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PerÐlhyh

H ergasÐa aut  èqei wc skopì thn an�lush kai ulopoÐhsh enìc prwtokìllou, pou ja diasfa-

lÐzei thn epikoinwnÐa asÔrmatwn kìmbwn se èna dÐktuo aisjht rwn, basismèno se platfìrmec

tÔpou 8051, me stìqo thn qamhl  katan�lwsh enèrgeiac kai thn axiìpisth met�dosh. Epi-

plèon stìqoc eÐnai na apotelèsei mÐa b�sh kai èna ergaleÐo, gia thn diktÔwsh kai peraitèrw

an�ptuxh enìc tètoiou diktÔou. Sta plaÐsia aut� ulopoi jhke èna prwtìkollo elègqou

prìsbashc sto mèso (MAC - Medium Access Control), me b�sh to prìtupo IEEE 802.15.4

kai èna sÔsthma afÔpnishc kai periodik c apostol c pakètwn, aparaÐthto se dÐktua aisjh-

t rwn, qamhl c katan�lwshc enèrgeiac.
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1 Eisagwg 

1.1 AsÔrmata DÐktua ProswpikoÔ Q¸rou (WPANs) - IEEE

802.15.4

Ta teleutaÐa qrìnia èqei dojeÐ meg�lo endiafèron sthn an�ptuxh twn asÔrmatwn diktÔwn

proswpikoÔ q¸rou, gnwst� wc WPAN (Wireless Personal Area Networks). Prìsfata h

episthmonik  koinìthta thc IEEE sta plaÐsia thc doulei�c thc gia ta prìtupa prwtìkol-

la 802, anakoÐnwse to pagkìsmio prìtupo 802.15.4 [1] gia ta WPAN. Sto prìtupo autì

anafèrontai leptomer¸c, o trìpoc me ton opoÐo gÐnetai pollapl  prìsbash sto kan�li a-

pì polloÔc kìmbouc (Medium Access Control - MAC), kaj¸c kai ta qarakthristik� tou

fusikoÔ epipèdou (Physical Layer - PHY).

Ta WPANs qrhsimopoioÔntai gia thn di�dosh plhroforÐac se mikr  embèleia kai se

mikroÔc rujmoÔc mèqri 250kb/s. LeitourgoÔn sthn mp�nta suqnot twn sta 868/915 MHz

  sta 2450 MHz. Se antÐjesh me ta WLANs, h sÔndesh twn kìmbwn apaiteÐ el�qisth, wc

kai kamÐa epiplèon upodom . Skopìc se aut� ta dÐktua den eÐnai tìso o meg�loc rujmìc

plhroforÐac, ìso h axiopistÐa.

Gia autì to lìgo kai ta WPAN dÐktua anafèrontai kurÐwc se efarmogèc aisjht rwn kai

elègqou. Aut� ta qarakthristik� dÐnoun thn dunatìthta gia fthnèc se kìstoc kai qamh-

l c katan�lwshc enèrgeiac, lÔseic diktÔwshc poll¸n eid¸n suskeu¸n. Ap¸teroc skopìc

eÐnai antÐstoiqec teqnologÐec thlepikoinwni¸n, ìpwc IrDA, Bluetooth, Wireless USB, Z-

Wave, ZigBee, na mporoÔn na diktuwjoÔn k�tw apì mia koin  skopi� kai na enopoihjoÔn,

basizìmenec se èna koinì prwtìkollo.

To prwtìkollo kalÔptei thn diktÔwsh kìmbwn pou brÐskontai se topologÐa astèra(star

topology) kai se topologÐa sÔndeshc kìmbou me kìmbo(peer-to-peer), ìpwc orÐzontai kai sto

prìtupo, kai faÐnontai sta sq mata 1 kai 2.
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Sq ma 1: Kìmboi se topologÐa astèra (star topology)

Sthn efarmog  tou qwrafioÔ, jèloume na diktu¸soume di�fora fut�, me kìmbous-

aisjht rec oi opoÐoi ja paÐrnoun metr seic ugrasÐac , jermokrasÐac ktl. Kai ja metadÐdoun

thn plhroforÐa aut  se ènan apomakrusmèno kìmbo-Stajmì B�shc (Base Station).

Qrhsimopoi same loipìn thn topologÐa astèra, wc lÔsh gia thn diktÔwsh twn kìmbwn-

aisjht rwn, me skopì kai th meÐwsh twn metadìsewn (ìpwc ja eÐqame apì mia peer-to-peer

topologÐa, me poll� monop�tia). Gia thn k�luyh apost�sewn, pèra apì ta ìria ìmwc tou

enìc qwrafioÔ, mporeÐ na qrhsimopoihjeÐ mia ierarqik  dom , apì poll� dÐktua astèra, pou

ja sundèontai metaxÔ touc, mèsw twn kìmbwn-b�shc touc.

Sq ma 2: Kìmboi se topologÐa peer-to-peer
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H ergasÐa aut  sthrÐzetai se aut  thn skopi� kai prospajeÐ na enswmat¸sei ta qara-

kthristik� ekeÐna sta opoÐa basÐzetai to 802.15.4 prìtupo, me kuriìtero qarakthristikì ton

trìpo thc pollapl c prìsbashc kìmbwn sto mèso (MAC).

1.2 AsÔrmata DÐktua Aisjht rwn - iCubes

To pedÐo twn asÔrmatwn diktÔwn aisjht rwn eÐnai èna suneq¸c anaptussìmeno pedÐo. Wc

asÔrmato dÐktuo aisjht rwn (WSN - Wireless Sensor Network) orÐzetai èna dÐktuo to opoÐo

apoteleÐtai apì di�spartouc anex�rthtouc kìmbouc, oi opoÐoi katagr�foun diafìrwn eid¸n

metr seic (jermokrasÐac,  qou, pÐeshc ktl.) kai sunergazìmenoi diadÐdoun ta dedomèna touc

mèsa apì to dÐktuo, se mÐa perioq  b�shc kai katagraf c aut¸n.

Sun jwc oi kìmboi autoÐ apoteloÔntai apì di�fora sugkekrimèna mèrh: ènan asÔrmato

pompodèkth, eÐte me enswmatwmènh keraÐa, eÐte me sÔndesh me exwterik , ènan mikroelegkt 

, èna hlektrikì kÔklwma gia thn diasÔndesh twn aisjht rwn kai k�poia morf  paroq c

autìnomhc hlektrik c enèrgeiac (sun jwc mpatarÐec)   akìmh kalÔtera kai k�poia morf 

sullog c enèrgeiac apì exwterikèc phgèc (energy harvesting). To kìstoc gia tètoiouc

kìmbouc exart�tai kurÐwc apì ton prosanatolismì thc leitourgÐac touc, sun jwc ìmwc o

genikìc prosanatolismìc eÐnai to kìstoc na eÐnai mikrì, ¸ste to dÐktuo aisjht rwn na èqei

polloÔc kìmbouc.

Gia ton skopì autì, qrhsimopoi jhkan ta, {iCubes}. Ta iCubes eÐnai asÔrmatoi thle-

pikoinwniakoÐ kìmboi, oi opoÐoi dhmiourg jhkan sta plaÐsia tou maj matoc {An�lush kai

SÔnjesh Thlepikoinwniak¸n Diat�xewn} (THL404), tou tm matoc {Hlektronik¸n Mhqani-

k¸n kai Mhqanik¸n Hlektronik¸n Upologist¸n} PoluteqneÐou Kr thc, to 2010 kai mpo-

roÔn na apotelèsoun apotelesmatikoÔc kìmbouc, diktÔou aisjht rwn, sundèontac k�poion

aisjht ra epilog c, san exwterik  epèktash.
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Sq ma 3: iCubes

Skopìc  tan na dhmiourghjoÔn oi kat�llhloi kìmboi gia na mporèsei na diktuwjeÐ èna

qwr�fi me aisjht rec ugrasÐac. Ta kÐnhtra thc ergasÐac aut c, eÐnai na jèsei mia b�sh gia

to prwtìkollo epikoinwnÐac twn kìmbwn aut¸n, ¸ste na diasfalÐzei thn swst  met�dosh

plhroforÐac all� kai thn energeiak  autodunamÐa twn kìmbwn, se efarmogèc pou apaitoÔn

sporadik  met�dosh, se meg�lh di�rkeia qrìnou, p.q thc parakoloÔjhshc ugrasÐac twn

fut¸n, se èna qwr�fi.

H swst  diaqeÐrish thc katan�lwshc enèrgeiac se k�je kìmbo, eÐnai Ðswc apì ta shman-

tikìtera jèmata apì th skopi� twn diktÔwn aisjht rwn, kaj¸c apoteleÐ shmantikì krit rio

gia thn biwsimìthta kai thn Ôparxh tou diktÔou. H ergasÐa aut  anafèretai kai sto jèma

thc katan�lwshc enèrgeiac sto epÐpedo thc efarmog c kai parajètei di�forec leitourgÐec,

pou esti�zoun sthn elaqistopoÐhsh thc katan�lwshc enèrgeiac.
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2 Mikroelegkt c (MCU) - C8051F320

2.1 Perigraf 

O mikroelegkt c pou qrhsimopoioÔn, oi kìmboi iCubes tou diktÔou mac, eÐnai o C8051F320

thc Silicon Laboratories. EÐnai ènac mikroelegkt c me pur na tÔpou CIP-51, o opoÐoc eÐnai

pl rwc sumbatìc me to set entol¸n tou Intel MCS-51 (gnwstìc apl� wc 8051) kaj¸c kai

me touc sumbolometafrastèc tÔpou 803x/805x.

To meg�lo ìfeloc thc arqitektonik c tou CIP-51 pur na eÐnai ìti qrhsimopoieÐ arqi-

tektonik  dioqèteushc, h opoÐa aux�nei ton rujmì diekperaÐwshc entol¸n shmantik�. Pio

sugkekrimèna, sthn klassik  arqitektonik  8051 ìlec oi entolèc ektìc twn MUL kai DIV

(pollaplasiasmoÔ kai diaÐreshc) apaitoÔn 12   24 kÔklouc rologioÔ gia na ulopoihjoÔn, me

rolìi epexergast  apì 12 MHz - 24 MHz. Sthn arqitektonik  dioqèteushc tou CIP-51, to

70% twn entol¸n ulopoioÔntai se 1 me 2 kÔklouc rologioÔ, ìpwc faÐnetai kai sto analutikì

sq ma parak�tw.

Sq ma 4: KÔkloi entol¸n thc arqitektonik c CIP-51 sto [4]

Ta basikìtera teqnik� qarakthristik� tou mikroelegkt  mac eÐnai ta ex c:

• Pl rwc sumbatìc me to sÔnolo entol¸n tou pur na 8051.

• Mègisth taqÔthta diekperaÐwshc entol¸n 25 MIPS sta 25 MHz .

• Rolìi pur na èwc 25 MHz.

• 256 bytes eswterik c mn mhc RAM kai 16k bytes FLASH mn mh.

• 25 jÔrec I/O.

• Auxhmènec dunatìthtec qeirist  diakop¸n (Interrupt Handler).
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• Programmatizìmenec leitourgÐec qamhl c katan�lwshc (perÐpou 1 mA) Idle Mode -

Stop Mode.

2.2 ErgaleÐa ProgrammatismoÔ - Metagl¸ttishc

O programmatismìc tou mikroelegkt  ègine me ton Keil C51 metafrast /metaglwttist 

(compiler) thc ARM Ltd, gia thn gl¸ssa programmatismoÔ C. EÐnai apì touc pio dhmofileÐc

metafrastèc ston kìsmo, gia arqitektonik  8051. Parèqei arketèc dunatìthtec ston qr sth

gia �mesh kai pl rh epaf  kai diaqeÐrish ìlwn twn pìrwn enìc 8051 epexergast .

Ta basikìtera qarakthristik� tou metafrast  Keil C51 eÐnai:

• UposthrÐzei 9 basik� eÐdh plhroforÐac, sumperilamb�nontac kai 32-bit IEEE floating-

point.

• Parèqei euèlikth diamìrfwsh thc diajèsimhc mn mhc, orÐzontac metablhtèc diaforeti-

koÔ tÔpou mn mhc data, bdata, idata, xdata, pdata.

• Oi sunart seic diaqeÐrishc diakop¸n (interrupt handler routines), mporoÔn na grafoÔn

se C.

• Dunatìthta dieujunsiodìthshc bit.
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2.2.1 SqedÐash Str¸matoc PerÐlhyhc UlikoÔ - HAL

To str¸ma perÐlhyhc ulikoÔ (HAL - Hardware Abstraction Layer) eÐnai èna str¸ma k¸dika

metaxÔ tou fusikoÔ ulikoÔ kai tou kajaroÔ logismikoÔ. O skopìc eÐnai na paramènoun

afaneÐc oi leptomèreiec tou ulikoÔ (onìmata kataqwrht¸n, dieujÔnseic mn mhc, perifereiak�

ktl) ètsi ¸ste na paraqjeÐ mia sunep c platfìrma/biblioj kh thn opoÐa na mporeÐ o k�je

qr sthc, anexart twc thc gn¸shc tou kai thc epaf c tou me to ulikì, na th qrhsimopoieÐ

gia na trèqei di�forec efarmogèc/progr�mmata.

Autì èqei arket� pleonekt mata, me basikìtero ìti se perÐptwsh pou to fusikì ulikì

all�zei k�je for�, o qr sthc den ja qrei�zetai na all�zei thn morf  tou k¸dika thc

efarmog c tou kai na ton tropopoieÐ se meg�lo bajmì, na exart�tai dhlad  apì to ulikì

(hardware), all� ja qrhsimopoieÐ tic ek�stote an�logec biblioj kec gia to kat�llhlo ulikì

tou k�je for�.

Aut  h logik  eÐnai polÔ shmantik  sta enswmatwmèna sust mata (embedded systems)

ètsi ¸ste na mporeÐ to logismikì twn efarmog¸n pou ulopoieÐtai, na enswmat¸netai kai na

exelÐssetai gr gora kai eÔkola se diaforetikèc platfìrmec. Se aut n thn prosp�jeia èqei

kinhjeÐ kai h org�nwsh tou k¸dika se aut  thn ergasÐa, ètsi ¸ste mellontikèc efarmogèc

na mporoÔn na basistoÔn, tropopoi soun   qrhsimopoi soun komm�tia aut c thc ergasÐac

qwrÐc na prèpei na all�zoun ton k¸dika thc efarmog c touc.

Merik� apì ta basik� komm�tia thc org�nwshc (HAL) pou ègine ìpwc faÐnetai sto sq ma

5 eÐnai ta ex c:

• Examples-Applications : Ed¸ brÐskoume ulopoi seic kai logismikì efarmog¸n (algo-

rÐjmouc, efarmogèc, ktl).

• Includes : Ed¸ brÐskoume touc orismoÔc diafìrwn sunart sewn kai tic perigrafèc

stajer¸n pou èqoun na k�noun me to epÐpedo ulikoÔ kai to qamhlì epÐpedo genikìtera

(fusikì epÐpedo, onomasÐec kataqwrht¸n-jur¸n, ktl)

• Libraries: Ed¸ brÐskoume tic ulopoi seic twn diafìrwn sunart sewn qamhloÔ epi-

pèdou pou basÐzontai touc orismoÔc pou èqoun gÐnei parap�nw kai ulopoioÔn kurÐwc
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basikèc leitourgÐec qamhloÔ epipèdou, diasÔndeshc perifereiak¸n ktl.

Sq ma 5: Par�deigma org�nwshc k¸dika ìpwc sto [6]- HAL
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3 Pompodèkthc (RF tranceiver) - CC2500

3.1 Perigraf 

Oi kìmboi qrhsimopoioÔn epÐshc radiofwnikì pompodèkth gia thn thlepikoinwniak  zeÔxh

kai diktÔwsh touc. O pompodèkthc twn iCubes eÐnai o CC2500 thc Texas Instruments.

EÐnai ènac pompodèkthc qamhloÔ kìstouc, sta 2.4 GHz eidik� sqediasmènoc gia asÔrmatec

efarmogèc, qamhl c katan�lwshc enèrgeiac.

To ulikì autì eÐnai sqediasmèno gia thn mp�nta suqnot twn 2400-2483.5 MHz, h opoÐa

qarakthrÐzetai wc ISM (Industrial, Scientific, Medical) kai SRD (Short Range Device). To

radiìfwno CC2500 parèqei ekten  èlegqo kai diaqeÐrish twn pakètwn, dunatìthta stoÐbac

pakètwn (buffering), dunatìthta ekpomp c ekrhktik c ro c (burst transmission), anÐqneush

fèrontoc kai eleÔjerou kanalioÔ(CS - carrier sense /CCA - clear channel assessment),

èlegqo poiìthtac zeÔxhc (LQI - link quality indication) kai dunatìthta leitourgÐac se

qamhl  katan�lwsh kai afÔpnishc mèsw tou radiof¸nou (Wake-On-Radio). Ta basikìtera

teqnik� qarakthristik� tou:

• Uyhl  euaisjhsÐa dèkth mèqri kai -104dBm sta 2.4 KBaud(kilo symbols/sec) kai 1%

posostoÔ sf�lmatoc (packet error rate).

• Qamhl  katan�lwsh reÔmatoc 13.3 mA se kat�stash l yhc (RX state) gia isqur�

s mata sthn eÐsodo.

• Rujmizìmenh isqÔc ekpomp c apì -50dBm mèqri +1dBm.

• Programmatizìmenoc rujmìc ekpomp c apì 1.2 mèqri 500 KBaud.

• Suqnìthta fèrontoc ekpomp c 2400 - 2483.5 MHz kai dunatìthta gr gorhc allag c

fèrontoc (frequency hopping).

• Euèliktec leitourgÐec gia sust mata basismèna se pakèta: AnÐqneush projèmatoc kai

suntonismìc (preamble, sync word detection) , èlegqoc dieÔjunshc (address check),
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metablhtì mègejoc pakètwn, autìmatoc kuklikìc èlegqoc pleonasmoÔ (cyclic redun-

dancy check - CRC).

• Pl rh sumbatìthta me thn diasÔndesh tÔpou SPI.

• Programmatizìmeno pl�toc fÐltrou suqnot twn.

• Dunatìthta leitourgÐac se polÔ qamhl  katan�lwsh (400 nA), kat�stash SLEEP

mode kai gr gorh epanafor� (240 us) se kat�stash l yhc   met�doshc (RX - TX

state).

• Paroq  èndeixhc gia thn isqÔ tou lambanìmenou s matoc (Received signal strength

indicator - RSSI).

3.2 Fusikì epÐpedo

EÐnai shmantikì na parajèsoume orismèna stoiqeÐa pou aforoÔn to fusikì epÐpedo zeÔxhc

gia ton pompodèkth CC2500 kai na ta sugkrÐnoume, me ta antÐstoiqa stoiqeÐa tou protÔpou

802.15.4, ìpwc orÐzontai sto [1]. Sta plaÐsia aut c thc ergasÐac ègine prosp�jeia na gÐnei

ìso to dunatì megalÔterh sÔgklish, tou diktÔou mac me to prìtupo, wstìso merik� shmeÐa

tou ulikoÔ mac den mac parèqoun thn dunatìthta aut  kai se �lla shmeÐa h efarmog  mac

apaitoÔse �llec rujmÐseic.

Sto [1] orÐzontai k�poia sugkekrimèna qarakthristik� tou fusikoÔ epipèdou gia tic mp�n-

tec suqnot twn. Ston pÐnaka 1 gÐnetai mia sÔgkrish se teqnik� qarakthristik�, gia thn

mp�nta suqnot twn pou qrhsimopoieÐ to dikì mac WSN, se sqèsh me ìsa orÐzontai sto

prìtupo.

Ta kÔria qarakthristik� pou problèpei to prìtupo 802.15.4 gia to fusikì tou epÐpedo

(PHY) eÐnai:

• Dunatìthta energopoÐhshc kai apenergopoÐhshc tou radiof¸nou.

• AnÐqneush thc enèrgeiac tou s matoc sto trèqon kan�li, ED (Energy Detection).
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• Akrib c èlegqoc tou kanalioÔ gia thn apofug  sugkroÔsewn se tautìqronh met�dosh,

CCA (Clear Channel Assessment).

• Dunatìthta epilog c suqnìthtac.

• Dunatìthta elègqou orjìthtac twn pakètwn pou lamb�nontai kai apofug  laj¸n,

CRC (cyclic redundancy check).

• Apostol  kai l yh plhroforÐac.

