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IHOBO/BITAILE IEPO@OPMAHCHU BEXKUYHUX TEJJEKOMYHHKAIIMOHUX
CUCTEMA Y IIPUCYCTBY ®EJJUHI'A CA JOMWUHAHTHOM KOMIIOHEHTOM
EJIEKTPOMATI'HETHOI TAJIACA

PE3UME

[Ipenmer ucTpaxuBama OBE JOKTOPCKE TUCEPTALHjE CYy OCKUYHU TEIEKOMYHUKAITIOHU
CHUCTEMH ¥ TT000JbIIIakhe BUXOBHX Mep(opMaHCcH Kaja cy IpUCyTHH Op3u heuHT, criopu heTuHT
u MehykananHa uaTepdepernuja. [lpu Tome, b UCTpaKUBama je Ja Ce OApeAe AUBEPIUTU
TEXHUKE MTOMONyY KOjHX MOTY Jla C€ CMame yTHIaju Op3or u cropor ¢eauHra Ha neppopMance
HaBEJICHOT CUCTEMA.

VY npBoM ey AucepTanuje pa3MaTpaHd Cy CTaTUCTUYKU MOJENH KaHaja y MPUCYCTBY
PajcoBor ¢enunra u I'ama crnopor ¢enunra, a 3aTuM u x-p ciaydajuu npouec. Ilopen tora,
pa3MaTpaH je ciydaj Kaja je y Oe)KUYHUM KaHaiuMma npucytan crnopu ['ama ¢eaunr u 6p3u x-u
¢emunr. IIpu Tome, aHanutHuku U rpaduuku cy oxpehene rycruna BepoBatHohe (PDF) u
KymynatuBHa BepoBaTHoha (CDF).

VY nmpyrom geny aucepranyje pasMaTpaHd Cy MOJEITH MaKpOAMBEP3UTH CHCTEMa ca JBa
mukpoauBep3utu SC komOuHepa u jeaHor Makpoausep3utu SC koMOuHepa, y IPUCyCcTBY Op30T
k-u enunra u cropor ['ama denunra, 0oAHOCHO y IPUCYCTBY K-u Op3or ¢denunra, ['ama ciopor
dbenunra u xk-u MehykanaiaHe uHTeppepeHirje, pecrieKTuBHO. AHanuTu4Kku cy oapehenu PDF u
CDF, a 3arum patu rpaduuku npukasu 3a cBe npopauynare ¢opmyine PDF u CDF, xao u
rpaduuku mpUKa3zuw 3a BepoBaTHONy OTKa3a y 3aBUCHOCTH OJ 3amaTor mpara. [IpumeHom
pasMaTpaHOr MaKpOAMBEP3UTH CHCTEMa II0Ka3aHO je Ja Ce CMamemeM KOpeJaluoHOT
koedunujenta ['ama criopor denunra p, a 6e3 nosehama muprHe GpPeKBEHIN)CKOT orcera u 6e3
noBehama cHare Ha npeaaju, mosehasa q0OMTaK MaKpO KOMOMHOBAMA.

Ha kpajy, nara cy Mepema pealHor ClieHapHja KaHaja Koja cy Iokasaja Beoma J00po
MOKJIATIAe ca TEOPHjCKUM pesynraruma. Haume, noOujeHn pe3ynratu 3a BepoBaTHOhY OTKa3a
NOKa3aJld Cy OINpaBAaHOCT NPUMEHE MAMBEP3UTH TEXHHUKE, KOja MOXe OWUTH KOpHUCHA Yy
IIPOJEKTOBakYy OCKUYHUX CHCTEMA Y OKPYKEHY Ca OrPaHUYEHOM MHTEP(EPEHIINjOM Y CMUCTY
npensuhama nephopMaHcH cucTeMa U 0TKasa cucTeMa.

Kibyune peun: PajcoB ¢eaunr, x-g 6p3u genunr, ryctuna BepoBaraohe (PDF), kymynaTusHa
BepoBarHoha (CDF), BepoBatHoha oTka3a, SC koMOMHEp, MAKPOIUBEP3UTH CHCTEM, MEPCHHE.



IMPROVEMENT OF WIRELESS TELECOMMUNICATION SYSTEM
PERFORMANCES IN THE PRESENCE OF FADING WITH A DOMINANT
COMPONENT OF THE ELECTROMAGNETIC WAVE

ABSTRACT

This doctoral dissertation analyzes wireless communication systems and proposes
methods to enhance their performance in the presence of long-term fading, short-term fading,
and co-channel interference (CCIl). The aim of the research is to identify diversity schemes
capable of mitigating the effects of long-term fading and short-term fading on system
performance.

In the first part of the dissertation, statistical channel models are considered in the
presence of Rician fading, Gamma long-term fading, and a x-p random process. In addition,
scenarios involving short-term Gamma fading and long-term x-p fading in wireless channels
are analyzed. Consequently, the probability density function (PDF) and cumulative density
function (CDF) are derived analytically and through graphical representations.

In the second part of the dissertation, models are considered for macro-diversity systems
with two micro-diversity SC combiners, and one macro-diversity SC combiner in the presence
of long-term x-p fading, short-term Gamma fading, that is, in the presence of long-term x-p
fading, short-term Gamma fading, and x-p co-channel interference, respectively. Analytical
expressions for the PDF and CDF are presented, accompanied by graphical representations of
these functions and outage probability plots for varying thresholds. Using the discussed macro-
diversity system, it has been shown that by reducing the correlation coefficient of Gamma short-
term fading, p, without increasing the frequency range bandwidth, and without increasing
transmission power, an increase in macro-combining gain is achieved.

Finally, measurements of real channel scenarios are given, demonstrating a very good
match with the theoretical results. Namely, the obtained results for the outage probability have
revealed the justification for using the diversity technique, which can be useful in designing
wireless systems in settings with limited interference, particularly for system performance
prediction and outage assessment.

Key words: Rician fading, x-p long-term fading, probability density function (PDF),
cumulative density function (CDF), outage probability, selective combining, macro-diversity
system, measurement.
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1. VBOJ

[Ipeamer wucTpakuBama OBE JOKTOPCKE JAUCEPTAMje Cy OeXHYHH JTUTUTAIHU
TEJIEKOMYHUKAIIMOHU CHCTEMH Kao W HHXOBE nepdopMmaHce y MPHUCYCTBY Op3or (deauHra,
criopor ¢eauHra u HHTepEepeHIInje.

bp3u ¢enuHT HacTaje 300T MPOCTUPama eIEKTPOMArHETHUX CHTHAJIA 110 BUIIIC ITyTeBa.
300r mojaBe pedekcuje, pedpakiyje, caBHjamba U PaCUIlakba CICKTPOMArHETHOT Taslaca,
CHUTHAJI CE€ MPOCTUPE IO BHUIIE MyTeBa W HA yja3zy ce IojaBjbyje Behu Opoj KOMIOHEHaTa
curHana. OBe KOMITIOHEHTE ce cabupajy u J00Hja ce eKBUBAICHTHH YCKOIIOjaCHM CHUTHAI ca
CJIy4ajHOM IIPOMEHJEUBOM aMILTUTYA0M. [IpoMena amiuinty e currana je ¢peaunr [80].

Cnopu ¢enunr Hacraje 30or edekra ceHke. OBaj demuHr Hacraje 300T BEITHKHUX
npenpeka u3Mel)y mpenajuuka u npujeMHuka. Criopu ¢GeauHT y3poKyje MPOMEHY CHare
curnana. Kana je copu ¢eaunr onucan ['ama pacmoaenom, u3pasu 3a neppopmance cuctema
MOTy ce JOOMTH y 3aTBOpeHOM o0iuKy. Beoma decto je demunr kopenucan. CreneH
Kopenamuje ce oapehyje kopenanunonuM koedunujentom. Kopenamuja nerpaaupa TuBep3uTH
nobutak. Criopu (eMHT je 4YecTo KOpeiaucaH 300r Tora IITO Cy JBE WM BUIIE aHTEHA
3aKJIOEHE ca UCTOM mpenpekoM. Kamga kopernannoHn KOSPHUIMjEHT HIe MpeMa jeIHHHIIN,
Hema JuBep3uTH gooutka. OBO je 300T Tora ImTO ce HajMamy CUrHaJ jorah)a HCTOBPEMEHO Ha
o0e anTeHe. Beoma je BaxxHO pa3MaTtpartu rnepdopMaHce CUCTEMa Kaja je (GeAMHT KOPEICaH.
[ToTpeOHO je yTBPIUTH Kako ce MEHa BepoBaTHOhA OTKa3a y 3aBUCHOCTH O KOPEIAIMOHOT
koedunujenta [50, 51].

Mehykananne wuntepdepeHuuje Hactajy 300r npeciymaBama uiMely ynarbeHux
KaHaJla KOju pajae Ha ucToj (pekBeHIMju y pa3dnuuutuM henmjama. Kana je mehykananna
uHTepdepeHiMja KopearcaHa, OHIa ce IeH yTHIA] Ha nepdopMance cuctema cMamyje [83].

bp3u ¢eaunr, cnopu denunr u mehykanamHa wuHTEpdepeHHja erpanupajy
nepdopMaHce CUCTeMa M OrpaHHMYaBajy Kamanuter kaHama. Takobe, ['aycoB mym mosehaBa
BEpOBAaTHONY Tpelike W BepoBaTHOhY oOTKa3za cucrema, Mana cy QenuHr u melykaHarHa
UHTeppEepeHIMja JIOMUHAHTHE CMETHC KOJ OCKUYHUX JUTUTAIHUX KOMYHHKAIIHOHHX
cucrema.

[TocToju BHIIE pacnioziena Koje MOTy Jia ce ynorpeOe /1a ONUIly aMIIUTYy CUTHaja y
Gemunr kanay. Pacrozena Moxe onucaTH aHBEJIONY CUTHANIA Y Pa3IMYUTHM ycioBuma [34].
VY kaHaxy ce nmojaBJbyjy TOMHHAHTHE KOMIIOHEHTE KaJia IMOCTOjU ONTHYKA BHIJBUBOCT U3Mely
npenajHuKa u npujemMHuka. Kaia okoiamHa y K0joj ce MpoCTUpe CUTHAT UMa HEXOMOTEHO 10JbE
pacunama, He BaKe YCIOBHU Jla C€ MOYKE MPUMEHUTH IIeHTpalHa TpaHUYHa TeopeMa. Y OBOM
CIIy4ajy Y30pIlM CIIy4ajHOT TpoIieca aHBeJoNe ce A00ujajy HeTMHeapHOM TpaHChOopMaIijomM
y30paKa CIy4ajHOr Tpolieca aHBeNone Kaaa je xomoreHa (eauHr okonuHa [58]. ¥V kanamy
CHUTHAJI MOXE JIa C€ TPOCTUPE Y OKBHPY jETHOT WM BHIIE KJIaCTepa TaKO Ja CTaTUCTHYKA
pacrioziena Tpeba aa Oyne y MoryhHoOCTH J1a onuiie oBy nojaBy. CHara aHBeJIOIe CUT'HAJIa MOXKe
OuTH MPOMEHJBMBA U 300T 1MojaBe cropor (eauHra. Y OBOM ClIy4ajy cHara curiaia tpeba maa
ce OmMIle HEKOM pacrojenoMm, n To Hajuemhe ['ama pacmonmenom wim 10g-HOpManHOM
pacrionenom. KomroHeHnTe y a3 U KBaJpaTypH YCKOIIOjaCHOT CHTHAJla YeCTO MMajy HCTE
cHare, ajii MpH MPOCTHpamy CUTHAJIA y MOCEOHUM yCIOBHMMA, Kao IITO je joHocdepa, cHare
KOMIIOHeHaTa y ¢a3u u kBaaparypu cy pasnuuute [80]. Pejnujesa pacrnojena onucyje curHain
y XOMOI'€HO] CPEeJUHM Ca jeHUM KiacTepoM 0e3 JIOMHHAaHTHE KOMITOHEHTe, oK PajcoBa
pacriozienia  Ommucyje CHUTHal, Tako)e y XOMOTeHOj CpeauHH, KaJ IOCTOjU JIOMHUHAHTHA
komroneHta [36]. BejOynoBa pacnogena omucyje aHBENONY CHUTHAJlA Y HEXOMOT'CHUM
cpeanHaMa 0e3 JOMUHAHTHE KOMIIOHEHTE Ca jeJHHM KJIaCTepoM, a o-ll pacrojesna OIucyje
aHBEJIOIy CUTHAJIA, Takol)e y HelIMHeapHUM CpeHaMa, 63 JOMUHAHTHE KOMIIOHEHTE ca BUIIIE
kiacrepa. Hakaramu-m pacrojiena onrcyje aHBeJIOIy CUTHAJIA KOjU € MPOCTHPE KPOo3 KaHaI



ca BHIIE KiacTtepa 0e3 JTOMHUHAHTHe KommoHeHTe. Kana je cHara aHBenone IpOMEHJBHBA,
denunr ce ommcyje ca K, KG unu npommupenom KG pacnogenom. Kana cy cHare kommoHeHaTa
y a3y u KBagpaTypu pa3IMuMTe M KaJa Ce CHTHAJ HMPOCTUPE Yy OKBHPY jEJHOT KIacTepa,
aHBEJIONa CUTHAJIA ce MOKe onucatu Hakaramu-Q pacrmoiesnomM, a Kaja ce CUTHaII MPOCTHpE y
OKBHPY BHILIE KJIaCTepa, OHJA CE aHBEJOIa CUTHAJIA MOXe omucatu 77-4 pacmonenoM. Kana
IIOCTOj¥ BUILIE JOMUHAHTHUX KOMIOHEHTH U CUTHAJI C€ MTPOCTUPE KPO3 KaHAaJI ca J[Ba MJIU BUIIIE
KJlacTepa, aHBeJloNa CHUTHAla ce MOXKE OmMucatu ca k-u pacmoaenoM. Kama je cpenuna
IpOCTHpamba HEXOMOTEHa U HE MOTY C€ IMPUMEHHUTH YCJIOBH IIEHTPAIHE IPaHUYHE TEOpeMe,
OHJIa Ce aHBEJIONa MOXE OIKCATH ca a-K-|l pacmonaenom [28, 58, 101].

3a MozenoBame PeMHT KaHala MOXe J1a ce kopuctu PejnujeBa, PajcoBa, Hakaramu, k-
[ pacrofiena.

PejnujeBa pacmosmena Moke OIMCATH AaHBEJIONy CHUTHAlAa Yy KaHaluMa I7ie HeMma
JOMUHAHTHE KOMIIOHEHTE, CpPeIUHa jé XOMOTeHa W CUTHAJI C€ MPOCTUPE y OKBUPY jeIHOT
knactepa. KBaapat PejnujeBe cyuajHe npoMeHIbHBE jeIHAK j€ 30Upy KBajJpaTa JBE HE3aBUCHE
["aycoBe citydajHe MPOMEHIBMBE KOj€ MMa]jy Cpe/Iihe BPeIHOCTH HyJ1a U ucTe Bapujance [11, 13,
14, 24, 34, 58, 65, 79, 80, 81, 105].

BejOynoBa pacmomena Moxe na ce ymoTpeOW Ja ONHWIIEe AaHBEJIONYy CHTHala y
HEXOMOTCHUM OS)KMYHMM KaHaIMMa T'JIe Ce HE MOXKE M3 HEKUX pa3jiora MPUMEHUTH [IEHTPaIHa
rpanndHa Teopema. LleHTpanHa rpaHnyHa TeopeMa ce He MOXKE MPUMEHUTH y CIydajeBHMa
KaJa MamHu Opoj KOMIIOHEHAaTa CHTHaja HE CTIKY y TNPHjeMHUK WIM Cy aMIUTUTYIE
KOMIIOHEHAaTa BeoMa paziuyure. Y3opuu BejOymoBor cimydajHOr mporeca ce Mory JOOUTH
HellmHeapHoM TpaHchopMmarjom PejnujeBor cityuajHor nporeca. OBaj pe3yaTar MOXe Jia ce
yrmoTpeOu 3a W3padyHaBame BepoBaTHOhe Tpellke W BepoBaTHOhe OTKaza OeXHYHOT
JMTUTATHOT TEJIEKOMYHHMKAIMOHOT CHUCTeMa Koju pagu y BejOymoBom ¢enunr kanamy u
npucytHa je BejOynmoBa mehykananna maTepdepenunnja. Kox oBux cucrema je KOJHMUHHUK
aHBeJIoNa KOPUCHOT CUrHajla M MelykaHaimHe MHTepdepeHLuje BakHa Mepa neppopMmaHcu
cucremMa noMmohy koje ce KoJ WHTep(EpeHINjOM OTPaHWYCHUX KaHaJla MOXE OJPEIANTH
BepoBaTHOha OTKa3a, BepoBaTHOha TIpellke M KamauuTeT KaHajda. YKOJIMKO Ce NPUMEHHU
CEJICKTMBHM KOMOMHEp ca JIBa yla3a, U3J1a3HH CUTHAJI U3 OBOT IIPHUjEMHHUKA Je/HAK J€ CUTHAIlY
ca oHOT yna3a koju je Behu. OBaj pe3ynrar Moxke /1a ce HICKOPUCTH 3a o/ipehBame BepoBaTHONE
0TKa3a peJiejHUX CHCTEeMa ca JBE JEOHHUIIE KOjU paje y KaHanuma ca BejOynoBum deauHrom
[12, 50, 58, 80].

Kana ce pasmarpa cumynanuja CTaTUCTHYKUX KapakTepucTHKa PajcoBor ciydajHOT
npoiieca, PajcoBom pacmozienoM Moske Ja ce ONHUIIle aHBeJIoNa CUTrHalla y KaHajy IJie oCToje
BUIIIE CKETEPHHTI KOMIIOHEHATa W jeHa JOMHUHAHTHA KOMIOHEHTa. CKeTepHHI KOMIIOHEHTE
UMajy NpHOIMKHO HCTE aMIUIMTYyJE KOjeé Cy 3HauyajHO Mame OJI aMIUIUTYJle JOMUHAHTHE
KOMITOHEHTE. Bpoj ckeTepruHT KOMIIOHEHATa j€ JI0BOJbaH TaKO Jla Ba)KU LIEHTPAIHA TPAHUYHA
TeopeMa. AHBeJIONa €KBUBAJICHTHOI CUTHAlA Ha yna3y y MpHjeMHUK MMa PajcoBy ryctuHy
BepoBaTHohe.

Hakaramu pacrnonena Moxke ce ynoTpeOUTH Jia ONHUIIE aHBEJIONY CUTHajia y (eauHT
KaHaJIMMa TJle HeMa JOMHHaHTHE KOMITIOHEHTE CHTHaJla ¥ TIPOCTUPE Ce MPEKO BHIIE KiIacTepa
U TI0JbE pacullarba jeé XOMOTEHO TaKo Jla BaKH LEHTpaJHA TpaHuyHa Teopema [53, 72]. Opa
pacrmoziesia ¥Ma IapaMerap M Koju je cpa3MepaH ca OpojeM KiacTepa y MporarairuoHOM
KaHaiy. 3a Behe BpeqHocTH napamerpa M, Hakaramu-m ¢enunr je mame omrap. Kymynatusna
BepoBaTHOhA je jeHaKa BepOBaTHONM OTKa3a OSKMYHOT TEICKOMYHHUKAIMOHOT CHCTeMa KOjH
pamu y Hakaramu-m kanamy. [lomohy Hakaramu-m Nn-ror MomMeHTa MOTry Ja ce OJpefe
MoMeHTH Hakaramu-m cirygajHor mporeca. [IpBu MOMEHT ce padyHa Tako IITO ce 3a N y3Me
BpenHocT 1. JIpyru MmoMeHT ce opelyyje Tako 1ITO ce 3a N y3Me BpeAHOCT 2.

K-l pacmojena uma jaBa napamerpa k u l. [lapamerap x je jenHaK KOJTUYHHUKY CHare
JIOMUHAHTHE KOMITOHEHTE U CHare CKeTepuHI komroHeHara. [lapamerap U je cpazmepan Opojy
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KJ1acTepa y MponaraiyoHoj OoKomuHH [55]. k-H pacrmonmena MOXke ce KOPUCTUTH Ja OIHIIEe
AHBEJIONY CUTHAJA y KaHAJIMMa KOju MOTy ()OpMHUpATH BHIIE KIacTepa U IJe CBAKU KiacTep
MO€e UMaTH JOMHUHAHTHY KOMITIOHEHTY. [Ipu Tome, kBazpat k-l cilydajHEe IPOMEHIBUBE MOXKE
J1a ce mpeicTaBy 30MpoM 2|1 KBaapaTa ['aycoBHX CiIy4ajHUX MPOMEHJbUBHUX, KOj€ Cy HE3aBHCHE,
rJie CBaka OJl BUX MOXKE MMAaTH Cpeliby BPEIHOCT U uMje cy Bapujance ucre [58]. Kpusa
KyMyJaTuBHE BepoBaTHohe ce onpelyje kao u y mperxoJHuM ciydajeBuma. Ha ancrucu cy
BPEIHOCTH K-l CIly4ajHOT IIpoIieca, a Ha OpIUHATH je Opoj y30paka Mamu O BPEIHOCTH Ha
OpAMHATH HOPMAJIM30BaH ca YKyIMHUM OpojeM y3opaka. OBa KpuBa je jenHaka BepoBaTHOhM
OTKa3za OEXHMYHOT TEIICKOMYHUKAIIMOHOT CHUCTEMa KOjU paad y KaHaily ca K-l (eanHroM.
Taxohe, Moke Jla ce OApean Cpeama BPEIHOCT, Cpemha KBaJpaTHa BPEAHOCT M BapujaHCA.
BepoBarHnoha oTkasa ce onpelyje momohy KymynatuBHe BepoBaTHONE.

[TocToje pa3He MUBEP3UTH TEXHUKE KOje C€ KOPUCTE Ja Ce CMamM YTHUIaj Op3or
denunra, ciopor ¢enunra u meh)ykananne uaTepdepeHiije Ha BepoBaTHohy 0TKasza cucrema,
BEPOBATHONY TpEIKe CHCTeMa, KalaluTeT KaHajla U CPeAhe BpeMe Tpajamba 0TKa3a CUCTEMA.
JluBep3uTH TEXHHKE MOry Aa Oymy mpocTopHe, (hpekBeHTHe M BpeMeHcke. Hajuemrhe ce
KOpHCTe npocTopHe auBep3uTu Texuuke [19]. Takohe, mocroju Bulle TeXHUKAa KOMOWHOBaA.

TexHuka KOMOMHOBama Koja 1aje Hajoosbe pesynrare je MRC kombunoBame (Maximal
Ratio Combining). OBa TexHuka KOMOMHOBamWa Jaje HajOOJbE pe3yiTaTe, ald je BeoMma
CIIO)KEHa 3a MPaKTU4Hy peanu3anujy. OnHOC CHare curHajga u cHare myma Ha usnazy MRC
jenHaka je 30uMpy OJHOCA CHare CWTHajla W cHare ['aycoBOr IIymMa Ha HErOBUM YyJa3uMa.
KomOunepu Mory na mMajy nBa, Tpu uid Buie ynasa. Kana je cuara ["aycoBor mryma ucra y
cBuM rpanama MRC npujeMHuKa, OHJIA j€ KBaIpaT CUTHAJIa Ha lberOBOM H3J1a3y jeHaKa 301py
KBaJIpaTa CHUTHaJla Ha HETOBUM yia3uma. 300r oBe ocoOuHe, kajna je Ha ymasuma y MRC
NpUCyTaH He3aBHCaH W uaeHTH4aH PejnujeB ¢exunr, PajcoB ¢penunr, Hakaramu—m ¢enuar
win K-l GequHr, OB CIy4yajeBU Cy BEOMa MOTOAHH 3a MaTeMaTHuKe TpaHcdopmalyje 300r
TOra ITO y OBHM CIydajeBMMa aHBENONa CHTHANa Ha M31asy uMma y° pacrogeny. MRC
MPUjEMHUK HHj€ MOTroJIaH 3a MPaKTUYHY pean3aln]jy 300r Tora 1mTo je noTpedHo 006e30e1uTi
Jla Cy CBM CUTHQJIM Ha HErOBUM yia3uma y (a3u u nmorpebHO je 06e30eauTu MOBOpKE
MPETXOHUX UMITyJIca 3a cBaky rpany MRC kombunepa. [loBopke umitysca Tpeba o6e36enutu
CBaKoj rpaHu 300r Tora mro Tpeda MPOLEHUTH KOJIUKH j€ OAHOC CHAara CUrHajia y CBakoj TpaHu
Ja Ou ce u3padyHaiau oaroBapajyhu TexXuHCKH KoepuuujeHtu [23, 27].

[Tpujemuuk ca EGC (Equal Gain Combining) nuBep3utu KOMOMHEpOM HE Jaje Tako
nobpe neppopmance kao MRC TexHMka KOMOMHOBama alM j€ MOTOJHUJU 32 MPAKTUUYHY
peanuzanujy. Kog oBe TexHuke komMOMHOBama Takohe Tpeba 06e30eauTn 1a Cy CHUTHaJIM Ha
yinazuMa y KoMOuHep y ¢da3u, anu He Tpeba 00e30euTH MOBOPKE MMITYJICa 32 CBaKy TpaHy
komOuHepa. bpoj ynaza moske na Oyne nBa, Tpu i Buie. Ca noehamwem 6poja rpana EGC
MpHjeMHHUKA pacte AuBep3uTH AoouTak. CurHan Ha minasy m3 EGC mpujemHuka jemHak je
30upy CUTHaJa Ha BerOBUM yliazuMa. Ha ocHOBY 0Be 0COOMHE MOTY j€IHOCTAaBHO J1a C€ OfIpejie
MOMeHTH curHana Ha u3nasy u3 EGC komOunepa [58, 80]. Ha oBaj maumn mory jmga ce
U3pauvyHajy Cpelba BPeIHOCT, Cpellba KBaipaTHa BPEAHOCT U BapyjaHca CUTHAJIA HA U3J1a3y y
3aBHCHOCTH OJ1 MOMEHaTa CuTHaia Ha ynasuma y EGC npujemHuK.

Beoma gecto ce kopuctu SC (Selection Combining) npujemuuk [12, 58, 78, 80]. SC
MIPUjEeMHHK Of[Baja MpeMa KOPUCHUKY OHY I'paHy IpHjeMHHUKA Ha K0jOj j€ OJJHOC CHara CUrHasia
u mryma Hajeehu. Kana je cHara mryma ncra y OBUM rpaHama, OHJia IPHjeMHHUK O/IBaja OHY I'paHy
ca HajjauuM CUTHAJIOM. Y MHTep(EpEeHIIjOM OrpaHUYEeHO] OKOJIMHH CHara UHTeppepeHLuje je
3HayajHO Beha o cHare myma Tako Ja ce YTHIla) IIymMa Ha mepdopMaHCe CHUCTEMa MOXe
3aHemapuTH. [Ipy TOMe, KOpHUCTE ce TpU alropuTMa pajaa CeleKTHBHOT KoMOmHepa. [Ipema
pBOM aropuTtMy pajaa SC npujeMHUK H3/1Baja TpaHy ca HajBehoM CHaroMm KOpUCHOT CUTHAJA.
[Ipema apyrom kpurepujymy SC mpujeMHUK OJjBaja TpaHy ca HajBehoM TOTaHOM CHAroM.
[Tpema Tpehem kputepujymy SC npujeMHUK 0/1Baja TpaHy ca HajBehuM 0JJHOCOM CHara CUrHaia
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u Mmehykanamne uHTepdepennuje. Hajsehu muBep3utu nobutak je kaga SC mpujeMHHK
kopuctu Tpehu anropuram. [lepdpopmance SC npujemnnka cy snommje ox neppopmancu MRC
npujemauka 1 EGC mpujemuuka. SC npujeMHHK MMa BEIUKY IPUMEHY 300T TOra IITO je€
jenHocTaBaH 3a MpakTUuHy peanmzauujy [78, 82]. I'ycruna BepoBatHohe curHana,
KyMyJlaTHBHa BepoBaTHoha curHama M cpeamu Opoj OCHHMX mpeceka Ha wu3nazy u3 SC
NpUjeMHHUKA MOXKE CE JeTHOCTAaBHO U3PadyHATH.

Yecto ce xopuctu SSC (Switch and Stay Combining) mpujemMuuk. AnropuraMm paja
oBor mpujeMHuka je cienchu. SSC mpujeMHUK U3lBaja TpaHy Ja 00e30eau CepBHUC Mpema
NPUjEMHUKY CBE JIOK je CUTHANI Ha Toj rpanu Behu ox npara. Kaga curaan nagne ucrnoy mpara,
SSC npujemHuk Oupa Ipyry rpany jaa o0e30enu cepBUC IpemMa MpHjeMHHUKY 0e3 003upa Ha
HHUBO CHTHaJla Ha OBOj rpanu. SSC mpHjeMHUK MMa MamH auBep3uTH godutak ox SC
NpUjeMHUKA aJIH j€ JeTHOCTAaBHUjH 32 MPAKTHYHY pealn3alujy.

I'enepanucan GSC npujemunk (Generalized Selection Combining) ce Takohe kopucTy.
OBaj mnpujemMHHK Kopuctu Jn00pe ocoobmne MRC mnpujemanka u SC mpujeMHHKA.
Kapakrepucruke oBor GSC npujeMHHKA y MOTJIey KOMILICKCHOCTH PEan3alnje U TUBEP3UTH
nobutka cy m3mel)y MRC npujemunka u SC npujemnanka. Anropuram paga GSC npujemanka
je cnenehu. Ykynan O6poj rpana ce nmogenu Ha N rpyna. Ceaka oq N rpyna dopmupa MRC
npujemank. CurHamm ca usnaza N MRC npujemuuka ¢popmupajy rpyny koja popmupa SC
npujemuuk. Curaai ca uznaza SC npujeMHUKA ce KOPUCTH 32 1ajbK IpeHoC win oopany [83].

3a cBaku MMPHjEMHHK 3HAYAjJHO j€ OJIPEAUTH I'yCTUHY BepoBaTHOhe curHana (probability
density function — PDF), kymynatusHy BepoBatHohy curnana (cumulative density function —
CDF), kapaktepuctiuny ¢yHkiujy curnana (Mx(S)), momente curaana (Mn) U IEHTpaIHE
MomenTe curraia (M), Ha u3nasy, pecnekTuBHO. Cpearba BpeaHoCcT (M1), cpearba KBaapaTHa
Bpeanoct (M) U cpema KyOHa BpeaHoCT (M3) Cy HajBaKHI]H MOMEHTH M3JIa3HOT CUTHANIA. A
0J1 IIEHTpaTHNIX MOMEHATA HajBaKHM]a je BapujaHca curHana (ox?). [Tomohy kapakTepucTHune
(GyHKIIMje MOXE Ce OJIpeUTH T'yCTHHA BepoBaTHOhE CHUTHaia, Koje cy, y cTtBapu, Oypujeon
Tpanchopmanmonu nap. [Ipu Tome, yecto ce KOpUCTH 0cOOKHA KapaKTepUCTUUHE QYHKIIM]E 1a
je 30up BEeHUX HE3aBUCHMX CIIy4ajHUX MPOMEHJBUBHUX jE€HAaKa MPOU3BOAY HEHHX cabupaka.
Taxolhe 1 MOMEHTH MOTY Jla ce ojpeJie moMohy KapakTepucTU4He QyHKIMje oarosapajyhum
nudepennupameM. [lomohy MomeHaTa Moxe J1a ce u3pauyHa uzHoc ¢eaunra. [leppopmance
cucreMa Mory Jia Oyany mpBor pesa u apyror pena. [lepdpopmance npsor pena cy BepoBaTHOha
orkasa (Pout), BepoBaTHOha rpemike u kamanuter kaHaina (C). BepoBatHoha otka3za (outage
probability) ce pauyna nomohy kymynaTuBHe BepoBatHOhe. BepoBaTHoha rpemike ce pauyHa
yCpenmaBamkeM YCIIOBHE BepoBaTHohe rpemke. BepoBaTHoha rpemke ce padyHa 3a
KOXEpEHTHE CHCTeME U 3a HekoxepeHTHe cucteme. Ilepdopmance cucrema apyre Bpcre cy
3Ipy)KeHa TyCTHHA BepoBaTHOhe curHana ( pxlx.l(ylyl)) U MPBOT M3BOJA cUrHana (X), cpeamu

0poj ocHux mpeceka cayuajHor npoueca curaana (Nx) u cpembe Bpeme Tpajama 0TKasza cucTeMa
(Average Fade Duration — AFD). ITpu Tome, Nx Moske fa ce u3padyHa Kao Cpeiba BPEIHOCT
O]l TIPBOT M3BOJa CiIydajHOT mporeca, a AFD kao KodMyHHK BepoBaTHOhe OTKa3a U Cpeaber
Opoja ocHuX Tpeceka. Takohe, Moke ce pa3maTpaTH T'yCTHHA BEpOBAaTHONE Ty)KMHE OCHUX
npeceka. OBa rycTuHa BepoBaTHOhe je cpa3mepHa 3JpY)KE€HO] T'YCTMHM BepoBaTHohe Ba
y30pKa CIy4ajHOT Mpolieca U lbUXOBHX pBuX u3Boja [26, 80]. Takohe je 3Ha4yajHO U3pauyHATH
3/py’)KeHy TyCTHHY BepOoBaTHOhe JBa y30pKa CIIyuyajHOT Ipolieca CUTHajla Ha Hu3Jasy u3
npujeMHuKa. BepoBatHoha oTka3a je AeduHICaHa Kao BepoBaTHOhA Ja je BPeIHOCT CUTHaja
Mamba 0]l yHanpes oapeheHor npara npujema.

MakpouBep3UTH CHUCTEMH C€ KOPHUCTE Ja HCTOBPEMEHO CMame YTHIAj CHOpOT
¢denunra, Op3or ¢eaunra u MehykanamHe uHTepdepeHiyje Ha neppopmance cucrema. Taxo,
Ha [pUMep, MAaKPOJIMBEP3UTH CUCTEM KOjU C€ cacToju o] MakpoauBep3utu SC mpHjeMHHUKA U
nBa MukponuBep3utu SC KoMOMHEpa ce KOPHCTH Ja UCTOBPEMEHO CMambH YTHIA] CIIOPOT
denunra u Op3or ¢emuHra Ha TmepdopMaHCEe CHUCTEMa, MPU uYeMy MakpoauBep3utu SC
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MPUjEMHUK CMamyje YTHIA] cropor (eauHra, a MUKPOJMBEP3UTH IPHJEMHUIIM CMamkby]y
yrunaj Op3or ¢genunra Ha neppopmance cucrema. Makpoausep3uta SC MpHjeMHUK W3/Baja
MUKPOJUBEP3UTH IIPHjEMHUK ca HajBehoM cHarom aHBesone ja 6u 00e30e11o cepBHC pemMa
KOPUCHHKY, JIOK MHKPOAMBEP3UTH IPHUjEMHUK H37Baja TpaHy ca HajBehMM OHOCOM CHare
aHBEJIOTIE KOPUCHOT CHUTHala W CHare aHBesione wHTepdepeHmnmje na 6m 006e30ea1uo cepBuc
npema KopucHuKy. Makpoausep3utu SC MpHjeMHUK KOMOWHYje CUTHAJI ca aHTEHA Ha JBE UITN
BUIlIe 0a3HUX CTaHMIA, & MUKPOJIUBEP3UTH MPHjEMHHUII KOMOWHY]jYy CUTHAJ ca BHIIEC aHTCHA
Ha 6a3H0j cranumy. Criopu (eauHT je KOpeTucaH 1 300T Tora je copH (eIuHT Ha yla3uma y
MUKPOAMBEP3UTH TPHjEMHUK ONHcaH KopenucanuMm [ama ¢deauarom. Melykananna
uHTEeppEpeHIja ce MOXe TMPEICTaBUTH KAao CHHYCHHM TajlaC Cca KOHCTAaHTHOM WU
IIPOMEHJBUBOM aMILIMTYIOM U YHH(POPMHO pacrozesbenom dhazom [29, 38, 80].

Mehykananna wuHTepdepeHja wu3a3uBa mnoehame BepoBaTHOhe OTKaza U
BEpoOBaTHONE Tpellike, a cMamyje KananureT kanana. MHTepdepeHIija Moxe J1a ce mpeaCcTaBu
ca jeJHUM CHHYCHHM TajacoM, ca JiBa CHHYCHa Tajiaca WiH ca BUIIe CHHYCHHX Tajaca. Kana je
Opoj cuHycHUX Tanaca Behu oHma ce MHTEepdepeHnrja Moxe anpokcumupaTt ca ['aycoBum
CIIy9ajHHM TIPOIIECOM IpeMa IEHTPaTHO] rpaHndHo] Teopemu. Criektap uHTepdepeHImje je
onpehen ayrokopenannoHoM (GpyHKIHjOM.

VY unTepdepeHnrjoM OrpaHMYEHUM KaHAJIMMa 3Ha4YajHa CMETHa je MeljykaHaiHa
UHTeppEpeHIMja M Yy OBHM CHCTEMHMa j€ OJIHOC aHBEJIOINE KOPUCHOI CHUTHalIa W
uHTEepepeHIrje BaxHa neppopmanca cucrema. AHBenona MmelykaHaiHe HMHTEpepeHIHje
MOJKEe OUTH OIKCaHa Pa3HUM paciojieiaMa. 3a CMambehe YTHIaja K-l (peIMHTa Ha BepoBaTHONY
rpemke cucrema kopucte ce MRC npujemunnu, EGC npujemanim u SC npujemuumm. Bextop
curnana Ha uzna3y uz MRC npujemHuka ce 1o06uja KBapupameM U cabupameM BEKTOpa Ha
ylla3uMa, a 3aTUM KOpPEHOBameM nobujeHor 30mpa. CurHan Ha msnazy u3 SC mpujeMHuKa
JeIHaK je MaKCUMyMy BeKTOpa Ha meroBuMm yinazuma. MRC nuBep3uTu npujeMHUK uMa
HajOospe mepdopmance, a SC nuBep3uTH NpUjeMHUK Jaje Hajehe BpemHOCTH BepoBaTHOhe
oTkasa, Tj. uma nommuje neppopmance [10]. Meljyrum, SC npujeMHHK je jeIHOCTaBHHjU 3a
peammsanujy on MRC u EGC npujemnmka.

Y 0B0j IOKTOPCKOj TUCepTalMju Cy pa3MaTpaHe nepdopmaHce cucreMa 3a ciaydaj Kajaa
J€ CKETEpUHT M0Jb€ XOMOI€HO, OJJHOCHO KaJa NMocToju Behu Opoj KOMIIOHEHTH Ha yia3uma y
NPUJEMHUK, TaKO Ja BaXU LIEHTpaJHa T'paHUYHA TeopeMa IpeMa Ko0joj 30Up HE3aBUCHMX U
CIIy4ajHUX CHHYCHUX Tayniaca uma ['aycoBy pacmnoneny. IIpermocraBpeHo je 1a ce y KaHaly
Mory (opMupatu jeaHa UM BUILE JOMUHAHTHUX KOMIIOHEHATa, IITO MPEACTaBJba ONTHUKY
BUJBMBOCT M3Mel)y mpeajHuka u npujeMHuka. [Ipu ToMme, TOMHUHAHTHE KOMITOHEHTE MOTY /1a
Oyay KOHCTaHTHE, a Mory ja Oyay W npomeHJbuBe. Takolhe, mpeTrnocTaB/beHO je ce jaa ce
KopucTtu henujcka koH¢urypamnuja na 6u ce nopehao KamauTeT KaHajla. Y OBOM CIIydajy
JOMMHAHTHAa CMeTHa je MehykaHanHa wuHTepdepeHlMja Koja uMa BEIMKM YTHLA] Ha
nepdopmaHce cuTema, a yTuiaj l'aycoBor myma Ha BepoBaTHONY OTKa3a CHCTEMa MOXE ce
3aHEMapUTH. Y HCTPAKUBAKBLUMA CYy IPUMEHCHE aHATUTHYKE METO/IE, METO/IE MAaTeMaTHIKOT
U HYMEpPHYKOT MOJIEIOBaha, Ka0 U CUMYJIaluje.

Y apyroj rmaBu mucepranuje pasmarpana je PajcoBa pacmogena [5, 81, 105] kao
CHeuujaqHu ciy4aj K-y pacnojene. [IpBo cy pa3maTpaHe CTaTHCTHYKE KapaKTEPHCTUKE
MakcuMyma JiBe PajcoBe ciyuajue mpomenspuBe. Ilpu Tome, u3BeneH je u3pa3 3aTBOPEHOT
o0MKa 3a TYCTMHY BepOBaTHOhE M KyMyJIaTUBHY BepoBaTHOhy MakcHMMyMa JIB€ HE3aBHCHE
PajcoBe cnyuajue mpomenspuBe. Takohe, onpelhene cy u rycTuHa BepoBaTHONE M KyMyJIaTHBHA
BepoBaTHOha Makcumyma TpH PajcoBe cirydajHe IpOMEHIbUBE.

VY Tpehoj rnmaBu pasmaTpaH je k- CAy4dajHH MpOIEC KOJU HMMa jeAHY WJIM BHIIE
JOMUHAHTHUX KoMmmoHeHarta. [lopen Tora, pasmaTpaH je Ha4yMH CUMYJalldje OBAaKBHUX
CIIy4ajHUX TPOMEHJbUBHUX, KOJju he maspe OWTH ymoTpeOsheH 3a KOMIMApaTHBHY aHAIU3Y
AHAJTUTHYKUX pe3yiTara, Kao M 3a Jo0Hjambe HYMEpPUUYKUX pe3yiTara ca CHUMYJIaluOHUM



pesyiaratuma. 3aTHM je pa3MaTpaH KOJMYHUK U MPOU3BOJ JIBE K-i CIy4ajHe IPOMEHIbHBE, 3a
Koje cy oapehene rycrune BepoBatHohe U KymynatuBHe BepoBaTtHohe. JloOujeHN pe3ynraTu
Cy moTBpheHu NyTeM cuMyianuje, yumMe he OUTH MOCTaB/bEHA OCHOBA 3a Jajby aHAIU3Y
KopuirhemeM MpeIoKeHUX aHATMTHYKKAX MeToa. MHave, 3a rpaduuky puKa3 pe3ynarara je
kopuiithen nmporpam Wolfram Mathematica 12.2.

VY 4eTBpPTOj I71aBU je pa3MaTpaH CTATUCTHUYKH KaHAJ y KOME HCTOBPEMEHO IOCTOje
cropu I'ama ¢heaunr u 6p3u k-u denunr [2, 3, 4, 85]. YV oBoM ciaydajy, KBaapaT €KBUBAICHTHOT
CHUTHAJIa je jeJHaK IMPOW3BOAY [BE CllydajHe IMPOMEHJbHBE, OJ] KOjux jenHa uma [ama
pacriozieny, a Apyra uma x-u pacnoneny. OB pe3yiaTaTd ce MOy IPUMEHHUTH KOJ| OeXHYHUX
cCUCTeMa KOJ Kojux je mpucyraH cropu ['ama demuHr, Kao U TaMoO T/I€ CYy HCTOBPEMEHO
MIPUCYTHH Op3u k-u peauHr u MehykanaiaHa natepdepeHiyja Koja je moja yrumajem uctor. [pu
ToMe, oipeheHe Ccy W  CTaTHCTHYKE KAPAKTEPUCTHKE  MAaTEeMAaTUYKOr  MOesa
TEJIEKOMYHHUKAI[MOHOT KaHaja KOjU ce MO)Ke MPEACTaBUTH Ka0 OJHOC MOMEHYTUX CIIy4ajHUX
npomeHJbuBrUX. OBH pe3ynraTH mpencraBibahe aHATUTHUYKY OCHOBY 3a JaJb€ pa3MaTparme
KapaKTepUCTUKA TEIEKOMYHHKAIIMOHUX CHCTEMA.

VY meroj rimaBu je pa3MarpaH MaKpOJIMBEP3UTH CHUCTEM KOjH C€ KOPHUCTH Ja ce
HCTOBPEMEHO cMamu yTunaj crnopor 'ama ¢enunra u 6p3or x-u penunra Ha nepdopmance
cucrema. I[IpBo je dopmupan mpemior u3riena MpHUjeMHOT cHCTeMa Ha 0a3u JUBep3uTa ca
CEJICKIIMOHUM KOMOMHOBaWHEM, YHja je ylora cMameme yruiaja op3or ¢penunra. Hakon tora,
dopmupaH je MozeN MPHjeMHUKA KOjU YKJbydyje U KOMOWHOBamE HAa MAaKpO HHUBOY, YHjH je
Wb MCTOBPEMEHO OTKJIamame edekara CeHKe, OAHOCHO cmopor ¢eaunra. [Ipu Tome,
HYMEPUYKH PEe3yITaTH Cy Pa3BUjeHH A0 oapehuBama nephopmMaHcy nprjeMa OBaKBOT CUCTEMa
Ha HHUBOY BepoBaTHOhe OTKa3a.

VY mecToj riaBu je, Takohe, pazmMaTpaH MaKpOAWBEP3UTH CUCTEM Y MIPUCYCTBY CIIOPOT
['ama ¢enunra, xk-y KOPUCHOT CHUTHana W x-u Mehykanamune wunTepdepenuuje. Haunwme,
pasMaTpaHu MaKpOJIMBEP3UTH CHCTEM CacTOjU C€ OJ CEJeKIMOHOT MAaKpOJUBEP3UTH
NpUjEMHUKA U OJ1 IBa CEJIEKLINOHA MUKPOAUBEP3UTH KoMOuHepa. [Ipu Tome, MakpoIuBep3UTH
NPUjEMHUK CMamyje yTHIlaj criopor ['ama ¢eauHra , a MUKpOIMBEP3UTH KOMOMHEPU CMamby]y
yTunaj op3or x-u QgenuHra. Y oBoM Jeiy AMcepTalldje pa3MaTpaH je cilydyaj Kaja je cHara
uHTep(depeHIje JOMUHAHTHA CMETHa Y nopehemy ca epexkTrMa 1ryma, HITO j€ OYEKUBAaHU
cilyyaj y ypOaHMM cpeluHaMa. 3HauajHU pe3ysiTaTH ce OJHOCE Ha BepoBaTHOhy oTkaza y
GyHKIMjU TapaMeTapa CHUCTEMa W TPOIMArallioOHOT OKpYXema, Kao M Ha J0oOWUTaK
KOMOMHOBamWa, IITO he eKCITUIMTHO MOKa3aTH Mo0oJbIIamke nephopMaHCH yciea MpUMeHe
orepaiyje KoMONHOBamba Ha MaKpO HUBOY.

Y ceaMoj TIaBM je  TPUKA3aHO  EKCIIEPUMEHTATHO  MeEpeme  OJHOca
curnan/unrepdepennmja (SIR) u craticTHuka aHaIKM3a OpHjeMa y MaKpOIUBEP3UTH CHCTEMY.
Hauwme, y oBoj rnaBu je mpeacraB/beH Mojen (U3HUKOr cHcTeMa KOopHIIhemeM jepTHHHX
IpUMOIIpe/IajHUKa MOMONY KOjUX Cy HPUKYIUBEHHM EKCIEPUMEHTAIHM MMoJanu Ja Ou ce
UCTPaXXUO BUILECTPYKU (penuHr M ytunaj mehykananne unrepdepenuuje. CucreM Koju je
UCIIMTHBAH, OMO je CHCTEM JIMBEP3UTHja KOjH ce cacToju of aBe Oa3ne cranuue (BS), on kojux
cBaka uma Ba SC npujeMHuka u gogatHu SC NMpHjeMHUK Ha JPYroM HUBOY KOMOHWHOBama.
Cgaka BS je onpemsbena ca e HeycMepeHe aHTeHe. [IpeTrnocTaBibeHo je MPUCYCTBO IPYror
ypebhaja, koju je TymaueH kao oMerad. Y j1abopaToprjCKu KOHTPOJIMCAHUM YyCIoBUMa ypehaju
Cy NO3UIIMOHUPAHH Y MaJIOM MIPOCTOPY M pacTojame u3Mel)y \bUX je 04eKHBaHO Majo. 3aTo je
OYCKHBAHO J1a TIPHjEMHU CHTHaJ Oyje pelaTHBHO BHCOK Yy mopehemy ca HUBOOM Iryma. Y
TaKBUM YCJIOBUMA, TJIaBHHU JeTepMHHUIIYhH (akTop KOMYyHHKaldje je nHTepdepeHiuja 3a
ypehaje y 6muzunu. [Tokpern MOOUITHOT MpUMoONpeaajHUKA BPILIEHU CYy Y MalluM KOpaluma,
IITO j€ pe3yATHPaI0O KOHTUHYHMPAaHUM HHBOMMA CUTHANA, TOTOJJHUM 3a CTAaTUCTUUKY aHAJIH3Y.
Mepema pearHor clieHapHja KaHalla Cy MpeMOCThia ja3 u3Mel)y aHATUTUIKUX U MTPAKTUYHUX
pesynirara, jep je BehmHa mnperxonHO 00jaBJBEHHX pajoBa Ha OBY TeMY 3aCHOBAaHO Ha



TEOPH]CKO] aHan3M k-u penuHr pacnozaene. Takohe, mpuka3zaHu MoJziea cucTeMa HUje paHuje
EKCIEPUMEHTAIHO ONUCaH. Y TBp)EHO je Aa Cy eKCIIEpUMEHTAIHH PEe3yITaTH Y CarilaCHOCTH ca
AHAJMTHYKY pa3BUjeHHM u3pasuma 3a SIR u mMeTpuky nepdopmaHcu oTKaza U OmpaBiaiu Cy
ynoTpedy #-4 Mozena Kao TOrOJHOT 3a TakBe MpEXe M OKpYXKema OrpaHuyeHa
uHTEphEPEHITH]OM.

Ha ocHOBY n00ujeHux pesynrarta 3a BepoBaTHONY OTKa3a, Kao jeHe o1 neppopmMaHCcH
TEJIEKOMYHUKAIIMOHUX CHCTEMa, IOKa3aHa je ONpaBIaHOCT IPUMEHE JUBEP3UTH TEXHUKE, KOja
MO’Ke OUTH KOPUCHA y TIPOjEeKTOBakY OCKUIHHUX cucTema. [Ipu ToMme, u3BeICHH aHATUTUIKU
U3pas3y y OBOj JUCEPTALjU MOTY C€ IPUMEHHUTH U Ha OCTaJle KapaKTEPUCTHUKE CHCTEMA.



