Yrausep3uteT y beorpany
EnexTpoTeXHiuKy (PaKyITeT

HACTABHO-HAYYHOM BERY

Ipenmer: Pedepar o ypaljeHoj JOKTOPCKOj AMCEPTAUMJH KAaH/IHaTa MACTEP MK, CICKTPOTCXHUKE 1
pagynapcTBa Mutoma Jamnha.

OnyxoMm Hacrasro-nayunor Beha Enexrporexmmuxor dakynrera y beorpany op. 5082/11-3
JoHeTo] Ha 852. cemuuuy oxpxanoj 09.09.2020. roauHe, HIMCHOBaHM CMO 32 WIaHOBE Komucuje 3a
nperien, oleHy 1 ofbpaHy JOKTOpCKe JUCepTaluje kKanamaata Munoma J arpilia IoJ| HACIOBOM

Kanu6panuja gucTpubynpanor BHIIEKAHAIHOT HPHjEMHOT CHCTEMA OEXKHYHIM Ny Tem

[ocre npernena poctabibene Jucepranuje n Apyrux nparehux marepujaia, Kao ¥ pasrosopa ca
kaHauaaToM, Komucuja je caunHmia cienehu

PEGEPAT
1. YBOJ,

1.1. Xpoxoaornja on06pasama H H3pajae AUcepTaunie

Musowr Jamuh je mixoncke 2011/2012 ynmcao JOKTOpcke CTyauje Ha ENCKTpOTEXHHIKOM
daxynrery y Beorpany, na monyiy Tenexomynukannje. ToxoM cTyanja TONOKHO je CBE MCIMTE Ca
npoceysoM orieHoM 10 1 onpanno cBe obaBe3e Be3aHe 3a CTY/HJCKH HCTPAXKHBAIKU pal.

Kanmuaar je Temy noj HacnosoM ,,Kaaubpauuja Oucmpubyupanoz sumerananio? npujemHoz
cucmema  Geaucuunum  nymem* mpujaspo  28.06.2018. rommue.  HactaBHO-HayuHO Bche
Enextporexuukor ¢axynrera YHusepsureTa y beorpagy je Ha 830. cennuuu OJIPXKaHO]
19.07.2018. ropuae umeHoBano KowmucH]y 3a OLEHY YClIOBa W IPHUXBaTame TEME JOKTOPCKe
aucepranuje y cacraBy: Ap Ilpempar Vsamwmi, Bawpeann npodecop (YHusepsurer y beorpany —
Enexrporexumuxa  paxynrer), ap Aunexcaupa Koctuh-Jbybucasibesih, BaHpexHu npodecop
(Yuusepsuter y Beorpany — Caobpahajuu daxynter), ap Jlasap Capanosal, peioBHH npogecop
(Vausepauter y beorpany — Enexrpotexnuuku Gpaxyiarer).

W3BeluTaj KOMICH]E 3a OllEHy YCJIOBa H IIPHXBATAbe TEME NOKTOPCKE JUCEpTaLlH]e je YCBOJCH Ha
832. cemnuuw HacrasHo-nHayuHor Beha Enexrporexuuukor ¢pakynrera oxpxkanoj 09.10.2018. roxune.
Belie HayuHmx obmacTH TEXHHUYKMX Hayka [ajo je CarjlaCHOCT Ha IIPEUIOKEHY Temy JOKTOpCKe
JAHcepTalyje Ha celiHuny oapsxkano) 29.10.2018. roaute.

Kauauaart je ypaheny JMcepTaljy TOJAHEO Ha TIPErae/i 0 OLeHyY 09.07.2020. ronuue, a HactaBHo-
HayuHo Behe Emexrtporexuuukor ¢akyntera je Ha 852. cennuuu onpxanoj 09.09.2020. rojune
uMenoBano KoMHCHjy 3a TIpersie[i W oleHy JOKTOpCKe JHCepTauuje y cactaBy: ap MHuipko Epuh,
BaHpennu npodecop (Yuusepsuret y Beorpany — Enexrpotexnuukn daxyinret), ap IIpeapar WBanuu,
penosry npodecop (Yuupepsurer y beorpaay — EnexrpoTexHHYKH daxynter), np Ilerap Bypuh,
Distinguished Professor, Department of Electrical and Computer Engineering Stony Brook University,
NY, USA, np Jlazap Capanosaii, pefoBsd npodecop (YnusepsureT y beorpany — EnexTpoTeXHHYKH
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dakynrer), ap Anexcanpa Kocruh-Jby6ucasssesuh, Baupennn npodecop (YHusepsureT y beorpany
— Caobpahajuu dakynrer).

Ha ocnoBy oanyke Hacrapuo—nayusor Beha 6p. 545/2 ox 13.3.2012. roanne, CTyanjcku nporpam
je samoueo y mpoiehHom cemectpy tkonicke 2011/2012, na ce pox 3a 3aBplueTaK AOKTOPCKHX
aKaJIEMCKHMX CTY[H]ja pauyHa OJI IoYeTKa TOoT cemecTpa, carinacHo CraTyTy YHuBepsurera y beorpany
v Craryry Enexrpotexnuukor ¢akynrera. Ha ocroBy unana 101. Cratyra YHuBepsurtera y beorpany,
uynana 74. Craryra YuuBepsurera y beorpany-EnextporexHuykor QakyilTeTa W 3axTeBa CTYJEHTA,
0m00pEHO je IpoyKeme poKa 3a 3aBplIETaK CTYIH)a O HCTeKa TPOCTpYKOr Opoja IKOACKMX rOJ1Ha
MOTPeOHUX 32 peallu3ariv]y yIHucaHoT CTyIHJCKOr Nporpama.

1.2. HavuHa oGnacT auceprauuje

Jucepranunja npunaia HaydHo) obnactH TeXHHYKHX HayKa - €NEKTPOTEXHHKE, Y YIKEM CMHCITY
HayyHo] obmactm TenekomyHHKanuje. 3a oBe o0jacTH Maru4aH je EIeKTpoTeXHHUKH (aKynTerT.
Memnrop nucepraumje je ap Mubko M. Epnh, Banpennn npodecop Ha Enextporexunukom daxkynrery
Yuusepsurera y Beorpany 360r HayuHHX ZONPUHOCA Y 00JaCTH TEME NOKTOPCKE JHCEPTalH]e, IocebHOo
y obsiactu oOpajie CHrHalia ca aHTEHCKHUX HU30Ba.

1.3. buorpadcxy noaany 0 KAHAMAATY

Munom Jawuh pohen je 08.07.1986. ronune y bunehu, bocna u Xepnerosuna. OCHOBHY LIKOJY
3agpiuyio je v buiehu ca npocednom ouenom 5. Jecery rumuasujy “‘Muxajno Ilynun” y beorpany
3aBpIIKMO je ca NpoceyHoM oneHoM 5. Enmexrporexuuuku daxynrer y beorpany ynmucao je HIKoncke
2005/06. ropune. Jummomupao je Ha Opnceky 3a TenekomyHukanuje 2009. roamse, ca npoceuHoM
ouenoMm 8,91. Jlumuomckn pax mox Haciiosom “CodTBepcka cumynanpja pytupawa y AD HOC
Mpexama” onbpanuo je ca oueHoM 10. Mentop murioMckor paja 6uo je ap Anexcanjap Heurxosuh.
MacTep cryauje Ha HCTOM (akynTeTy yrucao je mkoncke 2009/10. ronune n saspmno ux 201 1. rogune
ca nipoceynonm orieHoM 10. Macrep paj moa Hazuom “KomnapaTHBHa aHaIH3a M CUMYJIalli]a CTaTHYKUX
TeXHHKa 32 PppekBeHIwjcKo manupatbe y LTE” onbpanuo je ca ouesom 10. Mentop macTep paja 6uo
je ap Aunexcangap Hewxosuh. Jloxropcke cryauje ynucao je moncke 2011/2012. ropune Ha
Enexrporexuuukom dakynrery y beorpany, Ha momyny TenekoMyHHKaluje, TAE & [ONOXHO CBE
ucrute ca oueHoM 10. Aytop/koayrop je 3 paja mybiukoBana y dyaconucuma ca SCI smcre, 3 pana y
yaconMcHUMa HalMOHaJIHOT 3Havaja, 7 pagoBa Ha MeljyHaponHuM KoHdepeHLMjaMa, JeJHOT paja Ha
HALMOHAIHO] KOHPEPEHITH]H 1 6 TEXHUYKHX pelierba. TedHo roBopH eHINIECKH H INaHCKH JE3UK.

