Oximat.iolls, (iii) t,I,,' illlplt·IIll'IIt.al.inll, Th..·

OI'('t.ieal consi<!el'at.iOlls involve exploring the mathelllal,Ît's of \'ehide t1YIIH.lIIÏt'S a.IOHI!; with

analyses of t.he syst.em and il.s cnvil'onlllenL Approximations in the r01'1Il or Iilll'a.l'izal.inll~,

system paramet.el' and variahle asslImptions, tu name a few, l'ail Iw Plllplo,vt'tl 1,u simplil:v

system l'epl'csentatioll. The illlpl(~mellt.at.ioll enCOlllpasses the t'Ïrcllit.s rt.'a.lÏim.t.i(Hl a.1l(! tlu'

f1ll't.her approximat.iolls l'e'lllired t.o accomplish it.s t.as", Milldl'lIll1ess of pl'"dsioll lIeeds V"l"

SilS slllfidellcy will great.ly arfect. t.he cit'cllit.'s filial implemellt.at.ioll. A hi<'rarchy of d..dsiolls

i:-; l'equil'ed. Fol' example, scledillg integers fot' t.IlP dat.apath operatiulls 1IIitip;:tl.ps a. rlll'l.1WI'

dccision of l'ange, which in lU1'1I determillcs the data.pa.th widt.h, and subseqlleut.ly l'(!qIlÎI't's

choice of procedures fol' rOllntling and 1l01'IIHtlizal.ioll,

Compnter Aided Syst.em Techllology (CAST) racilili..s are Iiighly liS" 1'11 1 fol' t.h,' ahnV<'

type of approximations, l\IIATLAB analyses aidp in ra.ngÏJ_lg (fillding the tÙa.XÎIIIIlIII ;I.IHI min­

imum poiuts), wOl'<I·leugt,h delimitiug (iut.cger size fOI' desired predsiou), all<l v..dfi<:a.t.ioll (1,0

eusul'e reduced eqllatious still pl'oduce desired result,s aud maL:h or apl,,'oxituate weil t,he

syst.em dyuamics). l'art.iculal' at.t,ent.ion to 1/0 al'proxilll<lt.ious is illlperat,iv.. l'DI' OJnt,l'OlI"r

a.pplications, Sampling l'ale, clock(s') rate, calculatioll rates, alld rnspollse fl'e,!lIoliey d,~d­

siolls must ail he made to suit the design specifications alld adhere 1,0 t,he Iilllit.s of t,eehuoloJ!;Y,

Simulated aualyses or the various options aud approximations aid in drcuit. speeifi<:atiou fOl'
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O!j(' r(llllaiIlill~ f1ff'a fol' C'Stilllfll.ioll illh('r(~s withill the c!igitfll implclI1cntatioll domain.

AII;l!ysis of 111l~ cOIlI,inuity alld suHiciPllcy of the power-of-two number space can Irae! to ac­

('l'ptahl,, approxima.tions alld silllpier implellle:lltatiolls, if operations Oll snch data. were ta

1. l'fI IIspi l'C'. ivlakiuJ,!; lllie of shifl opr:"alion." ta aic! in lIorlllalhmtions or ta replace division \Vith

lliliitiplkal.ioll. or IH!I,forming rakulat.ions 011 power of 1.\\'0 multiples as opposed to cons(~c­

IIl.ivf' illl.l'W!I' or rontillllOllS real values for approximation purposcs arc two sneh cxamp!cs.

S"vNal slld. techlliqlles were lIsed, bllt 1101. beillg spocilic 1.0 FI'GAs they will not be dis­

("lIss('d fllrthr~I·. SlIell a.ppl'oxiumtiolls arc very specifie 1.0 the controllcr in question a.nd future

WOI'I\ <:ollid foclls on :mch a. d<l~S of circuit. redllction techniques.

4.2.1 Tooling of Design

MATLAB is cl'cdil.ed wit.h it.s HlIaiysis and verification of lIIathcmatical cqllations and thcir

sillll>lific(1 verfiiulls. Specifica.tion of hardware hOlllldarics and l'calizations of thrcshold val­

lIeH. hit-Il!lIgths, time interval "alcnlations in addition ta the generation of LUT vaines for

the IlOM enll'ÏeH were ail facilitated hy MATLAB, and MA'l'lICAD'fM. Determination of

InaxÏlnllln (minimnm) integer vailles fol' l'egister si'!'e ddimiting, f10ating point l'Onnding for

Iix<'d point implementation oy the mnltiplication of powers of two, and tl'nncation steps arc

some l!xalllpl"H. Synthesis reqnires in',eger ranges 1.0 delimit registel' si7.es, othel'wise a :l:1 bit

d<,fallit si7.<' iH ,dlo"ated. Likewise, ROM data was created nsing MATLAB and placed in an

an':lY Htl'IIc1.III'l! fOI' cil',,"it simnlation. Fixed point values wel'e calcnlated and mnltiplied by

pOWl'l'S 01':1 1.0 ''l',,,,te intl'/,\el' vaincs which collid he handled oy ail AilS olocks with theil'

dat:l d"lined in tel'lns of integCl's.

Som<' sam pie !vIATLAil eqnation analyses are shown in Fignres 4.3 and 4.'1. Each contonl'

l'l!pl'<'Henl,s a dillel'ent vehicle l'c1ocity. Hotlt graphs provide boundal'Y and contonr informa­

Iion, fol' theÏl' respective nmthematical eqnations. Both state transition thrl'shold hl and

the st,ate dll1'ation time 12 vary over the slope m, whel'e m l'epresents the til'e-J'Oad traction.

lIighel' slopes indimte less fl'ictioll and more slip which directly depends on the l'oad condi­

tions and can he eqnated 1.0 weI. or icy smfaccs. A peak in the threshold graph indicates tlll1

point of maximnm vehicle deceleration and e'lnivalently maximnm friction coefficient and
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Figure ·I.:l: Thresholds fol' \'arious road con- Figure '1.,1: Time dl1l'alion 1.0 lllaiIl 1. ai n ht'ill\(~

ditions ami a l'ange of velticle velocitics pressul'e in the Itigh and low holdillg sl.atl'S

4.2.2 Preamble and Approximations for an ABS Realization

Circuit. rcalizatioll l'volves not. ollly l.hrough synt.hesis t.ool it.erations huI. thl'Ough Ih~sigl1 tri­

aIs as weil. PriaI' 1.0 addl'essing the fina.l implnllll'Illatioll, a few prelusivtl eOllceptllalhml.iou

faeet.s deHcl've pl'usentation. Ideally ,t :-;pceilka.tioll of il control systt!1l1 shullid del.lll'llline

hardware l'csollr('cs and circuit illlplementatioll. 111 some eases the r(!vers(! lImy m:c:lIl'. Givell

Cl s~t of hardware Iimitatiolls the design, while still meeting l'esponse t.imes, lIlitY relJllirc

adjustments. Control systems likc AilS can .t1ford la 1I11dergo SOIlW ,tpproxilllatiolls and nol'­

malizat.ions, which facilitated the litting OlltO FPGAs. The leVl'1 of estimations ill:copt.ahle

cali be detel'lllined by simulation and sYllthesis itemtions: steps which progmllllllahle FPC:As

arc W~ll-Sllilcd for 1 cOlllpensating for their lack of deusity, ;l,huudëtn1. in l.hei r ASie c:ollll'e­

tition. Hence trade-offs in addition to design t.ricks sueh ilS LUT lisage for pre-cakulat.ecl

results surface. Thongh fea..'iible, snch "hardwat'e acljustmellt.s" carry c1isadvant.ages; (1) lal:k

of pr2cision, (2) black modnle interconnections issues if individual blocks have t.heir t!IJlI<L-
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I.i,,"s "''l'II,,di~('d, (:1) l'l'suit illl.el'pl'etatioll, ('1) Joss ofgellerality if 1.00 specific, alld (5) extra.

IIlPIIIOI'Y rr~qllin~lIleJll~~ 1,0 lia Ille fi few. The prohlcm to solve 1I0W bccomcs that of finding the

I('vd of ôlPPl'oxilllal.ioll whieh <:all he tolerat.cd 1.0 achicvc t.he rcquircd rcsponse limes with

t11(' availahlt! hardwa.rp rCSOlln~es, without callsing tao mllch addcd design-lime ovcrhead in

t.hdl' Îllcorporat.ioll ..

SOIllC mathclIlatical approximations or algnrithmic simplifications round in the encl'ded

spdi,,"s of the desigll cali be applied to other contl'ollel' types, generali~ed and c1assified aS

!J(',u:t'if~. Fol' cxCtlllplc, fractions limitcd to a rcprcscntation \Vith denominator power of 2'5,

rOlll.illllollH flllldioll l'auges rcprcscntcd by discrctc ranges, and holding certain continuous

vailles constant fol' a rew c10ck cycles so that sOllle ca!culations can complete before input

l'ariahles challge, arc sOllle exalllples, With particnlar l'eferencc to the ABS design, some of

the followilll'; specilic "ases origillated, while additiollal exampJes arc cited in Chapter 5.

Most hJocks ill the AilS conLroller depelld extensively ou vehicle velocity, a parameter

whirh depends ou coutinuously chauging l'alues and, heuce, oue which must be coustautly

updat.ed. Sampliug at illtervals is e~uivaleut to Jatching the value in hardware, and holding

il. ol'er successive c10ck cycles ill order for cakuJatious to be performed. The faster the

processillg capahilities, the more fre~uent salllpling can occur, and the more accurate the

"espouses geuerated. A minimnm sampling fre~uellcy, on the other hand, will be determined

hy the pl'ecisiou re~uirements not hy hardware limitations. As with most circuits, FPGA

I.hroughpul. tics in dosely with accuracy. Exact choice of range and bit precision Can be

aPl'l'Oximated in hardware yet will be finalized in the course of the embedded system tests to

l'alidate I.hal. snlliciently I>recise controller functionality is attainable once in the destination

eUI'Ï1'ollment.. SeJectillg a mnge of 0-6:l.75m/s for velocity pl'Oved acceptable olfering a large

ellollgh l'allge for the threshold ca1culations as pel' MATLAB, and subse~uent comparisons.

111 hardware I.his trans1<tted to a 1I0rmalized integer rallge of 0 to 255 where a fixed point

1I0l.ation' of [6,2] was ult,imately chosen for its representation. Accordingly, the velocity

gelleratioll and IItili~ation modllies mllst respect this range of values.

SOllle specific cases depictillg the strength and usefulness of power-of-two operations

wme from 1II0dllle aligllmellt and division avoidance. Numerous adjustments of multiplica-

j[",I~: "hil.l" fol' illtcgcr part, cl bits for the fractiollal part.
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l,joll/divisioll h." pm\,('l's of !.\\'D \\'l'I'C' im·oIlJOrat.<'d t.hroll~h :ihirtill~. hus slicill~ 01' ali~II1111'I\I.

wht'I'(, SUfC(lSSÎVP hus ('OlllH.'ctioIlS "'t'I'p j>urposl'!.\' llIisaIiAIH'(1. Division rail 1)(' 1'1'))1:\1'('11 hy

Illlliliplicat.ioll. LUT Opl'I'atiolls. 01' 1'01I;;l'cllti\'l' addit.iolls hy illit.iall.l' il'rt-shirtillf; t.111' liXt'd·

poillt. QI' l'Îf;ht. shirt.illp; t.hl' illll'f;l'I' (dividillg) 1.111' 1Illlllh,'I' h.l' a lal'gl' pO"'l'1' or two vallll',

The seal'ch fol' a. good va.llIe fol' t.he 1/1 t.hl't'shold GllIU' 1'1'011I analysis of tin' tlqllations

or "i and "ï [8]. and t.he asslllllpt.ion t.hat, calelllat.ing one Iilllit. will sllllil'<' allli Ih"l'<'lIpon

l'C<1UfC hardware. Bot.h cqllations were eompllt.ed llSÎlIg ivlA'I'LAB O\'l'I" di:H'I't'!.l' ra.llW'S of

Il and Ill. Based on t.he "ï Iilllit.s. an ol!:",t. l'at.io can he calelllat.,'d whkh worl,s l,li' ail

"i vailles, Accordingl.l'. onl.l' "i was IIsed in t.he Iina: calelllat.ion t.o hl' illlpll'lIll'ntt"1. 'l'hl'

ro1'1Il Il la, /l, = "i + k"i exelllplilil's t.he reslllt.ing est.illlaIe.

Thungh continuons time variables, velocil.y, l'and rrkt.iOlHilip ratio, lU, l'psidp in t.1l{'

set. of input varia.bles, ha('(lwal'c ÎmpiClllcnta.tioll t'c<Juire:; disnct.e l'allg(~S, wa.rr.wt.inp; in our

coatl'ollel" l'esolution tn fixed point. l'anges wit.h decilllai powers of two. COI'I'cspondinp;ly,

ealculated valucs, sueh as hl and l'J" arc eont.itHlOlIS in thcol'Y huI, :wqllil'c fixc(I point n~prc~

licntations once dcstined for a hardware rcaJbmtioH. Sllrvcillann~ ort.he decelcl"at.ioll l.hreshold

c()lla.tions over the ra.nges of the w. pal"amet.el·8 fOI' fixed values of \l, l'esult.cd in an hl 1II1L:d"",

bcl.wecll range of 0.5 :::; 111. :::; 7. Helice a. 1It1l11eric l'a.nge fOI' 'lU with )}Owcr of l.wn fradiolls,

"epresellt.ed as 1I0l'malized illt.egers, cOllld be det.ermilled a.lolIg wit.h t.he 1111 ml"", or hit.s l,li'

it.s allocat.ioll, A similar allal.l'sis is dOlle wit.h MA'l'LAB roI' 1.1", calclllat.ed t.hmshold vailles,

Cotlntenancc on a. ROI\II implcmentation, and on III.i1bdng \1 and w. as illdice~, a.ll'(!ds rhokl'

or ROM size alld of the level or precisioll possible roI' t.he illdkes (1/1. alld \1 J. alld 1.1", ml·

cillated vailles, l~velltllal\y, a 1I0rmaliz"d illt.eger "allge rl'Dm 0 t.o :ll.!) hit.s wit.h t.he t.wo hit.

fl'actional part, \Vas allacated t.o rcpresent the ahovc l'ange, a fixcd poillt. (!{l1livaI(!IIt, of i:S,2].

Additiollal\y, a 1I0rmalized illteger mllge rl'Dm 0 t.o ,IO!)!) w,", chosell roI' LUT clIl,ries st.,"'ed

ill t.he ROM,

Some elemellt.s which do Ilot tmllsla.te weil rrom t.heory t.o implemellt.a.t.ioll ''''e filllit.s

and operat.ional ranl5es, boundary v(~lue calculatiolls, and special cases. Equations CXt~ell1.illg

at. a rllil mllge of inp"t.s, me<lSllrement. of vailles which resllit ill 0 OIlt.pllt.S <:ail prodllœ

undesircd effecls. These clements, bath l'rom a design iLnù ail Împlelllcnt.atioll pcrspediv(!,

fi m i\cl,ually reprcsents thc rond conti iLions and is mat.hclIlul.icnlly l'cpre:;cllled as the ratio of the fdcl.ioll

coefficient, or il Iincnr rnulLiplc of iL, and the slip ilS secr! in Figurc -LI.
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W('I'I' flot ('0\'('1'('<1 hy allY papen-i within our research, illrlllding those [H], [7], [8]. which directly

illflllPllepcl 0111' n~alil.atioll. Exclil(lillJ,!; the ··olll.-of-hoIlIHF' cascs \Vith l'cstricted loop or ""if"

sl.al,f'IIH!1I1 dall~i('s, dllplir.a.tioll or lime sharing of rel'j,ain hardware hlod:s, if pmisihlc, to

11('('011111. fol' val'yÎIlf.!; 1)I'OI'f'ssillg proredllres for full input l"(U1ges a.rc some mcans of ma.llaging

indl'1.PI'IIIÎllilcies round withill eqnations and t.heor.y.

'rillle, case of data l'ctricval, space, rIcxihility a.nd precision concerns wc!'(~ conducive to

I.h,· 'I(T"pl.allce of LUT implemelltatiC'1I5 via 'III exterual ROM, ill place of computatiolla!

hal'Clware. Ollre a~aill, 1I11111cricai estimations \Vere IIccessary particularly \Vith respect to

HOM alld illdividual LUT 5i~e, a5 hardwal'e i5 1101. Iimitl"5s, Threshold calcnlations depend

nn il.el'al.iVl~ <:olllputatiolls and compa.risons which can ail be rclatcd to il and 111.. Hence,

1.1ll'Y h.",,'lIIe I.he ohvions choice fol' indices for the LUTs holding equ...tion compntations. Fol'

<'ach Jlhase requiring a LUT operation (a comJlutation), a LUT of si~e 8K must he alloted

ill I.he ROM. lIence \Ve will he saving time, fOI' memory read operations shall he performed

illsf.ea.d or rea.l-nllle caiculatiollR.

The /(lW-I""'",",llI'" Iwltliu[J 1/wde requires t\Vo wheel deceleratious thresholds iu addition to

I.he Um" duration calculatiou, Both I/a and Il'I can he calculated a priori. Il,! marks a safe

gllardillg region fol' the lia condition in this mode, so that the oscillatious of pressure which

'''Ill I.ake place at. I.his time have some room to move in, i.e, hetweeu t.he two thl'eshold values.

Ileca.nse Il,1 was not defiued in the paper hy [8], an approximatiou \Vas defined with the help

nI' MATLA Il simnlatiolls. So to date depending 011 the accnracy of the vaille needed, If" will

he a fnldion of 1/:" and will he one of t\Vo eXllressions: either Il.! = ~Ila or 1/,1 = !9611a.

A possihle fut.nre extellsion to the deceleration slippage control of an ABS implementation

wllid he to inCOl')lorat.e acceleration slippage coutroI. Such au addition elicits motivation

l'rom a desin, for engine elliciency, vehicle haudling, minimizing stress on vehicle components,

,,1.<'. in wnt.rast. to t.he predominant safety precautions for ABS. Basically, a system for

r<'gulal.ing wheel slip at. t.he driven wheels () possesses similar reqniremenis 1.0 those for a

syst.em designed to regulate hrake slip (AnS); steerahility, directional stahHity and effective

transmission of longitndinal forces onto the road. Eveu further, as cnrrent l'esearch suggests,

lal.el,..1slippage can also he incorporated into an ABS.

Ch..pt.er 5 ..ddresses the final phase, the encoding in VHDL, the circuit rea1ization for syn-
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llll'sis. FPGA ha l'{I\\'a('(\ illlalysps and dpsigu 1lH'1 hodoll1~i{'s. 'Il'rhnolog~' dt'jH'lIdt'1I1 fOllrt'I'IIS

are 1'('l(uÎI'('d if 1Il0sI. il\'ailahlt' 1'(':-;OIlITl'S and f(-'allll'(,s or ail FP(;:\ rhip :\1'(1 10 Ill' l'xploilt'd

h.l' "'''.1' nI' the Innls. AI Ih.. 1"'l'""lIt lilill'. s.I'lIthl'sîs "I!\o"il hllls h,,\"<· 1101 ."l'I 1II"lllI,..d 101'1111)'

l'xploit ail "l'chitecl.II,',,1 at.l.l'ihlll('s or III<' 11I"".1' 1'1'(:,\ Iypl's,
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Chapter 5

FPGA Synthesis

Ch'l(>t,,1' ,1 aided hy Appelldix A, illtrodllced the AilS cOlltroller theory alld presellted hllild­

ill!!; hlocks alld desigll allgles. With the grolllldwork of theory laid, alld the specificatioll

of 1.1", AnS ('.0111. roll cr cOlllpleted dowlI 1.0 the sllh·hlock, ellcodahle clements, that whieh

l'l'Illa-ins and which is 1ll0l'C conducive 1,0 OUI' ,'cscarch, is the implclllcntation. The stops

IIl1del'tal«,1I fl'om desigll elltl'y 1.0 semi-detailed implemelltatioll pl'ocedures alld reslllts, 1.0

tlll' self-testillg cil'cllit of the l'l'GA realizatioll arc ail descl'ibed ill this chapter, Thc ex­

p(~l'illlellta.1 design goal can now he statcd as: 70 flSCC1'llllu whelhe7' rea/-lime llS!JHCI17'07loUS

cUIl/m{/wc "{I{I/im/if",s clin !Je Ïln{l{elllenletl in FI'GAs mU{lIIilh,,{ conJor'm /0 /he necessm'y

,,,,,{,Ullle cOlIs/minis, mu{ /ll IJ/YJllitle met/wtlo{lI!Jies Jal' "pplica/.ioll specific t1esi!Jl1., synlhesis

/lm{{"!J""/ (A8D.5'I,).

5.1 The FPGA Oesign Cycle

l'l'GAs have successfully instituted their way into the l'calm of rapid prototyping. Theil'

SntTeSS l'an he at.trihuted 1.0 their ability for illllJfementlltion fine-tunin!J duc 1.0 their field

progl'HlIlmahle fea.turcs. Uardw;u'c a.nd software (1.001) availabilities cOlltrihuted 1.0 the choiee

of l"chnology for this circuit's realization,

61
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5.1.1 'I\ll1ing an Application to FPGA Structures

('",-

Tht, d(lsign phase:-; fol' t.Ill' dp\'p!opIlIPnt. of il l'apid pl'ol.()t.~'1H' al't' dppirlt'd ill Fi~lIl'l' ;).1.

VIIDL dt'sign. simulation and srllthesis \\'l'I'(' IH'l'rOI'IIH'd tlsÎnp; t.hl' CAl) FralllP\\'ol'k rrullI

SYIIOPSYS. XACT tools 1'1'0111 Xilillx '",'l'l' IIOl'd fol' pal'Iilioll. pla('(' alld 1'0111.1' (l'I'H) .",,1 hil­

sll'('alll ('l'l'atioll fOI' l'l'GA dowllioadill!\ 0111.0 XC-IOIOs. Om' kt'y aSI"'('1 ill Ihis l'l'UA dl'si!\11

takes 1'001. ill the !oo/illf! of ri tlc,,;!!Il, whieh l'efel's 10 IIIl' IIS(' of COIllPllt('1' AillI'd Sysll'III

Teehllology (CAST) 1.0 faeilitate SOllle of the spl'('ifil'atioll alld dl'sigll phasl's. MATLA 1\ was

lIlied 1,0 analy?c certain cqllations for range limits, 1'01' \'éu'int.iolls in SYlit.l'llI paTiullPl.l'I'S a.ml

variahles, alld 1'01' plll'sllit alld vel'Îliratioll of appl'OXilllatiolls whi .. h ('ail he Il,,,dl' whill' still

al'hievillg 1'01'1'1'<:1. l'OlItl'OlIel' fllll<:1.iollality.

The OI'igillal desigll goal was 1.0 lit the ellti,'e l'lllltl'olle,' 0111.0 a sillgl(' l'l'GA. A Xilillx

XC·I010 eOllsisls of ·UlO CLBs alld lno lOBs, alld l'anies a Il l"l"ivalelt gate WIIII 1. of aholl 1.

10K. Dlle 1.0 teehllology Iilllitatiolls, Illl1ltiple l'l'GAs WNe ('ollsidel'ed \Vith thl' potl'Iltiai of

llsing on-chip RAivl facilitics fol' storagc of constant data. G'oll.o.;lcml da/a ra.n Iw del.(~l'lllilH~d

a priori and lIIay consist of physical constants, calellla.t.ioll l'cSIlIt.s (mult.iplka.l.ion, divisioll,

logarithlll), and norlllalizat.ion l'esllits. With t.he lookllp t.ahle' (LUT) sizl'S l'l'I)lIil'l'd, l'l'GA

logie hlocks pl'ogl'ammcd as RAtvls proved insufiident a.nd t~xtel'lml IIHmltll'Y plt~IIWIlI.S wt')'(!

songht, ""eh as HAM or HOM. Perhaps with lhe availahilit.,Y of a.pplieat.ioll speeHie IIll'IIlUI'i"s

(ASMs) alld t.he ereat.ion of pl'Ogmllllllahle ASMs, slldl logie and lIlelllo"y Î1l1pll'llIellt.a.t.iulIs,

Le. one chip solutions, will he possible. The concepl.ua.lization of compact IIIclllor.v d(!rnenl.s

colllhined wit.h standard logie is dimellit dlle t.o Lhe dHfel'ellt nHlllllfaetlll'illg pl'Oe<'ss"s "<'l)lIil'ed

fol' cach. 1I0wever design strategies are sl1l'faCÎtlg which can cl'cate (~fJident lIIctllnry st.rll(',l,Ul'llS

combined with logie, and lhe area is opell fol' flll'lhN "eselHeh.

Eventual implcmclltation involved manllal design partitionillg, optillliimt.ioll, a.nd "CsolIl'ce

shm'ing. FOI' t.he eonlroller cil'elliL, two Fl'GAs wel'e ""l)nÎl'ed a..lolIg \Vith 0111' d"dieated

lIIemory ehip, a ROM, 1.0 IlOld the hllik of the LUTs ('l'eated IIsillg MATLAB. Apel'iodie

tesl.ing was then illlllcxcd using a bl1ilt~in signature analysis schcme and resollrce sharillg.

The same hal'dwal'e is IIsed for bolh the eonll'ollel' opemtioll and on-Iine tesLillg. This is

aeeolllplished with the added overlll'ad of IlllIltiplexol' illllllls, alld orr-state ey<:I" stealillg.

1Can hc l'cgarded as il large army of cOlIsl;mL valueli
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\\'111'11 thl! hlllk calc1Jlal.illl-!; circuitry is Ilot. ill usc, dllrillll; ofljllorlllal cycles of the vchicle, the

ll'sl. rircllilry fOlltmllN awalwlls allcl pr{)(:eedli 1.0 vt'dfy the circllits opera.tion \Vit.h injectcd

ll'st V;III1I'S, nwaslll'inl-!;, acculIlII\aLinl-!; il.lld tahlllatillg t.he l'es1J\ts.

•

Desigll Goai:

Potenliai
SoiUIÏOfl

1FPGA

IXC4010j
<= (R[Jpid Prnlul)'ping )

leelmoiogy limilatioll

•

Figure 5.1: FPGA design steps and realization cycle

i"ine·t.uning t.he design in its embedded environment Illay alter some of these hardwa.re

l'l~a1iza.tiolls, The ad Vétlltagcs of FPGAs for hoth rapid protot.yping and final circuit realiza·

tioll sllrfaœ durillg the validation of circuit implemcntation <tpproximatiolls. Additionally,

pal'ilmetel's dHtllge with timc, and the control1cl' implemcntation may need to he altcrcd

\Vith lime, FPGAs can casily be re-programmcd in the field, the vehiculaI' repair shop, as

opposed t.o the factory, if an ASie was the c1toice for implemcntation. 'l'hus far, sllperior

drcuit densit~' capabilitics arc the main support for ASIe implementation.

Most of the design originated from mathenmtical moclcls describing ABS dynamics. Im­

plcmcnt.ation of equations, variables and their lIuits and normalization across fUllctional

bloàs is Ilot forthright. Logical illtcrcollncctillg and normalization of values while main­

t.aining t.heil' real world implications for cxtcrnal connections and responses in addition 1.0
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eqllat.ioll imp1<'I1IPIlt.atioll 01' l'a1.I\(,1' <Ialapat.h l'l'alizat.ioll \\'PI'(' dillirull. l.a~k:; in "hl' dt'si~ll

piJasl'. SPil'ct iOIl of pl'l'risioll is a Il 01. IH'I' 111 a tipI' and si 111 nia !.ions a!'(' l'l't( Il in'd tu sl'ult' 011 a

Hnal da.ta. lengt.h fol' t.he individnal 1lI0dll\l'S. Bl'l.w('l'II IU-I:! hit,s or 1)I'l'dsiuli ;)1'(' dl'PIIIl'd

ac!equalc and Ilol'Illalizatioll of input. a.nd oul-put. hlnrk \'a!lu.':; ClI'(' hast'cI 011 1.11(' ma.xilllUIlI

and/QI' minimulll expect.e{! vallJ(ls. For C'xilmplc v('lori!..\' valla's (V), ('(lad rOlldit.ioll (111), and

LUT cnt.l'Ïcs a.re l'cprcsentcd hy nOl'lIIa lizcd in t.cgcl' ranges \\' Il it'h t. ra lIlilaJt' I,n a lixl'd- poi Il t.

hardware l'orlllats 01' [6,2], [:1,2], [U.5] ,'espel'ti"e!,I'. \Vith 2 hits l'or I.h<' l',·al'I.iollal part, 1.1",

predsioll is he!d al. ±O,25. Shil'I.illg 01' the dal.apa.th is r<''1l1in'd tll aligll illl,<'I'a<'lillg da!.a l'or

eorrect pl'occRsÎng.

5.1.2 Encoding Primitives

A sy"l.hesi1.ahle VIIDL sllhsel. alollg wil.h saille elll'odillp; gllidallC<', 1'0011ld ill <li'" lll' I.h<' ,"a,",

liais of the S'yllopsys' t.ool sel. [52] becallle ail aide l'a,· ci"l'lIil. descripl.ioll. Cardul a,I.I.!'lIl.illll

was gi"ell 1.0 the hardware illferellce resll\l.illg fl'OIII VIIDL s'ylIl.l",sis. Stalldard VIIDL S'yII­

ta.x~ Ruch as if, case, Loo!, st.atcmcnts, varia.ble a.nd signal assigntllcnts wp,'e lll.ilbwd, while ail

synl.acl.ic I.illlillg e\elllellts, (Ilfler and IIIllil, st.atelllellts), were avoided. VII))!. [OI'lIIal. also

('nahles direct colIl.rol OVCl' colllbillatiollai all<\ se'lllelll.iai reali1.,üiolls, as weil as sal,isl'ael.o,''y

s,Ytlthcsis of certain bchaviora! descriptions. Hl!' cxamplc, dcpcIHling; 011 t.he (~olll.(~xt, v:u'j·

able 01' signa.I assignmcnts ma.y infcr cithcr rcgistcrs or latchcs. FPGA archil.t!dllr(~ harhol'H

cert.ain killds of flip-llops alld depeudelli. 011 l'olllpleteuess 01' a sigllal assiglllllelli. (whel.h....

ail cases of illpnl.s arc l'o,,el'ed), eil.her se'lueul.ial (flip-f1op lisage) or wlllbillal.illllai d,·cllil.r'y

will resll\1.. Additionall,Y, a stal.emeut sllch as C <= il + IJ will illitial.e a, sean,h ill 1.1",

I.echnology specilic librar'y fol' specilic blacks which are c"pable of sllpporl.illp; the additioll

fnndion. Desigu l'onstrailll.s sllbse'luellt.ly l'ffed filial hlol'k 01' macl'O seledioll.

III controller applicaticlIs, most illputs occllr 'L'Yllchrollollsly. Oùl.put.s cali he sYlldll'O­

nizcd to a. clock, but as most actuators a.rc cxpcctcd to rcspond aSYllchrollollsly, this is Ilot

really uecessary. Carefu\ VIIDL ellcodillg cali gellerate alld colltrol bath sYlJchrollllus ,",,1

asynchronous l'vents, as seell in section a.:l. VIIDL examples were illdllded illllsl.ratinp; halld·

shaking protocols where elltities wail. fol' evellts ta happell before l'Onl.inllillg I.heir executioll.

Synl.hesis t.ools easily support l'vents which porl.ray c10ck signais. Dilficulties arise whell



• ('i/M''!'f/( ,1, /,'1'(:,\ S\'N'!'lIfS/S (j5

•

aH 1'\'('''1. is Ilot ;1 d('rivatÏ\'(~ of a ,L!;lohal c10ck sip;l1aJ. They arc oft.en rcrlccted hy errars in

sYllt!lpsis 01' if tht' rirclIit cali he sYllthesized. by ff~C(lIirillg doser' scrutiny during simulat.ion

if th" circuit (',Ill IH! sYllthesizcd.

Our sl.l';ll,ag<'1II J'('qlli('(~.ï eatc:hing aSYII{:hrollolls signais and liynchrollizing thclIl 1,0 a dock~

allti p"l'lIIittilll'; sllb-dock I","dshaki"g bill. ev<'ntll,,1 dock synchroniz"t.ion silllilar 1.0 what

was nl('ntioll<'d in [,1,1], The slatelllent WAIT !JNTIL clock <edge> is IIsed thronghont the

("Od.. 1.0 sy"chroniz<' l'vents with one of the systelll docks. II. can also be elllployed more

thall ollce in il process sl.al.elllcnl ln "wniC" for Illultiple clock cycle times, sa lltat cvcnts in

tinl(' C;III be orderedfschl'dnled. A WAIT UNTIL can "Iso be nsed fOI' Imndshaking 1.0 control

illl.er-proccss comlllunicatiun, a. procedure which is somcwhat asynchronous and rcquires

(°a.I'Pflll c1esip;1l alld simulation 1.0 l'usure correct fUlldionality. Interfacc action can thcn OCClU'

wil.h a Iiller g",ullIlarity than dock cycles wit.h the lise of the above WAIT st.at.ement and a

,'onlpil"l' which cali synthcsize t.hem correct.ly. VIIDL eneodillg of the above wOllld thellec

1''''1l1il'(' I.hat illterface procedllres terminate 011 a clock tl'ansition (wllil lIll/.il cIocI.: <cI/ge>

,,11I/1:1IIcIII). Global time, and contl'OI can then be maintained throughout the design. The

AilS cont.rollel' employs thi, type of t.iming control, execllting seqllential statements and

t.h"n synchl'Onizing t.o cithel' the fast clock (dUn) or the medillm dock (pipe.c1k). l'roecss

stat"ments, g"nerat.,'d responses will ail appear synchronized al. the periphery even if there

'Ir" slow"I' 01' r;\st.el' events from withill. An alternative liner-grain solntion worth exploring

is t.n IIst' a rasl.el' dock, ;c' Iimited by the teehnology, 1.0 trap ail signais and make responses

'1uiek I)nollgh so the circllit bemmes completely synchronolls.

i\ salllple encoded cont,l'Ol FSM and datapath implementation from two blocks of the

AilS d,'sign exists in Appendix !J. Tbe FSM is broken into two processes, tbe combinational

proeess which determines the next state and shonld define ail signals for ail in l'nt combina­

t.iOIlS, and t.he seqnent.ial process whicb in fers registers 1.0 hold the cnrrent state via inclnsion

of VII DL WAIT until clock <edge> statement. Both datapath and control can coexist as

st'en by ROM aceess reqnests and mnltiple nse of WAIT statements in the same process. Sev­

l'rai of t.he VIlD!, models contain WAIT statements 1.0 control the multi-cycle fiow of eveuts

IIsing t.he medillm speed dock. As l'l'GAs arc register rich, one may use a pipelined style of

design t.o obt.ain increased througbput, sbollid the demand be there.
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5.2 FPGA Implementation of ABS

(Hi

'l'lu-' doued lille in Fignn' ·1.1 ~t'parilt<'s I.h(1 desip;1I inln t111' l.wo original part.itiolls ur 1l1otillh's,

011(' ront.ailling t.he' ,;'inpu!. salllplîng and IlH'HSIIrt'lIIPIit. hlocl\s". aud l,hp otl11'1' tlit' "top control

alld art.ioll blocks". III the (,lIrn'llt fealil.l'd \'(-,l':-;ioll t.llt' slip calrulat.OI' has ht'l'ollu' part. of

the ··top cont.rol" modules. as t.hl'1'e \\'as spa("(~ ayailahll' alld it,s n-sult. wa:-; hl'illA p\'(J('('s~a\d

directly b... Ihe rouI' pha"e conlrol loop. "ach 1Il0dnl,'. n''1uir,," a "in)!;l!' ;'·101\ 1'1'(:'\ .-hip

fol' realÎimtioll, and when Im'gel' FPGAs hcrolllc l'eadily il\'ailahh', sillllples a,I'p all'l'ady lIlIl..

it. is t'stilllatcd lha.t the design will Ht. 011 a. single chip. Ali of t.he init.ia.1 slH'rilicat.iOlI. 1.11(1 top

I!'vcl AnS black diagralll, and Ihe re"u1ting VIIDL !'ncodiug "IIl'ap"nlat!' hil'l'ar.-hy. 1':urud"t1

VIIDL ent.ity were written t.o agree wit.h t.he black (lia)!;l'alll aud it." inh,'n'nl. hiNarehy llr

blacks. The corresponding (ll'citilcdul'c... with 1)l·OI.'c...... stat.elllt.'lIl.s of I.lw t'lll,il.ies dpSCI'iht' t111'

1>lock'" ruucLiouality. The block int.el·raee" t.o ncigh1>OI'ing 1>loeb t.1·auslal." I.ll ('nl.ity pml.s.

