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Tavi I. xelSeSlebi kavSiris arxebSi

1.1. kavSiris arxebi

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

gamoiyeneba signalebis gadasacemad gadamcemidan mimRebisaken (am

azriT is calmxrivi sistemaa). fizikuri arxis magaliTebia:

orgamtariani xazi, romelic atarebs eleqtrul signalebs;

optikuri xazi, romelsac gadaaqvs informacia sinaTlis sxivebis

meSveobiT; wyalqveSa are, romelSic gadaicema akustikuri

signalebi; Tavisufali sivrce (eTeri), sadac vrceldeba radi–

otalRebi da mravali sxva.

arxi farTo gagebiT anu kavSiris arxi, esaa fizikuri arxis

anu signalis gadacemis garemosa da im mowyobilobebis

erToblioba, romlebic axorcieleben mocemul garemoSi signalebis

gadacemisa da miRebis uzrunvelyofas.

Ggamoyenebuli fizikuri arxis Sesabamisad literaturaSi

SeiZleba Segvxvdes kavSiris arxis saxelwodebis Semdegi

saxesxvaobebi: kavSiris eleqtruli arxebi; kavSiris optikur-

boWkovani arxebi; kavSiris akustikuri arxebi; kavSiris radio

arxebi anu usadeno arxebi da a.S.

zogadad, Tu ganvixilavT kavSiris arxs, rogorc sistemas

erTi SesasvleliTa da erTi gamosasvleliT da Tu arxis

Sesasvlelze gvaqvs signali s(t) , xolo Sesabamisad gamosasvlelze

signali z(t) , am dros, realur SemTxvevaSi s(t)z(t)  , rac umTavresad

ganpirobebulia arxSi xelSeSlebis arsebobiT. ZiriTadad, swored

xelSeSlebia wyaro im problemebisa, romlebic kavSiris Teoriasa

da praqtikaSi arsebobs [1]_[3].



3

1.2. xelSeSlebi. gausis xelSeSla da gausis arxebi

xelSeSla warmoadgens arasasurvel movlenas, romelic

moqmedebs signalze da iwvevs mis damaxinjebas. xelSeSlebi

moqmedeben rogorc garedan, aseve isini SeiZleba warmoiSvan TviT

სიგნალთა mimRebi sistemis SigniT. maTi ganxilvisas vvaraudobT, rom

isini gaCenili arian bunebrivad da ar arian damokidebuli

konkretul informaciis gadacemis sistemaze. xelSeSlis moqmedeba

signalze SeiZleba  gamovxatoT romeliRac  operatoriT. kerZoT,

Tu signals aRvniSnavT s-iT, xolo xelSeSlas -iT, maSin damaxin-

jebuli s signali miiRebs z saxes da vwerT _ z=(s,). Tu operatori

gamoxatavs jams, Sesabamisad z=s+ da vambobT, rom xelSeSla

aditiuria (am SemTxvevaSi mas xSirad xmaursac uwodeben); xolo Tu

operatori gamoxatavs namravls, gveqneba z=s da vambobT, rom 

xelSeSla aris multiplikatiuri. maSin, roca signalze

erTdroulad moqmedeben  aditiuri n da multiplikatiuri  xel-

SeSlebi, SeiZleba adgili hqondes SemTxvevas:

z=s+n. (1.1)

aucilebelia SevniSnoT, rom xelSeSlebiს signalze

moqmedebis es modeli sakmaod aqtiurad ganixileboda da

ganixileba, rac imaze miuTiTebs, rom is adekvaturia im

procesebisa, romelTac xSirad aqvs adgili praqtikaSi.

xelSeSlebis garkveuli niSnebiT jgufebad gaerTianeba anu

klasifikacia SeiZleba moxdes maTi gamoCenis albaTobis mixedviT,

maTi warmoSobis bunebis mixedviT, maTi gaCenis an moqmedebis

adgilis mixedviT, maTi moqmedebis xasiaTis mixedviT da a.S. xel-

SeSlebis klasifikaciis erTi SesaZlo varianti moyvanilia [4]-Si.
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sistemis SigniT warmoSobilTagan ZiriTadebia aditiuri

xelSeSlebi, romlebic arseboben siTburi da safantis xmaurebis

saxiT [5].

ganvixiloT stacionaruli )(tn SemTxveviTi procesi, romlis

korelaciis funqcia tolia delta funqciisa da raRac mudmivi

2/0N sididis namravlisa:

2
0)()(

N
k   . (1.2)

cnobilia, rom delta funqcia nulia yvelgan garda 0

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

nebismier intervalSi, romelic Seicavs wertils 0 , tolia

erTis. aqedan gamodis, rom )(tn procesis mniSvnelobebi or

nebismier, drois ragind mcire, intervalSi arakorelirebulia.

aseT process absolutur SemTxveviT process uwodeben da misi

speqtraluri simkvrive:

const
2
0)()( 






  N

d
i

ekS 


 , 0)( NfS  , (1.3)

e.i. )(tn SemTxveviTi procesis speqtraluri simkvrive mudmivia

yvela sixSirisTvis. aq f 2 , sadac f sixSiris mniSvnelobaa.

process, romelsac aqvs Tanabari speqtri sixSireTa Zalian

farTo diapazonSi uwodeben ,,TeTr xmaurs’’ _ TeTri sinaTlis

analogiiT, romelsac aqvs Tanabari da uwyveti speqtri xilul

nawilSi.

moviyvanoT ori konkretuli magaliTi xmaurebisa, romelTac

TeTr xmaurTa klass miakuTvneben.
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_ safantis xmaurebi [5], ZiriTadaT axasiaTebT eleqtronul mila-

kebs da isini warmoadgenen maTi anoduri denis fluqtuaciebs,

romelTa speqtraluri simkvrive

)2(2)( 0
22  fFΓefS a , (1.4)

sadac 19106.1 e k aris eleqtronis muxti; a saSualo anoduri

denia; 2Γ sivrciTi muxtiT gamowveuli depresiis koeficientia; 2F

sixSiruli depresiis koeficientia; 0 milakSi eleqtronis

gadafrenis droa.

_ siTburi xmaurebi [5], damaxasiaTebelia R omuri winaRobis mqone

gamtarebisaTvis; am dros Sesabamisi Zabvis speqtraluri simkvrive

kTRfS 4)(  , (1.5)

sadac 231038.1 k j/grad aris bolcmanis mudmiva; T aris R

winaRobis mqone gamtaris temperatura kelvinis gradusebSi.

qvemoT, nax. 1.1-ze moyvanilia TeTri xmauris korelaciis

funqcia (a) da speqtraluri simkvrive (b).

cxadia, rom siTburi xmauris SemTxvevaSi kTRN 40  .

TeTri xmauri esaa farTozolovani SemTxveviTi procesi

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













 


2

2

2

)(
exp

2

1
)(


mx

xf ,  x , (1.6)

aq x SemTxveviTi sididea,  misi saSualo kvadratuli gadaxra,

xolo 2 da m aris x-is dispersia da maTematikuri lodini anu

saSualo statistikuri mniSvneloba.
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nax. 1.1. TeTri xmauris korelaciis funqcia (a), speqtraluri simkvrive (b)

gausis albaTobis ganawilebis funqciisaTvis gvaqvs [6]-[8]:

dt

x
mt

e

x

dttfxF 








2

2

2
)(

2

1
)()( 


, (1.7)

Tu gamoviyenebT erf(·) funqcias (Secdomis funqcia, albaTobis inte-

grali) miviRebT [7]-[9]:

]2m)/-erf[(x5.05.0)( xF . (1.8)

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

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

Tu (1.1) gamosaxulebaSi moyvanil veqtorul sidideebs warmo-

vadgenT drois funqciebad, gveqneba

)()()()( tntsttz   . (1.9)
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nax. 1.2. gausis albaTobis ganawilebis simkvriveebi

nax. 1.3. gausis albaTobis ganawilebis funqciebi
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umravles SemTxvevaSi iTvleba, rom )(tn aditiur xelSeSlas

aqvs gausis ganawileba. es ganpirobebulia ori garemoebiT:

1. cxadia, rom Tu xelSeSla gaCenilia mimRebis SigniT mas aqvs

gausis ganawileba, rac zemoT iyo aRniSnuli.

2. Tu xelSeSla gaCenilia mimRebis gareT, misi warmoSobis

ZiriTadi wyaroebia _ kosmosuri xmaurebi, atmosferuli

xmaurebi da miwispira industriuli xmaurebi. im faqtTan

dakavSirebiT, rom mocemuli wyaroebis raodenoba mniSvne-

lovnad didia, SeiZleba moviyvanoT rusulenovan literatu-

raSi liapunovis Teoremad kargad cnobili zRvruli Teorema,

romelic mdgomareobs SemdegSi [10]:

Teorema. damoukidebeli SemTxveviTi ),...,2,1( kiin  sidideebis

jamis ganawilebis kanoni, k dros, uaxlovdeba gausisas,

Tu sruldeba Semdegi pirobebi:

a) yvela SemTxveviT sidides aqvs sasruli maTematikuri

lodini da dispersia:


















.0]M[

);(]M[

;)(M

2

22






iii

iii

can

nan

iain

, ki ,...,2,1 ; (1.10)

b) arc erTi SemTxveviTi sidide Tavisi mniSvnelobiT

mkveTrad ar gansxvavdeba danarCenebisagan:

0
2/1

1
)(2

1lim 



















 


k

i
in

k

i
ic

k
. (1.11)
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moyvanilidan cxadia, Tu ratom iTvleba, rom mimRebi sistemis

gareT gaCenil aditiur xelSeSlasac aqvs gausis ganawileba.

mocemul, bolo SemTxvevasTan dakavSirebiT gasaTva-

liswinebelia is garemoeba, rom mimRebis gareT warmoSobili

xmauri mimRebis Sesasvlelze SesaZlo arsebul filtrSi gavlis

Semdeg gaxdeba viwrozolovani, romelic analizurad SeiZleba

warmovadginoT ase [11]:

)](cos[)()( 0 tttUtn   , (1.12)

sadac 0 aris gafiltruli gausis xmauris saSualo kuTxuri

sixSire; )(tU da )(t aris Sesabamisad xmauris momvlebi da faza.

