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Me epifÔlaxh pantìc dikai¸matoc.

ApagoreÔetai h antigraf , apoj keush kai dianom  thc paroÔsac ergasÐac, ex olokl rou

  tm matoc aut c, gia emporikì skopì. Epitrèpetai h anatÔpwsh, apoj keush kai dianom 

gia skopì mh kerdoskopikì, ekpaideutik c   ereunhtik c fÔshc, upì thn proôpìjesh na

anafèretai h phg  proèleushc kai na diathreÐtai to parìn m numa. Erwt mata pou aforoÔn

th qr sh thc ergasÐac gia kerdoskopikì skopì prèpei na apeujÔnontai proc ton suggrafèa.





PerÐlhyh

Ta teleutaÐa qrìnia h ragdaÐa an�ptuxh tou tomèa twn asÔrmatwn epikoinwni¸n, ektìc

apì ta profan , pollapl� ofèlh thc, èqei epifèrei shmantik  aÔxhsh sthn katan�lwsh

thc enèrgeiac, kajist¸ntac to fainìmeno èna apì ta shmantikìtera periballontik� probl -

mata, pagkosmÐwc. Meg�lh merÐda twn ereun¸n kai twn prospajei¸n sth biomhqanÐa twn

asÔrmatwn epikoinwni¸n, stoqeÔei sthn ulopoÐhsh energeiak� apodotik¸n lÔsewn oi opoÐec

ja odhg soun telik¸c sthn ex�plwsh kai thn efarmog  twn "pr�sinwn� asÔrmatwn epikoin-

wni¸n.

Eidikìtera, sthn paroÔsa diplwmatik  ergasÐa k�noume, arqik�, mia sunolik  parousÐ-

ash twn sÔgqronwn teqnik¸n beltÐwshc thc energeiak c apìdoshc, oi opoÐec gia praktikoÔc

lìgouc kathgoriopoioÔntai stouc ex c tomeÐc se sqèsh me to se poio komm�ti tou asurm�-

tou diktÔou lamb�noun q¸ra : (a) stajmìc b�shc, (b) perioq  thc kuyèlhc, (g) topologÐa

fusikoÔ str¸matoc. 'Epeita, analÔoume ekten¸c ta 4 basik� trade-offs twn thlepikoin-

wniak¸n pìrwn, ta opoÐa apoteloÔn to basikì plaÐsio twn “Pr�sinwn Radioepikoinwni¸n”,

“Green Radio” (GR). AxiopoÐhsh twn proanaferjèntwn tradeoffs gÐnetai se shmantikì ba-

jmì sta sÔgqrona asÔrmata dÐktua me dedomènec apait seic wc proc touc pìrouc touc,

gia ta ìpoia diex�game kai sqetikèc prosomoi¸seic kai parousi�same sqetikoÔc algorÐj-

mouc. Akìmh, esti�zoume to endiafèron mac se mia exeligmènh mèjodo energeiak� apodotik -

c dromolìghshc kai tèloc diereunoÔme thn efarmog  energeiak� apodotik¸n lÔsewn sthn

perÐptwsh thc prosarmog c zeÔxhc (link adaptation) se perib�llonta skÐashc. Ex�gontai

shmantik� sumper�smata.

Lèxeic Kleidi�

AsÔrmata DÐktua, Pr�sinec EpikoinwnÐec, An�jesh Thlepikoinwniak¸n Pìrwn, Prosar-

mog  ZeÔxhc, Energeiak� Apodotik  Dromolìghsh
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Abstract

Recently the concern on energy efficiency in wireless communications has been growing

rapidly as, besides the numerous and obvious advantages of current wireless communica-

tionss, the latter have caused a considerable increase in energy consumption, rendering

the phenomenon one of the major environmental problems worldwide. Lots of research

and development efforts have been spent in wireless industry, aiming for energy efficient

solutions which will lead eventually in the expansion and the penetration of green wireless

communications.

In particular, the current diploma thesis presents, initially, an overview of the mod-

ern techniques aiming at optimizing the energy efficiency in wireless networks. Those

techniques for practical reasons are classified into the following categories, based on the

part of the network that is referred, : (a) Base station, (b) Cell area and (c) Physical

network topology. Afterwards, a full analysis of the four (4) principal tradeoffs of wireless

resources, which form the basic framework of the “Green Radio”, is studied thoroughly.

Furthermore, because of the significant exploitation of these tradeoffs in the contempo-

rary on-demand wireless communications, relevant algorithms and the related simulations

have been presented and implemented in this thesis for various cases. Moreover, we focus

our attention on an-advanced method for energy efficient routing (E2R), and finally, we

investigate the application of energy efficient solutions in the case of the link adaptation

under shadowing conditions. Significant conclusions are drawn.

Keywords

Wireless Networks, Green Communications, Radio Resources Allocation, Link Adap-

tation, Energy Efficient Routing
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Kef�laio 1

Genik  perigraf  energeiak�

apodotik¸n asÔrmatwn diktÔwn

Ta teleutaÐa qrìnia h kÐnhsh (traffic) stic kinhtèc kai euruzwnikèc epikoinwnÐec èqei

parousi�sei ragdaÐouc rujmoÔc aÔxhshc, gegonìc pou kajist� anagkaÐa thn peraitèrw epèn-

dush sthn qwrhtikìthta twn susthm�twn kinht c epikoinwnÐac, thn anakatanom  tou f�s-

matoc kai thn eisagwg  nèwn enaèriwn diepaf¸n pou ja enisqÔsoun thn fasmatik  apìdosh

(SE ) . H epèndush sth qwrhtikìthta, kaj¸c kai h paroq  beltiwmènhc k�luyhc ja epifèr-

oun shmantik  exoikonìmhsh se periballontik� jèmata, mèsw thc kalÔterhc qr shc kai

uiojèthshc twn Kinht¸n kai AsÔrmatwn Information Communication Technologies(ICT)

uphresi¸n.

EpÐshc, oi sÔgqronec thlepikoinwniakèc koinìthtec èrqontai antimètwpec me thn anepan�lh-

pth èkrhxh tou ìgkou dedomènwn pou metadÐdontai mèsw twn ìlo kai anabajmizìmenwn pol-

umesik¸n efarmog¸n, h opoÐa èqei wc epÐptwsh thn enÐsqush tou kìstouc, thc energeiak c

katan�lwshc twn diktuak¸n suskeu¸n kai thc sunepagìmenhc ekmpomp c morÐwn CO2 . O

ìgkoc twn metadidìmenwn dedomènwn aux�netai kat� èna par�gonta x10 k�je 5 qrìnia, ari-

jmìc o opoÐoc antistoiqeÐ se aÔxhsh thc katanaliskìmenhc enèrgeiac kat� posostì 16-20%.

Sta kuyelwt� dÐktua k�je stajmìc b�shc apaiteÐ perÐpou 2.7kW hlektik c isqÔoc, posì to

opoÐo mporeÐ na odhg sei se katan�lwsh isqÔoc dek�dwn MW k�je qrìno gia euruzwnik�

dÐktua. M�lista axioshmeÐwto eÐnai pwc to sÔnolo thc enèrgeiac pou katanal¸netai apì

ta kuyelwt� asÔrmata thl/k� dÐktua, ta ensÔrmata thl/k� dÐktua kaj¸c kai to Ðnternet

apoteleÐ to 3% thc pagkìsmiac energeiak c katan�lwshc. To posì autì prokaleÐ ekpompèc

CO2 sugkrinìmenec me me to 1/4 twn pagkìsmiwn ekmpomp¸n CO2 twn autokin twn. KrÐne-

tai, loipìn, epitaktik  h an�gkh gia sqediasmì mellontik¸n thlepikoinwniak¸n diktÔwn pou

ja uposthrÐzoun beltiwmènh energeiak  apìdosh (EE), tètoia ¸ste na diasfalÐzetai pwc

h qrhsimopoioÔmenh enèrgeia den ja aux�netai me to rujmì thn diktuak c kÐnhshc. H u-

lopoÐhsh apodotik¸n enaèriwn diepaf¸n sto pedÐo thc suqnìthtac parousÐazei nèec prokl -

seic sqetik� me to meÐzon jèma thc energeiak c apìdoshc kai gÐnetai fanerì pwc kleidÐ gia

thn an�ptuxh twn nèwn diktÔwn ja eÐnai h meÐwsh thn katanaliskìmenhc enèrgeiac an� meta-

didìmeno bit kai h kat�llhlh diaqeÐrish twn thlepikoinwniak¸n suskeu¸n kai twn fusik¸n
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14 Kef�laio 1. Genik  perigraf  energeiak� apodotik¸n asÔrmatwn diktÔwn

phg¸n enèrgeiac.

H eisagwg  nèwn enaèriwn diepaf¸n, ìpwc to LTE ja parèqei shmantik� ofèlh ì-

son afor� to rujmì met�doshc kai thn katanaliskìmenh enèrgeia an� metadidìmeno bit ,

se sÔgkrish me paliìterec teqnologÐec ìpwc to GSM.An kai sta proanaferjènta dÐktu-

a h rujmapìdosh-diametagwg  pou epitugq�netai eÐnai shmantik , prèpei na anaptuqjoÔn

kat�llhla ¸ste h di�rkeia zw  thc mpatarÐac twn kinht¸n termatik¸n na mhn pèftei se

qamhl� epÐpeda, gegìnoc pou apoteleÐ prìklhsh ìlwn twn thlepoikinwniak¸n forèwn.Mia

akìmh prìklhsh apoteleÐ h kajolik  euruzwnikìthta, h dunatìthta dhlad  twn termatik¸n

qrhst¸n na èqoun ap�ola ta shmeÐa tou plan th prìsbash stic diajèsimec uphresÐec diathr¸n-

tac par�llhla èna eparkèc epÐpedo Poiìthtac UphresÐac (Quality of Service-QoS).

GÐnetai antilhptì epomènwc pwc stìqoc thc biomhqanÐac thlepikoinwni¸n eÐnai h isost�-

jmish thc energeiak c apìdoshc me tic anaptussìmenec euruzwnikèc uphresÐec se shmeÐo

tètoio ¸ste na mhn periorÐzei to pr¸to to deÔtero kai antÐstrofa.

Wc Green Radio (GR) kaloÔme to ereunhtikì tm ma to opoÐo enasqoleÐtai me thn exèlixh

mellontik¸n asÔrmatwn diktÔwn kai teqnik¸n proc epÐteuxh uyhl c energeiak c apìdosh-

c, stìqoc pou proselkÔei to endiafèron tìso tou akadhmaðkoÔ ìso kai tou biomhqanikoÔ

kìsmou. Prin apì th dhmiourgÐa tou GR, eÐqan gÐnei prosp�jeiec epikentrwmènec sthn ex-

oikonìmhsh enèrgeiac sta asÔrmata dÐktua, ìpwc o sqediasmìc �krwc apodotik¸n enisqut¸n

isqÔoc (ultra-efficient power amplifier), trofodotik¸n me meiwmènec ap¸leiec kai eisagwg 

teqnik¸n pajhtik c yÔxhc. 'Omwc, autèc oi prosp�jeiec eÐnai memonwmènec kai ,ètsi, den m-

poroÔn na antapokrijoÔn se èna pagkìsmio ìrama epÐteuxhc makroprìjesmhc exoikonìmhshc

enèrgeiac. Apì thn �llh meri�, to GR stoqeÔei se kainotìmec lÔseic pou se basÐzontai

se top-down arqitektonik  kai koinì sqediasmì se ìla ta epÐpeda tou sust matoc kai tic

stoÐbec prwtokìllwn, stìqoi pou den eÐnai dunatìn na epiteuqjoÔn me memonwmènec prosp�-

jeiec.

Sto parak�tw di�gramma apeikonÐzontai oi treic basikèc z¸nec ìpou kat�llhlec kaino-

tomÐec sthn energeiak  apìdosh mporoÔn na antimetwpÐsoun tic proanaferjeÐsec prokl seic:
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Enèrgeia paragwg c

• Teqnikèc meÐwshc thc enèrgeiac pou katanal¸netai

mèsw thc paragwgik c diadikasÐac

• Mèjodoi beltistopoÐhshc thc di�rkeiac zw c twn

proðìntwn

• MeÐwsh twn P�geiwn Dapan¸n (CAPEX-CAPital

EXpenditures)

Leitourgik  enèrgeia

• MeÐwsh twn Leitourgik¸n Dapan¸n (OPEX-

OPerational EXpenditures)

• MeÐwsh tou equipment churn mèsw pio euèliktwn

sqediasm¸n

• Pareqìmena ICT sust mata gia beltÐwsh thc e-

Kèrdh energeiak c apìdoshc mèsw ICT nergeiak c apìdoshc

uphresi¸n • AÔxhsh thc apodotikìthtac kat� tm ma mèsw uio-

jèthshc Smart ICT uphresi¸n (p.q UgeÐa, Metaforèc)

PÐnakac 1.1: Basikèc z¸nec kainotomÐac thc energeiak c apìdoshc

Ta CAPEX   Capital Expenditures gia èna RAN (Radio Access Network) apoteloÔn

kurÐwc tic dap�nec upodom c, ìpwc ton exoplismì stajmoÔ b�shc, ton backhaul exoplis-

mì met�doshc, thn egkat�stash sthn topojesÐa leitourgÐac kai ton RNC (Radio Network

Controller) exoplismì. AntÐjeta, wc OPEX   Operational Expenditures orÐzontai ta èx-

oda katan�lwshc hlektrikoÔ reÔmatoc, paramon c sthn perioq  egkat�stashc, mÐsjwshc

backhaul exoplismoÔ, kai kìsth leitourgÐac kai sunt rhshc. Wc ICT orÐzoume ton tomèa

teqnologÐac plhroforÐac kai epikoinwni¸n (Information and Communication technology)

, o opoÐoc apoteleÐ ènan genikìtero ìro pou ekfr�zei thn enswm�twsh twn sÔgqronwn

teqnologi¸n thlepikoinwni¸n kai plhroforik c sthn kajhmerin  zw .

Apì touc parap�nw tomeÐc ja esti�soume to endiafèron mac sthLeitourgik  enèrgeia

kai sugkekrimèna stic teqnikèc exoikonìmhshc enèrgeiac stouc akìloujouc tomeÐc pou th

sunodeÔoun:

• Stajmìc b�shc kai epÐpedo exoplismoÔ

• BeltistopoÐhsh diaqeÐrishc enèrgeiac sthn perioq  twn kuyel¸n

• BeltistopoÐhsh topologÐac fusikoÔ str¸matoc kai uphresÐec susthm�twn end to end

H dom  thc diplwmatik c ergasÐac sth sunèqeia eÐnai h akìloujh: Sto kef�laio 2

gÐnetai mia genik  anafor� stic teqnikèc beltÐwshc thc energeiak c apìdoshc, sto kef�laio

3 meletoÔntai ta basik� tradeoffs stic “pr�sinec” asÔrmatec epikoinwnÐec, sto kef�laio 4

esti�zoume to endiafèron mac sthn An�jesh Pìrwn AsÔrmatwn Epikoinwni¸n gia Dedomènec

Apait seic basismènec se sumyhfismì aut¸n (On-Demand Communications), sto kef�laio

5 analÔetai h energeiak� apodotik  dromolìghsh sta asÔrmata dÐktua kai tèloc sto kef�laio
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6 exet�zetai h energeiak� apodotik  prosarmog  zeÔxhc (link adaptation) upì thn parousÐa

shadowing. Na shmei¸soume pwc ta kef�laia 4,5 kai 6 sunodeÔontai me apotelèsmata

prosomoi¸sewn.



Kef�laio 2

Teqnikèc beltÐwshc energeiak c

apìdoshc

2.1 Stajmìc b�shc kai epÐpedo exoplismoÔ

Stìqoc tou GR progr�mmatoc eÐnai h diereÔnhsh kai h dhmiourgÐa kainotìmwn mejìd-

wn gia th meÐwsh thc sunolik c enèrgeiac pou apaiteÐtai gia th leitourgÐa enìc diktÔou

radiofwnik c prìsbashc (RAN) kai o prosdiorismìc kat�llhlwn arqitektonik¸n pou na

epitrèpoun tètoia meÐwsh isqÔoc. H tupik  katan�lwsh enèrgeiac twn diaforetik¸n s-

toiqeÐwn enìc sÔgqronou asÔrmatou diktÔou faÐnontai sto sq ma (Sq ma 2.1) [25] . Ta

apotelèsmata aut� deÐqnoun kajar� pwc h meÐwsh thc katanaliskìmenhc enèrgeiac stouc s-

tajmoÔc b�shc kai sta shmeÐa prìsbashc (access points) apoteleÐ prwtarqikì stìqo autoÔ

tou ereunhtikoÔ progr�mmatoc.

Melètec èqoun deÐxei pwc h katan�lwsh enèrgeiac enìc kinhtoÔ termatikoÔ an� qr -

sth eÐnai arket� mikrìterh apì thn antÐstoiqh enìc stajmoÔ b�shc. Epomènwc, to tm ma

tou Green Radio (GR) prèpei na epikentrwjeÐ kurÐwc sto sqediasmì apodotik¸n stajm¸n

b�sewn. To Sq ma 2.1 epÐshc upodeiknÔei pwc h kataskeuastik  kai enswmatwmènh enèrgeia

eÐnai ènac arket� shmantikìteroc par�gontac sto kinhtì termatikì ap�oti sto stajmì bash-

c. To teleutaÐo exhgeÐtai apì to gegonìc otÐ h “zw ” enìc stajmoÔ b�shc diarkeÐ perÐpou

10-15 qrìnia, sugkrinìmenh me ta 2 qrìnia “zw c” enìc kinhtoÔ termatikoÔ. Epiprìsjeta, ta

kìsth enèrgeiac enìc stajmoÔ b�shc moir�zontai metaxÔ pollapl¸n sundromht¸n, gegonìc

pou odhgeÐ se shmantik  anisokatanom  thc enswmatwmènhc enèrgeiac. Apì thn optik  gwnÐa

twn kinht¸n termatik¸n, prèpei na lhfjoÔn shmantikèc prosp�jeiec me stìqo th meÐwsh tou

kìstouc thc kataskeuastik c enèrgeiac kai aÔxhsh tou orÐou zw c twn kinht¸n termatik¸n,

mèsw p.q programm�twn anakÔklwshc. H Third Generation Partnership Project (3GPP)

Long Term Evolution system (LTE) èqei epileqjeÐ wc h teqnologÐa anafor�c gia aut� ta

ereunhtik� progr�mmata : oi prodiagrafèc tou èqoun prìsfata oloklhrwjeÐ me skopì thn

an�ptuxh diktÔwn mèsa sta epìmena 2-3 qrìnia.

17
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Sq ma 2.1: (a) Katan�lwsh enèrgeiac se èna tupikì asÔrmato kuyelwtì dÐktuo. (b) Ekpom-

pèc CO2 an� qr sth an� qrìno antloÔmenec apì ton stajmì b�shc kai to kinhtì termatikì.

Oi enswmatwmènec ekmpompèc (embodied) proèrqontai apì thn diadikasÐa paragwg c par�

apì th leitourgik  diadikasÐa.

• Episkìphsh energeiak¸n metr sewn

Ta apotelèsmata tou Sq matoc 2.1a deÐqnoun pwc oi stajmoÐ b�shc antiproswpeÔoun

èna meg�lo posostì thc sunolik c katanaliskìmenhc enèrgeiac twn asÔrmatwn diktÔwn.

Se perÐptwsh proteinìmenwn nèwn teqnik¸n gia th meÐwsh thc apaitoÔmenhc enèrgeiac σ′èna

dÐktuo, eÐnai zwtik c shmasÐac h paroq  metr sewn pou ja exakrib¸noun ti kèrdh èqoun

epiteuqjeÐ. Oi metr seic pou qrhsimopoioÔntai sto Green Radio Project (GR project) è-

qoun suzhthjeÐ ekten¸c kai èqoume odhghjeÐ sto sumpèrasma pwc up�rqoun dÔo idiaitèrwc

shmantikèc metr seic pou eprìkeito na qrhsimopoihjoÔn kata th di�rkeia autoÔ tou project.

To pr¸to eÐnai èna apìluto mègejoc enèrgeiac kai sundèetai sten� me thn ènnoia tou k-

l�dou thc biomhqanÐac “rujmìc energeiak c katan�lwshc” (ECR). Autì to mègejoc sun jwc

orÐzetai wc o lìgoc thc mègisthc isqÔoc diairoÔmeno me th mègisth rujmapìdosh dedomèn-

wn (throughput) gia ton pompì enìc stajmoÔ b�shc. 'Omwc, gia praktikoÔc lìgouc, to

Energy consumption rate (ECR) prèpei na upologÐzei thn katanaliskìmenh enèrgeia an�

epituq¸c metadidìmeno bit plhroforÐac kai metr�tai se mon�dec joules/bit. Aut  h mètrhsh

epitrèpei th bajmonìmhsh thc apìluthc epÐdoshc diaforetik¸n asÔrmatwn diktÔwn. Wc aplì

par�deigma akoloujeÐ to ex c: ènac tupikìc Long Term Evolution (LTE) tomèac stajmoÔ

b�shc mporeÐ na leitourgeÐ se èna eÔroc z¸nhc 10 MHz me mèsh fasmatik  apìdosh 1,5

b/s/Hz, petuqaÐnontac ètsi èna mèso rujmì met�doshc 15 Mb/s. An h keraÐa enìc sta-

jmoÔ b�shc metadÐdei 8 W RF isqÔoc h RF ECR tim  gi′autì to sÔsthma ja  tan 0.53

J/b. Wstìso, an o sunolikìc “proôpologismìc enèrgeiac” tou stajmoÔ b�shc (p.q 450 W)

diamoir�zetai an�mesa se 3 tomeÐc (p.q 150 W/tomèa) h tim  tou ECR gia ènan tomèa ja

auxanìtan sta 10 J/b.

H deÔterh mètrhsh eÐnai èna sqetikì par� apìluto mègejoc kai qrhsimopoieÐtai peris-

sìtero gia th sÔgkrish dÔo diaforetik¸n susthm�twn. Suqn�, o ek�stote endiaferìmenoc
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sugkrÐnei thn energeiak  epÐdosh enìc stajmoÔ b�shc qrhsimopoi¸ntac mÐa kainoÔria pro-

teÐnomenh teqnik , thn opoÐa sugkrÐnei me ena sÔsthma anafor�c ìpou h prosèggish aut 

den èqei anaptuqjeÐ. To kèrdoc energeiak c katan�lwshc (ECG) eÐnai o lìgoc (Eb/Et),

ìpou Eb eÐnai h katanaliskìmenh enèrgeia tou sust matoc anafor�c kai Et eÐnai h enèrgeia

tou upì exètash sust matoc. 'Oso megalÔterh eÐnai h tim  tou Energy consumption gain

(ECG), tìso pio apodotikì gÐnetai to upo exètash sÔsthma. 'Omwc, ìson afor� thn Energy

consumption rate (ECR) mètrhsh , prèpei na dojeÐ idiaÐterh prosoq  ¸ste na exasfalijeÐ

ìti oi energeiakoÐ upologismoÐ ekteloÔntai upì èna axiìpisto trìpo. Gia par�deigma, an

sugkrijoÔn oi sqediasmoÐ 2 stajm¸n b�shc, prèpei na diasfalisjeÐ pwc kai oi dÔo exuphre-

toÔn ton Ðdio arijmì qrhst¸n upì tic Ðdiec sunj kec kÐnhshc, ¸ste na paraqjeÐ axiìpisth

sÔgkrish.

2.1.1 Strathgikèc katanom c pìrwn

Me ton ìro katanom  pìrwn perigr�foume th diadikasÐa me thn opoÐa oi pompoÐ twn

stajm¸n b�shc apofasÐzoun to p¸c kai to pìte ja metad¸soun dedomèna stouc di�forouc

qr stec ,sthn k�tw zeÔxh (downlink), entìc thc kuyèlhc pou exuphretoÔn. Oi teqnikèc

katanom c pìrwn pou axiopoioÔn ìso pio apotelesmatik� eÐnai efiktì ton RF enisqut  è-

qoun th dunatìthta na belti¸noun shmantik� thn energeiak  apìdosh. H epÐteuxh tètoiac

meÐwshc sthn katan�lwsh enèrgeiac mporeÐ na odhg sei se meg�lh exoikonìmhsh energeiak¸n

apojem�twn, mèsw diakop c leitourgÐac thc di�taxhc tou pompodèkth kai tou sust matoc

yÔxhc tou stajmoÔ b�shc. Epiprìsjeta, analÔseic thc kÐnhshc dedomènwn se asÔrmata

dÐktua [27] deÐqnoun pwc to fortÐo kÐnhshc eÐnai tupik� arket� anomoiìmorfo kata m koc

twn kuyel¸n. Epomènwc, teqnikèc oi opoÐec ja elaqistopoioÔn thn katan�lwsh enèrgeiac

se sunj kec metablhtoÔ fortÐou kÐnhshc apoteloÔn mia shmantik  ereunhtik  kateÔjunsh.

Sto shmeÐo autì ja gÐnei h perigraf  dÔo sumplhrwmatik¸n teqnik¸n pou qrhsimopoioÔntai

se sunj kec qamhloÔ kai uyhloÔ fortÐou kÐnhshc antistoÐqwc [25].

Sthn perÐptwsh sunjhk¸n qamhloÔ fortÐou kÐnhshc, o stajmìc b�shc eÐnai pijanì na

diajètei perissìtero eÔroc z¸nhc gia met�dosh dedomènwn stouc qr stec ap′ìti apaiteÐtai

th sugkekrimènh qronik  stigm . Mia prosèggish sto pedÐo thc suqnìthtac apodeiknÔei

pwc autì to dieurumèno eÔroc z¸nhc mporeÐ na odhg sei se meÐwsh thc katanaliskìmenhc

enèrgeiac. ExaitÐac tou gegonìtoc ìti h qwrhtikìthta tou kanalioÔ susqetÐzetai gram-

mik� me to diajèsimo eÔroc z¸nhc kai logarijmik� me th metadidìmenh isqÔ, eÐnai efiktì na

antallaqjeÐ fasmatik  me energeiak  apìdosh (Spectrum efficiency-Energy efficiency, SE-

EE tradeoff ) kai na epiteuqjeÐ ètsi exoikonìmhsh enèrgeiac en¸ diasfalÐzetai par�llhla

eparkèc Quality of Service (QoS) [51]. AntÐ na qrhsimopoi soume èna sÔnjeto all� fas-

matik� apodotikì sÔsthma diamìrfwshc (p.q 16 QAM) me stenì eÔroc z¸nhc, eÐnai efiktì

na qrhsimopoi soume èna aploÔstero sÔsthma diamìrfwshc (p.q QPSK) m′èna platÔtero

eÔroc z¸nhc.
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Sq ma 2.2: (a) ProsomoÐwsh tou ECG(Energy consumption gain) tou dieurumènou eÔrouc

z¸nhc ston tomèa twn suqnot twn se sun�rthsh me to el�qista apaitoÔmeno SINR sto

dèkth, (b) ProsomoÐwsh tou ECG me qr sh pollapl¸n MIMO susthm�twn, sqetik  me

thn SFBC (single-user MIMO diversity scheme space frequency block coding)

To Sq ma 2.2a apeikonÐzei ta problepìmena Energy consumption gain (ECG) apotelès-

mata gi′aut n thn prosèggish sto pedÐo thc suqnìthtac, wc sun�rthsh tou apaitoÔmenou

SINR ( signal-to-interference-plus-noise ratio) sto dèkth gia èna dedomèno rujmì met�doshc

dedomènwn[25]. Genikìtera, ìso aux�netai h fasmatik  apìdosh tou rujmoÔ met�doshc twn

dedomènwn, tìso aux�netai kai to apaitoÔmeno SINR. H tim  thc paramètrou a upodeiknÔei

ton epitrepìmeno par�gonta dieÔrunshc tou eÔrouc z¸nhc kai h grafik  par�stash ana-

parist� tic peript¸seic gia timèc tou a sto di�sthma [2,6]. Gia par�deigma, mia dieÔrunsh

tou eÔrouc z¸nhc kat� par�gonta a=2 ja epètrepe thn antikat�stash miac 16-QAM di-

amìrfwshc (4b/s/Hz mègistoc rujmìc met�doshc) me thn QPSK ( 2/b/Hz mègistoc rujmìc

met�doshc), h opoÐa ja apaitoÔse mikrìtero SINR gia axiìpisth leitourgÐa. Ta apotelès-

mata akìmh deÐqnoun pwc ìso to apaitoÔmeno SINR aux�netai, tìso perissìterh belti¸sh

epèrqetai sth tim  tou ECG apo th qr sh thc teqnik c dieÔrunshc tou eÔrouc z¸nhc. Jè-

tontac thn tim  tou a pèra apì 4 parathroÔme meioÔmenec apodìseic sto ECG, me exaÐresh tic

peript¸seic polÔ uyhl¸n tim¸n SINR ìpou ja qrhsimopoioÔntan arket� fasmatik� apodoti-

ka sust mata diamìrfwshc.

