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EUQARISTIESH ekpìnhsh thc didaktorik c mou diatrib c apodeÐqjhke mia idiaÐtera apaithtik  diadikasÐaìqi mìno se kìpo   se qrìno all� kai se yuqik� apojèmata. SÐgoura h epilog  mou giametaptuqiakèc spoudèc sto PoluteqneÐo me ephrèase se shmantikì bajmì, ìqi mìno giatÐexelÐqjhka episthmonik� all� ki epeid  èkana ta pr¸ta b mata thc epaggelmatik c mouporeÐac me th summetoq  mou se ereunhtik� progr�mmata. T¸ra pou oloklhr¸netai autì tokef�laio thc zw c mou aisj�nomai th an�gkh na euqarist sw autoÔc touc anjr¸pouc poumou st�jhkan ìla aut� ta qrìnia.Xekin¸ apì ton kaj. FÐlippo KwnstantÐnou, dieujunt  tou ergasthrÐou Kinht¸n Radioe-pikoinwni¸n EMP, o opoÐoc up rxe gia mèna poll� perissìtera apì epiblèpwn kajhght c.DouleÔontac kai sunup�rqontac mazÐ tou sto ergast rio ìla aut� ta qrìnia  tan gia mè-na mia euq�risth kai sun�ma mia polÔ didaktik  empeirÐa zw c. Omolog¸ ìti mou st�jhkeidiaÐtera, sa suggen c, kai ton euqarist¸ jerm� gia autì.'Epeita, euqarist¸ to Jan�sh Kan�ta me ton opoÐo h sunergasÐa mac xekÐnhse to Gen�rh tou2001, ìtan briskìtan sto ergast rio prin akìmh gÐnei epik. kajhght c sto Panepist mioPeirai�. O Jan�shc summeteÐqe energ� se ìlec mou tic ereunhtikèc prosp�jeiec bohj¸ntackai enjarrÔnont�c me mèqri s mera. H sunergasÐa mac ìla aut� ta qrìnia  tan adi�koph,idiaÐtera paragwgik  kai me ton kairì metousi¸jhke se mia ousiastik  filÐa.Akìmh euqarist¸ ton T�kh Kar�malh me ton opoÐo sunergast kame mazÐ me to Jan�sh,tìso mejodik�, paragwgik� kai kaloproaÐreta. 'Htan mia polu epituqhmènh sunergasÐa meendiafèronta apotelèsmata. Epiplèon, kajar� apì jèma tÔqhc, brej kame mazÐ me ton T�khsthn propaÐdeush naut¸n tou PolemikoÔ NautikoÔ ston Pìro, to M�h tou 2006, ìpouper�same parèa empeirÐec axiomnhmìneutwn aggarei¸n.Sto PoluteqneÐo ìla aut� ta qrìnia sunup rxa armonik� me polloÔc sunadèlfouc kai fÐ-louc pern¸ntac amètrhtec ¸rec. O kajènac apì mac èkane th dik  tou prosp�jeia, all� stadÔskola eÐnai shmantikì na prospajeÐc me parèa. Euqarist¸ ìla ta mèlh tou ergasthrÐoukai idiaÐtera touc Jan�sh MaroÔsh, Baggèlh Aggèlou, D mo BougioÔka, K¸sta Kakì-giannh, BasÐlh M la kai K¸sta Mali�tso.Se lÐgouc m nec plhsi�zw ta 30. An kai mèqri t¸ra èqw afierwjeÐ se ìneira, anjr¸pouckai stìqouc, telik� o ousiastikìc lìgoc pou aisj�nomai gem�toc eÐnai h oikogèneia mou kaioi fÐloi mou. QwrÐc poll� lìgia, euqarist¸ gia th filÐa touc to Qr sto Kouloumènta,
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PERILHYHH paroÔsa didaktorik  diatrib  pragmateÔetai ton poludi�stato, peiramatikì qarakthrismìradiodiaÔlou gia euruzwnik� asÔrmata sust mata proswpik¸n epikoinwni¸n. H anagkaiì-thta tou jèmatoc sundèetai �mesa me thn ragdaÐa an�ptuxh pou gnwrÐzoun ta asÔrmatasust mata me pollaplèc keraÐec se pompì kai dèkth, gnwst� kai wc sust mata MIMO. Tojewrhtik� anamenìmeno kèrdoc sth qwrhtikìthta diaÔlou apì thn eisagwg  pollapl¸n ke-rai¸n all� kai h beltÐwsh thc poiìthtac thc asÔrmathc zeÔxhc emfanÐzoun uyhl  ex�rthshapì ta qarakthristik� tou radiodiaÔlou. EpÐshc, h apodotik  sqedÐash twn qwro-qrono-suqnotik¸n algorÐjmwn epexergasÐac s matoc pou qrhsimopoioÔntai se pompì kai dèkthofeÐlei na basÐzetai sthn akrib  gn¸sh, montelopoÐhsh kai ekmet�lleush twn qarakthri-stik¸n tou asÔrmatou mèsou di�doshc.SkopeÔontac ston oloklhrwmèno qarakthrismì tou kanalioÔ, sta plaÐsia thc diatrib cpragmatopoi jhkan euruzwnikèc metr seic diaÔlou me pollaplèc keraÐec se pompì kai dè-kth. Ta peiramatik� dedomèna qrhsimopoi jhkan arqik� gia to stoqastikì qarakthrismìtou radiodiaÔlou wc èna grammikì qwro-qronik� metaballìmeno sÔsthma. IdiaÐterh barÔthtadìjhke sthn exètash thc statikìthtac, ston prosdiorismì twn poludi�statwn sunart sewnautosusqètishc diaÔlou, sta megèjh sunoq c kai sta megèjh diaspor�c. Epiplèon, akolou-j¸ntac thn prosèggish tou parametrikoÔ qarakthrismoÔ radiodiaÔlou, ulopoi jhkan exe-ligmènoi algìrijmoi poludi�stathc ektÐmhshc paramètrwn oi opoÐoi kai efarmìsthkan stapeiramatik� dedomèna gia ton prosdiorismì qarakthristik¸n twn kurÐarqwn poludiadromik¸nsunistws¸n. Tètoia qarakthristik� eÐnai to sunolikì pl joc twn diakrit¸n sunistws¸nkaj¸c kai h gwnÐa �fixhc, h gwnÐa an�qwrhshc, h kajustèrhsh di�doshc kai to migadikìpl�toc thc kajemÐac. Tèloc, exet�sthke h realistik  epÐdosh qwrhtikìthtac diaÔlou, kaih metabol  thc me tic epimèrouc paramètrouc enìc MIMO sust matoc ìpwc eÐnai to pl -joc twn keraiostoiqeÐwn, h apìstash diaqwrismoÔ tou, o mèsoc shmatojorubikìc lìgocleitourgÐac sust matoc kai to sq ma qwro-qronik c kwdikopoÐhshc pou qrhsimopoieÐtai.
v





ABSTRACT

This doctoral thesis deals with experimental multidimensional channel characterization

for broadband wireless personal communication systems. The necessity of the topic is

associated with the current growth of multielement antenna wireless systems known as

MIMO systems. The theoretically anticipated channel capacity gain by the employment

of multielement antennas as well as the increased wireless link robustness is highly depen-

dent on the characteristics of the wireless medium. Furthermore, the e�cient design of

space-time-frequency transmitter and receiver processing algorithms is strongly linked to

the accurate knowledge, modeling and bene�cial use of channel’s characteristics.

Aiming to the complete characterization of the wireless channel, a measurement campaign

was designed and carried out. The experimental data were initially used for the stochastic

characterization of the wireless channel as a linear space-time varying system. In par-

ticular, the channel stationarity was tested, the joint channel correlation functions were

determined and coherence as well as dispersion measures were computed. Additionally,

following the parametric channel modeling approach, advanced high-resolution parameter

estimation algorithms were implemented and applied to the measured data for the esti-

mation of the dominant multipath components’ features. These results refer to the total

number of specular multipaths, and the parameters of each, i.e angle of arrival , angle

of departure, propagation delay and complex amplitude. Finally, a realistic capacity per-

formance evaluation was carried out examining the channel capacity dependence on the

MIMO system characteristics such as the number of antenna elements, the inter-element

spacing distance, the average system intented SNR and the space-time coding scheme

used.
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�f : apìstash diaqwrismoÔ suqnotik¸n deigm�twn
N : pl joc stigmiotÔpwn mètrhshc
Lsm : pl joc stigmiotÔpwn lìgw omalopoÐhshc dedomènwn
l : deÐkthc trèqousac poludiadromik c sunist¸sac
L : pl joc poludiadromik¸n sunistws¸n

R : kateÔjunsh �fixhc

T : kateÔjunsh anaq¸rhshc
xR : di�nusma jèshc keraÐac dèkth
xT : di�nusma jèshc keraÐac pompoÔ
� : kajustèrhsh �fixhc
’R : azimoÔjia gwnÐa �fixhc
’T : azimoÔjia gwnÐa anaq¸rhshc
C : qwrhtikìthta MIMO diaÔlou
x 2 C

M�1 : di�nusma lambanìmenou s matoc
s 2 C

L�1 : di�nusma migadik¸n plat¸n poludiadromik¸n sunistws¸n
w 2 C

M�1 : di�nusma jorÔbou
a 2 C

M�1 : di�nusma od ghshc
aR 2 C

MR�1 : di�nusma od ghshc stoiqeiokeraÐac dèkth
aT 2 C

MT �1 : di�nusma od ghshc stoiqeiokeraÐac pompoÔ
af 2 C

Mf �1 : di�nusma od ghshc sto q¸ro anoÐgmatoc suqnìthtac
X 2 C

M�N : pÐnakac lambanìmenou s matoc
S 2 C

M�N : pÐnakac migadik¸n plat¸n poludiadromik¸n sunistws¸n
W 2 C

M�N : pÐnakac jorÔbou
A 2 C

M�L : pÐnakac od ghshc
AR 2 C

MR�L : pÐnakac od ghshc stoiqeiokeraÐac dèkth
AT 2 C

MT �L : pÐnakac od ghshc stoiqeiokeraÐac pompoÔ
Af 2 C

Mf �L : pÐnakac od ghshc sto q¸ro anoÐgmatoc suqnìthtac
Rxx 2 C

M�M : pÐnakac autosusqètishc lambanìmenou s matoc
Rss 2 C

L�L : pÐnakac autosusqètishc diadidìmenwn kum�twn
Rww 2 C

M�M : pÐnakac autosusqètishc jorÔbou
Gww 2 R

M�M : pragmatikìc pÐnakac autosusqètishc jorÔbou
Rww;R 2 C

M�M : pÐnakac autosusqètishc jorÔbou sth stoiqeiokeraÐa dèkth
Rww;T 2 C

M�M : pÐnakac autosusqètishc jorÔbou sth stoiqeiokeraÐa pÐnaka
Rww;f 2 C

M�M : pÐnakac autosusqètishc jorÔbou sth suqnìthta
Xfb 2 C

M�2N : pÐnakac lambanìmenou s matoc me epexergasÐa fba

Xsm 2 C
M�NLsm : pÐnakac omalopoihmènou lambanìmenou s matoc

Wsm 2 C
M�NLsm : pÐnakac omalopoihmènou jorÔbou
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Xsm
fb 2 C

M�2NLsm : pÐnakac omalopoihmènou lambanìmenou s matoc me epexerga-sÐa fba

Rfb
xx 2 C

M�M : pÐnakac autosusqètishc lambanìmenou s matoc me epexerga-sÐa fba

Rfb
ww 2 C

M�M : pÐnakac autosusqètishc jorÔbou me epexergasÐa fba

QM 2 C
M�M : aristerìc P-pragmatikìc pÐnakac

Q
(s)
M 2 C

M�M : araiìc aristerìc P-pragmatikìc pÐnakac
Lw 2 C

M�M : tetragwnik  rÐza pÐnaka Rww

L 2 ?M�M : tetragwnik  rÐza pÐnaka Gww

X
0 2 C

M�M : pÐnakac dedomènwn me proleÔkansh
�l : idiotim  l-ost c poludiadromik c sunist¸sac
�l : idiìmorfh tim  l-ost c poludiadromik c sunist¸sac
J(r)1 2 C

mr�M : pr¸toc pÐnakac epilog c sthn r-ost  di�stash
J(r)2 2 C

mr�M : deÔteroc pÐnakac epilog c sthn r-ost  di�stash
K(r)1 2 R

mr�M : pr¸toc pragmatikìc pÐnakac epilog c sthn r-ost  di�stash
K(r)2 2 R

mr�M : deÔteroc pragmatikìc pÐnakac epilog c sthn r-ost  di�stash
Yr 2 R

L�L : pÐnakac lÔshc r-ost c exÐswshc mh metablhtìthtac
Ur 2 R

L�L : lÔsh mejìdou SSD
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Kef�laio 1Eisagwg 
1.1 Ereunhtikì AntikeÐmeno Diatrib cTo ereunhtikì antikeÐmeno thc diatrib c eÐnai o poludi�statoc qarakthrismìc kai h mon-telopoÐhsh tou radiodiaÔlou gia mellontik� euruzwnik� asÔrmata sust mata proswpik¸nepikoinwni¸n. Genik�, h montelopoÐhsh tou asÔrmatou mèsou eÐnai aparaÐthth sthn an�-ptuxh asurm�twn diktÔwn epikoinwni¸n, tìso gia thn sqedÐash twn stoiqeÐwn touc pousqetÐzontai me thn asÔrmath prìsbash (dhl. pompodèktec) ìso kai gia thn sqedÐash toudiktÔou (network planning). Eidikìtera, h anagkaiìthta gia poludi�stato qarakthrismìtou radiodiaÔlou sundèetai me th ragdaÐa an�ptuxh poÔ èqoun gnwrÐsei ta teleutaÐa qrìniata asÔrmata sust mata me pollaplèc keraÐec se pompì kai dèkth (Multiple Input Multi-

ple Output systems -MIMO systems). H eisagwg  twn pollapl¸n kerai¸n apoteleÐ ènanapì touc pio apodotikoÔc trìpouc gia aÔxhsh tou rujmoÔ met�doshc plhroforÐac qwrÐcaÔxhsh sthn ekpempìmenh isqÔ   sto apaitoÔmeno eÔroc z¸nhc [1], en¸ epiplèon epitugq�-nei beltÐwsh thc k�luyhc kai thc axiopistÐac thc zeÔxhc. Oi lìgoi autoÐ kajistoÔn thnarqitektonik  MIMO wc th basik  teqnologÐa fusikoÔ str¸matoc gia thn paroq  euru-zwnik¸n uphresi¸n se mellontik� asÔrmata dÐktua [2]. 'Hdh h qr sh thc èqei uiojethjeÐse sust mata kinht¸n epikoinwni¸n 3hc geni�c (3G), se dÐktua asurm�twn topik¸n diktÔwn(Wireless local Area Networks - WLANs) kai se dÐktua euruzwnik c stajer c asÔrma-thc prìsbashc (Broadband Fixed Wireless Access) apì touc organismoÔc protupopoÐhshc
3GPP, IEEE802.11n kai IEEE802.16 antÐstoiqa.H efarmog  thc arqitektonik c MIMO sunodeÔetai apì to sqediasmì kai an�ptuxh teqnik¸nqwro-qrono-suqnotik c met�doshc kai epexergasÐac s matoc h epÐdosh twn opoÐwn exart�-tai �mesa apì tic idiìthtec tou radiodiaÔlou. Gia to lìgo autì, to prìblhma thc akriboÔc kaipl rouc anapar�stashc tou asÔrmatou mèsou di�doshc èqei apokt sei idiaÐterh shmasÐa. Hqr sh pollapl¸n kerai¸n kai sta dÔo �kra thc zeÔxhc, eis�gei thn an�gkh thc tautìqronhcperigraf c twn qwrik¸n kai kateujuntik¸n qarakthristik¸n tou diaÔlou. H an�gkh aut den kalÔptetai apì ta up�rqonta montèla kanali¸n pou qrhsimopoi jhkan gia thn an�ptuxhsusthm�twn me ligìterec keraÐec. Sunep¸c, me thn ènnoia poludi�statoc qarakthrismìc en-1



Kef�laio 1. Eisagwg noeÐtai h tautìqronh perigraf  thc diaspor�c pou prokaleÐ sto ekpempìmeno s ma to tuqaÐoasÔrmato mèso sta pedÐa thc kateÔjunshc, thc kajustèrhshc di�doshc kai thc olÐsjhshcsuqnìthtac Doppler   isodÔnama thc perigraf c thc metaballìmenhc (  epilektik c) sum-perifor�c tou kanalioÔ sta pedÐa tou q¸rou, thc suqnìthtac kai tou qrìnou.Sta plaÐsia thc diatrib c epidi¸ketai h oloklhrwmènh melèth tou probl matoc qarakthri-smoÔ tou asÔrmatou mèsou di�doshc gia euruzwnikèc stajerèc asÔrmatec zeÔxeic. SkopeÔon-tac sth melèth realistik¸n diaÔlwn, sqedi�sthke kai pragmatopoi jhke ektetamènh seir�metr sewn kanalioÔ me pompì kai dèkth stajeroÔc se di�fora perib�llonta di�doshc. Giata peir�mata qrhsimopoi jhke exeidikeumènoc exoplismìc mètrhshc radiodiaÔlou pou brÐske-tai sthn aiqm  thc teqnologÐac kai epitrèpei thn tautìqronh mètrhsh tou s matoc se poll�diaforetik� pedÐa. Gia thn oloklhrwmènh antimet¸pish tou ereunhtikoÔ antikeimènou ako-loujoÔntai dÔo diaforetikèc proseggÐseic sthn epexergasÐa twn peiramatik¸n dedomènwn.Arqik�, akoloujeÐtai h prosèggish stoqastikoÔ qarakthrismoÔ ìpou o MIMO dÐauloc an-timetwpÐzetai wc grammikì qwro-qronik� metaballìmeno tuqaÐo sÔsthma kai prosdiorÐzontaistatistik� megèjh pr¸thc kai deÔterhc t�xhc kaj¸c epÐshc kai oi sunart seic autosusqè-tishc kai fasmatik c puknìthtac isqÔoc. H deÔterh prosèggish eÐnai aut  thc parametrik cmontelopoÐhshc ìpou melet¸ntai ta epimèrouc qarakthristik� twn poludiadromik¸n suni-stws¸n mèsw twn opoÐwn diadÐdetai to ekpempìmeno s ma apì ton pompì sto dèkth. Gia tonupologismì twn paramètrwn twn kum�twn ulopoioÔntai exeligmènoi algìrijmoi tautìqronhcpoludi�stathc ektÐmhshc paramètrwn s matoc kai efarmìzontai sta peiramatik� dedomèna.Tèloc, melet�tai kai h realistik  epÐdosh qwrhtikìthtac MIMO diaÔlou gia ta perib�llon-ta di�doshc pou exet�sthkan.Mèroc twn ereunhtik¸n apotelesm�twn pou perièqontai sth diatrib  èqoun dhmosieuteÐ sediejn  episthmonik� periodik� kai èqoun parousiasteÐ se diejn  episthmonik� sunèdria kaieurwpaðkèc ereunhtikèc dr�seic. LÐsta twn sqetik¸n dhmosieÔsewn brÐsketai sto tèloc thcdiatrib c.1.2 Dom  tou keimènou thc diatrib cTo parìn keÐmeno èqei wc antikeÐmeno thn parousÐash twn apotelesm�twn tou ereunhtikoÔantikeimènou pou melet jhke sta plaÐsia thc didaktorik c diatrib c. H dom  tou keimènoueÐnai h akìloujh:Kef�laio 2 - Perigraf  radiodiaÔlou pollapl¸n eisìdwn pollapl¸nexìdwnTo deÔtero kef�laio perièqei to jewrhtikì upìbajro perigraf c radiodiaÔlou. Arqik�,gÐnetai mia sÔntomh anafor� twn epidr�sewn tou diaÔlou sto metadidìmeno s ma kai peri-gr�fontai poiotik� ta ofèlh pou prokÔptoun apì thn eisagwg  pollapl¸n kerai¸n sthn2 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 1. Eisagwg asÔrmath met�dosh. Sth sunèqeia dÐnetai mia oloklhrwmènh parousÐash thc jewrÐac pe-rigraf c radiodiaÔlou wc diaskorpistikì kai metaballìmeno mèso di�doshc. H perigraf gÐnetai gia th bajmiaÐa aÔxhsh tou pl jouc twn kerai¸n ¸ste na prokÔyoun oi basikècsqèseic eisìdou-exìdou gia qwro-qronik� asÔrmata sust mata eureÐac z¸nhc. 'Epeita, ana-lÔetai h jewrÐa perigraf c thc tuqaÐac fÔshc tou diaÔlou me ton orismì twn sunart sewnautosusqètishc kai fasmatik c puknìthtac isqÔoc. AkoloujeÐ sÔntomh perigraf  twn di�-forwn proseggÐsewn montelopoÐhshc tou MIMO kanalioÔ pou èqoun protajeÐ sth diejn bibliografÐa kaj¸c epÐshc kai perigraf  twn montèlwn kanalioÔ pou qrhsimopoioÔntai staplaÐsia twn di�forwn organism¸n protupopoÐhshc euruzwnik¸n asÔrmatwn susthm�twn pro-swpik¸n epikoinwni¸n.Kef�laio 3 - Euruzwnikèc metr seic poludi�statou qarakthrismoÔ ra-diodiaÔlouTo trÐto kef�laio perièqei thn sÔntomh perigraf  tou peiramatikoÔ mèrouc thc diatrib c.Arqik�, analÔetai h arq  leitourgÐac thc metrhtik c di�taxhc (vector channel sounder) pouqrhsimopoi jhke gia th mètrhsh tou radiodiaÔlou sta pedÐa tou qrìnou, thc suqnìthtackai tou q¸rou se pompì kai dèkth. 'Epeita, perigr�fontai oi stoiqeiokeraÐec pou qrhsimo-poi jhkan kaj¸c kai h mejodologÐa metr sewn pou akolouj jhke. IdiaÐtero b�roc dÐnetaisthn perigraf  thc bajmonìmhshc thc stoiqeiokeraÐac pou qrhsimopoi jhke ston pompì. HmejodologÐa, h peiramatik  diadikasÐa, kai ta apotelèsmata thc bajmonìmhshc aut c dÐnon-tai se xeqwristì par�rthma. Akìmh, ta sen�ria di�doshc pou exet�sthkan stic metr seickanalioÔ,  tan statik�, me pompì kai dèkth se stajerèc jèseic. 'Ola ta perib�llonta di�-doshc pou metr jhkan perigr�fontai sunoptik� kai dÐnontai plhroforÐec gia ta epimèroucqarakthristik� thc k�je mètrhshc.Kef�laio 4 - Peiramatik� apotelèsmata stoqastikoÔ qarakthrismoÔ ra-diodiaÔlouSto kef�laio autì perigr�fetai h epexergasÐa twn peiramatik¸n dedomènwn apì tic metr -seic kanalioÔ kaj¸c kai ta apotelèsmata stoqastikoÔ qarakthrismoÔ radiodiaÔlou. Arqik�,parousi�zontai sÔntoma oi sunart seic stoqastik c perigraf c diaÔlou. 'Epeita, idiaÐterob�roc dÐnetai sto èlegqo thc paradoq c statikìthtac se k�je pedÐo perigraf c thc meta-blht c fÔshc tou kanalioÔ. AkoloujoÔn apotelèsmata thc mh kateujuntik c sun�rthshcskèdashc kai dÐnetai mia proseggistik  perigraf  thc fasmatik c puknìthtac isqÔoc olÐsjh-shc Doppler. EpÐshc dÐnontai apotelèsmata gia ta megèjh diaspor�c kajustèrhshc di�doshckai tic dialeÐyeic sten c z¸nhc. Sth sunèqeia, melet¸ntai oi apì koinoÔ sunart seic au-tosusqètishc diaÔlou kai parousi�zontai apotelèsmata gia ta megèjh sunoq c. IdiaÐterob�roc dÐnetai sthn melèth thc qwrik c susqètishc dialeÐyewn, th qr sh thc aplopoihtik cparadoq c ginomènou Kronecker kai twn epipt¸sewn pou aut  èqei sthn kateujuntik  pe-rigraf  tou diaÔlou. Tèloc, to kef�laio oloklhr¸netai me apotelèsmata mh parametrikoÔNikìlaoc D. Skèntoc - Didaktorik  Diatrib  3



