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PerÐlhyh

Ta nèa sust mata epikoinwnÐac apaitoÔn uyhloÔc rujmoÔc met�doshc qwrÐc thn

aÔxhsh thc isqÔoc met�doshc. Gia to lìgo autì, anaptÔqjhkan teqnikèc pou èqoun

skopì na odhg soun se axiìpisth epikoinwnÐa, ìpwc h apostol  dedomènwn mèsw

anex�rthtwn kanali¸n (diaforopoÐhsh – diversity). MÐa endiafèrousa teqnik  gia

thn epÐteuxh diaforopoÐhshc eÐnai h qr sh kwdÐkwn diaforopoÐhshc qrìnou se su-

st mata pollapl¸n kerai¸n (space-time codes). Mèsw thc teqnik c aut c eÐnai

dunat  h beltÐwsh thc apìdoshc tou sust matoc mei¸nontac thn epÐdrash twn pa-

rembol¸n kai elatt¸nontac ton sunolikì rujmì sfalm�twn kat� th met�dosh. O

Siavash M. Alamouti anèptuxe ènan aplì all� apodotikì space-time k¸dika gia

dÔo keraÐec ekpomp c kai M keraÐec l yhc. Sthn paroÔsa ergasÐa, perigr�fetai

h ulopoÐhsh tou sq matoc pou prìteine o Alamouti gia dÔo keraÐec ekpomp c kai

mÐa keraÐa l yhc se SDR (Software Defined Radio) sust mata epikoinwnÐac. Me th

qr sh twn susthm�twn aut¸n, melet same th sumperifor� tou sq matoc Alamouti

se di�fora perib�llonta di�doshc.
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Kef�laio 1

Eisagwg 

O skopìc thc paroÔsac ergasÐac eÐnai h perigraf  thc ulopoÐhshc enìc sust ma-

toc epikoinwnÐac pou qrhsimopoieÐ perissìterec apì mÐa keraÐec ekpomp c. Sugke-

krimèna, perigr�foume thn ulopoÐhsh tou sq matoc tou Alamouti gia sust mata me

dÔo keraÐec ston pompì kai mÐa keraÐa sto dèkth. EpÐshc, perigr�foume th sumpe-

rifor� tou sust matoc se perib�llonta di�doshc me èntonh kinhtikìthta sto q¸ro

all� kai se perib�llonta di�doshc qwrÐc kajìlou kinhtikìthta sto q¸ro.

Sto deÔtero kef�laio perigr�fetai h ènnoia tou asÔrmatou kanalioÔ all� kai ta

fainìmena pou sumb�lloun arnhtik� sth di�dosh tou s matoc. EpÐshc, proteÐnontai

trìpoi antimet¸pishc twn fainomènwn aut¸n, me skopì th beltÐwsh thc apìdoshc

tou sust matoc. Tèloc, perigr�fetai sunoptik� o trìpoc pou prìteine o Alamouti,

gia thn antimet¸pish twn fainomènwn alloÐwshc tou s matoc, all� kai ta software-

define sust mata epikoinwnÐac, pou mporoÔn na qrhsimopoihjoÔn gia thn an�ptuxh

susthm�twn epikoinwnÐac.

Sto trÐto kef�laio analÔetai to sq ma tou Alamouti gia sust mata me dÔo

keraÐec ekpomp c kai mÐa keraÐa l yhc. Epiplèon, analÔetai kai h aploÔsterh pe-

rÐptwsh gia sust mata me pollèc keraÐec ston pompì kai pollèc keraÐec sto dèkth

kai sugkekrimèna to sq ma pou prìteine o Alamouti me dÔo keraÐec ekpomp c kai

dÔo keraÐec l yhc. EpÐshc, perigr�fetai h mèjodoc gia thn ektÐmhsh twn kanali¸n

di�doshc tou s matoc kai h mèjodoc gia thn eÔresh thc diafor�c suqnìthtac forèa.
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Tèloc, ta sust mata aut� sugkrÐnontai me thn apl  perÐptwsh ìpou to sÔsthma èqei

mÐa keraÐa ston pompì kai mÐa sto dèkth. H sÔgkrish aut  faner¸nei th beltÐwsh

pou prosfèroun ta nèa sq mata sthn apìdosh twn susthm�twn epikoinwnÐac.

Sto tètarto kef�laio perigr�fetai analutik� o trìpoc leitourgÐac twn software-

defined-radio susthm�twn kaj¸c kai oi eukolÐec pou prosfèrei h qr sh touc.

To pèmpto kef�laio parousi�zei ta apotelèsmata pou proèkuyan kat� thn peira-

matik  diadikasÐa. Perigr�fetai analutik� o trìpoc ulopoÐhshc kai ta apotelèsmata

twn peiram�twn. Ta apotelèsmata aut� anafèrontai ston trìpo sumperifor�c tou

sust matoc pou ulopoi jhke me b�sh to sq ma tou Alamouti. To sÔsthma doki-

m�sthke se perib�llonta di�doshc me èntonh kinhtikìthta all� kai se perib�llonta

di�doshc qwrÐc kajìlou kinhtikìthta gia diaforetikèc timèc isqÔoc ekpomp c.

Sto teleutaÐo kef�laio parousi�zontai k�poia sumper�smata pou proèkuyan

apì thn peiramatik  diadikasÐa kai proteÐnetai mellontik  ergasÐa p�nw sto jèma

autì.



Kef�laio 2

AsÔrmata Thlepikoinwniak�

Sust mata

2.1 AsÔrmato kan�li - DialeÐyeic - Diaforo-

poÐhsh

H met�dosh plhroforÐac mèsw tou perib�llontoc q¸rou me th qr sh hlektro-

magnhtik¸n kum�twn metaxÔ pompoÔ kai dèkth kaleÐtai asÔrmath epikoinwnÐa. O

atmosfairikìc q¸roc apoteleÐ to mèso di�doshc twn hlektromagnhtik¸n kum�twn

kai orÐzei èna kan�li to opoÐo kaleÐtai asÔrmato kan�li.

To asÔrmato kan�li eÐnai euaÐsjhto se di�forec morfèc jorÔbou kai se parem-

bolèc pou suqn� èqoun wc apotèlesma thn alloÐwsh tou metadidìmenou s matoc

kai telik� thn esfalmènh an�kthsh twn dedomènwn sto dèkth.

Oi mhqanismoÐ pou ephre�zoun th di�dosh tou hlektromagnhtikoÔ kÔmatoc eÐnai

h aporrìfhsh (absorption), h an�klash (reflection), h perÐjlash (diffraction), h

di�jlash (refraction), kai h skèdash (scattering). Se k�je perÐptwsh, par�gontec

pou ephre�zoun shmantik� th di�dosh apoteloÔn h apìstash metaxÔ tou pompoÔ

kai tou dèkth, h morfologÐa tou ed�fouc kai tou q¸rou, ta qarakthristik� thc

atmìsfairac kai h sqetik  kÐnhsh tou pompoÔ kai tou dèkth.
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Pio sugkekrimèna, ta fainìmena pou ephre�zoun to lambanìmeno s ma se èna

asÔrmato sÔsthma kathgoriopoioÔntai se:

• fainìmena meg�lhc klÐmakac,

• fainìmena mikr c klÐmakac.

Ta fainìmena meg�lhc klÐmakac kajorÐzontai kurÐwc apì thn apìstash tou pompoÔ

kai tou dèkth kai th morfologÐa tou perib�llontoc di�doshc. Se aut� ta fainìmena

an koun oi ap¸leiec diadrom c (path loss) kai h skÐash (shadowing). Oi ap¸leiec

diadrom c prokaloÔntai apì thn exasjènhsh tou s matoc kat� th di�dos  tou lìgw

thc apìstashc. H skÐash ofeÐletai sta empìdia metaxÔ tou pompoÔ kai tou dèkth

(dèntra, ktÐria, ktl) kai prokaleÐtai apì fainìmena ìpwc h aporrìfhsh, h an�klash

kai h perÐjlash.

Ta fainìmena mikr c klÐmakac aforoÔn sthn perigraf  twn gr gorwn metabo-

l¸n twn asÔrmatwn kanali¸n pou ofeÐlontai se kÐnhsh tou pompoÔ, tou dèkth  

twn empodÐwn pou sunant� to s ma sth di�dos  tou. Sta fainìmena mikr c klÐmakac

an kei h di�leiyh   exasjènhsh (fading). H exasjènhsh ofeÐletai sth l yh polla-

pl¸n ekdoq¸n tou s matoc se diaforetikèc qronikèc stigmèc exaitÐac thc skèdashc

se antikeÐmena pou sunant� to s ma kat� th di�dos  tou. Gia to lìgo autì h exa-

sjènhsh aut  kaleÐtai poluodik  exasjènhsh (multipath fading) kai to antÐstoiqo

kan�li kaleÐtai poluodikì (multipath channel). Ta pollapl� s mata sto dèkth

fj�noun me diaforetik� pl�th kai diaforetikèc f�seic kai apì to sunduasmì touc

prokÔptei èna s ma to opoÐo mporeÐ na poikÐllei tìso sto pl�toc ìso kai sth f�sh.

