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winasityvaoba  5 

winasityvaoba 

msoflio ekonomikuri sistemis formirebisa da ganviTarebis 

procesSi, dReisaTvis naTladaa gamokveTili sainformacio teq-

nologiebis umniSvnelovanesi roli da mamoZravebeli Zala. sa-

xezea seriozuli teqnikuri cvlilebebi, romlebic Sedegia kav-

Siris sistemebis, kompiuteruli teqnikisa da masiuri informa-

ciis warmoebis saSualebebis konvergenciisa, aseve, gansxvaveba-

Ta waSlis sxvadasxva sainformacio qselebs Soris. am dros 

warmoqmnili problemebis gadaWris aucileblobas mivyavarT 

axali tipis globaluri sainformacio infrastruqturis Seq-

mnis ideamde, romelSic erT-erT umniSvnelovanes kvanZs radio-

kavSiris, an rogorc mas xSirad uwodeben usadeno kavSiris 

(Wireless communication) sistema warmoadgens. winamdebare monogra-

fia swored aseTi sistemebis SemuSavebas da maTi efeqturobis 

gazrdas eZRvneba.  

radiokavSiris sistemebis bolodroindelma intensiurma gan-

viTarebam win wamoswia interesi iseTi mimarTulebebisadmi, ro-

gorebicaa e.w. fedingiani arxebis Seswavla, efeqturi signale-

bisa da mravalanteniani sistemebis axali sqemebis ageba. amaTgan, 

gansakuTrebuli yuradRebis centrSia moqceuli sistemebi – mra-

vali gadamcemi da mravali mimRebi anteniT, anu rogorc maT 

uwodeben MIMO sistemebi, sadac arsebobs SesaZlebloba gadam-

cemi antenebis raodenobis gazrdiT gaizardos sistemis speq-

truli efeqturoba anu informaciis gadacemis siCqare, xolo 

mimRebi antenebis raodenobis gazrdiT ki gavzardoT sistemis 

xelSeSla-mdgradoba da Sedegad misi energetikuli efeqturoba. 
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masala monografiaSi ierarqiuladaa warmodgenili swored 

dasmuli sakiTxebis Sesabamisad: dasawyisSi Seswavlilia in-

formaciis gadacemis arxebi, romlebSic signalebi mravalsxi-

vosnobis gamo ganicdian amplitudis (momvlebis) fedings. am 

SemTxvevaSi arxis saxiT ganixileba nakagamis modeli, romelic 

sakmaod adeqvaturia im procesebisa, romelTac realur radio-

arxebSi aqvT adgili. Semdgomi adgili eTmoba signalebs, war-

modgenilia axali ori da oTxganzomilebiani cifrulad modu-

lirebuli signalebi. moyvanilia maTi parametrebi da maxasia-

Teblebi. bolos ki gamokvleulia MIMO sistemebi, ufro kon-

kretulad ki maTi qveklasi – sistemebi sivrciTi modulaciiT 

( )SM . rogorc miRebuli Sedegebidan Cans, aseT e.w. MIMO-SM  

sistemebs aqvT gacilebiT maRali efeqturoba, vidre klasikur 

MIMO sistemebs sivrciTi multipleqsirebiT ( )SMX . axali age-

buli MIMO-SM  sqemebidan gansakuTrebiT gamoirCevian mraval-

nakadiani sistemebi droSi cvladi raodenobis aqtiuri antene-

biT, romelTa upiratesoba yvela ZiriTad maxasiaTebel kompo-

nentSi (speqtruli da energetikuli efeqturoba, sirTule) 

MIMO-SMX -Tan SedarebiT aSkaraa.  

Tu gaviTvaliswinebT im faqts, rom farTozolovan radio-

sistemebSi (LTE, WiMax, Wi-Fi, UMTS) da Sesabamisi generaciis 

proeqtebSi ganzraxulia MIMO teqnologiebis gamoyeneba, im 

specialistebisaTvis, visac am mimarTulebiT mouxdebaT muSaoba, 

warmodgenili monografia iqneba SesaniSnavi gzamkvlevi.  

profesori z. yifSiZe 

Tbilisi, 2020 
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Tavi 1. xelSeSlebi kavSiris arxebSi 

1.1. kavSiris arxebi 

arxi viwro gagebiT, anu fizikuri arxi, esaa garemo, romelic 

gamoiyeneba signalebis gadasacemad gadamcemidan mimRebisken (am 

SemTxvevaSi is calmxrivi sistemaa). fizikuri arxis magaliTebia: 

orsadeniani xazi, romelic atarebs eleqtrul signalebs; opti-

kuri xazi, romelsac gadaaqvs informacia optikuri sxivebis 

meSveobiT; wyalqveSa are, romelSic gadaicema akustikuri sig-

nalebi; Tavisufali sivrce (e.w. eTeri), sadac vrceldeba radio-

talRebi da sxva. 

arxi, farTo gagebiT, anu kavSiris arxi, fizikuri arxis anu 

signalis gadacemis garemosa da im mowyobilobebis erToblio-

baa, romlebic uzrunvelyofs mocemul garemoSi signalebis ga-

dacemas da Semdgom miRebas. 

gamoyenebuli fizikuri arxis Sesabamisad, literaturaSi mo-

ixsenieba: kavSiris eleqtruli arxebi, kavSiris optikur-boWko-

vani arxebi, kavSiris akustikuri arxebi, kavSiris radio anu 

usadeno arxebi da a.S. 

sazogadod, Tu ganvixilavT kavSiris arxs, rogorc sistemas 

erTi SesasvleliTa da erTi gamosasvleliT da Tu arxis Sesas-

vlelze miwodebulia signali ( )s t , xolo, Sesabamisad, gamosas-

vlelze aris signali ( )z t , realur SemTxvevaSi ( ) ( )z t s t , rac, 

umTavresad, ganpirobebulia arxSi xelSeSlebis arsebobiT. Zi-

riTadad, xelSeSlebia wyaro im problemebisa, romlebic kavSi-

ris Teoriasa da praqtikaSi arsebobs [1-3].  
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1.2. xelSeSlebi. gausis xelSeSla da gausis 

arxebi 

xelSeSla arasasurveli movlenaa, romelic moqmedebs sig-

nalze da iwvevs mis damaxinjebas. xelSeSlebi moqmedebs ro-

gorc garedan, aseve, SeiZleba warmoiSvas TviT signalTa mimRebi 

sistemis SigniT. maTi ganxilvisas vTvliT, rom isini gaCenilia 

bunebrivad da ar aris damokidebuli informaciis gadacemis 

konkretul sistemaze. xelSeSlis moqmedeba signalze SeiZleba 

gamovxatoT   operatoriT. kerZod, Tu signals aRvniSnavT      

s -iT, xolo xelSeSlas  -iT, maSin damaxinjebuli s  signali 

miiRebs z  saxes da vwerT: ( ),=z s  . Tu operatori gulisxmobs 

Sekrebas, maSin = +z s   da vambobT, rom xelSeSla aditiuria (am 

SemTxvevaSi, mas xmaursac uwodeben); xolo Tu operatori gu-

lisxmobs gamravlebas, gvaqvs =z s da vambobT, rom   xelSeS-

la multiplikatiuria. maSin, roca signalze erTdroulad moq-

medebs aditiuri n  da multiplikatiuri   xelSeSla, SeiZleba 

adgili hqondes SemTxvevas:  

= +z s nξ .             (1.1) 

aucilebelia SevniSnoT, rom xelSeSlebiს signalze moqmede-

bis es modeli DdRemde sakmaod aqtiurad ganixileba, rac imaze 

miuTiTebs, rom igi adeqvaturad aRwers im procesebs, romelTac 

xSirad aqvs adgili praqtikaSi. garkveuli niSnebiT xelSeSle-

bis jgufebad gaerTianeba anu klasifikacia SesaZlebelia: maTi 

gamoCenis albaTobis, warmoSobis bunebis, gaCenis an moqmedebis 

adgilis, moqmedebis xasiaTis mixedviT da a.S. xelSeSlebis kla-

sifikaciis erTi SesaZlo varianti moyvanilia [4]-Si, sadac war-

modgenilia sistemis SigniT da mis gareT warmoSobili xelSeS-

lebi da damaxinjebebi. 
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mimRebi sistemis SigniT warmoSobilTagan ZiriTadia aditi-

uri xelSeSla, romelic arsebobs siTburi xmauris an safantis 

xmauris saxiT [5]. 

ganvixiloT stacionaruli ( )n t  SemTxveviTi procesi, romlis 

korelaciis funqcia tolia delta funqciisa da raRac mudmivi 

0 2N  sididis namravlisa: 

( ) ( ) 0

2

N
k   =  .     (1.2) 

cnobilia, rom delta funqcia yvelgan nulia, garda 0 =  

wertilisa, sadac ( )0 =  , Tanac integrali delta funqciidan 

nebismier intervalSi, romelic Seicavs wertils 0 = , tolia 

erTis. aqedan gamomdinare, ( )n t  procesis mniSvnelobebi drois 

or nebismier, ragind mcire, intervalSi arakorelirebulia. 

aseT process absolutur SemTxveviT process uwodeben da misi 

speqtraluri simkvrive: 

 

( ) ( ) ( )0
0,

2

i N
S k e d const S f N  


−

−

=  = = = ,    (1.3) 

aq 2 f = , sadac f  sixSirea. maSasadame, ( )n t  SemTxveviTi pro-

cesis speqtraluri simkvrive yvela sixSirisTvis mudmivia.  

process, romelsac aqvs Tanabari speqtri sixSireTa Zalian 

farTo diapazonSi, uwodeben `TeTr xmaurs~ – TeTri sinaTlis 

analogiiT, romelsac aqvs Tanabari da uwyveti speqtri xilul 

nawilSi.  

moviyvanoT xmauris ori konkretuli magaliTi, romelTac 

TeTr xmaurTa klass miakuTvneben. 
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_ s a f a n t i s  x m a u r i  [5], ZiriTadad axasiaTebs eleq-

tronul milakebs da Sedegia anoduri denis fluqtuaciisa; misi 

speqtraluri simkvrive  

( ) ( )2 2
02 2aS f eI F f  = ,       (1.4) 

sadac 191.6 10e −=  k eleqtronis muxtia. aI  – saSualo anoduri 

deni. 2  _ sivrciTi muxtiT gamowveuli depresiis koeficienti. 

2F  _ sixSiruli depresiis koeficienti. 0  
_ milakSi eleqtro-

nis gadafrenis dro. 

_ s i T b u r i  x m a u r i  [5], damaxasiaTebelia R  omuri wi-

naRobis mqone gamtarebisaTvis. am dros, Sesabamisi Zabvis speq-

traluri simkvrive 

( ) 4S f kTR= ,             (1.5) 

sadac 231.38 10k −=   j/grad bolcmanis mudmivaa; T  aris R  wina-

Robis mqone gamtaris temperatura kelvinis gradusebSi. 

qvemoT, nax. 1.1-ze moyvanilia TeTri xmauris korelaciis fun-

qcia (a) da speqtruli simkvrive (b). 

cxadia, siTburi xmauris SemTxvevaSi 0 4N kTR= . 

TeTri xmauri aris farTozolovani SemTxveviTi procesi al-

baTobis normaluri anu gausis ganawilebis simkvriviT [6-8]:  

( )
( )

2

2

1
exp ,

2 2

x m
f x x

  

 −
 = − −   
  

,          (1.6)  

aq x  SemTxveviTi sididea,   misi saSualo kvadratuli gadaxra, 

xolo 2  da m , Sesabamisad, aris x -is dispersia da maTemati-

kuri lodini, anu saSualo statistikuri mniSvneloba. 
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No

2
δ(τ)

o t

S( f )

o

N

2
o

S(ω)

f

ω

(a) (b)

No

S

 
nax. 1.1. TeTri xmauris korelaciuri funqcia (a) da speqtruli 

simkvrive (b) 

gausis albaTobis ganawilebis integraluri funqciisaTvis 

gvaqvs [6-8]:  

( ) ( )
( )

2

22
1

2

t mx x

F x f t dt e dt

 

−
−

− −

= =  ,     (1.7) 

Tu gamoviyenebT ( )erf   funqcias (Secdomis funqcia, albaTobis 

integrali) miviRebT [1, 7-9]: 

( ) ( )0.5 0.5 2F x erf x m  = +  −
 

.    (1.8) 

qvemoT, nax. 1.2-sa da nax. 1.3-ze moyvanilia mrudebi, romlebic 

agebulia (1.6) da (1.7) gamosaxulebebis gamoyenebiT. aq 0m = . 

Tu (1.1) gamosaxulebaSi Semaval sidideebs (romlebsac iq 

veqtorebad ganvixilavT), warmovadgenT drois funqciebad, 

gveqneba 

( ) ( ) ( ) ( )z t t s t n t=  + ,   (1.9) 
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nax. 1.2. gausis albaTobis ganawilebis simkvriveebi 

 
nax. 1.3. gausis albaTobis ganawilebis integraluri funqciebi 
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umravles SemTxvevebSi iTvleba, rom ( )n t  aditiur xelSeS-

las gausis ganawileba aqvs. es ganpirobebulia ori garemoebiT: 

1. cxadia, Tu xelSeSla warmoSobilia mimRebis SigniT, mas, 

rogorc zemoT aRvniSneT, gausis ganawileba aqvs. 

2. Tu xelSeSla warmoSobilia mimRebis gareT, misi warmo-

Sobis ZiriTadi wyaroebia _ kosmosuri xmauri, atmosferu-

li xmauri da miwispira industriuli xmauri. vinaidan aR-

niSnuli wyaroebis raodenoba mniSvnelovnad didia, SeiZ-

leba moviyvanoT rusulenovan literaturaSi liapunovis 

Teoremad kargad cnobili zRvruli Teorema, romelic 

mdgomareobs SemdegSi [10]: 

T e o r e m a .  damoukidebeli SemTxveviTi in  ( )1,2, ,i k=  sidide-

ebis jamis ganawilebis kanoni, k →  dros, uaxlovdeba gausi-

sas, Tu sruldeba Semdegi pirobebi: 

a) yvela SemTxveviT sidides aqvs sasruli maTematikuri lodini 

da dispersia: 

( )

  ( )

 

2 2

2

M ;

M ; , 1, 2, ,

M , 0.

i i

i i i

i i i

n a

n a n i k

n a c





+

=


− = =


− =  

;  (1.10) 

b) arc erTi SemTxveviTi sidide Tavisi mniSvnelobiT mkveTrad 

ar gansxvavdeba danarCenebisagan:  

( )

1

1 2

2

1

lim 0

k

i

i

k k

i

i

c

n





=

+→

=

=
 
 
  





.     (1.11) 
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moyvanili liapunovis zRvruli Teoremidan gamomdinare cxa-

dia, Tu ratom iTvleba, rom mimRebi sistemis gareT gaCenil 

aditiur xelSeSlasac aqvs gausis ganawileba. 

mocemul, bolo SemTxvevasTan dakavSirebiT gasaTvaliswine-

belia is garemoeba, rom mimRebis gareT warmoSobili xmauri 

mimRebis Sesasvlelze SesaZlo arsebul filtrSi gavlis Sem-

deg gaxdeba viwrozolovani, romelic analizurad ase SeiZleba 

warmovadginoT [11]: 

( ) ( ) ( )0cosn t U t t t  = +  ,       (1.12) 

sadac 0  aris gafiltruli gausis xmauris saSualo kuTxuri 

sixSire; ( )U t  da ( )t  aris, Sesabamisad, xmauris momvlebi da 

faza. martivi trigonometriuli gardaqmnis Semdeg (1.12) miiRebs 

saxes: 

( ) ( ) ( )1 0 2 0cos sinn t U t t U t t =  −           (1.13) 

romelSic 

( ) ( ) ( )

( ) ( ) ( )

1

2

cos

sin

U t U t t

U t U t t





=  


=  

;      (1.14) 

radgan gareT warmoSobil xelSeSlas aqvs gausis ganawileba 

( )1U t  da ( )2U t  procesebsac eqnebaT gausis ganawileba 2  dis-

persiiT. 

damtkicebulia [12], rom ( )U t
 process aqvs ganawileba 

( )

2

22
2

U
U

f U e 



−

= ;    (1.15) 

maSin, Tu SemovitanT aRniSvnas 
2

U
a


= , gveqneba  
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( )
2 2af a a e−=  .         (1.16) 

aseTi saxis ganawileba cnobilia, releis ganawilebis saxelwo-

debiT [1, 2, 7, 11, 13-15]. 

rac Seexeba   fazas, misi albaTobis ganawileba Tanabaria 

 0,2  intervalSi: 

( )
1

2
f 


= .        (1.17) 

bunebrivia, Cndeba kiTxva: romeli xmauris gavlenaa signalze 

ufro upiratesi, gare Tu Siga xmaurisa? unda aRiniSnos, rom es 

mniSvnelovanwilad damokidebulia im sixSirul diapazonze, ro-

melSic signali gadaicema. magaliTad, mokletalRovani diapa-

zonis dabal sixSireebze gare xmauris gavlena ufro mniSvne-

lovania, gansakuTrebiT did qalaqebSi, vidre amave diapazonis 

maRal sixSireebze. xSirad gvxvdeba gare xelSeSlebis Zlieri 

gavlena mobiluri kavSiris sistemebSic. 

moviyvanoT ramdenime mniSvnelovani Tviseba, romelic damaxa-

siaTebelia gausis ganawilebis mqone SemTxveviTi sidideebisa-

Tvis [7]: 

davuSvaT, 1 2, , , nX X X  damoukidebeli SemTxveviTi sidideebia, 

romlebsac aqvs gausis ganawileba; maSin 1 2 nY X X X= + + +  si-

didesac eqneba gausis ganawileba. 

Tu sidides 1 2 nY X X X= + + +  aqvs gausis ganawileba da 

1 2, , , nX X X  damoukidebeli SemTxveviTi sidideebia, maSin TiTo-

eul maTgans eqneba gausis ganawileba. 

Tu 1 2, , , nX X X  SemTxveviTi sidideebia, romlebsac aqvs gau-

sis ganawileba da TiToeulis maTematikuri lodinia m , xolo 

dispersia _ 2 , maSin 1 2 nY X X X= + + +  SemTxveviT sidides eq-
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neba gausis ganawileba n m  maTematikuri lodiniT da 2n    dis-

persiiT.  

Tu gvaqvs SemTxveviTi 1 2, , , nX X X  sidideebi m  maTematikuri 

lodiniTa da 2  dispersiiT, maSin, maT saSualo ariTmetikuls 

anu 1 2 nX X X
Y

n

+ + +
=  sidides eqneba gausis ganawileba m  maTe-

matikuri lodiniTa da 2 n  dispersiiT. 

davuSvaT, 1 2, , , nX X X  SemTxveviTi sidideebia, romlebsac 

aqvs gausis ganawileba da TiToeulis maTematikuri lodini 

0m = , xolo dispersia 2 1 = , maSin, mocemul sidideTa kvadra-

tebis jams eqneba 2  ganawileba n  maTematikuri lodiniT [1, 7, 

13]. 

aRsaniSnavia, rom (1.6) gamosaxulebaSi Semavali standartuli 

(saSualo kvadratuli) gadaxra   ganawilebis simkvrivis mas-

Stabis parametria; xolo m  maTematikuri lodini _ misi mdeba-

reobis parametria [7] da, Tu 0m = , maSin 2  warmoadgens gausis 

xelSeSlis saSualo simZlavres [11]. 

unda aRiniSnos, rom SeiZleba arsebobdes iseTi arxebic, sa-

dac mxolod gausis aditiuri xelSeSla moqmedebs. aseT arxebs 

gausis arxebs uwodeben an arxebs, aditiuri TeTri gausis xma-

uriT. 

