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OBIIAS XAPAKTEPUCTHUKA PABOTbBI

AKTYaJbHOCTBb TeMbI ANCCEPTANNH. 3a MOCIISTHAC IECATHICTHS MOOWIbHAS CBS3b
OKa3aya 3HaYUTEIbHOE BIMSIHIE Ha SKOHOMHIECKOE M COIHAIBHOE Pa3BUTHE Pa3BHUTHIX U
pasBuBaronuxcsi ctpaH. CerogHs HCHONB30BAaHHUE YCIYyT MOOWJIBHBIX CeTed sBIAeTCS
HEOTHEMJIEMOM YacThIO MOBCEIHEBHOM KU3HU MUJUIMAPJIOB JIFOJEH, IPOrHO3UPYETCS, UTO
9Ta TeHAEHLUS HE TOIBKO COXPAHUTCS B OyayIleM, HO U CTaHET OoJiee paclipoCTpaHEHHOM.

B HacTtosee Bpemst COTOBBIE ceTH YeTBepToro nokonenus (CUIT) HaunHaOT MHUPOKO
HCTIOIb30BAThCSI MHOTHMH OIIEPaTOpPaMK MOOWIIBHOM CBSI3H 110 BCEMY MHUPY, TIPEJOCTaBIISSL
aboHeHTaM Oojee HaJSKHOE COSIUHEHHE, MEHBIIYI0 3alepXKy M 0ojee BEICOKYIO
3¢ PeKTHBHOCTE, YeM ceTH TpeThero nokoieHus . Co BpeMeHeM BO3HHUKAaeT IIOTPEOHOCTh B
YBEIHYEHHN OOBEMOB IIepefaBaeMbIX JAHHBIX, KOJMYECTBA PA3INYHBIX aOOHEHTCKUX
TEPMHHAJIOB U CO3JJaHIH HOBBIX BHJIOB YCIIYT, 4TO IOPO’KAAET HOBBIE TPEOOBAHMS K CETSIM
COTOBOH CBS3M. YJOBJIETBOPEHHE NAHHBIX TPEOOBaHWH, B CBOIO OdYepeldb, IPUBOIHUT K
CO3JJaHUIO CUCTEM C OoJee MPOABUHYTHIMHU U PACIIMPEHHBIMU BO3MOKHOCTSAMH.

Cern maroro mokonenus: (CIIII) B mepByro ouepens OyAyT mpenHa3HAYECHBI LIS
IIPEIOCTABICHHS YCIIyT MOOWIIBHOM HIMPOKONOJIOCHOH CBSI3H, OONY)KHBaHUS YCTPOICTB
HHTEpHeTa Bellel, 00eCIiedeH s CBEPXHAISKHBIX YCIYT CBSI3U C HU3KOW 3aJIepIKKON.

OO0benrHeHne 0TMEYESHHBIX TIPIMEHEHHUI B COTOBOH CETH IISITOTO ITOKOJICHUS TpeOyeT
IIPUMEHEHHs] HOBOW CETeBOIl apXUTEKTYPHI M IIPOTOKOJIOB, KOTOPBIE OYIyT CYIIECTBEHHO
OTIHMYATBCS OT CYIIECTBYIOIIMX, KOTOPbIE OPHEHTHPOBAHBI TOJHKO Ha UEIOBEKa.
OObenuHEeHNEe B €AUHYI0 CETh IIOTOKOB JAaHHBIX, CO3JAHHBIX JIIOABMHU M MAIIHMHAMHU,
SIBIIETCS CJIOXKHOM 3a7adei.

I'enepupyemblii MalIMHAMH TTOTOK JAHHBIX MOXET OBITH BBHICOKOCKOPOCTHBIM HIIN
HU3KOCKOPOCTHBIM, TOJIPAHTHBIM WJI TyBCTBHTEIBHBIM K 3a[E€p)KKaM, YCTOHUYHBEIM K
omuOKaM WM TpeOylomuM OONbIIOH HAJSKHOCTH Iepenadd, YTO MPUBOAUT K
JIOTIOJTHUTEIIBHBIM TPYIHOCTSIM.

[epeuncrneHHble BbIIe NMPUMEHEHNS] MOOHMJIBHON CBSI3U IMPEABSBISIOT pa3MYHbIC
tpeboBanus k CIII. JIns MOOWIBHOM IIMPOKOIIOJIOCHOM CBSI3M BAXKHBI: MPOITYCKHAs
CIOCOOHOCTh  CETH, MaKCHMalbHAs CKOPOCTh Iepefadyd JaHHBIX, MOOMIBHOCTD
a0OHEHTCKUX TEPMHUHAJIOB, SHEPTEeTHUECKAs U CIIEKTpaIbHast 3PPEKTUBHOCTD.

Jns cBEepXHAIEKHBIX YCIYT CBSI3M C HU3KOW 3a[IepKKOH OONBIIOe 3HAUEHHE HMEIOT
Mayioe BpeMs 3aJepKKHA TpH Tepenade WHPOPMAMA W MOOWIBHOCTh aO0OHEHTCKHX
TEPMHHAJIOB.

B cBoio ouepenp il OONYy)XHBaHHsS YCTPOWCTB HMHTEpHeTa Bellell Hamboiee
BAXXHBIMH ABJIAKOTCA MaKCHUMaJIbHAA INJNIOTHOCTh OGCJ’ly)Kl/IBaeMbIX yCTpOl\/'ICTB, HHU3Kast
CTOMMOCTD 1 SHEProd3(GeKTHBHOCT 000PYAOBAHHMSI.

Jnst  ynosnerBopeHust Tpebosanmii, mpenpasiaieMbix k CIII, HeoOxomumbl
CTPYKTYpHBIE H3MEHEHHSI CYIIECTBYIOMNX CETeH, B TOM YHCIIe M3MEHEHHS (PU3MIECKOTO
YPOBHSI ¥ MOJYJISIIIMU paguocuraana. [IoBeIIeHne kadecTBa YCIYT CBSI3H MOXET OBITh
obecnedeHo Kak 3a CUET Pa3BUTHUS CYNIECTBYIONINX TEXHOJIOTHIECKHUX U AITOPUTMHIECKIX
pemeﬂm‘/'l, TaK U IIYTEM IIPUMEHEHHUS HOBBIX ITOAXO0J0B.

Juccepraiyiss TOCBSIEHA HCCICIOBAaHUIO BO3MOXKHBIX CIIOCOOOB  MOYJISILIUH
curnana jyist CIIII u pa3paboTke HOBBIX AITOPUTMHYECKUX U TEXHOJIOTUUSCKUX PELICHHH.

O6bekT uccaenoBanus. CrocoObl  MOIYISIMM, TEXHOJOTMH  Iepenayu
nHopManyy, METOAbl HX YAyYIIEHHs M ONTUMu3anuu. lIpemnokeHne MeTomoB
MOZYJSIIUM M TEXHOJIOTWH TIepefiaddl MHPOPMALUH YIOBJIETBOPSIONMM TPeOOBAHUSM,
npexbsiBatempiM  k  CIIIL Peammsamusi M SKCIIEpUMEHTAIIBHOE  HCCIIEOBaHUE
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IIPEUTO’KEHHBIX METOOB Iiepejadll U MOAYJIALUHA. Pacimpenie Bo3MOKHOCTEH COTOBBIX
ceTel CBA3H.

MeTonnl ncciaegoBanus. B mponecce mcce1oBaHns NCTIOIb30BaHBI TEOPETHIECKAI
aHanms, MaTeMaTHIeCKoe MOJIETNPOBaHHE u HayYHO-IIPOH3BOJICTBEHHOE
MIPOTOTHITUPOBAHUE.

Heab w 3agauym auccepranuu. llenpio auccepTaloHHON pabOTHI SBIAETCS
HCCIIeIOBaHNE TIEPElOBBIX TEXHOJIOTMH Iepelauydl CHTHala M METOJO0B MOIYIISINY,
MIPeIOKEHNE TEXHOJIOTUIT Iepelauy ¥ METO/ja MOAYJISIIUY CUTHANA, YA0BIETBOPSIOIINX
tpeboBanmsam CIIII. Pa3paboTka mpuemo-Tepenaronmieil CHCTEMBI C HCIIOJIB30BaHUEM
MIPE/UTOKEHHBIX METOIOB M TIPEHJIOKEHHE CPEICTB, IMOBBIMIAIOINX 3()(HEeKTHBHOCTH
MOZYJISIIUY U TIepejaty, a TAKKe BCH CHCTEMBI B IIEIOM.

JIst TOCTIDKEHNST ATOM IeNTN B TUCCEPTAIMU OBLTH PEIISHEI CIIeYIOIIHe 3aaun:

» yroyHeHHe TpeOOBaHMH K croco0aM MOAYIALMH M TEXHOJIOTHSAM IEpeiadH B
CIIIT;

» YTOYHEHHE LIMPUHBI TPeOyeMOW YacTOTHOH IIOJIOCHI M BO3MOXKHBIX PaboO4HX
9acToT. lMcciaenoBaHue CyMmeCTBYIOMNX M HAXOMIMIUXCSA B CTAAUH Pa3pabOTKH
MOJIeJICH KaHAJIOB CBSI3H;

» W3ydeHHE NapaMeTpOB pajJdOKaHala B JHala30HaX YacToT, IPEUIOKECHHBIX B
pamkax WRC-2015, u BbIgeneHHe 4YacTOT OOECIEUUBAIOIINX OTHOCHTEIBHO
0O0JIBIIIOE TTOKPBITUE COTHI;

» TIpOBEICHHE CPAaBHHUTEIBHOTO aHAM3a MEPEAOBBIX TEXHOJOTHH Heperayu
CHTHaNa, Ha OCHOBE MPENbSIBISEMBIX TPeOOBaHMI, W BBHIJECICHHE METOMOB,
HanboJsee cooTBeTcTBYIomMX TpeboBanusm CIIIT;

» pa3paboTka MpUEMO-NePeAloIel CHCTEMbl C MCIONB30BaHHEM pa3pabOTaHHOM
TEXHOJIOTHH NIepejady i COBMECTUMBIX COCOOO0B MOIYJIAIHH;

»  TpeUIoKEeHHEe METO/Ia MPEIOTBPAILCHHUS HHTEP(HEPESHIIMOHHBIX TOMEX U PEeIICHHS
3a1a4  DJEKTPOMAarHMTHOW  COBMECTHMOCTH,  BBI3BAaHHBIX  BHEIIOJOCHBIM
n3nydenneM curHaiga. OOocHOBaHME HEOOXOJMMOCTH aJalTHBHOTO BhIOOpa
TEXHOJIOTHH Nepe/lady Ha T0JIb30BaTeIbCKOM 000pyI0BaHUH;

» TIpeIUIoKeHHUE ajropUTMa ONpEeAeeHHs yIila IpHeMa paguoCuTHaIa Uil TOYHOTO
TIO3HIMOHUPOBAHUS AOOHEHTCKOTO 00OpYyHOBaHMS, TPEAHA3HAYEHHOTO JUIS
COBMECTHOI'O HCIOJB30BaHusa ¢ TexHomoruasmMud MU-MIMO u CP-OFDM,
PazpaboTka npoToTHma;

» JeMOHCTpauys IPUMEHUMOCTH aJTOPUTMa M OIpe/eleHHe TOYHOCTH M3MEepPEeHUs
yrJia MOCPEICTBOM pa3pabOTaHHOM CHCTEMBI.

