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PE3YJIbTATBI PASPABOTKHN MOJEJIN PACIIPEAEJTEHUS YACTOTHO-BPEMEHHOI'O
PECYPCA HUCXOJSIIETO KAHAJIA CBA3U TEXHOJIOTHUH LTE

B texnonoruu LTE (Long-Term Evolution), paspaborannoii 3GPP (3rd Generation Partnership Project),
omHUM U3 A(P(PEKTHBHBIX ITyTeH NOBBIIICHHUS POM3BOAUTEIBLHOCTH W YIIYYIICHHS OCHOBHBIX IOKa3aTelnei
kauectBa obcmyxuBanus (Quality of Service, QoS) sBisieTcss yCOBEPUIEHCTBOBAHUE CETEBBIX MPOTOKOJIOB H
MEXaHN3MOB, OTBEYAIOLIMX 32 IUIAHUPOBAHHWE JOCTYIHBIX CETEBBIX pecypcoB. K momoOHOro poma pecypcam,
npexe Bcero, OTHOCATCs BpeMeHHo pecype — OFDM-cumBounsr (Orthogonal frequency-division multiplexing)
W YacTOTHBIH pecypc — dYacTtoTHble moxaHecymme. B texmomormm LTE, xak m B HSDPA mwmum WiMAX,
MEXaHN3MBI IIIAHUPOBAHKSI PECYPCOB HUCXOSIIETO KaHaIa CBSI3M HE OTPEJICIICHBI CTAHAAPTOM, OCTABIISASA PaBO
BBEIOOpA 3a MPOU3BOAUTEIIME 000pymoBanus 6a30Bbix cranmuii (evolved NodeB, eNodeB) [1-3].

PesynpraToM pemieHns 3ajadM pacTpefeNieHHs] 9aCTOTHOTO M BPEMEHHOTO PECYpPCOB AOIDKHO OBITH
3akperuieHne OnokoB riaHupoBanus (Scheduling Block, SB) 3a mnomp3oBatenbckumu crannusmu  (User
Equipment, UE) B HucXoZIslIeM KaHajJe CBSI3H OJHOTO Kajpa. BJOK ITaHHpOBaHHs SBISECTCS HAHMMEHBIIHM
CTPYKTYPHBIM DJIEMEHTOM, BBIICNISEMbIM OJHOI IOJIb30BATEIbCKOM CTaHIMU W (GOpMHUPYEMbIH ABYMs
coceHUMH pecypcHbiME Orokamu (Resource Block, RB) Ha oanHakoBsix ogHecymux (subcarrier) [4].

[Tpoananu3upoBaHbl METOIbl pacHpeseNieHHss YacTOTHOTO M BPEMEHHOI'O PECYpCOB, HCHOJB3YIOLIHE
amroputM Round Robin Scheduler [3, 5, 6], Max C/I Ratio [5, 6] u Proportional Fair Scheduling [5-7].
[TpoBeneHHbIl aHAIU3 MOKa3ald, 4YTO HCIOJIb30BAHUE YKA3aHHBIX METOJOB HAlpaBJICHO Ha MPUMEHEHHE IS
uHTEepakTHBHOTO “best effort” ximacca maHHBIX, BO M30eXKaHUE CUTYAIlNH, Ipu KoTopoi HekoTopble UE HuKoraa
HE ToJIydaT JIOCTYI K 4YacTOTHO-BPEMEHHOMY pecypcy. lcmomp3oBaHHE yKa3aHHOTO Kiacca OOCITY>KHBAHUS
(Class of Service, CoS) obecmneunBaet nocraBky naHHeIx UE mo mMepe BO3MOXKHOCTEH 0e3 rapaHTHH CKOPOCTH
nepenayd JaHHBIX. [loBbIMIeHNEe KadecTBa OOCTY)KMBaHMS NPH IUIAHUPOBAHHH YaCTOTHO-BPEMEHHOTO pecypca
kaxnod UE 1momkHO OBITh HampaBieHO Ha OOECHEeYCHHWE TapaHTHPOBAaHHOW CKOPOCTH Tepefadyd ¢
BO3MOJKHOCTBIO JIOCTYTA K JIOMOJHUTENBHON (HE TapaHTHpyeMoH) moisioce mpomyckanus. OJHaKO HH OAWH W3
MpOaHATM3UPOBAaHHBIX MEXaHU3MOB He CrlocoOeH obecreunTh nogooHoro CoS.

