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Tavi 1.

Tanamedrove usadeno telekomunikaciis Teoriuli safuZvlebi

gansazRvrebis mixedviT, radioteqnologia aris “radiosignalebis formirebis, gadacemis,
miRebis (damuSavebis) saSualebaTa erToblioba, rac gmnis erTian tegnologiur process~, romlis
gamoyenebac iTvaliswinebs radiosixSiruli resursiT sargeblobas~ [1]. meore mxriv, Setyobinebis
(da misi amsaxveli signalis) gadasacemad gamoyenebul saSualebaTa erTobliobas kavSiris arxi
ewodeba. maSasadame, radioteqnologiis SesaZleblobaTa winaswar ganmsazRvreli erT-erTi
sakvanZo faqtori aris radioarxi (radioarxebis erToblioba), romlis saSualebiTac xorcieldeba
satelekomunikacio kavSiri (link) BWN-is kvanZebs Soris.

radioarxis umniSvnelovanesi maxasiaTebeli aris informaciis gadacemis siCqare.
sxvadasxva radioteqnologiisaTvis damaxasiaTebelia mniSvnelovani gansxvaveba informaciis
gadacemis siCqareebsa da arxis sixSiruli zolis gamoyenebis efeqturobaSi (efeqturoba fasdeba
informaciis gadacemis siCqaris fardobiT arxis zolis siganesTan). ufro maRali efeqturoba niSnavs
imas, rom informaciis (magaliTad, monacemebis) gadacemis aucilebeli siCgare miiRweva
gamoyofili radiosixSiruli resursis ufro viwro zoliT, rac mniSvnelovania aseTi resursebis mzardi
deficitis gamo. Sesabamisad, BWN radiotegnologiebisa da masSi gamoyenebuli radioarxebis
sixSiruli efeqturobis urTierTkavSiri warmoadgens mocemuli Tavis ganxilvis erT-erT obieqts.

BWN radiotegnologiis sxva mniSvnelovani aspeqti ganpirobebulia imiT, rom
kvanZTaSorisi arxebis radiosixSiruli resursi, arcTu iSviaTad, saerToa da am arxebis
radiosignalebi igmneba sixSireTa erTian zolSi. yvela momxmareblisTvis saerTo (erTian)
sixSirul zolSi SeRweva, warmogmnili arxebis elegtromagnituri Tavsebadobis pirobebis
gaTvaliswinebiT, SesaZlebeli xdeba formiT an droiT orTogonaluri radiosignalebis gamoyenebis
pirobebSi. Sesabamisad am TavSi mocemuli masala exeba signalwarmomgmneli saSualebebisa
da mravlobiTi SeRwevis meTodebis urTierTkavSirs.

bolos, Tanamedrove BWN-iT informaciis gadacema xorcieldeba konfidencialobis dacvis
gaTvaliswinebiT, romelic miiRweva momxmarebelTa autentifikaciiTa da Setyobinebis daSifvris
gziT. am procedurebs, Cveulebriv, miakuTvneben Setyobinebis gardagmnis arasagselo doneebs

(ix.  sur. 1.13). moxseniebuli masalis mocemul TavSi Casma ganpirobebulia daSifvris



operaciebis SesrulebiT gselze damokidebuli doneebis protokolebiT da, Sesabamisad, - Txrobis
strugturuli erTianobis uzrunvelyofis aucileblobiT.

1.1. kavSiris usadeno arxi
1.1.1. kavSiris usadeno arxis sabazo tegnologiebi
1.1.1.1. signali da speqtri. ZiriTadi cnebebi. telekomunikaciaSi signali niSnavs fizikur
process, romelic sainformacio Setyobinebas gamosaxavs gadacemis, damuSavebisa da
aRgmisaTvis mosaxerxebeli formiT. cneba “signali~ dakavSirebulia cnebebTan “monacemebi~
(data) da ‘informacia~  (information), Tumca isini sxvadasxva semantikur kategorias
ganekuTvneba. arsiT signali warmoadgens informaciisa da monacemebis fizikur formas.
telekomunikaciaSi yvelaze farTod gavrcelebulia signalis warmodgenis eleqtruli forma,
romelic asaxavs Zabvis damokidebulebas droze U(t). signalebis  aseTi  maTematikuri
warmodgena maTi klasifikaciisa da Sedarebis saSualebas iZleva.
usadeno kavSiris garemoSi maTematikuri modelebiT aRwerili signalebi informaciulobis
mixedviT iyofa determinirebul da SemTxveviT signalebad. determinirebuli signali ewodeba
signals, romlis parametrebis mniSvnelobebic drois nebismier momentSi cnobilia. SemTxveviTi
signalis parametrebis mniSvnelobebi winaswar ar aris cnobili da SeiZleba ganisazRvros raRac
albaTobiT [2]. determinirebuli signalis klasikur magaliTad SeiZleba gamodges harmoniuli
signali, romlis maTematikur models Semdegi saxe aqvs:
S(t) = Asin(20fo t + 6) = Asin(Uot + 6) an S(t) = Acos(Uot + 6),(7.1)
sadac A - signalis amplitudaa;
fo - sixSire;
Uo - kuTxurisixSire;
0 - sawyisi faza.
SemTxveviTi signalis magaliTad SeiZleba gamodges nebismieri xelSeSla - misi
parametrebi winaswar ar aris cnobili.
determinirebuli signali, Tavis mxriv, SeiZleba iyos: perioduli an araperioduli. perioduli
signali meordeba raRac drois Sualedis Semdeg, araperioduli signali Ki erTsa da imave pirobebSi
ar meordeba [2]. es ukanaskneli formis mixedviT iyofa analogur da diskretul signalebad.
analoguri signali uwyveti fungciaa, romelic gansazRvrulia argumentis yoveli

mniSvnelobisaTvis. amave dros fungciis mniSvnelobis winaswarmetyveleba drois nebismieri



momentisaTvis SeiZleba didi sizustiT. diskretuli signalis aRmweri maTematikuri funqcia aseve
uwyvetia Tavisi mniSvnelobebis mixedviT, magram ganisazRvreba mxolod argumentis
diskretuli mniSvnelobebisaTvis. amplitudis mixedviT daqvantul diskretul signals cifruli signali
ewodeba. cifruli signalis parametrebis mniSvnelobebi SeiZleba davakavSiroT aTvlis konkretul
sistemasTan da davamuSaoT ricxviTi meTodebiT [2]. mobiluri kavSirisa da usadeno SeRwevis
yvela Tanamedrove sistema cifrulia, amitom, Semdgom ZiriTadi yuradReba cifrul signalebsa da
maT cifrul damuSavebas mieqceva.

signalis gamosaxvis formas, romelic Seesabameba mis maTematikur aRweras
damoukidebeli argumentis funqciis saxiT, dinamikuri forma ewodeba. signalis gamosaxvis am
tradiciuli formis garda, iyeneben misi maTematikuri aRweris formas, e.w. Sebrunebuli
argumentis saSualebiT (magaliTad, t drois Sebrunebuli argumenti aris f sixSire). am formas
speqtruli forma ewodeba. aseTi warmodgenis SesaZlebloba ganpirobebulia signalis dinamikuri
aRweris TvisebebiT, romelTa saSualebiTac nebismieri rTuli signali SeiZleba Caiweros drois
mimdevrobiT momentebSi warmogmnili elementaruli signalebis jamis saxiT (e. i. daiSalos
harmoniul Semdgenebad). Tu am elementaruli signalebis xangrZlivoba miiswrafvis nulisaken,
zRvarSi miviRebT signalis zust asaxvas. es daSla aiwereba rxevis amplitudisa da sawyisi fazis
funqgciebis uwyveti an diskretuli argumentiT, romlis rolSic gamodis fungciis cvlilebis sixSire
misi warmodgenis intervalSi. daSlis elementaruli signalebis amplitudaTa erTobliobas signalis
amplituduri speqgtri ewodeba, xolo fazaTa erTobliobas - signalis fazuri speqtri. es ori speqtri
erTad warmogmnis signalis sixSirul speqtrs [2].

Tu cnobilia signalis forma (fungciis mniSvnelobis damokidebuleba argumentis
mniSvnelobaze), speqtris gamoTvla SeiZleba furies gardagmnebis saSualebiT. sxva sityvebiT,

perioduli funqcia, romelic mocemulia T periodis intervalze da SemosazRvrulis oo naWer-

naWer uwyvetia  pirveli rigis wyvetebis sasruli ricxviT (dirixles piroba), SeiZleba

warmovadginoT furies mwkrivis saxiT [2]:

& 2
S(1) = 25 exp(jnAmt), S, =S(nAo), &w:?.
— (1.2)

sadac Sn e.w. mwkrivis woniTi koeficientebia.
diskretuli speqtris pirvel sixSirul mdgenels (n=1) signalis ZiriTadi (centraluri) sixSire
ewodeba, xolo sxva sixSireebs — harmonikebi. araperioduli signalis speqtris agebisaTvis

gamoiyeneba e.w. furies integraluri gardagmna [2].



signalis speqtris cnebasTan mWidrodaa dakavSirebuli signalis speqtruli simkvrivis
gansazRvreba, romelic axasiaTebs misi energiis an simZlavris ganawilebas sixSirul diapazonSi.

signalis energiis speqtruli simkvrive ganisazRvreba TanafardobiT [2, 3]:

~

v =[SO g

sadac S(t) aris S(t) signalis furie-saxe.

signalis speqtruli simkvrivis sixSiris mixedviT integrirebiT SeiZleba ganisazRvros misi
energia [3].

signals, romlis speqgtric iwyeba raRac mudmivi SemdgeniT (Cveulebriv f =0) da
SemosazRvrulia zemodan, sawyisi signali ewodeba (ucxour literaturaSi baseband signal —
sixSireTa sabazo zolis signali). aseTi signali formirdeba momxmareblis damaboloebel
mowyobilobaSi da sawyisi saxiT gadaicema misi damuSavebis traqtSi. modulirebuli signali
gadaicema radiosixSireebis areSi radiosignalis formirebis procesSi (ufro efeqturSi
radiogadacemisaTvis).

TviT radiosignalisa da misi Sesabamisi radiogamosxivebis speqtruli Tvisebebi
damokidebulia gadamtanis modulaciis meTodsa da mamodulirebeli signalis formaze. mobiluri

kavSirisa da usadeno SeRwevis Tanamedrove sistemebSi gavrcelebulia marTkuTxa gm®dol

impulsis mqone signalebi (sur. 1.1, a). maTi speqtruli simkvrivis fungcia foTlis formisaa da misi

(D;-CjkanoniT, rasac Seesabameba nulebis arseboba speqtrul

-1
momvlebi icvleba (oa}j sin[

simkvriveSi 1/T; -s jerad sixSireebze (ix. sur. 1.1, b). Sesabamisi radioimpulsis speqtris
momvlebi simetriulia radiosignalis gadamtani fo sixSiris mimarT (ix. sur. 1.1, g).

aseTi radiosignalis daumaxinjeblad gadacema SesaZlebelia mxolod usasrulo siganis
sixSireebis arxiT, rac mowmobs misi realizaciis SeuZleblobas. analogiuri daskvna vrceldeba
xangrZlivobiT SezRuduli sxva formis impulsebis gamoyenebis SemTxvevaSic. maTi speqtruli
simkuvrivis, rogorc sixSiris fungciis gansazRvris are, usasruloa. ZiriTadi gansxvaveba daiyvaneba
mxolod speqtruli simkvrivis momvlebis formaze. es niSnavs imas, rom signalis impulsur
gadacemas sixSireTa SezRudul zolSi Tan axlavs damaxinjebebi. speqtris integrireba funqciis
grafikis intervalebSi gviCvenebs, rom pirveli intervalis farglebSi, Cveulebriv, Tavmoyrilia
signalis energiis 90%-ze meti da sxva intervalebSi _ mxolod 10%-ze naklebi. sawyisi signalisa

da radiosignalis speqtrebis Tanafardoba winaswar gansazRvravs signalebis or kategoriad dayofis



kriteriums. signalebi iyofa e.w. "viwrozolian~ signalebad da signalebad speqtris gafarToebiT
(maT zogjer arcTu mTlad sworad, ‘farTozolians~ uwodeben). viwrozoliani signalebis
ganmsazRvreli Tvisebaa is, rom sawyisi signalisa da dqglLodsdobo radiosignalis speqtrebis
siganeebis fardoba erTeulis rigis sididea. maTgan gansxvavebiT, signalebisaTvis speqtris
gafarToebiT es fardoba aRwevs aTeulebisa da aseulebis rigis sidides.

signalebis sxvadasxva formiT warmodgenisTvis damatebiT iyeneben maTi analizis
sxvadasxvagvar meTodebs. telekomunikaciis TeoriaSi erT-erTi yvelaze gavrcelebuli meTodi
aris korelaciuri analizi, romelic SesaZleblobas iZleva damyardes signalebs Soris urTierTkavSiri
da urTierTdamokidebuleba (magaliTad, Sefasdes msgavsebis xarisxi). signalebs Soris
urTierTkavSiris xarisxs gamosaxaven korelaciis koeficientis normirebuli erTeulebiT, romelic
iRebs mniSvnelobas 1-dan -1-mde SualedSi (Sesabamisad signalebis sruli damTxvevisas da
ardamTxvevisas).

S(t) signalis Sedarebisas mis drois mixedviT dayovnebul S(t+06) aslTan, iyeneben
avtokorelaciis funqciis cnebas (Auto Correlation Function, ACF), rogorc msgavsebis sazoms,

romelic gamoiTvleba formuliT [3]:

Rs(r)zTS(t)S(t+r)dt, —00<0 <o (1.4)

0 cvladi, romelic gansazRvravs signalis aslis dayovnebas, asrulebs “skaneris parametris~
rols. signalis ACF-s Semdegi Tvisebebi agvs:

- R(6) 6-s mixedviT simetriulia nulis mimarT;

- R(6)-s mniSvneloba nulze magsimaluria yvela 6-saTvis;

- ACF aris signalis energiis speqgtruli simZlavris furie - saxe da piriqiT;

- ACF-is mniSvneloba drois mixedviT nulovani Zvris SemTxvevaSi ricxobrivad

signalis energiis tolia.
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sur. 1.1. marTkuTxa videoimpulsi, misi energetikuli spegtri da marTkuTxa radioimpulsis

speqtri

perioduli signalis korelaciuri maxasiaTeblebis gansazRvrisadmi midgoma ramdenadme
gansxvavebulia. am SemTxvevaSi ACF gamoiTvleba signalisa da misi daZruli aslis skalaruli

namravlis gasaSualebis gziT, T periodis farglebSi [3]:
17
R, (7) = lim — j S(t)S(t+7)dt. (1.5)

am SemTxvevaSi ACF warmoadgens simZlavris speqtruli simkvrivis furie-saxes, xolo
mniSvneloba nulze signalis saSualo simZlavris tolia [3].
1.1.1.2. radioarxis ganzogadebuli modeli da ZiriTadi maxasiaTeblebi radioarxi aris
radiotegnikuri saSualebebisa da radiotalRebis erToblioba, romlis daniSnulebaa Setyobinebis
gadacema gamgzavnidan mimRebamde (sur. 1.2).

radioarxebis, rogorc elegtrokavSiris arxebis saxesxvaobis ganmasxvavebeli niSnebi, aris
Semdegi:
- gamoiyeneba radiosignalebi, romlebic an radiogamosxivebaa an _ eleqtrowredSi
radiogamosxivebis sixSiris signali;
- garemod gamoiyeneba ‘eTeris sivrce~, sadac radiosignali vrceldeba radioxazSi,
romelic gadamcemi da mimRebi antenebisa da radiotalRebis gavrcelebis garemos
erTobliobaa.
radiokavSiris sistemebis Sesaxeb teqgnikur literaturaSi radioarxis cnebas sxva
ganmartebac aqvs [1]: ‘radioarxi aris radiosixSiruli speqtris nawili, romlis daniSnuleba
gamosxivebaa da ganisazRvreba sixSireebis dadgenili sazRvrebiT an centraluri sixSiriTa da
Sesabamisi sixSireTa zolis siganiT~

BWN kavSiris arxebis specifikuri Tavisebureba aris Semdegi saerTo radioresursebis

gamoyeneba:



sixSiruli — yvela arxis radiosignalis formireba xorcieldeba radiosixSireebis erTi zolis

gamoyenebiT,;

droiTi — erT arxSi Setyobinebis gadacemis moTxovna drois mixedviT ar aris

damokidebuli sxva arxebSi gadacemis moTxovnis warmoSobaze, am moTxovnebis

erTdroulad warmoSobis CaTVvliT;

sivrciTi — BWN-is farglebSi mimRebi sadguris adgilsamyofeli SeiZleba iyos

nebismieri (garda figsirebuli mdebareobis sadgurisa fiwuri kavSiris gselis farglebSi).
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— — i AT
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S e i et L LLEELLELEEET EEEE L T
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dleketar korela- demodu- St
lag—| UkuSenacvleba (ag ot latori |
I .‘;gi[f.l —
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I
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Setyobinebis
mimRebi

sur. 1.2. cifruli kavSiris arxis ganzogadebuli strugturuli modeli

xelSeSlebi da xmauri
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BWN-is erTi gselis arxTa simravlis erToblivi muSaoba, saerTo sixSirul-droiT da/an
sivrciTi resursis gamoyenebiT, iTvaliswinebs am resursis ganawilebis koordinacias sxvadasxva
arxs Soris. sxvadasxva saxis BWN-Si resursebis ganawilebis SesaZleblobebi mniSvnelovnad
gansxvavdeba. magaliTad, sivrciTi resursebis ganawileba xorcieldeba mxolod uaxlesi fiwuri
sistemebis  infrastrugturul BWN-Si da municipalur kavSirebSi, romlebic moicavs sabazo
sadgurebs, sadac ekonomiurad gamarTlebulia rTuli saanteno sistemebis gamoyeneba, romlebic
uzrunvelyofen mimarTul gamosxivebas. BWN-Si, romlis sadgurebic aramimarTul antenebs
iyeneben, sivrciTi resursis ganawileba arxebs Soris gamoricxulia.

