Exercise 11: Basic Control FSM (U.Crete, CS-225)

HY-225: Opydvoon Yroloyliotdv Tu. En. Yroloyiotodv
Avoign 2009 © MMavemomuo Kpnng

2e1pd Aoknosov 11:
Baow) FSM EAéyyov tov Enelepyaot

[MpoBecpia £mg Kvpraxn 12 Ampiriov 2009, opa 23:59 (Béopdada 10)
11.1 Baow FSM ko E€io@oeic Metagopag Katoyopnrov:

& va Aertovpynoet to datapath tov enefepyacti mov meprypdyote oty doknon 10.1 (vAiomoinon
TOAAATA®V KOKA®V poroyiov), ypetaleton pid Mnyovn Henepacuévov Kataotdoewv (FSM - Finite State
Machine) mov va yevva ta emBountd onpato eAEYXov o€ Kabe KOKAO poroylod. Ao EEKIVIIGOVLE, GE OVTH
N ogpd acknoewy, pe t Pacikn FSM gléyyov mov gidape oto pddnua, mov meptypdeetol 6TV Topayp.
5.4 tov Bipiiov (ceA. 377-398), ka1 wov dideToL 6TO GYNUA £0D UE TIG EEICMCELG LETAPOPAS KATAYDPTTMDV
Y& v Kabe katdotaot. Ot TIHEG TV oNUAT®V EAEYYOV, 6TV KAOE KATAGTAON, TPOKOTTOVY Ond AVTEG
TG e€lomoelg Omwg eEnynoope oto nddnua, kot dnwg ektibetor oto Pifiio, cerideg 383-396. Xe avtn ™
o€1pd aoKNoE®V B0 VAOTOGETE POVO TG EVTOLEC:
sw, Iw; add, sub, and, or, slt; j

OV QOIVOVTOL UE HODPO YPDOUO OTO OLAYPOUUO. --TIG VTOAOITES EVTOAEG, TEPIMAUPAVOLEV®DY KOl TOV
StokAaddoe®mV, ol TIC VAOTOMGETE GE ENOLEVN GEPE OCKNGEWV.

mem_addr mem_wr

ALUout = M[ALUout]
A+lmmx =

i fetch decode rr

'

A = RF[$rs]
B = RF[$rt]

ALUout =
pc+immx4

ir = M[pc]
mem_rd Id_wb

pc = pc+4

mdr =

M[ALUout] RF{$rt] = mdr

add|sub|and|or|slt
jump y alu_exec alu_wb

pc = ALUout = RF[$rd] =
jmpAddr AopB ALUout

Kd&Be xovti 610 dtdypoppo avtd moptotd pia kotdotoon g FSM. To évoua tdve ard To Kouti gival To
ovopa ¢ xatdotacns. H FSM mov €yovpe €dm mapapével okpipdg €vo KOKAO poAoylod og kabe
katdotaon. Tov endpevo KOKAO poAoylolh wnyaivel GtV ETOUEVT] KOTAGTOOT TOL dtaypappatog. Otav
VILAPYOVV TEPIOTOTEPES ATO Lot EMOUEVES KATAGTAGELS, OTMS GLUPaivel 6TIG KataoTdoelg decode rr Kot
mem_addr, tote 1 petdPaocn mov Bo wkéver 1 FSM e€aptdtor and v €KAGTOTE EKTEAOVLEV EVIOAN,
dnAodn To meplexopeva Tov kataywpnt eviodav (IR): Ba axolovOnbel n petdpacn méveo oto BELOG g
omoiag gival ypappévo To opcode g TapoVoag EVIOANG.

(A-B)...
if (zero):
pc=ALUout

Méoca oto kovti kdfe Katdotaong etvor Ypoppéveg ol €EI0M0ELS HETAPOPAS KaToywpnTdv (register
transfer) mwov mepLypapovv Tig Aettovpyieg mov wpémel va yivouv omote 1 FSM Ppioketon og ekeivn v
Katdotaon, dnradn, oty mepinTwon pag, Héco o€ eketvov Tov kKOKAo poroywo¥. [lpdkerton yid v
meptypapn tov emefepyaoctn pog oe "Emmedo Metagpopds Koatayopnrodv" (RTL - Register Transfer
Level) --éva eminedo apaipeons apkoOvimg aenpnuévo yud va PoAedel Toug oyedloTés, OAAG Kot
OPKOVUVTOGC GLUYKEKPUYEVO YIA Vo eMTPENEL GoYedOV ovTOHOTN 1 Kol TANP®S ovtdpotn odvheon Tov
TEAKOD KUKAGUATOG amd gpyoleio (Aoyiopkd) oxedioong, OnmMG T0 ouyve XPNOULOTOIOVUEVO TOKETO
"Synopsys". Ot LETOPOPEG KOTAY®PNTOV €0 Elvat:

o Avdyvwon Evtolng amd ™ Mviun: ir = M[pc];