Autèc tic dunatìthtec kai leitourgÐec kalÔptei kai to dikì mac radiìfwno. OrÐzontai akìmh

kai ta qarakthristik� thc diamìrfwshc kai rujmoÔ met�doshc, gia sugkekrimènec mp�ntec

suqnot twn. To dikì mac radiìfwno leitourgeÐ gÔrw apì thn suqnìthta 2.4GHz, opìte

ja esti�soume ekeÐ. Basik  diafor� eÐnai ìti to ulikì mac (radiìfwno CC2500), den mac

IEEE Std-802.15.4 iCubes

Band 2400-2483 (MHz) 2400-2483 (MHz)

Modulation O-QPSK OOK, 2-FSK, GFSK, MSK

Data Rate 62.5 kB/s 2.4 - 500 kB/s

PÐnakac 1: Qarakthristik� FusikoÔ Epipèdou - (Physical Layer)

parèqei thn dunatìthta na èqoume diamìrfwsh tÔpou O-QPSK, opìte se sqèsh me tic upì-

loipec epilogèc, ja èprepe na dialèxoume mia diamìrfwsh   opoÐa na tairi�zei stic ek�stote

apait seic thc efarmog c mac.

Sthn twrin  efarmog  tou diktÔou aisjht rwn den apaiteÐtai uyhlìc rujmìc apostol c,

kaj¸c h plhroforÐa eÐnai sporadik  kai mikr  se mègejoc (16 bit gia k�je mètrhsh eÐnai

arket�), all� mac endiafèrei h k�luyh meg�lhc apìstashc. Gia autì to skopì qreiazìmaste

ekeÐnec tic rujmÐseic tou CC2500, gia tic opoÐec epitugq�netai mègisth euaisjhsÐa kai uyhlèc

apost�seic.

Gia to CC2500 autèc oi rujmÐseic eÐnai oi parak�tw, ìpwc orÐzontai sto egqeirÐdio tou.
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Sq ma 6: Apìspasma apì tic prìtupec rujmÐseic tou CC2500 sto [3]

Epilèqjhke dhlad  diamìrfwsh 2-FSK kai rujmìc met�doshc sta 2.4Kbps
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4 Prìsbash sto Mèso - CSMA/CA

4.1 Perigraf 

H pollapl  prìsbash sto mèso (MAC - Medium Access Control) apaiteÐ k�poio prwtì-

kollo, ètsi ¸ste na apofeÔgontai oi sugkroÔseic kìmbwn pou metadÐdoun sthn Ðdia mp�nta

suqnot twn. Sto prìtupo 802.15.4 ìpwc orÐzetai sto [1], autìc o mhqanismìc eÐnai o CSMA-

CA (carrier sense multiple access - collision avoidance), ìpou proteÐnontai dÔo ekdoqèc tou,

mÐa gia PANs me beacon-enabled dom  kai mÐa gia non-beaconed dÐktua.

O mhqanismìc autìc an kei sthn kathgorÐa listen-before-talk prwtokìllwn. H logik 

tou algorÐjmou sthrÐzetai sthn ikanìthta tou k�je kìmbou, na mporeÐ na akoÔei pijanèc

metadìseic pou brÐskontai se exèlixh (CCA - clear channel assessment) ìtan autìc jèlei na

metad¸sei èna pakèto kai na anab�lei thn prosp�jeia tou, gia tuqaÐa qronik� diast mata

(backoff slots), mèqri na brei k�poia stigm  to kan�li adranèc, gia na metad¸sei to pakèto

tou.

To prìtupo orÐzei dÔo pijanèc epilogèc gia thn morf  tou CSMA-CA algorÐjmou:

• H ekdoq  me sqismèc (slotted CSMA-CA), h opoÐa qrhsimopoieÐtai ìtan sto dÐktuo

mac qrhsimopoioÔntai beacons.

• H ekdoq  qwrÐc sqismèc (unslotted CSMA-CA), h opoÐa qrhsimopoieÐtai ìtan sto

dÐktuo den qrhsimopoioÔntai beacons. Se k�je perÐptwsh o CSMA-CA algìrijmoc

ulopoieÐtai kai sthrÐzetai sth mon�da qrìnou backoff period, ìpou orÐzetai sto [1] na

eÐnai Ðsh me mÐa stajer� aUnitBackoffPeriod (20 perÐodoi sumbìlou).

Kai stic dÔo peript¸seic to CSMA-CA eÐnai tÔpou non-persistent, den suneqÐzei dhlad 

thn diadikasÐa elègqou tou kanalioÔ diark¸c, mèqri na to brei k�poia stigm  eleÔjero, par�

anamènei gia periìdouc backoff slots ìpwc proanafèrjhke.

Ta PANs me beacons-enabled apaitoÔn apì to epÐpedo MAC, na up�rqei sto dÐktuo mÐa

saf¸c orismènh kai stajer  oriojèthsh twn qronojurÐdwn (time slots), koin  gia ìlouc

touc kìmbouc tou diktÔou, ìpwc aut  pou faÐnetai sto antÐstoiqo sq ma 7. Thn opoÐa ja
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frontÐzei ènac kìmboc sto dÐktuo na sugqronÐzei kai na krat�ei stajer  (PAN - coordina-

tor).

Tìte ja mporeÐ na orÐzei mia dom  apì periìdouc ekpomp c kai mh-ekpomp c (superframe

structure) gia touc upìloipouc kìmbouc, oi opoÐoi sugqronismènoi ja prèpei na throÔn ta

perij¸ria aut�, na epidi¸koun metadìseic   na paramènoun adraneÐc mèsa se aut� ta ìria

kai oi sqismèc twn backoff slots na brÐskontai se pl rh eujugr�mmish me tic sqismèc

twn superframes.

Se antÐjesh me aut  thn ekdoq , ìtan den qrhsimopoioÔntai beacons kai èqoume thn morf 

tou unslotted-CSMA algorÐjmou, ta backoff slots tou k�je kìmbou den susqetÐzontai sto

qrìno, me ta backoff slots twn �llwn kìmbwn tou diktÔou.

Sq ma 7: Dom  enìc superframe ìpwc orÐzetai sto [1]

Sta plaÐsia aut c thc ergasÐac autìc o sugqronismìc den epidi¸qjhke kai gia autì to

lìgo qrhsimopoi jhke h ekdoq  tou unslotted CSMA-CA algorÐjmou, me b�sh ìsa orÐzontai

apì to prìtupo, gia mia aploÔsterh lÔsh sto dÐktuo aisjht rwn tou qwrafioÔ. Ston

unslotted CSMA-CA algìrijmo, ta b mata tou opoÐou analÔontai sto parak�tw sq ma,

gia k�je met�dosh enìc pakètou, k�je kìmboc krat�ei dÔo metablhtèc, se k�je prosp�jeia

met�doshc.

• NB: EÐnai o arijmìc twn for¸n pou o kìmboc anagk�sthke na anab�lei thn met�dosh

tou.

• BE : O arijmìc tou ekjèth thc ekjetik c upoq¸rhshc (exponential backoff ) apì ton
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opoÐo exart�tai kai o arijmìc twn backoff sqism¸n, pou k�je kìmboc ja perimènei,

e�n brei to kan�li apasqolhmèno. Sthn arq  k�je xeqwrist c met�doshc pakètou,

autìc o arijmìc èqei thn tim  macMinBE (h opoÐa gia to prìtupo eÐnai Ðsh me 3 san

default tim ). E�n dojeÐ tim  0, san arqik  tim , gia to BE, ousiastik� h apofug 

sÔgkroushc akur¸netai, gia thn pr¸th epan�lhyh tou algorÐjmou.

Arqik� o algìrijmoc gia to unslotted CSMA-CA arqikopoieÐ tic metablhtèc NB kai BE kai

proqwr�ei sto b ma (2). Sto b ma (2) o algìrijmoc upoqre¸nei ton k�je kìmbo se anamon 

gia tuqaÐo arijmì backoff slots,ton opoÐo arijmì epilègei apì èna di�sthma akèraiwn tim¸n

omoiìmorfa katanemhmènwn sto [0, 2BE − 1].

Sthn sunèqeia proqwr�ei sto b ma (3) ìpou zht�ei apì to fusikì epÐpedo (PHY) na

efarmìsei èlegqo diajesimìthtac tou kanalioÔ (CCA - clear channel assessment). E�n to

kan�li krijeÐ wc apasqolhmèno, tìte to MAC epÐpedo aux�nei touc arijmoÔc NB kai BE

kat� 1 mon�da, sto b ma (4), tsek�rontac k�je for� ìti to BE den ja xeper�sei thn tim 

macMaxBE.

E�n h tim  NB xeper�sei thn programmatismènh tim  macMaxCSMABackoffs, tìte o

algìrijmoc termatÐzei kai dhl¸nei apotuqÐa prìsbashc sto mèso. E�n to kan�li brejeÐ se

kat�stash adran , tìte o kìmboc proqwreÐ se met�dosh sto b ma (5) kai dhl¸nei epituqÐa.

'Opwc orÐzetai sto prìtupo, h qr sh epibebai¸sewn (ACKs - acknowledgements) gia ta

pakèta dedomènwn (data frames), eÐnai proairetik . Ja gÐnetai apì ton PAN - coordinator

proc touc kìmbouc kai den ja qrhsimopoieÐ ton algìrijmo CSMA-CA, gia ton mhqanismì

prìsbashc sto mèso.

Sthn ulopoÐhsh thc ergasÐac aut c, sumperilamb�netai o mhqanismìc twn epibebai¸sewn

(ACKs) gia ta pakèta dedomènwn, p�nw sthn Ðdia logik , ìti dhlad  k�je epibebaÐwsh gÐnetai

èpeita apì thn l yh pakètou, apì ton paral pth, kurÐwc sthn perÐptwsh pou autìc eÐnai o

stajmìc b�shc, antÐstoiqoc me ton PAN - coordinator tou protÔpou dhlad . To di�gramma

pou akoloujeÐ deÐqnei thn ro  tou algorÐjmou.
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Sq ma 8: Dom  tou unslotted CSMA-CA ìpwc orÐzetai sto [1]

EpÐshc sta plaÐsia thc ergasÐac aut c ulopoi jhke kai h aparaÐthth logik  gia thn

apofug  tou probl matoc tou krummènou kìmbou(hidden node problem). Sth perÐptwsh
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autoÔ tou probl matoc ènac   perissìteroi kìmboi, den mporoÔn na akoÔsoun touc geÐtonec

touc, lìgw apìstashc   genikìtera �llwn sunjhk¸n tou perib�llontoc. Wc ek toÔtou

kat� thn perÐodo elègqou tou kanalioÔ, autoÐ oi kìmboi den mporoÔn na akoÔsoun o ènac,

th met�dosh tou �llou, opìte jewroÔn lanjasmèna to kan�li eleÔjero.

H logik  pou akolouj jhke eÐnai aut  twn RTS/CTS pakètwn gia thn apofug  tètoiwn

sugkroÔsewn kai h qr sh twn epibebai¸sewn. Den ja epektajoÔme ìmwc sthn an�lush

touc parak�tw, kaj¸c eÐnai proairetikèc, ìpwc kai to prìtupo 802.15.4 orÐzei.

4.2 Jewrhtik  An�lush

4.2.1 Eisagwg  - Paradoqèc

H jewrhtik  skopi� pou perigr�fetai parak�tw èqei parousiasteÐ kai analujeÐ sto [2].

Arqik� tonÐzetai ìti o algìrijmoc tou unslotted CSMA-CA prwtokìllou, pou ulopoi -

jhke(kai basÐzetai sto 802.15.4), diafèrei shmantik� apì �lla antÐstoiqa prìtupa, ìpwc

autì tou 802.11. H basik  diafor� eÐnai ìti sto 802.11, o metrht c thc duadik c ekjetik c

upoq¸rhshc mikraÐnei, ìso to kan�li brÐsketai adranèc kai pag¸nei k�je for� pou brÐsketai

mÐa met�dosh. ParakoloujeÐ dhlad  to kan�li k�je kìmboc suneq¸c. Sto 802.15.4 prìtu-

po, o kìmboc den parakoloujeÐ suneq¸c to kan�li, tautìqrona dhlad  me thn perÐodo pou

upoqwreÐ (backoff), par� elègqei xan� to kan�li sto tèloc aut c thc periìdou.

To majhmatikì montèlo sto [2], diafèrei se meg�lo bajmì apì antÐstoiqa montèla. Gia

thn an�lush tou, k�nei tic ex c basikèc paradoqèc:

• Sto dÐktuo up�rqoun N kìmboi ìpou o k�je kìmboc metadÐdei èna pakèto D×10 bytes.

O qrìnoc pou apaiteÐtai na apostaleÐ èna tètoio pakèto eÐnai D × d b ìpou d b =

1× backoff period.

• JewroÔntai idanikèc sunj kec kanalioÔ: 'Oloi oi kìmboi {akoÔne} o ènac ton �llo,

den up�rqei dhlad  prìblhma kruf¸n kìmbwn (hidden node problem). SugkroÔseic

metaxÔ kìmbwn mporeÐ na sumboÔn sthn perÐptwsh pou dÔo   perissìteroi kìmboi

xekin soun tautìqrona ton èlegqo kanalioÔ proc diajesimìthta kanalioÔ (CCA). E-
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pÐshc den jewreÐtai energopoihmènoc, k�poioc mhqanismìc epibebai¸sewn (ACK) kai

anamet�doshc.

• 'Oloi oi kìmboi xekinoÔn ton algìrijmo prìsbashc sto mèso thn Ðdia stigm , ìtan

stèlnei o kìmboc b�shc to s ma, gia thn ènarxh apostol c metr sewn (den up�rqei

dhlad  metablhtìthta kajustèrhshc, sthn di�dosh pakètwn kai oi kìmboi lamb�noun

tautìqrona thn entol  apì ton kìmbo b�shc gia thn ènarxh thc apostol c). EpÐshc

k�je kìmboc se k�je gÔro prospajeÐ na metad¸sei , èna pakèto akrib¸c, ìpwc stic

perissìterec peript¸seic twn WSN senarÐwn. 'Etsi o arijmìc twn kìmbwn pou anta-

gwnÐzontai gia thn prìsbash sto mèso, mei¸netai kaj¸c aux�netai o qrìnoc se ènan

gÔro.

K�je kìmboc, o opoÐoc epiqeireÐ prìsbash sto mèso, se k�je gÔro, mporeÐ na brÐsketai

se tèssereic pijanèc katast�seic: kat�stash upoq¸rhshc (backoff), kat�stash elègqou

kanalioÔ (CCA), kat�stash met�doshc (transmit) kai kat�stash adr�neiac (idle). E�n

met� apì thn f�sh tou elègqou kanalioÔ (CCA), to kan�li brejeÐ eleÔjero tìte o kìmboc

proqwr� se met�dosh kai sthn sunèqeia paramènei adran c wc to tèloc tou gÔrou. Oi

stìqoi loipìn tou jewrhtikoÔ montèlou sto [2] eÐnai na montelopoihjeÐ h kat�stash tou

elègqou tou kanalioÔ kai thc upoq¸rhshc (backoff).

Oi katast�seic autèc montelopoioÔntai apì mÐa diadikasÐa Q dÔo diast�sewn

Q(t) = {BOc(t), BOs(t)}, ìpou t eÐnai akèraioc arijmìc pou anaparist� ton qrìno se sqi-

smèc. MÐa sqism  eÐnai Ðsh me mÐa backoff period. 'Etsi ta BOc(t) kai BOs(t) anaparistoÔn

ton backoff metrht  kai to backoff epÐpedo(dhlad  pìsec forèc èqei gÐnei backoff) antÐstoi-

qa.

Kai oi dÔo eÐnai diakritoÔ-qrìnou stoqastikèc diadikasÐec, jewr¸ntac diakritèc timèc.

Opìte h diadikasÐa Q eÐnai mia alusÐda. Den eÐnai ìmwc mÐa Markovian alusÐda, afoÔ h

BOc(t) den eÐnai mÐa qwrÐc mn mh diadikasÐa, all� h tim  thc exart�tai apì pìsec forèc o

kìmboc, èqei prospaj sei na k�nei prìsbash sto kan�li qwrÐc epituqÐa.

H arqik  tim  tou backoff metrht  (BOc(0)) eÐnai omoiìmorfa katanemhmènh, sto di�sth-

ma [0,WNB−1], ìpouWNB = 2BE eÐnai to mègejoc tou parajÔrou antagwnismoÔ (contention
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window) kai NB [0, NBmax]. H tim  tou BE exart�tai apì thn deÔterh diadikasÐa BOs(t).

Opìte orÐzontai NBmax +1 diaforetik� st�dia upoq¸rhshc (backoff stages) parathr¸n-

tac ta diaforetik� zeug�ria tim¸n (NB, BE). To prìtupo 802.15.4 ìpwc orÐzetai sto [1]

orÐzei ìti oi basikèc timèc twn NB kai BE ja arqikopoioÔntai sthn arq  tou algorÐjmou,

se NB0 = 0kaiBE0 = 3 (antistoiqeÐ se par�juro W0 = 8). K�je for� pou to kan�li

brÐsketai kateilhmmèno ja aux�nontai autèc oi dÔo timèc kat� mia mon�da. H perÐptwsh

BOs = 4, eÐnai h teleutaÐa, stic basikèc rujmÐseic tou 802.15.4.

Epeid  up�rqei mÐa mègisth tim  gia to NB, up�rqei kai mia mègisth kajustèrhsh pou

mporeÐ na èqei èna pakèto sth met�dosh tou. Autì to mègisto epitugq�netai, sthn perÐptwsh

pou k�poioc kìmboc exantl sei ìlec tic prosp�jeiec tou, gia prìsbash sto kan�li kai ft�sei

to uyhlìtero backoff stage. Se aut  thn perÐptwsh, ja isqÔei ìti o kìmboc ja brÐsketai

se kat�stash backoff gia arijmì
NBmax∑
k=0

(Wk − 1) apì slots kai gia arijmì NB + 1 slots se

kat�stash elègqou tou kanalioÔ.

'Etsi h teleutaÐa sqism , pou ja mporeÐ mia met�dosh na sumbeÐ, eÐnai h tmax =
∑NBmax

k=0 Wk =

120, kai h teleutaÐa met�dosh ja telei¸sei se (tmax + D − 1). O èlegqoc tou kanalioÔ

eÐnai ìmwc efiktìc, gia to di�sthma qrìnou [0, tmax− 1].

4.2.2 Majhmatikì montèlo - Mèroc 1

Sta parak�tw, ìpwc orÐzontai sto [2], ja orÐzetai h genik  kat�stash thc alusÐdac wc

Q(t) = {BOc,BOs, t} kai h pijanìthta na brÐsketai k�poioc kìmboc se mia kat�stash wc

P{BOc = c, BOs = i, t = j} = P{c, i, j}.

OrÐzetai epÐshc h pijanìthta pjb ìti sthn j-th slot to kan�li brèjhke kateilhmmèno, èpeita

apì ton èlegqo. To montèlo exet�zei tic ex c pijanìthtec:

• Thn pijanìthta ènac kìmboc na l xei thn met�dosh tou pakètou tou se èna slot j, h

opoÐa ja orÐzetai wc P{T j}, j ∈ [0, tmax + D − 1].

• Thn pijanìthta epituqoÔc met�doshc enìc pakètou, dhlad  thn pijanìthta epituqÐac

thc met�doshc se opoiad pote sqism , gia èna gÔro prospajei¸n, h opoÐa ja orÐzetai
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wc ps.

• Thn pijanìthta o kìmboc b�shc na l�bei thn our� enìc pakètou, proerqìmenh apì

opoiond pote kìmbo, se mia sqism  j, h opoÐa ja orÐzetai wc

P{Rj}, j ∈ [0, tmax + D − 1].

H pijanìthta P{T j} exart�tai apì thn pijanìthta na  tan k�poioc kìmboc thn sqism  j−

D se kat�stash elègqou-kanalioÔ (CCA). GiatÐ èna pakèto ìpwc anafèrjhke katalamb�nei

D sqismèc kai ènac kìmboc pou brÐskei to kan�li eleÔjero thn sqism  j−D, ja oloklhr¸sei

thn met�dosh tou thn sqism  j.