Hayuynasi HoBW3Ha paGoThl. B mpomecce BBHINOJHEHUS pabOTHl IMOJTYYCHBI

ClIeTyIOIINe HOBbIC HAyYHbIE Pe3yIIbTaThI:

1. pe3ympTaThl pa3pabOTKH METONOB MOAY/SIIMA U TEXHOJIOTHH Iepenadd,
MIpeHa3HAuYCHHBIX JUIS CeTell MOOMIBHOI CBSI3H ISTOTO ITOKOJICHUS

2. TpPEeIIOKEHHBIH aJTOPUTM ONpENeNeHHs yIia MpHeMa PaIuoCUTHANa, KOTOPHIH
BBIZIETIACTCS. HU3KON BEIYHCIUTENBHOM CIOXXHOCTBIO W TIpEAHa3HA4YeH I
COBMECTHOI'0 MCIONb30BaHus ¢ TexHogorusiMu MU-MIMO u CP-OFDM;

3. pa3paboTaHHas cuCTeMa U MPOTrpaMMHbIE MOJIYJIH.

IIpakTHyeckass 1eHHOCTb  padorbl. [lucceprauuss HMeeT MNPUKIATHYIO
HAIPaBICHHOCTb.

» PesympraThl  pa3pabOTKM  METOJOB MOIY/SILMM M METOJOB  Mepeaadu

PEKOMEHIYIOTCS K IPUMEHEHHUIO IPH IIPOSKTUPOBAHUH CHCTEM MOOMIIBHON CBSI3H.
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» Pa3pabGoTaHHBIA aJTOPUTM ONpENeNeHHs YIla HpHeMa pPaJHOCHTHAJIA MOJKET
HCTIONB30BaThCsl B CHCTeMax, Oasupyromuxcs Ha TexHoiormwsix MU-MIMO n
OFDM, B TOM 4mce B pa3padaTbIBaeMbIX COTOBBIX CETAX.

» PaspaboTaHHble TpPOrpaMMHBIE MOJIYNM HCIOJIB30BAaHEI B  IIPOrPaMMHOM
obecneyennn miatGopmel MIMO mpOTOTHMUPOBAHUS U B JalbHEUIIEM MOTYT
HCTIONB30BAThCS JUIS UCCIIEOBAHUH U Pa3paboTOK.

JloCTOBEPHOCTh _TMOJIYYEHHBIX Pe3yJbTAaTOB MOATBEP)KAEHA pa3pabOTaHHBIM
MIPOTOTHIIOM CHCTEMBI M TPOTPaMMHBIMU MOAYISIMU. Pa3paboTaHHBIE HpOrpaMMHBIE
MOZYJIH WICHOJNB30BAIUCH TIPH CO3AaHHUU 0oJiee CIOKHBIX MHTETPUPOBAHHBIX CHCTEM M
YCTaHOBJIEHBI B XPAHIJIMILE CO CBOOOIHBIM JIOCTYIIOM.

Buenpenmne. Pesynerars! paboTsl ObUTH BHeApeHH! B pazpadateiBaeMoe OO0 "YEA
Engineering" mporpamMMmHoe ofecredeHne, NpeaHasHadeHHoe I 1wiathopmser MIMO
MIPOTOTHITUPOBAHUS, M HCIONB3YIOTCS AN OHpENEeNeHHs YIIOBBIX KOOpPAMHAT
a0OHEHTCKOT'0 YCTPOICTBAa OTHOCHTENIFHO 0a30BOM CTAHIIUH.

OcHOBHbIE M10J105KeHHS1, BLIHOCHMbIE HA 3aLIUTY:

1. PesynpraTel pa3paOOTKH METOAOB MOIYJIIMU M TEXHOJOTHH Mepesaddl CUTHaia
JUISL ceTe MOOWIIBHOM CBSI3M IISITOTO MOKOJICHHMSI.

2. OO6ocHOBaHME IPUMEHEHHS METO/1a epeKphITHs 1 cymMmupoBanust B CIIIT.

3. IlpennoxeHHBIM auropuT™M OIpEAETCHUs yIyla IpueMa paJuocursHana Ajst
COBMECTHOT0 UCNIOJb30BaHus ¢ TexHosorusiMu MU-MIMO u CP-OFDM.

4. PaspaboTaHHBIE NpPOrpaMMHBIE MOIYNIM /IS ONpPEACNCHUS YIa TpHeMa
pagrocurHaia.

5. Pa3paboTaHHBII MPOTOTHUII C IPIMEHEHNEM MPEI0KEHHOTO alNTOPUTMA.

Anpobanusi  pa6orbl. OCHOBHBIE HAy4YHbIE W TPAKTHYECKAE PE3YNIBTATHI
JIMCCEPTAMOHHON pabOoTHI JOKNIAABIBAIIICEH U IEMOHCTPHPOBAINCH Ha:

» 4-it MmexnayHaponHoi koHpepenumn "TexHomornn MooOusHOM 1 becnipoBogHoiA
Casizu. Tpenas u Ilepcnekrusr” (Cankr-IlerepOypr, Poceust, 2016 1.);

» 14-om wmexnaynapogaoMm cummosuyme "EWDTS: East-West Design & Test"
(EpeBan, Apmenus, 2016 r.);

» exeronnsix Hay4dHbIX KoH(Mepenuusx HITYA (Epesan, Apmenns, 2016 ., 2017
r.);

» wHay4yHbIXx cemuHapax (axymnsrera "PammorexHnka u cucremsl csizu" HITYA
(EpeBan, Apmenns, 2016 1.);

» Hay4HBIX ceMuHapax nHctutyta "MH}opMaloHHbIE U TENEKOMMYHHUKAI[HOHHBIE
TexHosoruu u Dnexkrponuxa” HIIVA (Epesan, Apmenus, 2017 1., 2018 1.);
mkoJie MoslofbIX yueHslx (Llaxkaazop, Apmenus, 2016 r.);

BeicTaBkax "DigiTec Expo" (EpeBan, Apmenus, 2016 r., 2017 r., 2018 .);

16-it OTpacieBoi Hay4YHO-TE€XHUYECKON KOH(EepeHIIUN "Pa3Burue
Pamnosnexrporukn — OcHoBa Lludposoit Dxonomuxn Poccun" (Omck, Poccus,
2017 r.);

» wuccnenoBarensckux ausx ISTC (Epesan, Apmenust, 2017 r., 2018 1.).

Iy6aukamuu. [To Matepuany nuccepTaiuy onyOnInKoBaHo 4 Hay4dHbIe paboThL, 2 U3
KOTOPBIX ONMyOJIMKOBAHBI B HAYYHBIX M3JaHUSX BKIIOYEHHBIX B [IEpEUeHb N3AaHUi Scopus
u 2 paboTel 6€3 coaBTOpOB. [ToMHBIN CIMCOK pabOT MpUBEICH B KOHIIE aBTOpedepara.

CTpyKTypa u 00beM padoThl. [luccepTanus COCTOUT M3 BBEICHHS, YETHIPEX TJIaB,
3aKIIFOUEHMS, CIIUCKA JIUTEPATypsl U3 132 HauMeHOBaHUN U IBYX IIPpUI0KeHHH. OCHOBHOMI
TEKCT JUCCEPTAIlMH, BKIIIOYAsi 65 pUCYHKOB W 3 TaOnuupl, M3IoxkeH Ha 150 crpaHUmax.
Juccepranys HaMcaHa Ha apMSHCKOM S3bIKE.
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OCHOBHOE COJAEPKAHUE PABOTbBI

Bo BBeleHHH 000CHOBaHA aKTYaIbHOCTb TEMbI, C(HOPMYIHPOBAHEI 1IEJIb U OCHOBHbIC
3a1a4yd HMCCIEeJOBaHUs, MPEICTABICHbl HaydHas HOBH3HA, IPAKTHYECKOEe 3HAUCHUE
MIOJTYYEeHHBIX PEe3yJIbTATOB U OCHOBHBIE TIOJIOXKEHHSI, BHIHOCHMBIEC Ha 3aIlUTY.

B nepmoii raaBe paccMOTPEHBI OCOOEHHOCTH COTOBOH CETH IISITOTO HMOKOJEHHS H
BO3MOJKHBIE TEXHOJIOTHYECKHUE pelIeHus. V3ydeHsl OCHOBHBIE TPUMEHEHHS CeTeH IISITOro
MOKOJIEHHs U TpeOOBaHUsA, MPEIbABISIEMBIE CO CTOPOHBI 3TUX NpuUMeHeHui. Ha ocHoBe
TpeboBanmii mpenbsasieMbiM K CIIII, Opun copMyaMpOBaHBI KPUTEPUU OLECHKU
Ccroco00B MOIYJISALMNA U TEXHOJIOTUH Mepeaadn.

CIIII 6ynyT B mEepByrO ouepensb NMpeAHa3HAYeHbI Ui MPEAOCTaBICHHs yCIIyT CBSI3H,
HEOOXOIVMBIX JUIS PeIeHUs 3a/1ad, IPUBEJCHHBIX Ha puC. 1.

[MNPOKOITOJIOCHAA MOBUJIBHAS CBA3b

BricoxockopocTtHas )
nepesada JaHHBIX 1 TpexmepHoe, cBEepXYETKOE

I——— n300pakeHune

E [— O0avHbIe TEXHOJIOTUH ¥ UT'PEI
!

