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Per�lhyhOi exel�xei sto q¸ro twn asÔrmatwn epikoinwni¸n ta teleuta�a e�kosi qrìnia up r-xan ragda�e. To ped�o twn asÔrmatwn epikoinwni¸n, kur�w se ereunhtikì ep�pedo, di-asp�sthke gr gora se epimèrou tome� gia na g�nei dunat  h melèth tou. H paroÔsa di-daktorik  diatrib  ent�ssetai sto tm ma autì th ereunhtik  drasthriìthta pou melet�sust mata exuphrèthsh kinht¸n qrhst¸n sta pla�sia kuyelwt¸n diktÔwn. Antike�menoth diatrib  apotele� h melèth ep�dosh OFDMA diktÔwn se sunduasmì me tou al-gìrijmou katanom  pìrwn pou efarmìzoun. H ep�dosh twn diktÔwn elègqetai ìtan oistajmo� b�sh qrhsimopoioÔn teqnikè stoiqeiokera�a e�te anex�rthta, e�te se sunduasmìme stoiqeiokera�a sth suskeu  tou qr sth.Exet�zontai èxi algìrijmoi an�jesh ferìntwn klimakoÔmenh duskol�a en¸ exet�ze-tai kai h sunduastik  efarmog  tou me thn teqnik  th prosarmostik  diamìrfwshh opo�a apotele� suqnì gn¸risma twn OFDMA susthm�twn. Prote�netai algìrijmokatanom  ferìntwn me bajmì epanaqrhsimopo�hsh èna, pou sthr�zetai sthn teqnik  thdi�spash kuyèlh (cell splitting) kai parousi�zei beltiwmènh ep�dosh sugkritik� me ti dh qrhsimopoioÔmene teqnikè qwr� wstìso na aux�nei thn poluplokìthta.Arqik� teqnikè stoiqeiokera�a efarmìzontai sto stajmì b�sh. Melet�tai h ep�-dosh OFDMA diktÔwn me efarmog  stajeroÔ plègmato lob¸n (switched-beam smart

antennas system), me   qwr� prosarmostik  diamìrfwsh. Pragmatopoie�tai melèth gia tokat�llhlo m ko kanalioÔ pou prèpei na apod�dei to d�ktuo stou qr ste tou ìtan aitoÔndiaforetikoÔ rujmoÔ uphres�a kai to sÔsthma qrhsimopoie� thn teqnik  th prosarmosti-k  diamìrfwsh. Se deÔtero st�dio h stoiqeiokera�a tou stajmoÔ b�sh qrhsimopoie�taista pla�sia th teqnik  th tuqa�a diamìrfwsh dèsmh (random beamforming). Ed¸to d�ktuo prospaje� na ekmetalleute� to kèrdo diaforismoÔ lìgw pollapl¸n qrhst¸n(multiuser diversity gain) prokal¸nta megalÔtere diakum�nsei sto kan�li tou.Tèlo, prosomoi¸netai h zeÔxh tou OFDM sust mato pou qrhsimopoi jhke sthnprohgoÔmenh melèth. Me autì ton trìpo prokÔptoun oi akribe� timè SNR-SER giati sugkekrimène paramètrou tou OFDM sust mato, all� kai gia sugkekrimèna mo-



ntèlo kanalioÔ pou lamb�nei upìyh tou mikroskopikè diale�yei. H zeÔxh tropopoie�taikat�llhla ¸ste na prosomoiwjoÔn teqnikè kwdikopo�hsh MIMO gia dÔo kai tèsserastoiqe�a ston pompì kai gia dÔo stoiqe�a sto dèkth. Oi teqnikè MIMO pou epilèqjhkanapoteloÔn ektetamèna migadik� sq mata pou sthr�zontai sto basikì sq ma tou Alam-

outi. Ta apotelèsmata th prosomo�wsh th zeÔxh qrhsimopoi jhkan sthn prosomo�w-sh polukuyelwtoÔ OFDMA diktÔou. Me autìn ton trìpo melet jhke h ep�dosh diktÔwn
OFDMA pou èqoun th dunatìthta ekmet�lleush stoiqeiokera�a se pompì kai dèkth.Lèxei Kleidi�: teqnik  poluplex�a OFDMA, diaqe�rish radiopìrwn, teqnikè stoi-qeiokera�a, sq mata kwdikopo�hsh MIMO
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Abstract

This doctoral thesis attempts to provide an analysis and performance investigation

on the operation of OFDMA networks. The research analysis of an OFDMA network

can certainly involve different aspects of its operation. However, in the framework of

this thesis, the interest lies in the resource allocation algorithms that these networks

apply along with the different array antenna techniques that can also be implemented

in such networks in order to endure their performance.

In the context of the radio resource allocation, six subcarrier allocation algorithms

with gradually increasing difficulty, are examined. Their performance is also investigated

when adaptive modulation is applied. The adaptive modulation technique is combined

with OFDMA systems since it has been proved to optimize their performance. Nev-

ertheless, this technique involves important feedback information so less demanding

techniques are usually preferred. A new subcarrier allocation algorithm is proposed

with frequency reuse one that is built upon the well-known cell splitting concept. This

technique presents improved performance compared to the already applied ones, while

it maintains the complexity in sufficiently low levels.

In the next step array antenna techniques are applied at the network base stations.

The technique of switched-beam smart antennas systems is investigated in the context of

a typical OFDMA network and a study on the impact of the user channel length is also

held. This study concerns only systems that enable adaptive modulation and attempts

to provide an insight on the suitable channel length (in terms of system subcarriers) that

the network should allocate to its users according to their requested service. The array

antenna at the base station can alternatively be used for random beamforming. This

technique provides additional fluctuations in the user channel as a means to increase

the multiuser diversity gain.

Finally, the link between the transmitter and the receiver of the OFDM system that

was used in the aforementioned studies is simulated. The SNR-SER mapping values for

the specific OFDM parameters are now calculated with the use of channel models that

simulate small scale fading. Next, the OFDM link simulation is extended to the point

that MIMO encoding techniques are also included. The simulated MIMO techniques

are stemmed from the extended Alamouti orthogonal designs and involve two and four



transmit antennas with two antennas at the receiver end. The simulation results of the

MIMO-OFDM link are provided to the OFDMA network simulation environment so

as the performance of the MIMO-OFDM encoding techniques to be evaluated in the

context of a large scale OFDMA network.

Key Words: OFDMA, radio resource management techniques, switched-beam an-

tennas, random beamforming, MIMO encoding schemes
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PrìlogoH paroÔsa diatrib  ekpon jhke sto ergast rio Mikrokum�twn kai Optik¸n In¸n thSqol  Hlektrolìgwn Mhqanik¸n kai Mhqanik¸n Upologist¸n tou EMP. H ep�bleyhth diatrib  pragmatopoi jhke apì thn ka. D mhtra-Jeod¸ra Kaklam�nh, kajhg triath Sqol  kai anaplhr¸tria dieujÔntria tou ergasthr�ou Mikrokum�twn kai Optik¸nIn¸n.Arqik� ja  jela na euqarist sw thn ka. Kaklam�nh gia th jèsh pou mou prìsferesto ergast rio kai tou pìrou pou mou exasf�lise kajìlh th di�rkeia th ekpìnhshth diatrib . H epilog  th mou èdwse th dunatìthta na apokt sw anekt�mhth prìsbashse gn¸sh kai anjr¸pou pou st rixan tìso emèna ìso kai ti prosp�jeiè mou.Me idia�terh qar� ja  jela na ekfr�sw thn eugnwmosÔnh mou ston k. Ge¸rgio TsoÔ-lo, ep�kouro kajhght  th Sqol  Jetik¸n Episthm¸n kai Teqnolog�a tou Panepisth-m�ou Peloponn sou gia to gn sio endiafèron tou kai thn eilikrin  di�jesh sunergas�ame thn opo�a me antimet¸pise. H suneisfor� tou akoloÔjhse me sunèpeia ìla ta b mataaut  th ergas�a, apì thn pr¸imh stoiqeiojèthsh th idèa w kai thn telik  upost rixhth oloklhrwmènh diatrib .Mèsa se autì to prìsforo episthmonik� perib�llon ja  jela na euqarist sw xe-qwrist� ton k. Dhm trh Katèro gia thn ep� diet�a enarmonismènh kai epituq  sunergas�ama, h opo�a �ntexe tìso to aprìsmena apaithtikì perib�llon ìso kai thn idia�terh prosw-pikìthta hm¸n twn idi¸n.Jerm� ja  jela na euqarist sw ton k. Katsigi�nnh Qr sto gia thn empistosÔnh pouèdeixe se emèna proswpik� kai gia thn ab�asth, sunep , all� kai tautìqrona kajìloueÔkolh, upost rixh ta pr¸ta qrìnia th pore�a mou se autì to nèo perib�llon.Gia to rìlo tou ta teleuta�a qrìnia th prosp�jei� mou, ja  jela na euqarist swton k. Steiakogiann�kh Iw�nnh. H jetik  tou enèrgeia kai h xekoÔrasth di�jes  toutìnwsan ti prosp�jeiè bohj¸nta th jetik  tou èkbash.Tèlo, euqarist¸ thn oikogènei� mou gia th suneq  kai �neu ìrwn upost rix  thìla aut� ta qrìnia. Kur�w ìmw thn euqarist¸ gia thn anekt�mhth eleujer�a epilog¸n,st�sewn kai projèsewn pou mou prosèfere. D mhtra A. ZarmpoÔth
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Kef�laio 1
Eisagwg 

H emf�nish asÔrmatwn thlepikoinwniak¸n diktÔwn pragmatopoi jhke sti H.P.A. gÔ-rw sta 1920 gia ti an�gke twn astunomik¸n tmhm�twn. Wstìso, qrei�sthkan per�pou40 qrìnia gia na arq�soun na diamorf¸nontai oi basikè arqè twn shmerin¸n kuyelwt¸nasÔrmatwn diktÔwn kai na odhghjoÔme stadiak� sto pr¸to eure�a qr sh kuyelwtìasÔrmato d�ktuo. Skopì autoÔ to kefala�ou e�nai h eisagwg  tou anagn¸sth sto q¸rotwn asÔrmatwn thlepikoinwniak¸n diktÔwn pou apotele� kai to eurÔtero antike�meno thparoÔsa diatrib . H di�rjrwsh tou kefala�ou èqei w ex : sthn par�grafo 1.1 prag-matopoie�tai mia sÔntomh perigraf  th exèlixh twn thlepikoinwniak¸n diktÔwn apì to1980 èw s mera, sthn par�grafo 1.2 perigr�fontai pio analutik� oi kuriìteroi ekprìsw-poi twn diktÔwn pou br�skontai s mera en exel�xei kai tèlo sthn par�grafo 1.3 d�netai hdi�rjrwsh th diatrib .1.1 Exèlixh twn asÔrmatwn thlepikoinwniak¸ndiktÔwnH istor�a twn kinht¸n thlepikoinwni¸n èqei gnwr�sei mèqri s mera tèsseri geniè. H1h geni� (1G) èkane thn emf�nis  th sti arqè th dekaet�a tou 1980 kai aforoÔsekinht� ta opo�a epikoinwnoÔsan me to stajmì b�sh qrhsimopoi¸nta analogik  epexer-gas�a s mato. H teqnik  pollapl  prìsbash pou qrhsimopoi jhke  tan h Frequency

Division Multiple Access (FDMA) ìpou oi qr ste katal�mbanan anex�rthta tm mata25



26 Kef�laio 1. Eisagwg tou f�smato.Ta kinht� 2h geni� (2G) èkanan thn emf�nis  tou sti arqè th dekaet�a tou 1990.O basikìtero ekprìswpo aut  th geni� gia ta eurwpaðk� dedomèna e�nai to prìtupo
Global System for Mobile communications (GSM) to opo�o qrhsimopoie� th mèjodo Time

Division Multiple Access (TDMA) gia th diaqe�rish twn qrhst¸n. Sthn teqnik  aut o k�je qr sth analamb�nei èna kan�li sto qrìno   alli¸ mia qronosqism  (time slot)h opo�a ton diaforopoie� apì tou upìloipou. Par�llhla me thn teqnik  TDMA, sth2h geni� an koun kai prìtupa, ìpw to IS-95, ta opo�a qrhsimopoioÔn thn teqnik  Code

Division Multiple Access (CDMA) gia thn poluplex�a twn qrhst¸n. H teqnik  aut  denqrhsimopoie� pìrou tou sust mato gia na diaqeiriste� tou qr ste (f�sma, qrìno), all�axiopoie� ti idiìthte twn yeudotuqa�wn akolouji¸n antistoiq�zonta ton k�je qr sth memia tètoia akolouj�a (k¸dika).Oi èreune gia thn 3h geni� (3G) kinht¸n thlepikoinwniak¸n susthm�twn xek�nhsansqedìn tautìqrona me thn emporik  ekmet�lleush th teqnolog�a 2G. Oi pr¸te empo-rikè efarmogè aut  th geni� emfan�sthkan per� to 2001 sthn Iapwn�a kai gr goraepekt�jhkan sti H.P.A. kai sthn Eur¸ph. Sugkekrimèna sthn Eur¸ph, h mazik  empo-reumatik  ekmet�lleush twn kinht¸n 3h geni� xek�nhse to 2003. To prìtupo gia thnteqnolog�a kinht¸n 3h geni� (IMT-2000) sqedi�sthke apì thn International Telecom-

munication Union (ITU) me skopì na paraqje� èna pagkìsmio prìtupo pou ja dieukìluneti diadikas�e periagwg  (roaming). EntoÔtoi, h 3h geni� èqei na epide�xei pènte prì-tupa me to Universal Mobile Telecommunications System (UMTS) na kuriarqe� se ìlesqedìn ti agorè. To UMTS bas�zetai sthn teqnik  Wideband - Code Division Multiple

Access (W-CDMA) h opo�a mpore� na jewrhje� me meg�le paradoqè w mia euruzwnik èkdosh th teqnik  Code Division Multiple Access (CDMA).Ax�zei na shmeiwje� ìti tautìqrona me thn an�ptuxh th teqnolog�a 3h geni�,prosp�jeie exèlixh pragmatopoi jhkan kai gia ton prok�toqì th. 'Etsi, sqedi�sthkanta prìtupa General Packet Radio Service (GPRS) kai CDMA2000 1x ta opo�a apotè-lesan th geni� 2.5 (2.5G). An kai prosfèroun perissìtere uphres�e se sqèsh me taprìtupa 2h geni�, wstìso den ft�noun se kami� per�ptwsh ti epidìsei aut¸n th 3h.To epìmeno b ma sti kinhtè thlepikoinwn�e ja e�nai h efarmog  th teqnolog�a4h geni� (4G). Pollè èreune kai dokimè br�skontai pagkosm�w en exel�xei ¸ste na



1.2 D�ktua pre-4G 27epiteuqjoÔn oi stìqoi pou èqoun teje� gia to prìtupo autì. Oi meg�loi rujmo� met�-dosh, h peraitèrw axiopo�hsh twn asÔrmatwn pìrwn, h dialeitourgikìthta me palaiìteraprìtupa kai h omal  met�bash metaxÔ eterogen¸n diktÔwn e�nai �sw oi shmantikìteroistìqoi pou èqoun teje� gia to 4G prìtupo. To prìtupo den èqei d¸sei akìmh oristikèapant sei gia to trìpo me to opo�o ja proseggisjoÔn oi anwtèrw stìqoi, wstìso oibasikè teqnolog�e oi opo�e ja qrhsimopoihjoÔn èqoun prosdiorisje� epark¸ kai g�neiapodektè. Eidik� gia ti teqnolog�e fusikoÔ str¸mato, h teqnik  poluplex�a Or-

thogonal Frequency Division Multiplexing (OFDM) se sunduasmì me ti teqnolog�e
Multiple Input Multiple Output (MIMO) kai thn turbo kwdikopo�hsh ja e�nai apì tabasik� ergale�a th prosp�jeia 4G.1.2 D�ktua pre-4GTa d�ktua pou sugkentr¸noun to megalÔtero ereunhtikì kai emporikì endiafèron seaut  thn kathgor�a e�nai to Worldwide Interoperability for Microwave Access (WiMAX)kai to 3G Partnership Project Long Term Evolution (3GPP LTE).1.2.1 IEEE 802.16-2004 kai WiMAXTo 1998 h epitrop  IEEE 802 pou e�nai upeÔjunh gia ta prìtupa topik¸n (LAN)kai mhtropolitik¸n diktÔwn (MAN) �druse thn om�da ergas�a IEEE 802.16 me skopì thmelèth th asÔrmath euruzwnik  prìsbash tou telikoÔ qr sth. To pr¸to prìtupo thom�da aut  dhmosieÔthke ton Apr�lio tou 2001 kai polÔ gr gora e�qe ekd¸sei akìmhtrei tropopoi sei (a,b,c). Ton Septèmbrh tou 2003 xek�nhse h anaje¸rhsh tou protÔpouupì thn onomas�a 802.16d kai ton Okt¸brio tou 2004 h prosp�jeia aut  oloklhr¸jhkeme th dhmos�eush tou anajewrhmènou plèon protÔpou IEEE 802.16-2004 ([1℄) pou peril-amb�nei kai ti prohgoÔmene ekdìsei (a,b,c). To prìtupo autì uposthr�zei euruzwnik prìsbash se stajeroÔ ìmw qr ste. H tropopo�hsh IEEE 802.16e-2005 ([2℄) anafère-tai se kinhtoÔ qr ste kai eis�gei leitourg�e diaqe�rish kinht  asÔrmath prìsbash.To WiMAX sthr�qthke pl rw sta 802.16-2004 kai 802.16e-2005 odhg¸nta ant�s-toiqa sta Fixed WiMAX kai Mobile WiMAX. To Wimax Forum [3℄ e�nai upeÔjunogia ìla ta jèmata pou aforoÔn to WiMAX. An kai stoqeÔei sthn exuphrèthsh kinht¸n



28 Kef�laio 1. Eisagwg qrhst¸n se d�ktuo kuyelik  dom , to WiMAX jewre�tai kai mia exairetik  epilog  giad�ktuo kormoÔ.1.2.2 3GPP LTETo 3GPP LTE apotele� mia prosp�jeia sta pla�sia tou 3GPP na beltiwje� to prìtupo
UMTS gia ta d�ktua kinht¸n 3h geni�. Stìqoi th prosp�jeia aut  e�nai h paroq perissìterwn uphresi¸n stou qr ste, h apodotikìterh ekmet�lleush tou f�smato kaih kalÔterh epikoinwn�a me �lla prwtìkolla aut  th kathgor�a.H ep�shmh èkdosh tou protÔpou 3GPP LTE epikur¸jhke to Dekèmbrh tou 2008 kai dh etair�e sqedi�zoun chipset, stajmoÔ b�sh kai exoplismì basismèna sto prìtupoautì.1.3 Di�rjrwsh Diatrib H paroÔsa diatrib  oloklhr¸netai se èxi kef�laia. DÔo e�nai wstìso oi basiko� �-xone gÔrw apì tou opo�ou anaptÔssontai ta kef�laio aut�. O pr¸to �xona afor�kajar� teqnikè diaqe�rish pìrwn OFDMA diktÔwn me èmfash stou algìrijmou apì-dosh ferìntwn stou qr ste twn diktÔwn. O deÔtero �xona kine�tai perissìtero stoq¸ro th met�dosh exet�zonta teqnikè stoiqeiokera�a pou mporoÔn na efarmostoÔnse OFDMA d�ktua. To perieqìmeno th diatrib  exantle�tai se tèssera kef�laia, taopo�a plaisi¸nontai apì to pr¸to eisagwgikì kai to telikì kef�laio th anaskìphshkai twn sugkentrwtik¸n apotelesm�twn. Ta kef�laia th diatrib  analÔontai w ex :
• Sto 1o kef�laio pragmatopoie�tai mia sÔntomh anaskìphsh th pore�a twn ki-nht¸n thlepikoinwni¸n sto qrìno. Perigr�fontai perilhptik� ta sust mata pouanaptÔqjhkan apì ti arqè tou 1980 e¸ ti mère ma, kaj¸ kai oi stìqoi pouèqoun teje� anaforik� me to epìmeno b ma sto q¸ro twn kinht¸n thlepikoinwni¸n.Sta pla�sia tou 1ou kefala�ou g�netai kai h perigraf  twn kefala�wn th paroÔsaprìtash diatrib .
• Sto 2o kef�laio parousi�zetai h teqnik  diamìrfwsh OFDM, oi basikè arqè poudièpoun thn teqnik  aut  kaj¸ kai ta basik� probl mata pou antimetwp�zei h zeÔxh



1.3 Di�rjrwsh Diatrib  29se aut  thn per�ptwsh. Tautìqrona perigr�fetai h teqnik  poluplex�a OFDMAh opo�a qrhsimopoie� ta fèronta tou OFDM gia thn poluplex�a twn qrhst¸n.
• To 3o kef�laio afier¸netai sthn parous�ash teqnik¸n diaqe�rish pìrwn (Radio

Resource Management - RRM) se OFDMA d�ktua. Pragmatopoie�tai anaskìphshth bibliograf�a me èmfash sta diaforetik� probl mata beltistopo�hsh pou epilÔ-oun oi gnwstè autè teqnikè. AnalÔontai oi teqnikè pou anaptÔqjhkan gia touskopoÔ th paroÔsa diatrib , prosomoi¸netai h efarmog  tou se d�ktuo OFD-

MA kai elègqetai h ep�dos  tou.
• To 4o kef�laio afier¸netai sti teqnolog�e stoiqeiokera�a ìtan aut  qrhsi-mopoie�tai apokleistik� sto stajmì b�sh. Exet�zontai ta sust mata me switched-

beam smart antennas se sunduasmì me ti teqnikè RRM tou prohgoÔmenou ke-fala�ou gia polukuyelwt� d�ktua OFDMA. H teqnik  th tuqa�a diamìrfwshdèsmh (Random Beamforming) an kei ep�sh se aut  thn kathgor�a kai melet�taise sunduasmì me sugkekrimène kathgor�eRRM teqnik¸n. ProkÔptei ìti h teqnik aut , se ant�jesh me thn teqnik  twn switched-beam smart antennas, èqei jetik ep�drash mìno se oportounistik  fÔsew OFDMA sust mata.
• To 5o kef�laio epiqeire� th melèth ep�dosh MIMO teqnik¸n se OFDMA sust -mata. Epilègetai h teqnik  th kwdikopo�hsh h opo�a den apaite� plhrofor�ean�drash apì to dèkth pro ton pompì. Migadik� orjog¸nia sq mata kwdikopo�-hsh efarmìzontai se MIMO-OFDM zeÔxh ìpou qrhsimopoioÔntai ta montèla th

ITU gia thn apìdosh twn mikroskopik¸n diale�yewn tou kanalioÔ. Ta apotelèsma-ta th prosomo�wsh apomon¸nontai kai ekqwroÔntai w dedomèna sthn platfìrmaprosomo�wsh polukuyelwtoÔ diktÔou OFDMA ìpou kai elègqetai plèon h ep�doshtou sunolikoÔ diktÔou.
• Tèlo sto 6o kef�laio pragmatopoie�tai sÔntomh anaskìphsh twn ìswn melet jhkansth diatrib  kaj¸ kai th mejìdou pou akolouj jhke gia autì to skopì. Sug-kentr¸nontai ta sumper�smata sta opo�a katèlhxe h melèth anaforik� me to k�jeexetazìmeno jèma, en¸ anafèrontai kai dÔo shme�a ereunhtik  epèktash pou kr�-nontai endiafèronta.





Kef�laio 2
H teqnik  OFDM/OFDMA

To megalÔtero prìblhma twn asÔrmatwn diktÔwn pou stoqeÔoun se euruzwnikèepikoinwn�e polumèswn e�nai h �dia h fÔsh tou asÔrmatou kanalioÔ pou den mpore� naegguhje� zeÔxh. H teqnik  pollapl¸n ferìntwn Orthogonal Frequency Division Mul-

tiplexing (OFDM) èqei katoqurwje� w h plèon kat�llhlh gia na uposthr�xei tètoiaapaithtik� sust mata. Ektì apì ta sust mata euruekpomp  Digital Video Broadcast-

ing - Terrestrial (DVB-T) kai Terrestrial Digital Audio Broadcasting (T-DAB), h teqnik 
OFDM èqei  dh efarmoste� sto HiperLAN, sto 802.11a, 802.11g kai sthn oikogèneia twnprwtokìllwn 802.16, en¸ apotele� kai th b�sh twn susthm�twn 4h geni�.2.1 Eisagwg  ston tÔpo diamìrfwsh OFDMH teqnik  OFDM sthr�zetai sthn apl  idèa twn susthm�twn FDM (Frequency Divi-

sion Multiplexing) ta opo�a pro�pojètoun th dhmiourg�a orjog¸niwn metaxÔ tou fasma-tik¸n kanali¸n, me fèrouse pou apèqoun tìso ¸ste na mhn paremb�loun metaxÔ tou. Hbasik  diafor� tou OFDM e�nai ìti oi fèrouse (carriers) pou dhmiourgoÔntai apoteloÔnakèraio pollapl�sio tou ant�strofou th di�rkeia tou sumbìlou pou qrhsimopoie�tai.Me ton trìpo autì oi fèrouse tou OFDM s mato mporoÔn jewrhtik� na br�skontaiìso kont� tou epitrèpei h di�rkeia sumbìlou.Par�deigma th diamìrfwsh OFDM parousi�zetai sta Sq mata 2.1 kai 2.2. Sugke-krimèna, sto Sq ma 2.1 fa�netai sto ped�o tou qrìnou èna OFDM sÔmbolo di�rkeia T = 1

sec to opo�o apotele�tai apì tr�a hm�tonta (fèrouse) sti suqnìthte f = 1/T , f = 2/T31



32 Kef�laio 2. H teqnik  OFDM/OFDMAkai f = 3/T . Sto Sq ma 2.2 ìpou emfan�zetai to �dio sÔmbolo sto ped�o th suqnìth-ta, fa�netai xek�jara ìti ta mègista th k�je fèrousa sump�ptoun me mhdenismoÔ twnupolo�pwn ferous¸n. H idiìthta aut  e�nai �meso apotèlesma th qr sh hmitìnwn mesuqnìthte akèraio pollapl�sio tou ant�strofou th di�rkeia tou OFDM sumbìlou.2.1.1 Dhmiourg�a enì OFDM sumbìlouTo Sq ma 2.3 perigr�fei th dhmiourg�a enì OFDM sumbìlou me ta basikìtera b ma-ta pou prèpei na akoloujhjoÔn ston pompì. Ta dedomèna (data bits) parallhlopoioÔntaiarqik� me ton S/P metatropèa, sth sunèqeia upìkeintai se an�strofo metasqhmatismì
Fourier me ton opo�o lamb�nontai ta de�gmata sto ped�o tou qrìnou, en¸ sto teleuta�ost�dio up�rqei o ant�strofo metatropèa pou epanafèrei ta dedomèna se seiriak  mor-f . Sto sq ma autì mporoÔn na prostejoÔn akìmh ta blocks gia th diamìrfwsh, tosugqronismì sumbìlou OFDM k.�.Profan¸ h diamìrfwsh OFDM mpore� na g�nei kalÔtera katanoht  se èna analogikìperib�llon ìpou qrhsimopoioÔntai pollapl� fèronta gia th diamìrfwsh tou eiserqìmenous mato. Ta fèronta aut� mporoÔn na e�nai osad pote ston arijmì arke� na diathroÔnthn proanaferje�sa sqèsh orjogwniìthta. Sth sunèqeia wstìso apodeiknÔetai giat� hparagwg  tou OFDM sumbìlou me ton paradosiakì trìpo tou mixar�smato isoduname�me ton an�strofo metasqhmatismì Fourier.JewroÔme cn,i to s ma pou prèpei na ekpemfje� th qronik  stigm  i apì to n-ostìfèron. To sunolikì ekpempìmeno s ma ja e�nai:

S(t) =

∞
∑

i=−∞

N−1
∑

n=0

(cn,ign(t− iTs) (2.1)me gn ton kanonikopoihmèno palmì b�sh pou diamorf¸netai kai d�detai apì ton tÔpo:
gn(t) =















1
Ts

exp(j2πn t
Ts

) gia 0 < t < T ,

0 alloÔ (2.2)Jewr¸nta mìno th stigm  i = 0 pa�rnoume s(t) =
∑N−1

n=0 cn,ign(t) en¸ me deigmatol-hy�a sto ped�o tou qrìnou kat� ti qronikè stigmè tk = k Ts

N prokÔptei apì ti (2.1) kai



2.1 Eisagwg  ston tÔpo diamìrfwsh OFDM 33

−0.5 0 0.5
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Sq ma 2.1: To sÔmbolo OFDM sto ped�o tou qrìnou gia trei fèrouse.
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Sq ma 2.2: To sÔmbolo OFDM sto ped�o th suqnìthta gia trei fèrouse.
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Sq ma 2.3: Ta basika st�dia gia th dhmiourg�a enì OFDM sumbìlou.(2.2) ìti
sk(t) =

N−1
∑

n=0

cn,0
1√
TS

exp(j2πn
tk
TS

)⇒ sk(t) =
1√
TS

N−1
∑

n=0

cn,0exp(j2πn
k

N
) (2.3)H (2.3) ìmw apotele� ton an�strofo metasqhmatismì Fourier twn ekpempìmenwn sumbìl-wn. 'Etsi, p�nta o pompì mpore� na ulopoihje� me qr sh mon�da IFFT (Inverse Fast

Fourier Transform) me ton arijmì twn apaitoÔmenwn deigm�twn na e�nai mikrìtero   �soapì to mègejo tou IFFT.2.1.2 Di�sthma prostas�aH diamìrfwsh OFDM s�goura apotele� thn kalÔterh mèjodo antimet¸pish twn epile-ktik¸n w pro th suqnìthta diale�yewn (selective fading) pou emfan�zontai se euruzwnik�kan�lia ìpw aut� th 3h kai 4h geni� kinht¸n. Wstìso, se tètoia perib�llonta akìmhkai to OFDM s ma kinduneÔei tìso apì endosumbolik  parembol  (Intersymbol Inter-

ference - ISI) ìso kai apì exasjènish th orjogwniìthta twn ferìntwn (Intercarrier

Interference - ICI).H ex�leiyh aut¸n twn fainomènwn g�netai me qr sh enì qronikoÔ diast mato prostas�ato opo�o prohge�tai th di�rkeia tou sumbìlou kai sto opo�o ekpèmpontai ta teleuta�-a de�gmata tou sumbìlou. Sunep¸ prìkeitai gia mia kuklik  epèktash tou �diou tous mato sthn arq  tou. To di�sthma prostas�a sthn per�ptwsh tou OFDM kale�taikuklikì prìjema (Cyclic Prefix - CP). Optik� h diadikas�a aut  emfan�zetai sto Sq ma2.4.Sugkekrimèna, gia èna upojetikì eÔro z¸nh W kai gia N bajmoÔ IFFT h jew-rhtik  di�rkeia sumbìlou ja e�nai T̂S = N
W , en¸ h pragmatik  di�rkeia sumbìlou met� thnprosj kh tou CP ja e�nai TS = T̂S + TCP . Sunep¸, ta de�gmata pou ja ekpemfjoÔnkat� th di�rkeia TCP e�nai profan¸ NCP = TCP W .
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Sq ma 2.4: To kuklikì prìjema tou OFDM sumbìlou.H diasumbolik  parembol  pou anafèrjhke nwr�tera w basikì prìblhma twn eu-ruzwnik¸n kanali¸n, katastèlletai eÔkola me thn apìrriyh tou pr¸tou mèrou tou sum-bìlou (Sq ma 2.4) ìpou ousiastik� aporr�ptontai ta NCP de�gmata tou kuklikoÔ projè-mato. Sth sunèqeia apodeiknÔetai p¸ h parous�a tou kuklikoÔ projèmato diathre� kaithn orjogwniìthta twn ferìntwn se tètoia kan�lia.Se k�je dèkth up�rqei to kat�llhlo prosarmosmèno f�ltro gia th sun�rthsh b�shtou pompoÔ to opo�o or�zetai gia to di�sthma 0 < t < T̂S kai d�netai apì th sqèsh (2.4).

gn(t) =















g∗n(T̂S − t) gia 0 < t < T̂S ,

0 alloÔ (2.4)To di�sthma endiafèronto 0 < t < τmax e�nai o qrìno diaspor� tou kanalioÔ. Hèxodo tou prosarmosmènou f�ltrou d�detai sthn (2.5) kai apotele� thn sunèlixh touekpempìmenou s mato, th kroustik  apìkrish tou kanalioÔ kai tou f�ltrou th (2.4).
rn =

∫ T̂S

0

(

∫ τmax

0
h(t, τ)(

N−1
∑

k=0

ckgk(t− τ))dτ

)

∗ gn(t)dt + nn (2.5)Apì thn teleuta�a ex�swsh g�netai emfanè ìti h diadikas�a aut  afaire� to di�sthmaprostas�a apì to OFDM sÔmbolo epitrèponta to upìloipo na eisèljei sth mon�da tou
FFT.An jewr soume to kan�li stajerì sto di�sthma TS tìte h(t, τ) = h(τ) kai h (2.5)g�netai

rn =

N−1
∑

k=0

ck

∫ T̂S

0

(
∫ τmax

0
h(τ)gk(t− τ)dτ

)

g∗n(t)dt + nn (2.6)To eswterikì olokl rwma th (2.6) gia k�poio k g�netai
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∫ τmax

0
h(τ)gk(t− τ)dτ = exp(j2π

W

N
t)

∫ τmax

0
h(τ)exp(−j2πk

W

N
)dτ

= exp(j2πtk
W

N
)

∫ τmax

0
h(τ)exp(−j2πk

W

N
τ)dτ

= gk(t)H(k
W

N
)

(2.7)
ìpou gia to teleuta�o b ma th (2.7) k�name qr sh tou metasqhmatismoÔ Fourier en¸ hsun�rthsh H(kW

N ) apotele� thn apìkrish tou kanalioÔ sth suqnìthta W
N . Dedomènou ìtioi sunart sei b�sh th (2.2) e�nai orjog¸nie metaxÔ tou sto di�sthma 0 < t < T̂S jaisqÔei ìti ∫ T̂S

0 gk(t)g
∗
n(t)dt = δkn. Jewr¸nta thn prohgoÔmenh sqèsh orjogwniìthtakaj¸ kai to apotèlesma th (2.7) h ex�swsh (2.6) g�netai

rn =

N−1
∑

k=0

ckgk(t)H(k
W

N
)g∗n(t)dt + nn

=
N−1
∑

k=0

ckH(k
W

N
)δkndt + nn

= H(k
W

N
)cn + nn

(2.8)
Gia thn teleuta�a isìthta th (2.8) qrhsimopoi jhke h gnwst  idiìthta th sunèlixhs mato me th sun�rthsh δ tou Dirac. H (2.8) dhl¸nei ìti to OFDM sÔsthma ekfr�zetaimèsw par�llhlwn kanali¸n pou parousi�zoun ep�pede diale�yei w pro th suqnìthta mekèrdo H(kW

N ). H isost�jmish tou sust mato g�netai me apl  dia�resh tou lambanìmenous mato me to kèrdo tou kanalioÔ sth suqnìthta tou k�je fèronto.2.1.3 Peak-to-Average Ratio se sust mata OFDM'Opw fa�netai kai apì thn (2.3) to OFDM s ma apotele�tai apì anex�rthta diamor-fwmène hmitonoeide� sunart sei oi opo�e ìtan ajro�zontai prosd�doun sth sunolik kumatomorf  metaballìmeno Peak-to-Average Ratio (PAR). 'Otan ta N fèronta èqounthn �dia arqik  f�sh tìte h kumatomorf  tou PAR apokt� olikì mègisto to opo�o m�listae�nai kai N forè uyhlìtero apì to mèsh tim  tou. To fainìmeno parousi�zetai optik�sto Sq ma 2.5 ìpou emfan�zetai sto ped�o tou qrìnou h diakÔmansh th tim  PAR enì
OFDM s mato. H kumatomorf  èqei prokÔyei me thn enapìjesh oqt¸ adiamìrfwtwn



2.1 Eisagwg  ston tÔpo diamìrfwsh OFDM 37hmitonoeid¸n sunart sewn suqnìthta f = 1, 2, ...8Hz sÔmfwna me th (2.9) gia cn = 1dedomènou ìti prìkeitai gia adiamìrfwta fèronta.
|s(t)|2 =
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∣
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t (time)Sq ma 2.5: H kumatomorf  tou PAR gia èna OFDM s ma me 8 fèronta.Ta probl mata pou dhmiourgoÔn oi meg�le timè sto PAR esti�zontai kur�w stou
A/D kai D/A metatrope� kaj¸ kai stou RF enisqutè ìpou q�netai h grammikìthtath exìdou twn mon�dwn aut¸n.H katastol  tou fainomènou mpore� na epiteuqje� me trei trìpou [4℄. O pr¸totrìpo perilamb�nei mejìdou pou prokaloÔn paramorf¸sei sto arqikì s ma, ìpw p.q.h mèjodo clipping h opo�a ousiastik� pro�pojètei ton periorismì tou s mato se miamègisth tim  me apl  apokop  twn megalÔterwn tim¸n. O deÔtero trìpo perilam-b�nei mejìdou kwdikopo�hsh oi opo�e aporr�ptoun OFDM sÔmbola ta opo�a emfan�-zoun meg�le timè PAR. O tr�to kai teleuta�o trìpo qrhsimopoie� mejìdou scram-

bling ìpou to k�je OFDM sÔmbolo pollaplasi�zetai me èna sÔnolo apì scramblingsumboloakolouj�e kai sto tèlo epilègetai aut  pou parousi�zei thn mikrìterh tim 
PAR. Analutik� oi parap�nw mèjodoi mporoÔn na anazhthjoÔn kai sto [5℄.



38 Kef�laio 2. H teqnik  OFDM/OFDMA2.2 Eisagwg  sthn teqnik  pollapl  prì-sbash OFDMAOi teqnikè pollapl  prìsbash kajor�zoun ton trìpo me ton opo�o oi qr steenì diktÔou ja èqoun prìsbash stou pìrou tou. Oi klassikè mèjodoi pollapl prìsbash sthr�zontai sthn anexarths�a pou prosfèrei e�te o qrìno (TDMA), e�te tof�sma (FDMA), e�te oi teqnikè diaspor� f�smato (CDMA).Mèqri t¸ra h teqnik  OFDM e�qe qrhsimopoihje� kur�w san teqnik  diamìrfwshpou aforoÔse mìno èna qr sth (single user OFDM). Ta sust mata DSL, 802.11a/gakìmh kai ne¸tere ekdìsei tou WiMAX apoteloÔn parade�gmata aut  th teqnik .Wstìso, teleuta�e ekdìsei tou WiMAQ eis�goun mia nèa filosof�a poluplex�a h opo�aakolouje� thn arq  tou Sq mato 2.6. H teqnik  aut  kale�tai Orthogonal Frequency

Division Multiple Access (OFDMA) kai pro�pojètei thn an�jesh stou qr ste toudiktÔou tìso anex�rthtwn ferìntwn ìso kai qronosqism¸n. Me autìn ton trìpo h di-aforopo�hsh twn qrhst¸n mpore� na pragmatopoie�tai e�te sto qrìno e�te sth suqnìthtae�te kai sta dÔo, parèqonta perissìterou bajmoÔ eleujer�a ston RRM algìrijmo toudiktÔou. ApodeiknÔetai de sto [6℄ ìti h teqnik  OFDMA apotele� th bèltisth epilog gia thn poluplex�a qrhst¸n se èna d�ktuo pollapl¸n ferìntwn.

Sq ma 2.6: H teqnik  prìsbash OFDMA.



2.2 Eisagwg  sthn teqnik  pollapl  prìsbash OFDMA 39'Opw fa�netai kai apì to Sq ma 2.6, dunhtik� o k�je qr sth mpore� na desmeÔseiopoiod pote arijmì sumbìlwn   ferìntwn en¸ epiplèon parèqetai h dunatìthta diafore-tik¸n diamorf¸sewn kai rujm¸n kwdikopo�hsh gia kajèna apì ta fèronta/kan�lia. 'Etsito sÔsthma OFDMA d�nei th dunatìthta gia diaforetikè uphres�e, tìso se sqèsh meton prosferìmeno rujmì ìso kai me thn problepìmenh poiìthta (Quality of Service - QoS).
Link AdaptationSugkekrimèna, h teqnik  OFDMA pro�pojètei th dhmiourg�a par�llhlwn, anex�rthtwn,metaxÔ tou kanali¸n sto qrìno kai th suqnìthta, gegonì pou epitrèpei sto sÔsth-ma na efarmìzei prosarmostikoÔ algìrijmou apìdosh pìrwn, belti¸nonta tìso thqwrhtikìthta tou sust mato ìso kai thn axiopo�hsh twn �diwn tou twn pìrwn. Basik arq  th prosarmostik  apìdosh pìrwn e�nai h ekmet�lleush twn �diwn twn gnwrism�-twn tou asÔrmatou kanalioÔ. Oi eggene� idiìthte tou asÔrmatou kanalioÔ pou sqet�-zontai me ti qronikè metabolè, ti diale�yei, th qwrik  anexarths�a twn qrhst¸n, thnkinhtikìthta tou qr sth k.�. axiopoioÔntai mèsw th diadikas�a tou Link Adaptation

(LA) [7℄. Me ton ìro link adaptation or�zetai o kajorismì twn paramètrwn tou s matokai tou prwtokìllou sÔmfwna me to radiokan�li. Sun jw h diadikas�a tou link adap-

tation problèpei thn epilog  tÔpou diamìrfwsh kai rujmoÔ kwdikopo�hsh (Adaptive

Modulation and Coding - AMC). Wstìso, mpore� na kajor�zontai kai �lloi par�metroitou fusikoÔ str¸mato ìpw h ekpempìmenh isqÔ kai h teqnolog�a kera�a. H diadika-s�a tou link adaptation epanalamb�netai ìso suqn� to apaite� to asÔrmato kan�li kaito epitrèpoun oi dunatìthte tou sust mato. Ep� parade�gmato sta pla�sia tou sust -mato UMTS h diadikas�a mpore� na epanalamb�netai k�je 2ms.
Multiuser DiversitySthn per�ptwsh sust mato enì qr sth (Single User scenario) me par�llhla Gausskan�lia (e�te sto qrìno, e�te sto f�sma, e�te sto q¸ro), o bèltisto algìrijmo apì-dosh ekpempìmenh isqÔo sta kan�lia aut�, ¸ste na megistopoie�tai h qwrhtikìthtatou sust mato, e�nai o algìrijmo water-filling [8℄. Se sust mata me polloÔ qr -ste (Multi User scenario), lìgw twn kanali¸n (anex�rthtwn) pou �blèpoun� oi qr steprokÔptei èna e�do diaforismoÔ pou kale�tai diaforismì pollapl¸n qrhst¸n (multiuser
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diversity) kai mpore� na axiopoihje� apì to sÔsthma gia na prosfèrei kèrdo sthn epidos tou. Thn idiìthta tou multiuser diversity ekmetalleÔontai kat� b�sh oi RRM algìrijmoith bibliograf�a pou asqoloÔntai me thn OFDMA teqnik . H basik  tou arq  sthr�zetaisto profanè sumpèrasma ìti ìtan gia èna qr sth èna kan�li br�sketai se di�leiyh, to�dio kan�li mpore� na e�nai apolÔtw axiopoi simo gia k�poion �llo qr sth. Sto kef�laio3 pragmatopoie�tai mia susthmatik  par�jesh ereunhtik¸n dhmosieÔsewn ston tomèa twn
RRM algor�jmwn gia OFDMA sust mata.2.2.1 Scalable OFDMAH teqnik  scalable OFDMA (S-OFDMA) eis qjhke prìsfata sta pla�sia tou pro-tÔpou 802.16e kai tou prwtokìllou Mobile Wimax. Skopì aut  th teqnik  e�nai hsummìrfwsh kai dialeitourgikìthta tou WiMAX me ta  dh leitourgoÔnta prwtìkollapagkosm�w. To S-OFDMA uposthr�zei diaforetik� eÔrh z¸nh gia to �dio to sÔsthma¸ste na mpore� na ikanopoie� poik�le apait sei kai na mpore� na efarmìzetai akìmh kaise peript¸sei periorismènou   dÔskola diaqeirizìmenou f�smato. An kai uposthr�zeidiaforetik� eÔrh z¸nh, wstìso to S-OFDMA diathre� stajer  thn apìstash metaxÔtwn ferìntwn kai �ra kai to qrìno sumbìlou. Autì to petuqa�nei me to na uposthr�zeidiaforetik� megèjh gia ton FFT an�loga me to eÔro z¸nh pou diat�jetai. Sunep¸,apì th stigm  pou h di�rkeia sumbìlou kai to eÔro tou k�je fèronto e�nai stajer�kai den ephre�zontai apì to eÔro tou sust mato, ta an¸tera str¸mata mènoun sqedìnanephrèasta epitrèponta thn anex�rthth kai oloklhrwmènh an�ptux  tou. Ston p�naka2.1 emfan�zontai ta eÔrh z¸nh kai ta ant�stoiqa megèjh gia ton FFT pou uposthr�zontaiapì to 802.16e.P�naka 2.1: Oi par�metroi tou S-OFDMA sto 802.16e.