martivi trigonometriuli gardaqmnis Semdeg (1.12) miiRebs saxes:

ttUttUtn 0201 sin)(cos)()(   , (1.13)

romelSic








)(sin)()(

)(cos)()(

2

1

ttUtU

ttUtU




; (1.14)

radganac gareT warmoSobil xelSeSlas aqvs gausis ganawileba

)(1 tU da )(2 tU procesebsac eqnebaT gausis ganawileba 2 dispersiiT.

damtkicebulia [12], rom )(tU process aqvs ganawileba

2
2

2

2
)( 



U

e
U

Uf



 ; (1.15)

maSin, Tu SemovitanT aRniSvnas a
U

2
, gveqneba
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2/
)(

2
a

aaf e

 . (1.16)

aseTi saxis ganawileba cnobilia, releis ganawilebis saxel-

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

rac Seexeba  fazas, misi albaTobis ganawileba Tanabaria

[0, 2] intervalSi:




2

1
)( f . (1.17)

bunebrivia, SeiZleba gaCndes kiTxva, Tu romeli xmauris

gavlena signalze ufro mniSvnelovania e.w. gareTasi Tu Sidasi.

unda aRiniSnos, rom mniSvnelovanwilad es SeiZleba damokidebuli

iyos im sixSirul diapazonze, romelSic signali gadaicema.

magaliTad, mokletalRovan diapazonSi dabal sixSireebze gare

xmauris gavlena ufro mniSvnelovania da gansakuTrebiT did

qalaqebSi, vidre amave diapazonis maRal sixSireebze. aseve xSirad

Warbobs gare xelSeSlebis gavlena mobiluri kavSiris sistemebSi.

gamovyoT ramdenime mniSvnelovani Tviseba, romelic

SemTxveviTi sidideebis gausis ganawilebasTanaa dakavSirebuli [7]:

 davuSvaT nXXX ,...,, 21 SemTxveviTi damoukidebeli sidide-

ebia, romelTac aqvT gausis ganawileba; maSin

nXXXY  ...21 sididesac eqneba gausis ganawileba.

 Tu sidides nXXXY  ...21 aqvs gausis ganawileba da

nXXX ,...,, 21 damoukidebeli SemTxveviTi sidideebia, maSin

TiToeul maTgans eqneba gausis ganawileba.

 davuSvaT nXXX ,...,, 21 SemTxveviTi sidideebia, romelTac

aqvT gausis ganawileba da TiToeulis maTematikuri
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lodinia m , xolo dispersia 2 ; maSin SemTxveviT

sidides nXXXY  ...21 eqneba gausis ganawileba mn 

maTematikuri lodiniT da 2n dispersiiT.

 vTqvaT, gvaqvs SemTxveviTi nXXX ,...,, 21 sidideebi m maTe-

matikuri lodiniTa da 2 dispersiiT. maSin maT saSualo

ariTmetikuls _
n

XXX
Y

n


...21 sidides eqneba gausis

ganawileba m maTematikuri lodiniTa da
n

2
dispersiiT.

 davuSvaT nXXX ,...,, 21 SemTxveviTi sidideebia, romelTac

aqvT gausis ganawileba da TiToeulis maTematikuri

lodini 0m , xolo dispersia 12  ; maSin mocemul

sidideTa kvadratebis jams eqneba 2 ganawileba n maTe-

matikuri lodiniT [1], [7], [13].

aRsaniSnavia, rom (1.6) gamosaxulebaSi moyvanili standartuli

(saSualo kvadratuli) gadaxra  warmoadgens ganawilebis simkvri-

vis masStabis parametrs; xolo, m maTematikuri lodini misi mdeba-

reobis parametria [7] da Tu 0m , maSin 2 aris gausis xelSeSlis

saSualo simZlavre [11].

unda SevniSnoT, rom SeiZleba arsebobdes iseTi arxebi, sadac

mxolod gausis aditiuri xelSeSlebi moqmedeben. aseT arxebs

gausis arxebs uwodeben an kidev arxebs aditiuri TeTri gausis xma-

uriT.
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1.3. fedingiani arxebi. raisis procesi

wina qveTavSi moyvanil (1.9) gamosaxulebaSi )(t -s arseboba

ganpirobebulia fizikur arxSi signalis mileviT (SesustebiT) da

es procesi literaturaSi fedingis saxelwodebiTaa cnobili [1],[2],

[14]. tradiciulad, aseTi tipis arxebs, arxebs mileviT anu fedin-

gian arxebs uwodeben.

Tu signali vrceldeba Tavisufal sivrceSi, misi mileva,

izotropuli antenisaTvis, fasdeba simZlavris danakargebis Semdegi

koeficientiT [2]:

2
4










d

L , (1.18)

sadac d manZilia gadamcemidan mimRebamde,  ki talRis sigrZe. es

formula kargad aRwers idealur arxs, magram gamousadegaria

realurad arsebuli arxebisaTvis, gansakuTrebiT ki iseTi garemos

arsebobis SemTxvevaSi, romelSic adgili aqvs signalis mraval-

sxivad gavrcelebas. radiotalRebis gavrcelebis aseTi suraTis

erTi magaliTi naCvenebia nax. 1.3-ze. imasTan dakavSirebiT, rom rig

mizezTa gamo (magaliTad, gadamcemis moZraobis mizeziT) calkeuli

sxivebis intensivoba SemTxveviT icvleba, mimRebis Sesasvlelze

maTi jami gvaZlevs interferenciul signals, romlis momvlebi

ganicdis SemTxveviT cvlilebas anu fluqtuacias.

nax. 1.3-ze Cans, rom gadamcemidan gasxivebuli radiotalRis

nawili pirdapir aRwevs mimRebamde, xolo nawili xvdeba iq arek-

vlis, difraqciisa da gafantvis Sedegad. talRis arekvlas adgili

aqvs im SemTxvevaSi, roca amrekli zedapiris geometriuli zomebi

mniSvnelovnad aRemateba Sesabamis talRis sigrZes. maSin, roca ga-

damcemsa da mimRebs Soris arsebobs talRis sigrZeze didi zomis

sxeuli, adgili aqvs talRis difraqcias; xolo, Tu amrekli sxeul-
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nax. 1.3. radiotalRebis mravalsxivad gavrcelebis suraTi

ulis zedapiri uswormasworoa an misi zomebi talRis sigrZis rigi-

saa an mcirea, maSin adgili aqvs talRis gafantvas [2],[15].

arsebobs arxebi neli da Cqari fedingiT. neli fedingis

SemTxvevaSi yoveli, sT xangrZlivobis, elementaruli signali gada-

icema misi formis damaxinjebis gareSe [1].

im SemTxvevaSi, Tu fedingian arxSi signalis gadacemisas misi

yvela speqtruli komponenti miileva erTnairad, fedings

sixSirulad araseleqciuri ewodeba. winaaRmdeg SemTxvevaSi

fedingi sixSirulad seleqciuria [1].
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rogorc zemoT iyo aRniSnuli radiotalRebis mravalsxivad

gavrcelebis gamo interferenciuli signalis momvlebi mimRebis

Sesasvlelze ganicdis SemTxveviT cvlilebas anu fluqtuacias. am

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

wilebis simkvrive warmodgenilia raisis albaTobis ganawilebis

simkvriviT [1],[11],[15]:













 

























 


2

0
2

22

2
I

2
exp)(



Ax
Ax

x
xf , 0x , 0A , (1.19)

romelSic iTvleba, rom A aris miRebis wertilSi signalis pir-

dapiri (regularuli) mdgenelis arafluqtuirebadi amplituda; 2

aris SemTxveviTi mdgenelis dispersia; I0(·) aris nulovani rigis

beselis modificirebuli funqcia [16]. pirdapiri da SemTxveviTi

mdgenelebis simZlavreTa Tanafardobas - 2

2

2
A

K  raisis faqtori

ewodeba da praqtikul SemTxvevebSi mis mniSvnelobas Rebuloben

 160 K -is tolad [15].

raisis albaTobis ganawilebis funqciisTvis gvaqvs [1],[7]:



































 c

t
t

t

x

c
c

c

A

exF

Ax

0
!

)
2

2/(
2

0
!

)
2

2/(
2

1)(
2

2

22


 . (1.20)

qvemoT, nax. 1.4-ze da nax. 1.5-ze moyvanilia mrudebi, romlebic age-

buli arian (1.19) da (1.20) gamosaxulebebis Sesabamisad. raisis pro-

cesis maTematikuri lodini tolia [7]:
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nax. 1.4. raisis albaTobis ganawilebis simkvriveebi

nax. 1.5. raisis albaTobis ganawilebis funqciebi
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


A

e
AAAA

m
























































 , (1.21)

romelSic )(I1  aris pirveli rigis beselis modificirebuli

funqcia [16].

dispersiisaTvis gvaqvs:

222
2 mAx    . (1.22)

(1.19) da (1.21)-Si moyvanili beselis funqciebis gamosaTvlelad

SegviZlia visargebloT Semdegi gamosaxulebebiT [16]:

       
...

!4

4/

!3

4/2

!2

4/

!1

4/
1)(I

2

4
2

2

3

2

2
2

2

2

0 
























yyyy
y , (1.23)

     

























 ...

