YAYUYHIEHHBIE CUT'HAJIBHBIE CTPYKTYPBI FBMC (5G) AJ1s1 CUCTEM
KPUTUYECKHUX KOMMYHUKAIIUM:
MOBBIIIEHUE IOMEXOYCTOMYUBOCTHA B YCJIOBHUAX
MHOTI'OJYYEBOI'O PACITPOCTPAHEHUSA

O.A. Hlopun, 0.m.n., npogpeccop, Mockosckuii mexnuveckull YHUepcumenm cesa3u u
unghopmamuxu, oshorin@nxtt.org;

I.0. Bokk, 0.m.H., oupekmop no nayke OO0 «HCTT», bgo@nxtt.org;

B.O. Hlopun, Mockosckuii mexHu4yecKuil YHusepcumem Ccea3u U UHQDOPMAMuKu,
shvo@nxtt.org.

YK 621.396

Annomayus. J1711 ycnoBUil MHOTOJTY4€BOTO paCIPOCTPAHEHUs TPOBEJCH CUHTE3
CUTHANBHBIX CTPYKTYp FBMC (Filter-Bank Multicarrier), oGecriednBarOINX HAWITYYIIIHE
MOKa3aTelu [0 YCTOWYMBOCTH K  BO3JCHCTBUIO IIOMEX BBICOKOTO  YPOBHS,
COCPEIOTOUEHHBIX B CIIEKTPAILHONW 00JacTh, OMU3KOH K paboueMy paarod4acTOTHOMY
nuana3oHy. PaccMoTpeHbl M comocTaBieHbl BapuaHThl Moaudukanuun FBMC npu
JUTMTEIBHOCTA ~ CUTHAJIBHOTO  cuMBojia  L=4  (MakcUMaJbHOE€  3HAYCHHE,
pEerJaMeHTUPOBAHHOE B TEXHUYECKOM TOKYMEHTAIIMN) U C YBEJIMUYEHHOM JTUTEIbHOCTHIO
curHaiibHOro cumBojia L=5. [Iloka3aHo, 4YTO B YCIOBHUSIX MHOTOJYYE€BOIO
pacupocTpaHeHus BapuaHT ¢ L=5 mpourpsiBaer BapuaHTy ¢ L=4 no yposHto [SI+ICI
(inter symbol interference + inter carrier interference) ot 0,4 dB no 0,8 dB. Ho 1o
YPOBHIO TOJABIEHUSI MOMEX, COCPEIOTOUYEHHBIX B OJHM3KON CIEKTpalibHOW 00JacTH,
BapHaHT ¢ L=5 npeBoCcX0AUT TpaauliMoHHbli Bapuant FBMC ¢ L=4 Gonee ueM Ha 12dB.
[Tocneanee OOCTOATEIHCTBO MO3BOJIUIO YCTAaHOBUTH MOTEHUUATHHYIO BO3MOKHOCTD
WCIIOJIb30BaHUsI Ha TMOJHECYIIUX MOIU(PHUIIMPOBAHHBIX CUTHAIBHBIX CTPYKTYp FBMC
moaynsiuuun OQAM256 unu paxe OQAM1024 npu cocpeqOTOYEHHBIX MOMEXaX C
ypoBHeM Ha 30 dB Bblllle ypOBHS [10JIE3HOI'O CUTHAIA.

Kntoueswie cnosa: FBMC; ISI; ICI; MoauuIIpoBaHHBINA CUTHAIT; MHOTOJTy4eBOE
pacnpocTpaHeHue; TOMEX03allUIIEHHOCTh; aMIUINTY IHO-4aCTOTHAs XapaKTePUCTHKA.

IMPROVED FBMC (5G) SIGNALING STRUCTURES FOR CRITICAL
COMMUNICATION SYSTEMS:
IMPROVEMENT OF NOISE IMMUNITY UNDER MULTIPAY
PROPAGATION CONDITIONS

Oleg Shorin, Doctor of Technical Sciences, Professor, Moscow technical university of
communications and informatics,

German Bokk, Doctor of Technical Sciences, LLC «NIRIT — XINWEY Telecom
technologiesy;

Vasiliy Shorin, Moscow technical university of communications and informatics.

Annotation. For multipath propagation conditions, the synthesis of FBMC (Filter-
Bank Multicarrier) signal structures was carried out, providing the best performance in
terms of resistance to high-level interference concentrated in the spectral region close to
the operating radio frequency range. The options for modifying the FBMC with the
duration of the signal symbol L=4 (the maximum value regulated in the technical
documentation) and with the increased duration of the signal symbol L=5 are considered
and compared. It is shown that under conditions of multipath propagation, the variant
with L=5 loses to the variant with L=4 in terms of IS] + ICI (inter symbol interference +
inter carrier interference) from 0,4 dB to 0,8 dB. But in terms of suppression of
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interference concentrated in a close spectral region, the L=5 variant outperforms the
traditional FBMC variant with L=4 by more than 12dB. The latter circumstance made it
possible to establish the potential possibility of using OQAM256 or even OQAM1024
modulation on subcarriers of modified FBMC signal structures with concentrated
interference with a level 30 dB higher than the level of the useful signal.

Keywords: FBMC; ISI; ICI, modified signal; multipath propagation; noise
immunity; amplitude-frequency characteristic.

Beenenune

[IpoGiiemMa ceNneKTUBHBIX CBOMCTB CHTHAJIOB 00O3HAuUMIach Kak KJIHO4eBas s
LIMPOKOIO IMEpPEYHsl BOIPOCOB, CBA3AHHBIX C JAJIBHEHIIMM DPA3BUTHUEM CETEH COTOBOM
CBSI3U U CUCTEM KPUTHUECKHX KOMMYHHKaUi. be3 ee perenns oka3zanoch HEBO3MOXKHBIM
BBIMTH Ha HOBBIE MIOKA3aTeNN WH(POPMALMOHHON POU3BOAUTEIILHOCTH.

Ha srane npoekTrpoBanus cucteM MoKojaeHus: SG 3TO MPUBEIIO K 3a/1a4e OUCKa
METO/IOB IMPEOJIOJICHUSI HEJIOCTATKOB, CBA3AHHBIX C CEJIEKTUBHBIMU cBoiicTBamu OF DM
CUTHAJIOB, MCIIOJIb3YeMbIX B cucreMax 4(G. bpln BbIMogHEH Ooubliold 00beM paboT Mo
MOUCKY HOBBIX BUAOB OFDM-1101100HBIX CUTHAJIOB (@ TAaK)Ke ajJrOpuTMOB 00pabOTKH),
MO3BOJSIIOLIMX ~ YJIYYIIUTh XapaKTEPUCTUKM M BBIATH HA HOBBIE I[IOKAa3aTesu
UH(POPMAITMOHHON MPOU3BOAUTENFHOCTH paauokaHana. Ecim B 4G OTAEIBHBIA CUMBOI
OFDM, cocTaBisOIINNA 3JIEMEHTAPHBIA PECYPCHBIM 3JIEMEHT Ha YaCTOTHO-BPEMEHHOM
IUIOCKOCTH, TIO YMOJYaHUIO (HOpMHUpPOBAJICS TaK, 4TOOBI 0OECHeunBaIOCh MpeAeTbHAs
KOHIICHTpAIlMsl DHEPTUU B JIOKAIBHOM MPSMOYTOJIbHOM 30HE OJHOrO TakTa (IO OCH
BpEMEHH) W OJIHOTO Iara CeTKH MOJHEecymux (1Mo Oocu dYactoT), To B 5G Kiacc
(bOopMUPYIOLINX CUTHAJIOB OTIEIBHOTO CHUMBOJA OBUT pacHIMpeH J0 MHOXECTBa C
CHJIBHBIMH TIEPEKPBITHSIMU UMIYJIbCHBIX PEAKINH HA COCEHUX TaKTax, M 00JIaJaroIux
CIIEKTPaMU C CHJIbHBIM MEPEKPBITHEM ISl COCETHUX MOAHECYLIUX. Y Ka3aHHBIA KIIAacC B
auTepaType moiaydwin oomee HazBanue moxyisiuu OTFS (orthogonal time-frequency-
space) [1, 2]. B paMkax yka3zaHHOT'O KJIacca C TOMOILBIO METO/I0B TEOPUU AHATTUTUUECKUX
(GYHKIMI OCYLIECTBIISICS HOUCK (POPMBI MMITYJIbCA, OOECIEUMBAIOLIETO HAWITyUIlIHe
MoKa3aTelld 1O YPOBHIO MEXCHUMBOJbHBIX (Inter-symbol interference (ISI)) n
Mmexnonnecymx (Inter-Carrier interference (ICI)) nckaxxeHui.

