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ITepiAndm

Ta teheuvtaior ypdvia 1 porydator avdnTLEY TOU TOUEN TWV ACUPUITWY ETUXOVWVIGY, EXTOS
and T TEOQAVY), TOMATAL OQEAN TN, €YEL EMPEREL ONUAVTIXY alENCT OTNY XATAVIAWOT
¢ evépyelag, xahoTOVTAS TO QUVOUEVO €Val Al Ta ONUAVTIXOTERA TEPBUANOVTIXG TpOPBIY-
wota, mayxoouing. Meydhy yepido Twv €peuvody xat Twv TpooTalet®dy o1n Blognyavia TV
QCUPUOTWY ETIXOWVOVIGY, 0TOYEVEL GTNV LAOTONOT) EVERYELOXA OTOBOTIXWY ANIGEWY Ol OTolES
Yo 00MYioouY TEMXGOS 0NV EEATAWOT] XAl TNV EQUPUOYT| TV "TRACIVKOY’ doUQUITLY ETIXOLY-
WVIOV.

Ewwétepa, otnyv napoloa dimhwpatiny epyacio xdvouue, apyixd, wo GUVOAIXY| Tapouat-
oo™ TRV GUYYEOVWY TEYVIXWY BEATIWONS TNG EVERYELOXS ATOBOGYS, Ol OTOLES YL TEUXTIXOUS
A6youg xaTNYoplonoloLyTal 6Toug EENC TOUEIS OE OYEDT) UE TO OF TOLO XOUPATL TOU UOUPUY-
ToU BixTioL AopPdvouy ydhpea : (o) otadpdc Bdone, (B) meptoyh e xuéhng, (Y) tonoloyia
puool otphpatog. ‘Emeita, avolboupe extevig ta 4 Baowxd trade-offs twv tnhemixowv-
OVIXOY TOpWY, T omoio anotehoy To Pactxd mhaicto twv “Ilpdovewy Padloenixovmvioy”,
“Green Radio” (GR). AZionoinon twv npoavagepdéviwy tradeoffs yivetar oe onpavuxd Bo-
Yué oto olyypova aolpuata dixtua Ue BedoUEves AMUTACES S TEOC TOUS TOEOUS TOUG,
Yoo T 6Tota DleEdyaue o OYETIXEC TEOCOUOUDCELS %Ol TOPOUCLACUUE TYETIXOUS aAyopll-
wouc. Axour, eotidlouye 10 evdlapépoy pog ot wa eEENYUEVT PEV0B0 EVERYELUXS ATODOTIXY-
¢ OpouordYNoNe ot TEAOG DIEPEUVOUUE TNV EQUPUOYT EVEQYEIUXE AmOdOTIXWY AICEWY OTNV
nepintwon e npocoppoyhic Levlne (link adaptation) oe nepBdhhovta oxinonc. EEdyovto

ONUAVTIXY CUUTERACHITA.

Aéleic KAcowk

Aclppata Alxtua, Ipdoweg Emxownvieg, Avdideon Triemxowvomviondy [ldpwy, Hpocoe-

woyt, Zeving, Evepyetaxd Anodotxr; Apouordynon






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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Kegpdiaio 1

I'evixr|) meplypapn evepyetoxd

ATOOOTIXWY ACVPUATWY OLXTUWYV

To teheutaia ypdvia 1 xivnon (traffic) otic xivntéc xar eupulwvinés ETXOVWYIES EYEL
Tapoustdoet paydatoug putpolc addnong, Yeyovog mou xahotd avoryxola Ty nepattépw emév-
BUCT OTNV YWENTIXGTNHTA TWY CUCTNUATOY XVATAS ETXOVGVIOG, TNV oVaXaTavoUY| Tou @do-
HOTOC X0 TNV EICAYOY T VEOY EVIEPLWY DIETAPWY TTou Vol EVIGYUO0UY TNV QaoHATIXT anddooT
(SE) . H enévduon otn ywpntdtnia, xadde xa 1 napoyf Behtiwpévne xdhudne o entpép-
ouv anuavtixy e€otxovounon oe meplPolloviind Vépata, uéow tng xahltepne yenong xou
viovétnone twv Kivntdv xoa Actpuatwy Information Communication Technologies(ICT)
UTINPECLOVY.

Eniong, ot 60y Ypove TNAETIXOVWVIAXES XOVOTNTES EQYOVTAL AVTIETWTES PE TNV AVETAVAAT-
T €xpnin Tou 6yxou Bedouévmy Tou petadidovion Y€ow TV 6A0 xat avoBotuloUevLy Tok-
UUECIXMY EQPAUPUOYQY, 1) oTola €xEl w¢ ENINTWOT TNV VioYuon Tou XOGTOUS, NG EVERYELUXAC
XATAVIADONG TWV BIXTUOXMY CUOXEUWY X0l TNS CUVETAYOUEVNS expnopnic woplwy COy . O
YOG TV UETADDOUEV®Y DEDOUEVWY auEdveTal xatd eva tapdyovta x10 xdde 5 ypovia, apt-
Vubc o onolog avtiotowyel oe abENon Tne XATAVAMOXOUEVNS EVERYELNS XaTd 10000t 16-20%.
Yra xudehwtd dixtua xave otodude Bdong anatel tepinou 2.7kW nhextixig oy bog, nocd o
ornolo unopel va 00NYNoEL 0E XATAVIAWOT oY V0¢ dexddwy MW xdlde ypdvo yia evpulwvixd
dixtua. Mdhota adloonuelwto elvol TS T0 GOVOAO TNG EVEPYELNG TOU XATAVIADVETAL And
o xuPehwTd aovppata THA/xd dixtua, ta evelpuata ThA/xd dixtua xadde xou o fvtepvet
arnotehel 0 3% e nayxdowas evepyetaxtc xatavdhwons. To nocd autd npoxarel exnounéc
CO2 ouyxptvépevee pe pe 1o 1/4 1wy nayxéomwy expnopuney COg twy avtoxivitwy. Kpive-
TaL, AOLTOV, ETLTUXTIXY 1) AVAYXY) YL OYEDIAOUO HEAAOVTIXMY THAETXOVWVLOXWY BIXTOWY TOU
Va unootnpilouy Behtiwpévr evepyetaxy) anddoon (EE), tétowa dote va daoparileton mwe
1 yenowonooluevy evépyeta dev Vo awidveton pe to pudud Ty duxtvaxhc xivrong. H u-
Aomoinom anodoTixwy EVAEQIWY DIETAPOY 6T0 Tedlo TNG oLy VOTNTaC Tapoucialel VEES TEOXAT-
oelg oyetxd e to peillov Yéua tng evepyelaxng anddoong xar YiveTon Qavepd Twg xAeWDi Yo
TNV avATTUEY TV VEWY BIXTOGY Yo elvol 1) UEWGT TNV XATOAVIAIOXOUEVNG EVERYELNS UVH UETO-

01d6pevo bit ot 1 xatdAANhY Soyelplon TV TNAETIXOIVWVINXGY CUOKEVWY XAl TV PUCIXOY
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14 Kegadowo 1. I'evixij neprypaqt) evepyeioaxd ano0oTixwy aolouat®wy dixTiwy

TYOV EVEQYELOC.

H sioayoyh véov evaépiwy denapay, onwg 1o LTE Yo napéyer onuavtixd ogéln o6-
ooV aQopd To pUUNG UETABOOTNS XAl TNV XATAVUALGXOUEVY] EVEQYELX avd UETABLOOUEVO bit |
oe oUyxploN e TuAidTepeg TeEYVohoyieg 6mwe 1o GSM.AvV xat ota mpoavagepdévta dixtu-
o 7 ELIHATED0GY-DlaPETAY WYY TOU EMTUYYAVETAL €ivan onuavTixy, Teémet vor avarntuydody
xATdAANAo WoTE 1) Sidpxeta Lo TS UNATARlUC TWV XIVNTWV TEQUATIXWY YA UNY TEQPTEL O
YAunAd enineda, yeyovog mou anotekel mpoAANoT OA®Y TV THAETOLAVOVIOX®Y Qopéwv.Mia
oxeoun Tedxhnor anotekel N xadohur) eLpLULEVIXGTNTA, 1) BUVATOTATA SNAADY| TWV TEQUAUTIXDV
XENoT®Y Vo €youv ar’oha Ta onuela Tou ThAavitn npbdofact oTi dardéoiueg unnpeocieg daTnEMOY-
To¢ mapdhAnha éva enapxée eninedo IMotdtntac YTnnpeoiag (Quality of Service-QoS).

Fiveton avTAnntd enouéveng nwg 6TdyY oS TN Plognyaviag THAETIXOVWVLGY EVAL 1) I0OCGTA-
Ywon e evepyetaxfic amddoong Ue TIC avVamTLOGOUEVES eupulwvinéc utnpesieg o orueio
TETOI0 WOTE Vo Uy Teptopilel To Tp®To 10 delTepo o AvTIGTEOYA.

Q¢ Green Radio (GR) xoholpe to epeuvntixd tufua to onolo evacyoheitat ye tny eZENEN
HEAAOVTIXWY aC0UPUAT®Y DIXTHWY Xdl TEYVIXWY Tpog eniteudn udPning evepyelonic anddoor-
¢, 0TOY0C TOU TMPOCEAXDEL TO EVOLUPEROY TOGO TOU axadNudinol 660 xou Tou Blognyavixod
x6ouou. Ilpw and tn dnwovpyia tou GR, elyav yiver tpoondleieg emxevipwpéves otny e&-
OLXOVOUNOT) EVEQYELAS 0T AOVPUATA BIXTUA, OTIC O OYEDIACUOL AXPWS ATODOTIXWY EVIGYUTWY
oy boc (ultra-efficient power amplifier), TpOPOBOTIXWY PE UEIWUEVES ATWAEIES XL ELOAYWYN
TeYvXdVY TodnTerc Yong. ‘Ouwg, autéc ol mpoondieies eivon uepovwuéves xon £ToL, Bev -
TopolY va avtanoxpttoly ot éva Ty xOoulo Gpapa ETITELENS toxponpddeoung EEoIXOVOUNaNS
evépyeloc. And tnv dAAn yepid, 1o GR otoyelel oe xawvotoyeg Mioeg mou oe Pooilovtat
oe top-down apyITEXTOVIXT| XU XOWO OYEBIOUO G Oha T ENMIMEDAU TOU GUOTAUATOS XOU TIS
oto{fec TpwTOXOAALY, 0ToyoL Tou eV elvan Buvatdy va emTeELY YOOV YE UELOVWUEVES TPOGTE-
Vetec.

Y10 nopaxdte didypopua anetxovilovial ot tpelg Baotxéc LOVES OTOU XATIAANAES XAVO-

Topleg oTNY EVERYELOXT| AMOBOCT) UTOPOUY VoL AVTIHETWTICOLY TIC TpoavapepVeloeg TPOXANOEIC:
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Evépyeio mapaywyhc

o Teyvixéc Uelwong NG EVEPYEINC TOU XUTAVOAWVETIL
péow NS mapaywYIXnc dtadixactog

e Médodol Beltiotonoinone e didpxeiog {whg Twv
TEOIOVTWY

e Meiwon towv Idyewyv Aaravodv (CAPEX-CAPital
EXpenditures)

Aettoupyunr evépyeta

e Meiwon twwv Actovpyxav  Aanavdy  (OPEX-
OPerational EXpenditures)
e Meiwon tou equipment churn péow mo euéhixtwy

OYEBLUOUWY

Képdn evepyetaniic anédoong uéow ICT

UTNPECLOY

o ITopeyoueva ICT cuothuata yio Beitiwon tng e-
vepyetaxc anddoorg
o AdZnon g amodoTixOTNTAG XATA TUAUA L€ ULo-

Yétnone Smart ICT unnpeordyv (n.y Tyeio, Metagopéc)

IMivaxac 1.1: Baoixée {oveg xovotoplas tng EVERYELAXS Anod0amg

To CAPEX 1 Capital Expenditures yioévo RAN (Radio Access Network) anotehoty
xuplwg Tig domdveg unodourg, énwe tov eEomhiond otaduol Bdorng, tov backhaul e€omhio-
wé yetddoone, Ty eyxatdotacn otny tonodeoio Aettoupyiauc xar tov RNC (Radio Network
Controller) eZonhioué. Avtideta, we OPEX 1, Operational Expenditures opilovtar to €Z-
000l XATAVIAWOTC NAEXTELXOU PEVUOTOS, TUPUUOVIC OTNV TERLOY T EYXaTdoTAoNS, wotwang
backhaul eZomiiopol, xou x601n Aettovpylag xou ouvthipnong. (d¢ ICT opiCoupe tov Topéa
teyvohoyiue mAnpogopiac xou entxowvwviay (Information and Communication technology)
, 0 0molog AmOTEAEL €Vay YEWXOTEPO OpO TOU EXPEALEL TNV EVOWUITWOT TWV GUYYPOVKY

TEYVOROYIOV THAETUXOWVOVLGY XAl TANogoptxc otV xadnuepvr {wi.

Ané toug napandve Touels Yo EGTIACOUNE TO EVOIAPEQOY PG 0T AELTOLEYIXT EVERYELX
XL CUYHEXQPILEVOL OTIC TEYVIXES EEOOVOUNOTS EVERYEING OTOUS axOhovloug TOUElS Tou 1

oLVOBEHOUY:
o Ytauodg Baong xat eninedo e£onAMouo
e Beluotonoinoy duyeipiong evépyelag otny Teployh TV xUPehmdv
e Beltiotonoinon tonoloyiog guoixold otpwuatog xar unneesieg cuotnudtwy end to end

H SopR g Simlopatixnc epyaoiag otn ouvéyeta ebvon 1 axdroudr: 3to xegdiao 2
yiveton pior yevixy avapopd oTig e Vinég Bedtinong g evepyetaxi anddoong, 0TO XEPAoLO
3 peietovvtan T Paocwxd tradeoffs otic “npdovec” aolppateg emXOVWVIES, GTO XEGIAUO 4
eoTidlovye To evilapEpoy wog otny Avdleor Iopwv Aclppatwy Enxovwviey yio Acdouéveg
Anatfoeic Baotopéves oe oupgdnoiopd autédv (On-Demand Communications), 6to xe@dhoto

5 avaAbeTon 1 evepYELaxd anodoTixt Bpopold Yo oTa aclppata dixTud Xat TENOG 0TO XEGEALO
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6 eetdletou M evepyetoxd anodotix) npocapuoyt Levine (link adaptation) v tnv napovsia
shadowing. No onpeidoouvpe nwe o xepdhona 4,5 xat 6 cuvodevoviow pe anotehéopota

TPOGOUOLOTEMY.



Kegpdiowo 2

Teyvixeg BeAtiwong evepyelaxng

ATTOBOCNG

2.1 Xrtodudg Bdong xau eninedo eEonAicuol

Y16yo¢ Tou GR mpoypdupatog elvar 1 Siepebvron xat 1) Snutovpyio xouvoToumy peddo-
v yioo T pelwon g ouvolxhc evépyetag mou amauteliton Yo TN Aettoupyia evog Sixtlou
cadogpwvixfc tpdoBacne (RAN) xat 0 npocdloplonds xotdhANAGY APYITEXTOVIXDY TOU V.
emitpénovy tétola peiwon toyboc. H Ttumixd xatavdAwmor eVEpYEld TV DLIGORETIXOY O-
Toryelwv evie abyypovou aobpuatou dixtlou gaivovtar 6to oyfua (Lyhua 2.1) [25] . Ta
anoTeAEopATA AUTA Belyvouy xoupd Twe 1) HEICT TNE XATAVAAIOXOUEVNG EVERYELNG OTOUG O-
Tadpole Bdone xaw ota onueia tpdofaocre (access points) anotehel Tpwtapyixd 6Tdy0 AwTOH
TOU EPEUVNTIXOU TPOY POUUATOS.

Meh€teg €youv Selel WS N XATAVIAWOT EVERYELNG EVOS XIVNTOU TEQUATIXOU avVd Y1
ot ebvon opxetd wxpdtepn and Ty avtiotoyn evog otadpol Bdone. Emouévee, to tuua
tou Green Radio (GR) npénet va emxevipwiel xuping 6to oyedioaopd anodotixdv otadudy
Baoewv. To Eyfua 2.1 eniorng unodeviel IO 1 XATACHEVAGTIXT| XU EVOWUATOPEVT) EVERYEL
elvoll €Vag AEXETE OCNUAVTIXOTEROS TAPAYOVTAS OTO XVNTO TEQUATIXG am’OTL 6T0 aToud Baoy-
¢. To tehevtaio e&nyeiton and 1o yeyovog otl 1 “Con” evog otaduol Bdorne dopxel nepinou
10-15 ypdvia, cuyxevouev e ta 2 ypdvia “Cung” evog xwvntol tepuatixol. Emnpdodeta, ta
%0071 evEpyeLug £VvOC oTaduol Bdong potpdlovial Yetadl TOMATADY CUYBPOUNTWY, YEYOVOS
0L OOMYEL GE ONUAVTIXT| AVICOXATAVOUT] TG EVOWUATOUEVNS EVERYELXG. And TNy omtixt| yovia
TWV XIVNTOV TERUATIXGY, TEETEL Vo Angloly onuavtixéc tpoondieieg ue otdyo ) peiwon Tov
%00 TOUG TNG XATAOXEVACTIXNG EVERYELOG Xt oENTT Tou oplou (NG TWY XIVITOV TEQPUATIXWY,
wEow Ty mpoypouupdtey avaxixiwone. H Third Generation Partnership Project (3GPP)
Long Term Evolution system (LTE) éyer emheyVel wc n teyvoroyin avagopds yia autd to
EQEUVNTIXG TEOYPAUUATA © Ol TPOBIAY pAPES TOU €YOUV TPGaYUTA OAoXANEWUEL Ye oXOoTd TNV

I 4 4 ’ 4
avdmTun dxTiwy uéoa oTa ENOUEVA 2-3 YpOVIA.

17
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Katavéwon woxvog ota kuehwtd Siktua :
Qcég Asl:toupvtkn 26kg
. 2 evépyeLa co;
Avovikr
Kévtpo Szdopévav
Metédoon otov
Twprva Tou Siktiou 8.1kg
o,
Kévtpo petaywyng 43kg EVowpaTwpEVR
COy EVEPYELRL
ItaBpog Béong
T T T T T T
0% 10% 20% 30% 40% 50% 60%
Xpiion woxvoc (%) IraBuog faong Kwnto TeppaTike
(a) (b)

Yyua 2.1: (o) Katavdhwor evépyetag oe éva tumixd aolppato xuhekotd dixtuvo. (B) Exnop-
nég CO2 avd yphotn avd ypbvo avtiobueves and tov otadud Bdong xat 1o xvnTté TepUaTIXG.
Ot evowpatwuéves exunopnéc (embodied) npoépyovtar and tnv Sadixaocia Tapoywyhc Topd

4 N X ’
and 11 ActToupYixy| Olodixaci.

e Entoxonnon evepyeloxdv UETPHOEWY

Ta anoteréopata Tou Lynpatog 2.1a delyvouv nwe ot otaduol BAong AVTITPOCWRELOUY
€voL UEYAAO TOCOGTO TNG GUVOMXAC XATAVOMGXOUEVNS EVERYEINS TWV ACUpUATWY OXTOWY.
Y& TepinTwoT TPOTEVOUEVODY VEWY TEYVIXGY Yia T1) UelwoT TN anoutoluevne evépyetas o' éva
dixtuo, elvar Lwtxnc onpaoctac 1 mapoyn Uetphioewy mou Yo e€oxplB3ivouy Tt x€pdn €)ouv
emteuyVel. O petprioeic mou yenowonoolvia oto Green Radio Project (GR project) €-
youv aulntniel extevidg xat €youpe odnyndel oto cuunépaouo Twe uTdEy oLy 800 WTépWS
ONUAVTIXEC UETPNOELS TOU EMPOXELTO Va yeTotponotnioly xata T didpxeto autod Tou project.

To mpdto eivon €va andhuto Y€yetog evEPYELNG Xal CUVOEETOL OTEVA UE TNV EVVOLOL TOU X-
A&dou e Propmyavice “puiude evepyetaxtic xatavdhwons” (ECR). Auté o uéyedoc cuvidug
opiletar wg 0 Adyog g Péytotng oy log Stupoluevo ye Tt péyloty puipan6doot dedopév-
ov (throughput) Yy tov mound evég otadpol Bdone. ‘Opwe, yia mpaxtixolc Adyoug, To
Energy consumption rate (ECR) npénet vo unohoyilet tny xatavahloxbuevn evépyeia avd
emTLYOC UeTAdGUEVO bit TAnpogopiag xau petpdtar ot povades joules/bit. Auth n yétpnon
emtpénet T fodpovéuncy g andAuTrg enidoong BIUPOPETIXGOY ACUPUATOY BtxTOwWY. (¢ amhd
nopdderypo axohovlel 1o €€ évac tumixde Long Term Evolution (LTE) topéac otaduod
Bdong unopel va Aettovpyel oe éva ebpog Lovne 10 MHz ye yéon gaoyatixg andédoon 1,5
b/s/Hz, netuyaivovtog étot éva péoo pudud petddoorne 15 Mb/s. Av 1 xepaia evée oto-
Ypot Bdorne petadider 8 W RF wydoc n RF ECR tyf y'autéd to cvotnua Yo frov 0.53
J/b. Qotbdoo, av 0 cuvohixde “rpobnohoyiouds evépyetag” tou otaduol Bdong (m.y 450 W)
dropotpdleton avdpeon oe 3 topeic (n.y 150 W/topéa) n tph tou ECR yia évay topéa du
avavétay ot 10 J/b.

H debtepn pétpnon etvar éva oyetixd mapd andhuto péyedog xot yeNoLHOTOIEiTUL TEPLO-

061ep0 YioL TN aUYXEIoN 800 BIAPOPETIXWY CUCTNUATWY. XUY VY, 0 EXUOTOTE EVOIUPEPOUEVOQ
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ouyxplvel TNV evepyetoxy enidoor evoc otadpol Bdong yenoiponoidytog uio xouvolpia Teo-
TEVOUEVT, TEYVIXY, TNV OTold GUYXPIVEL UE EVOL GUOTNUO OVOPopds OTOU 1) TROGEYYIOT AUTH
dev éyer avantuyVel. To xépdoc evepyetoxric xatavdhwone (ECG) eivar 0o Aoyoc (Eyp/Ey),
6mou Eyp elvon 1 xatovolioxouevy evépyeta Tou ouUaTAPITOS avapopds xou By etvon 1 evépyela
Tou und eZétaon ovothpatog. ‘Oco peyolbtepn ebvan 1 Ty Tou Energy consumption gain
(ECG), 1600 mo anodotixd yivetan 1o uno e&étaon abotnua. ‘Opns, 6oov agopd v Energy
consumption rate (ECR) uétpnon , npénet va S0Vel dioitepn npocoyr| hote va eZaopahtiel
6Tt o1 evepyetoxol unoloylopol exteholviar und éva oliomioto tpémo. T mapdderypa, av
ouyxprdolv ot ayediaopol 2 otadudy Bdong, teénet va diacpaiioVel Twg xon ol dho egunnpe-
TOUY ToV (B0 apriud yenotov und Tig Beg ocuvixeg xivnong, dote va nopaydel alidmiotn

oUyxpLo.

2.1.1 3TpaTnyixXEs XATAVOUNS TOPWYV

Me tov 6po xatavour Tépwv Teplypd@ouue Tn dadixacia Ye TNV onola ot Tounol TV
otaduwy Bdong anogacilovy 1o TOC X To T6TE Vo UETADWGOUY BEdOUEVA GTOUS BLAPOpOUS
yerhotes ,otny xdtw Levln (downlink), evidc tne xudéine nov eCunnpetody. O teyvixéc
XATAVOUNS TTOPWY Tou aElOTOOLY 000 o AnoTEAEoUATIXG etvar eixté Tov RF evioyuth é-
YOLVY T1) BUVITOTNTA VoL BEATIOVOUY GNUavTiXd TNV evepyetaxy anédoon. H enitevdn tétolog
LElONE OTNV XATAVAAWGT| EVERYELUC UTOPEL VoL 0BNYNOEL GE UEYUAY) EE0IXOVOUNTT| EVERYELIXADY
ano¥epdtwy, uéow Sloxonhc Aettovpyiag Tne SLATAENG TOU TOUTOBEXTY Xl TOU CUOTAULITOS
$O&ne tou otadpol Bdong. Emmpdoieta, avarloel tng xivnong dedouévey ot aclpuata
dixtua [27] Belyvouv nwe To optio xiviong eivor TUTIXE APXETE OVOUOIOUOPQO XaTa WAXOG
Twv xuberdv. Emouévmg, teyvixéc ot omoleg o eAayloTONOO0V TNV XATOVAAWGT] EVERYELNG
oe auvinxec petahntol goptiou xivnong anoteholy wor onuavTXy epeuvnTxy xateduvon,.
Y10 onpeio autd Va yiver 1) neptypapr| HU0 CUUTANPOUATIXGY TEYVIXWY TOU YETCILOTOLOUVTAL
oe ouviixes yornAov xat LPNAoL goptiou xivione avtiotoiywe [25].

Ly mepintwon ouvinxady younhol goptiou xiviorng, o otadpodg Bdong etvan mdavd vo
drardérer meptoodiepo elpoc Lovng yia uetddoor dedopévey otouc ypfotes an’6tt anouteito
TN CUYXEXQPIEVT, ypovixt) ottypr. M npocéyylon oto medio tng ouyvoTnTag AmodelviEL
Twe autd To Beupupévo elpog LOVNG pmopel va 0dnYroeL 0 PEloT TN XATAVAALOUOUEVNS
evépyeilag. Eatiog tou yeyovétog 6Tl 1 ywenuxdTnTa Tou xovaiol ouoyetiletar ypou-
wxd pe to Stodeotuo ebpog Lwvng xou hoyoplduixd e T HETADIOOUEVT oYy, Efval EQIXTO Vol
avtahhay Vel poopatixy pe evepyetaxy anddoorn (Spectrum efficiency-Energy efficiency, SE-
EE tradeoff) xou va emteuydel étor eZowxovounon evépyeiag eved dacpahileton mapdiinia
enopxéc Quality of Service (QoS) [51]. Avti va ypnowwonotoouye éva ohvieto ahhd gac-
wotxd arodotixd ototnua dapdppwone (. 16 QAM) ue otevd ebpoc Lavne, elvon epxtd
VoL YENOOTOMOOVUE Ve amhooTteEpo clotnua dopbppuwone (t.y QPSK) wéva nhatitepo

ebpog Lwvne.
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LTE downlink simulation results

50 T T T T T T T 6 T T
——a=2 —&-SU-MIMO AL
45 H-g—a=3 < —¥ Full feedback MU-MIMO Lo
a=4 / —#—Partial feedback MU-MIMO i
—a=5 i 5 H—=—SFBC e -
40 | = a=6 e

35 -
30

25

Energy consumption gain (ECG)
Energy consumption gain (ECG)

0 i T ~ I I | 1 |
7 9 11 13 15 17 19 21 23 25 27 10 15 20 25
Target SINR [dB] Number of users

(a) (b)

Syfua 2.2: (o) Tpooopoiwon tou ECG(Energy consumption gain) tou dieupuuévou ebpoug
Cwvng otov o TV CUYYOTATWY O CuUVARTNOT PE To eAdytota anatovyevo SINR oo
oéxtn, (B) Ilpocopoinen tou ECG ue ypron nolhankdv MIMO custiudtwy, oyetixr ue
v SFBC (single-user MIMO diversity scheme space frequency block coding)

To Tyfua 2.2a anewxovilet ta tpohendueva Energy consumption gain (ECG) anoteléo-
patar yUauThy TV TpocéYYion 6To Tedio e cuYVOTNTAC, WS GUVEPTNHON TOU UTATOUKEVOU
SINR ( signal-to-interference-plus-noise ratio) oto 6éxtr yia éva dedopévo puipd yetddoong
dedopévwv[25]. Tevixdtepa, boo auidvetar N goopatx anddoon tou puipold YeTddoone Twy
0edouEVLY, 1600 auidvetar xou 1o anoutoluevo SINR. H tps g napapétpou a unodetxviet
TOV EMTPETOUEVO TapdryovTa Blebpuvane Tou elpoug (OVNG Xat 1) YEAUQIXT TUpdoTACY) ava-
TOPIOTE TIC TEPITTWOES Yia Ttuée Tou o oto didotnua [2,6]. Do napdderypa, wa diedpuvon
Tou elpoug LOVNG xatd mupdyovia a=2 Vo enETpEne TNV avixotdotoot wog 16-QAM Bi-
apbpowone (4b/s/Hz péyiotoc pudude petddoone) ue tny QPSK ( 2/b/Hz yéyiotoc puipde
petddoonc), n onofa Yo ancutodoe wxpdtepo SINR v aiémotn Aertovpyia. Ta anotehéo-
portor ooedun Belyvouv mwg 6co to anatoduevo SINR audvetar, tdéoo nepioodtepn Beltidon
enépyeton otn Tn tou ECG aro ) yeron tng teyvixric diebpuvong tou ebpoug Lwvng. OF-
TOVTOS TNV T Tou a wépa and 4 tapatneolyue uetotpeveg anodoaoelg oto ECG, e e€aipeom Tic
repnteoelg ToAl udmhav oy SINR 6mou o yenoonoodvTtay dpxeTd QaohaTiXd anodoTi-
%A GUOTHUOTA SLIHOPPOOTNG.