'Otan to fortÐo kÐnhshc eÐnai uyhlì, o stajmìc b�shc mporeÐ na metadÐdei dedomè-

na se pollaploÔc qr stec tautìqrona, pijan¸c qrhsimopoi¸ntac Multiple input multiple

output (MIMO) teqnikèc. Σ′aut n thn perÐptwsh, eÐnai sun jwc efiktì na ekmetalleu-

toÔme th multi-user poikilomorfÐa gia na aux soume th sunolik  multi-user qwrhtikìthta

pou epitugq�netai mèsw strathgik¸n oportounistik c katanom c kai qronoprogrammatismoÔ

twn diajèsimwn pìrwn. Σ′autì to shmeÐo o qronoprogrammatist c ekqwreÐ touc diajèsi-

mouc pìrouc sÔmfwna me tic stigmiaÐec sunj kec tou ek�stote kanalioÔ exuphrèthshc twn

qrhst¸n, ìson afor� touc tomeÐc tou qrìnou, thc suqnìthtac, kai/  tou q¸rou. Ta kèrdh



2.1 Stajmìc b�shc kai epÐpedo exoplismoÔ 21

apìdoshc mporoÔn na metafrastoÔn se peraitèrw meÐwsh thc katanaliskìmenhc enèrgeiac

ston pompì. EpÐshc lamb�netai upìyin h teqnik  prosarmog c zeÔxhc (link adaptation) gia

na diasfalisteÐ h mègisth dunat  leitourgÐa exoikonìmhshc enèrgeiac ston pompì entìc twn

diajèsimwn katanemhmènwn pìrwn gia èna epijumhtì epÐpedo QoS. Wc par�deigma apì thn

[20], to Sq ma 2.2b anaparist� thn ECG epÐdosh diafìrwn MIMO precoding susthm�twn

se sÔgkrish me to SFBC (single-user MIMO diversity scheme space frequency block coding)

to opoÐo antiproswpeÔei to sÔsthma anafor�c. Ta multi-users MIMO sust mata ekmet-

alleuìmena ton uyhlì bajmì poikilomorfÐac epitugq�noun mikrìtero kìstoc ìson afor� thn

apaitoÔmenh enèrgeia met�doshc an� bit plhroforÐac. 'Otan o arijmìc twn qrhst¸n eÐnai

arket� meg�loc, ta apotelèsmata axiolìghshc thc apìdoshc deÐqnoun pwc èna pentapl�sio

energeiakì kèrdoc mporeÐ na epiteuqjeÐ mesw multi-user MIMO teqnik¸n, qrhsimopoi¸ntac

par�llhla kat�llhlec proseggÐseic qronoprogrammatismoÔ pìrwn kai prosarmog c sÔn-

deshc sugkrinìmenec me to SFBC sÔsthma anafor�c.

Mellontikèc ergasÐec sto sugkekrimèno tomèa stoqeÔoun ston kalÔtero dunatì sun-

duasmì teqnik¸n qronoprogrammatismoÔ, upì thn optik  gwnÐa thc energeiak c apodìshc,

kat� m koc twn diafìrwn fortÐwn kÐnhshc sta mellontik� Long Term Evolution (LTE)

dÐktua.
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2.1.2 Teqnikèc Pollapl¸n Kerai¸n (MIMO - Multiple-Input Multiple-

Output)

Oi teqnikèc Multiple-input Multiple-Output (MIMO) èqoun plèon eurèwc diadojeÐ

sta perissìtera asÔrmata dÐktua. 'Opwc faÐnetai sto Sq ma 2.3 diakrÐnoume tic ex c eidikèc

peript¸seic tou MIMO [35]: Single Input Single Output (SISO), Single-Input Multiple-

Output (SIMO), kai Multiple-Input Single-Output (MISO). EpÐshc oi teqnikèc MIMO m-

poroÔn na qrhsimopoihjoÔn me memonomènouc   pollaploÔc qr stec sunjètontac ta Single-

User MIMO (SU-MIMO), Multi-Users MIMO (MU-MIMO), kai Coordinated Multipoint

Transmission (CoMP).

Sq ma 2.3: Di�gramma twn MIMO susthm�twn

An kai oi teqnikèc MIMO èqoun apodeiqjeÐ ìti eÐnai apotelesmatikèc sth beltÐwsh

thc qwrhtikìthtac kai thc fasmatik c apìdoshc twn asÔrmatwn susthm�twn, h sunolik 

enèrgeia katan�lwshc aux�netai. Pr¸ta ap′ola, katanal¸netai perissìterh kuklwmatik 

enèrgeia lìgw tou diplasiasmoÔ twn kerai¸n ekmpomp c kai l yhc. Exart¸menh apì to lì-

go thc beltioÔmenhc qwrhtikìthtac proc thn antÐstoiqh katan�lwsh enèrgeiac, h energeiak 

apìdosh tou pollaploÔ sust matoc kerai¸n mporeÐ na eÐnai en tèlei mikrìterh apì aut  tou

eniaÐou sust matoc kerai¸n. Epiplèon, perissìteroi pìroi (qrìnoc   suqnìthta) dapanoÔn-

tai sth diadikasÐa tou overhead signaling gia tic MIMO metadìseic. Gia par�deigma, sta

perissìtera MIMO sust mata,h qr sh thc paramètrou CSI (channel state information)

eÐnai anagkaÐa eÐte ston pompì eÐte tautìqrona ston pompì kai to dèkth ¸ste na epiteuqjeÐ

mia ikanopoihtik  apìdosh. Gia na ektim soume to CSI kai na to trofodot soume pÐsw s-

ton pompì , orismèna training symbols prèpei na staloÔn prin th met�dosh twn dedomènwn.

Dedomènou ìti o arijmìc twn suntelest¸n twn kanali¸n aux�netai analìga me to ginìmeno

tou pl jouc twn kerai¸n ekmpomp c kai l yhc, epiprìsjeto signaling overhead apaiteÐtai
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gia ta MIMO sust mata.

H prosarmostik  metabol  tou arijmoÔ twn energ¸n kerai¸n sto stajmì b�shc èqei pro-

tajeÐ apì to Third Generation Partnership Project (3GPP) Long Term Evolution system

(LTE) gia na na antimetwpisteÐ to meÐzon jèma diakÔmanshc thc kÐnhshc sta dÐktua kinht c

thlefwnÐac [1]. SÔmfwna me ègkura statistik� stoiqeÐa, o arijmìc twn energ¸n qrhst¸n

kat� th di�rkeia thc nÔqtac eÐnai arket� mikrìteroc ap�utìn kat� th di�rkeia thc hmèrac.

Apenergopoi¸ntac orismènec mon�dec RF enisqut¸n th nÔqta mporeÐ na exoikonomhjeÐ shman-

tikì posì enèrgeiac en¸ par�llhla diathreÐtai èna eparkèc QoS gia touc energoÔc qr stec.

H prosarmostik  enallag  an�mesa se MIMO kai SIMO exuphreteÐ sthn exoikonìmhsh

enèrgeiac sta kinht� termatik� [30]. To qarakthristikì thc dunamik c metabol c tou pl-

hjusmoÔ twn qrhst¸n axiopoieÐtai katall lwc sthn apì koinoÔ MIMO mode switching kai

rate selection. EpÐshc èqei deiqjeÐ pwc gia qamhl c embèleiac ekmompèc, h MISO mei¸nei

thn energeiak  apìdosh sugkrinìmenh me th met�dosh se èna eniaÐo sÔsthma kerai¸n, an den

sumperil�boume sthn k�je perÐptwsh thn prosarmostik  diamìrfwsh. Wstìso, prosarmì-

zontac thn t�xh diamìrfwshc wstè na exisorrop soume thn katan�lwsh thc metadidìmenhc

kai kuklwmatik c enèrgeiac, parathroÔme pwc h teqnik  MISO xepern� stic epidìseic thn

teqnik  SISO. Tèloc, èqei parathrhjeÐ [8] pwc ta èxupna prosarmostik� sust mata (smart

adaptive systems) mporoÔn na epitÔqoun kalÔtero EE-SE (energy efficiency-spectrum ef-

ficiency) tradeoff ap′ìti ta sust mata me eniaÐa MIMO leitourgÐa kai h beltÐwh tou EE

(energy efficiency) pou epitugq�netai eÐnai pollèc forèc 30% megalÔterh apì ta mh prosar-

mostik� sust mata (non-adaptive systems).

2.1.3 DiaqeÐrish kai meÐwsh parembol¸n

Ta sust mata ex�leiyhc parembol¸n eÐnai aparaÐthta sthn antimet¸pish twn parem-

bol¸n se k�je sÔsthma epikoinwni¸n ìpou pollaploÐ stajmoÐ b�shc moir�zontai to Ðdio

f�sma. H epirro  twn parembol¸n enteÐnetai kaj¸c oi qr stec kinoÔntai kont� proc th

perioq  twn sunìrwn an�mesa se dÔo kuyèlec, odhg¸ntac se shmantik  meÐwsh tou SINR

( signal-to-interference-plus-noise ratio) kai kat� sunèpeia tou rujmoÔ met�doshc dedomèn-

wn. Ta perissìtera  dh uparkt� sust mata ex�leiyhc parembol¸n èqoun sqediasteÐ na

aux�noun thn fasmatik  apìdosh kai to rujmì met�doshc, en¸ parablèpoun thn energeiak 

apìdosh. Wstìso, pollèc ereunhtikèc prosp�jeiec sto prìgramma Green Radio (GR) es-

ti�zoun sthn an�ptuxh energ� apodotik¸n susthm�twn ex�leiyhc parembol¸n. Se perÐptwsh

pou to epÐpedo parembol¸n meiwjeÐ sta kinht� termatik�, ja epitrèyei stouc stajmoÔc b�shc

na mei¸soun thn enèrgeia pou apaiteÐtai gia asÔrmath met�dosh qwrÐc na diakubeÔbetai to S-

INR thc asÔrmathc sÔndeshc. Up�rqoun dÔo epiplèon strathgikèc pou lamb�nontai upìyin,

ìpwc faÐnetai sto Sq ma 2.4 [25] : (a) Ta katanemhmèna sust mata kerai¸n (DAS-distributed

antenna systems) kai (b) h ex�leiyh parembol¸n sto dèkth.
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Sq ma 2.4: (a) Sen�rio ex�leiyhc parembol¸n σ′èna pompì kai/  dèkth anaparist¸ntac

pollaploÔc stajmoÔc b�shc na metadÐdoun se mia keraÐa pollapl c l yhc kai (b) sÔgkrish

epÐdoshc tri¸n DAS susthm�twn, apotup¸nontac to ECG se sqèsh me to epijumhto SINR

'Enac trìpoc gia na mei¸soume thn parembol  sta kuyelwt� sust mata eÐnai na sun-

tonÐsoume tic pollaplèc keraÐec twn parakeÐmenwn stajm¸n b�shc, ¸ste na diamorf¸soume

èna katanemhmèno sÔsthma kerai¸n (DAS) [34]. Gia to diamorfwmèno DAS, k�je qr sth-

c pou brÐsketai sthn �krh miac kuyèlhc exuphreteÐtai tautìqrona ap′ìlouc touc perib�l-

lontec stajmoÔc b�shc, antÐ apì ton jewrhtik� “bèltisto” stajmì b�shc. To gegonìc

autì epitrèpei ton apotelesmatikì èlegqo kai periorismì thc parembol c stouc qr stec

twn sunìrwn twn kuyel¸n mèsw suntonismènou metadidìmenou beamforming se ìlouc touc

summetèqontec stajmoÔc b�shc. Ta trÐa akìlouja sust mata pou mporoÔn na qrhsimopoi-

hjoÔn me suntonismèno beamforming sthn k�tw zeÔxh eÐnai ta ex c:

• O qr sthc exuphreteÐtai apì to stajmì b�shc pou parèqei to uyhlìtero SINR, en¸ oi

upìloipoi stajmoÐ b�shc apofeÔgoun th met�dosh enèrgeiac s matoc proc autìn ton

qr sth.

• 'Oloi oi qr stec exuphretoÔntai apì pollaploÔc stajmoÔc b�shc qrhsimopoi¸ntac

keraÐa pollaploÔ beamforming kai coherent-user end combining (p.q. pl rh ax-

iopoÐhsh thc dunatìthtac pou prosfèrei to DAS gia meÐwsh parembol¸n)

• Oi qr stec katanèmontai se ènan   perissìterouc stajmoÔc b�shc exart¸menoi apì

th jèsh touc.

Ta parap�nw trÐa sust mata sugkrÐnontai ìson afor� th metabol  tou [ECG,SINR]

sto Sq ma 2.4 (se antÐjesh me th sumbatikì mh-suntonismèno sÔsthma kerai¸n) gia èna

sÔmplegma tri¸n kuyel¸n me èna qr sth an� kuyèlh. Ta apotelèsmata deÐqnoun pwc kai ta

trÐa sust mata eÐnai arket� apotelesmatikìtera apì ta antÐstoiqa sumbatik� petuqaÐnontac
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uyhl� SINRs, m�lista me thn perÐptwsh twn susthm�twn 2,3 na xepernoÔn se epÐdosh to

sÔsthma 1. 'Omwc, se pollèc peript¸seic to sÔsthma 1 eÐnai protim¸tero apì ta sust mata

2/3 se praktik  ulopoÐhsh, kaj¸c apaiteÐ antallag  arket� mikrìterou posoÔ dedomènwn

an�mesa stouc stajmoÔc b�shc, kai kat′epèktash ligìterh katan�lwsh enèrgeiac.

'Ena enallaktikì sÔsthma ektìc tou DAS eÐnai h efarmog  teqnik¸n ex�leiyhc parem-

bol¸n se mia keraÐa pollapl c l yhc. H apìdosh diafìrwn algorÐjmwn èqei sugkrijeÐ

gia di�fora pl jh kerai¸n met�doshc. 'Eqoun gÐnei sugkrÐseic twn teqnik¸n Linear zero

forcing (ZF) kai Minimum mean squared error (MMSE) mazÐ me tic parallagèc thc mh

grammik c successive interference cancellation (SIC) twn parap�nwn mejìdwn [32]. Genik�,

parathreÐtai ìti apaiteÐtai perissìterh enèrgeia kaj¸c o arijmìc twn kerai¸n met�doshc

aux�netai. Autì eÐnai anamenìmeno kaj¸c h intracell parembol  aux�netai me ton arijmì

twn kerai¸n met�doshc, apait¸ntac uyhlìterh enèrgeia met�doshc gia na diathr sei to

up�rqon SINR. Se perÐptwsh apousÐac sugkanalik c parembol c apì touc geitonikoÔc s-

tajmoÔc b�shc, parathreÐtai ìti h MMSE prosèggish beltistopoÐhshc parèqei kalÔterh

exoikonìmhsh thc metadidìmenhc enèrgeiac ap�oti h ZF prosèggish ston epijumhtì stajmì

b�shc, en¸ epÐshc h dom  SIC leitourgeÐ pio apodotik� apì th grammik  dom  l yhc. To

prohgoÔmeno dikaiologeÐtai apì to gegonìc pwc an kai o ZF algìrijmoc ekmhdenÐzei thn

Intracell parembol  kai enisqÔei shmantik� thn parakeÐmenh sthn kuyèlh parembol -jìrubo,

o MMSE algìrijmoc apì koinoÔ mei¸nei tìso thn intracell parembol  ìso kai to jìrubo,

prokal¸ntac ètsi mikrìterh enÐsqush sthn parakeÐmena sthn kuyèlh parembol  kaj¸c kai

stouc par�gontec jorÔbou. ParathroÔme epÐshc to Ðdio motÐbo katan�lwshc enèrgeiac ìtan

eÐnai parìntec 3 parakeÐmenoi stajmoÐ b�shc. Oi Energy consumption rate (ECR) timèc eÐnai

perÐpou 3-4 forèc qamhlìterec ap�oti sthn perÐptwsh apousÐac sugkanalik c parembol c

gia ìlouc touc dèktec. To teleutaÐo exhgeÐtai diìti oi paradosiakèc teqnikèc ex�leiyhc

parembol¸n sun jwc ulopoioÔntai sto epÐpedo zeÔxhc (p.q sthn apì shmeÐo se shmeÐo zeÔxh

an�mesa stouc epijumhtoÔc stajmoÔc b�shc kai ton dèkth sthn perÐptwsh mac).Autèc oi

teqnikèc ex�leiyhc parembol¸n sto epÐpedo thc zeÔxhc mporoÔn na periorÐsoun thn Intracell

parembol  all� antimetwpÐzoun thn parakeÐmenh sthn kuyèlh parembol  apl¸c wc jìrubo.

2.1.4 OFDMA (Orthogonal frequency division multiple access) dÐktua

H poluplexÐa OFDMA (Orthogonal frequency division multiple acess) èqei ekten¸c

melethjeÐ gia ta asÔrmata thlepikoinwniak� sust mata nèac geni�c, ìpwc to Worldwide

Interoperability for Microwave Access (WiMAX) kai to Third Generation Partnership

Project (3GPP) Long Term Evolution (LTE). Sto OFDMA oi pìroi sust matoc, ìpwc

ta upofèronta (subcarriers) kai h isqÔc met�doshc, prèpei na nai kat�llhla katanemhmènoi

stouc di�forouc qr stec ¸ste na epiteuqjeÐ uyhl  apìdosh. Sto Sq ma 2.5 apotup¸netai

h katanom  twn pìrwn sthn k�tw zeÔxh enìc OFDMA diktÔou, ìpou ta upofèronta kai

h isqÔc katanèmontai basismèna sto CSI twn qrhst¸n kai stic apait seic se Quality of

Service (QoS) tou stajmoÔ b�shc [35]. DÔo apì ta pio koin� qrhsimopoioÔmena sust mata

dunamik c katanom c pìrwn eÐnai ta: rate adaptation (RA) pou megistopoieÐ th rujmapìdosh
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kai margin adaptation (MA) pou elaqistopoieÐ th sunolik� metadidoÔmenh isqÔ [7]. Wc ek

toÔtou, to RA beltistopoieÐ th SE (Spectral efficiency), en¸ to MA stoqeÔei sth bèltÐwsh

thc apìdoshc thc metadidoÔmenhc isqÔoc. Wstìso, kanèna apì ta prohgoÔmena sust mata

den eÐnai kat′an�gkh energeiak� apodotikì. An kai to OFDMA mporeÐ na parèqei uyhl 

rujmapìdosh kai SE, h enèrgeia pou katanal¸nei eÐnai pollèc forèc meg�lh. Sth sunèqeia

ja d¸soume èmfash sta energeiak� apodotik� sust mata katanom c pìrwn gia ta OFDMA

sust mata.

Sq ma 2.5: Katanom  pìrwn sto OFDMA

Ta energeiak� apodotik� orthogonal frequency division multiplexing (OFDM) sust -

mata, mia eidik  perÐptwsh tou OFDMA, èqoun qrhsimopoihjeÐ lamb�nontac upìyin thn

kuklwmatik  katan�lwsh enèrgeiac sta frequency-selective fading kan�lia [37]. Se antÐ-

jesh me to paradosiakì energeiak� apodotikì water-filling sÔsthma pou megistopoieÐ th

rujmapìdosh èqontac èna stajerì �nw ìrio gia th sunolik� metadidìmenh isqÔ, to kainoÔrio

sÔsthma megistopoieÐ th sunolik  Energy efficiency (EE) prosarmìzontac tìso th suno-

lik� metadidìmenh isqÔ ìso kai thn katanom  thc an�mesa sta upofèronta. ParathreÐtai

pwc lamb�nei q¸ra toul�qiston 15% meÐwsh sthn katan�lwsh enèrgeiac ìtan axiopoeÐtai h

suqnotik  poikilomorfÐa.

O energeiak� apodotikìc sqediasmìc èqei epÐshc epektajeÐ sta genikìtera OFDMA

dÐktua [39]. Gia th met�dosh sthn �nw zeÔxh sta flat fading kan�lia, èqei deiqjeÐ pwc

qrhsimopoi¸ntac prosarmostik  diamìrfwsh (adaptive modulation), h EE aux�netai kaj¸c

o qr sthc kineÐtai proc to stajmì b�shc, kai ìso pio kont� tou brÐsketai tìso megalÔterh

prèpei na eÐnai h t�xh diamìrfwshc. Se perib�llon qwrÐc parembolèc, èna tradeoff an�me-

sa se Energy efficiency (EE) kai Spectral efficiency (SE) pou aux�nei thn metadidìmenh

isqÔ, p�nta belti¸nei th SE qwrÐc ìmwc na eggu�tai aÔxhsh thc EE. 'Omwc, se peript¸seic

polukuyelik¸n susthm�twn periorismènwn parembol¸n, h aÔxhsh thc metadidìmenhc isqÔoc

den sunep�getai kat′an�gkh beltÐwsh thc SE exaitÐac twn prokaloÔmenwn èntonwn fainomèn-

wn parembol c pou lamb�noun q¸ra sto dÐktuo. Sthn perÐptwsh sqediasmoÔ energeiak�
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apodotik¸n polukuyelik¸n susthm�twn me inter-cell parembol , h energeiak� apodotik 

katanom  isqÔoc ìqi mìno enisqÔei thn EE tou sut matoc, all� epÐshc beltistopoieÐ to

EE-SE tradeoff exaitÐac thc sunthrhtik c fÔshc thc katanom c isqÔoc, h opoÐa periorÐzei

epark¸c thn parembol  apì �llec kuyèlec kai belti¸nei th rujmapìdosh tou diktÔou [38].

H  dh up�rqousa èreuna sta energeiak� apodotik� OFDMA dÐktua èqei epikentrwjeÐ

sthn perÐptwsh thc �nw zeÔxhc kai sthn pleur� twn kinht¸n termatik¸n. Perissìterh

prosoq  prèpei na dojeÐ sthn k�tw zeÔxh kai sthn pleur� twn stajm¸n b�shc gia thn u-

lopoÐhsh tou “pr�sinou” sqediasmoÔ. Epiprìsjeta, h epirro  twn statistik¸n stoiqeÐwn

kÐnhshc den èqei akìmh diereunhjeÐ.

2.1.5 Software defined radio (RadioepikoinwnÐa mèsw logismikoÔ)

To Softwrae defined ratio (SDR) apoteleÐ mia arket� elkustik  teqnik  gia sqedi-

asmoÔc nèwn zwn¸n b�shc tìso gia ta kinht� termatik� ìso kai gia touc stajmoÔc b�shc.

PolloÐ stajmoÐ b�shc  dh qrhsimopoioÔn teqnikèc SDR ulopoihmènec p�nw se platfìrmec

puritÐou all� mèqri prìtinoc oi epexergastèc kai h teqnologÐa Very-large-scale integration

(VLSI) den èqoun parèqei ton kat�llhlo sunduasmì isqÔoc/epÐdoshc/platfìrmac puritÐou

gia ta kinht� termatik�. Kaj¸c h gewmetrÐa thc teqnologÐac VLSI èqei surriknwjeÐ shman-

tik�, oi taqÔthtec twn rologi¸n èqoun auxhjeÐ kai q�rh se kainotìmec teqnikèc pollapl c

kai par�llhlhc epexergasÐac, pl rwc programmatizìmena sust mata epexergasÐac z¸nhc

b�shc eÐnai plèon diajèsima sta kinht� termatik�. (An kai ìlh h arijmhtik  epexergasÐa

thc z¸nhc b�shc sthn platfìrma puritÐou mporeÐ na analhfjeÐ apì ton tomèa logismikoÔ,

wstìso h radiofwnik  bajmÐda eisìdou apaiteÐ kai analogik  epexergasÐa, opìte eÐnai pi-

jan¸c pio kat�llhlo na qrhsimopoioÔme ton ìro “software-defined modem(SDM)” antÐ gia

to SDR.)

To SDM mporeÐ endeqomènwc na exoikonom sei isqÔ se sÔgkrish me tic sumbatikèc A-

SIC (application-specific integrated circuit) lÔseic gia dÔo lìgouc [45]. Pr¸ton, oi lÔ-

seic gia epexergasÐa tou ulikoÔ (hardware) teÐnoun na mhn eÐnai arket� euèliktec, afoÔ eÐ-

nai sqediasmènec gia th qeirìterh perÐptwsh diamìrfwshc, poluplokìthtac kwdikopoi shc

kai sunjhk¸n kanalioÔ. Suqn� mia arket� ligìtero sÔnjeth diamìrfwsh kai sÔsthma k-

wdikopoÐhshc mporoÔn na qrhsimopoihjoÔn, kaj¸c kai oi sunj kec kanalioÔ mporoÔn na ′nai

pio eunoðkèc. (p.q topojesÐa kont� ston stajmì b�shc). Mia epexergasÐa logismikoÔ mporeÐ

na ekmetalleuteÐ autèc tic katast�seic, apait¸ntac ligìterouc kÔklouc epexergasÐac gia na

apodiamorf¸sei kai na apokwdikopoi sei èna dosmèno posì dedomènwn kai kat� sunèpeia na

exoikonom sei enèrgeia.

DeÔteron, ìla ta kukl¸mata basik c z¸nhc twn kinht¸n termatik¸n prèpei na eÐnai

poluleitourgik� kai na uposthrÐzoun ìqi mìno thn teleÔtaia èkdosh twn pio sÔnjetwn pro-

tÔpwn, all� kai ìla ta klhrodothmèna prìtupa pou exakoloujoÔn na qrhsimopoioÔntai apì

ta dÐktua. Sugkekrimèna, oi pollaplèc leitourgÐec tou SDM epanaqrhsimopoioÔn to Ðdio

upologistikì ulikì ektel¸ntac enallaktik� logismik�.

Mia shmantik  kathgorÐa asÔrmatwn suskeu¸n sto mèllon ja eÐnai ta enswmatwmèna
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modem se èna �llo komm�ti tou exoplismoÔ wstè na uposthrÐxoun tic “M2M” (Machine to

Machine) epikoinwnÐec. H biomhqanÐa thlepikoinwni¸n problèpei pwc o arijmìc twn sund-

edemènwn suskeu¸n ja anèljei sta 50 disekatommÔria mèqri to 2020, kai pollèc apì tic

efarmogèc touc ja paÐxoun kajoristikì rìlo sthn exoikonìmhsh enèrgeiac mèsw efarmog¸n,

ìpwc h “èxupnh mètrhsh” (smart metering) kai o èlegqoc enèrgeiac. Se sÔgkrish me ta

sÔgqrona kuyelwt� kinht� termatik�, oi suskeuèc me enswmatwmèna modems ja èqoun mia

arket� meg�lh di�rkeia “zw c” , perÐpou 20 qrìnia   perissìtero se sÔgkrish me touc 12-18

m nec. To SDM mporeÐ na diadramatÐsei ed¸ èna shmantikì rìlo, epitrèpontac stic suskeuèc

na rujmistoÔn arqik� gia mia meg�lh poikilÐa asÔrmatwn diepaf¸n kai na anabajmistoÔn sth

sunèqeia kat� thn perÐodo leitourgÐac touc me th l yh kat�llhlou logismikoÔ. Epèktash

thc di�rkeia zw c stic radiofwnikèc platfìrmec ja odhg sei se meÐwsh thc enswmatwmènhc

enèrgeiac.