Oi dialeÐyeic (fading) prokaloÔn shmantikèc ap¸leiec sthn isqÔ tou lambanìme-

nou s matoc me apotèlesma na upobajmÐzetai shmantik� h apìdosh tou sust matoc.

H aÔxhsh thc ekpempìmenhc isqÔoc den apoteleÐ lÔsh gia th beltÐwsh thc apìdoshc

tou sust matoc. 'Enac pio apodotikìc trìpoc eÐnai h met�dosh kai h l yh tou s ma-

toc mèsw anex�rthtwn kanali¸n. Kai autì diìti oi anex�rthtec diadromèc upìkein-

tai se anex�rthtec dialeÐyeic, ¸ste telik� na eÐnai efikt  h axiìpisth epikoinwnÐa
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efìson toul�qiston mÐa apì tic diadromèc eÐnai isqur . H teqnik  aut  kaleÐtai

diaforopoÐhsh (diversity) kai belti¸nei shmantik� thn apìdosh enìc sust matoc.

H diaforopoÐhsh sta sust mata asÔrmatwn epikoinwni¸n mporeÐ na epiteuqjeÐ:

• sto qrìno,

• stic suqnìthtec,

• sto q¸ro,

•   se sunduasmì touc.

Pio sugkekrimèna, h diaforopoÐhsh sto qrìno epitugq�netai mèsw kwdikopoÐhshc

kai diemplok c (interleaving). Ta kwdikopoihmèna sÔmbola diaskorpÐzontai sto

qrìno se diaforetikèc periìdouc sumfwnÐac (coherence periods) ètsi ¸ste diafo-

retik� komm�tia twn kwdik¸n lèxewn na ufÐstantai anex�rthtec dialeÐyeic.

Se peript¸seic pou to kan�li eÐnai epilektikì stic suqnìthtec (frequency selecti-

ve) mporoÔme na epitÔqoume diaforopoÐhsh stic suqnìthtec mèsw thc dunatìthtac

diaqwrismoÔ twn poll¸n diadrom¸n sto dèkth lìgw thc euruzwnik c fÔshc tou

kanalioÔ. Sthn perÐptwsh aut  mporoÔme na ekmetalleutoÔme tic diaforetikèc su-

qnìthtec proc ìfelìc mac (p.q. OFDM).

Tèloc, h diaforopoÐhsh sto q¸ro epitugq�netai me thn topojèthsh poll¸n

kerai¸n ston pompì kai sto dèkth. An oi keraÐec topojethjoÔn se arket  apìstash

metaxÔ touc, to metadidìmeno s ma ufÐstatai anex�rthtec dialeÐyeic, me apotèlesma

na dhmiourgoÔntai anex�rthtec diadromèc s matoc. H apaitoÔmenh apìstash metaxÔ

twn kerai¸n exart�tai apì to perib�llon skèdashc kaj¸c kai apì th suqnìthta

tou forèa.

Mia �llh endiafèrousa teqnik  gia thn epÐteuxh diaforopoÐhshc eÐnai h qr sh

kwdÐkwn diaforopoÐhshc qrìnou se sust mata poll¸n kerai¸n kai kaleÐtai kw-

dikopoÐhsh q¸rou-qrìnou (space-time coding). H teqnik  aut  belti¸nei thn a-

pìdosh tou sust matoc, sunteleÐ sthn apotelesmatik  antimet¸pish twn dialeÐye-

wn kai belti¸nei to Signal to Noise Ratio (SNR). H kwdikopoÐhsh q¸rou-qrìnou
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(space-time coding) kai pio sugkekrimèna, o sqediasmìc kwdÐkwn q¸rou-qrìnou

(space-time codes), èqei proselkÔsei meg�lo ereunhtikì endiafèron thn teleutaÐa

dekaetÐa.

EpÐshc, shmantik  epÐdrash sto lambanìmeno s ma èqei kai h parousÐa tou jermi-

koÔ jorÔbou. H morf  aut  tou jorÔbou ofeÐletai sthn tuqaÐa kÐnhsh twn hlektro-

nÐwn mèsa sta ag¸gima ulik� twn hlektrik¸n kuklwm�twn, kai epomènwc ofeÐletai

stic hlektronikèc diat�xeic tou dèkth. O jìruboc autìc mporeÐ na perigrafeÐ apì

to montèlo tou prosjetikoÔ leukoÔ Gaussian jorÔbou (AWGN).

2.2 Sunoptik  perigraf  space - time k¸dika

Alamouti

'Ena aplì kai apotelesmatikì sq ma pou epitugq�nei diaforopoÐhsh anaptÔqjhke

apì ton Alamouti kai kèrdise gr gora èdafoc sto pedÐo twn asÔrmatwn epikoinw-

ni¸n. O k¸dikac Alamouti eÐnai ènac apì touc pio aploÔc kai ��komyoÔc�� k¸dikec

q¸rou-qrìnou. EkmetalleÔetai th diaforopoÐhsh q¸rou kai qrìnou kai katafèrnei

na belti¸sei thn apìdosh thc met�doshc tou s matoc.

H beltÐwsh thc apìdoshc epitugq�netai qwrÐc th qr sh opoiasd pote anatro-

fodìthshc apì to dèkth ston pompì kai me qamhl  upologistik  poluplokìthta.

Epiplèon, den apaiteÐtai kamÐa epèktash sto eÔroc z¸nhc thc met�doshc, kaj¸c h

diaforopoÐhsh epitugq�netai mèsw twn pollapl¸n kerai¸n kai ìqi sto qrìno   sth

suqnìthta. H kainoÔrgia aut  teqnik  diaforopoÐhshc mporeÐ na belti¸sei th mèsh

pijanìthta sf�lmatoc, to rujmì met�doshc kai th qwrhtikìthta twn asÔrmatwn

kanali¸n.

Sthn pio apl  tou morf , o k¸dikac Alamouti eÐnai sqediasmènoc gia sust mata

me dÔo keraÐec ekpomp c kai mÐa keraÐa l yhc. Wstìso, h teqnik  aut  mporeÐ eÔkola

na genikeujeÐ gia qr sh dÔo kerai¸n ekpomp c kai M kerai¸n l yhc.
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2.3 Software Defined Radio - USRPs

2.3.1 Software Defined Radio

To software-defined radio (SDR) apoteleÐ èna sÔsthma epikoinwnÐac tou opoÐ-

ou oi par�metroi kwdikopoÐhshc tou metadidìmenou s matoc eÐnai prosb�simec kai

tropopoi simec mèsw eidikoÔ logismikoÔ (software).

H idèa twn SDRs basÐzetai sthn ulopoÐhsh twn exarthm�twn enìc sust matoc

epikoinwnÐac (mixers, fÐltra, enisqutèc, diamorfwtèc, apodiamorfwtèc, ktl) me th

qr sh logismikoÔ kai ìqi me th qr sh sÔnjetwn kuklwm�twn. DiaforetikoÐ al-

gìrijmoi, eÐte gia apostol  eÐte gia l yh dedomènwn, mporoÔn na qrhsimopoihjoÔn

basismènoi sto Ðdio ulikì (hardware). 'Etsi h epexergasÐa s matoc mporeÐ na all�zei

qwrÐc thn apaÐthsh gia allag  tou ulikoÔ. Tètoiou eÐdouc sqediasmoÐ orÐzoun èna

sÔsthma epikoinwnÐac pou mporeÐ na metad¸sei s mata dedomènwn (kumatomorfèc)

basismèno ex olokl rou sto logismikì.

2.3.2 USRPs

To USRP (Universal Software Radio Peripheral) apoteleÐ èna programmatizìmeno

sÔsthma to opoÐo èqei sqediasteÐ kat�llhla ¸ste na ekteleÐ logismikì pou èqei

dhmiourghjeÐ eidik� me th bo jeia twn ergaleÐwn tou GNU Radio. Sundèontai

sth USB jÔra tou H/U kai o pur nac touc eÐnai ènac FPGA pou analamb�nei

ìlec tic diasundèseic me ton upologist  kai me to RF komm�ti tou sust matoc pou

apoteleÐtai apì eidikoÔc pompodèktec oi opoÐoi mporoÔn na rujmistoÔn kat�llhla,

an�loga me tic an�gkec thc efarmog c.