H pijanìthta na brÐsketai ènac kìmboc se kat�stash elègqou tou kanalioÔ, thn sqism 

j sto st�dio upoq¸rhshc i(BOs = i) , orÐzetai sto [2] wc P{Sj
i } = P{0, i, j} , gia i kai

j. Apì autèc tic pijanìthtec upologÐzetai kai h pijanìthta, na brÐsketai èna kìmboc sthn

kat�stash elègqou tou kanalioÔ thn sqism  j, h opoÐa orÐzetai P{Cj}, j ∈ [0, tmax− 1] kai

h pijanìthta P{T j}. Oi pijanìthtec ps kai P{Rj}, exart¸ntai apì thn pijanìthta P{T j}

kai tèloc upologÐzetai kai h pijanìthta pjb.
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To di�gramma met�bashc katast�sewn ìpwc anafèretai sto [2] faÐnetai parak�tw sta

sq mata.

Sq ma 9: Apìspasma apì [2, Fig 2] gia backoff stage 1
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Sq ma 10: Apìspasma apì [2, Fig 3] gia backoff stage 2
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Sq ma 11: Apìspasma apì [2, Fig 4] gia backoff stage 3
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Sq ma 12: Apìspasma apì [2, Fig 5] gia backoff stage 4
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Sq ma 13: Apìspasma apì [2, Fig 6] gia backoff stage 5

Apì to di�gramma twn katast�sewn ex�goume ta ex c:

• Pr¸to St�dio Upoq¸rhshc (First Backoff Stage):

Sthn arq  k�je kìmboc dialègei ènan arijmì apì èna omoiìmorfa katanemhmèno sÔno-

lo, sto di�sthma {0,W0−1 = 7}. Sto qrìno t=0, ènac kìmboc epilègei me pijanìthta

1/W0, mia apì tic katast�seic {c, 0, 0}, c ∈ [0, 7]. E�n o arijmìc epilog c tou eÐnai

to 0, tìte o kìmboc sthn sqism  0, ja elègxei to kan�li kai sthn sqism  1, ja meta-
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d¸sei to pakèto tou. Autì giatÐ den mporeÐ na up�rxei met�dosh, sthn pr¸th sqism 

(P{T 0 = 0}), kai ètsi to kan�li ekeÐnh th sqism  p�nta ja brÐsketai adranèc (p0b = 0).

Se perÐptwsh pou epilèxei arijmì megalÔtero tou 0 tìte, o kìmboc ja mei¸nei to

metrht  upoq¸rhshc se k�je backoff slot mèqri thn tim  0, ìpou o kìmboc ja k�nei

èlegqo tou kanalioÔ. Met� thn perÐodo elègqou, o kìmboc ja metad¸sei an to kan�li

brèjhke kajarì alli¸c ja per�sei sto epìmeno backoff stage, kai mia �llh tim  apì

to di�sthma {0,W1 − 1 = 15} ja epileqjeÐ.

OrÐzontac wc P{BOc = c1, BOs = i1, t = j1|BOc = c0, BOs = i0, t = j0} =

P{c1, i1, j1|c0, i0, j0} thn pijanìthta metabol c thc kat�stashc mac apì thn {c0, i0, j0}

kat�stash, sthn {c1, i1, j1}, oi pijanìthtec met�bashc eÐnai

P{c, 0, j + 1|c + 1, 0, j} = 1 (1)

gia c ∈ [0,W0 − 2] kai j ∈ [0,W0 − 2]. Aut  h sqèsh deÐqnei ìti, sthn arq  k�je

sqism c, o backoff counter, fjÐnei kat� 1 mon�da mèqri na ft�sei to 0, me pijanìthta

1. Oi pijanìthtec na brÐsketai ènac kìmboc sthn kat�stash elègqou tou kanalioÔ

eÐnai:

P{Sj
0} =

 1
W0

, gia j ∈ [0,W0 − 1]

0, gia j > W0 − 1
(2)

• DeÔtero St�dio Upoq¸rhshc (Second Backoff Stage): Epeid  se autì to

st�dio ènac kìmboc, den mporeÐ na ft�sei prin thn sqism  t = 2, gi' autì kai sto

di�gramma tou sq matoc 10, den up�rqoun ta S0
1 kai S1

1 , ìpwc kai ta T antÐstoiqa.

'Opwc kai sthn prohgoÔmenh perÐptwsh, oi pijanìthtec met�bashc dÐnontai apì thn

sqèsh:

P{c, 1, j + 1|c + 1, 1, j} = 1 (3)

gia c ∈ [0,W1 − 2] kai j ∈ [2,W0,1 − 2] ìpou W0,1 = W0 + W1. Parak�tw ja

anafèretai toWx,y,z, to opoÐo orÐzetai èwc to �jroismaWx+Wy+Wz. Oi pijanìthtec

met�bashc gia tic katast�seic tou pr¸tou stadÐou (BOs = 0) kai tou deÔterou stadÐou
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(BOs = 1) dÐnontai apì thn sqèsh:

P{c, 1, j + 1|0, 0, j} =
pjb
W1

(4)

gia c ∈ [0,W1 − 1] kai j ∈ [1,W0 − 1]. Aut  h sqèsh deÐqnei ìti, sthn perÐptwsh

pou to kan�li sth sqism  j brejeÐ kateilhmmèno, o kìmboc ja metabeÐ se mÐa apì

tic katast�seic {c, 1, j + 1}, me c ∈ [0,W1 − 1], me thn Ðdia pijanìthta 1/W1. Oi

pijanìthtec na brÐsketai o kìmboc se kat�stash elègqou tou kanalioÔ eÐnai:

P{Sj
1} =



0, gia j < 2∑j−1
u=1 P{Su

0 } ·
pub
W1

, gia j ∈ [2,W0]

P{SW0
1 }, gia j ∈ [W0 + 1,W1 + 1]

P{SW0
1 } −

∑j−W1−1
u=1 P{Su

0 } ·
pub
W1

, gia j ∈ [W1 + 2,W0,1 − 1]

0, gia j > W0,1 − 1

(5)

H deÔterh sqèsh phg�zei apì to gegonìc ìti gia j <= W0, h pijanìthta na brÐsketai

ènac kìmboc se kat�stash elègqou tou kanalioÔ sto deÔtero st�dio upoq¸rhshc,

exart�tai apì tic pijanìthtec, na brÐsketai se kat�stash elègqou tou kanalioÔ sto

pr¸to st�dio kai na èqei brei to kan�li kateilhmmèno.

Gia par�deigma ènac kìmboc mporeÐ na ft�sei sthn kat�stash S3
1 , e�n  tan sthn ka-

t�stash S1
0 , brei to kan�li kateilhmmèno kai epilèxei tuqaÐa thn tim  1 gia to deÔtero

st�dio tou backoff   an  tan sto sthn kat�stash S2
0 , br ke to kan�li kateilhmmèno

kai epèlexe ton arijmì 0 gia to deÔtero st�dio.

H trÐth sqèsh ofeÐletai sto gegonìc ìti gia j > W0, den up�rqoun metab�seic metaxÔ

twn stadÐwn (BOs = 0) kai (BOs = 1), epeid  h teleutaÐa sqism  pou mporeÐ na

elègqei to kan�li ènac kìmboc, sto pr¸to st�dio eÐnai h j = W0 − 1 = 7. Telik¸c,

ìtan isqÔei j = W1 + 2 = 18, h P{S18
1 } upologÐzetai afair¸ntac apì thn pijanìthta

P{SW0
1 } thn P{S1

0}(p1b/W1).

'Etsi èqoume ìti, P{S18
1 } =

∑W0−1
u=2 P{Su

0 } · (pub /W1). E�n ènac kìmboc eÐnai sthn

kat�stash S1
0 tìte metabaÐnei se katast�seic {c, 1, 2} me c ∈ [0, 15] . Gi' autì kai

sto sq ma 10, h kat�stash {16,1,2} den up�rqei. H teleutaÐa kat�stash elègqou
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kanalioÔ pou mporeÐ na brejeÐ ènac kìmboc se autì to st�dio eÐnai h S23
1 , to opoÐo

shmaÐnei ìti to deÔtero st�dio ja èqei oloklhrwjeÐ apì k�poio kìmbo mèqri th sqism 

j = 24.

• TrÐto St�dio Upoq¸rhshc (Third Backoff Stage): Akolouj¸ntac thn Ðdia

logik  ìpwc sta parap�nw, èqoume ìti oi pijanìthtec met�bashc dÐnontai apì thn

sqèsh:

P{c, 2, j + 1|c + 1, 2, j} = 1 (6)

gia c ∈ [0,W2− 2] kai j ∈ [3,W0,1,2− 2]. Oi pijanìthtec met�bashc katast�sewn tou

deÔterou stadÐou (BOs = 1) kai tou trÐtou (BOs = 2) dÐnontai apì thn sqèsh:

P{c, 2, j + 1|0, 1, j} =
pjb
W2

(7)

gia c ∈ [0,W2 − 1] kai j ∈ [2,W0,1 − 1]. Oi pijanìthtec na brÐsketai kìmboc se

kat�stash elègqou tou kanalioÔ eÐnai:

P{Sj
2} =



0, gia j < 3∑j−1
u=2 P{Su

1 } ·
pub
W2

, gia j ∈ [3,W0,1]

P{SW0,1

2 }, gia j ∈ [W0,1 + 1,W2 + 2]

P{SW0,1

2 } −
∑j−W2−1

u=2 P{Su
1 } ·

pub
W2

, gia j ∈ [W2 + 3,W0,1,2 − 1]

0, gia j > W0,1,2 − 1

(8)

• Tètarto St�dio Upoq¸rhshc (Fourth Backoff Stage): Akolouj¸ntac thn

Ðdia logik  ìpwc sta parap�nw, èqoume ìti oi pijanìthtec met�bashc dÐnontai apì thn

sqèsh:

P{c, 3, j + 1|c + 1, 3, j} = 1 (9)

gia c ∈ [0,W2 − 2] kai j ∈ [4,W0,1,2,3 − 2]. Oi pijanìthtec met�bashc katast�sewn

tou trÐtou stadÐou (BOs = 2) kai tou tètartou (BOs = 3) dÐnontai apì thn sqèsh:

P{c, 3, j + 1|0, 2, j} =
pjb
W2

(10)
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gia c ∈ [0,W2 − 1] kai j ∈ [3,W0,1,2 − 1]. Oi pijanìthtec na brÐsketai kìmboc se

kat�stash elègqou tou kanalioÔ eÐnai:

P{Sj
3} =



0, gia j < 4∑j−1
u=3 P{Su

2 } ·
pub
W2

, gia j ∈ [4,W2 + 3]∑j−1
u=3 P{Su

2 } ·
pub
W2
−
∑j−W2−1

u=3 P{Su
2 } ·

pub
W2

, gia j ∈ [W2 + 4,W0,1,2]

P{SW0,1,2

3 } −
∑j−W2−1

u=W0,1
P{Su

2 } ·
pub
W2

, gia j ∈ [W0,1,2 + 1,W0,1,2,3 − 1]

0, gia j > W0,1,2,3 − 1

(11)

• Pèmpto St�dio Upoq¸rhshc (Fifth Backoff Stage): Akolouj¸ntac thn Ðdia

logik  ìpwc sta parap�nw, èqoume ìti oi pijanìthtec met�bashc dÐnontai apì thn

sqèsh:

P{c, 4, j + 1|c + 1, 4, j} = 1 (12)

gia c ∈ [0,W2 − 2] kai j ∈ [5,W0,1,2,3,4 − 2]. Oi pijanìthtec met�bashc katast�sewn

tou trÐtou stadÐou (BOs = 3) kai tou tètartou (BOs = 4) dÐnontai apì thn sqèsh:

P{c, 4, j + 1|0, 3, j} =
pjb
W2

(13)

gia c ∈ [0,W2 − 1] kai j ∈ [4,W0,1,2,3 − 1]. Oi pijanìthtec na brÐsketai kìmboc se

kat�stash elègqou tou kanalioÔ eÐnai:

P{Sj
4} =



0, gia j < 5∑j−1
u=4 P{Su

3 } ·
pub
W2

, gia j ∈ [5,W2 + 4]∑j−1
u=4 P{Su

3 } ·
pub
W2
−
∑j−W2−1

u=4 P{Su
3 } ·

pub
W2

, gia j ∈ [W2 + 5,W0,1,2,3]

P{SW0,1,2,3

4 } −
∑j−W2−1

u=W0,1,2
P{Su

3 } ·
pub
W2

, gia j ∈ [W0,1,2,3 + 1,W0,1,2,3,4 − 1]

0, gia j > W0,1,2,3,4 − 1

(14)

4.2.3 Majhmatikì montèlo - Mèroc 2

O skopìc ìpwc proanafèrjhke eÐnai na ektimhjeÐ h pijanìthta ènac kìmboc na brejeÐ na

oloklhr¸nei thn met�dosh tou se mÐa sqism  j, me P{T j}, me j ∈ [0, tmax + D − 1].K�je
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kìmboc telei¸nei thn met�dosh tou sth sqism  j, e�n sth sqism  j − D brei to kan�li

eleÔjero. Opìte h pijanìthta aut  dÐnetai apì thn sqèsh:

P{T j} = P{Cj−D} · (1− pj−D
b ) (15)

Epeid  h met�dosh krat�ei D slots, sundèoume thn pijanìthta P{T j} me thn sqism  sthn

opoÐa telei¸nei h met�dosh, �ra gia j < D,P{T j} = 0. H pijanìthta loipìn na brÐsketai

o kìmboc se kat�stash elègqou tou kanalioÔ, gia di�forec sqismèc j eÐnai:

P{Cj} =



P{S0
0}, gia j = 0

P{S1
0}, gia j = 1∑j−1

i=0 P{S
j
i }, gia j = (2, . . . , 4)∑NBmax

i=0 P{Sj
i }, gia j = (5, . . . ,W0 − 1)∑NBmax

i=1 P{Sj
i }, gia j = (W0, . . . ,W0,1 − 1)∑NBmax

i=2 P{Sj
i }, gia j = (W0,1, . . . ,W0,1,2 − 1)∑NBmax

i=3 P{Sj
i }, gia j = (W0,1,2, . . . ,W0,1,2,3 − 1)

P{Sj
4}, gia j = (W0,1,2,3, . . . ,W0,1,2,3,4 − 1)

(16)

Oi pr¸tec dÔo exis¸seic proèrqontai apì to gegonìc ìti, stic sqismèc 0 kai 1, ènac kìmboc

mporeÐ na brÐsketai mìno sto pr¸to st�dio upoq¸rhshc (backoff stage). E�n brÐsketai sth

sqism  2, tìte mporeÐ na elègqei to kan�li eÐte sto pr¸to st�dio, eÐte sto deÔtero kai

omoÐwc gia megalÔtera slots.

Apì thn sqism  j=8 kai met� ènac kìmboc den mporeÐ na eÐnai sto pr¸to st�dio plèon,

opìte sto �jroisma sthn parap�nw ta ìria xekinoÔn sto i=1, omoÐwc kai gia uyhlìterec

sqismèc isqÔei h Ðdia logik  kai sta upìloipa ajroÐsmata. Gia sqismèc apì thn W0,1,2,3, = 88

kai mèqri thn teleutaÐa W0,1,2,3,4 = 119, ènac kìmboc mporeÐ na brÐsketai se kat�stash

elègqou tou kanalioÔ sto teleutaÐo st�dio mìno.

Gia na ektimhjoÔn kai oi upìloipec pijanìthtec pou zhtoÔntai apì to montèlo ja prèpei

na oristeÐ o arijmìc N j
c . To N j

c eÐnai o arijmìc twn kìmbwn oi opoÐoi den èqoun metad¸sei

akìmh sto tèloc thc sqism c j − 1, kai ja antagwnistoÔn sth sqism  j. Pio sugkekrimèna

sto slot 0, o arijmìc twn kìmbwn pou antagwnÐzontai gia to kan�li eÐnai Ðsoc me N kai epeid 
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kaneÐc den mporeÐ na metad¸sei sto arqikì slot j=0, PT 0 = 0 kai N1
c eÐnai Ðso me N epÐshc.

En¸ sthn sqism  1, k�poioi kìmboi mporeÐ na oloklhr¸soun thn met�dosh touc o kajènac

me pijanìthta P{T 1} kai sto tèloc thc sqism c, o arijmìc twn kìmbwn pou den ja èqoun

akìmh katafèrei na metad¸soun N2
c , exart�tai apì thn pijanìthta P{T 1} kai mporeÐ na eÐnai

mikrìteroc apì N.

Sthn perÐptwsh loipìn pouD = 1, h pijanìthta k kìmboi apì touc N̂ thn sqism  j na mhn

èqoun akìmh metad¸sei, upì thn proôpìjesh ìti sth sqism  j-1, N̂ kìmboi antagwnÐzontai

gia to kan�li (N j−1
c = N̂), eÐnai Ðsh me:

P{N j
c = k|N j−1

c = N̂}

= Bj(k, N̂)

=

 N̂

k

 (1− pj−2
b )(P{Cj−2})N̂−k

·
NBmax∏
i=0

(1− P{Sj−2
i })k

ìpou (1− pj−2
b )(P{Cj−2})N̂−k eÐnai h pijanìthta N̂ − k kìmboi na metad¸soun thn sqism  j

kai
∏NBmax

i=0 (1− P{Sj−2
i })k eÐnai h pijanìthta oi upìloipoi k kìmboi pou apomènoun na mhn

metad¸soun,afoÔ den elègqoun to kan�li sth sqism  j − 2.

'Opwc anafèretai sto par�rthma tou [2] o arijmìc N j−1
c , eÐnai mia tuqaÐa metablht , me

katanom  diwnumik , ìpou exart�tai apì tic timèc P{T l} me l ∈ (1, . . . , j − 2). Aux�nontac

ton arqikì arijmì twn kìmbwn sto dÐktuo N0
c kai ton arijmì twn sqism¸n j, h poluplo-

kìthta aux�netai gia ton upologismì tou arijmoÔ autoÔ. Eis�getai loipìn h prosèggish

ìti, h metablht  N j−1
c den montelopoieÐtai san mia tuqaÐa metablht , all� orÐzetai san mÐa

metablht  k gia thn opoÐa, megistopoieÐtai h pijanìthta Bj−1(k, N̂).

P{N j−1
c } = argmax

k
Bj−1(k, N̂) (17)

H montelopoÐhsh gia timèc tou N j
c sthn perÐptwsh pou to D > 1 eÐnai akìmh pio sÔnjetec.

All� ìso to D megal¸nei kai ta pakèta diarkoÔn perissìtero na metadojoÔn sto kan�li,

to N j
c ja mikraÐnei me qamhlì rujmì kat� thn di�rkeia tou qrìnou. MporeÐ loipìn na parjeÐ

h tim  N j
c = N , gia opoiad pote sqism  j, gia D > 1.
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T¸ra mporeÐ na oristeÐ kai h pijanìthta ps, epituqoÔc met�doshc enìc pakètou sto

kan�li, h opoÐa dÐnetai apì ton tÔpo:

ps =
tmax+D−1∑

j=0

P{Zj} (18)

ìpou P{Zj} eÐnai h pijanìthta mia epituq  met�dosh na telei¸sei sthn sqism  j, to opoÐo

shmaÐnei ìti mÐa kai mìno mÐa met�dosh arqÐzei thn sqism  j −D + 1. Epeid  jewreÐtai ìti

den up�rqei perÐptwsh hidden node kai ìloi oi kìmboi akoÔne tic metadìseic twn �llwn,

e�n ènac mìno kìmboc metad¸sei thn sqism  j −D + 1 o kìmboc b�shc ja l�bei swst� to

pakèto tou. Apì ton nìmo thc olik c pijanìthtac èqoume ìti:

P{Zj} = P{1 tx in (j −D + 1) | channel free in (j −D)}

·P{channel free in (j −D)}

+P{1 tx in (j −D + 1) | channel busy in (j −D)}

·P{channel busy in (j −D)}

(19)

'Opou P{1 tx in (j − D + 1) | channel free in (j − D)} kai P{1 tx in (j − D +

1) | channel busy in (j −D)} eÐnai oi pijanìthtec pou mÐa kai mìno mÐa met�dosh xekin�

thn sqism  j−D+1 dedomènou ìti to kan�li thn sqism  j−D eÐnai eleÔjero   kateilhmmèno

antÐstoiqa.