e Avdayvoon Katoyopntov Inyng and to Apyeio Koataympntov: A = RF[$rs]; B = RF[$rt]; To
oOpporo $rs onpaivel 10 oYETIKO TESIO TOV KATOAYMPNTH EVIOA®V, ir[25:21], Kol opoimg $rt
onpaivel ir[20:16]. Tovg kataywpnTéS avTovS Tovg draPdlovie mhvta, TPV (gV TAPUAAIA® pE)
TNV ATOK®OOIKOTOINGM TNG EVIOANG Kol TN O10micTMOoT TOV Told EVIoA givor kot Tt format xet.
Yrbépyoov evtoréc yid TG omoieg ta medla ir[25:21] wovn ir[20:16] dev eivon apBpoi
KOToympNTOV, dpa ot Tiuég mov dtafalovpe gival "oxovmidia", oS ovTd dev mEWPAELEL POV QVTEC
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Oa ayvonbovv o1 GUVEKELD, EVED PE TNV OAN OVAYV®OGCT TOL KAVOUE OEV £YOVUE KOTOGTPEWYEL
Kopd TAnpo@opio. Amd v AAAN pepld, Y14 00eg evioAéc ypetalovTon pia 1 kot 11§ 600 TYEG ToL
SwPacape, TETLYUIVOVHIE VO EYOVUE TIC TIUEG OVTEC JaOEGIIEG OGO VOPITEPO YiVETAL, XWOPIC VA
vorotapeda v Kabuotépnon g TPONYOUUEVTS amOKOIKOTTOiNoNg g evioAne. [d va etvon
avtd ek, ta media $rs ko $rt (kataywpntéc myng) Ppickoviol Tavta oty idte, cTadepn
0éon péoa oe Oleg T evioAéc MIPS mov 1o xpnolpomolodv cav  KOToyopnTég mNYNG,
ave€aptiTmg format avtdv TOV EVIOADV.

e Ymoioywopog Aievbuvong Mviung: ALUout = A + Immx;

o [Ipooméracn Mviung yid Agdopéva: mdr = M[ALUout]; (avayvoon uvniunc), n M[ALUout] = B;
(eyypapn pvNHNG).

o [Ipa&n ApBuntikng/Aoyung Movadag yid eviodl ALU R-format: ALUout = A op B; 6mov n
wpa&n op e€opTaTol OO TN GLYKEKPLUEVT] EVIOAN TOL EKTEAOVUE LEGO GE VTN TNV KaTryopio
gviohov. To onua eréyyov g ALU og autn v mepintmon gival mapaderypo GHOToc TOTOV
"Mealy", ka1 61 "Moore" --BAENE TOPAKATO.

o Eyypapn Amotedéopatog oto Apyeio Kataywpntadv: RF[$rt] = mdr; (dedopéva amd avdayvoon
pvnung), | RF[$rd] = ALUout; (dedopéva amd eviodr; ALU R-format).

e Extéleon Alpotog xwpic ZuvOnkn: pc = jmpAddr;

e AevfBuvon Ilpoopiopod Ataxriadmong vmd XvvOnkn (agopd exdpevn Kot oyt avty TV doknon):
YU EKTOSEVTIKOVG OKOTOVS, VIoAoyilovpe T cuvONKn dtakAadmong pécm apaipeong (A-B) omnv
ALU, ka1 01N GUVEYELD KOLTAWE OV TO AMOTEAESHO TNG apaipeong eivan undév. Emiong, yid Adyovug
OIKOVOUIOG KUKA®MUAT®V KOl YU EKTALOEVTIKOVG OKOTOVG, O VWOAOYIOUOS NG devbuvong
TPOOPIoHOL NG OloKkAGdwong yivetal otov abpolot tng piog ko povoadikng ALU mov
Swbétovpe. Id Adyovg TaydTNTAG, EMOIMKOVUE Ol SOKAUOMGCELS V. EKTEAOVVTOL € TPElG HOVO,
avti TE66APOV, KOUKAOVS poA0Y0D. AoV 0 VIOAOYIGUOG TG dtebBuveng Tpoopiopod ypelaleton
v ALU, agobd n ALU eivor amoacyoAnuévn tov 30 kOKAO poAoylol, Kol opov Tpocmafodus va
ekteléoovpe TN SwKAGO®moNn o 3 pOvo KOKAOLG, TPEMEL O VTOAOYIGUOC TNG dlevbduvong
npoopiopov, ALUout = pctlmmx4, va yiver tov 1o 11 tov 20 kOkho. Tov lo kOkho (eved
SwPalovpe v evion amd Tn pviun), oev eivan duvatdv va yiver n tpdcobeon petimmx4, 6t
dev gival yvootd axopo to Immx4.

