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BBEJAEHUE

Texnomoruss NB-10T (Narrow Band Internet of Things) — ato HoBast TexHOIOTHS
paguomocTynia Ha OCHOBe ceTeil MoOunbHOM cBsizu LTE, npennasHaueHHas mis
CTAIlMOHAPHBIX YCTPOKCTB ¢ nepeaadeii HeOoapux 00beMoB JaHHbIX. NB-10T co3mana
JUTST MCToNb30BaHMsT B cermeHTe 10T, rae HEoOXomWMbl BBICOKAs JAbHOCTH CBSI3H,
HEOOJbIINE CKOPOCTH M MaKCHMajbHas sHeprodddexktuBHocTh [1]. TexHosorus
Co3/1aBajiach Kak aJamnTalis BhICOKOCKOPOCTHOrO cranmapra cotoBoi cesizu 4G (LTE),
pa3paboTaHHOrO JJIsl MOAKIIOYeHUsT MHOXecTBa |0T-ycTpoiicTB, HO 0€3 TPUBBIYHOMN IS
4G cranmapTa U30BITOYHON (PYHKIIMOHAILHOCTH M UMEIOIIErocss ObICTPOICHCTBHUS.

Pa3BuTue HOBOro craHjgapra MOOWJIBHOU CBSI3U - 5G U 00JaYHBIX BBIYUCICHUM
OpPUBEAYT K TMOCTPOCHHUIO HOBOTO THMNA KOMMYHUKAIIMOHHBIX CETEW, Mpeiararoiux
YCOBEPIIEHCTBOBAHHBIM cepBUC i ycnyr MHrepHera Bemen. M xora kaxkercs, 4To
TexHonorus 5G roroBa NpeyIoKUTh Jydiue ycnoBust st 10T ycTpoiicTB, npoitaer eme
HEMaJi0 BPEMEHHU I €€ MOBCEMECTHOT'O BHEIPEHUS B TEIEKOMMYHUKAITMOHHBIC CETH
pa3BUTHIX CTpaH, B T.4. U Ha TeppuTopun PecnyOmuku Kazaxcran. meHHO mostomy
BHenpenrue TexHonoruu NB-10T Ha cersx MoOunbHOM cBs3u 4G eme monro Oymer
OCTaBaTbCsl BOCTPEOOBaHHOW 3ajavei, a ee modHas coBMecTUMOCTh ¢ LTE -
HECOMHEHHBIM TPEUMYIIIECTBOM.

HecMmotps Ha To, uto TexHonorus NB-10T muoroe ynacnenosana ot LTE, Haunnas
Cc (U3MYecCKOM W 3aKaHYMBAs CETEBOM apXWUTEKTYpOl, MMEIOTCA M CYLIECTBEHHbIE
otnuuus. OTu oTiauuus chopmupoBanbl paboueit rpynmoit 3GPP B Penmuze 13 u
IPE/ICTaBIIEHbl KaK OCHOBHBbIE TpeOOBaHUS K Y3KOMOJOCHOW TexHojoruu HHTepHeTa
Bemieil. K HUM OTHOCATCS: BO3MOXKHOCTD MOAKIIOYCHUS K 0a30BOM CTAaHIIUU OOJIBIIIOTO
Kosu4decTBa ycTporcTB (10 100 Teic.en. Ha coTy), crabmibHoe mokpbiTie NB-10T (10 -
164 nb nns yctpoWcTB ¢ KjaccoM MomHocTd 231b), HHU3KOe SHEpromorpedsieHHe
ycrpoiicTB (10 10 et paboThl OT OaTapen) U HU3Kask CTOMMOCTh YCTpoHCTB (10 109).

B Texauueckoii criennpukamnmm koncoprimyma 3GPP TR 45.820 [2] ¢ Touku 3penus
CeTH paJoJoCcTyna MpUBOAATCA Tpu BO3MOXKHBIX NB-I0T cuenapus ucnonb3oBaHus
PaauOYacTOTHOTO CIIEKTPA B CETSIX MOOMILHOM CBsi3u [3]:

1) aBTOHOMHBIN cueHapuii (anri.. Standalone mode), rae He3aHATBIE pecypChI
GSM cnekTpa 3aeicTBYIOTCS Ha IPUHITUIIAX pedhapMHUHTa, T.€. 3aMeHbl yacToT GSM Ha
NB-IoT [3, C.51];

2) BHYTPHUIIOJIOCHBIN WUJIM CLIEHAPHI COBMECTHOTO UCIOJIb30BAHUS CIIEKTpa (aHT L.
In-band mode), rae pabouune pecypcubie 010ku LTE ¢ monocoit nponyckanus 180 k'
samemarorcss NB-10T RB [3, C.51];

3) cueHapuii Mcnoib30BaHMS 3amuTHOM mojockl (anri.. Guardband mode), rae
nosi pa3BepthiBanue TexHonoruu NB-10T BwimaeTcs u30BITOUHBINA CHEKTP YaCTOTHOTO
kaHana LTE, T.e. ucronb3yrores 3ammuTHble HHTepBaisI [3, C.51].

BapuaTtuBHOCTh clieHapueB peanu3ani y3KomoysocHoro l0T oObsicHseTcs TeMm,
4yTO nepBoHauanbHO cranaapT NB-10T paspabaTsiBaics ¢ yaeToMm TpeOOBaHMI K TTOTHOM
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COBMECTUMOCTH C YK€ UMCIONTUMHUCS cTaHAapTaMu coToBbIX ceteit — 2G/3G/4G [12]. Dto
MO3BOJIMIIO M30€XaTh CYILECTBEHHBIX U3MEHEHUN Ha CeTH MOOMJIBHOM CBSI3M U CHU3UTH
KalUTaJIOBIOXKEHUSI B MOJIEPHU3AIIMIO COTOBOM CETH 3a CYET MEepercCHoNb30BaHUs
UHQPacTpyKTypbl ceTu. Kpome Toro, Ha cerofHsILIHNN A€Hb, PEryIUPYIOIINE OPTaHbl HE
BBIJICIISIIOT OTACIBHBIC YaCTOTHBIC JUAITa30HBI JIJIs pa3BepThiBaHus TexHojmoruu NB-10T.
[lo sTOl mpuumHe, mepes MOOWIBHBIMU ONEpPAaTOpaMHU CTOMT HEMpocTas 3ajaya -
Tpebyercs MakcUMaabHO 3((PEKTUBHO NMEPEHCHOoIb30BaTh CYIIESCTBYIOIINE YaCTOTHBIC
pecypcChl COTOBOM CBSI3M TOJI TEXHOJIOTHIO Y3KOIOJOCHOTO MHTEpHETA BEIEH.

Bwmecre ¢ Tem, BEIOOD OmpeAeieHHOTO ClieHapHsl pa3BepThiBaHus TexHonorun NB-
IoT odeHb BakeH, MOCKOJbKY OKa3blBa€T 3HAUMMOE BIMSHUE HE TOJbKO Ha
SKOHOMHUYECKHE M TEXHUYECKHUE IMOKa3aTesid NMpHU Pa3BEepPThIBAHUU HOBBIX CETEHl CBS3H,
HanpuMmep, Ha THOKOCTh TOCTPOECHUS CeTeH, MOTEHIMAIbHbIE IEHEKHbIE 3aTPAThl, HO U Ha
OCHOBHBIE TOKa3aTean 3(P(EeKTUBHOCTH (PYHKIHOHUPOBAHUS CEeTed MOOWIBLHOW CBSI3U
4G, a, crnemoBaTeIbHO, Kak pe3yJbTaT M Ha YAOBJIETBOPEHHOCTb KOHEYHBIX
noJsip30Batenel ycayramu MHrtepHera Bemield. B aTom ciydae ananu3 3¢(eKTUBHOCTH
(YHKIIMOHUPOBAaHUS CeTe MOOWJIBHOM CBSI3W TPU HCHOJIB30BAHUHM  PA3TUYHBIX
cuenapueB texHojoruu NB-10T [3, C.52; 4] nomoxer omnpeaenuTh HaubOoiee
ONITUMAJbHBIN CIICHAPHi, TO3BOJIUB 00ECEYUTH TOKHOE Ka4eCTBO MPEAOCTABISIEMBIX
yciyr. OnHako, B HacTosIiee BpeMs Borpocy 3G (HEKTUBHOCTH MCTIOIb30BAHUS KK I0TO
U3 clieHapueB pasBepTbiBaHus TexHonoruu NB-I0T mpu omnpesgeneHHBIX yCIOBUSX
MIOCBAIIEHO JIMIIh HEOOJBIIOE KOJIUYECTBO PAdOT M HCCIECIOBAHHWM, a METOIUYECKUE
HOJXO/bl U IUCCEPTALMOHHBIE U3bICKAHUS Ha 3Ty TEMY OTCYTCTBYIOT U BOBCE.

AKTYaJIbHOCTH T€MbI HCCJI€10BAHUS

CyiiecTByroniyie METOJbl HE IMO3BOJSIIOT BEPHO paccuuTarh 3PQPEKTUBHOCTH
paboTBl CeTH W ONpEeNeIuTh Hambosee ONTUMAaJIbHBIA M3 CIIEHAPUEB DPa3BEPTHIBAHUS
texHosnoruu NB-I0T Ha ¢yHKIHMOHHPYIOMIUX CeTAX MOOMIbHON CBsi3u 4G, MOCKONBKY
OpPUEHTHUPYIOTCS] HAa OTPAHUYEHHOE YU CIIO KPUTEPUEB, @ UMEHHO - JOCTYITHBIM YaCTOTHBIN
pecypc (IIMpUHA MMOJIOCH MMPOMTYCKAHUS, YaCTOTHBIN JUAIa30H, U T.1.).

[Tpu aTOoM BBIOOD PhdPexTUBHOTO crieHapus pa3BepThiBanus cetd NB-IoT Ha 6aze
cetn MoOunbHOU cBs3M 4G mpu okazaHuu yciuyr VHTepHeTa Beled O4YeHb BaXKeH,
MOCKOJIbKY OKa3bIBAET 3HAYMMOE BJIHMSIHHE Ha:

- OCHOBHBIE MTOKa3aTeu 3PPEKTUBHOCTU (HYHKIIMOHUPOBAHUS CETH;

- moka3aresu kadectBa cetu (QOE) m nmpeocTaBisieMbIX YCIYT;

KOJIMYECTBO NOTEHIIMAIBHBIX A00HEHTOB yciyru 10T;
3arpaThl Ha moctpoenue uinn ynyuienue 10T cetu (TCO).

[TosTomy Bompoc ompenenenus 3¢pdektuBHocTH cueHapueB NB-10T nomxen
pemaTbCsi KOMIUIGKCHO, M OlEHKa d3(PPEKTUBHOCTH [OHKHA MPOU3BOAUTHCS C
UCMOJIb30BaHUEM I'PYIIIbI HECKOJIBKUX HanboJiee BaKHbIX TapaMeTPOB.

OnepaTtopaMm MOOWJIBHON CBsSI3W HEOOXOAMMO TIOHMMATh 3apaHee, Kakoh wu3
cuenapueB NB-IoT Oyzaer sBusatbecs Haumbonee S(OPEKTUBHBIM U MOITOMY



MIPEAMOYTUTEILHBIM JJI Pa3BEPThIBAaHUS Ha CYIIECTBYIONICH CeTH MOOMILHOM CBsi3u 4G,
a TaKXe TTOMOXET JIOCTUYb HAaWIydIllero 0asaHca MEXy YIIOMSIHYTHIMUA KPUTEPUSIMU.

JlokazaHo, 4TO CYIIIECTBYET HEOOXOJUMOCTh B pa3pabOTKe MHOTOKPUTEPHUATHLHOT O
METOJIMYECKOr0o Toaxojia K omeHke 3(POEKTUBHOCTH (PYHKIMOHUPOBAHUS CETU
MoOunbHOM cBsi3u 4G ms okazanust ycuyr NB 10T mpu pasnuyHbIX clieHapusix
pa3BePTHIBAHUS B YACTOTHOM CIIEKTPE (ABTOHOMHOTI'0, UCTIOJIH30BaHU s 3alIUTHON TOJIOCHI
Y BHYTPH TIOJIOCHI).

[IpuMeHeHne  €IWHHOTO  MHOTOKPUTEPHAIBHOTO  METOJa Il OIIEHKH
apdextuBHOCTH (PyHKIIMOHUpOBaHUs ceTell NB-10T Ha ceTsax MOOWIBHOU CBSI3U
TIO3BOJIMJIO OBbI BBIOpATh HA0OO0JIee ONTUMATBHBIN CIIEHAPUI Pa3BEPTHIBAHUS TEXHOJIOTUN
NB-IoT, tem cambiM, oOecrieuuTh S3KOHOMHUIO BPEMEHH, MOBBICUTh TOYHOCTh BBIOOpA U
YMEHBIIUTh 3aTpaTbl Ha MOJEPHU3AIMIO CETU IMPHU BbIOOPE MOIXOJSAIIEIO CLEHAPUS
WCIIOIb30BaHUs PAAMOYACTOTHOIO CIIEKTPA C IMEPBOro pasa.

Heabro nuccepranoHHOM paOOTHI SABISETCA pPa3pabOTKa CXEMbl OLEHKH
¢ pexTuBHOCTH (DYHKIIMOHUPOBAHUS ceTH pamuopoctyna moomnbHOU cBsizu 4G (LTE
Advanced) s pa3aMYHBIX CIIEHAPUEB UCIOJB30BAHUS Y3KOMOJOCHBIX KaHAJOB
texHosorun NB-IoT mnpu okazanum ycayr — VHTepHera Bemiei (aBTOHOMHOTO,
WCIIOJIb30BaHUsl 3alllUTHOM TIOJIOCKI M BHYTPU TIOJIOCHI) B HMHTEpecax pa3pabOTKu
TEXHUYECKUX CTPATEruil OnepaTropoB MOOMIBHOM CBS3M B 3aBUCHMOCTU OT JOCTYITHOTO
PaOYacCTOTHOTO CIEKTPa, MPOU3BOAUTEIHLHOCTH U TMPOMYCKHON CIHOCOOHOCTH CETH
HNurtepHera Bemiei.

OO0beKkTOM HCCIICIOBAaHUN BBICTYNAET Y3KomoJiocHas TexHosnorus NB-10T,
WHTErpUPOBaHHAs B CETH MOOUITLHOM cBsizu 4G.

IIpeameTom wuccienoBanuii siisieTcs 3G (PEKTUBHOCTh UCTIOIL30BAHUS PECYPCOB
CeTH PaJuoNIOCTymma MOOWIbHOU cBi3M 4G NS pa3inMuHBIX CIICHAPUEB MPUMEHEHUS
yacTOTHBIX KaHaoB NB-IoT nipu okazanun ycnyr MHTepHera Bemien.

JInst AOCTHKEHUs TOCTaBICHHOW LIETM HUCCIEIOBaHUM HEOOXOAMMO PpElIUTh
KOMIUIEKC TEOPETUUECKUX, UCCIAEA0BATENBCKUX U TPAKTUYECKUX 3a4a4, & UMEHHO:

- HcciIenoBaTrb ocobeHHocTu npuMeHnenusi TexHonorud NB-10T u megocraTku
CYILECTBYIOLIUX CIOCOOOB U MOJIXO0B K OlleHKe €€ 3((HEKTUBHOCTU IIPU OKA3aHUU YCIIYT
HNurepHera Bewie;

- BBISIBUTb  TEXHHYECKHE  (akTopbl, Biusonme Ha  3(OPEKTUBHOCTH
UCIIOJIb30BaHUSl PAMO PECYpCOB CETH, a TaKXKE OMpeAeJuTh U 000CHOBATH BHIOOD
napametpoB (MHauKaTopoB) cetu paauonocryna 4G (LTE Advanced) ¢ texHomnorueit
NB-IoT, Bnustomux Ha 3(PEeKTUBHOCTH YIpaBICHUS paclipe/ieIeHHeM pajropecypca B
3aBHCHUMOCTH OT BBIOOpA CLIEHApUs UCIIOIb30BAHMS YaCTOTHBIX KaHaIoB NB-10T;

- pa3padoraTrb KpUTEpUM OICHKM U MOJEIb OLEHKH 3PEHEKTUBHOCTH
UCTIONIb30BaHMs ceTeBbIX pecypcoB cetu pamuonoctyna 4G (LTE Advanced) mpu
IPUMEHEHUHN Y3KOMNOJIOCHBIX KaHaoB TexHosioruu NB-IoT ¢ yderom TexHmueckux
dakTopoB, BIUAOMKX HA 3(H(HEKTUBHOCTH CETH;



- BBIPA00TaThb MHOTOKPUTEPHAIBLHBIM METO/, HEOOXOAUMBIN IJI1 KOMILJICKCHOU
OLIeHKH 3 (EKTUBHOCTH () YHKIITMOHUPOBAHMSI CETEW MOOMIIBHOM CBSI3U B 3aBUCUMOCTHU OT
BbIOpanHoro cueHapust NB-10T;

- moaeanpoBaHue QyHkimonupoBanus cetu NB-IoT ¢ yuerom npenoxkeHHbIX K
MCIIOJIb30BAHUIO0 OCHOBHBIX TEXHUUYECKHX TOKA3aTeNed CETH PauoJ0CTyIa;

- pa3padoraTh Ha OCHOBE PE3YyJIbTaTOB MCCIEAOBAHUI MEXaHU3Mbl pPeaTu3aluu
Ha TMPAKTUKE TEXHOJOTHYECKOM CTpaTeruy OnepaTopoB ceTel MOOWIIBHOM CBSI3HM JJIs
BbIOOpa cleHapusi MpUMEHEHUs 4acTOTHhIX KaHaioB NB-10T mpu okazanuum ycayr
WNuTepHera Beliel pu NOCTPOSHUH U SKCIUTyaTalluy CETH PaH0I0CTYIIa;

- anmpoOMpPOBATH PE3YJIbTATHI IPOBEAECHHBIX UCCIIETOBAHMM.

Hay4ynasi HOBM3HA JUCCEPTAIMOHHOIO WCCIENOBAaHUSA  3aKIOYaeTcss B
CJIETYIOIIEM:

1 Pa3spa0oraH MHOrOKPUTEPHAJIBHBI METOJ KOMIUIEKCHOH  OLICHKH
3pPpeKTUBHOCTH (YHKIIMOHUPOBAHUS CETH MOOMIbHOU CBs3U 4G AJid OKa3aHUsl yCIyT
NB-IoT mpu pa3anuHbIX CHEHAPHIX pa3BEPTHIBAHMS B YACTOTHOM CIIEKTPE (aBTOHOMHBIH,
B 3aIlIUTHOM MOJIOCE, BHYTPUIIOJIOCHBIN).

2 IMony4eHbl IKCNEPUMEHTATIBHO MOATBeP:KAeHHbIE pe3yJibTaThl,
JOKa3bIBAIOIINE 3aBUCUMOCTbD MPEMJIOKEHHBIX K HCIOJIb30BAHUIO CETEBBIX MOKA3aTENeH
Y MapaMeTpoB OT ClieHapus pa3BepThiBaHus TexHojgorun NB-I0T.

3 IlpoBeaeHa cpaBHMTEJIbHAS OllEHKA CIicHapUeB pa3BepThiBanus cetu NB-10T
Ha OCHOBE BBIOpPAHHBIX IMOKa3aresiel 3PPEeKTUBHOCTH, B pe3yIbTaTe KOTOPOM BBISBIEHO,
9710 3 (HEKTUBHOCTH (PYHKITMOHUPOBAHUS CETHU MPH pa3BepThiBaHuM TexHoMoruu NB-10T
B 3allMTHOM HHTepBajie Ha 12% u B aBTOHOMHOM Ha 7% BBIIIE, YEM B cllydae
UCIOJIb30BaHUS BHYTPUIIOJIOCHOT'O BapUAHTA.

4 Ha ocHOBaHMM KOMIUIEKCA 3KCIIEPUMEHTANBHBIX HCCIEAOBAaHUN U PE3YJIbTaTOB
MOACIUPOBAHUS  pa3padoTaHbl  MeEXaHM3Mbl  peaH3aUuM HA  NPAKTHKe
TEXHOJIOTMYECKOM CTpaTeruu orepaTopoB ceTeid MOOMIILHOM CBS3M JUIsl BRIOOpA CLieHApHUs]
npuMeHeHus1 yacToTHbIX kKaHaoB NB-10T npu oxazanuum ycnyr MHTepHera Bewel npu
MOCTPOCHUH M SKCIUTyaTalliy CETH PauoI0CTYIIA.

5 Tlonyuen MaTeHT PecniyGimku Kazaxcran:
«Cnoco6 omnpenenenust 3¢ hekruBHOCTH TpuMeHeHHs TexHoinoruu NB-10T Ha cetn
MoOMIBHOM cBs3u 4G» Ne 6322 ot 13.08.2021T.

Hay4Hble moJ10’keHus1, BBIHOCUMbIE HA 3alIUTY:

- 3asgBisieMblii MeTOJ pacueTa 3(h(PpeKTUBHOCTH pruMeHeHus: TexHoiaoruu NB-10T
Ha CeTIX MOOUITLHOM cBsi3u 4G ¢ MOMOIIIBIO pacyeTHOro ko3 dunnenta r3(hHeKTUBHOCTH
MTO3BOJISIET MOBBICUTH JIOCTOBEPHOCTh M TOYHOCTD ONPEAEIICHUS U BEIOOPA ONTUMAIBHOTO
cueHapusi pasBeptbiBanusi NB-10T nmpu ycimoBum kauecTBEHHOW pabOThl MOOHMIIbHOMN
CBSI3H.

- [To pe3ynbraraMm KOMILJIEKCHBIX HCCIEAOBAaHUI C MPUMEHEHUEM MPEII0AKEHHOT O
MeTona pacdera kodduimenta >(PPEKTUBHOCTH BBISIBIEHO, 4YTO 3((HEKTUBHOCTD
GYHKIIMOHUPOBAaHMS ceTU TIpU pas3BepThiBaHuu TexHoiorun NB-I0T na cersx 4G B
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npuropoaHo 30He Ha yactorax 800MI'm: B 3ammTHOM uHTepBajie Ha 12% u B
ABTOHOMHOM Ha 7% BbIIIIE, YeM IPH UCIIOIB30BAHUN BHYTPHUIIOJIOCHOTO BapUAHTA.

- IIpencraBneHsl MEXaHU3MbI PeAIM3allMM HA MPAKTHKE TEXHUYECKOW CTpaTeruu
OIepaTopoB MOOWJIBHOW CBA3M IO 3allyCKy TEXHOJOIMHM Yy3KomosnocHoro [0T B
3aBUCUMOCTH OT JIOCTYHHOIO PaJuOYacTOTHOTO CHEKTpa, IUIAHUPYEMOW Harpy3Kd H
IPONYCKHOM cniocodHocTr cetu MHTepHeTa Bellen.

JlocTOBEpHOCTh U NMPAKTHYECKAS NMPUMEHHMOCTb IOJYYEHHBIX PE3yJIbTaTOB
MOJITBEPKIACTCA aKTaMU BHEIIPEHUS, MOJyYEHHBIMU Ha PE3yJbTaThl AUCCEPTALMOHHON
paboTel OT TenekoMMyHHKalMoHHOW KoMmmanuu TOO «XyaBeit TexkHOIOMKU3
Kazaxcran» (axkt peammzaruu ot 28.12.2019) u anmatunckoro ¢pummana TOO «Kap-Tem»
¢ ToproBoii Mapkoii Beeline (akr peammszammm ot 05.04.2021). Ormeuaercs, 4TO
PaKTUYECKOE MPUMEHEHUE MHOTOKPUTEPUATIBHOIO METOJMYECKOTO MOAX0/1a ITO3BOJIAT
MOOUJIBHBIM OIlepaTopaM M TMocTaBIIMKaM |0T yciayr OnTUMHU3MPOBATH MPOIECC
peanmzanuu NB-10T TexHonorum, yMeHbIMB MOTEHIIMATBHOE BPEMsI Ha 3aITyCK YCIyTH.

B pabote npuBoasATCS pe3ylnbTaThl SKCIEPUMEHTAIBHBIX UCCIEA0BAaHUM, KOTOPHIE
BBITTOJIHSJIUCH KOMILJIEKCHO, ¥ TyOJIMPOBAIUCH pacueTaMu 10 MMUTAIMOHHON MOJIETH B
nporpammHoi cpee Forsk Atol ¢ BeICOKOI CXOTUMOCTBIO U3MEPECHHUM.

AnpoGauusi  pe3yabTaToB  JAuccepranmMu:  Pe3yiabTaThl  MCCIEIOBAHUS
noknaneBaauch Ha XI  MexayHapogHO  HaydyHO-TEXHUYECKOM  KOH(pEpEeHINH
«JHepreTuka, WHOOKOMMYHHKAIIMOHHBIE TEXHOJOTHU M BBICIIEE OOpa30BAHHEY,
nocBsEHHONW 45-netuto oOpa3zoBanusi Benymniero BY3'a B oOnactu sHEpreTuku u
TEJICeKOMMYHHKAIMU, a Takke Ha Mexaynaponunoit kondepeniuu ICISCT 2020. Bee
BBICTYIUICHUS [10 TEME JIUCCEPTALIUH.

IIyOnukanum: 1Mo TeMme JUCCepTallMM MPEeACTABICHbBl 9 HAy4yHBIX CTaTed M
JOKJIaZI0B, B TOM YHUCJE: 5 HAay4YHBIX CTaTe€ld B OTEUECTBEHHBIX M3JIAHMSIX U3 CIHCKa
pexomengoBanHbix KOKCOH; 2 nHayuHbIX qokiaga B COOpHMKAX B MEKIYHAPOIHBIX
HAYYHO-TEXHUYECKUX KOH(PEPEHIIU, B TOM YHCIIE C OYHBIM BBICTYILJIEHUEM; 2 HAy4HbIE
CTaThu, MHIEKCUpYyeMble B 0aze SCOpuS, B Tom uucie | crares (Article) B xypHaie
«International Journal of Communication Networks and Information Security» c
HPOLICHTHIIEM Ha MOMEHT myOnukanuu 51% mo pasneny «Computer Science: Computer
Networks and Communications», u «Indonesian Journal of Electrical Engineering and
Computer Science» ¢ MNpOIEHTWIEM HAa MOMEHT nyoiukanuu 42% 1o pasmeny
«Engineering: Electrical and Electronic Engineering».

Pe3ynbpTaThl HAyYHO-HCCIEA0BATENBCKON AESITENBHOCTH ObUTM 3a()MKCHPOBAHBI B
[laTente PK Ha MOJIE3HYIO MOJEJb o TEMATHKE
«Cnoco6 onpenenenus 3¢ppekTuBHOCTH NpuMeHeHus TexHonoruu NB-10T Ha cetu
MOOMITEHOH cBs3M 4G».

Crpykrypa u o0bem auccepramuu. JluccepramuionHas paboTa BBINOJHEHA
aBTOPOM B COOTBETCTBUU C ACHCTBYIOUIMMU TPeOOBAaHUSAMH OPOPMIIEHUS, CTPYKTYPhI U
conepxanusi. Pabora coctout u3 3 OCHOBHBIX pa3JieJioB, CIIMCKa YCIOBHBIX 0003HAUYEHUN
Y COKpAILIEHU, BBEJICHHUS, 3aKITIOUEHHS], CIIMCKA UCIIOIb30BAaHHBIX UCTOUHUKOB, KOTOPBII
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coctouT u3 91 HammeHoBaHUU, U mpuiokeHuid. OOmwMit 00beM paboThl cocTaBuia 132
CTpaHUIIbl U3 HUX: 39 pUCYHKOB, 33 TaOJIUIIBI.
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1 OB30P CYHIECTBYIOIIUX METOA0B PACYHETA
IIPEKTUBHOCTU @®YHKIIMOHUPOBAHUA CETEX MOBWIBHOM
CBSI3U 4G IIPU OKA3AHUU YCJOYI UHTEPHETA BEHIEN

1.1 UccaenoBanue ocobeHHOCTell ucnojib3oBanusa TexHoiaorun NB-10T npu
oxkazanuu yciayr UHTepHera Bemei

K coBpeMEHHBIM TEXHOJOTHUSAM PaJAMOJOCTYIA, HCHOJb3YEeMbIM JUIsl OKa3aHHS
ycryr IHTepHeTa BeIel, BRIABUTAIOTCS CTPOTHE KpUTepuu U TpeboaHus. K cyacThio,
NPUMCHSEMBIC TEXHOJOTHHM JOCTaTOYHO THOKHE, dYTOOBl MaKCHMaJbHO TOYHO
oOecreynBaTh MPAaBIWIbHBIA HAOOP Pa3IMYHBIX CETEBBIX XapaKTEPUCTUK B 3aBUCHUMOCTHU
OT CIEHApHWsl HWCIOJIb30BAHUS TEXHOJOTHH, a TaKKe OCYIIECTBIATH MPUOPHUTH3AIUIO
Pa3NUYHBIX BHUJOB CETEBOTO Tpaduka W ONTUMAIBHOE MepepachpeelieHue PecypcoB
CeTH JUII COXPaHEHUs SKOHOMUYECKOW »HhdekTuBHOCTH. MHOXKECTBO CIIEHAPHEB
UCTIOJB30BaHMs [5], HAJAEKHOE YIpaBJICHWE M KOHTPOJb, TIIyOOKOE PaaUONOKPBITHE,
JONTHM CPOK OKCIUTyaTalldd 3a CYeT HHU3KOTO SHEPromnoTpeOJeHUsT OKOHEYHBIX
YCTPOKWCTB, UX HEOOJbINAsi CTOUMOCTh U BO3MOYKHOCTh TTOJKTFOUCHHS CBBIMIE S0 ThICTY
yCTPOMCTB Ha 0a30BYI0 CTAHIHIO MOOMJILHOrO omeparopa (pucyHok 1.1) — Bce atn
TpeOOBaHUS JOJKHBI OBITh JOCTUTHYTHI B paMKaX €AUHON (DYHKITMOHUPYIOIIEH CETH TIPH
okazaHuM yciryr MHTepHeTa Bemieit [5].

[ e

YnyulieH1e NokpbITUs Huskoe notpebnenue Hwuskaa croumocTb MaccoBbie ycTpoiicTBa
B MOMELLEHUAX SHeprumn ycTpoiicTsa (50K nopKoUeHHit Ha coTy)
(PacwmpeHo Ha 20 gb no (ao 10 net paboTsl oT ($1~2 3a umnncet
cpaBHeHuio ¢ GPRS) BaTapen Npy EMKOCTH

1$5~10
BaTapem 5 BT'y) $ 32 MoAy1e)

Pucynok 1.1 — OcHoBHbIE TpeOOBaHUS U 3a7a4M K TeXHONOrusIM MHTEpHETA
BelleH

[lepeuncnennbie Boile TpeOOBaHMS ObUIA PEATU30BAHbBI B paMKaX YHUBEPCATIbHBIX
pacnpeieICeHHbIX CEeTel TeNeMEeTpUH, OOECIEeYUBAIONIUX MPOJAOIKUTEILHOE BpeMs
paboThl YCTPOMCTB Ha OOJIBIIME PACCTOSIHUAX O€3 JOMOJHUTEILHOTO OOCITYKUBaHUS U
3apsiaku. Takue ceTH Ha3bIBarOTCS SHEProd((EKTUBHBIMU CETSIMHU JAIbHETO paauyca
nevicrBust wian cetssmu LPWAN (anrn. - Low Power Wide Area Networks). Ilpu satom
TexHonoruu MHTepHeTa Bellei, MO3BOJISIIONINE MOAKII0YaTh aBTOHOMHBIE YCTPOMCTBA
(TaTYuKH, CEHCOPHI, MPUOOPHI YUETa U T.I1.) K TAKUM CETSIM, JICTISATCS Ha JIBE KaTETOPUU:

- TexHosoruu, UCMONIB3YIOIINUE HE JULEH3UPYEMbI CrekTp. K HUM OTHOCSTCA
LoRaWAN, SigFox, «CTPYXX» u ap.;
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- Texuomoruu, paboTallMe B JULEH3UPYEMOM CIIEKTpE, CpPEAH KOTOPBIX
HamOonee pacnpoctpaHeHHbIMU siBisitoTcst NB-10T, LTE-M wu ap. Ilpencrabiens
HECKOJIILKUMH CTaHJapTamu, paspaboranHbiMH Accommanueir GSM u B pamkax
koHcoprmyma 3GPP.

B tabmuue 1.1 npuBoauTCs KpaTkoe CpaBHEHUE HanOoJiee N3BECTHBIX TEXHOIOTUN
LPWAN, wucnons3yromux He JMUEH3UPYEMbI U JIMLEH3UpyeMblid crnekTp. Otcrona
BUJHO, YTO TEXHOJOTMH, OTHOCSIIMECS K TEpBOM KaTeropuu, OTIMYaroTcs Oosee
BBICOKOM IIPOU3BOJAMTEIBHOCTBIO. Tak, IpHU JOCTaTOYHO HU3KOM IPONYCKHOU
crocooHoctr B 200 kI'11, TEXHOJOTUH JIMIIEH3UpyeMoro criekrpa (Ha nmpumepe NB-10T)
00eCrneurBaT JalbHOCTh MEpeJaun pagluocurHana 10 22 KM U CPOK >KM3HHU Oarapeu
ABTOHOMHBIX YCTpoHMCTB 10 8-10 JeT mnpu OTHOCUTENbHO HHU3KMX 3aTparax Ha
MOJICPHU3AIMIO U/WJIM TTOCTPOCHUE HOBOM CETH, YeM HE MOTYT IMoxBacTarbesi SIgFOX u
LoRaN.

Ta6ymna 1.1 — CpaBuenue Texunonoruit LPWA [6]

Cranmapt SigFox LoRaN NB-loT
[Tonoca nponyckanus, kI'1 100 125 200
CKopocCTh mepeayu JaHHBIX, KOUT/C 0,1 0,3-50 200
[TokpsiTHE, KM 17 14 22
Cpoxk u3HH OaTapeu, Toj 5-10 5-10 8-10
3aTparsl Bricokue Cpennue Huskue

Ha cerogusiminuit genp koHcopuuyM 3GPP  cranmapTuszupyer Tpu TJaBHBIE
TEXHOJIOTUU [IJI1 YaCTOTHBIX JIMAMa30HOB C JIMIICH3UPOBAHHBIM HCIOJIb30BAHHEM
CIIEKTpA:

- LTE-M (Long-Term Evolution for Machine-Type Communications) siBisiercs
ajanTalye BBHICOKOCKOPOCTHOM TexHosioruu |0T ms cereit moOwmnbpHOM cBsizu LTE.
[lepBonauanwHast Bepcusi npencrasieHa B 2014 r. B Penmuze 12 [7], B gayibHeiieMm, B
Pemuze 13 Obuta mpomsBeneHa ee onTuMwuzaius [2]. 3aBepiieHHas crenubUKaIys
texHoiorun LTE-M mosiBunace B 2016 T. OcCOOEHHOCTh TEXHOJIOTUM 3aKIIOYAeTCS B
WCIOIb30BaHUM KaHana mupuHod 1,4 MI'1, yTo mo3BoJiAeT mepenaBaTh JaHHBIE CO
CKOpOCTBIO J10 1 M6uT/c;

- EC-GSM (Enhanced Coverage GSM) — texHonorus ¢ pacmupeHHbIM GSM-
HOKpBITHEM, TpeuiokeHa pabdoueit rpynmoit GERAN B Penuse 13 [2]. 3aBepuieHHas
BepcHsl crienu(uKaluy mosiBUIach OMHOBpeMeHHO ¢ TexHonorue LTE-M B I kBaprane
2016 1. TexHoysorus NO3BOJISIET OOMEHMBATHCI HEOOJBIIMMH ITAKETAMH MJAHHBIX B
yBesnmueHHo# Ha 201b 1o cpaBHEHHIO CO CTaHAAPTHBIM PEKUMOM 2 G 30HE MOKPBITUST B
pexxume GPRS. CkopocTh nepenadn TaHHBIX JOCTUTAET 110 256 KOUT/C ¢ MOJACPKKOM 10
50 ThICAY YCTPOMCTB Ha 0a30ByI0 cTaHIyio [8];
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- NB-loT (LTE Cat. NB1) — TexHOJOrHs HOBOTO, Y3KOIOJOCHOTO pPaauo
unTepdeiica, pernamentupoBanHas Hapsay ¢ LTE-M u EC-GSM B cranmapte 3GPP
Rel.13 [2]. N3HauanbHO CKOPOCTH TMEpeayul B TEXHOJIOTHH COCTaBIsiIa Bcero 70 KOUT/c
npu mupune nojockl B 180 kI'1. Ha cerous MmakcuMasnbHbIE CKOPOCTH MEepeaadn JaHHBIX
nocturator 250 kOut/c. TexHOnOrusi peann3oBaHa C TMPUMEHEHHUEM Y3KOIOJIOCHBIX
FDMA-curHanoB ajis BOCXOJAIIMX KaHAJIOB MeEpeladyd COOOIIECHHUM, B HUCXOJAIICH
JMHUU UCcToJb3yeTcs y3komnoigocHble OFDMA -curnaisi.

dakTHUeCKW, HH OJHA W3 TICPCYMCICHHBIX TEXHOJIOTHH HE BBICTYIACT
CaMOCTOSITEJILHBIM CTaHJAAPTOM; OHH SBJISIOTCS JTIOPAOOTKOW M Pa3BUTHEM HMCIOITUXCS
CTaHJapTOB MOOWJILHOW CBSI3U, Pa3paOOTaHHBIX IS YIOBIETBOPEHHS MOTpeOHOCTEH
a0OHEHTOB, 2 UMEHHO — MAaCCOBOE MOJIKJIFOUEHHE CJIa0 OMOIIIHBIX TEPMUHAJIOB U IATYUKOB
C OrpaHUYEHHBIMU MOTPEOHOCTSIMU B MPOMYCKHOW CIOCOOHOCTH, (PYHKIIMOHUPYIOIIUX
PEeUMYIIeCTBEHHO OT Oarapen [8].

Tak, x mnpumepy, EC-GSM - »T0 pacmmpeHue AEHCTBYIOIIETO CTaHIapTa
MoOunbpHOU cBsi3u GSM, uto mo3Bossier ObicTpee BHeApHUTH 0T 3a cueT oTCyTCTBUA
HEOOXOMMOCTH B 3aMEHE KOMIUIGKTOB O00OpydoBaHUsS 0a30BBIX CTaHIUi. Jlms
npuMeneHus: TexHosornn EC-GSM wucnoneiyercs cranmaptHas Hecymas GSM c
M3MCHEHUSMH, KACAIONMIMMHUCS YBEIIMUCHUS OIO/KETa JIMHUW - PAIUOTOKPBITHS, YHCIIa
MOAKTIOYCHHBIX |0T yCTpOWCTB W CHWIKEHHUS JEHEKHOW CTOMMOCTH BHEIAPCHHUS
TEXHOJOTUU B KOHEYHOM YCTPOUCTBE.

OcnoBHoe npeumytectBo EC-GSM — 3T0 mOATrOTOBICHHOCTh MHAPACTPYKTYPHI
cetu  (Tpebyercss  OOHOBIEHHME  TOJBKO  MPOTPaMMHOrO  oOecriedeHus), a
pactpocTpaHeHHOCTh ceTeil cranmapra GSM m X MOBCEMECTHBIM OXBaT IO3BOJISIOT
Jerko macitabupoBath cetu l10T. Ognako, Ha gaHHBIM MOMEHT TexHojorus EC-GSM
paccMaTpuBaeTCsl Kak IMPOMEXKYTOUHAs, TIOCKOJBbKY JUAUPYIONIME OMEepaTopbl U
MPOU3BOJUTEIN  TEICKOMMYHHKAIIMOHHOTO  OOOpY/AOBaHHWS U TEPMHUHAJIOB
nporuo3upyiot, uto GSM TexHomorus ycrapeBaeT [9] U B CKOPOM BpeMEHU MOXKET OBITh
3aMEeHEeHa Ha 0oJiee MEPCIIEKTUBHBIE CTaHAAPThI COTOBOW CBSI3U, XOTS W MPOIODKACT
UCHBITHIBATh OOJBIIYI0 HArpy3Ky Iepefadyeil rojocoBoro Ttpaduka B HEKOTOPBIX
peruoHax, 4YTO JIeJlaeT  HelLeJecOoOOpa3HbIM  3arpyxaTb €€  JOMOJIHHUTEIbHO
osicTpopactymuM 10T Tpadukom. MHOTHE CTpaHbl A3HWH YK€ BBITOTHIIA OTKJIIOUCHHE
cereit GSM (2G) B cBoMX pernoHax, a uMeHHO — 310 Snonus, FOxuas Kopes, Cunramnyp,
TarBanb, Makao, apyrue crpanbl — Taunann, Uanusa, Messama, Manansus u Magonesus
OCYILECTBJISIIOT MOCTEIICHHOE OTKIF0UeHHe U moytHbIH epexon B UMTS (3G) u LTE (4G)
K 2022 rony (pucyHok 1.2).

B kauecTBe OCHOBHOW Ce€TH Tepeaaud MOOWIBHBIX JaHHBIX B OOJIBIIIMHCTBE
perunonoB EBpomnbl, A3un, Jlatunckoit Amepuku u Adpuku ykopensiercst LTE (4G) cers,
YTO OOBACHSET OOJIBIINE OXKHUOAAHHUS, BO3I0KEeHHBIE Ha TexHonorun LTE-M u NB-loT,
BCTpOCHHBIE B AeiicTByromue cranaapTel LTE. Cranmapter 5G cerell He HalIM MOKa
IIUPOKOTO OTKJIMKA y ONEpPaTOPOB CBSI3U W3-3a JOPOTOBU3HBI YAaCTOTHBIX PECYPCOB H

13



TEICKOMMYHHKAIIMOHHOTO  OOOpY/JOBaHMS,  OOHOBIICHHE  KOTOPOTO  SIBIIACTCS
o0s13aTeNIbHBIM yclloBUEeM BHenpenus 5G ceteit.

CornacHO JaHHBIM aMEpPHKaHCKOW KoHcanTHHTroBor koMmanuu GTI [10] Ha uromb
2021 roma moBcemecTHO co3maHo Oosee 159 10T moak/wYeHuid MoOCpPeACTBOM
MOOMJIBHBIX CETeH COTOBOM CBsI3M; OOJbIas yacTh M3 HUX — 106 MOAKIIFOUCHU Tpu
UCIIO0JIb30BaHUU y3KomojocHoro 10T (tabnuua 1.2).

4G coeauHeHuns (%) 4G Tpaduk (M6 B rog)

A, 140 000

nCKniouan BonHa1: BocTouHas AsuA u Okea

BocTouHyo 120 000

Aamo 66%

100 000 BonnaZ2 : Eepona

-

80 000
60 000 BopHa3 : Adpuka
40 000

20 000

2018 2019 2020 2021 2022 2023

=== [Eastern Asia & Oceania ====Furope Africa

BonHat BonHa2 BonHa3 Oons coeguHeHwii 4G B Bonke 1, BornHa 2 Gyger
CHWKATBCA C NepexoAoM Ha 5G .
Ho Tpacuk 4G no-npexHemy 6yaeT GuiCTPO pacTu.

2018 2019 2020 2021 2022 2023 2024 2025

Pucynok 1.2 — Murparus abonenToB B 4G u mporao3upyemeiii poct 4G tpaduka

Tabymna 1.2 — I'eorpadust 3amycka 10T Ha BTopoe mostyroaue 2021 [11]

Pernon Crpana NB-loT LTE-M
Adpuka OxHas Adpuka 1 0
Ascrpanus, Unaus, HoBas 3enanaus, Anonus,

Kwuraii, I 'oHKkoHT,

Asust u Oxearis Manaiizusi, Cunranyp, TaiiBans, FOxxnas Kopes, 26 10
[Ipu Jlanka
Xopsatusi, Icronus, Yemickas PecryOinka,

Bocrounas Espomna Benrpus, Kazaxcran, Poccus, [lonbima, Ykpauna, 23 0
CnoBakust

Jlatuicias éMep axa AprenTtuna, Mekcuka, bpazunus 12 11

u KapuOckuii 6acceiin

Cpenuuit Boctok Typuus, OAD 14 2

CIIA u Kananga CIIA, Kanana 3 14
Asctpusi, Ucnnanus, Hopserus, benbrus, [lanus,

3amannas EBpora I'penust, @unnsauaus Opanuus, Mramms, 27 16
I"'epmanus, Upnanaus, Hunepnannsl, [IBelinapus

Cymma loT-noznkmouenuil B pa3pe3e TEXHOIOrui 106 53

O6ee komudecTBO 10T -moakOUeHM 159

14



N3 pucynka 1.3 BUIHO, UTO B pa3IMYHBIX PETUOHAX MUpPA pealln3als TEXHOJIOTUI
loT mpoucxomut mo-pasHomy [12]. K mpumepy, texnonorus LTE-M nepBonagambHO
paspabateiBasiach g oneparopoB CIHA. Ilocne Hadanoch HOCIENOBATEIBHOE
BHeapenne TexHosnoruu NB-10T, naGpaBmieit HanOOMbIIYI0 MOMYJSIPHOCTh B CTpaHaX
EBponibl 1 Asuu. B Kazaxcrane m Poccum mnmaHupyercs craHgapTusanvs TOJbKO
texHojorun NB-10T [13].

(O LTE-M cetn
@ NB-IoT cetn
@ LTE-M & NB-IoT ceru

Pucynok 1.3 — I'eorpaduueckas kapra ucnonb3zoBanus 3GPP texnonoruit 10T B
MUpe

Buanmass HepaBHOMEPHOCTh PacTIPOCTPAHEHHS ABYX OCHOBHBIX JUIIEH3UPYEMBIX
TexHonoruit l0T, peann3oBaHHBIX B COOTBETCTBMM cO craHgaprom LTE, 151
CYILIECTBEHHBI TIepeBeC B CTOpoHY omHoM u3 Hux - NB-loT - onpenenser
HEOOXOMMOCTh OoJiee MOAPOOHOTO M3Y4EeHHs] OCOOCHHOCTEH W  HEIOCTaTKOB
UCIIOJIb30BAHUS TAHHBIX TE€XHOJOTWM MPHU MOCTPOCHUU W OKA3aHUM PA3IUYHBIX YCIYT
HNuTepHera Beliei Ha ceTsAX MOOMIBHOM cBsi3H 4 G.

Texnomorusi LTE-M (taxke Hocut HazBanue eMTC wm LTE Cat.M1) - aTo ogHa
U3 Tpex OCHOBHBIX TexHosoruii 3GPP 10T, ucnonb3yromux JUleH3UPyeMbIi 4aCTOTHBIN
JMamna3oH, KOoTopas o0JiagaeT HaIydIIMMH DSHEPreTUYECKHUMHU XapaKTePUCTHKAMH U
BBICOKOH CKOPOCTBIO Mepeaun JanHbix B HEcxoameM (Downlink, DL) u Bocxosiiem
(Uplink, UL) kananax.

Texunonorust LTE-M npeacrapisier codoii 3BOMIOIMIO ceTeid MOOMITLHOM cBs3u 4G
i peanmzanuu 10T ¢ yaydieHHON oaAepKKOH MeKMAaIIMHHOTO B3auMo ieicTBus [14].
OcCHOBHBIEC KIIIOUEBBIC MOKA3aTEIM JaHHOW TexHojoruu l0T Bcé Te ke — 3TO HuU3Kas
CTOUMOCTB, VYJYUYIIEHHOE ITOKPHITHE, BBICOKHMH CpPOK aBTOHOMHOW paOOTHI TpH
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JOCTHKEHUH MaKCUMAJIbHON COBMECTUMOCTH C CETEBOWM MHPPACTPYKTYPOH TEXHOIOTUU
LTE. [IpumeuaTenbHO, YTO TEXHOJIOT U IopadaThiBajach 1o Mepe €€ UCIOIb30BaHMS.