[IpunsATO pemieHne 0 HEOOXOAMMOCTH Pa3pabOTKHM MaTeMaTHYeCKOH MOJAENHU IUIAHUPOBaHUS YaCTOTHO-
BPEMEHHOI'O pecypca B HHCXOHsIleM KaHaine cBs3u TexHojoruu LTE, copmynupoBaHHOM Kak 3aaadu
pacnpenenenust SB, mis obecriedeHns rapaHTHPOBaHHON ckopoctH nepenadn UE.

[lpennaraemas MaTemMaTHdeckass MOJENb HAlpaBleHAa Ha INPUMEHEHHEe B OECIPOBOAHBIX CETIX
texHojorun LTE, wucmone3yromux BpeMEHHOE W YacTOTHOE pasleneHue KaHajoB. [lpu paspaboTke
MaTeMaTHYECKOH MOJICNI YYUTHIBAETCS TOT (AKT, YTO HAWMEHBILICH CTPYKTYpHOM eAMHHILEH pajuopecypca,
KOTOPOI MOYKHO YNPaBILSITh IPU PELICHUH 33/1a4¥ TUIaHUpOoBaHus sBisiercst SB [1].

B rtexnonormn LTE mpemmoxeno Tpu Buaa pacnpeneneHus pecypcoB. PaspaboTanHas MoJenb
HarpaBJieHa Ha UCMoJb30BaHue HyseBoro Bujaa (Resource Allocation Type 0), npeamnonararomiero 00beANHEHHE
RB B Tak Ha3zpIBaeMbIe TPYIITEI pecypcHBIX 0yokoB (resource block groups, RBG), kotopsie BeigenstoTcs UE.
Ipu stom komuuectBo RB Bxomsmux B coctaB oanoi RBG (p) 3aBUCHT OT HCMONIB3yeMO# INIUPUHBI

4acTOTHOrO KaHaja. B ciywae, ecium neneHue komudectBa RB Ha mapamerp p He JaeT 1eNOYHMCICHHOTO
3HaueHwus1, To Kpaitusss RBG Oyner uMeth pa3mep Menbinuii P [8].

C menplo yueTa 9Yuclia TOAKAAPOB, BBIICICHHBIX UIA Iepeladd MH(QOPMAIMH B HUCXOJISIIEM KaHAe
csi3u [1, 2], B MareMaTHYeCKyl0 MOJENb BBEJCHO MOHSITHE MATPHIBI KOHGHUTYPAUA HUCXOMIAIIEr0 KaHaua.
Martpurna sBiseTcss MPsIMOYTOJIbHOM C KOJIHYECTBOM CTPOK, COOTBETCTBYIOIINM KOJIUYECTBY KOH(MHUTypammit
kanpa (L), u ¢ konmdecTBOM CTONOIOB, COOTBETCTBYIONIUM KOJM4decTBY moakaapos ( K ) B kampe, T.e.

H=[h,| (1=0,L-1; k=0,K-1), (1)

1, ecim Kk - i momkamp mpw | - i KoH(HUryparuM HCTONB3yeTCst
rae hy, =4 s mepenaun MHGOPMAIMK B HUCXOJIAIIEM KaHAJIe CBS3H;
0, B mpoTMBHOM ClITy4ae.

B xozme peluenus 3agaudM pacnpejeieHus OJIOKOB IUIAHMPOBAHMS B paMKax IMpeliaraeéMoil MOJENd
HeoOxoauMo oOecneunTh pacueT OyJeBOW yHpaBIsIOmed MepeMeHHON (vam ), ONpEeNeNsIomend MOPSIA0K
pacrpezeneHus GJIOKOB TJIAHUPOBAHHMS:

1, ecm M- GJOK IUTAHUPOBAaH Ul Ha K - M
X;m = nojkaape BoigeseH N - it UE; 2

0, B IpOTMBHOM CJIy4ae,



rme m=0,M-1; k=0,K-1; n=1,N; M — uucio SB, bopMupyeMbIx Ha MPOTSHKCHHUH NEpeadud OJHOTO
nmogkaapa; N — xommuectBo UE.
IIpu pacyeTe UCKOMBIX IIEPEMEHHBIX Xy . HEOOXOJUMO BBIIOIHHTH PsiI BAXKHBIX YCIOBUI-OrPAHHYCHHIL:

1) VYcmosue 3akpemsieHuss M-ro SB HHUCXOISIIEro KaHaia CBI3W Ha TPOTSHKEHWH Tepemadn K -ro
nojikajapa He dosiee yeM 3a oanoit UE

N
pr,mﬁl(k=0,K—1; m=0,M -1). (3)
n=1

2) VYcaosue BoigenaeHus UE 0JI0KOB IJIaHUPOBAHUA TOJIBKO HUCXOAAUICTO KaHaJia:
M-1 N

2.2 Kim

% <h, (k=0,K-1; | —ucnons3yemas kouurypauus kaapa). (4)

3) VYcnoeue 3akpemtenus 3a N-it UE komamuectBa SB, obGecrmednBaromiero HeoOGXOIMMYIO CKOPOCTB

nepeaavyn B HUCXOIIEM KaHalle CBSI3H MPHU UCIIONIb3YeMOH cxeMe Moy sinuu 1 koauposanus (Modulation and
Coding Scheme, MCS):
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npu N=1LN, | — wucrmonesyemas koHpurypamus kaapa. B Beipaxkenun (5) HCHONB30BaHBI CIEAYIOIINE
. 0 _ RB RB \pn,m;, n,m
nepeMenHbie:  Rgg = ((NsymbNSF —Nppoen = Npsssss — NPBCH)KS —NpioNsr )Rc Ky /KTSF — TpOIyCKHaix

crocobHocTs SB, GopMupyeMBIX Ha HyJI€BOM MOIKAAPE M NEPENAIONINX CHTHANIBI NEPBHYHON CHHXPOHH3AINH
(Primary Synchronization Signal, PSS), sropuunoii cunxponusanuu (Secondary Synchronization Signal, SSS) u
mmpokosemmarTenbhbii  curnan (Physical Broadcast Channel, PBCH), tae Npgggss=2, Npgoy =4 OFDM-

cuMBONIOB cooTercTBeHHO, NT°  — komaectBo OFDM-cuMBOJIOB, (OPMHPYIONMX OJMH PECYPCHEIH GIIOK,

symb
N& =2 — kommuectBo RB, hopMHpyeMbIX Ha OJMHAKOBBIX MOAHECYIIMXH U BhiAenseMbix UE Ha MpoTskeHuH
nepenauu ogHoro noxakanpa, Nppeey =3 — konmuectBo OFDM-cuMBOIOB B KaxI0M no,uKa,upe BBIJICIIEHHBIX

it mepenaun curHana ympasieHust (Physical Downlink Control Channel, PDCCH), N — pecypcHEbIE

pllot

anemenThl (Recourse Element, RE), Beinenenmbie [uist epeqayn NHIOTHBIX CUTHANIOB B oqHoM RB, K, — gucno
MOJHECYIIUX [UIs Mepead JaHHbIX B oqHoM RB m omsoMm SB, R]™ — cKOpoCTh KOJa, HCIIOIB3YyeMOro MpH
koaupoBaHuu curHana N -it UE #a mogHecymux M -ro SB, kg’ ™ _ Gurosas 3arpy3ka OFDM-cumsona N -it UE
Ha nogHecymux M -ro SB, T =1 Mc — Bpemst nepeaayn 0HOTO MOAKaAPa;

RS = ((N22NE —Nppeen— Npsssss Ky =N poNEBRITKI™ /KTy, —  mpomyckmas — criocoBhocts — SB,
(hopMupyeMBIX Ha TSTOM MOAKAPE U nepenaromux curaansl PSS u SSS;

Reg = ((N ampNeE — NF,DCCH)KS =N NP )Rg'mkg'm / KT — npomyckHast ciocobHocTs SB, hopmupyembix Ha

BCEX IMOJIKA/IPaxX U coJiepiKaInX U3 ciryxeOHol nHpopmarmu Toasko PDCCH.
4) Vcnosue oOwvenuuenuss RB B RGB pa3mepoB, yIOBIETBOPSIOIIMX IIUPHHE HCIONB3yEeMOrO
YaCTOTHOT'O KaHaJja:

X % Xe (nzl,_N;k:O,K—l;m:O,{MpJp—l); (6)
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rie | | — oGosmaueHne okpyrieHms umcna 0 OOMKAHIIEro LENOTO B MEHBIIYI0 CTOpoHy. Ycmosue (7)
UCTIONBb3YyeTCs sl O0beqUHEHHs OJIOKOB IUIAHMPOBAHMS KpaWHEH TrpymIbl PecypCHBbIX OJIOKOB, pa3Mepsbl
KOTOPOM MOTYT OBITh MEHBIIIE P .