18



Kef�laio 3

Sq ma Alamouti

3.1 Eisagwg 

Ta asÔrmata sust mata nèac geni�c apaitoÔn uyhl  poiìthta sth met�dosh dedo-

mènwn, uyhloÔc rujmoÔc met�doshc, megalÔterh embèleia kai apotelesmatikìthta

se perib�llonta pou ufÐstantai dialeÐyeic (fading). Par�llhla, ta nèa sust mata

epikoinwnÐac (kinht�-forhtèc suskeuèc) prèpei na parameÐnoun se apl  morf  kai

na èqoun sqetik� qamhlì kìstoc.

H beltÐwsh thc poiìthtac enìc asÔrmatou sust matoc se perib�llonta pou u-

pìkeintai se multipath fading eÐnai dÔskolh. H aÔxhsh thc isqÔoc tou s matoc

met�doshc den apoteleÐ bèltisth lÔsh. MporeÐ men na mei¸sei th mèsh pijanìthta

sf�lmatoc, 1 all� o pompìc ja apaitoÔse dunatoÔc kai akriboÔc enisqutèc ikanoÔc

na dhmiourg soun s mata pou ja upernikoÔn tic dialeÐyeic, to opoÐo ìqi mìno au-

x�nei tic parembolèc se geitonikoÔc qr stec, all� epÐshc kostÐzei kai èqei blaberèc

epipt¸seic sthn anjr¸pinh ugeÐa.

Wstìso, h ekmet�lleush thc diaforopoÐhshc mei¸nei thn pijanìthta sf�lmatoc

1Pe = 1
SNR = 1

P
N0

= N0
P , όπου P η ισχύς του σήματος και N0 η ισχύς του θορύβου
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qwrÐc thn aÔxhsh thc isqÔoc ekpomp c

Pe diversity '
1

SNRm
,

ìpou m h t�xh diaforopoÐhshc.

Epomènwc, h qr sh pollapl¸n kerai¸n kai h ekmet�lleush thc diaforopoÐhshc

sto q¸ro apoteleÐ mÐa praktik  kai apotelesmatik  mèjodo pou sunteleÐ sth bel-

tÐwsh thc apìdoshc twn susthm�twn epikoinwnÐac. 'Ena sq ma pou ekmetalleÔetai

èxupna th qwrik  diaforopoÐhsh eÐnai to sq ma tou Alamouti, to opoÐo parousi-

�zetai analutik� sth sunèqeia.

3.2 MISO - Alamouti 2x1

3.2.1 MISO

Ta sust mata MISO (Multiple Input Single Output) qrhsimopoioÔn pollèc ke-

raÐec gia thn met�dosh dedomènwn kai ètsi ekmetalleÔontai th diaforopoÐhsh sto

q¸ro. Ta sugkekrimèna sust mata èqoun mÐa keraÐa gia l yh kai pollèc keraÐec

gia ekpomp .

3.2.2 Alamouti 2x1

H kwdikopoÐhsh Alamouti [4] apoteleÐ mia teqnik  ekpomp c h opoÐa belti¸nei thn

poiìthta tou s matoc mèsw sqetik� apl c epexergasÐac ston pompì kai sth sunèqeia

sto dèkth. H nèa topologÐa met�doshc pou proteÐnetai apì ton Alamouti apoteleÐ

èna MISO sÔsthma me dÔo keraÐec met�doshc kai mÐa keraÐa l yhc (sq ma 3.1).
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estimator
Channel combiner

h1

h2
h1 h2 ŝ2ŝ1

maximum likelihood detector

s1

s2

h1

tx antenna 1

tx antenna 2

s∗1

−s∗2

rx antenna

h2

Sq ma 3.1: Alamouti 2x1

SÔmfwna me ton algìrijmo, se k�je perÐodo sumbìlou stèlnoume apì thn k�je

keraÐa kai diaforetikì sÔmbolo me to qarakthristikì ìmwc ìti metadÐdoume 2 sÔm-

bola plhroforÐac se 2 qronikèc stigmèc ìpwc faÐnetai ston parak�tw pÐnaka, me

s1, s2 ta sÔmbola plhroforÐac gia tic antÐstoiqec qronikèc stigmèc [4]

qronik  stigm  1 qronik  stigm  2

keraÐa 1 s1 −s∗2
keraÐa 2 s2 s∗1

PÐnakac 3.1: Katanom  sumbìlwn sq matoc Alamouti ston qrìno an� keraÐa

ParathroÔme ìti h kwdikopoÐhsh gÐnetai kai sto q¸ro kai sto qrìno (space-time

coding). Oi dialeÐyeic mporoÔn na anaparastajoÔn apì th migadik  tim  h1 gia to

pr¸to kan�li kai h2 gia to deÔtero kai jewroÔntai stajerèc gia tic dÔo qronikèc

periìdouc. Epomènwc, tic antÐstoiqec qronikèc stigmèc sto dèkth lamb�noume [2]

r1 = h1s1 + h2s2 + n1

r2 = h2s
∗
1 − h1s

∗
2 + n2



22

ìpou ni ∼ CN (0, N0) o prosjetikìc jìruboc. Sunep¸c

r1
r∗2

 =

h1 h2

h∗2 −h∗1

s1

s2

+

n1

n∗2


  isodÔnama

r = Hs + n.

To di�nusma n antiproswpeÔei ton prosjetikì jìrubo en¸ o pÐnakac H onom�ze-

tai pÐnakac kanalioÔ.

Qrhsimopoi¸ntac ta r1 kai r2 kaj¸c kai th gn¸sh twn h1 kai h2 pou eÐte gnw-

rÐzoume eÐte èqoume ektim sei sto dèkth, mporoÔme na apofasÐsoume gia ta s1 kai

s2. Mia shmantik  parat rhsh eÐnai ìti ta dianÔsmata

h1

h∗2

 ,
 h2

−h∗1


eÐnai k�jeta metaxÔ touc. OrÐzoume h := [h1 h2]

T kai

ŝ1 :=
1

‖h‖

[
h∗1 h2

]r1
r∗2

 =
1

‖h‖

[
h∗1 h2

]h1

h∗2

 s1 +

 h2

−h∗1

 s2 +

n1

n∗2

 =

= ‖h‖s1 + n̂1, n̂1 ∼ CN (0, N0)

kai

ŝ2 :=
1

‖h‖

[
h∗2 −h1

]r1
r∗2

 =
1

‖h‖

[
h∗2 −h1

]h1

h∗2

 s1 +

 h2

−h∗1

 s2 +

n1

n∗2

 =

= ‖h‖s2 + n̂2, n̂2 ∼ CN (0, N0).

Sunep¸c, an ta s1 kai s2 eÐnai anex�rthta metaxÔ touc, tìte mporoÔme na apo-

fasÐsoume anex�rthta gia to s1 kai to s2 basizìmenoi sta ŝ1 kai ŝ2, antÐstoiqa.
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H apìfash sthrÐzetai ston aniqneut  mègisthc pijanof�neiac, apì ton opoÐo pro-

kÔptei h pijanìterh akoloujÐa sumbìlwn sÔmfwna me to krit rio thc eukleÐdeiac

apìstashc.

O k¸dikac tou Alamouti gia sust mata 2 kerai¸n ekpomp c kai mÐac keraÐac

l yhc qrhsimopoieÐ 2 anex�rthta kan�lia gia th met�dosh thc plhroforÐac kai epo-

mènwc prosfèrei t�xh diaforopoÐhshc 2.

3.3 MIMO - Alamouti 2x2

3.3.1 MIMO

Ta sust mata MIMO (Multiple Input Multiple Output) ìpwc kai ta MISO qrh-

simopoioÔn pollèc keraÐec gia th met�dosh dedomènwn me th diafor� ìti ta pr¸ta

èqoun pollèc keraÐec kai gia l yh.

3.3.2 Alamouti 2x2

O k¸dikac tou Alamouti [4] mporeÐ na genikeujeÐ se peript¸seic me 2 keraÐec

ekpomp c kai M keraÐec l yhc (MIMO).

s1

h1,1

h2,2tx antenna 2

tx antenna 1 estimator
Channel

combiner

Channel
estimator

rx antenna 2

rx antenna 1

maximum likelihood detector

s2

h1,1 h1,2

ŝ1

ŝ2

h2,1 h2,2

−s∗2

s∗1

h1,2

h2,1

Sq ma 3.2: Alamouti 2x2
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H pio apl  perÐptwsh efarmog c tou sq matoc Alamouti se MIMO sust mata

eÐnai h perÐptwsh me 2 keraÐec gia apostol  kai 2 keraÐec gia l yh (sq ma 3.2).

