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B HacTosAee BpeMA BO BCeM MUpe BHEAPAIOTCA CUCTEMbI MOGUIILHON CBA3M MATOrO NOKONEHUA
craHaapta 5G NR. OgHuM u3 BaXKHeWLUMX KOMMNOHEHTOB 3TUX CUCTEM ABNAIOTCA TPAHCMOPTHbIE
backhaul cetu, coeaunalowme 6asoByio ctaHumio u aapo cetu. MNMponyckHaa cnoco6HoOCTL 3TUX ce-
Tel [OMKHA ObITb AOCTaTOYHOW AnA nepepayu Gonbwioro obbema Tpaduka. B 31oi cratbe MbI
npeanaraeM MaTeMaTMH4ecKylo MOAenb pacyeTa nNponyckHomn cnocobHoctu backhaul cerei, koTo-
pas MoxeT GbITb MCMONIb30BaHa NpU NPOEKTUPOBaHUM MH(pacTpyKTypbl 5G. Takxke Mbl paccMar-
pUBaeM HEKOTOpble BaXKHble€ aCMeKTbl apXMTEKTYpbl 5G, NpUHLMNMANBHO OTAMYAlOLMECA OT TeX-
HOJOrUM CeTel CBA3U NpeAbIAYLUMX NoKoneHuin. OAHNUM U3 TaKUX ACMEKTOB ABNAETCA UCMONb30Ba~
Hue pacrnpepeneHHbix 6a30BbIX CTaHUMIA, B KOTOPbIX 6ok oO6pabGoTku paguocurHanos, 6nokn
HU3KOYPOBHEBOW U BbICOKOYPOBHEBOW 06pabOTKM NPOTOKONOB pa3fesieHbl He TONMbKO JIOrMYECKH,
HO 1 (PU3NYECKH, A TAKIKE MOTYT ObITb MPOCTPAHCTBEHHO pasHeceHbl. TakuM o6pasoM, cucremnl 5G
BMMCBIBAIOTCA B KOHLENLMIO 0GNavHbIX CeTel, 32 CHET YEro MOXKHO CYLLIeCTBEHHO CIKOHOMUTBb pe-
Cypchbl Ha pa3BepTbiBaHue UH(pacTpyKTypbl. OfHaKO, TaKoe pelueHUe MoBbiiaeT TpeGoBaHuA K
TPaHCMOPTHbIM ceTAM. PaccMoTpeHbl BO3MOXKHble Moaxoabl K ¢hM3M4ecKon peanusaumm TpaHc-
MOPTHBIX CeTeM, BKMIOYasA MPUHLMNUANLHO HOBOE peLUeHUe, UHTErpupyiollee paaumofoctyn u
backhaul cetu. HakoHel, ¢ y4yeTom 3Tux u apyrux pakTopos onucaHa cosjaHHasA HaMM MaTeMaTu-
Yeckasa Mojenb oLieHKn TpebyeMoii nponyckHoi cnoco6Hoctn backhaul ceteit. Mogens ocHoBaHa
Ha pacyeTe MaKCMMasIbHOW CETEBOW HArpysku B cote 6a3oBOM CTaHLMM C YyHETOM TaKUX Napamer-
POB KaK KOJIM4ECTBO MPOCTPAHCTBEHHbIX Nly4eit, arperupoBaHHOE YUCIO NOAHECYLLIMX, MHAEKC MO~
AYNALMKM, CKOPOCTb KOAUPOBAHUA U Ap. TakKe B MOAENM y4UTbIBAETCA pacnpeAeneHHan CTpPyKTy-
pa GasoBoi craHuuu. MokasaHbl TPU XapaKepHbIX cLeHapua paboTbl 6asoBoii ctaHummn 5G u ana
HUX NpuBefeHa oLeHKa TpebyeMoit nponyckHoi cnocobHocTu backhaul ceren.
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BBenenue

Cetn MoOMIIBHOI cBsi3u maToro noxonenust 5G NR obGecrne-
YHUBAIOT KOJIOCCAJBHYIO a0OHEHTCKYIO CKOPOCTb Iiepefadd o
HECKONIBKUX THUTA0UT B CEKyHIy. DTO IOCTUTaeTcs Oiaromaps
HCIOJIb30BAHHIO TIPOPBIBHBIX (IO CPABHEHHIO C CETSIMH YeTBEp-
toro nokosenusi LTE) pemiennii. CTOUT OTMETHTD TaKKUe TEXHO-
JIOTHH KaK MHOTOAHTCHHBIC CHCTEMBI C MU(PPOBBIM AHATPAMMO-
obpaszoBannem MU-Massive MIMO (Multi User Massive Multi-
ple Input Multiple Output), noBblmeHe HHICKCA MOIYIISIMH 10
QAM-256, ucnons3oBanue dpdextuBHpix LDPC (Low Density
Parity Check) u mossipHBIX KOJIOB, pacIIMpEHHE HMCIOIB3YEMOM
nosocsl gacToT (no 1I'T'1), ocBoeHHe HOBBIX YaCTOTHBIX JHAIla-
30H0B (nuanason FR1 or 0.4 mo 6 I'T'n, nuanason FR2 or 24.25
10 52.6 TT). Cern 5G 06mamaror THOKON apXUTEKTYpoii 6a3o-
Boii crannuu (QNB).