‘Otay 10 @optio xivnong elvar vdnhd, o otadude Bdone pmopel vo UeTadidel dedoyuE-
va oe tolhamholg yeroteg tauTtodypova, maveg yenotwonowviag Multiple input multiple
output (MIMO) teyvixéc. Xavthv v nepintooy, civar cuvitwe epetd Vo expeTahAey-
Tobue TN multi-user nowhopoppio Yo vor auoouye TN ouvohix multi-user ywenuxdTNTY
TOU ETUTUYYAVETOL UEGL GTRATNYIXDY OTOPTOUVIGTIXHC XATUAVOUNS XU YPOVOTPOYQOUUATIONOD
v dadéotpwy tépwy. Y'autd to onueio o ypovonpoypappatioThc exywpel Toug dadéot-
Houg mépoug alUQWVA UE TIC OTYlaleg SUVIXES TOU EXUOTOTE XAVOhlol EEUTNEETNOTC TV

XENOTOY, 660V aPopd Toug Topelc Tou Ypdvou, Tng cuyvotnTac, xar/H Tou ydpou. Ta xépdy



2.1 Xradude Bdons xau eninedo eConhiouot 21

an6dooNe UnopolV Vo UETAPEACTOOY O MEQUTER® UEIWON TNG XATAVANOXOUEVNC EVEQYELOC
otov tound. Enilone hauBdveton uvnddiv v teyvinh| npooupuoyrc Levéne (link adaptation) yia
VoL BlaoQahloTel 1) UEYIoTY) Suvaty) AetToupYio EE0IXOVOUNONE EVERYELUS GTOV TOUNO EVIOS TWV
Sroaéotuwy xataveunuévey tépwyv yio éva emduuntéd eninedo QoS. ¢ nupdderypa and TNy
[20], To EyAua 2.28 avanapiotd v ECG enidoor dragpdpwv MIMO precoding cuotnudtony
oe oOyxpton pe 10 SEBC (single-user MIMO diversity scheme space frequency block coding)
T0 0Tolo AVTITPOCWTEVEL TO ahotnua avagopds. Ta multi-users MIMO cucthpota exyet-
alheudueva Tov UYMA6 Badpd Towahogop®iog ETITUY YAVOUY WXEOTERO XOGTOS OGOV UPORU TNV
anotToUUEVY evépyela UeTddoang avd bit mhnpogopluc. ‘Otav o apripds twy yenotwy civor
OPXETA YEYANOC, TA AMOTEAEGUATA AELOAOYNONS TN AnOdOoNS DEYVOUY WS EVA TEVTATAAGLO
evepyeloxo x€pdog unopel va emteuydel yeow multi-user MIMO teyvixcdy, ypnollonotwvtag
TOEGAANAL XUTAAANAES TEOOEYYIGELS YPOVOTROYRUUUATIONO) TOPWY XAl TEOCUPUOYHS OUV-
deamg ouyxewouevee pe 1o SFBC alotnua avagopds.

MehhovTixéc epyaoie 0T0 GUYXEXPWEVO TOUEN GTOYEDOLUY GTOV XAAOTEPO BUVITO GUV-
OLUOUO TEYVIXWY YPOVOTROYPUUUATIONOD, UTE TNy onTixr] Ywvio Tng evepyeloxis anodoong,
XoTd Phxoc Ty dlapbpwy goptinyv xivione ota uehhovtixd Long Term Evolution (LTE)

dixtua.
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2.1.2 Teyvixég IToahanidv Kepowdv (MIMO - Multiple-Input Multiple-
Output)

O teyvixéc Multiple-input Multiple-Output (MIMO) éyouv mhéov eupéwe Sradolel
ot neploadtepd aclpuata dixtua. ‘Onwe gaivetar oto Eyfua 2.3 draxpivouue Tig €€1¢ e1OES
neptooec tou MIMO [35]: Single Input Single Output (SISO), Single-Input Multiple-
Output (SIMO), xo Multiple-Input Single-Output (MISO). Exrionc ot teyvixéc MIMO p-
TopoLY Vo yenouloroinoly ye Uepovopévoug 1 tohhamhotc yeroteg ouviétovtag ta Single-
User MIMO (SU-MIMO), Multi-Users MIMO (MU-MIMO), xat Coordinated Multipoint
Transmission (CoMP).

SIS0 Tx _TT_ Rx SU-MIMO

| -
|
SIMO Tx Yl Rx
| MU-MIMO

¥ N
MISO | 1« jT_ Rx
LY

CoMP

— T Yy —
B ¢ |-

MIMD Tx JY_ Rx
|t 8

Eyhua 2.3: Awdypoppa twv MIMO cuotnudtoy

Av xou or teyvixéc MIMO é€youv anodetylei 6T eivon anotekeopatixéc otn Bertinon
NG YWPNTIXOTNTAS XU TNG PUOUATIXAC AMEDOOYG TWV AoVPUATODY CUOTHUATWY, 1 GUVOAIXY
evépyeta xoatavdhwone auidvetar. Ipdta ar’oha, xATAVAAOVETAUL TEPIOGOTERT] XUXAWPIATIXN
EVEQYELX AOY® TOU BITAACIAOUOU TV XEPAU®Y eXUTOUnE xou Ang. ESaptwuevn and 1o A6-
YO TN¢ BEATIOVUEVNC YWENTIXOTNTAS TEOS TNV AVTIOTOLYY) XUTAVIAWGT EVERYELNS, 1) EVERYELUXY
an6d0GT TOU TOAAATAOD CUGTARATOS XEQALWDY UTOREL Vo lvan €V TEAEL uxpOTERT amd AUTY| TOU
eviafou cuothpatoc xepadyv. Emnhéov, nepioodiepot ndpot (ypdbvoc B ouyvdtnta) dunavoiv-
T 0Ty dadixacia tou overhead signaling yio ti¢ MIMO petaddoeig. T mapdderyua, ota
neptoobtepa MIMO ouothuata,n yepfion e napopétpouv CSI (channel state information)
elvor avoryxola €{Te GTOV TOPTO E€ITE TAVTOYEOVA GTOV TOUTS ot TO BEXTY WOTE Vo emTeuy Vel
wa eavorotntixyy anddoon. o va extyfoovpe o CSI xar var o tpogodothicouye miow o-
Tov mound , optopéva training symbols npénet vor oTaholY TRV T UETADOOT] TWV DEDOUEVWLYV.
Aedouévou 61t 0 apripdg TWY CUVTEAEGTOY TV XAVIALOY ALEAVETUL AVORGYU PE TO YIVOUEVO

Tou TARYoUC TV xEPUOY ExpToung xou Ang, emnpbdoieto signaling overhead amouteiton
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yioo to MIMO cuotiuato.

H npocapuootid uetaBolr, Tou aptdpol Twy eVERY®Y xepattdv 6To oTadd Bdong €yet npo-
tadel and to Third Generation Partnership Project (3GPP) Long Term Evolution system
(LTE) vy va va avtipetoniotel 1o yeilov $éua Staxbpoavene tne xiviong ota dixtua xtvnthc
mhegwviog [1]. Xipgpova pe éyxvpa otatiotixd otoyeia, o aptduds TV EVERYOY YeNoTOY
XA TN Otdpxeld TG YOy TS EfVal OpXETA WIXPOTEPOS AMAUTOV XUTA T1) DLAPXELN TNS MUEQRIL.
Arnevepyonolwviag opiogéveg wovadec RE evioyutov tn viyta unopet va e€oixovoundet onuoy-
Tix6 Tood evépyelag eved Topdhinia Stotnpeiton éva enapxés QoS yia Toug evepyols YpNoTES.
H mpocopuootinny evardhayy avdueoo oe MIMO xou SIMO eZunnpetel otnv e&otxovounon
evépyewe ota xivntd teppatixd [30]. To yapoxtnootind tne duvauxhc uetaBolic Tou TA-
Nuopol Ty Yenoty aflonoteltal xatahAiAng otny and xovol MIMO mode switching xau
rate selection. Eniong éyer deiydel nwg yio yaunihc eufPéretog expounéc, n MISO upeidver
TNV EVEPYELUXT| ANODOGT, CUYXPWVOUEVT UE TN HETADOOT) OF €va VIO GUCTNUA XEQUWY, AV DEV
ouuneptAdfBouye otny xdde nepintwon TNV nEOcUpUOcTIXY BlandeewoT). 26Td00, TEOCUPUO-
Covtag Ty Tdln DladpPeomNe WOTE VA EELOOPPOTCOVUE TNV XUTAVAAWGT] TG UETAOOOUEVS
xo XUXALPUTIXAC evépYElag, Tapatneolpe Twe 1 teyvixr, MISO Zenepvd otic emdooec Ty
teyvixf) SISO. Téhoc, éxer nopatnendel [8] nwe ta éEunva npocappoctind cuothuata (smart
adaptive systems) unopotv va emtidyouy xahltepo EE-SE (energy efficiency-spectrum ef-
ficiency) tradeoff arn’6tt <o cuothuata pe eviaic MIMO Aettoupyia xo 1 Behtiorn tou EE
(energy efficiency) nou emtuyydvetar eivar ToAhéc popéc 30% peyahitepn and To U npocop-

wootxd ovothuata (non-adaptive systems).

2.1.3 Auayeipion xou peiwor nopepolov

Ta custhuata edherhne mapeuBoAmy eivon anapoiTnTo GTNY AVTIUETOTIOY TWV TOPEY-
Bordv oe xdde olotnuo emxovwviedy 61ou Tolhamhol otaduol Bdong popdlovian to Bio
pdopo. H emppor] tov mapeyfordy evieivetor xad®¢ ol YpRoTeg xvolvTol XOVTd Tpog 1
TEPLOY Y| TV CUVOPWY avdueca oe BU0 xUPELES, odnydvTag ot onuavtxy pelworn tou SINR
( signal-to-interference-plus-noise ratio) xon xotd cuvéneta 10U pLIKOL UETIBOOTC BESOUEY-
ov. Ta nepiocdtepa NON vnapxtd ovothpata eEdiewng noupeufordy €xouv oyediacTel va
aLEAVOUY TNV QUoPATIXT AOBOOoT) Xdl TO pUUIS PETABOOTS, EVE TAPABAETOUY TNV EVEQYELUXT
andboon. Qotéoo, tohkéc epeuvnuixéc npoondiees oto npdypauua Green Radio (GR) eo-
Tidlouv 6TNY avdnTuET EVERYE AMOBOTIXGDY CUGTNUATLY eEdhene Tapeufoldv. Me nepintwon
Tou To eninedo TapeUBoh®y uetwlel oo xvNTd TeppaTIXd, Yo emitpédiel aToug oTaduols Bdong
VOL UELDOOUY TNV EVERYELX TTOU AMOLTE(TOL Yol Ao VEUATY) UETADOOT, Ywplc va Slonufedfeton 1o S-
INR ¢ aclppatng oOvdeong. Tndpyouv 800 emnAéoy oTpaTnNYIXES TOU AaufdvovTtar uTodty,
bnoe gotvetar 6to Lyhua 2.4 [25] : (o) To xataveunuéva suothuata xepouwyv (DAS-distributed
antenna systems) xon (B) n eZdhewdn napeuBordv oto déxT.



24 Kegadao 2. Teyvixéc feltivons evepyeiaxiic anédoons

Kerravopi xpnomiw o £va duster
T T T T

EmBupntog otabpog paong 300 T J

]S] - Intra-cell E{dhsudn
A h‘? TapspPohn TapepPodiig 250
{J k Séwm

by ¢

K \«{A Y]

Katavepnpévo
CUOTNE KEPRLDY Kowvdh

_Y’ﬁ i l/ \L

200 [

AfKTnG

Képbog svepysiaki|g kataviAwong (ECG)

- X
T e 100 -
; n i
Bst ? ‘ HB HEP;T:?A; sol —#Scheme2 ||
\ N Sripia 2 . ~&-Conventional
= A KuipAng . —&-Scheme 1
X \L Qopupog ) | —=—Scheme 3
— / [ M= - w— S = A
Napaxksipsvog otabpog Baong 0 5 10 15
EruBupnto SINR[db] ot kdbe ypriotn
(a) (b)

Tyfipa 2.4: (o) Sevdplo e&dheufne mopepuBordv o'éva mopnd xar/H Béxtr avanaploTdvTag
rolamhotc otadpolc Bdone va petadidouy oe wro xepaia tohhamhic Mdne xat (B) obyxpton
enidoong ety DAS cuotnudtwy, anotunwvovtag to ECG oe oyéor ue 1o emuunto SINR

‘Evag 1p6T0¢ Yio VoL UEWOGOUUE TNV TOREUB0MT] 6To XUPEAWTY oUGTAYTA Efvol VoL GUV-
ToVIoOUYE Tig TOMATAES Xepaieg TwV Topaxellevey otadudy Bdorg, HoTe Vo BIALopQOCOLYE
éva xatavepunuévo olotnpa xepadv (DAS) [34]. Tha to Swpopguuévo DAS, xdde yphrotn-
¢ mou Pploxetar oty dxpn wac xuPélne edurnpeteiton Tautdypova ar'6houc touc e Bdh-
hovteg otaduote Bdong, avtl and tov Yewpentind “Béitioto” otadud Bdonc. To yeyovéce
QUTO ETTEENEL TOV OMOTEAEGHATIXNG EAEYYO Xou TEPOpIoWd TG mapeUSoihic atoug yproTeg
TWV CUVOPGY TWV XVPEADY UE0K CUYTOVIOUEVOL UeTaddouevou beamforming oe 6houg Toug
ovppeTéyovieg otaduoig Baong. Ta tpla axdlovda cucTAATE TOU UTOPOUY VU YENCLLOTOL-

7 7 . 7 7 2 2
ndoly pe ouvtoviopévo beamforming otnv xdte (0 eivon tor e€¥g:

e O yprotng e€unnpeteitan and 1o atodud Bdong nou napéyet 1o udgnidtepo SINR, eved ot
unéhoinol otaduol Bdong anogedyouy TN UETADOOT), EVEQYELNS ONUATOS TPOG AUTOV TOV
xefot.

e ‘Ohot o1 yproteg e€umnpetolvtar and moihaniolc otadpols BAong yeNoUoToLOVTIS
xepador modhanhots beamforming xou coherent-user end combining (n.y. nAfen of-

tonoinon tne duvatdtntac nou npoogépel To DAS yia peiwon nopepfoldv)

o O yprotec xatavépovtar o évay | teptoadtepoug otauolc Bdong eCuptduevol and

™ Yéom Toug.

To napandve tpla ouothuata cuyxpivoviar doov agopd tn petafors| tou [ECG,SINR]
oto Lyfua 2.4 (o avtideon pe ) oupfatind un-ocuvtoviouévo oloTnud XEpatdv) Yio Eva
obumheyuo Tpudy xuPehdv pe éva yefotr ava xuéln. Ta anotehéopato Belyvouy Twe xou Ta

Tplo cuoTAPTA Efvol dPXETA AmOTEAEOUATIXOTERY and Ta avTioTolya ouufatind TeTuyatvovTag
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udmid SINRs, pdhiota pe v tepinTtwon 1wy cvotpdtwy 2,3 va Eenepvoly oe enidoor; To
obotnua 1. ‘Ouwe, o TohAéC nepint®oel To0 cVoTNUa 1 elval TPOTIWAOTERO And Td GUGTAUATA
2/3 o npaxuxh| uhonoinon, xodwe anoutel avtahhayh dpxeTd wixpdTEPOU T0o0Y dedoUévey
avdpeoa otoug otadpoic Bdone, xou xat enéxtaon AydTept) XUTUVIADGT] EVEPYELOC.

‘Eva evolhoxtixd obotnua extdg tou DAS eivan 1) eqapuoy teyvixwy e&dheudng nopey-
Bohwv oe wa xepota todhanhhc Mdne. H anddoon dapdpwv ahyopiduwy €yer ouyxprdel
yioo Sdpopa TAHUT xepandy petddoons. ‘Eyouv yiver ouyxploelc twv teyvixcdv Linear zero
forcing (ZF) xou Minimum mean squared error (MMSE) pall ye tic napoddayés e un
Yoopuxhc successive interference cancellation (SIC) twv napandvewy pedddwy [32]. Ievixd,
nopatneeiton Ot anouteitol MEQIOCOTERT EVERYELX XAIDS O dPIUUOS TWY XEPAULAOY PETABOOTS
avgdvetar. Autod eivon avouevouevo xowg 1 intracell mopeyfolr) avédvetar e tov apriud
TWV XEPOLMV PETADOONG, AMAUTOVTOSC UPNAGTERT evépyela UETABOONE Yid VoL DLATNERoEL TO
undpyov SINR. Xe nepintwor anovsiag ouyxavalxhc tapeuBohic and toug yertovixols o-
taduoie Bdong, nopatneeitar étt ; MMSE npoocéyyiorn Beltiotonoimong nopéyel xahlTtepn
eZolxovounoT g Yetadidouevng evépyetag an’ott 1 ZF npocéyyion otov emduuntd otadud
Bdong, eva eniong 1 dopny SIC Aettoupyel mo anodotixd and 1 yeauuwx douh AMdrne. To
TpoNYOUPEVO Dixatohoyeitan amd To YEYOVOS Twg av xou o ZEF alydprduog exundeviler tnv
Intracell napeyPBoin xar evioy et onpoavtixd TNy tapaxelyevn otny xueln napepforni-tépufo,
o MMSE ahyéprduog and xotvol peidvel 16co v intracell napeyBols) 6co xar 1o Y6pufo,
Tpoxah@VTag €10t lxpdtepn evioyuon otny mapoxeiyeva oty xuELT mapeuBorr) xadde xou
otoug napdyovteg YoptBou. Ilupatnpolue eniong 1o Blo wotifo xatavdhwong evépyelog 6Tay
efvan napdvtee 3 nopaxeiyevor otadpol Bdomne. Ov Energy consumption rate (ECR) tipée eivou
nepinou 3-4 @opéc yaunhotepeg an’ott TNy NERINTWOY anovsiog ouyxavaAixis TapePBoNg
Yoo 6houg toug déxtec. To teheutalo e€nyeiton B16TL oL mapadoctaxés teyvinés e&dhenng
nopePBoldy ouvilue vhotootvta 6o eninedo Leddng (m.y otnv and onueio oe ornueio {evin
avdpeoa otoug emdupntolc otaduolc Pdone xo tov 8éxtn otny nepinTtwon pag).Autéc ot
teyvinég e€dhewdng napepfory oto eninedo g Leving unopolv va neptoploouy tny Intracell

nopeuohy arid avtipetwnilovy Ty nopaxelyevn oty xulELn tapeuBoly) anthadg we Yopufo.

2.1.4 OFDMA (Orthogonal frequency division multiple access) dixtua

H nohvne&ia OFDMA (Orthogonal frequency division multiple acess) €yet exTeEve
wehetniel yio ot aoUpUATE THAETULXOVWVIOXA CUOTARATA VEUS YeEVIAS, 6nwe 1o Worldwide
Interoperability for Microwave Access (WiMAX) xou to Third Generation Partnership
Project (3GPP) Long Term Ewvolution (LTE). ¥to OFDMA o1 népot cuothpatos, énee
o unogépovta (subcarriers) ot 1 1oy 0¢ UETAOOOTC, TEEMEL VAl Vall XATIAANAL XOUTAVEUNUEVOL
o0T0uUg BLdpopoug YproTteg wote va emitevy Vel LAY anddoor. Lto Lyfua 2.5 anoTuTOVETL
N XATAVOUT| TV TopwV oTtny xdtw (eidn evoc OFDMA Sutdou, 6nou to LToQEpOVTA XAl
1 oy 0¢ xatavépovtal Bactopéva oto CSI twv yenotov xo otic anathoeg oe Quality of
Service (QoS) tou otaduol Bdone [35]. Abo and 1o To X0V YENCILOTOOVUEVE GUCTAUOTO

Suvoxfic xatavounc mépwv etvar ta: rate adaptation (RA) mov peyiotonotel tn pudpoanddoon
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xou margin adaptation (MA) nou ehayiotonotel 1 ouvolixd petadidolyevy oy [7]. Q¢ ex
toUt0oV, 10 RA Behuiotorotel 1 SE (Spectral efficiency), evédy 1o MA otoyelel ot Béhtiwon
e anédoong TG UETABWDOUUEYNS toybog. 201600, xavéva and To TEONYOVUEVA CUCTHULITA
dev elvan xat'avdyun evepyetoxd anodotixd. Av xat 1o OFDMA uropel vo mopéyet uhnin
ovluanddoon xow SE, 1 evépyela mou xatavahOVer eivar TOAAES Gopéc PeYaAN. 211 ouvéyela
Vol BOCOVYE EUPATT) OTO EVERYELOXA OTOBOTIXE GLUGTAHPATA Xatavourc Topwy yia 1o OFDMA

CoUCTAUATA.

1
Video streaming ’ L
Omnling garming
= OFDMA -$' . @ ; N

" i i Time

-
Queue state Channel state & 2
Radio resource

information information

Frequency

File downloading

L 2
Subearrier and
power allecation

Yyhua 2.5: Kazavoun népwv oto OFDMA

To evepyetoxd arodotixd orthogonal frequency division multiplexing (OFDM) ouoth-
pota, pior e mepintworn tou OFDMA, éyouv yenotwonomiel Aopfdvovtoc unédiy tny
XUXAOPOTIXH XaTavdAwaT, evépyetag ota frequency-selective fading xavdhio [37]. Xe avrti-
veon pe to nopadootaxd evepyeloxd anodotixd water-filling ohotnua mou yeyiotonoel
puduoanédoon €yovtag €va oTatepd dvw OpLO YLl TN GUVORLXY UETAOLOOUEYY L)), TO XUVOUELO
obotnua peytotonotel ) ouvolixt Energy efficiency (EE) npocapuélovtac téoo 1 ouvo-
Axd peTaddopevn oy 660 xal THY xotavour Tng avdueoa ota unogépovta. Ilapatnpeito
e hauBdvel yodpo Touldytotov 15% yelwon oty xatavdlwor evépyetag dtay adtonoeitar 1)
ouyvouxt nouiiopoppia.

O evepyeloxd amodotixdg oyedooude €yer emiong enextadel ota yevixdtepo OFDMA
dixtua [39]. T Tt petddoon oty dvw Lebin ota flat fading xavdha, éyer derylel nwg
YENOLHOTOLOVTAS Tpocupuootixy daubdpewon (adaptive modulation),  EE au&dvetar xodmg
0 Yenhotne xvelton mpog to oTadud Pdong, xat 660 mo xovtd Tou PeloxeTon 1660 YEYUAUTERT
Tpénel va elvan 1 TAZY Slawbdppwarnc. Xe meptBdhhov ywelc napeuBoléc, éva tradeoff avdpe-
oa oe Energy efficiency (EE) o Spectral efficiency (SE) nou avZéver tnv uetadidouevy
oy, navta Bedtiwver ) SE ywple duwe va eyyvdtar abénon tne EE. ‘Opwg, o nepintdoelg
TOANUXUPENADOY CUCTNUATWY TEQLOPLOUEVRY TAREUB0AGDY, 1 alEnon TG UETABOOUEVTS Loy 00
dev ouvendyeton xat'avdyxn Bektioon e SE e€utiog tov npoxahoOUEVWY €VTOVGDY QoUvOuév-

oV apeUolic mou haufBdvouy ydhpa oTo dixTuo. XNV Tep(nTwon oyedaouol evepyetaxd
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AnOBOTIXWY TOAUXUYPENXOY CUCTNUATLY pe inter-cell mopeuPBorr, 1 evepyelaxd anodotixy
xatovour) loybog Oyt wovo evioylel tnv EE tou ocuthuatog, ahhd enlong Beitiotonolel 1o
EE-SE tradeoff e€outiag tng ouvtnentixic glong tng xatavours toybog, 1 onolo neploptlet
EMOPXMC TNV TApeUPOLT and dhhes xuéhes xou Peltidver T pudpanddoor; Tou dixtiou [38].

H 7dn undpyouoa épeuva ota evepyetond armodotixd OFDMA dixtua €yet emxevtpwidel
oty mepintwon g dve Celdng xou oty TAELEd TV xtvntey teppatixov. Ilepioodtepn
npocoyn mpénel va doVel oty xdtw LeVEN xou TNV TAEUPA TV oTAVU®OY Bdong yio T U-
Aomoinor Tou “mpdovou” oyediouol. Emnpbdoleta, 1 emppor TV OTATIOTIXOV GTOLYEIWY

xtvnomng dev €yer axdun diepeuvniel.

2.1.5 Software defined radio (Padioemixowwvia péow Aoyiouixol)

To Softwrae defined ratio (SDR) anotekel wo apxetd eAxvotxh teyvixf yio oyedi-
aopole VEwv Lovey Bdong 1600 Yol To xviTd TepUaTXd 660 Xt Yol Toug otaduols Bdong.
IToAhol otadyol Bdong Mon yenowponooty teyvixéc SDR uvlonomuéves ndve oe TAATPOPPES
nupttiou aAAd uéypt mpdtivog ot enelepyaontés xan 1 ey vohoyia Very-large-scale integration
(VLSI) dev éyouv napéyet tov xatdAinho ouvduaoud woylboc/enidoone/mhatpdppac nupttiov
yioo tonavntd teppatixd. Kadoe 1 yewuetpio tne teyvoroyiag VLSI €yer ouppixvwiel onuoy-
TIXA, OL TAYUTNTES TV POROYLWY €youy auénldel xar ydpr o€ XUVOTOPES TEYVIXES TOANATANG
xou mapdhAnhng enelepyaoiog, mhipws mpoypappatiloueva custhuata enclepyaoiog {dvng
Bdome eivon mhéov dadéotua ota xivntd teppotid.  (Av xon 6hn v apriuntixy, enelepyaocia
e Lovne Bdong otny mhateopua tupitiou unopel va avaingiel and tov touéa Aoyiomxol,
»0T600 1 padlogpwvixr Baduida etoddou anoutel xan avahoyuxn encéepyacio, ondte eivan mi-
Yavide mo xatdhAnho va ypnotponotobue tov bpo “software-defined modem(SDM)” avti yua
0 SDR.)

To SDM unogel evdeyouévwe va e€oxovounoet 1oyl oe olyxplom e Tic oupPatinés A-
SIC (application-specific integrated circuit) Moewg yio d0o héyouc [45]. Ipdtov, ot G-
oewc Y eneZepyaoio tou uhixol (hardware) tefvouy va uny eivan apxetd evéhxTes, apol ei-
Vo oY EDAOUEVES Yol T YELROTERT TEPIMTWOT BLOPOPPMATNG, TOAUTAOXOTNTIS XWOLXOTOONG
xat ouVINXOY xavaAiol. Xuyvd wia oapxeTd Atydtepo cUVUETH BlapdpwoT xat cUoTHRA X-
wdixoroinone unopotv va yenotgorotnioly, xadoe xon ot cuviixee xavohiol propolv va 'vau
mo euvoixés. (n.y tonolesia xovtd otov otadud Bdone). Mo enelepyaoio hoyiouxod pnopel
VoL EXUETUAAEUTEL QUTES TIC XATAOTAOELS, AMOUTOVTOS AYOTEPOUS XUXAOUS Enedepyasiag Yo va
ATOBLOPOPPWOEL XAl VO ATOXWOIXOTOINGEL EVA DOOUEVO TOGH GEDOPEVWY XAl XATH GUVETELDL VOl
£€0IXOVOUNOEL EVERYELXL.

Aceitepov, Oho Tor xuxhopata Bacxic {OVNG TOV XVATOV TEPUATIXGOY TEENEL Vo eival
TONUAEITOLRPYIXA Xou Vo uToaTneilouv Oyt uévo TNy teheltond €x000T TwV To oHVIETWY Tpo-
TUTY, OANG ot OAAL Ta XATPOBOTNUEVY TEOTUTA oV ECUXOMOUVOUY VO YENOILOTOL0UVTAL Antd
Ta Olxtua. Buyxexpiuéva, ol tolhanhéc Aettovpyieg Tou SDM enavaypnowonototy 1o (8o
UTOAOYIOTIXO UAIXO EXTERDVTAC EVUANIXTIXE AOYLOUIXA.

Mo onuavtixy xatnyopla aolpuatewy cuoxeu®Y 010 péhhov Yo eivon To EVOOUATOUEVL
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modem oe éva GAAo xopudtt Tou eZomhiopol woté va unostneiouy tic “M2M” (Machine to
Machine) emxownviec. H Prounyavia tnienixovmvidv tpoBrénel twg o apduds twy ouvd-
edeuévery ouoxeuwy Ya avéhder ota 50 Soexatopudpla uéyet to 2020, xon moAAES and TIC
e@apuoYég Toug Yo TatZouy xotoptoTind pOAo TNV EE0IXOVOUNOT] EVERYELNS UEGW EQUQUOYWMY,
bnoe 1 “€Zunvn uétpnon” (smart metering) xou o éheyyog evépyelog. Ye oUyxplon Ye T
oUYY POV XVPERWTE XIYNTA TEQUATIXG, Ol CUGKEVES UE EVOWUATOUEVH modems Vo €youy wa
aEXUETA UEYAAT) Srdpxeta “Lwhc” , mepinou 20 ypedvia 1 teploadtepo o alyxplon e toug 12-18
unvec. To SDM unopel va Stobpapatioet €66 €va aNpavTind pdAo, EMTEETOVTAS GTIC CUGXEVES
vor pUIIGTOOY oy txd Yior tiat UEY ST TTowxtAla aoUpUATOY BIETaP®Y xou vor ovaBardutotody oty
oLVEYEW xoTd TNV Teplodo Aettovpylag Toug pe T AN xatdiinhou Aoyiowxol. Enéxtaom
e Sudpxelo Lwng oTIS pudlOPWVIXES TAATQOPUES Vo 0ONYHOEL OE UEIWOT TNE EVOUATWHUEVNS
EVEQYELOC.