H kwdikopoÐhsh twn sumbìlwn ekpomp c eÐnai Ðdia me thn prohgoÔmenh perÐptwsh

thc miac keraÐac l yhc en¸ ta lambanìmena sÔmbola se antistoiqÐa me tic qronikèc

stigmèc kai tic keraÐec l yhc parousi�zontai ston parak�tw pÐnaka [4]

keraÐa l yhc 1 keraÐa l yhc 2

qronik  stigm  1 r1,1 r2,1
qronik  stigm  2 r1,2 r2,2

PÐnakac 3.2: Katanom  lambanìmenwn sumbìlwn tou Alamouti ston qrìno an�
keraÐa

An upojèsoume ìti ta kan�lia pou sundèoun zeÔgh kerai¸n ston pompì me to

dèkth eÐnai flat fading, kai orÐzontac wc hi,j to kan�li apì thn i-ost  keraÐa ekpomp c

kai j-ost  keraÐa l yhc, tìte to sÔsthma eisìdou-exìdou gia thn pr¸th qronik 

stigm , perigr�fetai apì th sqèsh:

r1,1
r2,1

 =

h1,1 h2,1

h1,2 h2,2

s1

s2

+

n1,1

n2,1


en¸ gia th deÔterh qronik  stigm :

r1,2
r2,2

 =

h1,1 h2,1

h1,2 h2,2

−s∗2
s∗1

+

n1,2

n2,2


ìpou ni,j ∼ CN (0, N0) o prosjetikìc jìruboc. Sunep¸c


r1,1

r∗1,2

r2,1

r∗2,2


=


h1,1s1 + h2,1s2

h∗2,1s1 − h∗1,1s2

h1,2s1 + h2,2s2

h∗2,2s1 − h∗1,2s2


+


n1,1

n∗1,2

n2,1

n∗2,2


.
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Qrhsimopoi¸ntac tic timèc twn ri,j kaj¸c kai tic timèc twn kanali¸n hi,j pou eÐte

gnwrÐzoume eÐte èqoume ektim sei sto dèkth, apofasÐzoume gia ta s1 kai s2. Mia

shmantik  parat rhsh eÐnai ìti ta dianÔsmata:

[
h1,1 h∗2,1 h1,2 h∗2,2

]T
,
[
h2,1 − h∗1,1 h2,2 − h∗1,2

]T
eÐnai k�jeta metaxÔ touc. OrÐzoume h := [h1,1 h1,2 h2,1 h2,2]

T kai:

ŝ1 :=
1

‖h‖

[
h∗1,1 h2,1 h∗1,2 h2,2

]

r1,1

r∗1,2

r2,1

r∗2,2


=

=
1

‖h‖

[
h∗1,1 h2,1 h∗1,2 h2,2

]



h1,1

h∗2,1

h1,2

h∗2,2


s1 +


h2,1

−h∗1,1
h2,2

−h∗1,2


s2 +


n1,1

n∗1,2

n2,1

n∗2,2




=

= ‖h‖s1 + n̂1, n̂1 ∼ CN (0, N0)

kai

ŝ2 :=
1

‖h‖

[
h∗2,1 −h1,1 h∗2,2 −h1,2

]

r1,1

r∗1,2

r2,1

r2,2


=

=
1

‖h‖

[
h∗2,1 −h1,1 h∗2,2 −h1,2

]



h1,1

h∗2,1

h1,2

h∗2,2


s1 +


h2,1

−h∗1,1
h2,2

−h∗1,2


s2 +


n1,1

n∗1,2

n2,1

n∗2,2




=

= ‖h‖s2 + n̂2, n̂2 ∼ CN (0, N0).
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Sunep¸c, an ta s1 kai s2 eÐnai anex�rthta metaxÔ touc, tìte mporoÔme na apo-

fasÐsoume anex�rthta gia to s1 kai to s2 basizìmenoi sta ŝ1 kai ŝ2, antÐstoiqa.

H apìfash sthrÐzetai ston aniqneut  mègisthc pijanof�neiac, apì ton opoÐo pro-

kÔptei h pijanìterh akoloujÐa sumbìlwn sÔmfwna me to krit rio thc eukleÐdeiac

apìstashc.

EÐnai �xion anafor�c to gegonìc ìti o sunduasmìc twn shm�twn pou prokÔptei

gia thn perÐptwsh sust matoc me duo keraÐec l yhc prokÔptei apì apl  prìsjesh

twn lambanìmenwn shm�twn apì k�je keraÐa. ∆hlad , qrhsimopoieÐtai h Ðdia di�taxh

combiner me thn perÐptwsh sust matoc me mia keraÐa l yhc.

O k¸dikac tou Alamouti gia sust mata 2 kerai¸n ekpomp c kai 2 kerai¸n l yhc

qrhsimopoieÐ 4 anex�rthta kan�lia gia th met�dosh thc plhroforÐac kai prosfèrei

t�xh diaforopoÐhshc 4. Katal goume loipìn sto sumpèrasma ìti qrhsimopoi¸ntac

duo keraÐec sto dèkth, diplasi�zetai h t�xh diaforopoÐhshc tou sust matoc se

sqèsh me to antÐstoiqo sÔsthma me mia keraÐa l yhc kai sunep¸c belti¸netai h

apìdosh thc met�doshc.

3.4 EktÐmhsh kanalioÔ kai diafor�c suqnìth-

tac forèa

Shmantik  alloÐwsh sto s ma eis�gei to kan�li (channel) kai h parousÐa thc dia-

for�c suqnìthtac forèa (carrier frequency offset, CFO) kat� thn apodiamìrfwsh

sto dèkth. AfoÔ lhfjeÐ to s ma sto dèkth, prèpei na upologÐsoume tic timèc twn

stoiqeÐwn aut¸n.

H parousÐa tou CFO ofeÐletai sthn apodiamìrfwsh tou lambanìmenou s matoc

ston dèkth me topikoÔc foreÐc:

2cos (2π (Fc + ∆F) t + φ)
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kai

2sin (2π (Fc + ∆F) t + φ) .

Autì èqei wc apotèlesma kat� thn apodiamìrfwsh na prokÔyoun ìroi suqnìthtac

∆F kai 2Fc+∆F . Oi deÔteroi ja kopoÔn apì to prosarmosmèno fÐltro kai sunep¸c

touc agnooÔme. Wstìso, h diafor� ∆F eÐnai ikan  na prokalèsei sf�lmata kat�

thn an�kthsh twn dedomènwn kai gia to lìgo autì prèpei na anairejeÐ. H anaÐresh

tou CFO gÐnetai pollaplasi�zontac to s ma me èna antÐstoiqo migadikì ekjetikì.

3.4.1 EktÐmhsh kanalioÔ kai CFO sto sq ma tou

Alamouti

An upojèsoume ìti den up�rqei CFO, tìte to s ma pou lamb�nei o dèkthc èqei

thn ex c morf :

rk = h1sk + h2sk+1 + nk, k = 1, 3, 5, ..., Ntr − 1

rk = h2s
∗
k−1 − h1s

∗
k + nk, k = 2, 4, 6, ..., Ntr

  se morf  pin�kwn:


r1

r2
...

rNtr


=


s1 s2

−s∗2 s∗1
...

...

−s∗Ntr
s∗Ntr−1


h1

h2

+


n1

n2

...

nNtr


  isodÔnama

r = Sh + n

ìpou Ntr to mègejoc thc akoloujÐac twn sumbìlwn ekpaÐdeushc jewr¸ntac pr¸to

sÔmbolo ekpaÐdeushc to sÔmbolo s1.
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'Otan up�rqei CFO, tìte


r1

r2
...

rNtr


= Γ (v)


s1 s2

−s∗2 s∗1
...

...

−s∗Ntr
s∗Ntr−1


h1

h2

+


n1

n2

...

nNtr


  isodÔnama:

r = Γ (v) Sh + n

ìpou Γ (v) = diag
{

1, ej2πv, ej4πv, ..., ej2π(Ntr−1)v
}
, v = ∆FT h diafor� suqnìthtac

pou ephre�zei th di�taxh kai T h perÐodoc sumbìlou. O basikìc stìqoc eÐnai na

ektim soume to v kai na to anairèsoume.

MporeÐ na apodeiqjeÐ [3] ìti gia na upologÐsoume th diafor� thc suqnìthtac v

arkeÐ na brejeÐ to shmeÐo megistopoÐhshc thc sun�rthshc g(v) = rHΓ(ṽ)BΓH(ṽ)r,

dhlad :

v̂ := arg max
ṽ
{g(ṽ)}

ìpou B = S(SHS)−1SH .

AfoÔ ektim soume th diafor� sth suqnìthta, suneqÐzoume me to kan�li to opoÐo

ektim�tai me th sqèsh:

ĥ(v̂) = (SHS)−1SHΓH(v̂)r.

Tèloc, met� thn ektÐmhsh twn kanali¸n, anairoÔme thn parembol  tou CFO pol-

laplasi�zontac to lambanìmeno s ma me to ekjetikì s ma: e−j2πv̂k, k = 1, . . . , N ,

ìpou N to mègejoc thc lambanìmenhc akoloujÐac.