Epeid  mìno mÐa met�dosh, xekin� th sqism  j − D + 1, an ènac mìno kìmboc apì toÔc

N j−D
c , elègqei to kan�li th sqism  j − D kai an den xekin soun metadìseic th sqism 

j − D + 1, e�n to kan�li thn sqism  j − D eÐnai kateilhmmèno, tìte h pijanìthta P{Zj}

dÐnetai apì ton tÔpo:

P{Zj} = (1− pj−D
b )P{Cj−D}

·
NBmax∏
i=0

(1− P{Sj−D
i })N

j−D
c −1

(20)

'Opou h P{Cj−D} pijanìthta eÐnai h pijanìthta ènac kìmboc na elègqei to kan�li th sqism 

j −D, kai
∏NBmax

i=0 (1− P{Sj−D
i })N

j−D
c −1 eÐnai h pijanìthta oi upìloipoi N j−D

c − 1 kìmboi

na mhn elègqoun to kan�li th sqism  j −D.
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Telik¸c h pijanìthta PRj o kìmboc b�shc na l�bei thn our� enìc pakètou, apì opoion-

d pote kìmbo, thn j sqism , dÐnetai apì ton tÔpo:

P{Rj} = N j
c · P{Zj} (21)

Tèloc orÐzontac wc pjf thn pijanìthta ìti to kan�li eÐnai eleÔjero thn sqism  j, mporoÔme

na orÐsoume epÐshc thn pijanìthta

pjb = 1− pjf (22)

Apì ton nìmo thc olik c pijanìthtac, ekfr�zoume to pjf wc:

pjf = P{no tx in j | channel free in (j − 1)}

·P{channel free in (j − 1)}

+P{no tx in j | channel busy in (j − 1)}

·P{channel busy in (j − 1)}

(23)

'Opou P{no tx inj|channel free in(j − 1)} kai P{no tx inj|channel busy in(j − 1)} eÐnai oi

pijanìthtec na mhn sumboÔn metadìseic sthn sqism  j, dedomènou ìti to kan�li sth sqism 

j-1 eÐnai eleÔjerh   kateilhmmènh, antÐstoiqa.

'Otan D = 1, P{no tx inj|channel free in(j−1)} =
∏NBmax

i=0 (1−P{Sj−1
k })N

j−1
c −1, epeid 

ìtan to kan�li sth sqism  j − 1 eÐnai eleÔjero, kamÐa met�dosh den sumbaÐnei th sqism  j,

e�n kaneÐc kìmboc den elègqei to kan�li th sqism  j-1.

AntÐjeta ìtan, to kan�li th sqism  j − 1 eÐnai kateilhmmèno, kamÐa met�dosh den ja

sumbeÐ th sqism  j. 'Ara se aut  thn perÐptwsh h pijanìthta pjf dÐnetai apì ton tÔpo:

pjf = (1− pj−1
b )

NBmax∏
i=0

(1− P{Sj−1
i })N

j−1
c −1 + pj−1

b (24)

'Otan, D > 1 o deÔteroc ìroc thc exÐswshc (23) sumpÐptei me thn pijanìthta ìti sth sqism 

j−1, mÐa met�dosh telei¸nei, dhlad  eÐnai h pijanìthta ìti toul�qiston mÐa met�dosh xekin�

th sqism  j−D, h opoÐa dÐnetai apì ton tÔpo: (1−pj−D−1
b )·[1−

∏NBmax

k=0

[
(1− P{Sj−D−1

k })N
j−D−1
c −1

]
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Se aut  thn perÐptwsh h pijanìthta pjf , dÐnetai apì ton tÔpo:

pjf = (1− pj−1
b )

NBmax∏
i=0

(1− P{Sj−1
i })N

j−1
c −1

+(1− pj−D−1
b ) ·

[
1−

NBmax∏
k=0

(1− P{Sj−D−1
i })N

j−D−1
c −1

] (25)

'Otan j ≤ D tìte to deÔtero komm�ti thc sqèshc (25) gÐnetai 0.
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5 UlopoÐhsh - Efarmog 

5.1 Perigraf 

H efarmog  mac apaiteÐ thn diktÔwsh aisjht rwn enìc qwrafioÔ, gia autì to skopì dìjhke

èmfash ¸ste to prwtìkollo na prosarmosteÐ, sta plaÐsia twn rujmÐsewn tou radiof¸nou

mac kai tou ulikoÔ mac genikìtera, ¸ste na kalÔptontai dÔo basikoÐ stìqoi:

• Na kalÔptei h met�dosh mac thn mègisth dunat  apìstash. Jèloume mia qamhl  se

kìstoc lÔsh, dhlad  me lÐgouc kìmbouc na kalÔyoume meg�lh edafik  perioq . Gi'

autì to skopì rujmÐsame to radiìfwno se qamhlì data rate. Autì den sumbadÐzei me

to prìtupo 802.15.4, ìmwc h rÔjmish aut ,  tan anagkaÐa.

• Oi kìmboi mac, an kai apoteloÔmenoi, apì qamhl c katan�lwshc enèrgeiac ulikì, ja

prèpei na mporoÔn na eÐnai energeiak� autìnomoi, gia meg�la qronik� diast mata, ka-

j¸c h topojèthsh kai h allag  touc mèsa sto qwr�fi, ja jèlame na mhn gÐnetai

suqn�.

Sta plaÐsia aut� ègine qr sh ìlwn twn dunatot twn tou radiof¸nou CC2500, ètsi ¸ste

na epiteuqjoÔn oi stìqoi mac. Oi shmantikìterec rujmÐseic, pou qrhsimopoi jhkan gia to

radiìfwno, kai ton mikroelegkt   tan h ex c:

• Wake-On-Radio: 'Eginan oi aparaÐthtec rujmÐseic, ètsi ìpwc perigr�fontai kai sto

shmeÐwma [5] sto radiìfwno, ètsi ¸ste to teleutaÐo na leitourgeÐ ton perissìtero

qrìno se polÔ qamhl  katan�lwsh, ìpwc ja doÔme kai sth sunèqeia.

• Idle Mode - MCU: Ektìc tou radiof¸nou kai o mikroelegkt c ja leitourgeÐ se

kat�stash qamhl c katan�lwshc. Ja doÔme sthn sunèqeia ìti autìc ja leitourgeÐ

mìno ìtan prèpei.

• CRC - LQI: Qrhsimopoi jhke k�je dunatìthta elègqou twn pakètwn, afoÔ prèpei

na eggu�tai h akrÐbeia sthn l yh twn pakètwn, ìpwc orÐzei kai to prìtupo 802.15.4

kai apaiteÐ kai h efarmog  mac.

40



• Sync Word detection: 'Allo èna mèso diasf�lishc thc orjìthtac, gia thn l yh twn

pakètwn to opoÐo ìpwc ja doÔme  tan kai shmantik  par�metroc tou Wake-On-Radio

senarÐou afÔpnishc.

5.2 Qamhl  Katan�lwsh (Wake-On-Radio)

'Opwc proanafèrjhke, Ðswc apì ta shmantikìtera zht mata ston tomèa twn asÔrmatwn

diktÔwn aisjht rwn, eÐnai h qamhl  katan�lwsh kai h energeiak  autonomÐa twn kìmbwn

tou diktÔou. Gi' autìn to skopì èprepe na efarmosteÐ, h leitourgÐa Wake-on-Radio(WOR)

tou radiof¸nou.

Se aut n thn leitourgÐa, to radiìfwno mporeÐ na brÐsketai sthn kat�stash SLEEP kai

an� kajorismèno qronikì di�sthma Event0, na metabaÐnei apì kat�stash SLEEP, se IDLE

(k�nontac kai èna calibration tou talantwt  suqnot twn tou) kai tèloc se kat�stash l yhc

RX. Na elègqei to kan�li (Rx polling) gia kajorismèno di�sthma (RX Timeout), kai an

brÐskei s ma sto kan�li   anagnwrÐsei pakèto tìte na pr�ttei an�loga (sun jwc paramènei

se kat�stash RX, èwc ìtou l�bei to pakèto). E�n den aniqneujeÐ s ma sto kan�li, èpeita

apo qrìno (RX Timeout), tìte to radiìfwno metabaÐnei xan� se kat�stash SLEEP. Kai

aut  h diadikasÐa epanalamb�netai.

Ta parap�nw diast mata faÐnontai analutik� sto sq ma 14 apì to [5].

Sq ma 14: Apìspasma apì [5] gia Wake-On-Radio Events

SÔmfwna me touc kataskeuastèc to radiìfwno sthn kat�stash SLEEP kai ìtan eÐnai

energopoihmèno swst� to WOR, èqei polÔ qamhl  katan�lwsh reÔmatoc, Ðsh me 900 nA.
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Ja orÐsoume mia basik  ènnoia gia efarmogèc se WSNs, h opoÐa onom�zetai epoq  (epoch).

MÐa epoq  orÐzetai, sta plaÐsia aut c thc ergasÐac, wc to qronikì di�sthma kat� to opoÐo

afupnÐzontai oi kìmboi apì ton stajmì b�shc, ekteloÔn ta kaj konta touc (paÐrnoun me-

tr seic ktl) kai k�noun prìsbash sto mèso, ¸ste na steÐloun thn plhroforÐa touc sto

stajmì b�shc.

H logik  tou algorÐjmou gia to WOR sen�rio loipìn, sthn efarmog  mac, gia to WSN

mac, eÐnai h ex c:

• B ma 1: K�je kìmboc prin thn arq  miac periìdou metr sewn, ja brÐsketai se

kat�stash WOR radiof¸nou kai ja perimènei thn afÔpnish tou apì ton kìmbo b�shc,

elègqontac to kan�li, ìpwc eÐnai programmatismèno an�loga me tic periìdouc tou

WOR. Ja èqei epÐshc ton mikroelegkt  tou se kat�stash (Idle Mode), gia akìmh

mikrìterh katan�lwsh. O mikroelegkt c C8051F320 ìtan mpei se aut  thn kat�stash

qamhl c katan�lwshc, mporeÐ na paramènei se aut n ìso den tou èrqontai ait seic

diakop¸n interrupts. Autì ìpwc ja doÔme ephre�zei to epìmeno b ma.

• B ma 2: K�je kìmboc ja prèpei na mporeÐ na epanèrqetai se kanonik  leitourgÐa,

ìtan èrjei h perÐodoc twn metr sewn kai na apostèllei thn plhroforÐa pou apaiteÐtai,

ston stajmì b�shc sÔmfwna me to prwtìkollo pou èqoume proanafèrei. H perÐodoc

twn metr sewn eÐnai arket� sporadik  (ìpwc sun jwc se efarmogèc WSN me low-

power qarakthristik�) kai o mikroelegkt c mac mporeÐ na paramènei se kat�stash

qamhl c leitourgÐac ìso den èqei ait seic diakop¸n interrupts.

Epeid  oi eswterikoÐ metrhtèc tou mikroelegkt  C8051F320, k�je for� pou uperqeilÐ-

zoun prokaloÔn mÐa diakop  se autìn, kai epeid  eÐnai sthn kalÔterh perÐptwsh 16 bit

ja mac prokaloÔsan arketèc diakopèc (interrupts), kat� thn di�rkeia tou (Idle Mode)

kai ja mac èbgazan apì aut  thn kat�stash. K�ti to opoÐo feÔgei apì ta plaÐsia

thc qamhl c katan�lwshc. 'Ara katal goume ìti oi kìmboi kai o mikroelegkt c touc,

ja prèpei na afupnÐzontai kai na suntonÐzontai, apì ton kìmbo b�shc ìtan èrqetai h

perÐodoc metr sewn. Ja doÔme sth sunèqeia touc trìpouc me touc opoÐouc ja gÐnei

autì.
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• B ma 3: Se autì to b ma oi kìmboi èqoun energopoihjeÐ apì ton stajmì b�shc kai

pr�ttoun analìgwc me tic apait seic thc efarmog c (sun jwc paÐrnoun metr seic)

kai stèlnoun ta apotelèsmata touc, proc ton stajmì, k�nontac prìsbash sto mèso

sÔmfwna me ton algìrijmo CSMA/CA, ìpwc orÐsthke prohgoumènwc. Sto tèloc

thc diadikasÐac aut c prèpei na xanampoÔn se kat�stash WOR (Reset WOR) tou

radiof¸nou, na b�loun ton mikroelegkt  touc se kat�stash (Idle Mode) kai na mpoun

xan� sto b ma 1.

AkoloujeÐ to di�gramma pou faÐnontai oi katast�seic tou algorÐjmou.
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Sq ma 15: Algìrijmoc gia Wake-On-Radio efarmog 

O trìpoc me ton opoÐo ja xupn sei ènac kìmboc eÐnai epÐshc shmantikìc. Genikìtera

o mikroelegkt c ìtan brÐsketai se kat�stash (Idle Mode), èqei stamat sei thn ro  tou

k¸dika sto shmeÐo pou kalèsthke h antÐstoiqh halSleep() sun�rthsh kai perimènei mìno mÐa

exwterik  diakop , ¸ste na suneqÐsei thn leitourgÐa tou, apì ekeÐno to shmeÐo.
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H efarmog  mac loipìn se autì to shmeÐo ja prèpei na ton xupn sei ìtan èrjei h kat�l-

lhlh stigm  me k�poio s ma ston aèra, apì ton stajmì b�shc (afoÔ to radiìfwno leitourgeÐ

se WOR kai elègqei to kan�li periodik�).

Parak�tw brÐskontai pijanèc epilogèc pou mporoÔn na qrhsimopoihjoÔn kai ta qarakth-

ristik� touc:

• AfÔpnish me s ma kanalioÔ (Carrier Sense): 'Opwc proanafèrjhke to radiì-

fwno dÐnei thn dunatìthta ètsi ¸ste na lamb�netai h isqÔc tou s matoc tou kanalioÔ

(RSSI) kai na mporoÔme na gnwrÐzoume pìte up�rqei k�poio s ma ston aèra (Carrier

Sense). Autèc akrib¸c oi leitourgÐec qrhsimopoioÔntai kai sthn ulopoÐhsh tou CSMA

gia ton CCA èlegqo.

Sunep¸c se mÐa apl  ulopoÐhsh, o stajmìc b�shc stèlnei k�poia pakèta, ìtan prèpei

na xupn soun oi kìmboi kai epeid  h isqÔc tou s matoc sto kan�li ja all�xei, oi kìmboi

ja doun thn allag , kat� ton èlegqo touc kai an uperbaÐnei èna programmatizìmeno

ìrio (carrier threshold) ja xupn soun.

Autì to montèlo proôpojètei thn swst  rÔjmish tou (carrier threshold), to opoÐo

profan¸c all�zei apì perib�llon se perib�llon, eÐnai euaÐsjhto se metabolèc kai se

tuqìn parembolèc kai to kuriìtero eÐnai ìti, mporeÐ na enteÐnei tic diakum�nseic stic

stigmèc, tic opoÐec oi kìmboi xupn�ne. 'Ewc kai na asugqronÐsei se meg�lo bajmì

thn perÐodo afÔpnishc tou diktÔou (mporeÐ dhlad  ènac kìmboc na xupn sei lìgw

isqurìterou s matoc, kontinoÔ   �llou kìmbou kai ìqi apì ton stajmì b�shc).

• AfÔpnish me l yh pakètou (Sync Word detection): To radiìfwno parèqei

thn dunatìthta na up�rqei prìjema sto pakèto mac (morf  pakètou sto sq ma 16),

kat� thn apostol  tou, ètsi ¸ste na up�rqei èna pr¸to poiotikì mètro sÔgkrishc kai

periorismoÔ twn laj¸n. Pakèta me lanjasmènh thn lèxh sugqronismoÔ (sync word)

den ja gÐnontai dekt� kai ja aporrÐptontai. MporeÐ loipìn na qrhsimopoihjeÐ h logik ,

ìti gia na xupn sei ènac kìmboc ja prèpei na l�bei èna swstì pakèto, apì ton stajmì

b�shc thn ¸ra pou exet�zei to kan�li.
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Sq ma 16: Apìspasma apo to [3] - Morf  enìc pakètou

Autì ìpwc ja doÔme proôpojètei mÐa sugkekrimènh leitourgÐa kat� thn perÐodo afÔ-

pnishc apì ton stajmì b�shc, h opoÐa me thn seir� thc proôpojètei apì ton stajmì na

èqei autonomÐa enèrgeiac, lÔnei ìmwc to prìblhma ìti mporeÐ na xupn soun oi kìmboi,

ìtan den prèpei kai eis�gei mia morf  sugqronismoÔ sto sÔsthma mac. Aut   tan kai h

telik  mac epilog  gia thn efarmog  mac. Ta shmeÐa pou mac periorÐzei aut  h epilog ,

kaj¸c kai h taktik  thc afÔpnishc me pakèta analÔontai parak�tw.

MÐa sync word sto radiìfwno CC2500 mporeÐ na epileqjeÐ me mègejoc metaxÔ 16-32

bit. Autì shmaÐnei ìti ìtan qrhsimopoieÐtai, h rÔjmish gia ton termatismì thc kat�stashc

l yhc RX, ìpwc sthn perÐptwsh tou WOR. Ja prèpei h rÔjmish tou (RX Timeout) na

eÐnai tètoia ¸ste na mporeÐ na lhfjeÐ mÐa olìklhrh sync word. Alli¸c kanèna pakèto den

prolabaÐnei na lhfjeÐ kai sthn perÐptwsh thc afÔpnishc tou WOR senarÐou, kaneÐc kìmboc

den ja afupnÐzetai.

Ja prèpei loipìn na isqÔei ìti:

tRX timeout ≥ tsync detect =
(Nsync word bits + Npreamble bits)

TXrate

(26)

ai akìmh kalÔtera ja prèpei na isqÔei: tRX timeout = 2 × tsync detect, gia megalÔterh pi-

janìthta afÔpnishc. O qrìnoc (RX Timeout) dustuq¸c den orÐzetai apeujeÐac san tim ,

all� wc posostì % tou qrìnou Event0. Ousiastik�, to posostì autì anaparist� kai to

duty cycle tou WOR, afoÔ mìno se autì to posostì tou qrìnou ja katanal¸nei reÔma

to radiìfwno, lìgw thc kat�stashc l yhc, ton upìloipo qrìno ja paramènei se qamhl 
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katan�lwsh. Oi epilogèc tou posostoÔ autoÔ eÐnai sugkekrimènec kai endèqetai loipìn na

prèpei na oristeÐ megalÔtero RX Timeout apì to jemitì.

ApoteleÐ to RX Timeout dhlad  èna tradeoff an�mesa sthn epituqÐa tou algorÐjmou

afÔpnishc kai thc katan�lwshc enèrgeiac. Kaj¸c ìso to radiìfwno brÐsketai se kat�stash

RX katanal¸nei apì 14.5mA - 17mA, sta 2.4 KBaud.

H tim  pou orÐzei to Event0, brÐsketai se duo kataqwrhtèc megèjouc enìc byte, tou

radiof¸nou, ton WOREVT1 kai WOREVT0. MazÐ mporoÔn na d¸soun mègisth tim  65535.

O qrìnoc autìc dÐnetai apì thn sqèsh:

tEvent0 =
750

fXOSC

· EV ENT0 · 25·WORRES (27)

ìpou fXOSC eÐnai to rolìi tou radiof¸nou (26MHz) kai WORRES èna ekjetikì gia thn

paragwg  arket� meg�lhc periìdou tEvent0. B�zontac to mègisto dunatì EVENT0 kai gi�

WORRES = 0 èqoume ìti tEvent0 = 1, 89sec. BrÐskoume sthn sunèqeia, to el�qisto posostì

qrìnou, gia to RX Timeout pou mporoÔme na epitÔqoume, apì tic epilogèc tou radiof¸nou,

ètsi ¸ste na isqÔei h sqèsh(26).

Me proseggistikoÔc upologismoÔc gia tEvent0 = 1, 89 sec kai posostì RX Timeout =

3, 125 % tEvent0 = 59 msec, upologÐzoume oti me mpatarÐec tÔpou AA (2000 mAh), up�rqei

autodunamÐa twn kìmbwn gia 82 hmèrec. En¸ e�n oi kìmboi p.q �kougan suneq¸c to kan�li,

qwrÐc to WOR sen�rio, ja eÐqan autodunamÐa gia 4 hmèrec.

Gia thn diadikasÐa afÔpnishc me pakèta, se k�je epoq  (epoch). Ja gÐnontai ta ex c:

• O Stajmìc B�shc (Base Station)stèlnei suneq¸c pakèta gia qrìno tspam ≥

tEvent0. Kat� protÐmhsh tspam = 2 × tEvent0. Autì apoteleÐ kai tradeoff metaxÔ kata-

n�lwshc enèrgeiac kai epituqÐac thc afÔpnishc, kaj¸c ìpwc perigr�fetai parak�tw

oi kìmboi pou èqoun afupnisteÐ, anamènoun k�poio qrìno gia na xekin soun na metadÐ-

doun. Kat� th di�rkeia autoÔ tou qrìnou den èqoun to radiìfwno touc se kat�stash

SLEEP.