Tèloc, lÔseic pou teÐnoun sth qr sh thc teqnologÐa Software Radio (SWR) mporeÐ

na prokÔyoun sÔntoma. 'Omwc, gia na leitourg soun pl rwc apaitoÔn thn enswm�twsh

RF epexergasÐac kai par�llhla filtr�risma thc RF front-end bajmÐdac. To teleutaÐo m-

poreÐ na eis�gei shmantik  ap¸leia parembol c, wc sunèpeia thc apaÐthshc gia apìrriyh thc

anepijÔmhthc enèrgeiac s matoc sth l yh kai th diat rhsh thc fasmatik c m�skac sthn

ekmpomp . Oi apait seic gia nèa katanomh f�smatoc, gia par�deigma stic mp�ntec 700,800

MHz eÐnai idiaÐtera dapanhrèc.

2.1.6 'Apodosh paroq c isqÔoc kai fortistèc

Ta kinht� thlèfwna katanal¸noun thn pleionìthta apì th di�rkeia “zw c” touc

eÐte stic tsèpec mac, eÐte p�nw sto grafeÐo mac, makri� dhlad  apì th suskeu  fìrtishc.

An kai to kìstoc eÐnai basik  proôpìjesh, oi qr stec epijumoÔn kinht� thlèfwna pou na

fortÐzontai ìso pio gr gora ki asfal¸c gÐnetai, en¸ par�llhla diathroÔn th “zw ” thc

mpatarÐac ¸ste o fortist c na mporeÐ na parèqei èna kal� elegqìmeno reÔma fìrtishc,

suqn� gnwstì wc Constant Current Charge mode (CC).

'Otan o fortist c paramènei sundedemènoc sto hlektrikì dÐktuo en¸ par�llhla den

qrhsimopoieÐtai, eisèrqetai sthn “No Load Condition” (NLC). H paroq  isqÔoc ìmwc eÐnai

akìmh se exèlixh, kaj¸c prèpei na parèqei èna mikrì posì t�shc exìdou gia na aniqneÔei

th sÔndesh me to thlèfwno ètsi ¸ste na tou epitrèyei na eisaqjeÐ gr gora sth leitourgÐa

CC. Σ′aut n thn “No load” kat�stash h isqÔc eisìdou, anaferìmenh ki wc No Load Power

(NLP), q�netai �skopa ki ètsi prèpei na parameÐnei se qamhl� epÐpeda. 'Eqei anaptuqjeÐ

èna di�gramma bajmolìghshc ìpou o arijmìc twn asteri¸n upodeiknÔei pìso qamhlì eÐnai

to NLP enìc fortist  [45]. (akìloujo sq ma)
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Sq ma 2.6: Di�gramma NLP bajmolìghshc

H Cambridge Semiconductors prosfèrei ènan arijmì suskeu¸n pou epitugq�noun

thn epÐdosh 5 astèrwn, epibradÔnontac thn enallag  suqnìthtac tou elegkt . Se perÐptwsh

pou h enallag  suqnìthtac gÐnei arket� arg , tìte o qrìnoc pou apaiteÐtai gia thn anÐqneush

kai th diadikasÐa epanasÔndeshc enìc thlef¸nou gÐnetai polÔ meg�loc (pijanìn deuterìlep-

ta) kai h pt¸sh t�shc kajÐstatai idiaÐtera shmantik . EpÐshc, o IC èlegqoc fìrtishc mèsa

sthn mpatarÐa aniqneÔei l�joc kai apenergopoieÐtai, odhg¸ntac se apotuqÐa fìrtishc thc

mpatarÐac.

Sq ma 2.7: Stigmiìtupo metabatik c epÐdoshc thc apìdoshc mia phg c isqÔoc me qr sh

teqnik c elègqou CamSemi, phg : Campridge Semiconductor

To parap�nw di�gramma (Sq ma 2.7) apeikonÐzei èna stigmiìtupo tou palmogr�fou

ìpou oi di�forec kumatomorfèc perigr�foun thn metabatik  epÐdosh (Transient Perfor-
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mance) thc paroq c isqÔoc qrhsimopoi¸ntac mia tètoia teqnik  elègqou. To Ðqnoc koruf c

eÐnai h suqnìthta enallag c thc paroq c isqÔoc kai ìpwc mporeÐ na parathrhjeÐ sta aris-

ter� tou Ðqnouc h apìstash metaxÔ twn palm¸n eÐnai meg�lh. Autì exasfalÐzei mia kal 

tim  NLP. To Ðqnoc b�shc antiproswpeÔei to reÔma pou lamb�netai apì thn paroq  isqÔoc

ìtan to kinhtì thlèfwno me apofortismènh mpatarÐa sundèetai sto hlektrikì dÐktu. To

mesaÐo Ðqnoc deÐqnei thn epÐdrash p�nw sthn t�sh h ìpoia periorÐzetai sto el�qisto.

An kai oi teqnikèc fìrtishc pou perigr�fhkan exeidikeÔontai ston tomèa tou fortist ,

emfanÐzetai mia an�logh kat�stash sta femtocell   se opoiod pote paremferèc exoplismì

mikr¸n kuyel¸n. 'Otan oi qr stec den qrhsimopoioÔn tic uphresÐec twn femtocell (  twn

fortist¸n), prosdokoÔn apì th suskeu  na metabaÐnei se sleep mode kai na mhn katanal¸nei

background isqÔ. Kat� sunèpeia prèpei na emfanistoÔn lÔseic pou na lamb�noun upìyin tic

parap�nw prosdokÐec twn katanalwt¸n.

2.2 DiaqeÐrish enèrgeiac sthn perioq  twn kuyel¸n

2.2.1 Energeiak� apodotikèc arqitektonikèc prìsbashc gia to Green

Radio : An�ptuxh mikr¸n ènanti meg�lwn kuyel¸n

Prìsfata, oi thlepikoinwniakoÐ p�roqoi kaj¸c kai oi ereunhtèc èqoun euaisjhtopoi-

hjeÐ sqetik� me thn upèrmetrh energeiak  katan�lwsh sta thlepikoinwniak� dÐktua, kai

èqoun xekin sei na meletoÔn “pr�sinec” lÔseic oi opoÐec mporoÔn na belti¸soun thn en-

ergeiak  apìdosh enìc Radio access network (RAN) ([47],[26],[4],[36],[14]). H pijanìthta

apenergopoÐhshc orismènwn diktuak¸n stoiqeÐwn (p.q kìmbwn   zeÔxewn) kat� th di�rkeia

qronik¸n diasthm�twn me qamhl  puknìthta kÐnhshc, èqei melethjeÐ se plhj¸ra diktÔwn

eureÐac èktashc [36]. Gia na apofÔgoume thn egkat�stash epiprìsjetwn stajm¸n b�sh-

c, h radiok�luyh kai h paroq  uphresi¸n analamb�nontai apì tic kuyèlec pou paramènoun

energèc, gegonìc to opoÐo odhgeÐ se aÔxhsh thc aktÐnac thc kuyèlhc kai se epiplèon isqÔ

met�doshc. H aÔxhsh thc isqÔoc eÐnai amelhtèa (merik� watts) se sqèsh me thn katan�lwsh

enèrgeiac enìc olìklhrou Node-B stajmoÔ.

Sth sunèqeia ja melet soume ta Energy consumption rate (ECR) kai Energy con-

sumption gain (ECG) enìc kuyelwtoÔ RAN. Skopìc eÐnai na upologÐsoume ta ECR kai

ECG mei¸nontac to mègejoc thc kuyèlhc qwrÐc ìmwc na diakubeÔbetai to Quality of Ser-

vice (QoS) gia mia dosmènh puknìthta qrhst¸n kai perioq  paroq c uphresi¸n. Gia na

qarakthrÐsoume to posì thc enèrgeiac pou mporeÐ na exoikonomhjeÐ ja melet soume kai ja

sugkrÐnoume dÔo pijan� sen�ria. Pr¸ton, h epirro  sta ECR,ECG mporeÐ na kajoristeÐ

kaj¸c elatt¸netai to anaptussìmeno mègejoc kuyèlhc. DeÔteron, h eggen c aÔxhsh thc

puknìthtac qwrhtikìthtac, h opoÐa lamb�nei q¸ra mei¸nontac to mègejoc kuyèlhc, antis-

tajmÐzetai me thn energeiak  katan�lwsh apenergopoi¸ntac mh qrhsimopoioÔmenec kuyèlec,

mèsw thc sleep-mode leitourgÐac. JewroÔme th qr sh thc teqnologÐac High-Speed Dowlink

Packet Access (HSDPA) [2].
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2.2.2 Energeiak� apodotik  arqitektonik  diktÔou asÔrmathc prìs-

bashc (RAN)

Ta dÐktua pou perilamb�noun meg�lec kuyèlec   makrokuyèlec (macrocells) eÐnai

apotelesmatik� sthn paroq  k�luyhc gia met�dosh pakètwn fwn c kai kÐnhshc dedomènwn

qamhl c taqÔthtac, all� exaitÐac thc meg�lhc perioq c k�luyhc, oi makrokuyèlec genik� pe-

riorÐzontai sthn paroq  uyhl¸n rujm¸n met�doshc dedomènwn an� mon�da epifaneÐac. Apì

thn �llh meri�, ta leitourgik� kìsth mia makrokuyèlhc eÐnai arket� uyhl�, eidik� ìtan ta

èsoda an� sundromht  de sumbadÐzoun me th auxanìmenh z thsh tou rujmoÔ dedomènwn. Mi-

a pijan  aÔxhsh tou rujmoÔ dedomènwn èqei �mesh epÐptwsh ston apaitoÔmeno arijmì twn

makrokuyel¸n kai san apotèlesma, h katan�lwsh enèrgeiac enìc tètoiou diktÔou mporeÐ na

auxhjeÐ shmantik� [16].

EÐnai eurèwc gnwstì pwc h ap¸leia enèrgeiac σ′èna radiofwnikì kan�li (radio channel)

eÐnai an�logh thc apìstashc di�doshc d   Eloss ∝ da, ìpou a eÐnai o ekjèthc apwlei¸n

miac diadrom c met�doshc. 'Etsi, mia jemeli¸dhc energeiak� apodotik  prosèggish ja  -

tan h meÐwsh thc apìstashc an�mesa ston stajmì b�shc kai sta kinht� termatik�, p.q.

metafèrontac to stajmì b�shc pio kìnt� stouc qr stec, h energeiak  apìdosh enìc RAN

mporeÐ na auxhjeÐ. 'Ena par�deigma apoteloÔn ta femtocells, ta opoÐa sunistoÔn mia prìs-

fath teqnologik  kainotomÐa proc thn kateÔjunsh mikr¸n “oikiak¸n” stajm¸n b�shc, mikr c

isqÔoc kai qamhloÔ kostoÔc [16],[10]. Ta femtocells eÐnai shmeÐa prìsbashc egkatesthmèna

apì oikiakoÔc qr stec, ¸ste na epitÔqoun kalÔterh k�luyh pakètwn fwn c kai dedomènwn

se eswterikoÔc q¸rouc. Lìgw thc mikr c amfÐdromhc apìstashc (apìstash ekpomp c kai

l yhc), ta femtocells mporoÔn na mei¸soun shmantik� thn isqÔ met�doshc, na parateÐnoun

th di�rkeia “zw c” thc mpatarÐac tou kinhtoÔ termatikoÔ, kai na epitÔqoun èna uyhlìtero

lìgo SINR (signal-to-interference-plus-noise). Oi parap�nw sunj kec metafr�zontai se

beltiwmènh poiìthta l yhc kai megalÔterh qwrhtikìthta.

Mia pijan  lÔsh gia na mei¸soume thn energeiak  katan�lwsh enìc kuyelwtoÔ diktÔou

eÐnai h apenergopoÐhsh twn kuyel¸n sto dÐktuo prìsbashc kat� qronikèc periìdouc ìpou

den eÐnai aparaÐthth h qr sh touc, se peript¸seic dhlad  ìpou h kÐnhsh dedomènwn eÐnai

periorismènh [36], [14] eÐte epeid  oi upìloipec kuyèlec mporoÔn na parèqoun mia epark 

qwrhtikìthta k�luyhc [16]. Kai stic dÔo prohgoÔmenec peript¸seic, h radiok�luyh se ìlh

thn perioq  exuphrèthshc analamb�netai apì tic kuyèlec pou paramènoun energèc.

2.2.3 Energeiakèc metr seic

Energeiakèc metr seic gia realistikèc rujmÐseic twn aparaÐthtwn paramètrwn, kaj¸c

kai realistikèc arqitektonikèc prèpei na prosdioristoÔn par�llhla me ta antÐstoiqa probl -

mata beltistopoÐhshc proc epÐteuxh katan�lwshc elaqÐsthc enèrgeiac. H sunolik  enèrgeia

sust matoc prèpei na perilamb�nei thn enswmatwmènh enèrgeia (embodied energy) kai thn

leitourgik  enèrgeia gia th dianom  twn uphresi¸n. Sugkekrimèna, h sunolik  enèrgeia

Etotal = EOP (EEM ) + EEM (EOP )[J ] (2.1)
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ìpou h leitourgik  enèrgeia EOP eÐnai sun�rthsh thc arqitektonik c asÔrmathc prìs-

bashc (radio access architecture) (mègejoc kuyèlhc, Ôyoc keraÐac tou stajmoÔ b�shc, di�-

gramma aktinobolÐac thc keraÐac, apìstash twn kerai¸n ekpomp c kai l yhc, parembol ,

apìsbesh pollapl c diadrom c, skÐash, diaqeÐrish radiofwnik¸n pìrwn (RRM), puknìthta

qrhst¸n, kinhtikìthta qrhst¸n, kÐnhsh k.l.p.). H enèrgeia (2.1) apoteleÐ to Energy Budget

Model gia ton upologismì thc sunolik c katan�lwshc enèrgeiac enìc kuyelwtoÔ diktÔou

gia mia dosmènh qronik  perÐodo T. Autì to energeiakì montèlo lamb�nei upìyh tou th

sunolik  energeiak  katan�lwsh EOP lìgw thc diadikasÐac metafor�c plhrofori¸n, kaj¸c

kai thn eswmatwmènh enèrgeia EEM epÐ tou sunìlou thc di�rkeiac zwhc tou exoplismoÔ.

Mia energeiak  mètrhsh pou prèpei na exetasteÐ eÐnai o deÐkthc energeiak c katan�lwshc

(ECR), dhlad  h enèrgeia an� metadidìmeno bit plhroforÐac p.q.

ECR =
E

M
=
PT

M
=
P

D
[J/bit] (2.2)

ìpou E eÐnai h apaitoÔmenh enèrgeia gia th met�dosh M bits se qrìno T, kai D=M/T

eÐnai o rujmìc dedomènwn ekfrasmènoc se bit/sec. Aut  h energeiak  mètrhsh parèqei thn

energeiak  katan�lwsh ekfrasmènh sta Joules pou apaitoÔntai gia th met�dosh enìc bit

plhroforÐac.

Mia akìmh energeiak  mètrhsh apoteleÐ to kèrdoc energeiak c katan�lwshc (ECG) to

opoÐo orÐzetai wc:

ECG =
PRANlargecell

× T
PRANsmallcell

× T
, (2.3)

ìpou to PRAN antistoiqeÐ katan�lwsh isqÔoc tou RAN.

2.2.4 PlaÐsio axiolìghshc

Gia th sÔgkrish twn epidìsewn thc energeiak c apìdoshc twn meg�lwn kai mikr¸n

kuyel¸n, kai gia na kajorÐsoume to kalÔtero dunatì mègejoc twn anaptussìmenwn kuyel¸n,

prèpei na sqediasjeÐ mia kat�llhlh mèjodoc axiolìghshc. H pio sun jhc mèjodoc axi-

olìghshc sunist� ton upologismì twn epidìsewn thc energeiak c apìdoshc (p.q. ECR,

ECG) pou epitugq�netai gia di�fora megèjh kuyel¸n kai Ôyh kerai¸n, en¸ diathreÐtai èna

eparkèc QoS (p.q. dosmènh k�luyh kai mèsh qwrhtikìthta kuyèlhc) upì to prÐsma enìc orÐou

sth metadidìmenh isqÔ. To ECR gia k�je mègejoc kuyèlhc upologÐzetai qrhsimopoi¸ntac

thn kalÔterh dunat  epiteÔximh rujmapìdosh apì th sqèsh (2.2). 'Eqontac sugkrÐnei to

ECR gia k�je mègejoc kuyèlhc, èna kat�llhlo sust ma an�ptuxhc mporeÐ na brejeÐ ì-

son afor� to mègejoc thc kuyèlhc. Parìmoioi upologismoÐ ekteloÔntai gia to ECG kat�

m koc tou RAN. 'Opwc faÐnetai stic sqèseic (2.1) kai (2.2), tìso h enswmatwmènh ìso kai

h leitourgik  katan�lwsh enèrgeiac prèpei na lamb�netai upìyh ston upologismì twn E-

CR, ECG. Parìlo pou h enswmatwmènh enèrgeia paÐzei kajoristikì rìlo sthn axiolìghsh

twn energeiak¸n epidìsewn, up�rqoun di�forec mèjodoi pou qrhsimopoioÔn diaforetikèc k-

lÐmakec dedomènwn ¸ste na upologÐsoun thn enswmatwmènh enèrgeia kai eÐnai axioshmeÐwto

pwc, mèqri s mera, den up�rqei mia pl rhc pagkìsmia dhmìsia dunamik  b�sh dedomènwn
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diajèsimh gia ton upologismì thc enswmatwmènhc enèrgeiac (eidik� gia touc stajmoÔc b�sh-

c). Epomènwc, stic perissìterec peript¸seic mìno h aktinoboloÔmenh enèrgeia lamb�netai

upìyh ìtan upologÐzoume ta ECR kai ECG.

2.3 TopologÐa fusikoÔ str¸matoc kai uphresÐec susth-

m�twn end to end

2.3.1 Energeiak� apodotik  dromolìghsh kai Polubhmatik� DÐk-

tua

H qr sh twn anametadìsewn gia thn antallag  plhrofori¸n an�mesa se èna sta-

jmì b�shc kai èna kinhtì termatikì sunist� ènan apotelesmatikì trìpo gia th bèltiwsh thc

energeiak c apìdoshc tou stajmoÔ b�shc. To prohgoÔmeno dikaiologeÐtai apì to gegonìc

ìti h apìstash met�doshc mporeÐ na meiwjeÐ, eÐte aux�nontac par�llhla touc rujmoÔc met�-

doshc eÐte epitrèpontac el�ttwsh thc metadidìmenhc enèrgeiac. Oi anametadìseic mporoÔn

na odhg soun se shmantikèc mei¸seic sthn katan�lwsh enèrgeiac qwrÐc na prokaloÔn polÔ-

plokec tropopoi seic sto sÔsthma upodom c. Autèc oi anametadìseic mporoÔn na anap-

tuqjoÔn se drìmouc   ktÐria ¸ste na parèqoun beltiwmènh poiìthta s matoc se topojesÐec

oi opoÐec diaforetik� ja èpasqan apì mh eparkèc Quality of service (QoS).

H energeiak  apìdosh diafìrwn susthm�twn met�doshc pou faÐnontai sta Sq mata

2.8a-d sugkrÐnontai �mesa [31]. Oi eikìnec a,b apeikonÐzoun mia sumbatik  sÔndesh stajmoÔ

b�shc kai kinhtoÔ termatikoÔ me mia mèsh kai stigmiaÐa anatrofodìthsh thc kat�stashc

tou kanalioÔ antistoÐqwc. Oi eikìnec g,d deÐqnoun thn perÐptwsh ìpou lamb�nei q¸ra h

diadikasÐa thc anamet�doshc, xan� me mia mèsh/stigmiaÐa anatrofodìthsh thc kat�stashc

tou kanalioÔ. 'Eqei deiqjeÐ pwc h qr sh stigmiaÐac anatrofodìthshc kanalioÔ, h opoÐa

apoteleÐ thn exèlixh thc teqnologÐac sta sust mata katanom c pìrwn , mei¸nei shmantik�

thn energeiak  katan�lwsh se sÔgkrish me thn perÐptwsh ìpou mìno h plhroforÐa thc mèshc

kat�stashc tou kanalioÔ eÐnai diajèsimh. Apì thn �llh pleur�, o antÐktupoc thc qr shc

mèswn anamet�doshc stic epikoinwnÐec faÐnetai na èqei mia idiaÐtera shmantik  epirro  sth

diamìrfwsh uyhloÔ lìgou s matoc proc jìrubo (SNR) kai stic sunj kec qam lou rujmoÔ

met�doshc esfalmènwn pakètwn. Aut  h parat rhsh eÐnai sÔmfwnh me to basikì sumpèrasma

ìti gia stajeroÔc rujmoÔc dedomènwn, h teqnik  thc anamet�doshc eÐnai idiaÐtera qr simh

gia epÐteuxh uyhl¸n SNRs (  qamhlì rujmì met�doshc esfalmènwn pakètwn) , exaitÐac thc

parousÐac thc diadrom c stajmìc b�shs-anamet�dosh-kinhtì termatikì [33].

'Opwc faÐnetai kai sto Sq ma 2.9, up�rqoun dÔo eÐdh susthm�twn anamet�doshc, ta

pure relay systems (PRS) kai ta cooperative relay systems (CRS) [35]. 'Oson afor� ta

PRS, o rìloc twn kìmbwn anamet�doshc eÐnai mon�qa na bohjoÔn ton kìmbo proèleushc na

metad¸sei dedomèna, en¸ sthn perÐptwsh twn CRS ìloi oi kìmboi sumperifèrontai wc phgèc

plhroforÐac kaj¸c kai wc anametadìtec.
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Sq ma 2.8: (a) 'Amesh asÔrmath sÔndesh me mia mèsh gn¸sh tou kanalioÔ exuphrèthsh-

c, (b) 'Amesh asÔrmath sÔndesh me stigmiaÐa anatrofodìthsh twn sunjhk¸n tou kanalioÔ

exuphrèthshc, (g) SÔndesh anamet�doshc me mia mèsh gn¸sh tou kanalioÔ exuphrèthshc,

(d) SÔndesh anamet�doshc me stigmiaÐa anatrofodìthsh twn sunjhk¸n tou kanalioÔ ex-

uphrèthshc, (e) 'EpÐdosh twn kerd¸n twn sundèsewn anamet�doshc

Pure Relay Systems (PRS)

Gia ta PRS, èna shmantikì prìblhma sunist� h apotelesmatik  qr sh twn kìmb-

wn anamet�doshc, sumperilambanomènou tou pìsoi kìmboi anamet�doshc qrei�zontai gia th

met�dosh dedomènwn kai p¸c autoÐ oi kìmboi rujmÐzontai katall lwc. Sthn perÐptwsh En-

ergy efficiency-Spectal efficiency (EE-SE) tradeoff gia èna PRS se kan�lia anamet�doshc

Additive white Gaussian noise (AWGN),ìpou èqei protajeÐ h bèltisth katanom  isqÔoc

an�mesa stouc kìmbouc anamet�doshc gia th megistopoÐhsh thc EE èqei deiqjeÐ to ex c [3]:

h epÐdosh (eÐte thc katanaliskìmenhc enèrgeiac eÐte tou rujmoÔ met�doshc) exart�tai apì

th strathgik  met�doshc dedomènwn tou k�je kìmbou, thn topojesÐa twn kìmbwn anamet�-

doshc kai to rujmì met�doshc pou qrhsimopoieÐtai apì ton k�je kìmbo. [DÔo ligìtero

bèltista sust mata epikoinwnÐac, ta sust mata common rate(koinoÔ rujmoÔ) kai common

power (koin c isqÔoc), proteÐnontai gia thn katagraf  twn eggen¸n periorism¸n twn dik-

tÔwn, tou eÔrouc z¸nhc kai thc enèrgeiac.] To Sq ma 2.10 apeikonÐzei thn epirro  tou

arijmoÔ metab�sewn (hops), thc topojesÐac twn kìmbwn kai tou rujmoÔ met�doshc thc EE

[3]. Parìlo pou h katanom  isqÔoc, o arijmìc kai h topojesÐa twn kìmbwn ephre�zoun

shmantik� thn EE, ènac tètoioc sqediasmìc eÐnai polÔ perÐplokoc kai Ðswc ìqi kat�llhloc

gia k�poia praktik� sen�ria. Gia thn aplopoÐhsh tou diktÔou anamet�doshc, exet�zontai

mon�qa dÔo metab�seic epikoinwnÐac an�mesa stouc kìmbouc proorismoÔ kai proèleushc.
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Sq ma 2.9: EÐdh susthm�twn epanalhpt¸n

Cooperative Relay Systems (CRS)

Σ′èna Sunergatikì SÔsthma Epanalhpt¸n (Cooperative Relay System-CRS) h sum-

bol  twn diafìrwn qrhst¸n sunist� pio polÔplokh th beltistopoÐhsh thc diaqeÐrishc twn

pìrwn. Prwtarqik  duskolÐa apoteleÐ to gegonìc pwc oi pìroi, ektìc apì thn katanom 

touc se diaforouc qr stec, prèpei epÐshc na diaqwristoÔn se k�je qr sth xeqwrist� gia th

met�dosh dedomènwn tìso apì ton Ðdio, ìso kai apì �llouc qr stec. Mia akìmh duskolÐ-

a aporrèei apì thn epilog  sunerg�th( partner selection), dhlad  th diadikasÐa eÔreshc

enìc kat�llhlou qr sth wc kìmbou anamet�doshc. EÐnai arket� polÔplokh h eÔresh tou

bèltistou sunerg�th se èna dÐktuo me poluplhjeÐc qr stec, afoÔ o arijmìc twn pijan¸n

sunduasm¸n eÐnai ter�stioc [35].

H energeiak  apìdosh twn oportounistik¸n sunetairistik¸n susthm�twn anamet�doshc

(cooperative relay systems), ta opoÐa eÐnai sqediasmèna gia multiuser single-carrier frequency-

division multiple access (SC-FDMA) uplink (sÔndesh kinhtoÔ termatikoÔ-stajmoÔ b�sh-

c), ereun�tai me th bo jeia tou eniaÐou Amplify-and-forward (AF) sust matoc [52]. H

anamet�dosh AF ektim� thn lambanìmenh isqÔ k�je upoz¸nhc suqnot twn kai exisorropeÐ

tic diaforèc isqÔoc stic upoz¸nec. 'Enac joint frequency-domain equalization and combin-

ing (JFDEC) dèkthc qrhsimopoieÐtai sto stajmì b�shc. Σ′aut n thn perÐptwsh, up�rqoun

4 termatik� pou ekmpèmoun plhroforÐa kai 16 diajèsima sust mata anamet�doshc. H meÐ-

wsh thc enèrgeiac tou proteinìmenou sqediasmoÔ eÐnai èna �meso ìfeloc thc qwrik c kai

suqnotik c poikilomorfÐac. Sthn perÐptwsh mac, h diakÔmansh thc skÐashc (shadowing vari-

ance) apoteleÐ mia shmantik  par�metro kai ekfr�zei th metablhtìthta sto perib�llon lìgw

twn ktirÐwn kai twn meg�lwn empodÐwn. 'Opwc mporeÐ na parathrhjeÐ sto Sq ma 2.8e, ìtan

to SNR eÐnai sqetik� qamhlì, to proteinìmeno multi-user relay selection (MU-RS) sune-



36 Kef�laio 2. Teqnikèc beltÐwshc energeiak c apìdoshc

Sq ma 2.10: Energeiak  apìdosh se sqèsh me to rujmì met�doshc dedomènwn se polubh-

matik� sÔsthmata anametadìsewn,ìpou h fasmatik  puknìthta isqÔoc tou jorÔbou eÐnai

N0= -174dBm/Hz

tairistikì sÔsthma parèqei ECG perÐpou kat� 8db megalÔtero apì thn antÐstoiqh perÐptwsh

mh �meshc anamet�doshc ìtan antimetwpÐzetai mia diakÔmansh skÐashc sto di�sthma 0-8db.