3agaya pacrpeseneHusi SB MoxeT ObITh pelIaeTcs C HCHOJb30BAHUEM KPUTEPHS ONTHMAIbHOCTH,
HAIpaBJIEHHOTO HA MAaKCUMH3AIHIO 00IIeH MPOU3BOANTENEHOCTH HUCXOIAIIETO KaHaa CBI3H. TakuM o0paszom,
KPUTEpHUA ONTUMATIFHOCTH UMEET BU:
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npu yuetre yciopuii-orpanuueHuii (3)-(7). Vcmonp3oBaHue KpUTEpHs ONTUMANBHOCTH (8) COBMECTHO C
ycnopusiMu-orpannueHusiMu (3)-(7) HampapineHHO Ha OOeCIeueHHE TapaHTUPOBAHHOW CKOPOCTH MEpeAadd C
BO3MOXKHOCTBIO JIOCTYNa K JOTOJHUTENLHON (HE TrapaHTHpyeMoil) mojoce mpomyckanusi, 4to B C0S
COOTBETCTBYCT NMMOJAKIIACCY B.

C(l)OpMan/IpOBaHHaH 3agadya C MaTEeMaTHYeCKOM TOYKU 3pCHUA SABJIACTCA 3az[aqe1‘/’1 CMCUIaHHOTI'O
LEJOYHCIICHHOTO HenuHeiHoro nporpammupoBanust — MINLP (Mixed Integer NonLinear Programming).
HepeMeHHaﬂ, HCIOJIb3yEMad B KPUTCPHU ONTHMAJIbHOCTHU (8), SBJIACTCA HeJ’IO‘IHCJ’IeHHOﬁ, OrpaHUYCHHA Ha
uckombie nepemernsie (3)-(5) HocsT nuHelHbI, a orpaHnyeHus (6) u (7) HeMMHEHHBIN XapaKTep.

HpOBeILCH CpaBHHTeHLHBIP‘I aHaJIu3 Hpe,l'{J'IO)KeHHOﬁ MOJACIHU C U3BCCTHBIMHU METOJaMU KOTOpLIfI IIOKa3al,
YTO B YCJIOBHAX BBICOKHX Tpe60BaHPII>'I K CKOPOCTH Im€peaadr IOJIb30BATCIbCKUX CTaHI_[I/Iﬁ HCIIOJIb30BAHHUC
Momemu. (2)-(8), Mo CpaBHEHHIO C HW3BECTHRIMH MeTOAaMH, Mo3BoisieT Ha 5-20 % TIOBBICUTH CTEICHB
0alaHCUPOBKHM TPOIMYCKHOM CHOCOOHOCTH HUCXOJSIIEro KaHama cBsizu, a Takke Ha 40-100 % mnoBbICHUTH
BEPOSATHOCTh BBIJCJCHHS IOJIb30BATCABCKHUM CTaHIMsIM TpeOyemoil ckopoctd mnepemauu. I[lpu  3TOoM
MMPOU3BOAUTCIILHOCTD HUCXOAAIICTO KaHalla CBA3H, B YCJIIOBUAX BBICOKHUX Tpe6OBaHI/II‘/’I K CKOpPOCTHU n€pe€aavuu, Ha
3 % MeHbIIIe MPOU3BOAUTEIILHOCTH MOJy4YaeMoOi ¢ ucmoib3oBaHueM Metoga Max C/I Ratio u mHa 10-42 %
OoJIbIIIe TPOM3BOAUTEIHHOCTH € KcHoNb30BaHueM MeTo 0B Round Robin u Proportional Fair.
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RESULTS OF THE DEVELOPMENT MODEL OF DISTRIBUTED TIME-FREQUENCY RESOURCE
DOWNLINK LTE TECHNOLOGY

The results of development of mathematical models of planning time-frequency resource downlink of
LTE. The proposed model aims to ensure quality of service wireless users by providing user stations required
data rates. It is shown that the proposed model under high requirements for the transmission rate of user stations,
compared with known methods, allows for 5-20% increase in the degree of balance bandwidth downlink and 40-
100% increase in the probability of release rate desired user stations transmission.