'Eqontac plèon anairèsei th diafor� suqnìthtac kai gnwrÐzontac tic ektim¸menec

timèc tou kanalioÔ, mporoÔme na proqwr soume sthn an�kthsh twn dedomènwn pou

èlabe o dèkthc.
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3.5 Sumper�smata kai apotelèsmata

O rujmìc esfalmènwn bits (Bit Error Rate, BER) mporeÐ na jewrhjeÐ wc mètro

gia thn apìdosh twn susthm�twn epikoinwnÐac.
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Sq ma 3.3: BER susthm�twn Alamouti 2x1, Alamouti 2x1 kai SISO

Sto sq ma 3.3 parousi�zetai h kampÔlh BER sunart sei tou shmatojorubikoÔ

lìgou (SNR) gia ta sust mata tou Alamouti 2x1, Alamouti 2x2 all� kai gia thn

apl  perÐptwsh qwrÐc thn ekmet�lleush thc qwrik c diaforopoÐhshc (mÐa keraÐa

gia ekpomp  kai mÐa keraÐa gia l yh, SISO (Single Input Single Output)). Gia thn

prosomoÐwsh twn kampul¸n qrhsimopoi jhke h platfìrma thc Matlab me tic timèc

twn kanali¸n na akoloujoÔn Rayleigh katanom .

Sto sq ma autì eÐnai emfan c h beltÐwsh pou epitugq�netai me th qr sh kwdi-

kopoÐhshc Alamouti kaj¸c o arijmìc twn sfalm�twn mei¸netai shmantik� me thn

aÔxhsh tou SNR. Sto parap�nw di�gramma jewroÔme ìti den up�rqei diafor� sth

suqnìthta apodiamìrfwshc tou dèkth kai ìti gnwrÐzoume tic timèc twn kanali¸n.

Sth sunèqeia jewroÔme thn perÐptwsh pou ektimoÔme to kan�li kai to CFO.

Sto sq ma 3.4 h kampÔlh optimal BER antistoiqeÐ sthn perÐptwsh pou gnwrÐzoume
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tic timèc twn kanali¸n all� kai thn tim  thc diafor�c sth suqnìthta forèa, en¸

h kampÔlh experimental BER antistoiqeÐ sthn perÐptwsh pou ektim�tai h diafor�

f�shc all� kai oi timèc twn kanali¸n. Gia thn prosomoÐwsh twn kampul¸n qrh-

simopoi jhke h platfìrma thc Matlab me tic timèc twn kanali¸n na akoloujoÔn

Rayleigh katanom .
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Sq ma 3.4: KampÔlh BER gia Alamouti 2x1 qrhsimopoi¸ntac tic pragmatikèc timèc
twn kanali¸n kai tou CFO kai qrhsimopoi¸ntac tic ektim seic twn kanali¸n kai
tou CFO

ParathroÔme ìti h kampÔlh BER gia thn perÐptwsh pou ektimoÔme th diafo-

r� suqnìthtac forèa kai ta kan�lia èqei mÐa mikr  apìklish apì thn antÐstoiqh

perÐptwsh pou èqoume gn¸sh twn tim¸n aut¸n. H apìklish aut  ofeÐletai sta

sf�lmata ektÐmhshc.



Kef�laio 4

Software-Defined Radio System -

USRP boards

4.1 Software-Defined Radio System

To software-defined radio, apoteleÐ èna sÔsthma epikoinwnÐac to opoÐo mporeÐ na

suntonisteÐ se poikÐlec suqnìthtec kai na l�bei dedomèna me th qr sh ulikoÔ to

opoÐo elègqetai apì logismikì.

H basik  idèa eÐnai h qrhsimopoÐhsh logismikoÔ gia thn ulopoÐhsh poll¸n dia-

t�xewn (diamorfwtèc, apodiamorfwtèc, ktl) se antÐjesh me ta paradosiak� su-

st mata pou qrhsimopoioÔn sÔnjeta oloklhrwmèna kukl¸mata. DiaforetikoÐ al-

gìrijmoi qrhsimopoioÔntai sto Ðdio ulikì gia na ulopoihjoÔn diaforetik� sust mata

epikoinwnÐac, qwrÐc thn apaÐthsh allag c tou ulikoÔ.

H eukolÐa pou prosfèrei to logismikì dÐnei th dunatìthta gia th dhmiourgÐa tou

metadidìmenou s matoc ston pompì all� kai th dunatìthta thc epexergasÐac tou

s matoc sto dèkth.

4.1.1 Dom  kai leitourgÐa

Mia tupik  diadikasÐa l yhc èqei thn ex c morf  [5]:
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KeraÐa →RF front end → ADC→ Logismikì

en¸ mia tupik  diadikasÐa met�doshc èqei thn ex c morf :

Logismikì → DAC → RF front end → KeraÐa.

4.1.2 RF front end

H di�taxh RF front end [7] brÐsketai an�mesa stic keraÐec kai stouc metatropeÐc

tou s matoc apì analogikì se yhfiakì kai antÐstrofa. Pio sukekrimèna, sto dèkth

h di�taxh aut  kajist� to s ma ikanì gia qr sh apì touc ADCs en¸ ston pompì

proetoim�zei to s ma gia apostol .

4.1.3 AD - DA Converters

ADC

O metatropèac analogikoÔ s matoc se yhfiakì   ADC (analog to digital conver-

ters) eÐnai h gèfura metaxÔ tou kìsmou twn suneq¸n analogik¸n shm�twn kai tou

kìsmou twn diakrit¸n yhfiak¸n shm�twn. H leitourgÐa enìc ADC eÐnai h metatro-

p  tou s matoc apì suneqèc se diakritì, dhlad  se mia akoloujÐa apì arijmoÔc

pou eisèrqontai ston upologist  kai mporoÔn na epexergastoÔn sth sunèqeia apì

to logismikì. Oi ADC èqoun dÔo basik� qarakthristik�: to rujmì deigmatolhyÐac

(sampling rate) kai to dunamikì eÔroc (dynamic range).

O rujmìc deigmatolhyÐac anafèretai ston arijmì deigm�twn an� deuterìlepto

pou o metatropèac diab�zei apì to eiserqìmeno s ma. H èxodoc tou ADC ja perièqei

tic timèc tou s matoc stic antÐstoiqec stigmèc deigmatolhyÐac.

To dunamikì eÔroc anafèretai sth diafor� an�mesa sto mikrìtero kai sto me-

galÔtero s ma pou mporeÐ na gÐnei di�krish. EÐnai mÐa sun�rthsh h opoÐa dÐnei sthn

èxodo ta epÐpeda tou s matoc an�loga me th di�taxh pou qrhsimopoieÐtai. Gia pa-

r�deigma ènac metatropèac twn 8bit mporeÐ na d¸sei 28 = 256 timèc s matoc en¸

ènac metatropèac twn 16bit mporeÐ na d¸sei 216 = 65536 timèc.
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DAC

AntÐstoiqh eÐnai kai h leitourgÐa tou metatropèa yhfiakoÔ se analogikì s matoc

(DAC) me th diafor� ìti ta diakrit� s mata metatrèpontai se s mata suneqoÔc

qrìnou me th mèjodo tou interpolation.

4.1.4 Logismikì - GNU Radio

To GNU Radio [5] apoteleÐ èna logismikì gia programmatismì SDR susthm�twn.

Parèqei th dunatìthta gia th dhmiourgÐa blocks me skopì thn epexergasÐa tou

s matoc kai th sÔndesh aut¸n gia thn olokl rwsh tou sust matoc.

H diadikasÐa tou programmatismoÔ mporeÐ na paromoiasteÐ me th dhmiourgÐa enìc

gr�fou tou opoÐou oi akmèc antiproswpeÔoun th ro  twn dedomènwn kai oi korufèc

antiproswpeÔoun ta blocks thc epexergasÐac tou s matoc.

K�je block èqei ènan arijmì apì eisìdouc kai exìdouc   mìno eisìdouc   mìno

exìdouc. Ta blocks me mìno eisìdouc   exìdouc qrhsimopoioÔntai wc phgèc dedo-

mènwn   katabìjrec, antÐstoiqa. Up�rqoun phgèc pou diab�zoun dedomèna apì touc

ADC kai katabìjrec pou gr�foun se arqeÐa, dÐnoun dedomèna se DAC   akìma kai

se mon�dec grafik c apeikìnishc.

To GNU radio diajètei poll� blocks me ètoima komm�tia k¸dika pou bohjoÔn

sthn epexergasÐa tou s matoc all� h dhmiourgÐa enìc nèou den eÐnai dÔskolo na

epiteuqjeÐ. Gia th dhmiourgÐa touc qrhsimopoieÐtai h gl¸ssa programmatismoÔ C++

en¸ gia th dhmiourgÐa twn gr�fwn kai th sÔndesh twn blocks qrhsimopoieÐtai h

platfìrma thc python.