Tov 20 wbKlo, Ouwc, pmopel va vroroyiotel 1 devbvvon mpoopicpov, aeod o Immx4 eivon
kopdtt Tov IR, og yvoot) Béon, dpa eivor yvootd amd v apyn Tov 20V KOKAOL. AkoAovBolie
Aowwdv T AOoM avTh, Kot KAVOLpE TNV TPOcHecT TAvTa, TovTOYPOVA Kol OveEAPTNTO amd TNV
ATOKMOIKOTOINGT TNG EVIOANG. AVTO ONUAIVEL OTL O TOAAEG TEPUTTMGELS TO OMOTEAECLO QTG
g mpdcbeong Ba eivon "ckovmidi", OT®G T.Y. OTIC TEPITTOOES EVIOA®V e R-format, 6mov 0
medio ir[15:0] dev eivar apBudg "immediate" aAld obhvBeon TpdV dAAwV, doyetmv medinv. Opwmg,
avtd dev Hag TEWPALEL, POV Ol EVIOAEG OVTEC GYVOOUV TO OMOTEAEGUO ALTNG TG TPOSbeong
(Ypapovv aAro, aveEdptnto anotérecua otov ALUout). Ot evtodég StoKAGO®moNS, amd TV GAAN
pepd, 6tav 6ToV TPITo KUKAO YPEGTOLV TN S1evduven mpoopiopov, Bo v £xovv £Totun Kot
éyxopn. H amogpaon yid t ypnon g (pc=ALUout, cuvOnkn dwaxAddwong aAndng) n v
ayvonon g (pc apetaPantog, cuvOnkn dakhadmons yevdng), apkel va Anedeil oto téhog Tov
30V KOKAOL PoAOYIOD, EAEYYOVTAG TO onua emitpeyng eoptmong (peld) katd tov ypdvo ekeivo.
[pdkerron y16 mepintwon kabvotepnuévov onpatog "Mealy", 6mwg Ba movpe og endpevn Aokno.

e AvEnon tov Metpnt Tpoypdupotog (PC) katd 4: y1d AOYOLS OIKOVOLIOG KUKA®UAT®VY Kol Yid
EKTOOEVLTIKOVG GKOTOVG, 1 avénor tov PC katd 4 yiveton otov afpoioth g piog Kol LovadtKng
ALU mov d100étovpe --mpo@ovds o€ KOKAOVG pOAOYIOD TOL auTh givarl eAevBepn omd GAAeg
VIOYPEDOELS. 10 TIg evToAég uviume Kot opBumtikng/Aoyikng, n avénon tov PC katd 4 Oa
pumopovoe va yivel katd tov 40 (1 50) kOKAO poroylov Tovs. Opmg, y1d Adyovg amAdTnTOg Kot
opotopopeiag, Tpotymbnke n avénon tov PC katd 4 va yivetal katd tov tpmto kokho (i_fetch)
OA®V aveEpPETOG TOV EVIOADV, TAVTOYPOVO (§V TOPUAANA®), ONAadN, HE TNV avayvoon Tng
evtoAng amd T puvnAun. Iapatnpiote 6t n avdyvoon yivetor amd ) devbvvon pviung mov
VROOEKVOEL 1| TaAALd (Tpo Tng awénong) tun tov PC. Ioparnpnote eniong 6TL 1 ovénon avtn
Katd Tov Tp®dTO KOKAO Ba forevel kKo TV vAoToinon Twv eviol®v jal, apydtepa, dedopévou OtL
avtég mpénel va amobnkedoovv otov $31 avtiv akpipdg v --avénuévn kotd 4-- T,
[Mopoapnote téhog 6TL 1 d1evBuvon TPoopooD TV SoKAAIMCEDY VIO GLVONKN OopiloTNKeE
enitndec va eivar (PC+4) + 4*Imm16, ovti ankdc PC + 4*Imm16, y1d va Poiedel oe oyéon e
avtn Vv avénon tov PC katd 4, otov tpdto KOKA0 poloylov, "ota TVEAL", TavTa, Y1 OAEg TIC
EVTOAEC.

11.2 Baow Yiomoinon FSM ko Xnpdtov EA&yyov:

[Ipoc 10 mapdv, Ba viomomoovpe v FSM ghéyyov pe tov amid TPOTO MOV QUIVETOL GTO TOPUKATM
oynpo. H "kapdid" g FSM eival o kotoyopntig KaTdeTa6nS --Tdve 0ploTEPE GTO GYNUO-- TOV
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mepéyel (Bvudrtal) v mopovso Kotdotoon, "currState”, Tov cvotiuotoc. Evo umhok ZuvovaoTiknig
Aoywng (combinational logic) --kdtw amd avTdv 6TO GYNUa-- LIToAoYilel (amopaoilet) mowd Ba etvor M
enouevVn KoTdotoor, "'nxtState", auécmg HETA TNV EXEPYOUEVN GKLT TOV POAOYLOV, GOV GUVAPTNGOT TNG
TOPOVOAG KOTAGTUONG KOl TOV E10000V TOV KUKAMDUOTOG EAEYXOV --EV TPOKEWWEV® TOV Op, dNAOSY TOL
ir[31:26]. Ot é€odot TOL KLKADUATOG ELEYYXOL, dNAad To onpato eAEéyxov tov datapath, etvon emiong
GUVOPTAGELS TNG TOPOVCHS KATACTOONG, KOl --HEPIKA on' avutd-- pmopel va e€lval cuvaptioelg Kot
OPICUEVOV E1600®MV TOV KLUKAMUOTOG €AEYYOVL --gv mpokeéve tov funct, oniadn tov ir[5:0], kot
apyoTepa Kot GAA®V, OTT®G T.). TOL "zero".