Tak, nepBas Bepcus cranaapra texHoioruu LTE-M Obuia npencrasiena padoueit
rpymmoi 3GPP B Penmse 12 [7]. B nanHo#t Bepcuu i o0ecriedeHHs: BRICOKOTO CPOKa
CIYXObl ~ aKKyMyJsiTOpa  YCTPOMCTB OCHOBHOM  yIop 1IeT HAa  CHUXKEHUE
HHEPrOMOTPEOICHUS, IOCTUTAEMOE 3a CUET MCIIOIh30BaHUs crieruaibHoi GyHKmu PSM
(Power Save Mode), u moaaepXKu MOIYAYILUIEKCHOTO pekuMa ¢ nepegadedi 1000 out
uHpopmanmu B 1 TpancnoptHoMm Osoke (TBS). Jononnennas cnerudukamus LTE-M
nosiBuiach yxe B | kBaprane 2016 r. B Penuze 13, rie 6putn pa3paboTaHbl CrieldaIbHbIe
¢byukiuu sHeprocoeperkenus, Takue kak eDRX (extended Discontinuous Reception
Mode) u nagukamus orkmoueHus — RAI (Release Assistance Indication). Kpome Toro,
TpeOOBAJIOCH YAYUIIEHUE IMOKPHITHUE BHYTPU 3AAHUM M TNOMELIEHHWH, HO IMOCKOJbKY
cucTeMa M3HadaibHO ObLIa orpaHnyeHa nojocoit nponyckanus B 1,4 MI'n (Cat M1), To
K paJAMONIOKPBITHIO JJOOABUIIN PsJ] PACIIUPEHUHN, TAKUX KaK CKaYKOOOpa3Has IepecTpoiika
YacTOT M IMOBTOPBI MOAKAAPOB, IO3BOJSIOIIUX COXPAaHUTh ONTHMAJIbHBIA YPOBEHb
CUTHaJa W YBEJIWYHUTH AAIBHOCTH €ro neucrBus. lIpumedarenbHo, 4TO JanbHEWIINE
JIOTIOJIHEHUSI W YJIYYLIEHUs] K TEXHOJOIMM BHOCUJIUCH BIUIOTH N0 Pemmsa 16, T.e. 1o
OTHOCHUTEIIFHO HETaBHETr0 BpeMeHH (pUCYHOK 1.4).

Rel.12 Rel.13 Rel.14 Rel.15 Rel.16

UHauKaTop

sHeprocBepemeHns
P p oTrmo4eHuns (RAI)

CHUMeHWe
sHepronoTpeGaeHua
(eDRX)

YAYULWEHHBINA PEXUM
(PSM)

CurHan
npoby:xaeHua B

pexunme nokoa

D ———

OnTMMK3aLMA

APXMTEKTYPLI AAPA
cetun (EPS)

~

3abnarospemeHHan

nepejaqa AaHHbLIX B
uL

|

3abnarospeMeHHan
nepeaaya AaHHbix B
DL

|

|

Cat 0 (non-BL):
nonyaynaexc, 1000
6ut TBS

|

Cat M1 (BL): 1,AMIy

[ Cat M2 (BL): 5 Mry 1

Yeenudenve
mobunbHocTK — 240
KM/4

B pesynbTaTe ocyiiecTBiaeHHBIX 10padoToK TexHoorus LTE-M 3apekoMennoBaira
cebsl KaKk HEAOpOoroe W yAOOHOE pelieHue IS OKasaHus yciuyr VHTepHeTa Belew.

S
Knacc mowHoctn: 5, 3
5
PeuMBbl y1yHLLEHNA
nokpbITUA A/B

Knacc moLHocTH:
Knacc 6

|

YnyyweHue
o4epegHoCTH

5
OrpaHuyeHune
A0CTyNaHa ypoBHe
CE

Pucynok 1.4 — OBomtonus Texnosnoruu LTE-M

OCHOBHBIMM PUYMHAMH PACIPOCTPAHEHUS TEXHOJIOTUH CTAJIU:
- HeOoubllas muprHa nojockl nponyckanus (1.4MI'n);
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- WCTOJBh30BaHUE OAMHOYHON aHTeHHBI (SISO), 4TO ymemesiaseT MpOU3BOICTBO
000py10BaHHUS;

- ObIcTpasi W yHOpoIllleHHass 00paboTKa OCHOBHOM TOJIOCHI 3a CU€T BHECEHMS
U3MEHEHHH B 00pab0TKy (U3UUECKOr0 YPOBHS;

- obecnieuenue 30HbI U ypoBHs MOKpeITHs NB-10T HapaBue ¢ GSM;

- OTJIMYHAs COBMECTHMOCTh C CyllecTByrommMHu dacrotramu ceteit 4G (FDD,
TDD);

- HeOONbIIasE CTOMMOCTh M IIHPOKUH BBIOOp KIMEHTCKUX TEPMHHAIOB C
nojaaepxkon Texnonoruu LTE-M;

- BpeMsi aBTOHOMHOW paboThl He MeHee 10 yer, 3a cueT 4Yero MpPOCHXOIUT
CHUKEHUE 3aTpaT Ha 00CIyKMBaHUE YCTPOUCTB;

- MojJIepKKa rojocoBoro tpaduka ¢ momoripio Texuoiaoruun VOLTE (Voice over
LTE), uto nenaeT TEXHOJOTHUIO OYE€Hb MPUBJICKATEILHOW JJii IPUMEHEHUSI BO MHOTHX
npuiokeHusx 10T, TpeOyronmx onpeaeIeHHOro YPOBHS B3aUMOICHCTBUS C YETIOBEKOM,
BKJTIOYAs YCTPOMCTBA C QYHKITUSAMH SKCTPEHHOTO BBI30Ba, TAKME KaK CHCTEMBI CIICKCHUS
3a JICTHbMH, PHIIOKECHUS JUIS 3I0POBBSI M 0€30IIaCHOCTH ¥ MHOTOE Jipyroe [13].

KitoueBble TexHHYECKHE OCOOEHHOCTH  Y3KOIMOJOCHBIX TexHojmoruii 10T
npeacTtaBieHbl B Tabmuie 1.3. Kak ymoMuHanoch paHee, TJIABHOE MNPEUMYIIECTBO
texHonoruu L TE-M — 310 npegocraBiieHre BEICOKOM MPOMYCKHOM CITIOCOOHOCTH, BILJIOTh
no 1 Mout/c B8 UL/DL nanpasnenuu, 0jarogaps BO3MOXKHOCTH HCIIOIb30BaHUs Oosee
IIUPOKOW Tmojockl mnponyckanuss B 1.4 MI'n. Hwuskas 3agepkka, ouneHuBaemas B
MUJUIMCEKYHJIaX, U TOAJEPKKa MOOWJIBHOCTH TaKXKe SBISIIOTCS HECOMHEHHBIMU
npeumyinecTBaMu TexHojoruu LTE-M.

Texnonorust LTE-M napasue ¢ EC-GSM MoxeT nmoxBactarbcs BHICOKOW CTENEHBIO
TOTOBHOCTH CETeBOW HWH(PPACTPYKTYphl, UYTO TMO3BOJIIET pa3BepHYTh €€ Ha
cymecTBytomux cetsax 4G Onaromapsi oOHOBIeHUIO TiporpaMmmHoro odecrneuenus (I10).
AnmnapaTHoe oOecnedeHue, MpU ATOM, MPAKTUYECKU MOJHOCTHIO MEPEUCHOIb3yeTCsl.
Texnonoruu LTE-M u LTE mpekpacHo cocCymecTBYIOT M IMO3BOJISIIOT JUHAMHUYECKH
nepepacrpeiesiuTh B 3aBUCUMOCTH OT MOCTYMAOUENd Harpy3Ku UCIOJIb3YEMbIE PECYPCHI.

C npyroii CTOpPOHBI, MOOUJBLHBIM OIl€paTOpaM 4Yalle BCEro BbIAAETCS
OTrpaHUYEHHBIN JTULEH3UpYyeMblid criekTp noJ LTE TexHonoruto, He npeBblmaromuii 15 -
20 MI'u, npu stom B 90% cnyuaeB LTE-M natuuku nepemaroT mHGOpMaLUIO BECOM
Bcero jumib 50-100 Out/aens. [loatomy naepxkare 1.4 MI'mi kaHanm i Takux Iesei
CTAHOBHUTCSI HELENECO00Pa3HO, MOCKOJIbBKY HWAET HEepazyMmMHas Tpara JOPOroCTOSIIUX
CETEBBIX PECypCcOB MOOMIILHBIX orepaTopoB. CienoBaTeabHO, TPUMEHEHUE TEXHOIOTUN
LTE-M, B nepByto ouepesp, TOIKHO OBITh 0OOCHOBAHO HEOOXOAMMOCTBIO TOCTHKEHUS
yKa3aHHBIX MPEUMYIIECTB, HHAUE PeaTU3aIlis TaKOH TEXHOJIIOTHH 3a9aCTYI0 MOXKET OBIThH
HepeHTalenbHa I MOOMIIBHBIX ONEPaTOPOB U MOCTABIIUKOB yciIyr l10T.

Cnenytomuii Hemoctatrok LTE-M 3akmouaercss B TOM, YTO HCHOJIB30BaHUE
yacTOTHOW mojiockl B 1.4MI'l U OJMHOYHON AHTEHHBI MPUEMO-TIEPEAAYd CUTHAJIOB,
3aTPyIHSAET WCIIONb30BAHUE CTAHAAPTHBIX METOOB, HUCIONB3YEMBIX ISl OOECIICUCHUS
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HaJACKHOI'O ITOAKIOYCHUA. K HuM oTHOCATCS IMPOCTPAaHCTBCHHOC PA3HECCHUC, 4aACTOTHOC

Pa3HCCCHHUC U T.[.

Tabmuua 1.3 — Onucanue cTaHAapTOB Y3KOIOJIOCHBIX OecpoBOIHbIX ceTell HTepHera
BEIIEH M UX OCHOBHBIX XapakrepucThk [1, C.23-24]

[TapameTpsl Texnonorus EC-GSM | Texnomorust LTE-M | Texnomorust NB-10T

Jmnamazon 900, 1800 Paboune nuanasouns! | Pabouwne nuanasonsr LTE

MOAACPKUBAEMBIX LTE

paauouacToT, MI'ny

Kon-Bo nuanazonoB B | 1 -2 bonee 2 MHorouana3oHHbIE YHITBI

YCTPOKCTBAX

[[upuna 200 xI'x 1.4 MI' 180 xI'g

paaroyacTOTHOrO

KaHaJa

EmMkocts cotbl  Ha | 50 ThIC 50 TBIC 50 TBIC

OJIMH KaHaJ, €1., HE

Oosee

Ckopocth mnepemaun | < 70 kO6uTt/c < 1 M6ut/c < 200 xbut/c

JTAHHBIX

broker panuonuuuu | 154 nb 159 nb 164 nb

Pannyc nokpsitust <15 kM <11 xMm <15xm

Mo6uabHOCTh [TonnepxuBaercs [lonpnepxuBaercs OrpaHuueHHas

3anepkka CexyHbI MusnnucekyH bl CexyHbI

Bapuant HeobxogmmocTth B nonoce | Tpu BapuaHTa

HCIOJIb30BAHUS MeperIaHupPOBaAHUS JIMIIEH3UPYEMBIX ucnosib3oBanus PUC
CreKTpa gactoTt 3GPP

HeobxoaumocTsb Tpebyetcst ooHOBIEHUE | Tpeldyercs Yactuuno Tpedyercs

OOHOBIIEHUS CETH | MPOrpaMMHOI OOHOBIIEHUE OOHOBJIIEHU € aIllapaTHON U

paguopocTymna COCTaBJIIOLIEH paguo | MPOrpaMMHOU IIPOrPaMMHOU

(RAN) cetn COCTaBJISFOIIEH COCTaBJISIFOIIICH paauo

paauo cetu ceTu

Xopomaﬂ HOBOCTb 3aKJIIO4acTCA B TOM, YTO ICPCUUCIICHHBIC HCAOCTATKH OBLIIH

YK€ YITCHBI U PEIICHBI IPH pa3paboTke crenupuKaIny CISAYIOMEH HOBOW TEXHOIOTHH
WNurtepuera Bemeit — NB-10T.

NB-l1oT (Narrow Band Internet of Things) — 5To HOBas TEXHOJOTHS
paguomocTyna Ha OcHOBe ceredd moOunbHOWM cBs3u LTE, wucnomp3dyemas mis
CTAIlMOHAPHBIX YCTPOMCTB ¢ Teperadyeit HEOOIbITUX O0BEMOB JaHHBIX Ha JTAJIbHUC
paccrositnust  [14]. TexHonorus co3maBajach Kak aJamnTalus BBICOKOCKOPOCTHOM
texHonoruu LTE, pazpaborannoit ayis nogkmtouenus MuoxkectBa 0T ycTpoiicTs, HO 6e3
n30piTounoit LTE ¢yHknmoHanbHOCTH M, K CcoOXajleHHIO, 0€3 €ero MMErIerocs
owsictpoaeiicTBus. Texnomoruss NB-10T monHocTthio coBmectuma ¢ LTE u mHoroe
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yHacjenoBajga OT MOCIeAHeH, HaunHas ¢ (pu3nueckoil HHPPACTPYKTYphl U 3aKaHIUBas
CEeTeBOI apxuTeKkTypoi [15].

OcHoBHble TpeOOBaHuUsA, TmpeabsBisieMble K TexHonorun NB-10T, Obumn
chopmupoBansl padoueit rpynmnoit 3GPP B Penusze 13:

- HU3KO€ HHEPronoTrpedieHue OKOHEYHBIX YCTPOMCTB; JOCTUTHYTO 32 CYET
OTCYTCTBUS (DYHKIMI MOOWIBLHOCTH M TIepeladd OOJBIUX JTAaHHBIX, YTO TO3BOJIHUIIO
YBEJIMYUTh CPOK >KU3HM Oatapen no 10 mer W ycraHaBiauBaTh YCTPOMCTBAa B
TPYAHOIOCTYITHBIX JIJIs1 00CTy)KHBaHUS MECTax;

- YAy4IlleHHOE 10 cpaBHeHUIO ¢ LTE pagnonokpeITHe ¢ OI0KETOM JIMHUU CBSI3U
1o 164 nb, kak, Harpumep, y cereit Texaosoruu 2G (GSM);

- Oosiee HU3Kash CTOMMOCTb MOJYJIEH M YCIOyr CBSA3U; 32 CYET BO3MOXKHOCTH
NEePEeUCIoNb30BaHNs UHPPACTpYKTyphl cetel LTE u gemeBr3Hbl OKOHEUHBIX YCTPOMCTB.

[Ipu sToM ocHOBHOUM HemocTatok TexHojoruu NB-10T — 3To Hamuyume Gombmmx
3aJIep’KeK MPU OTKIIMKE YCTPONCTB Ha 3aIIPOCHI CO CTOPOHBI CETH (CepBepa MPUII0KEHUN ).
Bbonee toro, B NB-loT He mogaepxuBaroTcs Cieayromue BaxKHbIe () YHKIIUU, 3SHAYUTEIEHO
orpaHuyuBaronie cdepy NPUMEHEHHUS [IaHHOM TEXHOJOTHUU: aBTOMAaTHYECKOE
NEPEeKIIOUeHNEe MEXAy coTamMu (U3-3a OTCYTCTBUS XDHIOBEpa, MOOWIBHOCTH),
sKkcTpeHHble BbI3OBBI M (pyHkums CS fallback. Huskue ckopoctn nmpuéma u nepenayu
JAHHBIX TaKKE€ 3HAYUTEIHHO CY)KAIOT KPYr BO3MOXKHBIX CIICHAPUEB HCIOIb30BAHUS
JTAHHOM TEXHOJIOTHUHU.

Jlyis ycrientHoro MOHUMAaHUS TOCTHUTHYTOTO OalaHca MEXAy MPEeUMYIIeCTBaMU U
HegocTtaTkamu TexHoJorun NB-10T HeoOxonumo yriyOUThbCS B TEXHUUYECKHE aCHEKThI
ApPXUTEKTYPbI paauoaocTyna MoomibHOM cetn LTE. JIns Hauana cTOUT OTMETUTD SIBHOE
npeumyinectBo NB-I0T - monoca nponyckanus coctasisier Becero jaumib 180 k', Torna
kak g rexaonorud LTE ot 1.4 MI'n no 20 MI'n. Orcroga 3Ha4nTeIHLHO 00Jiee HU3KHE
CKOPOCTH TIepe/layl JaHHBIX U OTCYTCTBHE MOOUIBLHOCTH U M30BITOYHOCTH, O KOTOPBIX
YIIOMUHAJIOCH BBILIE.

Jlanee, ecTb JBa CTaHIAPTHBIX HAINpPABICHHUS B3aUMOJCUCTBHUS MeEXay 0a30BOM
crannuerr (BTS, Base Transceiver Station) um kmuentckum tepmunanom (UE, User
Equipment): Downlink (DL) - sTo HampaBjieHne OT 0a30BOM CTaHIMH 0 OKOHEYHOT'O
ycrpoiictBa (Hucxomsmmii kanam) u Uplink (UL) — 3t0o, HaobOpOT, HampaBjieHHE OT
TepMUHAIBHOTO ycTporcTBa K bC. Kaxaplii U3 KaHAIOB pa3lelisieTcss Ha MOAHECYIIUe
mol5 [, wpuuém s Downlink  kxamama  wcmomezyercs  OFDMA
MYJIbTUIJIEKCUPOBAaHNWE (OPTOrOHAJbHOE YACTOTHOE pa3/lelieHHE KaHaloB), a JUIsd
Uplink - FDMA noctyn ¢ GMSK monymsnueri 1 SC-FDMA noctyn ¢ 0IHOYaCTOTHOIA
Hecyieit [16]. K npumepy, B LTE npumensiercst npuHnumn pasaenenus kaHaios OFDM.

Cama necymas B LTE (taxoke u ny1s1 NB-10T) paznenena na pecypcusie 61o0xu (RB,
Resource Block), koTopsie B cBOrO ouepeb pasneicHbl Ha 12 mogHecymmx. [loaydaem
o0uryto mHUpuHYy 3aHuMaemon nmonockl: 12x15 kI'n = 180 kI'u (pucynok 1.5). Otcroga u
orpaanuenne NB-10T ob6meit monocoit oguoro RB mupunoi B 180 kI '11. JlonmonmHuTensHO
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KaXIbIN pecypcHBIN 0710k umeeT 7 TaitMcnoroB 1o 0.5 Mc, uToro, oMuH pecypcHBIA 00K
coaepxxut 84 pecypcHbix anmementa (RE, Resource Element).

NB-lIoT ycrpoiictBa paboTaroT B peXHUME MONYAYIUIEKCAa C YacCTOTHBIM
paznenennem UL m DL kanamnoB, rie B HUCXOAAIIEM KaHaie aOOHEHTAM BBIIEISCTCS
nosioca 180 xI'11 (oguH pecypcHBI 0JIOK), cocTosmias u3 12 mogHecymux ¢ marom 15
kl'1, a B UL ananoruynas nojnoca, pa3aenenHas Ha 12 umm 48 noguecymux (3.75 k' —
Pa3HOC MEXTy TTOJHECYIIIMMU B TIOCIISTHEM CITydac).

A
F, klfy

RE (Resource
element)

1
¢

NB-loT

v | . 15kly

A Ak -
I‘|||||4 | A

' \
\ | [ 1'
‘ ' ‘”" " l ” 'w RB (Resourceblock)

Al

12x15=180 Ky ) 0 I 51 8 ) .

Taumcnot 0,5 mc
LIE
o Q

=]

25RB x 180kIU + 33WMUTHBIE F, My
WHTEpPBanbl = SMIy

Pucynok 1.5 — Eaununa yactorHo-BpemeHHoro pecypca B LTE u NB-IoT

JIst yBemMUeHUsI MPOITYCKHOM CTIIOCOOHOCTH Ha CETU ATIOTHUTEIHHO TPUMEHSIOTCS
Oostee BbICOKME TOpsiaku Moayisinuu (Hampumep, QAM256 s Downlink 1 QAM64 B
Uplink) u texuonorum MIMO 2x2, MIMO 4x4 wu t.1. OrpanudeHue B MOIIHOCTH
adonentTckux yctpouctB NB-I0T (kak u LTE) no23 nbm (200 MBT) mno3Bomnsier
3HAYUTEIHHO YBEIUUUTH CIIEKTPAJIbHYIO IUIOTHOCTH CUTHAJIA MPU €ro Nepeiaye B MoJioce
15 kI'u. Kak pesynbraT, mocturaercs 6ornee 3QQGeKTUBHOE COOTHOIIEHUE CUTHAI/IIIYM
B NB-I0T no cpaBaenuto ¢ Texnonorusmu GSM/GPRS [15].

Taxke umeercs ogHa BakHass ocoOeHHocTh NB-10T, mo3pomnsromas yMeHbIINUTD
4acTOTY BO3ZHUKHOBEHUS OIMOOK MpH Mepeaade MakeToB, - 3TO PYHKIUS IEPETOBTOPOB
nepenaBaemMoro  curHaima  (coverage  enhancement).  KomudecTBO — MOBTOPOB
YCTaHABJIMBACTCS WHIWBUIYAIbHO B 3aBHUCHUMOCTH OT OXKHJAEMOIO YPOBHS TMOKPBITHS
(coverage level 0, 1 u 2) [15].

[Mupuna kanana LTE omnpenensier kakoe MakCUMajdbHO BO3MOXHOE KOJIUYECTBO
kananoB NB-10T moxer ObITh MepenaHo B 3anuTHOM HMHTepBajie. Tak, u3 Tadmuisr 1.4
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BUIHO, YTO MpH ucnonb3oBanuu LTE kanana ¢ mmpunoit S MI'm (25 pecypcHbIX 6J10KOB),
s¢dexTUBHAA IKUPUHA KaHaa cocTaBisieT Beero 4,5 MI'u. CreBa u cipaBa OT OCHOBHOT'O
CIIEKTpa CUTHaJIa 00pa3yroTcsl 3alluTHBIE MOJI0Chl o 0,25 MI'l, B KOTOPhIX BO3MOKHA
nepenada aByx kaHaioB NB-l10T — onun pacnonaraercs cieBa, BTOpol — clipaBa
(pucynok 1.6). Uem Gonee mmpokas nmojioca kanana LTE 3aneicTByercs, TeM Ooubliiee
konnuecTBo kaHajoB NB-10T moxHo nogusate. Hanpumep, npu mmpune nosnocst LTE 15
MI 'y mim 20 MI'1p moskHO iepenaBath 2 u 6osee kanaina NB-10T.

Tabnuma 1.4 — 3aBucumocth konruecTBa kaHaioB NB-10T oT mupuHbI OJIOCH KaHasa

LTE [17]
[TapameTpsl 3aBucuMocTh KojmyecTtBa kaHaioB NB-10T ot
IIUPUHBI OJIOCHI kKaHana LTE
[Iupuna monoce! kanana LTE, MI'n | 1.4 3 5 10 15 20
UYwucmo RB B kanane LTE 6 15 25 50 75 100
OddextuBHas mmpuna kanama | 1.08 | 2.7 | 4.5 9.0 13.5 18
LTE, MI'n
3alMTHBIE TMOJOCHI Ui KaHaJoB | - - 2*0.25 | 2*0.5 | 2*0.75 | 2*1.0
NB-loT
KonuuectBo kananos NB-I0T - - 2 2 > 2 > 2
Iupumna kanama LTE
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Pucynok 1.6 — [llupuna xanana LTE ¢ 3ammuTHON 0710C0#, HCTIOIB3YyeMO# 1715t
Hecymeit NB-10T [17]

Crnenytomeid 0COOCHHOCTBIO TEXHOJIOTUM SBJISIETCS BApUATUBHOCTH CIIOCOOOB €€
peanmzaruu. CormacHo crangapty 3GPP TR 45.820 Penm3 13 [2] npemycmarpuBaet
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MOIJICPXKKY TPEX Pa3IMUHBIX CIICHAPUEB MCIOIB30BAHMS CIIEKTpa I TeXHOJI0Tur NB-
IoT (pucynok 1.7):

- Standalone mode - aBToHOMHBI# clieHapuii, rae At kanaaa NB-loT yacToTHbIi
CHEKTp BbIOMpAeTCs B AMANA30HE JUIEH3UPYEMbIX YaCTOTHBIX KaHanax cereir 3GPP Ha
npaswiax 3amenieHus (pedapmunra) necymein LTE unmu GSM na NB-10T. K npumepy,
st GSM oneparopoB gocratouno 3aMeHuTh oauH 200111 - HocuTenbr GSM na NB-10T.,

- Guard band mode - crieHapuii UCIIOIB30BAHMS 3AIIUTHOM MTOJIOCHI TEXHOJIOTHU
LTE, roe mua peamusamuu TexHosorud NB-loT npumeHSroT M30BITOYHBIN CHEKTP
BbIJeJICHHOr0 KaHaia LTE Ha ero Heucmolsib3yemoil 4acT, a UMEHHO B 3alUTHOM
VMHTEpBAJIIE. B CBA3U C 3TUM, CLIEHAPUM C 3aIIUTHOW MOJIOCOW HE TAPAHTUPYET OTCYTCTBUE
nomex (MHTephEepEHITNI0) OT CMEKHOTO KaHaia Ha rpanuiax cot LTE. B coorBercTBUmn
co cnenudukamueit 3GPP TS 36.802 mupuna nongocel LTE nomkHa ObITh HE MeHee 5
MI' [18].

- In-band mode - cuenapwuii coBMeneHHOTO (BHYTPHIIOIOCHOT0) HCIIOIB30BAHHUS
criekTpa, mpu kotopoMm st kaHana NB-loT ucmonb3yrorcs pabouasi mojoca BHYTpHU
paspemienHoro cnekrpa LTE. [Topsinok pazmenienus pecypcHbix 6;10koB NB-10T qomkHo
COBITaJaTh ¢ TpeOoBaHUAMHU, Yka3aHHbIMU B 3GPP TS 36.101 [19].

Ha ceromnsimiHuii JeHb pEryJUpyIONIME OpPraHbl HE BBIICISIOT OTICIbHBIC
YaCTOTHBIE AWana3zoHbl N pa3BepThiBaHus TexHojorun NB-10T. Ilo stoil mpuuune,
MOOWJIBHBIM OIEPaTOpOM TpedyeTcs MaKCUMaJIbHO 3()(PEKTUBHO NEPEHUCIONb30BaATh
CYIIECTBYIOIME YaCTOThl TOJl TEXHOJOTHUIO Y3KOMoJocHOro MHTepHeTa BeleH.
Bo3moxkHocTs pazBeptbiBanusa TexHojgoruu NB-10T Ha 6a3e cyniectByronux cereit LTE,
a taxoke ceteit GSM u UMTS, siBisieTcst OTHUM U3 TJIaBHBIX €€ MPEeUMYIIECTB.

180 W1y NB-loT | NB-loT
>6-9 ob 26 ob

WMy W00y WOy 200wy 00Ky - 200K Guard-band 3,5,10,15 w20 MMy,
3,5,10,15 wnm 20 My

ABTOHOMHBIA cLEHapuii CueHapWid ¢ 3alnTHOW Nonocoi CueHapwWii coBMeLleHHo’ paboTbl
(Standalone mode) (Guard band mode) (In-band mode)

Pucynok 1.7 — Tpu BapuaHTa pa3BeprhiBanus TexHojoruu NB-10T [15]

CpaBHuTENbHAs OIIEHKAa TpPEeX CLEHapueB pa3BepThiBaHusl TexHojoruu NB-10T
npuBeaeHa B tabmune 1.5. OTkyna ciemyer, 4TO CIEHApPHH C 3aAIUTHOW TOJIOCON H
COBMEIIIEHHOI'0 MCMOJIb30BaHUS CHEKTPa TPEOYIOT HAMMEHBLIETO KAMUTAIOBIOXKEHUS B
MOJCPHU3ALMI0 CYIIECTBYIOIEH COTOBOM CETHM 32 CYET IEePEUCIOIb30BAHUSA
UHQPACTPYKTYPHl CETU U OTCYTCTBHSI HEOOXOJUMOCTH B JOMOJHUTEIHHOM YaCTOTHOM
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TJTAHUPOBAHUH, HO TIPH 3TOM 3TH CIIEHApUH 00J1a/1al0T MEHBIIEH TOMEX0YCTONYHBOCTHIO,
0 yeM OyJZIeT paccKa3aHo MO3KeE.

Haubonee s¢pdextuBabiM cuenapueM NB-10T npusnHan aBTOHOMHBIN BapHUaHT
UCMOJb30BaHUs PaJMOYacCTOTHOro crekrtpa. llpm stom, oH sABiIseTcs u Haumbojee
3aTpaTHbIM, TIOCKOJIBKY JJIi ero wucnoib3oBanus Tpedyercs 300 - 600 kI
JOPOTOCTOAILET0 YaCTOTHOTO CIEKTpa, KyAa BXOIAT M 3alllUTHbIE HMHTepBaibl. Kak
pe3yJbTaT, MUHUMAJIbHBI yPOBEHb B3aMMHBIX MOMEX M WMHTEp(EepeHIUH ¢ IpyTruMU
CETEBBIMU TEXHOJIOTHsIMH (pUCYHOK 1.8).

Tabnuma 1.5 — CpaBHUTETBHAS OIIEHKA TPEX CIIEHAPUEB pa3BepThiBaHUs TexHOMOrHN NB-
loT [20]

Cuenapuit NB-10T
[TapameTpsl > > - =
ABTOHOMHBIN C 3aIUTHOM MOJIOCON | COBMEIIEHHON PabOThI
Pazpemenue Perynsaropa Ha
Tpedyercs TpedyeTcs He TpeOyeTcs
WCIIOJIb30BAHUE CIIEKTPa
3aTpatThl Ha CIEKTP BBICOKHE OTCYTCTBYIOT BBICOKHE
YacToTHOE TUIAHUPOBAHUE Tpedyercs He TpebyeTcst He TpeOyeTcst
Bo3nukHOBEHME TIOMEX o HABIONACTC CVICTBYET CVICTBYE
He Ha0 TCS IPUCYTCTB npu TBYET
(naTepdepeHIns) A pHCYTCTBY pucyrcIBy
AHTEHHBIE CHCTEMBbI MOJIEPHU3AIIHS MIEPEH CII0JIL3YIOTCS MEPEN CI0JIL3YIOTCS
PannodactoTHRICe MOTYTH HOBBIC MIEPEUCIOIB3YIOTCS MIEPEUCIOIB3YIOTCS
[IporpammHoe oOecrnedeHue
OOHOBIIsIETCS OoOHOBIIsIETCS OOHOBIIsIETCS
Ha bC
180 iy 180 iy
2001y 200 Wy 400wy 200 Ky 2006y 200 KTy 200 Wiy 5 My
300 kg
Mexay GSM Hecyuumn Mexay GSM u UMTS Hecyumumu

Pucynok 1.8 — Bapuantsl pa3zBeptoiBanus TexHonoruu NB-IoT npu ucnonb3zoBanuu
aBTOHOMHOT0 crieHapus [15]

[IpencraBienHass BapHaTHUBHOCTH CIieHApHeB BHenapeHusi texHoimoruu NB-10T
MO3BOJISIET JIOCTHYh IIOJIHOH COBMECTHMOCTH C JICHCTBYIOIIMMHU CTaHIapTaMHu
MoOmbHBIX cetell 2G/3G/4G, uto sBiseTcs TIaBHOW OCOOCHHOCTBIO Y3KOMOJIOCHOM
texHojoruu [0T [1, 11]. Bo-BTOpBIX, BCE TpH ClieHapus KCIoab30BaHus criektpa NB-10T
SIBJITFOTCS] YHUKQJILHBIMU H IMEIOT CBOM SIPKO BBIPOKCHHBIC TIPEUMYIIIECTBA U HETOCTATKH
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(Tabmuua 1.5), Ha KOTOpbIE MOOMJILHBIM ONEpaTOpaM U MOCTaBIIUKaM yciayr UHTepHeTra
BelIeil cTouT oOpaliaTh BHUMaHKE MPU TUTAHUPOBAaHU U pa3BepThiBanus cereir NB-10T.

JIOTIOMHUTENBHBIM ~ TUTFOCOM TEXHOJOTHH  SIBJSIETCS  BO3MOXHOCTD
NEPEUCONb30BaHUsl  CYIIECTBYIOLUIUX YAaCTOTHBIX JUAala30HOB COTOBBIX  ceTeH
MOOWJILHOM CBSI3U TOJ peayn3aiuio y3komonocHoro l0T. B tabmume 1.6 mpuBogutcs
JIMIIG 9acTh HanOoJjee MOMyJISIPHBIX YaCTOTHBIX THANa30HOB.

Tabnuia 1.6 — YacToTHbIE AMANa30HbI, TpeAHa3HauYeHHbIC JJ1s1 TexHosoruu NB-10T

Howmep yactotHoro | Bocxomsmmuii kanan / UL, MI'n Hucxopsmuii kanan / DL, MI'g
nuamnasona FDD

1 1920 - 1980 2110-2170

3 1710-1785 1805 - 1880

5 824 - 849 869 - 894

8 880 -915 925 - 960

20 832 - 862 791 - 821

66 1710-1780 2110 -2200

Omneparopsl OTMEHarOT, 4TO C paszButheMm TexHonoruu NB-10T 3arparel Ha
00Opy/IOBaHHE 3HAYUTEIBHO CHU3WIKCH. [l ycnemHoW padoThl TEXHOJIOTHH, B
OOJILIIMHCTBE CTydaeB, TpeOyeTcs JIMillb OOHOBJIEHUE MPOrpaMMHOr0 OOECTICUEeHHsST Ha
0a30BbIX cTaHusAX (Tabmuia 1.5), a anmapaTtHoe obOecreueHue, Jaile BCero, OCTaeTCs
Heu3MeHHBIM. Kpome Toro, mpu npemocTaBieHnu yeiayr MHTepHeTa Beleit mocpeacTBoM
ucnonb3oBanust Texuojgorun NB-10T B3biMaercst omata TOJIBKO 32 MOOWJIBHYIO CBSI3b
a0OHEHTa, YTO YKOHOMHUT PACXOJIbI KOMIAHWH, MPEAOCTABISIONINX CEPBUCHBIE YCIYTH
loT.

bnaronaps mnopaepxkke TtexHosiorud NB-I0T co cropoHsl MHOrUX BeaymIMX
MOOMIBHBIX oreparopoB (Hanpumep, MTC (P®), Kcell (Kazaxcran), Meradon, bunaitn
(Kazaxcran, P®), Tene2 (Kazaxcran, P®) wu T.1.) U NOpoU3BOIUTENICH
TEJIEKOMMYHUKAIMOHHOTO 00opyaoBanus (Hampumep, Huawei, Ericsson, Nokia),
y3KOMOJOCHBIM  VIHTepHEeT Bemied UMEeT [OBOJBHO OOMIMPHYIO H  OBICTPO
pa3BUBAIOLIYIOCS DJKOCHCTEMY, W TOJbKO Habupaer o0opoThl. Tak, coryiacHo
HCCIIC/IOBAaHMSM, TIpeJcTaBiIeHHbIM B [21], yBemmuenue loT Tpaduka mporaosmpyercs
exerogHo Ha 23% B mepuon ¢ 2015 mo 2023 roma. Ilpm stoM, ecim cpaBHUBATH
npeumytiectBa Texnosnoruu NB-10T ¢ ee mpenmecrsennukamu, Hanpumep, LoRa, eMTC
u SigFoX, To BHIHO, 4TO y3KOMmoJjaocHbIH 10T oTimuuaercs 6oJiee BHICOKMMH 3HAYCHHUSMHU
IPOM3BOJIUTEILHOCTH U criekTpanbHOU dddextuBHocTH. Texnomorus NB-I0T Takxxke
MO3BOJISIET JIOCTUYh JIy4Illee COOTHOIICHUE PAJUOMOKPBITHUS, EMKOCTH W HAJCKHOCTH
CETH TIPH CPAaBHHUTEILHO HEOOJBITUX WHBECTUIIUAX B MOJCPHHU3AINIO ceTH. [loaTomy
HEYJIUBUTEILHO, YTO BOMNPOC W3Y4YEHUS U TMPOBEACHUSI JOCTOBEPHOW OIICHKU
3(h(PEKTUBHOCTH HCITOJI30BAHUS BBIMICYIIOMSIHYTON TEXHOJIOTUH HAa MOOWJIBHBIX CETAX
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HOBOI'O TOKOJIEHUSI CTAaHOBUTCS BCE Ooiyiee akTyalbHbIM. Ilpu 3TOM 00s3aTeabHBIM
IYHKTOM CTOUT IpOLiecC BbIOOpa HanboJee ONTUMAIbHOIO CLIEHapusi pa3BEpTHIBAHUS

NB-I0T B 3aBHUCHMOCTM OT CYIIECTBYIOIIMX PAAUOYCIOBHM M BbABUTaembix K 10T
TpeboBanuii [22-23].

1.2 Onpenenenue IPppexkTUBHOCTH (PYHKIMOHUPOBAHUS CETH MOOMJIbHOM
cBsi3u 4G npu okazanuu 6a30BbIX yeayr UHTepHeTa Beniei

3nech paccMaTpuBaeTCs BOITPOC OTpEeEIICHNUS b ekTUBHOCTH
GbyHKIIMOHUPOBaHUS ceTeld MoOUILHOM cBsi3u 4G B cimydyae okazaHus yciuyr MHTepHeTra
BCIIE HAa OCHOBE PEKOMEHIALUK, MPEACTABICHHBIX MEeXIyHapOAHbIM COK30M
anekTpocBszu (MCD), U TepMUHOJIOTHH, OTpakeHHOW B craHmaprax 3 GPP. M3zyuenue
JTAHHOT'O BOIIPOCA HAUMHAETCS C MpPUBEACHUs NeDUHULIMKN 33a]1eHCTBOBAHHBIX TEPMHUHOB,
TakuX Kak: «HTepHeT Bemeil», «IPOU3BOAUTEIBHOCTE ceTr» [24], «0a30Bble yCIyTrm»
CETH, «KAa4eCTBO OOCIY)XHBaHUS CETU», «3(PPEKTUBHOCTh (DYHKIIMOHUPOBAHUSI CETHU
YETBEPTOI0 MOKOJIEHUS U JIp. YETKOE MOHMMAaHUE TEPMUHOJIOTMHU - OCHOBOM OJIAr al0IIU I
MOMEHT pabOThl, KOTOPBI HEOOXOIuUM Hjisi OoJiee AETaTbHOrO U TIYOOKOTO HM3y4YEeHHS
MOAXOAOB, MNPHUMEHSAEMBIX paA3JIMYHBIMM KOMIIAHUSIMH W OpPraHU3alusIMA, U B
JanbHeWIeM Ui pa3pabOTKM  €IMHOIO0  METOAa OUEHKH  3(PPEeKTUBHOCTH
(GyHKIIMOHUPOBaHUS MOOWMIILHBIX ceTeit csizu [24, C.58].

CoracHO onpeaeIeHUI0 UCCIIEN0BATENbCKOM KoMuccn CeKTopa cTaHIapTU3aluu
anekTpocBsizu [25], NHTepHeT Bemleii — 3To MacmiTabHas UHPpPACTPYKTypa (PUCYHOK
1.9) B uHpOpPMALMOHHOM OOIIECTBE, O0ECIIEUYMBAIONIAs BO3MOXKHOCTH peaIH3alHH
CJIO’KHBIX KOMMYHUKAIIMOHHBIX YCIYT MYTEM COEAMHEHHUS (PU3MUECKUX U BUPTYaIbHbBIX
Bemied [26]. Texnomorust MHTepHeTa Beliel MO3BOJIIET PACHIMPUTH CIEKTP HOBBIX
BO3MOXKHOCTEH U yciye B OONACTU 3ApaBOOXPAHEHUS WU MEIUIMHBI, JIOTUCTUKH H
MaIIMHU3AIUKA TPOU3BOJICTBA («YMHBIN» TpaHCHopT), oOpaszoBanus, ycayr JKKX
(PKUITUITHO-KOMMYHAJIBHOT'O XO3SMCTBa), YMHBIX TOPOJIOB U JIp.
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Pucynok 1.9 - Konnenmus MaTepHeTa Beliel U npeaocTaBiasieMbx yeiayr [26]
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ITog «06a30BbIMM ycJayramMmu» MOOWIBHOM CBSI3M IOHUMAETCS BO3MOXKHOCTH
MOJIYUYEHUSI YCIIYT, OMNpeNeNIeHHbIX crhenuduKaiueil crangapra, MeEXIyHapOIHBIMU
PEKOMEHIAIUSMHU U HEKOTOPBHIMU 33JJaHHBIMU YCITIOBUSMU KIIMEHTCKOIO TEPMHUHAIA, TPU
UX 3ampoce Moiab30BaTesIeM, MOJIKIIOUEHHBIM K JAeHCTBYyoIIeH cet, Hampumep, 4G. K
OoCHOBHOM yciyre 4G cOTOBOH CBSI3M OTHOCHUTCS MPeOCTaBIeHUE AocTymna K MHTepHery,
T.C. ycllyra 1o IpueMy | Iepeiade TaHHbIX ¢ UCTojIb30BaHueM cetu MuTtepuer [27, 28].

IMokazarens 3¢dekTUBHOCTH  (PYHKUHOHMPOBAHMA  CeTed —  3TO
KOJIMYECTBEHHAs (peke KaueCTBEHHAs) OICHOYHAs XapaKTePHCTHKA, YUHUTHIBAIOIIAs
BPEMEHHbBIC, TOYHOCTHBIC W HAJIC)KHOCTHBIE TIOKA3aTeNId CETH, a TAKXKE €€ MapameTphl U
XapKTEPUCTHKH, OmpenaeiseMbie yciaoBusMu (yHkimonupoBanus [29]. Ilokasarenb
s dexTuBHOCTH ceTeit W BKITIOUaeT TPy COCTABISIONINE:

W= (W, Wi, W, }, (L1)

rae W, — nabop mokasarenei 1eneBoi 3pPeKTHBHOCTH (yHKIMOHUPOBAHUS CETH,
WJIM KOJIMYECTBEHHAS] ME€pa COOTBETCTBHUS IUIAHUPYEMOW CETH CBOEMY HAa3HAUCHMUIO;

W,. — Habop mokazarenel TeXHUu4eckoi A3(h(PEKTUBHOCTH CETEH;

W, — rpyrina nokasaresei SKOHOMUYECKON 3(PHEKTUBHOCTH.

[Ipu sToM 3¢ppeKTUBHOCTH (PYHKIIMOHMPOBAHUS MOOWIBHBIX ceTeil B paboTax
[31, 32] ymomuHaeTCs Kak «cemesoi nokazamesib Kauecmea» Wil «noKasameib padomsl
cemu» W XapakTepU3yeTcs, B MEPBYIO OYEpeb, HAOOPOM meXHUUecKux noxasameinet,
OOBECIMHCHHBIX B €IMHBIA MOKa3aTelb NMpou3BoauTebHOcTH ceTu (aHri.: Network
Performance, NP) [24, C.58]. NP sBistercst Mepoit onpeaeneHust 3(pHeKkTHBHOCTH pabOThI
cetn. MCD B pekomenaanusax MCO-T E.800 u 1.350 [30], nanpaBiieHHBIX Ha U3y4CHHE
KadecTBa  MPEAOCTaBISIEMBIX  TEIEKOMMYHHKAIMOHHBIX  YCIYT H  BOMPOCOB
MPOU3BOAUTENLHOCTH IM(PPOBBIX CETEW, HCIONb3yeT CIEAYIOIIee OIpeaeIeHue:
«ITpor3BOAUTENBHOCTh CETH - BO3MOXKHOCTH CETHM WM YacTH CETH O0ecrneuuBaTh
(YHKIMH, OTHOCSIIMECS K CBA3M MEXAY IIOJIb30BATESIMU», U XapaKTepHU3yeTcs
CeTEBBIMU TapaMeTpamH, SBISIOIMIMMHCS BaXKHBIMU JJII  omeparopa CeTH H
OPUMEHSIOIUMHUCS  JUJII  HACTPOMKH, TPOEKTUPOBAHUS, TEXOOCHY)KUBAHUS U
SKCIUTyaTalli CUCTEM CBs3M. [IpOM3BOAMTENHHOCTh CETH 0003HAYaeT COCTOSHHE
TEJIEKOMM YHUKAI[MOHHBIX CETeH M OMpEeeNsIeTCs HE3aBHCHMO OT MOJENTH TEpMHHAa
aOOHCHTA MJIM BBITOJIHAEMBIX UM AekcTBuii [23; 24, C.58].

B ynoMsHYTBIX peKOMEHJANMAX W HAYYHBIX MOHOTpadusix TMpH aHaIHU3e
IPOU3BOAUTEIBHOCTH CETH, MPUMEHSIOT TEPMHUHBI - «IIapaMeTp» U «IOKa3aTelby, I/1e
napaMeTrp — 3TO KOJMYECTBEHHAs XapaKTepPUCTHKAa OOCIY)XHBaHHUS C KOHKpPETHOM
cdepoit mpumenenus. [locie Toro, kak OCHOBHBIC XapaKTEPUCTUKH CETH OIPEJEICHBI,
OHM MMEHYIOTCS T[apamMeTpaMd U  BBIPAKAIOTCSI  METPUKAMHU, Ha3bIBa€MbIMU
«mokazareau». BaxHo, 4yTo mapamMeTphl KauecTBa CETH UMEIOT Ba)KHOE 3HAUYEHHUE IS
BCEX MTPOKOB TEJIEKOMM YHHKAIIMOHHOTO PHIHKA M M3MEPSIOTCSA Ha TOW CETH, K KOTOPOM
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oHM npuMeHSIOTCs. [lockoapky MBI aHamu3upyeM 3(PQGeKTUBHOCTH (DYHKIIMOHUPOBAHUS
Ha cetr paguozaoctymna (Radio Access Network, RAN) [23, 24], To COOTBETCTBEHHO, U
BCE MapaMeTphl M MOKA3aTeNN JOJDKHBI XapaKTEPHU30BaTh COCTOSHUE CETH MOOWUIHLHOU
cBsizu 4G.

[Tpu BBIOOpPE M pacuere mokaszaresield MPOU3BOJAUTEIILHOCTH CETH PEKOMEHYeTCs
YYUTBIBAThH JIBA OCHOBHBIX MPUHITUIIA!

1. Kaxnaplii mokazaTenb JOJKEH OBITh M3MEpAEeM Ha T'paHMIIE AJIEMEHTa (-OB)
CETEBOI'0 COEIMHEHHUSA, K KOTOPOMY OH TMPHUMEHSIETCA. DTH OIpPEICICHUsT HE TOJDKHBI
OCHOBBIBAThCS HA MPEITOJIOKEHUSX HU O BHYTPEHHUX XapaKTECPUCTHKAX CETH (W ee
qacTell), HM 0 BHYTPEHHUX NMPUYMHAX HAPYIICHUH, HAOIF0JaeMbIX Ha TpaHHIIAX;

2. Ilokaszarenm wMoryr OBITh PAacCMOTPEHBI Ha KaXKIOM OJJIEMEHTE CETH B
OTJENBHOCTH JJIi TIOMYYeHHsS CKBO3HOTO TIIOKa3aTelsl IMPOU3BOIUTEIBHOCTH, €CIH
BO3MOXKHO TOJYYHTh CIPABEJIMBOE pacCIpeAeNieHue MEXIy (PyHKIHOHAIbHBIMU
3JIEMEHTAaMM CETH U MOCTaBIIUKaMu yciayr [30].

Cnenyer Takke OTMETHTb, YTO [IOKa3aTeNUd MPOU3BOJUTEILHOCTH CETH,
ompeneisirorie  ee  3G(GEKTUBHOCTh  (YHKIIMOHUPOBAHUSA, SBISIOTCS  BaXXHOU
COCTABIISIONICH YaCThIO JPYroro mapamerpa - kadyecra oocayxuanus cetu (Quality
of service, Q0S) (pucynok 1.10), mpUMEHSIEMOro JUIS OIEHKH YJIOBJICTBOPCHHOCTH
MIPEIOCTABISIEMBIMH YCITYTaMH.

KauectBO 0bCTyHBAHNA

cetH (QoS)
IoraszaTenn Ilogasarems. He
OpPOH3BOIHTEILHOCTH OTHOCAIHECA K padoTe
CeTH CceTH

Pucynok 1.10 — IIpou3BOAUTENEHOCTh CETH M KAYECTBO OOCITYKMBaHUS

MCD B pekomenmanuu E.800 [31] yka3piBaeT HECKOJIBKO TEPMHUHOB,
onpenensonmx Q0S, a UMEHHO, «Ka4eCTBO - COBOKYITHOCTh XapaKTEPUCTHK OOBEKTA,
KOTOpPbIC MMEIOT OTHOIICHHE K €r0 BO3MOXXHOCTH YJOBJICTBOPSATH YCTAHOBJICHHBIC M
nperonaraeMple  MMOTPEOHOCTH IOJIb30BaTeNcii. XapaKTEePUCTHKH KadecTBa OJDKHBI
MOJI/IaBaThCsl  DKCICPUMCHTAIBHOM OLICHKE W/WiIM u3MepeHuto». Cliea0BaTebHO
napamMerpbl Q0S XapaKTepH3yIOT BO3MOKHOCTh CETH YIOBICTBOPITH YCTAHOBICHHBIC H
npenosaraeMbie TOTPEOHOCTH MMOJIH30BATEIS.