Wstìso, kaj¸c to apodidìmeno SNR aux�netai se mia sqetik� uyhl  tim  kai o rujmìc

dedomènwn pou tÐjetai wc stìqoc aux�netai antistoÐqwc, ta ofèlh apì thn epÐklhsh enìc

MU-RS sunetairistikoÔ sust matoc periorÐzontai. Autì den eÐnai aprìsmeno, epeid  moir�-

zontac th sunolik  metadidìmenh isqÔ an�mesa sthn phg  kai sto sÔsthma anamet�doshc,

kaj¸c kai h paroq  2 qronojurÐdwn odhgeÐ se ap¸leia rujmapìdoshc, h opoÐa den antista-

jmÐzetai pl rwc apì epiteÔximo kèrdoc anamet�doshc. Anamènetai pwc parìmoiec epidìseic

ja parathrhjoÔn epÐshc kai sthn perÐptwsh thc k�tw zeÔxhc.

'Enac shmantikìc mellontikìc stìqoc gia thn èreuna pou lamb�nei q¸ra σ′auton ton

tomèa apoteleÐ to kat� pìso mporeÐ na sugkrijeÐ h energeiak  apìdosh twn teqnik¸n

anamet�doshc me th qr sh twn femtocells. Oi kìmboi anamet�doshc parèqoun sÔndesh me to

diadÐktuo mèsw twn kontinìterwn asÔrmatwn stajm¸n b�shc. Antistrìfwc, ta femtocells

eÐnai mikroÐ stajmoÐ b�shc, qamhl c isqÔoc egkatesthmèna se spÐtia   grafeÐa, ta opoÐa

qrhsimopoioÔn sÔndesh me to diadÐktuo mèsw kalwdÐou gia paroq  uphresi¸n. H katanìhsh

thc epirro c thc energeiak c katan�lwshc twn diafìrwn morf¸n diadiktuak¸n sundèsewn

sunist� èna shmantikì stìqo, all� tautìqrona kai prìklhsh gia to Green Radio project.

2.3.2 Teqnikèc sto tm ma twn kerai¸n

Sumper�smata diafìrwn ereun¸n èqoun deÐxei pwc h upèrmetrh katakìrufh klÐsh

miac keraÐac mporeÐ na aux sei th metadidìmenh isqÔ,en¸ par�llhla aux�nei th mèsh ru-
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jmapìdosh thc kuyèlhc [45]. 'Oso pio oxeÐa eÐnai h gwnÐa   isodÔnama ìso mikrìterh eÐnai h

klÐsh thc keraÐac tìso perissìtero mei¸netai h isqÔc met�doshc. Wstìso, o prosanatolis-

mìc thc keraÐac proc ta sÔnora thc kuyèlhc exuphrèthshc mporeÐ na mei¸sei se shmantikì

bajmì th mèsh rujmapìdosh.

Ta parap�nw eur mata deÐqnoun tic arqèc pou prèpei na throÔntai gia thn exoikonìmhsh

thc RF isqÔoc. 'Omwc, oi mhqanismoÐ gia metabol  thc klÐshc thc keraÐac mporoÔn na

eis�goun epiprìsjeth katan�lwsh isqÔoc kai se �lla mèrh tou sust matoc. LÔseic apì

etaireÐec ìpwc h Quintel prosfèroun platfìrmec pou den apaitoÔn kinoÔmena,oÔte energ�

mèrh ki ètsi apì th meri� thc keraÐac tou sust matoc den eÐnai pijanì na parathr soume

aÔxhsh thc isqÔoc katan�lwshc. Endeqomènwc lamb�nei q¸ra perissìterh epexergasÐa sth

basik  z¸nh.

Apì thn optik  gwnÐa tou sust matoc anamet�doshc   tou kinhtoÔ termatikoÔ, h ikanìth-

ta na kateujunjeÐ mia dèsmh uyhlìterou kèrdouc prosfèrei th dunatìthta na èqoume mi-

a energeiak� apodotik  asÔrmath sundesimìthta. H etaireÐa Deltenna èqei anaptÔxei mia

suskeu  h opoÐa mporeÐ na epekteÐnei shmantik� thn embèleia twn kuyelwt¸n asÔrmatwn dik-

tÔwn stic agrotikèc perioqèc, wstìso mporeÐ na qrhsimopoihjeÐ kai se peript¸seic megalÔterhc

puknìthtac qrhst¸n ¸ste na parèqei k�luyh eswterikoÔ q¸rou kai eÐnai pijan¸c peris-

sìtero enrg� apodotikì apì mia ADSL sundedemènh suskeu .

Sq ma 2.11: Epilog  stajmoÔ b�shc mèsw keraÐac eufuoÔc apolab c uyhloÔ kèrdouc





Kef�laio 3

Jemeli¸deic sumyhfismoÐ

(tradeoffs) stic pr�sinec

asÔrmatec epikoinwnÐec

To Green Radio (GR) apoteleÐ ènan eurÔ tomèa pou kalÔptei ìla ta str¸mata

thc stoÐbac prwtokìllwn twn asÔrmatwn diktÔwn, kaj¸c epÐshc tic arqitektonikèc kai tic

teqnikèc pou ta sunodeÔoun. To basikì plaÐsio tou GR perilamb�nei 4 basik� tradeoffs

ìpwc faÐnetai kai sto Sq ma 3.1 [13] , ta opoÐa eÐnai ta ex c:

♦ Apìdosh an�ptuxhc/egkat�stashc (DE) - Energeiak  apìdosh (EE) : to qrhsi-

mopoioÔme gia thn exisorrìphsh tou kìstouc egkat�stashc tou aparaÐthtou exoplis-

moÔ, th rujmapìdosh kai thn energeiak  katan�lwsh tou diktÔou sto sÔnolo tou.

♦ Fasmatik  apìdosh (SE) - Energeiak  apìdosh (EE) : dosmènou enìc diajèsimou

eÔrouc z¸nhc, to qrhsimopoioÔme gia thn exisorrìphsh tou efiktoÔ rujmoÔ met�doshc

kai thn energeiak  katan�lwsh tou sust matoc.

♦ EÔroc z¸nhc (BW) - IsqÔc (PW) : dosmènou enìc proc epÐteuxh rujmoÔ met�doshc,

to qrhsimopoioÔme gia thn exisorrìphsh tou qrhsimopoioÔmenou eÔrouc z¸nhc kai thn

aparaÐthth isqÔ met�doshc.

♦ Kajustèrhsh (DL) - IsqÔc (PW) : to qrhsimopoioÔme gia thn exisorrìphsh thc

mèshc end-to-end kajustèrhshc kai th mèsh isqÔ pou katanal¸netai sth diadikasÐa

thc met�doshc.

Sto shmeÐo autì ja exet�soume leptomer¸c ta tèssera tradeoffs pou apoteloÔn to

basikì plaÐsio tou GR. 'Opwc ja doÔme, ta tradeoffs aut� sundèoun tic di�forec teqnologÐec

proc thn pr�sinh exèlixh, upì diaforetikèc ereunhtikèc ptuqèc, ìpwc o sqediasmìc diktÔwn,

h diaqeÐrish twn pìrwn kai o sqediasmìc tou sust matoc met�doshc gia to fusikì str¸ma.

39
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3.1 Deployment efficiency-Energy efficiency (DE-EE) trade-

off

To DE, to opoÐo apoteleÐ mètro thc rujmapìdoshc tou sust matoc an� mon�da kìs-

touc egkat�stashc, eÐnai ènac shmantikìc deÐkthc epÐdoshc tou diktÔou apì thn pleur�

twn thlepikoinwniak¸n forèwn. To kìstoc egkat�stashc apoteleÐtai tìso apì to capi-

tal expenditure (CapEx) ìso kai apì to operational expenditure (OpEx) h perigraf  twn

opoÐwn brÐsketai sthn eisagwg . Suqn� oi mhqanikoi twn asÔrmatwn diktÔwn, ektimoÔn ta

CapEx kai OpEx kat� th di�rkeia tou sqediasmoÔ tou diktÔou. H EE, h opoÐa orÐzetai

wc h rujmapìdosh tou diktÔou an� mon�da energeiak c katan�lwshc, exet�zetai wc epÐ twn

pleÐstwn kat� th di�rkeia thc leitourgÐac tou diktÔou.

Ta dÔo aut� diaforetik� megèjh suqn� odhgoÔn se antÐjeta krit ria sqetik� me to sqe-

diasmì tou problepìmenou diktÔou. Gia par�deigma, prokeimènou na periorisjoÔn oi dap�nec

thc enoikÐashc thc perioq c egkat�stashc tou diktÔou, o exoplismìc twn stajm¸n b�shc

kai h sunt rhsh twn prohgoÔmenwn, oi mhqanikoÐ pou asqoloÔntai me to sqediasmì twn

thlepikoinwniak¸n diktÔwn teÐnoun na “apl¸noun”, ìso perissìtero eÐnai dunatìn, thn pe-

rioq  k�luyhc twn kuyel¸n. Wstìso, oi ap¸leiec diadrom c an�mesa sto stajmì b�shc kai

touc qr stec ja enisqujoÔn kat� 12 dB opoted pote h aktÐna thc kuyèlhc diplasi�zetai

an o ekjèthc apwlei¸n diadrom c eÐnai 4, gegonìc to opoÐo epifèrei 12 dB aÔxhsh sthn

isqÔ met�doshc ¸ste na exasfalisteÐ h Ðdia isqÔc tou lambanìmenou s matoc stouc qr stec

pou brÐskontai sta sÔnora twn kuyel¸n. Apì thn �llh meri�, gia thn kat�llhlh paroq 

k�luyhc apì tic kuyèlec gia mia dedomènh perioq , h aÔxhsh tou arijmoÔ twn stajm¸n b�shc

ja periorÐsei th sunolik� metadidìmenh isqÔ kat� ton Ðdio suntelest . Gia par�deigma [2],

mei¸nontac thn aktÐna thc kuyèlhc apì ta 1000m sta 250m, h mègisth EE gia ena High-

speed downlink packet access (HSDPA) dÐktuo ja auxhjeÐ apì 0.11 Mbits/Joule se 1.92

Mbits/Joule, antistoÐqwc.

Epomènwc, gia thn elaqistopoÐhsh thc enèrgeiac aktinobolÐac, oi mhqanikoÐ pou diaqeirÐ-

zontai touc diajèsimouc pìrouc sun jwc protimoÔn thn an�ptuxh kuyel¸n mikroÔ megèjouc.

SÔmfwna me tic parap�nw parathr seic, ja prèpei na up�rqei èna tradeoff DE-EE, ìp-

wc faÐnetai sto Sq ma 3.1a, ìpou k�je shmeÐo thc grafik c par�stashc antistoiqeÐ σ′ena

mègejoc kuyèlhc, kai ja prèpei na epilegeÐ ¸ste na exisorrop sei sugkekrimènec DE kai

EE apait seic.

'Omwc, autì to sq ma thc kampÔlhc eÐnai swstì ìtan lamb�netai upìyin mìno h isqÔc

met�doshc kai ta kìsth egkat�stashc kumaÐnontai suneq¸c an�loga me thn aktÐna thc

kuyèlhc. Sthn pragmatikìthta:

• up�rqoun periorismènoi se pl joc tÔpoi stajm¸n b�shc kai to kìstoc exoplismoÔ den

kumaÐnetai analìga me to epijumhtì mègejoc kuyel¸n

• h sunolik  enèrgeia diktÔou perilamb�nei tìso thn enèrgeia pou exart�tai apì th

met�dosh(p.q thn enèrgeia pou katanal¸netai ston radiofwnikì enisqut ), kaj¸c kai

thn enèrgeia pou eÐnai anex�rthth apì th met�dosh (p.q katan�lwsh enèrgeiac gia ton
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klimatismì/yÔxh thc perioq c exuphrèthshc)

Sq ma 3.1: Anapar�stash twn tess�rwn tradeoffs, sthn idanik  kai praktik  perÐptwsh.

Epomènwc, h sqèsh metaxÔ tou DE kai tou EE mporeÐ na apoklÐnei apì thn apl 

perÐptwsh kampÔlhc tou tradeoff kai na gÐnei pio sÔnjeth an l�boume upìyh praktikèc ptuqèc

[12]. Apì to dexi� di�gramma tou Sq matoc 3.2 , parathroÔme ìti den mporeÐ na up�rxei

p�nta tradeoff an�mesa sto DE-EE, kai ìti to sq ma thc DE-EE kampÔlhc exart�tai apì

sugkekrimèna sen�ria egkat�stashc. Gia thn perÐptwsh thc perioq c twn proastÐwn, ìpou

o ekjèthc apwlei¸n diadrom c eÐnai mikrìc (perÐpou 3.5), h EE tou diktÔou aux�netai me

par�llhlh aÔxhsh tou DE. Sthn perÐptwsh puknokatoikhmènwn astik¸n perioq¸n, ìpou

o ekjèthc apwlei¸n diadrom c eÐnai meg�loc (perÐpou 4.5), dÔo diaforetikèc timèc tou EE

mporoÔn na sugklÐnoun sthn Ðdia DE tim , timèc pou antistoiqoÔn se mia polÔ mikr  kai

mia polÔ meg�lh aktÐna kuyel¸n. To pr¸to ofeÐletai sthn ter�stia aÔxhsh tou CapEx,

aux�nontac ton arijmì twn perioq¸n exuphrèthshc, kai to teleutaÐo lìgw thc apìtomhc

aÔxhshc tou kìstouc tou hlektrikoÔ reÔmatoc sta OpEx.

Apì th stigm  pou ta sq mata twn DE-EE kampul¸n pollèc forèc den tairi�zoun me

ta diaisjhtik� apotelèsmata, o qarakthrismìc twn kampul¸n gia praktikèc peript¸seic eÐnai

polÔ qr simoc sto sqediasmì diktÔwn ston pragmatikì kìsmo. 'Opwc faÐnetai sto Sq ma

3.2, gia k�je epijumht  rujmapìdosh diktÔou kai gia dedomèno proôpologismì egkat�stash-

c, mporoÔme arqik� na upologÐsoume thn antÐstoiqh apìdosh egkat�stashc, apì thn opoÐa

mporoÔme na apofanjoÔme gia th mègisth efikt  energeiak  apìdosh anazht¸ntac thn DE

tim  sthn DE-EE tradeoff kampÔlh. 'Epeita apì thn kampÔlh EE-aktÐna kuyèlhc, mporoÔme

na broÔme thn antÐstoiqh bèltisth aktÐna kuyèlhc.
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Sq ma 3.2: Apeikìnish thc sqèshc DE-EE, gia di�forec timèc tou ekjèth apwlei¸n di-

adrom c, a.

Mellontikèc ereunhtikèc prosp�jeiec ja epikentrwjoÔn pijan¸c stic 2 akìloujec

ptuqèc:

→ peraitèrw beltÐwsh tou DE-EE tradeoff me prohgmènec arqitektonikèc diktÔwn

→ apì koinoÔ sqediasmènec arqitektonikèc me prohgmèna sust mata met�doshc kai algo-

rÐjmouc programmatismoÔ gia th beltÐwsh thc sqèshc tou DE-EE tradeoff

Gia ta LTE-Advanced or beyond dÐktua, ta heterogeneous networks (HetNet) èqoun

gÐnei apodekt� wc basikì antikeÐmeno ergasÐac, ìpwc sthn perÐptwsh tou 3GPP Release

10. Me to sunduasmì twn macro/micro/pico/femto kuyel¸n, oi paradosiak� sqetikèc

leitourgÐec, ìpwc h k�luyh kai h paroq  qwrhtikìthtac mporoÔn plèon na apospastoÔn

se di�forec bajmÐdec tou diktÔou. Genik�, oi makrokuyèlec diaqeirÐzontai thn k�luyh

kai ta jèmata kinhtikìthtac, en¸ oi mikrokuyèlec/pikokuyèlec epikentr¸nontai sthn top-

ik  rujmapìdosh. 'Eqei deiqteÐ ìti h EE tou diktÔou aux�netai kaj¸c h puknìthta twn

mikrokuyel¸n/pikokuyel¸n aux�netai [46]. Apì thn �llh meri�, h DE ptuq  twn HetNet

èqei melethjeÐ gia di�forec katanomèc kÐnhshc [28]. 'Ena sumplhrwmatikì hot-spot layer

mikro/piko kuyel¸n sthn koruf  twn makrokuyel¸n èqei up�rxei h pio apodotik  arqitek-

tonik  gia thn perÐptwsh thc mh omoiìmorfhc qwrik c kÐnhshc. To tradeoff an�mesa sto

DE-EE, wstìso, eÐnai akìmh anoiktì.

MÐa akìmh poll� uposqìmenh mellontik  arqitektonik  eÐnai aut  twn cooperative net-

works (CoopNet), ìpou qrhsimopoioÔntai kainoÔriec teqnikèc p�nw stic enaèriec diepafèc,

ìpwc oi anametadìtec kai ta distributed antenna systems (DAS). Oi neoeisaqjeÐsec up-

odomèc, ìpwc oi anametadìtec kai ta remote radio heads , eÐnai arket� fjhnìtera kai parè-

qoun mikrìterh k�luyh se sqèsh me touc m�kro-stajmoÔc b�shc (macro base stations),

oi opoÐoi fèrnoun touc qr stec kinht c thlefwnÐac pio kont� sto dÐktuo kai k�noun thn
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egkat�stash pio euèlikth. 'Omwc, to kìstoc sÔndeshc sto dÐktuo kai to signaling overhead

mporoÔn na apotelèsoun shmantikèc apeilèc sthn energeiak  katan�lwsh kai thn apìdosh

tou sust matoc. Epomènwc, to kat� pìso mporeÐ mÐa CoopNet arqitektonik  na belti¸sei

to DE-EE tradeoff prèpei na exetasteÐ proseqtik�.

Akìmh, h enswm�twsh tou prosanatolismènou proc to qr sth programmatismoÔ thc EE

kai oi algìrijmoi diaqeÐrishc twn diajèsimwn pìrwn sthn koruf  twn HetNet kai CoopNet

desmeÔontai gia epiplèon beltÐwsh thc apìdoshc tou diktÔou. Autì eÐnai arket� shman-

tikì ìtan h qwrik  katanom  kÐnhshc eÐnai mh omoiìmorfh kai poikÐllei an� to qrìno. O

dunamikìc èlegqoc isqÔoc pou ekmetalleÔetai tic diaforopoi seic tou kanalioÔ èqei apodeiq-

jeÐ ìti belti¸nei thn apìdosh isqÔoc tou epipèdou sÔndeshc. OmoÐwc, epekteÐnontac thn

idèa sto epÐpedo diktÔou, mporoÔme na eis�goume dunamik  diaqeÐrish thc k�luyhc gia na ek-

metalleutoÔme tic parallagèc thc kÐnhshc. H dunamik  energopoÐhsh/apenergopoÐhsh twn

upertijèmenwn proc k�luyh kuyel¸n sthn periptwsh qamhl c kÐnhshc apoteleÐ par�deigma

gia ta HetNet, en¸ h dunamik  epilog  anametadìth   h epilog  CoMP motÐbou apoteloÔn

to antist�jmisma gia ta CoopNet. Apì th stigm  pou den eis�gei epiplèon kìstoc all�

exoikonomeÐ peritt  katan�lwsh enèrgeiac, mporeÐ na belti¸sei tautìqrona tìso to DE ìso

kai to EE.

3.2 Spectral efficiency-Energy efficiency (SE-EE) tradeoff

To SE, to opoÐo orÐzetai wc h rujmapìdosh tou sust matoc an� mon�da eÔrouc

z¸nhc, apoteleÐ èna eurèwc apodektì krit rio gia th beltistopoÐhsh twn asÔrmatwn dik-

tÔwn. H mègisth dunat  tim  tou SE sunist� p�ntote èna apì touc basikìterouc deÐktec

epÐdoshc exèlixhc tou 3GPP. Proc stigm , to epijumhtì SE thc k�tw zeÔxhc gia to 3GPP

aux�netai apì 0.05 bps/Hz se 5bps/Hz kaj¸c to sÔsthma exelÐssetai apì GSM se LTE.

Antijètwc, to EE, sto pareljìn agnooÔntan apì tic perissìterec ereunhtikèc prosp�jeiec

kai den jewroÔntan, mèqri polÔ prìsfata, apì to 3GPP wc shmantikìc deÐkthc epÐdoshc.

Kaj¸c h “pr�sinh” exèlixh gÐnetai ìlo kai perissìtero dhmofil c, h energeiak� apodotik 

met�dosh kajÐstatai ìlo kai perissìtero shmantik  s mera. Dustuq¸c, to SE kai to EE

den brÐskontai p�nta se sumfwnÐa (consistent) kai merikèc forèc antikroÔei to èna to �l-

lo. Sunep¸c, to pwc prèpei na na exisorrophjoÔn aut� ta dÔo megèjh apaiteÐ prosektik 

melèth.

Gia na qarakthrÐsoume to SE-EE tradeoff gia met�dosh apì shmeÐo se shmeÐo se kan�lia

me Additive white gaussian noise (AWGN), h exÐswsh qwrhtikìthtac tou Shannon paÐzei

kajoristikì rìlo. Apì thn exÐswsh tou Shannon, o epiteÔximoc rujmìc met�dosh, R, dos-

mènhc miac isqÔoc met�doshc, P, kai enìc eÔrouc z¸nhc sust matoc, W, eÐnai:

R = Wlog2(1 +
P

W ·N0
), (3.1)

ìpou to N0 antiproswpeÔei th fasmatik  puknìthta isqÔoc tou AWGN. SÔmfwna me touc

orismoÔc touc ta SE kai EE mporoÔn na ekfrastoÔn san:
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nSE = log2(1 +
P

W ·N0
) (3.2)

kai

nEE = Wlog2(1 +
P

W ·N0
)/(P ) (3.3)

antistoÐqwc. San apotèlesma, h SE-EE sqèsh mporeÐ na ekfrasteÐ wc ex c:

nEE =
nSE

(2nSE − 1)N0
(3.4)

to opoÐo skiagrafeÐtai sto Sq ma 3.1a. Apì thn parap�nw èkfrash, to nEE sugklÐnei se

mia stajer�, 1/(N0ln2), kaj¸c to nSE teÐnei sto 0. AntÐjeta, to nEE teÐnei sto 0 kaj¸c

to nSE teÐnei sto �peiro.

Se praktik� sust mata, wstìso, h sqèsh SE-EE den eÐnai tìso apl  ìso h parap�nw

exÐswsh. Eidikìtera, h kuklwmatik  isqÔc diasp� th monotonik  sqèsh an�mesa sto SE

kai to EE [39],[38],[53]. Pio sugkekrimèna, an jewrhjeÐ mia kuklwmatik  isqÔc, h kampÔlh

SE-EE ja metatrapeÐ se sq ma “kamp�nac”, ìpwc faÐnetai sto Sq ma 3.1g. EpÐshc, oi sun-

j kec kai oi strathgikèc met�doshc, ìpwc h apìstash met�doshc, h diamìrfwsh, to sÔsthma

kwdikopoÐhshc kai oi algìrijmoi diaqeÐrishc pìrwn, èqoun katalutik  epirro  sto tradeoff

an�mesa sto SE kai to EE [39].

Par′ìla aut�, h sqèsh SE-EE h opoÐa qarakthrÐzetai apì thn exÐswsh (3.4) anafère-

tai mìno se met�dosh shmeÐou proc shmeÐou antÐ gia èna dÐktuo. Peraitèrw diereÔnhsh twn

politik¸n thc energeiak� apodotik c met�doshc anamènetai na prosfèrei perÐssotera ofèlh.

EpÐshc, kajÐstastai zwtik c shmasÐac gia thn periballontik  prostasÐa kai th aeifìro an�p-

tuxh sta mellontik� asÔrmata kuyelwt� sust mata. ParadeÐgmata gia mellontik  èreuna

mporeÐ na perilamb�noun tic ex c jematologÐec:

• qarakthrismìc thc sqèshc tou SE-EE tradeoff k�tw apì praktikoÔc periorismoÔc sto

epÐpedo ulikoÔ (hardware)

• diereÔnhsh thc sqèshc tou SE-EE tradeoff se dÐktua me multi-user/multi-cell perib�l-

lon

• apo koinoÔ sqediasmìc susthm�twn met�doshc se fusikì str¸ma kai strathgikèc di-

aqeÐrishc pìrwn pou ja belti¸soun th sqèsh tou SE-EE tradeoff

To problepìmeno ìrio epÐdoshc apì tic jewrhtikèc analÔseic se pollèc peript¸seic

den epitugq�netai sta pragmatik� sust mata exaitÐac twn praktik¸n periorism¸n sto epÐpedo

ulikoÔ. Proc stigm , h tupik  metatrop  thc energeiak c apìdoshc enìc enisqut  isqÔoc

stouc sÔgqronouc stajmoÔc b�shc eÐnai ligìtero apì 40%. Akìmh, oi periorismènec perio-

qèc grammikìthtac twn enisqut¸n isqÔoc epiprìsjeta periorÐzoun ta metadidìmena s mata,

ìpwc to lìgo peak-to-average power (PARP). P¸c aut� ta zht mata ja ephre�soun to

SE-EE tradeoff den eÐnai akìmh safèc. Epomènwc, mia pio leptomer c montelopoÐhsh thc en-

ergeiak c katan�lwshc tou epipèdou exoplismoÔ, twn praktik¸n periorism¸n twn suskeu¸n
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epipèdou ulikoÔ kai shm�twn met�doshc ja mac bohj soun na broÔme praktik¸c efiktèc pe-

rioqèc SE-EE. To q�sma an�mesa stouc jewrhtikoÔc periorismoÔc kai tic efiktèc perioqèc

mporeÐ na kajodhg sei to sqediasmì twn mellontik¸n asÔrmatwn diktÔwn.

Gia tic peript¸seic tou multi-user/multi-cell perib�llontoc, h inter-user/inter-cell parem-

bol  mporeÐ na katarg sei tic basikèc paradoqèc gia tic apì shmeÐo se shmeÐo metadìseic.

Mia endiafèrousa epèktash thc sqèshc tou SE-EE tradeoff gia ta multi-cell sen�ria me

inter-cell parembol  èqei deÐxei pwc h isqÔc pou par�getai apì thn parembol  me geitonikèc

kuyèlec ìqi mìno mei¸nei th mègisth efikt  EE, all� epÐshc upobib�zei ta SE kai EE [38].

'Opwc mporoÔme na fantastoÔme, ìso yhlìtero eÐnai to epÐpedo parembol c, tìso ektenès-

teroc eÐnai o upobibasmìc touc. Σ′aut n thn perÐptwsh, ta apotelèsmata apì thn apl 

shmeÐo se shmeÐo perÐptwsh den isqÔoun kai prèpei na anaptuqjeÐ mia susthmatik  prosèg-

gish proc proc ta multi-user/multi-cell sust mata, ¸ste na diamorfwjoÔn oi basikèc jew-

rhtikèc arqèc twn energeiak� apodotik¸n asÔrmatwn metadìsewn.

H energeiak� apodotik  met�dosh, apì th skopi� thc diaqeÐrishc twn diajèsimwn pìrwn,

mporeÐ na ermhneujeÐ wc h ekq¸rhsh twn kat�llhlwn pìrwn gia met�dosh stouc kat�llhlouc

qr stec sto swstì qrìno. Oi cross-layer teqnikèc beltistopoÐhshc, oi opoÐec èqoun apodeiq-

jeÐ polÔ qr simec, mporoÔn epÐshc na bohj soun sto sqediasmì katanom c pìrwn   se al-

gorÐjmouc programmatismoÔ gia touc qr stec pou belti¸noun to efiktì SE-EE tradeoff.

Se prohgmènec arqitektonikèc diktÔwn, ìpwc ta HetNet kai CoopNet, to sÔsthma mporeÐ

na epwfelhjeÐ akìmh perissìtero apì ton apì koinoÔ sqediasmì thc met�doshc fusikoÔ

str¸matoc kai thc diaqeÐrishc pìrwn [39].