Takass apxuTekTypa MojapasymeBaeT (yHKIMOHAIbLHOE pa3-
JiefieHre Ha OJI0K, oTBevaroluii 3a oopMupoBanue U 00paboTKy
pamuocuraanios RU (Radio Unit), pacrpenenenuslii 610K mpo-
MexyTouHoi 06padotku DU (Distributed Unit), kotopsiit B pe-
JKMME peallbHOr0 BPEMEHH peasin3yeT ocTalibHble (GyHKIUH (u-
3uyeckoro ypoBHs, a tTakke MAC u RLC u nieHTpann3oBaHHBIH
6nox CU (Central Unit), BeimonHsitornii pyHKIuHu 00see BbICO-
kux ypoBHeil (takue kak PDCP, SDAP, RLC u np.). brnaronapst
TaKOMY PCIICHHUIO MOTYT CTPOUTBCS paclpelelicHHble 0a30BbIe
cTaHIuy, B KoTopbix ogma CU pabotaer ¢ Heckompkumu DU,
KOKIOMY U3 KOTOPBIX MOAKIIOUeHO Heckonbko RU. Ilpu stom
DU u CU wmoryT OBITh BUPTYaJbHBIMH U PEATU30BBHIBATHCS Ha
yIaJCHHbIX CepBepax, YTO BIHMCBHIBACTCS B KOHILEIIHIO oOnad-
neix cereii Cloud RAN (Radio Access Network) [1].

st peanuzanmu ceteit 5G B paMkax ONHUCAHHOMN BbIIIE KOH-
HENIUH He0OXOIUMbI BBICOKOCKOPOCTHBIE TPAHCIIOPTHBIE CETH,
coenuusirone 610ku gNB u siapo ceru. TpaHcropTHyio ceTh
MOKHO pa3fieNiuTh Ha Tak HaszeiBaeMble fronthaul (mexny RU wu
DU), midhaul (mexay DU u CU) u backhaul (mexay CU u
sapom cet — 5GC). B 3Toif cTaThe MBI MPOBOIMM aHAIU3 KITIO-
YEeBBIX OCOOCHHOCTEH apXUTEKTyphl 5G, BIUAIOMHUX Ha TpeOoBa-
Hus K cetu backhaul m mpemmaraeM MaTeMaTHYecKyr0 MOJICIb
pacdera IpoITyCKHOH CIIOCOOHOCTH ATOH CETH.

PaspaboranHas HaMu MaTeMaTH4ecKash MOJEIb OCHOBBIBACT-
Cs Ha aHaJIM3€ YCPEAHEHHON MaKCHMaJbHOW CETEBOM Harpy3Ku
COTBI M 9KCTPATIOJISLIMY pe3yJIbTaTa Ha CTPYKTYpPY paclpeliesieH-
HOI1 ceTu. B Mozienn Mbl yUUTBIBaeM Takue XapaKTEPUCTUKH KaK
mojioca vactot, ocodenrnoct MIMO, ckopocTs KomUpOBaHWUS,
MHJEKC MOAYJIIIUH, HaKIaIHbIe pacxXoasl U ap. Taxoke MBI mpu-
BOJIUM OLIEHKY IIPOIYCKHOH CIIOCOOHOCTH NPHU HEKOTOPBIX TH-
MOBBIX CLEHApUAX (QYHKIIMOHUpOBaHUs cereil 5G.

1. OcobdenHOCTH apXUTEKTYPHI ceTell 5G

Kak 0b110 cka3ano Bbiie, 6aszoBast cranmnus JNB 5G nenurcs
Ha ¢yukuuoHanbueie Oyoku CU, DU, RU (mas RU rtaxxe
Berpeuaercst HazBanue RRH (Remoute Radio Head)), pucysoxk 1,
UE (User Equipment) — Mo6uIbHOE aGOHEHTCKOE 000PY/IOBAHHE.

Cranmaptrom 3GPP TR 38.801 V14.0.0 mpemycmotpeno 8
OCHOBHBIX BapHaHTOB (OIMIIMiT) pa3IeiCHAS] MPOLELYP MEKITY
¢dyuxumonaspabME Ookamu [2], [3]. Briok RF Brirouaet B cebst
PaIrovaCTOTHYIO YacTh, a TakkKe NU(PO-aHAJOroBOE M aHAIOTO-
mudpoBoe mpeobpazoBanne. B Omoke omepanmit puzmyueckoro
YPOBHSI BBIMOJHSIOTCS MpsIMOe M o0paTHoe MpeoOpazoBaHus
Oypre (BII® u OBIID), nudporoe muarpaMmoodpa3oBaHme,