Synchroni~at.iou amoug"t. t.he 1>lock", or ,mtit.ie", rollOll's rmm indivi<lual !'l'''UI. iul."l·pr"t.al.illn

a" exhibit.ed in t.he VIIDL FSM descl'ipt.iou Ii"te<l iu Appen<lix Il. Il,,,,,,11 t.hal. hi)!;h 1"",,1

synlhesis conccrns \Vere the driving forces for the lise of sl'((lIcntial sla.l.t'IlH'IIt.S wit.hjll tht'

VIIDL pl'OCe"S configurat.ion. Depeudiug on the complexil.y or tl", 1>loek, it" l'Onsl.il.ll<'Ui$

aud lel'els or hierarchy \ViII vary.

5.2.1 Contl'ol Cil'cuitl'Y

lIot.h or t.he abol'e modules \Vith theiJ· "ub1>lock ruuetioualil.y \Vere "pecified in Ch"Vl.el· '1. A

"ubset. of t.hem rl'am the "t.op control aud adiou" module \Vhieh exemplifie" uni'!n(', l'OU,'

mou, 01' "l'l'cial reat.ure progressiou rl'am origiual specifical.iou aud VIIDL "uco<liu)!; I.ll final

implemeut.atiou aud I.e"t.iug \Vere "elecl.ed roI' rurl.hel· meul.iou. Fil'e 1>loek" or iul.er,,"I..: the

Masl.cl'_FS'M. t.he Prc.dcvcLclll.7'l FSM, t.he Prcsslm'-.ÎI",r_enl.rl, the Prc.dli!Jldw1<l, an<l the

Slip_ mlel/lalion 1>lock shall have t.heir implemeutat.iou "pecilic" <lescribed here.

The MIIs/.cl'_F5M black del.ermiue" t.he vehiculaI' "1.:Ll.e a.1. alll.im,," aud \Viii 1>e di"a1>le<l ou

au erraI' signal event generat.ed 1>y t.he sclr-t.e"tiug circuil.ry. It" rouI' majol' "I.at.,," or operatiou

arc slopped, 1l00'mal (moviug \Vit.hout braking), bm1.:i"!J and Il IJS'_""ablr:d. The vehicle "I.a.l.e

\Viii change from t.he initial stop state ta uorma\\Vheu the vehicle move", and "u1>se'lmml.ly 1.0

braking if t.he brake pedal is pressed. The miuute thi" "t.al.e i" enl.ered a i.hrc"hol<l ea.1culal.iou
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~llh-lJlll('k j:-; f'lIahll'c! alld if cl'iliral sliJlpflp,f' or optilllllili brakillp; i:; attaiut..'d. 111(' :\BS fotll'

ph'lsl' nJIII roi looJl is f'lIahh·d plit lillp; 1hl' n·hirl(' in ..lIJS·_l lwblrd mode. AppPlldix Il lists

;1 fOllrbl' VIIDJ. d(':·wriplioll iIlllslraling ho\\" cOIllhillalÎonal ~llld s<'quenliai logic infC'I'l'llcC's

altd a sYllrhl'Ollizf'd FS.\I rail 1)(' SYlllil('siz('11.

Th" 1'1"1.'-''''''-<"111''/ hlm'k, also klloll"lI as Ihe millor FS~I. 1I"0rks 0111,1" ill Olle sllh-slatl'

of lill' .\/a..../fI'_F.'iJ/. and fUlIrtion:-i silllilarl~·. Il is charg('d wi!h conll'olling. cllabling. and

il hSCll'bi Ilg n'slIlt s 1'1'0111 1hl' PX ll'I'nal motl ult':; and l'rom il s l'ail r iIl tC'racl,jng Sil h· mod 1I1(lS whirh

a ...• a.. 'h·al"d at dilfl'l"l'II1 limes ill 1hl' lilllii r!l"h' of ,\IlS ellahled oJlNatioll_ Olle of these

slal<'s :!cIÎ\"ôlI.PS lh<' PI'f...... uI·('_ÏtH't"_f."nll'/hlork. which ra1culatt's threshold values hascd 011 t,he

,""Tl'1I1 (n,' sa III l'Il') \"al",' of t he ,·l'1ocit,\". 101'011I the 1hl'or,\". the Eqllatioll ·1.1 Il'd tG the caicu­

la 1Ïll1l of lia' 1hr(':,;ilOld aIlgtlla l' decelera tion \·allle. Subseqlien 1. t.a :mme ha nd apprmd lU atians

alld ,illlplilkaliolls_ llll' Eqllatiolls ·1.2, .I.:J. alld ·1.·1 rl'sulted . .\ block implementatiou of the

1'1"('''"1"(' illCl"easillg phase of the fOllr phase 1001' is showlI ill Figllr,' 5.2, .\ LUT holds ail t.he

pnll'lIlial S, alld fil \"ailles illd"xed b,\" bolh the III alld \' \"alues. 'l'hl' comparntor rherks the

l'psllitS and t racks the maximtlm value of \'chicle dccelcratioll to attaill bcforc the next state

mllsl 1)(' iniliatl'<I. :\ loop gt'nl'I'ator \\'as rcqllil'ed la cyrlc thl'Dl1gh a Iimited l'ange of road

(,(Hlllilions. Thollgh olle valtlc' [0111<1 he stored inslead of severa!. this appraach \\'as takell to

,,("collnl for fnltlrl' options where an external lU value ....(ltlld he genel'ated by extcrnal \'chicle

01' l'(),ul·sidp gellcrfl lors. The syn thesizcd schema tic rt'presentat ion of the PrCSSlll"f._iner_cII' r/

J,Jock ill "'iglll"(' 5.:1 dl'pkts t.he illsl'lIltiatioll of two hard manos. one for t.he "integer" com­

parbnll. alld t.hl' ut.hl'r for an additioll. Each box represent.s a Jlrogramml'd CLn cont.Hilliug

solllP tllapJlt'd romhinat.iollal and sequential circuit l'y within.

Three similar hlorks alld olle furt.her Sllb-cHiculatioll b:ock which exhibit. or<'~ring of

"pNatiolls. control, l'l'ad from Ihe HOM. wO"k ill mlllt.i-c,\"c1es and pl'rform some kind of

halillshaking with ot.h,·,' snh-hlocks. WNe also l'Ilcoded in VHDL, along wit.h their com­

pl<'mentar,\" and se<'Ondary blacks rl'qnired for fnll AnS operation . .\ block diagram of t.he

implelllentation oft.11l' fonl' phase control 1001' is ontlincd in Fignre 5..1. The existcnce ofmnl­

li l'le <'OnCIIIT<'nt <"'l'nts rl'quirillg mnltiplc docks, makes thc t.ask of synchronizat.ion a delicate

t.ask. Nonl'thell'ss.l'ach snb-modnle was synchronized prodncing det.crministic responses and

oulpn", WAIT sl.atl'lIIenls WNl' stmtegicall,\" elllploYl'd t.o permit. cfficient captnring, st.oring

and I"'on'ssing al all<'mat.e timl's of block inpnt. dat.a in addition to snpplying ont.put data
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of the pressure increasillg slale,
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Figure 5.:~: Synopsys' sYllthe:-;izpd \'('l':-;ioll Ill'

the pl'eSSlIl'l' inl'l'pasin1,!; :-;Iale alld its .... lru-

la ,iolls.

la ('xlel'l1al acluatOl's al reasonable limes wi'h r('sper' 10 the hydl':lldic: l'P:;IHlI\Sl' tillW:-;. Wail,

slalellll'tlls wcrl' also cllIployed la tnalerialize halldshakillg prntncnls wil hill and iltl101l1!; Ihl'

variolls modules.

The overall pictllrc, Figure .j"l, incilldes II1l'se hlock:-; as weil as SOIIll~ 1lI111Iipl('xt'l' hloeks

la aid in hardware re'llsability and some tesl.ahility reSOIlI'(es. Presently, tht' l!ntil'l' AUS

conll'OllC'l' 1I0es not yet fit 011 a single FPGA. :\:-; Ihis was one of 0111' l.arv;p1.s, any :HJvanla­

gcous simplifications should he exploited. III particlllar, potl'nt.i;d l'l'i;nUrce shal'illl!; should hl'

altempted by the designer as the synt!lesis tool call1lOt. glohally implclIllclIl J'('sollrre :;harillJ!;.

(ln faet, the Synopsys compiler restricts sharing la wit.hill pl'OCl'SS s1.atcllIl'lItS.) 'l'iiI! ('akll­

lalion of ROM addresses \lsing individllal ofrsets for LUT acCl'SS in :;OI1W of tlle four pha:;p

modules. exemplifies such fOl'ethollghl. '1'hollgh earh read l'eC(lIest ('ollld have (·aklll;Lt.,~d it.s

o\\'n add l'css. ellcoding this (errcct llally an addit.ion for each st;Ll.e, wit Il difrerellt orrsol.s) in

VHDL aCI'oss pl'oces.~es \Vould l'l'suIt in installtiatioll of sevlll';d addN lInits. Acmt'dill!!:ly,

haYing one unit j>C'l'forming the addition of an offset contingent on the pressure slah~ dllrill~

the ABS_enab1ed state would save on area so long as pressure control :;1,;I1.e illfortllatiO:I GUI

be made public, which is the case. Figllre 5.4 i\lustratcs the addition of an m/d opera.tion 1.0
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tllf' /l1U/lilllln,. ullil whirll dof's nol IllC'rPly Sf'n·l.~ as a IIIl1lliph'J'f1' huI as a MU.Y+mltlllnit..