Bandwidth (MHz) 1.25 5 10 20
FFT 128 512 1024 2048
Subcarrier Spacing 10.94KHz
TOFDM 91msec



Kef�laio 3
Teqnikè RRM gia sust mata
OFDMA

H efarmog  th OFDM teqnik  se sust mata poll¸n qrhst¸n èqei xekin sei sthbibliograf�a apì ti arqè ti dekaet�a tou 1990 kai suneq�zetai mèqri s mera. Arqik�qrhsimopoi jhke se sunduasmì me mia  dh gnwst  teqnik  pollapl  prìsbash ìpw h
FDMA  /kai h TDMA [9℄. Se autì to st�dio ìmw oi algìrijmoi pou anaptÔqjhkan denqrhsimopoioÔsan th gn¸sh tou kanalioÔ kai perior�zontan apokleistik� e�te sthn pl rhapofug  th parembol  e�te sthn tuqa�a emf�nis  th. To epìmeno b ma  tan h anagwg tou probl mato diaqe�rish asÔrmatwn pìrwn se èna amigè prìblhma beltistopo�hshìpou h gn¸sh tou kanalioÔ (merik    olik ) ja  tan apara�thth.To parìn kef�laio afier¸netai sqedìn apokleistik� sti amige� teqnikè OFDMAkai m�lista sto uposÔnolo aut¸n twn teqnik¸n ìpou o qr sth k�nei apokleistik  qr shtou fèronto tou sust mato. Parousi�zontai RRM algìrijmoi pou sthr�zontai tìsose aplè teqnikè (randomized, coordinated techniques), ìso kai algìrijmoi pou lÔnounèna sugkekrimèno prìblhma beltistopo�hsh. Epiqeire�tai mia leptomer  par�jesh twnteqnik¸n pou apant¸ntai sth diejn  bibliograf�a all� kai mia an�lush twn teqnik¸n pouanaptÔqjhkan sta pla�sia th paroÔsa diatrib .Sugkekrimèna, h par�grafo 3.1 afier¸netai se RRM teqnikè pou ekmetalleÔontai thgn¸sh tou kanalioÔ gia na apod¸soun pìrou stou qr ste. H gn¸sh tou kanalioÔ stonpompì qrhsimopoie�tai gia thn ep�lush dÔo diaforetik¸n problhm�twn beltistopo�hsh,th megistopo�hsh tou rujmoÔ kai th elaqistopo�hsh th isqÔo. Ant�jeta, h par�-41



42 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAgrafo 3.2 afier¸netai sthn an�lush twn teqnik¸n pou ulopoioÔntai me aplè prakti-kè qwr� thn an�gkh gn¸sh tou kanalioÔ. H par�grafo 3.3 analÔei th mèjodo pouakolouj jhke sthn paroÔsa diatrib  gia ton èlegqo th ep�dosh twn OFDMA teqnik¸n.Parajètei apotelèsmata prosomoi¸sewn, sugkr�nei ti koinè taktikè metaxÔ tou all�kai me proteinìmena sq mata. Sthn par�grafo 3.4 epiqeire�tai sÔntomh an�lush tou baj-moÔ poluplokìthta twn teqnik¸n pou exet�sthkan kur�w anaforik� me thn apaitoÔmenhplhrofor�a an�drash pou pro�pojètoun. To kef�laio kle�nei me ta sumper�smata thparagr�fou 3.5.3.1 Teqnikè RRM me CSISthn par�grafo aut  ja parousiasjoÔn teqnikè RRM pou apaitoÔn gn¸sh toukanalioÔ (Channel State Information - CSI) sthn pleur� tou pompoÔ tou sust mato.Sthn pleionìtht� tou oi algìrijmoi auto�, èqoun prokÔyei w lÔsei se probl matabeltistopo�hsh. Gia megalÔterh saf neia kai eukol�a sthn katanìhsh oi algìrijmoi o-madopoioÔntai se dÔo kathgor�e. H pr¸th kathgor�a afor� se teqnikè pou epilÔounto prìblhma el�qisth isqÔo en¸ sth deÔterh kathgor�a sumperilamb�nontai algìrijmoipou epilÔoun to prìblhma mègisth qwrhtikìthta.Prèpei na shmeiwje�, ìti lìgw poluplokìthta twn algor�jmwn aut  th kathgor�a,h efarmog  tou afor� sun jw ston pompì th k�tw zeÔxh kai �ra to stajmì b�sh.Tèlo, h pleionìthta twn algor�jmwn th bibliograf�a pou perigr�fontai afor� sÔsthmamonadik  kuyèlh me N fèronta kai me K qr ste, sunep¸ de lamb�netai upìyin toprìblhma th omodiaulik  parembol .3.1.1 Ep�lush tou probl mato el�qisth isqÔoTo prìblhma el�qisth isqÔo ja mporoÔse aploðk� na diatupwje� w h eÔresh thkat�llhlh katanom  kanali¸n (ferìntwn) stou qr ste  /kai tou kat�llhlou epipèdoudiamìrfwsh (bit loading) gia to k�je apodojèn kan�li ètsi ¸ste na elaqistopoie�tai hekpempìmenh isqÔ.H pr¸th prosp�jeia na epiluje� to prìblhma el�qisth isqÔo me to sunduasmì thprosarmostik  diamìrfwsh (adaptive modulation) kai th prosarmostik  katanom 



3.1 Teqnikè RRM me CSI 43kanali¸n/ferìntwn (adaptive carrier allocation) ègine apì thn om�da tou Wong sto [10℄.Skopì th sugkekrimènh ergas�a  tan h elaqistopo�hsh th sunolik  ekpempìmenhisqÔo sundu�zonta thn kat�llhlh katanom  kanali¸n stou qr ste kai to kat�llhlo
bit loading gia to k�je fèron.Pio sugkekrimèna, jewre�tai èna monokuyelwtì OFDM sÔsthma me N fèronta kai Kqr ste, ìpou o k�je qr sth k zht� apì to sÔsthma rujmì Rk bps. Me ck,n sumbol�zetaito bit loading to n-ostoÔ fèronto pou èqei apodoje� ston k qr sth. To bit loadingèqei se k�je per�ptwsh akèraih tim  opìte to ck,n ∈ D me D = {0, 1, 2, ...,M} ìpou Me�nai o mègisto arijmì bits plhrofor�a pou mporoÔn na metadojoÔn apì èna fèron tousust mato. Sunep¸, to prìblhma jewrhtik� apod�detai apì thn (3.1).

PT = min
ck,n∈D

n=N
∑

n=1

k=K
∑

k=1

fk(ck,n)

Gk,n
(3.1)Oi periorismo� de tou probl mato perigr�fontai apì ti (3.2) kai (3.3).

Rk =

N
∑

n=1

ck,n,∀k ∈ {1, 2, ..,K} (3.2)
∀n ∈ {1, .., N}, if ck′,n 6= 0 then ck,n = 0∀k 6= k′ (3.3)Sthn (3.1) Gk,n e�nai to kèrdo tou kanalioÔ gia ton qr sth k sto n-ostì fèron kai

fk(ck,n) e�nai h el�qisth tim  lambanìmenh isqÔo pou apaite�tai ¸ste o k qr sth na apo-diamorf¸sei swst� to ekpempìmeno sÔmbolo. H sun�rthsh f(·) pou ousiastik� apod�deithn el�qisth apaitoÔmenh isqÔ sto dèkth melet�tai xeqwrist� sthn par�grafo 3.1.3.H (3.1) apotele� èna diakritì prìblhma beltistopo�hsh (combinatorial optimization

problem) kai se aut  th morf  epilÔetai exairetik� dÔskola. Gia autì to lìgo oi sug-grafe� tou [10℄ epèlexan na lÔsoun to �dio prìblhma all� me thn elaqistopo�hsh nadokim�zetai se èna �q¸ro� upersÔnolo tou prohgoÔmenou. Sugkekrimèna, to prìblhmaepilÔetai me thn je¸rhsh ìti to ck,n ∈ [0,M ] lamb�nonta me autìn ton trìpo kai mhakèraie timè, en¸ jewre�tai kai h dunatìthta koin  qr sh enì fèronto apì peris-sìterou tou enì qr ste. 'Etsi, eis qjhke h par�metro ρk,n ∈ [0, 1] h opo�a ekfr�zeito posostì tou n-ostoÔ fèronto pou qrhsimopoie�tai apì ton k qr sth. An kai me aut th je¸rhsh to prìblhma epilÔetai kanonik� me ti klassikè mejìdou beltistopo�hsh



44 Kef�laio 3. Teqnikè RRM gia sust mata OFDMA[11℄, wstìso to apotèlesma apotele� èna jewrhtikì k�tw ìrio th epijumht  tim .H lÔsh tou aplopoihmènou probl mato odhge� ston kajorismì twn kat�llhlwn tim¸n
ρk,n. Wstìso paramènoun �luta dÔo probl mata, pr¸ton oi timè twn ρk,n ∈ [0, 1] pou jew-roÔn mh apokleistik  qr sh twn kanali¸n apì tou qr ste kai deÔteron h sunj kh th(3.2) pou mpore� na mhn ikanopoie�tai. To pr¸to prìblhma epilÔetai jewr¸nta ρk′,n = 1ìpou k′ = argmaxk ρk,n kai ρk,n = 0 gia k 6= k′. To deÔtero prìblhma epilÔetai jew-r¸nta to arqikì prìblhma beltistopo�hsh twn (3.1)-(3.3) gia èna qr sth (K = 1). Otrìpo ep�lush tou teleuta�ou probl mato e�nai exantlhtikì (greedy approach). Su-gkekrimèna, se k�je b ma tou algor�jmou aux�netai kat� 1 o arijmì twn bits pou metad�-dontai se ìla ta fèronta tou sust mato kai epilègetai autì pou prokale� th mikrìterhaÔxhsh sth sunolik  ekpempìmenh isqÔ. O algìrijmo autì apant�tai polÔ suqn� kaianalÔetai ektenèstera sthn par�grafo 3.1.4 ìpou perigr�fetai o trìpo ulopo�hsh tousta pla�sia th paroÔsa diatrib .'Ena pl jo apì ereunhtikè ergas�e sthr�qjhkan se aut  thn ergas�a me endi-afèronta apotelèsmata. H om�da tou Liu asqol jhke me to �dio prìblhma all� toprosèggise me mia diadikas�a 2 bhm�twn, aplopoi¸nta kat� polÔ thn ep�lus  tou. HlÔsh tou profan¸ den e�nai bèltisth all� sugkr�nont� thn me ta apotelèsmata tou
Wong sto [10℄ den emfan�zei meg�le apokl�sei. H ergas�a aut  parousi�sthke arqik�sto [12℄ en¸ se ektetamènh morf  me perissìtera apotelèsmata apant�tai sto [13℄.O proteinìmeno algìrijmo ep�lush tou probl mato apotele�tai apì 2 b mata. Sto1o b ma epilègetai o kat�llhlo arijmì kanali¸n kai h isqÔ pou ja prèpei na apodo-je� ston k�je qr sth en¸ sto 2o b ma epilègontai ta sugkekrimèna kan�lia pou ja ex-uphret soun telik� ton k�je qr sth. 'Opw kai prohgoumènw, o k�je qr sth k aite�kat' el�qisto mia sugkekrimènh uphres�a (Rk) en¸ h sunolik  ekpempìmenh isqÔ tou jae�nai pk = mk

fk(Rk/mk)
Gk

. Sthn teleuta�a sqèsh mk e�nai o zhtoÔmeno arijmì ferìntwngia ton qr sth k ìpw ja èqei upologisje� sto tèlo tou 1ou b mato, en¸ f e�nai hsun�rthsh pou d�nei thn apaitoÔmenh isqÔ an�loga me to bit loading. Gk e�nai to mèsokèrdo kanalioÔ tou qr sth k pou lamb�netai p�nw sta N fèronta tou sust mato. Obèltisto trìpo na luje� to 1o b ma e�nai h greedy teqnik  ìpou o qr sth pou prokale�th megalÔterh me�wsh isqÔo aux�nei ton arijmì twn ferìntwn pou tou èqei anateje�. Otrìpo eÔresh tou arijmoÔ ferìntwn mk b�sei th greedy teqnik  perigr�fetai ston



3.1 Teqnikè RRM me CSI 45Algìrijmo 3.1. Dedomènou ìti plèon èqoun kajorisje� tìso o arijmì twn ferìntwn an�Algìrijmo 3.1 Kajorismì twn mk - BABS approach

mk ← ⌈ Rk

Rmax
⌉, k = 1, ..., K

while
∑K=0

k=0 mk > N do

k∗ ← argmaxk mk,

mk∗ ← 0

end (while)

while
∑K=0

k=0 mk < N do

∆Pk ← mk+1
Gk

f( Rk

mk+1
)− mk

Gk
f( Rk

mk
), k = 1, ...K

l ← arg mink ∆Pk

ml ← ml + 1

end (while)qr sth ìso kai ta ep�peda isqÔo, sto epìmeno b ma prèpei na orisjoÔn ta sugkekrimènafèronta pou ja anatejoÔn stou qr ste. Oi suggrafe� prote�noun dÔo mejìdou. Hpr¸th mèjodo apl� anajètei to k�je fèron ston qr sth pou parousi�zei to kalÔterokèrdo kanalioÔ gia autì to fèron. O Algìrijmo 3.2 apod�dei ton yeudok¸dika gia aut th mèjodo.Algìrijmo 3.2 Apìdosh ferìntwn b�sei tou kèrdou kanalioÔ
Ck ← {} ∀k ∈ 1, ..K

for n = 1, .., N do

k∗ ←argmaxk |Gk(n)|2

while #Ck∗ = mk∗ do

|Gk∗(n)| ← 0

k∗ ← argmaxk |Gk(n)|2

end(while)

Ck∗ ← Ck∗ ∪ n

end(for)H deÔterh proteinìmenh mèjodo qrhsimopoie� p�li ta apotelèsmata tou algor�jmou3.1, all� t¸ra prospaje� me kajorismèno ton arijmì twn kanali¸n kai th sunolik  isqÔ



46 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAna megistopoi sei to sunolikì rujmì tou sust mato sÔmfwna me thn (3.4).
max

ρk(n)∈0,1

K
∑

k=1

N
∑

n=1

r∗k(n)ρk(n) (3.4)O suntelest  ρk(n) pa�rnei timè 1   0 de�qnonta thn qr sh   mh tou n-ostoÔfèronto apì ton qr sth k. H sunolik  isqÔ tou qr sth k pou èqei prokÔyei met�ton algìrijmo 3.1 e�nai mk

Gk
f( Rk

mk
) kai qrhsimopoie�tai ston Algìrijmo 3.3 gia thn ek-t�mhsh tou rujmoÔ met�dosh tou k qr sth sto n-ostì fèron. Sugkekrimèna, rk(n) =

f−1(mk

Gk
f( Rk

mk
)|Gk(n)|2) e�nai o ektimoÔmeno rujmì met�dosh b�sei tou opo�ou g�netaih arqik  katanom  kanali¸n stou qr ste (greedy teqnik ). O algìrijmo 3.3 apl�afaire� èna kan�li apì ton qr sth pou tou èqoun apodoje� perissìtera apì mk kai toparaqwre� sto qr sth pou to èqei perissìterh an�gkh, dhlad  sto qr sth me to mikrìteroektim¸meno rujmì met�dosh.O algìrijmo 3.3 e�nai ligìtero proseggistikì apì ìti o 3.2 all� s�goura e�nai piopolÔploko kai apaite� megalÔterh upologistik  dÔnamh. Sta apotelèsmata pou parousi�-zoun oi suggrafe� sto [13℄ o algìrijmo 3.3 prosegg�zei th bèltisth lÔsh pou d�detaisto [10℄ me mikr  sqetik� apìklish kai me ligìtere pr�xei se sqèsh me aut .Tèlo prèpei na anaferje� h doulei� twn Pietrzyk kai Janssen sta [14℄ kai [15℄ ìpouparousi�zoun ènan algìrijmo ekq¸rhsh pìrwn se èna kuyelwtì d�ktuo kai ìqi se miakuyèlh ìpw proèblepan oi prohgoÔmene ergas�e. O algìrijmo pou parousi�zetai seaut  thn ergas�a èqei sthriqte� sto megalÔtero mèro tou sta [12℄ kai [13℄. Oi suggrafe�proq¸rhsan sti kat�llhle tropopoi sei ¸ste na sumperilhfje� h parembol  apì tiomodiaulikè kuyèle dedomènou ìti prìkeitai gia èna polukuyelwtì sÔsthma, ètsi tosÔsthma kai ed¸ akolouje� ton kanìna th el�qisth katan�lwsh isqÔo. Sthn ergas�aaut  h diadikas�a eisìdou enì qr sth sto sÔsthma kai h telik  apodoq  tou se autìdiaire�tai se tr�a b mata.Sto 1o b ma o nèo qr sth epilègei ton kat�llhlo stajmì b�sh pou ja ton ex-uphret sei, en¸ diathre�tai kai mia l�sta me tou epikratèsterou stajmoÔ b�sh seper�ptwsh pou o arqikì apotÔqei sthn ikanopo�hsh twn apait sewn tou nèou qr sth.Sto 2o b ma to sÔsthma apod�dei kan�lia sto nèo qr sth. Dedomènou ìti o stajmìb�sh jewre�tai ìti èqei pl rh gn¸sh tou kanalioÔ ìlwn twn qrhst¸n, h kalÔterh dunat 



3.1 Teqnikè RRM me CSI 47Algìrijmo 3.3 Apìdosh ferìntwn stou qr ste me krit rio to rujmì met�-dosh.
Ck ← {} ∀k ∈ 1, ..K

for n = 1, .., N do

k∗ ←argmaxk rk(n)

Ck∗ ← Ck∗ ∪ n

end (for)

for each k : #Ck > mk do

while#Ck < mk do

l∗ ← argmin
l:#Cl<mk

min
1≤n≤N

rl(n)− rk(n)

n∗ ← argmin
1≤n≤N

rl∗(n)− rk(n)

Ck ← Ck \ n∗, Cl∗ ← Cl∗ ∪ n∗

end (while)

end (for)ekmet�lleush th plhrofor�a aut  epitugq�netai ìtan me thn �fixh k�je nèou qr sthta kan�lia th kuyèlh tou epanekqwroÔntai stou qr ste th. Me ton trìpo autì tosÔsthma ekmetalleÔetai to kèrdo lìgw multiuser diversity. 'Etsi, sto st�dio autì takan�lia th kuyèlh tou nèou qr sth epanekqwroÔntai sto sÔnolo twn qrhst¸n th. Sto3o kai teleuta�o b ma to sÔsthma apod�dei isqÔ stou qr ste th kuyèlh tou nèou qr -sth pragmatopoi¸nta tautìqrona prosarmostik  diamìrfwsh kai èlegqo isqÔo (power

control). Mia kai o k�je qr sth aite� mia sugkekrimènh uphres�a (bit rate - SER), giana egguhje� to sÔsthma ìti h e�sodo tou nèou qr sth de ja qeirotereÔsei ta kan�liatwn upolo�pwn omodiaulik¸n qrhst¸n tou sust mato, sto 3o st�dio pragmatopoie�taikai èlegqo isqÔo se ìlou tou omodiaulikoÔ stajmoÔ b�sh.Sta pla�sia th diatrib  prosomoi¸jhke èna OFDMA d�ktuo pou akolouje� tibasikè arqè aut  th paragr�fou. Akolouje� th diadikas�a apodoq  qr sth tri¸nstad�wn, efarmìzei prosarmostik  diamìrfwsh ètsi ¸ste na elaqistopoie�tai h sunolik isqÔ ekpomp  k�tw zeÔxh, en¸ qrhsimopoie� èlegqo isqÔo gia na egguhje� thn uphres�apou aitoÔn oi qr ste. H platfìrma pou proèkuye sÔmfwna me autè ti upojèsei qrhsi-mopoi jhke w b�sh gia ton èlegqo diaforetik¸n teqnik¸n apìdosh kanali¸n kaj¸ kai



48 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAteqnik¸n stoiqeiokera�a sta pla�sia susthm�twn OFDMA.3.1.2 Ep�lush tou probl mato mègistou rujmoÔ met�-doshTo prìblhma, ìpw kai sthn prohgoÔmenh enìthta, paramènei h eÔresh tou kat�llhloutrìpou ekq¸rhsh asÔrmatwn pìrwn stou qr ste enì OFDMA sust mato. Wstìsoto krit rio se aut  thn per�ptwsh e�nai h megistopo�hsh tou rujmoÔ met�dosh th k�twzeÔxh. To prìblhma beltistopo�hsh, qrhsimopoi¸nta tou sumbolismoÔ th prohgoÔ-menh paragr�fou, perigr�fetai apì thn (3.5)
R =

B

N
max
pk,n

n=N
∑

n=1

k=K
∑

k=1

ck,n (3.5)Oi periorismo� de gia autì to prìblhma apod�dontai apì ti (3.6) - (3.8).
n=N
∑

n=1

k=K
∑

k=1

pk,n = Ptotal ≤ Pmax (3.6)
pk,n ≥ 0,∀ n, k (3.7)

∀n ∈ {1, .., N}, if ck′,n 6= 0 then ck,n = 0 ∀k 6= k′ (3.8)Arqik� oi suggrafe� sto [16℄ prosp�jhsan na epilÔsoun èna paremferè me autì th(3.5) prìblhma beltistopo�hsh, qrhsimopoi¸nta analutikì tÔpo gia th qwrhtikìthta toukanalioÔ ìpw autì apod�detai apì thn fìrmoula tou Shannon [17℄. Sugkekrimèna, toprìblhma pou prosp�jhsan na lÔsoun oi Rhee kai Cioffi sto [16℄ me qr sh th fìrmoulatou Shannon apod�detai sthn (3.9).
max
pk,n

min
k

N
∑

n=1

ρk,nB

N
log2(1 +

pk,n|Gk,n|2

N0
ρk,nB

n

) (3.9)Par�llhla me ton periorismì th (3.6), isqÔoun akìmh oi periorismo� twn (3.10) kai(3.11).
K
∑

k=1

ρk,n ≤ 1∀n ∈ 1, .., N (3.10)
∀n ∈ {1, .., N}, ρk,n ≥ 0 (3.11)



3.1 Teqnikè RRM me CSI 49Sthn (3.9) ρk,n e�nai o suntelest  pou e�qe qrhsimopoihje� kai sthn prohgoÔmenhpar�grafo kai apod�dei to bajmì qrhsimopo�hsh tou kanalioÔ n apì to qr sth k. Ax�zeina shmeiwje� ìti ed¸ epiqeire�tai h megistopo�hsh tou rujmoÔ met�dosh tou qr sth methn mikrìterh metroÔmenh qwrhtikìthta (klassikì prìblhma maxmin).An kai oi suggrafe� sto [16℄ br�skoun thn bèltisth lÔsh, prote�noun mia lÔsh merik¸bèltisth (suboptimal) thn opo�a m�lista sugkr�noun me th bèltisth kai katal goun semikr  apìklish th t�xh tou 2%. Sth lÔsh pou prote�noun jewroÔn ìti h mègisth isqÔisokatanèmetai sta N kan�lia tou sust mato. Ston Algìrijmo 3.4 parat�jetai h pro-teinìmenh suboptimal lÔsh. Shmei¸netai ìti ston Algìrijmo 3.4 me C(Gk,n) sumbol�zetaih sun�rthsh qwrhtikìthta tou Shannon pou ousiastik� apod�dei th jewrhtik  tim  tourujmoÔ met�dosh tou qr sth k sto kan�li n kai d�detai apì thn (3.12).
Gk,n =

B

N
log2(1 +

Pmax

N |Gk,n|2
N0

B
N

) (3.12)Algìrijmo 3.4 Suboptimal lÔsh sto prìblhma megistopo�hsh tou rujmoÔmet�dosh
Rk ← 0 ∀k ∈ 1, .., K

A = {1, 2, ..., N}
for k = 1, .., K do

n∗ ← argmaxn Gk,n

Rk ← C(Gk,n∗), A← A \ {n∗}
end(for)

while A 6= ∅ do

k∗ ← argmink Rk

n∗ ← argmaxn∈A

Rk∗ ← Rk∗ + C(Gk∗,n∗), A← A \ {n∗}
end(while)Ant�jeta me th doulei� sto [16℄, oi suggrafe� sto [18℄ epiqe�rhsan mia genik  lÔshsto arqikì prìblhma beltistopo�hsh tou sunolikoÔ rujmoÔ met�dosh tou sust mato
OFDM. Sugkekrimèna, se aut  thn ergas�a melet�tai to prìblhma megistopo�hsh th



50 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAqwrhtikìthta me th dunatìthta ìmw to k�je kan�li tou sust mato na mpore� na moir�ze-tai metaxÔ twn qrhst¸n tou sust mato. Se aut n thn per�ptwsh ja prèpei na lhfjoÔnupìyin kai oi parembolè metaxÔ twn qrhst¸n pou moir�zontai to �dio kan�li. 'Etsi tolambanìmeno s ma apì ton qr sth k sto kan�li n br�sketai apì thn (3.13) ìpou fa�netaikajar� o suntelest  pou prokale�tai apì ti jewroÔmene parembolè.
zk,n = bk,n

√
pk, nαk,n +

K
∑

j=1,j 6=k

bj,n
√

pj,nαk,m + ηn (3.13)Gia meg�lo arijmì qrhst¸n, o ìro twn parembol¸n sthn (3.13) mpore� na jewrhje� wjìrubo Gauss sÔmfwna me to kentrikì oriakì je¸rhma [19℄. H teqnik  aut  apant�taisuqn� sth bibliograf�a kai aplopoie� exairetik� tou upologismoÔ, wstìso den epilègetaigia tou skopoÔ th paroÔsa diatrib .O proteinìmeno algìrijmo sto [18℄ apotele�tai apì dÔo st�dia. Sto 1o st�dio ka-jor�zetai èna sÔnolo qrhst¸n pou ja mporoÔn na qrhsimopoi soun to k�je kan�li kai sto2o st�dio kajor�zontai ta ep�peda isqÔo gia to k�je kan�li ètsi ¸ste na megistopoie�taio sunolikì rujmì met�dosh.Pio analutik�, sto 1o st�dio epilègontai oi qr ste pou ja prèpei na metad¸soun stok�je kan�li ètsi ¸ste na megistopoie�tai o rujmì met�dosh se autì. Oi suggrafe�apodeiknÔoun ìti h kalÔterh strathgik  gia th megistopo�hsh th qwrhtikìthta touk�je kanalioÔ se èna perib�llon poll¸n qrhst¸n, e�nai h apokleistik  qr sh tou k�jekanalioÔ apì ton qr sth pou parousi�zei to megalÔtero kèrdo se autì. Sunep¸, hapokleistik  qr sh twn kanali¸n, pou se �lle ergas�e e�qe apl� qrhsimopoihje� w miaeÔkolh praktik , ed¸ apodeiknÔetai na e�nai kai h bèltisth gia èna tètoio prìblhma. Tobasikì meionèkthma wstìso aut  th praktik  e�nai ìti oi qr ste pou den èqoun kanènakalì kan�li, sto tèlo tou algor�jmou de ja tou apodojoÔn kajìlou kan�lia kai de jametad¸soun.Sto 2o st�dio g�netai o kajorismì tou epipèdou isqÔo gia ton k�je qr sth. De-domènou ìti h katanom  kanali¸n stou qr ste pragmatopoi jhke me ton trìpo thprohgoÔmenh paragr�fou, to sÔsthma pollapl¸n qrhst¸n OFDM (multiuser OFDM)mpore� na anaqje� se èna aplì sÔsthma OFDM enì qr sth (single user OFDM). H mè-jodo katanom  isqÔo sta fèronta tou sust mato se mia tètoia per�ptwsh akolouje�



3.1 Teqnikè RRM me CSI 51ton kanìna water-filling [20℄. O algìrijmo autì apod�dei perissìterh isqÔ se kan�liapou parousi�zoun kalÔtero kèrdo kai ligìterh isqÔ se aut� pou parousi�zoun qeirìterhpoiìthta. Me autìn ton trìpo ektì apì multiuser diversity lìgw tou trìpou katanom twn kanali¸n, epitugq�netai kai spectral diversity mèsw th apìdosh isqÔo.Lìgw auxhmènh poluplokìthta tou water-filling algìrijmou, oi suggrafe� dokim�-zoun kai thn isokatanom  isqÔo sta kan�lia tou sust mato. Ta arijmhtik� apotelè-smata pou d�noun den de�qnoun meg�lh apìklish an�mesa sti dÔo mejìdou. Shmei¸netaiìti sthn per�ptwsh isokatanom  isqÔo to sÔsthma den ekmetalleÔetai to diaforismìf�smato (spectral diversity) ìpw sunèbaine me th qr sh th water-filling praktik .Tèlo, se aut  thn kathgor�a an kei kai h ergas�a sto [21℄ ìpou oi suggrafe� ou-siastik� jewroÔn to prìblhma megistopo�hsh th qwrhtikìthta tou diktÔou upì tonperiorismì ìmw th ikanopo�hsh twn el�qistwn apait sewn twn qrhst¸n. O trìpoapìdosh kanali¸n stou qr ste jewre�tai gnwstì kai to endiafèron esti�zetai stonèlegqo isqÔo kai sthn prosarmostik  diamìrfwsh.Sto 1o st�dio th proteinìmenh teqnik  epilÔetai o algìrijmo maxmin gia to SNRtwn qrhst¸n me �gnwsto thn isqÔ tou k�je qr sth sto k�je kan�li kai periorismì thnep�teuxh mia el�qisth tim  qwrhtikìthta gia to k�je kan�li pou èqei apodoje�. Sto 2ost�dio epilègetai to kat�llhlo ep�pedo diamìrfwsh ètsi ¸ste, pr¸ton na megistopoie�taih rujmoapìdosh tou diktÔou kai deÔteron to SER gia ìla ta kan�lia tou k�je qr sth namhn xepern�ei mia mègisth epitrept  tim .Se aut  thn kathgor�a ax�zei na anaferje� ep�sh h doulei� twn Li kai Liu sto [22℄.Oi suggrafe� jewroÔn èna polukuyelwtì sÔsthma sto opo�o ìmw diaforopoioÔn kaior�zoun kat�llhla tou rìlou tou stajmoÔ b�sh kai tou RNC (Radio Network Con-

troller). Se èna polukuyelwtì d�ktuo o RNC lamb�nei apof�sei uyhlìterou epipèdouapì autè tou stajmoÔ b�sh dedomènou ìti an� p�sa stigm  diajètei sugkentrwtikèplhrofor�e apì ìlou tou stajmoÔ b�sh tou diktÔou. Sunep¸, oi suggrafe� pro-te�noun mia katanemhmènh RRM teqnik , me moirasmène armodiìthte metaxÔ tou BS kaitou RNC.Sto 1o st�dio th proteinìmenh ulopo�hsh o RNC qrhsimopoie� th gn¸sh kanalioÔgia tou qr ste ìlwn twn stajm¸n b�sh gia na apod¸sei kan�lia se ep�pedo staj-m¸n b�sh kai ìqi qrhst¸n. Oi plhrofor�e gia to kan�li twn qrhst¸n, se ep�pedo
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RNC, anane¸nontai se k�je super-frame en¸ se k�je frame anane¸nontai oi plhrofor�etwn stajm¸n b�sh gia to kan�li twn qrhst¸n tou kai gia thn posìthta dedomènwnpou epijumoÔn na metad¸soun (traffic). To prìblhma megistopo�hsh th qwrhtikìthtapou kale�tai na lÔsei o RNC e�nai exairetik� polÔploko kai ètsi oi suggrafe� prote�-noun euristikì greedy algìrijmo gia thn ep�lus  tou. Skopì tou algor�jmou e�nai namegistopoihje� h rujmoapìdosh sunolik� tou diktÔou jewr¸nta san krit rio apìdoshkanalioÔ se èna stajmì b�sh th belt�wsh tou rujmoÔ met�dosh pou ja prokaloÔseaut . Shmei¸netai ìti o algìrijmo tou RNC anajètei kan�lia se ep�pedo qrhst¸n, hplhrofor�a aut  ìmw den mpore� na qrhsimopoihje� autoÔsia ¸ste na apofeuqje� to2o st�dio mia kai k�poio qr sth mpore� na mhn èqei dedomèna pro met�dosh kat� thdi�rkeia k�poiou frame. Sunep¸, to �dio prìblhma megistopo�hsh tou rujmoÔ met�-dosh prèpei na epilÔsoun ìloi oi stajmo� b�sh sthn arq  k�je frame lamb�nonta wdiajèsimo sÔnolo kanali¸n, autì pou tou èqei anateje� sto sugkekrimèno super-frame.Opwsd pote prèpei na anaferje� kai h doulei� twn Zhang kai Letaief sto [23℄ ìpouepiqeiroÔn kai auto� ep�lush tou probl mato megistopo�hsh th qwrhtikìthta diktÔou.H ergas�a tou, ektì apì ton proteinìmeno algìrijmo katanom  kanali¸n, perilamb�neikai dÔo teqnikè prosarmosmènh epilog  kuyèlh (Adaptive Cell Selection). Skopìth ergas�a e�nai na parousiasje� èna algìrijmo ep�lush tou probl mato mègisthqwrhtikìthta pou ìmw ja problèpei pèra apì ti apait sei twn qrhst¸n (Bit Rate,

QoS) kai thn �k�nhsh� pou endèqetai na prokalèsoun.Sugkekrimèna, oi suggrafe� jewroÔn arqik� isokatanom  th isqÔo sta kan�li-a tou sust mato dedomènh th mikr  apìklish pou parousi�zetai metaxÔ th te-qnik  isokatanom  kai th bèltisth katanom  isqÔo ([24℄,[25℄). Gia thn katanom twn kanali¸n stou qr ste prote�noun ènan algìrijmo dÔo bhm�twn o opo�o epilÔeito arqikì prìblhma beltistopo�hsh qwr� periorismoÔ kai se 2o st�dio proqwre� stianagka�e epanekqwr sei kanali¸n ¸ste na ikanopoihjoÔn ìloi oi qr ste. Anamenìmenah qwrhtikìthta met� to pèra tou 2ou stad�ou e�nai mikrìterh apì aut  sto 1o akìmh kaie�n h diadikas�a th epanekq¸rhsh g�netai ètsi ¸ste na mei¸netai el�qista to sunolikì
throughput tou sust mato.H epilog  kuyèlh gia èna qr sth e�nai h diadikas�a me thn opo�a epilègetai o exuph-retht  tou. Sun jw, o pio eÔkolo trìpo gia ton orismì exuphretht¸n e�nai mèsw tou



3.1 Teqnikè RRM me CSI 53epipèdou lambanìmenh isqÔo. O qr sth metr�ei ta ep�peda isqÔo apì ti geitonikètou b�sei kai sundèetai p�nta me aut  pou parousi�zei to dunatìtero s ma. An kai aut h teqnik  e�nai apl  sthn efarmog , up�rqoun peript¸sei pou e�nai entel¸ akat�llhlh.Ep� parade�gmati, mia exairetik� fortwmènh kuyèlh de prèpei na exuphret sei epiplèonqr ste apì �lle kuyèle akìmh kai e�n ta ep�peda isqÔo to epib�lloun. K�ti tètoioprofan¸ ja odhgoÔse se èlleiyh pìrwn sthn  dh uperfortwmènh kuyèlh kai telik� seperissìtere aporr�yei kl sewn.H deÔterh teqnik  pou prote�netai apì tou suggrafe� sto [23℄ gia thn epilog kuyèlh, sundu�zei ti plhrofor�e gia thn isqÔ, to QoS kai to traffic twn qrhst¸n.H teqnik  aut  or�zei ton exuphretht  tou k�je qr sth mèsw tou outage porbability.Koin¸ prospaje� na k�nei thn an�jesh tou qr sth se kuyèlh ètsi ¸ste na elaqistopoie�-tai h pijanìthta outage sunolik� gia thn kuyèlh pou ja ton deqte�. Me thn teqnik  aut exale�fetai h pijanìthta uyhl¸n tim¸n outage probability eidik� sthn per�ptwsh pou hk�nhsh metaxÔ twn kuyel¸n den e�nai omoiìmorfh.Me aut n thn ergas�a oloklhr¸netai h anaskìphsh th ereunhtik  drasthriìthtasqetik� me to prìblhma megistopo�hsh th qwrhtikìthta. Sth sunèqeia parat�jetai han�lush pou akolouje�tai gia ton orismì th sun�rthsh f pou sundèei to bit loading kaithn pijanìthta l�jou sumbìlou Pe, me to SNR sto dèkth. Shmei¸netai ìti h sun�rthsh
f èqei qrhsimopoihje� sto sÔnolo sqedìn twn ergasi¸n pou parousi�sthkan mèqri t¸rakai o trìpo upologismoÔ th akolouj jhke kai sthn paroÔsa diatrib .3.1.3 An�lush me qr sh tou SNR gapSe peript¸sei ìpou den e�nai dunat  h an�lush enì sust mato se ep�pedo zeÔxh¸ste na prokÔyoun exeidikeumène timè gia ton apaitoÔmeno SNR an�loga me thn pros-ferìmenh uphres�a, akolouje�tai mia pio genik  prosèggish pou sthr�zetai sto orismì tou
SNR gap ([26℄, [27℄). Sth sunèqeia perigr�fetai o trìpo orismoÔ tou megèjou autoÔkaj¸ kai h exagwg  tou tÔpou pou qrhsimopoie�tai gia to el�qisto apaitoÔmeno SNR.H an�lush pou akolouje� isqÔei mìno gia ti peript¸sei ìpou to ekpempìmeno s -ma (en prokeimènw fèron) diamorf¸netai me thn tetragwnik  M-QAM diamìrfwsh ìpou
M = 2k me to k na e�nai zugì arijmì. 'Ena s ma diamorfwmèno me tetragwnik  diamìr-fwsh M-QAM e�nai isodÔnamo me dÔo s mata diamorfwmèna me PAM all� se orjog¸nie



54 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAmetaxÔ tou suqnìthte kai me to kajèna na èqei √M = 2k/2. Sugkekrimèna, apì to [17℄br�sketai h pijanìthta lanjasmènou sumbìlou gia thn tetragwnik  M-QAM diamìrfwshpou parousi�zetai ed¸ gia eukol�a:
Pe ≤ 4Q

(
√

3Eav

(M − 1)N0

) (3.14)Sthn (3.14) Eav e�nai h mèsh enèrgeia tou diamorfwmènou subìlou kai �ra Eav

N0
e�nai to

SNR an� sÔmbolo. O arijmì twn bits pou mpore� na metad¸sei o sugkekrimèno tÔpodiamìrfwsh br�sketai me thn ep�lush th (3.14) w pro b ìpou M = 2b.
b = log2

(

1 +
3 · SNR

(Q−1(Pe

4 ))2

) (3.15)Parathre�tai ìti h (3.15) d�nei thn qwrhtikìthta enì kanalioÔ me SNR mikrìtero kat�
1
3(Q−1(Pe

4 ))2 apì autì pou qrei�zetai gia na epiteuqje� h jewrhtik  qwrhtikìthta tou
Shannon (mègisth qwrhtikìthta). Eis�getai sunep¸ èna mègejo pou kale�tai SNR gap  normalized SNR to opo�o de�qnei pìse forè k�tw apì to jewrhtik� mègisto e�naito SNR pou epitugq�netai me to k�je e�do diamìrfwsh. Gia thn per�ptwsh loipìn thtetragwnik  M-QAM to SNR gap (Γ) or�zetai apì thn (3.16).

Γ =
1

3
(Q−1(

Pe

4
))2 (3.16)E�n to s ma èqei uposte� k�poia morf  kwdikopo�hsh me k�poio coding gain (γc) tìteto SNR gap g�netai:

Γ =
1

3γc
(Q−1(

Pe

4
))2 (3.17)opìte h apìklish apì th jewrhtik  tim  mikra�nei.B�sei loipìn th prohgoÔmenh an�lush, ìtan sto sÔsthma e�nai gnwst  h epijumht pijanìthta lanjasmènou sumbìlou (Pe) kai to epijumhtì ep�pedo diamìrfwsh (M), toel�qisto apaitoÔmeno SNR br�sketai apì thn (3.15) se sunduasmì me thn (3.17).

SNR = Γ(2b − 1) (3.18)H teleuta�a ex�swsh qrhsimopoi jhke sti ergas�e pou perigr�fhkan sta prohgoÔ-



3.1 Teqnikè RRM me CSI 55mena kaj¸ kai sta pla�sia th paroÔsa diatrib . Sugkekrimèna h melèth tou parìntokefala�ou pou anaptÔssetai sth sunèqeia all� kai tou kefala�ou 4 qrhsimopoie� thn(3.18) gia ton upologismì tou el�qistou apaitoÔmenou SNR sthn pleur� tou dèkth.3.1.4 Teqnik  prosarmostik  apìdosh kanali¸n meproteraiìthta stou qr ste (adaptive)Se aut  thn enìthta parousi�zetai me perissìtere leptomèreie o algìrijmo tou[15℄ kai o trìpo ulopo�hs  tou sthn paroÔsa diatrib . O sugkekrimèno algìrijmokale�tai sta epìmena adaptive en¸ sta diagr�mmata sumbol�zetai en suntom�a w ‘adapt’.Arqik� o algìrijmo emfan�zetai sth bibliograf�a sta [12℄, [13℄ en¸ h efarmog  tou giapolukuyelwt� sust mata dìjhke sto [15℄.Skopì tou sugkekrimènou RRM algìrijmou e�nai h ikanopo�hsh twn apait sewn twnqrhst¸n kai h diat rhsh th poiìthta uphres�a anex�rthta apì to pl jo twn qrhst¸ntou sust mato me krit rio thn elaqistopo�hsh th apaitoÔmenh isqÔo. To sÔsthmaqrhsimopoie� prosarmostik  diamìrfwsh me M = 2b, b ∈ {0, 2, 4, 6} opìte isqÔei h an�lushth paragr�fou 3.1.3. Sta epìmena me Ru sumbol�zetai o aitoÔmeno rujmì twn qrhst¸nkai me Pe h pijanìthta lanjasmènou sumbìlou.Idia�tero qarakthristikì autoÔ tou algor�jmou e�nai h anadianom  mèro twn pìrwn tousust mato me thn e�sodo k�je nèou qr sth. Sugkekrimèna, h e�sodo k�je nèou qr sthèqei san apotèlesma thn epanekq¸rhsh twn pìrwn th kuyèlh h opo�a ja ton exuphret -sei. Dedomènou ìti h bèltisth je¸rhsh ja  tan h anadianom  twn pìrwn olìklhrou tousust mato me thn e�sodo k�je nèou qr sth, en¸ h qe�risth ja  tan h an�jesh pìrwnapokleistik� sto nèo qr sth, h en lìgw ekdoq  apotele� mia endi�mesh kat�stash. Hproteinìmenh ulopo�hsh qwr�zetai se tr�a b mata.B ma 1oTo 1o b ma e�nai h eÔresh tou kat�llhlou stajmoÔ b�sh - exuphretht  gia to nèoqr sth (u). Jewre�tai d�ktuo me K kuyèle, N fèronta kai U qr ste pou èqoun  dh g�neiapodekto� sto sÔsthma. Sthn paroÔsa efarmog  dhmiourge�tai mia l�sta F twn upoy fiwnkuyel¸n, ìpou oi kuyèle taxinomoÔntai se fj�nousa seir� sÔmfwna me thn poiìthta tou



56 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAkanalioÔ tou qr sth. Sugkekrimèna, upolog�zetai to kanonikopoihmèno kèrdo gia ìla tafèronta tou sust mato gia ton qr sth (u) sÔmfwna me thn (3.19).
Tu,n,k =

Gu,n,k

(Iu,n,k + σ2)Γu,n,k
(3.19)Sthn teleuta�a ex�swsh Gu,n,k e�nai to kèrdo kanalioÔ tou u qr sth apì thn kuyèlh

k gia to n-ostì kan�li, Iu,n,k e�nai h sunolik  parembol  pou dèqetai o u qr sth sto
n-ostì kan�li e�n sundeje� sthn k kuyèlh en¸ Γu,n,k e�nai to SNR gap th (3.16). Sthsunèqeia lamb�netai sÔmfwna me thn (3.20) o mèso ìro tou kèrdou gia thn k�je kuyèlhp�nw sta N fèronta.