!5!4
4/

!4!3
4/

!3!2
4/

!2!1
4/

1
2

)(I
4232222

1
yyyyy

y . (1.24)

unda aRiniSnos, rom raisis procesis ganawileba aRwers

organzomilebiani SemTxveviTi veqtoris sigrZes, romlis

koordinatebi gausis SemTxveviTi sidideebia 2 dispersiebiT da

Sesabamisad 1m da 2m maTematikuri lodinebiT. am dros

2
2

2
1 mmA  . (1.25)

Tu davuSvebT, rom 0A , maSin (1.19) miiRebs saxes:
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2

2

2
2)( 



x

e
x

xf



 , 0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] :

Ω/12

Ω)Γ(
2

)(
2

mr
e

m
r

mm

m
rf












 , 0r , 5.0m

(1.27)

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

dtt
t

em
m









0

)Γ( 1
; (1.28)

m aris parametri, romelic gansazRvravs signalis amplitudis

fedingis siRrmes da mas fedingis parametrs uwodeben. Ω aris

nakagamis procesis saSualo simZlavre.

nakagamis ganawilebis funqcia ganisazRvreba gamosaxulebisgan

[18]:

),Ω/
2

P()( mmrrF  , (1.29)

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

dtte
m

mmr m
mr

t 1
Ω/

0

2

2

)Γ(
1

),Ω/P(    . (1.30)
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nakagamis albaTobis ganawilebis simkvrivis da funqciis

mrudeebi, romlebic agebuli arian (1.27) da (1.29) gamosaxulebebis

mixedviT, moyvanilni arian nax. 1.6_ze da nax. 1.7–ze.

nax. 1.6. nakagamis albaTobis ganawilebis simkvriveebi
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nax. 1.7. nakagamis albaTobis ganawilebis funqciebi
cxadia, umjobesi iqneboda gvqonoda )(rF -is funqciurad ufro

martivi gamosaxuleba, rac konkretuli SemTxvevebisaTvis

moyvanilia [19]-Si da aqvs saxe:

 rmerfrF  )( ,

5.0m ,

   /2)(
22

mr
e

mr
ermerfrmrF














 ,

5.1m ,

   3/36
5.12

4)(
22

mr
e

mr
ermerfrmmrrF























 ,

5.2m , (1.31)
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 




15/

15

30
5.12

20
5.22

8
)(

2

2

mr
e

mr
ermerf

rmmrmr
rF








































,

5.3m ,

 




105/

105

210
5.12

140
5.22

56
5.32

16
)(

2

2

mr
e

mr
ermerf

rmmrmrmr
rF














































 ,

5.4m .

km   1,2,...k SemTxvevaSi konkretuli m -ebisaTvis:

2

1)(
r

erF


 , ,1m

2
22

211)(
r

errF







  , ,2m

2
34

2

92
311)(

r
errrF







  , ,3m

2
46

3

324
8

2
411)(

r
errrrF







  , ,4m (1.32)

2
58

24

6256

6

1254

2

252
511)(

r
errrrrF







  , .5m

ganvsazRvroT nakagamis ganawilebis momentebi. zogad Sem-

TxvevaSi sawyisi n -uri rigis momenti

drrfrrm n
n )()( 





 ; (1.33)

aqedan (1.27)-is gaTvaliswinebiT miviRebT:
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  2/Ω
Γ(m)

2/Γ
)(

n

n m

nm
rm 








 , (1.34)

saidanac, nakagamis ganawilebis maTematikuri lodini )1( n tolia:

mm

m
rm

Ω
)(Γ

)2/1(Γ
)(1


 , (1.35)

xolo, roca 2n - Ω)(2 rm ; e.i. )(2 rm warmoadgens nakagamis xelSeS-

lis saSualo simZlavres, e.i. Ω (1.27)-Si nakagamis xelSeSlis

saSualo simZlavrea.

n -uri rigis centraluri momenti

 




 drrfrmrrM n
n )()()( 1 . (1.36)

(1.27) da (1.35)-is gaTvaliswinebiT (1.36)-dan miviRebT centra-

luri momentebisaTvis konkretul gamosaxulebebs.

meore rigis centraluri momenti - nakagamis xelSeSlis dis-

persia (simZlavris gadaxra misi saSualo mniSvnelobidan) tolia:

 










 


)(Γ
2/1Γ

1Ω)(
2

2

2
mm

m
rM . (1.37)

mesame rigis centraluri momenti

   

















 4

1
)(Γ

2/1Γ
)(Γ

2/1ΓΩ
2)(

2

2

3

3

3 m
m

m

m

m

m
rM . (1.38)

meoTxe rigis centraluri momenti

   

























  1

)(
4Γ

2/1
4Γ3

)(
2Γ

2/1
2Γ1

12
2Ω

)(4 m
m

m

mm

m

mm
rM . (1.39)

sawyisi da centraluri momentebi SesaZlebelia davukavSiroT

erTmaneTs Semdegi gamosaxulebebiT [18]

)()()( 2
122 rmrmrM  ;

)(2)()(3)()( 3
12133 rmrmrmrmrM  ; (1.40)
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)(3)()(6)()(4)()( 4
1

2
123144 rmrmrmrmrmrmrM  .

milevis moqmedebis xarisxi SesaZlebelia SevafasoT

xelSeSlis  saSualo simZlavriTa  Ω da simZlavris dispersiis

 Ω2M meSveobiT. imisaTvis, rom miviRoT Sesabamisi milevis

maxasiaTebeli, ganvixiloT  ΩΩ 2
2 M fardoba da miviRoT is,

rogorc milevis siRrmis Sefaseba. advilia vaCvenoT, rom nakagamis

SemTxveviTi sididisaTvis

   





m

rmrmdrrfrM
2

2
24

22
2

Ω
)()()(ΩΩ , (1.41)

maSin cxadia, rom   mM Ω/Ω 2
2 .

zogadi SemTxvevebisaTvis ganawilebis entropias eqneba Semde-

gi saxe [18]:

 drrfrH 




 )(ln)( (1.42)

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

),(ψ
2

12Ω
2

)(Γ
ln)( m

m

m

m
mmH










 (1.43)

sadac )(ψ  aris fsi, an digama funqcia, romelic gamoiTvleba gamosa-

xulebidan [16]:

 
dm

md
m

)(Γln
)(ψ  . (1.44)

Tu 1 da m , maSin ,1)(1 rm .0)(2 rM es Tviseba uSua-

lod gamomdinareobs qvemoT moyvanili gamosaxulebebidan [19]:
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;1
)(Γ
)2/1(Γ

lim 


 mm

m

m
(1.45)

.0
)(

2Γ

)2/1(
2Γ

1lim 












 


 mm

m

m

aseve sainteresoa miviRoT gamosaxuleba nakagamis ganawilebis

mqone SemTxveviTi sididis maxasiaTebeli funqciisa, romlis zogadi

saxea:






 ,)()( drrfetg rti 1i , (1.46)

Tu aq SevitanT (1.27) gamosaxulebas da Tu gaviTvaliswinebT, rom:

,
28

exp)2)((
2

0

21 2





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





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 

  p

q
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q
padxex a

a
qxpxa  (1.47)

miviRebT [19]:




















  m

tiD
m
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m

m
tg mm 2

Ω
8
Ω

exp
)(Γ2

)2(Γ
)( 2

2

1 , (1.48)

romelSic   mD 2 aris uitekeris paraboluri cilindris funqcia.

Tu gamoviyenebT 2/12  am aRniSvnas, SeiZleba davweroT [19]:

,
2
Ω

,2/12
8
Ω

exp
)(Γ2

)2(Γ
)(

2

1 


















  m

timU
m

r

m

m
tg

m (1.49)

sadac )(U aris veberis paraboluri cilindris funqcia.
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nakagamis ganawilebas aqvs ramdenime mniSvnelovani Tviseba,

kerZod [20]:

1. Tu 5.0m , maSin (1.27)-dan vRebulobT gausis calmxriv

ganawilebis simkvrives:













Ω2
exp

Ω2

2
)(

2r
rf


. (1.50)

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

ganawilebas:













Ω
exp

Ω
2

)(
2rr

rf . (1.51)

3. Tu nakagamis ganawilebaSi 2/3m da 23Ω a , maSin nakagamis

ganawileba emTxveva maqsvelis ganawilebas:

)2/(
3

2 22

2

2
)( are

a

r
rf 


, 0r  . (1.52)

4. Tu nakagamis ganawilebaSi 2/nm  da 2Ω na , maSin nakagamis

ganawileba emTxveva n ganzomilebiani SemTxveviTi veqtoris

modulis ganawilebas:

2 21 /(2 )
/ 2 1

1
( )

2 Γ( / 2)
 

  
 

n r a
n nf r r e

a n
, .0r (1.53)

5. Tu 1m nakagamis ganawileba gvaZlevs raisis ganawilebis

karg aproqsimacias SemTxvevisaTvis

 
12

1 2





K

K
m , (1.54)
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sadac K raisis faqtoria.

6. didi m -Tvis da     5.05.0 Ω/Ω ere  (sadac e aris neperis

ricxvi) logariTmul-normaluri ganawileba SeiZleba

aproqsimirdes (1.27)-iT.

zemoT CamoTvlili iZleva imis damatebiT motivacias, rom

Seswavlili iqnas signalebis gadacema fedingian arxebSi nakagamis

ganawilebiT.

usadeno telekomunikaciaSi praqtikulad ganixileba

SemTxvevebi, roca 15m .

nakagamis ganawileba warmoadgens zogad ganawilebas bevr

iseTi modelebisaTvis, romlebic aRweren fedings. aq aucilebelia

gamovyoT sami zogadi nawili:

1. roca 1m (hoitis ganawilebis aproqsimacia) kargi modelia

arxebisaTvis da SeiZleba gamoyenebuli iqnas fiWur mobilur

sistemebSi an satelitur arxebSi.

2. roca 1m (releis ganawileba) kargad aRwers kavSirgab-

mulobis urbanul zonebs.

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

kavSirgabmulobis suburbanul, qalaqis sagareubno zonebs.

1.5. nakagamis ganawilebis mqone SemTxveviTi sidideebis

generireba

mocemuli ganawilebis mqone SemTxveviTi sidideebis

(ricxvebis)  generacia zogadad sakmaod aqtualur amocanas

warmmoadgens. Tu mocemuli gvaqvs r SemTxveviTi sididis )(rF



26

ganawilebis funqcia, maSin )(
1

uFr


 , sadac )(
1



F aris )(F

funqciis Sebrunebuli funqciaa, xolo u aris Tanabari ganawilebis

mqone SemTxveviTi sidide (ricxvi) [21]. vinaidan xSirad )(
1



F -is

gamoTvla problematuria, zemoTxsenebuli sakiTxis gadaWra –

SemTxveviTi ricxvebis generaciis efeqturi algoriTmis damuSaveba

aris seriozuli amocana. Cven mocemul paragrafSi am sakiTxs

gadavwyvetT nakagamis ganawilebisaTvis [22].