PaCH_II/IpeHHaH PCaIbHOCTH
=

ﬁ ABTOMAaTH3aIMS
;@1 TIPOU3BOJCTBA
N CBsI3b B aBapHIHBIX

CUTyalusax

YMHBII 10M/CTpoeHnE

;@2

3ByK

‘VYMHBIH TOpOJ

CamoyrpaBiisieMblii
aBTOMOOHITb
MACCOBAS MEXMAILIMHHAS CBEPXHAJZIEXKHBIE YCJIYTU CBSI3U
CBS3b C HU3KOU 3AJTEPXXKKOU

Puc. 1. IlpumeHenus ceteld nsATOro NOKOJCHUs

Jlns pelieHus NPHBEIECHHBIX BBINE 3a7ad C IPUMEHEHHEM MOOHIBHOH CBS3M
Tpebyercs, 4TOOBI CETH MATOTO IOKOJEHMs ObUIM 0OoJee NPOM3BOAUTEIBHBIMH, YeM
CYIIECTBYIOIIUE CETH TPETHEr0 M YETBEPTOr0 IOKOJEHHMH. /[l ynoBIETBOpEHUS
TpeboBanuii, npenbasisieMbix k CIIII, HeoOXOAMMBI CTPYKTYpHbIE U KOMIIOHEHTHBIE
U3MEHEHHs CYLIECTBYIONIMX CETeH. YIyullleHue KauecTBa YCIyr CBS3H IPEANoNaraeTcs
JOCTHYb KaK 3@ CUET Pa3BUTHA CYLIECTBYIOUIMX TEXHOJOIMYECKHUX M alrOPUTMHYECKHX
pelleHni, TaK U IPUMEHEHHEM HOBBIX MOAXO/I0B.

Jnst npumenenus B CIIIT npeTeHyroT nepeuncieHHbIe HUKE CETEBbIE CTPYKTYPHI U
TEXHOJIOTHH.

o lcnonp3oBanue reTepoceTeﬁ HUCOOJIB3YIONIUX CYMIECTBEHHO OTJIMYAIOMINUECH
TEXHOJIOTUHU paIuOA0CTYIIa.
o Vcrnonp3oBanue CaHTUMETPOBBIX 1 MUJUIMMETPOBBIX BOJIH PaAUOCHIEKTPA.
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e GopMHUpOBaHHE  JAMArpaMMBbl ~ HANpaBIEHHOCTM  AHTEHH B JHala3oHe
MHJUTUMETPOBBIX BOJIH.

o [IpumeHenue TexHonoru maccusHoro MIMO.

o [Ilnpokoe mpuMeHeHWe CBsA3U THIA ycTpoiictBo—ycTpoiictBo (Device-to-Device,
D2D).

o OHOBpEMEHHBIH NIpHeM U Iiepeada CHTHajIa B OHOM U TOH JKe I0JIOCE YacToT.

OnrumaneHblii BeIOOp croco6oB monymsinuii B CIIIT 3aBucut oT psiga ¢GakTopos,
OCHOBHBIMH U3 KOTOPBIX SIBISIIOTCSA IapaMeTphl paJuoKaHada M TEXHOJOTHH Iepefad
curHanoB. Crnoco6 MOIyISIMH U TEXHOJNOTHS Iepefauyd YacTo PacCMaTPHUBAIOTCS
COBMECTHO, MOCKONBKY NpU MPUMEHEHHH HEKOTOPBIX TEXHOJIOTMI Mepefadyu CHrHaia
HEBO3MOXKHO HCIIOJIB30BaTh OIpENeNeHHbIe CIoco0Bl MOIYJALMK (HampuMmep, HpH
KorepeHTHoi nepenaue u npuemMe OFDM curnaia HeBO3MOXHO UCIIOJIb30BATh YACTOTHYIO
MOZYJISILUIO TIOJHECYINX). B auccepranuu crocod MOAYISIINK U TEXHOJIOTHUS Iepeadn
paccMaTpHUBaIuCh COBMECTHO.

B pesynbTaTe mccneqoBaHUS BBIAEICHB OCHOBHBIE TPeOOBaHMS, MPEIbABISEMBIE K
crnoco0y MOIYJIAUMM M TEXHOJIOTHH Tepegadd. OnTuManbHas KOMOHWHAIMs croco0a
MOZYJSIIUH U TEXHOJIOTUH Nepeady J0DKHA YAOBIETBOPATH CICAYIOIIM TPEOOBAHIAM.

e lImerp Maublii KOA(p(HUIMEHT OTHOLIEHHST MAaKCHMAIBHOW M CpeJHedl MOLIHOCTH
(PAPR, Peak to average power ratio). BbIXOmHOH yCHIHMTENIb MOLTHOCTH
paauoneperaTInKa norpedser 3HAYUTENIBHYIO MOIIIHOCTb. Eé
9Hepro3((HeKTUBHOCTE B 3HAUNUTENBHOI cTereHn 3aBucutT oT PAPR nepenaBaemoro
curHana. Yem Beimie PAPR, TemM MeHblle K.II.J. YCHIUTENs MOIIHOCTU H,
COOTBETCTBEHHO, TEM MEHbIIIE SHEProd(GHeKTHBHOCTE epeaaTyrKa. ITOT napameTp
0CcOOEHHO Ba)keH JUTs a0OHEHTCKHMX YCTPOMCTB, TAK KaK OHH IIMTAIOTCS OT OaTapei n
JIOJDKHBI pab0oTaTh KaK MOXKHO JOJIBIIIE.

O06nanaTh BBICOKOH CHEKTPAILHOM 3 (HEKTHBHOCTHIO.

OO6nanate BBHICOKOH 3()(EKTHBHOCTHIO BPEMEHHOTO HCIOIB30BAHHS paJdOKaHAama.

Vcnonp30BaHKe NMKINYECKOTO0 NpeduKca IO3BOISET HNPUMEHHTh YacTOTHOE

BBIPaBHMBaHHE CHTHANA, HO COKpaIlaeT BpeMs Tepeady Moje3Hoi nudopmamn.

Hcrionp30BaTh y3KHE MOJIOCH PaJHOYacTOTHOTO CIIEKTPa M UMETh HU3KHH yPOBEHb

BHETIOJIOCHOTO HM3JIyYeHUs. B BBICICHHOM JUIsi TeNeBelIaHHusT YacTOTHOM CIEKTpe

HUMEIOTCS  BBICBOOOJK/ICHHBIE YacTOTHl. OTH CBOOOJHBIE YacTOTHl MOXKHO

HCTIOJIb30BaTh B COTOBBIX CETSIX, HO HEOOXOAMMO, YTOOBI MepeaTinKH COTOBOM

CBSI3M HE CO3/1aBaJIM TIOMEX Ha COCEIHHUX PaaHOKaHaIaX.

MmeTh HEOONBIIYIO CIOXHOCTh peanu3aiui. CIO0XHO pealnn3yeMblii crocod

MOIY/SIIMK TPUBOMUT K YBEIMUEHHIO 3HEpromnorpeOneHns Oioka IUQPOBOI

0o0paboTKM CHTHalma, a TaKKe YBEIMUCHHIO pa3MepoB M Ce0eCTOMMOCTH

000pyIOBaHHSI.

OOecreunBaTh MAaKCHMAJIbHO HH3KO€ 3HAUCHHE BEPOSTHOCTH OLIMOKHM JUIs

OTIPEIEICHHOTO 3HAUCHNS KO3((PHIMEHTa OTHOIMICHNS CUTHAN / IITyM.

O06nanaTh THOKOCTBIO PACTIPEACIICHHS PECYPCOB CETH U BBICOKOH 3P heKTHBHOCTBIO

TEXHOJIOTHY MHO>KECTBEHHOTO JOCTYTIA.

Breith coBmectiMbiM ¢ TexHosorueit MIMO. Texuonoruss MIMO Gyzner urpath

B)XHYIO POJIb B Pa3BUTHH COTOBOH CBSI3M, IO JAAHHOW NPHYNHE COBMECTHMOCTDH C

texHosorued MIMO sBisieTcst BaXKHBIM YCIIOBUEM.

e OGecrieunBaTh BO3MOXHOCTh IPUMEHEHHS MOIYJIALUHA BBICOKOTO YPOBHSL.
CoBMemeHre aJanTUBHOW MOAY/SIIUM C TEXHOJOTHEH ITOMEXOYCTOHYHBOTO
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KOJMPOBAHUS TTO3BOJICT MAKCUMAIFHO HPHOIIM3UTBCS K TEOPETHIECKOMY IIPEneiTy
IIennona.

e ['OTOBHOCTh TEXHOJOTHM K IpUMEHEHHI0. Baxno, uToOBl TexHomorus OblTa
OTJIa)KEHHON M TOTOBOH K OBICTPOMY BHEJIPEHHUIO U IIPHUMEHEHUIO.

Bo BTOpOIi r1aBe paccMoTpeHbI Tuana3zoHsl padounx yactoT CIIII u ucciemoBanb
rapaMeTpbl KaHaJOB PaJWOCBS3M IS ONpPENENCHUS CIIOCc00a MOMYIALMH. YTOYHEHa
mypuHa TpedyeMoil YacTOTHOH MONOCHI, HCCIIE0BaHbI CYIIECTBYIOIINE U HAXOAAIINECS
Ha CTaAuH pa3paboTKu MOJETH KaHAIOB PaJHOCBS3N.

B macrosmee Bpems 3GPP (maprHepckuil mpoekT 3-ro TOKOJEHHUS) OIS
¢ynkmoHnpoBanus MoOwiIbHbIX CUIl Beimenun 52 4YacTOTHBIE IOJIOCHI Pa3IMYHOMN
MIAPUHBL. DTH YaCTOTHBIE TOJIOCHI COTTIACYIOTCS C COOTBETCTBYIOIIMMHU OpraHaMK Pa3HBIX
CTpaH U B HEKOTOPHIX CIIyJasiX MOT'YT IIepPEeKPhIBAThCSL.

B CIIII MOryT HCIIOIB30BaThCS JINIIEH3UPOBAHHBIC YaCTOTHBIE HIOJIOCH M TEXHOJIOTUH
nepefayu curHanoB ucnoas3yemsle 11 CUIL. Opgnako CIIII mosmkHBI yIOBIETBOPATH
OoJiee KECTKUM TPeOOBAHUSIM HAJIEKHOCTH, MPOITYCKHOW CIOCOOHOCTH, MaKCHMAbHOM
CKOPOCTH TI€peladl JaHHBIX, IUIOTHOCTH OOCITy)KHBAaeMOTro OOOpYHOBaHHS U BPEMEHU
3agepkkn, yeM CUIl, mo stoit mprumnae CIIII moTpebyror Gojee MHPOKYHO MOJIOCY
pabouux wyacror. [lo omenkam ITU-R, mo 2020 roma cucremam MOOWIBHOH CBSI3U
notpedyercs cymMmapHas mnosoca 9actoT 1340...1960 MI'1 B 3aBUCMOCTH OT TUIOTHOCTH
a0oHeHTOB 0e3 CyIIeCTBEHHBIX W3MEHEHMH KadecTBa YyCIyr COTOBOM  CBS3H,
MIPEIOCTABISIEMBIX B HACTOSIIIIEE BPEMSL.