Tanamedrove BWN-Si radioarxebs Soris ganawilebis tipuri obieqtia sixSirul-droiTi
resursi. misi ganawileba fiwuri kavSirebisa da WiMAX-is tipis gselebSi xorcieldeba sabazo
sadgurebis mier gselTan misaerTebeli samomxmareblo sadgurebis moTxovniT, ukve mierTebuli
sadgurebis kavSirebis gawyvetis gareSe. lokalur da personalur gselebSi es resursi nawildeba,
Setyobinebis gadacemis moTxovnebis mqgone sadgurebs Soris, "SejibrebiTi~ SeRwevis
principiT.

Tanamedrove fiWuri kavSirisa da usadeno SeRwevis  sistemebis radioarxebis
pirvelxarisxovani Tavisebureba aris is, rom gadamcemidan mimRebamde Setyobinebis
gadacemisaTvis gamoiyeneba cifruli signalebi. Setyobinebis gamgzavni da mimRebi aris
kvanZebis e.w. hostebi (host) — damaboloebeli mowyobilobebi (kompiuteri, videofoni da sxv.),
romlebic momxmareblebs awvdian interfeisebs sxvadasxva saxis momsaxurebis gawevisaTvis
da gmnian cifrul signalebs.

radiosignalebis formireba, gadacema, miReba da damuSaveba radioarxebSi xorcieldeba
gadamcemebiTa da mimRebebiT, romlebic mierTebulni arian hostebTan (erT boloSi) da
radioxazebTan (meore boloSi). host-wyarodan gadamcems miewodeba gasagzavni Setyobinebis
U(t) sawyisi cifruli signalebi. adresatis hostSi mimRebidan Semodis radioarxiT gadmocemuli
miRebuli Setyobinebis U*(t) cifruli signali. Setyobinebis gadacema xarisxiania rodesac
gadacemuli Setyobineba calsaxad aisaxeba miRebuliT: U(t) —U*(t). aseTi asaxva aris
radioarxebis elementebiT gardagmnaTa mTeli jaWvis Sedegi:
U(t)—V(1)—S(t)—S*(t)—V*(t)—U*(t), sadac S(t) da S*(t) — gadamcemis mier gamosxivebuli
da mimRebis mier miRebuli radiosignalebia; V(t) da V*(t) — Sesabamisad kodirebuli da

dekodirebuli signalebi.

11



sawyisi cifruli signalebis kodireba gadamcem mxares mdgomareobs U(t) Setyobinebis
simboloebis nakadis gardagmnaSi V(t) simboloebis nakadad, romlebiTac ganisazRvreba
modulatoris mier Segmnili S(t) radiosignalebi (ix. sur. 1.2).

gadamcem mowyobilobaSi A(t) wyaros Setyobineba gardaigmneba U(t) pirvelad eleqtrul
signalad, romelic mosaxerxebulia Semdgomi damuSavebisa da kavSiris arxiT gadacemisaTvis.
Setyobinebis simboloTa speqtrebi ganlagebulia sixSiris sabazo zolSi (baseband). zemoT
aRweril mzadeba, Cveulebriv, moicavs efeqtur kodirebas _ Setyobinebis gardagmnas
statistikurad damoukidebel TanabaralbaTur simboloebad da Setyobinebis niSnis warmosadgenad
saWiro simboloTa saSualo ricxvis Semcirebas (siWarbis Semcireba). am procedurebis
erTobliobas xSirad wyaros kodireba ewodeba. gadasacemi informaciis arasangcionirebuli
SeRwevisagan dacvisaTvis Setyobineba SeiZleba daiSifros.

samomxmareblo doneze eleqtruli signalebis wardgenis formis SeTanxmeba hostebis
Semaval/gamomaval cifrul elegtrul signalebTan Seesabameba Ria sistemebis sabazo modelis
wardgeniTi donis protokolebs (ix. Tavi 1), kerZod, am signalebis kodirebisa da daSifvris
mareglamentirebel protokolebs (ix. ‘wyaros kodireba~) [3]. Semdeg Cven vvaraudobT, rom
radioarxebis Sesaval/gamosavali cifruli signalebi warmoadgenen bitebis nakads (orobiTi
elegtruli simboloebis nakadi).

Semdegi damuSaveba daiyvaneba pirveladi signalis meoreul V(t) signalad gardagmnaze
da SeiZleba Sedgebodes ramdenime etapisagan (makoreqtirebeli kodireba, Senacvleba, speqtris
gafarToeba), romlebic sruldeba kavSiris arxSi gadacemis utyuarobis gazrdisa da Secdomebis
Tavidan asacileblad. xelSeSlamdgradi kodirebis gamoyeneba ganpirobebulia damaxinjebebis
arsebobiT radioxazebiT gadacemis dros. pirveladi signalebis simboloTa Senacvleba da speqtris
gafarToeba damatebiTi RonisZiebebia, romlebic saSualebas iZleva miviRoT energetikuli
mogeba signalebis gadacemis dros an mogvigoT miRebis xarisxdi (SevamciroT Secdomebis
raodenoba).

bolo stadiaze meoreuli dabalsixSiruli signali arxis koderis gamosasvlelidan miewodeba
modulators da gardaigmneba S(t) maRalsixSirul radiosignalad, romelic vargisia usadeno arxiT
gadacemisaTVvis, garemos Taviseburebebis (maxasiaTeblebis) gaTvaliswinebiT.

gardagmnebi, romelTa daniSnulebaa signalebis wrfivi gaZliereba, ar aris moxseniebuli,

vinaidan isini ZiriTadi funqcicm®o gardagmnebis Tanmxlebia. gadamcemisa da mimRebis mier

Sesrulebuli gardagmnebi, urTierTsapirispiroa signalebis Sesabamisi asaxvis mixedviT. mimRebi
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ukugardagmnis miRebul S*(t) signals, romelic moicavs U*(t) signalis demodulacias, sakorelacio
damuSavebas, deSenacvlebasa da gardagmnas A*(t) Setyobinebis Sesabamisad.

gadamcemSi gadamtani sixSiris modulacia uzrunvelyofs S(t) =s(t)cos(2 dfot+
0(t)) radiosignalis formirebas, romlis s(t) momvlebi da 6(t) = 2 dfot+ 6(t) faza gansazRvraven am
signalis cvlilebas, romelic V(t) — S(t) asaxvis Sesabamisia. radiosignalis speqtri ganlagebulia fo
gadamtani sixSiris midamoebSi. pirveladi sawyisi signalis gadasacemad aucilebeli sixSiruli zolis
sigane ganisazRvreba bitebis nakadis gadacemis siCqariT, kodirebis parametrebiTa da
gadamtanis modulaciiT. cifruli kavSiris sistemebis radioarxebSi gadamtanebis modulaciis
meTodebi ganixileba mocemuli Tavis 1.5 paragrafSi.

radioarxis modelis ganxiluli elementebi uzrunvelyofs OSI sabazo modelis fizikuri donis
funqgciebis Sesrulebas, romelTa warmodgenac xorcieldeba ori zemdgomi donis, MAC-donisa da
sagselo donis, protokolebis Sesabamisad. arxis ganxilvad modelSi es garemoeba
gaTvaliswinebulia ori elementis - kontrolerisa da arxis muSaobis singronizatoris arsebobiT.
singronizacia uzrunvelyofs gadamcemsa da mimRebSi erTiani SeTanxmebuli drois aRricxvas,
rac iZleva signalebis singronuli da sinfazuri gadacemis/miRebis SesaZleblobas. arxis kontroleri
asrulebs sixSirul-droiTi resursis miwodebis marTvis funqcias. fiwuri kavSiris sistemebSi aseTi
marTva daiyvaneba resursis ganawilebaze, rogorc SeerTebis damyarebasTan (control channel)
dakavSirebuli Setyobinebebis gadacemisaTvis, ise, samomxmareblo Setyobinebebis (traffic
channel) gadacemisaTvis. BWA-is sistemebSi sixSirisa da drois resursebis marTva daiyvaneba
radiosignalebis gadacemis saerTo garemoSi abonentebis mravaljeradi SeRwevis uzrunvelyofaze,
misi dakavebulobis avtonomiuri kontrolis (Carrier Sensing Multiple Access - CSMA)
saSualebiT.

radiosixSiris  resursis  ganawileba radioarxebs Soris aucilebelia arxTaSorisi
urTierTxelSeSlis warmogmnis Tavidan acilebisaTvis. urTierTxelSeSlis ararsebobis Kkriteriumi,
gamoyenebuli radiomiRebis meTodebis Sesabamisad, aris arxebis signalebis orTogonalobis
pirobebis dacva. signalebis droiTi da speqtruli warmodgenisaTvis mocemuli piroba SeiZleba

Caiweros Semdegnairad [3]:

droiTi warmodgena speqgtruli warmodgena
= — rocast  — j:.roca- CONst E=:
5,0, (1)t = T s () (@)do= T
‘ 0 roca it j. < 'roca ’ i#]

aq i da j indegsebi aRniSnaven i-ur da j-ur arxebs.
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mocemuli Tanafardobidan naTelia, rom signalis droiTi intervalis an sixSiruli zolis
gayofa, romelSic is gadaicema, uzrunvelyofs signalebis orTogonalurobas. urTierTgavlenis
Tavidan acilebis saSualebebs ewodeba droiTi (time division) da sixSiruli (frequency
division) dayofis meTodebi. am meTodebTan erTad, farTod gamoiyeneba arxebis koduri
dayofis meTodi. Termino "koduri dayofis~ sinonimia “arxis dayofa signalis formis mixedviT~.

dasasrul aRvniSnoT, rom BWN-is kvanZebs Soris kavSiri duplegsuria, romlis drosac
“Setyobineba miRebisTanave gadaicema”. kavSiris aseTi saxe gulisxmobs gselis kvanZebs Soris
ori radioarxis arsebobas. gadacema/miRebis erTdroulobis moTxovnis mkacrad dacva niSnavs,
rom erTi arxiT signalis gadacema da meoriT miReba xorcieldeba drois erTsa da imave SualedSi.
amisaTvis ki aucilebeli pirobaa, rom arxebis sixSiruli zolebi erTmaneTisagan daSorebuli iyos
(sixSiruli duplegsi, inglisurisagan frequency division duplex, FDD). miuxedavad amisa,
termini  “duplegsuri kavSiri~ Setyobinebebis gacvlasTan dakavSirebiT im SemTxvevaSic
gamoiyeneba, rodesac arxebis sixSiruli zolebi SeTavsebulia. am dros arxebis urTierTxelSeSla
gamoiricxeba erT arxSi signalebis gadacemisa da meoreSi miRebis morigeobis xarjze, fanjris
(kadris) figsirebuli drois farglebSi. duplegsuri kavSiris aseT saxesxvaobas Seesabameba termini
“droiTi duplegsi~ (inglisurisagan time division duplex, TDD).

radioarxebis ~ ZiriTadi maxasiaTeblebis CamonaTvali, romlebic Seesabameba
Setyobinebis gadacemis fizikur doneze Sesasrulebel fungciebs, moicavs:

- maxasiaTeblebs, romlebic Seesabameba gamoyofil radioresurss;

- sainformacio Setyobinebebis gadacemis maxasiaTeblebs.

arxebis tipuri maxasiaTeblebi, romlebic gamoiyeneba Semdgom BWN fiWuri kavSirisa
da ugamtaro SeRwevis ganxilvisas, mocemulia qvemoT.

radioarxis sixSireTa zoli. radiosixSiruli menejmentis praqtikaSi gamoiyeneba sami
maxasiaTebeli, romlebic axasiaTebs sixSirul zols da dakavSirebulia radioarxSi gamoyenebuli
signalebis speqgtrul TvisebebTan: sixSiris saWiro zoli (necessary bandwidth), dakavebuli
sixSiruli zoli (occupied bandwidth) da mikuTvnebuli sixSiruli zoli (assigned bandwidth).

sixSiris saWiro zoli (Afsaw) radiosixSiruli resursis gamoyenebis maCvenebelia. es aris
“sixSiruli zolis sigane, romelic sakmarisia informaciis gadasacemad saWiro siCgariTa da
xarisxiT~ [1]. Setyobinebis gadacemis cifruli arxis mimarT xarisxis moTxovnas ukavSireben
gadacemuli  bitebis dasaSveb damaxinjebas. amave dros, bitebis (simboloebis) gadacemis

siCgare emTxveva maTi mimdevrobis sixSires da ukuproporciulia maTi xangrZlivobis: Rg =
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1/Te. saerTod, aucileblad iTvleba is sixSiruli zoli, romelic uzrunvelyofs radioimpulsis speqtruli
simkvrivis centraluri (ZiriTadi) foTlis daumaxinjebel gatarebas. urTierTkavSiri simboloebis
gadacemis siCqaresa da saWiro sixSirul zols Soris ganisazRvreba TanafardobiT:
Afsaw =2/ Te=2Rs. (1.6)

dakavebuli zoli (Afsx). es maCvenebeli, ganisazRvreba arasasurveli gamosxivebis
(unwanted emission) doniT radioarxis saWiro sixSiruli zolis gareT. arasasurveli gamosxiveba
aris xelSeSlebis erT-erTo wyaro mezobeli sixSiruli arxisaTvis da maTi dasaSvebi done
ganisazRvreba radiosaSualebebis eleqtromagnituri SeTavsebadobis uzrunvelyofis moTxovnebiT.
ITU-s ganmartebis mixedviT, dakavebuli sixSiruli zoli is zolia, romlis gareTac “misi
sazRvriszeda da sazRvrisqveda sixSireebze radiogamosxivebis simZlavre Seadgens saerTo
gamosxivebuli  simZlavris dadgenil nawils~ [1]. arasasurveli gamosxivebis tipuri
reglamentirebuli jamuri simZlavre aris 1%. adre Cven movixsenieT, rom marTkuTxa impulsis
energetikuli speqtris ZiriTadi foTlis simZlavris wili Seadgens daaxloebiT 90%-s. Sesabamisad,
sixSireTa aucilebeli zolis gareT Tavmoyrilia ZiriTadi gamosxivebis 10%-mde simZlavre. misi
aRmofxvrisa da Afsw da Afgx mniSvnelobebis daaxloebisaTvis atareben RonisZiebebs
arasasurveli gamosxivebis CasaxSobad. CaxSobis done ganisazRvreba radiogamosxivebis
speqtruli niRbIT. cnobebi sxvadasxva radiosaSualebis radiogamosxivebis speqtruli niRbebis
Sesaxeb ganxilulia konkretuli sistemebisadmi miZRvnil Semdgom TavebSi.

mikuTvnebuli sixSiruli zoli (Afmik) aris spegtruli menejmentis normatiuli maCvenebeli,
zoli “romlis farglebSic sadgurs aqvs radiogamosxivebis ufleba~ [1]. mikuTvnebuli sixSiruli zolis
siganes, radiosixSiruli  zolis ekonomiuri gamoyenebis moTxovnidan gamomdinare,
gansazRvraven rogorc aucilebeli (saWiro) sixSiruli zolis siganisa da gadamtani sixSiris gadaxris
absoluturi sididis (JAfo|) gaormagebuli mniSvnelobis jams:

Afmik = Afsaw + 2|Afo|. (1.7)

BWN-is arxebSi Afmik mniSvneloba amJamad Seadgens aTeul da aseul mghc-s.

monacemebis gadacemis siCgare radioarxSi ewodeba bitebis nakadis tegnikur siCqares,
romlebic gadaicema fizikuri donis protokolebis Sesabamisad. iTvleba, rom bitebis nakadis
simboloebi, romlebic Seesabameba orobiTi Tvlis sistemis niSnebs "0~ da "1~, erTimeores
uwyvetad mihyvebian. ase rom, monacemebis gadacemis Rp siCqare (data rate) ganisazRvreba
bitebis Ts xangrZlivobiT:

Rp=1/Tg. (1.8)
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xSirad monacemebis gadacemis siCqaris ganzomileba [Ro]=bit/wm emTxveva
informaciis gadacemis siCqaris ganzomilebas [1]. aseTi damTxveva sulac ar niSnavs imas, rom
Rp=lI. es ki imis Sedegia, rom termini “biti~ warmoadgens semantikur omonims da gamoiyeneba
orobiTi simbolos aRniSvnisTvis, rogorc SetyobinebaSi arsebuli informaciis materialuri erTeuli.
Cveulebriv, radioarxSi xelSeSlebis zemogmedebis Sedegad, Secdomebs bituri simbolos
gadacemas, mivyavarT imasTan, rom Rp > |. amrigad, informaciis gadacemis siCqgare
ganisazRvreba sami faqtoriT:

- bitebis nakadis gadacemis siCqgariT anu monacemebis gadacemis siCqariT;

- TiToeuli biti simbolos mier gadatanili informaciis raodenobiT;

- gadacemis dros simbolos damaxinjebis albaTobiT.

arxis gamtarunarianoba. gansazRvrebis Tanaxmad [4] arxis gamtarunarianoba ewodeba
am arxiT drois erTeulSi gadacemuli informaciis magsimalur raodenobas, aRebuls signalis yvela
SesaZlo wyarodan. orobiTi simetriuli arxisaTvis gamtarunarianobas gansazRvraven
TanafardobiT:

C = Rs[logzm + pseclogz psec + (1 - Psec) 1092(1 - psec)],

sadac m gadacemuli simboloebis anbanis moculobaa (zomaa).

rogorc moyvanili Tanafardobidan Cans, cdomilebis albaTobis cvlilebas 0 < psec < 0,5
Seesabameba arxis gamtarunarianobis cvlileba 1-dan 0-mde. situacias, rodesac C=0 (psec=0,5)
arxis “wyveta~ ewodeba (am SemTxvevaSi gamosavali orobiTi mimdevroba SeiZleba miRebul
ignes arxiT raime signalebis gadacemis gareSe — sakmarisia isini mxolod gamoicno) [4].

praqtikaSi arxis gamtarunarianobis gaangariSebisas iyeneben sxva formulas, romelsac

zogjer Senonis Teoremis maTematikuri asaxva an Senonis zRvari ewodeba [4]:
(1.9)