Kef�laio 1. Eisagwg prosdiorismoÔ thc diplokateujuntik c fasmatik c puknìthtac isqÔoc.Kef�laio 5 - EktÐmhsh paramètrwn s matoc me ton poludi�stato algì-rijmo Unitary ESPRITTo pèmpto kef�laio thc diatrib c analÔei th diadikasÐa ektÐmhshc paramètrwn poludiadromi-k¸n sunistws¸n apì ta peiramatik� dedomèna. O poludi�statoc algìrijmoc ektÐmhshc para-mètrwn 3-D Unitary ESPRIT apoteleÐ to basikì ergaleÐo gia ton upologismì peiramatik¸napotelesm�twn pou eÐnai qr sima ston parametrikì qarakthrismì radiodiaÔlou. H auxhmènhdiakritik  ikanìthta tou algorÐjmou, se sqèsh me aut  tou poludi�statou metasqhmatismoÔ
Fourier, se sunduasmì me thn auxhmènh deigmatolhyÐa twn metrhtikoÔ exoplismoÔ sta pedÐatou qrìnou, tou q¸rou kai thc suqnìthtac dÐnei th dunatìthta thc tautìqronhc exagwg capotelesm�twn sqetik¸n me tic paramètrouc twn poludiadromik¸n sunistws¸n. Arqik�,dÐnetai to montèlo eisìdou - exìdou sto opoÐo basÐzetai o algìrijmoc kai exhgeÐtai h sÔn-desh thc parametrik c perigraf c s matoc me ton dianusmatikì upoq¸ro s matoc. 'Epeita,akoloujeÐ h perigraf  tou algorÐjmou me ulopoÐhsh se arijmhtik  pragmatik¸n arijm¸n.IdiaÐtero b�roc dÐnetai sthn perigraf  dÔo shmantik¸n epimèrouc zhthm�twn: a) sta b matapro-epexergasÐac peiramatik¸n dedomènwn kai b) sthn ektÐmhsh thc t�xhc tou parametri-koÔ montèlou   alli¸c sto pl joc twn poludiadromik¸n sunistws¸n. Tèloc, fwtÐzontaishmantikèc leptomèreiec pou exasfalÐzoun mia apodotik  ulopoÐhsh.Kef�laio 6 - Peiramatik� apotelèsmata paramètrwn poludiadromik¸nsunistws¸nSto èkto kef�laio parousi�zontai ta apotelèsmata twn paramètrwn poludiadromik¸n suni-stws¸n pou ektim jhkan me qr sh tou algorÐjmou pou perigr�fhke sto kef�laio 5. Oi pa-r�metroi pou ektim jhkan gia k�je exetazìmeno perib�llon eÐnai h kajustèrhsh di�doshc, hgwnÐa anaq¸rhshc, h gwnÐa �fixhc, h isqÔc thc k�je sunist¸sac kaj¸c kai to sunolikì toucpl joc. Ta apotelèsmata dÐnontai me th morf  istogramm�twn kai empeirik¸n sunart sewnkatanom c pijanìthtac. Oi ektimhmènec par�metroi qrhsimopoioÔntai gia thn anadìmhsh thcsun�rthshc metafor�c tou diaÔlou kai gÐnetai sÔgkrish me ta metrhmèna dedomèna. Akì-mh, prosdiorÐzetai to paramènon l�joc montelopoÐhshc mèsw thc ap¸leiac isqÔoc kai thcupoleipìmenhc fasmatik c puknìthtac isqÔoc kajustèrhshc. Epiplèon, mèsw tou prosdio-rismoÔ twn poludi�statwn fasmatik¸n puknot twn isqÔoc sta pedÐa perigraf c diaspor�ctou diaÔlou, anadeiknÔetai h Ôparxh kurÐarqwn om�dwn skedast¸n stouc opoÐouc ofeÐletaito megalÔtero posostì thc lambanìmenhc isqÔoc. Tèloc, epiqeireÐtai h antiparabol  twnektimhmènwn sunistws¸n me ta metrhmèna perib�llonta kai gÐnetai mia poiotik  ermhneÐa thcdi�doshc.4 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 1. Eisagwg Kef�laio 7 - Peiramatik� apotelèsmata epÐdoshc qwrhtikìthtac MIMOdiaÔlouTo èbdomo kef�laio thc diatrib c parousi�zei th realistik  epÐdosh thc qwrhtikìthtacMIMO diaÔlou gia ta sen�ria di�doshc pou exet�sthkan. Melet�tai h epÐdrash pou èqounsth qwrhtikìthta qarakthristikèc par�metroi enìc MIMO sust matoc ìpwc eÐnai to pl joctwn kerai¸n, h apìstash diaqwrismoÔ twn keraiostoiqeÐwn touc kai o shmatojorubikìclìgoc leitourgÐac sust matoc. Akìmh, exet�zetai h epÐdosh qwrhtikìthtac gia di�forasq mata qwro-qrono-suqnotik c kwdikopoÐhshc kai gÐnetai sÔgkrish metaxÔ twn amig¸cpeiramatik¸n kai twn anadomhmènwn perigraf¸n kanalioÔ. Epiplèon, dÐnontai apotelèsmataidiotim¸n kai suntelest¸n kat�stashc MIMO pÐnaka ¸ste na qarakthristeÐ h afjonÐaskèdashc sta metrhmèna kan�lia kai na axiologhjeÐ h katallhlìthta twn senarÐwn pouexet�sthkan gia qwrik  poluplexÐa   gia qr sh mejìdwn qwro-qronik c kwdikopoÐhshc.Kef�laio 8 - Sumper�smataTo ìgdoo kef�laio oloklhr¸nei th didaktorik  diatrib  tonÐzontac ta basik� sumper�smataqarakthrismoÔ radiodiaÔlou pou proèkuyan. EpÐshc, anagnwrÐzontai kai proteÐnontai jèmatagia mellontik  ereunhtik  drasthriìthta.
�
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Kef�laio 1. Eisagwg 
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Kef�laio 2Perigraf  RadiodiaÔlouPollapl¸n Eisìdwn Pollapl¸nExìdwnSto kef�laio autì perigr�fetai to jewrhtikì upìbajro pou eÐnai aparaÐthto gia melètecpoludi�statou qarakthrismoÔ kai montelopoÐhshc tou asÔrmatou mèsou. Arqik�, gÐnetai miasÔntomh anafor� stic epidr�seic tou kanalioÔ sto s ma pou metadÐdetai se mia asÔrmathzeÔxh. Sth sunèqeia, perigr�fontai poiotik� ta ofèlh pou prokÔptoun apì thn ekmet�l-leush thc qwrik c di�stashc se asÔrmatec zeÔxeic mèsw thc qr shc pollapl¸n kerai¸n.AkoloujeÐ h jewrhtik  an�lush twn arq¸n perigraf c tou radiodiaÔlou wc diaskorpistikìkai metaballìmeno mèso di�doshc. H perigraf  gÐnetai gia bajmiaÐa aÔxhsh tou pl jouctwn kerai¸n pou qrhsimopoioÔntai sth zeÔxh kai katal gei ston prosdiorismì twn sqèsewneisìdou - exìdou gia ìla ta eÐdh twn qwro-qronik¸n susthm�twn asurm�twn epikoinwni¸n.Sth sunèqeia perigr�fontai oi di�forec proseggÐseic pou qrhsimopoioÔntai gia thn montelo-poÐhsh tou MIMO diaÔlou akolouj¸ntac thn kathgoriopoÐhsh twn montèlwn se analutik�kai fusik�. Tèloc, gÐnetai mia sÔntomh perigraf  twn lÔsewn perigraf c tou MIMO kana-lioÔ pou èqoun akoloujhjeÐ sth biomhqanÐa, sta plaÐsia twn organism¸n protupopoÐhshcmellontik¸n euruzwnik¸n asÔrmatwn susthm�twn proswpik¸n epikoinwni¸n.2.1 Epidr�seic tou radiodiaÔlou sthn asÔrmath met�-dosh s matocH di�dosh enìc ekpempìmenou s matoc sto asÔrmato mèso (pou kaleÐtai radiodÐauloc  alli¸c kan�li) gÐnetai apì èna pl joc diaforetik� monop�tia ìpou ta diadidìmena hlektro-magnhtik� kÔmata allhlepidroÔn me ta antikeÐmena tou perib�llontoc di�doshc kai telik�prospÐptoun me diaforetik� qarakthristik� pl�touc pedÐou, olÐsjhshc sth suqnìthta, ka-teÔjunshc kai kajustèrhshc �fixhc sthn keraÐa tou dèkth. H allhlepÐdrash enìc kÔmatocme to perib�llon diakrÐnetai sthn an�klash, thn skèdash kai thn perÐjlash oi opoÐec ka-7



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n ExìdwnloÔntai kai me ton genikì ìro wc mhqanismoÐ di�doshc. An kai oi epidr�seic twn mhqanism¸ndi�doshc sto lambanìmeno s ma diafèroun, sunhjÐzetai stic melètec qarakthrismoÔ kaimontelopoÐhshc radiodiaÔlou na kaloÔntai ìloi me ton ìro skèdash en¸ ta antikeÐmena touperib�llontoc pou allhlepidroÔn me ta kÔmata wc skedastèc. Sthn pleur� tou dèkth, tosÔnolo twn diadidìmenwn kum�twn pou prospÐptoun sthn keraÐa tou kaloÔntai poludiadro-mikèc sunist¸sec (multipath components) oi opoÐec upertÐjentai kai prokaloÔn to s maexìdou thc keraÐac to opoÐo me th epÐdrash prosjetikoÔ jorÔbou odhgeÐtai sthn eÐsodo twnbajmÐdwn tou dèkth.H perigraf  twn metabol¸n thc isqÔoc tou lambanìmenou s matoc gÐnetai me ton prosdio-rismì twn diaforetik¸n epidr�sewn tou diaÔlou. Autèc diakrÐnontai stic ap¸leiec di�doshc(path loss), stic dialeÐyeic meg�lhc klÐmakac (large scale fading) kai stic dialeÐyeic mikr cklÐmakac (small scale fading).2.1.1 Ap¸leiec di�doshcH mèsh lambanìmenh isqÔc PR enìc s matoc pou diadÐdetai ston eleÔjero q¸ro eÐnai anti-strìfwc an�logh tou tetrag¸nou thc apìstashc diaqwrismoÔ pompoÔ-dèkth d kai dÐnetaiapì thn èkfrash (2.1), gnwst  kai wc exÐswsh tou Friis [3],
PR = PT
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GTGR (2.1)ìpou PT eÐnai h isqÔc ekpomp c, � to m koc kÔmatoc en¸ GT , GR eÐnai ta kèrdh isqÔoc twnkerai¸n pompoÔ kai dèkth antÐstoiqa.Sthn pragmatikìthta, se asÔrmata dÐktua kinht¸n epikoinwni¸n h paradoq  eleujèrou q¸-rou den isqÔei opìte oi ap¸leiec di�doshc PL = PT =PR metab�llontai me thn apìstashme diaforetikì trìpo apì autìn pou orÐzei h ex.(2.1). Peiramatikèc melètec èqoun odh-g sei sthn exagwg  empeirik¸n montèlwn apwlei¸n di�doshc gia di�fora eÐdh asurm�twnsusthm�twn (kuyelwt�, kinht�, stajer�, klp.) kai periballìntwn di�doshc (eswterik¸n  exwterik¸n q¸rwn). Oloklhrwmènh perigraf  gia ta pio diadedomèna apì aut� ta montèlamporeÐ na brejeÐ sthn anafor� [3].H pt¸sh thc tim c thc lambanìmenhc isqÔoc me thn apìstash sunhjÐzetai na perigr�fetaime th qr sh tou suntelest  apwlei¸n isqÔoc (path loss exponent) n. 'Otan oi ap¸leiecekfr�zontai se decibel (dB) o suntelest c n dhl¸nei thn klÐsh thc sun�rthshc PL(d) hopoÐa perigr�fetai apì thn ex.(2.2)
PL(d)jdB = 10 log10
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+ S (2.2)ìpou h par�metroc d0 dhl¸nei mia apìstash anafor�c kai me S sumbolÐzetai mia tuqaÐa meta-blht  mhdenik c mèshc tim c pou sqetÐzetai me thn perigraf  twn metabol¸n isqÔoc meg�lhcklÐmakac. Sthn perÐptwsh apwlei¸n eleujèrou q¸rou isqÔei ìti n = 2 en¸ sun jwc gia8 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnta di�fora perib�llonta di�doshc o suntelest c lamb�nei empeirikèc timèc n > 2. ExaÐre-sh apoteleÐ h di�dosh se perib�llonta ìpou eunoeÐtai h Ôparxh sunjhk¸n kumatod ghshc(ìpwc p.q. stenoÔc drìmouc   diadrìmouc) ìpou èqoun metrhjeÐ timèc n < 2.2.1.2 DialeÐyeic meg�lhc klÐmakacEÐnai fanerì pwc sthn pr�xh oi ap¸leiec di�doshc sqetÐzontai �mesa me to perib�llondi�doshc kai den mporoÔn na perigrafoÔn nteterministik� kai monos manta sunart sei thcapìstashc diaqwrismoÔ d. Pr�gmati, ac jewrhjeÐ ìti metr�tai peiramatik� h lambanìmenhisqÔc sthn perifèreia enìc kÔklou me aktÐna èstw R sto kèntro to opoÐou brÐsketai pompìcme omoiokateujuntik  keraÐa. Tìte, oi timèc isqÔoc pou ja katagrafoÔn sto dèkth de jaeÐnai tautìshmec kata m koc thc perifèreiac kai oi ap¸leiec di�doshc se k�je shmeÐo jakumaÐnontai gÔrw apì mia mèsh tim  PL(R). Oi epidr�seic tou radiodiaÔlou pou odhgoÔn seaut  thn peiramatik  parat rhsh onom�zontai dialeÐyeic meg�lhc klÐmakac kai aut  akrib¸ch tuqaÐa metabol  perigr�fetai apì thn tuqaÐa metablht  S sthn ex.(2.2). O prosdiorismìctwn dialeÐyewn meg�lhc klÐmakac ègkeitai sthn statistik  perigraf  thc S. 'Eqei para-thrhjeÐ ìti se klÐmaka dB to sf�lma twn peiramatik¸n tim¸n apwlei¸n di�doshc apì ticjewrhtik� anamenìmenec akoloujeÐ kanonik  katanom  me mhdenik  mèsh tim . Sunep¸c, htuqaÐa metablht  S orÐzetai pl rwc apì thn tupik  apìklish �S thc sun�rthshc puknìthtacpijanìthtac (spp) thc ex.(2.3).
pS(S) =
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2��S
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S (2.3)H par�metroc �S kaleÐtai alli¸c kai par�metroc skÐashc (shadowing parameter), dÐnetaise dB kai h tim  thc dhl¸nei thn akrÐbeia thc montelopoÐhshc twn apwlei¸n di�doshc mèswthc ex.(2.2). Mia tupik  tim  thc �S eÐnai �S = 8 dB.2.1.3 DialeÐyeic mikr c klÐmakacOi dialeÐyeic mikr c klÐmakac anafèrontai stic apìtomec diakum�nseic thc isqÔoc tou lam-banìmenou s matoc me mikrèc metatopÐseic tou dèkth thc t�xewc lÐgwn �. To lambanìmenos ma sthn èxodo thc keraÐac tou dèkth prokÔptei apì thn upèrjesh meg�lou arijmoÔ po-ludiadromik¸n sunistws¸n pou prospÐptoun se aut  me tuqaÐa migadik� pl�th hlektrikoÔpedÐou. H dianusmatik  �jroish twn sunistws¸n aut¸n prokaleÐ tic apìtomec metabolèc toulambanìmenhc kumatomorf c. ExaitÐac tou kentrikoÔ oriakoÔ jewr matoc, anex�rthta apìthn katanom  pou akoloujoÔn ta migadik� pl�th twn prospÐptontwn kum�twn, to pragmati-kì kai to fantastikì mèroc tou lambanìmenou s matoc akoloujoÔn thn kanonik  katanom me mhdenik  mèsh tim  kai ìmoiec paramètrouc tupik c apìklishc �I ; �Q antÐstoiqa. Shmei¸-netai ìti, h isìthta �I = �Q apoteleÐ b�simh paradoq  giatÐ den up�rqei fusikìc lìgoc namhn isqÔei. Sunep¸c, h migadik  perib�llousa y akoloujeÐ thn migadik  kuklik� summetri-k  kanonik  katanom , dhl. y 2 CN(0; �) me � =

q
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Q. To pl�toc thc migadik cNikìlaoc D. Skèntoc - Didaktorik  Diatrib  9



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnperib�llousac r = jyj akoloujeÐ thn katanom  Rayleigh, pou dÐnetai apì thn ex.(2.4),
pR(r) =

2r

�2
e� r2

�2 ; r > 0 (2.4)Sthn perÐptwsh pou up�rqei optik  epaf  pompoÔ-dèkth (line of sight - LoS) tìte prospÐpteistajer  kai amet�blhth sunist¸sa h opoÐa prokaleÐ mh mhdenik  mèsh tim  thc y, dhl.
E[y] 6= 0. H Ôparxh thc LoS sunist¸sac odhgeÐ se statistik  perigraf  thc tuqaÐacmetablht c r apì thn katanom  Rice [4] pou dÐnetai apì thn akìloujh èkfrash (2.5) [3]
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; r > 0 (2.5)ìpou I0 eÐnai h mhdenik c t�xhc tropopoihmènh sun�rthsh Bessel pr¸tou eÐdouc

I0 (x) =
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e�x cos �d� (2.6)kai K eÐnai o par�gontac Rice pou orÐzetai wc o lìgoc isqÔoc thc stajer c sunist¸sacproc thn isqÔ thc metaballìmenhc sunist¸sac tou s matoc
K =
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(2.7)2.2 Qwro-qronik� sust mata asÔrmatwn epikoinwni¸nH ekmet�lleush thc qwrik c di�stashc sta sust mata asurm�twn epikoinwni¸n me thn eisa-gwg  pollapl¸n kerai¸n �llaxe thn arqitektonik  twn paradosiak¸n pompodekt¸n. Stonpompì, mon�dec ìpwc o kwdikopoiht c (encoder), o diamorfwt c (modulator) ston pompì�llaxan sqedÐash ¸ste na ekmetalleutoÔn th dunatìthta ekpomp c apì pollaplèc keraÐec.OmoÐwc, sto dèkth leitourgÐec ìpwc apodiamìrfwsh, apokwdikopoÐhsh, ektÐmhsh diaÔlou,sugqronismìc klp. tropopoi jhkan ¸ste na axiopoihjoÔn ta ofèlh pou èqoun ta sust matame pollaplèc keraÐec kai na beltiwjeÐ h epÐdosh ìson afor� thn k�luyh, thn axiopistÐa kaitouc rujmoÔc met�doshc dedomènwn thc zeÔxhc. 'Ena tupikì sÔsthma me pollaplèc keraÐec,epexerg�zetai to s ma plhroforÐac sto pedÐo tou qrìnou, tou q¸rou all� kai thc suqnìth-tac prin thn ekpomp  tou kai efarmìzei algorÐjmouc epexergasÐac s matoc gia thn an�kthshtou sto dèkth. 'Ena aplopoihmèno mplok di�gramma enìc qwro-qronikoÔ pompodèkth apei-konÐzetai sto sq ma 2.1, ìpou faÐnetai poiotik� pwc h arqitektonik  MIMO epidr� se ìlectic bajmÐdec epexergasÐac s matoc se yhfiak  kai analogik  morf  kai sta dÔo �kra.Se ìla ta sust mata met�doshc plhroforÐac, to mèso di�doshc apoteleÐ basikì par�gontasqedÐashc kai an�ptuxhc teqnik¸n met�doshc. H qr sh pollapl¸n kerai¸n kajist� thn pa-radosiak  perigraf  tou radiodiaÔlou sto pedÐa tou qrìnou kai thc suqnìthtac anepark ,mia kai h deigmatolhyÐa s matoc sto q¸ro kai sta dÔo �kra thc zeÔxhc eis�gei thn an�gkh10 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn
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Sq ma 2.1: Mplok di�gramma qwro-qronikoÔ sust matoc asurm�twn epikoinwni¸ntìso gia qwrik  ìso kai gia kateujuntik  perigraf  thc di�doshc. O poludi�statoc qa-rakthrismìc tou radiodiaÔlou apoteleÐ to antikeÐmeno thc ereunhtik c drasthriìthtac pouanaptÔssetai sta plaÐsia thc ekpìnhshc thc paroÔsac didaktorik c diatrib c. Ta apote-lèsmat� thc mporoÔn na qrhsimopoihjoÔn se melètec an�ptuxhc teqnik¸n qwro-qronik cmet�doshc gia thn anapar�stash twn qarakthristik¸n tou diaÔlou. Sth sunèqeia, gia tican�gkec thc ereunhtik c drasthriìthtac, o ìroc MIMO sÔsthma ja perigr�fei mia asÔrma-th zeÔxh me stoiqeiokeraÐec aujaÐrethc gewmetrÐac se pompì kai dèkth agno¸ntac th dom opoiasd pote mon�dac epexergasÐac eÐte tou s matoc plhroforÐac eÐte tou lambanìmenous matoc, ¸ste na exasfalÐzetai h genikìthta thc an�lushc kai twn apotelesm�twn. Todi�gramma tou MIMO sust matoc dÐnetai sto sq ma 7.1.

