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Ewoaywyn

To Béua tng pelwong katavdAlwong Loxlog oe wireless sensor networks (WSN)
anotedel edw Kal mepLoocotepo amd 20 xpovia €va amd Ta Mo emnipayxa mpoPfAnuata otn
Blopnxavikn mapaywyn oxediaong oAOKANPWUEVWY KUKAWUATWY KOL TWV TNAETIKOLVWVLWV.
Yrdpxel pla tepaotia BLBAloypadia dmou ekaTovtddeC EMLOTHUOVES O OAO TO KOOUO €XOUV
dnuootevosl dpbBpa ota omoia mpoteivouv Slddopeg "€Eumveg" TEXVIKEG UE TIC omoleg
efolkoVoUE(TAL eVEPYELQ OE UIKPO-aLoBNTNPEC "ULag xpriong" pe okomod va napatabel 6co 1o
SuVATOV EPLOGOTEPO 0 XPOVOGS {WNC TOUG UE TO 600 To Suvatov XAUNAOTEPO KOGTOG. To {ATNHA
elval oAU oclvBeto OxL povo e€attiag tng edbappoyng Twv WSN o€ éva eupl dacoua epapuoywy
(OTPATIWTIKOG TOLEQC, EAEYXOG QYPOTIKWY TIEPLOXWV YLO TIUPOTIPOOTAGIA, LATPLKES EGAPUOYES,
BlopnXavLkog €Aeyxog BeppomupnVikwy Slepyaolwy K.0.K) 0AAG Kuplwe emeldn n OUCLAOTIKA
eniAuon Tou amaltel TV cuvepyacia TOAAWY KAl EEXWPLOTWY TIEPLOXWYV TNG NAEKTPOVIKNG, TNG
TIANPODOPLKAC KAL TWV TNAETIKOWVWVLWY ETELSH N dUoN Tou MPOPANUATOS ayKaAldlel OAa Ta
enineda tng Asttoupylag evog WSN ano tnv enefepyaocia oe eminedo uAikoU (hardware
processing), tnv enefepyacia kat TN HETAd00N ONUATWY OE OQCUPHUATO TNAETUKOLVWVLAKO
Siktuo (signal processing & wireless networking), akopa kal Toug (Sloug Toug aAyopiBuoug
eneéepyaoiag oe eninedo software.

H ekmovnon ¢ mapoloag LETATTUXLOKAG EpYACLC ATTOOKOTEL O 3 OTOXOUG:

1. va aflomolrosl Kal va TaélVOUNOEL EVal 000 TO SUVATOV UEYAAUTEPO KOLUATL TNG NON
urtdpyxoucac BLBAloypadiag woTe va eKTIUACEL KAL VA AVOAUOEL TIG KALVOTOUIES aAAG
KAl TIC adUVOULEC TwV ONUAVTIKOTEPWY TEXVIKWY UElwoNC TNS KatavaAwaong Loxvog os
WSN mtou €xouv mpotabel Kat epapuooTel HEXPL TWPA.

2. va avadelfel véa {nTApata mou TiBevTal Kal amaltouy TNV Apeon enMiAucn Toug amo
Toug oxedlaotég WSN mpoTelvovTag EpeUVNTIKES KATEUBUVOELG

3. vo oUMPBAAAEL OTNV eTAUGON EVOG CUYKEKPLUEVOU Kal TIPAkKTkoU {ntnpatog twv WSN
oe eninedo hardware processing, meplypadovtag oAn tn Stadikacia avamtuéng tou
TiPOPANUATOC 08 BewpPNTIKO KOl TPAKTIKO M{MESO, MaApoucLlaloviag amoTeAEoUATA
amod €pYAOTNPLAKES LLETPIOELG.
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Evotnta mpwtn

[EVIKEC KOTNYOPLEC TEXVIKWY HElwOoNC TNC
KatavaAwonc toxyvoc oe WSN

1. To {ATNUO OE YEVIKES YPOLLES

Ta acVppata Oiktua awoBntipwyv (WSN) ot YeVIKEG YpOaUUEG TpoomaBolv va
ETULTUYOLV TNV AAANAeTiOpacn Ue To ULk TEpBAAAOY, Kal AapBavovtag Selypata LETPNONC
anod auto (ry Bepuokpacia, Tieon, VypAGLa, K.0.K) va Ta EMEEEPYAOTOUV E UTIOAOYLOTIKOUG
Unxaviopoug kataAnyoviag oe Sladopa cupmepdopata mou evdlad€pouv Tov KATOXO N
XPNOoTN. ZALEPQ, OL EPEUVNTEC KAL Ol EMAYYEALATIEG XPNOLUOTIOLOUV KOUBOUC XaUNAAG LoV oG
ol omoiolt amotehovlvtal amd aleBnTAPES, OAOKANPWHEVA  KUKAWUOTO acUPUOTNG
padloekmournng (RF) kal uTTOAOYLOTIKEC LOVASEG O€ Lo EUPELQ YKAUA EGAPUOYWY OTNV LATPLKA,
TO 0TPATO, TN BLoAoyia, TNV Uyela K.0.K. I8avika, oL epeuvnTéC Ba NBeAav va eMITUXOLV LA TILO
Babld evowudTwon TwvV KOPBWYV autwv Uéoa oTo ¢UOLKO KOCUO Kal va Tpododotouv
EVEPYELAKA TIC CUOKEUEC TOUC HECO OTO ATUOODALPIKO TIEPLRAAAOV OTIOU TIC TIEPLOCOTEPES
dopéc o avBpwmog Sev pmopet eukoAa va €xel poofaaon yia Stadopouc Adoyouc (SucBateg
S0oWOoEeLS YeWYPADIKES TIEPLOXEC, PASLEVEPYEC {WVEG, OTPATIWTLKO Medlo Haxng KAT). MNa va
ETUTEUXBOUV TETOLEG XAUNAEC EVEPYELAKEC amalThoeLlg, oxedlalovtal oe Sladopa EPELVNTIKA
epyaotrpLa eldkol enefepyaotéc moAL xapnAng toxvog (ultra-low-power-processors)
QTOKAELOTIKA yla edappoyEg WSN.

‘OUWG QVTIKELWEVIKA, n oxeblaon ultra-low-power cuotnUATwY eMIPAAAEL ULa
OUVOALKN TIPOCEYYLON TWV Tpodlaypadwy Kal TwV amalthoswy NG ekdotote oxedlaong. Ou
anodacelg Tou oxeSlOOTA Yylo TNV QPXLTEKTOVIKA TOu (system architecture) mpémel va
oUVAPTWVTAL ATOAUTA e TNV e€€taon kal Slepelivnon Tou TPOPRARUATOG TIoU KOAE(Tal va
ETAVUCEL (0. TO CUOTNUA) ETUAEYOVTAC TLG AVAAOYEC KUKAWUOTLKEC TEXVIKEG LElWONC TNC LoV OC.
Ta WSNs AapBavouv LeTproels kat avtldpouve avaAloywe ota Stidopa Gualkd dalvopeva mou
TAPATNPOUVE. JUVETIWE, Ol QMALTACELS TNG AslToupyilag Kal ektéheong twv WSNs systems
uropel va kupaivovtal oe éva oAU peydlo eVpog -dnAadn va AapPBdavovtal deiypota kdBe
Alya Aemta (m.x petpnoelg Beppuokpaaciag og évav aypo n 8acoc) pexpt xtAtadeg delypata to
OEUTEPOAETITO (CUOTAUATO OCELOLIKWY UETPHOEWY, €emefepyaciag rxou Kat e€lkovag). H
petadoon yla to kabe Selypa tou kabe aloBNnTNPA e pASLOEKTIOUTH OXL LOVO Bal KATOVAAWVE
0o TO bandwidth Twv acVpUATWY KAVAALWY TOU SIKTUOU OAAG TTIOAU ypriyopa (QMEATLOTIKA
ypnyopa Ba Aéyape) Ba e€avthovos Tn Slabéoiun og AUToUS amobnKeupeévn evepyeLa. Ma auTo
TO AOyo Aourmdv, oAG& WSNs systems mou €xouv va SLaxelpLOTOUV TEPAOTIEG TIOCOTNTES
SEYUATWY UE TIEPLOPLOPEVOUC EVEPYELAKOUC TTOPOUG "dATpdpouv” Ta Sedopéva mavw oToug
KopPBouc-alobntrpec (data filtering) emopévwe petadidetal mavw amod To acUPUOTO KOVAAL UE
paSLloEKTOUT Lovo N "ouolaoTtikn" mAnpodopia. To SIAANUO TTOU YEWIETAL QVALECA OTO
"emikovwvlako" kal To "UTOAOYLOTIKO" KOupatl TnG Aettoupyiag tou WSNs Bapaivel
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avaudloBATnTa mPog to SeVUTEPO KAl WE Tt TO TMAEloTWY SlveTal €udaon OTIC TEXVIKEG UelwaonC
¢ LoxVog mavw otov KopBo-atodntipa (on-processing).

Ye autn TNV evotnta Ba efetacouvue TIG Sladopeg Katnyopieg epapuoywyv kat Ba
avaAlooupe dladopeg circuit techniques kat system architectures mou PELWVOUV CNUAVTIKA
TV KatavaAwon oxvog on-processing. Mia TIOAU ONUAVTIKA KATNyoplo KUKAWHATIKWY
TEXVIKWYV TIOU XpNOWoToLle(tal €UpEwC elval n aflomolnon Twv TAEOVEKTNUATWY TOU
PoodEPOUV TA ACUYXPOVA KUKAWHATA WG Tpog TNV armoduyn tou clock overhead mou yla ta
KAaowkd ouyypova bnolokd kukdwpata elvat n "axiAelog ntépva” wg mPOC TNV GUVOALKA
Katavalwon Loxvog Kal evépyelag. M GAAn, 1o amif opws oxL Alyotepo Sladedopévn,
katnyopla elvat n puBulon twv tdoewv tPododooiac (Ved) XapnAoTEpa amd tnv TAOoN
katwdAiou (Voltage threshold). TEAOC, UTIAPXEL KOL LA OKOLLOL KOTNYOPLA TEXVIKWY TTIOU TIOPEXEL
NV availoyn UTooTAPLEN yla KUKAWUOTA TIoU SLakOmTouv amd Tnv tdon tpododooiac
axpnolpomnointa KopPATa otny mpoondbela toug va pelwbel to leakage current (ailel va
onNUeLwOel 0TL 600 oL SLaoTACELG TwV transistor pewwvovtal, To leakage current auéavetal kat
naveL va €xel apehntéa enidpaon) .

1.1 2xeOLO0TIKEG TEXVIKEG OE ETUMESO KUKAWMOTOG

Ye eMinedo KUKAWLATOC UTIAPXOUV CNUAVTIKEG SUVOTOTNTEG VL0 VA ELWOOUUE TNV
katavalwon oxvog. ‘Eva mpéPAnua mou OAO Kal TEPLOCOTEPO TAEOV AMAOCYOAEl Toug
oxedlaoTtég otn Blopnyavia eival n peyain emnidpacn tou leakage current otnv GUVOALKN
Katavalwon evépyelac Kuplw¢ o WSNs pe XaUnAEG UTIOAOYLOTIKEC OMALTACELS TIOU TO
HEYOAUTEPO UEPOC TOU XpOVoU Tou¢ Bpiokovtal oe idle katdotaon. ‘Onwe eimape kat Alyo o
navw To leakage current aufAveTtal oNUAVTIKA 000 HELWVOVTOL Ol SLAoTAoEll Twv VLS
TEXVOAOYLWV. 2€ QUTA TNV umoevotnta Ba meplypAPOUUE TIC KUKAWLATIKEC TEXVIKEG TIOU
XPNOLUOTIolOUVTAL VIO VO LELWBEL N KaTavaAwaon evépyelag oe éva alobntpa-koupo.

1.1.1 Voltage and Frequency Scaling and Subthreshold Design

'Onw¢ elval auToVONTO, OTNV CLUVIPLTTIKNA MAELOPNdla Twy epapuoywy Toug, ta diktua
alobntpwv Sev pmopolv va ouvdeBolv KOAWOLAKA HE LOXUPEG TINYEC EVEPYELAKNG
Tpododoaoiag, EMOUEVWE N CUVIAPNON TNG EVEPYELOKAG KATAVAAWONG TOU CUCTAUOTOC lvat To
TIPWTAPXIKO OXESLOOTIKO Hag HEANUA. H evépyela umopel va ekdpactel wg to dbpolopa g
EVEPYELAC TIOU OPe(AeTAL OTNV HETAYWYIKA SpAOTNPLOTNTA TOU KUKAWUATOC (active switching
energy) ouv TV evépyela tou leakage current [1] :

Etotal = Vdd(acswvdd + |\eakAtop)
OTou :
a : elval n petaywylkn 6paotnplotnta ava SeUTEPOAETTO
Atop: N XpOVIKH SLApKELA TTOU amatte{Tal yla TV 0AOKANpwaong tng epyaciag

Elval mpodavéc amd tnv mapandvw oxEon OTL yla £hAPUOYEG XOUNAOU KUKAOU
€pyaclwy, n evépyela Tou leakage current Ba kuplapxel emeldn o cuvteAeotng a Ba eival
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LLKPOG. 'Evag amod Toug To amoTEAECUATIKOUG TPOTIOUC YLa va e€olkovounBel evépyela og auth
™ nepinmtwon elvat va puBulooupe tnv tdon tpododoaoiac (Vaq scaling).'Otav n Vag puBuiletal
TPOG T KATw, N active switching energy HelWVETOL TETPAYWVIKA (Esw = aCowVad?). ‘Omwce
onuewwvetal otn PuBAloypadia, to onuelo Behtiotomoinong tng evépyelag tou Vgg OTa
TEPLOOOTEPOA KUKAWHaTa BplokeTal xapnAotepa amd tnv taon katwdAiou. AuoTtuxws OpWE oL
napadoolakeég uvhipeg SRAMs Sev Aeltoupyolve afLomiota pe Tdon xapnAotepn tou Vi, Av kal
Ta teAeutaia xpovia €xouv mpotabel o€ kAMOlA €pELVNTIKA ApBpa TPWTOTUTIEC LOEEC
oxeblaong subthreshold SRAMs, wotdoo n Blopnxavia dev elval akopa €tolun yla Ladlkn

mapaywyn [2].

To peyaAUTeEPO TPORANUA TTOU UTTAPXEL OTAV TA KUKAWMOTA AELTOUPYOUV HE TAON
uTokatwddAilou eivat n kabBuotépnon ylatl, Onmwg eival yvwaoto, To peupa odnynong e€aptatal
ekBeTik@ amd TNV taon tpododooiac Otav To transistor Ppioketal otnv TEploxn TOU
umokatwdAlov. Juvenwg, n kabuotépnon pag CMOS muAng oto subthreshold pmopsl va
ekPpaOTEL UE TNV TTAPAKATW CXEON:

Atop avéhoyo Tou e ~*Vad
OToU :

k : otaBepa mou efaptdtal amd TNV TEXVOAOYlO TOU KATOOKEUAOTH KAl TNV
Bepuokpaoia.

Emeldr Aoutov n kaBuoTtépnon Tou KUKAWUATOC Bor HeTABAAAETAL eKOETIKA e KAOE
HeTaBoAn Tng Beppokpaciog n te Blopnyavikng texvoloyiag, eival SUoOKoAo va eTiAeyel pLa
otabepr] ouyvotnta poloylol otnv omola to chip Ba Asttoupyel aflomiota. ‘Onws dAwote
avadepape kal otnv eoaywyn, oL mpodlaypadéc kabe Eexwplotnc WSN  edapuoync
ennpedlovtal anod Slapopeg Tatelc peyebwy, mooo HdAAov autwy ou oxedlalovtal va pouv
o€ akpaleg mepParrovtikég ouvbrkeg omote kal kabopillouv ehdylota nmeplBwpla avoxne. Ta
olyxpova subthreshold systems Tou TPEXOUV 0€ XaUNAEG CUXVOTNTEG POAOYLOU (OWC va LNV
urmopoUv va avtameéEABouv o€ amaltioels pecaiwyv kat uPnAwv puBUWY UTTOAOYLOTIKAG
enefepyaoiag Setypatwy. H Aettoupyia umokatwdAlov mapéxel onUAVTIKEG SUVATOTNTEC yLa
€E0LKOVOUINGN EVEPYELOC PE KOOTOC otV amodoaon kat elval kat@AAnAn povo yia WSNs twv
omolwv o poéptoc epyaciac Sev €xel auENUEVEC UTIOAOYLOTIKEC OVAYKEC OTN LOVASa TOU XpOvou.