— PS
sadac Ps da P; signalisa da erSeSIebig ﬁr‘ﬁElé e]efiiﬁj esabamisad;
AF aris arxis sixSiruli zolis sigane.
mocemuli formula miuTiTebs, rom SesaZlebelia arxis gatarebis zolis siganisa da signalis

simZlavris gacvla (da pirigiT) gamtarunarianobis Secvlis gareSe.
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530 2

2.1.2. radiosignalis gadacemis fizikuri garemos maxasiaTeblebi da radiotalRebis
gavrcelebis Taviseburebebi
gadamcemis mier gamosxivebuli radiotalRebi, mimRebis Sesavalze moxvedramde, gadis
sakmaod rTul gzas. maT antenamde SeiZleba miaRwion wrfivi gavrcelebiT, dedamiwis
amoznegilobebisa da troposferul dabrkolebaTa garSemovliT, ionosferodan an miwispira
obiegtebidan arekvlis gziT da a.S. usadeno kavSiris gselebis arxebSi radiotalRebis gavrcelebis
meqganizmebi sxvadasxvagvaria: Tavisufal garemoSi gavrcelebidan kvlavarekvlamde,
difragciasa da gafantvamde [5].

radiotalRebis gavrcelebaze garemos gavlenis SefasebisaTvis sazRvraven e.w. gadacemis
energetikul danakargebs (transmission loss for radio links). isini ganisazRvreba ori ZiriTadi
fagtoriT: aparaturis elementebis maxasiaTeblebiTa da radiotalRebis gavrcelebis garemos
TvisebebiT [5]. ganasxvaveben radioarxis (radioxazis, rogorc arxis struqturuli Semdgenis)
Semdegi saxis danakargebs:

- radiokavSiris xazis saerTo danakargebi (total loss of a rado I3nk), romlebic
axasiaTebs gadamcemis gamosasvilelsa da mimRebis Sesasvlelze simZlavreTa
Tanafardobas;

- sistemuri danakargebi (system loss), romlebic axasiaTebs gadamcemi antenis
Sesasvlelsa da mimRebi antenis gamosasvlelze simZlavreTa Tanafardobas;

- radiokavSiris xazis gadacemis danakargebi (transms3ss3on loss of a rad3o [3nk),
romlebic aRwers gadamcemi antenis mier gamosxivebuli da mimRebi antenis mier

miRebuli simZlavreebis Tanafardobas;
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- radiokavSiris xazis sabazo (ZiriTadi) danakargebi (bas3c transm3ssion loss of a
rad3o I°nk), romlebic saSualebas iZleva gaTvaliswinebul ignes eleqgtromagnituri
talRebis mileva garemoSi gavrcelebis dros.

mocemul paragrafSi ganixileba fagtorebi, romlebic axasiaTebs garemomcvel sivrceSi

radiotalRebis gavrcelebas da, Sesabamisad, radiokavSiris xazis sabazo danakargebis
gansazRvras. pirobiTad am sabazo danakargebs or Semadgenlad yofen [6]:

- danakargebi, romlebic elegtromagnituri talRebis Tavisufal sivrceSi gavrcelebis
danakargebis (free space basic transmission loss) eqvivalenturia;

- danakargebi, romlebic emateba Tavisufal sivrceSi gavrcelebis danakargebs (loss
relat3ve to free space).

2.1.2.1. radiotalRebis gavrceleba Tavisufal sivrceSi. radiotalRebis realur garemoSi
gavrcelebis danakargebi upiratesad gamowveulia maTi gafantviT. sivrceSi gamosxivebuli
radiotalRebis energia vrceldeba zedapirze, romelic aRiwereba antenis mimarTulobis diagramis
(md) formiT. gamomsxiveblidan mimRebis TandaTanobiT daSorebisas zedapiris farTobi
matulobs, maSin rodesac gamosxivebuli energia aseve Tanabrad nawildeba antenis md-is
zedapiris farTobze. amitom, eleqtromagnituri energiis simkvrive zedapiris erTeulze pirvel da
meore SemTxvevebSi gansxvavdeba: gamomsxiveblisagan daSorebisas igi mcirdeba.
elegtromagnituri energiis simkvrivis aseT Semcirebas Tavisufal sivrceSi danakargebi (Lrs)
ewodeba [7]. amosavali Tanafardoba maTi angariSis dros aseTi saxisaa:
P

P
LTS _ gad _ gad 1 (21)
I:>mimR 1_ImimFSmimFUmimR

sadac Ls aris danakargebi Tavisufal sivrceSi;
Pgad — gadamcemi antenis mier gamosxivebuli simZlavre;
Pmimr — mimRebi antenis mier miRebuli simZlavre;
Pmimr — MiRebis wertilSi simZlavris nakadis simkvrive,
Pgad ngangad .
4702 ’
2
c';'mimR/’?“ .
A4 ’

Gmimr da Ggaa mimRebi da gadamcemi antenebis gaZlierebis

Pmimr =

Smimr MimRebi antenis mogmedi farTobia, Smimr=

koeficientebia;
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Cmimr.da Ggad. MiMRebi da gadamcemi antenebis margi gmedebis koeficientebia;
d manZilia mimReb da gadamcem antenebs Soris;
é talRis sigrZea.
zemoT mocemuli simZlavris nakadis simkvrivisa da mimRebi antenis mogmedi farTobis

gamosaxulebebis SetaniT (2.1)-Si miviRebT:
P 4nd*4rx (4nd )’

gad

Lts= 7 = 5
Pgad ﬂgad Ggad GmimRﬂ“ nmimR Ggad GmimFUgad nmimRﬂ’

(2.2)

gadamcem da mimReb antenebad izotropuli gamomsxiveblebis gamoyenebisas

gamosaxuleba (2.2) (fiderSi danakargebis gaTvaliswinebis gareSe) gamartivdeba da miviRebT:
Lts = (48)*d 2/ &2

xSirad saWiroa gamosxivebuli energiis Tavmoyra sivrcis raRac areSi. amisTvis
gamoiyeneba mimarTuli antenebi. antenebis mimarTulobiTi Tvisebebis gaTvaliswinebiT
Tavisufal sivrceSi danakargebis gamoTvlis gamosaxuleba logariTmuli formiT miiRebs Semdeg
saxes [7]:

Lts = 20lg(4ad) - 20Ig € — 101lg(Ggad GmimRr)

Tavisufal sivrceSi radiotalRebis gavrcelebis modeli gansakuTrebiT farTod gamoiyeneba
sistemis daproeqtebis sawyis stadiaSi, vinaidan misi meSveobiT saSualeba gveZleva swrafad
SevafasoT dasaproeqtebeli radioxazebis energetikuli parametrebi. dazustebuli daproeqtebisas
iyeneben ufro zust modelebs, romlebic saSualebas iZlevian gaTvaliswinebul ignes mravali
meorexarisxovani fagtori, romlebic gavlenas axdenen radiotalRebis gavrcelebis realur

procesebze.
magaliTad, Ep (d) saSualo danakargebi radiotalRebis gavrcelebisas gadamcem da
mimReb antenebs Soris d manZilze damokidebulebiT SeiZleba gamoiTvalos rogorc d-s n-uri

xarisxis fungcia, romelic gamosaxul igneba do etalonuri manZilis erTeulebiT (gadamcemi antenis

Soreul zonaSi ganTavsebul wertilamde):

. ﬁ_l i
=l (2.3)
L,;m’}_[d ]

0
Ep (d) sidide, Cveulebriv, gamoisaxeba decibelebiT (db):

L, (d)(db) = LL, (d,)(db) +1n |g[di}

0
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miRebulis, rom do didi zomis fiWwebisaTvis 1 km-is tolia, 100 m-is ki — mcire zomis
fiwebisaTvis. Ls(do) sidide dgindeba empiriulad.

(2.3)-Si n xarisxis maCvenebeli damokidebulia sixSireze, antenis simaRlesa da
gavrcelebis garemoze. Tavisufal sivrceSi signalis simZlavre manZilis kvadratis ukuproporciulad
mcirdeba, e.i. n=2, xolo winaRobebis arsebobis SemTxvevaSi n > 2, galagis quCebSi
gavrcelebisas ki vlindeba e.w. “talRagamtaris~ efeqtida n<2.
2.1.2.2. radiotalRebis mravalsxivuri gavrcelebis movlena

usadeno kavSiris sistemebSi gamoyenebuli radiosixSiruli diapazonis radiotalRebis
saerTo Tvisebas dabrkolebis cudi garSemovlis unari da ZiriTadad wrfivi  gavrceleba.
radiotalRebis gavrcelebis gzaze, amreklavi, topografiuli materialuri obieqtebis arsebobis gamo
mimReb antenaze mravaljeradi arekvlis Sedegad moxvdeba erTi da imave signalis mravali asli,
rac miRebis wertilSi iwvevs e.w. mravalsxivian interferencias (sur. 2.3). mravalsxivianobis
Sedegad jamuri signali miRebis wertilSi aris droSi wanacvlebuli, gansxvavebuli amplitudis
mqone, sakuTari aslebis interferencia. vinaidan pirdapiri da areklili sxivebi sxvadasxva manZils
gadis, signalis aslebi erTmaneTisagan faziTac gansxvavdeba. amas garda miRebis wertilSi
signalebis amplitudebi SeiZleba rogorc Sejamdnen, ise gamoakldnen erTmaneTs (STanTgan
erTmaneTi). aseT movlenas miyuCeba ewodeba. miyuCebis dinamikurma diapazonma SeiZleba
40 db-s miaRwios [5].

ganasxvaveben Setyobinebols gadacemis procesze mravalsxiviani interferenciis gavlenis
or mxares. Tu miRebul signalebs (aslebs) Soris magsimaluri dayovneba ar aRemateba erTi
gadacemuli simbolos xangrZlivobas, interferencia moxdeba, Loddmeoml bsba®dwwogmdol
farglebSi da mas Siga sasimbolo interferencia ewodeba. Tu magsimaluri dayovneba signalebs
Soris aRemateba xangrZlivobiT erT gadacemul simbolos, maSin interferenciis Sedegad
Sejamdeba signalebi, romlebic gansxvavebul simboloebs warmoadgenen. ris Sedegadac adgili
eqneba e.w. simboloTaSoris interferencias, romelic signalebis miRebis xarisxis TvalsazrisiT

gamoirCeva damaxinjebis yvelaze didi efeqtiT.

marSruti 1

dayovneba t; |
gamosxivebuli -
radiosignali marSruti 2
y| - .dayovneba .t - |

miRebuli
radiosignali

marSruti 3

5

—— marSruti 1
=== marSruti n
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sur. 2.3. radiotalRebis gavrcelebis mravalsxiviani buneba

2.1.2.3. radiotalRebis gavrcelebis ZiriTadi modelebi. ganasxvaveben realur garemoSi
radiotalRebis gavrcelebis sam ZiriTad meganizms: arekvla, gafantva da difraqcia.

arekvla xdeba maSin, rodesac radiotalRa ecema obieqts, romlis zomebic mniSvnelovnad
aRemateba talRis sigrZes.

difraqcia xdeba maSin, rodesac radiotalRa ecema dsb®3oMosb dabrkolebebls
(magaliTad, saxlis saxuravs, garxnis milebs da a.S.), romlebic am SemTxvevaSi meoreuli talRis
aRmZvrelebia. swored difraqciis gamos, rom zogjer elegtromagnituri energia gadamcemsa da
mimRebs Soris vrceldeba ara pirdapiri xedvis xazze.

radiotalRebis gafantvis efeqti vlindeba maTi gavrcelebisas iseT garemoSi, romelic
gajerebulia mcire zomis obieqtebiT (talRis sigrZeze gacilebiT naklebi zomis, magaliTad, wvimis
wveTebi, setyva - xorxoSela da sxv.). Tu talRa xvdeba uswormasworo zedapirs, esec iwvevs
energiis gafantvas an arekvlas yvela mimarTulebiT. galagSi gafantvis gamomwvevi tipuri
dabrkolebebia — ganaTebis boZebi, sagzao niSnebi, xeebi da sxv.

radiotalRebis gavrcelebis trasaze danakargebis SefasebisaTvis iyeneben meTodebis or
joufs: statistikursa da determinirebuls. statistikuri meTodebi efuZneba radiotalRebis gavrcelebis
procesebis xangrZlivi gamokvlevebis Catarebas realur garemoSi eqsperimentuli Sedegebis
miRebiT. determinirebuli meTodebi gvTavazoben radiotalRebis trasebis profilebis grafikul
agebas da mis Semdgom analizs. am ori meTodis safuZvelze miRebulia sxvadasxva garemoSi
radiotalRebis gavrcelebis mravali modeli. 2.1 cxrilSi mocemulia tipuri modelebi, romlebsac
yvelaze xSirad iyeneben Tanamedrove mobiluri kavSirisa da usadeno SeRwevis sistemebis

daproeqtebisas.
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exrili 2.1
radiotalRebis gavrcelebis ZiriTadi modelebi, gamoyenebuli Tanamedrove mobiluri
kavSirisa da usadeno SeRwevis sistemebis daproeqtebisas

_ modelis ZiriTadi
modelis . L :
modelis maTematikuri forma parametrebis
dasaxeleba . .
mniSvnelobebi

1 2 3

Aq — danakargebi at-
mosferoSi;
Lair_ difragciuli

. L. L. danakargebi;
radiotalRebis pirdapiri Lis=Ag+Lair+Li+Lo+Ls

. . Lt — danakargebi, ga-mowveuli
xedvis pirobebSi

) . signalis
gavrcelebis modeli

(ix. ITU-R Rec.
P-530)

miyuCebiT radiotal- Rebis
mravalsxiviani gavrcelebisas;
L. — danakargebi, ga-
mowveuli refraqciiT;

Lr — danakargebi, gamowveuli
hidro-meteoruli movlen.

C(v) da S(v) — frenelis
. \/[1— C(v)-S (v)]2 + [C v)-S (V)]2 komplegsuri integralis
2 namavili da warmosaxviTi

radiotalRebis difragciuli

gavrcelebis modeli Ly =-201

(ix. ITU-R Rec. P-526) o
nawilebi
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cxr.2.1 gagrZeleba

3

xatas empiriuli

modeli

Lgareubani = anlaqi —-2lg(f /28)2 -5,4,

Lsof

eli
Lo =6955+26161g f -1382lgh, +

+(449-655lgh, )lgd +a(h, )+a(v, )+a(b)+a(h; f);

= anlaqi —4,78(lg f)z +18,331g f —40,94.

f — muSa sixSire;
h1 — gadamcemi ante-
nis simaRle;
h2 — mimRebi antenis
simaRle;
d — trasis sigrZe;
b — dasaxlebis
simkvrive;
do — pirdapiri xed-
vis manZili;
a(hz), a(vr), a(b), a(hs;f) —
Sesworebis koefi-cientebi

parsonis modeli

Leaerto =2019(0,7h;)+81lg h, —0,025 f —

—261(0,025 )+ 86 Ig( f ”00]_

156
f +100

—£40+14,5|g[ D lgd—0,265b+

0,37(h, —h,)-0870+55

f — muSa sixSire;

h1 — gadamcemi ante-
nis simaRle;

h2 — mimRebi antenis
simaRle;

d — trasis sigrZe;

v — garemos urbani-

zaciis xarisxi

modeli COST 231
(xatas mo-
dificirebuli

modeli)

Loalag =46,3+33,91g f ~13,821Igh; —
—a(h,)+(44,9-6,551g(h,)) lgd +C,,;

f — muSa sixSire;

h1 — gadamcemi ante-
nis simaRle;

h2 — mimRebi antenis
simaRle;

d — trasis sigrZe;

Cm — damatebiTi da-
nakargebi (0-3db)
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2.1.3. xelSeSla, damaxinjeba da miyuCeba ugamtaro kavSiris arxsSi
2.1.3.1. xelSeSlis ZiriTadi saxeebi. radioarxiT gadacemuli signalebi ganicdian sxvadasxvagvari
dabrkolebis zemogmedebas. xelSeSla SeiZleba iyos: xelovnuri da bunebrivi. bunebriv
xelSeSlebs xSirad xmauri ewodeba. esaa: radioaparaturis sakuTari (Siga) xmauri, dedamiwis
siTburi gamosxivebis xmauri, aseve aramiwieri xmauri, atmosferos xmauri da sxv.

siTburi xmauri radioaparaturis sxvadasxva wredSi warmoigmneba atomebisa da
molekulebis siTburi moZraobis gamo. siTburi xmauris energia Tanabradaa ganawilebuli
sixSireTa farTo diapazonSi, ris Sedegadac miRebulia, rom am xmauris speqtri CaiTvalos
Tanabrad. siTburi xmauris am Tvisebis gamo mas xSirad "TeTr xmauri~ ewodeba. TeTri
xmauris simZlavre Af gatarebis zolis mqone pasiuri wredis gamosasvlelze ganisazRvreba
Pxm = No Af gamosaxulebiT, sadac No aris 1 hc sixSirul zolze mosuli xmauris simZlavris
simkvrive [5]. signalis mdgradi miRebis uzrunvelsayofad aucilebelia misi simZlavre, sul cota,
mravaljer aRematebodes xmauris simZlavres Psig>>Pym.

atmosferuli xmauri warmoigmneba atmosferoSi swrafi ganmuxtvebis (elvis) Sedegad.
oo gamoirCeva impulsuri xasiaTiT, didi simZlavriT da aqvs farTo speqtri. bolos, aramiwieri
xmauri ganpirobebulia iseTi movlenebiT, rogoricaa TermobirTvuli procesebi da elementaruli
damuxtuli nawilakebis moZraoba kosmosSi, atmosferosa da miwis zedapiris mier mzis sxivebis
STanTgma — areklva da sxv. aramiwier xmaurs aqvs dinamikuri diapazoni daaxloebiT 11 db da
SesamCnevni xdeba 20 mghc sixSireze zeviT [5].