Ha nanHOM 3Tame Hac Majo HMHTEpECyeT NeTalbHbIM aHaim3 QOS, MOCKOJIbKY
JAHHBIA  TOKa3aTelb  YYUTBIBAET HE  TOJBKO  TEXHMYECKHE  I0Ka3aTeNIn
POM3BOJUTEIBHOCTH CETH MOOHMIBHBIX OIEPATOPOB, HO U CYObEKTHBHBIE ITOKA3aTEIH,
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¢uKkcupyemMble Ha OCHOBE ONIYIIEHWW W/WIIM BOCHPHUATUN Moib3oBaTeneM. [lo 3toi
IpUYMHE HE BCE MOKa3aTeJiM M WX MapaMmeTphl, BXopasmme B rpynmy QO0S, umeror
OTHOIICHUS K TPOM3BOJUTEIBHOCTH CEeTH. VICKIMIOUNTh CYOBEKTHUBHBIC ITOKa3aTeln
MOJKHO, B3SIB 32 IMPABUJIO, YTO K HUM OTHOCSATCS T€ IMOKA3aTeJIU, KOTOPbIE HE MOT'YT OBITh
YUYTEHBI, U3MEPEHBI, BRIYUCIICHBI, JIMOO YCTPAHEHBI Ha YpOBHE paauogoctymna. [loatomy
pu BEIOOpE OCHOBOTOJIATaOIINX ToKazaresen QoS, OITMCHIBAOTIINX
IPOU3BOJIUTEILHOCTD CETU, HEOOXOAUMO OBIThH MPEETHHO BHUMATEIbHBIM.

[Tornmanne cMbICIa M Ha3HAYEHUs 00OMX ITOKa3aTelieil, KauecTBa 00CTy)KUBAHUS
Y TIPOU3BOUTEIBHOCTH CETH, ABJISCTCS BaXXHBIM (PaKTOPOM B M3ydeHUH d(H(HEKTUBHOCTH
dbyakimonupoBanus cereil. OpUEHTUPOBAHHBIE HaA TMOJb30BaTeNss mapaMmeTpbl QoS
00€eCreynBaloT [IEHHYIO OCHOBY JJI PaJUOIIAHUPOBAHUSL U MPOEKTUPOBAHUS CETH, HO
OHM HE 0053aTeIbHO MOTYT HCIOJIb30BaThbCsl NPHU OMNpPEACICHUH TpeOOBaHUN K
IIPOU3BOJNUTEILHOCTA JUIA KOHKPETHBIX CIydaeB. AHAJIOIMYHO, mnapameTpsl NP B
KOHEYHOM cuere onpeneasitor QoS (Halmrofgaemblili MONb30BaTENEM), HO OHU HE
00s13aTeIBbHO OMUCHIBAIOT ATO KAYECTBO TAKUM 00pPa30M, YUTOOBI OHO OBLIO 3HAYUMBIM J1JIS
nosib3oBaresneit. OiHako, 00a Habopa mapaMeTpoB HEOOXOAUMBI, U UX 3HAUEHUS JOJIKHBI
OBITh KOJTMYECTBEHHO CBSI3aHBI, €CIIU CETh JODKHA ObITh 3((HEKTUBHON B 00CITYKUBAHUU
CBOMX IIOJb30BaTENEH. B crayuae ¢ oyenxou s¢hgexmuenocmu QyHKYUOHUPOBAHUS
MobunvHou cemu onpeodenerue napamempos QoS u NP mooscem Ovimv cedeHo K 00HOMY
U momy dtce Habopy paxmopos u/unu noxasamesneu, KOmopbvie 8 pagHol Mepe O0ONONHAIOM
opye Opyea. llpyu 3TOM HCNOIL30BaHUE CYOBEKTUBHBIX (DAKTOPOB HCKIHOYACTCS
n3HavaibpHo [30].

[Ipumensis mpuBeIEHHBIE paHee MOHSATUS U OINPENeNCHUsI, CTAHOBUTCS SICHO, YTO
npu peanuzauuu ycayr MHTepHera Beme 3pPexKTUBHOCTh PYyHKIIMOHUPOBAHUS CETEH
MoOWITEHOH cBsizu 4G TODKHA XapaKTepHU30BaTHCSA MapaMeTpoM MPOU3BOIUTEILHOCTH
ceTH, OOBeAWHSIONEM B ce0e Ha0Op OCHOBHBIX CETEBBIX XapaKTEPUCTUK U
KOJIMYECTBEHHBIX TIOKa3aTesiel, KOTOpbIE OIPEAENAI0T KauyeCTBO CBSI3M U IOJHOTY
npenoctaBiusieMoit  ycayru  cBsisu [24, C.58], mpemoctaBisieMoil MOOMIBHBIMH
onepatopamu. [lapamerpsr QOS wurparorT TaKke BaXHYIO pOJib TMpPU aHAIU3E
3(ppekTUBHOCTH pabOThl CETH, OJHAKO, B ATOM CJIydae HYXKHO MOJXOJIUThH OoJiee
BHUMATEIHLHO K BRIOOPY KIIIOUEBBIX MOKa3zaTeneid. OeHKa MmocieJHuX peKOMEHIYEeTC s K
IIPOBEJICHUIO HA CETHU PAJNO0CTYIIA B LIEJIOM, UCKJII0Yasi CyObEeKTUBHBIC MOKA3aTEU, HE
otHocsmuecs kK pabore 4G ceru [23].

1.3 AHanu3 MeTOI0B U BbHIOOP mMoka3zaresieil 1 pacuera 3(p(PeKTHBHOCTH
(GPYHKIIMOHUPOBAHMS CETHU

Ha cerogusimnuii 1eHb HE MPEICTABICH €IUHBIN CTAHIAPTU3UPOBAHHBIA METO
WIK CIOCO0 Il MpoBeACHHS OIeHKH 3(h(EKTUBHOCTH (DYHKIIMOHUPOBAHUS CeTel
MOOMJIBHOM CBSI3W, MPU TOM, YTO BOMPOCAaM U OCOOCHHOCTSIM MPOU3BOJUTEIHBHOCTH
MOOWJILHOM ceTu Tipu pa3BepTbiBanum TexHosoruu NB-10T mocesieHo mocratodnoe
KOJIMYECTBO paboT U uccieaoBanui [11].
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[ToaTOoMy, KpyITHEHTITHE MPON3BOIUTENN U TTOCTABIIUKHN TEIIEKOMMYHUKAITMOHHOTO
obopymoBanus (kK HuM oTHocarcs: Rohde&Schwarz, Nokia, Ericsson, Huawei) wu
MEXTyHapOHbIe pabouue Tpymmbl ¥ accormarnuu (ETSI, MCD-T, GTI TDD wu T.1m.)
UCIIOJIb3YIOT COOCTBEHHBIE, YHUKAIIbHBIE, HO He CMAHOAPMU3UPOBAHHbIE NOOX00bl K
orieHke 3ddexkTruBHOCTH PaboThl MOOMIBHBIX cereit [24, C.59]. UntepecHo, 4TO, MpH
9TOM, KOHEYHBIE WI'PDOKM —  MOOWJBHBIC  OMEpPaTOpbl H  IOCTABIIUKHU
TEJICKOMMYHHUKAIIMOHHBIX  yCIYT, JIMIIEHbI TOHMMAaHHWA, Ha YeM O0a3upyroTcs
npeajaraeMple TOJIXOJbI, a TaKK€ OHW OrPaHUYCHBI B BO3MOKHOCTH ITOJYYCHHS
uHpopManuu 00 OCHOBOIMOJIAralOIUX (PakTopax, YUYMTHIBAEMBIX MPU pa3pabOTKe TOro
WIM WHOTO Toaxona. borjee Toro, B TakMxX TMOJXOJAaX 4Yalle BCETO OTCYTCTBYET
BO3MOXXHOCTb pAcCHIMpEHUs] WM J00aBJI€HUs psla KIOYEBBIX MOKa3aTened WiH
napameTpoB. B koHeuHOM wuTOre, mpobiema OTCYTCTBUS €IMHOIO IMOAXOAAa K OLEHKE
3¢ PeKTUBHOCTH (PYHKITMOHUPOBAHUS CETEH MpH ucnoiib3oBanuu TexHoiaoruu NB-10T we
MO3BOJISIET JIETAJIbHO HU3YYUTh BONPOC O BIMSHUM TEXHOJOTMU U €€ CLIEHApUEB
pa3BepThIBaHUs HAa 3PPEKTUBHOCTH (PYHKIIMOHUPOBAHUS CETU MOOWIIBHOU cBsi3u 4G ¢
WCITOJIb30BAaHUEM TJIOOQBHBIX JAHHBIX, KOTOPBIE MOTJIH OBl OBITh TOMYYEHBI OT
Pa3IMYHbBIX ONEPaTOPOB CETEH MOOUIILHOM CBSI3H.

Hwxe mnpencraBieH aHanUTHYECKMH 0030p Ha HauboJee U3BECTHBIE H
UCIIOJIb3yeMble  CIOCOOBI  OLIGHKHM 3(PQPEKTUBHOCTH (PYHKUHMOHUPOBAHUSA  CETEH
MoOWIIbHOM cBsi3u U TexHosoruu NB-10T B enom.

Tak, Hanpumep, MexayHapoaHas rpymnma kommnanuii Rohde&Schwarz 3assiser,
yTo, «X0Ts1 NB-IoT u siBnsiercss nononHenueM k crangapty 3GPP musa cetu LTE, sto
pEIIeHKE MPEACTABISIET CO00M aOCOMIOTHO HOBYIO CUCTEMY PAJIMOCBSI3H, B TOM YHUCIIE TIO
XapaKTEPUCTUKAM  TOKPBITHS» [33]. [lostomy  pacuer 3¢ (hEeKTUBHOCTH
dbyakimonupoBanust NB-10T cerelt 3mech MpoOBOAUTCS OTIEIBHO OT MOOWJIBHOW CETH
AG/LTE, na xoropoii peamusoBana texHosorus NB-10T. B moaxone wucmonbs3yercs
HECKOJIBKO TPYIIIN MOKa3aTesei:

1. Mokazarenu kawecmasa obcyscusanus (QoS) cetn NB-10T;

2. Tlokazarenu, xapaktepusytoiue nokpovimue cemu NB-10T;

3. [Tokazarenu »(dPeKTUBHOCTH, 3aMepsieMble Ha YpOBHE TPHUJIOKEHUH (8pems
nepeoauu, nNoKazamenb YCNEWHOCMU, 6peMs HACMPOUKU, CKOPOCMb nepeoadu
TMI0JIb30BATENILCKUX JTAHHBIX, CETEBAS 3A0EPIHCKA);

4. Tlokazarenu emxocmu cemu NB-10T [24, C.59];

5. [lokazaTenu MIPOM3BOUTEILHOCTH (ucToaBp30BaHME pecypcoB,
P exmusHOCmb UCNOIL308AHUSL CHEKMPA, IHEP20IPDEKMUBHOCINb, PAOUONOKPLIMUE).

[IpenmyiecTBO JaHHOTO IMOAXOJAa B TOM, YTO IO CPAaBHECHHWIO C JPYTHMH
croco0aMu, OH MCTOJIb3YeTCs JJIsl poBeaeHus Oosiee rimyookoro ucciaenoBanus NB-10T
TexHonoruu. Hegocratok moaxo/a - rpyra UCIOIb3YEMbIX KITIOUEBBIX IMOKA3aTeNNel He
BKJIFOYAET TMOJHBIN mnepeueHb BakHbix KPl u He cranmapTuszupoBaHa, T.€ MOXKET
Pa3HUTBHCA NIl KKJIOTO KOHKPETHOTO Ciydasi u3MepeHusi padoTsl cetu. Kpome Toro
aHam3 3(G(GEKTUBHOCTH CETH MPOBOJMTCS MPEUMYIIECTBEHHO Ha YpPOBHE 0a30BBIX
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CTaHIIMMA WM CEKTOpa, YTO HE MOAXOAMT I BCEIENION OLEHKU CeTe pajilioA0CTyIa C
peanu3oBanHoi TexHonorueir NB-10T [24, C.60]. Ipyrue HemaoBaXKHbIC HETOCTATOKH
3aKJIF0YAIOTCS B TOM, YTO HET OPUEHTAIIMU HAa BAPUATUBHOCTH TEXHUYECKOTO UCTIOTHEHHUSI
texHoinorun NB-10T u oTcyrcTBHME €IMHHOTO KpUTEpPHUS CPaBHEHUS WM OILEHKH
pe3yJIbTaTOB.

JlocTarouHO BHHMMAaHMs BoIpocy aHanmu3a 3¢dexktuBHOCTH WHTEepHETa Beleu
MyTeM HUCIOJIb30BaHUs JIBYX pasHbix TexHonoruii: eMTC u NB-I0T, Obuto yaeneHo B
nuteparype [34]. B aToii pabote orieHMBAETCs MPOU3BOIUTECILHOCTD JIBYX TEXHOJIOTHMA
0T nns mpunoxenus: «YMHbIH Topoa». CpaBHUBAETCS MPOU3BOAUTEIHLHOCTh CUCTEM C
TOYKH 3PEHUSl NOmpeONeHus  dHepeuu, 3a0epiHcKu, macwmabupyemocmu W
MaKCHUMAaJIbHOTO Koiuuecmea kiuenmckux mepmunanos (anri. - User Equipment, UE) na
UMKy Wi ceTh, a Takke MCL, nponycknoii cnocobnocmu xaumana, OiuHbl OAHHLIX,
3a0epoicky PaIuOvacTOTHOTO MEpeKoYeHus u T.A4. HemocrtaTok naHHOTO Mmoaxona B
HAIMYUU TIAPaMETPOB, UMEIOLIUX 3HAUYEHHE, B OCHOBHOM, TOJBKO JJI MOJIb30BaTesen
loT. T.e. HEKOTOpBIE TApaMETPHI XapaKTEPU3YIOT HE MPOU3BOIUTEIHLHOCTh PAJHOCETH B
IIEJIOM, a MPOU3BOIUTEILHOCTh OKOHEUHBIX TEPMUHAIOB U MPEAOCTaBISIEMOTO CEPBHCA.
DTO CKa3bIBAE€TCA HAa OTPAHUYEHHOCTU aHalIM3a U OTCYTCTBUU OOIIECH OIEHKH KayecTBa
(YHKIMOHUPOBAHHUSI CETH.

MexayHapoIHBINA COrO3 AIIEKTPOCBs3u B pekomeHaaruu MCO-T 1.350 [30] Taxxke
yIeIu BHUMAaHHME BOMPOCY HCCieqoBaHUs 3(PGEKTUBHOCTU PabOTHl CETHU TMepeadu
JaHHBIX, TaM K€ MPHUBOIUTCS OMUCAHWE TEPMHHOJOTUHA OCHOBHBIX MapaMeTPOB CETH.
JlaHHBIM JOKYMEHT PEKOMEHIYET HCIOJb30BaTh MATPUUHBIN IMOAXOJ ISl BBISBICHUS
napaMeTpoB TMPOU3BOIUTEIBHOCTH CeTH. [IpoucxoauT 3To cienyromuM o0pa3oM,
Marpula pa3MepHOCTbrO 3x3, mpuBeneHHas Ha pucyHke 1.11, ucnome3yercs nis
CHUCTEMaTUYECKOT0 METOJ]a, Ha3Hau€HHWE KOTOPOTO - BBbISBICHHME HabOpa OCHOBHBIX
apamMeTpoOB, XapaKTePU3YIOIIUX MPOU3BOAUTENLHOCTE ceTh [24, C.60].

OcHoBHbIE TTpaBUJIa pabOTHI ¢ MaTpulle chOpMyIHPOBaHHI B [24].

Kpatkoe onucanue kaxxaoi u3 Tpex GyHKIHI MIPUBOIUTCS HUXKE:

- nepBasg (GyHKUMS - (GYHKUIUA JOCTYNa, HAYMHAIOMIASCS C BbIAAYM CUTHANA
3ampoca JOCTyNa WIM €ro MoJApa3yMeBaeMOro SKBUBAJIEHTa Ha HHTepdeince Mexay
MOJIb30BATENIEM U KOMMYHHUKAITHOHHOM CETHIO.

- cuenyromas — (QYHKIUS mepesaud MHQPOpMalMyd O IMOJIb30BaTelle, KOTopas
HAYMHAETCs MOCie 3aBepiieHuss QYHKIMM JOCTYNA M 3aKaHYMBAETCS, KOTJa BbIIAETCS
«3arpoc Ha pa3zbeIUHEHUE), 3aBEPIIAIONIUNN CEAHC CBS3H.

- mnocnenHsas GQyHKIUS — 3TO PYHKIUS pa3beIUHEHUS, KOTOpas 3aBepIiaeTcs s
KaXXIOr0 TOJb30BATENs, KOT/Ia OCBOOOXKTAIOTCS CETEBBIE PECYPCHI, BBIACICHHBIC IS
y4acTHsl TOTO TOJIb30BaTENsl B CEaHce CBS3U. Pa3zbenuHeHue BKIIOYAeT B ce0s Kak
dbu3nMYecKoe OTKIIOYEeHHE Ilenyd (Korga 3TO HEOOXOAWMO), TaK M JICHCTBHS IIO
3aBEPIICHUIO MPOTOKOJIA OOJIEe BEICOKOTO YPOBHHI.
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Pucynok 1.11 — IlpumeHeHre MaTpUUHOTO MOJAX0/a sl (popMUpoBaHUs Habopa
MIOKAa3aTeJeN TPOU3BOAUTEIBHOCTH CETH

BakxHoe 3HaueHHE UMEIOT KPUTEPUU TPOU3BOAUTEIHLHOCTH — CKOPOCTh, TOYHOCTh
U HAAEKHOCTH CETHU, TJA€ TOYHOCTh — KPUTEpPUH  MPOU3BOJUTEIHLHOCTH,
XapaKTEePU3YIOUIUN CTENEHb IOCTOBEPHOCTU CUCTEMBI, @ HAJIEXKHOCTh BBICTYIAET MEpOM
3(PEKTUBHOCTH, BBITIOJHSIIONMICHCS HE3aBUCUMO OT CKOPOCTH WM TOYHOCTH, HO B
npejesiax yCTaHOBJIEHHOI0 UHTEpBaia H3MEPEHHUIA.

JleBATh mapaMeTpoB ceTr CHOPMYIHPOBAHBI JJIsl OMUCAHUS TIPOU3BOAUTEIILHOCTH
CETU MPU UCIIOIB30BaHUM MaTpudHOro noaxoxa [30]:

- HaJEKHOCTh JOCTYIA;

- CKOPOCTb JIOCTYIIA;

- TOYHOCTb JIOCTYIIa;

- HAJIGKHOCTH TIepeayn nHHOPMaIINH;

- CKOpPOCTh Tiepeayu nHGOpMaInH;

- TOYHOCTH Nepeaadun UHPOpMaInu;

- HaJCKHOCTh Pa3beANHEHUS,

- CKOPOCTb pa3beIUHEHUS;

- TOYHOCTH pazbenuuenus [24, C.60].

[IpeumymiecTBO JaHHOTO TOAXOAa B €r0  MPOCTOT€ U BO3MOXHOCTHU
He3aMeUTUTEIbHOTO (hOPMHUPOBAHUS KITIOYEBBIX TPy mokaszarenei [24, C.61]. [loaxon
PUMEHSIETCS JIsl OLICHKU MapaMeTpOB MPOU3BOAUTEIHLHOCTH CETEH Mepeaadyu JaHHBIX.
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Tem He MeHee, HanOoOJIee MONHBIM, KOMIUICKCHBIA ITOAXOJ aHAJIHM3a ITOKa3aTeliei
IPOM3BOJIUTEIILHOCTH COTOBBIX ceTeil mpemiaraetr Accoruanua GTI TDD. B paGouem
nokymenTe [10] komnanus paznemnset napameTpsl npousBoautensuoctu cetu NB-10T Ha
(yHKIIMOHAIBbHBIE KOMIOHEHTH! (()aKTOpHBIE IPYMIbI) U CBSI3bIBAET UX C CETEBBIMU
MOKa3aTe/IsIMH, ONpEACICHHBIMU B psne pexkomenmammii MCD [31, 32]. OcHoBHbIe
TPYIIBI TapaMEeTPOB, XapaKTEPU3YIOMIUX MPOU3BOAUTEIHHOCTh CETH MPUBOAITCS HA
pucynke 1.12.

B nannom noaxone 3¢ dexkTUBHOCTh PyHKIIMOHUpOBaHUS ceTd 4G npu okazaHUH
ycayr NB-I0T paccmarpuBaetcs ¢ 4eThIpex KpUTEPHUIA:

1. IToka3zaTenu AOCTYMHOCTH OMHMCHIBAIOT COCTOSTHUE CETU B aKTUBHOM PEXHME B
CTPOT0 YCTAHOBJIEHHBIN IPOMEXYTOK BPEMEHHU.

2. Ilokazarenu pabOTOCIIOCOOHOCTH CETH - OIUCHIBAIOT BO3MOXKHOCTH CETEl
WCIIOJHATH YCTaHOBJICHHBIC (DYHKIIUU B TEUEHUE OMPEIEICHHOTO BPEMEHHU.

3. I'pynna mnoka3areyieil yCNEIIHOTO MOAKIIOYEHUS K CETH XapaKTepusyercs
BEPOATHOCTHIO TOTO, UTO COEAMHEHUE YCTAHOBJIEHO B paMKaX MpPEIOCTaBICHUS YCIYTH.
Yame Bcero, JaHHas TIpyIIa COCTOMT M3 TpeX MNOATPYII, BKIIOYAKOIIUX B ce0s
MOKa3aTeNu JOCTyINa K CeTH, COXPAaHHOCTH CETH, OTCYTCTBHUSI OOPBIBOB CECCUU BO BpeMs
COCIMHEHMSI, IETIOCTHOCTD MOJTyYEHHBIX JaHHBIX.

4. IlokazaTrenu  O€30MACHOCTH  CETH, HCHOJb3YyeMblE€ i1  COXpaHEHUS
KOH(QUACHIIUAIbHOCTH, LEJIOCTHOCTH U  JOCTYIHOCTH HH(OpMaluud METOJaMHU
obecrieueHust OE30MaCHOCTH CETH M TPEJOCTaBIsIeMbIX YCIyr cBs3u [24, C.59].

1_[13 OH3IBOIHTEIBHOCTE
CETH

S v y

ITorasaTean
paboTOCIIOCOOHOCTH . \

ceTH ' TlorasaTems
TMoxasaTenn gocTyma COXPAHHOCTH CETH TMoxasaTeTn TMoxasateT
K CeTH (oTcyTcTBHE HEAOCTHOCTH BesomacHOCTH CeTH

00OPBIBOB)

IMorazatean
AOCTYIIHOCTH CETH . TTokasaTenH yCIEIIHOIO MOJKTHYCHHA K CeTH

Pucynok 1.12 — Ilogxon Acconmanimu GT1 TDD x onenke spdexTuBHOCTH ceTei

[Toxxom pekoMeHyeT UCII0JIb30BaTh CPEIHNE 3HAUCHUS TTOKa3aTeNeH 3a HHTEpBAT
BpeMeHH (Hampumep, JIeHb, Jac u T.1.) [24, C.59].

C TOukM 3peHHMS MOOHWIJIBHBIX OIEPaTOPOB, IIPH HCIIOJIb30BAHMHM TAaKOr'0 IOIX0Ja
IPOU3BOIUTEIHLHOCTh PabOTHI CETH OlleHWBAaeTCs Hambosee TouHO. [ToCKONBKY ISl ee
aHajaM3a 3aMepseTcs pabdomocnocooOHOCmb, OOCMYNHOCMb N Oe30nacHocmbv cemu, a
Takke PUKCUPYIOTCS U3MEHEHUSI, CBSI3aHHbBIE C COOBITHSIMU (COOM, BOCCTAHOBJICHHE U T.
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1.), COCTOSIHUSIMH (COOM, COCTOSTHUE BBEpX, COCTOSHHUE c00si, cOOM W T. 1.) WIH
JEUCTBUSAMH (HApUMep, TEXHUYECKOe 00CTYKMBAaHUE) C UX MPOJOHKUTEILHOCTHIO BO
BpeMeHHU. Mmes cucremarm3anuy mokasaresieii B (hakKTOpHBIC TPYIIIBI, KaK, HApUuMep,
JUISL TIOKa3aTelsied YCHENIHOrO0 MOJAKIIOYEHHS K CETH, OYeHb Ba)KHA, T.K. IMO3BOJISIET
YYUTBHIBATH O0JIbIIe (aKTOPOB U IPYIIIMPOBATH UX MO CMEXHBIM MTpu3HakaMm. HepocraTok
TAKOro IMOAXO0Aa B TOM, YTO OH XOTh M TIO3BOJISICT OLCHHUTH 3(PHEKTHBHOCTH
(GYHKIIMOHUPOBAHMS CETH, HO JIMIIIb C TOYKH 3PEHUS] pabOTOCIIOCOOHOCTH OTHIETHHBIX
AJIEMEHTOB CETH paauojocTymna. Ilokazarenu, OIEHUBAIOIIUE KIMCHTCKUN OITBIT
(HampuMep, 30HA TOKPBITUS, KaueCTBO CBSA3M, CPEIHSSA CKOPOCTh, 00BEMbI Tpaduka
nepenaBaeMon/moaydaeMoit nHGopMaluu, 3aaepkka Ha CeTH W T.J) IMOJb30BaTeied B
TaKOM CIIOCO0€, K COXKaJI€HUI0, HE YUUTBIBAIOTCS.

B Oonee mno3gHMX  HMCCIENOBAaHUAX  aBTOpPbI, HA00OpPOT, MpeIararoT
OpPUEHTUPOBATHCS B OONBINEH CTENEHN Ha TMOKA3aTelH, XapaKTEPU3YIONTUE KINCHTCKUN
OMBIT ToOJIb30BaTesie Ha ceth. Tak, B pabore [35] aBTOpHI MPOBEIU CPaBHUTEIbHBIM
aHaJIM3 HEKOTOPBIX TTOKa3zaTesiel u3 rpynibl QOS /J1s OIeHKH MTPOU3BOAUTEILHOCTH CETH.
K nambornee mnomxomsmmm JUisl OHEHKH 3(P¢eKkTuBHOCTH MOoOMIbHON cetn 4G wu
texHosioruu NB-10T ObliM OTHECEHBI: noKpbIMUE cemu, U3MEPSIEMOE B BUIE TTOKa3aTes
MCL (maximum coupling 10SS, MakcrMallbHO BO3MOXKHOE OCJTa0JICHHE PaiOCHTHAIIA),
cKOpocmu nepeoayu OAHHbIX B BOCXOISIIEM W HUCXOISIIEM KaHAIaX CBS3H U 3a0epiCcKU
Ha cemu. Ilpu 3TOM, HCCIEIOBAaHUE MMEJO MPAKTUUYECKHI XapaKTep U MPOBOJIUIOCH
TOJILKO Il OAHOro M3 cueHapueB paszBepTbiBanus NB-10T - Bayrpunosocnoro. B
uccaenoBarenbckor padore [36] ee asropsl Hoglund A., Lin X. u ap. Taxke u3ydanu
BOIIPOCHI pa3BepThiBaHUs TexHOJoruu NB-IoT, HO mnpW HCHIONB30BAHUHM TOJBKO
samuTHOrO wWHTEepBasa 4G. JIOMONMHWTENBHBIM TIOKa3aTejieM BbIOpaHa B3aWMHas
unmepghepenyus mexny Texuonorueit loT u 6a3oBoit MOOMITbHOM ceThio 4G.

B cnenyromeit pabore [37] aBTOpBl TONUIM Jaibllie W HCCICIOBAJIM
npouzBoauTeabHOCTs NB-10T cetn, a uMeHHO nponycknyto cnocobnocms, BO3MOXKHOE
KOAU4eCmeao NOOKMOUEHHbIX MEPMUHAI08 W 3a0epdiicKy, Ha TPUMEpPE CHEIUATbHBIX
OPWIOKEHUM JJI1 MOHMTOPHHIA COCTOSIHUSI 3J0pPOBbsI HanueHToB. CpaBHUTEIbHBIN
aHaJINU3 MTPOU3BOAMIICS JIJIsl BHYTPUIIOJIOCHOTO M aBTOHOMHOTO CIIEHAPUEB HUCIIOIb30BaHUS
CHEKTpa.

CBoJHBIE [1aHHBIE TIO M3YYEHHBIM MOAXOJaM U PEKOMEHIOBAHHBIM TpYIIaM
CETEeBBIX IOKa3areyiel MpuBeAeHbl B Tabnuie 1.7, rae BUIHO, YTO K Haumbojee 4acTo
HCITOJIb3yeMbIM METPHUKAM OTHOCST:

- mokpeITHE cetd NB-10T,;

- KayecTBO oOciyxuBanus NB-10T;

+ CKOpPOCTh TIepe/Iaul JaHHBIX;

« 3aJICPXKKY Ha CETH;

+ KOJIMYECTBO a0OHEHTCKUX YCTPOUCTB.
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Tabmuna 1.7 — CBogHast TabnuIa U3y4EHHBIX ITOJIXOJI0B U CETEBbIX NOKa3aTeIen

Jutepatypa HanmeHoBaHue I'pynna cereBpIX noKa3aTeneu
opranuzanuu/
UCCIIEI0OBAHUS
[33] Rohde & Schwarz Iokpvimue cemu NB-10T

Kauecmeo oocnyacusanus NB-10T
[TokazaTenp yCHEIHOCTH COSTUHCHUS
Ckopocmb nepedauu OAHHbIX
3aoeporcka v T. 1.

[34] CpaBHUTEIBHOE [IponyckHasi crtocoOHOCTh KaHaJia
HCCIIEIOBaHNE 3aoeporcka
MIPOU3BOAUTEIBHOCTH MCL (noxpvimue cemu)
texrHosoruit eMTC u NB- | Koauuecmeo abonenmcexux ycmpoticme v T.1.
loT
[30] Pexomennanus MCD-T | Ckopocms poctyna/ nepedauu umngopmayuul
1.350 paciernieHus
Tounocts poctyna/ mepemaun wuHOpMaLHH/
pacierieHus
HanexHocth gocryna/ nepemnaun uHGOpMamu/
pacuerieHus
[38] Accouunanus GTI TDD JIOoCTYITHOCTB ceTu

PaboTociocoOHOCTE ceTn
VYenenHoe moakiIroyYeHne K CETH
bezomacHocTh cetn

[35] HccnenoBanue THokpvimue cemu (MCL)
BHYTPHUIIOJIOCHOTO ciieHapusi | Ckopocmb nepedayu OaHHbIX
pasBepreiBanust NB-10T 3aoeporcku Ha cemu

[36] UccnenoBanue  cuenapus | [lokpvimue cemu (MCL)
pasBeprbiBanusg NB-l0T B | Cropocmwb nepedauu oannvix
3alIMTHOW T0JI0Ce 3aodeporcku na cemu

VYpoBeHs uHTEpHEPEHINU

[37] CpaBHHTETBHBII anamu3 | [IponyckHasi crmocoOHOCTh
BHYTPHUIIOJIOCHOT'O u | Konuuecmeo abonenmckux ycmpoucme
aBTOHOMHOT'O CIIeHapueB | 3adepaicka

pasBepteiBanus NB-10T

CymecTByromue CIOCOOBI u METOIUYECKHE MOAXO/IbI aHaiM3a
OPOU3BOJIUTEIBHOCTH WM A(PPEeKTUBHOCTH  (QPYHKUMOHUPOBAHUS  PaTUOCETEH
NPEJCTABJIAIOT LEHHOCTh JJISi M3YYEHHUs, MOCKOJIbKY MOTYT OBbIThb B3SITBl B OCHOBY
pa3pabaThIBA€MOTr0 METOIa KOMIUIEKCHOHN OILIEHKH, KOTOPBIM MOXET OBITh IPUMEHUM K
KOHBEPTeHTHBIM CETSIM — CeTsiIM MoOwnpHOW cBsizu 4G mpu  OKazaHWUW  YCIIyT
y3komnosiocHoro 10T. OnHako, umeeTcs psal 00X HEAOCTATKOB, KOTOPHIE HE TIO3BOJISIOT
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MCIONIb30BaTh JIOOOM W3 PAacCCMOTPEHHBIX CIHOCOOOB B KA4e€CTBE CAMOCTOSITEIHLHOTO
YHHUBEPCAIBHOIO METOJIA JJIS ONPEACIICHUS] MaKCUMAIILHO ITOAXO/SIIET0, C TOYKH 3PEHUS
s pextuBHOCTH, cueHapus NB-I0T. Otu HegoctaTkm MOXHO chOpMyIMpPOBATH
CJIETYIOIIUM 00pa3oM:

* CYILIECTBYIOIIKE MOAXOAbl IPUMEHEHUMBI K CETSIM MOOMJIBHOH CBSA3H, IO3TOMY
B HUX HE YYMUTHIBAETCS JOIOJIHUTENILHOE BIUSHUE, OKazbiBaeMoe TexHosorueit NB-10T
Ha MOOMJIBHYIO ceThb 4G;

* OLICHOYHBIM KpPUTEPUH — JIOCTYNHBIM YAaCTOTHBIM CIEKTpP M  BpeMms
pa3BepTHIBAHUS CETH;

* HET OpHEHTAIlMd Ha CcleHapuu wucnoias3oBanus PUC, T.e. oIeHka
3¢ pexkTUBHOCTH (HYHKIUOHUPOBAHUS CETEH MPOBOAUTCS 0e3 yuyera camMoro cleHapus
pa3BeprTbeiBanusa NB-10T;

* OrpaHMYEHHOCTb UCIOJIb3yEMbIX MapaMmeTpoB U mnokazareineil. IlpemnoxeHHbie
aBTopamu  [33-38] cereBble TOKa3aTeNM  HWCHOJB3YIOTCSA JHOO JJIS  OIEHKH
MIPOU3BOJUTEIBLHOCTH CETH B LEJIOM, JUOO JJII OUEHKH KIMEHTCKOTO OIbITa KOHEYHBIX
noJjib30BareNieil (HampuMmep, CpeaHss CKOPOCTh a0OHEHTOB, CpEIHEE KOJIMYECTBO
JaTYUKOB\CUETUYNKOB ¥ T.a.). [Ipy 3TOM, HM OAMH U3 TOAXOJOB HE YUYUTHIBACT
SKOHOMHUYECKME TOKa3aTelId - BO3MOXHBIE 3aTpaThl Ha TIOCTPOCHUE W/WIH
MOJCPHH3AIINIO CYIIECTBYIOIIEH ceTH MoOMIbHOM cBsizu 4G miisa okazanus ycayr NB-10T
B 3aBUCMMOCTH OT BBIOPAHHOI'O CIIEHapHsl pa3BepThIBaHUS (aBTOHOMHBIM, B 3aIIUTHOU
M0JIOCE, BHYTPH CIIEKTPA);

* OTCYTCTBYET BO3MO)KHOCTh MacIUTaOMpOBaHUsl CYIIECTBYIOUIMX MOAXOI0B C
LEJbI0 PACIIMPEHUS] HAOOpa UCIIOJIB3YEMbIX MMOKA3aTENeH.

W camoe rnaBHOE, B MPEIJIOKEHHBIX MOAXOJaX HE PACKPBIBACTCS CIOCOO WU
METOJl TPOBEJAEHUs AalbHeleld oueHKH 3((OEKTUBHOCTH (DYHKIIMOHUPOBAHUS CeTen
MOOMJIbHOM  CBSI3M  MoOCJe BBIOOpAa U HU3MEPEHMs]  KIIIOYEBBIX  IOKa3aTenen
MIPOU3BOAUTEILHOCTH pagnroceTH. [lo3TOMy CTaHOBUTCS HEACHO, KaK IPOBOAUTH
cpaBHeHHE A((DEKTUBHOCTU [JIsl TPEX CIIEHApUEB pa3BEepPThIBAHUSA C LETbI0 BbIOOpA
HauOoJee NPeOUYTUTETHHOTO.
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BoiBoabl o pasgeay 1

B rnaBe mpencraBieHbl pe3yibTaThl aHAIM3a CYIIECTBYIOIIUX CIOCO0OB U
MOJIXO/IOB OLICHKU d(PPEKTUBHOCTH (PYHKIITMOHUPOBAHUS CETE MOOUIILHOM CBSI3U, B TOM
gucae, u TexHojgorun NB-10T. O630p mokazan, 4To M3ydeHHBIE IMOIXOIbI COACpP)KAT
oOmMpHyr0 0a3y CeTeBbIX TOKa3zaTejleil u M[apaMeTpoB, PEKOMEHIYEeMbIX K
ucnosb30Banuio. OJHAKO, CTAaHOBUTCS OYEBUIHBIM, UYTO IMPEICTABICHHBIC IMOAXOIbI
001aJaloT HHU3KOM JOCTOBEPHOCTHIO M TOYHOCTHIO ompeaeneHus 3(dexTuBHOCTH
(GYHKIMOHUPOBAHMS CETH, KOTJa JIeNo Kacaercs uccienoBanus texHoisorun NB-IOT.
[IpuarHOM CTAaHOBHUTCS TO, YTO CTAHIAPTHBIC TIOJIXOIbI YUUTHIBAIOT HE BCE BAXKHBIE JIJIS
OPUHATUS KOHEUHOT'O pelIeHus MoKa3aTelu KauecTBa MoOmibHOU ceTu. K npumepy, He
YYUTBHIBAETCS KJIMEHTCKUH OMNBIT KOHEYHBIX II0JIb30BaTeNield (CpemHsisi CKOpPOCTb
aOOHEHTOB, CpelHee KOJMYEeCTBO aOOHEHTCKMX YCTPOMCTB, M T.N), WJIM 3aTpaThl Ha
OCHAILlEHUE CYIIECTBYIOIIEH ceTu. Bc€ 5T0 He TMO3BONSIET MPOBECTH TOUYHYIO
BCECTOPOHHIOIO  OILICHKY BIMAHMS, OKa3biBaemMoro TexHosioruedr NB-10T Ha
cyuiecTByromyio cetb LTE, u, kak cieacTsue, onpenenuts Haubosee 3h(ekTuBHbIN 1
ONTUMAJILHBIN ClICHapui pa3BepThiBaHUsA TexHOJorun NB-I0T.

OTcrona BO3HHKAaeT HEOOXOIMMOCTh B pa3pabOTKe HOBOT'O METO/Ja KOMILJICKCHOU
oueHku 3ddexruBHocTu cereidr NB-10T, kOTOphI MO3BONIUT MPOBECTH BCECTOPOHHIOKO
CUCTEMATU3UPOBAHHYIO OIIEHKY C YYE€TOM TPEX Pa3IMYHBIX CIEHAPUEB MCMOJb30BAHUS
CIIEKTpa MPHU BHEAPEHUM y3KomoiaocHoro 10T.

g sToro TpeOyercss peluTh CIEAYIOIME MOCTaBJICHHbIE B JAUCCEPTALlMOHHOM
UCCJIeIOBAaHUH 3a/1a4U:

- BBIIBUTH  TeXHMYECKHE  (aKkTophl, BiIMsOmMEe Ha  AOPEKTUBHOCTH
UCTIOJIb30BaHMUs PaJU0 PECYPCOB CETH, a TAaKXKE OINPEAEIUTh U OOOCHOBATH BHIOOD
napameTpoB (uHAuKaTopoB) cetu pamuopoctyna 4G (LTE Advanced) ¢ texHomoruei
NB-IoT, Bnustomux Ha 3(PEeKTUBHOCTH YIpaBIEHUS paclpe/ieIeHHeM paauopecypca B
3aBHCHMOCTH OT BBIOOpA CLIEHApHs UCIOIb30BaHMsI YacTOTHBIX KaHaioB NB-10T

- pa3paboTaTh KpUTEPUU OLEHKA U MOJEIb OUEHKH 3()PPEeKTUBHOCTH
UCIIOJIb30BAHUSL CETEBBIX pecypcoB ceTu paauonoctyna 4G mnpu NpUMEHEHUU
y3KOMOJOCHBIX KaHanoB TexHosorun NB-I0T ¢ yderom TexHuueckux ¢HakTopoB,
BIIMSIOMUX HAa 9PPEKTUBHOCTD CETH;

- MOJENIMpOBaHUE TMoKa3aTene S(PPEKTUBHOCTH HUCIIONBb30BAHUSA  CETEBBIX
pecypcoB cetu paamonoctyma 4G (LTE Advanced) mpu npuMeHEHHH Y3KOIOJIOCHBIX
kaHanmoB TexHonoruu NB-10T ¢ yuerom TexHHueckux (PaKTOpOB, BIMUSIONIMX Ha
3 PEeKTUBHOCTH CETH;

- pa3paboTaTh  MHOTOKPUTEPHAIBHBIA  METON  KOMIUIEKCHOHW  OIIEHKHU
3 peKTHBHOCTH (PYHKIIMOHUPOBAHMS CETH MOOMILHOM cBs13u 4G 1t okazanus ycayr NB
0T ipu pasmTUYHBIX CIIEHAPUSIX Pa3BEPTHIBAHUS B YACTOTHOM CITEKTE.
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2 PASBPABOTKA MOJIEJIN OLEHKH IOOEKTUBHOCTH
®YHKIIMOHUPOBAHUA CETEH MOBWIBHOU CBsI3U 4G IIPU
OKA3AHUU YCJIYT UHTEPHETA BEIIEA

B Hactosmiee BpeMs OOJNBIIMHCTBO ONEPAaTOPOB IMpPH  NPOESKTHPOBAHUU
TEXHUYECKOTO MPOEKTa CeTe MOOWMIIBHOW CBS3M W BHIOOPE MOIXOMASINETO CIICHApHs
pa3BepteiBanus NB-I0T npumenstor moaxon, OpUEHTUPOBAHHBIN JIMIb HA aHAIHU3
UMEIOIINXCS CIEKTPaIbHBIX PECypCcOB, @ UMEHHO: IUPHHY UCIOIB3YeMOIr'o KaHalla |
MUHUMAJIbHYIO IOTPEOHOCTH B criekTpe i pa3epThiBaHus NB-10T Ha komMMepueckoit
cetu [39], u ckopocTh (Bpems) pa3BepThIBaHMs. TakoW TOJXOJ HE YYUTHIBACT
JIOCTOMHCTBA M HEJIOCTATKU TpexX clieHapueB pa3BepThiBaHusi NB-10T - aBronHomHOro, B
3alIUTHOM TIOJIOCE M CIIEHApUS COBMEIIEHHOTO HCIOJB30BaHHUS  CHEKTpa, a
CYUIECTBYIOIIME TOAXOAbl aHaiu3a MPOU3BOAUTEIBHOCTH MOOWIBHBIX CETe He
MO3BOJISIIOT TPOBECTH BCECTOPOHHIOI OLEHKY 3P PeKTUBHOCTH CeTH MOOWMIBHOM
cBs3u npu okazaHuu yciyr NB-10T, nmokaseiBas kakoe BIMSHUE HA BaKHEHUIINE CETEBbIE
MOKa3aTed M TPOM3BOJUTEIBHOCTh CETH B IIEJIOM OKa3bIBa€T BBIOOP CIICHApUs
UCIIOJIb30BaHMs pajrodacToTHoro crekrpa NB-IoT.

Pe3ynbrarel aHanmm3a CyMIECTBYIOIIMX WHCTPYMEHTapUE€B U CXEM OIICHKH
2 (PEeKTUBHOCTH ceTel TMepeAauyd JaHHBIX, MPOBEJECHHOTO B TPEIbIYIICH TI1aBe
JUCCEPTALIMOHHOTO HMCCIIEOBAHMSI, TOJYEPKUBAIOT HE00XOAMMOCTh pa3padoTku
€IMHOr0 MHCTPYMEHTAa,  TO3BOJIIONIEIO 3abJlarOBpEMEHHO BBIABUTH Haunboee
ONTUMAJIbHBIN clieHapuii pa3BepThiBaHus TexHonoruu NB-10T, a Takxke omnpeaenutsb
3¢ (}EeKTUBHOCT MU 1EIECO00Pa3HOCTh pealu3allMi MPOeKTa C YYETOM MHOXECTBa
(aKTOpOB, OTIUYAIOIIUXCSI BAXXHOCTHIO (BECOM) BIMSHUSA Ha MPOU3BOAUTEIHHOCTH H
pacueTHbIH Mmokazaresb dPGEeKTUBHOCTU ceTeld. PacueTHbIN mokazarens dPPEeKTUBHOCTH
BBICTYIAET KPUTEPUEM OIICHKH B TOJIH3Y BHIOOPA OHOTO U3 TPEX CIIEHAPHUEB.

Torma maremMaTH4ecKUM HHCTPYMEHTOM pPa3padaThIBAEMOT0 METO/A SIBISIETCS
MHOTOKpUTEpHAlIbHAs MOJAENb, KOTopas HeoOXoauMma Ui MPOBEACHUS KOMIUIEKCHOM,
BCECTOPOHHEH OLIEHKH d(h(PEKTUBHOCTH (DYHKITMOHUPOBAHUS CeTeil MOOMITbHOM CBsi3U 4G
IpU HUCHOJb30BaHUU pa3innuHbix ciieHapueB NB-l10T. TouHoCTh pacyeTHBIX AaHHBIX
MOJIETM JOCTUTAETCS BBIOJIHEHUEM CTPOTO OINpEACNCHHOW TMOCIeI0BaTeIbHOCTH
I CTBUM:

1. [TonyyeHne u aHaIM3 TEXHUYECKOTO 3aJaHUs M MPEANOIAraeMoro CICHAPHS
ucroyb3oBaHus TexHojoruu 0T a1 GhopMHupoBaHHUS BXOTHBIX W BBIXOMHBIX 3a7ad
MO/IEIH.

2. BeiOop mokazareneii W TapaMeTpoB, XapaKTEpHU3YIOMNX 3(P(HEKTUBHOCTH
G yHKIIMOHUPOBaHUS ceTeil MOOWIbHOM cBs3u 4G npu rcnonab3oBaHuu TexHonoruu NB-
0T 1 yuuThIBaIOMMX BAPUATUBHOCTH CIICHAPUEB Pa3BEPTHIBAHMUS.

3. ®opmupoBanre (HaKTOPHBIX TPYII W3 YAaCTHBIX TOKa3aTeliel W MapaMeTpoB,
COM3MEPHUMBIX M OTHOCSIIINXCS K €AMHOMY aceKTy (aKTOPHOU TPYIIIIHI.
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4. Vcnonp30BaHKEe METOJIa SKCHEPTHBIX OLEHOK I ONPEACIICHHS «BaXKHOCTH
(paKTOPHBIX TPYIII U YACTHBIX IIOKa3aTeJIel CETU MOOUIILHOU CBA3U.

5. MogenupoBanue 3HaueHUI nokazatenei 3(pPEeKTUBHOCTH AJIsl TPEX CLIEHApUEB
NB-10T ¢ nenpto aHanu3a X 3HAYUMOCTU M 3aBUCUMOCTU OT BapUaHTa UCIIOJIb30BAHUS
CETEBBIX pecypcoB mpu BeiOope ciieHapus NB-10T [11].

6. HopmupoBanue 3HaueHUI 9YaCTHBIX MOKa3aTelel U (PaKTOPHBIX TPYIII, a TAaKKe
NIEPEBOJT MX B COMTOCTABUMBIN BUJI JIJISl pacyeTa equHoro koddduimenta 3pPpeKTuBHOCTH.