4.2 USRP boards

Se èna SDR sÔsthma, to ulikì prèpei na leitourgeÐ gia k�je prìgramma pou

dhmiourgeÐtai gia autì. Oi diat�xeic twn USRPs [6] dÐnoun sto qr sth th dunatìthta

epanaprogrammatismoÔ tou ulikoÔ touc.
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Ta USRPs apoteloÔn èna eniaÐo sÔsthma apì ADCs kai DACs, apì metafrastèc

suqnot twn (RF front end) kai mÐa FPGA h opoÐa k�nei upologismoÔc sqetik� me

thn pro-epexergasÐa tou s matoc. QrhsimopoioÔntai se sunduasmì me to GNU

Radio afoÔ ta sugkekrimèna sust mata ulikoÔ èqoun sqediasteÐ oloklhrwtik� gia

na qrhsimopoioÔn to logismikì autì.

4.2.1 Dom  kai leitourgÐa

H tupik  di�taxh tou ulikoÔ apoteleÐtai apì mÐa mhtrik  k�rta (mother board)

kai èwc dÔo jugatrikèc   deutereÔousec k�rtec (daughter boards).

4.2.2 Mhtrik  k�rta

Sth mhtrik  k�rta [6] brÐsketai h trofodosÐa reÔmatoc thc mon�dac, h upodoq 

thc jÔrac USB 2.0 (universal serial bus) gia th diasÔndesh thc di�taxhc me opoion-

d pote hlektronikì upologist , h FPGA kai ènac poluplèkthc gia thn epilog  twn

ADCs   DACs pou ja qrhsimopoihjoÔn.

FX 2

USB 2.0

ADCADC

FPGA

Controller

DAC

DAC

ADCADC

DAC

DAC

Transmitter

Receiver

Transmitter

Receiver

Sq ma 4.1: USRP
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EpÐshc sth mhtrik  k�rta up�rqoun 4 uyhl c taqÔthtac ADCs twn 12bit gia

thn perÐptwsh thc l yhc dedomènwn. O rujmìc deigmatolhyÐac twn ADCs eÐnai sta

64M samples
sec

kai mporoÔn na yhfiopoi soun s mata eÔrouc 32MHz. Se peript¸seic

shm�twn me eÔroc megalÔtero apì 32MHz parathreÐtai to fainìmeno thc alloÐw-

shc (aliasing). Gia thn perÐptwsh thc apostol c dedomènwn up�rqoun 4 uyhl c

taqÔthtac DACs twn 14bit. H suqnìthta deigmatolhyÐac aut¸n, eÐnai 128M samples
sec

kai epomènwc h suqnìthta Nyquist eÐnai sta 64Mhz.

4.2.3 Jugatrikèc k�rtec

Sthn mhtrik  k�rta up�rqoun 4 upodoqèc stic opoÐec mporoÔn na efarmostoÔn 2

jugatrikèc k�rtec gia apostol  (TX) kai l yh (RX). Oi upodoqèc gia tic k�rtec

met�doshc èqoun onomasteÐ TXA kai TXB antÐstoiqa en¸ oi upodoqèc gia tic

k�rtec l yhc èqoun onomasteÐ RXA kai RXB antÐstoiqa. K�je jugatrik  k�rta

èqei prìsbash se 2 apì touc 4 uyhl c taqÔthtac ADCs kai DACs. Autì epitrèpei

th qr sh 2 anex�rthtwn kerai¸n. 'Etsi dÐnetai h dunatìthta dhmiourgÐac diat�xewn

pou ekmetalleÔontai th qwrik  diaforopoÐhsh [6].

4.2.4 FPGA

O basikìc skopìc thc FPGA (Field Programmable Gate Array) [6] eÐnai na

ekteleÐ upologistikèc pr�xeic kai na mei¸nei ton rujmì twn dedomènwn ètsi ¸ste na

mporeÐ na qrhsimopoihjeÐ h jÔra USB gia thn epikoinwnÐa mèsw tou upologist . H

FPGA eÐnai pl rwc programmatizìmenh mèsw thc jÔrac USB.

H diamìrfwsh miac mon�dac FPGA perilamb�nei tic mon�dec DDC (Digital Do-

wn Converters) apoteloÔmenec apì fÐltra CIC (Cascaded Integrator-Comb). Ta

fÐltra aut� èqoun uyhl  apìdosh kai qrhsimopoioÔntai mìno gia prosjèseic kai

kajuster seic.

Oi mon�dec DDC (sq ma 3.2) qrhsimopoioÔntai kat� th l yh enìc s matoc kai

h basik  leitourgÐa touc eÐnai ìti metatrèpoun èna yhfiopoihmèno pragmatikì s ma
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Sq ma 4.2: DDC

se èna s ma basik c z¸nhc (basebanded complex signal).

EpÐshc, oi mon�dec autèc mei¸noun arket� to rujmì deigmatolhyÐac me skopì h

epexergasÐa tou s matoc na mporeÐ na gÐnei kai apì upologistèc qamhl c taqÔthtac.

Ta dedomèna eisìdou se mia mon�da DDC eÐnai ta dedomèna exìdou apì ènan ADC.

Sto sunolikì sÔsthma up�rqoun kai oi mon�dec DUC (Digital Up Converters),

oi opoÐec qrhsimopoioÔntai kat� th met�dosh enìc s matoc kai oi opoÐec den pe-

rilamb�nontai sth mon�da FPGA all� se xeqwristì oloklhrwmèno kÔklwma. Ta

dedomèna eisìdou se mia mon�da DUC, eÐnai ta dedomèna exìdou apì ènan DAC kai

h leitourgÐa thc eÐnai h antÐstrofh apì aut  miac mon�dac DDC.

4.2.5 MUX - Poluplèkthc

O poluplèkthc (MUX) epilègei poioc ADC   DAC (gia l yh   apostol  an-

tÐstoiqa) eÐnai sundedemènoc me thn antÐstoiqh mon�da DDC   DUC. H diaqeÐrish

tou poluplèkth gÐnetai mèsw thc entol c: usrp.set mux() se perib�llon Python.

H tim  pou dèqetai o poluplèkthc eÐnai mÐa tim  twn 32bit h opoÐa deÐqnei poioc

metatropèac eÐnai sundedemènoc.



37

DDC

DDCQ

Q

I

USB
I

Q

I

Q

I

MUX

DUC

ADC 2

DAC 0

DAC 1

DAC 3

DAC 3

ADC 3

DUC

ADC 1

ADC 0

Sq ma 4.3: MUX

Tèloc, eÐnai shmantikì na anaferjeÐ ìti sthn perÐptwsh pou qrhsimopoioÔme pe-

rissìtera tou enìc kanalioÔ, ta s mata prèpei na upostoÔn diemplok  sto qrìno

(interleaving). Ta USRPs mporoÔn na qrhsimopoihjoÔn kai gia amfÐdromh epikoi-

nwnÐa. Sthn perÐptwsh aut  h pleur� tou pompoÔ kai h pleur� tou dèkth sumpe-

rifèrontai anex�rthta. Wstìso, h amfÐdromh epikoinwnÐa den ja mac apasqol sei

kajìlou.
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Kef�laio 5

Peiramatik  DiadikasÐa

5.1 Eisagwg 

H peiramatik  diadikasÐa perilamb�nei thn ulopoÐhsh tou sq matoc tou Alamouti

me qr sh twn diat�xewn twn USRPs kai tou logismikoÔ tou GNU Radio. H ulopoÐ-

hsh perilamb�nei to sq ma MISO me qr sh 2 kerai¸n ston pompì kai mÐa keraÐa sto

dèkth (Alamouti 2x1). EpÐshc, sth diadikasÐa twn peiram�twn perilamb�netai kai

h melèth thc sumperifor�c sust matoc epikoinwnÐac se diaforetik� perib�llonta

di�doshc (me poll� endi�mesa empìdia   qwrÐc empìdia).

O sqediasmìc perilamb�nei xeqwristoÔc k¸dikec gia ton pompì kai gia to dèkth,

kaj¸c qrhsimopoioÔme diaforetikèc suskeuèc gia thn k�je di�taxh. H epexergasÐa

tou s matoc gÐnetai sthn platfìrma thc matlab all� se sunergasÐa me to GNU

radio gia na mporoÔn oi suskeuèc na diab�soun ta dedomèna.

Ston pompì dhmiourgeÐtai to s ma gia thn apostol  to opoÐo prèpei na brÐsketai

sthn kat�llhlh morf  ètsi ¸ste na eÐnai dunat  h an�gnws  tou apì ta USRPs.

To arqeÐo autì apojhkeÔetai ston upologist  kai diab�zetai apì to GNU radio me

th qr sh thc Python kai, tèloc, metafèretai sth suskeu  apostol c.