• O k�je kìmboc (Node) pou afupnÐzetai mèsa sto tspam di�sthma, perimènei gia

di�sthma tspam, prin prospaj sei na metad¸sei. Autì gÐnetai ¸ste na apofeuqjeÐ,
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na prospaj sei k�poioc kìmboc na metad¸sei, en¸ akìmh stèlnei pakèta afÔpnishc

o kìmboc b�shc. H qeirìterh perÐptwsh profan¸c eÐnai na xupn sei k�poioc kìmboc

sthn arq  akrib¸c thc periìdou tspam, me to pr¸to pakèto tou stajmoÔ b�shc.

'Otan ènac kìmboc l�bei epituq¸c èna pakèto, prokaleÐtai diakop  ston mikroelegkt 

opìte xupn�ei kai elègqei, e�n  tan pakèto tou stajmoÔ b�shc. E�n  tan proqwr�ei

sthn ektèlesh twn kajhkìntwn tou, en¸ an den xÔpnhse apì tètoio pakèto xan�

koim�tai. 'Etsi apofeÔgoume to fainìmeno na xupn sei k�poioc kìmboc apì apostol 

�llou kìmbou kai ìqi apì ton stajmì b�shc.

'Ena di�sthma mÐac tètoiac epoq c (epoch) faÐnetai sto parak�tw sq ma 17, apì palmogr�fo

se pragmatikì qrìno.

Sq ma 17: Eikìna Palmogr�fou - MÐa Epoq 

Me mÐa èxodo tou mikroelegkt , mporoÔme na aniqneÔoume thn poreÐa twn leitourgi¸n

kat� thn di�rkeia mÐac epoq c. Kai me autì ton trìpo, gia ton stajmì b�shc (p�nw kan�li)

katagr�foume me k�je allag  (0 - 1), sthn arq  tic metadìseic pakètwn afÔpnishc gia
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qrìno tspam kai sth sunèqeia thn l yh enìc pakètou. To k�tw kan�li deÐqnei thn t�sh sta

�kra enìc kìmbou, h opoÐa metriètai apì kat�llhlo kÔklwma sthn eÐsodo trofodosÐac tou.

EpÐshc parathroÔme se autì to sq ma thn ìlh diadikasÐa, pou o kìmboc xupn� mèsa sto

di�sthma tspam apì èna pakèto kai sth sunèqeia anamènei, gia ton Ðdio qrìno mèqri pou na

steÐlei to pakèto tou kai o stajmìc b�shc akrib¸c to lamb�nei (shmei¸noume ìti up rqe

kai �lloc kìmboc pou xÔpnhse, o stajmìc lamb�nei 2 pakèta, to deÔtero eÐnai tou kìmbou

tou opoÐou metr�me thn katan�lwsh, kaj¸c sumpÐptei me thn akm  thc metroÔmenhc t�shc,

gia thn apostol  tou pakètou).

MÐa Ðdia eikìna all� gia megalÔterh di�rkeia qrìnou, gia treÐc epoqèc, eÐnai h parak�tw:

Sq ma 18: Eikìna Palmogr�fou - TreÐc Epoqèc (epochs)

Tèloc parajètoume se megèjunsh qrìnou, dÔo eikìnec gia thn katan�lwsh reÔmatoc twn

kìmbwn stic akmèc pou gÐnetai o èlegqoc tou kanalioÔ periodik� (Rx polling). Oi eikìnec

parousi�zoun thn t�sh sta �kra tou kìmbou, opìte gia na brejeÐ h katan�lwsh se reÔma,

diairoÔme thn tim  thc t�shc me thn tim  thc antÐstashc sthn eÐsodo trofodosÐac (sthn

perÐptwsh mac 10 Whm).
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Sq ma 19: Eikìna Palmogr�fou - Katan�lwsh reÔmatoc me Idle Mode

ParathroÔme se st�dia, thn katan�lwsh reÔmatoc na anebaÐnei kaj¸c o kìmboc metabaÐ-

nei apì kat�stash SLEEP tou radiof¸nou se kat�stash RX. H diafor� eÐnai sta 15,8 mA.

'Olh thn upìloiph di�rkeia o kìmboc brÐsketai se kat�stash SLEEP kai me epexergast  se

kat�stash Idle Mode, me apotèlesma na katanal¸nei mìno 1,2 mA (k�tw epÐpedo).
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Sq ma 20: Eikìna Palmogr�fou - Katan�lwsh reÔmatoc qwrÐc Idle Mode

Se aut  thn perÐptwsh isqÔoun ta Ðdia, ektìc tou ìti o epexergast c den mpaÐnei se

kat�stash Idle - Mode. H diafor� eÐnai meg�lh, h katan�lwsh tou kìmbou, ìtan eÐnai

se Sleep to radiìfwno mìno (k�tw epÐpedo), eÐnai sta 9,8 mA se sqèsh me to 1,2 mA

prohgoumènwc.
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5.3 Metr seic - Peir�mata

Oi metr seic pou akoloujoÔn p�rjhkan se pragmatikì qrìno, apì ton stajmì b�shc kai

apoteloÔn merikèc metrikèc, gia thn apìdosh tou sust matoc mac. Ja qrhsimopoioÔme thn

onomasÐa epoq  gia k�je epan�lhyh thc diadikasÐac xupn matoc twn kìmbwn kai apostol c

pakètwn, ìpwc orÐsthke parap�nw.

'Opou anafèrontai epibebai¸seic (ACKs), anafèrontai ston arijmì twn epibebai¸sewn

pou st�ljhkan, apì ton stajmì b�shc proc touc antÐstoiqouc kìmbouc, epeid  ta pakèta

apaitoÔsan aut  thn leitourgÐa (mporeÐ mia efarmog  na apaitoÔse ro  plhroforÐac me seir�

ktl).

Sq ma 21: DÐktuo se leitourgÐa & Stajmìc B�shc
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Oi rujmÐseic tou prwtokìllou  tan oi prìtupec gia to 802.15.4, kai sta plaÐsia pou

anafèrontai sto [2]. 'Etsi loipìn isqÔoun ta ex c:

Par�metroc Tim 

macMaxNB 4

macMaxBE 5

macMinBE 3

Packet length 2×D

Backoff slot 1×D

D 10 bytes/Txrate = 33msec

PÐnakac 2: Qarakthristik� Prwtokìllou

TonÐzetai ìti sth prosp�jeia mac aut , den epidi¸koume na tautÐsoume tic metrikèc mac,

me ta jewrhtik� apotelèsmata pou anafèrontai sto [2]. Autì gÐnetai gia touc ex c lìgouc,

merikoÐ apì touc opoÐouc ja anaferjoÔn kai parak�tw, ektenèstera.

• Diaforetikèc Sunj kec: Up�rqoun diaforetikèc sunj kec kanalioÔ, den èqoume

idanikì kan�li (hidden node problem, transmission errors-out of range).

• Sf�lma Qrìnou - SugqronismoÔ: Up�rqoun mikrèc diaforèc stic sqismèc

(backoff slots), pou k�je kìmboc èqei ¸c anafor� qrìnou, kìmboi oi opoÐoi ja dialè-

goun jewrhtik�, Ðdiec sqismèc na metad¸soun, den ja prokaloÔn aparaÐthta sugkroÔ-

seic (ìpwc proôpojètei h jewrhtik  apìdeixh sto sen�rio thc).

Akìmh sto jewrhtikì montèlo, up�rqei h prosèggish gia ton arijmì N j
c = N twn

kìmbwn pou antagwnÐzontai to kan�li se k�je sqism . Autìc o arijmìc sthn pragma-

tikìthta mei¸netai, kat� thn di�rkeia mÐac epoq c, gia to sen�rio ìpou k�je kìmboc

metadÐdei èna mìno pakèto. H je¸rhsh tou wc stajerì arijmì, Ðso me N (arijmìc twn

kìmbwn), eÐnai proseggistik .

53



5.3.1 Apotelèsmata gia CSMA

Oi metrikèc p�rjhkan me 5 kìmbouc na metadÐdoun proc ton stajmì b�shc, an� epoq  twn 6

deuterolèptwn kai gia na to petÔqoume autì akolouj jhke, h logik  oi kìmboi na perimènoun

to ènausma, apì s ma apì ton stajmì b�shc. K�je kìmboc p�li metadÐdei k�je epoq , èna

mìno pakèto (den perimènei k�poia epibebaÐwsh) kai aux�nei to packet id mìno ìtan ìntwc

stèlnei pakèto.

Ta apotelèsmata  tan ta ex c:

Proèleush Lhfjènta Pakèta Qamèna Pakèta

Node 2 149 11

Node 3 126 34

Node 4 130 30

Node 6 155 5

Node 7 139 21

PÐnakac 3: Metr seic - Epoqèc 160 (PerÐodoc epoq c: 6 deuterìlepta )

Apì aut� ta apotelèsmata mporoÔme na bg�loume tic ex c metrikèc. To posostì epitu-

qoÔc met�doshc (PDR - packet delivery ratio)  tan:

PDR =

∑N
i=1 Send(i)

total packs transmitted
= 0, 87

Gia thn pijanìthta epituqÐac ps, isqÔei ìti:

ps ≤ PDR = 0.87

Autì epeid  den emperièqetai sto PDR, h pijanìthta tou kìmbou na mhn k�nei prìsbash

sto kan�li.

Apì to di�gramma sto [2, Fig 14] tou jewritikoÔ montèlou, parathroÔme ìti h pijanìthta

epituqÐac ps, an�mesa stic kampÔlec gia megèjh pakètwn D = 1 èwc D = 3, eÐnai sto

di�sthma 0.65− 0.73.
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5.3.2 Apotelèsmata gia CSMA & WOR

Se autèc tic metr seic ìtan anafèrontai epibebai¸seic, o stajmìc b�shc katagr�fei k�je

for� ìsa pakèta lamb�nei, katagr�fei ìmwc ton arijmì twn epibebai¸sewn, mìno ìtan lam-

b�nei diaforetik� pakèta. Oi kìmboi pou den èlaban epituq¸c epibebaÐwsh, epanametadÐdoun

ta Ðdia pakèta.

'Etsi ègine mia prosp�jeia, na doÔme thn epÐdrash twn epibebai¸sewn sto sÔsthma mac,

kai pìsec anametadìseic, èginan lìgw sugkroÔsewn   qamènwn ACKs, pou ìpwc anafèrjhke

kai prohgoumènwc kai orÐzei kai to prìtupo [1], den qrhsimopoieÐtai CSMA-CA gia thn

met�dosh touc.

Proèleush Lhfjènta Pakèta Epibebai¸seic (ACKs)

Node 2 528 528

Node 3 541 537

Node 4 522 520

Node 6 523 523

Node 7 526 524

PÐnakac 4: Metr seic - Epoqèc 614 (PerÐodoc epoq c: 30 deuterìlepta )

ParathroÔme ìti h epib�runsh tou diktÔou mac, apì epibebai¸seic eÐnai mikr  kai q�jhkan

el�qistec. Autì mac deÐqnei ìti oi epibebai¸seic den eÐnai apagoreutikèc. To exet�zoume

giatÐ oi ACKs apoteloÔn kai mia elafri�, apì �poyh katan�lwshc enèrgeiac ekdoq , gia thn

lÔsh tou probl matoc twn krummènwn kìmbwn, apì to na qrhsimopoihjeÐ, h pl rhc lÔsh

pakètwn RTS/CTS. EpÐshc den epibarÔnetai to dÐktuo, me sugkroÔseic pakètwn, parìlo

pou den qrhsimopoieÐtai gia thn apostol  twn ACKs, to prwtìkollo CSMA (ìpwc orÐzei

kai to prìtupo 802.15.4).
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Sthn sunèqeia jèloume na doÔme thn epirro  (�n up�rqei), pou èqei sto sÔsthma mac,

o qrìnoc thc periìdou mètrhshc. EpÐshc epeid  jèloume se aut  thn mètrhsh na èqou-

me akrib¸c thn perÐptwsh enìc diktÔou WSN, me el�qisth katan�lwsh enèrgeiac dhlad ,

apenergopoioÔme tic ACKs, ¸ste na up�rqei mìno mÐa   kamÐa met�dosh an� epoq .

Epeid  se mia pragmatik  efarmog  qwrafioÔ, ìpwc h dik  mac, ja qrei�zontan metr seic

an� perÐpou 1 ¸ra, kai jèloume sÐgoura mèsa sth 1 ¸ra an eÐnai dunatì, na èqoume kainoÔrgia

mètrhsh, h perÐodoc thc epoq c mac ja eÐnai 30 lept�. To peÐrama ètrexe gia 2 mèrec.

Proèleush Lhfjènta Pakèta

Node 2 72

Node 3 72

Node 4 88

Node 6 88

Node 7 80

PÐnakac 5: Metr seic - Epoqèc 96 (PerÐodoc epoq c: 30 lept� )

ParathroÔme ìti o algìrijmoc tou WOR senarÐou, leitoÔrghse kai gia thn sporadik 

afÔpnish, twn 30 lept¸n. Den parousi�sthkan kìmboi me polÔ mikrìterh apostol  pakètwn

apì touc upìloipouc, to dÐktuo sumperifèrjhke an�loga me ta prohgoÔmena apotelèsmata

kai oi kìmboi afupnÐzontan kanonik�.
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6 Sumper�smata

6.1 DuskolÐec UlopoÐhshc

H ergasÐa antimet¸pise orismèna probl mata, kat� thn ulopoÐhsh thc, merik� apì ta basi-

kìtera, anafèroume parak�tw.

• Mn mh: H gr gora prosb�simh RAM mn mh tou mirkoelegkt  eÐnai megèjouc 256

bytes kai apo aut� mìno ta 128 bytes eÐnai diajèsima gia apoj keush plhroforÐac

apo ton qr sth, kaj¸c ta upìloipa anafèrontai stic dieujÔnseic twn kataqwrht¸n

tou mikroelegkt . O mikroelegkt c epÐshc, anagk�zei ton qr sth sthn perÐptwsh,

thc mètrhshc qrìnou (aparaÐthth), na gÐnetai aut  mèsw epan�lhyhc twn diakop¸n

uperqeÐlishc metrht¸n. O epexergast c ìmwc, threÐ seir� proteraiìthtac sthn exu-

phrèthsh twn diakop¸n.

Autì shmaÐnei ìti ìtan èrqontai, uyhlìterhc shmasÐac/proteraiìthtac diakopèc, ì-

pwc gia par�deigma h diakop  apì to perifereiakì tou radiof¸nou, kat� thn di�rkeia

l yhc enìc pakètou, o epexergast c mporeÐ kai prèpei, orismènec forèc na dÐnei pro-

teraiìthta se autèc. Autì èqei san apotèlesma èna sf�lma, to opoÐo ìmwc me thn

aÔxhsh tou qrìnou leitourgÐac, to opoÐo mporeÐ na prokaleÐ sobarì prìblhma se

jèmata sugqronismoÔ.

• ApousÐa leitourgikoÔ sust matoc (OS): K�je morf  sugqronismoÔ kai mè-

trhshc qrìnou ègine kurÐwc me thn qr sh diakop¸n pou dhmiourgoÔn oi metrhtèc tou

mikroelegkt  kai �ra up rqan l�jh sthn mètrhsh tou qrìnou. Me thn efarmog  enìc

leitourgikoÔ sust matoc tètoia probl mata ja lÔnontan kai den ja apasqoloÔsan thn

diadikasÐa thc ulopoÐhshc. EpÐshc jèmata anafor�c se mn mh kai diaqeÐrishc aut c

ja gÐnontan apì to leitourgikì kai ìqi apì ton qr sth.

Gia par�deigma to kuriìtero z thma diaqeÐrishc thc mn mhc eÐnai ìti o compiler all�

kai o Ðdioc o mikroelegkt c epitrèpoun thn �mesh anafor� kai diaqeÐrish, sth mn mh

RAM. Sto megalÔtero komm�ti thc mn mhc dhlad  thc FLASH, gÐnetai anafor� mìno
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me thn entol  mhqan c (MOVX). Aut  h diaqeÐrish mn mhc den proteÐnetai gia qr sh a-

poj keushc diark¸c metablht¸n dedomènwn kai dhmiourgeÐ asunèpeia sthn mn mh. 'Ena

leitourgikì sÔsthma ja mporoÔse na prosfèrei mÐa apotelesmatik  morf  diaqeÐrishc

thc mn mhc.

6.2 Mellontik  Doulei�

San stìqouc mellontikoÔc h ergasÐa aut , èqei ta ex c:

• ExakrÐbwsh tou jewrhtikoÔ montèlou: Epeid  oi metr seic sta plaÐsia aut c

thc ergasÐac den eparkoÔn gia na mporoÔn na èqoun k�poio sumpèrasma kai sÔgkrish

me th jewrÐa, ja prèpei na parjoÔn metr seic gia meg�lo di�sthma qrìnou, poll¸n

epoq¸n kai ja prèpei na dhmiourghjeÐ to kat�llhlo perib�llon, ìpwc perigr�fetai

sto jewrhtikì montèlo, ètsi ¸ste na parjoÔn akribeÐc metr seic. Basikìtero shmeÐ-

o gia autì all� kai gia �llec jewrhtikèc analÔseic eÐnai na up�rqei mÐa exwterik 

ro  pakètwn/plhroforÐac, apì èna epÐpedo efarmog c application layer, stajer  kai

pl rwc rujmizìmenh.

• AfÔpnish me Carrier Sense: H afÔpnish mèsw pakètwn ìpwc eÐdame apaiteÐ thn

apostol  gia arketì qrìno kai autì katanal¸nei enèrgeia ston stajmì b�shc. Ja

prèpei loipìn na analujoÔn, perissìterec mèjodoi gia thn skopi� thc afÔpnishc me

lÐga pakèta Ðswc kai 1, kai thn qr sh tou Carrier Sense. Na efarmosteÐ dhlad  ènac

apotelesmatikìc algìrijmoc, gia thn perÐptwsh pou o stajmìc b�shc, den mporeÐ na

eÐnai energeiak� autìnomoc.

• UlopoÐhsh Beaconed - enabled diktÔou : 'Opwc proanafèrjhke to prìtupo

802.15.4 orÐzei kai thn epilog  gia beaconed-enabled dÐktua ta opoÐa basÐzontai ston

slotted-CSMA algìrijmo. Gia efarmogèc perissìtero sugqronismènec. Gia na epi-

teuqjeÐ k�ti tètoio, apaiteÐtai doulei� sto pedÐo tou sugqronismoÔ twn kìmbwn (na

èqoun dhlad  oi metrhtèc, tou qrìnou touc, koin  b�sh kai na eÐnai eujugrammismènoi),

eÐte autìc gÐnei me thn eisagwg  leitourgikoÔ sust matoc, eÐte me efarmog  �llwn
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algorÐjmwn, ìpou up�rqoun polloÐ. Apì �poyh ulopoÐhshc tou Beaconed - enabled

prwtokìllou, h ergasÐa aut  èqei jèsei ìla ta aparaÐthta jemèlia kai den apaiteÐtai

shmantik  doulei�.

• Mn mh: Na gÐnoun dokimèc apoj keushc dedomènwn kai proswpik c diaqeÐrishc kai

axiopoÐhshc thc mn mhc FLASH, ètsi ¸ste o kìmboc b�shc,   di�foroi kìmboi pou

jèloume sto dÐktuo mac, na mporoÔn gia par�deigma na apojhkeÔoun perissìterh plh-

roforÐa.
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Aþ CSMA-CA - K¸dikac

Se autì to par�rthma anafèrontai oi k¸dikec packet.h, CSMA.h, csmaSendPacket.c, csma-

ReceivePacket.c, csma init.c, oi opoÐoi apoteloÔn ton basikìtero kormì gia thn ulopoÐhsh

tou prwtokìllou sto dikì mac ulikì. Sto packet.h up�rqoun orismoÐ gia thn morfopoÐh-

sh enìc pakètou, tÔpoi laj¸n ktl. Sto CSMA.h up�rqoun oi aparaÐthtoi orismoÐ gia to

prwtìkollo CSMA. Ta csmaSendPacket.c kai csmaReceivePacket.c parèqoun tic basikèc

leitourgÐec apostol c kai l yhc gia to prwtìkollo.