2. CTATUCTUHYKE KAPAKTEPUCTHUKE PAJCOBOI' ®EJIUHI"'A

PajcoBa pacmozena je crienujaian ciydaj TeHepaln3oBaHe K-y pacroaene. 3a u=1, k-u
pacrozena ce cBoau Ha PajcoBy pacroaeny [45, 81]. PajcoBa pacmopera ce Moke ynoTpeOuTH
na onuiie Op3u (hequHT KOjU HACTaje 300T MpOoCTUpamka CUTHANIA 0 BUIIE ITyTeBa Y KaHAINMa
IJie ce MOXKE MPOCTHUPATH JOMHUHAHTHA KOMIIOHEHTa Y OKBUPY jeHOr Kjactepa. PajcoBy
pacrioziely uMa eKBHUBAJCHTHA aHBesona 30upa yckomojacHor ['aycoBOr myma u CHHYCHOT
Tajaca ca YHU(GOPMHOM cirydajHoMm ¢a3oM. Y ckomojacHH ['aycoB mym uma aBe melyycoOHO
HE3aBHCHE KOMIIOHEHTE Koje uMajy ['aycoBy rycTuHy BepoBaTHOhe, cpeliby BpEeIHOCT HYyJA,
ucre Bapujance. Ha ocHOBy oBe aeduHUIMje MOXE Ja C€ HW3BEIEC H3pa3 3a TyCTUHY
BepoBatHohe (PDF) PajcoBe ciyuyajue npomenssuBea Tako nooujenn PDF moxe nabe na ce
KopucTH 3a oapehuBame kymynatusHe BepoBaTHohe (CDF), kapakTepuctrune (yHKIHjE |
MoMeHata PajcoBe ciydajue mpomensbuBe. Ilopen Tora, mMory nma ce onpene U cpelmba
BPEITHOCT, Cpelihba KBaJIpaTHa BPEIHOCT U BapujaHca PajcoBe cityuajHe npomensbrBe. Takohe,
MOTyY Jla ce OJpele KamanmuTeT KaHaja, BepoBaTHoha oTkasza, m3Hoc (emunra, BepoBaTHOha
IpEIIKe TEICKOMYHHKAIIMOHOT OSXHYHOT CUCTeMa KOjU pau y KaHaiy ca PajcoBum deauarom
[88]. [TpBu u3BO 011 PajcoBe cityuajue mpoMeHsbuBe nMa ['aycoBy rycTuHy BepoBaTHohe, Koja
uMa Cpellby BPEIHOCT Hylla M BapHjaHCy Koja je cpa3MepHa ca KBaJpaTOM MaKCHMAaJIHE
Jomnepose (pekBeHIMje U Cpelbe cHare PajcoBor curHama, a oOpHYTO je cpa3MepHa ca
PajcoBum daxropom [35, 58]. PajcoB dakrop je neduHmuCcaH Ka0 KOJHYHKUK CHAre JOMHUHAHTHE
KOMITOHEHTE U CHare CKETEpHHI KOMITOHEHaTa. PajcoBa cirydajHa MpOMEHJbMBA M HEH NPBU
u3BoA cy Mel)ycoOHO He3aBHCHU. 3aTo je muxoBa 31pyxkeHa PDF jeanaka npoussony PDF
PajcoBe cimydajHe mpoMEeHIBUBE U BEHOT MPBOT M3BOja. Tako mooujeHa 3apyxkena PDF moxe
Jla ce KOPHUCTHU 3a oJpehuBame cpelnmer Opoja OCHUX Ipeceka PajcoBor ciryuajHoOr mporeca.
[Tpu Tome, cpenmu OpOj OCHUX MpeceKka MOXKE J1a Ce OJIPEeId Kao Cpearba BPEAHOCT O] IPBOT
u3Bosa PajcoBor cirydajHor npoueca. Cpemu 6poj OCHUX Mpeceka ce KOPUCTH 3a oapehuBame
CpelImer BpeMeHa Tpajama 0TKa3a OeKUYHOI KOMYHHKAIIMOHOT CUCTEMa KOjU paiu y KaHaly
ca PajcoBum ¢emunrom [80, 91]. Cpenme Bpeme Tpajama OTKa3a MPEACTaBIba KOJIUYHUK
BepoBaTHONe 0TKa3a U cpemer Opoja ocHux mpeceka [88].

2.1 Makcumym oj 1Be PajcoBe ciiyuajHe mpoMeH/bUBE

J1Be PajcoBe cirydajue mpoMeHIbHBE X, U X,, ciene pacnonene (PDF) [58, 65, 67]:

2i,

(- +1x8
Z(Kl +1) - O, Kl Kl +1 2 | _ 2(Kl +1) < Kl Kl +1 1 2i,+1
— V1 Ty 1 | |2 |21~/ =1 7. . CXOR
pxl (Xl) eKIQ]_ Xl e 0 Ql Xl exl .Ql Ilz_:o Ql (i1!)2 X1
_K1+l 12
e , X >0 (2.1)
2ip Ky+1
2(7(‘2 +1) = K, (K2 +1) 1 2i, 41 52_) 2
=2 /. . X2 e 2 X, >0 2.2
P e)="0 2 g, e 2 (2.2)

rae je 1,() momudukosana becenosa dyHkuuja.

PajcoB dhenuHr kanan je omrcad MoMohy /iBa mapameTpa: Kk 1 Q, T/€ je K OJJHOC u3Mehy
CHare IUPEKTHE KOMIIOHEHTE U CHare OCTaluX CKeTEPHHT KOMIIOHEHATa, a {2 je yKyIlHa cHara.

PajcoB ¢axTop x pacTe kKaga pacTe cHara JOMHHAHTHE KOMITOHEHTE WJIM OMaJia CHara
CKETEepHHT KOMIIOHEHATA.

Kymynatusna BepoBataoha (CDF) ox X, je [1, 30, 45, 46, 88]:



X 2iy X K+l o
y 1 . +1 1 7 T

0o, - 28 S DL o B
0 i,=0 ('1-) 0

2i i +1
=2(K1+1)'i ki +l)) 11 & yi+1,K1+1x2
e"Q & Q (it 2\ %, +1 oot

KymynarusHa BepoBatHoha on X, je [1, 30, 45, 46, 88]:
X 1 2i 0 i +1 1
¢ °° + . +
x,)=[dt-p,,(t) —(Kfzgl) Y| I
0 i;=0 2 ('2-) K, +1 Q,

I'ne je ;/(n, X) HernornyHa ['ama ¢pynkuuja [1, 30]:

y(n,x):_[dt-t”’l e

[Tpumenom oBe popmyne noduja ce:

;<1+ly2 ((Kl +1) 1 jlﬁlﬂl
. +1 e i Q
y(ll +1, KiQ ] Ie 'thdt = Zh (-1)’ 1

1 jl!(il+1+ Jl)

i +1+ J,
l Kz+lylz ((KZ ;1))’12] J
. + Lty iy
}/(Iz +1, KZQ ] _[e tthdt =) (-1)! 2

2 jZ!(i2+l+ JZ)

| [(Kl +1)ny“1”1
F (r, +1) i K, 1<1 +1) 1 Q v _ Zoc (1) i Q
. e i,=0 Q (il!)2 K +1 h=0 AL ( +1+ Jl)
) » [(Kz +1)y; ijz
1) & ) 1 (9 ) o LQ
sz (Xz): (Kz + ) Za[ KZ(Kz )j ( ( 2 j :ijzo(_l)h 2

Q, NACES o0, +1+ )

Heka je ciyyajHa npoMeHJbUBa Y, jelHaKa:

¥, = max(x, X, )
['yctuna BepoBatHohe ox Y, je jennaka [10, 37, 58, 80, 88]:

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)



P, (v)=p, (yo)F, (v2)+ b, (V)F (v,) = 20, +1) i( sy (1 +1 J y

e"Q i Q
1 y2|1+1 _K;z:l v K2 +1 i K, KZ +1 1 ‘QZ ot )
(' ')2 1 e”Q, o Q, (i2!)2 K, +1
(o) ﬁ
» i Q Z(K +1) o w,(k,+1)) 1 - ety (K +1)
_ -1 12 2 2 . 2\ . L yy2ip+l e Q, L\’
ZH( ) i (i, +1+ j,) " e Q, Z‘J( Q, J (i,!) Y 10
) ((Kl +1)y? Tm '
! i +1
N~ (Kl +1 1 (9 S (Lq)k Q 211
M) () S e @1

Kymynatusha BepoBatHoha on Y, je jennaka [10]:

i, =0 Ky +1

R | (k, +1) & [xy(x, +1) " o, V" (k41
: i myz | TN R : o — : L-2—=y7 | (2.12
4 ('1+ Q ylj "0, H( Q, i, (x,+1 4 Q, V| (212)

MowmenT N -ToOT pena oa MmakcuMmyma jiBe Pajcose ciryuajue npomensbuse je [34, 36, 88]:

m, =) =[dy,- ¥ p,,(v,)=
0

2iy Ky +1 2z
I 2(7(‘ +1) - K (K +1) 1 2i, +1 ;2 v (K +1) S K (K +1)
(g, .y A& td) 1y . 1 et AL :
foun 22 S PG G S R
((Kz +1) j|2+1+12
ip+1 VN
1 Q, |’ eo i 2,
e T R S +
(izl)z (Kz +1] ZJFO( ) J i ( +1+ Jz)
2i, K+l
< 2(1(' +1) - K, K, +1 1 2i,+1 ;2 v
dv. - n. 2 . 2\"*2 . 2 2 .
+.! Yi- Y1 %Q, I;}{ o, J (iZ!)Z Yo €

) . ( o 112 TM
(’<1_+1)i( Kl(Kﬁl)] .(1 { 2 j O S L " (2.13)

i, +1+ jy)
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2iy 2iy
— 7 20k, +1) & [x (e, +1) 1 (k,+1) & [K,(x, +1) 1
—v"= [dy. -vy". 1 2 : 1 . 2 . 2 : 2\ .
M=% ! hh e"Q, ( J ity e-Q, Q, (i,1Y

i=0 i,=0 2°

+

J2=

i, +1+j,
- [(Kz““)] | .
Q I+ . ) ,Q - K1+ yiz e
(_ZJ z _0(_1)12 2 2+ o9 ,ylz(z 1+];)

K2+1 Jz( +1+ JZ I yl yl yl

Kz"'l i K2K2+l 1 _(Kl"'l),i Ky +1 Zil_ 1 1.2 i1+l_
0, = Q, (i2!)2 "R = Q (i)Y (x +1

i +1+ j;
© K2+12
+l+jl) ) gt L

2 i i+l
Lo A+l K, (x, +1) (k, +1) < KZ +1) 1 (9 )V
A "0, zo[ Q) (i I) e”Q, Zo i, L&, +1

[(KZ 1)j|2+1+12
0 K+l o
Zw (_1)]2 ‘QZ I Y,y n+2|1+l+2(|2+1+12) e7 e} i

I2=0 i (0, +1+ )

+

i,—0
0
2(x, +1) )" ) & +))" 1 (o )"
n K + AR Kz + N Kz + 2
m,=Yy, = © . t .
' e" .120( ) ] ('1 e"Q, IZZO[ 2, J ('2!)2 (Kz "'J

i, +1+j,
((K2+1)j F(n+| +1+| +1+sz 2,
el 2 2 , 2, +1) i( K2+1)] .

’ifgl i{ K2+1)]2i2 (i21!)2 (:1;)?( Kl(l;fl)]ﬁl'(.l)z-[ o jiﬁl.

i +1+
j _K2+1yz
2i, +1+2(iy +1 Q,
. dyl yy o) g 2 (2.15)

1
Jz( +1+ Jz) 2 (

K, +1
QZ

jr]+-|1+-1+|2+1L+12 KZQ =
)=
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O Z(W_ﬂ ] ) zw%

F(n+i2 +;+i1+1+ jl)

E+|2+1-¢-|1+l-¢- n
[K1+lj
‘Ql
K1+1 i K1;<1+1 Zil. 1 (K2+1)_i K, (k, +1 Ziz_ 1 (o "
e"Q = (i)} evQ, = Q, (i, (%, +1

F[2+i1+;+i2 +1+ jzj

: 1
+1+J ) n+|l+ +I2+l+J2
2 2
( : +1j

+

Q,

® 21z 0 2 i+l
K2 +1) Z K2 +1)) 1 (kg +1) 3 ki +1)) 1 [ Q .
"0, 9, i) e@ = Q (it} (# +1

i +1+
{(KlJrl) F(;+i2+;+il+l+j1)

+l+ Jl) (K +ljn+|z+1+|1+l+h
1

‘Ql

Cpenmpa Bpeanoct ox Y, je [88] :

m, = E = J‘dyl Vi pyl(yl)
0

2i; 2,
= 2k+1) < gD (k,+1) < K2+1) 1 (9
m=y, = "0, Z( Q (I | e Q, |22_0 (iz!)z

i1=0 2,
i, +1+ j,
[(Kf(;l)j 1F(;+|+;+| +1+]2j
°_°7 (_1 P 2 -
Z]Z—O ) JZ ( +1+ Jz) 2 K, 1) 1+|1+ +ip+1+ j,
‘QZ

12

(2.16)



© 2i - 2iy i+1
2(x, +1) 3 K2+1) (ky+1) 3 Kl-i-l) 1 (9 .
KZQ i,=0 (l I) K1Q1 i,=0 (|1l)2 Ky +1
iy +1+
(1 +1, +1+i1 +1+ jl)
1Tl _
> =

I +1+ Jl) (K +1j1+l2+1+|1+1+h
1

Q,

e e R (e R iCerll

K1
€ ‘Ql i,=0 i,=0

) i, +1+j,

1

—
=

N
+

F(;+il+i+i2 +1+ jzj

+1+ JZ) o +1 E+|1+1+|2+1+J2
2
( ‘QZ J

QZ
(

S P R ()

KZQ i,=0 i;=0
i +1+ j;
[(Kl+1)j F(l+i2+l+i1+1+j1j
00 i Ql 2 2
Zh:o(_l)h J I(| +1+ ] ) 1+|2+1+|1+1+11 (218)
1 ! Kk, +1)2
QZ
Cpenmpa kBagparHa BpegHoct on Y, (n = 2) je [88]:
(2.19)

m, =y = [dy,-y? p,, (v,)
0

2i; 2i,
m :_: 2K1+1 i K1+1) 1 (x, +1)_i Kz(Kz +1) _
? e“Q, = i1y e<Q, & Q,

13



2(x, +1)
140 1. . + —Kz
]+I1+2+|2+1+]2 e Q2

i, +1+j,
ip+1 [(Kf(;l)j 1F(1+i1+;+i2+1+j2j
_12( 2, j ,z"?io(_l)jz 2 1 .
(i) \x, +1 o= i i, +1+ j,) 2 [

K, +1
‘QZ

2i 2y ip+1
i Kk, +1 1 '(Kl+1)'i K, Kl-l-l) A _
= Q, L,V e = Q (it} +1

e )

F(1+i2 +;+il +1+ jlj

1+i, +1+i1+l+ 1
(Kl + 1} 2
Ql

Z(’:—z)i( Kl('gfl)jzh o K’i;l i( K2+1)J2i2.

ip=0 Q,

N -

i, +1+ j,
i, +1 M F1+i1+1+i2+1+j2
L2 e :
j»=0 JZ( +1+ JZ) (K +1]1+i1+;+i2+1+j2 +
2

Q,

+_(K2+1).i KplKk, +1 Ziz, 1 _(K1+1)_i K,k +1 Zil. 1 (& i1+1_
e“Q, % Q, (izl)z " = Q (il!)2 o +1

i +1+ j;
((Kgl) F(1+| +>+i +1+]1j
B () Lo — (2.20)
211—0 11!(|1+1+ Jl) Kl+1 Ly +—+ip +1+
Ql
Bapwujanca og Y, je:
Y 2
Oy =Yi =Y =m,—m; (2.21)
LlenTpanan momeHT N-Tor pena ox Y, je [44]:
© 0 2( 1) 1 2 1 _K +1
— —\n > + i+ o
Mn =J.dy1(y1_ 3’1)1 pyl(yl):jdyl(yl_ y1) I,il—_'_ Z b ‘TN y121 ! -€ @
. . e"Q = Q (i)

2, ! \x, +1 5 i, +1+ )

. 2, . [(KZ-I-].) jw,z w
K2+1 Z( z<2+1)] .(_12( sz 3 ++£dy1(y1—yl)“
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2( 1) ( 1) 2i, 1 K2+l y2 1 1) 2y 1
2k, +1) | [KalK, + . VA Vi Kl+ = Kl+ . ‘
e~ Q, Z;( Q, ] (i,1Y Y e Q) Z(\/ j (i,ty

)=

| ((Kl +1)y; JW '
[ijl S (ol (2.22)
Kk +1 =0 iMi, +1+ J,)
3npykeHa ryctuHa BepoBatHohe o1 Y, u Y, je [10, 45, 88]:
Py, (V291) = Pz, (0292) B, (1) + P, (vi3)- B () (2.23)

[IpBu u3Box PajcoBe ciyuajue mpomensbrBe mma [aycoBy ryctuHy BepoBaTHOhe.
PajcoBa cityuajHa NpoMeHJbMBA U BEH IIPBU U3BOJI Cy Mel)yCOOHO He3aBHCHU. 3aTO je BHXOBa
3npyxena PDF jegmaka mpowmsBomy PDF PajcoBe cnywajue mpomenssuBe u ['aycose PDF
meHOT mpBor u3soza [10, 45, 88]:

yi
) /)= R Y
pxlxl(ylyl)_ pxl(Y1)' pxl(yl) = pxl(yl) \/ﬂﬂl € (2.24)
3npyxKeHe ryCTUHE BepoBaTHOhe 01 (Xl, X1) u (Xz, )'(2) cy [10, 45, 88]:
2iy K+l }712
. 2(1('1 +1) c Ki\Ky +1 1 2i+1 ;2 v 1 T2pt
‘ - . . Al e & T = g 2A 2.95
Py, x, (Y1y1) e 0, I;[ ) (il!)2 1 \/5,81 ( )
P () = 2z ) » sl d)|” L -y ont S ezyﬂ (2.26)
e €2, % Q, (i, 1 27, |

3ameHoM ce J1oouja:

20y K+l Y1
. 2(K +1) - Ky K1+l 1 2i, +1 - ;2 vi 1 72ﬂ2 (K +1)
pl,l(yy)zkl—. [ - Lyt . e A A2 .
WAL e ,120 Q

i,=0

2i ip+1
N [kt | 1 [ Q, A G+1 K, +1
Z[ 9, (i,1Y (K2+1J 7((” ) Q, o |

© 2 Ko+l o
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2y ip+1
~| [kl 1 | & N ) K+l , _
Z[ 0 J o (2] At

_ 2(K1+1)‘ S [Ky K1+1) Zil‘ 1 o e*'(;fyf. 1 'e‘z%z ' (Kz +1)'
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i[ K, (i, +1 Tiz'('l ( 2, ji2+l'zz_o(—1)jz ((19;21)1} N

=0 Q, |2!)2 K, +1 Jz ( +1+ Jz)
K+l Y1 )

+ 2(K2+1) i( K, K2+1 j (1)2 y12|2+1 o, I . 1 e T2p2 (K1 +1

e”Q, i 2, V2r S, en

i,=0 Q '1!)2 K +1 h=0 Ji:\l ( +1+ Jl)

Cpenmu 6poj ocHux mpeceka ox Y, je [9, 10, 36, 45, 46, 80, 88]:

Z[ e J l ( g JZ (—1)"[(’(1;)% ] (2.27)
(_ _ |

F 20k, +1
! SATAAE (1—91)
2i Ky +1
. N Kl(Kl +1) . 1 20 +1 ;21 v (KZ +1) .
i12=:0 (0} J (il!) o \/_ A eQ,

2i, i,+1
. = KK, +1 . 1 ‘ Q, ' i +1 Ko +1 2 + 2(K2+1)_
Z Q, J (iz!)2 ( J 7/(( ’ )’ Q g €20,

K, +1 5

K2+1 2

(Kl + 1)

R ACES" . 1 2,41 4 )
S e e

Z( 4 ’;3”)} ~(i1!)2 (Qﬂj -7((i1+1) nt 1yfj (2.28)

2.2 MakcumyM ox Tpu PajcoBe ciryyajHe npoMeH/bHBe

Makcumym o Tpu PajcoBe citydajHe mpoMeHIBHUBE je:

Y, = max(x, X,, ;) (2.29)
T'ycrnre Beposariohe (PDF)ZgnyqajHHx mpoveH I cy:

b, (¥,)= 22“1_;11)2 Kl(’gfl)J .(ill!)z it ot (2.30)

P, (¥,)= 2((;2521) 2 KZ(’;ZH Tz : (.21!)2 ;e e (2.31)
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PajcoB denunr kanan je onucan nomohy ABa napamerpa: k U Q, T1e je Kk OAHOC u3mehy
CHare IUPEKTHE KOMIIOHEHTE U CHAre OCTalIuX CKeTEPHHT KOMITOHEHATa, a {2 je yKyIHa cHara.

PajcoB ¢akTop x pacTe Kaja pacTe cHara JOMUHAHTHE KOMITOHEHTE WM OlaJia CHara
CKETEepHHT KOMIIOHCHATA.

Kymynarusue BepoBarnohe (CDF) cnyuajuux npomenssuBux cy [1, 6, 45, 46, 88]:

2iy i+1
= =(’<1+1), Kk, +1 1 Q . 1’7<1+1 ) »33
%) e Zﬁ Q WFle+r) "\ g " (2.33)
E (y,)= (K2+1),i koK, +1 Ziz, 1 [ 9 iﬁly i +1 K2+1y2 (2.34)
WP ek, A9 (i, | x, +1 o M '

2 i3+l
F - (Ks"'l)_ Kalk; +1) 1 Q, i1 Ky +1 235
X3(Yz) e, & ) AT 7l i+ ) X; (2.35)

I'ycruna BepoBarHohe ox Y, je [10, 37, 58, 80, 88]:
By, (V2)= 0, (2)F, (V2 )F, (v2)+ by, (Y2)F, (V2 )R, (¥2)+ by (¥, )F, (Y2 )F, (V2) (2.36)

['ycTuHa BepoBaTHOhe MakcuMyMa O/l TPH Clly4yajHe POMEHJbUBE CAIPKU TPU WIaHa.
CBaku unmaH uma Tpu uumHuoua. [IpBu ymMHMIAn je TycTMHa BepoBaTHOhe MpBe cirydajHe
npoMeHJbuBe. Jlpyra aBa yMHMOLIlA Cy KyMyJaTHBHE BepoBaTHohe Jpyre JABe ciydajHe
IIPOMEHJbUBE.

2 K+l
2k, +1) & +1 1 .,
e [ I

e = Q i,)

_(K2+1)_i KZ(K2+1)]2”.(1 (92 Jizﬂ y[i2+l,K2Q+ly§J'

eQ, S| 9 i) x, +1 ,

2ig i3+l
(k3 +1) K3K3+1] ‘(1 [Qj y(i3+1,K3:Q+1x§j .

K. Y4
e“Q, S\ 9 i) x,+1 .

N 2(1(2 +l) i K,\Kk, +1 & ' 1 2041 .e_%:lyﬁ '
e=0, S\ @ i,

'(Kl—i-l)'i K, (x, +1 2i1. 1 (@ iﬁly 1 7<1+1y2 .
e“Q & Q (i, \x +1 o 7t

_(K3 +1) i Kaliy +1 B 1 Q, e o i, +1 K, +1X2 N
e“Q, = Q, (i) (xy +1 o

K3+l 2

2,
+2(K3+1)Z[ Ky K3+1j (1)2 .y22i3+1.e 2, yz'

!
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2iy ip+1
K1+1 o~ { Kl-l-li 1 Q . kK+1 ,
L+, =Y, |
€m0, IIZ:( J (it (Kl_'_l "\ Q 2

.(K2+1)i[ K2(’<2+1)] 1 (Qz j y(i2+1,%+1y22J (2.37)

e“Q, Q, (i, (&, +1

_ktl o

- y2 . K, +1 . K, +1
pn()’z) A1 y211 - Bz'?{'z"'l! ZQ yg] Bs'?”['a"'l' 39 Xe?j"'

K +1

7K3+1 2
+ A - y2|3+l 2 B.. 7[' +1—— f+l yzj B,. 7(i2 +1, ShE y:j (2.38)
Q 2,
I'ne je
2, +1) & [l r1))" 1 2, +1) &f [lo+D))" 1
Ai — 1 Z 1\"1 A2 — 2 Z 2\"2 .
euQ = Q (ity eQ, A\ 9 (i,
A3= 2(K3+1).i Ky K3+1 B . 1 (2 39)
eK3Q3 i3=0 Q3 (ie»!)2 .

2i, i,+1
(Kz +1) [ K, (K, +1) 1 Q, ’
82 " ’ Z BYPERY]
:Q Q, (1Y)

e”Q, & K, +1
o 2i3 i3+l
B, - (K}? +1) ' K3(K3 +1) _ -1 : Q, (2.40)
e~ &= Q, (i, \x;+1

KymynatuBHa BepoBaTHOha curHaia Y. jeAHaKa je TMPOU3BOJAY IOjeIMHUX
KyMynaTuBHUX BepoBaTHoha [10, 93]:

Fy2(y2):Fxl(yZ).FXz(yZ)'an(yZ):%'i( K K1+1] . _1




( % j -y((ig +1),% ”yé} (2.41)

2i . [ (k112 jilmh
FHWJ=@”4y§i Mm&l} (1.(‘%J1~ZfA4ﬁ Q

i g +1 = il +1+ j,)

. B ( (o212 Jizmz
Mi{ KZ(K2+1)J .(Il ( 0, j S () Q,

il +1+ ;)

& " ((Ka +1yy JW”
(K3+1)§:( 1<3(1<3+1)J '(Il ( o, Jg — o

e*0;, S Q -3!)2 Ky +1 50 js!(is +1+ Js) (2.42)
3npykeHa ryctuHa BepoBatHohe o1 Y, u Y, je [10, 45, 88]:

Py.y, (y2y2)= pxlxl(yZYZ)' sz (yz)' Fx3 (B/Z)WL Pi,x, (yzyz)' Fxl(yz)' Fx3 (y2)+

v

. 1 2
+ px3x3(yzy2)' Fxl(yz)' F,, (Y2): pxl(yz)' \/Zﬂ e 'FXZ(YZ)' Fx3(y2)+
1
1 _L% 1 ,Lg

e P (y,)-F (v2)+ Py (V) (2.43)

. .o s, .
+pr(y2) \/ﬁﬂz mﬂs € Fxl(yz) sz(yz)

Kana ce 3amene uspasu (2.34), (2.35) u (2.36) 3a ryctuHe BepoBaTHOhE CIydajHUX
npoMeHJbUBUX M m3pasu (2.37), (2.38) u (2.39) 3a xkymynaTuBHEe BepoBaTHOhe CiTydajHHX

IPOMEHJBUBHUX, J00Mja ce U3pa3 3a 37pyKeHY TYCTUHY BepoBaTHOhe o1l Y, U Y, :

2, o y3

v 2k +1) & [rlg+1 I e O S -

, - . . . e . -e
P 232) ==y Z( o ] iy Vo,

. - { (e 412 jwjz
(K2+1)‘i[ KZ(KZ-I-].)] _(1 (Qz j S (L Q,

Q, Jo (i, +1+ j,)

Jo=

(6, +1) < [GD))" 1 (@ )" ((,%;1)12}“
o 3P () e

50 Jolliy +1+ )
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(K +1)y2 i +1+ jy
iy i+ Ak S A
(K1+1) i Kl Kl+1 i . 1 ‘Ql ' lzoo (1)11( ‘Ql j
e i 2 (i1!)2 K +1 b= jl!(il +1+ J1)

(6 +1) < [ D))" 1 (2 ) e ‘((,%;1)12]@1”3
3—.2[ E J [ )2( j PO SN

et i Q, i1 x, +1 Js=0 i, +1+ ) +
2iy ket i
2(K3+1) i Ks(Ke"'l) 1 _y2|3+1 o 931y2 . 1 e 2yﬂ§
o, AV o ) " N

. . ( (o515 jw i
(K1+1)§:( K, Kl+1)J .(1 [Ql j S (1) )

il +1+ )

("2”)-2( KZ(Kﬁl)]%'(l (Q ] PINEIL ((Ql)yj (2.44)

"0, o Q, iz!)2 Kk, +1 =0 jzl(iz +1+ Jz)

Cpenmu 06poj ocHEX mpeceka ox Y, je [9, 10, 36, 41, 45, 46, 80, 88]:

Nyz = J.dyZ Yo pyzyz(Y2y2):
0

2h Ky +1 y3

Tdv .y Z(K +1) N Kl(Kl +1) 1 2l V2 1 Y3

=]y y : : Y, e .e M
.([ y2 y2 gl ‘Ql hZO ( ‘Q1 (|1|)2 y2 \/Zﬂl

i, +1+ j,)

=0 o ) W leen) &t T )

2i, - yZZ

Ty v 2+1) < Kylk, +1) 1 dger N3 1 257

+ | dyv, - 2 . . . A . %P
‘!’ y2 y2 eKz -Qz IZZO( Qz (Iz!)z y2 \/Zﬂz

i, +1+ )
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. . ((;<3+1)1 TM
(,<3_+1)i( K3(K3+1)J _(Il (Qg j S (1) o,

Jolliy + 1+ ) *
+ Tdy . y Z(KS + 1) . i K3(K3 _|_1 2ig l . y2i3+l -e Kg;—lyzz 1 2)’;3 .
0 P eK393 i3=0 V Qa (is!)z ’ \/_ﬂs

. ) ( (212 j.1+1+h
(Kl+1)'i( K, K1+1)J _(1 (Qlj S Q

Kk +1 =0 (i +1+ )

(K2+1) | |K Kz"'l) " 1 Q, - w ((Kz;;zl)le
2 | ( j 2,1 (2.45)

e 0, i,=0 Q (iz!)2 K, +1 =0 jz!(iz +1+ Jz)

Mowment N -Tor peaa oa Makcumyma Tpu PajcoBe cinydajue npomensbuse je [36, 88]:

m, =y} =[dy,-y3 - p,,(¥,)=
0

Ky +1
20+ 5 Vi . K, +1 . K, +1
‘QZ Q3
7K2+l 2
+A, -yt e o’ B - y[l +1, 191sz B,- y[i3+1,%ﬂx3zj+
1 3
K3+ly§
th Y e Bl‘y(il+1,’<1!;1y22) Bz';/(i2+l,KfQ+1y22J (2.46)
1 2
Unterpan J,; je jeanak:
2|1+1 K};yz : K2+1 2 H K3+1 2
IdY2 Yo A Y, B,. 7|1, +1 0 Y; | By ¥ '3"'1'7)(3 (2.47)
2 3
[Mpumenom popmyne [30]:
y(a,x)= I e 't dt (2.48)
0
JHo6wuja ce:
» K1+ly§ [(Kl +l)y§ jil+l+ h
. K
i+t e 'thdt _ I 2.49
y(l Q ] I ~ 2 i +1+ ) 249
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Q 2
: Q

i, +1, y2l= [e't:dt = 1)" 2

e B e ey

i3 +1+ j;
) +l K;Zlyz | ((Ks ;1))/2]
Y +L=""y; |= |e't"dt = 1) 2

(3 Q, ’ I ZJS_O( ) Jo ( +1+ Ja)

((K2+1)yg J

((KZ +1) jl2+1+12
0 K1+1 2 -
J :'[ A y2l1+1 < Z“’ (_1)1'2 Q,

0

" L0 jzl(iz +1+ Jz)
((K?’ +1)y22 jl3+l+j3
© - Q
-1 I3 3
zjs:O( ) JS'(I?: +l+ J3)

iy +1+ i3+1+ ]
i i(lc2+ljz 2[K3+1j3 3
K1+12

_ Al B.. B3. i,=0 yn+2|1+1 yg(i2+i3+2+jz+j3)dy2
i i, + 14 J) i (1 +1+ o) I
.y F(n+2i1+1+2(i2+i3+2+j2+ js)]
N+2iy +1+2(ip +ig +2+ j, + j3) Q Y2 1 2
11 _([yz € dy2 2 n+2i+1+2(iy +ig+2+ o+ J3)
K +1 2
Ql

o i1+, i3 +l+ jy
Z Z[K2+l) [K3+1J F[n+2il+1+2(i2+i3+2+j2+j3)j
'Q3

1
B B j2=0 j3=0 2 = 2

=A Ui, +14 J,) il +1+ ;) 2 12 0l 1y 2+ Ty 1)
Kk +1 2
‘Ql

Wnrerpan J,, je jennax:

K2+1y§
_Idyz Y, A y2|2+1 “ By i+l K1+1y2 B;- 7|1 +1, K3+1X32 =
Ql ‘Q3

iy 14y i3 +1+ j3

[(Kﬁl)yz] N [(Kﬁl)yij |
K2+l 2 » ‘ ,Q
. -1 I3 3

— dy . y2i2+n+1 e Qz B
E[ P A " Z l(' +1+J1) j=0 Ja( "'1"']3)

IR

|1+1+ n ig+14 3
Q denil o Y aliieg) G204t i)
B 1=0 j;=0 1 3 . 2 .e Q, 1 I 3 J3 d
I T Ry RT AR oo v
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(2.51)

(2.52)

(2.53)

(2.54)

(2.55)

(2.56)

(2.57)



F[n 21, +14+ 20, +1+ J,) + 201, +1+ j3)+1j

0 _K2+l 2
3 = [yt )2 sdegs) o 9 vz d 1 2
2= 1Y Y2 = 9 0420y +1+2(iy +1+ y)+2(ig +1+ g J+1
0 (K2+1 2
9,

v i+t i1+ j3 i . i . i
y z[Kﬁl) [Kﬁlj F(n+2|2+1+2(|1+|3+2+ J1+j3))
0, Q, 2

j1=0 j;=0
= A58, 11( +1+ 11)13( +1+Ja)

N+2i) +142(ig +ig+2+ ji+ jg)
[Kz +1j 2
‘QZ
i —K3+1Yzz . K +1 . K, +1
—IAs y231 B.» |1+1’17y22 B,.7 '2+1’27X§ y, dy,=
1 2

i+ Jy ip+1+ j,
: ((K1+1)y§ ] | ((Kﬁl)yij "
_ kgt yz 0 X ‘Ql © i QZ d

1
2

— B B 2gHlen L 9 C 1) _1)k
A '[y le—o( ) Jl( +1+ 11) JZZ;)( ) JMi ( +1+ Jz) &
i +1+ jp i +1+ j,
K, + K, +1
_ 112—0 JZZ—(L 1 ] ( ‘QZ j T 2i3+1+n K3+l : 2(ip+1+ jp ) +2(i, +1+ j5)
=A-B B, J. ) Y2 dYZ

B0+ 14 1) (i, +1+x) .

Wurerpan Jss je:

F(n+2i3+2+2(i1+2+j1+ j2+i2))
2

K3+1 2

2ig+1+n+2 (i +2+ o+ Jo+sp) 93
Jy = j Y, ‘€ dy, =

N+2i3+2+2(i+2+ jy + o +ip )

Ky +1 2
QS
Wnrerpami Jmi, IJm2 u Jms Cy:

ip+1+ ], i3+1+ 3 i . i . A
Z z[’%”] [Kﬁlj F[n+2|1+1+2(|2+|3+2+Jz+13)j
e R B
2 Jz'( 14 12)13 ( 1+ Jg) 2 [ n+2|1+1+2(|2;|3+2+12+]3)

I\JII—‘

Kk +1
Ql

i+ )y i3+1+ J;
Z Z[ j [K3+1 (20, + 14200+ + 2+ o + )
=0 Q 1 2
A2 B B ) ) ! : N+2iy+1+2(ig +ig+2+ ji+ j3)

it il lek) 20 2
'QZ
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(2.59)

(2.60)

(2.61)

(2.62)

(2.63)



i1+ ip+1+j,
z z[Kﬁl] [’QHJ [n+2i3+2+2(i1+i2+2+j1+j2)j
0 I
2

B, B, i i o 1 2 2.64
A3 Jl ( +1+ Jl) J ( +1+ JZ) 2 n+2i3+2+2(iy +ip +2+ 1 + ;) ( )
(K3+1 2
‘QS
MowmenT N-Tor pema o MmakcumyMa TpH PajcoBe cirydajHe mIpOMEHIBUBE j€:
ip+1+ j, iy +1+ s
Z Z[Kz +1J L’%Jrlj F(n+2i1+1+2(i2 Fig+2+ ), + j3))
Q 1 2
= -B-B-““ 2 E = I —
Ai 2 j,! (l +1+ 12) JS ( 1+ 13) 2 n+2i +142(ip +ig +2+ o+ 3 ) +
[KlJrlj 2
‘Ql
i +1+ i3+1+ j3 B : B A .
z Z(Kl 1] (Kg +1J F(n+2|2+1+2(|1+|3+2+ j+ 13)j
- Q Q 1 2
+A2 Bl ) . ° Py N+2iy+1+2(i +ig+2+ j; + +
Jl( +1+ ) jli; +1+ ;) 2 K, +1 s 2(12 —
‘QZ
i+l i 1+ J . .. . .
Z Z[Kl j [K2+1J F(n+2l3+2+2(|1+|2+2+ j+ 12))
Q 1 2

+ B, - B, 2% k2 9 2 = : RN 2.65
AB Jl( +1+ Jl) J ( +1+ Jz) 2 N+2ig+2+2(i+ip +2+ 1+ ) ( )

Ky +1 2
‘QS
Kana ce y u3pas (2.69) 3amenu N = 1, 106uja ce cpeama BpeaHocT o Ya:

ip+1+ j, i3+1+ 3 . . . . .
Z Z[Kz +1j [’%HJ F(1+2|1+1+2(|2+|3+2+Jz+13))
Q,

Y, 2
=A-B,- B, =0 js=0 2 ' _ _
A.I. 2 3 Jz ( 14 JZ) J3 ( 14 13) 2 ( 142 +14+2(ip +ig +2+ o+ 3 ) +

Kk +1 2
i+1+ J; i3+1+ 3
Z 2(K1+1J [K3+1j
1 Q3

‘Ql
+ . .B.- 1=0 j5=0
A BBy 1+ ) Gt +1+ o)

| —

F(l+ 2, +1+2(i, +iy + 2+ j, + ja)j
2

1421y +14+2(iy +ig +2+ j + J3)
( K, + lj 2
‘QZ

iy 14 i+t
Z Z(xﬁl] [Kz +1] (1+ 20y +2+2(i, +i, + 2+ j, + jz))
Q, r

B 1=0 j,=0 l - 2 B B
+A3, Bl Jl( +1+ Jl) J ( +1+ Jz) 2 ( 14+2i3+2+2(iy +ip +2+ i+ jp )

1
2

(2.66)

Ky +1 2
93

Kana ce y u3pas (2.68) 3amenu N = 2, 100uja ce cpeama KBaJpaTHa BPEIHOCT o Y2 :
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i +1+ ], i3 +1+ 3
5 Z o+ 1) )T 2000 41 21, 4+ 24y + )
QZ QS

_: .B.B.jzols 2 B
A .B,. B, 300y + 14 J, ) g0 + 2+ J,) o 2 2 o) +

k, +1 2

Q
iy +1+ i5+1+ jg
i i(kﬁ-l} ' J(ka"”'] J r[2+2i2+1+2(i1+i3+2+j1+j3)j
+A,B B, i i - :

2+2i, +1+2(iy +ig +2+ j, + 3 ) +
2
[ k, + 1)
Q,

i +1+J; i) +1+j,
i i k1) k1) r 2+ 2+ 2+ 2(i, iy + 2+ J, + J,)
Ql QZ

2

1
2

I3 l
I I(|1+l+ Jl) Js( +1+ Js) 2

1
+Aj B B 1=0 Jj,=0 - - — — (2-67)
2+42ig+2+2(iy +ip +2+ 1 +,)
J1( +1+Jl)]2( +1+JZ) 2 K, +1 2 =
Q,
Bapujanca oz Y, je:
—  —2
oy, =Y, ~Y, =m, -y (2.68)

LlenTpamau MomeHT N-Tor pena ox Y, je [44] :

M, = Tdyz(yz _y_z)1 pyz(yz):TdYZ(yz _y_z)n '

K+l ,
Kl-i-l i K (k, +1 2|1+1 e’1g v2
X 2
e S Ql '1)

i,+1
Kz +1 z K, K2+1 . |2+1,K2+1y22
e”Q, % (i, \x, +1 2
1 w 1 ,Q i3+l 1
(K;:s"' )Z( Ka\K3 + ] _ _12£ 3 J }/(i3+1,K3+ ng +
e“Q, & Q, (i, (xs+1 Q,

K2+1 2

2i,
+'[dy2(y2 _y_z)n . 2(k, +1) Z[ Kolkp +1 J (Il LyBtt g @ o,
0

e Qz i,=0 Qz 2* )

2iy i+l
(K1+1) 2Nk (ke +1 1 Q) . K+l ,
. : 1,
) ,IZ:(; Q ity (& +1 4 Q V2
2iy Ia+
Mi Kslity +1) R 1;/ ey
"0, Q, (i,)f x, +1 T

i3=0
K3+l o

2iy
+Idy2(y2 _y_Z)n' 2(K3 +1) y ( KS(KS_HL)J '(il .y22i3+1 ,ei Q, 72
0 Z
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2iy i+l
- +1 .
Ki‘f‘l Kl Kl . -12 ‘Ql ¥ |1—|—1,K1+1y22
" = (i) & +1 Q

2i,

i+l
(K2+1).z Ky Kz"'l) . _1 ( 2 j 7[i2 +1’K2Q+1y22j (2.69)

e“Q, = Q, (i)} \x,+1 ,

Kako je x-u pacmojnena mpeaMmer pa3MaTpama OBE JOKTOPCKE TUcepTaiuje, Ouio je
HEOIXOJIHO Y OBOj IVIaBU pa3MoTpuTu PajcoBy pacriozeny kKao meH crenujaiad ciaydaj. [pu
ToMe, oapehena je PDF o makcumyma e PajcoBe npomeHsbuBe Y, = max(xl X ) CDFon Y,

, MOMEHT N-TOT pefia 04 Y, , a Ha OCHOBY BeTa CPe/iba BPEJHOCT U CPEAba KBAJAPATHA BPEIHOCT
on Y,, BapujaHca oJi Y,, UEHTpaJHU MOMEHT N-tor peaa oxay,. Ilopen tora, onpehena je u
3Ipy)XeHa TYCTHHA BepoBaTHohe ox Y, W Y, momohy Koje je oapeheH cpemmu Opoj OCHUX
npeceka o Y. 3a MakcuMyM of Tpu PajcoBe cmyuajue npomensbuse (Y, =Max(X;,X,,X;))
onpehene cy PDF ox y,, CDF ox Y,, 3apykeHa ryctuHa BepoBaTHohe o1l Y, U Y, , Cpelbu
Opoj OcHUX TIpeceka of Y,, MOMEHT N-TOr pena of Y,, Cpeama BPEAHOCT O Y,, Cpelmba
KBaJpaTHa BPETHOCT OX Y,, BapujaHca of Y,, LEHTPAIIHU MOMEHT N-tor pexa ox Y,. Ce

jeHauYMHEe Cy HM3BEICHE Yy 3aTBOPECHOM OOJIMKY M TPEJACTaBJbajy 3HAYajaH IOMPHUHOC OBE
JIOKTOPCKE JHCEpTaIHje.

OBu pe3ynraTé MOry Ja ce yrnorpebe 3a aHainu3y neppopMaHcH OSKUIHOT MOOMITHOT
TEJIEKOMYHUKAIIMOHOT CUCTEMA, KOjU paJi y PEIMHT KaHAIy Y KOMe Cy IpucyTHHU Op3u PajcoB
denuar u crnopu ['ama ¢eawHr Hactao 300r edekTa ceHKe Koja 3axBara JOMHHAHTHY
KOMITOHEHTY.
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3. CTATUCTHYKE KAPAKTEPUCTHUKE K-y CJIYHAJHOI' ITPOIECA

K-/ pacrojieyia ce MOKe KOPUCTUTH 3a OMHCHBaWme Op30r (heauHTa KOjH je HAcTao
NPOCTHPAkEM CHUTHAJA 1O BHIIe myTeBa. [Ipu Tome, mocToje nBE WM BHIIE JOMUHAHTHUX
KOMITOHEHATa KOje Ce MPOCTUPY KaHAJIOM ca BHIIE KiacTepa. J[Ba mapamerpa KapakTEepUIILy OBY
pacrojieny: mapamerap kK kKoju ce HazuBa Pajco akTop u mapametap n. Haume, PajcoB dakTop
je TpeAcTaB/beH KOJMYHHKOM CHAre JOMMHAaHTHMX KOMIIOHEHaTa M CHAare CKETepUHT
KOMITOHEeHaTa. Tako, ca MmopacToM cHare TOMUHAHTHUX KOMIIOHeHaTa, PajcoB dakTop he pactu
a nyouna ¢eaunra he omagatu. CynpoTHO TOME, ca IOPACTOM CHAre CKETEpUHT KOMITOHCHATA,
PajcoB akrop he omanaru a nyouna deaunra he pactu. Tpeba jom uctahu na je mapamerap u
y penanuju ca OpojeM Kiactepa y mporaraiiioHOM OKpykemy [85].

K-t pacriofieria je OIIIITa pacrojesa. Y 3aBUCHOCTH O] BPSTHOCTH MapaMeTapa K U (i O
we ce mory noboutu PejnmujeBa, PajcoBa mim Hakaramm—m pacrmonena, pecrieKTHBHO. K-
pacrofena je y cTeapu y° pacmogena. Ha ocHoBy oBe pacmomene Moxe ce nooutu PDF x-u
ciydyajue mnpomeHspuBe. Tako nobujena PDF ce xopuctu 3a wuspauyHaBame CDF,
KapaKTepUCTUYHE (DYHKIIMjE€ M MOMEHATA K-/ CiTydajHe mpoMeHspuBe. [lopen Tora, cratucTuka
MOMeEHaTa je KopHinheHa 3a oJpejuBame cpellibe BPEAHOCTH, CPE/IbE KBaAPAaTHE BPSTHOCTH U
BapHjaHCe K-/ CITy4ajHe IPOMEHIbUBE.

OBako JOOHMjeHE CTATUCTHYKE KapaKTEPUCTUKE K-y CIy4ajHe MPOMEHJbUBE MOTY Ce
KOPUCTHTH 3a ojapehuBame BepoBaTHOhe OTKa3a, BepoBaTHONE TpEIIKe M KalaluTeTa KaHaia
OCKUYHUX JUTUTATHUX KOMYHHKAIIMOHMX CHCTEMa KOjU paje y K-{ KaHaly. K-{ clydajHa
NIPOMEHJbMBA U HEH NpPBH H3BOJ cy MelycoOHO He3aBucHe. Ilpu ToMe, IpBH M3BOJ OJ K-
CllyuajHe TIPOMEHJbUBE UMa ['aycoBy I'yCTHHY BepoBaTHOhe, 4Hja je cpela BPEeIHOCT HyJa a
BapujaHca cpa3MmepHa makcumainHoj JlomiepoBoj dpeksennuju [9, 100]. Tana je 3apyxena
PDF x-u cydajHe mpoMeHJbMBE U B-EHOT MPBOT U3BOAA jeHaka npoussoay PDF k-u ciydajue
npomensbuBe U ['aycoBe PDF ox mpBor u3Boja x-u ciaydajHe mpoMeHJbHBe. Tako noOujeHa
3npyxeHa PDF moxe na ce kopucTH 3a oapehuBame cpelmer Opoja OCHUX Mpeceka U Cpe/he
BPEIHOCTH OJ] IPBOT U3BOJIA K-4 CITydajHOT mporieca. Cpenmu Opoj OCHUX MpeceKa MOXKe J1a Ce
KOPHUCTH 32 ofipehuBame Cpeamher BpeMeHa Tpajama 0TKa3za 0SKUYHOT TeIEKOMYHHUKALMOHOT
cucrema. Ilpu Tome, cpemme BpeMe Tpajara OTKa3a MPEICTaBJba KOJMYHHK BepoBaTHOhe
0TKa3a U cpeamer Opoja ocHUx npeceka. C pyre cTpaHe, BepoBaTHOha OoTKas3a Mpe/cTaBiba
BepoBaTHONY /1a je HUBO CUTHAJIa ucno oapehenor npara. 3apyxena PDF cioyuajHor nporeca
MOJKE€ Jla ce OJpeld y JBe Tauke y mpocropy. Tako mobujeHa 3apyxkeHa PDF moxe na ce
kopucTH 3a oapehuBamwe PDF nyxune ocuux mpeceka [58]. CDF ayxuHe OCHHX Tpeceka je
jeaHa o/l BAXKHUX Mepa neppopMaHcH OeXMUYHUX KOMYHUKAIIMOHUX cucTeMa. 3apyxkeHa PDF
3a JIB€ KOpeJucaHe K-y ciiydajHe IPOMEHJbUBE je, Takohe, onpehena. [Ipu Tome, 3apyxena PDF
MOXe J1a ce KOpHUCTHU 3a ojpehuBame nepdopMaHCcH CeIeKTUBHOI KOMOMHEpaA ca JiBa yIasa.
Tpeba HarnacuTu na KOpeiarcaHu K-y GeAUHT KOjU je IPUCYTaH Ha ylla3y CMamyje TMBEP3UTH
nobuTak. 3aTo je BaXKHO Jia ce y TaKBOM CIIEHAapHjy KaHalla oJpean BepoBaTHoha orkasa [58,
80]. 3a cumymnanujy k- cirydajHor npoiieca je kopumrhen mporpam Wolfram Mathematica 12.2.

3.1 I'ycruna BepoBaTHohe K-|J ciryuajHOr mpoieca

K- CITydajHa MPOMEHJbMBA HMa I'yCTHHY BepoBatHohe [9, 41, 65]:

B # cul) g 2 o ~u(i)| 2 ’
o 0= (] L (i ) e
KTGK" KTeK,u
i+ u— a1l T p(l+x) X 2—k
i 1 '(“ K(l+z<)lj2 ﬂ l: 2uf+x) e o) :
i (i, + g —1+1) Q K%—l
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o0

Z (ﬂw el o) G (3.1)

O Q2|1+2’u

Ha ocnoBy jemnaumne (3.1) m3pauynara je CDF k-u ciydajHe npomMeHJbHBE Y
OTBOPEHOM OOJIUKY:

2
t
+1 T u(l+x)| = | -
" /I(K)[]Kﬂ

=idt~ px(t):j. 2u(l+x)2 e

-1
0 x 2
. N 1 htp— l. . 2|1+2y—1. _
ilzoll!r(ll—i- (ﬂm)z 2|1+2,u dt
u+l ) .
2 e K 0 1 i +u-1 - (1+1<)—2 2
S TG, a) el i [ e
2 ;=0 "1*

K
3.2)

Ogaj unHTerpain ce pemana nmomohy popmyne [30]:

jxme‘ﬂxndx _np) (3.3)

ng’

raeje m=2i, +2u-1, ,B:'u

3ameHoM ce J1oouja:
. 1+x
7('1 + 4, ,U(QZ )ij

QZ

(3.4)

[Tpumenom wuHTterpana (3.3) uspauynara je CDF k-u ciaydajHe HpOMEHIbHBE Y
3aTBOPEHOM OOJIUKY:

u+l
2ull+x)2 e™ i 1 iy+p-l . 1
FX(X)Z ﬂlll( K) 2 - Z : (ﬂ /T_K 1+ )2 B T y[lﬁﬂ’ ﬂ( J;K)ij
KZZ(ﬂ(1+K)j = AURSY @

QZ
(3.5)
Kapakrepuctuuna gyHkuuja ox X je jennaxa [36]:
, w wl N
Tu(+x)| = | —Kxu
)=o) Joer 2L el
0 KT

0

Z (Iu 7—” T+ x )Z|1+# -1 ' Qzlﬁzﬂ ) X2|1+2,u—1

ol
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=M, — i (ﬂ W r) )zw oLt Q2|1+2y (3.6)

J= Texs ei“(hx)(gfﬁ#‘ ) X2i1+2#,1dx (37)

0

MowmeHT N-ToT pena je:

9] w L-‘—l )
m, = .[dX X' Py (X)= JdX X" M . /t(1+x)( j e Z

0 0 x 2 0 ﬂ)

| - 3 [
(ﬂm)ﬁﬁ#—l . ﬁ R w o Z (Iu\/m)ZI "
KT ol
1

o) .
rae je

2 2
¢ )| o T igiaoaq @)=
J= Ixn e [Qj ) X2|1+2y 1dX :Ixn+2|1+2p 1 e (QJ dx
0 0

Ogaj unHTerpan ce pemana momohy popmyne [30]:

J‘sz e dx = llvv) (3.9)
0 2ng
: 2m+1  n+2i +2u : u(d+x)
eje: v= = - , 2m=n+2i, +2u-1, f=———, n=1.
rae | o > r2u-1, p= R
3ameHoM ce J1oouja:
p(mlﬂuj
1
J=2 S (3.10)
2 n+2i+2u
,u(l+1<) 2
QZ
Taxo na je:
0 )ﬂj r n+2i, +2yj
H\Ll+K) 2 —x = |1+,u—1
mn - p-1 e H ;I I—'( u (/’IVK(1+Kj)Z Q2|1+2y n+2i+2u (311)

K2 " {ﬂ(gz } :

Cpenma BpeaHoCT je:
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(1+ )wl . . I“(i1 +u+ ;j
2 iy +
m, = % o Z (,u v K(1+ K))z QZI1+2;1 ’ 1 (3.12)

ol

Cpenma KBajipaTHa BPEIHOCT je:

u+l
ul+x)z i I(i,+pu+1)
m2 :Te " Ilz—(;l 1"( (/J K 1+K )Z QZI1+2;1 ) |:/,[(l:— K)}il+y+1 (313)
K
QZ
Bapwujanca ox X je jennaka [50]:

:(x—i)zzjdx-(x—i)z-px(x):P—T(z (3.14)

0

3a oBaKO MOOMjEHU K- BEKTOpP MOXE Ja C€ OJpeAH XHCTOTrpaM, KyMyJaTHBHA
BepoBaTHONA, MOMEHTHU U Cpebu Opoj ocHUX mpeceka. OBako J0OWjeHH pe3yiTaTH MOTY Ja
ce Kopucre 3a ozapehuBame BepoBaTHOhEe OTKa3a M CpeqmEr BpeMEHa Tpajama OTKasa
OCKMYHHX TEIICKOMYHUKAIIMOHUX CHCTEMA KOJI KOJHUX je TPUCYTaH K-y 0p3u pemunr [72].