sasargeblo signalze zemogmedebis mixedviT ganasxvaveben aditiur da multiplikatiur
(araaditiur)  xelSeSlebs. aditiuri  xelSeSlebi  ganpirobebulia garemoSi  sxvadasxva
warmomavlobis radiogamosxivebis arsebobiT: bunebrivis (bunebrivi gamomsxiveblebisagan) da
xelovnuris (ZiriTadad, sxva radioarxebisagan). multiplikatiuri xelSeSlebi, xSirad miyuCebebad
(fading) wodebuli, ganpirobebulia radiosignalebis gadacemis garemos mdgomareobiT (neli
miyuCebebi inglisuridan — slow fading) da radiotalRebis mravalsxiviani gavrcelebis movleniT
(swrafi miyuCebebi - fast fading).

gadacemuli da miRebuli radiosignalebis urTierTkavSiri, gansazRvruli S(t)—S"(t) asaxviT
(ix. § 2.1.1.2), zogadad gamoisaxeba TanafardobiT:

S(t) = &) S +n(t),

sadac
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a(t) aris Tanamamravli, romelic iTvaliswinebs S(t) signalis milevas (Sesustebas) da
miyuCebas;

n(t) — Tanamamravli, romelic axasiaTebs aditiuri xelSeSlebis mogmedebas.

naTgvamidan gamomdinareobs, rom aditiuri xelSeSla vlindeba signalisagan
damoukideblad, maSin, rodesac multiplikatiuri warmoigmneba mxolod signalis arsebobis
pirobebSi da gamovlindebian misi donis cvlilebiT.

orive dasaxelebuli xelSeSlis (aditiurisa da multiplikatiuris) saerTo Tviseba aris droSi
maTi cvlilebebis SemTxveviToba. Sesabamisad S(t)—S'(t) asaxva SemTxveviTi procesia,
romlis Tvisebac vlindeba U(t) signalis (radioarxis Sesavalze) asaxvaSi, radioarxis gamosavalze
U*(t) signalSi. gamosasvleli signalebis Sesabamisobis xarisxi Sesasvlel signalebTan
ganisazRvreba gamoyenebuli saarxo kodirebisa da modulaciis meTodebiT, orive saxis
xelSeSlebis statistikuri maxasiaTeblebiT, agreTve miRebuli (Psig) signalebisa da (Pxm) Xxmauris
xelSeSlebis simZlavreTa TanafardobiT. sxva Tanabar pirobebSi fardobis Psig/ Pxm gazrda
Seesabameba radioarxio» signalebis gadacemis utyuarobis gazrdas. Psig/ Pxm fardobis kontroliT

SesaZlebelia sasargeblo signalis donis regulireba ise, rom uzrunvelyofil ignes SetyobinebaTa
gadacemis saWiro utyuaroba.
samomxmareblo sadguris gadaadgilebisas erTdroulad ori procesi xorcieldeba:
- rezultirebuli signalebis warmomgmneli radiotalRebis fazuri Tanafardobebis cvlileba,
am radiotalRebis gavrcelebis gzebis SenarCunebiT,;
- kvlavarekvlis wertilebis Secvla da, rogorc Sedegi, radiotalRebis gavrcelebis gzebis
Secvla.
orive procesi iwvevs rezultirebuli signalis momvlebis donis cvlilebas, magram am
cvlilebebis xasiaTebi mniSvnelovnad gansxvavdeba. miRebuli signali r(t) momvlebiT da 6(t)
sruli faziT SeiZleba Caiweros  S(t) = r(t)cos[6(t)] saxiT. es momvlebi SeiZleba warmodgenil
ignes, rogorc r(t)= U(t) - ro(t), sadac pirveli Tanamamravli gansazRvravs momvlebis nel
cvlilebebs (miyuCebebs), dakavSirebuls radiotalRebis gavrcelebis gzebis cvlilebasTan, meore
Tanamamravli swrafi miyuCebebia, dakavSirebuli fazuri Tanafardobebis cvlilebebTan.
2.1.3.2. swrafi da neli miyuCebebi. miyuCebebSi gulisxmoben signalis donis mouwesrigebel
cvlilebebs miRebis wertilSi, gamowveuls radiogadacemis pirobebiTa da radiotalRebis
gavrcelebis garemos TvisebebiT. radiokavSiris arxebSi miyuCebis ZiriTadi saxeebis klasifikacia

da maTi gamovlenis meganizmebi mocemulia 2.4 suraTze [3, 8, 9].
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neli miyuCebebi axasiaTeben antenis mier miRebuli signalis ganmsazRvreli  eleqtruli
velis daZabulobis  momvlebis efeqturi mniSvnelobis (Ae) SemTxveviT cvlilebas. neli
miyuCebebis warmogmna ganpirobebulia radiotalRebis refraqciis pirobebis cvlilebiT
(atmosferos mdgomareobis cvlileba, naleqi, dRisa da Ramis cvla da a.S.), agreTve mobiluri
sadguris gadaadgilebiT iseT manZilze, romelic mniSvnelovnad aWarbebs talRis sigrZes.

miyuCebis saxeebi radioarxebSi

&« E—
neli miyuCebebi, warmogmnili mobiluri swrafi miyuCebebi, warmogmnili mobiluri
sadguris did manZilze gadaadgilebiT da sadguris adgilmdebareobis lokaluri SecvliT
gavrcelebis garemos maxasiaTeblebis da mravalsxiviani gavrcelebiT
cvlilebiT
signalis Sesusteba manZilze signalis "gafarToeba" droSi arxis maxasiaTeblebis cvlileba
damokidebulebiT

sur. 2.4. radiokavSiris arxebSi miyuCebis ZiriTadi saxeebis klasifikacia

miyuCebis es saxe aRiwereba miRebuli signalis momvlebis myisi mniSvnelobebis
logariTmul-normaluri ganawilebis kanoniT da misi albaTobebis ganawilebis simkvrivis p(X)

fungcias aqvs saxe:

_flgx=m, | ]

)
_G.\’

pix)= ,_1 -exp
A 2mxo,
sadac
my aris maTematikuri molodini (db);
6% — signalis miyuCebis dispersia (db).
Re-is  logariTmuli mniSvnelobebis ganawilebis integraluri  fungcia F(x)
ganisazRvreba TanafardobiT:

F(x)=
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sadac, +
erf hn% albaTobis integralia . erf(g ):%je":aﬂ*

z.gwsLura ze mocemulia Acis  logariTmuli mniSvneIol;"Ie?tT)ig ganawilebis integraluri
funqciisa da albaTobis simkvrivis grafikebi.

miRebis wertilSi eleqtruli velis daZabulobis mimarT normatiuli monacemebi,
Cveulebrivad, mocemulia medianuri sididis my logariTmuli mniSvnelobebis saxiT. albaToba
imisa, rom neli miyuCebebis Sedegad x realuri mniSvneloba naklebia Tu aWarbebs my-s aris
50%. T drois xvedriTi wili, romlis ganmavlobaSic mniSvnelobebi x<Ee aWarbebs garkveul
zRvrul mniSvnelobas x;r = X emTxveva p(x>X) = 1-F(X) mniSvnelobas , sadac X = 20lg
Xzr (T sidide izomeba procentobiT, %). X-is Semcirebas mx-is mimarT Seesabameba T-s gazrda,
xolo matebas _ T-s Semcireba (sur. 2.6).

swrafi miyuCebebi, warmogmnili mobiluri terminalis gadaadgilebiT mokle manZilze
(talRebis sigrZis Tanazomadi), gansazRvraven miRebis wertilSi eleqtruli velis cvlilebas,

gamowveuls radiotalRebis mravalsxiviani gavrcelebiT.

0 normaluri L P e
----- logariTmuli 7‘!"[1'] e
o .
/ 7| Flx)
P r
o, T
] Jj L
o] i 'I
= i,
| =W
5 A TN
= 77 T
0.3 +
/AR BN S
. I/ S e N
53 R o 1 2 3 ] 5 5

sur. 2.5. miRebis wertilSi eleqtruli velis daZabulobis realuri da logariTmuli

mniSvnelobebis simkvrivis albaToba da integraluri fungcia

Tl:.r]‘

1

05 : i
5"_ & T]{L—FJ¥
; i 27
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sur. 2.6. gadaWarbebis drois fardobiTi wilis
damokidebuleba sasazRvro doneze Xzr = Xmin
elegtromagnituri talRebis mravalsxivianobis fizikuri meganizmebi gansxvavdeba
sxvadasxva sixSireze, magram maTi Sedegi erTnairia, kerZod, Emimr Signali mimRebi antenis
Sesasvlelze ganisazRvreba sxvadasxva sxivis elementaruli E; signalebis veqtoruli jamiT (sur.
2.7), e.l.
n
Emimr = Z Ee"“,
i=1
sadac
Oi aris i-uri sxivis droiTi Zvra fazis mixedviT;

n — sxivTa ricxvi.

Re

sur. 2.7. miRebis wertilSi jamuri daZabulobis velis formirebis principi radiotalRebis

mravalsxiviani gavrcelebisas

miRebis wertilSi sxvadasxva gziT mosuli gansxvavebuli fazis mgone ramdenime signalis
jamuri signali SeiZleba iyos saSualo doneze rogorc maRali, ise dabali. am dros signalis
miyuCeba, gamowveuli maTi fazebisa da amplitudebis araxelsayreli damTxveviT, SeiZleba
Zalian Rrma aRmoCndes.

rodesac gadamcemi mimRebisaTvis imyofeba pirdapiri xedvis zonis gareT, am

ukanasknelis Sesasvlelze aRiniSneba radiosignalebis mxolod gafantuli komponentebi. Tu isini
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modian sxvadasxva mimarTulebidan da Tanazomadi intensivobiT, maSin swrafi miyuCebis
Sesabamisi eleqgtruli velis Emimr momvlebis cvlileba mimRebi antenis Sesasvlelze aRiwereba

releis ganawilebis funqgciiT (ix. sur. 2.8.):

plx)= ﬁi:exp{— [i ]‘ } x>0

es imas niSnavs, rom mTeli im drois ganmavlobaSi, sanam Ae SeiZleba ucvlelad

CaiTvalos, myisieri mniSvnelobis simkvrivis albaToba eqvemdebareba Semdeg Tanafardobas:

. (E 2_ JE‘mim%x _
kidev erTxel xazga: ¥ ““imd £ Xp

mim . . .
QEefFj - £in? Onasin emorCileba releis
ganawilebis kanons, Tu mikenis wertiis1 arsenons mravaitjer areki sxivebis didi raodenoba da
ar aris pirdapiri sxivi. Tu arsebobs pirdapiri sxivi, romelic sxvas amplitudiT Warbobs momvlebis

myisieri mniSvnelobebis ganawileba aRiwereba relei-raisis kanoniT [3]:

a

p(r}:%-exp 2 _ lexpl-K)-I, * k| x=o0.
o, 2o O,
sadac lo(z) beselis pirveli saxis nulovani rigis modificirebuli funqciaa [10];
K parametria, romelic axasiaTebs pirdapiri sxivis energiisa da signalis jamuri
gafantuli energiis fardobas (rodesac gadamcemsa da mimRebs Soris ar arsebobs pirdapiri xedvis

xazi K =0).

P(Enime)§ medianuri mniSvneloba me = 0,83 Aef
pikuri mniSvneloba Agik = 0,7 Aer
saSualo [imiSyneloba Cmimg = 0,89
i !
e Me i . Eer AmimR
" Gmme

sur. 2.8. elegtruli velis daZabulobis myisieri mniSvnelobebis ganawilebis simkvrive

miRebis wertilSi (Emimgr)
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swrafi miyuCebebis gamovlenis Sedegebi mocemulia 2.9 suraTze, sadac naCvenebia
mravalsxiviani arxis reaqcia mokle impulsebze mimRebi sadguris antenis sxvadasxva
adgilmdebareobis dros (erTjeradi cvlileba Seadgens 0,4 é-s) drois sxvadasxva momentSi,
damokidebuli 6 dayovnebaze [3].

am SemTxvevaSi TviT 0 dayovneba aris droSi signalis gafarToebis Sedegi, romelic
gamowveulia miyuCebiani arxis impulsuri maxasiaTeblebis "araoptimalurobiT~. dakvirvebis t
dro dakavSirebulia sivrcul cvlilebebTan, romlebic gansazRvravs arxis arastacionarul~
mogmedebas. 2.9 sur-ze Cans, rom TiToeuli ganxiluli momentisaTvis gamoZaxili
mniSvnelovnad gansxvavdeba erTmaneTisagan amplitudiTa da miRebuli simZlavriT (TiToeuli
figuris mier Semoxazuli farTobis mixedviT).

mimRebi antenis adgilmdebareoba mimRebi antenis adgilmdebareoba

drois t1 momentSi drois t> momentSi
A
=2 =2
28 2= ;
€' & “\
Ea Ea
h)
e

mimRebi antenis adgilmdebareoba

. drois t3 momentSi

9)

miRebuli
simZlavre

|
-

TN l

sur. 2.9. mravalsxiviani arxis reagcia mokle impulsze
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dayovnebis drosa da antenis adgilmdebareobaze [3]

signalis “gafarToeba~ sixSirul areSi (droiTis analogiurad) xasiaTdeba arxis
koherentulobis zoliT (es sixSireTa is area, romelSic signalis speqtris Semdgenebi iTvleba
korelirebulebad, xolo arxi maT atarebs daaxloebiT erTnairi mileviTa da fazaTa wrfivi cvliT —
(sur. 2.10, b). aseve analogiurad, arxis arastacionaruli mogmedeba droSi xasiaTdeba arxis
koherentulobis droiT, xolo sixSirul areSi — arxis miyuCebis siCqariT anu e.w. speqtris
dopleriseuli gafarToebiT (Doppler spread).

amrigad, swrafi miyuCeba damaxasiaTebelia arxisaTvis, romelSic koherentulobis dro
naklebia  simbolos xangrZlivobaze Tkoh <Os, da korelaciis intervali mcirea signalis
gadacemisaTvis saWiro drosTan SedarebiT. am drois ganmavlobaSi miyuCebis xasiaTi
araerTxel icvleba, rac iwvevs signalis damaxinjebas.

nel miyuCebas adgili aqvs, Tu Tkoh > Os. aq drois intervali, romlis ganmavlobaSic arxis
mogmedebas korelirebuli xasiaTi aqvs, metia, vidre simbolos gadacemis dro. gadacemuli
simboloebi ar maxinjdeba formiT, magram, iseve rogorc amplituduri miyuCebis dros, gadacemis
xarisxis gauareseba gamowveulia signali/xmauri fardobis SemcirebiT.

arxSi miyuCebis modelirebis erT-erTi meTodi SemogvTavaza f. belom (Phillip A. Bello)
[11]. mis modelSi mimRebis antenaze mosuli signalebi arakorelirebulad aris navaraudebi.
kerZod damtkicebulia [11], rom aseTi arxi, farTo gagebiT, stacionarulia rogorc droiT, ise
sixSirul areSi. miyuCebiani arxisaTvis aseTi modelis gamoyenebis Sedegad, belom miiRo
universaluri damokidebulebebi, romelTa meSveobiTac SesaZlebelia arxis aRwera drois
nebismier momentsa da nebismier sixSireze.

sur. 2.10 (a, b, g, d) gamosaxulia oTxi aseTi fungcia, romlebic Seadgenen belos modelis
safuZvels mobiluri radiokavSiris arxebisaTvis [8, 9]. 2.10, a sur-ze naCvenebia
mravalsxivianobas daqvemdebarebuli S(6) signalis intensivobis profilis 6 dayovnebaze
damokidebuleba. S(6) fungcia gansazRvravs gansaxilveli signalis miRebuli gafantuli simZlavris
damokidebulebas 6 dayovnebaze, mimRebis Sesavalze pirveli mosuli signalis drois mimarT.
amis codna saSualebas gvaZlevs ganvsazRvroT, Tu rogoraa damokidebuli miRebuli signalis
simZlavre dayovnebaze, daumaxinjebel signalTan SedarebiT. magsimaluri dayovneba (Omax) aris
dro pirveli da bolo komponentebis miRebaTa Soris, romlis Semdegac gafantuli mravalsxiviani
komponentis simZlavre aRmoCndeba yvelaze mZlavri komponentisaTvis dawesebul zRvrul

mniSvnelobaze qvemoT. aRsaniSnavia, rom idealur sistemaSi (dayovneba nulis tolia) S(6)
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fungcia Sedgeba delta funqgciis saxis erTi impulsisagan, romlis woniTi koeficienti jamuri
simZlavris tolia.