1.1.2 Yxedlaon acLYXPoVWV KUKAWLATWY

Ta acuyypova kKukAwpata dev Bacilovtal oe global meplodikd onuata poAoyloU, aAAG
XPELAleTOL va AEITOUPYOUV KATW amd eMUMPOCOETOUC TEpLOPLOpOUC oxedlaong. ‘OAa ta
aouyxpova kukAwuata ipenel va elval glitch-free (péoa oe kaBoplopéva xpovikd poviéla). Ta
aoUYXPOVA KUKAWMOTA ETiONG ammaltouv kaBoplouéva orjuata xelplopou (handshake signals)
avapeca ota KukKAwpoTikd blocks. To handshaking kdvel eUkoAn tn olvbeon Twv
KUKAWUOTIKWY blocks emeldry o ouyxpoviopog kal oL avdaykec porng Ttwv bebouevwy
ETLTUYXAVOVTAL PE cadrvela. EMITpEMEL emiong To cUOTNUA VA ATTOKP{VETAL OTIC LETABOAEC
¢ kaBuotépnong tou critical path mapéxovtag minpodopleg W MPOG TO CUYXPOVICUO TOU
edpooov ol mapdyovieg Astoupyiag tou aAAd&ouv (m.x Bepuokpacia, tdon tpododoaoiac,
petaBoAréc mou odellovtal otov kataokeuaotr)). Emeldry ta aclyypova KukAwpata Sev
odnyouvtal amd ofuata poAoylol 000 0 eMeLEPYAOTNC €lval avevepyoc, N KaTavaAwon
EVEPYELAC LELWVETAL ONUAVTIKA o€ low-duty cycle edappoyEc.
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2.3 VDD-Gating

H texvikn tou gating €xeL xpnoldomownBel yla va uewwoel to leakage current mou
KatavalwveTal o€ éva clotnpa [4]. To HELOVEKTNUO AUTAC TNG TEXVIKAG €lval N amwA&Lla Tng
KUKAWUOTLKAC Kataotaong tou block mou Byaivel off and to cvotnua tpododociac. Autd mou
xpeldletal elval unoothpln hardware oe eminebo HKPOOPXITEKTOVIKAG Tou Ba pmopel va
Sdlaxelplotel amoteAeopatikd to gating Twv transistors avaloya PeE TIG TpodLlaypadES TG
ekaotote WSN edapuoyng.
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Evotnta AsUtepn

JuoTnuoto.  hardware Kol OPXLTEKTOVIKEC YL
acvuppata dlktua altoOntrpwy Pe 0TOXO TN Helwon
TNC KATavAaAwonc Loxvog

Tnv teheutaia Sekaetia €xouv potabel, uhomoinBel kal avamtuyxBel cuothpata WSN
Tou aLomolouy o€ KAmolo Babud tn yvwaon Kal TEXVOyVWaola mou UTtAPXEL KaL TIPOEPXETAL ATO
TOUC EPEUVNTIKOUG TOUELG Tou VLSI, Tou computer architecture, Twv acUPUOTWY ETUKOLVWVLWY
KAl TTPWTOKOA WY KaBWC Kal Tng texvoloyiag alobntipwy, Texvoyvwolia mou epapuooTnKe L
emtuylo otnv eupUTEPN Blopnxavia TwY UTTOAOYLOTWY KOL TWV KATAVAAWTIKWY NAEKTPOVLKWV.
Qoto00 n €peuva o€ enimedo e€elOIKEVUEVWY TEXVIKWY E OTOXO TNV avamTuén kat vAomoinon
LOVTEAWY OPXLTEKTOVIKNG LA TN HElwon TNG KatavaAlwaong L.oxVog Bpiloketatl akopa o vnmako
oTadlo Kkal adopd kKuplwe Ta peydla projects emidavwy TOVETLOTNLAKWY OPUHATWY TWV
HMA. H BLBALoypadia Sev eival emapkng Kot TTOMEC Gpopeg EedeUyel amd TOUC OTOXOUG EVW OV
datvetal akopa va €xel emteuxBel aloAoyog cUVTOVIOUOG AVAUEST OTOV OKASNUAIKO KOO0
Kal otn Blopnyavia avamntuéng cuotnuatwy WSN. Ze autn tnv evotnta Ba mpoomnabricou e va
meplypaoupe Kal va avaAUooupe 000 To Suvatov KOAUTEPA KAl e CADAVELQ TIC OLKOYEVELEC
apxltektovikwy o€ eminedo hardware twv WSN kavovtag, mpog eUKOALa Tou avayvwoTtn, pla
urotunwdn KaTtnyoplomoinon kat Steukpvidovrag Guaotkd OTL AKOLA TO TOTLo elval peVoTO Kal
SevV UTAPYEL EMLON LN TIPOTUTIOTIOLNGN TWY TEXVIKWV/OPXLTEKTOVIKWV.

KatnyoplomoloUpe ta cuotiuata WSN oe entimedo hardware.

2.1 Eumopikd cuoTHATA YEVIKOU OKOTIOU

Yridpxouv mAatdopueg SIkTuwy alobntnpwy oxedlaopéveg mavw o€ microcontrollers
™G ayopac, onwg o TIMSP430 1 o Atmel ATMega 128L. Autol ol processors elval oxeSLaopévol
yla Aeltoupyleg YapnAng oxvog o€ dlol eupela ykapa edbappoywy, ouwg Baoilovtal oe
OUMBATLKEG UTIOAOYLOTIKEC LOVASEC YeVIKOU oKoTol Tou dev elval Kal TOo0 KATAMNAES yla TN
"duon" twv WSN. Evw TEToLoL processors Pmopouyv va urtootnpiéouyv idle KataoTtaoelg YapunAng
LoxUog (e katavaAlwon pikpoTepn amod 5 A otnv neplmtwon tou MSP430), amevepyormotouv
0AdkAnpo to process kat to "éurvave" oto emouEVo interrupt, omoTe yU' aAUTO TO Adyo N Xpron
Toug rteplopiletar oe WSN epapuoyec aAAnAenidSpaotikou tumou. H cuuBatiky duon autwy
TWV OPXLTEKTOVIKWY OTTOKAELEL €TTIONG TNV EVEALELQ OTO XPOVIOUO PEUOVWUEVWY UTIOUOVASWVY
TOU Processor.

To Mica2 mote - mou BacileTal oTNV ApXLITEKTOVIKY Tou microcontroller Atmel ATMega
128L - é€xel xpnoLyomolnBel eUPEWC 0T CUOTALATA EPEUVNTIKOU OKOTIOU. AmoTeAeital amo
évav ATmega 128L processor Twv 7.3 MHz pe code memory twv 128KB kat data memory twv
4KB. Ot petproelg mavw oto Mica2 mote Seixvouv OTL KATAVOAWVETOL KATA UECO OpO peEUA
Twv 8 mA otav eival evepyo kat 100 pA otav elval o katdotaon XaunAng oxvog [5], xovtplka
dnAadn katavaiwvovtal 3.2 nJ avd eVIOAN.
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‘Evag dA\og onuavtikdg microcontroller mou xpnotpomoleital yla mAatdopueg WSN eival o
MSP430 amo tnv Texas Instruments. ‘Exel 16-bit databus, 10KB RAM kat 48KB Flash.
KatavaAwvel 2mA ota 8 MHz kal 3V evw o katdotacn "Umvou" KatavaAwvel Alya microamps
PeUATOC. AUTA AVTLOTOLXOUV OE LA KATAVAAWGN eVEPYELaC Ttepimou ota 750 pJ ava eVIOANR.

ApKeTA AslToupylkd ouothuota €xouue ypadtel yia WSN epopUOyEC TIOU TIOPEXOULV
SuVATOTNTEC XELPLOLOU OTO Xpnotn ta omoia Bacilovtal oe eumoplkolc microcontroller. To
TinyOS xpnoluomnole{tal eUPEWC amo TOUG KOTAOKEUAOTEG SKTUWY aloBnTthpwy Kal sival
oupBato kat oe Atmel ATmega 128L kat o TI MSP430.

2.2 Smart Dust

‘Evac amnd toug mpwtoug WSN microcontrollers oxedldotnke yla tnv mhatdopua Smart
Dust oto mavemnotn Lo tou Berkeley tng KaAibopviag [6],[7]. Evvololoyika, éva "ééumvo" dust
mote armoteAeital and MEMS aloBntripec, éva nAlakd KUTTAPO, OTTIKY ETKOWWVIa Kol évav
microcontroller. O microcontroller eivat évag load-store RISC enefepyaotng pe TNV
apxLTekToVIKn Tou Harvard (Eexwploteq pvApeG evtoAwv katl dedopévwy). To oxnua 2.1
amnelkovi{Zel éva Aeltoupylkd Slaypappa Tou cuothuatos. H oxedlaon amoteleital anod évav
TOAQVTWTA YapnAng-taxutntag mou tpododotel 5 timers yia SelypotoAnia oAuaTog
alobntnpa, padloekmoumnég kal ANPEeLS, kal mpdagelg oto datapath. ‘Otav ol timers Eekvrioouy,
avolyel évag ypnyopotepog TaAavtwtng mou tpododotel to datapath kat to ADC (Analog to
Digital Converter). Edpooov n Sour tng smart Dust amoteAe(tal amod aveEApTnTA UTTOCUOTHUATO
(kaBéva ano ta omoia tpododoteital amod to Sikd Tou timer) To cuoTnpa €xeL Tn duvatodTnTa
yla clock-gate oe avevepyd blocks. To cuotnua Sev eivat eyysevwc arAnAemidbpaotiko kot yuU
QUTO XPNOLUOTIOLEL TOUG timers WOTE VA GUYKEVTPWVEL TEPLOSIKA Ta HeOOUEVA TTOU CUANEYEL
amod Toug aleBnTrpeg Tou. AuTd To cUoTnpa oXeOLAOTNKE og TeXVoAoyia 0.25Um Kal EMOUEVWE
Sev TiBetal To mpoPAnua tou leakage current oto eminedo TNG apxLTEKTOVIKAG Tou. Ma 1.0 V kal
500 kHz to cuotnua katavaAwvel 12p) avd evtoAn.

] CLK Real time Jxnua  2.1. Smart dust microarchitecture.
Oscillator > . : o

100 KHz clock Reprinted with permission from

\ [23], BAW  arneke  and

“, ‘|, " " K.S.J.Pister , An ultra-low energy

ST - THEr Thries microcontroller for smart dust

compare compare compare compare wireless sensor networks. ISSCC,
register register register register January (2004).© 2004.
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2.3 Zuotpata urtokatwdAiou (Subthreshold systems)

'Onwg €xoupe avadePEL, Ol UTIOAOYLOTIKEG amaltioel twv WSN kouPwv elvatl
SladopeTkEC avaloya e TNV TEpMTwon Kal Tn puon Tou PoRARLATOC. Mo CUCTHUATA TTOU
analtouv xapnAn cuxvotnta deypatoAnypiacg (Ayotepn amd 100 Hz), evkoAa e€aodaiiletal
O€ TIPAYHATIKO XpOvo n €EuTinpETnon tou GOPTOU EPYOCLaC O KEVEC XPOVIKEC TEPLOSOUC
HeEYOANG Slapkelag. Apketol epeuvntéc €xouv OXEOLAOEL KUKAWMOTA TIOU AELTOUPYOUV
XapnAdTepa TG TAoNg KatwodAlov yla pelwaon ¢ katavalwong wyvog. 2tn BBAloypadia
éxouv Tmpotabel mTOAG umoocuothpoata hardware Tou AsltoupyoUv  OTNV  TIEPLOXN
urokatwdAlov, cupnephapBdavovtag kat Tov ahyoplBuo FFT [8].

Ot epeuvntég Tou Michigan €xouv oxedldoel €vav amo Toug PWTOUC OAOKANPWHEVOUG
enetepyaotég yloo WSNs mou Asttoupyolv otnv meploxn umokatwdAiou, tov Subliminal
Processor. 'OAeG OL versions TOU CUCTAUATOC ETLKEVTPWYOVTAL YUPW OTd TO YEVIKO OKOTIO TNG
harvard apyLTeKTOVIKAG. AladEPOUV OUWE OE ETLEPOUGS TTAPAUETPOUG TNG OPXLTEKTOVLKNAC OTIWG
glval To péyeboc Twv KataxwpnTwy, To MAGtog twv StavAwy, CISC/RISC, kat o aplOpdc twv
pipeline otadiwv. MNa kabe plo amd auteg TG versions umoloyiletal To péEyeBog Kwdika, o
aplBuoC Twy KUKAWV avd evtoAn (CPI), katl n evépyela [9].

H apyltektoviki Tng version 2 tou Subliminal processor mapouctaletal oto oxAua 2.2.
To clotnua amoteleital anod éva datapath twv 8 bit pe EexwPLOTEC UVAUESG EVTOAWV Kal
Sebopévwy, €vav amokwdikomoint), to fetch otadlo, kat pa  Pndlakn  Aoyikn
XPOVOTIPOYPAUUATIOHMOU TWV SLASIKACLWV.

AUo amo Tig version tou Subliminal processor £€xouv ulomotnBel o Texvohoyia CMOS
Twv 130nm. Eneldn), omwg éxoupe AdN meL, ol mapadoolakég uvnpes SRAM dgv Aettoupyouyv Ue
a&loTLoTia oTNV TIEPLOXN UTTOKATWHALOU XpnoLuomolouvTal e Ttou Bacilovtal oe AoyLKnA
ToAUTIAEKTN (mux-based logic). Kal otig 600 versions HeTPnOnKe onuavtikn avfnon tng
kaBuotépnong otn Aewtoupyla umokatwdAlou. H kavovikomolnpévn HEYLOTN ouxvotnTa
Aettoupylag NG mpwTtoTUTING version kupalvetat and 0.6 o 1.8 ota 260 mV o€ pLa KATavoun
amod 26 chips [10]. H puéon katavalwaon evépyelag evog subliminal processor eival 2.6 pe 3.5 pl

ava@ EVTOAN.
IF/ID EX/MEM WB
CORE
Decode
+ Register 8
control File rane Redister
logic 8x8 ot
D |8 write
- -
< control
Scheduler a8 logic
+ Register
fetch File |
control 4x12
To RF
2x12 ) ﬁg
Instruction Data
memory memory
128x12 128x8

Jxynua 2.2. Block diagram of the subliminal processor (University of Michigan).Reprinted with
permission from [8], S.Hanson et al., Performance and variability optimization strategies
in a Sub-200 mV, 3.5 pl/inst, 11 nW subthreshold processor. IEEE Symposium on VLSI
Circuits (VLSI-Symp), June (2007).© 2007.
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2.4 AcUyxpovog - SNAP

O enetepyaotnc SNAP amnd to Cornell elval évag aouyypovoc emefepyaotnc Twy 16-bit
Baoclouévog otnv apxttektovikn RISC kat oxedlaopévog eldikd ya tnv dlaxeiplon tou doptou
epyaoiag kat dedbopévwy o€ diktua atoBntipwv [11], [12], [13]. O SNAP otnv ouacia sival évag
aAAnAentidpaotikoc enefepyaoTnq Kal amoteAe(tat amod 2 emtaxuvtég (accelerators) ot omolot
napdyouv ewdika ovuBavra yia WSN. O SNAP ypnowomolel kukAwpoata QDI (quasi delay-
insensitive). Apol Aotmov o SNAP oxedLAaleTal amoKAELOTIKA e acUyxpova KUKAWLATA, gival
duvatov va tpétel oe éva eupL medlo TIHWY TNG Taong tpododociac amd 1.8V péxpl 0.6V.

Y10 oxAua 2.3 mapouotaletal éva amhonotnuévo Staypappa Babuidag tou SNAP/LE,
N MpwtapxLkn uhormoinon tng SNAP apxltektoviknG. To tdtaitepo xapaktnptotiké tou SNAP
elvat ott bev ektedel touc umodoyiououg ouvexdueva aAdd avt' autoU avtamokplveTal o€
SlakpLTd sLoepxoueva ouuBavta. To cuotnua mepAaUBAVEL UL oUpd CUUBAVTWY TTIOU TTEPLEXEL
tokens kaBéva ano ta onola opilel éva ouykekpLpuévo cupBav. Otav to éva token dtdoel otnv
kebaAr TNG oupadc, o SNAP pEpvel TO QVTIOTOLXO ONUX XELPLOUOU CUUBAVTWY Ao TN KVAUN
evioAwv (IMEM). O amokwdLKomolNTA¢ EMAEYEL TNV KATAAANAN povada ektéAeong, amo To
avtiotolyo opcode kal maipvovtal oL TeAeotéol amd t pvAun dedopévwy (DMEM) kal tov
dakelo kataxwpntwy (Register File). Ot eVTIOAEG eKTEAOUVTAL OSIOLAKA KOL UEXPL N TEAEUTALO
EKTEAECLEVN EVIOAN va ¢tacel va Seixvel To TéAOC Tou yelplot) ouuBaviwyv. Av n oupd
ouuBavtwy gival adela, kaL apoU EYOULE PTAOEL 0TnV TeAsuTalia evtoAn o SNAP Siakontetal
KoL TTIEPLUEVEL TO VEO event token vo UTTEL OTNV OUPA CUUBAVTWV.

O SNAP niepthapBavel 2 components mou mapdyouv cUUBAVTa, ToV timer coprocessor
Kat Tov message coprocessor. O timer coprocessor anoteAeltal amnod Tpelg timer registers mou
QUTO-HELWVOVTAL: OTAV OL KATaxwpenTeg dTdcouy oto pundév tote "yewiétal" éva ocupPayv. O
message coprocessor Aettoupyel wg Stemadr avapeoa otov SNAP kal TG CUOKEUEG TTOU
Bplokovtal amd to chip nmapéyovrag dedopéva eloddou/e€d6ou yla Toug alobnTrApec Kal ta
padtokukAwpata. O SNAP emikoWVwVEL PHe TOV message comprocessor Héoa amod &vav omio
katoxwpnth. Kabe otyunn mou 1 byte dtdvel amd Ta padlOKUKAWHATA, O message
comprocessor GTlaxvel éva véo cupPav otnv oupd cupPdaviwy. O message coprocessor dev
ekTeAEl uTOAoylopoUg Tavw ota Sedopéva mou €pyxovial amd TG padloAnPelg aAhd ta
nipowBel oto datapath.

MoAol eumopikol microcontrollers mepléxouv Aeltoupyieg XaunANg KatavaAwong
LoxUog Tou TomoBetouv tnv povada enetepyaociag oe katdotaon "Umvou": N MoooTNTA TOU
XPOVOU ToU ¥peldleTal To cuoTnua yla va "tunvrjoel”" ano tnv katdotaon "Omvou" elval moAu
ONUOVTIKA. ATIO TN dUOoN Toug Ta acuyxpova KuKAwata dev xpelalovial poAoL. Yrmootnpiletal
Q7o TOUC EPEVVNTEC OTL 0 SNAP LITOpEl vt MECEL O€ KATAOTAON UMVOU LECA OE nanoseconds
EMELSN OTAUATAVE OAa Ta sWitching Tou KUKAWUATOG OTav n oupd cuuBavtwy eival adeta. Autn
n texvikn eival amobotiky yla texvoloyiec twv 180 nm omou to leakage current eivail Ukpo.
KaBwg ouwc to leakage current auvéavetal, ta cuotripata SNAP xpeldleTal va EVOWUATWOOUY
TEXVIKEC pelwonc Tou leakage.

O BitSNAP, n teAeutaia version tTng SNAP apXITEKTOVIKAG, avTlKaBLoTtd To TapaAAnAo
datapath Tou SNAP/LE pe éva oslplakd datapath mou av kal xpeldeTal TEPLOCOTEPO XPOVO YL
V0L UTIOAOYIOEL TIG TPALELS, evToUTOLS kKaTavadwvel 70% Atyotepn evépyeta amo to SNAP/LE [12].
O BitSNAP cuumepllaupavel dynamic significance compression pe to 0ommoio MPooopuUolEL
ETAEKTIKA TOV QpLFUO TWV EMAVAANYEWY TTOU TPEYOUV TAVW OTO OELpLaKO datapath o omolog
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géaptatal amd Tov aptBuo twv significant bits otouc teAeoteouc. Ta oelplakd datapaths €xouv
onuavtikd evdladépov amo BEpa KATavAAWONG LoXVoG eMeLldn amoTeAoUVTAL amd ALlyOTEpPQ
transistors oe oxéon pe ta MapaAAnAa datapaths kol auTO €XEL WG ATIOTEAECUA ULKPOTEPO
QMOTEAECUATIKO TAATOC MAvVw oto leakage current path.