MOZYJSIIASL ¥ IGMOTYJISIIHSI, SKBaNaii3upoBaHue, MPeKoIUpoBa-
HHE, MAIIIHHT, CKPeMOIUPOBaHKE, BHIPABHHBAHHE CKOPOCTEH M
MIOMEXO0yCTOWYMBOE KOAMpOBaHUe. B 3aBucuMocTu ot pasjelne-
Hust 3TUX omneparuii Mmexay Low-PHY u High-PHY Beigensitor
nononuautenbio 4 nogonuuu (7.1, 7.2, 7.2a, 7.3). baok MAC
TakKe jgenutcs Ha aBe dactu: Low-MAC, B koTopoMm peann3o-
BaHbl (DYHKIIMM MPOTOKOJIA 3alpOCa HA IMOBTOPHYIO Mepeiady
HARQ (Hybrid Automatic Repeat Request) u High-MAC BrI-
monusieT GyHKIMK yrpasierus pamuopecypcamn RRM (Radio
Resource Management). Biiok ympasienust paanokanaiom RLC
(Radio Link Control) pasgenen na 6ok Low-RLC, B xoTopoM
Olepaly BBIIOJIHAIOTCSA B PEXKUME peanbHoro Bpemern u High
RLC, onepauuu B KOTOPOM HE MPUBS3aHbI K PEAbHOMY BpeMe-
nu. Crnexyromum 6okoM siBisietcst npotokosn PDCP  (Packet
Data Convergence Protocol), Beimonssiomuii 6opiioe Koinde-
CTBO Pa3IMYHBIX ceTeBbIX (QyHKUMi. [Tocneanuii O10K, KOTOPBIHA
00s13aTenbHO BXoauT B coctaB CU 3TO MpOTOKON yIpaBlICHUS
paguopecypcamu RRC (Radio Resource Control). Brioku RF u
PHY otHocsTcss kK mepBoMy YpoBHIO cereBoil mepapxun L1.
Broxn MAC n RLC otHocstes k L2, a PDCP n RRC k L3.

5GC
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DU DU DU
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©
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Puc. 1. Apxurekrypa 6a30Boii cranunn 5G

Takum oOpaszom, npeaycmorpenHast cranaaprom 5G NR ap-
XHUTEKTypa 0a30BOM CTAaHLMM MO3BOJISET CO3JaBaTh TMOKHE pe-
IICHHs, aJalTHPOBAaHHbIC N0/l HYX/bl U MHTEPECHI olepaTopa 1
CIICHapUH Pa3BEPTHIBAHMS CETH. DTa apXUTEKTypa BIHCHIBACTCS
B kourennuio Cloud RAN, koTopas moapasyMeBaeT pa3BepThi-
Banue OnokoB CU u DU (kak BMecTe, Tak U 10 pa3ieilbHOCTH) B
yJIJIICHHOM JiaTa LeHTpe. Takoil moxxox obiagaer psjaom mpe-
MMYIIECTB TI0 CPaBHEHUIO C KIACCHYECKMM pa3BEpTHIBAHUEM
cereil [1]. O0bem oOpabarsiBacMOro Tpauka B TCUCHHH JHS
MUTPUPYET MEXKIY CHaJbHBIMH M JETOBBIMHU pailoHamu. B KoH-
nernuu Cloud RAN Bech 310T Tpaduk oO0pabaThIBaeT eIUHbIM
BBIYUCIUTENb (yOAICHHBIA CEpBEpP), BMECTO DPACHPEICICHHOTO
[0 TEPPUTOPHH ITyJa OA30BBIX CTAHLMH, MPOCTAUBAIOIIUX BO
BpeMsi HU3KOM 3arpy3KH. 3a CHET STOT0 CYIECTBEHHO CHI)KACTCS
9HEPronoTpedIeHue U cedeCTOMMOCTh pa3BepThiBaHus cetu. C
JPYTO# CTOPOHBI, MOBBIMIAIOTCS TPEOOBAHUS K MPOIYCKHON CITO-
COOHOCTH BCEX YYaCTKOB TPAHCIIOPTHOI CETH.

2. BapuanTtsl peanusanuu backhaul cereii

st peanuzanuu backhaul cetn Heo6xo0auMO HCIOIB30BATH
CrENMANbHBIE PEIICHNUS, MO3BOJISIONINE O0OECIEYUTh MOCTOSH-
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HYIO BBICOKYIO MPOITYCKHYIO criocoGHOCTh [4]. Paccmotpum oc-
HOBHBIC BAPHAHTBI TAKHX PELICHUI.

1. TlpoBomHas omTHueckas ceTh. Kiaccmueckoe perieHHe
OpH Pa3BepPTHIBAHUHE BCEX TUIIOB TPAHCIOPTHBIX cereil. bmaro-
Japsi CTabMIIBHOCTH M OTPOMHO# MTPOITYCKHOM CIIOCOOHOCTH 3TO
pelieHue SIBIsSIeTCS OCHOBHBIM 1 st ceTeil 5G. B xauecTBe KOH-
KPETHBIX TEXHOIIOTHIl CIeAyeT YIOMSHYTh THOPHIHBIC ONTHKO-
koakcuansibie cetn HFC (Hybrid Fiber Coaxial) u maccusubie
ontuyeckue cetu PON (passive optical network. Kpome Ttoro,
paseuTHe TexHonoruu Ethernet mosBosser cTpouTs TpaHCIOPT-
HBIC CCTH U Ha e¢ OCHOBe. Tak, HOBBIC Bepcuu cranmapra |[EEE
P802.3bs mommepxuBaror ckopocts m0 400 I'out/c [5]. Ot™me-
M, uto Ethernet memecooGpasHo wHCMoOaB30BaTh Ha OTHOCH-
TEIbHO Majlble PacCTOSIHUS, B TO BPEeMS KaK ONTHYECKUE CETH
MEHBIIIC 3aBHCST OT paccTosaus [4].