Tu,k =
1

N

N
∑

n=1

Tu,n,k (3.20)Taxinom¸nta thn prohgoÔmenh sqèsh apì to megalÔtero pro to mikrìtero, lamb�noumemia l�sta F = argsortkT u,k me ìle ti kuyèle tou diktÔou se seir� an�logh th poiìthtatou s mato pou lamb�nei o nèo qr sth apì k�je mia. Profan¸ h pr¸th kataq¸rhshth l�sta aut , èstw k0, apotele� kai thn kuyèlh tou nèou qr sth.B ma 2oSe autì to st�dio g�netai h epilog  twn kanali¸n pou ja exuphret soun to nèo qr sthen¸ tautìqrona pragmatopoie�tai kai epanekq¸rhsh kanali¸n gia ìlou tou qr ste thkuyèlh k0. 'Estw utemp to sÔnolo me tou qr ste th kuyèlh k◦. To b ma autìepitele�tai se dÔo f�sei.Sth f�sh A epilègetai gia k�je qr sth pou an kei sto utemp o el�qisto arijmìferìntwn pou prèpei na tou apodojoÔn ¸ste na exuphrethje�, en¸ ta upìloipa fèrontatou sust mato dianèmontai me krit rio thn el�qisth isqÔ. Sugkekrimèna, e�n Rutempe�nai oi apait sei twn qrhst¸n tìte o el�qisto arijmì ferìntwn pou prèpei na touanateje� e�nai Smin = ⌈( Rutemp

bmax∆f )⌉. Me bmax sumbol�zetai to mègisto bit loading pou mpore�na uposthr�xei to sÔsthma en¸ ∆f e�nai h apìstash twn ferìntwn. O mègisto arijmìferìntwn pou mpore� na p�rei èna qr sth e�nai Smax = ⌈(Rutemp

bmin∆f )⌉, ìpou bmin e�nai toel�qisto bit loading. Met� thn arqik  an�jesh Smin ferìntwn stou qr ste kai an aut�den xepernoÔn to sunolikì arijmì ferìntwn tou sust mato tìte o algìrijmo apod�deièna epiplèon fèron se autìn ton qr sth pou ja parousi�sei th megalÔterh me�wsh sthn



3.1 Teqnikè RRM me CSI 57Algìrijmo 3.5 Apìdosh ferìntwn stou qr ste th k◦

Stemp
u = 0 ∀u ∈ utemp

A = {1, 2, ..., N}
C

temp
u,n,k0

← 0 ∀u ∈ utemp, ∀n ∈ A

while Stemp
u < Su, ∀u ∈ utemp

for u = 1, ..,utemp do

if Stemp
u < Su

n∗ ← argmax{n∈A} Tu,n,k0

Stemp
u = Stemp

u + 1

Cu,n∗,k0 ← 1

A← A \ n∗

end(if)

end(for)

end(while)apaitoÔmenh isqÔ me th qr sh tou. H sun�rthsh pou qrhsimopoie�tai gia th me�wsh thapaitoÔmenh isqÔ gia ton k�je qr sth apì tou utemp d�netai sthn (3.21).
∆Pu =

su(2
Ru

su∆f − 1)

T u,K◦

− su + 1(2
Ru

(su+1)∆f − 1)

T u,K◦

(3.21)Met� to tèlo th f�sh A o k�je qr sth apì tou utemp èqei l�bei ènan arijmì ferì-ntwn Smin ≤ Su ≤ Smax.H f�sh B tou b mato autoÔ skopì èqei na apod¸sei Su sugkekrimèna fèrontaston k�je qr sth tou sunìlou utemp. H epilog  twn ferìntwn pragmatopoie�tai b�seitou kanonikopoihmènou kèrdou Tu,n,k pou upolog�sthke sto prohgoÔmeno b ma. StonAlgìrijmo 3.5 parat�jetai to komm�ti tou algor�jmou pou pragmatopoie� thn prohgoÔmenhdiadikas�a.To apotèlesma aut  th f�sh e�nai èna duadikì p�naka {0,1}, Ctemp, diast�sewn
|utemp| × N ìpou me mon�da upodeiknÔetai h proswrin  an�jesh tou n-ostoÔ fèrontoston u-ostì qr sth.



58 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAB ma 3oSto b ma autì pragmatopoie�tai h epilog  tou epipèdou diamìrfwsh kaj¸ kai hprosarmog  th ekpempìmenh isqÔo gia k�je èna apì ta fèronta pou èqoun ekqwrhje�stou qr ste tou utemp. Gia k�je qr sth, o algìrijmo prospaje� na aux sei to ep�pedodiamìrfwsh se eke�no to fèron to opo�o ja prokalèsei th mikrìterh aÔxhsh gia th suno-lik� ekpempìmenh isqÔ tou sust mato. Autì fusik� sunep�getai ìti se k�je apìpeiraaÔxhsh tou epipèdou diamìrfwsh enì fèronto n, o algìrijmo br�skei thn apaitoÔ-menh ekpempìmenh isqÔ ìlwn twn omodiaulik¸n tou kuyel¸n ¸ste na mhn epibarÔnontaime parembolè ta kan�lia twn omodiaulik¸n qrhst¸n.To teleuta�o b ma pragmatopoie�tai me thn ep�lush enì grammikoÔ sust mato di-ast�sewn K ′ ×K ′ ìpou oi isqÔe k�tw zeÔxh twn K ′ omodiaulik¸n kuyel¸n apoteloÔntou agn¸stou tou sust mato. To grammikì sÔsthma parat�jetai sthn ex�swsh (3.22).
H(n) · −→P(n) = σ2−→γ (n) (3.22)

H(n) =



















Gu1,n,k1 −γu1,n,k1Gu1,n,k2 · · · −γu1,n,k1Gu1,n,kK′

−γu2,n,k2Gu2,n,k1 Gu2,n,k2 · · · −γu2,n,k2Gu2,n,kK′... ... . . . ...
−γuK′ ,n,kK′GuK′ ,n,k1) −γuK′ ,n,kK′GuK′ ,n,k2) . . . GuK′ ,n,kK′

















(3.23)ìpou −→P(n) = [p1(n) p2(n) · · · pK ′(n)]T to di�nusma agn¸stwn tou sust mato,
−→γ (n) = [γ1(n) γ2(n) · · · γK ′(n)] to di�nusma me ti el�qiste timè twn lìgwn S-

INRmin kai σ2 e�nai h isqÔ jorÔbou sto eÔro tou enì fèronto. O p�naka H(n)d�netai apì th sqèsh (3.23) me ti timè Gu,n,k na d�noun to kèrdo tou kanalioÔ ìpwèqei perigrafe� parap�nw. Ston Algìrijmo 3.6 parat�jentai ta basik� b mata pou prag-matopoie� o algìrijmo se autì to st�dio. K�je for� pou k�poio fèron (n) apokle�etaigia k�poion qr sth u tìte h kat�stash (u, n) kale�tai esfalmènh kat�stash kai exaire�taith diadikas�a. 'Opw fa�netai kai apì ton Algìrijmo 3.6 o nèo qr sth aporr�ptetai1. ìtan h kat�stash gia ìla ta fèronta k�poiou qr sth apì tou utemp e�nai esfal-mènh.2. ìtan h apaitoÔmenh isqÔ gia k�poio stajmì b�sh xeper�sei mia tim  Pmax.



3.1 Teqnikè RRM me CSI 59Algìrijmo 3.6 EÔresh tou epipèdou diamìrfwsh kai th isqÔo
for i = 1 to# utemp

while Rtemp
i ≤ Ri

for n = 1 to # Si

if bi(n) = bmax then

P new
sum(n) = Inf

P old
sum(n) = 0

(i, n)← apokle�etai th diadikas�a
else
−→
P old ← lÔsh th (3.22) gia bi(n)

btemp
i (n)← epìmeno ep�pedo diamìrfwsh
−→
Pnew ← lÔsh th (3.22) gia b(n)

if anyPnew < 0

(i, n)← false

P new
sum(n) = Inf

P old
sum(n) = 0

else

P new
sum(n) =

∑

k P new
k

P old
sum(n) =

∑

k P old
k

end

end (if)

end (for)

if all(nǫ{1,#Si})falseo nèo qr sth aporr�ptetai;break while; break for

else

n← argn min(P new
sum(n)− P old

sum(n))

if Pk(n) > Pmax gia k�poio ko nèo qr sth aporr�ptetai;break while; break for

else

bi(n) = btemp
i (n)

Pk(n) = P new
k (n) gia ìle ti kuyèle (k) pou qrhsimopoioÔn to n

end

end

end (while)

end (for)



60 Kef�laio 3. Teqnikè RRM gia sust mata OFDMA3.2 Teqnikè RRM qwr� CSIOi algìrijmoi aut  th kathgor�a diaforopoioÔntai apì tou algìrijmou th pro-hgoÔmenh paragr�fou w pro ton trìpo pou qeir�zontai ta fèronta tou sust mato.Oi epìmene teqnikè de qrhsimopoioÔn th gn¸sh tou kanalioÔ gia na apod¸soun fèronta(arijmì kai e�do) stou qr ste tou diktÔou all� sthr�zontai se aplè idèe pou pro-kÔptoun apì parat rhsh kai empeir�a. Profan¸ oi teqnikè autè prosfèroun aplìthtakai eÔkolh diaqe�rish twn qrhst¸n apì to d�ktuo. H ulopo�hs  tou wstìso akolouje�th diadikas�a twn tri¸n bhm�twn pou parousi�sjhke sthn par�grafo 3.1.4.Dedomènou ìti skopì th melèth e�nai h sÔgkrish twn diaforetik¸n taktik¸n apì-dosh kanali¸n ta b mata 1 kai 3 th prohgoÔmenh paragr�fou (h epilog  stajmoÔb�sh kai o upologismì tou kat�llhlou tÔpou diamìrfwsh) diathroÔntai w èqoun.Shmei¸netai ìti ta b mata aut� ja mporoÔsan na ulopoihjoÔn kai me teqnikè pou na mhnapaitoÔn gn¸sh tou kanalioÔ, all� se aut  thn per�ptwsh h sÔgkrish de ja aforoÔsemìno ti teqnikè apìdosh kanali¸n.Perigr�fontai trei teqnikè apìdosh ferìntwn stou qr ste oi opo�e den apaitoÔngn¸sh tou kanalioÔ kai dÔo teqnikè pou prokÔptoun apì ton sunduasmì dÔo ek twnprohgoumènwn kai sthr�zontai sthn idèa tou cell splitting.3.2.1 Teqnik  seiriak  apìdosh kanali¸n (sequential)H teqnik  aut , h opo�a sta epìmena kale�tai sequential (  ‘seq’ ìtan emfan�zetai sediagr�mmata), bas�zetai se mia apl  kai eÔkola efarmozìmenh arq . To sÔsthma anajèteifèronta stou qr ste me seiriakì trìpo qwr� na qrhsimopoie� plhrofor�e gia to k�jekan�li. H teqnik  aut  e�nai kat�llhlh se peript¸sei ìpou o stajmì b�sh den mpore� naapokt sei plhrofor�e SINR gia ta prosferìmena kan�lia. K�je for� pou èna qr sthepijume� na eisèljei sto sÔsthma, epilègei th b�sh-exuphretht  tou me ton trìpo pouperigr�fhke sthn par�grafo 3.1.4 kai sth sunèqeia to sÔsthma anajètei sto nèo qr sthta epìmena eleÔjera kan�lia th kuyèlh exuphretht  tou. Shmei¸netai ìti se aut  thnteqnik  den pragmatopoie�tai h epanekq¸rhsh pìrwn pou pragmatopoi jhke ston adaptivealgìrijmo kai oi pìroi anat�jentai apokleistik� sto nèo qr sth tou sust mato.Ston algìrijmo 3.7 parousi�zetai h teqnik  seiriak  apìdosh ìpw èqei ulopoihje�



3.2 Teqnikè RRM qwr� CSI 61gia tou skopoÔ th paroÔsa ergas�a. Shmei¸netai ìti me u′ dhl¸netai o nèo qr sthtou sust mato kai me Cu′ to sÔnolo twn kanali¸n pou tou apod�dontai, oi upìloipoisumbolismo� akoloujoÔn thn ermhne�a th paragr�fou 3.1.4.Algìrijmo 3.7 Sequential algìrijmo
Cu′ ← {..}
A← {1, .., N} \

⋃

u∈utemp

Cu

Cu′ ← ⋃i=Su

i=1 ai, ai ∈ A

Algìrijmo 3.8 Coordinated algìrijmo
Cu′ ← {..}
A← {1, .., N} \

⋃

u∈utemp

Cu

if k0 mod 2 = 0 do

Cu′ ←
i=Su
⋃

i=1

ai, ai ∈ A

else

Cu′ ←
i=|A|
⋃

i=|A|−Su′+1

ai, ai ∈ A

end(if)

3.2.2 Teqnik  apl  suntonismènh apìdosh kana-li¸n (coordinated)H idèa gia aut  thn teqnik  pro lje apì th doulei� tou Fodor sto [28℄ ìpou melet�taih pijanìthta epilog  tou �diou kanalioÔ se dÔo geitonikè kuyèle ìtan autè d�nounkan�li ant�strofa stou qr ste tou. H teqnik  aut  kale�tai coordinated sta epìmenakai ‘coord’ ìtan emfan�zetai se diagr�mmata.Jewr¸nta ìti h k�je kuyèlh èqei èna diakritikì kwdikì pou th diaforopoie� apì tiupìloipe kuyèle tou diktÔou (cell id), oi kuyèle qwr�zontai se dÔo om�de. H pr¸thom�da (me �rtio cell id) apod�dei kan�lia seiriak� sto sÔnolo {1, 2, .., N} en¸ h deÔterh



62 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAom�da (me perittì cell id) apod�dei kan�lia seiriak� sto sÔnolo {N,N −1, .., 1}. Me autìton trìpo mei¸nontai ta ep�peda parembol¸n sunolik� sto sÔsthma. Ston algìrijmo 3.8parousi�zetai o coordinated algìrijmo.3.2.3 Teqnik  tuqa�a apìdosh kanali¸n (random)H teqnik  tuqa�a apìdosh kanali¸n e�nai h pio suqn� emfanizìmenh teqnik  stasust mata deÔterh geni� kai h pio eÔkola efarmìsimh. Idia�tero qarakthristikì au-t  th teqnik  e�nai h isost�jmish twn parembol¸n (interference averaging) pou prag-matopoie�tai me thn efarmog  th [29℄. To sÔsthma anajètei sto nèo qr sth Su tuqa�akan�lia apì ta diajèsima th kuyèlh - exuphretht  tou. O Algìrijmo 3.9 perigr�feithn teqnik  aut .Algìrijmo 3.9 Random algìrijmo
Cu′ ← {..}
A← {1, .., N} \

⋃

u∈utemp

Cu

Cu′ ←
⋃

i

ai : i lamb�nei Su′ tuqa�e timè apì ti |A| diajèsime
3.2.4 Sunduastikè teqnikè tuqa�a kai suntonismè-nh apìdosh kanali¸nOi teqnikè aut  th paragr�fou sundu�zoun thn tuqa�a kai th suntonismènh apì-dosh kanali¸n pou perigr�fhkan pio p�nw qwr�zonta thn kuyèlh se perioqè. Arqik�,

Sq ma 3.1: Qwrismì kuyèlh se upoperioqè sthn per�ptwsh tou r-c algor�jmou.



3.2 Teqnikè RRM qwr� CSI 63stoiqeiojet jhke RRM algìrijmo pou q¸rize thn kuyèlh se dÔo perioqè (eswterik kai exwterik  perioq ) kai k�je perioq  qrhsimopoioÔse diaforetikì algìrijmo katanom kanali¸n. H eswterik  perioq  qrhsimopoioÔse ton algìrijmo random en¸ h exwterik ton algìrijmo coordinated. Ta kan�lia ep�sh qwr�sthkan se dÔo om�de, to sÔnolo
{1, ..., N1} apodìjhke sthn eswterik  perioq  en¸ to sÔnolo {N1 + 1, ..., N} sthn exw-terik . H teqnik  diathre� bajmì epanaqrhsimopo�hsh f�smato �so pro th mon�dagegonì pou odhge� se metablht  apìstash epanaqrhsimopo�sh gia to k�je sÔnolo ka-nali¸n. Sto Sq ma 3.1 emfan�zontai oi perioqè gia dÔo geitonikè kuyèle ìpou o al-gìrijmo coordinated apod�dei kan�lia me ant�strofh for� sthn exwterik  perioq . Oalgìrijmo autì kale�tai random-coordinated (‘r-c’) sta epìmena.To krit rio gia thn apìfash th jèsh tou qr sth (eswterikì   exwterikì) lam-b�netai me b�sh to kèrdo kanalioÔ gia thn kentrik  suqnìthta tou sust mato. Seper�ptwsh pou k�poia perioq  me�nei qwr� kan�lia tìte èqei to dika�wma na qrhsimopoi -sei ta kan�lia th �llh perioq . O Algìrijmo 3.10 perigr�fei th basik  dom  th ‘r-c’teqnik  qrhsimopoi¸nta ousiastik� tou Algor�jmou 3.8 kai 3.9 ìpw or�sthkan stiprohgoÔmene paragr�fou. To sÔnolo A me ta diajèsima kan�lia or�zetai apì ton ‘r-c’algìrijmo an�loga me thn perioq  tou qr sth.Algìrijmo 3.10 R - C algìrijmo
Cu′ ← {..}
A← {1, .., N} \

⋃

u∈utemp

Cu

if Gu′, N
2

,k0
> Gth {eswterikì qr sth}

A← {1, ..., N1}
Go to Algìrijmo 3.9

else{exwterikì qr sth}
A← {N1 + 1, ..., N}
Go to Algìrijmo 3.8

end(if)An kai h idèa th sunduastik  efarmog  dÔo apl¸n algor�jmwn f�nhke arqik�na d�nei thn prooptik  beltiwmènwn apotelesm�twn (bl. [30℄), wstìso se ektenèstereprosomoi¸sei ta apotelèsmat� th den  tan to �dio enjarruntik� ([31℄). Sthn par�grafo



64 Kef�laio 3. Teqnikè RRM gia sust mata OFDMA3.3 tou parìnto kefala�ou perilamb�nontai apotelèsmata prosomoi¸sewn gia thn teqnik aut  ìpou apodeiknÔetai o isqurismì gia th mètria apìdos  tou.To epìmeno b ma sthn kathgor�a twn sunduastik¸n teqnik¸n tuqa�a kai suntonismè-nh apìdosh e�nai o qwrismì th kuyèlh se perissìtere perioqè kai se perissìtereom�de kanali¸n. An kai h filosof�a, ep� th arq , paramènei �dia wstìso, o algìrijmopou anaptÔqjhke se autì to shme�o e�qe ousiastikè diaforè me ton prohgoÔmeno.Arqik�, h kuyèlh diaire�tai se L perioqè kai antisto�qw dhmiourgoÔntai L om�dekanali¸n. H an�jesh ìmw twn om�dwn sti perioqè den e�nai stajer  all� exart�tai apìthn �dia thn kuyèlh kai sugkekrimèna apì to cell id th. DhmiourgoÔntai ètsi L sÔnolakanali¸n me to k�je èna na or�zetai w Ai = {Ni−1 + 1, .., Ni−1 + Ni}, i = 1, .., L. Sthnteleuta�a sqèsh profan¸ N0 = 0 kai e�n jewr soume ìti ta sÔnola Ai e�nai isoplhj tìte Ni = N
L , i = 1, .., L. Sto Sq ma 3.2 emfan�zontai 3 geitonikè kuyèle se èna d�ktuopou efarmìzei ton sugkekrimèno algìrijmo me L perioqè kai L om�de kanali¸n.Oi om�de twn kanali¸n enall�ssontai kuklik� an�mesa sti kuyèle ètsi ¸ste hsunolik , ajroistik  apìstash metaxÔ twn omodiaulik¸n perioq¸n gia èna sÔsthma mesugkekrimèno arijmì apì tiers kuyel¸n na e�nai �dia. H teqnik  diathre� bajmì epanaqrhsi-mopo�hsh �so me th mon�da me trìpo pou exhge�tai sth sunèqeia, opìte p�li h k�je om�dakanali¸n den èqei stajer  apìstash epanaqrhsimopo�hsh.

Sq ma 3.2: Qwrismì kuyèlh se upoperioqè sthn per�ptwsh tou fourC algor�j-mou.



3.2 Teqnikè RRM qwr� CSI 65Epiprìsjeta, ìpw fa�netai apì to Sq ma 3.1 all� kai apì ton Algìrijmo 3.10, o ‘r-c’prokajor�zei tìso to qwrismì twn ferìntwn an�mesa sti dÔo perioqè ìso kai th for�an�jes  tou sthn exwterik  perioq . O beltiwmèno algìrijmo aut  th kathgor�a,kale�tai gia eukol�a ‘multiC’ sta epìmena, apokt� prosarmostikìthta ìson afor� th for�an�jesh kanali¸n se k�je mia apì ti L− 1 perioqè th kuyèlh pou qrhsimopoie� ton
coordinated algìrijmo.Algìrijmo 3.11 EÔresh for� an�jesh gia mia perioq  ston ‘multiC’

ru ← h perioq  tou nèou qr sth gia thn opo�a den èqei akìmh kajoriste� h for�apìdosh kanali¸n
if ru = 1 do

D(k, ru) = −1

else

gu ← Ok(ru)

Kgu ← {k′ : k′ ∈ (1 : K \ k) and isneighbor(k′, k) and Ok′(1) 6= gu}
for i = 1 : |Kgu| do

r ← {r : r ∈ 2 : L and (OKgu
i

= gu)}
di = D(Kgu

i , r)

end(for)

d0 = {i : i ∈ {1 : |d|} and di = 0}
d1 = {i : i ∈ {1 : |d|} and di = 1}
if |d0| > |d1| do

D(k, ru)← 1

else

D(k, ru)← 0

end(if)

end(if)O Algìrijmo 3.12 d�nei ta genik� b mata exèlixh tou proteinìmenou algìrijmou. 'O-pw kai prohgoumènw gia ton ‘r-c’ algìrijmo, o kajorismì th jèsh tou qr sth g�netaiapì to kèrdo kanalioÔ gia thn kentrik  suqnìthta tou sust mato. DhmiourgoÔntai ètsi
L− 1 kat¸flia kèrdou kanalioÔ G = [G1

thG2
th · · ·GL−1

th ] en¸ to kèrdo tou nèou qr sth



66 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAAlgìrijmo 3.12 MultiC algìrijmo
u← nèo qr sth, Su ← arijmì aitoÔmenwn kanali¸n
k ← exuphretht  nèou qr sth, Uk ← qr ste th kuyèlh k

Ok ← circshift([1 : L], k − 1)

ru ←− argmin
p ∈ {1 : L − 1}AND

p : (G
u, N

2
,k

− G
p
th

) > 0

(

Gu, N
2

,k −Gp
th

)

Cu ← {..}
Ck ←

⋃

u′∈Uk

Cu %kan�lia pou qrhsimopoioÔntai  dh sthn kuyèlh k

while |Cu| < Su and Su < (N − |Ck|) do

S ′
u ← (Su − |Cu|)

gu ← Ok(ru)

A← Cgu
\ Ck

if ∪u∈Uk
Cu = ∅ do

Go to Algìrijmo 3.11
end(if)

if ru = 1 do

C ′
u ←

⋃

i ai : i lamb�nei S ′
u tuqa�e timè apì ti |A| diajèsime

else

if D(k, ru) = 1 do

C ′
u ←

⋃i=S′
u

i=1 ai, ai ∈ A

else

C ′
u ←

i=|A|
⋃

i=|A|−S′
u+1

ai, ai ∈ A

end(if)

end(if)

if ru = L do

ru ← ru : tuqa�a tim  sto di�sthma (1 : L− 1)

else

ru ← ru + 1

end(if)

Cu ← Cu ∪ C ′
u

end (while)
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Gu.N/2,k kr�nei thn perioq  (ru) sthn opo�a autì an kei (bl. gramm  4, Alg. 3.12). Ston�dio algìrijmo me Ok apod�detai h seir� an�jesh twn L sunìlwn sti L perioqè th kkuyèlh, en¸ Cu kai Ck e�nai to sÔnolo twn kanali¸n pou èqei apodoje� sto nèo qr sthkai stou qr ste th kuyèlh tou ant�stoiqa. Shmei¸netai ìti o trìpo katanom  twn
L om�dwn kanali¸n sti perioqè ti k�je kuyèlh (Ok) mpore� na akolouje� kai �lloutrìpou pèra tou proteinìmenou (kuklik  enallag ).O nèo qr sth u ja l�bei kan�lia apì to gu group. Me A apod�detai to sÔnolotwn diajèsimwn pro an�jesh kanali¸n gia ton u qr sth, to opo�o apotele� uposÔnolotou arqikoÔ diajèsimou Cgu afoÔ afairejoÔn ta  dh qrhsimopoihmèna (Ck) kan�lia (bl.gramm  10 Algìrijmo 3.12).E�n o qr sth u e�nai o pr¸to qr sth th perioq  ru tìte h for� an�jesh ka-nali¸n den èqei akìmh kajoriste� gia aut  thn perioq  kai o Algìrijmo 3.11 prèpei naprohghje�. O Algìrijmo 3.11 perigr�fei ton trìpo kajorismoÔ th for� an�jesh ka-nali¸n se mia perioq  mèsw th metablht  D(k, ru). E�n h perioq  endiafèronto e�naih 1 (kentrik  perioq ) tìte h teqnik  an�jesh e�nai h random kai den uf�statai h ènnoiath for�. Se ant�jeth per�ptwsh, o algìrijmo br�skei ti kuyèle (Kgu) tou diktÔou oiopo�e èqoun energì qr sth se perioq , ektì th 1, me group autì tou qr sth (gu) kaie�nai geitonikè me thn kuyèlh k tou nèou qr sth. An�loga me to poia for� �kuriarqe��sti Kgu kuyèle epilègetai h ant�jeth gia thn perioq  ru.Efìson èqoun oriste� tìso h perioq  tou nèou qr sth ìso kai h for� an�jesh, oqr sth lamb�nei ta aitoÔmena S′

u kan�lia (bl. grammè 14-22 ston Algìrijmo 3.12). Oalgìrijmo oloklhr¸netai ìtan o qr sth apokt sei ta Su kan�lia pou apaite�. Shmei¸ne-tai ìti, ìpw kai sthn per�ptwsh th ‘r-c’ teqnik , e�n h arqik  perioq  ru den èqei arket�kan�lia ¸ste na kalÔyei ti apait sei tou qr sth, anat�jentai kan�lia apì epìmenh peri-oq  (bl. grammè 23-27). O èlegqo gia thn dunatìthta ikanopo�hsh th apa�thsh touqr sth gia Su kan�lia pragmatopoie�tai prin o algìrijmo mpei sto brìqo while.



68 Kef�laio 3. Teqnikè RRM gia sust mata OFDMA3.3 Prosomo�wsh RRM teqnik¸n - 'Elegqoep�doshSe aut  thn par�grafo parat�jentai kai sqoli�zontai ta apotelèsmata twn RRMalgor�jmwn pou prosomoi¸jhkan sta pla�sia th paroÔsa diatrib . Oi teqnikè pouprosomoi¸jhkan  tan oi sequential, coordinated, random, random-coordinated, MultiCkai adaptive. Eidik� gia thn per�ptwsh tou MultiC prosomoi¸jhke h teqnik  gia L = 4perioqè kai gia L = 4 groups kanali¸n. H teqnik  me ti tèsseri perioqè kale�tai staepìmena ‘fourC’.Oi teqnikè pou elègqontai se aut  thn par�grafo akoloujoÔn th diadikas�a twn tri¸nbhm�twn pou perigr�fhke sthn par�grafo 3.1.4. To b ma 3 exasfal�zei ìti o nèo qr -sth ja l�bei to rujmì pou z thse kai ìti oi palio� qr ste pou èqoun  dh g�nei apodekto�sto d�ktuo ja diathr soun to rujmì tou. To b ma 3 ousiastik� epiqeire� èlegqo isqÔ-o stou omodiaulikoÔ stajmoÔ b�sh ¸ste na diathrhje� to QoS twn omodiaulik¸nqrhst¸n. Sto �dio b ma pragmatopoie�tai kai prosarmostik  diamìrfwsh ìtan to d�ktuothn epitrèpei.O èlegqo th ep�dosh twn teqnik¸n g�netai me dÔo set prosomoi¸sewn. Sto pr¸-to set pragmatopoie�tai ekt�mhsh th ep�dosh twn algor�jmwn me periorismèno arijmìprosomoi¸sewn, en¸ sto deÔtero set pragmatopoioÔntai ektetamène prosomoi¸sei menteterministik� perib�llonta di�dosh (ray tracing propagation models) kai me realis-tikè apait sei qrhst¸n.3.3.1 Arqikì èlegqo th apìdosh twn algor�jmwnOi proteinìmene teqnikè efarmìzontai se d�ktua me prìbleyh diat rhsh tou QoStwn qrhst¸n, pragmatopoie�tai èlegqo isqÔo en¸ d�netai kai h dunatìthta prosarmo-stik  diamìrfwsh. Ston P�naka 3.1 d�nontai sÔntoma oi par�metroi pou tou OFDMAdiktÔou pou prosomoi¸jhke.Gia thn arqik  ekt�mhsh twn algor�jmwn jewr jhke stajerì kan�li qr sth (nCH = 4)kai monadik  epitrepìmenh diamìrfwsh h QPSK. 'Ara o k�je qr sth pou eisèrqetai stod�ktuo kai zht� na exuphrethje� zht� rujmì �so pro ru = 625Kbps. Oi qr ste eisèrqo-ntai seiriak� sto sÔsthma me th jèsh tou na akolouje� thn omoiìmorfh katanom . Gia thn
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Arijmì Kuyel¸n K = 7Akt�na Kuyèlh R = 0.8kmKentrik  Suqnìthta fc = 2.5GHzDiajèsimo f�sma BW = 10MHzArijmì OFDM carriers N = 128Apìstash carriers ∆f = 78.125kHz

Bit Error Rate Pe = 10−5

BS mègisth isqÔ met�dosh P max
BS = 43dBm

BS kèrdo kera�a GTx
BS = 14dBi (Omoiokateujuntik )

MS kèrdo kera�a GRx
MS = −1dBi (Omoiokateujuntik )Montèlo di�doshKentrik  Kuyèlh Ray TracingUpìloipe Kuyèle COST-Hata-Model[32℄

BS Ôyo kera�a hBS = 15m

MS Ôyo kera�a hMS = 1.5mSk�ash σshadowing = 8dB

MS Suntelest  jorÔbou F Rx
MS = 7dBPuknìthta IsqÔo leukoÔ jorÔbou N0 = −174dBm

HzP�naka 3.1: Par�metroi Prosomo�wsh gia to OFDMA d�ktuo



70 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAexagwg  sumperasm�twn anaforik� me thn ep�dosh twn teqnik¸n qrhsimopoioÔntai Monte

Carlo epanal yei kai telik� lamb�netai h mèsh tim  twn epanal yewn aut¸n. Ta diagr�m-mata pou akoloujoÔn èqoun prokÔyei apì th mèsh tim  300 Monte Carlo epanal yewn.Ta Sq mata 3.3 - 3.6 parousi�zoun to loading factor, to throughput, thn isqÔ k�twzeÔxh th kentrik  kuyèlh kaj¸ kai thn pijanìthta apìrriyh qr sth tou diktÔousunart sei twn qrhst¸n pou prospajoÔn na eisèljoun se autì. Skopì aut¸n twn dia-gramm�twn e�nai pr¸ton, na de�xoun th sumperifor� twn teqnik¸n qwr� CSI, kai deÔteronna sugkr�noun thn ep�dos  tou me thn teqnik  adaptive pou pro�pojètei gn¸sh kanalioÔgia thn apìdosh ferìntwn stou qr ste.'Opw anamenìtan h teqnik  ‘seq’ èqei th qeirìterh apìdosh mia kai de lamb�nei kanènamètro katastol  parembol¸n. H teqnik  aut  parat�jetai gia lìgou plhrìthta kai denja lamb�netai upìyin sta epìmena. Jewr¸nta arqik� mìno ti tèsseri teqnikè qwr�
CSI parathroÔme ìti h teqnik  ‘fourC’ parousi�zei thn kalÔterh ep�dosh, sugkr�simh meaut  th adaptive. Ep�sh shmei¸netai ìti oi teqnikè ‘coord’ kai ‘rand’ parousi�zounparìmoie epidìsei gia autì to sen�rio prosomo�wsh, en¸ l�go kalÔterh emfan�zetai hsunduastik  teqnik  ‘r-c’.Ax�zei ep�sh na shmeiwje� ìti met� tou 90 per�pou qr ste h teqnik  ‘fourC’ xepern�eise epidìsei akìmh kai thn adaptive teqnik . Stou 90 wstìso qr ste h pijanìthtaapìrriyh èqei ft�sei per�pou to 17% (bl. Sq ma 3.6), tim  oriak  gia th leitourg�aopoioud pote diktÔou. Tèlo, to Sq ma 3.6 katadeiknÔei me ton kalÔtero trìpo thn ax�ath gn¸sh kanalioÔ ston pompì kat� th diadikas�a an�jesh ferìntwn stou qr ste.H teqnik  adaptive diathre� sqedìn mhdenik  pijanìthta apìrriyh gia tou 50 pr¸touqr ste tou diktÔou.Ta Sq mata 3.7 - 3.10 perigr�foun th sumperifor� twn �diwn èxi teqnik¸n upì ti�die apait sei qrhst¸n (nCH = 4, ru = 625Kbps) mìno pou t¸ra to d�ktuo èqei thdunatìthta prosarmostik  diamìrfwsh. Sugkekrimèna, to k�je fèron mpore� na di-amorfwje� an�loga me to SINR tou me mia ek twn tri¸n diamorf¸sewn: QPSK, 4-QAM,

16QAM. Ax�zei na shmeiwje� ìti h prosarmostik  diamìrfwsh apaite� th gn¸sh kanalioÔapì ton pompì (toul�qiston se ep�pedo SINR) gegonì pou ousiastik� exoudeter¸nei topleonèkthma twn upì exètash pènte teqnik¸n qwr� CSI. Opìte sta epìmena apotelèsmataoi teqnikè qwr� CSI th paragr�fou 3.2 prèpei na sugkrijoÔn d�kaia kai me thn teqnik 
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Sq ma 3.3: To posostì qrhsimopo�hsh twn kanali¸n th kentrik  kuyèlh. Tokan�li tou qr sth èqei nCH = 4 fèronta. To d�ktuo qrhsimopoie� apokleistik�diamìrfwsh QPSK, �ra oi qr ste zhtoÔn 625Kbps.
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Sq ma 3.4: H rujmoapìdosh se Mbps th kentrik  kuyèlh. To kan�li touqr sth èqei nCH = 4 fèronta. To d�ktuo qrhsimopoie� apokleistik� diamìrfwsh
QPSK, �ra oi qr ste zhtoÔn 625Kbps.
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Sq ma 3.5: H isqÔ k�tw zeÔxh tou stajmoÔ b�sh th kentrik  kuyèlh. Tokan�li tou qr sth èqei nCH = 4 fèronta. To d�ktuo qrhsimopoie� apokleistik�diamìrfwsh QPSK, �ra oi qr ste zhtoÔn 625Kbps.
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Sq ma 3.6: H pijanìthta apìrriyh qr sth. To kan�li tou qr sth èqei nCH = 4fèronta. To d�ktuo qrhsimopoie� apokleistik� diamìrfwsh QPSK, �ra oi qr stezhtoÔn 625Kbps.
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Sq ma 3.7: To posostì qrhsimopo�hsh twn kanali¸n th kentrik  kuyèlh. Tod�ktuo qrhsimopoie� prosarmostik  diamìrfwsh (QPSK, 16-QAM, 64-QAM). Oiqr ste zhtoÔn 625Kbps.
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Sq ma 3.8: H rujmoapìdosh se Mbps th kentrik  kuyèlh. To d�ktuo qrhsi-mopoie� prosarmostik  diamìrfwsh (QPSK, 16-QAM, 64-QAM). Oi qr ste zh-toÔn 625Kbps.
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Sq ma 3.9: H isqÔ k�tw zeÔxh tou stajmoÔ b�sh th kentrik  kuyèlh. Tod�ktuo qrhsimopoie� prosarmostik  diamìrfwsh (QPSK, 16-QAM, 64-QAM). Oiqr ste zhtoÔn 625Kbps.
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Sq ma 3.10: H pijanìthta apìrriyh qr sth. To d�ktuo qrhsimopoie� prosar-mostik  diamìrfwsh (QPSK, 16-QAM, 64-QAM). Oi qr ste zhtoÔn 625Kbps.
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adaptive mia o bajmì poluplokìtht� tou e�nai plèon sugkr�simo.An kai o bajmì qrhsimopo�hsh twn pìrwn th kuyèlh se ep�pedo ferìntwn (bl.Sq ma 3.7) diathre� per�pou �dia sumperifor� me prohgoumènw (bl. Sq ma 3.3), de sum-ba�nei plèon to �dio gia ta upìloipa metroÔmena megèjh (throughput, DL power, rejection

probability). Parathre�tai mia jeamatik  �nodo th random teqnik  h opo�a met� tou60 per�pou qr ste xepern�ei kai thn ep�dosh th adaptive teqnik . M�lista to xek�-jaro pleonèkthma th teqnik  adaptive anaforik� me thn pijanìthta apìrriyh sti pro-hgoÔmene prosomoi¸sei (bl. Sq ma 3.6) ed¸ fa�netai na ekmhden�zetai mia kai h randomteqnik  emfan�zei el�qista megalÔterh pijanìthta apìrriyh prin apì tou 60 qr ste.Tèlo, h teqnik  adaptive suneq�zei na upertere� sth meiwmènh isqÔ k�tw zeÔxh pou em-fan�zei mia pragmatopoie� epanekq¸rhsh twn ferìntwn th kuyèlh tou nèou qr sth mekrit rio thn el�qisth isqÔ.'Ameso sumpèrasma th prohgoÔmenh melèth e�nai ìti sthn per�ptwsh pou den e�naidunat  h gn¸sh tou kanalioÔ gia th diadikas�a katanom  kanali¸n stou qr ste, hproteinìmenh mèjodo ‘fourC’ prosfèrei th mègisth dunat  ep�dosh ènanti twn upolo�pwnteqnik¸n pou dokim�sthkan. Ant�jeta, ìtan h gn¸sh tou kanalioÔ jewre�tai dedomènh,tìte mia klassik  teqnik  interference averaging, ìpw h prosomoiwje�sa random, me thbo jeia thn prosarmostik  diamìrfwsh prosfèrei arkoÔntw ikanopoihtikè epidìseiexale�fonta thn an�gkh gia teqnikè prosarmostik  apìdosh kanali¸n ìpw o adaptivealgìrijmo pou ep�sh prosomoi¸jhke.3.3.2 Ektetamèno èlegqo th ep�dosh twn algor�-jmwn me ray tracing montèlo di�doshTa apotelèsmata th prohgoÔmenh paragr�fou èdwsan mia pr¸th ekt�mhsh gia thnep�dosh twn upì exètash teqnik¸n RRM. H algìrijmo adaptive, ìpw anamenìtan, u-pertere� xek�jara ènanti twn upolo�pwn. To kìsto ìmw th gn¸sh tou kanalioÔ seep�pedo fèronto kajist� suqn� ti teqnikè RRM qwr� CSI monadik  lÔsh. Se aut thn par�grafo ja exetaste� h ep�dosh twn �diwn teqnik¸n upì austhrìtere kai reali-stikìtere sunj ke. Anagka�a e�nai h allag  tou montèlou di�dosh ìpou plèon g�netaiqr sh ray tracing teqnik  gia ton prosdiorismì tou kanalioÔ twn qrhst¸n th kentrik 



76 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAkuyèlh. H ray tracing teqnik  pou qrhsimopoi jhke perigr�fetai sthn amèsw epìmenhpar�grafo en¸ ta apotelèsmata twn prosomoi¸sewn sugkentr¸nontai sthn par�grafo3.3.2.2.3.3.2.1 Ray tracing montèlo di�doshH akr�beia tou montèlou di�dosh pa�zei shmantikì rìlo sthn ep�dosh twn asÔrmatwnsusthm�twn ìpw p.q. apodeiknÔetai sto [33℄. Diapist¸nonta thn an�gkh aut  kai sthnparoÔsa melèth ep�dosh twn upì exètash RRM teqnik¸n, g�netai qr sh nteterministik¸nmejìdwn prìbleyh ped�ou ìpw h teqnik  ray tracing [34℄.O algìrijmo ray tracing pou qrhsimopoi jhke se aut  th melèth perigr�fetai ana-lutik� sto [35℄ kai lamb�nei upìyh tou anakl�sei apì to èdafo, kt�ria kaj¸ kai thnexasjènish tou ped�ou kaj¸ dièrqetai apì to fÔllwma twn dèntrwn [36℄.To perib�llon prosomo�wsh e�nai èna tupikì astikì perib�llon èktash ∼ 20 km2(Eikona 3.11) en¸ h Eikìna 3.12 emfan�zei thn katanom  isqÔo se autì.