i\lallll:.1 synllJ/'sis h:ld 1.(1)1' pPrforllll'd across proCl'sses,

dUn AI3S·ROM

~~~':k~;=:::'~--;~~'-;-:~ ~1 p- ~~~:'\
_,..:... Incre;lsing m.mO\ AOS-wlll :

•
~ BI l 'lUX& I-o-If l~t regislers "rT,'f.- nc: III "': & r=--

: 1 adt!re" :.. 1~ Ingie 53
; ~____ _ L, ~cnCrJl(]r 1! III

~l> L~ p,-[../ !.:. • glolml_rcsCI

I-!- Pressure , III =---
t-:- ~::t::=t:=::'=::t==f:t=j ln l'rc.~sure1- Decrc:l~illg 1131- , : 1 • Control
.!. HlllCk '

AIIS_clllrt 1 1 l, : ,____ ___ __ 1 Il~~

Figurc 5,'l: Implementation or Pressure control Blocks.

'l'hl' Pl'c,.._rlr.t~I'_clI/l'l hlock exhibits ana.logOtlH helmvior as its sihling p,.cldncl'_clltrl block.

110\\'1'\'1'1' addit.ional condItion!' must be <t.nalyze<1 which is ]'cflected in t.he minor FSi\'I (pres.

sure ('(lnll'Ol FSM). Longel' VnDL code with more clauses, if.. llwn...elsc .<:!alcmen/s, surfaces

hllt. othl'rwisc. it.s l'l~a1iza.tion rollows suit. The Pre.dâgldwlil black difrers iu that il, requires

;IlTl'SS 10 Ihl' linter which is a simple downcounter with reset ca.pabilities. Whon time expires,

the top 1('\,(,1 pressnre COll t 1'011el' det.eds the llced roI' a state tra.nsition. As with pl'ossure

hi~h holding mode, a P"c,'1JoudlOlri black bclmves similarly iu that a timer is l'equired to

t.l'ark tht, dUl'ation of the I>ressnl'e holding statc. Unlikc the high mode, aCter the time Iilnit

ha~ l'xpired. the tlcx\. state may or ma)' not he the pressure increasing as one wouId expert,
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ol.hl'r condit.ions (/.;.,. > or < Il:1 and 1:.: > or < Il.1) lII11s1 hl' (t'sll'd. St'l' .\PIH'IIt1ix :\.

Sllhst'qlH.'lll.ly, tht, l.illl('1' rircuilry lIIa~' ha\'(' lu lit' l'Ilahh'd Illon' 1hall Olll"l' in 1his stail'. and

il is shared h~' hol.h prpsstlr<' huldill/!; stat.l's.

The S'/i/Lca/cu/al;ul1 is as clmw 10 a dalapat.h dt'srript.ioll as (>ossihlt' wit.h 1ht' l,onls :l\'ail­

ahle. Enfoti<'d in a. proreliS sl.atcllll'IlI.• t.IH.' datapal.h or tht' slip cakulatioll ÎIl\'oln's 111(' \'"hicI..

\'elocit.y~ the w1tcers t.angcnt.ial velodty and ac("pss (address and data. pal Ils) tu a LliT 01'

HOM, Explicil l'OlIlrol 'l'illg stal" l'adahl..s for 0lll'ratioll ('lia hl". l'ariah''' (as "ppoSt,,, 10

signal) lisage to scqUCIl('C operations and synchrolli''.at.ioll of t.ht' l'1It.in· prUt'PliS 10 a rilld.

m.;ing a. c10sing WAIT statclllcnt a.rc dcpictc<1 in Fip;lIl'e :>.!i. Fip;lIrt· !joli illlls1.l'a.l.<'s thp l'psull inp;

sYllthcsizcd circuit auto CLBs, hOllliiug t.hl' (·olltrol alld da!.a. path loV;k, and hanl lIIilrl"tlli,

represcnting the multiplication, a.ddit.ion and slIhtradiou 01H.'l"a1.iolls.

U~& wonlC .•fl~.CI:':>.ALL:
.nUt,. d1r.cd 1.

l'On(&lobd.r•••t , ln bit:
plp••cn. . lM bU:
Il : 1" Integ_r nn&. 0 to :156:
tr.'1••<lj : lM 1ntes_r uns_ 0 te- ';:56:
CUknEllT~IlU.:ITUC:ln Yehlch•• tau.tJP_:
CUnnEMT.IlIIC.~TATI::lnpr..... l ....tn":
rOIl.d.t. : III rr"••••1I:••uoro1:
.'.rclI••dllr , eUT .~•• rclI_unll;_:
.llp.c.l~norll , elrt pr_~~.du....cro1l:

.no1 .tlr.cd:

.rchlt.ctur. b.h••••Up.c.1 ot dlr.cal 1.
b.ll ln
••cd: l'roc...

UI\UDLC vd ••dJ : tnulI.r uni" 0 ta :lf,r>:
b.llln

IF {&lobd.r.ut. 'l'l TIIEII
dlp.cd.norll c· 0:

E!.::IF {(CUnI\E"T.IlU.:I,o\re ...b•••n.bld) AllO
«CUnn&llT.1l1N.:>TATE. hllh.holdl on
(CUnl\EKT.IHII.::TATC" lou.t.cld l~) TIIEN

.1.r......ddr (_ .Up.otte.., • v:

., .. I .•dJ , .. rOIl.dU.:
el Ir.cd.no...... :>L1p.lbEIlT· {tuq••dJ...I ••dJ l:

1:1111 IF:
WAlT UIITIL plp••Cn. .. '\';

.nd proc•••••c.l;
end b..hn.dlp.c.l;

......_._ ......

Figllre 5.5: VIIDL code fot, slip ca!elllat.ioll, Figllre ",r;: CLIl""presclIt.a.t.ioll "fslip ,,,,kil­

latioll.

5.2.2 Self-testing Circuitry

Design fol' tcsl.u.bility \Vas aecounted for bcgilllliug \Vith the specifieiltioll sl.êlJ!:e flTlcI t.I'H.Vl'I'SillJ!:

th rOllgh to t. he im plemclltatioll. Fu nctionality testi ng \Vas donc th rOllgh si ITIl1latioll. EVf!UI.

timing \Vas validatcd through the monitoring of input signais, sl.at.c trallsitiollS, alld W!lIer­

ation of OUt.pllt signais. lJack-allnolalion of tedlllology sJlccifi<: limings remains IIJlOII avail-
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;d>ilily 01 Ih" l'f'sp,,ctiv,, lools. A hllill-ill reJiahilily cherk \V;" implemenled hy Ihe inclusion

of Sf'lr-lIIollitorill1!; dl'cllit control blacks, lIIultiplcxcd input.s, and accumulation capahilitics.

/lnrinp; orlcyd"s, a 1."1 dock (en,d>ledlhrongh Ihe lesl circnitry and derived nltimately

11'<>111 Il,,, lIIain dock) is g"nerall'd enahJing the re-nse 01 hardware 101' testing purposes,

With a hip;h-spl'ed c10rk driving Ihe cOlllputation logic, a lIIedium speed clock driving the

foutrol1t·c1 pipelilled stages, adCCluatc lime should cxist. 1.0 pcrform on·linc system monitoring,

wHhin th.. sysll'lII 's specilied rl'sponse tillles, The slower lesl dock is only enahled during the

/r'S/ 1II0dl' ami 1II0nitors the glohal test event.s so t.hat ail calcnlations and stat.e changes still

IlInction with thdr regnlal' c10ck inpnts, ll.ecall, vaincs arc injected wherehy this test dock

will prodllce veloeity vailles (stored on chip if t.he nUlllher is small and orf-chi)! ot.hel'\vise)

whkh al''' normally calcnlated dnring l'Clll/lal' mode operation, Snch testing hy stealing dock

{''y('les~ Illakes mm of exisling modules hy Îllitiating calculations and comparing reslllts to

signa.!.nres t.o verily correct. lunctionalit.y, Fignre 5.'1 showed the indnsion of test structnres

in t.hl' oV<'l'all design, A t.l'st mode exists whcre t.he individnal hlocks carry out their regnlar

operat.ion yct. l'cgister the re~mlts in scparatc test structures for subsequent accumulation and

:-;ip;na.l.ul'c aII aIY:-lis.

A 1II0re detailed diagmlll of the test injection circnit cou pied with the to)!level controller

appt.~al's in Figure 5.7. Vclocity, and whcel acceleratiou values can either arrive from the other

hlocks whel'e I.hey 'u'e calculated from ext.ernalmeasurements or from the tesl. cil'cuitry block,

Cont.inual AilS malfunct.ions will turn the AilS controller of[ disengaging ail brake actuators

and infOl'm I.h" driver thl'Ongh a dashboard LED,

A linle "xtra cost, for exam)!le the area overhead fOI' o';!-line testing, l'an be alloted for a

higlwl'levd of reliability and security, so its initial specification Was im(>lemented. Eveutually

I.h" dlip will faH, at which )!oint detection is imperative and the AnS must shut itself orr,

indieating malfnnction sa that the nser/driver is aware and can have it checked! The error

l'an t.lwn lie in the chip itself or in a snrl'Ounding clement of the braking system or vehicle.

The SOUlTe of error at. this point is weil outside the l'calm of an AnS controller, and is u(>

1.0 the \'chicle l'epail' persan. However, furtltcr research can he invcstcd to create a neWer

AI\S "'l'sion which contains additiona! circuitry for post-failure fault search aud repair. In

snl'h a case a larger FPGA or, alternativcJy, an ASIe mOlY be required in the final system

rca liza.t.ioll.
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Self-chccking, achicvcd with apel'Îodie dl'cllit Illonitorillg, CIlHtll'es reliahilil.y allt! :.;('('11­

rit.y throllgh added test circuitry which detccts fuuctilluality crrors p"l.l'ul.ially o<"<"uI"I"illl'; ill

I.hc ficld. 2. 8ig''''I.1/re fl/willsis aud COllllmetio/l IIll'l.hods, rcuowu huill.-ill self I."sl. (\IIST)

I.cchlliqucs, alollg with lesl i/ljec:ùJII, colIsl.itul.e part of 0111' A\lS self-test circuit. Ali a''''I1­

IIlUlal.ioli schclllc was chosclI ovcr HAM for I.hc obvious rcasoll of spac". RAM is l'xp"lIsiv"

in FPGAs and accllll1ulators a.re less al'ca. constllllÎllg. FPGAs arc desigllcd for Rueil drt~lIits.

III fact, Xilillx illlplemellts fast carl'y circuil.ry which cali bl' usc" to bu il" cveu IIlllr" l'lIici"lIl.

acclIlIlulators. For slIlall test vectol' sets, and il. single signature, the cost. of an aCI:ullilIliLl.ol'

is Ilot justific", but for this cOlltro11el', :32 velocil.y vecl,ors wit.h a. single signat.nre re'l'lire

stol'agc, an a.dditiollal ALU is warrantiLhlc. The opt.ion t.o r(~VerSl~ the ve(~tors, thus I,nst.illJ.!;

fuuct.ionality with 64 vectors, cali be reaclily accolllluocla.tecl hy 1Ii""illg " d...l." hlls h"lfway

throllgh a. test eyclc. I~asily implcmcntcd in hardware, sneh a design concept l'cf(lIires 1II:tlllliLl

illsta.ntiation as il. is not assurcclly sYllthesiz"ble. Any VIIDL encocliug cl"sedhiug sueh "II

21t is ackllowledged lltat the design is Ilot full)' fallll~tolcl'anl. but l.hcl'c is 110 prohlt:1II 01' ohstades 1.0

extcnd it 50 it will hccome one. Silllilarly, 100% fUlIlt dclcetion is currenl.ly Ilot availablc, hul. il.s inclusioll iti

achievable as long a... tlte addcd arca, and l.imillg ovcrlwads (bath in circuit alld (Icsign) cali 1)(: l,ull~ral.t:d,
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opt'l'lI.ioli. wOllld IH' SP(pH~lItiall'y Iisted inferrin1!; a circuit wit.h mail,\' lihifts and bit checks,

as OppflSI'C! 1.0 simply 1wistiu1-!, l.hfl {Iata hus.

Tilt, ratp of illjC'dioll del)(~IJ(ls 011 t.he \'ehide sl.at.c. Self-checkillg cali consume more tillle­

spalial liS!' of the avaïlahle hardw"re olll.side of ail AilS control enahled sl."te, Less time is

;dlocat.('d for fOlltl'ol1er l.esting dllrillg comput.ation int.ensive states 1.0 cnsurc tha.t l'cal-lime

j"(''1l1irPlIl(lllts of tIlP li'ySl.clIl arc satisficd. An atlcmpt of maximulII ha.rdware rc-usa.bility for

the a)lIlVe test feal.lIl'<'s is l."l'geted ,,1. less thall ,10% "l'l'a overhead, Note that self-checking

is nol. lIIel'dy IliST on starl.-np. II. is part of the design so "dditiol",a! area l'an he aUoeated

1.0 1,11(, cil'cllil.s Îlllplcmclltation.

Fi/!;lIl'e !;.T iIIdie" tes the hloch involved wi th the conti 1111,,1 1II0llitOl'ing of t he Ans enabled

cOIl1.l'ol :ieetioll. The IC.'iLtimc_ycllC11llol' dctcrmincs \Vhell the pressure cont.rolloop hardware

..ail hl' {'",ploy"d for self-dll'cking operation. When the leslmodc is enabled, the correspond­

ill/!; lest hlocks al'e pel'lIIitted 1.0 perforlll their respective fUIlct.ious. For instance, the V_tcsl

Y"/lf'/Yllo/' will gelle"ate sam l'le velocity vaines to he inject.ed into the ]JI'Cs_clll.I'//oo]J block.

The vailles arc part of a predetermined list sl.ored as cOllstants on the FPGA. Snbseqnent

tu tl'a.vcl'sa.l of t.he encire list, an clItl of (:ycle signa.l is initiated to indicatc cOlllplction and

1""'lIlil the acclllllniatol" hlock 1.0 verify the resnlts.

The V_illjœl /w/ser hlock detel'mines the dllration of time for the velocit,y vainc to he

"<'id so I.hal. a complete cycle of pressnre state transitions l'an transpire, and resnlts l'an

he pl'Operly accnmnlated. The ICSU'"/llC IlCClllllldlllol' accnmlliates ail the threshold vaIncs,

alld I.ime dnral.ioll ealcnlal.ions. Aliasillg l'an occnl", hllt not dne 1.0 ovel'flow since ail inputs

are of the saml' leugth and the hit widths were desiglled 1.0 accomlllodate ail Illax vaincs

with adc«lla.tc IIIêl.t'gins. One ext.ra. fcaturc of the aC{~lImulatol' is that H. will alsa gcnerate

8<\lnl>ll' inpnt deccJera.t.ion values in order fol' the ]JI'Cs_cntl'UOOfJ block to fnnction correct.ly

and undel'go sl.a.t.e transitions, The simplest case wonld he a direct feedback path, taking the

('aleula.l.ed vainc, incrementing it and retnrning il. 1.0 indicate that. the respective threshold

01' nille expiration value has bccn attaincd.

'l'hl' I.esl.ing cycle w;;, designcd to he time mnltiplexed (on the shared hardware) with

l'eglliar ope,·al.iOIl of t.he AnS enahled contraller circuit.. Hencc if test Illode is interl'Upted,

il. will resnme it.s state of operatioIl sometime lat.er with the correct test velocity value
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lasl illjl'cll'd Înt.n 1hl' pn ...._(·I1I,.'-lool' hlock. Silllilarly. wht'II 1Ill' 1'('~lllal' IIHHI(' or 0lll'l'alioll

is ÎlltCl'l'lIpled. it. too. will l't'SllIllP opl'I'ation wil h ils eOllliulIOllS sall1plill~ or inputs and

calculat.iolls. Suell l.'(}lIl('J~1 ,,,u li/chillY is pnssihll' dm' ln tlll' illdividllal stul'a~l' units fur IIH'

l'espedivc lIIodes or operat.ion: {t'sI. lIlodp OWllS it.s m\'1l l'l'~isll'I's for data :I(Tllllllllalioll

and sl.atc l't\cording~ and l'l'gll\ar mode had it.s 0\\'11 \'plority st.ol'ap;<' and ca1t'lIlal.ioll Illmlu1t's.

f\ecelcl'atioll and slip gr~lIcra.tion HUits pro\'idinp; aeeura.l.p and llpdat.<'d inputs lu till' hanl\\'Hn'

reSOlll'l'es.

5.2.3 Simulations

VIIDL sillllliatiolls validated AilS flllletiollality alld tilllillp;. ('outl'ol sysll'ill tl'stillp; III"

eessita.tcd genera.t.ion of inpnt. signal sequences, as SccllH'utial IUJ.,!;k l.(lstinp; IH1U'l'dHI'(,S \\'{'l'l'

IItilized. A succession of altel·al.ions 011 t.he illl'uts is 1'l''1uired 1.0 fully l"st flllldiollalit.y as a

cOlltrolier applica.tion monitors e\'cnts in tinte, opcrat.es with ellrrcnt inputs and past Sl.a.t.l'S,

and Illust conscqucntly rcspond in time. \Vaveforlll \'iewers \'iSlHl.IIy aid(! SlIdl l.asks.

Cm'eful VIIDL 1lI0deling whell sillllliating to ac<:ount fol' l'vl'ntual s,Vntlll'sis \V;l~ r"'1uin·".

Apprchcll:o;ion that VIIDL :o;cmantics execlIte in zero t.inw, while only wail sl.atl'IIll'lll.s foll­

Sllmo lime is ncccssary to I,,'ccmpt falsc simulation inl.el'JH'ct.at.ioll. ""hHp sillllllat.iull v('r·

ifies fUlldionality, timing cannat. he assl1t11cd. Fol' SOIlIe sYIlt:hI'OIlOIlH dl't:llil.s ;1.1111 FPGA

implclllcntat.ioll, pre-Ia.yont simulation slllliced wlwt'eas for sUllle a~"iYllrhrollo11s hlodŒ, l'e­

simulation wHh bn.ck-al:notatcd valucs was rcqllircd.

j''iglll'es 5.8 and 5.9 exhibit the tmusitiolls thl'Ough 0.11 th" AliS l'I'l'SSUI'l' wntl'Ol\e" st.atl'S

during an cmcrgcncy hraking manclIvcr. Synchrollhmt.ioll he1.weclI val'iulls st.ates (hlodŒ)

is ilIl1stl'ated by correct state changes which rc~mlt. fl'om cvent f)(~ellrrCII(:(!S citlwl" eXl.m'llal,

snch as a suddcn brakiug or rclcasc of brakir:g, or internai, such as t.illle expil'atioll. Sl.at(~

dcpcndent. calcllla.tions arc alsu triggct'cd, /;rca.ting thl'(.!sholds fol' SlIhs(!(PJeIlI. f:(ullparisolls

which may l.riggel' intel'llal events. The !!ambel's appearing in the timing <Iiap;mms 1'"1\",,,­

the nOI'IlHtlized intcger values l'epl'eseut.ing AilS val'iables sueh as ROM data ami ,,,Idl'''ss,

slip values, angular acœlemtion, calcula!.ed l.hl'esholds, and timel' ("OIl11t"I') states.

The controller begins in a sta.rtllp sta.tc, proce',Hls to nm'lIuLl operation whcn il vdodty is

detected, and enters bmking when the bmke pedal is pressed. Whell a "l'Îtieal d""d"ra.tioll
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l'al""<1 b .. "",,,,,r,,<1 1.01", larl\<'r tllall 1.111' tllresllol<1. "1I1_'nl RESII", tllell tlle :1IJS_C1!ablct!

v..hÎC'11' :;l.;lI_p~ aloll,!.!; with th(' hi!JILhold pn-':;slIre cOlltl'ol1ed sllh·:;tate bceome active enablillg

l.ill'ir" f'IU'I'f'SIH)JJ(!iIJA fOlllplll.atiollal Illodules. AIl r01l1' prCS!'illl'C sta.tl~s are transgresscd vcri­

fyilll\ 1.11" f,,"ctio"ality of 1.111' tllr<,sllol<l calc"latioll all<l I.illle)· Illlits.

5.2.4 Timing Considerations

TI", acc"racy of SYllopsys l'ers ilS Xilillx tilllillg is qllallti"ed ill Sectioll 5.;3.1. Timillg lIIodel5

in FP{;As a.cconll!. rUI' Sil ch valucs as: Het-up limes, hald timcs, propagations dclays, clack

1.00"1.1'''1. <lelays for tlle logie IIl0cks. alld rolltillg dclays for tlle illtercollllects. Tmditiollally,

silllulal.iollH lise l.he!iP local t.empora.1 values ta gencrale global timing values which in turn

ar" allaly"ed hy th<, desigll<')' ta verify that the specified cOllstraillts have hccll met. Two

s<'ts of vailles, post-Iayollt alld pre-Iayollt are obtaiuahle through the tools. For FPGAs

t.h<, Il,,,,<1 fOI' haek-auuot.at.ioll is questiollahle alld ilOt. all.together lIeces5ary. Realistically,

hark-allllot.at.iou of post.-Iayout. timiug dclays is vital for accllrat.e simulatious. AIlS timiug

values Wei'" compared hefore aud after layout., provillg this poiut, as will be 51'1'11 ill t.he lIext.

Hl'rtioll. lIowcver, the diffcrcnccs \Vere not cxtrcmcly large, a.nd with programmable hardwa.re

1.11<' 1)('<'.1 fOI' t.his added simlllat.ioll cali be avoided, part.icularly for complet.ely syuchronous

dl'sil\uH allli wut.ral'y t.o ASie circuit.s where such back-allllot.at.ion is a uecessity. 1I0wever,

fnr Ht.l'Îl'l. asyuchrouolls desigus ou FPGAs, it is proposed to import t.he post·layont timiug

l'al Il " illt.o simlllat.iou t.o vel'Îfy bot.h fuuct.ioualit.y aud t.imillg.

Ilet.ermiuat.ioll of t.he maximllm dock speed alld critical pat.h are areas where circnit.

t.imiug mllst. he weil approximated, The Xii CT PPR utility which took the ".xnf" uet.list. and

part.it.ioued t.he logie, placed t.he circuit.s iuto CLIls aud lOBs, aud ront.ed t.he int.erconuect.iug

Hip;uals is olle sud. t.ool. Timiug reslllts, whieh indnde crit.ical pat.h aualysis, individllal pat.h

t.1'avers:l!s fOI' mult.il,le c10ck circnit.s, alld maximum dock speed potential, obtained after

t.hl' XilC'/' ""/IJ/"', a)'e dose t.o what. cau be achieved in the laboratory enviroument, and

sllllidl'Ut. t.o begiu embedded syst.em t.esting. Synopsys' t.iming model is conservative and

t.hlls good for estimatiolls, bllt merit more accnrate FPGA techuology dependent. timing

,'ahll's. aud ronting iuformat.ion from Xilinx.
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Figure .5.8: Simulation results: Ti III ing diagralll of start.-lI Il aIId Norma.l tn Bmld 1I~ t.ransi­

t.ion of ".phase AilS control loop.
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5.3 Synthesis

OIJ('P df'sirf'd fllllciiollalil.y was cif'lillf'd. ilnd IOII~l'st ('l'itkal pal.hs \V(lre ac('otlll1.ed for hy COII~

slr:lÏllPd docks alld spf'cifipd circuit l.illlill~s. VII DL filt'li \\'PI'C ,.('(u/ and ('heckcd fol' syntax

pnors. 1/0 !,ads wel'f~ illsNI.Ptl. dor.k piHb \Vere denll(!d~ and t.hl' design wafi subsequentJy

"'"lIpill'd pl'lldllcillg a CLIl-IOIl tl,'oigll. Deoigll iteratiollo follo\Ved, leadillg t.o t.he accumu­

hll,Îllll nI' ('VOlu!.ioll;II'Y da.ta~ hÎ/.;hlight.inp; the gl'owl.h of the hicral'chical design.

5.:~.1 Implementation Specifies and Results

VIl DL d"oigll. oi mlllat.ioll a1111 0Y" t.h"o;' fOI' t.he AilS COli t.l'OlIer \Vere perfol'lned 1I0iug t. he

(:A Il FI'allll,\v,,,'I, from Sy"Opoyo. Deoigll compilat.ion \Vas accomplished usiug t.he SYIIOPSYS

FI'(:A Compilel'. The XACT Del'efopment. Syot.em fronl Xilinx \Vas used fOI' l'l'Il. and hit.­

ot.I'<'am <'l'eat.ioll fOI' dO\Vllloading circnit. prognunming direct.il'es ont.o XC'IOIOs. One single

XC,I () 1() l''I'C: A \Vas not. la rge enongh for t.he entire AilS con t.l'OlIer el'en t. hongh nu merono

p;lohal l.hl'orctkal approximations W(ll'C attcmpted. CirclIlllvcllting the hardware limitations,

l'l'CJllin\d fOI'Plllost, design p.l.I'litioning as shawn in Figure ·1.2, and sllbscqllcntly varice! design

sln'.I."gi,'s, opt.imi~at.iollo, flll'1.he,' approximations IIsing MATLAB simulations for cOllfirma­

Iiollo, alld t.he addit.ioll of ail extel'Ilai ROM. l'cimal'ily, errort \V,," made t.o accollllllodate

hoth th" i\llIsfcl'_FSi\I and t.he P,'CSSltlyc lY!Jlllllfilll! .{-Jllwsc 100Jl onto a si ligie FpGA. Gcadu­

ally. \Vith imp,'oved oyntl",sis t.echlliqnes allrl adjust.ed design sl,mtegies, t.he slip calclllatioll

\Vith il.o int."I\"1' mnltiplicatioll \Vas incillded in t.he single Xilinx Fl'GA.

'l'lin l',,maining caklllationo and cOlltrollogie could be sYIlt.hesi~ed alita a secolld FPGA,

01' with th" ad l'l'nt of the new XC'1025, it. is expect.ed t.hat this si ligie chip \Viii accommodate

th" ""tir,, <'0111.1'011,,1' design. Il. l'emains t.he choiee of t.he desigller \Vhether ta implement t.he

dp:;ill;1l 011 OIlP or more FPGAs, and whether 1,0 wait roI' lIew hardware 01' employ ~~ofr the

:-;lIplI'" l.pehllology. T'lwre l'cmain lIIany wa.ys in which a synthcsis t.ool could he improvcd,

"sp"t'i.. lly \Vith respect. 1.0 cil'cnit pal'titioning ill t.he gate COUllt cange of 10-20K, and chip

s"I",'tion, ClII'rently, \V" musl, accept eX,110iting 1.001 capabilities mannally \Vith iterative

a\.l,t'mpl$ on eircnit partitionillg. Sa much as it \Vere \Vit.hill Synopsys's grasp ta select

Xilinx l'l'GA pHl'tS. hased on gate connts, the nlt.imate decision mnst should cathel' emhody

hmad,,,' considecations sndl as FPGA velldocs and theil' pl'odnct lines and cast/performance
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'l'hl' dpsip;n flow ill\'ol\'l'd 1"'0 pal hs of l'l'suIt arrlllllll!<llhlll, 0111' palll f,lllo\\'t'd illnl'llH'nlal

dl'sip;ll l'Ol'llllllatiolls l'or oui." S,\ïlOpS,\'S 10111s. ",hil,' 1li" n1lu'!' llspd tlu' ['('snlls (lI' 1111' Iil's! aut!

applh'd FP(;A \'cndol' spl'l'Îlk 1001s pl'odurinp; mol't' ,\("('111'011,. timill).!;s anllla."lllii illfll!'maliotl,

IltlpCl'at.i\,p al. an,\' st.<I~(' or VII DL sYHt.li('sis is hOlllular.\' oplillliz<llh1ll, i.,', litt' l1al!I'llin).!; of

1>lorks anoss 1>order:-l so t.liat more rom parl.ion aud uplilllil.i tl).!; ra n hl' dOHt' d IIl'i Il~ sy tlt.lil'sis,

and 11101'(' spl'rilica Il)'. lIIapping. WItPll t.lie hlnd,s \\'1'1'<' joi lll'd. llll!!:!'ull JH'd a ud hUlltlda r~'

optimizl'(I, the l'cslllting rilTuitl'Y ol'rllpi('d less CLBs aud at'l'a, DI'llI'1ulin!!: llll 1111' llululH'1' nI'

suh-hlocks a circuit ilia,\' cOIlt.ain, the ê\r<~01 ulilization l'an al IIIos 1. ht' l'nI in Italf if th,' dl'sigll

hi('l'arrhy is lIat.tencd alld opt.illlh:atious an' Illad(' annss hlod, hOlllldari,'s.

'l'he results loI' synt.hl'sis of the dn:uit IlSillg Synopsys' ('olllpilai iOIl l.uuls. t.ht' Design

Compiler'/'''' and t.he VHDL Compiler1'M, and il.s Xilillx lihrarit's ar!' ('apt.nl'<\d itl Tahlt, l,

The modules huill. wel'C desigtled ;\.Ild syntlll'sized in chrollologie01l ol'lh'r :ni t.h('y app<'ar iu

t.he table, iIlustra.t.iug the aeclll\lulative dl'sign ilow, Tlw i\n~a \'ahl<'s pl'tlvid<, 1'l1lupal'a.lh'l'

d('SCI'ipt.ol's as opposed 1.0 quantitat.ive ones alld l'Orrda.te allllosl.lilll'arly with ('hip lll.ilh~al.ioll,

For alll.he tilllÎllg allalyscs, ail input. dock was sJlcdlil'd with a. J1<'l'imllll':WO ns. 01' a fl'l'lJlll'llcy

or 5M IIz. Ilowevt'l', this alld the FPGA logi<: hlock timillg Vallll'S, whkh Synopsys lltili;~l's fur

it.s dclay rakllla.tiolls, :Hl' also apPl'Oxillmtion:-l, TIti! slack timc is (Iel.crlllilll'c! hy stlhtracl.illl!:

C!ithCl' ail 8 or 6 ns set-Il]) timc and the maximal path dda.y throllgh the drcuiL 'l'Ill' lOBs

l'l'nec\, the 1I11mhcl' or ports 011 the top lcvcl ell1.Ïl,il's or eadl llI11dlll(~ alld dll 11111. pl'lJ\'idl'

indicatio\ls as t.o 1,heir relative sizes,

DCl;igll CLOs lODs Al'ün Hm'II Max. dday Sllll:k
DCSC1'iptioll [Utit,%] [Unitl()ss] MIl':I'US lll'l'iVIlI tillw t, i IlHl[1II;1

Mastcr_FSM Il fi2 ()il 0 liM,:lU l 'J:L70
Pres_cntrLblock 207[52%] 112 :~:w fi IIO,'JO xa.xo

Sclf-Tcsting
Prcs_cnt.rLblock 2!J2(7:~%] 108 :lli2 8 11~.:W 7'\.1-10
Top_cnt.rLpres 2Ili[5'1%] 107 :~2'1 fi Il'1.'10 77,ri{)

Sel f·1'csti ng
'lbp_clItrLprcs :m!J[ï7%] IllS '118 !l 12:L20 liI'um
TOILprcs_o;lip 290[72%] 108 :l!)8 !) I:IIA{) {j l,HO
Self-Tcst.ing

'l'op_pres..slip :~85[!)(j%] IO!J '1!H III 140,:W fi I,HlI. , , ,
Table 5,1: Synopsy:;' llllplcmcntal.lon rcsllll.s syntheSJZlllg (!lfferelll. ABS part.II.Jrms/lll(Jdllh~H,
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Th" 'liJIU'/lld_fl/'('" hlol'k illdlld..s hol.h 1.1", 1'/'(',dr:l,,"-clIll'l alld il!a"/cI'_PHil! hlocks alld

ol'l'lIpi..d ollly :'·1% of I.h,' I,'I'<:A, \Vith test cil'(,lIil.l'Y added. the CLII COli 11 1. weill. "1' 1.0 :lOD

(~LB:-i or ï7% lItili;l.iltioll~ lIIHIt'l'standahly 1'10, and attelllpts 1,0 l'OIIt.e t.he testable design were

slIc'('('ssfuJ. The l.f'stillV-; dl't:uil, addc'd fi, t.Îming dday of hct,wecll na.nd 10 ilS and a. 20-2:1%

al'Pf! o\'(,I'!lpad 1.0 the cÎl't'uit.. These vailles arc conserva l,ive cOlllillg frDm t.he synlhcsis Loors

approxilllation of dela.,vs heforc actual rOllting and exact illtcrcOllllcct dclays \Vere known.

\Vil.h spal'e l'('II"';lIillg 011 the l'l'GA. the lIexl. sl.ep was 1.0 illcol'pol'ate additiollal blocks illto

I.his l'I'(;A dl'sigll pal'I.itioll 1I111i! wc nll the 1I1.i!i~ation «lIot.a, Wc denne this as t.he point. at

whil'h t.he CUI 'I"ol.a is at. it.s lIIaxi III 11 III fl'olll logic and 1'U1It.ing. One sllch black contains

t.h .. slip ('alelllat.ioll logie. \Vith the slip_calcnlalioll hlock added. the CLB COli nt l'eached 385

\Vith no% ul.i1izaLioH. As will he mcntiollcd helow, aTtc!' tlsing t.he clIslomizcd layont tool,

this II10dllie was also l'olltable ollce its logic was lIIapped ta the FPGA logic blocks.

With Ihe l'l'GA vendol' tools, precise layollt and tillling rcsllits collid be obtained. The

synlhl'sis 1001 t.rallsla.led t.he desigll 1.0 a liIe forlllat (.xnn acceptable to the layollt tool. The

XAC'I' XNPIIIP',IC, l'l'II. and .'IDe/a!! tools3 wel'e uSClI ta genel'ate more accu rate design

impll'lIIentations and timing analyses with the inclusion of more precise interconnect and

rOllting infol'lnation, The rcsull.s of applying the XACT software onto the .xnf file pl'Odllced

hy the Synopsys Dr.<Î!J1l Compile,' a ft CI' synthes!s can be seen in Table 5.2. Timing analyses

1'1'0111 XJ)r:!a!! wCl'e 1II0re acwmplished and exhallstive sa that ail of Clock to l'ad, 1'",1 to

S'', "P, Clock 1.0 Setup, Clock to Clock (same edge and other c10ck edge), Clock ta Setll p (same

edgl' and otllcr dock edge) timings fOI' each c10ck or c1ock-related signal were calculated,

rl'sulting in a higher accuracy and conlidence in the resulting timing delays. The critical path

wa, identified from the nmximum over these v;ùues and this determined the jast, sampling

and pl'Or<'ssing. dock speecl. Both the medium, and slow c10ck circuits exhibited critical

pa.l.hs of ,·onlJla.!'ahle pal'ameter timing ta the system (fast) c10ck sa that dividing the c10cks

Illl' om' sub-stal.c wmputa.tions by" and 32 l'espectively is acceptable and produces sufficient

slacl;.

:11~l!~i~lcn!ll t.rademlll'k of Xilill:<l Ine.
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Design CLn" Ion" Har(l CI·it.i(~:ll CLII J
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1) n'S_CII \.1'LI )Iol"k :!~!) (71%) iO (·1:1%) S (:I:UI fd
Top_l:nt.l'I.hlod: ~IJol (;'1%) IIiS (Iii%) fI

..
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Sdr:"l(':-it.ing
'1"ILl'1lt.rl_block 2iJol (i:I%) 1ll!1 (liS%) !I I:H'U~ fd

'l'op_pr<·,s_"lip 2liS (lii%) lOS (lii%) G 1:W.II ·111
Sell~T""I,illg

'l'op_prcs_''ilip :Iïll (i!~%) lOi! (liS%) III I·lti.~ C·,>--Table :'.1: (.OIllpansoll 01 synt.hesis re:mlt.s ror l,t'sl.ahll' and IlOIl-I.('st.<,ll!t· ("hrollolll~h'illly \ll'SI~lIt'll AilS ~IIHlt'ls

Till' ahovp t.imings a,re indicat.ive of Iilllit,at.iolls 011 the sysl(,1II (rast) t'Iot'k whkh i:-ô IIst'tl

fol' glohal system t-iynchl'oni:t.a.lioll. The stark t.illh-' {'ail hl' caknlatpd hy :ilIht.I';'H·1.ill~ I.ht' :1110\'('

tillling vaha\s rl'Olll a. givclI dock pcriotl ~ivl'Il in 1I001I0SI.'('011iIs. For a. ('0 Il IlHl.l'istlll with tll!'

pl'cvions ta.blc. a. vallll' or 200 Ils eall he IIspd. The aIH)\'p l.imiup; vaincs l.akt' SPI.IlP l.illll'

iuto eonsidera.tioll. Additional inrOI'lIlH.t.ioll was ava.ilahle rl'Olll t.he PPH 1,001 wit Il n'sIH'rl.

ta CLB lItilitmtion: SOIll~ CLBs \Vere lIscd ror direc'!' f.Ïrc.lIit il Il pic III l' Il l.al.io Il , w!lil" ol.lll'l'S,

feerl/Il),II." wet'e u~ecl fOI' l'Ou\.iug iu addi\.iou \.0 \.he iu\.eJ'<'oUU(·t:I, ue\.wol·k, I·...·d \.h l'liS, \.hlls

oner incit.e int.o the act.nal LCA IItilization alld potclIl.ial dellsil.y illll)l'OVI'IlIPlll.s. As is, lIsill~

a base dock of ï·IOMllz, a slowel' pipeliued c10ck of 1·~MJlz, aud a \.hl'<,"hold ,'aklllal.ioli

phase of 1/:l2Mllz, pl'ocluœ ade'lua\.e t'espouse \.illles of 0,0:12 IIIS whkh sa\.bli,·" 11111' 1'<'011·

timc l'C<(lIÎ1'clllent.s. Furthel'll1orc, the ('ritical pa.th prodllccd il. sl;u~k or 1!)% in tll(' l.illlillJ.l;

analysis, IH'ovidillg l'eaSStll'éU1Ce t.ha.t a.ltcl'native 01' addit.ional l'olltînp; Ca.1I l)l~ l.1I11.~l'al.('tI wil.hin

this ma.rgin a.nd still satisry the necessa.I'Y contl'oller l't'spulise l.illlCS.

The testable cÏl'euit. added a 22-25% al'ca. ovcl'hcad (CLB COIlIlt), close 1,0 t11f~ aIH)VI', all(1

Cl 10-15 ilS tilning delay, somewha.t 1II0re l'calistic tha.n t.1ln.l. of the ))l't'-Iayolll. n~sllll.s silln~

il. is kllowll I.hal. al. leasl. I.wo ex\.ra mlll\.iplexers lie ill th,' eril.Ï<'al 1"'1. Ir , This is l'al.lll·l· Iri!-\Ir

hut. i\. '''\.11 wen he \.olel'a.l.ed silice (i) it. is palt of tire desigll alld serves 1.0 fullill a. l'diahilil.y

specifica\.ioll, (ii) the \.esl. vedOl's at'e illcluded ill chip, l'vell if preselllly I.lrel'f! al'" ollly J(i,

and (iii) in coll\'t'ol·tYlJe applica\.ions, il. is customary fol' hardware duplidl.y 1.0 pt'Ovid,' th.'

l'edundancy needcd t.o vcrify circuit operation, su in c:omparisoll the overhead her'c is slIIall.

The difference fl'om Table 5.L and Table 5.2 in timing ami area. exist dllC , in pél.!'!. tu dif~