### ###$% $&Sq ma 2.2: MIMO sÔsthma me MT ;MR keraiostoiqeÐa se pompì kai dèkth antÐstoiqa2.2.1 Ofèlh qr shc pollapl¸n kerai¸n se asÔrmatec zeÔxeicH qr sh pollapl¸n kerai¸n se mia asÔrmath zeÔxh prosfèrei th dunatìthta gia beltÐwshtou shmatojorubikoÔ thc lìgou, thc axiopistÐac thc kaj¸c kai tou epitugqanìmenou ruj-moÔ met�doshc plhroforÐac arkeÐ na qrhsimopoihjoÔn oi kat�llhlec teqnikèc epexergasÐacs matoc sta �kra thc. Ta ofèlh apì thn aÔxhsh tou pl jouc twn kerai¸n sthn epÐdosh thcNikìlaoc D. Skèntoc - Didaktorik  Diatrib  11



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n ExìdwnzeÔxhc, poiotik� diakrÐnontai se treic kathgorÐec, to kèrdoc stoiqeiokeraÐac (array gain), tokèrdoc diaforisimìthtac (diversity gain) kai to kèrdoc qwrik c poluplexÐac (spatial multi-

plexing gain) [5].2.2.1.1 Kèrdoc stoiqeiokeraÐacMe ton ìro kèrdoc stoiqeiokeraÐac perigr�fetai h mèsh aÔxhsh tou shmatojorubikoÔ lìgousto dèkth pou prokÔptei apì th sumfasik  �jroish twn shm�twn tou kerai¸n l yhc  /kaiekpomp c. H sumfasik  �jroish twn migadik¸n apokrÐsewn mporeÐ na ulopoihjeÐ mìno ìtaneÐnai diajèsimh h akrib c gn¸sh tou diaÔlou. Sthn perÐptwsh susthm�twn SIMO h aÔxhshthc mèshc lambanìmenhc isqÔoc eÐnai an�logh me to pl joc twn kerai¸n. Sthn perÐptwsh twn
MISO susthm�twn to kèrdoc stoiqeiokeraÐac ulopoieÐtai me thn efarmog  tou kat�llhloudianÔsmatoc ekpomp c pou megistopoieÐ th lambanìmenh isqÔ lìgw thc diamìrfwshc toudiagr�mmatoc aktinobolÐac thc keraÐac ekpomp c.2.2.1.2 Kèrdoc qwrik c diaforisimìthtacTo kèrdoc qwrik c diaforisimìthtac perigr�fei thn meÐwsh twn dialeÐyewn tou lambanìme-nou s matoc me kat�llhlh epexergasÐa twn shm�twn twn diajèsimwn kerai¸n. To kèrdocautoÔ tou eÐdouc diakrÐnetai sth qwrik  diaforisimìthta dèkth (receive antenna diversity)kai sth qwrik  diaforisimìthta pompoÔ (transmit antenna diversity).Sthn perÐptwsh thc diaforisimìthtac dèkth, oi diakum�nseic tou pl�touc tou lambanìmenous matoc mei¸nontai me to sunduasmì twn diaforetik¸n diajèsimwn qwrik¸n stigmiotÔpwntou lambanìmenou s matoc. To kèrdoc diaforisimìthtac exart�tai �mesa apì tic statisti-kèc idiìthtec twn diajèsimwn deigm�twn. Pr�gmati, sthn perÐptwsh pou ìla ta lambanìmenas mata eÐnai anex�rthtec stoqastikèc diadikasÐec, to kèrdoc diaforisimìthtac dèkth gÐnetaiÐso me to pl joc twn diajèsimwn kerai¸n l yhc MR. Sthn antÐjeth perÐptwsh, ìtan tas mata ìlwn twn kerai¸n eÐnai pl rwc susqetismèna, to kèrdoc diaforisimìthtac eÐnai 1.H qwrik  diaforisimìthta pompoÔ ègkeitai sto sqediasmì twn qwrik¸n idiot twn tou s -matoc ekpomp c ¸ste na gÐnei dunat  h ekmet�lleush diaforisimìthtac sthn pleur� toudèkth kat� th diadikasÐa anagn¸rishc sumbìlou. Oi teqnikèc qwro-qronik c kwdikopoÐhshcanaptÔqjhkan th teleutaÐa dekaetÐa kai kwdikopoioÔn to s ma plhroforÐac tautìqrona stoqrìno kai stic diaforetikèc keraÐec ekpomp c ¸ste na mei¸soun tic dialeÐyeic tou lamba-nìmenou s matoc. H epÐteuxh qwrik c diaforisimìthtac pompoÔ den apaiteÐ plhforoforÐagia thn kat�stash tou kanalioÔ ston pompì kai epitugq�noun kèrdoc diaforisimìthtac Ðsome to pl joc twn kerai¸n ekpomp c MT ìtan oi dÐauloi keraiostoiqeÐwn pompoÔ-dèkth eÐnaianex�rthtoi metaxÔ touc. MÐa apì tic pio gnwstèc teqnikèc qwro-qronik c kwdikopoÐhshcgia th epÐteuxh diaforisimìthtac pompoÔ prot�jhke apì ton Alamouti [6], en¸ oi basikècarqèc gia thn sqedÐash kai axiolìghsh tètoiwn teqnik¸n perigr�fontai sthn anafor� [7].12 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn2.2.1.3 Kèrdoc qwrik c poluplexÐacTo kèrdoc qwrik c poluplèxiac eÐnai dunatì na epiteuqjeÐ mìno se MIMO sust mata kaianafèretai sthn grammik  aÔxhsh thc qwrhtikìthtac q¸ric epiplèon aÔxhsh thc isqÔoc  tou eÔrouc z¸nhc. H epÐteuxh tou kèrdouc qwrik c poluplexÐac gÐnetai me thn ekmet�lleu-sh thc èmfuthc orjogwniìthtac pou eis�gei o radiodÐauloc lìgw thc èntonhc skèdashc twnkum�twn pou metafèroun to s ma plhroforÐac apì tic keraÐec pompoÔ stic keraÐec tou dè-kth. Pr�gmati, an ekpèmpontai diaforetik� s mata plhroforÐac apì tic keraÐec tou pompoÔtìte aut� mporoÔn na anakthjoÔn sto dèkth me kat�llhlh epexergasÐa twn lambanomè-nwn shm�twn. Autì sumbaÐnei giatÐ h met�dosh mèsw tou diaÔlou gÐnetai me èna pl jocorjogwnik¸n metaxÔ touc trìpwn. Upì th fusik  ènnoia oi trìpoi autoÐ ermhneÔontai wcdiaforetikoÐ drìmoi met�doshc plhroforÐac sto asÔrmato mèso pou prokaloÔn diaforeti-kèc qwrikèc upografèc s matoc stic keraÐec tou dèkth, oi opoÐec mporoÔn na diaqwristoÔnmetaxÔ touc ìtan o MIMO dÐauloc eÐnai gnwstìc me akrÐbeia sto dèkth. Mia sqhmatik anapar�stash tou parap�nw sullogismoÔ apeikonÐzetai sto sq ma 2.3 ìpou faÐnontai oidiaforetikèc upografèc twn diaforetik¸n sumbìlwn pou ekpèmpei h k�je keraÐa. To kèrdocqwrik c poluplexÐac exart�tai apì tic sunj kec di�doshc tou asÔrmatou mèsou, aux�neigrammik� me thn aÔxhsh twn zeug¸n keraiostoiqeÐwn pompoÔ-dèkth kai h mègisth tim  toudÐnetai apì to min(MR;MT ).
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Sq ma 2.3: Oi sunj kec di�doshc sto radiodÐaulo prosfèroun th dunatìthta se MIMO zeÔxeicgia axiopoÐhsh tou kèrdouc qwrik c poluplexÐac me to diaqwrismì twn qwrik¸n upograf¸n s matoc2.3 O radiodÐauloc wc diaskorpistikì kai metablhtìmèso di�doshcO radiodÐauloc qarakthrÐzetai wc èna grammikì qronik� metaballìmeno sÔsthma. H gram-mikìthta perigr�fei to gegonìc ìti to lambanìmeno s ma sthn eÐsodo tou dèkth eÐnai toapotèlesma thc upèrjeshc ìlwn twn kum�twn pou ekpèmpontai apì thn keraÐa tou pompoÔ,diadÐdontai sto asÔrmato mèso kai prospÐptoun sthn keraÐa tou dèkth. H qronik  metablh-tìthta afor� sthn allag  twn sunjhk¸n di�doshc lìgw thc kÐnhshc tou pompoÔ, tou dèkthNikìlaoc D. Skèntoc - Didaktorik  Diatrib  13



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn /kai twn skedast¸n tou perib�llontoc di�doshc pou allhlepidroÔn me ta lambanìmenakÔmata.H epÐdrash tou asÔrmatou diaÔlou sto diadidìmeno s ma perigr�fetai me touc genikoÔcìrouc diaspor� (dispersion) kai metablhtìthta (variance). Me ton ìro diaspor� perigr�fe-tai o diaskorpismìc tou diadidìmenou s matoc se di�fora pedÐa qarakthrismoÔ ìpwc eÐnai hkajustèrhsh di�doshc, h olÐsjhsh Doppler kai h kateÔjunsh di�doshc stic kontinèc perio-qèc twn kerai¸n pompoÔ kai dèkth. Apì thn �llh, me ton ìro metablhtìthta perigr�fontaifainìmena ìpwc h epilektik  epÐdrash tou diaÔlou sto fasmatikì perièqomeno tou s matocekpomp c kai h qwro-qronik  metabol  thc kumatomorf c tou lambanìmenou s matoc. Hdiaspor� sthn kajustèrhsh, th suqnìthta kai thn kateÔjunsh sundèontai me thn metablh-tìthta sth suqnìthta, to qrìno kai to q¸ro mèsw tou metasqhmatismoÔ Fourier, opìte hperigraf  twn qarakthristik¸n diaspor�c tou diaÔlou orÐzei ta qarakthristik� thc egge-noÔc epilektikìtht�c tou kai antÐstrofa.Sthn sunèqeia perigr�fontai h duadikìthta twn pedÐwn perigraf c diaspor�c kai metablh-tìthtac, oi sqèseic eisìdou-exìdou asÔrmatwn susthm�twn kaj¸c kai oi sunart seic peri-graf c tou tuqaÐou radiodiaÔlou gia bajmiaÐa aÔxhsh tou pl jouc twn kerai¸n. H an�lusheÐnai kat� to dunatì sunoptik , pl rhc kai basÐzetai stic dialèxeic thc anafor�c [8].2.3.1 PedÐa perigraf c radiodiaÔlou2.3.1.1 Qronometablhtìc radiodÐaulocSÔmfwna me th jewrÐa perigraf c tou radiodiaÔlou wc grammikì qronometablhtì sÔsthma, oqrìnoc diaqwrÐzetai ston apìluto qrìno metabol c diaÔlou t kai ston qrìno kajustèrhshcdi�doshc � . To duadikì pedÐo tou qrìnou metabol c t, wc proc to metasqhmatismì Fourier,eÐnai h olÐsjhsh suqnìthtac Doppler v, en¸ to duadikì pedÐo thc kajustèrhshc � eÐnai hsuqnìthta f . MÐa asÔrmath zeÔxh me mÐa kai monadik  keraÐa se pompì kai dèkth antÐstoiqa(SISO link) mporeÐ na perigrafeÐ apì th qronik� metaballìmenh kroustik  apìkrish h(t; �),h opoÐa kaleÐtai kai sun�rthsh sust matoc. An to s ma eisìdou sthn keraÐa tou pompoÔeÐnai s(t) tìte to s ma sthn èxodo thc keraÐac tou dèkth y(t) dÐnetai apì th sunèlixh
y(t) =

Z
s(t� �)h(t; �)d� = h(t; �) � s(t) (2.8)Me kat�llhlh efarmog  metasqhmatism¸n Fourier prosdiorÐzontai treic akìmh isodÔnamecsunart seic sust matoc, dhl. h qronik� metaballìmenh sun�rthsh metafor�c H(t; f),

H(t; f) =

Z
h(t; �)e�j2�f�d� (2.9)h Doppler-diakrit  kroustik  apìkrish h(v; �)

h(v; �) =

Z
h(t; �)e�j2�vtdt (2.10)14 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnkai h Doppler-diakrit  sun�rthsh metafor�c H(v; f)

H(v; f) =

ZZ
e�j2�vte�j2�f�h(t; �)dtd� (2.11)Oi metaxÔ touc sqèseic, mèsw eujèwn kai antistrìfwn metasqhmatism¸n Fourier, apeiko-nÐzontai sunoptik� sto sq ma 2.4. 'Opwc ja faneÐ kai se akìloujh enìthta, opoiad poteapì tic parap�nw sunart seic eÐnai ikan  gia ton prosdiorismì thc exìdou miac SISO zeÔxhcsunart sei thc eisìdou thc.

( , )H t f

( , )h t 7
( , )H v f

( , )h v 8
19:19:1;<

1=> ? @? A
Sq ma 2.4: Sqèseic duadikìthtac metaxÔ sunart sewn sust matoc SISO diaÔlou2.3.1.2 Duadikìthta kateÔjunshc - q¸rouGia thn perigraf  thc duadikìthtac kateÔjunshc-q¸rou jewreÐtai h di�dosh enìc adiamìr-fwtou epÐpedou kÔmatoc pou prospÐptei se mÐa keraÐa. 'Estw ìti to kÔma èqei kateÔjunsh�fixhc, pou orÐzetai apì to monadiaÐo di�nusma 
R;l wc proc èna trisorjog¸nio sÔsthmasuntetagmènwvme aujaÐreto kèntro OR, kai ìti h keraÐa dèkth eÐnai topojethmènh se shmeÐopou orÐzetai apì to di�nusma jèshc xR (bl. sq ma 2.5). Oi suntetagmènec twn dianusm�twn


R;l kai xR dÐnontai stic ex. (2.12) kai (2.13) BCDEFGHIJKLMNOKP
1Rx

2Rx

3Rx

,R l

Q
RO

,R l
R
, ,sin( )sin( )R l R l

S T , ,cos( )sin( )R l R l
U V,cos( )R l

W,R l

X
(1,0,0)

(0,1,0)

(0,0,1)

Sq ma 2.5: Orismìc dianÔsmatoc kateÔjunshc �fixhcNikìlaoc D. Skèntoc - Didaktorik  Diatrib  15



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn

R;l = [cos(’R;l) sin(�R;l); sin(’R;l) sin(�R;l); cos(�R;l)]

T (2.12)
xR = [xR1; xR2; xR3]T (2.13)Gia lìgouc aplìthtac h an�lush periorÐzetai se grammik  pìlwsh. An to hlektrikì pedÐolìgw tou l-ostoÔ kÔmatoc sto kèntro twn axìnwn OR = [0; 0; 0]T eÐnai El(OR) tìte sthjèsh xR dÐnetai apì th sqèsh

El(xR) = El(OR)ej 2�
� h
R;l;xRi (2.14)ìpou o telest c h �; �i sumbolÐzei to eswterikì ginìmeno dianusm�twn. An h keraÐa èqeidi�gramma aktinobolÐac pedÐou fR(
R), tìte h t�sh sthn èxodì thc ul(xR) pou ofeÐletaisthn prìsptwsh tou l-ostoÔ epÐpedou kÔmatoc dÐnetai apì thn èkfrash

ul(xR) = bR � f(
R;l) � El(xR) = bR � fR(
R;l) � El(OR)ej 2�
� h
R;l;xRi (2.15)ìpou bR eÐnai mia pollaplasiastik  stajer� pou sundèei to di�gramma aktinobolÐac pedÐouthc keraÐac me to energì thc m koc. Jètontac wc g(
R;l) = bR �fR(
R;l) �El(OR) thn t�shsthn èxodo miac upojetik c keraÐac sto OR lìgw tou l-ostoÔ kÔmatoc pou prospÐptei apìthn 
R;l, prokÔptei ìti

ul(xR) = g(
R;l)e
j 2�

� h
R;l;xRi (2.16)Upojètontac ìti sthn keraÐa prospÐptoun kai upertÐjentai adiamìrfwta epÐpeda kÔmata apìdi�forec kateujÔnseic 
R, tìte to s ma exìdou thc dÐnetai apì thn akìloujh sqèsh
u(xR) =

Z
g(
R)ej 2�

�
h
R;xRid
R (2.17)h opoÐa kai dhl¸nei saf¸c thn duadik  sqèsh dianÔsmatoc jèshc keraÐac l yhc kai dianÔ-smatoc kateÔjunshc �fixhc mèsw tou metasqhmatismoÔ Fourier.2.3.1.3 Sqèseic duadikìthtac metaxÔ pedÐwn perigraf cSunoptik�, ta pedÐa perigraf c thc diaspor�c tou radiodiaÔlou eÐnai:

� h olÐsjhsh suqnìthtac Doppler v

� h kajustèrhsh di�doshc �
� h kateÔjunsh �fixhc kÔmatoc 
R

� h kateÔjunsh anaq¸rhshc kÔmatoc 
Tta pedÐa perigraf c thc metablhtìthtac tou radiodiaÔlou eÐnai:
� o apìlutoc qrìnoc t16 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn
� h suqnìthta f
� to di�nusma jèshc thc keraÐac l yhc xR

� to di�nusma jèshc thc keraÐac ekpomp c xTen¸ oi sqèseic duadikìthtac mèsw tou metasqhmatismoÔ Fourier metaxÔ touc dÐnontai stonpÐnaka 2.1. PÐnakac 2.1: PedÐa perigraf c radiodiaÔloudiaspor� metasqhmatismìc metablhtìthta
�

F�! f

v
F � t


R
F � xR


T
F � xT

2.3.1.4 RadiodÐauloc qwrometablhtìc sto dèkthSuneqÐzontac thn parap�nw aplopoihmènh an�lush, èstw ìti to l-ostì prospÐpton epÐpedokÔma eÐnai diamorfwmèno apì èna s ma plhroforÐac s(t) kai diadÐdetai mèsw enìc qronik�amet�blhtou diaÔlou. An h kajustèrhsh di�doshc sto kèntro OR eÐnai �l kai sth jèsh xReÐnai �l(xR), tìte to hlektrikì pedÐo sth jèsh OR dÐnetai apì thn èkfrash
El(OR; t) = Els(t� �l) (2.18)en¸ sth jèsh xR apì thn èkfrash

El(xR; t) = Ele
j 2�

� h
R;l;xRis(t� �l(xR)) (2.19)Shmei¸netai ìti h tim  tou par�gonta El sthn kontin  perioq  tou dèkth enswmat¸nei taqarakthristik� tou sust matoc ekpomp c kaj¸c kai tic epidr�seic tou diaÔlou sto pl�toctou diadidìmenou kÔmatoc. Upojètontac ìti h jèsh thc keraÐac eÐnai periorismènh sthnkontin  perioq  tou kèntrou OR mporeÐ na gÐnei h paradoq  ìti �l(xR) ’ �l. To lambanìmenos ma sthn èxodo thc keraÐac lìgw tou l-ostoÔ kÔmatoc eÐnai
yl(xR; t) = bR � f(
l) � El(xR; t) = bR � f(
R;l) � El � ej 2�

� h
R;l;xRis(t� �l) (2.20)Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  17



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n ExìdwnAn upotejeÐ h �fixh L to pl joc kum�twn, tìte to s ma exìdou thc keraÐac eÐnai to apotè-lesma thc upèrjeshc touc kai dÐnetai apì
y(xR; t) =

LX

l=1

bR � f(
R;l) � El � ej 2�
� h
R;l;xRis(t� �l) (2.21)Qrhsimopoi¸ntac thn idiìthta thc di�krishc, dhl.

w(z0) =

Z
w(z)�(z � z0)dz (2.22)to s ma exìdou mporeÐ na grafeÐ wc

y(xR; t) =

Z ( LX

l=1

bR � f(
R;l) � El � ej 2�
� h
R;l;xRi�(� � �l)

)
s(t��)d� =

Z
h(�;xR)s(t� �)d�(2.23)ìpou

h(�;xR) =
LX

l=1

bR � f(
R;l) � El � ej 2�
� h
R;l;xRi�(� � �l) (2.24)Ousiastik� h èkfrash (2.23) apoteleÐ th sqèsh eisìdou-exìdou tou sust matoc me thn

h(�;xR) na eÐnai h qwrometablht  kroustik  apìkrish tou radiodiaÔlou, h opoÐa me kat�l-lhlh efarmog  thc (2.22) mporeÐ na grafeÐ wc
h(�;xR) =

LX

l=1

�Z
bR � f(
R) � El � ej 2�

�
h
R;xRi�(
�
R;l)d
R

�
�(� � �l)

=

Z
bR � f(
R) � ej 2�

�
h
R;xRih(�;
R)d
R

(2.25)ìpou h(�;
R) eÐnai h kroustik  apìkrish diakrit c kateÔjunshc pou dÐnetai apì to akìlou-jo �jroisma,
h(�;
R) =

LX

l=1

El � �(� � �l) � �(
R �
R;l) (2.26)Antikajist¸ntac thn (2.25) sthn (2.23), to s ma exìdou prosdiorÐzetai sunart sei thc
h(�;
R) apì thn

y(xR; t) =

Z Z
bR � f(
R) � ej 2�

�
h
R;xRih(�;
R)s(t� �)d
Rd� (2.27)Shmei¸netai ìti, jewr¸ntac isotropik  keraÐa me bR � f(
R) = 1 h qwrometablht  krou-stik  apìkrish h(�;xR) dÐnetai apì ton antÐstrofo metasqhmatismì Fourier thc diakrit ckateÔjunshc kroustik c apìkrishc h(�;
R) wc proc to pedÐo thc kateÔjunshc �fixhc 
R,dhl.

h(�;xR) =

Z
h(�;
R) � ej 2�

�
h
R;xRid
R (2.28)18 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn2.3.1.5 Sun�feia qwrometablht c kai qronometablht c perigraf cH sun�feia sthn perigraf  tou qwrometablhtoÔ kai tou qronik� metaballìmenou diaÔlougÐnetai emfan c an jewrhjeÐ kÐnhsh tou dèkth me stajer  taqÔthta v. Pr�gmati, an hakrib c jèsh tou dèkth dÐnetai apì to di�nusma xR(t) = v � t kai gia to l-ostì kÔma �l eÐnaih gwnÐa metaxÔ twn dianusm�twn 
R;l kai v, tìte isqÔei ìti
2�

�
h
R;l;xR(t)i =

2�

�
j
R;lj jxR(t)j cos(�l) =

2�

�
jvj t cos(�l) = 2�vlt (2.29)ìpou vl = jvj

� cos(�l) eÐnai h olÐsjhsh suqnìthtac Doppler tou l-ostoÔ kÔmatoc. Antikaji-st¸ntac sthn (2.21) prokÔptei h (2.8), wc ex c
y(t) = y(xR(t); t) =

LX

l=1

bR � f(
R;l) � El � ej2�vlts(t� �l) =

=

Z ( LX

l=1

bR � f(
R;l) � El � ej2�vlt�(� � �l)

)
s(t� �)d�

=

Z
h(t; �)s(t� �)d�

(2.30)
ìpou h qronik� metaballìmenh kroustik  apìkrish ekfr�zetai sunart sei twn L diadidìme-nwn kum�twn wc to �jroisma

h(t; �) =
LX

l=1

bR � f(
R;l) � El � ej2�vlt�(� � �i) (2.31)2.3.1.6 RadiodÐauloc qwrometablhtìc se pompì kai dèkthMèqri to shmeÐo autì h an�lush afor� ston prosdiorismì tou lambanìmenou s matoc
y(t;xR) sunart sei thc jèshc thc keraÐac tou dèkth. O radiodÐauloc èqei jewrhjeÐ statikìc(dhl. qronik� amet�blhtoc) kai sthn an�lush pou odhgeÐ sthn ex. (2.27) to kan�li perigr�-fetai wc proc thn kajustèrhsh di�doshc � kai ta kateujuntik� qarakthristik� di�doshc

R sthn kontin  perioq  tou dèkth, agno¸ntac thn perigraf  thc ekpomp c. EpekteÐnontacthn an�lush sto �kro tou pompoÔ, jewreÐtai keraÐa ekpomp c se jèsh pou orÐzetai apìto di�nusma xT wc proc trisorjog¸nio sÔsthma suntetagmènwn me aujaÐreto kèntro OT(bl. sq ma 2.6). Tìte, sthn perioq  makrinoÔ pedÐou thc keraÐac ekpomp c kai se apìstashpou orÐzetai apì to di�nusma r to pl�toc tou hlektrikoÔ pedÐou tou l-ostoÔ kÔmatoc mekateÔjunsh anaq¸rhshc 
T;l dÐnetai apì thn èkfrash

El(r;OT ) = bT � fT (
T;l)
e�jhkT ;ri

jrj = bT � fT (
T;l)
e�j 2�

�
jrj

jrj (2.32)ìpou fT (
T ) to di�gramma aktinobolÐac thc keraÐac ekpomp c kai bT ènac pollaplasiastikìcpar�gontac pou exart�tai apì ta qarakthristik� thc. Jewr¸ntac thn ekpomp  adiamìrfw-tou fèrontoc, to l-ostì kÔma dianÔei apìstash rl = c � �l sto asÔrmato mèso, olisjaÐneiNikìlaoc D. Skèntoc - Didaktorik  Diatrib  19



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn
1Tx
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Sq ma 2.6: Exetazìmeno sen�rio gia perigraf  radiodiaÔlou qwrometablhtoÔ se pompì kai dèkth
kat� Doppler vl kai prospÐptei sto dèkth me pl�toc El apì kateÔjunsh 
R;l. H di�doshtou l-ostoÔ kÔmatoc metaxÔ twn kèntrwn twn dÔo anex�rthtwn susthm�twn suntetagmènwn
OT , OR perigr�fetai wc

El(t;OR;OT ) = El � ej2�vlt � bT � fT (
T;l) (2.33)ìpou epidr�seic tou diaÔlou sto pl�toc tou diadidìmenou kÔmatoc (p.q. ap¸leiec di�doshc,ap¸leiec lìgw skèdashc   an�klashc, klp. ) enswmat¸nontai ston par�gonta El, dhl.
El / e�j 2�

�
rl

rl
. Lamb�nontac upìyh tic jèseic twn kerai¸n pompoÔ kai dèkth, xT kai xR, tohlektrikì pedÐo El(t;xR;xT ) eÐnai olisjhmèno sth f�sh wc proc to El(t;OR;OT ) sÔmfwname thn

El(t;xR;xT ) = El(t;OR;OT )ej 2�
� h
R;l;xRiej 2�

� h
T;l;xT i (2.34)Jewr¸ntac thn diamìrfwsh tou fèrontoc apì s ma plhroforÐac s(t;xT ), akoloujeÐtai ìmoiaan�lush me aut  twn ex. (2.21)-(2.24), upojètontac thn di�dosh L to pl joc kum�twn.Tìte, to lambanìmeno s ma y(t;xRjxT ) sthn èxodo thc keraÐac tou dèkth sto shmeÐo xRpou ofeÐletai se ekpomp  apì th jèsh xT dÐnetai wc ex c
y(t;xRjxT ) =