Si1) S(v)

]

“ku\.’h 1 oV

LAy f A

magsimaluri dtyan'eba speqtris gafarToeba

Y

a) 9)
furies gardagmna furies gardagmna
PN P
AT .’; \'\\
AN I
s \
e e Af | i = Af

koherentulobis zoli koherentulobis dro

b) d)
a) mravalsxviani gavrcelebis intensivobis profili, S(6);

b) sixSireTa gancalkevebis korelaciuri funqcia, | i (Af)| - (S(6) funqciis furie-
saxe);
g) e.w. dopleris simZlavris speqtri — dopleriseuli cvlilebis funqcia;

d) drois gancalkevebis korelaciuri funqcia, | i (Af)| - (S(6) funqciis furie-saxe)
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sur. 2.10. arxis korelaciuri fungciebisa da simZlavris simkvrivis funqciebis
Tanafardobebi [3]

urTierTkavSiri signalis gavrcelebis magsimalur 6max dayovnebasa da miyuCebian arxSi

simbolos gadacemis Ts dros Soris SeiZleba ganvixiloT gadacemis xarisxis Semcirebis ori

meqganizmis - sixSirul-seleqgciuri miyuCebisa da sixSirul-araseleqciuri (amplituduri) miyuCebis

poziciidan:

sixSirul-seleqciur miyuCebas miviRebT im SemTxvevasSi, Tu signalis speqtris sigane
AFs sWarbobs koherentulobis zolisas (igive piroba SeiZleba gamoisaxos Omax > Ts
utolobis saxiT). arxi araerTgvarovnad axdens gavlenas signalis speqtris sxvadasxva
ubanze, vinaidan koherentulobis zols gareT isini ganicdian damoukidebel
damaxinjebebs. amasTanave mravalsxiviani komponentebi miRebis wertilSi midian
im simbolos droiTi intervalis zRvars gareT, romelic miiReba "ZiriTad sxivze~
(sixSirul-seleqciuri miyuCebis  Cveulebrivi  Tanamgzavria  simboloTaSorisi
interferencia);

radioarxi sixSirul-araseleqciuria da eqvemdebareba amplitudur miyuCebas, Tu
signalis gavrcelebis magsimaluri dayovneba naklebia mis xangrZlivobaze: Omax < Ts.
amasTanave signalis ZiriTadi mravalsxiviani komponentebi aswreben mimRebSi
moxvedras simbolos ZiriTadi nawilis miRebis drois ganmavlobaSi. yvela speqtruli
mdgeneli eqvemdebareba arxis erTian zemogmedebas, radgan Afn koherentulobis
zoli ufro farToa, vidre AFs sistemis zoli. simboloTa interferencia pragtikulad ar
xdeba (droiTi gafantva ar iwvevs SesamCnev zeddebas mezobel simboloebs Soris).
da mainc, signalebis gadacemis xarisxi uaresdeba vinaidan maT dauyofad
komponentebs SeuZlia Sejamdnen arakoherentulad, rac iwvevs signali/xmauri

fardobis mniSvnelovan Semcirebas.

amplituduri da sixSirul-seleqciuri miyuCebebis damaxasiaTebeli speqtruli diagrama

mocemulia 2.11 suraTze [8, 9].
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sixSire

sur. 2.11. sixSirul-seleqciuri ?21) da amplituduri (b) miyuCebebis ilustracia [3]

signalis gafarToeba drois mixedviT aseve SeiZleba ganvixiloT sixSirul areSi |fi(Af)]
fungciis gamoyenebiT, romelic axasiaTebs or signalze arxis reagciebs korelacias, rogorc am
signalebis sixSireTa sxvaobis fungcias. koherentulobis zoli Afion aris im sixSireTa ubnis siganis
statistikuri sazomi, romlis farglebSic signalis sixSirul komponentebs aqvT amplituduri korelaciis
didi albaToba. am zolSi arxi praqgtikulad erTnairad mogmedebs yvela speqtrul mdgenelze,
magaliTad, gamoavlina Tu ara miyuCeba. koherentulobis zolis sigane Afwn da signalis
magsimaluri dayovneba 6max erTmaneTTan dakavSirebulia miaxloebiTi TanafardobiT - Afion =
1/ Omax.

koherentulobis (korelaciis) dro Twn  drois intervalia, romlis ganmavlobaSic arxis
maxasiaTeblebi mniSvnelovnad ar icvleba. Twon parametri da A(Af) funqcia Seicaven informacias
arxSi miyuCebis siCqaris Sesaxeb.

2.1.3.3. dopleris efeqti. momxmareblis mowyobilobis (terminalis) adgilis Secvla sul
ufro mniSvnelovan rols asrulebs Tanamedrove telekomunikaciaSi, ®scopob warmogmnis
problemebs, romlebic uSualodaa dakavSirebuli terminalis gadanacvlebasTan. erT-erTi aseTi
negatiuri faqtori aris efeqti, romelic pirvelad aRwera avstrielma fizikosma da astronomma
kristian doplerma (Doppler) 1842 wels da mis pativsacemad dopleris efegti uwodes.

dopleris efeqtis arsi isaa, rom signalis wyaros an/da mimRebis (an/da gavrcelebis
garemos) erTmaneTis mimarT moZraobisas icvleba miRebuli signalis talRis sigrZe rac
pirdapirproporciuladaa damokidebuli gadamcemis (mimRebis) gadaadgilebis siCgaresa da
mimarTulebaze. Tu wyaro gadaadgildeba mimRebisken talRis sigrZe mcirdeba, xolo Tu Sordeba

— izrdeba:
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(€ — TV
fo

sadac

fo muSa sixSirea;

c _ garemoSi eleqgtromagnituri talRis gavrcelebis siCqgarea (is axlosaa vakuumsSi
sinaTlis gavrcelebis siCgarTan =~3-10% m/wm);

Vgad — radiosignalis wyaros (an mimRebis) gadaadgilebis siCqarea (dadebiTia Tu wyaro
uaxlovdeba mimRebs da uaryofiTia Tu Sordeba).

uZravi wyarosa da moZravi mimRebisaTvis es formula iRebs saxes:

F
, = ﬂ,[1+—gm]

sadac ‘

V mimr — radiosignalis mimRebis moZraobis siCqarea.

amitom, miRebuli signalis sixSiris Zvris sidide Afy damokidebuli igneba mimRebis
moZraobis siCgareze, gadamcemis muSa sixSiresa da mimRebsa da gadamcems Soris
mimarTulebis & kuTxeze: Afq = V mimr fo COs &.. sixSiris aseTi cvlileba iwvevs e.w. dopleriseul
gafantvas (sixSiris parazitul deviacias). aseTi gafantvis Sedegad mimRebSi gadamtanis sixSiris
speqtri aRmoCndeba “gadRabnili~ Af = fo + Afq zolSi da gadamtani sixSiris mniSvneloba _
arastabiluri drois mixedviT.

uswormasworo adgilze mimRebis araTanabari siCgariT moZraobisas SeimCneva
miRebuli sasargeblo signalis amplitudisa da fazis damatebiTi cvlilebebi. es, Tavis mxriv, iwvevs
miRebis wertilSi sixSirul-seleqciur miyuCebas, gamovlenils signalis speqtris garkveul nawilSi.

arxis arastabiluri mogmedebis 2.10 sur-ze gamosaxuli maxasiaTeblis analogiuri
SesaZlebelia iyos sixSiris dopleriseuli Zvris i areSic. S(i) speqtris sazRvrebis wamaxvileba da
cicabovneba dopleriseuli Zvris Sedegia da gamowveulia samomxmareblo sadguris antenis
gadanacvlebiT stacionarul gamfantav obiegtebs Soris. S(i)-s mniSvneloba udidesia im
SemTxvevaSi, rodesac gamfantavi obieqti ganTavsebulia mobiluri sadguris antenis uSualod win
an ukan. S(i) fungcia warmoadgens A(Af) funqgciis furie-saxes da saSualebas iZleva miaxloebiT
Sefasdes speqtris gafarToebis xarisxi, rogorc arxis mdgomareobis cvlilebis siCqaris funqcia.

vinaidan dopleriseuli gafarToeba sixSiris mixedviT da arxis koherentulobis dro  Tkon
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ukuproporciuli sidideebia, (Twon =1/Afg), Afe-s mniSvneloba, SeiZleba ganxilul ignes, rogorc
arxSi miyuCebis Cveulebrivi siCqare [8, 9].

2.1.3.4. radiointerfeisis parametrebis SerCevis meTodologia usadeno kavSiris
sistemaSi. gamoyofen Semdeg ZiriTad meganizmebs, romelTa saSualebiTac miyuCeba
amcirebs usadeno farTozoliani gselis fungcionirebis xarisxs [3, 9]:

- sixSirul-selegciuri miyuCebebi iwvevs araTanabari amplitudur-sixSiruli maxasiaTeblis
mqone filtriT filtraciis eqvivalentur efeqts, rac amaxinjebs speqtris da, Sesabamisad,
miRebuli signalis formas;

- fiwur kavSirSi, sadac pirdapiri da ukuarxebis sixSiruli gancalkeveba mravaljer
aRemateba koherentulobis zols, sixSirul-seleqciur miyuCebebs mivyavarT arxebis
asimetriulobamde, rac arTulebs moZravi da sabazo sadgurebis gadamcemebis
simZlavreebis marTvis procedurebs;

- sixSirul-seleqciur miyuCebebs Tan axlavs miRebuli signalebis gafarToeba
(gaxangrZliveba) droSi, rasac, Yyvelaze xSirad mivyavarT simboloTaSoris
interferenciamde;

- SecdomaTa paketebis gamoCena, romelic warmoigmneba signalis momvlebis donis
Semcirebisas garkveuli zRvruli mniSvnelobis qveviT. SecdomaTa paketebis
warmogmna da xangrZlivobis albaToba damokidebulia zRvruli donis gadakveTis
sixSiresa da miyuCebebis xangrZlivobaze.

zemoTgmulis mixedviT, SeiZleba davaskvnaT, rom swraf da sixSirul-seleqciur

miyuCebebs SeswevT unari yvelaze ufro uaryofiTi gavlena moaxdinon usadeno kavSirebis
sistemebis maxasiaTeblebze. 2.12 suraTze naCvenebia damokidebulebebi, romlebic
xarisxobrivad axasiaTeben xelSeSlebisa da miyuCebebis sxvadasxva saxis gavlenas radioarxiT
monacemebis gadacemis xelSeSlamdgradobaze [3]. mrudi 1 axasiaTebs aditiuri TeTri gausis
Xmauriani arxiT gadacemis xelSeSlamdgradobas. mrudi 2 (e.w. releis zRvari [3] ) axasiaTebs
kavSiris utyuarobis daqveiTebas fardobis signali/xmauris Semcirebis Sedegad (signalis
energetikis Semcireba gafantvis mizeziT). es ukanaskneli damaxasiaTebelia amplituduri
(mdovre) miyuCebebisaTvis pirdapiri xedviT gavrcelebuli komponentebis ararsebobis pirobebSi.
bolos, mrudi 3 warmoadgens kavSiris xarisxis maxasiaTebels, romelsac SeiZleba adgili hqondes

sixSirul-seleqciuri an swrafi miyuCebebis dros.
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sur. 2.12. ganzogadebuli ilustrécia, damaxasiaTebeli signalebis gadacemisa miyuCebian
radioarxebSi [3,9]

usadeno kavSiris swrafmiyuCebian radioarxSi muSaobisunarianobis uzrunvelyofis
ZiriTad meTodebs miekuTvneba nebismieri gancalkevebis meTodebi: "aSkara~ da “araaSkara~.
maTi klasifikacia mocemulia 2.13 suraTze.

koherentulobis zolis sigane Afion adgens gadacemis siCgaris zeda zRvars sixSirul-
seleqciuri miyuCebebisa da simboloTaSorisi interferenciis armgone kavSiris arxebSi:

Afion > AFs = 1/Ts. (2.4)

meore mxriv, swrafi miyuCebebisagan gamowveuli damaxinjebebis Tavidan acileba
SesaZlebelia, Tu uzrunvelyofili igneba informaciis gadacemis ufro maRali siCqare, vidre maTi
miyuCebis siCqarea, €.i.

AFs > Afg, anu Ts < T, (2.5)

sadac To = Tkon swrafi miyuCebis saSualo periodia.
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ukanaskneli gamosaxuleba Tavisi arsiT gansazRvravs pirobebs, romlis drosac radioarxi
ganicdis mdovre miyuCebebs. fagtobrivad es imas niSnavs, rom simboloTaSorisi interferenciis

ararsebobis aucilebeli piroba aris amplituduri miyuCebebis arseboba.

miyuCebebTan brZolis meTodebi

- 5
aSkara gancalkeveba araaSkara gancalkeveba
\' \'4 o —— \'4
sivrciTi sixSiruli droiTi mravalsxiviani
antenebis sivrciTi blokuri polarizaciuli
gancalkeveba Senacvleba
| kuTxuri gancalkeveba > Rake-miReba
N sivrciT-sixSiruli - s
polarizaciuli > mravalarxiani SeTanxmebuli filtri
gancalkeveba

gancalkeveba

sur. 2.13. miyuCebebTan brZolis ZiriTadi meTodebi

amrigad, (2.4) analogiurad, signalis speqtris Afq dopleriseuli gafarToeba adgens
informaciis gadacemis siCqaris gveda zRvars, romlis drosac SesaZlebelia ar arsebobdes swraf
miyuCebebTan dakavSirebuli damaxinjebebi. (2.4)-sa da (2.5)-is Tanaxmad SevajamoT
pirobebi, romlebic unda daakmayofilos radiointerfeisis sistemebma, romlebic ar ganicdian
sixSirul-seleqciur da swraf miyuCebebs:

Afion > AFs > Afgan Omax <Ts< To

radioarxis koherentulobis zoli unda iyos mniSvnelovnad didi, vidre simboloebis
gadacemis siCqgare, xolo es ukanaskneli, Tavis mxriv, unda sWarbobdes miyuCebis siCgares.
sxva sityvebiT, Tu Afn adgens signalebis gadacemis siCqaris zeda zRvars, maSin Afy adgens

signalebis gadacemis siCqaris qveda zRvars.

38



0530 3
modulaciis saxeebi kavSiris cifrul arxSi
3.1.1. modulaciisa da manipulaciis Tanamedrove meTodebi

Setyobinebis manZilze gadasacemad radiotalRebis saSualebiT aucilebelia gadamtani
sixSiris modulacia dabalsixSiriani signaliT, romelic calsaxad aRwers Setyobinebas. modulacia
ewodeba maRalsixSiruli rxevis (gadamtanis) erTi an ramdenime parametris cvlilebis process
gadasacemi (mamodulirebeli) Setyobinebis Sesabamisad. pragtikaSi gamoyenebuli modulaciis
ZiriTadi wesebi ase Tu ise dakavSirebulnia gadamtani rxevebis iseTi parametrebis varirebasTan,
rogoricaa amplituda, faza da sixSire (aseTi modulaciebis principebi ilustrirebulia sur. 3.1).

Tu maRalsixSiruli rxevis parametrebi uwyvetad icvleba, maSin aseTi saxis modulacias
uwyveti (analoguri) ewodeba, xolo Tu isini iyeneben garkveul figsirebul mniSvnelobebs —
cifruli. aseT SemTxvevaSi modulacias manipulacia ewodeba. Tanamedrove kavSirebis
telekomunikaciur sistemebSi informaciis gadacemis xarisxis gazrdis mizniT uwyvet
Setyobinebas diskretulad gardagmnian. amitom, Semdgom Cven vilaparakebT mxolod cifruli
modulaciis meTodebze, agtualurze, axali Taobis usadeno kavSiris sistemebisaTVvis.

modulaciis wesis arCeva aucilebladaa dakavSirebuli urTierTsawinaaRmdego speqtruli
efeqturobisa da informaciis gadacemis utyuarobis moTxovnaTa Soris kompromisis
moZebnasTan. erTi mxriv, gadacemis xarisxi matulobs speqtris gazrdasTan erTad, rac
gamomdinareobs Senonis Teoremidan. meore mxriv, xvedriTi (zolis erTeulze) gadacemis
siCqare, sistemis saabonento tevadoba da misi Tavsebadoba sxva radioelegtronul sistemebTan
ganisazRvreba gamoyenebuli signalebis speqtris kompaqturobiT. gadacemis energetikuli
efeqturoba uzrunvelyofili igneba evklides sivrceSi signalebis veqtorebs Soris minimaluri
manZilis magsimizaciiT.

cifruli modulaciis cnobili meTodebi, sxva Tanabar pirobebSi, mniSvnelovnad
gansxvavdeba xelSeSlamdgradobiT. magaliTad, gausis arxisaTvis simbolos miRebisas

Secdomebis albaToba ganisazRvreba gamosaxulebiT [12]:

' E | E
—1_ [ N A (3.1)
po=1 ‘I}[Wﬂ'gwa ] Q[ || 2N, ]
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sadac Ea = E1 + Eo— E12 — erTmaneTisagan garCevadi 1 da 2 signalebis energiaTa sxvaobaa;
Ei» — signalebis ‘urTierTenergiaa” da ricxobrivad maTi aranormirebuli
urTierTkorelaciis funqciis tolia;

No— TeTri xmauris speqtruli simkvrivea,;

-

D(y)= [h-"ﬁ]jmpL ~ ab‘is integrali
R ( pla3|s funqcia);

-.J

Q(y) markumis funqciaa.
magaliTad, amplituduri manipulaciis SemTxvevaSi (signalis ori mdgomareoba, asaxuli

"0~ an "1~ impulsiT, sur. 3.14) sxvaobiTi energia signalis energiis tolia
EA=Es (vinaidan E1=Es, E>=E1,=0). amitom, pawu

I E.
_l_q:.[r l
sixSiruli  manipulaciisas, romelic Seesabameba ori er }Qalrl O gnergiis  maqone,
TanabaralbaTuri signalebis gadacemas or erTmaneTis argadamkveT sixSirul zolSi (E1=E>=Es),

maTi energiebis sxvaoba toli igneba (ix. sur. 2.14):

T T
E;> _[ (1) 5, {r}dr—J‘An cos(oy + @ )cos(myf + @, )di =
0

"
o

2 T 2 T

Ay , A
) JCGSLUH —oy)dr + = | cos(ey + o, )dr =
0 “ 0
42 0 A} it T —
. st
:[ccrsL(:)- — 0, )tdt = 0 sinwT = E¢— |E;
Tu AET >1, maSin E1:=0, saidapacamiviRebT: Apn, =1-® ‘\'? :
| 4 0

signalis droiTi gamosaxva  signalis vegtoruli gamosaxva

wp®
amplituduri manipulacia, M=2 b

s,

sixSiruli manipulacia, M=2 S
\ J2E, =
[ v ' | Eb
Vs {I\ p =Q[ I—.]

40



sur. 3.1. amplituduri, sixSiruli da fazuri manipulaciis

principebis ilustracia

gasaTvaliswinebelia, rom amplituduri da sixSiruli modulaciebis xelSeSlamdgradobis
Sedarebis mocemuli Sedegi marTebulis signalebis saSualo simZlavris tolobis pirobebSi.

amplituduri manipulaciis dros gamoiyeneba e.w. signali “aqgtiuri pauziT~ ('0~-is gadacemas
Seesabameba gadamcemis gamorTva). advili Sesamowmebelia, rom Tu SevadarebT amplituduri
AM da sixSiruli FM modulaciebis sqemebis xelSeSlamdgradobas signalebis erTnairi saSualo
simZlavris pirobebSi, isinic erTnairi aRmoCndebian.

signalebi orobiTi fazuri manipulaciiT tegnikur literaturaSi yvelaze xSirad moixsenieba
abreviaturiT BPSK (Binary Phase Shift Keying). vinaidan am SemTxvevaSi E1=E>=Es, xolo

urTierTenergia

E,= J 5,(1)5, (I}GT.-*,:(&?)’J“IJ (H)dt =—E,
0 0

sasignalo veqtorebi yvelaze metad arian gancalkevebuli evklides sivrceSi (ix. sur.