CunbpHBIM Pe3yabTaTOM, OTKPBIBLUIEM IIyTh K PELIECHHUIO, OKAa3aJI0Ch BBIIBICHHOE
CBOMCTBO OPTOrOHAJIILHOCTH y OJTHOTUITHBIX KBaJPaTypHBIX KOMIIOHEHT (OPTOTOHAJIbHAs -
OpTOrOHaJIbHAs WM cuH(a3Has-CUH(a3Has1), pacHojararoliuxcs Ha COCeAHUX (MM
CABUHYTBHIX Ha HEUETHOE YHWCIIO MO3ULUN CETKH) MOAHECYIIUX, IPU OTHOCHUTEIHHOM
C/BUI'€ TAaKTOBBIX MHTepBaioB Ha 1/2 Ttakra. Ha sTOif OCHOBe OblIa mNpemiokeHa
CTPYKTypa C HCHOJB30BAaHUEM MOAYJAUU cOo caBuroM (OQAM) u «KUPIUYHOU
YKJIaIKOI» TAaKTOBBIX HHTEPBAJIOB HA MOAHECYINX. B pe3yibpTaTe 0ka3anoch BO3MOXKHBIM
CYILLIECTBEHHO COKpAaTHTh MEPEYeHb OrPAaHHUYMBAIOLIMX YCIOBUH I 3aJauyd CHHTE3a
cUrHaiga, oOJajgaroIero MUHUMAJIbHBIMU  ypoBHAMHU IS[+ICI, UCKIIOUUB U3
KOPpENSLIMOHHBIX ~ YPaBHEHUM  TO3MLIMHU  COCEIHUX  mojaHecymux.  CHUrHaibl
BBIIICYKA3aHHOW CTPYKTYpbI, NpPHHAUIeKAIMEe K IapaMEeTpUUEcKOMy KJaccy ¢
(bOopMUPYIOLUIMMH UMITYJIBCAMH [TOIHECYIIIUX:

L-1
a(t)=1,; (£)41+2D 4, cos ot (1)
S = LT,
1, ecau |t|<LTS/2,

rue: 1, (¢) =
H ( ) 0, B IPOTHBHOM ciIydYae.

— (yHKIIUS IPSIMOYTOJIEHOTO OKHA
JIIATEINBHOCTRIO LTS,
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L — mapamerp, 3amaroluil ypoBEHb MEPEKPHITHS COCEIHUX TAKTOB HMITYJIECOM
¢dopmupytomiero curnana; 7's — TakToBbIid unTepBai; 4; (I=1,2,..., L-1) — npou3BoJbHbIE
Ko3(pHUIMEeHTHI, HacTpauBaeMble Il AOCTHXKeHUss MuHumyma ISI[+ICI, B nuteparype
noytyuunsiv ooiee Hazpanue FBMC [3, 4].

OpnHako pe3yabTaThl pelIeHus 3aa4 CUHTe3a CUTHaIoB F'/BMC, KOTOpbIe MOXKHO
HaWTU B OTKPBITHIX MCTOUYHHUKAX U TEXHUYECKOW TOKyMEHTaluu (CcM., Hampumep, [3, 5-
11]), momyuyeHsl & WIACAIBHBIX YCIOBHH 0e3 ydera s(ddexrta MHOTOITYyUEBOTO
pacrnpoCcTpaHEeHUss U BO3MOKHOT'O BO3/EHCTBUS MOILIHBIX IIOMEX, COCPEIOTOUYEHHBIX B
CIEKTPAJIbHBIX 00JaCTsIX OJIM3KUX K JUAMa30Hy 4acToT curHaia. OTMeueHHOe YITyIleHue
MIPE/ICTABIIIETCA OUYEHb BAXXHBIM C TOUKH 3PEHHUSI CUCTEM KPUTHYECKUX KOMMYHUKALIUMN,
OIHUM M3  OCHOBHBIX  TpeOOBaHWM, [UIsI  KOTOPBIX  SIBJISETCS  BBICOKAs
MOMEXO03aIIUIIEHHOCTh 1 3 dekTuBHas paboTa MPH OTCYTCTBUU MPSIMOM BUAMMOCTH Ha
Tpaccax. HacTtosmmii mMaTepuan MOCBSINEH MPEOIOJICHUIO YKa3aHHOIO HEIOCTaTKa U
npeajiaraeT pelieHue 3a/ladyd  CHHTE3a CHUTHAJIOB CTPYKTypel FBMC, naroiee
MOBBIIICHHBIE [TOKA3aTENIN IOMEX03aIUILIEHHOCTH MPH YCIOBUHM COXPAHEHUS HCKaKEHUI
ISI+ICI Ha ypoBHSIX, IPAKTUYECKH COBINAAAIONINX C TOKA3aTEIsIMU U3BECTHBIX BAPUAHTOB
FBMC, neMmoHCTpUpYyEeMBbIMU IIPY MHOTOJTYYEBOM PACIIPOCTPAHEHUU PaHOCUTHANA.

IMomexo3amumeHHOCTh U3BeCTHBIX FBMC curnajion

A. H3ze6ecmuvie cuenaanvuvie cmpykmypol FBMC.

N3BectHble W3 JUTEpaTypbl W TEXHUYECKOM JOKYMEHTAMH CUTHAJIbHBIE
cTpykTypel FBMC Mupab6acu-Maptuna [9] oxBaTbIBalOT Clly4au C JUTMTEIHHOCTIMHU
CUTHAJIBHBIX CUMBOJIOB L=2, 3 u 4. OTBeyaromye um 3uadeHus BecoB A;(/ =1, 2, ..., (L-
1)), npuBenens! B Taba. 1 [3, 7-9].

Tabmuma 1. Koaddunuenrs! curnaios FBMC

I Kox¢ppuunentsr FBMC
A A2 As
2 0,707107 - -
3 0,911438 0,411438 -
4 0,971960 0,707107 0,235147

Crnyuail ¢ L=2 npezacraBisieT YUCTO aKaJeMHUYECKUN BapHaHT, NOCKOJIbKY M3-3a
paspbeiBa curHasa (1) Ha rpaHHIle B CIEKTpE BO3HMKAE€T BHEMOJIOCHOE H3Iy4YeHHUE
HEJIOMyCTUMO OombIiioro ypoBHs. Ilpu L=3 — pa3peiBa curnana (1) Ha rpaHuiie HeT, HO
ypoBeHb OOKOBBIX JenectkoB (background noise) chnektpa B OmKHEH 30HE
3arpaJUTeNIbHON MOJIOCHI COXpaHseTcs B npeaenax ot -32dB no -52dB [6, 9, 10], uto He
o0ecrnedrBaeT BBICOKYIO IOMEX0YCTONUHNBOCTh KOPPEISAILMOHHBIX aJITOPUTMOB IIpUEeMa U
JeNaeT JNaHHBIA BApUAHT HEMPUTOIAHBIM JUJIsl CHUCTEM KPUTHUECKUX KOMMYHUKAIIUH.
Tonbko Bapuant FBMC ¢ L=4, obecrieunBarolivuii ypoBEHb OOKOBBIX JIEIIECTKOB B
npenenax ot -39dB no -68dB [6, 9, 10], oka3pIBaeTCsI MPAKTUYECKH MPUEMIIEMBIM TS
KPUTUYECKUX KOMMYHHKAITUH.