3napyKeHa rycTHHa BepoBaTHOhe ciydajHe IPOMEHIBUBE X U FbeHOT IIPBOT U3BOJIA X je:

D, (%)= p,(X)- P, (%) (3.15)

[TpBu u3Boa o X nMa ["aycoBy rycTuny BepoBaTHOhe:

XZ

. 1 20 ,
p,(X)= e ¥ (3.16)
(%) o,
KBagpar ox X je jenHak:
X=X X e+ X5, (3.17)
rae cy X, 1=1-2u nesaBuche I'aycoBe cilydajHe MPOMEHJBHMBE Ca CPEABMM BPEAHOCTUMA

HyJa ¥ ca UCTUM BapujaHcama. [IpBu U3BOJ 01 X j€ jeTHaK:
o1, , .
X=—(X1X1+X2X2 + ot xzﬂxzﬂ) (3.18)
X

CrydajHa poMeHJbHMBa X MMa ycloBHY ['aycoBy ryctuny BepoBaTHohe [9, 99, 107].
Cpenma BpeIHOCT OJ] X MMa CpPeJliby BPEJHOCT:

>T<=%(xl>7<1+x2>7<2+ ..... + xzﬂizﬂ)=0 (3.19)

_%,, =0 (3.20)

Bapwujanca ox x je:

1 ( 2 2 2 )
O =72 X[ O T X505, + ot X, 0, (3.21)
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0,=0,=... o, =x’f? Q (3.22)
. %2 You ,u(K +1)
[Tocne 3amene ce no6uja
1 2¢2 Q 2 2 2 2¢2 Q
o, =—=nf ——— X +X +..t X, )J=70f —— 3.23
“oox? y(K +1) (X1 2 2”) ,u(K +l) (3.23)

W3pa3 3a 3apyKkeHy T'YCTHHY BepoOBaTHONE O K-y ClydajHe MPOMCHJbHUBE U HHEHOT
npBor u3Bozaa je [50]:
,u(KJrl) 2 _X

p+l 2 +pu-1
. 2/,1(](' +1) 2 - Kklk+1 1 2p+2u-1 T g X 1 20,
AXX)=—-— . [ .e . .e X
pXX( ) Kyglexygﬂ;l Ilzl)[lu Q ] I1IF(|1+/I) A\ 27Z'O_X

(3.24)
Cpenmu Opoj OCHUX TpeceKa O k-4 CiiydajHe npoMensbuse je [9, 29, 35]:
o 0 2ull+ )z (%) 1
Tu+r)| = | —xu 0
N, = [dx- % py(xx)=[dx.x. T2 o *Bola) ™ 50 2
! o= 2517, 20

x2 x2

i +u-1 2 +24-1 1 20 2 20‘),(2 Oy
(y,/ 1+;<)2 'szy x2hres 0-\/2_ Idx x\/_a N (3.25)

4 H=2
k=5
Q=05
31
=< _
3 2t Q=1
Q=2
1r / Q=3
O L \ 4
0 1 2 3 4

X
Cmmka 3.1. PDF k-4 cinydajHe mpomeHJpHBe, Ha OCHOBY jenHaunue (3.1), 3a Opoj kiactepa
1 =2, PajcoB dpakrop k=5 u pasmuuunte BpeaHOCTH cpeamux cHara =0.5, 1, 2, 3 (maBa,
HapaHIJacTa, 3eJieHa, IPBEHa KPHUBA, PECTICKTHBHO).
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Ha ciumm 3.1, nat je rpaduuku npukas qo0ujeHnX Hymepuukux pesynrara 3a PDF k-u
clly4ajHe MPOMEHJbUBE, HAa OCHOBY jefHaunHe (3.1), y 3aBUCHOCTH O aHBEJIOIE CUTHAJIA, 33
0poj knactepa i =2, PajcoB daktop k =5 u pa3nuumTe BpeAHOCTH cpeamux cHara 2=0.5, 1,
2, 3 (maBa, HapaHIAcTa, 3eJIeHa, IIPBEHA KPUBA, PECIICKTUBHO).

Jennaumna 3a CDF k-u ciiyuajHe MpoMEHJbHBE M3padyHaTa je y 3aTBOPEHOM OOJIHKY U
nata y jenHauunu (3.5). Ha ocHOBY OBe jelHaUMHE j€ U3BPIICHO LIpTamke Ipaduka y mporpamy
Wolfram Mathematica 12.2 na ocHoBy 3amatux mapamerapa (6poj kmacrepa i =2, Pajcos

dbakTop x = 5 u paznuunTe BpeAHOCTH cpembe cHara Q = 0.5, 1, 2, 3), mTo je 1aTo Ha ciaunu
3.2.

1o0l] e=05 | | ]

0.8+

0.2

0.0

Ciauka 3.2. CDF x-u ciyuyajHe mpoMeHJbHBE, Ha OCHOBY jenHaunte (3.5), 3a Opoj kimactepa
U =2, PajcoB dakrop k=5 u pasznuumre BpeqHOCTH cpemmbux cHara Q= 0.5, 1, 2, 3 (maBa,
HapaHIJacTa, 3eJieHa, [IPBeHa KPUBA, PECIIEKTHBHO).

Ha cnumwm 3.3. nar je rpaduuku npukas rycrude BepoBataohe (PDF) 3a k-u ciy4ajuy
IPOMEHJBHBY, 3a Opoj Kimactepa (=2, PajcoB ¢akrop k = 5, cpenmy cHary Q=3 u 0poj
cemrioBa 100000, mobujeH cuMynanujoM (XUCTOTpaM) U HyMEpUYKH (MCTIpEeKUIaHa JIMHU]a),
pecriektuBHO. Ca J1aTe ClIuKe ce MOXe BHJIETH A00po Mokjaname 100MjeHux pesyatara. [Ipu
ToMe, Tpeba HaBecTH aa je Xxucrorpam nobujeH CMUpHOBOM MeTonoM. Hamme, WHBEp3HO
TpaHc(OpMAllMOHO  OJMepaBame (MO3HATO Kao MHBEP3HH HHTErpajl  BepoBaTHohe
Tpanchopmalije, MHBep3HU MeTo A TpaHnchopmainuje, CMUPHOB TpaHChHOpMAITHja WU 3JIATHO
NpaBUJIO) jeé OCHOBHA METOJAA 3a TEHEepUucame ICeyJ0 CIyuyajHuX OpojeBa, OIHOCHO 3a
reHepucame y3opaka OpojeBa kao ciydajHux 3a koje je mata CDF ¢dynkmmja. MaBep3Ho
TpaHc(OpMaIMOHO OJMEpaBame KOpHCTU YyHHU(DOpMHE y3opke OpojeBa usmehy 0 u 1,
HHTEpIpETHpaHo Kao BepoBarHoha, u oxia Bpaha Hajehu 0poj X u3 momena pacnogaene P(X)
kao mro je P(—00/XZX) <U. Ha npumep, Heka je P(X) crangapana HOpMaiHa pacroena ca
cpeamoM BpenHouthy 0 u cranmapaHoM neBujanujom 1. TaGena mokasyje y3opke y3eTe U3
yHH(DOpPMHE pacrofiesie U BUXOBO MIPE3CHTOBAKE CTaHAAPAHE HOPMAJTHE PacIoierne.
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Cummka 3.3. I'paduuku npuka3 rycrunae BepoatHohe (PDF) 3a k-u ciyyajHy NIpOMEHIJBbUBY, 3a
6poj kmacrepa u =2, PajcoB dakrop xk =5, cpeamy cuary Q=3 u 6poj cemruioa 100000,
NOOMjeH CUMYITalijoM (XUCTOrpaM) U HyMEepUIKH (MCTIPEKUAaHa JINHHU]a), PECTIEKTUBHO.

Tpanchopmanrja u3 yHE(POPMHOT y30pKa y THHEAPHHU:

u F™(u)
5 0

975 1.95996
.995 2.5758
.999999 4.75342

1-2"{-52}  8.12589

CanydajHo ce 6upa pa3mepa 00JacTH UCHOJ KpHBe, Na ce Bpaha 6poj y 10MeH Kao IITOo
j€ TauHO pa3Mepa oBe 00JIaCTH W, IPU TOME, I0jaBJbyj€ ce JIEBO OJ] Tor Opoja. IHTyuTHBHO,
Hajpehe ce Oupa ynasbeHH Opoj M Ha pely 3aTo IITO MOCTOjU BeoMma Majia objacT koja Ou
3axTeBasia Ouperme Opoja BeoMa ONM3y HyJIe WU jeuHuIle. PauyHCKH, oBa MeTOAa YKIbYUyje
pauyHame KBaHTHIHE (yHKIHje pacrozene (koja je uHBep3Ha ¢yHkuuja ¢ynkuuje CDF),
JIpyruM peunMa Bpiuu ce pauyHambe CDF pacnonene (mro manupa 6poj y A0MeH BepoBaTHohe
uzmelyy O u 1), a ona Tpeba uHBepTOBaTH Ty PyHKIHM]y. OBO je U3BOp TepMHUHA ,,MHBEP3HO*
WM ,,uHBep3uje” y BehMHU MMEHa 3a 0Baj MeToJ. Moxe ce MPUMETUTH Ja 3a JUCKPETHY
pacriozieny, uzpauynasawe CDF HHje mpeBule TELIKo, jep ce jeJHOCTABHO BPIIHM JI0JaBambe
NojeIMHaYHe BEpOBAaTHONE 32 Pa3IMUNTE TayKe pacroere.

3a KOHTUHYAJIHY pacrnojaeny, Mehyrum, Tpeda na ce unrerpaie PDF pacnonene, mto je
HeMoryhe ypaauTH aHAIUTHYKH 3a BehuHy pacrozena (ykJbyqdyjyhu 1 HOpMaaHy pacroaeny).
Kao pesynrar, oBa MeTo/1a MOKe OMTH pauyHCKH Hee(HKacHa 3a MHOT€ pacroiesie, rna cy Ipyre
METOo/ie IpUopuTeTHE. Mel)yTuM, oBa MEeTOIa je KOPHCHA 3a CTBAPAme YOTIIIITEHE CITHKE.

[Ipo6nem koju MeTo1a UHBEP3HOT TPaHC(HOPMAIIMOHOT CEMILIOBAa PEIIaBa j€ Kao IITO
crenu.

Hexka je X cnyuyajna npomeHJsbHBa Urja pacrojena Moxe outu onucana ca CDF F, .

[{uss je reHepucame BPeAHOCTH o1 X KOje Cy AUCTPUOYUpPaHE ITpeMa OBOj PaCIIOISIH.
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Oga MeToz1a pyHKIIMOHUIIIE Ha cienehn HauuH:
1. I'enepumie cnydajuum Opoj W3 craHiapaHe YHUGOPMHE pacrojene y
UHTEpBAILy [0,1], 3a U~U_[01],

2. Hanasu unBep3ny Gynkuujy o xebene CDF (F,'(X)).
UspauynaBa X =F, '(u). Uspauymara cnydajHa mpoMmemsbuBa X HMa

pacnogeny F, (X)
W3paxkeHo Ha Ipyru HAa4MH, AaTa KOHTUHYalHa yHU(GOpMHA npoMeHsbuBa U y [0,1] u

unpepsna CDF F, , ciydajna mpomenssusa X = F ' (U) uma pacriogeny F, .

Y Hamepu na ce noOuje BenMKH Opoj y3opaka, MOTpeOHO je M3BPIIUTH UCTH Opoj
WHBep3Huja pacnojesne. JenuHun MOoryhu Ha4MH 3a CMambemhe Opoja MHBEP3Hja je Ja ce BPIIH
npubaBsbamkbe BEJIUKOI Opoj cemiuioBa (oaMepaka) y aruidKaldju Has3BaHoj Stochastic
Collocation Monte Carlo cemmiep (SCMC cemmnep), y ckiony PC (Polynomial chaos) y
mmmpeM cmucity. OBo omoryhasa aa ce renepuiie 6mito koju 6poj u3 Monte Carlo cemruioa ca
caMo HEKOJIMKO HHBEP3Hja OPUTHHAIHE PacIiofiesie, ca HE3aBUCHUM CEMILJIOBUMA ITPOMEHIbHBE
3a KOjy Cy HHBEP3Hje aHAIMTHYKU JOCTYITHE, HIIP. CTaHAap/iHa HOpMaHa IPOMEHJbUBA.

3.2 Kotnunuk aBe K-J ciIyyajHe MpoMeH/bUBE

KonnyHuk nBe x-u cilyyajHe MPOMEHJbMBE MOXKE C€ NMPUMEHUTH Y aHAJIU3U paja K-U
¢demunr kanama [17, 41]. IIpu Tome, H0OUjeH je W3pa3 y 3aTBOPEHOM OOJHMKY 3a T'YCTHHY
BepoBaTHohe.

Pasmatpane cy nBe x-u ciydajHe MPOMEHJBHBE X U Y U IbUXOBE I'YCTHHE BepoBaTHOhe
[45, 41]:

2
- X
1 1 = -
H+ ( -H()[Q] KU w

2ull 1 iy +u-1 i +2 =
px(x): IU( +K) : i—l ’ Z |[v(i1 (luV 1+x )Z ' QZ|1+2y ) XZII o

KT ip=0 Iy*
(3.26)
Ml ’,Lt(l—*—lc)[l]z—x,u
2u(l+x)2 e @ S iy p-1 1 20 +2u-1
— 1_|_ . - . L tep
py(y) K/,T_l ZO +ILI) ( ( K)) Q2I1+2# y
(3.27)
CryyajHa mpoMeHJbUBA Z je KOTUIHUK o1 X u Y [50]:
;=X (3.28)
y
Tana je meHa rycruna BepoBatHohe [34]:
p,(2)=[dy-y-p,(y2)- p, () (3.29)
0

Kypy Koy 0?
1

pi(2)= 2 .{(1-’_’(1)%}”1,|:(1+K2)ru2}#2_ {(1 21



P F(il+i2 +/“1+/U2)'

i =0i,=0 (l+ K, ),u2 N (1+ Kl)yl /2 il!r(il + ﬂ1)
Q; o
272
K, (1+ K, £
2 (3.30)
iz!F(iz + ,uz) .
[pBu u3Bog 011 7 je [1]:
1=2_X (3.31)
y vy
Bapwujanca oz z je [58]:
1 X2
rae je:
Q
o,=r"f} : (3.33)
" :ul(Kl +1)
Q
o,=nf?—2 _ (3.34)
! Hy (Kz +1)
ITocne 3amene ce no6uja [34]:
2
ozzzi27z2fm2 ! +X—4ﬁ2fr§L:7z’2fnf( 9 g f j (3.35)
y ﬂl(’ﬁ +1) y H, (Kz +1) /ul(Kl +1) Hy (Kz +1)
3npykeHa rycTuHa BepoBatHohe o1z, Z u'Y je [60]:
Py (22y)= P, (212y)- P,y (2y)= p,(2/2y) p,(y)- P.(2/ ) (3.36)
rie je:
dx
p.(z/y)=—-p,(2y) (3.37)
dz
ax_ y (3.38)
dz
Py (22y)= p.(212y)- p,(y)- V- p,(2y) (3.39)
I'yctuna BepoBatHohe onz U 7 je:
p.(22)=[dy-y-p,(2y)- p,(y)- p,(2/2y) (3.40)
0
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KymynaTuBHa BepoBaTHOhA KOJMYHKKA JBE K-i CAydajHE MPOMEHJBHMBE je M3padyHaTa
Ha ocHOBY jeanaunne (3.29) u cnenehe neununnone popmyse:

= I dt- p,(t) (3.41)
0
J :.Zf dt-t2r2ht. ! (3.42)
Myt pp+h+lp
[(1+K2) Esn) o }
Pememe oBor nHTerpana je :
¢ x“dx
YR ud+ ), (3.43)
[ipr
dx  dx (L )2
t?=x, t= 2t-dt=dx, dt=—= L2 ,
rae je \/_ X, 2 2dx (1+K2),UZQZ V= + 1+,

=77, u=p4+i.

Haname je unrerpan:

‘ dX +ip -1 1
J — Lyt — =
.([2\/; X /ul Mttt
M+ py+iy+ip (1+ KI)E
{(1+7<2)522} : 1+7ﬂlx
2 1+x,)52%
@)
= 1 ==
iy +Hig+iy 2 gty
(1+K2)L22 . l_}.(l—l_Kli)’ulggzx
Q, (1+K2)/12Q
1 22(/41”1)

(1+ Kl):ul‘sz ZZJ

= . : .ZFl(yl+y2+il+i2,y1+i1,1+;11+i1,—(1+K2)ﬂ2Q12

Myttt /ul + |1
2{(1+ K, )gg}

2

(3.44)

KymynaTtuBHa BepoBaTHOha je 3aTHM:

1 M Hp © © ] )
F(z)= pCE {(1+1<1)gl} {(1+1<2)§} Z > (i +iy+ g+ 1)

1 2 ij=0 i,=0
50 500
H Hy
1 1
[ ( +K1{Q1J :l [ ( +K2{‘QZJ } L 22(#1+i1)
i (i, + 24) i1 (i, + 22,) |:(1+K2) gzz T“’Z*”“z 0+
2
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Bl g+, +0 + iy, 00+ 14 4 +1,,— z
2 1(/11 Ho vty vl v th v (1+7<2),11le2

(3.45)
Tj. y cpehennjem o6muky CDF uma cnenehy dopmy:

o Tt o o iy iy
T [ R D SR S .

F
(L+x, )27 =0 i,=0 0+ ) 0+

2(py +ip) ( ) 2
z . . o L )y Q2
R sy g, i, gy 1 L g A -T2 72 3.46
i, 2 1(#1 Ho vl v th v+t + (l+1<2),uz le J ( )

Cpenmu Opoj OCHHX TpeceKa of Z je:

T 1
=\|dz-z- zz d Z dz.-z- zz d Z - 0o, =
! P j y-y-p,(2y): j Pai( j y-yp.(&)-p,y) =0
VAN f Ql 2 QZ %
— +2 SJay-y-pdzy)-pyly). (3.47)
27 \/ﬂ1(1+7<1) ﬂ2(1+’<2) 1’; ( ) Y( )

WHTerpan y npeTxoJHOM U3pasy je:

~ © 2 lu H Iu H
J —_([dy- y- prTe {(1+ Kl)Q—lz} {(1+ K2)92:| .

1 2

<een(z]]

illr(il +:“1)

)2,,1+2i1-1

. &
Z; Z) [(1+z<2)g2 +e) s 2y )}

2 1

g+ o +ig +ip : r(ll + I2 + /ul +IUZ) ’

[K2(1+;<2)(gz” '2 {(1“1)”1? {(Hm)”zr-

Izlr(lz +ﬂ2) eK1ﬂ1+’<2/‘2

!K1(1+ Kl)(gllﬂh

il!F(il +,U1)

0 (y)2y1+2i1—l

Z) [(1+K2)g (1+;<1)g1 (v’ )}

2 1

M

T F(Il +h 4 +/12) :

(3.48)
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Omucann (x-u)/(k-¢) denunr xanan uMa ciaenehe mapamerpe: Ky, K,, iy U fh,. Y

Tabenu 3.1 cy ngare paznuumte KOMOWHaIMje QeIUHT KaHala 3a pa3InduTe KOMOWHAIM]je U
BPEHOCTH HABEICHUX IMapaMeTapa.

Tabesa 3.1. Paznuunre komOuHaIyje e AT KaHaa 3a pa3IMuuTe KOMOWHAIIN]E U BPETHOCTH
napamerapa.

ITapamerpu

Denuur kaHan

Ky K3 Hy H
Haxaramu-m/Haxaramu-m 0 0 - -
Pajcos/Pajcos - - 1 1
Pejnujes/Pejnujen 0 0 1 1
Haxkaramu-m/(x-1) 0 - - -
Pajcos/(r-1) - - 1 -
Pejnuje/(k-u) 0 - 1 -

JloOujeHn pe3ynTatd MOTY C€ KOPUCTHTH Yy aHaIM3u nepopMaHCH OEKUYHOT
MOOWIIHOT TEJIEKOMYHUKAIIMOHOT paano cucreMa. Ha nmpumep, y kanaiy ca k-4 (e AMHTOM, WK
k- Op3uM (henuHTOM, U TIIE je UCTOBpEeMEeHO NpucyTHa MelykaHamHa uHTepdepeHiuja mnosu
YTHIIajeM UCTOT, PECIIEKTUBHO. 3a rpad MUKy MPUKa3 HYMEPUIKUX U CUMYJIAIMOHKX Pe3yJTara
PDF-a je kopumthen nporpam Wolfram Mathematica 12.2. ITpu Tome, HyMEpPUYKH pe3yITaTH
Cy IPUKa3aHHU UCIIPEKUIaHOM JINHKI]OM, 2 CAMYJIAIIMOHH PE3YJITATH XUCTOrpaMoM (cTyonyacTu
rpad). Xuctorpam je nodbujen Monre-Kapno cumynanujom. Ilopeheme Hymepuukux wu
CUMYyJIAIIMOHUX pe3ynTara u3spiieHo je 3a N = 1000, 10000 u 100000 cemrmuioBa (oamepaxa),
pecriektuBHO. [Ipu TOoMe, HajObosbe MoKIaname je fooujeno 3a N = 100000.

1O T T T N=1000
0.8} -
| Xucrorpam
__06[ -
% B
o [ Hymepuuku
0.4F pesyirat
0.2}
0.0LF .
0.0 0.5 1.0 1.5 2.0 2.0 3.0
X

Cauka 3.4. PDF xonuuHuKka J1Be K-{ CllydajHE NPOMEHJbHBE, 3a BPEJAHOCTH Iapamerapa
Q=1,x=2, u=1, 2,=1,«x,=3, u,=2, N =1000.
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N=10000

G. 8 B Xucrorpam
b /
i Hymepuuku
':}. E‘l ~ pesyarar ]

=
S 041 -
0.2} :
[}l:l -_; i 1 " i ] i 1 " 1 ] i 1 " 1 ] i 1 " 1 i i 1 " 1 ] 1 i " i 1
00 05 10 15 20 25 30
X

Cauxka 3.5. PDF xonnuHuKa JBe k-1 CIIy4ajHE IPOMEHJBMBE, 32 BPEIHOCTH IMapameTapa
Q=1 k=2, =1 92,=1, x,=3, u, =2, N=10000.

0sl | | | | N=100000
—— Xucrorpam _
0.6 .
v Hymepuuku i
= 04+ pesynrat i
02F :
D'::] :; IR T ' | I T P PR N T | PR N T | I " P N P I-
0.0 0.5 1.0 1.5 2.0 2.9 3.0

Cauka 3.6. PDF konmuuHHMKa JBe K-u CIIy9ajHE TPOMEHJBHBE, 3a BPEIHOCTH TapameTapa
Q=1,x=2, u=1, 2,=1, x, =3, u, =2, N=100000.

Cnuka 3.4. npukasyje PDF konnuHHKa JBe CilydajHE MPOMEHJBHMBE, 3a BPEIHOCTH
napamerapa € =1, k=2, u =1, Q,=1, x,=3, i, =2. bpoj ogmepaka y HHTEpBaIy
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ancuuce je N = 1000. IIpu Tome, X—oca (amcmuca) MpeacTaB/ba BPEIHOCT aMILIUTYAE K-L
CJIy4ajHOT Tpoleca,

Cmuka 3.5. npukaszyje PDF kxonuunmka nBe ciaydajHe TPOMEHJbHBE, 3a BPEIHOCTH
napamerapa € =1, x, =2, u =1, Q,=1, x,=3, i, =2. bpoj oamepaka y HHTEepBaIy
arncriiuce je N = 10000.

Cnuka 3.6. mpukasyje PDF konuuHuka 1Be ciaydajHE MPOMEHJBHBE, 32 BPEIHOCTH
mapamerapa € =1, k=2, =1, ,=1, x,=3, u,=2. bpoj onmepaka y HHTepBaIy
ancruce je N = 100000.

T T T T T T T T T T T 1
-
] @=L kel sl |
Qo=1, K2=1, p2=1 \ | T
0.s s -
3 ’ Q1=1, k1=3, =2, h
[ @1, 102, =3 ]
-
. — -1
;)
=
0.4 | -
S
L I - -1
| D=1, k=1, =2,
0.0 == Qo=1, K222, P2=1, -
L L L L L 1 L L 1 L L L L 1 L L L L L
0 2 3 2 5

Z
Caunka 3.7. CDF xonmu4HHKa J1Be K-y Cy4dajHE MPOMEHJBUBE, KOj€ Cy J0OHMjeHe Ha OCHOBY
jennauune (3.44). ITapamerpucy 2, =1, x, =1, i =1, Q, =1, x, =1, u, =1 (3enena xpuna),
Q=1 k=1 =2, 2,=1, x,=2, u,=1 (napannacra xpusa), 2, =1, x, =3, 1, =2,

Q,=1, k, =2, p, =3 (w1aBa KpuBa), PECIEKTHUBHO.

Cmuka 3.7. nmpukazyje CDF konn4yHMKa JBe K-y CilydajHE NPOMEHJBUBE, KOjE€ CYy
nobujene Ha ocHOBY jenHaunHe (3.44). [lapamerpu cy ©Q =1, x, =1, i =1, 2, =1, k, =1,
M, =1 (3enena xpuBa), =1, x, =1, 1, =2, Q,=1, x, =2, u, =1 (Hapanygacra Kpusa),
Q=1 k=3 =2, 2,=1, k,=2, p, =3 (W1aBa KpUBa), PECIEKTHBHO.

3npykeHa rycTuHa BepoBaTHohe 012, Z u 'Y je:

P (22y) = p,(212y)- p,(2y) = p,(2/2y)- p,(Y) - P,(2/Y) (3.49)
rie je:
dx dx
/v = 2% ox _ 3.50
p,(z1y) & |ox(zy),oIZ y (3.50)

3npyxeHa ryctuHa BepoBatHohe o1z, Z u'y je:

Py (22y) = p,(212y) -y - p,(2y)- P, (Y) (3.51)
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31pykeHa TycThHa BepoBaTHONE 0J1 0/1HOCA JIBE K-4 CITy4ajHe IIPOMEHIBMBE M FETOBOT
npBor u3Boza je [34, 80]:

P (22) = [dy-y 5, (@) B, () P.(2/2Y) (352)

Cpenmu Opoj OCHHX MpeceKa o1 Z je:

N, = [dz-2-p,,(z2)= [dy- Y P, (2y) - P, (¥)-[d2-2-p,(2/2y) =
0 0 0

1 o0
== {dv-v-p.(zv)- .o, 3.53
@j y-y-p(2y)-p,(y)- 0, (3.53)
[TpBu u3BOA 01 Z j€!
1=2-2y (3.54)
y 'y

[TpBu u3Boj 011 k-u pacnozene uMa ['aycoBy ryctuny BepoBatHohe. Ha ocHoBy oBora
X um y cy l'aycoBe ciydajue npomensbuBe. JInneapHa tpancdopmaruja ['aycoBux ciryuajHux
poMeHJbMBHX je ['aycoBa ciryuajaa npoMmensbuBa. Ha ocHOBY oBora 7 mma ['aycoBy ryctuny
BepoBaTHOhe.

Cpenma BpeIHOCT 011 7 je:

=22y (3.55)
y 'y
Kako je:
X=y=0, (3.56)
BapujaHca oj 7 je:
2
o :izdxz +X—4G.2, (3.57)
y A
re je:
R . (3.58)
ﬂl(K1+1)
P L . (3.59)
! ﬂz(Kz +1)
[Tocne 3ameHe BapHjaHca MOCTaje:
2 2¢2 2
L L R WA L S I( QS J (3.60)
y /”(K1 +1) y ,U(Kz "'1) y ﬂ(’ﬁ +1) /U(Kz +1)

CrannapaHa IeBHjalyja je jeHaKa:
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V2
o T f [QI(KZ +1)+(x, +1)2281] (3.61)

t y /J(K1+1)(K2 +1)

Cpenmwu 6poj OCHUX MpeceKa JIBe K-( CydajHe MPOMEHJbUBE je:

N = 7 (‘Ql(’(z +1)+(K1 +1)2281 JM ] ﬂ(Kl +Z|.)%+1 'i{zﬂ Kk, +1 jzmﬂl.

© o u(, + 1)k, +1) 1 e Q

2 a2 00
K 2 e

Htl 2ip+u-1
) 1 ) Zﬂ(Kz +1) 2 i 2u K,(K, +1 ] 1 g 2r2ul
iy ) o S, i1 (iy + p2)

2 LReig 2 2=0
K,% 'S,

wk+1) 5 o plky+1) o

[ y
Idy y2i1+2,u—1+2i2+2/1—1 .e o) zy S y _ T fm (Ql(Kz +1)+(Kl +1)Zzsl] 2
0

N2r (e, +1Nx, +1)
+1 2i+pu-1 1
' ,u(Kl +1)ﬂ7 i(ﬂ K, (x, +1 j ) 1 ,u(K2 +1)ﬂ2
7= o r : T +1
KIHTQKWQ;T =0 Ql Il!F(Il + Iu) K:ieszSlﬂT
2iy+u-1 iy iy +2 41—
S, [l 4 g 1 .ZZiﬁzﬂ_lé(lelJ e
i,=0 S, iz!F(iz +,U) 2\ pu
: 1 e L+, +2u-1/2) (3.62)
((Kl +1)-2°S, +(x, +1)Ql)1 :
3.3 IIpou3sBox ABe K-| cilyyajHe NpOMEH/bUBe
[TpousBos o1 ABE K-( CydajHE MPOMEHIBUBE j€:
Z=X-Yy (3.63)
Tana je wena rycruna [41, 50, 88]:
o1 z
p.(2)=[dy-=-p,| = |- p,(y) (3.64)
0 y y
3aMEHOM CTaTUCTUKE CITYYajHUX MPOMEHJbUBUX Y MPETXOTHOM H3pasy, noduja ce:
0 © 1 i i+ + 1y + 1y . W+t +u,
2)= S heTTHE e (14 K 2 cx2(l+x 2
P hZO EZ—;)il!iz!F(i1+ﬂ1)F(i2+ﬂ2) l( l) 2( 2)
Sy iy + 1y i1 +3ip+ 1+ 1) o o o
7 2 - Ly 2 . Q{'r'z*ﬂrﬂz . Q;'r'z*ﬂf#z . X'1+'2+ﬂ1+ﬂ2—1 .
. 21+ K, 1+ NYTARY
K|:—I1+|2—ILL1+/JZ, A QZ\/Z act (3.65)
172

CrarucTuuke KapakTEepUCTUKE MPOM3BOJAA JIBE K-{ CIydyajHE MPOMEHJbUBE MOTY Ce
KOPUCTHTH Yy aHaIM3u 1neppopMaHCH OSKHYHMX  TEIEKOMYHHKAIIMOHUX — CHCTEMA.
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TpaHchopManmOHOM METOJOM MOXKE CE€ OJPEAMTH T'YyCTHHA BEpOBaTHONE MPOHM3BOJA JBE K-/
ciydajuo npomensbuBe [16, 31]. Ilpu Tome, moOujeHu U3pa3 3a TYCTHHY BepoBaTHOhe je y
3aTBOPEHOM OOJIMKY W cajpxu MonudpukoBany becenoBy ¢yHknujy npyre Bpcre. OBu
pe3yJiTaTd MOTY Jia ce NMPUMEHE KOJl aHaym3e nepopMaHCH OCKUYHOT PENICJHOT CHCTeMa ca
JIBE JICOHUIIC HA KOJUMA je MPUCYTaH K-y (peauHr. AHBENONa CUrHalIa Ha U3J1a3y U3 PeliejHOT
cUCTEeMa MOXE Jla Ce MPEJACTaBH Kao MPOM3BOJ JIBE K-i ciaydajHo nmpomensbuse [89]. OBako
no0OHMjeHa cllydajHa MPOMCHJBMBA MOXKE C€ HamucaTH y OOJHMKy (k-u)X(k-) ciydajHa
npoMmeHsbrBa. OBa cilyyajHa MPOMEHJbMBA MMa yeTupH napamerpa. On (k-¢)X(k-u) ciaydajue
IPOMEHJbMBE MOTY C€ JOOUTH JApYre CliydajHe MPOMEHJBHMBE 3a pa3jiMyuTe KOMOWHAIWjE U

BPEIHOCTH HaBelIeHWX mnapamerapa. Tako, 3a x;, =0 u x,=0, ox (k-u)*(k-u) ciydajue
npoMeHsbHBe je nobujeHa Hakaramm-mxHakaramu-m ciaydajHa mpoMmeHspHBa. 3a 4 =1 u
M, =1, (k-u)X(x-p) cayuajua mnpoMeHspMBa je moctana PajcoBaxPajcoBa ciyuajHa
npomeHsbuBa, a 3a k; =0, x, =0, 14 =1 n @, =1, on (k-u)*(x-u) caydajHe NpOMEHIBbUBE je
nobujena PejnujeBaxPejnujeBa cinyuajHa npomensbuBa. Takohe, 3a k, =0 u g4 =1, Pejnujena
K-{t CllydajHa TPOMEHJbHBA je M3BeneHa M3 (k-u)X(x-u) ciydajHe mpomeHsbuBe. 3a k; =0,
Haxaramu-mx(k-u) ciydajHa mpoOMEHJbHBA je u3BeeHa u3 (k-1)X(k-41) ciydajHe MPOMEHIBUBE,
a3a y =1 PajcoBax(k-) pacnonena.

T T T T T T T T T T T T
i Ma1=2, [2=3, Q1=0=1
121 K1=3, K2=2
ﬁ l..l1:2, HZ:]-I E
08 x1=1, k=2 ]
i ]
nal | . Mi=p=1, i
- | | x7r=l

w L
P
n

fed

Z
Ciauka 3.8. PDF mpousBoja jaBe k-u CliydajHe MPOMEHJbHBE, HAa OCHOBY jenHaunHe (3.65).
Bpennoctu mapamerapa cy: &, =1, x =1, =1, Q,=1, x,=1, u,=1 (nnaBa xpusa);
Q=1,x=1 =2, Q =1, k,=2, u,=1 (napanyacra kpusa); 1, =1; 2 =1, x, =3,
w=2,9,=1, k,=2, u, =3 (3eneHa KPUBa), PECIICKTUBHO.

Pesynratu 3a ryctuHy BepoBaTHOhe, J00MjeHM Yy OBOj QUCEpTalldju, MOTY Jaa ce
npuMeHe 3a oApehuBame ryCcTUHE BEpOBATHONE CIIy4ajHUX MPOMEHJBUBHUX KOj€ ce 100H]jajy u3
(k-p)%(k-u) caydajHe MPOMEHJBMBE Kao CIEUUjalTHU ciiydajeBu. JloOMjeHu pesynrar Moxe,
Takole, 1a ce MPUMEHU 3a aHATH3Y IepPOpMaHCH OCKUIHUX MOOMITHUX TEIIEKOMYHUKAITMOHUX
cucTeMa, TJI€ je aHBeJIoIa CUTHaJIa 10/1 YTHIlajeM JIBa He3aBUCHA K-4 (eIUHTa. Y OBOM CIIy4ajy
ce aHBEJIONa CUTHAJIa MOKE HAIMCATH Kao MPOU3BOJ JIBE K-U CIy4ajHEe IPOMEHIBHBE.
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Ha cmunm 3.8. nat je rpaduuku mpuka3 n1o0MjeHUX HyMEepUYKHX pesyartarta 3a PDF
NPOM3BO/IA JIBE K-i CIIydajHE NMPOMCHJbUBE, Ha OCHOBY jenHauuHe (3.65), y 3aBUCHOCTH O]

aHBelone curHana. Bpennoctu mapamerapa cy @ &, =1, x, =1, y =1, Q,=1, x, =1, u, =1
(mmaBa xpuBa); Q =1, k=1, =2, Q,=1, x,=2,u, =1 (napanyacra xpusa); i, =1;
Q=1 k=3, =2, Q,=1, xk, =2, pu, =3 (3e1neHa KPUBA), PECHEKTHBHO.

T T T T T T T T 1 T T T T ]
Q=2 H1=2, Hp=3,
D8l 0=1 / Kx1=3, k=2 7
05 ]
[ ] M1=2, H2=1, ]
0.4 - - K]_:l, K2:2 .
)
= 0af . 1
. M= M2=1, 1
0.1 ]
0.0k =
0 1 2 3 < 5

Cimka 3.9. PDF nmpousBoma 1Be x-u Ciay4ajHe MPOMEHJbHBE. BpemHocTu mapamerapa cy:
Q=2,x=1 =1 9Q,=1, k,=1, u, =1 (mnasa xkpusa); 2 =2, k, =1, =2, Q,=1,
K, =2, W, =1 (Hapanyacra xkpusa); 2, =2, k=3, =2, 2,=1, x, =2, u, =3 (3encHa
KpHUBa), pECIIEKTUBHO.

T N=1000 Q1=Q=1
J== (cumynauuja) Mi=1, ho=2,

I * Y K1=2, k=1
et ! : e

L r )

N
L]

| '

] — "\ ]
= [ N b
=1 *
0.4r : “Ll 1
’ "
o ‘\
] ]
[ -
i L

|2 Ay
p0LE il STV

0.0 0.5 1.0 1.5 2.0 25 3.0

x

Cimka 3.10. I'papuuku mpuka3 ryctuHe BepoBaTHohe Mpou3BOAa JBE K-{ CIydajHe
npomenssuBe, 3a =1, x, =2, =1, Q,=1, x,=1, u, =2 u 3a 6poj onmepaka 1000,
o0WjeH CUMYJIaIHjoM (XUCTOTrpaM) U HyMepHUKH (MCIIPEeKUIaHa JIMHH]jA), PECTIEKTUBHO.
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Ha cmunum 3.9. nat je rpaduuku mpuka3 n1o0MjeHUX HyMEepUuykux pesyararta 3a PDF
IPOU3BOJA IBE K-/ CIIydajHe MpoMeHsbUBe. Bpennoctu mapamerapa cy: Q, =2, k, =1, u =1,
Q,=1, x,=1, u,=1 (mnaBa xpuBa), =2, k=1, =2, 2,=1, x,=2, u,=1
(napanpacta kpuBa), Q =2, x, =3, =2, Q,=1, x,=2, u,=3 (3eneHa Kpuna),
PECIIEKTUBHO.

Ha cnunm 3.10. nat je rpaduuku npuka3 rycrune BepoBataohe (PDF) mpousBona aBe
K-{t coydajHe TpoMeHseuBe, 3a £ =1, x, =2, u =1, Q,=1, x,=1, w,=2 u 3a 6poj
onMepaka 1000, noOujeH cuMmynanujoM (XUCTOrpaM) U HyMEpPUYKHU (MCIPEKUAAHA JIMHU]A),
PECIIEKTUBHO.

N=1000 1=0>=1,
10F A M1=1, po=2,
L Jﬂ - K1=2, k=3
0s[ 1 ,1
= 06| "‘\ Hymepuaku
= I 14 pesynTaTu
- L
oal |
[ ¥
e r’
02} J,} LI]
B
0.0ke ‘l—-r-- e

00 05 10 1s 20 25 3.0

x
Cauka 3.11. PDF mpousBona nBe x-u ciiydajHe TPOMEHJBMBE, 3a BPEIHOCTH IapameTrapa
Q=1 k=2 =1, Q,=1, k,=3, u,=2,N=1000.

| -Ql:-QZ:l, u1:2’ |
12} M2=3, k1=3, k2=2 ]
Q1=Q2=1 ]

H1=2, H2=1, ]

K1=1, K2=2 1

Camka 3.12. PDF npousBoja nBe x-¢ CiaydajHe NPOMEHJBbUBE, 3a PA3IUUYUTE BPEAHOCTHU
napamerapa (gatu Ha cimnn), rae je N = 10000.
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Ha cmunu 3.11. mpukaszan je xucrtopam M HyMepHuku AoOujenu pesynatatu PDF
Ipou3BOJa ABE ClydajHe IpoMeHJpHMBE. Bpennoctu mapamerapa cy & =1, x, =2, p =1,
Q,=1,k,=3, u,=2, N =1000.

Ha cmumm 3.12. mpukaszan je xucropaM M HyMepUukH noOujeHu pesyiaratu PDF

NPOM3BO/IA JIBE CIy4ajHEe MPOMEHJbHMBE. BpeHOCTH mapamerapa Cy JaTh Ha CIHIIM 3a CBAKU
rpaduxk, 1ok je 6poj ogmepakxa N = 10000.

LT o=2, 01 21=2, =1, =2, ]
H1= |J.2:1 u2:3, K1=3, Kk2=2

D8] x=ko=1 rpaduk3 ]
rpadukl ]

0.5F

04l okl

plx
=S

Ty
Sa ]

AT

[}
—
[~
L
I
L

x
Camka 3.13. PDF npousBona nBe x-y ciaydajHe IPOMEHJbUBE, 3a mapamerpe (1=2, =1,
1= M2=1, k1=k2=1 (rpadukl), 1=2, =1, 1= 2, Uo=1, k1=1, k=2 (rpadpuk2), 21=2, =1,
M1= 2, M2=3, k1=3, k2=2 (rpaduk3), pecriektuBHO. bpoj oamepaxa je N =100000.

1.0 =1, ——
Q=1 ',;--
H1=H2=1
0.2 K1:K2:1
I‘pa(bI/IKl =2, Q=1
0.6 M1=2, Ho=3,
ES K1=3, K2=2
= rpapux3
0.4

Q1=2, =1, p1=2,

: _IJ _IJ Hz:]., K1:1, Ko=2
oo L&l | rpaduk2

0 1 2 3 < 3

X
Cauka 3.14. CDF npowusBoja JiBe k-i CilydajHe NMPOMEHJbHBE, 3a mapamerpe =1, Q=1
M1= M2=1, k1=x2=1 (tpadukl), ©1=2, =1, Y1=2, U2=1, x1=1, k2=2 (rpaduk2), =2, =1,
M1=2, W2=3, x1=3, k2=2 (rpaduk3), pecnektuBHO. bpoj oamepaka je N =1000.
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Ha cmunu 3.13. mpukaszan je xucTtopam M HyMepHuku noOujenun pesyatatu PDF
IPOM3BOJIA JIBE CllyyajHe MPOMEHJbHMBE. BpeqHocTH mapamerapa Cy JaTH Ha CIUIM 32 CBAKU
rpaduk, 10k je 6poj oamepaka N = 100000.

Ha canum 3.14. nar je rpaduuku npukas cumynaiuonux pesyirara 3a CDF npoussona
JIBE K-|l CJIy4ajHe MpoMeHJbuBe, 3a mapameTrpe Q1=1, Q2=1, ul= u2=1, k1=x2=1 (rpaduxkl),
Q1=2, Q2=1, pl=2, u2=I1, kl=1, k2=2 (rpaduk2), Q1=2, Q2=1, pl=2, pu2=3, k1=3, k2=2
(rpaduk3), pecnektuBHO. bpoj onmepaka je N = 1000. IIpu tome, jennaunna 3a CDF Huje
AHAJTUTHYKU U3padyHaTa 300r crnoxeHocT popmyine 3a PDF.

Jobujenn pesynaratr Moxe, Takohe, ma ce HpuMEHH 3a aHaimmM3y MepdhopMaHCH
OEeKUYHUX MOOMITHUX TEJIEKOMYHHUKAIIMOHUX CHCTEMa I/Ie j€ aHBeJIOoIa CUTHAJA MO yTHIIajeM
JIBa HE3aBHCHA K-u ()eMHTa. Y OBOM CJy4ajy CE aHBeJOla CHUTHaja MOXKE HAIMCaTH Kao
IPOM3BOJI IBE K- CITy4ajHE IPOMEHIBHBE.

3.4 KotnuHuk K-J ci1ydyajHe mMpoMeH/bUBE U MPOU3BO/IA [Be K-l cilyyajHe NpoMeH/bUBe

Konn4HuK k-4 ciydajHe IPOMEHJbUBE U IIPOU3BOJIA JIBE K- CIIy4ajHE IPOMEHIBHBE j€:

W= % (3.66)

I'yctuna BepoBatHohie o W je [6, 40, 88]:

m+l 2
< 2 2 2 2u 1 | o —p (L4ry) we —Kih
pW(W)=IdyIdZ~yZ~px(wyZ)~p(y)-p(2)=fdyfd2-y2~”l(+i)2'e (5]
0 0 0 0 K, 2
M+l
- 1 21+ -1 1 2 +21,-1 2[1 (1+K ) 2
= .k L 2wl CHR\ET ) 2
ilz—:‘)illr(iﬁfﬂl) (ﬂl “ +Kl)) Q12I1+2#1 (WyZ) KZﬂZT_l
olal e 1 et L e,
iz=0i2!r(i2+:u2) o ’ Q"
2u1+5) s e—m(mg)[giz] .
5

i+l

i;) (ﬂ3\/m)2i3+#3—1 ) 1 ) (Z)2i3+2y3—1 _ 2[!1(/];14-1K1) 2 )

- . 2i3+2
i (i + o R

3 KlTe’ﬁﬂl
A+l H3+l
21, (L4 1,) 2 2p15(1+x5) 2 i i i 1 1 1 .
Kzluz?_lexzyz KsﬂsT_leK&u?) =0 i,=0 iz=0 IIIF(Il +ﬂl) |2|F(|2 +ﬂ2) |3|F(|3 + /US)

1 1 - 2i+2,,3 ‘ (ﬂlm)@wﬁl. (ﬂzmyiﬁﬂﬂ‘
3

2i+2 2ip+2u,
‘Ql QZ

(ys,/K3il+ K3))Zi3+ﬂrl (3.67)
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wly?
_#1(1+1<1)—.le -z (VW)2i1+2/’1‘1 (Z)2i1+2/l1—1 .

J =Tddez-y-ze
0 0

o]

jz ) y2i2+2/42—1_ ]

(3.68)

(3.69)

Jamum pasBojeM jennaunna (3.9) u (3.10) mobuja ce nHTErpan y KOju ce YBOJHM CMEHa!

gﬂmﬂ(3 )[Qis] . (Z)2i3+2u3—1 _ Tdy' y- (Wy)ziﬁz,,l,l . e*ﬂz(lwz )[nyz
0
] _sz 202+ 20042 efﬂl(lﬂl)%lz*ﬂsg?)zz
=
0
p(k, + D)WY (1)

ﬂs(Ks"‘l)Ql B _M(Kﬁ‘l)gswz '
1k, +1)2

dy= = £\ TRA g,

=3 (1, +1) Q2w g

OH ce Moxe pemuTH Ha cieaehu Haunn [1, 6, 52]:

T a— —CX 1
_[dx~x e ~W:F(a)-u(a,b,c)
0

3a mocmarpaHu ciy4aj je:
a=i+u+i,+u

_ ,Uz(Kz +1) ,Ll3(K3 +1)Q1

¢ Q,  w(k, +1)Qw

a+l-b=i+u +i;+ 14

D=L+ +i,+u,+1-h - -l — gy =0, + p, —ly— 5 +1

Tana je rycTHa BepoBaTHOOE 32 HOCMaTpaHH CIy4aj:

D, (W)= 2.g oot

=0 i,=0 is=

2i,+2u
~2iy-2u,-1 1 Qe

W .