2. OITUC JUCEPTAITMJE

2.1. Caap:ka} aucepranuje

Hucepranyja je Hanvcana Ha 100 crpana kynaHor Tekcra W caapxu 54 cmuke, | tabeny n 49
6ubmorpadcknx pedepeHiu 1 jean qonarak. Juceprauyja caapiy HaclHOBHY CTpaHy, KpaTakK pe3uMe
HA CPIICKOM M EHTJIECKOM je3MKY, Caipikaj, 5 rmornaapiba M ciimcak xopuinhene mureparype. Hacnosn
IIOIJ1aBJba JOKTOPCKE AUCEPTAUH]E CY:

1. Vsopn,
2. Mogen curnana,
. Kanubparuja nuctpubynpator BHITEKaHAJHOT IPHJEMHOT CUCTeMa OEKHYHHM ITyTeM,
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4. 3ppyxena nponjera TDoA, dpexsenijckor 1 gaszyor rmoMaxa ysuMajyhu y o63up dasy Hocnona
TIPUCTHTIIOT CHTHAJa,

5. 3aksbyyak U MpaBly JaJbUX HCTPa)kKHBalba.




2.2. Kparax npuxa3s nojejuHaAYHUX NOLJIAB/bA

V yBOAHO] TVIABH AMCEPTAlN]E HCTAKHYTE CY NIPEJHOCTH AUCTPUOYHPAHHMX IPU]EMHUX/TPEAJHUX
AHTEHCKUX HM30Ba y OJHOCY Ha LEHTpaIH30BaHe, MOrylin HauyuHu 3a GopMHUpame AMCTpUOYHpaHUX
AHTEHCKUMX HM30Ba, Kao ¥ MoryhW HauuHW 3a TOCTH3athe BpeMeHcKe, (pekBeHuHjcke M (asHe
CHHXpOHH3allije TpHjeMHUX/TpelajHux kaHana. JlaT je ocBpT Ha HocTojeha pemiema M TEXHHUKE Y
JIATEPaTypH 3a IIOCTH3AKE HABEJICHHX THIIOBA CHHXPOHH3alHje (BpeMe, GppekBeHnuja, Ppasa) OexnnaHum
nyrtem, kopumhermeM paauo curnaia. Hajsehu 6poj my6imnkosanux pajgosa ce 6aBi CHHXPOHH3ALMjOM
y KOHTEKCTY IpeAajHor qucTpubynpasor beamforming-a, u To Ha master-slave npunuuny. Hapenene
Cy pasmike mpoueaype 3a Kamubpanujy AUCTpHOYHpaHOT BHIICKAHANHOI IIPHJEMHOr CHCTEMa
TIpEUIOKEHE y UCEPTAUM]H Y OJHOCY Ha rope TToMeHyTe MeTofe. [lopes Tora, Jat je mperiiel TEXHRKa
U3 JIMTEPAType 3a NPOLEHY KOHCTAHTHOT BPEMEHCKOT, (PPEKBEHIUJCKOT 1 JI0YETHOr (pasHOI oMaka y
JBOKAHAJHOM IIPUjEMHOM CHCTeMY. Y JHTEpaTypu Cy pasMaTpaHe HEKOXEPEHTHE TEXHHUKE 3a IPOLCHY
KOHCTAHTHOI BPEMEHCKOT, (PPEKBEHIIMJCKOT M TIoueTHOT (asHOr HoMaka, TAE je IIOCHaTh CHIHal
clydajaH M JEeTEPMHHHUCTHYKH, KOJH MOKe OMTH MO3HAT WIM HENO3HAT MPHJEMHOM CHCTEMY, H
KOXEPEHTHE TeXHHKE 3a MNpOleHy KOHCTaHTHOT BPEMEHCKOT flomaka. HexoxepeHTHe TeXHHKe He
xopucte nHdopmaunjy o dazama Hocunaua npucturinux curdana (Carrier Phase of Arrival - CPoA)
IIPH NIPOIIEHH BPEMEHCKOT [IOMaKa M BbHX0BA IIPELIH3HOCT Cpa3MepHa je HHBEP3HO] BPEIHOCTH HIMPHHE
nporycHor oncera curaana. Ca jipyre cipaHe, KOXepeHTHE TexXHHKe U3 nuteparype kopucre CPoA u
noJ ofipeljeHnM ycloBrMa HMajy TIPEU3HOCT Cpa3sMepHy HHBEP3HO] BPETHOCTH (PpEKBEHIH]|E HOCHOLIA.
Hageiene cy npeHOCTH METO/IC 32 3APYIKEHY IPOIIEHY BPEMEHCKOT, (PPEKBEHIIM|CKOT M (pa3HOI [TOMaKa
y ABOKaHAJIHOM IIpujeMHOM cucTeMy kopuiifiemem CPOA mpeanoxeHe y aMcepTaUMjH y OQHOCY Ha
rope TIOMeHyTe METOJIE.

V npyroj riaBu JHcCEpTaiije U3NOKEH Je M 06pa3iiokeH MOJENl CUTHAZa y OCHOBHOM ONCeEry y
JIHCTPUOYHUPAHOM JIBOKAHAJIHOM TIPUjeMHOM CHCTEMY KOJH j€ HECHHXPOHM30BaH J10 BPEMEHY , (ha3u u
(ppeKBeHIHjU, U KOjH, 32 pa3iauKy oj BefinHe TMy6IHKOBaHUX Y JIMTEPATYpH, eKCINIMUMTHO MOAEINpPA
CPoA. ITpBo je nprkazan MOJiell aHAJIOTHUX CHIHAJIA y KBaJpaTypHUM NIpe/iajHMUHEMa H IPW)EMHHIIIMA.
HaxoH Tora, 1okasaHo je Jia ce CHTHAIH Yy HhMMa MOTY JeJIHOCTaBHMje NpelcTaBUTH Kopuuihemem
KOMILIEKCHHX GpojeBa. 3aTUM CY MOJICIMPaHH BPEMEHCKH, PPEKBEHIM]CKH 1 Ha3HH MOMALK Y CUTHALY
npd eMHTOBakY, Iponaranujy u npujemy. HakoH Tora je nokazaHo Kako ce Npejasy U3 KOHTHHYaIHOT
(aHAJIOTHOT) y IUCKPETHM MOJIE)l CHTHana. VI3BplueHa je HopMann3altja BeIMYMHA 1 loMeHa GyHKOuja
U yBeleHa KOHBCHIM]a 3a HHXOBO O3HavaBame. JlaT je M MaTpH4YHM [MCKPETHH MOJEN CHUIHAJA.
Hpepnoxenn momen omoryhasa MomenoBame BPeMEHCKMX H (peKBEHHMJCKHMX IIOMaKa KOJH HHCY
11esIobpOjHH YMHOIIIM MHTepBalia onabupama u pesonyuuje DFT-a (Discrete Fourier Transform),
pecriekTuBHO. JeuHnCaH je 110jaM NPOCTOPHO KOXEPEHTHOT ClieHapHja, y KOM je Moryhe IpuMeHuTH
KOXEPEHTHE aIrOpPUTME 3a MPOIEHY BPEMCHCKOT [oMaka. Y JMCepTallijH ce IIPETIOCTaBjba Ja Je
CLIEHAapHO TIPOCTOPHO KoXepeHTaH 1 1a je LoS (Line of Sight) xoMIoHenTa curiana JOMUHAHTHA.