1.3. fedingiani arxebi. raisis procesi 

wina paragrafSi moyvanil (1.9) gamosaxulebaSi ( )t  asaxavs 

fizikur arxSi signalis amplitudis fluqtuacias da es pro-

cesi literaturaSi fedingis saxelwodebiTaa cnobili [1, 2, 14]. 

tradiciulad, aseTi tipis arxebs fedingian arxebs uwodeben. 
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signali Tu vrceldeba Tavisufal sivrceSi, misi mileva izo-

tropuli antenisaTvis fasdeba simZlavris danakargebis Semdegi 

koeficientiT [2]: 

2
4 d

L




 
=  
 

,    (1.18) 

sadac d  gadamcemidan mimRebamde manZilia, xolo   ki talRis 

sigrZe. idealur arxs es formula kargad aRwers, magram rea-

luri arxebisaTvis gamousadegaria, gansakuTrebiT ki iseTi ga-

remos SemTxvevaSi, romelSic adgili aqvs signalis mravalsxi-

vad gavrcelebas. radiotalRebis gavrcelebis aseTi viTarebis 

magaliTi naCvenebia nax. 1.4-ze. vinaidan, rig mizezTa gamo (maga-

liTad, mimRebis moZraobis Sedegad) calkeuli sxivebis inten-

sivobis cvlilebas SemTxveviTi xasiaTi aqvs, mimRebis Sesas-

vlelze maTi jami gvaZlevs interferenciul signals, romlis 

momvlebi ganicdis SemTxveviT cvlilebas, anu fluqtuacias. 

nax. 1.4-ze Cans, rom gadamcemidan gasxivebuli radiotalRis 

energiis erTi nawili pirdapir aRwevs mimRebamde, xolo sxva 

nawili iq xvdeba arekvlis, difraqciisa da gafantvis Sedegad. 

talRis arekvlas adgili aqvs im SemTxvevaSi, Tu dabrkolebis 

geometriuli zomebi mniSvnelovnad aRemateba gamosxivebis tal-

Ris sigrZes. Tu dabrkolebis zomebi talRis sigrZis Tanazoma-

dia talRebi Semouvlis mas, anu ganicdis difraqcias; xolo Tu 

amrekli sxeulis zedapiri uswormasworoa an misi zomebi tal-

Ris sigrZis rigisaa, an mcirea, maSin adgili aqvs talRis gafan-

tvas [2, 15]. 
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arekvla

gafantva

difraqcia

gadamcemi
(sabazo sadguri)

pirdapiri (regularuli)

mimRebi

 
nax. 1.4. radiotalRebis mravalsxivad gavrcelebis suraTi 

arsebobs arxebi neli da Cqari fedingiT. neli fedingis Sem-

TxvevaSi sT  xangrZlivobis yoveli elementaruli signali gada-

icema misi formis damaxinjebis gareSe [1]. 

im SemTxvevaSi, Tu fedingian arxSi signalis gadacemisas misi 

yvela speqtruli komponenti erTnairad ganicdis fluqtuacias, 

fedings sixSirulad araseleqciuri ewodeba. winaaRmdeg Sem-

TxvevaSi, fedingi sixSirulad seleqciuria [1]. 
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rogorc zemoT aRvniSneT, radiotalRebis mravalsxivad gav-

rcelebis gamo, interferenciuli signalis momvlebi mimRebis 

Sesasvlelze ganicdis SemTxveviT cvlilebas anu fluqtuacias. 

am process ( x -s) vuwodebT raisis process, Tu misi albaTobis 

ganawilebis simkvrive warmodgenilia raisis albaTobis ganawi-

lebis simkvriviT [1, 11, 15]: 

( )
( )2 2

02 2 2
exp , 0, 0

2

x Ax x A
f x I x A

  

 +   = −       
  

,      (1.19) 

romelSic iTvleba, A  miRebis wertilSi signalis pirdapiri 

(regularuli) mdgenelis arafluqtuirebadi amplitudaa; 2  – 

SemTxveviTi mdgenelis dispersiaa; ( )0I   – nulovani rigis be-

selis modificirebuli funqciaa [16]. pirdapiri da SemTxveviTi 

mdgenelebis simZlavreTa Tanafardobas – 
2

22

A
K


=  raisis faq-

tori ewodeba da praqtikul SemTxvevebSi misi mniSvneloba ic-

vleba ( )0 16K = −  diapazonSi [15]. 

raisis albaTobis ganawilebis integraluri funqciisTvis 

gvaqvs [1, 7]: 

( )
( ) ( )

2 2

2

2 2 2 2

2

0 0

2 2
1

! !

c t
x A

c

c t

A x
F x e

c t


 

 +
−   
 

= =

   
   

= −   .        (1.20) 

qvemoT, nax. 1.5-ze da nax. 1.6-ze moyvanilia mrudebi, romlebic 

agebulia (1.19) da (1.20) gamosaxulebebis Sesabamisad, roca   

2 1 = . raisis procesis maTematikuri lodini tolia [7]: 
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nax. 1.5. raisis albaTobis ganawilebis simkvriveebi 

2

2
2 2 2 2

4
0 12 2 2 2

1
2 2 4 2 4

A
A A A A

m I I e 



   

−      
= +  +             

       

,     (1.21) 

sadac ( )1I   aris pirveli rigis beselis modificirebuli fun-

qcia [16]. 

dispersiisaTvis gvaqvs: 

2 2 2 22x A m = + − .         (1.22) 

(1.19)-sa da (1.21)-Si Semavali beselis funqciebis gamosaTvle-

lad SegviZlia visargebloT Semdegi gamosaxulebebiT [16]: 

0 1 2 3 4 5 6 7 8
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

X

f(
x
)

K

K

=0

=1

K=3 =5K =10K K =16
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nax. 1.6. raisis albaTobis ganawilebis integraluri funqciebi 

( )
( )

( )
( )

( )
( )

( )
( )

2 3 4
2 2 2

2

0 2 2 2 2

4 4 44
1

1! 2! 3! 4!

y y yy
I y = + + + + + ,      (1.23) 

( )
( ) ( ) ( )

2 3 4
2 2 2

2

1

4 4 44
1

2 1! 2! 2! 3! 3! 4! 4! 5!

y y yy y
I y

 
 

= + + + + +    
 
 

.    (1.24) 

unda aRiniSnos, rom raisis procesis ganawileba aRwers or-

ganzomilebiani SemTxveviTi veqtoris sigrZes, romlis koordi-

natebi gausis SemTxveviTi sidideebia 2  dispersiiT da, Sesaba-

misad, 1m  da 2m  maTematikuri lodinebiT. am dros  

2 2
1 2A m m= + .    (1.25) 

0 1 2 3 4 5 6 7 8
0

0.1

0.2

0.3

0.4
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0.6
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1

X
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=16K
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Tu davuSvebT, rom 0A = , maSin (1.19) miiRebs saxes: 

( )

2

22
2

, 0

x
x

f x e x



−

=   ,   (1.26) 

romelic warmoadgens albaTobis releis ganawilebis simkvrives 

(ix. gamosaxulebebi (1.15) da (1.16)). 

1.4. nakagamis ganawileba 

nakagamis albaTobis ganawilebis simkvrive tolia [17]: 

( )
( )

22 12
, 0, 0.5

m
m mrm

f r r e r m
m

− −  
=      
  

,   (1.27) 

sadac ( )   aris gama funqcia, romelic tolia [16]: 

( ) 1

0

t mm e t dt


− − =  ;                    (1.28) 

m  parametria, romelic gansazRvravs signalis amplitudis fe-

dingis siRrmes da mas fedingis parametrs uwodeben.   aris 

nakagamis procesis saSualo simZlavre. 

nakagamis ganawilebis funqcia moicema gamosaxulebiT [18]: 

( ) ( )2P ,F r mr m=  ,      (1.29) 

sadac ( )P   arasruli gama funqciaa, romelic tolia [16]: 

( )
( )

2

2 1

0

1
P ,

mr

t mmr m e t dt
m



− − = 
  .         (1.30) 
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nakagamis albaTobis ganawilebis simkvrivisa da funqciis 

mrudebi moyvanilia nax. 1.7-ze da nax. 1.8-ze; isini agebulia (1.27) 

da (1.29) gamosaxulebebis Sesabamisad. 

 
nax. 1.7. nakagamis albaTobis ganawilebis simkvriveebi 

( )F r  funqciis saxe martivdeba m  parametris sxvadasxva mniS-

vnelobebisaTvis, kerZod, rogorc es moyvanilia [19]-Si:  

( ) ( )

( ) ( )

( ) ( ) ( )

2 2

2

2

1.5
2

erf , 0.5,

2 erf , 1.5,

4 6 3 erf

3 , 2.5,

mr mr

mr

mr

F r m r m

F r m r m r e e m

F r mr m r m r e

e m



 





−

−

=   =

 = −  +     =
  

 
= − −  +     

 =
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nax. 1.8. nakagamis albaTobis ganawilebis integraluri funqciebi 

( ) ( ) ( )

( )

( ) ( ) ( )

( ) ( )

2 2

2

2

2.5 1.5
2 2

3.5 2.5
2 2

1.5
2

8 20 30

15 erf 15 , 3.5,

16 56

140 210 105 erf

105 , 4.5,

mr mr

mr

mr

F r mr mr m r

m r e e m

F r mr mr

mr m r m r e

e m

 





−

−


= −  − − 

+     =



= −  −


− −  +    

 =

         (1.31) 

xolo m k=  ( )1,2,k =  SemTxvevaSi konkretuli m -Tvis: 
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( )

( ) ( )

( )

( )

( )

2

2

2

2

2

2 2

2 4 3

2 4 6 4

2 4 6 8 5

1 , 1,

1 1 2 , 2,

9
1 1 3 , 3,

2

32
1 1 4 8 , 4,

3

25 125 625
1 1 5 , 5.

2 6 24

r

r

r

r

r

F r e m

F r r e m

F r r r e m

F r r r r e m

F r r r r r e m

−

−

−

−

−

= − =

= − +  =

 
= − + +  = 

 

 
= − + + +  = 

 

 
= − + + + +  = 

 

     (1.32) 

ganvsazRvroT nakagamis ganawilebis momentebi. zogad Sem-

TxvevaSi, sawyisi n -uri rigis momenti 

( ) ( )n
nm r r f r dr



−

=  ;            (1.33) 

aqedan (1.27)-is gaTvaliswinebiT miviRebT: 

( )
( )

( )

2
2

n

n

m n
m r

m m

 +  
=  

  
,       (1.34) 

saidanac, nakagamis ganawilebis maTematikuri lodini ( )1n =  to-

lia: 

( )
( )

( )1

1 2m
m r

m m

 + 
= 


,      (1.35) 

xolo, roca 2n = , maSin ( )2m r = ; e.i. ( )2m r  warmoadgens naka-

gamis xelSeSlis saSualo simZlavres da rogorc zemoT aRvniS-

navdiT,   (1.27)-Si nakagamis xelSeSlis saSualo simZlavrea. 

n -uri rigis centraluri momenti 

( ) ( ) ( )1

n

nM r r m r f r dr



−

 = −  .        (1.36) 
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(1.27)-isa da (1.35)-is gaTvaliswinebiT (1.36)-dan miviRebT cen-

traluri momentebisaTvis konkretul gamosaxulebebs. 

meore rigis centraluri momenti – nakagamis xelSeSlis dis-

persia (sididis gadaxra misi saSualo mniSvnelobidan) tolia: 

( )
( )

( )

2

2 2

1 2
1

m
M r

m m

  +
=  − 

  

.         (1.37) 

mesame rigis centraluri momenti 

( )
( )

( )

( )

( )

23

3 3 2

1 2 1 2
2 1 4

m m
M r m

mm m

  +  +
=   − + 

   

.         (1.38) 

meoTxe rigis centraluri momenti 

 

( )
( )

( )

( )

( )

2 42

4 2 4

1 2 1 21 3
2 1 1

m m
M r m

m m mm m

  +  +  
=  −  −  + +  

    

.     (1.39) 

sawyisi da centraluri momentebi erTmaneTs ukavSirdeba Sem-

degi gamosaxulebebiT [18] 

( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( )

2
2 2 1

3
3 3 1 2 1

2 4
4 4 1 3 2 1 1

,

3 2 ,

4 6 3 .

M r m r m r

M r m r m r m r m r

M r m r m r m r m r m r m r

= −

= −  +

= −  +  −

       (1.40) 

fluqtuaciis xarisxi SeiZleba SevafasoT xelSeSlis saSua-

lo simZlavriTa ( )  da simZlavris dispersiis ( )2M   meSveo-

biT. imisaTvis, rom miviRoT Sesabamisi milevis maxasiaTebeli, 

ganvixiloT ( )2
2M   fardoba da miviCnioT igi, rogorc fluq-

tuaciis siRrmis Sefasebad. advilad vaCvenebT, rom nakagamis 

SemTxveviTi sididisaTvis 
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( ) ( ) ( ) ( ) ( )
22

2 2
2 4 2M r f r dr m r m r

m



−


 = − = − = ,   (1.41) 

maSin, cxadia, rom ( )2
2M m  = . 

zogad SemTxvevaSi, ganawilebis entropias eqneba Semdegi saxe 

[18]: 

( ) ( )lnH r f r dr



−

 =   .      (1.42) 

Tu mocemul gamosaxulebaSi CavsvamT (1.27)_s, maSin miviRebT: 

( )
( )

( )
2 1

ln
2 2

m m
H m m m

m


   −
= +  −  

  
,      (1.43) 

sadac ( )   aris fsi anu digama funqcia, romelic gamoiTvleba 

gamosaxulebidan [16]: 

( )
( )lnd m

m
dm


  

= .           (1.44) 

Tu 1=  da m→ , maSin ( )1 1m r → , ( )2 0m r → . es Tviseba uSu-

alod gamomdinareobs qvemoT moyvanili gamosaxulebebidan [19]: 

( )

( )

( )

( )2

1 2
lim 1,

1 2
lim 1 0.

m

m

m

m m

m

m m

→

→

 +
=



  +
− = 

  

      (1.45) 

aseve sainteresoa, miviRoT gamosaxuleba nakagamis ganawile-

bis mqone SemTxveviTi sididis maxasiaTebeli funqciisa, romlis 

zogadi saxea: 
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( ) ( ) , 1itrg t e f r dr i



−

= = − ,        (1.46) 

Tu masSi SevitanT (1.27) gamosaxulebas da gaviTvaliswinebT, 

rom:  

( )( )
2

2
1

2

0

2 exp
8 2

a
a px qx

a

q q
x e dx a p D

p p


−− − −

−

  
 =           

 ,       (1.47) 

miviRebT [19]: 

( )
( )

( )

2

21

2
exp

8 22
mm

m t
g t D i t

m mm
−−

     
= −  −           

,  (1.48) 

sadac ( )2mD−   aris uitekeris paraboluri cilindris funqcia 

[16]. Tu SemovitanT 2 1 2m a= − −  aRniSvnas, SeiZleba davweroT 

[19]: 

( )
( )

( )

2

1

2 1
exp 2 ,

8 2 22m

m r
g t U m i t

m mm−

     
=  −  − −           

,       (1.49) 

sadac ( )U   aris veberis paraboluri cilindris funqcia [16]. 

nakagamis ganawilebas aqvs ramdenime mniSvnelovani Tviseba, 

kerZod [20]: 

1. Tu 0.5m = , maSin (1.27)-dan vRebulobT gausis calmxrivi 

ganawilebis simkvrives: 

( )
22

exp
22

r
f r



 
=  −    

.           (1.50) 

2. Tu 1m = , (1.27)-dan miviRebT albaTobis simkvrivis releis 

ganawilebas: 
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( )
22

exp
r r

f r
 

=  −    
.          (1.51) 

3. Tu nakagamis ganawilebaSi 3 2m =  da 23a = , maSin nakaga-

mis ganawileba emTxveva maqsvelis ganawilebas: 

( )
( )2 22
2

3

2
, 0

2

r ar
f r e r

a 

−
=   .       (1.52) 

4. Tu nakagamis ganawilebaSi 2m n=  da 2na = , maSin nakaga-

mis ganawileba emTxveva n  ganzomilebiani SemTxveviTi veq-

toris modulis ganawilebas: 

( )
( )

( )2 221

2 1

1
, 0

2 2

r an

n n
f r r e r

a n

−−

−
=   

 
.     (1.53) 

5. Tu 1m   nakagamis ganawileba gvaZlevs raisis ganawilebis 

karg aproqsimacias SemTxvevisaTvis 

( )
2

1

2 1

K
m

K

+
=

+
,        (1.54) 

sadac K  raisis faqtoria. 

6. didi m -Tvis da ( ) ( )
0.5 0.5

e r e     (sadac e aris neperis 

ricxvi) logariTmul-normaluri ganawilebis aproqsimacia 

SeiZleba (1.27)-iT. 

zemoT CamoTvlili iZleva imis damatebiT motivacias, rom 

signalebis gadacema fedingian arxebSi Seswavlili iqnas naka-

gamis ganawilebis SemTxvevisaTvis. 

usadeno kavSiris sistemebSi, praqtikulad, ganixileba Sem-

Txvevebi, roca 15m  , maTgan yvelaze xSirad 1m = . 
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nakagamis ganawileba warmoadgens zogad ganawilebas bevri 

iseTi modelisaTvis, romlebiTac aRiwereba fedingis procesi. 

aq aucilebelia gamovyoT sami zogadi SemTxveva: 

1. 1m   (hoitis ganawilebis aproqsimacia), kargi modelia ar-

xebisaTvis da SeiZleba gamoyenebuli iqnas fiWur mobilur 

sistemebSi an satelitur arxebSi. 

2. 1m =  (releis ganawileba), kargad aRwers usadeno kavSiris 

urbanul zonebs. 

3. 1m   (raisis ganawilebis aproqsimacia), kargad aRwers 

usadeno kavSiris suburbanul, qalaqis sagareubno zonebs. 

1.5. SemTxveviTi sidideebis generacia nakagamis 

ganawilebiT 

mocemuli ganawilebis mqone SemTxveviTi sidideebis (ricxve-

bis) generacia, sazogadod, sakmaod aqtualuri amocanaa. Tu mo-

cemuli gvaqvs r  SemTxveviTi sididis ( )F r  ganawilebis funqcia, 

maSin ( )1r F u−= , sadac ( )1F−   aris ( )F   funqciis Seqceuli 

funqcia, xolo u  Tanabari ganawilebis mqone SemTxveviTi sidi-

dea (ricxvia) [21]. vinaidan, xSir SemTxvevaSi ( )1F−  -is gamoTvla 

problemuria, SemTxveviTi ricxvebis generaciis efeqturi algo-

riTmis damuSaveba seriozuli amocana gaxlavT. mocemul parag-

rafSi, Cven gadavwyvetT am sakiTxs nakagamis ganawilebisaTvis 

[22]. 

(1.29)-dan nakagamis ganawilebis funqcia 

( ) ( )
( )

( )

2

2
,

P , 1
m mr

F r mr m
m

 
=  = −


,                 (1.55) 
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sadac 

( )
2

2 1, t m

mr

m mr e t dt


− −



  =  .               (1.56) 

Tu SemovitanT aRniSvnas 2a mr=  , (1.55) Semdegnairad garda-

iqmneba: 

( )
( ) ( )

( ) ( )

( )

1 1
2

0

1 1 1

0

,
t m t m

a

a
t m t m t m

a a

e t dt e t dt
m m mr

F r
m m

e t dt e t dt e t dt

m

 
− − − −

 
− − − − − −

 − 
 − 

= =
 

 +  − 

=


 

  

 

( )
( )1

0

1
a

t me t dt F a
m

− −=  =
  ,              (1.57) 

aq ( )F a  aris m  rigis gama ganawilebis funqcia ( 0m  , )0a  . 

vinaidan 2a mr=  , Sesabamisad, ( ) ( )2F r F mr=   da gamodis, 

rom nakagamis ganawilebis funqcia, r  argumentiT, tolia gama 

ganawilebis funqciisa 2mr   argumentiT. am TvalsazrisiT, na-

kagamis ganawileba aris modificirebuli gama ganawileba. gama 

ganawilebis mqone SemTxveviTi ricxvebis generaciis algoriTmi 

cnobilia [21]. maSin vaxdenT ra gama ganawilebis generacias, 

formulidan r a m=  , miviRebT nakagamis r  ricxvebs mocemu-

li m -iT da  -iT. movaxdinoT Sesabamisi algoriTmebis aRwera: 

a l g o r i T m i  1 .  0.5 1m  . 

1. ( )p e m e + , sadac e  neperis ricxvia. 
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2. movaxdinoT ori damoukidebeli, Tanabari ganawilebis mqo-

ne, U  da V  ricxvis ( )0V   generacia. 

3. Tu U p , maSin 1 mR V  da Rq e− ; 

Tu U p , maSin 1 lnR V − da 1mq R − . 

4. movaxdinoT axali, Tanabari ganawilebis mqone, U  ricxvis 

generacia. 

5. Tu U q  gadavideT nabij 2-ze, winaaRmdeg SemTxvevaSi 

a R  da r a m  . 

a l g o r i T m i  2. 1m = . 

1. movaxdinoT Tanabari ganawilebis mqone U  ricxvis genera-

cia.  

2. lna U−  da r a − . 

a l g o r i T m i  3. 1m  . 

1. movaxdinoT Tanabari ganawilebis mqone U  ricxvis genera-

cia.  

2. ( )tgY U   da 2 1 1R m Y m −  + − . 

3. Tu 0R   gadavideT 1-ze. 

4. movaxdinoT Tanabari ganawilebis mqone V  ricxvis genera-

cia.  

5. Tu ( ) ( ) ( )21 exp 1 ln 1 2 1V Y m R m m Y  +  − − − −      gadavideT   

1-ze, winaaRmdeg SemTxvevaSi a R , r a m  . 

qvemoT, nax. 1.9-ze, moyvanilia nakagamis ganawilebis simkvrivis 

mrudebi, romlebic miRebulia modelirebiT, zemoT warmodgeni-
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li algoriTmebis gamoyenebiT da (1.27) formuliT, gamoTvliT. 

nax. 1.9-dan naTlad Cans maTi kargi Tanxvedra. 

 
nax. 1.9. nakagamis ganawilebis simkvrivis mrudebi, modelirebiT da 

formuliT 

pirveli Tavis ZiriTadi Sedegebi 

moyvanilia kavSiris arxebi da maT mier warmoqmnili proble-

mebi. warmodgenilia arxis modeli, romelic naSromSi gamoyene-

buli iqneba kvlevebis procesSi. aRwerilia gausis arxi, moyva-

nilia misi parametrebi. CamoTvlilia gausis xmauris warmo-

Sobis wyaroebi. ganxilulia nakagamis fedingiani arxebi da naC-

venebia, rom es aris sakmaod zogadi modeli, romelic adeqva-

turad aRwers usadeno arxebs. moyvanilia aseTi arxebis para-
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metrebi, maxasiaTeblebi da Tvisebebi. warmodgenilia ramdenime 

axali Sedegi, kerZod: 

• miRebulia nakagamis ganawilebis funqciis gamartivebuli 

gamosaxulebebi fedingis parametrebis erTi klasisaTvis. 

• miRebulia nakagamis ganawilebis maxasiaTebeli funqciis 

gamosaxulebebi. 

• warmodgenilia nakagamis ganawilebis mqone SemTxveviTi 

ricxvebis generirebis algoriTmebi. 
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Tavi 2. cifrulad modulirebuli 

signalebi 

2.1. signalTa aRwera, maTi parametrebi da 

maxasiaTeblebi 

qvemoT moyvanili iqneba ramdenime fundamenturi ganmarteba, 

romlebsac aqvT garkveuli mniSvneloba, gansakuTrebiT im Sem-

TxvevaSi, roca pirvelad vexebiT modulirebul signalebs an, 

sazogadod, signalebs, kerZod: 

i n f o r m a c i a  aris, raime obieqtis an movlenis Sesaxeb 

cnobebis erToblioba. 

S e t y o b i n e b a  aris, informaciis Semcvel garkveul ni-

SanTa erToblioba anu garkveuli niSnebis meSveobiT warmodge-

nili informacia. 

s i g n a l i  aris, fizikuri procesi, romelic asaxavs Setyo-

binebas; e.i. signali aris Setyobinebis fizikuri matarebeli. igi 

warmoadgens Setyobinebis Sesabamisad droSi cvlad romeliRac 

fizikur sidides (Zabvas, dens, velis daZabulobas da a.S.) da 

amitom, is SeiZleba gamoisaxos drois raime funqciiT. 

nax. 2.1(a)-ze naCvenebia cvladi ZabviT warmodgenili sinu-

soiduri signali da misi parametrebi, sadac U  aris signalis 

amplituda, T  signalis ganmeorebis periodia, xolo 01 T f=   

aris signalis sixSire. es signali SeiZleba Caiweros Semdegi 

gamosaxulebis saxiT: 

( ) ( )cosu t U t =   ,           (2.1) 
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u(t)

t

amplituda

0

ganmeorebis periodi

( =sawyisi faza 0)

0

(U) (2U)gaqaneba

t
t1

2

 T

signalis

dasawyisi

signalis

dasasruli
.

signalis xangrZlivoba

 ( T  = t   - t  ) 2  1

0
       Ф ( t )

(a) (b)

.

s

φ

 

nax. 2.1. cvladi ZabviT warmodgenili signali 

sadac ( )t  aris signalis faza. 

umartives SemTxvevaSi, signalis faza SeiZleba icvlebodes 

wrfivi kanoniT, magaliTad ase: 

( ) 0 0t t  = + ,               (2.2) 

sadac 0  signalis sawyisi fazaa, anu faza drois 1t t=  momentSi. 