Timer
coproc.
IMEM I
= Fetch —
g
* < Message
Decode 9 coproc
a
DMEM =
i
Off-chip
t I/O Interface
Execution Units H Register File

Zynua 2.3. Simplified block diagram of the SNAP processor for WSN.System includes separate instruction
and data memories, a timer coprocessor, and a message processor which provides a FIFO
interface to the off-chip radio and sensors.Reprinted with permission from [4], V.Ekanayak e
et al., An ultra low-power processor for sensor networks. Proceedings of the 11th International
Conference on Architectural Support for Programming Languages and Operating Systems,
Boston, MA, October (2004). © 2004.

2.5 Charm - Network Stack Acceleration

To Charm elval cuotnua Wndlakng enetepyaciag tng otolfag mpwIokdAAOUL SIKTUOU
o onolog oxedldotnke oto Berkeley Wireless Research Center kal evowuatwvet oto hardware
Eva eyddo kouudtt tou radio stack mou avtiotoiyel oto poviedo avapopac OSI [14]. To
ovotnua Charm ulomotel 6An tn otoifa mpwtokoAwy, dnAadr to eninmedo application, to
eninedo Siktvou, to eminmedo (evéng Sedopévwy Kal To Gualkd emimedo NG YndLakng
Slapdpdwonc tou OSl radio stack pe oAokAnpwuéevo hardware mou amaptileTal amd aUTOTEAN
UTTOOUOTHUATA. 2TO oXAUa 2.4 BAEMOUUE TNV ULKPOOPXLTEKTOVIKY) Tou Charm pe ta block yia
KaBe €éva amd Ta KUPLA UTIOCUOTHUOTA.

E€attiag ¢ oxedlaotikng Tou dopng, to Charm €xel onUOVTIKEC SUVATOTNTEC
Slaxelplong g Loxvog adol To KABe €va amd Ta UTIOCUCTAATA TNG OTolBag MPWTOKOAOU
€XEL éexwploTr) katavaAwaon toyuoc Tou dnuoupyeital we ent To mAsloTwy amod To leakage
current kat efaptatal amod tn ouxvotnta Asttoupyiag tou. 2tn BiBAloypadio n wxlug mou
KQTovoAWVEL To KABe umooUoTNHA EEXWPLOTA avadpEPETAL WG power domain. ‘Onwg elmope
TIAPATAVW, N TEXVLKN Tou €xel mpotabel kat avamntuyBel yla tn pelwon tou leakage current
elval to VDD-gating. H kawvotopia wg mpog t Staxeiplon LoxUog mou aflomolel TNV oXeSLAOTIKN
Sdoun tou hardware €xel wg €€Nc: avtl va yivetal To gating KAaoikd kot Le Tov (510 TPOmo o€

Institutional Repository - Library & Information Centre - University of Thessaly
19/05/2024 12:14:23 EEST - 3.147.82.10



14

0Ao to cuotnua hardware, to kade power domain tou Charm rieptAauBavel switches ta omola
emAEyouv avaueoa o€ 2 S1a@opeTIKEC TAoelC Tpopodoaoiac, TNV VDD kat tnv VDDjow. H VDDiow
elval n yapunAotepn taon mou amatteital yia va dtatnpenBel n Aoyikr katdotacn tou Pndlakol
KUKAwpatog. H ekadotote katdotacn switch puBpiletal and évav Slaxelplotr wxvog mou
OéxeTal altnoelg amo ta power domains oL omoleg peTadpEpovtal HECA Ao EVO KEVTPLKO
Slauho.

JTAG . 64 kB dw8051
test port ower memory | microcontroller
manager 256 B applications
O=aillator register file &radio
Voltage Power control bus 1kB ¥
converter packet queues
Interface . Data link layer OO0K
(SPI, 12C, GPIO) SELIIED (DLL) Tx/Rx
Serial Locati Baseband
(Console) ocation aseban ADC
o ) ) External
Charm digital protocol processing chip radio

ynua 2.4. The charm protocol processor microarchitecture. Reprinted with permission from [19],
M.Sheets et al., A power-managed protocol processor for wireless sensor networks. VLS|, June (2006).©
2006.

To Charm katavaiwvel 250.1 W amd to leakage current étav oAa ta power domains
Bplokovtal oto VDD (1.0V). Avtiotolxa 6tav Ta power domains Bpiokovtatl 6to VDDiew (0.3V)
katavahwvovtat 10pW amd 1o leakage current kat 43.6uW amoé Tn Aeltoupyla Twv
KUKAWUATWY. AnAadn Otav xpnoluomoloUue TV TEYVIKN TwVv Switched power domains
UTTOPOULE VA  KATAVAAWOOUUE UEXPL KAl 5 @QOPEC LIKPOTEPN (oYU. Av 1O oOUOTNUO
SdeypatoAnnrel g padlohfelg ue mepiodbo 100ms n péon katavaAwon toxvog tou Charm
elval 132uW. 'Ouwg Sev UMOPOUPE VA LETP)COUUE TNV EVEPYELR avd €evioAn emeldn n
TIPWTOPXIKA LoVASaA TWY UTIOAOYLOHWY Elval padlo-makeéTa.

Ye pla yeviky ektipnon to ovUotnua Charm TOpEXEL €MAPKA EVEPYELX YO TNV
emITAyUVon TNG Aettoupylag Tou radio stack Opwe ylo AAAeg TwTIKES Asttoupyieg Twv WSN onwg
elval to data filtering kat to compression (bATpaplopa kat cuumnieon dedopévwy) Baoiletal o
KAQOOLKA cuoTAHATA eMetepyaciag yevikol okomoU ta omola ekTog amod evepyoRopa dev elval
Kal amoAUTwE "talplaoctd” og e€elOIKEVPEVES AVAYKES. AUCTUXWG I EUTUXWG oL TtpodLaypadeg
kal ta emnineda amnattnoewv twv WSN radio stack aAAalouv Siapkwg kat n oxediaon
eldikevpévou hardware yia radio stack dev elval pia evkoAn undBeon.
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2.6 H apyttektovikn "Event Driven" tou Navemotnuiov Harvard
(cM\nAerubpaotikn)

Oudda amd to MAVEMIOTAMLO Tou Harvard elonyaye pla véa TEXVIKN TPOTEyyLon
"aAAnAemdpaotikov" tumou mou TpooTaBel va BEATIOTOMOLACEL QMO TN WA TIG TUTILKEG
Aettoupyleg Twy SikTUWV aloBntrpwy pe hardware acceleration, kat amoé tv GAAN va HELWOEL
TO MPOPANnUa tou leakage current péow KaTt@AANAwY ebapuoywy Tou eAéyxouv to VDD-gating
(application-controlled fine-grained VDD-gating) [15]. AUTA n TPOCEYYLON CUVAVTATAL CUXVA
otn BBAloypadia wg event-driven (aAAnAemidpaon péow cupBaviwy). To "aAAnAemidpactiko”
ovotnua Tou Harvard yla diktua altoBntripwv xpnolpomnolel AoV TPELS KATNYOPLES TEXVIKWY
VLo VO LELWOEL TNV KATAVAAWON EVEPYELAG.

e yelplouoc ouuBavtwy ansudeioc and to hardware yia LelwWaon EOPTOU Ao AOYLOULKO
- O XELPLOKOC TWV ELOEPXOEVWY OUMBAvVTwY/interrupts yivetal wg emni to mAeiotov and
évav efelblkeupévo event processor. Me autd To TPOMO amMAAAACCOUAOTE amd TO
$OPTO AOYLOULKOU TTIOU XPELALETAL YLOL TO XELPLOMO CUHPBAVTWY o€ €vav general-purpose
processor.

e Hardware acceleration yia TG TUTTIKEC E@apuoyec Tou WSN - xpnoLuomolouvTal ylo va
OAOKANPWOOUV TIC TOKTIKEG OladlkacleC evog KouBou-alobntripa Onweg elval Tto
dtpdplopa dedopévwy (data filtering) kat n dpopohodynon pnvupdtwy (message
routing).

e Application-controlled fine-grained VDD-gating - Siayxelpilovtal To TPOBANUA Tou
leakage current pe umootrplén apxttektovikng VDD-gating amevepyomouwvtag ano tny
tpododoaoia ta blocks mou dev ypnoluomolovvTal TV TPEXOUCA XPOoVIKH Ttepiodo.

Mpwv WAACOUUE QVAAUTIKA KOl HE AETTOUEPELEC YL TA ETUHEPOUC KOWUATIO TNG
OPXLTEKTOVIKNG QUTAG OKOTILUO Elval va KAVOUUE [LA OUVOALKN €mLokonnon. To cUoTNUA TG
OPXLTEKTOVIKAC amelkovileTal oto oxNua 2.5 kat amoteAeital and 2 Sakpltd TUAUOTA TToU
Sltaywpilovtal pe Baon to KATA TTOCO £X0UV T components tn SuvatoTnTa va EAEYEOUV TO
ovotnua bus. Ta components ou €xouv Tov TIAAPN €Aeyxo ot OleuBuvolodoTtrnoEeLg Tou
oUOTAUOTOC avadépovtal w¢ master components evw ta. utdAouta otolxeia,/blocks mou Sev
pmopolV va cupBaMouv ot Stadikacieg pong Sedouévwv Tou databus accelerator
components. To cUotnua Tou bus amoteheital and 3 tuRpata: éva interrupt bus (bus yla Tig
ealpéoelc/Slakoméc) kal éva data bus (bus yla ta Sedopéva) OnMwWe Kol OTG KAAGLKEG
OPXLTEKTOVIKECG TTIOU YWWPIloUUE, Kol emiong amo €va TUALA UE YPOUUEC VLo TOV EAEYYO TNC
toyvoc (power control lines). Ta. accelerator components Stoalouv kat ypddouv althoeLg anod
Kal TTPo¢ TNV master TAeupd tou data bus, KAl AUTO ETUTPEMEL OTA Master components va
Slafalouv Tig mAnpodopleg kal va eAéyxouv Toug accelerators. To master KOUUATL amoTeAs(Tal
amno évav event processor, 0 omolog amoTeAETAL A UIKPEG UNYOVES KATOOTACGEWY (FSM), kat
amoé &vav UIKPOEAEYKTY) YEVIKOU OKOToU, 0 OTlo(0g XPNOLUOTIOLE(TAL OTIAVLA.

To mAeovEKTNUA IOV €XEL N SoULKA apyLTekTovik oxedlaong elval n SuvatoTNTA IOV UAG
blvel va kavoupe Slaxeiplon Loxvoc og kaBe €va EexwpPLOTO component LE ATOULKO TPOTO (Kat
oToug masters kal otoug accelerators). Av Béloupe pmopoUpe va "ofAcoupe” kamola
components kat he tn xprion tou VDD-gating va ghaylotonoinocoupe to leakage current tou
OUOTAMOTOC. Ta MapAdElyUa, O WLKPOEAEYKTING VEVIKOU OKOTIOU UTopel va elval OXETIKA
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TiepImAOKOC Kal evepyoBOpoc otay elval eVvepYOS, OUWE UMOPOULE VOL TOV EXOUE OE KATAOTAON
VDD-gated tov mepLocoTEPO XPOVO TIoU lval avevepyoc (idle). O event processor Slaxetpiletal
O\ Ta interrupts, KaTAVEUEL TIC Epyaciec otoug accelerators Kal EUTIVAEL TOV ULKPOEAEYKTH
LOVo epooov xpelaletal (dnAadn omavia).

Twpa Ba meplypaloupe peplkd amod ta o evdladEépovta components TOU CUOTAUATOG UE
LeyaAUTEPN AEMTOUEPELQL.

e Jyuotnua tou bus.'Onwg RGN €xoupe TEL To system bus amoteAeital anod to data bus,
To interrupt bus, kal TIg ypapuég dlaxeiplong woyxvog. To data bus €xel dlevBuvon),
bdebopéva kal onpata eAéyxou mou EekAeldwvouV AslToupyies avayvwong kal ypadng.

o Mikpoedeyktic. O pikpoeheykTAG elval uta amiry CPU yevikoU okomoU mou ekTeAEL TO
o€T evtoAwV z80. ATtd TO VoL OXESLACOUE EVaY EMECEPYAOTLKO TTUPAVA "ATOaAQ" KAl UE
Sladopa TEXVIKA Kol AeLTOUpyLKA AdBn, KaAUTEPO £lval va TPOTIOTIOL\COULE Evay 1dn
UTTOPKTO eMEEEPYAOTIKO TTUPAVA O omoloc Ba exktelel UTIOAOYLOPOUG YEVIKOU OKOTIOU.
O HIKPOEAEYKTAC XPNOLLOTIOLE(TAL KUPLWG YLa va StaxelplleTal avVWHAAES KOTAOTACELC
TOU CUOTALATOC.

e Fvent processor. O event processor (eme€epyaot¢ oupBaviwy) eival
TIPOYPOULATILOMEV HNXAVH KOTOOTACEWY TIoU WTopel va emefepyaotel PAOIKEG
puetadopég Oebopévwy kol evioAég Olaxelpong woxvog. Xtnv oucia eival o
"evopxNoTpWTAG" yla TG epyaciec mou adopolv 6Aa ta undAolma components Tou
OUOTAMOTOG. Agv ekteAel UTIOAOYLOHOUG, OAAG SOUAEUEL avadpaoTIKA [UE POUTIVEC
géunnpétnoncg Stakomwv (Interrupt Service Routines) mou petadépouv dedopéva
avaueoa ota blocks kal apyikomololv ta accelerator components (1 Tov emefepyaot
YEVIKOU OKOTIOU) Yl va KAVOUV UTIOAOYLOHOUC Kal va €EUTINPETOUV Ta TPEXOVTA
interrupts. OL poutiveg eEUTINPETNONG SLAKOTIWV TIEPLEXOUV ETTIONG EVTOAEC SLaelplong
LoYUOG TIOU ETITPEMOULV OTOV event processor va kavel ameuBelag Slaxeiplon loxVog os
OAa Ta GAAa components Tou CUOTHUATOC.

o Fleyktrc Stakomwy. O eheyktnNg Slakomwy eTUAEVEL ylao e€UTINPETNON Hia amd T
YPOUUEC Olokomwy. Mapéxel amAr emloyr HE TPOTEPALOTNTA KOl (KAVOTNTA
"uetapudieonc” Twy Stakomwy.

e Ymoouotnua timer. H meplodikn ¢uon twv edappoywyv ota Siktua aodBnthpwv
XPeLaeTal MOAAITAOUG KOl TAPOAUETPOTIONUEVOUG timers. To umoouotnua timer
UTIOOTNPLlEL TECOEPELS LETPNTEC TWV 16-bit mou pmopouv va xpnotponoinBolv wote
va "Eumtvael” o event processor yla va dlaxelpiZetal Stadopetikd cupBavra.

OL TPOCOUOLWOELG TOU CUOTHUOTOC Bacilovtal 0To LOVIEAD apPXLTEKTOVIKAG SystemC to omolo
eudaviZel 10 dopég kaAltepn amodoon yla tnv (dla epapuoyn o oxéon Pe éva avtiotolxo
ovuotnua mou BaocileTal 0To €UMOPKO UOVIEAO Mica2 mote. Autr n BeAtioTonoinon yla
TOKTLKEC EpYAOLEC ETUTPEMEL TO oUOTNUA (T va TPEXEL e pohdL 10 dopég o apyd site va
TPEXEL YpNyopoTeEpa adrivovTag TEeEPLOCOTEPO Xpovo oto VDD-gate tou hardware Twv
accelerators.

To cuotnua €xel uAomolnBel oe Texvohoyia CMOS Twv 130nm, €xel 4KB pvnpn Kal TpEXeL o€
Tpododoacia Loxvog amd 0.55V uéxpl 1.2V. OL HETPAOELG TTOU €ylvay oTo clotnua delyvouv
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efolkovounon leakage power kata 100 ¢popec pe VDD-gating Kal pa OUVOAKE WHEALLN
evépyela twv 680 pJ avda epyacia (pa epyaocia eival tcoduvaun pe 1500 evtoAég otov Atmel
ATmega 128L). To cUotnua TpExeL uexpL Ta 12.5 MHz og tpododooia 0.55V kal unAotepeq
ouXVOTNTEC amattolV uPNAoTEPEG TaoeLg Tpododoaiag.

Master components

Slave components

= 2131z Off chip components
O |32 | m—————
System m > |3 :
o 1
bus |5 o .
O |y 1
5 IF __/ |l
uController N o1 '
General l Bus mﬁnals . H ADC :
processing H H
(Imegular events) H i
F 1
H Radio H
1 1
] 1
Interrupt H H
Controler Sommmmmmmmssmmmnnens

Interrupt to

Network Services

Accelerators

process

Event

Processor e+
Interrupt Search
Processhg Power Accelerator
Management
(Reguiar Events)
Power lines for | .
memory segments Computation
Accelerator
Shared
Memory
—d
Timer Subsystem

xnua 2.5.

Block diagram of the Harvard event-driven system

Data Event
path  driven Circuit Memory Throughput Energy
System Arch style  width  (y/n) techniques Accelerators (KB) Process Voltage (V) (MIPS) (pJ/ins)
Atmel GP Off-the- 8 N N N 132 KB 350 nm 3.0V 7.3 MHz 3200
ATmegal2 shelf
8L
TI MSP430  GP Off-the- 16 N N N 10 KB NA 3.0 8 MHz 750
shelf
SNAP/LE GP RISC 16 Y Asyncronous Timer, 8 KB 180 nm 1.8 200 218
message 0.6 23 24
interface
BitSNAP GP RISC. 16 Y Asyncronous Timer, 8 KB 180 nm 1.8 54 152
Bit-serial message 0.6 6 17
datapath interface
Smart Dust ~ GP RISC 8 N Syncronous-two  None 3.125 KB 250 nm 1.0 0.5 (500 kHz) 12
clocks
Charm Protocol NA N Two power Custom radio 68 KB 130 am 1.0 V (high) 8 MHz 150 uW
processor domains stack 0.3-1.0 V (low) 53.6 uW
leakage
Michigan 1~ GP 8 Y Subthreshold None 025 KB 130 nm 0.360 833 kHz 2.6
Michigan 2 GP 8 Y Subthreshold None 0.3125 130 nm 0.350 354 kHz 3.52
Harvard Event driven 8 Y VDD-gating Timer, filter, 4 KB 130 nm 0.55-1.2 125 MHz 680 plitask
accelerator message
proc

Mivakac 2.1. 20voyn twv hardware systems yia Wireless Sensor Networks
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Evotnta Tpitn

Ataxelplon pvnpnce kat caching yia tn petwon tng
KatavaAwonc evepyelac kat toxyvoc oe WSN
KOUBouc

Mevika

‘Eva oAU onuavtiko mpoAnua mou €xouv ta mapandvw hardware cuotruata WSN
KOUBWVY elval n PEYAAN KatavAAwon eveépyelag katd tnv petadopd Sedopévwy amo to
oUOoTNUO UVAKUNG OTOV processor Kat avtiotpoda. XTIG apXEG TNG mponyouuevng Sekaetiag
€peuveg €6elfav OTL Ta UIKPNC KALHOKAG AEITOUPYIKA CUOTHAUOTO TPAYUATIKOU XPOVOU TIoU
Xpnotluomnolouvtal og KOUBoug acBntipwy, TinyOS kat ambientRT, auédvouv katd oAU TV
KATavAAwon €VEPYELAG O €POPUOYEC TIOU ATOULTOUV EVTOTIKOUC UTIOAOYLOUOUC KL GUXVEG
ETUKOWWVLAKEG HeTadO0ELG [16]. Mo auTd To Adyo avarmtuxBnkay, mepimou Katd T LEoA TNG
TIPONYOULIEVNC SeKOETIOC, VEEC TAATPOPUEC yla KOUPBOUC aloBNTAPWY O OPXLTEKTOVLKEC
enefepyaotwy Twv 16 Kat Twv 32 bit €Tol WOTE va AVILLETWTLOTEL TO TPOPANUA Twv
"evepyoPopwv" edapuoywy [17].To 2003 pia aAAn opada epsuvntwy €6€LEe OTL 0 processor
amno UOVoG Tou KatavaAwvel to 35% tng ouvolikri¢ Stadéoiuns evépyelac otnv mAateopua
MICA2 dtav tpexet Surge [18]. AtilelL emiong va avadepBel otL yla plao oelpd Sedopévwv
KaTavaAWVeTal UPNAOTEPN EVEPYELA VLA TO compression (ouprieon) arm' oTLyLa To transmission
(uetadoon) [19].