(1.29)-dan nakagamis ganawilebis funqcia

)(Γ
)Ω/,(Γ

1),Ω/(P)(
2

2

m

mrm
mmrrF  , (1.55)

sadac
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t
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 (1.56)

Tu visargeblebT aRniSvniT ,Ω/
2

mra  (1.55) SeiZleba gar-

davqmnaT Semdegnairad:
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)(Γ
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aFdt

a
m

t
t

e
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




  ,

aq )(aF aris m rigis gama ganawilebis funqcia ( ,0m )0a .
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vinaidan Ω/
2

mra  Sesabamisad )Ω/()(
2

mrFrF  da gamodis, rom

nakagamis ganawilebis funqcia r argumentiT tolia gama ganawi-

lebis funqciisa Ω/
2

mr argumentiT. am TvalsazrisiT nakagamis

ganawileba aris modificirebuli gama ganawileba. SemTxveviTi

ricxvebis generirebis algoriTmi, romelTac aqvT gama ganawileba

cnobilia [20]. maSin vagenerirebT ra a ricxvebs gama ganawilebiT,

formulidan mar /Ω , miviRebT nakagamis r ricxvebs mocemuli m

-iT da Ω -iT. moviyvanoT Sesabamisi algoriTmebis aRwera.

algoriTmi 1. 15.0 m .

1. )/( emep  , sadac e neperis ricxvia.

2. vageneriroT ori, Tanabari ganawilebis mqone da

damoukidebeli, ricxvi U da V , Tan 0V .

3. Tu pU  , maSin
m

VR
/1

 da
R

eq


 ;

Tu pU  , maSin VR ln1 da
1


m

Rq .

4. vageneriroT axali, Tanabari ganawilebis mqone ricxvi, U .

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

Ra da mar /Ω .

algoriTmi 2. 1m .

1. vageneriroT Tanabari ganawilebis mqone ricxvi U .

2. Ua ln da ar  Ω .

algoriTmi 3. 1m .

1. vageneriroT Tanabari ganawilebis mqone ricxvi U .

2. )(tg UY   da 112  mYmR .

3. Tu 0R gadavideT nabij 1-ze.

4. vageneriroT Tanabari ganawilebis mqone ricxvi V .
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5. Tu  YmmRmYV  12)]1/(ln[)1(exp)
2

1( gadavideT

nabij 1-ze, winaaRmdeg SemTxvevaSi Ra , mar /Ω .

qvemoT, nax. 1.8-ze moyvanilia nakagamis ganawilebis simkvrivis

mrudebi, romlebic miRebulni arian modelirebiT, zemoT

warmodgenili algoriTmebis gamoyenebiT da angariSis gziT, (1.27)

formuliT. nax. 1.8-dan naTlad Cans maTi kargi Sesabamisoba.

nax. 1.8. nakagamis ganawilebis simkvrivis mrudebi, modelirebiT da

formuliT

ZiriTadi Sedegebi

moyvanilia kavSiris arxebi da maT mier warmoqmnili prob-

lemebi. warmodgenilia arxis modeli, romelic gamoyenebuli iqneba

naSromSi kvlevebis procesSi. aRwerilia gausis arxi, moyvanilia

0 0.5 1 1.5 2 2.5 3
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0.4
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misi parametrebi. naCvenebia gausis xmauris warmoSobis wyaroebi.

ganxilulia nakagamis fedingiani arxebi da naCvenebia, rom es aris

sakmarisad zogadi modeli, romelic adeqvaturad aRwers usadeno

arxebs. moyvanilia aseTi arxebis parametrebi, maxasiaTeblebi da

Tvisebebi. warmodgenilia ramdenime axali Sedegi, kerZod [19]:

 miRebulia nakagamis ganawilebis funqciis gamartivebuli

gamosaxulebebi fedingis parametrebis erTi klasisaTvis.

 miRebulia nakagamis ganawilebis maxasiaTebeli funqciis

gamosaxulebebi.

aRwerilia nakagamis ganawilebis mqone SemTxveviTi ricxvebis

generirebis algoriTmebi.

literatura

1. Proakis J.G., Salehi M., Digital Communications.5th ed. New York: McGraw, Inc.,
2008.

2. Sklar B., Digital Communications.2th ed. New Jersey, Prentice Hall PTR, 2001.
3. Зюко А.Г., Фалько А.И., Панфилов И.П., Банкет В.Л., Иващенко П.В.,

Помехоустойчивость и эффективность систем передачи информации. М.:
,,Радио и связь”, 1985.

4. uRreliZe n., kvikvinia T., qamxaZe T., uruSaZe e., dabrkolebebi in-
formaciis gadacemis sistemebSi. xmauri. saerTaSoriso samecni-
ero Jurnali ,,inteleqti’’,#1(42), 2012, gv. 129-132.

5. Van der Ziel A., Noise, Sources, Characterization measurement. Prentice Hall, N.J.,
1970.

6. Balakrishnan N., Kotz S., Johnson N.I., Continuous Univariate Distributions. John
Wiley & Sons Incorporated, 2006.

7. Вадзинский Р.Н., Спровочник по вероятностным распределениям. Санкт-
Петербург. ,,Наука”, 2001.

8. Вентцель Е.С., Теория вероятностей. М.: ,,Академия”,  2003.
9. Cody W.J., An Overviev of Software Development for Special Functions. Lecture

Notes in Mathematics. Berlin, 1976.
10. Иванова В.М., Калинина В.Н., Нешумова Л.А., Решетникова И.О.,

Математическая статистика. М.: ,,Высшая Школа”, 1975.
11. Зюко А.Г., Коробов Ю.Ф., Теория передачи сигналов. М.: ,,Связь”, 1972.
12. Левин Б.Р., Теоретические основы статистической радиотехники. М.: ,,Сов.

радио”, 1968.
13. Тихонов В.И., Статистическая радиотехника. М.: ,,Сов. радио”, 1966.
14. Белинский В.Т., Васюк Г.И. и др., Радиотехника: энциклопедия. М.: ,,Додека-

ХХI”, 2002.



30

15. Ванкет В.Л., Методы передачи информации в системах беспроводного доступа
к телекоммуникационным сетям нового поколения. Одесская национальная
академия связи им. А.С. Попова. Одесса, 2013.

16. Abramowitz M., Stegun I.A., Handbook of Mathematical Functions with Formulas,
Graph and Mathematical Tables. National Bureau of Standards; Applied
Mathematics Series-55, Issued June, 1964.

17. Nakagami M. The m-distribution – A General Formula of Intensity Distribution of
Rapid Fading. Statistical Methods of Radio Wave Propagation. W. G. Hoffman. Ed.,
Oxford. England: Pergamon. 1960. pp. 3-36.

18. Угрелидзе Н. А. Распределение Накагами и его характеристики. Инженерные
Новости Грузии. № 2, 2004, с. 19-23.

19. uRreliZe n., sordia m., gorZamaSvili d., arastacionaruli
arxebis maxasiaTeblebi. stu-s Sromebi. Tbilisi, 2008, #1(467), gv.
25-27.

20. Ugrelidze N., Sordia M., Shavgulidze S., Bit Error Rate of Spatial Modulation
Systems for Nakagami-m Fading. Proc. of the 2016 IEEE Region 10 Conference
(TENCON), Nov 22-25, 2016, Marina Bay Sands, Singapore, pp. 1342-1347.

21. Knuth D.E., The Art of Computer Programming. Addison-Wesley Longman, Inc.,
1198.

22. Угрелидзе Н.А., Генерирование случайных чисел с распределением Накагами.
Инженерные Новости Грузии. № 4, 2004, с. 52-54.



31

Tavi II. modulirebuli signalebi

2.1. signalTa aRwera

aq moyvanili iqneba ramdenime fundamenturi ganmarteba,

romlebsac aqvT garkveuli mniSvneloba da gansakuTrebiT im

SemTxvevaSi, roca adgili aqvs pirvel Sexebas modulirebul

signalebTan an signalebTan zogadad.

 informacia aris raime obieqtis an movlenis Sesaxeb cnobebis

erToblioba.

 Setyobineba aris informaciis Semcveli garkveul niSanTa

erToblioba anu garkveuli niSnebis meSveobiT warmodgenili

informacia.

 signali aris fizikuri procesi, romelic asaxavs (Seicavs)

Setyobinebas; e.i. signali aris Setyobinebis fizikuri

matarebeli. is warmoadgens Setyobinebis Sesabamis droSi

cvlad romeliRac fizikur sidides (Zabvas, dens, velis

daZabulobas da a.S.) da amitom is SeiZleba gamosaxuli iqnas

drois romelime funqciiT.

nax. 2.1–ze naCvenebia cvladi ZabviT warmodgenili sinusoiduri

signali da misi parametrebi, sadac U aris  signalis amplituda; T
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nax. 2.1. cvladi ZabviT warmodgenili signali

signalis ganmeorebis periodia, Sesabamisad 1/ T f aris signalis

sixSire.

Tu zemoT aRweril signals CavwerT gamosaxulebis saxiT,

maSin:

 )(cos)( tUtu  , (2.1)

sadac )(t aris signalis faza.

umartives SemTxvevaSi signalis faza SeiZleba icvlebodes

wrfivi kanoniT, magaliTad ase:

,)( 00   tt (2.2)

sadac 0 signalis sawyisi fazaa.

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

 0 0cos t  u(t) U . (2.3)

Zneli araa davinaxoT, rom mocemuli signali warmoadgens

periodul (harmoniul) rxevas, romlis mniSvnelobebi meordebian
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yoveli T periodis (drois) Semdeg da es periodi dakavSirebulia

signalis fazis cvlilebis siCqaresTan; kerZod, erT T periodSi

signalis faza )(t icvleba sididiT  20 T (ix. nax. 2.1. b), aqedan

00 2
2

f
T




  (2.4)

da mas uwodeben signalis kuTxur sixSires.

Tu )(tu -s warmovadgenT zogad )(ts signalis saxiT, romelsac

aqvs sPU 2 amplituda, maSin (2.3) gadaiwereba ase

 002cos2)(   tfsPts , (2.5)

imis gaTvaliswinebiT, rom signalis simZlavre
sT
sE

sP  ( sE sig-

nalis energiaa, sT ki misi xangrZlivoba) (2.5)-s eqneba saxe:

 002cos/2)(   tfsTsEts , (2.6)

saidanac SegviZlia miviRoT gamosaxuleba modulirebuli

signalisaTvis. kerZod, Tu gadasacemi diskretuli (cifruli)

simboloebis Sesabamisad droSi (ufro zustad drois diskretul

sT intervalebiT) icvleba signalis amplituda )( siTtU  da

Sesabamisad energia  siTtsE  gvaqvs amplituduri modulacia; Tu

icvleba signalis sawyisi faza  siTt 0 gvaqvs fazuri modulacia

(aq ,...2,1i ); xolo erTdroulad orives cvlilebis SemTxvevaSi

gvaqvs amplitudur-fazuri modulacia:

    siTttfsTsiTtsEts  002cos/2)(  . (2.7)

mocemuli gamosaxuleba warmoadgens modulirebuli signalis

trigonometriul formas. sT xangrZlivobis signals xSirad elemen-
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tarul signalsac uwodeben da is aris, sT xangrZlivobis erTi

gadasacemi sainformacio M-obiTi simbolos Sesabamisi signali.