Téhog, Mioeic mou telvouv otn ypefon tne teyvohoyia Software Radio (SWR) unopel
vo. tpoxVdouy olvtopa. ‘Ouwe, Yo Vo AELTOLPYHOOUY TARPWS ANAITOLY TNV EVOOUATWOT)
RF eneepyaoiag xar mapdhhnio gpihtedptopa g RE front-end Baduidac. To teheutaio y-
Topel Vo El0dyEL oNUAVTIXT anAEld TapeUBoAg, w¢ ouvEREl TNg anaitnong yia andppuly Tng
avemdOunTng evépyelag ofuatog oty AP xar T SlaThENoY TNS QUOoPATIXAG UAOXAS OTNY
expmount). Ot anaitAoelc yia vEad XoTavouy GAcUAToC, Yo Tapddetyuo ot prdvteg 700,800

MHz eivon Braitepa domavnees.

2.1.6 'Amodoom mapoyns WoyLOg KAl POPTIOTES

To xvntd TnAépova xatavah®vouy Ty TAsovoTnTa and T didpxeia “Cwnig” toug
elte oT¢ TOENES Yo, EITE TV O0TO YPAPED Pog, Loxpld dNAudT| and T CUOXELT| POPTIONS.
Av xou 10 x6070¢ eivan Baocwxr) tpolnddeon, ol ypnoteg emupody xvntd TAEQPWVA TOU Va
poptiCoviar 600 O YpHyopd Xt ACQUAGS YiveTar, eved mapdAinia diatneody t “Cun” tng
uratoplag OOTE 0 QYOPTIOTAC Vo Unopel Vo TUpEYEL €va xoAd eheYyOUevVO pedUa PoPTIONG,
ouyvd Yvwot6 we Constant Current Charge mode (CC).

‘Otav 0 QopTIoTrc TupAUEVEL GUVDIEDEPEVOS GTO NAEXTEIXG BIXTUO EVE TopdAANAA BV
yenotponoteitar, ewsépyetar oty “No Load Condition” (NLC). H nopoy# woyboc duwe etvou
oxoun oe eEEMEY, xadde mEEmel Vo TAPEYEL Eval lxpd Tocd Tdong 600U Yo Vo avty VEDEL
TN GUVOEDT] UE TO TNAEPOYO €Tl WOTE Vo TOL EMLTEEYEL va eloay Vel yoryopa oTr Aettoupyia
CC. Yavthv v “No load” xatdotacy 1 toyic ewobdou, avagepbuevn xt wc No Load Power
(NLP), ydveton doxoma xt étor mpénel vo napopeivel oe yaunid eninedo. Eyer avantuydel
eva dudypopa Bodporéynone 6mou o aptiuods TwY AoTEPLDY UTODEIXVUEL TOGO YaunAd elval

t0 NLP evée goptioth [45]. (axdhovdo oyfua)
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No-load consumption score chart

Five =tars = mast emergy efficiant

> 0.35W to 0.5W

> 0.5W

Eyfua 2.6: Awdypopua NLP Boduordynong

H Cambridge Semiconductors npoc@épel evay apiud cUOKELWY TOU EMLTUYYAVOUY

Ny enidoon 5 aoTtépwy, emPBpadivovTag TNy EVOARAY T cuYVOTNTAS TOU EAEYXTY. X neplntwon

oL 1) eVahharyh) SUYVOTNTAS YIVEL ApXETA 0pY T, TOTE 0 YPOVOC TOL amaTeLToL Yiot TNV Aviy VELOT)
7 7 ’ 7, 2 7 e 4 4
xou ) Sradixaoio enavacivdeong evog TRAEpMVOL Yivetar TohG ueydhog (mdavdy deutepdien-

o) %o 1 wrwor tdone xadiotato Wiaitepa onpavtixd. Enfone, o IC éheyyoc @bptione péoa

oty unotapior aviyvedel AQDog xol AmEVEQYOTOLETAL, 0BNYOVTAC OE AmoTLYlA POPTIONS NS

7
P.TEO(TO(QLO(C.
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Syfor 2.7 Buyuotuno petaBatidc enidoone tng anddoong wia mnyrc toyloc uE yeromn
teyviic eAéyyou CamSemi, nnyrn: Campridge Semiconductor

To nopandve Sidypappa (Lyua 2.7) aneixovilel évo oTiyUdTUTO TOU TAALOYEAGOL

bmou ot Bidpopes xupatogoppéc meptypdpouy v petaPatixy enidoon (Transient Perfor-
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mance) e ooy s 1oy 0o yenotponowdvTas wa tétota Ty vixh ehéyyou. To fyvoc xopuerc
elvon 1) ouYvOTNTa EVUAAXY NS TG Topoy NS Loy 0og xat Onwe unopel vo topatnendel ota apio-
TERd Tou {yvoug 1 andoTaon UETAED TV TOARGY elvon PEYAAT. Autd e€acpalilet yio xolT
T NLP. To fyvog Bdong avunpoownedet 1o pebua mou Aopfdvetor and tny mopoy 1oy 0og
6ty 10 xvNTo TNAEQPWVO UE amogopTiouévy pratapla ouvdéetar oto Nhexteixd dixtu. To
ueoaio fyvog detyver Ty enidpaon mdvew otny tdom 1 dnota neplopiletor 6TO EAAYIOTO.

Av xar oL TEYVIXES POPTIONG OV TEPLYPAPTXAY ECEIBIXEVOYTAL GTOV TOPEN TOU POPTIOTY,
epgaviletan wo avdhoyn xatdotaoy ota femtocell ¥ o€ omowdhnote nopeppepéc e€onhiond
wxpdv xuhehdyv. ‘Otav ot ypRotes dev ypnowonowty tic unnpeoiec tov femtocell (7 twy
POPTOTAOV), TPocdoxolV and T ouoxeun va petafaivet ot sleep mode xot Vo PNy XoToVaAMVEL
background oy 0. Katd cuvéneia npénet va epgpaviotody Aoel mou vo haudvouy unédiy Tig

TOPOTAVE TEOCOOXIES TV XATAVIAD TV,

2.2  Awayeipion evépyelag otny TEPLOYY T®V XLPEADYV

2.2.1 Evepyesioxd anodoTixég apYLTEXTOVIXES TpbcBacng yia To Green
Radio : Avdntuin wxpwy Evavil ReydAwy xuPeAoy

[Tpbogata, ot Tnhemxotvwviaxol Tdpoyot xad®g xal oL EpELVNHTES €Y 0UV EVANGUNTOTOL-
niel oYETING YE TNV UTEQUETEY) EVERYELUXT] XATAVIAWOY GTA TNAEMXOWGVIONS dixTua, Xou
gyouv &exwvioel va ueletolv “mpdotvec” Aoelc ol omoleg Pmopoly v BEATIOC0UY TNV EV-
epyceloxt, anédoomn evéec Radio access network (RAN) ([47],[26],[4],[36],[14]). H mdavénra
UTEVEPYOTOMNONG OPIOUEVWY BIXTUOXDY oToyelwY (T.y x6uBwv 1 (eblewv) xotd T didpxeta
YEOVIXWY DACTNUATWY UE YaunAh) Tuxvotnta xivinong, €yel pehetniel oe mAnddpa BixtOwY
evpeiag €xtaone [36]. Tha vo anogiyouue tny eyxatdotaon entnpboldetwy otadumy Bdon-
<, 1 padIOXGAUYT X 1) TUEOY Y| UTNEECLOY avohouBdvovtal and Ti¢ xUPEAEC TOU TAPUUEVOUY
evepYég, YEYOVOS 1o omolo odnyel oe alinomn tng axtivag tng xLPEANS xou o emmiéov 1oy
petddoone. H abinom tne oy boc elvon apehntéa (uepixd watts) oe oyéomn ye tnv xotavdhwon
evépyelog evog ohdxhnpou Node-B otadpob.

Y ovvéyewr Yo yehetiooupe ta Energy consumption rate (ECR) xav Energy con-
sumption gain (ECG) evéc xudehwtodt RAN. Exonde etvar va unohoyioovue ta ECR xau
ECG petdvovtag to péyedog tng xubéing yowels dpwe va dronuPedfeton 1o Quality of Ser-
vice (QO0S) Yyt pior SOGPEVY TUXVOTNTA YENOTOV X Teptoyy) Topoyhic unneeotay. T va
YA TNElcouPE T0 T00o NG EVEpYELaS Tou propel Vo e€oovounldel Yo uehetioovue xon do
ouyxplvoupe d0o midava oevipla. Ilpdtov, 1 emppor; ota ECR,ECG unopel va xadopiotel
xS EAATTWVETAL TO avamTuaoouevo péyedog xudéing. Aebtepov, 1 eyyevig adinom tng
TUXVOTNTOS YWENTIXOTNTIC, 1) omtolo AapPdvel YW HEIWVOVTAS TO U€yedog xuPEing, avtio-
TaduileTon Ye TNV EVERYELNXT XATAVIAWOY) ATEVEQYOTOLOVTIS W] YPTOHLOTOLOUUEVES XUPERES,
wéow tng sleep-mode Aettoupyiog. Oewpolye ) yerion tne teyvoroyiag High-Speed Dowlink
Packet Access (HSDPA) [2].
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2.2.2 Evepyecloaxd anodotixy] opylTEXTOVIXY] S1XTVOL ACLERATNG TpdOo-
Baorne (RAN)

To dixtua mou mepthauBdvouy peydhes xudéhes B poxpoxubérec (macrocells) efvan
ATOTEAECUOTIXG OTNY TOROY Y XFALPNS Yid UETADOOT, TOXETLV PwVTE ot xivnong dedopévwy
YUUNATG Ty OTnTog, ahhd e€ontiog Tne HEYAANG Teploy i xahudng, ot paxpoxuhéres yevixnd ne-
ptopilovton otV mapoyh LPNAGY puiumy uetddoong dedopévewy avd povada emigoavelag. Anod
TNV GAAT YEptd, Tar AEITOLRYIXd 60T Wi poxpoxuéAne elvon apxetd LPNAL, Edixd 6Tay Ta
€600a avd cuvdpopunt de cupBadiCouv pe T avgavouevn {htnom Tou puiuol dedouévey. Mi-
o mioavr) abgnom tou puiuol SedoPEVWY EYEL dUECT] ENINTWOY OTOV ANUTOUPEVO AptlUd TWV
HOXPOXUYEAMY Xt GOV OTOTENEGUA, 1] XUTAVIAWGT) EVERYELNC £VOC TETOOL BixThOU Unopel va
avZniel onuavtixd [16].

Eivar eupéwe yvewotd nwe 1 andiela evépyetag o’ éva padloguvixd xavdht (radio channel)
elvon avdhoyT tng andotaong dddoong d 1 Ejss o< dg, Omou a eivar o exdétng anwhetwy
wag dradpounc uetddoone. ‘Etot, pio euehiddng evepyetoxd anodotixy npocéyyior Yo 1-
Tav 1) pelwon g andoTacng avdueso otov otodud Bdorng xon oTo XvNTd TEPUATIXG, T.).
wetapépovtac To otadud Bdong mo x6VTd 6TouS YeNOoTES, N EVEpYElaxT, anddoor evoc RAN
umopel va auéniel. ‘Eva napdderypa anoteholy ta femtocells, ta onolo ouviotolv wa npdo-
ATy TEYVOLOYLXT XauvoTopla Teog TNY xatebuvor wxpny “oxtaxmyv” otadpdy Bdorg, uixphc
oy Vog xat yoauniot xoatole [16],[10]. Ta femtocells eivan onpela npbdofaone eyxateotnuéva
and OLXLOXOUS YENOTES, WOTE VA EMTUYOUY XAAVTEQRT, XFAUYN TOXETWY PWVAC XAt OEDOPEVLY
0E E0WTEPIXOUS YWpous. Abyw tne wixphc appidpouns andotaone (andoTaor EXTOUTAC Xou
Mdme), ta femtocells unopolv va pewdoovy orpavtixd Ty oyl YETddooNS, Vo TOpATEVOUY
™ Sudpxeta “Coic” g wnataplag Tou XvTol TEpUATIXOY, ot Vol ETTUYoUY éva LYNAGTEROD
Aoyo SINR (signal-to-interference-plus-noise). Ou nopandvey ouviixee petagpdloviar ot
Behtiwpévn motdtnTa AfPNG xar UEYOADTERT YWENTIXOTNT.

Mo mdovh ADom yior vor UELDCOLYE TNV EVERYEINXY) XATAVIADOY €VOC XUPEA®TOV BixThoU
elvan 7 amevepyomolnom twv xuPehwy o1o bixTuo TPOSPaone XATA Ypovixég TEpLOdOUE OO
dev elvar amopaltnTn 1 YeNon Toug, O TEPINTAOOELS dNhadr 6mou 1 xivnor Bedouevwy elval
neptoptopévn [36], [14] cite enedh o1 vndhoines xuPéhec unopolv vor TapEyouy Wi Enapxy
ywenuxétnta xdhudne [16]. Ko otic 8o mponyolyeves nepintwoeic, 1 padoxdhuln oe 6hn
NV neptoy ) eEumnpétnong avakopfdvetar and Tic XUPERES TOU TaRUPEVOUY EVERYES.

2.2.3 Evepyciaxéc LeTpNOELS

Evepyetaxéc yetprioel yia peaioTixéc puipioelc Tov andpaitn TV napauéTtemy, xadoe
XL PEANLOTIXES UPYLTEXTOVIXES TPENEL VU TPOGOLORIGTOVY TUPIAANAN UE T avTioTOLY o TPOPAT-
wota Behtiotonoimong npog eniteudy xatavddwong ehayiotne evépyetoc. H ouvohun evépyela
ouoThuatog nEénet va tepthaufdver TNV evoouatouévy evépyewa (embodied energy) xou tnyv

AELITOUEYIXT] EVEQYELX VIO T1) DLUVOUY| TWV UTNPECLOY. LUYAEXQIUEVA, 1] GUVORLXY) EVEQYELXL

Eiotal = Eopr(Egm) + Eev(Eop)[J] (2.1)
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6mou 1 Aertoupyixy evépyela Eop elvon ouvdptnon tne apyitextovinfc aclpuatng npdo-
Baorne (radio access architecture) (uéyedoc xuéine, oc xepaiog tou otaduod Bdong, did-
Yoaupo axtivoBohiog Tne xepalog, andoTICT, TWV XEPAUWY EXTOUTAS xou Afng, naupepBoly,
anbofBeon nohhanifc ddpopric, oxiaar, dwyeipon padrogpwvixey ndépwv (RRM), nuxvétnta
XENOTOV, XvTIXOTHTa Yenot®y, xivion x.A.w.). H evépyewa (2.1) anotekel to Energy Budget
Model yio Tov LTOAOYIOUO TG CUVOMXNC XATAVIAWONG EVERYELUSC EVOC XUPEAWTOU BixTHou
yioo o doouévr ypovxry neplodo T. Autd to evepyelaxd povieho hauBdver unddn tou 1
ouvohuxt| evepyetax) xatavdinorn Eop Aoye tng Stadixactag LeTaQopds TANEoQopidY, xaddg
XL TNV ecoUatouévy evépyelr Egpys enl tou ouvéhou tng didpxetag {wng tou eomhiouot.
Mo evepyetaxt| p€tpnor nou npénel Vo eCeTACTEL Vol 0 BEIXTNG EVERYELUXNS XATAVIADOTS
(ECR), dnhadd n evépyewa avd petadtddpevo bit minpogopiac ..
E PT P
ECR=3=3 "D
6mou E eivon n anartoduevn evépyewa yio ) petddoon M bits oe ypévo T, xaw D=M/T

[J/bit] (2.2)

efvar 0 puBUSE dedopévey exppacuévoc oe bit/sec. Auth 1 evepyetoxr) uétpnon topéyet Ty
EVEQYELOXT XATAVAAWGY) ExPpacuévr, ota Joules mou amoutodvtal Yl Tn UETAd0OT EVOC bit
Thnpogoplag.

Mo axdun evepyetoxd yétpnon anotekel 1o xépdog evepyelaxtic xatavdhowone (ECG) 1o

onolo opiletat we:

PRANla'rgecell X T

ECG = (2.3)

Y
PRANs7nallcell X T

6mou 10 Pran avtiotoyel xatavdhwon woyboc tou RAN.

2.2.4 IThaiowo agohoynong

T ) olyxplon Ty eMBOCE®Y TN EVERYEINXTC ANODOONE TV UEYIAWY XAl UXPOVY
xUPEAGDY, xat Yia VoL xa0picOUIE TO XAAVTERD BUVATO UEYEVOS TWY AVATTUGGOUEVGDY XUPEADY,
mpénel va oyedaotel o xatdAAnAn pédodog aliohdynone. H mo ouviing uédodog oli-
ohbYnome cUVIOTA TOV UTOLOYIoUS TV ETBOCEWY TNE evepyelaxfic anddoone (n.y. ECR,
ECG) nou emtuyydveton yio Sidpopa uey€ln xuhehddv xon Hm xeponddv, eved dtatnpeiton €va
enopxéc QoS (.y. doouévn xdhudn xa péorn ywentdtnta xudpéine) und 1o nplopa evéc opiov
ot petadopevy oyl. To ECR yio xdde péyedoc xuéine vnoloyiletour ypnoponoidvrog
Vv xahOtepy duvath emtedlun pudpoanddoon and ) oyéon (2.2). 'Eyoviag ouyxpiver 1o
ECR yio xdie péyedoc xudélng, €va xatdAinho cuothuo avantuéne umopel vo Ppevel 6-
cov agopd o péyevog g xuhéhng. Iapduolol unoroyiopol extehobvta yio 1o ECG xatd
whxoc tou RAN. 'Onwe gaivetar otic oyéoeic (2.1) xat (2.2), 1660 1 evoouatouévy 600 xou
N AEToLPYIXY XuTAVIAWGOY evépyelag Tpénet vor haufdvetan untody otov unoloylousd Ty E-
CR, ECG. Tupbho nou 1 evowpatwuévn evépyeta nailel xadoptotind pdho otny alloAdynor
TWV EVEQYELUXAY EMDOCEWY, UTARYOUY BLAPopeS UEV0OOL TOU YENOILOTOOUY BLIPORETIXES X-
Ayoxeg DedoUévwy OOTE Vo UTOAOYIOOUY TNY EVOWUATWUEVY EVERYELX Xou Elvall AZlOONUEIWTO

Twe, péypet ofuepa, eV LTAEYEL Wwiot TARENS Toryxdowa dnudota duvauxr Bdor dedouévwy
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Srodéoiun yia Tov UTOAOYIoWS TN evenuatwuévne evépyetag (eWdixd yia Toug otaduolc Bdon-
¢). Enopévwe, oTic MEPIOGOTEPES MEPITTMOELS UOVO 1 axTVOPBOAOUPEVY EVEPYELL hopPdveTon

unogn otav unohoyiCoupe ta ECR xor ECG.

2.3 Toroloyla pUOLXKOY CTEOUATOS XAl URNEECIESC CLOTT

wadtwy end to end

2.3.1 Evepyeciaxd anodotixn dpokohoynorn xow Ilohufnuoatied Alx-
LA

H yprion twv avodetadOoemy Yid TNV aVIUAAXYY TANROQORLOY AVAUESH OE EVA GTO-
Vué Bdong xat €vor xvnTéd TEPUATIXG CUVIOTE €VOY ANOTEAEOUATIXG TEOTO Yl TN BEATIWON NG
evepyelanic anddoorng tou otaduol Bdong. To mponyolyevo dixatoloyeiton and 10 yeyovodg
6Tt M andoTaon HETAd0oTC Unopel va petwlel, eite auldvovtag tapdhhnia Toug pultpolc ueTd-
doong elte EMTEENOVTAS EAATTWOTN TN UETAOLDOUEVNS eVEpYELag. Ol avopeTaddoElS Unopoly
VoL 00Ny NGOV OE ONUAVTIXEC UEIDOELS GTNY XATAVIAWGT EVERYELNS YWl VoL TEoXahoGY TON)-
TAOXEC TPOTOTOLACES 0TO oUOTNHUA UTodoPNC. AUTEC OF AVAUETABOGE UTOPOLY VoL AVoT-
Tuydoly ot dpdpoue N xtipla MGaTe va TopEyouy BEATIOPEVY ToldTNTA ouaTog ot Tonoveaieg

ot onofeg dapopetind Yo énaoyay and un exapxéc Quality of service (QoS).

H evepyetony| anddoor Blagdpmy cUOTHUATOY PETABOOTS oL Qaivovtal aTo Yy fudta
2.80-8 ouyxpivovia dueoca [31]. O etxdvec o, aneixovilouv pio ovuBatixd chvoeon otaduod
Bdong xou xvnTol TeppaTixol UE piol Y€om xar oTiyWiodo avaTpo@odoTnoT] TS XATAOTIONS
Tou xavohol avtiotolyws. Ot eixdveg v,0 delyvouy tnv nepintwaorn 6mou hauBdver yopa 1
Sradixaoior Tne avopetddoone, Eavd pe wa uéon/otiymaia avatpo@oddTnor e xaTdoTaong
Tou xavohot. ‘Eyet derydel nwe 1 yeron otrywaiog avatpopoddtnong xavaklol, 1 onola
anotelel TV eZEMEN NG TEYVOROYIUS OTAU CUOTAUATA XATUVOUNG TOPWY , UELOVEL ONUAVTIXY
TNV eVERYELXY) XATAVIAWOT) GE GUYXELON UE TNV TEPITTWOT 6ToU W6vo 1 TANoPopio TNg HEang
XATACTAGTC TOU xavahlol elvon dtadéoiun. And tnv dAAn mheupd, o aviixTunog NS YeNoNS
HECWY AVIUUETADOONS OTIC EMXOVWVIES QaiveTon vor €YEl Lol IDLIiTEQO ONUAVTIXY ETMPEOY| 01N
Sropbpgwon udmhol héyou ofuatog npog Y6puPo (SNR) xat otic ouvifixes youhhou puduod
HETED00MS E0PUMIEVWY TaXETWY. AUTYH 1 Tapathenom eivar cOUQLYY Ye To Bacixd ouunépacia
ot v otadepolg puluolg BEBOUEVLY, 1) TEYVIXY TNG AvaueTdadoong etvor taitepa ypriown
yro eniteudn udmhddv SNRs (4 yopnhéd pudud petddoone eopalpévey naxétwy) , efoutiog tne
nopovoiuc e dadpoprc otatpdie Bdono-avauetddoorn-xvntd teppatixd [33).

‘Onwe gaiveton xar oto Lyfua 2.9, undpyouy 800 €ldn CUCTNUATLY AVOPETABOOTS, TA
pure relay systems (PRS) xou 1o cooperative relay systems (CRS) [35]. Oocov agopd ta
PRS, o pbrog twv x6uPwv avayetddoong etvor govdya vo fondody tov xoufo npoéhevong va
wetadoet dedouéva, eved otny Tepintwor twv CRS dhot o1 xépfor cuuneptpépovtar wg Tnyég

TAnpogoplag xaddg X kG AVOUETADOTES.
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Relay SC-FDMA, JFDEC (K = 4 users, J = 16 relays)
8 — T T T T T

< ==
|/;\: ~:/ D \'\ X +M|er|§s, 0% =0
) ) —A~MURS, o2 = 2
7 @) 7 T ' —=MURS, 35 =47
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- (b) - Y
(%)

Energy consumption gain (ECG)
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T
1

Sum rate (b/s/Hz)
(e)

Syfua 2.8: (o) Apeon aclpuatn olvdeon pe wo wéon yvwon tou xavohol eEunnpétnon-
¢, (B) ‘Apeor aclppaty cOVdeon e oTryutafo avaTpoQodSTNON TOV CUVINXGY TOU Xavahlol
eCumnpétnonge, () Lovdeorn avauetddoone e pia Péon yveon tou xavahiot eEunneétnong,
(8) E0Ovdeon avopetddoone e otiyplaior avatpopoddTnom Twv cuVITX®Y Tou xovahol -

vneétnong, (g) Eniboon twv xgpddv twv ouvdéoeny avopetddoons

Pure Relay Systems (PRS)

INo ta PRS, éva onpoavtind npdPfinpo cuviotd 1 anoteheopatixf) yeron twv xouS-
WV AVOUETABOOTC, CUUTERLAOUBAVOUEVOL TOu TOGOL xOUBot avaueTddoons ypetdlovTal Yo T
HETABOGT) DEDOUEVWY X WS autol ot xopPBot puduilovtar xatahhiiwe. Xtny nepintwon En-
ergy efficiency-Spectal efficiency (EE-SE) tradeoff yio éva PRS oe xavéhia avayetddoone
Additive white Gaussian noise (AWGN),6nou éyer npotadel n Béktiotn xatavour, woybog
avdueoa otoug xépPouc avapetddoone yia tn peytotonoinor tne EE éyel Serydel 1o eZvc [3]:
n enidoon (eite g xatavahioxduevne evépyetag eite tou puiuod petddoorns) eloptdton and
N OTEAUTNYIXY PETABOOTS Bedouévmwy Tou xdlde xouBou, Ty Tonoldesia Twv xOuBwy avouetd-
doone xou 10 puiud petddoone mou yenowonoeiton and tov xdde xépfo. [Avo hydtepo
BéhTioTa ovoTAYATA ERLXOWVMVING, To cuoThRaTa common rate(xotvol pudpold) xar common
power (xowhc 1oyY0c), TEOTENVOVTAL YL TNV XATAYPAUPT, TV EYYEVOY TEPIOPIOUMY TV OiX-
hwy, tou ebpoug Lavne xar tne evépyewac.] To Xyhua 2.10 amewxoviler v emippor| tou
apripot yetafdoewy (hops), tne Tonodesiog twv x6uwv xa Tou puduol yetddoone tne EE
[3]. Hapdro mou 1 xatavour toydoc, o apdude xor 7 tonodesin twv x6pPwv ennpedlouv
onpavtixd v EE, évag tétolog oyediaouog ivon oAl nepinhoxog xar owg oyt xatdAinhog
yioo xdmota TpaxTixd oevdpta. o Ty amhonoinoy tou dixtlou avouetddoong, eetdlova

novdya 800 petofdoeic emxovmviog avdueoa oToug x6uBoug TEooptopo) xot TEOEAEVTT.
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(a) Pure relay system (b) Cooporative relay system

(ts9) 1
. Base Station é Relay Station User
=<

Eyfua 2.9: Eidn cuoTNUdTtey ETOVIANTTOY

Cooperative Relay Systems (CRS)

Yéva Luvepyoatind Lootnpa Enavolnntodv (Cooperative Relay System-CRS) 1 oup-
Boht} TwV Bla@dpwy YENOTWY CUVIGTA To ToAGTAOXY TN BehTioTonoinoT TNg Bayelplong Twv
nopwyv. Ipwtapyixh duoxohion anoTEAEl TO YEYOVOC Tw¢ Ol TOPOL, EXTOC ARG TNV XATAVOUT
TOUG GE DLAPOPOUS YETOTES, TRENEL ENIOMNG VO Bl WEIoTOVY G XAVE YENoTN EEYWRIOTA Yid T
HeTddooY Bedouévy 1600 and Tov Blo, 660 xou and dAloug yeRotec. Mo axdurn BuoKOAI-
o anoppéel and Ty emhoyy| ovvepydtn( partner selection), dnhady T Sadixacio edpeong
EVOS XATIAANAOU YeHoTn we xouPou avayetddoone. Eivar apxetd nolimhoxn v ebpeor tou
BéhTiotou ouvepydtn ot €va dixtuo pe molunhnlelc yproteg, agod o apriuog twv mavoy
ouvbuacuoY elvan tepdotiog [35].

H evepyeione anédo0r TV OTOPTOUVIGTIXGY CUVETHUELOTIXMY CUCTUATWY AVIUETAD00TS
(cooperative relay systems), ta onola ebvar oyedtaopéva yio multiuser single-carrier frequency-
division multiple access (SC-FDMA) uplink (otvbeon xtvnrol teppatixol-otaduol Bdon-
¢), epevvdtar pe ) BoRleto tou evioiou Amplify-and-forward (AF) ovothuatoc [52]. H
avapetddoon AF extd tny hoauBavéuevn oyl xdle unolwvng ouyvothTov xat e€100ppoTEl
Tig dtapopéc toybog otic unolavee. ‘Evag joint frequency-domain equalization and combin-
ing (JEDEC) 8éxtne ypnotponoteitan oto otadud Bdone. X'autiv tv nepintwon, undpyouv
4 tepuatid mou expméuouy TAnpogopia xat 16 diadéotua cuothuata avayetddoone. H yel-
WO1 TNG EVERYELNG TOU TPOTEWOUEVOL oyedlaouol eivor éva dUEco GQEAOS TNE YWEIXNG Xou
ouyvotxic Touahopopgliac. Ltny nepintwon pue, 1 daxdyavor e oxiaone (shadowing vari-
ance) amoTeAE! Lot ooV TN TApGUETEO X EXPEALEL TN LETABANTOTHTA 010 REPBIANOY AOY®
TV xTplwv xu TV YeydAny eunodinwy. ‘Onwe yropel va napatnendel oto Xyhua 2.8¢, dtav

0 SNR eivar oyetind yaunhoé, 1o npotewdpevo multi-user relay selection (MU-RS) ouve-
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Yyhuo 2.10: Evepyetaxh) anddoor o oyéon ue 1o pudud yetddoong dedoyévey oe mohufn-
HOTiXd OUOTAROTA AVIRETAOOOEWY,OTOU 1 paouaTixy) TuxvéTnta wybog tou Yoplfou eivo

No= -174dBm/Hz

TanploTixd abotnua tapéyer ECG nepinou xatd 8db peyaritepo and v avtiotoyn nepintwon
un dueomng avauetddoong 6tay avTiwetwrileton wa Saxdpavor oxiaong oto didotnua 0-8db.
Qotd00, xadwg 1o anodwouevo SNR auédveton o wio oyetind VP Tuh xow o puipog
0edOUEVLY Tou TideTon ¢ 0TOY0G AUEAVETOL AVTIOTOY WS, To OQEAT) amd TNV EMUXANOT EVOS
MU-RS ouvetaipiotixol cuatiuatog neplopiCovtar. Auté dev elvon anpdouevo, enetdn wotpd-
Covtag TN cuvolxY| UETABIOOUEVY) oY) OVAUESH OTHY TNYT Xat 0T0 GUOTAPRA AVAUETADOONS,
xadwg xa 1) ooyt 2 yeovodupldwy odnyel ot anwheta puduanddoong, n onolo dev AvTloTA-
Ypileton TApeg and emtediipo x€p00¢ AVUUETADOONS. AVAUEVETUL TWS TUAPOPOLES ETLOOCELS
Yo mapatnendolv enlong xon oty Tepintwon g xdtw (ebing.