MeTa amo PEAETN TWV ATIOTEAECUATWY TIOU TIPOKUTITOUV arto TIC SL1AdOPEC TPOCOUOLWOELG Kall
Ta testbed, BpeBrikave 2 MOAU ONUAVIIKA XOPOKTNELOTIKA TIou adopolv ta dedopéva Twv
WSN. To mpwTo elval Mw¢ UTIAPXEL TOTKOTNTA TWV TIUWY UECH OE OXETIKA UEYAAEC XPOVIKEC
TEPLOS0UC Kal To SEUTEPO N OUOLOTNTA TWV TIUWY TwV SESOUEVWV.

1. XpoVIKr TOTUKOTNTA TWV TWLWV:

Ol edpappoyEg Twy SIKTVWY aLeBNTAPWY €xouve mepLodikn cuumepldopd. EWSIka, ot
edbapUOYEG EAEYXOL, OTIWC TO Surge, SouAelouv oe otabepd Sedopéva Kal oTabepeC
TIEPLOXEG LVAUNG YlO LeYAAEG SLAPKELEC. L' aUTO TO AOYO OL eVTOAEG amoBrkeuong
(store instructions) otic WSN edoapuoyég elval katd peydlo mocootd "dokomeg"
(6nAadn oL eVTOAEC ypadOUV TLUEG TTOU TALPLA{OUV ammOAUTA UE TLG NN amoBnKEVUEVEC
TLUEC OTLG SleuBUVOELG LVARING TTOU avadEpovTal).

2. OpoldtnTa TIWV Twv Sebopévwv:

gxeLamnodelyBei eniong 6TL UTtApPYOULY APKETEC (SLeC TLEC SeSOUEVWY TTOU KLVOUVTAL O
OAo ToV eMEEEPYAOTIKO KUKAO TNG APXLTEKTOVIKNC eVvTOAWYV (datapath).

3.1 Apyxuektoviky MoteCache

Twpa Ba eEnyrnooupe avaAluTikd TNy Soun TNG ApXLTEKTOVIKAC TG MoteCache (yia
ouvtouia amod dw kat oto €€n¢ Ba to Aépe MC) mou otnv ouaia Sev elval Timota neplocoTEPO
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and évag amAog buffer mou alomolel tnv ypovikn Tomkotnta Twv dedopévwv otig WSN
edappoyec. 2tnv MC, kaBe oelpd anoteAeital ano buffers ue anobnkeupéva dedopéva Kal pia
OUOXETLOTIKA UvAun (associative content-addressable memory) Tou KPOTAEL TIG ETIKETEG TIOU
avTLotolyouv otLg SleuBuvoelg autwy Twv buffers. H Bacikn 10€a elval va StatnpouvTal OL TLUEC
Twv dedopévwy Twv N 1o Mpoodhatwy MpoomeAdoewy dleuBuvoswv oe pa MC twv N-bytes

[201.

3.1.1 Ta Baowka povréda tng MoteCache apxLTeEKTOVIKAG

OL tpeLg tumot/poviéha tng MoteCache mou cuvavtape Kotd kdpov elvad:

1. MoteCache dueong amnewovions (DMMC anoé to direct-mapped MoteCache): Mpokettal
yla Tnv uloBétnon oe eninebo MoteCache Tng Lo KAAGLKAC KAl TNG TLo cuVNBLOEYNG
TEXVIKAC caching mou Ypnowormoleltat oe eupela  KALOAKA — QPXLITEKTOVIKWY
UTTOAOYLOTIKWY OUOTNUATWY. EPocov n SRAM tng mAatdopuag MICA2 mepléxet
ATOBNKEUTIKO XWPO EVOC Kal LOVO byte og kKABe ypauun, n cache AUeoNG ATEKOVLONG
TIPOCAPUOLETOL VO TIEPLEXEL €va byte amod kdBe clvolo. H texvikh DMMC €xel to
HLKpOTEPO latency HeTall OAWV TWV TEXVIKWY, adoU UTOpoUHE va SLoBACOUE T
Sedopéva mapAANAQ PE TIC CUYKPLOELS TWV ETIKETWY YLa 0G0 XpOvo ot SleuBUVoELC
elval dlaBéopuec.

2. uoxetotikn MoteCache ouvolou (SAMC amo Set-Associative MoteCache):
2TNV MPoomABela Uag va EAATTWOOUHE Tov puBud actoxiog mou oto poviéAo DMMC
elval onuavtikog kat odeihetatl kupiwe oe alnAoektormioslg dedouevwy NG SLag
Béaong cache, pmopolue va emAéEoule TNV TeXVIKA SAMC n omola elval mapanAnola
L€ TNV YVWOTA TEXVIKA TNG OUCXETLOTIKAG cache ouVOAOU, OUWG amalTEL TEPLOCOTEPEC
ouykploelg yla pa armhn mpoofacn UvAUNnG.

3. MARpwg cuoxetiotikry MoteCache (FAMC amnd Fully-Associative MoteCache):
H texvikr autr evepyomolel OAOUG TOUC OUYKPLTEG €TIKETWY/SLeuBUvoewy yla KAbe
npoofacn otn PvAUN. ‘OUWE KATAVOAWVEL TIEPLOCOTEPN LOYXU CUYKPLTIKA LE TG AANEG
TEXVIKEC, evw TO latency Sev eival kaAltepo amd ot otnv DMMC eddoov umapxel
npooBetn kabuotépnon moAumAeiag.

3.1.2 NpdoPacn oe MoteCache

Mua mpéofacn avayvwong o€ pla Sopry MC e€ehiooetal we €€Nc:
MNpwTtog KUKAOG poAoyLou. ZUykpLon eTiketwyv otn MoteCache:

MOALG urtoloyLlotet n SlevBuvon, To PEPOG TNC ETIKETAC CUYKPIVETAL CUOYETIOTIKA UE
TOUC aplBuoUC ou cuoxetTilovtal e Ta eplexopeva tg MC. Eav umtdpxel euotoyla (MC-hit),
avaBAaMetal n mpooxedlaopUEVn avAyvwon TNG KVAUNG, Kal eVOEXOUEVWC EolkovouElTal n
evépyela mou Ba ypelaldtav yla TNV avayvwon g OElpds otn pvAun. Me aMa Aoyla, n
oUYKPLON ETIKETWV Kal N avaktnon Twv dedouévwy amd tn MC (owg va EMKAAUTITOVTAL yLla va
LelwBel To latency ot pa Souy DMMC.
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AgUtepog KUKAOG poAoylol. Xelplopog 6eSopevwy:

JTIG TEPUTTWOELC TIoU uTtdpxel MC-hit, ta dedopéva Slafdlovtatl amd tnv avtiotown
kataxwpnon t¢ MC. ‘Otav opwg urmdpéel MC-miss, n mpoofaocn pvnung cuveyiletal og autod
TO KUKAO poloyloU kal ta dedopéva nou Slafdalovtal kataywpouvtal o pla 6€on tng MC n
omola emAéyetal wg "Buua”, cuudbwva pe tnv LRU moAwtikn (Least Recently used).

To ypd o ulag véag kataxwpnong otnv MC yivetal pe ta ywwotd Brpata mou L.oxuouv
OTNV QPXLTEKTOVIKN UTIOAOYLOTWY, Ta omoia akoAouBel éva emumAéov otddlo TO oOmoio
EYKABLOTA TNV KalvoUpyLa ETIKETA Kal To kawoupla dedopéva otnv avtiotowxn Béon tg MC.
AuTtA n ToALTikr tval o BoAikr) étav oxedidlovpue low power hardware.

1o oxnua 3.1 daivetal to Tpomonolnuévo Sldypapua XpOvou yla TNV Tapanavw
apxLtektovikn. Na onuelwbel OTL, 0To TEAOC TOU TPWTOU KUKAOU poAoylol T1, umdpyel ulo
KPR KaBuoTtépnaon OTOU CUYKPIVETAL N ETIKETA TOU ouvoAou TG MC e TNV UTTOAOYLOUEVN
StevBuvont. AvahOywe TOU QIMOTEAECHOTOC TIOU TIPOKUTTTEL ATtd T oUYKPLON ETIKETAC, yiveTal
npooBacn otnv MC ) otnv SRAM.

'Onw¢ GAWOTE elmape mapanavw Kal eival mpodaveég, autod mou eyyudTal mapaywyn
gvotoylag MC-hit elval n tomikoTNTA TWV Avadopwy. 2To oxAHA 3.2 SelxveTal OTL [E TEXVIKN
SAMC oto péyloto péyebog (8x8) o péoog pubuodg euotoxiag sival meplocotepo amo 89% .
AVTIOETWE, 0 YapnAOTEPOC pUBUOG evaTo) oG mapatnpeital otny Texvikn DMMC (4x1) kot elval
niepimou 18.4%.

T T2 T2
1 1 1

kN

cPL |

Address Computs Address Address valid

cornp O

Date — X |,
| 1 [ e

WE ! —h
T T 1
1 1

Date — — T
| | | -

RC __1 [ s U

Mamory access instruction Mext instuction

YxAua 3.1. Xpoviko Staypaupa KUKAwv poAoyiou yia mpéoBaon ota dedougva tng SRAM kat thg MC

Y (Mropouue va urtoSéoouue enionc 6t n Stadikacia urodoyiouol ¢ StevBuvonc orokAnpwvetat Alyo
VWPITEPX aTO OTL O LA KAVOVIKN OXedlaan apyLTEKTOVIKAC. AUTO &lvar Suvatd, €pOoov ol
ULKPOETIEEEPYATTEC TTOU XPNOLUOTIOLOUVE 0L KOUBOoL atadntrpwv EYouv MOAU yaunAn cuyvotnta (repimou
7 MHz). Emougvwg, mapéxovtal UEYAAOL KUKAOL poAoyloU yla UIKPEG EPYAOIEC TETOLOL WOTE va Elval
EQIKTN N OUYKPLON ETIKETAC UEOX OE EVa KUKAO. BEBata autn Sev amoteAel uia avotnpri mpolnodeon yia
va EMITUYOUUE TO OTOXO UaG. [Npayuatt Ouwg, vac kouBog atodntipa Umopel va e(val aVEKTIKOC O UL
Uikpn avénon tou xpovikoU KUKAOU podoytoU tou eneéepyaatr) yia OELPLOTTOINGN TOU UTTOAOYIOUOU TNG
Sleuduvanc kal ¢ oUykpLonc eTiketag otn MoteCache otov kUkAo T1, epooov Qualkd n tayutnTa
artéboonc Sev amoTEAEL TN UEYLOTN MPOTEPAULOTNTA LAC.)
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Zxnua 3.2. Aneikovion twv Stapopwv TeExVikwy MC

3.1.3 Silent-Store Filtering MoteCache

‘Otav pia evtoAn amoBrkeuonc ypadel oe pLol BEon UvNUNG JLa LR TTou lval (Sla ue
™V /dn undpyouoa e autn TN B€on, n evtoAn autr AEyetal silent-store. AUTEC OL EVIOAEG
npodavwg dev €xouve Kapla emidpaon otny UNXAVH KATAOTACEWY KAl EPOCOV EVTOTILOTOUV
UTTopoUV va amopakpuvBouy, va "dktpaplotouv" dnAadr £tol wote va BeATLwOel o xpdvog
{wnNg evoc kKOpPou aloBntrpa. H avdAuon twv silent-store eVIOAWVY [E TEXVIKEG EVIOTILOUOU Kall
QTMOPAKPUVONG TWV EVIOAWV QUTWV OE TIMed0 apyLTEKTOVIKAG, He Baon ta Sedopéva tng
ETIOXNG EKELVNG EVVOE(TAL, TTOPOUCLACTNKE yia TpwTN Popd To 2001 amd oudda epeuvnTwy o
eviaio apbpo tou IEEE [21]. 2to oxAua 3.3 pmopoupe va SOUUE TTOCOOTLAIEG KATAVOUES TWV
silent-store evtoAwv oe OAa Tta ouotnuata avadopdg hardware twv WSNs, emopévwg
LMOPOUE VA UTIOAOYIOOULLE VOl LECO OUVOALKO TT0C00TO TO omolo eival (oo pe 81.6%, dSnAadn
€€ALPETIKA UPNAO.

Mo TOV EVTOTULOMO KAL TNV amOpAakpuvon Twv silent-store evtoAwv a&lomoloUpe Kat
QVAMTUOOOUPE TN AELTOUPYLIKOTNTA ToUu dirty-bit. Q¢ ek touTou, amod dw kal oto €EAc Ba
KAVOUE [La petovopaoia tou dirty-bit oe dirty&noisy-bit(DN). Mia tiur Ba ypadetal miow
otnv SRAM poévo otav autr eivat Bpwutkn (dnAadn tpomomolnuévn), kat eniong opuBwdnc
(6nhadry  no silent: av n véa T elvat SladopeTiky amd autrh TIOU amoBnkeUTnKe
nponyoupévwg). H dtadikaoia mpooPaonc kat eyypadng e silent-store filtering MC €xel wg
23]«

1. evotoxia MC kat evtoniopdg Silent Store:

Yotepa amno pia evotoyxia otnv MC, n Tiur Twv 6e60UEVWY TTOU TIPOKELTAL Va eyypadel
OUYKpPIVETAL PE TNV TLUA TwV §edouévwy oTnv avtiotolyn ypapur tng MC. Eav Sev eival
(8teg, to DN-bit autic NG ypapunc otny MC onuadevetal wote va delyveL OTL N EVIOAN
anoBrkeuong elval Bopubwdnc.
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2. aotoyia MC kat enavaypadipudtnta otnv SRAM:

Meta amd plo aotoxia otnv MC, emAéyoupe Ul ypappn wcg "Buua" vy
avtikatdotacn. Av to DN-bit otnv ypaupn "Bvpa"  eival onuadepévo, TOTE
akohouBe(talr n kavovikn Sadlkacia tng emavaypapiuotntag amd tnv MC.
ALadOPETIKA, UMOPOULE QIMAQ VA QVTIKOTAOTACOUMUE TNV ypapun "6uua" tng MC
akupwvovtag tv dtadikaocia enavaypaldpotntac, epocov ta avriotolya dedopéva
™¢ MC kat tng SRAM elvat nén oe cuyxpoviopo, dnAadn eival ta (Sia.

%
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20
FFT LZ comLZ dec Surge TiyDB Maté  SQS  Average

I

2ynua 3.3. lNoocoota "owwnnAwv" amodnkevoewy ota cuotiuata WSN.

3.1.4 Htexvikn tou Content-aware Data Management (CADMA)

H texvik) CADMA eival pa amod Tig mo cUYXPOVEC Kal TTOAMA UTTOOYXOLEVEC TEXVLKEC
otov Topéa tng oxediaong ultra-low power hardware. AvamtuxOnke kal ev TEAEL TPOTABONKE TO
2007 amd 2 Toupkoug EPEVVNTEC TOU TIAVETILOTN oV Yeditepe Tng KwvotavtivoumoAnc.

KoTét TLG TPOCOUOLWOELS TTOU KAVOVE TIAVW OTA UEXPL TOTE CUOTHUATA/TAATHOPUEC YL
WSNs, mapatipnoav OTL UTIHPXOV KATIOLEG KOWECG TIUEC dedopévwy Tou Kukhodopouoave
ouxva oto datapath (ouykekpuéva ta 0,1,2, kat 3). Zuykekplpéva dei€ave Ot To 48.4% TWV
amoBnkevpévwy dedopévwy ™G SRAM kal To 56.7% Ttwv SeSOUEVWY OTOUC KOTAXWPLTEC
amoteAoUVTOL OO QUTEC TIG KOWVEG UeTABANTEC Sedopévwy [22].

others

43.5% 41.9%

others
a1 6%

2

3 1

o 3 5.7%
2% 5:% b 28%
a) SRAM b) Register File

Jxnua 3.4. MNocootiaio katavour twv Tipwv otnv SRAM kat atov Register File
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H oAn ¢hocodia tou CADMA eival n alomoinon tou GALVOUEVOU TWV GUVEXWE
euPavilopevwy TIHWY Sedopévwy yla TN LElwaon TNG KaTavaAloKOUEVNG EVEPYELAS oTnV SRAM,
Vv MC Kol Toug KaTtaxwpnTéS. Nwe emituyyavetal autd; Me tnv eloaywyn evog emutAéov bit,
Tou Ba to Aéve CD bit (amod to common data), og KABe ypapur auTwy Twv Sopwy amobnkevong.
210 oxfua 3.5 amokoviletal To  Pndlakd KUKAWUOTIKO Slaypauua o€ Aoyikrp CMOS rmou
xpeldletal yia tn petadopd tou CD bit oe éva byte pvrung. H CD Stadikaoia yivetal Ye ta e€AC
AELTOUPYIKA Brpata:

1. Eyypadn dedopévwv kat CD Reset:

To CD bit tonoBeteltal oto undév Otav UTIAPXEL Ul eyypadr O KATaxwpentn f ot
HvrAun n omola npoomnaBel va amoBnkeVUoeL pa Kovn TIUH. Z€ auTh T Meplmtwon, To
CADMA ypadel povo 3 bits (to CD bit kat ta 2 AlydTteEPO oNUAVTIKA bits TNG KOG TLUNAC)
yla auTo to byte. Na onpelwBel 0Tl yla OAEG TIC KOWVEC TIEG Twv Sedopévwy (0,1,2 kat
3), bev umdpyxel Kapia avaykn yla kwdlkomolnon kal anokwdikormoinan, edocov Adn
Talplalouv HeEoa ota 2 AlyOTePo oNUAVTIKA bits. ‘Otav n tun Twv dedopévwy Sev eivat
Lo Qo TLG TECOEPELS KOWEC TLUEG, TOTE To CADMA ypadel 9 bits (to CD bit kat ta 8
bits TNC TWNAC) KaTavoAwvovIag eAQQPUWC MEPLOTOTEPN (oYU OE OUYKPLON HE TNV
ouvnBeotepn neplmTwon.