2.2. modulirebul signalTa veqtoruli warmodgena

Tu s signals ganvixilavT, rogorc veqtors, mocemuls N

ganzomilebian orTonormirebul bazisSi, SegviZlia davweroT [1],[2]:





N

c

ccssss NN

1

ΨΨ...ΨΨ 2211s , (2.8)

sadac Nsss ,...,, 21 signalis koordinatebia; NΨ,...,Ψ,Ψ 21 aris sabaziso

veqtorebi, xolo N sivrcis ganzomilebaa.

cxadia, veqtorTa am sivrceSi gansazRvrulia maTi Sekrebis da

skalaruli gamravlebis wesi. aseT sivrces wrfiv sivrcesac uwo-

deben [3]; Znelia araa SevamowmoT rom misTvis sruldeba metruli

sivrcis aqsiomebi [4] da gvaqvs, rom es aris evklides sivrce [3],

sadac manZilis kvadrati nebismier or veqtors (signals) Soris,

romelsac evkliduri manZilis kvadrats uwodeben, tolia:

;)(),(

1

22 



N

k

jkikjiE ssd ss (2.9)

aq iks da jks Sesabamisad is da js signalebis k -uri koordinatebia

(komponentebia).

ganvixiloT zemoT aRwerili sivrcis magaliTi organzo-

milebiani  2N signalebisaTvis.
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vaCvenoT, rom 01
Ψ 2/ cos sT t da 02

Ψ 2/ sin  sT t funqciebi

[0, ]Ts intervalSi qmnian orTonormirebul baziss, roca 0 1 sT .

jer vaCvenoT, rom mocemuli funqciebi orTogonalurebia, e.i.

0
0 0

2 / sin 2 / cos 0.     
Ts

s sT t T t dt
(2.10)

gardavqmnaT (2.10)-is marcxena mxare Semdegnairad:

 
0 0

s

0 0 0
o2 / sin 2 / cos (1/ ) sin 2 sin 0         

T Ts

s s sT t T t dt T t dt

0
0

0 0

ocos 21 cos0
cos 2 t ;

2 2 2
00




  
   s

s s s

T
s T

T T T

radganac ,12cos 0 sT ocos0 1 da 0 1 sT , maSin

0

0 0

ocos 2 cos 0
0

2 2



 
  

s

Ts
T Ts

,

e.i. sruldeba (2.10) piroba, rac imas niSnavs, rom 02/ sin sT t da

02/ cossT t funqciebi orTogonalurebia.

axla vaCvenoT, rom es funqciebi normirebulia, e.i. maTi

normebi 1-is tolia.

02/ sin sT t funqciis norma:

 
0

1/ 2
2

0 02 / sin 2 / sin 
 
    
  


Ts

s sT t T t dt
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 
0 0

1/2 1/2

0 0(1/ ) 1 cos 2 1 (1/ ) cos 2  
   
       
      

 
T Ts s

s sT t dt T tdt

 
1/2 1/2 1/2

0 0
0 0

0 0 00

sin 21 1
1 sin 2 1 sin 2 sin 0 1

2 2 2


 

  
 
                       

Ts

s s s

Tst T
sT T T

;

radganac 12sin 0 sT da vTvliT, rom 0 1, sT amitom 1sin2 0  t .

analogiurad SeiZleba martivad miviRoT, rom
02 / cos 1; sT t

e.i. vRebulobT, rom funqciebi 02/ sinsT t da 02/ cossT t orTo-

normirebulebia da qmnian garkveul baziss.

magaliTi. dauSvaT gvaqvs fazamodulirebuli signalTa ansambli

4M signaliT:

 
 
 























 

o270cos/2

o180cos/2)(

o90cos/2)(

o0cos/2)(

0)(4

03

02

01

tsTsEs

tsTsEts

tsTsEts

tsTsEts

t 







; (2.11)

Tu am signalebs warmovadgenT veqtorebis saxiT zemoT aRweril

bazisSi, maT eqnebaT nax. 2.2a-ze moyvanili saxe, sadac sasignalo

veqtorTa norma (sigrZe) tolia sE . am dros Sesabamisi

koordinatebiT warmodgenili signalebisaTvis (2.11)-s eqneba saxe:
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nax. 2.2. signalTa veqtoruli warmodgena da signalTa Tanavarskvlavedi



















)1,0(

)0,1(

)1,0(

)0,1(

4

3

2

1

sE
sE
sE
sE

s

s

s

s

(2.12)

xSirad veqtorebis nacvlad signalebs warmoadgenen wertile-

bis saxiT da maT sasignalo Tanavarskvlavedsac uwodeben (nax. 2.2b).

2.3. organzomilebiani signalTa ansamblebi

dReisaTvis praqtikaSi umetesad gamoiyenebian organzomilebi-

ani signalebi anu signalebi, romlebic warmodgenili arian organ-

zomilebian orTonormirebul bazisSi (ix. paragrafi 2.2). aseTi sig-

nalis ramodenime magaliTi moyvanilia nax. 2.3_ze [1],[2].

signalis efeqturobis Sesafaseblad Cven viyenebT speqtrul

efeqturobas ( 2log ,ES M biti/wm/hc) da evkliduri manZilis kvad-

rats, romelic or )(1 ts da )(2 ts signals Soris zogadad ase

gamoiTvleba [1],[2]:
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     
2

1
21

2
21

0

21
2 )()()(),( 


 

N

k
kk sssEdttstststsd

sT

E , (2.13)

sadac N signalis ganzomilebaa, iks aris i -uri signalis k -uri

koordinati. evkliduri manZilis kvadrati (ufro zustad manZilTa

speqtri  2
Ed ) gausis arxSi praqtikulad gansazRvravs signalis

SecdomiT miRebis albaTobas, anu Secdomis albaTobas  sP . realu-

 




 2

EdfPs ; (2.14)
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nax. 2.3.  organzomilebiani signalebi
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rad esaa sidide, romlis mniSvnelobac gansazRvravs sistemis

xelSeSlamdgradobas.

zogadad xelSeSlamdgradoba damokidebulia rogorc gadasa-

cemi signalis struqturaze, aseve misi miRebis meTodze. optimalu-

ri miRebis SemTxvevaSi realizdeba potenciuri xelSeSlamdgradoba

da sistemis Semdgomi optimizacia xorcieldeba signalTa saukeTe-

so Tanavarskvlavedis (ansamblis, sistemis) SerCeviT [1],[2],[5]-[8].

rogorc zemoT miuTiTebdiT, zogierT signalTa Tanavars-

kvlavedi naCvenebia nax. 2.3-ze. aq umartivesia I Tanavarskvlavedi,

sadac sasignalo wertilebi ganTavsebulebi arian kvadratis

wveroebze. Sesabamisad elementarul signalTa raodenoba 4M . mis

realizacias warmoadgens oTxobiTi fazamodulirebuli signali. II

Tanavarskvlavedi Seicavs wreze ganTavsebul, erTmaneTisagan

Tanabrad daSorebul sam signals meoTxe signali ganTavsebulia

koordinatTa saTaveSi. esaa oTxobiTi  4M signalTa sistema

amplitudur-fazuri modulaciiT. III Tanavarskvlavedi Seicavs

wreze ganTavsebul da Tanabrad daSorebul rva signals  8M .

esaa sistema rvaobiTi fazuri modulaciiT. IV Tanavarskvlavedi

analoguria II-is, mxolod aq wreze Svidi Tanabrad daSorebuli

signalebia ganTavsebuli (aq 8M ). V-Si sasignalo wertilebi

ganlagebuli arian koordinatTa saTaveSi gamaval sxivebze. esaa

rvaobiTi signali  8M amplitudur-fazuri modulaciiT. VI

warmoadgens modificirebul V Tanavarskvlaveds, sadac signalTa

Sida Tanavarskvlavedi mobrunebulia 450-iT. aq ufro Tanabradaa

sivrce  Sevsebuli  signalebiT da  sistemas  aqvs ukeTesi manZilTa
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speqtri. VII da VIII TanavarskvlavedSi sasignalo wertilebi ganTav-

sebulebi arian samkuTxedTa wveroebze. esenia rvaobiTi  8M

signalebi amplitudur-fazuri modulaciiT. VIII-s VII-Tan SedarebiT

aqvs ufro mkvrivi signalTa ganlageba sivrceSi. IX aris

TeqvsmetobiTi fazamodulirebuli signali  16M . X da XI

msgavsebia V da VI Tanavarskvlavedebisa, oRond aq 12M . XII-s

simetriuli konfiguracia realizebulia signalTa ganTavsebiT

kvadratuli qselis wveroebSi, rac ganapirobebs maT farTo

gamoyenebas.

erT da mravalganzomilebiani  2N signalTa sistemebis ma-

galiTebi moyvanilia [1],[2],[8]-Si, sadac mocemulia gamosaxulebebi

Secdomis albaTobaTa saangariSod signalTa farTo speqtrisaTvis.