PolloÐ apì autoÔc qrhsimopoioÔn Ðswc kai k¸dika apì �llec biblioj kec, ìpwc a-

nafèrjhke sÔmfwna kai me thn arqitektonik  HAL(Hardware Abstraction Layer) all� ed¸

ja anafèroume mìno ton basikì kormì.

1 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// packet . h

3 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// AUTH: Ioann i s Papamentzelopoulos

5 // DATE: 4 Ioun 2012

//

7 // Target : C8051F32x

// Tool chain : KEIL C51 7 .06

9 //

// Release 1 . 0

11 //

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

13 // Inc lude s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

15 #i f n d e f PACKET H

#de f i n e PACKET H

17 #inc lude ” other / c omp i l e r d e f s . h”

#inc lude ” other /common . h”

19 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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// Structures , Unions , Enumerations , and Type De f i n i t i o n s

21 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

//===================================//

23 // Header Parameters //

//===================================//

25 #de f i n e TX IDX DESTINATION 1 // Index o f Rece iver address in

TxBuffer

#de f i n e TX IDX PACKET TYPE 2 // Index o f packet id1 in TxBuffer

27 #de f i n e TX IDX SOURCE 3 // Index o f Transmitter address in TxBuffer

#de f i n e TX IDX PACKET ID 4 // Index o f packet id2 in TxBuffer

29 #de f i n e TX IDX ACK REQUIRE 5 // Index o f ACK reques t in TxBuffer

#de f i n e TX IDX QLENGTH 6 // Index o f Queue l ength f o r BackPressure

Routing

31 #de f i n e RX IDX DESTINATION 0 // Index o f Rece iver address in

Rxbuffer

#de f i n e RX IDX PACKET TYPE 1 // Index o f packet id1 in Rxbuffer

33 #de f i n e RX IDX SOURCE 2 // Index o f Transmitter address in Rxbuffer

#de f i n e RX IDX PACKET ID 3 // Index o f packet id2 in Rxbuffer

35 #de f i n e RX IDX ACK REQUIRE 4 // Index o f ACK reques t in Rxbuffer

#de f i n e RX IDX QLENGTH 5 // Index o f Queue l ength f o r BackPressure

Routing

37 //===================================//

// Packet Types //

39 //===================================//

#de f i n e PTYPEDATA 0

41 #de f i n e PTYPE ACK 1

#de f i n e PTYPE RTS 2

43 #de f i n e PTYPE CTS 3

#de f i n e PTYPEFORWARD 4

45 //===================================//
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// Packet Error Codes //

47 //===================================//

#de f i n e PACKETTIMEOUT 0

49 #de f i n e PACKET SUCCESS 1

#de f i n e PACKETCORRUPTED 2

51 #de f i n e PACKETWRONGNODEID 3

#de f i n e PACKETWRONGLENGTH 4

53 #de f i n e PACKETWRONGTYPE 5

#de f i n e PACKETWRONGPACKID 6

55 #de f i n e PACKETERROROTHER 254

//===================================//

57 // Buf f e r In format ion //

//===================================//

59 #de f i n e BUFF ACK REQUIRED 1

#de f i n e BUFF ACK NOT REQUIRED 0

61 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Global Constants

63 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

65 // Exported Function Prototypes

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

67 #end i f /∗ PACKET H ∗/
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1 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// CSMA. h

3 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// AUTHOR: Ioann i s Papamentzelpoulos

5 // DATE: Jun 1 , 2012

//

7 // Target : C8051F32x

// Tool chain : KEIL C51 7 .06

9 //

// Release 1 . 0

11 //

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

13 // Inc lude s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

15 #i f n d e f CSMA H

#de f i n e CSMA H

17 #inc lude ” other / c omp i l e r d e f s . h”

#inc lude ” other /common . h”

19 #inc lude ” other /math l ib . h”

#inc lude ”motes/ i cube s /phy/halRF . h”

21 #inc lude ”motes/ i cube s / hal / ha lS l e ep . h”

#inc lude ”motes/ i cube s / hal /halTimers . h”

23 #inc lude ”motes/ i cube s / component defs / i c ub e s d e f s . h”

#inc lude ”NODEID. h”

25 #inc lude <s t d l i b . h>

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

27 // Structures , Unions , Enumerations , and Type De f i n i t i o n s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

29 //===================================//

// CSMA − Parameters //
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31 //===================================//

#de f i n e CCA SLOTS 1 // Number o f s l o t s node w i l l wait f o r CCA

33 #de f i n e ACK SLOTS 2 // Number o f s l o t s node w i l l wait f o r ACK

#de f i n e MAXBE 5 // Max number o f back−o f f exponent i a l window

35 #de f i n e MAXRETRANSMITS 5 // Max number o f r e t r an sm i s s i on s when

wai t ing f o r ACK

#de f i n e MAXBACKOFFS 5 // MAx number o f t r i e s to a c c e s s channel

37 #de f i n e INIT BE 3 // I n i t i a l i z e Back−o f f exponent i a l window

#de f i n e TX SLOTS 2 // Period o f Tx o f your packet in s l o t s

39 #de f i n e SLOT TIME INTS 330 // Back−o f f S l o t time // durat ion

in i n t e r r up t s o f t imer s e l e c t e d in csmaInit ( ) r ou t in e .

//===================================//

41 // Clear Channel Assessment //

//===================================//

43 #de f i n e TYPE CCA CARRIER BASED 0 // Po l l i n g the channel f o r any

s i g n a l

#de f i n e TYPE CCA SYNC BASED 1 // Po l l i n g the channel f o r packets

45 //with sync word

#de f i n e TYPE CCA TYPE CCA CARRIER BASED

47 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Exported Function Prototypes

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

TODO ques t i on ? Why not by r e f e r e n c e txBuf f or rxBuf f

49 BOOL csmaSendPacket (BYTE packet type , BYTE des t ina t i on , BYTE packet id

, BYTE ack requirement , BYTE init BE ) ;

BYTE csmaReceivePacket (BYTE packet type , UINT16 timeout , BYTE

packe t id ) ;

51 b i t csmaInit (BYTE sync timer num ) ;

// u t i l i t y f unc t i on s in csmaInit . c

53 void csmaBackOff (BYTE backo f f exp ) ;
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BOOL csmaCCA(BYTE cca type ,BYTE timeout ) ;

55 #end i f /∗ CSMA H ∗/
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1 /∗

∗ csmaSendPacket . c

3 ∗

∗ Created on : Jun 1 , 2012

5 ∗ Author : I oann i s Papamentzelopoulos

∗/

7 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Inc lude s

9 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

#inc lude ” other / c omp i l e r d e f s . h”

11 #inc lude ” other /common . h”

#inc lude <s t d i o . h>

13 #inc lude ”motes/ i cube s /mac/CSMA. h”

#inc lude ”motes/ i cube s /mac/packet . h”

15 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Structures , Unions , Enumerations , and Type De f i n i t i o n s

17 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

19 // csmaSendPacket ( )

//

21 // Basic Routine used to send any type o f packet ( data ,ACK,RTS,CTS) .

// I t uses the CSMA acce s s mechanism , to a c c e s s channel

23 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

BOOL csmaSendPacket (BYTE packet type , BYTE des t ina t i on , BYTE packet id

, BYTE ack requirement , BYTE init BE ) {

25 BOOL s end f i n i s h e d ;

BYTE backo f f exp ;

27 BYTE re t ran smi t s ;

BYTE num Backoffs ;

29 BYTE ack r e c e i v ed ;
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//−−−−−−−−−−−−−−− INITIALIZATION −−−−−−−−−−−−−−−−−−//

31 txBuf f e r [TX IDX DESTINATION] = de s t i n a t i on ;

txBuf f e r [TX IDX PACKET TYPE] = packet type ;

33 txBuf f e r [TX IDX PACKET ID ] = packe t id ;

txBuf f e r [TX IDX ACK REQUIRE] = ack requi rement ;

35 //Setup header o f txBuf f e r

i f ( packet type != PTYPEFORWARD) {

37 txBuf f e r [TX IDX SOURCE] = NODEID;

}

39 //Parameters

s e nd f i n i s h e d = FALSE;

41 i f ( in i t BE==DONTCARE) {

backo f f exp = INIT BE ;

43 } e l s e {

backo f f exp = in i t BE ;

45 }

r e t r an smi t s = MAXRETRANSMITS;

47 num Backoffs = MAXBACKOFFS;

//−−−−−−−−−−−−−−−−SEND ROUTINE−−−−−−−−−−−−−−−−−−−−−//

49 i f ( packet type == PTYPEDATA | | packet type == PTYPE RTS | |

packet type == PTYPEFORWARD) { //−−−−−−−−−−−−−−−−−− DATA / RTS

csmaBackOff ( backo f f exp ) ; //an i n i t i a l Backof f f o r the f i r s t a c c e s s

51 do{

i f (csmaCCA(TYPE CCA, SLOT TIME INTS ∗ CCA SLOTS) ) {

53 // here channel i s c l e a r

backo f f exp = INIT BE ; // re− i n i t i a l i z e backo f f th r e sho ld channel

was c l e a r

55 r e t r an smi t s −−; // dec r ea se maximum number o f r e t r an sm i s s i on s

halRfSendPacket ( txBuf fer , s i z e o f ( txBuf f e r ) ) ;

57 i f ( ack requi rement == BUFF ACK REQUIRED) {
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// ente r RX−mode to r e c e i v e ACK

59 //−−−−−−−−−−WAIT ACK−−−−−−−−−−−−−−−−−−

do{

61 i f ( packet type==PTYPE RTS) {

ack r e c e i v ed = csmaReceivePacket (PTYPE CTS, ( SLOT TIME INTS∗

TX SLOTS∗ACK SLOTS) , packe t id ) ;

63 } e l s e {

ack r e c e i v ed = csmaReceivePacket (PTYPE ACK, ( SLOT TIME INTS∗

TX SLOTS∗ACK SLOTS) , packe t id ) ;

65 }

}whi le ( a ck r e c e i v ed == PACKETCORRUPTED

67 | | ack r e c e i v ed == PACKETWRONGLENGTH

| | ack r e c e i v ed == PACKETWRONGNODEID

69 | | ack r e c e i v ed == PACKETWRONGTYPE

| | ack r e c e i v ed == PACKETWRONGPACKID

71 | | ack r e c e i v ed == PACKETERROROTHER) ;

i f ( a ck r e c e i v ed == PACKETTIMEOUT) {

73 cont inue ;

} e l s e i f ( a ck r e c e i v ed == PACKET SUCCESS) {

75 s e nd f i n i s h e d = TRUE;

}

77 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

} e l s e {

79 s e nd f i n i s h e d = TRUE;

}

81 } e l s e {

num Backoffs−−; // dec r ea se number o f l e f t t r i e s to a c c e s s channel

83 i f ( backo f f exp<MAXBE) {

backo f f exp++;

85 }
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/∗ I f Channel i s busy the node i s wa i t ing in IDLE f o r a rand time

∗/

87 csmaBackOff ( backo f f exp ) ;

}

89 }whi le ( ( s e nd f i n i s h e d == FALSE) && ( re t ran smi t s != 0) && (

num Backoffs !=0) ) ;

r e turn s e nd f i n i s h e d ;

91 } e l s e { //−−−−−−−−−−−−− ACK / CTS

txBuf f e r [TX IDX DESTINATION] = de s t i n a t i on ;

93 txBuf f e r [TX IDX SOURCE] = NODEID;

txBuf f e r [TX IDX PACKET ID ] = packe t id ;

95 txBuf f e r [TX IDX PACKET TYPE] = packet type ;

halRfSendPacket ( txBuf fer , s i z e o f ( txBuf f e r ) ) ;

97 re turn TRUE;

}

99 }
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1 /∗

∗ csmaReceivePacket . c

3 ∗

∗ Created on : Jun 1 , 2012

5 ∗ Author : I oann i s Papamentzelopoulos

∗/

7 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Inc lude s

9 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

#inc lude ” other / c omp i l e r d e f s . h”

11 #inc lude ” other /common . h”

#inc lude ”motes/ i cube s /phy/halRF . h”

13 #inc lude ”motes/ i cube s /mac/CSMA. h”

#inc lude ”motes/ i cube s /mac/packet . h”

15 #inc lude ”NODEID. h”

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

17 // Structures , Unions , Enumerations , and Type De f i n i t i o n s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

19 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Global Constants

21 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

23 // csmaReceivePacket ( )

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

25 BYTE csmaReceivePacket (BYTE packet type , UINT16 timeout , BYTE

packe t id ) {

BYTE t r an sm i t t e r i d ;

27 BYTE length ;

BYTE r e c e i v e s t a t u s ;

29 // s e t up the packet l ength in the txBuf f e r
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l ength = s i z e o f ( rxBuf f e r ) ;

31 r e c e i v e s t a t u s = halRfReceivePacketTimeout ( rxBuf fer ,& length , t imeout ) ;

i f ( r e c e i v e s t a t u s != PACKET SUCCESS) {

33 re turn r e c e i v e s t a t u s ;

}

35 switch ( packet type ) {

case PTYPEDATA:

37 i f ( ( rxBuf f e r [RX IDX PACKET TYPE] != PTYPEDATA)&&(rxBuf f e r [

RX IDX PACKET TYPE] != PTYPEFORWARD)&&(rxBuf f e r [

RX IDX PACKET TYPE] != PTYPE RTS) ) {

re turn PACKETWRONGTYPE;

39 }

t r an sm i t t e r i d = rxBuf f e r [RX IDX SOURCE ] ;

41 re turn PACKET SUCCESS;

break ;

43 case PTYPEACK:

i f ( rxBuf f e r [RX IDX PACKET TYPE] != PTYPEACK) {

45 re turn PACKETWRONGTYPE;

}

47 /∗ note that halRfRece ivePacket w i l l break and return f a l s e i f

r e c e i v ed packet

i s d i s ca rded due to address check ing . THis i s how i t i s handled by

cc25000 rad io ’ s

49 hardware (Our address check ing i s hardware based ) . ∗/

i f ( rxBuf f e r [RX IDX PACKET ID]== packe t id ) { // check i f ACK

ar r i v ed in c o r r e c t

51 re turn PACKET SUCCESS;

} e l s e { // i f ACK i s i s f o r another send packet , ( waited f o r #2 but

r e c e i v ed #3)

53 re turn PACKETWRONGPACKID;
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}

55 /∗ At t h i s po int i t i s c e r t a i n that halRfRece ivePacket has returned

f a l s e

which means i t e i t h e r broke due to timeout event or due to address

check .

57 I f i t i s due to address check i t means that another node or the

base s t a t i o n

speaks in the channel so the node has to l i s t e n to the channel

again un t i l

59 i t r e c e i v e s a va l i d ACK or has a timeout event .On a timeout event

we c l e a r the t imer and we pr in t out f o r debug reasons .

61 ∗/

break ;

63 case PTYPE CTS:

i f ( rxBuf f e r [RX IDX PACKET TYPE] != PTYPE CTS) {

65 re turn PACKETWRONGTYPE;

}

67 re turn PACKET SUCCESS;

break ;

69 de f au l t :

r e turn PACKETERROROTHER;

71 break ;

}

73 re turn FALSE;

}
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/∗

2 ∗ c sma in i t . c

∗

4 ∗ Created on : Jun 2 , 2012

∗ Author : I oann i s Papamentzelopoulos

6 ∗/

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

8 // Inc lude s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

10 #inc lude ” other / c omp i l e r d e f s . h”

#inc lude ” other /common . h”

12 #inc lude ”motes/ i cube s /mac/CSMA. h”

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

14 // Structures , Unions , Enumerations , and Type De f i n i t i o n s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

16 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Global Constants

18 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

UINT16 cca counte r = 0 ;

20 b i t c ca event enab l ed = 0 ;

void csmaCounterEvent ( void ) ;

22 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// c sma in i t ( )

24 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

b i t csmaInit (BYTE sync timer num )

26 {

b i t s t a tu s = 0 ;

28 // i n i t i a l i z e with t r an smi t t e r ’ s ID srand to get numbers

srand (NODEID) ;

30 // I n i t phy s i c a l l a y e r
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i f ( ! in i t ha lRfRece ivePacketTimeout ( sync timer num ) ) {

32 whi le (1 ) ;

}

34 // i n i t s l e e p mode o f mcu

i f ( ! i n i t ha lR fS l e epT imer ( sync timer num ) ) {

36 whi le (1 ) ;

}

38 //TODO setup f o r mu l t ip l e t imers

switch ( sync timer num ) {

40 case TIMER 0 :

NOP( ) ;

42 break ;

case TIMER 1 :

44 NOP() ;

break ;

46 case TIMER 2 :

s t a tu s = acqu i r e t ime r2 even t ( csmaCounterEvent ) ;

48 break ;

case TIMER 3 :

50 NOP() ;

break ;

52 de f au l t :

r e turn 0 ;

54 }

re turn s t a tu s ;

56 }

//TODO Comments

58 void csmaBackOff (BYTE backo f f exp ) {

UINT16 r and s l o t ;

60 UINT16 window ;
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UINT16 back o f f t ime ;

62 /∗ Compute the S l o t time i n t e r v a l to wait ∗/

window = pow2( backo f f exp ) ; //window i s computed from current

backof f−num each time

64 r and s l o t = ( rand ( ) % window) ; //pseudo−random value o f window

back o f f t ime = (window−1 − r and s l o t ) ∗SLOT TIME INTS ; //compute the

number o f s l o t s to I d l e

66 // back o f f t ime = rand s l o t ∗ SLOT TIME INTS ;

//WARNING ha l S l e e p I n i t ( ) has to be c a l l e d f i r s t in main ! ! !

68 ha lS l e ep1 ( ba ck o f f t ime ) ; // s l e e p f o r ba ck o f f t ime ( t h i s i s

in i n t s o f t imer s e l e c t e d in csmaInit )

}

70 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Function used to perform CCA( c l e a r channel assessment )

72 // There are 2 opt ions :

// −Based on r e c e i v i n g a packet (SYNC BASED) [ r e s i l i e n t , not accurate ]

74 // −Based on sen s ing the channel (CARRIER BASED) [ s e n s i t i v e , accurate ]

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

76 BOOL csmaCCA(BYTE cca type , BYTE timeout ) {

ha lSp iSt robe (CCxxx0 SRX) ; // ente r RX−mode to l i s t e n channel

78 // timeout = ( s l o t durat ion ∗ number o f s l o t s ) ∗ t imer i n t e r r up t

per iod

//TODO ca l c u l a t e the min time o f sync word to r e c e i v e

80 cca counte r = timeout ;

c ca event enab l ed = 1 ;

82 do{ // Po l l the channel f o r a per iod o f time equal to CCA SLOTS.

// i f even once the GD0O PIN i s 1 , which means someone t ransmit s

84 // the channel i s dimmed occupied and the node w i l l have to wait

//WARNING: GDO0 PIN MUST BE SET AS SYNC WORD POLLING MODE IN RADIO

SETTINGS ( value : 0 x06 )

75



86 i f ( c ca type == TYPE CCA SYNC BASED) {

i f (P GDO0) {

88 ha lSp iSt robe (CCxxx0 SIDLE) ;

ha lSp iSt robe (CCxxx0 SFRX) ;

90 cca event enab l ed = 0 ;

re turn FALSE;

92 }

//WARNING: GDO2 PIN MUST BE SET AS POLLING CCA MODE IN RADIO

SETTINGS ( value : 0 x0E)

94 } e l s e i f ( cca type == TYPE CCA CARRIER BASED) {

i f (P GDO2) {

96 ha lSp iSt robe (CCxxx0 SIDLE) ;

ha lSp iSt robe (CCxxx0 SFRX) ;

98 cca event enab l ed = 0 ;

re turn FALSE;

100 }

} e l s e {

102 //HALT

whi le (1 ) ;

104 }

}whi le ( c ca counte r > 0) ;

106 cca event enab l ed = 0 ;

// i f dur ing the time s l o t no t ransmi t t i on was found

108 // then we assume the channel f r e e and the node w i l l be ab le

// to transmit .