Sto dèkth, to eiserqìmeno s ma apojhkeÔetai epÐshc ston upologist  kai sth

sunèqeia dèqetai thn apaitoÔmenh epexergasÐa me qr sh thc matlab.
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Ta peir�mata diex qjhsan ston q¸ro tou ergasthrÐou kai oi suskeuèc  tan

topojethmènec se diaforetik� dwm�tia. Parak�tw analÔetai o trìpoc leitourgÐac

gia thn k�je di�taxh.

5.1.1 Pompìc

Sth di�taxh tou pompoÔ dhmiourgeÐtai to s ma proc apostol . En suneqeÐa,

gÐnetai o diaqwrismìc gia to ti akrib¸c ja steÐlei h k�je keraÐa me b�sh to s ma

kai thn kwdikopoÐhsh pou prìteine o Alamouti.

Wstìso, ta dedomèna prèpei na èqoun sugkekrimènh jèsh sth sunolik  akolou-

jÐa gia na mporèsoun na diabastoÔn swst� apì ta USRPs. Ja prèpei na diaqwristeÐ

to pragmatikì apì to fantastikì mèroc, all� kai na topojethjoÔn ta sÔmbola thc

k�je keraÐac diadoqik� an� perÐodo qrìnou (na gÐnei interleaving). Dhlad , to

di�nusma apostol c ja prèpei na èqei thn akìloujh morf :

[<(s1),=(s1),<(s2),=(s2),<(−s∗2),=(−s∗2),<(s∗1),=(s∗1), ...] .

An�mesa sta pakèta pou dhmiourgoÔme ston pompì, eis�goume mhdenik� gia na

mporoÔme na k�noume pio eÔkola ton diaqwrismì touc.

Sth sunèqeia, o k¸dikac pou trèqei sthn platfìrma thc python, qrhsimopoieÐ

to arqeÐo me ta apojhkeumèna dedomèna wc phg  kai energopoieÐ tic dÔo keraÐec

jètontac epÐshc thn tim  tou poluplèkth kat�llhlh gia apostol  mèsw dÔo kerai¸n.

AfoÔ to arqeÐo eÐnai swst� domhmèno, h k�je keraÐa ja stèlnei to antÐstoiqo

sÔmbolo pou thc èqei dojeÐ. H met�dosh ègine sth suqnìthta twn 2.45GHz.

5.1.2 Dèkthc

Sth di�taxh tou dèkth, h arqik  leitourgÐa eÐnai o diaqwrismìc kai h anagn¸rish

twn swst¸n pakètwn pou èsteile o pompìc. O entopismìc twn pakètwn dedomènwn

gÐnetai me th bo jeia kinoÔmenwn parajÔrwn.
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Efìson entopisteÐ pakèto, metaferìmaste sthn arq  tou parajÔrou tou s ma-

toc kai an�loga me to suntelest  uperdeigmatolhyÐac (over) apojhkeÔoume ton

antÐstoiqo arijmì deigm�twn pou ja jewr soume wc pakèto.

H akoloujÐa pou prokÔptei apì thn parap�nw diadikasÐa perilamb�nei deÐgmata

(samples). To epìmeno b ma mac eÐnai na epilèxoume ta swst� sÔmbola apì aut 

thn akoloujÐa, ta opoÐa ja antistoiqoÔn sto pakèto sumbìlwn pou steÐlame.

Gia to lìgo autì upologÐzoume thn enèrgeia ìlwn twn pakètwn m kouc N kai

krat�me autì me th megalÔterh tim  enèrgeiac. P�nw sto pakèto autì ja k�noume

thn epexergasÐa gia na bg�loume ta telik� apotelèsmata.

Sthn epexergasÐa tou s matoc sumperilamb�netai h ektÐmhsh thc diafor�c su-

qnìthtac, h ektÐmhsh twn tim¸n twn kanali¸n kai h an�kthsh twn dedomènwn pou

èsteile o pompìc. H diadikasÐa gia thn epexergasÐa tou s matoc akoloujeÐ thn

an�lush tou 2ou kefalaÐou.

EpÐshc, upologÐzetai kai to lambanìmeno SNR. Gia to lìgo autì, upologÐzetai

h mèsh diaspor� tou jorÔbou qrhsimopoi¸ntac ta dedomèna pou èlabe o dèkthc,

tic ektim seic twn kanali¸n all� kai ìla ta dedomèna pou steÐlame (ìqi mìno ta

sÔmbola ekpaÐdeushc). H mèsh diaspor� tou jorÔbou upologÐzetai wc ex c:

σ2
w =

∑N
i=1 |yi − ŷi|2

N

ìpou ŷi eÐnai h ektÐmhsh twn dedomènwn pou èlabe o dèkthc basismènh sthn ektÐmhsh

twn kanali¸n ĥ1 kai ĥ2 kai ta sÔmbola s1 kai s2:

ŷ1 = ĥ1s1 + ĥ2s2

ŷ2 = ĥ2s
∗
1 − ĥ1s

∗
2

...

ŷN = ĥ2s
∗
N−1 − ĥ1s

∗
N .
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Tèloc to SNR sto dèkth, met� th l yh ìlwn twn pakètwn, upologÐzetai wc:

SNR =
E
[
|ĥ1|2 + |ĥ2|2

]
E [|s|2]

σ2
w

.

Met� thn an�kthsh twn dedomènwn, to k�je pakèto sugkrÐnetai me ta dedomèna

pou st�ljhkan apo ton pompì kai upologÐzontai ta sf�lmata.

5.1.3 Apotelèsmata peiram�twn

Ta peir�mata pragmatopoi jhkan sto q¸ro tou ergasthrÐou gia di�forec timèc

isqÔoc tou ekpempìmenou s matoc. Endeiktik�, parousi�zontai diagr�mmata gia 2

timèc isqÔoc (mÐa sqetik� uyhl  kai mÐa sqetik� qamhl ) se peript¸seic pou up rqe

kÐnhsh sto q¸ro (�lla �toma   kÐnhsh tou dèkth) all� kai se peript¸seic ìpou ektìc

twn antikeimènwn tou ergasthrÐou den up rqan �llec parembolèc. H diamìrfwsh

twn sumbìlwn eÐnai 4-QAM.

KÐnhsh sto q¸ro, SNR = 24.08 db.

Sto sq ma 5.1 parousi�zontai oi timèc tou mètrou twn kanali¸n gia ìla ta pakèta

met�doshc sthn perÐptwsh thc èntonhc kinhtikìthtac sto q¸ro.

Sto sq ma autì parathroÔme mÐa èntonh metabol  stic timèc tou mètrou gia ta

dÔo kan�lia. H metabol  aut  ofeÐletai sto gegonìc ìti up rqe kÐnhsh sto q¸ro.
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Sq ma 5.1: To mètro twn kanali¸n gia ìla ta pakèta

Sto sq ma 5.2 paratÐjentai oi timèc thc diafor�c suqnìthtac tou forèa.
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Sq ma 5.2: Diafor� suqnìthtac forèa
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Sq ma 5.3: Istìgramma katanom c pragmatik¸n tim¸n tou kanalioÔ 1
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Sq ma 5.4: Istìgramma katanom c fantastik¸n tim¸n tou kanalioÔ 1
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Sq ma 5.5: Istìgramma katanom c pragmatik¸n tim¸n tou kanalioÔ 2
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Sq ma 5.6: Istìgramma katanom c fantastik¸n tim¸n tou kanalioÔ 2
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Sta sq mata 5.3, 5.4, 5.5 kai 5.6 parousi�zetai o trìpoc katanom c twn tim¸n

tou kanalioÔ 1 kai tou kanalioÔ 2. Se peript¸seic, ìpwc kai aut , ìpou èqoume

èntonh kinhtikìthta ta antikeÐmena pou dhmiourgoÔn thn kÐnhsh (p.q. �njrwpoc)

dhmiourgoÔn kai ènan meg�lo arijmì statistik� anex�rthtwn anakl¸menwn kai ske-

dazìmenwn diadrom¸n. Tìte ta kan�lia akoloujoÔn katanom  Rayleigh kai oi timèc

touc eÐnai kuklikèc summetrikèc migadikèc Gaussian tuqaÐec metablhtèc.

QwrÐc kÐnhsh ston q¸ro, SNR = 23.86 db.