Tu (2.2) gamosaxulebas SevitanT (2.1)-Si gveqneba 

( ) ( )0 0cosu t U t = + .        (2.3) 

cxadia, rom mocemuli signali warmoadgens periodul (har-

moniul) rxevas, romlis mniSvnelobebi meordeba yoveli T  pe-

riodis (drois) Semdeg da es periodi dakavSirebulia signalis 

fazis cvlilebis siCqaresTan, kerZod, erT T  periodSi signa-

lis faza ( )t  icvleba sididiT 0 2T =  (nax. 2.1(b)), saidanac 

0 02 2T f  = =      (2.4) 
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da mas uwodeben signalis kuTxur sixSires. 

Tu ( )u t -s warmovadgenT zogadi ( )s t  signalis saxiT, romel-

sac aqvs 2 sU P=  amplituda, maSin (2.3) gadaiwereba Semdegnai-

rad: 

( ) ( )0 02 cos 2ss t P f t = + .             (2.5) 

imis gaTvaliswinebiT, rom signalis simZlavre s s sP E T=  ( sE

aris elementaruli, sT  xangrZlivobis, signalis energia), (2.5) 

miiRebs saxes: 

( ) ( )0 0

2
cos 2s

s

E
s t f t

T
 = + .   (2.6) 

Tanamedrove usadeno kavSiris sistemebSi, ZiriTadad, infor-

maciis gadasacemad swored aseTi tipis signalebs iyeneben, pir-

vel rigSi maTi saukeTeso speqtruli maxasiaTeblebis (viwro-

zolovnebis) gamo. 

elementaruli, anu drois 2 1sT t t= −  intervalSi arsebuli, 

signalis energia 

( ) ( )
2

1

2 2

0

sTt

s

t

E s t dt s t dt= =  .        (2.7) 

amave intervalSi signalis saSualo simZlavre, anu elementa-

ruli signalis simZlavre 

( ) ( ) ( )
2

1

2 2
2 1

0

sTt

s s

t

P s t dt t t s t dt T
   
   = − =
   

  
  ;        (2.8) 

xolo signalis simZlavre drois nebismier, konkretul anu myi-

sier, t  momentisTvis 
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( ) ( )2
iP t s t= .                (2.9) 

gamosaxuleba (2.6)-iT Caweril signalis Sesaxeb vambobT, rom 

signali warmodgenilia trigonometriul formaSi, Tumca, is Se-

iZleba CavweroT kompleqsur formaSic: 

( ) ( ) ( ) ( )2 2 cos 2 sin , 1
i t

s s st P e P t i P t i


=  =  +  = −s ,      (2.10) 

saidanac 

( ) ( )Res t t =  s .   (2.11) 

2.2. modulirebuli signalebi 

davuSvaT Setyobineba, romelic Seicavs garkveul infor-

macias, warmodgenilia M -obiTi cifruli 1 2, ,v v  simboloebiT 

( ) ( )0,1, , 1iv M −  (maT SemdgomSi sainformacio simboloebs vu-

wodebT) da dgas maTi gadacemis amocana. es SeiZleba ganvaxor-

cieloT harmoniuli ( )s t  signalis gamoyenebiT, Tu am signalis 

erT-erT parametrs (amplituda, sixSire, faza) droSi SevcvliT 

gadasacemi sainformacio simboloebis cvlilebaTa Sesabamisad. 

am process ewodeba modulaciis procesi da imis mixedviT, Tu 

signalis romeli parametri icvleba, gvaqvs Sesabamisi tipis mo-

dulacia. magaliTad, warmodgenil signalTagan: 

( ) ( ) ( )

( ) ( )

( ) ( )( )

0 0

0

0

2 cos

2 cos

2 cos

s s

s s i

s s

s t E t T t

s t E T t

s t E T t t

 

 

 

= +



= + 


= + 


   (2.12) 

pirveli signalia amplituduri modulaciiT (Amplitude shift keying 

– ASK), meore – sixSiruli modulaciiT (Frequency shift keying – FSK), 
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xolo mesame – fazuri modulaciiT (Phase shift keying – PSK); Tumca, 

modulacia SeiZleba ganxorcieldes signalis ramdenime para-

metris erTdroulad cvlilebiTac; magaliTad,  

( ) ( ) ( )( )02 coss ss t E t T t t = +               (2.13) 

aris signali amplitudur-fazuri modulaciiT (Amplitude-phase 

shift keying – APSK) (xSirad CamoTvlili cifruli modulaciebi ma-

nipulaciebadac moixsenieba). 

garda signalis, zemoT moyvanil, trigonometriul da kom-

pleqsur formaSi warmodgenisa, SeiZleba isini warmovadginoT 

veqtoruladac. kerZoT, Tu s  signals ganvixilavT, rogorc veq-

tors, mocemuls N  ganzomilebian orTonormirebul bazisSi, 

SegviZlia davweroT [1, 2-5]: 

( ) ( ) ( ) ( )1 1 2 2

1

N

N N k k

k

c t c t c t c t   
=

= + + + =s ,          (2.14) 

sadac 1 2, , , Nc c c  signalis koordinatebia; ( ) ( ) ( )1 2, , , Nt t t    

aris sabaziso veqtorebi, xolo N  sivrcis ganzomilebaa. am 

midgomiT, SegviZlia vimsjeloT N  ganzomilebian ( N  dimensional 

– ND) modulirebul signalebze da SemdgomSi ganvixilavT praq-

tikulad iseT saintereso SemTxvevebs, roca 1N  .  

modulirebul signalTa efeqturobis Sesafaseblad gamoiye-

neba oTxi ZiriTadi maxasiaTebeli:  

s i g n a l T a  s p e q t r u l i  e f e q t u r o b a  – ES R B=

biti/wm/hc [2, 3, 6, 7], sadac R  informaciis gadacemis siCqarea 

(biti/wm), xolo B  aris signalis sixSiruli zolis sigane (hc) 

(Sesabamisi normirebebiT); magram radgan signalis sixSiruli 

zolis gansazRvris mraval interpretaciasTan gvaqvs saqme [1], 

xSirad ufro mosaxerxebelia, miaxloebiT erTnairi speqtris 
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siganis mqone M -obiTi signalis gadacemis SemTxvevaSi, speq-

truli efeqturobis Sesafaseblad gamoviyenoT gamosaxuleba  

( )2logES M=               (2.15) 

erTeuliT biti/wm/hc an biti gamoyenebul arxze (bit per channel use 

– bpcu).  

s i g n a l T a  x e l S e S l a - m d g r a d o b a , romelic gani-

sazRvreba M -obiTi gadacemuli sainformacio simbolos Sec-

domiT miRebis xarisxiT (Symbol error rate – SER).  

s i g n a l i s  s i x S i r u l i  s p e q t r i s  z o l i s  s i -

g a n e  d a  s i g n a l i s  g a d a m c e m i s a  d a  m i m R e b i s  

r e a l i z a c i i s  s i r T u l e .   

signalTa sixSiruli speqtris zolis siganis ( )B  gansaz-

Rvra-Sefasebis ramdenime varianti arsebobs [1, 5]. Cven amas gan-

vaxorcielebT im sixSiruli zolis mixedviT, romelSic Tavmoy-

rilia signalis sruli simZlavris garkveuli procentuli na-

wili, kerZod, 90%  da 99%  (ganixileba 50 , 95 , 99.9 , 99.99  da 

99.999  procentiani zolebic).  

bolo maxasiaTebeli teqnikuria, mas ZiriTadad gansazRvravs 

mimdinare teqnologiuri ganviTareba, amitom Cven, prioritetu-

lad yuradRebas gavamaxvilebT pirvel sam maxasiaTebelze. 

cnobilia [1-4], rom gausis arxisTvis miiRweva potenciuri 

(maqsimaluri) xelSeSla-mdgradoba, Tu signalTa demodulacias 

(deteqtirebas) movaxdenT evklides sivrceSi maqsimaluri dama-

jereblobis (Maximum-likelihood – ML) principiT; am dros, Sefase-

ba, v  sainformacio simbolos Sesabamisi, s  gadmocemuli signa-

lis Sesaxeb: 

( )  2ˆ arg min , , 1,2, ,d M


 = 
 

s z s ,         (2.16) 
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romelSic ( )2 ,d z s  evkliduri manZilis kvadratia z -sa da      

s -s Soris, z  aris gadmocemuli s  signalisa da gausis n  

xelSeSlis jami deteqtoris Sesasvlelze ( )= +z s n . 

zogadad, Tu signalebi warmodgenili arian droiTi funqci-

ebis saxiT, maSin, evkliduri manZilis kvadratis mniSvneloba 

or elementarul ( )is t  da ( )js t  signals Soris [2, 6, 7]: 

( ) ( )( ) ( ) ( )
22

0

,
sT

i j i jd s t s t s t s t dt = −  ;             (2.17) 

xolo Tu signalebi warmodgenili arian veqtorebis saxiT, maSin 

( ) ( )
22

1

,
N

i j ki kj

k

d s s c c
=

= − .    (2.18) 

aq 1 2, , ,i i Nic c c  aris is  signalis koordinatebi, xolo 

1 2, , ,j j Njc c c  ki – js -isa.  

signalebis gausis arxiT gadacemisas SER  SeiZleba Sefasdes 

zemodan, Tu gamoviyenebT aditiur (gaerTianebul) sazRvars 

1

1 1

SER
M M

U ij

i j
i j

P M
−

= =


 
 

  
 
 

 ,                (2.19) 

sadac ijP  aris gadmocemuli is  signalis nacvlad js  signalis 

identifikaciis albaToba (Secdomis albaToba). TiToeuli      

ijP -Tvis:  

( )( )1 erf 0.5 , SNRij i jP d s s= −   ,               (2.20) 
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sadac SNR signal-xelSeSlis Tanafardobaa (Signal to noise ratio – 

SNR) gausis arxSi. is SemdgomSi decibelebSi (dB) iqneba war-

modgenili.  

Tu gamoviyenebT (2.20) gamosaxulebas, SER  SeiZleba qvemoda-

nac Sefasdes Semdegnairad: 

( )minSER 1 erf 0.5 SNRL d M  −  
 

,                 (2.21) 

romelSic mind  konstelaciis evkliduri manZilis minimaluri 

mniSvnelobaa. aucilebelia aRiniSnos, rom (2.21) gamosaxulebiT 

Sefasebuli SERL  SeiZleba ar iyos kompaqturi SERU -Tan Seda-

rebiT, romelic gansakuTrebiT kompaqturia, roca 4SER 10− . 

rac Seexeba mind -s an 2
mind -s, is warmoadgens konstelaciis 

umniSvnelovanes parametrs; swored mis mixedviT xdeba sxvada-

sxva signalTa sistemebis erTmaneTTan Sedareba da 2
minmax d 

   

kriteriumiT, pirveli miaxloebiT, potenciurad ukeTesi xel-

SeSla-mdgradobis mqone konstelaciis amorCeva. zogadad,  

( )2 2
min

1, ,
1, ,

min ,i j
i M
j M

i j

d d s s
=
=


 =
  .        (2.22) 

sabolood, ufro zustad, sistemis xelSeSla-mdgradoba Se-

iZleba SefasdesG signalis manZilTa speqtris gamoyenebiT, ro-

melic warmoadgens ( ),i jd s s  ( )i j  evklidur manZilTa erTobli-

obas.   
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2.3. organzomilebiani modulirebuli signalebi 

SegviZlia vaCvenoT, rom  

( )1 02 cosst T t =  da ( )2 02 sinst T t = −  

funqciebi 0, sT   intervalSi qmnian orTonormirebul baziss 

2D  evklides sivrceSi, roca 0 1sT .  

gardavqmnaT (2.6) gamosaxuleba da warmovadginoT is Semdegi 

saxiT: 

( ) 0 0 0 0cos 2 cos sin 2 sins s s ss t E T t E T t      = + −
    ;       (2.23) 

aqedan, Tu ( )s t -s CavwerT s  veqtoris saxiT, gveqneba: 

( ) ( )0 1 0 2cos sins sE t E t   =  + s ,           (2.24) 

romelSic signalis koordinatebia: 1 0cossc E = , 2 0sinsc E = . 

m a g a l i T i  2 . 1 .  davuSvaT, gvaqvs MPSK  signalTa ansambli 

4M =  signaliT (e.i. gvaqvs 4PSK ): 

( ) ( )
( ) ( )
( ) ( )
( ) ( )

1 0

2 0

3 0

4 0

2 cos 45

2 cos 135

2 cos 225

2 cos 315

s s

s s

s s

s s

s t E T t

s t E T t

s t E T t

s t E T t









= +



= + 


= + 

= +


;              (2.25) 

Tu am signalebs warmovadgenT veqtorebis saxiT, zemoT aRweril 

bazisSi, maSin maT fazur diagramas eqneba nax. 2.2(a)-ze moyvanili 

saxe, sadac sasignalo veqtorTa norma tolia i ss E= , 

 1,2,3,4i . am dros, Tu (2.25)-iT warmodgenil signalebs 
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CavwerT, rogorc veqtors, maTi konkretuli koordinatebiT, 

gveqneba:  

(b)

0

(a)

.

. .

.

s2

2/

 

   sin ω0 t

   cos ω0 t2

 

s3

s1

s4

s2

s3 s4

s1

 T

  /T

 s

   s

 
nax. 2.2. signalTa veqtoruli warmodgena da Sesabamisi signalTa 

konstelacia (Tanavarskvlavedi) 

( )

( )

( )

( )

1

2

3

4

0.707,0.707

0.707,0.707

0.707, 0.707

0.707, 0.707

s

s

s

s

s E

s E

s E

s E

=

= − 


= − − 


= − 

.           (2.26) 

vizualizaciisaTvis xSirad, veqtorebis nacvlad, signalTa 

ansambls warmoadgenen veqtorTa boloebze ganTavsebuli wer-

tilebiT (nax. 2.2(b)) da maT erTobliobas signalTa konstelaci-

asac (Tanavarskvlavedsac) uwodeben.    

g a n v i x i l o T  2D MPSK  s i g n a l e b i :  vTvliT, rom yve-

la mezobel veqtors Soris kuTxeebi erTnairia, e.i. konstela-

ciaSi sasignalo wertilebis ganawileba Tanabaria. aseT Sem-

TxvevaSi, konstelaciisTvis evkliduri manZilis kvadratis mini-

maluri mniSvneloba SeiZleba gamoiTvalos gamosaxulebidan: 

( )( )2
min 2 1 cos 2sd E M= − .          (2.27) 
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MPSK  signalTa sixSiruli speqtris zolis siganeebisaTvis 

gvaqvs: 90% 0.8485B =  da 99% 10.2858B = .  

MPSK  signalebis SER  maxasiaTeblebi gausis arxisaTvis moy-

vanilia nax. 2.3-ze. isini miRebulia modelirebis gziT, romlis 

drosac SNR -is yoveli mniSvnelobisაTvis gadaicemoda 

50 000 000  M -obiTi sainformacio simbolo. 

 

nax. 2.3. 2D  M -obiTi ( )2, ,16M =  PSK  signalebis SER  

maxasiaTeblebi gausis arxSi 
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nax. 2.4-ze moyvanilia maxasiaTeblebi 11PSK  signalisaTvis, sa-

dac SER -is zeda ( )SERU  da qveda ( )SERL  sazRvrebi gamoTvli-

li ariს, Sesabamisad, (2.19) da (2.21) analizuri gamosaxulebebiT. 

maT Soris mdebare mrudi, miRebulia modelirebiT, analogi-

urad nax. 2.3-ze warmodgenili Sedegebisa. nax. 2.4-dan Cans, rom 

SER -is zeda sazRvari gacilebiT kompaqturia, vidre qveda saz-

Rvari; aseTi Sedegis arseboba, zogadad, zemoTac iyo navara-

udebi. 

 
nax. 2.4. SER , zeda sazRvari (Upper bound), modelirebiT miRebuli 

(Simulation)  da qveda sazRvari (Lower bound), 2D 11PSK signalisaTvis 

gausis arxSi 
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g a n v i x i l o T  2D APSK  s i g n a l e b i :  2D  signalTa 

mravali APSK  konstelacia moyvanilia [8-10]-Si, sadac warmod-

genilia maTi parametrebi da maxasiaTeblebi, aseve formirebisa 

da demodulaciis sqemebi. esenia MAPSK  signalTa konstelaci-

ebi zomiT 4M  .  

Cvens mier qvemoT ganxiluli iqneba konkretuli konfigura-

ciis MAPSK  konstelaciebi signalTa energiis mxolod ori 

mniSvnelobiT; kerZod, SemTxvevebi, roca konstelaciaSi grZel 

sasignalo veqtors Seesabameba signali energiiT HE , xolo mok-

le veqtors – LE  (e.i. H LE E ) [11]. Tu konstelaciaSi signalis 

saSualo energias aviRebT 1aE =  da CavTvliT, rom luwi M -is 

SemTxvevaSi HE  da LE  energiis mqone signalebis raodenoba 

erTnairia ( 2M  da 2M ), xolo kenti M -is SemTxvevaSi HE

energiis mqone signalebis raodenoba tolia ( )1 2M +   da LE  

energiis mqone signalebis raodenoba tolia ( )1 2 1M + − , SegviZ-

lia davweroT:   

2,

1 1
2,

H L

H L

E E M

M M
E E M

M M

+ =

 + −

 +  =


luwia,

kentia,
      (2.28) 

vTvliT, rom konstelaciis pirveli signali ( )1s , yovelTvis 

grZeli veqtoria nulovani sawyisi faziT ( )1 0 =  da misi kon-

figuracia iseTia, rom TiToeuli mokle sasignalo veqtori mo-

Tavsebulia grZel veqtorebs Soris, ra drosac, yovel grZel 

da mokle veqtors Soris, kuTxe yovelTvis aris  , romelic 

tolia: 
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2
,

,
1

M

M
M

M
M







= 

 −

luwia,

kentia.

         (2.29) 

evkliduri manZilis kvadratis minimaluri mniSvnelobebia: 

- uaxloes grZel da mokle veqtorebis Sesabamis signalebs 

Soris  

2
, 2 cosH L H L H Ld E E E E = + −   ;      (2.30) 

- uaxloesi mokle veqtorebis Sesabamis signalebs Soris 

( )2 2 1 cos2L Ld E = − ;        (2.31) 

- Tu M  kentia, uaxloes grZel veqtorTa Sesabamis signa-

lebs Soris 

( ) ( )( )2 2 1 cos 2 1 cos 1H H M Hd E E M = − = − −   .   (2.32) 

Tu Tanafardoba signalTa HE  da LE  energiebs Soris aris  

H Lk E E= ,         (2.33) 

maSin, (2.28)-dan gveqneba  

2
,

1

1 1
2 ,

L

H

E M
k

M M
E k M

M M


= +


+ −  =  +   

luwia,

kentia.

    (2.34) 

konstelaciaTa magaliTebi, roca 8M =  da 7M = , moyvanili 

aris, Sesabamisad, nax. 2.5(a)-sa da nax. 2.5(b)-ze.  

CamovayaliboT konstelaciaTa agebis procedurebi:  
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M  l u w i a .  davuSvaT, rom 2 2
,H L Ld d= ; maSin, Tu visargeblebT 

(2.30) gamosaxulebiT, k -s mniSvneloba SegviZlia gamovTvaloT 

gantolebidan: 

( )2 cos 1 2cos2 0k k  −  − − = ,             (2.35) 

xolo Semdgom, 1k   mniSvnelobisaTvis, (2.33) da (2.34) gamosaxu-

lebebis gamoyenebiT ganvsazRvravT signalTa energiebs. 

konstelaciis minimaluri evkliduri manZilis kvadratis 

mniSvneloba  

( )2
min 2 1 cos2Ld E = − ;      (2.36) 

d
2

 H,Ld
2
L

s

s

s

ss

s

s

s

1

2

3

4

56

7 8

dH

2

(b)(a)

d
2

  H,L

d
2
L

s

s

s

s

s

s

s

1

2

3

4

5

6

7

 

nax. 2.5. rvaobiTi (a) da SvidobiTi (b) APSK  konstelaciebi  

M  k e n t i a .  davuSvaT, rom 2 2 2
,H H L Ld d d= = , maSin Tu visar-

geblebT (2.30)-(2.33) gamosaxulebebiT, kenti M -is Sesabamisi      

 -is mniSvnelobebi SegviZlia gamovTvaloT gantolebidan:     

( ) ( )
( )

1 cos 2 1 cos 2
2cos 1 2cos 2 0

1 cos 1 1 cos 1M M

 
 

 

− −
−  − − =

   − − − −   

.     (2.37) 
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konstelaciis konfiguraciis gaTvaliswinebiT mocemuli gan-

tolebis namdvili amonaxsnebidan virCevT  -is iseT mniSvnelo-

bas, romelic akmayofilebs pirobas: ( ) ( )2 1 2 1M M  +   −  da 

Semdgom, (2.33)-(2.36) gamosaxulebebis Sesabamisad, gamovTvliT 

konstelaciis sxva parametrebsac. 

aRwerili wesiT agebul konstelaciaTa parametrebi moyvani-

lia cxril 2.1-Si da Tu maTi mixedviT vimsjelebT, 4M   Sem-

TxvevebSi upiratesoba unda mieniWos agebul APSK  signalebs 

cnobil PSK  signalebTan SedarebiT.  

cxrili 2.1. APSK  konstelaciaTa parametrebi 

M  4 5 6 7 8 9 10 11 12 13 14 15 16 

HE  

1
.5

 

1
.4

1
4
1
 

1
.6

 

1
.4

6
9
3
 

1
.5

7
7
4
 

1
.4

6
7
6
 

1
.5

3
9
0
 

1
.4

4
9
4
 

1
.5

 

1
.4

2
6
2
 

1
.4

6
3
9
 

1
.4

0
2
2
 

1
.4

3
1
4
 

LE  

0
.5

 

0
.3

7
8
9
 

0
.4

 

0
.3

7
4
3
 

0
.4

2
2
7
 

0
.4

1
5
5
 

0
.4

6
1
0
 

0
.4

6
0
8
 

0
.5

 

0
.5

0
2
8
 

0
.5

3
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1
 

0
.5

4
0
4
 

0
.5

6
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6
 

  9
0
 

7
5
 

6
0
 

5
2
.1

7
 

4
5
 

4
0
 

3
6
 

3
2
.4

7
 

3
0
 

2
7
.3

6
 

2
5
.7

1
 

2
3
.6

5
 

2
2
.5

 
2
min

APSK

d
 

2
.0

0
0
0
 

1
.4

1
4
1
 

1
.2

0
0
0
 

0
.9

3
3
9
 

0
.8

4
5
3
 

0
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8
6
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0
.6

3
7
1
 

0
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3
1
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0
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0
0
0
 

0
.4
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8
 

0
.4

0
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7
 

0
.3
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8
 

0
.3
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3
1
 

2
min

PSK

d  

2
.0

0
0

0
 

1
.3

8
2

0
 

1
.0

0
0

0
 

0
.7

5
3

0
 

0
.5

8
5

8
 

0
.4

6
7

9
 

0
.3

8
2

0
 

0
.3

1
7

5
 

0
.2
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9
 

0
.2

2
9

1
 

0
.1

9
8

1
 

0
.1

7
2

9
 

0
.1

5
2

2
 

nax. 2.6-ze, moyvanilia MAPSK  signalebis SER  maxasiaTeble-

bi gausis arxisaTvis. isini modelirebis gziT arian miRebuli, 

romlis drosac, SNR -is yoveli mniSvnelobisaTvis, ise, ro-

gorc PSK  signalebis SemTxvevaSi (ix. nax. 2.3), gadaicemoda 

50 000 000  M -obiTi sainformacio simbolo (momavalSic, mode-
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lirebis yvela procedura analogiuri parametrebiT iqneba gan-

xorcielebuli). 

nax. 2.3-ze moyvanili Sedegebis Sedareba nax. 2.6-ze warmodge-

nil SedegebTan, kidev erTxel adasturebs agebuli  sig-

nalebis upiratesobas MPSK  signalebTan SedarebiT. 