2. Avayvwon Sebopévwv kai CD Probe:

H avayvwon pe CADMA apyilet pe e€€taon tou CD bit.‘Otav eival o katdotaon reset
(6nAadn €xet Ty undev), to CADMA evepyormolel TNV avayvwon Hovo yla Ta 2
ALYOTEPO ONUAVTIKA bits. Me autr TNV akUpwaon avayvwaong Twv umoloimwy 6 bits
ETUTUYXAVETAL CNUAVTLKN €olkovounan LoxVog Kat yLa TIG 3 SOUEG UVAUNG. 2€ QUTA TN
TEPIMTWON, TO UTIOAOUTO KOUUATL Tou byte (dnAadn autd ta 6 bits) avaockeuvaletal
amAwg Paloviag to Aoyko-0 ota evamopeivavia 6 onpavtikotepa bits. To
KUKAWHATLKO poTiBo CMOS AoYIKAG TTOU XPNOLUOTIOLEITAL YL VO OTTEVEPYOTIOLOEL TNV
avVAyvwaon Twyv 6 MEPLOCOTEPO oNUAVIIKWY bits dalvetal oto oxAua 3.6. To PMOS
transistor Q1 kat to NMOS transistor Q2 XpnoLOMOoLoUVTAL Yla VA GUVSECGOUV TV
YPAULA avVAYVWoNG TIOU QVTLOTOLXEL 0Ta 6 TILO onpavTkA bits Tou evog byte otn word
select line epodoov n T tou CD bit elval 1. AladOpETIKA, N YPAUUN AvAyVWoNng
YELWVETAL KOL TOL 6 TILO oNpavtika bits tou byte dev Stafalovral.

Av 1o CD bit eival oce katdotaon set (dnAadn 1), onmwg kal otnv eyypadn,
KQTOVOAWVETAL EAQPPWC TTEPLOOOTEPN LOYUC €TOL WOTE va Slafactouy ta 9 bits.

Y& MelpApata nmpooopoiwong mou éywvav o hardware pe oAokAnpwpuévo cvotnua CADMA
Héoa oe MC, oe SRAM katl og SOUEC KaTaxwpnTwy mapatnpndnke otL to CADMA katadépvel
€E0LKOVOINGCN EVEPYELAG OTOV EMELEPYAOTH TEPLOCOTEPO Ao 10%, KL GUVOALKT) E€0LKOVOUNGN
EVEPYELAC TOU KOUPBoU aloBntipa 5% oe cuykplon mavta pe pia MC xwpic CADMA.
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YxNua 3.6 . KUKAWUATIKA poTiBa eAéyxou Twy 6 TIEPLOCOTEPO ONUAVTIKWY oTolXelwV bit o€ éva byte

amno to CD bit.
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Evotnta T€taptn

AANyOPLOUOC LEPLKWY 0BPOLOUATWY
(Prefix Sum algorithm)

Baown 16éa

O alyoplBUOC UEPLKWY aBPOLOUATWY XPNOLUOTIOLEITAL VLA VO UTIOAOYIOEL TO EPLKA
aBpolopata §06€vtog evoc mivaka Tuxaiwy aplBuwv. MNpokeLTat yla pia GalvopueVIKA OELpLaKh
Sladikaoia, kKabBwg npenel Kavelc va mpocBEoel HEXPL TA K TPWTA oToLXela tpoTou dTAoEL oTNV
npooBeon Tou K + 1 otolxelou Tou Tivaka. QoTtOoo N CElplaKn eKTEAECn Tou aAyop(Buou
amnaltel peydho xpovo eKTEAEONG KAl OKOTIOC lval va amodeVyEeTAL £TOL WOTE VA amodUyoU e
TIC TIEPLTTEC TPALELC ToU aufdvouv TNV TOAUTIAOKOTNTA Tou aAyopiBuou. Avt autol
TIPOTEIVETAL N TIAPAAANAN eKTEAECN TOUu alyoplBuou mou onwg Ba davel OTIG EMOUEVEC
napaypddouc, LELWVEL CNUAVIIKA TNV TTOAUTIAOKOTNTA Tou.[24]

Elcobog

0 K K+1
3 | 1 7 | o | 4 | 1 | 6 3
E€odog

0 ... ... K K+1
E 4 11 11 | 14 | 16 | 22 | 25

Ewkova 4.1. Eloobog atolyeiwv otov adyoptduo kot n €€060¢ Tou (uepika adpoliouata,).

H xprion tou aAyopiBuou pepikwv abpolopdtwy (all-prefix-sums) eivat eupeia. Mapakdtw
daivetal n Alota TV MEPUTTWOEWY TIOU XPNOLUOTIOLOUY TOV aAyopLlBpo:

1. T va yivel oclykplon HETAE) TWV XAPaAKTNPwY A€fewv (strings) pe okomod Tnv
Taglvopunon touq. Mo mapadelypa n AEEn n AEEN «MAPAUETPOC» Bl MPETEL O €val
Ae€lko va epdaviletal Ly amo tn AéEn «mapouoiar» oe éva AeELKO.

2. T tnv mpooBeon aplBuwy pe moAad Sekadika Pnodio wote va emTUoUUE KAAUTEPN

akpiBela omou amatteltad.

2TOV UTIOAOYLOUO avaSpOoULKWY OXECEWV.

JTnv ektéleon aiyopiBuwv onwc o radix sort kat quicksort.

Ma tnv Staypadn LopKAPLOUEVWY OTOLXELWY O Evay TIivaka.

Ma TNV EKTEAECN KATIOWWV TIPALEWV o€ SEVTpA OMWG TNV gUpecn Tou PabBoug evog

S8évtpou KTA.  [24]

o vk W

4.1 Apxkn ekboxn tou mapdAAnAou aAyop(Buou npdobeong

Jtnv ewkova 4.2 daivetal n Sadikaoia ektéAeong tou mapdAAnAou aAiyopiBuou
npooBeong. O alyoplBuocg mpooBETel mapaAAnAa Ta oTolxela tou mivaka oe loga(n) BAuata,
orou n to MA\RBog Twv otolxelwv. To kaBe otolyeio mpootiBetal e autd mou Bploketat 22
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Beoelg Setlotepa, oOmou i elval o aplBuog tou Bruatog. OL mpooBécelg os kaBe Brpa elvat
n — 2" kat yvwpilovtac otL ta Brpata (i) maipvouv THES and 1 éwg Kat loga(n) oto teheutalo
BAua, oL mpooBécelc mou Ba yivovtal oe kaBe Prua Ba €xouv TNV €EAG akoAouBia
(n-1),(n-2),(n-4),..(n—n/2).

n o0 1 2 3 4 5 6 7
—=< \7\0 = 6\3 ‘

v v v A 4 A 4 v A 4 v
3 [ a4 | 8 [ 7 [ 4 | s [ 7 [ 9 |

\

A 4 v v \ 4 A 4 v v v
3 | a4 | 11 | 1u | 12 | 12 | 11 | 14 |

v v v A 4 A 4 v A 4 v

3 | 4 | 1 [ 11 | 15 | 16 | 22 | 25 |

Ewkova 4.2. Ta 8riuata ektéAeonc tou aiyopiSuou mapdAAnAnc npdodeoanc

1:fori « 1 tolog.n do
for all k in parallel do
if k >2'then

2
3:
4: x[k] < x[k - 2'] + x[k]
5: else

6

x[k] «—x[k]

Ewkova 4.3 : AAyopuSuoc tou Horn yia Tov UnmoAoyiouo Twv UEPLIKWY aUpoLoUATWY S0TEVTOC EVOC TTivaka
X TTOU TTEPLEXEL n oTOoLyEla. [25]

Ol GUVOAIKEG TIPOCBETELC TTOU KAVEL 0 OAYOPLBLIOC elval : n*loga(n) - (n-1) — O( n*loga(n) )

O ahyoplBuog umopel va metuyel moAumAokotnta Oflogzn) dtav uMAPXOULV N ) TTEPLOCOTEPOL
EMEeLEPYAOTEG yIa TOPAANAN enefepyacia. ‘OTav Opwe To TMARBOC TWV OToLXElWY TOU Ttivaka
elval peyahUtepo amod Tov aplBpod Twy EMEEEPYAOTWY TIOU UIOPOoUV va XpnaotpomnolnBouv téte
0 aAyoplBuog exteleital oslplakad kat oxL mapdAnia. Autd umopel va BewpnBel kat wg
KpLTrplo mapaAAnAlopou Tou aiyopibuou.[24] [25]

4.2 NapdnAog aAyoplOpOG UTTOAOYLOMOU LEPLKWV ABPOLOUATWY TIPOTEYYLON
Blelloch

Me okomod TV Helwon Twv XpovoBopwv UTIOAOYLOUWY — TIPAEeEwV o€ KABe Brua o
Blelloch mpdtelve pia evarhaktikr péBodo xpnotpomolwvtag Suadikd SEvtpa, KATa TNV omnola
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0 aAyoplBuog omdel o Vo TUAUATA. To MPWTo TUAKA KaAeltal trunk-phase kal to Seltepo
twig-phase. [24] [25]

A. Up-Sweep phase

Y& MPWTN GAon o Tivakag eL00O0U PELWVETAL amd N oTolxela o 1 Omou elval Kal To
abpolopa OAWV Twv oTolyeiwy Tou. 2 kKaBe Briua to PEyeBog Tou TivVaKA PELWVETAL OTO HLCO
aBpoifovtag pn emkahumTovia yeITovikd (eUyn Twv OTOLXELWY ToU. 2Tn €lkova 4.4 dalvetal o
Pevdokwdikag e 1" paong dlamépacng Tou SEVTPOU OWE AUTO SlapopdwWVETAL amd Tov
niivaka elododou n otowxelwv (Up-Sweep phase). Ztnv ewkova 4.5 (B) daivetal to mpokuntov
duadikod bévtpo Kal n ektéAeon tne 1" daong. Onwce dpaivetal otny mpwtn dacn n dlamépacn
Tou Suadikoyl dévtpou yivetal amo ta dUANA Tou TIPog Tov Ttatépa. [24] [25]

1: for d < 1 to logzn do

2: for i< 1ton/2?- 1in parallel do
Bk adfi] <= g1 [2i] + ag1 [2i+1]

Ewkova 4.4. WevSokwdikac yia tnv 1" paon (Up-Sweep phase) dtamépaonc evog mivaka e n oTolxela

[24] [25]

NNN VWY
N N N Y

S Ta 7 45 6]

S Ta 745 6]

(a) (6)

Ewkova 4.5. Ta Briuata ektéAeanc tng 1" paonc (Up-Sweep phase) (a) kot to Suadiko Sevipo omwe
QUTO TTPOKUTTEL

B. Down-Sweep phase

Yt Aeltepn dpdaon tou aAyopibuou (down-sweep phase) Ta pepikd abpoiouota mou
€XOUV TIPOKUPEL amo TNV mpwtn ¢don (Up-Sweep phase) xpnollomolouvtal e oKOTO TOV
UTTOAOYLOLO TWV TEAIKWY UEPIKWY abpolopdtwy. Auth tn dopd n Slamépacn tou SEvipou
yivetal ano tov matépa mpog Ta GUAAA Tou. TNV elkova 4.6 daivetal o Peudokwdikag Tng
Down-Sweep ddaonc. [24] [25]

Institutional Repository - Library & Information Centre - University of Thessaly
19/05/2024 12:14:23 EEST - 3.147.82.10



28

1: for d < (logzn) — 1 downto 0 do
fori < 0ton/2° -1 in parallel do
if i > 0 then
if (i mod 2) #0 then
adli] < aagafi/2]
else
adli] <= adfi] + age1 [(i/2)-1]
else
aqdi] < adli]

2:
3:
4.
5:
6:
7:
8:
9:

Ewova 4.6. Yeubokwdikag tnc 2" paonc dtarmépaonc tou mivaka n otolxelwv. Omou d eivat to Badog
ToU SEVTPOU KAl OToV TIIVaKX ag owlovTal TA TPEYOVTA UEPIKA adpolouata. [24] [25]

H T ¢ pitag tou §évdpou mou elval To ouvoAilkd dBpotopa (25) yivetal undév (0)
kat elval n elcodog tou 6évdpou. H Samépacn tou yivetal pe tn UEBodo preorder. T kabe
BAua n kaBe kopudr Tou Sévpou Ba Slvel TNV TN TTOU €XEL OTO EKACTOTE APLOTEPO TALSL TNG
kal to 6e&l maldt Ba kAnpovopel To anotéleopa tou abpoiopartog, petafd Tng MPokeluevng
Kopu®NE KaL ToU aploTepol matdlou, Onwe auTto eixe umtohoylotel otnv Up-Sweep Stadikaoia.
310 MapAdelyua NG mapakatw elkévag to 0 Ba kAnpovopunBel amd to aplotepd maldi Tng
kopudng. To Setl matdi tng (dlag kopudng Ba KANPOVOUNROEL TNV TIUA TOU QMOTEAECUATOC TOU
aplotepol Tatdlol Tou Sévdpou Tou mpoékue otnv 1" ddon ektédeong (11) (Up-Sweep)
IxAua 4.5 (B), aBpolopévo e Vv TN TG Kopudng mou efetaloupe ekeivn tn otyun (0).
Emopévwg elval onuavtiko onwe Ba SoUE MAPAKATW VA EXOULE KPATNOEL O KATIOLO OTOLXElO
LVALNG TNG TEG TwWV aBPOLOUATWY TIOU TpoKUTTOUV otnVv 1" ddon povo amd Ta aplotepd
UM a-TtaLdLa.

[ 3]af7]nnfa]s]6]0] 0
\/\
A// v \
]3|4{|\0 4]5{:“1
é/ v ‘/ v
[ 3Jol7]alalii]6 16 0 4 11 16

o SEVANSVANEVANRVAN

¥ \4 3 v ¥ v
o3 ]af1r]11[15[16]22] 0 3 4 || 12 || 12 || 15 || 16 || 22
(a) (6)

Ewkova 4.7. Biuata ektéAeonc tne 2" paoncg (Down-Sweep phase) (a) kat to Suadiko Sévtpo (8) onwe
JIPOKUTTTEL.
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H xpovikr MOAUTIAOKOTNTA KAl yLa TIG 2 GACELC lval :
Ta(n, p) = [n/p]+ flogzp] = O(n/p + logzp)
‘Otav n/p = logzp n mohumhokdtnta eival O(n/p) [25]

p : 0 aplBUOC TWV EMEEEPYATTWV
n : NMARBog Twv oTolXElWwY TOU Tivaka

2TOX0G TNG UETAMTUXLAKAC epyaciag elval n ulomoinon tou aAyopiBuou peplkwy
aBpolopdtwy o€ eminedo apyLTEKTOVIKAC, GAAQ KOL TIWG UTTOPOULE HECW AUTNG VO LELWOOULE
TNV KATavaAwaon LoxV0og O€ HIKPOEMEECEPYQAOTEC TTIOU XPNoLUomoLlouvTal ota ouyypova Wireless
Sensor Networks. ' va To ETUXOUUE auTo Ba mpémnel va Bewprjooupe Ta §€vdpa, Omwe auTd
TIAPOUCLACTNKAV TIPONYOUHEVWGE, WE EVA EEXWPLOTO KUKAWUA TTOU UTTOPEL va AELTOUPYEL WG Eva
Suadikod 6€vbpo. AUTo onualvel OTL TO KUKAWUO TIOU TIPOKUTITEL EKTEAWVTAC TOV aAYOpLOLo Ba
amoteAeital anod Tétola otolxela mou Ba otnpillovtal otnv apyxn Asttoupylag Tou ailyopiBuou
HEPLKWV abpolopdtwy Kal Katd ouvenela evog duadikol dévdpou. Auto unopel va emtteuyBel
epooov Bewprnoou e WG oL KOPUECG Tou elval autovoua Processor Elements (PEs) ta omola
UTTOPOUV Vo EKTEAOUV TIC TIpAelc Tou amaltouvtal kKabe ¢opd Pacl{Opevol oTov TPOTO
eKTEAEONC TOU aAyopiBpuou.

4.3 EpdwAevpéva Aevopa

Eddoov €xoupe Bewprosl TIc kopudéc tou duadilkol Sévdpou wg PEs (processor
elements), n mpwtn okeéyn elvat va Sovue mooa PEs xpetalovratyla N otolyeia eloodou. ‘Onwg
elbape otnv mponyouuevn avaiuon yia N otolxeia eloddou amattouvrat N-1 PEs. Mpokelpévou
VO UELWOOUWUE ToV Xwpo Tou Ba amattnBel aAAd kal tnv koatavalwaon toxvog n Woéa mou
Tipotelvetal elvat n xpAon epbwAsupévwy SEvEpwv Ta omola Ba emavaypnoLLomoLoUy KAToL
amnod ta PEs mou StaBétouv. Me autd tov Tpodmo to mARBog Twy PEs mou Ba xpnolponoinBouv
LELWVETAL OTO MLoO Kol To (6lo 0 xwpog mou amatte(tal. Emiong mépa amo ta PEs mou
ETIOVAXPNOLLOTIOLOUVTAL, YIVETAL KAl EMAVOXPNOLUOTOINON TwV CUVOECEWY ECWTEPLIKA TOU
oAokAnpwuévou KUKAwUaTtog. H tomoloyia tou epdwAsupévou §évbpou daivetal oto oxNua

=

(a) (6)

Ewkova 4.8. Tormoloyia Suadikou Sevdpou we kukAwua ypnotuorolwvtac PEs (a) kat SimAa to tooduvauo
EUPWAEULUEVO.
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4.4 YMlomoinon tou alyopiBuou o€ enimedo KUKAWHATOG HE T XPNon
supwAevpévwy 6evdpwv

Ye auth Vv noapaypado Ba Seifoupe pe molov TPOMO Umopel va uAomolnBel éva
Suadikd Sevdpo oe emimedo APYITEKTOVIKAG — KUKAWMATOC HE TN XpNon eUPWAEUHEVOU
b6évbpou otnplldpevol otov alyopiBuou Ttou Blelloch yla tov UMOAOYLOUO TWV HEPLKWV
abpolopdtwy. Itnv elkova 4.9 daivetal To avamtuypa evog eudwAeupévou §€vdpou mou
xpnotluomnolel 4 PEs.