Sq ma 3.11: To perib�llon prosomo�wsh gia thn kentrik  kuyèlh.Tèlo, sto Sq ma 3.13 apod�detai h sugkentrwtik  sun�rthsh puknìthta pijanìth-ta (Cumulative Distribution Function - CDF) tou eÔrou sunoq  ìpw autì upolog�ze-tai apì thn RMS tim  tou qrìnou diaspor� (RMS delay spread) se k�je shme�o th peri-oq  prosomo�wsh (grid resolution 10m). Apì to �dio sq ma diapist¸netai ìti gia peris-
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Sq ma 3.12: Ta lambanìmena ep�peda isqÔo sthn èktash tou perib�llonto pro-somo�wsh.sìtero apì to 98% twn peript¸sewn to di�thma eÔrou sunoq  paramènei megalÔteroapì ta 100KHz, �ra to kan�li gia ta kajèna apì ta 128 carriers (bl. P�naka 3.1) upìkeitaise ep�pede dale�yei. To sumpèrasma autì qrhsimopoi jhke oÔtw ¸ste na paraqjoÔnoi el�qiste apara�thte kroustikè kanalioÔ me b ma 100KHz.3.3.2.2 Apotelèsmata prosomo�wshEktì apì to diaforetikì montèlo di�dosh, sti prosomoi¸sei th paroÔsa para-gr�fou (3.3.2) oi qr ste zhtoÔn tuqa�a uphres�a apì èna prosferìmeno sÔnolo en¸d�detai kai h dunatìthta prosarmostik  diamìrfwsh. To d�ktuo eggu�tai kai se aut thn per�ptwsh th diat rhsh th poiìthta uphres�a twn qrhst¸n pou èqoun  dh g�neiapodekto� mèsw tou elègqou isqÔo twn omodiaulik¸n stajm¸n b�sewn.Oi genikè par�metroi prosomo�wsh paramènoun autè tou P�naka 3.1 en¸ ekteloÔ-ntai sunolik� tèsseri prosomoi¸sei me diaforetik� setup. H ep�dosh twn teqnik¸n(‘seq’, ‘coord’, ‘rand’, ‘r-c’, ‘fourC’, ‘adapt’) elègqetai me b�sh to throughput kai to
loading factor th kentrik  kuyèlh sthn k�tw zeÔxh. Arqik� melet�tai h sumperifor�twn teqnik¸n sti diaforetikè apait sei twn qrhst¸n qrhsimopoi¸nta apokleistik�
QPSK diamìrfwsh. Eidikìtera, qrhsimopoioÔntai dÔo sÔnola uphresi¸n (service set 1
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Sq ma 3.13: H CDF.kampÔlh tou eÔrou sunoq  gia to perib�llon prosomo�wsh.kai service set 2) apì ta opo�a mporoÔn na aitoÔn tuqa�a rujmì oi qr ste tou diktÔ-ou. To set 1 perilamb�nei qamhloÔ rujmoÔ (128Kbps, 256Kbps, 512Kbps) kai to set

2 uyhlìterou (512Kbps, 1024Kbps, 2048Kbps). Se deÔtero st�dio pragmatopoioÔntaioi �die prosomoi¸sei mìno pou t¸ra to d�ktuo qrhsimopoie� prosarmostik  diamìrfwshan� fèron. Oi dunatè diamorf¸sei e�nai ìpw kai prohgoumènw oi QPSK, 4-QAM kai
16-QAM.Sta Sq mata 3.14 kai 3.15 emfan�zetai to throughput kai ant�stoiqa to loading factorth kentrik  kuyèlh ìtan o d�ktuo douleÔei me sugkekrimènh mègisth pijanìthta apìr-riyh qr sth(Rejection Probability). Gia qamhlè timè Rejection Probability h teqnik 
adaptive upertere� saf¸ prosfèronta Bit Rate sthn k�tw zeÔxh 6Mbps-7Mbps. An kaioi rujmo� pou epitugq�noun sti qamhlè rejection probabilities oi upìloipe teqnikè e�naiemfan¸ mikrìtere, wstìso ta 2.5Mbps pou prosfèrei sthn kentrik  kuyèlh h teqnik 
‘fourC’ gia 10% rejection probability kai ta 5Mbps per�pou gia 15% e�nai ikanopoihtik�posost� ep�dosh. Ex�llou, èna d�ktuo asÔrmatwn epikoinwni¸n sta pr¸ta qrìnia thleitourg�a tou den epidi¸kei mikrìtere pijanìthte apìrriyh qr sth apì 10-15% miakai tìso h upodom  tou ìso kai h z thsh e�nai se pr¸imo st�dio.Sta Sq mata 3.16 kai 3.17 emfan�zetai p�li tou throughput kai to loading factorth kentrik  kuyèlh sthn k�tw zeÔxh mìno pou t¸ra oi qr ste tou diktÔou aitoÔn
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Sq ma 3.14: H rujmoapìdosh se Mbps th kentrik  kuyèlh. To d�ktuo qrhsi-mopoie� diamìrfwsh QPSK. Oi qr ste zhtoÔn rujmì apì to sÔnolo set 1.
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Sq ma 3.15: To posostì qrhsimopo�hsh twn ferìntwn th kentrik  kuyèlh. Tod�ktuo qrhsimopoie� diamìrfwsh QPSK. Oi qr ste zhtoÔn rujmì apì to sÔnolo
set 1.
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Sq ma 3.16: H rujmoapìdosh se Mbps th kentrik  kuyèlh. To d�ktuo qrhsi-mopoie� diamìrfwsh QPSK. Oi qr ste zhtoÔn rujmì apì to sÔnolo set 2.
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Sq ma 3.17: To posostì qrhsimopo�hsh twn ferìntwn th kentrik  kuyèlh. Tod�ktuo qrhsimopoie� diamìrfwsh QPSK. Oi qr ste zhtoÔn rujmì apì to sÔnolo
set 2.



3.3 Prosomo�wsh RRM teqnik¸n - 'Elegqo ep�dosh 81megalÔtero bit rate. Sugkekrimèna, oi qr ste zhtoÔn tuqa�a uphres�a apì to service set

2 ìpou set 2 ìpw or�sthke parap�nw.Sugkr�nonta to Sq ma 3.16 me to 3.14 parathre�tai mia saf  aÔxhsh th ep�dosh th
‘coord’ teqnik  gia qamhlè pijanìthte apìrriyh me thn efarmog  megalÔterou service

set. AkoloÔjw, belti¸nontai kai oi teqnikè pou qrhsimopoioÔn thn ‘coord’ teqnik ,koin¸ h ‘r-c’ kai h ‘fourC’. Tautìqrona, h teqnik  ‘rand’ pou gia thn per�ptwsh tou set 1e�qe th deÔterh kalÔterh ep�dosh met� thn ‘fourC’ (sugkr�nonta apokleistik� ti teqnikèqwr� CSI), sthn per�ptwsh tou set 2 h ep�dos  th qeirotereÔei. Sqedìn anephrèasthapì thn efarmog  megalÔterou service set emfan�zetai h teqnik  adaptive.Oi parathr sei pou anafèrjhkan prokÔptoun kai w logik� sumper�smata e�n lhfje�upìyh to gegonì ìti oi megalÔtere apait sei se bit rate twn qrhst¸n se èna sÔsthmaqwr� prosarmostik  diamìrfwsh ja ikanopoihjoÔn mìno mèsw th qr sh perissìterwnferìntwn sto kan�li tou k�je qr sth. Anamenìmena loipìn, teqnikè pou ekmetalleÔontaito f�sma seiriak�, ìpw oi ‘coord’, ‘r-c’kai ‘fourC’, ja èqoun kalÔterh sumperifor� ènantitwn teqnik¸n pou qrhsimopoioÔn frequency hopping mejìdou ìpw h random.Ax�zei tèlo na shmeiwje� ìti se ìle ti peript¸sei to posostì qrhsimopo�hshferìntwn (loading factor) th kentrik  kuyèlh (bl. Sq mata 3.17 kai 3.17) gia qamh-lè pijanìthte apìrriyh qr sth paramènei exairetik� qamhlì. To posostì autì kaih pijanìthta apìrriyh qr sth e�nai dÔo megèjh amoiba�w apokleiìmena. H tautìqronhbeltistopo�hs  tou mpore� na epiteuqje� e�te mèsw teqnik¸n klasmatik  epanaqrhsi-mopo�hsh f�smato (Fractional Frequency Reuse) [37℄, e�te me thn efarmog  teqnik¸nkera�a, koin¸ mèsw teqnik¸n pou ja mei¸soun sunolik� ta ep�peda parembol  tou di-ktÔou. H deÔterh per�ptwsh exet�zetai analutik� sto epìmeno kef�laio.Sth sunèqeia exet�zontai oi �die teqnikè all� me thn efarmog  prosarmostik diamìrfwsh. Oi dunatè diamorf¸sei e�nai p�li oi QPSK, 16-QAM kai 64-QAM.Sta Sq mata 3.18 kai 3.19 parousi�zetai to throughput kai to loading factor thkentrik  kuyèlh ìtan oi qr ste zhtoÔn rujmì apì to set 1 kai to sÔsthma diajèteiprosarmostik  diamìrfwsh. 'Opw e�qe fane� kai apì ta apotelèsmata th paragr�fou3.3.1 h prosarmostik  diamìrfwsh eunoe� idiaitèrw thn teqnik  random. Sugkekrimèna,gia to set 1 h prosarmostik  diamìrfwsh odhge� se mia aÔxhsh tou bit rate gia thnteqnik  random th t�xh tou 150% gia pijanìthta apìrriyh qr sth 5% kai tou 250%
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Sq ma 3.18: H rujmoapìdosh se Mbps th kentrik  kuyèlh. To d�ktuo qrhsi-mopoie� prosarmostik  diamìrfwsh QPSK, 16-QAM, 64-QAM. Oi qr ste zhtoÔnrujmì apì to sÔnolo set 1.
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Sq ma 3.19: To posostì qrhsimopo�hsh twn ferìntwn th kentrik  kuyèlh.To d�ktuo qrhsimopoie� prosarmostik  diamìrfwsh QPSK, 16-QAM, 64-QAM. Oiqr ste zhtoÔn rujmì apì to sÔnolo set 1.



3.3 Prosomo�wsh RRM teqnik¸n - 'Elegqo ep�dosh 83gia pijanìthta apìrriyh qr sth 10%, ta posost� mei¸nontai gia megalÔtere pijanìthteapìrriyh (15-50%).Shmantik� belti¸netai kai h ep�dosh tou adaptive algìrijmou ìpw ep�sh fa�netaiapì th sÔgkrish twn diagramm�twn 3.14 kai 3.18. Mia kai h sumperifor� tou adaptiveparamènei sqedìn stajer  me thn aÔxhsh th pijanìthta apìrriyh qr sth, h prosar-mostik  diamìrfwsh epitugq�nei aÔxhsh th ep�dos  tou anaforik� me to bit rate apì33% èw kai 42%.Mikr  e�nai h belt�wsh twn upolo�pwn teqnik¸n pou sthr�zontai sth filosof�a th
‘coord’ teqnik , m�lista h belt�wsh th ep�dos  tou xekin� apì pijanìthte apìrriyhqr sth megalÔtere tou 10%. Gia mikrè pijanìthte apìrriyh h prosarmostik  diamìr-fwsh de belti¸nei sqedìn kajìlou thn ep�dosh twn teqnik¸n aut¸n.Tèlo, sta Sq mata 3.20 kai 3.21 parousi�zetai p�li to throughput kai to loading

factor th kentrik  kuyèlh ìtan oi qr ste zhtoÔn rujmì apì to set 2 kai to sÔsthmadiajètei prosarmostik  diamìrfwsh.
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Sq ma 3.20: H rujmoapìdosh se Mbps th kentrik  kuyèlh. To d�ktuo qrhsi-mopoie� prosarmostik  diamìrfwsh QPSK, 16-QAM, 64-QAM. Oi qr ste zhtoÔnrujmì apì to sÔnolo set 2.Sugkr�nonta ta Sq mata 3.16 kai 3.20 g�netai emfanè ìti h belt�wsh th random
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Sq ma 3.21: To posostì qrhsimopo�hsh twn ferìntwn th kentrik  kuyèlh.To d�ktuo qrhsimopoie� prosarmostik  diamìrfwsh QPSK, 16-QAM, 64-QAM. Oiqr ste zhtoÔn rujmì apì to sÔnolo set 2.teqnik  me thn prosarmostik  diamìrfwsh sthn per�ptwsh twn uyhlìterwn rujm¸n (set
2) e�nai akìmh megalÔterh. Eidikìtera, h prosarmostik  diamìrfwsh belti¸nei to bit rateth kentrik  kuyèlh sthn per�ptwsh th random teqnik  kat� 500% gia pijanìthtaapìrriyh qr sth mìli 5% en¸ to posostì autì ft�nei to 560% gia pijanìthta apìr-riyh qr sth sta 10%, ta posost� belt�wsh mei¸nontai gia megalÔtere pijanìthteapìrriyh qr sth. Ep�sh, megalÔterh e�nai kai h belt�wsh tou adaptive sthn per�ptwshtwn megalÔterwn rujm¸n. H aÔxhsh tou bit rate th kentrik  kuyèlh gia ton adaptivekuma�netai plèon apì 75 - 85%.3.4 Poluplokìthta efarmog  twn teqnik¸nSe aut  thn par�grafo ja sqoliasje� en suntom�a h duskol�a ulopo�hsh k�je miaapì ti prohgoÔmene teqnikè diaqe�rish pìrwn se OFDMA d�ktua. DÔo e�nai oi antikei-menikè duskol�e ulopo�hsh mia OFDMA teqnik  diaqe�rish pìrwn sta pla�sia twnsÔgqronwn asÔrmatwn diktÔwn: (a) h poiìthta kai h posìthta th plhrofor�a an�drash-



3.4 Poluplokìthta efarmog  twn teqnik¸n 85 (feedback) pou prèpei na ste�lei o qr sth p�sw sto stajmì b�sh kai (b) h an�gkhepikoinwn�a (suntonismì) twn stajm¸n b�sh tou diktÔou.Anaforik� me thn plhrofor�a an�drash, oi teqnikè ‘seq’, ‘coord’ kai ‘rand’ denqrei�zontai plhrofor�a an�drash gia na apod¸soun kan�lia stou qr ste tou diktÔou.Oi teqnikè ‘r-c’ kai ‘fourC’ qrei�zontai plhrofor�a gia th jèsh tou qr sth thn opo�akai lamb�noun mèsw tou kèrdou kanalioÔ tou. To kèrdo kanalioÔ tou qr sth lamb�neiupìyh tou mìno fainìmena arg¸n diale�yewn (ap¸leie di�dosh, ap¸leie sk�ash kaikèrdh kerai¸n) kai apaite�tai mìnon kat� th di�rkeia arqikopo�hsh th zeÔxh qr sth -stajmoÔ b�sh. H diadikas�a aut  e�nai entel¸ sunhjismènh kai problepìtan akìmh kaista sust mata 2h geni� gia thn an�jesh qr sth se stajmì b�sh /tomèa.Prèpei na shmeiwje� ìti sthn per�ptwsh prosarmostik  diamìrfwsh oi parap�nwteqnikè qrei�zontai kai plhrofor�e SINR gia k�je fèron pou anat�jetai sto nèo qr -sth. 'Ara h plhrofor�a an�drash exart�tai kur�w apì ton arijmì ferìntwn pou jaanatejoÔn ston qr sth. Eidik� gia ti teqnikè ‘seq’, ‘coord’, ‘r-c’1 kai ‘fourC’1 h plhro-for�a an�drash gia thn tim  tou SINR mpore� na afor� mìno 1 fèron   kai thn tim 
SINReff ìlwn twn ferìntwn. H meiwmènh an�gkh gia feedback se autè ti teqnikèofe�letai sto suneqìmeno trìpo me to opo�o apod�doun kan�lia stou qr ste.Tèlo, h teqnik  adaptive gia ton k�je qr sth th en energe�a kuyèlh2 qrei�zetaiti timè SINR gia to k�je fèron tou sust mato. An kai ta prwtìkolla prodiagraf¸ntwn sÔgqronwn kinht¸n epikoinwni¸n den apagoreÔoun thn ulopo�hsh tètoiwn teqnik¸n(problèpoun thn apara�thth shmatodos�a), sun jw den epilègontai apì tou kataskeuastè /kai diaqeiristè diktÔwn tìso suqn�, kur�w giat� up�rqoun aploÔstere taktikè (sankai autè pou melet jhkan sto parìn kef�laio) me sugkr�sime epidìsei. Ep� parade�g-mati, e�n jewr soume ìti mia kuyèlh èqei U qr ste tìte h teqnik  adaptive qrei�zetaiper�pou U ·FFT perissìterh plhrofor�a an�drash se sqèsh me ti upìloipe teqnikèpou melet jhkan.Anaforik� me thn an�gkh epikoinwn�a twn stajm¸n b�sh tou diktÔou, mìnoh teqnik  ‘fourC’ sthr�zei th swst  leitourg�a th sthn epikoinwn�a twn stajm¸n b�sh.Wstìso h plhrofor�a pou apaite�tai na metaferje� an�mesa stou geitonikoÔ stajmoÔ1Εκτός της κεντρικής περιοχής όπου χρησιμοποιεί την τεχνική ‘rand’.2Ως εν ενεργεία κυψέλη ορίζεται κάθε φορά η κυψέλη που θα εξυπηρετήσει το χρήστη που ζητά
πρόσβαση στο δίκτυο.



86 Kef�laio 3. Teqnikè RRM gia sust mata OFDMAb�sh e�nai amelhtèa kai mpore� na anaparastaje� me 1 bit3. 'Oson afor� ti teqnikè ‘co-

ord’ kai ‘r-c’ h epikoinwn�a twn stajm¸n b�sh den e�nai apara�thth mia kai o suntonismìtwn perioq¸n (for� apìdosh ferìntwn) mpore� na g�nei sto arqikì setup tou diktÔou.3.5 Anaskìphsh tou kefala�ou - Sumper�-smataSto kef�laio autì parousi�sthkan oi basikè arqè twn algor�jmwn diaqe�rish pì-rwn se OFDMA d�ktua se susqètish me ta dÔo basik� probl mata beltistopo�hsh pouprospajoÔn na epilÔsoun oi algìrijmoi auto�. Th bibliografik  anaskìphsh OFDMAteqnik¸n akoloÔjhse h analutik  perigraf  twn algor�jmwn pou prosomoi¸jhkan stapla�sia th diatrib . Oi algìrijmoi pou prote�nontai an koun sthn kathgor�a OFDMAteqnik¸n pou epanaqrhsimopoioÔn pl rw to diatijèmeno f�sma.(reuse factor = 1) en¸aforoÔn d�ktua me prìbleyh th prosferìmenh uphres�a (QoS provision).'Exi teqnikè apìdosh kanali¸n se OFDMA d�ktua melet jhkan me th bo jeia proso-moi¸sewn. Oi pènte pr¸te teqnikè proqwroÔn se apìdosh kanali¸n qwr� na qrei�zetaih gn¸sh tou SINR tou k�je kanalioÔ. H teqnik  ‘seq’ parousi�sthke mìno gia q�rhplhrìthta kai den parous�ase k�poio endiafèron, h teqnik  akolouje� th logik  thseiriak  apìdosh kanali¸n stou qr ste qwr� k�poiou e�dou prìbleyh gia parem-bolè. H teqnik  ‘coord’ akolouje� kai aut  th logik  th seiriak  apìdosh kanali¸nstou qr ste mìno pou t¸ra oi kuyèle tou diktÔou qwr�zontai se dÔo om�de me thnk�je om�da na d�nei kan�lia me ant�jeth for� apì ìti h �llh. Sth sunèqeia, h teqnik 
‘rand’ apod�dei kan�lia me tuqa�o trìpo en¸ h teqnik  ‘r-c’ an kei sthn kathgor�a twn
cell splitting teqnik¸n sundu�zonta ti dÔo prohgoÔmene teqnikè. Sthn �dia kathgor�aan kei kai h proteinìmenh teqnik  ‘MultiC’ h opo�a prosomoi¸jhke san eidik  per�ptwsh metèsseri perioqè (‘fourC’). K�je perioq  qrhsimopoie� apokleistik� èna apì ta tèssera
group kanali¸n en¸ h for� apìdosh upolog�zetai prosarmostik� kat� th di�rkeia thprosomo�wsh.H èkth kai teleuta�a teqnik  (adaptive), axiopoie� ti timè SINR tou k�je kanalioÔ3Ο σταθμός βάσης που θα εξυπηρετήσει το νέο χρήστη χρειάζεται να γνωρίζει μόνο τη φορά
απόδοσης των φερόντων στις περιοχές των ομοδιαυλικών χρηστών.



3.5 Anaskìphsh tou kefala�ou - Sumper�smata 87gia na apod¸sei kan�lia sto nèo qr sh all� kai gia na anakatane�mei ta kan�lia thkuyèlh tou. Me autìn ton trìpo epitugq�netai tìso h ikanopo�hsh twn apait sewn twnqrhst¸n th en energe�a kuyèlh ìso kai h diat rhsh th ekpempìmenh isqÔo se qamhl�ep�peda.O èlegqo th ep�dosh twn teqnik¸n pragmatopoi jhke me prosomoi¸sei polukuyelwt¸n
OFDMA diktÔwn me omoikateujuntikè kera�e en¸ gia thn ekt�mhs  th qrhsimopoi jhkanta megèjh: rujmì met�dosh (throughput), bajmì qrhsimopo�hsh ferìntwn (loading

factor) kai ekpempìmenh isqÔ th kentrik  kuyèlh en¸ elègqjhke kai h pijanìth-ta apìrriyh qr sth sunolik� sto d�ktuo. H an�lush twn apotelesm�twn twn proso-moi¸sewn katèlhxe sta ex  sumper�smata:
• Gia thn k�luyh twn anagk¸nOFDMA diktÔwn se pr¸imo st�dio ulopo�hsh (rejection

probability 10%-15%) den apaitoÔntai prosarmostikè teqnikè apìdosh kana-li¸n. Aplo� algìrijmoi pou sthr�zontai sthn suntonismènh apìdosh kanali¸n kaise teqnikè cell splitting ìpw o proteinìmeno algìrijmo ‘fourC’ mporoÔn na pro-sfèroun 3-4.5Mbps stou qr ste th kentrik  kuyèlh.
• An kai oi pio diadedomène teqnikè apìdosh kanali¸n e�nai autè pou sthr�zontaise interference averaging ìpw h ‘rand’, h ep�dos  tou, ìpw èdeixan ta apotelè-smata twn prosomoi¸sewn, qeirotereÔei ìtan oi qr ste aitoÔn meg�lou rujmoÔmet�dosh pou pro�pojètoun perissìtera kan�lia.
• H proteinìmenh teqnik  ‘fourC’ parousi�zei thn kalÔterh ep�dosh sugkrinìmenhme ti upìloipe teqnikè qwr� CSI, tìso sthn per�ptwsh pou oi qr ste zhtoÔnqamhloÔ rujmoÔ (set 1) ìso kai sthn per�ptwsh pou zhtoÔn uyhlìterou (set 2).
• 'Otan efarmìzetai prosarmostik  diamìrfwsh h teqnik  ‘rand’ belti¸netai exairetik�ft�nonta ta 4-6Mbps sthn kentrik  kuyèlh gia mìli 5% rejection probability. Seaut  thn per�ptwsh h ‘rand’ teqnik  èqei thn kalÔterh ep�dosh se sÔgkrish me tiupìloipe teqnikè qwr� CSI oi opo�e den parousi�zoun sqedìn kam�a belt�wsh methn efarmog  th prosarmostik  diamìrfwsh.
• Tèlo, se per�ptwsh pou apaitoÔntai meg�le epidìsei me qamhlè pijanìthteapìrriyh qr sth tìte prosarmostikè teqnikè apìdosh kanali¸n ìpw h proso-moiwje�sa adaptive mpore� na apotelèsei ikanopoihtik  lÔsh se d�ktua OFDMA.





Kef�laio 4
SÔsthmata OFDM mestoiqeiokera�a ston pompì

Sto kef�laio autì melet¸ntai teqnolog�e pou bas�zontai sthn parous�a stoiqeioke-ra�a sthn pleur� tou pompoÔ. To sÔnolo twn teqnik¸n pou apaitoÔn stoiqeiokera�a stonpompì jewroÔn asÔrmato kan�li me pollaplè eisìdou (Multiple Input) kai m�a èxodo(Single Output) mia kai o dèkth jewre�tai ìti diajètei kera�a l yh enì stoiqe�ou.'Etsi oi teqnikè autoÔ tou kefala�ou kaloÔntai MISO teqnikè.DÔo e�nai oi basikè kathgor�e MISO teqnik¸n pou exet�zontai sta pla�sia th dia-trib . Oi teqnikè pou bas�zontai sthn teqnolog�a twn èxupnwn kerai¸n (smart antenna

technology) kai oi teqnikè pou bas�zontai sthn tuqa�a diamìrfwsh dèsmh (Random

Beamforming). To parìn kef�laio qwr�zetai se dÔo mèrh ¸ste na melethjoÔn xeqwrist�oi dÔo teqnolog�e.Sugkekrimèna to kef�laio autì diamorf¸netai w akoloÔjw. Sthn par�grafo 4.1g�netai mia pr¸th anafor� sth qr sh kateujuntik¸n kerai¸n sta pla�sia enì asÔrmatousust mato epikoinwni¸n mèsw twn kerai¸n tomeopo�hsh (sectorized antennas). H par�-grafo 4.2 sugkentr¸nei perilhptik� ti basikè arqè th teqnolog�a èxupnwn kerai¸nkaj¸ kai to trìpo kataskeu  diagramm�twn stajeroÔ plègmato sthn per�ptwsh twn
swtiched-beam smart antennas. Sthn par�grafo 4.3 perigr�fetai to montèlo tou sust -mato OFDMA me stajeroÔ loboÔ plègmato ìpw ulopoi jhke sthn parìn kef�laio,en¸ sthn par�grafo 4.4 prosomoi¸netai to d�ktuo pou qrhsimopoie� to proanaferjèn mo-ntèlo. H prosomo�wsh tou diktÔou epitele�tai se dÔo st�dia, arqik� (bl. par�grafo 4.4.2)89



90 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìto d�ktuo qrhsimopoie� diaforetikoÔ RRM algìrijmou kai melet�tai h ep�drash th te-qnik  twn lob¸n stajeroÔ plègmato se k�je ènan ex aut¸n. Se deÔtero st�dio (bl.par�grafo 4.4.3) epilègetai èna tÔpo RRM algor�jmou kai elègqetai h ikanìthta twn
swtiched beams na katastèlloun parembolè. Sth sunèqeia, h par�grafo 4.5 afier¸ne-tai apokleistik� sth melèth kai prosomo�wsh th teqnik  Random Beamforming ìpousugkentr¸nei to montèlo tou sust mato OFDMA me tuqa�a diamìrfwsh dèsmh, toperib�llon prosomo�wsh kaj¸ kai ta apotelèsmata twn prosomoi¸sewn. To kef�laiokatal gei me thn par�grafo 4.6 ìpou pragmatopoie�tai sÔntomh anaskìphsh twn shman-tikìterwn sumperasm�twn tou kefala�ou.4.1 Tomeopo�hsh kuyel¸nO eukolìtero trìpo gia na meiwjoÔn ta ep�peda parembol  se èna d�ktuo e�nai hantikat�stash twn omoikateujuntik¸n kerai¸n me kateujuntikè kera�e. Oi klassikèkateujuntikè kera�e ekpèmpoun se kajorismènou tome� mia kuyèlh qwr�zont� thnse èxi   sunhjèstera se trei tome� (bl. Sq ma 4.1). Sta pla�sia aut  th melèth

Sq ma 4.1: Kuyèle me trei kai èxi tome�.qrhsimopoi jhkan kuyèle me trei tome� 120o. To di�gramma aktinobol�a gia ti kera�epou qrhsimopoi jhkan apotele� prìtash th 3GPP [38℄ en¸ gia eukol�a perigr�fetai kaiapì thn parak�tw ex�swsh.
A(θ) = −min

(

12

(

θ

θ3dB

)2

, Am

) ìpou − 180 ≤ θ ≤ 180 (4.1)H gwn�a θ3dB pou emfan�zetai sthn (4.1) apotele� to eÔro hm�seia isqÔo kai gia thn



4.1 Tomeopo�hsh kuyel¸n 91per�ptwsh twn tri¸n tomèwn èqei tim  70o, en¸ h metablht  θ apotele� th gwn�a metaxÔtou meg�stou tou diagr�mmato th kera�a kai to shme�ou endiafèronto. Tèlo, Am e�naih mègisth apìsbesh pou dÔnatai na par�sqei h en lìgw kera�a kai gia thn per�ptwsh twntri¸n tomèwn h tim  th e�nai ta 20dB. Optik� to di�gramma th en lìgw kera�a apod�detaisto sq ma 4.2.
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3 − sector antenna diagram

Sq ma 4.2: To di�gramma mia kateujuntik  kera�a gia tome� 120o.Kr�nonta apì ti sun jei timè kèrdou gia ti sectorized kera�e pou apant¸ntaisto empìrio gia suqnìthte leitourg�a p�nw apì 2.5GHz, to kèrdo th kera�a gia thnper�ptwsh twn tri¸n tomèwn epilègetai sta 17dBi. H tim  aut  e�nai 3dB megalÔterhapì to kèrdo kera�a pou e�qe qrhsimopoihje� gia thn omoiokateujuntik  kera�a stiprosomoi¸sei tou kefala�ou 3.Jèlonta na diathrhje� h sunèqeia metaxÔ twn prosomoi¸sewn pou pragmatopoi jhkansta pla�sia aut  th diatrib , oi par�metroi tou P�naka 3.1 diathroÔntai w èqoun.Wstìso, an kai h sunolik  ekpempìmenh isqÔ tou stajmoÔ b�sh paramènei sta 43dBm,o periorismì plèon an�getai sto ep�pedo tou sector. Sunep¸, h mègisth ekpempìmenhisqÔ an� sector e�nai Psec max = 43(dBm) − 10 log 3 ⇒ Psec max = 38.2(dBm). Meautìn ton trìpo diathre�tai stajer  h k�luyh tou k�je stajmoÔ b�sh epitrèponta sth



92 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìqwrhtikìthta na l�bei megalÔtere timè.4.2 'Exupne kera�e'Ena trìpo na epiteuqjoÔn kateujuntik� diagr�mmata aktinobol�a e�nai na qrhsi-mopoioÔntai kera�e meg�lwn diast�sewn. Wstìso tètoie kera�e e�nai sun jw mh pra-ktikè kai �ra sp�nia qrhsimopoi sime. H lÔsh gia thn paragwg  kateujuntik¸n diagram-m�twn aktinobol�a qwr� na e�nai apara�thth h qr sh ter�stiwn se ìgko kerai¸n, e�naioi stoiqeiokera�e (array antennas), [39℄. Oi stoiqeiokera�e apoteloÔn om�de stoiqe�-wn mia orismènh gewmetrik  kai hlektrik  morf  pou sun jw e�nai panomoiìtupametaxÔ tou. O pio suqn� emfanizìmeno tÔpo stoiqeiokera�a e�nai autì ston opo�o tastoiqe�a topojetoÔntai se euje�a gramm , opìte prokÔptoun oi eujÔgramme stoiqeioker-a�e. To pr¸to b ma loipìn sthn exèlixh twn kerai¸n gia thn efarmog  th teqnolog�atwn èxupnwn kerai¸n  tan oi stoiqeiokera�e.4.2.1 Eisagwg  sthn teqnolog�a twn èxupnwn kerai¸n'Ena sÔsthma èxupnh kera�a apotele� èna sunduasmì stoiqeiokera�a me kat�llhlhyhfiak  epexergas�a s mato. H epexergas�a skopì èqei th beltistopo�hsh twn diagram-m�twn aktinobol�a ekpomp   /kai l yh, sÔmfwna me to perib�llon di�dosh. Prìkeitaidhlad  gia èna autoprosarmozìmeno sÔsthma pou dèqetai kai epexerg�zetai plhrofor�eapì to perib�llon. An kai saf  ìria gia to diaqwrismì twn èxupnwn kerai¸n se kath-gor�e den up�rqoun, wstìso ta sust mata twn èxupnwn kerai¸n mporoÔn diaqwristoÔnse dÔo kathgor�e, sta sust mata metagwg  dèsmh (switched beam) kai sta sust mataprosarmosmènh dèsmh (adaptive beam).
• Sust mata switched beam: Ta sust mata aut� sqhmat�zoun èna plègma apì pol-laploÔ kateujuntikoÔ loboÔ se prokajorismène kateujÔnsei, par�deigma an�-logou diagr�mmato aktinobol�a fa�netai sto sq ma 4.3(aþ). To sÔsthma aniqneÔeise k�je per�ptwsh to shmajorubikì lìgo SNR   to lìgo s mato pro parem-bol  SINR kai epilègei na �kleid¸sei� se ènan apì tou prokajorismènou loboÔtou plègmato. Ta sust mata aut� ekmetalleÔontai ti idiìthte kai th fusik di�taxh th stoiqeiokera�a kai sundu�zonta kat�llhla ta s mata pou lamb�noun
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(αʹ) Σύστημα με switched
beams

(βʹ) Σύστημα με adaptive beamsSq ma 4.3: Sust mata èxupnwn kerai¸n.sqhmat�zoun èna prosarmozìmeno di�gramma aktinobol�a me megalÔterh qwrik epilektikìthta kai auxhmènh kateujuntikìthta.
• Ta sust mata èxupnwn kerai¸n prosarmostik  dèsmh ekmetalleÔontai th dunatìth-ta entopismoÔ th gwn�a prìsptwsh s mato kai prospajoÔn na elaqistopoioÔnti parembolè en¸ tautìqrona na megistopoioÔn ta epijumhtì s ma. Par�deigmaautoÔ tou sust mato d�netai sto sq ma 4.3(bþ).H teqnolog�a twn èxupnwn kerai¸n se ep�pedo epexergas�a s mato perigr�fetaisto [40℄ kai [41℄ en¸ genikìtera jèmata pou aforoÔn thn teqnolog�a aut  mporoÔn naanazhthjoÔn sto [42℄. Profan¸ ta sust mata aut� e�nai �mesa sundedemèna me titeqnikè entopismoÔ th kateÔjunsh prìsptwsh/anaq¸rhsh tou s mato. Oi pio di-adedomène teqnikè entopismoÔ th gwn�a prìsptwsh sthr�zontai sth fasmatik  epex-ergas�a tou s mato. Oi pio gnwstè sthr�zontai ston algìrijmo MUltiple SIgnal Clas-

sification - MUSIC ([43℄,[44℄) kai ston algìrijmo Estimation of Signal Parameters using

Rotational Invariance Techniques - ESPRIT [45℄. Prìkeitai gia proseggistikè mejìdoueÔresh th kateÔjunsh tou s mato oi opo�e bas�zontai ston p�naka susqètish toulambanìmenou s mato. Mia anaskìphsh twn teqnik¸n entopismoÔ dieÔjunsh mpore� nabreje� sto [42℄.'Opw ja fane� kai sti epìmene paragr�fou, skopì th paroÔsa melèth e�nai haxiolìghsh twn susthm�twn switched beams se ep�pedo diktÔou kai ìqi zeÔxh. Sunep¸,h gwn�a prìsptwsh/anaq¸rhsh den upolog�zetai me k�poia apì ti proanaferje�se



94 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìteqnikè all� lamb�netai w gnwst  apì to d�ktuo (mhdenikì sf�lma).4.2.2 Kataskeu  diagramm�twn se switched-beam sust -mataGia ton èlegqo th ep�dosh twn susthm�twn switched-beam se d�ktua OFDMAqrhsimopoi jhkan stoiqeiokera�e M stoiqe�wn se k�je tomèa th kuyèlh. K�je stoiqe�oth stoiqeiokera�a parousi�zei to di�gramma aktinobol�a th kera�a gia ton tomèa twn120o pou perigr�fhke sthn prohgoÔmenh par�grafo. Sunep¸, jewr¸nta broadsidekera�e me apìstash stoiqe�wn d = λ
2 to sunolikì kèrdo se mia tètoia kera�a prokÔptei

Garray = Gelem + 10 log10 M [39℄. Sto sq ma 4.4 fa�nontai ta diagr�mmata aktinobol�amia kera�a me 7 kai 8 stoiqe�a ant�stoiqa pou apèqoun metaxÔ tou apìstash d = λ/2.Shmei¸netai ìti sto sq ma autì fa�netai to di�gramma th stoiqeiokera�a gia eÔro �some to dipl�sio th orat  perioq  (kd =180o) opìte emfan�zontai 2 mègistoi lobo�.
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M = 7

(αʹ) Διάγραμμα στοιχειοκεραίας με 7 στοιχεία.
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M = 8

(βʹ) Διάγραμμα στοιχειοκεραίας με 8 στοιχεία.Sq ma 4.4: Di�gramma aktinobol�a stoiqeiokera�a me apìstash stoiqe�wn d =
λ/2.Skopì e�nai na dhmiourghjoÔn pollapl� diagr�mmata aktinobol�a th stoiqeiokera�-a kat�llhla strammèna ¸ste na kalÔyoun thn epif�neia tou tomèa. H diadikas�a sqh-matismoÔ lob¸n perigr�fetai sto [46℄ en¸ sugkentrwmène plhrofor�e gia thn teqnik 
switched-beam th teqnolog�a twn èxupnwn kerai¸n mporoÔn na brejoÔn kai sto [47,sel. 91℄. Sto sq ma 4.5 fa�nontai oi �xone anafor� gia tou tome� th kuyèlh kaj¸kai o trìpo pou kalÔptetai h epif�nei� tou apì 7 diagr�mmata (loboÔ) stoiqeiokera�a8 stoiqe�wn.



4.2 'Exupne kera�e 95

(αʹ) ΄Αξονες αναφοράς για την κυψέλη
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(βʹ) Πλέγμα 7 λοβών ανά sectorSq ma 4.5: Prosj kh lob¸n stajeroÔ plègmato (switched beams)To Sq ma 4.6 de�qnei èna sumbatikì diamorfwt  dèsmh (beamformer) ìpou to s maapì to k�je stoiqe�o th stoiqeiokera�a pollaplasi�zetai me èna migadikì arijmì (b�rostoiqe�ou) kai sth sunèqeia ajro�zontai ¸ste na paraqje� to sunolikì di�gramma th stoi-qeiokera�a. To w = [w1, w2, ..., wM ] sunist� to di�nusma bar¸n th stoiqeiokera�a giathn paragwg  enì diagr�mmato aktinobol�a. DÔo diagr�mmata pou sqhmat�zontai medianÔsmata bar¸n {wi,wj} orjog¸nia metaxÔ tou1 kaloÔntai ep�sh orjog¸nia diagr�m-mata. O mègisto arijmì orjog¸niwn metaxÔ tou lob¸n pou mporoÔn na dhmiourghjoÔnapì mia stoiqeiokera�a M stoiqe�wn e�nai M − 1.H kat�strwsh tou plègmato twn lob¸n tou sq mato 4.5(bþ) an�getai ousiastik�sthn eÔresh twn bar¸n tou sq mato 4.6 gia k�je lobì. Sth sunèqeia anaptÔssontai ta1Για δύο ορθογώνια διαγράμματα ακτινοβολίας ισχύει < wi ·wj >= 0



96 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìb mata gia th dhmiourg�a tou plègmato ìpw qrhsimopoi jhke sthn paroÔsa diatrib .

Sq ma 4.6: Klassikì beamformer.To eÔro tou k�je tomèa e�nai 120o opìte oi gwn�e ènarxh kai l xh e�nai sti 30okai 150o ant�stoiqa en¸ h gwn�a meg�stou tou k�je tomèa e�nai sti 90o (Sq ma 4.5(aþ)).'Estw L ≤M − 1 to epijumhtì pl jo lob¸n, tìte oi gwn�e meg�stou gia ton k�je lobìja d�nontai apì th sqèsh:
−→
φ = φ◦ +

∆sec

L
(0 · · ·L− 1)T (4.2)ìpou ∆sec e�nai to eÔro tou tomèa kai φ◦ = 30◦ + ∆sec

2L e�nai h gwn�a meg�stou toupr¸tou loboÔ. 'Ara gia th dhmiourg�a L lob¸n se èna tomèa ja prèpei na dhmiourghjoÔn
L diagr�mmata th stoiqeiokera�a pou to kajèna ja parousi�zei mègisto sthn ant�stoiqhgwn�a tou dianÔsmato −→φ . Sth sunèqeia katastr¸nontai ta dianÔsmata strof  gia k�jemia apì ti gwn�e φi tou dianÔsmato −→φ . To di�nusma strof  sthn kateÔjunsh φjor�zetai w −→Sφj

= (1 exp(jkd cos(φj)) · · · exp(jkd(M − 1) cos(φj)))
T kai kat' epèktashor�zetai o p�naka S diast�sewn M × L k�je st lh tou opo�ou apotele� kai to di�nusmastrof  gia thn kateÔjunsh φj . Ta b�rh −→Wi tou sq mato 4.6 gia th dhmiourg�a tou

i-ostoÔ loboÔ br�skontai apì thn ep�lush tou aploÔ grammikoÔ sust mato th ex�swsh(4.3).
S · −→Wi

H =
−→
e1i (4.3)ìpou −→e1i e�nai èna di�nusma L × 1 me ìla tou ta stoiqe�a mhdenik� ektì apì to i-ostì pou e�nai mon�da. Me autìn ton trìpo ta b�rh −→Wi pou sqhmat�zontai prokaloÔnmhdenismoÔ tou diagr�mmato aktinobol�a pro ti dieujÔnsei ìlwn twn dianusm�twnstrof  plhn tou i-ostoÔ ìpou dhmiourgoÔn ton epijumhtì lobì. Me aut  th logik  ta



4.3 Montèlo sust mato gia OFDMA d�ktua me switched-beamkera�e 97b�rh kai gia tou L loboÔ sunistoÔn ton p�naka W = [
−→
W1

−→
W2 · · · −→WL]. Sunep¸h genik  morf  ep�lush th (4.3) d�netai apì thn ex�swsh (4.4).

WH = IL · S−1 (4.4)Shmei¸netai ìti sthn per�ptwsh pou L < M tìte o S−1 apotele� ton yeudoant�strofotou S. H telik  morf  twn diagramm�twn apì 0 èw 2π gia tou L loboÔ br�sketai apì thnex�swsh (4.5) ìpou to di�gramma aktinobol�a tou stoiqe�ou (bl. (4.1)) pollaplasi�zetaime ton par�gonta di�taxh th stoiqeiokera�a twn M stoiqe�wn kai to di�nusma twnbar¸n.
Abeams = |WH · AF|2−→A (4.5)Sthn (4.5) WH e�nai o p�naka L×M pou brèjhke apì thn (4.4), −→A e�nai to di�nusmame ti timè pou prokÔptoun apì thn (4.1) gia gwn�e −→θ = [θ0θ1 · · · θQ] me θiǫ[0, 2π] kai

AF e�nai o par�gonta di�taxh th stoiqeiokera�a pou d�netai apì thn (4.6)
AF = [1 exp

(

jkdcos(
−→
θ )
)

· · · exp
(

jkd(M − 1) cos(
−→
θ )
)

]T (4.6)'Opw fa�netai apì thn (4.6) o AF e�nai èna p�naka M ×Q. Oi prosomoi¸sei twnepìmenwn paragr�fwn pragmatopoi jhkan me Q = 361 pou antistoiqe� se kb�nto miamo�ra (1o).4.3 Montèlo sust mato gia OFDMA d�ktuame switched-beam kera�eGia th melèth twn susthm�twn OFDMA me enswmatwmènh thn switched-beam teqnik jewre�tai p�li h k�tw zeÔxh enì diktÔou OFDMA me K stajmoÔ b�sh. To sÔsthmaqrhsimopoie� N fèronta ta opo�a qrhsimopoie� gia thn poluplex�a twn qrhst¸n. TosÔsthma epanaqrhsimopoie� kai ta N fèronta se k�je kuyèlh ¸ste dunhtik� na mpore� naepitÔqei suntelest  epanaqrhsimopo�hsh �so me èna (reuse factor = 1). Epiprìsjeta, ok�je qr sth pragmatopoie� apokleistik  qr sh tou fèronto pou tou èqei apodoje� miakai me autì ton trìpo megistopoie�tai jewrhtik� to throughput gia to sugkekrimèno autì



98 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìfèron. H apìdeixh gia to teleuta�o sumpèrasma mpore� na anazhthje� kai sto [18℄.Oi stajmo� b�sh diajètoun stoiqeiokera�a M stoiqe�wn ta opo�a qrhsimopoioÔntaigia th dhmiourg�a L stajer¸n lob¸n aktinobol�a. H k�je kuyèlh exopl�zetai me miastoiqeiokera�a an� tomèa, opìte dhmiourgoÔntai L lobo� an� tomèa.Tèlo, to sÔsthma qrhsimopoie� prosarmostik  diamìrfwsh me trei dunatoÔ tÔpou:
QPSK, 16-QAM, 64-QAM en¸ h antisto�qish metaxÔ tou tÔpou diamìrfwsh kai touel�qistou apaitoÔmenou SNR g�netai mèsw th an�lush SNR gap ìpw perigr�fhke n-wr�tera sto 3.1.3. Akolouj¸nta thn an�lush aut  mporoÔn na upologistoÔn oi el�qistetimè SNR gia ti uposthrizìmene diamorf¸sei kai na prokÔyei to Sq ma 4.7.
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Sq ma 4.7: To apaitoÔmeno SNR sunart sei tou SER gia to prosomoiwjèn sÔsth-ma. Sto Sq ma 4.8 emfan�zetai to montèlo tou pompoÔ (stajmì b�sh) tou upì exètashdiktÔou OFDMA gia thn k kuyèlh. 'Opw fa�netai kai sto sq ma, h diadikas�a met�doshsthn k�tw zeÔxh mpore� na qwriste� se tr�a mèrh. 'Estw Uk oi qr ste th k kuyèlh me
ru to rujmì met�dosh pou aite� o k�je qr sth th kuyèlh.Sto pr¸to mèro th diadikas�a met�dosh kajor�zetai to m ko tou kanalioÔ touk�je qr sth (arijmì ferìntwn pou qrei�zetai gia na ikanopoihje� o rujmì tou) en¸pragmatopoie�tai kai mia pr¸th an�jesh sugkekrimènwn ferìntwn gia to kan�li tou. To
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Sq ma 4.8: To montèlo tou pompoÔ gia to sÔsthma OFDMA me switched beams.