B nuanasone uactot no 6 I'T, koTopslil B HacTosIee BpeMs ucnois3yercs B CUII,
pacimpeHne CreKTpa BO3MOXHO Oarogapst HepeneH3UPOBaHUIO yXKe HCIOJIB3yeMbIX U
OIMPOKOMY NIPUMEHEHHIO HEJMIIEH3UPYEeMBIX 4acToT. Jnamazon yactot g0 6 [T mouru
MIOJTHOCTBIO 3aHST, MO3TOMY OCBOOOXICHHE W IIEPEeNTHICH3NPOBAHNE MIMPOKOH ITOIOCHI
YacTOT SIBJISETCS TPYJHO peaau3yeMoit 3aiauei.

[epepacnpenenenne paanodacToTHOTO crekrpa a0 6 [T Moxker ompeneneHHO
YBEJINYUTH HCIOJIB3YyEeMYIO IIOJIOCY, HO HE MOXET YAOBIeTBOpUTH Tpedosanmio CIIII,
KOTOpOE, COTJIaCHO OIICHKE HccienoBarenbckoro npoekta METIS, B 3aBucumoctu oT
IIOTHOCTH a0OHEHTOB, coctamisieT 1..3 I'Ti. Jlnst mpempocTaBieHus TpeOyeMo MONIOCH
pabouux YacToT HEOOXOIMMO UCIOIB30BATh YACTOTHI, TipeBbImaromue 6 I'Tr.

C y4eToM NpeIosKeHHBIX Ha BCeMHPHOI KoH(epeHmu panuocsssu B 2015 r. (WRC-
2015) YacTOTHBIX TMOJIOC, OBUIM HWCCIENOBAaHBI IMApaMeTPhl KaHala pPagdoCBsI3H H
MIPEIIOKEHBI YaCTOTHI, 00ECTIeYNBaIOIINe MAaKCHMAIBbHOE TIOKPBITHE COTHI [1].

OCHOBBIBasICE Ha YacTOTHOW 3aBHCHMOCTH IIOTEPh PaJHOCHUTHATA B PAa3IMIHBIX
Mareépuajax, 3aBUCUMOCTHU 3aTyXaHHUsd PAAUOBOJIH OT MHTEHCHUBHOCTU HOOXKIAA U
MOTJIOIIEHUA B KUCIIOPOAC U BOAAHBIX ITapax aTMOC(bepr, MOJXHO BBIACIIUTE CIICAYIOLINE
NPeaNOYTUTEIbHBIE MONOoCkl yactot: 24,25..27,5 I'Tn, 31,8...33,4 I'Tn, 37...40,5 I'Tu,
42,5..43,5TTw.

OTH 4YacTOTH NPEANOYTHUTENBHBl M3-32 MalbIX MOTEepPh IPH pacrpocTpaHeHHu. B
MecTax, IJle CKOHIEHTPHPOBAHO OONBIIOE KOJIMYECTBO OOCIYKHBAE€MBIX YCTPOICTB
(TwromamM, CTagMOHBI) W HEOOXOAWMAa INMpPOKAash dYacTOTHAs II0JIOCAa, TaKKe
MPEOYTHTENbHBI qrana3oHsl 66...76 I'To u 81...86 I'Tn, obecnieunBaromue MHAPOKUE
YaCTOTHBIE MOJIOCHI.

BaxHBIM mapamMeTpoM paaroKaHala sBISIETCsl pa30poc 3alep)KKU pacpOCTpaHeHUs!
pamuocurHana. B cuctremax ¢ BBIpaBHUBAaHHEM B YacTOTHOW 0OJNAcTH OT 3HAYEHMS
pazbpoca 3a/lep>KKH 3aBHCHT [UIMTEIBHOCTb LIUKIMYECKOro npedukca, a B CHCTEMax ¢
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BBIDABHUBAaHHEM BO BPEMECHHOW OOJIACTH - KOJMYECTBO BeTBeW mH(POBOro ¢GuibTpa
KOHECYHOI UMITYJILCHOM XapaKTEPHUCTHKOM TN CIIOKHOCTh 3KBaan3epa.

B HekoTOphIx paboTax yKa3bplBacTCs, YTO YBEIHMYCHHE YaCTOTHl PaJMOCUTHAIA
MPHUBOJIUT K OYCBHIHOMY YMCHBIICHUIO 3HAdYeHHs pazOpoca 3amepxkku. OmHAKO
pe3yibTaThl, NONyYeHHbIE B XoJe ucciegoBaTenbckoro mpoekta mmMAGIC,
MOKAa3bIBAIOT, YTO U3MEpEeHHe pa3dpoca 3aJepKKU B 3HAUUTEIBHOM CTENEHH 3aBUCHT OT
JIMHAMHYECKOTO JAMala3oHa H3MepuTedabHOro obopynoBanus. Ilocme xanuOpoBku
000pyIOBaHUs U BBIPAaBHUBAHUS KOMIUIEKCHOH aMIUIUTYAHO-4YaCTOTHON XapaKTePUCTUKU
W3MEpPEHHS BO BCEX YACTOTHBIX OOJIACTAX JAIOT MPUMEPHO OJMHAKOBBIA pe3yibTaT H
3aBHCHMOCTh OT 4acTOThl He HaOmromaercs. Jlns gacror 15 I'Tu, 28 I'Tu u 60 I'T'
HM3MEpPEHHBIC KPUBBIC pa30opoca 3aIep>KKH MPUBEICHBI Ha pUC. 2.
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e 60 [Tt |
=
L§ i
=
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g
s ¥
(=)
i

0 200 400 600 800 1000
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Puc. 2. BpeMeHHOe pacnipe/iefieHue MPUHATON MOIIHOCTH PaJHOCUTHAIA HA HECYIIUX
gacroTax 15,28 u 60 I'T'1x

Pe3ynbTaTsl BBITONHEHHOTO B JHCCEPTAllMM HCCIENOBAHHMSA MOKAa3bIBAIOT, HTO
PaznoBOIIHEI ¢ 4acTOTOH BhIme 6 [T Mo cpaBHEHHIO ¢ PaTUOBOIHAME C YAaCTOTOM HIKE
6 I'Tx mMeroT 3HAUUTENIHHO OOJIBIINE TTIOTEPH TIPH PACTIPOCTPAHEHHH, a 3HAUSHUS pa3bpoca
3aJep>KKU OTJIMYAIOTCS He3HauuTesnbHO. C yBEIMYEHHEM YacTOThl pa3Mephl COT OyAyT
YMEHBIIATHCS ¥ B YAaCTOTHBIX IMAIa30Hax, o0CyxaeHHbIX B pamkax WRC-2015, GynyT Bo
MHOTO pa3 MeHbIIIEe pa3Mepa HbIHEIIHUX COT.

YMeHbIlIeHHE pa3Mepa COT OTPaHHYHUT HCIOJIb30BaHME BBICOKMX uacToT. Mx Oyner
1esecoo0pa3sHo  HCIONB30BaTh BMECTE C HHU3KHMMH YacTOTaMH M TOJNBKO B
T'YCTOHACENICHHBIX paiOHaXx.

B Tpertneii riaaBe wuccienoBaHbl TexHoJormu mepenaun curHama CP-OFDM, SC-
FDMA, OQAM-FBMC, TF-FTN u GFDM, paccMOTpeHBI COBMECTHMEIE C HIMH CIIOCOOBI
Moxymsuuu. PaspaboraHa TeXHOJIOTHS Hepeladyd CHTHAla M Croco0 Momymsmuu. Jlms
npumenerns B CIIIT npemioxeH meron "mepekpbiTus U cymmupoBanus'. O60cHOBaHA
BO3MO>KHOCTb U HEOOXOJMMOCTb aJalITUBHOTO BBIOOpA TEXHOJIOTHH TePelau CUTHANA Ha
a0OHEHTCKOM 000pyaoBaHuH. [IpensokKeHbl MyTH pelieHUs Npo0OiIeM 31eKTpOMarHUTHOH
COBMECTHMOCTH, BOSHUKAIOIIUX U3-3a BHEMOJIOCHOTO u3myyenuss OFDM.
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B Hacrosmee BpeMms MyNBTHIDIEKCHPOBAHHE C OPTOTOHAIBHBIM YacTOTHBIM
pasnenenuem (OFDM) ucnons3yercst CUIT B kauecTBE TEXHOJIOTHH MEpPENadd CHTHANA.
ITapamerpsr OFDM npuHATBL 32 OCHOBY U C HMMHU CPaBHMBAIOTCS COOTBETCTBYIOIUE
rapaMeTphl APYTUX METOJIOB.

OFDM wumeet cneayromue mpeuMyIecTBa.

e lcrionb3yst BEIpaBHUBaHNE KOMIUIEKCHON aMITIMTYAHO-YaCTOTHOH XapaKTepUCTHKA
pagvioKaHala B YacTOTHOM  oOmacTH M YCTpaHEHHE  MEXCHUMBOJIBHON
uaTepdeperun, OFDM pe3ko yMEHbIIAeT KOJIMYECTBO BBIIONHAEMBIX B
MIPUEMHMKE BBIYMCICHUHM, W ammapaTHas CIO0KHOCTh BBIYMCIUTENBHBIX Y3JI0B
MIPUEMHHKA CTAHOBUTCS] MEHBIIIE, YEM B CUCTEMAaX C OJHON HECYIIEeH.
3a cueT mepeKphITH YacTOTHBIX crekTpoB noxHecymux OFDM nmeer Gomburyio
CIIEKTPaNIbHYI0 3((EKTUBHOCT IO CPAaBHEHHIO C TPAJUIHOHHBIM YaCTOTHBIM
MYJIBTUIUIEKCUPOBAHUEM CUTHAJIOB C OJIHOM HECYIIEeH.

s hopmupoBaHus U aHaNH3a curHana ucnonab3ytores bI1® u OBI®, ams koTopsix
pa3paboTaHbl 3P PEKTUBHBIE AITOPUTMEIL.

[Moxrecynye MOTyT OBITH MOYJIHPOBAHBI HE3aBUCHMO JPYT OT JPYTa, IOCPEICTBOM
YEro MOXHO YBEITHYHUTH MPOITYCKHYIO CIIOCOOHOCTh U TOMEX0YCTOHINBOCTD KaHA/Ia
CBSI3ML.

Jast  MynbTUIUIEKCHPOBAaHMS CHUTHAJOB PA3IMYHBIX aOOHEHTOB  BO3MOXKHO
IIPUMEHEHHE METOJa MYIbTUINIEKCHPOBAHUS C OPTOTOHANBHBIM YaCTOTHBIM
pasmenenuem (OFDMA), KOTOpBIH ycTpaHSeT HEOOXOIUMOCTh NPHMEHEHUS
opTtoroHanbHBIX KoJOB (CDMA) m jmaeT BO3MOXHOCTB HPENOCTABISITH PasHbIE
noaHecynye ogHoro u toro xe OFDM cuMBoia pa3HbIM aGOHEHTaM.

OFDM coBmecTuMm ¢ TexHonoruei nepexaun MIMO.