Ha puc. 1 moka3zansl aMIITUTY THO-9acTOTHBIE XapakTepucTuku (AUX) hpunbTpoB-
npoTtotunos curHanoB FBMC Mupab66acu-Maptuna [9] ans ciaydaes L=3 (cuHss KpuBas)
u L=4 (kpacHasi KpuBas).

Kak moxxHO BHAeTh, ciydaii ¢ L=4 obecrieunBaeT MpeuMyIIecTBO Haj L=3 1o
YPOBHIO TIOJIaBJICHUsI OOKOBBIX JICTIECTKOB criekTpa oT 8 dB 1o 18 dB.
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Pucynok 1

Bynem opueHTHpOBaTHCS HA U3BECTHBIC U3 TPAKTUKA MUHUMAJILHO HEOOX0IUMbIE
ypoBHU SINR nis UCTONB30BaHUs HA MOAHECYIUX Momyssiuuid OQAM?256 (SINR > 30
dB) 1 OQAM1024 (SINR > 37 dB). Yka3zanHble TUIBI MOIYJIALUU CIIY>KaT TOJIBKO IS
3a/laHUsl YPOBHS CIIO)KHOCTH 00pabotku. Peamsno FBMC pomyckaer TMpUMEHEHHE U
JpYrux BUJOB JucKpeTHOW [12-15] mnmm nmaxe HenpepsiBHOM [16-17] momynsumii co
CIBHTOM MHTEPBAIOB KBajparyp Ha 1/2 takra. [IpuBenennsie SINR BIOHE JOCTHKUMBI
C Y4E€TOM TOro, UYTo B cucteMax 5G MIIaHUPYETCS PEKUM COMPOBOXKACHUS aOOHEHTOB
Jy4yaMH JUarpamMM HalpaBjIC€HHOCTH aHTEHH, paOOTAaIOLIMX Ha OCHOBE aJlfOPUTMOB CO
CBEpXpas3pelIeHreM, Harpumep, [18, 19].

W3 puc. 1 MOXHO 3aMETUTh, YTO JaXe NpHU MoJHOM OTcyTcTBUM [S[+ICI n
COOCTBEHHBIX IIYMOB 3amac Mo MOMEXOyCTOMYMBOCTU MpU OTCTpOike momexu Ha 1,5
11ara CeTKM MOJHECYIIX COCTABIISET MOPSAIKa:
onss FMBC ¢ L=3:

1.1) 12 dB (nns mogymsiumu OQAM?256);

1.2) 5 dB (ansa monynsiiuu OQAM1024)
onss FMBC ¢ L=4:

2.1) 28 dB (nns mogymsitun OQAM?256);

2.2) 21 dB (ansa monynsiuu OQAM1024)

B ycnoBusx, xapakrepHbix a1 P®, ¢ WHTEHCHUBHBIM HCIOJB30BAHHEM
CHEKTPAJIbHOTO pecypca paJuoKaHala, yKa3aHHbIX 3amacoB (OCOOCHHO il CHUCTEM
KPUTHUYECKUX KOMMYHUKaIUil) HeqocTaTouyHO. OOBIYHO IPUEMIIEMBIM CUUTAIOT YPOBEHb
MOMEXO03AIIUIIEHHOCTH, TPU KOTOPOM PabOTOCIIOCOOHOCTb COXPAHSETCS B YCIOBHSAX
BO3JICHCTBUS TTIOMEX, TTpeBOCXOAsmux curuai Ha 30 dB.

[IpuBeieHHBIE BBIIIE OIICHOYHBIE PE3YJIBTAThI ABISAIOTCS rpyObIMU. UTOOBI TOUHO
OLICHUTh TPeOOBaHMS IO MOMEXO3AIIUIIEHHOCTH HY)XHO Takxke ydectb [S[+ICI u
3aaTbCsl JOMYCTUMBIM IMOKa3areiaeM 3(QGEKTHUBHBIX YHEPreTHYECKUX MOTeph (WM, YTO
SKBHUBAJIEHTHO, ITOKa3aTelIeM JOMYyCTUMOTo 3(P(PEKTUBHOTO YBEIUYEHUS YPOBHS IIyMa).
Huxe Oyaem nosnarats, 4To peskuM cCOXpaHseT paboTOCIOCOOHOCTh, eciii () (HhEKTUBHbBIE
SHEPreTUYeCKue MOTepH He MPeBOCXOAST 3 dB. DTO SKBUBAJEHTHO CUTYallUsM, KOrna
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ypoBeHb [SI+ICI 1Ioc OCTaTOYHBIM YpOBEHb IOMEXH cocTaBisier -33 dB (s
monyssiuu OQAM?256) u -40 dB (nis OQAM1024).

B. ISI+ICI ons FBMC npu omcymcmeuu MHO201Y4e8020 paAcnpoCmpaHe s

B muteparype cymmapHsblil ypoBeHb uckakenuit 1S7+/CI monyuwnn HazBanue 7otal
Interference (TOI) [10]. Ilpu OTCYyTCTBUM MHOTOJYYEBOTO PACIPOCTPAHCHUS MOKHO W3
(1) Berumcnuth ypoBHH KommnoHeHT ISI m ICI anamutwdecku. Tak amruuryna IS7,
MOPO’KIAEMOM OT CHMBOJIA, CABHHYTOTO Ha k TakToB (k =1,2,..., (L-1)), Oyxer:

f 1,

P —
[ 777 dBi_&LJW dB\I - dB L—Tl.? dB L,'XAB__LJ??.T dB }
[ - dB I - dm\‘lﬂ I %T/d%('x‘dﬂ I - dB ]
T

-73.8 dB -xdB -138 dB 6520 4B -73.8 dB l -0 dB l -73.8 dB ]

!
Pucynok 2
LT/2
ISI(; D)= [ a(t)a(t—kT,)at. 2)
—LT/2

IToncrasnsis (1) B (2) v BBINOIHSSI UHTETPUPOBAHUE HAXOMM:
L-1
ISI(k;L) = T{L —k—4k> (-1 4 sinc(z—”klj -~
= L
3)
L-1
=2k (-1)*" 4,4, {sin c(%k(l +1 ')jcos (”Tk(l —l')j +y (k,1,1';L)cos (%k(l +l')ﬂ},

1,I'=1
inc(zk(I-1"/L), ecrul %1,
rae: sinc(x)=sinx/x, y (k,1,I;L)= sinc(zk(I-1"/L), ecuu
—(L-k)/k, 6 Opyeux cyuasx.
Cpasy XOUeTcsi OTMETHTb, UTO H3BECTHOE cooTHomenne A, =+1- 47 nns FBMC

¢ L=4 [9, 10], nonyuaercs u3 (3), Kak peruenue ypasHenus ISI(2;4)=0. Jlanee A4

BBIUHMCIIACTCS u3 YCIIOBHSI a(t) L—T>/20. 10 naer:
— P
1442 +45-22 J8— 274442
4= +J—+45 ‘/_~0,971960, 4, = NBZNTHAN2 Z+ V2 ~0,235147,

Ananornuso, s ammmTy el [CI, OpoXIaeMol OT CUMBOJIA, CABUHYTOTO IIO
4yacTOTe Ha 2 11ara CEeTKH MOJIHECYIUX U CABUHYTOIO IO BpeMeHu Ha k (k=1,2,..., (L-1))
TaKTOB, MO>KHO ITOJTY4YHTh:

ICI(k; L) = u.r[/z a(t)a(t—kTS)cos(2§—”(t—kTS ))dt = 2Tk{2g(_1)[141 4(—Z£ZL/)L)2 sinc(zzk[]ﬁL

—LT/2 S

§ g g | DI (_k j (_k J (@-ny (_k ] (_k j
+1,1Z::1( 1) A[A[’L—((Hl')/L)Zsmc L(l+l) cos L(l ) +4—((l—l')/L)2S1nc L(l I') |cos L(l+l)

{C))

Ha puc. 2 nokazansl pacuetnsie 3Hauenus IS/ (k; L) w ICI (k; L) nns cnyyas FBMC
¢ L=4. B ueHTpe puc. 2 nokasasa sueiika aneMeHTapHoro pecypca FBMC, nyst KoTopoi

L-1 L-1
piuncisiores 17, ICI a taxoe TOI =2 ISI* (k; L)+4) ICI* (k;L).
k=1 k=1
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Muoxurens 2 npu IS/ mosiBWICS MOTOMY, 4TO [S/ BO3HUKAIOT Kak OT
NPEAECTBYIOMNX, TaK U OT TOCJIEAYIOIMIUX CHMBOJIOB, PAcIOJIOKEHHBIX Ha paboueid
nogHecyme. Muoxurens 4 npu /CI nosiBuicss noromy, 4ro /CI BO3HMKAIOT Kak OT
IPEIIECTBYIONINX, TaK U MOCIEAYIONIMX CUMBOJIOB, PACIOJ0KEHHBIX Ha MOAHECYIINX
CABUHYTBIX Ha 2 I1ara CETKH YacCTOT BBEPX U BHMU3.

Bxnan B TO!I 0T cUMBOJIOB, CABUHYTHIX HA *1 mmiar (WIn HEYETHOE YHCIIO) CETKU
MOJIHECYIIMX HE paccMmarpuBaercs. [IpuunHoit Tomy u3BecTHBIN dakT [3-11] o ToMm, 4TO
Ha pacCMaTpUBAaEMOM PECYpPCHOM 3JIeMeHTe He BO3HUKatOT /C/ OT pecypCHBIX 3JIEMEHTOB
COCETHHX IOJHECYIIUX, €CIM Ha yKa3aHHBIX MOJHECYIIMX HCHOJb3yeTCS MOIYJISIIHS
OQAM co cMeHOH COCTOSTHUI KBaapaTyp, MPOM3BOAUMON CO CIBUTOM Ha 1/2 TakTa.

3eneHpIM Ha pHC. 2 BBIICIEHBI PECYPCHBIE AJIEMEHTHI, [JIsI KOTOPBIX

npousBoguMbIMU 1ST 1 ICI MOXXHO TpeHeOpedb, OOJIOTHBIM — C OUYEHb HU3KHUM YPOBHEM
IST ICIL

C. ISI+ICI onsa FBMC npu muozonyyesom pacnpocmpaneHuu.

B ycnoBusix MHOrosyueBoro pacnpoctpaHenus ypoBHH [SI u ICI Takke MOXKHO
paccUUTHIBAThH C IOMOIIBIO COOTHOIIEHUH (3), (4), UCTONB3YsI B HUX 33aJEPKKU U CABUTU
YacCTOT C YYETOM IOIMPABOK MO COOTBETCTBYIOIIMM XapakTEepUCTUKaM JTyueil. byaem npu
3TOM OPUEHTUPOBATHCS HA MOJIETTM MHOTOJTyYEBOT'0 PAaCPOCTPaHEHUs, IPUHsAThIE B 3GPP
[20].

Boruncnurensubie pe3ynbTarhl nokazanu, urto IS/ u ICI obnamaroT BBICOKOU
3aBUCUMOCTBIO OT pa3z0poca 3aJepKeK U JOIJIEPOBCKUX CABUTOB YaCTOT, HAOJIO1aeMbIX
B OTAENbHBIX JTy4aX. [loaToMy B nanbHelem OyieM OpUEHTUPOBATHCS Ha 1B OCHOBHBIX
CiIy4yasi MHOTOJIYYEBOTO PaCIpOCTPaHEHUs], COTJIACYIOUIUXCS C PErjiaMEeHTHPOBAHHBIMU
MOJEIISIMHU:

Cnyuait 1. Cnaboe mnposiBIEHWE MHOTOJYYE€BOCTH C MaJbIMH pa3zdpocamu
3ajepxek (B mpenenax 0,1 5MKC) 1 MajgbIMH JOTUIEPOBCKUM CIBUTAMHU, BOZHUKAIOIIUMU
npu ckopoctax aboHeHToB 70 10 M/c (ansa auamasonoB g0 3IT). OTBevaer monuensim
EVA (mu3zkockopoctHas), EPA [20].

Cnyuait 2. YMEpeHHO CUIBHOE MPOSBIEHHE MHOTOIYYEBOCTH C pa3zdpocamu
3ajgepxek (B mpenenax +0,25MKC) M JOTUIEPOBCKUMU CIIBUTaMU, BO3HUKAIONITUMU TIPU
CKOpOCTsiX a00OHEHTOB 110 25 M/c (11 nuanazonos a0 3I'T), orBewaer moaenu E7TU [20].

Ha puc. 3 noka3zansl pacuetHsle 3Hauenus IS1 (k; L) u ICI (k; L) nnst FBMC ¢ L=4,
aist «Crydast 1», npu mare cetku qacrtot fg=1/T, =15 kHz.

Ha puc. 3 pomonHMTENnbHO MOKa3aHbl TUcTOrpaMMbl ypoBHed ISI, ICI
MOPOKJAEMbIX JIydaMHd CHMBOJIOB C CaMbIM OOJBIIMM BIMSHUEM. [HcTOrpamMMbl
MOCTPOEHBI JUIsl pa3IMuHbIX 3a7epxkek (A7/Ts) U TomIepoBCKUX cIBUTOB (Afa/fs). MoxHO
BUJETh, 4YTO MHOTOJIy4€BOE€ pACIpPOCTpAaHEHHE CHIIbHEe Bcero ysenuuuBaer [C],
dbopMupyemMble CUMBOJIaMU COCETHUX MOJHECYIUX NMPH BPEMEHHBIX caBUrax *+1/27s u
1+3/2T5. OHM CTaHOBSITCSI TOMUHUPYIOIUMHU, U JJaxke B «Ciyyae 1» mogHUMaroT ypoBEeHb
TOI no -43,90 dB.

3eneHpIM Ha pHUC. 3 BBIIEIEHBI PECYPCHBIE 3JIEMEHTHI, JJs KOTOPBIX
npou3BoguMbIMHU [ST 1 /CI MOXHO ipeHeOpeyb IS BCeX MPAKTUUYECKUX 3a/1a4, 00JIOTHBIM
— C OYEHb HU3KUM ypOBHEM NPou3BOAUMBIX /ST, ICI, po30BeIM — ¢ ypoBHsAMU /CI, KOTOpBIE
OpUBEAYT K OMNPEAETICHHBIM SHEPreTHYEeCKUM TOoTepsM (B OTrOBOPEHHBIX BBIIIE
JOMYCTUMBIX MpeJieNax) B PEKUME C HCIOJIb30BAHUEM HA MOJHECYLIMX MOJYJISLUU
OQAM1024.
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Pucynok 4

Ha puc. 4 nokasansl pacuerHele 3HaueHus ISI (k; L) nm
ICI (k; L) nna FBMC L=4, «Cnyyaii 2». KpacHbiM Ha puc. 4 BbIENIEHBI PECypCHBIC

aneMeHThl, YpoBHH [CI KOTOPBIX OJIOKUPYIOT BO3MOXKHOCTH NMPUMEHEHHS MOJIYJISIIIH
00AM1024. TOI B «Cnyuae 2» nocruraer -36,08 dB.