110 //TODO check i f t h i s i s nece s sa ry

ha lSp iSt robe (CCxxx0 SIDLE) ; // re turn rad io to i d l e mode

112 ha lSp iSt robe (CCxxx0 SFRX) ; // f l u s h r e c e i v e f i f o

re turn TRUE;

114 }
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//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

116 // Routine used f o r to measure time us ing the

// i n t e r r up t s o f a t imer chosen

118 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

void csmaCounterEvent ( void ) {

120 i f ( c ca event enab l ed && cca counte r > 0) {

cca counter −−;

122 }

}
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Bþ Wake-On-Radio K¸dikac

Se autì to par�rthma anafèrontai oi k¸dikec WOR INIT,WOR RESET, halWakeOnInt

oi opoÐoi perigr�foun basikèc leitourgÐec, poÔ èqoun na k�noun me leitourgÐec tic leitourgÐec

tou WOR. PolloÐ apì autoÔc qrhsimopoioÔn Ðswc kai k¸dika apì �llec biblioj kec, ìpwc

anafèrjhke sÔmfwna kai me thn arqitektonik  HAL(Hardware Abstraction Layer), all�

ed¸ ja anafèroume mìno ton basikì kormì.

1 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// WOR INIT( )

3 //

// DESCRIPTION:

5 // This macro i s used to con f i gu r e the WOR func t i on o f the rad io

//

7 // Note :

// wor event

9 // A 16 b i t va lue f o r the EVENT0 time con f i gu r a t i on . The per iod each

// SLEEP−TO−IDLE−RX happens . Defau l t max value 65535 g i v e s 1 ,86

sec f o r

// 26 Mhz o s c i o f cc2500 .

11 // ARGUMENTS:

// RX duty

13 // The percentage o f the EVENT time the rad io s tay s in RX to l i s t e n

f o r // packets .

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

15 #de f i n e RX DUTY 12 5 0x00

#de f i n e RX DUTY 6 2 0x01

17 #de f i n e RX DUTY 3 1 0x02

#de f i n e RX DUTY 1 5 0x03

19 #de f i n e WOR INIT(x ) \

do{\
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21 halSpiWriteReg (CCxxx0 WORCTRL,0 x38 ) ;\

halSpiWriteReg (CCxxx0 WOREVT1,0xFF) ;\

23 halSpiWriteReg (CCxxx0 WOREVT0,0xFF) ;\

halSpiWriteReg (CCxxx0 MCSM2, x ) ;\

25 WORRESET( ) ;\

}whi le (0 )

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

2 // WORRESET( )

//

4 // DESCRIPTION:

// This macro i s used to r e s e t the WOR con f i gu r a t i on and re−ente r

rad io in WOR mode

6 //

// ARGUMENTS:

8 // None

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

10 #de f i n e WORRESET( ) \

do{\

12 ha lSp iSt robe (CCxxx0 SWORRST) ;\

ha lSp iSt robe (CCxxx0 SWOR) ;\

14 }whi le (0 )
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/∗

2 ∗ halSleepWakeOnInt . c

∗

4 ∗ Created on : Jun 6 , 2012

∗ Author : I oann i s Papamentzelopoulos

6 ∗/

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

8 // Inc lude s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

10 #inc lude ” other / c omp i l e r d e f s . h”

#inc lude ” other /common . h”

12 #inc lude ”motes/ i cube s / hal / ha l I n t e r r up t s . h”

#inc lude ”motes/ i cube s / hal / ha lS l e ep . h”

14 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Structures , Unions , Enumerations , and Type De f i n i t i o n s

16 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

18 // halSleepWakeOnInt ( )

//

20 // This func t i on i s used to keep the C8051F320 at low−power mode by

s e t t i n g

// i t s c l o ck to the lower frequency , d i s a b l i n g a l l e x t e rna l / i n t e r r up t s

i n t e r r up t s

22 // but one ( the one that w i l l wake him up) , and en t e r i ng I d l e Mode .

//

24 // ARGUMENTS:

// BYTE int num

26 // The num of INT1 or INT0 ex t e rna l i n t e r rup t s , or any other

// i n t e r r up t that WON’T BE DISABLED( t h i s w i l l wake you up) .

28 //
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//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

30 // Block un t i l an i n t wakes me up

// TODO documetation

32 void halSleepWakeOnInt (BYTE int num ) {

34 BYTE o l d i n t e n a b l e s ;

BYTE o l d c l k s e l ;

36 BYTE o l d o s c i c n ;

// Keep a l l i n t and c l o ck s t a t e s

38 o l d i n t e n a b l e s = IE ;

o l d c l k s e l = CLKSEL;

40 o l d o s c i c n = OSCICN;

// Disab le a l l i n t e r r up t s

42 IE = 0x00 ;

// Set up the wake up i n t e r r up t

44 INT ENABLE( int num , INT ON) ;

// Enable g l oba l i n t s

46 ENABLE GLOBAL INT(INT ON) ;

// Set the c l o ck to i t s l owest f requency ( s e l e c t USB c lock @ i n t e r n a l

/2)

48 CLKSEL = 0x00 ;

OSCICN &= ˜0x03 ;

50 // Set mcu to i d l e mode

PCON |= 0x01 ;

52 /∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗/

// At t h i s point , the mcu has been waken up by the s e l e c t e d i n t e r r up t

54 /∗ ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗ ∗/

// Reset the i n t and c l o ck s t a t e s

56 IE = o l d i n t e n a b l e s ;

CLKSEL = o l d c l k s e l ;
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58 OSCICN = o l d o s c i c n ;

}
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Gþ Phy-Layer K¸dikac

Se autì to par�rthma anafèrontai oi k¸dikec halRfReceivePacketWOR.c, halRfReceivePa-

cketTimeout.c, RFSettings.c, oi opoÐoi perigr�foun basikèc leitourgÐec, ìpwc l yh pakètwn

en¸ oi kìmboi brÐskontai se kat�stash WOR, eÐnai aparaÐthtoi gia thn ulopoÐhsh tou prw-

tokìllou, kai èqoun na k�noun me leitourgÐec tou fusikoÔ epipèdou. PolloÐ apì autoÔc

qrhsimopoioÔn Ðswc kai k¸dika apì �llec biblioj kec, ìpwc anafèrjhke sÔmfwna kai me

thn arqitektonik  HAL(Hardware Abstraction Layer), all� ed¸ ja anafèroume mìno ton

basikì kormì.

1 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// BOOL halRfReceivePacketWOR(BYTE ∗ rxBuf fer , UINT8 ∗ l ength )

3 // NOTE: This i s the common halRFReceive ( ) but without en t e r i ng RX,

used f o r WOR. Enter ing RX ru in s WOR

// con f i gu r a t i on and timing o f cc2500 . I t a l s o prov ide s the

cho i c e to drop or keep the packet

5 // r e c e i v ed .

// DESCRIPTION:

7 // This func t i on can be used to r e c e i v e a packet o f v a r i ab l e

packet l ength ( f i r s t byte in the packet

// must be the l ength byte ) . The packet l ength should not exceed

the RX FIFO s i z e .

9 // To use t h i s funct ion , GD00 must be con f i gu r ed to be a s s e r t ed

when sync word i s sent and

// de−a s s e r t ed at the end o f the packet => halSpiWriteReg (

CCxxx0 IOCFG0 , 0x06 ) ;

11 // Also , APPEND STATUS in the PKTCTRL1 r e g i s t e r must be enabled .

// The func t i on implements p o l l i n g o f GDO0. F i r s t i t wai t s f o r

GD00 to be s e t and then i t wai t s

13 // f o r i t to be c l e a r ed .

// After the GDO0 pin has been de−as se r t ed , the RXBYTES r e g i s t e r
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i s read to make sure that the re

15 // are bytes in the FIFO . This i s because the GDO s i g n a l w i l l

i n d i c a t e sync r e c e i v ed even i f the

// FIFO i s f l u shed due to address f i l t e r i n g , CRC f i l t e r i n g , or

packet l ength f i l t e r i n g .

17 //

// ARGUMENTS:

19 // BYTE ∗ rxBuf f e r

// Pointer to the bu f f e r where the incoming data should be

s to r ed

21 // UINT8 ∗ l ength

// Pointer to a va r i ab l e conta in ing the s i z e o f the bu f f e r

where the incoming data should be

23 // s to r ed . After t h i s func t i on returns , that va r i ab l e ho lds

the packet l ength .

// BOOL igno r e packe t

25 // Discard the packet r e c e i v ed or keep i t in the s to rage bu f f e r .

//

27 // RETURN VALUE:

// BOOL

29 // TRUE: CRC OK

// FALSE: CRC NOT OK ( or no packet was put in the RX FIFO

due to f i l t e r i n g )

31 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

BOOL halRfReceivePacketWOR(BYTE ∗ rxBuf fer , UINT8 ∗ l ength , BOOL

igno r e packe t ) {

33 BYTE sta tu s [ 2 ] ;

UINT8 packetLength ;

35 // Wait f o r GDO0 to be s e t −> sync r e c e i v ed

whi l e ( !GDO0 PIN) ;
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37 // Wait f o r GDO0 to be c l e a r ed −> end o f packet

whi l e (GDO0 PIN) ;

39 i f ( ! i gno r e packe t ) {

// This s t a tu s r e g i s t e r i s s a f e to read s i n c e i t w i l l not be updated

a f t e r

41 // the packet has been r e c e i v ed ( See the CC1100 and 2500 Errata Note

)

i f ( ( halSpiReadStatus (CCxxx0 RXBYTES) & BYTES IN RXFIFO) ) {

43 // Read length byte

packetLength = halSpiReadReg (CCxxx0 RXFIFO) ;

45 // Read data from RX FIFO and s t o r e in rxBuf f e r

i f ( packetLength <= ∗ l ength ) {

47 halSpiReadBurstReg (CCxxx0 RXFIFO , rxBuf fer , packetLength ) ;

∗ l ength = packetLength ;

49 // Read the 2 appended s t a tu s bytes ( s t a tu s [ 0 ] = RSSI , s t a tu s [ 1 ] =

LQI)

halSpiReadBurstReg (CCxxx0 RXFIFO , status , 2) ;

51 // MSB of LQI i s the CRCOK b i t

re turn ( s t a tu s [ LQI ] & CRCOK) ;

53 } e l s e {

∗ l ength = packetLength ;

55 // Make sure that the rad io i s in IDLE s t a t e be f o r e f l u s h i n g the

FIFO

// ( Unless RXOFFMODE has been changed , the rad io should be in

IDLE s t a t e at t h i s po int )

57 ha lSp iSt robe (CCxxx0 SIDLE) ;

// Flush RX FIFO

59 ha lSp iSt robe (CCxxx0 SFRX) ;

re turn FALSE;

61 }
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} e l s e

63 re turn FALSE;

} e l s e {

65 // Make sure that the rad io i s in IDLE s t a t e be f o r e f l u s h i n g the

FIFO

// ( Unless RXOFFMODE has been changed , the rad io should be in IDLE

s t a t e at t h i s po int )

67 ha lSp iSt robe (CCxxx0 SIDLE) ;

// Flush RX FIFO

69 ha lSp iSt robe (CCxxx0 SFRX) ;

re turn TRUE;

71 }

}// halRfReceivePacketWOR
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/∗

2 ∗ halRfReceivePacketTimeout . c

∗

4 ∗ Created on : Jun 1 , 2012

∗ Author : I oann i s Papamentzelopoulos

6 ∗/

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

8 // Inc lude s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

10 #inc lude ” other / c omp i l e r d e f s . h”

#inc lude ” other /common . h”

12 #inc lude ”motes/ i cube s / hal / ha l I n t e r r up t s . h”

#inc lude ”motes/ i cube s / hal /halTimers . h”

14 #inc lude ”motes/ i cube s /phy/halRF . h”

#inc lude ”motes/ i cube s / component defs / i c ub e s d e f s . h”

16 #inc lude ”motes/ i cube s /mac/packet . h”

void t imeout count e r r ou t i n e ( void ) ;

18 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Structures , Unions , Enumerations , and Type De f i n i t i o n s

20 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

#de f i n e CRCOK 0x80

22 #de f i n e GDO0 PIN P0 6

#de f i n e RSSI 0

24 #de f i n e LQI 1

#de f i n e BYTES IN RXFIFO 0x7F

26 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Global Constants

28 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

UINT16 t imeout counter = 0 ;

30 b i t rx t imeout event enab l ed = 0 ;
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b i t in i t ha lRfRece ivePacketTimeout (BYTE timer num ) {

32 b i t s t a tu s = 0 ;

//TODO setup f o r mu l t ip l e t imers

34 switch ( timer num ) {

case TIMER 0 :

36 NOP() ;

break ;

38 case TIMER 1 :

NOP( ) ;

40 break ;

case TIMER 2 :

42 s t a tu s = acqu i r e t ime r2 even t ( t imeout count e r r ou t i n e ) ;

break ;

44 case TIMER 3 :

NOP( ) ;

46 break ;

d e f au l t :

48 re turn 0 ;

}

50 re turn s t a tu s ;

}

52 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// halRfReceivePacketTimeout ( )

54 //

// NOTE: This func t i on i s used to wait f o r a chosen amount o f time

to r e c e i v e a

56 // packet . After that rad io sw i t che s back to IDLE s t a t e

// DESCRIPTION:

58 // This func t i on can be used to r e c e i v e a packet o f v a r i ab l e

packet l ength ( f i r s t byte in the packet
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// must be the l ength byte ) . The packet l ength should not exceed

the RX FIFO s i z e .

60 // To use t h i s funct ion , GD00 must be con f i gu r ed to be a s s e r t ed

when sync word i s sent and

// de−a s s e r t ed at the end o f the packet => halSpiWriteReg (

CCxxx0 IOCFG0 , 0x06 ) ;

62 // Also , APPEND STATUS in the PKTCTRL1 r e g i s t e r must be enabled .

// The func t i on implements p o l l i n g o f GDO0. F i r s t i t wai t s f o r

GD00 to be s e t and then i t wai t s

64 // f o r i t to be c l e a r ed .

// After the GDO0 pin has been de−as se r t ed , the RXBYTES r e g i s t e r

i s read to make sure that the re

66 // are bytes in the FIFO . This i s because the GDO s i g n a l w i l l

i n d i c a t e sync r e c e i v ed even i f the

// FIFO i s f l u shed due to address f i l t e r i n g , CRC f i l t e r i n g , or

packet l ength f i l t e r i n g .

68 //

// ARGUMENTS:

70 // BYTE ∗ rxBuf f e r

// Pointer to the bu f f e r where the incoming data should be

s to r ed

72 // UINT8 ∗ l ength

// Pointer to a va r i ab l e conta in ing the s i z e o f the bu f f e r

where the incoming data should be

74 // s to r ed . After t h i s func t i on returns , that va r i ab l e ho lds

the packet l ength .

// UINT16 timeout

76 // the amount o f time to wait in RX measured in i n t e r r up t s o f a

chosen t imer .

//
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78 // RETURN VALUE:

// BOOL

80 // TRUE: CRC OK

// FALSE: CRC NOT OK ( or no packet was put in the RX FIFO

due to f i l t e r i n g )

82 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

//TODO return s t a tu s [ r s s i ]

84 BYTE halRfReceivePacketTimeout (BYTE ∗ rxBuf fer , UINT8 ∗ l ength , UINT16

timeout ) {

BYTE sta tu s [ 2 ] ;

86 UINT8 packetLength ;

ha lSp iSt robe (CCxxx0 SRX) ;

88 t imeout counter = timeout ;

rx t imeout event enab l ed = 1 ;

90 // Wait f o r GDO0 to be s e t −> sync r e c e i v ed

whi l e ( ( ( !GDO0 PIN) && ( t imeout counter > 0) ) ) ;

92 rx t imeout event enab l ed = 0 ;

i f ( t imeout counter > 0 && GDO0 PIN) {

94 // Wait f o r GDO0 to be c l e a r ed −> end o f packet

whi l e (GDO0 PIN) ;

96 // This s t a tu s r e g i s t e r i s s a f e to read s i n c e i t w i l l not be updated

a f t e r

// the packet has been r e c e i v ed ( See the CC1100 and 2500 Errata Note

)

98 i f ( ( halSpiReadStatus (CCxxx0 RXBYTES) & BYTES IN RXFIFO) ) {

// Read length byte

100 packetLength = halSpiReadReg (CCxxx0 RXFIFO) ;

// Read data from RX FIFO and s t o r e in rxBuf f e r

102 i f ( packetLength <= ∗ l ength ) {

halSpiReadBurstReg (CCxxx0 RXFIFO , rxBuf fer , packetLength ) ;
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104 ∗ l ength = packetLength ;

// Read the 2 appended s t a tu s bytes ( s t a tu s [ 0 ] = RSSI , s t a tu s [ 1 ] =

LQI)

106 halSpiReadBurstReg (CCxxx0 RXFIFO , status , 2) ;

// MSB of LQI i s the CRCOK b i t

108 i f ( s t a tu s [ LQI ] & CRCOK) {

re turn PACKET SUCCESS;

110 } e l s e {

re turn PACKETCORRUPTED;

112 }

} e l s e {

114 ∗ l ength = packetLength ;

// Make sure that the rad io i s in IDLE s t a t e be f o r e f l u s h i n g the

FIFO

116 // ( Unless RXOFFMODE has been changed , the rad io should be in

IDLE s t a t e at t h i s po int )

ha lSp iSt robe (CCxxx0 SIDLE) ;

118 // Flush RX FIFO

ha lSp iSt robe (CCxxx0 SFRX) ;

120 re turn PACKETWRONGLENGTH;

}

122 } e l s e

re turn PACKETWRONGNODEID;

124 } e l s e // con t r o l i f

r e turn PACKETTIMEOUT;

126 }

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

128 // Routine to measure time in i n t e r r up t s o f a chosen t imer

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

130 void t imeout count e r r ou t i n e ( void ) {
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i f ( rx t imeout event enab l ed && timeout counter >0){

132 t imeout counter−−;

}

134 }
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/∗

2 ∗ RFSettings . c

∗

4 ∗ Created on : May 30 , 2012

∗ Author : I oann i s Papamentzelopoulos

6 ∗/

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

8 // Inc lude s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

10 #inc lude ” other / c omp i l e r d e f s . h”

#inc lude ” other /common . h”

12 #inc lude ”motes/ c8051f320dk /phy/halRF . h”

#inc lude ”NODEID. h”

14 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Structures , Unions , Enumerations , and Type De f i n i t i o n s

16 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

18 // Radio S e t t i n g s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

20 //#de f i n e RFSETTINGS 250KB //High data ra t e s e t t i n g s − 250KBaud

#de f i n e RFSETTINGS 2 4KB //Low data ra t e − high s e n s i t i v i t y

22 #i f d e f RFSETTINGS 250KB

// rad io s e t t i n g s

24 // Chipcon

// Product = CC2500

26 // Chip ve r s i on = E (VERSION = 0x03 )

// Crysta l accuracy = 10 ppm

28 // X−t a l f requency = 26 MHz

// RF output power = 0 dBm

30 // RX f i l t e rbandw id th = 541.666667 kHz
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// Phase = 1

32 // Datarate = 249.938965 kBaud

// Modulation = (7) MSK

34 // Manchester enable = (0) Manchester d i s ab l ed

// RF Frequency = 2432.999908 MHz

36 // Channel spac ing = 199.951172 kHz

// Channel number = 6

38 // Optimizat ion = S e n s i t i v i t y

// Sync mode = (3) 30/32 sync word b i t s detec ted

40 // Format o f RX/TX data = (0) Normal mode , use FIFOs f o r RX and TX

// CRC operat i on = (1) CRC ca l c u l a t i o n in TX and CRC check in RX

enabled

42 // Forward Error Correc t ion = (0) FEC d i s ab l ed

// Length con f i gu r a t i on = (1) Var iab le l ength packets , packet l ength

con f i gu r ed by the f i r s t r e c e i v ed byte a f t e r sync word .

44 // Packet length = 255

// Preamble count = (2) 4 bytes

46 // Append s t a tu s = 1

// Address check = (0) No address check

48 // FIFO auto f l u sh = 0

// Device address = 0

50 // GDO0 s i g n a l s e l e c t i o n = ( 6) Asse r t s when sync word has been sent /

rece ived , and de−a s s e r t s at the end o f the packet

// GDO2 s i g n a l s e l e c t i o n = (41) CHIP RDY

52 RF SETTINGS code r f S e t t i n g s = {

0x0A , // FSCTRL1 Frequency s yn th e s i z e r c on t r o l .

54 0x00 , // FSCTRL0 Frequency s yn th e s i z e r c on t r o l .

0x5D , // FREQ2 Frequency con t r o l word , high byte .

56 0x93 , // FREQ1 Frequency con t r o l word , middle byte .

0xB1 , // FREQ0 Frequency con t r o l word , low byte .
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58 0x2D , // MDMCFG4 Modem con f i gu r a t i on .

0x3B , // MDMCFG3 Modem con f i gu r a t i on .