 

nax. 2.6. 2D  M -obiTi ( )5, ,16M =  APSK  signalebis SER  

maxasiaTeblebi gausis arxisaTvis 

dasasruls, SevniSnavT, rom romelime konstelaciis Semob-

runeba, nebismieri mimarTulebiT da nebismieri kuTxiT, mogvcems 

distanciurad eqvivalentur konstelacias. 
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SemdgomSi, oTxganzomilebiani modulirebuli signalebis 

saxiT warmodgenili iqneba 4D 2FSK-MPSK  da 4D 2FSK-MAPSK  

struqturis signalebi, Sesabamisad, sixSirul-fazuri da sixSi-

rul-amplitudur-fazuri modulaciiT [12, 13].  

2.4. oTxganzomilebiani 2FSK-MPSK  

modulirebuli signalebi 

2FSK-MPSK  esaa hibriduli sistema, romelic warmoadgens 

orobiT sixSirul da M -obiT fazur modulaciaTa kombinacias. 

am dros, fazuri modulacia xorcieldeba damoukideblad or 

sh T +  da sh T − rad/wm sixSireze, sadac h  modulaciis 

indeqsia, xolo sT  erTi gadacemuli M -obiTi sainformacio sim-

bolos Sesabamisi elementaruli signalis xangrZlivoba. 

   analizurad 2FSK-MPSK  signali SeiZleba Caiweros Semdegna-

irad [12]: 

( )
2

cos , 0s
c s

s s

E h
s t t t T

T T
 


 

  
=  +    

   

,       (2.38) 

romelSic sE  aris elementaruli sT  xangrZlivobis signalis 

energia, xolo   aris signalis faza, romelic Seicavs gadasa-

cem informacias da  1,2, , M  . aq da SemdgomSic vTvliT, rom 

1sE = . 

SemTxvevisaTvis 7M = , modulaciis procesis fizikuri in-

terpretacia naCvenebia nax. 2.7-ze, sadac Cveulebrivi 2D  7PSK  

signali warmodgenilia C  konstelaciiT, xolo 2FSK-MPSK   

signali 1C  da 2C  qvekonstelaciaTa gaerTianebiT. am dros, 1C  

qvekonstelaciis alfabetis zoma 1 4M = , xolo 2C -isa – 2 3M = . 
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naxazze 1 4, ,   sabaziso veqtorebia. aq Zneli araa SevamCnioT, 

rom 1C  warmoadgens 4PSK  biorTogonalur signals, xolo 2C  

warmoadgens 3PSK  simpleqsur signals [2, 7]. 
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5
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.
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.
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s7

d
2

m in  = 0.753

5
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nax. 2.7. Cveulebrivi 2D  7PSK  da 4D  2FSK-7PSK  signalTa 

interpretacia 

minimaluri evkliduri manZilis kvadratis mniSvneloba 2D  

7PSK -Tvis tolia 2
min 0.753d = , xolo 4D 2FSK-7PSK -Tvis – 

2
min 2d = , roca 1h = . 

cal-calke 1C  da 2C  qvekonstelaciebi, gausis arxisaTvis,  

warmoadgenen optimalur M1PSK  da M2PSK  signalebs, Sesabami-

sad, minimalur evklidur manZilTa kvadratebiT 
( )

2
min M1PSK

d  da 

( )
2
min M2PSK

d  nebismieri h -Tvis. amitom, 2FSK-MPSK   signalis mini-

maluri evkliduri manZilis kvadratis mniSvneloba Semosaz-

Rvruli iqneba zemodan Semdegnairad:  
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( ) ( )
2 2 2
min min M1PSK min M2PSK

m  in ,d d d 
 

.          (2.39) 

zogadad, 2FSK-MPSK  signalis alfabetis zoma 1 2M M M= + .  

SemdgomSi Cvens mier ganxiluli iqneba SemTxvevebi, roca 

1 2M M= ,  Tu M  luwia; winaaRmdeg SemTxvevaSi, 1 2 1M M= + . am 

variantisTvis (2.39) miiRebs saxes:  

( )
2 2
min min M1PSK

d d .                (2.40) 

Tu gamoviyenebT gram-Smidtis orTonormalizaciis procedu-

ras [2, 14] da [5, 15]-Si moyvanil midgomebs, (2.38) 4D signalisa-

Tvis avagebT Semdeg orTonormirebul ( 0 sT− intervalSi) sabazi-

so veqtorebs: 

( )

( )

( )

( )

1

1

3

4

2
cos ,

2
sin ,

1 2
cos ,

1 2
sin .

c
s s

c
s s

c
s s

c
s s

ht
t t

T T

ht
t t

T T

ht
t t a

T TD

ht
t t b

T TD


 


 


 


 

 
= + 

 

 
= − + 

 

  
= − −  

   

  
= − − −  

   

          (2.41)                         

aq 

( ) ( ) ( ) ( )

2 2
1 2 1 2

1 1 2 2 2 1 1 2

sin 2 1 cos 2
1 , , ,

2 2

, .

h h
D K K K K

h h

a K t K t b K t K t

 

 

   

−
= − − = =

= − = +

 

(2.41)-dan gamomdinare, SesaZlebelia M -obiTi 2FSK-MPSK  sis-

temis TiToeuli s   ( )1, 2, M   signalis koordinatebis gan-

sazRvra 4D evklides sivrceSi analogiurad [16]-isa: 
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( )  

(

)  

1 2 1 2

,cos ,sin ,0,0 , 1,2, , 1 1-

cos sin , sin cos ,

cos , sin , 1 1, 1 2, , , 2-

M C

s K K K K

D D M M M C

 

    

 

  

   

  







= + −


 + +


Tvis,

Tvis.

 (2.42) 

   Tu gamoviyenebT (2.18)-s da (2.42)-s, evkliduri manZilis kvad-

ratis mniSvneloba signalebs Soris, SegviZlia ganvsazRvroT 

maTi koordinatebis saSualebiT: 

( ) ( ) ( ) ( ) ( )
2 2 2 22

1 1 2 2 3 3 4 4,d s s k k k k k k k k         = − + − + − + − ,  (2.43)  

sadac  , 1,2, ,M    da nk  , nk   aris s  da s  signalebis      

n -uri koordinati. 

analizurad,  an 2C  qvekonstelaciis signalebs Soris, ev-

kliduri manZilis kvadratis mniSvneloba SeiZleba gamoTvlili 

iqnas iseve, rogorc gamoiTvleba Cveulebrivi 2D MPSK  signa-

lebisaTvis: 

( ) ( )2 2 1 cosd   = −   ,            (2.44) 

sadac   fazaTa sxvaobaa mocemul signalebs Soris.  

  analogiurad, (2.17)-isa, Tu visargeblebT is  da js  signalebs 

Soris evkliduri manZilis kvadratis gamosaTvleli zogadi ga-

mosaxulebiT [2, 6, 7]  

( ) ( ) ( )
22

0

,
sT

i j i jd s s s t s t dt = −          (2.45) 

da masSi SevitanT (2.38)-is Sesabamis mniSvnelobebs, 1C  da 2C  

qvekonstelaciis signalebs Soris evkliduri manZilis kvadra-

tis mniSvnelobisaTvis miviRebT gamosaxulebas [12] 

1C
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( ) ( ) ( )( )2 , 2 1 sin cosi j i jd s s c h h    = −  − −
  

,       (2.46) 

sadac  1,2, , 1i M ,  1 1, 1 2, ,j M M M + + ; i  aris is  signalis 

sawyisi faza, j  aris js  signalis sawyisi faza, xolo 

( ) ( ) ( )sin sinc h h h  = . 

Tu SemovitanT aRniSvnas s
j jh  − = , maSin (2.46)  gadaiwereba 

ase: 

( ) ( ) ( )2 , 2 1 sin cos s
i j i jd s s c h   = −  −

 
.            (2.47) 

cxadia, aq, iseve rogorc (2.46)-Si, 1is C  da 2js C .  

m o v i y v a n o T  o p t i m a l u r  2FSK-MPSK  s i g n a l T a  

a g e b i s  m e T o d i :   es aris regularuli, ara gadarCeviTi da 

ara evristiuli meTodi (gansxvavebiT [17-21]-gan), romelic ey-

rdnoba im faqts, rom garkveuli signalebisTvis evkliduri man-

Zilis kvadratis mniSvneloba monotonurad zrdadia mocemul 

signalebs Soris fazaTa sxvaobis zrdis mimarT (ix. gamosaxu-

lebebi (2.44) da (2.47)). mocemuli meTodis gamoyeneba saSualebas 

iZleva, martivad avagoT optimizirebuli 2FSK-MPSK  signalTa 

sistema nebismieri M -isa da h -Tvis. CamovayaliboT SemoTavaze-

buli meTodi. 

dauSvaT, gvaqvs hipoteturi Cveulebrivi 2D MPSK  signalTa 

sC  konstelacia, romelic Seicavs or qvekonstelacias 1sC -s da 

2sC -s, Sesabamisad, fazaTa mniSvnelobebiT 1 2 1, , , M    (aq, zoga-

dobis daurRvevlad SegviZlia CavTvaloT, rom 1 0 = ) da 

1 1 1 2, , ,s s s
M M M  + + . Tu  an 2sC  qvekonstelaciebis signalebs 

Soris evkliduri manZilis kvadrats ganvsazRvravT (2.44) gamosa-

xulebis Sesabamisad, xolo  da 2sC  qvekonstelaciebis sig-

1sC

1sC
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nalebs Soris (2.47) gamosaxulebiT, maSin optimaluri (maqsi-

maluri 2
mind -is mixedviT) -is fazaTa mniSvnelobebi, l u w i  

M - i s  SemTxvevaSi, ganisazRvreba sistemidan: 

( )
 

1

2 1 1,
1,2, , 1

1,

i

s
M i i

i M
i M

M

 

  +

 = −
 

= +

.        (2.48) 

am dros, evkliduri manZilis kvadratis mniSvneloba tolia 

( )( ) ( ) ( )( )2
min min 2 1 cos 4 ,2 1 sin cos 2d M c h M   = − −   , (2.49) 

xolo misi zeda sazRvari 

( ) ( )( )2
min M1PSK

2 1 cos 4d M= − .        (2.50) 

   Zneli ar aris vaCvenoT, rom konkretuli M -isa da h -Tvis, 

romelTaTvisac kmayofildeba piroba ( )
( )

( )

cos 4
sin

cos 2

M
c h

M





  

( )
2 2
min min M1PSK

d d= .         (2.51) 

cxadia, (2.47)-is gaTvaliswinebiT  konstelaciidan SegviZ-

lia  miviRoT optimaluri  sistema, sadac 1C  qvekon-

stelaciis fazaTa mniSvnelobebia 1 2 1, , , M   , xolo 2C -sas ga-

movTvliT ase: 2 2 2
1 1 1 1 1 2 1 2, , ,M M M M M Mh h h        + + + +=  =  =  ; aq 

niSani ` ~ aRniSnavs ajamvas 2 -is moduliT. 

k e n t i  - i s  SemTxvevisTvis Tu dauSvebT, rom  

( ) ( )( ) ( )( )1 12 1 sin cos 2 2 2 1 cosM Mc h M  −  = − ,              (2.52) 

miviRebT gantolebas ( ) ( ) ( )1 1cos sin cos 2 2 0M Mc h M  −  = , saida-

nac martivad gamovTvliT 1M -is mniSvnelobas. maSin  konste-

laciis fazebi SegviZlia ganvsazRvroT sistemidan: 

sC

sC

2FSK-MPSK

M

sC
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( )
 

1

1 1

1 2,
1,2, , 2

2 2,

i M

s
M i i M

i M
i M

M

 

  +

 = −
 

= +

.        (2.53) 

amis Semdgom, luwi M -is SemTxvevis analogiurad, avagebT opti-

malur 2FSK-MPSK  sistemas, romlisTvisac  

( )( )2
min 12 1 cos Md = −      (2.54) 

da misi mniSvneloba yovelTvis iqneba zeda sazRvarze. 

nax. 2.8-ze magaliTisaTvis, moyvanilia optimizirebuli 

2FSK-MPSK  sistemis agebis procedura 8M =  da 7M =  SemTxve-

vebisaTvis, roca 0.4h = . am dros, signalTa fazebis mniSvnelo-

bebisaTvis gvaqvs:    

1 2 3 4

5 6 7 8

5 6 7 8

8,

0 , 90 , 180 , 270 ,

45 , 135 , 225 , 315 ,

117 , 207 , 297 , 27 .

s s s s

M

   

   

   

=

= = = =

= = = =

= = = =

 

1 2 3 4

5 6 7

5 6 7

7,

0 , 99.7327 , 199.4653 , 299.1980 ,

49.8663 , 149.5990 , 249.3317 ,

121.8663 , 221.59990 , 321.3317 .

s s s

M

   

  

  

=

= = = =

= = =

= = =

 

cxadia, aqac da SemdgomSic fazaTa ranJireba SesaZlebelia 

maTi zrdadobis mixedviT, TiToeul qvekonstelaciaSi. 

moyvanili meTodebis gamoyenebiT Cven avagebT 2FSK-MPSK  

signalebs SemTxvevebisaTvis 4-16M = , roca 0.1,0.2, ,1h = . h -is 

moyvanili mniSvnelobebi uzrunvelyofen signalTa saukeTeso  

energetikul speqtrs, romelTa Sefaseba mocemulia cxril 2.2-

Si. mocemul cxrilSi, sixSiruli zolebi normirebulia Sesa-

bamisi MPSK  signalebis zolebiT. moyvanili ricxviTi mniSvne-

lobebi gvaZlevs imis saSualebas, rom  signalebis 2FSK-MPSK
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speqtruli efeqturoba SevafasoT (2.15) gamosaxulebis gamoyene-

biT. 
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nax. 2.8. 2FSK-8PSK  (a) da 2FSK-7PSK  (b) signalTa agebis procedurebi 
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cxrili 2.2. 2FSK-MPSK -s normirebuli sixSiruli zolebi 
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Cvens mier agebuli  signalebis parametrebi moyva-

nilia qvemoT, cxrilebSi 2.3-2.17. 

cxrili 2.3. 2FSK-2PSK  konstelaciebi 

h  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

1  0 0 0 0 0 0 0 0 0 0 

2  198 216 234 252 270 288 306 324 342 0 
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dB  0.04−  0.14−  0.32−  0.56−  0.87−  1.24−  1.65−  2.10−  2.56−  3.01−  

cxrili 2.4. 2FSK-3PSK konstelaciebi 

h  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

1  0 0 0 0 0 0 0 0 0 0 

2  270 270 270 270 270 270 270 270 270 270 
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2FSK-MPSK
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cxrili 2.5. 2FSK-4PSK  konstelaciebi 

h  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

1  0 0 0 0 0 0 0 0 0 0 
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cxrili 2.6.  2FSK-5PSK  konstelaciebi 
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cxrili 2.7. 2FSK-6PSK konstelaciebi 

h  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

1  0 0 0 0 0 0 0 0 0 0 
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6  318 336 354 252 270 288 306 324 342 240 
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cxrili 2.9. 2FSK-8PSK konstelaciebi 
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cxrili 2.10. 2FSK-9PSK konstelaciebi 
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cxrili 2.11. 2FSK-10PSK  konstelaciebi 

h  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

1  0 0 0 0 0 0 0 0 0 0 

2  72 72 72 72 72 72 72 72 72 72 

3  144 144 144 144 144 144 144 144 144 144 

4  216 216 216 216 216 216 216 216 216 216 

5  288 288 288 288 288 288 288 288 288 288 

6  54 0 18 36 54 0 18 36 54 0 

7  126 72 90 108 126 72 90 108 126 72 

8  198 144 162 180 198 144 162 180 198 144 

9  270 216 234 252 270 216 234 252 270 216 

10  342 288 306 324 342 288 306 324 342 288 
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cxrili 2.12. 2FSK-11PSK konstelaciebi 
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cxrili 2.13. 2FSK-12PSK  konstelaciebi 

h  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

1  0 0 0 0 0 0 0 0 0 0 

2  60 60 60 60 60 60 60 60 60 60 

3  120 120 120 120 120 120 120 120 120 120 

4  180 180 180 180 180 180 180 180 180 180 

5  240 240 240 240 240 240 240 240 240 240 

6  300 300 300 300 300 300 300 300 300 300 

7  48 6 24 42 0 18 36 54 12 30 

8  108 66 84 102 60 78 96 114 72 90 

9  168 126 144 162 120 138 156 174 132 150 

10  228 186 204 222 180 198 216 234 192 210 

11  288 246 264 282 240 258 276 294 252 270 

12  348 306 324 342 300 318 336 354 312 330 
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cxrili 2.14. 2FSK-13PSK konstelaciebi 
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cxrili 2.15. 2FSK-14PSK  konstelaciebi 
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cxrili 2.16. 2FSK-15PSK  konstelaciebi 

h  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

1  0 0 0 0 0 0 0 0 0 0 
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cxrili 2.17. 2FSK-16PSK  konstelaciebi 

h  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

1  0 0 0 0 0 0 0 0 0 0 

2  45 45 45 45 45 45 45 45 45 45 

3  90 90 90 90 90 90 90 90 90 90 

4  135 135 135 135 135 135 135 135 135 135 

5  180 180 180 180 180 180 180 180 180 180 

6  225 225 225 225 225 225 225 225 225 225 

7  270 270 270 270 270 270 270 270 270 270 

8  315 315 315 315 315 315 315 315 315 315 
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cxrilebSi 2FSK-MPSK  sistemis energetikuli efeqturoba 

Sefasebulia asimptoturi energetikuli mogebiT, Cveulebriv 

2D MPSK  signalTan SedarebiT:    

( )( )2 2
min min MPSK

10 lg , dBd d =  ,   (2.55) 

sadac 
( )

2
min MPSK

d  2D MPSK  signalis minimaluri evkliduri manZi-

lis kvadratis mniSvnelobaa. 
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Cvens mier, aseve, Catarebuli iqna kompiuteruli modelireba 

iseTi procesisa, romlis drosac arxSi moqmedebda mxolod adi-

tiuri TeTri gausis xmauri. aqac, gadaicemoda 50 000 000 M -obi-

Ti sainformacio simbolo da mimReb mxares gamoiyeneboda opti-

maluri ML  deteqtori. Sedegebi moyvanilia nax. 2.9-ze, saidanac 

gvaqvs: 2FSK-MPSK  signalTa sistemis energetikulma mogebam 

5SER 10−= dros, saukeTeso MAPSK  signalebTan SedarebiT Sead-

gina: roca 5 0.32 dBM = − , 9 0.88 dBM = − ,  16 2.43 dBM = − . 

 

nax. 2.9. zogierTi 2FSK-MPSK  da MAPSK  signalis SER  

maxasiaTebeli gausis arxisTvis, roca 0.4h =  

4 6 8 10 12 14 16 18 20 22
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2.5. oTxganzomilebiani 2FSK-MAPSK 

modulirebuli signalebi 

SemdgomSi Cven warmovadgenT 2FSK-MAPSK  signalTa opti-

mizirebul 4D konstelaciebis agebis martiv, regularul (ara 

gadarCeviT da araevristiul) meTods, romlis gamoyenebiTac 

SeiZleba agebuli iqnas nebismieri modulaciis indeqsis ( )h  

mqone da nebismieri M -is 2FSK-MAPSK  signali. tradiciulad, 

pirvel etapze, maTi energetikuli efeqturoba Sefasebuli 

iqneba evkliduri manZilis kvadratis minimaluri mniSvnelobiT 

( )2
mind , xolo sabolood, is SeiZleba ganisazRvros SER -iT. rac 

Seexeba signalTa speqtrul efeqturobas ( )ES , is Cvens mier Se-

fasebuli iqneba rogorc ( )2logES M=  da es sakmarisad koreq-

tulia, gamomdinare iqidan, rom yvela zemoT CamoTvlil sig-

nalTa sistemebs aqvT praqtikulad erTnairi sixSiruli zoli 

[8, 12]. 

gamoviyenebT ra, SemoTavazebul meTods, 0.5h   da 16M   Sem-

TxvevebisaTvis, Cven avagebT mraval axal sasignalo 

2FSK-MAPSK  konstelacias (e.i. ganvsazRvravT maTi signalebis 

fazebis mniSvnelobebsa da energiebs)  da maTgan saukeTesoebis  

parametrebs warmovadgenT cxrilis saxiT.  upiratesobebis saC-

veneblad,  sxva cnobili analogiuri sistemebis mimarT, Sedare-

bebs ganvaxorcielebT analizurad 2
mind -is da modelirebiT  

SER -is mixedviT.  

aqve SevniSnavT, rom agebuli signalebi SeiZleba gamoyenebu-

li iqnas [22]-Si aRwerili msgavsi tipis konstruqciebSic. 