Y tpelioj riaBu npeioKeHa je NpoLedypa 3a Kann6pauujy IUCTpHOYHpaHOTr BHIIEKaHAJHOT
IPHJEMHOT cHCTeMa GEKMIHUM MyTeM Yy IMbY oMoryhaBama NpHjeMHOr JHTHTAJIHOT beamformmg—
H/WIIHM JTOKanu3aluje U3Bopa pajuo curdana. IpeTnocrasiba ce fa u3Meljy NpHjeMHHX KaHaja I10CToje
KOHCTaHTHU BPEMEHCKH MOMAIH, IPOMEHJbUBH (DPEKBEHIM|CKH IIOMALlK M HIOYETHH (pa3Hu noManu. Y
clIydajy JIOKalH3aluje, Ipolieflypa obyxBara 3[pYKEeHY eCTHMAlH]y M KOMIIEH3allH]y BPEMEHCKOT
nioMaka 1 TpeHyTHor dasHor nomaka naMely npujeMHux kaHana. [IpujeMHH CHCTEM BPIIM ECTHMALM]Y
roMaka Ha OCHOBY INMPOKOIIOJaCHOT IMHJOT CHIHalla U YCKOTOJaCHOr TIMJIOT CHTHAjla KOje Liajbe
xkanmubpaumonn npenajuux (beacon). Y cuyvajy beamforming-a, npouenypa obyxsata 3ApYXKeHY
eCTHMaLM]y H KOMIIEH32IM]y BPEMEHCKOT MOMaKa ¥ TpeHYTHOr (a3sHOT momaka M3Mehy IpuMIbeHHX
KOPHCHHMX CHrHajia — eTana |, M, OIMOHO, eKBalH3alli]y KOPUCHUX cUrHana — eramna 2. Cpaka eTamna
canpxu 4 xopaka. Kopax 1 rpybo IropaBHaBa CHTHaJle Y BpeMeHy, KOpak 2 OTKJIamkba BPEMEHCKH
NPOMEHJLHBY KOMITOHEHTY (asHor momaka ((ppexBeHIHjCKH ToMaK) Ha sample-by-sample npunuuny,
xopak 3 Bpuid (UHO TOpaBHAWKE CHTHANa y BpPEeMeHy, JIOK Kopak 4 OTKNama NPeoCTald KOHCTAHTHH
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dazan nomak. OnHcany cy anropuT™My KOji ce KOPHCTE y Kopaiuma rpoueype. Popmyinucat je HOBH
aNanTHBHE aJTOPHTaM 3a MPOLEHY TPEeHYTHOr (asHOI JomMaka (MomTo je (PEeKBEHUMJCKH TMOMAK
NPOMEHJLUB, He TpoLErbyje Ce eKCIUIMUUTHO, Beh ce mpolemyje TpeHYTHH da3Hu nomak). Y Luby
eBallyallje peUIokKeHe NpoLelype 1 alroputama, spirene cy Monte-Kapno cumynanuje y Matlab-y,
Ka0 1 eKCrepHUMEHTH ca codTBepeKH fepuHUCaHUM pajuo-ypehajuma (USRP). Onucana je xapiBepcKo-
codrBepcka muardopma kopuuilieHa 3a eKCIEpUMEHTaNHY BepudUKaUu)y HpeaiokKeHe Mpoueaype.
PesynTaTH eKclepUMeHaTa MoKasalu Cy Jo6po cliarambe ca pesyNTaTHMa cHMyJallhja, 4uMe je
noTephena HCIpaBHOCT NPETIIOCTAaBKM KopHIieHor MaTeMaTHIKor Moziena 1 Moryhxoct kopnuihera
npeaIoKeHe MPOLENype Y pealHuM ycinoBuMa. [JoGHjeHe TpelH3HOCTH NOKasyjy jia Cy Npe/UioKeHa
TIpoLeAypa M ANTOPUTMH TIOTOJHHM 3a NPHjeMHH beamforming W HEKOXEPEHTHY/TONYKOXEPEHTHY
NoKaNH3alnjy. AKo ce GppeKBEHIN]CKH TOMaK MeHba I0BOJBHO CIIOpo, Moryha je 1 npuMeHa 3a mpeiajHu
beamforming.

Y 4eTBpTOj IMaBHU aHanu3upan je yrunaj kopuinhema CPoA Ha 3apyxeny npouery TDoA (Time
Difference of Arrival), pekBeHIHMjCKOT U HOYETHOT (a3HOT ToMaxa y AMCTPUOYHPaHOM JIBOKaHAIHOM
NpUjeMHOM cUcTeMy. [IpeTrocTaBibeHo je 1a ¢y BpeMEHCKH M (pPEeKBEHIIMjCKM TOMAall KOHCTaHTHH. Y
3aBHCHOCTH OJ] TOTa KOju IapaMeTpH cy HenosHatu, Tpu Cryuaja cy aHamsupasa - Ciyuqajl: TDoA,
dpexpenumjcky 1 $pazHu nomauy Hernosuary; Ciydaj 2: ppexBeHLMjCKA U pasHu NOMAlH HEO3HATH,
TDoA nosnat; Ciydaj 3: ¢pekBenuujcku 1 (pasgn nomaiy nosxarty, TDoA nemosnat. Msspuiena je
TEOpHjCKa aHaju3a TaYHOCTU NpOHEHe HENO3HATMX Ilapamerapa M TO: 3a JIO3HATY OpHMIMHAIHY
CeKBeHIly, faTa je Purmeposa HHPOpMAIHOHa MaTpuia y 3aTBopero) Gopmu 3a Cirydaj 1 u u3pasu 3a
Kpamep-Paosy rpanmuy 3a Criywajese 2 u 3. QopmymicaHa cy aBa KoxepeHTHa ajroputma ML
(Maximum-Likelihood) thna, jeqaH 3a CHEHapuO ca JIO3HATOM CEKBEHLIOM W JpPYrH 3a CIEHApHO ca
Hero3HaToM cexBeHliom. Monte-Kapio cumynauuje, Bprene y Matlab-y, nokaszaie cy fia cy alrOpuTMH
cTaTHCTHYKH eduxacHu (BapujaHca rpelnke je Gmicka oxrosapajyhoj Kpamep-Paosoj rpannun) y
ITMPOKOM OTICET’y OJHOCA CHTHAI-IIYM, H [ia 3a HUOXKE OJHOCE CHIHAJ-IIYM alropuTaM ca MO03HaTOM
CEKBEHLIOM MMa 6oJbe nephopMaHce 0O AIFOPUTMA ca HEMO3HATOM cekBeHUoM. AHanusa basupana Ha
Kpamep-PaoBoj rpanuii 1 cuMynalidjaMa roxasaia je fia kopuitheme CPoA ne naje nobosbniama npu
npolieHn (peKBeHIHjcKOr U (asHor moMaka HH Yy jeanom of Cnyuajesa. IlIto ce TH4e npoueHe
BpemeHcKkor nomaka, y Cnydajy 1 Hema nobossimiama ycnen kopuinhema CPoA, xopeH cpenibe
KBaJIpaTHE BPEJIHOCTH TPElIKe CINYAH j€ Kao KO HEKOXEPEHTHHX METO/IA, Tj. 1-3 pella BeIMYHHE HCIOJ
WHBEP3HE BPEAHOCTH IIpONycHOr oficera curmama. Y Ciydajy 3, kama je pemieH npobiem
BHINIE3HAYHOCTH, JI00Mja ce ApaMaTHIHO H0GosbIIathe IPEeH3HOCTH IpoLieHe yeiea kopuihema CpoA,
KOPEH Cpeiibe KBaJpaTHe BPEJIHOCTH Trpemike je 1-3 pena BenMYHMHE HCIOJA MHBEP3HE BPEAHOCTH
dpexsennnje Hocuoua. [IpobiemM BHIE3HAYHOCTH CBOJCTBEH j& KOXEPEHTHO] NPOLEHH BPEMEHCKOT
nomaka Ha CPOA npuHuMIy M orjefa ce y M0jaBH BHCOKHX HEpHOAMYHMX OOYHMX JoboBa y
KpUTEpUJYMCKO] (GyHKUMjH anroputMa. JleTalbHO je aHanu3upaHa pacriojieia rpelike IpoleHe Y
Cayuajy 3 y 3aBHCHOCTH OJ Tora Jia JIM je npobieM BuulesHayHOCTH penieH. [laTe cy cmepHule 3a
pelaBare npobaeMa BHINE3HAYHOCTH. AHallM3a y OBOj TJIABH je NoKas3ala KOjH yCIOBH Mopajy OnTH
3a]I0BOJbEHH Jla OWM ce JocTHria npenusHocT mpoiene TDoA koja je JoBosbHO gobpa na Oyne
xopuithena 3a aucTpubyHpaHH beamforming. 3a OBy NpUMeHY BHILIE3HAYHOCT HE TNPEACTaBlba
npobiem. IIpenu3HOCT KOXEpeHTHE NPOICHE BPEMEHCKOI I[IOMaka MOXKe ce HCKOPHCTHTH 32
eJIEKTPOHCKO Meperbe pactojara n3Mely (a3sHUX LieHTapa aHTeHa y CBPXY NPELU3HOT NO3HIIMOHUpatha
aHTEHa Y aHTEHCKHUM HH30BHMa.