2.14). (2.6) gamosaxulebis Tanaxmad, Secdomebis albaToba bitze am SemT xvevaSi tolia:

[2E
=1-@| |=—= |
Ppum [ N, J

amrigad, fazamanipulirebuli signali gamoirCeva yvelaze maRali xelSeSlamdgradobiT.

(3.3)

piriqiT, signali orobiTi amplituduri manipulaciiT ar flobs sakmaris xelSeSlamdgradobas da ver

uzrunvelyofs gadacemis muSaobis sakmarisad efeqtur energoreJims. mesame da Semdgomi
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Taobis usadeno kavSiris sistemebSi amplituduri modulacia gamoiyeneba mxolod fazur
modulaciasTan SerwymiT. Semdgom paragrafebSi mocemulia Tanamedrove satelekomunikacio
sistemebSi gamoyenebuli modulaciis ZiriTadi meTodebis mokle mimoxilva.

3.2.2. gadamtanis fazuri modulaciis cifruli meTodebi

3.2.2.1. orobiTi fazuri manipulacia. yvelaze martivi cifruli signalis fragmenti, orobiTi fazuri

manipulaciiT (BPSK) gamosaxulia 3.2 suraTze.

NAMAMAAL, |\
VU VY VV - ]

sur. 3.2. signalis fragmenti orobiTi fazuri manipulaciiT da misi fazuri mdgomareobebis
diagrama

BPSK modulatoris fungciaa Secvalos maRalsixSiruli gadamtanis rxevis faza 0-iT an 6-
Ti, monacemTa gadasacemi mimdevrobis bitis mimdinare mniSvnelobis Sesabamisad. logikuri
*1~-is gadacemas Seesabameba fazis Zvra 180°-iT, logikuri “0~-isas ki — Zvris ararseboba.

signalebis anbani BPSK-s dros warmodgenilia Semdegi saxis fungciebis monakveTebis
(Op intervalze) wyviliT:

M~ =

Sllfr}:_lffz’ cos(2nf 1)

) 5 gadacemisaTVvis

I2E ‘ . .
S,(t) = Mll - . ms(lnfcr + 1t )is gadacemisaTvis
b

sadac Ey orobiTi simbolos (bitis) energiaa;
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O b — orobiTi simbolos xangrZlivoba.

amrigad, rezultirebuli BPSK' signali SeiZleba ase Caiweros:

[

S ptady) =V (1) l'_EE" cos(2nf 1)
VT4
sadac V(t) aris gadacemuli diskretuli Setyobineba, romelic iRebs +1 da _1 mniSvnelobebs.
orobiTi fazuri modulacia (PM) misi dabali speqtruli efeqturobis gamo arcTu xSirad moixmareba
Tanamedrove usadeno telekomunikaciebSi. ufro xSirad gamoiyeneba misi “gafarToebuli~
varianti - QPSK (Quadrature Phase Shift Keying).
3.2.2.2. kvadraturuli fazuri manipulacia (QPSK). igi diskretuli fazuri manipulaciis

saxesxvaobaa, romelsac gadamtani sixSiris o Txi fazuri mdgomareoba axasiaTebs (sur. 3.3):

=
E'll_ffs ms[_"-'ﬂ:fc.-‘+f[i—1} ] i=1,...4 (3.5)
trigonometriuli igiveobis gaTvaliswinebiT, QPSK signali SeiZleba warmovidginoT ori
BPSK signalis jamis saxiT, romelTa fazebic kvadraturaSi imyofebian:
S(t) = Asin(20ft +6(t)) = Asin(20ft) cos 6(t) + Acos(20ft)sind(t).

QPSK modulatorSi (sur. 2.16) gadasacemi monacemebis dx nakadi daiyofa luw da kent
bitebad. luwi bitebi miewodeba sinfazur arxs da modulacias iwveven sin(20fct+8/4) signalis
faziT modulacias, kenti bitebi ki — kvadraturul arxs da iwveven misi orTogonaluri cos(206f:t+0d/4)
signalis modulacias. Sejamebis Semdeg warmoigmneba modulirebuli Scpsk(t) signali.
kvadraturul arxSi dy da de simboloebis xangrZlivoba orjer aWarbebs bitebis dx sawyisi
mimdevrobis xangrZlivobas.

QPSK-s sgemis mniSvnelovani naklia kvadraturul arxSi orive simbolos erTdrouli
cvlilebis dros, magaliTad, (+1, 1) — (-1, +1) an (+1, +1) — (-1, -1), formirebadi signalis fazis
180°-iT naxtomi winmswrebTan SedarebiT. signalis viwrozolian filtrSi gavlisas es iwvevs

parazitul amplitudur modulacias, momvlebis Cavardnebs. Tavis mxriv, es dakavSirebulia

43



gverdiTi gamosxivebis donis gazrdasTan [13]. am problemis Tavidan acilebis mizniT
gamoiyeneba e.w. Offset QPSK («QPSK daZvriT») sqema, sadac kvadraturul arxSi SeaqvT
erTi elementis xangrZlivobis toli droiTi dayovneba. ris Sedegadac formirebadi simbolos fazis
cvlileba yovel momentSi ganisazRvreba Tanmimdevrobis kvadraturis mxolod erTi elementiT,

rac gamoricxavs fazis naxtomebs 8- Ti [13].

——3 [s6b0 — degymopnde
Dols ageh l \
[ d | G Sqpsk(?)
COS =3 d |dp sin( 21f7) | /2

L _(._)bﬁhﬂ —> Ao @ sgmdo

3)

do di e dy dy ds di dy

1[1]0 0 of1]1]1
i — ! o
T y 3T { ST : 7T
o 20p3%0 (] : . E —— >
=7 ®3%0 c) % L dh E dy E e ' > |
e
: 1 0 1 1 >
3280 3eggde dg d, d; ds d -

Sopsk(7)

a) fazuri Tanafardobebis diagrama;
b) modulatoris struqtura;

g) signalis formirebis procedurebis droiTi diagrama.

sur. 3.3. kvadraturuli fazuri manipulaciis principi [13]:

oTxi fazuri mdgomareoba saSualebas iZleva erTi simboloTi gadaices ori biti. informaciis
gadacemis siCgare BPSK-sTan SedarebiT orjer izrdeba zolis gafarToebis gareSe. mogeba

miiReba xelSeSlamdgradobis Seumcireblad, radgan signalis kvadraturuli mdgenelebi (sinusuri

da kosinusuri) orTogonalurebis da ar gmnian erTmaneTis jvaredin xelSeSlebs. evklides manZili
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mezobel veqtorebs Soris, romelic gansazRvravs signalebis erTmaneTSi arevis albaTobebidan
udidess, signalebis xangrZlivobis (da Sesabamisad, maTi energiis) gaTvaliswinebiT ucvleli
rCeba.

3.2.2.3. mravalpoziciiani fazuri modulacia. = Tanamedrove mobiluri kavSirisa da
farTozolian radioSeRwevis sistemebSi aseve iyeneben fazuri modulaciis saxeebs, mdgomareobis
4-ze meti mniSvnelobiT. PM signali M = 2% fazuri mdgomareobiT (k erTi simbolos mier

gadacemul bitebis raodenobaa) aiwereba Semdegi gamosaxulebiT:

S (t) = ‘u'll% ms[znf.r +%E(; ~-1) ] i=1....M (3.6)

modulaciis aseTi wesi cnobilia saerTo saxelwodebiT M-uri fazuri manipulacia (M-ary
PSK), Tumca praqtikaSi Cveulebriv iyeneben 8-PSK da gacilebiT iSviaTad 16-PSK sgemas.
sagme is aris, rom simboloTa fazuri mdgomareobis gazrda, maTi xangrZlivobis gazrdis
miuxedavad (gadacemis siCqaris ucvlelobisas) iwvevs mezobeli signalebis veqtorebis
mniSvnelovan daaxloebas. magaliTad, simbolos energiis 3-jeradi gazrda 8-PSK-s dros BPSK-
Tan mimarTebaSi arasrulad uwevs kompensacias minimaluri evkliduri manZilis Semcirebas
mezobeli signalebis veqtorebs Soris (romelTa Soris kuTxe mcirdeba d/4-mde).

marTlac, dmin, romelic gansazRvravs signalebis SesaZlo mdgomareobebs Soris
minimalur manZils, gamosaxuls erT bitze (simboloze) mosuli saSualo energiiT, tolia:

dmin=d X /E,

sadac d signalTa erTobliobaSi poziciebs Soris minimaluri manZilia.

cnobilia, rom d =,/2-(1-cosa), sadac & = 28/1. magaliTad, 4-PSK-sTvis 4=90°, 8-
PSK-sTvis — a=45°. amrigad, 4-PSK-sTvis d =1.41, 8-PSK-sTvis d =0.765. ganvsazRvroT
dmin. 4-PSK-s SemTxvevaSi (Es=2Ep) dmin = 1,41 x J2E, = 2,82 x JE,, maSin rodesac 8-

PSK-sTvis (Es=3Ep)  dmin = 0,765 x 3E, =1, 32 x .JE, . maSasadame, sxvadasxva fazuri

modulaciisaTvis, anbanis gazrdasTan erTad ("poziciebis~ raodenobis zrda) dmin-is mniSvneloba
mcirdeba, rac amcirebs xelSeSlamdgradobas.

8-PM-is dros xelSeSlamdgradobis Semcireba aRwevs 3,5 db-s BPSK-Tan SedarebiT
(daaxloebiT aseTive unda iyos signalis energiis zrda, rac veqtorebis daaxloebis kompensacia

igneba da Seamcirebs Secdomebis albaTobas wina (BPSK) mniSvnelobamde [12]).
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fazamanipulirebuli signalebis speqtrebi, rodesac M=2, 4, 8 da 16, maTi fazuri diagramebi da
xelSeSlamdgradobis maxasiaTeblebi mocemulia 3.17 suraTze [14].

dasaxelebuli mizezebi, informaciis gadacemis siCqaris uciloblad zrdis moTxovnasTan
erTad, ganapirobebs modulaciis axali wesebis SemuSavebas, romlebic uzrunvelyofen misaReb
xelSeSlamdgradobas, gacilebiT ufro farTo sasignalo anbanisaTvis, vidre 8-PSK-sa da  16-
PSK-s SemTxvevaSi. aseTi SesaZleblobebi damaxasiaTebelia modulaciis kombinirebuli

wesebisaTvis, romelTa Soris SeiZleba gamoiyos kvadraturuli amplituduri manipulacia.

Us()
o "-'xl_ Ulf )=2E, log Msiné (T, flog, M)
sadac  sino(x) =204 BPSK
X
............. QPSK
———— R-PSK
----- 16-PSK
Psecd a)
et et o Ll R
L E E sin s
'J""'""L""'.'"".:"". An2 Smg BN, o
H.'i' "o.r E '!u]'[. A ‘\]'[.-'4 ..5]1:."4.. - g 3 '.' ]'[.-'4
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sur. 3.4. speqtrebi (a), xelSeSlamdgradoba (b) da fazuri diagramebi (g) sxvadasxva saxis
fazuri manipulaciis dros [14]
3.2.3. kvadraturuli amplituduri manipulacia (QAM)
tegnikur literaturaSi farTod gavrcelebuli abreviatura QAM (Quadrature Amplitude
Modulation) aRniSnavs mravalpoziciiani kombinirebuli amplitudur-fazuri  manipulaciis
nairsaxeobas, sadac gadasacemi signali xasiaTdeba f. gadamtanis amplitudis sinfazuri (I) da
kvadraturuli (Q) mdgenelebiT [15]:

2

S )= |I Ey o, cos(2nf )+ lllﬁ B, sm2nfr), 0<r<T ;i=1..M, (37
VT VT
sadac fc gadamtani rxevebis sixSirea;
Ts gadsacemi simbolos xangrZlivobaa;
Emin umciresamplitudiani signalis energiaa;
ai da § damoukidebeli mTeli ricxvebis wyvilia, romelic SerCeulia
“TanavarskvlavedSi~ signalis (simbolos) poziciis Sesabamisad.

QAM modulatoris strugturuli sqgema mocemulia 3.5 suraTze [15]. {do, d1,..... dc} orobiTi

simboloebi 3565 9H—-000)3MMdOMO FoMm©sdddbgerom transformirdeba modulatoris
organzomilebian {mo, my,..... m} simboloebad. bitebis ricxvi TiToeul simboloSi ganisazRvreba
mdgomareobaTa ricxviT QAM TanavarskvlavedSi. magaliTad, 64-QAM-is SemTxvevaSi es
ricxvi toli igneba log2M=6. koduri simboloebis maformirebeli TiToeul m; simbolos gardagmnis
& da & wyvil simboloebad, romlebic gamoiyeneba gadamtanis sinfazuro da kvadraturulo
mdgenelebis amplituduri modulaciisaTvis. miRebuli rxevebi Sejamdeba da Sedegad formirdeba

rezultirebeli QAM signali. 16-QAM-is Tanavarskvlavedi naCvenebia 2.19 suraTze.

—sin(2xf )

o i
modulatori
cos(2nf ) % I
di paralelur- m; koduri N ¥
— mimdevrobiTi =3 simboloebis f + 7
gardamgmneli maformirebeli
\_)_ modulatori _{
B




sur.3.18. QAM modulatoris strugturuli sgema

A
01 e s 31 . .

0o e LIRS o . =
it f ; —>

-3 -1 1 3
10 ® o -4 . .
1] » ® 34 . .
11 10 00 o1
¥

sur. 3.5. greis diagramiT gadmocemuli 16-QAM-is Tanavarskvlavedi
vaCvenoT QAM-is upiratesoba adre ganxiluli mravalpoziciani fazuri manipulaciis
meTodebTan SedarebiT. ganvixiloT 16-PSK-sa da 16-QAM-is sgemebi, romlebic erTmaneTs
Seesabameba gamoyenebuli simboloebis informaciuli tevadobiT.
16-PSK-sTvis sasignalo Tanavarskvlavedis wertilTa Soris minimaluri manZili tolia dmin
= 0,395 X,/4E, =0.79 X J4E, .

16-QAM-isTvis dmin ganisazRvreba gamosaxulebiT

d_ =245 = 4T, .
V2 (3.8)
sadac A signalis amplitudaa, romelic mis energiasTan dakavSirebulia TanafardobiT
— AT, .

aris signalis ampli%d?s saSualo mniSvneloba;
ﬁ_nﬂnd&_(@?nax_i_alaga"tUdEbiS modulebis minimaluri da magsimaluri mniSvnelobebi;
W <Tmin T “Imax

C _ signalis energiis saSualo mniSvneloba.

16-QAM-is SemTxvevaSi, Amin=A; Amax=3A, saidanac A =+10A? = A/10. maSasadame,

[m

=5A°T, saidanac A? = . SevitanoT miRebulo Tanafardobebo (3.8)-Si. vipoviT,

5

—
w

rom 16-QAM-isTvis:

doin = ,/ ZX:Eb =1.26,/E, — erTnaxevarze metjer sWarbobs 16-PSK-s analogiur manZils.
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QAM signalis speqtri (sur. 3.6, a) emTxveva T = To-logaM xangrZlivobis radioimpulsis

speqtrs, sadac To informaciuli simbolos xangrZlivobaa da aRiwereba Semdegi damokidebulebiT
[14]:

i _Eg |(sinfe(/— £O1% Y ((sinfe(r+ 1% Y
You (/)= ﬁ[[ [r(f- 7% ] +[ [(f+ £l ]-N

59 Es=EplogaM. 3.6, b, suraTze naCvenebia simboloebis miRebis Secdomis albaTobis

damokidebuleba signali/xmauri fardobasTan, romelic axasiaTebs QAM-is xelSeSlamdgradobas.

30 : — AF T

o
~d
e,
o=
S
=
o
n
.
o
i
-2

s) )

sur. 3.6. QAM-is speqtri (a) da xelSeSlamdgradobis maxasiaTeblebi (b)

Tanamedrove farTozolovani SeRwevis da mobiluri (fiwuri) kavSiris sistemebSi

gamoiyeneba QAM-is Semdegi saxeebi: 16-QAM, 32-QAM, 64-QAM, 128-QAM da 256-
QAM.

3.2.4. gadamtanis sixSiruli manipulacia
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sixSiruli manipulacia (Frequency Shift Keying) aris cifruli modulaciis saxe, romlis
drosac informaciul bits an simbolos Seesabameba garkveuli sixSiris harmoniuli gadamtani rxeva.

sixSirulad manipulirebuli signali aRiwereba ase:

, 0<t<Ts-Tvis, (3.8)
Spig(D= _,'Iﬂ cos(2Tf 1 + @)
sadac fi = foxAf/2, xolo fo centraWUr?ssixSirea;

Af -signalebs Soris sixSireTa sxvaoba;

Ts=T — gadasacemi simbolos (bitis) xangrZlivoba.

kavSiris usadeno sistemebSi gamoyenebul sixSiruli manipulaciis wesebs Soris, yvelaze
gavrcelebulia e.w. manipulacia sixSiris minimaluri ZvriT (MSK) da gausis manipulacia
minimaluri sixSiruli ZvriT (GMSK).