60 0x73 , // MDMCFG2 Modem con f i gu r a t i on .

0x22 , // MDMCFG1 Modem con f i gu r a t i on .

62 0xF8 , // MDMCFG0 Modem con f i gu r a t i on .

0x06 , // CHANNR Channel number .

64 0x00 , // DEVIATN Modem dev i a t i on s e t t i n g (when FSK modulation i s

enabled ) .

0xB6 , // FREND1 Front end RX con f i gu r a t i on .

66 0x10 , // FREND0 Front end TX con f i gu r a t i on .

0x18 , // MCSM0 Main Radio Control State Machine c on f i gu r a t i on .

68 0x1D , // FOCCFG Frequency Of f s e t Compensation Conf igurat ion .

0x1C , // BSCFG Bit synchron i za t i on Conf igurat ion .

70 0xC7 , // AGCCTRL2 AGC con t r o l .

0x30 , // AGCCTRL1 AGC con t r o l .

72 0xB0 , // AGCCTRL0 AGC con t r o l .

0xEA, // FSCAL3 Frequency s yn th e s i z e r c a l i b r a t i o n .

74 0x0A , // FSCAL2 Frequency s yn th e s i z e r c a l i b r a t i o n .

0x00 , // FSCAL1 Frequency s yn th e s i z e r c a l i b r a t i o n .

76 0x11 , // FSCAL0 Frequency s yn th e s i z e r c a l i b r a t i o n .

0x59 , // FSTEST Frequency s yn th e s i z e r c a l i b r a t i o n .

78 0x88 , // TEST2 Various t e s t s e t t i n g s .

0x31 , // TEST1 Various t e s t s e t t i n g s .

80 0x0B , // TEST0 Various t e s t s e t t i n g s .

0x07 , // FIFOTHR RXFIFO and TXFIFO thr e sho ld s .

82 0x06 , // IOCFG2 GDO2 output pin c on f i g u r a t i on . 0x0E

0x06 , // IOCFG0D GDO0 output pin c on f i g u r a t i on .

84 0x06 | 0x08 , // PKTCTRL1 Packet automation con t r o l . (CRC auto f l u sh

)

0x05 , // PKTCTRL0 Packet automation con t r o l .

95



86 NODEID, // ADDR Device address .

0xFF , // PKTLEN Packet l ength .

88 0xFF // PATABLE Transmit power

} ;

90 #end i f

#i f d e f RFSETTINGS 2 4KB

92 // rad io s e t t i n g s

// Chipcon

94 // Product = CC2500

// Datarate = 2 .4 kBaud

96 // Modulation = 2−FSK

// Manchester enable = (0) Manchester d i s ab l ed

98 // RF Frequency = 2432.999908 MHz

// Channel spac ing = 199.951172 kHz

100 // Channel number = 6

// Optimizat ion = S e n s i t i v i t y

102 // Sync mode = (3) 30/32 sync word b i t s detec ted

// Format o f RX/TX data = (0) Normal mode , use FIFOs f o r RX and TX

104 // CRC operat i on = (1) CRC ca l c u l a t i o n in TX and CRC check in RX

enabled

// Forward Error Correc t ion = (0) FEC d i s ab l ed

106 // Length con f i g u r a t i on = (1) Var iab le l ength packets , packet l ength

con f i gu r ed by the f i r s t r e c e i v ed byte a f t e r sync word .

// Packet length = 255

108 // Preamble count = (2) 4 bytes

// Append s t a tu s = 1

110 // Address check = (0) No address check

// FIFO auto f l u sh = 0

112 // Device address = 0
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// GDO0 s i g n a l s e l e c t i o n = Asse r t s when sync word has been sent /

rece ived , and de−a s s e r t s at the end o f the packet

114 // GDO2 s i g n a l s e l e c t i o n = CS ( Car r i e r Sense )

RF SETTINGS code r f S e t t i n g s = {

116 0x08 , // FSCTRL1 Frequency Synthe s i z e r Control

0x00 , // FSCTRL0 Frequency Synthe s i z e r Control

118 0x5D , // FREQ2 Frequency Control Word , High Byte

0x93 , // FREQ1 Frequency Control Word , Middle Byte

120 0xB1 , // FREQ0 Frequency Control Word , Low Byte

0x86 , // MDMCFG4 Modem Conf igurat ion

122 0x83 , // MDMCFG3 Modem Conf igurat ion

0x03 , // MDMCFG2 Modem Conf igurat ion 0x03 i s f o r 30/32 b i t s

sync word

124 0x22 , // MDMCFG1 Modem Conf igurat ion

0xF8 , // MDMCFG0 Modem Conf igurat ion

126 0x06 , // CHANNR Channel Number 0x0F i s f o r de−complexing ; )

0x44 , // DEVIATN Modem Deviat ion Se t t i ng

128 0x56 , // FREND1 Front End RX Conf igurat ion

0x10 , // FREND0 Front End TX con f i gu r a t i on

130 0x18 , // MCSM0 Main Radio Control State Machine

Conf igurat ion

0x16 , // FOCCFG Frequency Of f s e t Compensation Conf igurat ion

132 0x6C , // BSCFG Bit Synchron izat ion Conf igurat ion

0x03 , // AGCCTRL2 AGC Control

134 0x40 , // AGCCTRL1 AGC Control

0x91 , // AGCCTRL0 AGC Control

136 0xA9 , // FSCAL3 Frequency Synthe s i z e r Ca l i b ra t i on

0x0A , // FSCAL2 Frequency Synthe s i z e r Ca l i b ra t i on

138 0x00 , // FSCAL1 Frequency Synthe s i z e r Ca l i b ra t i on

0x11 , // FSCAL0 Frequency Synthe s i z e r Ca l i b ra t i on
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140 0x59 , // FSTEST Frequency Synthe s i z e r Ca l i b ra t i on Control

0x81 , // TEST2 Various Test S e t t i n g s 0x81 i s f o r improved

s e n s i t i v i t y

142 0x35 , // TEST1 Various Test S e t t i n g s 0x35 i s f o r improved

s e n s i t i v i t y

0x0B , // TEST0 Various Test S e t t i n g s

144 0x07 , // FIFOTHR RX FIFO and TX FIFO Thresholds

0x0E , // IOCFG2 GDO2Output Pin Conf igurat ion

146 0x06 , // IOCFG0 GDO0Output Pin Conf igurat ion 0x06 i s f o r

sync word a s s e r t / d ea s s e r t

0x06 | 0x08 , // PKTCTRL1 Packet Automation Control 0x08 i s f o r

CRCAUTOFLUSH

148 0x05 , // PKTCTRL0 Packet Automation Control 0x05 i s f o r

CRC ENABLE and va r i ab l e packet l ength

NODEID, // ADDR Device Address

150 0xFF , // PKTLEN Packet Length

0xFF // PATABLE Transmit power

152 } ;

#end i f
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Dþ Application Layer(main) -K¸dikac

Se autì to par�rthma anafèretai èna aplì deÐgma k¸dika efarmog c gia èna stajmì b�shc

kai di�forouc kìmbouc pou stèlnoun pakèta se autìn, me deÐgmata pou lamb�noun apì

ton ADC(Analog-to-Digital Converter), se èna dÐktuo aisjht rwn. PolloÐ apì autoÔc

qrhsimopoioÔn Ðswc kai k¸dika apì �llec biblioj kec, ìpwc anafèrjhke sÔmfwna kai me

thn arqitektonik  HAL(Hardware Abstraction Layer), all� ed¸ ja anafèroume mìno ton

basikì kormì.

1 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Inc lude s

3 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

#inc lude ” other / c omp i l e r d e f s . h”

5 #inc lude ” other /common . h”

#inc lude ”motes/ i cube s / component defs /mcu/c8051F320 . h”

7 #inc lude ”motes/ i cube s / component defs / rad io / ccxxx0 . h”

#inc lude ”motes/ i cube s / component defs / i c ub e s d e f s . h”

9 //#inc lude ”motes/ i cube s / hal / ha lF lash . h”

#inc lude ”motes/ i cube s / hal / halClock . h”

11 #inc lude ”motes/ i cube s / hal / halUart . h”

#inc lude ”motes/ i cube s / hal /halWait . h”

13 #inc lude ”motes/ i cube s / hal / ha lSp i . h”

#inc lude ”motes/ i cube s / hal / ha lS l e ep . h”

15 #inc lude ”motes/ i cube s / hal /halTimers . h”

#inc lude ”motes/ i cube s / hal / ha l I n t e r r up t s . h”

17 #inc lude ”motes/ i cube s / hal /halAdc . h”

#inc lude ”motes/ i cube s /phy/halRF . h”

19 #inc lude ”motes/ i cube s /mac/packet . h”

#inc lude ”motes/ i cube s /mac/CSMA. h”

21 #inc lude ”main . h”

#inc lude ”NODEID. h”
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23 #inc lude <s t d i o . h>

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

25 // Structures , Unions , Enumerations , and Type De f i n i t i o n s

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

27 #de f i n e SYSCLK 12000000

#de f i n e BAUDRATE 9600

29 //=====================

// Appl i ca t ion MODE

31 //=====================

#de f i n e NO ACK APPLICATION

33 void sendFlagEvent ( void ) ;

UINT8 maxBackoffDelay (UINT8 max be ) ;

35 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Global Constants

37 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

#de f i n e RX IDX DATA1 6

39 #de f i n e TX IDX DATA1 7

#de f i n e RX IDX DATA2 7

41 #de f i n e TX IDX DATA2 8

#de f i n e SPAM TIME 30000

43 #de f i n e MEASUREMENTPERIOD 60000

#de f i n e TOGGLE P2 0( ) P2 0 = ! P2 0

45 #de f i n e TOGGLE P2 3( ) P2 3 = ! P2 3

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

47 // Function Prototypes

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

49 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// Global Var i ab l e s

51 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

b i t b s f l a g = 0 ;
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53 UINT32 xdata bs t imer = 0 ;

BYTE xdata node data [ 2 ] [TOTALNODES] = {0} ;

55 BYTE xdata txBuf f e r [ 1 1 ] ;

BYTE xdata rxBuf f e r [ 1 1 ] ; // Length byte + 2 s t a tu s bytes are not

s to r ed in t h i s bu f f e r

57 #i f (NODEID == BASE STATION)

UINT16 xdata pa ck e t s r e c e i v ed [TOTALNODES] = {0} ; // packets r e c e i v ed

59 UINT16 xdata packets ACKed [TOTALNODES] = {0} ; // In ACK

app l i c a t i o n we keep a l s o

UINT8 xdata packet ID [TOTALNODES] = {0} ; // the l a s t packe t id f o r

check

61 #end i f

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

63 // Main rout in e

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

65 void main ( void ) {

BYTE length = s i z e o f ( rxBuf f e r ) ; // l ength o f bu f f e r

67 BYTE l a s t p a c k i d = 0 ; // packet ’ s id : 1−255

BYTE xdata i = 1 ; // vars . .

69 BYTE xdata max BE delay=0;

UINT16 adc sample = 0 ;

71 BYTE xdata i t s =0;

CLOCK INIT(CLOCK 12MHZ) ; //Base c l o ck at 12 Mhz

73 // Set up the c ro s sba r and I /O port s to communicate with

// the C8051F320 p e r i ph e r a l s

75

IO PORT INIT ( ) ;

77 #i f (NODEID == BASE STATION)

halUartSetup (SYSCLK,BAUDRATE) ; // i n i t a l i z e UART fo r Base Stat i on

79 #end i f
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SPI INIT (SCLK 6 MHZ) ; //SPI r e f e r e n c e speed o f communication

81 INT PRIORITY(INUM SPI0 , INT HIGH) ; // s e t high i n t e r r up t s o f SPI

i n t e r f a c e

POWER UP RESET CCxxx0( ) ; // enable rad io

83 ha lRfWriteRfSett ings (& r f S e t t i n g s ) ; // wr i t e RF s e t t i n g o f the rad io

cc2500

/∗ Setup t imer to produce i n t e r r up t s every 100 us ∗/

85

SET RELOAD VALUE TIMER2 16BIT(100 ,1000) ;

87 halSetupTimer23 (TIMER 2 , SYSCLK DIV 12 , SYSCLK DIV 12 ,MODE 0, INT ON) ;

ha lAdcIn i t (ADC POS P1 5 , ADCNEGGND) ; // i n i t o f ADC

89 i f ( ! a cqu i r e t ime r2 even t ( sendFlagEvent ) ) { // choose t imer

whi l e (1 ) ;

91 }

i f ( ! c smaInit (TIMER 2) ) { // Important : choose a t imer

93 whi le (1 ) ; // f o r CSMA

}

95 P2 3 = 0 ;

P2 2 = 0 ;

97 P2 6 = 0 ;

P2 7 = 0 ;

99 i f (NODEID == BASE STATION) {

P2 2 = 0 ;

101 } e l s e i f (NODEID != BASE STATION ) {

P2 6 = 0 ;

103 }

txBuf f e r [ 0 ] = s i z e o f ( txBuf f e r )−1; // I n i t i a l i z e f i r s t byte

105 //15/16 sync detec ted

halSpiWriteReg (CCxxx0 MDMCFG2,0 x01 ) ;

107 // choose a sync word ( smal l f o r WOR reasons : l e s time in RX i s needed

102



)

#i f NODEID!=BASE STATION

109 WOR INIT(RX DUTY 3 1) ;

SETUP GDO0 INT(HIGH,EDGE) ;

111 #end i f

max BE delay=maxBackoffDelay (MAXBE) ;

113 whi le (1 ) {

#i f (NODEID == BASE STATION)

115 //−−−−−−−−−−−−−−−−−−−− BASE STATION CODE−−−−−−−−−−−−−−−−−−−−−−−−−//

i t s ++;

117 //−−−−−−−−−−−−−−− WAKE UP NODES −−−−−−−−−−−−−−

b s f l a g = 0 ;

119 bs t imer = SPAM TIME;

whi l e ( ! b s f l a g ) {

121 csmaSendPacket (PTYPE ACK,0 ,DONTCARE,DONTCARE,DONTCARE) ;

P2 6 = ! P2 6 ;

123 P2 0 = ! P2 0 ;

}

125 //−−−−−−−−−−−−−−−− RECEIVE FROM NODES −−−−−−−−−−−−−−−−−−−−−−−−−−−−

f o r ( i =0; i<TOTALNODES; i++){

127 b s f l a g = 0 ;

bs t imer = SPAM TIME + (max BE delay∗SLOT TIME INTS) ;

129 whi le ( ! b s f l a g ) {

i f ( csmaReceivePacket (PTYPEDATA,65000 ,1 ) == PACKET SUCCESS) {

131 // −−−−−−−−−−−−−−−−−−−−− ACK −−−−−−−−−−−−−−−−−−−−−−−−−

i f ( rxBuf f e r [RX IDX ACK REQUIRE]==BUFF ACK REQUIRED) {

133 i f ( rxBuf f e r [RX IDX PACKET TYPE] != PTYPE RTS) {

csmaSendPacket (PTYPE ACK, rxBuf f e r [RX IDX SOURCE] , rxBuf f e r [

RX IDX PACKET ID ] ,DONTCARE,DONTCARE) ;

135 } e l s e {
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csmaSendPacket (PTYPE CTS, rxBuf f e r [RX IDX SOURCE] , rxBuf f e r [

RX IDX PACKET ID ] ,DONTCARE,DONTCARE) ;

137 }

P2 7 = ! P2 7 ;

139 }

i f ( rxBuf f e r [RX IDX PACKET TYPE] != PTYPE RTS) {

141 // Save the data

node data [ 0 ] [ rxBuf f e r [RX IDX SOURCE]−2] = rxBuf f e r [RX IDX DATA1

] ;

143 node data [ 1 ] [ rxBuf f e r [RX IDX SOURCE]−2] = rxBuf f e r [RX IDX DATA2

] ;

p a ck e t s r e c e i v ed [ rxBuf f e r [RX IDX SOURCE]−2]++;

145 i f ( rxBuf f e r [RX IDX PACKET ID] != packet ID [ rxBuf f e r [RX IDX SOURCE

]−2]) {

packets ACKed [ rxBuf f e r [RX IDX SOURCE]−2]++;

147 packet ID [ rxBuf f e r [RX IDX SOURCE]−2] = rxBuf f e r [

RX IDX PACKET ID ] ;

}

149 P2 0 = ! P2 0 ;

}

151 }

}

153 }

puts ( ”|=============> Node ADC Data <=============|” ) ;

155 p r i n t f ( ”Time e lapsed : %u turns \n” , ( unsigned i n t ) i t s ) ;

f o r ( i = 0 ; i < TOTALNODES ; i++){

157 adc sample = 0 ;

adc sample += node data [ 0 ] [ i ] ;

159 adc sample += node data [ 1 ] [ i ] << 8 ;

p r i n t f ( ”NODE %d : [%u ]\n” , ( i n t ) ( i +2) , ( unsigned i n t ) adc sample ) ;

104



161 p r i n t f ( ”Total Packets : %u \n” , ( unsigned i n t ) pa ck e t s r e c e i v ed [ i ] ) ;

p r i n t f ( ” Su c c e s s f u l ACKs: %u \n” , ( unsigned i n t ) packets ACKed [ i ] ) ;

163 puts ( ”−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−” ) ;

}

165 //−−−−−−− WAIT −−−−−−−−−−−−−−−−−−

//P2 2 = ! P2 2 ;

167 f o r ( i =1; i <60; i++){

ha lS l e ep1 (MEASUREMENTPERIOD) ;

169 ha lS l e ep1 (MEASUREMENTPERIOD) ;

ha lS l e ep1 (MEASUREMENTPERIOD) ;

171 ha lS l e ep1 (MEASUREMENTPERIOD) ;

ha lS l e ep1 (MEASUREMENTPERIOD) ;

173 }

RESET CCxxx0( ) ;

175 ha lRfWriteRfSett ings (& r f S e t t i n g s ) ;

halSpiWriteReg (CCxxx0 MDMCFG2,0 x01 ) ;

177 #e l s e

P2MDOUT |= 0x20 ; // enable P2 . por t s ( used f o r s enso r )

179

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− NODE CODE −−−−−−−−−−−−−−//

181 halSleepWakeOnInt (INUM INT1) ;

i f ( halRfReceivePacketWOR( rxBuf fer ,& length ,IGNORE PACKET FALSE) ) {

183 P2 7 = 1 ;

i f ( rxBuf f e r [RX IDX SOURCE]==BASE STATION) {

185 //−−−−−−−−−−−−−−− BLINK −−−−−−−−−−−−−−−−

//−−−−−−−−−−−−−−− WAIT FOR WAKEUP SIG TO END−−−−−−−−−−−−−−−−+

187 OSCICN &= ˜0x03 ;

// −−−−−−−−−−−−−− ADC −−−−−−−−−−−−−−−−

189 P2 5 = 1 ;

adc sample = halAdcSampleAvg (100) ;
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191 P2 5 = 0 ;

// −−−−−−−−−−−−−−− SEND DATA TO BASE STATION −−−−−−−−−−−−

193 txBuf f e r [TX IDX DATA1] = (0x00FF)&(adc sample >> 0) ;

txBuf f e r [TX IDX DATA2] = (0x00FF)&(adc sample >> 8) ;

195 ha lS l e ep1 ( (UINT16) ( (SPAM TIME) /8) ) ;

OSCICN |= 0x03 ;

197 i f ( l a s t p a c k i d==0){

l a s t p a c k i d =1;

199 }

i f ( csmaSendPacket (PTYPEDATA,BASE STATION, l a s t p a ck i d ,

BUFF ACK NOT REQUIRED, 1 ) ) {

201 l a s t p a c k i d++;

i f ( l a s t p a ck i d >255){

203 l a s t p a c k i d =1;

}

205 }

}

207 }

P2 7 = 0 ;

209 WORRESET( ) ;

#end i f

211 }// whi l e

}//main

213 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

// A func t i on used to approximate a maximum delay time in s l o t s

215 //−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

UINT8 maxBackoffDelay (UINT8 max be ) {

217 UINT8 x=0;

UINT8 max delay=0;

219 f o r ( x=INIT BE ; x<=max be ; x++){ // c a l c u l a t e sums o f worst case
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max delay = max delay + pow2(x ) −1;

221 }

re turn max delay ;

223 }

void sendFlagEvent ( void ) {

225 i f ( b s t imer > 0 && b s f l a g == 0) {

bs t imer −−;

227 } e l s e {

b s f l a g = 1 ;

229 }

}
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