D. Ilomexoycmouuusocmov FBMC npu muozonyyesom pacnpocmpanenuu

Crpykrypa FMBC opueHTHpOBaHA Ha JOCTH)KCHHE YaCTOTHOW CENIEKIIUU C
MOMeXaMH, OTCTPOSHHBIMU OT IIEHTpa KpaifHel paboueil mojHecymiel, HaunHas OT 2-X
maroB ceTku (2f5). [loaTomy nipu orieHke momexoycroitunBoctu FBMC Oynet KOPppeKTHO
UCIIONb30BaTh KPUTEPUH, CBS3aHHBIN C pacyeToM YpOBHS TMOAaBIEHUS B (puibTpe-
MIPOTOTHIIE CTIEKTPATLHBIX COCTABIIAIONIMX B nuanas3one [1,5 f;, 2,5 f;]. Ha puc. 5 nmokazan
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pe3ynbTaT pacueTa yKa3aHHOTO YpOBHs monaBieHus mo AUX dumsTpa mporotuma,
cootBercTBytoiero FBMC [9] ¢ nokazarenem L=4. Kak MOXKHO BUAETb, OH COCTABJISET
65,02 dB.

Taxxke Ha puc. 5 NpUBEAEHBI JOIYCTUMBIE OCTATOYHBIE YPOBHHM IIOMEX, IPU
KOTOPBIX COXPAHSETCS BO3MOXKHOCTH paboTel ¢ moaymsauuamu OQAM1024 npu
MHoOrosyueBoctd B ycinoBusix «Cmywailt 1», u OQAM?256, npu MHOTrOJIy4YeBOCTU B
ycnoBusix «Ciyuait 2». B cOOTBeTCTBUM € IPUHSTHIM HAMU BBIIIE YCIOBUEM JOIMTYCTUMBIX
HHEPTreTHYECKUX NOTEPh A0 3 dB, MUHUMAIBHO AONMYCTUMbIMU 3HaYeHusiMu SINR 37 dB
(mst OQAM1024) u 30 dB (nnss OQAM?256) u nonyyenabivu 3HadeHusimu 701 -43,9 dB
(s «Ciywast 1») n -36,08 dB (nisa «Ciyuas 2») noiaydaem, 4To IPEesIbHbI yPOBEHb

OCTAaTOYHOM ITOMEXH I10 OTHOIIIEHUIO K CUI'HATy JOJKCH COCTaBJIATH:
10 [g(10%15373) _ 1001830 = 4227 dB («Cayuaii 1», O0AM1024),

-35.94 dB

mas OQAM256 (FCayuaii 27)

40 Loy apip

a1 OQAM1024 (“Cayuaii 17)

Ammnuryaa (dB)

-60

=70+

’ 'WWW
100 m{mf\l\n

0 05 1 15 2 25 3 35 4 45 5 55

Hopmupopannas acroTa (warn noasecyumx) f 7

Pucynok 5

10 [g(10%1-30-3) _ 10013608y = 3594 gB  («Coyuait 2», OQAM?256).
[Toatomy ypoBenb nomexoyctoiunBoctu 1ist FBMC [9] cocraBisier:
1) nns pexxuma OQAM?256
-35,94 dB +65,02 dB = 29,08 dB Hax ypOBHEM CHUTHAJIA;
2) nnisa pexxuma OQAM1024
-42,27 dB +65,02 dB = 22,75 dB Hax ypOBHEM CUTHAJIA.

[Tomy4yeHHbIE pe3yabTaThl OKA3AIUCH JOCTATOYHO ONMM3KUMH K TPYOBIM OIIEHKaM
3araca o oMex0yCTOWYMBOCTH, BHITOIHEHHBIM 10 MAKCUMAJILHOMY YPOBHIO OOKOBOTO
JIENIECTKA CIIEKTpa U NPUBEACHHBIM B OAITYHKTE «A» AaHHOTO pa3aena. CieaoBarensHo,
BBIBOJI O HEJOCTaTOYHOCTH YKa3aHHOTO 3amaca Julsl paboThl B YCIOBHSX MHTEHCHBHOM
JKCIUTyaTalliM CIIEKTPAJbHOTO pecypca paJuOKaHala, IOATBEPAMIICS M TOYHBIM
pacuetoM. IloaTOMy mns peanu3anMy NOTEHIMAIBHBIX IOJIOKUTEJIBHBIX KadecTs,
CBS3bIBaEMBIX C curHaiamu FBMC, B cucteMax KpUTHYECKHMX KOMMYHUKaIUI
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HEOOXOIUMO BBINOJIHUTh HX MOIUGMKALMIO, HANpPaBICHHYI0 Ha YBEJIWYEHUE
IIOMEX0YCTONYUBOCTH.

MoauguuupoBaHHbIe FBMC CHTHAJBbI c MOBBIIICHHOM

N0OMEeX03aIHMIIeHHOCTHI0

BoluncnurensHbIMU METOJIAMU € MCHOJIb30BaHUEM cooTHoIeHuil (3) u (4) npu
MOJCTAaHOBKE B HUX Jiydel ¢ mapamerpamu mojaeneit EPA, EVA v ETU, nponicaHHbIX B
MeEXyHapoIHbIX pekoMeHnauusx 3GPP (Appendix B) [20], yaanoch ycTaHOBUTD:

1) pemenus Al (=1, 2, ... L-1), mony4eHHbIC B COOTBETCTBUU C KPUTECPHEM
MuHuMyMa 7OI ipu OTCYTCTBUM MHOT'OJY4E€BOCTH, JEMOHCTPUPYIOT nokazaresnb 10I B
YCIOBHSIX ~MHOTONY4YeBOTO pacnpoctpaHenus («Cnywait 1» u  «Ciydaii  2»),
OTJIMYAIOIIUICS OT MUHHMAJIbHO JTOCTHKUMOro He Oosee uem Ha 0,1 dB - 0,2 dB;

2) B yCJIOBHUSIX MHOT'OJyYEBOT'O PACIPOCTPAaHEHHUSI BO3ZHUKAIOT IIJIbI€ Uara30Hbl
3Havyenuit 4; (/=1,2, ... L-1), i1 KOTOPBIX B YCIOBHSIX MHOTOJIy4€BOT'O PACIIPOCTPAHEHUS
TOI otnn4yaeTcs OT MEHUMAJIBLHO JOCTHKUMOTO He 0ojiee ueM Ha 0,5 dB.

[Mosromy Momudukanuto FBMC ¢ TENbI0 TMOBBIIICHUS TTOMEX0YCTOMYUBOCTU
MOKHO c(hOpMyITHPOBAThH KaK 3a/1a4y YCIOBHON ONTHMH3AIINH:

~yL-1 235
{Al} =arg min J ‘F(f)‘2 df |, npu oepanuvenuu: TOI < H, (5)
1 {Al}lbl 1.5f5
LTy /2
rae: F(f)= j a(t)exp(—j2zft)dt — AUX duiabTpa npoTOTUIIA JUIS HMITYJIbCA a(t) (1),
-LTy/2
L-1 M, L-1 M,
TOI =2 ISI*(k,m; L) +4Y > ICI*(k,m; L), ISI(k,m; L), ICI(k,m;L)—ISIu ICI ny4a
k=1 m=1 k=1 m=1
m, paccuutbiBaembie 10 (3) u (4), My — uucno nyueit B mogenmu 3GPP [20], H — nopor
nonycTuMbIX ypoBHelt TOI, coctapnstomuit -43 dB nns curyanmii «Ciyyait 1» u -36 dB
Juist cutyanuii «Ciyyait 2.