MSK modulacia (Minimum Shift Keying) aris sixSiruli manipulaciis saxe, romlis
drosac signalis faza uwyvetad icvleba. sixSireebis zeda da gveda mniSvnelobebi, romlebic
Seesabameba "0~-isa da "1~-is gadacemas, gansxvavdebian informaciis gadacemis siCqaris
mniSvnelobis naxevris toli sididiT:

foveda=fo—Fs/4  da freda=fo + Fd4, (3.9)

sadac fo arxis centraluri sixSirea;
Fs=1/T monacemTa bitebis (simboloebis) gadacemis siCqgarea.
rogorc iyo naCvenebi sixSirulad manipulirebuli signalebis sxvaobiTi energia

sin AwT
E1,2 = ES

damokidebulia maT urTierTgancalkevebulobaze (urTierTdaSorebaze). "0~ da

*1~ simboloebis gadamcemi signalebi orTogonaluria AUT=8(21+1) wertilSi, sadac | — mTelia.
cxadia, zeda da qveda sixSireebis (2.8) minimalur Zvras, romelic uzrunvelyofs orTogonalobas,
Seesabameba AUT=8 wertili, an Af=1/2T=Fs/2. mocemuli garemoeba ganapirobebs MSK
modulaciis saxels. amasTanave sixSiruli modulaciis indegsi tolia mwks =Af-T=0,5, xolo fazis
naxtomi simbolos (bitis) intervalze aris Ao =+AuT=+6/2.

signalis formirebis wesis mixedviT, MSK modulacia OQPSK-s (offset QPSK)
msgavsia (ix. § 2.2.2.2). ZiriTadi gansxvaveba maT Soris aris is, rom OQPSK-s marTkuTxa
mamodulirebeli signalebi (romelTa speqtri umaRles harmonikebs Seicavs) icvleba sinusoidebis

(kosinusoidebis) naxevartalRovani monakveTebiT (sur. 2.21). es signalis speqtrs ufro
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kompaqturs xdis. MSK signalis simZlavris simkvrivis speqtri ganisazRvreba gamosaxulebiT
[14]:

= s 4FE ., 14 cos 2T Al
U ALSE (f) — T 5 5y N2
n (1—a124r7)

bitebis sawyisi Tanmimdevroba

0
1 11I][|[|11I]+{

dlroiT Igafa[ToebuIi kenti bitebi: 11001

b =

droiT gafarToebuli luwi bitebi: 01010

bk — |

mamodulirebeli signali, bk x sin(206t/2T)

i | i
(J'I| T

mamodulirebeli signali, by x cos(206t/2T)

| NV L
] N

sur. 3.7. MSK signalebis formirebis droiTi diagramebi [16]
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pirveli droiTi diagrama sur. 3.7 warmoadgens monacemebis bitebis Tanmimdevrobas
modulatoris Sesasvlelze, meore da mesame - luwi da kenti buwi da bkenti bitebis
Tanmimdevrobebs, miwodebuls MSK modulatoris kvadraturuli arxis Sesasvlelze (modulatoris
strugturuli sgema mocemulia 3.8 sur-ze).
bitebis xangrZlivoba modulatoris kvadraturul arxebSi sawyisTan SedarebiT orjer metia.

sur. 3.7 me-4 da me-5 diagramebze naCvenebia mamodulirebeli fungciebi, miRebuli luwi da
kenti mimdevrobebis gamravlebiT kvadraturul dabalsixSirul signalebze sin(%) da cos[%).

rezultirebuli radiosixSiruli signali miiReba kvadraturuli arxis mamodulirebeli funqgciebis

gadamtan cosuot da sintot harmonikebze gamravlebiT da maTi Semdgomi SejamebiT.

sin(mw/2T)

'

.-"" 3

h S
- modulirebuli
monacemebi gausis DMX LU“_,}I MSK 5|gnall

—  viwrozoliani [~ (dayofa luw da
filtri kent bitebad) SIn0

B

b, xrf k_j

cos(me 2T

sur. 3.8. MSK (GMSK) modulatoris strugtura

signalis speqgtris Semdgomi Seviwroeba miiRweva mamodulirebeli gzavnilebis
damatebiTi filtraciis xarjze ‘gausis~ dabalsixSiruli filtriT (saxeli warmodgeba am filtris
impulsuri maxasiaTeblis formisagan). mamodulirebeli impulsebis d; da d» gzavnilTa forma

aseTi filtris gamosavalze zarismagvari xdeba, xolo rezultirebuli signalis speqgtri — kidev ufro
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kompaqturi. modulaciis Sesabamis saxes gausisseburi MSK-i (Gaussian Minimum Shift
Keying, GMSK) ewodeba.

signalis speqtris kompaqturobis maxasiaTebel parametrad, xSirad iyeneben BT sidides —
simbolos xangrZlivobis namravls maformirebeli filtris zolis siganeze. am parametrs
“momsworebeli~ ewodeba. magaliTad, GSM sistemaSi Fs ~270 khc da A = 81.3 khc, saidanac
BT =0,3.

Sedarebis mizniT, 2.23 sur-ze naCvenebia QPSK, MSK da GMSK signalebis speqtrebi
[14]. MSK-sTan (BT=0,5) SedarebiT ufro kompaqturi GMSK (BT=0,3) speqtri miiReba
signalebs  Soris orTogonalobis darRvevis fasad, rac negatiurad aisaxeba maT
xelSeSlamdgradobaze.

Tanamedrove usadeno kavSiris sistemebSi gamoyenebuli cifruli modulaciis saxeebis

klasifikacia naCvenebia 2.24 suraTze.

8 simZlavre
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sur. 3.9. QPSK, MSK da GMSK signalebis simZlavreTa speqtrebi
(BT=0,3-sa da BT=0,5-saTvis, Sesabamisad) [14]

modulaciis ZiriTadi meTodebi
radiokavSirebis cifrul arxebSi

fazuri amplitudur-fazuri sixSiruli
l'-l'" BPsSK |-)' 1ﬁ~QﬁLM L"' ESK

(}PSK ==64-0AM MSK

8-PSK LI"ESEI-U;"& Y| GMSK

sur. 3.10. Tanamedrove cifruli modulaciis ZiriTadi wesebi

0530 4.

OFDM sixSiruli arxebis orTogonaluri multiplegsireba

signali usadeno kavSiris gselSi sixSirul-seleqciuri miyuCebis Sedegad maxinjdeba, rac
ganpirobebulia radiotalRebis gavrcelebis mravalsxivianobi. mocemuli efeqti SeimCneva signalis

ufro farTo zolis dros, vidre arxis koherentulobis zolis siganea. Tanamedrove ganaSenianebisTvis
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dayovnebis (gafantvis drois) mniSvnelobis tipuri saSualo kvadratuli gadaxrisas 6s=(1+2)mkwm,
arxis koherentulobis zolis sigane Seadgens, daaxloebiT, 100+200 khc-s [17]. arxis zolis siganis
aseTi SezRudviT SeuZlebelia informaciis gadacemis perspeqtiuli moTxovnebis adekvaturi
siCqgaris uzrunvelyofa amitom perspeqtiuli usadeno sistemebis radiointerfeisi igmneba
signalwarmogmnis axali principebis bazaze, romelic dakavSirebulia e.w. OFDM (Orthogonal
Frequency Division Multiplexing) tegnologiasTan da signalebis speqtris gafarToebis
meTodebTan multiplegsirebaSi igulisxmeba erTi fizikuri arxis monacemebis gadacemis
organizeba monacemebis ramdenime logikur arxze. ganasxvaveben multiplegsirebas sixSiriT,
droiT da kodiT. termin “multiplegsirebis~ (Multiplexing) arseboba OFDM-modulaciis axali
meTodis dasaxelebaSi, razec laparaki igneba qvemoT, legsikurad gasagebi igneba Semdgomi
Txrobisas.

OFDM-is ZiriTadi idea isaa, rom arxis gatarebis zoli iyofa viwro zolebis jgufad
(subarxebad), TiToeuls aqvs sakuTari gvegadamtani. yvela qvegadamtanze signali gadaicema
erTdroulad, rac saSualebas iZleva uzrunvelyofil ignes informaciis gadacemis praqtikulad
nebismierad didi saerTo siCqare, TiToeul calke subarxSi gadacemis dabali siCqariT. arsebiTad,
OFDM farTozolian sixSirul-seleqciur arxs gardagmnis mraval paralelur, sixSirul-araseleqciur,
viwrozolian arxad. aseTi sgema warmatebiT upirispirdeba mravalsxivianobas, Tu simboloTa
droiTi xangrZlivoba yvela qvegadamtanze aWarbebs signalis udides dayovnebas.

gvegadamtanebis orTogonaloba da simboloTaSorisi interferenciis Tavidan acileba
uzrunvelyofilia signalis strugturaSi cikluri prefigsis SemotaniT (ganixileba qveviT).

OFDM-is signali Sedgeba N orTogonaluri qvegadamtanisgan, modulirebuli
monacemebis N paraleluri nakadiT. aseTi saxiT organizebuli subarxebis sixSiruli

damoukidebloba  uzrunvelyofilia ~ qvegadamtanebis  urTierTorTogonalobiT,  romelic

ganisazRvreba TanafardobiT (nax. 4.1):

Ig

jsiacm{#k% sin 27, dr 1401)
0
gamosaxuleba (4.1)-Si cvladi Ts — OFDM-simbolos xangrZlivobaa, f, da fx —

Sesabamisad, n-uri da k-uri subarxebis gadamtani sixSireebia. amasTanave TiToeuli simbolo
gadaicema droiT SezRuduli sinusoidaluri funqciiT. signalis elementis speqtri k subarxis

gvegadamtanze aiwereba Semdegi funqciiT:
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sin2n(f - £,)

In(f - 1)
gadamtani
|Golf)]
Jo- '5'5-"_ fo ﬁ: '
eqvsi sainformacio gqvegadamtani
|G;U]| |G 'EE N |Ge(/)]

sur. 4.1. eqvs orTogonalur gvegadamtaniani OFDM-is signalis speqtri

orTogonalurgvegadamtaniani ~ subarxebis  formireba  xorcieldeba  gadamcemsSi

monacemTa simboloebis nakadis furies ukudiskretuli gardagmnis (Inverse Discrete Fourier
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Transform, IDFT) proceduris meSveobiT. am gardagmnis moculoba ise airCeva, rom arc erTma
subarxma ar ganicados Rrma miyuCeba. praqtikaSi IDFT (gadamcem mxares) da DFT (furies
diskretuli gardagmna mimReb mxares) gardagmnis realizacia xorcieldeba furies swrafi
gardagmnis (Fast Fourier Transform, FFT) algoriTmiT da asrulebs FFT- procesori.

4.1. sur-ze mocemulia OFDM  signalis speqtris magaliTi eqvsi qvegadamtaniT
sainformacio subarxebis formirebisaTvis da erTi centraluri aramodulirebuli gadamtaniT, romelic
ar gamoiyeneba monacemebis gadasacemad. praqtikaSi aseve ar gamoiyeneba sixSiruli zolebis
poziciebis garkveuli raodenoba DFT-s fanjris sazRvrebTan, rac xels uwyobs zolsgareTa
gamosxivebebis donis Semcirebas.

amrigad, OFDM-modulatoris funqgciebi daiyvaneba Sedgenili uwyveti signalis
formirebamde, romelic Seicavs N qvegadamtans, romelTagan udidesi nawili modulirebulia

sainformacio simboloebiT Ts intervalze:

N-1 N-1
s(f)= %Zak % cos(2mf, A2, ) = %EREW* x 1 2W),
k=0 sl =

sadac a, :Qﬂs%@mpleqsuri mamodulirebeli signali (QPSK an QAM);
Ts— simbolos xangrZlivoba;
ax — simbolos amplituda;
k=1,2,..., (N-1).

OFDM modulatoris funqciebis realizeba DFT cifruli procesoris bazaze varaudobs uwyveti
droidan diskretulze (t=nT) gadasvlas. am dros (2.10) gamosaxuleba diskretizaciis periodis
T=Ts/N gaTvaliswinebiT miiRebs saxes:

N-1 I

P2 h—
> T

N-1 ;
1 . : 1 : Ji
S =8(nT)=—Re E ad, Xe * =—Re E d, Xe
§ ( } N k=0 ; 'hr k=0 *

g | b
"-‘-T;1

(4.3)

miRebuli gamosaxuleba aris paralelurad gadacemuli simboloebis furies ukudiskretuli

gardagmnis _ IDFT nakrebis namdvili nawili. demodulaciis dros mimRebi mowyobiloba
signalidan amoiRebs droiT anaTvlebs S(nT) da, gamoiyenebs ra maT mimarT DFT-s,
formirebas ukeTebs gadmocemuli sainformacio simboloebis Sefasebas:

(4.4)

N-l n

- Y - —.Ihl—_
i, =Y S(Te ¥ .
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OFDM signalis miyuCebiani radioarxiT (e.i. sixSirul-seleqciuri arxiT) gadacemis dros
dgeba ori problema. jer erTi, arxis sixSirul-seleqciuri maxasiaTebeli arRvevs orTogonalobas
modulirebul qvegadamtanebs Soris, rac iwvevs arxTaSoris interferencias (mocemul
SemTxvevaSi mas umjobesia ewodos “subarxTaSorisi~). meorec, erTi da imave gadamcemiT
erTmaneTis miyolebiT gadacemuli simboloebis zeddebis gamo miiReba simboloTaSorisi
interferencia.

es ukanaskneli SeiZleba Tavidan aviciloT, TiToeuli gadacemuli simbolos Semdeg
damcavi intervalis datovebiT (cxadia, am intervalis xangrZlivobam unda gadaaWarbos signalis
gavrcelebis magsimalur dayovnebas). miuxedavad amisa, "Cveulebrivi~ damcavi intervali ver
uzrunvelyofs mezobel qvegadamtanebze simboloebis orTogonalurobis SenarCunebas, ris gamoc
maTi simboloebi ganicdian arxTaSoris interferencias.

aseTi saxis urTierTxelSeSlis acilebisaTvis gamoiyeneba “aqtiuri~ damcavi intervali,
saxelwodebiT “cifruli prefigsi~. cifruli prefigsi warmoadgens OFDM simbolos sainformacio
fragmentis Osn=A xangrZlivobis daboloebis ganmeorebas, amave fragmentis dawyebis win,
“miwerils~ IDFT procesoris gamosasvlelze (sur. 2.26).

amrigad, A intervalze gansazRvruli cikluri prefigsi aris

N1
1 - (4.5)
Pep(t)= ,Z“kfi_'bryﬂ—ﬁifi:ﬂ‘
N k=0
Soroml f)
A
damcavi )
intervali simbolos
(cikluri damaboloebeli
prefigsi) fragEnenti
I

nnn/\/\/V\/\/\/\/\/\/\fll\nﬁ_ 58



sur. 4.2. OFDM simboloSi damcavi intervalis formireba

signalis Semoklebuli perioduli gagrZeleba. ase rom, droSi gafarToebuli (prefigsis
damatebis xarjze) signali SeiZleba ase Caiweros:
N-1
1 4.
S(I):—Zake"'%ﬁ__)—&iri.w_
N
pirobis Tanaxmad, prefigsis xangrZlivobas irCeven imaze mets, vidre arxis
mravalsxivianobiT gamowveuli signalis gavrcelebis magsimaluri dayovnebaa (A > Ay). arxis
gavlenis gasaTvaliswineblad ukanasknels, Cveulebriv, modelirebas ukeTeben [0, An] intervaliT
[18] SemosazRvruli impulsuri maxasiaTebliT. arxis gadamcem funqcias sixSirul areSi
sazRvraven rogorc furies gardagmnas am impulsuri maxasiaTeblidan. am dros varaudoben, rom

nebismier fx qvegadamtanze gadacemis maxasiaTeblis mniSvneloba

A
H, = f?:(rjeﬂmfdr
0 (4.7)
mudmivi sididea (praqgtikaSi igi mdovred cvladia, radgan varaudoben, rom miyuCeba subarxSi
mdovrea — ix. § 2.1). aseT arxSi gatarebuli signali (navaraudebi [0, nT] intervalze
integrirebadad) SeiZleba warmovidginoT Semdegi saxiT

N-1
r(t) =s(t) x h(t) :(4:}8£ H,ra,reﬂ“f“' _0<r=<NT.
=

advili dasanaxia, rom (4.8) gansxvavdeba (4.7)-sgan mxolod mudmivi (TiToeuli subarxis

farglebSi) Hk koeficientiT gansxvavdeba. cikluri prefigsis gamoyenebis wyalobiT, gansazRvruli
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integrali, gamoTvladi intervalze [0, nT] nebismieri fx sixSirisaTvis, ar icvlis Tavis mniSvnelobas
simboloebs Soris droiTi Zvrisas (A-s farglebSi) sxvadasxva qvegadamtanze. arxis H
koeficientebs Soris gansxvaveba advilad aRmoifxvreba ekvalaizeris saSualebiT [18}.

amrigad, rodesac virCevT cikluri prefigsis xangrZlivobas A>A, pirobiT (igi unda iyos
meti udidesi gavrcelebis dayovnebaze), SesaZlebeli xdeba mezobeli sixSireebis droSi
momijnave simboloebis urTierTgavlenis acileba. cikluri prefigsis gamoyeneba saSualebas iZleva
aRmovfxvraT, rogorc arxTaSorisi, ise simboloTaSorisi interferencia (vinaidan prefigsi
erTdroulad damcavi intervalicaa).

aicilebs ra arxTaSoris da simboloTaSoris interferenciebs, cikluri prefigsi warmoadgens
kavSiris xelSeSlamdgradobis gazrdis erTerT saSualebas droiTi siWarbis gamoyenebis xarjze.
miRebuli mogebis “fasi~, rogorc energetikuli danaxarjebis TvalsazrisiT, ise informaciis
gadacemis siCqaris Semcirebis mixedviT, erTnairia da ganisazRvreba erTi da imave sididiT (ix.
sur. 2.26):
_ T
T s +A

af :'aﬁ =

4.3 suraTi naTels xdis OFDM tegnologiis ZiriTad ideebs gadamcem traqtSi signalebis

formirebis magaliTiT. 4.2 cxrilSi mocemulia OFDM-is safuZvelze agebuli kavSiris sistemebis

ZiriTadi parametrebi.