V meroj TNaBM JaTH Cy HajBAXHW]JH 3aK/bydll JUcCEepTaldje M TNpaBuy Moryhmx namux
HCTpakMBamba, Kao NITO Cy TeHepanusalldja Ha BHINEKAHAIHM NPHJEMHM CUCTCM, MOJEIOBAabC M
eCTHMaIfja TPOMEHJBHBIX BPEMEHCKHX [IOMAKa, CLIEHAPHO ¢a HeCTallHOHAPHHAM IPUMONIPENAjHAIMUMA,
YCIIOBH TOJ KOjHMa Ce MOTY NOCTHIM NpPELH3HOCTH CHHXPOHH3AaLKJe€ HEOUXOJHE 328 KOXCPEHTHY
JNOKANM3alH]y, 32 Je0 Te3e M3JIOKEH y IJIaBH 3, OJHOCHO NpOIIHMPEHe Ha BHIIEKAHATHM IIPHJEMHU
CHCTeM, Jaljba HyMepHdka ONTHMHM3allija alropuTaMa, HOBH HAadUMHM 3a peliaBame Hpobiema
BUINE3HAYHOCTH, 3a IO Te3€ W3I0KEeH Y TaBh 4.
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3. OUEHA JMCEPTAHUJE

3.1. CﬂB])EMQHOCT H OPHUINHATTHOCT

JlokTopcka amcepranuja Npumnaja obiacti obpazie curHana ca aHTEHCKHX Hu30Ba. Y ykKeM
CMHCITY, TIpEAMET HCTPAKUBAKLA IPBOT Jle)la 0BE JOKTOPCKE JUCEPTAIH]E je BPEMEHCKa, (PPEKBEHLH]CKa
1 (asHa CMHXpOHM3alMja TUCTPUOYHPaHHX BUIICKAHATHHMX TPHJEMHHMX CHCTEMA OEXHUHUM IyTeM Yy
1HIBY oMoryhaBama AUTATATHOT beamforming-a v JIOKaIH3alHje H3BOPA Pajio CurHana KopuuilieweM
fartor cucrema. Y TpoTeKuX 15-ak rojuua Besvky Gpoj pajziosa je yKasao Ha NpeJHOCTH Kopuuherma
JMCTpHOYHpaHMX AHTCHCKMX CHCTeMa y OJHOCY Ha UeHTpalM3oBaHe, NMPBEHCTBEHO y obnactu
beamforming-a (moGoJblllana ycMepeHocT, a THMe Nobehana eHepreTcka W/HJIA CHCKTpajiHa
epukacHOCT), JOKanm3aluje H3Bopa paguo curHaina (nosehama npemusHoct), MUMO cuctema
(nocrmemyje ce oproronanHoct namel)y kanana). [Topen Tora, oMoryhapameM ynoTpebe jeanoCcTaBHUX
jeIHOAHTEHCKHUX NpeiajHuKa Kao JIeJIoBa BUPTYEIHOT HU3a, yoiaxaBajy ce orpaHuyer-a Be3ana 3a 6poj
aHTeHa y HU3Y ¥ OTBOp HHM3a, KOja Cy KapaKTepHCTHYHA 33 IICHTPAaNNH30BaHe aHTEHCKe HU30Be. MelyTim,
pesaTUBHO MaJu 6poj pafoBa je aHalM3Upao HadMHE 33 IIOCTH3ake CHHXPOHU3aLH]e n3MeDy Kanana y
IMCTpHOYUpPAaHOM HH3Y, KOja je HEOTIXO/Ha 32 KOXEPEHTHH NPHjeM CUTHaNa aHTeHCKHM Hu3oM. Joul je
Mam¥ Gpoj pajioBa KOjH je pasMaTpao MocTH3ambe CHHXPOHHO3alHje OeXUIHUM TyTeM (over-the-air). Y
sefiMHY OBUX pafioBa NpolieM je pelaBaH CTPOro y KOHTEKCTY NpejlajHor beamforming-a, ca akKleHTOM
Ha TPOTOKONHMMA, a He KopuUmIheHMM airopuTMHMa, HIH j¢ peliaBaHa camMo (TpeHyTHa) (asHa
CHHXPOHH3aIIH}a, alli OGUYHO ca HEKOM BPCTOM NpEJMKIHje. Y Te3H je npobneM pelaBaH y KOHTEKCTY
npujeMHor beamforming-a W JOKaJH3al{je H3BOpA pAaAMO CHTHAIAa Tako MTO je NPCITOKEHA
OpUTHMHAIHA MPOLELypa, Y3 HENpeKuAHO palierbe H KOMIICH3aIH]y TPEHYTHOT (ha3HOr noMaka usmely
NpHjeMHNX KaHana Ha sample-by-sample npurIMny, 3a WTa je (QOpMyJHCaH HOBH ajanTHBHH
ANTOPHTAM, K20 M KOMIEH3allHjy KOHCTAHTHOT BPEMEHCKOT TIOMaKa, ca aKIEHTOM Ha KopuIuheHuM
aNrOPUTMHMA U TOCTHTHYTHM TPELIn3HOCTHMA.

YV [pyrom jely QMcEpTalldje aHAIH3HPaH je JBOKAHAIHHM JAUMCTPUOYUPAHH TPHJEMHH CHCTEM,
KOjU je BpEMEHCKH CHHXPOHM30BaH, 0K H3Meljy KaHala 1ocToju noyeTH ()asHu NoMak U KOHCTaHTHH
dpexBenuujcku nomak. OBaj CHCTEM NpeACTaB/ba CHEUMjaHM CIIyda)] CHCTEMa U3 [IPBOr jena Tese.
dokyc aHanm3e je Ha yrnuajy CPoA Ha sipyxeny npoueHy TDoA, dpexBennujckor u noueTHor ¢pasHor
nomaka. [IporieHa CHHXpOHM3aMOHMX [lapamMeTapa y ABOKAHAIHOM IPHjEMHOM CHCTEMY j€ MpPeJAMET
ncTpaxuBamba Beh netenurjama. CamMo HEKOIMKO paJloBa y TUTepaTypH ce 6aBuno moryhnm benedutima
KoxepenTHe ecTuManje (kopuctu ce CPoA) BpemeHcKor noMaka. Y Tesu je mpoay0ibeHa 0Ba aHalmn3a
Tako INTO je Ae(UHHCAH IIPOCTOPHO KOXCPECHTHH CUEHapHO Yy KojeM je moryh aoburak ycnen
xopuihemwa CPoA, aedunucany cy pasnuuuty ClydajeBH y 3aBUCHOCTH OJf TOra KOJH OJI IapaMeTapa
(Bpeme, dpexseniuja, (asza) Cy HEMO3HATH M aHaNM3MpaH je yruuaj kopumhema CPOA Ha BHXOBY
nporeny (Ha ocHoBy Kpamep-PaoBe rpanmue u pesynTata cumyianuja ca ¢dopmynucanum ML
ANTOPUTMHMa), JETAbHO je aHaJM3HpaH YTHLA] BUIUE3HAYHOCTH Ha IPEIIKY eCTUMalMjc M Jare cy
CMEpHMIE 32 pellaBame NMpobleMa BHINE3HAYHOCTH. AHallH3a y OBOM Jely Te3e je nokasaja Koju
YCITOBH Mopajy 6UTH 3a/10BOJbEHH J1a 61 ce jo0ua npennsHoct npouene TDoA xoja je 1oBOJbHO 106pa
na 6yzne xopuihena 3a auctpubyupanu beamforming.

TIpennoxena Tema JIOKTOPCKe AMcepTalyje MpUITafa aKTyerHoj M 3HavajHoj obyiacta obpaje
CHTHaNa ca aHTCHCKHX HH30Ba, Hapouuto y 5G, 0 ueMy roBopu 3Hayajan Opoj panoBa MyOJHKOBaHHX Y
Haj3HAYajHHjAM YacOlHCHMa Yy MPOTEKINX HEKOJNHMKO ToJMHa. PesynraTu H3IOKEHHW y Te3U Cy
TNIPHMEHIBUBH Y KoXepeHTHUM aucTpubyrparnm MUMO cucremnma. Ilpema auteparypu, ouexyje ce
na he oBM cucremMn 6UTH jegHa on Hocehux TexHonoruja y 6G, mTo pesyinrare U3 Te3e YMHH BOMA
aKTYEJTHUM U CaBPEMEeHHM.

3.2. OcepTt Ha pedepeHTHY M KopuinheHy JuTEPATYPY




TokoM u3pajie AUCEPTAIje KaHANAAT je JeTaJbHO HCTPAXKHO NocTojehy pesieBaHTHY IHTEpaTypy
H KOPEKTHO HaBEO pajloBe M3 06JacTH KOjH Cy [0 HEroBOj IPOLEHH KJbYHYHHM 33 TeMy JMCCpTanuje.
Haseneso je ykynHo 49 6ubmuorpadexux pedepenun. JlntepaTypa cajpiku HajHOBUjE paloBe
peneBaHTHE 3a IpobJEMaTHKy HCTPaKeHy Y JHCEPTALlH)H, ripu demy je Musom Jawuh ayrop wuim
Koaytop 7 pajosa.