‘Evag onpavtixde pelhovtixds otdyog yia tny €peuva mou Aaufdver yopa o’autov tov
Topéd anoTeAEl TO xutd mOGO unopel vo ouyxpWel N evepyelax] amdBOCT TV TEYVIXWV
avapeTddoang ye T yehon 1wy femtocells. Ot x6ufot avapetddoong napéyouy clvdeot e To
BLodixTUO €T TWV XOVTVOTERWY aolpuatwy otodumy Bdong. Avtiotpdgng, ta femtocells
elvon wxpol otadyol Bdong, younihc toyboc eyxateotnuéva oe onitia 1) ypogeio, o onoio
YE1NOWWOTOoLY GOVOEGT) UE TO DladixTuo YEow xahwdlou yio napoyr unneeotwy. H xatavénor
NG EMPPONS TNG EVERYELUXTC XATAVIAWMGNE TWV DLoPOpmY HOPYROY DIABIXTUAXMDY CUVOESEWY

oUVIOTY Eval ONUAVTIXG 0TOY0, ahhd TauTdypova xar TpdxAnon Y To Green Radio project.

2.3.2 Teyvixéc 0T0 TUHUA TOV XEQALDYV

Yuurnepdopata BlapopwY EEEUVAOY €Y0UY BElEElL TWS 1) UTEPUETEY XATaxOpUGT, xhion
wag xepafag umopel vo augroel T UETABOOUEVY] 1oy U,EVH TapdAAnia auidvel T uéor pu-
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Yuanddoon e xuléing [45]. ‘Oco mo ofela eivor 1 yovia ¥ 1oodbvapa oo uixpdtepn eivor 1)
xhion e xepalag 1660 TEPIOGOTERO UELOVETA 1) Lo} VS YETAdOOTNS. 201660, O TPOCAVATOALD-
wog g xepalog meog Tol avopd NG XUPEANE EEUTNEETNONE UNOPEL VO YELOOEL GE ONUAVTIXO
Badpd tn wéor puduanddoon,.

To mapoandve eupuato Belyvouy Tig apyéc Tou TEETeL var TNeolvTaL Yo TNV £01X0oVOUnoT
¢ RF woyboc. Ouwe, ot unyaviouol yio petafohr) tng xhiong tne xepaluc unopolv va
ELOAYOLY EMTEOCUETY XUTAVAAWOT] oY 00C X OE dAAo UERT, TOu cuoTApatog. Aloeg and
etanpeleg 6mwe 1 Quintel npoopépouy mhatpdpues Tou BeEV amUTOLY XIVOUPEVA,00TE EVERYH
wépn %t €101 amd TN Ueptd TN Xepalag TOU OUCTAYNTOS Bev elvor midavod Vo TopATNEHCOUYE
avgnom e oy bog xatavdiwons. Evdeyouévwe hapfdver ywpa neptocdtepn enelepyacio ot
Baouh o,

Ané tny ontind) Ywvia Tou GUGTAULATOS AVIPETABOONS 1) TOU XIVNTOU TEPUATIXOY, 1) LXAVOTY-
Tor vor xorrevduviel pia déourn ulmidtepou x€pdoug TEOCPEREL TN BUVATOTNTA VA €YOUPE Wi
o evepyetaxd anodotixy) acvpyatr ouvdeotwdtnta. H etoupeia Deltenna €yel avontilel po
oLoXELT| 1) OTolaL UTOPEL VoL ETEXTEIVEL OTUAVTIXS TNV EUPEREL TV XUPEAWTWY ACUQUATLY Oix-
THWV GTIC AYPOTIXES TEPLOYES, WATOGO Unopel va ypnotuonomel xat oe TepinTOoELS ueyahitepng
TUXVOTITOS YENOTWY WOTE Vo Tapéyel xdhudn eowtepixol ywpou xou eivon mdavodg neplo-

061eRO eVpYd anodotxd and wa ADSL cuvdedeyévn cuoxeuy.

(®)

(®)

£

Eyfpa 2.11: Enhoyy, otaduol Bdong yéow xepatag eupuois anolafric uhmhot xépdoug






Kegpdiowo 3

OcueAiwoelg cvudnopicuol
(tradeoffs) otic mpdovec

ACVPUATES ETULHOLVWVIES

To Green Radio (GR) amotekel évav evpl topéa mou xahlmter Gho To GTEOUOTO
¢ 0T0{BAC TPWTOXOAMGY TWV AGUPUATOY BXTOWY, xadOS ENONG TIC APYITEXTOVIXES XAl TIG
TeYViXéC mou Ta auvodelouy. To Paocixd mhaioio tou GR mepthoufBdver 4 Baowxd tradeoffs

bnwe gaiveton xat oto Lyfua 3.1 [13] , to onola eivon tor e€hc:

¢ Anbdoon avintuine/eyxatdotacne (DE) - Evepyeiaxf anddoon (EE) : 1o yenot-
HOTOLOUPE Yol TNV EEL0OPEOTNOT TOU XOOTOUS EYXATAGTACTS TOU AndpaitnTou EEOTALD-

pol, T pulHamOBOGT XaL TNV EVERYELUXT XATAVIAWGT TOU BixTHoL 6T0 GUVOLO Tou.

¢ Pacpatixt) anédoon (SE) - Evepyewoxs, anédoon (EE) : dooyévou evée diadéotpou
ebpoug LOVNE, TO YpNoWOTOIOVUE Yiot TNV EL00PEOTNAY) TOU EPLXTOU PUUHOD UETADOOTC

XL TNV EVEQYELAXT| XUTAVAAWOT, TOU GUOTAHUATOS.

¢ Ebpoc Lovne (BW) - Loyic (PW) : docpévou evde npog eniteudn pudpol petdboong,
TO YPTCWOTOIOVYE Yia TNV eELC0PEOTNOT) TOU YENOILOTOLOVUEVOU EVEOUE LWVNG Xl TNV

amopaltnTn Loy ) YETABOOTG.

¢ Katvotépnon (DL) - Ioytc (PW) : 1o ypnowonowlue yia v €&iooppdnnon tng
péone end-to-end xaduotépnong xou TN YEST oY) TOU XATAVIAOVETOL OTY) OLodixacia

NG UETABOONG.

Y10 onuelo autd Ya eetdoovpe Aentouepn ta t€ooepa tradeofls mou anoteholv 1o
Baowd mhaicto Tou GR. 'Onwe Yo dodue, ta tradeoffs autd cuvdéouy tig didgpopeg teyvoloyieg
Tpog TNV Tedotvy eZEMEN, UTO DLapopETIXES EPELVNTIXEC TTUYEC, OTWS 0 OYEdLOUOE BIXTOWY,

1 Stayelpion TV TOpwY Xt 0 OYESLIOUOS TOU GUGTAUATOS PETADOOTS Yio TO QUOIXS GTEGUAL.

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

To DE, 1o onolo anotehet uétpo tng puduanddoong Tou CUGTHLATOS avd Lovado x60-
TOUG €YXATAOTAONG, elvon €vag onUavTixog OeixTng enldoong Tou Bixtlou amd TNV TAEUPd
TV THAEmXOVLVIAX®OY poptwy. To x6010¢ eyxatdotaore anoteheitar 1600 and 10 capi-
tal expenditure (CapEx) 660 xou and to operational expenditure (OpEx) n neprypagn twv
onolwv Peloxetan 0TV eloaywYR. LUy Ve oL UnyoviXoL TOV aoUpUATOY BIXTOGY, EXTWOOY Ta
CapEx xa OpEx xatd 1 didpxeia tou oyediaopol tou dixtiou. H EE, 1 onola oplCeton
¢ 1 PUIULATOB00T TOU BIXTOOU AV LOVADA EVERYELIXTIC XATAVIAWOTE, EEETACETAL WG ENL TWV
TAEIOTWY XxaTd T Ddpxelal TN AetToupylag Tou dixThou.

To 800 autd SpopeTind ueyédn ouyvd odnyoldy o avtideta xpiThpla OYETIXG UE TO OYE-
dlaopd Tou mpofAenduevou dixtbou. Lo tapdderyua, mpoxeévou va teptoptoVoly ol Bandveg
NS EVOWINONG TNE TEPLOYNE EYXATACTAGNS TOU dixTO0U, 0 eEOTAOUOS TV oTaluoy Bdong
XUl T} CUVTAHRENOT TWV TRONYOVUUEV®Y, O UNYOVIXOl TOU AoYOAOUYTOL UE TO OYEOLUCHO TWV
THAETUXOWVOVIIXGDY DIXTOWY TEVOUY Vo “anAwvouy”, 660 TepIoodTeEpo elvar BUVATOY, TNV TE-
ptoy ) xdhudmne v xuder@v. Q01600, oL andAeleg dladpounc avdueoa oto otadud Bdong xat
Toug yproteg Ya evioyudoly xatd 12 dB onotedrinote 1 axtiva g xudéing dSimhacidletar
av o ex¥étne anwAetwy dadpounc ebvan 4, yeyovog to onolo empépet 12 dB adinon otny
10y 0 uetddoong Gote v eacgaiioTel 1) (Bia 1oy s Tou hauBavouevou ofuatog oToug yeRoTeS
nou Bploxovial ota olvopa TV xuPeh®dV. Ao TNV GAAY UEQELE, YLo TNV XUTAAANAY TapoyT
xGAudne and i xuhEheg yia Lo Sedopévn eptoy ), N adEnon tou aprtpod Twv otatuey Bdong
Va nepropioer T Guvolixd uetodidduevn oyl xatd tov Blo ouvteheoth|. Ta nopdderypa [2],
pewvovtag Ty axtiva g xuéing and to 1000u ota 250y, n uéyiotn EE vy eva High-
speed downlink packet access (HSDPA) dixtuo Yo avgniel and 0.11 Mbits/Joule oe 1.92
Mbits/Joule, avrtiotoiywe.

Enopévwe, yia tny ehaytotonoinon g evépyetag axtivoBohiog, ot pnyavixol tou droyetpl-
Covtan Toug dratéotuoug Topoug auvrtng TEoTIWoUY TNV avdnTtuln xuPehdy wixpol peyédouc.
Yougwve Ye TIC Topandve mapatneroels, Ya npénet vo undpyel éva tradeoff DE-EE, 6n-
oc gaivetar oto Lyfipa 3.1a, drou xdle onpeio e yYpugwic napdotacre avtiotolyel o'eva
wéyedog xuélng, xon Yo mpénet vo emikeyel Kote va elicopponrioet ouyxexpiwéves DE xou
EE aratroeic.

‘Ouwe, autd 1o oyfue e xaumiAng eivar owotd dtav AauBdvetor utédy uévo 1 oyic
HETABOOTC Xal To XOOTN EYXATACTAONG XUUAVOVTOL CUVEYMS AVIAOYX PE TNV axTive Tng

xUPEANC. BTNV TporydaTIXOTN T

e 4 4 7, ?, I 4 7.
e uUTdpy oLV TEploptouévol oe Thdog TOmot oty Bdong xar To xdoTog e€onhiopol Bev

xugolvetar avahdya pe to emtdupntd péyedog xudehmy

e 1 ouvohxt| evépyeta BixtUou mepthauBdver 1600 TNV evépyeld mou eEupTdTan and T
HeTddoon(m.y TNV EVERYELX TOU XATAVOADVETAL 6TOV padloQuVIX eEVIoYUTY), xadd xou

™V evépyeta Tou efvar avedptnTn and ) ueTddoon (m.y XATAVIADGT, EVERYELIS VIOl TOV
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xhpatiowd /PoEn tne neployfic eZunnpétnong)

EE PW
Qm quj!
DE SE DL BW
(a) (b)
EE PW

Mpaktkr nepintwon

AN

Eyfua 3.1: Avanapdotaoy twy tecodpwy tradeoffs, otnv bavixr xou npax Ty nepintwan.

(<) (d) e

Enopévwe, 1 oyéon yetalld tou DE xat tou EE unogel vo anoxiivet and v omin
nepintwon xoaunving tou tradeoff xon va yivel mo Ovietn av AdBouye unddn TpaxTIéS TTUYES
[12]. And 1o 8e€id didypappa tou Lyfuatog 3.2 , napatnpolue 61t dev unopel vo undpet
névta tradeoff avdyeca oto DE-EE, ot 6t 10 oyfua tng DE-EE xopmiing eaptdton and
OLYXEXPLPEVA OEVARLA EYXaTdoTaonS. o Ty nepinTwor TNg nEploy i TwV TEoaoTivy, 6Tou
o ex¥étne anwhedy dadpoudc eivan wxpde (nepinou 3.5), n EE tou dixthou auvidvetar pe
TopdAAnAn adinon tou DE. Yty nepintoon tuxvoxatonuévey aoTixdv TEPLOY®OY, OToU
0 extétne anwhewdy dwdpourc etvon peydrog (nepinou 4.5), dbo dapopetinéc twée tou EE
umopoty v auyxAlvouv otny Bl DE Ty, ttuéc mou avtiototyolyv o wiot TOAD Wixpy| xat
wa ol weydhn axtiva xuperwdv. To mphto ogelhetar oty tepdotia alinon tou CapEx,
auédvovtag Tov aptlud TeV TeploydV eEUTNEETNONG, ot To TEAeutaio AdYw TN amdToung

av&nong Tou x6GToUC Tou NAexTELol pevpatog ota OpEX.

And n otiypn mou ta oyfuata 1wy DE-EE xaunulodv mokkés gopéc dev tauptdlouy pe
Ta SLaoUN TN AMOTEAEGPATA, O YUPAXTNPIOUOS TWV XUUTVANY YIX TRAXTIXES TEQITTWOOELS Efval
TOM) YPHOWOS GTO OYESLIOUS BIXTV®Y GTOV TpaypaTixd xéouo. ‘Onwe gaivetar 610 Lyhpa
3.2, yio x&e emrduunty| pudpoamédoao dixthou xon yio SEBOPEVO TEOUTONOYIOWS EYXATACTUOT-
<, UTOPOUUE apyIxd Vo UTOAOYIoOUPE TNV avtioToly anddooy eYXATIoTAoNS, dnd TNV onola
UTOPOUPE Vo ano@aviolUe Yior Tr UEYIOTN EQPIXTY evepyelomy) anddoon avalntwvtag tny DE
T oty DE-EE tradeoff xouniin. Encito and tnv xauntin EE-axtiva xuéing, uropoliue
va Beolue Ty avtiotouyn BéATIoT axtiva xupEng.
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{
¢ Optimal cell size for £+ Target Deployment budget & Target Deployment
network planning A+ ¥ Target cell edge userrate efficiency l
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Yyhuo 3.2: Anewdvion e oyéone DE-EE, yia Bidgopeg Twéc tou extétn anwheidv di-
adpouric, a.

Mehhovuxée gpevvnuxéc npoondieieg Yo emxevipwidolv miavidg ot 2 axdrovdeg
TTuyég:

— mepontépn Behtiworn tou DE-EE tradeoff ye nponypéveg apyitextovinéc dixtiny

— and XOWOU CYEDIUCPEVES APYITEXTOVIXEG UE TPONYUEVI CUOTAHUATA HETABOOTS XL OAAYO-

olduoug mpoypoappatiogol Yia ) Pertiwon g oyéong tou DE-EE tradeoff

I o LTE-Advanced or beyond dixtua, to heterogeneous networks (HetNet) éyouv
yiver amodextd wg Baocwxd avtixelyevo gpyaciag, onwe otnv nepintwor tou 3GPP Release
10. Me 1o ouvduaopd twv macro/micro/pico/femto xuehdrv, ot noapadootaxd oyeTixéc
Aertovpyleg, OmwS 1 xGALPN xo M TUEOYY YWENTHOTATAS YTOPOLY TAEOV VO ANOGTAGTOUV
oe dudgopeg Baduldec tou dixtlou. Tevixd, ot paxpoxudéreg dayetpilovion v xdAvy
xou o Vépata xvnuXOTNTOC, EVG O WxpoxLPELEs/mxoxuPéles EmXEVTpGVOVTAL OTNY TOT-
) pudpanddoon. ‘Eyet dewytel 61t 1 EE tou dixtdou auidvetar xadde 1 Tuxvotnta Twv
wxpoxuPehdy/mxoxuvPehdy avidveton [46]. And tnv dhhn pepid, 1 DE ntuy twv HetNet
éyet yeretniel Yy Sidpopes xatavouée xivione [28]. 'Eva ocuuninpwpatixé hot-spot layer
wxpo/mixo xLPEADdY 6TV X0pUYH TWV PaXPOXUPEADY €xel UTdpEel 1 o AmoBOTIXY aPYITEX-
TOVIXY) YloL TNV TEPIMTWOoN NG Y1 opotouoppns ywetxne xivnone. To tradeoff avdpeoa oto
DE-EE, wotdoo, etvar axourn avorxto.

Mia oxdun mohhd LTOoYOUEVY UEAAOVTIXY apYITEXTOVIXY Elvon auTH TwV cooperative net-
works (CoopNet), 6mou ypnotponooiviar xuvolpleg TEYVIXES VL OTIC EVUEPIES DLETPES,
6nwe ot avapetadotee xou to distributed antenna systems (DAS). O veoewsaydeioec un-
000U£g, OTWS oL avaueTadoTeg xon To remote radio heads , elvon apxetd @invoTepa xon mapé-
YOUV Uixpdtepn xdhudn oe oyéorn ue toug wdxpo-ctaduols Bdone (macro base stations),

ot ormolot Gépvouy Toug YENOTEC XVNTAS TNAEPOVINS To X0VTd GTO BIXTUO XU XAVOUV TNV
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eyxotdotaon mo evéhxty. ‘Oung, 1o x6010¢ 00VBeoTE 0To BixTuo Xou To signaling overhead
UTOPOUY VA ATOTEAEGOUY ONUAVTIXES ANEIAEC OTNY EVEQYELUXT] XATAVAAWGTY) XAl TNV anddoom
Tou ouothuatog. Emopévee, 1o xatd ndoo unopel uia CoopNet apyttextovinng vo Pehtiwoet
to DE-EE tradeoff npénet va e€etaotel npooeytixd.

Axbpn, n evoUdTnon ToU TEOCAVATOAGUEVOU Tpog To YeNoTH TRoYpapuaTiopod e EE
xat ot ahyoprdpol Stoyelplong Ty diadéoiuwy topwy atny xopupt 1wy HetNet xou CoopNet
deopevovtan yia emmiéov Bedtioworn tng anddoong tou dixtvou. Autd elvar apxetd onuay-
TIX6 OTay 1 ywexr) xatovopr xiviong eivar un opoldpopen xar mowxiAer avd to ypdvo. O
BUVaULXGS EAEY YOG 1oy U0 TOU EXPETUAAEDETAL TIC DLOPOPOTOLNOELS TOU XOVAALOU €Y EL ATOBELY -
Vel 61t Behniwver v anddoorn toybog tou emnédou olvdeong. Opoiwe, erexteivovtag tnyv
10€a 070 eNiNEdO B THOU, UTOPOUUE VA ELGAYOLUE BuvoxT] Btayelpton TNS xdAUYPNG Yo Vo ex-
wetahheutolye g moparhayéc e xivione. H duvapixr, evepyonoinon/anevepyonoinon twv
UTEPTIEPEVOY TIPOC XEALYN XUPEADY 0TV TEQITTWOT, YoUNAAC xivnong amoTehel Topdderyua
yioo T HetNet, evéd n duvopixry emhoyt, avagetadotn 1 1 enthoyry CoMP yotifou arnoteholv
to avtiotdduopa yvia ta CoopNet. And ) otyprq nou dev elodyet emnAéov x60T0¢ AAAS
eZoovopEl TEPITTH XATAVIAWGT EVERYELXG, Unopel va fehTiwoet Tautdypova 1660 1o DE 660
xou 10 EE.

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

To SE, 1o onolo opiletar w¢ 1 puduanddoor Tou GUGTAUATOS avd HOVAdA EDPOUS
Covng, anotehel éva eupéwe amodexTd xpithplo Yiol 1 BEATIGTONOMON TwV AGUPUATWY dix-
Towv. H péyroty duvaty 1 tou SE ouviotd ndvtote éva and toug Baocixbtepous delxteg
enidoong eZéhing tou 3GPP. Tlpog otiyuy, to emdupntd SE e xdtw Leving yia to 3GPP
avZdveton ané 0.05 bps/Hz oe 5bps/Hz xadde to olotnua egehiooetar ané GSM oe LTE.
Avtudétwe, 10 EE, 610 nopeddov ayvoolviay and Tic nepioadtepeg epeuvnTixés npoondieieg
xou 9ev Yewpolvtay, uéypt mold npdogata, and 1o 3GPP w¢ onuavtixde deixtng enidoong.
Kot n “npdowvn” e€éMEn yivetow 6ho xou mEQIOGOTERO SNUOGIATC, 1) EVERYELUXE AnOBOTIXT
wetddoon xadiotatar 6o xa TEPLoGOTEPO onuavTix ofuepa. Auvotuyde, to SE xu 10 EE
dev Pploxoviar ndvta 6e ouugpuvia (consistent) xou uepnéc Qopéc avtixpoler To éva 0 G-
ho. Luvendg, 1o mwe mpénet va va e&looppotnioly autd ta 6o eyédr anaitel TpooexTixy
UERETY.

Mo va yapaxtnpicoupe 10 SE-EE tradeoff yio petddoon and onueio oe onpeio oe xavdhia
we Additive white gaussian noise (AWGN), n e€iowon ywentxdtnrac tou Shannon nailet
xadoptoTind pdro. And v e&iowor tou Shannon, o emtetéipog pulude petddoor, R, Soo-

HEVTC ULog toybog uetddoone, P, xou evog ebpoug Lovne ovotiuatog, W, eivou:

R = Wiloga(1 +

o) (3.1)

6mou 1o Ny avunpoownelel T gaouatix?) nuxvotnta woybog tou AWGN. Ydugwva ye toug

optopolg toug ta SE xot EE pmopolv va exgpactody cav:
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) (3.2)

=1 1
nsp = loga(1+ WoN

%ol
nprp = Wloga(1 +

)/ (P (3.3)

avtiotolyws. Xav anotéheoua, 1 SE-EE oyéorn unopel va exgpactel wg e€1¢:

Npg — ( NSE (34)

10 onolo oxtaypageltar oto LyAua 3.1o. And v nupandve €xppacy), T0 NgE CUYXAVEL OF
wa otadepd, 1/(Noln2), xadoe 1o ngg teivet oto 0. Avtideta, 1o ngg teiver oto 0 xadog
T0 Ngg TElVEL 0TO ANELRO.

Ye npaxTid cuoTHUATY, woT600, 1 oyéon SE-EE dev eivar 1600 anhf) 660 1 nopandve
ellowon. Ebidtepa, 1 xuxhouatixd woyde Slond Tn povotovixy) oyéorn aviuyesa oto SE
xou to EE [39],[38],[53]. [Lio ouyxexpipéva, av dewpniel pia xuxhopatixh 1oy ls, 1 Xadndiy
SE-EE Vo petatpanel oe oyfua “xopndvag”, 6nwg gaivetar oto Uyfua 3.1y. Enlong, ot ouv-
UAAES X0 Ol OTREATNYIXEG UETADOOTC, OTWE 1) ANOCTACT UETABOGTN, 1) BIadepeoT), T0 oo TN
xwdixomoinong xat ot ahyoprduot doyelplone Toépwy, €youv xaTaAuTiX? emppor oTo tradeoff
avapeoa oto SE xou o EE [39].

Hop'dha autd, 1 oyéon SE-EE 7 onola yopaxtnpeiletor and v ediowor (3.4) avapépe-
Ton uévo o€ Yetddoan onuelou mpog anpeiou avti yio éva dixtuo. Ilepatépw Siepelivhon twy
TOAMTIXWY TNG EVEQYELNY ATOBOTIXAS HETADOOTG AVAUUEVETAL VoL TROGPEREL TERITTOTERA OPEAT).
Eniong, xadiotactar Lwtixhc onuooiag yia tny tepoalhoviiny TpooTtacia Xot 1) delpopo avin-
Tuén ota peAhovTixd achpuata xuperntd cuothpata. Iapadelypata yioa yeAhovtixy| €peuva

umopet vo mepthapBdvouy Tig €€hc Yepotohoyieg:

o yapaxtnpiopndc tne oyéong tou SE-EE tradeoff xdtw and npaxtixols nepropiopoic oto

eninedo vhixol (hardware)

e diepetivion e oyéore tou SE-EE tradeoff oe ixtua ye multi-user/multi-cell nept3dh-

AoV

® o X000 OYEDACUOS CUOTNUATKDY YETADOONS OE PUOLXO OTEOUA XAt CTEATHYIXES Ol-

ayelplong népwv mou Ya Bedtidoouy N ayéon tou SE-EE tradeoft

To mpofBiendyevo dpto enidoong and Ti¢ VewpenTix€C AVUAYOELS OE TOAAES TEPITTWOELS
OEV EMLTUYYAVETOL OTA TEAYUATIXG CUCTAULATA ECOUTING TWV TRUXTIXGDY TEPLOPIOUWY GTO ENINEDO
vhixol. llpog otiyus), n TUTIXY PETATROTY TNS EVERYEIAXAS anOB0aTE EVOC EVIOYUTY oy bog
otoug olyypovous otaduols Bdorng etvou Aiydtepo and 40%. Axdur, ot neplopiopéves Tepto-
YEC YRUUPIXOTNTAS TV EVIOYUTAOV oy lo¢ emnpdoieta neptopllouy To YeTadidoueva oruata,
énwe 10 Moyo peak-to-average power (PARP). Ilac autd ta {nthpoata Yo ennpedoouy to
SE-EE tradeoff dev eivor axdpn cagéc. Enouévng, wa mo Aentopepric Loviehononon tng ev-

epYEIMNG XATAVIAWONG TOV ETUNEDOU ECOTAOUOD, TWV TEUXTIXWY TEPIOPIOUDY TV CUOXEURDY
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emmédoU LAX0U xat oNpdTwy petdadoorg Yo pog Bonthoouy va Bpolue TeaxTix®de eQixTég Te-
ctoyéc SE-EE. To ydoua avdyeca 6toug Vewpntixols TEPLOPIGHOUC Xl TIG EPIXTES TEPLOYES
umopel va xadodnyNoeL To OYEBLAOHO TWV UEANOVTIXGDY ACUPUATWY DIXTUMV.

[Ma ¢ tepintooeic tou multi-user /multi-cell nepiBdhhovtoc, 1 inter-user /inter-cell napey-
Bohty pumopel va xatopyroel 1ig Baocixée napadoyéc yio Tic and onueio ot onpeio YeTadOOEL.
Mo evdlagépovoa enéxtaoy g oyéone tou SE-EE tradeoff yia ta multi-cell oevéplo pe
inter-cell nopeuBoit, €xet Sellet nwe N oy v Tou TaEdyETUL Und TNV TAREUSOAT| UE YEITOVIXES
xuélec Oyt ubvo perdver ) uéytotn egixth EE, ahhd enione unoPidlet ta SE xa EE [38].
‘Onwe uropolye va gavtaotolue, 660 Ynhdtepo elvan To eninedo napeuBoific, 160 extevéo-
tepoc eivar 0 vrofBacpdc Tove. Yoauthy TV mepintwon, ta anoteléopata and TNV AmhY
onuelo o onuelo tepintwon dev toybouy xo mEénet va avantuy Vel gl cUSTHUATIX TPOTEY-
yion npog mpog ta multi-user/multi-cell cvothuata, Gote va Swapoppwiolv ot aoixéc Vew-
oNTég apy€g TV EVERYELOXS AMOBOTIXDY ACUPUATOY UETADOGEWY.

H evepyetaxd arnodotixn yetddoor, and tn oxomd g dayeiptons v Slaléoiuny tdpwv,
UTOPEL VoL EpUNVEVVEL O 1) EXYWENOT] TWVY XATIAANAWY TOPWY YLd UETABOGT) GTOUS XATAAANAOUS
XeNoTESC 070 6waTo Ypodvo. Ot cross-layer teyvinée Behtiotonoinong, ot onoleg €youv anodety-
Vel Tohl yproweg, propoly enlong va onidfoouy 010 oyedaoud xatavouhic Topwy ¥ o€ oh-
Yoplduoug TEoYpaUaTIoONOU Yiot Toug YeNoTes mou Pedtidvouy to egixté SE-EE tradeoft.
Ye nponypéveg apyttextovixég oixtiwy, onwe ta HetNet xau CoopNet, 1o clotnua unopel
va enweehniel axdun tepiocdtepo and 1oV and xowol oyedaoud NG UETAB00NS QUOLXOD

OTPWPATOS Xou TNG dlayelptone mopwy [39].