2FSK-MAPSK  signalis anu 2FSK-MAPSK  sasignalo C   

konstelaciis SemTxvevaSi, or sxvadasxva sh T +  da sh T −
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rad/wm sixSireze gadaicema, Sesabamisad, 1M -obiTi da 2M -obiTi 

PSK  signali (e. i. 1PSKM  da 2PSKM ) anu gvaqvs ori 1C  da 2C  

qvekonstelacia da 1 2C C C=  . amasTan, Cveni M -obiTi  

( )1 2M M M= +  signalis konfiguracia iseTia, rom 1 2M M= , roca 

M  luwia, xolo 2 1 1M M= −  kenti M -is SemTxvevaSi, Tanac 1C  

qvekonstelaciaSi Semavali TiToeuli signalis energiaa HE , 

xolo 2C -Si Semavali signalebisaTvis LE . Zneli ar aris vaCve-

noT, rom 1 -is toli signalis saSualo energiis SemTxvevaSi 

( ) ( )2 1 , 2 1 , ,

1 1
2 ,

1 1
2 ,

L H

L

H

E k E k k M

M M
E k

M M

M M
E k k M

M M


 = + = +

 + −  

=  +  
 

 + − 
=  +  

  

luwia

kentia,

    (2.56) 

saidanac cxadia, rom M -obiT signalTa energiebis mniSvnelo-

bebis gansazRvrisaTvis, maTi optimizaciis procesSi, sakmarisia 

vicodeT k .     

magaliTisaTvis, nax. 2.10-ze naCvenebia 2FSK-8APSK  konstela-

cia, sadac 1C  qvekonstelaciaSi Semavali sasignalo veqtoris 

normaa HE , xolo 2C -Tvis LE . 

analizurad 2FSK-MAPSK  signali, iseve rogorc 2FSK-MPSK  

SeiZleba warmovadginoT Semdegi gamosaxulebiT:   

( )
2

cos , 0s
s

s s

E h
s t t t T

T T
  


 

  
=  +    

   
,  (2.57) 

sadac sE  signalis energiaa da  ,s H LE E E ;   aris ( )s t  signa-

lis sawyisi faza  ( )1, 2, , M  . aucilebelia aRvniSnoT, rom 

momavalSi, Cvens mier yovelTvis daculi iqneba piroba:    
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s HE E= , roca   kentia, winaaRmdeg SemTxvevaSi s LE E= . yovel-

Tvis H LE E  da H LE k E=  , e.i. 1k  . 

.

.
C 1

C 2

s5

s6

s7

ωc + πh/Ts

ωc - πh/Ts

s1

s2

s3

s4

.

. .
s8

.

.

.

.
.

 

nax. 2.10.  4D 2FSK-8APSK  konstelaciis interpretacia 

 Tu gamoviyenebT  signalebisTvis evklides sivrce-

Si agebul (2.41) orTonormirebul baziss, 2FSK-MAPSK  signale-

bis koordinatebisaTvis gveqneba:  

( )

(

)

1 2

1 2

cos ,sin ,0,0 , 1- ,

cos sin ,

sin cos , cos , sin , 2- ,

H

L

E C

s E K K

K K D D C

 

  

   

 

 

   





= +


−

Tvis

Tvis

   (2.58) 

sadac 1

sin 2

2

h
K

h




= , 2

1 cos 2

2

h
K

h





−
= , 2 2

1 21D K K= − − . 

cxadia, rom (2.58)-Si 1C  qvekonstelaciisTvis   kentia, xolo 

2C -Tvis luწi. 

2FSK-MPSK
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Tu aqac visargeblebT is  da js  signalebs Soris evkliduri 

manZilis kvadratis gamosaTvleli zogadi gamosaxulebiT [2, 6, 

7] 

( ) ( ) ( )
22

0

,
sT

i j i jd s s s t s t dt = −  ,   (2.59) 

 (2.57)-is gaTvaliswinebiT, erTi da igive 1C  an 2C  qvekonstela-

ciis signalebs Soris, evkliduri manZilis kvadratisaTvis, Se-

sabamisad, gveqneba: 

( ) ( )( )

( ) ( )( )

2

2

1 2 1 cos 1 ,

2 2 1 cos 2 ,

H

L

d C E C

d C E C





  = −   


 = −   

  (2.60) 

sadac ( )1C  da ( )2C  aris fazaTa sxvaoba TiToeuli qvekon-

stelaciis signalebs Soris. evkliduri manZilis kvadrati 1C  

qvekonstelaciis i -ur is  ( )1,3,i  signals da qvekonstelaciis 

j -ur js  ( )2, 4,j  signals Soris SeiZleba gamoTvlili iqnas 

Semdegi gamosaxulebidan: 

( ) ( ) ( )( )2 , 2sin cosi j H L H L i jd s s E E c h E E h   = + −   − − ,     (2.61)                          

sadac ( ) ( ) ( )sin sinc h h h  = , i  aris is  signalis sawyisi faza, 

xolo j  aris js  signalis sawyisi faza. (2.61) gamosaxuleba 

SeiZleba gadaiweros ase: 

( ) ( ) ( )2 , 2sin cos s
i j H L H L i jd s s E E c h E E  = + −   − ,    (2.62) 

romelSic s
j j h  = − . 

aRvweroT optimaluri -is agebis meTodi luwi  

M -Tvis:  

2FSK-MAPSK
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davuSvaT gvaqvs 1 2, , , Ms s s  signalTa luwi M  zomis sC  sa-

bazo konstelacia, Sesabamisad, sawyisi fazebis 1 2, , , M    mniS-

vnelobebiT, amasTan, yoveli ( ) 1,2, , 1m M − , 1m m +   da  

2 2M m e M   +  = = .     (2.63) 

gamovyoT sC  konstelaciidan ori 1sC  da 2sC  qvekonstelacia 

ise, rom  
1,3,

1i si
s C

=
  da  

2,4,
2j s

j
s C

=
 . am dros, signalTa fa-

zebis Sesabamisi mniSvnelobebia  
1,3,i i


=

 da  
2,4,

j
j


=

. momavlis-

Tvis  j  SevcvaloT  s
j -iT. magaliTisaTvis, roca 8M = , sC  

sabazo konstalaciisa da 1sC , 2sC  qvekonstelaciaTa fazur di-

agramebs eqnebaT nax. 2.11-ze moyvanili saxe. 

vTqvaT, 1sC  qvekonstelaciis signalTa energiaa HE , xolo 

2sC -Si Semavali signalebisa LE . rogorc zemoT aRvniSnavdiT, 

aqac H LE E  da H LE k E=  , e.i. 1k  . 

.

. . .
.
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nax. 2.11. sabazo konstelaciisa da misi ori qvekonstelaciis 

magaliTi, roca 8M =  
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evkliduri manZilis kvadratis minimaluri mniSvnelobebi 

erTi da igive 1sC  da 2sC  qvekonstelaciis signalebs Soris, 

(2.60)-is gaTvaliswinebiT, ganvsazRvroT ase: 

( ) ( )( )2
min 1 2 1 cos 4s Hd C E M= − ,  (2.64)  

( ) ( )( )2
min 2 2 1 cos 4s Ld C E M= − ,   (2.65)  

xolo sxvadasxva 1sC  da 2sC  qvekonstelaciis signalebs Soris 

ganvsazRvroT (2.62) gamosaxulebis Sesabamisad Semdegnairad: 

( ) ( ) ( )2
min 1, 2 2sin cos 2s s H L H Ld C C E E c h E E M = + −   ,      (2.66) 

romlis martivi gardaqmniT miviRebT: 

( ) ( ) ( )( )2
min 1, 2 2sin cos 2 1s s Ld C C E k c h k M = −   + .          (2.67) 

(2.64)-is, (2.65)-isa da (2.67)-is mixedviT da imis gaTvaliswinebiT, 

rom ( ) ( )2 2
min min1 2s sd C d C , sC  konstelaciisTvis evkliduri manZi-

lis kvadratis minimaluri mniSvneloba iqneba: 

( ) ( ) ( )2 2 2
min min minmin 2 , 1, 2s s s sd C d C d C C =

  .        (2.68) 

Zneli ar aris davinaxoT, rom (2.68)-Si ( )2
min 2sd C  aris k -s 

mimarT monotonurad klebadi funqcia mocemuli M -Tvis, xolo 

( )2
min 1, 2s sd C C  aris k -s mimarT monotonurad zrdadi funqcia mo-

cemuli M -sa da h -Tvis. cxadia, am funqciaTa kveTis wertili 

gansazRvravs k -s optimalur mniSvnelobas. udavoa, rom es wer-

tili iarsebebs Tu Sesruldeba piroba: 

( ) ( )2 2
min min

1
2 1, 2s s s

k
d C d C C

=

 
  .   (2.69) 

Tu (2.65)-s gavutolebT (2.67)-s miviRebT gantolebas 
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( ) ( ) ( )2sin cos 2 2cos 4 1 0k c h M k M  −   + − = ,    (2.70) 

romlis CvenTvis saintereso amonaxsens ( )1k   eqneba saxe:  

( ) ( ) ( ) ( )( ) ( )( )
2

2
sin cos 2 sin cos 2 2cos 4 1k c h M c h M M    
 

=    − − 
 

. (2.71) 

cxadia, rom e -s mniSvneloba gamoTvlili (2.63)-dan da k -s 

mniSvneloba gamoTvlili (2.71)-dan, srulad gansazRvraven opti-

malur ( ( )2
minmax sd C -is mixedviT) sC  sabazo konstelacias da, am 

dros, 

( ) ( )2 2
min min 2s sd C d C= .    (2.72) 

Tu gaviTvaliswinebT (2.61) da (2.62) formulebs, CvenTvis sain-

tereso optimizirebuli 2FSK-MAPSK  C  ( )1 2C C C=   konstela-

ciis miRebis procedura Semdegi iqneba: 1C  qvekonstelacia Tan-

xvedrili unda iyos 1sC -ის, xolo 2C  qvekonstelacia miiReba 

2sC -gan, misi signalebis fazebis mniSvnelobebisaTvis h  sidi-

dis damatebiT 2 -is moduliT. ცxadia, rom  konstelaciisTvis 

( ) ( )( )2
min 2 1 cos 4Ld C E M= − . 

ganvixiloT kenti M -is varianti: ise, rogorc wina SemTxve-

vaSi, gvaqvs 1 2, , , Ms s s  signalTa M  zomis (oRond aq M  kentia) 

sC  sabazo konstelacia, Sesabamisad, sawyisi fazebis 1 2, , , M    

mniSvnelobebiT, amasTan, yvela ( ) 1,2, 1m M − , 1m m +   da  

( )1 0 1m m M M   + − = = − .      (2.73) 

analogiurad, nax. 2.11-sa, Tu 7M = , gveqneba nax. 2.12-ze moyvanili 

konstelacia.    

C
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nax. 2.12. sabazo konstelaciisa da misi ori qvekonstelaciis 

magaliTi, roca 7M =  

msgavsad luwi M -is SemTxvevisa, kenti M -is dros sC  sabazo 

konstelaciis evkliduri manZilis kvadratis minimaluri mniS-

vneloba tolia: 

( ) ( ) ( ) ( )2 2 2 2
min min min 1min 2 , 1, 2 , ,s s s s Md C d C d C C d s s =

  ,     (2.74) 

romelSic 

( ) ( )( )2
min 02 2 1 cos 2s Ld C E = − ,                     (2.75) 

( ) ( ) ( )( )2
min 01, 2 2sin cos 1s s Ld C C E k c h k = −   + ,         (2.76) 

( ) ( )( )( )2
1 0, 2 1 cos 1M Hd s s E M = − − .       (2.77) 

luwi M -is SemTxvevis msgavsad, Zneli ar aris vaCvenoT, rom 

optimaluri sabazo konstelaciis sC -is arsebobis pirobaa: 

( ) ( )2 2
min min2 1, 2s s sd C d C C= ,         (2.78) 

Tumca, es aris aucilebeli, magram arasakmarisi piroba, radgan 

arsebobs imis SesaZlebloba, rom sabazo konstelaciis pirvel 

da bolo signals Soris evkliduri manZilis kvadrati naklebi 

iqneba (2.78)-Si Semaval orive sidideze, anu ( ) ( )2 2
1 min,s 2M sd s d C  
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da ( ) ( )2 2
1 min,s 1, 2M s sd s d C C . aqedan gamomdinare, sC -is optimalu-

robis aucilebeli da sakmarisi piroba iqneba:  

( ) ( ) ( )2 2 2
min min 12 1, 2 ,ss s s Md C d C C d s= = .       (2.79) 

Tu (2.75)-s gavutolebT (2.77)-s miviRebT: 

( )( )

( )( )( )

2

0

2

0

sin

sin 1 2

k

M





=

−

;       (2.80) 

aq 0  gamoiTvleba (2.73)-is mixedviT, sadac M  ganisazRvreba 

gantolebidan, romelic miiReba (2.75)-is (2.76)-Tan gatolebis sa-

fuZvelze:  

( )( )( ) ( ) ( )( ) ( )
2

sin 1 sin sin 2 1 sin 2M M MM c h M   − −  −   

( )( ) ( )( )( )
22

sin 2 1 4 sin 1 0M M M 
 

+  − − = 
 

. (2.81) 

im garemoebis gaTvaliswinebiT, rom (2.81) gantolebas SeiZleba 

hqondes mravali amonaxsni, Cven am 
1Mi i



 namdvili amonaxsnebi-

dan avirCevT  max 2M  , rac, Tavis mxriv, uzrunvelyofs 

(2.79)-Si Semavali sidideebis maqsimizacias. 

sabolood, mocemuli k -s da 0 -is mixedviT vagebT  sabazo 

konstelacias, saidanac optimizirebuli 2FSK-MAPSK  sasigna-

lo C  konstelacia SegviZlia miviRoT luwi M -is SemTxvevis 

analogiuri  proceduriT, anu 2sC  qvekonstelaciis signalebis 

fazebis mniSvnelobebisaTvis h  sididis damatebiT 2 -is mo-

duliT. 

sC
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zemoT moyvanilidan, mocemul SemTxvevaSi ( )2
mind C =

( )( )02 1 cos 2LE − .  

gvinda SevniSnoT, rom yovelgvari zogadobis daurRvevlad 

SegviZlia dauSvaT 1 0 = , M -is rogorc luwi, aseve kenti mniS-

vnelobebisaTvis. rogorc (2.73)-dan Cans, luwi M -Tvis 0  inva-

riantulia h -is cvlilebis mimarT.  

MPSK  da MAPSK  modulaciebis Sedarebis analogiiT, Cven 

vivaraudeT, rom garkveuli h -is da M -is SemTxvevaSi, 

2FSK-MAPSK -s  eqneboda ukeTesi distanciuri maxasiaTeblebi da, 

Sesabamisad, ukeTesi 2
mind  vidre 2FSK-MPSK -s, rac ganapirobebs 

imas, rom 2FSK-MAPSK  uzrunvelyofs ukeTes SER -s (BER -s) 

vidre 2FSK-MPSK . amis Semdeg, bunebrivad Cndeba kiTxva, Tu   

M -is da h -is romeli mniSvnelobebisTvis SeiZleba hqondes am 

SemTxvevas adgili. vaCvenoT am sakiTxis gadawyvetis principi 

luwi M -is SemTxvevisaTvis:  

cnobilia [12], rom 2FSK-MPSK  signalisaTvis minimaluri ev-

kliduri manZilis kvadratis mniSvneloba  

( ) ( ) ( )( )2
min 2FSK-MPSK

2 1 sin cos 2d c h M = −  ;         (2.82) 

Tu 2FSK-MAPSK  signalisaTvis sruldeba (2.82) piroba da, 

Sesabamisad, minimaluri evkliduri manZilis kvadratis mniSvne-

lobaa ( ) ( )( )2
min 2FSK-MAPSK 2 1 cos 4Ld E M= − , CvenTvis saintereso Sem-

TxvevisTvis 

( )( ) ( ) ( )( )2 1 cos 4 2 1 sin cos 2LE M c h M  −  −  ,    (2.83) 

saidanac  
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( )
( )

( )

cos 4
sin

cos 2

M
c h

M





 ,       (2.84) 

romelic warmoadgens pirobas, romlis drosac mocemuli h -sa 

da M -is SemTxvevaSi 
( ) ( )

2 2
min 2FSK-MAPSK min 2FSK-MPSK

d d . 

cxadia, analogiuri midgomiT, igive SeiZleba gavakeToT kenti 

M -is SemTxvevisTvisac.  

cxril 2.18-Si, moyvanilia zogierTi 2FSK-MAPSK  sistemis  

parametrebi, romlebic Cven ganvsazRvreT da SevarCieT zemoT 

aRwerili meTodebisa da procesebis gamoyenebiT. aq 0 -isa da 

e -s mniSvnelobebi mocemulia gradusebSi. yvela signali     

2
mind -is mixedviT ukeTesia, vidre [12, 16-20]-Si warmodgenili 

2FSK-MPSK  sistema, gansakuTrebiT mcire h -is ( )0.5h   da ma-

Rali M -is SemTxvevaSi, rac udaod mniSvnelovania, radgan swo-

red am dros miiRweva viwro sixSiruli zoli da ukeTesi speq-

truli efeqturoba, romelic Cvens variantebSi Seadgens 

2.3 4ES = − . 

cxrili 2.18. zogierTi 2FSK-MAPSK  sistemis parametrebi 

h  0   5M = 2
mind  e 6M = 2

mind   0   7M = 2
mind  e  8M = 2

mind  

0.10 74.9636 1.4193 60.00 1.2105 52.1130 0.9443 45.00 0.8580 

0.15 74.9182 1.4258 60.00 1.2237 52.0424 0.9574 45.00 0.8740 

0.20 74.8548 1.4348 60.00 1.2420 51.9429 0.9757 45.00 0.8966 

0.25 74.7736 1.4465 60.00 1.2654 51.8138 1.0000 45.00 0.9259 

0.30 74.6749 1.4606 60.00 1.2939 51.6541 1.0290 45.00 0.9623 

0.35 - - 60.00 1.3273 51.4629 1.0642 45.00 1.0057 

0.40 - - 60.00 1.3654 51.2389 1.1053 45.00 1.0563 
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0.45 - - 60.00 1.4079 50.9805 1.1523 45.00 1.1142 

0.50 - - 60.00 1.4544 50.6861 1.2053 45.00 1.1790 

h  0   9M = 2
mind  e 10M = 2

mind   0   11M = 2
mind   e 12M = 2

mind  

0.10 39.9448 0.6983 36.00 0.6500 32.4241 0.5429 30.00 0.5125 

0.15 39.8747 0.7129 36.00 0.6664 32.3581 0.5577 30.00 0.5285 

0.20 39.7747 0.7338 36.00 0.6899 32.2625 0.5790 30.00 0.5517 

0.25 39.6427 0.7613 36.00 0.7208 32.1336 0.6075 30.00 0.5828 

0.30 39.4759 0.7959 36.00 0.7598 31.9659 0.6442 30.00 0.6230 

0.35 39.2704 0.8381 36.00 0.8075 31.7511 0.6902 30.00 0.6734 

0.40 39.0210 0.8886 36.00 0.8645 31.4762 0.7470 30.00 0.7357 

0.45 38.7207 0.9480 36.00 0.9314 31.1193 0.8168 30.00 0.8116 

0.50 38.3597 1.0172 36.00 1.0083 30.6379 0.9026 30.00 0.9026 

h  0 13M = 2
mind   e 14M = 2

mind    0   15M = 2
mind   e 16M = 2

mind  

0.10 27.3130 0.4360 25.71 0.4155 23.6099 0.3585 22.50 0.3442 

0.15 27.2512 0.4503 25.71 0.4309 23.5518 0.3723 22.50 0.3589 

0.20 27.1601 0.4714 25.71 0.4535 23.4643 0.3929 22.50 0.3808 

0.25 27.0339 0.5001 25.71 0.4844 23.3389 0.4217 22.50 0.4116 

0.30 26.8633 0.5381 25.71 0.5255 23.1595 0.4612 22.50 0.4543 

0.35 26.6314 0.5875 25.71 0.5793 22.8891 0.5166 22.50 0.5140 

0.40 26.3047 0.6524 25.71 0.6493 - - - - 

ra Tqma unda, moyvanili sistemebi, distanciuri maxasiaTeb-

lebiT, aseve ukeTesia optimaluri konfiguraciis MAPSK  sig-

nalebTan [8, 11] da miT umetes MPSK  signalebTan [2] Sedarebi-

Tac. 
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gamoTqmulis sailustraciod, magaliTisaTvis, nax. 2.13-ze 

moyvanilia sxvadasxva konstelaciaTa 2
mind -is M -ze damokide-

bulebis mrudebi. aq 4D  signalebisaTvis 0.3h = . 

 
nax. 2.13. minimaluri evkliduri manZilis kvadratis damokidebuleba 

konstelaciis zomaze sxvadasxva signalebisaTvis 

Cvens mier agebuli axali 2FSK-MAPSK  signalebis efeqturo-

bis ufro konkretulad Sesafaseblad Catarebuli iqna modeli-

reba 2FSK-MPSK  da 2FSK-MAPSK -Tvis gausis arxSi. ganxiluli 

iyo 50 000 000  M -obiTi simbolos gadacemis SemTxveva. Sedegebi 

moyvanilia nax. 2.14-ze; yvela SemTxvevaSi 0.3h = . signalis miReba 

xorcieldeboda evklides sivrceSi  optimaluri ML  deteqto-

riT. 
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nax. 2.14. zogierTi 4D  signalis SER  maxasiaTeblebi gausis arxSi 

modelirebis Sedegebis mixedviT, 8M =  SemTxvevisaTvis, 

2FSK-8APSK -s energetikuli mogeba, 2FSK-8PSK -Tan SedarebiT, 

Seadgens daaxloebiT 0.73 dB -s, roca 5SER 10−= . imave pirobebSi, 

roca 10M = , mogeba Seadgens 0.76 dB -s, xolo Tu 13M =  mogeba 

tolia 0.48 dB -is. es Sedegebi kidev erTxel miuTiTeben 

2FSK-MAPSK  sistemebis  upiratesobaze 2FSK-MPSK -Tan Sedare-

biT. modelirebisas 2FSK-MPSK -is konstelaciis signalTa ener-

giebi da fazaTa mniSvnelobebi (gradusebSi) toli iyo:  

1sE = ,  0 9 90 99 180 189 270 279 = , roca 8M = .  
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1sE = ,  0 18 72 90 144 162 216 234 288 306 = , roca 10M = . 

1sE = , 0 80.6741 53.3481 134.0222 106.6992 187.3703 160.0444 =  

240.7184 213.3925 294.0665 266.7406 347.4146 320.0887 , roca 13M = . 

xolo 2FSK-MAPSK -Tvis:  

0.48sE = , 1.52HE = ,  0 9 90 99 180 189 270 279 = , roca 

8M = . 

0.55sE = , 1.45HE = ,  0 18 72 90 144 162 216 234 288 306 = , 

roca 10M = . 

0.66sE = , 1.29HE = ,  80.8633 53.7265 134.5898 1070 .4530 =  

188.3163 161.1795 242.0428 214.9060 295.7693 268.6325 349.4958 322.3590 , 

roca 13M = . 

meore Tavis ZiriTadi Sedegebi 

  mocemul TavSi, miRebuli axali Sedegebidan gamovyofT Sem-

degs:  

• damuSavebulia optimaluri 2D MAPSK  signalebis agebis 

regularuli meTodi, romlis gamoyenebiTac agebulia 

axali signalebi da moyvanilia maTi parametrebi da maxa-

siaTeblebi. 