3.3. Onuc m AAEKBATHOCT NPHMECIHLCHNX HAVYHHX METOA

MeTo10N0THja HCTPaKHBakha y OKBHPY JOKTOPCKE AUCEpTalHje cacTojana ce y cuenchem:

e JleralbHO je aHaNM3MpaHa Ioctojelia nurepaTypa Ha TeMy over-the-air CHHXpOHW3AIH]e

IMCTpHOYHpaHux  NpHjeMHUKa/lpenajauka.  IlpermegmoM  joctynHe  JjiaTeparype

uaeHTH(GUKOBAHM CY OTBOPEHH NPOBIEMH KOjH II0CTOje Y 0BOj 00JIACTH M THIY Ce [pe CBera

CHHXPOHM3aI[Hje Y KOHTEKCTY TIPHjeMHOT JUTHTAHOT beamforming-a n JOKanH3alHje, Kao

H IpOLIENlypE U alTopUTaMa 3a 3IpYKeHy eCTHMALH]y H KOMIIEH3allH]y BPEMCHCKOT TIOMaKa

M TPEHYTHOT (asHor IoMaKa. AHaIN3MpaHa je INTepaTypa Be3ana 3a IPOLEHY BpEMEHCKOT,

(pexBeHUMjcKOr W (pasHOr IIOMaKa y JBOKaHAIHOM IMCTPUOYHpaHOM CHCTIEMY, ca

110ceGHUM OCBpTOM Ha MojenoBame CPOA 1 meroBo kopuuiieshe y airopuTMiuMa, Tie je
yO4YeH MPOCTOp 3a Halpelak.

e DopMynucaH je MOJleJI CUTHANA Ha IMCTPHOYHpPaHOM BPEMEHCKH, (a3Ho U GpeKBEHIN]CKHI
HECHHXPOHH30BRHOM aHTEHCKOM HH3Y KOjH, 3a pa3nuky of BehiuHe MojieNa y JIHTepaTypH,
eKCTTMIHTHO cafpku a3y Hocuoua (CPoA) LoS KOMIIOHEHTH Y NPHJEMHUM KaHaJIUMa.
OBuM ce Mojiellyje ZoJaTHa KolWuMHa MH(OpMalHja 0 BpEeMeHY Nporaraluje/IoKannjyu
M3BOpa pamMo Tanaca W omoryhyje opmymicame M CHMYyTalMja airopuTama Koju je
xopucte. Ipeioxenn Mozen omoryhaBa MozeioBaBbe BPEMEHCKHMX M (PPEKBEHIIMJCKMX
TIoMaka KOju HHCY HeNoOpojHy YMHOIIIM MHTepBana ofabupama M pesomynmje DFT-a,
PECTIEKTHBHO.

e ApamusupaHa je 3aBucHocT je Kpamep-Paose rpanuie npewusnocTd mporieHe TDoA,
dpexsennyjckor u (pasHoOr MOMaka Y BPEMEHCKM CHHXPOHM30BAHOM JMCTPUOYHpaHOM
JIBOKGHAJIHOM TIPHJEMHOM CHCTEMY, 3a [I03HATy OPHUIMHalHy CEKBEHIY OX CHCTEMCKHX
napameTapa (OJHOC CHTHAJ-IIYM, Ly)KHHA ITEPUOJIE CEKBEHIIE), ca MOCEOHUM OCBPTOM Ha
3aBUCHOCT 0OJ1 (PpEKBEHIIN]E€ HOCHOIIA CUTHala.

e opmynucana cy nsa KoxepeHTHa (xopucte CPoA) ML anroputma, jesaH 3a MO3HaTy
CEKBCHITY M JIPYTH 32 HEIIO3HATY CEKBEHILY, 3a 3pY)XeHy SCTHMALH]y BPEMEHCKOT, (hasHor
¥ (ppEKBEHIUjCKOT TOMaKa Kajla Cy OHM KOHCTaHTHHU. PasBujeru cy cumynaropu y Matlab-
y Kojuma cy nobujern pesyinraty Moure-Kapno cumynaudja, 4uMme Cy aHalusupase
niepopMaHce TipeasIokeHnx anropuTama 3a Ciiydaj cBa 3 HemosHata napamerpa, Ciyyaj
HerosHaTor QasHor ¥ (pexsennujckor nomaka (TDoA nosnar), u Ciyyaj HenmosHaTor
TDoA (dpa3uu 1 (ppeKBEeHIIH]jCKH IIOMAIY [T03HATH).

o IlpemioxkeHa je npoleiypa 3a BpeMeHCKY, (pekBenuHjcky n ¢asHy Kamubpaiujy
JMCTPHOYHPAHOT BHIIEKAHATHOI TIPHJEMHOI CHCTeMa OEXMYHUM [YT€M Yy KOHTEKCTY
npujeMHor beamforming-a ¥ goKalM3alKje U3BOPA Pajiuo CATHaa. Y OKBUpY MNpoueaype
opMmyircaH je HOBA aJIlallTHBHM alrOPHTAaM 3a IPOLEHY TPEHYTHOT (asHOr IOMaKa.
Passujenu cy cumynatopu y Matlab-y xojuma cy nobmjenu pesyntatn Mownte-Kapiio
cHMyJIallHja, YUMe CY aHalmM3npaHe nepopmance KOpUmMheHnx aropuTama u npoleype.
Takolje cy M3BpHIEHH €KCIIEpHMEHTH y ypOaHOM OKpYXelby KopHiuhemeMm coTBepcKi
neduHHCaHUX paauo IUaThopMM KOjUMa je MpPOBEpeHa HCHPAaBHOCT MPEJUIOXKEHE
HpoLeAype M NPETIOCTaBKKA MaTeMaTHUKOT MOJea.

ITpuMmermeHa METO0NIOTH]a Y MOTHYHOCTH OAroBapa CTaHAapuMa Hay4HO-HCTPaXKUBayKor paaa
¥ Y carjJiacHOCTH je ca UWJbeBHMa e MHICaHNM Ha TTOYETKY M3pajle IHCEpTalije.




3.4. OpumenbUBOCT OCTBAPEHHX PE3VATATA

Ipoieaypa 3a KaTubpaiyjy AMCTPHOYHPAHOT BHIIEKAHANHOI TPHJEMHOI CHCTEMa OEKHIHMM
IyTeM Koja je TpeJJIOKeHa Yy JHCEpPTALHjH HMa TPUMEHY Y IPHJEMHOM beamforming-y, #
HeKoXepeHTHO] (e kopucti ce CPOA yomiiTe) H TMOTYKOXEPEHTHO] (KOPHCTH Ce CPoA 3a obpany
CHrHasa OPYMIBEHHX Y OKBHPY MCTOT aHTEHCKOT TNOJHK34) JOKATM3ALUj1 U3BOPA PaJHO CHIHajA. AKO
ce (PCKBEHIM]CKH TIOMAK MEha JOBOJBHO CTIOPO, NPUMEHA y IPE/ajHOM beamforming-y je Taxohe
moryha. AJamTUBHH aATOpHTaM 3a [POIEHY TPEHYTHOT (a3HOI TOMAKA MOXKE CE KOPUCTUTH U 32 daszny
¥ QpeKBeHIMjCKy CHHXPOHH3AIH]Y IPEajHAKa ca IPHJeMHIKOM.

Koxepentha nporiea TDoA no6njeHa y Apyrom Jieiy Te3e MOXE e MCKOPHCTHTH 33 padyHambe
KoedHjeHaTa nucTpuGympanor heamformer-a yCMEpeHOr Ka H3BOPY CHTHaja KOJU CE KOPHCTH 3a
ccruMarjy. IIpollena BpeMeHCKor oMaka ca fobujenom npenusnomhy, koja je 1-3 pena Bemuute
HCIIO] MHBEP3HE BPeJHOCTH (QPEKBEHIH]e HOCHOIIA, MOXKE CE MCKOPHCTHTH 32 IIPEUH3HO CIECKTPOHCKO
Mepeme pacTojarba usMely $asHIX HeHTapa aHTeHa, O{HOCHO 3a MPCLU3HO NOSHIHMOHNPAHE aHTCHA, Y
KOJIOLMPaHHM U QUCTPHOYHpaHUM aHTCHCKUM HH30BHMA.

Taxolje, OCTBAPEHY PE3YNTATH CY [PHMCELHMBH 32 OVer-the-air CUBXPOHM3ALI]Y Y KOXEPEHTHUM
muctprbynpanumM MUMO cucremuMa 3a Koje ce, pema JIUTepaTypH, ouekyje na he 6uTH jeaHa on
pocehux TexHoyorujay 6G.