=

currState i
Combinational Combin. Log. Comb.Log.
Logic
nxtstate Control Signals
Control |\ |
Datapath op (Moore) (Mealy)Y funct

e Ot é€odot "thmov Moore" eivor cuvapTinoelg HOVO NG TapoVoag KATAoTaoNS, -0l Kol TV
€16600mv ¢ FSM (o1 gicodot ennpedlovv povo v endpevn Kotdotaotn). To TAEOVEKTA TOVG
etvar 6T AmAOTO0VV T GYEdIOoT, EVO TO UEIOVEKTNULA TOVG givat 0Tt £val TETO10 KOKAMULO EAEYYOL
advvaTtel va avtidpdoet o€ eEntepika "epebicpata” (onpata, £16630VG) GTOV 1510 KUKAO POAOYION
OmoV oVTA gpeavifovtal, Kot PTopel LOVO va OVTIOPAGEL GE ALTA GTOV ETOUEVO KUKAO pOAOYIOV,
Kot piAoTo xpelaleton Kot SlapopeETIKES KATAGTAGELS Y16 TNV KAOE S10popeTIKn TOV avTidpao.

e Ot é€odot "thmov Mealy" €ival cUVAPTNGELS KOl TNE TOPOVGOS KOTAGTAGNG, KOl TOV EIGOOMV TNG
FSM. Ta mieovektqpotd Toug ivor 6Tt emMTPENOVY OKOVOpio 610 TAN00G KOTAGTACE®VY, KAB®DS
Kot Toyeio avtidpoon oe eEntepikd epebdiopata. Opmg, To TEAELTOIO AMALTEL KOl TPOGEKTIKOTEPT
oyedioomn: 6ca onuota eA&yyov Tomov Mealy e€aptdvtol amd apyomopnuéva GUATO 16000V, Ba
glvol Kot ovTé pe T GEPA TOLG TOAD OPYOTOPNUEVA. XTNV TAPoVod GoKNoN, T0 UOVO Ghu
€16050V 6T0 KOKA®UO ELEYYOL oV emnpedlel e£600vg Tomov Mealy givar to medio funct. To onpa
avtd otobepomoteiton moAD vopig HEca 6ToV KOKAO poAoylov d10tTt eivorl Katevbeiov ££0d0G Tov
Katoympnty ir Ko dpo otabepomoteitanl ico-ica polc mepdost M kabvotépnon €£6d0v TOL
KOTOY®PNTN ir PETE TNV oK pOoAOY100.

Kot ot dvo mopomdve tHmor onpdtov ehéyyov €govv TNV TOPOKAT® 1310TNTO: TA CNUATO EAEYYOL
vroloyilovtal otov 1810 KOKAO 6TOV 0moio Ta Ypnotponolel To datapath. OewpdvTog ThPo T0 GHVOLO TOV
enefepynotr], onA. kol 1o datapath kot to KOKAopo ghéyyov, gival cav va yopilovue Tov KOKAO TOV
eneepynotn o€ 600 PEPT: OTO TPMTO HEPOG TOL KHKAOV YIVETOL O VITOAOYIGHOG TV CNUATOV EAEYXOV KO
to datapath "kdBeton", evd oto devTEPO HEPOC TOL KLKAOL TO datapath epydletor pe Pdaon To poOAg
VTOAOYIGHEVE CHOTO EAEYYXOVL KOl TO KUKA®MO eAEyyov "kaBeton". Ze emduevn doknon Ba dodue o
TEYVIKT] TOVL EMTPENEL 6TO KOKAMUO EAEYYOV Kot oto datapath va SOLAELOVV TAVTOYPOVA, TETVYAIVOVTOG
£tol vYNAGTEPT TaYVTNTA AgtTovpyiag Tov emeepyooTh.

Téhog, mapatnpnote 6Tt To block GuVdLACTIKNG AOYIKNG Y10t TOV VIOAOYICUO TV SNUATOV EAEYXOV Etvorl
"kovtoTEPO" (oTOV KOaTOKOpLEO GEova) amd To block yio Tov vToAoYIGUO TNG EMOUEVNG KaTAoTOONG. TO
TOPOTAV® VTOdNA®VEL 0T BEAOVLE Ta oNpOTO EAEYYXOVL Vo VIToAOYiLovTol 660 YiveTol o ypryopa, StOTL
ypnoomolovvtol omd to datapath otov id10 KOKAO poAoyl00, €V M CLUVOVOOTIKY AOYIKN YO TOV
VTOAOYIGHO TNG EMOUEVNG KOTAGTAONG £YEL OTr O1a0eomn NG OAOKANPO TOV KOUKAO POAOYOD Yo va
EKTEAECEL TOV DTOAOYIGUO TG,