• damuSavebulia optimaluri 4D 2FSK-MPSK  signalebis 

agebis regularuli meTodi, romlis gamoyenebiTac agebu-

lia axali signalebi da moyvanilia maTi parametrebi da 

maxasiaTeblebi. 

• damuSavebulia optimaluri 4D 2FSK-MAPSK  signalebis 

agebis regularuli meTodi, romlis gamoyenebiTac agebu-
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lia axali signalebi da moyvanilia maTi parametrebi da 

maxasiaTeblebi.  
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Tavi 3. signalTa miReba arxSi fedingis 

arsebobisas 

3.1. fedingis gavlena signalebis gadacemaze 

rogorc zemoT iyo aRniSnuli, Cven ganvixilavT signalebis 

gadacemas iseTi arxebiT, romlebSic moqmedebs fedingi nakagamis 

ganawilebiT da aditiuri TeTri gausis xmauri. vTvliT, rom 

fedingi aris neli da sixSirulad araseleqtiuri [1].  

signalis gadacemis sizusteze (xarisxze) fedingis gavlenis 

Sesafaseblad Catarebuli iqna kompiuteruli modelireba [2], 

romlis drosac nakagamis arxiT gadaicemoda 2D  orobiTi 

( )2M =  fazamodulirebuli signali (BPSK(2PSK) – binary(2-ary) 

phase shift keying). mimReb mxareze deteqtori muSaobda (2.16)-is Se-

sabamisad. miRebuli Sedegebi warmodgenilia nax. 3.1-ze.  

analogiuri Sedegebi moyvanilia [1]-Sic, oRond, isini Teori-

uladaa miRebuli. naxazze marcxena kidura mrudi Seesabameba 

fedingis ararsebobis mdgomareobas (No fading, m = ), xolo mar-

jvena kidura mrudi – fedingis SemTxvevas, signalis momvlebis 

mniSvnelobis gausis calmxrivi ganawilebiT ( )0.5m = . naxazidan 

Cans, rom Tu miRebuli bitisaTvis Secdomis albaTobis mniSvne-

loba (BER – bit error rate) aris 5BER 10−= , SNR -is saSualo mniSvne-

lobis maqsimaluri degradacia, fedingis ararsebobis SemTxve-

vasTan SedarebiT, aRwevs 80 db-s, rac aris katastrofuli Sede-

gi; releis arxisaTvis ( )1m =  misi mniSvneloba 35 db-mdea, rac 
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aseve udaod didi ricxvia. SevniSnavT, rom roca 2M = , SER -is 

da BER -is mniSvnelobebi identuria.  

rogorc aRniSnuli iyo nax. 3.1-ze moyvanili Sedegebi Seesa-

bameba BPSK  signalis gadacemas. cnobilia [1, 3-5], rom Cveuleb-

riv 2D  signalebidan yvelaze maRali xelSeSla-mdgradoba gaaC-

nia am signals, amitom, SegviZlia vivaraudoT, rom warmodgeni-

li arxebiT yvela sxva, am tipis signalis gadacemisas gveqneba 

ufro cudi Sedegi, vidre BPSK -s gadacemisas.  

 
nax. 3.1. bitis Secdomis albaTobaTa maxasiaTeblebi BPSK-Tvis 

nakagamis arxSi 
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aqedan gamomdinare, vfiqrobT, rom nax. 3.1-ze moyvanili maxa-

siaTeblebi qmnian signalis gadacemis sizusteze fedingis uar-

yofiTi gavlenis sakmarisad naTel suraTs. 

3.2. fedingis gavlenis Semcireba mimorigebuli 

miRebiT 

idea, rom fedingis gavlenis Sesamcireblad gamoyenebuli yo-

filiyo sivrceSi mimorigebuli ramdenime mimRebi (mimRebi ante-

na), sakmaod Zvelia da is eyrdnoboda varauds, rom aseT Sem-

TxvevaSi erT-erT antenaze aRmoCndeba yvelaze mZlavri signali 

da mosalodnelia, rom mimReb antenaTa raodenobis gazrdiT am 

simZlavris mniSvneloba iqneba ufro maRali.  

fedingian arxSi gadacemuli signalis mimorigebuli miRebis 

sqematuri gamosaxuleba naCvenebia nax. 3.2-ze, romelic maTemati-

kurad SeiZleba Semdegi zogadi formiT iqnas warmodgenili: 

= +z s nξ ,        (3.1) 

romelSic 1 2, , ,
rN

 =  z z z z   aris signal-veqtori mimRebis gamo-

sasvlelisTvis, 1 2, , ,
rN

 =      aris fedingis veqtori,  =s s  

gadacemuli signal-veqtoria, xolo 1 2, , ,
rN

 =  n n n n  warmoad-

gens aditiur xelSeSlas gausis ganawilebiT. zogadad, moyva-

nil matricaTa elementebi kompleqsuri sidideebia. aq da Sem-

dgomSi gausis xelSeSlebTan dakavSirebiT vuSvebT, rom maT 

aqvT erTnairi dispersia da nulis toli maTematikuri lodini. 
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nax. 3.2. signalis mimorigebuli (paraleluri) miRebis principialuri 

sqema 

Tu ganvixilavT nax. 3.1-ze moyvanil SemTxvevas, miRebas ganva-

xorcielebT 8rN =  mimorigebul antenaze da xelsayrel (sauke-

Teso) j  Stos avirCevT pirobidan max SNRj 


 =  z ,  1,2, , rN   

miviRebT nax. 3.3-ze warmodgenil Sedegebs [2] da Tu maT Sevada-

rebT nax. 3.1-ze moyvanils naTeli gaxdeba nax. 3.2-ze naCvenebi 

miRebis ideis sargeblianoba. mocemul SemTxvevaSi, s  gadmoce-

muli signalis dros, mimReb mxareze ML  deteqtori muSaobda 

principiT ( )2ˆ arg min ,j jd 


 =
 

s z s ,  1,2, ,M  . 

[3]-is mixedviT, Tu StoebSi arsebul signalebs Soris anu e.w. 

mimorigebul signalebs Soris korelaciis koeficienti 0.6  ,  
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maSin mimorigebuli miReba gaumjobesebas praqtikulad ar iZle-

va. am dros, [3]-Si moyvanili kerZo SemTxvevisaTvis Cans (ix. 

Рис. 5.1, [3]) mimReb antenebs Soris manZili ( )10 15L = − , sadac   

signalis talRis sigrZea. 

 

nax. 3.3. bitis Secdomis albaTobaTa maxasiaTeblebi BPSK -Tvis 

nakagamis arxSi, mimReb antenaTa mimorigebiT, roca 8rN =  

unda iTqvas, rom nax. 3.2-ze moyvanilis analogiuri sqema pir-

velad realizebuli iyo 1927 wels radio-satelefono kavSiris 

ganxorcielebisas mokletalRovan diapazonSi. mxolod ramde-

nime aTeuli wlis Semdeg gamoqveynda seriozuli kvlevis Sede-
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gebi aRniSnuli mimarTulebiT [3, 5-9]. kerZod, aRmoCnda, rom mi-

morigebul mimRebTa gamosasvlelebze arsebul signalTa gar-

kveuli wesiT kombinirebiT SesaZlebelia mniSvnelovnad gaum-

jobesdes mimorigebis efeqturoba [6, 8]. 

kombinirebis sxvadasxva sqemebi warmodgenilia naSromebSi [3, 

5-9]. maTgan Cven gamoviyenebT martiv araoptimalur da optima-

lur sqemas. 

3.3. mimorigebul signalTa araoptimaluri 

kombinireba                 

am SemTxvevaSi, Cven ganvixilavT yvelaze martiv sqemas, rome-

lic literaturaSi amorCeviTi kombinirebis (Selection combinig – 

SC) sqemis saxeliTaa cnobili [3, 5-9]. is moyvanilia nax. 3.4-ze.  
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nax. 3.4. amorCeviTi kombinirebis sqema 
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aq, xelsayreli j  Stos da Sesabamisi jz  signalis amorCeva xde-

ba, SC  blokis gamoyenebiT, Semdegi pirobebiT: 

 max W , 1,2, ,j rN


 =  z z ,    (3.2)  

romelSic W z  aris z -is simZlavre; an xelsayreli j  Stos  

amorCeva ganxorcieldes SNR -is maqsimaluri mniSvnelobis mi-

xedviT; magram, rogorc [3, 8]-Si aris aRniSnuli es arTulebs 

sqemas, Tumca, misi realizacia SesaZlebelia. am SemTxvevisTvis: 

 max SNR , 1,2, ,j rN


 =  z .    (3.3) 

nax. 3.5-ze warmodgenilia SER  maxasiaTeblebi 2FSK-8PSK  sig-

nalisaTvis modulaciis indeqsiT 0.4h =  da fazaTa mniSvnelo-

bebiT (gradusebSi)  0 90 180 270 27 117 207 297 = . moce-

mul signalze, arxSi gausis xmaurTan erTad, moqmedebda fedin-

gi releis ganawilebiT (anu nakagamis ganawilebiT, roca 1m = ). 

signalTa miReba ganxorcielebuli iyo nax. 3.4-ze naCvenebi 

sqemisa da (3.2) gamosaxulebis mixedviT mimRebi antenebis 2-8rN =  

raodenobis SemTxvevisaTvis. 

moyvanili naxazidan Cans, rom energetikuli mogeba 8rN =  

SemTxvevaSi 2rN =  SemTxvevasTan SedarebiT 15 dB -mdea. analogi-

ur pirobebSia miRebuli nax. 3.3-ze warmodgenili Sedegebi, 

oRond wina SemTxvevisgan gansxvavebiT aq gvaqvs nakagamis sxva-

dasxva xelSeSla, BPSK  signali da 8rN =  mimReb antenaTa (anu 

mimRebTa) raodenoba. 
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nax. 3.5. 2FSK-8PSK  signalis SER  maxasiaTeblebi releis arxSi 

kombinirebis SC  sqemis gamoyenebisas, roca 0.4h =  

imisaTvis, rom garkveulwilad Segvefasebina (3.2) da (3.3) gamo-

saxulebebis gamoyenebiT miRebuli Sedegebis gansxvaveba, Cavata-

reT modelireba, romlis drosac releis arxSi gadaicemoda 

2FSK-8PSK  ( )0.4h =  da 2FSK-8APSK  ( )0.3h =  signalebi. xelsay-

reli Stos amorCeva xorcieldeboda Semosuli z  signalis W  

simZlavris an SNR -is mixedviT. Sedegebi moyvanilia nax. 3.6-ze, 

saidanac Cans, rom Tu Stos amorCeva xdeba miRebuli signalis 

simZlavris mixedviT 2FSK-8APSK  signals aqvs gacilebiT uare-

si energetikuli maxasiaTebeli ( 5SER 10− dros), vidre yvela 

sxva danarCens. amave naxazidan Cans, rom 2FSK-8PSK  signalisa-
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Tvis praqtikulad mniSvneloba ar aqvs, Tu rogori wesiT iqneba 

Sto amorCeuli – (3.2) Tu (3.3) gamosaxulebis mixedviT. 

 
nax. 3.6. 2FSK-8PSK   da 2FSK-8APSK  signalebis SER  maxasiaTeblebi 

releis arxSi, kombinirebis SC  sqemis gamoyenebisas, roca 8rN =  

3.4. mimorigebul signalTa optimaluri 

kombinireba                 

am SemTxvevaSi, Cven ganvixilavT mimorigebul signalTa opti-

maluri kombinirebis sqemas, romlis gamosasvlelze (anu ML  

deteqtoris Sesasvlelze) miiRweva signal-xelSeSlis Tanafar-

dobis maqsimaluri mniSvneloba. literaturaSi [3, 5-9] aseTi 

sqema maqsimaluri Tanafardobis kombinirebis saxeliTaa cnobi-
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li (Maximal ratio combining – MRC). is moyvanilia nax. 3.7-ze. am dros 

amjamavis gamosasvlelze (anu, ML  deteqtoris Sesasvlelze) 

gvaqvs romeliRac gadmocemuli s  signalis Sesabamisi z  signa-

li da nax. 3.7-is Tanaxmad 

1

rN

i i

i=

=z z ;            (3.4) 

am dros ML  deteqtori muSaobs principiT:  

( )  2ˆ arg min , , 1, 2, ,r
r

d r M = 
 

s z s ,       (3.5) 

sadac ŝ  aris gadmocemuli s  signalis Sesabamisi deteqtirebu-

li signali ( s  signalis e.w. Sefaseba), xolo 

2

1

rN

i

i=

=  .        (3.6) 
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nax. 3.7. maqsimaluri Tanafardobis kombinirebis sqema 
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mocemuli sqemis realizacia dakavSirebulia garkveul sir-

TuleebTan. kerZod, aq aucilebelia r  
raodenobis signalis 

ajamva moxdes koherentulad; amitom amjamavis Sesasvlelze yve-

la signali unda iyos fazirebuli, rac xSir SemTxvevaSi SeiZ-

leba gaxdes Znelad misaRwevi, gansakuTrebiT arxSi mZlavri 

xelSeSlebis arsebobisas [3, 8].  

qvemoT, nax. 3.8-ze, moyvanilia 2FSK-8PSK  signalis SER  maxa-

siaTeblebi releis arxSi ( )1m = , roca 0.4h = .  

 

nax. 3.8. 2FSK-8PSK  signalis SER  maxasiaTeblebi releis arxSi 

kombinirebis MRC  sqemis gamoyenebisas, roca 0.4h =  
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mocemul SemTxvevaSi  0 90 180 270 27 117 207 297 =  

signalis fazaTa mniSvnelobebia. analogiuri maxasiaTeblebi 

2FSK-8APSK  signalisaTvis moyvanilia nax. 3.9-ze, sadac 

 0 9 90 99 180 189 270 297 =  signalis fazaTa mniSvnelo-

bebia  -is mniSvnelobebi orive SemTxvevaSi mocemulia gradu-

sebSi. praqtikulad, naxazebidan Cans Sedegebis identuroba, rac 

mosalodnelic iyo, vinaidan mocemul signalTa minimaluri ev-

kliduri manZilis kvadratis mniSvnelobebi TiTqmis erTnairia 

( ( )
2
min 2FSK-8PSK 0.9297d = , roca 0.4h =  da ( )

2
min 2FSK-8APSK 0.9623d = , roca 

0.3h = ). 

 
nax. 3.9. 2FSK-8APSK  signalis SER  maxasiaTeblebi releis arxSi 

kombinirebis MRC  sqemis gamoyenebisas, roca 0.3h =  
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daubrundeT problemas, romelic warmoSobili iyo nax. 3.7-ze 

moyvanili sqemis gamoyenebis dros. is SeiZleba met-naklebad 

gadaWrili iqnas nax. 3.10-ze moyvanili sqemis gamoyenebis Sem-

TxvevaSi, sadac, amjamvis win xorcieldeba metrikaTa gamoTvle-

bi. marTalia, aq metrikis gamoTvlis procedurebis raodenoba 

izrdeba, Tumca ixsneba amjamavze miwodebuli yvela signalis 

erTdrouli fazirebis (koherentuli ajamvis) aucilebloba. 

n

n

n

+

+
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z
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Nr
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.

+ DS

..

d
2
1,r  (z   ξ     ), 1     1     s   r

d
2
2,r , 22      s   r

d
2

Nr, r    (z     ξ      )    ,
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nax. 3.10. maqsimaluri Tanafardobis kombinirebis modernizebuli sqema 

nax. 3.10-ze moyvanil sqemaSi  1,2, ,r M , xolo gadawyveti-

lebis mimRebi kvanZi ( )DS  muSaobs principiT: 

( )2
,

1

ˆ arg min ,
rN

i r i i r
r

i

d 
=

 
=  

  
s z s ,   (3.7) 
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Zneli ar aris SevamowmoT, rom nebismieri Cveni signalisa-

Tvis, nax. 3.7-ze moyvanili sqema da sqema, romelic naCvenebia 

nax. 3.10-ze erTnair pirobebSi mogvcems SER -is erTsa da imave 

maCvenebels.  

axla Tu SevadarebT nax. 3.5-ze da nax. 3.8-ze moyvanil Sedegebs 

davinaxavT, rom optimaluri kombinirebis sqemis gamoyeneba gvaZ-

levs energetikul mogebas araoptimalurTan SedarebiT     

1.4 dB -dan 5.5 dB -mde da rogorc naxazebidan Cans, es mogeba iz-

rdeba mimRebi antenebis raodenobis zrdis kvaldakval. 

 

nax. 3.11. BPSK  signalis SER  ( )BER  maxasiaTeblebi releis arxSi, 

kombinirebis MRC  sqemis gamoyenebisas 
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nax. 3.11-ze moyvanilia SER  ( )BER  maxasiaTeblebi yvelaze ma-

Rali xelSeSla mdgradobis BPSK  signalis gamoyenebis Sem-

TxvevisaTvis MRC sqemisaTvis releis fedingis moqmedebisas. 

rogorc am naxazidanac Cans (aseve, Tu mas SevadarebT nax. 3.1-ze 

moyvanil Sedegebs) mimorigebis gamoyenebis efeqturoba radio-

kavSiris sistemebSi naTelia. 

sainteresoa SevafasoT mimorigebis efeqturobis damokidebule-

ba mimRebi antenebis raodenobaze. Cvens mier es ganxorcielebu-

li iqna modelirebiT SC  sqemisaTvis da Sedegebi moyvanilia 

nax. 3.12-ze, sadac G  gamoTvlilia Semdegi gamosaxulebidan: 

 
nax. 3.12. mimorigebis efeqturobis Sefaseba nakagamis fedingis 

SemTxvevaSi kombinirebis SC  sqemisaTvis 
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( ) ( )SNR SNR 1r rG N N= = ,            (3.8)  

romelSic ( )SNR rN ( )dB  aris maqsimaluri saSualo signal-xel-

SeSlis Tanafardoba erT-erT antenaze rN  raodenobis gamoye-

nebuli mimRebi antenebidan, xolo ( )SNR 1rN =  ( )dB  saSualo 

signal-xelSeSlis Tanafardobaa erTi mimRebi antenis gamoyene-

bisas. rogorc naxazidan Cans, mimorigeba gansakuTrebiT efeqtu-

ria 3-16rN =  SemTxvevebisaTvis [2]. analogiuri Sedegebia miRe-

buli [10]-Si  MRC  sqemisaTvis.            

3.5. arxis mdgomareobis gamoyenebis sakiTxi 

signalTa miRebisas 

roca vambobT, rom wyvili ( ),z  warmoadgens arxis gamosas-

vlels, vgulisxmobT, mimReb mxares informacia arxis mdgomare-

obis Sesaxeb (Channel state information – CSI) cnobilia, e.i. cxadia, 

rom viciT  -is mniSvneloba. modelirebisas, Tu vTvliT, rom 

CSI cnobilia, maSin gakeTebuli gvaqvs daSveba, rom  -is mniS-

vneloba viciT zustad.  

teqnikurad   SeiZleba ramdenime xerxiT ganisazRvros. maga-

liTad, pilot-signalis gamoyenebiT da konkretuli tipis arxSi 

signalis parametrebis gazomviT [1];  -is mniSvneloba SeiZleba 

Sefasdes raRac albaTobiT da amisTvis visargebloT Sesabamisi 

sqemiT [11] an gamoyenebuli iqnas originaluri, garkveuli prin-

cipiT momuSave konkretuli sistema (ix. mag., [12]). 

imisaTvis, rom Segvefasebina CSI -s gamoyenebis efeqturoba 

Cvens mier Catarebuli iqna kompiuteruli modelireba 
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2FSK-8PSK  ( )0.4h =  da 2FSK-8APSK  ( )0.3h =  signalebis gadacemi-

sa releis arxSi 8rN =  antenebis raodenobiT mimReb mxareze. 

aRebuli iyo MRC kombinirebis sqema  -is mniSvnelobis gamoye-

nebiT da mis gareSe. miRebuli Sedegebi naCvenebia qvemoT          

nax. 3.13-ze. aq 2FSK-8PSK  signalisaTvis SER -is mniSvnelobebi 

araa Zlier damokidebuli imaze, signalis miRebisas, viyenebT 

Tu ara CSI -s. xolo rac Seexeba 2FSK-8APSK  signals, misi SER  

maxasiaTebeli CSI -s gamoyenebis gareSe ukiduresad cudia. 

Zneli ar aris davinaxoT, rom kombinirebis SC  sqemis sargeb-

lobisas 2FSK-8PSK/W da 2FSK-8APSK/W  variantebi  Seesabameba 

SemTxvevas, roca miRebisas CSI ar gamoiyeneba da zustad amiT 

aixsneba nax. 3.6-ze da nax. 3.13-ze moyvanili Sedegebis garkveuli 

analogiebi.  

aucilebelia SevniSnoT, rom kombinirebis MRC sqema CSI -is 

gamoyenebis gareSe cnobilia literaturaSi, rogorc  kombini-

reba Tanabari gaZlierebiT (Equal gain combining – EGC) [3, 5-9, 13]. 

msgavsi kvlevis Sedegebi, raisis erTi konkretuli arxisa-

Tvis, roca ar gamoiyeneba mimorigebuli mimRebebi da gadaicema 

kodirebuli uwyvetfaziani sixSirulad modulirebuli signa-

li, kerZod, xvevadi kodiT kodirebuli signali minimaluri mo-

dulaciiT, moyvanilia [14]-Si. 
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nax. 3.13. signalTa SER  maxasiaTeblebi CSI -is gamoyenebisas da mis 

gareSe MRC  kombinirebis sqemisaTvis 

3.6. signalTa nawilobrivi optimaluri 

kombinireba 

aq Cven warmovadgenT MRC kombinirebis gamartivebul vari-

ants, (mag. ix. nax. 3.14) e.w. nawilobrivi optimaluri kombinirebis 

sqemas (Partial maximal ratio combining – PMRC).  

mocemul SemTxvevaSi, zogadad, kombinirebisas gamoyenebuli 

iqneba rN -ze naklebi raodenobis Sto, konkretulad Cvens Sem-
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TxvevaSi – ori da es is Stoebia, romlebzec gvaqvs SNR -is 

saukeTeso mniSvnelobebi. nax. 3.14-ze warmodgenili sqema aris        

nax. 3.10-ze moyvanilis varianti. aq SS  kvanZis saSualebiT xdeba 

rN  raodenobis Stodan ori saukeTesos amorCeva SNR -is mixed-

viT. xolo Semdgom is funqcionirebs, ise rogorc nax. 3.10-ze 

naCvenebi sqema. 

n

n

n

+

+

+

z

z

z

..

1

i

i

j

Nr
Nr

Nr

1

i

+ DS

d
2
i,r  (z   ξ     ), ii     s   r

d 2
j, r , jj      s   r  (z   ξ     )

n

+

jj

..