Sq ma 4.9: H epilog  tou m ko kanalioÔ to qr sth u an�loga me ton RRMalgìrijmo kai to an qrhsimopoie�tai   ìqi prosarmostik  diamìrfwsh.st�dio autì exart�tai kur�w apì to e�n to sÔsthma qrhsimopoie� prosarmostik  di-amìrfwsh, kaj¸ kai apì ton RRM algìrijmo pou epilègetai. Oi RRM algìrijmoi pouqrhsimopoioÔntai e�nai auto� pou perigr�fhkan sto kef�laio 3. Gia ton trìpo me ton opo�okajor�zetai to m ko tou kanalioÔ èqei katastrwje� to di�gramma ro  tou Sq mato 4.9.Sto di�gramma autì, |Su| e�nai to m ko kanalioÔ gia to qr sth u se arijmì ferìntwn,
mb e�nai o arijmì twn bits pou ja metadojoÔn apì èna fèron (bit loading) kai profan¸exart�tai apì to e�do th diamìrfwsh en¸ ru e�nai o zhtoÔmeno rujmì tou qr sth.Ep�sh, Smin e�nai o arijmì twn ferìntwn pou apaitoÔntai gia th megalÔterh dunat diamìrfwsh en¸ Smax e�nai o arijmì twn ferìntwn pou apantoÔntai gia th mikrìterh.Sto �dio st�dio pragmatopoie�tai kai h pr¸th (proswrin ) an�jesh sugkrimènwn ferì-



100 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìntwn sto kan�li tou qr sth. H an�jesh akolouje� ta ìsa or�zei o RRM algìrijmo pouqrhsimopoie�tai (bl. paragr�fou 3.1.4 kai 3.1).H plhrofor�a an�drash pou apaite�tai sto 1o st�dio th diadikas�a met�doshexart�tai apì to e�do tou algor�jmou RRM pou qrhsimopoie�tai. Sugkekrimèna, e�nqrhsimopoioÔntai oi algìrijmoi: ‘seq’, ‘coord’, ‘rand’, ‘r-c’ kai ‘fourC’ tìte to st�dio autìden apaite� gn¸sh twn SINR tim¸n twn ferìntwn2. Ant�jeta, sthn per�ptwsh tou adaptalgor�jmou e�nai apara�thth h plhrofor�a an�drash gia ìla ta fèronta tou sust mato.Sto 2o st�dio th diadikas�a met�dosh kajor�zetai tìso to ep�pedo diamìrfwshtou k�je fèronto ìso kai oi timè isqÔo met�dosh tou k�je fèronto. Se autì tost�dio apaite�tai plhrofor�a an�drash apì to qr sth pou na dhl¸nei ta ep�peda SINRtwn ferìntwn tou sut mato.Sto 3o st�dio th diadikas�a g�netai ousiastik� h antisto�qish ferìntwn me toukat�llhlou loboÔ aktinobol�a tou sust mato. Dedomènou ìti se k�je qr sth èqeianateje� èna ek twn L lob¸n tou tomèa pou ton exuphrete�, mporoÔn na brejoÔn tafèronta pou ja ekpemfjoÔn apì ton k�je lobì aktinobol�a. Sto sq ma 4.8 fa�netai topar�deigma gia to qr sth pou exuphrete�tai apì ton 1o lobì (L1), to s ma twn ferìntwnpou tou èqoun apodoje� pollaplasi�zetai me ta b�rh tou 1ou loboÔ. Sto tèlo tou 3oustad�ou pragmatopoie�tai h metatrop  apì to ped�o th suqnìthta sto ped�o tou qrìnoume th qr sh twn mon�dwn IFFT. K�je èna apì ta W modules èqei M exìdou, ìsa e�naikai ta stoiqe�a th qrhsimopoioÔmenh stoiqeiokera�a, en¸ prin apì k�je stoiqe�o up�rqeih mon�da tou IFFT. Gia to tr�to kai teleuta�o st�dio, w plhrofor�a an;adrash apaite�taimìno to kèrdo kanalioÔ tou k�je qr sth ¸ste na epilege� o kat�llhlo lobì gia autìn.4.4 Prosomo�wsh OFDMA diktÔwn switched-

beam kera�eSe aut  thn par�grafo ja exetaste� h ep�dosh tou sust mato tou Sq mato 4.8 mèswth prosomo�wsh enì polukuyelwtoÔ diktÔou pou qrhsimopoie� tètoiou pompoÔ. Ar-qik� ja parousiaste� h platfìrma prosomo�wsh pou ulopoi jhke me skopì na dieukolunje�2Οι αλγόριθμοι ‘r-c’, ‘fourC’ απαιτούν γνώση μόνο του κέρδους καναλιού του χρήστη για την
κεντρική συχνότητα του συστήματος.



4.4 Prosomo�wsh OFDMA diktÔwn switched-beam kera�e 101h e�sodo twn paramètrwn prosomo�wsh kai to setup tou epijumhtoÔ diktÔou. Sth sunè-qeia ja parousiasjoÔn apotelèsmata ep�dosh twn upì exètash diktÔwn pou ja aforoÔnthn pijanìthta apìrriyh qr sth tou diktÔou, thn pijanìthta apìrriyh makrinoÔ qr sth3kai to bajmì qrhsimopo�hsh twn ferìntwn tou sust mato mèsw tou loading factor.Sto [48℄ parousi�zetai mia paremfer  melèth OFDMA diktÔwn me switched-beamkera�e stou stajmoÔ b�sh pou elègqei th qwrhtikìthta tou diktÔou. Wstìso, sthmelèth aut  den pragmatopoie�tai akrib  upologismì twn parembol¸n tou diktÔou, oiparembolè prosomoi¸nontai mèsw th je¸rhsh parembol¸n tÔpou Gauss. Epiprìsjetah melèth aut  qrhsimopoie� apokleistik� thn tuqa�a aponom  apìdosh ferìntwn san ènatrìpo prosomo�wsh th teqnik  pou akolouje�tai apì ta prwtìkolla th om�da 802.16.4.4.1 Platfìrma prosomo�wshH platfìrma pou perigr�fetai se autì to shme�o leitourge� w èna prosomoiwt 
OFDMA diktÔou me switched-beam kera�e sthn k�tw zeÔxh. H platfìrma d�nei thdunatìthta epilog 
• th kera�a tou stajmoÔ b�sh,
• tou arijmoÔ kuyel¸n (mèsw epilog  arijmoÔ tiers),
• tou algor�jmou ekq¸rhsh kanali¸n,
• tou tÔpou diamìrfwsh,
• twn uphsthrizìmenwn uphresi¸n kai
• th pijanìthta apìrriyh qr sth (Rejection Probability).Sthn eikìna 4.10 fa�netai h ojình eisagwg  twn epijumht¸n paramètrwn gia thn proso-mo�wsh tou OFDMA diktÔou.Oi kera�e twn stajm¸n b�sh mpore� na e�nai e�te omoikateujuntikè, e�te sectorized,e�te stoiqeiokera�e. Sthn teleuta�a per�ptwsh epilègetai o arijmì twn stoiqe�wn thstoiqeiokera�a kaj¸ kai o arijmì lob¸n sÔmfwna me thn ojình tou sq mato 4.11.Ta kan�lia ekqwroÔntai me k�poion apì tou èxi algìrijmou pou parousi�sthkan sti3Ως ῾῾μακρινός᾿᾿ λαμβάνεται ο χρήστης ο οποίος απέχει περισσότερο από 0.7Km από το σταθμό

βάσης που τον εξυπηρετεί.
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Sq ma 4.10: Ojình eisagwg  paramètrwn gia ton prosomoiwt  diktÔou OFDMA.paragr�fou 3.1.4 kai 3.2. To d�ktuo mpore� e�te na qrhsimopoie� apokleistik� èna e�dodiamìrfwsh e�te na efarmìzei prosarmostik  diamìrfwsh ìpou diat�jentai kai ta tr�a e�dhdiamìrfwsh pou emfan�zontai sthn eikìna 4.10. Ep�sh, epilègetai to sÔnolo uphresi¸npou ja uposthr�zei to d�ktuo apì ti tèsseri om�de uphresi¸n pou diat�jentai sunolik�(Pin. 4.1).
set 1 128Kbps, 256Kbps, 512Kbps
set 2 512Kbps, 1Mbps, 2Mbps
set 3 1Mbps, 2Mbps, 5Mbps
set 4 2Mbps, 5Mbps, 10MbpsP�naka 4.1: Om�de prosferìmenwn uphresi¸nTo krit rio tèlou th prosomo�wsh gia to k�je setup e�nai h pijanìthta apìrriyhqr sth (Rejection Probability). H pijanìthta apìrriyh enì qr sth se k�je stigmiìtupoth prosomo�wsh d�detai apì thn

b =
users rejected

total usersìpou total users e�nai o sunolikì arijmì qrhst¸n pou prosp�jhsan mèqri to sugkekri-mèno stigmiìtupo na eisèljoun sto sÔsthma. 'Etsi, k�je prosomo�wsh telei¸nei ìtan htim  b ft�sei thn an¸tath epitrept  tim  pou or�zetai sto st�dio th eikìna 4.10.



4.4 Prosomo�wsh OFDMA diktÔwn switched-beam kera�e 103Met� to tèlo th prosomo�wsh mporoÔn na lhfjoÔn timè gia ta megèjh pou peri-gr�foun thn apìdosh tou diktÔou gia to sugkekrimèno setup. Me autì ton trìpo hmelèth kai h an�lush tou OFDMA diktÔou mpore� na g�nei qwr� na apaite�tai gn¸sh giaton trìpo ulopo�hsh th efarmog .

Sq ma 4.11: Ojình eisagwg  paramètrwn gia ti stoiqeiokera�e twn stajm¸nb�sh.4.4.2 Ep�dosh teqnik¸n RRM se OFDMA d�ktua me
switched-beam kera�eH axiolìghsh kai h ep�drash sugkekrimènwn epilog¸n (algìrijmo katanom  ferì-ntwn, keraiosÔsthma, e�do diamìrfwsh) sthn ep�dosh tou OFDMA diktÔou g�netai kaisto kef�laio autì me Monte Carlo prosomoi¸sei, [49℄. Gia ta apotelèsmata aut  thparagr�fou pragmatopoi jhkan 300 Monte Carlo prosomoi¸sei gia to k�je sen�rio.Sugkekrimèna, se aut  thn par�grafo epilèqjhkan oi trei kalÔteroi RRM algìrijmoitou prohgoÔmenou kefala�ou (‘rand’, ‘fourC’, ‘adapt’) kai prosomoi¸jhkan se d�ktuame sectorized kera�e kai se d�ktua me switced-beam kera�e. Pènte d�ktua sunolik�emfan�zontai se k�je di�gramma apotelesm�twn: omni, ìpou to d�ktuo èqei apokleistik�omoiokateujuntikè kera�e ìpw sta apotelèsmata pou èqoun parousiasje� mèqri t¸ra,

sectors, ìpou to d�ktuo efarmìzei tomeopo�hsh twn keyel¸n me trei tome� an� kuyèlh,
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3beams/sec ìpou to d�ktuo efarmìzei stajerì plègma tri¸n lob¸n an� tomèa, 5beams/secìpou to d�ktuo efarmìzei stajerì plègma pènte lob¸n an� tomèa kai tèlo, 7beams/secìpou to d�ktuo efarmìzei stajerì plègma ept� lob¸n an� tomèa. Melet¸ntai loipìnpènte d�ktua me diaforetik� keraiosust mata kai to kajèna me trei diaforetikoÔ RRMalgor�jmou, ètsi, to k�je di�gramma parousi�zei apotelèsmata ep�dosh gia dekapèntesunolik� d�ktua.Gia kajèna apì ta dekapènte d�ktua pou anafèrjhkan parap�nw pragmatopoi jhkandÔo set prosomoi¸sewn. Sto pr¸to set, h prosomo�wsh tou k�je diktÔou perilamb�nei300 Monte Carlo epanal yei, me thn k�je mia na termat�zei mìli 100 qr ste prospaj -soun na eisèljoun sto d�ktuo. O k�je qr sth eisèrqetai se tuqa�a jèsh sto sÔsthma en¸èqei kajorismèno m ko kanalioÔ me nch = 4 fèronta. Se autì to set prosomoi¸sewn tosÔsthma qrhsimopoie� mìno thn QPSK diamìrfwsh gia ta fèronta twn qrhst¸n, en¸ efar-mìzei èlegqo isqÔo se ìle tou stajmoÔ b�sh ¸ste na egguhje� poiìthta uphres�astou qr ste tou. Epiplèon, to diatijèmeno f�sma epanaqrhsimopoie�tai pl rw se k�-je kuyèlh, je¸rhsh pou èqei akoloujhje� kai sto prohgoÔmeno kef�laio. Ston P�naka4.2 sugkentr¸nontai oi basikè par�metroi prosomo�wsh gia to sÔsthma. Sto deÔteroset prosomoi¸sewn, to setup paramènei sqedìn �dio me prohgoumènw, mìno pou t¸ra hk�je Monte Carlo epan�lhyh termat�zei mìli h pijanìthta apìrriyh qr sth ft�sei to5%.Tèlo, gia to montèlo di�dosh èqei qrhsimopoihje� to extended Hata gia ìle thkuyèle plhn th kentrik  ìpou efarmìzetai teqnik  ray tracing. Perissìtere plhro-for�e mporoÔn na anazhthjoÔn sthn par�grafo 3.3.2.1.Apotelèsmata prosomoi¸sewn: h k�je Monte Carlo epan�lhyhtermat�zei ìtan 100 qr ste prospaj soun na eisèljoun sto d�ktuoTa apotelèsmata aut  th paragr�fou aforoÔn thn pijanìthta apìrriyh qr sthkai to loading factor. Ta dÔo teleuta�a megèjh aforoÔn apokleistik� thn kentrik  kuyèlhtou sust mato ìpou h prosomo�wsh exel�ssetai me ray tracing teqnik  gia thn prìbleyhped�ou.Sta Sq mata 4.12 - 4.14 parousi�zetai h pijanìthta apìrriyh qr sth gia ta pèntee�dh keraiosusthm�twn pou proanafèrjhkan. EÔkola prokÔptei ìti o ‘adapt’ parousi�zei



4.4 Prosomo�wsh OFDMA diktÔwn switched-beam kera�e 105Arijmì Kuyel¸n K = 7Akt�na Kuyèlh R = 0.8kmKentrik  Suqnìthta fc = 2.5GHzDiajèsimo f�sma BW = 10MHzArijmì OFDM ferìntwn N = 128Apìstash geitonik¸n ferìntwn ∆f = 78.125kHz

Bit Error Rate Pe = 10−5Stajmì B�sh - Suskeu  Qr sth
BS kèrdo kera�a GTx

BS = 14dBi (Omoiokateujuntik )
GTx

BS = 17dBi (sectorized)
GTx

BS = 17dBi + 10 log(M) (M :arijmìstoiqe�wn)
BS mègisth isqÔ met�dosh P max

BS = 43dBm

BS Ôyo kera�a hBS = 15m

MS kèrdo kera�a GRx
MS = −1dBi (Omoiokateujuntik )

MS Ôyo kera�a hMS = 1.5m

MS suntelest  jorÔbou F Rx
MS = 7dBMontèlo di�doshKentrik  Kuyèlh Ray TracingUpìloipe Kuyèle COST-Hata-Model[32℄Sk�ash σshadowing = 8dBPuknìthta IsqÔo leukoÔ jorÔbou N0 = −174dBm

HzP�naka 4.2: Par�metroi Prosomo�wsh gia to OFDMA d�ktuo.thn kalÔterh sumperifor� ft�nonta mìno to 4% pijanìthta apìrriyh gia 100 qr steen¸ diathre� sqedìn mhdenik  pijanìthta apìrriyh gia ìla ta d�ktua me stajerì plègmalob¸n.Sthn per�ptwsh ìmw pou prèpei na qrhsimopoihjoÔn pio apl� sq mata apìdoshpìrwn, ta Sq mata 4.12 kai 4.13 de�qnoun ìti h sumperifor� akìmh kai twn apl¸n teqnik¸ne�nai axiìlogh. Sugkekrimèna, o ‘fourC’ algìrijmo prosegg�zei thn ep�dosh tou ‘adapt’me sectorized kera�e, ìtan qrhsimopoie�tai plègma tri¸n lob¸n an� tomèa. An kai denpetuqa�nei th sqedìn mhdenik  pijanìthta apìrriyh qr sth tou ‘adapt’, ft�nei ìmwse pijanìthta apìrriyh mìli 2.5% stou 100 qr ste gia d�ktua me 5   7 beams/sec.



106 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìEpiprìsjeta, o ‘fourC’ algìrijmo, akìmh kai sthn per�ptwsh twn sectors, den xepern�eito 8% pijanìthta apìrriyh gia 100 qr ste, tim  h opo�a diplasi�zetai sthn per�ptwshtou aploÔ ‘rand’ pou ft�nei sqedìn ta 17%.'Ena teleuta�o endiafèron shme�o twn diagramm�twn aut¸n e�nai ìti ìloi sqedìn oialgìrijmoi den parousi�zoun belt�wsh apì tou 5 loboÔ an� tomèa stou 7. To gegonìautì dhl¸nei ìti me tou 5 loboÔ an� tomèa to d�ktuo èqei kataste�lei pl rw to prìblhmatwn parembol¸n se ep�pedo diktÔou kai h peraitèrw prosp�jeia katastol  tou (meperissìterou loboÔ) den odhge� se belt�wsh th ep�dos  tou. To gegonì autì fa�netaipio kajar� kai sto Sq ma 4.15 ìpou fa�netai to loading factor tou diktÔou gia ìla ta upìexètash sen�ria th paragr�fou aut  ìtan 100 qr ste èqoun prospaj sei na mpounsto d�ktuo. Sto �dio sq ma fa�netai kai h mègisth tim  tou loading factor pou mpore� naepiteuqje� me to ìrio twn 100 qrhst¸n4. Arqik� parathroÔme ìti o algìrijmo ‘adapt’ft�nei th mègisth tim  akìmh kai me 3 loboÔ an� tomèa, me apotèlesma epiplèon lobo� namh mporoÔn na belti¸soun thn ep�dos  tou. To �dio isqÔei kai gia ton ‘fourC’ algìrijmoakìmh kai e�n de fa�netai na ft�nei oriak� th mègisth tim  pou èqei teje� sto di�gramma.Autì sumba�nei ìmw giat� o ‘fourC’, ant�jeta me ton ‘adapt’, den epanekqwre� me thne�sodo k�je nèou qr sth ta kan�lia th kuyèlh tou, me apotèlesma na <<q�nei>> k�poiouqr ste lìgw uperbolik¸n parembol¸n anex�rthta apì thn parous�a lob¸n sto d�ktuo.Exait�a autoÔ tou gegonìto, sthn per�ptwsh tou ‘fourC’ h mègisth tim  tou loading

factor den mpore� potè na ft�sei th mègisth tim  pou de�qnei h gramm  tou Sq mato 4.15.Apotelèsmata prosomoi¸sewn: h k�je Monte Carlo epan�lhyhtermat�zei ìtan h pijanìthta apìrriyh qr sth ft�sei to 5%Oi par�metroi tou sust mato e�nai p�li autè tou P�naka 4.2 en¸ to perib�llonprosomo�wsh èqei perigrafe� sthn arq  th paragr�fou. Ta apotelèsmata autoÔ tou setskopì èqoun na de�xoun kalÔtera ti epidìsei twn upì exètash diktÔwn gia qamhlè timèapìrriyh qr sth, pou e�nai kai h epijumht  kat�stash se èna d�ktuo paroq  asÔrmatwnuphresi¸n. H poluplokìthta tou sust mato paramènei h el�qisth dunat  mia kai denqrhsimopoie�tai prosarmostik  diamìrfwsh.Sta Sq mata 4.16 kai 4.17 parousi�zetai ant�stoiqa, o bajmì epanaqrhsimopo�hsh4Δεδομένου ότι ο κάθε χρήστης λαμβάνει το μέγιστο nch = 4 φέροντα, η παρουσία 100 χρηστών
στο δίκτυο ισοδυναμεί με loading factor ίσο με 44,67%



4.4 Prosomo�wsh OFDMA diktÔwn switched-beam kera�e 107

0 20 40 60 80 100
0

5

10

15

20

25

30

35

System Users

R
ej

ec
tio

n 
P

ro
ba

bi
lit

y 
(%

)

 

 

omni
sectors
3beams/sec
5beams/sec
7beams/sec

Sq ma 4.12: H pijanìthta apìrriyh qr sth ìtan to sÔsthma qrhsimopoie� ton
rand algìrijmo.
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Sq ma 4.13: H pijanìthta apìrriyh qr sth ìtan to sÔsthma qrhsimopoie� ton
fourC algìrijmo.
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Sq ma 4.14: H pijanìthta apìrriyh qr sth ìtan to sÔsthma qrhsimopoie� ton
adapt algìrijmo.
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Sq ma 4.15: To loading factor (%) tou diktÔou gia ìla ta d�ktua.



4.4 Prosomo�wsh OFDMA diktÔwn switched-beam kera�e 109kai o prosferìmeno rujmì th kentrik  kuyèlh gia ta dekapènte exetazìmena d�ktua.Profan¸ o ‘adapt’ algìrijmo èqei thn kalÔterh ep�dosh, prosegg�zonta suntelest epanaqrhsimopo�hsh l�go uyhlìtero apì th mon�da kai me throughput kentrik  kuyèlhper� ta 17Mbps. Wstìso, apì to Sq ma 4.16 fa�netai ìti h belt�wsh tou ‘adapt’ me thqrhsimopo�hsh perissìterwn lob¸n e�nai polÔ mikr  se sqèsh me th belt�wsh twn upolo�p-wn algor�jmwn. An kai h belt�wsh tou ‘fourC’ me thn efarmog  twn swtiched beams e�naimeg�lh, o bajmì epanaqrhsimopo�hsh f�smato den pèftei k�tw apì to 3.5. H tim  aut wstìso kr�netai ikanopoihtik  e�n tautìqrona lhfje� upìyh kai to throughput tou Sq -mato 4.17 ìpou fa�netai ìti o ‘fourC’ d�nei èw kai 14Mbps sthn kentrik  kuyèlh. An kai�mesh sÔgkrish den e�nai dunatì na up�rxei, wstìso h tim  aut  e�nai saf¸ megalÔterhapì ti prosferìmene timè twn sÔgqronwn asÔrmatwn kuyelwt¸n diktÔwn. Mia teleu-ta�a parat rhsh pou ax�zei na g�nei gia to di�gramma 4.17 e�nai ìti h efarmog  oloèna kaiperissìterwn lob¸n mei¸nei th diafor� sto rujmì met�dosh metaxÔ tou ‘adapt’ kai tou
‘fourC’. H diafor� tou sta d�ktua me 5 kai 7 loboÔ an� tomèa den xepern�ei 3 kai 2.5
Mbps ant�stoiqa.
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Sq ma 4.16: O bajmì epanaqrhsimopo�hsh tou f�smato gia ta upo exètashd�ktua. Qrhsimopoie�tai diamìrfwsh QPSK.Gia q�rh plhrìthta th melèth, parat�jentai ta Sq mata 4.18 kai 4.19 ta opo�-
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Sq ma 4.17: To throughput (Mbps) th kentrik  kuyèlh gia ìla ta upì exètashd�ktua. Qrhsimopoie�tai diamìrfwsh QPSK.
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Sq ma 4.18: O bajmì epanaqrhsimopo�hsh tou f�smato gia ta upì exètashd�ktua. Qrhsimopoie�tai prosarmostik  diamìrfwsh (QPSK, 16QAM, 64QAM).
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Sq ma 4.19: To throughput (Mbps) th kentrik  kuyèlh gia ìla ta upì exètashd�ktua. Qrhsimopoie�tai prosarmsotik  diamìrfwsh (QPSK, 16QAM, 64QAM).a parousi�zoun apotelèsmata gia to bajmì epanaqrhsimopo�hsh kai to throughput thkentrik  kuyèlh se d�ktua ìmw me prosarmostik  diamìrfwsh. Ta apotelèsmata diafo-ropoioÔntai shmantik� se aut  thn per�ptwsh. 'Opw kai sto kef�laio 3 h prosarmostik diamìrfwsh epifèrei axioshme�wth belt�wsh sthn ep�dosh tou ‘rand’ algor�jmou gia ìlata upì exètash d�ktua. An kai belt�wsh parathre�tai se ìlou tou algor�jmou, wstìsomìno sthn per�ptwsh tou ‘rand’ aut  odhge� sqedìn ston eptaplasiasmì tou throughputth kentrik  kuyèlh. Sugkekrimèna, o ‘fourC’ algìrijmo ft�nei ta 18Mbps sthn ken-trik  kuyèlh, en¸ o ‘rand’ agg�zei akìmh kai ta 23Mbps. Shmantik  e�nai kai h belt�wshtou ‘adapt’ pou ft�nei ta 33Mbps sthn kentrik  kuyèlh.Tèlo, apì to di�gramma 4.18 me to bajmì epanaqrhsimopo�hsh f�smato apodeiknÔe-tai to pìso exairetik� sumperifèretai h teqnik  ‘rand’. H ep�dos  th e�nai sugkr�simh meaut  th teqnik  ‘adapt’ en¸ gia ta d�ktua me 3 loboÔ an� tomèa, o bajmì epanaqrhsi-mopo�hsh f�smato agg�zei to bèltisto (reuse factor = 1). Apì autì to di�grammafa�netai entonìtera h xek�jara megalÔterh belt�wsh th ‘rand’ teqnik  se sqèsh me th
‘fourC’.



112 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompì4.4.3 Katastol  parembol¸n se OFDMA d�ktua me
switched beamsSe aut  thn par�grafo ja exetaste� h ep�drash twn switched-beam kerai¸n seperib�llonta me auxhmène parembolè. Skopì e�nai na melethje� h ep�dosh tou OFDMAsust mato ìtan oi parembolè aux�nontai ìpw sumba�nei ìtan to d�ktuo epekte�netaime perissìtere kuyèle kai �ra me perissìterou qr ste. Se aut  thn par�grafo
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Sq ma 4.20: O bajmì epanaqrhsimopo�hsh tou diktÔou. Qrhsimopoie�tai o adaptw RRM algìrijmo kai prosarmostik  diamìrfwsh.prosomoi¸jhkan d�ktua me èna kai dÔo tiers (me 7 kai 19 kuyèle). H teqnik  OFDMApou epilèqjhke  tan h ‘adapt’ pou perigr�fetai sthn par�grafo 3.1.4 en¸ to sÔsthmaefarmìzei prosarmostik  diamìrfwsh me tr�a ep�peda: QPSK, 16-QAM, 64-QAM. Oiqr ste zhtoÔn tuqa�a èna rujmì apì to set [128Kbps, 256Kbps, 512Kbps℄ en¸ h jèshtou prosdior�zetai tuqa�a sto q¸ro tou diktÔou. Sunolik� prosomoi¸jhkan dÔo d�ktua:èna me 7 kuyèle kai èna me 19 kuyèle. Gia k�je d�ktuo pragmatopoi jhkan 100 Monte

Carlo epanal yei me thn k�je mia na termat�zetai ìtan h pijanìthta apìrriyh qr sthft�sei ta 20%.Sto Sq ma 4.20 parousi�zetai o bajmì epanaqrhsimopo�hsh tou diktÔou gia 7 kai19 kuyèle. ParathroÔme ìti h efarmog  twn lob¸n mei¸nei polÔ gr gora to baj-
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Sq ma 4.21: O rujmì met�dosh (Mbps) gia thn kentrik  kuyèlh tou diktÔou.Qrhsimopoie�tai o ‘adapt’ algìrijmo kai prosarmostik  diamìrfwsh.mì epanaqrhsimopo�hsh f�smato. Epiplèon, met� tou 3 loboÔ an� tomèa o bajmìepanaqrhsimopo�hsh prosegg�zei sqedìn th mon�da gegonì pou dhl¸nei ìti den mpore�na up�rxei peraitèrw belt�wsh th ep�dosh tou sust mato. To sÔsthma me aut  thnteqnik  kai me 3 loboÔ an� tomèa axiopoie� pl rw tou pìrou tou. Ep�sh, h prosj khtou 2ou tier af nei sqedìn anephrèasto to bajmì epanaqrhsimopo�hsh tou diktÔou.Sto Sq ma 4.21 emfan�zetai o rujmì met�dosh k�tw zeÔxh gia thn kentrik  kuyèlhtou diktÔou. Anamenìmena up�rqei mia mikr  me�wsh tou rujmoÔ th kentrik  sti 19kuyèle, h opo�a mei¸netai me thn prosj kh perissìterwn lob¸n. Sugkekrimèna, stod�ktuo me tou 7 loboÔ an� tomèa h diafor� sto rujmì k�tw zeÔxh th kentrik  gia ti 7kai 19 kuyèle den xepern� to 1Mbps gegonì pou dhl¸nei ìti oi parembolè tou epiplèon
tier èqoun pl rw exaleifje�. Tèlo, kai apì autì to sq ma fa�netai ìti h prosj khperissìterwn lob¸n pèra twn tri¸n, den epifèrei meg�lh belt�wsh sthn ep�dosh tousust mato. O rujmì k�tw zeÔxh agg�zei ta 33-34Mbps sto diktÔou me tou 7 loboÔan� tomèa.Sto teleuta�o di�gramma aut  th paragr�fou pou parousi�zetai sto Sq ma 4.22sugkentr¸netai o arijmì twn ferìntwn an� d�ktuo me tautìqronh omadopo�hs  tou
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Sq ma 4.22: H katanom  twn carriers an�loga me th diamìrfws  tou. Qrhsi-mopoie�tai o ‘adapt’ algìrijmo kai prosarmostik  diamìrfwsh.an�loga me ton tÔpo diamìrfws  tou. Anamenìmena ta perissìtera fèronta diamor-f¸nontai apì QPSK en¸ ta ligìtera apì 64-QAM. Wstìso, o arijmì twn 16-QAM kai
64-QAM aux�nontai me thn prosj kh perissìterwn lob¸n. Tautìqrona, parathroÔmeìti gia ta d�ktua me 5 kai 7 loboÔ an� tomèa, o arijmì twn QPSK ferìntwn aux�neisti 19 kuyèle se sqèsh me ti 7. Autì ofe�letai sto gegonì ìti lìgw twn perissìte-rwn parembol¸n pou dèqetai h kentrik  kuyèlh, den katafèrnei na fort¸sei ant�stoiqoarijmì ferìntwn me uyhlìtere diamorf¸sei, ètsi, gia na ikanopoi sei ti apait seitwn qrhst¸n tou, to sÔsthma aux�nei ton arijmì ferìntwn pou diamorf¸nontai me thqamhlìterh diamìrfwsh (QPSK).4.4.4 Ep�drash tou m kou kanalioÔ qr sthSe ìlh thn prohgoÔmenh melèth pou parousi�sthke anaforik� me ti epidìsei twn
RRM algor�jmwn den ègine idia�terh anafor� sto m ko tou kanalioÔ tou qr sth. Tom ko tou kanalioÔ tou qr sth or�zetai mèsw tou arijmoÔ twn ferìntwn tou sust matopou tou anat�jentai kai sÔmfwna me to sq ma 4.8 o kajorismì tou m kou kanalioÔpragmatopoie�tai sto 1o st�dio th met�dosh me trìpo pou perigr�fetai sto di�gramma



4.4 Prosomo�wsh OFDMA diktÔwn switched-beam kera�e 115ro  4.9. Wstìso, h epilog  tou m kou kanalioÔ ephre�zei �mesa to 3o st�dio thmet�dosh ìpou pragmatopoie�tai to bit loading twn ferìntwn pou epilèqjhkan kai oupologismì th apaitoÔmenh isqÔo. Skopì loipìn aut  th paragr�fou e�nai namelethje� all� kai na posotikopoihje� h ep�drash tou m kou kanalioÔ tou qr sth sthnep�dosh tou diktÔou.Upenjum�zetai ìti to sÔsthma pou ulopoie�tai epiqeire� prosarmostik  diamìrfwsh kaièlegqo isqÔo me skopì thn elaqistopo�hsh th sunolik  isqÔo k�tw zeÔxh. Se ènatètoio sÔsthma, ìpw ja fane� kai apì th melèth pou akolouje�, to m ko kanalioÔ èqeiidia�terh shmas�a ìtan oi qr ste aitoÔn diaforetikè uphres�e. Sun jw, ta sust mataekqwroÔn kajorismèno m ko kanalioÔ stou qr ste tou5 anexart tw apì thn uphres�apou auto� aitoÔn. Se aut  thn par�grafo parousi�zetai mia melèth pou apodeiknÔei ìtise sust mata me prosarmostik  diamìrfwsh pou parèqoun poik�le uphres�e h qr shstajeroÔ m kou kanalioÔ den e�nai h orjìterh prosèggish.Sugkekrimèna, eis�getai mia nèa par�metro, ratio, h opo�a leitourge� san o stajerìlìgo metaxÔ tou eÔrou kanalioÔ tou qr sth kai th uphres�a pou aite�. H (4.7) or�zeith metablht  ratio gia ton qr sth u.
ratio =

|S| ·∆f

ru
(4.7)Sthn prohgoÔmenh sqèsh me |S| prosdior�zetai o arijmì twn ferìntwn pou anat�je-ntai sto qr sth u, ∆f e�nai h apìstash twn ferìntwn metaxÔ tou (metr�tai se mon�def�smato) kai ru e�nai o epijumhtì rujmì k�tw zeÔxh pou aite� o qr sth. 'Etsi, hmetablht  ratio e�nai èna kajarì arijmì pou lamb�nei timè sto (0,1℄.Mèqri t¸ra sth melèth pou prohg jhke, h metablht  ratio l�mbane timè an�loga meto m ko tou kanalioÔ (|S|) kai to rujmì tou qr sth, sthn par�grafo aut  to sÔsthmaepiqeire� na ikanopoi sei ti apait sei twn qrhst¸n tou diathr¸nta stajer  thn tim  giathn par�metro ratio. Oi prosomoi¸sei pou akoloujoÔn de�qnoun p¸ sumperifèretai tod�ktuo gia diaforetikè, se k�je per�ptwsh ìmw stajerè, timè th paramètrou ratio.IsqÔoun oi par�metroi tou P�naka 4.2 en¸ gia RRM teqnik  qrhsimopoi jhke o al-gìrijmo ‘rand’ pou apotele� kai klassik  epilog  twn perissìterwn susthm�twn. Epi-5Στα γνωστά συστήματα, όταν η υπηρεσία που ζητά ο χρήστης απαιτεί φάσμα μεγαλύτερο από

αυτό που προϋποθέτει το κανάλι, τότε του αποδίδεται ακέραιο πολλαπλάσιο του καναλιού
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Sq ma 4.23: To Bit Rate th kentrik  kuyèlh ìtan to sÔsthma qrhsimopoie� sta-jer  tim  ratio (suneqe� grammè) gia to kan�li twn qrhst¸n kai ìtan qrhsimopoie�stajerì m ko kanalioÔ (diakekommène grammè).
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Sq ma 4.24: To loading factor th kentrik  kuyèlh ìtan to sÔsthma qrhsi-mopoie� stajer  tim  ratio (suneqe� grammè) gia to kan�li twn qrhst¸n kai ìtanqrhsimopoie� stajerì m ko kanalioÔ (diakekommène grammè).



4.4 Prosomo�wsh OFDMA diktÔwn switched-beam kera�e 117plèon, o k�je qr sth zht� mia uphres�a apì ti pènte diajèsime tou sunìlou [312.5Kbps468.75Kbps 625Kbps 781.25Kbps 937.5Kbps℄, en¸ to m ko kanalioÔ tou (|S|) kajor�ze-tai �mesa apì thn par�metro ratio pou qrhsimopoie� k�je for� to d�ktuo.Sunolik� pragmatopoioÔntai prosomoi¸sei kai gia ta pènte d�ktua (omni, sectors,

3beams/sec, 5beans/sec, 7beams/sec) kai to kajèna elègqetai gia ti 4 timè ti paramètrou
ratio =[0.2 0.3 0.4 0.5℄. H tim  0.1 den apotele� epilog  gia thn par�metro ratio miakai to prokÔpton m ko kanalioÔ e�nai tìso mikrì ¸ste akìmh kai o el�qisto rujmì(312.5Kbps) me th mègisth dunat  diamìrfwsh (64QAM) den mpore� na ikanopoihje�. 'E-tsi o èlegqo xekin�ei apì thn tim  0.2. Ep�sh, h tim  0.5 apotele� th mègisth tim pou èqei nìhma na exetasje� mia kai odhge� se èna m ko kanalioÔ |S| = 6 to opo�ompore� na ikanopoi sei th mègisth epitrept  uphres�a (937.5Kbps) me to mikrìtero e�dodiamìrfwsh (QPSK).Par�llhla, gia lìgou sÔgkrish, pragmatopoi jhke kai mia prosomo�wsh twn �di-wn diktÔwn me to sÔsthma na diathre� stajerì m ko kanalioÔ gia ìlou tou qr steanex�rthta apì thn uphres�a tou (|S| = 6). Ta apotelèsmata aut  th prosomo�wshsugkr�nontai me aut� twn prosomoi¸sewn ìpou qrhsimopoie�tai stajer  tim  ratio kai ìqistajerì |S|.Sta Sq mata 4.23 kai 4.24 emfan�zetai ant�stoiqa o rujmì met�dosh k�tw zeÔxhkai to loading factor gia ta upì exètash d�ktua ìtan to kan�li tou qr sth e�nai stajerì(diakekommène grammè) kai ìtan h par�metro ratio e�nai stajer  (suneqe� grammè).Anamenìmena to loading factor th kentrik  kuyèlh megistopoie�tai ìtan oi qr stelamb�noun stajer� to mègisto kan�li (diakekommène euje�e sto Sq ma 4.24). Wstìso,to endiafèron parathre�tai sto Sq ma 4.23 ìpou emfan�zetai to bit rate th kentrik kuyèlh tou diktÔou. Se autì to sq ma fa�netai ìti an kai gia ta d�ktua me omoioka-teujuntikè (omni)   kera�e tomeopo�hsh (sectors) h taktik  tou stajeroÔ-mègistoukanalioÔ parousi�zei thn kalÔterh ep�dosh, de sumba�nei ìmw to �dio kai gia ta sust -mata me stajerì plègma lob¸n. Ta sust mata aut� parousi�zoun ton kalÔtero rujmìmet�dosh ìtan to kan�li tou qr sth den e�nai stajerì all� metab�lletai me stajer analog�a 0.3 (ratio = 0.3). Autì sumba�nei diìti ta d�ktua aut� parousi�zoun exairetik�qamhlìtera ep�peda parembol¸n me apotèlesma na epitrèpoun pio meg�la bit loading taopo�a, sta pla�sia mia taktik  el�qisth isqÔo, na mporoÔn na epiteuqjoÔn mìno me



118 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìmikrìtera kan�lia.Gia ta upì exètash d�ktua loipìn, apodeiknÔetai ìti h katallhlìterh taktik  se sust -mata me stajerì plègma lob¸n e�nai h qr sh metaballìmenou kanalioÔ me tim  paramètrou
ratio = 0.3. H tim  aut  profan¸ den mpore� na genikeute�, wstìso kr�netai apara�ththan�logh melèth gia k�je sÔsthma pou dÔnatai na leitourg sei upì sunj ke prosarmo-stik  diamìrfwsh kai diaforetikè uphres�e qr sth.4.5 Random beamforming se d�ktua OFDMASe èna klassikì perib�llon egkat�stash enì asÔrmatou diktÔou oi diale�yei toukanalioÔ (channel fading) apoteloÔsan p�nta adÔnato shme�o tou sust mato kai ìleoi prosp�jeie stìqeuan sthn katastol  tou. Se èna perib�llon diktÔou ìmw ìpouup�rqoun pollo� qr ste me ton kajèna na èqei diaforetik  poiìthta kan�li, oi diale�yeitou kanalioÔ mporoÔn na jewrhjoÔn san èna epiplèon stoiqe�o tuqaiìthta pou to d�ktuodÔnatai na ekmetalleute�. 'Etsi, genn�tai èna epiplèon e�do diaforismoÔ pou kale�taidiaforismì pollapl¸n qrhst¸n (multiuser diversity) kai sthr�zetai sto gegonì ìtiìtan to kan�li enì qr sth den e�nai kat�llhlo gia met�dosh, to kan�li k�poiou �llouqr sth parousi�zei kal  poiìthta, me apotèlesma h met�dosh twn dedomènwn autoÔ touqr sth na megistopoie� thn ep�dosh sunolik� tou diktÔou.'Oso megalÔtere diakum�nsei parousi�zei to kan�li twn qrhst¸n tìso megalÔteroja e�nai kai to kèrdo tou multiuser diversity. Wstìso, ìtan oi qr ste br�skontai se op-tik  epaf  me to stajmì b�sh   ìtan to kan�li tou metab�lletai polÔ arg� tìte to kèr-do autì den mpore� na epiteuqje�. Se autè ti peript¸sei qrhsimopoie�tai h teqnik  thtuqa�a diamìrfwsh dèsmh (Random Beamforming) h opo�a prokale� tuqa�e diakum�n-sei sthn poiìthta kanalioÔ twn qrhst¸n mèsw th dhmiourg�a tuqa�wn diagramm�twnaktinobol�a.4.5.1 Eisagwg H idèa th tuqa�a diamìrfwsh dèsmh eis qjhke gia pr¸th for� sto [50℄ ìpou oisuggrafe� qrhsimopo�hsan thn teqnik  Random Beamforming gia na eis�goun epiplèondiale�yei sto ped�o tou qrìnou. Epeid  sthn ergas�a aut  h teqnik  Random Beam-
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forming qrhsimopoie�tai kur�w se sunduasmì me qronodromologht  (scheduler) ¸ste nadromologoÔntai k�je for� oi qr ste me to kalÔtero kan�li, qrhsimopoie�tai kai o ìrooportounistik  diamìrfwsh dèsmh (opportunitstic beamforming). Melet¸nta oi sug-grafe� sto [50℄ thn ep�dosh th teqnik  se diaforetik� perib�llonta (slow and fast fad-

ing), apodeiknÔoun th belt�wsh th ep�dosh tou sust mato anaforik� me to throughputse slow fading perib�llonta, en¸ sqoli�zoun thn aplìthta th teqnik  dedomènou ìtiden apaite� k�poiou e�dou plhrofor�a an�drash.Se èna sÔsthma ìmw OFDMA, ìpou oi qr ste metad�doun tìso se diaforetikèqronosqismè ìso kai se diaforetik� kan�lia, h teqnik  Random Beamforming qrhsi-mopoie�tai gia na eis�gei tuqa�e diale�yei tìso sto qrìno ìso kai sth suqnìthta. Seant�jesh dhlad  me to [50℄, h teqnik  Random Beamforming qrhsimopoie�tai kai stoped�o th suqnìthta. H epèktash th teqnik  sto ped�o th suqnìthta epiqeire�tai meepituq�a sto [51℄ ìpou oi suggrafe� eis�goun tuqaiìthta tìso sto qrìno ìso kai sthsuqnìthta.Skopì autoÔ tou kefala�ou e�nai h melèth th teqnik  Random Beamforming sesunduasmì me ti gnwstè kathgor�e teqnik¸n OFDMA. 'Opw anafèrjhke kai analu-tikìtera sto kef�laio 3, èna meg�lo pl jo teqnik¸n OFDMA de qrhsimopoie� to fusikìstr¸ma gia na par�sqei eggÔhsh poiìthta uphres�a stou qr ste tou diktÔou (QoS