3.5. Oueﬂa AOCTHTHYTHX CHOCOOHOCTH KAHARJAATA 32 CAMOCTAJNHN HAVIHH DAJ

Kaumuaar je NpHIMKOM H3pajie JHCepTalifje [10Ka3ao CHCTEMATHYHOCT, CIIOCOOHOCT 32
TIPETO3HABAe OTBOPCHHX INTama Yy HAYYHO] JNHMTCPAaTypH, 3pENOCT MpH aHATH3M W pelIaBamby
npobremMa, Kao W CIOCOGHOCT 3@ THMCKM pajl y OKBApY HCTpaxiBamba. Obnact OexuyHe
CHHXPOHHM3AIIM]E je U3Y3€THO aKTyelHa jep oMoryhyje paa ancTpnbynpaHix aHTeHCKUX HU30Ba, yuje je
ynotpe6a BuljeHa y HajHOBHjUM TEIEKOMYHHKAMOHHM CHCTEMHMA, Kao WITO je mera reHepalyja
MoGHHe TenedoHuje, a odekyje ce M IpHMeHa y lnectoj reHepanuju. Kanpuaar je y TMcepTanmju
NPEUIOKHO OPHTHHANHY TpOLeAypy 3a OexHuny Kanubpauujy AUCTpUOYHpAHOT ABOKAHAIHOT
NIpHjEMHOr CHCTeMa KOja ce MO)Ke IeHepalH3OBaTH M Ha BHUIEKAHATIHM JHCTPHOYHpanH HpHjEeMHH
cucrem. Ilpemnoxno je mMetose ML Tvma 3a 3pyseHy NPOLEHY BPEMEHCKOT, (GPEKBEHIIjCKOT 1
(pasHOT NIOMaKa y JIBOKaHATHOM AUCTPUOYHPAHOM TIPHjEMHOM CHCTEMY KOJE CY CTATHCTHIKM eduKacHe.
Ananusupao je yruuaj CPoA na neppopmaHce OBHX METOJA Y 3aBUCHOCTH OJ1 TOTa KOJH 0/l HaBEACHHX
roMaka cy Hemo3HaTH. [lopefl TEOpHjCKHX pe3ynTara, QMCEpTAllHja CaipKH M EKCIEpHMEHTAIHE
pesyATaTe Koju NOTBphyjy Teopujcke pesynrare u3 tese. JlonprHocn AMcepTalije y 0BOj 00JaCTH CY
OpUTHHAIHH, CABPEMEHH H TOTBPljyjy CIOCOOHOCT KaH/H/aTa 3a CaMOCTalal, Kao i TUMCKH Hay'HO-
MCTPaXKUBAYKH pajl.

4, OCTBAPEHH HAYYHU JONNPUHOC

4.1. Hpnka3 ocTBAPEHHX HAVYHHX JONPHHOCA

HayuHu TONpHHOC TOKTOPCKE JMCEpTAllHje oresa ce y AeduHucamy npoueype 3a bexuuny
KaJMbpalHjy AMCTpUOYHpaHOT BUIIEKaHAHOT NPHUjEMHOT CHCTeMa, (POpMYITHCabY alropHTama KOJH CY
y 0j xopumhenn, adanusy yruiaja CPoA Ha kBanmter nporeHe TDoA, dpexBeniujckor u ¢asHor
TloMaka Yy BPEMEHCKHM CHHXDOHH3OBAHOM JUCTPHOYHPAaHOM JIBOKAHAJHOM TIPHJEMHOM CHCTEMY,
dopMynucamy kopumlieHHX anropyTaMa ¥ MoOJeNa CHTHAJa KOjH CKCTUMMIMTHO CaJpiu CPoA,
CHMYJIallHOHO] aHaNn3{ NepYOpMAHCH M eKCIIEPMMEHTANHO] IIPOBEpH INPEIOKEHE NPONeAype 3a
xasnGparujy. KOHKpeTHO HaydHH JONPHHOCH OCTBApEHH Y THCEpTalHjHu cy cnejehn:

e (dopMynncaH je MaTpHYHH MOJEN CHTHala y OCHOBHOM OINCEry Ha JUCTPHOYHpaHOM
JIPHjeMHOM CHCTEMY KOjH, TIOpEJ| BPEMEHCKHMX, (PEKBEHUMJCKHX M (asHuX ToMaKa y
NpefajHAKy ¥ TPHjeMHMKY, Kao M BPEMEHCKOT [OMaKa aHBEJIONE CHTHaja yCiel
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nponaramuje, eKCIMIuTHO cafpxu n CPoA, 1j. hasHu nomak curxana Hocuoua (carrier-
a) ycnen nponaraimje. [pennosxkenn Mozen omoryhaBa MOZAENOBalkbe¢ BPEMEHCKHX H
pEKBEHIMJCKUX MOMaka KOjH HHCY HLeIOOpOjHHM YMHOIIM WHTepBaia oJabmpama M
pesonynuje DFT-a, peciektnBHo.

Ananusupana je Teoprjcka Kpamep-PaoBa rpaHuna TauyHOCTH MpOIEHE HENO3HATHX
mapaMeTapa MojleNia CHMTHala AMCTPHOYHPaHOT TPHJEMHOI CHCTeMa, H TO: 3aBHCHOCT
®umepose uHdopmanmone marpuite 3a Ciyuaj | (Henosnatu TDoA, ¢pexsenumjcku u
dasnan nomamm), Kpamep-Paose rpannue npeumssocty npoiere sa Ciyda) 2 (TDoA
mo3HaT, (pekBeHIMjckr U dasHu MoMany HermosHatu) W 3a Ciyuaj 3 (TDoA nenossar,
¢pexBeHIMjckd ¥ (pa3HH ITOMalld IIO3HATH) 3a IIO3HATY OPMUIMHAIHY CEKBCHLY Y
3aBHCHOCTH OJf CHCTEMCKHUX TlapamMeTapa (0[HOC CHTHAN-IIIYM, AY)KHHA IIEPUOJIE CEKBEHILE),
ca MoceGHUM OCBPTOM Ha 3aBHCHOCT Ol ()PEKBEHIM]€ HOCHOLA CUTHAJIA.

dopmyiEcaHa cy iBa KOXepeHTHa anroputma ML tuira 3a 31pyxeny IpolieHy BpeMEHCKOT,
¢pexBeHIAjCKOT U (Pa3HOT IOMAKa y JHCTPHOYHPAHOM ABOKAaHATHOM MPHJEMHOM CHCTEMY,
jemaH 3a cleHapHo ca TIO3HaTOM CEKBEHLIOM H JpPYFH 3a CLEHapHO ca HElNo3HaTOM
CEKBEHIIOM. AJITOPUTMH Cy HYMEPHYKH ONITMMH30BAHY.

Ha ocnoBy Teopnjcke Kpamep-Paose rpanuue 1 Monte-Kapio ciMynaiuja usspiiena je
ananmsa yrtumaja CPoA Ha mnpeunwssoct mpoueHe TDoA, ¢pexsennujckor u ¢asHor
[IOMaKa y BPEMEHCKH CHHXPOHH30BaHOM AMCTPHOYHPAaHOM [BOKAaHAJIHOM IpHjEMHOM
cucTeMy 3a Tpu pasmrdauta Ciydaja — Ciyaaj 1: TDoA, dpexBeHimjckd 1 (pasHu nomanu
nernoznaTH; Ciyuaj 2: QppexkseHumjcku U dasuu nomaiy HerrozHaTu, TDoA noshart; Ciyuaj
3: ¢pexsenmujcku ¥ pasau nomany nosnaty, TDoA nenosnat. Ilokasano je na, kaja cy
dpexpenmyjckd U (QasHU [OMAIM II03HATH, TauHOCT npouene HemosHator TDoA ce
apamaTHYHO (10 3 pena BenndMHE) MobOoJblaBa Y OJHOCY Ha HEKOXEPEHTHY INPOLEHY
TDoA, xop koje ce He y3ruma y 063up CPoA.

Monre-Kapio cuMynanijamMa aHamu3upane cy nepdopmance npeyioKeHnx KOXCpeHTHIX
anropuTaMa, Kao ¥ IUXOBUX HEKOXEPEHTHHX BapHjaHTH. IloxasaHo je na cy mpemioNeHn
KOXEPEHTHH aNrOPHTMH CTATHCTHUYKH eHKACHH Yy LIMPOKOM OICery BPEJHOCTH OJHOCA
curgan-uryM. JleTammHo je ananusupana pacnojena rpeuike y Ciryuajy 3 y 3aBUCHOCTH O]t
TOTa jia JIH j€ pellueH MpobiieM BHIIE3HAYHOCTH, M JaTH cy Moryhy mpasuu 3a peimasame
OBOT TIpoOIIEMAa.