A. 1" ®don (Up-Sweep phase)

L+R /+R

PE4
Lsavel

L+R

(6)

Ewkova 4.9. Avantuyua — tormoloyla evoc eppwisuugvou Sevépou 1M pdaonc (Up-Sweep). Ze kamota and
T PEs n turj tou aBpolouatoc mou POoKUTTITEL A0 T TIPONYOUUEVA ATTOUNKEUETAL TTAVW
amno uia popec epdooov enavaypnaotuomnoleitat (PE3, PE4).

O aAyopLBuog peptkwy abpolopatwy (Blelloch) Asttoupyel wg €ng. Kabe kopudr (PE)
amoBnKeVEL TNV TIUA TOU aplotepol dUAoU. Tnv mpwtn dopd Ba amobnkeloel TNV TN
€106860U Kal 0T CUVEXELO TAL ATMOTEAECUATA TWV ABPOLOUATWY OTIWE AUTA TIPOKUTITOUV OE KAOe
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n_n

BrAua. Me «Lsave”x”» €xel onuelwbel mavw oe k&Be kopudr) Tola T Ba amobnkevetal (L =
Left 6mou x elvat to Bua). Me «L + R» oupPoliletal to ABpoloua mou MPOKUTITEL LETAEY TOU
aplotepou «L» katl 6e€lov «R» dUAoU. H amobrikeuon Twv aplotepwv GUAAwWY elval avaykaio
va yivetal og kaBe Brpa otnv 1" pdaon tou aiyopiBuou (Up-Sweep), £TOL WOTE VO UTTOPECEL VAl
nipaypatononBel o TEAIKOC UTIOAOYLOUOC TWV HEPIKWY aBpolopdtwy otnv 2" ddon (Down-
Sweep). Emopévwe n xprion KUKAWHATIKWY otolxelwy pvAung eivat anapaltntn. H mpaén tng
npdoBeong, aAAa kal GAAEG ebOoOV QUTEG XpeLAloVTAL, UMOPOUV va Y{VOUV LE TN XpRon HLag
aplBunTiknc/Aoyikng povadag ALU n omola Ba unapxet og kABe PE.

MNapatnpoUpe OTL o€ K&Be oTAdLo N TN Tou aplotepol dUANOU amoBnKeVETAL EVW TO
aBpolopa mou TPOKUTITEL TEPVAEL 0TO €MOUEVO PE KOK, UEXPL VA KATOANEOUUE OTO TEALKO
QMOTEAECUA TIOU €lval Kal To ABpolopa Twv aplBuwv eloodou Tou §€vdpou. 2to 1° otadlo
yivetal xprion 6Awv twv PEs, oto 2° otadlo yivetal emavaypnowgomnoinon twv PE3 kat PE4 kal
oto 3° otadlo yivetal n xpnon Hovo tou PE4. Yta PEs mou emavaypnolponolouvial n
amoBNKEUON TWV TIHWV TWV «L» pUAAWY Ba Tipémel va yivovtal o€ SladopeTIkES BETELG LVALNG,
ETOUEVWE Ba XpelaoTel N MPooBAKN OTOLXELOV UVAUNG UE TIEPLOCOTEPEC Ao pia SleuBuvoelg
Omwc €vag Register File. Na tv akpifela n B€oelc pvAung mou Ba xpelactouv yla eva PE Ba
elval touAaylotov log;(N), dmou N eival o aplBuog Twy otolxelwyv elcodou.

MNapakdtw dailvetal o Mmivakag Twv EVIOAWV TOU AmalTOUVTOL Yo TNV EKTEAECN TOU
ahyopiBuou peplkwy aBpolopdtwy.

Write RF Read RF Operation
Label description A B A B
0:T L—LsaveO&L+R — O | inputA@ 0b00| inputB @ Ob00| 0bO0 @ LsaveO | Ob0O @ R | ADD A+B
LT Lolsavel &L+ R — O | inputA@ 0b01| inputB @ 0b01| Ob01l @ Lsavel|0h01l @ R | ADD A+B
2:T L—Lsave2 & L+R — O | inputA @ 0bl0| inputB @ Ob10| Ob10 @ Lsave2|0bl10 @ R | ADD A+B

Mivakac 4.1. lMivakag evtodwv ektéAeanc Tou atyopiBuou UEPIKWY aFPOLOUATWY LUE TN XPHOoN
eUQwAeUUEVWY SEVOpwWY yia TNV 17 pdon Tou aAyopiduou Up-Sweep. [23]

O nmapandvw Tivakag pog Selyvel TN Oelpd TWV EVIOAWV TIOU EKTEAOUVTAL KOTA TO
TPEELUO Tou aAyopiBuou yla kaBe PE Eexwplotd. Kat ta tpla Bpata ekteAovvTal povo amnod to
PE4. Y& kGBe Brjpa n T Tou aplotepol GUANOU amoBnkeUEeTAL VW TO ABPOLCA TTEPVAEL OTNV
€¢odo Tou PE. H amoBrjkeuon kat n avaktnon Twv THwv o€ KaBe PE yivovtal oe Suo
Sladopetikol tomikoug Register Files (RF A kat RF B). Na mapadeypa n evioAr] X@0bY
onuaivel otLn TR X 6a anobnkeutel otnv StevBuvon ObY evw n evtoAr ObY@X popTwVEL TO
neplexopevo ¢ dtevBuvong Y oto X.

B. 2" ®don (Down-Sweep phase)

>tn beltepn daon (down-sweep phase) o ahyoplBuog Slamepvd to Suadikd §€vdpo pe
TV aviiBetn dopd, dnAadn amd tov matépa mpog ta GUANA. H eloepyduevn TR (to undév
«0») eloépyetal otov matépa tou S&évdpou (PE4) kat cupBoAiletal pe S. JUudwva UE Tov
ahyoplBpo Blelloch n etogpydpevn twun S nepvael otnv elcodo tou aplotepoll GUAAOU, EVW OTO
Setl dUMNO TtepvaEL TO ABpoloua TNG TLUAG S e TNV TIur Lsave2 mou eixe amoBnkeutel amo tnv
nponyouevn Slanépaon tou 6évbpou (Up-Sweep) kok. Mia kaAUtepn €€fynon umopel va
S00el kottwvtag To oxnua 4.10 émou e€nyouvTal Ta BApaTa Tou aAyopBuou Kabwe Kal To oL
PEs elval evepyomotnuéva kabe dopa.
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Ewkova 4.10. Avantuyuoa — tomoloyia evoc eupwievuévou Sevépou 2" paonc (Down-sweep). Ze kamola
arno ta PEs n T tou adpolouatoc mou MPOKUMTEL A0 T TPONYOULEVA AmoUNKEUETAL
TAvVW arto pla popec eooov entavaxpnotuomnoteitat (PE3, PE4).

PE TWIG Write RF Read RF Operation to
4 description A B A B output
0: T |ldentity = S2 — Left - - - 0bll @ identity PASS B A
1: (Lsave2+S2=51) — L&R - previous @ Ob1l =S2 | 0bl0 @ Lsave2 0bll @ S2 ADD A+B Aand B
2: (Lsavel+S1=S0) — L&R - previous @ Ob1l =S1 | 0b01 @ Lsavel 0b11l @ S1 ADD A+B Aand B
3 (Lsave0+S0) — Right - previous @ 0b1l = S0 | 0b00 @ LsaveO 0bl11l @ SO ADD A+B B
PE TWIG Write RF Read RF Operation to
3 description A B A B output
0:T |S2— Left - inputO @ 0Ob1l = S2 - 0b1l @ S2 PASS B A
1: (Lsavel+S2=T1) — Right - inputO @ 0b10 = S1 0b01 @ Lsavel 0bll @ S2 ADD A+B B
2: S1 - Left - - - 0b10 @ S1 PASS B A
3 (Lsave0+S1) — Right - - 0h00 @ LsaveO 0b10 @ S1 ADD A+B B
PE TWIG Write RF Read RF Operation to
2 description A B A B output
0:T |S2— Left - inputO @ 0b01 = S2 - 0b01 @ S2 PASS B A
1 (Lsave0+S2) — Right - - 0b00 @ LsaveQ 0b01 @ S2 ADD A+B B
PE TWIG Write RF Read RF Operation to
1 description A B A B output
0:T |T1- Left - inputO @ 0b01 =T1 - 0b0l1 @ T1 PASS B A
1; |(Lsave0+T1)— Right - - 0b00 @ Lsave0 0b01 @ T1 ADD A+B B

Mivakac 4.2. Mivakac eVIOAWVY eKTEAEONC TOU aAyop(OUoU UEPIKWY aAPOLOUATWY LE TN XPHNon
EUQWAeUUEVWY SEVOpWY yla TNV 2" pdon Tou aAyopiduou (Down-Sweep). [23]
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4.5 >xeblaon KUKAWHUATOC

Jtnv ewova 4.11 daivetal n vAomoinon Tou KUKAWUATOC OMWE auTr TPoTtabnke otnv
dnuooieuon pe titho «Low-Power Digital Signal Processor Architecture for WSN (2014)» [23].
To kUKAwa mepAapBdvel oktw mavouolotuna PEs twy 16 bit, émou to kaBéva amoteAeital
anod to data path kat pia instruction memory 16 x 36 bit. H Omapén Twv triggers Bonba to
KUKAWUQ va evepyoTtolel To ekdotote PE povo otav umapyouv dedopéva otnv €(codo Tou pe
TETOLO TPOTIO WOTE va eTituyxavetal n Stamépaon evog Suadikol §évdpou Toco otnv 1" paon
TOoUL aAyopiBuou 6oo kal otnv 2" . MEéow Twv MOAUTIAEKTWY (Mmuxes), emAéyovtal KaBe dopa
bebopéva wg eicodog Tou KukKAwpatog (external data), dedopéva mpog anobrikevon (stored
data) kat Sedopéva TTou TPoEPXOVTAL WC ATOTEAECHA TIPAEewy Ttponyoupevou PE. KaBe PE
mepLéxel pla apBuntikry kat Aoyikry povada (ALU) tpododotoupevn amd SUo EexwpLotouc
Register Files (RF-A kat RF-B) yla kaBe elcodo A kat B. Ot cuykekplpévol kataxwpntég (RFs)
elval Tecodpwy BEcewv Kal AmoTeAOVV TNV UVAN OAOKANPOU TOU CUCTAHATOC N omola elvat
Katavepunuévn, adol kabe PE €xel Toug SlkoUg Tou Kataxwpntés. Kabwe ta dedopéva péouv
Hnéoa oto Suadiko §€vdpo amobnkelovtal CUUPWVA e Ta BALATA EKTEAECNG TOU aiyopiBuou
OTWC aUTA avamtuxBnke o TPonNyoUUEVEC Ttapaypadous. Autd €xel Betikr enidpaocn oto
KUKAWUO KaBwG e auTO TOoV TPOMO amodelyetal To dawvopevo “von Neumann bottleneck”
KaTd To ormolo, Aoyw Tou OTL N pvAun PBploketal oe Eexwplotd onueio amod tnv povada
enetepyaoiag, dnuoupyeital kabBuotépnon Kal AUEAVETOL N EVEPYELAK) KATAVAAWGN TOU
KUKAWUATOC. MNpokelpévou va emiteuyBet n Stamépaacn tou §évdpou kata tig SUo GAOELS TOU
aAyopiBuou, kamowol amod Toug aywyoUlC Tou KUKAwUaTog sival dUo kateuBuvoewv (by-
directional). Elval ol aywyol mou onw¢ dalvetal oto oxrua (B) €xouv ota AKpa TOUG TO OXNAUa
ToU popBou.

Folded Tree

1o
Control

L 2K ]

R ERLDEN]
“|/6ngaq

Triggers Mem

data bus
= trigger bus
internal control

Ewova 4.11. Sxnuatiko diaypauua Tou KUKAWUATOC. (a) 2x€S10 0AokAnpwUEVOU KUKAWUATOC TTOU
xpnotuorotel kat ta téooepa PEs.(8) Aemtouepég kUkAwua evog PE. [23]
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OL otoxolL TNG ouykekpluévng oxedblaong elval n Asltoupyla TOU KUKAWHATOC 0 €0POG
ouyvothtwy 20 —80 MHz yta téon 1.2 volt kat n kataokeur tou eivat ota 130 nm e Texvoloyia
CMOS.

YTov Tivaka 4.3 ¢aivovtal ol TLHEG TNC SUVAULKAG eVEPYELaC-LoXUOG (Dynamic Energy) kat
Slappon (leakage Power), yla To éva PE mou Aettoupyel pe ouxvotnta Aettoupyiag 20 MHz kat
1.2 volt tdon tpododoaoiac. H katavahwon tng Loxvog elvat 42 W cupnepthapfavouévng kat
¢ evépyelag Stappong (Power leakage 0.03 pW).

1 Processing Element Active PE core | Idle PE core | PE instruction memory
Dynamic energy/instruction (pJ) 14.6 4.7 2.10
Leakage power (UW) 0.03 0.03 0.01
Total power @ 20 MHz (LW) 41.7 13.5 6.0

Mivakac 4.3. Katavadiokduevn toxuc yia éva PE o ouyvotnta Asttoupyiac 20 MHz

Me oOKOTO TOV €AEYX0 TWV QMOTEAECUATWY TNG KATAVAAWONG Tou &vog PE otn
dnpocieuon [23] umoloyiletal n katavdAlwon TG evépyelag ylo 8-PEs Baoilopevol otnv
KATavAAwon Tou eVOC. 2TO TEAOC YIVETOL EAEYXOC TWV OMOTEAECUATWY LE QLUTA TTIOU TIPAYUOATIKA
HeTpRBnKkav. MNa éva epdwAeupévo 6€vdpo mou ekTeAel TNV mpwtn daon Tou alyopiBuou (Up-
Sweep) pe oktw PEs, xpetdlovtal 4 otddla UEXPL TO TEAKO amotéleoua va epdaviotel otn plla
Tou O€évbpou. Ze kdBe otddlo o aplBudg Twyv PEs mou elval evepyd PELWVETOL OTO ULOO.
Emopévwe ta evepyomolnpéva PEs og kaBe otddlo Ba elval 8, 4, 2, 1. Avtiotolxa o aplBuoc Twv
avevepywv PEs auéavetal og kaBe Brjua pe tnv akoAoubia 0, 4, 6, 7. ZUVOALKA AOLTTOV yLa TNV
1" paon Ttou akyopiBuou Ba eival evepyd 15 PEs kat 17 amevepyonolnuéva. Nvwpiloviag autn
TNV MAnpodopia umoAoyileTal N KATAVAALOKOLEVN LOXUC Kal eVEPYELA OAOKANPOU Tou SEvdpou
omnw¢ palvetat otov mivaka RR. Ta anmoteAéopata mou Byalvouv emipePatwvovtal o€ oxEon Le
QUTA TTIOU PETPNHBNKAV.

Folded Tree (Up-Sweep phase) Estimate Measured Incl. Instr. Memory
Total dynamic energy (pJ) 298.8 289.2 356
Leakage power (UW) 0.25 0.25 0.35
Total power @ 20 MHz (uW) 213.7 206.8 254.9

Mivakac 4.4.. Katavadiokousvn evépyela yia eupwAeuugvo Sevdpo Lie 8 PEs

JUudwva pe v dnuoocievon [23], To éva PE ypelaletal 7 avepyxOUevoug KUKAOUG
poAoyLoU yla TNV UAomoinon pLag evtoAnc. Emouévwe ywwpilovtag TV Katavailwaon evépyeLag,
OTWC PETPNBNKE, avaA eVTOAN yla Ta evepyd, Un evepyd PEs kat yla tnv instruction memory
UTTOPOULE VA UTIOAOYIOOULIE KL TN GUVOALKH KATavaALoKOpEVN LoXU yla éva PE. O uTtoAOyLOUOG
uropel va yivel wg e€nc:

__Energy @)
7 cycles X T(ns)

PE
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o TOV UTTOAOYLOUO TNC CUVOALKNG KATAVAALOKOUEVNG EVEPYELAC TOU OEVOPOU OTWE AUTO
TIPOKUTITEL O UTIOAOYLOWOG YIVETOL WG EENG :

Etotal = (Energy (1 PEactive)) x (Num. active PEs) + (Energy (1 PEinactive)) x (Num. Inactive PEs)

M'vwpilovtag TNV GUVOALKN EVEPYELA KOL TN XPOVIKA OLAPKELD TTIOU ATALTE(TAL YLa TNV EKTEAEDN
HLOG €VTOANG N omola umoloyiletal amd Tov aplBud Twv PNuUatwy eKTEAEONC TNG PAONC
moAamAaclalopevn e TOUC KUKAOUG Tou  ¥pelaovtal avd €VIOAN, WMOPOUHE va
UTTOAOY{OOUUE TNV GUVOALKH KaTavAalwon SUVOULKAG LoXUOG.

Etotar (0))
7 cycles x stages X T(ns)

Piotar =

4.6 Meilwon NG KATAVAAWONG EVEPYELAG TOU KUKAWUOTOG

O£AOVTaC VA UELWOOUUE TNV KATOVAAWGN EVEPYELAC TOU KUKAWUOTOC apxioape va
napatnpoUue Tt Ba pmopovoape va mapaleioupe oe KUKAwHATIKO emtinedo. Anodacicape
va apaAeipoupe TV MvAun EvtoAwv (instruction memory), Sivovtag tov poAo tng otnv
Mnyxavry Nenepacpévwy Kataotdaoswv (FSM) tou kukAwpatoc. Me Alya Adyla n Mnxavi
Menepaocpévwy Kataotdoswy avalapBavel os kaBe Pripa tou alyopBuou va evepyormolel Ta
PEs mou eueic emBupolpe, va kabopilel tnv StevBuvon mou Ba eyypadoulv/SiaBactolv ta
bebopéva kabwe kal tov TEAEoT TNG AplBuntikAc Aoyikng Movadag (ALU) mou Ba
xpnotpomnoleital kabe dopd. Me autd Tov TPOTMO Kal cVUdWvVA HE TG UETPNOELS TNG
dnuooieuong [23], to KUKAwPA Ba katavalwvel €wg Kat 18% Alyotepn LoxU.