Provision). Ant�jeta, h uphres�a pou parèqetai stou qr ste tou diktÔou e�nai an�loghth poiìthta tou kanalioÔ tou (opportunistic systems). Shmei¸netai ìti aut  e�nai kaih filosof�a twn shmerin¸n asÔrmatwn euruzwnik¸n susthm�twn. Mia teqnik  fusikoÔstr¸mato gia thn eggÔhsh uphres�a stou qr ste tou diktÔou e�nai o èlegqo isqÔo.Oi teqnikè pou analÔjhkan sto kef�laio 3 qrhsimopoioÔsan to èlegqo isqÔo gia naegguhjoÔn poiìthta uphres�a stou qr ste twn diktÔwn tou.Se autì to kef�laio h teqnik  Random Beamforming sundu�zetai me trei RRMteqnikè OFDMA diktÔwn. DÔo ex aut¸n qrhsimopoioÔntai gia oportounistik� sust ma-ta, en¸ h tr�th prosfèrei eggÔhsh poiìthta uphres�a mèsw elègqou isqÔo (ìpw stokef�laio 3.O pr¸to algìrijmo, o opo�o kale�tai ‘Max-rate (MR)’ sta epìmena, qrhsimopoie�th gn¸sh tou kanalioÔ sto stajmì b�sh ¸ste h apìdosh kanali¸n stou qr ste namegistopoie� to sunolikì throughput tou sust mato. O deÔtero algìrijmo qrhsi-



120 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìmopoie� thn klassik  teqnik  th tuqa�a katanom  kanali¸n opìte kale�tai ‘Random

(R)’ sti epìmene paragr�fou. O teleuta�o algìrijmo pou ìpw proanafèrjhke ek-tele� èlegqo isqÔo gia thn eggÔhsh th poiìthta uphres�a twn qrhst¸n (QoS Provi-

sion) kale�tai sta epìmena ‘QoSP’. Akolouje� h analutik  perigraf  twn qrhsimopoioÔ-menwn RRM algor�jmwn.4.5.2 RRM algor�jmoi gia oportounistik� OFDMAsust mataMe to ìro oportounistik� kaloÔntai ta sust mata pou qrhsimopoioÔn th gn¸sh toukanalioÔ gia na par�sqoun uphres�a stou qr ste tou. 'Oso kalÔtero e�nai to kan�lienì qr sth tìso kalÔterh uphres�a dÔnatai autì na l�bei. B�sh twn susthm�twn aut¸ne�nai h prosarmostik  diamìrfwsh ([52℄,[53℄) sÔmfwna me thn opo�a o tÔpo diamìrfwshtou kanalioÔ tou k�je qr sth or�zetai an�loga me thn poiìthta tou kanalioÔ tou.4.5.2.1 Montèlo sust mato'Opw sto kef�laio 3, ètsi kai ed¸ jewre�tai h k�tw zeÔxh enì diktÔou OFDMA me KstajmoÔ b�sh kai N fèronta ìpou o k�je stajmì b�sh dÔnatai na epanaqrhsimopoi -sei pl rw to diatijèmeno f�sma (reuse factor=1). Ep�sh, to k�je fèron qrhsimopoie�taito polÔ apì èna qr sth sthn k�je kuyèlh. H teleuta�a sunj kh sumfwne� me to sumpèras-ma sto [18℄ ìpou oi suggrafe� apodeiknÔoun ìti o rujmì met�dosh gia èna sugkekri-mèno fèron megistopoie�tai ìtan anat�jetai apokleistik� sto qr sth pou parousi�zei tokalÔtero kèrdo kanalioÔ se autì. To sÔsthma qrhsimopoie� prosarmostik  diamìrfwshme epitrepìmenou tÔpou autoÔ twn M-QAM asterism¸n, me B = [0, 2, ..,M ] sumbol�ze-tai to sÔnolo me ta diatijèmena ep�peda diamìrfwsh. O susqetismì metaxÔ diamìrfwshkai SINR tim  g�netai kai se autì to kef�laio me th bo jeia th an�lush SNR gap [27℄.To kan�li tou qr sth jewre�tai stajerì kai �so pro nch = 4 fèronta.Sunep¸, oi algìrijmoi aut  th paragr�fou (‘MR’ kai ‘R’) qrhsimopoioÔn thnprosarmostik  diamìrfwsh gia na epitÔqoun ta epijumht� BER twn qrhst¸n. H tim tou SINR tou k�je qr sth gia k�je fèron kajor�zei to ep�pedo diamìrfwsh kai kat'epèktash to rujmì k�tw zeÔxh. To montèlo tou pompoÔ enì tètoiou sust mato em-
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Sq ma 4.25: To montèlo tou pompoÔ gia to OFDMA sÔsthma qwr� eggÔhshpoiìthta uphres�a (opportunistic rate adaptation).'Opw fa�netai apì to sq ma, h sunolik  isqÔ moir�zetai ex�sou sta N fèronta tousust mato (p = Ptot
N ) all� h teqnik  RRM apofas�zei poia apì ta diajèsima fèrontaja qrhsimopoihjoÔn (pi = {0, p}). Shmei¸netai ìti sto [24℄ oi suggrafe� apodeiknÔounìti to kìsto sto throughput tou sust mato apì thn isokatanom  isqÔo sta fèronta,perior�zetai shmantik� ìtan h isqÔ diat�jetai sta kal  poiìthta fèronta.4.5.2.2 Perigraf  algor�jmwnO pr¸to algìrijmo pou qrhsimopoi jhke sthn paroÔsa melèth  tan o Max-Rate

(‘MR’). Skopì tou sugkekrimènou algìrijmou e�nai na megistopoi sei to throughput thk�tw zeÔxh. H isqÔ isokatanèmetai sta fèronta tou sust mato (bl. Sq ma 4.25), qwr�ìmw autì na epifèrei shmantik  me�wsh tou throughput) ìpw anafèrjhke prohgoumènw.Apì to �dio sq ma prokÔptei ep�sh ìti o stajmì b�sh ja qrhsimopoi sei th gn¸sh toukanalioÔ tìso gia thn apìdosh ferìntwn stou qr ste ìso kai gia ton kajorismì touepijumhtoÔ tÔpou diamìrfwsh.O trìpo leitourg�a tou ‘MR’ algor�jmou parousi�zetai ston Algìrijmo 4.1. Giana g�nei katanohtì o sugkekrimèno algìrijmo prèpei na exhghjoÔn ta ex  sÔmbola:
U e�nai to sÔnolo me tou qr ste pou èqoun  dh g�nei apodekto� sto d�ktuo kai Un e�naioi qr ste pou qrhsimopoioÔn to n-ostì fèron, ku e�nai o exuphretht  tou qr sth u,
Su e�nai to sÔnolo twn ferìntwn pou anat�jetai ston u qr sth, Sku

e�nai to sÔnolotwn ferìntwn pou an koun sto stajmì b�sh ku kai e�nai diajèsima pro tou qr ste,
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nch e�nai o stajerì arijmì ferìntwn pou apart�zoun to kan�li tou qr sth, fu,n kai
mu,n e�nai h tim  SINR kai to ep�pedo diamìrfwsh tou qr sth u sto fèron n ìpwupolog�zontai apì ti exis¸sei (4.8) kai (4.9) ant�stoiqa.Shmei¸netai ìti h (4.9) isqÔei mìno sthn per�ptwsh twn M-ary diamorf¸sewn ìpou to
SNR gap upolog�zetai apì thn Γ = 1

3

(

Q−1(Pe
4 )
)2, [27℄. Sthn teleuta�a ex�swsh, Pe e�naito �nw ìrio tou epitrepìmenou BER twn qrhst¸n.

fu,n =
pGu,n,ku

∑

i∈{Un\u} pGu,n,ki
+ N0

(4.8)
mu,n = log2

(

1 +
fu,n

Γ

) (4.9)Sthn (4.8) Gu,n,ku
e�nai to kèrdo kanalioÔ metaxÔ tou qr sth u kai th kuyèlh tou

ku gia to n-ostì fèron, p e�nai h isqÔ k�tw zeÔxh gia to n-ostì fèron kai N0 e�nai hisqÔ jorÔbou, en¸ sthn (4.9) Γ e�nai to SNR gap ìpw or�sthke prohgoumènw.Algìrijmo 4.1 Max Rate
1: ū: new user
2: U ← U ∪ ū
3: kū ← argmax

k∈1:K
Gū,nc,k

{ nc:carrier of central frequency (N/2)}
4: Sū ← {}
5: Skū

← {1, .., N} \⋃{u:ku=kū} Su

6: while |Sū| < nch and Skū
6= ∅ do

7: n∗ ← argmax
n∈Skū

fu,n

8: Skū
← Skū

\ n∗

9: Sū ← Sū ∪ n∗

10: end while

11: for all n ∈ Sū do

12: Un ← {u : Su ∩ n 6= ∅}{co-channel users}
13: fu,n ← update SINR, ∀u ∈ Un

14: mu,n ← update bit loading, ∀u ∈ Un

15: ru,n ← update rate, ∀u ∈ Un

16: end forEn suntom�a, o Algìrijmo 4.1 apotele�tai apì dÔo st�dia. Sto pr¸to st�dio onèo qr sth (ū) lamb�nei nch fèronta apì to sÔnolo twn diajèsimwn ferìntwn thkuyèlh tou. H epilog  twn ferìntwn g�netai an�loga me thn tim  tou SINR (bl, gramm 7 ston Alg. 4.1). To deÔtero st�dio afor� thn ep�drash pou e�qe sto upìloipo d�ktuo h



4.5 Random beamforming se d�ktua OFDMA 123an�jesh ferìntwn tou pr¸tou stad�ou kai sugkekrimèna thn ep�drash stou omodiaulikoÔqr ste oi opo�oi plèon èqoun mikrìterh tim  SINR. Sunep¸, h zeÔxh twn omodiaulik¸nqrhst¸n ja prèpei na pragmatopoihje� me qamhlìtero ep�pedo diamìrfwsh ¸ste auto�na parame�noun sundedemènoi sto d�ktuo (adaptive modulation). W sunèpeia ìmw oiomodiauliko� qr ste ja upostoÔn thn an�logh me�wsh rujmoÔ (bl. grammè 13-15 touAlg. 4.1).O deÔtero algìrijmo aut  th kathgor�a qrhsimopoie� thn plhrofor�a gia tokan�li mìno gia th diadikas�a tou bit loading (bl. Sq ma 4.25). H katanom  kanali¸nstou qr ste pragmatopoie�tai me tuqa�o trìpo ìpw sumba�nei ex�llou kai sta peris-sìtera sÔgqrona sust mata asÔrmatwn epikoinwni¸n, p.q. WiMAX, to opo�o anajèteifèronta sto kan�li tou qr sth (subchannel) me yeudotuqa�o trìpo sÔmfwna me proka-jorismèna sq mata `kanalopo�hsh ' ìpw to PUSC kai FUSC [54℄.O Algìrijmo 4.2 perigr�fei thn teqnik  ‘R’. Oi sumbolismo� kai ta megèjh akolou-joÔn aut� tou algor�jmou ‘MR’ kai en¸ sto megalÔtero mèro tou o ‘R’ algìrijmo e�naiìmoio me ton ‘MR’ wstìso parat�jetai ed¸ gia lìgou plhrìthta.Algìrijmo 4.2 Random
1: ū: new user
2: U ← U ∪ ū
3: kū ← argmax

k∈1:K
Gū,nc,k

{ nc:carrier of central frequency(N/2)}
4: Sū ← {}
5: Skū

← {1, .., N} \⋃{u:ku=kū} Su

6: while |Sū| < nch and Skū
6= ∅ do

7: n∗ ← randslct(Sku
)

{randslct(S) randomly selects an element of S}
8: Skū

← Skū
\ n∗

9: Sū ← Sū ∪ n∗

10: end while

11: for all n ∈ Sū do

12: Un ← {u : Su ∩ n 6= ∅}{co-channel users}
13: fu,n ← update SINR, ∀u ∈ Un

14: mu,n ← update bit loading, ∀u ∈ Un

15: ru,n ← update rate, ∀u ∈ Un

16: end forH mình diafor� stou dÔo algor�jmou entop�zetai sth gramm  7 ìpou o Algìrijmo4.2 epilègei gia to nèo qr sth nch fèronta me tuqa�o trìpo apì ta Skū
diajèsima.



124 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompì4.5.3 RRM algìrijmo gia OFDMA sust mata me eggÔhshpoiìthta uphres�a'Opw anafèrjhke kai sthn eisagwgik  par�grafo 4.5.1, o algìrijmo aut  th kath-gor�a prospaje� na eis�gei nèo qr sth sto d�ktuo en¸ tautìqrona na diathr sei thnpoiìthta uphres�a twn qrhst¸n pou èqoun  dh g�nei apodekto�.4.5.3.1 Montèlo sust matoH eggÔhsh th poiìthta uphres�a (QoS Provision epitugq�netai me teqnik  fusikoÔstr¸mato kai sugkekrimèna me èlegqo isqÔo twn omodiaulik¸n stajm¸n b�sh. StoSq ma 4.26 fa�netai to montèlo tou pompoÔ (stajmoÔ b�sh) gia tou algor�jmou aut th kathgor�a susthm�twn.

Sq ma 4.26: To montèlo tou pompoÔ gia to OFDMA sÔsthma me eggÔhsh poiìthtauphres�a (QoS Provision).DÔo e�nai oi basikè diaforè tou montèlou tou prohgoÔmenou sq mato apì autì touSq mato 4.25: pr¸ton o upologismì th isqÔo met�dosh mèsw th diadikas�a power

control kai deÔteron, to gegonì ìti h an�jesh tìso tou tÔpou diamìrfwsh ìso kai thisqÔo met�dosh lamb�nei upìyh th tou rujmoÔ twn qrhst¸n (r1, r2, ..., rUb
).4.5.3.2 Perigraf  algor�jmouO algìrijmo apotele� mia aplousteumènh ekdoq  tou ‘adapt’ algor�jmou pou qrhsi-mopoi jhke sth melèth tou kefala�ou 3. Sugkekrimèna o algìrijmo autoÔ tou kefala�ou(kale�tai ‘QoSP’ gia eukol�a) an kai qrhsimopoie� èlegqo isqÔo gia na diathr sei thnpoiìthta uphres�a twn qrhst¸n tou diktÔou tou, den pragmatopoie� anakatanom  twn



4.5 Random beamforming se d�ktua OFDMA 125ferìntwn th kuyèlh tou nèou qr sth ìpw ginìtan sthn per�ptwsh tou Algor�jmou3.5. O tropopoihmèno algìrijmo ‘adapt’ perigr�fetai ston Algìrijmo 4.3.Algìrijmo 4.3 QoS Provision
1: ū: new user
2: U ← U ∪ ū
3: kū ← argmax

k∈1:K
Gū,nc,k { nc:carrier of central frequency(N/2)}

4: rū = 0
5: {Calculation of the requested rate rū}
6: while rū = 0 do

7: for n = 1 to nch do

8: rū = rū+randslct(B)
9: end for

10: end while

11: {Carrier Allocation}
12: Sū ← {}
13: Skū

← {1, .., N} \⋃{u:ku=kū} Su

14: while |Sū| < nch and Skū
6= ∅ do

15: n∗ ← argmax
n∈Skū

Tu,n

16: Skū
← Skū

\ n∗

17: Sū ← Sū ∪ n∗

18: end while

19: {Bit Loading and Power Control}
20: ru′ = 0, bn = 0, ∀n ∈ {1 : N}
21: while ru′ < rū do

22: n∗ ← argmin
n∈{Sū}

(
∑

u∈{Un} p
B(bn+1)
u,n,ku

−∑u∈{Un} p
B(bn)
u,n,ku

)

23: if p
B(bn∗+1)
u,n∗,ku

< pmax ∀u ∈ {Un} then

24: bn∗ ← bn∗ + 1
25: mū,n∗ ← B(bn∗)
26: ru′ ←∑

n∈{Sū} mū,n

27: pu,n∗,ku
← p

B(bn∗+1)
u,n∗,ku

∀u ∈ {Un∗}
28: else {ū is rejected}
29: U ← U \ ū
30: break {while loop}
31: end if

32: end whileO algìrijmo autì perigr�fei analutik� ti diadikas�e a�thsh uphres�a apì to nèoqr sth, an�jesh ferìntwn se autìn kai eÔresh tou kat�llhlou tÔpou diamìrfwsh kaiisqÔo gia ta fèronta pou qrhsimopoi jhkan. Me B = [0, 2, ..,M ] apod�detai to sÔnolotwn diatijèmenwn M-ary tÔpwn diamìrfwsh, en¸ bn = 0, 1, 2, ..., |B| e�nai o de�kth poukajor�zei to ep�pedo diamìrfwsh (mu,n) gia to fèron n ètsi ¸ste mu,n = B(bn). Tèlo,
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B(bn)
u,n,ku

sumbol�zetai h isqÔ k�tw zeÔxh tou qr sth u gia to fèron n ìtan autì èqeidiamorfwje� me ton tÔpo diamìrfwsh B(bn).O Algìrijmo 4.3 mpore� na qwriste� se tr�a st�dia. Sto pr¸to st�dio pragmatopoie�-tai o upologismì tou aitoÔmenou rujmoÔ met�dosh gia to nèo qr sth ū. K�je qr sthpou prospaje� na eisèljei sto d�ktuo zht� mia kajorismènh uphres�a (rujmì met�dosh,
ru) h opo�a ìmw na mpore� se k�je per�ptwsh na uposthriqte� me to diatijèmeno kan�liqr sth (nch fèronta) kai tou diatijèmenou tÔpou diamìrfwsh (sÔnolo B). H aitoÔmen-h uphres�a, ru, upolog�zetai me tuqa�o trìpo apì to sÔnolo twn dunat¸n prosferìmenwnrujm¸n (bl. grammè 6-10 Alg. 4.3).Sto deÔtero st�dio pragmatopoie�tai h an�jesh sugkekrimènwn ferìntwn sto qr sth
ū. Gia thn apìdosh Sū ferìntwn sto nèo qr sth, o algìrijmo ‘QoSP’ qrhsimopoie� tokanonikopoihmèno kèrdo kanalioÔ Tu,n to opo�o or�zetai mèsw th (4.10) sÔmfwna me tigrammè 14-18 ston Alg. 4.3.

Tu,n =
Gu,n,ku

(

∑

i∈{Un\u} pi,n,ki
Gu,n,ki

+ N0

)

Γ
(4.10)Sthn (4.10) Γ e�nai to SNR gap ìpw èqei oriste� prohgoumènw kai pi,n,ki

e�nai h isqÔmet�dosh k�tw zeÔxh tou qr sth i sto fèron n.Sto tr�to kai teleuta�o st�dio tou algor�jmou ‘QoSP’ pragmatopoie�tai h epilog  toukat�llhlou tÔpou diamìrfwsh kai th kat�llhlh isqÔo met�dosh k�tw zeÔxh gia ka-jèna apì ta fèronta pou epilèqjhkan ston prohgoÔmeno b ma. Upenjum�zetai ìti ant�jetame tou algor�jmou th paragr�fou 4.5.2 ìpou h isqÔ moirazìtan ex�sou sta fèrontatou sust mato, o ‘QoSP’ upolog�zei thn isqÔ tou k�je fèronto mèsw th diadikas�aelègqou isqÔo. O zhtoÔmeno rujmì rū ikanopoie�tai me thn kat�llhlh diamìrfwsh twn
nch ferìntwn. H epilog  ìmw tou n∗ fèronto pou ja aux sei ton tÔpo diamìrfws tou (bl. gramm  22 Alg. 4.3) prokale� thn el�qisth dunat  aÔxhsh th sunolik  isqÔok�tw zeÔxh. Se ant�jesh p�li me tou algor�jmou th paragr�fou 4.5.2, oi omodi-aulikè b�sei (ku : u ∈ Un∗) tropopoioÔn thn isqÔ k�tw zeÔxh gia to n∗ fèron ¸stena diathrhje� to QoS twn dik¸n tou qrhst¸n (bl. gramm  27 Alg. 4.3). Se per�ptwshpou k�poia apì ti omodiaulikè b�sei qrei�zetai na ekpèmyei me isqÔ megalÔterh apì thmègisth epitrepìmenh, pmax, tìte to qr sth ū aporr�ptetai.



4.5 Random beamforming se d�ktua OFDMA 1274.5.4 SÔsthma OFDMA me random beamformingSta pla�sia aut  th melèth h teqnik  random beamforming axiologe�tai anaforik�me thn ep�teuxh epiprìsjetou kèrdou diaforismoÔ pollapl¸n qrhst¸n (multiuser diver-

sity gain) sto ped�o th suqnìthta. H melèth th teqnik  sto ped�o tou qrìnou jaapaitoÔse thn parous�a qronodromologht , epèktash pou de melet�tai sta pla�sia thparoÔsa diatrib .Gia th melèth th teqnik  jewroÔntai stajmo� b�sh me stoiqeiokera�e M stoiqe�wnkai L diamorfwtè dèsmh (beamformers), oi opo�oi qrhsimopoioÔntai gia thn paragw-g  L tuqa�wn diagramm�twn aktinobol�a. Qwr� na e�nai apara�thto, g�netai h je¸rhshìti k�je fèron èqei kai to dikì tou di�gramma aktinobol�a, opìte L = N . To montè-lo tou proteinìmenou sust mato parat�jetai sto Sq ma 4.27. H euje�a aa’ tou �diousq mato qrhsimopoie�tai gia na dhl¸sei thn anexarths�a tou tm mato tou pompoÔ poupragmatopoie� to random beamforming kai emfan�zetai dexi� th gramm , me to upìloipotm ma tou pompoÔ to opo�o mpore� na akolouje� to montèlo e�te tou sq mato 4.25 e�teautì tou sq mato 4.26.'Opw apodeiknÔetai kai sto [51℄ h teqnik  aut  e�nai e�nai `diafan ' sto dèkth miakai den apaite�tai epiplèon plhrofor�a gia thn efarmog  th. To kan�li se k�je fèronparamènei èna monìmetro mègejo ìpw kai sthn per�ptwsh qwr� stoiqeiokera�a sto staj-mì b�sh.

Sq ma 4.27: To montèlo tou pompoÔ gia to OFDMA sÔsthma me (random beam-
forming).To di�gramma aktinobol�a th stoiqeiokera�a M stoiqe�wn sthn kateÔjunsh φ apod�de-



128 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìtai apì thn:
A(φ) = |wHs(φ)|2 · g(φ) (4.11)ìpou s(φ) e�nai to M × 1 di�nusma tou par�gonta stoiqeiokera�a (array factor), g(φ)e�nai to di�gramma aktinobol�a tou stoiqe�ou th stoiqeiokera�a kai w e�nai to M × 1di�nusma me ta b�rh th stoiqeiokera�a. Ta stoiqe�a wi tou dianÔsmato w e�nai tuqa�ekai anex�rthte migadikè metablhtè me f�sh omoiìmorfa katanemhmènh sto di�sthma [0,2π) kai pl�to omoiìmorfa katanemhmèno sto di�sthma [0,1). Epiprìsjeta, ta stoiqe�a

wi e�nai kanonikopoihmèna ètsi ¸ste ||w||2 = 1.Oi K stajmo� b�sh tou OFDMA diktÔou par�goun L tuqa�a diagr�mmata aktino-bol�a ta opo�a antistoiqoÔn sta N fèronta tou sust mato. Sunep¸, o upologismìtou SINR kai tou kanonikopoihmènou kèrdou kanalioÔ twn exis¸sewn (4.8) kai (4.10)tropopoie�tai ed¸ sÔmfwna me ti (4.12) kai (4.13).
fu,n =

pAn(φu,ku
)Gu,n,ku

∑

i∈{Un\u} pAn(φu,ki
)Gu,n,ki

+ N0
(4.12)

Tu,n =
An(φu,ku

)Gu,n,ku
(

∑

i∈{Un\} pi,n,ki
An(φu,ki

)Gu,n,ki
+ N0

)

Γ
(4.13)Sti teleuta�e exis¸sei me An(φu,ku

) sumbol�zetai to kèrdo tou diagr�mmato a-ktinobol�a metaxÔ tou qr sth u kai tou stajmoÔ b�sh ku pou ton exuphrete�, en¸ me
An(φu,ki

) e�nai to kèrdo tou diagr�mmato aktinobol�a metaxÔ tou qr sth u kai touomodiaulikoÔ stajmoÔ b�sh ki.Sti epìmene paragr�fou ja melethje� h ep�drash th teqnik  Random Beamform-

ing pou perigr�fhke ed¸, sti teqnikè RRM pou parousi�sthkan sti paragr�fou 4.5.2kai 4.5.3.4.5.5 Prosomo�wsh OFDMA diktÔwn me random beam-

formingOi par�grafoi pou akoloujoÔn perilamb�noun thn prosomo�wsh th teqnik  Ran-

dom Beamforming se sunduasmì me tou trei RRM algìrijmou pou parousi�sthkansti paragr�fou 4.5.2 kai 4.5.3. Skopì twn prosomoi¸sewn aut¸n e�nai na diereu-nhje� h ep�drash th teqnik  Random Beamforming sta diaforetik� e�dh algor�jmwn



4.5 Random beamforming se d�ktua OFDMA 129katanom  pìrwn se sust mata OFDMA. 'Opw prokÔptei kai apì ta apotelèsmata pouakoloujoÔn, h teqnik  aut  den e�nai kat�llhlh gia sust mata pou parèqoun eggÔhshpoiìthta uphres�a me èlegqo isqÔo twn stajm¸n b�sh, en¸ apodeiknÔetai euergetik se peript¸sei susthm�twn me oportounistik  prosfor� uphres�a (opportunistic rate

adaptation).4.5.5.1 Perigraf  tou perib�llonto prosomo�wshOi basikè par�metroi prosomo�wsh sugkentr¸nontai ston P�naka 4.3. To sÔsthmaqrhsimopoie� prosarmostik  diamìrfwsh me tèsseri dunatìthte: QPSK, 16-QAM, 64-

QAM kai 256-QAM. 'Ara to sÔnolo B me ta dunat� bit loading pou qrhsimopoie�tai stoualgor�jmou twn paragr�fwn 4.5.2 kai 4.5.3 or�zetai w B = [0, 2, 4, 6, 8].Oi qr ste eisèrqontai sto d�ktuo seiriak� en¸ h jèsh tou akolouje� thn omoiìmorfhkatanom . H tuqaiìthta th jèsh twn qrhst¸n den ephre�zei ta apotelèsmata mia kaipragmatopoioÔntai 300 Monte Carlo [49℄ prosomoi¸sei gia k�je exetazìmeno sen�rio. Hk�je Monte Carlo epan�lhyh termat�zetai ìtan 150 qr ste prospaj soun na eisèljounsto d�ktuo.Oi qr ste sthn per�ptwsh tou oportounistikoÔ OFDMA sust mato den aitoÔnk�poio sugkekrimèno rujmì met�dosh, all� lamb�noun me ìso throughput tou epitrèpeito kan�li tou (mèsw th prosarmostik  diamìrfwsh). K�je for� pou eisèrqetaisto d�ktuo èna kainoÔrio qr sth, dhmiourge� epiplèon parembol  pou endeqomènwprokale� me�wsh tou rujmoÔ tou pali¸n qrhst¸n. 'Etsi met� apì thn e�sodo k�je qr sthepana�polog�zetai o rujmì k�tw zeÔxh ìlw twn qrhst¸n tou sust mato. Ant�je-ta, ìtan exet�zontai sust mata OFDMA me èlegqo isqÔo gia diat rhsh th poiìthtauphres�a, tìte o qr sth zht� sugkekrimèno rujmì o opo�o kajor�zetai tuqa�a apì todunatì sÔnolo rujm¸n (bl. Algìrjmo 4.3). E�n èna stajmì b�sh den mpore� na ekpèm-yei thn apaitoÔmenh isqÔ gia na diathr sei to rujmì tou qr sth tou, tìte o nèo qr sthpou prok�lese thn an�gkh gia aÔxhsh th isqÔo aporr�ptetai.Dedomènou ìti h teqnik  random beamforming qrhsimopoie�tai gia na eisaqje� epi-plèon diaforismì pollapl¸n qrhst¸n sto ped�o th suqnìthta, to di�gramma tou k�jeqr sth tou diktÔou all�zei me thn e�sodo k�je nèou qr sth. Sugkekrimèna, to sÔsthmaperilamb�nei N diagr�mmata aktinobol�a, me to kajèna na antapokr�netai se èna fèron



130 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìP�naka 4.3: Par�metroi Prosomo�wsh DiktÔou OFDMAArijmì Kuyel¸n K = 7Akt�na Kuyèlh R = 0.8kmKentrik  Suqnìthta fc = 2.5GHzEÔro Z¸nh Sust mato BW = 10MHz

OFDM carriers N = 128

Subcarrier Spacing ∆f = 78.125kHz

Subchannel length nch = 4

Bit Error Rate Pe = 10−5Mègisth isqÔ met�dosh (BS) P max
BS = 43dBmKèrdo kera�a (BS) GTx
BS = 14dBi OmnidirectionalKèrdo kera�a (MS) GRx
MS = −1dBi OmnidirectionalArijmì stoiqe�wn kera�a M = 2Arijmì diagramm�twn L = 128Apìstash stoiqe�wn kera�a d = 2λ, λ : m ko kÔmatoMontèlo Di�dosh Ray Tracing'Uyo Kera�a (BS) hBS = 15m'Uyo Kera�a (MS) hMS = 1.5mSuntelest  jorÔbou (MS) F Rx
MS = 7dBPuknìthta IsqÔo LeukoÔ jorÔbou N0 = −174dBm

Hztou sust mato. K�je for� pou èna nèo qr sth mpa�nei sto d�ktuo, h antisto�qish di-agr�mmato - fèronto metab�lletai kuklik� me apotèlesma na metab�llontai ant�stoiqakai ta kèrdh kanalioÔ gia ìlou tou qr ste. H aÔxhsh tou multiuser diversiry gainston tomèa th suqnìthta pou epitugq�netai me autì ton trìpo, fa�netai sta metroÔmenamegèjh ep�dosh met� to tèlo th diadikas�a eisìdou k�je qr sth.Gia megalÔterh akr�beia sta apotelèsmata qrhsimopoie�tai ray tracing teqnik  gia tomontèlo di�dosh. Sugkekrimèna, h teqnik  pou perigr�fhke sthn par�grafo 3.3.2.1)qrhsimopoie�tai plèon gia ìlo to d�ktuo (7 kuyèle).Dedomènou ìti o qrìno prosomo�wsh kai se aut  thn per�ptwsh  tan arket� meg�-lo, pragmatopoi jhke parallhlopo�hsh tou algìrijmou ¸ste na efarmostoÔn klassikèteqnikè plègmato. H platfìrma prosomo�wsh pou qrhsimopoi jhke perigr�fetai sto[55℄ kai ekmetalleÔetai upodomè pou parèqontai apì to prìgramma tou EGEE [56℄.



4.5 Random beamforming se d�ktua OFDMA 1314.5.5.2 Apotelèsmata prosomoi¸sewnGia thn kalÔterh perigraf  twn apotelesm�twn pou akoloujoÔn, anafèrontai se autìto shme�o, sugkentrwtik�, ta d�ktua pou exet�sthkan sti prosomoi¸sei. Sunolik� pro-somoi¸jhkan èxi d�ktua:1. ‘MR-OMNI’: O algìrijmo Max Rate (bl. Alg. 4.1) ìtan oi stajmo� b�sh toudiktÔou qrhsimopoioÔn omoiokateujuntikè kera�e.2. ‘MR-RB’: O algìrijmo Max Rate (bl. Alg. 4.1) ìtan oi stajmo� b�sh toudiktÔou qrhsimopoioÔn thn teqnik  random beamforming.3. ‘R-OMNI’: O algìrijmo Random (bl. Alg. 4.2) ìtan oi stajmo� b�sh toudiktÔou qrhsimopoioÔn omoiokateujuntikè kera�e.4. ‘R-RB’: O algìrijmo Random (bl. Alg. 4.2) ìtan oi stajmo� b�sh tou diktÔouqrhsimopoioÔn thn teqnik  random beamforming.5. ‘QoSP-OMNI’: O algìrijmo QoSP (bl. Alg. 4.3) ìtan oi stajmo� b�sh toudiktÔou qrhsimopoioÔn omoiokateujuntikè kera�e.6. ‘QoSP-RB’: O algìrijmo QoSP (bl. Alg. 4.3) ìtan oi stajmo� b�sh toudiktÔou qrhsimopoioÔn thn teqnik  random beamforming.me to k�je èna na sumfwne� me ti paramètrou tou P�naka 4.3 kai ta ìsa perigr�fontaisthn par�grafo 4.5.5.1.Prin thn parous�ash twn apotelesm�twn ep�dosh twn prohgoÔmenwn diktÔwn, ax�zeina g�nei mia optik  parous�ash tou diaforetikoÔ trìpou leitourg�a twn tri¸n RRMalgor�jmwn pou analÔjhkan sti prohgoÔmene paragr�fou. 'Etsi, sto Sq ma 4.28 em-fan�zontai oi mèse ap¸leie rujmoÔ gia tou qr ste twn èxi diktÔwn pou èqoun  dh g�neiapodekto� sto sÔsthma kaj¸ nèoi qr ste prospajoÔn na eisèljoun se autì. Profan¸o algìrijmo ‘QoSP’ (‘OMNI’, ‘RB’) de mei¸nei se kam�a per�ptwsh to rujmì met�doshk�tw zeÔxh twn qrhst¸n tou, me apotèlesma h kampÔlh me�wsh na paramènei stajer sto 100%. H megalÔterh me�wsh parathre�tai sta dÔo d�ktua tou ‘MR’ algor�jmou. Su-gkekrimèna, to ‘MR-OMNI’ d�ktuo Ôstera apì 150 qr ste, epifèrei mia me�wsh th t�xhtou 50% sto rujmì met�dos  tou. H tim  aut  belti¸netai kat� per�pou 5% ìtan o ‘MR’algìrijmo sundu�zetai me thn teqnik  random beamforming. H teqnik  ‘R’ parousi�zeiligìtero apìtomh me�wsh tou mèsou rujmoÔ met�dosh se sqèsh me thn ‘MR’, gegonì



132 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìpou apotele� èna apì ta basik� jetik� qarakthristik� twn teqnik¸n pou bas�zontai sthntuqa�a aponom  pìrwn.
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Sq ma 4.28: Me�wsh tou rujmoÔ met�dosh k�tw zeÔxh gia kajèna apì ta èxiexetazìmena d�ktua.O sunolikì rujmì k�tw zeÔxh se Mbps parousi�zetai sto Sq ma 4.29. Apì tosq ma prokÔptei eÔkola ìti h random beamforming teqnik  belti¸nei thn ep�dosh th
‘MR’ teqnik  me kèrdo pou ja sqoliasje� sth sunèqeia se epìmeno di�gramma. Tautì-qrona, h ep�dosh th ‘R’ teqnik  de fa�netai na ephre�zetai apì thn efarmog  tou
random beamforming, en¸ up�rqei xek�jarh qeirotèreush sthn per�ptwsh th QoSPteqnik . Sunep¸, h teqnik  tou random beamforming dra epoikodomhtik� se opor-tounistik� sust mata (opportunistic rate adaptation systems) en¸ èqei kajar� arnhtik ep�drash se sust mata pou eggu¸ntai poiìthta uphres�a mèsw elègqou isqÔo. Eidik�sthn per�ptwsh algor�jmwn pou skopeÔoun sth megistopo�hsh tou throughput, ìpw o
‘MR’, o epiplèon diaforismì pollapl¸n qrhst¸n pou eis�getai sto ped�o th suqnìthtaaxiopoie�tai pl rw apì th diadikas�a epilog  kat�llhlou fèronto odhg¸nta ètsi stiepidìsei pou parousi�zei to Sq ma 4.29. Gia mia pio ousiastik  axiolìghsh tou kèrdousto rujmì met�dosh tou ‘MR’ algor�jmou me thn efarmog  tou random beamform-

ing parat�jentai ta diagr�mmata 4.30(aþ) kai 4.30(bþ). Sta diagr�mmata aut� to kèrdosto throughput èqei upologiste� gia tr�a sen�ria me to kajèna na efarmìzei diaforetikì
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Sq ma 4.29: O sunolikì rujmì met�dosh k�tw zeÔxh gia ta èxi exetazìmenad�ktua.m ko kanalioÔ (nch) gia tou qr ste tou diktÔou. Sugkekrimèna, sto di�gramma 4.30(aþ)to kèrdo sto rujmì met�dosh emfan�zetai w pro tou qr ste tou diktÔou en¸ stodi�gramma 4.30(bþ) w pro to loading factor tou diktÔou. To endiafèron se aut� tadÔo diagr�mmata ègkeitai sto gegonì ìti to kèrdo gia to throughput tou sust mato(gain>0), exart�tai apì to bajmì qrhsimopo�hsh twn pìrwn tou sust mato anaforik�me to f�sma. Parathre�tai ìti gia ti sugkekrimène paramètrou diktÔou, h efarmog  th
random beamforming teqnik  èqei jetik  ep�drash sthn ep�dosh tou diktÔou gia timètou loading factor megalÔtere   �se 18%. Sunep¸, ìso megalÔtero e�nai to m ko
nch kanalioÔ tou qr sth tìso pio gr gora xekin�ei kai h jetik  ep�drash th random

beamforming teqnik .Ta Sq mata 4.31 kai 4.32 de�qnoun th fasmatik  apìdosh kai to bajmì qrhsimopo�hshtou sust mato sthn k�tw zeÔxh. O sunduasmì twn dÔo aut¸n diagramm�twn epalhjeÔeito stìqo tou ‘QoSP’ algor�jmou gia elaqistopo�hsh th isqÔo. SÔmfwna me to Sq ma4.31, o ‘QoSP’ algìrijmo de `fort¸nei' to sÔsthma me fèronta uyhl  diamìrfwsh.Ant�jeta, oi qamhlè timè fasmatik  apìdosh antistajm�zontai apì ti uyhlè timè
loading factor pou parousi�zei o �dio algìrijmo ìpw fa�netai apì to di�gramma 4.32. Giathn ex ghsh tou prèpei na anatrèxoume sthn perigraf  tou Algor�jmou 4.3. O algìrijmo
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(βʹ) Throughput gain vs Loading Fac-
torSq ma 4.30: To kèrdo (%) sto rujmì met�dosh tou ‘MR’ algor�jmou me thnefarmog  tou random beamforming.autì prospaje� na aux sei stadiak� to ep�pedo diamìrfwsh twn ferìntwn pou èqounanateje� sto nèo qr sth diathr¸nta sto el�qisto dunatì th sunolik� metadidìmenh isqÔk�tw zeÔxh. Sunep¸, to sÔsthma eunoe� th qr sh enì nèou fèronto (me mu,n = 2)apì thn aÔxhsh tou epipèdou diamìrfwsh enì  dh qrhsimopoioÔmenou fèronto. Hsumperifor� aut  ente�netai me thn efarmog  tou random beamforming, ìpw fa�netai apìta �dia diagr�mmata to d�ktuo ‘QoSP-RB’ parousi�zei exairetik� qamhlè timè fasmatik apìdosh pou odhgoÔn to suntelest  qrhsimopo�hsh (loading factor) na ft�nei se timèth t�xh tou ∼90%.Epiprìsjeta, to di�gramma 4.32 de�qnei ìti o loading factor sqedìn ìlwn twn upìexètash diktÔwn paramènei k�tw apì 50% gegonì pou isoduname� me sqetik� qamhl  axi-opo�hsh tou diatijèmenou f�smato tou sust mato. To gegonì profan¸ ofe�letai stauyhl� ep�peda parembol¸n pou den epitrèpoun mia pio apaithtik  epanaqrhsimopo�hsh touf�smato (mikrìtere timè reuse factor). EÔkolh taktik  gia na beltiwje� h kat�stashe�nai h qr sh tomeopo�hsh sti kuyèle tou diktÔou me kat�llhle kera�e se ant�jeshme ti omoiokateujuntikè kera�e pou qrhsimopoioÔntai sthn paroÔsa melèth. H basik diafor� tìte ja emfanizìtan sa mia aÔxhsh th tim  katwfl�ou 18% gia to loading fac-

tor, tim  pou proèkuye nwr�tera w h el�qisth apaitoÔmenh gia th jetik  ep�drash tou
random beamforming sto sÔsthma.'Opw èqei fane� kai apì to prohgoÔmeno kef�laio, basik  par�metro twn diktÔwnasÔrmatwn epikoinwni¸n e�nai h pijanìthta apìrriyh qr sth ìpw pio suqn� anafèretaito rejection probability tou diktÔou. Sthn per�ptwsh twn oportounistik¸n susthm�twn
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Sq ma 4.31: H fasmatik  apìdosh k�tw zeÔxh gia ta èxi exetazìmena d�ktua.
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Sq ma 4.32: O bajmì qrhsimopo�hsh (%) tou f�smato sthn k�tw zeÔxh gia taèxi exetazìmena d�ktua.
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Sq ma 4.33: To posostì (%) anenerg¸n qrhst¸n (Idle Users) gia ta èxi exetazì-mena d�ktua.pou perigr�fontai me tou Algìrijmou 4.1 kai 4.2 to mègejo autì isoduname� me toposostì twn anenerg¸n qrhst¸n6 (‘Idle Users’) tou diktÔou. 'Etsi to posostì twn
‘Idle Users’ pou emfan�zetai sto Sq ma 4.33 antapokr�netai sto posostì twn qrhst¸ntou diktÔou pou emfan�zoun mhdenikì throughput k�tw zeÔxh. Shmei¸netai wstìso, ìtigia thn per�ptwsh tou ‘QoSP’ algor�jmou to posostì autì antapokr�netai ìntw sthnpijanìthta apìrriyh qr sth.Apì to di�gramma fa�netai ìti h logik  th tuqa�a an�jesh f�smato, ìpw aut ekfr�zetai mèsw th ‘R’ teqnik , èqei thn kalÔterh ep�dosh anaforik� me tou anener-goÔ qr ste tou sust mato. Wstìso, ax�zei na shmeiwje� ìti h efarmog  tou random

beamforming sto d�ktuo pou efarmìzei taktik  megistopo�hsh tou throughput (algì-rijmo ‘MR’) enswmat¸nei ta pleonekt mata th ‘R’ taktik . Autì g�netai profanè apìto di�gramma 4.33 ìpou h kampÔlh tou ‘MR-RB’ diktÔou akolouje� autè twn ‘R-OMNI’kai ‘R-RB’.Gia na toniste� h euergetik  ep�drash tou random beamforming sta d�ktua ‘MR’parat�jetai to di�gramma 4.34 ìpou parousi�zetai h % me�wsh twn anenerg¸n qrhst¸n6Με το όρο ανενεργοί καλούνται οι χρήστες που είναι μεν συνδεδεμένοι με το δίκτυο αλλά η
ποιότητα καναλιού τους δεν τους επιτρέπει να λάβουν δεδομένα από αυτό
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Sq ma 4.34: To posostì me�wsh twn anenerg¸n qrhst¸n me thn efarmog  th
random beamforming teqnik  gia ti teqnikè ‘MR’ kai ‘R’.tou diktÔou gia ti peript¸sei twn ‘MR’ kai ‘R’ algor�jmwn Ôstera apì thn efarmog tou random beamforming. Gia ton ‘MR’ algìrijmo h me�wsh twn anenerg¸n qrhst¸nft�nei to 76% en¸ de pèftei k�tw apì to 40% akìmh kai ìtan to d�ktuo filoxene� 150qr ste Ant�jeta, h ep�drash tou random beamforming sta d�ktua me tuqa�a apìdoshf�smato (‘R’) den èqei thn �dia jetik  ep�drash, to kèrdo den xepern� to 30% en¸sqedìn mhden�zetai ìtan aux�nontai oi qr ste tou diktÔou. Tèlo, kr�nonta p�li apìto di�gramma 4.33, to d�ktuo ‘QoSP-RB’ emfan�zei kai se aut  thn per�ptwsh qeirìterhep�dosh anaforik� me tou anenergoÔ qr ste se sqèsh me to d�ktuo ‘QoSP-OMNI’. H�dia parat rhsh e�qe g�nei kai nwr�tera sto di�gramma 4.29 gia to throughput tou diktÔou.Tèlo, to Sq ma 4.35 de�qnei th sumperifor� twn upì exètash diktÔwn anaforik�me to pìso �d�kaia� ikanopoioÔn ti apait sei twn qrhst¸n tou. H ep�dosh enì RRMalgor�jmou anaforik� me to throughput apotele� s�goura prwtarqik  shmas�a pro-teraiìthta gia thn axiolìghs  tou, wstìso, oi sÔgqronoi algìrijmoi RRM ìlo kai peris-sìtero enswmat¸noun periorismoÔ <<dikaiosÔnh>> (fairness constraints) ston trìpo poudiaqeir�zontai tou diatijèmenou pìrou tou sust mato ([51℄, [57℄). O trìpo dhlad th an�jesh twn asÔrmatwn pìrwn, pèra apì thn ikanopo�hsh periorism¸n tou �diou tou