l'l'l'en\. algot'ithms which !lmp pl'imi\.ive ga\.e l'epl·esent.a\.iolls \.0 the l'l'GA CUls alld lOBs,
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in addition 10 iIIlIH'('ciS(1 1'l)\llill~ infot'lIIation, <lud lihl'ary (,Ollllltl1H'1I1 IIlotllllp I"t'pn'St'Iltaiioll

Ilspd Ily thl' S."1I0pS~·S· Illois. a dpliriPIH'Y which thl' Xilitlx' X..\l ''(' Illols!'l t10I'S Ilot l'xhihil.

\Vit li s.n:l hl'sis tools likp 1ht' J)P:-iÎ!-!.lI ('0111 pi1l't' CI IId II\(' VIl () L ('UIlI pill'L Wlll'st cast' allalysis

is ol'tPIl IISP<! and Ille t.illlinp; l't'lmll.:; 1<'lId 10 Ill' tl\·('I'~('OIllIH·llSal('d. III ~('Il('t'al. 1hl' lilllill~

dHrl'I'PIlC(':-i hetwC'l'll (>I"l'·layolil and post.-Iayon!. for Ilu' Xiliux FP(;..\ !"p!l in th .. li-lït>(1 l'all~('.

while 111<' eLH t1tilizat.ioll c1int'n'd Ily al. HIOS!. !l%. 1I<'IH'P raid.,' 1'(':lsolla1l11 approximatiolls

for impll'Illl'Iltat.ioll rail IH' III'Hll' witll l.h<' 11101'(' ~('IH'rÏt" lools. h0\\'(,\'1' l' lilial \':t1itlalioll slill

l'l'qllires t.he terhnology c1epl'ndl'llt layonl. t.ools. III fac!.. ~lIl1it"Ïl'lIt.1y accllra!.(' t.illaill~ \\'a~

:H:liil'Vt'd l'rom teehllology sperilic t.o()I~. witholll. b;l('k anllot.atioll. so thal. tilt' npxt :.;l.:l~t' in

the design phase was the programlllation of the FPGA alld COIlSt'qllt'lIt1y prot.o!.y!,!' t.t'sl.ill~.

lIl'lIce. the illlpOl'talll'e or collahoratioll hl't\l'l'l'II s.l'IIU",sis tool vell dol' alld III(' Fl't:A al'rhi·

tl'dure ,·clldol" becomes appa.rent tu shorl.ell the dl'sigll ("y cie 1.0 has\'('t1 l.ht' l.psl.ill~ of tilt'

realized desigll on a il. pl'ogl·a.mmed FPGA.

The timillgs al'e mthl'I' high roI' the l'n's_clIlI'/_b/m:Â' as colllpal'l'd 10 t. 11(' '/ÎI/u'III,./ hl.)('k

which cOIlt.aills olle mol'e illtel'Ilai hlock. Dlll'Ïllg thl' l'OIIt.illg st.age. 1'1'1l"xpl'I'iell('ed dilliclIl·

t.ies wit.h the /'n:s_clll,.Lbn,. W.. att,l'Ïhllte t.he lack or 1'01lt.ill!'; dliciellc.I' t.o t.h.. lal'I';<' Illllllh",'

or 1/0 collllectiolls as ail or the elltit..I' illpllt.s alld OIlt.plltS wel'e t.l'allslat...d t.<.> pOI't.s, \l'hich

ill t.III'1I had t.o he hOllded (as delilled b.l' t.he expel'Ïmellt. wit.h l'l'spel'l. t.o l'OlIlJlal'isOIlS roI'

s.l'lIt.hesis), The 'l'o{l_clll,./ black had less 1/0 pmt.s ill it.s t.op lev'" l'II t.i t.y desnipt.ioll as lIlost.

cOllncctions hetwccn the Încorpora1.ed modules were int.erna.1 so t!Jil.l, the 1I11Il1h(~r of pxtcl"Ilfl.l

sigllals tl'allslated ta POH:I'S alld 1/0 pads IVas cOllsidel'ahly less, III w'"el'al, t.h.. 101l Wllllt.

is 0111.1' ail illdicatioll or hoIV the hlock collllect.s ta the ollt.sid" IVorid alld an' ilOt. valid roI'

compal"Îson of self-t.esting versus nOIl sclf-testing CÎreuits. The éll'ea of l'olll.illg does illcl'ease

\Vit.h the lIulIlh",' or 1/0 pads l'equil'ed sillCl' additiOllal lIet.s IIlIlSt hl' alloeat...d t.o 1:<11111(.'''''

the illtel'llal sigllals alld eutit.l' POl'ts 1.0 the 10 Ils, A key radar ill FPGA sy"thesis is t.o

l'cmembcr that the proccss is algorithmÎt: and Ilot Opt.iIlHlI. Al. l.Ïmes fi. slIlall t:hange in t:mle,

cali dmst.ically challge the al'ea alld timillg vailles 01' d"'llllat.ically afrect the l'llU ti Il'';, 'l'ltes,,

problem areas a.rc very difficult to loca.te and are Ilot alwa.Yli caRY 1,0 liolve. AwarmleliS of

sllch possihilities is imperative, evell ir tlte solutioll i, 1.0 "hapltazal'dly" dlallp,c th" VII DL

code while l'etaillillg the same desil'ed rUllct.iollality.

Alternative design methodologies, design partitioning, FPGA vendor types, i1.Jld cncodillg
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slr;Ilf'l-!,il's. \'.'ilh IH'ITiJallfP bnill-ill-sf'lf-l.('sl. with illl.('rna! SCilU ('l,Ils <lIlel .ITAG ill1pll'lI1ellta~

lifJll. III n:tIJlP;1 If'w, ;1l"C' ;11'f'(lS of fil 1.11 1'(' J'(':iI'<Il'ch. Dul' t.fI l1oll-a\'ailahilil.y ofscfln ce!! llIodds

fol' Ihl' Xilillx ('('lIs~ a \'l'I'SÎOIl wltich illlpl{'1lll'1I1s scall tet'illlOlogy was ilOt. synt.hesi1.ahll'. The

;1 \\'<1 l'I'III':;S of tilt' ad(lpd o\'pl"hpad of BIST (11)(1 t.he pro/!;I'êlllllllahle nature of the chip \\'cre sur·

lif'iPIlI ln dis("olll'app 1.11(' inclusion uf l.hi:-; type of <:Ilip lcstillg facilhics in t.he ill1plcmclltation.

Il "WI'\'I'I', B/S e!OI'S 1I11'ril flllill'I' colIsie!eratioll, as ils fOClIS is 1101 oilly 011 si ligie chip but

ratllf'l' !Joard and sys1.('1II I('\'d l.l'sUng. which is .1 1II11SI, C\"CII if the dlif> itself cali he l'l'pro·

J!;rallllllf'd. As a furl.!tt'I' Ilote for cxpallsioll~ il, W;15 dcl.ennillcd thal, the Field P,'ograllllllfl,hle

11I11'1'<'OII1Il'I'1. COlllpOlll'lIls (l'pIC'I) alld Field Progr;lIl1mahle Cil'clliJ, 1I0ards (l'l'CliS) from

I\pl.ix liu' rast wil'iug alld illl.ercollllertioll collle! bl' belleficial for the prol.otypillg of the ag­

gl'l'g;lll' AliS 1'0111.1'0111'1', ulltillal'gel' l'l'GA chips 'll'e available,

5.a.2 VHDL Synthesis and Tool Support

'l'wo illl.l'lIig<'lIl. r/csiu/I-foc-sU/llhesi,<l.echlliqlles lie with Iri/l/ (//,,{ crcoralld mor/lllari/y, Mecl.­

illg ('(IlIstr;lillts is ail i1eral.ive process, especially iu VIIUL where their directioll specificatioll

is 1101. st l'aighl. fOI'\\'a l'd , Olle appmach is to try se\'el'al compilel' OptiOIlS, i.e. exploit the

s,\'lIl.hl'sis I.ools 1.0 gel. di\'el'se resllits from which the most favomble olle cali be selected, The

is 1l'tte l'nI' ",,11" levels of sy"thesis from logie "l' 1.0 system where dHferent module entry

formats, orderillg~ and encodillg along with variations in the orcierillg of the compilation

ul.i1il.il's alld I.heil' dil'ectives (sllch as comll",,"1 lille argllmellts 01' special ill-lille codillg di­

l'l'rl.h'l's) will l'esllit ill difrel'ellt cir<:lIil. realizatiolls, The AIIS/SYllopsys case stlldy resnlted

ill Sl'\'<'I'al rou\'ictiolls l'or pragmatic wmpilatioll, With SYIIOpSYS, specific blocks snch as

l'SMs rail he optimized with the FSM cOlllpi/cr, l'l'GAs cau be optimized with the PPGA

COIllpi/cr, alld lestahility featlll'es cali he added with the Tes/ Com/Ji/dl. Designillg small,

modlllal'izl,d hlocks, sYllthesizillg them individllally with dHferent optimization facilities, and

slhs<''1"l'nl.ly cOllnectiug them aud resynthesizing them prodllces better results than synthe­

si~ of a lIaUellcd design.

Sl.l'aighl. seqllellti,,1 VII))L beha\'ioml code tended to prodllce excessive combinational

·1 il rcgi~l,cl'c(1 I.I'atlt:l11al'k of Apl.ix Corporation

~I ô\ l'cgisl.crcd t.ratlt:ll1ark of Apl.ix Corporation

t;all n.·gistcl'cd t.1,,,t1clUnI'ks of Synops)'s lue,
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lo~ir and CI SOIlH.'\\'hal <ll'i,\"II('hI'OIlOIlS dl'sigll wit h ol'fasiollai intl<'II'l'lllill:trÏt's. ~lalliplllatitlll

of lugie gal!' and l't'gistpl' fOlllll'rli\"Îly is. 011 Illl\ nllh'!' haut!. liull' t'tlIlSlIIllillp;. Frap;llIt11lls or

('ach ('IIII'Y format. lH'havioral alld slrllcllll'al. WPI't' t'llIploYl'd III at"ilit'\,1' qllkk alld t'II irit'II1

sYlltllt'sis. Olln' tilt' dl'sir('d al'pa {lllti timing was <lrhil'\"l'll. llH' VIIUL dt'sniplillll WOlS kt'pl.

otilf.'I'wisf..' 1ll00'(' st 1'11('1 lirai f{'atul'l's \\'{'t'(' hrollghl in. 1Il'1lf{'. ô!chipYÎIlp; t.llt' dt'sin'd l'l'SIHIIl:i!'

I.illll'S and area is nll Ïl.l'I'alh'(' pnH'('dlll'(\. Ht'lilll'IIlt'1I1s fOI' t"Ïrfliit. iIllPI'O\'PIlll'lIt. snch as l'l'al·

tÎllle <'oust.I'aints pla('('d ou dock(s). input. and outpul points. t.ht' additioll uf al'l'a ftlllst.raillis

01' Illorc UTL levPl ronsl.l'lIdcd pIPIlH'llI.S cali lU' Plllployp<1 if t.ht' l'l'sult.;11l1 lÎlIlill!!:S and an'a

al'p l1uaccept.ahle. Addit.iollally. PlIslIring t.ha\. c('rt.ain t'lIeo,lill!!:s an' aln'ady t'xplit"it.. slIeh as

controllogk into FSMs as illnslral,,<1 in AplH'llllix Il, also h,'",,<ls "llich'lll r"alizaliolls,

Implement.atioll directives in dl'sign Plltry illld cOlllpilation phasps ('an IH' t'mpltl)"t'd to

comlHuuicale design constraillt5 to t.he sYllthesis lools. II" this is 110" sllflit'Ït'nl.. 1.11" t1t'si~lIl'r

\l'i11 have 1.0 intel'vene an<l <lirect. SOIll" or tlll' synth,'sis stal';l's, or th" VII nI, hanl\l'al'l' <'Onl-

pilers l.est.ed. l'esource sharing aeross proccsses was ilOt. Pl'rrnrnwd. Ir it. is kllOWIl t.hal. l.wo

spparale processes perrorm the satne runctionalit.y and the)" will 11<-'\'('1' lU' rllll ('(III('llrl'l'lll.1y,

the designer cali anange to have one single process he i\eccssl't1 hy lIIultip'" hhU'l\s or pro­

Cl'SSCS. III t.he AnS de5ign this (~all hl' secn \Vith the Ullle!" 11I0dllle, and il.s IlIlItllally pxt"!usivt'

operation in difl"el'ent \'chicle states. Using a structural approath, one insl.all('t' or tllI' l.illWl'

was nccessa!"y implicating additional lIIultiplcxar CÎl'cllitry l'or its sharillg. Trcl~ versus (~as­

caded illlplelllentations arc not inrel'l'e<l n1ltnmlly hy the too!. Carl' IIIns. hl' tak,," wh"n

enco<ling in VIl))L to convey this I.ype or inrorlllation. l'i1'din,,<1 <I"signs al''' nol. alll.ollla.t.Ï<:,

Optimitmtiotls arc donc on the eombillatiollal logic ollly, regist.el' rct.illling lias 1101. ypl, lI1:ult~

its dehul. The designer must 1I11derstand whal. maküli the synl.hesis tool iurer nllllhinal.Ïollal

and sequential circllil.s rl'OIII VIl))L code, Ev"n al. a higher h"havio""ll"v,,1 or drellil. <I"s""i1'­

tion slIch ci l'cUit, types l'an be wnveye<l thl'OlIgh the 1"'01:(;$$ 01' b101:Â' <I"s""ipl.ions, Fllrl.lr"r

l'cflections on "'tight" FPGA designs which dcserve ohservaJJ(~e, cali Ile rOlllld in Chapl.el' H.

ln 511l1ltnary, commercial sYllthcsis lools arc Ilot yet that far advall(~ed 1.0 proclllcc a. design

equivalent to a user entered schelll1ltic, VII))L synthesis lIIay nol. he sllllieieni. roI' <:<lnstminl.

stl'Îct. designs a.nd somo mallual intervclltioll is vital fol' circuit rcalizatioll. Additiollally, cal'c

must he La.ken whcu optimizing, sorne circlIitry ma.y he discardml, and sollle ports or nutl'i

may he delctcd pl'oducing an iucorrect circuit. Ollce again wc rc-cl1Iphasizc t.he IIced for
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As l'l'CA r"Sl,"r<"l" lack ,IiI':IIUy ill d,,",ity and timing. mor" anenlion ,1I0illd h" taken hy the

sy"l hl'sis 1.001 ;IIICI the d{'si1-!;IWI" dllrinp; df'(,:uit Îlllpielllcntatioll. :\ parl.iallisl of clcycr design

'IPPI'Oaril('s. IHallY of whirh r~'qllire special cllfading or compiler directives and 1II0st of which

an' UI'I'ft "(}II.'WI'I)fT"'~ is pl'cscllted. The Iist will continue 1.0 c\'ol\'c as FPGA architectures

impr(l\'''. 'Y Il U...,js toob heU"r interpcet VIIDL yiclding hett"r architectnre exploitation. the

applica.l.iolls {Ii ('l'ded to\\"lrds t hem di"crsi ry~ aIId additional liim plificat.ions/approximations

:II'P round.

• )10\\'('1" of t,wo Împlcmclltation: in calculations, and intcgcr ranges.

• l'SM r"alir.at.ion: explicit VIIDL encodillg ofstate transitions for controllogic for he,t

pxl.ractioll.

• Data path width ver'ns approximation: larger more accnmte data path may re­

'111ire ItOM n'age, and can avoid the instantiation or creation of operationa.! nnits

(*, /, exp, ln) and the inaccuracies which may resnlt from operations on them.

• LUT conceptnalir.al.ion: may save time with nsage of fast RAM as LUTs.

• l';xplicit encoding t,o ntilir.e hnilt-in clock and global l'l'set circnitry, throngh either

hloek in,tanl.iation or compiler directives, in the event where the synthesis tool does

not antomatically instantiate snch clements.

• Ard,iteetlll'a.! ,pecifie featmes: Il is imperative to be aware of the FPGA teehnology

feal,III'es and ensnre that they are being exploited. Exploit technology specific architec­

t.ural fea.t.ures sueh as t.he LUTs, RAM cells, registers, tristates, buffers, multiplexers,

glolml reset. circuitry, global routed signais, etc. Some FPGAs are multiplexor rich,

fOI" example Actel and Xilinx, and for multiple drivers of a signal, nIllIti/J!exel' usage

ma.l' he preferred over ll'islflle implementation due to the difficulty of the additional

t'Ont.ing re'luired in thcir (tristate) instantiation. One particular case \Vith Xilinx stems

from t.he eLH st.rncture snpporting explicit gated docks. Synopsys' VnDL Compiler
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rllrrl'ul1y takps VIIBL ('0<11' whirh infl'fS a p;all'd dock and ll':lnsli.lfllls il inlo a IIip-lI11Jl

wit.h fppdhark. Nol pxartly lhl' dpsin'd impl('lIH'lItation wht'Il dpalinp; "'Îlh FPt;~\ Il'ch­

1I()lop;~·. 'l'hl' inhl'I'l'Ill. arrhil('('llln' of a lOf/if- biOl'''- a(,l"otlllls for a 1-!,':l11't1 r1orl,. alld hl'IH'('

thl' sYllthesis tool mllst. Iw rapahll' of ('xploilinp; 1ht' FP{; ..\ fpat.lIH'S whih' allo",illA' a

high lel"P1 descriptioll sllch as VIIDL. Th" circllitry is IIsahh'. hllill·ill alld l'II Il rtitlll a1

so il. mayas \\'ell hl' l'xprrhwd. en'n if il. I1II1SI. 1)(' fm'Cl'd .

• Seqllcnt.ial fcat,lIres: It. is ahm l'ssl'Iltiai 1.0 Iwow Hw lIaro!' of t.Iu· f('p;istt'l's/lIip-llops IIf

the l'l'GA. The prograllllllabl" logi<' blm'ks \\'ill oft,," pl'<'delerlllille the 01110\\'01"'" l'II,

coding. Hccall, in fercnecs of asynch rOllolls or sYllch rollolls load 01" pl'doad. syndll'olll)\I:;

\\'ith aSYllchrollolls reset/set, etc., latches cali he colltroll"d hy the VII DL desrriplioll.

l'igllre 5.10 depiets a lIIalldalor.l' ellcodillg alteratioll spel'ilic 1.0 the Xilillx l'l'GA. Ali

asynchrollous set or rcset circuit l'cquircd tranSfOl"lllatioll tu il s,VlIl'hI'tHHHIS :iPI./I't's<'t

as Xilinx CLl3s ollly snppOl·t s)'nchrollolls loads. Note howe\'eI'. tha.\. simlliatioll will

permit ail of the above statemeut.s whel'eas sYIlt.hesis will lIag elllllpOIll'lIl. ayailahilil.y,

alld the "eginnillgs of techllology depelldellt VII DL are appal·en!..

if prcload if c1ock_cdgc
0<= valuc; - ifprcload

clsc if c1ock_cdgc ,. a<= valuc'
a<=a-1; CA clsc 'CSa<= 0·1; S

Figllre 5.10: VnOL trallsformation fl'Om asynchrollons code 1.0 implementahle synclll'llllolls

sequential code.

• SYllchronons desigll: SYllchrollous designs arc hy far the most. synthesi~ahle, alld pre·

dicta"le, and it is advisable t.o design with sllch a st.yle ill miud .'egardle"" of t.he lev'"

of specificat.ion. FPGA architect.ures <:olltaill large nnmbers of docked regist.e.'s whieh

cater 10 sYllchrollous cOllceptuali~atiolls. While olle c10ck is prefemble, oft.en mnlt.iple

c10cks arc IIccded, particularly for cOlltrollers. III sllch a Cle'e cllild docks shollid 1",

created 011 chip and they should be derivat.iolls of the parellt illpnt c10ck (ext.erllal

c1ock) usillg a gellerically encoded c10ck divider.
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• :\s.\'llcltrollolls df'sigll: If 1.IIf' df'siglJ is f1synrhrollolls. tl fast. dock CfiU Il{' fllllployed 10

sYllrlirolliz" aSI)I'l'ls slIrl1 as the' iUJlllt salllpling. sllhspqllPlIl. calculat.iulls. and resull

141'1Jf'ratioll cOlllfllunly pn'sC'1l1 in r01l1 !"oll('r type applicaliolls~ :lvoiding circuit. hazards.

1I0\\'I'\'p,'. hill'dwan' IH'l'Il1il.l.illl!;. t.ht' dock rat.(' 11l1lst. hl' sldiidently high t.u l.rigger the

rin'uitry '1l1kk1y ('Ilollgh tu l'(':ipolld 1.0 the input rate and ('ventilaI gellcratioll of asyn­

(·llnUIC)!!S (1111.11111, sigllals~ all(1 perrOnll the nen'ssary {~ol1lpllt.a.tiolls. If physical Iimit.a­

1jOlis (Jl'ohihit fi rotllplpte synrhronolls approa('h~ asynchronûtls ('ncading may he bcck­

11111"1. SYlllhl'sis of slIeh VIIIlI.. 1101 lIIerel," 011 l'l'GAs. oflell pradllees IIlIpredielable

dl'('uit Î1llp!elllcllt.atiolH;. lInless carefnlly designed and sill1l1lated~ final behavior of

sYlllilf'sil.cd aSYlldll'OnOIlS VII DL code will ilOt. he kllown~ and e\'ell t.hen glit.chcs a.nd

l'an' wlI"iliollS will 1II0si slII'e1y l'e5111t. l'lIrl.hel'lnOl·e, delerminislie behavior will 1101

1)1' /-!;lIfll'an1.l'l'd shollid the design traverse a. migration path to an ASIC~ as t.iming is

Ilot eqllivalpllt het\\'eell the t.wo technologies.

• Th,' Iyp"s (h"hal'iol'al alld sll'llc!.lIral) or levels (\ogic, HTI., abstracl. behavioral and

sysl"lII level, elc.) of enco,lillg cali he val'ie" ill VIIDI., Ileratiolls are comlllollplace,

\Vith t.he synt.hesized version which hesl lIleels dC!sign cOllstrainls beillg ChOSCIl, either

hy IIIl' 1001 01' I.he desigller, The 1.001 will carry Ollt iterations of its OWII reCOllrse, bnt

if Ilot sal.isfact.ol'y, manual intervention is ncccssal'Y.

A Ilricf Sllllimary of some design and implelllentatioll considerations:

• VIl DL desniptiolls: If encodillg is "ehaviora) (and to some degree structural), it is

a,h'isable 1.0 hecome aW1u'e of the syuthesi5 tool capabilities, learn the FpGA architec­

IIII'al f'·;lI.nl·es, ohlaiu a l'easouable lIuderslaudillg of FPGA syuthesis (partitiouing and

lIIapping) algoril.hms (01' henristics). alld visllalize the hardware, Complete abstraction

""I.el'iol'al.es l'l'GA l'ealization efnciency, With structural descriptions, only instantiate

l'l'GA specific eomponents if technology dependence at the design entry level can be

accepled and ASIC migration is a small possibility,

• l'l'GAs arc hllill with repetitive structures, hence try to organize, if possible, the circuit

wrrespondingly, If a synthesized module prodnces an ingeniously illlplemented circuit

(llpon relledioll of parameters such as CLB or lOB counts and timing results or upon
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\'il'will~ :-;r1I('tIlalic:-o wilh .k....·;!IIUlllltlyZIT). tilt' formai of Iht' ('odt' shollid ht' Iï'lailll'd.

Ir pussihll'. 1hl' parallH'IPl'izalioll nI' :-i\lch \\'('II-rollsll'Ilclt'd hlorks sllonld IH' al 1t'tllpl t't1

wil Il 1hl' hC'ip or !/tllt'1'Ît·....

NotP\\'OI'I h,\' or IIIPnl.ioll l'l'gal'din,!!; FP(;:\ 1t\('hll(llo~~' in gPIlt'ral: 111('1'(' an' l'l'at.IlIï'S and

dt"sign st.ylt's whkh sho111d \H' lItiliz('d just as 111{'1'(' an' thusl' which (';lIlHO! hl' SlIppul'l-t'tl.

Fi1.l.ing il VII DL <1esig-u ln <lifrl'l't'llf FllG ..\s will tint. l'l'sul 1 in t.ht' salll<' dpsign l'l'alizalÎ(Jlls.

lil1liugs ~lIld panllllelers. sump or which appl'al' ill Tabll's :l.1 aut! [\,"2. and art' (,t'I't.ain ln

gl'IU\I';lfil' HPW meastltemellt. paralllPt.ers and nil.pria.
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Chapter 6

Design and Synthesis

Methodologies

An."I· "I.udyiug "everal high-Ievcl synl.hesis I.echniqnes [,wj, [:18], [:39], [,10] producing RT-Ievel

d,,"cripl.ion", VIIDL encoding strategies, FPGA archil.ectures and capabilities, and perform­

ing an AilS case "I.udy, il. wa" det"nnined that lIIany of the heuristics and synl.hesis systems

haVI' BOl. h"en directed 1.0 the cOlllmercial FPGA domain. 1'11'0 major stumbling hlocks were

Illllnd. On<' d<'als with theory, its realizatiou and application, white the otlter ccuters on

I.h" I.yp" of applicatiou heing compntation intensive. [n theory, insufficient application of

I.h<' lal'g<' quanl.il.ies of researdl (papers, texts) has heen directed towards FPGA architec­

I.UI·"" wil.h I.heil' struct.lll'es and limited resources. Larger logic blocks, uulike primitive gates,

lIIain1.ain p,n1.icular counguratious which syuthesis algorithms should cater to. As is, the

all'1.ract.ion of the "ynthesis algorithms towards a decomposition of a circui1. into contrul and

dat.a 11011' and 1.hen the reduc1.ion to an unlimiterlnnmber of registers and busses will not nec­

e",arity nnd optimal resnlts for FPGA implementations. Snch techniques arc more directed

1.0 ASICs. Secondly, the case study chosen required more than straight ALU operations,

fll\' <'l'ample logarithms and exponentials in the ABS threshold calcnlations. Such equations

would neerl to b" writ1.en dilferently, and in simpler behavioral format 1.0 be acceptable 1.0

"ome of t.he proposed synthesis systems. In fact, for the VHDL Compiler l'rom Synopsys,

I.he cncoding was more RT-Ievel than behavioral, as this was the only alternative 1.0 fit the

88
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ront l'olier design oulo t.he prop;rammahlp lia rd\\':\ 1'(.'. '1'0 Stlll1ll1ê~l'iz('. thi:, st ully l'pcolllllH'lItis

t.he inclusion of st.andard IIDL pat.l.Pl'n definitiolls. mort' nptillliza1Înll rl'al.ttl'Ps parlirll\;lr1y

for t11(l8(' IIDL patterns (surh as fnr FSl\Is). I)l'Uel' n'S011rce alhH":It.ioll \\,ht'1'(' r('SOtll'fl\~; rail

he primitive logic gates 01' t.he unique huilding hlorks of t.ht' FP(::\. and 1'I'SOUIT(-' shal'ill~

capahilit.ies and their det.ccl.ion. 'l'his chapt.er IIH'lllilllUi a. l'l'\\' of t.he most nol.ahlt· FP{;:\

design hints and strategies.

Thollgh much rcscarch has cxt.cndcd iut.a the dOlllain ofhip;h Ipve! synl.hl'sis. t.onls ha.\'p )'Pl.

t.a cfIiciclltly im plelllent some of thcsc a.lgorit.hms l'rom <l. VII DL design clltry fnl"llla.t. aC('ntlllt.­

ing roI' FPGA archilectlll'es. Simply porling or ASie lools roI' l'l'GA impll'menlalion will nol

Jll'oduce optimal realizat.ions. At. t.he Lime of t.ltis eXpCl'illlcllta.t.ioll, urt,en, ollly tht' simplt'Ht.

rorm or heuristies conld he expected rl'Om a syuthesis lool snch as a generic VII DL compiler.

FPGA specifie synthcsis lools arc nccdcd yct. in thcsc~ localiza.tion lo hardware types t~i\.l1

he hoth a strength and an hindmnce. ldeaily, a genel'Ïc VII))L wmpill'r rOI' ,Il'sign l'mla·

hility which is mauy-hardware rocused wonld he mORt henelicia1. Some or lhe muslobvions

measures arc Laken whilc sclccting hardware rCSOllrces, hut t.hcir loca.lizf~d H.PPl'OadH.'s hl'e:ul

smail scale solutions. Ideaily oue would like to sec glolmily eflicil'nt sdtednling or op,'ralions,

rcsotl1'CC sharing, and appropriatc hardware selection (caeh ·of which hav(~ rcn~ived extensive

research). Additionally, while VlIDL compilalion l'rodnces predielahle synchl'Ouous hard­

ware, asynchronons implementation, already diflicnll rrom a design viewpoinl., is still in it.s

iurancy rrom a synthesis standpoint. Much work remains ror su"cessrulmat"hing or an '"'yu­

chronons circuit's runctional and timing sl'ecilication to hoth pre- and posl.-synthl'sis resnll.s

through simnlation. Once again, emhodying asynchronous design I.echni'lul's and resear"h

into synthesis tools remains 1.0 he exercised.

Through the implementation or the real-time contl'OlIer, v1ll'ions design hurdles were OVl'r­

come, and in the proress, application specific, tool-oriented, and VIIDL encodiug mel.hod­

ologies were developed. Delining practical design methods and synthesis pl'Ocedurl's hesl.ows

a pragmatic, as opposed to purely thcorctical, engineering illlchoragc. Methodologies can he

rormulated rrom regularities iu the design cycle, re-nsed and updated whcn theory changes or

transgresses application boundaries. The rollowing sections highlight mechanisms roI' design

withill specified constraillts, exploitation of architectural features via synthesis tools, impl'Ov­

ing VllDL encoding etiquette, and commelits on commercial tool capahilil.ies/limitations.
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,) IISI. ilS 10 Y"'''S ").';0, from a sim plo sl.lIdy inl.o design mel.hodologies fo .. the cOlIl.rol parts

of IllÎlTojll"OCeSSOl's [0'11], regular sl.l'lIctnreS I lime and fa.cility of design, modulaI' architecture

"ppl'O"ch, "pp ..opl'Îate CAf) I.ools we..e "II deemed m,,"d"to..y 1.0 hall (Ile the wmplexity of

fil l.ul'P cil't"uits and 1.0 emmrc opt.imal solutions lISillg alltomat.ïc ana.lysis. Similal' nccds, tasks

'l.IId ).';oals arc ..cflcded ill FI'GA synl.hesis, whe..e time "nd facilit.y of desigll ca..ry more

impOl'l.allce I.h,," al'ea, and regnlar sl.rnctll ..es ill hot.h the design models and the select.ed

hal'<lw"l'(' mllsl. he cor..c1at.ed t.o aid in dec ..easing global l'PH. procedu ..es. This thesis aims

1.11 show I.hal. the hesl. co.. relal.ion exists among FI'GA a..chitectlll'es geared for specifie design

IIIPthodologies and classes of applications.

p..efe....ed Unless the task of design entry is amongst one of specification refinement (such

ilS was the case fOI' the Telephone Answering Machine Cont ..oller ('l'AM)), peripheral unit

,lesl'l'ipl.Îon fOI' simulation pnrposes l and, 0.. a test bench (where the use of the aftcl' state­

ment is iudispensable), t.hen only synthesizable VIIDL shonld be used. With synthesis as

the ull.inmt.e target, simulation of VIlDL designs ta test for functionality and specific<ttion

l'efinement, can benefit flll·ther stages in the design f10w if constricting synthesis rules fa..

eneoding and compilation are considered up front. If possible, selection of the FPGA type

is ..ecommended fi ..st-orr, fol1owed by technology specifie simulation using a synthesizable

FI'GA-Vil DL snbset, then circuit realization. 1I0wever, in sorne sitnations it is desired

t.o ..ef.."in f..om l'endor choices until that latest possible sa that alterna.tive options can be

eXRmilled :lnd comparcd.

The p..oficiency of the synthesis tool as evaluated by the resulting circuit implementation,

was det.el'lnined t.h ..OIigh a se..ies of steps: VII DL encoding, compiling (synthesizing), and

l'iewing t.he ..esulting a ..chit.ectnres and ontpnt files ail of which generated CLn count, area,

ha..d macro, and timing information. Bath tool and designer took part. There will always

"l'main feat.u ..es which a ..e better exploited mannally thau with the synthesis tool, and ta

a snmll degl'ee, vice versa. Cnrrently manual intervent.ion is necessary for dense designs.

''l'he lIlodcling of the ROM was bcha"ioral and uscd a large arr;..y wilh simple indexing ta 1I1irror rcad

olwl'al,ionso ()1It~ ta il.s sizc iL couic! Ilot fiL 011 the FPGA, sa iLs ellcoding ,,,oas less strkt.
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\Vhl't.ht't' il synt.h<'sis 1001 can \)(' {'J"(\ê\lpd 10 1'('1110\'(' t hi:-; dPIH'llllpllcy. (,IIITPut.ly 110, h111 ;111

initial sl.pp is 1,0 ofrl'I' Ill't.!pl' lool-hardw:ln' illl('~l'at.illll. :.;0 lhat. Illtllï' }·'P(; ..\ lt'allll'Ps ('011111

hl' l'xploÎt.('<1. Idpally. as liuil' manua! inll'r\'PlIlioll as IH'('(lssary is . hlll l,Ill' {'apahilil.~· 10

l'xe!'!. SOttW rontrol O\'PI' hlock :·\('Il'ctinn. pl:l('PIlIl'1I1 and l'ou l,in).!; 10 Ill:lXillliz(' dt'\'kt' spt't'ds

and cicnsil.ies must l'emaill.

6.1.1 FPGA-Specific Hardware Considerations

A weil known COllccptualizatîoll and l'calizat.ioll tartir is t.n l'Illploy Jllln/wan' n'wu.·wbilit.'!.

bot.h in t.illle and space. Iloth arc easily illlplelllent.ahle in VII nI. and on l'I'UAs. Tinll' l'l"

usahility involves llIultiplexing unit.s whieh seek t.o cont.rol t.he S;'Ule hardwal'e blndL Spat.ial

l'l'-tise l'crcl's t.o st raigh trorwal'd cnt.i ty hlack copies wit. h a. tllliqtlt' :iel. or or iIl))11 t :ii~IIa.I:i d l'i vi Iig

t.he input. ports and out.put signais heing dl'iven, l'l'GAs havl' repel.it.ivl' hardwar" st.rudlll'l>S

t.o support spatial re-nse and suflicient. multiplexer clements t.o support. t.inll' re-lise.

Current\y FPGA archit.ectures arc fairly regulal'. The core logie hlocks in t.he array amI

on the periphcry a.re idcntical. Ilowcver, certain angmented rcat.lIl'CS sudl as: speriali;f,(ld

[/0 bnrrers, clock and reset circuitry, carry logic, decoders, tl'ist.at.e hullers, along wit.h t.he

unique pl'ogramming mechanisms and interconnect net.wll1'ks, et.c., fUI,t.hel' d",rad''''ize t.h.·

individllal FPGA. I~ven now, memory capabilities arc IJeillg illt.egnüed wil.hin sUlIle or the

FPGA structures (Xilinx) and more tristate capabilities al'e heing incol'pol';lI..,d int.o t.he in·

dividual logie blocks (Atmel). Room for feature dl'velopml'nt, al'chit.ect.nl'lll expausion, and

creativity exist and are nccdcd as design requircments and application areas a.re {~nllt.illlloIlSI.v

evolving. In addition 1.0 pondering OVCl' application-specilic synthesis, considerat.ion should

be given to Application Specific FPGAs (ASFPGAs). Atmcl designs FPGAs for datapat.h

applications \Vit.h its partial reconfiguratiou on the lIy and ahnndaut regist.el's and I.rist.ate

hurfers for eflicient implementatiou of bus and data-f1o\V functions. A recomlllClllled IIl'Xt.

step fOI' this thesis wOllld be ta rea.\ize the AilS design on Atmcl FPGA tedlllology and wm­

parc the density aud performance capabilitil's with t.hat of Xiliux technology. Addit.ioua\ly,

\Vit.h the partial chip re-programming option, se[f-repairing circuits could he designed and

illlplem2nted complemellting the l'xisting self-error-detection circuit.ry.

Vendor logic blacks (LBs) coulcl be customized to the different. application arl'a_~ and
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dl':-lÎj.!,1l st,vlps. and divI'l'sil.y ill 1.11(' LBs cOIlIc! IH' ill1.rodu('(·d as wdl so l.hal. t.he array or
"II'IIlI'ld,s iH'(,()IIU'S h(>t.('I'O~('II<'()lIS ,IS oppm:ed 1.0 hOllln~l'lJ(lOllS. Exp<'l'iIlH'Il1.al evic!elu'p [:la]

has illdil'atpd Ihal. sl'\'pr;d h(~I(>I'()~('ll(lOllS alThil.erl.ul'('s fin' more fll'ca.·eflieit'Ilt. !.hall t.he hes!.

IJOIIIOP;('IH'OIIS olll'S. il \'iaill(l alt.ernatÎ\'l'. allC! iIlIlO\'alioll. Sertioll .1.:L:j list.s SOIlle fitl'fl,tegies

1.0 f'xpioil. I,'P<:A archilpc1.III'P.

IU.2 VnDL Ellcodillg Styles