LX

l=1

bRf(
R;l)El(t;xR;xT )s(t� �l;xT ) =

=
LX

l=1

bRf(
R;l)Ele
j2�vltbT f(
T;l)e

j 2�
� h
R;l;xRiej 2�

� h
T;l;xT is(t� �l;xT ) =

=

Z ( LX

l=1

bRf(
R;l)Ele
j2�vltbT f(
T;l)e

j 2�
� h
R;l;xRiej 2�

� h
T;l;xT i�(� � �l)

)
s(t� �;xT )d�

) y(t;xRjxT ) =

Z
h(t; �;xR;xT )s(t� �;xT )d� (2.35)20 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnìpou h(t; �;xR;xT ) eÐnai h qwro-qronik� metaballìmenh kroustik  apìkrish tou diaÔlou.
h(t; �;xR;xT ) =

LX

l=1

bRf(
R;l)Ele
j2�vltbT f(
T;l)e

j 2�
� h
R;l;xRiej 2�

� h
T;l;xT i�(� � �l)(2.36)Akolouj¸ntac ìmoia an�lush me aut  twn exis¸sewn (2.25)-(2.26) h h(t; �;xR;xT ) mporeÐna grafeÐ wc
h(t; �;xR;xT ) =

ZZ
bRf(
R)bT f(
T )h(t; �;
R;
T )ej 2�

�
h
R;xRiej 2�

�
h
T ;xT id
Rd
T(2.37)ìpou h(t; �;
R;
T ) eÐnai diplì-kateujuntik  qronometablht  kroustik  apìkrish kai dÐne-tai apì to akìloujo �jroisma:

h (t; �;
R;
T ) =
LX

l=1

Ele
j2�vlt�(� � �l)�(
R �
R;l)�(
T �
T;l) (2.38)An endiafèrei h kateujuntik  perigraf  tou radiodiaÔlou sto èna mìno �kro thc zeÔxhc,tìte aut  mporeÐ na gÐnei me thn mono-kateujuntik  sto dèkth (pompì) qwroqronik� meta-ballìmenh kroustik  apìkrish h(t; �;
R;xT ) (h(t; �;xR;
T )).

h(t; �;
R;xT ) =
LX

l=1

bT f(
T;l)e
j 2�

� h
T;l;xT iEle
j2�vlt�(� � �l)�(
R �
R;l) (2.39)

h(t; �;xR;
T ) =
LX

l=1

bRf(
R;l)e
j 2�

� h
R;l;xRiEle
j2�vlt�(� � �l)�(
T �
T;l) (2.40)Tèloc, h perigraf  tou radiodiaÔlou se ìla ta pedÐa diaspor�c, dhl. v, � , 
R, 
T , dÐnetaiapì thn diplokateujuntik  kroustik  apìkrish olÐsjhshc Doppler h (v; �;
R;
T ) h opoÐadÐnetai wc ex c:

h (v; �;
R;
T ) =
LX

l=1

El�(v � vl)�(� � �l)�(
R �
R;l)�(
T �
T;l) (2.41)Apì thn �llh pleur�, h perigraf  thc epilektik c fÔshc tou radiodiaÔlou gÐnetai qrhsimo-poi¸ntac th sun�rthsh sust matoc me orÐsmata ìla ta pedÐa metablhtìthtac, dhl. t, f , xR,
xT . H sun�rthsh aut  eÐnai h qwro-qrono metablht  sun�rthsh metafor�c H (t; f;xR;xT )kai dÐnetai apì thn akìloujh èkfrash:

H (t; f;xR;xT ) =
LX

l=1

bRf(
R;l)Ele
j2�vltej2��lfbT f(
T;l)e

j 2�
� h
R;l;xRiej 2�

� h
T;l;xT i(2.42)
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Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn2.3.2 Sunoptik  perigraf  sqèsewn eisìdou-exìdouSe aut  thn enìthta sunoyÐzontai oi sqèseic eisìdou-exìdou asÔrmatwn zeÔxewn, qrhsimo-poi¸ntac ta apotelèsmata thc prohgoÔmenhc enìthtac. H sunoptik  perigraf  kathgorio-poieÐtai an�loga me to pl joc twn kerai¸n se aut  twn SISO, SIMO, MISO kai MIMOsusthm�twn.2.3.2.1 SISO sust mata
h

( )s t ( )y tSq ma 2.7: SISO sÔsthma'Estw asÔrmath zeÔxh me mÐa keraÐa ekpomp c kai mÐa keraÐa l yhc, ìpou to s ma eisìdousthn keraÐa tou pompoÔ s(t) èqei fasmatikì perieqìmeno S(f)

S(f) =

Z
s(t)e�j2�ftdt (2.43)en¸ to s ma exìdou thc keraÐac tou dèkth y(t) èqei fasmatikì perieqìmeno Y (f).

Y (f) =

Z
y(t)e�j2�ftdt (2.44)An to sÔsthma perigr�fetai nteterministik� apì thn sun�rthsh h(t; �), h sqèsh eisìdou-exìdou dÐnetai apì thn exÐswsh (2.8). IsodÔnama, an h zeÔxh perigr�fetai apì tic sunart seicsust matoc H(t; f), h(v; �)   H(v; f), ìpwc autèc orÐsthkan stic ekfr�seic (2.9), (2.10)kai (2.11), tìte oi antÐstoiqec perigrafèc eÐnai oi akìloujec:

y(t) =

Z
S(f)H(t; f)ej2�ftdf (2.45)

y(t) =

ZZ
s(t� �)h(v; �)ej2�vtdvd� (2.46)

Y (f) =

Z
H(v; f � v)S(f � v)dv (2.47)Ousiastik�, h ex. (2.46) dhl¸nei ìti to lambanìmeno s ma y(t) apoteleÐ èna �jroisma Dop-

pler olisjhmènwn kai kajusterhmènwn antÐgrafwn tou s matoc ekpomp c s(t), alloiwmènwnapì to radiodÐaulo lìgw thc epÐdrashc apeiroel�qistwn shmeiak¸n skedast¸n ìpwc peri-gr�fei h sun�rthsh h(v; �). Pr�gmati, jewr¸ntac isotropikèc keraÐec, aut  h parat rhshmporeÐ na epibebaiwjeÐ lamb�nontac to metasqhmatismì Fourier wc proc t thc h(t; �) ìpwc22 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnaut  orÐzetai apì thn (2.31), dhl.
h(v; �) =

Z LX

l=1

El � ej2�vlt�(� � �l)e
�j2�vtdt =

=
NX

l=1

El � �(v � vl)�(� � �l)

(2.48)
2.3.2.2 SIMO sust mata

\\\1h

2h

RMh

( )s t

1( )y t

2 ( )y t

( )
RMy tSq ma 2.8: SIMO sÔsthma'Estw SIMO sÔsthma ìpou to s ma plhroforÐac s(t) ekpèmpetai apì mÐa keraÐa diadÐdetaisto asÔrmato mèso kai lamb�netai apì MR to pl joc keraÐec pou brÐskontai stic jèseic

xR;i me i = 1; :::;MR (bl. sq ma 2.9). An o dÐauloc perigr�fetai apì thn qwro-qronik�metaballìmenh kroustik  apìkrish h(t; �;xR) tìte h èxodoc thc i-ost c keraÐac l yhcdÐnetai apì thn (2.35) h opoÐa amel¸ntac thn perigraf  thc monadik c keraÐac ekpomp cgr�fetai wc
y(t;xR;i) =

Z
h(t; �;xR;i)s(t� �)d� (2.49)Sugkentr¸nontac ta MR to pl joc lambanìmena s mata sto di�nusma y(t) 2 C

MR�1,prokÔptei h akìloujh sqèsh eisìdou-exìdou tou SIMO sust matoc
y(t) =

2

66664

y(t;xR;1)

y(t;xR;2)...
y(t;xR;MR

)

3

77775
=

2

66664

R
h(t; �;xR;1)s(t� �)d�

R
h(t; �;xR;2)s(t� �)d�...

R
h(t; �;xR;MR

)s(t� �)d�

3

77775
=

Z
hsimo(t; �)s(t� �)d�(2.50)ìpou o dÐauloc perigr�fetai apì to akìloujo di�nusma kroustik c apìkrishc

hsimo(t; �) = [h(t; �;xR;1); h(t; �;xR;2); : : : ; h(t; �;xR;MR
)]T 2 C

MR�1 (2.51)Dedomènou ìti h perigraf  tou SIMO radiodiaÔlou ofeÐlei na gÐnei tautìqrona se trÐa diafo-retik� pedÐa, p.q. t, � kai xR, eÐnai dunatì na oristoÔn sunolik� okt¸ to pl joc isodÔnamecNikìlaoc D. Skèntoc - Didaktorik  Diatrib  23



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnsunart seic sust matoc. Diathr¸ntac thn perigraf  tou diaÔlou sto pedÐo tou q¸rou
xRmèsw twn dianusm�twn di�stashc MR � 1, orÐzontai sunolik� tèsseric qwrometablhtècsunart seic sust matoc, me trìpo an�logo me ta SISO sust mata, kai prokÔptoun oi an-tÐstoiqec sqèseic eisìdou-exìdou, ìpwc p.q. h ex. (2.50) gia thn sun�rthsh hsimo(t; �). Oprosdiorismìc twn upìloipwn tri¸n qwrometablht¸n sunart sewn eÐnai eÔkoloc me kat�l-lhlh efarmog  tou metasqhmatismoÔ Fourier. Endeiktik� anafèretai ìti, h qronometablht sunarthsh metafor�c hsimo(t; f), prosdiorÐzetai apì thn

hsimo(t; f) =

Z
hsimo(t; �)e�j2�f�d� (2.52)kai mporeÐ na qrhsimopoihjeÐ sthn (2.53) gia ton prosdiorismì thc exìdou y(t).

y(t) =

Z
S(f)hsimo(t; f)ej2�ftdf (2.53)An o radiodÐauloc perigrafeÐ wc proc ta diaskorpistik� qarakthristik� tou sto pedÐo 
R,

3Rx

RO

1Rx

2Rx

,1( , )Ry t x

,2( , )Ry t x

,( , )
RR My t x

Sq ma 2.9: Orismìc dianusm�twn jèshc kerai¸n l yhcmèsw thc qronometablht c kateujuntik c kroustik c apìkrishc h(t; �;
R), tìte to s masthn èxodo thc i-ost c keraÐac l yhc dÐnetai apì thn akìloujh èkfrash
y(t;xR;i) =

ZZ
fR;i(
R)ej 2�

� h
R;xR;iis(t� �)h(t; �;
R)d�d
R (2.54)ìpou fR;i(
R) to di�gramma aktinobolÐac thc i-ost c keraÐac l yhc. Sugkentr¸nontactic apokrÐseic ìlwn twn kerai¸n l yhc sto di�nusma apìkrishc keraÐac dèkth cR(
R) 2
C

MR�1,
cR(
R) =

h
fR;1(
R)ej 2�

� h
R;xR;1i; : : : ; fR;MR
(
R)ej 2�

� h
R;xR;MRi
iT (2.55)24 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnto lambanìmeno s ma y(t) dÐnetai apì
y(t) =

ZZ
cR(
R)h(t; �;
R)s(t� �)d
Rd� (2.56)EÐnai fanerì ìti h hsimo(t; �) sundèetai me thn h(t; �;
R) wc ex c

hsimo(t; �) =

Z
cR(
R)h(t; �;
R)d
R (2.57)Shmei¸netai, ìti o prosdiorismìc twn upìloipwn tri¸n kateujuntik¸n sunart sewn sust -matoc me perigraf  sta pedÐa v kai f eÐnai aplìc me kat�llhlh efarmog  twn metasqhmati-sm¸n Fourier stic metablhtèc t kai � thc h(t; �;
R).2.3.2.3 MISO sust mata

]]]
( )

TMs t

2 ( )s t

1( )s t 1h

2h

TMh

( )y t

Sq ma 2.10: MISO sÔsthma'Estw ìti up�rqoun MT to pl joc keraÐec ekpomp c se jèseic pou orÐzontai apì ta dia-nÔsmata xT;j , j = 1; :::;MT , kai ekpèmpoun to s ma plhroforÐac s(t;xT;j) (bl. sq ma2.11), tìte to lambanìmeno s ma sth jèsh xR dÐnetai apì to �jroisma twn epimèrouc ìrwn
y(t;xRjxT;j) (bl. ex.(2.35) ). Agno¸ntac thn jèsh thc monadik c keraÐac l yhc, h sqèsheisìdou-exìdou tou MISO sust matoc, mporeÐ na ekfrasteÐ wc ex c

y(t) =

MTX

j=1

y(tjxT;j) =

MTX

j=1

Z
h(t; �;xT;j)s(t� �;xT;j)d�

=

Z
8
<

:

MTX

j=1

h(t; �;xT;j)s(t� �;xT;j)

9
=

; d� )

y(t) =

Z
hT

miso(t; �)s(t� �)d�

(2.58)
ìpou hmiso(t; �) eÐnai to di�nusma qronometablht c kroustik c apìkrishc

hmiso(t; �) = [h(t; �;xT;1); h(t; �;xT;2); : : : ; h(t; �;xT;MT
)]T 2 C

MT �1 (2.59)Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  25



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnkai s(t) to di�nusma s matoc plhroforÐac.
s(t) = [s(t;xT;1); s(t;xT;2); : : : ; s(t;xT;MT

)]T (2.60)
,1( , )Ts t x

,2( , )Ts t x

,( , )
TT Ms t x

,1Tx

,2Tx

, TT Mx

1Tx

TO

3Tx

2Tx

Sq ma 2.11: Orismìc dianusm�twn jèshc kerai¸n ekpomp cH kateujuntik  perigraf  tou MISO diaÔlou mporeÐ na gÐnei me thn sun�rthsh sust matoc
h(t; �;
T ) an upotejeÐ ìti ta kateujuntik� qarakthristik� sthn kontin  perioq  tou pompoÔeÐnai koin� gia pollaplèc keraÐec ekpomp c. An h j-ost  keraÐa ekpomp c èqei di�grammaaktinobolÐac fT;j(
T ) tìte to lambanìmeno s ma sth jèsh xR dÐnetai apì to �jroisma

y(t) =

MTX

j=1

ZZ
fT;j(
T )ej 2�

� h
T ;xT;jis(t� �;xT;j)h(t; �;
T )d�d
T (2.61)to opoÐo mporeÐ grafeÐ wc
y(t) =

ZZ
cT

T (
T )s(t� �)h(t; �;
T )d�d
T (2.62)ìpou cT (
T ) eÐnai to di�nusma apìkrishc keraÐac ekpomp c.
cT (
T ) =

h
fT;1(
T )ej 2�

� h
T ;xT;1i; : : : ; fT;MT
(
T )ej 2�

� h
T ;xT;MT i
iT (2.63)'Omoia me thn perÐptwsh twn SIMO susthm�twn, to di�nusma qronometablht c kroustik capìkrishc hmiso(t; �) sundèetai me thn kateujuntik  perigraf  h(t; �;
T ) sÔmfwna me thn(2.64).

hmiso(t; �) =

Z
cT (
T )h(t; �;
T )d
T (2.64)26 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn2.3.2.4 MIMO sust mata
^̂̂ ^̂̂

11h

12h

1 TMh

2 TMh

R TM Mh

( )
TMs t

2 ( )s t

1( )s t 1( )y t

2 ( )y t

( )
RMy tSq ma 2.12: MR�MT MIMO sÔsthma meMT ;MR keraiostoiqeÐa se pompì kai dèkth antÐstoiqaEpekteÐnontac thn an�lush twn prohgoÔmenwn paragr�fwn, melet�tai ènaMR�MT MIMOsÔsthma. To lambanìmeno s ma y(t;xR;i) sthn èxodo thc i-ost c keraÐac tou dèkth dÐnetaisÔmfwna me thn (2.58) apì thn akìloujh èkfrash

y(t;xR;i) =

Z
hT

miso(t; �;xR;1)s(t� �)d� (2.65)Sundu�zontac ta MR to pl joc MT � 1 MISO sust mata pou apartÐzoun to MIMO sÔ-sthma, to di�nusma tou lambanìmenou s matoc y(t) dÐnetai wc ex c
y(t) =

2

66664

y(t;xR;1)

y(t;xR;2)...
y(t;xR;MR

)

3

77775
=

2

66664

R
hT

miso(t; �;xR;1)s(t� �)d�
R

hT
miso(t; �;xR;2)s(t� �)d�...

R
hT

miso(t; �;xR;MR
)s(t� �)d�

3

77775
)

y(t) =

Z
H(t; �)s(t� �)d�

(2.66)
ìpou H(t; �) eÐnai o MIMO pÐnakac qronometablht c kroustik c apìkrishc. To i; j stoiqeÐotou H(t; �) perigr�fei thn qronometablht  kroustik  apìkrish thc zeÔxhc apì to j-ost keraÐa tou pompoÔ sthn i-ost  keraÐa tou dèkth, dhl.

H(t; �) =

2

664

h(t; �;xR;1;xT;1) � � � h(t; �;xR;1;xT;MT
)... . . . ...

h(t; �;xR;MR
;xT;1) � � � h(t; �;xR;MR

;xT;MT
)

3

775 (2.67)H qr sh tou pÐnaka H 2 C
MR�MT upodhl¸nei thn perigraf  tou radiodiaÔlou tou stopedÐo tou q¸rou se k�je �kro thc MIMO zeÔxhc. Me qr sh tou metasqhmatismoÔ Fouriersta pedÐa � , v upologÐzontai oi pÐnakec H(t; f), H(v; �) kai H(v; f) pou oloklhr¸noun tosÔnolo twn qwrometablht¸n perigraf¸n tou radiodiaÔlou. Oi antÐstoiqec sqèseic eisìdouexìdou, se pl rh antistoiqÐa me autèc twn SISO susthm�twn (bl. ex. (2.45),(2.46),(2.47) )Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  27



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n ExìdwndÐnontai parak�tw
y(t) =

Z
H(t; f)s(f)ej2�ftdf (2.68)

y(t) =

ZZ
H(v; �)s(t� �)ej2�vtdvd� (2.69)

y(f) =

Z
H(v; f � v)s(f � v)dv (2.70)Aplopoihmènec peript¸seicSthn perÐptwsh susthm�twn sten c z¸nhc, ìpou oi dialeÐyeic pou eis�gei o radiodÐaulocden eÐnai epilektikèc wc proc th suqnìthta, dhl. H(t; f) = H(t), h ex. (2.68) ekfulÐzetaisthn akìloujh pollaplasiastik  èkfrash

y(t) = H(t)s(t) (2.71)AntÐstoiqa, ìtan o dÐauloc jewreÐtai ìti eÐnai mh qronik� metaballìmenoc, dhl. h olÐsjhsh
Doppler eÐnai mhdenik  v = 0 h ex. (2.70) ekfulÐzetai sthn

y(f) = H(f)s(f) (2.72)Epiplèon, ìtan o dÐauloc jewreÐtai ìti eÐnai arg� qronik� metaballìmenoc, tìte eÐnai sÔnh-jec na gÐnetai h paradoq  thc sqedìn statikìthtac (quasi-static) sÔmfwna me thn opoÐa giaqronikì di�sthma ekpomp c arket¸n sumbìlwn s matoc o dÐauloc paramènei qronik� ame-t�blhtoc. Sthn perÐptwsh twn sqedìn statik¸n MIMO kanali¸n h sqèsh eisìdou exìdousto pedÐo thc suqnìthtac dÐnetai apì thn ex.(2.73).
y(f) = H(t; f)s(f) (2.73)O pÐnakac diaÔlou MIMO H(t; �) perigr�fei majhmatik� to tm ma thc zeÔxhc apì ticjÔrec eisìdou twn kerai¸n tou pompoÔ mèqri tic jÔrec exìdou twn kerai¸n tou dèkth, ensw-mat¸nontac tic epidr�seic tou asÔrmatou mèsou all� kai twn kerai¸n. H ex�rths  tou apìthn diplo-kateujuntik  qronometablht  kroustik  apìkrish tou diaÔlou h(t; �;
R;
T )kaj¸c kai ta dianÔsmata apìkrishc twn kerai¸n pompoÔ kai dèkth cT (
T ), cR(
R) gÐnetaifaner  sthn akìloujh èkfrash

H(t; �) =

ZZ
cR(
R)cT

T (
T )h(t; �;
R;
T )d
Rd
T (2.74)ìpou h h(t; �;
R;
T ) dÐnetai apì thn ex.(2.38) kai perigr�fei thn di�dosh twn epÐpedwnkum�twn sto asÔrmato mèso, en¸ ta dianÔsmata apìkrishc dÐnontai apì tic ex.(2.63), (2.55)kai perigr�foun ta qarakthristik� aktinobolÐac twn keraiostoiqeÐwn kaj¸c kai th gewmetrÐatouc sto q¸ro.28 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn2.3.3 Perigraf  tou tuqaÐou radiodiaÔlouH perigraf  twn parap�nw paragr�fwn ja  tan pl rhc an h qronik  metabol  tou sust ma-toc  tan nteterministik . Sthn pragmatikìthta ìmwc, oi allagèc stic sunj kec di�doshc twnkum�twn metab�llontai me tuqaÐo trìpo, opìte oi sunart seic sust matoc eÐnai stoqastikècdiadikasÐec kai to sÔsthma qarakthrÐzetai wc stoqastikì. H oloklhrwmènh perigraf  touradiodiaÔlou apaiteÐ ton prosdiorismì thc apì koinoÔ sun�rthshc puknìthtac pijanìthtac
p se ìla ta pedÐa perigraf c tou, p.q. p(t; �) gia èna sÔsthma SISO. Praktik� ìmwc, oprosdiorismìc autìc eÐnai exairetik� polÔplokoc opìte h perigraf  thc tuqaÐac fÔshc toudiaÔlou periorÐzetai ston prosdiorismì twn statistik¸n pr¸thc kai deÔterhc t�xhc upì thnupìjesh ìti h tuqaiìthta tou diaÔlou mporeÐ na perigrafeÐ apì thn kanonik  katanom .Tìte oi mèsec timèc, oi sunart seic autosusqètishc twn sunart sewn sust matoc  /kai oiantÐstoiqec fasmatikèc puknìthtec isqÔoc eÐnai ikanèc gia thn pl rh perigraf  thc tuqaÐacfÔshc tou radiodiaÔlou. H an�lush autoÔ tou eÐdouc jemelei¸jhke apì ton Bello [9] gia
SISO sust mata. Gia SIMO sust mata h an�lush epekt�jhke ¸ste na enswmatwjeÐ topedÐo tou q¸rou ston dèkth (bl. p.q. [10],[11]). Lìgw thc arq c thc amoibaiìthtac h an�-lush aut  eÐnai efarmìsimh se MISO sust mata epÐshc. 'Omwc, sth perÐptwsh twn MIMOsusthm�twn h an�gkh gia perigraf  tautìqrona se tèssera pedÐa prok�lese thn aÔxhsh thcpoluplokìthtac perigraf c twn sunart sewn sust matoc me statistik� megèjh deÔterhct�xhc.Sthn enìthta aut  gÐnetai mia sÔntomh perigraf  thc jewrÐac perigraf c tou tuqaÐou radio-diaÔlou arqik� gia SISO sust mata kai sth sunèqeia gia asÔrmata sust mata pollapl¸nkerai¸n.2.3.3.1 O tuqaÐoc radiodÐauloc SISOH tuqaÐothta tou perib�llontoc di�doshc prokaleÐ tuqaÐa metabol  stic sunart seic su-st matoc oi opoÐec qarakthrÐzontai wc stoqastikèc diadikasÐec. Se èna SISO sÔsthma giatic tèsseric sunart seic sust matoc tou sq matoc 2.4 orÐzontai oi antÐstoiqec sunart seicautosusqètishc sthn ex.(2.75).