2.  BecnpoBomHble KaHAJbBI CBSA3M. DTO TAKXKe TPAIUIMOH-
HOE pelleHne, TPUMEHSCMOE TaM, TIe pa3BepThiBaHue HH(Dpa-
CTPYKTYPHI MPOBOJHBIX (MPEkK/IE BCErO, OMTHYESCKHX) CETEH M0
KakuM-I100 MpUYMHAM 3aTpyJHEHO. B kadecTBe (u3Hyeckoii
peanu3aniyu MOTYT IIPUMEHSIThCS pagropesieiHbIe JTUHUH, B TOM
YHCIIE ¢ JUArpaMMO0OOpPa30OBaHUEM.

3. HWurterpupoBanHblil goctyn u TpancnoptHas backhaul
cerb IAB (Integrated Access and Backhaul) [6], kak wacTHbrii
ciiy4yail 0ecpoBOHOTO KaHasia. DTO MHHOBALMOHHOE PELICHHE,
npeanoxentoe B Release 16 crenuanbho juis peanusaiuu 5G.
Texuonorust |AB moapazymeBaeT pa3BepThIBaHHE TPAHCTIOPTHON
backhaul cetn Ha ocroBe pagronnTepdeiica 5G.

Takum ob6paszom, backhaul tpapuk mepemaercst Hampsmyto
Mexy O0a30BBIMH CTAHIMAMH OJHOBPEMEHHO C aOOHEHTCKUM
TpapukoM. DTO MO3BOJSIET CHU3HMTH HAKJIAJHbIE PAacXOAbl Ha
pa3BepTHIBaHME TPAHCIIOPTHOW CETH M B IIEJIOM IIOBBIIIACT THO-
KOCTh M PEHTabenbHOCTh CUCTEMBI I orepatopa. O4eBHIHO,
OpH 3TOM CHIDKACTCS TIPOIYCKHAs CHOCOOHOCTh CHCTEMBI 3a
CYCT HCIIONb30BAHUS YACTH PaJHOPECYpCOB IOJ IMepeaayuy
backhaul Tpaduka. {ns pazaeneHus Tpaduka MOXET ObITH HC-
MOJIb30BAHO BPEMEHHOE, YaCTOTHOE U MPOCTPAHCTBEHHOE MYIIb-
THIUIeKcHpoBanue (¢ wmcmons3oBanneM Mmassive MIMO). s
MOBBIIICHHUS TIPOITYCKHOI CIOCOOHOCTH MOXKET OBITh MPUMEHEHA
TEXHOJIOTUsI TIOJTHOAYTUIEKCHOU cBsi3u [7]. Takum oOpazom, pas-
BepThIBaHME U IutaHUpoBaHue |AB sBrseTcs mpemmerom Tiia-
TEMBHOTO TUTAHUPOBaHMs Ut onepatopos [4]. Tlo mpuunsHe HO-
BU3HBI 9TOH TEMATHKH B HACTOSAIIEE BPEMsI OSBISETCS OOJIBIIOE
KOJIM4ecTBO uccnenoBannii |AB, mOCBAIIEHHBIX aHATU3Y TOTEH-
[Mana u orpaHnueHuii aroit rexxomoruu [8], [9]. [10] u ap.

Pa3znnunble pelieHuss IOCTPOEHMsI TPAaHCHOPTHBIX CETEH
HUMCIOT CBOM MPEHMYINECTBA M HEMOCTATKH. [IpOBOAHBIC CETH
00eCTeunBalOT CTAOMIIBHBIA KaHal CBS3M C BBICOKOH MPOIMYCK-
HOHM CIOCOOHOCTBIO, UTO BAXKHO [UISI COT HOPMAJBHOTO pa3Mepa.
Kpome TOro, ONTHYECKHE CETH MIMPOKO HCIOJB3YIOTCS U BO3-
MOXHO TOJAKIIOYEHHE K CYIIECTBYIOLICH HHPpacTpyKType.
C npyroit ctoponsl, |AB MoxeT ObITE 3 EKTHBHO HCITOIH30BaH
Uit Mastbix (MUKO, (PeMTO) COT | B Ciydae OTCYTCTBHUsI HH(pa-
CTPYKTYPBI ONITHYECKHX CETEH.

3. PacueT npomycKkHOii cOCOOHOCTH TPAHCIIOPTHOM
backhaul cern 5G

Jlns mianupoBanus U pasBeprhiBanust backhaul cereii HeoG-
XOIMM pacyeT MX MPOIYCKHOW CIOCOOHOCTH. MBI mpejiaraeM
METOJI TAKOI'0 PACYETa, OCHOBAHHBIA HAa OLEHKE YCPEIHEHHOMU
MAaKCUMAaJIbHOM CETE€BOM HAarpy3kd Ha COTY U OKCTPANOJISILUU
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pPe3yJBTATOB C YYETOM CTPYKTYpPhI PACHpECICHHON 0a30Boii
crannuu u ceti. Tpaduk backhaul cetu cocrout us [11]:

1. User Plane (UP) tpaduk — ocHOBHOU Tpaduk, mepena-
BaeMblil mone3oBatensamu [12], [1].

2. Tpaduk, nepenaBaemMslii 1o uHTEpdeiicy Xn mexay 6a-
30BBIMH CTAHIMSAMH, KOTOPBIA (H3MYECKH MPOXOTHUT Uepes3
backhaul cerment. Cocraiser okono 4% UP Tpaduxa.