v1/ Il L pl'oviti<,s ai>sl.l'actioll alld ease of desigll modificatiolls. AI tel'illg I.he desigll, alld mak­

illl-\ il('l'<""l'll.al challg<'s ill VI/DL arc less al'dllolls I.hall with sehematie elltl'Y. III additioll

tn tht.' l.wn appl'OadlCS for intelligent syut.hc::iis mcntiolled in Scct.ioll 5.3.3~ a. t.hircl bccilmc

illlplidl.: l.()p-It~\·d Il 1a1111a1 sYllthesis. The designer shollid Ilot ease np ail hardware imple­

11lC'lIl.at.inll c{)llsidel'a.t.iolls when synt.liesis t.ool aides are a.vailable. 'l'hey serve ta redllcc the

<1I'siI-\II I.illl<', 1101. 1.0 "elllove I.he I,hillkillg pl'Ocess. The VIIDL desigllel' Illllst still keep ill

Illint! l.'.~sl.illg procedures .uul design methadalogics, a.nd strategies such as schednling and

l't'SUI liTe allocal.ioll. One must ·~thillk hardwarc" as "he 01' she" writcs llDL code, and ir a.

Inl-\Îr alThil.eei.IIl'e is kllOWII t.hal. wall id yicld a good implelllelltation, "collllllllnicate it ta the

Inn\" [:W].

Wl'it,illl-\ synl.hesizable VIIDL code dilrers from ellcodillg fOI' simlliation ollly. Even thongh

t.h .. specified flllldiollalil.y has been att.ained, the l'ealization Illay not be acceptable. Depen­

dl'1I1. 011 t.he Illapping Iihr:u'y ehosell, and the design cOllstraillts, the VIlDL ta hal'<lwal'e

t.rallslatinil will va.ry. 'l'he CUITent pracess is il.ClYlti1Jc. "\Then l'esults arc favora.ble, they arc

"cpt., ot.hel'lvise anothel' encodillg, slleh as 1ll0l'e expficit FSM 01' RTL level clements is at­

lelllpl.ed oft.ell resulting ill more structurallevel or techllology depelldent VllDL. Favorability

is ol'l.ell del.eeted hy analysis of a generated schematic, sOlllething which was to be àvoided

Ihl'nllgh ail IIDL design ellt.I'Y. Visllal inspectioll is oftell casier thall netlist or code viewing

and less cryptie. lIenee, a valid case stndy conclusion using a sYllthesis tool such as the

Synopsys VII DL Compiler, is that a.\'oidance of low level cOllsidemtiolls is not yet possible if

hoth ASIC alld l'l'GA hardware is ta be exploited ta its fu\lest. A path fol' direct designer

nta.llip"iation and ovel'I'ide must always exist, 110 matter how high leve! the synthesis tool

illpnt is.
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.ll1s1 as wil h srhl'lIIalic ('apI 111'<'. 1Ill' /11' ...1 dt'si~lls an' tTt'atl'd 1'1'0111 1ht' 10\\'('sl l'OI'lU Ill' lt'ch

Ilolo/!;,\' l'OIlIJHHIl'1I1 S. wlu'l't, hl'sl is dl'Ii lI<'d in t('1'1I1S of il l't'a aIId 1jlui Il~• .. \ CPIll pa l'il 1in' ôlllalog."

appli<'s 10 VII)))' tl:i ail aill'I'llati\'(' dl'si~1I ('1I11'~' tlll'ch;lIlÎslIl. Tht' III\\'('\' 1111' t1I'sn'iplitlll. i.l'.

struelH nd VIl J) L IIsill!!: I-.!;<l ll'S and si III pit' prilllÎl Î\'t's. t ht' IIt'u l'l' 1ht' a l'\'" t'lIicit'JIl'Y a Ild 1inlÏu).!.

rOI' pl'OAl'illlltllahlp In!-.!;Ïc. Tilt' hip;h<'t' tll<' Il'\'('1. lIHl\'ÎIlP; IIp lll\\'ill'ils B'I'L and llllÎlllalt'ly lu

hl'!w\'iol'al. t.hp \l'Si'i tIn'a. and 1.iIlIl' l'fIil'il'1l11hl' dl'siAIi l'palizat.Îoll h('('OIlI('S. Ht'p;n·llahl~·. Iht'

dlll'at.ioll of th<.' dl'sip;n Cyril' Illm'l'S in t.ht' opposilt' din'ctioll wit.h l!Jp Clllllplt'xit," nI' lop;k

pl'illlit.i\'ps Ilspd in thp d(~fiig;lI IH'Ol'l'SS.

TIll' 1I1.Ulllel' in which VII DL l'm)(' is ",ri 1!l'Il. 1>I'ogl'ilill sI.I'Ul"llIl'('. PII('tHlill~. Illotllliariza·

tion. arrerl.s sYIlt.IH'sis. Fol' pXfl.lIlple. ronlro! ('an Ill' al.l.aÎIIl'd illiplicil.!y wit.h I.hl' klltlwlt,t1J.!,t'

or \v!lat t.YPl' VII DL C!'l'al.l'S l'olllhilla.tÎonal Inp;k. and whal. l'Ol'lli prodm'ps st'qllPIlt.ial lop;îr.

Elll'odillg and illiplellll'lIt.at.ioll nI' fillile stal.e 1lIH.('hiIH'S lias n'('('h'pd I1II1('h al t.l'Ilt.ioll. alltlnow

an anl.omatic syntllt'sis IHtl.h is heing sel'vpd hy tilt, l'l'spalTh rUlIIlIlllllil.y. FSl\ls al'(' t.hl' hark k

hon<, of ('on 1. 1'01 ('Î1Tnil.s. Appendix Il lisl.s a d<'anly, synl.h<'siz<'d VII Ill. d..snipti,," "f whal.

was del.el'lnined 1.0 he the hesl. way 1.0 illlpit'Illent l'SMs on l'I'<:As. \n 1111' AilS l'as.. sllllly,

onc hot. cllcoding OfrCl'li helleficial circnit ('calhm.l.ion dlle t.o the n'gist.('r l'kil lIatlll't' or tht'

Xilinx FPGA, whel'c cach CLB has two rpgiHt.cl'ed e1l'1I1l'lII.S in addition 1.0 t.hl' J1l1ssihility or

a pl'Ognunllling a wide l'al'iel.y of <'Olllhinal.ional logi<'. \n fad. il. is "nI' hdi..f I.hal. wl'il.ing

VII DL descriptions fol' l'SMs can he sl.andal'lliz"d, so I.hal. a 1.001 ('an easily d..l'tlll .. th.. in­

put description. Ano1,her option is 1,0 tise il. Hpedalized compiler, aH SynnpsY:-i dlll'S, whirh

('an focns on l'SM "xl.l'act.ion. The ns" of an l'SM cOlllpile,' is sngg('sl.('d f,,1' (',,"1.1',,11..1' sys­

l."IllS 1.0 hesl. mte,' to l'SM illlplelllentation sin<'C a 1.001 Iike I.his ('()nld salllph· l'arions sl.al...

enco<1ings l'or circuit llIinimil.a.tioli on the FPGA H.l'ehit.edlll'e in tIlU.l:-itioli. TIIt~ ;ulva.lIl.a~p

of application specific synthesis t.ools is sdf.expll1nl1I.01·Y. Wil.h sysl.(·111 Inotllllal'Ïz:lI.ion ;ultl

t.he affilil1tion of dill'erent I.ools \Vith I.hese individna.! 1II0,lnl"s. glol>:l.! synl.h('sis ean h,'wn,,,

specialized. A sllll1l1 designel' ol'erhead is involl'ed t.o indlltle 1.1", t.ool·associal.ions hnl. 1.1,,·

l'esnlt.ing illlplelllenl.l1t.ion will he wdl dil'e"l.ed.

Locall'csotll'CC sha.ring wilhin VIIDL pl'OCeRR Rla.temenl,R a.nd siTlgle nesl.ecl hlo(~ks is pos­

sible whereas global t'Œ;Ollrces sharing, intra.-pl'ocess a.nd illt.er-hlnck !il.a.teillellts, is Ilot 'y(!l.

entrcnchcd in commercial tool pl'oc!ucts. 1I0wever, Ilot ail Hharillg, eV(!1I a.l. thl! :·wh~proo!:-i:-i

level will he exel'cised as seen with the follo\Villg cxalllpl,,: Wril.in!\ 1.1", f"lIowin!\ cotie•
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v_offset := (V*32);
IF «current_mîn_state = increasing) OR (current_maj_state = braking»THEN
.. çut_addr <= addrl + v_offset + m;

l'l'slIll.s in l.Wo illSl:llllialÎolIs of ;I<I<I('I'S Whl't'l'ôlS Ih!' rol1owilJ).!; {'{)(i<':

v_offset := (V*32) + m;
IF «current_min_state = increasing) OR (current_maj_state = braking»THEN
.. 9ut_addr <= addrl + v_offset

!)·I

1

l'f'slIlts in 011(1. Can>fui t'IJ cod i Il).!;. 01' ",fUlml! slIllthrsi... has optilllized the l'Î1'Cuit.. 1111.0­

).!;l'H1ÎIlA I.hl'se sldlls Îuln a :;ynthl'sis 1.001 shoultl 1H' 1II1qlll'stiollable.

'l'hl' lIIaill disadvHn1.ag{' with ht'haviol'al sYllthesis. is the lH'cd fol' 1II1lch lightel' l'onsl raint.s

1.0 "'·(,Olllpall.\' the VIIDL <lesrriplioll, lea<lillg 10" 1Il'l'<I roI' pal·tielliar (,lIco<lillg styles alld

sl.andards. on,PII the l'l'sull.ÎlIg dlT'lIit is 1101. necC'ssal'i1y what is desil'cd. daes Ilot match

t.illlill~ spedlkôltiollS~ and lIlay ilOt. fUlIction eoneetly. Beha\'ial'al cncading does IlO! pl'oduce

~lil.('h I"r('c illlplemclltations lInlcss a. design b cOlllpletcly syncill'onolls. As ment.ioned in [5~J]~

a (il'sigll s)'lIt.hesimd wit.h wmplex logi<'. (Iri\'ing the gale or a lat.ch rardy WOl'lts. Something

sn .. h as IF (11=1J) TIJEN will not work ill aSYllchronolls ,Iesiglls ir A allcl Barc complex

types sm'II as inl.l'gel'H 01' hit veclon;. The cOlllparisoll is made al law le\'els ilnd each bit-pa.ir

of t.llt' Vl'dors will Ilot nccessarily respond silllllltaneously. Once ngaill~ hardware design

COIIl'Ppl.s ca,Hllot he Iwglected.

6.1.3 Design Problems: FPGA Solutions

MallY or t.he pl'eviollS commellt.aries apply not 0111.1' to FPGAs hllt. to the proC('SS or alltomatic

sy"t.hesis ill gelleral. It is ackllowleclgecl t.hat c1eficiellcies exist with VHDL compilatioll tools

,",,1 Ort.l'II t.his cali he redncecl to the prohlem or c1esigll space exploratioll. If ulliimiteci

lill\(' is allowed. t.he optimal sollltion cali he roullcI, howevel' the c1esigller callnot arrOl'c1 10

wait. Illl' l'I.ernit.,\'. Man.\' prohlems arc theOl'etically sùl""hlc, hut pmctical solutiolls 1I1'e the

on('s in de111a1l(1. A rew gelleml tic.•il!/l JOl' sY/l,hcsis pointers which generate lllore efficient

1·l'ali1.at.ions are listed.

• Ll'al'ldng t,he harclware is IIseflll to ensure t.hat s.\'lIthesis tool generates efficielll c1esigns.

1
1
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• \Vritill~ pxpliril VIID!. {'odp is 1)(\t1t.'licial. FS~I :-;11'11("1111'1':-> art' \\'t'11 sllldit'd alld lht'ir

PlIcodill).!; cali Ill' c1p\"('r1y s~'1I1h{'siz('t1 \\'h('11 \\'rilll'Il nJlT('{·II~·. I.al("h and l't').!;islt·r infl'I'­

('II("('S an' also l1l;\niptllalahlt· rrolll VII DI. dt'srripliolls.

• (:l'ollping COllsl.I'IU'ls. VII))L hlorks. alld VIIDL p:-:pn'ssiolls :lllPlllh'l'ly (':In ('(iril al'­

ch il <'ct Il ra Il:- opt imizt'd 1'l..'1\ \iza tions.

• III desigllÎng s,\'lIrhrollolls circuits. OIH' s1l01ll<l avnid wl'it.illg VII nI. t'lUIt' whkh illrt'rs

aS,\'lIrhronDns sl'quenliai logk. Cerlain aSYllehrollom; ('1H'lHlill~s art' IIsahh'. hlll. 011.1,1'11­

t.ioll 1.0 their l'n'cds 011 illlp\eml'ntatioll and cOlIse!JIIPul.l,\' FP(:A hal'tlwan' kuo\\'It'dgt'

will hl' a prereqllisit.e. Section G.I.:J 011 asyuehrollolls d('si~n and halldshakill~ IH'o\'idps

Illon' details.

• GCIH.'J·ally. a single rlocked design is t.he ideal choke fol' drcnil. dpsip;n. Il is salt'. Silllph',

"tructured. ea"i1y impleul"uted alld predictah\e. Mliitiple dork" may \'" rl''1uil't'd, ill

which case the designer must take extra. precantions in t'nl'(ulillg and simulatioll, 1'~\·I'I1t.

driven silllulatol's do Ilot al\\'flYs perfol'Ill as expedl'd, and l.heil' olH'l'ation IlII1St. hl'

c1early ullder"tood.

• \Vhile lisage 1,0 tool optimir.el's is impel'ftl.ivp. l.heil' l'l'sults tl1ust he vcl'Ïlh~tl lI1;1l1l1ally

to ellsure colltillual cOl'I'ect dl'cuit realizal.ioll (applicahle oul$ide Ih" rl'alll' of l'\'G''"

a" weil). SYliopsys provides "uch tool" a" the /,'l'UIl (.'olll/liler ami 1.111' fo'SM (.'olll/,il,'I',

both of which l'cre used. the latte,' ouly occasioually.

• 1'001 directives must be mastered. If the VIIDL wmpiler alolle does Ilot illf"r 1.11" ""1'I'"ci.

l'l'GA featllres, thl'II the compilatioll must he directed for the desired tl'rhlloloJ\Y, W

that tcchnology specifie fcatllres are optimally illstalltiated.

• If design portability across FPGA technologies, or future illlph~rnel1tat.iolls a.re ft po­

teutia\' thell customizatious should be avoided. l'or l'xample with the Xiliux Xl>\OIO,

though ail ou-chip lIip·f1ops cOlltaill a built-ill c10rk ellabll', the ve"siOIi of 1.111' sYllth!!"is

tool utilized could Ilot iustautiate the proper hardware alld cl'l'ated a f""dback pal,h 1.0

the lIip-f1op iuputs iustead. lu lieu of customiziug the VIIDL code 1.0 use the built-iu

c10ck ellable, it was decided ta leave the code as is aud accept the results kliDWilig that

iu future versious of the compiler the correct hardware features wOlild bl' exploit,,,\,
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• Ir III(' fill.d lf'("hl1()lo/!,~' is kIlOWII. and !'ortabilily cali he sacrificed. t.hl'II Iowl'f IC\'cls

of df'sig'1I alld "CIIS10llliï'.fltiOIlS·', such as hal'Clware illstant.ial.ion in VIIDL partÎcular

s.vlllllf'sis (('Olllpilpr) oJiliowi, ;111<1 lIIore strllct.lir;ll clIl.it.y descriptions. arc alternative

dl'sif.,!;11 opt.ions wlwlI fonstrailll.s are t.igh1..

• ))('si~tlPI' synthesis l<'rhlliqllcs, r('fl'rl'cd to as 11lfl1l1lO/ ....yll/he...;... l'an he ill\'okcd hy the

fl)llowillp; 1I1('l.hocls and approaehcs silolll<l lile rcsnlting circnit implclIlclltation pro\'c

!Illsal isfadory.

H{'sollrcc sharillg: Urne and space 1Il1lltiplcxing.

D,,,it;u slllali 1II0dules, 0I10S that fit colllpactly iu a CLfi(s).

Maulla.! partitioujug aud 1II0dularity. Plau aud orgallizod circuit with thc sizc alld

strllctllre or thc l'l'GA ill lIIilld. Crcatc iudividually optimized modules roI' those

eiI'cllit parts which are timc/area critical.

Emplo)' !,rcc versns cèlscadcd structures.

• Sollltioll 1,0 b"s cOI/flic/sor tIl"lIiplc tlrillcrs 01/11 siYl/1I/is IIl1earthed most easily through

tl'Ïstate hlllrers or multiplexers. vnOL b"s l'csoll/IiOIl fl/llc1.iolls are uot sYllthesizable

1I111"ss the,V arc or the 1I'1lIEIJ_ANIJ alld somctimes the WllIEIJ_OR type. Orten this

may Ilot sullice. As the sYllthcsis tool will Ilot corrcct such a problcm, it is up to the

dcsigller. In such a case the iJllplemclltatioll is thell application spcdfic. For bussing of

wide sigllals, Jllultiplexers should be employed, as they are readily availablc and reside

ill thc CUls alollgsidc the CI,lls. For si ligie sigllals, tristate bulrers are suggested alld

rail hc illstalltiatel! hut thcy do ",Id routillg ovcrhead, sincc they are externalto the

CUIs, a\ld do ilOt. cxist in byte or word aggrcgates. The F'PGA com/Ji/el' version used,

could Ilot inst.alltiatc t.ristatc hurrers, so it could not infcr one ovcr the other based on

selcct.ed illt.egcr IClIgths or the sigllals ill questioll.

A rew sUJllllmrizing kcy points arc worthy of mcntioll. Thongh thc front cnd of the

design phase illvolves a VnOL compilation, alld a synthesis tools exist, one must still think

hardwarc. The vicwpoillt that VnOL is technology independent is a myth for any realistic

dcsigll, Ifsynthesis ,t'Id a techllology is choscn, thclI thc likelihood of the designer cnstomizing
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("{Hll' is Illlqlll'stion'lhlt'. ;\cn'ptall(,p of !prilllology tit'IH'Ilt!l'lIt Vifni. will l't'sul 1 III ht'llt'l'

('i1'1"11it i III P1('lIll' Il ta1iOIl S.

Synchronous/Asynchronous Behavior

AS,\'llchronotll'i de:-iign is delicat.e as e\'Plits happe Il illdl'IH'IHh'nt.ly l'rom a syst.t'Ill r1ork. ld 1111 i­

pit' clock in1,eract.ioll. t\\'o fOIll 11111 lIÏt'ating pro('esses liYIIChl'Ollizl'tI to sl'pal'aü' docks. Salllplill~

haphazët,ïd inplit data al relal.i\'c1y high rr('qtlellcies~ 01' haJl{lshakill~ hl't.\\,{,P!I 1.\\'0 proct'ssps

are ail examples of asynchronolls c1ement.s. D('scrihill~ thl'se t'\'(,It!.S il! VII DL. illll.OIl1al.it-al1y

synthesizing t.hem, a.nd att.aining t.he desired fUlldioualil.y is IlOt. always illlllH'dial.t.J.\' possi­

ble. Asynchronotls design priuciplcs arc spcdfie 1.0 the sYlltitl'sis tonl and 1.0 the l,('(·hlloioJ,!;)'.

'1'001 specilics, particularly VII))L syut,hesis subscts aud ent'Odiug styles, ;11111 terhuology Iilll'

itatious lIIust be revicwcd bcforc dcsigu. For cxalll pIc, the Xiii ux XC·llli () t,'rh uology wou hl

l'eqtlil'e Hsynchronolls set/preset f1ip~lIops ta assist asyn<:hl'onolls design r(laliza.l.Îtllls. \Vit.h­

out thcÏl' availability, work-arounds Imd to bc fouud, and VIIDL cncoding was restl'ided as

IVas iIIustratcd in Section 5.:1.:1.

Thc AilS dcsigu process iu this t.hesis' case study, cxplol'cd scvcl'al asyndll'Ouons IIIdhod·

ologics but repeatedly cucouutel'ClI solutious which re'luired syuchl'ouizatious with a rh",k

or strict 1II0uitoriug of haudshaking (ack-nack) prot.ocols. A ",ail statclllcnt l'an synrhl'Onizc

asynchronous elellleuts to a systelll c1ock, supervise handshakiug, and providl' wnt.rol lIow.

Hs lise roI' general synchronization, cOlltrol and management over the aSYllchrollolls t:olltrul

signais is higbly endOl'sed. One approach was to al ways synchl'Onizc colllllluninl.t.ing Pl'O'

cesses to a rast, global c1ock, through higher lovel stat.c ma.chines as seell in Cha.pl.<ll' 5 with

t.be Ma..lcrand tbe Prc,'_clltd FSMs, also Iisted in Appendix Il, Wit.h respcct. to handshaking

protocols, Sedion :J.;! gives exalllples of eucodiug st.yles for VII DL dl'script,iou uf iutcr·blut,k

cOlllllluuications. Thc timer block interacting with the FSMs and t.hc two presslll'c·hoiding

subblocks is iudicative of iuter-process comllluuicatiou, wbereby t.he wait for dock cllgc wa.'

replace by a wait roI' an eua.ble signalaI' aH evcnt. gencrated dUl'ing one or the st.a.tes. Asy"­

chronous cvcnts were translatcd ta "enable" signais, and cit.hcr intcrllally sYII<~hrollized 1.0

a c1ock, or exterually syncbronizcd through another process, onc of the two maiu 'FSMs.

Appendix Il Iists the VIIDL encoding, indicating process interaction during ABS operatioll
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of 1!J,. a!JO\'I' IIIf'lIliollC'd hlocks. alld 1IIl'1.hods of glohal dork sYIH:hrollizatioll.
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Ol.ilf'r lf'cillliqllf's lISl'd ln l.illlf'. sy"ciJronizp and rOlllroll'\'l'IIt.S WOlS t.he lise of c1ack <!Î\"ider

lli"D!'Y. On olJ(~ hand f'\'('lIls couic! hp sl.aggere<! alollg severa) dock cycles dependent. on the

applical.ion IH'plls. i\nalClgolls 1.0 Cl. pipe-Iillcd design apPfoach. this strat.egy perlllit.s c\'cnt

SPcpl('lIdllg :llId ilia.)' solve );OIllC sYllc!lr01l01lS or asynchrollolls timing issues. Alternatively,

w:Jiting fol' lIIultiple orCllrrCII("es of c1lêlllges of a signal! sneh éUoi a c1ock, can prodncc a.

dock ,Iivill"" Ne\'erl.heless, sYllchrulli~"l.iOl: ofilldividllally docked processesl",d 1.0 he dOliC

expliril.ly, '111<1 fllrl.her stresses the IlT!. ellcodillg style reqllired wil.h cOlIl.el11porary sYllthesis

I.ools. /\,Idil.iollally. I,'I'G/\ lisage fayors desigll where 'III sYllchrolli~"l.ioll shonld he dOliC 011

chip, 1,I"ally olle dock is preferred, hllt if 1111111.iple docks are lIeeded, 011 chip docks didders

arl' advilied 1.0 ('IISIII'C logic COllfOl'lllity.

D"I"'lIdelll. 011 whel.hel' a proces. is collstrucl.ed sYllchrollously, with a glohal dock, or

aSYIIl"hl'ononsly with enahle signais inferl'cd from extel'nal or ncighhoring proccss events, the

preparal.ioll alld illterpretal.ioll of the .imlliatioll should reflecl. the design methodolog.l'.

6.1.4 FPGA Test Philosophy

Sevel":Ji of the difl"erelli. .I.age. of tesl.illg I1l1d alld mechallisms of test indnsioll l'cre discnssed

ill Seel.ioll :\,'1. DUl"ÎlIg cOII.trncl.ioll, a desigll is ilOt. complete alld can IlOt be bmnded

fUllcl.iollal ulIl.il I.esl.ed. Dllrillg operatioll. the desigll must remaill fault-tolerant or possess

"OIl1pell.alioll alternatives or .ystem shul.-down capahilities, COlltrollers constantly monitor

alld 1I\a.llage sy.l.ems, alld are re'luired 1.0 he continually self-checked for correct fnnctionality.

Mel.hod. 1.0 pel-form I.his efficielltly and within the area and time Iimits of FPGA technology

\\"'re ,·on.idered. A l'elloWII test philosophy \\'ould be 1.0 utili~e more than one cOlltroller

,·hip. and compare I.he oul.pnl.s in time. Shonld one of the conl.roller chips fail, then another

<'0111<1 re.lllne mastel' operation with some sort of buck-uI' ill cJJect flag or the system would

.hlli. dowlI wil.h 'III Cl'/VI' flag. With snch mnltiplicity, the bnrden of additional chips, added

compal":\.l.or., some verification circnitry aud control logic must be tolerated in addition

ln lIewly "reated dal.apaths since the operations arc Itlnltiplied, As mentioned earlier 1.11'0

01' I.hr('('-nnil. sysl.ems are commonplace. '1'0 avoid this area overhead, the proposed cycle­

,</('(Ili/% 1lIlIYlwul'c Ume-s/m/'ing solntioll was utili~ed, snccessfully impleltlent.ed and extension
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ln (11)(,1' collt 1'01 appliralion~ is l'llnl\lra~('d.

!Hl

lIal'dwarp sha ri "!!: wit.h \"allll' injPctioll as Cl cOII('('pl rail l'Iiri1 a P;('IlPI'Îr applkalioll SIH't'i1ir

1.(':-; 1.Î ng Il l'lH'l'd lire. sa long as 1Ill' hil rd \Va 1'(1 1)('1'f01' III aIl ft' ca Il a("t'om adil 1.(' 1ht' l't'a 1-1 iIl H' 1It'l'ds (.1'

t.IH-' (·onglollll'1"a!.l' systPIIl. ln thl' Ans rOllll'oll('1' applicalioll. wht'I't' llH' timing l't'qllil'PIlIt'llls

"'ert' in t.he order of hllman l'l'sponse t.inu.':-i. I,ÎllIillgs in 1ht' onlt'I' nI' /1IS al'l' SOIl1-dll. FP(;:\

tt\Chllology can he dod·a:!d in the or<fl'I' of I.ells of l\'lllz. So t.hal. Solllt' (('{'way 1'l'llIaillS wht'II

t.he (~ydl' slealillg is cnforred. Implellll'nt.ation of oll-lillP :·ië\.llIpling l'or l.t'st.itlA Illll'pUSt'S is

t.hel·l'forc a, workahle preposition. lIowcvel' monitoring tht, rl'lil1ll.s of opt.'l':tt.iolls ami ('IlSlIrill~

a, IIl1mher of fixcd scqnencps will l'eqllil'e some Cllst.Olllil.atioliS whkh 1'l't111ires klltlwled~(' of

t.he desigll it.self.

Ideally IVe lVallt. <'01It.illllous mOllit.orill)!; of t.he <:o1lt.l'ollel' dl'"uit.I'Y. 'l'Il" IIIOIIII'UI. a failul'I'

is delected :mmewhcl'e in the circuit., its operation 1I111Sl. PÏl.hl'l" he adjllst,et! 01' halI.«,d, as

iUCotTe"t "ollt.l'ollillg mil be ItHr-al'dous. FOI'all AilS, a failure l'Ould hilldl'l' oVl'I'ali hmldll)!;.

precipit.a.te hl'ake failtll'e, and in tm'II ca.nse an a.ccidl'Ill.. lIowevt'1' dUl'ÎlIg consta.nt lIIollitorillg

of the system, normal fllllctionality must. Ilot be sacriliccd, a.nd the cOlltl·()lh~I·II/." ...1 (·olll.illlll!

t.o supply l'eal·t.ime l'espOllses to it.s act.uatol's. Cil ITellt.ly, t.he AilS spe"i1kal.ioll malldat.l's

falllt·detcction and partial fault·tolerance. A design illlpl'ovcmcnl. wOllhl pJl('Olllpass the

implemelltat.ioll of t.heol'etical AilS dYllamics IVhich is dir""t.ed t.olVards 11101'1' l'X haust.i VI' failli,·

l.olerance a.nd caverage, lIowcvcl', the pCl'n.mtagc of t.hol'otlgh faull.~l'l'm~f!"'''';''!1 will !'(~lIIaill

Iimited by the FPGA t.echllology Iimit.at.iolls.

The Test. Compiler (TC) l'rom SYllopsys is capahle of addillg ill srall draill "'l'II1"11 t.s,

colllledillg t.hem t.oget.her, alld addillg a l'l'IV ext.ra pills (IOlls) fOI' SC'lll "haill seriai ilp"l,

alld out.put.. A Xilinx Iii>mry IVhich fttl'nishcs t,he S"'UI chain equivalent.s fol' t.1", llil,·llops

lVas not. available. The possii>i1it.y of IVrit.ing propriet.ary ones in VBD!, and I.h,," indudill)!;

t.hem dnring t.he Test. Compiler's component. inferal plllL"e exist.s. II. lVas dedded that. t.hese

feat.nres did not. merit. inclusion IL" t.he chip is programlllllbie and chip densit,y an,el' parti·

tioning wa.s greater than 90%. The TC is a.lgo capa.ble of afIixing sta.t.(~ of the art. t(~stillg

facilities knolVn as lloundary Scan, .n'AG, t.o t.he circuit.s periphery. Already "mbedded in

some FPGA architectures, this fcatllre can help crcate more glohal or hoanl h~vel t.cstillp;

procedures for IL cont.ro\ler applicat.ion which suhsists in IL larger syst."," an<1 illl.erads wit.h

other chips possessing t.he same st.yle of testiug. Duc t.o previously ment.ion",1 unavailahilit.y
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of a pill'lirlllfll' Xilillx Iihl'fll'Y, slleh fi featlll'c couic! flOt. he il1lplelllellt.ed~ huI, il. is of fut.ure

illtf'J'f'sl.•

6.2 FPGA Synthesis Issues and Proposed Solutions

CNl.aill hllrdles exisl. fOI' FPGA drcllit l'eali~ation nsing synthesis tools, alld IIDL entry

llIP1.hodH. To<lays sYllthcsis l.ools have a lIultlher of limitations. 'lb cite a fcw, they rcquirc

1IIa.1I~~ il.<~raliolls or test caties; t.hey do Ilot provicle Illuch feedback, or cont.rol, ovel' placc­

Inenl. atHl l'Ontillg; and they lIIay pl'Odnce resnll.s that fall short of those attainable from

seill'lIw.tics. A!'i :-;la1.cd in [25], eVen stlcccssfni syntilcsis nscl'S say lha.t t.he drcam of tcchnol­

ogy illdependellce - the idea that one l'an write a single high-Ievcl description and simply

"l'-l.a.l'gel. il. 1.0 fUI)' dcvice family - (~anllot he achicvcd toelay.

!loth the sYllthesis tool and the FPGA device architectnre mnst be weil nnderstood ta

ohtllill f,\\'omhl<· resnlls, ,Inst Ils hardware strnctnres and logic hlocks can be cnstomi~ed

to Sl",dlic applications one mn also l'nstomize IHtI'(\ware ta synthesis tools and HDLs. As

In"ntioned hy Hase, [2:1), two angles for direction exist: "Architectnre mnst be synthesis

fl'Îendly, a.ll(l synthesis mnst he ltl'chitectllre sn!art".

An Immediate limitation of synthesis tools materiali~es in terIllS of device performance

and area erIidency, The key ta nsing FPGA synthesis snl'cessfully is knowing where it works

a.ll(l wh"I'e il, doesn '1.. FOI' example with respect ta FI'GAs it was noted that logic synthesis fol'

m.ndom-Iogic clements such as state lIIachines, address decoders, lookup tables and straight

hooll'all t.YPl' e'lml.l.ions is l'l'l'y eflicient, bnt synthesis fol' 'trithmetic 01' (httafiow fnnctions

neel'ssit.atl's snl>pll'lIIentary improvelllents, as depicted with the AnS case study.

Libl'al'Y snppOl'\. systellls lIIerit investigation as they are the back bone of a synthesis sys­

t.l'III and it.s Inherent henristics. Technology specific libmries will obviously I>roduce better

l'l'ali~at.ions, however d',vice independeuce is becomiug increasingly important as numerous

l,'l'GA vendors exist and continue ta enter the market with new devices. However, frequently,

t.he libmries sn l'l'lied hy the synthesis vendor are not snfficient as they are tao generic and

will no1. hl' optillli~ed ta exploit the technology's features, Abiding by traditiona! approaches,

as IIIl'nt.ioned in [61], the libraries l'an be considered analogously ta hardware off-the-shelf
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romjlOIlt'lItS. \\'hl'I'(' eHch FPG:\ \,('mlot' is l'Pspollsihll' for ~\l<ll'atll('{'itl~ l,hl'il' pI'OP;l'illlllllÎlIP; tH'

iIl1JlIt'I1H'1l1ëll.ioll in t.he Illas!. optimal way on l.ill'il' 1"1'(;:\ ralllilips. Nt'\'('I'I.IIt'h'ss. sollll' lion­

st.alltian) ('OIllIH11Il'IIt.S IIlllst J'('sitil' in 1hl' Iihl'ary t.u cah'l' t,n parlÎclllal' tll'<'hih'ct.lIl't' l'atHîIi!'s.

Sl'u.lill~ 011 fi. sta.ndard set or Iw.rdwil.l't, l'1{,1l\t'llI.S. s1Irh as t.Iw Lihl'al'.\' or Pal':IlIll'I.t'l'il.l't! f\'lotl·

n\es (LPI"I) [5ï]. acl'oss FPC:A \"t'utlm's with tilt' opt.ioll \'0 ('OIsily illl.t'p;l'at.t' "l'lido!' and \1S('I'

specHic cotllponl'nt.s \\'oul<1 aitl opt.imÎ:'.ation or synl.liesb alp;orit.hllls and ht'Ip llIal\(' t1l'siv;ns

portahle acl'oss vendors. LPrvl dcfinl's highl'l'-Il'\'('1 lIIot1uil's rOi' synt.ht'sis tools 1.0 pass 1.0

ha.ck l'nd 1.0015. Ail attc1I1pt. a.t. t.!leÎl' illt.(lgra.lion ill1.o design nid t.ool:i has ht'PIl ltIat,p1'Îa.lhwd

throllgh XBLOX™ frolll Xilillx. lIellce ta slIpport l.erhllology.trallspan·Ili desigll Illethllllol·

ogy alld 1.0 obtaill l.he best drcllit illlplelllelltatiolls, a gl'lll'riC l'l'GA librar." of blod,s (whkh

ail l'l'GA velldors \\'ollid agl'ce IIpOIl alld sllpport.) alollg additiollal velld"l' spl'dlk hlorks

(which cali be accesses t.hrongh !looks in t.he sYIlt.hesis sYlitelll) should he 1'l'\'iewPtl. A Illol'l'

ill dcpl.h disCllssioll of sy"thesis sllpport systellls alld Iibral'y neatioll rail bl' Il>lllld ill [r.lil.

FUl'thcrmol'e, from an aJgorithmic pCI'spcdivc, il. is Pl'opoHed l.ilat t.t'r!llloingy sp(lcilk

synthcsis utilitics dcscrvc marc obscl'vancc, for sl1pcl'iOl' drfllit l'lmlÎim.t.iol\s, SOIlH' vt'lldon;

suclt as Synopsys a.nd Exemplar have all'cady t.a.kenliteps in C1'eat.inp; spl'da.li~ed opt.imi1.a.t.inll:i

fOI' l'l'GAs: Exelllplar catering ta lIIallY l'l'GA types while SYllopsys ra.t"l·illg 1.0 Xilillx alld

A<:tcl l"PGAs through its PPGA (.'ompilc,:J'M, MeaSlIl'Clllent. of Exempla.l"li sy:.;t(~l11 1IIeI'it.:i

was, IInfortnnately, not possible, howevcr bath systellls dealt 1II01'e explicitly with IlTL 'l.Illl

logic level synthesis and were lacking in higher levcls of desigll entry and behaviol"a.1 sy"th,·sis.

If they conld proccss sallie higher levels, the reali1.atiolls will not be optint:\.1 or tlllled 1.0

a.pplica.tion specifie feat.llres. Hence, mi an undcrlying thctIle, synthesis tonls shollid he<:ome

1II0re ,Iesign style spccific. Snbseqnent sections will highlight cel·taill applkation spedlk

synthesis steps wbicb con Id be integrated into a design style spedli<: cOlllpil,,,· 1.0 fnrth,,,'

optillli1.e the tool·alltolllated circllit reali1.atiolls.

With respect ta synthesis alld design si1.e, fllrther Iilllitations sllrface. 11. S""IllS 1000 gat"s

is about. a.s high a.s one ShOllld da.re to go in a. ~ingle pass [25), The idmt i~ 1.0 ~YlIl.he~i~e tillHlII

blacks and t.hen pull them into a hierarchical schenmtic. Using redllccd hlocks p"rmit.s cert.ain

passes of the synthesis tools ta succccd in some local opt.imi1.ations. Yarying t.he nllmerOIlS

compiler directives and utili1.ing the speciali1.ClI compilers l'an also he nsed at. t.his grauular

level (Ior the individual modllles) resulting in overall (glohal) circuit o(>t.imi1.at.ious. Different.
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l'Ïl'l'lIil, III1Idlllps IIlay lu' hl'l.I.f'1' s('I'\'(,<! ily application or c!esi1-!:Il-Sl.yle specifie algorithms which

("ail 1)(' SPI'\'l'd hy tilf' slH'cializfld tools.

Fol' lIIilllY of t.hp aho\'('!.o achi('\,(' fl'lIitioll. 11101'(' l'eganl 1.0 t.he IIl'cd fol' a. l.ightcl' cOllpling

1)I·l.w('('1I s,VlIthe'sis and layon!. (placelllent ami l'outillg) 1Il1l:-it he allotcd. A syncrgy hctwccll

1.01l1 ;t1l(1 I.fI('hIlOI()~y I1II1SI. <'xis!. with adcpt cOllllllunica.tion Pl'oto('ols. This would involvc

t1If' Illois 1IlHlel'sta.lldilig the hardware rca.tllres~ providing qtlcrics! proccssing fccdlmck a.nd

passinp; tilllillp; (,ollsl.raints 1.0 layon .. and l>1'illging aCClIratc wire delay cstimatcs hack iuta

SYIlI,hpsis, i.t'. h.u'k allllot.al.ioll.

6.2.1 FPGA Stl'uetUl'es aud Design Methodologies

Exploitation of t.h" FI'GA ardlit.ect.llr" via sy"l.hesis algorithms is lacking, Most. FPGA