A. Moougpuyuposannwiii FBMC ons L=4.
Pemenne ontummzanuonHoi 3amauu (5) mus cinydas FBMC ¢ L=4 6buio
BBIIIOJIHEHO YHMCIIEHHO C IOMOIIBIO aJrOpUTMa KPyTOro BOCXOXKJIEHHUs bokca-YuicoHa

[21]. ITpu 3TOM KECTKOE yCI0BUE a(;) — ( OBLIO 3aMeHEHO Ha 0oIee MATKOE:
t—>LT /2

Af+fs
|7 (/) df <80 dB, npu Af 22,5/;. (6)
Af

VYcnosue (6) siBIsi€TCS JOCTaTOYHBIM, YTOOBI PH OTCTPOMKAX MoMex Ooliee yem
Ha 2,5fs u, umeronmx ypoBeHb Ha 30 dB Bbllle MOJE3HOTO CHUTHANA, BO3HUKAIOIINE
JIOTIOJTHUTENbHBIE A(PQEKTUBHBIE HHEPreTHUECKHe MoTepu (Jaxe Uil pexUMa C
0QAM1024) ne npessianu 0,5 dB.

B Tabn. 2 B mepBoil 3Hauvamiell CTpOKE MPHUBEICHBI IMOJYYEHHBIE 3HAUCHMS
napametpoB A; (=1, 2, ..., 3).

Tabmuma 2. Koaddunuents: MmoauduunpoBanHbix curianoB FBMC.

Ko3¢ppuunenTsr MoaupuumpoBaHHbIX

L FBMC
A A As Ay
4 0,976790 | 0,705147 | 0,224147 -
mod
5 0,996758 | 0,881532 | 0,472409 | 0,0886348
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Ha puc. 6 mnokazanet AYX GUIBTpOB MPOTOTHIIOB H3BECTHOTO [9] m
MouduuupoBanHoro FBMC ¢ L=4.

Kak wmoxHo Buzaerh, wmoaudunupoBaHHbId BapuanT FBMC o0nanmaer
MOBBIIICHHBIM Ha 7,32 dB nokasareieMm nomMexo3amuiieHHocTy. [1pu aToM, 10mycTHMBIII
YPOBEHb MOMeX (Haj CHUTHajIoM) aisa pexkuma Moxyisiuu OQAM1024 B «Ciygae 1»
nocturaer -43,02 dB +72,34 dB=29,32 dB. D10 obecnieunBaeT ycioBus AJs PabOTHI B
CUTyallUsiX MajbIX TMPOSBICHUNA MHOIOJYYEBOCTH TMPU BO3JCHCTBHUSIX IIOMEX,
MPEBBIIAIOIINX TMOJIe3HbIN curHan Ha 29,3 dB. IlocnenHee BIUIOTHYIO TPUOIMKACT K
ypoBHIO 30 dB, OTKpBIBAIOIIEMY BO3MOXXHOCTH NpuMeHeHus FBMC ¢ momynisnue
OQAM1024 B cucreMax KpUTHYECKHX KOMMYHHKALUH, pabOTAIONMX B YCIOBHSX
MHTEHCHUBHOM 9KCILUTyaTallii PECYPCOB PaIMOYaCTOTHOIO CIEKTpPA.

Ammmryga (dB)

-90

Nl

3.5 4 45 5 5.5 6

-100

w

0 05 1 1.5 2 25

HopMupoBanHas gacToTa (Iarn moaHecymmx) f 7 s

Pucynok 6

[TpuBenennsie B Ta0. 2 ko3 dumenTsl MoudHuIrpoBaHHOro curnaia FBMC c
L=4, mony4ensl 1 cuTyarmii ciaboit MuoromydeBoctu «Ciyuait 1». IIpoBepka Takoro
FBMC B cutTyaiusix ¢ yMEpeHHO CHJIbHBIM MPOsIBIIEHMEM MHOTOIy4YeBoCcTH «Cirydait 2»
1oKasajsa, 4ro:

1) ycnosue Ha TOI, ykazaHHoe B (5), BBIIOTHSETCS;

2) obecrieunBaeMblii YpPOBEHb MOJABICHHS MOMEX (HUIBTPOM-TIPOTOTHIIOM B
nosoce [1,5 f, 2,5 f] npakTHYeCKH HE OTIMYAETCSA OT MAKCUMAJIBHO JOCTHXKHMOTO.

[Tosromy yka3zaHHble B NEpBOM CTpoke Tadi. 2 KOIPPUIMEHTHl MOXKHO
UCIIOJIb30BaTh I TOBBILICHUS MoMeXxo3aluiieHHocTn FBMC B cuTyalusix BCero
CIIEKTpa CIIy4aeB MPOsBICHUsI MHOTOJTydeBOCTH: OT «Ciydast 1» 1o «Ciydas 2».

Ha puc. 7 u puc. 8 nokaszansl pacuetrnsle 3Hauenus IS/ (k; L) n ICI (k; L) ans
MoaugpunupoBanHoro FBMC ¢ L=4, B «Cnyuae 1» u «Ciydae 2», COOTBETCTBEHHO.

nf . 75 -~

[ -79.0 dB -91.4 dB _78.2 dB { -102.2 d% -78.2 dB -914 dB -79.0 dB ]
[ -81.6 dB I -56,|m’1&3 jil/‘BjT(/ﬁﬁldB I -8l6dB]
o1

[ -73.7 dB T -55.2dB T -54.6 -55.2 dB T -73.7dB
A

A
/T@ [ -81.6 dB I -56.1dB -56.1 dB 81(:dB]

[ -79.0 dB m[ r87dB/I/ 1022dB\I~ .78.2 dB w 79.0 dB ]

W~

PucyHnox 7
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Pucynok 8

Packpacka pecypcHBIX 3JIEMEHTOB Ha PHUC. 7, 8 BBIIIOJIHEHA MO TEM K€ CaMbIM
MpaBuWiaM, 4TO U Ha puc. 3, 4.

B «Cnyuae 2» nns mogudunupoBannoro FBMC nonyCTUMBIA yPOBEHb TOMEX JIJIS
pexuMoB ¢ Moayssiiuet OQAM256 coctanset -36,02dB +72,34dB = 36,32dB. 1o Ha 6
dB npeBbimaeT moporoBeiii ypoBeHb 30dB, OTKPHIBAIONIUI BO3MOKHOCTH TTPUMEHEHUS
FBMC B cucreMax KpUTHYCCKUX KOMMYHHKAIMKA, pabOTalONMX B YCIOBHUAX
MHTEHCHUBHOM 3KCILTyaTallii PECYPCOB PaIMOYACTOTHOIO CIEKTPA.

B. Moouguyuposannwiit FBMC ons L=35.

[Tockonpky MonubunupoBanubii curHan FBMC ¢ L=4, XO0Tb W TO3BOJHI
BIUIOTHYIO NMPHUOIU3UTHCS K TpeOyeMoMy ypoBHIO nomexoszamuiieHHocTd 30 dB, Ho He
JIOCTHT €r0, TO ObLJIa MPEANPHUHSITA ITONBITKA HANTH pEeIIeHuE Ipu L=5.

Tak Kak B JOCTYMHBIX UICTOYHUKAX HaiiTh onucanue FBMC ¢ L=5 He ynanoch, TO
JUIsL  YKa3aHHOTO  BapuaHTa  Takke  ObLI0O  KCIOJIb30BAaHO  OMNpEJesICHUE
«moudumupoBanHbiii FBMCy.