2.4. signalTa optimaluri miReba gausis xelSeSlebisas

rogorc zemoT aRvniSnavdiT, signali gadacemis procesSi,

xelSeSlebis zegavleniT, ganicdis damaxinjebas, rasac saboloo

jamSi mivyavarT Secdomebamde. sistemis unars, Seamciros an Tavidan

aicilos xelSeSlebis moqmedeba, sistemis xelSeSlamdgradoba

ewodeba. mocemuli signalis SemTxvevaSi xelSeSlamdgradoba

damokidebulia konkretul mimRebze. mimRebs, romelic uzrun-

velyofs Secdomis albaTobis minimalur mniSvnelobas, optimaluri

mimRebi ewodeba da is uzrunvelyofs potenciur (maqsimalurad

SesaZlebel) xelSeSlamdgradobas [9],[10].

qvemoT, Cvens mier warmodgenili iqneba iseTi sistemis modeli,

sadac signalis damaxinjeba gamowveulia arxSi fedingis da gausis

xmauris zegavleniT (ix. gamosaxuleba 1.1). mocemul SemTxvevaSi,

signalis miRebisas, Cven mivmarTavT garkveul zomebs fedingis

gavlenis Sesamcireblad, SevecdebiT is daviyvanoT minimumamde da

SemdgomSi mimRebis optimizacia movaxdinoT gausis arxisaTvis.
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aqedan gamomdinare, mocemul paragrafSi Cven warmovadgenT

optimaluri mimRebis struqturas im SemTxvevisaTvis, roca

signalze moqmedebs mxolod aditiuri TeTri gausis xmauri.

Setyobinebis gadacemis sistemis sqema naCvenebia nax. 2.4a-ze;

iqve moyvanilia kavSiris arxis funqciuri sqemac (nax. 2.4b). iTvleba,

rom Setyobinebis wyaro gvaZlevs  sainformacio mimdevrobas

,...,, 21 uuu  romlis nebismieri, sT xangrZliobis, i -uri simbolo aris

M - obiTi _  )1(,...,1,0  Mui gamoCenis aprioruli albaTobiT

./1)( MuP i 

im SemTxvevaSi, roca signalis modulators miewodeba

romeliRac iu sainformacio simbolo, mis gamosasvlelze gvaqvs

Sesabamisi M -obiTi signali )(tsi , romelic Tavis mxriv miewodeba

kavSiris arxis Sesasvlels da gadaicema signalis gadamcemis

saSualebiT. arxSi signalze  moqmedeben  multiplikatiuri  ( )(t )

da  aditiuri ( )(tn ) xelSeSlebi;  Sesabamisad arxis gamosasvlelze

nax. 2.4. Setyobinebis gadacemis sistemis zogadi sqema
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gvaqvs signali ).()()()( tntsttz  rogorc arxis funqciuri sqemidan

Cans ),()()( 0 tntntn i sadac )(0 tn aris gausis xelSeSla, romelic

warmoiSoba mimRebi sistemis gareT (iseve rogorc )(t ), xolo )(tni

signalis pirveladi mimRebis SigniT warmoSobili gausis

xelSeSlaa. arxis gamosasvleli faqtobrivad warmoadgens signalis

pirveladi mimRebis gamosasvlels, saidanac saTanadod

formirebuli signali )(tz miewodeba signalis mimRebs (mas xSirad

signalis deteqtorsac uwodeben), romelSic garkveuli albaTobiT

xdeba gadmocemuli signalis identifikacia da Semdgom,

Sesabamisad, gadmocemuli iu simbolos aRdgena. swored mocemuli

albaTobis miqsimizacia anu Secdomis albaTobis minimizacia

warmoadgens signalis mimRebis (anu deteqtoris) amocanas.

SemdgomSi, Canawerebis gamartivebis mizniT )(),( tstz da )(tn -s

nacvlad gamoviyenebT sz, da n -s (an maT CavwerT veqtorebis saxiT).

dauSvaT mimRebs (deteqtors) Sesasvlelze miewodeba signalisa

da xelSeSlis jami nsz i  . aq is aris M -obiTi iu sainformacio

simbolos Sesabamisi gadmocemuli signali, romlis gamoCenis

aprioruli albaToba aris ).( isP mimRebi mowyobili unda iyos ise,

rom is signalis miRebis pirobiTi albaToba anu rogorc mas

uwodeben aposterioruli albaToba )/( zsP i iyos yvelaze didi:

);,(),( zsPzsP ji  .ji  (2.15)

aq js aris is -sgan gansxvavebuli nebismieri erT-erTi signali

signalTa ansamblidan.

Tu Cveni SemTxvevisaTvis gamoviyenebT hipoTezaTa Teoremas

(baiesis formulas) [11],[12]
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,
)(

)/()(
)/(

zP

szPsP
zsP ii

i


 (2.16)

maSin (2.15) miiRebs saxes:

)/()()/()( jjii szPsPszPsP  (2.17)

anu

;
)(

)(

)/(

)/(

i

j

j

i

sP

sP

szP

szP
 (2.18)

ansamblis yvela signalis Tanabar albaTurobis SemTxvevaSi (2.18)-

dan gveqneba:

1
)/(

)/(


j

i

szP

szP
(2.19)

da es warmoadgens optimaluri miRebis kriteriums, sadac


)/(

)/(

j

i

szP

szP
(2.20)

am gamosaxulebas msgavsebis Tanafardobasac uwodeben.

Tu visargeblebT (2.8) gamosaxulebiT, SegviZlia davweroT













N

c

cc

N

c

cc

z

n

1

1

.Ψ

,Ψ

z

n

(2.21)
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radganac veqtor n -s aqvs gausis ganawileba, amitom gausis

ganawileba eqnebaT mis koordinatebsac ( cn ) [1],[2],[13] da maSin, (1.6)

gamosaxulebis Sesabamisad, SegviZlia davweroT

;
2

2

2
exp

2

1
)( 
















cn

cnP (2.22)

aq igulisxmeba, rom procesis maTematikuri lodini 0m , xolo

dispersia aris 2 . vinaidan gausis xelSeSlis calmxrivi speqtra-

luri simkvrivis intensivoba 2
0 2N [2],[13], (2.22) ase Caiwereba:

.
2

exp
2

1
)(

00















N
cn

N
cnP


(2.23)

Tu tolobas, nsz  i , CavwerT isz, da n -is koordinatebis meS-

veobiT, gveqneba:

,cicc nsz  saidanac ;iccc szn  (2.24)

SevitanoT (2.24)-is marjvena nawili (2.23)-Si da miviRebT:

.
2

)(
exp

2

1
)/(

00 











 


N
icscz

N
icsczP


(2.25)

radganac cn koordinatebi erTmaneTisagan damoukidebelia,

erTmaneTisagan damoukideblebi iqnebian cz koordinatebic; maSin

organzomilebiani sivrcisaTvis (signalebisaTvis) gvaqvs:

    .
1

exp)/()/(

2

1

2

0

2

1

1
0 













 





c

icc

c

icci sz
N

NszPszP  (2.26)
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am gamosaxulebis gaTvaliswinebiT (2.19) miiRebs saxes

 

 
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1
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c
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sz
N

sz
N

(2.27)

romlis orive nawilis galogariTmebis Semdeg gveqneba signalis

miRebis optimalurobis piroba

    ;0

2

1

2

1

22  
 c c

jccicc szsz (2.28)

(2.8) da (2.21)-is gaTvaliswinebiT

 



2

1

).(Ψ)()(

c

cicci tsztstz (2.29)

es gamosaxuleba SeiZleba ase gadavweroT

   



2

1

222 );(Ψ)()(

c

cicci tsztstz (2.30)

misi orive mxaris integrebiT gveqneba [10],[13]:

    ,)()(

2

1

2

0

2 




c

icc

T

i szdttstz

s

(2.31)

romlis analogiiT
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    .)()(

2

1

2

0

2 




c

jcc

T

j szdttstz

s

(2.32)

maSin signalis miRebis optimalurobis (2.28) piroba Caiwereba ase:

    ,)()()()(

0

2

0

2  

ss T

j

T

i dttstzdttstz (2.33)

anu

   ,)(),()(),( 22 tstzdtstzd jEiE  (2.34)

saidanac martivi gardaqmnebis Semdeg miviRebT:

  ,
2

)()()(

0

ij

T

ji
EE

dttststz

s


 (2.35)

romelSic iE da jE Sesabamisad )(tsi da )(ts j signalebis energiebia

da Tu isini tolebia (2.35) miiRebs saxes:

  

s sT T

ji dttstzdttstz

0 0

.)()()()( (2.36)

optimalur mimRebTa sqemebi, romlebic Seesabamebian (2.35) da

(2.36) gamosaxulebebs moyvanili arian Sesabamisad nax. 2.5a da nax.
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nax. 2.5. optimalur mimRebTa sqemebi

2.5 b-ze, saidanac Cans, rom signalTa erTnairi energiebis SemTx-

vevaSi mimRebi korelaciuria.

Zneli araa davinaxoT, rom es mimRebebi optimalurebi arian

nebismier ganzomilebiani sivrcisaTvisac (signalebisaTvisac).

ZiriTadi Sedegebi

mocemul TavSi ganxiluli iyo modulirebul signalTa

aRwera, moyvanilia misi parametrebi. organzomilebiani

signalebisaTvis naCvenebia orTonormirebuli bazisis agebis

procedura. moyvanilia magaliTebi organzomilebiani signalebisa
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da daxasiaTebulebi arian isini. xazgasmulia, rom ganixileba

SemTxvevebi, roca fedingis gavlenis Semcireba moxdeba garkveuli

zomebis miRebiT, xolo signalTa deteqtireba ganxorcieldeba

mxolod gausis xelSeSlebis gaTvaliswinebiT. warmodgenilia

optimaluri mimRebis struqtura aseTi arxebisaTvis.
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Tavi III. fedingis gavlenis Semcirebis meTodebi

3.1. fedingis gavlena signalebis gadacemaze

rogorc aRniSnuli iyo, Cven vixilavT nakagamis fedingian arxs

aditiuri TeTri gausis xmauriT. vTvliT, rom fedingi aris neli

da sixSirulad araseleqtiuri.

imisaTvis, rom Segvefasebina fedingis gavlena signalis

gadacemis xarisxze, Catarebuli iqna kompiuteruli modelireba [1],

romlis drosac nakagamis fedingian arxSi gadaicemoda orobiTi

nax. 3.1. bitze Secdomebis siCqaris maxasiaTeblebi BPSK_Tvis nakagamis

arxSi
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fazamodulirebuli signali (BPSK-Binary  phase  shift keying). Sedegebi

moyvanilia zemoT, nax. 3.1-ze.

analogiuri Sedegebi moyvanilia [2]_Si, oRond isini miRebuli

arian Teoriulad. naxazze marcxena kidura mrudi Seesabameba

fedingis ararsebobis mdgomareobas, xolo marjvena kidura mrudi

Seesabameba fedingis SemTxvevas, roca 5.0m . naxazidan Cans, rom

Tu Secdomebis siCqare bitze (BER-Bit error rate) aris 510bP ,

signali/xelSeSlis Tanafardobis (SNR-Signal to noise ratio) saSualo

mniSvnelobis maqsimaluri degradacia, fedingis ararsebobis

SemTxvevasTan SedarebiT, aRwevs 80 db-s, rac aris katastrofuli

Sedegi; releis arxisaTvis ( 1m ) misi mniSvneloba 35 db-mdea, rac

aseve udaod didi ricxvia.

rogorc aRniSnuli iyo nax. 3.1_ze moyvanili Sedegebi See-

sabameba fedingian arxSi BPSK signalis gadacemas. cnobilia [2]-[4],

rom organzomilebiani signalebidan yvelaze maRali xelSeSlamd-

gradoba gaaCnia am signals, amitom SegviZlia vivaraudoT, rom

yvela sxva am tipis signalis gadacemas fedingian arxSi eqneba

ufro cudi Sedegi, vidre BPSK-s. amitom vfiqrobT, nax. 3.1-ze

moyvanili maxasiaTeblebi qmnian signalis gadacemis xarisxze

fedingis uaryofoTi gavlenis naTel suraTs.