7. IlpoBeaeHne cpaBHUTEILHOM OLIEHKH Kod(duiienTa 3pheKTUBHOCTH IS TPEX
cueHapueB ucnoib3oBanus cinektpa NB-10T.

8. Yuer HeompeneneHHOCTEH U PUCKOB TMPU COCTABICHUU MPAKTHUYECKUX
PEKOMEH/IAIUi 10 BEIOOPY onTUMajbHOro ciieHapus [40].

B naHHOH ryaBe pacKkpblBalOTCA KpUTEpUU (POPMHUPOBAHUS (PAKTOPHBIX TPYIIIL,
BBISIBJIGHUSI M3 BCErO0 MHOT000pa3usl CYIIECTBYIOIIMX MapaMeTpoOB U IOKa3aTeleH,
pPacCMOTPEHHBIX B IE€pBOM TrjaBe, Haubojee BECOMBIX; IPUBOJUTCS OIMCAHUE
HCIIOJIb3YEMBIX METOJOB U pa3padarbiBaercsi MOAEIb MAJS1 KOMILUIEKCHOH OLCHKH
3¢ PpekTHBHOCTH (PYHKIMOHMPOBAHMA CETE MOOWIBHOM CBA3M C LEIbIO BBIOOpA
HOIXOASINEro cieHapus pa3seprbiBanus NB-10T [11].

2.1  OcHoBHble nokazaTeau PPeKTUBHOCTH (PYHKIMOHHMPOBAHUS CETH
MOOWIBLHOI cBsi3u 4G npu okazanum ycayr UHTepHeTa Belueii

KmroueBbie mokazatenu 3ddexruBnoctu (KPI, key performance indicator)
NPEIOCTaBISIIOT HWHAOPMAIIMI0O O CeTH, HeoOxomumyro st 3¢dekTuBHOro ¢
TUTAHUPOBAHUS, aHATTN3a MPOU3BOIUTEIBHOCTH 1 ONTUMU3aun. OHAKO HEAOCTATOYHBIE
JaHHBIE, CcOOpaHHbIE W3 orpaHudeHHoro kommuectBa KPIl, moryr cymecTBeHHO
OTpPaHUYUThH d(PPEKTUBHOCTH TUTAHUPOBAHUS CETH, YTO MIPUBEAET K POCTY OMEPAIIMOHHBIX
3aTpaT M HETaTMBHO CKa3aXeTCsd Ha KauecTBE MPENOCTaBIsIEMOrO CepBHCa, T.. Ha
abonentax ceru [41]. B nmaHHOM moppasziene TPHUBOAUTCS OINMCAHHE KITFOYEBBIX
nokasarejied  CceTH, PEKOMEHAYEMBbIX i OLEHKHM JOCTH)KEHHUS  HawIydllen
apdextruBHOCTH (PyHKIMOHMpOBaHUS ceTH 4G ¢ TexHonorusmu HHTepHETa Bellei.
Pe3ynbpTaThl OIEHKH MO ATUM MOKA3aTeJIIM IIOMOTYT MOOMIILHBIM OTIEpaTOpaM M IPYTUM
3aMHTEPECOBAHHBIM CTOPOHAM ONPEEIUTh, KAKON ClIeHapui U B KaKOM CTENEHU MOXKET
paccMaTpHUBaThCS KaK «ONTUMAIbHBIN U HanOoJiee SKOHOMUYECKH BBITOJTHBIN.

Cornacio Pexomenmarun MCDO-T  Y.4903/L.1603 [42], miecTh OCHOBHBIX
IPUHIIMIIOB JIOJDKHBI CTPOrO COOJIONATHCS TPH BBHIOOpPE KIIOYEBBIX IOKazareled u
CETEBBIX XapPaKTEPUCTHUK:

- He3aBUCUMOCTh.  [lokazaTenn  JOMKHBI ~ OBITh  HE3aBHUCHUMBIMH WM
OpPTOTOHAIBHBIMHU JIPYT JIPYTY, YTO MO3BOJISET U30erarh UX AyOJTUPOBAHUS U KOCBEHHOTO
BJIMSTHUS B HECKOJIBKMX YaCTHBIX MOJIYJISIX OJTHOBPEMEHHO;

- mpoctoTta. CyTh KaX0T0 MOKa3aTes JODKHA ObITh IPOCTON U JIETKO MOHATHOM.
VY kaxmoro mokasarens JOHKHO OBITh OHO OOIIENMPHHSATOE OMpeAeieHHe, YTOObI
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0o0ecreynTh OAMHAKOBOE TOJKOBAHHME ATOrO IOKA3aTeJsl Pa3sHBIMHU I0JIb30BATEIISIMH.
PacueTsl COOTBETCTBYIONIMX JTAHHBIX TAKXKE JTOJDKHBI OBITH MPOCTHIMU U MHTYUTHUBHO
MOHSITHBIMH,

- u3mepuMocTb. [lokazaTenu AOKHBI ONPENENAThCA TaK, YTOObI MX 3HAUEHUs
MOKHO OBIJIO U3MEPSTh U CPABHUBATh HAYYHBIM METOJOM Ha Pa3HbIX dTalax pa3BUTHUS
ropona; uHbIMH ciaoBamMu, KPIl gomkHBI mojgaBaThCsi CpaBHEHHIO BO BPEMEHH U
npoctpancTBe. HeoOxonumo, yToObl JaHHBIE 32 TEKYIIUMNA U MPOLIEIIINI MEePUObl JIU00
OBLIM OCTYIHBI, JJUOO UX MOKHO OBLIO JIErKO COOpaTh;

- JOCTHKUMOCTh. Llenu, ycraHaBnuBaemble MOPOTM 3HAYEHHUM Ui IOKa3aTeseH,
JOJKHBI OBITh JOCTHKUMBIMU. J[OJKHA MPUCYTCTBOBATh BO3MOXKHOCTh PACHIMPEHUS U
KOPPEKTHPOBKHM HaOOpa MoKa3areel B COOTBETCTBUU C (DAKTUYIECKOM CTAANEH PAa3BUTHS;

- peneBaHTHOCTb. [ IpuMeHsieMble MoKa3aTeau JOJKHbBI COOTBETCTBOBATH TPEIMETY
KOJIMYECTBEHHOM olleHKHU. CucTema mokasareseil J0KHA OTpa)aTh YpOBEHb OOILIEro
pa3BUTHS B KOHKPETHOM acIeKTe;

- aKTYaJIbHOCTh. Ba)XHO OTpakaTh 3HaUYE€HHME KaXKIOro IMOKa3aTelisi BO BPEMEHHU.
JIro060ii mokazaTesib UMEET CMBICI TOJIBKO TOT/a, KOTJIa U3BECTHBI BPEMEHHBIE pAMKH €0
peanu3anuu. ClenoBaTebHO, €T0 pealn3aliis U CTaH1apTU3aIMs JOJKHBI ObITh Pa30UTHI
Ha BPEMEHHBIE 3Tallbl.

Kpome Toro, B mpoiiecce oTOOpa KJIIOUEBBIX MOKa3aTeled CETH JTOJKHBI ObITh
YUTEHBI €11 JBa BaXXHBIX IPUHLININA, @ UMEHHO:

- nokazaten A(P(EKTUBHOCTH JOJDKHBI TapaHTUPOBATh BO3MOXHOCTb HUX
IpUMEHEHUS B JIOOBIX 00JacTsIX U cepax ycnyr texnonoruu MurepHera Beuieil, 0ynb
TO TATYUKHU JIBUOKEHUS UM CYETUYUKH 33 bIMIICHUS;

- HaOop 6vIOpPaHHLIX Nokazamesel He O0O0JHCeH MEHAMbCA 8 3A8UCUMOCMU OMm
UCnob3yemoco cyenapus pazeepmoisanus mexronocuu NB-10T.

dopmupoBaHUE CXeMbI OLIEHKH 3P PeKTUBHOCTU paboThl ceTeil 4G ¢ pa3muyHbIMU
cueHapusiMu pasBepTbiBaHusi TexHosoruu NB-10T nmpoBoauiock He TOJIBKO € y4€TOM
MEPEYUCIICHHBIX BBIIIE TPeOOBaHUMN, HO U C UCHOJIH30BAaHUEM (PAKTOPHOr0 aHAJIM3A,
MPUMEHSIEMOT0 B MHOI OKPUTEJIbHBIX MoAesiX. [l npoBeneHust (pakTOpHOro aHalu3a
U3 BCEr0 MHOroo0Opasus M3y4eHHBIX B MEPBOM IJIaBe MOKazaresied CeTH HEeOoOXOIUMO
ObUIO BBIAIBUTH HambOosee 3HAYMMble (BaKHbIE) WU BIHsIONME HAa 3((HEKTUBHOCTD
(YHKIMOHUPOBAHHSI MOOUIIBHOM CETH CBSI3H.

Heo0OxoauMbIM K HCIOJNIB30BAHUIO B MOJIENM MPHU3HAETCS TOT IOKAa3aTelb WM
napameTp, KOTOPbIX MOMAaEeT MO/ OMCAHUE HUYKE PUBEICHHBIX KPUTEPUEB U 3HAUEHUE
KOTOPOTO MEHSIETCSI B 3aBUCHMOCTH OT IPUMEHSEMOro BapHaHTa ucrnoiyib3oBanuss PUC
npu pa3BepThiBaHuu TexHonoruu NB-10T. Ha pucynke 2.1 mpuBeneHsl Cleayromne
YEThIPE KPUTEPUSL:

- YaCTOTHBIN peCypc;

- YCTOMUMBOCTh ~ (YHKUMOHUPOBAHMS  CETH,  XapakTepusymolascs  ee
IPOU3BOJIUTEIHHOCTHIO;
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- KQ4EeCTBO CETHU U MPENOCTABISEMbIX CEpBUCHBIX ycayr 10T;

- UHBECTULIMOHHBIE 3aTPAThl HA IOCTPOCHUE U MOJICPHU3ALIMIO CETU (JIMLIEH3US Ha
CHEKTpP, 000pPYI0BAHUE, TEPMUHAIIBI U T.JI).

Kauecmeo  npedocmasnsiemvix  ycmye — c6a3u  XapaKTEpU3YETCsl — TPYIION
nokKasareJiel, KOTOpbIe OTPaKaloT MOTPEOUTETHCKUE CBOMCTBA TEIEKOMMYHUKAIIMOHHON
YCIIYTH, U ONPEAEIIAIOT €€ ClIOCOOHOCTh YAOBIETBOPUTH 3asIBJICHHBIE, YCTAHOBJICHHBIEC U
TpeOyeMble MOTPeOHOCTH mob30BaTes [43].

Yemotiuueocmo hynkyuonuposanus cemu XapakTepu3yeT MpoLecc OT MOMEHTa
YCTAHOBJICHUSI COEIUMHEHUA M J0 ero 3aBepuieHus. Onpenesnsercss NokKas3aTelsiMU
JOCTYITHOCTH CETH, HENpPEpPBIBHOCTH CBSI3M, JOJIE HEYCHEIIHbIX BBI30BOB, JIMOO
IPOLIEHTOM BBI30BOB, KOTOpPBIE HE MOMAJAOT 1107, HOPMATUBBI 10 KAUECTBY NEpEadu 1
T.JI.

YCTOMYMBOCTL
GYHKUMOHWPOBaHMA
CeTH

: CueHapwui
HacToTHbIM pecypc pasBepTbiBaHWA
. NB-loT \

KauyecTBO CeTH M
CEePBMCHBIX yCAyr

MHBECTUUHMOHHEIE
3aTparsl

Pucynok 2.1 - Kputepuu, Bausronme Ha BbIOOp KIIFOUEBBIX MTOKazaTenent cetu 4G
C ucnosib3oBanrem TexHojgoruu NB-10T

TumoBoii 3amadeii Iy1sl TFOOOTO OMEpaTopa CBS3W SBISECTCS BBISIBICHUE U3 BCETO
MHOro00pasusi CyIIECTBYIOIIUX MNapaMeTpPOB W IOKa3aTenell Haubojiee BECOMBIX, H
MMOCTPOCHUE C WX IOMOIIBI0 MaTPUIBl (PAKTOPOB, OKA3BIBAIOIINX HEMOCPEICTBEHHOE
BIMsSHUE Ha OHW3HEC-Mojiedb M KadecTBO (GyHKIHMOHMpoBaHus cereii 4G [44].
Omnpenenenue HanboJee BECOMBIX MTOKa3aTese O3BOJSET MPOBECTH TPAMOTHYIO OIICHKY
KauecTBa PabOThI CETU U MPEAOCTABISIEMBIX CETEBBIX CEPBHUCOB.

Kputepun npumedaTenbHbl TEM, YTO BHICTPOEHBI HA OCHOBE aHAJIN3a TEXHUYECKUX
¥ DKOHOMHYECKHUX COCTABJIAIONINX TUIAHHUPOBAHUS JIOOBIX CETEeH ¢ mepenadeid JaHHBIX
(Tabsuia 2.1).
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Tabmuua 2.1 — Bnusnue m3meHeHus cueHapusi passeptbiBanus NB-10T na rpymmsr
KPUTEPHUEB M UX NIOKA3aTeJEH CETH

. Bmustaue Ha BEIOO
Kpurepnii [Tokazarens/Ilapamerp P
cueHnapusi NB-1oT
YacroTHeili pecypc | Lllupuna nonocvr cnexmpa [IpucyrcrByer
Ckopocmu nepeoadu OAHHbIX [TpucyrcTByer
O0beM nepeiaHHbIX JaHHBIX HesnauurensHo
3aaepkka OtcyrcTBYET
KauectBo cetn n P YIUTBY
Kraccer Tpaduka OtcyrcTBYET
MIPEIOCTABISIEMBIX
[TpuoputeTsi OtcyrcTBYeT
ycyr
Hoxpeimue cemu NB-10T [TpucyrcTByer
Kauecmeo cemu NB-10T [IpucyrcTByeT
Tlomexu/unmepgepenyus [TpucyrcTByeT
Llocmynnocms cemu IIpucyrcTByer
Iloxazamenw ycenewnocmu | [IpucyrcrByer
VY CcTONYHBOCTD COCOUHCHUS
GyHKUMOHMPOBaHUS | Be30macHOCTh CETH OtcyTcTBYET
CETH HanexHocts cetn nocryna OtcyrcTByeT
TouHOCTB JOCTYNA OtcyrcTBYET
KonnuectBo NB-10T ycrpoiicTs [IpucyrcTByer
Yacmommwlii cnekmp IIpucyrcTByer
HNuBecTuinoHHbBIC Annapammnoe obecneuenue [IpucyrcTByeT
3aTpaThbl CepegucHble pacxoowl He3naunrensHo
[ToTpebienue 3eKTpPOIHEPTUU OtcyrcTBYET

N3 tabmumer 2.1 BHIHO, 9TO K OCHOBHBIM TIOKAQ3aTENSIM, HCIIOJB3yeMbBIM JIJIS
MPOBeICHU OIeHKH A(h(PEKTUBHOCTH (DYHKIIMOHUPOBAHUS CETU TIPH U3MEHEHHUH CIICHAPHS
pasBepteiBanus NB-10T, MoxHO oTHecTH. OdocmynHocmbs U yCnewHOCMb cemu
(ycnemnocts ycranoBieHus: RRC coenunenust), nponycknyio cnocobnocms cemu
(CKOpOCTh TIepeaun JaHHBIX B BOCXOSIIEM M HUCXOJAIIEM KaHallax), koauyecmso NB-
0T ycmpoiicmé Ha ceTu, ypogeHnv cucHanra uiu 30HA NOKPLIMUS, Ka4ecmeo cemu,
unmepgepenyuio, 3aTpatbl Ha YACmMOMmMHble pecypcbl W amlmapaTHoe obecredyeHue
(oOopynmoBaHue), 3aTpaThl Ha BBIMOJIHEHHE CEPBUCHBIX PAOOT, a MUMEHHO YaCTOTHOE
TUTaHUpOBaHue (TTPU HEOOXOAUMOCTH) U T.J.

OObenMHEHNE B TPYIIIBI U TMOATPYIIBI CXOXKHUX MO0 HA3HAYCHUIO MMOKa3aTeled U
apaMeTpoOB 3HAYUTEIHHO YIPOIIAET CTPYKTYPY pazpabaTbiBaeMoi MOIEIH.
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2.2 ®opmupoBaHHe (PAKTOPHBIX IPYyHIl € MCIHOJIB30BAHHEM OCHOBHBIX
ceTeBbIX NMoKka3zaresnei d3QpeKTuBHOCTH

[TockonbKy mokazaTeneil U mapaMeTpoB CETU JOCTATOYHO MHOrO, TO MX aHaU3
NoKa3aJl HEO0OXOAMMOCTh HUCHOJIb30BaHUS (PAKTOPHOIO METOJa, 3aKIIOYAIOIIErocs B
00BbEIMHEHUH CUJIBHO KOPPEIUPYIOIIUX MEXAY COO0M MoKa3aTesyiell B COOTBETCTBYIOLIUE
(daktopHble rpynnbl. Tak Kak KaXIbld acleKT paOdOThl CETH XapaKTepU3yeTcs CBOUM
HabopoM (akTopoB, TO NPUMEHEHHWE TaKOro IMOJAXO0Ja IO3BOJIUT IPOBECTU
BEPXHEYPOBHEBYIO OIIEHKY, a TakXe IpH HEOOXOAMMOCTH pACCMOTPETh BIMSHUE
BXO/SIIIMX B MX COCTaB ToKa3zareneil Oojee JAeTanbHO. ['pymnmbl IpecTaBiICHBI
clieyroImuM HabopoM (HakTopoB (PUCYHOK 2.2):

1. Ilpou3BOAUTENBLHOCTL CeTH, €€ AMHAMHMKA B 3aBUCUMOCTH OT CLICHApHUEB
UCIOJIb30BaHM CrieKTpa A TexHosnorun NB-10T;

2. Yucao yerpoiictB NB-IoT B cetu LTE, 0o6cnyknBaeMbIX ¢ KaueCTBOM HE HIKE
YCTAHOBJICHHBIX PEKOMEHIALNI;

3. 3ona nokpbiTHs cetd LTE, a ”MEHHO ypOoBEHb CUTHAJA M PAJUYC MOKPHITUS B
3aBHCHMOCTH OT BBIOPAHHOTO CLieHApHs peanu3anuu TexHonoruu NB-10T.

4. KauecTBO ceTH, a WMEHHO OTHOUIEHME NPUHUMAEMOIO CHUTHajJa K
MHTEPPEPEHLINH IUTIOC IIYM

5.Momexu ©Ha Bxoge ycrpoiictB NB-IoT onenuBaioTcs mnokasareieMm
HHTep(depeHNU 1 YPOBHEM BHYTPUCHCTEMHBIX TOMeX. B HEKOTOpbIX ciiydasx BEIOOp
MOKET OBITh ClI€JIaH B MOJIb3Yy OJIHOT'O MOKA3aTes;

6. KiueHTCcKHMii ONBIT Kak OICHKAa KadecTBa ONIYIICHWH a0OHEHTOB OT
NoJIb30BaHMs yciyrod. K HeMy OTHOCATCS: cpefHuE U NHMKOBBIE 3HAYEHUS CKOPOCTU
nepefayu JaHHbIX, 00beM MOTEHUUATBLHOrO TpaduKa MpU UCIOIb30BAHUM OAMHAKOBOM
I0JIOCHI IPOITYCKAHMS U T.JI.;

7. CToUMOCTb CO31aHMSl CeTH (KalUTaJIbHbIE 3aTpPaTbl) B 3aBUCUMOCTH OT
CLieHapus pa3BepTheiBaHMs TexHoJoruu NB-loT.

Kaxnapiii 13 yka3aHHBIX (DAaKTOPOB MOXKET XapaKTePU30BATHCSA PA3IUYHBIMU
YaCTHBIMHU IOKa3aTeNIIMU, KOTOpPbIE MOTYT UMETh B MOJEIM OLIEHKH 3(P(PEKTUBHOCTU
pa3HbIll BEC M BA)KHOCTb yUE€Ta B HHTErPAIbHOM MOKa3aTene 3(p(PEeKTUBHOCTH.

[IpeumymiecTBO JaHHOTO TOAXOAa B TOM, YTO c(HOpMHpOBaHHBIE (PaKTOPHBIC
IPYIIBI MOTYT OBITh JOMOJHEHbI B JAJbHEHUIIEM JHOOBIMU YAaCTHBIMHM MOKa3aTeNsIMU B
3aBHCUMOCTH OT P€3yJIbTaTOB UCCIIEIOBAHNN U MOZAEINPOBAHUS.
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Mogaenkb oLeHKY 3G HEKTUBHOCTA GYHKLIMOHMPOBAHUA CETU

PaKTOpPHbLIE rpynnbl YacTHble NOKa3aTenu ceTu

n pon3BoAnNTENIbHOCTE
cetmn

AOCTYNHOCTE CETU YCnewHocTkL ceccm

Konuuectso LTE aKTMBHbIX
none3oBatenei

Konuuectso NB-loT

Yucno ycTpoiicTe e

YpoBeHb MakCMMankHoro
nokpbiTua NB-loT

YpoBeHb MakCMManbHoro

30Ha NOKPLITUA CETH noKkpTust LTE

OTHOLUEeHWe curHana K
VHTepdepeHLmM nac
LyM

KauecTBO ceTn

YpoBeHb

WHTeppepeHUms
BHYTPUCUCTEMHBIX NOMEX Pdepeny

CpefHAA CKOPOCTL Nepejaqn MakcumansHan cKopocTe
AaHHbIX B HanpasneHun nepeaayu AaHHbIX B
"BHu3" / "BBEpX" HanpasneHuun "BHu3" /"BBEpX"

Konudecteo nepegaHHoii

KnueHTcKWiA onbIT
WHpopMaLMK

CTOMMOCTb CO3AaHNA
ceTn

MogepHuzauus

YacToTHEIA cnekTp e

CepBnCHbIE pacxoikl

PucyHok 2.2 — ®@akTOpHBIE IPYNIIBbI U IOKA3aTENIN, YIUTHIBAEMBIE IPY OLIEHKE
s pexTuBHOCTH HYHKITMOHUPOBAHUS CeTH ¢ TexHoJoruer NB-10T

Huxe nepeuenp u onucanve 7 (aKTOPHBIX TPYII, 33J€HCTOBAHHBIX B CXEME
orieHkH 3¢ dextuBHOCTH ceTr NB-10T.

A. IIpon3BOIUTENIBLHOCTH CETH

B cooTBeTcTBUU C JNEHCTBYIONIMMHU HOPMaMH JKCILTyaTallid CETH PaHOI0CTyIa
NPOU3BOUTEIILHOCTh CETH XapaKTepU3yeT Ha0Op CTATHCTHUYECKMX mapamerpoB. K
HauOosiee 3HAYMMBIM MOXHO OTHECTH JAocTymHOcTh 4G ceTm ©  yCHemHOCTh
YCTaHOBJICHUS CECCHUU.

Hoctynnoctb ceru (Network Availability) — sto mokazaTenb, OTHOCSIIHUHCT K
rpymme kadecTBeHHbIX mokasatened cetu (KQI, key quality indicator). Onpenenser
HaJJMYUe W BO3MOXKHOCTh TIPEIOCTABIICHUSI CETEBBIX PECYpPCOB Ui KOHEYHOTO
MOJIb30BATENs, C TMOMOIINBI0 KOTOPHIX YCTAHABJIMBACTCSA €ro MOMKIIOYCHHE K CETH
nepeayn naHHbIX [45].

[Tokazarens yenemrnoctu ceccun (RRC Connection Success Rate) xapakrepusyer
YCIEITHOCTb MOAKIIOYEHHS K CETH M HATMYME aKTHBHOTO CeaHca Mmojib3oBarens. B ciyuae
yCIIyT MOOWJIBHOW IIMPOKOIOJIOCHOW TepeJadd JAaHHBIX CEaHC JOJDKCH COXPaHSAThCS
CETBIO JI0 TeX IOp, TIOKa MOJIb30BATENb CaM HE OTMCHHUT CEaHC WU HE TPEKPATHT CEaHC
0 IPUYHMHE, CBA3aHHOM C MMOJIb30BATEIEM U CreHepupoBaHHo# ceThio [45, C.10].
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Tabmuma 2.2 — ®akTopHas Tpymma Moka3aTeied CeTH ¢ PEKOMEHTyeMbIMU 3HAYCHUSIMH
[44]

Kareropus IlokazaTenu 3Ha4yeHue OneHka
- JIoCTyIHOCTh CeTH >99% OTan4HO
[TpousBoauTensHOCTD | - [IporieHT 95% - 99% Xoporro
CeTH YCIICTIIHBIX 80% - 95% Y 10BIIETBOPUTEIILHO
COCIUHEHMI < 80% ITnoxo
Eme oawH BaXHBIA TMOKa3aTeNb IPOU3BOAUTCILHOCTH CETH — IPOIICHT

0o0OpBaHHBIX coeauHeHHH He mo xemanuio adonenta (Call Drop Rate, %).
XapakTepu3yeT, B MEPBYI0 0YEPE/lb, MIETOCTHOCTh U KA4€CTBO COCTOSIHUS CETH.

[TokazaTenmu, BxomsAme B  (QAKTOPHYIO  TPYMILy, XapaKTePHU3YIOIIYIO
IPOM3BOUTEIHLHOCTh CETH, CXOKH B HOPMHUPOBAHHWH, W TOATOMY MOTYT IOIJICKATh
PaBHOCWJIBHOMY BECOBOMY COIIOCTABJIICHHIO BHYTPU YIOMSHYTOW TPYMIIBL. 3HAYCHUS
(UKCHUPYIOTCS HA OCHOBE CTAaTUCTUYCCKUX JAHHBIX, MOTYYaeMBIX C MOMOIIBIO0 CUCTEMBI
KOHTPOJISI 1 MOHUTOPHHTA CETH MOOWMIIEHOH CBSI3H.

IponyckHasi cmocodHocTh cetu (Throughput) — mokaszarens moTEHIIMATBHO
BO3MOXKHOTO O0BEMa JaHHBIX, KOTOPHIM MOXET OBITh IepeJaH WId MOJydeH
noJib3oBarensiMu B equHuIly Bpemenu [45, C.10]. Yame Bcero mokasaresb MpOMyCKHOM
CIIOCOOHOCTH CETH WCIONB3yeTCs MOOWJIBHBIMH OIepaTopaMd JJIi TOTO, YTOOBI
paccuuTaTh TEXHHUYECKYIO €MKOCTh KaHama CBs3u. Mcumcnsercss Kak MaKCHMallbHOS
KOJIMYSCTBO IMAKETOB JAHHBIX, MPOXOAAIIMX IO KaHAIy CBS3M, WIM MaKCHMajbHas
CKOPOCTb 3arpy3KH U BBITPY3KH JaHHBIX BCEX IMOJIb3oBarese. [IpomyckHas crmiocoOHOCTh
SBIIICTCS. BaKHBIM (PAKTOPOM C TOYKH 3peHHS TpeOOBaHWU TOJIL30BATEIA, W,
obecrieueHust TPeOYEeMOM EMKOCTH CETH, HCXOJISI M3 YKCIIA TTOIh30BaTEICH M 00HEMOB MX
uH(popMaIuu.

[Tponyckuyto cnoco6HOCTh ceTh NB—I0T MOXHO O1IEHUTBH YHUCIIOM TIepeaBaeMbIX
nakeToB [47] 3a equnuiy Bpemenu (1 cekyHay):

_ N bSCB
cp — 1024’ (21)
rae Np = 23040 kOUT — KOIMYECTBO OUT, EPEIAIOIIUXCS 32 OJJUH CEAHC C YYETOM
aBTOMAaTHYECKUX MOBTOPOB BO M30€KaHKE OMMOOK Mepeaaun JaHHbIX;
S~ 00111e€ KOJTMYECTBO CEaHCOB CBA3M, pACCUYUTHIBAEMOE 10 (hopMyJIe:

o 11.2%Nycrp* Tyog 29
B 86400 : (2.2)
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rae Nycrp
50000;
Tyon — PaxTHUecKOE BpeMs MoaenupoBanus, 1c.

— KOJIMYECTBO yCTpoicTB 10T, mopkmoyenHbix Ha cektop bC, Nycr, =

Torga S,

_11.2%50000%1

S
cB 86400

= 6.48 =~ 7 ceaHCOB CBsA3U Ha | CEeKkyHY.

ITporyckHas ciocobHoCTh Cp, TpeOyeMast 1 00cykuBanus 50 ThIC. yCTPOUCTB:

_ 23040%7

o Y 157.5 xbur/c.

ITockonmbky B TexHoioruu NB-I0T wuper mepemadya HEOONBIIMX MO pazMepy
JaHHBIX, a KOJMYECTBO NoJib3oBaresneil B Kazaxcrane penko npesbimaer 100 ycTpoiicTs
Ha CeKTop (B CBS3M C HEOONBIION IJIOTHOCTHIO HACEICHHS), TO HMMEET 3HaYCHHUE
YYUTBIBATh HE IPOMYCKHYIO CIIOCOOHOCTD CETH, a CPeIHUE CKOPOCTH Nepeaavyu JaHHbIX
Ha KOHEYHOI'0 MOJIb30BaTeNsA. OTOT MOKa3zaredb OyneT HamOosaee MHPOPMATUBEH IpPH
pacuere 3(pPEeKTUBHOCTU (DYHKLIMOHUPOBAHUS CETH.

b. Yucao yerpoicrs

@akrtopHas rpymnmna onpegenser komudectBo NB-10T ycrpolictB Ha cektop
6a3oBoii ctaniuu LTE, koTopoe pazHuUTCS B 3aBUCUMOCTH OT KOJMYECTBA BbIICJICHHBIX
180-kI'11 KaHAJIOB ¥ TOCTYITHOM IIMPUHBI IMOJI0CKH pomyckanus crekrpa LTE (1.4, 3, 5,
10, 15, 20 MI'u). CornacHo crnenuduKkaiuy mapTaepckoro mnpoekra 3GPP [2] u
pe3yJbTatam uccienoBanuii kommanuu Huawei [48] ogna makpoba3oBas cranims 4G ¢
OJIHOM Hecylei oocmyxkuBaeT 10 50 ThIC. yeTpoicTB y3konosiocHoro 10T mpu paguyce
JCWCTBUSL OMH KUJIOMETp. B yclnoBUsX MIOTHOW ropojckoi moctpoiiku (dense urban),
rae Ha | KB.KM IPUXOAUTCS OKOJIO 1.5 ThicAuM JOMOXO03MCTB, EMKOCTH OfHOM bC XBaTuT
st 40 MOAKIIOUEHUM Ha OJHO JOMOXO035HMCTBO. OTMeuaercs, 4TO Takoe OOJIbIIOoe
KOJIMYECTBO YCTPOMCTB OOYCIIOBJIEHO HE E€JUHOBPEMEHHBIM MojkmoueHrneM Kk bC, a
obcimyxxuBanueM B ogHoM 1 80-kI 11 kaHase yCTpONCTB, ¢ iepeaayeit fanHbix He 6omee 100
OaiT nadopMaruu B yac [3].

Takxke Ha KOJIMYECTBO YCTPOWCTB, OOCIYKHMBAEMBIX B OJHOM COTE, OKa3bIBAECT
BIUSIHUE DPAJANyC TOKPBITUS W YPOBHS CHUTHajla B COTE, a TAaKKe€ BO3HUKHOBEHHUE
JOTIOJTHUTENILHBIX MTOTEPh L 13-3a MPOHUKHOBEHUS 32 CTEHBI 3IaHUI U mocTpoek. [Ipumep
npuBe/ieH Ha pucynke 2.3 [48, C.9].

brnarogapst oco6enHocTsm peanuzanuu crieHapueB NB-10T, konruecTBo Hecymmx
yacToT (180-k['11 kaHaJIOB) MEHSETCS B 3aBUCUMOCTH OT MMEIOIIErocs pajauopecypea.
Tak, aBTOHOMHBIW CLIEHApHUI MPU IMHUPUHE MOJO0Ckl nponyckanus B 10 MI1p mo3BossieT
peanuzoBath 10 S50 Hecymux d4actoT. B TO BpeMs Kak 0pU HCIOJIb30BaHUU
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BHYTPUIIOJIOCHOIO cueHapus mnoj TexHojoruto NB-10T nmepeuncnonbsiyercs Tombko 8
HECYIIMX YacTOT.
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Pucynok 2.3 - KonuuectBo 10T ycTpoiicTB B ojiHO# cote 3a 1 yac B kanaine 180
k[’ [48, C.9]

COOTBETCTBEHHO, W KOJIMYECTBO TMOAKIIOYEHHBIX YCTPONCTB OyIeT 3aBUCETh
HanpsIMyt0 OT BBIOPAHHOI'O CLIEHApUsI M MPEJOCTABICHHOr0 paauopecypca. CoriacHo

tabmuie 2.3 MakCMMaJbHO BO3MOKHOE KOJIMYECTBO YCTPOMCTB Oyaer Tmpu
HCITOJIb30BaHUHU aBTOHOMHOTO ciieHapusi 1 20-MI 11 mojiockl MpomyCKaHwus.
Tabmuna 2.3 — KomnuectBo 180-kI 11 kanaimoB NB-10T
Bo3moxHbIe [IInprHa MOJIOCH NPONYCKAHUS
CLICHapUu 1.4MI't | 3MI'n | SMI'r | 10MI'm | 15SMI'm | 20MI'11
BryTtpumnonaocHsIi - 2 4 8 14 18
B 3amurtHOIi mmoioce - - 2 2 4 4
ABTOHOMHBIN 7 15 25 50 75 100

B [1] ormeuaercs, uto ogHa BC ¢ ogamm 200-kI'11 kanamom NB-10T mo3BossieT
MOAKIIOUUTh 67 TBIC. YCTPOHMCTB € TpadUKOM, SKBHBAJICHTHIM IOJYYCHHUIO 7.5 TBIC
coo01IeHui B equHuIly BpeMeHu. [lobasnenue kaxaoro nocieayromiero 180-kI 11 kanana
MO3BOJIUT MOAKIIOYUTH JIOMOJHUTENIBHO 0KOoJIo 110 Thic. ycTpoiicTB. Takum oGpazom,
BbIJICJICHUE TOJbKO Mo HYxAbl |0T 10 kanamoB mmum 2MI'i cnektpa Ha OJHOM
Makpo0a30BOW CTAaHIMHU MO3BOJUT MOJKIIOUUTH Mopsanaka 1 muumona l0T-ycTpoicTs,
nepenatomux He 6onee 100 ThicsSY COOOIIEHUI B CEKYHTY.
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PesynbpTaThl pacuera TEOPETHUECKHM BO3MOYKHOIO KOJIMYECTBA YCTPOWMCTB MJIS
MOJIKJIFOUCHHS] TIPU  HCIONB30BAaHUU KaXJA0ro crieHapus pasBepThiBaHuss NB-10T
npenacraBiaeHbl Ha pucyHke 2.4. Ilopsmok pacdera ciaeayomuid — TEOPETUYECKH
MaKCHUMaJIbHOE KOJIMYECTBO YCTPOMCTB (67 THIC. YCTPOMUCTB Il mepBoro kanamna u 110
TBIC. YCTPONCTB JIJIsl TIOCIEAYIONINX) YMHOXKAETCs Ha KOMUYECTBO AOCTYMHBIX 180-kI11
kaHanoB NB-l0T B 3aBUCHMOCTH OT JOCTYNHOM IIMPUHBI IponycKaHu (Tadauna 2.2) s
kaxoro cueHapus NB-IoT.

BHYTPMNONOCHBIN B 3awmnTHOM nosoce ABTOHOMHbIN
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Pucynok 2.4 — MakcumansHoe konmyecTBoO NB-10T noaxitrouenuit npu mupune
nosiockl mponyckanust LTE 3, 5, 10, 15 MI'n

Ha npaktuke uncno nomakimoueHHbIX NB-10T ycTpoilcTB HAMHOrO MEHbIIE U
UIACHTUQUIMPYETCS TYTeM HW3MEPEHUs] CTATUCTUYECKUX JaHHBIX, IOJTYYEHHBIX C
UCIIOJIb30BAaHMEM CHUCTEMBI MOHUTOPHHIa M KOHTpouist coctosiHus cetu (OSS, Operation
Support System). Jlist 3Toro (pUKCHpYIOT 3HAYCHMS IOKa3aTesied, XapaKTepU3YIOIIUX
YUCJIO peaJbHBIX MoJyib3oBaTeneld unu ycrpoilctB NB-10T, nanpumep, mokasarenb
KOJINYECTBa aKTUBHBIX nojb3oBatesieii (NB-10T Active User Number).

CpenHee KOJMYeCTBO AaKTHUBHBIX TMOJb30BaTeseil BaXHBIA IOKA3aTelb,
MOCKOJIBKY UACHTU(PHUIIMPYET 3arpy K EHHbIC YIaCTKH CETH Ha OCHOBE JAHHBIX OT 0a30BbIX
CTAHIIUNA, TEM CaMbIM, IO3BOJIIET PACCUNTATh IUNIAHUPYEMYIO €eMKOCTh ceTH. KonmuecTBo
aKTUBHBIX TIOJB30BATENICl CETH HEPaBHO3HAYHO CYMMapHOMY KOJHYECTBY BCEX
nonkmodeHHbIX K bC nonb3oBateneil. JlanHblil nmokaszarens pukcupyercs kak nias NB-
loT ycTpoiicTs, Tak u s 00bruHbIX LTE Tepmunanos (monbs3oBareneit). Cornacuo [49]
B OJIMH MOMEHT BPEMEHM OJIMH aKTUBHBIA ToJyib3oBarenb LTE perucrpupyercs Ha 8,5
MOJIKJIFOYEHHBIX ToJb30oBaTeneit. Jns NB-10T tepmunanoB mogoOHYHO0 CTaTUCTHUKY HE
(UKCUPYIOT, M OrPaHUYUBAIOTCS PEKOMEHIAIMSIMU IPOU3BOIUTENIEH 000pYIOBaHUS JJIsI
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0a30BBIX CTAHIINN, KOTOPBIE COOOIIAIOT, YTO MAKCUMAIILHOE KOJTUYECTBO YCTPOUCTB IS
noakmoueHust K NB-10T ceru coctaBnser He MeHee 50 Thicssy Ha coTy [50].

B. 3ona nokpeITHA ceTH

30Ha TOKpBITUS SBISIETCS OAHOM M3 BaXHEMIIMX (QaKTOPHBIX TPy,
XapaKTepU3yIIUX MPon3BoAuTeNbHOCT ceTd NB-10T u qoctmxkenune napamerpor QOS.
30Ha TOKPBITUS CETU XapaKTepU3yeTCsl MapaMerpoM, (UKCHUPYIOIINM YPOBEHb WIIU
MOIIHOCTH MpuHUMaemoro omopuoro curnajga (Reference Signal Received Power,
RSRP) u usmepsiercst B8 1bm (dBm). Beruucnsercs kak cpeqHee 3HAUEHUE MOITHOCTH
NPUHATHIX OMOPHBIX CUTHAJOB. Y POBEHb MPUHUMAEMOI'0 CUTHANA 3aMepsAeTcs Kak IS
LTE ceru, tak u ainsg NB-10T (tabnuma 2.4). Ilpu 3Hayenusx RSRP < -120 nbm LTE-
HNOJKIIOYEHUE MOXKET ObITh HecTaOWiIbHBIM. [lOCKOJIBKY TpU  MCIIOJIB30BAHUU
texnonoruu NB-10T He uaer nepenaya orpoMHBIX MaCCUBOB JAHHBIX M HET TPEOOBaHMIA
K BBIMIOJIHEHHIO XAH0Bepa, To TpeOoBaHus kK NB-10T RSRP Ha rpanurie o6cinyxuBaHus
0a30BOM CTaHIIMM CHIKEHBI A0 3HaueHus -140 nbm. Torna, auanazon mamepenus NB-
IoT RSRP Bapwupyercst ot -44 mo -140 nbm. 3naduenune mokasarenss RSRP Tem Hinke
(YypoBeHb cuUTHaNIA Xyxke), yeM nanbine UE Haxonutcst oT 6a30BOM CTaHIIMU, U HA00OPOT
[22]. Tem cambiM, ynanernnocts UE ot BTS Hanpsmyto Bimsier Ha RSRP.

Ta6smna 2.4 - CpaBHenue ypoBHeli curnana st LTE cetu u NB-10T [51 - 53]

LTE NB-loT VYpogensb curnana (RSRP)
> - 80 nbm > - 84 nbm OTHINYHEBII
-80 ... -90 nbm -85 ... - 102 nbm Xopouuii
-90 ... - 100 nbm -103 ... - 111 abm Y 10BNETBOPUTENBHBIN
-100 ... - 120 abm -112 ... - 140 abm [Tnoxou
<-120 gbm < -140 nbm OTkirouenue

N3 tabGnuier 2.4. SiCHO, YTO JJI POBEICHUSI YKCIIEPUMEHTATBHBIX UCCIICIOBAHUN,
ypoBeHb curHana NB-10T RSRP ne nomken ObiTh HIke -140 nbwm.

I'. KauecTtBO ceTH

K TpamunnoHHOMY MOKa3aTemi0 KadyecTBa JAaHHBIX B paJdOKaHaie OTHOCHUTCS
napametrp SINR (Signal to Interference plus Noise Ratio), Bbipakaroluii OTHOIICHHE
cUrHaJia K HHTep(EpeHIINY TUTIOC IIIyM U u3MepsieMbiid B B Ha nmpuemuunke [23, 54, 55].
SINR ucnonb3yercsi Kak OCHOBHOW WHJIUKATOP Kawecmea cemu, TIOCKOJIbKY U3MEPSIETCS
a0OHEHTCKUM TEPMHHAJIOM M HamOoJee TOYHO OMUCHIBACT paauoycioBus. OaHako, B
nepeueHb oOs3aTenbHBIX KPI, ompeneneHubix, onpeneneHHbix 3GPP, oH HE BXOIWT.
Juanason usmeperust NB-10T SINR mensercs ot — 20 g0 20 dB. Uem Bbliiie 3HaUCHHE
SINR, Tem myuriie kauecTBO CUTHAJIA M CE€TH B 11e7ioM (Tadsmira 2.5). [Ipu otpuniaressHOM
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3HayeHn SINR ypoBeHb moMex MpeBbIIaeT yPOBEHb MOJIE3HOro curHaia. [lokazarens
kauecTBa O6ecrpoBoiHOM cBsi3u SINR HanpsiMyro 3aBUCHUT OT PaCCTOSHHS MEX]Ty 0a30BOi
CTaHMed ¥ a0OHEHTCKHM TEPMHUHAIOM, TMEpEeNaloluM JaHHBIE, U UMEET OOpaTHYIO
3aBUCHUMOCTh OT MOIIIHOCTH UHTepdepupyroliero curuaia [54, 23].

[Tokazatreru SINR wu  RSRP  gBmsrorcs omummum w3 ocHoBHBIX  KPI,
NpeHa3HAYCHHBIX JIJIsl I3MepeHus paauoyciosuii 4G cereit [55].

Koppenstusa mexny SINR u RSRP npuBoguTcst Huxe:

SINR = — FSRP W] (2.3)
Pl 1skHztPNeff15kHz
rae P; 15xyz — 2TO MOLIHOCTB IIOMEX OT BHEHMIHMX HCTOYHUKOB;
Py eff15kHz — 9D(EKTMBHASA MOIIHOCTD IIyMa.
Ta6muma 2.5 - CpaBaenne 3HadeHnit SINR st LTE cern u NB-10T [53]
LTE NB-loT KauectBo cetu (SINR)
> 20 nb > 12 nb Ot1mmyHOE
13...20 ob 10 ... 12.5 nb Xoporee
0...131b 7...10 nb Y 10BIETBOPUTENBHOE
<0 nb <7 nb [Tnoxoe

st loT-yerpoiictB SINR u RSRP usmepsitores Ha 06cmykuBaeMoil COTe€ TOIBKO
BO BpeMs akTUBHOTO coeuHeHns. B NB-IoT 310 nmpoucxoaur nmoromy, 4Tto CTaHIApT HE
MOJIJICP’)KUBACT TUIABHYI0O MOOMJIBHOCTD M Tepefady OOCTY)KHWBAaHHS, U MaJI0 3HAYUMO
3aMEPSITh CUTHAJIBI C COCETHUX COT BO BPEMS IpAUB-TECTA.

J1. Ilomexu

BaxxHpIM MOMEHTOM B IUIAHUPOBAHUU IOKPBITHUS COTOBOM CBSI3H SIBIISICTCS
IPOTHO3UPOBAHNE BHYTPHUCUCTEMHBIX MoMex ¥ uHTepdepennuu. B crannmapre LTE
BHYTPHUCUCTEMHBIC MMOMEXH CBOIATCS K MHHHMYMY Ojarojapsi MCIOJb30BaHHIO FSS
(Frequency Selective Scheduling) - macTpoliku pacrnpeaesieHus: AUCIETYEPa YaCTOTHBIX
pecypcoB, ruokomy dactrorHomy Iwiany u ICIC (Inter Cell Interference Control) -
KOOPJIMHAIIMK [TOMEX MEKIY OTAeabHBIMU coTamu [57]. Takoro poma momexu, darie
BCEr0, NMPUCYTCTBYIOT Ha TPaHHUIAX OOCITY)XMBAaHUSA COT (PUCYHOK 2.5), M OKa3bIBAaIOT
HETaTMBHOC BJMSHHE Ha MPOIYCKHYIO CIIOCOOHOCTH, TEM CaMBbIM, CHIKAs CKOPOCTH
nepenadyu CeTH W mpuema uHbopManuu abOHEHTaMHM, a TAKKe CO37a0T OrPAHUYCHUS B
npeaocTaBicHun ceppuca [57].
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f Ao,

KoHpAnKT pecypcos -

PucyHok 2.5 — BO3HUKHOBEHHE BHYTPUCUCTEMHBIX [IOMEX HA TPAHULIE COTHI

CrouT OTMETHTB, 4TO coriacHo AokymMmeHTy MCD «Radio Regulations» Ne 1.166
[58] nnst onmcanus BpeTHBIX BO3ICHCTBUI HA paioKaHallaX CBSA3H MPUMEHSICTCS TEPMUH
uaTepdepennusa. Ilom uHTepdepeHumeid B 00meM 3HAYCHWHW  TIOHUMAETCS
B3aMMO/ICHCTBHE CUTHAJIOB, MEPEIABAEMbIX PA3IMYHBIMU UCTOYHUKAMU HA OJHUX U TEX
Ke WM Ha ONMM3KUX paJroKaHalaxX. Xapakmep ux 603HUKHOBEHUS 3AYACMVIO CXOMHC C
BHYMPUCUCMEMHBIMU NOMeXamMu, HO B OTIMYUE OT IOCJIEIHUX, Ha BO3HUKHOBEHHE
BHEITHEH MHTEpGEpPEHIIMN HE BIHMSACT JATBHOCTh HAXOXKICHUS MPHUEMHUKA OT 0a30BOM
ctaniuu. IHTepdepeHITNs BhI3bIBACT NCKKCHHS H3HAYAILHO MepeJaHHOT0 CUTHAIIA TI0]T
BO3/ICIICTBUEM CUTHAJIOB CTOPOHHUX HCTOYHHKOB, TOITOMY HWHTEPPEPEHIINIO YaIle
paccMaTpHBAIOT KaK BHEITHUE TTOMEXH CBs3U. Ha mpakTrke nHTephEepeHITNSI U3MEpseTCs
KaK IIIyM Ha YPOBHE CEKTOPOB 0A30BBIX CTAHIIMA — TO €CTh, OCTATOK IOCJIC BBIUUTAHUS
OTIOPHOT'O CUTHAJA W3 MPUHSTOTO CUTHAJIA B COOTBETCTBYIOMIUX PECYPCHBIX DJIEMEHTAX
[59].

Panee Mb1 mpuBOIMIIN OMIMICAHHE TPEX CIICHApUEB pa3BepThIBaHUs TexHomorun NB-
l0T: aBTOHOMHOTO, B 3aIIUTHOM MOJI0CE ¥ BHYTpH ToJIOChL. [Ipu anamm3e spdextuBHOCTH
(G YHKIIMOHUPOBAHUS CETU 011 mMpemvbe20 CYeHapusi K 00a3amenbHoll epynne Gaxmopos
OMHOCUMCA  YPOBEHb  GHYMPUCUCMEMHbIX nomex (unmepghepenyus). IlokazaTenn
SIBJIICTCS YHUBEPCATBLHBIM M UCIIOJIB3YETCS JJI BCEX TpeX crieHapueB. OqHaK0, IMEHHO
JUISL TPEThETO CIIEHApHUs pa3BepThIBaHUS M3-3a OJu3Koro «coceactsay LTE u NB-l0T
PECYpPCHBIX OJIOKOB, TOKa3aTelh WHTEPPEPECHIIMH MOXET MPUHUMATH CYIIECTBECHHYIO
POJIb B IPUHSTUU PEIICHUS 00 UCTOIb30BAaHUU JIAHHOTO CIICHAPHUSI.