Sto sq ma 5.7 parousi�zontai oi timèc tou mètrou twn kanali¸n gia ìla ta pakèta

met�doshc sthn perÐptwsh pou den up rqe kajìlou kinhtikìthta sto q¸ro.
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Sq ma 5.7: To mètro twn kanali¸n gia ìla ta pakèta

Sto sq ma autì den emfanÐzetai èntonh metabol  stic timèc tou mètrou gia ta

dÔo kan�lia. To gegonìc ìti den up�rqei kÐnhsh sto q¸ro shmaÐnei ìti oi pollaplèc

diadromèc den metab�llontai gr gora sto qrìno.
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Sq ma 5.8: Diafor� suqnìthtac forèa

Sto sq ma 5.8 paratÐjentai oi timèc thc diafor�c suqnìthtac tou forèa.
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Sq ma 5.9: Istìgramma katanom c pragmatik¸n tim¸n tou kanalioÔ 1
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Sq ma 5.10: Istìgramma katanom c fantastik¸n tim¸n tou kanalioÔ 1
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Sq ma 5.11: Istìgramma katanom c pragmatik¸n tim¸n tou kanalioÔ 2
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Sq ma 5.12: Istìgramma katanom c fantastik¸n tim¸n tou kanalioÔ 2

Sta sq mata 5.9, 5.10, 5.11 kai 5.12 parousi�zetai o trìpoc katanom c twn tim¸n

tou kanalioÔ 1 kai tou kanalioÔ 2. Se peript¸seic ìpou den up�rqei kinhtikìthta

ta istogr�mmata eÐnai diaforetik�. H katanom  twn tim¸n faÐnetai na dhmiourgeÐ dÔo

loboÔc se Ðdiec timèc antijètou pros mou. Ta kan�lia ed¸ akoloujoÔn katanom 

Rice kai sugkekrimèna h katanom  aut , mporeÐ na montelopoihjeÐ apì thn sqèsh:

hl [m] =

√
k

k + 1
σle

jθ +

√
1

k + 1
CN (0, σ2

l ), θ ∼ U(0, 2π).

O pr¸toc ìroc anafèretai sthn apeujeÐac diadrom  en¸ o deÔteroc ìroc ana-

fèretai stic epimèrouc diadromèc pou prokÔptoun apì an�klash kai skèdash. To k

eÐnai o lìgoc thc apeujeÐac diadrom c proc tic skedazìmenec diadromèc. O parap�nw

tÔpoc mporeÐ na prosomoiwjeÐ me qr sh thc Matlab gia k = 100 kai σl = 1 kai o

trìpoc katanom c twn tim¸n hl apeikonÐzetai sto parak�tw istìgramma:
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Sq ma 5.13: Katanom  Rice gia σl = 1 kai k = 100

Epomènwc, mporoÔme na sumper�noume ìti h kinhtikìthta sumb�llei sthn morf 

twn kanali¸n.

Parìmoia eÐnai kai ta apotelèsmata gia qamhlìterec timèc isqÔoc. Aut� parou-

si�zontai parak�tw.

KÐnhsh sto q¸ro, SNR = 13.71 db.

Sto sq ma 5.14 parousi�zontai oi timèc tou mètrou twn kanali¸n gia ìla ta

pakèta met�doshc se perÐptwsh èntonhc kinhtikìthtac sto q¸ro.

Sto sq ma autì parathroÔme mÐa èntonh metabol  stic timèc tou mètrou gia ta

dÔo kan�lia ìpwc kai sthn prohgoÔmenh perÐptwsh thc uyhl c isqÔoc ekpomp c me

kÐnhsh sto q¸ro.
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Sq ma 5.14: To mètro twn kanali¸n gia ìla ta pakèta
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Sq ma 5.15: Diafor� suqnìthtac forèa

Sto sq ma 5.15 paratÐjentai oi timèc thc diafor�c suqnìthtac forèa gia thn
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perÐptwsh aut .
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Sq ma 5.16: Istìgramma katanom c pragmatik¸n tim¸n tou kanalioÔ 1
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Sq ma 5.17: Istìgramma katanom c fantastik¸n tim¸n tou kanalioÔ 1
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Sq ma 5.18: Istìgramma katanom c pragmatik¸n tim¸n tou kanalioÔ 2
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Sq ma 5.19: Istìgramma katanom c fantastik¸n tim¸n tou kanalioÔ 2

Sta sq mata 5.16, 5.17, 5.18 kai 5.19 parousi�zetai o trìpoc katanom c twn

tim¸n tou kanalioÔ 1 kai tou kanalioÔ 2. Sthn perÐptwsh aut , èqoume èntonh
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kinhtikìthta, ìpwc kai prohgoumènwc me uyhlìterh isqÔ ekpomp c kai ta kan�lia

akoloujoÔn kai p�li katanom  Rayleigh. Oi timèc touc eÐnai kuklikèc summetrikèc

migadikèc Gaussian tuqaÐec metablhtèc.

QwrÐc kÐnhsh sto q¸ro, SNR = 14.01 db.

Sto sq ma 5.20 parousi�zontai oi timèc tou mètrou twn kanali¸n gia ìla ta

pakèta met�doshc gia thn perÐptwsh pou den up rqe èntonh kinhtikìthta sto q¸ro.
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Sq ma 5.20: To mètro twn kanali¸n gia ìla ta pakèta

Sto sq ma autì den parathroÔme èntonh metabol  stic timèc tou mètrou gia ta

dÔo kan�lia kai h morf  tou diagr�mmatoc eÐnai Ðdia me aut  sthn perÐptwsh thc

uyhl c isqÔoc ekpomp c qwrÐc kÐnhsh sto q¸ro.

Sto sq ma 5.21 paratÐjentai oi timèc thc diafor�c suqnìthtac tou forèa. Para-

threÐtai ìti up�rqei metabol  twn tim¸n, h opoÐa ìmwc kumaÐnetai se mikr� epÐpeda.
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Sq ma 5.21: Diafor� suqnìthtac forèa
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Sq ma 5.22: Istìgramma katanom c pragmatik¸n tim¸n tou kanalioÔ 1
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Sq ma 5.23: Istìgramma katanom c fantastik¸n tim¸n tou kanalioÔ 1
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Sq ma 5.24: Istìgramma katanom c pragmatik¸n tim¸n tou kanalioÔ 2
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Sq ma 5.25: Istìgramma katanom c fantastik¸n tim¸n tou kanalioÔ 2

Sta sq mata 5.22, 5.23, 5.24 kai 5.25 parousi�zetai o trìpoc katanom c twn

tim¸n tou kanalioÔ 1 kai tou kanalioÔ 2. Sthn perÐptwsh aut  den up�rqei èntonh

kinhtikìthta kai ta kan�lia akoloujoÔn katanom  Rice ìpwc kai sthn antÐstoiqh

perÐptwsh me megalÔterh isqÔ.

Epiplèon, me thn allag  thc kinhtikìthtac kai tou trìpou katanom c twn kanali-

¸n all�zei kai h susqètish twn kanali¸n. H susqètish dhl¸nei to pìso anex�rthta

eÐnai ta kan�lia metaxÔ touc. Oi timèc gia ta parap�nw peir�mata faÐnontai ston

parak�tw pÐnaka:

p = 1000 p = 8000

susqètish - me kÐnhsh 0.5101 0.6981
susqètish - qwrÐc kÐnhsh 0.99 0.98

PÐnakac 5.1: PÐnakac susqètishc kanali¸n

'Otan den up�rqei kÐnhsh sto q¸ro ta kan�lia èqoun uyhlì bajmì susqètishc,

en¸ ìtan up�rqei kÐnhsh ta kan�lia teÐnoun na gÐnoun anex�rthta.
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Tèloc, mporoÔme na parathr soume thn apìdosh tou sust matoc pou ulopoi -

same parousi�zontac thn kampÔlh BER, gia mÐa seir� peiram�twn (sq ma 5.26).
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Sq ma 5.26: Peiramatikì BER sta USRPs

Ta peir�mata diex qjhsan sto q¸ro tou ergasthrÐou diathr¸ntac stajer  th

jèsh twn USRPs all�zontac k�je for� thn tim  isqÔoc ekpomp c. Sth sugkekri-

mènh perÐptwsh ta kan�lia akoloujoÔn Rice katanom .



Kef�laio 6

Sumper�smata kai

Mellontik  ErgasÐa

Stìqoc thc ergasÐac,  tan h ulopoÐhsh tou sq matoc tou Alamouti me th qr sh

enìc software-defined sust matoc epikoinwnÐac all� kai h katanìhsh tou trìpou

leitourgÐac tou sust matoc se diaforetik� perib�llonta di�doshc.

Parathr same ìti ta kan�lia sumperifèrontai diaforetik� stic peript¸seic me

kÐnhsh sto q¸ro kai diaforetik� stic peript¸seic qwrÐc kÐnhsh sto q¸ro. Wstìso

kai stic dÔo peript¸seic to sÔsthma leitourgeÐ apodotik�, krat¸ntac ton arijmì

twn sfalm�twn se polÔ qamhlèc timèc.

Mellontik�, ja mporoÔse na ulopoihjeÐ to sq ma tou Alamouti gia sust mata

me 2 keraÐec ekpomp c kai 2 keraÐec l yhc, aux�nontac thn t�xh diaforopoÐhshc sto

dipl�sio, na melethjeÐ h sumperifor� tou sust matoc autoÔ all� kai na sugkrijeÐ

me thn perÐptwsh pou melet same sthn paroÔsa ergasÐa.
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