TIpeanoxkena je npoleaypa 3a Kaaubpaiujy AHCTpUOYHPAHOT JBOKAHAJIHOT MPHJEMHOT
cHcTeMa GEXUUHUM TYTEM Y IMUbY oMoryhapama npujemuor mururaidor beamforming-a
WHIIM JoKanu3aluje JaTHM cHcTeMom. Y ciydajy JioKaluMsalmje, npoleaypa obyxsara
37IpyyKeHy ECTHMAIU]y ¥ KOMIIEH3aIM]y BPEMEHCKOT ToMaKa ¥ TPEHYTHOT (pasHOr 1oMaka
u3mely npujeMnux kanana. Y ciydajy beamforming-a, npoueiypa obyxBaTa 3IpyKeHy
ECTUMAIIM]y M KOMIIEH3allUjy BPEMEHCKOI [OMaKa M TPEHYTHOr (a3Hor nomaka namely
IIPUMIBEHHMX KOPUCHHX CHTHAa — ¢Tama 1, H, ONIHOHO, EKBAIM3ALM]Y KOPUCHHX CHIHANa
— erana 2. CBaxa eTana cajp:H 4 Kopaka, y KOjuMa ce 0J(BHjajy peloM Tpyba BpeMeHcKa
CHHXpOHH3alMja, eNMMHHMCAFe  [pPOMEH/BMBE  KOMIIOHEHTe  (asHor  nomaka
(hpexBeHUUjCKH TTOMakK), hHHA BpeMEHCKa CHHXPOHN3ALH]a, H EIMMUHHACABE [PEOCTANIOr
KoHcTaHTHOr (pasHor momaka. [Iporexypa je MoayiaapHa, y CMHCIY Ja ¥ JaTOM KOpaky
mocTojei aNropHTaM MOXE Jia Ce 3aMCHH IPYTHM alropuTMOM MCTOr THma (aji, Ha
IpEMeEp, PasiHYNTe HyMCpPHUKE KOMIUIEKCHOCTH HIHM Ha Oyje 3a I03HaTy yMecTo 3a
HEMNO3HATy CEKBEHILY ), IITO oMoryhapa ONITHMHU3aIH]y NephOpMaHCH LEIOKYITHOT Tporeca
Kanubpanuje.

dopMyJIHcaH je HOBH afanTuBHK anroputaM LMS (Leust Mean Square) Thna 3a npoueHy
TpeHyTHOT (a3zHOr NoMaka, KOjM ce KOPHCTH y Kopaky 2 Tpouelype. AIropuraM HUMa
criocobroCT npahiemha Harnnx npoMeHa GpeKBEHLH]CKOT ToMaKa.




e Monre-Kapno cumynanujama aHaJli3upane cy neppopmance MpeAiokeHe Npoue/iype Kao
HearHe, M TojeAMHAYHUX KOpHIINeHNX ajlropuTaMa.

e ExcriepuMeHTallHO je MpOBEpEeHa HCIPaBHOCT NPETNOCTABKM MATEMAaTHYKOT MOJIeNa, Kao H
CIIOCOOHOCT HpeIIoKeHe poleaype a (yHKIUOHHIIE Y PeallHUM YCIOBHMA TIPOCTHPahA.

Tpeba HanmoMeHyTH Jia QHCEpTallija MPEACTaB/ba 330KPY)KeHY LeNuHy jep obyxsara Mopen
cHCTeMa, MOJE] CHIHala, TEeOPUjCKE TpaHMIlE TPELH3HOCTH, METOZAE, pe3ydraTe cUMyJlauluja H
eKCIIEpHMEHTAIHE Pe3yNTaTe.

4.2. KpuTHuKa aHaIH3a pe3yarara MCTPAKHBAhA

VBHIOM Y IHJbEBE HCTPAKMBAbA, 10J1a3He PETIIOCTaBKE M OCTBApeHe pesyiITaTe KOHCTATYjeMO
Ja je KaHAKAAT yCTIeHo OrOBOPHO Ha CBa 3HauajHa IMMTamka U3 MpobiieMaTUKe Koja je aHalu3upana y
aucepranuji. [pelyiokeHa mpoueaypa 3a KanuOpauujy ITHCTpHOYHpaHOT BUUICKAHAIHOT MPHJeMHOT
cucTeMa OEXMYHMM ITyTeM, aHain3a yTHIAja (aze HOCHOIa NPUCTHIVIMX CMIHAJa Ha MPEl3HOCT
NpoLEHe BPEMEHCKOT, (peKBeHIHjcKor U (a3HOI nomaka y JABOKaHAIHOM npnieMHOM CHCTEMY, H
NPEJUIOKEHE METONE 33 MPONEHY BPEMEHCKOT, ¢pexBeripjckor U (TpeHyTHOr) (a3Hor mnomaka
fpefcTaB/bajy 3HayajaH Hay4YHH JOMPUHOC y 00JacTH CHHXPOHM3AlHM]je NUCTPUOYHPAHMX aHTEHCKHX
cHcTeMa, a THME M OCTBaperba IhbUXOBOT TIOTEHIM]jaNa y NpakcH. AHAM30M Pe3yJiTata NpUKa3aHuX y
JHCEePTALHjH KOHCTATyjeMOo Jia Cy IPHKa3aHH OPUIMHANIHK M CABPEMEHH pPe3yJITaTH.

4.3. Bepudukanuia HavaHux JONpPHHOCA

Y ToKy MCTpa)XMBauKoOT pajia y obJIacTi TeMe JOKTopceke aucepraije Munomn Jamuh je kao aytop
UM KoayTop o6jaBHo Tpu pafa y MehyHapoaHuM daconucuma ca SCI mucTe (y yaconucnMa KaTeropuje
M21, M22 u M23). Ilopex Tora, pesyiraTe MCTpaXXUBama KaHAKAAT je o0jaBuo y Tpu pajga y
qacoNMHCHMAa HAIMOHAJIHOT 3Hadaja, cejaM pajioBa Ha KoHdepeHlMjamMa MeljyHapoJHOT 3Hauaja, M
JEXHOM paly Ha KOH(epeHIIHj1 HAHOHAIHOT 3Ha4aja.

Pan y Bpxynckom meljynapognom uaconucy (M21):

[1] N. Vukmirovié, M. Erié, M. Janji¢, and P. M. Djuri¢, "Direct wideband coherent localization by
dlstrlbuted antenna arrays", Sensors, vol. 19, no. 20, p. 4582, Oct. 2019. (DOI 10.3390/519204582,
ISSN: 1424-8220, [F=3.275)

Pax y ucraknyrom mehynapoauom uaconucy (M22):
[1] N. Vukmirovié, M. Janji¢, P. M. Djuri¢, and M. Eri¢, "Position estimation with a millimeter-wave
massive MIMO system based on distributed steerable phased antenna arrays", EURASIP Journal on

Advances in Signal Processing, Special Issue on Network Localization, vol. 2018, no. 1, p. 33, June
2018. (DOI: 10.1186/513634-018-0553-9, ISSN: 1687-6180, IF=1.961)

Pan y mehynapoanom yaconucy (M23):
[1] M. Janji¢, N. Vukmirovi¢, and M. Eri¢, "TDOA, Frequency and Phase Offsets Estimation Taking

Into Account Carrier Phase of Arrival", Radivengineering, vol. 26, no. 4, pp. 1143-1150, Dec. 2017.
(DOLI: 10.13164/re.2017.1143, ISSN: 1210-2512, IF=0.945)

Yaconucu nanuonaiaxor 3Ha4gaja (M50):




[1] M. Janji¢, M. Brkovié, M. Eri¢, “Development of OFDM based secondary link: Some experimental
results on USRP N210 platform,” Telfor Journal, vol. 6, no. 1, pp. 30-35, Nov. 2014. ISSN: 1821-3251.
(M53)

[2] M. Janji¢, N. Neskovi¢, “A comparative analysis of techniques for PAPR reduction of OFDM signals,
Telfor Journal, vol. 6, no. 1, pp. 12 - 17, Nov. 2014. ISSN: 1821-3251. (M53)

[3] M. Janji¢, M. Erié, “A cognitive radio based solution to coexistence of FH and OFDM signals
implemented on USRP N210 platform,” Telfor Journal, vol. 9, no. 1, pp. 20-25, Nov. 2017. ISSN: 1821-
3251. (M53)

Mebhynapoaue xoudepenunje (M33):

[1] M. Janji¢, M. Brkovié, M. Eri¢, “Development of OFDM based secondary link: Some experimental
results on USRP N210 platform,” In Proceedings of 21st Telecommunications Forum TELFOR 2013,
Belgrade, Serbia, 26-28 Nov. 2013 , pp. 216-219. ISBN: 978-1-4799-1419-7. (M33)

[2] M. Janji¢, N. Neskovié, “Uporedna analiza tehnika za redukciju PAPR OFDM signala,” In
Proceedings of 21st Telecommunications Forum TELFOR 2013, Belgrade, Serbia, 26-28 Nov. 2013,
pp- 256-259. ISBN: 978-1-4799-1419-7. (M33)

[3] M. Eri¢, M. Janji¢, “A solution to coexistence of OFDM and FH signals based on principles of
cognitive radio implemented on USRP N210 platform ,” In Proceedings of 22nd Telecommunications
Forum TELFOR 2014, Belgrade, Serbia, 22-25 Nov. 2014, pp. 276 —279. ISBN: 978-1-4799-6192-4.
(M33)