3.2. signalTa mravlobiTi gadacema

idea, rom fedingis gavlenis Sesamcireblad gamoyenebuli

iqnas erTi da igive signalis mravlobiTi gadacema, sakmaod Zvelia

da mas axorcieleben signalis mravaljeradi an paraleluri

gadacemiT [2],[5]-[16]. cxadia, am dros Sesabamisad umjobesdeba

SNR_is maCveneblebi. warmodgenili meTodis realizaciis

magaliTebia:
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1. signalis mravaljeradi gadacema droSi _ meTodi xorcieldeba

erTi da igive signalis mimdevrobiT gadacemiT drois ramdenime

intervalSi.

2. signalis paraleluri gadacema sixSiris mixedviT _ meTodi

xorcieldeba erTi da igive signalis paralelurad gadacemiT

ramdenime, sxvadasxva gadamtan sixSireze.

3. signalis paraleluri gadacema sivrceSi _ meTodi xorcieldeba

erTi da igive signalis paralelurad gadacemiT ramdenime

mimarTulebiT Sesabamis antenaze, romlebic, sasurvelia erT-

maneTisagan daSorebulni iyvnen manZiliT aranakleb 10

(paraleluri mimarTulebebis arakorelirebulobis piroba),

sadac  talRis sigrZea. xSirad am antenebs mimorigebul

antenebsac uwodeben, xolo signalTa miRebis process –

mimorigebul miRebas.

dReisaTvis yvelaze farTod gavrcelebulia me-3 varianti [2],[5]-

[10], romlis sqematuri gamosaxuleba naCvenebia nax. 3.2-ze, sadac i -

ur gamosasvlelze arsebuli signali tolia:

iiii nsz  ; (3.1)

aq i aris sT drois ganmavlobaSi arsebuli nakagamis ganawilebis

mqone SemTxveviTi ricxvi.

moyvanil sqemaze gadamcemi antenebis raodenoba NNt =1, xolo

mimRebisa NNr =y. vinaidan vTvliT, rom fedingi aris neli da sixSi-

rulad araseleqtiuri, gvaqvs, rom sT drois ganmavlobaSi ξ = const

da vuSvebT, rom aq is skalaruli sididea nakagamis ganawilebiT.

unda iTqvas, rom nax. 3.2-ze moyvanili idea pirvelad

realizebuli iyo 1927 wels radiosatelefono kavSiris ganxor-

cielebisas mokletalRovan diapazonSi.
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nax. 3.2. signalis paraleluri gadacema sivrceSi

rogorc zemoT aRvniSneT, fedingiani arxis arsebobisas

umTavres mizans warmoadgens Semcirdes fedingis gavlena ise, rom

arxi rac SeiZleba miuaxlovdes gausisas. amis Semdeg ukve

SesaZlebeli iqneba ganxorcieldes signalis miReba iseTi

optimaluri  mimRebiT, rogoric  nax. 2.5-zea  naCvenebi.

unda iTqvas, rom nax. 3.2-ze naCvenebi sqema amis saSualebas

iZleva. erTi SexedviT es Cans Tundac iqedan, rom  -is SemTxveviTi

mniSvnelobebis dros aucileblad moiZebneba Sto  -is maqsimaluri

mniSvnelobiT, e.i. Sto minimaluri fedingiT [1],[10],[11],[16]. am

principis gamoyenebiT BPSK signalisaTvis Catarebuli iqna

kompiuteruli modelireba nakagamis multiplikatiuri xelSeSlis
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moqmedebis SemTxvevaSi, roca mimRebi antenebis raodenoba ,4rN

xolo fedingis parametrebi ;5.0m ;6.0m ;75.0m ;0.1m .5.1m

miRebuli Sedegebi moyvanilia nax. 3.3-ze [1]. rogorc aqedan da nax.

3.1-dan Cans energetikulma mogebebma (  ) Seadgina: 65)5.0( m db;

55)6.0( m db; 40)75.0( m db; 30)0.1( m db; 20)5.1( m db

BER=10-5-is dros. miRebuli Sedegebi mniSvnelovania, rac miuTiTebs

signalebis sivrceSi paraleluri gadacemis meTodis gamoyenebis

Rirsebebze da zrdis kvlevebis gagrZelebis motivacias mocemuli

mimarTulebiT.
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nax. 3.3. bitze Secdomis siCqaris maxasiaTeblebi BPSK-Tvis, nakagamis

arxSi, roca 4rN

naSromSi [1], Sefasebulia mimRebi antenebis raodenobis zrdis

gavlena energetikuli mogebis  mniSvnelobaze nakagamis fedingis

moqmedebisas. ganxilulia asimptoturi SemTxveva, kerZod SemTxveva,

roca signalisa da gausis xelSeSlis energiebis fardoba SNR .

am dros energetikuli mogeba )/max(log10 110 PaP , sadac maxaP aris

rN mimRebi antenebidan, nakagamis xelSeSlis, maqsimaluri simZlav-

reebis saSualo mniSvneloba; 1P nakagamis xelSeSlis simZlavrea
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erTi mimRebi antenis gamoyenebisas. rogorc [1]-Sia aRniSnuli, aseTi

Sefaseba sakmarisad kargia SemTxvevebisaTvis roca .10BER 5

nax. 3.4b-ze moyvanilidan Cans, rom signalis paraleluri

gadacemis meTodi gansakuTrebiT efeqturia, roca mimRebi antenebis

a)
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b)

nax. 3.4. mimRebi antenebis raodenobis gavlena energetikul mogebaze
nakagamis fedingis SemTxvevaSi

raodenoba 16-20-mdea.

3.3. signalTa komutaciisa da ajamvis sqemebi

mocemul naSromSi Cven fedingis gavlenis Semcirebis

signalTa komutaciisa da or wrfivi ajamvis sistemas war-

movadgenT. isini, zrdian ra SNR -is mniSvnelobas, Sesabamisad

asusteben fedingis gavlenas gadacemul signalze [12]-[16]. ganvi-

xiloT TiToeuli maTgani da SevafasoT maTi efeqturoba.

a. signalTa avtoSerCevis sqema. ganvixiloT fedingis gavle-

nis Semcirebis yvelaze martivi – signalTa komutaciis anu signal-
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nax. 3.5. fedingis gavlenis Semcirebis struqturuli sqema avtoSerCeviT

Ta avtomaturi SerCevis (avtoSerCevis) sqema. is moyvanilia zemoT,

nax. 3.5-ze. es aris sqema, romlis muSaobis principi efuZneba

saukeTeso Stos amorCevas signalis maqsimaluri donis mixedviT.

swored aRniSnuli sqema iyo gamoyenebuli modelirebisas, romlis

Sedegebi nax. 3.3-ze aris warmodgenili.

signalTa avtoSerCevis sqemis gamoyenebisas mis gamosas-

vlelze Tanafardoba signali/xelSeSla tolia [15]:

,SNR 2
max (3.2)

sadac  y ,...,2,1maxmax  . aq da SemdgomSi gadmocemuli signalis

saSualo energia da gausis xelSeSlis energia erTis tolia.
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nax. 3.6. fedingis gavlenis Semcirebis struqturuli sqema signalTa wrfi-

vi ajamviT

b. signalTa wrfivi ajamvis sqema. is moyvanilia zemoT, nax. 3.6-

ze. aq igulisxmeba, rom signalis yvela pirveladi mimRebi iden-

turia. identuria im gagebiT, rom: yvelas aqvs erTnairi gadacemis

funqcia; amasTan TiToeulis gamosasvlelze arsebul gausis xel-

SeSlas aqvs nulovani saSualo mniSvneloba (maTematikuri lodini

– m) da erTnairi dispersiebi ( 2 ).

rogorc nax. 3.6-dan Cans, ajamvamde xdeba yvela )(tz signalis

fazireba da amitom isini amjamavis Sesasvlelze koherentulebia

(tolsixSirianebia da TanxvedraSi, SesabamisobaSi arian maTi sawyi-

si fazebi). amjamavis gamosasvlelze arsebuli signali
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)()( . (3.3)

radganac Sesakrebi signalebi koherentulebia cxadia, rom

signalTa ajamvisas isini Seikribebian maTi Sesabamisi Zabvebis

amplitudebis )( siTtU  ajamvis kanoniT. aqedan cxadia, amjamavis ga-

mosasvlelze arsebul )(tz signals eqneba saSualo energia
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sk iTtUiTtUE  ; ,...2,1i ; (3.4)

Tu aq CavTvliT, rom gadmocemuli i -uri signalis energiis saSu-

alo mniSvneloba 1)(
2
iU , maSin )(tz signalis saSualo energia

toli iqneba:

2

1


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










 



y

k

kE  . (3.5)

zemoT aRniSnuli iyo, rom TiToeuli StosTvis (TiToeuli

pirveladi mimRebis gamosasvlelze) gausis xelSeSlis energiebi

tolebia da Tu davuSvebT, rom TiToeuli 1-is tolia, gveqneba

,

1

00 yNN

y

k

k 


 (3.6)

sadac 0N gausis xelSeSlis energiaa amjamavis gamosasvlelze;

maSin iqve Tanafardoba signali/xmaurTan toli iqneba:
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y
SNR
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. (3.7)

g. signalTa wrfivi ajamvis optimaluri sqema. is naCvenebia

qvemoT, nax. 3.7-ze.