AHanornyHo cutyauuud ¢ L=4, pelieHHe ONTUMHU3AMOHHON 3amauu (5) ans
cinydass FBMC ¢ L=5 Obul0 BBITOJHEHO YMCIEHHO C MOMOIIBIO aJrOPUTMa KPYTOTO

BocxoxaeHus: bokca-Ywuicona [21]. [Ipu 3Tom »kecTkoe ycioBue a(t) — 0 ObuIO
t—>LT, /2

3aMEHEHO Ha 0oJiee MATKOE:
M+fs 5
[ |F(£)f df <-90dB, ecuu Af 225, (7)
&

[TosyueHHoe perieHue A1 UCKOMBIX mapameTrpoB A; (/=1,2,..., 4) npuBeneHo B
TabI1. 2 B ocienHel cTpoke.

IIpu mnposepke, mnapamerpbl A; (/=1,2,..., 4), onTUMaibHBIE NpPU MaJIOM
nposiBieHMH  3QQPekToB MHoromyuyeBoct «Ciyudail 1», mokaszamu pe3yJsbTarhl,
NPAaKTUYECKH COBIIAJAIONINE C ONTUMAIBHBIMU MPH YMEPEHHO CHJIBHBIX MPOSBICHUSIX
s¢dexToB MHoromyueBoctd «Ciyuait 2». Ilostomy u mia L=5 koapduumeHTsr A
(I=1,2,..., 4) u3 mocneaHel CTPOKU Tald. 2, MOKHO HCIIOIB30BATh JJISi TTOBBITIICHHS
nomMexo3amuiineHHocTy FBMC B cuTyanusx BCEro CIeKTpa cy4aeB MHOTOJYYEBOCTH: OT
«Cnyygas 1» no «Ciyuas 2».

Ha puc. 9 u 10 nokazansl pacuernslie 3Hauenus ISI (k; L) w ICI (k; L) nns

MougpunupoBanHoro FBMC ¢ L=5, B «Cniyuae 1» u «Ciyudae 2».
t’(‘

f D ——
[ -94.4dBI 1.0 dB I 303 dB I -94.2dBT -1255duI -94.2dBI 203 dBI _gmdﬂ _944ﬂ
[ -90.8 dB I -69.5 dB—I_%L 525 dB I 525 W-avsdn r-eoxdrs I
. 736dB | -68 41' -81 7@
L
1 T‘l\[ 90,8 dB I 69.5 dB 05 dul

69:dB I 908dB
[ 94 4 dB I -81.0dB I -80.3 dB I -94.2:131 -125.5 dBI -94.2 dB

[ -81.7 dB I -68.4 dB -73.6 dB

—

-80.3 dB I -81.0dB I 044dB]

>
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Pucynoxk 10

Packpacka pecypcHbIX 351eMEHTOB Ha pucC. 9, 10 BBIIOJIHEHA 1O TEM XK€ CaMbIM
MpaBuiaM, 4TO U Ha puc. 3, 4.

Ha puc. 11 nokazansl AUX (GuiabTpoB mpoToTUNOB u3BecTHOro [9] ¢ L=4 u
MoauduiupoBannoro FBMC ¢ L=5.

Kak moxHO Bumers, moaupunupoBanHbeli Bapuant FBMC c L=5 obmamaer
MOBBIIEHHBIM Ha 12,31 dB noka3arejieM ITOMEXO03alUIIEHHOCTH.

30
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Pucynok 11

B coorBerctBMM € TOpUHATBIM HAamMM  BBIIIE  YCIOBHEM JOMYCTUMBIX
SHEPreTHUECKUX MoTephb 70 3 dB, MUHUMAIBHO JOMYCTUMbIMU 3HaueHussMu SINR 37 dB
(mmst OQAM1024) u 30 dB (st OQAM?256) u nonyuennbimu 3HaueHusimu 701 -43,20 dB
(g «Cnyuast 1» u -35,45 dB (nna «Ciyyast 2») noiryyaem, 4to MpeeibHbI ypOBeHb
OCTaTOYHOW MOMEXH 10 OTHOILLIEHHIO K CUTHAITY JTOJIKEH COCTaBIISITh:

10 [g(10%1373) _ 100164320y = 42 83 B («Cayuait 1», 00AM1024),
10 [g(10%1-30-3) _ 10013549y = .36 65 B («Coyuait 2», OQAM?256).

YPOoBEHb NOMEXO03AIUIIEHHOCTH IPU 3TOM COCTABUT:
-42,83 dB + 77,33 dB = 34,50 dB («Cnyuaii 1», OQAM1024),

-36,65 dB+ 77,33 dB = 40,68 dB («Cityuait 2», O0AM256).

Takum 00pa3zoM, ycioBHE YpOBHS MOMeXo3amuiieHHocTH He Hiwke 30 dB s
MoupunupoBanHoro curHana FBMC ¢ L=5 oka3pIBaeTCs BHINIOIHEHHBIM C 3al1acoM HE
Menee 4,5 dB.

[TosToMy nmansblii BapuanT curHana FBMC mo3BoJieT co3AaTh YCJIOBUS JUIsS
paboThl B CHCTEMaxX KpPUTHYECKUX KOMMYHHUKAUA C MOIYJSALIUSIMH CJIOXHOCTU
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OQAM1024 (ipu MaJbIX TPOSBICHUSX 3(P(HEKTOB MHOTOIYUYEBOCTH) U C MOIYJIAIUSIMH
cinoxHOCTH OQAM?256 (1Ipy yMEPEHHO CHIIBHBIX IIPOSBICHUSX MHOTOJYUYEBOCTH).

C. Cokpawenue 3auumno20 UHmMepEana 3a0epicKU 015 MOOUPUYUPOBAHHOO

FBMC c L=5.

OOmenpu3HaHHBIM ~ HEJOCTaTKOM curHaioB FBMC sBisercs TpeOoBaHHE
3HAYUTEJILHOT'O 3aLUTHOIO BPEMEHHOro MHTepBana (pazmepoM LTs) mist obecriedeHus
TapaHTUPOBAHHOM pPa3BsI3KW MEXKAYy CHUTHAJAMU CEaHCOB pa3HBIX aOOHEHTOB,
WCITOJIb3YIOIIMX OOIIMK CIEKTpalbHBIN pecype [22, 23]. [elcTBuTepHO, HapuMep, B
cucremax LTE 1 MAKBWIJI 3amuTHBIA HHTEpBaJl cocTaBisieT nopsaaka 7%-8%. [loaromy,
YTOOBbI JIOCTUTHYTH TOIO € YpOBHS, ceTb ¢ FBMC nomkHa MCIOJIb30BATH MOCBUIKU
JUTTETBHOCTBIO TTopsiaka L/0,08 = 12,51, aro naet 50 cumBosoB Aiist L=4 u mpuMepHO 62
cumBosia aiusa L=5. IIombITKM COKpaTUTh 3alUTHBIA HHTEPBAl METOAOM CO3JaHUs
CHELMAIIBHBIX KOHCTPYKLUN CUTHAIBHBIX UMITYJIbCOB FFBMC Ha Kpasx nmochuIok [22, 23]
MIOKA3aJId, 4YTO 3TO IPHUBOIUT K CYILECTBEHHBIM YXYIIICHUSM YaCTOTHO-CEJIEKTUBHBIX
CBOMCTB U, KaK CJIEJICTBHE, IIOTEPE NOMEXO3AILUIIIEHHOCTH.