3. Control Plane CP tpaduk — ciyxebHas uHdpopmarms
(o6bem mpenebpesknmo man otHocuTenbHo UP tpaduka [11]).

4.  3aroJoBKH TPAHCIIOPTHOTO YpOBHSA. T.K. CTEK MPOTOKO-
708 TpaucmoptHoro uutepdeiica S1 B cetn LTE [13] coBmagaer
€O CcTeKOM IMpoToKosa TpancnoptHoro uutepdeiica NG B 5G NR
[14], cunracM BO3MOXKHBIM BOCIOJB30BATHCS PE3YJIbTATAMH U3
[11], rne oObem HakIaAHBIX pacxo10B oieHnBaercs B 10%.

5. IPsec (14 % cornacho [11]).

CremyeT yTOYHHUTB, YTO PSJ 3ar0JOBKOB M CIYKEOHOH WH-
dhopmarmu yposHeit L1, L2 u L3 mobariseMbie ipu miepeaayc B
RAN cern orOpackiBatoTcs B 6a30BOW CTaHIIMM M HE yYHUTHIBa-
1oTcs npu pacuete Tpaduka backhaul ceru.

CkopocTp Tiepefadyd JaHHBIX a0OHEHTa B COOTBETCTBUHU C
[12] moxeT ObITh paccunTana kak (1). B ciydae mepemaun Bcex
pecypcoB oHOMY aboHEHTY (hopmyitoii (1) MoxkeT OBITH OTHCcaH
UP Ttpaduk 3a eqUHUIY BPEMEHH.

' NFE’;F\%(])V# .12 (170H(j))) ’
TH

M

QW R

J . .
-6
€¢=10 _zl(nlgtje?ms 'V(Lfa)yers
j:

rue

J — KOJIMYECTBO arperdpoOBaHHBIX MOAHECYIIUX B 3aJaHHOM
JIMarna3one, WM KOMOWHAIMK Juana3oHoB (Makcumym 16);

R — cKOpoCTh MOMEXOYCTOMYMBOTO KOAMPOBAHUS (MaKCH-
manbHas 948/1024)[12];

nlgtjez);ms — KOJIMYECTBO TPOCTPAHCTBEHHBIX JIy4eH, popMupye-

MBIX ¢ Hcronb3oBanueM Massive Multi User MIMO;

v(D

Layers

Jst Single User SU-MIMO - 8 (MakcuMyM Ha OJJHOTO TIOJb-

soBares) B DL, 4 B UL, mis Multi User MU-MIMO - 16 (mak-

cuMyM 4 Ha OJHOTO MOJIB30BATEIIA, 10 CymMmMapHO 16 Ha 4 1oJib-
30BaTeseh).

Qr(nj) — MaKCHUMaJIbHBIN HHACKC MOAYIAul. CTaHAAPTOM IS

— KOJIMYECTBO MyJbTUILIEKCHPYeMbIx ciioeB MIMO.

nepenaun B kananmax PUSCH u PDSCH (ocHOBHBIE KaHAIbI Tie-
penaun noss3oBarensckoro tpaduka B uplink u downlink) om-
penesnensl Mmoxysinuu pPi/2 BPSK ... 256 QAM, cooTBeTcTBeH-

HO, MHACKC MOJLYJISILINA Qr(nj) paser 1 ... 8 [15].

£() - Maciradbupyonmii Gpakrop. Moxer npuHAMAaTh 3Ha-

yernus 1, 0.8, 0.75 u 0.4. 3aBUCHT OT HUCIOJIB3YyEMOM MOJIB30BaA-
TEJIEM I0JIOCHI YACTOT, MHACKCA MOJYJISILIMU U KOJIMYECTBA CIIOCB
MIMO [16]. IIpu nepenaye HECKOIBKHM II0JIB30BATEIISIM OIXHON
gNB, o6umii f Moo npunaTE paBHBM 1.

L — HyMepoJiors. JTO OIMH M3 OCHOBHBIX MapaMeTpoB
(HU3UYECKOT0 YPOBHS, BIHMSIOIINIA HA PACCTOSHUE MEXIY MOIHE-
CYIIMMHU U JUIMHY LUKIH4Yeckoro npeduxca. JJokymentom [15]
ompesieNieHbl 3HaYeHus1 Hymeposoruid = 0 ... 4, paccrosiHue
Mexy mogaecytuMu Af = 2415 [kI'].

T¢ - nmrensHocts OFDM cumBona B cy6dpeiive ¢ Hyme-

1073

POJIOTHEN L, TH =
14.2#
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NE|\-\/>\|/3(D'#_ MaKCHUMaJIbHOE KOJIMUECTBO PECYPCHBIX OJIOKOB

RB B nonoce BWY ¢ mymeposorueii i, onpenensiercs [17, 18].
OH ) — Haknanmble pacxojibl Ha 3aroJOBKH IPOTOKOIIOB.

OH 0 npunuMaet 3Hadenus: 0.14 s yacTOTHOTO Anana3oHa
FR1 mma DL, 0.18 mna FR2 mna DL, 0.08 mma FR1 oma UL, 0.1
it FR2 s UL [12].