Aocknon 11.3: Ileprypaen FSM kon Metafaccov og "XovOéoun Verilog"

[eprypayte 10 KOKA®UO EAEYXOV TOVL emeEepyaoth cag, mov Ba akolovbel v FSM mov d60nke otnv
apyn kot Bo viomolel POVO TIG EVTIOAEC TTOL avaépONKoV otV opyn g ekemvnong. I'payte v
TEPLYPAPT 60G oav Eva katvovpto module, "control", 6to apyeio "controlll.v". To module avto Oa
naipvel oo €160d0 T0 pordt, kot PEPara Ba Exel cav 1600006 1 €£600VC OGN TOL COTO EMKOVOVING LE
to datapath mov &iyav kabopiotel oV doknon 10.1.

H meprypagn e FSM 0a yiver pe to otod "RTL" (Register Transfer Level) g Verilog, mov givor o

ouvnBopévog "oLvBESIHOC" TPOTOG TOV YPAPOVUE OTIG YADGOES mePtypopng VAKoD. To otvA "RTL"
ONUOIVEL OTL SNADVOVLE TOVG KOTOYXMPNTEG TOL TEPLEYEL TO KOKAWUA HOG Kot TN AOYIKY HETAED TV
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KATOYOPNTOV ywpls vo vroloyilovue eueic Tig KabuoTepnoelg TOV KUKADOUATOS HaG. EEPOvpE (Kupimg
amd eumelpio) moon Aoyikn "yopdel" o€ £va KOKAO poroylolh mov BEAOVUE VO TETOYOVLE, KO ATAMG TNV
meptypapovpe. ‘Enerta, to epyodeio cuvOeong avaldovy To KOKA®U, TO HETOQPAlovY 6€ AOYIKEC TOAEG
ko flip-flops, 10 Bertiotonoloy, kot vroAroyilovv emaxpifng T kabvotepnioelg (Prjnata mov dev Ba
yivouv ot TAaiclo avtod Tov pabnpeTos...). o v FSM g doxnong, Bewpodpe 6Tt OAN 1 Aoyikn g
YOPAEL GE £VAY KOKAO pOAOYLOV.

Eexwnorte opifovtog to moég givar ot kotaotdoelg ™ FSM kan tdg kabopiletor n endpevn KotdoToom
pe Baon v mwapovon KOTAGTOON KOl TNV T TOV €16000V. AKOAOLOEIGTE TO TOPOKAT®O HIKPO
TAPAdELY O LE TIG EENYNOELG TTOV didoVTOL LETE OO QVTO.

‘define LW 6'b100011

‘define SW 6'b101011

parameter [3:0] // symbolic constants for state encoding
i fetch = 4'p0001, // --"one hot" encoding style
decode rr = 4'b0010,
mem addr = 4'b0100,
alu exec = 4'b1000;

reg [3:0] currState; // current State: sequential logic

reg [3:0] nxtState; // next State: output of comb. logic

// (although "reg" --see below)
// state register
always @ (posedge clk) begin
currState <= #0.2 nxtState;
end

// define nxtState as a function of currState and op:
always @ (currState or op) begin // whenever any input changes:
case (currState)
i fetch:
nxtState <= #0.5 decode_rr;
decode rr:

if ((op == "LW) || (op == "SW))
nxtState <= #0.5 mem addr;
else 1if ( ... )
nxtState <= #0.5
else
nxtState <= #0.5 alu exec;
mem_addr:
nxtState <= #0.5
alu exec:
nxtState <= #0.5
default:
nxtState <= #0.5 1 fetch;
endcase

end

Opropdg kot Kmdwkonoinen Kataotdosov:

Apywd opifovpe moiég eivon o kataotdoels ™ FSM, divovtog tovg cupPoiwcd ovopoto (i_fetch,
decode_1r, mem_addr, alu_exec,...) kot pio wpotevdpevn, mbavr kmdwomoinon (0001, 0010, 0100,
1000,...). Avtd 10 Kévouue pe TV evtoAr "parameter” g Verilog. H dwpopd trng "parameter" and v
"define" givar 6TL 1 TN Yo To. GLUPOALKE ovopaTa Tov opilovtar pe T Ponbeia ¢ "parameter” pmopei
vo aAAGEEL apyoTepa --€T01L TO gpyaieio ouvBeong Bo pmopéoer vo Pektictomomoel, mOovov, TNV
KOJIKOTOINGoN T®V KOTUGTACEDY. XTO TOPundve mapdderypa StodéEape Kmdkonoinon Tov oTuA "one
hot", dniadn o katoy®PNTNG KATACTOONG €)Xl TOGO bits 0GEC KOl Ol KATAGTACEL; GUVOAIKA, KAOe bit
avTIoTolYEl 08 pio GLYKEKPIUEVT] KATAOTAON, Kol KAOE KaTAoTAOT KOdiKomoleitar pe 6Aa ta bits pndév
eKTOC amd 1o "oko ¢" bit wov givan "avapévo" (Leotod, hot). Avtd To 6TVA KOdKoToinoNG ToPLalel o€
FSM pe oyt moAd peydro minboc kataoctdoswyv, kor cuviBwg diver vymAn taydta Aertovpyiog g
FSM. Xvuminpdote tov katdAoyo pe OAEC TIC KOTOOTACELS oV Bo ypewooteite, kol dtopbmote v
Kwdwonoinomn tovg (av axolovbeiote To GTVA one hot, Tpocélte moca bits ypeldleote).