3.3 Bandwidth-Power (BW-PW) tradeoff

To BW kai to PW eÐnai oi pio shmantikoÐ all� periorismènoi pìroi stic asÔrmatec

epikoinwnÐec. Apì thn exÐswsh qwrhtikìthtac tou Shannon h sqèsh an�mesa sthn isqÔ

met�doshc kai sto eÔroc z¸nhc tou s matoc gia ena dosmèno rujmì met�doshc, R, mporeÐ

na ekfrasteÐ wc ex c:

P = WN0(2
W
R − 1) (3.5)

H parap�nw èkfrash deÐqnei mia sqèsh monotonÐac an�mesa sto PW kai to BW ìpwc

apeikonÐzetai sto Sq ma 3.2b . MporeÐ eÔkola na deiqjeÐ apì thn parap�nw èkfrash pwc

h el�qisth katan�lwsh isqÔoc eÐnai perÐpou N0Rln2, an den up�rqei periorismìc sto eÔroc

z¸nhc. H basik  BW-PW sqèsh sto Sq ma 3.2b deÐqnei pwc, gia dosmèno rujmì met�doshc

dedomènwn, h epèktash tou eÔrouc z¸nhc tou s matoc protim�tai ¸ste na na mei¸soume thn

isqÔ met�doshc kai ètsi petuqaÐnoume kalÔterh energeiak  apìdosh. Sthn pragmatikìthta,

h exèlixh twn asÔrmatwn susthm�twn parousi�zei thn Ðdia t�sh sth z thsh eÔrouc z¸nhc.

Gia par�deigma, sta GSM sust mata, to eÔroc z¸nhc an� p�roqo eÐnai 200kHz, en¸ eÐnai

5MHz sta UMTS sust mata. Se mellìntik� asÔrmata sust mata, ìpwc to LTE   to LTE-

Anvanced, to eÔroc z¸nhc tou sust matoc eÐnai 20 MHz kai se pollèc peript¸seic mporeÐ

na ft�sei ta 100MHz, an qrhsimopoioÔntai teqnikèc, ìpwc h carrier aggregation (CA).
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H sqèsh BW-PW eÐnai epÐshc kajoristik  sth diaqeÐrish twn pìrwn. H teleutaÐa èqei

qrhsimopoihjeÐ se di�forec èreunec [24] ¸ste na kajoristeÐ h pr�sinh strathgik  met�doshc,

h opoÐa, arqik�, aniqneÔei kai sugkentr¸nei to mh qrhsimopoihjèn f�sma, pou perilamb�nei

thn teqnik  cognitive radio (CR), kai èpeita prosarmìzei th seir� diamìrfwshc sÔmfwna me

to diajèsimo BW an� k�je qronik  stigm . Wstìso, se praktik� sust mata, h kuklwmatik 

katan�lwsh isqÔoc, ìpwc oi ap¸leiec filtrarÐsmatoc, sthn pragmatikìthta diamorf¸netai

an�loga me to BW tou sust matoc, gegonìc to opoÐo emplèkei thn BW-PW sqèsh, ìpwc

faÐnetai sto Sq ma 3.1d. Epiplèon, to Sq ma 3.3 apeikonÐzei èna optikì par�deigma miac

trisdi�stathc sqèshc metaxÔ twn PW,BW kai EE. Apì th grafik  par�stash, èqoume tic

dÔo akìloujec parathr seic :

• An h kuklwmatik  PW diamorf¸netai an�loga me to BW thc met�doshc (stajer  fas-

matik  puknìthta isqÔoc), h pl rhc qrhsimopoÐhsh twn pìrwn eÔrouc z¸nhc/isqÔoc

mporeÐ na mhn apotelèsei ton pio energeiak� apodotikì trìpo paroq c thc asÔrmathc

met�doshc k�tw apì èna stajerì rujmì met�doshc

• Dosmènou enìc epijumhtoÔ EE, den up�rqei sqèsh monotonÐac an�mesa sta BW-PW

Sq ma 3.3: Apotelèsmata thc PW-BW-EE sqèshc gia stajerì rujmì met�doshc

Parìlo pou to BW-PW tradeoff èqei melethjeÐ ed¸ kai dekaetÐec, up�rqoun akìmh

pollèc ptuqèc pou apaitoÔn mellontik  diereÔnhsh. Merikèc apì autèc eÐnai:

◦ Prohgmènec teqnikèc gia to BW-PW tradeoff me praktikèc sunist¸sec

◦ Nèec arqitektonikèc diktÔwn kai algìrijmoi gia beltÐwsh tou BW-PW tradeoff
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'Opwc gnwrÐzoume, ta 2G kai 3G asÔrmata sust mata epikoinwni¸, ìpwc to GSM kai

to UMTS, qrhsimopoioÔn stajerì BW met�doshc, qwrÐc na af noun q¸ro gia dunamik 

prosarmog  BW. Me thn exèlixh twn asÔrmatwn teqnologi¸n, h mellontik  egkat�stash

twn LTE kai LTE-Advanced susthm�twn parèqei perissìterh euelixÐa sth qrhsimopoÐhsh

tou f�smatoc, ¸ste na mporeÐ to BW met�doshc na rujmisteÐ gia di�forec efarmogèc.

Par�llhla, teqnologÐec, ìpwc h anakatanom  tou f�smatoc (spectrum refarming), carrier

aggregation (CA), kai oi software defined radio (SDR) teqnikèc, anaptÔssontai gia na

uposthrÐxoun thn euèlikth qr sh tou BW. 'Omwc, h ulopoÐhsh kai h enswm�twsh aut¸n twn

teqnologi¸n ja epibarunjeÐ me epipleìn overhead sta praktik� sust mata. Gia par�deigma,

to CA apaiteÐ pollaplèc alusÐdec radiofwnik¸n suqnot twn kai to cognitive radio (CR)

qrei�zetai epiprìsjeth enèrgeia gia anÐqneush. Epomènwc, prèpei na d¸soume perissìterh

prosoq  sto pwc autèc oi teqnologÐec mporoÔn na enswmatwjoÔn apotelesmatik�.

Apì thn �llh meri�, h egkat�stash prohgmènwn arqitektonik¸n diktÔou mporeÐ epÐshc

na all�xei th morf  tou BW-PW tradeoff. Pio sugkekrimèna, h an�ptuxh twn CoopNet

kai HetNet eis�gei epiprìsjetouc kìmbouc upodom c sto dÐktuo. Sunep¸c o BW kai PW

sqediasmìc ja eÐnai diaforetikìc apì tic sumbatikèc arqitektonikèc diktÔou. 'Etsi, to BW-

PW tradeoff me prohgmènouc algorÐjmouc diaqeÐrishc pìrwn upì nèec arqitektonikèc diktÔwn

apaiteÐ mellontik  èreuna. Epiprìsjeta, me to sunduasmì twn teqnik¸n CA kai CR, oi

crosslayer proseggÐseic pou apì koinoÔ lamb�noun upìyh th dunamik  BW apìkthsh kai to

BW-PW tradeoff ja paÐxoun sÐgoura shmantikoÔc rìlouc stouc mellontikoÔc sqediasmoÔc.

3.4 Delay-Power (DL-PW) tradeoff

Sta tradeoffs pou perigr�fontai parap�nw, ta megèjh ìpwc DE,SE, kai BW apoteloÔn

eÐte deÐktec gia thn apìdosh tou sust matoc eÐte pìrouc, megèjh ta opoÐa eÐnai perissìtero

prosanatolismèna sto fusikì str¸ma. Diaforetikì apì aut� ta megèjh, to DL, epÐshc gn-

wstì wc h “kajustèrhsh” thc uphresÐac, eÐnai èna mègejoc pou qarakthrÐzei to QoS kai thn

empeirÐa tou qr sth, kai eÐnai sten� sundedemèno me ta statistik� kai touc tÔpouc kÐnhshc

twn an¸terwn strwm�twn. Wc apotèlesma, o sqediasmìc twn diafìrwn susthm�twn prèpei

antapexèljei tic abèbaiec katast�seic twn kanali¸n kai thc kÐnhshc, gegonìc to opoÐo ka-

jist� to qarakthrismì tou DL-PW tradeoff pio polÔploko.

Sta pr¸ima thlepikoinwniak� dÐktua, ìpwc to GSM, ta eÐdh uphresÐac eÐnai arket� perior-

ismèna kai epikentr¸nontai kurÐwc stic fwnhtikèc epikoinwnÐec. H paragìmenh kajustèrhsh

stic fwnhtikèc uphresÐec eÐnai suneq c kai stajer , ìtan o rujmìc kwdikopoÐhshc kai to

sÔsthma diamìrfwshc eÐnai arket� ikanopoihtik�. Σ′aut n thn perÐptwsh, to DL an�mesa

ston pompì kai to dèkth kurÐwc apoteloÔntai apì to qrìno epexergasÐac tou s matoc kai

th kajustèrhsh di�doshc. Epomènwc, den up�rqoun polloÐ trìpoi antimet¸pishc. Wstìso,

oi tÔpoi twn asÔrmatwn uphresi¸n poikÐlloun kaj¸c oi teqnologÐec exelÐssontai kai oi

ikanìthtec twn kinht¸n termatik¸n enisqÔoun th dhmotikìthta twn kinht¸n http uphresi¸n,

twn multimedia uphresi¸n mhnum�twn kai twn multimedia uphresi¸n bÐnteo. Ta mellon-

tik� dÐktua prèpei na perilamb�noun pollaplèc efarmogèc kai eterogeneÐc DL apait seic.
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Sunep¸c, gia na qtÐsoume to GR (Green radio), eÐnai shmantikì na xèroume pìte kai pwc na

antall�soume èna anektì DL gia qamhl  isqÔ.

Gia na katano soume to DL-PW tradeoff, ja xekin soume analÔontac thn aploÔster-

h perÐptwsh, arqik� apokleÐontac thn epirro  thc dunamik c tìso tou kanalioÔ ìso kai

thc kÐnhshc. Gia met�dosh apì shmeÐo se shmeÐo p�nw se AWGN kan�lia, h exÐswsh tou

Shannon orÐzei pwc:

R = Wlog2(1 +
P

WN0
) (3.6)

bitplhroforÐac metadÐdontai an� deuterìlepto. 'Etsi, apaitoÔntai tb = 1/R deuterìlepta

gia na metadojeÐ èna bit. Epomènwc, h mèsh isqÔc an� bit mporeÐ na ekfrasteÐ:

Pb = WN0tb(2
1

tbW − 1) (3.7)

H parap�nw èkfrash deÐqnei mia monìtona meioÔmenh sqèsh an�mesa sthn PW an� bit kai

sto DL ìpwc diagr�fetai sto Sq ma 3-1b. EpÐshc prèpei na shmei¸soume ìti h sqèsh
1

tbW
= R
W mporeÐ na jewrhjeÐ wc epÐpedo diamìrfwshc gia èna mh kwdikopoihmèno sÔsthma

epikoinwni¸n. Tìte h metadidìmenh isqÔc an� bit mei¸netai kaj¸c to epÐpedo diamìrfwshc

periorÐzetai. 'Omwc, ìpwc kai sta trÐa �lla tradeoffs, ìtan l�boume upìyh praktikèc ptuqèc,

ìpwc h kuklwmatik  isqÔc, h sqèsh tou tradeoff sun jwc apoklÐnei apì thn apl  monìtonh

kampÔlh kai mporeÐ na emfanÐsei to sq ma miac koÔpac, ìpwc diagr�fetai sto Sq ma 3.1d.

H DL-PW sqèsh se sunduasmì me tic dunamikèc thc kÐnhshc eÐnai pio sÔnjeth. Σ′aut n

thn perÐptwsh to DL thc uphresÐac prèpei na perilamb�nei tìso to qrìno anamon c sthn

kÐnhsh thc our�c, kaj¸c kai to qrìno gia met�dosh, to �jroisma twn dÔo aut¸n mer¸n

eÐnai epÐshc gnwstì wc DL anamon c. Epiprìsjeta, ìtan lamb�netai upìyh h ro  kÐnhsh-

c, ja qrhsimopoihjeÐ to mèso DL an� pakèto antÐ gia to mèso DL an� bit. To basikì

tradeoff sth sqèsh (3.7) èqei epektajeÐ se peperasmèno programmatismì pakètwn [50]. 'E-

nac “lazy” programmatismìc èqei protajeÐ ¸ste na mei¸sei th sunolik  isqÔ met�doshc en¸

par�llhla diasfalÐzei ¸ste h diametabÐbash ìlwn twn pakètwn na telei¸sei prin apì èna

prokajorismèno qronikì di�sthma. Prìsfatec èreunec [5] lamb�noun upìyh tìso tic abè-

baiec katast�seic tou kanalioÔ ìso kai thn tuqaÐa kÐnhsh. Wstìso, to majhmatikì montèlo

eÐnai arket� polÔploko apì th stigm  pou emplèkontai h jewrÐa plhroforÐac kai h jew-

rÐa anamon c. EntoÔtoic, ta apotelèsmata apeujÔnontai mìno sthn apì shmeÐo se shmeÐo

perÐptwsh kai perissìtera anoiqt� jèmata prèpei na diereunujoÔn ìpwc:

· DL-PW tradeoff gia eterogeneÐc DL apait seic se multi-user/multi-cell sen�ria

· Apì koinoÔ sqediasmìc twn susthm�twn met�doshc tou fusikoÔ str¸matoc kai thc

diaqeÐrishc pìrwn, ¸ste na belti¸soume to DL-PW tradeoff lamb�nontac upìyh tic

praktikèc ptuqèc

· Aplousteumèna kai dioratik� all� kat� prosèggish majhmatik� montèla gia thn DL-

PW sqèsh
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Apì th jewrÐa anamon c, gnwrÐzoume ìti to mèso DL enìc pakètou anamon c ka-

jorÐzetai apì ta statistik� megèjh thc kÐnhshc twn afÐxewn kai twn anaqwr sewn. Sun jwc,

oi rujmoÐ anaqwr sewn eÐnaÐ sten� sundedemènoi sta sust mata met�doshc kai stouc dia-

jèsimouc pìrouc. Se multi-user/multi-cell perib�llonta, ìmwc, oi pìroi tou sust matoc

moir�zontai metaxÔ twn diafìrwn qrhst¸n kai epÐshc an�mesa stic di�forec roèc efar-

mog¸n, gegonìc pou kajist� touc rujmoÔc anaqwr sewn diafìrwn peript¸sewn anamon c

suqetismènouc ton èna me ton �llo. Sunep¸c, h sqèsh DL-PW tou diktÔou prèpei na l-

hfjeÐ upìyh kai to majhmatikì montèlo gÐnetai ìlo kai perissìtero polÔploko. Genik�,

den up�rqei diajèsimh èkfrash gia na deÐxoume thn �mesh sqèsh an�mesa an�mesa sto DL

kai to PW. Epomènwc, h diereÔnhsh aplopoihmènwn all� proseggistik¸n montèlwn eÐnai

epijumhtì na parèqei stoiqeÐa gia to sqediasmì twn praktik¸n susthm�twn. Apì thn �llh

meri�, exaitÐac thc susqètishc an�mesa se peript¸seic anamon c, o programmatismìc tou

qr sth kai oi algìrijmoi katanom c pìrwn eÐnai shmantikoÐ gia ton èlegqo tou shmeÐou lei-

tourgÐac pou megistopoieÐ thn apìdosh isqÔoc tou diktÔou, en¸ exissoropeÐ tic eterogeneÐc

DL apait seic.





Kef�laio 4

An�jesh Pìrwn Asurm�twn

Epikoinwni¸n gia Dedomènec

Apait seic basismènec se

sumyhfismì aut¸n

4.1 Eisagwgik�

Skopìc twn “Pr�sinwn epikoinwni¸n” eÐnai h meÐwsh thc energeiak c katan�lwsh-

c tou sust matoc epikoinwni¸n, qwrÐc na diakubeÔbetai par�llhla to Quality of Service

(QoS) twn qrhst¸n. Mia apodotik  prosèggish gia tic “Prasinec asÔrmatec epikoinwnÐec”

apoteleÐ h strathgik  Dedomènwn Apait sewn (On-Demand strategy), h opoÐa prosarmìzei

thn energeiak  katan�lwsh an�loga ton ìgko plhroforÐac kai thn topojesÐa tou ek�stote

qr sth. Efarmìzontac to montèlo epikoinwni¸n gia Dedomènec Apait seic, proteÐnetai mia

kainotìmoc teqnik , eponomazìmenh Wireless resource trading (AsÔrmath antallag  pìr-

wn), h opoÐa qarakthrÐzei th sqèsh antallag c twn diajèsimwn asÔrmatwn pìrwn, b�sei thc

opoÐac mporoÔn na katanalwjoÔn diaforetikoÐ asÔrmatoi pìroi gia thn Ðdia om�da deikt¸n

epÐdoshc. Epomènwc, gia na mei¸soume thn energeiak  katan�lwsh k�tw apì dosmènouc deÐk-

tec epÐdoshc, prèpei na antall�xoume touc energeiakoÔc pìrouc me �llouc tÔpouc asÔrmatwn

pìrwn. Basismènoi, loipìn, sthn sqèsh antallag c twn asÔrmatwn pìrwn, entopÐzoume th

bèltisth antallag  asÔrmatwn pìrwn an�mesa sthn enèrgeia-eÔroc z¸nhc (EE-BW tradeoff)

kai sthn enèrgeia-kajustèrhsh (EE-DL tradeoff). AnaptÔssoume epÐshc, mia prosarmostik 

strathgik  antallag c pìrwn, qrhsimopoi¸ntac diaforetikì eÔroc z¸nhc kai kajustèrhsh

gia diaforetikèc apost�seic met�doshc oi opoÐec perilamb�noun diaforetikì diajèsimo eÔroc

z¸nhc kai apodekt  kajustèrhsh. Oi prosomoi¸seic pou akoloujoÔn sth sunèqeia tou ke-

falaÐou apodeiknÔoun pwc me thn proteinìmenh teqnik  antallag c twn asÔrmatwn pìrwn

mporeÐ na perioristeÐ shmantik� h energeiak  katan�lwsh twn asÔrmatwn diktÔwn.

Sto shmeÐo autì prèpei na tonÐsoume pwc h mèjodoc meÐwshc thc el�qisthc katanaliskìmenhc

51



52
Kef�laio 4. An�jesh Pìrwn Asurm�twn Epikoinwni¸n gia Dedomènec Apait seic

basismènec se sumyhfismì aut¸n

enèrgeiac twn asÔrmatwn diktÔwn, k�tw apì touc apaitoÔmenouc deÐktec epÐdoshc, den eÐqe

potè katanohjeÐ ìute exetasteÐ analutik�. Oi el�qista apaitoÔmenoi asÔrmatoi pìroi sqe-

tizìmenoi me thn apìdosh Dedomènwn Apait sewn twn qrhst¸n, apoteloÔn to basikì epÐpedo

to opoÐo mporeÐ na ikanopoi sei tic apait seic twn qrhst¸n. Oi asÔrmatoi pìroi pou melet¸n-

tai mporoÔn na diakrijoÔn stic 5 ex c kathgorÐec: kajustèrhsh, eÔroc z¸nhs(suqnìthta),

q¸roc, enèrgeia, kwdikopoÐhsh. H kajustèrhsh sqetÐzetai me to qrìno pou kajustereÐ h

met�dosh twn dedomènwn. To eÔroc z¸nhc mporeÐ na upologisteÐ wc proc to pìso eÔroc

z¸nhc eÐnai diajèsimo. O q¸roc sqetÐzetai me to pìsec keraÐec mporoÔn na qrhsimopoi-

hjoÔn. H enèrgeia qarakthrÐzetai apì to posì thc enèrgeiac pou mporeÐ na katanalwjeÐ.

H kwdikopoÐhsh mporeÐ na perigrafeÐ apì to pìso kèrdoc kwdikopoÐhshc mporeÐ na apok-

thjeÐ qrhsimopoi¸ntac tic diajèsimec kwdikopoi seic. Oi perissìterec palaiìterec èreunec

estÐazan sthn qrhsimopoÐhsh twn parap�nw 5 kathgori¸n asÔrmatwn pìrwn gia thn epÐ-

teuxh uyhl c b/s/Hz fasmatik c apìdoshc [22], [49]. Epomènwc, gia na elaqistopoi soume

thn energeiak  katan�lwsh, mporoÔme na antall�xoume touc pìrouc : kajustèrhsh, eÔroc

z¸nhc, q¸roc kai kwdikopoÐhsh me thn enèrgeia. Sthn sunèqeia tou kefalaÐou ja epikentr-

wjoÔme stouc ex c tomeÐc: eÔroc z¸nhc, kajustèrhsh kai enèrgeia. Ja deÐxoume ìti gia mia

sugkekrimènh apaitoÔmenh apìdosh, mporeÐ na katanalwjeÐ ligìterh enèrgeia eic b�roc thc

katan�lwshc perissìterwn �llwn pìrwn: eÔrouc z¸nhc kai kajustèrhshc. Lamb�nontac

upìyh th leitourgik  isqÔ, oi dÔo tÔpoi sqèsewn an�mesa sthn enèrgeia kai to eÔroc z¸nhc

kai thn kajustèrhsh, antistoÐqwc, den eÐnai tetrimmènec kai o isqurismìc “ìso perissìteroi

pìroi katanal¸nontai, tìso perissìterh enèrgeia exoikonomeÐtai” den eustajeÐ.

Sthn enìthta 4.2 ja perigr�youme to montèlo twn epikoinwni¸n Dedomènwn Apait sewn

On-Demand communications. Sthn enìthta 4.3 ja anaptÔxoume thn teqnik  thc antallag c

twn asÔrmatwn pìrwn kai ja analÔsoume tic sqèseic an�mesa sthn energeiak  katan�lwsh

an� bit kai to eÔroc z¸nhc kai to qrìno kajustèrhshc, antistoÐqwc, basismènoi sta opoÐa

ja anaptÔxoume mia prosarmostik  strathgik  gia to pwc ja antall�xoume to eÔroc z¸nhc

kai thn kajustèrhsh gia thn elaqistopoÐhsh thc enèrgeiac, antistoÐqwc. Sthn enìthta 4.4

ja parousi�soume ta apotelèsmata thc prosomoÐwshc thc proteinìmenhc prosarmostik c

strathgik c.

4.2 Montèlo epikoinwni¸n Dedomènwn Apait sewn

Oi diajèsimoi pìroi sta asÔrmata dÐktua mporoÔn na kathgoriopoihjoÔn stouc 5

akìloujouc tomeÐc : kajustèrhsh, eÔroc z¸nhc (suqnìthta) , q¸roc, enèrgeia kai k-

wdikopoÐhsh. H megistopoÐhsh tou QoS gia touc qr stec sunep�getai qrhsimopoÐhsh ìlo

kai perissìterwn asÔrmatwn pìrwn, gegonìc to opoÐo eÐnai epwfelèc gia touc qr stec, all�

epiz mio gia to perib�llon kai touc parìqouc. Gia to perib�llon, perissìterh energeiak 

katan�lwsh odhgeÐ se perissìterec ekpompèc CO2 kai gia touc parìqouc, perissìteroi

pìroi isodunamoÔn me megalÔtero kìstoc. Epomènwc, mia eÔlogh kateÔjunsh gia touc parì-

qouc apoteleÐ h upost rixh twn uphresi¸n Dedomènwn Apait sewn gia touc qr stec, oi

opoÐec ìqi mìno ikanopoioÔn tic apait seic twn teleut�iwn, all� epÐshc katanal¸noun to
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ligìtero dunatìn asÔrmatouc pìrouc mei¸nontac ètsi tic ekpompèc CO2 kai to apaitoÔmeno

kìstoc. Sta asÔrmata dÐktua, to montèlo twn epikoinwni¸n Dedomènwn Apait sewn mporeÐ

na ekfrasteÐ wc akoloÔjwc [11]:

argmin Consumed Resources

S.T (4.1)

User Obtained Service ≥ User Required Service

Gia ta “pr�sina” asÔrmata dÐktua, oriojetoÔme touc stìqouc mac ¸ste na elaqistopoi -

soume th qrhsimopoioÔmenh enèrgeia, periorÐzontac tic prosferìmenec uphresÐec ston tomèa

thc rujmapìdoshc kai thc kajustèrhshc. Sunep¸c, h exÐswsh (4.1) mporeÐ na analujeÐ wc

ex c:

argmin Consumed Energy

S.T (4.2)

Throughput ≥ User Required Throughput

Delay ≥ User Required Delay Bound

4.3 Antallag  pìrwn stic asÔrmatec epikoinwnÐec

4.3.1 AsÔrmath antallag  pìrwn

Orismènh beltÐwsh thc apìdoshc mporeÐ na epiteuqjeÐ me thn katan�lwsh diafore-

tik¸n pìrwn. Autì shmaÐnei ìti ta asÔrmata dÐktua mporoÔn na katanal¸soun touc pìrouc

tou eÔrouc z¸nhc, thc kajustèrhshc, tou q¸rou, thc enèrgeiac, kai thc kwdikopoÐhshc

xeqwrist�. Epomènwc, h beltÐwsh thc apìdoshc pou epitugq�netai katanal¸nontac èna

pìro mporeÐ epÐshc na epiteuqjeÐ katanal¸nontac �llouc tÔpouc pìrwn. 'Etsi, prokÔp-

toun sqèseic antallag¸n an�mesa stouc diaforetikoÔc asÔrmatouc pìrouc. Sto Sq ma 4.1

apeikonÐzetai h genikìterh morf  antallag¸n pìrwn sta asÔrmata dÐktua [11]. H perioq 

tou kentrikoÔ pentag¸nou antiproswpeÔei thn apaitoÔmenh apìdosh gia touc qr stec. H

upìloiph perioq  antiproswpeÔei touc diajèsimouc pènte pìrouc, antistoÐqwc, metaxÔ twn

opoÐwn h skiasmènh epif�neia antistoiqeÐ stouc qrhsimopoihmènouc pìrouc gia thn apaitoÔ-

menh apìdosh kai h mh skiasmènh epif�neia antistoiqeÐ stouc apojhkeumènouc pìrouc.

Gia tic “pr�sinec” asÔrmatec epikoinwnÐec, o stìqoc twn antallag¸n twn pìrwn eÐnai

h ìso to dunatìn periorismènh katan�lwsh enèrgeiac gia thn ikanopoÐhsh thc zhtoÔmenhc

apìdoshc. Sto Sq ma 4.1b faÐnetai h sqèsh antallag c pìrwn gia tic “pr�sinec” asÔrmatec

epikoinwnÐec k�tw apì to plaÐsio thc Ðdiac apaitoÔmenhc apìdoshc, ìpwc kai sto Sq ma 4.1a

. MporoÔme na parathr soume ìti sto Sq ma 4.1b oi �lloi tèsseric pìroi antall�ssontai

se megalÔtero bajmì gia thn exoikonìmhsh thc enèrgeiac enèrgeiac, ap�oti sto Sq ma 4.1a.
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Sth sunèqeia ja jewr soume mìno treic tÔpouc pìrwn, to eÔroc z¸nhc, thn kajustèrhsh

kai thn enèrgeia.

Sq ma 4.1: Montèlo asÔrmathc antallag c pìrwn gia tic sumbatèc kai tic “pr�sinec”

epikoinwnÐec

4.3.2 Tradeoff an�mesa sthn Enèrgeia kai to EÔroc Z¸nhc/Kajustèrhsh

O rujmìc met�doshc (qwrhtikìthta kanalioÔ) enìc AWGN kanalioÔ dÐnetai apì thn

ex c sqèsh:

R = Wlog2(1 +
Pg

WN0
) (4.3)

ìpou to W eÐnai to eÔroc z¸nhc tou kanalioÔ, to P h metadidìmenh isqÔc, to g to kèrdoc

tou kanalioÔ, kai to N0 h fasmatik  puknìthta isqÔoc. O qrìnoc met�doshc enìc bit eÐnai

t ki ètsi o antÐstoiqoc rujmìc met�doshc eÐnai R=1/t . Epomènwc, qrhsimopoi¸ntac th

sqèsh (4.3) , paÐrnoume thn metadidìmenh katanaliskìmenh enèrgeia an� bit, sumbolizìmenh

wc Etran , wc akoloÔjwc :

Etran = Pt =
(2

1
Wt )WN0t

g
(4.4)

Apì th sqèsh (4.4) parathroÔme ìti to Etran mei¸netai monìtona se sqèsh me ta W,t.

Autì den eÐnai epwfelèc gia thn antallag  pìrwn kaj¸c ìqi mìno den mporeÐ na ikanopoih-

jeÐ h apaitoÔmenh apìdosh, all� epÐshc qrei�zontai �peiroi pìroi eÔrouc z¸nhc kai qrìnou.