families have d"dil'a.t.t'd hal'<l manas fOI' halldling arithmetic fnnct.ions, hnt oft.en synthesis

tools paSH collt'et.ions of gates, IlOt hard macros, t.o t.he placement and ronting t.ools, It.

is Ils Il '1.11,1' 0111,1' t.h" t."chnology sp"cifie (l'endol' specifie) t.ools whieh pass hardware speciflc

malTOS '111<1 mlldl more I."chnology specific information, ln I.his design experiment., Synopsys

was ahl" 1.0 pass one 1.,1'1''' of hard macro, an ADDSU [fi hil. nnit, which is t.he extent of the

I.el'hnology sp"cifie lihrary al'ailable.

Chapt.er 2 int.rOlitlc"d t.h" signilicance of regllhtl, strnct.l\l'es and dist.inct.il'e design l'roce­

dnres Illl' pal'I.icnlm' applica.t.ion t.ypes and hal'llwal'e reSOIIl'CCS. Wit.h controller applications

illsl.antia,l.ions of Moore and Mealy t.ype FSMs are abnndant.. One snch case stndy proved

I.IIl' dlici"ncy of I.heir implement.at.ion on Xilinx FPGAs heedfnl to register abuudance and

sofl,ware eapa.hility t.o hanclle known st.ructures (VllDL models in t.his case) and exploit

hardwal'<'. Dat.apat.h operat.ions like addition, subtraction, cout.rol, dat.a trausfer are recog­

ni~"d and synt.h"si~ed t.o unit.s such as adders, ALUs, registers, mult.iplexers, bus drivers and

bnsses. hy t.h" h"Hel' synthesis tools, The better high level synt.hesis tools will extract FSMs

1.0 <'On 1. 1'01 I.Ill' mnltiplexers, regist.er~, bns drivers, and enable certain processes with correct.

inpul. dat.a during t.he correct st.at.e and on t.he correct. c10ck cycles nnlike RTL level synthesis

wh"re consci"nce FSM encoding is reqnired. llowever, in eit.her case, once t.he application

t.I'ail.s are l'ecogni~ed, t.heir implementat.ion should l'ail ont.o hardware whieh caters 1.0 their

kind, Onr FI'GA serl'ed for the most. part" weil but was lacking in the area of drivers, busses,



• ('/f..\l'TEII li. m:s/(;;\" ..I.'W SYSTIIESIS ,\/ETIIOf)OI.O(;II,:S

and fast. ilnd pasily lIsahll' Illl'1lI01'Y hanks.

~IO:i1. dalapalh flllU" 1ions an'synrhnlllolls iUllatul'('.lIIakhillA t!at'ir lil1lill~s and tllH'l'fllioll

\Vith t.ht' sySI.l'IIl·S dOl'k or t"on!.l'o!lt.·I'. ~\\'ailahilily of proArallllllahlt' I0Aic dp\'Îrps whkh

pro\'idt' fol' l'asy dork clislrihlltioll. prl·dictahll' t.imill/!;. lIIull.ipll'xt'l'. l'PAislt'l'. antl bus tld,'PI'

a\'ailahilil,,I', ill a<l<litioll 10 hlls la,l'olll fl'allln's 11'0111<1 1", hip;hl.l' Ill'Ill'iiriai. ..\ddiliolla\l:- <lin','1

llIapping of ALli OPl'l'H.t.ioIlS. rotllllf.'I'S. and l't'J,!;is!.t'l' Iilps wit h fixt'<i hiJ,!;hl'1' 1('\'('1 blorl,s woult!

he fa\'OI'a1>le fOI' FI'C:1\ s.l'lIl,hesis,

6.2.:;: Design Entry and VHDL

lIigh lcvcl design languages pl'ovide a. st.andard mediulIl for (·OI1lIHUllicat.illJ,!; d('si~1I data

het,ween ,'endors and cnst.omcl's, in illdllstry~ a.nd amDng dCliip;lIel's \\'ol'kill~ 011 variolls aspt'rl.:-i

of the saille project.. VIIDL is a hardwarc spccification langnage, a. i'crogllÎ;wd sl.:uHlanl. alld

it encompasses many illtel'esting featnres, su(:h as hieran:hkal level d('s(:ril)l.iolls, I)(~hôl.\'itll'al

<leRlTipt.ioIlS all<l nser <leline<l at.t.ribnt.eR, II. is a st.ra.ip;hIJol'w"I'ti :U1<1 \'eI's"I.i1" llIe1.hoti of

entering design specifications and if the code is geucric ellollgh migration 1.0 ail ASie is

fast.el'.

VIIDL is cllrrently more acceptable in the indllstry cllvirolllllclll., so 11I1I(:h as a (~OITe·

spou<ling \'CI'satile Iibmry syst~1lI shonl<l cat.el' t.o hoUI t.he h:U'<lwal'e plalJol'l1\s "u<l t.h" lin!.

fol' optil1\UI1\ sYllthesis perfol'lnancc. The sYIlt.heRis sYRl.elll whkh eult,ival.es I.h" <:olnulou

clements of the entry a.nd implclIlentation of il design, is sllpcl'Ïor.

Repeate<lly, the Rteps un<lertakl'II by a syuthesis tooll.o realiw au Il Il!. "u<:o<l,,<1 cil'l,nil. al'"

either IlOt sllflicient. or they pro<lnee nll<lesire<l l'n'cds, III snd, a eas" II1111"'"{ s!l"a",sis eau 1",

attemptcd to allcvia.tc unwa.nted circuit rcalizations. One occasion a.rises when a.n a.ddil.ioll

operation of uuequal size operall<ls (<lifferellt iuteger t'allges) I",s 1.0 he earriml ont.. SYllopsys

a,ntomaticaUy expau<ls the snmUer ,,<I<lell<l t.o the lengt.h of t.he louger :"I<lell<l, :1I,,1 illfe"s a

large a<lder. Ali implementatioll nsillg an a<l<ler the size of the snlallCl' :"Itiell<l, t.h"." :"I<liu!';

the carry of this operation to the relllaillillg part. of the larger :"I<leu<l, all<l <:Dllcat.euat.iug I.he

two provcs to be faster, and less a.rca consllmillg2 . Moreovcr, at. tirnes, addition is reCJuircd

21f thc opcrands arc comparable in sizc this ili truc, howcvcl' of one is Icss I.hiln (lJ1(l fmlf t.he ut,lu:.' tnu:h

mcthodology may not providc beltcr rcalizat ions, bul will not. rcsulL in il !Jourc!' implcllu:lltatiun
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which (li~J"('/!;'HcI!' 1.11(' Il ppp!' hils. sll(~h as fi fireulal' ('ounte!' or ail addl'css gellcrator. [nreralof

Il,,, S1,,:dl..,t add", to corn"p","1 t.o th .. S1"all", addend is the" desired. 1\ dditio"all)' hette,'

C'lllll'aI.Pllôll,joll and slicill~ ff'fl1.lIl'es ('ollid he t'lIlplo,\'<,d. Definin:;.!; HIl intl'ger range of 0 to 255

shollid Ilot illf('1' a. !) hit 'lddel' for fi pot(mtiill sign or carry hit when arcH. Îs critica.I in F'PGA

d('si~lls P\'(~II I.holl1!:h it ilia.\' he acceptable for ASie implemental,ion.

Th.. ('J'..atio" of a s.l'nthesis langnage wOllld he hellelicial slIch that hoth a synthesis

parillliglll and fUIlc:tional (·olllponcllt.s !Jerome standardizccl throngh a specification language.

Il, WOllid Ill, generic 'yet pal'ametel'Ïzahle alld wOllld lit with ail levcls of s,Yllthesis. For

('X;l1Ilple~ Just as \Vit.h VII DL, thure arc rCHcrvcd \vords fOI" language COllstructs describing

th" hardware. p""haps clements slIch as CLOCI\ and H.IèSET could hecome lixed. At any

Il'vel of' fi, design illlplcmell1.a.tion )'011 ort.ell Ilccd a dock ta fïynchronizc YOlll" circuit no matter

',hl' Icv"'. The t.enll CLOC" would thcu impl'y al. say a high level, syuchronize this part of

th" rireuit, and at. the low levcl it. conld he dcscrihing the clock signal which arc feeding

intn t.h" lIip flops. Similarly with a HESET signal. [n fact, more t.han one could he defined

("esdi, r"",t.:!, et.e) wit.h similar fnnctionality Il.1. the various levcls of circuit description.

The"e a"e additional pI'Dhlems when t'mplo'ying an Il DL, and synthesizing to FPGA

hardware. Thc foflowing points are not.ewOl,th,Y:

• Loss of t.echnolog'y independence. One hns 1.0 manipulate the VIlDL so that the

t.ar!\et.ed archit.ectnre f10ws smoothl,Y.

SYllt.hesis does accclemte circnit realization once a methodolog'y is in place, however

hcU"r p"rformancc est,inmtes during the carly stages of synthesis arc desired. For

I.Iw 20-50M Ilz frequellcy l'ange, synthesis l>I'ovides satisfactol'Y performance for parts

I"ullning in t.ltis rê:wgcs.

• Il''Uer t.iming contl'Dl is nccded. Synops'ys predicting interconnect dela'ys. Often 1.00

opt.imistic results or 1.00 conservative results arc ohtained. So it was decided 1.0 ignore

dela.l's and concelltmte on area, and use the timing from the XACT PPR and xdelay

t.ools.

• A sy"t.hesis t.ool often required additional he!p 1.0 meet design requirements. Occasion­

ally one has t.o take the VIIDL down 1.0 a very low level 1.0 force the synthesizer 1.0



• ('11.-11''1'10:11 li. /)/':SI(;i\' ..Ii\'/) S)'i\'TIII,:SIS ,I/l'.'TIIO/)01.0(;II,:S

gl'Il(\l'at.p dl'sin'c1 l'(-'alizalinll~ whirh 1lIt'l'1 sIH'rilicatiolls. If timing lIl' al'l'a SIH'rs al't' lIul

111(11.. lïl'\'('l'al ill'ratiolls arl' Iil'p<!pd 10 c1(,;1..11 np hlo<,l\s whirh l'IlIlSlIllll' III llltlrh spart' 01'

l'ecllln.' crit.kal paths .

• Cel'l,ain VII DL COllstrlll'ls mllsl. Ill' ;l\"oidpd whil'h Al'lIl'l'at,(' ilH'lIkiPIit. dl'siAlls... It. 1'0llH'S

dO\\'1l 1.0 ct. l.cchno!ogy sympat.ht't,k dl'sigu" [:2:2} .

• The desiguer is Ilot 1'<.'1110\'('(\ fl'Clll t('('hllolog~' ('om't'I'IIS as l.Iu_, illlporl.allrt· or loral illp;

('ollst.l'aints wit.hin the F'PGAs thp1l1sel\'l'S pro\'('d ,'it.al. Il. wa'" lIOI. possihh' III \\'l'Îl,t'

VIl DL cocle wi tholl 1. kllowi IIg the Ungel. I.ech 1I0Io!\y.

6.2.3 Synthesis/Layout Suggestions

The SYllopsys 1.0 XACT layollt was Ilot a c1il'ect. tedlllology cIl'ÏVl'lI pal.h, CLH dllsl.l'l'ÏII!\.

a.nd FPGA CLB implementation beror<~ the l'cp/m;c_fJ1!/fl COIllIlHl.IHI, will Ilot IH'{'('ssa-rily lU'

preserved. A change in t.he ClllTcnt design flow wOIIl<l he hClleficial. Ideally il. 1Il'I.IiHI. forlllat

II'hich wu Id aCl'epl.logk block elellleuts spedlic to the FIlGA ll'ould be d"sir"d. Th" syul.h"sis

tool resolved the dl'cuit algol'il.hlllieally illl.o I.edlllology spedlic ""lIIpoU"Ul.s, yel, th" I.I'allsl"r

1.0 the layout tooll'equil'ed tl',ulslatiou 1.0 logie gates, CLB alld lOB dusl.erill!'; was sllllU'whal.

lost ill the pl'oce", aud desigu wustmilll.s cou Id Ilot be passed 1.0 the layolli. I.oo!. Mlll'h 01'

this is kIlOWU, and collsequelltly the sy"thesis tool velldOl's a.ll<l th" ba.I'dwal''' p"opl" al'l'

working tn improve the tools and hardware 1.0 form a. truc :;yncrgy and l'd'ormed 1.001:;.

lu Chaptel' 2 we illtl'Oduced the sy"l,hesis alld layolIl, pla1.l'01'1II 1'1'0111 whieh il. mil iH'

deduced tltat a nccd for a I,ightcl' illtegmtioll bet.weell sYllthesÏH fl'Olll.,,,"d desigll I. ..ols ami

FPGA layout tools al'ises. Ta bl'ing out the full power of the I.echuology [22], sYlll.hesis I.ools

IIIl1st be capable ofpassiug hard lIIacl'OS ta the placelllellt aud l'oul.illg I.ools, alld la,yo"l.l.o"ls

must l'eadily accept cOllstraints (timing, al'ea, etc.) 1'1'0111 logi<: syuthesis 01' schemati<: elltl'Y 1.0

produce fast, dense designs with automatic placement and rOll ti IIg. lIowl'ver, solne gllidil.lH~e

and manual intervention whencvcr neccssary sholll<l rcma.in élcce:;sihlc, For exalllple, FPGA

piu·out placemeut capability is vital fol' Pl'ototype testing othel'wise its Slll'l'Ollllllillg t"sl.

euvil'oument would continually l'e,)uil'e alteratiolls ('luite time,wllsllming). AdditicJIlally,

bettel' timing control 011 illtercollnecl delays, could b" accomplished if timillg mllstmillts

couId be passed to the layout tools alld accu rate wil'e delays wuld b" bl'ought back illto
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SYlltilf'sis. Fllrt!lprlllorp 1,11f' pn'sf'I'\'atioll of lo1-!;ir PIPlIIl'll1. c1l1stel'ill'; <lS t.he c1esi~n passes

10 Il,,, layo"l. (XAr:T) 'ools slio"ld 1", ""for("l'd. a"d ra" he illll'Iellle"ted with lIleaningfnl

!"O"slral"ts h"i"g l'ass,,d to ti,,' layo"t 1"",,1 frolll synthesis tool. Lastly. fnll i"crelllentai

(!l'siJ.,!;ll. s.YlIl.hl'sis~ aud rOlll.Ïnp; capahilities shollid he attaiTlable. One t.hillg lIlissillg from t.he

Xilinx ·1000 tools, is a re·entra"t l"O"t<'l", L". Ihe ahilily la cha"ge a few logic clelllents withont

rprout,inp; the t'liUre chip. Synopsys has an incl'l'lIlclltni compiler hut. t.his is fol' synthesis,

and il. is IIlOI'l~ fi tilllc saver thall Cl design tooi.

An dlicientiy synthesizahll' VllnL snhset which is technology independent, .l'et which

ronulÏns lang"age construets specilic ta l'l'GAs, is aiso wOl"thy of mention. The VJ[DL

s"hset tl'sted in this case study .hould he expanded, and uniformil.y amongst other synthesis

tool vl'ndors which "'pport VIIDL is also ,·ecommeIHled. Comlllon elements akin to cit'cuit

!"l'set, signa' passing and synchronization can be dexteronsly snpPOl"ted by keywords such as

dod:, ."al"/, sloJl, I"c.'eI., [Ilo/ml./·esel., .,Ialc , cr/ye and etc, precluding the need for explicit and

r"stom e"coding prescrihed hy the synthesis 1.001 capabilities.

Cnl"'ently, the VJ[DL code must he manipulated for the target architcctme. Some VilDL

('ntlStl'nets pl"Odnce inelficient desigus aud unwanted structures while others are iIIegal. SOllle·

l.inll's, the VIIDL code has 1.0 be takeu to lower strnc1.urallevels to force the synthesizer to

gelll'I'ate t.\t<' desi red ci rcni ts, It was uoted t.\mt the VJ[ 0 L COlllpiler from Syuopsys was un­

a.hle 1.0 instantiate cert.a.in hardware fl'attlres êtutomatically, the dccodcrs, mcmol'Y clements,

and doek enahl" circuitr,Y fl"Om VnOL descriptions. At these levcls some technology inde·

pell<lence is 10sl.. Synthesis tools should target an approach which nses generic, technology

spe..ili<:, and liser "ülllponents efl"ectivcly al. higher lcivels of synthesis, as opposed to manually

instantiating them which becomes just another for 111 of schematic entry in words as opposed

tos,Ymhols.

Ideally, using a genel'ic VnDL snbset and synthesis 1.001 which contaitlS device-specific

optimization henristics to provide efficient utilization of logic within the FPGA could avoid

n", ahm'l' manual work. Optimiza1.ion for the technology can also be performed for spe­

cilic applications or design styles under the inflnence of dedicated compilers, directives, and

liI>t'aries (as mentioned earlier)..Just as lUI FSM Compiler exists, a new conjecture sug­

gests adclitional tools: one such as a. OP Compiler for a strict datapath VllDL encoding, a

l'ipe Compiler for Implementation of pipelined hardware struct.ures, or a MEM Compiler,
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tu 1H'~1 l'X plon' lill'P;<' da 1a sI 1'111'1 Il n' l'l'aliza! iOlls. FIlI' l';}r!l. opl ÎIII:l1 \'" 1) 1. ('IIt'tldill~ rail hl'

1I(,I'1"01'1I1l'<I kIlO\\'ÎIlP; l!lp pill'ticulill' vlln). COIIl-'lt'lIcls \\'hich ra\'1l1' t't'l'Iain t1l'si~1I sl."It':;.

:\dditiollal capahilil,jps soup;ht. 1'11('0111 pas:;: tilllinp;-dri\'l'Il l'lan'IIIl'1I1 ;l\HI l'lllllillp;.l!lt' ahi!­

Îty 1.0 t.al\(' fllIlS\.l'aÎnt.:; l'l'Dili SYIlt.III'sis. lllilllua\ !Iool'-plalltlinp; rôll'ahililÎl's. hip;h·h·,'pl 111:1('1'(1

l'III1Ct.iollli. direct exploit.al,ioll of sp('cifie Il:lJ'(1\\'0\1'(' ll'rhnolop;y l'pat.ll!'l's. Dt'atllock til'!('rliUII.

as is r1agged hy sollle soft\\'flrt, eOlllpill'l's. "'uult! Ill' ail Îllt.l'I't'slinp; fl'at.ul't' 10 ha\'t'. Il is

11I01'(' of il. simulation \\'ish hut. ('0111<1 all('\,Îa.\.l· tillll' Spl'Ilt. :iilllllialillp; and (lt'hllp;p;illP; il ril'fllil.

whel'e I.\\'o hardwal'e tlllit.s a.l'e \\'a.it.in~ rOI' (I;\('h oth(,I'. SUt"h ail ('l'l'ur ll('('III'S rl't'qlll'Iltly in

iH;'yllehI'OnOIiS dt'Higned circuit.s wit.h halldsha.kin~ pl'ol.ot"ol.

11. is expect.ed t.hal. t.he synt.hesis t.onll'xplnre and atiop!' Sil 1Ill' or 1.11(' tlyailahh' alJ.!:lll'il.hltls

\\'hkh a.rc so ra.\·Q1'n.hly desnihed in Solllt' or the lit.l'1'allll'l'. At. thl' sa Il Il' !.illlt' dil'l'd applkalitlll

or t.helll t.o l'l'GA t.echnology is desil'ed. FOI' exanlple. dne t.o IIIl' nallll'(' (JI' S(JII\(' 1"I'(:As,

a gIohal llIelllol'Y hlock (shal'ed llIelllOl'Y) \'('l'sns lo('al l'l'gislel' (dist. ri hn t.l'd llI('n\(lI'y) 1.I'ad('(J11'

sholiid he explol'ed in t.he J'eS l'l'dive Fl'GA 's eont.ext.. Xilinx in pa.l't.kll\al' has IIip·lI(Jps ('''('Illy

spl'cad Ollt. as t.hcy rcside withill the CLBS whil:h are tilt' l't~gtlla.rly repl'att'd sl.l'lH'1.III't'S or

the logic ccII a.l'I"ay. This itl'l'a.lIgclllcn!. shollld he considel'l'd dlll'ill~ 1tI(111101'y dPIlIt'lIt hindi II/-!;

and a.llocatioll. I\nowlcdge of the hardwa.l'l~ cali pel'lHit. sYlIthesis l,ollis tu li.wllIllla.l.p FPl:"

spceifie optilllizing design st.I'at.egies, EllIploying t.ools which lise sophist.kat.('11 algOl'it.hllls

which converge on the I>c:;t solution, a.lId a. l'Il1es dl'iven a.ppl'oach where l'eqllil'l~IIll~IIt:-i 'U'P sPI.

IIp l'l'ont. t.o l'edllœ t.he alllOlint. or dean IIp l'e'lIlÏl'ed a.t. t.11l! end will kccp t.11l! 1"I'GA Ilesign

cycle 1.0 the l'l'west itel'atio"ns possible. '1'0 flll'the!" decl'casl~ lu'otol.ypillg l.illH!, the shorl.l~sl,

time pel' it.cl'ation is needed, hence support. fol' illnlmtellt.al design fUltl synl.hesis l~apa.hili1.ies

wonld he qnit.e pract.ical.

A dosel' Iink het.ween the hardware and the synl.hesis I.ools wOlllc1 rDnl.l'Ïhnl.e 1.0 1.11<'

adlievement of a fast and dense design which meet.H t.he desiglll~r's cOIHil.I'ainl.s. FPGA al'­

chitectures arc con:;ta.ntly evolving and an a.lliance wOllld open a. 1'01'1111I fol' design exchflllge

het.wccn VIl))L design ent.I'Y and FPGA logie hloek st.l'netnl'es so I.hal. 11101'1' c1il'"et anc1 ('1'.

licient. synt.hesis inrel'enees are Illade. This wonld pel'Illit. heU,el' exploit.al.ion or I.Iw FI'GA

specifie hal'dwal'e l'l'son l'ces , and direct inpnt. or synl.hesis consl.raint.s int.o t.lw layonl. t.ools,

lt. seellls t.his soon shall he achieved wit.h the alliance or 0111' t.wo sele<:l.ed I,))A vendol's (Syn·

opsys and Xilinx). As llIent.ioned in [22], knowing whel'e the al'l:hit.e<:l.lIres al''' h"ading, will
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'111idi('11 1.111' dpsi,L!;1I or l'I'SIH11'1Î\'1' sYl111lf'sis algol'itllllls and 11l'lIfP th<, a\"ailahilh.\' of lhes(~ {'ffj­

ri,,"l 1.001s. SOIIlP of tilf'SP !'C'qupsls. illlpro\,p<! SlIppol'l for Xilillx ·1000 feaillfes. and ahility to

dl'Ï\'I' Xi\( "1' with SYIIOJlSYS tilllÎIlf.,!; ('ollsll'ainlli. ôllld t hl' ahilil~' 10 hack-allllot.atC' t('cilllology

SIH'cilil' lop;k illld l'outing dl'Iays J'rolll XACT ln SYIlO»SYS'S silllulator. arp slat.t'd to fOllie ont

wil.hill 1-111' Ill'xt 1110111.11:; :ln'onlillg 10 [11]. and their erredivt'ness is yel 1.0 he det.erlllined.

Timing Constraints and Validation

Tilllillg dl'Ïv('11 :l.nalyst's af'(~ illlpel'atin'. The incorporat.ion of timing cOlIst.raillts in VI[DL

is iIIlPl'I'HtÏ\·P. SYIl1.hesis of VII DL l'mil' with st.raight inclusion of nftrl" slatemellt.s is Ilot

Yflt posi'iihIl'. Ali alt.erllative wonld he 1.0 support. a suhsl't of timing constraints. Qne idca

is 1.0 ;,11011' {lJI",' sl.al.emelll.s al. 0111.1' eertaill poillts ill the VllnL rode. Addillg ill a timillg

paralllf'tl'I' or il. timill!J mup along with the port dl'finitions is allothcl' alternative, would

pl'Ol'ide som" I.imillg illformatioll fol' a black al' process, al' ail elltity desCl'iptioll, resperth·e1y.

Allol.her alterllative is ta illc1udc ,'da.tivc timing techniques, This cali he equated ta the

ill('lusioll of single 01' stlCt~esfliv(\ wail sl.at.ements alllong proccsses or wilhin a singlc proccss.

Ali allalogolls feal.llre was illtl'Odlleed by Gntbel'lel et ail [.1,1} nsillg the {lftcr st.alemellt.

tu Ï1u'ol')wra.l.l' rclative titllc iuta thcir synthcsifl aigorithllls, \Vait statemcnls with timing

";lines which WCl'e mnlt.iples of a c10ck cycle were pel'lllilted alld hellce cOIlt.ained in lhe

s,l'lIt.hesizahle snhs.,t.. Fa,· example, a wait. of 200 ns (a mnltiple of lhe main c10ck whkh is

100 liS) is s,l'lIl.hesizahle gil'en that. t.he base c10ck has a cycle time of say LOO ns. As an

ext.l'Ilsioll, t.he s,l'Ilthesis of VIIDL cOlltaining mnlliple c10cks shan Id also be ellsnred. \Vith

sneh a sl.ral'.'g,l', il. wonld he nllllecessal'Y ta specif,l' a cycle time and ail the timillg l'aines as

lhl'Y a"e mCl'e1,1' mnltiples of cach other, and more opt.imizatioll schemes conld be explored

wil.hill t.he synl.hesis system wit.h respect 1.0 c10ck speeds.

Fol' \'alidal,ion purposcs and perhaps vcl'ification, Rutomatcd timing analysis with thc

ahilil.y 1.0 compare the completed desigll against nser specified reqniremellt.s and report back

on pot.ential prohlems, wonld decrease the development cycle time. For a s,l'nthesis tool ta

adeqna.t.c1y proeess design constraints and match them with the implementation resnlts, ail

elemenl.s mnsl. be modcled strategically sa as ta prOl'ide snflicient l'average and testimon,l' of

I.his t.o aeqnire t,he designer's confidence in the tool's abilit,l',
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6.2.4 Functional Self-Checking

IIl!l

Fol' tht' :\BS application. dl'Î\'pl' .sarPl.'" is Yilal so rauil dl'lt'flioll IIlllSl hl' a priol'il~' and Illt,

sy~.I,<.'lIlll111St. l'ithef loleralt' faulls. slilll'IIS11l'inp; :,,,l'('I.\'. or s1l1l1 tht' s."sl('111 dO\\'11 rOlllplt'II".\'.

The !.C'sling must. he dune on-liue. which is possih\t' with IIH' ryrlt'-slt'alill~ (l'st prcH'pdll1'4'S

descl'ihed. and ideally it shollld 1101 dOllhll' Ihl' siz<' of ils hard",arl' illlpi<'IIIl'lIlalioll ",hill'

jHo\'iding a. high dt'grcl' of l'eliahilily. FlIrt.herlllul't'. a prolirÎPlI1. Il Il'r Il a Il is III is sOIl).!;ht 10

{'v<llllale t.he mcrits of t.he s{'lf-dlcrking circuit hast'd 011 il,s t'lIieil'lu'y of ('1"("01' dt'll'r1ioll.

It. wmi asslIlllcd ail FPGA is fault-fl'ec hcforc prngrallllllill~. and t.hal t"Ïrrllil. ,'prilÏ<"at.ioll

for manufactnrillg rauIt.s has prcviously hel'II pel'fol"lIll'd h,\' l.ht' \'t'II(hll', C()llS('qUPIlt.ly. 1.111'

t.est.ing pl'Q('cdllre proposcd in Chaple!' fi is a fUlldiollal tt'sl. for tilt' dt'tt'l'lioll of lit-Id Pl'·

l'(,I'S. Till' ABS controllcr is expectcd 1.0 fuudioll flS au aid in t'1IH'1'~t'IH'Y IH'akiuJ.,!; lIIilIH'll\'('I'S

wit.hout endange1'Ïng t.he vchidc ol'ctlpallts~ and if t.his fuudiollality il' IlOt. IH'illJ.,!; lllt't, t.ht'

A13S ('Qlliroll.... mllst be halted frolll fllrth"r op,'ratioll. 'l'h,, Il,,c,'ssal'y I.ools to "\''1111'11." sllch

a fllnctionality-testillg procedure were Ilot availahlc~ howcvcr a. 1)J'ort'dllre t.o Ilu :m will hp

proposed, Based on the prcviolls assllmpt.ion. a. stall(lani pl'occdUl't, nI' cnlllparillA faull.-fn'I'

alld fallity drcllilS l'ail pl'O\'ide illfol'lllal.ÏolI as 10 Ihe testillp; capahilities of a le'st cilTllil..

If the test circuit can dctect a difl'ercllce in fllllctiollalit.y~ urt.ell lIlt'astll'l'd hy t.he dl'ellit.\;

olltplllS. hel.wcclI the two Cil'Cllits, thell Ihat partielliar faillI. ill the drcllit is tl'stahl" hy th"

I.est-ci l'l'II it l'y.

!lIjectioll of falllts illto the A liS circllit fol\owecl hy rl'Sillllllatioll of 1.1", drcllit d",ckill!\

wlll'ther l.he fllllctiollal test cin,"itry detects the failli. ;1I111 shllts clOWII th" AliS mlltrol\"" is

one way t.o mensure the coverage of the on-Hue self-munitoring IIIc('.)mnislIl, The (!Va.lllill.ioll

pl'ocess dcpellds 011 the IIl1mber of fallits to he aCcolllltecl fOi', allcl cali he a. I,,"!\thy process.

Ta achieve the highest fault caverage olle \Vould hav(! 1.0 considel' ail ))()Hsihle faul1.s, i.t', stllek­

at-O. l, wire shorts, opell circllits, delay falllts, alld IIIl1ltiple fallits whie" cali he mlllhillatioll

of ail the aho\'c. Rcalistically, as time ta market is il eelltrill issue in the deHigll cycle I.hÎH

is 1101. possible, and testing of stllck-at-O and stllck-at-I fallits is cOllsider"c1 sllllidell1. ['1],

[5]. With a Iis1. of falllts, the nex1. step is 1.0 find " sel. of ve"tors whieh ""ver Illll% of the

fallits. Being a rather difficlll1. l.'L,k, a lower l'average "an he accepted, the \'aln" of whieh

\\'01l1d depend heavily 011 the application, Alternatively, for area sellHitive desj~lIs, a giv(!11
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spl-siz,. of Il'sl \'p('!.ors ('fin he sIH-'ciripd wit.h tlu! rovPI';lge ca1cuiated correspondingly by the

aho\'(' IIIPl.hod. If pÎIIU'r 1lI(~aSllrp is 1lllaccepl.able~ the lest.ing circuitry. or vedar set. cali he

1'1I!l;IIl('Pc!.

'l'lu' splpcl.ioll and eneoclill~ of faul!.:.; iut.o a V)fDL description is not the lIlast feasiblc

sol Il t. iOIl fiS t11f' Sy"t hesis 1,001 will ilOt. guara lIt.ec ci l'cui l iIII plemclI taUons, aml faults li kc the

aho\'p IIIIISI. he added al. lower circuit Ic\'els. How(I\'cl', t.his is ilOt. alwa.ys possible \Vith an

FI'(;A impl,,""'"t:tl.io". for the "xact low levcl architectllre i" 1101. alway" kllowlI alld the

designer wOllld find il ditricull 1.0 injecl. fallits 011 ail ""III1SCCII~' circuit. A viable solution

th,," ",,"1." with the l'l'GA alld the "y"the"i" 1.001 velldo," adopt.illg the respollsibility of

illje<'lillg f,urlt" illto a drcllit, alld permittillg t.he desigller to evaluate her/his desigll aud

1.l'"t met.hndologie", Some commercial tools sllpport. this fUllctiollality, evell geuel'ating test

ve<'lllr" fOi' the drcuit. tlluler t.est.. Altel'lHLtivcly, the designer l'an concentrate on functional

te"t." whidt i" t.he what. the AilS self-monitoring circuit attempts 1.0 address.

6.2.5 Mapping onto FPGAs

lIigh 1l'l'eI ",.'nthe"i" t'e'luire" algorit.hms to fnnction at the various lel'els of circuit modeling.

SOlltl' of theiligher levcl methodologies were mentioned in Section 2,2,1, bnl, nltimately the

100vl'"t. 1,,1'c1 of cil'cuit representation or modeling will pas" through the technology mapping

plta"l'", Like ASIC", l'very st.age of synthesis necessitates optimizations, but nnlike ASICs,

t.hi" "t'Ige is vel'Y particular to the l'l'GA vendor as fixed structures exist in lieu of primitive

gal.<' fot'm", Cet'tain algorithms exist fol' mapping, Chot't1e-ct'f, Mis-pga, Amal', Xmap, [21]

al'" no longer snflicient dne to the nnmber of additional special features which are snrfacing

on th" newer l'l'GA", The henristics reqnire modifications to cater to these specific featnres

appl·rt.aining 1.0 each l'l'GA, ABSurancc that VIlDL compilations and translations exploit

t.he al'ailahle 1\H.l'<lware directly, instead of going throngh several design phases which convert

VIIDL t.o first "tandard logic and Iibrary components, is desirable.

The l'l'GA logic blocks arc now designed to snl'port mnltiple types of functionality.

On'('n the combinat.orial and seqnential sections l'an be assigned individual and separate

dl'"ign block", Straightfot'ward mapping of logic no longer exists and more techllology specific

algorit.hm" arc reqnired, The move to pre·planned designed nnits containing an aggregation
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oflogic hlock:; oll"prs t'xploitfllioll nrtal'~l'l al"fliitl't'llll'l' ant! (lOI.t'lIlial fi)!' At)otl synlllt'sis.

Thollgh cl lIs1l'ring d(ws 11I'm'idp a dl'gJ'('l' of l'fiil'ÎPllcy. il :-;1 ill ("('l\W i liS il pl'ohlt,tll t0 dl'ri phl'I'

t.hl' {'Orl't'Ct. huilding hlack sizt'. at whal. Ip\'p! ll'chllo!ogy dPIH'!H!t'IH'P shollid slt'p in. ho\\' ln

int.l'l'l'Olllll'ct t.hl' aggn'gatps. and al ho\\' t.n handll' tlH' inlP1TlllllH'dioll of hlocks with 1ht'Îl'

varyillg I('vels of specificat.ion.



•
Chapter 7

Closing Remarks

7.1 Accomplishments and Results

The illitial goals propagat.ed research ill t.his t.hesis t.o mast.er:

1. Ilesl'ar!'h illt.o IIppU""I;o" "l'ccific "11"lhcs;" alld it.s merit.s. Wit.h FPGA sYIlt.hesis, it.

is wl'il wort.h <:ollsiderillg hot.h hardware alld software applicatioll specific featllres alld

desigll met.hodologies to hest. exploit techllology. Timillg critical alld higher dellsity

re«uil'emellts demallded l'rom FPGAs l'l'ovide motivatioll t.o prodllcc efficiellt alld sat­

isfa!'t.ory circuit l'ealizatiolls l'rom sllch sy"thesis tools.

:!. Suceess ill t.he implemelltatioll of a cOlllmllcl' l1Jlle "yslem IIsillY FI'Glls illstead of the

t.1·,"lit.iollal miCl'ocolltro\ler/RAM /software approach.

:1. IIIt.rodllct.ioll of a lIew method for "y"lem ,dillbilily lesls in cOlllmlle,' Il]IJlliCfllions pre­

<'1udillg t.he modllie multiplicity of previous methods. A self-checkillg circuit was real­

izcd with kllowledge of design specifics, employed hardware re-usability, and provided

a gellel'a.l methodology for area-limited contro\ler testing.

'1. Proposed evaluation scheme for the self-checking functional tests on the FPGA, which

involves injecting faults alld verifying whether the test circuitry detects them.

III gellel'a.I, wit.h the use of VIIDL for design entry, the performance wiII be snbstantially

hclow t.ha\. whieh is achievahle throllgh schematie captllre. The resnltillg maximum clock

• 112
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l'at,(' ili dl'si~lI~ desip;IIl'I', and t'1I(·mlinp;-dl'JH'lldt'ul.. 0111' dt'sip;ll l'ails in 1114..' ï·l0i\11I1. Illaxillllllll

dock l'a t.l'S. Il ighly pipl'li lIecl lLI'. l'Pgisl t'l'pd) dpsiglls wi t. Il III i Il iIIIUllI h·,'pls or IOAk ht'l \\'t'PII

llip 1I0ps willl'uu siguilicau!iy fasll'I', 'Ihiahilily. Ihl'llUgh l'ycll' sll';l!iuA, t'ail hl' illl'llll'"l'a!l'"

int.Q the deliigll withollt. saeriril"Îng t.he 1'(lC(t1il'l'd sysl.Plll·S 1'('SIH)IlSt' tiIlH'S. XilillX llIaÎnt.aillS

1.lIat ('l'al-lime perrOl'IlWllCl~ rail he a('hh~\'{'d if a dPliigll\ !'('qllil'PlIl1'llts rail in ll1t' :lOi\'1 Il;,,

al'ea, alld VIIDL il.erat.ions art' pl'I-rol'Illed. Ar!lie\'illg 5M IIz 1H.'l'rOl'llIalu'p WOlS )Iossihll' with·

OHI considcrÎllg the al'chit.ectl1ral HI.I'Uct.llI'P:i or the -\000 Sl'ril's. ",hl'I'P'Ui SI'\'('I'al it.l'l'lltiolll"

were l'equil'ed t.o achieve t.he ï-IOMlI~ 1'ange. Fol' ahnvl' Ihl' 1~-lliMlI~ l'angl'. IlIlll'l' llIaunal

illtcl'velltion and it.crations in t.he :'l,VlIl.hesis pro<:ess stlfh as ('olllpill'I' tiil'l'dÏ\'Pli. ('UllllHHll'll!.

inst.ant.ial.ions. carefnlly encaded VIIDI. and IlTI. S\.I'Ue\.UI'l'tI VllnL \.ol'lIil'il'nl.ly pl'llAl'aln

\.he logie blo"ks. ma.y be l'"quÎt'ed, To l'un al. full ~OM II~. i\. is eslima!"tI t.hlll. a full s\.l'ue\.ul'lIl

appl'oach in V!lDL elll:oding would be nlandal.ol'Y.

l'l'am a nHU'ko\.ing viewpoin\., fol' apPl'Oxima\.e\y $11\. nol. induding \.ools, antl hlll'llwal'"