Kortoyopnmc Ketdstaong:

O Katay®pPNTNG KOTAGTOONG POPTMOVETOL O Kale arun poioyiod e TNV VEO KOTAOTOOT, nxtState, TOV
VTOAOYIGOUE GTOV TPONYOVUEVO KOKAO poAoylov. O KoTaympntig KOTACTACTG TEPLYPAPETOL UE TOV
kadka "always @(posedge clk) ...". To napambveo onpaivel: 6tov €pbet n Betik)) akpn Tov PoAoylo0
ektéhece Tov KOdKa péso 6to block mov akolovbei, dnA. dec moid eivar TdPa. (AKPPMOG TPV TV aKUN) M
T tov "nxtState” kot avéfecé v oto "currState" apol npwta mepdoovy 0.2 ns (kabvotépnon e£6d0v
Tov kotoyopnti). To epyoieio ovvbeong kataAafaivel Tov TOPATAVED KOSIKA Kol TAPAYEL EVOv
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Katoyopnt (Ke TG TpaypaTikéG TAEOV KaBVoTEPNGELS Kol OYL AVTEG TOL EUELG LTOBESALLE Y10 ATAOTNTO).

Ynoloyiwopog Eropevng Katdotaonc:

O VTOAOYIGUOG TNG EMOUEVNC KOTAOTOONG, nxtState, YIVETOL HE OLVOLAOTIKN AOYK PAoel g
mapovoag katdotaonc, currState, kot Tov €1600mwv g FSM, 6mw¢ ¢@aivetor ota aplotepd Tov
Swypappoatog block. Emed] mn ouvvdvaotikn ovty Aoyikn eivol opketd  peydAn, HE TOAAEG
VIOMEPIMTMOELG, Eivar Mo PoAKO 1 TEpypaen TG va yivel pe Tig evtoAés "case" kau "if" g Verilog,
avabétovtog (assign) odpopec TWég otn nxtState otovg Sidgopovg KAAdovg g "case" kol TV
"if-then-else". ['d va dovAéyel avto, og Verilog, mpénel 1o nxtState va dnAwbel cav "reg" kol oy cov
"wire".

[Xta wire emtpémetol povo ovvdeon pe modules 1 continuous assignment. 1o continuous
assignments emtpEnOvVTOL POVO oplOuUNTIKEG/AOYIKES TTPaEelg Kot mpAEelg emA0yNG OmMG
"(a==b) ? x : y", aAld Oy case N if-then-else. Ta case ko if-then-else emrpénovion pdévo
péso o€ behavioral blocks, onAadr péoa oe "initial" kot "always". Avaféoeig
(assignments) péca o behavioral blocks enttpémovtar pévo oe kdpPovg ToHmoL reg, Ko oyt
oe wire. Ot ko6ufot Tomov reg &yovv "uvAun": 6co kot étav dev Tovg avotifetor pd véa
TN avtoi dttnpovv TV modotd Tovg Ti. Otav Aoutdv, yid AGYOLG €VKOAING HOG,
0élovpe va meprypdyovpe ocuvovacTtiky Aoyikny pécw behavioral blocks, ypeidleton
Apocoyn va avadétovpe mavto véa T oty €060 0mote adAdlel Kamolo €i6000C, Kot 1
véo TIUN Vo €lval cuvapTNoT HOVO TOV €1600®V. AV VIAPYEL KATOW VTOTEPITTOOT TOV
TILAOV 16660V Kotd TNV omoia dev yivetor avabeon véag Tipung oty é€odo (m.y. Eexdooape
10 "else" o€ kamowo "if-then", | Eexdoape to "default" oe kdmowo "case"), TOTE onuaivel OTL
Bélovpe va datnpeitan 1 TOAOE TN, TOL GNULOEIVEL VAN, ]