Wstìso, autì afor� thn isqÔ met�doshc. Gia ta polubhmatik� “pr�sina asÔrmata dÐktua”,

prèpei epÐshc na l�boume upìyh th leitourgik  isqÔ (operating power). Sunep¸c, h sqèsh

an�mesa an�mesa sthn enèrgeia kai to eÔroc z¸nhc kai thn kajustèrhsh, antistoÐqwc, ja

eÐnai diaforetik  apì thn perÐptwsh pou ja jewroÔsame mìno thn isqÔ met�doshc.

'Oson afor� th leitourgik  isqÔ sta asÔrmata dÐktua, h met�dosh me to mègisto eÔroc

z¸nhc kai me th mègisth kajustèrhsh den apoteloÔn tic idanikèc peript¸seic gia katan�lwsh

thc ligìterhc dunat c enèrgeiac. Σ′aut n thn perÐptwsh, apì th stigm  pou h kuklwmatik 
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katan�lwsh enèrgeiac aux�netai me to eÔroc z¸nhc kai thn kajustèrhsh, ex�goume th suno-

lik  katan�lwsh enèrgeiac an� bit wc ex c:

E = Etran + Ecir = Pt+ Pct =
(2

1
Wt )WN0t

g
+WPcirt+ Psbt (4.5)

ìpou, ta Etran kai Ecir apoteloÔn thn energeiak  katan�lwsh thc met�doshc kai tou kuk-

l¸matoc, antistoÐqwc, to P thn isqÔ met�doshc, to Pc thn kuklwmatik  isqÔ, sumperilam-

banomènhc thn katan�lwshc isqÔoc olìklhrou tou sust matoc ektìc apì thn isqÔ met�dosh-

c, to Pcir to mèroc thc kuklwmatik c katan�lwshc isqÔoc to opoÐo sqetÐzetai me to eÔroc

z¸nhc W, kai to Psb to mèso statikì mèroc thn kuklwmatik c isqÔoc gia k�je bit to opoÐo

de sqetÐzetai me to W. Profan¸c up�rqoun dÔo anex�rthtec metablhtèc sthn (4.5) to eÔroc

z¸nhc W kai h kajustèrhsh t, pou ephre�zoun thn katanaliskìmenh enèrgeia. Agno¸ntac

to Available Resource Limitation (RAL) tou asÔrmatou diktÔou (dld. touc mègistouc duna-

toÔc diajèsimouc pìrouc tou sust matoc), to eÔroc z¸nhc kai h kajustèrhsh mporoÔn na

antistajmistoÔn me thn enèrgeia. To Sq ma 4.2 deÐqnei thn apì koinoÔ sqèsh antallag c

tou eÔrouc z¸nhc kai thc kajustèrhshc me thn enèrgeia.

(Stic grafikèc parast�seic pou akoloujoÔn oi timèc twn paramètrwn gia ta N0 kai ta

g(d) dÐnontai apì ton PÐnaka 4.3,en¸ gia ta Sq mata 4.2,4.3 kai 4.4 h tim  tou d jewreÐtai

1000m)

Sq ma 4.2: Enèrgeia an� bit se sqèsh me to eÔroc z¸nhc an� bit kai to qrìno kajustèrhshc

To Sq ma 4.3 apeikonÐzei mia epimèrouc megènjunsh tou Sq matoc 4.2 apì W=0.3Hz kai

t=0.3s e¸c W=0.5Hz kai t=0.5s. To Sq ma 4.4 apeikonÐzei mia epimèrouc megènjunsh tou

Sq matoc 4.2 apì W=0.5Hz kai t=0.5s e¸c W=0.1Hz kai t=0.1s.
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Sq ma 4.3: W=0.3Hz,t=0.3s e¸c W=0.5Hz,t=0.5s

Sq ma 4.4: W=0.5Hz,t=0.5s e¸c W=1Hz,t=1s

Apì ta dÔo parap�nw sq mata mporoÔme na diapist¸soume pwc h sqèsh an�mesa sto

W kai to E den eÐnai monìtonh. EpÐshc ìson afor� th sqèsh tou t me to E , ta megèjh den

eÐnai aparaÐthta antistrìfwc an�loga. O PÐnakac 4.1 perilamb�nei ta dedomèna gia t=1s kai

W=1Hz sto Sq ma 4.2, antistoÐqwc. Ston PÐnaka 1a, h el�qista katanaliskìmenh enèrgeia

eÐnai 2.7725e-06J. Ston PÐnaka 4.2, h el�qista katanaliskìmenh enèrgeia eÐnai 1.4448e-06J.

Ta Sq mata 4.2, 4.3, 4.4 upodhl¸noun ìti mporeÐ na up�rxei mia el�qista katanaliskìmenh

enèrgeia antall�zontac katall lwc touc �llouc pìrouc. Epeid  jèloume na ex�goume tic

sqèseic antallag c an�mesa sthn energeiak  katan�lwsh kai to eÔroc z¸nhc kai thn ka-

justèrhsh, antistoÐqwc, analÔoume k�je mÐa sqèsh antallag c jewr¸ntac mia stajer  tim 

gia ton èna ek twn pìrwn eÔrouc z¸nhc kai kajustèrhshc.

Gia stajerì t, h sqèsh an�mesa sto E kai to W ekfr�zetai wc ex c (jewr¸ntac

t=1s gia lìgouc aplìthtac) :
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Stajer  kajustèrhsh, t=1s

W=0.1Hz 2.2560e-05J

W=0.2Hz 3.4400e-06J

W=0.3Hz 2.8448e-06J

W=0.4Hz 2.7725e-06J

W=0.5Hz 2.8000e-06J

W=0.6Hz 2.8610e-06J

W=0.7Hz 2.9369e-06J

W=0.8Hz 3.0205e-06J

W=0.9Hz 3.0205e-06J

W=1.0Hz 3.2000e-06J

PÐnakac 4.1: (a) Dedomèna gia t=1s.

Stajerì eÔroc z¸nhc, W=1Hz

t=0.1s 2.0760e-05J

t=0.2s 1.8400e-06J

t=0.3s 1.4448e-06J

t=0.4s 1.5725e-06J

t=0.5s 1.8000e-06J

t=0.6s 2.0610e-06J

t=0.7s 2.3369e-06J

t=0.8s 2.6205e-06J

t=0.9s 2.9088e-06J

t=1.0s 3.2000e-06J

PÐnakac 4.2: (a) Dedomèna gia W=1Hz.

E =
(2

1
W − 1)WN0

g
+WPcir + Psb (4.6)

Gia stajerì W, h sqèsh an�mesa sto E kai to t ekfr�zetai wc akoloÔjwc (jewr¸n-

tac W=1Hz gia lìgouc aplìthtac):

E =
(2

1
t − 1)tN0

g
+ tPcir + tPsb (4.7)

Sta Sq mata 4.5 kai 4.6, oi treic kampÔlec epishmasmènec me TP-d=600m, TP-

d=800m, kai TP-d=1000m apeikonÐzoun th sqèsh an�mesa sta Etran kai W kai t, antis-

toÐqwc. Oi treic kampÔlec epishmasmènec me OP-d=600m, OP-d=800m, kai OP-d=1000m

apeikonÐzoun th sqèsh an�mesa sta E kai W kai t, antistoÐqwc. EpÐshc ta Sq mata 4.5 kai

4.6, deÐqnoun pwc lamb�nontac upìyh th leitourgik  isqÔ, gia stajerèc timèc thc apìstashc

d, prokÔptoun antÐstoiqec el�qistec timèc enèrgeiac an� bit gia tic dedomènec orijethmènec

timèc tou eÔrouc z¸nhc kai thc kajustèrhshc, antistoÐqwc.
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Sq ma 4.5: H sqèsh an�mesa sto eÔroc z¸nhc an� bit kai sthn enèrgeia an� bit.

Sq ma 4.6: H sqèsh an�mesa sthn kajustèrhsh an� bit kai sthn enèrgeia an� bit.
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4.3.3 Bèltistec strathgikèc gia tradeoff an�mesa se enèrgeia kai

eÔroc z¸nhc/kajustèrhsh

ParagwgÐzontac thn (4.6) kat� W kai exis¸nontac to apotèlesma me to 0, mporoÔme

na p�roume thn ex c sqèsh :

−N02
1
W log2

Wg
+

(2
1
W − 1)N0

g
+ Pcir = 0 (4.8)

Aplopoi¸ntac thn exÐswsh (4.8) paÐrnoume to ex c:

2
1

W0 (1− log2

W0
) =

N0 − gPcir
N0

(4.9)

ìpou to W0 eÐnai to bèltisto eÔroc z¸nhc gia thn epÐteuxh thc elaqÐsthc enèrgeiac an� bit.

ParagwgÐzontac akoloÔjwc th sqèsh (4.7) kat� t, paÐrnoume to ex c:

−N02
1
t log2

tg
+

(2
1
t − 1)N0

g
+ Pcir + Psb = 0 (4.10)

Aplopoi¸ntac thn exÐswsh (4.10) paÐrnoume to ex c:

2
1
t0 (1− log2

t0
) =

N0 − g(Pcir + Psb)

N0
(4.11)

ìpou to t0 eÐnai to bèltisto t gia thn epÐteuxh elaqÐsthc enèrgeiac an� bit.

SÔmfwna me to montèlo di�doshc eleujèrou q¸rou, gia stajerèc timèc twn Gt, Gr

kai L, to kèrdoc kanalioÔ, sumbolizìmeno wc g(d), eÐnai sun�rthsh thc apìstashc met�doshc

kai mporeÐ na ekfrasteÐ wc akoloÔjwc:

g(d) =
GtGrλ

2

(4π)2dαL
(4.12)

ìpou ta Gt kai Gr eÐnai ta kèrdh twn kerai¸n ekpomp c kai l yhc, antistoÐqwc, to l eÐnai to

m koc kÔmatoc, kai to L apoteleÐ tic ap¸leiec sust matoc pou de sqetÐzontai me th di�dosh

(L≥1).

Sunep¸c, gia stajerì d, prokÔptei to bèltisto W kai t gia thn epÐteuxh thc el�qisthc

enèrgeiac an� bit, ta opoÐa eÐnai ta W0 kai t0. Ta Sq mata 4.5, 4.6 deÐqnoun pwc oi kampÔlec

pou prokÔptoun gia tic sqèseic (4.6) kai (4.7) eÐnai kurtèc. 'Etsi, up�rqoun monadikèc lÔseic

gia ta W0 kai t0 , antistoÐqwc. H bèltisth strathgik  gia thn ulopoÐhsh thc el�qisth-

c dunat c katanaliskìmenhc enèrgeiac an� bit eÐnai h epilog  diafìrwn W0, t0 zeugari¸n

prosarmostik� gia di�forec apost�seic met�doshc. Wstìso, se pragmatik� asÔrmata dÐk-

tua, to diajèsimo eÔroc z¸nhc mporeÐ na eÐnai eÐte mikrìtero eÐte megalÔtero apì to W0,

kai h apodekt  kajustèrhsh mporeÐ epÐshc na eÐnai mikrìterh   megalÔterh apì to t0. Sth

sunèqeia to prìblhma mac eÐnai to p¸c ja qrhsimopoi soume to diajèsimo eÔroc z¸nhc  

thn apodekt  kajustèrhsh gia thn exoikonìmhsh enèrgeiac. Gi′autì to skopì anaptÔs-

soume touc AlgorÐjmouc 1,2 gia thn anaz thsh bèltistou W0 kai t0 , antistoÐqwc. H

mejodologÐa twn dÔo algorÐjmwn eÐnai paremfer c.
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Algìrijmoc 1 Prosarmostik  strathgik  eÔreshc bèltistou W0.

Input:Wa

Output:Wuser

1: for i=1:UN do

2: Upologismìc tou di

3: Upologismìc tou W0(di) apì th (4.9)

4: if Wa > W0(di)then

5: Wuser(di) = W0(di)

6: else

7: Wuser(di) = Wa

8: end if

9: end for

Algìrijmoc 2 Prosarmostik  strathgik  eÔreshc bèltistou t0.

Input:ta

Output:tuser

1: for i=1:UN do

2: Upologismìc tou di

3: Upologismìc tou t0(di) apì th (4.11)

4: if ta > t0(di)then

5: Wuser(di) = W0(di)

6: else

7: tuser(di) = ta

8: end if

9: end for

Stouc AlgorÐjmouc 1,2 ta UN kai di sumbolÐzoun ton arijmì qrhst¸n sta asÔrmata

dÐktua kai thn apìstash an�mesa ston BS kai ton qr sth i . Ta Wa, ta antiproswpeÔoun to

diajèsimo eÔroc z¸nhc kai thn apodekt  kajustèrhsh an� bit, antistoÐqwc. Ta Wuser(di)

kai tuser(di) antistoiqoÔn sto eÔroc z¸nhc kai thn kajustèrhsh ta opoÐa o qr sthc i prèpei

na antall�xei gia thn katan�lwsh thc el�qisthc dunat c enèrgeiac an� bit. Ta W0(di) kai

t0(di) antiproswpeÔoun to bèltisto eÔroc z¸nhc kai kajustèrhsh gia to qr sth i.
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4.4 Apotelèsmata prosomoi¸sewn

Gia thn axiolìghsh twn prosarmostik¸n strathgik¸n, jewroÔme mia klasik  exag-

wnik  egkat�stash h opoÐa faÐnetai sto Sq ma 4.7. 'Opwc apeikonÐzetai sto Sq ma 4.7,

èqoun anaptuqjeÐ 57 kuyèlec kai h aktÐna k�je kuyèlhc poikÐllei sthn perÐptwsh mac gia

di=[500,1000]m. Gia k�je kuyèlh Ci(1≤i≤57), ta Bi kai ta Ui sumbolÐzoun touc staj-

moÔc b�shc (BS) kai touc kinhtoÔc qr stec (MU) se k�je kuyèlh, antistoÐqwc. Ta di

sumbolÐzoun thn trèqousa apìstash apì ta Bi sta Ui. Ta dedomèna pou metadÐdontai apì

to stajmì Bi metadÐdontai me isqÔ Pi. To eÔroc z¸nhc tou sust matoc eÐnai 20MHz kai o

exetazìmenoc arijmìc qrhst¸n eÐnai mèqri 50. Epeid  diaforetik� asÔrmata dÐktua èqoun

diaforetikì diajèsimo eÔroc z¸nhc kai apodekt  kajustèrhsh ja deÐxoume th sqèsh an�mesa

sthn energeiak  katan�lwsh kai to diajèsimo eÔroc z¸nhc kai thn apodekt  kajustèrhsh,

antistoÐqwc. Oi sqetikèc par�metroi thc prosomoÐwshc anagr�fontai ston PÐnaka 4.3 .

Sq ma 4.7: Exagwnikì kuyelwtì dÐktuo

Par�metroc Tim 

Suqnìthta fc 900MHz, 1800MHz,2150MHz

AktÐna kuyèlhc R [500m,1000m]

Kèrdoc keraÐac ekpomp c Gt 1, 2, 3

Kèrdoc keraÐac l yhc GR 1

Kuklwmatik  isqÔc Pcir 1x10-6W/Hz

Statik  isqÔc Psb 2×10-6W

Ap¸leiec sust matoc L 2.5

Fasmatik  puknìthta jorÔbou N0 8×10−21

Ekjetikìc par�gontac apwlei¸n di�doshc a 2.8, 3, 3.2

PÐnakac 4.3: Par�metroi prosomoÐwshc



62
Kef�laio 4. An�jesh Pìrwn Asurm�twn Epikoinwni¸n gia Dedomènec Apait seic

basismènec se sumyhfismì aut¸n

Sq ma 4.8: Sqèsh tou diajèsimou eÔrouc z¸nhc kai thc enèrgeiac an� bit gia di�forec timèc

tou pl jouc twn qrhst¸n

Sq ma 4.9: Zoumarismènh sqèsh tou diajèsimou eÔrouc z¸nhc kai thc enèrgeiac an� bit gia

di�forec timèc tou pl jouc twn qrhst¸n (BW=[0.1,0.3]Hz, EE=[2.0,3.8]J)

Sta Sq mata 4.8 kai 4.10 apeikonÐzetai h katanaliskìmenh enèrgeia an� bit se sqèsh

me to diajèsimo eÔroc z¸nhc kai thn apodekt  kajustèrhsh, gia di�forec timèc tou pl jouc

twn qrhst¸n thc exetazìmenh exagwnik  egkat�stash. SÔmfwna me touc AlgorÐjmouc 1

kai 2, gia di�forec timèc thc apìstashc d, to sÔsthma epilègei diaforetik  bèltisth tim 

gia to eÔroc z¸nhc (W0) kai thn kajustèrhsh (t0). ParathroÔme pwc sthn perÐptwsh pou

to diajèsimo eÔroc z¸nhc (  apodekt  kajustèrhsh) kumaÐnetai se qamhlèc timèc (W0≤
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Sq ma 4.10: Sqèsh thc apodekt c kajustèrhshc kai thc enèrgeiac an� bit gia di�forec

timèc tou pl jouc twn qrhst¸n

0.2Hz kai t0≤ 0.2 s), h enèrgeia an� bit mei¸netai kaj¸c to eÔroc z¸nhc (  kajustèrhsh)

aux�netai. Wstìso, h enèrgeia an� bit telik¸c mei¸netai mèqri na proseggÐsei mia stajer 

tim , h opoÐa eÐnai kai h el�qisth tim  pou epitugq�netai mèsw thc qrhsimopoioÔmenhc s-

trathgik c. To prohgoÔmeno exhgeÐtai apì to gegonìc pwc ìtan to diajèsimo eÔroc z¸nhc

(  apodekt  kajustèrhsh) eÐnai periorismèno, oi perissìteroi qr stec den mporoÔn na to

axiopoi soun. 'Otan ìmwc to diajèsimo eÔroc z¸nhc (  apodekt  kajustèrhsh) aux�ne-

tai, plhjaÐnoun kai oi qr stec pou mporoÔn na qrhsimopoi soun th bèltisth tim  tou eÔrouc

z¸nhc (  kajustèrhshc). 'Otan to bèltisto eÔroc z¸nhc (  kajustèrhsh) ìlwn twn qrhst¸n

eÐnai mikrìtero apì to diajèsimo eÔroc z¸nhc (  apodekt  kajustèrhsh), tìte h enèrgeia

an� bit mei¸netai mèqri mia stajer  tim . 'Oso perissìteroi eÐnai oi qr stec tìso peris-

sìtero mei¸netai h stajer  tim  thc enèrgeiac an� bit. Gia par�deigma an UN=5, kai

Wa≥0.2Hz,ta≥0.2s tìte h enèrgeia an� bit paramènei stajer  sta 2.4e-6J kai 8.46e-7J, an-

tistoÐqwc. Tèloc na shmei¸soume pwc h el�qisth enèrgeia an� bit sta sq mata 4.8 kai 4.10

eÐnai diaforetik , diìti qrhsimopoioÔme stajer  tim  èurouc z¸nhc gia epÐteuxh bèltistou

qrìnou kajustèrhshc kai stajer  tim  qrìnou kajustèrhshc gia epÐteuxh bèltistou eÔrouc

z¸nhc, antistoÐqwc.

Sth sunèqeia parousi�zontai diagr�mmata thc enèrgeiac se sqèsh me to diajèsimo eÔroc

z¸nhc kai thn apodekt  kajustèrhsh gia di�forec timèc twn paramètrwn f, a, Gt, jewr¸ntac

wc pl joc qrhst¸n to UN=5.
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Sq ma 4.11: Sqèsh tou diajèsimou eÔrouc z¸nhc kai thc enèrgeiac an� bit gia [Gt = 1, GR =

1, a = 3, UN = 5] kai fc = {900MHz, 1800MHz, 2150MHz}

Sq ma 4.12: Sqèsh an�mesa sthn apodekt  kajustèrhsh kai thn enèrgeia an� bit gia [fc =

900MHz,Gt = 1, Gr = 1, UN = 5] kai {a=2.8,a=3,a=3.2}

Sta sq mata (4.11) kai (4.12) parathroÔme pwc pijan  aÔxhsh eÐte thc fèrousac

suqnìthtac, fc, eÐte tou ekjetikoÔ par�gonta apwlei¸n, a, epifèrei pio apìtomh meÐw-

sh thc enèrgeiac an� bit sto di�sthma qamhl¸n tim¸n tou diajèsimou eÔrouc z¸nhc kai

thc apodekt c kajustèrhshc, antistoÐqwc (Wa≤0.2Hz, ta≤0.2s). EpÐshc, sto di�sthma

Wa≤0.2Hz, ta≤0.2s katanal¸netai uyhlìterh enèrgeia an� bit sunart sei tou f, en¸ h

sÔgklish proc thn el�qisth stajer  tim  thc enèrgeiac an� bit apaiteÐ megalÔtero diajèsi-

mo eÔroc z¸nhc/apodekt  kajustèrhsh kaj¸c to f aux�netai. Akìmh na shmei¸soume pwc

kaj¸c to a aux�netai, aux�netai elafr¸c kai h el�qisth enèrgeia an� bit.
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Sq ma 4.13: Sqèsh an�mesa sth diajèsimh kajustèrhsh kai thn enèrgeia an� bit gia [Gt =

1, GR = 1, fc = 1800, R = 1000m], a = {3, 3.1, 3.2}

Sto parap�nw sq ma (4.13) axÐzei na anafèroume pwc sto di�sthma ìpou to dia-

jèsimo eÔroc z¸nhc kumaÐnetai se qamhlèc timèc (Wa≤0.2Hz), kaj¸c to kèrdoc thc keraÐac

ekpomp c aux�netai (Gt), mei¸netai par�llhla h katanaliskìmenh enèrgeia an� bit. EpÐshc

meÐwsh tou Gt epifèrei elafr¸c meÐwsh thc tim c thc elaqÐsthc enèrgeiac an� bit.





Kef�laio 5

Energeiak� apodotik 

dromolìghsh se polubhmatik�

(multi-hop) “pr�sina” asÔrmata

dÐktua

5.1 PerÐlhyh

Oi asÔrmatec epikoinwnÐec katanal¸noun èna shmantikì posì enèrgeiac sta asÔrma-

ta dÐktua. Ta perissìtera polubhmatik� prwtìkolla dromolìghshc asÔrmatwn diktÔwn

uiojetoÔntai apì ta antÐstoiqa prwtìkolla dromolìghshc twn ensÔrmatwn diktÔwn kai

qrhsimopoioÔn proepilegmèna apl�   pollapl� monop�tia elaqÐstou kìstouc gia na prowj -

soun ta pakèta dedomènwn. Wstìso, se antÐjesh me ta ensÔrmata dÐktua, èna asÔrmato

dÐktuo perilamb�nei k�poia monadik� qarakthristik�, ìpwc mh axiìpistec asÔrmatec zeÔx-

eic kai pollaploÔc dèktec pou sqetÐzontai me mia memonwmènh met�dosh pakètou. Aut�

ta sugkekrimèna qarakthristik� se sunduasmì me ta proepilegmèna monop�tia pro¸jhsh-

c twn pakètwn dedomènwn kajistoÔn ta asÔrmata dÐktua energeiak� mh apodotik�. Sth

sunèqeia proteÐnoume èna klimakwtì, oportounistikì kai energeiak� apodotikì prwtìkol-

lo dromolìghshc (E2R) to opoÐo qrhsimopoieÐ èna oportounistikì sÔsthma met�doshc twn

mhnum�twn elègqou kai twn pakètwn dedomènwn se èna polubhmatikì asÔrmato dÐktuo. Gia

na mei¸soume perissìtero to overhead enìc mhnÔmatoc elègqou, eis�goume èna nèo �plh-

sto algìrijmo pro¸jhshc kai èna apodotikì sÔsthma autokatastol c. Peraitèrw analÔ-

seic kai prosomoi¸seic p�nw sto E2R deÐqnoun pwc mporeÐ na epiteuqjeÐ uyhlì posostì

epituqoÔc par�doshc pakètwn kai na meiwjoÔn apotelesmatik� pleon�zousec ekmpompèc

pakètwn, par�gontec pou odhgoÔn se meiwmènh energeiak  katan�lwsh.

67
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5.2 Eisagwgik�

H dromolìghsh apoteleÐ mÐa apì tic pio shmantikèc leitourgÐec elègqou s�ena asÔr-

mato dÐktuo. Gia na kataskeu�soume èna “pr�sino” asÔrmato dÐktuo, krÐnetai aparaÐth-

to na sqedi�soume èna energeiak� apodotikì prwtìkollo dromolìghshc. Ta perissotera

prwtìkolla polubhmatik c asÔrmathc dromolìghshc uiojetoÔntai apì ta prwtìkolla dro-

molìghshc twn ensÔrmatwn diktÔwn ta opoÐa qrhsimopoioÔn proepilegmèna monop�tia e-

laqÐstou kìstouc [42]. S′aut� ta prwtìkolla, oi asÔrmatec zeÔxeic antiproswpeÔontai apì

akmèc kai ta monop�tia sumbolÐzontai apì mia seir� apì akmèc. Wstìso, se antÐjesh me ta

ensÔrmata dÐktua, oi asÔrmatec epikoinwnÐec eÐnai ek fÔshc eureÐac met�doshc (broadcast),

dhlad  ìtan stèlnei o pompìc èna pakèto, oi geÐtonec tou lamb�noun ìloi to Ðdio pakèto.

To gegonìc autì parèqei mia ploÔsia fasmatik  poikilomorfÐa pou de qrhsimopoieÐtai apì

ta perissìtera prwtìkolla dromolìghshc ¸ste na meiwjeÐ h katanaliskìmenh enèrgeia sta

asÔrmata dÐktua. Epiplèon, h ast�jeia kai mh axiopistÐa twn asÔrmatwn zeÔxewn mporoÔn

na prokalèsoun qamhl  end-to-end apìdosh (p.q qamhloÔc end-to-end rujmoÔc met�doshc

pakètwn), anametadìseic pakètwn, kai suqn� epaneÔresh diadrom c ìtan ta proepilegmèna

monop�tia den eÐnai diajèsima gia met�dosh dedomènwn.

Gia na xeper�soume thn ast�jeia thc zeÔxhc kai na axiopoi soume th qr sh thc eureÐac

met�doshc stic asÔrmatec epikoinwnÐec, èqoun protajeÐ k�poia oportounistik� prwtìkolla

[18],[15]. 'Omwc, aut� ta oportounistik� prwtìkolla dromolìghshc proepilègoun touc up-

oy fiouc kìmbouc pro¸jhshc ek twn protèrwn. EpÐshc, h epilog  kat�llhlhc lÐstac twn

kìmbwn pro¸jhshc eÐnai shmantik , idiaÐtera se peript¸seic pollapl¸n zeugari¸n phg c

- proorismoÔ se polubhmatik� asÔrmata dÐktua meg�lhc klÐmakac. Epiprìsjeta, o upolo-

gismìc thc lÐstac twn kìmbwn pro¸jhshc upologÐzetai apì èna uyhlì arijmì mhnum�twn

elègqou pou odhgoÔn se ektetamènh energeiak  katan�lwsh.

Sth sunèqeia gÐnetai parousÐash tou prwtokìllou E2R pou qrhsimopoieÐ èna opor-

tounistikì sÔsthma pro¸jhshc gia th met�dosh twn mhnum�twn elègqou kai twn pakètwn

dedomènwn. To E2R de qrhsimopoieÐ proepilegmèna statik� monop�tia oÔte proetoim�zei

tou upoy fiouc kìmbouc pro¸jhshc. Epomènwc, to E2R mporeÐ na mei¸sei to overhead

twn mhnum�twn elègqou pou prokaloÔntai apì th diat rhsh twn monopati¸n kai twn list¸n

pro¸jhshc. EpÐshc, to E2R qrhsimopoieÐ th fasmatik  poikilomorfÐa (p.q fÔsh eureÐac

met�doshc (broadcast) twn asÔrmatwn epikoinwni¸n) eis�gontac ènan pijanotikì mhqanismì

dromolìghshc pollapl¸n diadrom¸n o opoÐoc mei¸nei thn pijanìthta anak�luyhc diadrom c

kai episkeÔhc thc topik c diadrom c exaitÐac sf�lmatoc sth zeÔxh. To E2R eÐnai sqedias-

mèno na aux�nei thn end-to-end apìdosh qrhsimopoi¸ntac meiwmèno overhead sta mhnÔmata

elègqou.