cxrili 4.2
OFDM-is signalebis terminebi, gansazRvrebebi da parametrebi
parametri gansazRvreba (maxasiaTebeli)
nominaluri zoli AF sistemisaTvis gamoyofili sixSiruli zoli AF = Fs/ ns
gamoyenebul sixSireTa zoli | signalis mier faqtobrivad dakavebuli sixSiruli zoli: AFU=NuxAf.
AF, gamoyenebuli zoli nominalurze naklebia

diskretizaciis sixSire Fs uwyveti signalis anaTvlebis sixSire (OFDM-is sasignalo procesoris
satagto sixSire)

diskretizaciis fagtori diskretizaciis sixSiris fardoba sixSiruli arxis zolis siganesTan ns = F/AF
(sampling factor) ns (tipuri mniSvneloba daaxloebiT 8/7)
FFT-s moculoba, ganxorcielebuli sasignalo procesoris mier. tipuri

mniSvneloba:
256 (OFDM-isTvis) an 2048 (OFDMA-isTvis). martiv simboloTa
erTobliobas, gadacemuls erTdroulad Neer gvegadamtaniT, zogjer FFT
simbolos uwodeben
sixSiruli gancalkeveba manZili sixSirul RerZze or mezobel qvegadamtans Soris: Af = Fs/ Neer

qvegadamtanebs Soris, Af | =Fs/N
OFDM simbolos sasargeblo | OFDM simbolos “sainformacio~ nawilis xangrZlivoba (droiTi

nawilis xangrZlivoba, Tinr | XangrZlivoba) Tinr =1/Af (orTogonalobis intervali)

FFT fanjris moculoba,
N = Neer
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dacviTi intervalis (cikluri | Tcp = G X Tins . damcavi intervalis xvedriTma G wilma SeiZleba miiRos
prefigsis) xangrZlivoba, Tce | mniSvnelobebi

1/4,1/8, 1/16 an 1/32

OFDM simbolos OFDM simbolo Sedgeba sasargeblo (sainformacio) nawilisa da damcavi
xangrZlivoba, Ts prefigsisagan Ts=Tint + Tce

gvegadamtanTa raodenoba,

gamoyenebul qvegadamtanTa ricxvi Ny < Neer damokidebulia damcavi
zolis zomaze. igi moicavs qvegadamtanebs monacemebis gadasacemad
da sapiloto qvegadamtanebs:

Nu= Ndata + Npitor, magaliTad Nerr=256 SemTxvevaSi N,= 200

gamoyenebul

Ny

‘nulovani~ qvegadamtanebi | aseve miakuTvneben aramodulirebul gadamtans OFDM arxis centralur

sixSiruli poziciebi, gamoyenebuli damcavi zolis warmosagmnelad. maT

sixSirul poziciaze

moviyvanoT ricxviTi magaliTi, romelic damaxasiaTebelia OFDM teqgnologiiT agebuli

satelekomunikacio sistemis signalebis tipuri parametrebisaTvis [19]:

FFT fanjris moculoba: Nrrr = 256 qvegadamtani;

gamoyenebul “sainformacio~ gqvegadamtanTa raodenoba: N, = 200;

maT Soris sapiloto gvegadamtanebis raodenoba: Npiiot = 8;

monacemTa gadasacemad gamoyenebul gvegadamtanTa ricxvi: Ngaa =192;

sistemisaTvis gamoyofili sixSiruli zolis sigane: AF = 7 mghc;

diskretizaciis fagtori (sampling factor) ns = 8/7.

ZiriTadi warmoebuli parametrebis angariSi:

diskretizaciis sixSire (anaTvlebis an simboloebis mimdevrobis faqtobrivi sixSire):

Fs =nsx AF = 8/7 x 7 mghc = 8 mghc;

gancalkeveba qvegadamtanebs Soris:

Af = FJ/ Neer = 8 mghc/256 = 31,25 khc;

simbolos sasargeblo nawilis xangrZlivoba:
Tine = 1/Af =1 /31,25 khc = 32 mkwm;
damcavi intervalis xangrZlivoba: ganisazRvreba maqsimaluri sxvaobiT pirdapiri xedvis

farglebSi trasis sigrZesa da signalebis gavrcelebis magsimaluri dayovnebis mgone tragtebs
Soris — A ag:

Tu G =1/4, Tep=G X Tin=1/4 x 32 mkwm = 8 mkwm; A aq = € X Tcp=2,4 km;

Tu G =1/8, Tep=G X Tin=1/8 x 32 mkwm = 8 mkwm; A g = € X Tcp=1,2 km;

Tu G =1/16, Tcp=G X Tin=1/16 x 32 mkwm = 8 mkwm; A iaq = € X Tcp=0,6 km;

Tu G =1/32, Tcp=G x Tin=1/32 x 32 mkwm = 8 mkwm; A iaq = ¢ X Tcp=0,3 km;
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e simbolos xangrZlivoba (G =1/4-sTvis):
Ts = 32 mkwm + 8 mkwm = 40 mkwm;

e kadris xangrZlivoba (Ns = 20 simbolo) Seadgens Tkadsr =800 mkwm;
e kadrSi bitebis ricxvi (QPSK-modulaciisaTVvis):
Nb = (Nu — Npitot) XNs % logoM = (200 —8) x 20 x 2 = 7680, sadac M anbanis moculobaa, xolo
log2M — gadacemul simboloze mosuli informaciis bitebis raodenobaa (2 biti QP SK-sTvis);
e monacemebis gadacemis rezultirebuli siCqare:

R= Nb/ Tiadr = 9,6 mgbit/wm.
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030 5

saarxo (makoreqtirebeli) kodireba
5.1. makoreqtirebeli kodirebis amocanebi da ZiriTadi principebi
5.1.1. kodirebis amocanebi telekomunikaciaSi. farTo gagebiT, cneba kodireba informaciis
warmodgenis sinonimia. Setyobinebas SetyobinebaTa sasruli simravlidan SeiZleba SevufardoT
rigiTi nomeri (ricxvi), romlis warmodgenac aTvlis romeliRac sistemaSi warmogmnis kods.
radioarxiT ~ Setyobinebis gadacema dakavSirebulia xelSeSlebis zemogmedebasTan da
Secdomebis warmoSobasTan. monacemebis gadacemis utyuarobis gazrdis mizniT iyeneben
kodebis specialur saxeebs — efeqtursa da xelSeSlamdgrads.

kodirebis Sesaxeb Senonis Teoremis Tanaxmad, Setyobinebis gadacemis siCqgare
arxisaTvis xelSeSlebis gareSe SeiZleba gaizardos arxis gamtarunarianobamde, Setyobinebis
TanabaralbaTur statistikurad damoukidebel simboloebad gardagmnis Sedegad. es amcirebs
SetyobinebaTa gamosaxvisaTvis saWiro simboloTa saSualo ricxvs (amcirebs siWarbes).
mocemuli procedura, romelsac Setyobinebis wyaros kodireba ewodeba, saSualebas iZleva es
Setyobineba an gadavceT, an movamzadoT Semdgomi saarxo kodirebisaTvis, niSanTa naklebi
ricxviT da amiT gamovaTavisuflebT arsebuli siWarbis rezervs. vinaidan aseTi procedura Tavisi
arsiT daiyvaneba kavSiris sistemis droiTi an sixSiruli efeqturobis gazrdamde, mas xSirad
efeqturi kodireba ewodeba.

midgomebi, romlebic gamoiyeneba efeqturi kodirebisas, intuiciurad naTelia da Cveni
azriT ar iTxovs detalur ganmartebas. magaliTad, cnobebis gadacema feradi fonis Sesaxeb
multimediaSi SeiZleba ganxorcieldes erTi ricxviTi mniSvnelobiT da ar moiTxovs yvela pikselis
cxadad aRweras. efeqturi kodirebis meTodis klasikuri magaliTia e.w. Senon-fanos procedura,
romlis principebic realizebulia umetes kompiuterul programa-argivatorSi. SetyobinebaTa
calkeuli saxeobisaTvis damuSavebulia efeqturi kodirebis specialuri meTodebi. magaliTad,
salaparako Setyobinebebis SekumSvisaTvis es aris algoriTmi CELP (Code- Excited Linear
Prediction), gamosaxulebisaTvis — standarti JPEG (Joint Photographic Experts Group),
videomonacemebis kompresiisaTvis sxvadasxva seriis MPEG (Moving Pictures Experts

Group) standartebi.
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xelSeSlamdgradi  kodirebis idea Teoriulad dasabuTebulia Senonis TeoremiT
xelSeSlebiani arxebisaTvis. am TeoremiT mtkicdeba, rom arxis gamtarunarianobaze naklebi
warmadobis Setyobinebis wyarosaTvis aucileblad arsebobs kodirebis wesi, romelic uzrunvelyofs
informaciis gadacemas, Secdomis nebismierad mcire albaTobiT. Teorema ar exeba mocemuli
SesaZleblobis uzrunvelmyofi kodebis agebis wesebs. misi damtkicebis procedurebis ganxilvidan
[20] irkveva, rom Secdomis nebismierad mcire albaToba miiRweva mxolod kodur niSanTa
mimdevrobis xangrZlivobis usasrulod zrdisas.

informaciis uSecdomod gadacemisaTvis saWiro makoreqtirebeli kodebis asagebad
saWiroa kodebSi siWarbis Setana, romlis moculoba arxSi xelSeSlebis Sedegad arsebuli
danakargebis proporciulia.
5.1.2. xelSeSlamdgradi kodirebis ZiriTadi principebi. kods, romelsac aqvs Secdomis
aRmoCenis da gasworebis unari, xelSeSlamdgradi kodi ewodeba. kodebis viwro kategoria aris
makoreqtirebeli kodebi, romlebic Secdomebis gasworebis saSualebas iZleva. Secdomebis
aRmoCenis ZiriTadi idea arsiT bunebrivi enis tegstSi orTografiuli Secdomebis aRmoCenis
msgavsia. Secdoma romelime sityvaSi unda aRmoifxvras Tu simbolos an asos Secvlam es sityva
gardagmna mocemuli enis "nebadarTul~ sityvaTa siaSi (legsikonSi) ararsebul Canawerad. igive
SeiZleba vTgvaT Secdomebis gasworebis ideasTan dakavSirebiT. vxelmZRvanelobT intuiciiT
da wvecvliT arasworad daweril sityvas am enis legsikonis im sityviT, romelic ganxiluli
Canawerisagan niSanTa minimaluri ricxviT gansxvavdeba. magaliTad, Tu romeliRac tegstSi
SevxvdiT Canawers "kodulacia~, Cven mas ufro SevcvliT sityviT "‘modulacia~ (romelic misgan
erTi poziciiT gansxvavdeba), vidre “populacia~ (ori pozicia) da miTumetes ara SityviT
“federacia~ (gansxvaveba eqvsi pozicia).

sinamdvileSi, adamiani sxvadasxva saxis Setyobinebis Sinaarsis aTvisebisas,
xelmZRvanelobs Tavisi intuiciiT, lingvistikuri codniTa da semantikuri mosazrebebiT. kodirebis
tegnikaSi mizanSewonilia ufro martivi, formalizebuli wesebis gamoyeneba. praqgtikaSi
gadasacemi simboloebis mimdevrobas amateben Warb simboloebs ise, rom isini
akmayofilebdnen, zogierT damatebiT moTxovnebs, romelTa Semowmebac mimReb mxares
saSualebas miscems aRmoaCinos da gaasworos Secdomebi. cnobil kodTa umetesobis aseTi
SesaZlebloba ganpirobebulia maTi algebruli strugturiT, ris gamoc am konstrugcias xSirad

algebruli kodi ewodeba.
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ganvixiloT xelSeSlamdgradi kodirebis sabazo principebi da cnebebi. termini kodi
aRniSnavs yvela nebadarTuli koduri sityvis erTobliobas an maTi agebis wess. kodis sityvebi
Sedgeba sainformacio da Semmowmebeli simboloebisagan, romlebic umartives SemTxvevaSi
poziciebiT gansxvavdeba (aseT kodebs dayofadi an sistematuri ewodeba). sainformacio
simboloebi — simboloTa mimdevrobebia, romlebic arxis koderis Sesavalze Semodis. rom
vTqvaT, swored isinia gadasacemi Setyobineba. Semmowmebeli simboloebis formireba xdeba
sainformacio simboloebisagan kodis agebis wesebis Sesabamisad. am wesis mixedviT
dekodirebis dros mimRebis mier miRebuli koduri sityvisagan warmoigmneba miRebul
SemmowmeblebTan Sesadarebeli Semmowmebeli simboloebi (romelTa identifikaciac xdeba
maTi poziciis mixedviT). Tu isini erTmaneTs ar emTxveva, es niSnavs, rom gadacemis dros
daSvebulia Secdoma.

koduri sityvebis gansxvavebis sazomad gamoiyeneba d koduri manZili (poziciaTa ricxvi,
romliTac koduri sityvebi erTmaneTisagan gansxvavdeba). orobiTi kodis sityvebs Soris
minimaluri koduri manZilis gansazRvrisaTvis unda Sejamdes es koduri sityvebi modulis
mixedviT da jamSi daiTvalos erTianebis raodenoba.

minimalur manZils, kodis yvela nebadarTul sakodo sityvaTa wyvilebs Soris, minimaluri
koduri manZili ewodeba. am manZils hemingis manZilsac uwodeben.

zemoTgmulidan gamomdinareobs, rom dekodirebis dros kodirebuli sityvis miRebis
xarisxis SefasebisaTvis mizanSewonilia airCes kodis nebadarTuli sityva minimaluri manZiliT
miRebuli sityvis mimarT. aseTi kodireba “optimaluria~ da mas magsimalurad sarwmuno
dekodirebis principi ewodeba.

imisTvis, rom kodma erTdroulad aRmoaCinos aranakleb S Secdomisa, mas unda
hgondes nebadarTul sityvebs Soris minimaluri manZili dmin>s+1. kodi saSualebas iZleva
Seasworos SecdomaTa yvela konfiguracia, t-mde (CaTvliT) Secdomebis Semcveli, Tu TiToeul
maTgans mivyavarT iseT akrZalul sityvamde, romelic damaxinjebul kodur sityvasTan ufro
“axlosaa~, vidre amave kodis nebismieri sxva nebadarTuli sityva.

yvela sityva, romelic warmogmnilia romeliRac nebadarTuli koduri c; sityvis simboloebis
p<t damaxinjebiT, warmogmnis gvesimravles, romelic naCvenebia 5.1 sur-ze koncentruli
wrewirebis saxiT (Semoxazuli am sityvis Sesabamisi wertilis garSemo). TiToeul aseT
qvesimravleSi n sigrZis kodis nebadarTul sityvaTa raodenoba tolia C? (e.i. jgufTebaTa ricxvis

n-sagan p-Ti).
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5.1 sur-ze advili SesamCnevia, rom miTiTebuli qvesimravleebi, rom ar gadaikveTon,

minimaluri  hemingis manZili nebadarTul kodur sityvebs Soris unda akmayofilebdes
Tanafardobas dmin>2t+1. Tu xelSeSlis zemogmedebis gamo koduri sityva gadava “Tavisi~ wris

erT romelime wertilSi nomriT P € {1,2,-..t} , koderi aseT Secdomas gaasworebs.

d=t d=1 d=t

i B
- -

rF
k.

sur. 5.1. kodis makoreqtirebeli SesaZleblobis hemingis manZilze damokidebuleba

amrigad, makoreqtirebeli kodebis sawyis parametrebia:

- kodis sigrZe n (ricxobrivad igi tolia sityvaSi simboloTa raodenobis);

- sakodo sityvaSi sainformacio simboloebis raodenoba k;

- minimaluri koduri manZili dmin (hemingis manZzili).

kodis sigrZe n da misi sainformacio nawilis sigrZe k calsaxad gansazRvraven
Semmowmebel simboloTa ricxvs n—k, kodis siWarbes, agreTve kodirebis siCqgares. es ori
ukanaskneli, kodirebis mogebasTan erTad, nebismieri xelSeSlamdgradi kodis umniSvnelovanesi
maxasiaTebelia.

kodis siWarbe ganisazRvreba kodis sainformacio nawilze damatebuli Semmowmebeli
elementebis ricxvis SefardebiT mis saerTo sigrZesTan (sainformacio nawilis sigrZesTan):

n—k E n—k n
v = —1_F. Yo = == 1.
K==y TR T

siWarbe axasiaTebs “zeddebul xarjs~ romelsac adgili aqvs Setyobinebis gadacemis dros.
kodebs, romlebic uzrunvelyofen gansazRvrul makoreqtirebel unars, minimaluri SesaZlo

siWarbisas, optimaluri ewodeba.

kodis siCqgare R, :5 =1— y axasiaTebs informaciis gadacemis xvedriT
n
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Semcirebas gadacemis utyuarobis gazrdisaTvis, kodirebis mocemuli wesis dros. is aseve
axasiaTebs xelSeSlamdgradobis gazrdis fass, rogorc kodirebuli Setyobinebebis gadasacemad
saWiro sixSiruli zolis gafarToebas, arakodirebuli Setyobinebebis gadacemisaTvis saWiro
zolTan SedarebiT.

makoreqtirebeli kodis yvelaze saukeTeso informaciuli maxasiaTebelia kodirebis
energetikuli mogeba. is ricxobrivad tolia signali/xmauris fardobis sxvaobisa, Setyobinebis
kodirebuli da arakodirebuli gadacemis dros, simboloebis miRebis Secdomis albaTobis
gansazRvruli mniSvnelobisaTvis. kodirebis mogebas xSirad decibelebiT (db) gamosaxaven.

algebruli kodebi iyofa or did klasad: blokur da uwyvet kodebad. pirvelisaTvis kodireba
daiyvaneba k gadasacemi sainformacio simbolosagan n-simboloiani koduri sityvis
Camoyalibebaze. meore SemTxvevaSi kodireba xorcieldeba blokebad dayofis gareSe
(uwyvetad), magram aseve daiyvaneba siWarbis Sesatanad gadasacem sainformacio
mimdevrobaSi.

blokur kodebs xSirad aRniSnaven rogorc (n,k) kodebi. ag n makoreqtirebeli kodis
sigrZea, k - masSi informaciuli elementebis raodenoba (rogorc zemoT iyo aRniSnuli).
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