3.3 Bandwidth-Power (BW-PW) tradeoff

To BW xat to PW elvan ot mo onuavtixol ohAd neptoptopévol mépot 0TI doUpRaTES
emxownvieg. And v edioworn ywenuixétnTag Tou Shannon 1 oyéorn avdyeca oty 1oy H
HETABOOTE xou 610 eVPog LOVNE TOu OHPATOS Yo eval doopévo pudud petddoons, R, unopel

VoL EXPEACTEL ¢ EAC:

P=WNy(2% —1) (3.5)

H nopandve €xgpaon detyver uia oyéor povotoviag avdyeoo 6to PW xou to BW 6nwg
anewxoviletan oto Xyhua 3.28 . Mropel edxoha va detyldel and v napamdve €xppact Twe
1 EAGYLoTH XATavdAWoT) oy bog etvan tepimou NoRIn2, av dev undpyet neptoplonds 610 €0p0g
Covne. H Baowid BW-PW oyéon oto Lyrfua 3.23 delyvel nwg, yio doouévo pudud petddoong
OEdOUEVWY, 1) EMEXTAOT) TOU £0pOUS {OYNE TOU GRUATOS TEOTWATAL WOTE VO VO UEWWOCOUUE TNV
oy 0 UETABOONG Xou ETOL METUYAVOUPE XUAUTERY) EVERYEIOXY ATOBOCY. LTNV TEAYUATIXOTNTA,
1 €EEMEN TRV aolPUATOY CLCTNUATWY Tapouatdlel TNy Bia Tdon otn {Rtnon edpoug Lhvng.
IMo mapdderypa, ota GSM cuotipata, to ebpog Lwvng avd mdpoyo civar 200kHz, eve etvar
5MHz ot UMTS cuothuata. Xe yehhovuxd aclppata cvothuata, onws to LTE ¥ 1o LTE-
Anvanced, 1o epog {wvne Tou ovothpatog etvan 20 MHz xow og mokhég nepintioeic ynopel

va @tdoet ta 100MHz, av ypenowonoolvton teyvixée, énwe 1 carrier aggregation (CA).
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H oyéon BW-PW eivon eniong xadopiotiny otn Swyeipion twv népwyv. H tedeutaio éyel
yenotporowniei oe didpopes Epeuvec [24] dote va xadoplotel 1) tpdotvy otpatnyix uetddoong,
7 ool UPYLXd, OVEYVEUEL XL CUYXEVIPWYVEL TO W1 Yenoulononiéy gdopa, nou nepthopBdvel
v teyvixy cognitive radio (CR), xou énerta npocapudler 1 o€1pd Slopdppwons obupuva ue
10 Swrdéotpo BW avd xdde ypovixth otiyur|. 201600, 0€ TRUXTIXd GUOTAUATA, 1) XUXAWUATIXY
AATAVIADOY Loy 00, OTWS O ANWAEIES PIATPUPIOUATOS, GTNY TEAYHATIXOTNTA DLAUOPPOVETAL
avaroya ye 1o BW tou ouotipatog, yeyovog to onolo epnhéxet tny BW-PW oyéon, 6nwg
gaiveton oto Lyhpa 3.16. Emniéov, 1o Lyfua 3.3 anewxoviler évo onTixd Tapdderypo wiog
Tplodidotatng oyéong uetald twv PW,.BW xou EE. Ané 1t ypagnh, napdotact, £youue Tig

000 axdhoVVES TUPATNENOELS

o Av nxuxdwpatixt PW Siapoppdvetoa avihoya e 1o BW tne yetddoorne (otadepy| pao-
warTer) TuxveTNTaL oY Koc), N TAAENS Yenotwonoinor twv ndpwyv evpouc Lovne/toybog
UTOREL VAL Uny ATOTEAECEL TOV TUO EVEQYELUXA UTODOTIXG TEOTO TAPOYNE TNE ACVPUITNG

HETEDOOMS XATw and €va otadepd pultud uetddoorng

o Aocuévou evédg emuuntol EE, dev undpyer oyéon wovotoviag avipesa ot BW-PW

@ Kapnvleg twv oxécewv BW-PW-EE

Evepyelakr) anddoon

(Mbits/Joule) S
SRR
-§§.$;@\\\\\ iy
T > T
: e N
SRR
..&,}mm\\\\‘g\\ S
i

NMukvdTnro wytog (dBm/MHz) - Edpoc [ivng (MHzZ)

Q@  Nhjpng xprion Twv népwv BW-PW priopei va pnv sivan apketd svepyd anodotkd
@  AsSopfvng g EE, n oxon tou BW-PW tradeoff Sev sival povdtovn

Eyhua 3.3: Anoteréopata tng PW-BW-EE oyéone yia otadepd pudud yetddoong

[Tapdho mou 1o BW-PW tradeoff éyet pehetniel ed¢d xon dexaeticg, undpyouy axodun

TOMAES TTLYEC Tou amoutoly Yehhovtixt| Siepetivnon. Mepixée and autég ebvon:
o lponypéveg teyvinés yia to BW-PW tradeoff ye mpaxtixéc ouviotwoeg

o Néec apyitextovinés dixtdwy xar ahyodprdpol yia Bedtiovon tou BW-PW tradeoff
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‘Onwe yvwptlouye, 1o 2G xaw 3G aolppata GUGTALATE ETLXOVWVIE, OTwe To GSM xou
o UMTS, yenowonoloty otadepd BW petddoorng, ywelc va agrivouy ywpo yia duvaixt
npocapuoyry BW. Me tnyv e€€M&n twv aolpUuatwy TEYVOROYLOY, 1] MEANOVTIXY| EYXATACTAOT
twv LTE xo LTE-Advanced cuotnudtwy nopéyet nepiocdtepy suehila 6Ty yenowonoino
Tou Qdopatog, wote va unopel 1o BW uetddoong va puduiotel yio didgpopes eqopuoyés.
Moapdhinha, teyvohoyies, dnwe N avaxatavops| Tou gdopatoc (spectrum refarming), carrier
aggregation (CA), xa ov software defined radio (SDR) teyvixéc, avantiooovton yio va
unoaTnel€ouy TNy euéhixty Yeror tou BW. ‘Oung, n uhononon xou 1 EVOOUATOGT) QUTGY TRV
Ty vohoyidy Vo emBapuvidel e emniedv overhead ota mpoxtixd ovothuata. o mapdderyuar,
10 CA anartel nohhamhéc ahuoideS padlOPOVIXOY GuYVOTHTWY ot To cognitive radio (CR)
yeetdletan emnpdoletn evépyeta yia aviyvevor. Emopévee, mpénel va dOooUUE TeplocdTERT
TpoooYN 010 Twg AUTES Ot TEYVOLOYiEC UTopoLY Vo eVowUaTwioly ATOTEAECUATIXG.

Ané v dhn yeptd, N EYXATACTACT, TEONYUEVWY APYITEXTOVIXGY dixTOoL unopel eniong
vor ahhéer T wopptr) tou BW-PW tradeoff. ITo cuyxexpuyéva, 1 avdntuén twv CoopNet
xar HetNet ewodyer eminpécdetoug xoufoug unodounc oto dixtuo. XNuvencdg o BW xa PW
oyedlaoudg Yo eivon drapopetinde and Tic oupPatixéc apyrtextovixég dixtoou. Etor, 1o BW-
PW tradeoff pe npornyuévoug ahyopidpoug drayeipiong mépwy ud véeg apyttexTovinéS BIXTOWY
amoutel pehhovtixn €peuva. Emmpdoieta, ye 1o cuvbuaopd twv teyvixedv CA xar CR, ot
crosslayer npooeyyioelg mou and xowvol hauPdvouv urnddn ) duvaux) BW andxtnomn xat 1o

BW-PW tradeoff Yo nai&ouv alyoupa onuoavtixoic pbhoug atoug ueAhovtixole oyedaouons.

3.4 Delay-Power (DL-PW) tradeoff

Yta tradeoffs tou neprypdgovion topandve, ta peyédn 6mwe DE,SE, xae BW arnotehodyv
elte BelxTeC Yoo TNV anddoaoT) Tou GUGTAUATOS EiTe ToOpoUS, UeyEUT Ta onola eivon TepioadTeEpO
TPOGAVATOMOPEVA 0TO PUOIXS OTPWUA. ALopopeTixd and autd ta Yeyedn, 1o DL, exiong yv-
©oTo w¢ N “xaduotépnon” g unnpeoiog, etvar éva péyedog nou yapaxtnpeilel to QoS xo TN
eumetplar ToL yeNRoTY, Xt elvar GTEVE GUVOEDEPEVO PE TO OTATIOTIXA XAt TOUG TUToUS %ivnong
TWV OVOTEPWY OTPOUATLY. (2¢ ATOTENEOUN, O CYEDIACPOS TWV BlAPOpWY GUOTNUATLY TEETEL
avtaneélvel Ti¢ aBEBaleg XUTACTACE, TOY XAVAAIOY ot TS xivnong, Yeyovog 1o onolo xa-
totd 1o yapaxtnetopd tou DL-PW tradeoff mo noAdmhoxo.

Yo tpdipa THAETUIXOWVWVIAXE BixTua, 6w To GSM, Ta eldn unnpesiag etvan apxetd neplop-
LIOUEVOL X0 ETIXEVTPOVOVTAL XUl 0TI PwvnTixég emixowvwvieg. H mapayduevn xaduotépnon
0TI QPWVNTIXES UTNEESIES elvon auveyhic xat otadepr|, 6tav o pulude xwdxonolneng xaL 1o
chotnua doapdppwong elvar apxetd avoromtixd. Yoauthv v nepintworn, 1o DL avdpeoa
OTOV TOUTO Xt To B€XTY xuplwe amoteholvial and To ypoévo emeepYasiag ToU CHUNTOS Xol
) xaduotépnom Suddoong. Enouévng, dev undpyouv mohhoi tpémol avtiyet@mions. 261600,
ol TOToL TV AGUPHATWY UTNEECIOY TowiAAouy xadde ot teyvoloyieg e€ehicoovton xat ot
IXOVOTNTES TWV XIVNTOV TEQUATIXWY EVIOYUOLY T1) SMUOTIXOTNTA TV xvnTwy http unnpeoioy,
Twv multimedia vrnpeotdy unvupdtoy xar twv multimedia vanpeoidy Bivieo. To pehhov-

Tixd Sixtua meémet va mepthapBdvouy Todhamhés epappoyvéc xon etepoyeveic DL anaithoeis.
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Yuvene, yia va ytioouvge to GR (Green radio), efvar onpavtind va Eépovye ndte xat TS va
avtahhdooupe eva avextd DL yia younhn oyo.

Mo va xatavoricouye to DL-PW tradeoff, Yo Eexiviicouye avahbovtog tnv anhodotep-
N nepintwom, apyd amoxieioviag TNV EMEpon TNg duvamxAS TOGO TOL Xavakioh 660 xou
e xivnone. Lo petddoon and onuelo o onuelo mdvew oc AWGN xavdha, 1 e&lowon tou

Shannon op{Cet nwe:

R =Wiloga(1 + ) (3.6)

W Ny
bitmhnpogopioc petadidovtour avéd deutepbdrento. ‘Etor, anatolvror ty, = 1/R deutepbhenta

yioo v petadodel éva bit. Enouévee, 1 uéon woyic avd bit unopel va exppacTel:

1
P, = W Nyt (257 — 1) (3.7)

H napandve €xppaoy delyvel wo povotova peobuevn oyéorn aviueoa otny PW avd bit xo
oto DL 6nwe daypdpetoar oto Lynua 3-13. Enlong npénet va onuewdoouvyge 6Tl 1) oyéo
ﬁ:% propel va Yewpnlel wg eninedo draudppuong yia €va un xwoLxoTonpévo ohoTnua
emxowvovidy. Tote 1 uetadidouevn woyls avd bit petdveton xadde to eninedo dapbppwaong
nepropiCetar. ‘Oung, 6nwg xou ota Tpla dAha tradeoffs, 6tav AdBoupe unddm mpoxtixée nTuyés,
Onwe 1) xuxhwpatn oy 0g, 1 oyéon tou tradeoff cuvidwe anoxiivel and tny aniy wovétovr
AU TOAT) xou UTOREL VO ERQAVIOEL TO OYAUA Pl XOUTOS, OTws dtaypdpeton 0To Lyfua 3.19.
H DL-PW oyéomn oe cuvduaopd pe tic duvopxée tne xivnong eivar mo ovvietn. Xauvthv
v nepintworn to DL tng umnpeoiog npénet va mepthapfdvel 1660 10 YpOVO AVOHOVAC GTNY
xvnon TNg oupds, xadwg xot To YEOVO Yo PETABOOT), TO d¥poloUa TV BUO AUTKOY UEPWV
elvan emiong Yvwotd wg DL avapovic. Emnpdoldeta, 6tav Aapfdveton vnddn 1 por) xivnor-
¢, Ya yenowonomdel 1o yéoo DL avd nuxéto avti yioa to péoo DL avd bit. To Baocixd
tradeoff ot oyéon (3.7) éyer enextadel oe nenepaopévo npoypoppationsd toaxétwy [50]. E-
vag “lazy” mpoypoppationds el npotadel OOTE Vo UEIWOEL TN CUVOAXT, oYU HETABOOTS EVE
TopdAAnAa Sraogaiiler wote 1 SropetaBifacy OV TV TOXETOY Vo TEAEUDOEL TP and €va
rpoxadoplogévo ypovixd ddatnua. llpbogate épeuvec [5] hauBdvouv unddn téoo T ofé-
Boueg xATACTAGELS TOU XOVOAOL 660 xou TNy Tuyala xivnorn. Qot6c0, To goinuatixd Loviého
elvon apxeTd mohOmAOxo and T oTyuh mou eunAexovion 1 Yewpio mAnpogopioc xo 1 Vew-
olo avapovic. Evtoltol, to anotehéopata aneudivovion wévo otny and onuelo o ornueio

TeplnTwon xou TeplocdTEpa avotyTd éuata tpénet va Siepeuvutoly OTwe:

- DL-PW tradeoff yio etepoyeveic DL anoutfioeic oe multi-user/multi-cell oevépia

- A6 %0VOU OYEBIAOUOC TV CUOTNUATOY PETABOCTS TOU PUOIXOU CTPWUNTOS XAt TNG
drayelptong mépwy, wote va Bertiwcoupe 10 DL-PW tradeoff hayfBdvovrtag unddn tig

TEOXTIXES TTUYES

- Amhovsteupéva xan SlopaTixd ahhd xotd Teocéyyion wadnuatixd povtéla yio Ty DL-

PW oyéon
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And 1 Yewpla avagovric, yvwpeilovue 6t 10 yéoo DL evéde naxétou avagovric xa-
Yopileton and ta otatioTind peyEWn Tne xivnong 1wy agilewy xat Tov avaywenoewy. SuvAdwd,
ol puduol avaywpenoewy lval 0TEVE GUVBESEUEVOL OTA GUOTAPRATA PETABOOTS Xl 0TOUS Oid-
Véotpoug népove. e multi-user/multi-cell tepiBddiovia, dpwe, ot tdpol Tou GLOTHULATOS
wolpdlovton YeTald TV SLlopdpmy YeNoT®Y Xou EMONC AVIUESH OTIC BIdYOpES POEC Epap-
HOY®V, YEYOVOS TOU xaoTd Toug puOoUE AVAYWEHOEWY DLOPOPWY TEPITTWOOEMY AVUULOVIS
OUYETIOUEVOLS TOV €Val e ToV dhho. Xuvenwg, 1 oyéon DL-PW tou Suxtbou npénet v A-
npvel vddn xar 1o padnuatind poviého yivetar 6ho xat mEPLOGGTERO MohGTAOXO. L'evixd,
dev undpyet dradéon Exgpao yio va delEouue TNV dueor oyéon avdpeoa avaueca oto DL
xar o PW. Enopévee, 1 diepedvnon anhonomuévey ohhd TpOGEYYIOTIX®MY HOVIEAWY elval
emduunTd Vo THEEYEL OTOLYELR YL TO OYEDLIOUO TWY TEAXTIXWY CUOTNRATOY. ARd TNV dAAT
weptd, eEoutiog TNG CUGYETIONG AVAPESH OF TEPLTTWOELS AVOHOVAC, O TEOYPUUUATIONOS TOU
XehoTn xou ot ahyopripol xatavourc topmy elvar onuavtixol yio Tov éAeyyo Tou onueiou Aei-
ToupYiog Tou geylotomolel TV anddoor Loy Vog Tou BXTUoU, EVEK £EIGCOROTEL TIC ETEPOYEVELS

DL arnautroeic.






Kegpdiowo 4

Avadeon Ilopwyv Acuvpudtwy
Emuxovovioy yioo ASO0OUEVES
AToTNoElS BACLOUEVES OFE

CLULPNPLOUO AVTWV

4.1 Ewoayoywd

Yxonog twv “Tlpdovwy enixoveovidy” elvon 1 Yelwon g evepyeloxic XATAVIAWOT-
¢ TOU CUGTAPITOS ETMIXOVOVIAY, Yweic va SlaxuBedPetar mapdhinha to Quality of Service
(QoS) twv yenotwyv. Mia anodotixf nposéyyion yia e “Ilpacive acbppates enxovwvies”
anotekel 1 otpatnyn Aedouévwy Anarthoewy (On-Demand strategy), n onota tpocapuédlet
TNV EVEPYELOXT) XATAVIAWGT) AVAAOYA TOV OYX0 TANpogoplas xat TNy Tonolesia ToU EXAOTOTE
yerotn. Egoapuolovtoag to goviého emtxoveviey yia Aedouéveg Anoutioelg, tpoteiveton pio
xouvotouog texvixy, enovoualouevry Wireless resource trading (Aoclppoty avtahhoyy nde-
ov), 1 onota yapaxtneiler ) oyéon aviodlayhc Twv dtadéotuny aolppatwy tépny, Bdoet Tne
omolag PmopolV va xatavohwoly dlapopeTixol aclpuatol ToOEOL Yiol TNV (Bl OUdda SEIXTWY
enidoong. Enouévmg, Yio Vol JELWGOUPE TNY EVERYELUXY) XATAVIAWOT) XdTe and doouévoug delx-
Te¢ enldoang, mpénel var avTaAAGEOLYE TOUG EVERYELUXO0UE TOPOUS UE dhhoUS TUTOUS ACUPUITWY
Topwv. Bactopévol, hoiméy, oty oyéon aviahhayric TwV acOpUITeY TépwY, evionilouue v
Béhtiotn avtodhay T aolpuatwy tépwy avdpeoa otny evépyeta-evpoc Lovne (EE-BW tradeoff)
xou oty evépyew-xatvotépnorn (EE-DL tradeoff). Avarntiooouye eniong, wa npocoppootixd
OTEUTNY N AVTOARAY S TOPWY, YENOWOTOIOVTIS dLopopeTind elpog {Hvng xat xaducTtépnon
Yol BLopopeTIXES ATOOTACEIC UETABOGNE oL oToleg tepthapPBdvouy SlapopeTind dadéaiuo edpog
Covng xan anodexth xaduatépnon. Ot Tpocouot®woel Tou axohov ol 6T GUVEYELX TOU XE-
QoAaloU ATOBEIXVIOUY TS UE TNV TEOTEVOUEVY] TEYVIXT AVTUAAAYHS TWV ACUQUATWY TORWY
UTmopel Vo TEQLOPIOTEL GNUAVTIXG 1) EVERYELAXY| XATAVAAWOT) TWV ACUPUATOY DIXTUMV.

Y10 onueio autd Teénel Vo TovicoulE T 1) wétodog PElwong TG EALYIGTNG XATAVAAOHOUEVNS

ol
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EVERYELNG TWV AoUPUATWY BIXTOWY, XdTw and Toug anartoduevoug deixteg entdoong, dev elye
noté xatavoniel dute egetaotel avoahutind. Ot eEAGyIoTA ARATOVUEVOL ACVPUAUTOL TOPOL OYE-
T{ouevol e TNy anddoon AedouEvey ATUTHOEWY TV YENoTOY, anoteholy 10 Buoixd eninedo
T0 0Tol0 UNMOPEL VAL IXAVOTOIRGEL TIC ATAUTHOELS TV YeNoTdV. Ot aolpUaTol TOROL TOU UEAETOV-
Tou umopolv va dtaxpriolv atic 5 e&hc xatnyoples: xaduotépnon, ebpog Lwvno(ouyvotnta),
Ywpog, evépyeta, xwdxonomon. H xoduotépnon oyetiletar pe 10 ypdvo nou xaduotepel 1
HETAB00T TV dedouévey. To ehpog Lwvng pnopel va utohoYloTel ¢ TEOE TO TOGO £0POC
Covne ebvon dradéoo. O ywpog oyetiCetar ye 10 ndoeC xepaiec UTOPOVLY VAL YENOULOTOL-
ndolv. H evépyeio yapaxtneiletar and 10 m0cd g evépyelag mou unopel va xatovaiwiel.
H xwdixonoinon unopel va neptypoapel and 10 1660 x€pBOC XWOXOTOMOTC UTOPEL VA ATOX-
el yenorponoidvtoag tig dadéotueg xwotxonomoeic. Ol nepiocdTERES TUAUMOTEPES EQEUVES
eotiolay 0TV YENOWOTOMNOY TRV TUPUTEVEL 5 XATNYOELOY aclpUaTwy TOpWY Yiol TNV Ei-
tevdn uPnhfic b/s/Hz gacpoatixfc anédoorne [22], [49]. Enopévwe, yia va ehayiotonoicouye
TNV EVERYELUXT| XUTAVAAWOT), UTOPOVYE VoI AVTUAAGEOLUE TOUS TopouS & xaduotépnar, edpog
Covng, YWEOS Xl XWOIXOTONCT UE TNV EVERYEIX. LTNY CUVEYELN TOU XEQUAaiou Yo ETIXEVTE-
odolue otoug e€ic Touels: ebpog Lwvng, xaduoTtépnon xot evépyeto. Oo dei€oupe OTL Yo pat
OUYXEXPIEVY] amouToUEV anddooy), unopel va xatavaiwiel Ayotepn evépyewa eig Bdpog tng
AATAVIAWOTE TEPIOCOTERLY ALY Topwv: glpoug Lwvng xat xaduotépnong. Aopfdvovtag
unom TN AetToupYIXY oYY, Ol BVO TUTOL OYECEWY AVAUECA 0TIV EVERYEL X TO £0p0¢ LOVNG
xat TNV xaducTEENOT, AVTIOTOlYMS, DEV Elval TETPIUPEVES X O LOYUELOUOS 600 TEPIOaOTEROL
TOEOL XATAVAAWDVOVTAL, TOT0 TEPIOTOTERY, evépYEeta eCotxovoueitan” dev euoTalel.

Yy evotnta 4.2 Yo neptypdtouye 10 HOVIEND TV ETXOVWVIGKY Aedouéveny Atatioewy
On-Demand communications. Yty evétnta 4.3 Yo avantiEouue Ty Tey VX TN avToahhay g
TWV aoUPUATEOY TopmY Xat Yo avaAOCOUYE TIC GYECEIC UVAUESU OTNV EVEQYELUXT| XATAVAAWOT)
avd bit xaw to ebpog (wvng xaw To ypdvo xobuotépnong, aviioTtolyws, Baciouévol ota onola
o avanTOEOUUE ULl TPOGUPUOTTIXY OTRATHYIXY YL TO Tw¢ Vo avtahhdéoupe To €0pog LN
xat TNV xoduoTERNOT Yidl TNV EAXYIOTOTOMOY) TNS EVEPYELUS, avTioTolyws. XNy evotnta 4.4
Yol TUpoUGIACOUUE Ta ATOTEAESPOTA NG TPOCOUOIWONG TNS MPOTEWOUEVS TRPOGUPUOGTIXTS

OTRATNYIXAC.

4.2 Movtélo emxovwVLOY AEB0UEVHOY ATTOUTHCEWY

Ou dadéorpor mopol ota aclpuata dixtua Unopolyv va xatnyoplonomdoly otoug 5
axéhoudoue topelc @ xaduotépnom, edpoc Ldvne (ouyvotnia) , YWPOS, EVEPYEWL XU X-
wotxonoinon. H yeyiotonoinon tou QoS yia toug yproteg ouvendyetal yenotponoinoyn 6ho
Xl TEPIOCOTERMY ACVPUATOY TOPKY, YEYOVOS T0 0Tolo elvat ETWPENES Yo TOUS YPNOTES, AAAY
emlAuto yio To mepBdhhov xou Toug mapdyous. La to mepBdiloy, neplocdTERT) EvepyElo
xatavdAwoT odnyel oc neplocdtepeg exnounés CO2 xar yia Toug ToEdYOUS, TEPLOGOTEROL
TOPOL LoOdLYAUOUY UE HEYUAUTERO xO0TOC. Enopévwe, wia ebhoyn xatedduvor Yio Toug napo-
YOUC AmOTEAEL 1 LTOOTAPIEN TV UTNEECIOY ABoUévey ATUTACE®Y Yiol TOUC YPNOTES, Ol

omofeg Oyt UOVO 1XAVOTOOUV TIC AMUTAOELS TWV TEAEUTAWY, OAAS ETOTG XATAVAADVOUY TO
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My bTepo BUVATOV aGUpUaToug TOpous uetdvovtag €tot Tig extounéc CO2 xat 10 anatodUevo
’ 7 g4 z ’ 4 4 7
x60T0C. LTl AoVPUATA B{XTUA, TO HOVTEND TWV EMIXOWVOVIGOY Acdouévey Atouthoewy Unopel

va exQpaotel wg axolotibwe [11]:

argmin Consumed Resources
S.T (4.1)

User Obtained Service > User Required Service

I ta “rpdiova’” actppato dixTua, 0plOVETOVUE TOUS GTOHYOUS UAS DOTE VAL EAXYLOTOTOL
COUUE T1) YPMOULOTOOVUEVT EVERYELX, TEPLOPILOVTUS TIC TROGPEPOUEVES UTNEEGIESC GTOV TOUEN
e pudpanédoone xat e xoduotépnone. Luvenwe, 1 ellowon (4.1) uropel vo avokuldel we
eghc:

argmin Consumed Energy

S.T (4.2)

Throughput > User Required Throughput
Delay > User Required Delay Bound

4.3 Avtalhoyn TOpwV OTLC ACVUPUATES EMLXOWVWVIES

4.3.1 Aocvlppoty aviallayh nopwyv

Optouévn Behtiwor tng andédoong unopel vo emteuyVel e TNV XATAVIAWOT| SLapope-
TIXwY TépeY. Autod onpaivel 6Tl o aolpUaTa SiXTUN UTOPOVY VA XATAVAADGOUY TOUS TOPOUS
Tou elpoug Covrg, TNe xaduoTEPNONG, TOU YWEOU, TNG EVERYELNS, XAl TN XWOXOToMang
Eeywptotd. Enopéve, 1 Bektiwon g andboong Tou EMTUYYAVETHL XUTAVOADOVOVTAS €V
nopo pmopel eniong vo emteuydel xatavakdvoviag dhioug tHnoug mopwy. ‘Etot, mpoxin-
TOUY OYEOELS AVTUAAAY DV OVIPETH GTOUS BIAPOPETIXOUE AoVPUATOUS Thpous. Mto Lyhua 4.1
anetxoviletar 1 YEVIXOTERY, Lop@t] aviahhay®y ndpwy ota aclppoata dixtua [11]. H neproyi
TOU XEVTPIXOU TMEVIUYWVOU AVIITPOCKTEYEL TNV AmuTolUEVY anddoon Yl Toug yprotes. H
unoAoLTY TEpLOY Y| AVTITPOoWTEVEL Toug Bladéotpoug TEvie TépoUS, avTIoTOlY WS, UETUEY TV
OTOlWY 1) OULACUEVT] ETLPAVELN AVTIGTOLYEL GTOUC YENOILOTONUEVOUS TOPOUC YLoL TNV ATALTOV-
WEVT) amOB00T) XAt 1) Y1) OXIACUEVT] ETIQAVELX AVTIOTOLYEL 6TOUG amoUnUeLUEVOUS TOPOUG.
[Na ¢ “npdotvec” aoUpUATES ETUXOVGOVIES, O OTOY0C TOV AVTAANAYOY TwV TOPWY €ival
1 660 TO BUVATOV TEQLOPIOUEVT XATAVAAWOY) EVERYELNS Yiat TV txavonoinoy tng {ntoluevng
an6doomng. Yto Nynua 4.18 gatvetar 1 oy€on avtaAhoy i TopwY Yo T “npdotves” aolpuateg
EMUXOVWVIES XATW and TO TANGCIO T1)¢ [BLIC AMATOVPEVTS AnoB00TS, OTWS Xat 6T0 Lo 4.1a
. Mropotue va napatneriooupe 61t 610 Lyhua 4.1 ot dAhot téooepic ndpot avtalldoooval

o€ peyoliTepo Padud yia Ty e€owovounon tng evépyelag evEpYELag, am’oTt 6To Lyfua 4.1a.



Kegalaio 4. Avadeon Hopwv Acupudtwy Emxowwviddy yia Acdouéves Anaitrioeic
54 Baciouévec oe ouudnpioud autoy

Y1n ouvéyela Yo Yewproouue wévo teelg TOToUg TopwY, To evpog Lwvng, TV xalucTtépnon
XL TNV EVEQYELA.