To upìloipo kef�laio diarjr¸netai wc ex c: Sthn enìthta 5.3 parousi�zetai h basik 

idèa tou E2R. H eÔresh thc metrik c thc diadrom c (Route Metric Discovery) kai twn susth-

m�twn met�doshc dedomènwn ent�ssontai sthn enìthta 5.4. Tèloc h enìthta 5.5 anafèretai

sthn axiolìghsh thc epÐdoshc tou E2R.
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5.3 ParousÐash tou E2R

H basik  idèa tou E2R eÐnai na ekmetalleuteÐ th fasmatik  poikilomorfÐa (p.q eureÐa

met�dosh) sta asÔrmata dÐktua antÐ na prosdiorisei ta monop�tia met�doshc dedomènwn.

Sto E2R o kìmboc proèleushc den prosdiorÐzei k�poia sugkekrimèna monop�tia. Tìso ta

pakèta eÔreshc tou Route Metric ìso kai ta pakèta dedomènwn metadÐdontai mèsw eureÐac

met�doshc. Oi kìmboi pou èqoun kalÔterec eukairÐec na metadìsoun ta pakèta epilègontai

autom�twc ¸ste na prowj soun ta pakèta elègqou kai pakèta dedomènwn. OmoÐwc me �lla

prwtìkolla dromolìghshc asÔrmatwn diktÔwn, to E2R leitourgeÐ se dÔo f�seic: eÔresh

tou Route metric kai met�dosh twn dedomènwn. Sth sunèqeia parousi�zontai oi dÔo autèc

f�seic.

5.3.1 F�sh eÔreshc thc metrik c thc diadrom c (Route metric Dis-

covery)

Sth f�sh aut , ta pakèta eÔreshc tou Route metric metadÐdontai mèsw eureÐac met�-

doshc. Up�rqoun, ìmwc, dÔo prokl seic pou prèpei na lhfjoÔn upìyh. H pr¸th prìklhsh

afor� thn prostasÐa apì to epanalambanìmeno flooding twn pakètwn RMD(Route metric

discovery) ìtan to diktÔo kataskeu�zetai gia pr¸th for�. Sto arqikì st�dio kataskeu c

tou diktÔou, ta pakèta RMD prèpei na metabibastoÔn se ìlouc touc kìmbouc entìc tou dik-

tÔou dedomènou ìti o kìmboc proèleushc kai oi endi�mesoi kìmboi den gnwrÐzoun thn kateÔ-

junsh tou kìmbou proorismoÔ. Se tètoiec peript¸seic mporoÔn na efarmostoÔn sust mata

elegqìmenou flooding (p.q k�je kìmboc prowjeÐ p�nta to pio prìsfata lambanìmeno RMD

pakèto mÐa   perissìterec forèc). Wstìso, ta sust mata flooding mporoÔn na prokalèsoun

pollèc aqreÐastec anametadìseic RMD pakètwn, kurÐwc ìtan h puknìthta tou diktÔou eÐ-

nai auxhmènh. Gia na antimetwpÐsoume aut n thn prìklhsh, èqei sqediasteÐ ènac �plhstoc

algìrijmoc pro¸jhshc gia th dianom  twn pakètwn RMD. H trèqousa lÐsta pro¸jhshc

twn geitonik¸n kalummènwn kìmbwn eÐnai enswmatwmènh sta pakèta elègqou. Wc kalum-

mèno (covered) kìmbo kaloÔme opoiod pote kìmbo èqei  dh l�bei pakèto dedomènwn. 'Otan

ènac kìmboc lamb�nei pakèto mark�rei e�n oi kìmboi geitnÐashc èqoun  dh kalufjeÐ, ba-

sizìmenoc sth lÐsta kalummènwn kìmbwn pou brÐsketai sto pakèto. 'Epeita, o kìmboc jètei

èna qrìno anamon c (p.q backoff time) me b�sh ton arijmì twn geitìnwn pou den èqoun  dh

kalufjeÐ. Diaisjhtik�, o kìmboc me touc perissìterouc mh kalummènouc geÐtonec prèpei na

èqei megalÔterh proteraiìthta gia th pro¸jhsh tou pakètou. 'Epomènwc, an ènac kìmboc

èqei meg�lo arijmì apì mh kalummènouc geÐtonec, o qrìnoc anamon c tou prèpei na eÐnai

mikrìteroc.

H deÔterh prìklhsh afor� th meÐwsh twn peritt¸n metadìsewn tou pakètou Route met-

ric reply (RMREP). Met� th l yh twn RMD pakètwn apì ton kìmbo proorismoÔ, o teleu-

taÐoc prospajeÐ na metadìsei to RMREP pakèto pÐsw ston kìmbo proèleushc. OmoÐwc, ta

sust mata elegqìmenou flooding eis�goun perittèc metadìseic. Gia thn antimet¸pish aut c

thc prìklhshc, gÐnetai parousÐash enìc apodotikoÔ sust matoc autokatastol c (perigr�fe-

tai sto tm ma 5.4.2-2), to opoÐo katastèllei thn pro¸jhsh tou (RMREP) pakètou me b�sh
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to route metric.

5.3.2 F�sh met�doshc pakètwn dedomènwn

Met� th f�sh eÔreshc tou route metric, o kìmboc proèleushc apokt� route metric

gia ton nèo proorismì. O kìmboc proèleushc prèpei na metadìsei t¸ra pakèta dedomènwn

ston kìmbo proorismoÔ. H prìklhsh sqetÐzetai me to pwc ja qrhsimopoihjeÐ h fasmatik 

poikilomorfÐa gia th beltÐwsh thc end-to-end apìdoshc (p.q end-to-end rujmìc met�doshc

pakètwn dedomènwn) kai th meÐwsh thc energeiak c katan�lwshc (mei¸nontac to sunolikì

arijmì twn metadìsewn twn pakètwn entìc twn diktÔwn).

Gia na antapokrijoÔme σ′aut n thn prìklhsh, eis�goume èna sÔsthma pro¸jhshc auto-

epilog c, to opoÐo eÐnai parìmoio me to sÔsthma epilog c anamet�doshc [6]. O kìmboc

proèleushc prosdÐdei to lambanìmeno route metric sta pakèta dedomènwn kai ta metadÐdei

qwrÐc na kajorÐsei touc kìmbouc pro¸jhshc. Met� thn paralab  twn pakètwn dedomènwn, oi

kìmboi pou èqoun mikrìterh apì thn prosdidìmenh route metric tim  dikaioÔntai na prowj -

soun peraitèrw ta pakèta dedomènwn. Prin prowj soun autoÐ oi kìmboi ta lambanìmena

pakèta dedomènwn, perimènoun gia èna mikrì qronikì di�sthma ¸ste na k�noun back-off stic

dikèc touc route metric timèc. Gia par�deigma, o kìmboc me mikrìterh route metric tim  ja

èqei mikrìtero back-off qronikì di�sthma kai epilègei to Ðdio na prowj sei ta lambanìmena

pakèta dedomènwn. Kat� th di�rkeia tou back-off qronikoÔ diast matoc, autoÐ oi kìmboi

“akoÔn” to kan�li met�doshc kai katastèlloun thn pro¸jhsh twn lambanìmenwn pakètwn

an antilhfjoÔn pwc prowjoÔntai pakèta dedomènwn apì èna kìmbo me mikrìterh route metic

tim . 'Otan l xei o back-off qrìnoc, o kìmboc anane¸nei thn route metric tim  sta pakèta

dedomènwn prosdÐdontac touc to dikì tou route metric kai èpeita ta prowjeÐ.

5.4 Sqediasmìc tou E2R

Sto kef�laio autì ja gÐnei analutik  peigraf  tou E2R to opoÐo perilamb�nei thn

kat�stash sunt rhshc (maintenance state), thn eÔresh tou route metric kai th met�dosh

dedomènwn.

5.4.1 Kat�stash sunt rhshc

'Enac kìmboc eisèrqetai sthn kat�stash sunt rhshc met� thn egkat�stas  tou. En¸

brÐsketai σ′aut n thn kat�stash, k�je kìmboc diathreÐ tic plhroforÐec twn geitonik¸n tou

kìmbwn kai to route metric apì ton Ðdio proc ìlouc touc �llouc kìmbouc entìc tou diktÔou.

'Opwc kai se �lla prwtìkolla asÔrmathc dromolìghshc, k�je kìmboc tou diktÔou stèl-

nei periodik� HELLO mhnÔmata gia na deÐxei thn Ôparxh tou. Epiprìsjeta, k�je kìmboc

qrhsimopoieÐ ta lambanìmena HELLO mhnÔmata apì touc geitonikoÔc tou kìmbouc gia na

anane¸sei th lÐsta geitnÐas c tou (N(i)).

Ektìc apì thn plhroforÐa twn geitonik¸n kìmbwn, k�je kìmboc epÐshc diathreÐ to route
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metric apì ton Ðdio proc ìlouc touc �llouc kìmbouc entìc tou diktÔou. An ènac kìmboc s

qrei�zetai na dromolog sei pakèta dedomènwn proc èna kìmbo proorismoÔ kai den up�rqei

diathrhmèno route metric apì ton s proc autìn ton kìmbo, o s ja xekin sei th diadikasÐ-

a eÔreshc tou route metric. Gia na mei¸soume th met�dosh twn mhnum�twn elègqou, h

egkat�stash kai h diat rhsh twn route metrics gÐnetai on demand . EnergopoieÐtai ìtan o

kìmboc proèleushc den mporeÐ na metadìsei pakèta dedomènwn ston kìmbo proorismoÔ.

5.4.2 EÔresh tou Route metric

H diadikasÐa eÔreshc tou route metric perilamb�nei dÔo st�dia: to st�dio thc di-

anom c twn RMD pakètwn kai to st�dio di�doshc twn RMREP pakètwn.

1. Dianom  RMD pakètwn: Kat� th di�rkeia eÔreshc tou route metric, o kìm-

boc proèleushc dhmiourgeÐ èna kainoÔrio RMD pakèto an o kìmboc proèleushc qrei�zetai na

dromolog sei pakèta dedomènwn ston kìmbo proorismoÔ kai an den up�rqei diajèsimo route

metric gia ton kìmbo proorismoÔ. To RMD pakèto perièqei to id tou kìmbou proèleush-

c (s), to id tou pakètou (Pid), th lÐsta twn kalummènwn geitonik¸n kìmbwn tou kìmbou

proèleushc (CNs), to id tou kìmbou proorismoÔ (d), to route metric (R), kai o aÔxwn ari-

jmìc tou route metric apì ton kìmbo proèleushc ston kìmbo proorismoÔ (Sds). 'Otan ènac

kìmboc, i, dèqetai èna RMD pakèto, o i epexerg�zetai to pakèto basizìmenoc ston �plhsto

algìrijmo pro¸jhshc (akoloujeÐ parak�tw). Sto pr¸to b ma, o i anane¸nei th lÐsta twn

mh kalummènwn geitonik¸n kìmbwn (UN(i)) qrhsimopoi¸ntac th lÐsta kalummènwn geitìnwn

tou kìmbou proèleushc, h opoÐa eÐnai enswmatwmènh sto RMD pakèto (Seir� 1). H lÐsta

ak�luptwn geitìnwn enìc kìmbou i eÐnai h lÐsta ìlwn twn geitonik¸n kìmbwn tou i pou den

l�bei to RMD pakèto.

An o i eÐnai ènac endi�mesoc kìmboc kai to RMD pakèto eÐnai autì pou lamb�nei o i gia

pr¸th for� (Seirèc 2-4), prokÔptoun treic pijanèc peript¸seic:

• PerÐptwsh 1: o i èqei èna pio prìsfata ananewmèno route metric proc ton kìm-

bo proorismoÔ se sqèsh me to route metric tou kìmbou proèleushc proc ton Ðdio

proorismì. Me �lla lìgia, o aÔxwn arijmìc tou route metric apì ton i ston kìm-

bo proorismoÔ (Sdi ) eÐnai megalÔteroc apì ton aÔxonta arijmì tou route metric apì

ton kìmbo proèleushc proc ton kìmbo proorismoÔ (Sds). S′aut n thn perÐptwsh o i

epistrèfei apeujeÐac èna RMREP pakèto me Sdi (Seirèc 5-7).

• PerÐptwsh 2: 'Oloi oi geÐtonec tou i èqoun l�bei to RMD pakèto (p.q UN(i)=∅).
S′aut n thn perÐptwsh o i de qrei�zetai na anametadìsei to RMD pakèto, ìpote kai

to af nei (Seirèc 8 kai 9).

• PerÐptwsh 3: o i den èqei pio prìsfata ananewmèno route metric proc ton kìmbo

proorismoÔ ap′ìti o kìmboc proèleushc kai k�poioi geitonikoÐ kìmboi tou eÐnai ak�lup-

toi. S′aut n thn perÐptwsh o i energopoieÐ ton back-off qronodiakìpth me qronikì
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di�sthma Tbackoff . Epomènwc epitrèmoume ton kìmbo (èstw j ) pou èqei megalÔtero

arijmì ak�luptwn geitìnwn na anametadìsei to RMD pakèto pr¸toc. 'Otan o i an-

tilhfjeÐ ìti o j anametadÐdei pakèto kat� th di�rkeia tou Tbackoff , anane¸nei th lÐsta

twn ak�luptwn geitonik¸n tou kìmbwn UN(i). An ìloi oi geÐtonec tou i eÐnai kalum-

mènoi, tìte o i af nei to RMD pakèto (Seirèc 10-14). Se antÐjeth perÐptwsh, o i ja

anane¸sei thn lÐsta twn kalummènwn geitonik¸n kìmbwn CN(s) me b�sh thn lÐsta twn

dik¸n tou kalummènwn geitonik¸n kìmbwn CN(i) kai ja aux sei thn tim  tou route

metric R (an to route metric antiproswpeÔei to sÔnolo twn alm�twn(hops), tìte to

sÔnolo aux�netai kat� 1) sto RMD pakèto kai to anametadÐdei (Seirèc 15 kai 16).

An o i eÐnai o kìmboc proorismoÔ kai to RMD pakèto eÐnai autì pou lamb�nei o i gia

pr¸th for� tìte ja steÐlei pÐsw èna RMREP pakèto (Seirèc 20-23).

2. RMREP di�dosh : 'Opwc eip¸jhke kai prohgoumènwc ta RMREP pakèta dhmiour-

goÔntai eÐte apì ton kìmbo proorismoÔ eÐte apì endi�mesouc kìmbouc pou èqoun pio prìsfata

ananewmèno route metric proc ton kìmbo proorismoÔ ap′ìti o kìmboc proèleushc. To RM-

REP perièqei to id tou kìmbou proorismoÔ (d), to id tou kìmbou proèleushc (s), to id

tou pakètou (Pid), to route metric (R), kai ton aÔxonta arijmì tou route metric apì ton

kìmbo proèleushc ston kìmbo proorismoÔ (Sds). Sthn prokeimènh perÐptwsh o route metric

R eÐnai o arijmìc twn alm�twn apì ton kìmbo proèleushc ston kìmbo proorismoÔ. Apì th

stigm  pou to RMREP den perièqei kamÐa plhroforÐa twn endi�meswn kìmbwn, ja diadojeÐ

�skopa se ìlouc touc kìmbouc entìc tou diktÔou, gegonìc to opoÐo ja odhg sei se èna

meg�lo posì spat�lhc enèrgeiac. Gia na antimetwpÐsoume aut n thn perÐptwsh, eis�goume

èna apodotikì sÔsthma autokatastol c to opoÐo perièqei dÔo basikoÔc kanìnec:

• Kanìnac 1:An o kìmboc èqei anametadìsei to paragìmeno apì ton kìmbo proèleushc
RMD pakèto, eÐnai upoy fio na prowj sei to RMREP pakèto. Kanènac �lloc kìm-

boc de dikaioÔtai na pragmatopoi sei thn prohgoÔmenh enèrgeia. M′autìn ton kanìna

apofeÔgontai aqreÐastec anametadìseic apì kìmbouc pou brÐskontai makri� tìso apì

ton kìmbo proèleushc ìso ki apì ton kìmbo proorismoÔ.

• Kanìnac 2: An to route metric tou exetazìmenou kìmbou proc ton kìmbo prooris-

moÔ eÐnai megalÔtero apì thn tim  tou route metric sto RMREP pakèto, tìte o

exetazìmenoc kìmboc den eÐnai upoy fioc na metad¸sei to RMREP pakèto. Gia

par�deigma, qrhsimopoi¸ntac to sÔnolo twn alm�twn (hop count) wc route met-

ric, tìte an o exetazìmenoc kìmboc èqei megalÔtero arijmì alm�twn proc ton kìmbo

proorismoÔ ap′ìti èqei o kìmboc proèleushc, o teleutaÐoc den ja qrhsimopoi sei ton

exetazìmeno kìmbo gia thn pro¸jhsh twn pakètwn dedomènwn. Epomènwc, den up�rqei

lìgoc na af soume autìn ton kìmbo na prowj sei to RMREP pakèto.
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Algìrijmoc 1 'Aplhstoc algìrijmoc pro¸jhshc

1: Ananèwsh tou UN(i) me b�sh to CN(s)

2: if (i 6= s) and (i 6= d) then

3: // o i eÐnai ènac endi�mesoc kìmboc

4: if new RMD then

5: if Sdi > Sdsthen

6: // o i èqei pio prìsfata ananewmèno route metric proc ton kìmbo proorismoÔ

7: kai stèlnei RMREP me Sdi
8: else if ìloi oi geÐtonec sto Ni èlaban to RMD then

9: �fhse to RMD

10: else

11: // o i den èqei ananewmèno route metric

12: anamon  gia to ekqwrhmèno qronikì di�sthma Tbackoff me b�sh to UN(i)

13: if k�poioc geitonikìc kìmboc pro¸jhse to RMD and UN(i)=∅ kat� th

di�rkeia touTbackoff then

14: �fhse to RMD

15: else

16: CN(s) ← CN(i),R← R+1, pro¸jhsh tou RMD

17: end if

18: end if

19: end if

20: else if i=d and new RMD then

21: // o i eÐnai o kìmboc proorismoÔ

22: steÐle RMREP

23: end if

5.4.3 Met�dosh pakètwn dedomènwn

Afìtou o kìmboc proèleushc l�bei to RMREP pakèto kai apokt sei to route met-

ric, prèpei na prowj sei ta pakèta dedomènwn ston kìmbo proorismoÔ. Se antÐjesh me �lla

prwtìkolla asÔrmathc dromolìghshc (ìpwc to AODV) kai mejìdouc pro¸jhshc (ìpwc h

ExOR), sto E2R, o kìmboc proèleushc den qrei�zetai na kajorÐsei to epìmeno �lma se

kìmbo oÔte k�poia lÐsta pro¸jhshc mèsa sta pakèta dedomènwn. O kìmboc proèleushc

mon�qa prosdÐdei to apokthjèn route metric sta pakèta dedomènwn kai sth sunèqeia ta

metadÐdei. S′autì to sÔsthma dromolìghshc, oi kìmboi pou prowjoÔn ta pakèta dedomènwn

epilègontai apì endi�mesouc kìmbouc. To sÔsthma autì to apokaloÔme sÔsthma pro¸jhsh-

c auto-epilog c. 'Otan ènac endi�mesoc kìmboc i l�bei ta pakèta dedomènwn, sugkrÐnei th
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route metric tim  tou me thn antÐstoiqh route metric tim  pou eÐnai enswmatwmènh sta pakèta

dedomènwn. An h tim  tou eÐnai mikrìterh apì thn enswmatwmènh tim  twn pakètwn dedomèn-

wn, tìte o i epilègei ton eautì tou wc èna pijanì kìmbo pro¸jhshc twn pakètwn dedomènwn.

Wstìso, o i den gnwrÐzei an oi geÐtonec tou èqoun epÐshc l�bei ta pakèta dedomènwn ki an

èqoun mikrìterec route metric timèc apì ton Ðdio. Gia na qeiristoÔme katall lwc autì to

prìblhma, eis�goume èna mhqanismì back-off kai prosarmìzoume to qronikì di�sthm� tou

sthrizìmenoi stic timèc twn route metric. 'Oso mikrìterh eÐnai h tim  tou route metric enìc

kìmbou, tìso pio periorismèno back-off qronikì di�sthma ufÐstatai. Kat� th di�rkeia autoÔ

tou diast matoc, o i “akoÔei” to kan�li kai katastèllei thn pro¸jhsh twn pakètwn dedomèn-

wn an diapist¸sei pwc ènac apì touc geitonikoÔc tou kìmbouc me kalÔtero route metric èqei

 dh prowj sei ta pakèta dedomènwn. An o i den “akoÔsei” thn pro¸jhsh pakètwn twn

geitìnwn tou kai l xei o back-off qrìnoc tou, tìte anane¸nei me th dik  tou route metric

tim  ta pakèta dedomènwn kai ta anametadÐdei.

'Otan l�bei ta pakèta dedomènwn o kìmboc proorismoÔ, epistrèfei èna m numa epibebaÐ-

wshc (Acknowledgement) ston kìmbo proèleushc. H di�dosh tou pakètou epibebaÐwshc

eÐnai paremfer c me aut  tou RMREP pakètou.

5.5 Upologismìc thc apìdoshc

Gia na axiolog soume thn epÐdosh tou E2R prwtokìllou dix�goume prosomoi¸seic

mèsw tou ergaleÐou ns-2 kai sugkrÐnoume to apotèlesma me tic dÔo akìloujec proseggÐseic:

• AODV [43] : ApoteleÐ shmeÐo anafor�c tou on-demand asÔrmatou prwtokìllou dro-

molìghshc.

• SBA-AODV: Mia tropopoÐhsh tou AODV prwtokìllou h opoÐa perilamb�nei ènan

Scalable broadcast algorithm (SBA) [40] gia thn eÔresh tou kat�llhlou monopatioÔ.

Sto SBA k�je kìmboc perimènei gia èna tuqaÐwc kajorismèno qronikì di�sthma prin

anametadìsei to pr¸to lambanìmeno pakèto. To qronikì di�sthma exart�tai apì ton

lìgo tou mègistou bajmoÔ (o arijmìc twn sundèsewn me �llouc kìmbouc) metaxÔ twn

geitonik¸n tou kìmbwn (dNmax) proc ton arijmì twn geitìnwn (dme) pou èqei autìc

o kìmboc (dNmax
dme

).

TrÐa megèjh pou qrhsimopoioÔntai gia na axiolog soume ta proanaferjènta prwtìkol-

la eÐnai ta ex c:

• Rujmìc met�doshc pakètwn: EÐnai o lìgoc tou sunolikoÔ arijmoÔ twn pakètwn
dedomènwn pou metafèrontai ston kìmbo proorismoÔ proc ton sunolikì arijmì twn

pakètwn dedomènwn pou par�gontai apì touc kìmbouc proèleushc.
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• Overhead elègqou: ApoteleÐ ton arijmì twn pakètwn elègqou (p.q dromolìghshc)

an� pakèto dedomènwn kai an� kìmbo pou metadÐdontai kat� th di�rkeia thc prosomoÐ-

wshc. Sthn perÐptwsh aut  ta pakèta elègqou perilamb�noun ta RMD, RMREP

kai RE (route error) pakèta. Efìson oi metadìseic pakètwn katanal¸noun enèrgeia,

mikrìtero overhead elègqou isodunameÐ me ligìterh katanaliskìmenh enèrgeia.

• Kajustèrhsh met�doshc pakètwn: Kajist� to mèso qronikì di�sthma apì th

stigm  pou oi kìmboi proèleushc energopoioÔn thn apostol  tou pakètou dedomènwn

mèqri th qronik  stigm  pou lamb�netai apì touc kìmbouc proorismoÔ.

5.5.1 RÔjmish prosomoÐwshc

Sto st�dio thc prosomoÐwshc qrhsimopoioÔme tuqaÐa 100 kìmbouc entìc enìc tetrag-

wnikoÔ tomèa diast�sewn 1500m · 1500m kai gÐnetai qr sh tou Realistic Mobility Model ,

sto opoÐo oi rujmoÐ kai oi kateujÔnseic kÐnhshc kajorÐzontai apì pijanotikèc katanomèc

[29]. SÔmfwna me proepilegmènec paramètrouc sto ns-2, to eÔroc epikoinwnÐac tou k�je

kìmbou anèrqetai sta 250m kai to montèlo di�doshc pou qrhsimopoieÐtai eÐnai autì thc am-

fÐdromhc di�doshc ed�fouc [44].

Sthn prosomoi¸sh qrhsimopoioÔntai 10 zeug�ria kìmbwn phg c kai proorismoÔ. O kìm-

boc proèleushc stèlnei pakèto dedomènwn megèjouc 1024bytes an� 5 sec kai o sunolikìc

qrìnoc prosomoÐwshc diarkeÐ 2200 sec. Gia na gÐnei kat�llhlh arqikopoÐhsh thc kat�stashc

tou sust matoc kat� th diadikasÐa thc dromolìghshc, oi kìmboi proèleushc den stèlnoun

pakèta dedomènwn ta pr¸ta 100 sec, par� mìno antall�zoun HELLO mhnÔmata me touc

geitonikoÔc kìmbouc. OmoÐwc, gia na exasfalisteÐ pwc ta pakèta eureÐac met�doshc metadÐ-

dontai se ìlo to dÐktuo, o kìmboc - phg  diakìptei thn apostol  pakètwn dedomènwn met�

apì 2100 sec. K�je shmeÐo dedomènwn sth grafik  par�stash antiproswpeÔei th mèsh

tim  20 ektelèsewn, kai to 95% twn diasthm�twn empistosÔnhc (confidence intervals) twn

dedomènwn brÐskontai an�mesa sto 3%-7% thc mèshc tim c pou apeikonÐzetai sth grafik 

par�stash. Gia k�je ektèlesh, qrhsimopoioÔme thn Ðdia diktuak  topologÐa kai to Ðdio

prìtupo kÐnhshc gia ìla ta prwtìkolla dromolìghshc.

5.5.2 EpÐdrash thc puknìthtac twn kìmbwn

S′autì to peÐrama analÔoume thn epÐdrash thc puknìthtac twn kìmbwn, metab�llon-

tac ton arijmì touc apì 100 e¸c 250.

To Sq ma 5-1a. deÐqnei pwc to posostì met�doshc pakètwn ìlwn twn prwtokìllwn

aux�netai, kaj¸c aux�netai h puknìthta twn kìmbwn tou exetazìmenou diktÔou. 'Otan to

pl joc twn kìmbwn aux�netai, to E2R èqei perissìtero apì 99,7% axiopistÐa, en¸ h mèsh

tim  tou posostoÔ met�doshc pakètwn twn AODV kai SBA-AODV kumaÐnetai apì 95,3% -

99,2%. Autì ofeÐletai sto gegonìc ìti ta prwtìkolla AODV kai SBA-AODV epilègoun

sugkekrimènouc kìmbouc pou ja prowj soun ta pakèta dedomènwn. S′èna araiì dÐktuo,

ìtan oi epilegmènoi kìmboi pro¸jhshc brÐskontai èxw apì thn embèleia tou k�je �llou,

tìte ta pakèta den mporoÔn na metaferjoÔn. Wstìso, se tètoiec peript¸seic, oi kìmboi
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asÔrmata dÐktua

pou uposthrÐzoun to E2R prwtìkollo epilègoun touc eautoÔc touc ¸ste na prowj soun

to pakèto. Epomènwc, to posostì par�doshc pakètwn mei¸netai mon�qa e¸c 0.3%, kaj¸c h

puknìthta twn kìmbwn tou diktÔou ellat¸netai.

Apì toSqhma 5-1b. faÐnetai ìti to overhead elègqou ìlwn twn prwtokìllwn mei¸ne-

tai elafr¸c kaj¸c h puknìthta twn kìmbwn tou diktÔou aux�netai. Apì th stigm  pou oi

kìmboi oi opoÐoi uposthrÐzoun to AODV prèpei na anametadìsoun to route request pakèto

pou lamb�noun gia pr¸th for�, to AODV katal gei na èqei p�nta to uyhlìtero overhead

elègqou. Se sÔgkrish me to AODV, to E2R èqei kat� 90% mikrìtero overhead elègqou.