138 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompì

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Users

N
or

m
liz

ed
 F

ai
rn

es
s 

(α
)

 

 

MR−OMNI
MR−RB
QoSP−OMNI
QoSP−RB
R−OMNI
R−RB

Sq ma 4.35: O par�gonta α (fairness factor) gia ta èxi exetazìmena d�ktua.diktÔou (elaqistopo�hsh isqÔo, megistopo�hsh rujmoÔ), prèpei plèon na axiologe�tai kaiw pro thn ikanìtht� tou autì na epitele�tai me ìso to dunatì pio <<d�kaio>> trìpoSunep¸, gia na axiologhjoÔn ta èxi d�ktua aut  th paragr�fou anaforik� me th�d�kaih� metaqe�rish twn qrhst¸n or�zetai sthn (4.14) o kanonikopoihmèno par�gonta<<dikaiosÔnh>> (normalized fairness factor):
α =

(

1

U

∑

u

(

ru

rmax
− r̄

)2
)1/2 (4.14)ìpou U e�nai o sunolikì arijmì twn qrhst¸n pou èqoun prospaj sei na eisèljounsto d�ktuo, ru e�nai o rujmì tou qr sth u, rmax e�nai o mègisto rujmì pou mpore� naepiteuqje� gia èna qr sth kai r̄ e�nai o mèso rujmì twn qrhst¸n pou d�netai apì ton tÔpo

r̄ = 1
U

∑

u∈U ( ru

rmax
). 'Otan ìloi oi qr ste èqoun ton �dio rujmì (maximum fairness), osuntelest  α = 0, en¸ ìso to d�ktuo g�netai ligìtero <<d�kaio>> o suntelest  α→ 1√

2
.'Oson afor� loipìn to bajmì <<dikaiosÔnh>> pou emfan�zei o k�je algìrijmo, ìpwanamenìtan, h ‘MR’ teqnik  parousi�zei th qeirìterh ep�dosh. To gegonì autì ofe�letaisto ìti h ‘MR’ teqnik  primodote� apokleistik� tou qr ste me kal� kan�lia, parèqontaqamhl    kai kajìlou uphres�a stou qr ste me ligìtero kal� kan�lia. EntoÔtoi, hefarmog  tou random beamforming de�qnei na belti¸nei l�go thn kat�stash mia kai



4.6 Anaskìphsh kefala�ou kai sumper�smata 139sto d�ktuo ‘MR-RB’ h tim  tou suntelest  α mei¸netai se sqèsh me aut  tou diktÔou
‘MR-OMNI’. To mègisto fairness gain pou h teqnik  tou random beamforming epifèreista ‘MR’ d�ktua e�nai ∼ 12%. H tim  aut  k�je �llo par� amelhtèa e�nai, dedomènouìti sta d�ktua aut� den up�rqoun cross-layer teqnikè pou na lamb�noun upìyh touperiorismoÔ <<dikaiosÔnh>>, h teqnik  tou random beamforming e�nai mia teqnik  kajar�fusikoÔ str¸mato. Shmei¸netai ìti sta sÔgqrona sust mata asÔrmatwn epikoinwni¸ntètoioi periorismo� pou aforoÔn sth <<dikaiosÔnh>> tou diktÔou ikanopoioÔntai me cross-

layer teqnikè. San teleuta�o sqìlio, epishma�netai ìti sth per�ptwsh tou ‘R’ diktÔouh random beamforming teqnik  belti¸nei elafr� ton suntelest  α en¸ ant�jeta sto
‘QoSP’ d�ktuo o suntelest  α aux�netai.4.6 Anaskìphsh kefala�ou kai sumper�sma-taTo kef�laio autì qwr�sthke se dÔo tm mata anaforik� me ti teqnikè MISO pouparousi�sthkan. Sto pr¸to tm ma melet jhkan d�ktua pou qrhsimopoioÔn loboÔ sta-jeroÔ plègmato sta pla�sia th teqnolog�a twn èxupnwn kerai¸n (switched-beam smart

antenna systems) en¸ to deÔtero tm ma aforoÔse thn teqnik  random beamforming.Ta sust mata switched-beam me 3, 5 kai 7 loboÔ an� tomèa efarmìsthkan se OFD-

MA d�ktua pou qrhsimopoioÔn ti teqnikè ‘rand’, ‘fourC’ kai ‘adapt’ gia thn an�jeshferìntwn stou qr ste tou diktÔou.Arqik� parathre�tai ìti h teqnik  ‘adapt’ se sunduasmì me èna sÔsthma stajer¸nlob¸n (akìmh kai me 3 loboÔ an� tomèa) agg�zei sqedìn mhdenik  pijanìthta apìrriyhqr sth ìtan 100 qr ste prospajoÔn na eisèljoun sto d�ktuo. Sthn per�ptwsh twndÔo �llwn aploÔsterwn teqnik¸n h pijanìthta aut  paramènei ep�sh se qamhl� ep�peda,ikanopoihtik� gia th leitourg�a enì diktÔou. Sugkekrimèna, to d�ktuo me algìrijmoan�jesh ton ‘fourC’ epitugq�nei pijanìthta apìrriyh 4% gia 3 loboÔ an� tomèa kaisqedìn 2% gia 5 kai 7 loboÔ an� tomèa. Ant�stoiqa, gia thn teqnik  ‘rand’ h �diepijanìthte aux�nontai se 7% kai 5% ant�stoiqa.Ep�sh, to d�ktuo me 7 loboÔ an� tomèa de belti¸nei peraitèrw to throughput sesqèsh me tou 5 loboÔ an� tomèa. Eidik� de, gia thn per�ptwsh tou ‘adapt’ to sÔsthma



140 Kef�laio 4. SÔsthmata OFDM me stoiqeiokera�a ston pompìft�nei se mègisth axiopo�hsh twn pìrwn tou (mègisto loading factor) akìmh kai me 3loboÔ an� tomèa.'Otan h mègisth epitrept  pijanìthta apìrriyh qr sth e�nai 5% to d�ktuo me tou7 loboÔ an� tomèa d�nei apì 8 èw 16Mbps sthn kentrik  kuyèlh. Sugkekrimèna, o
‘rand’ algìrijmo d�nei 8Mbps, o ‘fourC’ 14Mbps kai o ‘adapt’ ft�nei ta 16Mbps sthnkentrik  kuyèlh. Prèpei na shmeiwje� ìti gia to d�ktuo me tou 7 loboÔ an� tomèa o
‘fourC’ algìrijmo belti¸nei thn ep�dos  tou arket� ¸ste na apèqei mìli 2Mbps apì ton
‘adapt’.'Otan to sÔsthma efarmìzei prosarmostik  diamìrfwsh h ep�dosh tou ‘adapt’ diplasi�ze-tai ft�nonta ta 33Mbps, o ‘rand’ ft�nei ta 23Mbps xepern¸nta thn ep�dosh tou ‘fourC’pou d�nei 18Mbps sthn kentrik  kuyèlh. Epiprìsjeta, h ep�dosh tou ‘adapt’ gia ta d�ktuame 5 kai 7 loboÔ an� tomèa de qeirotereÔei me thn prosj kh enì epiplèon tier opìte kaiaux�nontai oi parembolè sthn kentrik  kuyèlh.Axiolog¸nta thn taktik  twn sÔgqronwn susthm�twn na diathroÔn stajerì m kokanalioÔ pou apod�doun stou qr ste, pragmatopoi jhke sÔntomh melèth ìpou to m kotou kanalioÔ tou qr sth metaballìtan an�loga me thn uphres�a pou zhtoÔse diathr¸ntastajer  analog�a (par�metro ratio). Oi prosomo�wsei apèdeixan ìti se sust mata meloboÔ stajeroÔ plègmato to stajerì m ko kanalioÔ den e�nai h kalÔterh prosèggishkai ìti èna kan�li an�logo th aitoÔmenh uphres�a èqei megalÔtere dunatìthte apìpleur� ep�dosh. Sugkekrimèna, gia to sÔsthma pou prosomoi¸jhke h bèltisth tim  giathn par�metro ratio  tan to 0.3.Teleuta�a melet jhke h teqnik  Random Beamforming se sunduasmì me dÔo kath-gor�e diktÔwn: aut� pou pragmatopoioÔn oportounistik  prosarmog  rujmoÔ (opportunistic

rate adaptation) mèsw prosarmostik  diamìrfwsh kai se aut� pou egguoÔntai thnpoiìthta uphres�a stou qr ste tou mèsw elègqou isqÔo. Gia ta d�ktua th pr¸thkathgor�a, epilèqjhkan dÔo RRM prosegg�sei: h megistopo�hsh tou throughput (Mèswtou algìrijmou ‘MR’) kai h tuqa�a emf�nish parembol¸n (Mèsw tou algìrijmou ‘R’). Giata d�ktua th deÔterh kathgor�a epilèqjhke èna RRM algìrijmo (algìrijmo ‘QoSP’)pou qrhsimopoie� ti diadikas�e tou power control kai bit loading gia na ikanopoi sei tiapait sei twn qrhst¸n elaqistopoi¸nta tautìqrona thn ekpempìmenh isqÔ.H teqnik  random beamforming den èqei jetikì apotèlesma se d�ktua pou parèqoun



4.6 Anaskìphsh kefala�ou kai sumper�smata 141stou qr ste tou prìbleyh uphres�a mèsw elègqou isqÔo. Ant�jeta, h efarmog th teqnik  se tètoia d�ktua epifèrei me�wsh th ep�dos  tou kat� ∼ 10% anaforik�me to throughput. Se d�ktua ìmw pou stoqeÔoun se megistopo�hsh tou prosferìmenou
throughput mèsw oportounistik  qr sh th prosarmostik  diamìrfwsh, h teqnik  tou
random beamforming prosfèrei axioshme�wth belt�wsh th ep�dos  tou. Sugkekrimèna,to throughput tou ‘MR’ algor�jmou aux�netai kat� ∼ 13% me thn efarmog  tou random

beamforming, en¸ kat�∼ 76% belti¸netai h pijanìthta apìrriyh qr sth sto �dio d�ktuo.Anaforik� me ta d�ktua pou sthr�zoun th diadikas�a an�jesh ferìntwn sthn tuqa�aparous�a parembol¸n (algìrijmo ‘R’), h teqnik  random beamforming èqei mia mikr wstìso jetik  ep�drash sthn ep�dos  tou. H jetik  ep�drash emfan�zetai kur�w meaÔxhsh th `d�kaiosÔnh' tou sust mato kai ìqi sto throughput.H jetik  ep�drash th teqnik  random beamforming parousi�zei èna stajerì shme�oekk�nhsh to opo�o exart�tai apì to loading factor tou diktÔou. Gia to prosomoiwjènsÔsthma, h tim  aut  e�nai to 18%.





Kef�laio 5
Sust mata OFDM meteqnolog�e MIMO

Par� to gegonì ìti oi algìrijmoi MISO pou parousi�sthkan sto prohgoÔmeno ke-f�laio belt�wsan shmantik� thn ep�dosh tou sust mato OFDMA, wstìso oi exel�xeisto q¸ro twn asÔrmatwn epikoinwni¸n katadeiknÔoun ìti to epìmeno b ma - enswm�twshstoiqeiokera�a kai sth meri� tou dèkth - e�nai plèon apara�thto. Nèoi algìrijmoi stoi-qeiojet jhkan ¸ste na sumperil�boun epoikodomhtik� thn parous�a stoiqeiokera�a sthsuskeu  tou dèkth, mèro twn algor�jmwn aut¸n apant�tai plèon sta sÔgqrona prwtìkol-la asÔrmath epikoinwn�a (p.q. Wimax).'Ena prwtogenè sÔsthma MIMO pro�pojètei thn efarmog  stoiqeiokera�a ston po-mpì kai sto dèkth mia asÔrmath zeÔxh. Me autì ton trìpo epitugq�netai h enswm�twshth qwrik  di�stash sti diadikas�e epexergas�a tou s mato prosfèronta peraitè-rw eleujer�e sti teqnikè belt�wsh th poiìthta twn asÔrmatwn zeÔxewn. To ousi-astikìtero qarakthristikì twn MIMO susthm�twn e�nai h ikanìtht� tou na ekmetalleÔ-ontai thn polÔodh di�dosh (multipath), gegonì pou èrqetai se ant�jesh me th filosof�akai ton skopì efarmog  twn susthm�twn èxupnwn kerai¸n.Ta MIMO sust mata sthr�qthkan arqik� sthn teqnolog�a pou anaptÔqjhke gia tièxupne kera�e, apoteloÔn ìmw s mera èna xeqwristì ped�o melèth pou diaforopoie�taise arket� kr�sima shme�a.
• H sqed�ash twn susthm�twn eufu¸n kerai¸n apaite� kera�a pollapl¸n stoiqe�wn143



144 Kef�laio 5. Sust mata OFDM me teqnolog�e MIMOkai genik� polÔploka sust mata epexergas�a mìno sth meri� tou stajmoÔ b�sh,perior�zonta sto el�qisto thn poluplokìthta tou kinhtoÔ termatikoÔ. Ta MIMOsust mata en antijèsei, pro�pojètoun stoiqeiokera�e kai sta dÔo �kra, kaj¸ kaialgìrijmou epexergas�a se software kai hardware.
• Oi algìrijmoi pou èqoun sqediaste� gia ta sust mata eufu¸n kerai¸n, skopì è-qoun sun jw na exale�youn fainìmena ìpw thn polÔodh di�dosh kai to delay

spread en¸ se afairetikì ep�pedo sthr�zoun th leitourg�a tou sth susqètish twnpollapl¸n ekdìsewn tou epijumhtoÔ s mato pou ft�noun sto dèkth lìgw mul-

tipath. Ant�jeta ta sust mata MIMO exartoÔn thn epituqhmènh leitourg�a tousthn èntonh parous�a aut¸n twn fainomènwn di�dosh. EkmetalleÔontai dhlad  to
fading kai to delay spread, en¸ kat� meg�lo mèro sthr�zoun th leitourg�a tousthn anexarths�a twn pollapl¸n ekdìsewn tou s mato pou ft�nei sto dèkth.Sti epìmene paragr�fou parousi�zontai oi diaforetikè teqnikè MIMO pou mpo-roÔn na ulopoihjoÔn sta pla�sia enì asÔrmatou diktÔou. 'Emfash wstìso d�netai stiteqnikè pou qrhsimopoi jhkan sta pla�sia th paroÔsa diatrib . Oi teqnikè autèekmetalleÔontai tou epiplèon bajmoÔ eleujer�a th qwrik  di�stash ¸ste na belti¸-soun thn axiopist�a mia zeÔxh. Oi teqnikè autè, pou kaloÔntai diversity techniques,skopeÔoun sthn elaqistopo�hsh tou rujmoÔ laj¸n metaxÔ pompoÔ kai dèkth. H gn¸sh  mh tou kanalioÔ sthn pleur� tou pompoÔ odhge� se diaforetikè teqnikè diaforis-moÔ me diaforetik  apìdosh kai poluplokìthta ulopo�hsh. Sti parak�tw paragr�fouanalÔontai kai ta dÔo e�dh tètoiwn teqnik¸n en¸ h apìdos  tou prosomoi¸netai tìso seep�pedo zeÔxh ìso kai se ep�pedo diktÔou.Tèlo, oi teqnikè MIMO pou prosomoi¸jhkan prosart¸ntai sto OFDMA d�ktuo toukefala�ou 3. Lìgw exairetikoÔ upologistikoÔ fìrtou, oi teqnikè MIMO efarmìzontaiapokleistik� sthn kentrik  kuyèlh tou diktÔou ìpou pragmatopoioÔntai kai oi metr seigia thn ep�dosh tou diktÔou.5.1 Qwrhtikìthta MIMO kanalioÔTo montèlo tou MIMO pompodèkth pou qrhsimopoioÔn ta sust mata MIMO emfan�ze-tai sto sq ma 5.1.
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Sq ma 5.1: Montèlo MIMO sust mato.H qr sh twn susthm�twn aut¸n stoqeÔei sun jw sth beltistopo�hsh dÔo krithr�-wn. Arqik�, sth belt�wsh th qwrhtikìthta mia zeÔxh h opo�a ekfr�zetai me to mè-gisto rujmì met�dosh sumbìlwn an� Hertz. To krit rio autì kale�tai diaforetik� kaifasmatik  apìdosh tou sust mato. H mègisth jewrhtik  tim  tou upolog�zetai upìsunj ke leukoÔ jorÔbou en¸ d�detai apì ton tÔpo tou Shannon. To deÔtero krit riobeltistopo�hsh afor� sthn axiopist�a mia zeÔxh. Ekfr�zetai me to mèso rujmì laj¸nkai apotele� èna de�kth gia th sumperifor� tou sust mato apènanti sti diale�yei touqronik� metaballìmenou kanalioÔ. Sun jw oi teqnikè MIMO stoqeÔoun se èna apìta dÔo krit ria mia kai h beltistopo�hsh tou enì sunep�getai thn tautìqronh epide�-nwsh tou �llou. Teqnikè pou prosfèroun meg�le timè qwrhtikìthta adunatoÔn naegguhjoÔn thn axiopist�a th zeÔxh en¸ teqnikè pou prosfèroun axiopist�a den qrhsi-mopoioÔn tou epiplèoun bajmoÔ eleujer�a tou sust mato gia met�dosh plhrofor�a.Analutik  perigraf  twn teqnik¸n MIMO pou apant¸ntai s mera mpore� na anazhthje�sta [58℄, [59℄ kai [60℄.H qwrhtikìthta enì SISO kanalioÔ d�netai apì ton klassikì tÔpo tou Shannon pouparat�jetai sthn ex�swsh (5.1) gia eukol�a.

C = log

(

1 +
P

BN

) (5.1)
N e�nai monìpleurh fasmatik  puknìthta isqÔo tou jorÔbou se Watt/Hz, B to eÔroz¸nh tou s mato se Hz kai R e�nai h lambanìmenh isqÔ se Watt en¸ h qwrhtikìthta

C apod�detai se bits/sec/Hz.Sthn per�ptwsh twn MIMO susthm�twn (Sq.5.1) to montèlo pou perigr�fei th zeÔxhd�detai apì thn ex�swsh
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r(t) = H(t)⊗ s(t) + n(t) (5.2)ìpou r(t) e�nai lambanìmeno di�nusma MR×1, s(t) e�nai to diast�sewn MT×1 di�nusmaekpomp , n(t) e�nai o prosjetikì jìrubo Gauss, kai H(t) e�nai o MR ×MT p�nakatou kanalioÔ. To sÔmbolo ⊗ apod�dei thn pr�xh th sunèlixh en¸ e�n jewr soume s masten  z¸nh (flat fading) o prohgoÔmeno tÔpo g�netai:

r = H · s + n (5.3)H qwrhtikìthta enì thlepikoinwniakoÔ sust mato pou perigr�fetai apì th 5.3 kaiupìkeitai se gnwstì periorismì isqÔo ekpomp  èqei melethje� epark¸ sta [61℄, [62℄ kai[63℄ en¸ d�netai apì th sqèsh (5.4).
C = max

tr(Rss)≤p
log2[det(I + HRssH

H)] (5.4)ìpou Rss e�nai o p�naka metablhtìthta tou dianÔsmato s kai p e�nai h mègisth kano-nikopoihmènh ekpempìmenh isqÔ. Pragmatopoi¸nta singular value decomposition (svd)ston p�naka tou kanalioÔ, to MIMO kan�li mpore� na metasqhmatiste� se n = rank(H)

SISO upokan�lia sÔmfwna me th diadikas�a pou perigr�fetai sto [64℄. H diadikas�a aut e�nai grammik  kai èqei w apotèlesma thn apìdosh th qwrhtikìthta sÔmfwna me thn(5.5).
C =

n
∑

k=1

log2

(

1 +
p

n
ǫ2
k

) (5.5)Sthn teleuta�a ex�swsh oi suntelestè ǫ2
k e�nai oi idiotimè tou p�naka HHH oi opo�oiousiastik� apoteloÔn to kèrdo (se isqÔ) tou upokanalioÔ k en¸ pk e�nai h isqÔ pouekpèmpetai sto k upokan�li. Gia ta pk isqÔei o prohgoÔmeno periorismì kai sugkekri-mèna, ∑n

k=1 pk ≤ p.Sthn per�ptwsh pou oi idiotimè ǫ2
k e�nai gnwstè ston pompì tìte ta pk upolog�-zontai b�sei tou water-pouring algìrijmou ([65℄,[20℄), ètsi ¸ste na megistopoie�tai hqwrhtikìthta. Ti perissìtere forè ìmw o pompì den èqei gn¸sh tou kanalioÔ (oÔtese ep�pedo idiotim¸n) opìte pragmatopoie� isokatanom  isqÔo sta n kan�lia, pk = p

n .



5.1 Qwrhtikìthta MIMO kanalioÔ 147O Foschini sugkekrimèna qrhsimopoi¸nta thn isokatanom  isqÔo eis gage thn teqnik 
V-BLAST gia MIMO sust mata ìpw perigr�fetai sto [66℄.Meg�lo mèro th bibliograf�a afier¸netai sth melèth qwrhtikìthta kanalioÔ MI-MO jewr¸nta kan�lia Rayleigh anex�rthta metaxÔ tou ([61℄,[67℄,[68℄,[63℄). Wstìso,ìpw prokÔptei apì thn (5.5), h qwrhtikìthta enì MIMO kanalioÔ apotele� to �jroismatwn qwrhtikot twn twn n upokanali¸n pou dhmiourgoÔntai apì thn svd tou p�naka H.Sto [64℄ o Foschini apodeiknÔei ìti o bajmì th qwrik  susqètish twn n upokanali¸nephre�zei thn tim  th qwrhtikìthta tou sunolikoÔ MIMO kanalioÔ. Sugkekrimèna,qrhsimopoie� èna montèlo skèdash (“one-ring”) gÔrw apì to dèkth basismèno sth logik twn montèlwn an�qneush dèsmh (ray tracing) ¸ste na elègxei th qwrik  susqètishtwn kanali¸n pou �blèpei� o dèkth. Oi par�metroi tou montèlou pou qrhsimopoioÔntaie�nai h apìstash twn stoiqe�wn th kera�a tou dèkth, h di�taxh th stoiqeiokera�a,h diaspor� gwn�a (angle spread) kai h gwn�a prìsptwsh (angle of arrival). O sug-grafèa qrhsimopoi¸nta arijmhtikè mejìdou upolog�zei thn katanom  pou akoloujoÔnoi suntelestè ǫ2

k an�loga me thn apìstash twn stoiqe�wn th stoiqeiokera�a kai d�deigrafikè kampÔle gia thn upologizìmenh qwrhtikìthta. Tèlo, o �dio eis�gei kai thnènnoia twn energ¸n bajm¸n eleujer�a (effective degrees of freedom - EDOF. Se ènasÔsthma MIMO, ulopoihmèno upì sugkekrimène sunj ke di�dosh kai keraiodi�taxh,oi bajmo� eleujer�a EDOF apod�doun ta energ� kan�lia pou summetèqoun sth metafor�plhrofor�a kai ekfr�zontai me ènan akèraio sto di�sthma [0, n].Sta [69℄ kai [70℄ prosomoi¸netai to MIMO kan�li kai parat�jentai jewrhtik� apo-telèsmata gia thn qwrhtikìtht� tou upì diaforetik� perib�llonta di�dosh. Sto Sq.5.1 emfan�zetai h qwrhtikìthta MIMO sust mato jewr¸nta Rayleigh katanom  gia toasÔrmato kan�li kai lamb�nonta upìyin thn apìstash d twn stoiqe�wn th stoiqeioke-ra�a qrhsimopoi¸nta to montèlo pou perigr�fetai sto [71℄.Oi apost�sei d tou sq mato e�nai sunart sei tou m kou kÔmato. 'Opw anafèrjhkeprohgoumènw, h aÔxhsh th apìstash twn stoiqe�wn th stoiqeiokera�a odhge� seaÔxhsh th jewrhtik  qwrhtikìthta tou kanalioÔ kaj¸ aux�nontai oi energo� bajmo�eleujer�a th zeÔxh.
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Sq ma 5.2: H qwrhtikìthta MIMO kanalioÔ gia diaforetikè timè th qwrik susqètish upokanali¸n.



5.2 Qwrikì diaforismì MIMO kanalioÔ 1495.2 Qwrikì diaforismì MIMO kanalioÔSthn prohgoÔmenh par�grafo parousi�sthke en suntom�a h dunatìthta enì MIMOkanalioÔ na aux�nei th qwrhtikìthta mia zeÔxh. Praktik�, oi epiplèon anex�rthtediadromè pou dhmiourgoÔntai metaxÔ pompoÔ kai dèkth qrhsimopoioÔntai sth met�doshperissìterh plhrofor�a. An kai h dunatìthta aut  tou MIMO kanalioÔ parousi�zeiendiafèron, wstìso pìsh ax�a èqei h apostol  plhrofor�a pou lamb�netai me periorismè-nh   kai anÔparkth poiìthta sto dèkth enì uparktoÔ thlepikoinwniakoÔ sust mato.Se aut  thn par�grafo ja analuje� h dunatìthta enì MIMO sust mato na belti¸neithn poiìthta mia zeÔxh mèsw tou qwrikoÔ diaforismoÔ (spatial diversity). Praktik�,h �dia plhrofor�a metad�detai mèsw pollapl¸n anex�rthtwn kanali¸n aux�nonta thn pi-janìthta swst  l yh sto dèkth. H poiìthta mia zeÔxh apod�detai me thn kampÔlh tourujmoÔ esfalmènwn sumbìlwn (Symbol error Rate - SER), h opo�a sthn per�ptwsh twnMIMO susthm�twn aux�nei thn kl�sh th odhg¸nta se mikrìtere timè SER gia to �dio
SNR.5.2.1 Stoiqeiokera�a sto dèkthQwrikì diaforismì mporoÔme na petÔqoume me thn efarmog  stoiqeiokera�a apoklei-stik� sto dèkth. To prokÔpton kan�li e�nai èna SIMO kan�li (Single Input Multiple

Output), kai o dèkth e�nai upeÔjuno gia thn swst  epexergas�a tou s mato pou di-ad�detai pollapl� sto asÔrmato mèso. O bèltisto trìpo na axiopoihjoÔn oi pollaplèekdìsei tou s mato e�nai h efarmog  tou Maximum Ratio Combiner - MRC sto dèkth.Perissìtere plhrofor�e gia ton MRC dèkth mporoÔn na anazhthjoÔn sto [72℄.H sqèsh eisìdou-exìdou tou SIMO kanalioÔ me 1 kera�a ston pompì (Mt = 1) kai Mrkera�e sto dèkth, mpore� na grafe� me th bo jeia th (5.6) ìpou g�netai h upìjesh gia
flat fading sunj ke sto kan�li (diaforetik� h pr�xh tou pollaplasiasmoÔ ja èprepe naantikatastaje� me thn pr�xh th sunèlixh ⊗).

y =
√

Eshs + n (5.6)Sth sqèsh (5.6) to kan�li apod�detai me to di�nusma h = [h1h2 . . . hMr ]
T , me n apod�de-tai to di�nusma tou leukoÔ jorÔbou pou prost�jetai se k�je stoiqe�o tou dèkth, s e�nai



150 Kef�laio 5. Sust mata OFDM me teqnolog�e MIMOto ekpempìmeno sÔmbolo to opo�o exart�tai apì to e�do diamìrfwsh pou qrhsimopoie�taisth zeÔxh en¸ Es e�nai h enèrgeia me thn opo�a ekpèmpetai to s sÔmbolo.To kan�li, sthn an�lush opoioud pote sust mato, jewre�tai sqedìn p�nta gnwstìsto dèkth, ètsi dÔnatai o pollaplasiasmì tou lambanìmenou s mato me wi = h∗
i . Se

Rayleigh kan�lia apodeiknÔetai [72℄ ìti to mèso SNR sti Mr alus�de tou dèkth e�nai
Mrγ̄, ìpou γ̄ e�nai to mèso SNR pou metr�tai sthn k�je kera�a tou dèkth. To apotèlesmatou MRC dèkth perigr�fetai sthn (5.7). Sunep¸, to prokÔpton s ma upìkeitai plèonmìno se grammik , monodi�stath exasjènish kanalioÔ (scalar channel).

r =
√

Esh
Hhs + hHn

=
√

Es||h||2F s + hHn (5.7)
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Sq ma 5.3: H ep�drash tou qwrikoÔ diaforismoÔ se SIMO kan�lia ìpou o dèkthqrhsimopoie� thn teqnik  MRC.Sto Sq ma 5.3 parousi�zetai h ep�drash tou diaforismoÔ sto dèkth (receive diversity)me thn aÔxhsh twn stoiqe�wn th stoiqeiokera�a tou. To upìmnhma tou diagr�mmatode�qnei to e�do tou SIMO kanalioÔ pou èqei prosomoiwje� (Mr ×Mt).



5.2 Qwrikì diaforismì MIMO kanalioÔ 1515.2.2 Stoiqeiokera�a ston pompìH ant�stoiqh diadikas�a gia ep�teuxh diaforismoÔ sto dèkth mpore� na g�nei kai gia tonpompì. Wstìso, h pl rh ekmet�lleush th stoiqeiokera�a sth meri� tou pompoÔ apaite�pro-epexergas�a tou s mato prin thn telik  met�dos  tou. Autì g�netai emfanè kaiapì ti exis¸sei (5.8) pou ousiastik� apod�doun th sqèsh eisìdou - exìdou enì tètoiousust mato. O pompì, Mt stoiqe�wn, metad�dei to �dio sÔmbolo s kai apì ti Mt kera�etou d�nonta to metadidìmeno di�nusma s = [s . . . s]T , diast�sewn Mt×1. To kan�li se ènatètoio MISO sÔsthma apod�detai apì to di�nusma-seir� (row-vector) h = [h1h2 . . . hMt ].
y =

√

Es

2
hs + n

=

√

Es

2
(h1 + h2 + . . . hMt)s + n

=

√

Es

2
hs + n (5.8)ParathroÔme apì thn (5.8) ìti to kan�li pou �blèpei� o dèkth se aut  thn per�ptwshden e�nai t�pota �llo apì to �jroisma Mt migadik¸n arijm¸n w ex  (h = h1 + h2 +

· · ·+ hMt). Sthn per�ptwsh pou to kan�li e�nai flat fading Rayleigh, tìte h = hw kai ta
hi, i = 1...Mt e�nai migadikè tuqa�e metablhtè Gauss mhdenik  mèsh tim . Sunep¸,gia to kan�li, sto lambanìmeno s ma twn exis¸sewn (5.8), isqÔei ìti E{|h|2} = 1. 'Araden epitugq�netai diaforismì se aut  thn per�ptwsh.O pio prìdhlo trìpo na epiteuqje� kèrdo diaforismoÔ sto dèkth e�nai na qrhsi-mopoi sei o pompì to �dio to kan�li. H teqnik  aut , wstìso, enèqei auxhmèno baj-mì poluplokìthta mia kai o pompì prèpei na apokt sei plhrofor�a gia to kan�li(feedback). Ax�zei wstìso na shmeiwje� h teqnik  met�dosh pou eis gage o Alamoutito 1998. H teqnik  aut  petuqa�nei kèrdo qwrikoÔ diaforismoÔ ston pompì qwr� thnapa�thsh gia th gn¸sh tou kanalioÔ.Prin g�nei analutik  anafor� se sq mata qwrik  kwdikopo�hsh pou aforoÔn MISO /kai MIMO kan�lia prèpei doje� o orismì tou rujmoÔ qwrik  kwdikopo�hsh (spatial

code rate - rs) mia kai maz� me to kèrdo diaforismoÔ, apotele� suqn� to deÔtero krit riosÔgkrish metaxÔ sqhm�twn kwdikopo�hsh.



152 Kef�laio 5. Sust mata OFDM me teqnolog�e MIMOSto Sq ma 5.4 apeikon�zetai grafik� o trìpo paragwg  th ekpempìmenh kwdiko-lèxh se èna sÔsthma pou efarmìzei qwrik  kwdikopo�hsh ston pompì. Ta R sÔmbolametad�dontai apì ti Mt kera�e kat� th di�rkeia T sumbìlwn. SÔmfwna me autì to sqe-diasmì, o rujmì qwrik  kwdikopo�hsh pou epitugq�netai e�nai rs = R/T . Koin¸, seèna sÔsthma, pou metad�detai 1 sÔmbolo se k�je di�rkeia sumbìlou, oi Mt kera�e toupompoÔ metad�doun to �dio sÔmbolo, h kwdikolèxh èqei diast�sei Mt × 1 kai o rujmìqwrik  kwdikopo�hsh e�nai rs = 1.
Sq ma 5.4: Paragwg  kwdikolèxh se èna sÔsthma me qwrik  kwdikopo�hsh.5.2.2.1 Sq ma AlamoutiO Alamouti sto [73℄ qrhsimopo�hse th qwroqronik  kwdikopo�hsh (space time cod-

ing) gia na petÔqei kèrdo diaforismoÔ ston pompì qwr� th gn¸sh tou kanalioÔ. Tosq ma autì afor� stoiqeiokera�a 2 stoiqe�wn ston pompì kai petuqa�nei pl re kèrdodiaforismoÔ (full diversity gain) kai pl rh bajmì kwdikopo�hsh (rs = 1), en¸ mpore� naefarmoste� se dèkth me 1   perissìtere kera�e.P�naka 5.1: To sq ma tou Alamouti

Antenna 1 Antenna 1

T1 s1 s2

T2 −s∗2 s∗1H idèa tou Alamouti e�nai exairetik� apl : h met�dosh (transmission burst) èqeidi�rkeia 2 sumbìlwn (bl. Sq ma 5.4 gia T = 2), sth di�rkeia tou 1ou sumbìlou metad�-dontai ta kwdikopoihmèna sÔmbola s1 kai s2 en¸ sth di�rkeia tou 2ou ta −s∗2 kai s∗1 (bl.P�naka 5.1). SÔmfwna me ta ìsa anafèrjhkan sthn prohgoÔmenh par�grafo, to sq matou Alamouti èqei rs = 1 mia kai se di�rkeia 2 sumbìlwn, T = 2, metad�dontai R = 2sÔmbola apì ti Mt = 2 kera�e tou pompoÔ. Tèlo, to sq ma tou Alamouti an kei staorjog¸nia sq mata mia kai o p�naka kwdikopo�hsh pou prokÔptei apì ton p�naka 5.1



5.2 Qwrikì diaforismì MIMO kanalioÔ 153e�nai orjog¸nio. H orjogwniìthta e�nai exairetik� epijumhtì gn¸risma twn sqhm�twnqwrik  kwdikopo�hsh mia kai aplopoie� se meg�lo bajmì ti diadikas�e l yh stodèkth.Sugkekrimèna, o dèkth sto sq ma autì ja lamb�nei ti qronikè stigmè t1 = τ kai
t2 = τ + T ta s mata y1 kai y2 ìpw aut� parousi�zontai sti parak�tw exis¸sei:

y1 =

√

Es

2
h1s1 +

√

Es

2
h2s2 + n1

y2 = −
√

Es

2
h1s

∗
2 +

√

Es

2
h2s

∗
1 + n2Me h1 kai h2 sumbol�zetai to kèrdo kanalioÔ gia ti 2 kera�e tou pompoÔ, to opo�olamb�netai stajerì gia sth di�rkeia 2 sumbìlwn. E�n o dèkth, sto tèlo tou 2ou sum-bìlou, lamb�nei to di�nusma y = [y1 y∗2]

T , tìte oi prohgoÔmene exis¸sei mporoÔn nasunduastoÔn sthn (5.9).
y =

√

Es

2







h1 h2

h∗
2 −h∗

1













s1

s2






+







n1

n∗
2






(5.9)

JewroÔme ton p�naka Heff =







h1 h2

h∗
2 −h∗

1






tou kanalioÔ o opo�o profan¸ e�naiorjog¸nio. Qrhsimopoi¸nta ant� gia thn y thn metablht  z = HH

effy prokÔptei hparak�tw ex�swsh.
z = HH

effy

=

√

Es

2
HH

effHeffs + HH
effn

=

√

Es

2
||H||2F I2s + HH

effn (5.10)'Etsi, h èxodo tou ML apokwdikopoiht  sto dèkth ja d�netai apì th sqèsh (5.11).
Ŝ = argmin

S

||Z− ||Heff ||2F S||2F = argmin
S

||Z− (|h1|2 + |h2|2)S||2F (5.11)ParathroÔme ìti o p�naka Heff paramènei se k�je per�ptwsh orjog¸nio odhg¸nta se



154 Kef�laio 5. Sust mata OFDM me teqnolog�e MIMOgrammik  epexergas�a sthn pleur� tou dèkth. O dèkth pou qrhsimopoie�tai sto 1 × 2

MISO sÔsthma pou perigr�fhke sta prohgoÔmena d�detai sto [73℄. To kèrdo diaforismoÔpou epitugq�netai se aut  thn per�ptwsh e�nai 2.
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Sq ma 5.5: To kèrdo qwrikoÔ diaforismoÔ se SIMO kai MISO kan�lia ìpou opompì qrhsimopoie� thn teqnik  tou Alamouti.Sto Sq ma 5.5 prosomoi¸nontai tr�a flat fading kan�lia: SISO, SIMO kai MISO.H lez�nta tou sq mato akolouje� ìpw kai prohgoumènw to sumbolismì Mr ×Mt. Opompì qrhsimopoie� to sq ma tou Alamouti en¸ ta metadidìmena sÔmbola diamorf¸nontaime BPSK. Ax�zei na parathrhje� ìti an kai to kèrdo diaforismoÔ e�nai 2 tìso gia to 1×2ìso kai gia to 2 × 1 sÔsthma (h kl�sh twn ant�stoiqwn kampul¸n sto Sq ma 5.5 e�nai�dia), h kampÔlh tou SER emfan�zetai beltiwmènh sto 2 × 1 sÔsthma (receive diversity)exait�a tou epiprìsjetou kèrdou stoiqeiokera�a pou emfan�zei o MRC dèkth se aut thn per�ptwsh. Sugkekrimèna, to kèrdo autì e�nai 3dB. Jewrhtik  apìdeixh gia autì tosumpèrasma emperièqetai sto kef�laio 5 tou [8℄.5.2.3 Stoiqeiokera�a ston pompì kai sto dèkthH tautìqronh parous�a stoiqeiokera�a se pompì kai dèkth k�nei dunat  thn efarmog algor�jmwn MIMO. H filosof�a twn prwtogen¸n algor�jmwn MIMO e�nai sqedìn �dia



5.2 Qwrikì diaforismì MIMO kanalioÔ 155me aut  pou perigr�fhke sti prohgoÔmene dÔo paragr�fou.Sugkekrimèna, to sq ma tou Alamouti douleÔei kai sthn per�ptwsh pou Mr > 1 opìteprokÔptei èna tupikì MIMO sÔsthma. An kai sto [73℄ perigr�fetai o dèkth mìno gia
Mr = 1 kai Mr = 2 wstìso eÔkola genikeÔetai gia opoiod pote arijmì stoiqe�wn stodèkth.
Sq ma 5.6: To montèlo enì MIMO pompodèkth ìpou o pompì efarmìzei thnteqnik  tou Alamouti.Sto Sq ma 5.6 fa�netai èna tupikì MIMO pompodèkth, ìpou o dèkth èqei Mr ke-ra�e kai o pompì efarmìzei thn klassik  teqnik  tou Alamouti me 2 kera�e (bl. P�naka5.1). Lamb�netai w dedomèno ìti to kan�li metaxÔ pompoÔ kai dèkth de metab�lletai gia toqronikì di�sthma th met�dosh 2 sumbìlwn, ètsi dhmiourgoÔntai ta kan�lia hi1, hi,2, i =

1, 2, ...,Mr tou sq mato 5.6. Ta lambanìmena s mata apì thn m = 1, 2, ..,Mr kera�a toudèkth kat� th di�rkeia twn stigm¸n t1 = τ kai t2 = τ + T apod�dontai me ti exis¸sei(5.12) kai (5.13).
rm(t1) = hm1s1 + hm2s2 + nm(t1) (5.12)
rm(t2) = −hm1s

∗
2 + hm2s

∗
1 + nm(t2) (5.13)En¸ oi ektim sei ŝ1 kai ŝ2 prokÔptoun me ton sunduasmì kat�llhlou combiner kai

ML apokwdikopoiht . 'Estw H o Mr × 2 p�naka tou MIMO kanalioÔ sÔmfwna me thn(5.14). H ekt�mhsh twn ekpempìmenwn sumbìlwn s1 kai s2 br�sketai sÔmfwna me thnex�swsh (5.15) sto tèlo th t2 = τ + T .
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H =
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(5.15)
Sto Sq ma 5.7 èqoun prosomoiwje� MIMO kan�lia me to sq ma tou Alamouti stonpompì kai ton kat�llhlo combiner sto dèkth (o dèkth ektim� ta ekpempìmena sÔmbolasÔmfwna me thn (5.15)). Ta ekpempìmena sÔmbola diamorf¸nontai me BPSK en¸ to kan�liexakolouje� na upìkeitai se ep�pede diale�yei (flat fading).
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Sq ma 5.7: H ep�drash tou qwrikoÔ diaforismoÔ se MIMO kan�lia (Mr × Mt)ìtan o pompì qrhsimopoie� thn teqnik  tou Alamouti.To kèrdo diaforismoÔ (diversity gain) pou epitugq�netai sthn per�ptwsh tou Sq -mato 5.7 e�nai 2Mr en¸ to kèrdo kera�a paramènei ìpw kai sthn per�ptwsh twn SIMOkanali¸n �so me Mr.