l'equil'ed t.a \.est. t.he Pl'o\.olyp"d cil'cui\., an l'l'GA (of high logic blo"k U\.i1i~lIl.ioll), an" ont'

ROM can be buill la accommodat.e an AnS ron\.l'ollel', Wi\.h Pl'otlue\.ion quanl.it.Îl's ofgl"'a\.1'1'

\.han LOOO, Ihe cost. can be l'educed t.o undel' $~OO. Ta ensul'e sa.rot..y, inht'l'l'n\. sdl'-dll'ddnA

cïrclIitl'Y exiRtR, howcver if ail possihle faults are to he l!el.cdcti, t.hl're is l'OUIlI fUI'Îlltpl'UVClllPlI1.

in iLs design and cvaillatioll. lIowcvcl' with t.he FPGA technology, a.1t.eral.Ïolls i\.l'(' ilhvil,yli

possible, so t.ha\. npgrades al'e un\.l'Oublesome.

7.2 Conclusions

Sucecss of an FPGA implcmcntatioll for a rcal·tilllc controllel' snggcst.s it.s potentinl a.s a.1l

alt.el'lmt.ive t.o lhe soft.wal'e pl'agramming-llIieropl'ocessol' appl'Oa"h wit.h addl'd hal'llwal''' 1"'1'­

fal'lnance, Rapid Pl'ot.olyping wit.h l'l'GAs is quiek and efficien\., Gl'ea\. pot.ell\.ial exist.s ftll'

fine-tuninff embedded cont.l'oliers wilhin lllnlti-val'iable, safet.y el'it.ica.l syst.ems whieh al'''

highly dopendent. on envil'onment.al side effeds. Fol' linal im plemen\.a1.ion on pl'ogrammahle

logie, t.echnology dependent. V!lDL is a viable option t.o ensUl'e satisfae1.ion of bol.ll al'ea amI

timing constraints a.nd suhseqllcntly gcncratc controllcrs with ac(:eptahlc rcal·tilllc rcspoflSCS.

Real-time performance is easily aehievable on l'l'GAs if the cont.l'olier design l'equir,,,nent.s

l'aH in t.he lOM!l~ area, Furt.hermol'e, self-checking feat.ul'es can be incorporat."d wit.hout.
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( :011 1. 1'01 if· l' 1l'sta bility I(,l' l'dil/bili/.'1 l'as dl'I'elopl'd fl'OIII t hl' lia t Ul'e of tbe COli tl'ollel'. Ilal'd­

Wart' l'P-USP IH11'1IIitS cycle sl.ealillg alld oll-Iinc system chedduA \Vith a. !'illlaller ovcl'llcad titan

Ihat 1(1I111d ill tl'aditioually illlpll'uJ{'IItl'd coutl'ol s.vstelll' (oftell OVe)' 100%). A, cOlltl'ollel"

f'xhihit a <'('J'tain SlIiJsct of cllarart.erist.ics, t.his t.est. IlIcthodology cali he cXl.cndcd to t.he

/-!;pJI('l'al t'flse. A staJl(lal'C1 \vay lo l'l'-lise hal'dwal'c, 'Hlc! in the t.est inject.ion circuit!'.\' a.nd

tbl' IIIIIltipl'xl'd illput, cali bl' developed ta fadlitate the illcol'pOJ'atiou of the ,elf.checkiug

l('atul'(" flll' the 1\eu(')'al COli 1. 1'0II l'I'. 1I0wel'el', thougb aTe fOI' the testable cb'cuit is l'educed,

100% fault ('(l'/l'I'age of field eITOI" i, IlOt guamllteed, pa)·ticuhu'I.v wit.h such a fUllct.ional

t.est. Evaination lIIe(:halli'lIIs of the fnnctiollal te,ting accolllplished b.v t.he veetol'·injection

l·whellla. were IIlclI1.iollCcI in sedion ü.2A, yct. J'cquil'c additioua.l rcscarch, as mcasuring fault

('OV(II'age Îs Ilot il.n (~êlS'y l.ask fol' oll~IiIlC field t.cst.ing of FPGAs.

COllllllel'l"ial '.vnthe,i, t.ools add area and tillling ovel'heads dlJJ'ing cil'cnit l'ealiza.tion in

addition to t.he inhel'ent. architectural cast., of pl'ogl'alllnHtble haI'<l W1\.l'e. lIence a balance

hcl.w('clI Ilel-rOl"tniUlCC issues, design lime, design fca1.urcs a.nd tcstahility cOllccrus must be

1<>lln.1 whel'ehy t.he design b<'collles self-testable, reai-lillle and concise. As FPCA complex·

it.ies l'volve, an Il DL design ent.ry llIet.hod becomes a viable ,olntion fol' qnick designing.

I·'l'GA al'chit.ectmes al'e already vendOl' specific with certain architectnres fit.t.ing in better

wit.h Sallie design ,tyles. It. is expected t.hat they will fnl'thel' "niche" t.hemselves towards

applicat.ion specific FPGA, (A5FI'CAs) dne ta more stl'ennons design constraints on t.he

1,)'Ogra.mlllable devices, t.he gl'Owing design complexities which l'aval' concise l'ealizalions, and

t.he ..rrediveness of encoding cn't.omizat.ions. Conseqnently, it becomes illlperat.ive ta develop

l'Ilid<.'nt. VIIDL ,ynt.hesis tools which exploit the neW and impl'Oving FPGA architectnres, sa

t.hal designs wit.h specified real-time constraints can be implemented quickly, intelligently,

and eDtT,'ct,ly.

Synt.he'i' iR not. a complete solntion bnt a prodnclivity aid. It does not provide pnsh·

hnt.t.on resnIt.s. Planning, regnlar st.rnctnre extraction and creation, and a modulaI' archi­

t,'dmc style in arder ta manage the complexit.y of t.he current controller and ta extend the

design llIethodologies ta fntnl'e cont.rollel' designs were strongly emphasized in this thesis.

Synthesis merits analysi' a' t.he time and facility of designs are rising in criticality and al­

lowance for less dense circnit areas is tolemble sa long as circuit timing is achievable. For
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:ls.\'lI('hro1l0IlS {'irfllits. rOnll'ill'Y ln [ai]. il j:-; tlot SlIppol'll'd thal (Ill' l'OYlltht'sizt't1 t'iI'cHi! will

aIWtl."S Iw. thal- whirh was sillllliall'd. alld il is sllp;~('sl('d 1hall ht'Sl' allthon; \\'('1'(' 1't'\i.'rillP; lu

datapat.h-l'ontl'ol tiolllillat,('d :;.\'II('hI'01l01lS S."St.I'llIS ('al 11('1' thall 10 ail." ht'IH'I'al ('irl'uil.

As hal'<iwHI'(l dl'sign st~'Il'l"i l'ml'I'Al' alld IH'olil(\l'at(l. l'Ulllph'1IIl'1l1al'," dl'siAl! aid!'s l\lllst

l'IlS Il l'. 'l'hl' idpal t.ool Illltst ht, t('('hllO\OAY illlll'IH'lItiPllt l'rolll I.h(' dpsiAIH""S "ÎPwpoÎIII and

(,(,l'lluology depl'Ildellt. 1'01' t.ht' s.\'nl.l1l'siz<'d circuit.I'.\'. Pl'o<1l1fÎIlP; opt.illlai dt'siAm; whit'h Iwsl

exploit. t.he t.t'"hnology 1'01' a p;Î1'en ,I,'sip;n npplicnt.ion or st.yiP. CA Il lools lllnsi Il,,,lerp;o

fOIlt.illua! l'volution, playillg h'\I'dwill'l' ·'('at.eh-lIp", It. it' oHr opinion t.hat. 1.h(' hl'Hl. Hynt.hl'HiH

1.001 will he t.he olle which is writl.ell/(Icsigllcd roI' t.IlP h:u'l!ware, aud !lat' t.hl' IWH\. 1.(,l'hlliqu(,H

t.o exploit. t.his hardware, II. is I"'oposl'd t.hat. hetl.el' inl.t'p;,'al.ion or t.ools and h,mlwa,',' will

producc the bes1. design.aides roI' the desigu t'Ilgillt.l l l l" \Vhal. thl'n l'lI 1lHl-ÎIlt' it' fur t.lll' t1PHiglll'l'

t.o Ica l'II t. he Il DL SYIl I.ax nnd Ïl.s "apadI.y rOI' dr"l1 it. desip;n, Il mll','sl.,",,1 1. hl' l""illllliogy, Ipa l'Il

t.he 1.001, alld nse ail conclllTellt.ly,

Alt.hongh VIIDL SllppOl'l.s high levcl design ellt.I'y, a.t.t.t'nl.ioll 1.0 t.h,' dpl.ails or I.erhnolop;y

Îlllplelllcnta.tion and digital design methodologies (':\.Ilnol. he n.voÎ<letl if a. ('(~I't.ain Icvel or

efHciellcy in cnrorcîng constl'aining Iml'am('ters sllch as timing and a.rcH. a.1'l~ vital in tlH' lilial

drcuit.. With t.he present syut.hesis touls, VIIDL dt'sign enl.ry ,Ioes ilOt. ''l'adieal.e ail p;al.<'

I('\,el design considerations. Ir cOllst.ra.illts cannat he met, the deHignel' will he ftu'('ed tu

resort to haud-crafting portiolls or the dt'sign, Nouethclt'ss, a disadvantage or tl'yinp; 1.0

nmke the design eflident by exploit.ing t.he Imrdw,u'e is t.hal. added ,Ietails and arrllra"y arl!

required in the original specification (desigu entry fOl'llmt will 1.I!lId 1.0 he techllolop;y spl!dlie),

Thence, though wc advocate t(~chllology specific toolH and in sallie (:alieli, latlglla.p;(~S, the hnlk

of time spent desiguiug drcnits may jnsl. be sllirt.ing fl'Dm implellwlltation time 1.0 desip;n

and specilicatiou time, and leal'lling of the constantly evolving tools, Neverthcless, with t.lw

missioll to realize the circllit and fadlitate the designer's task, respedive tradeull:~ will always

surmoullt..

If ASIC migration is to rollow an FPGA prototype, the int.ent. mnst be relledt'd in th"

VIIDL code, perlmps implicatiug certaiu restrictions, With t.he l:urrent. tools, migrat.ion ont.u

lion-programmable hardware is snpport.ed for VIIDL desip;ners if t.he en<:odillg is nul. I.ed.­

nology spcdfic (no spcdal fcatnrc instan""s), Cnrrently ollly fllndionalit.y can he '!llllated

betwcclI FPGA and ASIC designs, Synt.hesis tools shollid l'l'ovide sume <:orrelatiou het.w'!llll
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tllf' 1.\....0 l.('c:!Il1o!op;ies so that adeqllat,<! fOl'csight. is gaitlcd fl'otll an FPGA design, cspecially

\Vith l'('l'il)(·(~t tn l.Îlllillp;. Propp!, timing; llIodels wOllld al1eviatc compromises in t.iming valida­

tioll, f"dlitatilll-\ tlle IIligratioll. Ide"lIy tlle ,y"t.lle,i, t.ool sllollid "Iso allt.om"tically part.it.ion

1.1". dl',il-\II t.o lit. 011 mlllt.iple l'l'GA, so t.he ent.ire circnit.', fnnct.iollalit.y conld be simnlat.ed,

illJpl('lI\(~lIl.f!d and test(!d, wit.holll. l'cstruct.ul'ing a.nd timing compromises.

lJltimat.e1y lIigli-levei and bell"vioral synt.hesis arc envisioned. ExpJoring archit.ectnral

alt.ernat.iv,,", lIal"llware/,ofi,wart' part.itiolling, aut.omat.ed fnuctional partitioning int.o mt'mo­

ril", pl'O""",OI'S and buses, VIIDL generation are nndertakings of the formel' while schednl­

illl-\ opt'I·at.ion, int.o cloek eycles, alloeat.ing and sharing resonrces aeross mnltiple cycles, and

pipeliuing fall int.o t.lle JaUer. III bot.b, fast. metl'ics/perforlllance estimators and both man­

liai and alltomat.ic schedulillg, l'eSoUl'cc allocation and intervention in gcneral, arc desired,

wil.ll a eonjoint dl·a.wbaek that sueeess in this area will come al, the expense of less efficient

hardware I·eali~ations. Analogons 1,0 logic synthesis wbere optimi~ations are sought across

doek bonudarie" VII DL synthesis should concentrate on optilllizations across processes and

cn1.it.ics.

As fOI' fnt.nre Incas of st.ndy, more qnantitative evalnation Illechanisms for the fnnctional

t.esting ,chellles of cont.rollcrs on FPGAs remain 1,0 be researched and developed. Addi­

t.iunaHy, the examination of alternative Fl'GA architectnres, and commercial synthesis tools

while prcforming e<)nitable design, synthesis, and testing steps for the comparison of circuit

reali~ations merits fnrther study. Circnit. density, total area reqnirement, circuit timing,

testahility, fanlt. coverage of test-circuits, reliability, etc... , can collectively serve as con­

trol variahles l'or snch a stndy. With the evolntion of technology and tools, SUcil a sYllthesis

stndy will nevel' terminate liS the nonveantés reqnire analysis, the gamut of application areas

invlll'iably grow IlIld new eVllhllttion criteria perpetmùly snrface.
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Appendix A

ABS Theory, Notation, and

Dynamics

A hrid l'I"Oilltioll or ABS dYllalllics rollows. System dYllamies arl' l'xpiailll·d t1,,·oll).\h lIlath,,·

llIatical equations which in tUl'1I depeud Oll system va ria hie:; ami paranwl.l'I's. Tht' 1~)lIl1will~

Iist or symbols is included 1,0 explain the \'ariahlel'i IISP(( in I.lw eqllatioll:i 111.i1ii'.t'(1 l.hl'()ll~h(llll.

t.his section.

F.r lirll rOI'CI~ hcl.WCllIl whed nnd mati (N)
!li gravitat inllaIIU:I:c1I~ralilili(11.S mf.,:l)
1 IIllllllent tif incrlin uf Il whcd (J.'!JI/I:l)
III slupe ur fl'jctinll cndlicicili \'I~rlms slip c:lII'\'I~

~1 1ll1L"S uf 1Ill: Vdlidl! (kg)
l' rullillg radius uf th.: Wllllel (m)
Vi hrnkl! lClI'(IUC dmllgl! l'lllc; incl·tlll ing IIHIIII! (NIll/s)
VII hrak'llur(jtlll c1mngl! mLe; c11:I:n:a illg IIlmll! (NlIlfs)
V \'t:hiclc \'Illndty (m/s)
S wlwd slip (ratio and % )
SQ1,1 slip ut pcnk uf /'''x 1:lIn'l! Ill" 'J'.: t:lII'\'fl (nplÎlIllllII)
'1;. brnke lnl'qllll upplit:d 10 Wlll:I~1 (NIll)
'1'.: 1~(lui1ihrÎllllllJrnke lurCJue (NIIl)
W nllgulnl' \'I~lndty uf whcd (md/si

derh'nth'l' wilh l'llSIH:t:l tu lilllfl
CsS lirl: lungitudinnl stifflu:ss
Jl frktinn cocfFicicnt
F; Ilnl'Illnllonl! nll 11H! lin~ (LIl, thll wdp,ht of \'llhidl~)

COlltI'O\ of events is largely dependellt 011 systelll variahles ;,,,,1 dY"'"I1ic:S. III t.he l'l'ev!!lI­

t.ioll of wheel \ocking, the re\atiollship hetween the rot.atioll or a wheeI, it.s lillear velodty

and its adhesioll to t.he road surrace predolllillale. No slippage occllrs oll\Y wl"", a. wh!!c1
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trall~lIlit.~ 110 forc'~ ill llll' horizolltal plallf~'- whell the \'ehicle rolls frcely in a. straight. Hne.

A~ ~(JllJl ;I~ accdl~ril1.ioll, ~1.I~erinp; ur brakillg of the \'chicle transpires, the gClleration of t.he

lll~l:!'ssar.v horizontal force at the roa(l/tire interface resulls in slip hct\\'een the tire cont.act

pilth il 11(1 1,lu~ road sllrface. The alllOllllt of slip depends Il pOIl the force transmit.l.ed, and in

lurll Oll I.hl' deceleratioll. A piecewisc lillcar approximation of the tire-road dmractcristics is

illusl ra t.l~d ill Figllre A.l, with t.he notat.ion delillcd 011 the following page.

'.',
.u·

T./r

5 •. ,., S

f----A-1r-.----c--'1
Il

Figure A.l: Piccewise linenr a.pproximation of the tire-road characteristic

11. is fihown in [G], [il, [8], [9] tltat the braking force approaches its ma.ximum value at

stippage of 15%. Approachillg the maximum bmkillg friction coefficient value, the slippage

increases rapidly, whcrcas after the peak the braking force declines cOllsiderably. The signifi·

callCl~ of this, is that while the vehicle is lI11dcrgoing severe braking, the angular deceleratioll

of t.he wheel i., illcreasillg as slil) increases. .Just as the maximum brakillg force is beillg

approadwd, ,t maxilllUIIl deceleratioll value is similarly beillg approached.

The !irst reqllircmcnt for whccl lock prevention system is to dctect excessive deceleration

of the whec1, or whcc1s, cOllccrlled so that, as a second reqllirement, action can be initiated

t.o recht<:e the brakillg force. Once the braking force is within the capabiLiLy of the availablc

adhcsion t.0 slIstaill, the t.irc will again grip the road, the whoel will accelerate and <lirec­

t.ional contl'ol will be l'estored. 1lowever, one cannot just remove braking completely or the

\'(~hid(' will never stop. A fllrther general requirement js for braking to be restored 011 an

appropriate cyclic basis 50 tlmt the deccleration approximates as closely as possible to the

maximulII thcorctically available. Maintaining brake pressure exactly at the maximum peak

friction coefiicicnt (Fignre A.l) is rather impossible, CVen if vehicle velocity was continuously

IIleasllred and brakillg constalltly monitorcd due to the dynamics of fluid in the hydraulic
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hraking system. l\'lol'c l'easonably. !.IIl' ailll of ail AnS is 10 pndrril' 1hl' op1.ÎlIllllll :ilippa~l'

point. in t.he mast. pl'olicicllt mHIlIIl'l' \'ia. il limil ('!ldl',

Saille elemen t.ar,\'~ yet, rUlldélIlH'IIt.a 1 ll'I'ms for ,'phirll' dy na III irs rt'q Il in' t!pli Ililion. 'l'orqlle

is the produd of a force and t.he perpl'lldklliar dist.an{'{' l'rolll li point of rot.al,ioll ln l.Iw ôlrtioll

lille of t.he force. lt. t.ends t.a producc a. dlallg(~ in !'ol.atiollal mot.ion of il hody olt whklt il.

ads. Slip is the mcaslIre of t.he Rliding ('Ompollellt. dUl'Îllg Cl rollillg 11I0\,('111('111,. As a. wli('pl

rolls IIl1der the cficcts of driving or hraking forces. l'OIlIp1ex physka1 ph('1I0nll'lIa O(,l'lll' in 111l'

t.ir('~s contact wit.h the l'oael. The lirc~s l'uhher clements hecolHe tiisl.ort.ed and art' pxposl'd 1.0

paltia1 slidillg 1lI0Velllellt.s, evell if t.he wheel has not. yet. 10<'1,ed. The nll"'s\ll'(' of t.Ill' slidinp;

l'OllIpOnellt. of t.he rollillg IlIm'elllent is the slip denoted hy ,\ : ,\ = (V - V, )/V, whl'I'l' Vis

t.he vehicle ve10city and Vt is the t.angentia1 (circlllllferential) whel'1 spl'..d. \Irak.. slip O(TnrS

as soon as the whecl st.arts lo rata.le more slowly than the whed spt'cd which l~Orrl'SpOllds

to the driving speed [9].

l'revions AilS systems operated with two-phase contl'OI, [li], [il, where th.. hrak.. 1"·('SSllr..

hi illcrcascd \Vith ct fixcd rate nutil il. critcrioll (Il c(lnditioll) is sa.tislicd pl'cdicl.illf.,!; t.IH..~ da.np;cr

of the whee1 10ck-np; then the pressnre is decreased IlIItii anothel' l'e-sel..dion nil.l'I'ion (II

condition) is trig;g;ered when the danger of lock-np is avert.ed. 'l'ypically t.he predidion

a.nd rc~selcctjon conditions sclcctcd for thrcshold a.nalyses, fU; IIlcllt.iolH.~d in [H], a.rl~: (P2):

-w/w > k2 and (1l4): W < 0 (deccleration). 'l'hese conditions am considered hot.h l'Oh liS 1. and

serve as good threshold conditions fol' AilS dymunics li]. '1'0 prev"nt the loek-np of wh""ls

and fnrther providing hU'ge hrake force, AilS will modnlat.. the hmk.. pl'eSSllr.. t.o pl'Odnee

il. stable limit cycle around the peak of I~ curvc (allIIGst t.Iw pea.k of 'J~: (~III'VC as S(!{~n in

Fignre A.1) according to the criteria adopted in the P and 11 conditions of the wnl.rol law

of AilS.

The cOllIplete system involves velodty ea1cnlations which arc dependent on t.he wh",,1

velocities of ail fonr tires. Taken frolll previolls stndies, [li], and [il, simplifi..d e,!nal.ions of

motion of the vehic1e system for a single-wheeled model arc introdnced and form th.. l''L,is

of snbseqnent calculations.

The lIehicle model, neg1ecting air resistance and the sllspension dymLlnics comprises th"
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rollowillg t\VU C'C1l1fll.iolls fol' th" lIlotion or t1w vehkle 'lIul the whcel l'espectively:

Jw = rF.r - 'lb

(A.l )

(A.2)

'1'1,,· 1;''(' Jo",',' //Iotld is predolllillalll.l'y wlIl.illgelll. 011 whe'" slip. Wheel slip Is defilled as ill

(A.:1) II'1,,'I'f' rw Is Il,, 1. he ta IIgelll.ia 1 velocil.'y.

.,.w
S= I- V (A.a)

Th" tir., lirai", [me<! l'~'' IIIHlel' zero slip allgle asslIllIpl.ioll (110 celltrifllgal slip), is described

lIy the [ol\owlllg 1I0llfillear e'lllatioll:

{

C.s
F- ï=S
.r- l,' [ _ 2F:<lI-S)]

: JI JI .tCsS

when f:.:~ < 9
whell f.:~ 2: /!ft-

Aewl'flillg 1.0 [ïl, the vaIlle of JI 011 weI. asphalt is givell by the 1I01l1illear e'lllation:

(
Jmy\l5)

JI =JIOC"," lOll (A.4)

wh""e Jin represents the nOlllinal fl'iction coemcient al. zero velocity, and Jm!! stands for

pNcent nOI'llHllized gradient which depends on the root lIIean sqllare textllre Iwight of the

l'oad.

Dill'crelltiating hoth sides of E'IlIatioll A.a alld sllbstitlltillg equations A.1 and A,2 to

dilllinat.e \i alld W, the following "qllalion for slip dymunics is obtained:

(A.6)

(A.5)

where,

. l'(n - 'l~)

5 = 1\1

'l'. = .p [1 /(1- 5)]
,. 1.r + MI'2

Note I.hal..5' is zero when n = 'l~. Thlls 'l~ is called the eqllilihrillm tor'llle which is dilferent

1'1'0111 rl'~' h,Y a slllall '1l1mttity, as sccn in Figure A.1.

A hrief look at the bmÂ'e motlel prodllces an additional set of equations. Using the

asslllllption in [i], that 110 h'ysteresis and time delay occllr in the brake mechanism, the

rdat.ionship hetween the brake torqlle n and the brake pressure l' in the brake cylinder, is

simply assnmed a.s alincar function:
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wh(']'(' 1\'/ is n rtlllstilnl ~aill, Brnk(' prpSSlll'l' dy"amies l'an IH' apprllxi11lall'd hy a tirsl

ordPr sys(('Ilt. Fol' the hip;h s\\'itchin~ l'rPljllPncy nI' soll'Iwill \'al\'l's, 1h(' \";1IIll'S nI' dJl/dl l'ail

Ill' approxilllalt'd 1.0 Ill' ('()llstanl fÙI' hol Il ilH'I'l'nsillp; nnd dpCl'<'asillp; ]ln'ssill'I' III1HI('s [,lIll,

Dill('rt'Ilt.iatinp; hot.!l sidps. tlH' lnakl' 101'<[11(' chanp;ps ncc(lI'lIiIlp;I,\' as:

\\' ht'rt'

,,', l' (1 ) 1r
f, = \/-(/1 =

dt

KI'; , a constant. ill pn'SSllrl' ill1'l'l'asil1~ I1l0d('

1\',,,/. a consl,alll. ill presslll'(' dl'np;lsill~ 11 Il llh'

in prt'liSllre hohlillp; lllOr1Pl'1

(A.7)

•

•

Thel'ellpon. the llonlillt~a.l' dyna.11lïc eqllations of the sinp;!<'·wlll'pl 1I1'<1I\(' S,vl'1tl·t11. froll\

l~qllat.ions 1\.2- A.ï becollle:

\1 l'~,( \/, S)
( A.H)

AI

.S· =
1'['Ii, - '/~:(\/,S)l

(A.n)
1\1

'i'
(/

/1 = -<l') = li (A.IO)
dt

Origilmlly two stages were nccdcd 1.0 control the \'('hidt~ lll'a.king. One 1.0 rpleas(' th..

hrake pressure, and the othCl' 1.0 rt!-apply hmke preSlilll'e hol.h of whirh lIlilllÏl' the l!t>sirt'I!

pnmping motion. Kuo and Yl!h [8] introdlH:et! two additiolla.! stages, the high alld Inw

pressure holding stagen to hetter l'ncirde the peak of optimum hra.killg fot't:t~, LI'. fl'idional

force. The resultillg fOlll'-sided tmjectory of the cOlltrol1ed h,'a.king furce can he SCI!l1 in

Figure '1.1 which illustrn.tes the dynamics of the 1'0111' phmit! prelisllre cOlltl'ol loop.

For simplification, bath in thcory ami implellll.!lltation, the vdociLy was a~sllnH~ll tu ht!

constant duriug il few cycles of complltation in the study. A set of equations dt'vdupell fuI'

··the 1'0111' phase coutrol scheme of an anti-skit! hrake system fol' ail rOiul conditiolls" ean

he 1'01111<1 in [81. These \Vere derived 1'1'011\ the dymuuics ahovc, ami were fllrtlwr simpli­

ried for illlplementation. The final set. of elluations crcaLet! throngh asslllllptiolH; and sotne

approximations fo11ows suit.

Dllring the pressure increasing mode, and the vchicle hraking state, the set of si III 11 1­

taneol1S eqllations in {8], which solve for system paramcters associatcd with t.he thrcshold
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d,·C'.. j('rat.iClIIS. \VI'I'(' 1'l'<!u('Pcl pl'C1dw'ÎIIg 1.11{' roilowillf.,!; (lqllill.ions. 'l'hl' threshold /Il is cal~

l'Iilal.f'ci 1'01' C'olllllal'Îsoll with t.!l(' v"hÎ<'lps dl'l"e!<"'atÎolI 1.0 del.el'llline Whl'll t.he high-pl'csstll'C

holdilll-!, Illllil(' 1111181. IH' 1.1'i/.!;!-V'I'C'tl.

= hi -\- ~I hj

, /"1\1 [ -"'''''''''']= '~ollt - -,-, 1- t: kl \'
111"

hj = III bdS"'lt - Sil -\- fil ( 1- SilSd

(A.11)

(A.12)

(A. la)

III I.h<' high-pressure holding mode. Iillle illt.el'vnl,'/2 IIIIISt. he cnklllat.ed, t.he vaille or

whirh dt'IiIlPli tllC.' nille 1.0 l'l'tllain in this litate a.nd hole! the brea.k pressure consta.nt in orelel'

l'JI' t.1,,· S,I'SI.<'III t.o pnss fOlllrol'l.nhl,l' oVel' t.he OJlIiIl/IIIII "/ilJ, t.he IIHL'tinHt in t.he t.h'e rl'ict.ion

('()('IIil'il..'llt-:-ilip flll'Vl~ of Figlll'C A.1. Acrot'ding 1.0 [8] 'l~ cxists hetwccll ct ca.lculable lIpper and

101V<'I' holllld. A IIIl't.hod or evalllnt.illg a si ligIe 10IVCI' hOlllld and ail oll·set. is employed hel'e

alld slIlIie<,s t.o det.el'lllille a vnlid t.ime dlll'nt.ioll. Eqllat.iolls A.ta, A.Ll, and 4.5 cont.l'ihllt.e t.o

t.h<, d<'l·ivat.ion or '/2, t.he InUel' or IVhich lends t.o t.he rollolVing eqllat.ion 1'01' '2" artel' variahle

sllhst.it.llt.ioll. Hecnll, /2· is t.he vnille lise t.o cnlcll\n\.e t.he lower bOlllld 1'01' a given l'Oad

condit.ion, while '/2· is t.he lIIaxilllllm lowel' bOllnd over nll l'Oad condit.ions, nnd cont.ribllt.es

t.o t.h,· vnllle 01' '/2, which det.el'lllilles t.he holding t.ïme 1'01' t.he high-presslll'e holding mode.

(A.t4)

l'l'Om <,qllat.ion A.I:I and A.II, JI, is est.inHtt.ed t.o be:

(A.15)

(A.16)

From which t.; hc(:oll1cs:

/'" = -llk2 X/II {l _ 'n(S.", - Sd }
• 111 hllS.", - Sd +kt3I(l- StlS.

'l'hl' 1/1 (thl'<,shold vaille t.riggering high-l'ressUl'e holding mode) dependency was removed

via snhstit.ntion and /'2 became a rllnct.ion or the velocity anel l'Oad-condition rat.io, *, and

the slip, SI' Silllilarly, .ch Can be calcnlated l'rom t.he previous state (pressure increasing Dl'

hraking) and is dependent. on t.he ratio of *' so tllat one looklll' table with indices formeel

l'rom joining Il and 111, slllfices t.o generate t.he /'2 anel sllbseqnently the T2 values.
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DUl'ing; t.he pressure decrensing lllode. hl'akl' JlI'{':-'Stll'(\ dl'l'n'a:->('s qllÎt'ldy :'>0 t.hat. lu';I1\(1

tnrqlll'. 'n drops 1H'low tlll' l'I'~. ('III'\'P, lIt1t,i1 a n'·:wll'ct.ioll (·ondit.ioll US [~] il" salislil'l!. t.hat

is \\'hl'II r1'~. - 'JI, is i""I'olld a Ihl"l'shold l'a III,' Il,,. t hl' IOIl'-I'I"l'SSIlI'l' holdillp; lIlod,' 1l'i11 h,·

lriggl'I"l·d. MOI"l·DI','r. II'h"1I r1<,. - 'Ji, > 11" 1h,' Ira.Ï<'rl.01")' (hrak,' IOI"lI'''' l'''rslls slip) rails

l)(lio\\' t.ht' peak in tht' t'un't' of Fip;ul'l' ·1.1. From Equat.ioll A.1. t.hiN ('olldilion !.l'anslat.ps 1.0

l~' > I/:h so l.hat t.he lIIl'ilSlIl't'd dt'l'e\l'I'at.ioll ,'a.lul' il" ('ollllml'l't1 !.n tilt' cait'lIlat.t'd vallll' of lb.

The detel'll1inalioll of the tht't'shold \':tllll' lb is dosel." "l'latl'ti t.u it.s {'11'l'l'" lIlI its SIHTt'SSol'

st.a.t<', t.he low~IH'l'Sstll'e holding lIlodt'. COnSl'(}I11'nl.ly. t.wo situatiolls III Il st 1)(1 il.\'uitil'ti: (a) a.

sma.ll hrake force whcn lia is t.oo large; (h) thl' tl'a.jl'rt.ol'Y hl'roml's Ht.lIrk 011 thl' '/:, flll'\'p in

region C, Figllre ·1.1, fol' posit.ive slope Ill, whkh ma.." yil'Id a la.rJ.,!;t.' slip va.lue and lIllt1l'sirahlp

dirl'cliollal slahilily. 111 [8], 11 3 is det.I'l"Il1illl'd t.o hl' 1II(l'iI/!I)f:!.S. 111 1II0St. AilS sysl.t'IIIS, t.hl'

pressure deel'easing rate is very fast., sa 1.ha.t. t.he slip vaille t.l'ig~l'rillg tilt' U:lrolldil.iull is

IH'Oxinla.tc to the olle lea.ving the high~IH'essure holding mode. Helll'l', J).S is a\lIIustl'qlla.1 1.0

the slip dHUlgl' ill t.he high pressllre holdillg 1II0tie, f:!.S~, whkh is t.hl' lIIaxillllllll allow"hl"

valtl(~ for the slip change a.fLer passing ove!' the pea.k of 1.lw I;~, l'lIrvl', 1/;\ is t.hl'II dlOHen 1.0 hl'

al leasl (O.2)(I'M!J)f:!.S~= (O.08)(l·iI/!I) applyillg Ihe lIIaxillllllll vaille or n.:! 1'01' /" ill l"l',,;ioll

C [8].

Ulllike the high-prt'ssllre holdillg st"tl', dmillg Ihe law-pressure holding mode, t.h,'

pressure is hcld constant fol' a fixcd t.imc illt.crval 'l:" after whkh cOllllHll'Îsnns al't~ IlIadl~

checkillg rl'~, - 'lb with Iwo thrl'shold vailles lia alld Il.1' Ir rl'~. - 'Ji, is I,'ss thall Il,, the

pressure dccreasing mocle will be t.ul'llcd 011 and if .,.F~. - 'Ii, is Il'liS t.ha.u 1/., l.hl~ prCHHllre

incrcasing mode will be triggered; othel'\visc the low·presslIl'l' holding m()(ll~ will hl' adivtl

agaill fol' allother tillle illterval, '1:" IIl1til the lIext wlllparisoll. 111 this way, the tl·a.je","ory b

ahle ta ellter Ihe regioll A, Figme '1.1 hefore switdlillg ta the pressllre illct"easillg 1II0de.

Similar ta '/2, the 1.Ïme dllmtioll of the loI' hold state w'c, l'stilllated 1,0 he '/:1 > '/:1" +A'/:,".
Calculatioll of '/:1" wililead ta '/:" gmce ta MATLAII allalyses. From [81,

'/:," = MIN{I.:j} fol' III: 0> III > O.:!,

and 1.1" depends ciosely on Il.,, giving risc to the e'lll"tion:

t~ = IV 1 {lI o1 +('l:,-I'F'x)}
ml'M!J X 11 lia + ('/~ _7'i;',,)

(A.17)
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Aftf'f ~f)IIIf' substitutions f1l1d apPI'oxilllatiolls, thp low-J>J'(~ssllre holding lIlode dCHCl'iptioll

is n,dlu'l'cl tu t.ilf' follo\\'ÎlIg ~j(~1. of calcula.1.iolls, wlwl'(~ HOllle fl'PcdOlll is pcrmissihle due lo

rilflllgillJ.!, J1I'Pcisioll l'l'qlliJ'('II((~lIl.li:

WIlfll'l' /.-:1 = I.:',! :+: r.

Il:! = O.llX(I'M!Jl
!l 5

/1 d = -/1'1 0" -/1'1
Hi' K'

IIh':1 / .{/I,' + (1l.850 11/(1'2M)))
I~ = --- X 11 ~

III /la +(1l.850,1/(1'2M)))

(A.18)

(A.19)

(A.20)

'l'lib l'llllclll<ies tlie <iel'ivatiolls or tlie Ans e'luatious wliich ll'el'e euco<ie<i iu VIIDL,

s.vlltliesize<i, illlpl,'ult'ute<i Oll ail l'l'GA all<i supplellleute<i b.v au extel'ual ROM.



•
Appendix B

Examples of VHDL Code

A typical l'SM ellcoded ill VIIDL rollows SlIit.. It.s dl'l,"it. reali>.at.ioll is highly dliciellt. with

respect to ct minimum Ilumbcr of mp-flops for l.Iw statc elll~odillg. II, was u:-ied t.o dt~l.ermillP

the l'ehicle stat.e ror t.he AIJS cOlltroller ami thlls detcrlllilled which alld whell ,,,,klliatioll-

intensive modules l'C!quiring ol'del' preserva.tion \Ven' cnablcd.

COMBIN: process(CURRENT_MAJ_STATE, Bat_power, ignition, trigger_pulses,
brake_pedal, V, wheel_vel, current_min_state)
begin

next_state <= stopped; put this to avoid latches.
case CURRENT_MAJ_STATE is

when stopped =>
IF (V /= 0) THEN

NEXT_STATE <= normal;
ELSE

NEXT_STATE <= stopped; -- need, else past next state takes over
END IF;

when normal =>
if brake_pedal = depressed then

NEXT_STATE <= braking;
elsif (V = 0) then

NEXT_STATE <= stopped;
else

NEXT_STATE <= normal;
end if;

when braking =>
IF (V = 0) THEN



don't want to infer latches
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double check the wheel velocities
IF (wheel_vel = (0,0,0,0» THEN

NEXT_STATE <= stopped;
END IF;

ELSIF (brake_pedal = released) THEN
NEXT_STATE <= normal;

ELSIF (current_min_state 1= ABS_cntrl_idle) THEN
NEXT_STATE <= abs_enabled;

ELSE
next_state <= braking:

END IF:
when abs_enabled =>

IF brake_pedal = released then
NEXT_STATE <= normal;

ELSIF (V = 0) THEN
NEXT_STATE <= stopped;

ABS has made car stop:: assuming other circuitry knows when
to say that the vehicle velocity if zero and car has
successfully stopped.

ELSIF current_min_state = ABS_cntrl_idle then
ABS has been turned off

IF (brake_pedal = depressed ) THEN
NEXT_STATE <= braking;

ELSIF (V 1= 0) THEN
NEXT_STATE <= normal;

END IF;
ELSE

next_state <= abs_enabled;
END IF;

end casei
end process;

-- Process to hold synchronous elements (flip-flops)
SYNCH: process(CLK_IN, global_reset,NEXT_STATE,abs_cntrl_enable )

asynchronous reset, but synchronous finite state machine.
begin

-- ( consider this as reset state: asynchronous. )
IF (global_reset = '1') THEN

CURRENT_MAJ_STATE <= stopped;
ELSIF (CLK_IN'event AND CLK_IN = 'l') THEN

IF (abs_cntrl_enable = '1') THEN
CURRENT_MAJ_STATE <= NEXT_STATE;

END IF;
END IF;

end process;