OFDM sBnsieTcst OTIaXCHHON W TOTOBOM K OBICTPOMY BHEIPEHHIO M TIPUMEHEHHUIO
TEXHOJIOTHEH Mepeaadn u UCIONIb3yeTCsl B PsAe CTAaHAapTOB.

OFDM wumeert cnenyroue HeIoCTaTKH.

e OFDM wnmeer Oonpinoe 3HaYeHHE KOAPQHUIMEHTA OTHOIMICHHS MaKCHMAIbHONH H
cpelHed MOIIHOCTH cHrHama. DTo oOycnoBnuBaeTcs TeM, uto OFDM curnan
ABJSIETCS. KOMILUIEKCHOM CyMMOH BceX MOIYJIUPOBAHHBIX MOJHECYLIMX H, IpU
OIpeIeNICHHOM MOCIeA0BaTeIbHOCTH JaHHBIX, IOJHECYIINE B HEKOTOPbIE MOMEHTHI
BpPEMEHH OKa3bIBAIOTCS CHH(pA3HBIMH M CKIAJIBIBAIOTCS, @ B JPYrHe MOMEHTHI -
MPOTUBO(A3HBIMH U BBIYUTAIOTCSI.

OFDM u4yBCTBUTENEH K HYJISIM aMIUIUTYAHO-4aCTOTHOM XapaKTePUCTUKH, U AJII
06e30MIMO0YHOr0 TPHEMa TEPEAaBacMbIX JAHHBIX OJDKHO —HCIIOJIb30BaThCS
MIOMEX0YCTOWYINBOE KOJUPOBAHNUE.

[Tockoneky B TpamuimonHomM OFDM moasecyne He (QUIBTPYIOTCS W CHMBOJ
UMEET MpPSAMOYTObHYI0 OTHOAloL[yl0, CUTHal HMeeT OOoNbIION  ypOBEHb
BHENOJIOCHOTO ~ M3JIy4eHHs. [l TOoJaBIeHHMS  BHEMOJOCHOTO — HM3IIyYeHHUS
HCTIONB3YIOTCSI 3alITHBIC HyJEBBIE MOAHECYIINE, KOTOPhIE B HEKOTOPOIl CTeleHn
YMEHBIIAIOT CIEKTpanbHyIo 3¢ dexruBHOCTs OFDM Texnomornm.

JInst TEXHONOTHH MHOKECTBEHHOTO JOCTYNA C YacTOTHBIM pa3JelieHHEM C OJHOU
Hecymeit (Single carrier frequency division multiple access, SC-FDMA) ucnomb3yercs
pacnpenenéunbiii OFDM ¢ auckperHsiM npeoOpaszoBannem Dypwe (Discrete Fourier
Transform spread Orthogonal Frequency Division Multiplexing, DFT-s-OFDM). B
Hacrosimee Bpems SC-FDMA  wucnons3yercs B CUIlI B kauecTBe TEXHOJIOTUHU
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MHO>KECTBEHHOTO JOCTYIla M IIepefadyd CHUTHAJIOB MJJIsI BOCXOJSIIECH JIMHHU CBSI3U
a0OHEHTCKOTO 000PyIOBAHYS.

SC-FDMA 1o cpaBrenuto ¢ OFDMA umeer cnenyromuye NpeuMyIecTsa.

e Menbiiee 3HaueHHe KOd(QQHIMEHTa OTHOIICHHS MaKCHMAalbHOH W CcpeaHei
MOIIIHOCTH CHUTHaJIA.

o Jlyumyio ycroiunBocts, SC-FDMA Oonee ycTOMYMB K HYNSAM aMIUIHTYIHO-
YaCTOTHOM XapaKTePUCTHUKH KaHaia CBS3H.

e MeHee 4yBCTBUTENEH K HECTAOMIBHOCTH HECYINEH 9acTOTHI.

SC-FDMA umeet cneaytomue HeiocTaTku 1o cpaBHeHuto ¢ OFDMA.

e TpebyeTcs CpaBHUTENBHO CIOXHBINA, MyIbTHAOOHEHTHBIH IPUEMHUK.

o Jlyist OOJIBLINX 3HAYCHUH OTHOIICHUS CHTHAI/IIYM BEPOSTHOCTD OJIOKOBOW OLIMOKK
HaMmHOro BbIie, ueM B OFDMA.

o /13-3a pomonuutensHoro BII® BeMucIUTENBHAS CIOXKHOCTH IEpeAaTyNKa BBIIIE,
yem B OFDMA.

e OFDMA snsiercs 6onee rudkum, uemM SC-FDMA. B cucremax, pabortaromux B
pealbHOM BpEMEHH, U3MeHeHHe KoaudecTBa Touek JIID sBuserca crnoxxHOU
3agadeii, a B OFDMA 3a cuet HyneBBIX IIOAHECYIIUX MOKHO 03 0000 CII0KHOCTH
H3MEHSTh KOJIMYECTBO MOJHECYIHX, IPEJOCTABIIEMBIX A0OHEHTY.

e B ycrnoBusix nepegaunt MIMO npu oguHaKoBoM oTHOIEHHH curaain/mryMm OFDMA
MeeT JyYIne XapakTepuctuk, yem SC-FDMA.

AHaNOTHYHBIE HCCIENOBaHUS OBUIM ITPOBEAEHBI [UISI TEXHOJIOTHMH MHOTOYacTOTHOM
nepenaun ¢ rpedeHuaroi ¢punprpanuer (Filter Bank Multi Carrier, FBMC), wacroTtHo-
BpeMeHHO# curHanmuzanuu «beictpee, yem HaiikBucr» (Time-Frequency Faster Than
Nyquist, TF-FTN) 1 0000I11IeHHOTO MyJIbTHIICKCHPOBAHUS C YaCTOTHBIM pa3/IciICHUEM
(Generalized Frequency Division Multiplexing, GFDM).

INomuMO WCCeI0BaHHBIX TEXHONOTHH TEpefadydl CUTHATIOB W3BECTHBI TAKXKE APYTHE
TexHosornn. K HHM OTHOCATCA: yHHBEpCAJbHO OT(MIBTPOBaHHAS MYIBTHHECYIIAs
(Universal Filtered Multicarrier, UFMC), 6nopToroHaqbHOe MYIBTUIUIEKCHPOBAHHUE C
yacToTHBIM pazaeneHuem (Biorthogonal Frequency Division Multiplexing, BFDM),
HUMITYJIbCOGOPMUPOBAHHOE  CHEKTPAIBHO AP (PEKTHBHOE MYJIBTHIUIEKCHPOBAHHE C
yacToTHeIM paszzneneHueM (Pulse Shaped Spectral Efficient Frequency Division
Multiplexing) u T.1. OHE TIPEACTABISIOT COOO0M pa3INYHBIC KOMOWHAIIMK HCCIICTOBAHHBIX
TEXHOJIOTHH C HEOONBIIMMU M3MEHEHHMsIMH. [3-3a CIOXHOCTH HX peanu3anud u
HaXO0XKIEHHS «Ha YpOBHE Uaen» s ncronb3oBanus B CIIIT oHu He paccMaTpuBanCh.

B Tabmune 1 mpuBeeHbI TEXHOIOTHH TIEPEfadd CUTHAJA U IPOBEJICHO UX CPaBHEHHUE
T10 YPOBHIO yoBieTBopenus tpebosannsm CIIIL.

Kaxk cnenyer u3 Tabmuist, mapa CP-OFDM SC-FDMA ycrymaeT IpyriaM TEXHOIOTHSIM
no cnekrpansHoit 3¢ ¢exruBnoctr (TF-FTN), BpeMeHHOMY HCIIOJIb30BaHHUIO KaHAla
(OQAM-FBMC, TF-FTN, GFDM) u BHemnonocHeiM usiaydeHusiMm (OQAM-FBMC,
GFDM). B cBoro ouepenp, Ipyrue MeTOIbl MMEIOT psii HemocTaTkoB. Cpean HuX
CIIO)KHOCTh peanu3aluu (11 BceX TEXHOJOIMH) M CIOXKHas COBMECTHMOCTh C
texHosorueid MIMO (OQAM-FBMC).

Bcero nums yaBoMB BEMHUCIUTENBHYIO CIOXXHOCTH CHCTEMSBI, Jursi TexHonoruit CP-
OFDM u SC-FDMA MO0XHO IPUMEHHTH METOJ "IePEKPHITUSI 1 CyMMHPOBAHHS", KOTOPBII
Mo3BOJsIeT 0e3 WCHONB30BaHMS IMKIMYECKOro IpeduKca B YaCTOTHOH oOmacti
BBIPAaBHMBAaTh NPHHSATHIE CUTHAIBL. IIpMMeHeHHEe 3TOro MeToAa YIYYIIUT MapaMeTphl
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BPEMCHHOTO HCIIOJIb30BaHUS KaHala CBSI3U TEXHOJOTHSIMH M OOCCIICYUT MaKCUMAaJIBHO
BO3MOXHYIO 3()()eKTUBHOCTD.

Tabmuma 1.
Yporens ynosierBoperus TpedoBanusM CIIII pa3nuaHbIX TEXHOIOTHI TTepeaadn

TexHonorus nepenavu (BUIL MOIYJISALIMN)

IMapameTps! 1 TpeGOBaHUS Tpedyemoe 0O0AM
3Ha49eHHe |CP-OFDM [SC-FDMA QAM- TF-FIN | GFDM
FBMC
OtHoeHune
MakcumanbHOM MomHocTH | Huskoe | Beicokoe | Huskoe | Bricokoe | Bricokoe | Bricokoe
k cpenneii (PAPR)
CnekTpanbHas
S (eKTHBHOCTS Bericokast | Cpennsit | Cpenusini | Cpenmsisi | Boicokas | Cpenusist
Bpemennoe

Bricokoe | Huskoe | Huskoe | Bwicokoe | Cpemnee | Cpennee
HCIIONB30BaAHKE KaHANa

Buenonocunoe usnyyenue | Huskoe | Boicokoe | Boicokoe | Huskoe | Boicokoe | Huskoe

CIOXHOCTB pean3anuy

Huskas Hmskas | Cpennsis | Bricokas | Bricokast | Bricokas
(BBIYUCITUTEIIbHAS)

I'ubxocTs pacnpeneneHus
pactipex Bericokast | Bricokas | Cpenusisi | Boicokas | Hmskast | Cpenmmsis

pecypcos
COBMECTUMOCTb C Her
o Ipocras | IIpoctas | IIpoctas | Cnoxnas IIpocras
TexHonorueir MIMO JAHHBIX
Tloanepsxka aganTHBHOTO
P Ha Ha Ha Ha Ha Ha

BBIOOPA MOJYJISIIHH

CTeneHb TOTOBHOCTH

Bricokas | Beicokas | Beicokas | Cpexnss | Huzkas Huskas
TEXHOJIOTHU K BHEIPEHUIO