Rh (t1; t2; �1; �2) = E fh (t1; �1)� h (t2; �2)g
Rh (v1; v2; �1; �2) = E fh (v1; �1)� h (v2; �2)g
RH (t1; t2; f1; f2) = E fH (t1; f1)�H (t2; f2)g
RH (v1; v2; f1; f2) = E fH (v1; f1)�H (v2; f2)g

(2.75)O telest c E f�g dhl¸nei thn mèsh tim  wc proc to sÔnolo ulopoi sewn thc stoqastik cdiadikasÐac pou perilamb�netai sto ìrisma tou.H paradoq  thc statikìthtac upì thn eureÐa ènnoia sto pedÐo tou qrìnouSe pollèc peript¸seic ta statistik� megèjh diaÔlou mporoÔn na jewrhjoÔn statik� gia ènaqronikì di�sthma. Jewr¸ntac thn Ôparxh statikìthtac upì thn eureÐa ènnoia (wide senseNikìlaoc D. Skèntoc - Didaktorik  Diatrib  29



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn
stationarity - WSS), oi sunart seic autosusqètishc sto pedÐo tou qrìnou den exart¸ntaiapì tic akribeÐc timèc twn orism�twn t1, t2 all� apì tic diafor� touc �t. Sunep¸c, upì thnparadoq  statikìthtac sto qrìno, gia thn Rh (t1; t2; �1; �2) isqÔoun ta akìlouja:

Rh (t1; t2; �1; �2) = E fh (t1; �1)� h (t2; �2)g )
Rh (t; t+ �t; �1; �2) = E fh (t; �1)� h (t+ �t; �2)g = Rh (�t; �1; �2)

(2.76)'Omwc, lamb�nontac thnRh (v1; v2; �1; �2) apì ton metasqhmatismì Fourier thcRh (t1; t2; �1; �2)wc proc t1; t2 kai qrhsimopoi¸ntac tìso to apotèlesma thc ex.(2.76) ìso kai tic allagècmetablht¸n t = t2, t1 = t��t prokÔptei h parak�tw èkfrash gia thn Rh (v1; v2; �1; �2).
Rh (v1; v2; �1; �2) =

1Z

�1

1Z

�1

Rh (t1; t2; �1; �2) �ej2�(v1t1�v2t2)dt1dt2 ,

Rh (v1; v2; �1; �2) =

1Z

�1

1Z

�1

Rh (�t; �1; �2) �ej2�(v1(t��t)�v2t)dtd�t =

1Z

�1

ej2�(v1�v2)tdt

1Z

�1

Rh (�t; �1; �2) �e�j2�v1�td�t,

Rh (v1; v2; �1; �2) = Ph (v1; �1; �2) � (v1 � v2)

(2.77)
ìpou

Ph (v; �1; �2) =

1Z

�1

Rh (�t; �1; �2) �e�j2�v�td�t (2.78)'Omoia, apodeiknÔetai ìti
RH (v1; v2; f1; f2) = PH (v1; f1; f2) � (v1 � v2) (2.79)Sunep¸c, h paradoq  statikìthtac sto pedÐo tou qrìnou t sunep�getai thn asusqètisthsuneisfor� sunistws¸n me diaforetikèc olisj seic Doppler v1 6= v2 stic Rh (v1; v2; �1; �2),

RH (v1; v2; f1; f2).H paradoq  asusqètisthc skèdashcSe pollèc peript¸seic di�doshc, o radiodÐauloc mporeÐ na montelopoihjeÐ wc to apotèlesmathc upèrjeshc asusqètistwn metaxÔ touc kum�twn pou ofeÐlontai se diaforetikoÔc ske-dastèc. H paradoq  asusqètisthc skèdashc (uncorrelated scattering - US) se èna SISOdÐaulo èqei efarmog  sto pedÐo kajustèrhshc di�doshc � kai majhmatik� sunep�getai ticakìloujec aplopoi seic stic Rh (t1; t2; �1; �2), Rh (v1; v2; �1; �2).
Rh (t1; t2; �1; �2) = Ph (t1; t2; �1) � (�1 � �2)

Rh (v1; v2; �1; �2) = Ph (v1; v2; �1) � (�1 � �2)
(2.80)30 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n ExìdwnApì tic parap�nw exis¸seic kai akolouj¸ntac thn antÐstrofh sullogistik  twn ekfr�sewnthc ex.(2.77) prokÔptei ìti h paradoq  asusqètisthc skèdashc sto pedÐo � eÐnai isodÔnamhme thn paradoq  statikìthtac sto duadikì pedÐo thc suqnìthtac f , dhl.
RH (t1; t2; f1; f2) = RH (t1; t2; f1 � f2) = RH (t1; t2;�f) (2.81)H paradoq  WSSUSO sunduasmìc thc paradoq c statikìthtac sto pedÐo tou qrìnou t kai asusqètisthc skè-dashc sto pedÐo thc kajustèrhshc di�doshc � kaleÐtai WSSUS kai aplopoieÐ idiaÐtera thnperigraf  tuqaÐwn radiodiaÔlwn SISO. Pr�gmati, an isqÔei h parodoq  WSSUS oi sunar-t seic autosusqètishc thc ex.(2.75) gr�fontai wc ex c:

Rh (t1; t2; �1; �2) = Ph (�t; �1) � (�1 � �2)

Rh (v1; v2; �1; �2) = Ph (v1; �1) � (�1 � �2) � (v1 � v2)

RH (v1; v2; f1; f2) = PH (v1;�f) � (v1 � v2)

RH (t1; t2; f1; f2) = RH (�t;�f)

(2.82)ìpou �t = t2 � t1 kai �f = f2 � f1.H efarmog  thc paradoq c WSSUS eÐnai realistik  gia thn perigraf  twn metabol¸n mikr cklÐmakac (short-term) enìc SISO diaÔlou ìtan oi metabolèc sth f�sh tou hlektrikoÔ pedÐ-ou k�je prospÐptontoc kÔmatoc eÐnai polÔ gr gorec. Sthn perÐptwsh aut , h suneisfor�tou k�je kÔmatoc stic sunart seic sust matoc mporeÐ na jewrhjeÐ ìti eÐnai asusqètisthme th suneisfor� opoioud pote �llou kÔmatoc. Oi gr gorec allagèc sth f�sh sundèontai�mesa me to sen�rio di�doshc pou exet�zetai. Qarakthristikì par�deigma eÐnai ènac dÐaulockinht¸n asÔrmatwn epikoinwni¸n, ìpou h suneq c kÐnhsh tou termatikoÔ all� kai twn ske-dast¸n k�nei realistik  thn paradoq  WSSUS.Apì thn parap�nw majhmatik  an�lush, eÐnai fanerì pwc oi sunart seic Ph (�t; �1), Ph (v; �),
PH (v;�f), RH (�t;�f), pou perièqontai sthn perigraf  twn sunart sewn autosusqèti-shc twn WSSUS diaÔlwn, èqoun duadik  sqèsh metaxÔ touc wc proc to metasqhmatismì
Fourier. Ta duadik� zeÔgh metablht¸n eÐnai � F�! �f kai �t

F�! v. EÐnai fanerì ìti oi didi�-statec sunart seic pou perièqoun orÐsmata �t  /kai �f ekfr�zoun autosusqètish wc procta orÐsmata aut�, en¸ oi sunart seic pou perièqoun orÐsmata �  /kai v ekfr�zoun fasmatik puknìthta isqÔoc wc proc ta orÐsmata aut�. Sunep¸c, h amig¸c sun�rthsh autosusqètishctou diaÔlou eÐnai h sun�rthsh autosusqètishc qrìnou-suqnìthtac RH (�t;�f), en¸ h ami-g¸c sun�rthsh fasmatik c puknìthtac isqÔoc eÐnai h sun�rthsh Ph (v; �) h opoÐa kaleÐtaialli¸c kai sun�rthsh skèdashc. Oi RH (�t;�f) kai Ph (v; �) sundèontai metaxÔ touc mediplì metasqhmatismì Fourier, ìpwc dhl¸nei h ex.(2.83).
RH (�t;�f) =

ZZ
Ph (v; �) ej2�v�tej2���fdvd� (2.83)Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  31



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n ExìdwnGenikìtera, oi sqèseic duadikìthtac metaxÔ twn sunart sewn Ph (�t; �), Ph (v; �), PH (v;�f),
RH (�t;�f) apeikonÐzontai sto sq ma 2.13.

( , )HR t f
_ _ ( , )hP t `a

( , )HP v f
b ( , )hP v c

1de1de1fg
1hi j kj lSq ma 2.13: Sqèseic duadikìthtac Fourier metaxÔ twn sunart sewn qarakthrismoÔ thc tuqaÐacfÔshc tou SISO radiodiaÔlou upì thn paradoq  WSSUS.2.3.3.2 O tuqaÐoc radiodÐauloc MIMOSthn perÐptwsh twn MIMO susthm�twn o radiodÐauloc ektìc apì qronik� eÐnai kai qwrik�metaballìmenoc sta anoÐgmata twn stoiqeiokerai¸n pompoÔ kai dèkth. H perigraf  thctuqaÐac fÔshc tou radiodiaÔlou ofeÐlei na epektajeÐ ¸ste na perigr�yei statistik� thn me-tabol  sta dÔo epiplèon pedÐa tou q¸rou ìpwc aut� perigr�fontai apì ta dianÔsmata jèshc

xR, xT . ProhgoÔmena, anadeÐqjhke sthn enìthta 2.3.1 h duadikìthta wc proc to metasqh-matismì Fourier twn pedÐwn thc kateÔjunshc di�doshc 
 kai tou q¸rou x, me x
F�! 
, en¸epideÐqjhke kai h sun�feia thc qwrometablht c kai thc qronometablht c perigraf c toukanalioÔ gia tic sunart seic sust matoc.Sta MIMO kan�lia, oi sunart seic sust matoc èqoun 4 orÐsmata kai to sunolikì toucpl joc eÐnai 24 = 16. Endeiktik� anafèretai ìti, h sun�rthsh sust matoc gia ta pedÐadiaspor�c eÐnai h kroustik  apìkrish h (v; �;
R;
T ), en¸ h sun�rthsh sust matoc giata pedÐa metablhtìthtac eÐnai h sun�rthsh metafor�c H (t; f;xR;xT ). EÐnai fanerì ìti oisunart seic autosusqètishc sthn genik  perÐptwsh ja èqoun 8 orÐsmata kai to sunolikìtouc pl joc ja eÐnai 2 � 24 = 32. Gia par�deigma, h sun�rthsh autosusqètishc sta pedÐametablhtìthtac eÐnai RH (t1; t2; f1; f2;xR;1;xR;2;xT;1;xT;2), en¸ sta pedÐa diaspor�c eÐnai

Rh (v1; v2; �1; �2;
R;1;
R;2;
T;1;
T;2) kai orÐzontai wc ex c:
RH (t1; t2; f1; f2;xR;1;xR;2;xT;1;xT;2) = E fH (t1; f1;xR;1;xT;1)�H (t2; f2;xR;2;xT;2)g
Rh (v1; v2; �1; �2;
R;1;
R;2;
T;1;
T;2) = E fh (v1; �1;
R;1;
T;1)� h (v2; �2;
R;2;
T;2)g(2.84)H paradoq  WSSUPAntÐstoiqa me thn perÐptwsh twn SISO susthm�twn h perigraf  thc tuqaiìthtac mèsw twnsunart sewn autosusqètishc mporeÐ na aplopoihjeÐ me qr sh paradoq¸n. Genik�, h upìje-sh thc asusqètisthc skèdashc sta pedÐa diaspor�c isodunameÐ me thn upìjesh statikìthtacme thn eureÐa ènnoia sta antÐstoiqa duadik� pedÐa metablhtìthtac. Eidikìtera, epekteÐnon-32 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwntac thn upìjesh WSSUS kai jewr¸ntac asusqètista kÔmata (uncorrelated paths - UP)stic di�forec kateujÔnseic di�doshc 
R, 
T , h Rh (v1; v2; �1; �2;
R;1;
R;2;
T;1;
T;2)gr�fetai wc ex c:
E fh (v1; �1;
R;1;
T;1)� h (v2; �2;
R;2;
T;2)g =

Ph (v1; �1;
R;1;
T;1) � (v1 � v2) � (�1 � �2) � (
R;1 �
R;2) � (
T;1 �
T;2) (2.85)ìpou
Ph (v; �;
R;
T ) = E

n
jh (v; �;
R;
T )j2

o (2.86)eÐnai h diplokateujuntik  fasmatik  puknìthta isqÔoc kajustèrhshc di�doshc - olÐsjhshc
Doppler   alli¸c diplokateujuntik  sun�rthsh skèdashc.IsodÔnama, h sun�rthsh autosusqètishc q¸rou-qrìnou-suqnìthtac eÐnai statik  sta pedÐa
t; f;xR;xT kai exart�tai mìno apì tic diaforèc twn orism�twn kai ìqi apì tic akribeÐc timèctouc, dhl.

E fH (t1; f1;xR;1;xT;1)�H (t2; f2;xR;2;xT;2)g = RH (�t;�f;�xR;�xT ) (2.87)ìpou
�t = t1 � t2; �f = f1 � f2; �xR = xR;1 � xR;2; �xT = xT;1 � xT;2Upì thn paradoq  WSSUP, h duadikìthta metaxÔ twnRH (t1; t2; f1; f2;xR;1;xR;2;xT;1;xT;2),

Rh (v1; v2; �1; �2;
R;1;
R;2;
T;1;
T;2) odhgeÐ sth duadikìthta metaxÔ twn sunart sewn
RH (�t;�f;�xR;�xT ), Ph (v; �;
R;
T ) mèsw tou akìloujou pollaploÔ metasqhmati-smoÔ Fourier:
RH (�t;�f;�xR;�xT ) =

ZZZ Z
b2

RjfR (
R) j2b2
T jfT (
T ) j2Ph (v; �;
R;
T )�

ej2�v�te�j2���fej 2�
� h
R;1;�xRiej 2�

�
h
T ;�xT idvd�d
Rd
T (2.88)GenikeÔontac, oi sqèseic duadikìthtac twn sunart sewn autosusqètishc kai twn fasmati-k¸n puknot twn isqÔoc pou perigr�fhkan gia ta SISO sust mata, epekteÐnontai ¸ste nasumperil�boun thn duadikìthta kateÔjunshc-q¸rou. Dedomènhc thc paradoq c WSSUP,ston pÐnaka 2.2 sunoyÐzontai ta duadik� pedÐa gia thn perigraf  thc tuqaiìthtac radiodiaÔ-lou kaj¸c kai oi metaxÔ touc sqèseic.2.4 ProseggÐseic montelopoÐhshc MIMO diaÔlou2.4.1 KathgoriopoÐhsh montèlwnTa montèla radiodiaÔlou mporoÔn na kathgoriopoihjoÔn me di�forouc trìpouc an�loga meto krit rio di�krishc. An to krit rio eÐnai to eÔroc z¸nhc tou asÔrmatou sust matoc sesqèsh me to eÔroc sunoq c tou diaÔlou, tìte up�rqei h di�krish se montèla sten c kai eu-Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  33



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n ExìdwnPÐnakac 2.2: Sqèseic duadikìthtac metaxÔ pedÐwn gia thn tuqaÐa perigraf c radiodiaÔlou upìthn paradoq  WSSUPdiaspor� metasqhmatismìc metablhtìthta
�

F�! �f

v
F � �t


R
F � �xR


T
F � �xTreÐac z¸nhc (narrowband vs wideband). An to krit rio eÐnai to perib�llon di�doshc tìte tamontèla mporoÔn na diakrijoÔn se eswterik¸n kai exwterik¸n q¸rwn (indoor vs outdoor),en¸ an to krit rio eÐnai h kinhtikìthta tou qr sth se kinht¸n   stajer¸n epikoinwni¸n(mobile vs �xed). Epiplèon, eÐnai dunatì na up�rqoun epimèrouc diakrÐseic ìpwc p.q. giata exwterik� perib�llonta di�doshc pou qwrÐzontai se astik�, hmiastik�   agrotik� (urban

vs suburban vs rural)   gia ta kuyelwt� sust mata ìpou up�rqoun diaforetik� montèlagia tic makro-, mikro-, kai piko-kuyèlec (macro vs micro vs picocells). Tèloc, ènac ba-sikìc trìpoc kathgoriopoÐhshc twn montèlwn radiodiaÔlou èqei wc krit rio th filosofÐamontelopoÐhshc pou akoloujeÐtai opìte ta montèla diakrÐnontai se analutik� (analytical)kai fusik� (physical). Sthn pr¸th perÐptwsh, o dÐauloc perigr�fetai montelopoi¸ntac ticsunart seic sust matoc stoqastik� qrhsimopoi¸ntac statistik� megèjh pr¸thc kai deÔte-rhc t�xhc. Ousiastik�, h perigraf  tou radiodiaÔlou me analutik� montèla esti�zei sthnepÐdrash tou asÔrmatou mèsou sto ekpempìmeno s ma ìpwc aut  gÐnetai antilhpt  sto s maexìdou thc keraÐac tou dèkth, qwrÐc na prosfèrei plhroforÐa gia ton trìpo di�doshc apìton pompì sto dèkth. AntÐjeta, ta fusik� montèla perigr�foun to asÔrmato mèso b�sei twnqarakthristik¸n twn hletromagnhtik¸n kum�twn pou diadÐdontai apì thn kontin  perioq tou pompoÔ mèqri thn kontin  perioq  tou dèkth.Sth sunèqeia ja perigrafoÔn merikèc apì tic basikìterec proseggÐseic montelopoÐhshc MI-

MO diaÔlou pou èqoun parousiasteÐ sth diejn  episthmonik  bibliografÐa akolouj¸ntacto diaqwrismì se analutik� kai fusik� montèla [12], [13], [14].2.4.2 Analutik� montèlaH qr sh analutik¸n montèlwn skopeÔei genik� sthn stoqastik  perigraf  twn stoiqeÐ-wn tou MIMO pÐnaka H. Jewr¸ntac èna MIMO sÔsthma sten c z¸nhc me MT kai MRkeraiostoiqeÐa se pompì kai dèkth antÐstoiqa, tìte o migadikìc pÐnakac H èqei diast�seic
MR � MT kai h pl rhc stoqastik  perigraf  tou gÐnetai me ton prosdiorismì thc apìkoinoÔ sun�rthshc puknìthtac pijanìthtac twn stoiqeÐwn tou. To stoiqeÐo hij tou Hanaparist� to apotèlesma thc upèrjeshc sthn j-st  keraÐa l yhc ìlwn twn kum�twn pouprospÐptoun se aut  kai ofeÐlontai se ekpomp  apì thn i-ost  keraÐa tou pompoÔ. Me34 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnefarmog  tou kentrikoÔ oriakoÔ jewr matoc prokÔptei ìti to apotèlesma thc upèrjeshcakoloujeÐ thn kanonik  katanom , opìte gia thn kajemÐa tuqaÐa metablht  hij isqÔei ìti
hij � CN 8 i = 1; :::;MR kai j = 1; :::;MT . To gegonìc autì den exasfalÐzei ìti h apì koi-noÔ katanom  ìlwn twn stoiqeÐwn ja eÐnai kanonik , apoteleÐ ìmwc mÐa upìdeixh gia na gÐneih antÐstoiqh je¸rhsh. Sunep¸c, h statistik  perigraf  tou H jewreÐtai ìti dÐnetai apìthn polumetablht  kanonik  katanom  (multivariate gaussian distribution). Oi MR �MT topl joc migadikèc perigrafèc hij mporoÔn an diataqjoÔn se èna di�nusma h sÔmfwna me thn

h = vec fHg (2.89)qrhsimopoi¸ntac ton telest  stoÐbac vecf�g o opoÐoc stoib�zei katakìrufa tic st lec touorÐsmatoc tou (bl. sq ma 2.14). An h mèsh tim  tou h dÐnetai apì to di�nusma m = E fhg,
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~~~~Sq ma 2.14: EpÐdrash tou telest  stoÐbac vecf�g se didi�stato pÐnakatìte h spp f(h) dÐnetai apì thn èkfrash
f(h) =

1

�MRMT detfRHg
expf� (h�m)H R�1

H (h�m)g (2.90)ìpou me detf�g sumbolÐzetai h orÐzousa kai me RH oMRMT �MRMT pÐnakac summetablh-tìthtac tou H pou orÐzetai wc ex c
RH = E

n
(vec fHg �m) (vec fHg �m)H

o (2.91)Sunep¸c, h statistik  perigraf  tou pÐnaka H, mèsw thc f(h), ègkeitai ston prosdiorismìthc mèshc tim c m kai tou pÐnaka summetablhtìthtac RH, dhl. twn statistik¸n megej¸npr¸thc kai deÔterhc t�xhc. 'Otan m = 0 tìte o pÐnakac perigr�fei dialeÐyeic tÔpou Rayleighen¸ ìtan m 6= 0 dialeÐyeic tÔpou Rice.2.4.2.1 Montèlo i.i.dH pio apl  prosèggish sth montelopoÐhsh tou MIMO pÐnaka eÐnai h je¸rhsh ìti ta stoiqeÐatou eÐnai anex�rthta, omoiìmorfa katanemhmèna (independent identically distributed - i.i.d)Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  35



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnkai akoloujoÔn thn kanonik  katanom  me mhdenik  mèsh tim  kai metablhtìthta �2. Seaut  thn perÐptwsh o MIMO pÐnakac dhl¸netai wc Hiid opìte hiid = vecfHiidg kai gia tonpÐnaka susqètishc twn stoiqeÐwn tou isqÔei ìti RHiid
= �2I ) det fRHiid

g =
�
�2
�MRMT .Sunep¸c, h apì koinoÔ spp dÐnetai apì thn akìloujh èkfrash

f(hiid) =
�
��2

��MRMT exp

�
�hH

iidhiid

�2

� (2.92)H parap�nw perigraf  tou pÐnaka Hiid diakrÐnetai gia thn aplìthta thc kai qrhsimopoi jhkeektetamèna stic prwtarqikèc melètec twn susthm�twn MIMO [1]. Praktik�, o Hiid eÐnaiefarmìsimoc se peript¸seic ìpou ta keraiostoiqeÐa den parousi�zoun fainìmena susqètishckai sta dÔo �kra thc MIMO zeÔxhc, lìgw thc auxhmènhc apìstashc metaxÔ touc, en¸ toperib�llon di�doshc emfanÐzei èntona fainìmena poludiadromik c di�doshc. Aut  h anapar�-stash tou radiodiaÔlou mporeÐ na odhg sei se uperektimhmèna apotelèsmata epÐdoshc (p.q.se upologismoÔc qwrhtikìthtac diaÔlou) pou den sunant¸ntai sthn pr�xh. Gia to lìgoautì, h perigraf  pragmatik¸n sunjhk¸n di�doshc apaiteÐ èna pio realistikì prosdiorismìtou pÐnaka summetablhtìthtac RH.2.4.2.2 Montèlo qwrik c susqètishcH eisagwg  susqètishc metaxÔ twn stoiqeÐwn tou pÐnaka H, ìpwc aut  perigr�fetai apìton RH, epitugq�netai me efarmog  thc
vec fHg = R

1=2
H vec fHiidg (2.93)ìpou o pÐnakac R

1=2
H eÐnai h tetragwnik  rÐza tou RH kai ex orismoÔ ikanopoieÐ thn èkfrash(2.94).