Z Z ﬂil—iz—yz .'u22i2+y2 .ﬂ:i))3+i2+,uz . (1+K1)*iz*/12 . (1+K2 )iz+ﬂ2 . (1+K3)i2+ﬂ2 . K]i_l 'K;Z _Kéz .
0

F(i1+,ul+i2+‘u2)-U(il+,ul+i2+y2,i2+y2+1—i3—y3,

il!r(il +,U1)i2!F(i2 +,u2)i3!F(i3 +,u3). Qg e
H, (1+ K2 )ﬂs (1+ Ks )le
Q95 L+ x W

(3.70)

(3.71)

(3.72)

(3.73)

(3.74)

(3.75)

: F(il+i3—l—y3—l—,L11)-

] (3.76)

CraTHCTHYKE KapaKTEPUCTHKE KOJUYHUKA K- CITy4ajHE IPOMEHJbUBE U TIPOU3BO/IA JIBE
K-{{ CIlydajHE€ TIPOMEHJbMBE KOPUCTE C€ 3a H3payyHaBame MeppopMaHcH OeKMIHUX
TenekoMyHuKamonux cuctema [41, 100]. I'yctuHa BepoBaTHOhE pa3MaTpaHOT KOJMYHHKA j€
ypaljeHa TpanchopMalMoHOM METOJIOM U JIaT j€ 3aTBOPEHHU OOJIMK OBE I'yCTHHE BepoBaTHOhe y
3aBUCHOCTH O] XUIIepreoMeTpHujckux (pyHkmuja. Tako qo0MjeHa T'yCTUHA BEepOBaTHOhEe MOXKe

48



Ce KOPHUCTHTH 3a U3padyHaBame KyMyJaTHBHE BepoBaTHohe, KapakTepucTHUHE QYHKIIHjE U
MOMEHATa OJIHOCA K- CITy4ajHe IPOMEHIBHBE U ITPOM3BO/IA JIBE K- CIIy4ajHe MpoMeHIbuBe [41,
50]. Ipu Tome, (k-w)/(k-p)%(k-1) ciydajHa TpOMEHJbHBA TaKoOhe MpeACTaB/ba CIIydajHy
IPOMEHJbUBY KOja MMa IIECT IapameTapa: K, K,, K, i, ,, My. Kao u y mperxomnum
ciryuajeBuma, o1 (k-)/(k-w)* (k-1) pacmomene Mory ce JoOUTH Jpyre pacroelie 3a pa3induTe
KOMOWMHAIMje ¥ BPEJHOCTH HaBeAeHUX mapamerapa. Kana je x =k, =k;= 0, (k-p)/(x-p4)* (k-1)
pacnogena npenasu y Hakaramu-m/Haxaramu-mxHakaramu-m pacnozeny. Kana je 1, =1, =
U= 1, PajcoBa/PajcoBaxPajcoBa pacmonena moxe na ce u3Bene U3 (k- (k)% (k-p)
pacrogene. Kana je p,=u,=4,= 1 u x,=x,=k;= 0, onga PejnujeBa/PejnujeaxPejnujena
pacroziena Moxe Jia ce usBene u3 (k-u)/(k-u)%(k-u) pactoaerne. bexxuunu KaHal KOju MOXe Ja
ce onuue ca (k-u)/ (k-u)%(k-p) pacnogenom Hasusa ce (k-u)/(k-p)* (k-u) xanan. Kaga je x; =0,
w1 = 1, wm k=0 u = 1, onna (k-u)/(k-u)*(x-1) xanan npenasu y Hakaramu-m/(x-
WX (k-w), Pajcos/(k-p)*%(k-u) wnm Pejnujes/(k-p)*X(k-u) xanan, pecnektuBHO. CTaTHCTHKA
OJTHOCA K-/ CIIy4ajHEe MPOMCHJbUBE MOXKE CE NMPHUMEHHUTH 33 M3padyHaBame mneppopMaHch
OC)KMYHUX CHUCTeMa y MPUCYCTBY K-y (penuura u mehykananne unrepdepenuuje. [lpu Tome,
oBa MehykaHaiHa MHTEp(EpEHIIHja TTOTHYE 0 OCKUUHOT PENICjHOT CUCTEMA Ca JIBE JACOHHIIC
Ha KojuMa je mpucytaH k-y (emunr. Ha mehykananny mntepdepeHnujy nMajy yTuiaj asa
HEe3aBHCHA K-y GearHTa. Y OBOM CIIydajy ce aHBesiona MelykaHaaHe HHTEpPEpEHIIHje MOXKE
IPEICTABUTH KA0 MPOU3BO/I JBE CIy4ajHEe MPOMEHIBHUBE, OJ1 KOjHX CBaKa MMa K-{ Paclojeny.
Tana, momohy rycriune BepoBaTHOhe MOXe ce OApPEIUTH BepoBaTHONA IpeIike MPeayIOKESHOT

cucTeMa, a moMohy KyMyJlaTHBHE BepoBaTHOhe MOXKe ce oJpeInTH BepoBaTHOha 0TKa3a, Kao u
KanarureT kanana [34, 39].

@ Hymepuuku O1=Q,=:=1

( ° pe3ynTati M1=1.5, ho=1, Hs=1.1
Uar o I('l:l, K2=1.3, K3=1.2
0.4 [}
0z
0z 0 ®

' @
01 Q-
=
— o _

Camka 3.15. PDF konuuHHMKa x-u cllyyajHe NMPOMEHJBMBE W MPOM3BOJA JIBE K- CIydajHE
MIPOMEHJbUBE, 32 PA3JINYUTE BPEAHOCTH MapamMeTapa (J1aTy Ha CIIUIH).

I'papuukn mnpukaz Hymepuukux pesyntara 3a PDF komuyHuka k-y ciydajHe
MPOMEHJbMBE W TIPOW3BOJA JBE K-u CIlydajHe TpoMeHsbHBe (cimka 3.15.) moOwjeH je
MHTEPIIONANNjoM, Ha ocHOBY jeaHaunHe (3.17), y mporpamy Wolfram Mathematica 12.2. I1pu
TOME, JaT je caMmo jeaaH rpaduk, 300r CII0KEHOCTH jeJHAUYWHE 33 KOJIWYHHUK K-{ CIIydajHe
POMEHJbHBE U MPOU3BOJA K-/ CIyyajHE NMPOMEHJbUBE, 100UjEHE y 3aTBOPEHOM OOJIHKY, 3a
mapamerpe 2, =1, k=1, 14 =15, Q,=1, x,=13, u,=1, 2,=1, x,=1.2, 4;=11. Ha
Taj HaYKMH, TpapHUKH je U3BPIICHA IPOBepa Ta4yHOCTH jeaHaunne (3.17).
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3.5 KosimyHuk nmpou3Boa JaBe K-J ciiydajHe MpoMeH/bHBe U K-| cIyuyajHe MPOMeH/bUBE

Konuunuk npousBojia ABe K-y CilydajHe MIPOMEHJbUBE U K- CIIy4ajHE IPOMEHJbUBE j€:

w== (3.77)
4
Tana je ryctuna BepoBaTHohe ox W [1, 52]:
,ul+1 wz 2
T 1 wz 2Rz 2u(4w) 2 e o
= [ay[dz-~- px(—]- p,(y): p,(2)= [dy[dz-=- M e e
0 0 y y 0 0 y KlT.eKI/‘l
Hp+l

2ip+2u -1
2 1 2i; +44 -1 1 W<z 2 1+ 2
3 ﬁ.(ﬂl folr)f Q—(VJ | ﬂz(ﬂz_lkz) |

i =0 l! (Il+/ul 1 KzTexzyz
e_#2(1+K2)(-‘§2j2 . i 1 . y2i2+2yz—1 . 1 ) (lu m)2i2+,uz—l ' 2#3(1"' ](‘3)”32+l .
ip=0 iZ!F(iZ +'u2) szi2+2#2 e i K3#ST_leK3#3
—pi3(L+x3) z 2
o [QJ |
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sz 'ﬂ3(1+K3)le .
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P (W)= 2. Z Z Zﬂ'l+'2+”2' Pt gt (L P (L,

;=0 i,=0 i;=0
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(1+K3) CK Ky Ky W

F(i1+i3+ﬂ3+lui)' F(is +py +1, "’,Uz)'
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Ul g+ g3+ + pty 1y + 14, +1—1, — g1,
(3 Myt T Ly, T Uy 1~ 44 sz’le'ﬂs(l"'Ka)
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CraTHCTHYKE KapaKTePUCTUKE KOJUYHUKA IMPOU3BO/IA JIBE K-i CITy4ajHE MPOMEHIbHBE
U K- CITy4ajHEe IPOMEHJbUBE UMajy IPUMEHY KOJI aHaIu3e nepdopmancy OeKMUHIX MOOMITHUX
TEJIEKOMYHUKAIIHOHUX pagauo cucrema [69, 75]. I'ycTtrHa BepoBaTHONE ce MOKE M3padyHATH y
3aTBOPEHOM OOJIMKY MPHUMEHOM XHIepreoMmerpujckux ¢ynknuja u lama ¢ynkuuja.
TpancopmanmoHom MeToioM ce oapelhyje ryctruHa BepoBaTHOhE KOJMYHHUKA TIPOU3BO/IA JIBE
K-{{ CIy4ajHe MPOMEHJbUBE U K-{4 CIydajHe mpoMeHsbrBe. OaroBapajyhoM MHTErpanujoMm ce
nobuja ryctuHa BepoBaTHohe pa3marpaHor kojuvHuka. CiydajHa NpOMEHJbHBA YHja j€
pacrioziena jenHaka KOJMYHUKY HPOHM3BOJA JIBE K-{ CIY4YajHO MPOMEHJBHBE M K-/ CIIydajHE
IIPOMEHJbHBE O3Ha4aBa ce Kao (k-u)X(k-u)/(k-u) cinydajua npomersbrBa. Taga, OeKMUHU KaHA
KOjH MOYE JIa C€ OIIHIIIC Ca OBOM PacIioiejioM 03HauaBa ce Kao (k-u) X (k-u)/(k-1) penuHr kanas.

OBaj KaHaJ MMa IIECT mapamerTapa: Ky, K,, Ky, iy, t, ty.3a K=k, =K;= 0, (k-20)% (k-p)/ (1c-12)
¢demunr kanan npenasu y Hakaramu-mxHakaramu-m/Hakaramu-m ¢enunr kanan. Kana je 4
=w=U= 1, ouga (k-u)X(x-p)/(k-1) denuur xanan moctaje PajcosxPajco/PajcoB denuur
kaHai [54]. 3a xk,=k,=k;= 0w g4, =1, = py= 1, (k-p)X(k-p)/(k-p) benuHr xanan npenasu y
PejnujesxPejnujes/Pejnuje pemnmnr xanan [101]. 3a g =1w g, =1, (k-p)%(x-p)l(x-p)
pacmogena mnpenasu y PajcoByxPajcoBy/(k-i) pacmogemy. 3a k,=k,= 0, Haxaramn-
mxHaxkaramu-m/(k-u) pacrnoaena Moxke outu u3BeaeHa u3 (x-u)X(xk-u)/(k-u) pacnozene, a 3a
= 1,=1u k,=x,= 0 PejnmujeBaxPejmujenal (x-u) pacnoznena ampoxkcumupa (k-u)X(k-u)/ (k-u1)
pactioneny [42]. JloOujeHn pe3yaTaTd MOry JAa ce NMpHMEHe 3a aHaluu3dy neppopMaHch
OeXHMYHOT pENIejHOT CHUCTeMa ca JBE JICOHHMIIE HAa KOjUMa Cy HPUCYTHH K-i (EIuHr U
mehykanaaHa uHTEpEepeHIja Koja je o/ ’beroBUM yTHIIajeM . Taza je aHBesona Curnana Ha
U3J1a3y U3 pENICjHOT CHCTeMa jelHaKa IPOU3BONY JBE K- CIydajHEe IPOMEHJBUBE, a OJTHOC
CUrHaja U MHTep(dEepeHIrje MOXKe Ce MPEICTAaBUTH Kao OJHOC MPOU3BOJIA JIBE K-i CIydajHE
IPOMEHJbMBE M K-y CciydajHe npomensprBe [92]. JloOujenn pesynrartu, Takohe, Mory ce

MIPUMEHTH KOJ OS)KUYHUX CHCTEMa YHjH J€ CUTHAI 10| yTUIIajeM JIBa He3aBHCHA K-u (DeIUHTa,
a MpUCyTHa je K-y MehykaHnamHa uatepdepeniuja [32, 35].

0.7} 21=0,=0Q3=1
M1=1.5, k=1, pus=1.1

06F ki=1, k,=1.3, k3=1.2

051

0.4r

031

0.2

0.1

Camka 3.16. PDF konuuHuka mpousBoOja JBE K-y CllydyajHe NMPOMEHJbHBE U K-i CIydajHe
NIPOMEHJBUBE, 32 Pa3IMYNTE BPETHOCTH IMapaMeTapa (JaTi Ha CIIHIIN).

['padmuku mpuxa3z Hymepudkux pesynrata 3a PDF konuuHuka mpousBona ABe K-i
CllyuajHE TIPOMEHJbMBE W K-y ClydyajHe TmpoMeHsbuBe (cnuka 3.16.) noOujeH je
UHTEPITIONANNjOoM, Ha OCHOBY jeaHaunne (3.21), y mporpamy Wolfram Mathematica 12.2. ITpu
TOME, JIaT je caMo jesiaH rpaduk, 300T CI0KEHOCTH jeJHAYNHE 32 KOJIMYHUK MTPOU3BO/IA IBE K-
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[ CIIydajHEe TIPOMEHJBMBE M K-{( CIIy4ajHE NMPOMEHJbUBE, TI0OMjE€HE Yy 3aTBOPEHOM OOJIMKY, 3a
mapamerpe 2 =1, k=1, 14 =15, Q,=1, x,=13, u,=1, 2,=1, k,=1.2, 4;=11. Ha
Taj HAYKMH, TpaQUUKU je U3BPIICHA IIPOBepa TaYHOCTH jeaHauynne (3.21).

VY tpehoj riraBu je pazMarpan x-u CIIydajHu mporiec. Y oBoj IiiaBu oApeleHe cy ryctuHa
BepoBatHohe (PDF) u kymynaruBHa BepoBatHoha (CDF) x-u ciay4ajHe NpPOMEHJBHBE X,
KapaKTepUCTUYHA PYHKIMja O] X, MOMEHT N-TOT pefia, Cpelliba BPEIHOCT, Cpeha KBaIpaTHa
BPEIHOCT, BapHjaHca O] X, Cpelmu Opoj ocHUX mpeceka on x. Jlat je rpaduuku mpuka3z
HyMepuukux pesyirara 3a PDF k-u ciyuajue mpomeHsbHBe X, 32 Opoj Kiactepa (=2, KOjH je
ynopeheH ca CHMyIalMoOHUM pe3yiTatuma (xucrorpam), 3a 6poj oagmepaka N = 100000, rae ce
Buau 1100po moknaname uctux. Oxapehernn cy PDF u CDF konmnyHuka nBe k-u ciydajHe
npomersbuBe Z = X/Y u cpeamu 6poj ocHUX mpeceka. J[ar je rpaduuKu npuKkas HyMEPUUKUX

U cuMyJanmonux pesynrara 3a PDF o7z, 3a ogpelene BpeqnocTu napamerapa u 0poj oamepaka
N = 1000, 10000 u 100000, pecrieKTUBHO, T/I€ C€ MOXE BUIETH J0OPO MOKJIaname Beh mnpu
N = 10000. ITpu Tome, 3a 6poj oamepaka N = 100000 nobujeHo je HajOOJbE MOKIAMAE
HYMEPUYKUX U CUMYJIaMOHKX pe3ynTara . [lopex Tora, nar je rpadmuku nIpuka3 HyMEpUIKUX
pesyntata 3a CDF on z y 3aBucHoctu on anBenomne curHana. M3padyHat je u cpeamu Opoj
OCHHUX TIpeceKka oJ Z. 3a MpOU3BOJ JIBE K-y CIy4ajHe MpoMeHJbMBe mpopadyHata je PDF y
3aTBOpeHOM oOmuKy. IIpu Tome, nmar je rpaduyky mpuKa3 HyMEPUYKHX M CHMYJIAIIMOHHX
pesynrara 3a PDF, 3a onpehene Bpennoctu mapamerapa u 6poj ommepaka N = 1000, 10000 u
100000, pecriekTuBHO, T11€ ce Moke BuAeTH 100po nokianame Beh mpu N = 10000. [Topen Tora,
nat je rpaduIKy puKa3 1 HyMeprukux pesynrara 3a CDF y 3aBHCHOCTH 0J1 aHBEIIOTIE CUTHATIA.
PDF ox konu4HMKa K- Cy4ajHE IPOMEHJbHUBE U IIPOU3BOIA IBE K- CIIydajHEe IPOMEHIbUBE j€&
onpeheHa aHAIMTHYKH, T7I€ je 300T CI0KEHOCTH jeHaYMHE TpaduyuKu MprKa3 HyMEPUUIKHX
pe3ynrtata ao0ujeH uHTepronanujoM. Ha uctu Hauumu je oapehena PDF ox konnunuka
NIPOM3BOJIA JIBE K-/ CITyYajHE TIPOMEHJBPUBE H K-{4 CITy4ajHEe TIpoMeHJbuBe. MHave, 3a rpaguuku
npuKas pesyirara je kopuurhen nporpam Wolfram Mathematica 12.2.
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4. AHAJIU3A CTATUCTUUYKUX EPEKATA BP30I' ®EJIUHI'A CA U3PA’KEHOM
JOMUHAHTHOM KOMIIOHEHTOM CIIOPOI' ®PEJUHI'A U MEBYKAHAJIHE
NHTEP®EPEHIIUJE

Y oBoj mmaBu he ce pasmarparu mnepdopmaHce TpBOT peaa OeKUYHOT
TEICKOMYHUKAIIMOHOT CHCTEMa Y TMPHCYCTBY Op3or ¢QeauHra ca jakoM JOMHUHAHTHOM
KOMITOHEHTOM crniopor (eannra u Mehykanansae nareppepennuje. JloMMHaHTHA KOMIOHEHTA
je Taylac TMpeKTHE BUIJBMBOCTH M3Mel)y mpempajHuka u npujeMHuka. Pacrojene koje onucyjy
aHBEJIONy CUTHAaJa Kaja MOCTOjU JOMHHAaHTHA KOMIIOHeHTa cy PajcoBa pacmonena u K-y
pacnogena. Kaga moctoju jenHa TOMHHAHTHa KOMIIOHEHTAa OHJA je aHBEJONAa ONHMCAaHAa ca
PajcoBom pacrnozenoM, a kaja MoCTOjH BHIIE JOMUHAHTHUX KOMIIOHCHTH OHJIA j€ aHBEJIONa
CHTHaJIa OIMCAHA ca K-{ PacIofesioM. Y TJIaBU Cy pa3MaTpaHH CilydajeBH kaaa ['ama cropu
¢denuHT MMa yTUIaja HA KOPUCHM CUTHAJ M Clly4aj Kafa ['ama criopu deauur uma ytuinaja Ha
mehykananny unrepdepenimjy [53, 99]. Kaga 'ama criopu GenuHr uma yTuiaja Ha KOPUCHU
CHTHAJI, OHJ]a C€ KBaJpaT €KBUBAJICHTHOI KOPUCHOT CHTHAJla MOXKE HAIMCAaTH Kao MPOHU3BOJ
JIBE CllydajHE TPOMEHJbHBE, O] KOjux jeaHa uma [‘ama pacmomeny, a Jpyra ciydajHa
IPOMEHJBPMBA UMa pacnojieny Op3or ¢eauHra, 0JJHOCHO 3a Hall ciy4daj uMma PajcoBy mmm x-u
pacnozeny [58]. OBo je 360r Tora mrTo cropu GpeaUHT yTHYe Ha CHATy KOPUCHOT curHana. Ha
OCHOBY OBOT'a, aHBEJIOIAa KOPUCHOT CUTHAJIA MOXKE Jla C€ HAIMIIE Kao MPOU3BOJI IBE CITy4ajHe
NPOMEHJbHBE, OJ1 KOjUX jeJHa MMa pacIojielly KBaJpaTHOT KopeHa ['ama pacmonerne, a qpyra
uMma pacrojenry op3or ¢emunra. Kamga copu I'ama denunr uma yrumaja caMo Ha KOPUCHU
CUTHAI U, IPU TOMe, IpucyTaH je Pajcos 6p3u dhenunr u PajcoBa nnrepdepennnja, onaa rpeda
pa3marpaTH CTaTUCTHYKE KapaKTePHCTUKE KOJMYHUKA MPOU3BOA CIIydajHe TPOMEHIBHBE KOja
MMa I'yCTHHY BepoBaTHohe KBaIpaTHOT KopeHa ['ama pacrioniene u ciay4ajHe IpOMEHJbHBE Koja
uma PajcoBy pacmozeny, a y uMmeHuony je PajcoBa ciiydajHa MpoMEHJbHBA KOja MOJEIYje
MmehykaHaiaHy nHTepdepeHIHjy. 3a 0Baj OJJHOC y pajy je 1001jeH 3aTBOPEHH O0JIMK 32 TYCTUHY
BepoBaTHOhe, KapakTepuCcTU4YHY (QYHKIU]Y U MOMEHTE. Y OBOj IVIaBH je, Takohe, pasmarpaH
KOJIMYHUK TPOU3BOJIAa KBAJpaTHOI KopeHa ['ama ciy4yajHe NpPOMEHJBMBE M K-{ CIydajHe
NPOMEHJbUBE, M K-{{ CIy4ajHe MpOMEHJbMBE. M 3a 0Baj KOJIMYHHUK Cy H3padyHaTe T'yCTHHA
BepoBaTHONe, KapaKTepUCTUYHA (PYHKIMja © MOMEHTH.

Jpyru cinydaj Koju je pa3MaTpaH y OBOj IJIaBH j€ CIy4aj KaJla € KOPUCHU CUTHAJ 0]
yrunajem op3or ¢enunra, a MehykanaiHa uHTepdepeHyja je noj yrumajeM ops3or u I'ama
criopor ¢enuHra. Y OBOM Ciy4ajy ce pasMarpa KOJIWYHHK O] TPOU3BO/Ia KBAIPaTHOT KOpEeHa
['ama cnyuyajHe mnpomensbMBe M PajcoBa ciydajHe mnpomeHsbuBe, U PajcoBe ciydajHe
NIPOMEHJbUBE, Ka0 M KOJUYHUK OJ K-( CIIydajHe MPOMEHJBUBE U MPOW3BOJAA O/ KBAJIPATHOT
KopeHa ['ama ciryyajHe IpOMEHJbUBE U K- CITy4ajHE IPOMEHJbUBE. 32 OBE KOJMYHUKE CY Y pay
U3BEJICHW 3aTBOPEHM OOJMIM 3a TYCTHMHY BepoBaTHohe pa3MaTpaHUX KOJMYHHUKA,
KapakTepucTUYHE (YHKIIMje KOJIMYHUKA U MOMEHTHU pa3MaTpaHux KoJnyHuka. OBe QpyHKIH]je
Cy W3BelIeHe Yy 3aBUCHOCTH Off XHWIEPreOMEeTpHjCKUX (YHKLIUja U KOH(IYSHTHUX
XHUIIEPreoOMeTPHjCKUX GyHKIHja [6].

Tpehu cnydaj Koju je y 0BOj IVIaBU pa3MaTpaH je caydaj Kaaa je ¥ KOPUCHU CUTHAT U
MehykananHa uHTepdepeHija 3axBaheHa epekToM ceHKe. 3a OoBaj Mojed je MOTpeOHO
pa3marpaty KOJMYHHK JBa MPOU3BOJA OJ] KBaJpaTHOI KopeHa ['ama ciydajHe MpOMEHIbUBE U
K-{{ CITy4ajHEe TIPOMEHJbMBE. Y OBOM CITy4ajy c€ KOPHUCHH CHTHAJI MPOCTUPE KpO3 KaHaj ca
Op3uM M criopuM (eIMHIoM, a KaHall Kpo3 KOju ce MpocTupe MehykaHaiaHa nHTephepeHiuja
Takohe uma cropu M Op3u (enuHr. Y CBUM OBHM CiIy4ajeBUMa Cy H3BEACHU HU3pasu 3a
CTaTUCTHYKE KapaKTEPUCTUKE KOJMYHUKA KOPUCHOT CUTHasa U uHTepdepeHiuje. OBaj 0aHOC
j€ HapouyuTO 3HavyajaH y MOOMJIHMM henujcKuM KoH(UTrypanujama Koje cy UHTeppepeHLrjoM
orpaHuueHe, oAHOCHO I'aycoB mrym ce Moxe 3aHemaputu. CBU OBM M3pa3ud c€ MOTY
YIIOTpeOUTH 3a W3padyHaBame BepoBaTHohe OTKasa, BepoBaTHOhe Tpemike M KamanuTeTa
kaHasa. KopucHu curnan je nmox yruuajem Op3or PajcoBor ¢eaunra u copor I'ama ¢enunra,
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a uHTepdepeHnuja je mox yrunajem op3or PajcoBor denunra. [Ipema oBom Mozeny OmgHOC
CHUTHaJIa U MHTep(EepeHIrje jeJHaK je KOIMYHHUKY MPOM3BOAA Of KBaJpaTHOTr KopeHa ['ama
ciy4ajHe mpomeHJbuBe U PajcoBe ciiydajHe mpoMeHsbuBe, U PajcoBe ciydajHe MPOMEHIbUBE

[83].

4.1 OnHoc npon3BoAa KBaApaTHOr KopeHa ["'ama ciydajHe nmpoMeH/bUBe H K-| ciIy4ajHe
NPOMEH/bUBE, U K-| cllydajHe NPpOMeH/bHBe

Y 0BOM 0/1EJbKY C€ pa3MaTpa KOJIMYHUK MPOU3BO/Ia KBaApaTHOT KopeHa ['ama ciyuajue
NPOMEHJBMBE M K-/ CIlydajHE TIPOMEHJbUBE, W K-{ CiIydajHe npomensbuBe. CirydajHa
NpOMEHJbMBA KOja MMa KBaapaTHH KopeH ['ama pacnogene je Hakaramu-m ciydajHa
npomensbuBa [66, 71]. OBo ce Moke TMOKa3aTH TpaHC(HOPMAIIMOHOM METOJIOM.
Tpancpopmanmonom MetogoM he ce NHpBO OApEeAWTH TyCTHHA BepoBaTHOhe onHOCA
KBaJpaTHOT KopeHa ['ama nmpoMeHJbHBE U K-i TIPOMEHIbUBE, U K-4 TIpoMeHIbrBe. [lonasu ce o
JIBOCTPYKOT MHTETrpaia. 3a TyCTUHY BepoBaTHoOhe ce 100uja 3arBopeHn ooauk. [Ipumemyjy ce
nBe  Gopmyie  Koje  CaipKe  XHUICPreOMETPUjCKYy  GYHKIH]y ©  KOH(IYCHTHY
XHIepreoMeTpujcky ¢GyHkuujy. loOujeHr wu3pa3 3a TYCTMHY BepoBaTHOhe pa3MarpaHor
KOJIMYHMKA MOXXE J]a C€ MPHUMEHH Yy MHTEp()EpEHIMjOM OTPaHUYECHHM OCKUYHUM (QETHHT
KaHanmuMa. HHTepdepeHnjoM orpaHnydeHn (EAWHT KaHal ce IojaBibyje y hemmjckum
TEJICKOMYHUKAIIMOHUM CHCTEMHUMa KOjH MMajy MpHMeHY 3a noBehame kamanurera cucTeMa.
Kanamurer cucrema pacte kana ce nmosehasa 0poj henmja, anu ce y oBoMm ciaydajy nosehasa u
mehykananna untepdepennnja. M3mely oa aBa yciaosa ce Tpaxku komipomuc [33]. dpyrum
peunma, J03BOJbABA CE Ja KamamuTeT CHUCTeMa pacTe JOK ce mepdopMaHce cHcTeMa He
noropiuiajy a0 oapehene BpenHocTu 360r mehykananue uatepdepeniyje. 300r opora je Beoma
3HA4YajHO pa3MaTpaTH BEPOBAaTHONY rpenike, BEpOBAaTHONY OTKa3za M KamalWTeT KaHajla y
OEeKUYHUM CUCTEMHMA KOjU Cy MHTep(EpeHIjoM OrpaHMUYeHH, a IPUCYTHA je Mel)ykaHanHa
untepdepenmja. Ilomohy ryctune BepoBatHohe je onpehena xkymynatuBHa BepoBaTHoha,
KapaKTepUCTUYHA (DYHKIIMja, MOMEHTH, CpeIba BPEAHOCT, CpeAha KBaJpaTHa BPEAHOCT U
BapHjaHca OJ] OJHOCA MPOW3BOJAA KBAJPATHOT KOpeHa ['amMa NMpoOMEHJbHBE M K-y CIydajHe
npomensbrBe [66, 67]. [Tomohy mobOujeHor M3pasa 3a KyMyJaTUBHY BepoBaTHOhY, MOXKe Ja ce
oJIpesIu BepoBaTHOha OTKa3a OSKUYHOT JTUTHTAIHOT CHCTEMA ca JBE JICOHHUIIE T]IE j€ Y JeTHO]
JeoHUIM npucyrad Hakaramu-m ¢eausr, a y Ipyroj JEOHHUIHM je MPHUCYTaH K- (QeIuHT U
npucyTHa je melyykananHa unTepdepeniyja, Koja moTude o1 KaHaia ca k-1 GeaAUHrom. 3a oBaj
CHUCTEM MOXe€ Ja ce OJpenu M BepoBaTHoha rpelike 3a KOXEPEHTHE U HEKOXEPEHTHe
MOJTyJIallHOHE TIEME.

OpnHoc curHana u uHTepdepeHIrje je jeJHaK:

z y
CrnyvajHa IpOMEHJbUBA X j€ je/IHaKa:
1
5 dx
x=x2 , X=X, =L1=2x 4.2
XX = #2)

rae je X, I'ama ciyuajHa npomenspuBa. OBa cilydajHa IPOMEHJBHBA MOJEIYj€ CIIOpU (heAUHT
Koju HacTaje 300r epekra cenke [31]. Edekar cenke nma yTHiaj Ha cHary curHaia. YKymHa
CHara CWrHaja jeJHaka je Mpou3BOoay ['ama ciydajHe TMPOMEHJPMBE W KBajpaTa ClydajHe
IPOMEHJbUBE KOja MMa pacmopaeny Op3or ¢enunra. I'yctuna BepoBaTtHohe on ciydajHe
IIPOMEHJBUBE X j€:
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p,(X) = ‘ P, (%) (4.3)

e je TycTuHa BepoBaTHOhe o1 X, jeqHaxa [44]:

2(1(‘1 +1) [ (K +1 ' S
- %20 4.4
eK1Q1 Z( Ql Xl ( )

i,=0

TpanchopMallmOHOM METOJOM MOXE Ce JOOMTH TYyCTHHA BepoBaTHOhe ciydajHe
poMeHJbUBE X y 00suKy [44, 58]:

15 1,

1 202, B 2 20,1, B
P(X)=2X———X"e " =——F—Xx"Te" , x>0 (4.5)
Gy (e s
[Tpu Tome, pa3marpaH je ciydaj Kajia ciiydajHa mpoMeHJbrBa Y nMa PajcoBy pacrogeny
[105]:
2, +1) 5y +1)) 2(k, +1) & )"
K1 ) KKy K KKy
=————y.e T |2 = .
PN="g Y { | igl jJ o) ZO[,/ i ) jJ
1 ) 7(""1‘*'1)
. . y2|1+1 .e Q y2 ’ y >0 (46)
i)’

Amnsenona mehykananne uarepdepennuje takohe nma PajcoBy ryctuny BepoBatHohe.
CHara mel)ykaHaiaHe uHTepdepeHImje je KoHCTaHTHA. [ 'ycTiuHa BepoBaTHOhe 011 Z je:

21 Ko+
0.(2) = 2(K2+l)i( K, (K, +1)J . (Il i = Qzl)ZZ

- 2% e
€ ZQZ i,=0 ‘QZ

. N\2 )
)

VY nperxonHuM m3pasuMa k; je PajcoB ¢axkTop aHBenone KOPUCHOI CUTHANa, K, j€
PajcoB dakrop mehykananHe uHTepdepeHuuje, £ je cpelmba CHAara aHBEJIONE KOPHUCHOT
curHana, £, je cpenma cHara ansesorne uarepdepeniuje, a |, (X) je monndpurosana becenosa

¢dbyHKIIHMja IpBe BpcTe N—or pea U apryMmenTa X. ['ycTiHa BepoBaTHOhE KOTHMYHUKA TPOU3BOJA
KBaJpaTHOT KopeHa ['ama pacnonene u PajcoBe cinydajue mpoMeHJbrBe, U PajcoBe cinydajue
npomensprBe je [38, 44]:

2 et K1+1 o [x kg +1
P (W) = jdyjdz —px[ ; J PO P@ = T g Z;{F—?J

1 ‘2(K2+1)i KKk, +1 iz. 1
(il!)2 e"0Q, i2=0 9, (i2!)2

220 4.7

< z
Idy . y_l_201+1+2i1+1 e Q y . J' dz- Zl+2(:1—1+2i2+1 e B y: 9 (48)
0 0

Wurerpan J; je jenHak:
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0 7“1‘*’1 2 o _ iW72+K2+l 72
3y =[dy-y"ete @0 fdz- 2?0 e [ﬂl v ] (4.9)
0 0
[Mpumemyjyhu dpopmyiy [1, 30]:
. p
J‘dt.tZDfle—a-tz :l(ij r(p) (4.10)
0 2\«
NPETXOHU HHTErPaJl CE MOXKE HAIUCATH y OOJIHKY:
© K+l 2
i oV 1 i i 1
‘Jl — dy y2|1—201+1 e Q) . _(ﬂ Qz )01+I2+1 y201+2|2+2 . -
! 2 (@2 + B, (s, +1)y? ™
) Kt o
'F(Cl +i, +1): %(ﬂl‘QZ )t F(Cl +i, +1)' Idy' youre @
0
1 1 C+ip+1 - 1
: = (B, T(e +iy+ 1)
(e e, Dy 2 o)
iy +ip+2 K+l Qw2
1 Q W2 b+ e o K 2 t
_(z—j .J.dt.t'ﬁ'z*l .e Q Bi(rp+1) 101+i — (411)
2 ﬂl(Kz +1) 0 (1+t) ‘
Jla Ou ce pemmo NpeTXoHU HHTETPall, IPUMEmYje ce hopMyIa:
K 1
dt-t*'e™ ————=r(alU(ab,c 4.12
J e = @b (4.12)
3a pa3maTpaHu ciy4aj je:
a-1=i+i,+1 a=i+i,+2 (4.13)
2
=Kl+l Q,w (4.12)
0} ﬂl(KZ +1)
a+l-b=c+i,+1, b=, +i,+2+1-¢c —i,-1=i—-C +2 (4.15)
3ameHoOM ce obuja:
1 C+Hip+1 - 1 Qi1+i2+2—017i271 2i+2-2 H H
3, ==(B8Q, )" (e +iy +1) = —2 WP (i) 4y +2)-
1= 5V 1712 Z(ﬂl(KZ‘i‘l))lzz 1T
U(i1+i2+2,i1—cl+2, il 9 wzj (4.16)
Q ﬂl(KZ +1)

3ameHoM ce 1o0uja rycTuHa BepoBaTHOhEe 01 W y 0OIHKY:
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iz

2 2¢,-1 K1+1 S Kl(K1+1) : 1 Z(Kz +1) . Kz(Kz +1)
w) = . .
P =7 CYVRN Z Q W} e-0Q, 2) 2,
1(,BQ St (e, +i +1) S w222 (i 4, + 2)-
(|2| 2 2 1°=2 1 2 (ﬁl(Kz +1))i1+i2+2 1 2
K+l Q, )

Ul +1,+2,i,—¢, + 2, (4.17)

OBako n00mjeHa TycTMHA BepoBaTHONE MOXE €€ KOPHUCTUTH 3a HU3padyyHaBambe
KyMyJIaTHBHE BepoBaTHOhE, KapakTepuCTHYHE QYHKIHMjE W MOMEHAaTa O]l ClIy4ajHe
npoMeHJbrBe W. MOMEHTH ce JJajbe MOTYy KOPUCTHTH 32 JOOHjame CPeabe BPETHOCTH, CPEabe
KBaJpaTHE BPEIHOCTH © BapujaHce mnpomeHsbuBe. [lepdpopmance kox OeKUIHOT
TEJIEKOMYHHUKAIIMOHOT CUCTEMA y KOMe Cy pucyTHu Op3u PajcoB pemunr, cnopu 'ama dpeaunr
u mehykananna unTepdepeHuuja mory ce Ttakohe onpeautu. Tako, MOXke ce OIPEIUTH
BEpoBaTHOha oOTKa3a, KamamuTeT KaHala W BepoBaTHOhAa TpemiKe 3a KOXEPEeHTHE U
HEKOXEPEHTHEe Mojyinanuone ¢opmare. Takohe, Moxke ce OApeaMTH 3APYXKEHA TYCTHHA
BepoBaTHONE 3a cllydajHy IPOMEHJbUBY W U E-eH NpBH u3Bo/ [34, 36, 58].

JloOujeHn pe3ynTaTH MOTy C€ NPUMEHHTH Y JIBE€ BPCTE OCKHYHUX JIUTHTATHUX
TEJIEKOMYHUKAIIMOHUX CUCTEMA. Y TIPBY BPCTY CIajia OeKUYHU PeNIejHU TeICKOMYHUKAMOHN
CHUCTEM ca JIBe JICOHHUIIE, TJIC j€ Ha JeAHO] AeOHHIH TpucyTan Hakaramu-m ¢eauHr, a Ha Apyroj
JICOHUIIH j€ IPUCYTaH K-u (heANHT. AHBENIONA CUTHAJIA Ha U3J1a3y U3 PEJISjHOT CUCTEMa ca JIBe
JICOHHUIIC JeTHaKa je MPOU3BO/IY JIBE CIyyajHEe MPOMEHJbUBE, OJ1 KOjUX jeaHa uma Hakaramu-m
pacmojneny, a Apyra uma k-u pacrnogeny. Mehykananaa wHTepdepeHIrja je MPUCYTHA Y
PejnujeBoM KaHaly W MOTHYE M3 KaHala y KOMe je MpHucyTaH k-u ¢eaunr. OnHoc curxana u
uHTepdepeHIyje, 3a oBaj MOJIEN, JelHAK je KOJWYHUKY mpou3Boia Hakxaramu-m ciyuajHe
IIPOMEHJbUBE U K- CITyYajHe IPOMEHIbUBE, U K-U CITydajHEe IPOMEHJbUBE. Y HHTEp(DEpEeHILIHjoM
OTPAaHWYEHO] OKOJIMHM OBaj OJHOC j€ BakHa Mepa mnepdopMaHCH CHUCTEMa IMOMOhy uuje
CTaTUCTHKE CE MOKE OJIPEIUTH BepOBaTHONA IpellIke cucTeMa, BepoBatHoha oTkas3a cucreMa u
KamarureT kaHana [65, 88].

Jpyru Mozien Koju ce MoXke aHaIu3upaTH nmoMmohy no00MjeHux pesynrata je OexXUYHH
MOOWIIHM TEJIEKOMYHUKAIMOHU CUCTEM KOJU paJH y KaHally y KOMe je IpUcyTan cropu ['ama
denunr u 6p3u k-u peauHr, a Takohe je mpucyTHa U K-y MehykaHaiaHa nHTepdepeHuuja. Y
OBOM CITy4ajy c€ KBaJpaT aHBEJIOIE CHTHAJa MOXKe HalMCaTH Kao Mpom3Boj ['ama ciydajHe
IPOMEHJbHMBE U KBaJpupaHe K-y CilydajHe IpoMeHJbuBe. Ha OoCHOBY oBora je aHBesona
KOPUCHOT CHUTHaja jeJHaKa MPOU3BOAY JABE CiIy4yajHE MPOMEHJbMBE, OJ KOJUX jelHAa HUMa
KBaJpaTHU KopeH ['ama pacmopene, a apyra uma x-u pacrnozgeny. AHsenona melykaHnanHe
uHTepdepeHyje uma k-u pacnonaeny. OIHOC aHBeJONa KOPUCHOT CUTHalda W MmehykanamHe
uHTEepdEepeHIMje, Y OBOM MOJENY, jeIHaK je KOJMYHUKY OJ MPOU3BOJA KBAJAPATHOT KOpEHa
["ama ciydyajHe MPOMEHJbUBE U K-/ CIy4ajHE IPOMEHIBUBE, U K-/ CIydajHE IIPOMEHIbUBE.

[Tperxoanu u3pasu cy HyMepHuku oOpaljeHu 1 00jalImbeHn, a pe3yaTaTi Cy NpUKa3aHu
Ha JijarpaMuMa.

4.2 OpHoc K-J cay4yajHe NPpOMEH/bUBE H NIPOM3BO1Aa KBAApaTHOI KopeHa ['ama ciay4yajHe
NPOMEH/bMBE U K-|J cIy4yajHe IPOMEH/bHBE

Y 0BOM 0/ieJbKy Ce pa3MaTpa KOIWYHHUK K-y CIy4dajHE MPOMEHJbHMBE M MPOU3BOJA
KBaJpaTHOT KopeHa ['ama cirydajHe mMpOMEHJBUBE U K-U ClTydajHe TpoMeHsbuBe. Kox 6exxnanux
TEJICKOMYHUKAIIMOHNX CHUCTEMa OBa] KOJMYHHUK MOXE TMPEJCTaB/baTH OJHOC CUTHAlA U
unrepdepenimje. OBaj oAHOC je Beoma BakaH koja henujckux cuctema. OBU CHCTEMH Cy
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uHTepdepeHIjoM orpaHndeHu. J[oOMjeHW u3pa3w MOTry C€ NPUMEHHTH KOJ OCKHYHUX
CUCTEMa KOjH pajie y KaHaTy ca K-i GeMHTOM, a TPUCYTHA je 1 MelyykaHnaHa nuaTepdepeHiuja.
Mehykananna uaTepdepeHIyja moTuye o OS)KUIHOT PEJICJHOT CUCTEMa Ca JIBE JCOHMIIC T/Ie
je Ha jemHoj neoHuly npucyrad Hakaramu-m denunr, a Ha APYyroj ACOHUIM MPUCYTAH j€ K-
dbenunr. [Ipu Tome, 1oOUjeHH Cy U3pa3u 3a TYCTUHY BepoBaTHONhe, KyMyJlaTUBHY BepoBaTHOhY,
KapaKTEepUCTUYHY (QYHKIM]y ¥ MOMEHTE OJHOCA K-i CIy4ajHe mpoMeHJbuBe u Hakaramm-m
ciydajue npomensbuBe [65, 66]. TTokaszano je ma cy Hakaramu-m ciydajHa npoMeHJbUBA U
KBaJpaTHU KOPEH CIIy4yajHO MPOMEHJbUBE HCTE ciy4yajHe ImpomeHbuBe. [lomohy ryctune
BEepoBaTHONe ce pauyHa BepoBaTHONA rpemike 3a KOXEPEHTHE M HEKOXCPEHTHE MOYJIAIHOHE
nieme, a MoMohy kymynaTtuBHe BepoBaTHohe ce oxapelyyje BepoBaTHOha oTkaza y KaHay.
KanamureT kanana ce oapelyje momohy rycrune BepoBatHohe. CiydajHa mpoMeHJbHBA KOja ce
padyyHa Kao KOJHYHUK K-y Cly4ajHe NPOMEHJbMBE W IpousBoga Haxaramu-m ciyuajHe
NPOMEHJBMBE M K-i CIy4ajHe MPOMEHJbHBE ce oO3HauyaBa Kao (x-u)/(Haxaramm-m)x(k-u)
ciydajHa mpoMensbHBa. 3a k; =0 u x, =0, 6exnunu (x-u1)/(Hakaramu-m)x(x-u) kaHan nocraje
(Hakaramu-m)/(Hakaramu-m)x(Hakaramu-m) Oexxuunu kanaim, a 3a =1 u u, =1, (x-
w)/(Hakaramu-m)X(k-u) dpenunr kanan nocraje Pajcos/(Hakaramu-m)x(PajcoB) dheaunr kana.
3a m = 1, =1 un u=1 (x-u)/(Hakaramu-m)X(x-x) ¢enuar kaHam nocraje
(PajcoB)/(PejnujeB)x(PajcoB) demunr kanan, azam=1, x4 =1, x, =0, @, =1u x,=0, (x-
w)/(Hakaramu-m)X(k-u) ¢enunr kanan mocraje (Pejnujes)/(PejnujeB)x(PejaujeB) demunr
kaHan [52, 104]. loOujenn pe3ynraTu MOTy ce NMPUMEHHTH 3a ojpehuBame mnepdopmancu
CUCTEMa KOjH pajJie y CBHUM KaHaIMMa KOju cy HabpojaHH, a KOjU Cy CIELHjalIHU CIIy4ajeBH
KaHaja Koju je oBlie pa3Marpad. Moxe ce, Takohe, u3padyHaTH Cpelmby Opoj OCHUX Ipeceka
CJIy4ajHOT TIpoIleca OJHOCA K-i CIIy4ajHOT Mpoleca W mnpousBoja Hakaramu-m ciydajHor
nporieca M K-{4 CIy4ajHOT TpoIieca.

KopucHu curnain je noj yruuajem 0p3or k-u GpenuHra u Mehykanaiase uatepdepesuuje.
3a pazMaTpaHu MOJIET OJJHOC aHBeJoIa CUTHajIa U Mel)ykaHaiaHe HHTeppEepeHLIrje je jeIHaK:

W=L,x:w-y-z,%:y-z (4.18)
y-z dw

CrnydajHa mpoMeHJbHBA Y j€ jeTHaKa:
1
H d
V=Y2 =Y h=2y (4.19)
y
Cnyuajua npoMensbuBa Y, uMa ['ama ryctuny BepoBaTHohe [44]:

1
1 1. gt
=———yie >0 4.20
Py, (Y1) ROV Y1 (4.20)

1
rae je C, ['ama mapamerap, a [, cpenma cHara ox Y, . I'yctina BepoBatHohe on Y je [44, 58]:

1, 12
1 202, B 2 201, f”
P, (Y) =2y —~ -y et =———x"Te” (4.21)
' Ile)pr re)p:

VY oBoM jeny pada pa3MmarpaH je ciIydaj Kaja ciydajHa MPOMEHJbMBA X MMa K-H

pacrozeny [1, 9, 37, 44, 58]:

_ |
py(y) - dy
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farl 1 £+l

B 241, (k, +1) 2 u *”(Kp_ll )le 5, K k+1) | 241, (k, +1) 2
P() == ———x"e | 2 [P | = AR

K, 2 e’ﬁﬂle’qz* 1 K, 2 eK1ﬂ1Q1 2

2ig+p -1 (ky+1)
0 +l . _Akt
.ZLM LJ e 5 e @22
(0} '1-F(|1+IU1)

=0
I'ycruna BepoBatHoOhe 011 Z Takohe uma k-|L pactiogeny [9, 37, 44]:

5 ( 1),uz+l - 1 2ip+ -1 1
_ K tl) 2 Ko\kp +1) : -
pZ(Z) T ol Mo+l Z['UZ 'Qz J iz![‘(i +,L12)

¢ i,=0
K2 2 ekzﬂz QZ 2 2

A *1)22

e %720 (4.23)

VY mpeTxomHUM u3pa3suMa Cy K; M K, PajcoBM (aKTOpM KOPHUCHOI CUTHAlIa |
MmehykaHnanHe HHTepdepeHuuje, L4, H [, Cy OWTpUHE (EeIUHra KOPUCHOI CUTHAlIAa U
mehykananHe uHTepdepeHuuje, a £ u L2, cy cpeAme CHAare KOPUCHOI CHUTHala U

mehykananae untepdepennuje. I 'yctuHa BepoBaTHONE KOJIMYHUKA K- CITydajHEe TPOMEHIBHUBE
U MIPOM3BOAa KBAIPaTHOT KOpeHa ['ama ciydajHe MPOMEHJbHMBE U K-|l CIydajHe NPOMEHJbHBE
je:

722+ 211

p (W) = [dy- [dz-y-2- p,(wy2)- p,(y)- P.(2) =

2
z
i+l —#1(1+K1)[%] —Kity

0 © 2 1+ 2 e 1 © e
:IdY~IdZ.y.z. (L+x,) — ,Z'I . (ﬂl /Kl(1+_K1))2 m-1
0 0 KT i =0 I1'11(|1 + /ul)
1
Hotl —Ha (1+K2)[i]2—’<2#2
1 X 2i+2m -1 2 Syl _ﬁilyz ' 2#2 (1+ KZ) 2 @ Q,
Q12i1+2,ul (\NyZ) F(Cl)ﬁ y e /427—1

2
K>

i+ 1 2y +241, -1 _
( 2K (L+Ky) )Z QZIZ+2/12 nZTETE =

wm+l )
] o0 0 0 2 (e, ﬂ Zz
:Z z Idy.jdz.y.z.w_eﬂqﬂheﬂ(l )[Qlj )
ii=0 i,=0 o 0 1?
Ky
i+ ) _ . 2 B y2
k. (1 vt L . 20 +2p -1 21421 et ﬂ1
Il!F( (ﬂl Kl( +K1 )2 Q2|1+2ﬂ1 (Vvy) z F(Cl)ﬂlcl y e
4+l N
2/1 (1+K ) 2 Koty _#2(1+,<2)7222 i+ 1y 2 .
2 K"Zzlz e ’ 'I[‘( 1, ( 2\ Ko (14 K5) )2 " QZI2+2,uZ Aozt
2
(4.24)
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2
1
w Q)| W 22 ) =2t
| = J-dz e w ( +K1)[g1] z e (L4, 2t 22'1+2'2+2/11+2/12*1 (425)
0

[IpeTxomaHu MHTETpAII CE perraBa MpUMeHoM (hopmyIie:

| (4.26)

.[x expl— ,Bx)dx_ ﬁ}/

rae je:

2
=’“T+1, M= 2i, +2i, + 2 + 241, —1, 7:2'1+2'2+22“1+2”2, ﬂ=u1(1+7<1)[%}+
1

1
/,12(1+K2)E, n=2.

2

Bpennoct unTerpana je:

| = F(Il+|2 "’ﬂl"‘ﬂz) - (4.27)
2 1 Wttty
wy
2 ,u(1+1< )[j +u (1+1< )—
[ 1 1 Ql 2 2 QZZ
m+1
0 ) o 2 (1+K ) —x [ b+ -1
pW(W): Z Z J-dyy Mfll € - 1 (’ul K1(1+K1 )2 2'1+2ﬂ1 '
0,0 o7 I F( 9
1
Hp+L
WL 22t 2 _ y2t. A w vtz .
r)A 5
2

i+, I+, + u +
(ﬂz\/Kz(1+K2 )Z ' Qzuz+2y2' (12 s IUZ) iy +Hp+a + 41
1
2[/11(14'7(1{\23/] +;U2(1+K2)sz}

1

i IF(

(4.28)

y y- y2'1+2#1 y2°1 eiﬂily . 1 — (429)

2 W+t
1
l:ﬂ1(1+ Kl{\g{j + (1+ Ky )sz}

Il
O‘—-S
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) 1 ﬂ2(1+’<2)912
l, = J-dy . y2i1+2”1+201_1 e Amlra)ow L ity
i wllr,)
2 2 sz
1
i+ +p + 11y (430)
1+ 1u1(1+K1)W; y2
,Uz(l"' Kz)sz
22 22
VBoau ce cMeHa: M 2=t 2y’ul(l+K—1)W%dy =dt, Tako na je:
,Uz(l"'Kz)'Ql ﬂ2(1+’<2)91
| :Ty2i1+2;,1+2c11 .efﬂil'yffl(i:f)zg;?\jvzt ) 1 _ ) _ 1 _
1 1 Iy +ip i+, (1+t)'1+'2+#1+#2
’ y7; (1+1< )—
2 2 sz
dt
. (4.31)
2y :u1(1+’<1)W2922
ﬂ2(1+’<2)912

r 2 +24+2¢, -2
0 : o (L45p) !
l, :I v 1 .eiﬂ%‘”}:(1*1’%)9?W2t ) 1 _ )
1 Lttty
| e w27 ) {y2(1+ Kz)lz}
i /12(1+K2)Q12 i %
1 dt 1
1+t iy i+ i+ plp 1+ x 292 - E 5 o it iy g+ g4 + 1y
(L+1) 2,”1( . 1)W 2 (L7, Jw !iz ,L12(1+K2)i2
o (L1, )2, 1, (L+ 1, ) .
(4.32)
o 1 g (A1, ) OF 1
I — ti1+,u1+cl—l e y ,ul(l+lcl)QZZW2 . - dt 433
2 _([ (1+t)|1+|z+/11+/12 ( )
Uurerpan |, ce pemasa npumenoM Qopmysie:
K 1
dt-t**.e*.————=1r(a)U(ab,c 4.34
J e - @ Vabe) (4.34)
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raeje a—1=i+m+Cc -1 a=h+m+c, a+tl-b=i+i,+um+u,,
1 ﬂ2(1+K2)Q12
B ﬂl(l""{l)QzZWZ.