B mpuKIagHBIX CHCTEMax TAaK)Ke BO3MOXKHO YMCHBIIMTH BHEMOJOCHBIC H3Ty4ECHHS
texnonoruii CP-OFDM u SC-FDMA. Kpome TOro, 9To MpeIsIOXEHBI W MOTYT
MIPUMEHSTBCS IHM(PPOBBIE METOJbI YMEHBIICHNSI BHEITIOJIOCHBIX HM3JIyYeHHUi, Takhe Kak
aJlaNITHBHOE HM3MEHEHHE CHMBOJIOB, PaCUIMPEHHE CHMBOJBHOTO CO3BE3IMs, Iepenaya
HOCJ’IC}IOBaTeJ’IbHOCTel‘*’I C MHOXCCTBCHHBIM BblGOpOM, HCITOJIB30BAHUC AOIOJIHUTEIIBHBIX
KOMIICHCUPYIOIINX MOJHECyIMX M T. A. Ha mpakTuke HCHOJb3yercs MoJaBiIeHne
BHEIOJIOCHOTO M3JTy4€HHUs CHTHAJIa CBSI3aHHOE C OPAHMYEHHOCTBIO MOJIOCHI POITYCKaHHs
u(po-aHATOroBOro mpeobpa3oBareiis, W MPUMEHSIOTCS CIEHHAIbHBIC MOJIOCOBBIC
(GUITBTPHL

KpoMe monaBieHHs BHEMOJOCHBIX H3JIy4eHHIl CHUrHala B IepelaTdHKe, TaKkKe
BO3MOXXHO M3MEHEHHE TOJIMTHKH BBIJEICHHUS CIHEKTpa. BMECTO NPSIMOTo MCIONB30BaHHS
BBIICTICHHBIX JJISI HYXJ J(QUPHOTO TENCBUICHUS M CO BPEMEHEM OCBOOOXKACHHBIX
Y4aCTOTHBIX I0JIOC, BO3MO)KHO B OCBOOOKACHHBIE YaCTOTHBIE MTOJIOCHI IEPEMECTHTh APYTHE
TEJICBU3NOHHBIC KaHAJIBI, 32 CUET Yero B KOHIIE YaCTOTHOTO JWana3oHa BhIACICHHOTO JJIs
3(UPHOro TelIeBUACHUS OCBOOOIUTH JOBOJIBHO LIMPOKYIO MOJocy. B nampHeiimem sta
YaCTOTHas II0JIOCA MOXKET OBITh BBIZIEIEHA OIIEPATOpPaM COTOBOH CBSI3H.

[IpoBeneHHOE HCCIIEIOBaHNE TAPAMETPOB paHOKaHAIIa TIOKAa3bIBACT, UTO B AUANIA30HE
CaHTHMETPOBBIX U MHJUIMMETPOBHIX BOJH B NPHEMHHUKE TAKKE IOJDKHBI BBIIOJHSITCS
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BEIDABHMBAaHHWE  IPHUHATOTO  paJUOCHTHAaIa W YCTpaHEHHE  MEXCHMBOJBHOU
nHTepepennuy. braromapss THOKOMY BBIOOPY YacTOTHOTO HHTEpBajla MEXAY
MIOJHECYIMMH | JUTUTENILHOCTH nuKimdeckoro npedukca, CP-OFDM u SC-FDMA raxoke
MOTYT HCIIOJIB30BaThCS B ATOM JHMala30HEe BOJH. TakuMm 0Opa3oM, IJIsi OCBOCHUSI HOBOTO
YacTOTHOTO JAWAna3oHa HEOOXOAMMO 3aMEHHTh TOJBKO PaJAMOYACTOTHBIA TPaKT U C
MHHHMMAJIBHBIMH MOAM(HUKAIMAMU HCIOJIb30BaTh AITOPUTMBI LU(pOBOH 00padoTKH
CUTHaJIa pa3paboTaHHbIe IS TUana3oHa 4actoT 10 6 [T

HcnonszoBanue obuiero Omo0ka 1muppoBoll 00pabOTKKM CHTHAJIOB IO3BOJIUT €IIE
OoJIBIIIE YIPOCTHUTH YCTPOHCTBO abOHEHTCKOro o6opynoBanus. ITockombKy aboHEHTCKOE
000py10BaHNE KaXKI0TO ITOCIIETYIOIIEro NOKOJIEHHSI COTOBBIX CeTel OOBIMHO COBMECTHMO
C CeTsIMH IPEeABIAYIIMX ITOKOJNICHMH, oOmuii 6ok mudpoBoli 00pabOTKH CHUTHAIOB H
MIPOrPaMMHO  OHpEAEIAEMBIl pajUOTPAKT TAKKE BO3MOXKHO HCIONB30BaTh I
ycranopienus cBsa3u ¢ CUIL. Huskas BbMMHCINTENbHAs CIOKHOCTH IPEAIOKEHHBIX
TEXHOJIOTHI TO3BOJIUT TOy9UTh OTHOCHTEIHHO HEAOPOroe aO0OHEHTCKOEe 000pYA0BaHHE C
HU3KHM SHEPronoTpeOICHUEM.

Brmonrennoe uccnenopanue Texuogaoruii CP-OFDM u SC-FDMA noka3bIBaeT, 4To
JUIsi  OONBIIOrO 3HAYEHWs OTHOWICHHS CHTHAI-IIYM MPUHATOTO CHTHAaTa M IpU
ucrnonb3oBaHuu TexHosoruu MIMO, xapakrepuctuku CP-OFDM  mpeBocxoadr
cootBercTBytoue xapaktepucTuku SC-FDMA. Jlns HU3KOro 3Hau€HUs OTHOIICHUS
CHTHaJI-IIyM, KOTOpPO€ OOBIYHO COOTBETCTBYET CIIy4ar0 PAacHOJIOKEHHS a0OHEHTCKOTO
ycrpoiicta Ha Kpato coTsl, SC-FDMA 0Oonee 3¢ dextuBHa.

VuuteiBas cxoactBo texHojoruir CP-OFDM u SC-FDMA, Ha aOOHEHTCKOM
YCTPOWCTBE B HAIPaBJIEHUN IIepeJadyl peKOMEHIyeTcs IPUMEHEHHE aJalTHBHOTO BEIOOpa
TEXHOJIOTHH TIepefadn CUrHana. B 061acTsx, pacroiokeHHBIX BOJIM3H IIEHTpa COTHI, T/e
a0OHEHTCKOMY YCTPOHCTBY JOCTYITHO BBICOKOE€ OTHOIIEHWE CHTHAI-IIyM, H JUIS
oOecreyeHusl OONBIINX CKOPOCTEH Tepenaud MaHHBIX, HEOOXOIUMO HCIOIb30BaTh
TexHosoruo MIMO, nomxna npumensitcs TexHosorusi CP-OFDM, a Bo Bcex oCTanbHBIX
ciydasx texHosorust SC-FDMA.

B nuccepranuu 000cHOBaHO, uyTO KorepeHTHbIH npueM OFDM curnana HecoBMeCTUM
C YacTOTHOM MOAyIsALMEeH MoAHeCYyIMX. B KOMIJIEKCHOM MNpPOCTpaHCTBE, MJIs
obecnedeHNss MaKCHMAaNbHOTO 3BKIMAOBOTO PACCTOSHHUSA MEXIY MOJIyIHPOBAHHBIMHU
WHPOPMAIIMOHHBIMU CHMBOJIAMH, HamOoJjee IeJecoo0pa3HO MpuMeHeHne M-TouedHon
KBaJIpaTypHOM aMIUIMUTYIHOM MOAYJISLIUH.

B ueTBepToOii I1aBe NPHUBENCHBI PE3YJbTAaThl KCIIEPUMEHTAIBLHOIO HUCCIIEIOBAHUS
XapaKTEPUCTHUK OFDM c IIPUMEHEHUEM IIPOrpaMMHO OIPENEIIAEMOTO
panroobopynoBanusi. PaspaboTtan u peann3oBaH aJrOpUTM ONpEeICHHs yIia mpueMa
paauocurnana uist couetanus rexuonoruii MU-MIMO u CP-OFDM. U3mepeHa TOYHOCTh
OTIPEIENeHHUS yIJIa.

Pe3ynbTaThl 9KCTIEpUMEHTANIBHEIX HccienoBannii cBoiicte OFDM u xapakrepucTHK
ajlanTanyy KBaJpaTypHOH aMIUTUTYJHOH MOIYJIAIMA OMyOINKOBaHEI B paboTax [2,3].

Jnst uccnenoBanus cBoiictB OFDM 0Obuta paspaboTanHa paboTaromasi B pealbHOM
BPEMEHU IpUEMO-IIEpeslaloIasl CHCTEMa Ha OCHOBE IPOrPaMMHO OIPENessieMOro
panuoo6opynoBanus USRP-2952R.
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Puc. 3. JIuuesas nanens nporpammsl ynpasienust OFDM npuemo-nepenaromeit
cucTreMoi

C moMOIIBIO CHCTEMBI, B peXHMe 3(PUPHOro IpHemMa W Hepelqadd CUrHana ObUIH
u3MepeHs! paanovactoTHbelii criektp OFDM curnana m gocrynHasi aDOHEHTY CKOPOCTh
nepeady JaHHBIX JUIS Pa3HBIX CO3BE3AUH KBaJPaTypHBIX aMIUTHTYIHBIX MOIYISNIWH, a
TaKoKe [T Pa3HBIX MTapaMeTPOB IIOMEXOYCTOHYHBOTO KOJIUPOBAHHS.

B cmygae QPSK, 16-QAM, 64-QAM Monymsuuii TOAHECYIMIHX HW3MEPEHHBIE
4acToTHBIE cHeKTpbl cymmapHoro OFDM curaama MMEIOT MPaKTHYECKH OJMHAKOBEHIE
YPOBHHU BHEMNOJOCHBIX H3iydeHui. [lonaBieHue B coceHeM KaHajge OTHOCUTEIBHO
OoCHOBHOro kanana coctasisieT 40 nb. IlonyueHHbIe 3KCIIEpUMEHTAIBHO PE3yJIbTaThl B
YaCTH ypOBHEH BHEIOJIOCHBIX N3ITyYeHHH COBIIAIAIOT C TEOPETHYECKUMH PE3yJIbTaTaMHU.