Sto Sqhma 5-1g. parathroÔme pwc h mèsh kajustèrhsh met�doshc pakètwn σ′ìla

ta prwtìkolla mei¸netai elafr¸c kaj¸c h puknìthta twn kìmbwn tou diktÔou aux�netai.

Epitrèpontac ton kìmbo me kalÔtero route metric na prowj sei to pakèto dedìmenwn pr¸-

toc, to E2R petuqaÐnei kat� mèso ìro mikrìterec kajuster seic stic metadìseic pakètwn.

Sugkrinìmeno me to AODV, to E2R mei¸nei thn kajustèrhsh met�doshc pakètwn peris-

sìtero apì 44%.

Sq ma 5.1: EpÐdrash thc puknìthtac twn kìmbwn

5.5.3 EpÐdrash sfalm�twn twn kìmbwn

Sta asÔrmata dÐktua, se pollèc peript¸seic exantleÐtai h diajèsimh enèrgeia twn

kìmbwn me apotèlesma na prokaloÔntai sf�lmata. Sto tm ma autì meletoÔme tic epipt¸-

seic poikÐllwn sfalm�twn twn kìmbwn, ta posost� twn opoÐwn kumaÐnontai apì 0% e¸c

12%.

To Sq ma 5-2a deÐqnei pwc to posostì par�doshc pakètwn ìlwn twn prwtokìllwn

mei¸netai kaj¸c aux�netai to posostì twn sfalm�twn. Efìson ta AODV kai SBA-AODV

exart¸ntai se meg�lo bajmì apì proepilegmènouc kìmbouc pro¸jhshc pakètwn dedomènwn,

tuqìn sf�lma aut¸n twn kìmbwn ephre�zei shmantik� to posostì par�doshc pakètwn de-

domènwn. Antijètwc, ta sf�lmata twn kìmbwn den ephre�zoun se shmantikì bajmì to E2R

ki autì ofeÐletai sto gegonìc pwc ìtan l�bei q¸ra k�poio sf�lma, oi �lloi kìmboi ja to

aniqneÔsoun kai ja epilèxoun touc eautoÔc touc gia thn pro¸jhsh twn pakètwn dedomènwn.
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Epomènwc, to posostì par�doshc dedomènwn tou E2R eÐnai suneq¸c megalÔtero apì 99%,

akìmh ki an e¸c to 12% twn kìmbwn entìc tou diktÔou parousi�soun sf�lma.

StoSq ma 5-2b mporoÔme na diapist¸soume pwc ìtan to posostì sfalm�twn aux�ne-

tai, to overhead elègqou ìlwn twn prwtokìllwn aux�netai epÐshc, diìti gÐnetai pio suqn 

kai poluplhj c paragwg  RMD, RMREP kai RR (route error) pakètwn. Epiplèon, apì

th stigm  pou to E2R den epilègei k�poiouc sugkekrimènouc kìmbouc   monop�tia gia thn

pro¸jhsh twn pakètwn dedomènwn, to overhead elègqou tou prokÔptei na eÐnai perÐpou to

èna tètarto apì autì twn �llwn dÔo prwtokìllwn.

Tèloc, sto Sq ma 5-2g parathroÔme pwc h kajustèrhsh met�doshc pakètwn ìl-

wn twn prwtokìllwn aux�netai elafr¸c kaj¸c aux�netai to posostì sfalm�twn. Autì

sumbaÐnei diìti ta pijan� sf�lmata prokaloÔn nèo gÔro eÔreshc kat�llhlou monopatioÔ,

gegonìc to opoÐo eis�gei kajustèrhsh sth met�dosh pakètwn dedomènwn. EpÐshc, efì-

son oi kìmboi pou uposthrÐzoun to E2R epilègoun autom�twc touc eautoÔc touc gia thn

pro¸jhsh twn pakètwn dedomènwn, pij�na sf�lmata den touc ephre�zoun se meg�lo bajmì.

Sugkrinìmeno me ta AODV kai SBA-AODV, to E2R periorÐzei thn kajustèrhsh met�doshc

pakètwn perissìtero apì 41% se ìlec tic pijanèc peript¸seic.

Sq ma 5.2: EpÐdrash sfalm�twn twn kìmbwn





Kef�laio 6

Energeiak� apodotik 

prosarmog  zeÔxhc upì to

fainìmeno thc episkÐashc

6.1 PerÐlhyh

H energeiak� apodotik  prosarmog  zeÔxhc (link adaptation) melet�tai se kan�lia pou

parousi�zoun skÐash (shadowing), h opoÐa metab�lletai sÔmfwna me th logarijmokanonik 

katanom , kaj¸c kai ap¸leiec monopatioÔ (path loss). Tìso h kuklwmatik  isqÔc ìso kai h

isqÔc pou spatal�tai ston enisqut , lamb�nontai upìyh. H energ  rujmapìdosh (effective

throughput) an� Joule enèrgeiac megistopoieÐtai sunart sei thc metadidìmenhc isqÔoc kai

enìc perijwrÐou skÐashc. ApodeiknÔetai, loipìn, pwc to prìblhma beltistopoÐhshc mporeÐ

na metatrapeÐ se èna zeug�ri problhm�twn megistopoÐhshc koÐlwn sunart sewn, sunart sei

thc isqÔoc met�doshc kai tou perijwrÐou skÐashc, antistoÐqwc. Gi′autì to skopì èqoun

protajeÐ apodotikoÐ algìrijmoi me upergrammik  sÔgklish, stouc opoÐouc exet�zontai oi

epidr�seic metabol c thc kuklwmatik c isqÔoc, tou par�gonta anapotelesmatikìthtac tou

enisqut  (power amplifier inefficiency parameter) kai thc apìstashc an�mesa sthn keraÐa

ekmpomp c kai l yhc. 'Eqei deiqjeÐ pwc tuqìn agnìhsh thc sunist¸sac thc skÐashc (jètwn-

tac to perij¸rio skÐashc sto 0) mporeÐ na odhg sei se meg�lec ap¸leiec thc energeiak c

apìdoshc.

6.2 Eisagwg 

H energeiak  apìdosh stic suskeuèc kinht¸n epikoinwni¸n kajÐstatai oloèna kai pio

shmantik , apì th stigm  pou h qwrhtikìthta thc mpatarÐac adunateÐ na sumbadÐsei me tic en-

ergeiakèc apait seic twn kuklwm�twn epexergasÐac shm�twn (signal processing circuits)[41].

H prosarmog  zeÔxhc, h opoÐa basÐzetai sthn plhroforÐa kat�stashc tou kanalioÔ (CSI-

channe state information), qrhsimopoieÐtai sun jwc gia th megistopoÐhsh thc rujmapìdoshc

79
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gia mia dedomènh sunolik  isqÔc met�doshc. 'Wstoso, pollèc forèc mporeÐ na kateujunjeÐ

kai proc th megistopoÐhsh thc energeiak  apìdoshc.

Se prohgoÔmenec èreunec oi ap¸leiec monopatioÔ apì ton pompì sto dèkth jewroÔntan

gnwstèc. Sto kef�laio autì, ja jewr soume èna sÔsthma sto opoÐo parousi�zontai sund-

uastik� ap¸leiec monopatioÔ kai skÐashc. To fainìmeno thc skÐashc sqetÐzetai me tuqaÐec

diakum�nseic sth lambanìmenh isqÔ, pou kumaÐnontai gÔrw apì th mèsh tim  twn (exart¸men-

wn apì thn apìstash) apwlei¸n diadrom c, exaitÐac thc parempìdishc di�doshc apì tuqaÐa

antikeÐmena, kaj¸c kai apì allagèc sthn kateÔjunsh di�doshc lìgw antanakl�sewn kai

sked�sewn. 'Eqontac apodeiqjeÐ empeirik� tìso se perib�llon di�doshc eswterikoÔ [23],[21]

ìso kai exwterikoÔ q¸rou, h sunist¸sa thc skÐashc mporèi na montelopoihjeÐ wc mia tuqaÐa

metablht  me mhdenik  mèsh tim  kai logarijmokanonik  katanom . O pompìc jewreÐtai pwc

èqei akrib  gn¸sh gia tic ap¸leic monopatioÔ, all� mìno statistik  gn¸sh gia th sunist¸sa

thc skÐashc. Epomènwc gia k�je peperasmèno rujmì met�doshc, up�rqei mia mh mhdenik  pi-

janìthta pwc h tim  thc tuqaÐac skÐashc ja eÐnai tètoia pou de ja epitrèyei thn axiìpisth

apokwdikopoÐhsh twn dedomènwn sto dèkth. EÐnai, loipìn, logikì na dierwthjoÔme poio

perij¸rio skÐashc prèpei na epitrèyei o pompìc kat� th diadik�sia kajorismoÔ tou rujmoÔ

met�doshc.

Sth sunèqeia to upìloipo kef�laio eÐnai organwmèno wc ex c: sthn enìthta 6.3 peri-

gr�fetai to montelopoihmèno sÔsthma kai sthn enìthta 6.4 diamorf¸netai to prìblhma pou

jèloume na beltistopoi soume kai analÔetai majhmatik¸c.

6.3 MontelopoÐhsh sust matoc

H sunolik  katan�lwsh isqÔoc sthn pleur� tou pompoÔ montelopoieÐtai wc ex c -[6]- :

Pc+ePt, ìpou to Pc apoteleÐ thn kuklwmatik  isqÔ, to Pt eÐnai h isqÔc met�doshc (kai ta dÔo

se mon�dec W/Hz), kai to e≥1 eÐnai tèloc h par�metroc anapotelesmatikìthtac tou enisqut 
isqÔoc (power amplifier inefficiency parameter). H kuklwmatik  isqÔc Pc antistoiqeÐ sthn

isqÔ pou katanal¸netai se ìla ta kuklwmatik� stoiqeÐa tou pompoÔ, sumperilambanomènhc

thc epexergasÐac basik c z¸nhc (baseband processing) kai twn radiosuqnot twn sto fron-

tend tm ma tou pompodèkth, kai montelopoieÐtai wc mia stajer�. H par�metroc e dÐnetai apì

to exag¸meno back-off (Output Back-Off ) diairoÔmeno me thn drain efficiency tou enisqut 

isqÔoc -[2]- kai jewreÐtai epÐshc wc stajer�.

Oi ap¸leiec monopatioÔ orÐzontai wc oi ap¸leiec isqÔoc (se dB) apì ton pompì ston

dèkth. H mèsh tim  thc ap¸leiac monopatioÔ gia mia apìstash d eÐnai gnwst  kai Ðsh me:

PL(d) = PL0 + 10nlog10(
d

d0
) (6.1)

ìpou to PL0 eÐnai oi ap¸leiec monopatioÔ gia thn apìstash anafor�c d0 kai to n eÐnai o

ekjèthc apwlei¸n monopatioÔ.

Ekfrazìmenh logarijmik� (se dB), h exasjènhsh isqÔoc upì to fainìmeno thc skÐashc

akoloujeÐ thn kanonik  katanom  me mhdenik  mèsh tim  kai tupik  apìklish c. Epomènwc,
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ìtan sundu�zetai me tic ap¸leiec skÐashc to montèlo apwlei¸n monopatioÔ gÐnetai:

PL(d) = PL(d) + S, (6.2)

ìpou to S eÐnai mia tuqaÐa metablht  me Gaussian katanom , mhdenik  mèsh tim  kai tupik 

apìklish σ. Enallaktik� to S mporeÐ na grafteÐ wc S=σy, ìpou to y eÐnai mia tuqaÐa

metablht  me Gaussian katanom , mhdenik  mèsh tim  kai monadiaÐa diakÔmansh.

O lìgoc s matoc proc jìrubo (CNR) orÐzetai wc g=|h|2/N0, ìpou to h eÐnai o mi-

gadikìc suntelest c kanalioÔ kai to N0 eÐnai h fasmatik  puknìthta isqÔoc tou jorÔbou.

H mèsh tim  tou CNR pou prokÔptei apì thn (exart¸menh apì thn apìstash) mèsh ap¸leia

monopatioÔ eÐnai:

γ = 10−PL(d)/10/N0. (6.3)

H sunduastik  epÐdrash twn apwlei¸n monopatioÔ kai thc skÐashc odhgeÐ se èna tuqaÐa

lambanìmeno CNR

γ = γ · 10−S/10 = γ · e−ky, (6.4)

ìpou to k=σlog10/10.

JewroÔme pwc oi ap¸leiec monopatioÔ mporoÔn na upologistoÔn akrib¸c, enno¸ntac

pwc to γ eÐnai gnwstì sthn pleur� tou pompoÔ. O statistikìc qarakthrismìc thc skÐashc

jewreÐtai epÐshc gnwstìc (p.q σ), en¸ h tuqaÐa skÐash ston dèkth eÐnai �gnwsth.

6.4 Diamìrfwsh kai an�lush tou probl matoc

Apì th stigm  pou h stigmiaÐa skÐash den eÐnai gnwst  ston pompì, o teleutaÐoc k-

wdikopoieÐ me rujmì

R = log2(1 + γ0Pt), (6.5)

ìpou

γ0 = γ · 10−σy0/10 = γ · e−ky0 (6.6)

eÐnai èna CNR apokop c, to opoÐo me th seir� tou kajorÐzetai apì to sqediasmì thc

paramètrou y0, h opoÐa antistoiqeÐ σ′èna perij¸rio skÐashc. H met�dosh dedomènwn eÐ-

nai epituq c an to stigmiaÐo CNR eÐnai uyhlìtero apì to CNR apokop c,   isodÔnama an h

stigmiaÐa skÐash S eÐnai mikrìterh apì to σy0. Epomènwc, èqoume:

1− pout = P{S < σy0} = P{y < y0} = Φ(y0), (6.7)

ìpou to pout eÐnai h pijanìthta diakop c leitourgÐac kai h F eÐnai h ajroistik  sun�rthsh

katanom c (cumulative distribution function-CDF) thc kanonik c katanom c,

Φ(x) =
1

2
(1 + erf(

x√
2

)) =
1√
2π

∫ x

−∞
e−t

2/2dt. (6.8)
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Ta sq mata 6.1, 6.2 apeikonÐzoun p¸c o rujmìc met�doshc R kai h pijanìthta diakop c

pout metab�llontai sunart sei thc paramètrou y0, antistoÐqwc, sÔmfwna me tic sqèseic

(6.5),(6.7).

Sq ma 6.1: EpÐdrash tou perijwrÐou skÐashc y0 sto rujmì met�doshc R.

Sq ma 6.2: EpÐdrash tou perijwrÐou skÐashc y0 sthn pijanìthta diakop c leitourgÐac pout

O rujmìc apotelesmatikìthtac dÐnetai apì ton ex c tÔpo:

R(1− pout) = log2(1 + γPt · Φ(y0)). (6.9)

Gia thn epÐteuxh energeiak� apodotik c met�doshc kaloÔmaste na megistopoi soume ton

rujmì apotelesmatikìthtac diairoÔmeno me th sunolik  katan�lwsh isqÔoc. Epomènwc to

prìblhma proc lÔsh eÐnai to ex c:
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maximize︸ ︷︷ ︸
Pt∈R+,y0∈Pt

R(1− pout)
PC + εPt

=
log2(1 + γPt · Φ(y0))

PC + εPt
. (6.10)

Sto shmeÐo autì krÐnetai aparaÐthto na diereun soume thn asumptwtik  sumperifor�

thc antikeimenik c sun�rthshc (objective function) gia akraÐec timèc twn Pt kai y0. Gia

mikr� Pt, o arijmht c teÐnei sto 0, en¸ o paranomast c eÐnai peperasmènoc (kont� sto PC).

Wc ek toÔtou, h mègisth tim  den anamènetai na epiteuqjeÐ gia γ0Pt << 1 ,   omoÐwc gia

Pt << N0 · 10(PL(d)+σγ0)/10 . Antijètwc, o paranomast c aux�netai grammik� se sqèsh me

to Pt, en¸ o arijmht c aux�netai mon�qa logarijmik�. Sunep¸c, h antikeimenik  sun�rthsh

teÐnei sto 0 gia meg�la Pt.

Gia 10−σy0/10 << 1/γ, h èkfrash log(1+γ0) teÐnei sto 0, en¸ h F(y0) teÐnei sto 1. To

ginìmeno epomènwc teÐnei sto 0. Antijètwc, ìtan 10−σγ0/10 >> 1/γ, h èkfrash log(1+γ0)

exart�tai grammik¸c apì to y0, en¸ to F(y0) teÐnei ekjetik� sto 0. Epomènwc, to ginìmeno

ja teÐnei sto 0 ìtan to y0 eÐnai meg�lo kai arnhtikì.

'Ena tupikì perÐgramma epif�neiac (contour plot) thc energeiak c apìdoshc sunart sei

twn Pt kai y0 apeikonÐzetai sto sq ma 6.3 (Oi par�metroi pou qrhsimopoi jhkan gia thn

exagwg  tou diagr�mmatoc brÐskontai ston PÐnaka 6.1). 'Opwc ja analÔsoume kai sth

sunèqeia, h antikeimenik  sun�rthsh eÐnai quasiconcave (sqedìn koÐlh) sun�rthsh tou Pt,

en¸ par�llhla eÐnai log-concave (o log�rijmoc tou eÐnai koÐlh sun�rthsh) sunart sei tou

y0. Apì th stigm  pou to prìblhma beltistopoÐhshc den eÐnai koÐlh sun�rthsh sthn koin 

metablht  (Pt, y0), esti�zoume to endiafèron mac sto na anadiamorf¸soume to prìblhma wc

èna prìblhma megistopoÐhshc koÐlhc sun�rthshc gia k�je metablht  xeqwrist�.

Sq ma 6.3: PerÐgramma epif�neiac (contour plot) thc energeiak c apìdoshc (se bits) an�

Joule, se sun�rthsh tou Pt/N0 se dB kai tou perijwrÐou skÐashc y0.
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Par�metroc Tim 

PC 0.1W

e 1/0.35

d0 1m

d 10m

N0 10−7W/Hz

σ 2.3

n 2

PÐnakac 6.1: Par�metroi prosomoÐwshc

6.4.1 BeltistopoÐhsh energeiak c apìdoshc se sqèsh me to peri-

j¸rio skÐashc

Arqik� ja epiqeir soume na beltistopoi soume to parìn prìblhma sunart sei tou y0,

me to Pt dedomèno. O arijmht c sth sqèsh (6.10) perièqei to ginìmeno dÔo sunart sewn tou

y0. EÐnai gnwstì pwc h ajroistik  sun�rthsh katanom c thc kanonik c katanom c apoteleÐ

perÐptwsh log-concave sun�rthshc [9], pou shmaÐnei ìti h sun�rthsh:

f2(y0) = logΦ(y0) (6.11)

eÐnai koÐlh. EÐnai logikì, loipìn, na logarijm soume thn èkfrash thc energeiak c apìdoshc,

f(y0) = loglog2(1 + γ0) + logΦ(y0)− log(PC + εPt), (6.12)

ìpou o teleutaÐoc ìroc eÐnai anex�rthtoc apì to y0. Skopìc mac eÐnai na deÐxoume pwc h

parap�nw sun�rthsh eÐnai koÐlh sto y0, diìti σ′aut n thn perÐptwsh to st�simo shmeÐo ja

eÐnai kai olikì mègisto. Sunep¸c, prèpei na apodeixoume ìti h sun�rthsh:

f1 = loglog2(1 + γ0) = loglog(1 + γ0) + loglog2e, (6.13)

ìpou γ0 = γ · e−ky0 , eÐnai koÐlh sto y0.

H pr¸th kai h deÔterh par�gwgoc se sqèsh me to y0 mporoÔn na upologistoÔn me ton

kanìna twn alusÐdwn wc akoloÔjwc:

df1

dy0
=
df1

dγ0
· dγ0

dy0
=

1

log(1 + γ0)
· 1

1 + γ0
· (−kγ0) =

−kγ0

(1 + γ0)(log(1 + γ0))
, (6.14)

d2f1

dy2
0

=
d

dγ0
(
df1

dy0
) · dγ0

dy0
=

(1 + γ0)log(1 + γ + 0)− γ0(log(1 + γ0) + 1)

((1 + γ0)log(1 + γ0))2
· k2γ0 =

=
log(1 + γ0)− γ0

((1 + γ0)log(1 + γ0))2
· k2γ0 < 0,

(6.15)
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giatÐ log(1+γ0) < γ0 gia k�je γ0 > 0. EpÐshc, efìson ex > 0 gia ìla ta x ∈ <, katal goume
sto sumpèrasma ìti d

2f1
dy20

< 0 gia ìla ta y0 ∈ <, sunep¸c h f1 eÐnai koÐlh sto y0.

Jètwntac f′(y0)=0, èqoume :

df

dy0
=
df1

dy0
+
df2

dy0
=

−kγ0

(1 + γ0)log(1 + γ0)
+
ϕ(y0)

Φ(y0)
= 0, (6.16)

ìpou ϕ eÐnai h sun�rthsh puknìthtac pijanìthtac thc kanonik c katanom c. 'Omwc aut 

h exÐswsh den eÐnai dunatìn na lujeÐ analutik� exaitÐac thc Ôparxhc thc mh stoiqei¸-

douc sun�rthshc (non-elementary function) sf�lmatoc (erf ) sthn F(y0). Ant′autoÔ, ba-

sizìmenoi sthn par�gwgo deÔterhc t�xhc,

d2f

dy2
0

=
d2f1

dy2
0

+
d2f2

dy2
0

, (6.17)

ìpou o deÔteroc ìroc dÐnetai apì thn

d2f2

dy2
0

=
Φ(y0)φ

′
(y0)− φ(y0)Φ

′
(y0)

(Φ(y0))2
=

Φ(y0) · (−y0 · ϕ(y0))− ϕ(y0)ϕ(y0)

(Φ(y0))2
=

= −φ(y0)

Φ(y0)
(y0 +

φ(y0)

Φ(y0)
),

(6.18)

h lÔsh mporeÐ na upologisteÐ me thn arijmhtik  mèjodo Newton, h opoÐa perigr�fetai

akoloÔjwc:

Algìrijmoc Newton

ApaitoÔme: y0[0]∈ <
'Estw anìqh, D

n← 0

epanèlabe

y0[n+ 1]← y0[n]− f
′
(y0[n])

f ′′ (y0[n])

n← n+ 1

mèqri

∣∣∣f ′
(y0[n])

∣∣∣2
2·|f ′′ (y0[n])|≤ ∆

H tim  tou bèltistou perijwrÐou skÐashc gia tic timèc twn paramètrwn tou PÐnaka

6.1 eÐnai : y∗0 = 0.9635.

6.4.2 BeltistopoÐhsh energeiak c apìdoshc se sqèsh me th meta-

didìmenh isqÔ

Sthn perÐptwsh pou epiqeir soume na megistopoi soume thn energeiak  apìdosh me b�sh

to Pt (me to y0 dedomèno), to prìblhma pou prokÔptei eÐnai to ex c:
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maximize︸ ︷︷ ︸
Pt∈<

log2(1 + γ0Pt)Φ(y0)

PC + εPt
, (6.19)

ìpou γ0 = γ · eky0 .
Sthn perÐptwsh aut , h antikeimenik  sun�rthsh eÐnai o lìgoc miac koÐlhc sun�rthshc,

ston arijmht , proc mia susqetismènh (affine) sun�rthsh, epomènwc kurt , ston paranomas-

t . EÐnai gnwstì pwc to prokÔpton kl�sma eÐnai sqedìn-koÐlh sun�rthsh (quasiconcave)

[48]. 'Enac trìpoc gia na lÔsoume autì to prìblhma eÐnai na to metatrèyoume se èna isodÔ-

namo parametrikì prìblhma koÐlhc sun�rthshc, wc ex c:

maximize︸ ︷︷ ︸
Pt∈<+

log2(1 + γ0Pt)Φ(y0)− q(PC + εPt), (6.20)

ìpou to q ∈ < qrhsimopoieÐtai wc par�metroc. H bèltisth tim  thc antikeimenik c sun�rthsh-

c sto parametrikì prìblhma (6.20), h opoÐa sumbolÐzetai wc F(q), eÐnai kurt , suneq c kai

gnhsÐwc fjÐnousa sun�rthsh tou q [8].

'Estw ìti to P∗t eÐnai h lÔsh thc sqèshc (6.20) kai

q∗ =
log2(1 + γ0P

∗
t )Φ(y0)

PC + εP ∗t
. (6.21)

Tìte oi prokÔptousec prot�seic eÐnai isodÔnamec [9] :

F (q) > 0⇔ q < q∗,

F (q) = 0⇔ q = q∗,

F (q) < 0⇔ q > q∗.

Epomènwc, h epÐlush thc (6.20) eÐnai isodÔnamh me thn eÔresh rÐzac sth mh grammik  exÐswsh

F(q)=0.

O algìrijmoc pou perigr�fetai parak�tw (gnwstìc ki wc algìrijmoc Dinkelbach [19])

eÐnai sthn pragmatikìthta efarmog  thc mejìdou Newton se mia mh grammik  klasmatik 

exÐswsh [48]. Sunep¸c, h seir� sugklÐnei sto bèltisto shmeÐo me upergrammik  taqÔthta

sÔgklishc.

To arqikì shmeÐo tou algorÐjmou mporeÐ na eÐnai opoiod pote

q0 =
log2(1 + γ0P̃t)Φ(y0)

PC + εP̃t
(6.22)

me to P̂t tètoio ¸ste na ikanopoieÐtai F (q0) ≥ 0.



6.4 Diamìrfwsh kai an�lush tou probl matoc 87

Algìrijmoc Dinkelbach

ApaitoÔme: q0 tètoio ¸ste na ikanopoieÐ th sunj kh F (q0) ≥ 0

'Estw anìqh, D

n← 0

epanèlabe

EpÐluse th sqèshc (6.20) gia q = qn qrhsimopoi¸ntac thn (6.21) gia na p�roume to

Pt[n]

qn+1 ← log2(1+γ0Pt[n])Φ(y0)
PC+εPt[n]

n← n+ 1

mèqri |F (qn)| ≤ ∆

H lÔsh sto prìblhma (6.20) mporeÐ na upologisteÐ exis¸nontac thn pr¸th par�gwgo

(wc proc Pt) thc antikeimenik c sun�rthshc me to mhdèn:

log2e ·
γ0

1 + γ0P ∗t
· Φ(y0)− qε = 0. (6.23)

Apì th stigm  pou to ε ≥ 1, mporoÔme na anadiamorf¸soume thn parap�nw sqèsh wc proc

P∗t kai na p�roume:

P ∗t =
log2e · Φ(y0)

qε
− 1

γ0
. (6.24)

Oi dÔo algìrijmoi mporoÔn na efarmostoÔn enall�x, me thn prokÔptousa P∗t apì ton

algìrijmo Newton na mporeÐ na qrhsimopoihjeÐ wc par�metroc ston algìrijmo Dinkelbach,

kai antistrìfwc.

Sthn aploÔsterh perÐptwsh ìpou den problèpetai perij¸rio skÐashc, èqoume y0=0,

γ0 = kai Φ(y0)=0. Σ′aut n thn perÐptwsh h exÐswsh F(q)=0 mporeÐ na lujeÐ analutik�,

katal gwntac sthn èkfrash

q =
γlog2e ·W (γPC/ε−1

e )

2(γPC − ε)
, (6.25)

ìpou to W eÐnai h Lambert W sun�rthsh [17]. H antÐstoiqh metadidìmenh isqÔc dÐnetai apì

thn ex c sqèsh:

Pt =
log2e

2qε
− 1

γ
. (6.26)

Lamb�nontac upìyh ton periorismì Pt ≥ 0, prokÔptei pwc o basikìc kl�doc thc sun�rthshc

Lambert, W0, prèpei na epileqjeÐ sth sqèsh (6.25).

H bèltisth tim  thc metadidìmenhc isqÔc èpeita apì efarmog  tou algorÐjmou tou Dinkel-

bach gia tic timèc twn paramètrwn tou PÐnaka 6.1 kai gia y0 = y∗0 = 0.9635 prokÔptei :

P ∗t = 242mW .
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