JIisi mpOTHO3UPOBAHUSL TMOTEHIIMAIBHBIX BHYTPUCHUCTEMHBIX IOMEX Tpedyercs
pacdyeT yMmeHbllleHHs TmpomyckHoil crocoOHoct LTE BC wu3-3a BO3HUKHOBEHUS
COKOHAJIbHBIX TOMeX. JIJIsf 3TOro 3amuileM BBIPAXEHUS i1 MaKCUMAJbHOM CKOPOCTH
nepenadu nHGOpMaIyK, UCTIoIb3ys TeopeMbl LlleHHOHA, 1T TBYX CIICHAPHEB:

- MOJIC3HBI CHUTHAJ TPAHCIUPYETCS TMpPH HAIWYUW  aJJAUTHBHOTO OEJIoro
rayccoBckoro myma (ABI'I);

50



- TIOJIE3HBIM CUTHaAJI TpaHciaupyercs B npucyrcrBue ADBI'I u  pasnuuHbIX
COKaHaJIbHBIX TIomMeX [60].

Jlns mepBoro cueHapus npenen (rpanuna) llleHHOHa 17 CKOpPOCTH mepenayu
uHdopmaruu B osioce AF:

C1 = AF log, (1 +72), (2.4)

rae Cq - mpomyckHasi CnocOOHOCTh KaHaia, OuT/C;

AF - miMpyHa NOJ0CKHI MPONYCKaHUs KaHana, ['1;

P. - MOIIIHOCTH mepeavyrKa Mojae3Horo curuana, Br;

L. - ocnabiieHue noie3Horo CUurHaia Mexay rnepeiaTyukoM U pueMHuKoMm, BT;
N - momnocts ABI'II, Br.

Bo Bropom cuenapun npucyrctBytoT ABI'II u cokananbHble momexu. Tornaa
NOTEHIMAJIbHAsA CKOPOCTh INepenauyn MHPopMauu OyJaeT pacCUUThIBATHCS CIEAYIOLUM
o0Opazom:

C, = AF log, (1 + L) (2.5)

N+Yk  PiL;

rze | - HoOMep UCTOYHHUKA BO3HUKHOBEHUS COKAHAIBHBIX MIOMEX;

P; - ypoBeHb MOIITHOCTH U3IY4YCHUS I-il TOMEXH;

L; - ocnabyieHue i-if moMexu, BOSHHUKaOIIEH Mexay nepeaardyrnkoM bC u Toukoit
npuemMa HHPOpMaIUU.

Torga cHUKEHHE MOTEHIHUAIbHOW ckopocTH nepenadyn bC mpu BO3ZHUKHOBEHUU
BHYTPUCHUCTEMHBIX IIOMEX MOXKHO PACCUUTATH CIEAYIOIIUM 00pa3oM:

AC= C, — C, = AF log, (1 + ) — AF log, (1 + L) -

N N+Yk  PiL;
PcLc 14PcLe
N — N
AF lng P, | T AF lOgZ 3 - | (26)
1+——<— N X% _P;L;
N+3K_PiL; 1+ il = el
=1 Pcle Pcle
2 _ Pl
[IpousBenem B (2.6) 3aMeHY OTHOIICHHUS CUTHAJI/IIyM 4epe3 h° = u
P.L
OTHOLIEHHUS CUTHAJ/TIoMexa — g2 = ﬁ. Torma AC
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1+h®

-1
1 1
1+(—+—)
W’ q?

Ucnionwzys dopmyny 2.7 paccuuTaeM Ha CKOJIBKO TIPOILEHTOB CHU3HUTCS
MPOITYCKHAasg CIOCOOHOCTh 0a30BbIX cTaHiuil LTE npu yxynmienun paanoyciioBUsiX.
Bxonnble mapameTpbl IpeacTaBieHbl B Tadbauue 2.6, pe3yabTaThl pacueTa — Ha PUCYHKE
2.6 u B Ta0mume 2.7.

AC = AF log, 2.7

Tabnuma 2.6 — Bxoguble mapameTpbl sl pacdyeTa nporyckHoi crnocooHoctr NB-10T
CeTH

HaumenoBanue napamerpa Cuetapiii
Standalone Guard band, Inband

[[IupuHa nojocsl nponyckanus, MI 't 10
MoIHOCTh NepeaTyrKa mojae3Horo 43 35
cursana, 1bm
Paccrosinue Mexay npueMHUKOM U 450
nepeaTIukoM, M
Koaddunment ocnabiaeHus mojae3Horo 73.74. -83.98
curnaina, 1b [61]
YpOBEHB CIIEKTPaIbHOM IIIOTHOCTH 1010
morHocTr ABI'I npremunka, Bt [61]

s s @ » » ABTOHOMHBIA, Npu h? =8, nb emm@um B 3a11THOM Nonoce, npu h? = 8, nb

AsToHoMHBIA, npu h? =0, nb e [ 3311 THOM Nonoce, npu h? =0, ab

100
90
80
70
60
50
40
30
20
10

AC, %

-10 -8 -6 - -2 0 2 - 6 8 10

Pucynok 2.6 - Bausaue moMex Ha CHHKEHHUE TponyckHou cmocooHoctr 4G BC
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Ananu3 cHmxeHus npomyckaoi cnocooHoctr 4G bBC n3-3a BO3HUKHOBEHUS TTIOMEX
nokaszaji (Tabauia 2.7), 4To Ha Kparo 00CITyKUBAHUS COThl MOIIHOCTh BHYTPUCH CTEMHBIX
MOMEX MOXKET JIOCTUTATh MOITHOCTH MoJie3Horo curHana bC (pucyHok 2.6).

Tabnuna 2.7 - I3MeHeHre MpomyCKHOM CIIOCOOHOCTH CETH TMPHU YBEIUYEHUU YPOBHS
BHYTPHUCUCTEMHBIX TOMEX

Cuenapuit NB-IoT / AC, %
OTHolieHue < =
. | B 3ammrHOI . | B 3ammrHOI
CHUTHaJI/TIOMEX | ABTOHOMHBIH ) ABTOHOMHBIM )
. npu h? 8, gB | MO0, IpH h2 8, npu b2 0, 1B | MOIOCC, IpH h2 0,
nb b
-10 88 91 93 94
-8 79 82 86 89
-6 70 74 81 84
-4 60 65 74 78
-2 50 56 67 71.5
0 40.5 48 58 65
2 31 39 47 53
4 22 29 38 43
6 15 20 28 31
8 10 14 18 22
10 8 10 13 16

Torna oTHOIWEHKE curHaj/moMexa g2 ~ 0 gB, curnan/urym =~ 8 b, a nmorepu B
IPOIMYCKHOM CITOCOOHOCTH MOT'YT HOCTUTaTh 10 70% 11 TOIb30BaTENeH, OKa3aBIINXCS
Ha Kpaio obOcmyxuBaHusi cotbl. Kak u mpenmonaranock, g NB-10T crienapues B
3allMTHOM Tmosoce WM BHYTpU mosnockl LTE, momexu oka3piBalOT BIMSHHE Ha
MPOITYCKHYIO CIOCOOHOCTh ceTtu Ha 11-16% mporeHTOB 3HAYWTENbHEE, YeM IS
ABTOHOMHOT'O CLIEHApHSI.

JInst uaMepeHus BIUSHUS ToMeX Ha nepefady gaHHeix NB-10T, ocymectBisieMmbrx
yepe3 neucTByronyto cetb LTE, HE00X0auMO C MOMONIBIO CUCTEMbl MOHUTOPHUHTA
3aUKCUPOBATH 3HAYCHUS CTaTUCTHYECKOTO napamerpa -
L.NB.UL.Interference.Avg(dBm). [Ipu 3ToM OTAEIMTh BHYTPUCHUCTEMHBIC TIOMEXH OT
BHEITHEH MHTEp(PEPEHITNN HE TTPEACTABIISICTCS BO3MOXKHBIM.

E. KiimeHTCcKuil ONbIT

JlanHas akTopHAs TPYIITA OTPAXKAET KA4ECTBO MPEAOCTABISIEMBIX YCIYT CBSI3H CO
CTOPOHBI KJIMEHTA, U MOXET CKJIAJbIBAThCS M3 TAKUX IOKA3aTeNell KaK CpeoHss uiu
MAKCUMANbHASL CKOPOCMb nepeoadu OaHHublX B 00OUX HAMpPaBIEHUSIX, CKOPOCMb HA
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epanuye oocayacusanus bC, o6vem nepedanuvix 0aHHbIX, KOAUYECMBO 000PBAHHBIX HE
110 MHUIIMATUBE a0OHEHTA ceccutll, 3a0epicKka Ha ceTu U T.1. [lockonbKy ceityac pedb uaeT
0 TEXHOJIOTHH, TPEIHA3HAYCHHOW I Tepefadyr HeOOJbINX OO0BEMOB JAHHBIX H
HEKPUTUYHBIX K 33JIep’KKaM, BOHUKAIOIINM BO BpeMsI aKTUBHBIX HHTEPHET COSAMHEHUH,
TO JUIS OIICHKU YJOBJICTBOPEHHOCTH IMOJIb30BaTeNsl yciayramMu VHTepHeTa Belield MbI
OrpPaHUYUMCS U3MEPEHUEM CPEIHEH CKOPOCTH Iepeiadyr JaHHbIX [62, 63].

Cpeansisi CKOpPOCTH Mepeaayd JaHHbIX 0a30BOM CTAHIIMM Ha KOHEYHOTO
nosnb3oBaresss NB-10T B muann «BHU3» 0003Hadaetcst kak Avg DL NB User Throughput
U U3MepsieTcs B KouT/c. PaccunthiBaeTcs Ha YpOBHE CEKTOpa U BhIIIe. Beraucisiercs: kak
OTHOIIICHUE CYMMapHOT0 KOJMYECTBAa JAHHBIX, K CyMME 3HAUCHHW BpEMEHU Tepeavn
JAHHBIX IO BCEM a0OHEHTCKUM TepMuHaiaM. Dopmyna il pacuéra napaMmerpa ykasaHa
Hike [62]:

Y, L.NB.Thrp.bits.DL.
>, LNBThrp.Time.DL.

Avg DL NB User Throughput = [k6uT/c], (2.8)

rae ).i—q L. NB.Thrp.bits. DL. — cymma Bcex OUTOB HH(OpMAIIMH, IEPEAaHHBIX B
HampaBiieHuH BHU3 Ha cekTop bC;
iv,L.NB.Thrp.Time. DL. — Bpems nepeaaun HHGOpPMaIHu.

CpenHsii CKOpPOCTH MHepeJayd JaHHbIX 0a30BOW CTaHIMM HAa KOHEYHOIO
none3oBarenss NB-I0T B nuHMM «BBepx» oOo3nawaercss kak Avg UL NB User
Throughput u  wu3cepsiercs B kOuT/c. PaccunThiBacTcs Ha ypOBHE CEKTOpa W BHIIIIC.
Boluucnsiercss kak OTHOLIEHHWE CyMMapHOTO KOJMYECTBa JAaHHBIX, K CyMME 3HAa4eHUH
BpEMEHU Nepelayu JaHHBIX M0 BCeM a0OHEHTCKUM TepMUHAJaM:

Avg UL NB User Throughput =
* J(L.NB.Thrp.bits.UL—L.NB.Thrp.bits.UE.UL.LastTTI)

= == [k6uT/C], (2.9)

Z?=1 L.NB.Thrp.Time.UE.UL.RmvLastTTI

rae L.NB.Thrp.bits.UL - cymma Bcex OUTOB HMHGpOpMAIUH, MEPEIaHHBIX B
HarpaBJICHUH BBEPX;

L.NB.Thrp.bits.UE.UL.LastTTI - 3To o0mmuif 00beM TaHHBIX, 38 UCKITIOYCHHEM
JAHHBIX, TMEPEJaHHBIX BO BPEMEHHbIX HMHTepBaiax mnepenauu (TTI), omycromarommx
oydep;

L.NB.Thrp.Time.UE.UL.RmvLastTTI Bpems, uCHoib3yeMoe sl OTIPaBKU
uHbopMaIK, HCKITtodas mociaeauue 111 [64].

54



JInst u3MepeHus pealbHbIX 3HAYEHUN CPETHUX CKOPOCTEN nepenadu JaHHbIX 10T
II0JIB30BATEIICH PEKOMEHIYETCS IPOBEACHUE DKCIIEPUMEHTAIBHOIO HCCICAOBAaHUA U
MOJIETUPOBaHUsl. TeopeTHUeCKH BO3MOXKHbBIE 3HAUEHMsI IpeICTaBlIeHb! B Tabnuie 2.8.

Tabnuma 2.8 — MakcuMallbHbBIC 3HAUCHUS CKOPOCTH Tepeaur JaHHbIX B Penmse 13 [65]

PacuetHblie
Pacuernbie nmokaszarenu «BHU3» «BBepx»
MoKa3aTeu
IIponyckHas [Ipomycknas
CIIOCOOHOCTH Hecylen 170 xOut/c COCOOHOCTD 250 xbut/c
YacTOThI KaHaja HECYIIEN 4acCTOThI
MakcumanpHas MaxkcumanpHas
CKOpOCTh 0€3 26.15 xbur/c CKOpOCTh 0€3 62.5 kout/c
NPBCH/PSS/SSS NPRACH
MakucmanpHas MaKCHMATLHAS
" é}gﬁ;);;}; /CSSS 19.6 x0Out/c ckopocts ¢ NPRACH 56.25 xbut/c

7K. CtoumMoCTh CO31aHHSA CETH

CoBokynHasi croumocth BJaagenusi (Total Cost of Ownership, TCO) - sto
HauOonee uzBectHas B | T-mpoekTax MeToArKa pacyeTa 3aTpaT, MO3BOJISIIOLIAs IPOBECTH
UX OLICHKY HauboJiee CTPYKTYPUPOBAHO U JACTaNbHO [66]. B uctounuke [67] mepeuuncnen
NOJIHBIM TepedyeHb cTaTed pacxoAoB (3arpaT), BKIIOYEHHBIX B Mmojeiab TCO wu
HeoOXoauMbIN g ee oneHku. [Ipeanaraemast 3nech (pakTopHasi rpymma OTpa)kaer, B
MEPBYIO Ouepelb, 3aTpaThl HA MPUOOPETEHUE JMIECHUUN ISl TMOJNy4YE€HUsT CBOOOIHOIO
YaCTOTHOTO CHEKTpa (HAampuUMep, JJIi aBTOHOMHOIO CLIEHAapHsl), 3aTpaThl HA 3aKYIIbI
000pyI0BaHMS WM MPOTPAMMHOr0 0OecreueHusi, HEOOXOIUMOTO JJIsl IIOCTPOSHUS WIIH
MOJICpPHHU3AINH CYIIECTBYIOMMX ceTeil MmoOumbHOM cBsiz GSM, LTE nns oGecrieueHus
BO3MOXKHOCTH TmpeaocTtaBiieHuss ycayr NB-l0T (tabmuma 2.9). K jgonomHUTENsHBIM
3aTpaTaM MOXHO OTHECTHM CEpBHCHBIE 3aTpaThl Ha BBINOJHEHHE pPabOT WM
npenocrasieHue ycayr HTepHeTa Belei.

B tabnuiie 2.9 npuBoauTCs npuMep NMOTEHIIMAIBHBIX 3aTpaT, PEKOMEHTyEMbIX JIJIs
yuera B (hakTopHOU rpymie « CTOMMOCTh CO3/JaHUsl CETH». PeanbHble CTaThu 3aTpaT U X
3HAYEHUS MO OOBEKTUBHBIM MPUYMHAM PACCMATPUBATCH HHIAUBHAYAJIBHO ISl
KAXK/J0r0 3aKa34yuKa — MOOWJILHOrO omeparopa uiau nocraBiiuka ycayr l0T. Tlocne
NOJIyYCHUSI I1IEHHOBBIX JAaHHBIX, 3HAYEHUS HOPMUPYIOTCS COIVIACHO MPOLEAYpE,
OIUCAHHOM paHee, U MPUBOAATCS K SIUHHOMY IIEIOUUCIICHHOMY BHy (Tabuuia 2.10).
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Ta6numa 2.9 — 3arparel Ha pa3BepreiBanue NB-10T cern [20]

Buyrpuno | Cuenapuii

3aTpatsl Ha pa3BepThiBaHue cetu NB- yTpY PHY ABTOHOMHBI
JIOCHBIN 3aIIUTHOU . .

loT . 1 CLeHapui
CIICHapUil | MOJIOCHI

1. YacToTHBIN ClIEKTp BBICOKME | OTCYTCTBYIOT BBICOKUE

2. O0opynoBaHue:
MIEPEUCTIO | MEPEUCIIONIb30B | TpeOyeTcs

- aHTCHHBIC CHCTEMBI
Jb30BaHUE | aHUE 3aKym
MIEPEUCIIO | MIEPEUCTIONB30B | TpebyeTcs

- paano0JIOKH P p peoy
JIb30BaHUE | aHUE 3aKyn

. TpeOyeTcst | Tpedyercs TpedyeTcs

- OJIOK OCHOBHOM IOJIOCHI 9aCTOT pEbY pebY pebY
3aKyn 3aKym 3aKyn

3. CepBUCHBIE pacXo/ibl HA YaCTOTHOE MHUHUMAJTh MaKCHUMaJIbH

MHHUMAaJIbHbI
TJIAHUPOBAHUE U 3AITYCK TEXHOJIOTUU HBI Bl

CxopuHroBasi OIIEHKa OCYIECTBIsieTcss B nuamna3zoHe ot 0 (3arpar Her) no 1
(3atpatel ecTh). CymmapHble OaIbl TO3BOJSIIOT MaKCUMAalbHO BEPHO CPaBHUTH
MEPCIIEKTUBHOCTh UCIIOJIBb30BAHUS TOTO WM MHOTO CIEeHAapUs ucnoiib3oBanus PUC.

Ha mpumepe pacxonoB, ykazanHbIX B TaOmmie 2.10, mocie 3aBepIieHus: CKOpuHTa
CTaHOBUTCS SICHO, 4YTO HAaWMEHEE NEPCIECKTUBHBICE SKOHOMHYECKUE IMapaMeETPhI
o0OecrieurBaeT aBTOHOMHBINM cClieHapuil (5 OawioB), HamboJjiee TMEepPCHEeKTUBHBIA —
cuenapuii 3anycka |0T B 3ammtHOM nosoce LTE crekrpa.

Tabmuna 2.10 — HopmupoBanue kareropuid 3atpar Ha passeprbiBanue NB-10T ceru B
TPEX BO3MOXHBIX CLIEHApHUSX

Cuenapuit ABTOHOMH
BayTrpunonocH . .
3atparbl Ha 3anyck cetd NB-10T z 4 3alUTHOU 1317}
Bl CIIEHApUH .
TTOJIOCHI CIleHapui
1. YacTOTHBII CIEKTP 1 0 1
2. ObopynoBaHue:
- AaHTEHHBIC CHCTEMBI 0 0 1
- PaToOOIOKH 0 0 1
- OJIOK OCHOBHOM ITOJIOCHI 9aCTOT 1 1 1
3. CepBHUCHBIE pacXOAbl HA YaCTOTHOE 0 0 1
TUTAHUPOBAHUE U 3aITYCK TEXHOJIOTHUU
HtoroBsie Oasuibr: 2 1 5

[Tpumeuanue: «1» - NEHEXKHBIE PAcXOAbl MPHCYTCTBYIOT, «0» - pacxompl He
TpeOyroTcH.
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OO0paboTanHble TaKUM 00pa30M JaHHBIE MPUMEHSIOTCS B MHOTOKPUTEPUATLHON
MoJIeE.

JlanHast (hakTOpHAs TPyIINa HE JUIIEHA HEJIOCTATKOB, 8 UMEHHO — HET OpUEHTAIII!
Ha CpaBHEHHUE Pa3HbIX MPOEKTOB peanusaiuu (ouznec-kericoB) NB-10T, T.e. monyuaemsie
Ipu OIICHKE pe3ylbTaThl caMH MO ce0e He TMPEACTaBISIOT I[EHHOCTH, IMOCKOJIbKY
TPYIHOCOMOCTaBUMBI MEXTy co00it [66]. OTcyTcTBHE ydyeTa M3MEHCHHH B CTOMMOCTH
OCHOBHBIX COCTaBIISIONIMX T'PYIIBI ¢ TCUCHUEM BPEMEHH TaK)KE YBEITMIUBAET PUCKOBYIO
COCTaBIIAIONIYIO (haKTOpHOU rpyrsl [68].

2.3 IlpumeHenue MHOTOKPUTEPHAJIBLHOI 0 noxoaa K olleHKe
d¢pPexTnBHOCTH PYHKUMOHUPOBAHHS ceTeld MOOMIbLHOM cBsi3u 4G npu okazaHumn
yeayr UHTepHera Bemei

AHanu3 BakHEMIIMX mokazatened >¢PGeKTUBHOCTU (YHKIMOHUPOBAHMS CeTel
MoOunbpHOU cBsi3u 4G nipu nipenoctasienuun yeayr NB-10T nmokaszan, yto cocrapmusiomniue
CETH, Yallle BCETr0, He MOT'YT ObITh 0XapaKTepPU30BaHbI B JOJHDKHOU MEpE OJTHUM WA ABYMS
KputepusiMu. JlJis BEpHOTO NpPUHATHSA pemeHus 00 3(PPEeKTUBHOCTH KaXAOro H3
cueHapueB pa3BepTeiBanus NB-10T gomksbl ObITh chopMHUpOBaHbl (PAKTOPHBIE TPYIIIIHI,
XapakTepusyromue 3pQPeKTUBHOCTh (HYHKIMOHUPOBAHUS CETH M BKIIIOYAIOLIUE B CEOs
Habop HamOoJee 3HAYMMBIX ITOKa3aTeNe U MapaMeTPOB CETH.

O4eBUIHO, 4YTO BO3HHMKAET BOMNPOC OO0 HWHCTPYMEHTAPUH, [O3BOJISIIOLIEM
KOMIUIEKCHO pPacCUMTaTh W OLEHUTh BAXKHOCTb KaXJOW (PaKTOpHON rpynnbl BHYTPH
MOJIENIM, a TaKK€ CONOCTAaBUTh IIOJYYEHHbIE pPE3yNbTaThl Uil BbIOOpa HauOosee
s dextuBHOrO crieHapusi pasBeptbiBanus NB-10T. B atom cnyuae pamnmoHambHBIM
IOPEJICTABISICTCS  WCIIOJIIb30BAHUE  MHOTOKPUTEPHAIBHOIO  MOAXOJa K  OLEHKE
s pexTuBHOCTH ceTel MoOuIbHOM cBsizu 4G, KOTOPHIM MO3BOJSUT Obl yYUTHIBATH:
(dakTopHBIE TPYIIBI, HAOOp MOKa3aTeneil, BXOAAUIMX B ATH TPYMIMbI, a TaKKe BEC U
BJIMSTHUE KaXJOW IPYMIbl Ha 001YI0 OLEHKY 3((HEKTUBHOCTH (DYHKIIMOHUPOBAHUS CETEM
B 3aBUCHMOCTHU OT BBIOpAaHHOTO clieHapus pa3BepThiBaHus NB-10T

Torma ocHoBHas 3amadya mpu  (POPMHUPOBAHUM HHCTPYMEHTApus OLEHKU
3 PEeKTUBHOCTH JIOOOTO TPOEKTa 3aKIIOYaeTcsl B pacyeTe W CPaBHEHUU €ro
00001eHHoro nokasaresns. HazoBeM ero pacueTHbiM k03¢ uiueHTom (mokazaresiem)
3¢ deKTUBHOCTH.

Jng  pemieHuss 3TOM 3aJauM  LEJIECOOOPAa3HO HCIOJIb30BaTh COBOKYIHOCTH
pa3IMYHBIX MAaTEMAaTUYECKHX METON0B M mpuemoB. K mpumepy: (akTOpHBIA aHaAIU3,
METOJ JKCIEPTHBIX OIEHOK, Merod Jlenbpu, Meroabl 3SKCHEPUMEHTAIbHBIX
UCCICIOBAaHUN U MaTeMaTHYeCKOro MoaeupoBanus u T.1. [40].

IIpu pazpabotke monenu oneHkH 3¢hdekTUBHOCTH (yHKUMOHUpOoBaHUs cetu 4G
npu peasmszannn NB-IoT ¢ yueToMm Tpex cueHapueB pa3BepThIBaHUS PUMEHSIICS METO/
B3BelLIEHHOI cyMMBbI oleHOK kputepueB (MBCK).
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MBCK - 0o01mien3BecTHbBI U 4acTO MPUMEHsSIEMbI MeTOJ. [IpuBiiekaTeIbHOCTh
MBCK 3akitodaeTcs B CISAYIOUIEM:

- METOJ NPEACTaBISIETCS AJIA UCCIEI0BATENIEH TPOCTHIM U IOCTYITHBIM;

- yIOOCTBO U SICHOCTb IPU PACUETaXB;

- PEKOMEHJIOBAH MPU PEIICHUH 3374 MPUHATHS KAaKOT0-THO0 PEIISHUs B Pa3HbIX
MOCTAaHOBKAaX, Hampumep, MpU BBIOOPE HAWIYUIIEro BapuaHTa, HEOOXOAUMOCTH
PaHXUPOBAHUS BCEX BAPUAHTOB I10 UX MPEANOYTUTEILHOCTH, U T.I.

- WACAICH I PEIICHUs MHOTOKPUTEPUAIbHBIX 3aJad, JUIsl KOTOPBIX He
pa3paboTaHbl BepHbIE U 3((HEKTUBHBIE METObI PEIICHHUS.

CTrouTt HaOMHUTH, YTO MPEAJIaraeMblii MHOTOKPUTEPUATIbHBINA MOJIX0] (PUCYHOK
2.7) K TIOCTPOGHHMIO MOJEIH OIEHKH A(OPEKTUBHOCTH (YHKIIMOHUPOBAHUS CETHU
MoOuIIbHOM cBsi3u 4G npu okazaHuu yciayr UHTepHeTa Bemiei Juist KaK10ro U3 ClieHapueB
ucnoib3oBaHue criekrpa NB-10T (aBTOHOMHBII, B 3alIUTHON MOJOCE, BHYTPUIIOIOCHBIN )
IPUMEHSIETCS B BUJIE TPEXIIArOBOM MPOIEAYPhI:

- OTIpPEJICICHNE OCHOBHBIX IMOKa3aTesel (KpuTepueB) U UX (aKTOPHBIX TPYMI C
1ENbI0 OlEHKU 3((HEKTUBHOCTH (PYHKIIMOHUPOBAHUS CeTH MOOWIbHOU cBs3u 4G mpu
UCIIOJIb30BAaHUM  y3KOMoJocHOM TexHonmorun loT 1 pasnuuHbIX — ClIEHApUEB
HCIIOIb30BaHUS CIIEKTPA;

- TIPOBEICHUE PAaHKUPOBAHUS BHIOPAHHBIX MOKa3aTeNel U X (PaKTOPHBIX TPYIII 11O
Ba)KHOCTH, T.€. IPUJAHUE BECOB JIJISl BCEX MMOKA3aTeIel BHYTPU TPYII;

- CpaBHEHHE OO0OOIIEHHOr0 MOKa3aTelis, PAaCCYUTAHHOTO JJISl KaXKJIOro U3 Tpex
CIIEHapHeB Y3KOMOJI0CHOU TexHojoruu 10T.

Pacu4eTHbIA KoathchruumeHT
adpdheKTMBHOCTH
F(flw)

YuuTbIBaEMLIE
haKTopkl

@akTtopHasa Mpynna N21

KomnnekcHele
nokazarenu
3thpeKTMBHOCTH

®@axkTopHana Mpynna Ne2

KomnnekcHsle
nokasatenu
3thhekTUBHOCTI

®MakTopHasa Mpynna N

KomnnekcHsble
noKasatenu
3 HEKTUBHOCTI

L AAN 2 S — PAR

Habop
nokasartenen YacTHele nokasaTenu
3thheKTUBHOCTH

dakTopHOi Mpynnel Net

YacTHble nokasaTenu YacTHble nokasatenu
dakTopHoi Mpynnel Ne2 dakTopHoi Mpynnel N ‘

{ 3thheKTUBHOCTHU athcheKTUBHOCTH

PucyHnok 2.7 - Monenps CTpyKTypbl MHOTOKPUTEPHUATIBHON OLIEHKHU
IIPOU3BOAUTEILHOCTH CETU

MeTox B3BeLIEHHOW CYMMbI OLCGHOK KPUTEPHMEB HAlEIeH Ha pPAacuér
o0oOmeHnHoro mokazarens d(QexkTuBHOCTH ceTedl  MoOwiIbHOM  cBs3u.  [lpum
ucnonb3oBannt MBCK npuMeHSAIOTCS YMCIEHHBIE MOKa3aTelr BaXXHOCTH KPUTEPHEB
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(T.e. UX yHenbHBIA BEC), YMHO)Ka€MbIE Ha OLEHKH MO TMOKa3aTeNsiM WM (aKTOPHBIM
rpymmam [60]:
F(EIw) =wifi + wify +wifp - 1 (Max), (2.10)

rae F(f |w) - pacuernsrit koo duipenT 3¢hHeKTUBHOCTH, IPEACTABICHHBIN B BUIE
CYMMBI TOKa3aresei, B3BEICHHbIX KO((QULIEHTaMU UX OTHOCUTEIbHON BaXKHOCTH;

fm - OCHOBHBIE MOKa3aTen 3PPEKTUBHOCTH;

W; - BECOBOM KO3(PPHUIIMCHT -0 oKa3aTelIs;

W,, - uucia, B CyYMME€ paBHbIE €IMHUIIEC, U SBISAIOIIAECS BECOBBIMU
KO3 PUIMEHTaMH, MpelHa3HAYEHHbIE JJI1 y4deTa OTHOCUTEIbHOM BaXXHOCTH WJIU

3HAYMMOCTH KPUTEPUEB;
m - KOJINYECTBO I10Ka3aTelIen, 3a1€ICTBOBAHHBIX B MOJIEIIN.

Ha npaktuke mokazarenu f,, 3a4acTyi0 HCHOJb3YIOT OTJIMYAIOIIMECS IIKAIbl U
enuHUIB u3Mepenust (tabimma 2.11) B cuily cBoed «mpupoibDy (Hampumep, MepBbIi
KPUTEPUM XapakTEepU3yeT MNPOU3BOAUTEIBHOCTh ceTH B %, CIEAyIOIUd — 4YHUCIO
YCTPOMCTB B €IMHULIAX, IPYT'OM — 30HY MOKPBITHS, U T.A.). Torna npsMoe ucnojib30BaHUE
dbopmynbl 2.10 He ABIsETCA BEPHBIM pelieHueM. s cripaBeyIuBOCTH pabOThl CUCTEMBbI
UCXOJIHbIE KpUTEPUH (T.€. IIOKa3aTeIu) HE00X0AUMO HOPMAJIN30BaTh, UCIOIb3YsI METO/
NPOCTOli HOPMHMPOBKH, U TEM CaMbIM IPHUBECTH K COMOCTaBUMOMY BuAy. B wutore
HOPMAaJIM30BaHHbIE KPUTEPUU SIBISIIOTCS O€3pa3sMEpHBIMU M UX 3HAYEHUS] HAXOJATCS B
€IMHOHN IlKajle - OT HYJIEBOro 3HAaueHus 10 eAuHMIbl. HopMmamuzamuss mpoucxoaut
OTHOCHUTEJIFHO 3TaJIOHHOTO KpUTEpUsS WIH peKOoMeHIyeMoro mopora. Kak pesynbprart,
dopmyima 2.10 mpeodpaszyercs [11] B crnenyromiuii Bu:

F(f|lw) = wifi + wifi + winfn » 1 (Max), (2.11)
r1e f,;, - HOPMAIU30BAaHHBIN MOKa3aTenb 3PPHEKTUBHOCTH.
Tabnuia 2.11 — ITpumep HeHOpMATM30BaHHBIX (PaKTOPHBIX TPYIII
IIpoussonu o
dakTopHbIE P A Yucno 30Ha KauectBo Kimentckuit Jon
TEJILHOCTD Y Ilomexu
prHHI)I cetH YCTPOI/ICTB HOKpI)ITI/ISI CUTHaJIa OIIBIT 3anaTI>I
Envaunier
A 1 % TBIC.€I. nbm nb nbm KOut/c 0
U3MEpeHUs

CymmapHo pacueTHbld Ko3(duiment s3¢dextuBHocTH F (f |W) HE JOJDKEH
npeBbllIaTh eauHuiy. Ilociie cucreMaru3aluu MONYYEHHBIX JAHHBIX IO KaXIOMY
CIICHAPUIO DPa3BEPTHIBAHUS OTAENBHO, Ui MPHUHSATHS BEPHOTO PEIICHHS O BBIOOpE
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s¢¢dekTuBHOrO W Hambojee ONTUMAIbHOrO creHapusi pa3BepThiBanus NB-IoT, He
OKa3bIBAIOIIETO HEraTWUBHOTO BIUSHUS HAa OCHOBHBIE TEXHUYECKHE M HKOHOMUYECKHE
MMOKAa3aTeNd, MPOW3BOAUTCS WX CPAaBHEHHWE C IOMOINBIO pacdyeTHOro koddduimeHta
s dexruaocTH [70].

UYewm Oouibiiee 3HaYEHNE B3BEIICHHONW CyMMBI TIOJIy9aeTCs, TEM BapUAHT CUUTACTCSA
HamOoJIee MPEANOUYTUTEIBHBIM. TOT/1a BEITOAHBIM CUUTACTCS TOT BApUAHT, JAJIT KOTOPOTO
3Ta CyMMa MPUHUMAET MaKCUMalibHOe 3HaueHue [71].

Beca, nim kodppUIMEHTH BaKHOCTH, IMPOCTABIISIOTCS ITYTEM PAHXUPOBAHUS
BBIOpAHHBIX TMOKa3aTelleld U X (DAKTOPHBIX TPYII O CTCTICHHW BIWSHHS Ha PAacUCTHBIN
kod(urneHT 3 HEKTUBHOCTH CETeH MOOMIBLHOMN CBSI3U ¢ MPUMEHESHHUEM METO/Ja HBIX
OLICHOK.

2.4  Oco0eHHOCTH MeTOIa JKCHEPTHBHIX OLEHOK B MHOIOKPHUTEPHUAIbHOM
noaxonae

Jlnsg mpocTaBi€HUS JOCTOBEPHBIX BECOBBIX KOA((UIMEHTOB M KaXKIOW U3
MPEIIOKEHHBIX (DAKTOPHBIX TPYyMI ObUT 3aJeHCTOBAaH METOJ JKCHEPTHBIX OICHOK,
3aKJIIOYAlONINiics B cOOpe, aHalu3e U HWHTEpHpETalld HE3aBUCUMBIX CYXICHUN
JOCTaTOYHOI'0 KOJIMYECTBA SKCIEPTOB O CTENEHU 3HAUUMOCTH KaKJOr0 M3 MOMJIEKAIINX
otieHke (aktopoB [72]. B HacTosmee BpeMsi HE MpeJACTaBIICHA €IMHAS MPOILEAypa 10
MPOCTABJICHUIO SKCIEPTHBIX OIEHOK, HO B OOJIBIIMHCTBE HcciiefoBaHuit [73-75] yxe
3aJI0)KEHO HECKOJbKO OCHOBHBIX MPUHIIMIIOB, XapaTepHbIX Ui OOJIbIIMHCTBA
uccienopanui. K HuM otHocsres:

1. DkcmepTu3a TPOBOIAUTCS OSKCHEPTHOW TPYIMIONH, HMMEIONIEH TOCTaTOYHYIO
KOMIIETEHIIMIO B chepe MPOBOJMMOI0 UCCIIETOBAHMS 1JIsl TPOBE/ICHUS aHAIIN3A;

2. Bp10op mIkambl OIIEHOK UM METOJ[a MPOBEJACHUS DKCIEPTU3bI yCTAHABIMBACTCS
nepes NpOBEIECHUEM IKCIIEPTU3bI U HE MEHSETCS B IPOLIECCE MPOBEECHUS UCCIIEI0BaHNS;

3. Craructuueckas oOpabOTKa pe3yibTaTOB ONpOca M pacyeT IoKazaTesel
COIIACOBAHHOCTU MHEHHI MPOBOJUTCSA UAESHTUYHO JUJISl KaXKJ0r0 SKCIepTa.

YuuTbIBast BbIIIE U3JI0KEHHBIEC IPUHILIUIBL, 1JIs1 IPOBEACHUS PAHKUPOBAHU S CEMU
(GakTOpHBIX TpYII, 3aJeHCTBOBAHHBIX B OLIEHKE 3(PGEKTUBHOCTH pa3BEepThIBAHUSA
cuenapueB NB-IoT na cetm moOmnpHOM cBsizu 4G, Obuia pa3paboTaHa >KCHEpTHas
aHKeTa, BKIO4Jaromas B cebsa  Qaktopel, omnpenensone  APhEeKTUBHOCT
dbyukuuonupoBanusi NB-IoT, u Bo3aMoxHbIEe BecoBble KOA(D(PUIIMEHTHI, TPUHUMAIOLTUE
3HaueHus ot 0 mo 1. CymmapHO Bec BceX (DaKTOPHBIX IPYII HE JOJHKEH MPEBBIIIATH
enuHuILy. [[ns mpoBeneHus: OIEHKU B POJIA DKCIEPTOB OBLIM MPEACTABICHBI OMBITHHIC
CHEUUAIIMCTBI, OTJIMYHO OCBEAOMJICHHBIE 00 OCOOCHHOCTSX MNpodeCcCUOHATLHON
JEeSITENbHOCTH, TPEOOBAHUAX K MOCTPOEHUIO MOOWJIBHBIX CeTed 4-rOo MOKOJEHHS, U B
YaCTHOCTH ¢ ipuMeHeHneM TexHonoruu NB-IoT. B ankerupoBanuu npussuu yuactue 12
AKCHEPTOB U3 YUCIA NEUCTBYIOIMX cOTpyIHUKOB KoMmanuii TOO Kap-Ten ¢ Toprosoii
mapkoit Beeline na Tepputopuu PK, a Taxoke crienmanuctsl komnanun Hokua Kazaxcras.
DKCHepThI OLIEHUBAJIA BaKHOCTH CIEIYIONTUX (PaKTOPHBIX TPYIIIT:
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MPOU3BOIUTEIBLHOCTh CETH;
YHUCIJIO YCTPOWCTB;
30Ha MOKPBITHUS;
KAa4eCTBO CETH;
YPOBEHBb BHYTPUCHUCTEMHBIX ITOMEX/MHTEPhEPEHIINS;
KJIMEHTCKHUM OIBIT, @ UMEHHO CPEJIHUE 3HAUCHUSI CKOPOCTEHN Mepeaaun JaHHbBIX K
a0OHEHTY M OT aOOHEHTA;

- 3aTpaThl HA MOJIEPHU3ALINIO CETH.

Pe3ynbTaThl paHxupoBaHus ceMH (paKkTOpHBIX rpyni (8 00bekToB) 12 skcniepramu
npencraBieHbl B Tabmuie 2.12. 3amoiiHeHHBIE JKCIEPTaMU aHKEThl TPUBOISTCS B
[Tpunoxenun A, a B [Ipunoxxenue b cBefeH aHalIn3 MOTYy4YE€HHBIX PE3YIbTaTOB.

Tabmuua 2.12 - Pe3ynbraThl paHXkUpOBaHUS (PAKTOPHBIX TPYII METOIOM IKCHEPTHBIX
OLIEHOK

Cpenusis
[Ipouss
YposeH CKOpPOCTH B
onu Yucio Kauec | UnTep >
CerteBrble . b HalpaBJIeHWHM | 3aTpar
TEJIBHO | YCTPOMUCT TBO | (epeH k03
rapameTpbl MOKPBIT «BHH3 | «BBEp | BbIHaA
CTh B, ceT, | Iuuf, LIUEHTO
us », X» ceThb
cery, TBIC. LT ’ dB nbm ’ B
% nbm KOut/ | xOut/
C C
No 1 2 3 4 5 6 7 8
Okcnepr 1 0.05 0.025 0.25 0.15 0.2 0.2 | 0.025 0.1 1
DkcrepT 2 0.045 0.01 0.27 0.15 0.15 0.3 | 0.025 0.05 1
Okcnept 3 0.048 0.025 0.25 0.15 0.2 0.2 | 0.027 0.1 1
Okcneprt 4 0.05 0.025 0.25 0.15 0.2 0.2 | 0.025 0.1 1
Dkcnept 5 0.045 0.035 0.3 0.05 0.15 0.2 0.02 0.2 1
Dkcnept 6 0.055 0.07 0.3 0.15 0.15 0.15 | 0.025 0.1 1
Dkenept 7 0.055 0.025 0.25 0.1 0.22 0.3 | 0.025 | 0.025 1
Dkcrept 8 0.05 0.025 0.25 0.15 0.2 0.2 | 0.025 0.1 1
Dkcnept 9 0.045 0.035 0.3 0.05 0.15 0.2 | 0.025 | 0.195 1
Oxcnepr 10 | 0.05 0.025 0.25 0.15 0.2 0.2 | 0.025 0.1 1
Oxcnept 11 0.05 0.025 0.25 0.15 0.2 0.2 | 0.025 0.1 1
Oxcnept 12 0.06 0.025 0.15 0.2 0.35 0.05 | 0.03 | 0.135 1
Cpennee: 0.05 0.03 0.26 0.13 0.20 0.20 | 0.03 0.11 1
Cpennee, % 5% 3% 26% 13% 20% 23% 11% 100%

N3 Tabmuupr 2.12 BUAHO, 9TO:
- Hambosee BecoMmod (akTOpHON Tpymnmoi mpu oOreHKe A(YPEKTUBHOCTH
dbyHKIMOHUpOBaHus cereir u yudere crieHapueB NB-10T BwicTymaeT 30Ha MOKPHITHS,
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KOTOpasi COCTAaBJIET OKOJIO YETBEPTH Beca OT obiiero koddduimenra 3¢HeKTuBHOCTH.
JlanHast ¢akTopHas Tpymnmna BakHA, MOCKOJIbKY OIpEAesseT PajuycC MpeoCTaBICHUS
yciyr HTepHeTa Belel, 1 HalpsMYI0 OKa3bIBa€T BIUSIHUE HA OCTAJIbHbIC TEXHUUECKUE
Y SKOHOMHYECKHUE TPYIIIBI TOKa3aTeNe;

- CIIEYIOIIMMHU MO0 BaXKHOCTHU BBICTYIAIOT YPOBEHb MHTEPPEPECHIINHT U KITUEHTCKUMA
OMBIT, & UMEHHO CpeJHEE 3HAYEHUE CKOPOCTH MEepelaun JaHHBIX K aOOHEHTY C BECOM
paBHbIM 0.2 (20%).

- HauMEHbIIIeEe BIUSAHUE Ha OOMMM KOAI(PPUIIMEHT OKa3bIBAIOT KOJUYECTBO
ycTpoicTB (3%) U cpeaHee 3HAUEHHE CKOPOCTHU Mepelaur TaHHbIX OT aboHeHTa (3%).
[Tocnequuii mapameTp BXOAUT B (JaKTOPHYIO TPYIITY KJIUEHTCKOTO onbITa. Hu3kwmii Bec y
nepBoi PaKTOPHOM PYIIBI MOKHO CBA3aTh C TEM, YTO HA TEKYIIMHA MOMEHT phIHOK 10T
He mnepeHachilleH B Kazaxcrane. Takum oOpazoM, mpu pacuyere Ou3HEC-KEWCOB Ha
Ommkaime 2 roga MOOWIBHBIE OMEpPaTophl B MPHOPUTET CTaBIT HE €MKOCTh CETH,
MOJIPa3yMEBAIOIIYI0 BO3MOXKHOE KOJIMYECTBO MOAKIIOYEHHBIX ycTpoiicTB 10T, a
KJIMEHTCKHU OIBIT MOJIb30BATENECH.

OOBEKTUBHOCTD BBICTABICHHBIX OIICHOK (BECOB) MPU3HAETCS B TOM Ciy4yae, €Clu
MHEHHUS SKCIEPTOB COTJIacOBaHbl MEXIY cO00M, T.e. OMu3ku mo cMmbiciy. CreneHb
COrJIAaCOBAHHOCTH AKCIEPTOB OLICHUBAETCS o BEJIUYUHE TaKk
HasbBacMOro kod(ppunuenta konkopaamuu (W). dopmyna paccyera npejacraBicHa
HUXKE:

W= —12*5 (2.12)

d2«(m3-m)’

rae d — KOJIMYeCTBO IKCIEPTOB,;

M — KOJIMYECTBO OOBEKTOB MCCJICIOBAHHS,

S — cymMmMa KBagpaToB OTKJIOHEHUN CYMM OIICHOK, TOJYYEHHBIX JJIS KaXKIOU
rpynnsl PaKTOPOB, OT CPEAHEN CYyMMBI «BaXKHOCTH.

Bemuuuna S onpenensiercs mo Gpopmyie:

S =31 (Sh s — ), (2.13)

Tis - PAHT, IPUCBAaUBAEMBbIN S-M JIKCIIEPTOM 1-MYy OOBEKTY;
7- OLICHKA MaTEMaTUYECKOI0 0XKHUIAHMSI, pAaBHAA:

F=—%T, 7 (2.14)

m
Boruucnum ko3 QUIIMEHT KOHKOpAALMH W MPOU3BEAEM OIEHKY 3HAYMMOCTH
(akTOpHBIX TPy, UCHONb3Ys GopMynbl (2.12-2.14). OueHKy CTeNeHU 3HAYUMOCTH

(haKkTOpOB AKCIEPTHI MPOU3BOAT YTEM MPUCBOCHUS UM PAHTOBOTO HoMepa. dDakTopy,
62



KOTOPOMY SKCIEPT JaeT HAWBBICHIYIO OILICHKY, IMPUCBAWBAETCA pPaHr 8, HaMMEHbIIAs
omenka - 1. Ecim skcmepTr mpu3HaeT HECKOJbKO (aKTOPOB PaBHO3HAYHBIMH, TO WM
MPUCBANBACTCS OJIMHAKOBBIN PAHTOBBIM HOMEP. Pe3ynpTaTtoM aHKETHOTO HCCIIEIOBAHUS
SIBJISICTCSI CBOJIHASI MaTpHIlAa paHTOB. Pe3ynbTarel pacyeTa mpuBeaeHbI B Tabauie 2.13.

Tabmuma 2.13 — OOHOBIEHHAsT MaTpWIla PaHTOB I BBIYUCICHHS KOdPPHUIEHTA
KOHKOpAALUU

Cereasie 1 P2 | D3| D4 | D5 | D6 o7 | @8 )
napaMeTphl
Okcnepr 1 3 15 8 5 6.5 6.5 15 4 36
Dkcrept 2 3 1 7 55 55 8 2 4 36
Okcnepr 3 3 1 8 5 6.5 6.5 2 4 36
Okcmnepr 4 3 15 8 5 6.5 6.5 15 4 36
Dkcmept 5 3 2 8 4 5 6.5 1 6.5 36
Dkcrept 6 2 3 8 6 6 6 1 4 36
Okcmept 7 4 2 7 5 6 8 2 2 36
Okcneprt 8 3 15 8 5 6.5 6.5 15 4 36
DkcrepT 9 3 2 8 4 5 7 1 6 36
Okcnept 10 3 15 8 5 6.5 6.5 1.5 4 36
Okcnepr 11 3 15 8 5 6.5 6.5 1.5 4 36
Okcmept 12 4 1 6 7 8 3 2 5 36
CymMa «BaXXHOCTH»
IOKa3aTeJs
d 37.0 195 92.0 | 615 | 745 775 185 51.5 432
Z Tis
s=1
OTKIIOHEHHE OT
CPEMHEI EYMMBL | 170 | 345 | 380 | 75 | 205 | 235 | 355 | 25 -
«BaYKHOCTHUY
(Zg=1 Tis — f)
KBanpatsl
OTKJIOHEHUH CyMM
CBAKHOCTIY 289 1190.3 | 144 | 56.3 | 420.3 | 552.3 | 1260.3 | 6.3 | 5218.50
(Zg=1 Tis — T_)z

Bemnuuna S B coorBercTBuu ¢ Gopmynoit (2.13) paBHa 5218.50 (tabmuma 2.13).
Torna ko3 PuIEHT KOHKOPAAINH:

W= 128 12+« 5218.50_086
dZx(m3-m) 122x(83-8)
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OCHOBHBIMH KPUTEPUSIMU CYXKJICHHSI M BBICTaBJICHUS OIICHOK JKCIEpTamu
BBICTYTAIOT TEXHUYECKUE crielM(DUKAIIMU U peKOMEH1aluu napTHepckoit rpynmnsl 3GPP,
a Tak)Ke COOCTBEHHBIN OIBIT, PEKE — PEKOMEHJAIUKU OT MOCTABIIMKOB O0OPYAOBaHUS
0a30BBIX CTAHIUN MM A0OHEHTCKUX YCTPOMCTB.