[Tyrem nporpammMHoro usmeHeHus: ypoHs OFDM-curnana, mis QPSK, 16-QAM u
64-QAM MonmynsmusAX MOJHECYNINX ObUTa W3MEpeHa 3aBUCHMOCTH BEJIMYMHBI BEKTOpa
omndku (Error Vector Magnitude, EVM) oT OTHOIIEHHS CHTHAN-IIYM M HCCIEIOBAHBI
XapaKTepPUCTUKH aIaNTalluy CII0cO00B MOYISIUI. Y UUTHIBas Pe3yIbTaThl H3MEPEHU, B
ciTydae OTHOIICHHUS CUTHAI-IIyM OoJbiie 27 nb Hanbomee menecoodpasHa MOy IsAnus 64-
QAM, npu 12...27 n1b — moaymsuusa 16-QAM, npu 8...12 1b — moxymsanus QPSK.

Omnucanne M peanusanus pa3pabOTaHHOTO aJrOPUTMa OINpPEACNICHUS yria IpHema
paanocUrHaia paCCMOTPEHBI B paboTe [4]. ANTOPUTM MOKET MPUMEHATHCS TSI TOYHOTO
OMNpECNICHNS] MECTOINOIOKECHUsT aOOHEHTCKOrO0 O00OpYHZOBaHHS UM HMEET HH3KYIO
BBIYHCITUTENHYIO CIIOXKHOCTB.

Pe3ynbTaThl SKCIIEPIMEHTAIBHOTO OIpPE/eIeHHs yIila MpHeMa paJnoCHTHaANIA ObIIH
TIOJTY4YeHBI JUIs TpeX yriioB. [IpuHIMas BO BHUMaHNE HaJIM4He HyJIeHd B o0mmeil auarpaMme
HaINpaBJICHHOCTH B HAIPaBJICHUSX BBEPX M BHM3 OT 0a30BOM CTaHINHU, MBI H30eraiu
TomajaHus MOOWIBHON cTaHOuM B 3TH 30HBL Eciom aHTeHHa 06a30BOi cTaHIUH
YCTaHOBJIEHA BEPTHKAIbHO, TOUHOCTh OMPEENCHHs YIla MpHUeMa paJdoCUTHAIA U3 3THX
HAaIpaBJIeHNH Pe3KO CHMKAETCSL.
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JluneBast maHess IPOrpaMMBbI JUTS OTIpeieIeHHs yTJIa IpHeMa paliioCUTHalla II0Ka3aHa
Ha puc. 4.
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Puc. 4. JIunieBast maHenb MIpOrpaMMBbl IJIsI OTIPEASNICHNUS yIJIa IpUeMa paaroCurHana

JIumeBast maHenb IPOTPaMMBI IPUBEICHA IJISI OJHOTO U3 CIIy4aeB OIpPEeAeNICHHUs yria
nmpueMa paguocurHaima. B Xoxe skcmepuMeHTa MOOWIBHAs CTAHIUS OTHOCHTENBHO
0a30BOif CTAaHIIMU B a3MMYTAIFHON IUIOCKOCTH ObIIa PacIoNoKeHa oA yraoMm 54°, yron
MeCTa OCTaBajCsi MOCTOSHHBIM M cocTaBisl 90° (o0e craHIMU OBUIM PACIIOIOKEHBI Ha
OJIHOH BBICOTE).

[Tpm sKcTieprMeHTax n3MepeHHbIe 3HaYeHMs1 yIJla MpUeMa paanoCUrHana HaXoHINCh
B mpezenax + 1° ot geiictBuTenbHOrO 3HaueHus. [IpuHUMas BO BHUMaHUe TOT (aKT, 4TO
OTpaKEHHMS OT CTEH TAKKE BIUAIOT HA TOYHOCTH H3MEPEHHS, MOXKHO CUUTATh, 4TO MOITydIeH
XOpOIIUil pe3yabTar.

TpexmepHas auarpaMma BEpOSTHOCTH MeJeHTanuu abOHEHTa, MOCTPOEHHAs II0
pe3ylIbTaTaM ONMCAHHOTO BBIIIE SKCIIEPHIMEHTa, II0OKa3aHa Ha puc. 5.

B pesynmpraTe Oyaymmx yiydIIeHWH NPOrpaMMHOTrO oOecredeHHs, IS BceX
nogHecymux OFDM curHama yrasl npuemMa pagMOCHUTHANa MOTYT  OIPEAENATHCS
HE3aBHCUMO JpYr OT Jpyra. Vcmoip3ys ycpemHEHHE M CTaTHCTUYECKYI0 (DHIbTPALUIO
U3MEPEHHBIX YIJIOB, BO3MOXKHO IOBBIIICHHE TOYHOCTH OMPENICNICHUs yriia mpuema. JTo
TI03BOJIUT NTOJYYUTh TOYHBIE PE3YIBTATHI Ja)Ke IIPU MAJIOM OTHOIICHUH CHTHAI-IITYM.

IMpn pabote ¢ oxHOM 0a30BOH CTaHIMEH HCIIOIB30BaHUE MAPAMETPOB 3aIEPIKKH
pacnpoctpanenust curHana (Time Of Arrival, TOA) u 3amepXKu MexIy Inepenadei
currana u npuemoM oteera (Round Trip Time Of Arrival, RTTOA), a mpu nHammamun
HECKOJIbKMX 0a30BBIX CTaHIMH TaKKe HCIOJb30BAHHE MapaMeTpa pasHHULBI 33aACPKKH
curnana (Differential Time Of Arrival, DTOA) mo3BosuT onpeaenuTb pacCTOSHAE MEX LY
6a30BOif W MOOWJIBHOW CTaHIMSIMH. DTO, B CBOIO O4YEpeib, IO3BOJUT OMPEACIUTH
MECTOIIOJIOXKEHHE aDOHEHTA U OTCIIC)KUBATH €T0.

15

© National Library of Armenia



0.81

0.51

Y
21

-0.1

-0.4

-0.37  -0.12 0.13 037 062
X

Puc. 5. [IpocTpaHcTBeHHAs TUarpaMma BEPOSITHOCTH TEJICHraluy abOHeHTa

PaspaGoranHoe MporpaMMHOE OGECIIEUCHHE pPa3MEIICHO Ha CETEeBOM pecypce co
cBobGoaHBIM nocTyroM. CChlIKa Ha pecype MpUBE/ICHA B KOHIE aBTopedepara.

OCHOBHBIE BBIBO/IbI 1O JUCCEPTALIMOHHOM PABOTE

1. CdopmymupoBaHel TpeOOBaHMS K COTOBBIM CETSM IISITOTO  ITOKOJICHUS,
TEXHOJIOTHYECKHE PEIIeHNsT MJIsI WX YyOOBJIETBOPEHHUS, KPUTEPHH OIEHKU
TEXHOJIOTHH Tepeauu U cnocodoB Moayssuuu [1-3].

2. YTOYHEHBI BO3MOXHBIC PabOYMe YACTOTHI JJIsi MPUMEHEHHS B COTOBBIX CETAX
MATOTO MOKOJICHHUs M JJISi STUX YacTOT MCCIIEOBAHbI MapaMeTphbl paguoKaHaa.
Pe3ynbTaThl HCCIEOBaHUM CBUAETEIBCTBYIOT O HE3HAYMTEIHLHOH 3aBHUCUMOCTHU
3HA4YEHUs] BPEMEHHOU IHCIEpCHH PaIHOCHTHANIA B pagdOKaHale OT YaCTOTHI W
OONBIIMX 3aTyXaHHWSAX pATUOCHTHAAa B PACCMOTPEHHBIX CAaHTUMETPOBOM U
MUJUTUMETPOBOM JMariazoHax BoJH [1].

3. TlpoBeneH cpaBHUTENBHBIN aHAIN3 TIEPEIOBBIX TEXHOIOTHII Iepeladn U crioco0oB
MOJIYJALMA Ha OCHOBE MapaMeTPOB OTHOIIEHHS MAaKCHMAaJbHOW U CpemHei
moiHoctd (PAPR), ciextpanbHoi 3¢ dexTuBHOCTH, KO3 dHUIIMEHTa BPEMEHHOTO
UCTIONIB30BAaHMUs KaHaJla CBA3M, BHEIMOJOCHOTO H3JIyY€HHs, BBIYHCIUTEIBHON
CJIO)KHOCTH, THOKOCTH pacHpeieNeHHs CETeBBIX PEecypcoB, COBMECTHMOCTH C
texHonorueii MIMO, wucmONBb30BaHWS AaTANTHBHBIX METOJOB MOJIYJISLIUH,
TOTOBHOCTH TEXHOJIOTHM K TPUMEHEHHWIO. [Ipe/iosKeHbl TEeXHOJIOTUH KOTOpHIE
HaWITy4IIIM 00pa3oM cooTBeTcTBYIOT TpeboBanusiM CIIIT [2,3].

4. TlpemtokeH METOJ, MO3BOJIIOMIMN K30ekaTh MPOOJIeM 3ICKTPOMArHUTHOW
COBMECTHMOCTH CBSI3aHHBIX C BHEMOJNOCHBIMH n3nydeHusiMu OFDM, o6ocHoBaHa
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BO3MOXKHOCTh M HEOOXOIMMOCTH aJAlTHBHOTO BHIOOpA TEXHOJIOTUH IIepefadd
CHUTHana Ha aDOHEHTCKOM 000pyI0BaHUH [2].

5. Jms meranbHOTO WM3Y4YEHHsl CBOWCTB IIpelaraeMOH TEXHOJOTHH IIepeladdl |
Ccroco00B ~ MOIYISIIMM  HAa  OCHOBE  IIPOTPAMMHO  OHpPEIesieMOro
pazunoobopynoBanus OblIa pa3paboTaHa cucTeMa IpueMa-Tepeaady U MpoBeICHbI
9KCIIepUMEHTATbHBIE H3MepeHus [2,3].

6. IlpennmoxeH anropuT™ AN ONpPEAENEHUs yria IpHeMa paJuoCcurHaga. AIropuT™
HMMEeT MAallyl0 BBIYUCIHTENBHYIO CIOKHOCTh, NPEAHA3HAUEH IJISI COBMECTHOTO
ucronp3oBanust ¢ TexHojorusimu MU-MIMO u CP-OFDM u wmoxer
HCTIONB30BAThCSL UL TOYHOTO OIpEJelIeHUsT MECTOIOJIOKEHHST a0OHEHTCKOTO
obopynoBanus [4].

7. Pa3zpaborana cuctema, KOoTopas 0asupyercss Ha IIPOTPaMMHO OIIpEIeIsIeMOM
panroobopyOBaHUU U IPH TTOMOIIM OIMCAHHOTO BBIIIE AITOPHTMA ITO3BOJISIET
OMPENENUTh yroJ MpUeMa paAuoCUTHANA C TOYHOCTHIO + 1° [4].