[4] M. Eri¢, D. Vujié, D. Vuéié, M. Janji¢, “Integration of joint spatio-temporal spectrum sensing in
cellular wireless systems,” In Proceedings of 22nd Telecommunications Forum TELFOR 2014,
Belgrade, Serbia, 22-25 Nov. 2014, pp. 226-229. ISBN: 978-1-4799-6192-4. (M33)

[5] M. Eri¢, N. Vukmirovié¢, M. Janjié, “Calibration of Local Oscillators Mismatch in a Multi-channel
Receiving System,” Proceedings of 4th International Conference on Electrical, Electronics and
Computing Engineering (IcETRAN 2017), Kladovo, Serbia, 5-8 June 2017 , pp. 1-5. ISBN: 978-86-
7466-692-0. (M33)

[6] N. Vukmirovi¢, M. Janji¢, M. Eri¢, “TOA/TDOA estimation based on carrier phase of
arrival,” 5th International Conference on Electrical, Electronics and Computing Engineering
(IcETRAN 2018), Palié, Serbia, 11-14 June 2018. (M33)

[7] N. Vukmirovi¢, M. Janjié, P. Ivani§ “An Error Correcting Technique for Performance Improvement
of OFDM Based Secondary Link,” In Proceedings of IEEE 12th International Conference on
Telecommunication in Modern Satellite, Cable and Broadcasting Services

(Telsiks 2015), Nis, Serbia, 14-17 Oct. 2015, pp. 35-38. ISBN: 9788661251481. (M33)

Haunonanne xondepenuuje (M60):

[1] Predrag Ivani, Miljko Erié, Srdan Brki¢, Milo§ Janji¢, “Tehnike za efikasno koris¢enje spektra:
prikaz nekih rezultata istraZivanja”, Zbornik XXXI Simpozijuma o novim tehnologijama u poStanskom i
telekomunikacionom saobracaju (POSTEL 2013), Beograd, 3-4. decembra 2013, str. 233-242. ISBN
978-86-7395-314-4. (M61)
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Texunuxo pememe (M83):

[1] M. Erié, N. Vukmirovié, L. Saranovac, M. Janji¢, I. Radovanovi¢, “Laboratorijski model senzorske
mreZe za zdruZeni prostorno-vremenski spectrum sensing na bazi metode za direktnu Jokalizaciju
formirane u okviru tehnoloskog demonstratora kognitivnog radija kori§¢enjem USRP SDR platformi,”
ETF, 2015.

Texuuuxo pememe (M8S):

[1] M. Janjié, M. Eri¢, “ A solution to coexistence of secondary user OFDM and primary user FH signals
based on principles of cognitive radio,” ETF, 2014.

[2] M. Janjié, M. Eri¢, N. Vukmirovi¢, “A software package for solution to coexistence of secondary
user OFDM and primary user FH signals based on principles of cognitive radio,” ETF, 2015.

[3] N. Vakmirovi¢, M. Manojlovi¢, M. Eri¢, M. Janji¢, “Softver za upravljanje senzorskom mrezom za
zdruZeno prostorno-vremenski spectrum sensing realizovane na bazi USRP platformi i obradu dobijenih
rezultata,” ETF, 2015.

[4] M. Eri¢, N. Vukmirovi¢, M. Janjié, D. Vugi¢, “New algorithm for calibration of local oscillators
mismatch in a multi-channel receiving system,” ETF, 2015.

[5] M. Eri¢, N. Vukmirovi¢, M. Janji¢, D. Vugi¢, “Novi postupak za merenje zauzetosti radio-
frekvencijskog spektra u kontekstu kognitivnog radija,” ETF, 2015.

5. 3AKJIbYYAK 1 HPEJJIOT

JloxTopcka mucepranuja ML WK, Munoma Jamuha mox nacnosom L Karubpayuja
OUCMPUOYUPANHOZ BUIMEKAHANHOZ NPUJEMHOZ CUCIEMA BedcudnuM nymem'’ y UEIHHN J€ HAIIMCAHA Y
CKJIally ca 0obpa3ioKemeM HaBeJCHHM Yy NMpPHjaBH TEME H CaJpiKH CBE eJEMEHTE KOJM CE 3aXTeBajy
IpaBUITHKEKOM O JOKTOPCKHM cTyaujaMa EnexrporexHndkor daxynrera YHusepsurera y beorpajy.

Y nuceprauyjy je (GpopmynHcaH MaTpUYHM MOJEN CUTHaja y OCHOBHOM OTICETY Y TPOCTOPHO
KOXEPEHTHOM  CLEHapHjy Ha  AUCTpUOYHpaHOM  BpeMeHCKH, (a3HO ¥ (QPEKBEHIM]CKH
HECHHXPOHHM30BaHOM mnpujemHoM cuctemy. [lpewioxeHa je nOpoueiypa 3a Kaaubpann)y
AMCTPUOYHpaHOr BHIIEKAHAIHOI IMPHMjEMHOT CHCTeMa OEXHYHHMM IyTeM y KOHTEKCTY IIPH]JEMHOT
JUTCUTATHOT beamforming-a v Jokajlu3allld)e U3BOPa paqHo CUTHANA. Y OKBHpPY NpOLEAype Npe/iloKeH
je aJanTHBHU alIropMTaM 3a IpOLEHY TpeHyTHOr ¢asHOr nomaka. YcBOjeHe IPETIOCTaBKE
MaTeMaTHYKor Mojela M NpOoLedypa eKCIIepHMEHTATHO CY BEpH(QHKOBaHM. AHAIM3HPaH je YTHUIA)
xopumliera haze HOCHOLA TIPUMJBEHIX CHTHana Ha npenusHocT nponeHe TDoA, ¢peksennujckor u
$azHOr MoMaKa y JIBOKaHaIHOM [IPHjeMHOM CHCTEMY, H TIOKa3aHO 10/ KOJUM YCIIOBEMa CE MOXKeE TIOOHTH
MPelH3HOCT BPEMEHCKOT Tomaka [-3 pefa BeJIMYMHE HCION WHBEP3HE BPEIHOCTH (PEKBEHIMjE
Hocuoua. Y Ty cBpXy (opMyliicaHa cy JiBa CTaTHCTHUKM eHKkacHa KoxepeHTHa anroputMa ML Tuna,
jenan ca MO3HATOM CEKBEHLIOM U JPYTH ca HEMO3HATOM CeKBEHIOM. JeTalbHO je aHAM3UpaH yTHLA]
BHIIE3HAYHOCTH Ha pacloJieny Ipelike KOXepeHTHE IIPoLEeHe BPEMEHCKOr MoMaKa.

PesynraTe NpoHCTEKIE W3 HCTPaXHBakha CIIPOBEICHOI Y OKBHPY JOKTOPCKE JMCEpTalliije
xaHpiaaT je objaBpo y Tpu paja nybmukoBaHa y MelhyHapoguum wacormucuma ca SCI jmcre w
IPE3EHTOBA0 CTPYYHO] [ABHOCTH Ha MelyHapoIHUM KoH(pepeHIHjamMa 1 JoMahiM YacONHCHMA W3 IIHpe
objacTH eNeKTPOTEXHUKE,
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Ha ocHoBYy yBHMAa y JOKTOpCKY JaucepTalM]y M 00jaB/beHE pafoBe KaHauaara, Kommcuja
KOHCTaTyje na auceprauyja . Karubpayuja oucmpubyupanoz suuteKaHANHOZ RPUJEMHOZ CUCHeMd
bexcudnum nymem  pami. uwx. Mitoma Jarwnha cagpiu OopurnHaiHe Hay4He JIOTIPUHOCE.

Ha ocHoBy nperxonHor Komucuja xorcratyje na je Munom Jamuh, JUTINOMHpaHH HHKEHEP
€JIEKTPOTEXHUKE, HCIYHHO CBe ycloBe npeasuljeHe 3aKOHOM O BHCOKOM oOOpazoBawmy, CTaTyToMm H
IlpaBunHUKOM O JIOKTOPCKMM cTylndjama EjexTpoTexHuukor Qakynreta YHHBep3uTeTa y beorpany.
Komucrja ca 3amoBosscTBOM mpemnaxke HacraBHo-nayunom pehy Enexrporexnudkor daxynrera y
beorpanty na ce oBaj pedepaT NpHXBaTH, H Yy CKJIAJy ca 3aKOHCKOM TiponeypoM yrytd Behy Hayaanx
obnacTy TeXHUYKHX Hayka YHHBepauTeTa y beorpamgy Ha KoHadHO ycBajamkbeé M AaBambe 0f00pema
KaHIUJATY Ja MPHCTYIIH YCMEHO] OIOpaHH.

Y Beorpany, 30.09.2020. rogune

YIAHOBH KOMHUCHIE

ap MHJbKo Epuh, Baupeanu npodecop
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