[Mop' 611, Aowmdv, 10 nxtState dnAdvetar cav reg avti wire, gpelG o opicoLE TNV CVUTEPLPOPE TOV £TGL
MOTE VO TPOKVTTEL OTL TPOKELTOL YIA GUVOVOAGTIKN AOYIKT]. AVTO TO TETVYAIVOVUE LE TOVG €ENG TPOTOVC:

e (a) H mapévbeon tov "always" statement mepthapfavel oleg Tic £16000VC amod TIg omoieg e€apTaTan
to nxtState (Kot yopic meplopond o€ opiopéveg Hovo axpég Toug --posedge 1 negedge). Avtd
ONUOIVEL OTL TO UTAOK aLTO Tov Kddka (always block) mpémer va Eavaekteieiton mwdvia OmOTE
aAraler ) T owednmote omd ALTES TG 1600006, Edv og emdpevn doknon to nxtState e&aptdton
kot ond 1o funct | ko amd GAAeg €160d0vG, Unv Eeydoete va mpochéote OAeg tovg, pe "or"
aVAPESA TOVG, o€ 0TO TO "sensitivity list" (katdAoyo evacOnoiov 1 eaptnoemv).

o (B) AvaBetoupe T oto nxtState oe kabe okéhog TV case Ko if-then-else statements, dote va
unv vapyel mepintwon to nxtState va "Gopdton” TV ToAOLE TY.

e (y) H tyun mov avabétovpe oto nxtState givor cuvaptnon povo tov €1600mv mTov eupovilovtal
oV mopévheon tov always, S10TL HOVOV aVT®V 1 aAAayn TpokaAel emavektéleon tov always
block kot dpa avabeon véag Tiung oto nxtState.

To xoudtt "#0.5" petd to "<=" g kGO avdbeong onuaivel "n véa TN vo. EQOPUOCTEL 6TO nxtState pe
kaBvotépnon 0.5 ns" (o€ oyéon pe 10 mOHTE ekteleiton to always block, onA. amd t "oTryun" mov
aAralovv T to onpata mov epgavifovtar oto "@(...)"). Kdvoope mv amiomomtikn mapadoyn 0T M
Aoyikn Tov yevva to nxtState £xel kabvotépnomn (Lovo) 0.5 ns --ovTd OVIIGTOLKEL 6€ AmAn AOYIKY, 60O
nepimov (U6Vo) emmEdwV mMUA®V, pe kpd fan-in kot fan-out. Mnv Eegyvate vo Balete mavto ooty v
kaBvotépnon, STt oAlode 10 KOKAWUG oag Ba powdler ypnyopodtepo am' dco Bo givar otnv
mpoaypatikotnto. H avabeon yiveton pe "<=", kat oyt amidg pe "=", y1é éva AOyo mov £xEl va KAVEL PE TV
ecmteptkn Aettovpyior tng Verilog, kol o omoiog ektiBeton mMOPOKAT® Y0 TNV EVNUEPMOON TMV
EVOLOPEPOUEVOV OAAG eV YpelaleTal VO, GOG OTOGYOANOEL.

[H avdBeon "a = #0.5 b;" npokaiel "umAokdpiopa” tov always block oto onueio g
kaBvotépnong vy 0.5 ns. Ztn ypovikn ovt mepiodo mov To always block eivon
"KoAMnpévo" oto onpeio ekeivo, To block avtd dev ehéyyxel av dAha&e KAmowo amd T
ONUOTA €GOS0V TOV HE OKOTO VO EXAVVTOAOYiGEL TV T €£6d0v TOv --OnAadn GTO
Stotnpa g kabuotépnong dev dovAedeL T0 '@ (b or other inputs)". Tnv avemBount
VTN CLUTEPLPOPE OeV EYEL O AALOG TOTOG avabeomg, OnAadn 1 avdbeon "a <= #0.5 b;".]

Aocknon 11.4: Ileprypagn tov EE600v ™ FSM o¢ "XuvOéoun Verilog"
Todpa mwov 1 FSM kweitor cwotd petad TV KOTOOTACEDV TOL TPENEL, TO EMOUEVO Prpo eivor vo

neptypayoovpe Tig €£60ovg g FSM, onladn ta ofuata eréyyov yid to datapath. Ta onpate tOmOL
Moore givor cvuvaptioelg poévo g currState. To onpata tomov Mealy givolr cuvaptioelg 1060 g
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currState 660 Kol €1000®V ToL gAEéyyov. Kot oTic dvo mepmtmoelg B KAVOLUE TAAL TNV OTAOTOUTIKN
mopadoyn OTL M AOYIKN Tov T Yevvd €xel kabvotépnon (uoévo) 0.5 ns, 6mwg kol yu to nxtState.
Axolovbnote 10 e€ng Tapddetypa yid ta onpoata Tomov Moore:

reg irld; // irld: "reg" for convenience of behavioral descr:
always @ (currState) begin // a combinational function of currState, only
if (currState == 1 fetch)

irld <= #0.5 1'bl; // load IR at end of i fetch
else

irld <= #0.5 1'bO; // else do not load IR
end

Onwg kot pe to nxtState mo navm, £6@ opilovpe £va GO TOL TPOKVTTEL OO GUVOVAGTIKN AOYIKT Kot
povo. ITap' 6Aa avtd, enewdn to meprypdpovpe e to behavioral block "always", To opilovpe cav reg.
Opwg, axorovBoldpe OAec TiG mapamdved odnyieg Tov nxtState, ki €161 0VTO WOV TEPLYPAPOLUE Eivor
TEAIKG GVVOLOOTIKN Aoyikr]. To kopdtt "#0.5" otnv k@0s aviabeorn onpaivel, Kot T, kabvotépnon 0.5
ns --unv Eeyvate va Palete mavta avt v kabvotépnon (ko 1 avabeon eivan "<=" avti "=" y1d tov 1610
MO0 6mmg Topamdve). [a ta onpate Tomov Mealy, 1 Aioto TV 16000V TPEmeL va TEPAaPAvEL Kot To

avTioToy o oAt £16600V KABE Qopd, T.Y. "always @ (currState or funct)'.