8. PaspaboTaHHBIC TPOrpaMMHBIC MOIYIIH Pa3MEIIEHbI B XPaHUIIUILE CO CBOOOTHBIM
JOCTYNOM [5] 1 yKa3aHBI HallpaBJICHUs JaTbHEHIINX HUcCIeJOBaHu [4].
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Junnigwophg b wpdwbwgpnipnibiiiphg: Uwpnubg b dbptbwbbph Ynnihg
umbtindynn ufjuyitinh hnuptiph thuynpnudip 4kl guwbgnid puipn futinhp E:

Utipttwbitiph Ynnihg untindynn wdjuytitiph hnupp upnn £ (hot mwppbp® Gho
Jud thnpp wpugnipyudp, dudwiwuyhlt hwyundwd aundudp qquynid Jud
hwyundwt  Gjuundudp Guynil, vpowph Ggundwdp juymb jud  dkd
hnruwhnipynil yjwhwbenn, npp untindnid k jpugnighy pupnnine:

Lywd Ghpwnnigmibbtpn hhiigbpnpn ubipinh gumbgtiphtt thpuyugbnid Go
nwpuntivwl] wuwhwbebhtipn: Luywptipm updwjud juwh hundwp juplinp Go
wybyuynn pudwinpnht hwuwbtih wmjjuybtiph hwnnpniwb wpugnipmap, thuynp
dwytiptiuht pwdhtt pijinn gwmigh pnmnibwlnipnibp, wjjuybtph hwnnpyiwb
wnwytjugnyl  wpugnignibp,  wpdnibwlnipnibp, tbhipgm b uybuopuyg
wnrynLbiwytimnipynibin:

Qtphniuugh b gwdp hwyuniudp juyh hwdwp 06 tpuwbwynipynit nibkh
guwigh hwyuniwbt dwdwbwlyp L pwdwbnpnuyhtt  vwppuynpnidbtiph
updnibwynipynibn:

Ukdwpwbul] dtiphin mhwh pwdwinpnibtph uyquuwnlpiui hudwp wnungty
twuwbd L gwbgh nbtunipuiiiphg oquynnutiph puwmnienibp, uvwppuynpniditiph
Edwlinipyniip b Eotipguwpnni iuytmnipynibip:

<htqtipnpn ubplinh gwbghpht Gtpluywgynn  wwhwbgtinp  puwpuptjne
hwiwp wibhpwdbym th wppth wejuw wpwewntd gubgtph Junnigguwdpuwyht,
dhahujub  dwwpnuyh, wyn  pYnd Gwb dnpnigpughugh Gqubwlh
thnthnpuniynibbitip fud pumynidtp: Ywyh dwnwynigynibtiph npuh pupapugdw
htwpuynp E hwubl) wppbt wnu wbhubninghujub, wignphpuwlwub jnioncdttiph
qupqugiwl U Onp  wbbnnghwiwbt  démdttph  fhpundwbd  dhengny:
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Wwbkbwhnunipyniip tghpywo k hhbgtipnpn utipinh guagtpnid htwipunp fhpuntih
dnnnipughuyh  tqubwybdtph W Gnp  wgnpppdwiuit n wmbubnnghwjub
[nuonudtiiph Wywiljdwbin:

Uwnbhwhinunipjut tygquwmuihtt hwutne hudwp Juuupl Go unnpl
PYunyud wpuwmwbpbbinp:

Quuwlbtpwyty kb hhbghpnpy utipfinh peguyhll Yuwh gwbghphtt Gkpfuywginn
wuwhwbeltinp, npubtg pujwpuptnt htwpuwynpnipnid vydnn  wkpubnnghwlwa
inuonudtitipp,  hwnnppiwd - whhubnnghwitph b dnpnigpughugh  Gnubwyatph
qwhwumiwb suthwbthptipp [1-3]:

<unwltigyty b hhogblpnpn ubiptinh peouyhtt juuwh gubgbpnd Yhpundwbh
htwpuynpnipinih niobkgnn hwwhptpmtpp b wyn hwwhwptpmtph hundwp
htimwgnuyt G numhnjuyninnt wupuwdbnptpp: <tumwgnunipyub wpynibpbtipp
Yyuynd GO Juuninnid punhnwqnuiipuih dudwbwuyhtt nhuytipuhugh wpdtiph
hwowhuniniihg thnpp Juujwonipyubi b htwpuwnp Jhpwunkh vwbwmhitopuyght,
dhihdtimpuyght whpbtiph mhpnyenid nunhnugnuitywbh Whd dwupdwbh dwuhb [1]:

YJuunuwpyty £ wowownbid hunnpniwb  wmbhubnnghwtiph W tpubg htim
Yhpwntih dnpnijughugh  tnubwyatph hwibdwwmwlub Jtpnonienid Goknyg
wnwytjugnyt L dhohtt hgnpnipynibiitiph  hwpwptpnipyui (PAPR), uybijupuy
wpynLbwytnnipyub, Juwninne dudwbujuyhlt oguugnpddwl, wyhuwwmwbipuyht
hwéwpiptipnhg nnipu Gunwquypdwl, hwyynnujud pupnnipjub, ntunipudtiph
hwnmlugiwb Gynibnipgub, MIMO wbhutnnghuwh htm - hwdwnbinbihnieyud,
wnwwwhy  dnpnigughugh  tquwbwybtph - oqumugnpéiwl,  wbkhubininghuygh
hwuniinipyult.  wuwpudtimptiphg:  Unwewplyly th  <U8-h  wywhwbebtinhtt
pujupupnn timubwyabn [2,3]:

Unwowplyty L OFDM-h pwndp wppuwwmwbpughtt hwmbwhptipmhg nnipu
Gunwquypdiul yuwmbweny wnwewgnn htntipbtptiighg b hjupuiwgbhuwljub
hwiwnbtintjhnipjut  utnhptiphg ot Gnuwbwy b hhdbuwgnpdly &
Ytpptinhdwd nignnipyudp  hwnnpniwd mkhutinnghuwh - wnuuuhy  pbwpnipywb
wihpudtymnipynitd nt htwpuynpnipnebn [2]:

Wnwowplyuwd humnppiwb mtjuininghugh b tpu httm jhpuntjh dnpnipugdwb
tnubwyitph hwninienibbtph thnpabwjutt himwgnudwb hwdwp dyuyyl
opwgpnptit npnpynn  punhnuwppuynpiwb  Yypu hhdtduwd  hwnnpmhs-plnnihy
huwdwlung b juunwnyty &b thnpatwuibd sahnuditip [2,3]:

Unwowplyly £, MU-MIMO L CP-OFDM wbhitnnghwitiph hwdwnpnipyub
ntwypnid, pwdwinpnuyhtt  wwppwynpniddiiph - 6gphnn. wtinnpnpuwt hwdwp
wibhpudtyn punhnugnubpuih pinnibdwt walyub npnpdwb gudp hwpynnuijub
pupnnipeinLh niiignn wignphpy [4]:

UWignphpedh Yhpwoedundp daulyty L dpwgnnpkil npnpynn
nunhnuwppuynpniittinh Yypw hhdijud hwdwjuing, npp htwpuynpniyni £ mughu
nnn2ti nwunhnugnubywith pnpniidwb walynibp £1° Gunipjudp [4]:

Uowljud dpwugpuyhlt wyquihnynidp mbinunpydty L wqun hwuwbtihnigjunip
wwhngny [5]:

19

© National Library of Armenia



LEVON NERSES GRIGORYAN

DEVELOPMENT OF WAVEFORM MODULATION FOR FIFTH
GENERATION MOBILE TELECOMMUNICATION SYSTEMS

SUMMARY

During the last several decades, mobile communications have significantly
contributed to the economic and social development of both developed and developing
countries. Today, mobile communications form an inseparable part of the daily lives of
billions of people in the world. It is expected that this situation will continue and will
become even more widespread in the future.

Currently, the fourth generation (4G) mobile communication systems is widely
being deployed by many operators worldwide in order to offer subscribers more reliable
radio access with lower latency and more efficiency than third generation (3G) systems. In
the future, demand for higher volumes of data traffic, myriad of connected devices with
diverse service requirements, will bring a need for extended network capabilities. In order
to meet these new requirements new evolved systems are created.

The fifth generation (5G) networks will be intended to serve subscribers in enhanced
mobile broadband, massive machine type communication and ultra-reliable and low-
latency communication usage scenarios.

The integration of these usage scenarios in a single 5G mobile communication
network require new network architecture and protocols those will be significantly different
from architecture and protocols of traditional human based networks. The integration of
human and machine type traffic in a single 5G network is a complex challenge.

In addition, machine type data traffic can be diverse, from low to high throughput,
from delay sensitive to delay tolerant, from error tolerant to requiring high reliability, which
creates additional complexity.

Mentioned usage scenarios pose different requirements to 5G networks. For
enhanced mobile broadband usage scenario most important parameters are user
experienced data rate, area traffic capacity, peak data rate, mobility, energy efficiency and
spectrum efficiency

In the ultra-reliable and low latency communications scenario, low latency and high
mobility are of highest importance.

In the massive machine type communication scenario, high connection density is
needed to support huge number of devices in the network. Devices should have low cost
and high energy efficiency to maintain long operational lifetime.

In order to meet the performance requirements of the 5G networks, existing
advanced networks should undergone architectural, physical level modifications, including
modifications or corrections of waveform modulation. Improvement of the quality of
communication services can be achieved through the advancements of existing
technological, algorithmic solutions and application of new disruptive approaches. The
PhD thesis is dedicated to development of modulation techniques, new algorithmic and
technical solutions for the 5G networks.

To achieve the objective of the thesis, the following tasks were fulfilled.

Main requirements to the fifth generation communication networks have been
formulated. Main technical solutions for the challenges were highlighted. Transmission and
modulation techniques evaluation criterions were formulated [1-3].
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Frequency bands, which can be used in the 5G cellular networks, have been clarified
and for these frequencies radio channel parameters have been studied. The results of the
research show that channel delay spread has small dependence on the frequency of the
radio signal and high signal attenuation is observed in possible cmWave and mmWave
bands [1].

Analysis and evaluation of advanced transmission techniques and compatible
modulation schemes, based on peak-to-average power ratio (PAPR), spectral efficiency,
time overhead, out-of-band (OOB) emissions, computational complexity, resource
allocation flexibility, compatibility with conventional MIMO technology, adaptive
modulation scheme usage and technology maturity parameters have been performed. A
method that best meets the requirements of 5G networks has been proposed [2,3].

Approach to avoiding interference and electromagnetic compatibility issues caused
by OFDM OOB emissions has been suggested. Necessity and feasibility of adaptive
selection of transmission technique in mobile station uplink direction has been justified [2].

Based on proposed technique and modulation schemes software defined radio (SDR)
based transceiver has been developed and experimental measurements for validation were
performed [2,3].

MIMO OFDM direction of arrival (DOA) estimation algorithm with low
computational complexity has been proposed [4].

Trial prototype system has been developed, based on proposed algorithm and SDR
technology. Implemented system estimates signal direction by £1° precision [4].

Developed software has been placed on an open access repository [5].
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