1 py(L+,)RF
By (L5 Jiw? ] (439

L+ +C+1-L—,—p—p,=b, b=c+1-i,— 4, , C

I, =i, + 14, +C,) -U(i1+;ﬁ+cl,cl+l—|2 Ly —

Ilz1 . 1 — 'F(i1+ﬂl+cl)'

2 2 2 htite Wttty
,Ul(l"‘Kl)W !iz ﬂz(l‘H(z)iz
Ho (1+ K, )Ql Q,

1 ,u2(1+7<2)9 ) (4.36)

‘Ui, + 4 +cC, ¢ +1-1, ,
(1 TG —Hy—- A, (1+K1)Q22W2

i+l
o & 2ux) 2 Vi
pW(W): Z Z : /Jl—iliL "€ o i |1—v( (lul Kl(1+K1 )z ‘(22|1+2,ul ’
i,=0 i,=0 KlT
Ho+1
1
Whi2al y2i1+2/11—1. 2 ) y2c171. e_Ey ) wy,(L+x,) 2 g
1
F(Cl)ﬂlcl #T

Ky

(yz,lk?_(1+1<2 )ZIZW2 Q2'2+2"2 'F(i1+i2+ﬂl+ﬂ2)' iy + 4 +¢,)-

|2|F(
i+ +C;
: 1 w,0+1,)22 ) L] w+i,)Q? [
U e loi -, 1 .
(Il +u4,+C,C+1-L, -4, — ﬂl (1+K1)Q22W2 2 ,Ul(1+K1)QZZW2
1
’ I +ip+ 10+ 11y (437)
{ﬂz(l"‘Kz)}
Q
pW(W)ZZ i i ﬂlircl ,Iu;z +¢ ,Kil .Kizz .(1+Kl)fcl '(1+K2 )cl .lecl ‘ngcl WL g4
=0 i,-0
! L g 1 . _
. . . 2y, . T
W) T@FE W+ ) (i1, + g+ ) T g+,

1 p,(L+x,)QF J (4.38)

Ul i+ +C,,¢ +1—i ,
(1 GG 2 " Hyy /- A, (1+K1).Q2 2
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JloOujeHn pe3yiaTaTd MOTy C€ NPUMEHHTH 3a JIBa Mojeina OeKHYHMX MOOMITHHX
TEJIEKOMYHUKAIIMOHUX CUCTEMA. Y TIPBOM MOJETY KOPUCHH CUTHAI MPOJIa3H KPo3 K-i (HeaUHT
KaHaJ1, a MelykaHaiHa nHTepdepeHIiija MOTHIEe 01 OSKUYHOT PEJICJHOT TeICKOMYHUKAIIMOHOT
pamuo cucTteMa KOju MMa JIBE JIGOHHMIIE, /i€ je Ha jeJJHOj JCOHMIM npucyran Hakaramm-m
dbenuHr, a Ha IPYroj ACOHMIM j€ MPUCYTaH Op3u x-u peawHr. Y oBOM ciydajy, KBaapat
anBenorne Mehykananne nHTepdepeHIrje jeJHaK je MPOU3BOAY JBE CIIy4ajHEe TPOMEHIBUBE, O
KOjuX jeaHa uMma ['ama pacrozeny, a apyra uma KBajapar x-u pacmnozene. Ha ocHoBy oBora,
anBenona MehykaHanHe uwHTepdepeHIMje jeaHaka je mpousBoxy Hakaramu-m ciydajHe
NPOMEHJbMBE M K-y CllydajHe mpomeHsbuBe. OIHOC aHBEJONa KOPHCHOT CHTHalla M
uHTEeppEpeHIIMje jelHaK je KOJMYHHUKY Off K-i CIy4dajHe NPOMEHJbHMBE U MPOU3BOJA O]
Hakarammu-m ciiydajHe NMpOMEHJbHMBE M K-{ Ciy4dajHE MpOMEHJbUBE. Y HWHTEphEpEHIN]OM
OTPaHUYEHO] OKOJIMHU OBO je BakHa Mepa nepdopmaHcu cuctema. Moxe ce HM3padyHATd
I'YCTHHa BepoBaTHOhe, KyMyllaTUBHa BepoBaTHoha, KapakTepucTHuHa (DYHKIMja, MOMEHTH,
Cpedma BPEOHOCT, Cpelliba KBaJapaTHa BPEIHOCT W BapHjaHca. Takohe, Mory na ce oxapene:
BEepoBaTHOha oOTKa3a, BepoBaTHOhAa TpeliKe, KamaluTeT KaHala, 3JApY)KCHa TYyCTHHA
BepoBaTHONE 011 0JJHOCA CUTHANIA U MHTEP(EPEHITNje U HETOBOT MPBOT M3BOJIA, KA0 U CPCIHU
Opoj OCHHMX TMpeceka OJl CIy4yajHOI IMpolleca OJHOCA aHBENONa KOPUCHOI CUTHAda W
uHTepdepeHImje.

Jpyru Mozen rie ce MOry NPUMEHHUTH JOOWjeHH pe3yiaTaTd je KojJ OeHIHOT
TEJIEKOMYHUKAIIMOHOT CHCTeMa KOjU paau y KaHalny ca k-u ¢eamnrom, a mehykanamHa
uHTepdepeHIyja je U3 KaHaia y Kome je npucytan cropu ['ama deaunr u 6p3u x-u peaunr. Y
OBOM CIy4ajy je KBaJapaT aHBEJOIe, OJHOCHO CHAara aHBeIIONe, jelHaKa IMPOHW3BOMIY JIBE
CllyuajHE TIPOMEHJbUBE, OJ1 KOjUX jeqHa mMa ['ama pacroneny, a Jpyra uma KBajapar K-
pacnioene. Ha ocHOBy oBora, anBenona HHTepepeHIrje MOKe Ja c€ HAIHIIE Kao MPOU3BO/]
JIBE CJIy4ajHEe MPOMEHJBHBE, OJ1 KOJUX jeJlHa MMa KBaJpaTHU KopeH ['ama pacronerne, a qpyra
uMa K-y pacnosieny. OaHoc curtasia u uaTepdepeHIyje 3a oBaj MoJieN JeIHAK j€ KOTUIHUKY K-
[l CITyYajHe TIPOMEHJbUBE M MPOU3BOIa KBaIpaTHOT KopeHa ['aMa ciryyajHe IPOMEHIBHBE U K-
citydajHe nmpoMeHsbuBe [22, 23].

4.3 OnHoc 1Ba NPou3Bo/Aa 01 KBAAPATHOTI KopeHa ['ama ciayuyajHe npoMeH/bHBe U K-|
cJy4yajHe MPOMeH/bUBE

Y 0BOM 0JIEJbKY je pa3MaTpaH KOJMYHHK JIBa TPOU3BO/IA OJ1 KBapaTHOT KopeHa ['ama
cllyyajHe MPOMEHJBUBE U K-/ ClTyyajHe mpoMeHJbuBe. [1omTo je moka3aHo J1a KBaJJpaTHU KOpPEH
['ama cnyyajue mpomensbrBe M Hakaramm-m ciydajHe TpPOMEHJBHBE Cy HCTO ClydajHe
IPOMEHJbHBE, MOXE Jla C€ KaXKe J1a C€ y OBOM CIIyuyajy pa3MaTpa OJHOC J[Ba IPOM3BOJA O]
Haxaramu-m ciyyajHe IpoMeHJbHBE U K-i CTydajHe mpoMeHsbuBe. [Ipu Tome, o npenoxkeHor
KOJIMYHUKA je Jo0ujeHa ryCTUHA BepoBaTHOhe, KyMyJlaTUBHA BepoBaTHOha, KapakTepuCTUYHA
¢dyHK1HMja, cpeliba BPEIHOCT, Cpeiba KBaJpaTHa BpeIHOCT U BapujaHca. CBU pe3yaTaTH MOTY
Jla ce IpUMEHE 3a aHau3y nephopMaHCH OCKUUHOT PEJICjHOT TeIEKOMYHUKAIIMOHOT CUCTEMA
ca JIBe CeKIlIMje, I/Ie je Ha je/IHOj CeKIUju mpucyTraH Hakaramu-m ¢enuHr, a Ha Ipyroj CeKuuju
npucyTaH je x-u penunr. MehykananHa uHTepdepeHimja je MpucyTHa U MOTHYE O]l JPYror
OEKUYHOT PeJIejHOT CHCTEMa ca JIBe CeKIHje, TJIe je Ha jJeTHOj CeKIUju mpucyTrad Hakaramu-m
dbenuHr, a Ha APYroj CEKIUjU je IPUCYTaH K-y Op3u GeauHT. AHBENIOIA CUTHAIA Ha U3J1a3y U3
peJejHOr CUCTeMa MOXe Jla ce HalMlle Kao MPOU3BOJ JBE ClydajHe MPOMEHJbUBE, 0/ KOjUX
jenna uma Hakaramu-m pacriozeny, a Apyra UMa K-i pacrtojeny.

CrnydajHa MpOMEHJbHMBA KOja MOXKE Jla CE€ HaIUIIE Kao KOJWYHMK O] JBa MPOU3BOJA
Hakaramu-m u x-¢ ciy4ajHe NpOMEHJbMBE MOKe jaa ce o3Haun kao (Hakaramum-m)x(x-
w)/(Haxaramu-m)X(x-u). Tanma, omucaHu OeXWYHM KaHan Moke jaa ce HasoBe (Hakaramu-
m)x(x-p)/(Hakaramu-m)/(x-u) denunr xanan. Tako, xama je g4 =, =1, (Hakaramm-m)x (-
w)/(Hakaramu-m)x(xk-¢) demunr kanan mnpenasu y (Haxaramum-m)X(Pajcos)/(Hakaramu-
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m)x(PajcoB) ¢penunr kanan. A kanaje k, =0 u x, =0, (Hakaramu-m)x(x-x)/(Hakaramu-m)/ (-
1) Gemunar kanan npenasu y (Haxaramu-m)x(Hakaramu-m)/(Hakaramu-m)X(Hakaramu-m)
demnur kanan. Kama je m = 1, x,=0, x,=0, =1 n u =1, (Hakaramu-m)x(x-
w)/(Hakaramu-m)/(k-¢) demunr kanan noctaje (Pejnujes)X(Pejnujes)/(Pejnujes)x(Pejiaujes)
kaHan. Kana je x, =, k, =00, M =00 u M, =0 , ouxa (Hakaramu-m)x(x-u)/(Hakaramu-
m)/(k-u) enuHr KaHa nocraje kanai 6e3 npucycrsa ¢eaunra. [Ipu Tome, 1o0HjeHH U3pa3 3a
I'YCTHHY BepoBaTHOlie MOXe Jia ce IPUMEHH 3a W3padyHaBame I'yCTHHE BepoBaTHONe 3a cBe
HaOpojane kanaiue [58, 80].
Pa3marpa ce cnyuyajHa mpoMeHJbMBA W KOja je jeTHaKa:

X-y X_W-z-t dx _z-t

W= R y dw y (4.39)
CrnyyajHa IPOMCHJBHBA X j€ jeTHAKA:

X=x'% X =X (4.40)

rae je X, 'ama ciydajua npomensbuBa [44]:
_ 1 -1 _ﬂixl

pxl(xl)_mxl1 e, x20 (4.41)
I'ycruna BepoBatHOhe o1 X je [44, 58]:

P (X) = ‘ p, (X?) = 2x i 1) g B =ﬁx2°rle_ﬂllxz, x>0 (4.42)

5 1Py

CrydyajHa mpoMeHJbHBa Y UMa K — 4 pacmoneny [9, 37, 92]:

2
M gy (1+K1)[Qlj —Kifly
1

py(Y)= 24 - (1+K1) 2

m-1
2
Ky

o 1 iyt -1 1 20,424, 1
o+ I 1 - . Wty .
2, (0, + ) o) PR o

i,=0 lp-

2
t
Hetl gy (1, )(Ej —KaHlp
2 o0

2u. - (1 2, ip+ -1
p,(t)= £z (L+5,) ”zil ZI F( ( \/7<2(1+;<2)z f W

K, ? 20
t2i+2p -1 (4.44)
2.1 1(wa)?
pX(WZt)= 2 C (wztj " =] (4.45)
y F(Cl) v y

Crny4ajHa mpoMeHJbHBA Z j€ jeTHaKa:
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1=2",7=1 (4.46)
rae je z, 'ama cimydajua npoMensbuBa [44]:
1 5
2)=——2%Te P 7,20 4.47
pzl( l) F(Cz) 2(;2 1 1 ( )
I'ycruna BepoBatHohe o Z je jennaka [44]:
1 5
p,(2)=———2""e” 120 (4.48)
Ir(c,)ps
I'ycruna BepoBatHohe ox t je [9, 37, 44]:
Ho+1 2ip+uy—1
21, Kk, +1) 2 L K|k, +1 1
-2l Sl
K, 2 e Q, 2 =0 2 2L\ + L
) le(Kz‘*'l)tz
gl 0 2 (4.49)
I'ycruna BepoBatHohe ox W je:
P, (W) = J dyj dz j dt-~— px( ; ] p,(¥)- P.(2)- pi(t) =
Oo ® . 26-1 1 [wzt] '“1?)'1 o )[l]z,K
:I I I A (Wth Jhly ) 2mr) P g ]
0 0 0 y F(Cl)ﬂl y %4
Ky
1 5
S o+ -1 2i,+2u, -1 2 72 5
. JE (L+x) —— Yy St .e 2
ilz_;ll!]—'(ll+ 1) (ﬂl e )2 Qz'l*z‘”l y I(c,)ps
201 )ﬂzT+1 —yz<1+xz)(gij oty
U, (L+x, e 2 - [ Platie-l 20y +24, -1
. — . - - Y2 K (1+K' ) . — . 2 2
Kﬂle izz—:olzlr('fﬁ“z)( v ’ )2 Qe
2
(4.50)
© 1wz 2 2 t : © 7ﬁ+/‘2(1‘*”<2) 2
| :Idt't .2t e_E[Tj ! _e_ﬂZ(lﬂz)[QTJ ,t2i2+2/lz—1 — J‘t2i2+2ﬂz+2°r1 e |:ﬂ1y2 24 }t dt
0
(4.52)
[IpeTxomuu I/IHTeraJ'I ce pemana nmpuMeHom cienehe dhopmyre:
j X" -exp(- A" )dx_ (4.52)

ﬁ?’

65



rie je 7/=mT+1, n=2, m=2i,+2u,+2c, -1, y=%=iz+/@+q.

F(iz ) +C1)_
e ) [
gy &

FYCTI/IHa BepOBaTHOhC C€ caJla MO>KEC HaIlMCaTH Kao:
i+l

Ttz 2 wz ) 2u,(1+x,) 2 —ul(1+rq)[gl]2—xlm © 1
p (W) = [dy-[dz- 2. 2 (—j faltny) - et s L
'(‘)’ 'c[ y ') \y e - ilz_(:, '1!F(|1 +yl)

Ky

(4.53)

15
i+ -1 1 20, +20 -1 2 26,1 o B
IL[(K(1+K) X — ,y1 M L7 . 2 .
( 1 1 1 )Z le|1 2 F(CZ)ﬂZCZ

Hp+1

2 1 2 —KoHp © lp+i,—
. 1, ( +K/242)—1 € Z (ﬂzm)z g szzuz'

o =i, F(

F(i T +C1)

e i)

(4.54)

By’ (05

[Tpu Tome, pemaBamo uHTErpan cieaeher odnuka:

R
2(:2 : . 1

e’ :

Iyt +Cy

{szz +ﬂ2(1t’<2)}
By (05

dz-z-z%

Il
O'—.S

(4.55)

’ ‘7’ 1 27 W2 - 0Q?
VYBOM ce CMeHa: £y =p, szzp_ﬂz( _ZKZ),dpz f we-Q; g
PETA LI T Sk vy vy

,uz(l+7<2) e S 2 (1+K2) ,Bly )
e (1+p) 2% =p- Y W7 TsaTM je:
2
s _izz
PR ! i
0

(MJIZ+#2+01 (1+ p)i2+ﬂz+°1

Q

:Tﬂlyz 'ﬂ2(1+K2) 2¢,+2¢,-1 ,e7é12 . Q—§ e - - (4 56)
) #(L+1,) (L p)ereer® |

HWurerpai ce perasa NpuMeHoM (GpopMmyJie:
X e L= r(a)-U(ab.c) (4.57)
+X)
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i_ﬂz(l"'Kz).ﬂlyz
B & W

- 1 ;2 PRIZPRAC]
J‘ 1y ﬂz 1+K2 -dp - 7204202 o A |:Q—22} .—1:
2 ) (L+p

roeje a—-1=c +c¢, -1, a=c +c¢c,, C=

2-W- Q2 (1+K2 )'2+#2+01
3 ﬂly '/12(1+K2) . ng oty +Cy T 1+K2) ﬂlyz G+ -1 e‘ﬂlz'yz(;?ﬁﬁjvfp
2w 1L+ 1) 0 w?

1
de , (4.58)

e je:

a+l-b=i,+u+c, ¢ +C,+1-i,—u,—C =b, b=c,+1-i,

Haname je:

iy + 115 +Cy C+Cy-1
_ ﬁlyz ’ﬂ2(1+7<2) _Lu ‘Q; )} ' .[luZ(l—i_KZ).'Blyz] .['((:1+C2)-
2

o2wQ? (1+x, QW

1 ﬂ2(1+7<2) ﬂlyz) (4.59)

U[cl+c2,c2+1—| ,uz,ﬂz 92 "

['yctuna BepoBaTHOhe je caza:

Hy+l 2
© 2¢c,-1 — y
1 1 W 2 1+K 2 =y (I+ry)| = | =Kty © 1
pw(w) = Idy_ S (_} . /ul( #1_11) e [QJ ) Z - )
0 y I'(c,) o ? 0 Il.]—'(l1 +ﬂ1)
1
M+l
i+ 1 1 9% +2 41 1 2 2#2 (1+K2) 2 gkt
VK L+ K Y . .
bl g Y

2

2
|2+ 2~ . M 1
Z (yz,/K2(1+z<2 )2 ! szyz ———— (i, + g1, +¢,)- '813’2.\,'\‘/’22'((;"2)
2

2, F(
2 Iy+ 1 +Cy 2 \a+c1
[ﬁz)} .(ﬂ2(1+’<2).ﬂ1y ] -F(Cl+C2)-

2 2
1+x, Q; w

1 1u2(1+K2) ﬂlyZ] (460)

U[cljtcz,c2+l—|2 ,uz,ﬂ2 Q2 "

Haname peuraBaMO UHTErpal o0JmKa:

o0
_ 0 242 -1 2 ,20,+2C,—2
|2_J.dy_m 1 .yl 1 yyl 274,
0
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© (I+xy) 2
1 M 1+x 1] 2 ; e _ -y
N |(C +C,,C, 1— | 11, — 2( 2) Y J.dY' y2|1+2y1 1-2¢, +2+2+2C,+2C, —2 e “ )

ﬂz .Q 2 W2 0

1 w(+x,) Ay
U[01+C21C2+1 ﬂwﬂz 2 Q2 2 \/1V2 (4.61)

VYBoau ce cMeHa:

1
20,2 \2
L oli) Bo g op L k) B e yz( af, 2w j e

B, sz ? B, sz ? H, (1+ K, )ﬂl
o0 IBQZ 2 2i1+2#12+1+202 g (L+ky) aﬂQQQZWZ
a w T 02 (k)8 .
I.=|d 2592 . i) U , 1-i,— 1, 4.62
2 ! (,uz(1+7<2) ] € (C1+CZ C+il-L -4 a) ( )
Wurerpan ce peniaBa npuMeHoM hopmyiie:
jdt "% .U(a,c,t)= Ib)rb+1-c) F(bb+1-c,a+b+1-cl-s) (4.63)
) r'a+b+1-c)

2ip+24+1+2¢, wle) 2w
1 1 2°°2

_( ,BZQzZWZ - 5 Ta2|1+2;l1+1+2c2 ﬂzQZZWZ'da " o #2(1+K2)ﬂla_
, = A
,Uz(l"'Kz)ﬂl 0 ZY',UZ(]-"'KZ) 1

2ii+2 4 +3+2¢,
. 1 QZWZ 2% 2I1+2,u1+1+202
s = I
2 21 0

(k) BrQiw’ a

1 5 2Ltk )Py i
' T ¢ o)t U(e +6,,6, +1-1, — p1,,8) =
( ag,w’ J
,Uz(l"'Kz) 1
iy + 14 +14Cy 1+Ky)  BrQ2w?
QZWZ L+ + o 7#1( : 1) z+z a -
_ 1 ﬂz 2 'J‘allﬂlﬁcz e f (1 Kz)ﬁl . U(C1+C2,C2 +1_|2 _luz’a).da
2 ﬂz(l+’<2) 1 0
i+ +14C, (I+xy)  Bo@2w?
QZWZ Wt o M : 1 z;{ a .
:1 ﬂz 2 'J.all+#1+cz .e Qf #z(l 2)131 . U(C1+C2,C2 _|_1_|2_Iu2,a).da
2 ﬂz(l"'Kz)ﬂl
2 9 I+ 14 +14C, . . A
_1(_Bw T(i+ g +¢, +1)- (i, + g4 +Cy +1+1—C, =141, + 12,)
2\ w,(1+x,)p, T(C,+Cy+iy + 24 +C, +1+1—Cy —1+i, + 12,

1 H - . ; 1 QZ 2
2Fl(|1+,ul+c2+1,|1+,ul+1+|2+/,12,c1+|1+,ul+(;2+1+|2Jrluz’l wl+x) B j

QZ ﬂ2(1+7<2) 1
(4.64)

rae je:
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b-1=i+s+cC,, b=i+gy+c,+1, a+Cc+C,, C=C,+1-i,— 1,
_ m(Q+x) ) Lo 2w
Qf /12(1+K2) .

Pememe unTerpana je:

1 [ﬂzQ—f\Nszmcz T(iy + 2 +Cy +2)- T(i, + 24 +1+1, + 11,)
? ﬂz(l"'Kz)ﬂl F(Cl+i1+yl+C2+1+i2+y2)

2.0,2
CE L+ +Cy A1 0+ g + 140, + 41, C i+ gy +Cy 140, + g1, 1— ’ul(ltKl) B W
Q ﬂ2(1+7<2) 1

(4.65)
Konaunu n3pas 3a u3pauyHaBame I'yCTHHE BepoBaTHONe je cieneher obmuka:
m+1
N~ 1 g 2 (L+x) 2 e iy -1
W)= = wett.g2Aa 1 Vi (L+x
pw( ) i; i;) F(Cl)ﬂ %4 I'F( (/Ul ) 1) )Z
Ky
Hp+1
1 2 2,[,12(1+K2) 2 e_KZ#Z i+, -1
. h . . . . (1+x .
le|1+2ﬂ1 I'(c,) 5% #27—1 i 'F( (ﬂz\/ 2 2) )Z QZ|2+2/12
K,
Iy + 11y + c+Cy-1
- ) 1 ,QZ 2t iy G 1+ 1+C2
F('z"‘:uz"'cl)' A luzz( —H;Z)' : ' sl 2K2)'% -['(C1+C2)'£
2-W°-Q; ,u2(1+1<2) Q, w 2

LW e ) F(il T4 t0 +1)'F(i1 +p +1+10, +/U2)_
1,1+ x,), (e, +i, + g +C, +1+i, + 1)

2,2
P b+ +C L0+ gy A 140, + 1, C b+ gy +C 1, + 11, 1 #1(1_2K1) sl
O wLrr,)p,
(4.66)

Ha cnunu 4.1. nat je rpaguuku npukas Hymepuukux pesynrara 3a PDF, no6ujeHux Ha
ocHOBY jenHaumnse (4.66), y nporpamy Wolfram Mathematica 12.2, 3a onHoc nBa mpousBoja
O]l KBaJIpaTHOI KopeHa ['ama ciydajHe TPOMEHJbMBE M K- CIy4ajHe IPOMEHJbHBE, 3a

Bpeanoct mapamerapa & =1, x, =1, 1, =1, Q,=1, x,=1, u, =1, ¢, =1, ¢, =1, B =1,
B, =1 (mnaBu rpadux); =1, x, =1, =2, 2,=1,x,=2, u,=1,¢,=2,¢,=1, B, =

, B, =1 (3enenu rpaduk); =1, x,=3, y, =2, Q,=1, x,=2, u,=3, ¢,=2, C,=1,
B, =2, B, =3 (mapanyactu rpad¥K), peCIIEKTUBHO.

Ha cnunm 4.2. nat je rpaduaku npukas HyMepuukux pesynrata 3a CDF, nobujenux Ha
ocHOBY jenHaumnne (4.66), y nporpamy Wolfram Mathematica 12.2, 3a onHoc nBa mpousBoja
O]l KBaJIpaTHOI KopeHa ['ama ciydajHe TPOMEHJBbMBE M K- CIy4ajHe IPOMEHJbHBE, 3a
BpenHocTy mapamerapa £, =1, k=1, =1, ,=1 «,=1, u,=1, ¢ =1, c,=1, S =1,

B, =1 (mnaBurpadux); 2, =1, k=1, 4 =2,2,=1,k,=2, u,=1,¢,=2,¢,=1, B =

69



ﬂZ =1 (3€J'ICHI/I rpacbm(), ‘Ql :1! Ky :3! H :2’ ‘QZ :1’ K3 :2’ Hy :3! Cl =2 ' CZ :1!
p.=2 , p, =3 (napanyacrtu rpaduk), peCrieKTUBHO.
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Cimka 4.1. I'paduukn npukas Hymepudkux pesyarara 3a PDF, 3a omnoc nBa mpoussona
KBQJIpaTHOT KopeHa oja ['ama ciydajHe NPOMEHJbMBE M K- CIIy4ajHEe IPOMCHJbHBE, 3a
BpenHocTH mapamerapa &, =1, x, =1, y =1, ,=1, x,=1, u, =1, ¢, =1, ¢, =1, B =1,
B, =1 (mmaBu rpaduk); Q =1, x, =1, =2, Q2,=1,k,=2, u,=1,¢,=2,¢,=1, =2,
B, =1 (3enenm rpadux);, Q2 =1, x,=3, =2, ,=1, x,=2, w,=3, ¢,=2, ¢, =1,
P, =2, [, =3 (napaHyactu rpa¥K), peCIEKTHBHO.

Jobujenn pesynratu MOTy Ja c€ MPUMEHE 3a aHaiu3y mnephopMaHCH OeKHUIHOT
MOOWJIHOT TEJNEeKOMYHHMKAIlMOHOT pajuo CUCTEMa KOjU KOPHCTH peleje 3a IpeHoc
uHdopmarnyja. Penejau cucteM uma ABe CEKIMje Ha KOjUMa je IPUCYTaH K-y Op3u (eIuHr Ha
jenHoj cexuuju u Hakaramu-m QeauHr Ha JIpyroj cekiuju. Y OBOM ciy4ajy je aHBelsola
CHUTHaJIa Ha W3JIa3y U3 PEJICJHOT CHUCTEMa jeJIHaKa MPOU3BOAY JIBE CIydajHEe MPOMEHJBUBE, O
KOjHUX jeJlHa UMa K-u TYCTHHY BepoBaTHohe, a 1pyra numa Hakaramu-m ryctuHy BepoBaTHOhe.
Mehykananna uaTepdepeHirja moTuIe Takohe o1 peejHor cucrema ca ase aeonuiie [89, 90].
Ha jennoj neonunu je npucyran Hakaramu-m ¢enuHr, a Ha Ipyroj je npucyTaH K-{ (euHT.
AmnBernona Melyykanamne nHTEpQEpeHIIrje jeTHaKa je TPOU3BOAY JIBE ClIydajHe TPOMEHIBHBE,
ol Kojux jenqHa uma Hakaramu-m pacnogeny. OJHOC aHBeNoONa KOPHUCHOI CHUTHala u
MelyykaHainHe uHTepdepeHIje jelHaK je KOIWYHUKY JBa Mpou3Boaa, Hakaramu-m cioyuajHe
NPOMEHJbUBE U K-{ CIIy4ajHEe NpPOMEHJbUBE. Y MHTEp(EpeHLnjoM OrpaHHueHO] OKOJIUHH
noMohy OBOI' KOJMYHUKA MOXE Ja C€ OApEeNN TYCTHHA BepoBaTHOhe OJHOCa CHTHala |
uHTepdepeHIje, KyMyJaTHBHa BepoBaTHoha OJJHOCa CHTHaJa W UHTepdepeHuyje,
KapakTepucTUyHa (yHKIMja OJIHOCA CUTHalIa U MHTep(EepeHIIrje 1 MOMEHTH OJIHOCa CUTHaja
u uHrepdepenuuje. [lomohy omHoca curHana um uHTepdepeHLUje MOXe Aa ce OApenu
BEpOBaTHONA IpelIKe W KalmanuTeT KaHaja, a MOMOohy KyMylaTHBHE BepoBaTHOhe Moxe /1a ce
oJlpeI BepoBaTHOha OTKa3a peliejHOr CUCTeMa ca JBe JCOHHIIE, Te je Y jelHO] ACOHHIIU
npucyran Hakaramu-m ¢enusr, a y Ipyroj AeoHUIM je npucytaH x-y ¢peaunr [35, 60, 80].
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Cauka 4.2. I'padbuuku npuka3 Hymepudkux pesynrtata 3a CDF, 3a onnoc aBa mpousBona of
KBaJpaTHOT KopeHa ['ama ciy4ajHe mpOMEHJbUBE U K-{4 CITy4ajHe IPOMEHJBHBE, 38 BPEAHOCTH
mapamerapa , =1, k, =1, =1, Q,=1, x,=1, u, =1, c =1, ¢, =1, f =1, B, =1 (unasu
rpaduk); =1,k =1, =2, Q2,=1,x,=2, u,=1,¢,=2,¢,=1, B, =2, [, =1 (3encun
rpapuk);, Q =1, x, =3, =2, 2,=1, x,=2, u,=3, ¢,=2 , c,=1, B =2, B,=3
(napanyactu rpaduk), peCrieKTUBHO.

Ha ocHoBy cBera, moxe ce KOHCTaTOBaTH Jia j€ y OBOj IJaBu ojpeheHa rycThHa
BEepOBaTHOhE aHAIUTUYKM 3a OJHOC MPOM3BOJA KBaJpaTHOI KopeHa ['ama pacmonene u x-u
pacmiozene, u k-¢ pacnozene. Ilopen Tora, aHanuTHYKK je oapeleHa rycTuHa BepoBaTHOhe 3a
OJTHOC K- CITy4yajHe IPOMEHUBE U MPOU3BO/Ia KBaIpaTHOT KopeHa ["'ama ciydyajHe mpoMem1Be
U K- CIlydajHE TpPOMEHmHBE. 3a JBa MPOU3BOJA O] KBajpaTHOr KopeHa [‘ama ciydajHe
NpoMewmUBEe M K-/ ClIydajHe TNpoMemuBe, Takohe, onapeheHa je rycTMHa BepoBaTHOhe
AHAJMTUYKU U, TIPU TOME, J1aT je TpapuiKy MPUKa3 HyMEPUUYKHUX pe3yliTara. 3a OBaj CIy4aj,
CDF Huje oagpeheHa aHamUTHUKHU 300T CIIOKEHOCTH jeIHAYMHE, Nl je opeheHa HyMEepHUKH H,
pH TOMeE, JaT je rpaduuku npukas y3 nomoh nporpama Wolfram Mathematica 12.2.
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5. MAKPOJIUBEP3UTU CUCTEMMU Y IIPUCYCTBY BP30I K-y PEJUHI'A U
CIIOPOTI TAMA ®EJIUHT A

MakpoauBep3uTH CUCTEMH CE€ KOPHUCTE Jla C€ MCTOBPEMEHO CMambH YTHIA] Op3or
¢enunra u cnopor QenuHra Ha neppopmaHce cucTeMa, OAHOCHO Ha BepoBaTHOhy OTKasza
cucrteMa, BepoBaTHOhy rpemike cucreMa, KalmaluTeT KaHajla M Ha CpPelibe BpeMe Tpajama
OTKa3a cucTeMa. be:xnyHu MOOMIIHM MaKpOAWBEP3UTH CUCTEM YHMHHU jeJaH MaKpOAUBEP3UTH
KOMOWHED ¥ JiBa WX BHUILE MUKPOJUBEP3UTH KOMOMHEPA. MUKPOIUBEP3UTH KOMOMHEPH MOTY
Jla UMajy JBa Wid Buiie yiasza [46]. Curnanu ca u3ia3za U3 MUKPOJIMBEP3UTH KOMOHMHEpa ce
110jaBJbyjy Ha ylla3uMa y MakpOAuBep3uTH KomoOuuep [73, 77]. MakpoauBep3uTH KOMOHHED
KOMOWHYj€ CHTHAJIC ca aHTeHa KOje Cy MOCTaB/beHEe HAa 0a3HUM CTaHMIIAMA IITO PE3YJITUPA Y
CMamehYy yTUIlaja CIIopor GenHTa Ha meppopMaHce CUCTeMa, 8 MUKPOIUBEP3UTH KOMOHHEPH
KOMOWHY]Y CHUTHAJIe ca BUIIC aHTCHA Ha jeHOj 0Aa3HO] CTAHWIIM IITO PE3YIATHPA y CMAEHY
yrunaja op3or ¢enunra Ha nepdopmance cucrema. Kopuctu ce Hajuernthe MakpoauBep3uTH
cenektuBHU KoMOuHep (SC). SC koMOuHep u3/1Baja MUKPOAMBEP3UTH KOMOMHED ca HajBehoM
CHaroM KOPHCHOT CHTHajla Ha HETOBHM yJia3uMa, Koju Tpeba Ja 00e30emu cepBHC Mpema
KOPUCHUKY. MUKpoauBep3uTu KOMOMHEp MOXe Takohe Jna Oyne  CelneKTHBaH.
Muxkponusep3utu SC xkomMOuHep U3/Baja rpaHy ca HajBehoM aHBEIONOM KOPHCHOI CHUTHANA,
Koja Tpeba a omoryhu cepBrc mpema KOpUcHUKY [74, 75].

Cropu ¢enuHr y3poKyje NPOMEHY CHare KOPHCHOT CHTHaJia Ha ylla3uma Yy
MUKpoAuBep3uTH KomOuHepe. Cropu ¢enuar Moke na OyAe ONMUCAH JIOT-HOPMATHOM
pactionenom wiu ca ['ama pacmoxenom. Kanma je cnopu ¢deawHr ommcaH JIOr-HOPMAaTHOM
pacroziesioM OHJIa ce U3pa3M 3a T'yCTHHY BEpOBaTHONE M KyMyJIaTHBHY BepOBaTHONY CHUTHaia
Ha M3J1a3y U3 MaKpOIMBEP3UTH KOMOMHEpa He MOTy JIOOUTH Yy 3aTBOpeHOM 00iuKy. Kana je
cnopu (¢eauHr onmcaH ['ama pacroieniomM oH1a Cy u3pasu 3a neppopmMance cuctemMa J00HjeHn
y 3aTBOPEHOM OOJIMKY. Y OBOM CiIy4ajy je aHaJlu3a U MpopadyH cucTeMa jeiHocTaBHUju. [Ipema
eKCIIEPUMEHTAJIHUM DPEe3yITaThMa, TaUHHUJU pe3yiTaTh ce Jo0ujajy Kaja je Cropu (eauHr
MO/IEJIOBAH ca JIOT-HOPMaJTHOM pacnozenoM. Criopu GpeIuHT je yBeK KopenucaH 300T Tora mro
je TemKo MocTUhM JOBOJHHO pacTojame u3Mely OasHux craHuna ga Ou KOpelaluoHU
KoeuuujeHaT 61o 3aHeMapJsbuB. HYecTo cy JBe WiM Bulle 6a3HUX CTaHHIIA OCCHYAHE Ca HCTOM
npenpekoM. Kaga kopenanioHu KoepuIMjeHT 1€ TpeMa JeIUHUIU OH/1a HajMabU CUTHAJl Ce
noraha Ha CBUM MMKpPOJMBEP3UTH MPHUjEMHULIMMA LITO 3HATHO yMamyje AUBEP3UTH JOOUTAK
oexuunor cuctema [13, 73, 77]. Cniopu dhenunr Hactaje 300r edekra cenke, a 6p3u heauHr
HacTaje 300T MpoCcTUpamka CUrHaja 1o Bulle myreBa. bp3u denusr ce Moxe onucaTu ca Bulle
pacrioziesia 3aBUCHO OJ1 TOTa J1a JIM ITOCTOjU JOMUHAHTHA KOMITOHEHTA HJTH He, J1a JIU j€ CpeTnHa
npornaraiuje JMHeapHa WK He, J1a M BaXXM IIeHTpajHa TpaHUYHa TeopeMa WU He, Ja JIU ce
CUTHAJI IPOCTUPE Y OKBHUPY jJEAHOT KiacTepa WM y OKBHUPY BUIIE KjacTepa, Aa JM je cHara
CHUTHAJIa TTPOMEHJbHBA WM HE, W Ja JIM Cy CHare KOMIIOHeHaTa y (a3u M KOMITIOHEHTE Y
KBaJpaTypH MCTE WK He. Y 0BOj I1aBH he ce pa3marpatu e HT KaHAIM y KOjUMa je aHBeJIoNa
cUrHaia omnmcana ca PajcoBom mimu k-l pacrniogenom [35]. PajcoBom pacrosenom ce Omucyjy
KaHAJIM y KOjUMa MOXe Ja ce (opMupa jenHa JOMMHAHTHA KOMIIOHEHTa Y OKBHUPY jeIHOT
KJIacTepa, a k-| pacro/Ie;IoM MOTY Jia C€ OIUIITY KaHAJIM y KOJUMa MOTY J1a ce€ (opMUpPajy BHIIIE
JJOMUHAHTHUX KOMITOHEHATa y OKBHPY BHIIE KjacTepa. K-l pacmojena MpeacTaBiba OMIITY
pacrozienny, Tako Ja ce U3 me MOry m3Bectu PejiaujeBa, PajcoBa m Hakaramu-m pacmogena,
pecriektuBHO. Tako, 3a k = 0, x-\ peaunr kanan nocraje Hakaramu-m ¢enunr kanai. A 3a
i =1, x-|b dequnr kanan noctaje PajcoB demunr kanan. Kaga je k = 0 uw u = 1, k-4 benunr
KaHau npesasu y Pejnujes ¢penunr kanai. A kaga k © Ho, k-l pequHT KaHAT Tpenia3d y KaHal
6e3 npucyctBa ¢enunra. Kana PajcoB dakTtop x pacte cmamyje ce yTunaj x-u (eaunra Ha
nepopmaHce cucrema.

VY 0BOj TaBH Cy NMPBO M3pavyyHaTe rycTUHa BepoBaTHOhe, KyMyJlaTHBHA BepoBaTHOha
U cpeamu Opoj OCHHX Tpeceka curHama Ha yna3zy y SC komMOuHep, a 3aTUM M Ha HETOBOM
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uznazy. OBe opmyse cy ynotpedsbeHe 3a U3payyHaBame I'yCTUHE BepoBaTHONE, KyMyJIaTUBHE
BepoBaTHOhe M BepoBaTHONE OTKa3a CHTHaJIa 3a MOJIENI MAaKPOJAUBEP3UTH CHCTEMA Ca jeTHUM
Makpoausep3utu SC KOMOMHEpPOM | JiBa MUKpoauBep3uTH SC KoMOuHEepa.

5.1. CraTucTHYKe KapPaKTEePUCTUKeE K- cilydajHe NPOMeH/bUBeE U K-l CJIy4ajHOr
npoueca

['yctuna BepoBaTHOhe Kk-u CilydajHE IPOMEHJbUBE caap)ku MoaupukoBany becemoBy
dbyuknujy. Kana ce mogudukoBana becenosa ¢yHkmnuja npee BpcTe pasBuje y pel, 100Huja ce
u3pa3 3a yCTUHY BepoBaTHOhe x-u cimydajHe mpomenspuBe. KymynatuBHa BepoBaTHOha ce
no0Hja MHTErpalyjoM TycTuHe BepoBaTtHohe y onpehennm rpanunama. Jlobujenn uuTerpan ce
pemaBa npuMeHoM HerotnyHe ["ama dyakuuje. Kana ce Henornyna ["ama ¢gyHkiuja pa3suje y
pen momohy xurmepreoMeTpuckux (pyHKIMja OHIA ce KyMyJlaTHBHA BepoBaTHOha mobuja y
3aTBOpeHOM 00muKy. [Tomohy oBHX m3pa3a Mory ce pa3marpaTH neppopMmaHce OCKHIHHX
cucTeMa KOju pajie y KaHaly y KOMe je mpucyTaH k-4 ¢eaunr. BepoBaTHoha oTkasza oBHX
chucTeMa MOXE Jia Cce OJpeAd TNPHUMEHOM KyMyJaTUBHE BepoBaTHOhe K-u CllydajHe
npoMensbuBe. Cpenmbu Opoj OCHUX MpeceKa K-i CIydajHOT TpoIeca MOXKE ce JOOUTH Y
3aTBOpeHOM o0sinKy. OBaj u3pa3 je noOujeH moMohy 3/pyXeHe I'yCTHHE BepoBaTHOhe K-y
clly4ajHe MPOMEHJbUBE U HeHoT mpBor u3soa [30, 58].

I'ycruna BepoBatHOhe Kk-u ciydajae mpomersbuse X je [30, 58]:

2
_ X
1+1 L+x)| — | —
4 u( K)( 2) K

— 2/1(1+K) 2 e ) — 1 . / ‘1 i i1+,u—l. 1 Ly 2 +2u-1 5.1
pX(X) KE ,lzolllf(ll+/,1) (ll’l K\l+K )Z QZiﬁ-Z/l X ( . )

re je k PajcoB daxrop, i je omrtpuHa (enunra u Q je cpema cHara auBernone Q = X° |

4 H=2
k=5
Q=05
3L _
Q=1
£ |
Q=2

0 1 2 3 -
X

Canka 5.1. PDF k-¢ cnmyyajue npoMeHsbHBe Ha yiazy y SC koMOuHep, Ha OCHOBY jeIHaUMHE
(5.1), 3a 6poj kmacrepa 1 =2, PajcoB ¢akrop k = 5 u BpeaHocTH cpeamux cHara Q = 0.5, 1,
2, pPECTIEKTHBHO.

Ha Cauum 5.1. nat je rpaduuku nmpuka3 100MjeHUX HyMepuukux pesyarara 3a PDF k-
[ CITyYajHEe IPOMEHJbUBE, Ha OCHOBY jeaHaunne (5.1), y 3aBHCHOCTH O] aHBEIIOINE CUTHAIA, 3a
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Opoj kmacrepa u =2, PajcoB daktop x = 5 u BpeaHoctn cpeamux cHara 2 = 0.5, 1, 2,
pecrieKTUBHO (T1aBa, HapaHIIacTa, 3eJieHa KpUBa).
Kymynarusua BepoBatHoha o1 k-4 CilydajHe mpoMeHsbuBe X je [6, 34, 37]:

2
. t
+1 1+x) — | —
U wu( K)[ j KU

j 2,u(1+7<) 2 e
0

~fat-p,f1)-

pl
K 2
1+1
: ot . Qi) e
/ (1 ) t2+2ud _ )
ilzollll—v(ll_'_ (lu K\l+x )2 QZI1+2/.1 dt K%—l
2

3 e t—ur) _
ZI I—v( + (’uVK[l-l_Kj)ZIl - QZ|1+2u ' je . o t2I1+2ﬂ71'dt (52)
i,=0 /U

X
—y(l—%—/()—Z .
Jla 61 ce pemmo nNpeTxoHu HHTerpai J :Ie @ ATl g
0

1
H dw
yBomu ce cMeHa t° =w , t=vJw=Ww? , t=x , w=x?, 2-t-dt=dw , dtzz,ﬂajﬁ

X2 1+K W 2|1+2 -1 1 x: —LHZK)W i+ 1

J=[e @ v dw==[e @ "W 2w (5.3)

) 2t 29

IpumeroM (Gopmysre:
ij(u —x) e dx = Bu, y)-u“ - Ry e+ 7 ) (5.4)
0
a1+
raeje u=x>, f=— % u=1, y=1=i+u-1, y=i+u,
1 . i+ . .

nobuja ce J = 2 B(Li, + x)- x2lis). lFl(Il + 1+ +y;—% xzj (5.5)

KymynatuBHa BepoBatHoha of1 x je:

Lﬂ —K, o0
FX(X): 2,Ll(1+ K)_lz g ) Z - 1 (ﬂ\/m)ﬂﬁ#—l

Ny i (i, + u Qz'ﬁzﬂ '
%B(l, iy + 1) x2n). L Fl(il + i+ + y;—%ik) xzj (5.6)
CpehuBamem n3zpasza goduja ce:
e T @ R e, k7 =i

F (X):/JZilJr,u 'Ki1 . (1+K),u+i1 e

X

N 1 1 : i+ . . 1+«
Zi YaE) Tt B(Li, + ) X272 1F1(|1+/¢;1+|1+,u;— ”(QZ )xz) (5.7)
=0 '1- 1
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Ha cimunu 5.2. nar je rpaduuku npukas HyMepudku 100ujeHux pesynarara 3a CDF x-u
cllydajHe MpOoMeHJbUBE Ha yinazy y SC koMOuHep, Ha OCHOBY jenHaunHe (5.7), y 3aBHCHOCTH O]1
aHBEJIOIIEe CHTHAJIA, 32 MapaMeTpe JaTe Ha CIHUIIY.

— T T T 7T T T T
3 le QZ= K1= — -1
ko= = o= 1 N~ -
1.8 F E
0.8 E
] =1, k=1, =2,
i- =1, k=2, Uo=1,
0.4 E
.o
L P N =
Q=1 k1=1, =2,
| 271, 172, ppml,
a.0 F E
L 1 1 1 L
0 2 3 < B

X

Cauka 5.2. CDF k-u cnyyajae npomeHsbrBe Ha yna3zy y SC koMOuHep, Ha OCHOBY jeHAYHHE
(5.7), 3a mapamerpe gare Ha CIMIIH.

[IpBu U3BOA Of K-u CiTy4ajHE TPOMEHJbHBE UMa ['ayCcoBy r'yCTHHY BepoBaTHOhe, T/ie Cy
K-i{ CllydyajHa TPOMEHJbMBA U HEH MpPBH H3BOA MelycoOHO He3aBHCHH. Taja je HHUXOBa
3py’KeHa T'yCTHMHAa BEpOBaTHOhe jeHaka MpPOW3BOJY T'YCTHHE BepoBaTHohe x-u CiydajHe
IPOMEHJbUBE M HEHOT MPBOT U3BOJA :

) . 2;1 (1+ K)HTH Xll ’y(1+x)(%jz
pX)'( (XX) = px (X) ) px (X) = Qy+l =" €
K %2 e¥

S 1 X 2ip+pu-1 1 _272
. - . 1 o - o} .
Z; i (i, + ) ( d+n) QJ J2ro, ¢ (5.8)
o2=n f2 L

| m ﬂ(K +1) (5.9)

rae je f makcumanna JloruiepoBa GppekBeHIHja.
Cpenmwu Opoj OCHHX Tpeceka Mpe/cTaB/ba CPelliby BPEIHOCT OJ] MPBOT M3BOJA K-U
CITy4ajHOT TpoIieca:

ptl —u) X 2
2u(l+x) 2 -x"-e g [QJ

=
AN

N, = N, = [dic-x- py (k)=
0

™~ ‘

1
Q"

© 1 X 2i+u-1
Zﬁm(# K(1+K)§J | (5.10)

e

75



rae je uaTerpai | jennak:

2 72-7r2~fr§~
|=jd>‘<->‘<~ ! e ulbew) - !
Ne2m-m- £, Q 27° - f - 2
p(l+x) u(l+x)
< 72-7rz-frf< 2
-Id)‘( X-e 1) (5.11)
[IpeTxoHu HHTErPAJl CE€ MOXKE PEIINTH MPUMEHOM (hopmyiie:
_[xzm e dx = ll"v) (5.12)
5 2npg
1
2-—+1
rae je 2m=1,m=1,v=2m+1: 2 zl,ﬂz 1 (5.13)
2 2n 2-1 2 g2 L
2" f -
p(l+x)

N
Q
j
N
é‘m
_h
N
!\\]w
—
3
=
—
+
o

+;<)

J; Q
7? (5.14)

Cpenmu Opoj OCHUX TIpeceKa je:

2
pl —/t(1+1<)( J—Kﬂ

N, = 2u(l+x) 2 e1
1 4=
K2
0 i +u-1 \/; Q
JrL+x& D G - £ 5.15
Z;n F(l + 1) (ﬂ ( )2 Q2'1+2” V2 u(1+x) (5.15)
CpehuBamem uzpasa:
1+2iy + 41 2i,+ _E 1 2i+u-1 1 1 1—2i1—2 _HAL 2itpl .
7 ! 2 =y ! (1+1<)# = 2 =(1+x)"M 2, Q2 SRR
no0uja ce u3pas 3a cpeflbyu Opoj OCHUX MpeceKa:
o 7”(1“()[%)2_”’ 9i ,1 2i,-2
N, =+27- fm~ZX2i1+2#_l-e__—-,u U k) Q2 T (5.16)
' i1=0 '1!F('1+,U)
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5.2. CeaextuBuu komouuep (SC) y npucycrBy K-U deaunra

Ha ciunum 5.3. je npukazan SC koMOMHEp KOjH C€ KOPUCTH PaJii CMamkemha yTUIaja K-k
denunra Ha neppopmance cucrema [12, 22, 23, 37, 38]. Jaru SC komOuHep nMa JIBa yiiaza u
aHBeJIONE CUI'HANA Ha yJa3uMa y KOMOMHEp Cy O3HAayeHe ca X, U X,, a CUTHaJ] Ha U3Ja3y je

o3HaueH ca X. [lapamerpu x-| henunra cy uctu 3a 06a ynaza SC komOunepa. [Ipu Tome, curnan
Ha BErOBOM H3JIa3y j€ jelHaK MaKCUMaJTHOM CHTHAJly Ca HEeTOBHX YIa3a.

SC

X2 &——

Cimka 5.3. CenextuBau komounep (SC).

Curnan X Ha U3J1a3y je jeHaK:
X = max(x,, X, ) (5.17)
I'yctuna BepoBaTHOhe curHaia Ha usnasy u3 SC komOuHepa je jennaka [37]:
p.(x)=p, (x)- F, (x)+ p, (%) F, (x)=2-p, (x)- F, (x)=

2
pil —ﬂ(1+’<)(xj —Ku

B 2u(l+x) 2 e
- U

#1
2

K

el
w ig+u-1 dirou1 2pA+kK) 2 e
ilzo Illr(ll (,Ll’\/K(lT)Z .QZI +2y X #“ . #T_]_

K

0 1 21, + -1 1 1 . ' )
i;m (ﬂm) W EB(]"IZ +#) .X2I1+2,u 1
P+ iy, + - %ij -

KymynaruBna BepoBatHoha curnana Ha uznasy u3 SC komOuHepa je:

F(x)=F (x)-F,_(x)= Zita b (14 g P e s
OO=F00-F (0= 2 3 owt e e e

B(l, i1 +,u)- NE 1F1(i1+/1;1+i1+,u;— ﬂ(i—; K) ij .#2i2+y K (1+K),u+i2 Lo

1
i (i, + ) Q%2

B(]_, I, + ) Pariu, Fl[iZ + p1+ iz + U= ﬂ(1+K) ij =

QZ

7l



2ig+4 u+2ip

© 0 i i o - 1 1 X
- 20 +2u+2ip it (] 2utigtiy  2kp i A
I . ey R el ]
B(L A +ﬂ)' B(l, I, +:U)' Fl(il + i+ - ‘U(ZZ K) ij ' 1F1(i2 + 1+, +ﬂ;—% XZ)

(5.19)

Ha cnunm 5.4. nat je rpaduuku nmpuka3z HyMepUYKH Jo0ujeHux pesynrara PDF x-u

clly4ajHe TNpoMeHJbMBe Ha m3nasy u3 SC komOuHepa, Ha OCHOBY jeanadmue (5.18), y
3aBHCHOCTH O] aHBEJIOIE CUTHAIA, 3a ITapaMeTpe JaTe Ha CIIHIIH.