R
1=2
H

�
R

1=2
H

�H
= RH (2.94)2.4.2.3 Montèlo KroneckerH poluplokìthta ston prosdiorismì twn stoiqeÐwn tou RH aux�nei me to pl joc twnkerai¸n pou apartÐzoun to MIMO sÔsthma. Gia na epiteuqjeÐ h aplìthta sth montelopoÐhshtou diaÔlou èqei protajeÐ h qr sh aplopoi sewn gia ton prosdiorismì tou RH ìpwc p.q hparadoq  thc diaqwrisimìthtac [15]. SÔmfwna me aut , o suntelest c susqètishc metaxÔdÔo opoiwnd pote SISO diaÔlwn mporeÐ na ekfrasteÐ wc to ginìmeno twn suntelest¸nsusqètishc twn antÐstoiqwn keraiostoiqeÐwn ekpomp c kai l yhc. Pio sugkekrimèna, an

RH;ij;kl eÐnai h susqètish metaxÔ twn diaÔlwn hij kai hkl tìte aut  dÐnetai wc ex c
RH;ij;kl = E fhijh

�
klg = RRX;ikRT X;jl (2.95)36 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnìpou o ìroc RRX;ik ekfr�zei th susqètish metaxÔ twn keraiostoiqeÐwn i kai k tou dèkth
RRX;ik =

1

MT

MTX

o=1

Rio;ko =
1

MT

MTX

o=1

E fhioh
�
kog (2.96)en¸ o ìroc RT X;jl ekfr�zei th susqètish metaxÔ twn keraiostoiqeÐwn j kai l tou pompoÔ

RT X;jl =
1

MR

MRX

p=1

Rip;kp =
1

MR

MRX

p=1

E
�
hiph

�
kp

	 (2.97)Oi sqèseic (2.96) kai (2.97) qrhsimopoioioÔntai gia ton prosdiorismì twn pin�kwn summeta-blhtìthtac RRX , RT X se dèkth kai pompì antÐstoiqa kai mporoÔn na grafoÔn wc ex c
RRX =

1

MT
E
�

HHH
	 (2.98)

RT X =
1

MR
E
n�

HHH
�T
o (2.99)en¸ o pl rhc pÐnakac summetablhtìthtac tou MIMO diaÔlou RH dÐnetai apì thn ex. (2.100 )

RH = RT X 
RRX (2.100)ìpou me 
 sumbolÐzetai to ginìmeno Kronecker twn pin�kwn. Qrhsimopoi¸ntac tic idiìth-tec (AC) 
 (BD) = (A
B) (C
D) kai �BT 
A
�

vec fCg = vec fACBg h ex.(2.93 )metasqhmatÐzetai wc ex c
vec fHg = R

1=2
H vec fHiidg = (RT X 
RRX)1=2 vec fHiidg

=
�

R
1=2
T XR

H=2
T X 
R

1=2
RXR

H=2
RX

�1=2
vec fHiidg

=
��

R
1=2
T X 
R

1=2
RX

��
R

H=2
T X 
R

H=2
RX

��1/2
vec fHiidg

=
�

R
1=2
T X 
R

1=2
RX

�
vec fHiidg = vec

�
R

1=2
RXHiid

�
R

1=2
T X

�T
�

(2.101)
ìpote o pÐnakac tou MIMO radiodiaÔlou dÐnetai sunart sei twn RRX kai RT X apì thnèkfrash (2.102) gnwst  kai wc montèlo Kronecker[15].

H = R
1=2
RXHiid

�
R

1=2
T X

�T (2.102)Oi pÐnakec RRX , RT X prosdiorÐzoun thn qwrik  susqètish twn dialeÐyewn se dèkth kaipompì qwrist�, h opoÐa praktik� exart�tai tìso apì th gewmetrÐa kai ta qarakthristik�twn kerai¸n (p.q. apost�seic stoiqeÐwn, di�gramma aktinobolÐac) ìso kai apì thn diaspor�thc isqÔoc sta pedÐa kateÔjunshc di�doshc 
R, 
T stic kontinèc perioqèc dèkth kai pom-poÔ antÐstoiqa. Ousiastik�, h realistik  montelopoÐhsh tou MIMO diaÔlou me to montèlo
Kronecker an�getai sto prìblhma tou prosdiorismoÔ twn pin�kwn RRX , RT X gia realisti-Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  37



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnkèc morfèc twn sunart sewn gwniak c fasmatik c puknìthtac isqÔoc sta antÐstoiqa �krathc zeÔxhc. Metr seic radiodiaÔlou èqoun anadeÐxei ìti oi poludiadromikèc sunist¸sec mpo-roÔn na omadopoihjoÔn kai na antistoiqhjoÔn se om�dec skedast¸n (clusters of scatterers)[16]. Empeirik� apotelèsmata èqoun deÐxei ìti, h gwniak  fasmatik  puknìthta isqÔoc giak�je mÐa apì tic om�dec skedast¸n mporeÐ na perigrafeÐ proseggistik� majhmatik� apìmia sun�rthsh p.q. apokommènh laplasian  (truncated laplacian), apokommènh gkaousian (truncated gaussian), omoiìmorfh (uniform) klp, an�loga me to perib�llon. Gia kajemÐ-a apì tic parap�nw sunart seic mporeÐ na upologisteÐ analutik� o suntelest c qwrik csusqètishc dialeÐyewn sunart sei thc apìstashc metaxÔ twn kerai¸n [17]. Lamb�nontacupìyh th gewmetrÐa twn kerai¸n, oi timèc autèc qrhsimopoioÔntai gia to realistikì pros-diorismì twn stoiqeÐwn twn pin�kwn RRX , RT X . Eidikìtera, sthn perÐptwsh omoiìmorfwngrammik¸n stoiqeiokerai¸n (ULAs), h gewmetrÐa se sunduasmì me th je¸rhsh thc qwrik cstatikìthtac, epitrèpoun thn idiaÐtera aplopoihtik  paradoq  thc mh metablhtìthtac me thnolÐsjhsh (shift invariance). Epomènwc, h omoiìmorfh qwrik  deigmatolhyÐa se èna �xona,se sunduasmì me thn ex�rthsh thc susqètishc mìno apì thn apìstash diaqwrismoÔ twnstoiqeÐwn kai ìqi apì thn akrib  touc jèsh, odhgeÐ se ìmoia stoiqeÐa gia k�je diag¸niotwn pin�kwn, dhl. oi RRX , RT X eÐnai Toeplitz. Dedomènou ìti oi pÐnakec eÐnai ex orismoÔermitianoÐ, arkeÐ o prosdiorismìc mìno thc pr¸thc touc gramm c, aplopoi¸ntac epiplèon toprìblhma thc montelopoÐhshc.H èkfrash (2.102) efarmìzetai sth montelopoÐhsh MIMO diaÔlwn sten c z¸nhc, all� mpo-reÐ na epektajeÐ kai gia sust mata eureÐac z¸nhc [18]. Pr�gmati, an gia èna statikì dÐauloqrhsimopoihjeÐ h dom  montèlou apomasteumènhc gramm c kajustèrhshc (tapped delay line

model) [19], tìte o MIMO pÐnakac kroustik c apìkrishc H(�) dÐnetai apì thn (2.103)
H (�) =

LX

l=1

Hl� (� � �l) (2.103)ìpou gia k�je kajustèrhsh �l o pÐnakac Hl dÐnetai apì thn
Hl = R

1=2
RX;lHiid;l

�
R

1=2
T X;l

�T (2.104)me touc RRX;l, RT X;l na dhl¸noun touc pÐnakec summetablhtìthtac se dèkth kai pompìantÐstoiqa gia thn sugkekrimènh kajustèrhsh di�doshc �l.
RRX;l = E

�
HlHl

H
	 (2.105)

RT X;l = E
n�

Hl
HHl

�T
o (2.106)IsodÔnama, o pÐnakac summetablhtìthtac RH;l gia k�je �l dÐnetai apì to ginìmeno Kroneckertwn RRX;l, RT X;l, dhl.

RH;l = RT X;l 
RRX;l (2.107)SÔmfwna me thn ex. (2.104), h susqètish twn stoiqeÐwn tou Hl gÐnetai me diaforetikì38 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwntrìpo gia k�je �l. Autì to gegonìc sumbadÐzei me thn parat rhsh ìti h qwrik  susqètishdialeÐyewn se k�je �l ja eÐnai diaforetik  lìgw tou metabalìmenhc me thn kajustèrhshmorf c thc gwniak c fasmatik c puknìthtac isqÔoc se k�je �l. EntoÔtoic, gia lìgoucaplìthtac sth montelopoÐhsh, èqei protajeÐ h qr sh enìc mìno pÐnaka RH;nb [20] gia thndhmiourgÐa susqetismènwn stoiqeÐwn tou Hl se k�je �l, dhl. vec fHlg = R
1=2
H;nbvec fHiid;lg.O pÐnakac RH;nb apoteleÐ mia isodÔnamh èkfrash sten c z¸nhc thc qwrik c susqètishc kaiprokÔptei apì bajuperatì filtr�risma twn pin�kwn RH;l, dhl.

RH;nb =
LX

l=1

RH;l (2.108)H efarmog  ìmwc aut c thc aplopoÐhshc ephre�zei se meg�lo bajmì ta kateujuntik� qara-kthristik� di�doshc pou uponoeÐ to stoqastikì montèlo kai gia to lìgo autì de sunÐstataih qr sh thc. H epiplok  aut  thc montelopoÐhshc sthn kateujuntik  perigraf  analÔetaiperissìtero parak�tw.Sqoliasmìc montèlou KroneckerH ex. (2.102) apoteleÐ mia upì sunj kh aplopoihmènh èkfrash tou montèlou qwrik c su-sqètishc thc ex.(2.93). AnagkaÐa sunj kh gia thn efarmog  thc (2.102) eÐnai h qwrik statikìthta sthn perioq  tou pompoÔ kai tou dèkth, dhl. p.q. mikrèc metatopÐseic sthnstoiqeiokeraÐa tou pompoÔ den ephre�zoun th qwrik  susqètish twn dialeÐyewn stic keraÐectou dèkth. Ikan  sunj kh gia thn efarmog  tou montèlou Kronecker eÐnai h anexarthsÐatwn idiot twn qwrik c susqètishc tou enìc �krou apì ekeÐnec tou �llou [21].Endiafèron parousi�zei h melèth twn periorism¸n pou eis�gei h paradoq  thc diaqwri-simìthtac sthn kateujuntik  perigraf  tou radiodiaÔlou. 'Estw ìti epilègetai h ekpomp proc sugkekrimènec kateujÔnseic sthn kontin  perioq  tou pompoÔ, me thn efarmog  kat�l-lhlwn dianusm�twn morfopoÐhshc loboÔ aktinobolÐac wT sthn keraÐa tou pompoÔ (transmit

beamforming). ApodeiknÔetai [22] ìti o pÐnakac summetablhtìthtac RRX;wT
pou prokÔpteisto dèkth me thn efarmog  tou wT eÐnai an�logoc tou pÐnaka RRX thc ex. (4.55), dhl

RRX;wT
= a �RRX me a 2 C. Me �lla lìgia, h dom  tou RRX;wT

paramènei amet�blhthkai anex�rthth apì to wT . 'Omoia sumperifor� parathreÐtai an efarmosteÐ di�nusma wRsto dèkth. ErmhneÔontac autì to gegonìc me ìrouc qarakthristik¸n di�doshc, to di�nu-sma ekpomp c wT pou qrhsimopoieÐtai ephre�zei mìno thn tim  thc sunolik c lambanìmenhcisqÔoc all� h morf  thc gwniak c fasmatik c puknìthtac isqÔoc sto dèkth paramènei ame-t�blhth. IsodÔnama, ìlec oi kateujÔnseic �fixhc 
R sundèontai me ìlec tic kateujÔnseicanaq¸rhshc 
T (bl. sq ma 2.15), en¸ h epilog  mÐac sugkekrimènhc 
T ephre�zei mìno thtim  thc sunolik c lambanìmenhc isqÔoc all� ìqi ton trìpo me ton opoÐo aut  katanèmetaisto pedÐo 
R [22]. EÐnai fanerì pwc aut  h kateujuntik  perigraf  apoteleÐ èna periorismìpou eis�gei h montelopoÐhsh me b�sh thn paradoq  thc diaqwrisimìthtac, mia kai den eÐnaiaparaÐthto na antistoiqeÐ se realistikèc sunj kec di�doshc.Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  39



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn
���

RMTM

���
Sq ma 2.15: To montèlo Kronecker epib�lei ìlec oi kateujÔnseic anaq¸rhshc na sundèontai meìlec tic kateujÔnseic �fixhcTo montèlo Kronecker  tan apì ta pr¸ta pou prot�jhkan sta plaÐsia thc èreunac giath montelopoÐhsh tou MIMO radiodiaÔlou. H sÔgkrish tou me peiramatik� dedomèna èqeideÐxei ìti montelopoieÐ apodotik� realistikèc sunj kec di�doshc ìtan to mègejoc tou MIMOsust matoc eÐnai periorismèno, p.q. MR;MT = 2; 3, all� odhgeÐ se anakrÐbeiec me thnaÔxhsh tou pl joc twn kerai¸n. Oi epiplokèc pou parousi�zei sqetÐzontai me to gegonìcìti h fusik  diergasÐa poludiadromik c di�doshc pou par�gei to montèlo Kronecker mporeÐna diafèrei apì ekeÐnh pou sunant�tai sthn pr�xh. EntoÔtoic, h aplìtht� tou eÐnai o lìgocgia ton opoÐo to sugkekrimèno montèlo èqei qrhsimopoihjeÐ ektetamèna se melètec sqetikècme thn an�ptuxh MIMO susthm�twn.2.4.2.4 Montèlo WeichselbergerTo montèlo Weichselberger [23] skopeÔei na diorj¸sei ta meionekt mata tou montèlou Kro-

necker pou prokÔptoun apì thn paradoq  thc diaqwrisimìthtac kai anaptÔqjhkan sthnprohgoÔmenh par�grafo. SkopeÔontac na perigr�yei apo-koinoÔ kai sta dÔo �kra thn qwri-k  dom  tou diaÔlou orÐzei se k�je �kro to monìpleuro pÐnaka summetablhtìthtac o opoÐocexart�tai apì tic statistikèc idiìthtec tou s matoc sto �llo �kro thc zeÔxhc, pou dÐnontaiapì touc pÐnakec summetablhtìthtac s matoc QT X , QRX se pompì kai dèkth antÐstoiqa.Oi parametropoihmènoi monìpleuroi pÐnakec summetablhtìthtac diaÔlou se pompì kai dèkthsumbolÐzontai ¸c RT X;QRX
kai RRX;QT X

antÐstoiqa, en¸ orÐzontai apì tic ex.(2.109) kai(2.110).
RT X;QT X

, E
�
HT QT XH�

� (2.109)
RRX;QT X

, E
�
HQT XHH

� (2.110)EÐnai fanerì ìti oi pÐnakec RT X;QRX
, RRX;QT X

ekfulÐzontai stouc mh-parametropoihmènoucpÐnakec RT X , RRX twn (4.56) kai (4.55) ìtan QRX = IMR
kai QT X = IMT

antÐstoiqa.H basik  paradoq  tou montèlou eÐnai ìti h orjokanonik  b�sh pou orÐzetai apì ta idiodia-40 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n ExìdwnnÔmata (eigenvectors), dhl. h idiob�sh (eigenbase), tou parametropoihmènou monìpleuroupÐnaka summetablhtìthtac tou k�je �krou den exart�tai apì tic statistikèc idiìthtec tous matoc sto �llo �kro kai eÐnai h Ðdia me aut  tou antÐstoiqou mh parametropoihmènou pÐ-naka. AntÐjeta, o periorismìc autìc den isqÔei gia tic idiotimèc twn pin�kwn aut¸n, opìte han�lush touc se idiotimèc (eigenvalue decomposition - EVD) gr�fetai wc ex c:
RT X;QRX

= UT X�T X;QRX
UT

T X (2.111)
RRX;QT X

= URX�RX;QT X
UT

RX (2.112)ErmhneÔontac thn parap�nw paradoq  me ìrouc di�doshc, h anexarthsÐa twn UT X , URXapì touc QRX , QT X isodunameÐ me thn je¸rhsh ìti oi qwrikèc idiob�seic den exart¸ntaiapì tic idiìthtec tou s matoc all� mìno apì autèc tou perib�llontoc di�doshc, en¸ apì thn�llh pleur� oi idiotimèc exart¸ntai tìso apì ta dianÔsmata ekpomp c kai l yhc s matockaj¸c epÐshc kai apì to perib�llon. IsodÔnama, oi idiotimèc eÐnai autèc pou elègqoun stomontèlo poioi skedastèc allhlepidroÔn me ta diadidìmena kÔmata kai poioi ìqi. Shmei¸netaiìti h paradoq  aut  isqÔei proseggistik� kai mìno, all� eis�gei ligìterouc periorismoÔcapì autoÔc thc paradoq c diaqwrisimìthtac tou montèlou Kronecker ìpou jewreÐtai ìti oiqwrikèc idiìthtec tou lambanìmenou s matoc eÐnai anex�rthtec apì autèc tou ekpempìmenou.SuneqÐzontac, o pÐnakac tou statikoÔ MIMO radiodiaÔlou sten c z¸nhc sÔmfwna me tomontèlo Weichselberger dÐnetai apì thn akìloujh èkfrash
Hweich = URX

�
~
weich �Hiid

�
UT

T X (2.113)ìpou me � sumbolÐzetai to an� stoiqeÐo Schur-Hadamard ginìmeno pin�kwn, kai me ~
weicheÐnai ènac pÐnakac me pragmatik� stoiqeÐa kai upologÐzetai wc h an� stoiqeÐo tetragwnik rÐza tou pÐnaka sÔzeuxhc isqÔoc 
weich (power coupling matrix), dhl. ~!ij =
p
!ij . TostoiqeÐo !ij orÐzei to mèso posì thc isqÔoc pou sundèei to i-ostì idiodi�nusma tou dèkth meto j-ostì idiodi�nusma tou pompoÔ. Ousiastik�, o pÐnakac 
weich eÐnai autìc pou epitrèpeithn apì koinoÔ perigraf  thc qwrik c dom c tou diaÔlou se pompì kai dèkth.SunoyÐzontac, gia th montelopoÐhsh tou MIMO diaÔlou to sugkekrimèno montèlo apaiteÐ ticqwrikèc idiob�seic pompoÔ kai dèkth UT X , URX , kaj¸c kai ton pÐnaka 
weich pou dhl¸neithn sÔzeuxh isqÔoc metaxÔ twn idiorujm¸n pou orÐzoun oi idiob�seic twn dÔo �krwn.2.4.3 Fusik� montèla2.4.3.1 Nteterministik� montèlaTa nteterministik� montèla qrhsimeÔoun gia thn anapar�stash tou radiodiaÔlou enìc sug-kekrimènou perib�llontoc di�doshc pou orÐzetai pl rwc wc proc ta gewmetrik� kai hlektro-magnhtik� qarakthristik� twn skedast¸n tou. Sthn kathgorÐa aut  an koun ta montèlaanÐqneushc aktÐnac (ray tracing) pou qrhsimopoioÔntai suqn� se melètec di�doshc asurm�-twn susthm�twn epikoinwni¸n. Ta montèla aut� basÐzontai sthn paradoq  ìti isqÔoun oiNikìlaoc D. Skèntoc - Didaktorik  Diatrib  41



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnarqèc gewmetrik c optik c sth di�dosh twn poludiadromik¸n sunistws¸n gegonìc pou eÐnaialhjèc ìtan to m koc kÔmatoc eÐnai polÔ mikrìtero apì to mègejoc twn skedast¸n. Sthnmelèth SISO kai SIMO susthm�twn oi mhqanismoÐ di�doshc pou sun jwc lamb�nontai upìyhapì tic mejìdouc autèc eÐnai h an�klash kai h perÐjlash apì antikeÐmena me orjogwnikècakmèc. H upologistik  touc poluplokìthta exart�tai �mesa apì to pl joc twn diadoqik¸nanakl�sewn pou exet�zontai kai apì tic diast�seic tou q¸rou pou lamb�nontai upìyh (dhl.didi�stath 2D   tridi�stasth 3D montelopoÐhsh). EÐnai fanerì pwc h akrÐbeia aut¸n twn me-jìdwn montelopoÐhshc exart�tai epÐshc apì thn leptomèreia perigraf c tou perib�llontocdi�doshc dhl. twn jèsewn, sqhm�twn kai ulik¸n twn skedast¸n. An kai stic peript¸-seic SISO kai SIMO susthm�twn oi mèjodoi ray tracing eÐqan epideÐxei se meg�lo bajmìsumfwnÐa me peiramatikèc melètec, sthn perÐptwsh thc perigraf c tou MIMO radiodiaÔloukrÐjhke anagkaÐa h beltÐwsh touc. O basikìc lìgoc eÐnai ìti oi diaforèc touc me ta peirama-tik� dedomèna entopÐsthkan sthn èlleiyh perigraf c tou mhqanismoÔ di�doshc thc di�quthcskèdashc (di�use scattering) poÔ sumbaÐnei ìtan to diadidìmeno epÐpedo kÔma den anakl�taimìno se mÐa kateÔjunsh all� se pollèc. Gia to lìgo autì, èqoun protajeÐ teqnikèc gia thnenswm�twsh tou mhqanismoÔ autoÔ sta ray tracing montèla pou qrhsimopoioÔntai gia tonupologismì twn pin�kwn MIMO kanalioÔ (p.q. [24]). Se k�je perÐptwsh ìmwc h auxhmènhpoluplokìthta twn ray tracing montèlwn se sunduasmì me thn auxhmènh touc ex�rthsh apìthn leptomer  perigraf  tou enìc kai monadikoÔ perib�llontoc di�doshc èqei katast sei thqr sh touc stic melètec gia thn an�ptuxh MIMO susthm�twn periorismènh.2.4.3.2 Parametrik� montèlaH parametrik  montelopoÐhsh emfanÐzei arketèc omoiìthtec me thn nteterministik . SÔmfw-na me aut  o radiodÐauloc ekfr�zetai wc h upèrjesh L to pl joc kum�twn ìpou to k�jenaperigr�fetai apì èna sÔnolo paramètrwn. Oi par�metroi tou l-ostoÔ kÔmatoc eÐnai h ka-teÔjunsh anaq¸rhshc 
T;l apì thn stoiqeiokeraÐa tou pompoÔ, h kateÔjunsh �fixhc sthnstoiqeiokeraÐa dèkth 
R;l, h kajustèrhsh di�doshc �l, h olÐsjhsh Doppler vl kai to miga-dikì pl�toc sl. Oi par�metroi autèc perigr�foun to k�je diadidìmeno kÔma pou ekpèmpetaiapì ton pompì kai prospÐptei sto dèkth, qwrÐc na dÐnetai plhroforÐa gia tic allhlepidr�-seic tou me touc skedastèc tou perib�llontoc di�doshc ektìc apì to migadikì platoc sl .H diplokateujuntik  kroustik  apìkrish tou radiodiaÔlou h (v; �;
R;
T ) dÐnetai apì thnupèrjesh twn L kum�twn sthn keraÐa tou dèkth, dhl.
h (v; �;
R;
T ) =

LX

l=1

sl� (v � vl) � (� � �l) � (
R �
R;l) � (
R �
T;l) (2.114)Sunep¸c, sthn parametrik  prosèggish montelopoÐhshc perigr�fetai h diaspor� pou eis�geio radiodÐauloc sta diadidìmena kÔmata.Jewr¸ntac èna MR �MT MIMO sÔsthma me isotropikoÔc aktinobolhtèc kai efarmìzon-tac ton metasqhmatismì Fourier sthn h (v; �;
R;
T ), h qwro-qronometablht  sun�rthsh42 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnmetafor�c T (t; f;xR;xT ) dÐnetai apì thn
T (t; f;xR;xT ) =

LX

l=1

sle
j2�vlte�j2��lfej 2�

� h
R;l;xRiej 2�
� h
T;l;xT i (2.115)O MR�MT pÐnakac T (t; f) tou MIMO kanalioÔ prokÔptei eÔkola apì thn T (t; f;xR;xT )orÐzontac mia di�taxh twn keraiostoiqeÐwn. Ta qarakthristik� thc qwrik c deigmatolhyÐacdiaÔlou orÐzontai apì tic gewmetrÐec twn stoiqeiokerai¸n pompoÔ kai dèkth. H jèsh touk�je keraiostoiqeÐou sto q¸ro orÐzetai apì to di�nusma jèshc x. Qrhsimopoi¸ntac totrisojog¸nio sÔsthma suntetagmènwn tou sq matoc 2.5, gia to x isqÔei ìti

x =
h
x1 x2 x3

iTen¸ gia to di�nusma kateÔjunshc di�doshc 
 ìti

 =

h
cos (’) sin (�) sin (’) sin (�) cos (�)

iTSunep¸c, to eswterikì ginìmeno dÐnetai apì
h
;xi = x1 cos (’) sin (�) + x2 sin (’) sin (�) + x3 cos (�) (2.116)Qr sh stoiqeiokerai¸n tÔpou ULASthn eidik  perÐptwsh omoiìmorfhc grammik c qwrik c deigmatolhyÐac, ìpou qrhsimopoioÔn-tai stoiqeiokeraÐec tÔpou ULA, eÐnai dunat  h ektÐmhsh thc kateÔjunshc �fixhc eÐte stoazimoÔjio eÐte sto katakìrufo epÐpedo an�loga ton prosanatolismì thc keraÐac. 'Estwìti o �xonac thc stoiqeiokeraÐac sumpÐptei me ton �xona pou orÐzei to monadiaÐo di�nusma