Mbl paccMmatpuBaeM 0a30BYIO CTAHIHIO, KOTOPasi COCTOHT U3
onHoro CU, K KOTOPOMY IMOJIKIIFOYEHO NDU, KaXIbI U3 KOTOPBIX
o6caysxusaer NRY. B stoM ciydae obwsem mepenaBacmoro UP
TpaduKa B SAMHHUIY BPEMEHH MOXKET OBITh PACCUNTAH KaK:

NDU  NRU RU DU
R= Y > c" , )
nPY_1nfV
RU.DU
rae C — CKOpOCTh Tiepenadn, odecreunBaeMas RU ¢ wH-

IEKCOM nRU, noakiroueHHsiIM kK DU ¢ mHmexkcom nDU, paccun-
TaHHas Kak (1).

MakcumarnbHasi IPOMyCKHast CIIOCOOHOCTh, HEOOXOIUMas ISt
nepenaun UP tpaduka, paccumrtanHas mpu JOMYIIEHHH, YTO
kaxabiii RU obecrieuriBaeT MaKCUMalIbHO BO3MOYKHYIO CKOPOCTh
nepemaun R B coorsercTnn ¢ (1) MOKeT GBITH ONMUCAHA KAK:

CyMMapHble HakIaJHble pacXoibl Ha 3ar0JOBKU TPaHCIOPT-
Horo ypoBHs U IPSec cocraBmstor cormacHo [11] 28%, Takum
o0pa3oM MakcHMalbHas CyMMapHas TpeOyemas MpOIyCKHast
CIOCOOHOCTh MOYKET OBITh PACCYUTAHA KaK:

RZ —1.25RMAX ()

4. Pe3yabTaTbl MOJeIMPOBAHUS

B Ttabmmne 1 mpuBeseHO TpW THUIOBBIX CIEHAPUEB pabOTHI
pactpeneneHHOW 0a30BOM CTAHIWU M PACCUUTAHHBIC 3HAUCHUS
TpeOyeMoi MPOITyCKHOH CIIOCOOHOCTH TPaHCIIOPTHOH cetu. Pac-
YeT OCYILECTBIISICS B COOTBETCTBUM C MaTEMaTHYECKOW Mojie-
JIBHO, OINHMCAHHOMN BBIIIE. 21_1'[5[ YOpouieHus Mbl CUATAEM, YTO BO
BCEX MPOCTPAHCTBEHHBIX JIydaX M YaCTOTHBIX KOMIIOHCHTAX HC-
MOJIb3YIOTCSI OJIMHAKOBBIC TIAPAMETPHI.

Tabmmma 1

Howmep crienapust 1 2 3
Kommyectso DU 1 5 1
KonnuectBo RU na DU 1 4 1
J 8 4 1
KonnuectBo syyeit n_beams 24 24 1
vl 1 1 4

Layers
Qr(n i) 8 8 6
Rimax 0.9258 | 0.9258 0.6016
Hywmepoutorus p 1 2 0
KommyectBo  pecypcHbIx — OmokoB| 273 2 106
N PBI%(J)'” B JIHAIIA30HE
upuna nosnockl yacror B ocHoBHOM | 100 2 20
nuanaszone, MI'n
Jmurensrocts OFDM cumBoa, MKC 35.714 | 17.857 71.429
Haxnanaele pacxonsl Ha 3arososku OH 0.14 0.18 0.14
Juanazon FR1 FR2 FR1
Tpebdyemasi mpomycKHasi crnocodHocTL | 143.5 441.3 0.283
backhaul cetu (I'6ut/C)

IlepBelil cLeHapuil COOTBETCTBYET MAKCUMAJIbHOM CETEBOM
Harpys3ke Kjiaccudeckoit 0a30Boit cranimu ¢ onuuM RU u ogHuM
DU, arperupyromieii 8 4acToTHBIX KOMIIOHEHT. bazoBast craHIus
dopmupyer 24 (MakcHMagbHOE 3HAYCHHE) MPOCTPAHCTBEHHBIX
Jy4a, B KQKJOM U3 KOTOPBIX MCIOJIB3YETCsl OOJIBIIOE YUCIIO pe-
CYpPCHBIX OJIOKOB C MaKCHMalbHBIM HMHAEKCOM MOJIYISIHUHA 1
CKOpOCTBIO KonupoBaHMs. llepenaua naeT B KIIACCHYECKOM
(FR1) numanaszone. PaccunmTanHas TpeOyemas MpOIyCKHas CIIO-
cobuocts Tpancnoprroii backhaul cetu cocrasmma 143.5 I'6ur/c.

Bropoii crieHapuii COOTBETCTBYET paclpeieiICHHON 0a30BOM
craanueit ¢ 5 DU, xaxnmsiit u3 kKoTopeix obcmyxuBaer 4 RU.
Ilepenaua BemeTcst B 4acTOTHOM Auamna3zone FR2 OcHoBHbIC ma-
paMeTpsl, BIMSIOIINE Ha MPOIYCKHYIO CIIOCOOHOCTb TAaKHE XK€,
KaK ¥ B IIEPBOM CIIEHApUH M OJIM3KM K MaKCUMaJIbHbIM, YTO CO-
OTBETCTBYET, C OJIHOM CTOPOHBI, BHICOKOH CeTeBON Harpyske, H ¢
JPYTOH, XOpOLIMM YCJIOBHSM PaclpOCTPaHEHHs] PaJMOCUTHAIIOB
(aboHeHTHI HaxoATCs BOIM3U 6a30BOit cTaHMK). PaccuntanHoe
3HAUYCHHUE TPOIYCKHOH criocobHocTH coctaBuio 441.3 I'out/c.