10 Q=1,x=1,p=1 <JI 0=1.25,x=1, =1 i
08 _ /

067

2
0.4} 0Q=1.5x=1,p=1
ool / 1
00¢ i

0 1 2 3 4 J

X

Cauxa 5.4. PDF k-u cnyyajHe mpoMeHsbMBe Ha u3na3zy u3 SC komMOuHepa, Ha OCHOBY
jennaunne (5.18), 3a mapameTpe Aare Ha CIHIIH.
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Cauka 5.5. CDF x-u cnywajue mpomensprBe Ha u3nazy m3 SC komOuHEpa, HA OCHOBY
jennauune (5.19), 3a mapamerpe aare Ha CIUIM.

Ha cnumwm 5.5. mar je rpaduuku nmpuka3 Hymepuuku nooujeHux pesynrata CDF x-u
cllyyajHe TNpOMeHJbMBe Ha wm3na3zy u3 SC koMmOuHepa, Ha OCHOBY jeanadmue (5.19), y
3aBUCHOCTH O] aHBEJIONE CUTHAJA, 32 IapaMeTpe JaTe Ha CIWIHU. 3a LpTame Trpaduka
kopuiheH je mporpam Wolfram Mathematica 12.2.

3npykeHa ryctuHa BepoBatHohe o X u X je [34, 80]:

P (%) = Py, (0)- F, (%) + p,., (%) F, (x)=2-p,,,, (x%)- F () (5.20)

Cpenmwu 6poj OCHUX Mpeceka o1 X je:

o0

N =2F, (0N, =237 3 gt (L) e
i,=0 i,=0

. iZ!F(i2+,u)'
Bl +p) X2i2+#'1Fl(i2 + 1+, +,U;——H(1+K)X2j' Vo - £, xPrat !

o

Q%+ Q° m
N, =227 f - i i ﬂ2i1+2i2+2ﬂ7%~ K 1+ K)Z”””iz_% : eiﬂ(lﬂ)[éjz*m : ;
=0 i,=0 '1!F(|1+/U)
iZ!F(i]; + ,U). QBZZE:IIZiiZZJy/:ll/)Z D SN 1 Fl(iz +pl+i, + p- u(; K) XZJ (5.22)

5.3. Moges MaKpoAUBepP3UTH CHCTEMA €a jeIHMM MaKpoauBep3uTu SC KOMOMHEPOM H
aBa Mukpoausep3utu SC koMOuHepa y mpucycTBy 0p30r K- ¢penqunra u cnopor I'ama
(¢eaunra

MakpoauBep3UTH CUCTEM, pa3MaTpaH y OBOM pajy, IpuKasaH je Ha ciuii 5.6. Cucrem
ce cacToju oJ1 jenHOT MakpoauBep3uTH SC koMOuHepa u 1Ba MUKpoauBep3uti SC koMOuHepa.
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Curnanm Ha ynasuma y npBu MUKpoauBep3uTd SC KOMOUHEp Cy O3HaueHH ca X, U X,, a Ha

yiaazuMa y Apyru MUKpOAHUBCP3UTU SC KOM6I/IHep ca yl )51 y2 . HpI/I TOMEC, CUTHAJIM Ha BbUXOBUM
u3Ja3MuMa Cy O3HAauYeHH ca X | Y, pecrniekTuBHO. CUTHaN HA W3lazy U3 MakpoauBep3utu SC
KOMOMHepa je o3HaveH ca Z. CHare CUTHaja Ha yjaa3uMa y MUKpoauBep3uT SC komOuHep cy
o3HaueHe ca Q1 u ;. KOMyHHKallMOHN KaHal je W3JIoKeH ytunajy ['ama cnopor ¢enunra.
Crnyuajue mpoMeHsbuBe Q21 1 {7 Cy onucaHe KopenucanoM ['ama pacmoaenom.

X e SC
X
(o}
X SC
z
—_—
v e SC
£,
y
Y2 @—]

Caunka 5.6. MakpoIuBep3UTH CHCTEM.

3npysKeHa rycTHHa BepoBaTHohe ox Q1 u - je [38, 46, 63]:

Q0 209, C_y Qflltgz e [ 7 2.0, %J )
Po, 2( C)(l ) 1 Qc+1 ( ) am( )
1

r(c)i-p? )pc%_QS“ |

2ig+c-1 Q1+ Q.

S 1% 1 ig+Cc—1 _Q‘l(l_—ZZ)
—(QQ,) e oV 5.23
Z;(goil—pz i] i, 17 (i, + ) (@2, )" e (5.23)

rzie je ¢ napamerap omrpuHe ['ama cropor ¢eaunra, O je kopenanuoHu koeduuujeHt I'ama
criopor ¢eaunnra, o je cpeama BpeaHocT o1 Q1 1 Q2

Maxkponusepzutu SC xomOuHep u3zaBaja Mukpoausep3utu SC komOuHep ca BehoMm
CHAaroM CHMrHaja Ha yJa3uma, Koju Tpeba na o6e30eau cepBuC Mpema KopucHULIMMa. Tana je
KyMyJIaTHBHA BepoBaTHOha CHTHAjIa HA F,ETOBOM H3J1a3y jeaHaka [46, 58, 74]:

© Q)
)= [09, 00, F212) 5,0, (0,0)+ 09, (40,7, 212.) 5, (0,0)-
0 0
. g PR Bt
2(de, - [do, F.(2/1Q) 1 ‘ '
faor [a0, 7. @10) b, (0,2)- = it i )
1( 1 Jilﬂl i( )2i2+,u—1 1 l[ 1 ]Iz*—ﬂ 1
ol Y\ +1 - - - C— : o1
20 ulk+1)) i W a) 2] e )7 g
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1

2ig+c-1
AN p 1
%(Qo 1-p° J i (i + ) 3

ul u-1

i3+c—1—,u—1—i1—7+|1+#_7+i2+#

2

o -
'V(iﬁu,@xz)y(iﬁﬂ,—”(éﬂ)xzj.e f-p?) dez.Q‘;ﬂ-l.
1 1 0

Q,
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1
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B(Li, + 1) B(Li, + x)- 1F1{i1 + i+ -+ K)(Qil) J

yo,

+p) iz!r(ilz"‘ﬂ).(

2il+4ﬂ+2i2
j
1

| et A

—2Kp

1 1

iI!F(il—i_/u)' iz!r(iz"‘

P

1

#)

. Z2i1+4/1+2i2

) 1 . Qi3+c—1 . Qi3+c—1 e ﬁ%) _
i, (i, +c) ? -
ZZZZ 20 +2u+2i; |1+|2 . (1+K)2;1+i1+i2 .e
i;=0i,=0i3=0
. . 1
B(l' L +ﬂ)' B(]-! I, +:U)'
r(cli-p*lp

%Qgﬂ | (QO(l—

2iz+c-1
P’ )j i)

2
I:J.dQl -,Ql—2i1—4,u—2iz . 1Fl[il + w1+ +:U;_,U(1+ K)(Qij }
° 1
2 Q+Q,
lFl[iz +/l,1+ i2 +1Ll,—’u(1+ K)(QLJ J Q'3+C -1 J‘dg Q|3+c -1 m
1

9

Il—jdg Qi g wlr?)

(is +

[IpeTxoaHu UHTErpaj CE€ MOXKE PEIIUTH MPUMEHOM (hopmyIe:

Q
J.dQZ ‘Q; ,e*sz = bl +a
0

raeje:a=i;+c-1

Wnrerpamu |, ul cy:

[r@+a)-ra+abe)]
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l,= L = {r(ig +c)—F[i3 +C,L2j} (5.29)

( 1 J 2,1~ p%)
Qo(l_Pz)

- 2
— Id.Ql X Ql—2i1_4/—l—2i2+i3+c—1 _ Fl(il + ﬂll_;r_ il + ﬂ,_ﬂ(1+ K)(QL] J.
0 1

lFl[i2 + 1, 1+1, +,u,—,u(1+1<)[QiJ J e 9 1—1 2) (Q d-p ))3+c.

{F(ia +) —r(ig +C’ﬁﬂ (5.30)

KymynatuBHa BepoBatHoha curHaia Ha u3nazy u3 MakpoauBep3utu SC komOuHEpa,
naray jemHaunnu (5.32), u3pauyHara je y OTBOpeHOM o0sinKy. Haume, u mope/ CBUX MO3HATHX
WHTEeTpasia, HUje om0 Moryhe mobutu m3pa3 y 3arBopeHoM oOnmky. Ha cimmm 5.7. nar je
rpadMuKy NpUKa3 HyMEPUYKUX pe3yliTaTa KyMyJIaTUBHE BepOBaTHONE CUTHAJIA HA U3J1a3y W3
makpoauBep3ut SC komMOWHEepa, Ha OCHOBY jenHaunmue (5.32), 3a 3ajeHUYKE MapaMeTpe
Qo=x=p=1. TIpu Tome, mapameTpu po U C ce Memajy. 3a HpTame rpaduka KopuurheH je
nporpam Wolfram Mathematica 12.2.

KymynatuBaa BepoBatHoha (CDF) curnama Ha wu3naszy u3 makpoauBep3utu SC
KOMOuHepa je:

Fx (X) = Zi N OO .[dQl ',Ll2i1+2#+2i2 . |1+|2 . (1+K)2ﬂ+il+i2 ) e_zw .
0

i,=0 |2_0 i3

1 . . 1 .
i (G, + ) i 00, + )

2
x4 B+ u)- B, + u)- 1Fl[il +u L+ i+ —u(l+ K)[QLJ ]
1

2
. . z
1 Fl(l2 +ud+i, + p—pu(l+ K)(—J }
Q

) 1 ‘ P 2i3+H_ 1 . QZuAu2iprigred efgoiilpz )
re)i-p? ot | Q- p?) i,)7(i,+c)

(@ya=p»)f- | Iy +c)- i, +c, ! (5.31)

0 3 3 2, 1—p2

Tj.:

E (x)=2 < U % 20 2u+2i, |1+|2 1+ 2utig+i; g 2u : 1 . 1 .
0022 22 () ) TR

2i3+c-1

2 +4u+2i; | H . i . 1 . P . —1 .

X B(l' Il +:u) B(l’ I2 +/l) F(C)(l_pz )pc—lQ(()Hl (Qo(l_pz)] |3|F(|3 +C)

(@,a-p?))"
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© 2 2
[d Rl i+l + @] o | | pdoy + @ )| = |
0 Q Ql

1

Ql
QAwutipsizied g %-r?) . ]“(i3 + C)—F iy +C, 9 > (5.32)
Q\l-p

AnanmuTHuky u3pa3 3a ryctuHy BepoatHohe (PDF) curmama Ha wu3nasy wus3
Makpoausep3utu SC komOuHepa je:
p,(x)= 2'(i1+ﬂ)'(i2 +,U)
2iy+2i, +4u-1 ‘e’(xgt?ﬂ"z ) ((K +1)~,Lt- x? J_Il_lz_# .
QlZ

(RS VS R A RUERE VS N V2

QlZ 2 912 le

1

- X

(5.33)

Jennauuna (5.33) nobujena je mudepenuupamem jeanaunne (5.32) y mporpamy
Wolfram Mathematica 12.2.

Po=05c¢=15

0.8
Po=05,c=15

Po=05¢=15

0.6
Po=05,c=15

f(x)

Po0=09,c=15

0.4

Po=0.1,¢c=15

0.2

0.0t

X
Cauka 5.7. I'paduuku nprka3 HyMEpHUKUX pe3yiTaTa KyMyJlaTHBHE BepoBaTHOhe CUTHaIa Ha
u3nasy u3 makpoamBep3uT SC KoMOWHEpa, Ha OCHOBY jemaHauwmue (5.32), 3a 3ajeHUUKE
napamerpe Qo=«rx=H=1. [TapameTpu po 1 C ce Memwajy.

Ha coumm 5.8. par je rpaduyku npuka3 HYMEpUUKHX pe3yliTaTa 3a TYCTHHY
BepoBaTHOhe curHana Ha w3na3zy u3 MakpoauBep3utu SC KoMOMHEpa, Ha OCHOBY jeHAYHHE
(5.33), 3a 3ajemunuke mapamerpe Qo=rk=pP=1. [Ipu Tome, mapameTpu po U C ce Memwajy . 3a
nprame rpaduka kopunihes je mporpam Wolfram Mathematica 12.2.

o= 83
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Cauxa 5.8. I'padmuxy mpruka3 HyMEpHUUYKUX pe3yiTara 3a T'YCTHHY BepoBaTHohe CHMTHaia Ha
u3na3zy u3 MakpojuBep3utu SC MpHjeMHHUKA, Ha OCHOBY jenHaumHe (5.33), 3a 3ajeaHUuKe
napamerpe Qo=rx=U=1. [TapameTpu po u C ce MeHajy.

BepoBataoha oTkasa (outage probability) je nepurrcana kao BepoBaTHoha 1a n3nazHu
OJIHOC CUTHaIa U HHTepdepeHInje Oy e uemo | yHanpe aeuHrucaHoTr HUBOoA mpara XTH (outage
threshold xtw).

BepoBatnoha oTkasa je [22, 56]:

XTH

I:’o = .[ px(t)' dt= FX(XTH) (5.34)

1| k=p=Q=c=1 I I I I ]
0.50 -
L 0.10
Q‘ .
0.05F ]
L p0=0.5
0.01¢ p0=0.01
=20 -15 -10 -5 0 5 10 15

XtH [dB]

Cauxa 5.9. I'paduuku nprka3 HyMepuukH 10OMjeHUX pe3yiTaTta 3a BepoBaTHohy OTKasza y
3aBHCHOCTH OJ] HUBOA Mpara, Ha OCHOBY jeqHaunHe (5.32), 3a pa3nuunuTe BpeTHOCTH apaMeTpa

po.
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Ha cmumu 5.9. nar je rpaduuku mpuka3 HyMEpUYKH JOOMjEHUX pe3ynrara 3a
BEpOBaTHONY OTKa3a y 3aBUCHOCTH OJf HMBOA IIpara, Ha OCHOBY jemHaumue (5.32), 3a k-u
CIIy4ajHy MPOMEHJbHUBY Ha u3Na3y u3 SC koMOuHepa [22], y 3aBUCHOCTH O/ aHBEJIOIIE CUTHAJIA.
3ajennnyky napamerpu cy k=u=£o=Cc=1. [Ipu ToMe, KpuBe Koje Cy MmpuKazane Ha ciumu 5.9.
Cy noOujeHe 3a pa3jIu4yuTe BPEIHOCTH IapameTpa po. 3a IpTame rpaduka KopuimheH je
nporpam Wolfram Mathematica 12.2.

Ha cioummu 5.10. nmat je rpaduuku mpukas HyMEpHYKH JOOWjEHHMX pe3yJsiTara 3a
BEpPOBAaTHONY OTKa3a y 3aBHCHOCTH OJ] HUBOA TIpara, Ha OCHOBY jenHaumne (5.32), 3a x-u
CJy4ajHy NMPOMEHJBMBY Ha m3nazy u3 SC koMOWHepa, y 3aBUCHOCTH OJf aHBEJIOIE CHUTHAIA.
3ajenunuku napamerpu cy k=u=c=1. [Ipu Tome, po=0.75 3a uiaBy kpuBy, a po=0.5 3a ocraie
KpuBe. BpenHocTn mapamerpa (X gare cy Ha CJIMIM 32 CBaKy KpHBY. 3a LpTame rpaduka
kopuirheH je mporpam Wolfram Mathematica 12.2.

1 K=p=c=1

0500 . — //
0= 2 (”//,,,,,,,,,,,, |
0.100

o 0.050| Q=4
[l‘ F

0.010}
0.005f - Q=8
Q=16
OOO‘] L L L L L Ly I
~20  -15  -10 -5 0 5 10 15

X7 [dB]

Canka 5.10. I'paduuku nprka3 HyMepHUYKU J00HjEHUX pe3ysiTaTa 3a BepoBaTHONhY OTKa3a y
3aBHCHOCTH O] HUBOA IIpara, 3a pa3InunTe BPEAHOCTH MapameTpa (.

Ha ocHOBY cBera, Mo’ke ce KOHCTaTOBaTHu Aa cy y oBoj riasu oapehene PDF u CDF «-
[ cITydajHe TIpOMEHJbMBE Ha ynazy y SC komMOuHep, pu 4eMy Cy IaTH U rpadudKi MPUKa3H
HYMEpUYKH J00MjeHUX pe3ynTara 3a ucre. [lopes Tora, ananutuuku je oapehen u cpeamu Opoj
ocHux mpeceka. Takohe, onpehene cy PDF u CDF 3a makcumyM JBe k-4 CilydajHe IPOMEHIbUBE
X =max(X,X,) Ha u3nazy u3 SC koMOMHepa W AaTH Cy TpadMyKM NPHKA3H HYMEPHUYKH

no0OujeHux pe3yiTaTa 3a ucre. AHAIMTUYKY je ofpeheH u cpeamu Opoj OCHUX Mpeceka. 3aTuM
Cy 3a MOJIeJI MAaKpOJMBEP3UTH CHCTEMa ca JeAHUM MakpoauBep3uTH SC KOMOMHEpOM U JBa
Mukponaueep3utu SC koMOuHeEpa y mpucycTBy Op3or k-u ¢eaunra u crnopor I'ama ¢eaunra
anamutnuku onpehenn PDF u CDF, u npu Tome, rpaduuky npruKa3aHd HyMEpUYKH JT0OOH)jeHH
pesynTtatu 3a pasznuuuTe mnapamerpe. Hymepuuku je oxapeheHa BepoBaTHOha oTKaza y
3aBHCHOCTM OJl HHMBOA Tpara, 3a pa3jMydTe MapaMerpe. Y CBUM OBHUM pe3yJiTaTUMa je
kopuirhex nporpam Wolfram Mathematica 12.2.
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6. HNEP®OPMAHCE BEXWYHOI' MAKPOJAUBEP3UTH CHUCTEMA VY
MMPUCYCTBY BbP3OI' K-y ®EJAUHI'A, CIIOPOI' TAMA ®EJIUHI'A U K-p
MEBYKAHAJIHE UHTEP®EPEHIINJE

VY 0Boj rnaBu nate cy nepdopmaHce OEKHUUYHOT MAKPOJIUBEP3UTH CHCTEMA Yy KOME CY
NpUCYTHH Op3u k-u demuur, cropu ['ama denuHr u k-u mehykanamHa wHTepdepeHIy]a.
[IpumMeweHn Cy MUKPOAMBEP3UTH KOMOWMHEpH Koju Cy cenektuBHH [12]. MakpoauBep3utu
CEJICKTUBHM KOMOHMHEp M3JIBaja MHUKPOJMUBEP3UTH celleKTHBHU kKoMOuHep (SC komOuHeEp), ca
BehoM cHarom Ha ynasuma, Tako Jja OMOT'yhu cepBUC IpeMa KOPUCHUKY U Ha Taj HAYMH CMambU
yTuIaj copor ¢geaunra Ha nepdopmance cucrema. [Ipu rome, muxpoausep3utu SC KoMOUHEp
u3[Baja rpaHy ca HajBehMM OJIHOCOM cHara curHaJ/uHTepdepeHnuja. MakpoauBep3UTH
cucreMu ce popmupajy y okBupy henuje koa henujckux KoHGUTYypalyja Koje ce KOpUCTE Ja ce
noBeha kamanurer kanana. Ca moBehamem Opoja henuja moBehaBa ce kanmanuTeT cucreMa jep
ce ucta Hoceha (pekBeHIIMja MOXKe KOPUCTUTH y TojenuHuM henujama. bpoj henuja y Hexom
reorpad)CKOM IPOCTOPY j& orpaHuyeH 300r rnojase Mehykananne uarepdepenmnuje. 360r opora
je mehykananna uHTEepdEepeHInja yBeK NpucyTHa kon henujcke xoHUrypauvje MOOUITHUX
OocxnuHnx cuctema. Kom oBux cucrema je mehykananmna wHTepdepeHIMja TOMHUHAHTHA
CMEeTHa y oIHOCY Ha ['aycoB mym, ma ce 3aTo M Ha3uBajy MHTEP(EPEHIMjoM OrpaHHYCHU
cucremu. Kon oBux cucrema, yrumaj ['aycoBor mryma Ha BEpOBaTHONy Tpelike cHcTeMa,
BEpOBAaTHONY OTKa3a cucTeMa, KalmaluTeT KaHajla U CPeAme BpeMe Tpajama OTKaza CHCTeMa
MOXe ce 3aHemMapuTH. Takolje, 0THOC CHara aHBeJoNa KOPHCHOT CUTHAJAa M UHTEepQepeHIrje
je BaKHAa CTAaTHCTUYKAa KapaKTepUCTHUKa IOMONy Koje ce MOry u3padyHaTu BepoBaTHOha
rpemike, BepoBatHoha OTKa3a, KamamuTeT CUCTEMa M CPEIbe BPEIHOCTH. MHKpPOANBEP3UTH
NPYjeMHUIM KOMOHMHY]Y CUTHAJIE Ca BUIIIE aHTEHA KOj€ Cy NOCTaBJbeHEe Ha Oa3HUM CTaHMIAMa,
a makpoauBep3uTH SC npHujeMHUK KOMOMHYje CUTHAJI ca 0a3HUX CTaHHIIA KOje Cy reorpadcku
nocraBsbeHe 1o henujama. Kon henujckux cucrema, Ha 6a3HUM cTaHHUIIAMA je IPUCYTaH U Op3u
u criopu ¢eaunr, na je mehykananna uaTepdepeninja, Takohe, uznoxeHa Op30M U CIIOPOM
bemunry [74, 76].

Ha ynasuma y mukponusepzutu SC mnpujeMHUK je HpHCyTaH Op3u K-4 (HEIUHT.
Muxkpoausep3utu SC NpHjeMHUIM UMajy 10 JIBa yila3a U pacTojame u3Mel)y mbux je JOBOJbHO
BEJIMKO TaKO Jia aHBeJoNe k-4 (peauHra HUCY Kopenucane Ha aHTeHama. KopucHUM curHai u
MmelykaHaiaHa MHTepdepeHInja cy U3JI0KEeHU Op30M k-1 (peTUHTY ca pa3aIuuuTHM K (hakTopuMa
Y pa3IMYUTUM CPEAHUM cHarama ansesiona. [lapamerap u je uctu 3a o0a x-u penunra jep Moxe
Jla ce MPETIOCTaBy J1a je Opoj KiacTepa UCTH 3a KaHall Kpo3 KOjU Ce MPOCTUPE KOPUCHH CUTHAII
U 3a KaHaJ Kpo3 KOoju ce mpoctupe mehykananHa uatepdepennuja [71]. Takohe, kopucHu
curHan 1 mehykaHaiHa UHTepdepeHlHja cy U3I0kKeHu crnopoM (enunry. Crnopu denusr
yTH4e Ha Bapujaljy cpelmbe cHare. Bapujanuja cpenme cHare 300r yTuiaja cropor genuHra
MOXe JIa ce OmHMIle ca ['amMa pacrojienioM Win ca JOr-HOPMaTHOM pacrojenoM [7]. Y oBom
ClIydajy, BapHjaluja cpelme cHare 300r yTuiaja crmopor deawHra je omucana ca ['ama
pacrionenom. Kana je copu euHT omricaH ca JIOT-HOPMaJTHOM PAcIioIe]ioM OHJa M3PasH 3a
nepdopMaHce cucTeMa He MOy OMTH M3BEJCHE y 3aTBOPEHOM OOJMKY IITO 3HATHO OTEXaBa
aHaATN3y OCKUIHUX TEIEKOMYHUKAITMOHUX MOOMITHUX Palio CUCTEMA.

Criopu ¢enunr Hactaje 300r edexTa ceHke. J[Be nim Buie 6a3HMX CTaHUIIA MOTY YECTO
na Oyny 3axBaheHe ca MCTOM CEHKOM M 300T TOTa Cy Cpelmhe CHare aHBesola CUTHaJa Ha
0a3HMM CTaHHUIIaMa KOPEJIHCaHe, OTHOCHO CIIOPU (PeTUHT UMa BEJHKY KOpENallOHy TUCTAHILY.

[IpBo cy m3pauyHaTe TycTHHa BepoBaTHohe M KyMyJIaTMBHA BepoBaTHOha OjHOCA
cHrHaja W WHTepdepeHIuje Ha ynasy W u3nazy Mmukpomuepautn SC komOunepa (SC
MHKpPOKOMOWHepa). 3aTuM je u3padyHara BepoBaTHONA OTKa3a Ha M3J1a3y U3 MUKPOIMBEP3UTH
SC xomb6unepa. OBU pe3yaTaTu cy ynoTpeO/beHH 3a H3padyHaBame I'yCTHHE BepoBaTHOhe H
KymyinatuBHe BepoBatHohe opnoca curHan/matepdepennuja (SIR) [12] wa w3masy wus
makpoausep3ut SC komOunepa. [lpu Tome, natu cy rpaduuku npukasu BepoBaTHohe oTkaza

86



y 3aBHCHOCTH OJI IIpara, Koja je m3pauyHara kopumrhemem nporpama Wolfram Mathematica
12.2, 3a HEKOJIMKO BPETHOCTH BUIIIC PA3IMYUTUX MapaMerapa Ha MU3Jia3y U3 MaKpOJUBEP3UTU
SC xombunepa [2, 12, 34]. ITopen Tora, aar je U 100MTaK MaKpOKOMOHHOBAa y JeIHOeIMMa
y 3aBUCHOCTH 0]1 KOe(HIMjeHTa KOopealuje p Ha u3na3y u3 makpoausep3utu SC komOuHepa.

6.1. I'yctuna BepoBaTHohe " KYMYJIaTHBHA BepoBaTHoha 0JIHOCA
cUTrHaJI/MHTep(epeHunja HA yiaazuMa U u3jasy u3 SC komOuHepa

Ha ciumu 6.1. npukasan je SC komOuHep ca nBa ynasa [12, 80], koju ce pa3marpa.
AHBernone KOpUCHOT CHTHajia Ha ynasuma y SC IpHjeMHHK Cy O3HAueHe ca X, U X,, a Ha
nsnasy u3 SC npujeMHHKa ca X, . AHBenone MehykanaaHe uHrtepdepeniyje Ha ynasuma 'y SC
IPHjEMHHK Cy O3HaueHe ca Y,, u Y, , a Ha u3naszy u3 SC npujemnuka ca Y,. Cpenma cHara

aHBENIOTIe KOPUCHOT CHTHAJa je O3HaueHa ca 21, a cpenma cHara wmelhykananne
uHTepdepeHImje je o3HayeHa ca S, .

X11, Y11, 111
o—
SC
X1, Y1, M1
Q1,81 o
X12, Y12, 112
o—

Canka 6.1. CesnleKTUBHY KOMOMHED Y IPUCYCTBY KOPUCHOI' CUTHANA U Mel)yKaHalIHe
uHTepdepeHIuje.

OnHoc aHBeNoOINa KOPUCHOT curHaia u Mel)ykanaiaHne uatepdepeHIije Ha IpBOM yiazy
SC xomOunepa je:

X
Ty =— , X1 =Thi - Yu (6.1)
Yiu
a Ha apyroM yna3y SC komOuHepa je:
Thy = Xz , X2 =Ty~ Yo (6.2)
Y12
['yctuna BeposatHohe P, (77,) je uspauynarta npumenom jennaunne (3.30) u3 riase
3:
#tl 2+ -1 41
p, (17,) = 2p(r, +1) 2 i L Ky (kg +1 1 2u(k, +1) 2
N S ) TG4 g
K, 2% 2 h K, 2 €S, 2
" 2iy+pu-1 o a /J(K1+1)22+/1(K2+1) 2
Z U KoK, +1 1 S 2201 J’dy y1+2i1+2ﬂ—1+2i2+2/1—1 o ( ) s, jy
i,=0 Sl (1, + ) 0
+1 2ip+u-1 H+l
B 2;1(K1+1)ﬂ7 i{ﬂ Ky (x, +1 ] # 1 'Zy(Kz +1)‘2 '
= L Q (G, + pl o opn
K, 2 exl,ugl 2 ;=0 1 1 ( 1 /u) K22 ekzysl 2
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= KZ(KZ +1) At 1 1 i) +ip+2 1
D3 P L) R S PRy

S, Ig'F(I +p1) 2 (,u(lcl +1)2°S, + u(x, +1)Q, )iﬁiﬁzﬂ

(6.3)

KymynatuBHa BepoBaTHOha 0] 7, U3payyHaTa je IpUMEHOM jeHauuHe (3.46) u3 rnase

3 u ca jennaunnoM (6.3) kopuirheHa 3a u3padyHaBambe ryctuHa BepoBatnohe ox SIR-a, a 3atum
nara y jennauunnu (6.4).

OnHOC aHBeloIa KOPUCHOT curHaina u Melykananie uaTepdepeHuuje Ha nznazy u3 SC
KOMOUHepa je 77, .

['yctuna BepoBatnohe p,, (77,) je:

P, (771) Py, (771) o (771) P, (771) 'R (771) =2 Py, (771) F;hz (771) =
21

2 H H
2 v '{(“Kl)gﬂlz} {(“Kz)gzz} ' - e
(L)) m}
1

1

— -F(|1+|2+,L11+y2)- —
e L L+
;=0 i,=0 |:(1+K2)él2 (1+Kl)g 7712:| 1 (1 /ul)

1 1

27]"
[ (1+ Kz{ﬂzj :l i .
. Sl ,e_’ﬁ/ﬁ—"zﬂz |: (1+ Kl)SZ i|/‘1 3 . o o ) . Kl's

izlr(iz +/”z) (:|-+’<2)912
K;4 . 7712(#1”3)

'iA!F(i4+ﬂ2) iy .

. | o . ) 1+ x, )1, S2
e 2 U A o :Ui*‘luz+|3+|4’ﬂ1+|3’1+ﬂ1+|3'_(1—)1u1127712 -
(1+1<2),UZQ

_ 4_e—2(K1#1+K2/12) (1+ Kl)ﬂl luftl . (1+K2 )yz ,uzyz . 7712”1_1
.Q12H1 812#2 p P IR
(L) ) Bt

i i i i 771 F( +|2+/"1+:uz) 1il .(1+K1)I1 lulzll K‘izz -(1+K2)i2 .(ﬂZ)ZiZ

=0 i,=0 i;=0 i,=0 I1!F(1+/11) leh iz!F(iz +1u2)'812I2
(1+K1)#1+i3 SlZ(#1+i3) . . K]i-3 Ki24 772(/11+i3) i
) i — [ h 1y +2ig
(145, ) Q2mi) (o 4o+ 1) (s + i) BTG+ pt) gnthy

iy~ gy i i+ i i Ltk )y
',U24 g _zFl(lul+lu2+I3+|4,/ul+|3,1+/,11+|3,—W7712]:
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42 i i i e—Z(Kl,ulJer;zz) . (1+ K )Z,Lll+i1+i3 . lulZ,u1+2i3 . (1+ K, )u2+i2—y1—i3 ] luézz+i2+i4—y1—i3

i,=0 i,=0 i3=0 is=0 912(2”1”1”3) Slz(”2+i2"”l_i3)
. 1 ) 772y1—1+2i1+2,u,1+2i3 ) F(Il + i2 + 14 +ﬂ2) - K]i-1+i2+i3 _Ki22+i4
Hy+ p +iy iy 1 ||F(| N ) | |[’(| N )
L\ T 2\ + 1,
(L) s ls) ot
1 1
1 1 1

~F(i3+i4+,ul+,u2)~

is!r(i3+ﬂ1). iA!F(iA +,U2). o+
(L+x)aS?
(L4, )y 27

Ha cnuuum 6.2. nat je rpaduuku mpuka3z Hymepuukux pesynrtara 3a PDF — omnoca
curnana u uatepdepennmje (SIR) Ha uznazy uz SC komOuHepa, Ha OCHOBY jeaHaunue (6.4),
I/Ie CY 3ajeIHUYKU mapameTpu q1=k1=1=S1=k2=H2=1, nok je 1=1, 1=2 u :=3 3a miany,
HapaH[JACTy U 3€JIeHy KPUBY, PECIIEKTUBHO.

2 Fl(/”l"‘/uz g+, 44 i1+ gy +ig,— (6.4)

0.6
=1 nm=k1=H1=S1
=Kk2=H2=1
0.5r
0.4 Q=2
=03
a
21=3
0.2 /
0.1
0.0 i
0 1 2 3 £ 5

M

Ciamka 6.2. I'papuuku npuka3 Hymepuukux pesynrata 3a PDF — opnoca curnama u
unrepdepenimje Ha n3nazy u3 SC komOuHepa, Ha OCHOBY jenHaunHe (6.4), Tae cy 3ajeTHHYKU
napaMmerapu 71 = k1= 1= S1= k2= M2 =1, mok je Q1= 1, Q1 =2 u 1= 3 3a m1aBy, HapaHIIACTy
U 3€JIeHYy KPHUBY, PECIIEKTHBHO.

KymynatuBHa BepoBaTHOha of 77, je [63]:

2 & iy T2 T
Frh(ﬂl):Fqn(nl)'Fnlz(ﬂl):;) i;) [ g o 2#2)'|:ﬁ:| -F(I1+I2+/11+,L12)-

K1i1 . Kizz 1 Z 2 +iy)

i (i, + 1) | i1 (i, + p1,) ' Hy+ g

g +2iy

“ My

iy = —iy
. ﬂz .
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)
L . . (+x ),ule 2
N Ay R VA N T —(1—22 (6.5)
2 2 Th Tl 1y 1y
( (1+ Ky )ﬂfo
Ha ciuum 6.3. nat je rpaduuku npuka3z Hymepuukux pesynartara 3a CDF — ognoca
curnaina u uarepdepenimje Ha uznazy u3 SC komOuHEpa, Ha OCHOBY jeaHaunHe (6.5), rae cy
3ajeTHMYKH MapaMeTpu 71 = k1= 1= S1=x2= M2 =1, nok je Q1 =1, Q1 =2 u 1 = 3 3a maBy,
HapaH[JACTy U 3€JIeHY KPUBY, PECIIEKTUBHO.

nm=k1=H1=S1
=k2=H2=1
0.8+
06f
T 041
0.2
0.0t D=3
0 1 2 3 4 5
M
Cimka 6.3. I'papuuxku mpuka3 Hymepuukux pesynrrata 3a CDF —  onHoca

curnan/untepdepeniimja Ha uznazy u3 SC koMOMHEpa, Ha OCHOBY jeaHauune (6.5), rae cy
3ajeIHUYKHU MapaMeTpu 71 = k1= 1= S1= k2= M2 =1, mox je Q1= 1, 1 =2 u Q1 = 3 3a masy,
HAPAHIIACTY U 3€JICHY KPUBY, PECIICKTHUBHO.

Beposarnoha otka3a (outage probability) je [22, 56]:
R= _[ px(t)-dt = FX(XTH) (6.6)

BepoBatnoha otkaza (Po) Ha wm3masy m3 SC MHKpOKOMOWHEpa wH3padyHara je
HYMEpHUKH, Ha OCHOBY jeanaunHe (6.5), y nporpamy Wolfram Mathematica 12.2, a 3atum je
Ha ciuny (6.4.) nat rpaduKky NpUKa3 HyMEPUYKHX pe3yiarata 3a Po. 3ajeHUUKN mapameTpu
cy ni=k1=H1=S1=k>=M>=1. Jemna xpuBa aara je 3a 1 = 1, rae Po Texxu BpearoctH 1, a apyra
3a 1= 2, rae Po Texxu Bpeanoctu 0.8, Kao MITO je MpUKa3aHO Ha HaBeAeHO] ciuuu. [Tomohy
XOpU3OHTAJIHE I[PHE JIMHHU]jE KOja mpecerna oba rpaduka 3a Po, oapelhyjemo HUBO mpara X
(threshold) 3a Q1 = 1 n 3a Q1 = 2, peciektuBHO. HuBo mpara je nmpubmmkno — 6 dB (03HaueH
ca JIBe BepTHUKAJIHE IPHE JIWHU]e Ha TpaduKky) u oapelheH je 3a BepoBarHohy oTkaza Po = 0.001.
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Cauka 6.4. I'paduuku npukas HyMEepHUKHX pe3ysiTaTa BepoBaTHOhe O0TKa3a Ha uznazy u3 SC
MHUKPOKOMOWHEpa, Ha OCHOBY jeaHaunHe (6.5), rie je mapamerap Q1= 1 u 1= 2, peCleKTUBHO,
JIOK CY 3aj€THUYKH mapaMeTpu 71 = 2= xk1= 1= S1= k2= P2 = 1.

6.2. 'ycTuna BepoBaTHOhe curnajia Ha usJja3zy u3 makpoausep3utu SC komOonHepa

MakpoauBep3uTH CUCTEM KOJU CE€ pa3MaTpa y OBOj TJIaBH UMa je/laH MaKpOIUBEP3UTH
SC xkombuuep u [1Ba Mukpoausep3utn SC komOuHepa [12]. Mopen pa3marpaHor
MaKpOIUBEP3UTH CHCTeMa MpHKa3aH je Ha ciunu 6.5. [46].

X11, Y11, H11 o—— SC
X1, Y1,
2. s Ly
X12, Y12, H12 o sC
X, ¥, n
—
Xo1, Ya1, 1121 [ sC
Oy, S
X2, Y2, 112
X22, Y22, 1122 &—

Caunka 6.5. MakpoIuBep3UTH CHCTEM.

AHBeJIONIe KOPUCHOT CUTHala Ha yla3uma y npBU Mukpoausep3utu SC komOuHep cy
O3HaYEHE ca X, U X,, a Ha ynazuma y apyru SC komOuHep ca X,; U X,, . AHBEJIOIE KOPUCHOT
CHTHaJIa Ha M3J1a3UMa U3 MEKpoauBep3uTH SC KOMOMHEpa O3Ha4YEHE Cy ca X, U X, , a Ha U3Ja3y

u3 makpoguBep3uTu SC komOmHepa ca X. AHBenone MelhykaHanHe uHTepdepeHIje Ha
yJa3suMa y npBH MUKpoauBep3uTtd SC KOMOMHEp cy O3Ha4eHe ca Y, U Y,,, a Ha yla3uma y

apyru SC komOunep ca Y,; u Y,,. AHBenone MelykanaiHne HHTephepeHIUje Ha U3Ia3uMa U3
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MmukpoauBep3uT SC KoMOMHEpa Cy O3HaueHe ca Y, u Y, , a Ha u3iaszy u3 Makpoausep3uta SC
KoMmOuHepa ca Y. OxHoc aHBenona kopucHor curHana u uHTepdeperuuje (SIR) [12] na
yla3uma y mpBu Mukpoausep3utd SC koMOUHEp Cy O3HAu€HHU ca 7, U 7};,, a Ha yJIa3uma y
apyru mukponauep3utu SC komMOuHep ca 77,, U 17,, . OQHOC aHBeIONa KOPUCHOT CHTHAJIA U
UHTepdepeHIrje Ha n3na3uma u3 Mukpoausep3utu SC koMOMHepa je O3HaueH ca 77, U 77,, a
Ha m3na3zy u3 makpoamsep3utu SC komOuHepa ca 7. Cpeama cHara KOPUCHOT CHTHaja Ha
yJia3uMa y pBu MUKpoiuBep3uTH SC koMOMHEp je 03HaveHa ca 1, a Ha yiazuma y apyru SC
koMOunep ca €. Cpenma cHara MelykaHamHe HHTepQepeHIMje Ha ylla3uMa y TpBHU
MuKpoauBep3uTn SC KOMOMHEp je 03Ha4yeHa ca S, a Ha ylna3uMma y ApYT'M MUKPOIMBEP3UTH
SC xombuHep ca S, .

31pykeHa T'yCTHHa BepoBaTHOhe CpeIbHX CHara aHBeNloNa Ha yjiasuma y OasHe
cranuiie 1 u > uma kopenucany ['ama pacrniogeny [38, 46, 63]:

Q49

c-1

Do Q0 )= oy e (207 ¢ M G ol =
_ 1 i( P )2i5+c—l 1 (,Q O )|5+c -1 Qfg—izz) (67)
re)-p))p et & 21— p%) i, ! 7°(i; +c) ’

>0, £2:>0,
['yctuHa BepoBaTHOhe cpenme cHare aHBenone MehykaHanHe WHTEphEpeHIHje je
Hekopenucana ['ama pacnogena [44, 46, 63, 80 ]:

1 7isl 1 *isz
——_sgile A ——__sple A 5>0,5,20 (6.8)
rc)A I'(c,)B’

VY nperxonHum u3pasuma cy C, u C, omTpuHe Qeaunra, o je cpelilba BpeJHOCT 01 £

psls2 (5152) =

u £, a B jecpenmwacHaraon S, u S,.

Makponusepzutu SC mNpHjeMHHUK H3/1Baja MHUKpPOJIMBEP3UTH ca BehoMm cpenmom
cHaroM. Ha ocHOBY oBora je rycTuHa BepoBaTHohe CUTHajIa Ha U3a3y U3 Makpoausep3uta SC
npujeMHuKa jeanaka [58]:

®© ®© ) Q
77)= J.dsl J.dsz : D-dglj‘sz pda(nlgl’sl)pqlqz(gl’QZ)_‘_
0 0 0 0
© Q,
+JdQ2jdglpqz(n/gz’Sz)pqlqz(Qqu):l
0 0

®© 0 Q
" Psys, (51152) = F%(U/Qp Sl)pqlqz(gvgz)' Ps,s, (51' sz) = Z'Idsl' ps1 (Sl)J.dQlJ.d‘Q2 ’
0 0 0

F%(Ulglvsl)pqlqz(g1igz) (6.9)

300r moremkoha ca m3pauyHaBameM jenHaunHe (6.9) y 3aTtBopeHOM 001MKYy KOja
caapXHu 4YeTBOPOCTpYKH HHTerpan, y mporpamy Wolfram Mathematica 12.2 wajmpe je
U3BPIICHO CYMUPAE TAKO IITO CE U3 LeJIe jeJHAYNHE U3BYYE je/IaH YWIAH CyMe, Y OBOM CITy4ajy
l1, ¥ U3padyHa cyma 1o i1,

[TpBu unan cyme l1 je:
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ey s 1 L Tttt an) (6.10)

o o i1 77, + :
,=0 1 {(1+K2)§1222+(1+K1)g,127712} 1 (1 ﬂl)

2 1

Kana ce y nporpamy Wolfram Mathematica 12.2 u3Bpium 0Bo cymupame 1o i1, rae i1
une on 0 1o o, tobuja ce cieneha jeaHaunHA:

_eyz g 1AlLY) (6.11)

()
3aTuM ce BpIIM HHTETpa/bebe Mo Si Taj MHTErpana mocToju y 3aTBOPEHOM OOJIHKY.

JHo6wuja ce cneneha jenHaunHa:

2

I o . o 1 X 1
P, = Q—2(21+'1) .G . 3+2i, ; WA 2) Gt | T (612
2 Z Z 1 2 X iz!F(iz +ﬂ2) (I3+I2+ S; +le is!r(is"':ul) ( )

i,=0 i3=0 2

3aam1 WiaH cyMe Koju je notpebaH Aa 6u ce u3pauyHaia koHayHa ¢popmyina 3a PDF Ha
U3JIa3y U3 MaKPOIUBEP3UTH]A j€:

2—i
) . . 1 X2 ' 1 . .Qz S
P = Q*2(21+|4) _X3+2|4 . + _  —_ F 2+| ,1,— 6'13
=2, & S (] o

i4=0

Tume je jemHaumHa (6.9) K0ja caap>KU YETBOPOCTPYKH MHTETPAN MOjeTHOCTABIbEHA H
uspadynara y nporpamy Wolfram Mathematica 12.2 u tako nobujena jenHaunna (6.14):

S c S i +i —i +2i 1 H - 1 XZ
pa) = > > evxt P .g k. 321-+-F(|3+|2+2)(?+Ej
2 1

i,=0 ;=0 i,=0 '2!F(lz+ﬂz)
_ 5 \-2-i 2
! Ir(il RALY) i e [L_] ;F@lAj
3: L 3 +ﬂ1) F(Il) S, & F('s +1) Sy X+

(6.14)

Ha crumu 6.6. nar je rpadguuku mpruka3 HyMEpHUKHX pe3yliTaTa ryCTHHE BepoBaTHOhe
0JIHOCA aHBEJIONA KOPUCHOI CUTHAjJa U MHTepdepeHIrje, KOju je To0UjeH MHTEePIIOIaljoM,
rie cy Bpeanoctu 3a X y omcery (0.0001, 15) y3ere ca xopakom 0.1. Bpeanoctu 3a PDF
npopadyHaTe cy u usBezeHe y mporpamy Wolfram Mathematica 12.2, Ha ocHOBY jenHaunHe
(6.8), 3a mapamerpe gate Ha CIIHIIH.

KymynatuBHa BepoBaTHOha oJHOca aHBENONa KOPHCHOT CUTHala U MelykaHaiHe
uHTepdepeHimje Ha u3naszy u3 makpoausep3utu SC npujemuuka je [80]:

) 0 ) Q
= [ds, [ds,- DdQldedel(n/Ql,Sl)pqlqz(Ql,Qz)+
0 0 0 0
0 Q,
+ [d9, [doF, (n/QZ,SZ)pqlqz(Ql,Qz):l Pss, (51,5,) =
0 0
© © © Q
2[ds, [ds,- [de [dQ,F, (7/2,8,)pq, (@ 2,) pss, (S..8,) =
0 0 0 0

© © Q
:2Jd81 “Ps, (S1) del'[szFda(n/Ql, Sl)pqlqz(‘QPQZ) (6.15)
0 00
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0.35F '

[ Q0=1,c=15, kL=pL=

I p=025p1=1 k2=p2=1,
DSD:— | cl=c2=15

r i 'II ...I'. Q=1, c=35, :
PEE T e pmotns t

N Y ]

0.20} ]

E,_ [ 4-— 20=2,¢c=35,

015 [ p=01/p=1 .

| | \ ]
010}/

; l." Q=2,c=35,

C | =01, 4=3
0.05 - —S— p y |
ooOft-". .

] g 10 15

Cauxa 6.6. I'padpmuky mpuka3 HyMEpHUYKHX pe3yliraTa TyCTHHE BepoBaTHOhe omHOCa
aHBeJoIa KOPUCHOT CUTHaja U MHTepdepeHiyje, Koju je 100UjeH MHTEPIOalHjoM, IIe CY
BpenHoctH 3a X y oncery (0.0001,15) yzere ca kopakom 0.1. Bpeanoctu 3a PDFnpopauynare
cy u m3BeneHe y nporpamy Wolfram Mathematica 12.2, va ocHoBy jennaumne (6.8), 3a
napaMmeTrpe JaTe Ha CIHIIH.

Q> F (1) o
=K2=H2=C1= e
C=p=p=1 E—
0100}
< 0.010¢
0.001}
10
"..u-. L1 I I T T 1 T | T T | L 1 [ R T T | I T T | ’Z
-20 -15 -10 -5 3 5 10

Cauka 6.7. I'papuuku npuka3 HyMEpUUYKUX pe3ysiTaTa KyMmMyjlaTHBHE BepoBaTHohe ojHOca
aHBeJoONa KOpUCHOr curHana u MehykananHe wuHrepdepenuuje Fq() Ha wu3mazy wus
MmakpouBep3uTu SC nprjeMHHKa, Ha OCHOBY jeaHaunHe (6.15).
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Wurerparujom jeanauunne (6.15) y mporpamy Wolfram Mathematica 12.2 no6wujajy ce
HYMEPHUKU PE3ylATaTd KyMyJaTUBHE BepoBaTHOhe OJHOCA aHBEJONA KOPUCHOT CHTHAlIa U
mehykananne uHTepdepeHnyje Ha u3nasy u3 Makpoausep3utu SC kKoMOUHeEpa, 3a mapamerpe
Q= =Kki= h=K2= 2= C. = C2= f1 = f> = 1, unju je rpaduyxu npuKa3 aat Ha ciuiy 6.7.

Ha ocHoBy jennaunne (6.15), kopumthemem mporpama Wolfram Mathematica 12.2, nat
je Hu3 rpaduka BepoBaTHOhe oTkaza Po y 3aBHCHOCTM O HHBOA Mpara X, Ha W3ja3y W3
MakpoauBepsutn SC komOuHepa (Bumeth ciuke 6.8.-6.11.), 3a pa3auumTe BPEIHOCTH
napamerapa.

Q=== Ps e
=K=l2=C1= -.___..-_--:'- '.___.--"'
C=p=p=1 g T
L Q1=rK1=1,
F Hi=2,£2=1,
[ k2=2, u2=1,
=/ C1:27C2:1”51=
- 2,p=1
o B
- - B
. # 0.001 | Q1=1 k=3,
P e 3
g - - p1=2, £2=1,
f*f ’ J;’f [ k2=2,u2=3c1=2,
i LA 104 L c2=1,p1=2 p2=3
.-".-__-"f i Xt
P B R | R B P TR
-2 -15 -10 -5 F 5 10

Cianka 6.8. BepoatHoha oTkaza Po y 3aBucHOCTM O] HUBOA Tpara X., Ha H371a3y H3

Mmakpoausep3uTi SC koMOMHepa, 3a MapaMeTpe Aare Ha CIULH.

Warovatnoca othaza, Fao

Cianka 6.9. BepoBarnoha oTkaza Po y 3aBHCHOCTM O] HHMBOa Mpara X, Ha H3Ja3y W3

T T | L R S B B
1TE| k1= = ko= Ho=1, Q=1,c=15, —
F | c1=C2=1.5 p=0.25 4= A= ]
I Q=1,c=35 e
0.100 | p=01p4=3 = 4
: f_ff:"--”'f g
. e P
K1= 1= k2=p2 = 1, LF ________H-ﬂ‘# ) h ]

c=11, ) . L .

0.010 Q0 =10.62, ; --_f f ? 3
p=0.9 . 2 ]
c=co=11 . \ =2 035

0.001L .- - L 7 p=01A=1

E T - ’

[ # # §

F A . ’ . @=2,c=35

q-.-.-"__," L L . \ p=01 /=3
Tl ; |

T BT B B B —

-20 -15 -10 -B a B 10

Nivo praga, x7y [dB]

MakpoauBep3utu SC koMOuHepa, 3a mapameTpe JaTe Ha CIUILIH.
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Cauxa 6.10. BepoBarHoha oTka3a Po y 3aBUCHOCTM OJf HMBOA Ipara X, Ha H3Ja3y U3
mMakpoauBep3uTi SC KoMOMHEpa, 3a pa3IMuuTe BPEIHOCTH Napamerapa 2o v oo.