Eniong 0Aeg oL evtoAég Ba ekteAoUvTal o€ €va KUKAO pOAOYLOU Kal OxL o€ TTOAAQTIAOUG
KUKAOUC Omw¢ ouvéBalve oto KUKAwUa NG dnuoocieuong [23]. Emopévwg ol mpaelg
amoBnkeuong, evepyoroinong tTwv PEs kat ALU Ba yivovtal o évav povo KUKAO pohoylou,
TpAyUa To omolo BonBd mepaltépw 0TN PELWON TNG CUVOALKNG KATAVAAWGONG TOU KUKAWUOTOG.
OL oTOYOL TNG CUYKEKPLUEVNG oxedlaong elval n Aettoupyla Tou KUKAWUATOG o cuxvotnta 20
MHz yla taon 1.2 volt ota 45 nm pe texvoloyio CMOS. Apou meplypdpouple TO KUKAWUO LECW
™¢ YAwooag VHDL Ba kGvoupe Kal evepyelakr avadAuon péow KatdAAnhou epyadelov pe
okomo va Seléoupe TNV peilwon mou emnitexOnke otnv katavaiwon (Mapdptnua). ZTnv elkova
mou akohouBel (ZxAua 4.12) daivetal To KUKAWMPA TIOU TPOTElVETAL PE TIG AAQYEG TOU
TipayHaTonoBnkay ce oXEon UE TO apXLKO. 2To TeAeuTalo €xouv adalpebel kAmolol anod Toug
TIOAUTTIAEKTEC KaL €xouv Tipootebel kamola D-flip flops. Ta teAevtalia eival anapaitnta, Kabwg
AOyw Tou OTL bev uTtdpxeL instruction memory xpelalOpaoTe Eva oTolyelo pvrpng mou Ba kpatd
TNV TeAeuTala TLUA TTou pag evoladEpet o KaBe XTUTIO TOU PoAoYLOU E OKOTIO TNV EMetepyacia
TOU OTO €MOpeVO. 210 oxNua 4.12 daivovral eniong ta povormatia SUTARC katevBuvong (by-
directional) kat povAG pe OKOTO TO KUKAWLA va Pmopel va xpnotpomolel T e€68oug Tou wg
el066oug otTIc paoelg Tou aiyopiBuov.
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Zxnua 4.12. KikAwua evog PE

2xnuo 4.13. Avantuyua eUPwAgUUEVOU SEVEPOU XPNOLUOTTOLWVTAC WC KOPUPEC TOU TO KUKAWUA TOU
oxnuartoc 4.12. Ta kukAwuata e eloobouc FE & H,G emavaypnotuonolouvtat.
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€ Simulation Waveform Editor - C:/altera/14.0/RF/RF - RF - [simulation/qsim/RF.sim.vwf (Read-Only)] - X
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0% 00:00:00

2xnpo 4.13. Kupatouop@eg twv 1008wV & 06wV TOU KUKAWUATOC.

210 oxfua 4.13 daivovtal ol KUUATOUOPPEC TOU KUKAWUATOC KATA TNV EL0aywyr Kal
enetepyaoia oktw (8) aptBuwv. Kottwvtoag To oxAua and SefLd mpog T aploTEPA TAPATNPOUUE
OTL O€ KATIOLAL XPOVIKI OTLYHI 0TNV £€000 TOU KUKAWMATOC epdavilovTal To CUVOALKO aBpolopa
(25) kat otn cuvéxela o aplBuog undév (0) to omoio avtikablotd To GUVOALKSO dBpoloua undeév
(25), omwg autod avaAuBnke otnv mapaypado 4.2.B. Ta pepika abpolopata Ba eudaviotolv
OTLG EL0OO0UG TOU KUKAWMATOG JLAG KAL T LovomaTia elvat by-directional. Ot kataotdoelg g
FSM aAA&Zouv Baoel Twv avepxouevwy mapudwyv Tou poAoylol. To idlo cuppaivel kol pe Tig
Tpaelc amobrikeuong kal mpocBeong oe kaBe eminedo.

Ta anmoteAéopata amod TNV EVEPYELAKN KATOVAAWGN TOU KUKAWUATOC 08 oUYKPLON LE
To KUKAwHA TNG OSnuoocieuong [23] ouvolilovial oTov MAPAKATW Tivaka. MeplocoTEPES
mAnpodopiec Sivovtal oto avtiotolyo medio Tou MapaAPTHUATOC.

Total Dynamic Power @ 20 MHz (uW)
KOokAwpa Anpooievonc [23] KOkAwpa 2xAuatoc 4.12 & 4.13
254.9 11.30

Mivakog 4.5. SUyKpLON EVEPYELAKWY KATAVOAWTEWVY TWV SUO KUKAWUATWV.

Mapolo mou To mapaAlaypévo KUKAwA oxeSLaotnke Bacl{OPeVo 0 apXLTEKTOVIKN Twv 8 bit
oe avtiBeon pe To KUKAWPO NG dnuocieuong Tou eival ota 16 bit, mapatnpovpe OTL N
Suvaulkn KatavaAwon oxvog ival Katd oAU xaunAdtepn nepimou 95%.
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MNapaptnua

Mepypadn tou kukAwpatog o VHDL

1. Folded tree with eight elements

library ieee;

use ieee.std logic 1164.all;

use ieee.std logic unsigned.all;
use ieee.std logic_arith.all;

entity RF is

port(
inputA, inputB : inout std logic vector (7 downto 0);
inputC, inputD : inout std logic vector (7 downto 0);
inputE, inputF : inout std logic_vector (7 downto 0);
inputG, inputH : inout std logic_vector (7 downto 0);

general reset : in std logic;

STATE : in std logic;

FSM_Clock : in std_logic;

the outl : out std logic_vector (7 downto 0);
the out2 : out std logic vector (7 downto 0);
the out3 : out std logic vector (7 downto 0);
the outd : out std logic_vector (7 downto 0)

end RF;

architecture structure of RF is

signal theSigl : std logic vector (16 downto 0); -- Signal for PEl
signal theSig2 : std logic vector (16 downto 0); -- Signal for PE2
signal theSig3 : std logic vector (16 downto 0); -- Signal for PE3
signal theSig4 : std logic vector (16 downto 0); -- Signal for PE4
signal PE1toPE3 : std logic_vector (7 downto 0); ----- PE1 to PE3
signal PE2toPE3 : std logic vector (7 downto 0); ----- PE2 to PE3
signal PE3toPE4 : std logic vector (7 downto 0); ----- PE3 to PE4
signal PE4toPE4 : std logic_vector (7 downto 0); ----- PE4 to PE4

signal PE1toDFFl : std logic vector(7 downto 0); ---- PEl to DFF1
signal PE2toDFF2 : std logic vector(7 downto 0); ---- PE2 to DFF2
signal PE3toDFF3 : std logic vector(7 downto 0); ---- PE3 to DFF3
signal PE4toDFF4 : std logic vector(7 downto 0); ---- PE4 to DFF4

signal MUXtoPE1B : std logic vector (7 downto 0)
signal MUXtoPE2B : std logic vector (7 downto 0)
signal MUXtoPE3A : std logic vector (7 downto 0);
signal MUXtoPE3B : std logic vector (7 downto 0)
signal MUXtoPE4A : std logic vector (7 downto 0)

0)

signal MUXtoPE4B : std logic vector (7 downto
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signal trisToA std logic vector (7 downto 0);
signal trisToB std logic vector (7 downto 0);
signal trisToC std logic vector (7 downto 0);
signal trisToD std logic vector (7 downto 0);
signal trisToE std logic vector (7 downto 0);
signal trisToF std logic vector (7 downto 0);
signal trisToG std logic vector (7 downto 0);
signal trisToH std logic vector (7 downto 0);
signal tristate enable std logic;
signal selectMUX std logic;
signal selectMUX1 std logic;
signal selectMUX2 std logic;
signal selectMUX3 std logic vector (1l downto 0);
signal REGtoDFF1 std logic vector (7 downto 0);
signal REGtoDFF2 std logic vector (7 downto 0);
signal REGtoDFF3 std logic vector (7 downto 0);
signal REGtoDFF4 std logic vector (7 downto 0);
signal DFFltoPEl std logic vector (7 downto 0);
signal DFF2toPE2 std logic_vector (7 downto 0);
signal DFF3toPE3 std logic vector (7 downto 0);
signal DFF4toPE4 std logic vector (7 downto 0);
component PE is

port ( A, B in std logic vector (7 downto 0);

39

end component;

component FSM is

addr writeA, addr r

eadA : in std logic vector(l downto 0);

a ddr_writeB, addr_readB : in std logic_vector(l downto 0);
write enA, read enA, rstA : in std logic;
write enB, read enB, rstB : in std logic;
sl alu : in std logic vector (2 downto 0);
ALU en : in std logic;
clocker : in std logic;
regOUT : out std logic vector (7 downto 0);
F : out std logic vector (7 downto 0)
)i
port ( reset in std logic; -- reset signal
S_in in std logic; -- serial bit Input sequence
clk in std logic;
S outl out std logic vector (16 downto 0);
S out2 out std logic vector (16 downto 0);
S_out3 out std logic vector (16 downto 0);
S_out4 out std logic vector (16 downto 0);
tristate en out std logic;
SL_ MUX out std_logic;
SL MUX1 out std logic;
SL_MUX2 out std logic;
SL MUX3 out std logic vector(l downto 0)

)i

end component;
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component mux2tol 8bit is
port ( input A, input B
sl
output
)i

end component;

component DFF 8bit is

40

in std logic vector (7 downto 0);
in std logic;
out std logic vector (7 downto 0)

port ( D in std logic vector (7 downto 0);
clk in std logic;
Q out std logic vector (7 downto 0)

)
end component;

component tristate 8 bit is

port ( A in std logic vector (7 downto 0);
en in std logic;
B out std logic vector(7 downto 0)

)7
end component;

component mux3tol is

port ( w0, wl, w2 in std logic vector (7 downto 0);
s in std logic vector(l downto 0);
mux_out out std logic vector (7 downto 0)

)7
end component;

begin
FSMEIROS FSM port map( general reset, STATE, FSM Clock,
theSigl, theSig2, theSig3, theSig4,
tristate enable, selectMUX, selectMUX1,
selectMUX2, selectMUX3
)i
the outl <= PEltoPE3;
the out2 <= PE2toPE3;
the out3 <= PE3toPE4;
the outd <= PE4toPE4;
inputA <= trisToA;
inputB <= trisToB;
inputC <= trisToC;
inputD <= trisToD;
inputE <= trisToE;
inputF <= trisToF;
inputG <= trisToG;
inputH <= trisToH;
MUXPE1B mux2tol 8bit port map (inputB, inputE, selectMUX1l, MUXtoPE1B);
MUXPE2B mux2tol 8bit port map (inputD, inputF ,selectMUX2, MUXtoPE2B);
MUXPE3A mux2tol 8bit port map(inputE, PEltoPE3, selectMUX, MUXtoPE3A);
MUXPE3B mux3tol port map (inputF, PE2toPE3, inputG, selectMUX3, MUXtoPE3B);
MUXPE4A mux2tol 8bit port map (inputG, PE3toPE4, selectMUX, MUXtoPE4A);
MUXPE4B mux2tol 8bit port map (inputH, PE4toPE4, selectMUX, MUXtoPE4B);
DFF 1 DFF_8bit port map (PE1toDFF1l, FSM Clock, PEltoPE3);
DFF 2 DFF_8bit port map (PE2toDFF2, FSM Clock, PE2toPE3);
DFF_3 DFF_8bit port map (PE3toDFF3, FSM Clock, PE3toPE4);
DFF_4 DFF_8bit port map (PE4toDFF4, FSM Clock, PE4toPE4);
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DFF REG 1 : DFF 8bit
DFF REG 2 : DFF 8bit
DFF REG 3 : DFF_8bit
DFF REG 4 : DFF_8bit

--tristate enable;

port
port
port
port

map (REGtoDFF1,
map (REGtoDFF2,
map (REGtoDFF3,
map (REGtoDFF4,

FSM Clock,
FSM Clock,
FSM_Clock,
FSM_Clock,

TRI_A tristate 8 bit port map (DFFltoPEl, tristate enable,
TRI B tristate 8 bit port map (PEltoPE3, tristate enable,
TRI_C tristate 8 bit port map (DFF2toPE2, tristate enable,
TRI_D tristate 8 bit port map (PE2toPE3, tristate enable,
TRI_E tristate 8 bit port map (PE3toPE4, tristate enable,
TRI_F tristate 8 bit port map (DFF3toPE3, tristate enable,
TRI G tristate 8 bit port map (DFF4toPE4, tristate enable,
TRI _H tristate 8 bit port map (PE4toPE4, tristate enable,
PE1l PE port map ( inputA, MUXtoPElB,

) ;

PE2 PE port map (
PE3 PE port map (
PE4 PE port map (

end structure;

’

)

)

theSigl (16 downto 15),
theSigl (12 downto 11),
theSigl (8), theSigl(7),
theSigl (5), theSigl(4),
theSigl (2 downto 0),
FSM_Clock, REGtoDFF1,

theSigl (14 downto
theSigl (10 downto
theSigl (6),
theSigl (3),

PE1toDFF1

inputC, MUXtoPE2B,

theSig2 (16 downto 15),
theSig2 (12 downto 11),
theSig2(8), theSig2(7),
theSig2(5), theSig2(4),
theSig2 (2 downto 0),
FSM _Clock, REGtoDFF2,

theSig2 (14 downto
theSig2 (10 downto
theSig2(6),
theSig2 (3),

PE2toDFF2

MUXtoPE3A, MUXtoPE3RB,
theSig3 (16 downto 15),
theSig3 (12 downto 11),
theSig3(8), theSig3(7),
theSig3(5), theSig3(4),
theSig3 (2 downto 0),
FSM_Clock, REGtoDFF3,

theSig3 (14 downto
theSig3 (10 downto
theSig3(6),
theSig3(3),

PE3toDFF3
MUXtoPE4A,

theSig4 (16
theSig4 (12

MUXtoPE4B,
downto 15),
downto 11),
theSig4 (8), theSig4(7),
theSig4 (5), theSig4(4),
theSig4 (2 downto 0),
FSM Clock, REGtoDFF4,

theSig4 (14 downto
theSig4 (10 downto
theSig4 (6),
theSig4 (3),

PE4toDFF4
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DFF2toPE2) ;
DFF3toPE3) ;
DFF4toPE4) ;

trisToA) ;
trisToB) ;

trisToC) ;
trisToD) ;

trisToF) ;
trisToE) ;

trisToG) ;
trisToH) ;

13),
9),

13),

13),
9)/

13),
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2. FSM

library ieee;
use ieee.std logic_1164.all;

use ieee.std logic unsigned.all;

use ieee.std logic arith.all;
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--Sequence detector for detecting the sequence "1011".

--Overlapping type.
entity FSM is

port ( reset
S_in

clk

S _outl

S out2

S out3
S_out4
tristate en
SL_MUX
SL_MUX1
SL_MUX2
SL_MUX3

end FSM;

architecture Behavioral of FSM is

in std logic; --reset signal

in std logic; --serial bit Input sequence
in std logic;

out std logic vector (16 downto 0); -- Output
out std logic vector (16 downto 0);

out std logic vector (16 downto 0);

out std logic vector (16 downto 0);

out std logic;

out std logic;

out std logic;

out std logic;

out std logic vector (1l downto 0)

--Defines the type for states in the state machine
type state type is (sS0,S1,s2,S53,54,85,56,87);

--Declare the signal with the corresponding state type.
signal Current State, Next State

begin

process (clk, reset)

state type;

begin
if( reset = '1l' ) then --Synchronous Reset
Current State <= S0;
elsif (clk'event and clk = 'l') then --Rising edge of Clock

end process;
-- Combinational Process

Current State <= Next State;

end if;

Process (Current State, S_in)

Begin

case Current State is

when S0 =>

—————————————————————————————————————————————————————— ALL PEs operating, Trunk-Phase

when S1 =>

S outl <= "00000000111111011";
S_out2 <= "00000000111111011";
S_out3 <= "00000000111111011";
S outd4 <= "00000000111111011";

tristate en <= '0';
SL_MUX <= '0';
SL_MUX1 <= 1'0";
SL_MUX2 <= '0";
SL MUX3 <= "00";
if ( S_in = '0"'" ) then
Next State <= S0;
else
Next State <= S1;
end if;
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—————————————————————————————————————————————————————— PE3 & PE4 operating

S_outl <= "00000000001001000";
S_out2 <= "00000000001001000";
S out3 <= "01010101111111011";
S outd4 <= "01010101111111011";

tristate en <= '0';

SI,_ MUX <= '1';
SL_MUX1 <= '0';
SL_MUX2 <= '0';
SI,_MUX3 <= "01";

if ( S in = '"1' ) then

Next State <= S2;

end if;

———————————————————————————————————————————————————— PE4 operating

S outl <= "00000000001001000";
S out2 <= "00000000001001000";
S out3 <= "00000000001001000";
S outd4 <= "10101010111111011";

tristate en <= '0';
SL_MUX <= '1';
SL_MUX1 <= '0';
SL_MUX2 <= '0';
SL_MUX3 <= "01";

if (S in = '1' ) then

Next State <= 83;

end if;

when S3 =>
——————————————————————————————————————— PE4 operating get the ZERO

S outl <= "00000000001001000";
S out2 <= "00000000001001000";
S_out3 <= "00000000001001000";
S outd4 <= "11111111011011111";

tristate en <= '0"';
SL_MUX <= '1';
SL_MUX1 <= '0"';
SL_MUX2 <= '0';
SL_MUX3 <= "01";

if (S_in = '1' ) then

Next State <= S54;

end if;

when sS4 =>
——————————————————————————————————————— PE4 get the ZERO and add it.

S_outl <= "00000000001001000";
S_out2 <= "00000000001001000";
S_out3 <= "00000000001001000";
S outd4 <= "10101111011011011";
tristate en <= '1"';

SL_MUX <= '0';

SL_MUX1 <= '1';

SL MUX2 <= '1';

SL MUX3 <= "11";

if (S_in = '1' ) then
Next State <= S5;

end 1if;

when S5 =>
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——————————————————————————————————————— PE4 get the ZERO and add it.

——————————————————————————————————————— PE4 get the ZERO and add it.

——————————————————————————————————————— PE4 get the ZERO and add it.