Tpetuii cueHapuil COOTBETCTBYET MEHEE MPOU3BOIUTEIBHOM
10 CPABHEHMUIO C TIEPBBIMH JBYMsI CIEHAPHUSAMH 0a30BOM CTaHIN-
eit ¢ oqanM DU u omruMm RU. B aToM crieHapuu He TOAICPKH-
BaeTcs AuarpamMmMooOpaszoBaHue (HO GpOpMUPYETCs YeThIpEe CIIOs
MIMO) u arpermpoBanue momHecymux. Ilepemaua BemeTcsl B
nosioce 20 MI'1, B wactotHoMm auanasoHe FR1. YcnoBus pac-
MIPOCTPAaHEHUs] PAJMOBOIH XYK€, YEM B IPEIBIAYIINX CIIEHApH-
€B, M0ATOMY HMHJIEKC MOJAYJSIIMHA M CKOPOCTh KOJHMPOBAHUS HE
MaKCHMaJIbHbI. PaccunTaHHas mporyckHasi CllocOOHOCTh cOCTa-
Buna 283 Mowur/c.

PaccMmoTpeHHbIe clieHapu# MO3BOJSIOT C(HOPMHUPOBATH MPEII-
CTaBJICHHE O MPOMYyCKHOi cocobrocTu backhaul cetn mpu pas-
JIMYHOM XapaKTepHOH KOHHUTryparuu 0a30BbIX CTaHIMH U yCJIo-
BUIl pactipocTpaHeHHsI PaaHOBOJIH.

3akjouenue

Cetn MOOWJILHOW CBSI3M TIATOTO ITOKOJICHUsST O0ECHEeYHBAIOT
NPUHIMITHAIEHO HOBBIH YpOBEHb KadecTBa OOCITyKHMBaHUS a0o-
HeHToB. KimoueBoii gacTeio HHpacTpyKTypsl ceteid 5G aBmsroTes
TPAHCITOPTHBIE CETH, OJIHH U3 CETMEHTOB KOTOphIX — backhaul 651t
paccMOTpeH B 3TOil cTaThe. BbUTH paccMOTpeHBI 0COOSHHOCTH U
BO3MOXKHOCTH apXHTEKTYpHI ceteil 5G, Biusiomue Ha TpaHCIopT-
Hble ceTu. OINUcaHbl OCHOBHBIE MOAXOJBI K MOCTPOSHHIO STHX
cereil 1 (haKTOPBI, BIMSIONIME HA UX TPOITYCKHYIO CHOCOOHOCTb.

[pennoxxeH MeTo pacdera TpeOyeMOol IPOMYCKHON Croco0-
HOCTH, OCHOBaHHBIH Ha aHaIII3¢ aDOHEHTCKOH CKOPOCTH Iepeaaun
1 0cOOEHHOCTEH pactipezielieHHOH 0a30Boii cranmmu. Ha mpormy-
CKHYIO CIIOCOOHOCTb BIIHSIET PSiI (hPaKTOPOB — OT YACTOTHBIX JIHa-
[Ia30HOB, TUIIOB AHTEHHBIX CHCTEM, YCJIOBHH PacIpOCTPAHEHUS
PaIMOBOIIH JI0 CIIOXKHOCTH U ITPOU3BOJUTEIFHOCTH 0a30BbIX CTAH-
. Hamu Oblia pazpaboraHa U oIicaHa B 3TOi cTaThbe MaTeMa-
THYECKasl MOJIeIb pacyera IPOIMYCKHOH CHOCOOHOCTH, T03BO-
JISTFOLIAs yUECTh BCE 3TH (PaKTOPBL.

[Mokazan mpuMep pacuera mporyckHoit criocodHocTr backhaul
CeTH JUISl TPeX CIIEHapHeB padOThl 0a30BOM CTAHLMH, B KOTOPBIX
3Ha4YEeHHE MPOIYCKHOW CIIOCOOHOCTH pazimyaertcst Oosee 4eM B
100 pa3. MaremaTrueckasi MOZCIb MOXKET TPUMEHSTHCS TIPH CO3-
JIaHUH, IPOSKTUPOBaHUU U onTumu3aimu backhaul cereii.
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Abstract

Currently, the fifth generation of mobile communication systems of the 5G NR standard are being introduced all over the world. One
of the most important components of these systems are backhaul transport networks connecting the base station and the core of the
network. The bandwidth of these networks must be sufficient to carry a large amount of traffic. In this article, we propose a mathe-
matical model for calculating the throughput of backhaul networks, which can be used in the design of 5G infrastructure. We also con-
sider some important aspects of the 5G architecture, which make fundamental differences from communication networks of previous
generations. One of these aspects is the use of distributed base stations, in which radio signal processing units, low-level and high-level
protocol processing units are separated not only logically, but also physically, and can also be spatially separated. Thus, 5G systems fit
into the concept of cloud networks, due to which it is possible to significantly save resources for infrastructure deployment. However,
such a solution increases the requirements for transport networks. Possible approaches to the physical implementation of transport
networks are considered, including a fundamentally new solution that integrates radio access and backhaul networks. Finally, taking into
account these and other factors, a mathematical model created by us for estimating the required bandwidth of backhaul networks is
described. The model is based on calculating the maximum network load in a base station cell, taking into account such parameters as
the number of spatial beams, the aggregated number of subcarriers, modulation index, coding rate, etc. The distributed structure of the
base station is also taken into account in the model. Three scenarios of 5G base station operation are shown and an estimate of the

required throughput of backhaul networks is given for them.