1| K1I=H1I=K2=p2=1, p0=0.999 p0=0.99 p0=0.95 p0=0.9 |
c=1.1, ]
c1=c2=1.1, =
pi=1,
o100 Qo =10

0.010

0.001

Werovatnoca otkaza, Po
T

10~

- i 4 | A 4 | I L]
-20 18 -10 -5 ] 5 10

Mivo praga, x1y [dB]

Cauxa 6.11. BepoBarnoha orka3a Po y 3aBUCHOCTH OJf HMBOA Ipara X., Ha H3Ja3y u3
MakpoauBep3utn SC koMOMHepa, ca MapaMeTpruMa JaTHM Ha CIMIH, Ka0 W 33 Pa3IHIuTe
BPEIHOCTH IapaMeTpa po.

Ha ciumm 6.10. npukasana je BepoBaTHoha oTkaza Po y pyHKIMjU 01 HUBOA Ipara X

(mpar oTkasa), 3a pa3IMYMTe BPEIHOCTH HapameTapa (o u po. MoXke ce NPUMETUTH Ja je
BEpOBaTHONA HIKA 332 HIDKE BPEIHOCTH KOPEIAIMOHOT KOC(HIIMjEHTa po W/WIM 3a BHIIEC
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BpenHOCTH mapameTpa cHare (. IlITo je kopenaunoHu KOeQHUIMjEHT HUXKHU, TO je U cama
Kopenanuja u3mel)y usnaza MUKpOAMBEP3UTHja HIXKA, a 3aTUM U niepopmMaHce cuctema 6obe.
Vkosuko ukcupamo napamerap £ = 10 dB, youaBa ce cMameme BepoBaTHOhe oTKasa ca
cMamemeM Kopenanuje (po = 0.999, 0.9, 0.5, 0.1, peciektuBHO). Takohe, MOKEMO younuTH aa
je HajHIKa BPEIHOCT BepoBaTHONE 0TKa3a gooujeHa 3a Hajpehe o= 25 dB u po = 0.9 (upBeHa
KpHBa), IITO yKa3yje Ha Behu yTHIaj mapamMeTpa KOji ONKCYje CHAary OJHOCa CUTHAJI-IIYyM Ha
BEpOBaTHONY OTKa3a.

Ha cianum 6.11. nara je BepoBatHoha oTka3a Po y 3aBHCHOCTH 071 HUBOA TIpara X, 3a
napamerpe 1= b= 2= .= 1, c=11, ca=c.= 1.1, fi=1, & = 10, kao u 3a pazauuure
BPEIHOCTH napamerpa po. HuBo mpara je oapehen ca rpaduka 3a Po = 0.001 (o3HaueH ca nBe
BEPTUKAJIHE I[PHE JUHH]je Ha TpaduKy) U u3Hocu npubmkHo — 10 dB, 1o0ujen Ha HCTH HAYKH
Kao U y caydajy ciuke 6.4., rae je Ha mznasy SC komOuHepa HuBO mpara 6uo — 6 dB. Ha Taj
HA4YWH, MOKE Ce KOHCTATOBATH 3HATHO MOOOJBIIAKE TPIMEHOM OBE TEXHUKE.

[TpruMeHOM MaKpOIUBEP3UTH CHCTeMa (BUACTH CIMKY 6.5.), cMamyje ce BepoBatHoha
oTkaza 6e3 noehama mupruHe PPEeKBEHTHOT OIcera 1 moBehama cHare Ha peaju, mTo je jour
jenaH IOMPUHOC OBE AMCEpTaIlHje.

(0,0.925 /. o (0.96,4.75)
(0.5,8.6) T
(0.75,7.25) / .

(0.875,6) R4

Daobitak makrok ombinovanja [dB]

(0.992.25) > |

(1,0)

Koeficiient korelacie, o

Canka 6.12. JTobutak Makpo KOMOWHOBamWa y JlelOenMa y 3aBUCHOCTH O] Koe(uIijeHTa
KopeJaiyje p Ha u3J1a3y u3 Makpoausep3ntu SC koMOuHepa.

Kana ce mocmarpa cnuka 6.12, rae je gaT 1ooutak Makpo KOMOWHOBama y Jeruoennma
y 3aBUCHOCTH 0]1 KoeHIIMjeHTa Kopealuje p Ha u3iasy u3 Makpoausep3utu SC komOuHepa,
MOXKE C€ 3aKJbyUUTH Ja je 3a KoeduiujeHT Kopenanuje p = 1 1o0uTak MaKpOKOMOMHOBAHA
0 dB. Ilpu TOMe, KaKko ce cMamyje KOeHIUjeHT Kopenaluje p J00UTaK MaKpOKOMOMHOBamba
pacre. Tako, moOuTak MakpoKOMOMHOBama 3a p = 0, Tj. Kaja Hema kopenaruje je 9.25 dB. Tume
je MmoKa3aHo J1a ce MPUMEHOM MPEATI0KESHOT MAaKPOIMBEP3UTH CHCTeMa (BUACTH CiUKy 6.5.), ca
CMambemheM KopenanoHor koedunrjenta ['ama criopor ¢deaunra p, a 6e3 nosehama mupuHe
dbpexBeHTHOr orcera u 0Oe3 moBehawma cHare Ha TMpenaju, moBehaBa M0OMTaK Makpo
KOMOUHOBamA.
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Ha ocHoBy cBera, Moxe ce KOHCTAaTOBaTHU Ja je Yy OBOj IJVIaBU pa3MaTpaH
MaKpOJIMBEP3UTH CHUCTEM Y TPHUCYCTBY K-y Op3or ¢emunra, ['ama cnopor denuura m x-u
Mehykanainae uHTepdepenuje, rae cy npBo aHanuTuaku oapehernn PDF u CDF Ha uznaszy u3
SC kombunepa, a 3atum 1 PDF u CDF nHa u3na3zy pazmaTpaHOr MakpOAWBEP3UTH CHUCTEMA.
3atum cy natu rpaduukd mpukasu 3a cBe mpopauyHate dopmyine PDF-a u CDF-a, xao u
rpaduuky mpuKa3y 3a BepoBaTHONY OTKa3a Ha u3na3y u3 SC koMOMHEpa M MaKpOJUBEP3UTH
SC xoMOuHepa, y 3aBHCHOCTH OJ] HMBOA IIpara, Kao ¥ J0OHTaKk Makpo KoMOHHOBama y dB, y
3aBHCHOCTH 0] KoedwuiujeHta p, npumeHom nporpama Wolfram Mathematica 12.2.
YnopehuBamem HHMBOA Tpara, 3a UCTy BpeaHOCT BepoBaTHohe oTkaza ox 0.001, Ha wm3nazy
mukpoauBep3uTr SC komOuHepa (1odujeHa BpeaHocT o1 — 6 dB) 1 Ha n3na3zy MakpoIuBEp3UTH
SC kombOunepa (mobujena Bpemanoct og — 10 dB), koHcTaToBaHO je 3HATHO MOOOJHIIAE
IPUMEHOM MaKpOAMBEP3UTH TEXHUKE, IITO j€ jelaH O 3HaYajHUjUX JOMPUHOCA AUCEPTAIH]e.
[Topen Tora, mpuMEHOM pa3MaTPaHOT MAaKPOAMBEP3UTH CHCTEMa CMamyje ce BepoBaTHOha
oTkaza 0e3 moBehama mmpuHe (HpeKBEeHTHOT orcera U noBehama cHare Ha npenaju. Taxobe,
OPUMEHOM pa3MaTpaHOr MAaKpOJUBEP3UTH CHCTEMa TII0Ka3aHO je Ja Ce CMambEemheM
KopeJnanuoHor koedumnujeHTa ['ama criopor deaunra p, 6e3 nmosehama mupuHe GPEKBEHTHOT
oricera u nosehama cHare Ha npeaju, nopehaBa 100MTaK MaKpo KOMOMHOBAA.
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7. EKCHEPUMEHTAJIHO MEPEIBBE MU SIR CTATUCTHUYKA AHAJIM3A
IMPUJEMA BEX XNYHOI' IUBEP3UTETA VY K-y ®EJUHI' KAHAJTY

Y o0BOj THaBM je  TpHKa3aHO  EKCIEPUMEHTAIHO  MEpeme  OJHOca
curHan/unrepgepennuja (SIR —signal to interference ratio), craructuuka aHanusa npujema y
MaKpOAUBEP3UTH cHCTeMy (IIPHKa3aHOM Y TJIaBU 6, Tie je 3BpIICHA MaTeMaTHYKa aHAIN3a).
Hamme, Ha TOM MakpoauBep3WTH cucTeMy u3BpiieHa je SIR crarucThuka aHanmu3a, Kao U
EKCIIEPUMEHTATHO MEPEHHE.

Mepemwma cy u3BpuieHa y naboparopuju 304, Enektponckor ¢akynrera y Humry, y

[I03HATOM YHYTpAIIIEM IIPOCTOPY, Tj. okpyxkemy (indoor). Husou 1ryma mnpujeMHHKaA KOjH Cy
KopuitheHu Aatu ¢y y IpUpYYHUKY Mpou3Bohaua nmpujemarka. Ha cirkama cy HUBOHM Iryma
NpUAPYKEHH NPUKYIIJBEHUM ITOIAIIMMa, TaKO JIa C€ MOYKE BUJICTH Ja Cy HUBOU IIIyMa 3HA4ajHO
HIDKU OJ1 HUBOA CUTHaJA. Y 1a00paTopujCKU KOHTPOJIUCAHUM yCIOBHMA y indoor oKpyXemy,
ypehaju cy mo3uIMoHNpaHu y MaJIoM IIPOCTOPY U pacTojame u3Mel)y BUX je OUSKUBAHO MAJIO.
3aTo je OUeKHMBaHO J1a IIPUjEMHH CUTHAJI Oy/Ie peJIaTUBHO BUCOK y Iopehemy ca HUBOOM mIyma.
Y TakBUM yCIOBUMa, TJIaBHU JeTepMUHUIIYhH (akTOp KOMYHUKalH]je je nHTepdepeHIja 3a
ypehaje y Oau3uHu.
Y 0B0j I1aBM IpHKa3aHa je M JeTajbHa aHanu3a oaHoca curHan-uHtepdepenuuja (SIR) na
OCHOBY TPHUKYIIJbCHUX BpeIHOCTH npuMibeHe cHare curnana (RSSI — recived signal strength
indicator), y n1a0opaToOpujcKH KOHTPOJMCAHMM YCJIOBHUMa. Mepeme je CIpPOBOJCHO MO
NPETIOCTAaBKOM peajHor clieHapuja OexnyHe KomyHuKamuje. Hamme, mozen cucrema ce
€acToju 0J1 MOOMITHUX Tpe/iajHUX YBOpoBa Koju paje Ha 2.336 GHz, nse 6a3ne cranuie (Base
Station — BS) koje cy onpemibere SC npujeMHHUIMMA ca CEJIEKTUBHUM KoMOuHEpoM (selection
combining — SC) ca aBe rpane, kao u goxatHor SC mpujeMHHUKa, KOjU KOMOUHYje U31a3e [1BE
BS na ocHoBy Beher SIR. JloOujeHu momamu mokasyjy 100po ciarame ca K-y pacrojIesioM Kaia
je k= 1.837 u u = 1.057. Ilonauu cy nasbe obpahenu kako 6u ce aHanuzupane nepdopmance
cucrtema ca/6e3 JUBEp3UTH MpHjeMoM. [[o0ujeHn eKCiepuMEeHTAIHU Pe3yJITaTH MOTKPEIbY)y
OHE TEOpHUjCKe pe3ynTaTe KOju Cy aTH U 3a Mojeln cucreMa. [lopen Tora, moJ mpeTnocTaBKoM
Jla Cy KaHaJId CUMETPHYHH, pe3yaTaTH mory outu kopucHH 3a downlink npenoc (downlink
transmission — nmpeHoc o1 6a3He CTAHUIIE 10 KOPUCHUKA) Y CMUCITY CMambeHha CHAare peHoca u
Ha Taj HAYMH cMamkema edexta naTepdepeHIyje Ha apyre ypehaje.

bexunune komyHukamyje u lHTepHeT, cy BeoMa NpUCYTHE MOCIEABUX JeleHH]ja, Ia cy
caMMM THM ¥ TeMa MHOTHX JHUCKyCHja Y pa3IMYUTHM OOJIACTHMA HCTPAKUBAA.
Kapakrepuctuke 6eXHMYHOT MPEHOCHOT CUTHAJA 3aBUCE OJ OKPY)KEHa, KiuMe, (hpeKBeHIIN]je
HOCHOIIa, KpeTarmba MPHjeMHUKA, CIIEKTPa CUTHAJIA UT. Y TOM CMHCITY, ONTHMaTHA IPaKTHIHA
peanu3anuja 0KUYHUX KOMYHHKAIIMOHUX CUCTEMa 3aXTeBa TayaH CTATUCTHUYKM OMKC KaHaja
nponaranuje. BumenyrHa npomnaranuja, yBeeHa 300r KOHCTPYKTUBHUX W JAECTPYKTUBHHX
KOMOMHAIMja HACYMUYHO 3aKallkbeHHUX, pe(IEeKTOBaHUX, PaCyTUX M MPEIOMH-EHUX KOIHja
CUTHaJa, OBOJE N0 mpucyctBa ¢enuHra. Ha mpujemy ce mpoMeHe MPUMJbEHOI CUTHalA
Kapakrtepuiny oapeheHom dynkuujom rycrure BeposatHohe (PDF) [59, 64].

VY nurepatypu mpucyctBo BuinenyTtHor ¢emunra [102] y XoMOreHOM OKpyXemy je
yecTo MojenoBaHo momohy Pejnujese, Pajcose, Bejoynose mim Hakaramu-m pacrnogene [59].
Taxole, cTBapHM nojanu Mepema npezacraBbeHu y [103] cy mokasanu ga ce peanusanuja
nyOokor (¢emuHra ycien MpomaraliioHOT clla0jbeha Ha KpaTKUM pacTojalbhiMa  MOXKE
MOJIEJIOBAaTH  JIOTHOPMAJHOM pacnozaenoM. llltaBuine, KapakTepUCTHKE HEXOMOTEHE
npornaranmje MOXXe ce MOJEIOBaTH O-i, H-1 W K-y pacnonenama. Mel)y muMma, mpemxHoct
ommrer moxaena x-y (emunra [95, 96, 97] je na Moxe ga omwmiie MHOTe OJf Hajuenihe
KopuiheHnx GpeIuHr MOJIeNa, Y3 MPETIOCTaBKy J1a NoCcToju nHuja BuasbuBoctu (LOS — line
of sight) niu 6e3 nmuuuje BuaybrBocTH (NLOS — non line of sight), na ocHoBy nporiene « u u.

TexHuka nUBEp3UTH MpHjeMa je epUKacHa TEXHHKA y cMamuBamy edekra deauHra,
[ITO MO€ TT00O0JBINIATH MMOYy3AaHOCTH TIpeHoca [64]. Takohe, auBep3uTH MeTOa Ce MOKasana
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kKao edukacHa y orcery pamuo (pekBeHmuja [62]. Mehy decrto kopumheHuM Iemama
IPOCTOPHOT JMBep3uTHja, ceiaektuBHU KomOuuep (SC) m SSC kombunep (Switch and Stay
Combining), Tj. ,opebamu M OCTaHH KOMOWHEp, Cy Mame€ CIOKEHH, 3a pasjiuKy OJ
KoMOuHOBama MakcuMaHor ogHoca (MRC — maximal ratio combining) u koMOMHOBama ca
jennakuMm mojayameM (EGC — equal-gain combining) Koje 3axTeBajy KOJHUHUHY HH(POpMAIIH]ja
o cramy kaHana (CSI — channel state information).

[{nsb OBOT HCTpaXKMBamba je MPEIU3HO OKapaKTePHCaTH CTBApHU indoor mporaraiuoHu
KaHaJl y IpUCycTBY uHTep(depeHiuje, 3a ypehaje mane cuare, ca SC quUBep3UTH MIEMOM ca JBa
HHMBOA KOMOMHOBama Ha MPHUJEMHO] CTPaHH.

7.1. Mopges cucrema

Mopen cucteMa Koju ce pa3marpa je npukazad Ha e 7.1. Ypehaj D1 je y cramy na
ce kpehe y onHocy Ha cranonapae BS, a noctoju u mobunnu ypehaj 3a unreppepenunjy D2
KOjU paay y UCTOM (DPEKBEHTHOM OIICETY M TaKO cTBapa MehykaHanmHy wHTEpdepeHuujy
(CCl — co-channel interference). Ypehaj D> moxe OuTH HCTOT THIA U Y TOM CIy4ajy
uHTepdepeHja Moke OWTH pe3ylTar Kolu3Wje mpeHoca. Jlpyru creHapuo, T1e
uHTepdepeHja Moxke OWTH 3HauyajHA, jecTe ciy4yaj HeucmnpaBHOr ypehaja koju BpiIU
HEHAMEpHEe MpeHoce, OMII0 /1a Cy KOHTUHYUpaHU Win noBpemeHn. HTepdepenuja Takohe
MOKe OWTH CHUTHAJI BaH OIICera KOju Joasu ca ypehaja pazinuyuror tuna.

\
'
2 A \
o %Cp\ Interferer Ap A |
//QON\@ > D, O, > /
&e:b’ 2 7. jJ -7 . /
/® W e Primary level y
/ '.‘: r’ ’,—' . %
LY et combinin s
l P - ;"_'_—:."— BS] & p /
} D :’— - -‘ I‘ —~ ~ -
\ 1 . L ~ _
h : NNy ~
~ _ Device % Vi
{ o~ | ‘\ - AN — - -

]
™ Secondary
combiner

\
0 \
N Y, e, \
N Op 6)@@
™ 6-33 BS, ™ Primary level }
combining

Cauka 7.1. Mognen cucrema.

Cwmartpa ce 1a je u3a3Ha CHara JISTUTUMHOT ypehaja peaTuBHO HUCKA U J]a OCUTypaBa
npujeM npeHoca ca TakBux ypehaja mane cHare. IlpujemHa Mpexa je u3rpaheHa ox Buiie
MIPHjEeMHHUX CTAHWIIA. ¥ OBOM CIIy4ajy pa3MarpaH je CHCTEM KOjH ce cacToju ox ase BS, amm
NPUCTYN HUj€ OTpaHMYEH y CMHUCIY Opoja 6a3HUX cTaHuIla. Mojen cucrema cy jaBe Oa3He
cranune onpemibene SC npujeMHUIIIMA ca ABOCTpyKoM rpaHoM. Caku SC je mpaTno HUBOE
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curHaia u uaTepdepeHrje Ha ooe anTeHe ojpehene 6a3ne cranuile U ePEeKTUBHO OMPAO JeIHY
on anteHa koja uma Behu SIR. SIR u3 oGe 6a3ne cranune ce gasbe oOpalyjy Ha BuieMm
XH]jepapXujCKOM HUBOY ca ceKyHIapHUM SC KOMOMHEPOM.

Mogen npeTnocTasiba J1a Cy U CUTHAJI U MHTEpEpeHIINja U3HA HUBOA IIIyMa CBAKOT
1ojeAMHAYHOT TIprjeMHuKa. [Ipu ToMe, ciydajeBr y KojuMa MOCTOj€ jeIaH WIIM BHIIIE CHUTHAJIA
KOjH Cy UCIIOJ] HUBOA IIIyMa MPHjeMHHUKa, Cy IOJCKYIIOBH OIIITEr MpodieMa U He pa3MaTpajy
ce Jajbe.

Jla 61 ce mpaBWIIHO OJIpeIIIIe KapaKTEPUCTHYHE Mepe nepPpOpMaHCH CUCTEMA, KIbYIHO
je okapaktepucaty e(heKTe BUIIESTyTHOT ()eTuHTa.

7.2. Teopujcka anaiusa
M3Bopuu ypehaj miasbe mopyky emutyjyhu curmam i O, rme je Ehsx (t]szl,

MaTEMaTHYKH IPE3EHTOBaHO Kao /Py s, (t)cos2zft, rueje f, Hoceha ppexsenumja, u PTX

je cHara npeHoca. Ha cTpanu npujeMHHKa, CUTHAJ KOJH j€ TIPUMJIBEH O] jeTHE OJ] aHTeHa 0a3He
CTaHHIIE je:

X(t) = /P ah;s, (1) +n(t) (7.2)
re | TpencTaBjba ryOuTak myrame u3Mel)y W3BOpa W OJpenuInTa, 4 je KoeduimjeHt

¢denuHra KaHaga mnporaramnuje, Tj. KaHaia usmel)y npenajuuka U oba mpujeMHuka, a n(t) je
amutuBHu Oesu ['aycos mym (AWGN — additive white Gaussian noise). CBu cHMOOJTH 1 O3HAKE
NPOMEHJBUBUX KOj€ c€ KOpHCTe Yy M3pa3uMma HaBelieHH cy y Tabemu 7.1, kako Ou Owim
YUTIHUBH]H.

AHBenona NPUMJBEHOT CHTHAa r(t)=|X(t)| JUPEKTHO 3aBUCH 07 edekaTa

nporarainuje.
VY cnyyajy npucyTHOCTH MHTepdepeHLuje je:
y(t) = y/Prea,hs, (t) +n(t) (7.2)

rje cy oaroapajyhe BenuunHe WHIAEKCUpaHe ca Y.

KomnoHneHTa ryOuTKa myTame je OAroBopHa 3a ojipehene ryoutke:

P L =[P L + 2{10 log,, ﬁ ~10log,, dJ (7.3)

0

rne lPRX JdB O3HauyaBa CHary mnpujema, [PTX JdB O3Ha4yaBa CHary eMHTOBama npeaajHuka u d je

pacTtojame u3Mmely mpenajue u npujemMHe antene. [lox ycmoBom na m3Bop mHTEpdepeHiuje
1ajb€ MCTY CHAry Kao W >KeJbeHH INpenajHu ypehaj, mponaraiioHo ciabibeme je GakTop of
3HayYaja 3a oxpelhuBame MPOCEYHOr OMHOca curHajd/uHTepdepeHnrja. Mehytum, y aHamusu
KOja Cclequ, He pa3Marpa ce JeTajbHUje TauHO MponaraiioHo ciabibeme, Beh ce nmpoyuaBajy
BErOBU €(DEeKTH Yy CMUCITY pe3yaTyjyhux MPOCeYHHUX OHOCA CUTHAN/MHTEepdepeHImja.
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Tao6ena 7.1. O3Hake U CUMOOJIH.

O3Hake u cuMO0IU

Osnake/Cumbomu | Hedbununmja/O6jammemne

Prx, PRrx EmMuroBana, mpumibeHa cHara

X(t), y(t) [TpuMIbeHN KOPHCHU CUTHAJ, MHTepdepeHuyja

XY CrydajHa cTaTUCTUYKA MPOMEHJbMBA KOPHCHOT CUTHalla, MHTepdepeHyja

0x, Oy ['yOunu nmyrame 3a curHai, uHTepdepeHn]y

hx, hy ®eauHr KoepUIIMjeHT KOPUCHOT, U HHTEPPEPEHIIN]CKOT KaHaa

n(t) AnutuBuu 6emu [Naycos mym (AWGN)

d Pactojame n3mely npenajHuka v mpujeMHUKA

c bp3unHa cBeTiiocTH y Bakymy

fo Hoceha ¢pexBeniuja

KQ, 1o, Ks, s @enuHr pakTopH 00IMKOBamka 32 KOPHUCHU CUTHAJ, HHTEp(EepeHnnjy

b Wunekc Koju o3HauaBa peanu 0poj 6asHe cranuie, b =1, 2

¢ WNunekc koju 03HauaBa peqHu Opoj aHTeHe Ha ojpel)eHoj 6a3HOj CTaHWIH,
t=1,2

7 CrnyyajHa MpOMEHJBHBA KOja OATOBapa aHBEJIONW CUTHAJA

p(r) PDF anBenone curnana

VA CratucTruka ciydyajHa MpOMEHJbHBA OJJHOCA CUTHAJ/MHTepdepeHIrja
(SIR)

pz(2) PDF oanoca curaai/uatepdepeHiimja

Fz(2) KymynatusHa ¢yHkuja pacnonene SIR-a

Q,S MaremMaTHuKo OuYeKHBambe aHBEJIOIEe KOPUCHOT CUTHANIA, HHTepEepeHIIje

R Cuara nmpuMJbEHOT curHana, jeqHaunsa (7.17)

r AMIUINTYA IPUMJBEHOT CUTHAaNA, jeaHaunHa (7.18)

Fi Hopmanu3oBana aHBesona, i-Tv y30pak

Pout Beposarnoha npekunia

Zth IIpar npexkuna

1F1(a; b; ) KymepoBa KoH]ITyeHTHA XUIIEPreoMeTprjcKa QyHKIH]ja

2F1(a; b; ¢) ['aycoBa xumnepreomeTpujcka GyHKIHja

H(r) bpoj peanuzanuja ciaydajHe MpOMEHIbHBE, KOjU CIIa/Iajy y oJaroapajyhu
TIOJIOTICET XMCTOrpama, O MPOMEHJbHBE I

7.3. CTaTuCTHYKHU MOJIe]1 BULLIEMYTHOT (e IMHTa

Kopumrhen je monen x-y denunra y ykiamnamwy ca CTBapHUM MEpPHUM MOJaluMa,
CXOJTHO YMI-CHMIM Ja je To ommrtu Mmozaen koju oaroBapa NLOS/LOS okpyxemmnma. x-u
pacrioziena je nepunucana ciegaehom PDF anBenomom [96, 97]:

2i
1 H
P T (r) = M rzﬂflef,u(lﬂc)(r/g)z i(m 0 rj |

7.4
err S i+ p) (7.4)

raeje ¥ = A7) MaTeMaTHYKO OYEKHBAIbEe aHBEJIOIE CTATHCTUYKE CydajHe MPOMEH/bUBE 7,
JIOK cy ¥ u U denunr ¢akrtopu obimkoBama. [I[puMIbeHE aHBENONE KEJHEHOT CHUTHAja U
uHTEpQEpeHIIje ce MOTY MPEJCTaBUTH Kao JBE HE3aBHCHE k-u ciydajHe mpoMensbuBe X u Y
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(Mo ycioBoM fAa ce u3BOp MHTep(depeHije He Halla3u BeoMa Ou3y ypehaja ox mHTEpeca, y
OKBHUPY TaJIaCHE AYXHHE (PPEKBEHIIN]€ HOCHOIIA), PECTICKTUBHO.
Kana ce pasmarpajy SIR kapakrtepuctuke, PDF Koau4HMK &IBE k-( TPOMEHJHHBE

= |X|/|Y| Moke ce Hahu kao:

p.(2) = [ypx(y2)py (y)dy, 220 (7.5)
0

Kopucrehu jennauuny (7.4) u no3uBajyhu ce Ha [56], nuHTErpas ce MOKe PELIUTH Kao
[98]:
p,(X) = 25" X Z( oMoX /(6“’ X ))

z e’ﬁz/‘.@*”%#s ( )ﬂ:ﬁ#s ||[‘ |+IUQ)
= KsttsE1(E+X))
T(i+j+u,+pu )(S _ (7.6)
2 T (i us)
2

raeje &= L rsps @ .IMapametpu Il u' oxarosapajy ciydajuoj mpomeHsbuBoj X, 1ok I u

1+ K 14, S°

onrosapajy Y. Takohe, cpeimba CHara )eJbeHOT CUTHaJIa Ce 03HauaBa Kao £, JIOK je cpelmba
cHara unrepdepenuyje S.

7.4. SC xoMOuHOBaK-€

CenexTuBHY KOMOMHEPH, KOjU CE CMaTpajy CaCTaBHUM JIelIOBUMa 0a3HUX cTaHuma BS1
u BSy, mpukazanu cy Ha ciauim 7.1. CBaka 6a3Ha ctanuia uma ase npujemae anteHe (ANT11 u
ANT12 Ha BS1 u ANT21 1 ANT22 na BS»2). SC npujemunnu oupajy Bumu SIR yna3Hu HUBO.

Kopuche anBenorne curnana Ha yiaasuma SCb cy |Xb1| U

Opoj 6a3He cranuie. AHBenona UHTep(depeHIrje Ha oaroBapajyhum ynasuMa o3HadeHa je Kao

|Yb1| u |sz|-

[IpeTnocraBibeHO je /a Cy cpelmke CHare jelHake Ha o0e aHTeHe Ha CBakoj 0a3HOj
CTaHHUILY, ILITO OATrOBapa NPETHOCTAaBIM J1a Cy TPHjeMHE aHTEHE peNlaTUBHO OJIN3Y jeiHa APYToj,
aJy He Tako O5m3y na Oyay KopelrcaHe; na ce TyOuIu Ha myTy usmel)y MoOuiaHor ypehaja u
CBake 0] aHTeHa 0a3He CTaHMIIe 3aHeMapJbUBO pasiukyjy. C Apyre cTpaHe, Cpe/iibe CHare Ha
nBe 0a3He CTaHWIe MOTY OWTH pasziIMuuTe, HA OCHOBY WHIMBHyalTHE YAaJb€HOCTH IHJHHOT
ypebaja u u3Bopa uHTEpdepeHImje y 01HOCY Ha Oa3He CTaHULIE.

OnHOC KOPUCHOT CUTHAJIA M aHBEJIOTe HHTEepEpEHIIrje je:

_ Xl

- 7.7
" (7.7)

rie Z, X wm Y TmpencraBpajy clydajHE TMPOMEHJbMBE OJroBapajyhux pacrmojena.
[IpernocraBbaMo 1a cy ciaydajHe npoMeHsbrBe X U Y ca k-u pacrioienoM, 1a je mpeMa ToMe
PDF omn Z gpar ca (7.6). Kopumhewem [[87], jemmaumna (07.20.06.0002.01)],
nojenHocTaBsbyjemo PDF u3pas Ha:
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ot e Zﬂq—l +00 2 i l |+/,[Q +,Lls _1
X) =2 Hse
prl( ) =248 ( gy,gﬂ,s { KoMq 2 ‘Hfj [ % ,

F [I + fho + Hs; Mg Sﬂsg] (7.8)

+¢

rae 1F1(a; b; ¢) npencrasmma Kymepoy KOH(bnyeHTHy XHrepreoMerpujcky ¢pynkuujy. Hakon
npumapror SC komOuHOBama, PDFox | A @ MO je:

Pz, (x)= pzbl (x) szz (x) + pzhz (X) szl (x) (7.9)
rae ce CDF on @ , no6uja unrerpauujom (7.6), y cnenehem o6auky [98]:

sz (X) — @ KoKa~Kshs (XZ /ér)“f’
~— (J + K+ g+ Uy _1] (KQ/JQXZ /é)j (Ksﬂs)K
j,k=0 J + /uQ JI K!

2Pl + a1 + §+ 10, 1 + i g1 + j+L—X21 &) (7.10)

Axo cy @MY ph¢ cayuajue mpomeHsbHBE Koje Cy HE3aBHCHE M €a HICHTHYHOM
pacnozesom (i.i.d. — independent and identically distributed), onna je:

Pz, (x)=2 Pz, (x) sz/ (X) (7.11)

VY3 mperxonHy MpeTnocTaBKy, unterpanujom (7.11) uzpaxxenu cy CDF-oBu omnoca
curnai/untepdepeHiija Ha U31a3uMa CeJICKTUBHIUX KOMOUHEpa Kao:

F, (x)=F; (x) (7.12)

Ilpema (7.10) u (7.12), BepoBarHOha oTKa3a neduHHMcaHa kao BepoBaTHoha na
TPEHYTHH OJIHOC CUTHaJI/MHTEep(EepeHIInja, aJHe UCIO/] IPETXOIHO JATOT para Zth, MOXE ce

npouenuty kao Poy (2) =F; (2)u By (21,) = F;, (24) , pecriexruso.

7.5. Kom0uHoBame CeKyHIapHOT HUBOA

Kaga ce pasmarpa KOMOMHOBaWm€ CEKyHIApHOT HHMBOA, BaXKHO je OUTH CBECTaH
MoJIo’kaja MUJBHOT ypehaja m m3Bopa uHTEpdepeHije y oqHocy Ha BS. Ha mpumep, ako je
WBHU ypehaj Oy jeiHOj o 0a3HUX CTaHUIA, 10K j€ U3BOp MHTep(epeHIInje MUK APYTo]
0a3HOj CTaHUIIU, OHJA j€ JJAKO 3aMUCIIMTH Jja Ou 6a3Ha cTaHMIa OiMka HUJbHOM ypehajy ouina
u3abpaHa ckopo yBek. ¥ ToMm cmuciy, mel)y BS 6u ce mogjennako nzbanancupanu Hajropu
Moryhu ycnoBu, a u36op npedaruBama Ha CEKyHJapHOM HUBOY 010 Ou yenthu. 3aTo ce ycioBu
I.1.d. Mory cMaTpatu HajropuMm ciydajeM y cMucity nepdopmancu. C qpyre cTpaHe, oueKyje ce
na he cenekTUBHO KOMOMHOBawbe OMTH Haje(hUKacHU]€ Y OBUM yCIIOBHMA.

Haxne, CDF Ha u3nasy cucrema je y cilydajy CiIydajHUX HPOMEHJbUBHUX, KOj€ CY
HE3aBUCHE U Ca WICHTUYHOM PACITOJIEIIOM, U3PaKEH Kao:

F,(2)=F.(z2) (7.13)
1ok je PDF nepuBanuja oBe ¢pynkuuje, dFz(x)/dx:
P ()=2p (IF (2) (714)

b b

win y cmuciay npumapuaux SIR ¢yuakumja (7.8) u (7.10):
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p,@)=4p, WF; () (7.15)

be

KonauHo, nepdopMaHce 0TKa3a [EJIOKYITHOT CUCTeMa MOT'Y C€ U3padyHaTH, M031uBajyhu
ce Ha (7.13), xao:

Pt (Z4) = FZ(Zth) (7.16)
rae je Zy, yHampen ae(MHMCAaHM Opar OTKasa.

7.6. EKcrniepuMeHTaJIHA NMOCTaBKAa, MOCTYNAK Mepemha, MepPHO OKpY:Xewme M oOpajaa
noJaTaKa

Excniepumenranna nocraeka [8, 15] ce cacroju on SmartRFO4EB Evaluation Board,
kojy npousBou Texsas Instruments, a koja je 3acHoBana Ha CC2500 yuny npumorpeajHIKa.
[lpenajuuk je o3nauen kao ypehaj D1 ma cimmum 7.1. Ilpemajuuk je MOHTHpaH Ha
ATYMUHHUJYMCKY IIMHY KOja jeé BOJAWY [0 KOM MpelajHUK MOXKe Aa ce kpehe Hampen u Hazaj,
Kao IITO je MPUKa3aHo Ha ciuiy 7.2 a). MexaHu4yKa OoCTaBKa oMoryhasa pe3oyiujy KpeTama
on 1 mm, nok je nyxxuna muHe 2 M. OBo 3ay3Bpar omoryhaa ckenupame 2 000 quckpeTHHX
Mo3uIMja TpeJajHuKa y jeIHOM OOWMJIACKY KOJIMIa KOja Hoce mpeaajHuk. llpujemMHUAIIN
3acHoBaHU Ha uctoM CC2500 yuny cy mojemeHu aa NpeacTaBibajy 0a3He CTaHUIlE, Kao IITO
je mpukaszano Ha Ciuiu 7.2 0). basne cranuie xopucre RF2500T miode on kojux cBaka
caapxu Mukpornporecop, CC2500 mpuMonpenajHu Yuil U KepaMUUKy aHTeHy (ciuka 7.3.).

CBaku npHjeMHUK je moBe3aH ca npeamum kpajem (USB front-end) xoju omoryhasa
KOMYHHKAIH]y n3Mel)y IJ1aBHOT pauyHapa M CBakor npumonpenajauka. CHUcTeM je MojelleH Aa
panu Ha dpexBenimju ox 2336.0 MHz (mrto je memro ucnoxa omncera on 2.4 GHz), koju y
BEJIMKO] MEPU KOPUCTU KOMepLHUjanHy 0exxuuny onpemy. OBaj u36op epuKacHO eITMMHUHUIIE
HEe)KeJbeHA IpeciylIaBama 0J] Oe)XHMYHOT MHTepHeTa W Apyrux ypehaja koju xopucre ISM
orncer. dpexBeHIMja HOCHOLIA je MepeHa [TOMONhy aHanM3aTopa CIEeKTpa y PeaTHOM BPEMEHY
(Tektronix RSA5106A) u otBpheHo je 1a je y CKIaay ca OYeKHBambUMa.

CBakM NpHjeMHUK JIOKAJIHO MEpPH aHBEJIONY NPUMJIBEHOI CHTHajla W IMpeTBapa OBY
undopmanujy y RSSI Bpennoct, k0joj oarosapa jenuuuiia dBm, npema moganuma (datasheet)
[68]. Mudopmanuje ce caommraBajy Ha u3na3 npujemHuka momohy UART wunTepdejca
MHUKPOKOHTpOJIepa, KOju je 3aTuM KoHBepToBaH y USB. ExcriepuMeHT ce U3BOIN Y OKPYKEHY
Koje nojceha Ha TUITMYHY KaHLENapH]jy, ca CTOJIOBUMA, MOHUTOpUMA, IITAMIIAYUMa U IPYTUM
enemenTuMa. ok ce mpemajHuK kKpehe qyK IIMHE, OH j€ MOJEIIeH Ja Iajbeé KOHTUHYATHU
HEMOJIyJIUCaH HOCcWIall (CIMYHO MpUCTYy KopuiiheHoM y [25]), JOK mpHjeMHHIM Ha CBAKO]
0a3H0j CTaHUIM MpaTe HUBOE MPUMIbEHOI CUTHAJIA.
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2 -~

| Transmitter

a) [Ipenajaumy.
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0) [Ipujemunny.
Cauxa 7.2. IloctaBka Mepema. a) [IpenajHuk ce momepa qyx MIMHE y KopanumMa o 1 mm.

0) [IpujemHUIM Cy TO3UIIMOHUPAHU J1a OTTOHAIIIA]Y JIBe Oa3HE CTaHMIIE, CBAKY Ca IO JIBE aHTECHE.
Kowmmjyrep npukyrsba MEepHe MoAaTKe ca MPBOT U JPYTOT HUBOA KOMOMHOBAbA.
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CC2500 transceiver

UART i
S %

Cauxa 7.3. USB wunrepdejc mpujemuuka kopuctu jeptnn USB-UART konBeprop u
yobuuajeny unrepdejc mwiouy na ce npuinarogun RF2500T konexTopy.

Kopuuthen je Python xox ca Spyder IDE 3a ayromartu3aiiyjy eKCliepuMEHTa: TIaBHA
CBpXa KOJia je Ja MapajelHO YuTa IOJATKEe ca CBAKe aHTeHE M ycpeamana 10 y3acTomHuX
ounTaBama. CerMeHT Ko/ia KOju c€ KOPUCTH Y CBAKOM OUYMTaBamy MPHUKa3aH je Ha cinuuu 7.4,
AKO ce Ha aHTEHU JIETEKTYjy BaHPEIHU MOJAIH, TIPOIIEC YCpeambaBama MoYnmbe n3HoBa. Kana
ce MoJIally ca CBUX aHTEHA OYUTa]y, YCPEIHhEHU MOJIalH ce YIUCY]y Y oaroBapajyhe naroreke
U M37aje ce KOMaH/1a /1a KOJIMIa ca IMPelajHuKOM KpeHy Hampen 3a 1 mm.

1 def readRSSI(port):

2 a = port. read_until (b'"m', size
3 a = a.replace(' - dBm', ").replace(' \r, ")

4 return  a.replace(’  \ x00', ").replace(' -0

Cinka 7.4. Cerment Python kona xopuriheH 3a ountaBame HU3a MPUKYIJBEHHUX MMOaTaKa ca
BuptyenHor COM nopra.

Kanma ce nmoOmje moTBpaa Aa Cy KOJHIIA 3aBPIIMIA Ca KPETameM, MPOIeC YHTarmba
nojaraka ce moHoso nokpehe. I[Iporec ce 3aBpiaBa kajga Koyuuua Aohy A0 Kpaja IIMHE, a 3aTUM
ce CMep KpeTama Mema Ipe HEro INTO je IMKIYyC NMOHOBJheH. llemokymHa mporemypa
AKBH3UIIH]j€E je MPUKa3aHa Kao MCeyA0KO ] Ha CITUIH /.5.

Jlakie, cBako mpenaxkeme MmuHe pesyiarupa ca HajMame 80 000 oumraBama RSSI,
uMajyhu y BUy J1a y CUCTeMY IOCToje 4eTupH aHTeHe. HakoH ycpeamaBama, yKynaH Opoj
RSSI rtawaka moparaka je Tauno 8 000 3a cBako oOmnaxkeme. HakoH cBakor mpoiiaza
npejajHuKa, MoOMepaMo MOCTOJbE KOje HOCH MpeajHUK, Tako JAa cieaehn ckyn npuKynjbeHuX
nojaTaka HHUje TOTIYHO WCTH Kao y MPETXOAHOM Ipena3dy. Hamme, mpermocraBibamo jaa
OpelajHUK y M3MELITEeHOM IoJoXajy mpeacraBiba ypehaj D2, omHOCHO emuTyje cHrHal
uHTepdepeHImje.

Kopuctumo unTepHo renepucane RSS| momaTke koju JIMHEApPHO OATOBapajy CHA3U
NPUMJBEHOT CUTHAJIA Ha cienehn HauuH:

iF\’SSI
R=10°  (dBm) (7.17)

KaJ1a je CUTHAJI M3Ha]] HUBOA TOIIOTHOT Iiryma [68, cirka 13] (HUBO TOIUIOTHOT IITyMa je HCITO]—
100 dBm 3a nocrymre 6utcke 6p3une). Tako ce oaroBapajyha aMmmTy1a IpuMJBEHOT CHTHAJIA
MO’KE€ U3padyHaTH Kao:
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RSSI-30

1
=108 (v) (7.18)

3a cBakM CKyI IOJaTaka aHTeHE, MPBO j¢ MPUMEHBCHA HOpMajM3aluja, Tako Ja

HOpManu3oBaHa cHara R 3amoBosbaBa E[R] = 1. ¥V BpeMEeHCKOM JIOMEHY, IOCTOjU
1 N

HOpMalu3aloHa KOHCTaHTa Qn Koja el CBaKd Yy30pak, Qn=—z R wu crora cy
i=1

HOpMaJIM30BaHu oaMepiy nmogaraka Y Y ¥ . Jlakiie, HOpMaJIM30BaHH y30PLHU aHBEJNOIIE CY

. =R /Q, . lasbe, ommepuu ce ako CKalupajy Ja MpeCTaBibajy BUINY WM HUXKY CHAry
curnana Q, kopunthemem [ (2)=,/R 212, .

01: procedure txScan()

02: pos«<0 WHnnyjanu3upaTs CTapT MO3UIujy TX

03: N« 2000 bpoj xopaxka

04: M 4 Yerupu RX anTeHe ykynHo

05:  while pos ++ <N do JIoK ce HOCHJIAIL jOIIT YBEK MOYKE ITOMEpPATH Harpe

06: for (i=1;i<M;++1i)do CkeHupame CBUX aHTE€HA

07: RSSli,pos — ACQUIRERSSI (i) 3abenexxutu RSSI Ha cBakoj aHTeHH

08: end for

09: carriageForward() [Tomeputu TX jenan Kopak Hampen

10:  end while JIoK ce He JoCerHe Kpaj IINHE

11: carriageReturn() [Tomepu TX Ha3al HA TIOYETHY MMO3MIIU]Y

12: end procedure

13:  function AcQuIRERSSI (i) RSSI 3a anTeny i

14: A <10 YcepenmaBame 10 ommepaka TOKOM BpeMeHa

15: S «—0; k1 WNunnujanusupaTtu Tekyhe cyme, 1 6pojau

16: A<l [Tocrasutu mpar ox 1 dB for detecting outliers

17: while k<A do Jlok ce He ounTa oMepak A

18: rssi «— READRSSI(i) OunTaTH MOJATKE jeTHOM

19: S «— S + rssi Jonatu BpeqHOCT CyMHU

20: if | rssi —s/’k | > A then JlerekToBatu Moryhe ojcrymajyhe oamepke
PecrapToBaTi ounTaBame ako ce JICTEKTYje

21: s<—0,k<0 OJICTYTIaEhC

22: end if

23: k—k+1 [Tpehu Ha cnexehu oqmepak

24:  end while JIoK cy CBU BAIUHU OJMEPIIU TPOYUTAHU PEIOM

25:  returns/A Bpatutu npoceuny RSSI BpegHoct

26: end function

Cauxa 7.5.Ilceynoko/ akBU3UILIMOHE MPOLIETypE.

Hpyru pesynratu u3 JguTepaType Takohe ImpuUMeEmYyjy HOpMalu3alujy, ajld He Ha

NOTIYHO MCTH HauWH, Tako HOp. y [21] m3BpuieHa je Hopmanu3amnuja Ha 0a3u MpPO30pCKe
dbynakuuje mane nyxuse. Jla 6u ce m3derna moryha onctynama 1 3aapkao GOKyC Ha TJIABHOM
Jieny pacrnojene, putoBame ce BpiM Ha nojanuma koju unHe 99% CDF-a. 30or Tora cy Tauke
Koje ce Hamaze m3Hax 99% mnponemeHor CDF-y uckibydene u3 mporeaype ¢puroBama. O
NPUKYIUBEHUX M HOPMAaJIM30BaHMX I0ojaTaka qoOujeH je xucrorpam Ol  ca momorcesnma,
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HOpMAaJIM30BaHUM Tako jAa mnpeactaBbajy PDF. bpoj mogomcera y xucrorpamy je N = 200.
CBaku TIOONCEr y XHUCTOTPaMy je MPENCTaB/bEH CBOjOM CpeamoM Bpeanomhy i Him
oaroBapajyhuMm HOpMaM30BaHUM OpPOjeM MOJIOTICETa Y XHUCTOTPaMYy.

3aTuM je HaCTaBJLEHO Ca MUHUMU3UPAmEM ciieniehe cpebe KBapaTHE BETUIMHE

N 2

= liog(H (7) - log( p(7)] (7.19)

i=0

Kopumihena je mpouenypa MHUHMMH3allMjeé 3acHOBaHa Ha OIITO] CTpPaTerdju
ONITHMHU3AIMje CUMYJIallUje, Koja je noctynHa y coprBepckom nakery Wolfram Mathematica
12.2. Tlpu Tome, moOujeHe BPETHOCTH K U 4 TIPEICTaBJbajy MapamMeTpe Koju ToMe HajooJbe
onrosapajy. Tako, 3a Haiie okpyxemwe napamerpu cy k = 1.837, a u = 1.057.

] BS1(Az)
: . — BSa(Aq)
N BS:(A)
] BS:(4;)

RSSI

=100} Moiselevds - Tx RF off d
=110

0 500 1000 1500 2000
Transmiter position [mm)]

Cauxa 7.6. IlpuMIpeHE HUBOM CHTHAJIA HA CBAKO] aHTEHH, IIPUKYIIJEHU TOKOM j€THOT
oOulacka npeAajHuKa Ay muHe. [lpukazanu cy u HuBou 1myma Tx.

0.100

p(F)

0.010

0.001

001 005 010 050 1
Normalized anvelope, ¥

Cauxa 7.7. Haj6osse moxmamame xk-y PDF-a (upna nmuupja), y mopehemy ca Taukama
XUCTOTpaMa JO0OWjeHHUX U3 MPUKYIIJbEHHUX MOAaTaKa.
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SC panu Ha HauwH na 6upa jenan of ynasza ca BumuM SIR. OBa onepaiiyja je u3BeaeHa
Ha TJITaBHOM padyHapy nmomohy mporpamckor makera Wolfram Mathematica 12.2, taunuje koaa
npukazaHor Ha ciuuiu /7.8, Omnepanuja HHje H3BEICHA y pEalHOM BpeMeHy, Beh Ha
NPUKYIJBCHUM CKYIIOBHMA IojiaTaka. OBO HE yMamyje YOIIITEHOCT, TOMITO je (heqiHT mporiec
CIIy4ajaH, a CTATUCTHYKE KapaKTEPUCTUKE Cy HJICHTUYHE KaJia ce MOCMAaTpajy TOKOM BpeMeHa
U TOKOM CJlarama.

VYna3uu Bektopu ce cacroje on SIR BpemHoctn moOujeHUX Kao OJHOCH JTOOUjCHUX
nojiataka HOPMaJIM30BaHUX Ha cpeimy Bpeanoct oa 0 dBm, u mpyror HemoBe3aHOT CKyma
NOOHMjeHHX TMojIaTaKka HOPMAaJIM30BaHUX HA HEKY Apyry cpeamy BpeaHoct Z dBm. Crora, cy
oJIHOCH penpe3enTaTuBHU 3a SIR cirydajue npoMenspuBe ca cpeamuM SIR-om jeanakum Z dB.
SC omepanmja ce BpIIM Ha MOJAlMMa 3a CBaKy Oa3Hy CTaHHWILY, Ila Cy JOOHMjeHa JBa CKyma
nojaraka. J/[Ba ckyma mojaraka ca mojeJuHavyHiX Oa3HUX CTaHMIIA CY IIOHOBO KOMOMHOBaHA
KopummhemeM TpUKa3aHuxX (QyHKIHja codTBepa, MTO TMPEIACTaB/ba KOMOHHOBAKE JIPYror
HuBOoa. OBe omepaiuje pe3yITHpajy jeHUM BEKTOPOM IOoJaTaka KOjU je KOHAYHU W3jia3 u3
cucrema.

1 selectionCombine[x_VectorQ, y_VectorQ] := Block [

2 {len= Min[ Length [x], Length [y]]},

3 Return [ Max /@ Transpose [{ Take|[x, len], Takely, len]}]]
4

]

Ciauka 7.8. Wolfram Mathematica 12.2 kon xopuimhen 3a SC koMOMHOBam€ aBa HHU3a
NPUKYIJBECHHUX [T0JaTaKa.

7.7. Pe3yaTaTu u 1MCKycHja

[TpukynibeHH cKyn moJjlaTaka KojH je pe3ynrTaT jeAHOT O0HIacKa IpejajHUKa 1yK [ITHe
(ca ypehaja D1) npukasan je Ha cimuru 7.6. [Togamnm ce cacroje ox RSSI Bpenqnoctr Ha cBakoM
0]l YeTUpH IMpHjeMHUuKa, Oe3 HopMmanuzauuje. Edexktu BumenyrHor ¢enuHra cy jacHo
BUJIJbUBH, jep cUTHaIu Bapupajy u 1o 30 dB. Mehyrum, mano je BepoBatHo 1a 6u 00 aHTeHE
Ha cBakoj BS uctoBpemeHo Haumuie Ha AyOOKH (peIUHT, IITO je OCHOBA TEXHUKE JAUBEP3UTH
KOMOMHOBam®A.

[Tomanm ca cBake aHTeHE ce 3aTMM HOPMAaJIU3yjy Y CMHUCIY Jla ce€ TIoOMepajy Harope y
nenubenuma 0K cpefma cHara He Oyme 0 dB. Hakon komOuHOBama HOPMAaIH30BaHUX
nojaraka 3a 15 oounaxema (ykynHo 120 000 BpegHocTH), ca 6J1aro npoMemeHUM MO3UIHjaMma
BS cBaku myT HakoH 3aBpiieTka oomiiacka, 1o6mja ce onrorapajyhu PDF xucrorpam.