Jlng  mpemiokeHHOro  BapwaHTta, MoauduuupoBanHoro FBMC ¢ L=5
IIPOCMATPUBAETCSI BO3MOXHOCTh YAaCTUYHOI'O YCTPAHEHUS OTMEUYEHHOI'O HEJ0CTaTKa
IyTEM COKpAICHMs 3allIUTHOTO MHTEPBaJa JI0 3HAaY€HU, COOTBETCTBYoUMX FBMC L=4.
Ecnm obparuthes k puc. 9, 10, To MOKHO 3aMETUTh, YTO HAa KPAHUX IO HIKAJIE BPEMEHU
HO3ULUAX PECYPCHBIX 3JIEMEHTOB (BBIAEICHBI KPACHBIMU PaMKaMH ) HaOII0Jal0TCsl OUeHb
HU3KME Mokaszareiau ypoBHed IS/ u ICl. DTo MO3BOJISET HAJEATHCS, UYTO YBEIMUEHUE
nokaszatesisi 70/, BO3HUKAIOLIEE NPU COKPALLEHUM 3aIUUTHOro WHTepBasna 10 475, He
IPUBEJIET K CYIIECTBEHHBIM IIOTEPSIM B IOMEXO3AILUIIEHHOCTH.

Hanpsimyro BOCIIONb30BaThesl NOJMYyYEHHBIMU BhILIE pesyiabTaTamu it 1S u ICI
JUISL OLIEHKH NOTEPh P COKPALEHUM 3alUTHOTO MHTEpBasia Helb3s. OOBICHIETCS 3TO
TE€M, YTO OHM OBUIM TNOJIY4YEeHbl JJs 3aJEpKEeK Ha TpaccaX MHOIOJIY4YEeBOIO
pacnpocTpaHeHHs, a s IEepexOoAOB MeEXJIy CEaHCaMH HYXXHO paccMaTpuBarh
CYLIECTBEHHO OOJIbIINE 3aJEP)KKH, KOTOPble BO3HHMKAIOT Ha Tpaccax OT aOOHEHTa [0
coceqHux 0a3oBbIX craHuuil. To ectb, npu pacuerax IS/, /CI Hy)XHO HCIIOJIb30BaTh
nuarna3oH paszopoca 3anepxek +ISD/2c, rne ISD (Inter Site Distance) — mokasatelb
pPacCTOSIHUSL MEXIy COCEIHUMH 0a30BBIMHU CTaHIMSIMM, ¢ — CKOPOCTh cBeTa. byaem
OPUEHTHPOBATHCS HA CTAHJAPTHOE OrpaHudeHue /SD 11 rOpoJCKUX U IPUTOPOIHBIX 30H
ISD < 6xm. IIpu aTom B pacuerax ISI, ICI cneayeTr ucnoiab30BaTh AUAINIA30H 33JEPKEK B
rpanunax +10 mxc. Ha puc. 12a) u 0) noka3zansl pacuetsl IS/, /CI, BO3HUKaIOIMIKE NPU
MEPEKITIOYEHUN ceaHcoB Juisi MoauduimpoBannoro FBMC ¢ L=5 B «Cnyvae 1» u
«Cny4ae 2», COOTBETCTBEHHO. /[aHHBIE B MO3MLMAX KPAallHUX COBUIOB COOTBETCTBYIOT
BapHaHTy COKpaIlleHHUs 3allUTHOro MHTEepBajia /10 47s, a ANl COBOKYMHOCTH KpallHUX U
IIPEIKPAHUX MO3ULIUN — COKpaLIEHHIO 10 3 7.

[Ipu pacuerax MCHOIB30BAIOCH CTAHIAPTHOE JIi TEPPUTOPUI C MHTEHCHBHBIM
UCIIOJBb30BAaHUEM PAaJUOYaCTOTHOIO pecypca MpPEIIOJIOKEHHE, YTO B  CEaHcax
KOHTPACTHOCTh CUTHAJIOB MOKET J0X0auTh 10 30 dB.

Pe3ynbrarel puc. 12 nokasslBaroT, 4TO COKpALIECHHUE 3AIIUTHOTO MHTEpBaia A0 37
MOJKET MPUBOJIUTH K JONOJHUTEIbHOMY yBenuueHuto 70/ Ha BennunHy nopsijaka -18 dBb.
OTO /enaeT HEBO3MOXKHBIM HCIONb30BaHuEe curHanoB OQAM moboro Buaa. Ecnu xe
3alIUTHBIM MHTEpBaN cokpamaercss 10 47s, To B TOIl mosBIsSIeTCS JONOJHUTEIbHAS
COCTaBIISIIONIAsA C ypOoBHEM Hopsizika -42,97 dB («Cnyyaii 1») u -41,87 dB («Ciydaii 2»).
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Pucynox 12

Pacuyer ocraTouHoro ypoBHs nomexu npu koppekiuu 701 naer:
y
10 [g(10%1C373) 1001432 10014290y = _57 77 dB  («Coyuait 1», O0AM1024),

10 Ig(10%1630-3) _ 100163545 _1 014187y = .38 21 dB  («Caryuaii 2», OQAM256).

YpoBeHb TOMEXO03aIUIIEHHOCTH TIPH 3TOM COCTABHT:
-57,77dB+ 77,33 dB=19,56 dB  («Cnyuaii 1», OQAM1024),

3821 dB+77,33dB=39,12dB  («Cryuait 2», OQAM256).

To ectb, mma pabotet ¢ OQAM256 BHOAHE JOMYCTUMO MCIOJIB30BaTh
ykopoueHHble 10 475 3amuTHbie uHTepBaNbl. A 111 OQAM1024 310or0o nenatb HEnmb3sl.
Opnaxo, eciii 3a/1aThCsl YPOBHEM BO3MOYKHBIX dHEPTEeTHUECKUX MOTeph 110 4dB (BMecTo 3
dB), To octarouHblii ypoBeHb mnomexu a1 «Ciaywas 1» Oyner -46,62 dB wu
MOMEX03alluIIeHHOCTh cocTaBUT 30,71 dB, 4TO yXe YIOBIETBOpSET TPeOOBaHUIM
KPUTUYECKUX KOMMYHHUKAIIHH.

3akio4yeHnue

[IpennoxxenHple BapuaHTbl MOAMPHUIMPOBAaHHBIX FBMC curHaioB IoKa3aliu
JOCTYITHOCTb TPUMEHEHHUS YyKa3aHHOM TexHojoruu 5G B cucreMax KpUTHYECKHX
KOMMYHHKAllMi IIPU MHOTOJIy4EBOM PACIPOCTPAHEHUM paauocurHaioB. Ilokasana
BO3MOXHOCTh TPH HUCHOJb30BaHUU MoaupuiupoBaHHblx FBMC pabotate cC
MOJYJALMSIMH  YPOBHSL ciokHOCTH OQAM1024 B ycrnoBusix MalbIX pazOpocoB
napaMeTpoB B JIyyaX, YTO COOTBETCTBYeT MoneisiM EVA (HuzkockopoctHas) u EPA
MEXIYHApOAHBIX pekomeHmanuii 3GPP [20]. B ycrmoBusx yMepeHHO CHIIBHBIX
pa3dpocoB mapaMeTpoB B JIyyaX, COOTBETCTBYIOIMX Mozaenu ETU [20], monTBepxaeHa
BO3MOXXHOCTb pa0OThI ¢ MOAYJISIIMSIMH YPOBHSA cl10xkHOCTH OQAM?256.

Jlnst BapranTa MoanpuImpoBaHHOTo curnana FBMC ¢ AuTenbHOCTBIO TOCBUIKH
L=5 moxa3zaHa BO3MOKHOCTb COKpAICHHUS 3aIUTHOTO MHTEPBAJIa MEXKJY MOCBUIKAMH
CeaHcoB a0OHEHTOB 1O YETHIPEX CHMBOJIOB NPH YCIOBUHM HAJIMUYUS HHEPreTHUECKOTO

3anaca 4 dB.
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BrisBieHo, 4Wro Hambosjee CHIIBHO HeEraTHBHBIE S(PQPEKTHI MHOTOIYYEBOTO
pacnpocTpaHeHus MposABIsAOTCA B curHanax FBMC wuepes [CI, mnpous3BoauMble
COCETHUMH IMOIHECYIIUMH.
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