..

z1

SS

 
nax. 3.14. maqsimaluri Tanafardobis orStoiani nawilobrivi 

kombinireba 

nax. 3.15-ze moyvanilia modelirebis Sedegebi mocemuli sqemi-

sa da 2FSK-8PSK  ( )0.4h =  signalisaTvis. Cans, rom 8rN =  Sem-

TxvevaSi warmodgenili sistemis gamoyenebisas mogeba SC -is va-

riantTan SedarebiT Seadgens miaxloebiT 2.5 dB -s, xolo MRC -

Tan SedarebiT agebs 3 dB -s. 
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nax. 3.15. 2FSK-8PSK  ( )0.4h =  sistemis SER  maxasiaTeblebi PMRC  

sqemisaTvis releis arxSi 

mesame Tavis ZiriTadi Sedegebi 

• ganxilulia signalebis gadacemis sakiTxi iseT arxebSi, 

sadac gausis aditiur TeTr xmaurTan erTad adgili hqon-

da fedingis moqmedebas. iTvleboda, rom am dros signalis 

amplituda (momvlebi) fluqtuirebda nakagamis ganawile-

biT. aq da SemdgomSic yovelTvis miRebulia, rom fedingi 

aris neli da sixSirulad araseleqciuri (elementaluri 

signalis intervalisTvis is aris Tanabari, e.w. `brtyeli~, 
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anu gvaqvs flat fading). am dros, funqciurad, signalis miRebis 

procesi Sedgeba ori etapisagan, pirveli – gadmocemul 

signalTa mimorigebuli miReba kombinirebiT da saukeTeso 

signalis amorCeva, da meore – amorCeuli signalis mixed-

viT gadmocemulis identificireba ML  deteqtoriT. am pi-

robebSi, rogorc zemoTaa naCvenebi, CSI   SeiZleba an gamo-

viyenoT an ar gamoviyenoT. Tumca SeiZleba misi nawi-

lobriv gamoyenebac, magaliTad, an mxolod kombinirebis 

sqemaSi, an mxolod ML  deteqtorSi [7]. 

• warmodgenilia mimorigebul signalTa kombinirebis axali, 

gamartivebuli, sqema da Sefasebulia misi maCveneblebi. 

• Sefasebulia BPSK , 2FSK-8PSK  da 2FSK-8APSK  signalebis 

bazaze agebul sistemaTa sxvadasxva maxasiaTeblebi, sxva-

dasxva arxebSi, kompiuteruli modelirebis safuZvelze. 

• faqtiurad, mocemul TavSi miRebuli yvela praqtikuli Se-

degi axali da originaluria. swored maTze da gakeTebul 

Sefasebebze dayrdnobiT iqneba warmoebuli Cveni Semdgomi 

kvleva. 
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Tavi 4. sistemebi sivrciTi modulaciiT 

4.1. kavSiris mravalanteniani sistemebi 

cnobilia, rom kavSiris tradiciuli sistemebi, es aris sis-

temebi erTi gadamcemi da erTi mimRebi anteniT, anu gvaqvs arxi, 

erTi SesasvleliTa da erTi gamosasvleliT (Single input – single 

output − SISO) [1-4]. wina TavSi ganxiluli yvela SemTxveva gane-

kuTvneboda sistemas erTi SesasvleliTa da mravali gamosas-

vleliT (Single input – multiple output − SIMO); aseve arseboben siste-

mebi, mravali SesasvleliTa da erTi gamosasvleliT (Multiple 

input – single output − MISO) da mravali SesasvleliTa da mravali 

gamosasvleliT (Multiple input – multiple output − MIMO) [5, 6] (ix. 

nax. 4.1); mocemul naxazze tN  gadamcem antenaTa raodenobaa, xo-

lo, rogorc zemoT aRvniSnavdiT, rN  aris mimReb antenaTa ra-

odenoba. Tx  gadacemis mxarea, xolo Rx  miRebis. moyvanili na-

xazidan Cans, rom Tu SIMO  warmoadgens sistemas mravali mim-

Rebi anteniT, MISO  es aris sistema mravali gadamcemi anteniT, 

xolo MIMO  moicavs orive variants. Tu MIMO -s SemTxvevaSi 

sainformacio mimdevrobis Sesabamisi signalTa mimdevroba ga-

damcemis gamosasvlelze (antenebze) formirdeba tN  paralelu-

ri nakadis saxiT, maSin sistemaSi gvaqvs sivrciTi multipleq-

sirebis reJimi (Spatial multiplexing – SMX). cxadia, am dros SeiZleba 

gaizardos informaciis gadacemis siCqare tN -jer. e.i. mocemuli 

SemTxveva adasturebs, rom MIMO-SMX  sistema gadamcemi antene-

bis raodenobis gazrdiT zrdis informaciis gadacemis siCqares, 

xolo mimRebi antenebis raodenobis gazrdiT maTi mimorigebis 
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xarjze zrdis sistemis xelSeSla-mdgradobas; e.i. SeiZleba ga-

vakeToT daskvna, zogadad, MIMO  sistemebis potenciurad maRa-

li speqtruli da energetikuli efeqturobis Sesaxeb. gamomdi-

nare aqedan, gasagebi unda iyos aseTi sqemebis kvlevebisadmi 

gazrdili interesi. 

Tx
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1 1 1 1
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Nr
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Nt

MISO
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nax. 4.1. mimReb-gadamcem antenaTa SesaZlo konfiguraciebi 

MIMO  SedarebiT axalgazrda teqnologiaa, romlis istoria 

iwyeba 1984 wlidan, roca daregistrirda pirveli patenti misi 

gamoyenebis Sesaxeb (Jack Winters – Bell Labs), romelsac maleve moh-

yva Sesabamisi statiac [7]. 

qvemoT, Cvens mier ganxiluli iqneba MIMO-SMX  tipis siste-

mebi, ra drosac igulisxmeba, rom yoveli gadacemuli nakadisa-

Tvis gamoyenebuli iqneba gadamtani signalis sixSirisa da six-

Siruli zolis erTi da igive mniSvneloba; MIMO-SMX -is aseTi 

sqemebi mravalnakadiani sistemebis saxeliTac aris cnobili [8]. 

4.2. MIMO  sistemis maTematikuri modeli 

MIMO  sistemis struqturuli sqema naCvenebia nax. 4.2-ze [5, 6]. 

am dros, zogadad, MIMO  mimRebis Sesasvlelze arsebuli sig-

nalisTvis gvaqvs: 
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nax. 4.2. MIMO-SMX …sistemis zogadi gamartivebuli struqtura 

= +z s nξ ,      (4.1) 

romelSic n  warmoadgens aditiur TeTr gausis xmaurs, xolo 

ξ  Seesabameba fedings (mas zogjer arxis gaZlierebasac uwode-

ben), magaliTad, nakagamis ganawilebiT. ufro konkretulad,  

(4.1)-is elementebi SeiZleba warmovadginoT matricebiT:  
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,    (4.5) 

romlebSic, zogadad, matricaTa elementebi kompleqsuri sidi-

deebia da (4.2), (4.3) da (4.5)-is elementTa pirveli indeqsi aRniS-

navs gadamcemi antenis nomers, xolo meore indeqsi ki mimRebi 

antenis nomers. maTi kombinacia Seesabameba: nakads mocemuli 

gadamcemi antenidan konkretul mimReb antenamde, Sesabamis fe-

dingis dones da xmaurs am mimRebis gamosasvlelze. (4.4) matri-

caSi elementebis indeqsi aRniSnavs gadamcemi antenis nomers. 

Tu visargeblebT matricebze elementaruli operaciebis we-

sebiT [9-12], (4.1) SeiZleba warmovadginoT matriculad (4.2)-(4.5) 

formulebis gamoyenebiT da, Sesabamisad, mocemuli konkretuli 

nakadisaTvis, ganvsazRvroT arxis gamosasvleli (ix. gv. 110).  

yovel mimReb antenaze arsebuli nakadebis jamuri signalidan 

sasurvelis gamoyofa SeiZleba ganxorcieldes Sesabamisi tal-

Ris polarizaciis da Sesxivebis kuTxis, unikaluri kodis, pi-

lot signalis an arxis parametrebis (dayovnebis dro, fedingis 

siRrme da a.S.) gamoyenebiT [5, 6] (realizebis mxare ix. gv. 110). 

4.3. sivrciTi modulaciis principi 

rogorc [13]-Si iyo aRniSnuli, pirveli statia sivrciT modu-

laciasTan (Spatial modulation – SM) dakavSirebiT gamoqveynda 
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2001 wels [14], rasac, maleve, am mimarTulebiT vrceli gamok-

vlevebi mohyva, romelTaganac aRsaniSnavia naSromebi [15-19]. 

MIMO sistemebi sivrciTi modulaciiT ( )MIMO-SM  warmoad-

genen MIMO-SMX -is erT-erT qvesaxeobas, romlis drosac erT-

droulad gamoyenebuli antenebis raodenoba anu aqtiuri ante-

nebis raodenoba ta N  ( MIMO-SMX -is SemTxvevaSi ta N= ) da ro-

gorc SemdgomSi iqneba naCvenebi, aseTi sqemebi gamoirCevian si-

martiviT MIMO-SMX  sistemebTan SedarebiT. imis gamo, rom ta N  

MIMO-SM  sistemaSi Cndeba SesaZlebloba gamoviyenoT antenis 

nomeri (indeqsi) damatebiTi sainformacio bitebis gadasacemad, 

riTac SeiZleba gaizardos sistemis speqtruli efeqturoba. 

magaliTisaTvis ganvixiloT martivi MIMO-SM  sqema SemTxve-

visaTvis, roca oTxi gadamcemi antenidan aqtiuria mxolod 

erTi, e.i. 4tN = , 1a =  da gadasacemad gamoiyeneba 8PSK  signali. 

davuSvaT informacia warmodgenilia orobiTi simboloebiT 

(bitebiT). cxadia, am dros, oTxi gadamcemi antenidan erT-erTis 

gaaqtiureba SesaZlebelia ( )2log tN  raodenobis sainformacio 

bitiT (Cveni SemTxvevisaTvis ( )2log 4 2= ), xolo Semdgom, am ante-

niT, 8PSK signalis gamoyenebiT, gadavceT ( )2log M  raodenobis 

biti (Cveni SemTxvevisaTvis ( )2log 8 3= ). Sesabamisad, mimReb mxare-

ze jer aqtiuri antenis aRmoCeniT SegviZlia movaxdinoT Sesa-

bamisi ( )2log tN  raodenobis sainformacio bitis gansazRvra da 

Semdgom am antenidan miRebuli signalis demodulaciiT ganvsaz-

RvroT kidev ( )2log M  raodenobis sainformacio biti. am dros 

SM  signalis SecdomiT miRebis albaToba tolia: 

SM a s a sP P P P P= + −  ,       (4.6) 
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romelSic aP  aqtiuri antenis indeqsis  SecdomiT identifikaciis 

(gansazRvris) albaTobaa, xolo sP   calke signalis SecdomiT 

miRebis albaToba. 4 510 10− −−  Secdomis albaTobaTa SemTxvevaSi 

SegviZlia davuSvaT, rom  

SM a sP P P= +     (4.7) 

da im SemTxvevaSi, Tu aqtiuri antenis indeqsis gansazRvra xdeba 

miRebuli signalis simZlavris mixedviT, maSin, cxadia, aP  SeiZ-

leba Sefasdes iseTi konstelaciis signalis miRebis Secdomis 

albaTobiT, romlisTvisac 2
min 1d =  (1 -is toli signalis saSua-

lo energiis SemTxvevaSi); maSin ioli Sesamowmebelia, rom Tu 

viyenebT iseT konstelacias, romlisTvisac 2
min 0.6d   da 4tN  , 

aP -s gavlena SMP -ze iqneba umniSvnelo. 

mocemuli magaliTis Sesabamisi SM  procesis interpretacia 

moyvanilia nax. 4.3-ze, sadac aRebulia 15 bitiani sainformacio 

bloki 100010010111110 . naxazze yavisfriT warmodgenilia aqtiu-

ri antenebi da Sesabamisi e.w. saanteno bitebi, xolo mwvane fe-

riT 8PSK  signalis mamodulirebeli anu sasignalo  bitebi da 

Sesabamisi gadasacemi elementaruli signalebi. saanteno bite-

bis asaxva antenis indeqsebSi (maTi dalagebuli simravle 

 1 1,2, , tI N= , sadac misi TiToeuli elementi, anu antenis in-

deqsi 1,e 1I I ,  e 1,2, , tN , sadac e  aris elementis nomeri 1I  

simravleSi), ganxorcielebulia orobiT formaSi, xolo sasig-

nalo bitebi signalebSi asaxulia greis kodiT [20]. 

rogorc naxazidan Cans, sainformacio bloki dayofilia 3 

gadasacem qveblokad, sadac TiToeuli Seicavs 2 saanteno bits 

da 3 sasignalo bits. e.i. sul gvaqvs 5 sainformacio bitisagan 

Sedgenili qvebloki, maSasadame, 5ES = . 
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nax. 4.3. SM  procesis interpretaciis magaliTi 

mocemuli M -obiTi signalis SemTxvevaSi, zemoT aRniSnuli 

wesiT formirebuli erTi aqtiuri antenis mqone MIMO-SM  da 

MIMO-SMX  sistemebis speqtruli efeqturobisTvis gvaqvs:  

( ) ( )

( ) ( )

2SM

2SMX

log ,

log

tE

tE

S M N

S N M

= 

= 
        (4.8) 
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da Cveni magaliTisaTvis, rogorc zemoT iyo aRniSnuli, 

( )SM 5ES = . 

realizaciis sirTulis gaTvaliswinebiT MIMO-SM -is upira-

tesoba MIMO-SMX -Tan SedarebiT saxezea, Tumca am dros siste-

mis speqtruli efeqturobis gauareseba aSkaraa. 

dasasruls unda aRiniSnos, rom MIMO  ( )MIMO-SM  mimRebma 

SeiZleba imuSaos imave principebze dayrdnobiT, romlebic aR-

werili iyo wina TavSi SIMO  sistemebisaTvis. 

4.4. sivrciTi modulaciis sistemebi erTi 

aqtiuri anteniT 

zogadad, nax. 4.3-ze warmodgenili SM -is formirebis sqemis 

Sesabamisi mimRebi, rogorc zemoT aRvniSnavdiT, muSaobs Semde-

gi principiT: pirvel etapze xdeba aqtiuri 1,eI  antenis indeqsis 

gansazRvra 1I  simravlidan da Semdeg xorcieldeba mocemuli 

antenidan gadacemuli signalis deteqtireba (demodulacia)  ima-

ve meTodebis gamoyenebiT, rogorebic wina TavSi iyo aRwerili. 

Sesabamisad, xdeba saanteno da sasignalo bitebis aRdgena.  

Cvens SemTxvevaSi SM  mimRebi muSaobs Semdegi mocemulobiT: 

a. aqtiuri antenis indeqsis mniSvnelobis Sefaseba xorciel-

deba principiT: 

 1,e

1

arg max W , 1,2,
rN

ij t
j

i

I j N
=

 
=  

  
 ,     (4.9) 

romelSic Wij  aris j  gadamcemisa da  mimRebis i  Stos Sesa-

bamisi  nakadis signalis simZlavre. 
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b. gamoyenebulia signalTa araoptimaluri SC  kombinireba 

(3.2) pirobiT. 

g. signalebis saxiT SerCeulia 2D MPSK  konstelaciebi, ro-

melTa miReba, simartivisaTvis, ganxorcielebulia ML  de-

teqtoriT CSI -is gamoyenebis gareSe, radgan cnobilia,  rom 

am SemTxvevaSi mudmiv amplitudiani signalebisTvis ener-

getikuli danakargebi didi ar aris (ix. nax. 3.13). 

SevafasoT aseTi SM  mimRebis gamoTvliTi sirTule, risTvi-

sac gamoviyenebT [8]-Si warmodgenil midgomas, sadac yoveli Sek-

reba-gamokleba, gamravleba-gayofa, axarisxeba-fesvis amoReba, 

Sedareba, damrgvaleba da a.S. iTvleba rogorc erTi operacia 

mcocavi mZimiT anu erTi flopi (Flop – floating-point operation). maSin, 

Zneli ar iqneba vaCvenoT, rom zemoT aRwerili struqturis mim-

Rebis sirTule SeiZleba Sefasdes GgamosaxulebiT: 

( )
( ) ( ) ( )

! ! !
4 1 5

2 2 ! 2 2 ! 2 2 !

t r
c r t

t r

N N M
O N N M

N N M
= − + + + +

− − −
flopi,  (4.10) 

romelSic erTi nakadis 2D  signalis simZlavris gamoTvlas 

sWirdeba 3 flopi (signalis koordinatebis kvadratebis jami), 

erTi antenidan miRebuli signalebis simZlavris angariSs 3 rN  

flopi; maTi ajamvas 1rN −  flopi; aseT proceduras tN  antenis-

Tvis ( )4 1r tN N−  flopi; im antenis indeqsis gansazRvras, rome-

lic asxivebs maqsimaluri jamuri simZlavris signals, esaWiro-

eba ( )( )! 2 2 !t tN N −  flopi da amiT sruldeba aqtiuri antenis in-

deqsis gansazRvra. aqtiuri antenidan maqsimaluri simZlavris 

nakadis amorCevas sWirdeba ( )( )! 2 2 !r rN N − flopi; ML  deteqtor-

Si erTi 2D  signalisaTvis evkliduri manZilis kvadratis ga-

moTvlas 5flopi; igives M  signalisTvis 5M flopi; minimaluri 

manZiliT daSorebul signalTa wyvilis amorCevas ( )( )! 2 2 !M M −
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flopi. mimRebis sirTulis Sefasebis warmodgenili midgoma 

SeiZleba gamoyenebuli iqnas nebismieri SM  sistemisaTvis. 

kompiuteruli modelirebis Sedegebi erT aqtiur anteniani 

SM  sistemisaTvis moyvanilia nax. 4.4 – nax 4.10-ze, romelTagan 

nawili warmodgenili iyo [21]-Si. mocemul naxazebze SNR -is 

mniSvnelobebi aRniSnaven signal-xelSeSlis Tanafardobas erTi 

gadacemuli bitisaTvis. 

 

 

nax 4.4. MIMO-SM sistemis BER  maxasiaTeblebi, roca 1a = , 2M = , 

2tN = , 1m = , 2ES =  
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nax 4.5. MIMO-SM  sistemis BER  maxasiaTeblebi, roca 1a = , 2M = , 

4tN = , 1m = , 3ES =  

 

 

 

 

 

 

 

 

0 5 10 15 20 25 30

10
-5

10
-4

10
-3

10
-2

10
-1

SNR  dB

B
E

R

 

 

  Nr = 2

  Nr = 3

  Nr = 4

  Nr = 8



128     cifruli kavSiris sistemebis SemuSaveba radioarxebisaTvis 

 

 

 

 

 
nax 4.6. MIMO-SM  sistemis BER  maxasiaTeblebi, roca 1a = , 4M = , 

2tN = , 1m = , 3ES =  
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nax 4.7. MIMO-SM  sistemis BER  maxasiaTeblebi, roca 1a = , 4M = , 

4tN = , 1m = , 4ES =  
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nax 4.8. MIMO-SM sistemis BER  maxasiaTeblebi, roca 1a = , 8M = , 

2tN = , 1m = , 4ES =  
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nax 4.9. MIMO-SM sistemis BER  maxasiaTeblebi, roca 1a = , 8M = , 

4tN = , 1m = , 5ES =  
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nax 4.10. MIMO-SMsistemis BER  maxasiaTeblebi, roca 1a = , 8M = , 

4tN = , 8rN = , 5ES =  nakagamis arxisaTvis 
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cnobilia, rom mikrotalRovan diapazonSi  mobiluri kavSi-

ris sistemebisaTvis miRebis optimaluri sqemebis gamoyeneba ara-

efeqturia [22]. amasTan dakavSirebiT, mocemul paragrafSi arCe-

vani gakeTebuli iqna SM  sistemis maqsimalurad gamartivebul 

variantze (mimReb antenaTa mimorigebisas martivi kombinirebis 

sqema, martivi signalTa sistema, antenis indeqsis gansazRvris 

martivi sqema, CSI -is argamoyeneba, mimReb-gadamcemi antenebis 

mcire raodenoba) erTis gamoklebiT – signalis misaRebadD gaT-

valiswinebuli iyo ML  deteqtori. Tumca es sakiTxic SeiZleba 

iolad gadawydes diferencialuri deteqtoris gamoyenebis gziT 

da cnobilia, rom am dros SNR -is degradacia ar aRemateba  

3 dB -s [23]. 