S_outl <= "00000000001001000";
S_out2 <= "00000000001001000";
S out3 <= "01010101011111011";
S _out4 <= "01011010011111011";
tristate en <= '1"';

SL_MUX <= '0';

SI, MUX1 <= '1';

SI, MUX2 <= '1';

SL MUX3 <= "11";

if (S_in = '1' ) then
Next State <= S6;

end if;

=>

S_outl <= "00000000011111011";
S_out2 <= "00000000111111011";
S_out3 <= "00000000011111011";
S_out4 <= "00000101011111011";
tristate en <= '1"';

SL MUX <= '0"';

SL MUX1 <= '1"';

SL_MUX2 <= '1';

SL_MUX3 <= "11";

if (s_in = '1' ) then
Next State <= S7;

end if;

=>

S _outl <= "00000000011111011";
S_out2 <= "00000000111111011";
S_out3 <= "00000000011111011";
S outd4 <= "00000101011111011";

tristate en <= '1"';
SL_MUX <= 1'0";
SL_MUX1 <= '"1';
SI, MUX2 <= '1';
SI, MUX3 <= "11";
if (S_in = '1' ) then

Next State <= S0;
end 1if;

when others =>

NULL;

end case;

end process;
end behavioral;
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3. OnePE

library ieee;

use ieee.std logic 1164.all;

use ieee.std logic unsigned.all;
use ieee.std logic_arith.all;

entity PE is

std logic vector (7 downto 0);
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addr writeA, addr readA : in
addr writeB, addr readB : in

std logic vector (1l downto 0);
std logic vector (1l downto 0);

std logic;
std logic;

std logic vector (2 downto 0);
std _logic;

write enA, read _enA, rstA : in

write enB, read enB, rstB : in
sl alu : in
clocker : in
regOUT

end PE;

architecture structure of PE is

signal muxA to PEA
signal muxB_to PEB

signal muxC_to out

signal PEA to ALU
signal PEB_to ALU

signal ALU to MUX3tol
signal MUX3tol OUT

component Register File is
port ( data_in
addr_wr,addr rd
we_en,rd en,reset,clock
Fo

)7

end component;

: out std logic vector (7 downto 0);
F : out std logic vector (7 downto 0)

std logic vector (7 downto 0);
std logic_vector (7 downto 0);

std logic vector (7 downto 0);

std logic_vector (7 downto 0);
std logic_vector (7 downto 0);

std logic vector (7 downto 0);
std logic vector (7 downto 0);

in std logic_vector (7 downto 0);
in std logic vector(l downto 0);
in std logic;

out std logic_vector (7 downto 0)

component alu8bit is
port ( alu A, alu B
sel alu
out alu
)

end component;

in std logic_vector (7 downto 0);
in std logic_vector (2 downto 0);
out std logic vector (7 downto 0)

component mux2tol 8bit is

port (input A, input B

in std logic vector (7 downto 0);

sl : in std logic;

output
)7

end component;

out std logic vector (7 downto 0)
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component mux3tol is

port ( w0, wl, w2
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in std logic vector (7 downto 0);

s : in std_logic_vector(l downto 0);

mux_out
end component;

component f out is

port (

out std logic vector (7 downto 0));

j : in std logic vector (7 downto 0);
i : out std logic_vector (7 downto 0)

)7
end component;

begin

MUXA TO PE A

MUXB_TO PE B

ALU alu8bit port map (
)7

TRABA f out port map

TRABA REG f out port map

end structure;

A. Register File

library ieee;

use ieee.std logic 1164.all;

use ieee.std logic unsigned.all;
use ieee.std logic_arith.all;

Register File port map

Register File port map

(PEB to ALU,

(
A, addr_writeA,
read_enA, rstA,
)i

addr_readA, write_enA,
clocker, PEA to ALU

(
B, addr_writeB,
read enB, rstB,

)i

addr_readB, write_enB,
clocker, PEB to ALU

PEA to ALU, PEB to ALU,
ALU to MUX3tol

sl alu,

(ALU to MUX3tol, F);

regOUT) ;

——————————————————— entity of Register File circuit ----—------------------—————

entity Register File is
port ( data_in
addr_wr,addr_rd
we en,rd en,reset,clock
Fo

)i

end Register File;

in std logic_vector (7 downto 0);
in std logic_vector(l downto 0);
in std logic;

out std logic vector (7 downto 0)
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library ieee;

use ieee.std logic_1164.all;

use ieee.std logic unsigned.all;
use ieee.std logic_arith.all;

entity register 8bit is

port ( D : in std logic vector(7 downto 0);

clk,resetn : in std logic;

Q : out std logic vector (7 downto 0)

)i
end register 8bit;

architecture behavior of register 8bit is

begin
process (resetn, Clk)
begin

if resetn = '0' then
Q <= "0000000O";

elsif Clk'event and Clk = 'l1' then
Q <= D;

end if;

end process;

end behavior;
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library ieee;

use ieee.std logic 1164.all;

use ieee.std logic unsigned.all;
use ieee.std logic arith.all;

entity DEC_2to4 is

port ( dst _addr : in std logic vector(l downto 0);
we, clock we : in std logic;
dec out : out std logic vector (3 downto 0)
)i
end DEC 2to4;

architecture behavior of DEC 2to4 is --—---—-—---—--—- architecture of one DEC_2to4
begin
process (clock we, we) --dst addr,
begin
if clock we'event and clock we = '0O' then
if we = '1' then

case dst_addr is
when "00" =>

dec_out
when "01" =>
dec_out
when "10" =>
dec_out
when "11" =>
dec_out
when others =>
dec_out
end case;
else
dec _out <= "0000";
end if;

end if;
end process;
end behavior;
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library ieee;

use ieee.std logic 1164.all;

use ieee.std logic unsigned.all;
use ieee.std logic_arith.all;

entity muxxx is
port ( wO,wl,w2,w3
s
en
mux_out
)i
end mMuxxx;

in std logic vector (7 downto 0);
in std logic_vector(l downto 0);
in std logic;

out std logic vector (7 downto 0)

architecture behavior of muxxx is

begin
process (w0,wl,w2,w3,s,en)
begin
if en = '1l' then
case s is
when "00" =>
mux_out <= w0;
when "01" =>
mux out <= wl;
when "10" =>
mux_out <= w2;
when "11" =>
mux_ out <= w3;
when others =>
mux _out <= "ZZZZZZ72Z";
end case;
elsif en = '0' then
mux out <= "ZZZZZZZZ";
end if;
end process;
end behavior;
———————————————————————————————— REG FILE BOX ———————— - m oo
library ieee;
use ieee.std logic 1164.all;
use ieee.std logic unsigned.all;
use ieee.std logic_arith.all;
architecture structure of Register File is
signal dec_to dff std logic vector (3 downto 0);
signal reg to muxl std logic vector (7 downto 0);
signal reg to mux2 std logic vector (7 downto 0);
signal reg_to mux3 std logic vector (7 downto 0);
signal reg_to mux4 std logic vector (7 downto 0);

component register 8bit is

port ( D

register 8bit black box component

clk, resetn
Q
)i

end component;

in std logic vector (7 downto 0);
in std logic;
out std logic vector (7 downto 0)
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component muxxx 1is
port ( w0, wl,w2,w3
s
en
mux_out

end component;

component DEC 2tod is
port ( dst_addr
we,clock we
dec out
)i

end component;

component f out is
port ( j
i
)7
end component;

begin
--Here is the Port map of re

49

in std logic vector (7 downto 0);
in std logic_vector(l downto 0);
in std logic;

out std logic vector (7 downto 0)

in std logic_vector(l downto 0);
in std logic;
out std logic vector (3 downto 0)

in std logic vector (7 downto 0);
out std logic vector (7 downto 0)

gister file.

ADDRESS WR DEC 2to4 port map (addr wr, we en, clock, dec to dff);

DATA IN I register 8bit port map (data in, dec to dff(3), reset, reg to muxl);
DATA IN II register 8bit port map (data in, dec to dff(2), reset, reg to mux2);
DATA IN III register 8bit port map (data in, dec to dff(l), reset, reg to mux3);
DATA IN IV register 8bit port map (data in, dec to dff(0), reset, reg to mux4);
CONTROL_Fo muxXxX port map (

end structure;

B. ALU

library ieee;

reg to muxl,
reg to mux4,

)i

reg_to_mux2,
addr rd, rd en,

reg to mux3,
Fo

use ieee.std logic_1164.all;
use ieee.std logic unsigned.all;

use ieee.std logic arith

entity alu8bit is

port ( alu A, alu_

sel al
out al
)i
end alu8bit;

.all;

B
u
u

in std logic_vector (7 downto 0);
in std logic_vector (2 downto 0)

out std logic vector (7 downto 0)
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architecture behavior of alu8bit is

begin

process (sel alu, alu A, alu B)
variable temp: std logic vector (7 downto 0);

begin

end process;

end behavior;

case sel alu is

when
when
when
when
when
when
when
when

end case;

if temp="11111111" then

"0o0" =>
temp :=
"oo1" =>
temp :=
"010" =>
temp :=
"011" =>
temp :=
"100" =>
temp :=
"101" =>
temp :=
"110" =>
temp :=
others =>
temp :=
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"00000000";
alu B - alu A;
alu A - alu B;
alu A + alu B;
alu A XOR alu B;
alu A OR alu_B;
alu A AND alu B;

"11111111";

out_alu <= "00000000";

else

out_alu <= temp;

end if;

C. DFF (D-flip-flop)

library ieee;

use ieee.std logic 1164.all;
use ieee.std logic unsigned.all;
use ieee.std logic arith.all;

entity DFF 8bit is

port ( D : in std logic_vector (7 downto 0);

clk : in std logic;

Q : out std logic vector (7 downto 0)

)
end DFF 8bit;

architecture behavior of DFF 8bit is

begin
process (Clk)
begin

if Clk'event and Clk

end 1if;
end process;
end behavior;

Q <= D;

= '1l'" then
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D. MUX2to1l

library ieee;

use ieee.std logic 1164.all;

use ieee.std logic unsigned.all;
use ieee.std logic arith.all;

entity mux2tol 8bit is
port (
input A, input B : in std logic vector (7 downto 0);
sl : in std logic;
output : out std logic_vector (7 downto 0)
)i
end mux2tol 8bit;

architecture behavior of mux2tol 8bit is ---------- architecture of one MUX 2 to 1
begin

process (input A, input B, sl)
begin
case sl is
when '0' =>
output <= input A;
when '1' =>
output <= input B;
when others =>
output <= "ZZZZZZ7ZZ";
end case;
end process;

end behavior;

E. f out

library ieee;

use ieee.std logic 1164.all;

use ieee.std logic unsigned.all;
use ieee.std logic arith.all;

entity f out is
port ( J : in std logic vector(7 downto 0);
i : out std logic vector (7 downto 0));
end f out;

architecture fout of f out is
begin
i <= 73;
end fout;
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F. MUX3to1l
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library ieee;
use ieee.std logic_1164.all;

use ieee.std logic unsigned.all;

use ieee.std logic_arith.all;

entity mux3tol is

port ( wO,wl,w2 : in std logic vector (7 downto 0);
s : in std logic vector(l downto 0);
mux out : out std logic vector (7 downto 0));

end mux3tol;

architecture behavior of mux3tol is

begin
process (w0, wl,w2,s)
begin
case s is
when

when
when
when
when
end case;

end process;
end behavior;

"Oo" =>
mux out
"01" =_>
mux out
"10" :_>
mux out
"11" =_>
mux_out
others =>
mux_out

w0 ;

wl;

w2;

w2;

"ZZ2227272Z";
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‘EkBeon Evepyelakng Avaluong

A. Evepyelakr avadAucn oAOKANPOU ToU KUKAWLOTOG

B R R R R R R

Report : power

-analysis_effort low

Design : RF

Version: H-2013.03-SP5-4

Date : Thu Mar 24 19:53:27 2016

Kokkkkhkkhkkhkhkhkhhhhkhkhhhkhkhkhkhkhkhkkhkkk kK

Library(s) Used:

NangateOpenCellLibrary (File:
/../Desktop/libraries/NanGate/NangateOpenCellLibrary PDKvl_ 3 v2010_12/Front_ End/Liberty/CCS/Nangate
OpenCellLibrary low_temp_ccs.db)

Operating Conditions: low_temp
Wire Load Model Mode: top
Design Wire Load Model Library

5K _hvratio 1 1

Global Operating Voltage

=1.25

Power-specific unit information

Voltage Units =1

v

Library: NangateOpenCellLibrary

NangateOpenCellLibrary

53

Capacitance Units 1.000000ff

Time Units = 1ns

Dynamic Power Units = 1uW (derived from V,C,T units)

Leakage Power Units = 1nW
Cell Internal Power = 9.3970 uwW 83%)
Net Switching Power = 1.9076 uwW 17%)
Total Dynamic Power = 11.3046 uW (100%)
Cell Leakage Power = 22.3254 uw

Internal Switching Leakage

Power Group Power Power Power
io pad 0.0000 0.0000 0.0000
memory 0.0000 0.0000 0.0000
black box 0.0000 0.0000 0.0000
clock network 0.0000 0.2369 0.0000
register 8.2867 0.3438 .3046e+04
sequential 5.9747e-02 1.5117e-02 300.2714
combinational 1.0505 1.1525 .9796e+03
Total 9.3970 uwW 1.7482 uwW .2325e+04 nW

B. Evepyelokn ava\ucn Twv EMUEPOUG KUKAWUATIKWY OTOLKE(WV

Operating Conditions: low_temp
Wire Load Model Mode: top
Design Wire Load Model Library

5K_hvratio_1_1

Global Operating Voltage

= 1.25

Power-specific unit information

Voltage Units = 1
Capacitance Units
Time Units = 1ns

Dynamic Power Units
Leakage Power Units

v

1

.000000ff

Library: NangateOpenCellLibrary

NangateOpenCellLibrary

1luw (derived from V,C,T units)

1nW
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Switch Int Leak Total

Hierarchy Power Power Power Power %
RF 1.916 9.398 2.23e+04 33.635 100.0
PE4 (PE_0) 5.92e-02 0.000 0.000 5.92e-02 0.2
TRABA REG (f_out) 2.14e-02 0.000 0.000 2.14e-02 0.1
TRABA (f_out) 2.14e-02 0.000 0.000 2.14e-02 0.1
ALU (alulébit) 3.87e-03 0.000 0.000 3.87e-03 0.0
MUXB_TO_PE_B (Register_ File) 8.74e-03 0.000 0.000 8.74e-03 0.0
MUXA TO_PE_A (Register_ File) 3.87e-03 0.000 0.000 3.87e-03 0.0
PE3 (PE_1) 5.92e-02 0.000 0.000 5.92e-02 0.2
TRABA REG (f_out) 2.14e-02 0.000 0.000 2.14e-02 0.1
TRABA (f_out) 2.14e-02 0.000 0.000 2.14e-02 0.1
ALU (alulébit) 3.87e-03 0.000 0.000 3.87e-03 0.0
MUXB_TO_PE_B (Register_ File) 8.74e-03 0.000 0.000 8.74e-03 0.0
MUXA TO_PE_A (Register_ File) 3.87e-03 0.000 0.000 3.87e-03 0.0
PE2 (PE_2) 5.05e-02 0.000 0.000 5.05e-02 0.2
TRABA REG (f out) 2.14e-02 0.000 0.000 2.14e-02 0.1
TRABA (f out) 2.14e-02 0.000 0.000 2.14e-02 0.1
ALU (alulébit) 3.87e-03 0.000 0.000 3.87e-03 0.0
MUXB _TO PE B (Register File) 8.74e-03 0.000 0.000 8.74e-03 0.0
MUXA TO PE A (Register File) 3.87e-03 0.000 0.000 3.87e-03 0.0
PELl (PE_3) 5.05e-02 0.000 0.000 5.05e-02 0.2
TRABA REG (f out) 2.14e-02 0.000 0.000 2.14e-02 0.1
TRABA (f out) 2.14e-02 0.000 0.000 2.14e-02 0.1
ALU (alulébit) 3.87e-03 0.000 0.000 3.87e-03 0.0
MUXB TO PE B (Register File) 8.74e-03 0.000 0.000 8.74e-03 0.0
MUXA TO PE A (Register File) 3.87e-03 0.000 0.000 3.87e-03 0.0
TRI_H (tristate 8 bit) 1.75e-02 0.000 0.000 1.75e-02 0.1
TRI_G (tristate_ 8 _bit) 3.32e-02 0.000 0.000 3.32e-02 0.1
TRI_F (tristate 8 _bit) 3.29e-02 0.000 0.000 3.29e-02 0.1
TRI_E (tristate 8 bit) 3.23e-02 0.000 0.000 3.23e-02 0.1
TRI_D (tristate 8 _bit) 1.75e-02 0.000 0.000 1.75e-02 0.1
TRI_C (tristate 8 _bit) 4.37e-03 0.000 0.000 4.37e-03 0.0
TRI_B (tristate 8 bit) 1.75e-02 0.000 0.000 1.75e-02 0.1
TRI_A (tristate 8 _bit) 4.37e-03 0.000 0.000 4.37e-03 0.0
DFF_REG_4 (DFF_8bit 0) 3.69e-03 0.954 1.55e+03 2.511 7.5
DFF_REG_3 (DFF_8bit 1) 3.70e-03 0.955 1.55e+03 2.512 7.5
DFF_REG_2 (DFF_8bit_ 2) 3.67e-03 0.953 1.55e+03 2.510 7.5
DFF_REG_1 (DFF_8bit_ 3) 3.68e-03 0.954 1.55e+03 2.510 7.5
DFF_4 (DFF_8bit 4) 3.76e-02 0.952 1.55e+03 2.542 7.6
DFF 3 (DFF 8bit 5) 3.77e-02 0.953 1.55e+03 2.544 7.6
DFF 2 (DFF 8bit 6) 3.70e-02 0.952 1.55e+03 2.542 7.6
DFF 1 (DFF 8bit 7) 3.77e-02 0.953 1.55e+03 2.543 7.6
MUXPE4B (mux2tol 8bit 0) 4.85e-02 0.129 1.02e+03 1.193 3.5
MUXPE4A (mux2tol 8bit 1) 1.75e-02 0.130 1.02e+03 1.164 3.5
MUXPE3B (mux3tol) N/A 0.223 1.14e+03 1.354 4.0
MUXPE3A (mux2tol 8bit 2) 1.80e-02 0.130 1.02e+03 1.164 3.5
MUXPE2B (mux2tol 8bit 3) N/A 0.116 1.02e+03 1.106 3.3
MUXPEIB (mux2tol 8bit 4) N/A 0.116 1.02e+03 1.105 3.3
FSMEIROS (FSM) 0.683 0.926 3.67e+03 5.281 15.7
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