5.2 Qwrikì diaforismì MIMO kanalioÔ 157To aplopoihmèno sq ma tou Alamouti epekte�netai sth bibliograf�a gia perissìtereapì 2 kera�e ston pompì. Sugkekrimèna, sto [74℄ apodeiknÔetai ìti orjog¸nia sq -mata mporoÔn na katastrwjoÔn gia opoiod pote arijmì kerai¸n ston pompì efìson takwdikopoihmèna sÔmbola e�nai pragmatiko� arijmo� (real constellations). To kèrdo di-aforismoÔ aut¸n twn sqhm�twn e�nai profan¸ MrMt en¸ o rujmì qwrik  kwdikopo�h-sh e�nai rs = 1. Sthn �dia ergas�a apodeiknÔetai ìti sthn per�ptwsh migadik¸n asterism¸n(complex constellations) den mpore� na katastrwjoÔn orjog¸nia sq mata pl rou ruj-moÔ (rs = 1) gia Mt > 2. To sq ma tou Alamouti e�nai to monadikì pou akìmh kai semigadikoÔ asterismoÔ prosfèrei rujmì qwrik  kwdikopo�hsh rs = 1 en¸ tautìqronamegistopoie� kai to kèrdo diaforismoÔ (2Mr).Jewr¸nta orjog¸nia sq mata mègistou kèrdou diaforismoÔ (MrMt) all� mh pl rourujmoÔ (rs < 1) tìte katal goume se èna arket� meg�lo eÔro ergasi¸n. 'Hdh oi Tarokh

et al. sto [74℄ d�noun to genikì tÔpo kat�strwsh orjog¸niwn migadik¸n sqhm�twn giaopoiod pote Mt, en¸ sto [75℄ aplousteÔetai peraitèrw h prohgoÔmenh apìdeixh. Tautì-qrona sto [75℄ d�nontai epiplèon migadik� orjog¸nia sq mata me rs = 3
4 kai mikrìterhdi�rkeia kwdikolèxh, T (bl. Sq ma 5.4).Sto [76℄ o Jafarkhani, xekin¸nta apì ton 2× 2 orjog¸nio p�naka kwdikopo�hsh tou

Alamouti, d�nei migadik� sq mata pl rou rujmoÔ (rs = 1) pou ìmw den e�nai pl rw or-jog¸nia (quasi-orthogonal). Sthn �dia ergas�a elègqetai h ep�dosh twn sqhm�twn aut¸nkai parathre�tai ìti ta orjog¸nia sq mata apod�doun kalÔtera se meg�le timè SNR(SNR > 15dB) en¸ ta sq mata merik  orjogwniìthta sumperifèrontai kalÔtera seqamhlìtere timè (SNR < 15dB). Se k�je per�ptwsh wstìso, to kèrdo twn sqhm�twnmerik  orjogwniìthta den xepern�ei ta 1-2 dB se sqèsh me ta pl rw orjog¸nia sq -mata.Sth bibliograf�a apant¸ntai arketè prosp�jeie ìpou to b�ro sto sqediasmì tousq mato kwdikopo�hsh d�detai sto rujmì met�dosh. Tètoia per�ptwsh apotele� h er-gas�a twn Hassibi kai Hochwald apì ta Bell Labs pou parousi�zetai sto [77℄. Sthn ergas�-a aut  sundu�zontai ta klassik� orjog¸nia migadik� sq mata th bibliograf�a (bl. [74℄)me ton algìrijmo V-BLAST. ProkÔptoun beltiwmèna sq mata apì �poyh qwrhtikìthtaall� me thn poluplokìthta apokwdikopo�hsh tou V-BLAST algìrijmou.Sti ergas�e [78℄ kai [79℄ prote�nontai sq mata kwdikopo�hsh ta opo�a sundu�zoun



158 Kef�laio 5. Sust mata OFDM me teqnolog�e MIMOèna qwro-qronikì kwdikopoiht  m kou Mt×Mt me mia mon�da antisto�qish (mapper) thexìdou tou kwdikopoiht  sta Mt stoiqe�a tou pompoÔ. Skopì twn sqhm�twn aut¸n e�naina epitÔqoun pl rh rujmì qwrik  kwdikopo�hsh (rs = 1) me ìso to dunatì megalÔterokèrdo diaforismoÔ (to mègisto epitugq�netai mìno gia k�poia Mt). To meionèkthma twnmejìdwn aut¸n e�nai p�li h diadikas�a apokwdikopo�hsh sto dèkth pou paramènei sek�je per�ptwsh mh-bèltisth. H ep�dosh twn sqhm�twn aut¸n g�netai sugkr�nont� ta me�llou e�dou prosegg�sei ìpw autè sta [77℄ kai [76℄ pou anafèrjhkan prohgoumènw.Ta proteinìmena sq mata apod�doun kalÔtera kur�w ìson afor� th qwrhtikìthta pouepitugq�netai.5.3 Sust mata MIMO-OFDMTa sust mata tètarth geni� e�nai �mesa sunufasmèna me uyhlè apodìsei tìso sthnpleur� tou qr sth (uyhl  poiìthta uphres�e) ìso kai sthn pleur� tou diktÔou (mikro�rujmo� apìrriyh qr sth me mikroÔ rujmoÔ laj¸n). O sunduasmì th teqnolog�aMIMO me aut  th OFDM d�nei th dunatìthta na ikanopoihje� autì o aisiìdoxo stìqotwn susthm�twn epìmenh geni�. H teqnolog�a MIMO mpore� na anal�bei na aux sei thqwrhtikìthta kai to kèrdo diaforismoÔ en¸ h diamìrfwsh OFDM mpore� na antimetwp�seiti sobarè sunèpeie th polÔodh di�dosh se èna euruzwnikì perib�llon di�dosh.Skopì aut  th paragr�fou e�nai na perigr�yei ti teqnikè MIMO-OFDM pouulopoi jhkan sta pla�sia th diatrib  kai qrhsimopoi jhkan se deÔtero st�dio gia thmelèth enì diktÔou MIMO-OFDM kat' analog�a me ta prohgoÔmena kef�laia.Oi teqnikè MIMO-OFDM mporoÔn na qwristoÔn, ìpw kai ta sust mata MIMO, seautè pou axiopoioÔn th gn¸sh tou kanalioÔ ston pompì kai se autè pou sthr�zontaikajar� se sq mata kwdikopo�hsh qwr� na pro�pojètoun gn¸sh tou kanalioÔ. Stapla�sia aut  th diatrib  melet jhkan apokleistik� teqnikè tou deÔterou e�dou miakai skopì paramènei h melèth th ep�dosh twn teqnik¸n se meg�lh kl�maka d�ktua (ìqiaplè zeÔxei) gia ta opo�a oi teqnikè mikr  poluplokìthta kai upologistikoÔ qrìnouèqoun p�nta exèqousa shmas�a. Sth sunèqeia perigr�fetai to montèlo enì sust matoMIMO-OFDM kwdikopo�hsh kaj¸ kai oi sugkekrimène teqnikè pou ulopoi jhkan.



5.3 Sust mata MIMO-OFDM 1595.3.1 Montèlo MIMO-OFDM sust matoTo montèlo gia èna pompì enì sust mato MIMO-OFDM emfan�zetai sto Sq. 5.8.K�je m�a apì ti Mt RF alus�de ston pompì kai ti Mr sto dèkth perilamb�nei èna
module IFFT kai FFT ant�stoiqa, en¸ ta metadidìmena sÔmbola prokÔptoun apì tonkwdikopoiht  tou Sq mato 5.8. O kwdikopoiht  tou sq mato dèqetai san e�sodo NSsÔmbola plhrofor�a kai ex�gei ton p�naka kwdikopo�hsh (  kwdikolèxh) tou sust matodiast�sewn N · T ×MT . Me N apod�detai o arijmì twn OFDM ferìntwn kai me T hdi�rkeia ekpomp  (time burst) tou sust mato metroÔmenh se qronosqismè (time slots).Jewr¸nta s = [s1s2 . . . sN ] ta diamorfwmèna sÔmbola pou eisèrqontai ston kwdikopoi-ht  tou sq mato, h paragìmenh kwdikolèxh d�detai apì thn (5.16).

Sq ma 5.8: To montèlo tou pompoÔ gia èna sÔsthma pou efarmìzei MIMO-OFDMkwdikopo�hsh.
C =
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(5.16)
Sthn teleuta�a sqèsh Ci e�nai èna N ×MT p�naka pou antiproswpeÔei thn ekpe-mpìmenh kwdikolèxh se k�je qronosqism  kai perigr�fetai apì thn (5.17).

Ci =













c11 . . . c1MT... . . . ...
cN1 . . . cNMT













(5.17)To kwdikopoihmèno sÔmbolo ck,j tou parap�nw p�naka metad�detai th qronik  stigm  i,diamorf¸netai apì to k fèron kai ekpèmpetai apì thn j kera�a.



160 Kef�laio 5. Sust mata OFDM me teqnolog�e MIMOGia thn perigraf  kai thn an�lush enì tètoiou sust mato qrhsimopoioÔntai treibasikè par�metroi.
• O rujmì kwdikopo�hsh, apotele� èna mègejo gia thn ekt�mhsh th qr simhplhrofor�a pou metad�detai me to sugkekrimèno sq ma kwdikopo�hsh sth di�rkeiaenì burst. SÔmfwna me tou sumbolismoÔ pou qrhsimopoi jhkan parap�nw orujmì kwdikopo�hsh ja d�detai apì th sqèsh

r =
Ns

N · T

• To kèrdo diaforismoÔ   diversity gain, apotele� èna krit rio gia thn anjektikìthtatou sq mato sta l�jh. Se èna MIMO sÔsthma me ep�pede diale�yei to mègistokèrdo diaforismoÔ e�nai MT ·MR en¸ se peript¸sei me epilektikè diale�yei tokèrdo autì g�netai MT ·MR · L ìpou L e�nai ta blocks me anex�rthte metaxÔ toudiale�yei.
• H poluplokìthta apokwdikopo�hsh e�nai to tr�to kai teleuta�o krit rio pou qrhsi-mopoie�tai sthn axiolìghsh enì sq mato kwdikopo�hsh. H diadikas�a th apokw-dikopo�hsh sundèetai me th mon�da tou dèkth kai sunep¸ up�rqei h apa�thsh aut na e�nai ìso to dunatì taqÔterh kai aploÔsterh. Apl� sq mata ìpw o Maximum

Likelihood   o Maximum Ratio Combining apoteloÔn ti sunhjèstere lÔsei.Ta sq mata kwdikopo�hsh sun�stantai ousiastik� sthn kat�strwsh tou p�naka kwdi-kopo�hsh th (5.16) kai (5.17), en¸ aut� axiologoÔntai an�loga me ti paramètrou pouperigr�fhkan sthn prohgoÔmenh par�grafo (code rate, diversity gain, complexity). Miapl rh bibliografik  anaskìphsh twn teqnik¸n aut¸n èqei pragmatopoihje� sta pla�si-a aut  th diatrib  kai dhmosieuje� sto [80℄. Sth sunèqeia perigr�fontai sunoptik�dÔo teqnikè pou bas�zontai sto sq ma tou Alamouti kai ulopoi jhkan sta pla�sia thdiatrib .To sq ma tou Alamouti mpore� na qrhsimopoihje� se sust mata pollapl¸n ferìntwnme dÔo trìpou: e�te me to transmission burst na ekte�netai sto qrìno e�te me to naekte�netai sth suqnìthta [81℄. Sthn teleuta�a per�ptwsh ta kwdikopoihmèna sÔmbolaprèpei na metad�dontai se geitonik� fèronta ¸ste to kan�li na diathre�tai stajerì metaxÔtwn dÔo metadidìmenwn sumbìlwn. H teqnik  aut  e�n kai apl  den odhge� se mègisto



5.3 Sust mata MIMO-OFDM 161kèrdo diaforismoÔ mia kai se euruzwnik� sust mata h epilektikìthta sto ped�o thsuqnìthta mpore� na qrhsimopoihje� gia epiplèon diversity gain.5.3.2 Teqnikè MIMO-OFDMSta pla�sia th diatrib  h teqnik  tou Alamouti qrhsimopoi jhke me ton klassikìtrìpo, metad�donta ta kwdikopoihmèna sÔmbola se dÔo suneqìmene qronosqismè. H ait�-a gia aut  thn epilog   tan oi �die oi par�metroi tou sust mato pou èqei qrhsimopoihje�kai sta prohgoÔmena kef�laia. SÔmfwna me ti OFDM paramètrou tou diktÔou pouprosomoi¸jhke sta prohgoÔmena kef�laia, h fasmatik  apìstash twn ferìntwn e�nai
BW
FFT = 78.125KHz, tim  h opo�a odhge� se qrìno sumbìlou Ts = 12.8msec. Dedomènouìti o qrìno sunoq  pou lamb�netai sun jw e�nai th t�xh twn ms, to kan�li paramèneiamet�blhto gia ton epijumhtì qrìno twn 2 sumbìlwn, ìpw or�zei kai h klassik  teqnik .'Etsi h ekpempìmenh kwdikolèxh d�detai apì thn







c1 c2

−c∗2 c∗1





ìpou to k�je kwdikopoihmèno sÔmbolo ci apotele� thn èxodo tou IFFT tou sq mato 5.8.To k�je kwdikopoihmèno sÔmbolo ci �metafèrei� S sÔmbola an�loga me ton arijmì twn�qr simwn� ferìntwn1 tou sust mato. Sth sunèqeia h teqnik  akolouje� thn perigraf th paragr�fou 5.2.3.H deÔterh teqnik  pou ulopoi jhke apotele� epèktash th prohgoÔmenh teqnik  me4 ìmw kera�e ston pompì. Prìkeitai ep�sh gia orjog¸nia teqnik  pou ìmw parousi�zeirujmì kwdikopo�hsh 1
2 se ant�jesh me thn prohgoÔmenh pou parousi�zei 1. O genikeumènotrìpo kat�strwsh migadik¸n orjog¸niwn sqhm�twn parousi�zetai analutik� sto [74℄ìpou perièqetai kai to sq ma pou perigr�fetai sth sunèqeia.H mon�da kwdikopo�hsh tou sq mato 5.8 par�gei t¸ra kwdikolèxh diast�sewn 8 ×1Τα φέροντα που χρησιμοποιούνται για μετάδοση δεδομένων των χρηστών.
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N ∗ 4. H kwdikolèxh pou prokÔptei parousi�zetai sthn epìmenh sqèsh
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Me to k�je kwdikopoihmèno sÔmbolo na metafèrei ep�sh diamorfwmèna S sÔmbola. Hsun�rthsh eisìdou exìdou enì tètoiou sust mato perigr�fetai apì thn (5.18). O dèkthlamb�netai me 2 stoiqe�a.
Y =

√

Es

4
Heff · c + n (5.18)Sthn teleuta�a ex�swsh to lambanìmeno di�nusmaY isoÔtai me: Y = [y(1) y(2) y(3)∗ y(4)∗]Tìpou y(i) = [y1(i) y2(i)]

T e�nai to lambanìmeno s mera apì ti 2 kera�e tou pompoÔ kat�th di�rkeia th i qronosqism . O p�naka tou �energoÔ� kanalioÔ, Heff prokÔptei w
Heff = [heff(1:8) h∗

eff(1:8)]
T me

heff,(1:8)
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h12 −h11 h14 −h13

h22 −h21 h24 −h23

h13 −h14 −h11 h12
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Me c = [c1 c2 c3 c4]
∗ sumbol�zontai ta 4 kwdikopoihmèna sÔmbola en¸ me n = [n1 n2 n∗

3 n∗
4]
∗e�nai to di�nusma tou jorÔbou.



5.3 Sust mata MIMO-OFDM 1635.3.3 Ep�dosh MIMO-OFDM teqnik¸nSe aut  thn par�grafo prosomoi¸nontai oi teqnikè th prohgoÔmenh paragr�fougia èna sÔsthma MIMO-OFDM me paramètrou autè tou p�naka 5.2. Sugkekrimèneplhrofor�e gia to montèlo kanalioÔ pou qrhsimopoi jhke sti prosomoi¸sei mporoÔnna anazhthjoÔn sto ep�shmo ke�meno th sÔstash th ITU [82℄.P�naka 5.2: Par�metroi Prosomo�wsh Sust mato MIMO-OFDMKentrik  Suqnìthta fc = 2.5GHzEÔro Z¸nh Sust mato BW = 10MHz

OFDM carriers N = 128

Subcarrier Spacing ∆f = 78.125kHzDi�rkeia OFDM sumbìlou TOFDM = 12.8msec
Cyclic Prefix - CP Tg =

1

8
TOFDMDi�rkeia ekpempìmenou sumbìlou Ts = 14.4msecMontèlo KanalioÔ

ITU Pedestrian - A u = 3Km/h, 4 taps

ITU Pedestrian - B u = 3Km/h, 6 tapsTo kan�li pou akolouje� th Rayleigh katanom , ektim�tai me th met�dosh kai l yh enìpilotikoÔ sumbìlou. 'Etsi h ekt�mhsh tou kanalioÔ pragmatopoie�tai gia ìla ta fèrontatou sust mato. H prosomo�wsh pragmatopoi jhke me 300 Monte Carlo epanal yei ìpouse k�je m�a dhmiourge�tai tuqa�a kai èna kan�li.Qrhsimopoi jhkan 1, 2 kai 4 kera�e ston pompì en¸ o dèkth qrhsimopoie� to polÔmèqri 2 kera�e. Me autì ton trìpo prokÔptoun MIMO kan�lia sÔmfwna me to sumbolismì
Mr×Mt. Arqik� melet jhke h ep�dosh th k�je teqnik  me prosomoi¸sei zeÔxh ìpouproèkuyan ta dÔo epìmena sq mata, èna gia to k�je qrhsimopoioÔmeno montèlo di�dosh.Gia to Sq ma 5.9 qrhsimopoi jhke h QPSK diamìrfwsh kai to ITU Channel Model

A me 4 sunist¸se polÔodh di�dosh, en¸ gia to Sq ma 5.10 qrhsimopoi jhke ep�sh
QPSK diamìrfwsh kai to ITU Channel Model B me 6 sunist¸se polÔodh di�dosh.PragmatopoioÔntai 300 Monte Carlo epanal yei en¸ se k�je epan�lhyh apostèllontai10000 diamorfwmèna sÔmbola plhrofor�a.Sta Sq mata 5.9 kai 5.10 parousi�zetai h ep�dosh th zeÔxh gia ti teqnikè kwdiko-
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Sq ma 5.9: O rujmì lanjasmènwn sumbìlwn sunart sei tou SNR gia MIMO-
OFDM sust mata kwdikopo�hsh (ITU Pedestrian - A, QPSK).
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Sq ma 5.10: O rujmì lanjasmènwn sumbìlwn sunart sei tou SNR gia MIMO-
OFDM sust mata kwdikopo�hsh (ITU Pedestrian - B, QPSK).



5.3 Sust mata MIMO-OFDM 165po�hsh pou perigr�fhkan pio p�nw. Parathre�tai mia anamenìmenh aÔxhsh (mia per�pout�xh megèjou) tou rujmoÔ laj¸n me th qrhsimopo�hsh tou ITU pedestrian channel Bmontèlou to opo�o jewre� megalÔtero delay spread. Xek�jaro ep�sh e�nai kai to auxanì-meno diversity gain (Mr ·Mt) apì th mia teqnik  sthn �llh.Apì ta diagr�mmata aut� prokÔptoun oi timè SNR pou ja qrhsimopoihjoÔn sthnepìmenh par�grafo autoÔ tou kefala�ou gia th melèth twn teqnik¸n sthn per�ptwsh twndiktÔwn OFDMA.5.3.4 Ep�dosh teqnik¸n RRM se OFDMA d�ktua meqr sh qwro-qronik¸n kwdik¸nSthn par�grafo aut  prosomoi¸jhke h k�tw zeÔxh enìOFDMA diktÔou ept� kuyel¸n.Oi teqnikè ‘rand’ kai ‘fourC’ epilèqjhkan gia thn an�jesh kanali¸n stou qr ste. Tod�ktuo qrhsimopoie� apokleistik� thn QPSK diamìrfwsh en¸ to kan�li tou k�je qr -sth or�zetai stajerì kai �so pro nch = 4 fèronta. To setup autì th prosomo�wshèqei qrhsimopoihje� kai sto kef�laio 3 sthn par�grafo 3.3.1 gia ton arqikì èlegqo twnteqnik¸n RRM.To apaitoÔmeno SINR twn qrhst¸n br�sketai an�loga me to epijumhtì SER sÔmfwname ti prosomoi¸sei th prohgoÔmenh paragr�fou. Qwr� na metab�lletai h t�sh twnapotelesm�twn, g�netai je¸rhsh ìti oi qr ste tou sust mato lamb�noun mègisto SER=

10−3 opìte an�loga me thn teqnik  MIMO pou qrhsimopoioÔn up�rqei kai h kat�llhlhtim  SINR pou qrei�zontai. Jewr¸nta ti teqnikè 1×1, 1×2, 2×2, 2×4 oi ant�stoiqe
SINR timè pou ja qrhsimopoihjoÔn sti prosomoi¸sei e�nai 31dB, 20dB, 12dB kai 7.2dB.Sto Sq ma 5.11 parousi�zetai o rujmì met�dosh k�tw zeÔxh sthn kentrik  kuyèl-h gia ti dÔo teqnikè an�jesh ferìntwn kai gia ìle ti teqnikè kwdikopo�hsh pouexet�zontai kaj¸ sto d�ktuo prospajoÔn na eisèljoun 100 qr ste. Arqik�, eÔkolaparathre�tai ìti o algìrijmo ‘fourC’ parousi�zei se k�je per�ptwsh kalÔtero bit ratese sqèsh me ton ‘rand’. M�lista to d�ktuo pou efarmìzei ton ‘fourC’ qwr� MIMOkwdikopo�hsh parousi�zei kalÔterh ep�dosh apì to d�ktuo me algìrijmo an�jesh ferì-ntwn ton ‘rand’ kai kwdikopo�hsh Alamouti me dÔo kera�e ston pompì. Ep�sh, h teqnik 
‘fourC’ me qr sh tou aploÔ sq mato Alamouti me dÔo kera�e ston pompì kai mia sto



166 Kef�laio 5. Sust mata OFDM me teqnolog�e MIMOMIMO 1× 2 2× 2 2× 4

rand 50% 175% 275%
fourC 55% 145% 190%P�naka 5.3: Belt�wsh tou rujmoÔ met�dosh me th qr sh orjog¸niwn teqnik¸nkwdikopo�hsh se sqèsh me to 1× 1 gia ti teqnikè ‘rand’ kai ‘fourC’dèkth prosegg�zei thn ep�dosh th ‘rand’ teqnik  se 2× 2 sÔsthma.Epiprìsjeta, h qr sh tou sq mato 2 × 4 mei¸nei th diafor� metaxÔ twn teqnik¸n

‘rand’ kai ‘fourC’ en¸ gia ta sq mata 1×2 kai 2×2 parousi�zetai h megalÔterh apìklishmetaxÔ twn dÔo upì exètash teqnik¸n an�jesh pìrwn. H belt�wsh gia thn k�je miaapì ti teqnikè me thn qr sh perissìterwn stoiqe�wn sth meri� tou pompoÔ  /kai toudèkth gia 100 qr ste emfan�zetai ston P�naka 5.3. Apì ton p�naka ex�getai asfal¸to sumpèrasma ìti megalÔterh belt�wsh se k�je per�ptwsh parousi�zei h ‘rand’ teqnik .Gia autì to lìgo ex�llou to sÔsthma 2× 4 emfan�zei th mikrìterh diafor� metaxÔ ‘rand’kai ‘fourC’.
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Sq ma 5.11: O rujmì met�dosh th kentrik  kuyèlh twn upì exètash diktÔwn.Sth sunèqeia emfan�zetai h pijanìthta apìrriyh qr sth gia ta proanaferjènta d�-ktua. H tim  pou ft�nei o algìrijmo ‘fourC’ gia to 2× 4 sÔsthma e�nai exairetik� mikr (∼4% gia tou 100 qr ste). H megalÔterh de diafor� metaxÔ twn teqnik¸n an�jesh



5.3 Sust mata MIMO-OFDM 167pìrwn emfan�zetai gia to 1× 2 sÔsthma en¸ to 2× 2 sÔsthma gia ton algìrijmo ‘fourC’petuqa�nei pijanìthta apìrriyh qr stha ant�stoiqh me aut  tou sust mato 2× 4 me ton
‘rand’ algìrijmo.
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Sq ma 5.12: H pijanìthta apìrriyh qr sth gia ta upì exètash d�ktua.Sto Sq ma 5.13 emfan�zetai h isqÔ k�tw zeÔxh gia to stajmì b�sh th kentri-k  kuyèlh twn upì exètash diktÔwn. Ax�zei na parathrhje� ìti h diafor� metaxÔ twnteqnik¸n ‘rand’ kai ‘fourC’ mei¸netai kaj¸ qrhsimopoioÔntai isqurìtera sq mata kwdi-kopo�hsh. H diafor� twn dÔo teqnik¸n ousiastik� exale�fetai gia to MIMO sÔsthma
2× 4.Tèlo, sto Sq ma 5.14 parousi�zetai o bajmì epanaqrhsimopo�hsh tou k�je diktÔouìtan 100 qr ste èqoun epiqeir sei na eisèljoun sto d�ktuo. ParathroÔme ìti h aÔxhshtwn stoiqe�wn th kera�a tou pompoÔ  /kai tou dèkth isoduname� me me�wsh tou bajmoÔepanaqrhsimopo�hsh en¸ tautìqrona mei¸netai kai h diafor� metaxÔ twn teqnik¸n ‘fourC’kai ‘rand’.
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Sq ma 5.13: H isqÔ k�tw zeÔxh tou stajmoÔ b�sh th kentrik  kuyèlh toudiktÔou.
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Sq ma 5.14: O bajmì epanaqrhsimopo�hsh f�smato gia ta exetazìmena d�ktua.



Kef�laio 6
Sumper�smata - Prot�sei giamellontik  ergas�a

To kef�laio autì afier¸netai sthn sugkèntrwsh twn sumperasm�twn pou proèkuyankat� thn ekpìnhsh th diatrib  kaj¸ kai se prot�sei gia mellontik  ergas�a sunaf me to èrgo pou pragmatopoi jhke.H diatrib  epikentr¸jhke sth melèth kai thn prosomo�wsh susthm�twn asÔrmatwnepikoinwni¸n pou bas�zontai sthn teqnik  poluplex�a OFDMA. Oi prosomoi¸sei epike-ntr¸jhkan se ulopoi sei diktÔou kai sugkekrimèna sthn k�tw zeÔxh enì polukuyelwtoÔdiktÔou ìpou oi qr ste apoktoÔn prìsbash stou pìrou tou mèsw twn ferìntwn tou
OFDM sust mato. H melèth pou pragmatopoi jhke mpore� na qwriste� se dÔo st�dia.Sto pr¸to st�dio exet�sthkan algìrijmoi an�jesh pìrwn se d�ktua OFDMA en¸ stodeÔtero st�dio exet�sthkan teqnikè kera�a kai o trìpo pou autè sundu�zontai me titeqnikè tou pr¸tou stad�ou.6.1 Teqnikè aponom  ferìntwn se d�ktua

OFDMASto pr¸to st�dio melet jhkan kai prosomoi¸jhkan gnwstè teqnikè an�jesh pì-rwn, en¸ eis qjhsan kai nèe teqnikè me skopì thn peraitèrw belt�wsh th leitourg�aenì OFDMA diktÔou. Oi teqnikè pou prosomoi¸jhkan se autì to st�dio leitoÔrghsan169



170 Kef�laio 6. Sumper�smataupì to krit rio th el�qisth isqÔo en¸ proèblepan kai thn ikanopo�hsh twn apait sewntwn qrhst¸n.Apì ti èxi teqnikè pou ulopoi jhkan sto st�dio autì, h teqnik  ‘coord’ (coordi-

nated) apotèlese epèktash gnwst  bibliografik� teqnik  pou wstìso den e�qe mèqristigm  melethje� se meg�lh kl�maka ulopoi sei diktÔou. O sunduasmì th teqnik 
‘coord’ kai th eurÔtata diadedomènh teqnik  ‘rand’ (random) od ghse sthn eisagwg dÔo nèwn teqnik¸n, me th m�a na apotele� epèktash th �llh. Prìkeitai gia ti teqnikè
‘r-c’ (random-coordinated) kai ‘MultiC’. H teleuta�a teqnik  ulopoi jhke me tèsseriperioqè (‘fourC’) kai belt�wse shmantik� thn ep�dosh tou diktÔou OFDMA. Tèlo pro-somoi¸jhke, kur�w gia lìgou sÔgkrish, h prosarmostik  teqnik  ‘adapt’ (adaptive)h opo�a ekmetalleÔetai th gn¸sh tou kanalioÔ sthn pleur� tou pompoÔ gia thn an�-jesh pìrwn stou qr ste. H teqnik  aut  profan¸ parousi�zei exairetik� kalÔterhapìdosh, wstìso den apotele� praktik  epilog  ulopo�hsh lìgw poluplokìthta kaikr�simh an�gkh plhrofor�a an�drash.Anapìspasto komm�ti twn teqnik¸n OFDMA e�nai kai h dunatìthta prosarmosti-k  diamìrfwsh. H ekt�mhsh tou kanalioÔ apì to dèkth kai h trofodìthsh aut  thplhrofor�a p�sw ston pompì d�noun th dunatìthta qrhsimopo�hsh th kat�llhlh dia-mìrfwsh. H teqnik  èqei sunduaste� me seiriakì trìpo an�jesh kanali¸n ¸ste naapaite�tai ekt�mhsh tou kanalioÔ se mikrì posostì tou sunìlou ferìntwn pou apod�detaiston k�je qr sth.Ta sumper�smata pou ex�gontai apì th melèth tou pr¸tou autoÔ stad�ou mporoÔn nasugkentrwjoÔn w ex :1. H teqnik  ‘rand’ mei¸nei thn ep�dos  th me thn aÔxhsh th aitoÔmenh apì touqr ste uphres�a. Ant�jeta, oi teqnikè pou sthr�zontai sthn ‘coord’ teqnik belti¸noun th leitourg�a tou diktÔou me thn aÔxhsh th aitoÔmenh uphres�a.2. An�mesa sti pènte teqnikè pou exet�sthkan kai de qrei�zontai gn¸sh tou kanalioÔgia na pragmatopoi soun an�jesh ferìntwn stou qr ste tou, bèltisth apodeiknÔe-tai h neoeisaqje�sa teqnik  ‘fourC’ ìpou emfan�zei ∼25% kalÔterh ep�dosh sugkri-nìmenh me thn deÔterh teqnik .3. Se peript¸sei diktÔwn me uyhlè timè blocking probability, timè dhlad  pouagg�zoun to 20% me 30%, h teqnik  ‘fourC’ parousi�zei kalÔterh ep�dosh kai apì



6.2 Teqnikè stoiqeiokera�a se d�ktua OFDMA 171aut  th ‘adapt’ teqnik .4. H eisagwg  th prosarmostik  diamìrfwsh all�zei shmantik� ta prohgoÔmenasumper�smata. H teqnik  ‘rand’ apotele� plèon th bèltisth lÔsh dedomènou ìtiodhge� to d�ktuo se pentaplasiasmì th ep�dos  tou anaforik� me to throughput.Shmei¸netai wstìso ìti h teqnik  aut  se sunduasmì me prosarmostik  diamìrfwshde qrhsimopoie�tai mia kai parousi�zei meg�le apait sei plhrofor�a an�drash.5. Se k�je per�ptwsh h prosarmostik  teqnik  ‘adapt’ emfan�zei thn kalÔterh ep�-dosh kai apotele� thn katallhlìterh epilog  ìtan to d�ktuo dÔnatai na antèxei thnpoluplokìthta kai to kìsto th efarmog  th.6.2 Teqnikè stoiqeiokera�a se d�ktua OFD-

MA'Opw anafèrjhke kai prohgoumènw sto deÔtero st�dio th diatrib  exet�sthkanteqnikè stoiqeiokera�a se sunduasmì me tou algor�jmou an�jesh ferìntwn tou pro-hgoÔmenou stad�ou. Arqik� melet jhke èna sÔsthma stajeroÔ plègmato lob¸n (switched-

beam smart antennas system) to opo�o ulopoi jhke sta pla�sia enì OFDMA diktÔoupou qrhsimopoie� ti teqnikè ‘rand’, ‘fourC’ kai ‘adapt’ gia na apod¸sei fèronta stouqr ste tou. Exet�sthkan d�ktua me 3, 5 kai 7 loboÔ an� tomèa en¸ h sÔgkris  toupragmatopoi jhke me d�ktua apl¸n omoikateujuntik¸n kerai¸n kai me d�ktua me tome�.Ta sumper�smata aut  th melèth sugkentr¸nontai w ex :1. Ta upì exètash OFDMA d�ktua de belti¸noun thn apìdos  tou met� th qr sh5 lob¸n an� tomèa. En¸ eidik� gia thn per�ptwsh tou ‘adapt’ apaitoÔntai mìli 3lobo� an� tomèa gia na ft�sei to sÔsthma ston uyhlìtero dunatì bajmì axiopo�hshtwn ferìntwn tou.2. O algìrijmo ‘fourC’ se d�ktuo me 3 loboÔ an� tomèa epitugq�nei pijanìthtaapìrriyh qr sth 4% me tautìqronh mègisth axiopo�hsh twn pìrwn tou sust mato.H pijanìthta aut  pèftei sqedìn sto 2% gia d�ktua me 5 kai 7 loboÔ an� tomèa.Sthn per�ptwsh tou ‘rand’ algor�jmou oi ant�stoiqe pijanìthte apìrriyh qr sthagg�zoun to 7% kai 5% ant�stoiqa. Sthn per�ptwsh tou ‘adapt’ ìla ta d�ktua me



172 Kef�laio 6. Sumper�smataloboÔ stajeroÔ plègmato parousi�zoun mhdenik  sqedìn pijanìthta apìrriyhqr sth en¸ megistopoie�tai kai o bajmì axiopo�hsh twn pìrwn tou diktÔou.3. H parous�a lob¸n stajeroÔ plègmato belti¸nei polÔ perissìtero thn ep�dosh twnteqnik¸n ‘rand’ kai ‘fourC’ se sqèsh me thn ep�dosh tou ‘adapt’. Gia 5% pijanìthtaapìrriyh qr sth o algìrijmo ‘fourC’ d�nei 14Mbps sthn kentrik  kuyèlh toudiktÔou en¸ mìli 2.5Mbps perissìtera d�nei o ‘adapt’ sthn �dia per�ptwsh.Mèro th melèth autoÔ tou stad�ou apotèlese h diereÔnhsh tou kat�llhlou m koukanalioÔ gia tou qr ste tou diktÔou. Oi qr ste mporoÔn na aitoÔn tuqa�a uphres�aapì èna kat�llhla epilegmèno sÔnolo en¸ prosarmostik  diamìrfwsh qrhsimopoi jhkegia thn ikanopo�hsh tou aitoÔmenou rujmoÔ. To kan�li pou anat�jetai stou qr steexart�tai me stajerì trìpo apì to e�do th uphres�a pou zhtoÔn. O stajerì trìpoekfr�zetai mèsw enì lìgou analog�a (ratio) tou aitoÔmenou rujmoÔ kai th fasmati-k  apìstash twn ferìntwn. Ta apotelèsmata sugkr�nontai me aut� pou prokÔptounme apìdosh stajeroÔ m kou kanalioÔ stou qr ste. H melèth aut  ex ge ta ex sumper�smata:1. H apìdosh kanalioÔ stajeroÔ m kou odhge� se mègisth axiopo�hsh twn ferìntwntou sust mato (megistopo�hsh tou loading factor) gia ìla ta upì exètash d�ktua(omoiokatejuntik¸n kerai¸n, tomeopo�hsh, lobo� stajeroÔ plègmato).2. H ep�dosh twn susthm�twn me omoiokateujuntikè kera�e kai me kera�e tomeopo�h-sh, anaforik� me to rujmì met�dosh th kentrik  kuyèlh, megistopoie�tai ìtanto kan�li twn qrhst¸n èqei stajerì m ko.3. Ant�jeta, ta d�ktua me switched-beam kera�e parousi�zoun kalÔterh ep�dosh ìtanto kan�li den e�nai stajerì all� metab�lletai me stajer  analog�a (ratio) se sqèshme thn aitoÔmenh uphres�a.4. Gia to upì exètash sÔsthma me ti sugkekrimène paramètrou, h tim  ratio poubeltistopoie� thn ep�dosh twn diktÔwn me swtiched-beam kera�e e�nai 0.3.Teleuta�a teqnik  stoiqeiokera�a pou melet jhke  tan h teqnik  th tuqa�a para-gwg  dèsmh (Random Beamforming). H teqnik  melet jhke se sunduasmì me dÔo kath-gor�e diktÔwn: aut� pou pragmatopoioÔn oportounistik  prosarmog  rujmoÔ (opportunistic

rate adaptation) mèsw prosarmostik  diamìrfwsh kai se aut� pou eggu¸ntai thn



6.2 Teqnikè stoiqeiokera�a 173poiìthta uphres�a stou qr ste tou mèsw elègqou isqÔo. Gia ta d�ktua th pr¸thkathgor�a, epilèqjhkan dÔo RRM prosegg�sei: h megistopo�hsh tou throughput (mèswtou algìrijmou ‘MR’) kai h tuqa�a emf�nish parembol¸n (mèsw tou algìrijmou ‘R’). Giata d�ktua th deÔterh kathgor�a epilèqjhke èna RRM algìrijmo (algìrijmo ‘QoSP’)pou qrhsimopoie� ti diadikas�e tou power control kai bit loading gia na ikanopoi sei tiapait sei twn qrhst¸n elaqistopoi¸nta tautìqrona thn ekpempìmenh isqÔ. Ta sumpe-r�smata aut  th melèth sunoy�zontai sta ex :1. H teqnik  random beamforming den èqei jetikì apotèlesma se d�ktua pou parèqounstou qr ste tou prìbleyh mèsw elègqou isqÔo. Ant�jeta, h efarmog  thteqnik  se tètoia d�ktua epifèrei me�wsh th ep�dos  tou kat� ∼ 10% anaforik�me to throughput.2. Se d�ktua ìmw pou stoqeÔoun se megistopo�hsh tou prosferìmenou throughputmèsw oportounistik  qr sh th prosarmostik  diamìrfwsh, h teqnik  tou ran-

dom beamforming prosfèrei axioshme�wth belt�wsh th ep�dos  tou. Sugkekri-mèna, to throughput tou ‘MR’ algor�jmou aux�netai kat� ∼ 13% me thn efarmog tou random beamforming, en¸ kata ∼ 76% belti¸netai h pijanìthta apìrriyhqr sth sto �dio d�ktuo.3. Anaforik� me ta d�ktua pou sthr�zoun th diadikas�a an�jesh ferìntwn sthn tuqa�aparous�a parembol¸n (algìrijmo ‘R’), h teqnik  random beamforming èqei miamikr , wstìso jetik  ep�drash sthn ep�dos  tou. H jetik  ep�drash emfan�zetaikur�w me aÔxhsh th `dikaiosÔnh' tou sust mato kai ìqi sto throughput.4. H jetik  ep�drash th teqnik  random beamforming parousi�zei èna stajerìshme�o ekk�nhsh to opo�o exart�tai apì to loading factor tou diktÔou. Gia toprosomoiwjèn sÔsthma, h tim  aut  e�nai sto 18%.Sto teleuta�o mèro th diatrib  melet jhke h ep�dosh OFDMA susthm�twn meqr sh MIMO teqnologi¸n. Sugkekrimèna, oi par�metroi tou OFDM sust mato pouprosomoi¸jhke mèqri t¸ra, qrhsimopoi jhkan gia th dhmiourg�a th OFDM zeÔxh sthnopo�a enswmat¸jhkan MIMO teqnikè. 'Etsi prosomoi¸jhkan teqnikè MIMO kwdikopo�-hsh basismène se orjog¸nia migadik� sq mata me dÔo kai tèsseri kera�e ston pompì.Oi teqnikè kwdikopo�hsh aforoÔn kan�lia 1× 2, 2× 2 kai 2× 41. Apì ta apotelèsmata1Τα κανάλια ΜΙΜΟ ακολουθούν το συμβολισμό Mr ×Mt.



174 Kef�laio 6. Sumper�smatath prosomo�wsh proèkuyan ta zeÔgh tim¸n SER-SINRmin gia thn k�je teqnik .Ta prokÔptonta zeÔgh tim¸n eis qjhkan se èna OFDMA d�ktuo ìpou efarmìzei titeqnikè ‘rand’ kai ‘fourC’ gia thn an�jesh ferìntwn stou qr ste tou. Me autì tontrìpo l fjhkan metr sei ep�dosh gia èna d�ktuo OFDMA pou efarmìzei teqnikè MI-MO. Ta sumper�smata sunoy�zontai w ex :1. Saf  aÔxhsh tou throughput twn diktÔwn me thn efarmog  twn teqnik¸n MI-MO. O algìrijmo ‘fourC’ petuqa�nei p�nta kalÔtere epidìsei se sqèsh me ton
‘rand’. Wstìso, h % belt�wsh tou algor�jmou ‘rand’ e�nai megalÔterh apì aut tou ‘fourC’. W apotèlesma, sto 2× 4 sÔsthma h diafor� metaxÔ twn dÔo teqnik¸nna elaqistopoie�tai.2. An kai oi timè throughput e�nai ikanopoihtikè (>6.5Mbps) wstìso mìno to d�ktuo
2×4 me ‘fourC’ algìrijmo parousi�zei praktik� axiopoi sime timè Rejection Prob-

ability (<4%).3. Kami� teqnik  den epitugq�nei reuse factor kont� sth mon�da. Sunep¸ apaithtikìtereteqnikè MIMO (p.q. beamforming) e�nai anagka�e gia th belt�wsh th ep�doshtou diktÔou.6.3 Mellontik  ergas�aTa apotelèsmata th diatrib  se poll� shme�a upodeiknÔoun nèe ereunhtikè proop-tikè. SÔmfwna me th suggrafèa aut� sunoy�zontai w ex :Teqnikè diaqe�rish radiopìrwnTo sÔnolo twn teqnik¸n pou analÔjhkan, anaptÔqjhkan kai prosomoi¸jhkan sta pla�siath paroÔsa diatrib  e�qan akèraio suntelest  epanaqrhsimopo�hsh kai m�lista jew-roÔsan th bèltisth tim  tou pou e�nai �sh me th mon�da. Wstìso, drasthriìthta parathre�taiteleuta�a se teqnikè ìpou o suntelest  epanaqrhsimopo�hsh lamb�nei mh akèraie timè(Fractional Frequency Reuse). H an�gkh tropopo�hsh th ‘MultiC’ teqnik  me trìpo¸ste na lamb�nei upìyh kai mh akèraiou suntelestè epanaqrhsimopo�hsh e�nai pro-fan  kai logik .



6.3 Mellontik  ergas�a 175Teqnikè stoiqeiokera�a gia sust mata OFDMAOi teqnikè MIMO pou aforoÔn apokleistik� sust mata OFDM èqoun prìsfata entaq-je� stou sunolikoÔ RRM algìrijmou pou elègqoun thn katanom  pìrwn tou sunolikoÔdiktÔou. Me ton trìpo autì g�netai dunat  h apì koinoÔ kai sunduastik  diaqe�rish twnpìrwn tou sust mato kai twn MIMO teqnik¸n. H ulopo�hsh enì ideatoÔ kìmbou-elegkt , pou ja dra se uyhlìtero ep�pedo apì autì th kajar  met�dosh, ja mporoÔsena enopoi sei ti arqitektonikè pou ulopoi jhkan sta pla�sia th paroÔsa diatrib kai na apotelèsei endiafèrousa proèktas  th. O kìmbo-elegkt  ja mpore� plèon naqeir�zetai plhrofor�e apì �llo ep�pedo, beltistopoi¸nta/kajhg¸nta kat�llhla th lei-tourg�a tou diktÔou.
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