[Enueimon: kpatnote V' OYN cag OTL GE TEPIMTMOOT TOV KATOLO OO T GNUOTO E1GOS0V
&xer Ty "x", tote ektéertan to "else" N to "default", kotd mepinTtwon. ‘Etol, oty apyn
Tov kvKlov decode rr, kabdc oAAalovv Ty To op kat funct, Ta oNpaTa TOV EEAPTMOVTAL
amd ovtd (nxtState ko onpate towov Mealy) Ba maipvovv mTpocwpivd "mapdEeves” TS,
Kot apyotepa Bo 6TadEPOTOI0VVTAL OTIG KOVOVIKEG TOVG TWEG. TOo QAIVOUEVO OVTO, TTOVL
povtelomolel kaBVOTEPNGEIC TOV OVIMG LIAPYOLVV OTO KVLKAWUO, Oa yivel meplocoTEPO
a160NTo 0pyoTEPQ, OTOV B0l YPTGYLOTOIGETE KL TO GO ZEIr0 GaV £IG0S0 TOV EAEYYOV. |

Aocknon 11.5: OloxMpmwon EAéyyov/Datapath kol Arocpaipdtmon

AoV TEAEIMOETE LIE TOV EXEYYO, avTlypdyTe To apyeio ¢ 10mg oe1pds aoKoewV 6Ta "datapathll.v"
Kot "testll.v". AAMAGETe To top-level module mote vo pnv divete TYEG e TO ¥EPL GTOL GNUATA EAEYYOV,
0ALG aVTA VO TPOPOdOTOVVTOL amd TO control module mov @Tid&ote (apyeio "controlll.v").
Apyikonomorte:

i. Bakte ot pviun apketég eviorég yo va eAéyéete 10 KOKAOUA oag (). pio eviodn omd kabe
€100¢).
ii. ApPYIKOTOMOTE TOV UETPNTH TPOYPAUUOTOC, PE, He TOV 1010 TpOTO Odnwg kol otnv doknorn 10.2.
(xavovikd, avtd Bo To £KOvE TO OTpLa reset oV £V TPAYUOTIKO KOKAMUO TPETEL TAVTO VOL EXEL).
1ii. ApYIKOTOGTE TOVG KATAYWOPNTEG TOL KUKAMUOTOS EAEYYOL, ONAadn Tov currState, ®ote GTOV
TPMTO KVKAO POAOYIOV Vo eKTeAEoTEL €va instruction fetch (kovovikd, kot avtd o 0 €kove T0O
onuo reset ¢' Evo TPOYUATIKO KOKAMUL).

[Mpocopoidote T Aettovpyia Tov eneEepyactn Kot dlopbmote ta AaOn (debugging - amocpaipudTmon, O
"Eelovlovviopa"), 1660 610 KOKAMUA eAEYXOV G0 Kot oto datapath wov éyete amd v doknon 10.1. Oa
TPETEL VAL TPEYOVY 6MGTE TOVAAYIGTO Uio omd KAOE £100C EVIOANG, LE [N TETPLUEVES TIUEG TOV TEAECTEWV
toug! Emiong otud&te éva pikpd atéppova Ppodyo pe t Ponbea g evioing "j", kou eAéyEre Ot TO
TPOYPOLLOTAKL EKTEAEITAL GMOOTA.

A@ov tpé€ovv OAa, voloyiote pe T Ponbelo Tov gtkwave woon givarl | Adyiotn dvvart TePiodog Tov
poloylo¥ cag, kot aAhdEte 1o top-level dote va Tpéyel o emeepyaoTiG CAG LLE AVTO TO YPYOPOTEPO
dvvatd poidi. Iloca MHz xatagépate va "mdoete"; (Mnv kdvere CoPoléc: pnv Eexdoete Tig
kaBvotepnoelg "#0.5" ot yévvnon tev onpdtov Aéyyov!)

[opaddote (submit), e TOV TPOTO TV TPONYOLUEVOV OOKNOEMV, TEVIE OPYEID: TOV KMOKG ©0g
"controlll.v", Tic ahlayég mov kavate oto datapath, "datapath11.v", o véo test bench, "test11.v",

véa apykonoinon pvinuns, "memoryll.hex" 1 "memory11.bin", ko1 éva yopokINPIOTIKO GTIYHOTLTO,
"signals11.jpg", and to gtkwave g doknong 11.5 og popon jpg.
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