[0; 1; 0]T kai oi keraÐec eÐnai topojethmènec se diast mata apìstashc �. Jewr¸ntac ìti ìlata kÔmata diadÐdontai sto orizìntio epÐpedo � = �=2, h kateÔjunsh di�doshc 
 ekfulÐzetaisthn azimoÔjia gwnÐa di�doshc ’ kai h
;xi = x2 sin (’).Sunep¸c, se MR�MT MIMO sust mata me stoiqeiokeraÐec ULA h qwro-qronometablht sun�rthsh metafor�c dÐnetai wc ex c:
T (t; f;mR;mT ) =

LX

l=1

sle
j2�vlte�j2��lfej 2�

�
(mR�1)�R sin(’R)ej 2�

�
(mT �1)�T sin(’T ) (2.117)ìpou �T , �R oi apost�seic diaqwrismoÔ kai mT , mR oi t�xeic twn keraiostoiqeÐwn pompoÔkai dèkth antÐstoiqa.2.4.3.3 Gewmetrik� stoqastik� montèlaSta gewmetrik� stoqastik� montèla h anapar�stash tou diaÔlou epitugq�netai me thn upèr-jesh twn poludiadromik¸n sunistws¸n ta qarakthristik� twn opoÐwn eÐnai �mesa sundede-mèna me thn akrib  gewmetrik  jèsh twn skedast¸n sto q¸ro tou perib�llontoc di�doshc.Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  43



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n ExìdwnH diafor� touc apì ta parametrik� montèla ègkeitai sth stoqastik  topojèthsh twn skeda-st¸n sto q¸ro tou perib�llontoc di�doshc ¸ste autoÐ na akoloujoÔn mia prokajorismènhspp. H jèsh twn skedast¸n sto q¸ro prokaleÐ morfèc fasmatik c puknìthtac isqÔoc seìla ta pedÐa perigraf c (v, � , 
R kai 
T ), ìmoiec me ekeÐnec pou èqoun peiramatik� para-thrhjeÐ. H sugkekrimènh dom  montèlou èqei protajeÐ apì pollèc ereunhtikèc om�dec giamÐa seir� apì perib�llonta di�doshc, kai h basik  par�metroc ìlwn kai phg  twn diaforo-poi sewn metaxÔ touc eÐnai h perigraf  thc topojèthshc twn skedast¸n sto q¸ro. Sticperissìterec twn peript¸sewn jewreÐtai ìti oi poludiadromikèc sunist¸sec allhlepidroÔnsth diadrom  touc apì thn keraÐa tou pompoÔ se aut  tou dèkth me èna kai mìno skedast (single bounce scattering), an kai èqoun protajeÐ montèla me dÔo sked�seic (double bou-

nce).'Ena kÔrio pleonèkthma twn gewmetrik¸n stoqastik¸n montèlwn eÐnai ìti h dom  touc epi-trèpei thn anapar�stash poll¸n fainomènwn, ìpwc p.q. thn qronik  metabol  tou diaÔlou,tic dialeÐyeic mikr c kai meg�lhc klÐmakac, me idiaÐtera aplì trìpo mèsw thc stoqastik cperigraf c thc jèshc twn skedast¸n sto q¸ro, thc kÐnhshc touc, tou pl jouc twn om�dwntouc (clusters), thc di�rkeiac {zw c} touc, thc apìstashc touc apì ta �kra thc zeÔxhc, k.aparamètrouc tou montèlou. To pl joc twn paramètrwn pou qrei�zetai na oristoÔn eÐnai sa-f¸c auxhmèno, se sÔgkrish p.q. me ta analutik� montèla susqètishc, entoÔtoic h aplìthta,h akrÐbeia, h genikìthta kai h sun�feia touc me touc fusikoÔc mhqanismoÔc di�doshc, eÐnai oilìgoi gia touc opoÐouc èqoun proselkÔsei to endiafèron ta teleutaÐa qrìnia sto eurÔteroereunhtikì antikeÐmeno thc montelopoÐhshc radiodiaÔlou.'Ena apì ta pio diadedomèna gewmetrik� stoqastik� montèla eÐnai autì pou anaptÔqjhke staplaÐsia thc eurwpaðk c ereunhtik c dr�shc COST 259, to opoÐo èqei genik  dom  pou toudÐnei th dunatìthta efarmog c se polupoÐkila perib�llonta di�doshc. To montèlo qrhsi-mopoieÐ mia dom  me trÐa epÐpeda paramètrwn (par�metroi perib�llontoc, genikèc par�metroikai topikèc par�metroi) gia ton orismì twn sunjhk¸n di�doshc kai skopìc tou eÐnai o pros-diorismìc thc qwrometablht c diplokateujuntik c kroustik c apìkrishc h(r; �;
R;
T )diaÔlou gia èna qr sth pou brÐsketai sto di�nusma jèshc r [25].To montèlo COST 259 qrhsimopoi jhke ektetamèna se melètec susthm�twn SIMO/MISOall� qrei�zetai tropopoi seic gia thn efarmog  tou se analÔseic MIMO susthm�twn. Hpr¸th apìpeira ègine sto [26] ìpou analÔetai èna genikì montèlo MIMO kanalioÔ me dom ìmoia me aut  tou COST 259 all� me anagkaÐec epekt�seic ¸ste na perilamb�nei fainìmenamon c skèdashc stic kontinèc perioqèc pompoÔ kai dèkth, dipl c skèdashc lìgw thc epÐdra-shc epiprìsjetwn om�dwn skedast¸n, kumatod ghshc lìgw di�doshc kat� m koc drìmwn,perÐjlashc lìgw di�doshc p�nw apì orofèc ktirÐwn (roof edge di�raction) klp. . EpÐshc,ìmoia prosèggish gia thn genik  montelopoÐhsh tou MIMO diaÔlou akoloujhj ke sta plaÐ-sia thc dr�shc COST 273 (sunèqeiac tou COST 259) ìpou exet�sthkan epiplèon jèmataìpwc to pl joc om�dwn skedast¸n, h montelopoÐhsh thc epÐdrashc mh diakrÐsimwn poludia-dromik¸n sunistws¸n pou ofeÐlontai se di�qutec sked�seic (di�use scattering), k.a. . Hpl rhc perigraf  tou montèlou dhmosieÔthke prìsfata sthn anafor� [27].44 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwn
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Sq ma 2.16: Basik  arq  leitourgÐac gewmetrik¸n stoqastik¸n montèlwn2.4.3.4 Montèlo katanemhmènwn skedast¸nTo montèlo katanemhmènwn skedast¸n [28] eÐnai èna apì ta pr¸ta montèla MIMO diaÔlousten c z¸nhc pou parousi�sthkan sth diejn  bibliografÐa kai lamb�nei upìyh tou thnepÐdrash twn skedast¸n sth majhmatik  anapar�stash tou MIMO pÐnaka H. To montèlojewreÐ ìti h di�dosh twn epÐpedwn kum�twn metaxÔ twn ULA stoiqeiokerai¸n pompoÔ kaidèkth parempodÐzetai apì Stot to pl joc skedast¸n. Oi skedastèc montelopoioÔntai wcidanikoÐ omoiokateujuntikoÐ anaklast rec kai qwrik� entopÐzontai stic kontinèc perioqèctou pompoÔ kai tou dèkth. O prosdiorismìc thc akriboÔc jèshc twn skedast¸n den eÐnaiaparaÐthtoc arkeÐ autoÐ na brÐskontai se arket  apìstash apì tic stoiqeiokeraÐec ¸stena isqÔei h paradoq  di�doshc epÐpedwn kum�twn. H qwrik  touc topojèthsh perigr�fetaipl rwc apì tic apost�seic Dt kai Dr wc proc ton orizìntio �xona kaj¸c kai apì tic gwnÐecdiaspor�c �t kai �r wc proc th mesok�jeto twn stoiqeiokerai¸n pompoÔ kai dèkth antÐstoiqa(bl. sq ma 2.17). Epiplèon, qrhsimopoieÐtai h par�metroc �S gia thn perigraf  thc gwniak cdiaspor�c twn skedast¸n tou pompoÔ ìpwc eÐnai orat  apì touc skedastèc tou dèkth. Hqr sh kateujuntik¸n stoiqeiokerai¸n problèpetai apì to sugkekrimèno montèlo mèsw twntim¸n pou lamb�noun oi par�metroi Dt, �t, Dr, �r.H di�dosh twn epÐpedwn kum�twn jewreÐtai ìti sumbaÐnei wc ex c: ta ekpempìmena kÔmataanakl¸ntai idanik� apì tou skedastèc pompoÔ kai diadÐdontai proc touc idanikoÔc skedastèctou dèkth pou leitourgoÔn ¸c mia eikonik  stoiqeiokeraÐa me S to pl joc stoiqeÐa kai mèshapìstash diaqwrismoÔ 2Dr=S h opoÐa epanekpèmpei ta kÔmata proc tic keraÐec tou dèkth.O MIMO pÐnakac montelopoieÐtai ¸c to akìloujo ginìmeno pin�kwn
H =

1p
S

R
1=2
�r;dr

GrR
1=2
�s;2Dr=SGtR

T=2
�t;dt

(2.118)ìpou Gt, Gr eÐnai S �MT , MR � S pÐnakec me i.i.d migadik� stoiqeÐa pou akoloujoÔn thnkanonik  katanom  me mhdenik  mèsh tim  kai monadiaÐa diaspor�. Oi pÐnakec R�t;dt , R�r;dr ,
R�s;2Dr=S eÐnai diast�sewn MT �MT , MR�MR kai S �S antÐstoiqa kai perigr�foun thnsusqètish stic stoiqeiokeraÐec pompoÔ, dèkth kai sthn eikonik  stoiqeiokeraÐa twn skeda-Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  45



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n Exìdwnst¸n tou dèkth antÐstoiqa.H omoiìthta sth dom  tou montèlou katanemhmènwn skedast¸n me aut  tou montèlou Kro-

necker eÐnai emfan c. Pr�gmati, sto montèlo autì pÐnakec me i.i.d stoiqeÐa apoktoÔn ticepijumhtèc idiìthtec susqètishc me efarmog  kat�llhlwn pin�kwn oi opoÐoi sundèontai �me-sa me touc pÐnakec qwrik c susqètishc dialeÐyewn stic emplekìmenec stoiqeiokeraÐec thczeÔxhc. H èntaxh tou sugkekrimènou montèlou sthn kathgorÐa twn fusik¸n ègkeitai stogegonìc ìti oi timèc stouc treÐc pÐnakec susqètishc exart¸ntai �mesa apì ta qwrik� qa-rakthristik� twn skedast¸n tou perib�llontoc di�doshc. Epiplèon, h Ôparxh tou pÐnaka
R�s;2Dr=S dÐnei th dunatìthta sto montèlo na perigr�yei thn exeidikeumènh perÐptwsh di�do-shc ìpou to kèrdoc qwrik c poluplexÐac tou diaÔlou eÐnai periorismèno en¸ tautìqrona takeraiostoiqeÐa pompoÔ kai dèkth eÐnai asusqètista. Aut  h perÐptwsh di�doshc, an kai densunant�tai polÔ suqn� sthn pr�xh, entoÔtoic èqei peiramatik� exakribwjeÐ [29] kai kaleÐ-tai fainìmeno kleidarìtrupac (keyhole e�ect). H perigraf  autoÔ tou fainomènou den èinaidunatì na epiteuqjeÐ me to amig¸c stoqastikì analutikì montèlo Kronecker.
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Tx RxSq ma 2.17: Apeikìnish tou montèlou katanemhmènwn skedast¸n2.5 H montelopoÐhsh MIMO tou kanalioÔ se organi-smoÔc protupopoÐhshc2.5.1 Montèlo 3GPP SCMH qr sh thc arqitektonik c MIMO enswmat¸jhke sthn protupopoÐhsh kinht¸n susth-m�twn epikoinwni¸n 3hc geni�c (3GPP/3GPP2) wc mÐa apì tic teqnikèc thc teqnologÐac
High Speed Downlink Packet Access (HSDPA). H teqnologÐa HSDPA èqei skopì thn pa-roq  uyhl¸n rujm¸n met�doshc stouc qr stec, mèqri 10Mbps, mèsw enìc moirazìmenou46 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 2. Perigraf  RadiodiaÔlou Pollapl¸n Eisìdwn Pollapl¸n ExìdwnkanalioÔ k�tw zeÔxhc (Downlink Shared Channel - DSCH). Gia tic an�gkec twn melet¸nprotupopoÐhshc anaptÔqjhke sta plaÐsia twn organism¸n 3GPP/3GPP2 èna aplì qwrikìmontèlo MIMO diaÔlou gia exwterikoÔc q¸rouc onomazìmeno 3GPP Spatial Channel Mo-

del - (3GPP SCM).To 3GPP SCM akoloujeÐ thn prosèggish montelopoÐhshc twn gewmetrik¸n stoqastik¸nmontèlwn gia thn perigraf  astik¸n kai hmiastik¸n periballìntwn di�doshc se makro- kaimikrokuyèlec. H di�dosh jewreÐtai ìti ephre�zetai apì 6 to pl joc om�dec skedast¸n(clusters), ìpou oi poludiadromikèc sunist¸sec pou antistoiqoÔn se k�je om�da (subpaths)eÐnai 20 to pl joc, ìmoiac isqÔoc all� mh diakrÐsimec metaxÔ touc. H jèsh twn om�dwnepilègetai tuqaÐa sto q¸ro ¸ste na ikanopoioÔn paramètrouc prosomoÐwshc gia to mon-telopoioÔmeno perib�llon ìpwc eÐnai h diaspor� gwnÐac, h diaspor� kajustèrhshc kai hlogarijmokanonik  skÐash. H arqitektonik  tou montèlou apeikonÐzetai grafik� sto sq ma2.18. Sto montèlo upologÐzetai h kroustik  apìkrish metaxÔ keraiostoiqei¸n pompoÔ kaidèkth wc h upèrjesh ìlwn twn diadidìmenwn poludiadromik¸n sunistws¸n sÔmfwna me tosen�rio di�doshc pou apeikonÐzetai sto sq ma 2.19. H qronometablhtìthta tou diaÔlou stosugkekrimèno montèlo exasfalÐzetai apì thn kÐnhsh tou kinhtoÔ stajmoÔ opìte h olÐsjhsh
Doppler k�je sunist¸sac exart�tai apì th sqetik  gwnÐa metaxÔ thc kateÔjunshc prìsptw-shc kai tou dianÔsmatoc taqÔthtac me trìpo ìmoio me autì pou parousi�sthke sthn enìthta2.3.1.5. Ousiastik�, to apotèlesma tou montèlou eÐnai o prosdiorismìc tou qronometa-blhtoÔ pÐnaka kroustik c apìkrishc H(t; �), en¸ h leptomer c perigraf  thc diadikasÐacparagwg c tou dÐnetai sthn anafor� [30].
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OptionsSq ma 2.18: DiadikasÐa morfopoÐhshc montèlou MIMO diaÔlou sto prìtupo 3GPP2.5.2 Montèlo IEEE802.11nH arqitektonik  MIMO uiojet jhke gia efarmog  se asÔrmata topik� dÐktua (wireless local
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Sq ma 2.19: Sen�rio poludiadromik c di�doshc sto montèlo 3GPP SCMmet�doshc, aÔxhshc thc radiok�luyhc kai beltÐwshc thc axiopistÐac twn asÔrmatwn zeÔxewntou diktÔou. Ta perib�llonta eswterik¸n q¸rwn, ìpou kurÐwc qrhsimopoioÔntai tètoia dÐ-ktua, emfanÐzoun èntona fainìmena skèdashc pou epitrèpoun thn epÐteuxh uyhl¸n kerd¸nqwrik c poluplexÐac,   alli¸c aux�noun thn dunat  epitugqanìmenh qwrhtikìthta diaÔlou.Sta plaÐsia thc om�dac High Throughput Task Group thc om�dac protupopoÐhshc IEEE

802.11n anaptÔqjhke èna montèlo MIMO radiodiaÔlou gia di�fora perib�llonta eswterik¸nq¸rwn pou sunant¸ntai se grafeÐa ergasÐac, katoikÐec kai meg�louc eswterikoÔc q¸rouc(p.q. aÐjousec aerodromÐwn, xenodoqeÐwn, ekjesiak¸n kèntrwn klp.). Ta montèla aut�, poukaloÔntai TGn montèla, aforoÔn suqnìthtec leitourgÐac perÐ ta 2GHz kai 5GHz stic mhadeiodotoÔmenec z¸nec suqnot twn (unlicenced bands) me auxhmèno eÔroc z¸nhc 100MHz.Ta TGn montèla eÐnai 6 to pl joc kai h dom  touc basÐzetai se èna sunduasmì thc do-m c tou montèlou Kronecker kai thc paradoq c thc allhlepÐdrashc twn poludiadromik¸nsunistws¸n me om�dec skedast¸n oi opoÐec perigr�fontai me statistikoÔc (kai ìqi gew-metrikoÔc) ìrouc. To pl joc twn om�dwn diafèrei an�loga me to perib�llon apì 2 wc 6en¸ h kajustèrhsh �fixhc isqÔoc apì diaforetikèc om�dec akoloujeÐ katanom  Poisson.To montèlo problèpei ekjetik  meÐwsh thc lambanìmenhc isqÔoc lìgw twn sunistws¸n pouan koun sthn Ðdia om�da kaj¸c epÐshc kai thn dunatìthta epik�luyhc diaforetik¸n om�dwn(me ìrouc lambanìmenhc isqÔoc). H k�je om�da èqei tuqaÐa gwniak� qarakthristik� mèshckateÔjunshc anaq¸rhshc kai �fixhc all� prokaleÐ gwniak  fasmatik  puknìthta isqÔocpou akoloujeÐ thn laplasian  katanom  me timèc gwniak c diaspor�c pou orÐzetai apì tok�je montèlo. H gwniak  katanom  thc isqÔoc kajorÐzei kai tic timèc twn pin�kwn summeta-blhtìthtac pompoÔ kai dèkth pou antistoiqoÔn se k�je om�da kai qrhsimopoioÔntai gia thngènnhsh susqetismènwn stoiqeÐwn twn MIMO pin�kwn sÔmfwna me to montèlo Kronecker.Tèloc, ìson afor� thn perigraf  thc qronik c metabol c tou diaÔlou aut  gÐnetai me stati-stikì trìpo mèsw tou kajorismoÔ thc fasmatik c puknìthtac isqÔoc Doppler. Leptomer cperigraf  twn TGn montèlwn dÐnetai sthn anafor� [31].
�
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Kef�laio 3Euruzwnikèc Metr seicPoludi�stastou QarakthrismoÔRadiodiaÔlouO peiramatikìc poludi�statoc qarakthrismìc radiodiaÔlou apaiteÐ thn tautìqronh mètrhshtou diaÔlou sto pedÐo tou qrìnou, thc suqnìthtac kai tou q¸rou stic kontinèc perioqèctou pompoÔ kai tou dèkth. Metr seic autoÔ tou eÐdouc pragmatopoioÔntai me exeidikeumènoexoplismì pou kaleÐtai channel sounder. Sto kef�laio autì, perigr�fetai h arq  leitourgÐactou metrhtikoÔ exoplismoÔ kaj¸c kai ta qarakthristik� twn stoiqeiokerai¸n mètrhshc.EpÐshc, dÐnetai h mejodologÐa mètrhshc pou akolouj jhke kai perigr�fontai ta perib�llontadi�doshc ìpou exet�sthkan sen�ria stajer¸n euruzwnik¸n asÔrmatwn zeÔxewn, k�jethcpìlwshc, pou leitourgoÔn sthn kentrik  suqnìthta fc = 5:2GHz.3.1 Arq  LeitourgÐac Metrhtik c Di�taxhcGia tic metr seic qarakthrismoÔ kanalioÔ qrhsimopoi jhke o exoplismìc RUSK ATM thcetaireÐac MEDAV GmbH pou epitrèpei thn mètrhsh thc apìkrishc tou radiodiaÔlou sepollaplèc diast�seic [32]. H metrhtik  di�taxh apoteleÐtai apì ton pompì, thn keraÐa ek-pomp c, thn keraÐa l yhc, to dèkth, th mon�da katagraf c twn peiramatik¸n dedomènwn kaitic mon�dec sugqronismoÔ. H arq  leitourgÐac tou exoplismoÔ basÐzetai sth ekpomp  enìcperiodikoÔ polutonikoÔ s matoc diègershc en¸ sto dèkth pragmatopoieÐtai deigmatolhyÐapragmatikoÔ qrìnou kai epexergasÐac susqètishc. H mon�da katagraf c dedomènwn sto dè-kth peril�mb�nei diat�xeic yhfiak c epexargasÐac s matoc pou epitrèpoun thn ektÐmhsh twnmigadik¸n deigm�twn thc apìkrishc kanalioÔ kaj¸c kai thn apoj keush touc se pragmati-kì qrìno. H mètrhsh tou diaÔlou gÐnetai akoloujiak� gia k�je dunatì zeÔgoc stoiqeÐwnkeraÐac pompoÔ kai dèkth. To sÔnolo twn apokrÐsewn gia ìla ta zeÔgh kaleÐtai MIMOstigmiìtupo (snapshot). H akoloujiak  mètrhsh epitugq�netai me th qr sh dÔo grhgorwnmetagwgèwn RF pou leitourgoÔn sugqronismèna sta dÔo �kra. O anagkaÐoc sugqroni-smìc metaxÔ twn metagwgèwn pompoÔ kai dèkth exasfalÐzetai me mia arqik  diadikasÐa pou49
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Sq ma 3.1: Mplok di�gramma arqitektonik c di�taxhc mètrhshc radiodiaÔlouprohgeÐtai thc katagraf c metroÔmenwn dedomènwn kai diathreÐtai sth sunèqeia kaj' ìlh thdi�rkeia thc mètrhshc me th qr sh talantwt¸n roubidÐou pou diakrÐnontai gia thn akrÐbeiatouc. H arqitektonik  tou RUSK ATM apeikonÐzetai grafik� sto di�gramma tou sq matoc3.1.To s ma ekpomp c s, pou qrhsimopoieÐtai gia thn diègersh tou asÔrmatou diaÔlou, eÐnaiprokajorismèno me idiaÐtera qarakthristik� gnwst� se pompì kai dèkth ¸ste na eÐnai du-nat  h ektÐmhsh thc sun�rthshc metafor�c tou diaÔlou. To s ma diègershc eÐnai periodikìme tim  periìdou tp arket� meg�lh ¸ste na anagnwrÐzontai oi afiknoÔmenec poludiadromikècsuvist¸sec me auxhmènh kajustèrhsh di�doshc, all� tautìqrona arket� sÔntomh ¸ste naeÐnai dunat  h parat rhsh twn qronik¸n metabol¸n tou kanalioÔ pou gÐnontai antilhptècsto dèkth me th morf  olÐsjhshc Doppler kai gr gorwn dialeÐyewn. H mègisth metr simhkajustèrhsh di�doshc �max orÐzei kai thn perÐodo tou s, dhl. tp = �max. To fasmatikìperieqìmeno tou s eÐnai en gènei diakritì en¸ h morf  tou eÐnai polutonik  sto eÔroc z¸nhcmètrhshc BWmeas = 120 MHz. Ousiastik�, to polutonikì s ma diègershc orÐzetai apìtouc suntelestèc Fourier S(kf0)

s(nt0) =

Mf �1X

k=0

S(kf0) � ej2�kn=Mf (3.1)me tp = 1=f0 = Mf � t0, ìpou f0 h suqnotik  apìstash metaxÔ dÔo diadoqik¸n tìnwn kaiMfto pl joc touc. H antÐstoiqh kumatomorf  sto pedÐo tou qrìnou s(nt0) apojhkeÔetai sthn
RAM thc genn triac kumatomorf¸n tou pompoÔ. Kat� th diadikasÐa ekpomp c, ta deÐgmatatou s(nt0) odhgoÔntai se èna 10 bit D/A metatropèa me rujmì 320MHz tou opoÐou h èxo-doc par�getai apeujeÐac sthn IF bajmÐda kai sth sunèqeia odhgeÐtai sthn RF bajmÐda kaiekpèmpetai periodik�. Oi f�seic kai ta pl�th twn suntelest¸n S(kf0) epilègontai ¸ste nabeltistopoieÐtai h epÐdosh tou sust matoc. Eidikìtera, ta pl�th twn S(kf0) epilègontai¸ste h fasmatik  puknìthta isqÔoc tou ekpempìmenou s matoc na eÐnai omoiìmorfh en¸ oif�seic ¸ste na exasfalÐzetai qamhl  tim  tou par�gonta kumatismoÔ cf (crest factor) tous matoc [33]. Genik�, qamhlèc timèc tou cf aux�noun to lambanìmeno shmatojorubikì lìgo50 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 3. Euruzwnikèc Metr seic Poludi�stastou QarakthrismoÔ RadiodiaÔlougia dosmènh isqÔ ekpomp c kai ston RUSK ATM to s ma diègershc èqei cf � 2. H mikr tim  tou Sf exasfalÐzei ìti h perÐodoc tou lambanìmenou s matoc y(t; nt0) eÐnai sqedìn Ðdiame aut  tou s matoc diègershc opìte to fasmatikì tou perieqìmeno mporeÐ na upologisteÐme qr sh tou gr gorou metasqhmatismoÔ Fourier ( fast Fourier transform - FFT). 'Otanup�rqei poludiadromik  di�dosh, to omoiìmorfo f�sma tou s matoc diègershc morfopoieÐtailìgw twn epilektik¸n wc proc th suqnìthta dialeÐyewn, ìpwc eÐnai fanerì sto sq ma 3.2.
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Sq ma 3.2: S ma diègershc sta pedÐa tou qrìnou kai thc suqnìthtac (p�nw), ektim¸menh krou-stik  apìkrish kai f�sma lambanìmenou s matoc (k�tw)H ektÐmhsh thc qronometablht c sun�rthshc metafor�c tou diaÔlou upologÐzetai apì thneterosusqètish thc eisìdou exìdou, sÔmfwna me
T (t; kf0) =