Frequency Resource Frequency Resource

Time
lesource

Energy Time
Resource Resource

Energy
Resource

Space Code Space Code
Resource Resource Resource Resource
(a) General Resource (b) Resource Trading

Trading Model for Green Networks

Syt 4.1: Movtého aclpuatng aviohhayns mopwy yia Ti¢ cupPatéc xout Ti¢ “npdotve”

ETUXOVOVIEC

4.3.2 Tradeoff avdpeoca otnv Evépyeia xou to EVpoc Zovng/Kaduotéprnon

O pudude petddoone (yopntidtnra xavahod) evoe AWGN xavahiot divetar and tny
e€nc oyéon:

Pg )
W Ny

6mou 10 W ebvan 1o e0pog Lidvng tou xavaiiol, To P 1 uetadidouevn woyie, 1o g 1o x€pdog

R =Wlogs(1 +

(4.3)

Tou xoavalol, xat to No 1 gacpatixr nuxvétnta toyboc. O ypdvog petddoong evog bit etvar
t %t étot o avtiotoryoc pudude petddoone eivar R=1/t . Enopévwe, ypnoonoidvrag
oyéon (4.3) , nafpvoupe T petadidouevn xatavahioxduevn evépyeta avd bit, oupBohlouevn
©< Etran , o¢ axorobidwg :

(2% )W Not
g

Anéb tn oyéon (4.4) napatnpolye 6Tt 10 Eypgp pyet@veton povétova oe oyéon pe to Wt

Eipan = Pt = (4.4)

Auté dev elvan enw@eréc Yoo TV aviaAlayr topwy xaddg oyt uévo Sev Umopel va IXAVOToL)-
Vel 1 anoutobuevy anddoor, adld enlong yeetdlovtar dnelpol T6pol eVEoug LOVNG Xat YpOVOoL.
Qotd00, autd agopd TNy Loyl wetdadoons. I to tohuPnuatind “rmpdotva aclpuata dixtua”,
npénet enione va AdBouue undn Tt hertoupyxd, 1oyl (operating power). Xuvende, n oyéon
avdueca avaueoa oty evépyela xou To €0poc {OVNG xou TV xouotépnoT), avtioTolyws, Yo
elvon BraopeTixt| and v nepintwon mtov Yo Yewpoloaue wovo TNy toyh PETAd0OTS.

‘Ocov agopd 11 Aettovpyixt| 1oyl ot aclpuato dixTud, N UETAS00T UE TO YEYIOTO EVPOG
Cavng xou e T u€ytotn xouoTépnon) BeV amoTEAOLY TIC IBUVIXEC TEPITTOOELS Y10 XATAVIADOY)

e hybtepre duvathc evépyelac. Yoauthv Ty neplntwor, and T oTYWr ToU 1 XUXAWPATIX)
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xatavahwor evépyetag auidvetan we To bpog {wvng xan Ty xaductépnom, e€8youYE T GUVo-

Aty xotavdhwon evépyelag avd bit we e€ng:

(2W7 )W Not
9

E=Fyum+ Ei =Pt + Pt = + WPt + Pyt (4.5)

omov, 1o Egran %ot Egjr amoteholy tny evepyelont] XATaVIAWOT TG HETADOONS XAl TOU XUX-
AdpoTog, avtiotolyws, o Pty woyh uetddoong, 1o P. v xuxdoyatixt 1oy, cuunepthoy-
Bavouévng TNy xatavdhwong 1oy og oAOXANEOU TOU GUGTAHUITOS EXTOS and TNV Loyl HETAd0oY-
¢, 10 Peir 10 Y€ROC NG xUXAGUATIXNAC XATAVAIAWOTS Loy b0¢ To onolo oyetileton ye 10 €0pog
Covne W, xau 1o Py, 10 péoo otatind pépog v xuxhwpatixrg toyvog yia xdle bit 1o onolo
e oyetiletan pe o W. Hpogavae undpyouv 8bo aveldptntes uetointéc oty (4.5) to ebpog
Caovnge W xon 1 xaduotépnon t, mtou emnpedlouy TNV xatavahioxOuevy evépyeta. Ayvobvtog
t0 Available Resource Limitation (RAL) tou aclOppatou dxtiou (3. toug yéylotous duva-
T00¢ Sradéotpoue nhpous ToU CUOTALUTOS), TO EVPOg LHOVNEG Xau 1 XaVUOTEPN O UTOPODY Vi
avuotadplotody pe v evépyeto. To Xyhua 4.2 delyver v and xowol oyéon avtahhayhc
Tou dpoug Lovng xau TNg xoduoTéRNonNg UE TNV EVERYELQ.

(Xtic ypapixée mopaoTdoels 1oy axoloudoly ol TéS Twv Tapauéteny Yo o N xar to

g(d) Sivovtar and tov Ilivaxa 4.3,eved yia ta yhuota 4.2,4.3 xon 4.4 0w tou d Yewpeitou
1000m)

DA

Yy 4.2: Evépyela ava bit oe oyéon ue to ebpog {dvng avd bit xot 10 ypoévo xaduotépnong

To Tyfua 4.3 aneixoviCel wa empépoug peyéviuvor tou Lyfuatog 4.2 and W=0.3Hz xa
t=0.3s e¢ W=0.5Hz xa t=0.5s. To Xynpa 4.4 aneixovilet wa empépoug yeyéviuvon tou
Eyfuatog 4.2 ané W=0.5Hz xou t=0.5s ecdd¢ W=0.1Hz xon t=0.1s.
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Sy 4.3: W=0.3Hz,t=0.3s ecd¢ W=0.5Hz,t=0.5s

Yyfuo 4.4: W=0.5Hz,t=0.5s ecx¢c W=1Hz,t=1s

And to 800 mopandve oYNUUTA UTOPOVYE Vo SLITIOTOOOUUE TS 1) OYECT) OVIUESH GTO
W xo 1o E dev eivon povotovr. Exniong éoov agopd 1 oyéon tou t pe 0 E, 1o ueyévr dev
elvor amapalTnTa avTIoTEOPLS avdhoyo. O Ilivaxac 4.1 tepthaufBdver ta dedopéva yio t=1s xou
W=1Hz 1o Xynfua 4.2, avuictolywe. Xtov ivaxa 1o, n eAdylota xatavahioxouevn evépyeta
elvon 2.7725e-06J. Xtov Tlivaxa 4.2, 1 eNdytota xatavalioxouevy evépyeta eivon 1.4448e-06J.
Ta Yyfuata 4.2, 4.3, 4.4 utodNAGYOLY OTL UROPEL VoL UTAEEEL ULl EAGYIOTO XATAVAAIOHOUEVT]
evépyeta avTolhdlovTag xaTaAAAALS Toug dAhoug mopoug. Enedr Vélovue va e€dyoupe Tig
OYEOEIC AVTOANOYHS OVIUEGO 0TV EVERYELNXY) XUTAVIAMGT %ot TO €Up0g {OVNG XL TNV Xo-
YuoTépnon), avTioTolywe, avalbouye xdide ula oyéorn aviohhayrc JewpmvTag wa otadepr| T
YioL TOV €Va EX TV TOpwV EVEOUS LHVNg Xt XaduoTERNoTC.
Ia otadepd t, n oyéon avdpeoa 6to E xar 10 W exgpdletar we e€hc (Yewpwvtog

t=1s yw Adyoug anhdTnrog) :
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Ytadepr xaduotépnon, 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 2.9369¢-06J
W=0.8Hz 3.0205e-06J
W=0.9Hz 3.0205e-06J
W=1.0Hz 3.2000e-06J

Mivaxac 4.1: (o) Aedopéva yia t=1s.

Ytadepd ebpog Lovng, 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

Mivaxoc 4.2: (o) Aedopéva yio W=1Hz.

1
2w —1)WN,
E= (9)0 + W Paiy + Py (4.6)
INa otadepd W, 1 oyéon avdpesa oto E xa 10 t exppdletoar we axoholtins (ewpv-

tac W=1Hz yia Adyoug anhdtnroc):

(27 — 1)tN,
g
Yt Iyfuota 4.5 xon 4.6, ot tpelc xounvieg emonuoopeveg pe TP-d=600m, TP-

E = + tPeir + 1Py (47)

d=800m, xou TP-d=1000m oneixovilouv 0 oyéon avdueoa 6ta Eppgn ot W xon t, avtio-
Tofywe. Ot tpeig xounlieg emonpacpéveg e OP-d=600m, OP-d=800m, xax OP-d=1000m
anetxoviCouv N oyéon avdyeoo ota E xar W xan t, avtiotolywe. Enfong ta yruota 4.5 xat
4.6, delyvouv e hauBavovtag unddn T Aettovpyixt| oy, Yia oTadEPEC TWES TG ANOCTUONS
d, mpoxintouy avtiotoryeg eAdytoteg Tiuég evépyetag avd bit yia Tic dedouévec oprdetnuéveg

Tiég Tou ebpoug LOVNg xat TN xoduoTtépnomng, avTioTolyeS.
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2510 ; ;
== TP-d=600m
TP-d=800m
5. e TP-di=1000m ||
““““ OP-d=600m
s = =1+ OP-d=600m
=z —— OP-d=1000m
o 15 s
o
g
o
S
w
g 1 -
i)
>
w
o05f -
0 -~"'--Iw-‘—-__._\_..; ; L . :
0 0.2 04 06 08 1 12 14

Eupog Zuovng ovd bit (Hz)

Yy 4.5: H oyéon avdueoa oto ebpog Lwvng avd bit xor otny evépyela avd bit.

25% 10 : :
= TP-d=600m
TP-d=800m
——TP-d=1000m |
QP-d=600m
= == OP-d=800m
&= = OP-d=1000m
o
k=]
=2
o
g
I
> -l
(=X
b
>
i}
04 05 0.6 0.7 0.8

KaBuaotépnon avd bit (s)

Yy 4.6: H oyéon avageoa otny xaduotépnorn avd bit xa otny evépyeta avd bit.
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4.3.3 Béktioteg otpatnyixég yia tradeoff avdupeoca oce evépyela xou
ebpog Lovng/xaduotépnon

HoapoaywyiCovtac v (4.6) xatd W xou eZiodvovtog 1o anotéhecpa ye to 0, uropolye

VoL TdPOLPE TNV eERC oyEoT :

No2W log2 N 2w —1)N,

+ P =0 4.8
Wa P (4.8)
Andornotdviae tny egioworn (4.8) naipvouye 10 e&fc:
B lOgQ No — chiT
2Wo (1 — = 4.9
(- ) - T (1.9

orou 1o Wy ebvar 1o BélTioto elpog {wvng yia v eniteudn tng ehaylotng evépyetag avd bit.

Hoapaywyilovtag axorovhbwe tn oyéon (4.7) xotd t, naipvouyue to e&hc:

1 1
No2tlog2  (2F — 1)
= Ot;og L@ UM e by =0 (4.10)

Amhonotdvtag v egiowon (4.10) nalpvoupe 1o eZhc:

2%(1 _ log2

): NO—g(Pcir+Psb)
to No

6mou 10 tg elvar To BéATioTo t Yo TV eniteudn ehaylotng evépyetog avd bit.

(4.11)

Yougwva pe 1o poviého diddoong eheviépou yweou, yia otalepéc TweS v G, Gy
xou L, 10 xépdog xavahiot, ougBohlopevo we g(d), elvar cuvdptnon tne andotaong petddoong

xou umopet v exgpaotel wg axololing:

gla) = XX (412)
(4m)2d>L '
omou ta Gy xou Gy ebvan o x€p0T TV xEPA®Y ExTTOUTE Xt Mg, avTioTolyws, To A elvar To
whxog xopatog, xat to L anotekel tic anwheieg ousthuatog Tou de oyetiCovion e 1 diddoon
(L>1).

Yuvenwg, yia otadepd d, mpoxintel to BéhTioto W xon t yior Ty enlteudn tng eAdyIoTNG
evépyelog avd bit, ta onoia etvon 1o Wo xan tg. To Eyfpoata 4.5, 4.6 delyvouv mwg o xauniieg
1oL TROXUTTOUV Yia Tig oyéoels (4.6) xau (4.7) eivon xuptéc. Etol, undpyouv povadixéc Aoeic
yioo 1o Wo xou to , avtiotolywg. H Béhtiotn otpatnynd| yio v vhomoinoy tng ehdyiotn-
¢ BUVATAC XOTAVAALOXOUEVNC EVERYElaS avd bit elvon 1 emhoyt| Brapdpwy Wy, tg Leuyoptov
TPOGUPUOCTIXG Yio DIAPOPES ANOCTICEL, UETADOONS. 26TO00, OE TRAYRATIXG ACVPUATA BiX-
Tua, To Sdéoio ebpog Lwvng umopel va elvan gite wxpdtepo elte peyolitepo and 10 Wy,
xou 1) amodex Ty xohuotépnor unopet eniong va elvon wixpdtepn 1 weyaAbTepn and o to. Xt
OLVEYEW TO TPOBANUA Yac elvor To TS Ya yenoonolioovue to dtadéotuo edpog Lwvng 1
v anodexth xaduotépnom yia Ty eCowovéunon evépyeloc. I'Woautd 1o oxond avantio-
ooupe toug ANyopldpoug 1,2 yio tyv avalhtnon Bértiotou Wy xou tg , avtiotolywe. H
wedodoloyio twv 800 alyopliduwy eivon Tapeupeprc.
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ANyobpwipog 1 Meooapuootixy otpatnyxt elpeons Bédtiotou Wy.

Input:W,

Output:W e,

1: for i=1:UN do

2 Trohoyiopodg tou d;
3 Trohoyoude touv Wo(d;) and tn (4.9)
4: if W, > Wy(d;)then
5: Waser(di) = Wo(d;)
6 else

7 Waser(di) = Wy

8 end if

9: end for

ANyobpwipog 2 Meooapuootixy otpatnyxt| elpeons Bédtiotou ty.

Input:t,

Output:tyse,

1: for i=1:UN do

2 Trohoyiopodeg tou d;
3 Trohoytoude tou to(d;) and tn (4.11)
4: if t, > to(d;)then
5: Waser(di) = Wo(d;)
6 else

7 tuser(di) = ta

8 end if

9

end for

Yrtoug Ahyoplipoug 1,2 ta UN xar d; supfoliCouv tov aprdud yenotev ota achppota
dixtua xou TV andotaoy avdpeca atov BS xau tov ypotni. Ta W, t, avtimposwnebouy to
dtadéatpo edpog Lwvne xat v anodexty xaduotépnorn avéd bit, avtiotolywe. Toa Wyser(d;)
% tyser (di) avtiototyoly oto ebpog Lodvne xau v xaduotépnon ta onola o yerotne 1 npénet
var ovtahhEEer Yo TNV xatavdAenoT e ehdytotng duvatrc evépyetac avd bit. Ta Wo(d;) xou

to(d;) avtinpoownebouv to Béltioto ebpog Ldvne xou xaduotépnon yia o yphoty i.
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4.4 ATOTEAECUATA TEPOCOUOLDCEWYV

IMo v a€loAéYNoT TV TPOCARPUOCTIXGY CTRATNYIXAY, VewpolUe wia xhaotxrh e€oy-
ovixr eyxatdotacy i onola galvetor oto Mynua 4.7. ‘Onwe anewxoviletar 6to Xyfua 4.7,
éyouv avantuydel 57 xudéreg xou 1 oxtiva xdde xuPéhng towxihher oty TEP(NTWON Hag Yia
d;=[500,1000]m. Tha x&de xudérn C;(1<i<57), ta B; xou 1o U; oupPBohrilouv touc otad-
wolc Bdone (BS) xat touc xwvnrolc yprotec (MU) o xde xuéhn, avtiotoiywe. Ta d;
ovufBorilouv v tpéyouca andotacy and to B; ota U;. To dedopéva mou petadidovton and
T0 otodpd B; petadidovtar e woy0 P;. To ebpoc {dvng tou cuothuatog eivar 20MHz xau o
e€etalopevog aprdpdg yenoteyv eivan péypl 50. Eneidy) dtagopetind aclppata dixtua €youv
drapopeTind Sadéotuo ebpog Lovng xat anodexth) xaduotépnor Va det&ouue tn oyéomn avdyeoa
OTNV EVERYELUXT] XUTAVIA®GT Xt To dtadéoiuo evpog Lwvng xon TNy amodexth xaduotépnon,

avuiotolyws. Ot oyetixég mapduetpol Tng npogopoinwaong avaypedpovtor otov Hivaxa 4.3 .

[

Eyfua 4.7 E€aywvixd xudehwtd dixtuo

IMapdpetpog T
Yuyvotnta f, 900MHz, 1800MHz,2150MHz
Axtiva xufédne R [500m,1000m]
Képdog xepatag exnounic Gy 1,2,3
Képdog xepatag Mne Gr 1
Kuxhopoto toyic Py 1x10-6W/Hz
Yratwed woyic Py 2x10-6W
Andheieg ouotiuatog L 2.5
Paopotixd tuxvotnta Yoptou No 8x10721
Exdetindg napdyovtag anwielwmy diddoong a 2.8,3,3.2

Hivaxoag 4.3: Iapdpetpor npocopoiwong
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Syfua 4.8: Lyéon tou dradEaipou ebpoug Ldvng xat tng evépyetag avd bit yio didpopeg Tipég
Tou TAYOUS TV YENOTMY
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Yyhuo 4.9: Zovyaplouévr oyéomn tou dardéoigou ebpoug {OVNG xat TNg evépyetag avd bit yia
dtdpopee Tée tou TAdouc twy yenotodyv (BW=[0.1,0.3]Hz, EE=[2.0,3.8]J)

Yo Myfpora 4.8 xou 4.10 aneixovileton 1 xatavalloxouevy evépyeto avd bit oe ayéon
we to doatéotuo ebpog LOvng xot TN anodexth xaduotépnot, Yo didpopes TWEC Tou TARdoug
TV yenotwv e eletalopevn eCaywvixy eyxatdotact. Xougwva ye toug Alyopituoug 1
xal 2, v 0ldpopeg THHES TN andotaotg d, To0 oloTua eTAEYEL DlapopeTixy BEATIOTY T
vt 10 ebpog Lovne (Wo) xan v xaduotépnon (to). [apatnpobue g oty nepintowon mov
10 ddéowpo ebpog Lovne ( anodextr xaduotépnon) xupaivetor o yaunhés tpée (Wo<
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Eyfua 4.10: Xyéon g anodextic xaduotéonong xar tng evépyetag avd bit yio Sidpopeg

Tiég Tou TARYoug TWV YENOTOY

0.2Hz xou to< 0.2 s), 1 evépyeta avd bit petdvetar xadde to edpoc Lhdvne (1 xaduotépnon)
avéaveton. Q261600, 1) evépyeta avd bit TeAixwe petdveton péypt va mpoceyyioet o otadepn
T, N omolo efvon xou 1 EAGYIGTY TIWY TOU EMTUYYAVETH UECW TN YPNOILOTOOVUEVNS O-
teatnywhc. To nponyoduevo e&nyeiton and 10 YeYovog nwg dtay to dadéotuo evpog Lovng
() anodexth xaduotépnomn) eival TEPIOPIOUEVD, Ol TEPLOGHTEPOL YPHOTES OEV UROpOUY Va 10
afonoioovy. ‘Otav bpwc 1o dwdéotwo elbpoc {bvne () anodexth xaduotépnon) avidve-
Ton, TAnBaivouv xou o1 YeRoTEC Tou Unopolv Vo yenowonotioouy T BEATITY T Tou edpoug
Lavne (f xaduotépnone). Otav 1o Béhtioto ebpoc Lidvneg (4 xaduotépnon) bAwv Twy yenotdy
efvar xpotepo and to dadéotpo elpoc Ldvne (1 arnodexth xaduotépnon), TOTE 1 eVEpYELX
ava bit peidveton péypr wa otadepr) Tipn. ‘Oco neptocdtepol ebvon ol yproteg 1600 TEpLo-
06Tepo uetwveTar 1 otadeph T Tng evépyetag ovd bit. [o mopdderypa av UN=5, xou
W,>0.2Hz,t,>0.2s t61e 1 evépyeta avd bit noupapéver otadepr| ota 2.4e-6J xar 8.46e-7J, ov-
Tiotolywg. Téhog var onpeldooupe Tewg 1 eAdytotn evépyela avd bit ota oyfuata 4.8 xou 4.10
elvo DlapopeTixt], O16TL yenotponotolue otoep| T éupoug Lwvne Yia eniteuln PértioTou
xpovou xaduotépnong xar otaept| T yeovou xaduotépnong yia eniteudn BéATIoTOU €bpoug
Covng, aviioTtolywe.

Y11 ouvéyeta TapouctdLoVTaL DIy PAUUATO TNS EVEQPYELUS OE OY€0T PE To dtadéaipo ebpog
Cavng xou Ty arodex T xaduotépnom Yo Sid@opes TiwéS Twv tapauétewy f, a, Gt, Yewpdvtog
g mAdog yenotoy to UN=5.
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Syfua 4.11: Eyéon tou Sdéotpou ehpoue Ldvne xou e evépyetag avd bit yio [Gy = 1, G =
1,a=3,UN = 5] xu f, = {900M Hz,1800M Hz,2150 M H z}
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Syfua 4.12: Eyéon avdpeoa otny anodexth| xatuotépnon xa v evépyeta avd bit yia [f =
900MHz,G; =1,G, = 1,UN = 5] xa {a=2.8,a=3,a=3.2}

St oyfuarta (4.11) xou (4.12) nopatnpolue e miovh adlnom eite tne gépouoag
ouyvotntog, f., eite tou exdetinol mopdyovia ANWAEIWY, a, EMQPEPEL TO ATNOTOWY Uelw-
on e evépyetag avd bit oto BidoTnua yaunAoy TwoY tou dwdéaipou edpoug {OVNG xou
e anodexthc xauotépnone, avtotoiywe (W,<0.2Hz, t,<0.2s). Enione, oto didotnua
W,<0.2Hz, t,<0.2s xoatavahovetar vdnhdtepn evépyela avd bit cuvaptroel tou f, eved 1
olyxhion mpog TNV eNdyioTy otadepr T Tng evépyetag avd bit anoutel yeyaiitepo Sroéot-
wo ebpog Lhvne/anodexth xaduotépnorn xadde 1o f audvetar. Axdurn va oNUEIOOOVYE TwS

xo0O¢ 10 a auidveTat, auEdveTon EAAPEMS Xt 1) ENGYLOTH EVERYELa avd bit.
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Syfua 4.13: Eyéon avdpeoa otn dadéorun xaduotépnon xaw v evépyeta avd bit yio [Gy =
1,Gr =1, fo = 1800, R = 1000m],a = {3,3.1,3.2}

Y10 napandve oyfua (4.13) «iler va avagépoupe twe oto ddotnua énou 1o S
Voo ebpoc Lhdvne xupaiveton ot yauniéc tipée (W,<0.2Hz), xadde to xépdoc e xepaiog
exnounic avdvetar (Gy), petdvetar napdAinha 1 xatavolioxdpevr evépyeta avd bit. Eniong

welwon tou Gy emgépet ehagpns uetwon e TuRg e ehayiotng evépyeiag avd bit.






Kegpdiaio 5

Evepyesioxd anodotixy
OPOUOANOYNOT COE TOALPNUATLXS
(multi-hop) “npdowa” acVpuota

olxTLX

5.1 Ilepiindm

Or aoUpUaTES ETXOWVWVIES XATAVIADYOUY VA ONUAVTIXG TOGO EVEQYELIC OTA ACUQUO-
7 4 ’ 4 4 7, 7,

ta dixtua. Ta neptocdtepa TOAUBNUATING TEWTOXOAAL DPOUOASYTONG ACLEPAT®Y BIXTOWY
viodetolvtor and Ta avtioToryo TEWTOXOAA BEOUOAOYNONG TwY EVOURUATWY BiXTOWY Xou
YENOWOTOIOVY TPOETIAEYHEVA ATAY 1) TOAAATAG povoTdtia ehayioTou X6 TOUS Yol VAl TROw VY-
couv ta maxéto 0edopévwy. lotéoo, o avtideon pe ta evolppata dixTua, éva aclppATO
dixtuo mepthopPBdver xdmotor LOVaBIXd YAUpaXTNEIOTIXG, OTwe wr altéTioTteg aclppate (ebE-
€1¢ ot mohhamholg déxteg mou oyetilovion UE Wiot HELOVWUEVY PETABOOT, muxétou. Autd
T GUYXEXQUIEVAL YORUXTTPLOTIXE OE GUVOUOOUS UE TO TPOETUAEYUEVH LOVOTATIA TROWUNOoT)-
¢ TV ToxETwY dedoUEVeY xahoToly Ta aclpuato BiXTUA EVERYEIAXE Wn omodoTXd. X1n
OLVEYELD TIPOTEIVOUPE EVa XALAXMTO, OTOPTOUVIGTIXG X0 EVEQYEIXA ATMOBOTING TEWTOXOA-
Ao dpopordynone (E2R) to omofo ypnowonotel éva omoptouvioTind cloTR UETABOOTG TWY
UNVURATOVY EAEYYOU XAl TV TAXETWY OEOOUEVWY GE €V TOAUPTUATIXG aclppato Oixtuo. o
Vol JEUooLUE TeptoodTepo To overhead evog umvipatog ehéyyou, eiodyouyue éva véo dmhn-
4 2, 4 4 7, 4 4 7

010 ahyopriuo mpowdnong xou €va anodoTixd clotnua avtoxatactorc. lleputépw avahi-
7, z 7 4 4 4 ’

OEIC %0l TPOCOUOIWOES Tdvw oto E2R Selyvouv mwe unopel va emtteuydel udnhd nocootd
EMTUYOVUC TAPABOONS TAXETWV XU VA YELWVOUY AnOTEAECPATIXG TAEOVALOUCES EXUTOUTES

TOXETOV, TUPAYOVTIES TOU 001YOUV OE UEIWUEVY] EVEQYELUXT] XUTAVIAGDGT.

67
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5.2 Ewoayoyuwd

H dpopohdéynon anotehel plo and tig mo onuavtixés Aettoupyieg ehéyyou o’eva aolp-
poto dixtuo. I va xataoxevdooupe éva “mpdovo” aclpuato dixtuo, xplvetoar amapaitn-
TO Vo OYEDIACOUUE Vol EVERYELAXA ATOBOTIXO TEwTOXohho dpouordynong. Ta mepiocotepa
TEWTOXOAAA TOAUBNUATIXNAC ACVEUATNE dpORoAGYNoNS LtodeToOVTOL Und To TEWTOXOAAA HpO-
HOAOYTONG TV EVOUQUATOY OIXTUMY To OTOld YENOILOTO00V TRPOETIAEYUEVA LOVOTIATIA E-
AoryloTou xbotouc [42]. Y oautd to tpwtdxolda, ot actppates (edeic avtinposwrelovtal and
ooeuég o To povondtior cupBohiCovtan and wio oeipd and axuéc. 2oté00, o aviideon e ta
evolppata dixtua, ot aclpuates Entxovevies eivar ex @hong evpeiac petddoorne (broadcast),
OnAadY, Otay oTENVEL O TOUNOG €val Tax€To, oL YEIToVES Tou Aaufdvouy 6hot to (Blo maxéto.
To yeyovég autd mapéyer pio Tholota paouatixy Towthogoppio Tou b yerolonotciton and
TA TEQIOTOTEPA TPWTOXOAAA DPOUOAOYNONG WOTE Vo Yetwiel 1 xatavahioxdpevn evépyela ota
acvpuata dixtua. Emimhéov, n actadeio xou urn adlomiotio Ty aclpuatey (eGEewy unopoiv
va Tpoxahécouy younht end-to-end anddoon (m.y yopnrolc end-to-end puduoic petddoong
TOXETWV), AVOPETABOOEC TaXETwY, Xou oLY VA enavelpeot) Sladpouhic OTaY Tol TPOETAEYUEVa
povorndrtio 8ev ebvon dradéotua yior UETADOGT GESOPEVWY.

IMo va Eenepdoouye tnv aotdielo g Celing xar vo adlonotoovye 1) Yenon Tng evpelag
HETABOOTG OTIC AOVPUATES EMIXOIVWVIES, €Y0UY TEOTAVE! XATOLO OTOPTOUVIGTIXG TR TOXOAAY
[18],[15]. Opwe, autd to 0TOPTOUVIOTIXE TEWTHXOANL BPOUONOYNOYS TEOETAEYOUY TOUC UT-
oriproug xépuBouc npowinong ex twv tpotépwy. Enlong, n emhoyn xatdhining Aotuc twv
x6pPwv npowidnong elvar onuavtxy, Wialtepa og TePITTOOES TOMATAGY CELYUPLOY TNYHC
- TEOOPIOUOY 0€ TOAUPBNHATIXG aclppota BixTud HEYIANS XAlpaxas. Emnpbodeta, o unoho-
Yioudc g AMotag Ty x6pPey npoddnong uroroyiletoun and éva LMo apriud unvupdTwy
eAEYYOL TOU OB1YOUV OE EXTETAUEVT EVEQYELUXT] XUTAVIAWOT).

Y1n ovvéyew yiveton mapouciaon tou mpwtoxoihou E2R nou yenoipornotel éva onop-
TOoUVIOTIXG GUOTAHUO TEOMYNONE YId T UETADOOY TWV UNVUUATOV EAEYYOU %ol TOV TAXETWY
dedopévewv. To E2R be yenowonowel npoemheyuéva oTatixd govondtio obte npocToludlet
Tou unodnfgloug xépPous mpowinonc. Emopévwe, 1o E2R unopel va pewdoel to overhead
TWV UNVUUATOV EAEYYOU TTOU TROXAAOOVTOL Antd T1) BIATAENOY] TWV HOVOTUTIOY Xl TV AOT®Y
npoinone. Enione, to E2R ypenowornotel 1t gaocpatinf nohopopgio (n.y @oon eupeiog
petddoone (broadcast) twv aclpUATWY ETXOVWVIOV) EIGEYOVTAS Evay TavoTiXG unyovioud
OPOPONOYNONG TOMMATAWY BLAdPOUGY 0 OTOlOg UELWMVEL TNHY THAVOTHTA AvaxdALYNE Stadpounc
xat emoxelng NG Tomixig dtadpounc e€ontiag ogdipgatog ot Letén. To E2R eivar oyedioo-
wévo va augdver Ty end-to-end anddoon yenowonoidvioas yewwuévo overhead oto unvipata
ehéyyou.