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'l'Il<' rol1owing; fO(I{' shows II\(, Il:;(' of HAIT stall'lIH'1I1s 10 ('J't'ail' a llllllti-t·~·clt· ("Pllll'u\

Sl'qllt'IH'P whil'h s.""clil'onizl's t\\'o hlorks 1()~l'tlJ('r. Ils partielliar fUllflioll was 10 St'lJut'lllially

P<'l'l'orln the OpPl'atiollS I!t't'tit'li dlll'inp; tilt' pn'SSlll"l' illfl'P;lSillp; s!a!.1' Ill' tht' pn'sslIn' t'llllll'lli

100» which was Pllabll'd during tilt' AIJ,','_fllub/fc/ \'phirlt' slalt.',

multi: process
VARIABLE hl_star, sl_crit : pres_value_word;
VARIABLE rom_addr_tmp : abs_rom_range;

begin
IF (pi_m_enable = '1') THEN

IF (m=O) THEN
Hl_max <= 0;
--Hl_thresh_rdy <= FAL5E;
WAIT UNTIL pipe_clk = '1'; skip reading ROM

EL5E
--WAIT UNTIL pipe_clk = '1';
--create address to ROM and read the data
pi_rom_addr <= incrl_offset;
--WAIT UNTIL pipe_clk = '1';
sl_crit := rom_data; wait for data
WAIT until pipe_clk = '1';

now read LUT for the value of Hl_Thresh
pi_rom_addr <= incr2_offset;
--WAIT UNTIL pipe_clk = '1';
hl_star := rom_data;
WAIT until pipe_clk = 'l';

select a max value
IF (hl_star > Hl_max ) THEN

Hl_max <= hl_star;
51 <= sl_crit;
rn_max <= m;

END IF;
IF (m=2B) THEN

Hl_Thresh <= Hl_max + Hl_max/B; -- output correct thresh value
will have to wait for the above instruction to finish adjust
that in the clock!!!!

hl_thr€sh_rdy <= TRUE;
END IF;

END IF;
for now do these two to synch to a slower clock, the m_clk which
can generate values only every four of the pipe clock, 50 we hope to
split our function here into three clock cycles. the last one just
waits for now, may need it later!
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WAIT until pipe_clk = '1';
WAIT until pipe_clk = '1';

wh~n calculation is enabled, and hit m=31, our max output is ready
change the max to 28 for now, otherwise have to wait too long

ATTENTION: this comparison could lead to a glitch
ELSE

hl_thresh_rdy <= FALSE;
WAIT until pipe_clk = 'l';

END IF;
end process multi;

'1'1,,· VII ilL end" fOI' 1.1". high· alld low·holdillg l'l'eSSlIre blacks lollow. Bot.h l'rocesses

illt.l'I'al'l. \Vit.h th" t.wo ahol''' l'SMs alld t.he Tilllcl' black. whose VIIDL descl'ipl.ioll is also

indll<!(l{1 hdo\\'. The wait t'italclllcnts can he usee! ta Împlcmcnt pipc-IiIlÎng cUi shawn.

File: pres_hhold_cntrl.vhd
Author: bHol

Description: Calculate the duration,T2, for the pressure holding
mode. It depends on velocity, slope, and the last values of Sl and Hl
from the increasing state. So they must be registered.

Implementation note: assuming V is constant and m is latched
then these two can be used as an indice into this LUT as well.

Modification history:

USE WORK.ABS_DEFS.ALL;

ENTITY pres_hhold_cntrl IS
Port (CURRENT_MIN_STATE : IN PRES_VALVE_STATE;

V: IN integer range 0 to MAX_VEL;
m: IN integer range 0 to 31;

si : IN pres_value_word;
rom_data: IN PRES_VALUE_WDRD;
pipe_clk : IN BIT;
phh_rom_addr : OUT ABS_ROM_RANGE;
s2_limit : OUT pres_value_word;
--slip_rdy : OUT BIT;
t2_val : OUT pres_value_word;
t2_preload_cnt : OUT bit;
t2_enable_cnt : BUFFER bit;
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t2_high_rdy : OUT
end pres_hhold_cntrl;

boolean) ;

architecture behav_pres_hhold_cntrl of pres_hhold_cntrl is
begin

calculate the time in stages of a slower clock
process
begin

IF (CURRENT_MIN_STATE = high_hold) THEN
only want to calculate (use LUT) stuff once, so trigger on edge.

IF (t2_enable_cnt = '0') THEN
--WAIT until pipe_clk='l';
-- may want to play around with the mapping. ie could still use ln and V
-- from the previous state to serve as indice in the lu~.

phh_rom_addr <= hholdl_offset;
s2_limit <= sl + MAX_SLIP_RANGE;
--WAIT until pipe_clk = 'l';
t2_val <= rom_data; data is ready at this point
WAIT until pipe_clk = 'l';
t2_enable_cnt <= 'l';
t2_preload_cnt <= 'l';
WAIT until pipe_clk = 'l'; make a pulse for the loading
t2_preload_cnt <= '0';
t2_high_rdy <=TRUE;
WAIT until pipe_clk = 'l';

ELSE
WAIT until pipe_clk = 'l';

END IF;
ELSE

t2_high_rdy <= FALSE;
t2_preload_cnt <= '0';
t2_enable_cnt <= '0':
WAIT until pipe_clk = 'l';

END IF;
end process;
end behav_pres_hhold_cntrl;
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File: pres_lhold_cntrl.vhd
Author: bHol

1:lli

Description: Calculate the duration,T4, for the pressure low holding
mode. This value depends on the Velocity, m and H3. Access to rom is
necessary. H3 is a constant and is determined a priori so this value
once again depends on m and V.

Modification history:

USE WORK.ABS_DEFS.ALL;

ENTITY pres_lhold_cntrl IS
Port (CURRENT_MIN_STATE : IN PRES_VALVE_STATE;

V: IN integer range 0 to MAX_VEL;
m: IN integer range 0 to 31;

rom_data: IN PRES_VALUE_WORD;
pipe_clk : IN BIT;
timer_expired in BIT;
plh_rom_addr : OUT ABS_ROM_RANGE;
t4_val : OUT PRES_VALUE_WORD;
t4_preload_cnt: OUT bit;
t4_enable_cnt : BUFFER bit;
h4_thresh_rJy : OUT boolean;
t4_low_rdy : OUT boolean);

end pres_lhold_cntrl;

architecture beh~v_pres_lhold_cntrlof pres_lhold_cntrl is
begin

calculate the time in stages of a slower clock
process
begin

IF (CURRENT_MIN_STATE = low_hold) THEN
if expired. then load a new value

IF (timer_expired = '1') THEN
load next value, and reset enable_cnt to start down counting again

t4_enable_cnt <= '0';
WAIT until pipe_clk='l';

ELSIF (t4_enable_cnt = '0') THEN
may want to play around with the mapping. ie could still use m and V



1
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from the previous state te serve as indice in the lut.
plh_rom_addr <: lholdl_offset;
--WAIT until pipe_clk = 'l';
t4_val <= rom_data;
WAIT until pipe_clk='l';
t4_enable_cnt <= '1';
t4_preload_cnt <= 'l';
WAIT until pipe_clk = '1';
t4_preload_cnt <= '0';
t4_lo~_rdy <=TRUE;
h4_thresh_rdy <= TRUE;

ELSE
WAIT until pipe_clk = '1'; do nothing

END IF;
ELSE

t4_lo~_rdy <= FALSE;
h4_thresh_rdy <= FALSE;
t4_preload_cnt <= '0';
t4_enable_cnt <= '0';
WAIT until pipe_clk = 'l';

END IF;
end processj
end behav_pres_lhold_cntrl;

The two elltities, the t/owll_cII1,' alld t.he lilllcr_lIllI" which al'e aHiliat.ed wit.h t.he '1'ill"'"

block rUllctiollalit.y rollow. Dirr""(lut eucodillg styles which l'rodure bot.h aSYllrhl'ollous alld

sYllchl'ollolls code are ShOWII, wit.h t.he laUel' oue beillg ra.vol'ed by hot.h t.he syut.hesis t.ool

alld t.he "'1It.hol', roI' l'easous listed ill the VIIDL ellcodillg's commellt.s.

File: down_cntr.vhd
Author: bHol

Description: Countdo~n given a preloaded signal and an enable signal.
Taken from edge_cntr module and modified. Count do~n value is
expected to come in terms of clock counts. For the timer we may want
clock to be a larger clock than the input clock.
NDTE: May have to change to a synchronous preload. TEST THIS

Modification history:



in bit;
make a 10 bit counter
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USE WORK.ABS_DEFS.all;

entity down_cntr is
port(clk_in, preload_cnt, enable_cnt

count : IN pres_value_word; -­
timer_expired : our BIT;
cnt_val : BUFFER pres_value_word);

end dOlln_cntrj

According to a synopsys app note, this is a dangerous asynchronous design
and must be simulated carefully for the setting of the output must occur
before, the change of the clock.

architecture behav_down_cntr of down_cntr is
signal gated_clk : BIT;

begin
gated_clk <= clk_in and enable_cnt; -- only cnt wnen clk and enabled
process(preload_cnt, gated_clk, cnt_val)
begin

timer_expired <= '0'; THIS produces and error, non clock edge????
IF (preload_cnt = 'l') then

cnt_val <= count; this load must be fast enough
ELSIF(gated_clk'EVENT and gated_clk = 'l' ) then

IF (cnt_val = 0) THEN
timer_expired <= 'l';

ELSE
cnt_val <= cnt_val -1;
timer_expired <= '0';

END IF;
END IF;

end process;

process(enable_cnt, preload_cnt, clk_in, count)
begin

IF (enable_cnt = 'l') THEN
IF «clk_in'EVENT) and (clk_in = '1')) THEN

IF (preload_cnt = 'l') then
cnt_val <= count; this load must be fast enough
timer_expired <= '0';

ELSIF (cnt_val = 0) THEN
timer_expired <= 'l';

ELSE
cnt_val <= cnt_val -1;



• .·\l'l'EN[)I.'\ B. ES..L\/I'U.'S OF \'11/)/. ('o[)/·:

--tirner_8xpired <= 'QI;

END IF;
END IF;

ELSE
timer_8xpired <= '0';

END IF;
end process;

File: timer_mux.vhd
Author: bHol

1:m

Description: lets more than one block be connected to the
timer or rather dovn_cntr entity. This approach uses muxes instead of
tristates.

Modification history:
Mar 11, 1994: Decided to go vith Muxes to avoid routing problems

USE WDRK.ABS_DEFS.all;

entity timer_mux is
porte current_min_state : in pres_valve_state;

preload_cntl, enable_cntl : in bit;
countl : IN pres_value_vord;
preload_cnt2, enable_cnt2 : in bit;
count2 : IN pres_value_vord;
preload_cnt. enable_cnt : out bit;
count : our pres_value_vord);

end timer_mux;

architecture behav_timer_mux of timer_mux is
begin
processecurrent_min_state. preload_cntl. enable_cntl. countl.

preload_cnt2. enable_cnt2. count2)
begin

IF (current_min_state=high_hold) THEN
preload_cnt <= preload_cntl;
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enable_cnt <= enable_cntl;
count <= countl;

ELSIF (current_min_state=low_hold) THEN
preload_cnt <= preload_cnt2;
enable_cnt <= enable_cnt2;
count <= count2;

ELSE
preload_cnt (= '0';
enabla_cnt (= '0';
count <= 0;

END IF;
end process;

1·10

now lets try using concurrent logic. Synopsys produces similar circuits
for both type of encodings.

--preload_cnt <= preload_cntl WHEN current_min_state = low_hold ELSE
preload_cnt2 WHEN current_min_state = high_hold EL5E '0';

--enable_cnt <= enable_cntl WHEN current_min_state = low_hold EL5E
enable_cnt2 WHEN current_min_state = high_hold else 'O';

--count <= countl WHEN current_min_state = low_hold EL5E
count2 WHEN current_min_state = high_hold else 0;

END behav_timer_mux;



Appendix C

Synthesis and Supporting

Libraries

An clltel'cd design, schcmatic 01' VIIDL, tra.nsgl't~sses t.o it.s l'ealÎimtioll via. a.1i1)!'a.!')' or hiel'a-l'­

chy 01' Iihml'ies, employ",1 hy the synthesis 1,001, whirh a.tl.empt tu h,'st mil"'OI' the tl'chnolugy

fcatlll'cs. Analogons to design clltry methods, Iihl'H.ries cali he gelll'ric'. or l.eclllltllop;y Hpl'rilil',

A schematie l'an contain hoth technology specilic <:omponents and higill'I' lev'" hlodiS jnst

as VHDL encodings can he helmvioml (genel'Ïc) 01' can instantiat., technology spedfir pl'iln·

itivcs. \Vhat.cver the description, the mapping 1,0 an illtcrCOlJllccl.ÎOII of COIllI)lJIl(~ll1.li fl'f HI 1

a Iihl'a,'y clnl'ing the synthesis will tmnspire. Logie synt.hesis will map logir ga.l.l's t.o logie

gate primitives, RTL synt.lll'sis will initially IImp t.o highel' level hlocks, then l.Ill!n 1,0 lowel'

levcllogic primitives. The mappillg slcps during sy"th<!liis continue as Ulm prop;r'('SlWS hiv;hl!1'

nI' t.he specificat.ion ladder. lligh level synthesis implicat.es mOl'e ahst.m<:l.ecl IIlodnl,'s whirh

will go t.hrongh many levels 01' refinemellt. herore final l'eali1.ation nn t.he given technolllgy, A

Iihl'lu'y, whieh may also he hieml'chical, mnst. snpport. snch a synt.hesis process Sil t.hat. 1,101'

hest. circnit. reali1.at.ion resnlts.

Synt.hesis att.empts to replicate ancl improve t.he t.mdit.ional conccpt.nali1.ation nI' tlll!

clesigner t.hrongh its numerous algorithms usiug clecluctive l'm,soniug and p,'.,.<:oust.l'ucl.l)ll,

somctimcs prc-ma.ppcd, hardware componcnts. Ilardwarc design cxhibit.!-; a c{!rtaÎII (Il!gl't~c of

commonality whieh aicles ill const.ruct.ing a generie, hierarchically int.egmted drcuit. dat.ah;L,e.

141
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'l'1'l"lIl1oloJ,!;Y dislilll'I h:II'<!\V.Hf' if'f1tllI'I'Sl kUOWII fi pl'ÏOI'i. ('ollid also he lnlllsiated iuta !ibmr)'

J'Ppn'sf'IIUltjolls sn t.h;ll :dl Hl'chitpc1.ural fpallll'l's hoth l-i1,alldal'<l alld ClISt.OIll cali he exploit.ed .

.rhf' i11("( )l'I'Clra tioll iIl tu fi 111l11l(,ITÎal looIs of wdl~('olls1.J·lIct.ed ft IId standa l'dized lihl'a l'y Sil Pilort

S,rSt.f'IIIS ("oIIlIHJSf'c! or hol.h fixf'd and paralll<.'l,t"'iz'lhie logie hlockH whieh <ll'fOllllllodat.e t.he

lIIallY laYl'l's ill a hipl'illThical d(lsi~1I is pl'oposed.

VIIIlL s,Vlllhesis. III<' lrallsialioll nr VII Ill. ellcodillg tn a libral',V or hal'dwal't' blocks,

ail cl it.s ('\'('11 t lia1layoll!. is 1101. witholl t (~Olll plicat.iolls and alll higuitiCH. Il (l1'<1 wa.re mappillg

IH'I'l'ol'III('<I as (~al'l'y as pw;sihle will pl'odtlce optimulll l'cstlits. Ir the fil'st st.age accompanÎcs

!',"IINi<' hlllcl", I."l'n l''l' lowl'sl. slagt' (orlt'n la,Vont) w"ic" deals wit" logie gate pl'imilives,

will I",V<' IlIsl. ","'tain "al'''w'lI'e spt'cilic opl.imir.al.ions 1Ind c1usl.t'l'ings due 1.0 the prt'viousl,V

l'xl'eul.l'd !',l'nl'I'alir.al.ions, A VIIDL applical.ioll spt'cifie and/or technolog,V spt'cific 1iI11'ary

wllnld aid hig"el' levels or design, opt.imir.e eil'<:lIil l't'alir.ations 1IIId const'llut'ntly t'a"t' the job

IIr 1."" desi!',lIer dne 1.0 I."t' raeilil,V or compont'nl l't'-ust', ''"l'd macro t'xploitation alld special

1'l'1I1.1I1'<' III' design style exploitation, III ",libnu'y, ont' can t'Ilcodt' (t'ncr,Vpl.) design st.yles ",nd

l'xploit aIT"il.l'dlll'e and I.e,,"nology t.hl'oug" wdl-const.rllctt'd non-atomic t'ntitit's, Val'iOlls

Il'vl'Is III' gt'lIel'icil.,V 1Ind spt'eialir.at.ion conl" ",Iso he incorporat.ed fol' block p1lrameterîr.ations

1.0 ('lIsl.omize a. design as pCI' the dcsigncl"s spccHied rUllctionality and conslraiuts.

'l',,t' IIhjt'c1.ivt' or a modult' Iibl'a,I',V is to pl'Ovide a genel'ie, technology independent set of

I,,!',kal I"'imit.ivt's wil." w"ieh ont' l'an const.ruct. a dt'sign and achieve elliclent pel'rol'mance

rr0111 11 widt' al'l'ay or t.t'chnologit's 1IIId oht.ain ellicit'nt access t.o uniqne architt'ctnrt's. Addi­

I.ional l't'seal'ch l't'mains 1.0 he t'xplol't'd in t.he domain of tool capabilities and theil' respective

lihl'al')' support syst.ems, wil.h rt'spect to design space exploration and Iibral'Y support system

1.I'ê\VCI'Sids.

C.l FPGA Library Motivation

l'Ill' l'l'GAs, il. is dt'sirt'd 1.0 have c1evt'1' explicit and implicit liaisons to the hardware features

or t.ht' dt',t.ination l.t'chnolog,V rl'Om a VIIDL design entry point. lnfl'l'Cnel', the selection of

a "ardware "'Inivalenl. 01' a logic t'quivalent circuit, is ,t dillicult task. Because the architec­

tures or l'l'GAs ha\'t' t'volv",1 into many dilfment structurt's and will continue t.o evolve as

ht'I.I.t'I' al'<,hit.t'dUl't's, and nt'wt'I' inherent stl'llctnl'es arc constantly being developed, it is sub-
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"''111<'1111.1' dillil'lIll 10 COli\(' III' \l'il h \'1IIlL illl'<'I'l'III'<'s \l'hirh l'ail <"ploit ail hal'll\l'al'l' ii'atlll'<'s,

whl'II SIlI\lP an' IIlliqllt'. SOUlt' t'hanAP. nid Olll'S dit'. and tH'\\' ol\('s art' t'l't'alt'(1. r.lailllaillillg:

rUlllpill'l'S ('1I1'1'PIII wit.h Hl'rllil(1('ll1l'(' is a hard lask. Il will Ill' qllilt' a rhalhlll~l' 1'01' hanl\\'ill't'

"t'ndors èlnd t.nnls \'t'Ildors 10 cool'dilla\.p t hl'Î1' t'I!i.ll'l:-; in kl't'piIlA 1h(' dpsil.!;11 l'1Ip;Ï1H'l'I'S slIpplil'd

with lnols whirh lrallSfol'1Il thl'il' d('siAns iulll l('('hll(ll()p;~' sl'prilit' ci l't'ui 1. l't'alizal.iulls whirh

1Ilt'(I\. HI'l'fl and I.illlinp; ('ollstl'aillt.s and l'l'qllÎI't' liult· 10\\' l''\'pl dl'sip;1l \\'ul'k. A \\'t'II t1l'sip;IIt't1

FPC;:\ \,('IHlol' CI'(I(l1.('d lihral'Y rail !ll'l)\'idt' I.IH':·H.' raeilit.ips.

The goal ta kl'ep in minci is the d<'sil'p l'al' a h\('hllolop;~' iudp)H'IIt!t'IIt. dt'sip;ll slSIt- slIpporlt'd

hy synthl'sis 1.001 \vhkh lIIaps alll'Ill.el'pd d('si~1l "as hp~t. as possihlt," uulu the' p;h'PII hanlw:l1'l',

'l'hl' pl'Dhll'1Il is NI' h'l1'd, pl'ol'idiagjllstilieatioa l'llI' thl' aaa.\'ailahility ol'such a 1.001. (:l'l'alillg

FPGA velldor spedric lIlodules Sl'elllS 1.0 he il. viahll' a!I.l'I'llat.h'(', Installl.iatiull is il. simph\

lIll'aS1ll'e 1.0 ohtaia dl'sÎl'l'd cl'sliits illllllediately, lIal'illg hnth, Sllpplll'i rOI' tl'l'hllology sl"'l'ilic

IIlnCI'OS~ and snpport 1'01' technology dependent Htl'lId,lIl'(~d 11I~k sYIl1.lll'sis in FPl:As is 0111'

pl'oposl'd solutioa,

Hecollcct the lIat IIl'e or t. he FI)G A a.rch itect tire, U IIWil.n tel! a.l'l'a. ()\,PI'hea.d ioll(1 1)1'1 1lHl~a.l.illll

d(~lays (~atlsed hy the pl'ognllunmhle swit.ches, enta.i! the neetl roI' 1lI11('{~ ~lI('cilld lIIapJlillJ,!;s,

Ll'sS syathesis slack thaa cou Id he acccpted 1'01' Ml'GAs l'aa he tolel'a.!.e.1. Il.'ace, the e';gl'lIl',V

1.0 SUPPOl't l'cadOl' specifie well·coastrucl.ed blr",,,", whieh iac!ude DaI' ni' lIlol'e logie hlocl<H allli

I.heÎl' sl.ml.egically desiglled ial.el'coaaecl.ioas, Frolll ail "agiaœl'iag IIDL dl'Siga l'i"wpoial.

cl'ca.l.illg il Iibral'Y of piU'ilmctcl'Îzahlc a.nd l'ensahle COtllIHllleU1.S H.nd il. de:;ill;lI IIll'thodoloJ,!;Y

can SNl'e as huilding blocks 1'01' addil.ional s,Vsl.elll 1Il0duies alld 1'111.111'" d"siglls,

A li/mll'Y st/l'l'OI'I. Sl/S/.<!I/! is needed wil.h a high I"vel desigll "al.l',V lIlel.hod in ol'd"I' 1.0

"xploit. the FI'GA archil.ecl.nml reat.lll'eS, snl'pOl'1. standard oll'·l.h,,·shell' <:rllllpOlllml.s allli

ul.i1ize alread,V designed hlocks or pasl. desigllers', These hlocks con Id illchl<l", IUII'I/, slIft.,

special/ea/,w'C macl'OS, and llSC"~c,.r.atC(ll1ULC'Y)S, a.nd would 1'(l(llIÎI'c alliilJl(~e heI.Wl'l~1I :;)'nthesiH

and l.echnolog,V vendOl's, Hard lIlacros consisl. or a fixed alllllher or logic hloeks, a,"1 SOli "'

pl'c-asHigncd l'outing 1,0 rOI'IH partially prcla.id a.nd pl'croutml hu'gel' hlOt:kH or aggl'egil,l.cs,

They arc sflecially designcd 1.0 e,ploit the I.argel. archil.ecl.lIl'e 1.0 il.s rlilles!.. A largel' IIl1l11her

or sort lIIacros exist. rrom each velldor snpflOl'l.ing I.heir versioll or stand aI'<l hlocks, solIIe or

1who mosL Iikcly work \Vilh the FPGA hardware and have IIHL"ilcn~d SUIIIC cfliciclIl. IIsa~c ur tlle! I()~k hlm:k"

and t.he rotlling ~truct.urc und consequentl}' cl'calce.! qllil,c succinct hlm:ks efficient. hulla iu Itn:a lLIullime,--
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wldl''' '"'1' sitllil"r 10 sl""d,,rd 'l'TL ~"tl'S ;11111 SSI l'in:llils, 'l'''" "",'dw"r" sJ>"dne d"t"i1

<l('('Olllpilllyillll;;1 ~()n lIIano is th.. 11111111)('1' or it.s \,('lIdol' sperifir lop;îr hlocks. Its fllllctionalit.y

is f'ilsily dl'Iillf'd ;111(1 ".1('" "('lido!' is l'l'SI)()lIsihle fol' t.he illlph~lllelll.atioll. Olle ,'clllainillg

"'l'lido)' spllrilir l.yp" (If IIlHrro 1.0 IH' SIIPIHlI'lP<! are the SJ1I:dlll jC{/flll't: IIWCI'O.'i. Eaeh FPGA

\'f'lIdor will IHISSI':;:; slH'cia 1ha ni wa ('f' l'pa !.III'l'S whkil ofl'el' pel' fo l' III a lice DI' al'ca. ad va litages. Fol'

l'Xa.lIlplf'l l'ast ralTY <'il'ellitr·.v~ Inw skew dock HIlCS, and l'tlgisters are ail clements cach FPGA

\/t'lIdo!' supports. Tlu\ hlS!. I.,\'I'P art' US('I'~df:J;"UI b/m:ho.o.; designcd 1.0 st'I'\'c t.heil' rCCluil'cmcnts.

Tllf'Y l'ail 1)(' ('l'l~al.l'd t.o (,olllpl.v wl'il with IIser~spedficd COlIst('aiuts of llIillillllllll a.reH. H.nd

I.illlill~ I.,.,,,I,,-olls "lId tn hest fit the Ie<:hllolngy, ,,"d/Ol' f"cilitate 1II0dllie gellel'a.tion Ihrollgh

1'('IIPïlü,(1 mi:lp;e of application spedfie primitive 1>locks.

C.2 Existing Concepts

SOIll" 1'01'1, whit'h "ddl'esses l'l'GA based Iiiml.l'y snl'I'o"t systellls fOI' sy"thesis is repol'ted

in [!i!l], [liOJ, [lil] "lId [5ï], Dekkt,1' [5!lJ, I,,'esellts a lIIethodology 1.0 IIIi1ir.e techllology spe­

dlit' lIIacros fol' ;ll'il.1l1l1etit' and l'e1atiollal opemtol's while, aHowing technology independent

sl'('('ifit'atioll IIsin~ VIIDL li»' design en 1, l'Y, The appl'oach nsefnl bill additional logic con­

fi~nl'atiolls alld upemtol's al the IlTL sll'nctnml alld highel' levcls of design specifications is

sll1-!;p;esl.cd.

l\l'1elll l'1. al, [(il)] propose a 1II0dnie synlhesis 1,001 which maps archilectnre-independellt

desiglls into a.rdtiteci.nre-spedfic implementa.tiolls, Both schemalic capture and IIDLs arc

SIlPPOI'I"d fOI' fllllctiollal design entry, ln the currellt vel'siou, only Ihe XC4000 hlock archi­

te1'tnl'" is sllPl'orted, Thel'e is meulioll of extensions 10 other families iu the future,

A Iihl'"ry 01':12 geueral symhols exists represeutiug the generic modules, Theil' parameters

rail he d"fined hol.1t durillg the sdlCmatic capture, and via generic construct usage in HDLs,

TIll' lII"in differellce hellVeen " convenliollal netlist and ail X- BLOX netlist is that in an

X-BLOX lIetlist the sir.es and illlplementatiun styles of modules and buses do not have 1.0

he completely specified. Th,',V cali he determined by context, data-types, and bus-types.

Thus li»' eadt da.tnpnth only one vaille must be given, Ihe remaining operators and buses

will hellelit l'rom Iype-inference,
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Tilt' 1\IlO\\'lcdj..!;l' ha~t' \\'hich :i1Ippol'ls t.ht' sYlIllH'sis tool cont.aills Iypps aul! 1I111111wl' or

l'<'SOIII'<'l'S a\'uiluhll' Illl'l'uch 111 l'III 1",1' of t hl' :\C,IOOO 1'," Il i1,\'. ulld l'l'sl'llIhlt·s u 1'1I1t'-husl'd Iihl'''I',\',

Ils illfol'tllalion is 11:-1('<1 1.0 <1l'1l'l'lIlÎIIP which l~'pt's ol'al'chilt'ctlll'l'-sp('cilir oplilllizalitHls rail IH'

pt'l'l'oI'1l1t'd and which styles ô11'l' appl'opriatP l'or s,\'llllll'sili. This way t Ill' slH'cial l't'alul't':; t'ail

IH' t'xpinite<!. and P1l'IIIPlIls slIch al'i l'as1 ("i\lT,\' rÎITllil.I',\'. cali hl' IISPt! l'Ill' lIIappill~ al'itlllllt'lic

f\ludions.

The synt.hel"iis t.l'Chlliqllt' is :-iÎlllilar tu onr proposaI ..\'PI. lil,I.It'. if allY. lIlt'llt.iOll is 1'1II'nisht'tI

l'cgal'dillg l'IIles p;o\'el'Iling il. lihl'fll'Y syst.em a.nd ho\\' it ('ail ht' t'xll'Ildt'd ô!noss !.ht' IIIIIIIPI'­

ous FPG:\ a.l'chit.l'c1ul'a.! variel.Ït's. \V(! pI'OpO:-il' 1.0 dt'lay t.h(l l.l'chllol0l!:,\' dl'IH'IHll'lIt. phast' III'

sy"t.llesis t'lO that any, and more I.l\an olle. type or FPGA llIay IH' lIt'll'll.

lJtldt'r1ying eoncept.s and pl'Îtldpll's orohjeet~oriellt,l'd t.l'chniqlll\S ha.\'l' ni l'l'adj! flHIIlt! l'tltltt'l

amongsl hardware designers. The consl.l'udioll ofsYSt,l'IIIt'l tlt'lill/!; l'puHahlt, lih!';)!',Y ('OIllIItHll'III.S,

a. highly 1'01l0wn advalltage or ohject-ol'Îented techniqul't'l is analogons 1.0 nsill/!; ofl"'l.hl'~Hhdr

hllildillg hlo"ks ill thc 1"II'dwHl'c wodd [Iii],

U:'iing C++ consl.rllcts, classes, ohject and t.ransfol'll1a.tioll flll1etions, 1\lIl1liU' pt ail {HII,

indicat<! il. polcntial fol' devcloping C++ lIIo<lcls fol' hardware nHlIIHHH'IIt.S.•IIISI. ilS th<,ir

result.ing modcl l'l'semhies a data. path/cont!'ol dc<:ompositioll, Wl' :l.lla.logOllsly l'lIlplmsizl'

thc forlllation of dcsign blocks, VIIDL codc, sYllth"sis a,nd illlplcn"'"tation tridiS and d,,­

sigll IIIcthodologics for wntrol/data-path dr"lIits. Si 111 ihll' VII))L desigll t""hlli,!,u's "ail h"

dcvclopml fol' otlter dcsigll styles and fOI' othCl' l'l'GA tcchnologics,

Salllpic Iihral'y wlllponcnt Iists aJrcady cxist [58] hnt thcy al''' dcsniht,,1 al. th" logk

le\'el in thc fOl'ln of boolean e,!natiolls, A start, hnt the lIeed li,,' IIIll1''' l'anulI"t"I'i1.ahl",

standardized cOlllponcnts which exhibit both silllpic a",1 colllpl"x hoxcd fnlldionaJity wonl,\

he lIscful. Library sampll':'i [57], [Cm] with IHl.I'êullct.crizilig <:apahilitics ha.ve huun PJ'()IHJHUd.

From a synt.hcsis perspcctivc, an cnsning challenge delllands sllppOl'1. of I.h"se hlm:ks I.hrollgll

tcchniqucs snch as casy componcnt instantiatioll with difl'crulIl. paratllcl.crs, qllic:k rotllpoHi~

tian of ncw componcn1.s, componcnt rU·lIsahilil.y, alld tailorillg J.?;ullural·JHII'I)()SC cOIIIIHHlfmt.s.

l'l'Dm a VIIDL perspcctivc, it is expcctcd that sllch cOlllponcnt.s will he pl'Opcrly instantiatetl

with l'Orrectly specified paramctcrs by thc synthcsis 1.001. l'lIrthcrmol'c, in ordcr 1.0 "ater 1.0

application arcas, particnlar blocks created with al,plicat.ion or dcsign style spedli<: d",ra".
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lf'risl,Îrs \vlJlIld also he IH'lIl'lirial to fi SYllthflsis Lonl which it.self pnssesscs applicatiotl specifie

[f';II.II'"f'S.

C.3 Proposed Library Component Types

0111' \\'orl, fOCIISI'S OH hlo("l\s of" pal'ticuiar a.pplicat.ion type. cOIl1..1'01le1'5, and technology type,

1'1'(;l\s which cali h"sl. h" IIset! b.v the s.vlll.hesis 1.00\ for its creatioll of Implomelltatiolls alld

fo,. 1.1", t!"si~",,,' 1.0 select if I.ho lIeet! arises, blacks c1osel.v relatot! 1.0 the t!esiret! fllllcl.iollalit.v.

!':XIlH.IIHtive sl.lIdies of design IIlcthodologics, application specifie rcpct.itivc primitives givcs

illt'Ït,e 1.0 sn ch hlocks. And ÎIIspcctioli in t.he ilnalogotls fcatlll'cs bctwecll FPGA hardware

and possihle hlocks ami tilt! input formats a.nd vicwpoint.s. is esscutial fOl' the cl'cation ur

SlIl'Il il. sel. of dllVCrly COlIstl'udcd hlacks which can he cithcl' dircctly acccsscd by the user or

illt!il'eel.l.v illfel'l'ed h.v t.he s.vllt.hesb tool.

Of the IlJan.v t.ypes of Iihl'lu'.v cOlllpollellt.s 1lI0nt.iollod oal'lio,', we will focns on two: well­

('()lIst.I'lIded flllldiollai hloeks (nser cnstolllizod) alld teehnolog.v specific fellture exploiting

hlllt'I(S, ami jnstify t.he lIeed fOI' thoir exist.ellce, "B1ocks" can repl'osont both fllncl.ional

IInit.s, fnllel.iolls/opel'at.iolls which do Ilot lIecossaril.v exist in colllponont. fOl'lIl, and design

llIcl.hodologies. For cxample, global circuit l'cset and l'egistCl' initialization arc vital clements

of digital desigll, hllt do ilOt. exist. ill cOlllpollent forlll, IlIlplementatioll of roset mpabilil.ies

(hlll.h sYllehl'ollons and as.vllchI'OIlOIlS) thl'ollgh VIIDL stal.omollts direcl.ly (or evon frolll

ail illsl.a.nl.iat.iulI) exploitillg knowlI hardwaro l'esonrces wonld be belleficial. HlIving them

illf"I'I'ed fl'OlIl t.he desigll dl!Sel'iptioll (VIIDL in onl' case) rather than hn.ving to adjnst the

(,()lIlpiie pl'ocess, or evell instantiate a "block" to l'eprosont this type of fnncl.ionality is even

hel.\.el', Silllilarly beillg ahlo to pllralllotorize a finite state machine hlock woulil also be

ad van l.ageol1H.

As ail applicatioll specifie si IIIplo bloek(colllponent) example, controllers ofton contain

difl'el'enl, cilTllit sectiolls executillg at. difforellt. dock ratos. Hence, the lIeed for a dock

divide,'(s), alld the IIsefnlnoss of a generic, ofliciolltl.v strncl.ul'ed FPGA implementod, dock

wil,h a paramet.ric division fador. The end-llsers socs an easily programmahle hlock while the

sYIlt.hesis t.ool illlplelllollts a well-enginoered vorsioll on the technology. From a methodology

a.ngle, writillg VII DL code wit.h a regnlar IF Statolllent hofore a dock odgo qner.v results in
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CA Synthesis Tool Functionality

Il,

'l'1·,pre is lIludt l'oom for impl'o\'enH'llt. wil.hin sYlll.ht'sis lools and lihra!'." slIppol'l S.\':·;I('IIIS.

1\ lihl'al'Y support SyShl1l1 is mos!. lISerll!. if il s.vnt.hpsÎ:.; tool is rapahh' of ('xpltll'ill~ dt'sip;1I

illlplelllelll.atioll optiolls '111<1 <ll'awillg olltthe hlol'k(s) whkh hesl. ,'('alize th(' illpllt <I"sl'1'iplioll,

whieh ill the ABS ,:;lse stlldy was VIIDL, 'l'og"'I",1' they IIIllsl. ,,11;'1' optilll1l1ll desigll spa" ..

(lXplol'atioll.

Mallllally illstalltiatillg a hlock thl'ollgh Il DLs is a slllall task, 1VII<'I'eas <'01l\'"yill).\ th..

pl'esellce of Sil ch a bloek (pal'l.ielliarly alles fol' hal'd lIIacros 01' those whkh "('pl'e5<'llt sp('('ia1

fea.!.lll'es) 1'1'0111 elleodillg ta the sYllthesis 1.001 1'0" illf""elll'<' is diflielllt, alld will n'(III;"(' a 1'1'("

learnecl scqllcnC(\ of input cOllllllallds. Sueh elemcnl.:i afl'ecl. l.hp fnl'lllaH;.:a.l.ions {lI' I.h(· st.l'al.t'P;Y

hchind a lihra.ry strnctnre, ils acccss and the CIIlJlIOYIl1Clll, of gl'-IH'.rkit..v ilnd pa.rallll'l.('l·i~al.ioll.

With direct associatioll betlVeell sy"thesis 1.001 developl'l's ami FI'GA tel'hllology, a f'"le,

tiollal IIllit (FU) eOllld be implemellted hy Iil'st seleet.illg a h,ml \\'il'<'<1 VlH'SiOIl, with 1"'("

l'OlItillg, if sllch R modllie exists, Next soft. macros collid he s<'a1Th"d I;l\lnw<," hy Il SI'" lIIanos

1,0 sec if the fUllctionality and the design eonstraÎlltH 'U'l~ Ilwl. Shonld the il.hnve exploratiolls

abovc fail to pl'odncc a. sa.tisl'actOl'Y compuncnt ma.tch, the FU cOlllel he fonst.ruc!.cd 1'1'0111

lo\\'l'I' level bllildillg hloeks, \\'hich ill some eases, may he primit.ive gRt.es, li;it.l1"l' wa.y t.h"

rcqncsts of the synthcsis tool must he tralllifcrred to the techllology l'CSOlilTeH and Iihra.l'Îos.

Altel'1\H.tives al'e esselltial alld shollid he eXI,,'essly Rvailahle, wit.h I:L't. "<'S(JI't. availahilit.y of

lo\\'el' level bllildillg blacks, UIt.imRtely, if a Ilmteh is fOlllld het,weell a. fllll<:l.iollai l'eqllest.,

and an availahlc lihnu'y module, the IilH'ary module is illsl,alltiat(!{I, otilerwisl! a. honh!Hn

delillit.ioll of the operatiolljfllllct.iollalit.y shollid be IItiliz",1 fol' implelllellt.atioll, l'illel' gmill

cOlllponcnt.s arc jus!' a.s importa.nt in a. Iihral"Y sy:;tclII as arc larger, devcrly (~OIlHt.I"lI(:I.(!(1

coa.rse-graincd hlacks.