Y (t; kf0)S(kf0)�

jS(kf0)j2
=
Y (t; kf0)

S(kf0)
(3.2)H diaspor� thc ektÐmhshc eÐnai ìso to dunatì mikrìterh dedomènou ìti to s ma diègershcèqei epÐpedo f�sma kai ta fainìmena diarro c apofeÔgontai lìgw thc qr shc mÐac mìno pe-riìdou s matoc. Epomènwc, h diaspor� thc ektÐmhshc exart�tai mìno apì to shmatojorubikìlìgo tou lambanìmenou s matoc.H teqnik  mètrhshc me gr gorh metagwg  stoiqeÐwn keraÐac epitrèpei sto RUSK ATM naèqei arqitektonik  monoÔ kanalioÔ me mÐa RF alusÐda se pompì kai dèkth, èna metatropèaNikìlaoc D. Skèntoc - Didaktorik  Diatrib  51
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max2 R TM M ÞSq ma 3.3: Di�gramma qronismoÔ metagwg c keraiostoiqeÐwn tou RUSK ATM

A/D kai mÐa mon�da yhfiak c epexergasÐac s matoc sto dèkth. H leitourgÐa aut  eÐnaijewrhtik� epitrept  gia th mètrhsh thc apìkrishc enìc grammikoÔ qronik� metaballìmenousust matoc, ìpwc eÐnai o radiodÐauloc, mìno ìtan to sÔsthma qarakthrÐzetai apì upodiaspo-r� (underspread), dhl. o par�gontac diaspor�c eÐnai polÔ mikrìteroc thc mon�doc. Genik�,o par�gontac diapor�c Sf orÐzetai wc to ginìmeno Sf = �max � Bmax kai gia tupikoÔc ra-diodiaÔlouc èqei tim  mikrìterh tou 1%. To gegonìc autì epitrèpei thn eisagwg  meg�lwnken¸n diasthm�twn metaxÔ thc katagraf c duo diadoqik¸n MIMO stigmiotÔpwn, qwrÐc naephre�zetai h apaÐthsh gia deigmatolhyÐa pou ja epitrèpei thn parat rhsh twn gr gorwndialeÐyewn. Epiplèon, gia na apofeuqjoÔn pijanèc anakrÐbeiec pou ofeÐlontai se metabatik�fainìmena ta opoÐa emfanÐzontai kat� th metagwg , eis�getai èna qronikì di�sthma asfa-leÐac (guard interval) tg = tp metaxÔ dÔo diadoqik¸n periìdwn tou s matoc ekpomp c. Hmetagwg  gÐnetai ¸ste gia k�je keraiostoiqeÐo ekpomp c na epilègontai ìla ta keraiostoi-qeÐa l yhc [34]. To di�gramma qronismoÔ metagwg c apeikonÐzetai sto sq ma 3.3 gia ènaupojetikì sÔsthma me 3 keraiostoiqeÐa pompoÔ kai 4 keraiostoiqeÐa dèkth. EÐnai fanerì ìtigenik� h sunolik  di�rkeia mètrhshc enìc MIMO stigmiotÔpou eÐnai ts = 2MTMR�max.To idanik� epÐpedo f�sma tou s matoc diègershc alloi¸netai apì to metrhtikì sÔsthmalìgw twn sunart sewn metafor�c twn fÐltrwn stouc �nw kai k�tw metatropeÐc tou pompoÔkai tou dèkth. Epiplèon, oi mh grammikèc paramorf¸seic pou eis�gontai apì ton enisqu-t  isqÔoc tou pompoÔ odhgoÔn se entìc z¸nhc paramorf¸seic kai ektìc z¸nhc fasmatik an�plash (spectral re-growth). Gia thn apofug  laj¸n sthn ektÐmhsh thc T (t; kf0) prag-matopoeÐtai back-to-back mètrhsh bajmonìmhshc (back to back calibration measurement)gia ton prosdiorismì thc apìkrishc tou metrhtikoÔ exoplismoÔ. Sth mètrhsh aut  o radiodÐ-auloc antikajist�tai apì èna exasjenht  me kajorismèna qarakthristik� kai to apotelesma
Sbb(kf0) efarmìzetai wc apìkrish anafor�c sthn ex. (3.2), dhl S(kf0) = Sbb(kf0).Shmei¸netai ìti, h arqitektonik  mon c alusÐdac tou RUSK ATM, parak�mptei ta probl -52 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 
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Sq ma 3.4: Apìkrishc sust matoc mètrhshc RUSK ATM (apotèlesma nwtepÐnwthc mètrhshcbajmonìmhshc)mata pou ja ofeÐlontan sth qr sh poll¸n praktik� mh ìmoiwn alusÐdwn. O jìruboc f�shc,pou genik� apoteleÐ prìblhma se metrhtikèc diat�xeic tou eÐdouc, brÐsketai se qamhl� epÐpe-da sto RUSK ATM lìgw thc prosektik c sqedÐashc twn PLL kai VCO. Perissìtera ìmwcsf�lmata mètrhshc mporoÔn na proklhjoÔn apì tic ìpoiec atèleiec twn stoiqeiokerai¸n pouqrhsimopoi jhkan sth mètrhsh. Sthn epìmenh enìthta, parousi�zontai oi stoiqeiokeraÐectou pompoÔ kai tou dèkth.3.2 StoiqeiokeraÐec Metrhtik c Di�taxhcH anagn¸rish twn qarakthristik¸n kateÔjunshc di�doshc twn poludiadromik¸n sunistw-s¸n tou radiodiaÔlou apaiteÐ thn deigmatolhyÐa sto pedÐo tou q¸rou kai sta dÔo �kra thc
MIMO zèuxhc. Ta qarakthristik� twn keraiostoiqeÐwn mètrhshc kai h gewmetrÐa touc eph-re�zei se meg�lo bajmì thn algorijmik  epexergasÐa twn dedomènwn gia ton prosdiorismìtwn qarakthristik¸n kateÔjunshc. 'Omwc, oi praktikèc stoiqeiokeraÐec, me thn anagkaÐa mi-kr  apìstash diaqwrismoÔ twn keraiostoiqeÐwn, emfanÐzoun fainìmena amoibaÐac epagwg c(mutual coupling) pou ephre�zoun to di�gramma aktinobolÐac twn stoiqeÐwn touc. Epiplèon,ta �nisa m kh twn gramm¸n trofodosÐac twn keraiostoiqeÐwn prokaloÔn anantistoiqÐa pl�-touc kai f�shc stic apokrÐseic touc. To sÔnolo aut¸n twn epidr�sewn mporeÐ na prokalèseimh apodektèc lanjasmènec ektim seic kateÔjunshc di�doshc opìte eÐnai aparaÐthth h anti-st�jmis  touc mèsw metr sewn bajmonìmhshc stoiqeiokerai¸n.Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  53



Kef�laio 3. Euruzwnikèc Metr seic Poludi�stastou QarakthrismoÔ RadiodiaÔlouStic peiramatikèc metr seic qrhsimopoi jhkan omoiìmorfec grammikèc stoiqeiokeraÐec ( uni-

form linear arrays - ULAs) me 8 stoiqeÐa kai sta dÔo �kra. Ston pompì, 8 omoiokateujuntik�dikwnik� stoiqeÐa, me k�jeth pìlwsh kai kentrik  suqnìthta leitourgÐac 5.2GHz, topoje-t jhkan se isapèqonta diast mata p�nw se èna �xona ¸ste na sqhmatÐzoun èna ULA. Gia thst rixh twn dikwnik¸n kerai¸n kataskeu�sthke mÐa di�taxh apì plastikì ulikì (plexiglass)pou epètrepe to sqhmatismì ULAs me metablhtì di�sthma apìstashc geitonik¸n stoiqeÐwn.Sugkekrimèna, oi metr seic se ìlec tic topojesÐec pragmatopoi jhkan gia 9 diaforetikoÔcsqhmatismoÔc ULAs ston pompì me tic apost�seic metaxÔ diadoqik¸n stoiqeÐwn na eÐnai
0:5�, 0:75�, 1:0�, 1:25�, 1:5�, 1:75�, 2:0�, 2:5� kai 3:0�. Apì thn �llh pleur�, sto dèkthqrhsimopoi jhke mia omoiìmorfh grammik  stoiqeiokeraÐa me 8 energ� stoiqeÐa kai 2 epi-plèon termatismèna pajhtik� stoiqeÐa stic �krec. K�je stoiqeÐo  tan dÐpolo �=2 me k�jethpìlwsh kai kentrik  suqnìthta leitourgÐac 5.2GHz, en¸ h apìstash diaqwrismoÔ  tan sta-jer  kai Ðsh me 0:4�. To eÔroc 3dB tou diagr�mmatoc aktinobolÐac  tan 120�. H di�taxhstoiqeiokeraÐac tou dèkth enswm�twne to gr goro metagwgèa RF kai sthn èxodo autoÔ tonenisqut  qamhloÔ jorÔbou (low noise ampli�er - LNA). Ta termatismèna dÐpola sta �krathc stoiqeiokeraÐac tou dèkth exasf�lizan ìmoiec sunj kec amoibaÐac epagwg c gia k�jestoiqeÐo. Oi stoiqeiokeraÐec tou pompoÔ kai tou dèkth apeikonÐzontai sto sq ma 3.5.

Sq ma 3.5: Omoiìmorfec grammikèc stoiqeiokeraÐec pompoÔ (arister�) kai dèkth (dexi�)3.2.1 Bajmonìmhsh stoiqeiokerai¸nH stoiqeiokeraÐa tou dèkth  tan bajmonomhmènh gia thn antist�jmish twn ìpoiwn atelei¸nkataskeu c, diafor¸n sto kèntro f�shc, anoq¸n stic apost�seic twn stoiqeÐwn kai thcamoibaÐac sÔzeuxhc metaxÔ touc. Ta apotèlesmata thc bajmonìmhshc brÐskontan apojh-keumèna se hlektronik  morf  sth mon�da epexergasÐac tou dèkth kai efarmìzontan wcpar�gontac diìrjwshc se pragmatikì qrìno apeujeÐac sta metroÔmena dedomèna kata thdiadikasÐa ektÐmhshc thc apìkrishc tou diaÔlou.AntÐjeta, h stoiqeiokeraÐa tou pompoÔ sqhmatÐsthke apì okt¸ ìmoia stoiqeÐa opìte h diexa-gwg  metr sewn bajmonìmhshc  tan aparaÐthth gia thn meÐwsh twn susthmatik¸n sfalm�-twn mètrhshc pou ofeÐlontai se aut . Oi metr seic pragmatopoi jhkan qrhsimopoi¸ntac ton54 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 3. Euruzwnikèc Metr seic Poludi�stastou QarakthrismoÔ RadiodiaÔlou
RUSK ATM, akolouj¸ntac th mèjodo pou perigr�fetai sthn anafor� [35], ston anhqoðkìj�lamo thc INTRAKOM A.E. (bl. sq ma 3.6). To apotèlesma twn metr sewn bajmo-nìmhshc eÐnai ènac diorjwtikìc pÐnakac C o opoÐoc upologÐzetai ¸ste na elaqistopoieÐtaito l�joc sthn ektÐmhsh thc gwnÐac anaq¸rhshc tou hlekromagnhtikoÔ kÔmatoc apo thnstoiqeiokeraÐa tou pompoÔ, me efarmog  tou algorÐjmou ESPRIT o opoÐoc èqei auxhmènhdiakritik  ikanìthta. H akrib c diadikasÐa mètrhshc bajmonìmhshc omoiìmorfhc grammik cstoiqeiokeraÐac kaj¸c kai h mejodologÐa prosdiorismoÔ tou C perigr�fetai analutik� stopar�rthma A. O pÐnakac diìrjwshc C upologÐsthke qwrist� gia k�jemia apì tic ennèa stoi-qeiokeraÐec pou qrhsimoi jhkan ston pompì en¸ h efarmog  tou sta peiramatik� dedomènagÐnotan kat� th di�rkeia thc mètrhshc.

Sq ma 3.6: Mètrhsh bajmonìmhshc stoiqeiokeraÐac pompoÔ3.3 MejodologÐa Metr sewnOi metr seic MIMO radiodiaÔlou pragmatopoi jhkan sthn kentrik  suqnìthta fc = 5:2 GHz,pou an kei sth diejn¸c mh-adeiodotoÔmenh z¸nh suqnot twn ISM, en¸ to eÔroc z¸nhc mè-trhshc  tan BWmeas = 120 MHz. H tim  tou BWmeas eÐnai megalÔterh apì to eÔroc z¸nhcleitourgÐac twn emporik¸n asÔrmatwn susthm�twn proswpik¸n epikoinwni¸n pou leitour-goÔn sthn sugkekrimènh perioq  suqnot twn (ìpwc p.q IEEE 802.11n, klp). Sunep¸c,eÐnai dunatìc o prosdiorismìc twn qarakthristik¸n kajustèrhshc di�doshc tou diaÔlou mediakritikìthta megalÔterh apì aut  twn pragmatik¸n susthm�twn, akìmh kai me apl  qr shtou metasqhmatismoÔ Fourier.H diadikasÐa mètrhshc pou akolouj jhke analÔetai sta akìlouja b mata [36]:B ma 1: Diagnwstikèc dokimècO RUSK ATM eÐnai efodiasmènoc me èna sÔnolo apì enswmatwmènec leitourgÐec /elègqouc di�gnwshc kal c leitourgÐac, oi opoÐec ekteloÔntan me thn ènarxh leitour-gÐac tou exoplismoÔ gia anÐqneush pijan¸n laj¸n .Nikìlaoc D. Skèntoc - Didaktorik  Diatrib  55



Kef�laio 3. Euruzwnikèc Metr seic Poludi�stastou QarakthrismoÔ RadiodiaÔlouB ma 2: Back to back mètrhsh bajmonìmhshc sust matocPrin thn ènarxh diexagwg c twn metr sewn, ekteloÔntan h back-to-back mètrhsh baj-monìmhshc, gia ton prosdiorismì thc apìkrishc tou metrhtikoÔ sust matoc. Epiplèon,elègqontan kai rujmÐzontan o sugqronismìc twn talantwt¸n roubidÐou pou leitour-goÔsan wc anafor� suqronismoÔ tou pompoÔ kai tou dèkth.B ma 3: Orismìc paramètrwn s matoc diègershcSto st�dio autì orÐzontan oi par�metroi tou periodikoÔ s matoc diègershc, dhl. hisqÔc ekpomp c, h kentrik  suqnìthta ekpomp c, to eÔroc z¸nhc, h perÐodoc, opìteprosdiorÐzontan kai qarakthristik� ìpwc to pl joc twn tìnwn, h suqnotik  toucapìstash kai h diakritikìthta sto pedÐo thc kajustèrhshc di�doshc. Se ìlec ticmetr seic qrhsimopoi jhkan koinèc par�metroi s matoc diègershc oi opoÐec dÐnontaiston pÐnaka 3.1. PÐnakac 3.1: Par�metroi s matoc diègershcisqÔc ekpomp c 27 dBmkentrik  suqnìthta fc 5.2 GHzeÔroc z¸nhc mètrhshc BWmeas 120 MHzperÐodoc tp 3.2 msecpl joc tìnwn Mf 385apìstash diadoqik¸n tìnwn f0 312.5 kHzB ma 4: Orismìc paramètrwn stoiqeiokerai¸nSto sugkekrimèno b ma orÐzontan oi par�metroi twn stoiqeiokerai¸n pompoÔ kai dè-kth, ìpwc eÐnai to pl joc twn stoiqeÐwn touc, h gewmetrÐa touc, kai ta arqeÐa me toucpÐnakec diìrjwshc pou proèkuyan apì tic metr seic bajmonìmhshc. EpÐshc, sqhmatÐ-zotan ènac pÐnakac poluplexÐac pou ìrize tic akoloujÐec RF metagwg c se pompì kaidèkth.B ma 5: Orismìc paramètrwn mètrhshcSe aut  th f�sh proetoimasÐac thc mètrhshc kajorÐzotan oi par�metroi katagraf ctwn peiramatik¸n dedomènwn sto dèkth. 'Olec oi metr seic pou pragmatopoi jhkan tan statikèc, dhl. oi jèseic tou pompoÔ kai tou dèkth parèmenan amet�blhtec seìlh th di�rkeia thc mètrhshc. H perÐodoc mètrhshc enìc MIMO stigmiotÔpou  tan
tsnp = 9:216msec en¸ to pl joc twn stigmiotÔpwn pou katagr�fhkan gia k�je mè-trhsh  tan Ns = 512. H sugkekrimènh epilog  paramètrwn epètrepe thn mètrhshmègisthc olÐsjhshc Doppler Ðshc me vmax ’ �54 Hz, tim  ikanopoihtik  gia to stati-kì qarakt ra twn metr sewn.B ma 6: Katagraf  metroÔmenwn dedomènwnMe th sumpl rwsh twn parap�nw bhm�twn xekinoÔse h katagraf  twn peiramati-k¸n dedomènwn. H sunolik  di�rkeia k�je mètrhshc  tan perÐpou Tmeas ’ 4:72 sec.Se k�je jèsh mètrhshc, exet�zontan ennèa diaforetikèc diarjr¸seic omoiìmorfwn56 Nikìlaoc D. Skèntoc - Didaktorik  Diatrib 



Kef�laio 3. Euruzwnikèc Metr seic Poludi�stastou QarakthrismoÔ RadiodiaÔlougrammik¸n stoiqeiokerai¸n ston pompì. Met� apì k�je allag  di�rjrwshc keraÐacepanal�mbanontan ta b mata 4-6 gia thn ektèlesh thc epìmenh mètrhshc.Oi diat�xeic tou pompoÔ kai tou dèkth apeikonÐzontai sto sq ma 3.7 en¸ ta basik� qarakth-ristik� tou sust matoc mètrhshc parousi�zontai sunoptik� ston pÐnaka 3.2.

Sq ma 3.7: O pompìc (arister�) kai o dèkthc (dexi�) thc metrhtik c di�taxhc RUSK ATMPÐnakac 3.2: PlhroforÐec metr sewn radiodiaÔlou
MEDAV RUSK ATMKentrik  suqnìthta fc 5.2GHzExoplismìc EÔroc z¸nhc BWmeas 120MHzMetroÔmenh Sun�rthsh Sun�rthsh metafor�cana SISO dÐauloQr sh statikìcSqhmatismìc ULAKeraiostoiqeÐo dikwnikìPompìc KeraÐa Plhjoc stoiqeÐwn 8Apìstash diaqwrismoÔ 0.5� ... 3.0�Pìlwsh k�jethDi�gramma aktinobolÐac omoiokateujuntikìEÔroc 3dB kÔriou loboÔ aktinobolÐac -Qr sh statikìcSqhmatismìc ULAKeraiostoiqeÐo dÐpolo �/2Dèkthc KeraÐa Plhjoc stoiqeÐwn 8 energ�, 2 pajhtik�Apìstash diaqwrismoÔ 0.4�Pìlwsh k�jethDi�gramma aktinobolÐac kateujuntikìEÔroc 3dB kÔriou loboÔ aktinobolÐac 120

oQronikì di�sthma deigmatolhyÐac 9.216msecDi�rkeia mètrhshc 4.7secPeiramatik� Pl joc stigmiotÔpwn 512dedomèna mègisth kajustèrhsh di�doshc 3.2�secDiakritik  pedÐo kajustèrhshc di�doshc 8.3nsecikanìthta pedÐo suqnìthtac 312.5kHzNikìlaoc D. Skèntoc - Didaktorik  Diatrib  57



Kefˆl ai o 3. Euruz w ni kèc Metr s ei c Po l udiˆst ast o u Qarakthr i sm oÔ Radi odiaÔlo u

Sq ma 3.8: Apost asiì metr o laser thc et aireÐac Leica

3.4 Metrhjènt a Peribˆllo nt a Diˆdoshc

To sÔno lo t wn peiramatik¸n dedomènwn pou kat agrˆfhkan anti s t oi qoÔn se senˆria diˆdoshc

exwterik¸n q¸rwn me s t ajerèc jèsei c pompoÔ kai dèkth kai me sunj kec optik c epaf c me-

t axÔ t ouc. Oi metr sei c pragmat opoi jhkan se dÔo t opojesÐec s thn pì lh thc Aj nac (s thn

lewfìro SuggroÔ kai s thn odì Tsimi s k  s t o kèntro thc pì lhc), s thn Po luteqnei oÔpo lh

Zwgrˆfou kai s ti c egkat as tˆsei c thc et aireÐac INTR AK OM A.E. Oi metr sei c diakrÐ no n t ai

se treÐ c kathgorÐec me kri t ri o ti c jèsei c pompoÔ - dèkth :

1. metr sei c drìmou - orof c (lewf. SuggroÔ)

2. metr sei c orof c - orof c (Po luteqnei oÔpo lh, INTR AK OM)

3. metr sei c drìmou - drìmou (odìc Tsimi sk )

Ako loujeÐ sÔnt omh peri graf  t wn periballì nt wn diˆdoshc thc kˆje kathgorÐac, en¸ suno-

ptikèc plhroforÐ e c gia ti c metr sei c se kˆje jèsh dÐ no n t ai s t o n pÐ naka 3.3. Shmei¸net ai ì ti

o prosdi ori smìc thc apìs t ashc diaqwri smoÔ pompoÔ-dèkth se kˆje jèsh mètrhshc pragma-

t opoi jhke qrhsimopoi¸nt ac me laser apos t asiìmetro t o opoÐ o prosèfere akrÐbeia mètrhshc

� 0:25m (bl. sq ma 3.8).

3.4.1 Metr sei c drìmou - orof c

Oi metr sei c s th lewfìro SuggroÔ pragmat opoi jhkan me t o n pompì t opojethmèno s t o

epÐpedo t ou drìmou, se Ôyoc 1.75 m apì t o èdafoc, kai t o dèkth t opojethmèno s thn t arˆtsa

enìc ktirÐ ou s thn apènanti pleurˆ thc lewfìrou (ElfÐ nko A.E) se Ôyoc 10.95 m apì t o èda-

foc. To peribˆllo n qarakthrÐze t ai wc as tikì kai èqei tupikˆ po luìrofa ktÐria epi qeir sewn

kat a m koc t ou drìmou. Oi metr sei c pragmat opoi jhkan se 7 suno likˆ diaforetikèc jèsei c

pompoÔ, me 9 sqhmati sm oÔc ULA s t o n pompì gia kˆje jèsh. Anˆlush kai epexergasÐa t wn

peiramatik¸n dedomènwn pragmat opoi jhke mì no gia ti c jèsei c 4-7, pou epilèqjhkan lì gw

t ou ikanopoi htikoÔ shmat ojorubikoÔ lì gou mètrhshc SNRmeas . Oi apos tˆsei c diaqwri smoÔ
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