To vndhono xepdloo Swplpmvetar we e€ng: Lty evotnta 5.3 napouctdleton 1 Pacixt)
10éa tou E2R. H elpeon tne yetpindic tne ddpopric (Route Metric Discovery) xou twv cuotn-
HATwY peTddoong dedouévwy evidocovtor atny evotnta 5.4. Téhog v evotnta 5.5 avagpépeton

oty alohdynon g enidoorng Tou E2R.



5.3 Hapouciaon tou E2R 69

5.3 Ilopouvcioorn Tou E2R

H Boow| 18éa tov E2R elvan vo expetadhevtel ) gaopatixd nowahopopoia (1. eupeio
wetddoomn) ot aclppata dixtua avti Vo TpOodOPIGEL TA HOVOTETIA UETAB00NS BEBOUEVW™Y.
Y10 E2R o x6uPog npoéheuong dev mpoodiopilel xdnota ouyxexptuéva govondtio. Téoco ta
naxéta elpeong tou Route Metric 600 xar to toxéta Sedouévwv petadidovia péow eupeiag
wetddoong. Ot xouPot mou €youv xahliTepeg euxatpleg Vo UETABOCOUY Ta TAXETA EMAEYOVTOL
QUTOUATWE WOTE VA TEOWINGOUY Ta ToXETA EAEYYOU Xou TaxeTa dedouévey. Ouolnwg ye diia
TpwTOXOMAA DpopohoYNoNS actpuatwy dixtiwy, to E2R Aertoupyel oe 800 gdoeig: elpeom
Tou Route metric xou uetddoorn 1wy dedopévev. 3tn ouvéyela napoustdlovtal ot 500 auTég

PAoEIC.

5.3.1 ®dom evpeone tng weTEIxAg e dradpourc (Route metric Dis-
covery)

Y @don auth, ta taxéta ebpeorg Tou Route metric yetadidovto uéow supelaug petd-
doone. YTrdpyouyv, 6uws, 800 TpoxAfioelg mou npénel vo Angdoly unddr. H nphtn npdxinon
aopd TNy npoctacio and 1o enavohopPoavéuevo flooding twv naxétwy RMD(Route metric
discovery) 6tav 1o Sixtbo xatacxevdletan yior TEWTY Gopd. LTo vpyixd GTADIO XATACKEUNC
Tou duxtbou, ta taxétoa RMD npénet va petafiactoly o 6houg Toug x6uBoug evidg Tou dix-
TOOU BeDBOPEVOL 6TL 0 xOPPoC TPOEAEUOTC oL Ol EVOLdUETOL XOpPot dev Yvwpilouy TNy xatel-
Yuvon Tou x6pPBou Tpooptopol. XE TETOIEC MEPITTWOELS UTOPOUY VO EQUPUOCTOVY CUCTALITA
eheyyouevou flooding (m.y xdde xépfoc npowdel ndvta to mo npdogata hayBavouevo RMD
noxéto pio 1) nepioadtepes @opés). Qotdoo, ta ovathuata flooding uropolv va npoxaiécouy
nohhég aypelaotes avapetadooelc RMD naxetwy, xuplng 6tay 1 nuxvétnta tou dixthou -
vou augnuév. Ta va avtigetwniooupe avtiy Ty npdxhno, €xel oyedtaotel €vag dnAnoTtog
ahyoprdpog mpowidnone yia T Swavour; Twv maxétewy RMD. H tpéyousa Aiota npowinong
TWY YEITOVXOY XOAUUUEVWY XOUPeVY elval EVoWPATwUEV ota Toxéta eAEyyou. §1g xohuy-
wévo (covered) x6uPo xoholpe onowdhnote xépPo €xet ¥on Adfet naxéto dedopévmy. ‘Otay
évag xopPog Aopfdver moxéto popxdpet €&y ot xépfol yertviaong €youv HoN xolugilel, Ba-
owlbpevog o Aota xahupuévey x6ufev tou Beloxeta oto taxéto. ‘Eneita, o xépfog Véte
€va ypovo avapovic (r.y backoff time) ye Bdon tov aptdpd twv yertdvov nou dev éyouv Hdn
xahulel. AtonoUntixd, o x6uBog Ye Toug TEPIGOOTEQOUS 1) XANVUPIEVOUS YEITOVES TPETEL VoL
€yel ueyahltepn mpotepatdTNTA Yo T Tpo@inon tou toxétou. ‘Enopéveq, av évag xoufog
éyel peydro aprdud amd un xoluppévous YelToveg, o ypdvog avapovic Tou mpénel va eivou
WXPOTEROG.

H detdtepn npdxhnon agopd 11 YElwon Ty TEPITTOV UETAOO0ERY Tou Taxétou Route met-
ric reply (RMREP). Metd tn Mdm tov RMD naxétwv and tov x6ufo npooptouot, o tekeu-
tafog npoonadel vo yetaddoet to RMREP nuxéto niow otov x6ufo npoéhevons. Ouolwe, ta
ovothuata eheyyduevou flooding etodyouv neptttéc yetaddoec. Tia Ty avtigetOToN AVTAC
¢ TpdxAnome, yivetal napoucioor evée anodotixol ouoTAUATOS AUTOXATAOTOAS (REPLYpdpe-

Tou 070 Tuhua 5.4.2-2), 10 onolo xatactélet Ty npowinon tou (RMREP) naxétou pe Bdon
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70 route metric.

5.3.2 ®Pdorn peTddoorg TOUXETWY BEBOUEVLY

Metd tn @dor, ebpeong Tou route metric, o x6uBog npoéheuong anoxtd route metric
yia Tov véo mpooploud. O x6ufoc mpoéheuomne mEENEL Vo UETABOGEL TWPA TAXETI DEDOUEVWY
otov x6ufo mpoopiogol. H mpdxdnomn oyetiletar ye 10 nwg Yo yenotponomniel 1 goopatixt
rowthopoppia yio ) Pertioon e end-to-end anddoone (n.y end-to-end pudude petddoong
ToxéTwV SeBOUEVWY) Xou TN UEIWOY TNS EVERYELUXAS XATAVIAWOTS (UEIOVOVTAS TO GUVOALX
a6 TV HETIDOOEWY TWY TAXETWY EVIGES TWY dXTHWY).

T va avtaroxprdolye o’ authy Ty npdxhnom, elodyoupe éva ohotnua tpodInone auTto-
emhoyfc, To onoio elvan mapduoto pe to olotnua emhoyhic avauetddoone [6]. O xbépfoc
Tpoéhevang Tpoadidel To hauBavouevo route metric ota maxéto BEBOPEVELY xar To HETAUDIDEL
ywplc va xadopioet Toug xoufoug npowinone. Metd tny tapahafr) Twv ntoxétwy Be0OUEVLY, O
xOUfolL Tou €youv UixpoTEET And TNV TEOCOIdOUEVY route metric T dxatovvToL Vo oWV -
oouv mepautépe Ta Toxéta dedouévwy. Ilpwv mpowidfoouy autol ot xéufBor Tor hauBavoueva
ToxETo OEBOUEVWY, TIEPWEVOUY Yol EVOL UXPO YPOVIXO DLAoTNUa WG TE Vo xdvouv back-off otig
oixéc toug route metric tipéc. To topdderypa, o x6ufog ue wixpdtepr route metric Ty Yo
€yel uxpotepo back-off ypovixd didotnua xar emAéyel 1o (B0 va npowdnoet Ta Aapfovoueva
maxéto dedouévev. Koatd tn didpxeia tou back-off ypovixol Siuothuatog, autol ot xéufol
“o00V” TO %AVEAL PETABOOTC Xoit XATACTERNOLY TNV TEoWINoT TV AAUBovOUEVRY TaXETY
av avTiAngUoly neg tpowdolvion naxéta dSedouévmy and Eva x6uBo ye wxpdtepn route metic
. ‘Otav Aget o back-off ypdvog, o xouBog avavewver tny route metric Ty oto toxéta

dedouEvmy Tpoadidovtac Toug To dixd Tou route metric xou €nerta T Tpowel.

5.4 Xyediaopog touv E2R

Y10 xe@diato autéd Yo yiver avolutixy terypagy| Tou E2R 1o onolo mepthopfdver Ty
xatdotacy, cuvthpnone (maintenance state), tnv edpeoy tou route metric xar T yetddoon

DEDOUEVV.

5.4.1 Katdotaor cuvinenong

‘Evag x6pfog etoépyetal 0Ty XaTdoTa0Y, CUVTARNONG UETA TNV EYXATAOTACT Tou. Evd
Betoxetar o’authv v xatdotaot, xdde xéuBoc dratnpel Tic TANPOYORIEC TWV YEITOVIXMY TOU
x6pPwv xou To route metric and Tov B0 TEO¢ GAoLE Toug dAhoUE xOPPouC EVTIOS TOL BLXTUOL.
‘Onwe xou o dhha npwtdxolha achppatng dpopordynong, xdde xépfog tou dixthou GTéA-
vel teptodixd HELLO unvOpata yioo vor det€er v Umopén tou. Emnpdodeta, xdde xépfog
yenowonotel to Aapfoavouevo HELLO unvipata and toug yeltovixolg tou xOpoug Yo vo
avavedoer ) Mota yerrviaorc tou (N(1)).

Extéc and v mhnpogopio TV Yeltovxdy x6uPuv, xdide xéufoc eniong diatnpeet to route
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metric and tov {B1o mpog dhoug Toug dhhoug xdpBoug evidg tou dixtiou. Av évag xépPog s
xeetdleton va dpoporoyfioet Taxéto BEBOPEVLY Mo €va xOuBo TEooplolol xou Sev UTdpyEL
dtatnenuévo route metric and tov s mpog autdy Tov X6PPo, o s Va Eexwvioel T dadkaoi-
o ebpeong Tou route metric. T va UEWOOOUYE TN YETABOOT TWV PNVURATOY EAEYYOU, T
EYXATAOTAOT Xt 1) Brathenon Twy route metrics yivetaw on demand. Evepyonoteitar dtav o

x0ufoc Tpoéheuong dev unopel vo eTadGoEL TAXETA HEBOUEVLDY OTOV XOUB0 TROoELEUOY.

5.4.2 Evpeor tou Route metric

H diadixaota edpeong tou route metric nepthopPdver 800 otddo: T0 0Tddl0 NS Ot

avopnc Tov RMD naxétwy xat 1o otddo dtddoons twv RMREP rnaxétwy.

L. Awavoury RMD naxétmv: Katd tn didpxeia ebpeong tou route metric, o x6y-
Bog¢ mpoéhevong dnutovpyel éva xarvolpto RMD noaxéto av o x6ufog npoéhevorng ypetdleton va
dpoporoyrioel Taxéto dedouévwy oTov xOuSo Tpooplouol xau av dev utdpyet drdéaiuo route
metric yta tov x6ufo mpoopiopol. To RMD naxéto nepiéyel to id tou xépPov npoéheuvor-
< (s), 1o id tou naxétou (Pjq), T Mot TV XUAVUUEVWY YEITOVIXOY XOUPuy Tou x6uBou
npoérevore (CN;), to id tou xépfou mpoopiopot (d), 1o route metric (R), xat 0 ablwv apt-
Yp6¢ tou route metric ané tov x6pfBo npoéheuse atov x6pSo tpoopiopol (%), Otav évae
xoufog, i, oéyetan éva RMD naxéto, o i ene€epydletar 1o noxéto act{OUevos 6Tov dnhnoto
ahybprdpo npodinone (axohoulel napuxdtw). 10 tpdto Bruc, o 1 avavedver tn Aota Twy
W XoAUUUEVLY Yertovixdy x6uBwv (UN(1)) yenotponotdvias ) MoTto Xxahuppévey YEITOVRY
T0U X6UBoL TpoéheuaT, 1| onola elvan evowuatwpévry 6to RMD naxéto (Xewd 1). H Mota
OXGAUTTWY YELTOVWY EVOS xOuPou i eivan 1) AMoTa AWV TwV YEITOVIXOY xOpPwy Tou i Tou dev
A&Pet o RMD naxéto.
Av o i elvau évag evbiduecog xépfog xaw 1o RMD naxéto eivor autéd mou haufdver o @ yio

e popd (Xepéc 2-4), mpoxintouv Tpelg miavéc TEQITTMOEL:

o ITepintwon 1: o i éyet éva mo tpdogata avavewuévo route metric mpog Tov %6y~
Bo mpoopilopol oe oyéon pe 1o route metric tou x6pPPou mpoéieuomng mpog Tov (Blo
npooplopd. Me dhha Aoy, o ablwv aprludg tou route metric and Tov i GTOV XOU-

7 7 7 4 7, ’ . 4
Bo mpooptopol (S9) eivor peyaitepog améd tov abEovia aprdpéd Tou route metric and

Tov x6pfo mpoéheuone mpoc Tov xéufo mpoopiopol (S%). Yauthv thv mepintwon o i

emotpépet anevdeiac éva RMREP naxéto ye S¢ (Seipée 5-7).

e Ilepintwon 2: ‘Olot ot yeltovee tou @ €youv Adfer to RMD noxéto (n.y UN(i)=0).
Youthv v mepintwon o @ de ypetdletar vo avapetadsoet To RMD raxéto, énote xa

0 agrivel (Zeipéc 8 xou 9).

o Ilepintwon 3: o i dev €yel o npdoPUTA AVIVEWPEVO Toute metric npog tov x6ufo
Tpooplopol ar’'étt o xbpfoc npoéheuore xar xdmotot yeitovixol xéuBot Tou eivar axdhun-

tot. X'authv Vv nepintwon o i evepyorotel tov back-off ypovodiaxdéntn pe ypovixd
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Sudonuat Thackoff- Emopévwe emtpéuouye tov x6ufo (otw j) mou €yet peyahitepo
aprdud oxdAunTwy YEITOvwY va avapetadsoer 1o RMD naxéto npwtog. ‘Otav o 4 av-
TiAngdel 611 0 j avauetadider taxéto xatd TN Sidpxetd TOU Thackof £, AVAVEWVEL TN AloTal
TV IXGALTTOY YELTOVXOVY Tou x6uBwy UN(i). Av 6hot o yeitoves tou i eivar xahuy-
wévot, téte o 1 aghvet 1o RMD noxéto (Zeipée 10-14). e avtidetn nepintworn, o i Ya
AVOVEDOEL TNV AOTA TWV XUAVPUEVLY YEIToVXOVY xO0uBwy CN(s) ye Bdorn tny Mota twy
BV TOU XOAVUUEVLY YEIToViX®Y x6pPov CN(i) xa Yo avirioer Ty 1R tou route
metric R (av to route metric aviirpoownelel 10 6Uvoho twv aigdtov(hops), t6te 10

olvoho avidveton xatd 1) oto RMD naxéto xat 1o avopetadider (Lepée 15 xou 16).

Av o @ etvar 0 x6uPog npoopiopot xou 1o RMD noxéto elvar autd mou Aapfdver o i yia

TewTN opd toTe Va oteiher tiow éva RMREP naxéto (Zepéc 20-23).

2. RMREP &tadoom : 'Onwg einwinxe xo nponyouueéves o RMREP noxéta dnploue-
yoUvtal elte and Tov xOUBo TPoopIoUoY EITE and EVOLIUETOUE XOPUBOUS TOU £YOUYV TLO TEOCPITA
avavewpévo route metric npog tov x6ufo npooptopol an’ét o xéufoc tpoé¢hevone. To RM-
REP rnepiéyet to id tou x6ufou npoopiouot (d), to id tou xbuBou npoéhevane (s), to id
tou Taxétou (Pjq), to route metric (R), xou tov adZovta aprdud tou route metric and tov
x6uPo Tpoéhevang ooV x6pBo Tpoopiopol (ST). Tty npoxeévn tepintwon o route metric
R eivon 0 apriudg v ahgdtov and Tov x6ufo npoéheucns otov x6uSo npoopiogol. A T
otypr tou 1o RMREP 8ev nepiéyet xapio mAnpogopio twv eviiduecwny xouPwy, Yo diadodel
doxona 6e GAOLC TOUG XOUPOUE EVTOS Tou BixTUOoU, YEYOVOS TO omolo Vo od1YNoeL 6E €va
HEYSAhO TOCO oTaTaANG eVEpyelag. Tia Vo avTIHETOTICOUUE QUTHY TNV TEPINTWOT, ELGAYOUUE

évo anodoTixd GUGTNUA QUTOXATAGTOATC TO onolo TEpLEYEL U0 Baoin0lg XAVOVES:

o Kavévag 1:Av o x6pfog €yl avaeTadOoEL TO TopayOUEVO And TOV XOUB0 TPOEREUOTS
RMD rnaxéto, eivar uvnodhigio va tpowdncer to RMREP noxéto. Kavévag dhhog xbu-
Boc Be Bixaroltar Vo oy LATOTOAOEL TNV TEOTYOUUEVY] evépyeta. M autdy tov xavéva
ATOPEUYOVTOL Oy PEINOTES AVAUETABOOELS and xopfouc tou Beloxovtal paxptd t6c0 and

ToV X0UPo npoéheuons 600 1 and 1oV x6PBo TEoOoEIGUOY.

e Kavévag 2: Av 1o route metric tou e€etalduevou x6ufouv npog tov x6uo npoopto-
wol ebvon peyahltepo and v Ty tou route metric 6to RMREP nmaxéto, téte o
eZetalbuevog xouPog dev eivon unodnpiog v petadwoet 1o RMREP noxéto. I
TOPAOELY AL, YENOILOTOIOYTAS TO 0UVOhO TV ahudtwy (hop count) we route met-
ric, tote av o e&etalopevog xOpPog eyel Yeyahltepo apriud oApdtwy Tpog Tov xoufo
Tpooptopol arn’ 6t €xel o x6uBoc Tpoéheusnc, o teheutaloc dev Yo ypnotponotficet Tov
eZetalbuevo xouBo Yia TV tpowdnoT TV Taxétwy dedouévwy. Enouévwe, dev undpyel

A6yog va agrioouvpe autdy tov xoufo va npowdroet to RMREP noxéto.
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Aryopuipog 1 Aninotoc adydpiuoc npodddInons

1: Avavéwon tou UN(i) pe Bdon to CN(s)
2: if (i # s) and (i # d) then

3: // o i etvau évog evdiduecos x6uBog
4:  if new RMD then
5: if S¢ > Slthen
6: // o i éyel mo npbdopata avavEmUEVO route metric tpog Tov x6uPo TPOopIoPoY
T ot otéhvet RMREP pe S¢
8: else if 6hot ot yeltoveg oto N; éhofav to RMD then
9: apnoe o RMD
10: else
11: /] o i Bev éyel avavewpévo route metric
12: VOOV Yio TO ExYWENUEVO Ypovind BidoTnnet Thackoff WE Bdom to UN(i)
13: if xdnotog yeitovixde xo6uPog npowydnoe to RMD and UN(®1)=0 xat& ™
owdipetat Tou Theckof s then
14: agnoe to RMD
15: else
16: CN(s) <~ CN(i), R < R+1, mpocdnon tou RMD
17: end if
18: end if
19:  end if

20: else if i=d and new RMD then
21: /] o i eiva o x6pPoc npooptouot
22:  oteike RMREP

23: end if

5.4.3 MeTddoor TAXETWY BEBOUEVLY

Agébtou o xépfog tpoéhevong AdBer to RMREP naxéto xou anoxtfoet 1o route met-
ric, mpénet vo mpow ot o Taxéta Sedouévy oTov x6uBo npoopiopol. e aviideon ue dhha
Tpwtdxodha acppatne dpopordynone (dnwe 1o AODV) xar pedddouc npodinone (dnwe 7
ExOR), oto E2R, o xépfoc npoéheuvone dev ypetdletar va xavopioet to enduevo dhua o
x0ufo obTe xdmota Alota mpowinone uéoa ota maxéta dedopévev. O xdufoc mpoéheuong
Hovdya mpoodidel o amoxtn¥év route metric oto moxéta SedOUEVWV Xat OTN CUVEYELN TA
wetadidet. Y/autd 10 oloTRUa dpoRordYNoNC, ot x6uPol Tou TPOWTOUV To ToxXéTo DEDOUEVWY
emtAéyovtal and eviidpecous xoufouc. To alhotnua autd to anoxarodue ovoTnua tpowinon-

¢ avto-emAoyns. ‘Otav évag evdidueoog xoufoc ¢ MPet to toxéta dedouévmv, ouyxplivel T
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route metric T Tou Ye TNy avtiotolyn route metric tiur mov eival EVowUATOREVY 0TA TOXETA
dedopévev. Av 1) Tier Tou elvor WxpOTERY ATd TNV EVOWUATWUEVY T TOV TAXETWY dEBOPEV-
®V, TOTE 0 1 EMAEYEL TOV €UTO TOU WG éva Thavd x6uBo TEowINoTNE TWV TAXETWY dedoUévay.
Qo1600, 0 1 dev Yvwpilel av ol yeltoveg Tou €youy eniong AAPetl o max€to SEDOPEVWY XL oV
€youv wxpoTepeg route metric Tiwée and tov Bo. [ va yelplotolue xataAAA RS autd 10
TedPAnua, eiodyoupe éva unyoviopd back-off xa mpocapuélovpe to ypovixd BrdoTHUd TOU
otneilbuevot oTic TWES TV route metric. ‘Oco pixpdtepn elvar 1 Ty Tou route metric evég
x0ufou, 1600 o neploptopevo back-off ypovixd Sidotnua vplotatar. Katd tn Sidpxeia autol
TOU DLIOTAUATOS, 0 ¢ “axOVEL” TO XAVAAL X XATAGTENAEL TNV TEOWUNOY TWV TAXETLY DEDOPEV-
©V oV SLIMIGTAOEL Twe €Vag and ToUg YEIToVIXoUE Tou xouBoug pe xahltepo route metric éyet
1on npowvfoel ta maxéta dedouéveyv. Av o i dev “axoloet” v mpowinon TUXETLV TwV
YeIToveY Tou xat AMiget o back-off ypdvog tou, tétE avavedvel ye T By Tou route metric
T To TAxETA DEDOUEVLY o TO AVOETODIDEL.

‘Otav AdPBet to naxéta dedopévwy o xo6uBoc npooptouol, emoTeépet éva prvupe emiBeBai-
wone (Acknowledgement) otov x6ufBo npoéhevone. H diddoorn tou maxétou emPBefainong

elvon mapeppepnc pe auth) tou RMREP noxétou.

5.5 Yroloyiouodg Tng anddoong

IMo va a€lohoyfioovye v enidoon tou E2R npwtoxdihou Bi€dyoupe Tpocouoidoels

HEow TOL EpYUAEIOU NS-2 XAt cUYXEIVOUYE TO amoTEAECUA PE TIC 800 axdlovleg Tpooeyyioelc:

e AODV [43] : Anotehel onueio avagopds tou on-demand aolppatou TpmToxdAAoU dpo-

HoAOYNONG.

e SBA-AODV: Muw tpononoinon tou AODV npwtoxdiiou 1 onola mepthaufBdver évay
Scalable broadcast algorithm (SBA) [40] yix tnv elpeon 1ou xATEAANAOU LOVOTUTION.
Y10 SBA xdle x6ufog nepuével yio v Tuyaiwe xadoptopévo ypovind BldoTUd TELY
AVAUUETADOGEL TO TPWTO AopPavouevo naxéto. To ypovind drdotnuo eaptdton and Tov
Aéyo tou péyiotou Paduod (o aprdude twv cuvdésewy e dhhoug x6pfouc) uetall Twyv
YEITOVIX®Y TOU XOUBWY (dNmaz) TP0¢ TOV apiud TV YEITOVODVY (dpme) TOU EYEL auToC

0 %x6uBoc (Lc‘l’m“ ).

me

Tolo ueyédr mou yenotponololvTol yio va atohOYCOVUE Td TROAVAPELVEVTA TEWTOXOA-

Ao ebvon T €€

e Pududég petddoong naxétwy: Eival 0 Aoyog Tou 6uvolixol apluol Tev Taxéteny
DEDOUEVWY TIOU UETAPEQOVTAL OTOV XOUP0 TEOOPLOUOU TEOS TOV GUVOMXS aptiud TwV

TOXETOV DEDOYEVOY TOU TapdyovToL omd Toug xOUPous Teoéheuvong.
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e Overhead sAéyyou: Anotekel tov aptipd v naxétwy eAéyyou (m.y dpouohéynong)
avd Toxéto Sedouévmy xat avd x6uSo mou petadibovton xutd Tr SidpXEld TNG TPOCOYO(-
wong. Xty mepintwon auth ta maxéta ehéyyou mepthauBdvouy to RMD, RMREP
xo RE (route error) naxéta. E@doov ot uetadooeic maxétmy xatavoldvouy EVERYELY,

mxpotepo overhead ehéyyou 10oBUVOIEL PE AYOTERT XATAVURLOXOUEVT, EVERYELXL.

o Kaduotépnon petddoong naxétwy: Katiotd 1o uéoo ypovixd didotnua and 1
OTIYWY) TOU Ot XOUB0L TEOEAEUGTC EVERYOTIOLOUY TNV UNOGTOAY TOU TaXETOU JEDOUEVLV

péyper TN ypeovixr ottyur| mou Aapfdvetar and Toug x6pBoug Tpooplouoy.

5.5.1 PiOuior npocopoinong

Y10 6TddI0 TNE Tpocopoiwaong Yenolonototue Tuyaio 100 xépfoug eviog evog teTpay-
ovixol topéa daotdoemy 1500m - 1500m xa yiveton ypron tou Realistic Mobility Model,
o1o omnolo ot puluol xou ot xateudivoelg xivong xavopilovton and mVAVOTIXES XATAVOUES
[29]. Zlpgovo pe TPOETAEYUEVES TUPUUETPOUS 0T0 NS-2, T0 eUPOC ERXOWVLVING Tou xdile
x6pfou avépyetar ota 250m o To LoviEAo BLAdooNE Tou yenotponoleitan elvon aUTO TNG -
pidpounc diddoone eddpoug [44].

Yy mpocoyoiwon yenoiponototvtar 10 Ceuydpla x6uBwy mnyhg xon tpoopiool. O xou-
Boc mpoéheuomng otEhvel max€to dedouevey yeyédoug 1024bytes avd 5 sec xar 0 guvohixdg
Yeovog tpocouotworng dopxet 2200 sec. o va yivel xatdhAnAn apyixonoinon tne xaTdoTaong
TOU GUOTAUATOC XATd T1) Bradixacior TG dporohdyNnong, ot xoufol TpoéAeucTc BEV GTEAVOLY
moxéto dedopévey ta mpdta 100 sec, mapd uévo avtoirdlouv HELLO unvipata ye toug
yeLtovixolg xoufous. Ouolwg, yio va eEaoPaAoTel TS To Tax€ta evpeiag ueTddoong Uetadi-
dovtal o€ OO TO BixTUO, 0 AOUPOC - TNYY DIAXOTTEL TNV ATOCTOAT, TUXETWY OEDOPEVWY UETY
and 2100 sec. Kdde onpeio dedouévev ot ypapixr Topdotacy aviintpoownelet T uéo
T 20 exteléocwv, xon 10 95% twv Swotnudtwy eumiotoolvng (confidence intervals) twv
dedopévawyv Beloxovtar aviueoa oto 3%-7% e péong tiprc mou anetxovileton ot ypapxn
napdotaoy. o xdde extéheon, yenowwonoolue tnv Blo dixtuaxy Tomoloyla o 10 (Blo

TEOTUTO %EVNONE Yot GRaL Tl TPWTOXOANOL BPOUOAGYTIOYS.

5.5.2 Enidpacyn tng nuxvotntag Twv xoupwyv

Yot to melpapo avohbovpe Ty exidpacn T TuxVOTNTUC TV XOUP®Y, ueTaBdihov-
Tac tov aptdud toug and 100 ewc 250.

To ZyAua 5-1a. Bely Vel W TO TOGOOTS PETABOOYG TAXETWY OAWY TWV TPWTOXOAAWY
avgdvetal, xadwg auidvetal 1 TUXVOTNTA TV XOUPwY Tou egetalduevou dixtbou. ‘Otav 1o
mAfdoc twv x6pPuv avgdvetar, to E2R éyel nepioobtepo and 99,7% alomotio, evdd n péon
T TOU T000010Y YeTddoone naxétwy twv AODV xa SBA-AODV xuyaiveta and 95,3% -
99,2%. Avutd ogelheton 010 YeYOVOS 6Tt Tl pwtoxolha AODV xon SBA-AODV emdéyouv
CUYXEXPLEVOUC xbpPouc tou Vo npowdfioouy ta taxéta dedouévey. Yéva apud dixtvo,
otay ol emheyuévol xouPol mpowinong Peloxovion €€w and v euféleia Touv xdde dhhou,

T6Te Tot maxéta Hev pmopolv va petagepdolv. Qotdoo, o TéTOlEG MEPINTWOELS, oL XOufol
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nou unootneilovy 1o E2R npwtdxolho emiéyouv Toug eauTtols TOUG WOTE Vo TROWUHo0UY
0 naxéto. Enopéves, 10 1o6ootd napddoone naxétwy perdvetor povéya ewc 0.3%, xadoe 7
TUXVOTNTA TV XOPBwY Tou BixTOou EANITGVETAL.