[Tpu GONBITIOM KOJIMYECTBE SKCIEPTOB TOOUTHCS COTIIACOBAHHOTO MHEHHUS BEChbMa
tpyaHo. Ilostomy xkoaddunment xonkopmauuu W = 0.86 TOBOPUT O HAIUYUU
JIOCTaTOYHO BBICOKOM CTEMEHHM COrJIaCOBAaHHOCTH MHEHUU 3KcnepToB. CleaoBaTenbHo,
cpenHee apumeTHyeckoe BECOBBIX KOI(PPHUIIMEHTOB MOXET OBITh HCIOJIL30BAHO B
MOJIETIE.

25 Mongeabr ouneHku 3PPeKTHUBHOCTH  (PYHKIIMOHUPOBAHMS  ceTeil
MoOUIbHOM cBsi3U 4G npu oka3zanuu ycayr UHTepHera

KomnuecTBeHHass OLIEHKA MHOTOKPUTEPUAIBHOW MOJEIM, AHAIU3UPYIOLIEH
3¢ (deKkTUBHOCTh (PyHKIMOHHpPOBaHUS MoOUIbHOU cBsizu 4G mpu okazanuu yciayr NB-
0T, mpoBOAUTCS C HUCIONB30BAHUEM (DYHKLIMOHAJIBHO CBSI3aHHBIX YACTHBIX MOJYJIEH,
BXOJSIIIMX B IJIaBHBIN pacyeTHbIM MOAyJb. CTpyKTypHas cxema MOJENU IpeICcTaBlIeHa
Ha PUCYHKE 2.8.

M2: MoZynk NporHo3a
NpoOW3BOANTENBLHOCTU CETKH

M3: mogyns pacuéTta KonuuecTea
ycTpoMrcTe loT

Flxqlwy) + Flyqlwy) +..—= 1
M4: Moaynke NPOrHo2a 30HkI
MOKPLITKA ycryru 0T

M9: mogyne pacyeta
M1: moayns chopmuposaHma M5: moaynb nporHo3a Kayectsa athhekTuBHOCTH ; PelleHue
BXO[HbIX JaHHbIX MOAEMM cetun laT (hyHKUMOHWPOBAHNA CeTK C
TexHonornen NB-loT

Fleglwwy), Flyslwy), ..
Havano

M6: Mofynb nporHosa ypoBHA | R

it /.
Wy, Wa, W BHYTPUCHCTEMHEIX MOMEX CUCTEMb

MO: ycTaHOBKa NOPOroBbIX

3HaYeHWA U BECOBLIX

M7: Moaynb OUEHKW KITMeHTCKOTo
koachduumeHToB Ay u -

oneiTa loT

M8: mogynk pacuéta CTOMMOCTH |
cosnanus cetu (TCO)

Pucynok 2.8 - Moaenb oueHKH 3(p(HEeKTUBHOCTH (PYHKIIMOHUPOBAHHUS CETH
MoOupHOM cBsizu 4G npu okazanuu ycryr NB-1oT

[TpuHIIMTT AEHCTBUS MOJCIM OCHOBAaH HAa COBOKYMHOCTH CEMHM pAacYETHBIX H
IPOrHO3UPYEMBIX YaCTHBIX MOJYJICH, OOECIICUMBAIONINX YU€T BIUSHUS BBISBICHHBIX
paHee (akTOpHBIX TPy Ha OOmMI TOKazaresb AH(PEKTUBHOCTH WCIOIH30BAHUS
cuenapueB NB-10T Ha cetn MOOUIBHOM CBsI3U. J[Ba NOMOJHUTENBLHBIX YACTHBIX MOJTYJIS
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UCTIONB3YIOTCSA ISl (POPMUPOBAHUS U HACTPOMKHM BXOJHBIX JAHHBIX, U MOCJICIHUI
MOJIyJ1b BBIBOJIUT pe3yJbTaT pacuéra 006001eHHoro kodddunneHTa 3¢hHEeKTUBHOCTH, Ha
OCHOBE KOTOpPOrO TIIPUHUMAETCS pEHIeHuEe O HEOOXOJUMOCTH HCIOJIb30BaHUS
koHKpeTHoro ciieHapust NB-I0T.

YactHbie monenn M0-M9 npencraBieHbl ClIeYIOMUMA MOTYJISIMU:

- M0: Moaynb yCTaHOBKM HOpPOTOBBIX 3HAYEHUN M BECOBBIX KOA(PPHUIIMEHTOB.
brnarogapst sToMy MOIyNt0 coXpaHsieTCs THOKOCTh M YHHBEPCAIBLHOCTH MOJIEIH.
[ToporoBbie 3HaUeHUsI MOKa3aTEJIed CETH, Yallle BCETO, BBHICTABIISIOTCS C MPUMEHEHUEM
nosioxkeHud 3GPP 1 TexHMuUecKMX peKOMEeHJAlui MOCTaBIIMKa OOOpYJAOBaHUsS, a
ompezeneHne KOIPGUIUEHTOB BAXKHOCTH MPOUCXOJUT C TMPUMEHEHHWEM METojAa
AKCIIEPTHBIX OILICHOK;

- M1: Moaynb ¢popMUpOBaHUSI BXOJIHBIX JAHHBIX MHOTOKPUTEPUAILHON MOJAETU
oueHkH 3¢ddexTuBHOCTH GyHKIIMOHUpPOBaHMs ceTedl. Heobxonum nnst popmupoBanue
TEXHUYECKUX TpeOOBaHUI, MCIOIb3YEMbIX B MOJETU (HAmpUMEpP, YACTOTHBINA CHEKTP,
IITUPHUHA TIOJIOCHI, MOJIENbh 00opynoBanus bC, mporyckHas cnocoOHOCTh CETH | T.J.) Ha
OCHOBE aHaJIM3a OCHOBHBIX TPEOOBaHUH 3aKa3dyWKa B COOTBETCTBUU C MPEIbSBISICMBIM
Ou3Hec-KencoM.

Monynbs craHOBHUTCS HauOojee TMOJIE3eH, KOrja 3a0JIarOBpEMEHHO H3BECTEH
Ou3Hec-clieHapuil IpeocTaBiIsieMoil yeiayru MHTepHeT Belel U npeabsBisieMble K Hel
OCHOBHBIE TPeOOBaHUSL.;

- M2: Moaynbs mporHo3a MpOU3BOIUTEILHOCTH CETH MOOWIBHOU CcBs3u 4G mpu
okazanuu ycayr NB-I0OT ¢ ydyerom BbIOpaHHOTO CIieHAapusi pPa3BEpPTHIBAHUS.
Jlocmynwocms cemu W ycnewHocmv ceccuu — JABa TJIABHBIX  IIOKa3aTels,
3aICICTBOBAHHBIX K M3MEPEHUI0O B JaHHOM MojayJie. COBOKYMHOCTh 3Ha4YeHUMH
nokasaresyieii oOIell TPOU3BOIUTEIHLHOCTH CETU SBIISIETCSI BBIXOJAHBIM PE3YIhTaTOM
monyist M2;

- M3: Moaynb pacuéra konudecTBa yctpoictB 10T Ha ycnoBHYO equHHUILY (COTY,
0a30BYIO CTAHIUIO, KJIACTep U T.A.). Onpenenser MaKCUMalIbHO BO3MOXHOE KOJTMYECTBO
tepmuHasioB NB-10T B 3aBucumMocTu oT cdhepbl NpUMEHEHUSI YCITYT;

- M4: Moaynb nporHo3a 3oHbl MOKpeITHs yciayr l0T. Pacnonaras gaHHeIMH O
IIEJICBBIX TIOKA3aTeNsAX (PYHKIIMOHHPOBAHUS CETH U TPEOOBAHUAX, MPEABIBIEMBIX K
nojicucreMaM 0a30BBIX CTaHUUW, AaHATU3UPYET JAOCTATOYHOCTh YPOBHS MOKPBITHSA
TexHonoruu Mutepuera Bemieil. st 3TOro npoBOaUTCS pacuyeT eMKOCTH CETH, paauyca
NOKpbITHS M KoinmdecTBO bC. 3HauMMoe BIMSHUE HA JAHHBIA MOIYJb OKAa3bIBAIOT
BXOJIHBIE TTapaMeTpbl — TpahuKOBas MOJIEINIb M TEXHUUECKHE TPEOOBAHUS K CETU TIepelaun
JNaHHbIX. PacdyeT 30HBI TOKPBITHS OCYIIECTBISICTCS C IMOMOIIBI0 HHCTPYMEHTOB
MOJCIUPOBAHUS /WA SKCIIEPUMEHTAILHOTO TECTUPOBAHUS;

- MS: Monayne mnporHoza kadectBa cetd l0T. VYduThiBaeT OTHOIIIECHHE
MPUHUMAEMOT0 CUTHAJIA K UHTEpPEPEHIINHU TUTIOC IIIYM. Pe3yabTaThl H3MEpEHUs KauecTBa
ceTH (PUKCUPYIOTCS TIOCPEACTBOM TPOBEIAEHUS TMpollecca MOJCIUPOBAHUS WM
AKCIEPUMEHTAIBLHOIO TECTUPOBAHUS KAUe€CTBA CETH;
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- M6: Moayns nporso3a ypoBHs BHYTPUCUCTEMHBIX IIOMEX IIPU OKa3aHUU YCIIYT
loT. Wcnonws3yercs 1jisi TpOBEPKU YPOBHS TMOMEX W HUHTepdepeHIMH Ha MpeaMeT
JTOMYCTUMOCTH 3HAYEHUM, BEICTABICHHBIX B MO);

- M7: Moaynp OLEHKH KJIMEHTCKOIO ONbITa TMpPU pPEAM3aldd  YCIIyT
y3komnojiocHoro MurtepHera Bemeld. OmnpenenseT COBOKYINMHOCTb BIEYATJICHHH,
noyiydaeMbix aOoHeHTOM mnpu mnojkiaodeHun K cetu NB-l0T. Knuentckuit onbiT
CKJIIBIBACTCSI M3 MHOXECTBa (DaKTOPOB M 3aTparuBaeT BECh ITUKI B3aMMOJICHCTBUS
a0OHEHTOB C €ro MOOUJIBHBIM OIIEPaTOPOM: OT MOMEHTA MEPBOT0 MOJKIIOUYEHHUS K YCIyTe
(ceTn) W 0 3aBepUICHUS SKCIUTyaTalliM CETH WM OTKJIIOYEHHS OT yciyru. B xauecTBe
BXOJHBIX IapaMETPOB MOTYT OBITh HCIOJB30BAHBI: IOKAa3aTeIM CpeaHEH U
MaKCUMaJIbHOM CKOpOCTEM mepenayu JaHHBIX, OOIIee KOJIMYECTBO IMepeAaHHOu
uHpopmanuu (Tpaduk), 3arpyKE€HHOCTh CETU B MUKOBbIE Yackl U T.A. s u3MepeHus
s extuBHOCTH (yHKIMOHUpOBaHUS ceTh NB-10T MBI ocTaHOBHIMCHL HA M3MEpPEHUU
CpeHel CKOPOCTHU MepeIaur JaHHBIX B HAIIPABICHUSAX «BBEPX»/ «BHU3Y;

- M8: Monynps pacuéra CTOMMOCTH CO3[JaHHsI CETH PagUOAOCTyId, 4 UMEHHO
KaUTAIbHBIX U ONEPAMOHHBIX 3aTPaThl HA PEATU3AIMIO IPOEKTA 110 BHEIPEHUIO YCIIYT
loT. 3aTparhl Ha MOCTPOCHKHE WM MOJEPHUBALMIO CETU PAAMOIOCTYIA ONPEICIIIOTCS
WHJMBUIYATILHO JUJISL KQXKI0T0 OIepaTopa U He MoJyIekaT pasriamenuto. PopMupoBaHue
cTaTel 3aTpat Moyt M8 IpOMCXOIUT C UCTIOIB30BaHUEM TaOIuIIhI 2.9.

I'maBHBI pacueTHbIE MOAYNb IMpeAcTaBilieH kak M9 — Monyab pacdera
d¢dexTuBHOCTH PYHKUHMOHUPOBaHUs ceTH paauogoctyna 4G RAN ¢ TexHosorueii
NB-loT. PaccuutbiBaer kordduimenT r¢pdexkruBHocTu Tpex cieHapueB NB-10T mns
pa3IMYHBIX BapUAHTOB MPOU3BOACTBEHHOM [IEATEIBHOCTM HAa OCHOBE HW3MEpPEHUN
YaCTHBIX MOKa3aTeseH, onpeaeasieMbix MmoayassMu M2...M8.

Jlnst co3maHusi MOAENH KOMILJIEKCHOM OIEHKH OBLI MPUHSAT s CICTYIOIINUX
JONYIIEHUMN:

1. B nepByto ouepesib, HA MOMEHT COCTABIICHUSI ITPOEKTA y ONMEPATOPOB MOOUIILHOMN
CBSI3M UMEETCS TOTOBast HHGPACTPYKTYpa JJI IPEIOCTABICHHS YCIYT MOOUIILHOM CBSI3H
4-ro TIOKOJIEHHUS, MO3TOMY BCE€ MapaMeTpbl pacCMAaTPUBAIOTCS C TOYKU 3PEHUS JIMILb
noaAKIoueHus U okazaHus yciyr NB-10T.

2. BeixoniHbBIE TaHHBIC YACTHBIX MOJYJIEH MPECTABICHBI B BHIE HOPMUPOBAHHBIX
COM3MEPUMBIX 3HAYCHUM.

3. dakTopHBIE TPYIIIILI U CETEBbIE MOKA3ATEIN COTVIACOBAHBI U OJIOOPEHBI.

4. Ontumuzanusi (PaKTOpoB M YACTHBIX TMOKA3aTele BHYTPU YACTHBIX MOJYJIEH
IPOUCXOIUT ITOOYEPETHO.

5. BricTaBieHre MOpOroBbIX 3HAYEHHI M BECOBBIX KOA((UIIMEHTOB IMPOUCXOAUT
710 HayaJla aHaJIM3a U MPUHUMAETCSL YCIOBHBIM JIJIsl BCEX TPEX CLIEHAPHEB UCIIOIb30BAHUS
PUC NB-loT.

6. [Ipu mpoBeneHUM pPacuyeTOB M U3MEPEHUN 3a SIUHUILY BPEMEHH NMPUHUMACTCS
HaWTydIllee 3HaueHne cpaBHUBaeMoro ko3 duirerta 3pPeKTHBHOCTH.
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Hcnonp3oBaHue  MeTola  MHOIOKPUTEPUAIIBHOTO  aHajiu3a,  KOTOPBIU
paccMaTpuBaeT BHeApeHue cueHapueB pas3BeprbiBaHus NB-I0T B cerb omeparopa
MoOunpHOU B3 4G  Kak WHBECTUIMOHHBIA MPOEKT, TO3BOJSIET MPOBECTU
KauECTBEHHYIO OLICHKY KaXJ0r0 U3 TPEX BO3MOXHBIX CLICHAPUEB.

Pa3pabotanHas MoJenb OIEHKM BBICTYMAE€T HAICKHBIM HHCTPYMEHTOM,
OpUMEHSEMBbIM i1 aHanu3a 3PQPEeKTUBHOCTU (YHKIIMOHUPOBAHUS CeTEd MOOUIIBHOM
CBA3M 4-TO TIOKOJEHUS TNpH NPeNoCTaBiIeHUM Yyciayru HTepHera Bewieil c
UCIOJIb30BAHUEM OJHOTO M3 TpeX CILEHApUeB pa3BepPThIBAHUS (AaBTOHOMHOTIO,
BHYTPHUIIOJIOCHOT'0, B 3alIUTHOMN mojioce) y3komojocHoro |0T. Monens pemaer 3agaqy
IPUMEHEHUS €TUHHOT0 MHOTOKPUTEPUAIBHOTO MTOIX0/1a K OLIEHKE 2P (PEKTUBHOCTHU ceTei
MOOUJIBHOM CBSI3U, U TIO3BOJISIET:

- BBIJCJIUTh U CUCTEMATU3UPOBATh KIIIOUEBbIE MOKa3aTesd 3(h(PEKTUBHOCTU CETH
NB-10T, ucnonn3ys Habop ocHOBHBIX U Hanbosnee BaxHbIX KP| npu npunsatuu pemeHus
00 2(pdeKTUBHOCTHU ceTel;

- KOMIUIEKCHO OIEHUTH 3P(HEKTUBHOCTDh (PYHKIIMOHUPOBAHUS MOOMIIBHBIX CETeH
C TpeMms cueHapusmMu pa3BepTbiBaHus TexHosorud NB-10T, wucnons3ys npuHIMn
MHOTOKPUTEPUAIIbHOCTH;

- o0ecneyuTh BBICOKOE KAaueCTBO YCIYI 3a CUET HCIOJIb30BAaHUA TEXHUYECKHX
(akTOpOB, HEMOCPEACTBEHHO BIMSIOIMX Ha A(PPEKTUBHOCTH  HCMOIb30BAHUA
pagropeCypcoB CETH;

- 3a0J1arOBPEMEHHO CHPOTHO3UPOBATH MPOU3BOAUTEIBHOCTb AJI KaXIOro W3
Tpex BapuaHToB pa3BepThiBanus NB-I0T Ha ocHoBe pacuerHoro kosdduimenta
3¢ (HHEKTUBHOCTH, TEM caMblM, H30€XaTb JOMOJHUTENIbHBIX PacXoAO0B  IJIf
nepeoOOpyI0BaHUsI CETH B CiIydae MEPBOHAYATBLHOIO UCIOIb30BAHUS HE ONTHUMAIBHOTO
CLIEHApHS.

B pa3pabGoranHoil MOAENM OLEHKU Ui KaKAOro mpoiecca paboThl C JTaHHBIMU
IPEIYCMOTPEH CBOM MOAXOJI, ONUPAIOLINICA Ha U3BECTHbIE METOABI. K HUM OTHOCATCS:
METOJI 3KCIEPTHBIX OLIEHOK, METOJl B3BEIIEHHOW CYMMBI OII€HOK, METOJ IPOCTOM
HOPMHPOBKH U T.J.. [Ipu 3TOM 30Ha BAUSHUSA Ka)KJI0r0 METO/A YETKO JIOKAJTM30BaHa, UYTO
IIO3BOJISIET CIIPABUTCS C BO3MOYKHBIMM pUCcKamMu notepu naHHbIX (IIpum: B Hamem ciaydae
— 3T0 paboTa C moKa3aTeNsIMU U MapaMeTpaMu CBSI3M) U B LIE€JIOM IMOBBICUTH TOYHOCTb
OLIEHKH Ka)/10ro MoayJisi. OCOOEHHOCTBIO M JINYHBIM BKJIaJJOM aBTOpa pabOThI SBIISIETCS
TO, YTO B NPEJIOKEHHOM MHOIOKPUTEPUAILHOM MOJENNU METOJ IKCHEPTHBIX OLIEHOK
MpUMEHsIeTCs  HE U1 BbIOOpA  OCHOBHBIX  MOKazarened  3(P(HEKTUBHOCTH
(YHKIIMOHUPOBAHUSL CETH, a TOJBKO JJISl ONpEAENCHHUS BEIMYUH BaXXHOCTU TOTO WIIU
MHOT'O TIOKa3aTeJs CETH.
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BoiBoabl mo pasaeny 2

1) CdhopmupoBaHbl ceMb (DaKTOPHBIX TPYIII: MPOU3BOJUTEIBHOCTh CETH, 30HA
MOKPBITHSA, KauecTBO ceTH, ynciio NB-IoT ycTpolicTB, ypoBeHb BHYTPUCUCTEMHBIX IIOMEX
(nHTEepdEepeHINs) Ha cocymiecTByIONyl0 ceTb 4G, cpeaHue W TNHUKOBBIC 3HAYCHUS
CKOpOCTH Tiepefaud WHGOpMaIMi, WHBECTUIMOHHBIE 3aTpaThl Ha IOCTPOCHHUE WU
MOJICPHH3AIIHIO CETH.

2) BoiOpanbl 9  OCHOBHBIX  CETEBBIX IMapaMeTpoB, Haubojee  IOJIHO
xapaktepusyomux usMenenue sddextuBHoctr cereir NB-10T B 3aBucumoctu ot
UCIIOJIb30BAaHHOTO ClIeHapus pa3BepThiBaHus TexHosorun NB-10T.

3) [ns ompeneneHus BaKHOCTH CETEBBIX MOKaszareled W (haKTOPHBIX TPYIII
MCIIOJIb30BaH METOJI SKCIEPTHBIX OLICHOK. Pe3ynpTaThl MOKa3bIBAIOT, YTO Haubosee
3HAYUMBIMU (PAKTOpPaMH SIBISIOTCA: KIMEHTCKUM OMBIT (CpelIHHE CKOPOCTH Mepeaadu
JaHHBIX), TTOMEXH (MHTepdepeHIys), 30Ha MOKPBITUA ceTH. HaumeHbliee BIusHUE
okaspIBaloT craenyromue ¢akropusle rpynnbl: yucio NB-10T  ycrpoiicts  (3%),
IPOU3BOJIUTEIBLHOCTD ceTH (5%), 3aTparhl Ha MoAepHu3aluio cetu (11%), kauecTBo ceTu
(13%).

4) PaspaboTtana Mojieib OIeHKH 3()deKTUBHOCTH MpUMeHeHHs TexHomoruu NB-
0T Ha cetm MoOmnbHONU cBs3u 4G, KOTOpas IO3BOJSET MPOBECTH KOMILJICKCHOE
uccnenosanue cereid NB-10T ¢ nmpumenennem HaOopa (haKTOPHBIX T'PYIIT U CETEBBIX
nokaszaTelsiel, BXOJSAUIMX B COCTaB YACTHBIX PACUETHBIX U NMPOTHO3UPYEMBIX MOJYJICH.
[IpyHIMn nelcTBUS MOJAETM OCHOBAaH Ha 3aMepe M cOOpe KaueCTBEHHBIX M3MEpPEHMIA
nokazareneii MmoOunbHOM cetn u TexHosnorun NB-10T ¢ menbro obGecnedenus yuera
BJIMSTHUS BBISIBIICHHBIX paHee (aKTOPHBIX T'PYII Ha OOIIH TToKa3arensb d(pPeKTuBHOCTH
ucronb3oBanus ciieHaprueB NB-IoT Ha cetu MOOMIIBHOM CBSI3H.
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3 METOJ NCCIEANOBAHUA IOOEKTUBHOCTH
®YHKIIMOHUPOBAHUA CETEH MOBWIBHOU CBsI3U 4G IIPA
OKA3AHUU YCJYI UHTEPHETA BEIIEHN JJIS1 BBIBGOPA CLIEHAPUSI
HNCITOJIB30OBAHUSA PAANOYACTOTHOI'O CIIEKTPA

B npenpiaymieil riaBe Ha OCHOBE YTBEP)KIEHHBIX KpUTEpUEB Obula pazpaboTaHa
KOMIUIEKCHAsE MOJIENb OLIEHKH 3((EKTUBHOCTH HCIIOJIb30BAHUS CETEBBIX PECYPCOB CETU
panuonoctyna 4G mpu NPUMEHEHUM Y3KOMOJIOCHBIX KaHainoB TexHonoruu NB-IoT ¢
Y4E€TOM  pa3IMYHBIX  TEXHUYECKUX  (PaKTOpOB,  BIMSAIOIMIMX HAa  KayecTBO
dbyHKIIMOHUpOBaHMs ceTu ceTu. Pa3paboranHass monenb OlEeHKH 3(PGEeKTUBHOCTH U
OCHOBHBIE TIOJIO)KEHUSI JUCCEPTALMOHHOIO MCCIEAOBAaHUS CTAIA OCHOBOW ISl
pa3padoTKN MHOTOKPUTEPHUAIBHOI0 MeT01a KOMILIEKCHOH OleHKH ()(PEeKTUBHOCTH
¢yukuuonupoBanus cereit 4G u Texuomoruu NB-10T. Anroputm wucnons3oBaHus
Merona mpeactaBieH B Ilpunoxkennun B. ®dopmyna 3adukcupoBana B IlaTente
«Cnoco6 omnpenenenust 3¢ hekruBHOCTH TpuMeHeHHs TexHonoruu NB-IOT Ha cetn
MoOwmitbHOM cBsi3u 4G» ot 13.08.2021r. 3a Ne 6322 ¢ mHomepom 3asBku 2021/0357.2
(ITpunoxxenue I'). [IpenmaraeMplii METOI BEICTYIIAET KaK CaMOCTOSITEIbHBIN HHCTPYMEHT,
pa3pabOTaHHBII C y4eTOM IOJOKEHUW, 3a(UKCHPOBAaHHBIX B MNpukaze MuHHCTpa
nHpopmarmu 1 kommyHukanuii Pecnyonuku Kasaxcran ot 29 arycra 2017 roga Ne 327
«O0 yTBEp)KIECHUM METOJUMKH U3MEPEHUs] TEXHUUYECKUX MapaMETpOB KauecTBa YCIIyT
cs3m» [43].

B otnnuue ot paHee UCIOIB3yEMbIX CIOCOOOB U MOAX00B, TPEIOKEHHbII METO/T
UMEET s IPEUMYILECTB:

- B OCHOBE 3aJOKEH MPUHLMI MHOTOKPUTEPUATBHOCTH. Takum 00pa3om,
s exTuBHOCTh GyHKIIMOHUPOBaHMS ceteil ¢ TexHomoruedr NB-10T paccmarpuBaetcs
KOMIIJIEKCHO, C Y4ETOM TEXHHMYECKHX M IKOHOMHMYECKHUX COCTABJISIOIINX [IJITAHUPOBAHHUS
palMOCETEN;

- METOJl HalleleH Ha cpaBHeHUe 3(P(PeKTUBHOCTH (PYHKIIMOHUPOBAHUS TpeEX
creHapueB pasBepteiBanus NB-10T;

- MpPEAJIOKEHHbIE CETEBbIE MOKa3aTeNu U (DAaKTOPHBIE IPYNIEl YHUBEPCAJbHBI U
MIPUMEHUMBI K KaxxoMy u3 cueHapue NB-10T, 4To mo3BossieT mpoBecTH BEPHYIO OLEHKY
ux 3¢ (HEKTUBHOCTH;

- (akTOpHBIE TPYNIBI JOCTATOYHO THUOKHE, YTO TMO3BOJSET HW3MEHATh WIU
JOTONHATh Ha0Op MOKa3aTeeil U mapaMeTpoB CETU BHYTPU Ka)KIOW IpyHIbI IO MEpE
HEOOXOJIMMOCTH WM B 3aBUCHUMOCTH OT TpeOOBaHMI CleHapus NPUMEHEHUs YCIyru
(busHec-keiica).

MeToa cOCTOMT M3 BOCBMH TOCJIEIOBATEIbHBIX ATAIOB (I11aroB), 00sA3aTeIbHBIX K
BBITTOJIHEHUIO JUJIs1 JOCTHXKEHUS HauOoJiee JOCTOBEPHOI0 pe3ysbTara padoThl alroputMa
10 OTIPECJICHUIO HanboJiee MPeIMOYTUTENIBHOTO CIIEHApUsl UCIIOJIb30BaHus ciekTpa NB-
loT. Anroputm metona npuseseH B [Ipunoxenuu B.
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Jrtan 1. AHanu3 OCHOBHBIX TpeOoBaHuUM K yciyre 10T

Ha nepBom 3tane ¢popMupyercss TEXHUYECKOE 3a/laHue Ha OCHOBE YTBEPKACHHOIO
Ou3Hec-clieHapusl TMpeaocTaBieHus yciuyru MHTepHeT Bemiei. 37ech COCTaBISIOTCS
OCHOBHble MPeOOBAHUS U MEXHUYECKUE B03MONCHOCMU ONEPAMOopa Ce3uU U NOCMABUUKA
l0T-ycnye. DTOT ATAN BakeH, MOCKOJIbKY TPEOOBAHUSI K KOHEUHOMY PE3YJIbTaTy MOIENIU
OLICHKHM MOTyT Ju(depeHunpoBaTbCsi B 3aBUCUMOCTH OT Cephbl peanu3aluu yCIyTru.
[ToaToMy Ba)KHO MaKCUMaJIbHO TOYHO CPOPMYIUPOBATH OCHOBHbIE TPEOOBAHUS AJIsl CETU
MOOMJIBHOM CBS3M C LEJbI0 00ecreueHrs MOBCEMECTHOrO JocTymna K ycnyre MHTepHer
Benieil. [Ipumep HECKONBKUX TaKUX 3allpOCOB MpecTaBieH B Taduuue 3.1.

Tabnuma 3.1 — Pexomenpanuu 1 chepbl npumenenus yeuyr 10T [44]

. Texnonorus | "Ymunie" ABTOHOMHBIE ABTOMaTH3aUA
Ha6op nokazareneii .
LTE CUETYHKHU BOJIBI MAaIIuHBI MpEANPUATUI
JIOCTYITHOCTD CETH 99% 99% 99.9% 99.999%
[Tonoca nponyckanust | 5 Mout/c 50 xbut/c 10 M6wut/c 50 Mowut/c
OnTtuMabpH
TTokpbTie oe I'my6okoe OTimunoe I'my6okoe
-95...-105 >-1151bm - 95 n1bm > -1151bm
nbm
YyBCTBUTEIBLHOCTh K 60-80 Mo 5c | ve | mc
3a/IeprKKaM
Perxcm 14 uacos 10 zier OnTtumansHoOe OnTtuMansHOE
SHEProcOepex eHUs 4000MA4 4800 MA4

WutepripetupoBaTh peKOMEHAAMH CIEAYET CIEAYIOIIUM O0pa3oM: COIJIaCHO
tabnune 3.1, 1 peanuzanuu Ou3Hec-Keiica ¢ aBTOHOMHBIMHU MallliHaMK TpeOyeTcs, B
NEPBYIO Ouepe/ib, 00ECIICUUTh 30HY MOKPHITUS ¢ ypoBHEM MOKpbITHI RSRP He xyxe -
951bM, 1 yCTaHOBUTh MUHMMAJIBHYIO 33JIEPKKY Ha ceTd (10 1 MC), B TO BpeMs Kak JUIs
«YMHOro J0Ma» KPUTHUYHBIM SIBJISIETCA TIyOOKOE MOKPBITHUE BHYTPHU 3JaHUA MpH
CPaBHHUTEJIBHO HEOOJBITION Tosioce mporryckanus (50 kout/c).

[TonoOHble pekoMeHAanuu (GOPMUPYIOTCS B COOTBETCTBHM C  UYETKHUMH
TpeOOBaHUSMU CIICHApUs KCIIONb30BAHUS YCIYTH M HE BCETJa MOTYT OBbITh JIOMOJHEHBI
WJIM U3MEHEHBI B IIpolecce rianupoBanus cetu 10T, [IpuunHa - n3menenue tpeboBaHUI
B KOHIIE MPOEKTA MOBJICYET MOJHBIN MepepacyeT BCceX MPEeAbIYIINX ATANOB AITOPUTMA.

K rtexnuueckum TpeOOBaHMSIM MOXET OBbITh OTHECEHa HuHpopManus O
CYHIECTBYIOIIEM WM TUIAHUPYEMOM [UJIsl HCIOJb30BaHHUS YAaCTOTHOM JUAara3oHe,
OPOMYCKHON CIIOCOOHOCTH CETH, TOTOBHOCTU CETHU C TOUKHU 3pEHUS] HHPPACTPYKTYphl U
COOTBETCTBUsI MporpamMmHoro obecrneueHus, u T.n. «M1: Moxayns dopMupoBaHus
BXOAHBIX JAHHBIX MOZETU» OLEHKH J(P(PEeKTUBHOCTH (YHKIMOHHUPOBAHUS CETEH
OTBEYAEeT 3a BBIMIOJHEHHUE MEPBOTO I1ara.
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drtan 2. DopmupoBanue GaKTOPHBIX TPYIIIT

[Tocne cornacoBanusi TpeOOBaHMM K CETH MOOUIILHOM CBSI3U JIJISl peain3aliuu yCIayT
0T mpoBomurcs (axkTOpHBIA aHAMM3, MOCBALIEHHBIN (OPMHUPOBAHUIO (PAKTOPHBIX
rpynn. Co3nanue (HakTOPHBIX TPYIIT MPOUCXOJUT HA OCHOBE TpeOoBaHUM Ou3HEC-Kelica
(Monyne 1), m ¢ yderoMm HEOOXOAMMOCTH COOIIOJCHUS CIICIYIOMICTO IpaBHIa —
COBOKYITHOCTh (DAKTOPHBIX T'PYII JOJDKHA B MOJHON Mepe JaBaTh OLIEHKY CJICIYIOIIUM
KPUTEPUSIM: KayeCTBY MPENOCTABIISIEMbIX YCIYT, YCTOWYMBOCTH (YHKIIMOHUPOBAHUS
CETH, BO3MOXXHBIM HMHBECTHUIIMOHHBIM 3aTpaTaM Ha TOCTPOCHHE HOBOM WJIHU
MOJEPHM3ALINIO CYIIECTBYIOIIEH ceTu (HarmpuMep, JUICH3UsS Ha CIIEKTp, 000py10BaHUE,
TepMuHabl U T.4). [logpobHO manubIi mporiecc ommcad B ['mae 2.2. OTnnyuTtenbHOU
4YepToil pa3pabOTaHHOI0 METOAMYECKOT0 MOIX0/1a, SIBJSIETCS TO, YTO MPU (POPMUPOBAHUU
(dakTOpHBIX Tpynn U OTOOpE MoKazarejedl ceTH, BaKHOE 3HAYEHUE YHAENSETCS TOMY,
9TOOBI MOKA3aTEIM BHYTPH TPYIIBI ObUTH aKTYyaJ bHBI JIJISI BCEX TPEX CIICHAPUEB.

Kpurepun npumedarenbHbl TEM, YTO BBICTPOEHBI HA OCHOBE aHAJIN3a TEXHUYECKUX
Y DKOHOMHUYECKHX COCTABJISIONIMX TUIAHUPOBAHUA paauocerei. M3BeCTHO, 4TO THUIOBOM
3amadyeit A 000ro orepaTtopa CBSI3H SIBJSICTCS] BBISIBJICHHE M3 BCETO MHOTO0Opasus
CYyIIECTBYIOMUX (haKTOPOB HanboJiee BECOMBIX M MOCTPOCHUE HA MX OCHOBE MATPHUIIBI
rmapaMeTpoB,  OKa3bIBAIOIIMX  BIUAHME Ha  OW3HEC-MOJelb M KadyeCTBO
dbynkunonupoBanus cetet 4G [42]. Onpenenenre Takux (HaKTOpOB MO3BOJIAET MPOBECTH
IPaMOTHYIO OILIEHKY KauecTBa pabOThl CETH U MPEIOCTABISIEMBIX CETEBBIX CEPBUCOB.

Jrtan 3. BriOop nokazarenei-uHIuKaTopoB (PaKTOPHBIX TPYIII

OTbop TmoOKaszarenell W MapaMeTpoB, XapaKTepU3YIOMUX A()PEKTUBHOCTH
(GyHKIMOHUPOBAaHUS ceTeil MoOMIIbHOM cBs3U 4G npu rcnoiab3oBaHuK TexHonoruu NB-
0T, u yuuTHIBalOMUX BAPUATUBHOCTH CIICHAPUEB Pa3BEPTHIBAHMS MPOUCXOIUT Ha
TperbeM odTane. [lockonbky ¢dopMupoBaHue (aKTOPHBIX TpPYHNI MHPOUCXOAUT C
UCIOJIb30BAHMEM YaCTHBIX IIOKa3aTeNlell W NapaMmeTpoB, TO TMOCIEIHUE JOJIKHBI
NPUIIEPKUBATHCSA TPUHIMIA COU3MEPUMOCTH M OTHOCHUTBHCS K €IUHOMY AacCHeKTy
(aKkTOpHOM TPYIIIbI.

CtouT OTMETUTH, UTO HAOOp MOKazareyeil ceTd U (aKTOpHbBIE TPYIIbI B IEJIOM
MOTYT JOIMOJHATHCS HOBBIMH METPHUKAMHU 1O Mepe HEOOXOAMMOCTH. 3agada TPEThEro
JTama - M3 BCEro MHOrooOpas3usi HM3y4EHHBIX B IEpPBOM TIJaBe IOKa3aTeyeld CeTH
HEO0OXOAMMO BBISIBUTH HanbOoJjiee 3HaYUMbIe (BaKHbBIC), BIMAIONIME Ha 3(PGHEKTUBHOCTD
(YHKIIMOHUPOBAHMS MOOUIILHOM CETH CBSI3U.

Jrtan 4. YcraHOBKA MOPOrOBBIX 3HAYEHUI U BECOBBIX KOA(DPUIIMEHTOB MOJEIH

Ha uerBeprom »sTame s paHXUPOBAaHUS BBIOPAHHBIX I[OKa3aTele HU UX
(paKTOpPHBIX TPYNI MO BaKHOCTH, MPUMEHSETCS METOJ SKCIIEPTHBIX OLIEHOK, KOTOPBIi
NIO3BOJISIET HA3HAYUTh Beca JUIA KaKIO0r0 U3 3THX NOKA3aTeJed BHYTpHU rpynnsl. Meron
oApoOHo onrcaH B I'maBe 2.
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OnpeneneHue peKOMEHAYEMBIX MOPOTOBbIX 3HAYEHUI MOKa3aTesield CeTU BHYTPHU
COOTBETCTBYIOLIUX (PaKTOPHBIX IPYII TAK)KE IPOUCXOIUT HA YeTBEpTOM ATare. [Ipenens
MIOPOTOBBIX 3HAYEHUH, Yalle BCEro, (PUKCUPYIOTCS HAa OCHOBE TOTOBBIX PEKOMEHIALIMIA
MCD, cTanaapToB COTOBOM CBSA3M WM JEHCTBYIOINIMX HOPMATUBHBIX akTOB. K mpumepy,
tabmuna 3.2. [lanee cieayer MpPOBECTH HOPMHUPOBAHWME YAaCTHBIX I[OKa3zaTelned u
(baKTOPHBIX T'PYIII, a TAK)KE OCYLIECTBUTD MEPEBO UX B COMOCTABUMBIN BUJ.

Tabimna 3.2 — PekoMmeHayeMble MOPOTOBBIC 3HAYCHUS IMOKA3aTeNe KadyecTBa CETH
MoOuIbHOM cBsizu 4G [76]

Pexomenyemoe 3HaueHue

No | Iloka3zarensb MecTHOCTBH*
1 2

RSRP — 3HaueHHe MOIIMHOCTH MPHUHSITHIX
1 OMOpHBIX  cHUTHAIOB Ha Bxoge 4G >-90/5 >-100/10
MIPUEMHUKA, 1bMm

RSRQ — kadecTBO MPHUHATHIX MUIOTHBIX

2 >-12 /15 >-14 /15
curHayioB Ha Bxoje 4G npueMHuka, 1b
SINR — oTHolleHHWE YpOBHSI TMPUHSATOTO

N | curnana Ha Bxoje 4G nmpueMHUKa U yPOBHS <3/15 <0/10

UHTEpPEpUPYIOIIETO CUTHANA, 1b

[Ipumeuanue:
1 — BbICOKAs TIOTHOCTH 3acTpoiiku (Urban);
2 — OKpauHbI, HU3Kas TNIOTHOCTh 3acTpoiiku (Suburban).

UerBepThiii 3Tan merona (QyHKIMOHANBHO 3ajokeH B Moayiae 0 — Moaynb
YCTAaHOBKH MOPOTOBBIX 3HAYEHUH U BECOBBIX KOI(P(HUIIUEHTOB.

Jran 5. [loctpoenue monenu onenku 3¢pdextuBHoctr cetu NB-10T

C mnomompi0 MeToa B3BelleHHOHW cyMMbl oueHOK kpurepueB (MBCK)
BbIOpaHHbBIE (DAKTOPHBIC TPYIIIBI CBA3BIBAIOTCA MPHU MOMOIIM €TUHHOTO 00OOIIEHHOTO
HOKa3aTellsl — pacyemHo20 NOKA3amelis 9QHeKmueHocmu.

Jran 6. MoaenupoBaHue OCHOBHBIX ITOKa3aTesel ceTu

Ornenka 3¢ dekTUBHOCTH (DYHKIIMOHUPOBAHUS CETH B 3aBUCHMOCTU OT CIICHAPUS
ucnonb3oBanuss  cnekrpa  NB-10T  mpoumcxoaut  Onarogaps — MCNOIb30BaHUIO
COBOKYIHOCTH pa3JIMYHBIX METOJIOB U NPUEMOB. 3J€Ch, MpeIIaracrcs MpOBEICHUE
UMUTAIIMHHOTO MOJIEIUPOBAHUS ISl M3MEPEHUsS 3HAYEHUI CETEeBbIX IOKa3aTesei,
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BXOJSIIITUX B COCTAB Pa3pabOTaHHBIX (PAKTOPHBIX TPYIIT. ITOMY IMOCBAIIEH IIECTON dTam
MeTona. OCyIecTBIsETC TaKKe SKCIIEPUMEHTAILHOE UCCIICIOBAHUE HUCIONIb3YETCS JUIs

[IpoBeneHne MoIETMPOBAHHMS U SKCTIEPUMEHTAIILHBIX UCCIIEIOBAHNUN 00YCIOBICHO
HEOOXOJJMMOCTBIO TOJYyYEHHUs pealbHBIX 3HAUCHUN IOKa3aTesiel, 3aJeCTBOBAaHHBIX B
pa3paboTaHHON MozeNu, Ui Kaxaoro ciieHapus pasBepToiBanus cetu NB-10T, u, kak
pe3yabTaT, NPUHSTUSL PElIeHUs B T0JIb3y BhIOOpa HamOosiee BHITOAHOTO ciieHapusi NB-
loT. CpaBHeHue OCyIIECTBISCTCA IYyTEM pacdera €IHUHOr0  KOMIUIEKCHOTO
kodddunmenta mogenu (Jram §).

Cnmcok MporpaMMHBIX  OOECIICUCHUM, PEKOMEHAYEMBIX JUISl IPOBEACHUS
MOJICTTUPOBAHMS TIPeICTaBlieH B Tabnmiie 3.3.

Tabmuuna 3.3 — IlomymsipHble mporpaMMHble oOOecrnedeHusl sl  MPOBEICHUS
MOJIEIUPOBAHUS PATUOCETH

[Tporpammuoe | KpaTkoe onucanue [TpousBoauTenn
oOecrieueHue

Forsk  Atoll | MuorogyHKIIHOHAIbHAS mwiathopma s | Forsk Company
3.3.2 MPOEKTUPOBAHUSA M ONTHUMHU3ALUU OECIPOBOTHOM

ceth. lMeroTcs ONTUMU3MPOBAaHHBIE (DYHKLINU
yIpaBJICHUsS] KapTOrpadUUYecCKUMH JaHHBIMH C
NONJEPKKOM  LHU(PPOBBIX  MOJENEH  BBICOT,
TPEXMEPHBIX TAHHBIX 0 3IAHUSIX
(BEeKTOpHBIE/pacTpoOBbIE), JaHHbIX O Tpaduke,
OTCKAaHHUPOBAHHBIX KapT, BEKTOPHBIX JAHHBIX,
JAHHBIX O HACEJICHUH U T.JI.

U-Net U-Net POBOAUT MOJIEJIMPOBaHHE cern, | Huawei
Network POTHO3MPOBAHME MOKPHITHS U onTUMu3anuio cetu. | GENEX
Planning Tool | ITognepxuBaer TUTAaHUPOBAaHUE OIHOCHCTEMHOMN
(G/U/L) m mnmanmpoBanue mHorocucremuon (GL,
UL, GUL) cern.

Mentum [Tporpamma mpenHasHadeHa i 1utanupoBanus | InfoVista
Planet pazuoceTy, ONTHMHU3ALMU CYIIECTBYIOUINX CETeH
CBSI3U U YIIPaBJICHUS IPOU3BOIUTENBHOCTHIO. Takxke
KOMIUIEKC ~ TO3BOJISIET  OCYWIECTBIATH  3D-

MOACIMPOBAHUC 30HBbI IIOKPbITHA,
IMPOCKTUPOBAHUC MAJIBIX COT U I€TCPOTCHHBIX ceTen
(HetNet).

Jdran 7. Y4eT HeOoNpeIeIeHHOCTEN U PUCKOB
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CenbMoil 3Tan MOCBSAILEH YYETY HEONPEAEICHHOCTEN U PUCKOB MIPU COCTABIICHUU
METOJMYECKOr0 IMOAXO0/a K pacyeTy €IMHOr0 IOKa3areiisl. Y TOUHEHUE WJIM BHECEHHUE
MPUBEJICHHBIX YKAa3aHWM, a TaK)Ke BHECEHHE B COCTAaB PabOT MPOIMYIIEHHBIX OMNepanui
WIM WUCKIIOYEHHWE M3 cocTaBa paboT orepanui, (PakTUYECKd HE BBIMOTHSIIOMIUXCS
MPOUCXOUT HAa JAHHOM KOHTPOJIBHOM JTalle.

B cnyyae Hamuuus AONOMHEHUW WM HEOOXOAMMOCTH BHECEHUS H3MEHEHUU
dbopMupyeTcsi TOSICHUTEIbHAST 3alicKa K TMPOEKTYy, KOTopasl JIOJDKHA COJEpKaTh
MOAPOOHYIO XapaKTePUCTUKY HOPMATUBHOM 0a3bl, OMUCAHUE BCEX M3MEHEHUN MOJIEIHU C
yKa3aHuEeM MPUYUH UX BbI3BABIIMX. HOpMaTHBHBIE JaHHBIE, XapaKTEPU3YIOIIHUE CTEIEHb
TEXHUYECKOW OOOCHOBAHHOCTH TMPOCKTHUPYEMBIX JTOMOJHEHUA M W3MEHEHWH, YHUCIO H
IPOAOHKUTENBHOCTD TPOBEEHHBIX HOPMATUBHBIX HAOIIOEHUH, 00bEeM, OTy4YEHHBIX 32
BpeMsi HaOJIIOICHUM, U3MEPEHU, MPOIIEHT BBIMOIHEHUS HOPM U T.II.

Irtan 8. Bri6op cuenapust pazseproiBanus NB-10T

Bocemoii stan — 3aBepmatomuii. I[lpenmomaraer cpaBHeHuEe KO3PQHUIEHTA
3((PEKTUBHOCTH, PACCYUTAHHOTO IS KaxA0ro u3 Tpex cueHapueB NB-IoT mo dhopmyne
2.11:

F(f|w) =w fi + wif; +wpf, = 1 (Max),

CpaBHuBasi TpH pacueTHbIX KO3(puurueHTta >PEPEeKTUBHOCTH MEXAYy COOOH,
IPUHUMAETCS pelIeHne 0 BpIOope Hanbosee onTuMainbHOro creHapus. Hanpumep:

EaHYTp(le) < FaBT(le) < Fsam(flw)'

Pa3paboranHblii  MeTOJ TMO3BOJIIET TMPOBECTH BCECTOPOHHIOI0  OLIEHKY
dpPexkTUBHOCTH PYHKIMOHUPOBAHMS CeTH MOOMIIbHOM CBsI3u 4G npu OKa3aHUU yCIIyT
NB-I10T nas kaxaoro cueHapusi pa3BepThbIBAHHMSI B YaCTOTHOM CIIEKTpE.