Keywords: 5G, NR, backhaul, bandwidth, Cloud RAN, base stations, gNB, CU, DU, RU.

T-Comm Vol.I5. #12-2021




CBA3b

References

I. Ya.V. Kryukov et al. (2020). Analysis of Computational Complexity and Execution Time of the Protocol Stack in 5G Networks. New
Radio TUSUR reports. Vol. 23, no. 3, pp. 31-37. (in Russian)

2. 3GPP TR 38.801 "3rd Generation Partnership Project; Technical Specification Group Radio Access Network; Study on new radio
access technology: Radio access architecture and interfaces (Release 14) v.14.0.0.
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationld=3056, Published December 2020.

3. 5G NR Logical Architecture and its Functional Splits. https://www.parallelwireless.com/wp-content/uploads/5GFunctionalSplits.pdf
4. Innovations in 5G Backhaul Technologies", A 5G Americas White Paper. https://www.5gamericas.org/wp-
content/uploads/2020/06/Innovations-in-5G-Backhaul-Technologies-WP-PDF.pdf Published June 2020.

5. |EEE Standard for Ethernet. https://standards.ieee.org/standard/802_3-2018.html| Published August 2018.

6. 3GPP TS 38.174 ‘"Integrated access and backhaul radio transmission and reception" (Release 16) VI16.2.0.
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationld=3665 Published June 2021.

7. EV. Rogozhnikov et al. (2017). Full duplex wireless communication system, analog and digital cancellation, experimental research.
2017 International Siberian Conference on Control and Communications (SIBCON). |EEE. P. |-5.

8. M. Polese et al. (2020). Integrated access and backhaul in 5G mmWave networks: Potential and challenges. IEEE Communications
Magazine. Vol. 58. No.. 3. P. 62-68.

9. C. Saha, M. Afshang, H.S. (2018). Dhillon Integrated mmwave access and backhaul in 5G: Bandwidth partitioning and downlink analy-
sis. 2018 IEEE International Conference on Communications (ICC). IEEE. P. 1-6.

10. C. Saha, H.S. Dhillon (2019). Millimeter wave integrated access and backhaul in 5G: Performance analysis and design insights. IEEE
Journal on Selected Areas in Communications. Vol. 37. No. 12. P. 2669-2684.

I'l.  Guidelines for LTE Backhaul Traffic Estimation. NGMN Alliance; 20I1. https://www.ngmn.org/wp-
content/uploads/NGMN_Whitepaper_Guideline_for_LTE_Backhaul_Traffic_Estimation.pdf Published July 201 I.

12. 3GPP TS 38.306 V16.4.0 User Equipment (UE) radio access capabilities. https://portal.3gpp.org/desktopmodules/Specifications/
SpecificationDetails.aspx?specificationld=3193 Published March 2017.

13. 3GPP TS 36.414. Evolved Universal Terrestrial Radio Access Network (E-UTRAN); S| data transport. https://portal.3gpp.org/desk-
topmodules/Specifications/SpecificationDetails.aspx?specificationld=2447 Published July 2020.

14. 3GPP TS 384I14. NG-RAN; NG data transport. https://portal.3gpp.org/desktopmodules/Specifications/
SpecificationDetails.aspx?specificationld=3224 Published July 2020.

I5. 3GPP TS 38.21 | 3rd Generation Partnership Project; Technical Specification Group Radio Access Network; NR; Physical channels
and modulation. https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx’specificationld=3213 Published April

2017.

16 3GPP TSG RAN WG| Meeting#92 RI-1801352 https://www.3gpp.org/DynaReport/TDocExMtg--R1-92--18769.htm Published
March 2018

I7 3GPP TS 38.101-1: "NR; User Equipment (UE) radio transmission and reception Part |: Range | Standalone".

https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx?specificationld=3283 Published July 2021
I8 3GPP TS 38.101-2: "NR; User Equipment (UE) radio transmission and reception Part 2: Range 2 Standalone".
https://portal.3gpp.org/desktopmodules/Specifications/SpecificationDetails.aspx’specificationld=3284 Published July 2021

Information about authors:

Dmitry A. Pokamestov, Tomsk State University of Control Systems and Radioelectronics, Candidate of Technical Sciences, associate professor, Tomsk, Russia
Yakov V. Kryukov, Tomsk State University of Control Systems and Radioelectronics, Candidate of Technical Sciences, associate professor, Tomsk, Russia
Evgeny V. Rogozhnikov, Tomsk State University of Control Systems and Radioelectronics, Candidate of Technical Sciences, Head of the Department of
Telecommunications and Fundamentals of Radio Engineering, Tomsk, Russia

Serafim A. Novichkov, Skolkovo Institute of Science and Technology, Lead Engineer of LRC "5G Radio Access Network with Open Architecture", Moscow, Russia
Dmitry A. Lakontsev, Skolkovo Institute of Science and Technology, Candidate of Technical Sciences, Assistant Professor, Head of the Competence Center of

the National Technical Initiative "Technologies of Wireless Communication and the Internet of Things", Moscow, Russia

T-Comm Tom |I5. #12-2021