mocemul sqemaSi  koeficientebi gamoiTvlebian gamo-

saxulebidan [14],[15]:

k

k
k N

c
0


  . (3.8)
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nax. 3.7. fedingis gavlenis Semcirebis struqturuli sqema signalTa

optimaluri wrfivi ajamviT

Tu (3.8) gamosaxulebaSi ,0c maSin miiRweva SNR-is maqsimaluri

mniSvneloba. ise, rogorc wina SemTxvevaSi, Tu davuSvebT, rom

TiToeuli k StosTvis N0=1 da 1)(
2
kU , gveqneba [14],[15]:
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(3.9)

sadac kSNR aris Tanafardoba signali/xelSeSla k -uri StosaTvis.

mocemuli sqemebisaTvis igulisxmeba, rom  -sa da  -is

mniSvnelobebi zustadaa cnobili [14]. Tumca unda aRiniSnos, rom

arsebobs meTodebi maTi realuri mniSvnelobebis gansazRvris.

magaliTad,  -is gansazRvris meTodebi moyvanilia [17],[18]-Si.

warmodgenili sami sqemidan, simartiviT udaod gamoirCeva

pirveli sqema, rasac SeiZleba gadamwyveti mniSvneloba hqondes

Rrma fedingis SemTxvevebSi (mag. mobiluri kavSiris sistemebSi),

radganac Tundac marto  -sa da  -is zustad gansazRvra am

pirobebSi garkveul sirTuleebTan aris dakavSirebuli [16].

3.4. mimRebTa efeqturobis Sefaseba modelirebiT

aq, mimRebTa efeqturobis Sesafaseblad Cven gamoviyenebT

kompiuterul modelirebas, romlis drosac nakagamis ganawilebis

mqone SemTxveviTi ricxvebis generacias ganvaxorcielebT paragraf
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1.5-Si aRwerili algoriTmebis Sesabamisad. isini iqnebian aseve

gamoyenebuli momavalSic, modelirebis dros.

qvemoT, 3.8 da 3.9 naxazebze warmodgenilia signalTa alba-
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nax. 3.8. bitze Secdomis siCqaris maxasiaTeblebi BPSK signalisaTvis
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nax. 3.9. bitze Secdomis siCqaris maxasiaTeblebi 8PSK signalisaTvis
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Turi maxasiaTeblebi nakagamis arxisaTvis fedingis parametrebiT:

5.0m ; 6.0m ; 75.0m ; 1m ; 5.1m . nax. 3.8-ze moyvanili monacemebi

Seesabamebian BPSK signalis gadacemas. Cans, rom yvelaze Rrma

fedingis SemTxvevaSi ( 5.0m ), BER=10-5-is dros, wrfivi ajamvis

sqemis gamoyeneba iZleva energetikul mogebas, avtoSerCevis sqe-

masTan SedarebiT, 2 db-s, xolo optimaluri wrfivi ajamva ugebs

wrfiv ajamvas 5.1 db-iT. rvaobiTi (M=8) fazamodulirebuli sig-

nalis SemTxvevaSi (8PSK - 8-ary phase shift keying) Sesabamisad gvaqvs mo-

gebebi 1 db da 5.1 db (ix. nax. 3.9). zogadad, yvela SemTxvevaSi,

optimaluri wrfivi ajamvis sqema ugebs avtoSerCevisas 2.5-3.5 db-s.

Cvens mier aseve Catarebuli iqna imitaciuri modelireba 8-

obiTi amplituda-fazamodulirebuli signalis (8-ary amplitude-phase

shift keying - 8APSK) gadacemisa nakagamis fedingiani arxiT. am dros

s1

s

s

s
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2ss

s s
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6 8
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111 100

011

110

101

nax. 3.10. 8APSK signalTa sistema (ansambli, Tanavarskvlavedi)
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gamoyenebuli iyo nax. 2.3-ze moyvanili 8APSK signalTa ansambli

(VI), romelic naCvenebia aqac, zemoT, nax. 3.10-ze, sadac yovel sig-

nals miwerili aqvs 3 sainformacio bitisgan Sedgenili blokebi,

e.w. samanipulacio kodebi. rogorc nax. 3.10-ze moyvanilidan Cans

signalTa sistema Seicavs sul ori sigrZis veqtors grZels (kenti

indeqsebis mqone veqtorebi - 7,5,3,1 ssss ) da mokles (luwi indeqsebis

mqone veqtorebi - 8,6,4,2 ssss ). maTi normebi anu sigrZeebi tolia:

5 71 3 1.256    s s s slL ;

2 4 6 8 0.65    s s s ssL ; (3.10)

aqedan Sesabamis signalTa energiebi toli iqnebian

2 1.578 l lE L ; 2 0.423 s sE L . (3.11)

signalTa sistemis saSualo energia da minimaluri

evkliduri manZilis kvadrati Sesabamisad tolia:

(4 4 ) / 8 1    a slE E E ;
2
min 0.845d . (3.12)

Tu signalebs CavwerT Sesabamisi koordinatebiT, gveqneba:

s1=(1.256, 0),

s2=(0.46, 0.46),

s3=(0, 1.256),

s4=(-0.46, 0.46), (3.13)

s5=(-1.256, 0),

s6=(-0.46, -0.46),

s7=(0, -1.256),

s8=(0.46, -0.46).

am monacemebze dayrdnobiT Catarebuli modelirebisas

miRebuli Sedegebi moyvanilia qvemoT, nax. 3.11-ze, saidanac Cans, rom
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nax. 3.11. bitze Secdomis siCqaris maxasiaTeblebi 8APSK (nax. 3.10) signali-

saTvis
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avtoSerCevis sqema, sadac ar gamoiyeneba arxis mdgomareobis Sesaxeb

informacia (Channel state information - CSI), iZleva Zalian cud

Sedegebs. CSI-is gamoyenebis SemTxvevaSi ki Sedegebi SedarebiT

damakmayofilebelia, Tumca optimaluri wrfivi ajamvis sqemasTan

SedarebiT (Rrma fedingis dros) is mainc agebs 2.3 db-s; es wageba

izrdeba da aRwevs 4.7 db-s fedingis siRrmis Sesustebis kval-

dakval.

Cvens mier agebuli iqna axali, gansxvavebuli tipis, asi-

metriuli 8APSK signalTa sistema, romelic moyvanilia nax. 3.12-ze.

nax. 3.12. asimetriuli 8APSK signalTa sistema
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mocemul signalTa sistemis veqtorTa normebi anu

sigrZeebi tolia:

5 72 3 8 1.17     s s s s slL ;

1 4 6 0.61   s s ssL ; (3.14)

aqedan Sesabamis signalTa energiebi toli iqnebian

37.1
2
 ll LE ; 37.0

2
 sLsE . (3.15)

signalTa sistemis saSualo energia da minimaluri

evkliduri manZilis kvadrati Sesabamisad tolia:

  18/35  sElEaE ; 737.0
2
min d . (3.16)

Tu signalebs CavwerT Sesabamisi koordinatebiT, gveqneba:

s1=(0.61, 0),

s2=(0.83,  0.83),

s3=(0, 1.17),

s4=(-0.43, 0.43),                                                   (3.17)

s5=(-1.17, 0),

s6=(-0.43, -0.43),

s7=(0, -1.17),

s8=(0.83, -0.83).

am monacemebze dayrdnobiT Catarebuli modelirebisas

miRebuli Sedegebi moyvanilia qvemoT, nax. 3.13-ze, saidanac Cans, rom

avtoSerCevis sqema, roca ar gamoiyeneba arxis mdgomareobis Sesaxeb

informacia (Channel state information - CSI), aqac iZleva Zalian cud

Sedegebs. CSI-is gamoyenebis SemTxvevaSi ki Sedegebi damakmayofile-

belia, Tumca optimaluri wrfivi ajamvis sqemasTan SedarebiT

(Rrma fedingis da BER=10-5-is dros) is mainc agebs 2 db-s; es wage-
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nax. 3.13. bitze Secdomis siCqaris maxasiaTeblebi 8APSK (nax. 3.12) signali-

saTvis
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ba izrdeba da aRwevs 5 db-s fedingis siRrmis Sesustebis kval-

dakval.

saerTod, unda aRiniSnos, rom 8PSK modulaciis gamoyeneba iZ-

leva ukeTes Sedegs (2 db-mde) Rrma fedingis dros, vidre 8APSK,

xolo susti fedingis SemTxvevaSi, rig SemTxvevebSi, SeiZleba upi-

ratesoba mieniWos 8APSK-s. asimptotikaSi, gausis arxisTvis, es upi-

ratesoba Seadgens 1 - 1.6 db-s. am ori tipis modulaciis Sedareba

moyvanilia [19]-Si.

ZiriTadi Sedegebi

Sefasebulia fedingis uaryofiTi gavlenis xarisxi gadacemul

signalze. warmodgenilia koncefcia, romelic eyrdnoba jer

fedingis gavlenis Semcirebas signalze, xolo SemdgomSi mis

miRebas gausis arxisaTvis agebuli optimaluri deteqtoriT.

naCvenebia, rom fedingis gavlenis Semcirebis radikaluri meTodia

signalis mravlobiTi gadacema, kerZod dRevandel praqtikaSi

umetesad gamoyenebuli – signalis paraleluri gadacema sivrceSi.

ganixileba fedingis gavlenis Semcirebis sami sqema, Sefasebulia

maTi sirTuleebi da efeqturobebi. naSromSi moyvanil, avtorTa

mier miRebul, axal Sedegebs warmoadgenen:

 grafikuli masala, romelic asaxavs nakagamis fedingis

gavlenis Semcirebis xarisxis damokidebulebas mimRebi ante-

nebis raodenobaze.

 asimetriuli 8APSK signalTa sistema.

 modelirebis rezultatebi nakagamis fedingiani arxebisaT-

vis.

Sedegebi miRebulia orobiTi da rvaobiTi fazamodulirebuli

signalebisa da ori tipis rvaobiTi signalebisaTvis amplitudur-
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-fazuri modulaciiT.
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