Baxxnolt cocraBusitomied  MeToja  SIBISIETCS  MCIOJb30BaHHE  PE3YJIbTaTOB
MOJIEJIMPOBAHUS U SKCIEPUMEHTAIBHOIO TECTUPOBAHUS IPOU3BOAUTEIBLHOCTH KaX 0TI 0
cueHapus paseptbiBanus NB-10T. Takoi moaxon rapaHTUpyeT MoOJydeHHE HaubOoJsee
JOCTOBEPHBIX PE3YJIbTATOB MCCIEAOBAHUS U TMOBBIIMIAET TOYHOCTh PabOTHl MOJENHU, TEM
CaMbIM BBIJIETISS €€ CPEU UMEIOIIHUXCS.

3.1 AHaau3 cleHapueB HMCIOJb30BAHUS PATHOYACTOTHOrO CIEKTPa B CeTAX
MoOMIBLHOIi cBsi3u 4G ¢ TexHosmorueit NB-10T

Bri6op Hambosee moaxoasmiero clieHapus pasBepThiBaHus TexHonoruun NB-10T
IPOBOAMTCS C WCIOJB30BAHUEM pPa3pabOTaHHOW KOMIUIEKCHON MOJENTH, KoTopas
paccuntbiBaeT 3(HEKTUBHOCTh KAXKJIOTO CIICHApUs pa3BEpPThIBAHUS HAa OCHOBE METO/AA
MHOTOKPUTEPUAILHON OIIEHKH C TMPUMEHEHHEM pe3yJbTaTOB HMUTAIIMOHHOTO
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MOJIEJIMPOBAHUS U IMIIMPUUYECKOT0 UccieqoBaHus. JJis1 3TOro mpoBOAUTCS UCCIIEIOBAHUE
3 PEeKTUBHOCTH (PYHKIIMOHMPOBAHUS TpPEX CICHAPUEB pPa3BEPTHIBAHUS TEXHOJOTHH
y3komnosiocHoro MHTepHeTa Berien, 3anymennoi Ha 4G cetu B amama3one 800 MI'1r B
npuropoHoi (suburban) 3one. 3oHa oTiiMuaeTcss MEHbIIIEH MJIOTHOCTBHIO MMOCTPOMKHU 110
cpaBHEHHIO ¢ ropojackum tumoM (urban). Yactora 800 MI'1y BeiOpaHa kak Hamboiee
pacnipoctpaHeHHas s mepenayu 4G maHHBIX cpenn onepaTopoB Kazaxcrana.

[IpoBenenne MoneTMPOBAHMS U SKCIIEPUMEHTAIBHBIX UCCIIETOBAHUI 00YCIOBICHO
HEOOXOAMMOCTBIO TIOJIYYEHHUS pealIbHBIX 3HAYCHUM MOoKaszaresel, 3a/eliCTBOBAaHHBIX B
pa3paboTaHHON MOJEH, Ui KaKI0ro cieHapus pasBeprhiBanus cetd NB-10T, u, xak
pe3ynbTar, MPUHSATUS PEIICHUS B MOJIb3y BhIOOpa Hambosee BhITogHOrO crieHapus NB-
loT. CpaBHeHue oOcCylleCTBIsIETCS IMYTEM pacyera €IUHOr0  KOMILIEKCHOIO
ko3 duiuenra moaenu F(flw).

[TonoOHoe uccnenoBaHne MPEACTaBISIET [ICHHOCTh, MIPEXKIE BCEro, MOTOMY, YTO C
MOMOIIBIO MOJIEIUPOBAHUSL TO3BOJISIET 3a0JIATOBPEMEHHO TMOJIYYUTh JIOCTOBEPHYIO
MH(OPMAIMIO O COCTOSHUM (WM TOBEACHHM) CETH MOOWIBHOW CBA3H B YCIOBHSIX,
MPUOIMKEHHBIM K PEaibHBIM, a TAKKE Ha KX OCHOBE MPEANPUHSATH MEPHI MO YIIYUIIICHUIO
KayecTBa PabOThI CETH MEpell BBOJAOM B KOMMEPYECKYIO SKciutyaTamuto [77]. Huxe
MIPUBOJUTCSA METOJIUKA MOJCIUPOBAHUS U SKCIIEPUMEHTAIILHOTO UCCIICIOBAHMUSI.

3.1.1 Meronuka TIPOBEACHUS MOJCIUPOBAHUS U  IKCICPUMEHTAIBHOTO
HCCJIEOBAaHUS HA ceTaX MOOMIbHOM B3 4G

Meronuka uccienoBanus 3pGeKTUBHOCTA (PYHKITMOHUPOBAHUS TexHOJIOornu NB-
[oT ¢ ydyeTom UCHOIBL30BaHUSI OJJHOTO M3 TPEX BO3MOXHBIX CIICHAPUEB Pa3BEPTHIBAHUS
IpeACTaBiIsieT Cco0OM  KOMOWHUPOBAHHBIM  MMOAXOJ, BKJIIOYAOIIMA B ceOs:
MOJICTTUPOBAHKE, YKCIIEPUMEHTAIbHBIC WCCIEAOBAHUS M aHAIU3 TMOJYYCHHBIX JTaHHBIX.
Meronuka pa3paboTaHa ¢ y4eTOM TOJOKEHUNW U3 MEXKIYHAPOIHBIX CTaHIApPTOB
naptHepckoi rpymmbl 3GPP [2], pekomenaanuu MekTyHapOIHOIO COI03a IEKTPOCBA3H
(MC3) [78], GTI TDD [10], pabouux crneuudukammii, ITOATOTOBICHHBIX
TEJIEKOMM YHHKAIMOHHBIMU ~ Komnanusima  Huawei, Rohde&Schwarz, u nay4HbIxX
W3bICKAHWH, MPEICTABJICHHBIX B IIEPBOM TIaBe. BaXXHO OTMETHUTH, YTO 3aJ€HCTBOBAHHBIN
noxxoy [11] oTiMyaeTcst TOCTaTOYHON TOYHOCTBHIO MPOBEICHUS W3MEPCHHUH KITIOUEBBIX
nokazatenet  addexktuBHocT cetu  NB-10T, uro moarBepkmaercss BBICOKOMH
CXOJIMMOCTBIO PE3y/IbTaTOB MOJECIMPOBAHUS U JKCIepuMeHTa. MHCTpyMeHTaIbHbIC
METO/Ibl U3MEPEHUS U Pa0OTHI C OCHOBHBIMHU TTOKA3aTeIIMU (YHKIIMOHUPOBAHUSI CETEH
JIeTaIbHO PacKphITHI B [79].

B kadecTBe 00beKTa MCCIEAOBAHNS BBICTYIIAET KJIaCTepHAs 30Ha MOOHMIILHOM CETH,
cocrosmmas w3 mectd (yHKnuoHUpyomux 4G 0a30BBIX CTAHIMN, H3TYYaroNIuX B
nuana3zone 800MI 1y (tabnuna 3.4). Knacrepnas 30Ha BeiOpaHa He ciay4yaiiHo. Kputepun
orOopa: mpUropoHasi 30Ha, pa3BuTast HHPpaCcTpyKTypa cetu, 3arpyxeHHocts 4G bC e
6onee 80%, cpennee paccrosaue mexy bC He 6onee 3 kKM, MIIOTHOCTH
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Tabmuma 3.4 — Koopaunatst 4G 6a30Bbix cTanuit 800MI 11 B mpuropoHoii 30HE

Mopiens Bricora

Howmep BC Jlonrora [Iupora AHTOHHLL A3uMyT ggf:;;;
LTE BTS 01 | 71.30XX984° | 50.98XX774° | Kathrein 130/230/330° | 28 m
LTEBTS 02 | 71.37XX092° | 51.00XX220° | CommScope | 40/200/310° |22 m
LTEBTS 03 | 71.36XX997° | 50.99XX005° | Kathrein 0/120/240° 30 m
LTEBTS 04 | 71.35XX336° | 50.97XX156° | CommScope | 50/170/290° | 28 m
LTEBTS 05| 71.35XX611° | 50.95XX805° | Huawei 0/120/280° 25 M
LTEBTS 06 | 71.36XX823° | 50.96XX601° | Kathrein 60/160/260° | 27 m

Cpennuii nokazarenb | 27 M

Jlns mpoeaeHus — uccienoBanus — TexHosorud  NB-10T  ucmonwiyercs

¢yHKIHOHUpYIoas MoOmwibHas ceTh 4G, NOCKONbKY 3TO YHPOIIAET MPOLEece
npoBeneHus: TectupoBanust NB-10T, u uckimouaer HEOOXOAUMOCTh MIIAHUPOBAHUS U
sanmycka 4G cet ¢ Hyma. MogenupoBaHHE W OSKCIEPUMEHTAIBLHOE TECTUPOBAHUE
MIPOBOJIUTCSL TIOOYEPEAHO I Kaxaoro u3 Tpex pexumoB NB-10T (aBToHOMHBIH, B
3aIlMTHOM TOJI0CE, BHYTPHUIIOJIOCHBIN ) IPH OJJMHAKOBBIX BHEITHUX YCIOBHSIX.

IIpakTuyeckasi 4YacTb. 37€Ch H3JIOKEHBI PE3yJIbTaThl AKCIEPUMEHTAIHHOTO
UCCIICZIOBAHNSA ¥ WMHTALMOHHOTO MOEIUPOBAHUS PabOThI CHCTEMBI KOMMEPYECKOTO
yuera cueTyukoB/natdyukoB NB-10T B peaqbHbIX yCIOBUSX Ha ceTU MOOUIILHOM CBSA3U
4G. [l 3TOro MpOBOAATCS MMHUTAIIMOHHOE MOJAEITUPOBAHHE B CIHEIMAIM3MPOBAHHBIX
nporpammubix cpemax Forsk Atoll 3.3.2 u U-Net Network Planning Tool, u
AKCIIEPUMEHTAIbHOE HCCJeIOBaHUE Ha TecToBOM kiactepe 4G ceTu omHOro wu3
MOOMJIBHBIX oreparopoB cBs3u (Mobile network operator, MNO) coriacHo mapamerpam
BbC, yxazanupiM B Tabnuue 3.4.

B y3kononocHo# texnonoruu loT npumeHsieTcs: MHOKECTBO U3BECTHBIX (PYHKIINN
U METO/IOB, 3a(MKCUPOBAHHBIX B cTaHjapre coToBoil cBsizu LTE. B cBsa3u ¢ stum
metonosnorus rectupoBanus NB-10T moxeT ObITh CX0%ka C METOI0NOTHEN TECTUPOBAHMUS
texHoinorun 4G. Tlocne ocymiecTBiIeHUsT HEOOXOAUMBIX —YIY4YIICHUH MeETOJuKa
IPOBOJIMMOTO HCCIEJOBAHMS CTajla BKJIOYaTh B CeOs 4YEThIpe OCHOBHBIC 3ajayH,
00eCreurBaroe MaKCUMaIbHYIO0 TOCTOBEPHOCTh PE3yIbTaTOB U3MEPEHH, a UMEHHO

- BOCTIpOM3BeIeHHE YycioBui TectupoBaHusi TexHojoruud NB-I0T na tecroBom
yuactke cetu 4G, Haubosee NpuOIMKEHHBIX K PEaIbHBIM;

- IPOBE/ICHNE AKCIEPUMEHTATBHOIO HWCCIIECIOBAHUS s M3MEPEHHs] 3HA4YCHUU
ocHOBHBIX Tmoka3areneid NB-10T cerm mnpm wHCHonb30BaHWM  BHYTPUIIOJOCHOTO,
aBTOHOMHOT'O U CIIEHapHs Pa3BEPThIBAHUS B 3aIIUTHOH MOJIOCE;

- MOJICJIMPOBAHUE MTPOU3BOJIUTEILHOCTH U OCHOBHBIX napaMmeTpoB NB-10T cetu B
BBIIICHA3BAHHBIX TPEX pEXKUMax C MCIOJIb30BaHHEM TIporpammHoi cpensl Forsk Atoll
3.3.2 u U-Net Network Planning Tool;

- C60p, CUCTCMATU3AIIHNIO U aHAJIN3 IMMOJYICHHBIX PC3YJIbTATOB SKCIICPUMCHTA.
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IIpn pa3paboTKe METOAMKHA TECTUPOBAHUS BO BHUMAHUE OBUIM IPUHSTHI
CJIEYIOIME PUHIINIIBL:

1. [loka3anus, (UKCUpyeMble Ha TrpaHULE OOCIy)KMBaHUsA 0a30BOM CTaHIUW,
UCKJIIOYAIOTCS U3 O0IIeN CTaTUCTUKU. Takue JaHHbIE ABIAIOTCA U30BITOUHBIMU U MOTYT
UCKaXaThb OOIIUN pe3ybTaT TECTUPOBAHUSI.

2. Ilepen mpoBeeHHEM 3aMepOB MPOBOJIUTCS MPOBEPKA CTATUCTHUECKUX JTaHHBIX
CEeTH Ha IIPeMET NEePErpy3KH UCCIEAYyEMOro yuacTKa CeTH, a TAKXKe Ha HAJIM4Yue mpodiiemM
C MOAKIIOYEHUEM K CETH WM K CTOPOHHUM YCTPOWCTBAaM, BCIUIECKOB Tpaduka WU
Ipyrux (opc-MakOpHBIX OOCTOSITENBCTB, HCKAXKAIOUIUX PE3yIbTaThl SKCIIEPUMEHTA.

3. 3amepbl BO BpeMsl TPOBEICHUS HAIMOHAIBHBIX MPAa3AHUKOB, COOBITHIA,
MEPOIPUATUN UCKITIOUAIOTCS U3 PaOOTHI.

4. KonnuecTBO M3MEpPEHU IMoKas3aTesied W mapaMmeTpoB JOJHKHO MpeBbimarh 10
3aMepoB, o0ecreurBas JOCTOBEPHOCTh pPE3yJIbTAaTOB C MEHBIIEH MOrPEUIHOCTHIO.
Pe3ynbrar 3anuceiBaeTcsl Kak yCpEAHEHHOE 3HAUYCHUE.

Apxurtekrtypa cetu. Ha cerogusmmnmii feHb HanOojee NMepcrneKTUBHOM chepoit
npumeHenuss TexHoimorun NB-IoT BreicTymaer cdepa ymaaeHHOro KOHTPOIS U
yIpaBJICHUs JaTYMKAMU/CUETYMKAMHU, T/I€ TEXHOJOTHs y3komosocHoro l0T mo3Bossier
coOupaTh JaHHbIE M OCYLIECTBIATh JHWCTAHUMOHHBIM KOHTPOJb JJIsl IMOCTaBUIMKOB
AJIEKTPOIHEPTUH, TETIOBOM dHEPTHH, BojokaHanoB u T.1. [80, 81]. IMenHo 3TOT OHM3HEC-
Kelic B3AT 3a OCHOBY Npu MpoBefeHuu oneHku s¢hdextuBHoctu ceteit NB-IoT, myrem
IPOBEJEHUS SKCIIEPUMEHTANBHBIX UCCIEAOBAHUM U MOJIETUPOBAHMS B COOTBETCTBUU CO
CTPYKTYpHOM JMarpaMmMoM, MPeACTaBJIEHHON Ha pUCyHKe 3.1.

| MME HSS'
S1-lite umCoAp
e BRI

SR I

./
SIM-

KapTa

IoT cyeTumk

NB-IoT BazoBas

yCTPOIiCTBO cTaHums 4G fAapo cetu

IoT cepBep nocTasLwmKka ycnyr

Pucynok 3.1 - Apxurektypa NB-10T cetu mst yenyr JKKX

CrpykrypHas cxema cereii NB-IoT cxoxka ¢ 4G ceTpio, M BKITIOUAET B CeOS IMSIThH
TJIaBHBIX (PYHKIIMOHAIBHBIX 3JIEMEHTOB CETH:

1. Kiinenrckue tepmunansl NB-10T (matunku, ceHcopsl U T.1.);

2. ba3oBbie craHiMK, 00€CIIEUMBAIOIINE KOBPOBOE MOKphITHE TexHonorueit NB-
0T 1 nmoxnepxuBaroIe TP BapuaHTa UCIIOJIb30BAHUS CIIEKTPA;

3. Snpo cetn, otBevaromee 3a mnoakmoueHrne NB-10T BC k o6naunoi
BBEIYUCIUTENbHON Tu1atdgopme 10T;
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4. O6naynas mnatdopma, peaHazHadeHHas ISl 00pabOTKU MaHHBIX Pa3TMYHBIX
yCIyr;

5. Beprukanbusiii 10T-1ieHTp, KOTOPBIN MoOMy4aeT, 3anuceiBaeT ganHble NB-10T, u
koHTposupyeT padoty NB-IoT tepmunanos [82].

Hns  mpoektupoBanust ~ NB-I0OT  cetm  Obuin  ucnosib3oBaHbl  TpH
CTaHJIaPTU3UPOBAHHBIX PEXKHMa pabOTHI:

- aBTOHOMHBIN pexxuM padoTsl (Standalone mode);

- pabora B 3amuTHOM mosoce cetu 4G (guard band mode);

- pabora B mosioce cetu 4G (in-band mode).

JKcnepuMeHTAIbHOEe ucciaegoBanne. Ilockonbky TexHosorust  NB-10T
pa3pabaTheiBajlaCh C Y4€TOM COBMECTUMOCTH C YK€ CYIIECTBYIOIIMMH CTaHIapTaMH
COTOBBIX CETEH, TO SKCIEPUMEHT MPOBOJWICA C TEPEUCIOIb30BAHUEM HMEIOIICHCS
apXUTEKTYpBI ceTH 1 00opynoBanus 0a30Bbix cranimii (hardware) Huawei BTS3900 6e3
JIONIOJIHUTENBHBIX 3aTpaT Ha MojepHHU3anuio uHOpacTpykTypsl [83]. XapakrepucTuku
anTeHHO-(puaepHOro obopymoBaHus (Tabnuma 3.4) TakXke OTBEYAIOT TPEOOBAHUIM K
npoekTupyemMoit cetu [84]. OOHOBIIEHHE TIPOrPaMMHOI0 O0ECTICUCHHS HE TPeOOBAIOCH,
nockonbky Ha bBC ycranoBieHa mocienusis poctynHas Bepeus SRAN1G6.1,
coorBercTBytomas 3GPP cranmapry Pemus 16.1 [85] u momHOCTRIO TOACpKIBAKOIIIAS
NB-10T ¢dynkunonan. dynkunonan texunonorun NB-l10T ycranaBmmBancs cormacHo
CKPHIITOTpapUIEeCKIM KOMaH/1aM, MPEI0CTaBICHHBIMU MIPOU3BOIUTEIISIMU
obopynoBanusi bC. TectupoBanue texnonoru NB-IoT npoBoamiocs B IpUTrOpoOgHOMA
KJIACTEPHOM 30HE, COCTOsIIEH M3 6 MakpoOa30BBIX TPEXCEKTOPHBIX CTAHIUMN (PUCYHOK
3.2). Ob1mas 30Ha MOKPBITUS 0Aa30BBIX CTAaHIIUN cocTaBuia 24.5 kB.kM (38.5).

, , LTE BTS 01

a7
\ 2/ 7%
3 ) ! E‘ £BTS 04
(Y™ e
S ooty : e

LTE BTS_ 06

4 LTE a‘rs_:&
(4

Google Earth

Pucynok 3.2 - Pacnonoxxenue u HarnpaBiaeHue 06a30Bbix ctaHuuii NB-10T Ha
Google xapte
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loT-ycTpoiicTBa M3MEpeHUsT SJIEKTPOIHEPTUU ObLIM YCTAHOBJIEHBI B TECTOBOM
pexxume B paguyce aericteus bC. KoHTpois n3MepeHuil MpoBOINIICS € IOMOIIBIO €TMHON
CeTEBOM CHCTEMBI ympaBieHuWs u MoHuTopuHra Huawei iManager UZ2000,
YCTAaHOBJIEHHOM Ha CETH Omeparopa.

N3mepeHue paHee yTBepKIECHHBIX MOKa3aTesel 3pPeKTUBHOCTU CETH MTPOBOAUTCS
C IPUMEHEHUEM JIBYX U3BECTHBIX METOJ0B - /7151 Kaxkioro NB-10T cuenapust cobuparorcst
CTaTHUCTHUYECKHUE CETEBbIC JJaHHBIC, OOIIEH MPOIOKUTEIHLHOCThIO HE MeHee 30 aHeii (T.¢.
10 muett nmma kaxmoro creHapuss NB-I0T), w1 ¢ nomompio UMUTAIMOHHOTO
MOJENUPOBAHMS  Mporecca  (PYHKIIMOHMPOBAHUSA  CETH,  OCYILECTBIIEMOrO B
npodecCHOHANBHBIX IporpaMMHbIX cpenax - Forsk Atoll 3.3.2 u U-Net Network Planning
Tool. [Insg aHanu3a JaHHBIX WCHOJNB3YETCS [0YAcOBasi CTATUCTHKA, 3a)UKCUPOBAHHAS
IPEUMYIIECTBEHHO B HAaMOOJBIINE Yachl 3aIPY3KH CETH, UYTO MO3BOJSET MAKCUMAIbHO
JOCTOBEPHO U3Y4UTh BiusgHuE Kaxaoro cueHapus NB-IoT B ycnoBusax skcryatanuu 4G
ceTH, Hanbosee MPUOJIMKEHHBIX K pealIbHbIM.

Tabmuua 3.5 — OCHOBHBIE MTOKA3aTEIN U CIIOCOOBI MX U3MEPEHHUS

dakTopHas rpymmna HanmeHnoBaHue nokaszaress Cnioco6 u3MepeHus
Joctymuocts cetu — Network
L DKCIEpUMEHT
[MpomsBomuTensHOCTH | Availability
CeTH Yenemnocts RRC ceccnn - SKCIEDHMEHT
RRC Connection Success Rate P
CpenHee KOIMYECTBO aKTUBHBIX
Yucno ycrporcTs nonb3oBareneii - NB-10T Active | PacuetHoe 3HaueHue
User Number
YPpOBEHB TTOKPBITUSA CETH - MopenupoBanue/
30Ha MOKPBITUSI CETH
RSRP DKCIEpUMEHT
KauecTtBo KIIMOHUPOBAHUS MopenupoBanue/
KauecTtBo cetn yn p ACTHIP
cetu - SINR DKCIIEpUMEHT
WNurepdepenus - Avg UL
[Tomexu pdepen g ODKCEPUMEHT
Interference
CkopocTh Tepeiaur JaHHBIX B
P AT A MonenupoBanue/
HarpaslieHHH «BBepx» - Avg UL S KCIEDIMEHT
. User Throughput P
KiueHTCKuM OnbIT
CxopocThb nepeauu JaHHbIX B
MonenupoBanue/
HarnpasJieHUH «BHU3» - Avg DL
OKCIIEpUMEHT
User Throughput
CtoumMoCTb co3aaHus
Pacuetrnoe 3HaueHue
cetu(CTO)
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NmutannonHoe MmoaenpoBanue. ViIMutarimoHHOEe MOACIMPOBAHNE HAIEIICHO Ha
co3nanue ycnoBuil pabotel TexHogoruu NB-10T na 4G cetu B ycnoBusax, MaKCUMaIbHO
OJIM3KUX K KoMMepueckuM. g 3toro 3aaeiictByercs nporpaMmmuas cpena Forsk Atoll

v.3.3.2 [86].

Forsk Atoll — »To cucTtema aBTOMATH3MPOBAHHOIO TMPOCKTHPOBAHUS CETEH
MOOWILHOW CBSI3M (PUCYHOK 3.2), BKJIFOUAIONIAs B ceOs MPOrpaMMHOE, MaTEeMaTHIECKOE
u uHdopmarmonnoe obecrieunue. brmaromapsi coderanuio B ceOe apXUTEKTYpPHBIX U

(G YHKIIMOHATBHBIX
IPOEKTUPOBAHUS U ONTUMHU3ALINH

BO3MOKHOCTEH,

CETEN.

[10
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Pucynok 3.3 — I1anens paboueit oomactu nporpammsl Forsk Atoll v.3.3.2

Hactpoiiku cpenbl MOAECIUPOBAHUS YCTAHOBJIEHBI B COOTBETCTBUU C TEKYITUMHU
HacTpoiikaMu TecToBor cetu 4G. BXoaHble NaHHBIC IS MPOBEICHUS MOJICTUPOBAHUS

npeacTaBjieHbl B Tabuie 3.6.

Tabnuna 3.6 - BxoHbIe TaHHBIE MOICTUPOBAHUS

Bxonnble manHbie

[TapameTpsl

1

2

Pexxum pabotel TexHomoruu NB-
loT

ABTOHOMHBIM, BHYTPUIIOJIOCHBIM, B 3aIIUTHON

ITIOJIOCC

Twn mecTHOCTH
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[Tponomxenue Tabmauist 3.6

1 2
[I;moTHOCTEH HaceneHusd 2636 / kM2
MakcumanbHad mwiotHocTth NB-10T
ycrpoiicts (UE) 800/ km?

18 cexropos (6 BC), padoTaromux B
nuamna3one 800 MI'ig
10 MI'u (LTE), 180 xI'ti (NB-I0T)

ApXHUTEKTYypa CETH
[IInpuHa 1OI0CHI MPONMYCKAHUS
MomuHocts npueMo-nepeaarurika NB-

loT BC 43/35 nbm
Kondurypariyst aHTeHHON CUCTEMBbI BC:1Tx,2Rx; UE: 1 Tx, 1 Rx
3arpyska LTE BC <80%

JIOoCTyITHBIE pecypChl 1 PRB na ycrpoiicto (180 kHz)
BTS receiver noise figure 3 nb

[Iporiecc HACTPOWKK MapaMeTPOB COTJIACHO JAHHBIM TAOMHUIHI 3.6 MJIA KaKIou
0a30BOIi CTAaHIIMK BO BKJIAJIKe « Transmitters» mpeacrapiieH Ha puCcyHKe 3.4.
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Pucynok 3.4 — Okno nporpammHoro komiuiekca Forsk Atoll mpu mactpoiike
(bu3HYECKUX MmapamMeTpoB 0a30BbIX CTAHIIHIMA
JTlanee BOo BkiIaake «Propagation Model» BeiOpana Moaenb — Cpebl

pacmipoctpanenus — «Cost-Hata» (pucynok 3.5).
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Main matrix Extended matrix

Propagation model: Propagation model:

| Cost-Hata v/ | Cost-Hata v
Radius: 2030 m Radius: 3000 m
Resolution: 50 m Resolution: 50 m

Pucynok 3.5 — HacTpoiiku Mojenu pacnpoctpanenus curnaia 10T B okHe
nporpammHoro komiuiekca Forsk Atoll

Mogens pactipocTpanenus curnaia - Cost231 Hata, ucrionb3yercs 1y paboThl B
nurana3one 0.8 - 2 I'T'ry ¢ BeicoToit bC He MeHee 30M, BRICOTOM aHTEHHBI KIIMEHTCKOTO
ycrporictBa NB-10T ot 1 1o 10M u cpeaHemy paccTOSIHUIO MEXKTy HUMHU B HHTEpBaJe 1 -
20 xm. PopManbHO MOJIENIb PEKOMEHIYETCS K UCIIOIb30BAaHUIO Ha ceTsX, rae bC He Huxke
30 M, OIHAKO HA MPAKTHKE €€ MPUMEHSIOT Uil 00Jiee HU3KUX BBICOT IIPH YCIOBHUH, YTO
OKpYKarollue 374aHUs HAMHOI'O HM)KE BBICOTHI aHTEHHBI, KaK B HallleM cilydae. Takxke
JaHHAs MOJENb HE NMPUMEHHMMAa HAa MECTHOCTH, TJE€ PACCTOSHHUE MEXAY KpPYIHBIMH
CTPOCHUSAMU MEHBIIE | KM.

C ucnonb30BaHUEM 3TOM MoJenu ObUIM BPYYHYIO MPOBEICHBI PACU€Thl PacyeThl
JUIS HaXOXKJIEHUS paanyca (30HbI) MOKPBITHSA 0a30BOM cTaHUUU. JJI 3TOrO, BHITOTHSAETCS
cienyronias mocie0BaTeIbHOCTD:

1. C yuerom Texanueckux xapakrepuctuk bC paccuuThiBaeTcsi O10KET KaHaa —
MaKCHUMAaJIbHO JOMYCTUMBbIE MOTEPH MpH pacnpocTpanenuu curuana (MIII).

2. [Tpou3BoAUTCS pacyeT 30HbI MOKPHITHS OJJHON MakpoOa30BOW CTAHIIUH.

3. [Ipn HEOOXOIUMOCTH PACCUMUTHIBACTCS HEOOXOAMMOE KOJUYECTBO CAWTOB AJIs
oOecreyeHus MOKPBITUS U EeMKOCTH CETH.

MakcumanbHble TMOTEPU MPU PACHPOCTPAHEHUH CUTHaa (0Ollee 3aTyXaHue I0
HHEPreTUYECKUM XapaKTEPUCTUKAM) PACCUUTHIBAETCS IO (hopMyIIe:

PLcyM = PSI/II/IM - Sl‘[pM+Gl'Ip.aHT. - an.aHT._anOH._MHOM._MsaT. + GXBH,E[. (31)

rae Pyyym - DSKBUBAJICHTHAs W30TpoNHas u3nydaemas MouHocTh (DUNM)
nepenaryvka, Br;

Sipm - TyBCTBUTCIBHOCTD MPHEMHHUKA, TbM;

Gup.an - KOOQQUIMEHT yCUIIEHUsT aHTEHHBI, 1bu;

Lyp anr - IOTEPU B ONITOBOJOKOHHOM aHTEHHO-(UIEPHOM TPaKTe, 1b;
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Mppon.~ 3aI1aC HA NPOHUKHOBEHUE CHTHAJIA BHYTPb 3[aHUH B YCIIOBHAX TIPUTOPOIA

(penxas 3actpoiika), 1b;

M omexu - 3a11aC HA BHYTPUCUCTEMHBIE [IOMEXHU HA BXOJI€ IPUEMHUKA, Ab;
M. ren - 3aI1aC HA 3aT€HEHUE, 1b;
Gysyy,~ BBIMIPBIIL OT XOHAOBEPA, Abu.

HCHOHBByeMBIe AJA pacdcTa MaKCUMAJIbHBIX ITIOTCPb JAHHBIC ITPUBOAATCA HHIKC B

taomune 3.7.

Tabnuia 3.7 - VIcxoHbIe JaHHBIE 111 pacueTra PLy, B HanipaBIcHUN «BHUB»/«BBEPX»

Hanpasnenue Hampasnenune
Bxonnsie DHEPreTUYECKUE | Y CIIOBHOE “ , 3 s
apaMeTpbl o003HaYECHUE BHH3" BBCpX”Y
I : .

P P Downlink Uplink
BrixomHas MOIIHOCTE, 1bM Pups, 46 23
KoaddunmeHT ycuneHus aHTeHHBI
6 v GHp,E[.aHT. 18 0

a30BOM cTaHIMHU, 1bu
KoadduumeHT ycuiaeHus aHTeHHBI
anM.aHT. 0 18
TepMUHaNa, 1bu
[Torepy B  aHTEHHO-GHIEPHOM Lip.aurs 0.5 0
TpakTe, 1b Lypndun '
Bpmrpsiin cymMapHOW MOIIHOCTH G 3 0
nepeaTInuKkoB, 1b fPA:
MOoOIIHOCTH TEMIOBOIO 1Iyma, A1bm P, -104.4 -118.4
Pexomenryemoe OTHOIIICHHE
a4 Neg -0.24 0.61
curHai/mym, nb
KoadduumenT mryma npueMHHUKa,
bdur yMa 1ip Ny, 7 2.5
nb
3amac Ha momexu, 1b M omexu 8.51 3.8
3anac Ha MPOHUKHOBEHUE BHYTPH
- anox—mx. 12
3[IaHUM B YCJIOBUSX MpuUroposa, b
3amac Ha  3areHeHue  (Ipu
0 MsaTeH. 8.7
BEPOSTHOCTH MOKPbITUA 95%), 1b
Breiurpsiiin ot xaH10Bepa, 1b Gyony, 2.5

[TpousBenem pacuer TpeOyeMbIX apaMeTpoB C mpuMeHenuem Gopmyisl (3.1).
Jiis muaum «BHU3Y» (Downlink):
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Payym pr. = Pupa.t Grpp, + Guppanr.— Lupre = 46 +3 + 18 — 0.5 = 66.5 1bm
Supu_pr = Pyt Ngyg + Ny = —104.4 — 0.24 + 7 = —97.6 nbm
Js muaun «BBepx» (Uplink):
Pyyum_uvt = Pupat Gupn. + Guppawr.— Luppe = 23+ 0+ 0 -0 = 23 nbm
Supm v, = Pyt Ngyg + Ny = —118.4 4 0.61 + 2.5 = —115.29 nbm

TOF,Z[a CYMMApHOC 3aTyXaHHC 110 SOHCPICTUUICCKUM XAPAKTCPUCTUKAM!

PLegy p, = 66.5+97.6 —0— 0 — 12 — 851 — 8.7 + 2.5 = 137.39 1B
PLegy yr = 23 +115.29 + 18 — 0.5 — 12 — 3.8 — 8.7 + 2.5 = 133.79 1B

s pacuera AaNbHOCTH CBS3M M panuyca obcinyxuBanuss bC BeiOupaetcs
MUHUMAIIbHOE 3HAYCHHE U3 BBIMOIHEHHOTO pacyeTa - PLgy, y = 133.79 nb.
Jlns pacdera pagumyca TOKPBITHS Oa30BBIX CTaHIMM HCIIONB3yeTcs (opmysia

pacuera M/IIT ¢ momometo Cost231 Hata momenn. 3aech MakCHMalIbHO JOITYCTHMBIC
MIOTEPH PACCUUTHIBAIOTCS 1O hopMyIie:

PLsypurban = 46.3 + 33.9l0g,o(f) — 13.82logyo(hy) — a(hy) + (44.9 —
6.5510910(hb))l0g10(d) + Cppn, (3.2)

i€ PLgy,purban — IOTEPU CUTHANA MPU PACHPOCTPAHEHUU B MIPUTOPOJIHOUN 30HE, B
[nb];

f — 3aneiicTBOBaHHBIN YaCTOTHBIN Auana3oH, B [MI'1];

h,, — BBICOTa IPUEMHOT'0 YCTPOICTBA, B [M];

hj, — BbICOTa Nepenarolieil aHTEeHHbI 0a30BOM CTAHIIMU, B [M];

a — 3(pdexkTuBHBIN KOAPHUIMEHT KOPPEKIIUU TPUEMHON aHTCHHBI,

d — paccTosiHIE MEXTy IPUEMHHUKOM U TIepelaTaukoMm, B [km] [87];

C,, — nornpaBo4HbI K03 uIMeHT, 3aganubiid kak 0 1b 1715 TpUropoIHOi 30HHI,
31b — 11 KpynHBIX TOPOJOB.

3Hasd, uyTo cpeaHss BbicoTa bC B mpuUropoaHoit 30He - 27M, a BBICOTA MOABUKHOU

CTaHIIMM — 3M, OMpEeeNuM 30HY MOKpbITHS curHaita bBC d mpu pacmpocTpaHeHUH B
IpUropoHOM Kitactepe mo popmyne Cost321-Hata (3.1):
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PLe,purban = 46.3 + 33.9109,,(800) — 13.82l0g,0(27) — a(h,y,)
+ (44.9 — 6.55l0g10(24))10g10(d) + 0

[TompaBounsIil K03(puneHT ah,,, BeraucuseTcs mno popmyre:
a(h,,) = (1.1logf — 0.7)h,, — (1.56logf — 0.8) = 2.15 (3.3)

B dbopmyny (3.1) moacTaBuB MoJydeHHBIC 3HAUYCHMS, BHIYUCIUM 30HY MOKPBITHS
coThI d:

133.79 = 46.3 + 33.9l0g,,(800) — 13.82l0g,,(27) — 2.15
+ (44.9 — 6.55l0g10(24))10g,0(d) + 0

Pexomenayemplii paguyc nokpbiTus BC d cocraBuia 2.03 km.
B nanbheiiiieM npu HEOOXOJUMOCTH TMPOBEJECHUS HU3MEPEHUN Ha TpaHUIIe
MOKPBITHS 0a30BbIX cTaHIui L TE mMeHHO 3T0 paccTosiHre OyneT yUUThIBaThCS.

3.1.2 Pe3ynbTaThl U3MEpEHUN OCHOBHBIX MoKa3areneit a¢dexkruBHocTH cetu NB-
loT

B uccnenoBarenbckoil paboTe n3MepeHHsi OCHOBHBIX ITOKa3arenel 3 peKTUBHOCTH
(YHKIIMOHUPOBAHUSI CETU BBIMOIHSUIMCH KOMIUJIEKCHO, ¢ MPUMEHEHUEM COBPEMEHHBIX
IPOTPaMMHBIX OOECMEYeHH M TPOBEACHUEM IIOJEBBIX TECTHPOBAHUN Ha TECTOBOM
ydactke 4G ceru. C MOMOIIBIO MPOrPaMMHOM Cpebl TPOU3BOIWICA PACUET: YPOBHSA
curHasia (RSRP) 0a30BbIX CTaHIMI Ha MPUIIETalONICH TEPPUTOPUH, YPOBHS CHUTHAIA K
uarepdepennun mwioc mym (SINR) u ckopocteit nepenaun nanubix B ceTsix NB-l10T
(UL/DL User Throughput). DkcriepuMeHTaIbHOE TECTUPOBAHNUE TMPOBOAMIOCH C IENBIO
M3MEpEHHsI BCeX BRIOPAHHBIX paHee IMoKa3aTesneil.

Pe3ynbTaThl MccienoBaHus AJiA KaXI0ro CIEHApHs pa3BepThIBAHUS TEXHOJIOTHMU
NB-IoT cBenens! B Tabnuiy 3.8.

CornacHo tabnuie 3.8, HauIydIIue pe3ysbTaThl U3MEPEHUSI OCHOBHBIX CETEBBIX
nokazarenieii NB-10T BbIsIBIEHBI HpU HCMOIB30BAHUU ABTOHOMHOTO cueHapus. [lpu
MCIIOJIb30BAaHUH JIBYX JAPYTUX CIEHAPHUEB MPOUCXOIUT YXYAIICHNE YHCICHHBIX 3HAYCHHH
KPI. Huxe npencraBieH AeTaabHBIA aHAIU3 PE3yJIbTATOB HCCIEAOBAHUA IS KaXI0M
dakTopHO# rpynmsl B pa3pese cieHapueB NB-10T.
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Tabmuma 3.8 - Pe3ynbrarel n3MepeHnuss OCHOBHBIX moka3areseit Texnojorun NB-10T B
nuarnasone 800 MI' npu d = 2.03 km

®daxkrop Croco6 Pexomen
Has CerteBoii mokasarenb U3MEpEeHU | AyemMoe 1 2 3
rpyIima s 3HAYCHHE
Avg DL ) RSRP — | Dkcniepum 1175 | 1191 | -122.34
YcpenHeHHbIi YPOBEHb | €HT > 111
OIOPHOT'0 CHUTHaja NpUHATOH | Momeaupo 10435 | -110.67 | -111.01
30Ha MOIIHOCTH, 1bM BaHHe
nokpeITHs | Max DL ) RSRP — | Dkcnepum 86.5 -90.1 -93.34
MaxkcumanbHbIHI YpOBEHb | €HT > g5
OIOPHOT'O CHUTHaja NPUHATOH | Momenupo 7041 | 901 -93.34
MOIITHOCTH, TbM BaHHE
SINR — oTHOmIEHNE cCUTHANIA K | DKCIEpUM 796 761 7592
KauectBo | ypoBHIO nryma U | eHT ~10
cetu uHTepdepeny, nb Monenupo 987 979 957
BaHUE
Network avallabolllty - | Dkcriepum > 99.98 99.992 | 99.981 | 99.982
JIOCTYITHOCTH ceTH, %0 €HT
RRC Setup Success Rate — Y
[IpousBoz | mporeHT YCHemHbIX | P >95 98.03 96.55 97.73
HTEIBLHOCT | coenHeHnH, %
b CETH Call Drop Rate — mnporeHt
pa3benMHEHUS ) Dkcnepum <5 0.35 0.36 0.33
YCTaHOBJICHHBIX COCTUHEHHM, | CHT
%
Avg UL Interference -
Momex | >POPCHb  BHYIPHCHCICMILIX | DKCICPM | _ 415 | 4175 | -112.81 | -109.44
MOMEX B  HANpaBJICHUU | CHT
«BBEpPX», 1bMm
Avg DL User Throughput - | Dxcnepum 16.07 11.76 9.82
CpenHsst CKOpOCTh NEpenayu | eHT
NAaHHBIX 0a30BOM CTAaHLMUA Ha M 19.6
KOHEYHOTO TMO0Jb30BaTeNsl B OACIHPO 17.13 16.59 16.01
KnueHTck | MMHUM «BHU3Y», KOUT/C Batme
WU OIBIT Avg UL User Throughput - | Dxcriepum 6.76 6.40 6.05
CpenHssi CKOpOCTh Nepenayu | €HT
ITAHHBIX 0a30BOM CTAaHIIMHA Ha M 56.25
KOHEYHOT'0 I10JIb30BaTelNsl B OACIPO 55.24 55.01 53.94
BaHUE
JMHUH «BBEPX», KOUT/C
[Ipumeyanue:

1 — aBTOHOMHBIN CIIEHapHil
2 — B 3alIMTHOM IT1OJIOCE
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3 — BHYTPUIIOJIOCHBIN CIICHAPHIA

Ananu3z 3onvl noxpuimus NB-10T 5C

N3 tabGauiet 3.8 BUIHO, YTO HAMITYUIIUNA pe3ysabTaT 1o oxBaTy mokpbiTus NB-10T
BC nocturaercs mpu uCnosib30BaHUKM aBTOHOMHOTO ciieHapus. 31eck RSRP cocrapisier
-117.5 nbm npu pekomenayemoMm wuHTepBasie 3HadyeHn -103...-111 nabm. Ilpm
WCIOJIb30BAaHUM CLEHApUsA 3alIUTHOM TIOJIOCHI M  BHYTPHUIIOJIOCHOTO CIIEHapus
MPOMCXOMNUT yXyAlIeHne cpeaHero 3HadeHus RSRP wa 4.84 nbm u 1.6 abwm
COOTBETCTBEHHO. [IpUuMHON sBiIsSIETCS HalW4YUe BBICOKUX TIOTEPh Ha MYTH
pacipoCTpaHEHUs] CUTHAIA W TIOMEX, BOZHUKAIOITUX M3-32 CMEKHBIX PECYPCHBIX OJIOKOB
st LTE u NB-IoT. Ilpu aToM, 3HauuTeIbHON MHTEPGEPEHIIMH ISl BHYTPUIIOJIOCHOTO
WJIM CIIEHApHs UCTIOIB30BaHMUs 3auTHOM 1osiockl LTE He BoIsBIEHO [62].

Kaptel nokpeitust cetu NB-10T, nonydeHHbsle B pe3yiabTaTe MOAEIMPOBAHUS U
MPEACTaBJICHHbBIC HA pUCYHKaX 3.6-3.8, HArJISIAHO MOMOTAOT OLEHUTH BIIMSIHUE CLICHAPUS
pa3BeptheiBanus NB-l0T Ha 300y kauecTBeHHOr0 moKpbITHS BC.
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JlokazaHo, 4TO 1O Mepe yJaJieHusl KIMEHTCKOro TEpMUHaIa OT 6a30BOM CTaHIIUU
pasnuiia B 3HaueHusx RSRP mus tpex crenapueB pasBepthiBanmst NB-I0T Oymer
3HAYUTEILHO YBEJIMYMUBATHCS U JOCTUTHET MHUKa Ha TpaHUIle TMOKPHITHS cekTopoB bC.
[Tomumo BbeIOOpa crieHapus pa3BeptbiBanusi NB-10T, HeoOXoquMo yuuThIBaTh, YTO B
peanbHON Ccpefie, B OTIMYHE OT Pe3yJbTaTOB MOJCIMPOBAHUS, TOCTATOUYHO (HDaKTOPOB,
OKa3bIBAIOIIUX BJIUSHUWE HA 30HY MOKPBHITHS W TPeOYIONIMX BHUMAaHUE Ha JTare
nJIaHUpoBaHus paauoceTd. K HUM OTHOCSTCS: BUJ MOCTPOUKHU (TOPOJI/TIPUTOPO/I/CEIIO0),
paauyc oociyxuBanus bC (H-p, paccrosinue mexay bC LTE u GSM moryt otnnyarscs),
JOCTYITHBIN JIMIICH3UOHHBIN CTIEKTP, MOIIIHOCTH MPUEMO-TIEPEIATYNKOB M MHOTOE JIPYTOE.

Takke pyKoBOACTBOM K aHanu3y Hanudus yBepeHHoro NB-10T mokpeitus moryt
BBICTYIIATh MEXKIyHApPOAHbBIE PEKOMEHJAIMH W IojeBble ucobiTanus [51, 52]. B
HekoTophix cirydasx MNO u3HadambHO MPUMEHSIIOT W3BECTHBIE OM3HEC-MOJIENN C YXKe
YCTAHOBJIEHHBIMU TPEOOBAHUSIMU K YPOBHIO TOKPBITHSI, KAa4ECTBY HNPUHUMAEMOTO
CHUTHaJa, CKOPOCTH W JPYTMM HEMaJIOBaXHBIM IMOKa3zaTeldsiM. B Takom ciydae
PEKOMEHAIMU K YPOBHIO TOKPHITHS (Tabyimia 3.9) BBIABUTAIOTCS B COOTBETCTBHUH C
JIPYTUMHU YTBEP)KJIECHHBIMU IMapaMeTpaMH, HalpuUMep, CKOPOCTHIO Mepeadyd JaHHBIX
cnyx0b61 NB-I0T.

Tabnuia 3.9 - Tpe6oanue k nokazarensiMm RSRP u SINR nns obecnedenus n3BecTHON
CKOpoCTH nepenayun gaHHbix 10T yemyr

bazogsie
CrenuansHbie CnennanbHbie
[TokazaTenu pEKOMEHyeMbIe
TpeboBaHus 1 TpeGoBaHus 2
TpeOOBaHMS

MCL  (maximum  coupling loss, | 157 a1b 154 nb 151 nb
MaKCHUMaJbHas noTeps CBSI3H,
oTpakaromiasi TpeOoBaHHE K MOKPBITHIO
BOCXO/ISAIIEH JIMHUH CBSI3H)
RSRP DL (ABToHOMHBIH crieHapuii, pu | -125 nbm -122 nbm -119 nbm
BBIXOJIHOM MomIHOCTH nepeaaTunka bC -
32.21bwm, total power 1x20 BT)
RSRP DL (BuyrpunosocHsiii, ciienapuii | -133 nbm -130 nbm -127 nbm
WCIOJIb30BAHUS 3AIUTHON ITOJIOCHI, MPHU
BBIXOJIHOM MoIHOCTH nepeaaTynka bC -
24.2 nbwm, total power 2x1.6 Bt)
DL SINR -9 nb -5 nb -4 nb
Avg DL User Throughput 670 out/c 1.2 x6ut/c 1.8 x6ut/c
Avg UL User Throughput 160 6ut/c 300 our/c 600 out/c

B xome mpoBeneHuss MOJETUPOBAHUS TAKXKE 3aMEPsUICS PajuycC TMOKPBITHS s
Hanboyiee 4YacTO WCIOJIb3YEeMbIX YaCTOTHBIX Juana3oHoB LTE nns  peanuzanuu
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texHosioruu NB-I0T. Pe3ynbrars! npeacrasiens! B Tadnute 3.10. Cienyronue BXOAHbIE
JTAaHHBIE HCIOJI30BAIMCH JJIsl TECTUpOBaHMS: Tpu BapuaHTa peanmsanuu NB-I0T,
MomtHOCTh nepenatuyuka NB-10T - 43 u 35 nbm, NRS-MomtHocts paBHast 32.2 nbw,
PEKOMEHIYEMbIH YPOBEHB MOKPBITUS YCIyron He MeHee -122.34 nbwm.