4.5. sistemebi cvladi raodenobis aqtiuri 

antenebiT 

dReisaTvis arsebobs naSromebi, sadac ganxilulia SM -is 

iseTi variantebi, roca gamoyenebulia erTdroulad momuSave 

ori [24-26] an sami aqtiuri antena [24, 26], aseve droSi cvladi 

raodenobis aqtiuri antenebi [27-29]. [27]-Si moyvanilia sistemaTa 

maxasiaTeblebi SemTxvevisaTvis, roca 4M = , 4tN = , 1-2a = , 

4rN =  da,  roca 4M = , 8tN = , 1-4a = , 4rN =  ( )ta N . aqedan, pir-

vel SemTxvevaSi, analizurTan erTad moyvanilia modelirebisa 

da eqsperimentis Sedegebi, xolo meore SemTxveva Seesabameba 

modelirebas. [28]-Si ganixileba Semdegi ( ),tN a  sistemebi droSi 

cvladi raodenobis aqtiuri antenebiT: (5,1-2), (7,1-2), (8,1-2), (8,1-4), 

(9,1-4) arakorelirebuli da korelirebuli releis arxisaTvis, 

korelaciis koeficientebiT 0.5, 0.7, 0.9r = . moyvanilia Sesabami-

si modelirebis Sedegebi 4rN =  SemTxvevisaTvis. gansxvavebuli 
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midgomaa warmodgenili [29]-Si, sadac ganixileba SemTxveva 

droSi cvladi raodenobis aqtiuri antenebiT, roca isini 

SeiZleba iyos nebismieri ( )ta N  da Tu [27, 28]-Si gamoyenebulia 

2D QAM  signalebi, aq gamoyenebuli iqneba me-2 TavSi agebuli 

axali 4D 2FSK-MPSK  konstelaciebi. swored aseTi sqemisadmia 

miZRvnili mocemuli paragrafi. 

rogorc aRvniSneT, qvemoT ganxiluli iqneba iseTi SM  sis-

tema, sadac informaciis gadacemis procesSi aqtiuri antenebis 

saxiT gamoyenebuli iqneba rogorc cal-calke TiToeuli antena 

tN  raodenobis antenidan, aseve maTi nebismieri kombinacia. amave 

dros, iqneba gamoyenebuli variantic, roca arc erTi antena araa 

aqtiuri. aseTi sistema momavalSi moxseniebuli iqneba, rogorc 

ganzogadoebuli mravalnakadiani SM  sistema (Generalized multistre-

am SM – GMSM). 

magaliTisaTvis, 4tN =  SemTxvevisaTvis, calkeul aqtiur an-

tenaTa indeqsebis da maTi yvela SesaZlo kombinaciaTa simravle 

 1,2,3,4,12,13,14,23,24,34,123,124,134,234,1234I = .  (4.11) 

Tu warmovidgenT, rom (4.11)-Si Semaval calkeul antenaTa in-

deqsebi an maTi kombinaciebi asaxuli aris igive cifrebiT war-

modgenil naturalur ricxvebSi, maSin piriqiTac, zrdadobiT 

dalagebuli es ricxvebi asaxavs (4.11) dalagebul simravles. Se-

sabamisad, gvaqvs (4.11)-is dalagebuli qvesimravleebi: 

 

 

 

 

1

2

3

4

1,2,3,4 ;

12,13,14,23,24,34 ;

123,124,134,234 ;

1234 ,

I

I

I

I

=

=

=

=

       (4.12) 
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sadac aI -s a  indeqsi  ( )1, 2, , ta N , Seesabameba aqtiur antenaTa 

raodenobas mocemul kombinaciaSi. zogadad, (4.12)-is elementi 

(aqtiur antenaTa indeqsi an maTi kombinacia) aRniSnuli iqneba 

,a eI  simboloTi, sadac e  aris mocemuli aI  qvesimravlis ele-

mentis rigiTi nomeri (aqtiuri antenis indeqsis an maTi kombi-

naciis nomeri); a  qvesimravlis e  elementSi Tanrigis nomris 

gansazRvrisTvis SeiZleba gamoyenebuli iqnas Canaweri , ,a e nI ,  sa-

dac n  aris mocemuli e  elementis Tanrigis nomeri. magaliTad,  

Cawera 3,4,1I  aRniSnavs mesame 3I   qvesimravlis meoTxe elementis 

pirvel Tanrigs anu, Cveni magaliTisaTvis, 2 -s. sabolood, 

mTlianobaSi gvaqvs aRniSvnebi:  3 123,124,134,234I = , 3,4 234I = ; 

3,4,1 2I = . 

zogadad, qvesimravleSi elementebis (aqtiur antenaTa an maTi 

kombinaciebis) raodenoba tolia: 

( )

!

! !

t t
a

t

N N
I

a a N a

 
= = 

− 
,       (4.13) 

saidanac cxadia, rom  1, 2, , ae I . 

Zneli ar aris vaCvenoT, rom aqtiur antenaTa indeqsebis da 

maTi yvela SesaZlo kombinaciebis raodenoba tolia [30]: 

( )1 1

!
2 1

! !

t t

t

N N
Nt

a
ta a

N
I I

a N a
= =

= = = −
−

  .    (4.14) 

warmodgenil GMSM  sistemaSi yoveli gadasacemi v sainfor-

macio simbolo aisaxeba sainformacio wyvilSi (e.w. GMSM  asax-

va): 

( ) ( )( ), 1 2, , , , Twa e av I s s s → =
  ,   (4.15) 
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romelSic ns  ( )1 2, , ,n as s s s  aris   aqtiur antenaTa mocemuli 

kombinaciidan n -uri anteniT gadacemuli signali. aseTi GMSM  

asaxvis  magaliTi moyvanilia cxrili 4.1-Si, sadac sainformacio 

bitebis bloki asaxulia sainformacio simboloebSi orobiTi 

kodis formatiT. 

cxrili 4.1. GMSM  asaxva,  roca 3tN = , 3M =  

sainformacio 

bitebis bloki 
v 

sainformacio wyvili, Tw  

,a eI  
1 2, , , as s s  

000000 0 ara ara 

000001 1 1 1s  

000010 2 1 2s  

000011 3 1 3s  

000100 4 2 1s  

000101 5 2 2s  

000110 6 2 3s  

000111 7 3 1s  

001000 8 3 2s  

001001 9 3 3s  

001010 10 1,2 1s , 1s  

001011 11 1,2 1s , 2s  

001100 12 1,2 1s , 3s  

001101 13 1,2 2s , 1s  

001110 14 1,2 2s , 2s  
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001111 15 1,2 2s , 3s  

010000 16 1,2 3s , 1s  

010001 17 1,2 3s , 2s  

010010 18 1,2 3s , 3s  

010011 19 1,3 1s , 1s  

010100 20 1,3 1s , 2s  

010101 21 1,3 1s , 3s  

010110 22 1,3 2s , 1s  

010111 23 1,3 2s , 2s  

011000 24 1,3 2s , 3s  

011001 25 1,3 3s , 1s  

011010 26 1,3 3s , 2s  

011011 27 1,3 3s , 3s  

011100 28 2,3 1s , 1s  

011101 29 2,3 1s , 2s  

011110 30 2,3 1s , 3s  

011111 31 2,3 2s , 1s  

100000 32 2,3 2s , 2s  

100001 33 2,3 2s , 3s  

100010 34 2,3 3s , 1s  

100011 35 2,3 3s , 2s  

100100 36 2,3 3s , 3s  

100101 37 1,2,3 1s , 1s , 1s  

100110 38 1,2,3 1s , 1s , 2s  
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100111 39 1,2,3 1s , 1s , 3s  

101000 40 1,2,3 1s , 2s , 1s  

101001 41 1,2,3 1s , 2s , 2s  

101010 42 1,2,3 1s , 2s , 3s  

101011 43 1,2,3 1s , 3s , 1s  

101100 44 1,2,3 1s , 3s , 2s  

101101 45 1,2,3 1s , 3s , 3s  

101110 46 1,2,3 2s , 1s , 1s  

101111 47 1,2,3 2s , 1s , 2s  

110000 48 1,2,3 2s , 1s , 3s  

110001 49 1,2,3 2s , 2s , 1s  

110010 50 1,2,3 2s , 2s , 2s  

110011 51 1,2,3 2s , 2s , 3s  

110100 52 1,2,3 2s , 3s , 1s  

110101 53 1,2,3 2s , 3s , 2s  

110110 54 1,2,3 2s , 3s , 3s  

110111 55 1,2,3 3s , 1s , 1s  

111000 56 1,2,3 3s , 1s , 2s  

111001 57 1,2,3 3s , 1s , 3s  

111010 58 1,2,3 3s , 2s , 1s  

111011 59 1,2,3 3s , 2s , 2s  

111100 60 1,2,3 3s , 2s , 3s  

111101 61 1,2,3 3s , 3s , 1s  

111110 62 1,2,3 3s , 3s , 2s  

111111 63 1,2,3 3s , 3s , 3s  
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Tu yovel aqtiur antenaze arsebuli signali M -obiTia, 

maSin (4.15)-iT gansazRvruli wyvilTa kombinaciebis saerTo rao-

denoba tolia: 

( )1

!
Tw

! !

tN
at

ta

N
M

a N a
=

= 
−

 ,     (4.16) 

xolo Tu informaciis gadasacemad viyenebT SemTxvevas, roca 

arc erTi antena araa aqtiuri (cxril 4.1-Si moyvanili magaliTis 

varianti), sainformacio wyvilTa kombinaciebis saerTo raode-

noba toli iqneba: 

( )
( )

1

!
Tw 1 1

! !

t

t

N
Nat

ta

N
M M

a N a
=

 
=  + = + 
 − 
 .    (4.17) 

cxadia, (4.17)-is gaTvaliswinebiT, MIMO-GMSM  sistemis speqt-

ruli efeqturobisaTvis gveqneba:  

( )2log 1E tS N M=  + ,     (4.18) 

rac ukeTesia vidre MIMO-SMX -is analogiuri maCvenebeli (ix. 

gamosaxuleba (4.8)). 

sistemis realizaciisas, orobiTi sainformacio simboloebis 

gadacemis SemTxvevaSi, misi wyaros da GMSM  sqemis uproble-

mod SeTanxmebis pirobidan gamomdinare sasurvelia, rom Tw -is 

mniSvneloba toli iyos 2 -is xarisxis, rac momavalSi daculi 

iqneba.  

(4.17)-is gaTvaliswinebiT Tw  SegviZlia warmovadginoT H  po-

linomis saxiT: 

1

Tw 1
tN

a
a

a

H I M
=

= = +  ,     (4.19) 



140     cifruli kavSiris sistemebis SemuSaveba radioarxebisaTvis 

romlis gaTvaliswinebiTac 

2logES H= .        (4.20) 

(4.13)-isa da (4.19)-is gamoyenebiT SegviZlia gamovTvaloT a  

raodenobis aqtiur anteniani kombinaciis gamoCenis albaToba 

Semdegi gamosaxulebis gamoyenebiT [29]: 

( )1 t

a

a a N

M
P I

M
= 

+
.   (4.21) 

zemoT moyvanilis gaTvaliswinebiT 7M =  SemTxvevisaTvis gamo-

angariSebuli GMSM  sistemis efeqturobis maCveneblebi moce-

mulia cxril 4.2-Si. 

cxrili 4.2. GMSM  sistemis efeqturobis maCveneblebi 

tN  H  tNP  
ES

biti/wm/hc 

2 21 2M M+ +  0.77 6 

3 2 31 3 3M M M+ + +  0.67 9 

4 2 3 41 4 6 4M M M M+ + + +  0.59 12 

5 2 3 4 51 5 10 10 5M M M M M+ + + + +  0.51 15 

6 2 3 4 5 61 6 15 20 15 6M M M M M M+ + + + + +  0.45 18 

7 

2 3 4 5

6 7

1 7 21 35 35 21

7

M M M M M

M M

+ + + + +

+ +
 0.39 21 

8 

2 3 4 5

6 7 8

1 8 28 56 70 56

28 8

M M M M M

M M M

+ + + + +

+ + +
 0.34 24 

imisaTvis, rom Segvefasebina realuri efeqturoba Cvens mier 

SemoTavazebuli GMSM  sistemisa da aseve Segvedarebina is sxva 

msgavs cnobil konkurent sistemebTan, Catarebuli iqna kompiu-
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teruli modelireba 7M =  ( 2FSK-7PSK  signali – ix. cxri-

li  2.8) da 4tN =  SemTxvevisaTvis. Sedegebi warmodgenilia 

nax. 4.11 da nax. 4.12-ze, romelTaganac nax. 4.11 Seesabameba releis 

arxs, xolo nax. 4.12 nakagamisas. orive SemTxvevaSi, rogorc es 

cxrili 4.2-dan Cans, moyvanili GMSM  sistemis speqtruli efeq-

turoba 12ES = biti/wm/hc.  

 

nax 4.11. GMSM  sistemis SER  maxasiaTeblebi, roca 7M =  da 4tN =  

releis arxisa da kombinirebis SC  sqemisaTvis 

mocemul SemTxvevaSi calkeul antenaTa an antenaTa kombina-

ciebis gamoCenis albaTobebisTvis miaxloebiT gvaqvs:   

1 0.0068P = ; 2 0.0718P = ; 3 0.3350P = ; 4 0.5862P = , saidanac Cans, rom 

yvelaze xSirad aqtiuria oTx anteniani kombinacia (drois 

58.62% ), Semdeg modis sam anteniani kombinacia ( )33.5% , Semdeg 
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or anteniani ( )7.18% ; rac Seexeba erT, aqtiuri antenis SemTxve-

vas, is sakmaod iSviaTia da misi wili Seadgens 0.68% -s da bo-

los, albaToba, roca arcerTi antena ar iqneba aqtiuri, tolia 

( )0 1 2 0.000244SEP = = ( )0.0244% . 

 

nax 4.12. GMSM  sistemis SER  maxasiaTeblebi, roca 7M = , 4tN =  da 

8rN =  nakagamis arxisa da kombinirebis SC  sqemisaTvis 

GMSM  sistemis mimRebi mxare muSaobs martivi principiT: Ti-

Toeuli j -uri aqtiuri antenis aRmoCena (seleqcia) xdeboda pi-

robiT 

 
1

W Tr, 1,2, ,
rN

ij t

i

j N
=

   ,       (4.22) 
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sadac Wij  mocemuli nakadis Sesabamis mimRebis Sesasvlelze ar-

sebuli signalis simZlavrea, xolo Tr  zRurblis garkveuli 

mniSvnelobaa, romlis sidide mocemuli rN -isa da SNR -is Sem-

TxvevaSi ganisazRvra modelirebiT. amis Semdeg, SerCeuli ante-

nisaTvis, simartivisaTvis, gamoiyeneboda mimorigebis, (3.2) ga-

mosaxulebis mixedviT moqmedi, SC  sqema da ML  deteqtori. 

nax. 4.11-ze warmodgenili Sedegebis da ES -s mniSvnelobebis 

mixedviT Tu vimsjelebT [27]-Si moyvanilTan (VA-GSM – variable 

active transmit antenna generalized SM : 8tN = , 4rN = , 1 4a = − , 9ES = bi-

ti/wm/hc, signali QPSK ) SedarebiT GMSM  sistema  gacilebiT 

efeqturia. is aseve  mniSvnelovnad efeqturia [28]-Si moyvanil 

saukeTeso sistemasTan (VASM – variable active antenna SM : 9tN = , 

4rN = , 1 4a = − , 10ES = biti/wm/hc, signali QPSK ) SedarebiTac.  

SER  da ES  parametrebis mniSvnelobebiT GMSM -Tan Sedare-

biT axlos dgas droSi ara cvladi a -s mqone sistemebi, romle-

bic warmodgenili arian [25, 31]-Si. [25]-Si 4tN = , 8rN = , 2a = , 

10ES = biti/wm/hc; aq mTavar siaxles warmoadgens is, rom signa-

lebis saxiT gamoyenebulia MQAM -dan garkveuli wesiT amorCe-

uli qvekonstelaciebi. agebuli sistemebidan saukeTesoa ESM 

type 3 (Enhanced SM type 3) sqema, romelsac 510−  SER -is SemTxvevaSi 

aqvs daaxloebiT 0.35 dB -iT uaresi SNR -is maCvenebeli vidre 

GMSM -s, romlis 4tN = , 8rN = , 1h = , 12ES = biti/wm/hc. 

[31]-Si warmodgenilia sqema parametrebiT 4tN = , 8rN = , 4a = , 

12ES = biti/wm/hc; is aris MIMO-SMX -is tipis sistema, sadac ga-

moyenebulia aqtiuri antenis 4 indeqsze awyobili barns-uolis 

mesris konstruqcia [32], romelic qmnis mravalganzomilebian 

modulacias sivrciT meserze (SLM-BW – spatial lattice modulation  
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Barnes-Wall). aq 510−  SER -is maCvenebelze SNR -is mniSvneloba 

praqtikulad igivea, rac GMSM -is ( 4tN = , 8rN = , 1h = , )12ES =  

SemTxvevaSi, Tumca mudmivad iyenebs 4 aqtiur antenas ( )4a = , 

maSin roca GMSM -is SemTxvevaSi 4 aqtiuri antena gamoiyeneba 

drois 58.62% -ian monakveTSi. 

nax. 4.12-dan kargad Cans GMSM -is maRalefeqturoba, SER -is 

maCveneblebiT, Rrma fedingis SemTxvevaSic (nakagamis arxi). 

 
nax 4.13. GMSM  sistemis SER  maxasiaTeblebi, roca 4tN =  releis 

arxisa da mkombinirebis MRC  sqemisaTvis 

GMSM  sistemisaTvis aseve Catarda kompiuteruli modelire-

ba signalTa optimaluri kombinirebis sqemisaTvis ( )MRC . Sesa-
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bamisi SER  maxasiaTeblebi moyvanilia nax. 4.13 da nax 4.14-ze da 

isini ukeTesia, vidre dRemde cnobili yvela sxva Sedegi. 

nax. 4.13-ze warmodgenilia aseve SER maxasiaTebeli 

2FSK-7APSK  konstelaciisaTvis, roca h = 0.25. marTalia, is SNR  

efeqturobiT Camouvardeba 2FSK-7PSK  signalebs, Tumca 

aRsaniSnavia misi kompaqturi energetikuli speqtri. Aam 

signalis parametrebia: 1.4464HE = , 0.4048LE = , 

 0 96.81 103.62 200.43 207.24 304.05 310.86 = . 

nax. 4.14-ze 3.27m =  Seesabameba (1.54) gamosaxulebis Sesabami-

sad aproqsimirebul 5K =  raisis faqtoris SemTxvevas. 

 
nax 4.14. GMSM  sistemis SER  maxasiaTeblebi, roca 7M = , 0.6h = , 

4tN = , 8rN =  nakagamis arxisa da kombinirebis MRC  sqemisaTvis 
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rogorc zemoT iyo aRniSnuli, SemoTavazebul GMSM  sqema-

Si, yoveli aqtiuri antena iyenebs erTsa da imave M -is mqone  

signals, Tumca rogorc [33] aris naCvenebi, SeiZleba ganxiluli 

iqnas gansxvavebuli SemTxvevac. 

  meoTxe Tavis ZiriTadi Sedegebi 

• warmodgenilia kavSiris mravalanteniani MIMO sistemebi 

da maT Soris gansakuTrebulad efeqturi SM  sistema, aR-

werilia misi muSaobis principi da Sefasebulia efeqtu-

roba. 

• ganxilulia umartivesi SM  sqema erTi aqtiuri anteniT. 

moyvanilia kompiuteruli modelirebis Sedegebi aseTi 

konstruqciebisTvis, romelSic gamoyenebulia MPSK  sig-

nalebi. Sedegebi Seesabameba arxebs, romelSic moqmedebs 

fedingi releis da ufro zogadi, nakagamis ganawilebiT.   

• SemoTavazebulia axali e.w. GMSM  sistema droSi cvladi 

raodenobis aqtiuri antenebiT. Mmoyvanilia misi aRwera da 

kompiuteruli modelirebis Sedegebi, romlebic miuTiTe-

ben GMSM  sistemis upiratesobaze yvela sxva, dRemde cno-

bil konkurent konstruqciebTan  SedarebiT. 
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boloTqma 

warmodgenil masalaSi, Cven SevexeT usadeno kavSiris (radi-

okavSiris) erT-erT swrafad ganviTarebad mimarTulebas – mra-

valantenian sistemebs, romlebic sainformacio da sakomunika-

cio teqnologiebis umniSvnelovanes nawils warmoadgenen. mimo-

vixileT misi yvela ZiriTadi komponenti – kavSiris arxi, signa-

lebi da maTi mimRebi, mravalanteniani sqemebi da xSirad Cveni 

wvlilic SevitaneT maT Seswavlasa da kvlevaSi; miviReT ramde-

nime mniSvnelovani axali Sedegi. droisa da wignis moculobis 

SezRudulobam ar mogvca saSualeba ufro srulad warmogved-

gina aRniSnuli mimarTuleba, Tumca vfiqrobT, rom misi ganvi-

Tarebis ZiriTadi tendenciebi mainc warmovaCineT da Tu ramde-

nad kargad SevZeliT es, Sefaseba mkiTxvelisTvis migvindvia.  

ra Tqma unda, wigns eqneba garkveuli xarvezebic, romlebic 

ver SevamCnieT da maTTan dakavSirebiT nebismier SeniSvnasa da 

winadadebas siamovnebiT miviRebT. 

SeuZlebelia madlierebiT ar aRvniSnoT kavkasiis universi-

tetis xelmZRvanelobisa da TanamSromlebis keTilganwyoba da 

mxardaWera, rasac Cven yovelTvis vgrZnobdiT.  

aseveMmadloba gvinda uTxraT SoTa rusTavelis erovnuli 

samecniero fondis TanamSromlebs, CvenTan urTierTobisas, mo-

valeobebis uaRresad keTilsindisierad SesrulebisaTvis.  

n. uRreliZe, s. SavguliZe 

Tbilisi, Semodgoma, 2020 
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akronimebi 

APSK  amplitudur-fazuri modulacia   

ASK  amplituduri modulacia 

BER  bitis SecdomiT miRebis xarisxi 

BPSK  binaruli (orobiTi) fazuri modulacia 

CSI informacia arxis mdgomareobis Sesaxeb 

dB decibeli 

DS gadawyvetilebis mimRebi sqema 

EGC  kombinireba Tanabari gaZlierebiT 

FSK  sixSiruli modulacia 

GMSM  ganzogadoebuli mravalnakadiani sivrciTi 

modulacia 

LTE mobiluri sistemebiT monacemTa 

maRalsiCqarovani gadacemis standarti 

MAPSK  M -obiTi amplitudur-fazuri modulacia 

MIMO sistema mravali SesasvleliT da mravali 

gamosasvleliT 

MISO  sistema mravali SesasvleliT da erTi 

gamosasvleliT 

ML  maqsimaluri damajereblobis sqema 
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MPSK  M -obiTi fazuri modulacia 

MQAM  M -obiTi kvadraturuli amplitudur-fazuri 

modulacia 

MRC maqsimaluri Tanafardobis kombinireba 

PMRC  nawilobrivi maqsimaluri Tanafardobis 

kombinireba 

PSK  fazuri modulacia 

QPSK  kvadratuli (oTxobiTi) fazuri modulacia 

Rx  mimRebi mxare 

SC  amorCeviTi kombinireba 

SER  simbolos SecdomiT miRebis xarisxi 

SIMO sistema erTi SesasvleliT da mravali 

gamosasvleliT 

SISO  sistema erTi SesasvleliT da erTi 

gamosasvleliT 

SM  sivrciTi modulacia 

SMX sivrciTi multipleqsireba 

SNR  signal-xelSeSlis Tanafardoba 

SS sasurveli Stos amorCevis sqema 

Tx  gadamcemi mxare 

UMTS  fiWuri kavSiris univrsaluri mobiluri 

sakomunikacio sistema 

Wi-Fi  umavTuli lokaluri qselis (radioqselis) 

teqnologia 



akronimebi  153 

WiMax  sakomunikacio teqnologia universaluri 

SorsmanZilovani usadeno sistemisaTvis 

( )2D 4D  evklides sivrcis ori (oTxi) ganzomileba 

2FSK  orobiTi sixSiruli modulacia 

2FSK-MAPSK  orobiTi sixSiruli da M -obiTi amplitudur-

fazuri modulaciebis kombinacia 

2FSK-MPSK   orobiTi sixSiruli da M -obiTi fazuri 

modulaciebis kombinacia 

2PSK  orobiTi fazuri modulacia 

4PSK  oTxobiTi fazuri modulacia 

 

 



  

 

 

 

miZRvnilia Cveni mSoblebis 

ambrosi uRreliZis, nazi saxokias 

anzor SavguliZisa da leli inwkirvelis 

naTeli xsovnisadmi 