Arné 1o Bynua 5-13. gaivetor 611 10 overhead eAéyyou OAWV TV TPWTOXOMAWY UEWDVE-
oL €EAAQEAS xS N TUXVOTNTA TwV XOUPwY Tou dixtiou auidvetal. And tn otiyyr Tou ol
x6ufol ot onolot unootnpilouv 1o AODV npéner va avapetaddoouy To route request naxéto
mou Aapfdvouy yia TewmTn @opd, To AODV xatadfyer va €yel mdvta to udmhdétepo overhead
ehéyyou. Xe olyxpton ye 1o AODV, 1o E2R éyer xatd 90% wxpdtepo overhead eréyyou.

Y10 Tympa 5-1v. mopatnpolye toc 1 péon xatustépnon petddoone naxétwy o' bha
TOL TPWTOXOANOL PELOVETOL EAAPRAOS XadOC 1) TUXVOTNHTA TV XOUBwY Tou dixtiou auidvetar.
Emtpénovtag tov x6ufo ye xolbtepo route metric va npowdhoetl 10 Tax€to BeBOUEVODY TR®-
t0¢, 10 E2R netuyaiver xatd uéco 6po uixpdtepec xaduoTepRoElc OTIC UETADOTELS TUXETMV.
Yuyxpwvopevo e 1o AODV, 10 E2R peidver v xaductépnon yetddoons naxétwy meplo-

o6tepo and 44%.

100,
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Eyfua 5.1: Enldpaorn tne nuxvotntag v x6uuwy

5.5.3 Enidpacy cpolpdtwy TV xoupwyv

Yo aclppata dixtua, oe ToAEC meptntwoel eCavTheltar 1 dtadéaiun evépyeld TwV
(OPPWY UE AMOTEAECUA VA TEOXANOVYTOL TQIALOTA. STO TUAUA AUTO PEAETOUPE TI EMITTO-
oelc ToXIAWY 6QPaAIdTLY TV XOuPev, Ta T0600Td Twv onoiwv xupaivovtar and 0% evg
12%.

To ExApa 5-2a delyvel tw¢ T0 T0600TO TAPAB0OTC TUXETWY OAWY TOY TPWTOXOMAWY
petOVeTAL xadwg auEAVETAL TO0 T0G00TO TV oPuApdTwyY. Egdcov 1o AODV xar SBA-AODV
e€opTOVTon ot Yeydho Badud and mpoemheypévoug x6ufous Tpodinone tuxétwy dedouévey,
TUYGV CQANLA AUTOY TOY XOUPeY eMnEedlel ONUAVTIXY TO TOGOGTO TUPABOCNC TAXETWY Oe-
dopévwy. Avtidétwe, Ta oQaAgaTta TwV xOufwy dev ennpedlouv o anpavtixd Badud 1o E2R
%L oUTO OQEIAETOL OTO YEYOVOC Twg OTAV AJPEL Y Mo XATolo 6pdiud, ot dhhot xoupol Ya 1o

aviyveloouy xat Yo emAEEOUY TOUS EAUTOUS TOUS Yid THY TEOOUNGT TwV TuxXETKY dEdOUEVWLY.
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Eropévee, 10 nocootd napddoone dedoyévmy tov E2R eivor ouveyme peyahitepo and 99%,
axbun %t av €d¢ 10 12% twv x6uBwv evids Tou SixTHOL TUPOLCLACOUY GEIAUAL.

Y10 ByMpor 5-203 unopolye va BIATOTHOOOVUE TKS OTAY TO TOGOOTO GPUNIATODY AUEAVE-
Tat, To overhead eAéyyou OhwV TV TpwToXOAAWY audvetal eniong, O16TL YivETal TO GUYVT
xou tohunhnifc nopaywyh RMD, RMREP xat RR (route error) naxétwy. Emniéov, and
™ oty mou 1o E2R dev emhéyel xdmotoug cuyxexpiévoug x6pfouc ¥ LOVOTATIO Yo TNV
TpodUnon TV Taxétey dedopévey, To overhead eréyyou Tou mpoxintel va elvar mepinou To
€V TETAPTO AN6 AUTO TWV GAAWY B0 TEWTOXOAAWY.

Téhog, 010 DyAUe 5-2v mapatnpolue TwS 1 xoUoTéRNoY UETABOONG TAXETWY OA-
OV TOV TEWTOXOMGY avEdvetal eEAUPEOSC XotiS AUEGVETUL TO TOCOGTO CQPUAUITOY. AuTd
ovyPaiver 16Tt tar mbavd o@dipata Tpoxoholy VEo YOpo €0pEGTS XUTAAANAOU LOVOTATION,
YEYOVOE 1O omolo elodyel xoduoTépnon otn peTtddoon) naxetwy dedouéveyv. Eriong, €@ob-
oov ot x6pfor mou urnootnellouv 10 E2R emiéyouv autoudtng Toug equtolc Toug Yiol TNV
TpodUNon Twv TaxéTeVv dedouévmy, Tidva opdiuata dev Toug ennpedlouvy ot yeydio Bodud.
Yuyxpwopevo pe o AODV xar SBA-AODV, 1o E2R repiopilet v xaduotépnomn petddoong

’ 7 14 7 /7 4
noxétwy neploodtepo and 41% oe dhec Tic mdavée TEPINTOOEL.

_ 100 —— 5 4
A 45H—ER -1 Zas
96l T 4f{-¢-AODV Bl
3 235 SBA-AOD i
2 92 ; 3 e ; 259
| S 25 g
g 88t £ 2 21
p —=—E’R 515 = —
= S | S N : E°R
< 84H-¢-A0DV : 1 - {|-¢-AODV
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(a) Packet Delivery Ratio (b) Control Overhead (c) Packet Delivery Delay

Eyfura 5.2: Enidpacn c@aiudtwy v xoufuny






Kegpdiato 6

Evepyetoxd amosoTixn

npocapuoyr CebENg VRO TOo
(POUULVOUEVO TNG ETUOHIACNC

6.1 Ilepiindn

H evepyetaxd anodouxy| npocappoyn Lebine (link adaptation) peketdton oe xovahia TOU
nopovotdlouv oxiaoy (shadowing), n onola yetafBdhhetan obupwva ye 0 hoyoprduoxavovixy
xatavout], xodoe xa anmhetee povoratiol (path loss). Téoo 1 xuxhopatixt, 1oyic 660 xou 1
oy 0¢ IOV OTATOAGTOL 0TV EVIoYUTY, AapPdvovton unddr. H evepyr, puduanddoon (effective
throughput) avéd Joule evépyetac peyiotonoeitoan ouvapthoet e Yetadtddpevne oyboc xou
evée neprdwpliov oxlaong. Amodewxvietat, hotndy, g o TpdBinua BehtioTononong unopsel
vo petatpane! o€ €va (euydpt TPOBANUATOY UEYIOTOTOMOTS XOIAWY CUYVIPTRCEWY, CUVIPTAOEL
e oyvoc petddoore xor tou mepriwpiou oxiaorne, aviiotolywe. I'autd to oxond €youv
npotadel amodotixol ahybprdpol ue unepypoppix? clYxMar, otoug omoloug egetdlovton oL
emdpdoelc UETABOANG TNC XUXAOUATIXAC oY YOS, TOU TUPEYOVTA AVATOTEAECUATIXOTNTAS TOU
evioyuth (power amplifier inefficiency parameter) xon Tne andoTUONG AVIUECH OTHY XEPALXL
expnounic xou Mgme. Eyet deiydei nwe tuydv ayvénon tne ouviotdoag tne oxiaong (Vétwv-
Tog 10 meprdwpto oxioomne oto 0) uropel vo 0dNYrioel o€ YEYIAES ONOAEIES TNS EVERYELOXNC

an6doaTC.

6.2 Ewaywyn

H evepyetan) anddoon 0Tic GUOXEVES XIVITOV ETXOWVGOVIOY xoioTotal ohoéva xaL TLo
ONUAVTIXY, A6 TN OTIYWYH TOU 1) YWeNTiXOTNTA TS Urotaplug aduvatel va cupPadioet ue Tig ev-
EpYELUXEC anAUTAGELS TWY XUXAOUATLY eneepyaoioc onudtwy (signal processing circuits)[41].
H npooappoyy Leténe, n onola Baoiletar otny nhnpogopio xatdotaone tou xavakol (CSI-

channe state information), yenowonoteiton cuvidwe yua ) peytotonoinomn e puduanddoong

79
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yioo o 9edopévn cuvolr toyic petddoong. lotoco, noAlég @opéc unopel va xateuduviet
XL TPOG TY) YEYIOTOTOMO TNE EVEPYELNXY| anOBOGTC.

Y€ TPOTYOUUEVESG EPEVUVES Ol ATWAELES HOVOTIATION and TOV Tound 6To BéXTN YewpolvTay
YVWOTES. UT0 xe@dAato autd, Yo Yewprioovye €va aOGTNUA 0TO 0Tolo TaEOLGLALOVTAL GUVD-
VAo TIXA anwheleg povoratiol xou oxiaong. To garvépevo g oxiaong oyetileton pe tuyaieg
Sroxupdvoets ot hagPovopevr toyd, mou xupaivoviar Yhpw and T uéon tun tov (eEaptduey-
v and v andotaon) anwhewy ddpopnc, efutiag e napeunodiong dddoong and Tuyaia
avtixetgeva, xadog xou and arlayéc otny xatebuvor diddoong AOYw aVTAVOXAACERDY XAl
oxeddoewv. Eyovtog anodeyei epneipixd 1660 oe nepiBdhhov Siddoone eawteptxot [23],[21]
660 x EEWTEPIXOY YDPOU, 1) CUVICTWO TN oxiaomg propél va poviehormomiel wg wio Tuyada
LeTOBANTY ue undevixy| péom T xan Aoyaprduoxavovixr xatavopr. O nounde Yewpeltan o
EYEL AXEIBY) YVWOOT YIX TIC ATWAEIS LOVOTATION, AAAG UOVO GTATIOTIXT] YVOOT] Yo T1] GUVIOTWO
e oxlaong. Enouévec yia xde tenepacyuévo puiud Yetddoong, UTGpyEL tior tn undevixs mi-
Yoavotnta meg 1 1w g Tuyolag oxioong Yo eivon tétota mou de Va emitpéder Ty alidmoty
anoxwdixomolinoy Twv dedoutvwy 6to 8éxtr. Eival, Aoindyv, Aoyixd va diepwtniolue molo
neprloplo oxiaong mpénet va entTpEdel 0 TOPROS Xatd TN Bradixdota xooptopol Tou puiUol
weTddoong.

Y1 ouvéyela To uTGhoimo xepdlono elvan opYaveuévo wg egng: oty evotnta 6.3 Tept-
YEAPETAL TO UOVIEAOTONUEVO GUOTNUO XAt TNV EVOTNTA 6.4 DlaopPOVETAL TO TPOBATUA TOU

4 I 4 7’
UENOUPE VoL BEATIOTOTOGOUPE Xt AVAADETAL Lo NUOTIXGC.

6.3 Movrtelonoinoy cucTHUATOS

H ouvohixq xatavdhwon woybog oty nhevpd tou nounol povtehonoteiton g e€ng -[6]- :
P.+ePy, 6nou 1o P, anotekel tny xuxhwpotxd| toyd, to Py efvar 1 1oy c petddoone (o ta dbo
oe povades W /Hz), xat 10 e>1 elvou 1€M0g 1) TOPIUETPOC AVATOTENESRATIXOTITAC TOU EVIOYUTH
oyboc (power amplifier inefficiency parameter). H xuxhopatixh woylc P, avuotoyel oty
oY) TOU XATAVIAWDVETUL OE OAOL To XUXABUATIXG oTotyeld TOU ToUToY, cupnepthauSavouévng
e eneepyaoiag Paowhic Ldvne (baseband processing) xou twv padtoouyvothtwy oto fron-
tend tufpa Tou ToPmOdEXTY, Xt poviehonoteitan w¢ wa otaepd. H napduetpog € diveton and
0 eZaywpevo back-off (Output Back-Off ) drupobyevo ye tnv drain efficiency tou evioyuth
oy o -[2]- xon Yewpeita enione we otadepd.

Or andheteg povoratol opilloviar we ot andhetes toyvoc (oe dB) and tov mound otov

oéxtn. H péon ) e anohetog wovomatiol yia pia andotacy d ivon Yooty xat (on ye:

— — d
PL(d) = PLy + 10nl0g10(d—) (6.1)
0
6mou 10 PLj eivon ot an®AElEC LOVOTATION Yot TNV ONOGTAGT, ovapopds dy %ot To n €lvo o
exVETNG ATWAELDY PLOVOTATION.
Exgpalépevn hoyaprdwuxd (oe dB), n eZacdévnon toyboc und 10 Qouvouevo e oxiaong
oxohovlel TNV xavovixy xatovour ge undevixy) péon T xon Tumixy amdxion 6. Emouévec,
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Oty oLVOLALETAL PE TIC ATWAELES OX(AONG TO LOVTERD AMWAELDY LOVOTATION YIvETAL:

PL(d) = PL(d) + S, (6.2)

6mou 1o S ebvan war tuyado uetofAnth pe Gaussian xatovopr], undevixr) U€or T xot TUTLXY
anoxhion 0. Evalhaxtixd to S umopel va ypaptel wg S=oy, 6mou 10 y elvan Wi Tuyoda
wetoPAnty ue Gaussian xotavopr|, undevixt| u€or tiwh xar govadiodo dacduavon).

O Aéyog ofpatoc mpoc ¥épufo (CNR) opileton we y=|h|?/No, émov 10 h eivor o pi-
Yadixdg GUVTEAEO TG xavahiol xan To Ny ebvon 1 gaouatind nuxvétnta woybog tou Yopifou.
H yéon tun tou CNR nou npoxdnter and v (eCoaptodyevn and v andotact) Yéor anmdAewa

HovonaTiol etvai:

5 =10~ FPLA/10 /N, (6.3)

H ouvbvaotixr enidpoot twv anwleidy povonatiol xat tng oxiaong odnyet oe éva tuyaia
hopPavéuevo CNR

y=7-10710 =5 . 7, (6.4)
6mou 1o k=clogl10/10.

OewpoliE TWE Ol AMWAEIEC HOVOTATION UTOPOUY VA UTOAOYIOTOUV oxp30C, EVVOWVTAS
WS TO 7Y Vol YVWoTd TNy TAELpd Tou Toumot. O oTaTIoTIXOS Y AU TNEIOUOS TNS OXIAoTS

Vewpeitar enione yvwotde (n.y o), eved 1 tuyaia oxiaorn otov 8éxtn elvon dyvwoT).

6.4 Auoppwor xal AVAAUCT TOU TEOBAUATOS

Anéd n otyur) mou 1 ottymaia oxlaoy Bev EVOL YVWOTY GTOV TOPTO, O TEAEUTHOSC X-

woxonotel ue puiuod

R =loga(1 + o Fy), (6.5)

6mov

No =7 - 1079%0/10 — 7 . ¢~kvo0 (6.6)
etvar éva CNR amoxonfc, to onolo pe 11 ocipd tou xadopileton and 1o oyedooud g
TopapéTEou yo, 1 onola avtiotoryel o’éva neprddpto oxiaone. H petdboorn dedouévev el-
vou emtuyng av 1o ottymato CNR etvon udmidtepo and 1o CNR anoxontc, 1) 10od0voua av 1

onypata oxioon S elvon pxpdtepn and o oyp. Enouéveg, €youue:

I — pout = ]P){S < UyO} = P{y < yO} = (I)(y())v (67)

OTOV TO Doyt €tvan 1) mbavoTnTA Broxonhc Aettoupylog xou 1 @ etvan 1 adpoloTing cuvdptno

xatavoprc (cumulative distribution function-CDF) tne xavovixic xatavoprc,

X

B(z) = %(1 +erf( ) = \/12? /_Oo 21, (6.8)
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Ta oyfuata 6.1, 6.2 arcixoviCouv nidg o puluog petddoong R xan n mdavotnta draxonrc

Pout LETUBIAROVTAL CUVUPTAGEL TNG TOPUUETEOU Yo, AVTIOTOLYWS, CURGOVA UE T OYEOELS

(6.5),(6.7).

Rlb/s/Hz]

Syfua 6.1: Enidpacn tou neprdwpiov oxiaong yo oto pudud petddoone R.

0.35 ,

Eyfua 6.2: Enidpaon tou nepriwplou oxioong yo otny mdavotnTta Sloxontc AelTovpylds Pout
O pulpde anotereopatindTnTag divetan and tov e€ng TUTO:

R(1 — pout) = loga(1 +7P; - ®(y0)). (6.9)

IMo v enitevln evepyetoxd anodoTxhc LETABOOTE XANOUUACTE VO UEYIOTOTOLGOUUE TOV

ELUUO AMOTEAECUATIXOTNTAS OIOUPOUHUEYO PE TN GUVOMXT| XaTavdAwao toyloc. Enouyevewe to

TpoBANua Tpog Ao elvar To e&Xe:
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R(l — pout) - lOgZ(l +7Pt : (I)(yO))

= 6.10
PC+€Pt PC+€Pt ( )

maximize
—_——

PeRL yo€ P

Y10 onueio autd xplveTon AAPATNTO VoL BIEPELVHGOVUE TNV ACUUTTOTIXY, CUUTEPLPOPA
e avTxeevixnic ouvdptnong (objective function) yia axpaiec twéc v Py xan yo. [
wxpd Py, o aprdunthc telvel oo 0, evéd o napavopaotic elvar tenepacpévos (xovtd oto Po).
Q¢ ex tolTOU, N wéyioTn Ty dev avauéveton va emtteuy Vel yia Yo << 1, 1 opolwg yia
P, << Ny - 10PL@+090)/10 - Ayriérac, o TOPOVOPACTAC AUEAVETAL YRUUWXA GE OYEDT UE
10 Py, evd 0 apriuntic augdvetar povdyo hoyaprduixd. SUVETOS, 1 AVTIXEWEVIXT] CUVARTNOT)
tetvel 610 0 yio yeydha Py

T 1077%0/10 << 1/7, 1 éxgppacn log(1+70) teivet 670 0, evéd 1 B(yo) teivet oto 1. To
ywépevo enopéveg teivet 6to 0. Avirdétog, btav 107770/10 S>> 1/7 1 éxgpaon log(1+70)
eCapTdToL YPUUUIXAOS antd TO Yo, evd 10 D(yo) teiver exdetind oto 0. Enopévwe, 1o yivouevo
Vo teivet oto 0 dtav t0 yo elvar yeydho xou apvnTixd.

‘Evo tumixd neptypoppo empdvetas (contour plot) tne evepyetaxnic anddoone cuvapthoet
v Py xon yo anewoviletor 610 oyfua 6.3 (Ot mapduetpor mou yenotponotiinxay yio Ty
eCayoyh, tou dorypdppatoc Beloxovtan otov Ilivaxa 6.1). ‘Onwe Yo avahlooupe xou 61y
OUVEYELR, 1) AVTIXEWEVIXT ouvdpTnon elvan quasiconcave (oyeddv xofhn) ouvdptnor tou Py,
eve mapdhinha etvon log-concave (o hoydpripoc tou eivor xofhn ouvdptnor) cuvapthicer Tou
yo- Amd tn oty mou 1o mpoPBinua Behtiotonoinong 6ev elvon xolhn cuvdpTNOY OTNV XOWH
wetaBAnTh (Pt, yo), EoTIELOVUE TO EVOIAPEPOY UAC GTO VoL AVADLULOPYDTOUYE TO TEOBATUA WS

eva TPOPBATUa peylotonoinong xolhng cuvdptnong yio xale YetaBAnty| EeywpetoTtd.

55 60 65 70 75 80 85 90
PN, [dE]

Yyfua 6.3: leplypauua empdvetag (contour plot) tng evepyelaxfic anddoone (oe bits) avd

Joule, oe ouvdptnon tou Pi/ Ny oe dB xat tou nepriwpiov oxiaong yo.
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IMapdpetpog Twn
Pc 0.1W
€ 1/0.35
do 1m
d 10m
No 10-"W/Hz
2.3
n 2

ivaxag 6.1: [Mupduetpor mpocouoiworng

6.4.1 BeAtiotonolnon evepyelaxrc AnoOS00NG CE CYECT L€ TO TEPL-
YwpLo oxiaong

Apyxd Go emiyeipiooupe vo BeATiIoTONOMOOUUE TO Tapdy TEOBANUN cUVAPTHTEL TOU Yo,
e to Py 8edoyévo. O aprduntic otn oyéon (6.10) nepiéyet 1o yvdpevo 800 cuvapticewy Tou
Y0. Etvon Yvwot6 nwe 1 alpolo i) ouvdpeTnon XATAVOUTS TG XAVOVIXTS XATAVOUNG ATOTEAEL

nepintwon log-concave ouvdptnone [9], nou onuaiver 6Tt 1 cuvdpTnom:

f2(yo) = log®(yo) (6.11)

elvon xolAn. Etvar hoyixd, howndy, va Aoy oaptduicOude TNy EXPEAoTt) TNE EVERYELXTC Anod0aT,

f(yo) = logloga(1 4+ ) + log®(yo) — log(Pc + €P,), (6.12)
6nou o tehevtaiog 6pog elvar aveldptnTog and To yo. Lxondg pog ebvon va detfouue mwg 1
Topandve ouvdptno eivon xofhn oto yo, dtéTt o’authAv TV nepinTwon To otdotpo oneio Yo

elvor xou oAtx6 PEYLOTO. XUVETWC, TEETEL VoL ATOBEIE0UUE OTL ) CUVAPTNOT:

f1 =logloga(1 + ~0) = loglog(1 + ) + loglogae, (6.13)

6mou o =7 - e~ eivar xofkn 570 Y.
H mpdhtn xon 1 8edtepn Topdywyod o€ oyéomn Ue TO Yo UTOPOVLY VO UTOAOYIGTOVY YE TOV

1AVOVA TV aALGDWY we axorodwe:

dh _dh dyo _ L L (k7o) = —k% (6.14)
dyo dyo dyo log(1+7) 1+ (1 +10)(log(1 +70))’

Pfi_ d dfiy dyo _ (1+90)log(l + v +0) — yo(log(1+70) +1) K2y =

dyt  dyo dyo”  dyo (1 +70)log(1 +70))? (6.15)

log(1 —
__ log(1+10) =70 K2y <0,

(1 +70)log(1 +70))?
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yroti log(14+70) < Yo yiaxdde o > 0. Eniong, epboov e® > 0 yia bha o x € R, xatadiyoupe
A2 f
clyg1
Oétwvtag f'(yo)=0, éyoupe :

0T0 ouunépaoua 6Tt < 0y 6ha T yo € R, ovvenade 7 1 etvan xolhn oo yo.

dyo  dyo  dyo  (1+70)log(1+%)  @(yo)

6mou @ ebvar 1 cuvdpTNon TUXVOTHTAC THAVOTNTAS TNS XavoviXhc xatavourc. ‘Ouws auth

ﬁ _ dfl d7f2 o _k70 Qo(yO) =0 (616)

n e&lowon dev elvar duvatov va Avdel avahutixd eCortiag g Omapdng e 1 OTOLYEL®-
douc ouvdptnone (non-elementary function) sgdhpatoc (erf) oty @(yo). Avt'autol, Bo-

olbpevol TNy TapdywYo debTERNS TAENS,

PP P

dyy  dyg dyg (10
6mou o delTEPOg 6pog divetal and TNV
fo _ ®(y0)¢ (o) — d(y0)® (y0) _ P(yo) - (=30 - ©(%0)) — P(yo) (o) _
_ 9(yo) (o + ¢(yo))
yo) " B(0)”

n AOon umopel vo umohoylotel ye v opwunTixy; uédodo Newton, 1n omolo meprypdpeTto

axohovdwe:

Alyopripog Newton

Arnoutolpe: yo[0]e R
‘Eotw avéyrn, A

n<+0
enavélafBe
_ I (wln)
ol + 1] = yoln = 7y o
n<n+1

, | woln))|]
E L S <
MEXPY TGy = 2

H 7w tou Behtiotou meprdwplou oxlaomg yio Ti¢ TWES TV topopétpwy tou Ilivana
6.1 etvon =y = 0.9635.

6.4.2 Beltiwotonolnon evepyelaxng anddoong o GYECT UE TT KETU-
oL opeEVY WOy

YNy nepInTOT TOU ENLYEIRPNCOVUE VA UEYIOTOTOGOUPE TNV EVERYELIXT, anodooT Ue Bdom

0 Py (e 10 yo 8edoyévo), 1o mpdfinua mou npoxintet elvar 1o e€nc:
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log2(1 + voP:)®(yo)
Po +eb

maximize
—
PeR

: (6.19)

brov vy = 7 - eFvo.

Yy neplnteon auth, 1 avTIXEeVIXY) ouvapTnon eivar 0 AGYoq pag Xolhng GuVARTNOT,
otov aprdunTi, Tpog wa cuoyetiouévr (affine) cuvdptnom, enopéves xvptH, 6TOV TAPAVOUAO-
™. Eivar yvwotéd nwe to npoxintov xhdopa elvon oyedév-xoiln ouvdptnon (quasiconcave)
[48]. "Evac tpénoc yio v Aooouge autd 1o tpdPinua ivar va o UETATREYOUYE OE EVaL LoodT-

VOO TUPUUETEIXO TEOBATUO X0IANG cUVAPTNOTG, WS eEAC:

mazximize  loga(1+ vP)®(yo) — ¢(Po + €ePy), (6.20)
PieR,
6mou 10 ¢ € N ypenowonoteiton wg napductpog. H BEATIOTH TIUR TG avTiXEpEVIXC oUVERTNON-
¢ 070 TopaueTEixd TEdBAnua (6.20), n onola cupPorileta wg F(q), elvar xupth, ouveynhc xou
yvnoine giivousa ouvdptnomn tou q [8].

‘Eotw 6t 10 P} elvou 1 AMon tne oyéone (6.20) xa

i = loga(1 + v PF)®(yo)

21
P + eF; (6.21)

Téte o1 mpoxintouses npotdoetg elvon toodbvopes [9] :

F(q)>0&q<q,
F(qg)=0%q=4q",
Fg) <0< q>q".

Enopévoc, nenihuon tne (6.20) eivon toodhvaun pe tnv edpeon pilac otn pn yeopux e€iowon
F(q)=0.

O ahydprduoc mou meptypdpeta mapaxdto (Yvwotods xt we ahydprduoc Dinkelbach [19])
elvol 0Ty mpaypaTXoTNTA EQoppoy) Tne wedodou Newton oe o un ypopuixy xhoopatixy
ellowon [48]. Buverde, 1 oepd ouyxhiver oo BéAToTo onueio Ye unEPYpPaPUX TayOTTA
obyxhong.

To apywd onueio tou ahyoptdpou unopel va eivon onotodhrote

| _ loga(1+0P) (o)

2 (6.22)
PC+€Pt

we to Py tétoo dote va ixavonoteitaw F(gp) > 0.



6.4 Awoudppwon xo avdiuoy tou meofifuatoc 87

Alyoprdpog Dinkelbach

ArnoutoOue: qo tétoo dhote vo xavornotel ) ouviixn F(go) > 0
‘Eotw avoyrn, A

n<+0

enavélafBe

Enfuoe ) oyéone (6.20) yia ¢ = ¢, ypnoornowdvtac v (6.21) yio va tdpouye o

Py[n]

l 1 P, P
gn+1 < 092(]%’\/—?-6,;35?’11)} L
n<<n-+1

wéxer |[F(gn)| <A

H Aoom oto npdBinua (6.20) propel va unokoytotel eZi6GVoVTaC TNV TedTr Topdy Yo
(¢ mpog Py) e avtixeuevixfic ouvdptnong Ye 1o undév:

Y0
logoe - —2 . ®(y0) — qe = 0. 6.23
92 T I (vo) — ¢ (6.23)

Ané 1 oty mou T0 € > 1, unopolue Vo avABLILOPPMGOLUE THY TORUTAVL OYECT WS TROG

P} xou va ndpouye:

_ logze- ®(yo) 1
qe 70
Ot 800 akyodpripot unopolv va egouppootoly eVOANEE, ue TNy npoxdntovoa P} and tov

py (6.24)
ahyoprduo Newton va unopel va yenowonomiel we nopduetpog otov alyoprduo Dinkelbach,
XL AVTIOTEOPOS.

Yty anholotepn nepintwor émou dev mpoPhénctar nepripto oxiaong, €youue yo=0,
Yo = xar D(yp)=0. X'authAv v nepintwon 1 eiowon F(q)=0 unopel vo hudel avahutind,

XATAANYWVTOC TNV EXPRUOT)

 logae W(IPel)

2(7Pc —€) ’
émou to W etvar y Lambert W suvdptnon [17]. H avtiotoryn uetodidduevr oy lc divetar and
v e&hg oyéon:

(6.25)

1
p = lome 1 (6.26)
2ge 7

AopBdvovtag unédn tov neplopiond P > 0, mpoxdintel g o facixdg xAddog TG ouVAPTNRoNS

Lambert, Wy, npénet vo emtheydei oty oyéon (6.25).

H Béhtiotn 1y tng HETABIOOUEVNG Loy U¢ ENELTa and eQapuoY ) Tou akyoplduou tou Dinkel-
bach ywr Tic Twée TV napauétpwy tou Iivaxa 6.1 xar yia yo = yg = 0.9635 mpoxinter :
Pr =242mW.
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