Tauke Koje oJiroBapajy cBakoj (peKBEHLHU)U MOAONCEra y XUCTOrpaMy MpHKa3zaHe Cy
Ha ciuiy 7.7. Hajoosee nokitaname x-u PDF-a ce nobuja 3a BpeqHocTr mapametapa: k = 1.837
u u =1.057. Kao mro je panuje objammeHo, onanajyhu neo pacnoaene PDF-a je 3Hauajumnju y
MOTJIeTy aHau3e nmepdopmMaHCcH, TaKo J1a y mpoleaypy (putoBama 3aHeMapyjemMo pacTyhu 1eo
pacrioziene HakoH aocTu3ama 99% CDF-a. duroBana rycTuHa pacmnojene mokasyje Beoma
n00po crarame ca W3MEPEHHM IMojalliMa, Kao INTO Ce MOXKE BHUJETH Ha ciumm 7.7. k-U
BpPEIHOCTH IapaMeTapa ce€ MOry TyMauuTH Kao pernpe3eHTaTUBHE 3a IUPEKTHY JIMHU]Y
BUJIJBMBOCTH HU3Mel)y npeajHuKa U MpHjeMHHKA.

Hakon oOpane cBuUX NpHUKYIJbEHMX KOMOHMHAlMja CUTHalda M HMHTepdepeHuuje, Ha
cmuim 7.9. ce goOuja oxromapajyhu xuctorpam (mpu Tome, ciuka 7.9. a) je mpukazaHa y
JMHEapHOj CKalH, 0K je cinuka 7.9. 0) y ToraputaMcKoj ckain). Y Ty CBpXY, y3UMaMmo Ja jeJjaH
CKYII TToJIaTaKa o MPeslacKy 3a jeHy aHTeHY NPeCTaBIbajy KOPUCTaH CUTHAJ. 3aTUM Y3UMaMOo
JpYrd CKyN TMojaraka W ImomMepaMo HopMaiu3oBaHe BpegHoctd 3a — 10 dB rtako ma mory
MpeAcTaB/baTu HHTEephEepeHI]y Koja motuue o Do.
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0.01 0.10 1 10 100

SIR, x

0) JIoraputamcka ckania.

Camka 7.9. PDF 3a 1Be He3aBUCHE CllydajHE NMPOMEHJbUBE Ca HMJICHTUYHOM PacCIoEiioM
(« = 1.837, u = 1.057), kaga je WHUXOBa pelaTHBHA MpOCeYHa cHara rojemniena Ha 10 dB.

Teopujcka KpHBa JaTa je Kao LpHa JUHHU]ja, JOK Cy TaYKe XUCTOrpaMa 3a MPUKYIIJbeHE MOJaTKe
MpUKa3aHe Kao Kpykuhwu.
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a) Jluneapna ckana.
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0) JIoraputamcka ckania.

Canka 7.10. @ynkiyja ryctune BepoBatHohe SIR-a, Hakon SC komOuHepa Ha 6a3HOj CTAaHULIN
(x=1.837, u=1.057), kax je npoceuna cHara uatepdepeninje — 10 dB y ogHOCY Ha KOpUCTaH
curHan. Teopujcka KpuBa Jarta je Kao IpHA JIMHHUja, a Tauke XUCTOrpama 3a MPUKYIIJbCHE
N0JIaTKE MPHKA3aHU Cy Kao KPYKUhH.

Crora, HaKOH pa3/iBajama OJroBapajyhux BpeTHOCTH aHBEJIOIA U3 JIBa CKyIIa IMoaTaka,
nobujamMo ckym mojaraka koju oarosapa SIR ca cpenmwom Bpemnomihy ox 10 dB. Tauke
NpeJICTaBbajy J0OMjeHN XUCTOTpaMm, JOK Cy LpHE JIMHU]je U3padyyHaTe NPUMEHOM jeHaurnHe
(7.8). EBumeHTHO je 1a Cy CKCIEPUMEHTAIHO JOOUjeHH pEe3ylNTaTH y CarJlaCHOCTH ca
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TEOPHJCKUM 3a K-y Mojnen demuHra, kopucrehn mapamerapa x W 4, 3a Koje je Hajoosbe
MOKJIANIambe.

0.30

0.25f | | | | :

0.20} | | | | :
= 0.15|
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0.05}

0.00

a) Jluneapna ckaina.

o
o
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o
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0.01 0.10 1 10 100
SIR, x

0) Jloraputamcka ckaina.

Cauxa 7.11. PDF SIR-a makoH apyror HHMBOoa KOMOWHOBama, KaJ je MpoceyHa cHara
unrepdepenimje o —10 dB y omHOCY Ha KOpUCTaH CHTHAN Ha 00e 0a3He craHuie. Teopujcka
KpHBa, Koja mpernocrassba k = 1.837, 1 = 1.057, nata je xao mpHa JHHH]jA, a TAYKE XUCTOTpaMa
3a NPUKYIUbEHE MOJJaTKe MPHUKa3aHU Cy Kao KpyKuhu.

114



Crnenehu xopak y ananusu je SC onepanuja Ha npeTxoaHo nooujeHuM SIR ckymopuma
nojaraka. ¥ Ty CBpPXY KOPHCTH C€ jeJHOCTaBHa (DyHKIHMja KOja y3uMa MakCHUMyM O] IBE
BPETHOCTH U3 JIBa pa3IMYKMTa CKyIa MoJlaTaka, Kao IITO je IpruKa3aHo Ha ciuiy 7.8. Pesynraru
NO0MjeHH M3 EeKCHepUMEHTAJIHMX I[ojaTaka npukazanu cy Ha ciaumy 7.10. Teopujcku
pe3ynTaTtu cy Takohe mpuKa3aHM Ha HCTO] CIIMIH, a J00Hjajy ce KOpUIINEHEM jeIHaYnHe
(7.11). OBa cnuka nokasyje npeaHoct paga SC — BepoBatHohe omnanajyher nena pacrnozene
Cy HIDKE O] OHHMX TPUKa3aHUX Ha ciaumu 7.9.

Hakon npBe SC onepanmje, uctpaxyjy ce epextu SC komOMHOBama Jpyror HUBOA.
Jom jemnom, xopuctehn SC ckynoBe mojataka J00HjeHE y IPETXOAHOM KOPAaKy Kao yiase,
BpIH ce n3Boheme SC koMOMHOBama Ha 0JIroBapajyhuM mapoBuMa CKymoBa moiaTaka.

JobujeHn xucTorpam H3JIa3HE aHBENONe je mpukazad Ha ciaunu /.11. Oxrosapajyhe
TEOpUjCKE KpHBE Cy JnoOujeHe KopumihemeM jenHauune (7.15) m y ckiagy cy ca
excnepuMeHTaTHUM noganuma. [lltapume, SC kOMOMHOBamkE APYror HUBOA JI0IATHO CMakbyje
omanajyhu neo pacnoaene PDF-a, mto pe3ynTupa Beoma cirabuM CUTHAIOM, I1a TO yKa3yje na
je BepoBatHoha gyOoKor (e iMHra BEeOMa HUCKA.

Ha coumm 7.12 je pagm mopehema npuka3zaHa BepoBaTHOha OTKasza Kaja ce KOPUCTH
jenHa aHTeHa, Kao u Kaga ce kopuctu BS ca nse antene u SC, wiu neo cuctem. [Ipar otkasza
npezcrasiba SIR BpeqHOCT Koja je rpaHuna u3Mel)y ucrnpaBHOT (HYHKIIMOHHCAkA U OTKA3a, a
KOjH 3aBHCH OJI KOHKPETHHX TEXHOJIOIIKUX M CHCTEMCKHUX IMapameTapa, Kao mTo cy dopmar
MOJIyJIallije, KOHKPETHUX pealn3alnja TNpHjeMHUKa, OWTCKMX Op3mHa wutn. [IpegHoctn
TUBEP3UTHja ce JaKo BHJIE ca ciuke 7.12.

T T T 7

average SIR = 10 dB

0.100+ '
Single ANT

0.001

Single BS

Outage probability
S

-7
10 Full system

-15 -10 -5 0 5 10 15
SIR outage threshold, z;, [dB]

Cimka. 7.12. BepoBatHoha oTka3a y 3aBHCHOCTH 01 Zth (SIR mpara) 3a ciieHapuo Hajroper
cilydaja KoMOMHOBama, rae je K = 1.837, 1 = 1.057 u npoceunu SIR = 10 dB.

Axo je mpar oTkasza, y CMUCIy oJHoca curHan/uarepgepennuja, 0 dB, nmpujemuuk ca
jeITHOM aHTeHOM OH JTO’KHMBEO 0TKa3 paja 03y 10% BpeMeHa, o yciioBoM aa je cpenmu SIR
10 dB. C apyre ctpane, BS ca nse antene u SC komOuHEpoM 01 10kKUBe0 0TKa3 o1 camo 0.1%,
y UCTHM YCIIOBHMA. Y HCTO BpeMe, II€0 CHCTEM ca JiBe TakBe BS-e Ou moxmBeo oTka3 paja
camo 0.001% Bpemena. Teopujcke kpuBe cy nooujeHe kopumihemwem jennaunna (7.10), (7.12)
u (7.13), pecriekTHBHO, a OATOBapajyhu XHCTOrpaMu Cy y carjJacHOCTH ca BbUMa.
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7.8. Ilopeheme ca npyrum pesyjraTuMa 00jaB/beHUM Y JJUTEPATyPH

VY nutepatypu ce Moxe Hahu 3HaYajaH Opoj TEOPUjCKUX paJoBa KOJU MPOUCTUIY U3 K-
1 pacriomene. C apyre cTpaHe, MOCTOjH CaMO HEKOJIHMKO paJioBa KOjU HW3BEIITaBajy O
pe3yiTaTuMa Mepema Ha UCTY TEMY.

Cryauja o ytuIajy pa3imuuTux Buimerpanckux SC koMmOuHepa Ha mnepdopmaHce
CHCTEMa U IPEIIKY CUCTeMa MPEKO k-u GeauHr KaHaa nprkasane cy y [86]. [Topen Tora, y [94]
ce mponewyjy Op3uHe npedaruBama qBorpanor SC komOnHEpa MPeKo x-u HETUHT OKPYKEHA.
Taunu u acumnrorcku oanocu curHain/mym (SNRs — signal-to-noise ratios) Ha u3znasy
Bumerpanckor MRC npujemuuka cy 1ooujeHu 1a 6u ce oapeauia MpocevHa rpemka cumoosa
u nobutak quBep3utyja [55]. Takohe, momatHe nporene neppopmancu MRC-a ca 3acrapenum
CSI (Channel State Information — undopmarmja o cTamy KaHana) cy cinposenacHe y [47]. V [18]
je BpIlieHa MPOIIeHa BepoBaTHONE 0TKa3a MPEKo a-u, -u v k-u pequar kanana ca MRC u EGC
JMBEP3UTH TEXHUKaMa. Y OBHM ITyOJIMKallMjaMa je PeCTaB/beHa caMO TEOPH]jCKa aHaAIIN3a.

ExcnepumenTtanHa kapaktepusanyja GeauHr KaHala y KOMYHHUKAIMH TEJIO-TeJo, 3a
BaTPOIracHO M CIIACHJIAYKO 0C00Jbe, ITpeMa k- pacroaesid Moxe ce Hahu y [25]. Takohe, y [57]
je JaTa mpoleHa MaKCMMaliHe BepoBaTHohe Jokaiuje namerHor ypehaja y loT-y (Internet-of-
things), mpema M3MepeHUM MOAaIMa KOjU ce J00pO MOKIAMajy ca OMIITHM K-{ MOJETIOM.
Mehyrum, kapaktepuzanuja yrunaja mehykananae narepdepenimje CCl na mepdopmance
cuUcTeMa je BeoMa moTpeOHa y Au3ajHy IelylnapHuUX Mpexka, ypebhaj-ka-ypehajy, mpexa
noapyuyja tena (BAN — body area networks) uta. V ctBapu, y MOOHIIHOM KOMYHHKAIIHOHOM
KaHay yBek mocrtoju agutuBHu Oenu ["aycoB mym (AWGN), ako He apyrauuje, OHIa Kao
TEpMaJIHU IIyM. Mel)yTuM, HUBO IITyMa je YeCTO 3aHeMapJbUB y TIopeheby ca HUBOOM CMETHbH.
VY TakBUM OKpyXKemHMa, OnHOC curHaid-uHTepdepennuja (SIR) je BakaH KpuTepujym y
npouenu nepdopmancu [61, 70, 83]. Ca tauke rienumiTa npojeKTaHTa, OUTHO je OOPETUTH
oaroBapajyhu npuMsbeHU CUTHAJ CHare Kako OW ce CMambUOo YTHUIA] Pa3IMUYMTHX Be3a KOje pajie
Ha UCTO] (PPEKBEHIIM]H.

Ha ocHoBy rope HaBeneHor, y [98] je mpeiokeH aHAJMTUYKA OKBHDP 33 MPOICHY
PDF- a u CDF-a ogHOoca nBe MpOMEHJbMBE KOj€ CleNe WIH o-{, H-i{ WIH K-| pacrofene,
HarjmamaBajyhm TpuUMeHy TpencTaBjbeHHX — pesynrata. CreHapuo OrpaHWMYeH  Ha
uHTepdepeHyjy je Takohe ananusupan y [48, 49], kana je ®e/beHH CUTHAN MOABPTHYT K-
denunry, a curHan uHTepdepeHiuje je moaBprHyT 7-u ¢eaunry. JloOujeHe aHammuze cy
npHKa3aHe y cMUCIy BepoBaTHOhe mpekprBama (Coverage probability) u nmpoceune O6p3une
kanaia (average channel rate) [49] u BepoBaTHOhe oTka3a (outage probability) [48]. Topen
tora, y [20] cy noOujene mepdopmance oTkaza ykibydyjyhu epekar Mmo3aJuHCKOT IIyMma.
ExcniepumenTtanno 3acHoBana aHanu3a yruiaja ¢peaunara CCl na BAN koju paau Ha 2.48 GHz
je mpukaszana y [21].

[Tpu Tome, BehrHa MpeTXoAHO MOMEHYTUX MMyOIMKallija 3aCHIBAjy Ce Ha aHATUTHUKUM
npoiieHama nepgopmaHcu. YoniTeHo ropopehu, npencTaB/beHe jelHaunHe Cy TJIOMaszHe U
HUj€ UX JaKo MPaTUTH, HaKo Ccy 100MjeHe 3a jeJaH HUBO KOMOMHOBAamBA.

Mebhytum, k-u Mozaen dpeaunra npyxa orpoMHy (pIeKCHOUITHOCT 3a OMHC Pa3IMYUTUX
YHYTPAIIBUX/CIIOJBAITBIX OSKINIHUX KaHANIA Y CMUCITY MEPJBHBHUX (U3UYKHX IMapaMerapa. Y
[57], x-u je mpeutoKeH Kao TayaH MoJieN 32 jehTHHY JOKaIn3alujy y naMeTHIM ypehajuma 3a
IoT, uzberasajyhu Behy 1eny npujeMHIKa T700aTHOT CHCTEMA MO3UIIMOHUPAA.

VY Tabenu 7.2 je nmato cymapHo mnopeheme eKkcriepuMeHTaTHUX pesynTara 3a indoor
okonuHy [8], mpuka3zaHuX y OBOj JAMCEpPTAIUjH, Ca APYTUM €KCIICPUMEHTATHUM pe3yTaTHMa
u3 muTeparype. YnopeheH je 1o0uTak u MEeTO0JI0THje MO/IEIIaBakha CUCTEMA Y OJTHOCY Ha Opoj
NPUKYIUBCHUX OJIOMpaKa, HUBO CHare M3J1a3HOT CHTHaNa, HCKopHuITheHe pajHe GppeKBeHIyje,
Kao U J0OMjeHuX mapameTapa k U 'y 1a00paTOpHjCKOM, Tj. YHYTPAILIEM OKPYXKEbY.
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Ta6ena 7.2. Ilopeheme ekcriepuMeHTANHUX pesynrata 3a k-u indoor demunr momen [8],
NPUKA3aHUX Y OBOj IUCEPTAIMjH, Ca IPYTHM €KCIIEPUMEHTATHUM PE3yITaTHMa U3 JINTEPATypeE.

Pedpepente Bpoj ?HP:;Z ®pekpenmja | 1APAMETPH demptra Hupo myma | LlumbHa
PCHIL CEMILIOBA Tx HOCHOLIA P U Rx Mepa
aBIh"E‘;%‘;‘V | 45000 géﬁf’ 2.48 GHz 4.8-29.9 072-1.05 |-103.4dBm | SIR
Cottonetal- | /0000 | *22 | 545 GHz 1.26-3.22 | 1.08-143 | "We Huso
[25] dBm JIOCTYITHO CHTHaJa
Eg’]ﬁda ctal. ;gﬁynﬂo ;’éfn mm curmams | 1.14-2.80 0.77-1.00 | 91 dBm SINR
Excrmep. 0 SIR,
pesyaratuy | 120 000 dBm 2.336 GHz 1.837 1.057 —106 dBm JIUBEP3UTH
JicepTanuju npujeM

Mepema cy BpIIEHa y pa3IiMYUTAM OKPYXEHHMa, Kao IITO Cy AaHEXOWYHE W
peBepOepaloHe KoMope, alld u y J1a0opaTOpPHjCKOM OKPYXKEHY KOoje OJroBapa CHCTEMY
MIPUKA3aHOM Y OBOj JHCEPTAIHjH. 3a HOpMalIU3anujy nooujerux pesynrara y [20] kopumihena
je HopManu3alyja Ha 0a3u mpo3opcke (QyHKIMje Maje Ty>KHHE, KOja je HaMemheHa YKIIamhamby
KOMIIOHEHTH criopor (enunara. Y [25] usBpineHa cy Mepema Kako OM ce OKapaKTepHCaau
KaHAIM KOMYHHKAIIMje TEJIO-TEJO 3a BaTPOracHO-CIACHIAYKO OCO0Jbe Yy 3aTBOPCHUM
npocropuma. Y [43] ekcnepuMEHTaNHO je MOTBpheH Mojen KaHajga k-{t 3a CHCTEMeE
MWJIMMETAPCKUX Tajlaca y 3aTBOPEHUM OKpYykewnMa. Hanme, Mepema aHBesole curHaia ce
KOPHUCTE 3a KapaKTepu3allnjy mapamMerapa pennHra, 10K OCTaTak pajia KOpHCTH OBE MOJIATKE 32
AHAJMTHYKY KapakTepu3alldjy IPYyrux IapaMerapa MpeXKe pElIeBaHTHUX 3a IMPOICHY
neppopMaHCH B UMILIEMEHTAIIH]Y, Ca OJHOCOM curHai — uaTepdepernuja u mym (SINR) kao
OCHOBHMM ITapaMEeTPOM CUCTEMa. Y OBHUM paJioBUMa Cy MPUMEHEHE pa3InuuTe METO0JI0THje
U TIOJIeTIIaBarha CUCTEMa, i C€ PE3YJITaTH O MapaMeTpruMa (herHra 3a YHYTpaIlhe CPEanHe
y LEJIHMHU CIaXy, LITO MOTBPlYjy U pe3ylTaTH y 0BOj JUCEPTALIU]H.

VY 0BOj TNIaBH je MpencTaB/beH Mojen (PU3NYKOr cucTteMa KopumhemeM jedTHUHHX
NPUMOIIpENIajHUKa, MOMONY KOjUX Cy NPUKYIUbEHU EKCIEepUMEHTAIHM Mojauu jaa Ou ce
UCTPAXHO BUIECTPYKH (GeauHr u yrunaj mehykananne mHtepdepenuje [8]. Taunocr je
BUIIECTPYKO TPOBEpPEHAa KOpHUIIhEeHmeM Mpenu3HUjUX HMHCTPyMEHaTa JOCTYHNHHMX Yy
nabopatopuju. [Ipu Tome, mpencTaB/beHa je aHAIN3a eKCIIEPUMEHTATHO JOOUJEHUX MojaTaKa
OEeKMYHUX KaHaja Y 3aTBOPEHOM IPOCTOPY HPEKO KOjux ce o0aBjba KOMYHHUKaIuja usmelhy
CUCTEeMa JUBEP3UTHja Koju ce cacToju o nBe BS-e, ox kojux cBaka mma aBa SC npujeMHUKA U
nonatiu SC NMpHjeMHUK Ha JpyroM HHBOY KoMOMHOBama. CBaka BS je ompemibeHa ca jaBe
HeycMepeHe aHTeHe. [IpeTmnocTaBibeHo je MpUCyCTBO Apyror ypehaja, Koju je TyMaueH Kao
omerad. [lokpern MOOMIHOT HpUMOIIpeajHIKa BPIIEHH Cy y Kopamuma ox | mm, mrTo je
pe3yATHpaio KOHTHHYHPAaHNM HUBOMMA CHUTHAIA, IOTOJHUM 33 CTAaTHCTUYKY aHanu3y. [lopen
TOTa, pe3yiATaTh Cy MOHOBJBHMBH, Y OJICYCTBY oco0a y 1abopaTopHju, Kaja ce eKCIepUMEHT
M3BOJM ca ynajbeHuM npuctynoM. [Ipensubenn npeHoc je ca ypehaja koju je MoOuIaH y 30HU
nokpuBama 06e BS. Pesynratu Mmepemwa moTBplyjy Mozaen KaHaja Ipomaramygje U Jajbe
npyXkajy yBUJ y noOoJbllIake AUBEP3UTH MPHjeMa Ha 1Ba HUBOA, y nopehemy ca nmprujeMom ca
jenHoM anTeHoM [8], mITo je jeaH 3HaYajaH JOMPHHOC OBE ANUCEPTALH]E.

Jlata Mepema cy Mepema pealtHor crieHapyuja kaHaia (x = 1.837, u = 1.057), unme je
npeMonheH ja3 u3Mmel)y aHAIMTHUKUX U €KCIEPUMEHTAIHUX pe3ynraTa (BehuHa MpeTxogHo
00jaBJbEHUX pajJi0Ba HAa OBY TEMY 3aCHOBAHaA j& Ha TEOPH]CKO] aHATN3H k-U (DETUHT pacroaene),
JIOK JTaTH MOJIEJNl CUCTeMa TPHKa3aH y OBOj TJIaBU HUje paHHje eKCIIEpUMEHTAIHO onucaH [8],
IITO TIPECTaBIba JOII je/IaH 3Ha4YajaH JOMPUHOC OBE JUCEpTaIlH]e.

CraTHCTUYKM TpEeTMaH NPUKYIUBEHHUX MeEpema je NMpHUKa3aH U KOpHUIINEeH Y J1ajboj
aHaJU3U IepOopMaHCH KOMYHHKAIIMOHOT CUCTEMa y 3aTBOPEHOM OKPYXKEHY Ca OTpaHUYCHUM
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cMeTHhama. YTBpheHo je J1a Cy eKCIepUMEHTAIHU Pe3yJATaTH Yy CarjacHOCTU Ca aHAJUTHYKHU
pasBujeHHM n3pasuma 3a SIR u merpuky nepdopMaHcH OTKasza W ONpaBAAIH YIOTpeOy K-i
MojiejIa Kao MOTOHOT 33 TaKBE MPEXE U OKpPYXKera orpaHuucHa uatepdeperunjom [8], mro
je, Takohe, mocebaH JOMPUHOC OBE JUCEpTAIlH]e.

[Tpuxa3ana ananusa je, Takohe, MpUMEHIbIBA U 32 IPEHOC HU3a. AKO je MOTpeOHO /1a ce
CHUTHAJI BpaTH U3 MpeXe Ka ypehajy, npuauum uzdopa omoryhasa naeHTuuKaiujy antese Kkoja
j€ HajmoroAHMja 3a MPEHOC MojlaTaka IOIITOo je KaHaia cuMmerpudad. OBo 3ay3BpaT omoryhasa
CMamele YKYITHE CHare ImpeHoca W CaMUM THM CMambyje MOoryhe cMeTme mpema JIpyrum
ypehajuma [8], mTo je jorur jegan mocebaH JOIPUHOC OBE AMCEPTAIIH]E.

Jlakiie, pe3eHTOBAaHU PE3YJITaTH Cy HOBU M MOTY OMTH KOPHUCHH Yy IPOjeKTOBAIbY
OC)KUYHUX CHUCTEMA y OKPYXKEHhY OIpaHUYEHOM HMHTEpEpEeHLHjOM y CMHCTY IpeaBuhama
nephopMaHCH CUCTEMA M 0TKa3a CUCTEMA.
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8. 3BAK/bYYAK

[lpenmer wucTpakuBama y OBOj JOKTOPCKO]  JOUCEpTalMju Cy  OCKUYHH
TEJICKOMYHUKAIIMOHN CHCTEMH U TIOOOJBbIIakhe BUXOBUX Nep(opMaHcH Kaja Cy IPUCYTHH Op3u
¢denunr, cnopu ¢peaunr u melykananna uHTepdepeHImja.

[lwb ucTpaxknBama OBE JOKTOPCKE IHCEpTalHje je Ja Ce OApe]e AWBEP3UTH IIeMe U
IbUXOBE KapaKTEpUCTHKE 3a molosblIame mnepopMaHCH OSKUYHHUX TEIEKOMYHUKAITMOHUX
cucrema. VcrpaxnBama MpeacTaB/beHa y JUCEPTalMjy Cy M3BEICHAa HA OCHOBY aHAJMTHYKHX
METO/1a, METO/1a MaTEeMaTHYKOT 1 HyMEPUYKOT MOJIeJIOBamba, Kao U cuMylanyje. M3BpiieHa je u
aHaJIM3a eKCIEPUMEHTAIHO J0OMjeHNX IMojaTaka OeKMYHMX KaHaja y 3aTBOPEHOM IPOCTOPY,
MIPEKO KOjux ce 00aBJba KOMyHHKaIja u3Mehy ypehaja u ne 6a3ne cranuie (BS).

VY 1pyroj riaBu JucepTalyje pa3MaTpaHe Cy CTAaTHCTHYKE KapaKTePHCTHKE Op3or
PajcoBor ¢eamnra. Kako je x-u pacmojena nmpeaMer pasmarpama OBe JTIOKTOPCKE JqucepTalyje,
OMJIO je HEOMXOIHO Y OBOj TJIaBU pa3MOTpuTH PajcoBy pacmoneny Kao eH CrelujalaH CiIyyaj.
[Ipu ToMe, aHATUTHUYKU Cy Hajpe oapeleHe CTaTUCTHUYKE KapaKTEPHCTUKE MaKCUMyMa JIBE
He3aBHCcHe PajcoBe ciydajHe MPOMEHIbHBE, a 3aTUM U CTATUCTUYKE KapaKTEPUCTHKE MaKCUMyMa
Tpu He3aBucHe PajcoBe ciydajue mpomeHsbrBe. CBH aHATUTHYKK W3pa3d Cy H3BEICHH Y
3aTBOPEHOM OOJIMKY, IITO MPEACTaBJba 3Ha4ajaH JOMPUHOC OBE JHCEpTalHje.

VY 1pehoj rmaBm je pa3maTpaH k-u ciiydajHu mnporec. [Ipu Tome, onpehene cy ryctuna
BepoBatHohe (PDF) u kymynatuBHa BepoBatHoha (CDF) k-u ciydajue mpomeHIbUBE X,
KapaKTepUCTUYHA (PYHKIHja 01 X, MOMEHT N-TOT pefa, Cpeliba BPeIHOCT, CPemha KBaapaTHa
BPEIHOCT, BapyjaHca 01 X, Kao ¥ CpeAbu Opoj OCHHUX IpeceKa CTOXacTUYKOT mpolieca (enHra
YHja MaprUHAIHA PacIoieNa OJIroBapa paclo/IeNiv ciiydajHe mpoMeHsbrBe X. JlaT je rpadudku
nprKa3 HyMepuukux pesynrara 3a PDF x-u cnydyajue npomeHnsbuBe X, 3a Opoj Kiactepa =2,
KOjH je yrmopeheH ca CHMyJIaliMOHUM pe3yiaTaTuMa (XHCTorpam), 3a Opoj cliydajHUX oaMepaka
N =100 000, rae ce Buau 1o0po nokianamwe uctux. Onpehenu cy PDF u CDF konnunuka nse
K-{t CITydajHe TpoMeHsbMBe Z = X/ Y m cpenmu Opoj ocHuX mpeceka. JlaT je rpadMuKy npuKas
HYMEpPHUUYKHUX U cUMyJaluoHux pesynrara 3a PDF ox z, 3a ogpehene BpenHocT napamerapa u
0poj cnyuyajaux onmepaka N = 1 000, 10 000 u 100 000, pecieKTUBHO, TJ€ C€ MOXKE BUIETH
no6po noxmamame Beh mpu N = 10 000. ITpu Tome, 3a 6poj ommepaka N = 100 000 mobujeHo je
HajOoJbe MOKIIaNambe HYMEPUUKHX U CUMYJIALIMOHUX pe3ynTaTa . [Topen HaBeneHUX pe3yiaTara,
JaT je rpauuku mpukKa3z HymMepuukux pesynrara 3a CDF ox Z y 3aBUCHOCTH O] aHBEJIOIE
curHana. M3padyHar je u cpenmu Opoj OCHUX Ipeceka of] Z. 3a MPOU3BOA JBE K-U CIydajHe
npoMeHJbuBe u3pauyHara je PDF y 3arBopeHoM 00HKy, IITO IpeIcTaB/ba 3Ha4ajaH JOIPUHOC
muceptauuje. [Ipu Tome, Aat je rpadMuKky NpUKa3 HyMEPUUIKUX U CUMYJIALlMOHUX pe3yiTara 3a
PDF, 3a 3amare BpemaHOCTH mapameTapa u Opoj oamepaka N = 1 000, 10 000 u 100 000,
PECTIEKTUBHO, T1Ie ce Moxke BuaeTH 1o0po noknaname Beh mpu N = 10 000. ITopen Tora, aart je
U rpauuky MprKa3s HyMepuukux pesynrara 3a CDF y 3aBucHoctu on1 anBenone curnana. PDF
0]l KOJIMYHUKA K-{ CIy4ajHe MPOMEHJbUBE U MPOM3BOJA JBE K-{ CIy4ajHE MPOMEHJbUBE je
onpeheHa aHATUTUYKH , T/1€ je 300T CI0XKEHOCTH jeHaYuHE TpapuuKy MPUKa3 HyMEPUUKUX
pesynrara 1o0ujeH KopuihemeM MeTone naTepnonanuje. Ha nctu Haund je ogpehena PDF on
KOJINYHMKA TIPOU3BO/IA JIBE K- CIydajHe IPOMEHIBUBE U K- CIIydajHe IpOMeHJbUBe, MHaue, 3a
rpaduuku npukas pesyirara je kopuirheHn nporpam Wolfram Mathematica 12.2. JloOujenn
pesyiaTratd ce MOry Jajbeé NPUMEHMTH 3a aHanu3y neppopMaHcH  OeKHUUHUX
TEJIEKOMYHUKALlMOHUX CHCTeMa KOJ KOjUX je y KaHaly ca k-4 (eIWHroM HIpHCYyTHA U
mehykaHaiaHa uHTepEepeHIja Koja je Mol yTHIIajeM J1Ba K-y (heauHra.

VY 4eTBpTO] IJ1aBH je pa3MaTpaH ciaydaj Kaja je y Oe)KHIHUM KaHaJIMMa IPUCYTaH CIIOPH
['ama demuur u O6p3u x-u penunr. Ananutuuku je oapehen PDF 3a xonmunuk mpowusBojia
KBaJIpaTHOT KOpeHa oj ['ama ciyyajHe MpOMEHJbUMBE U K-{ CIy4yajHE MPOMEHJbUBE, U K-U
ciyuyajHe npoMenspbuBe. Ha umctu HaumH je oapehen m PDF 3a kommuyHuMk x-p ciydajHe
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IPOMEBUBE, U IPOU3BOJIa KBaAPaTHOI KopeHa ol ['aMa citydajHe npoMemuBe U k-| ciaydajHe
npomemuse. Takole, ananutnuku je onpehen PDF 3a nBa mpon3Bosia KBaJapaTHOT KOpeHa O]l
['ama ciaydajHe IpoMemUBE U K- CllyyajHe IPOMEHUBE, IPU YeMY je AaT TpapUuuky MpUKa3
HYMEpUYKUX pe3yaTara 3a ucre. 3a HaBeneHu ciydaj, CDF nuje 6uno moryhe onpenutu y
3aTBOPEHOM OOJIMKY 300T CII0)KEHOCTH jeIHAYMHA, aJTH j& oJipeheHa HyMepHIKH KopHuIThembeM
nporpama Wolfram Mathematica 12.2, npu uemy je aar u mweH rpapuuku npukas. Jobujenn
pesyiaTratd ce MOry Jlajb€é IMPUMEHMTH 3a aHanu3y mepopMaHcH  OexXHYHUX
TEJIEKOMYHUKAIIMOHUX CUCTEMa KOJ KOJUX je y KaHally MpUCyTaH criopu ['ama denunr u 6p3u
K-y peauHr, a Ipu ToMe, MpUcyTHa MehykaHamHa uHTEpdEepeHIrja Mo yTHIajeM Op30T K-
dbenunra.

VY meroj riaBu je pa3MaTpaH MakKpOIMBEP3UTH CUCTEM KOJU C€ CacTOju Of JIBa
mukpoausep3ut SC komOuHepa ca /Ba yia3a W jenHor makpomusep3utu SC xoMOHHEpa.
MakpoauBep3UTH CUCTEM CE€ KOPUCTHU Ja C€ HCTOBPEMEHO CMambH yTULA) Op30T K-u peluHra 1
cniopor ['ama denunra Ha meppopmance cucrema. [IpBo cy ananurnuku onpehern PDF u CDF
K-/t CUTHAJIa Ha yna3y U Ha uznazy SC koMOuHepa, peciekTuBHO. [Ipu Tome, 10061jeHn u3pasu
cy xopumthenn 3a u3pauyHaBame 3apyxene PDF u CDF na u3nazy u3 makpoausep3utu SC
komOuHepa. Tpeba pehu aa je CDF u3Benena y orBopeHOM 00JIMKY, jep 300T CI0KEHOCTH HUje
MorJia OWTH M3padyHara y 3aTBOpeHoM o0auky. [lopen Tora, natu cy rpaduuku IpUKasu 3a
cBe npopauyHnate popmyne PDF-a u CDF-a, kao u rpaguuku nmpukasu 3a BepoBaTHohy 0TKa3a,
y 3aBUCHOCTH OJ1 HUBOA Ipara, kopumhemeM mporpama Wolfram Mathematica 12.2.

VY 1mecroj rinaBu je pa3MaTpaH MaKpOJUBEP3UTH CHUCTEM KOJU C€ CacToju OA JBa
mukpoausep3uTi SC koMOMHepa ca J1Ba yiasa u jeqHor Makpoausep3utu SC komOuHepa, u TO
y MIPUCYCTBY K-u Op3or denunra, ['ama copor deaunnra u x-u mehykananne uatepdepeHije.
[TpBo cy anamutnuku oapehern PDF u CDF na uznazy u3 SC xomOunepa, a 3atum u PDF u
CDF Ha u3na3y pazMaTpaHOT MAaKpOJUBEP3UTH CUCTEMA. 3aTUM CY J1aTH rpadUuKH IPUKA3H 3a
cBe npopauyHare ¢popmyisie PDF-a u CDF-a, kao u rpaguuku npukasu 3a BepoBaTHOhy oTka3a
Ha u3nazy u3 SC komOuHepa U MakpoauBep3utd SC KoMOMHepa, y 3aBUCHOCTH O[] 337aTOT
HUBOA IIpara, npuMeHoM nporpama Wolfram Mathematica 12.2. [Tpuka3zan je u JoO0uTaK Makpo
KOMOMHOBamWa, U3paxeH y Jenudennuma, y 3aBUCHOCTH 0J1 Koe(HIIMjeHTa Kopesalrje CUrHaua
p. YnopehuBameM HHBOA 3aXTEBAHOT IIpara 3a WJICHTHYHY BPEIHOCT BEpOBaTHOhE OTKa3a o1
0,001 Ha u3na3zy mukpoausep3ut SC komOuHepa (1001jeHa BpeqHocT o1 npubimmkHo — 6 dB)
U Ha u3naszy makpoausep3utu SC komOuHepa (nobujena BpeaHoct o npudmmkao — 10 dB),
KOHCTaTOBAHO j€ 3HaTHO MOOO0JbIIakEe IPUMEHOM MaKpOAMBEP3UTH TEXHHKE, LITO j€ jeaH O]l
3HAYajHUJUX JOoNpuHOca aucepTaiyje. [lopen Tora, mpuMeHOM pa3MaTpaHOT MaKpOJAUBEP3UTH
cucTeMa cMamyje ce BepoBaTHoha oTka3a Oe3 moBehama mupHHE (PEKBEHIU]CKOT OIcera U
6e3 nosehama cHare Ha rpeaju, IITo je, Takole, 3HauajaH JonpuHoC aucepranuje. Mcro tako,
NPUMEHOM pa3MaTpaHOT MaKpPOJMBEP3UTH CHCTEMa IIOKAa3aHO j€ Ja Ce CMambemheM
KopenauumoHor koepunujenta [ama cmnopor ¢eaunra p, a 06e3 mnoBehama mMpHHE
¢dpexBeHnyjckor omcera u Oe3 mosehawa cHare Ha mnpeaaju, nosehaBa 10OMTaK Makpo
KOMOMHOBama, IITO je 3HayajaH JONPUHOC JUcepTaLuje.

Y cemMo] TaBM je TPEACTaB/beH MoOAeN (U3HUKOT CHCTeMa KOpHIINEHeM
€KOHOMHYHUX MPUMOIIpe/IajHuKa oMoy KOjUX Cy MPUKYIUbEHU E€KCIEPUMEHTATHU MOJalH
na Ou ce NCTPa)KMo BUILIECTPYKU (hequHT U yTuiaj mehykananue unareppepenumje. Taunocr je
BUIIECTPYKO TPOBEpPEHAa KOpHUIINEHEM MpEenu3HUjUX HHCTPyMEHara JOCTYHHHX Yy
naboparopuju. CucTeM Koju je UCTIUTUBAH, OMO je CUCTEM JAMBEP3UTH]a KOJU CE CACTOjU O] IBE
BS-e, on xojux cBaka uma aa SC npujemHuka u n1onatiu SC npujeMHUK Ha APYyroM HUBOY
koMOnMHOBama. CBaka BS je ompemibeHa ca nBe HeycMepeHe aHTeHe. [IpeTmocraBibeHO je
npucycTBo apyror ypehaja, koju je TymaueH Kkao omerad. [lokpetm MoOHUITHOT
PUMOTIPEIajHIKA BPIICHN Cy y KOpauMa of 1 MM, mTo je pe3ynTupaio KOHTHHYHPAHUM
HUBOMMA CHTHaja, MOTOJHUM 3a CTaTHUCTUYKY aHanu3y. Hamme, nara cy Mepema peansHor
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cueHapuja kanana (x = 1.837, u = 1.057), yume je npemomheH ja3 usMmely aHaTUTHUIKUX U
eKIepUMEHTAIHUX pe3ynTara. [Ipu Tome, Mepema cy moka3aia BeoMa J00po MOKIaName ca
TEOPHjCKUM pe3yJTaThMa U ONpaBaaiu YIOTpeOy x-i MOjela, Kao MOTOTHOT 32 TAaKBE MpPEXKe
U OKpyXema oOorpaHudeHa wuHTepdepeHmujoM. Takohe, mokaszamo ce Aa Cy Hojamy ca
NOjeIMHAYHUX AHTEHA Y CarjlaCHOCTH Ca pe3yjiTaTiMa Mepema, JAOK JIaTH MOJET CHCTeMa
NpUKa3aH y OBOj TJIaBM HHUj€ paHMje eKCIepUMEHTAJHO omucaH. JloOujeHu pesynratu cy
kopuntheHu 3a mpoieHy BepoBaTHohe OTKa3a 3a peajHH KOMYHHKAIIMOHH clieHapro. Hanwme,
HAa OCHOBY JOOWjeHHMX pe3yirara 3a BepoBaTHOhy OTKasza, Kao jemHe of mnephopMaHCH
TEJIEKOMYHUKAIIMOHUX CHCTEMa, TOKa3aHa je ONpaBIaHOCT IPUMEHE JUBEP3UTH TEXHUKE, KOja
MOKe OWUTH KOpPHCHA y TMPOJEKTOBamky OCKUYHMX CHCTEMa Y OKPYKEHhY ca OTpaHUYCHOM
UHTEpPEPEHIM]OM Y CMUCITY TipeiBrlama nephopMaHCcH CUCTEMa M 0TKa3a CHCTEMA.

C 003upoM Ha aKTyeqHOCT OOJACTH MOOMJIHMX KOMYHMKAallMja ¥ pa3Boj HOBHX
reHepanyja MOOMIIHUX CUCTeMa, IpaBall Oyayher uctpaxuBama Ouna 6u aHanuza OSKUYHUX
KOMYHHKAIIMOHUX CHCTEMa Yy KaHAJIMMa MPOCTHPakha, OTPAHUYCHUX CMETHaMa, Y MPUCYCTBY
BUIIIECTPYKUX cMeTHU. Takole, miaHupaHo je 1a ce MpOIIMPH eKCIIePUMEHTATHA IIOCTaBKa 3a
UCTPaXUBAHE IMPOKOIIOjaCHUX MMPEHOCHUX KaHaJa.
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BUOI'PADUIA

Nanujena Anexcuh (meBojauko Hukonwmh) je pohena 07.12.1973. rogune y Humry.
OcHoBHy 1Koy “YUerap® u mpupoaHo MaTeMaTH4Ky | uMHa3ujy ,,9. Maj* 3aBpimna je y Humry.
[Tocne cpenmwe mkose ynucana je Enexrponcku dakynrer y Humry, cmep ,,Enexrponuka u
TenekoMyHukanuje. Jlumiomupana je Ha EnektpoHnckoM ¢akyntery y Humry 07. 07.2001.
roguHe ca oueHoM 10 M cTekna 3Bambe IUIUIOMHUPAHU HHXKEHED EJIEKTPOTEXHUKE 3a
CJIEKTPOHUKY U TEJIEKOMYHHKAIIH]E.

On 01.03.2002. rogune 3anociieHa je Ha Bucokoj Texaunukoj mkoyim y Humry. Paguma
j€ Kao HAaCTaBHUK MPAKTUYHE HACTaBE, IJI€ j€ U3BOIMIIA JTa00OPaTOpHjCKe U pauyHCKe BexOe 13
CTPYYHHUX MpeaMeTa KOjU MpUIaiajy 006JaacTH ,,EnexkTpoHuka u TenekoMyHHuKaImje’ .

Ha Texaumukom ¢akynrery y Yauky omOpanumina je maructapcky tesy 15.07.2010.
TOJMHE, MO/ Ha3MBOM ,,YTHIQ] HMPOCTUpama €JIEKTPOMAarHETHUX Tajlaca Ha mnepdopmance
OE)KUYHOT TEIEKOMYHHUKAIIMOHOT CUCTEMA"".

Hakon maructpupama HacTaBWia je Ja paau Kao mpenaBad Ha Bucokoj Texuuukoj
IIKOJIM CTPYKOBHUX cTyAuja y Humry (cama AkaneMuju TEXHUYKO BACIMTAYKHX CTPYKOBHHX
ctyauja Oncex Hun), Ha oaceniMa OCHOBHUX CTPYKOBHHX cTyauja, CaBpemeHe PauyHapcke
TexHoJjoruje 1 KoMyHUKaIMOHEe TEXHOJIOTHje Y 00JIACTH €IIEKTPOHUKE U TEJICKOMYHHUKAIIH]a,
Ka0 U Ha OJICEKYy MacTep CTPYKOBHUX CTyauja MynTumMeanjaine KOMyHHKAI[HOHE TEXHOJIOTH] e,
y 00JaCcTH TENEKOMYHHKAIIH]a.

JlokTOpcke akajeMcke cTyauje ynucana je mkosicke 2021/2022. ronune Ha @akynrery
TeXHUYKHX Hayka y Yauky, cTyaujcku mporpaM ENEKTpOTEeXHHYKO U padyyHapCKO
uwxemwepcTBo, moayin EJIEKTPOEHEPI'ETUKA. Ilpu Tome, mp [lanujena Anexkcuh je
ynucana Ha Il roguHy MOKTOpCKHX akaJeMCKUX CTyIuja Ha OCHOBY 3aKOHa O BHCOKOM
oOpa3zoBamy U [IpaBuiHMKa O JOKTOPCKUM CTyJWjamMa U CTHIAlky 3Bamba JOKTOPAa Hayka Ha
®dakynTeTy TEXHUYKUX Hayka y Yauky (wiaH 4, ctaB 2, Tauka 0)). Kanauaar je momoxuo ce
UCIHTE Ha JOKTOPCKUM CTy/Hjama.

VY nocajammeMm pany, Kao ayTop WIM KoayTop, A0 cajga je oOjaBwia 34 paxa y
yaconucuma Mel)yHapoJJHOT M HallMOHAJIHOT 3Hauaja, Kao M Ha CKYNMOBUMa Mel)yHapoaHOT U
HaIlMOHAJTHOT 3Hayaja, u3 obnactu Teopujcke u omnimTe eNeKTpoTeXHUKE U TelleKoMyHUKaIHja,
on kojux je 5 ca SCI nucre.



Oépazay 1

H3JABA AYTOPA O OPUTHHAJIHOCTH /JOKTOPCKE JJHCEPTAIIHJE

W3jaBibyjeM Ja JOKTOPCKA JUCEPTALM]a 110]] HACTOBOM:

ITOBOJBIIABLE ~ TTEPO@OPMAHCHU  BEXXUYHHUX  TEJIEKOMVYHUKAIIMOHUX
CUCTEMA VY TIPUCYCTBY OEJUMHIA CA JOMHUHAHTHOM KOMIIOHEHTOM
EJIEKTPOMAT'HETHOI" TAJIACA

NPEACTaBIba OPUSUHATIHO AYMOPCKO 0eJlo HACTallo Kao PE3YITAT CONCMBEHO2 UCMPAANCUBAYKOS

paoa.

Osom Uzjasom maxohe nomaphyjem:

e Jia caM jeOuHu aymop HaBeAeHE JJOKTOPCKe aucepTalije,
e Jia y HaBeJCHO] JJOKTOPCKO] JAUCEPTALMH HUCam u3gpuiuo/na nogpedy ayTopekor HUTH
JPYror MpaBa WHTEJICKTyalHe CBOjUHE APYTHX JIKLa,

(7 v -
V Yauky, 5 S 187 5 ronune,

(Zmyéfm%z_a(azﬁ

Hormac ayTopa




Obpazay 2

H3JABA AYTOPA O HCTOBETHOCTH IITAMIIAHE ¥ EJIEKTPOHCKE BEP3UJE
JIOKTOPCKE JJHCEPTAIIHJE

W3jaBbyjeM jia cy IITaMIIaHa U eJIEKTPOHCKA Bep3Hja JOKTOPCKE JIMCEPTALIM]€E MO HACIOBOM:

I[TIOBOJBIIAILE  TIEPOOPMAHCH  BEXXMYHHMX  TEJIEKOMVYHHUKAITMOHUX
CUCTEMA V TIPUCYCTBY @®EJIUHI'A CA JOMMHAHTHOM KOMIIOHEHTOM
EJIEKTPOMATHETHOI" TAJIACA

HUCTOBETHE.

V Yauky, b 3 .2025 FOJMHE,

/fiotnic ayropa




Ooépasay 3
H3JABA AYTOPA O HCKOPUIITRABAIY JJOKTOPCKE IHCEPTAIIHJE

Ja, Jlanujena A. Anexcuh,

JO3BOJbaBaM

HE JIO3BOJbaBaM

.

Yuusepsurerckoj 6ubnuoreny y Kparyjesily 1a HauMHM JiBa TpajHa yMHOXEHA IIpUMepKa y

eJIEKTPOHCKO] (POPMHM JOKTOPCKE JMCEPTALIM]E 11O]L |1.a;:j10'30M:
[TOBOJBIIAILE ~ TTEPOOPMAHCHU  BEXHWYHUX T:EHEKOMYHMKAI.U/IOHI/IX

CUCTEMA VY [IPUCYCTBY ®EJIMHI'A CA ILOMI/II-IAHTHOM KOMITOHEHTOM
EJIEKTPOMAT'HETHOI" TAJIACA i

M TO Y LEIMHM, KA0 M JIa 110 jeial IPMMEpPaK Tako YMHOXKEHE JIOKTOPCKE AMcepTaliije yunHu
TPAjHO JIOCTYNHUM JABHOCTH TIyTEM JMIMTAIHOT PCHO3UTOPHjyMa YHHUBepsuTera y
KparyjeBly ¥ UEHTPAJIHOT PEMO3UTOPHjyMa HAJJIKHOT MMHUCTAPCTBA, TAKO A4 NPUTIaiHULM
JaBHOCTH MOTY HAUMHMTH TpajHe YMHOXCHE fipuMepKe Y eJEeKTPOHCKO) (opmu HaBejicHe

JIOKTOPCKE JIUCEepTaLje yTeM npeysumalba.

Osom M3jaBom Takolhe

J1O3BOJbaBaM

He JI03BOJbaBaM '

| VKONHKO ayTop M3abepe Ja He JIO3BOJIM PUIaAHMLMMA JaBHOCTH JIa TAKO JIOCTYTHY JIOKTOPCKY JIMCEPTALlA]y
KkopucTe noji yciopuma yrephennm jexnom oi Creative Commons TLEHIH, TO HE UCKIbY'Y]e PaBO NpUnajHiKa
JABHOCTH J1a HaBeJIeHy JIOKTOPCKY JIMCEPTALIA]y KOpHCTe Y CKiIajly ca ofipeidama 3akoHa 0 ayTOPCKOM U CPOJIHUM
npaBuMa. '



NpUNaJHMLIKMMA jJaABHOCTH J1a TAKO JOCTYIHY JOKTOPCKY JAMCEPTalMjy KOPUCTE MO YCJIOBUMA

yrephenum jejom ox cuenehux Creative Commons jJALEHLA:

1) AyropcTBo

2) AyTOpCTBO - JICIUTH 110]], ICTUM YCIIOBUMA

3) Ayropcrso - 6e3 npepajia

4) AyTopcTBO - HEKOMEPLM]aIHO

AyYTOPCTBO - HEKOMEPLMJATHO - ICTIUTH 110/1 UCTUM YCIIOBUMA

6) AyTOpCTBO - HEKOMEPIMjalHo - 6e3 npepajia’

VY Yauxky, l) 2&26: rojuue,

OZ@W%@( aﬁ

TI'IMC ayropa

2 Monumo aytope Koju cy wuzalpann ja J103B0je NpUNajJHMIMMa JaBHOCTH Jla TaKO JIOCTYIHY JIOKTOPCKY
JIcepTalujy KopHeTe 1ot yesiosuma yrephenum jeanom o Creative Commons TIEHIM J1a 3a0KpYKe jeitHy OJt
nouyhennx nuueniu. Jletaman capikaj HaBeeHUX JIMLEHIM J0CTYyaH je Ha: http://creativecommons.org.rs/