Tabmuma 3.10 - 3ona mokpeiTust [kM] NB-10T mist Tpéx cuieHapueB pa3BepThIBaHUS U
Pa3IMYHBIX YaCTOTHBIX JArana3oHoB npu 3HaueHuU RSRP -122.34 nbm

NBolop | actomell800MIm | 900MTu | 1800 MTu | 2100 MT'y
AptoHOMHBIN | ['opon 1.39 1.34 0.97 0.95
[Tpuropon 2.87 2.74 1.98 1.97
Ceno 9.7 8.43 5.87 5.32
B 3amutHolt | 'opon 1.34 1.23 0.76 0.66
noJoce [Tpuropon 2.67 2.53 1.89 1.54
Ceno 9.1 8.33 5.84 5.02
Buyrpunonoc | I'opon 1.21 1.21 0.75 0.63
HBIN [Tpuropon 2.03 1.94 1.87 1.52
Ceno 8.91 8.12 5.7 5

N3 Tabmutet 3.10 BUgHO, UTO JJIS1 HU3KOYACTOTHOTO cerMeHTa mokpsitue NB-10T
3HaYuTeNbHO BbIme. [Ipy omnHakoBoMm 3HaueHnu RSRP curHama 30Ha TOKPBHITHS TPH
UCIIONBb30BaHUU 4acToThl B 800 MI' mpubim3uTensHo B 2 pasza Oombine, yeM npu 2.1
ITu. MoxHo caenaTe BBIBOJ, YTO HauOoOJiee NPEANOYTHUTEIHLHBIMU YaCTOTHBIMU
nuariazoHamu juis 3ammycka Texnosioruv NB-10T ssmsitores 800 MI'tp u 900 MI .

AHanmm3 30HBI MOKPBITUS TMMOKA3al, YTO MPH KEJIAHWH JOCTUYL OMPEIEICHHOTO
ypoBHs TOKpbITHs NB-10T RSRP, HeoOXomWMoO y4WTHIBATH HE TOJIBKO CIIEHAPUHU
peamuzanuu NB-10T, HO u cienyeT mpuHUMAaTh BO BHUMAaHHE Takue (PaKTOphl, Kak
JOCTYITHBIE CIIEKTPATIbHBIE PECYPCHI OTIEPATOPa, U3BECTHBIE TPEOOBAHUS K KAUECTBY CETH
U KIMEHTCKOMY ONBITY. PeKoMeHIyeTcsi OTJaBaTh MNPEANOYTEHHE HU3KOYACTOTHBIM
cermenTam, TakuM kak 800 MI't/900 MI'1y [88].

Ananu3 kadecrBa cetu NB-l10T. CornacHo pekoMMeHIauusiM MapTHEPCKOU
rpynnsl 3GPP pekomennyemoe 3nauenue SINR ms nmpuemniemoit pabotsl cetu NB-10T
nexut B mpenenax 7..10 ab. Ilpu orpunatensHom 3HaveHuun SINR ypoBeHb momex
MIPEBBIIIAET YPOBEHB IMOJIE3HOTO CHUTHAJA, YTO SBJISICTCS YaCThIM SIBJICHUEM Ha TPaHUIIES
MOKPBITUSL CEKTOpa TIpueMo-liepeaaronieii 0a3oBoi craniuu. [1ockoybKy WM3HAYAIBHO
Obu1a mocrarieHa 3aaada nmporectupoath NB-10T KPIS B MakcrumanbHO MpuOIMKEHHBIX
K peasibHbIM ycinoBusx, To u3aMepernst DL SINR npoBonuTcst B yke H3BECTHOM JIOKALIUU
— 2.03 kM ot 6a3oBbix crannuii NB-10T, roe ypoBens nokpsituss RSRP He mensie -
122.34 nbwm. Ha pucynke 3.9 npencrasiensl ycpennennblie 3Hauenns NB-10T DL SINR:
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aBTOHOMHBIM cueHapuid - 7.96 nb, B 3ammuTHON mosoce - 7.61 nb, coBmemeHHOe
WCIIOJIb30BaHME CIieKTpa - 7.52 nab.

OTHOLWEHME CUrHaNa K MHTepdepeHumm natoc Wwym, ob

8.5
8.3

8.1 7.96
7.9

7.61
77 7.52

7.5
7.3
7.1

6.9
ABTOHOMHbI B 3awwmTHOM nonoce BHYTpMNOAOCHbIN

Pucynok 3.9 - Msmepenuns DL SINR nnst Tpex cuieHapueB pa3BepThIBaHUS
texHosoruu NB-10T

B nenom, MoxHO cienatb BbIBOJ, 4TO Bee Tpu ciieHapus NB-l0T oGecneunBatot
JNOJDKHOE KadecTBO ceTH. (OJHaKo, IOCKOJIbKY BHYTPHUIIOJIOCHBIM CLEHapuil B
NpeabIIyIIeM aHalIu3e MoKas3al HauxXyAuui ypoBeHb curHaiga RSRP, onpenenstommii
30HY HOKpPBITHS, U B TEKYILIEM aHAIM3€ [0 KAYeCTBY CETH BHOBb OTCTAET, TO CIEAYET
MIPOBEPUTH HATTMYHE KOppessiiuu Mexay mokazarensiMmu RSRP u SINR.

Pe3ynbTaThl KOppensuuUd OJHUX U3 TJIaBHBIX (PAKTOPHBIX TPYIII: 30HBI MOKPHITHUS
n kadectBa cetu NB-l10T B mnpuroponHoil 30He [yisi BHYTPHUIIOJOCHOI'O CIIEHApUS
pasBeptbiBanusi NB-l10T npuBoastcs Ha pucynke 3.10. HMccnenoBanus noka3piBaroT, 4To:

1. IToreps cBsi3u Mex Ay NMpUEMO-TIepearoIleii 6a30BOM CTaHIIMEH U a0OHEHTCKUM
TEPMUHAJIOM MPOUCXOIUT MpH IMpeBbilieHn: noporooro 3HayeHuss RSRP B -130 a1bm u
SINR -17 nb (pucynok 3.10). Ilpu sTom, Tosmbko 2.2% MpPOBEACHHBIX H3MEPECHUIA
MOKa3bIBAIOT YpoBeHb curHana -130 nbm u Huke, 4TO OOYCIOBJICHO JAIbHOCTHIO
pacrnoJIOKeHHsI OT 0a30BOM CTAaHIMU U CYHIECTBYIOIIMMH YCJIOBHUSIMU Teorpaduyeckon
MECTHOCTH.

2. Ilpu yciaoBuH, YTO YYBCTBUTEILHOCTh MPUEMHHUKA COCTaBIIET HE MeHee -141
nbM, HEKOTOpble A0OHEHTCKHME TEPMHUHANIBI BCE €II€ MOT'YT MOAKIIYAThCs K 0a30BOM
CTaHLIMM U TepellaBaTh JaHHbIE Ha yKazaHHoe paccTosHue. [logkmouenne UE nanbiie
PEKOMEHIYEMOM 30HBI MOKPBITHS - 2.7 KM, IPUBOAUT K NOTEPE CUTHANA U YBEIUYEHHIO
0OpBIBOB CBsi3M Ha ceTH (prucyHok 3.10).
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3. Makcumanwuoe 3nadenne NB-10T RSRP nnst mpuropoHoii 30HBI COCTaBIISIET -
93.34 nbm (tabmuua 3.8.). Ha paccrossuum 2.03 kM OoT 0a30BOil CTaHIIMH, YPOBEHb
curraina omyckaercs 10 -122.34 a1bm u DL SINR g0 7.52 nb.

Crnenyer oTMeTHTh, uTO pe3yibTarhl uccienoBanuss DL RSRP and SINR ne
SBJIAIOTCS (PUKCUPOBAHHBIMH, IMOCKOJBKY 3aBUCAT OT MHOTUX (DaKTOPOB, TAaKUX KakK:
3arpy>KE€HHOCTh M YCJIOBHS IKCILTyaTalluu 0a30BOM CTaHIIUU, YyBCTBUTEILHOWU MTPUEMHON
anteHusl UE, moronnsie ycnoBus u T.7. OqHAKO, MPOBEACHUE HCCICIOBAHKS TTOMOTaeT
YCTAaHOBUTh OOIIWNA XapakKTep H3MEHEHUs BBIINICYKa3aHHBIX TOKa3aTesen g Tpex
BapuaHTOB Hcnoiab3oBanus PUYC npu 3amycke Texnonoruu NB-10T.

»  Simulated SINR (dB) A  Experimental SINR (dB) Correlated SINR (dB)

15

10

5

o

SINR (dB)
&

N
o

-15

140 -135 -130 -125 -120 -115 -110 -105 -100 90 95 90 -85
RSRP (dBm)

Pucynok 3.10 - 3aBucumocts kadectBa cetd NB-10T (SINR) ot paguonokpeitus
(DL RSRP)

IMpousBonuTeabHOCTh ceTH. JlaHHAas (akTOpHAs Tpylna COCTOUT M3 TPeX
cereBbIX mapamerpoB (moctymHocth cetn, RRC Setup Success Rate, Call Drop Rate),
3HAYEHHSI KOTOPBIX MPECTABJISIOT COO0M CTATUCTUYESCKUE TaHHbIE, 3aQUKCUPOBAHHBIC C
MOOWJILHOW CETH, OOIIEH MPOJODKUTEIBHOCThIO He MeHee 30 KaJleHIapHBIX JTHEH.
3amMepbl OCYIIECTBISIOTCS B 4Yachl HaWOOJBIICH HArpy3KH, Yallle BCEro, 3TO MEPHOJ
Bpemenu — 09:00, 20:00, 21:00. Pe3ynbTars! npuBeaeHs! Ha pucynke 3.11 —3.13.
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MpPOLEHT yCneLwHbIX coeauHeHUNn, %

100
95 \/ \/\M
90

85
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65
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1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

ABTOHOMHBIIA BHyTpunonocHbIi B zawmTHOM nonoce

Pucynok 3.11 — IIpoueHT yCHemHbIX COEAUHEHNI Ha PaJro YacTH JJIs TPeX
crieHapueB pa3BepThiBaHus TexHojaoruu NB-10T

MpoueHT pasbeMHEHUA YCTAHOBEHHbIX COeaAUHEHWN, %
20

15
10

5

OM_/\
1 3 5 7 9 11

N
15 17 19 21

25 27 29

B sawmTHONM nonoce

13 23

ABTOHOMHbIH

BHyTpunonocHslii

Pucynok 3.12 — IIpotieHT pa3beIuHEHUs] YCTAaHOBJIEHHBIX COSAMHEHUM I TPEX
clieHapueB pa3BepThiBaHus TexHojaoruu NB-10T
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[ocTynHocTb ceTu, %

\NV4 N \x/\-'/ <
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s==== ABTOHOMHbIA === BHYTpUNONOCHbIA  ====B 331NTHOM Nonoce

Pucynok 3.13 — JlocTynmiHOCTb CE€THU Nepeaun JaHHBIX B YaChl HAUOOJIbIIIEH HATPY3KH

YpoBeHb BHYTpHUCHCTEMHBIX noMeX. COorinacHo pe3yJsibTaram, PUBEICHHBIM Ha
pucynke 3.14 u tabmuie 3.8, M0 YCTOMYMBOCTU K MHTEPPEPEHIIMU Ha MEPBOM MECTE
HaXOJUTCSl aBTOHOMHBIW CLEHApHii, e B3aUMHBIE Cllydad UHTEep(EPEHIUU C IPYTUMHU
TEXHOJIOTUSMH COTOBOM CBSI3U, B JIAaHHOM cCllyyae — ¢ TexHosnoruei 4G, MUHUMAaJbHBI,
IOCKOJIBKY JUJISl peaju3allid aBTOHOMHOIO CLEHApHUsl BBIACISIETCS JIONOJHUTEIBHO
100...400 kI'm 4acTOTHOrO CHEKTpa UIsl OpPraHU3alWU 3alIUTHBIX UHTEPBAJIOB MEKIY
TEXHOJIOTUSMH.

CpeaHUWIt ypOBEHb BHYTPUCHUCTEMHbIX NOMeX, AEM

-30
4 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
-50
-60
-70
-80
-90
-100
-110
-120
-130

ABTOHOMHBI === BHYTPUMNONOCHbI === B 33UIUTHOW NONOCE =====- MNoporoBoe 3HayeHUe

Pucynok 3.14 — Cpennee 3HaueHUE YPOBHS BHYTPUCUCTEMHBIX TTIOMEX, CO3/1aBAEMbIX
Hecylmumu yactotamu TexHonoruu NB-IoT, B pa3pese 30 queli mpencTaBiIeHbI
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HauGompmue mnomexu (Avg UL Interference: -109.44 nbm) BbI3BaHBI
UCIOJIb30BAaHUEM BHYTPUIIOJIOCHOTO CIIEHAPHUS, YTO OOBSICHSAETCS HCIOIb30BaHUEM
CMEXKHBIX pecypcHBIX 0J10K0B Jijist TexHosoruit NB-10T u LTE. Tem camMbiM npoucxoaut
YXY/IIEHNE OCHOBHBIX IMOKa3aTeNei CeTH U3-3a BOSHUKHOBEHUS BHICOKUX MOTEPh HA ITYTH
pacnpocTtpaHeHus: curaana. [Ipu monenupoBanuu padbothl cetu 4G OBUIO YCTaHOBJICHO,
YTO MpHU Ucnoyib3oBaHuU TexHojoru NB-10T HaOmronaercs 3HaunTEeILHOE YBEJIMUCHUE
CO-KaHAJIbHBIX TTOMEX, JJII YMEHBIIICHUSI KOTOPBIX, Yallle BCETro, JOCTATOYHO YBEIHYUTH
morHocTh NB-10T npuemo-nepenaunkon, 1u00 3aaeiicTBOBaThH Jt00ObIe criocodsl PRB-
ramenust B cotax bC, ornuunbix ot NB-l0T. Hanmpumep, koopauHanust 30HbI MOKPHITHS
[77].

Ncnonb3oBanue texnonorur NB-10T B 3amuTHOM MHTEpBalie 4aCTOTHOT'O CIIEKTpa
LTE obGecrieunBaeT XOpOIIYI 3allUTy OT MoMmeX g oboux TexHosoruil. CpenHee
snauenust UL Interference: -112.81 abm. Cornacuo ucciienoBanusm [89], mpucyrcTByroT
HEOOJIbIINE MOMEXH B BOCXOASAIICH JTMHUU CBA3M, CO3/1aBacMble mojb3oBarensimu LTE,
OJTHAKO, WX BIIUSTHUE HE SBIIICTCS CYIIECTBEHHBIM JIJISl YXYIIICHUS MPOU3BOIUTEIHLHOCTH
Y3KO0MoJIoCHOrO MHTEepHEeTa Bene.

Pesynbrarel MmomenupoBanus usmenenuii Avg UL Interference anamorudnsr s
BCEX YACTOTHBIX JIMAMA30HOB, IIOCKOJBKY OCHOBHOW NPUYMHOW BO3HHKHOBEHUS
WHTEPPEPEHIINH SBIIICTCS MMEHHO XapaKTep pa3BepThIBAHUS yY3KOMOJOCHOTO0 HTEepHETA
BEIICH, a HE UCTIOIb30BAHHBIN TMAMa30H YacToT.

KiimenTckuii onbIT. Pe3ynbrarel CPaBHUTENBHOIO AHAIN3a CPEAHEN CKOPOCTH
nepenadyn aaHHbIx B HUcxomsamen auaun (DL User Throughput) mis tpex cuenapues
pa3septeiBanus NB-l10T npusenenst Ha pucynke 3.15.

CpeaHAAa CKOPOCTb Nepeayn AaHHbIX B HanpasaeHun BHU3', KBUT/c

18
16
14
12

oM B O

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

ABTOHOMHbIA BHyTpunonocHelr B 3alWMTHOM nosoce

Pucynok 3.15 - Pesynbsrarel m3mepenus Average Downlink User Throughput B
nukoBble yackl (BH) B Teuenun 30 gueit
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BumHo, uto cpennee 3HaueHue nokasatens DL User Throughput aist aBroHoMHOTO
BapuaHTa coctaBisier 14.90 kOut/c Ha abOHEHTa, B TO BpeMsi KakK JJisi CIICHapHUEB
pa3BepTHIBAHUS B 3AIIUTHOM MOJIOCE ¥ BHYTPH MOJIOCHI MTOKa3zarenu Hike — 11.09 kout/c
u 9.82 KOUT/C COOTBETCTBEHHO. TeopeTuyecKkn MakCUMallbHas CKOPOCTh jgocturaer 20
KOWT/C IpH UI€aNbHBIX PAIUO YCIOBHIX Uil OAHOTOHAJIBHOTO pexxuMa u 250 kouT/c 1ist
MHOTOTOHAJLHOTO. Pe3ynmpTaThl 3KCIIEpUMEHTa TOATBEPXKIAIOTCA  MPEIBILIYIIUMHU
uccinenoBanusmu [79]. Ha cpeanee 3nauenne DL User Throughput okaspiBaroT BiausiHHE
Takue QakTophl Kak: Tekymas 3arpy3ka bC, konmnuecTBo nosib3oBaresneit/natunko NB-
0T, paccrosiuue ot BC 10 aboHEHTa 1 MHOTOE JIPYTOE.

TectupoBanne Avg UL User Throughput mokazano aHajgorudHbie pe3ysibTaThl —
HAaWTYYIIMM CLIEHapUEM BBICTYMAaeT aBTOHOMHBIM. OJHAKO, MOJY4YEHHBIE B XOJI€
AKCIIEPUMEHTA CPEIHUE 3HAUCHUS MPAKTUYCCKU OJWHAKOBBI JJII BCEX TPEX BApPHAHTOB
paseptbiBanus NB-10T: aBToHOMHBIN — 6.76 KOUT/C, B 3amIMTHOM mojioce — 6.40 KOuUT/C,
BHYTpHUNOJ0CH — 6.05 k6uT/c (pucyHok 3.16). IT0 00BACHAETCS TEM, UTO B BOCXOAIIEM
KaHaJle HWACT TMepeAada HeOONbIUX OO0BEMOB MAHHBIX, M HET HEOOXOIMMOCTH B
UCIIOJIb30BAaHUM OTPOMHBIX CIEKTpaJIbHBIX pecypcoB. Takum oOpa3zom, TUIl ClieHapus
pa3BepThIBaHUSI HECYIIECTBEHHO OKa3bIBae€T BIMsAHME Ha mnokazatenr UL User
Throughput.

CpefHss CKOPOCTb Nepesaym AaHHbIX B HanpasaeHun ' seepx , Kbut/c
)

6 A/\—’H/—\/\\——\

4
2
0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
ABTOHOMHbBIN BHyTpunonocHbld B 3aWuTHOM nonoce

Pucynok 3.16 - Pe3ynbrarel m3mepenuns Average Uplink User Throughput B nukoBbie
yacel (BH) B Teuenun 30 queit

3.1.3 CpaBHUTENBHBIN aHaIu3 pPE3YIBTATOB MOZEIUPOBAHUSA 151
AKCIEPUMEHTAIbHBIX U3MEPEHUIN
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CpaBHUTENbHBI aHAIW3 PE3yJbTATOB HMUTAIMOHHOTO MOJCITUPOBAHUS H
AKCIIEPUMEHTAa NPUBOAMTCS HUXKE JJIs1 OJHOIO W3 IJIABHBIX CETEBBIX IOKa3aTeleH,
HaIPSMYIO XapaKTepU3YIOIIMX KaueCTBO MPEIOCTABISIEMOM YCIYTH, - CPEHEN CKOPOCTH
nepefayu JaHHBIX B HampaBlieHUHW oOT 0a3oBoM cranmuu K abonenty (DL User
Throughput). s storo dpukcupyercs 3uadenus DL User Throughput B 3aBucuMoctu ot
U3MEHEHMS PacCTOSIHUS MEXAy OKOHEUHbIM ycTpoiicTBoM NB-IoT u 6a30Boii cTaHuen,
T.e. B 3aBucuMocTu OT ypoBHs curHama NB-l0T RSRP. Tlomo6noe wuccrnemoBanue
IIOMOTa€eT, B MEPBYIO OYEPE/b, CIIPOTHO3UPOBATh MOOMIIBHBIM OMEPATOPAM OXKHUAAEMbIe
CKOPOCTH Tepeavu JaHHbIX, OCHOBBIBASICh HA OINPEACIEHHOM YPOBHE CHUTHaja, a, BO-
BTOPBIX, CPaBHEHUE pE3YJbTAaTOB (PU3MUECKOrO HKCIEPUMEHTAa U HMHUTAI[MOHHOTO
MOJIETUPOBAHMS TOKA3aJI0 UX BBICOKYIO CXOJMMOCTh M MOATBEPAMIIO aJEKBAaTHOCTbH
npUMeHsieMoi MeTozosorun ucciaeaoBanus cereii 4G ¢ NB-1oT [90, 91].

Jlns mpoBeZieHHs] TECTUPOBaHUS OBLJIO OTIPABICHO CTO MAKEeTOB pasmMepoMm 512
OaiiT. Bce makeTbl ObUIM YCHENIHO MPHUHATHI HA TMPUEMHON CTOpOHE. Pe3ynbTaTshl
uccienoBanus ogHoro u3 cueHapueB NB-I0T - aBToHOMHOro, NpUBOJSATCS HA PUCYHKE
3.17. Iponyckuas crmocobnocts DL Throughput ocraBanachk mpakTHYecKHd Ha OTHOM
ypoBHe (22,7 kOuT/c) Ha paccTostHUU 10 2,03 KM, 4TO COOTBETCTBYET YPOBHIO CHUTHasIa
RSRP paBHOMYy -115 n1bm. DT0 mo3BosIsieT ycTaHABIMBATh A0OHEHTCKHUE TepMuHaIbl NB-
loT Ha pocratounom paccrosaun ot bC B mnpuropogHoil 30He, oOecreduBas
IpreMJIEMbIH YPOBEHb CUTHAJIA M CTA0MIIBHYIO CKOPOCTb I€peiaun JaHHbIX.

MopenupopaHue JKCNepUMeEHT

25

20
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NuHuKM "BHU3", KOBUT/C

-80 -85 90 95 -100 -105 -110 -115 -120 -125 -130 -135 -140

CpeHAA CKOPOCTb nepeaaym faHHbIX B

YpoeeHb curHana, RSRP (obm)

Pucynok 3.17 — ComnocTaBieHue SKCIEPUMEHTAILHBIX TAHHBIX U PE3YJIbTATOB
MOJICJTMPOBAHUS CPEIHEN CKOPOCTH TMepeIavn JaHHBIX aBTOHOMHOT'O CLEHApHsl Py
pa3NMYHBIX 3HAYCHUAX YpoBHsA curHaima RSRP

97



dopmyna pacuera CpeIHEro 3HaueHUsl CkopocTu mnepenadud gaHHbix NB-10T B
HaIlPaBJICHUH «BHU3Y:

L L.NB.Thrp.bits.DL.
Yie,L.NB.Thrp.Time.DL.

Avg DL NB User Throughput = [k6uT/C], (5)

rae ).iiq L. NB.Thrp.bits. DL. — cymMa Bcex OMTOB MH(OpPMAINH, IEPEIaHHbIX B
HampasjieHn BHU3 Ha cekTop bC;
L, L.NB.Thrp.Time. DL. — Bpemst nepenadn uH(opMarum.

CormacHo [2, 79] aBroHOMHBIN pexkum pasBepThiBanusi NB-10T nocturaer
nuKoBble (MakcuMmanbHbie) 3HaueHuss UL m DL Throughput — 22.7 u 62.5 x6ut/c
COOTBETCTBEHHO. [Ipu 3TOM, pe3ynbTaThl KMCCIENOBAHMS, MPEJCTABICHHbIE B Ta0JMIIE
3.11, noka3bpIBalOT, YTO MAaKCHMAJIBHO BO3MOJKHAS CKOPOCTH, MOTydaeMasi ¢ TIOMOIIBIO
UMHUTAIIMOHHOM Mojenu B mporpammHoi cpene Forsk Atoll 3.3.2, u 1npu
AKCIIEPUMEHTAJILHOM UCCIIEIOBAHUU B TECTOBOM KJacTepe coToBOM cetn 4G, HEeMHOTUM
OTJIMYAIOTCSI — OTHOCUTENbHAS IOTPEIIHOCTh UBMEPEHUN cocTaBiseT He Oonee 7.9%.

[IpuunHOl 3TOMY MOryT OBITh KaK HEKOHTPOJHMPYEMBIE H3MEHEHHUS BHEUIHUX
panuoyciaoBHil (HampuMep, 3arpy3ka CeTd B IMKOBBIE Yachl pabOThl), TaK U OTPaHUYECHHUSI
Ha CTOpOHE aDOHEHTCKUX TEPMUHAJIOB, a TAK)KE pa3HUIIA B HACTPOMKAaX BXOAHBIX JAHHBIX
IIPOTPaMMHOU CPEJIBL.

Tabnuua 3.11 — Pe3ynpTaTel U3MEpeHHs CpeIHEW CKOPOCTH Mepeauu TaHHbIX B
HarpaBieHun «BHU3» i TexHonorun NB-l0T Ha npumepe aBToHOMHOTO clieHapus
UCIIOJIb30BAHMS CIIEKTPa

YpoBeHb cUTHANA,
RSRP (nbm)
MopnenupoBaHue,
KOHUT/C
OKCIEpPUMEHT,
KOHUT/C
AOcooTHas
MOTPEIIHOCTh 0808|0912 |13 | 15 1.7 1.8 14 |1 09| 02 | 0.22
n3Mmepenuit, %
OTHOCHTEILHAS
MOTPEIIHOCTh 35| 35| 40 | 53 | 57 | 6.6 7.5 7.9 70 | 75| 5.0 7.3

n3Mmepenuit, %

-80 | -85 | 90 | 95 | -100| -105 | -110 | -115 | -120 | -125| -130 | -135

22.7|22.7 | 22.7 | 22.7 | 22.7 | 22.7 | 22.7 | 22.7 | 20.1|120| 40 | 3.0

219219218 | 215|214 | 212 | 21 | 209 |18.7|111| 3.8 | 2.78

CTouT mNOAYEpPKHYThb, 4YTO MOJAOOHBIE MCCIEAOBAHUS MPEACTABISIOT OCOOYIO
LIEHHOCTb, MOCKOJBbKY TMO3BOJISIIOT  3a0JaroBpEMEHHO TMOJYYUTh JIOCTOBEPHYIO
UHGOPMAIUIO O NMOBEJICHUHU MOJIb30BATENCH CETH U MPEANPUHATH MEPHI MO YIYUIIEHHUIO
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npousBoauTebHOCTH NB-10T cetr mepen BBOJOM B KOMMEPYECKYIO SKCIUTyaTamuo [77,
55].

[Ipn >TOM aHanu3 pe3yiabTaTOB MCCIEAOBAHUS MOKa3ajl BBICOKYIO CXOAMMOCTb
3HAYEHUM, YTO MOAKPEIUIIET JOCTOBEPHOCTh IMOIYYEHHBIX PE3YJbTaTOB W PAOOTHI B
LEJIOM.

3.2 Ouenka 3¢ dekTUBHOCTH (PYHKIIMOHUPOBAHUSA CeTH MOOMIbHOM cBs3M 4G
¢ texHojorued NB-IoT npu okaszanum ycayr UHTepHera Bemiei AJsi pa3jiMYHbIX
CLeHAPHEB UCNOJIb30BAHUS PAIMOYACTOTHOI O CIIEKTPA

CornacHo TpeIJIoKEHHOMY METOy olleHKa 3 (heKTUBHOCTU (YHKIITMOHUPOBAHUS
Tpex cueHapueB NB-I0T mpoBoautcs Ha BocbMOM 3Tarie. 31ech, 3HAUEHHUS] OCHOBHBIX
NOKa3aTeJIel CEeTH, IMOJIYyYEHHbIE B XOAE MPOBEACHUS HKCIIEPUMEHTAIBHOTO
MCCJEI0BaHUs MPOXOAIT MPOLECC HOPMUPOBAaHMS. JlJI1 3TOro NpPUMEHSAETCS METOL
MIPOCTON HOPMUPOBKH, YIIOMSIHYThIN B ['11aBe 2.

PamxupoBaHue uaeT B COOTBETCTBUU C ONpeNeleHHbIMU B craHgaprax 3 GPP
MaKCUMaJbHbIMH TOPOTOBBIMH 3HAYEHUSIMHU W3 PEKOMEHJYEeMOro HWHTepBaia. Takoii
MOJIXOJl TO3BOJISIET YECTHO MPOCTAaBUTh KOI(P(GUIHUEHTHI W HCIOJIb30BaTh MOJEIb
YHHUBEPCAJILHO JIJIi MHOTHX NPOM3BOACTBEHHBIX CiIydyaeB Oe3 Iepepacuera MOpOrOBBIX
3HAYECHUU.

B Ttabmuue 3.12 npuBoauTcs OOHOBJICHHAs MATpPUIlA PAHTOB IS BBIUUCICHUS
00001eHHOr0 K03 dunrienTa 3pPeKTUBHOCTH.

Tabnmuma 3.12 - Pe3ynapTaThl HOPMUPOBAHHS CETEBBIX IOKa3aTelel g pacdera
ko3 dunrenta 3pPexTuBHOCTU

Bec
f, | @axTopHas rpymma CeteBoii mokaszaTenb | TPYIIbI 1 2 3
Wm
fi | 3oHa mOKphITHS Avg DL RSRP 0.26 094 10.93 |0.90
f, | KauectBo cetn SINR 0.13 0.80 |0.76 |0.75
JIOCTYITHOCTD CETH 1.00 1.00 |1.00
» | IlpousBopurenbHOCTH | RRC Setup Success
13| cemn Rate 0.05 1.00 |1.00 |1.00
Call Drop Rate 1.00 |1.00 |1.00
YpoBeHb
fi | BHYTpPHCHCTEMHBIX Avg UL Interference | 0.20 1.00 1.00 |0.98
TOMeX
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[Tpomomkenue Tadbmmmm 3.12

fe Avg DL User 0.20 0.82 | 0.60 | 0.50
. Throughput
- KimeHnTckuii onsIT Avg UL User
fe Throughput 0.03 012 |0.11 |0.11
~ | CTOUMOCTB CO3IaHUs 3arparsi Ha
f7 monepausanuto cetn | 0.11 0.20 |1.00 |0.50
ceTu
NB-loT
MaxkcumanbHO
fs | Yucno yerpoiicts IoT BOSMOZHOC 0.03 1.00 |1.00 |1.00
KOJIMYECTBO
YCTPOWCTB
Pacuernsiit koapdumuent s¢pdexrusnoctu | 0.82 | 0.85 | 0.76
[Ipumeuanue:

1 — aBTOHOMHBIU ClICHAPUIA
2 — B 3aIUTHOM IOJIOCE
3 — BHYTPUIIOJIOCHBIH CIIeHapHii

Hcnonb3ysi MeTo B3BEelIEHHOI CYMMBI OLIEHOK KPUTEPHEB ITPOU3BEACM pacyeT
koo durmenta s¢pdexrusoct F(f |w), mpeacraBneHHOro B BUIe CyMMBI TIOKa3aTesei,
B3BEIICHHBIX KOA(DPHUITMEHTAMU UX OTHOCUTEILHON BaXKHOCTH. M eTo/] ToApOOHO OIrcaH
B ['maBe 2.3. ®opmyna (2.9) mns xaxgoro u3 ciueHapueB NB-10T Oynmer BuIrisiaeTsh
CeIyIOIMKUM 00pa3oMm:

AJIs1 aBTOHOMHOTI'O COCHApPUsL:

Fapr(f|w) = 0.26 % 0.94 + 0.13 % 0.80 + 0.05 *
1.00 + 0.20 % 0.82 + 0.03 * 0.12 4+ 0.11 * 0.20 + 0.03 * 1.00 = 0.82;

+ 0.20 =

(1.00+1.00+1.00)

AJi1 COCHApWA UCITOJIb30BAHUSA SaH_[I/ITHOﬁ ITOJIOCHBI:

Faam(f|w) = 0.26 ¥ 0.93 + 0.13 % 0.76 + 0.05 *
1.00 + 0.20 ¥ 0.60 4 0.03 * 0.11 + 0.11 * 1.00 + 0.03 * 1.00 = 0.85;

(1.00+1.00+1.00) +0.20 *

111 BHYTPHUIIOIOCHOTO CIICHAPHSI:
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+ 0.20 =

Fanyrp (F[W) = 0.26 % 0.90 + 0.13 % 0.75 + 0.05 *
0.98 + 0.20 * 0.50 + 0.03 * 0.11 + 0.11  0.50 + 0.03 * 1.00 = 0.76.

(1.00+1.00+1.00)

CpaBHuBasi Tpu pacueTHbIX Kod(pdunueHta 3PpEGEeKTUBHOCTH MEXIAY COOOMH,
BBISICHUM, YTO:

Fnyrp (F|W) < Fagr (F|W) < o (F W) (3.4)
CIIEHapUl HUCTIOIb30BaHUS 3AIIUTHON MOJIOCHI Hau0oJIee MPEANOYTUTENbHBIN.

BriBon:

CpaBHeHHE pacueTHbIX KOI(POUIMEHTOB TOKa3ano, 4YTO 3(PGHEeKTUBHOCTH
pasBepteiBanus NB-10T B 3amuTHOM mHTEpBaie Ha 12% u B aBTOHOMHOM Ha 7% BBIIIIE,
YeM MPU UCTOIb30BAaHUU BHYTPUIIOJIOCHOT'O CIICHAPUSI.

3.3 Pa3paboTka MeXaHM3MOB peajin3aluy HA nNpakTuke TexHoaoruu NB-10T
npu okazanuu ycayr HWHrepHera Bemed IS pa3iMYHbLIX CHEHApPUEB
HCIO0/JIb30BAHUS PAAMOYACTOTHOIO CIIEKTPA B CeTsIX MOOMIbLHOM cBsi3H 4G

Pe3ynbrarel uCHonb30BaHUS pa3pabOTaHHOTO METO/Aa MHOTOKPUTEpUATHLHOU
OLIEHKH JJIs1 pacueTa dpdextuBHocTH GyHKIIMOHUpOoBanus cereir NB-10T B 3aBucumocTu
OT CIICHapus pa3BEPTHIBAHUS MpeACTaBIeHbI HA pucyHKe 3.18 u B Tabmuie 3.8.

31ech BHIIHO, UTO B ClIydae CPaBHEHMsS CIICHApWEB pa3BEpPTHIBAHUS B JUANa30HE
800MI'11 ¢ mmpuHoit monock! mponyckanus LTE 10MI', 3armanupoBaHHON Harpy3kon
He 6osee 100 TepMUHAIBHBIX YCTPOMUCTB HA CETh, U MOJIETBIO PACIIPOCTPAHEHUS CUTHAJIA
COST321 Hata B mpuropomHoi 30HE, KaXXIblii M3 CIIEHApHUEB 00J1alacT CBOUMH
IpEeuMyIIeCTBAMU W HejocTarkamu. [IpuHsTHE pelieHus Mo BHIOOPY ONTUMAIHHOTO
cueHapus pazBepTeiBaHus NB-10T cTtpoutcss ¢ yderom creayronmx pe3yiabTaToB
HCCIIEN0BAHNS U PEKOMEH AN

1. Cuenapuii pazBeptriBanusi NB-10T B 3amuTtHOI nonoce Ha 12% obnagaer Gonee
BBICOKOH 3(h(PEKTUBHOCTHIO (DYHKIIMOHUPOBAHUS Ha CETSIX MOOWJIBHOHN CBs3u 4G, yem
BHYTPHUIIOJIOCHBIN PEeXUM. XyALINE PE3YIIbTATHl U3MEPEHN OCHOBHBIX IIOKA3aTENeN CeTn
cpenu uccienyeMbix ciienapueB NB-10T HaGmrogamuce 171 BHYTPUIIOJIOCHOTO BapHuaHTa
pa3BepThiBaHus [4].

2. Yacmommylii cnekmp: CpaBHUTEIbHBIC PE3yJIbTaThl U3MEPEHUS KITFOUEBBIX
CETEBBIX MMOKa3aTesiel B HauboJee MOMmyIsIpHbIX YaCTOTHBIX auarna3onax LTE, a umMeHHo
B auana3zoHe 800Mri (tabnuma 3.8.) u 900MI'1 (Ilpunoxenue ) moka3wiBaroT, 4TO
Hanbosiee MPearnoYTUTEIbHBIM YaCTOTHBIM JTMANa30HOM [l 3amycka TexHojoruu NB-
0T siBrsieTCs HU3KOYACTOTHBIN CETMEHT.

3. 3ona noxpeimus: npyu HEOOXOAUMOCTH OOECIeYeHHUs TIyOOKOro CTaOHUILHOTO
HOKPBITUS yCiryroi MHTepHeTa Beleid, aBTOHOMHBIH criieHapuii (-117.51bm) u cuienapwmii
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HCIIOJIb30BaHU 3aIUTHOM 1moJIOCH! (-119.11bM) mokaspIBaroT 3HaYEHUE YPOBHS CUTHAIA,
ommskoe Kk pekoMmenayemomy (-111abm). Opnako, s yMEHbBIIEHHS BO3MOKHOCTH
MTOSIBJICHUS TIOTEHITUATBHBIX TTOMEX (MHTEP(PEPEHIINH ) OT CMEKHOTO KaHala Ha TPaHUIax
cotr LTE munumansHas tpebyemas mupuna nosocsl LTE st ciienapust ncnosiab30BaHUs
3alUTHOM MOJOCHI JOJDKHA COCTABIATh He MeHee 5 MI 11, uTo He Bcerjia BO3MOXKHO.

4. Kauecmeo cemu: TOMKHOE KA4€CTBO CETH 00ECIIEUNBACTCS MPU MCTIOIH30BAHUH
nro6oro u3 Tpex cuenapueB NB-10T nHa paccrosaum mo 2.03 kM B MPUTOPOHOM 30HE.
IIpn yBenuuenun paccrosguus mexay NB-I0T ycrpoiictBom u 06a30Boil craHiueit
IPEIIOYTCHHE OTAACTCS AaBTOHOMHOMY CIICGHApPHUIO, TJE€ OTHOIICHHWE CHTHala K
uHTepQepeHIInn TUTIOC yM paBHO 7.961b. Haumenee npeanouTuTenbHbIN ClieHApUil -
BHyTpunonocHbid ¢ SINR paBubiM 7.521b. Ilpu 3nauenun SINR menbmie 0gb ypoBeHb
OMEX CTPEMUTCS TMPEBBICUTH YPOBEHb IIOJIE3HOTO CHUTHAla, 4YTO OTPULATEIBHO
CKa3bIBACTCS HA KAYECTE MPEAOCTABISIEMON YCITYTH.

5. Ilpouzsooumenvnocmov ~ cemu:  bbUI0  BBIABICHO, 4YTO  IOKa3aTeliu
MIPOM3BOAUTEILHOCTH CETH (JOCTYIMTHOCTh CETH, MPOIIEHT YCTAHOBIICHHBIX COCIMHCHUH,
MPOIIEHT Pa3bEeIUHCHUSI YCTAHOBICHHBIX COCIMHECHHM) I BCEX PACCMOTPEHHBIX
Clly4aeB Majo 3aBHUCHMBI OT CIOCc00a HMCHOJIb30BaHUS PATUOYACTOTHOTO pecypca s
BHenpeHus NB-IoT u3-3a HeGombIIoro 00beMa nepenaBaeMbIX TaHHBIX. McciaenoBanue
PEKOMEHTYETCSl TOBTOPUTH, YBEJIMYUB CETEBYIO HArpy3Ky 10 75%.

6. llomexu  (unmepghepenyus): BHYTPUTIONOCHBIA  CIEHApU  MOABEPKEH
OOJBIIEMYy BIUSHUIO WHTEp(EpPEHIINH, MO CPAaBHEHHWIO C aBTOHOMHBIM U CIICHapHEM
UCIIOJIb30BaHUS 3alIUTHBIX UHTEPBAIOB. Mephl, KOTOPbIe MPUHUMAIOTCS 11 OOpHOBI C
BO3MOXKHOH HHTep]epeHimeld co CTOpOHbI CMEXHBIX KaHaioB LTE, a wumeHHO
MIOHIKCHHE BBIXOAHOW MomHocTH 4G mpueMo-TiepenaTdukoB 0a30BOM CTaHIIMK Ha
2X3BT, 3aKOHOMEPHO BEJYT K YMEHBIIICHHIO 30HbI TOKPBITHUS CETH [4], M COOTBETCTBEHHO,
ee JaTbHOCTH. Tak, ypOBEHb MOKPBITUS U KQYECTBO CETHU JIJIsi BHYTPUIIOIIOCHOTO CIICHAPHUS
B cpenHeM Ha 4-6% xyxe, a cpenusisa ckopoctb Ha NB-I0T ycrpoiictBo Ha 34% Hibke 1o
CPaBHEHHIO C aBTOHOMHBIM BapHUaHTOM.

7. Knuenmckuti oneim. cpeanee 3HadeHue nokaszarenss DL User Throughput mms
aBTOHOMHOI'0 BapuaHTta cocrtaBisier 14.90 kOut/c Ha aboOHEHTa, B TO BpeMsi Kak JyIs
CIICHApHUEB Pa3BEPTHIBAHMS B 3AIUTHON IOJIOCE M BHYTPHU TOJIOCHI ITOKA3ATEIN HUKE —
11.09 x6ut/c 1 9.82 KOUT/C COOTBETCTBEHHO.

8. Cmoumocmu coz0anusi cemu: HecMOTpsi Ha BBICOKME 3HAYEHUSI TEXHUYECKUX
MapaMeTpoB, HEIOCTATKOM AaBTOHOMHOTO CIICHAPHS SIBISIFOTCS BO3MOXKHBIC BBICOKHE
3aTpaThl Ha IMOCTPOEHUE CETHU, B TOM CIydae, €Cli CYIIECTBYIOIIEe OO0OpyAOBaHHE
GSM/UMTS (ocHOBHOI clieHapwHii) He moiaepkuBact Texaoaoruto NB-10T.

9. Yucno ycmpoticme NB-10T: Tlpu HeoOXoaummMocTu MOAKIIOYEHUS] OOJIBIIOTO
KOJIMUECTBa YCTPOUCTB M TepMHuHANIOB K ceT NB-I0T pexomenayercs ucnoib30BaHHe
ABTOHOMHOT'O CIICHApHs, KOTOPBIA TMPH OJWHAKOBON IMMPHUHE YaCTOTHOTO CIIEKTpa —
10MTI'11 obecrieunBaeT B 6.5 GOJBIITYI0O €MKOCTh CETH C TOYKH 3PSHUS MOICPKKH YUCIIa
ycTpoicTB |0T o cpaBHEHUIO ¢ OCTAIbHBIMU BapuaHTaMu 3anycka TexHonorud NB-10T;
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Takum  oOpa3oM, aBTOHOMHBIA  CIleHapuil  OOecreuMBaeT  HAWIYYIIYIO
npou3BoauTeabHOCT, NB-I0T cetn B ciiydae Hanmu4aus ¢cBOOOIHOIO CIEKTpa U BHICOKHUX
TpeOboBaHUN K MOKpbITU. OAHAKO ISl €r0 UCIOJIb30BaHUS HEOOXOJUMO OCYIECTBUTH
pedapmunar 200k’ GSM criekTpa, 4TO HE BCErja MPEACTaBIICTCS BO3MOKHBIM HM3-3a
JOPOTOBU3HBI HU3KUX YaCTOT, UCIIOJIb3yeMbIX i1 2G ceTu.

BHyTpunonocHslil cueHapuil pa3BepThIBaHUS MTO3BOJISECT 3aIyCKaTh TEXHOJIOTHUIO
NB-IoT BayTpm cymectByronmx cered 4G, KOTOpble Ha CETOMHSIIHUN JICHb
MOBCEMECTHO 3amlyllleHbl C JOKHBIM KauecTBOM oOciayxuBanus. CueHapuil naért
BO3MOYKHOCTB OIlepaTopaM CBSI3U UCIIOJIL30BaTh COBPEMEHHOE aIllapaTHoe oOecreueHre
0e3 CyIIeCTBEHHBIX BJIOXKEHUNW U oOHOBIeHWW. OmHako, 3TOT creHapuii NB-l0T
OTHUMaeT (PYHKIIMOHAJIBLHO Ba)KHbIe pecypchl ceTh 4G W MOXKET CO3/laBaTh IMOMEXH
(uHTEpPEPEHITNIO), U TEM CaMbIM, CHHUXKaTh MPOU3BOJAUTEIBHOCTh (PYHKIIMOHUPOBAHUSI
texHosioruu NB-IoT u ceru 4G.

Jns  mpuHATHS pelieHrus 00 HCHOJIb30BaHWUW BHYTPHUIIOJIOCHOTO —CIICHApHSs
pa3septeiBanus NB-IoT Ha cetn 4G B mpuropoHOil 30HE U MPOBEICHNS Ka4€CTBEHHON
OLICHKH TPOU3BOAUTEILHOCTA TaKOH CETH, aBTOPOM PEKOMEHAYETCS HCIOIb30BaTh
npeIokKeHHYyI0 MeToiuKy TectupoBaHuss NB-IoT cereit u onupaTbcst Ha pe3ysbTaThl
MPOBEACHHOTO0 UMHUTAIITMOHHOTO MOJICTUPOBAHUS U IKCIIEPUMEHTAIIBHOTO TECTUPOBAHUS
cetu. Pe3ynbpTaThl HMCCeNOBaHUsI MOKA3bIBAIOT, YTO BHYTPHUIIOJOCHBIN CIIEHApUN HE
OTBEYaeT CTPOruM TpeOoBaHUAM K MOKpbITUIO (-111 n1bMm) u xadectBy cetu (7 ab) Ha
paccrostnuan 10 2.03 kM.

30Ha MOKPBITHA

Yuciao yerporcts IoT KauecTBO ceTH

CTOHMOCTb CO3IaHUS CeTH HpDII’SBOJ[ITEIBHOCTb CETH

Kmenrckuii onsit (D
Throughput)

[Tomexu (uHTEpepeHtig)

= Drtanonnas cetb NB-loT =——ABTOHOMHLII =—=B 3amuTHOH N0I0CE BuyTtpumono cHerii

Pucynok 3.18 — Jluarpamma oreHku 3QheKTUBHOCTH CETH
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[IpeumymectBo crenapus pasBepTthiBanusi NB-I0T B 3ammrHON monoce
3aKJIIO4aeTcss B HambOoJiee BBITOJHOM HCIOJIb30BAHUM CETEBBIX PECYPCOB, a TaKXKe
XOpOIIeH MOMEXO03alUIIEHHOCTH i JIIo0oi TexHosmoruu, 0yap To LTE umu NB-10T.
bouio 3amedyeHo, 4TO BO BpeMs TECTHPOBAHUS 3HAYUTEIBHOW WHTEp(EepeHInu He
HaOJII01aJI0Ch.

JlocTarouHOe BIWSHHE Ha PE3yNbTaThl MOJCIUPOBAHUS OKa3bIBA€T BBIOOD
IPOrpaMMHOTO OOECIeUeHHUs, a TaK)Ke MPUMEHSEMbIC MOJEIU W BXOJHBIE JaHHBIC.
Hanpumep, Takue ¢akTopbl Kak HEMpaBUIIbHAS YCTAHOBKA MOIITHOCTH 0a30BBIX CTaHITUH,
OTCYTCTBHE JOCTOBEPHBIX  T€0-KapT ¢ JaHAmadTOM U TUIOTHOCTBIO 3aCTPOUKHU
MECTHOCTH, BBIOOp MOMAYJISIIMM U MHOTOE APYroe€, MOXKET CYIIECTBEHHO TOBJIUATH HA
3HAY€HUS BBIXOJHBIX AaHHBIX. [103TOMY pe3ynbTathl, MpuBeAeHHbIE B Ta0uIiie 3.8, MOTyT
HE3HAUYUTETHLHO OTJINYATHCS TP MPOBEICHUH MOJCIUPOBAHUS B JPYTUX MPOTPAMMHBIX
cpenax. TeM He MeHee, pe3yJIbTaThl UCCIENOBAaHUS JOKA3bIBAIOT, YTO TexHOuorus NB-
[oT npexpacHo cocymectByet Ha ceTsix LTE, orBeuaer ocHoBHBIM TpeOoBaHusiMm 3GPP,
U CcrocoOHa obOecreduTh TIyOOKoe MOKpbITHE 10 2.03 KM mpu Jr000M BapHaHTE
pasBeptbiBanus NB-10T [4]. IIpu sToM Hamboiee MPeamOUYTUTCILHBIM CIICHAPHEM
npuMeHeHus: 4acTOoTHBRIX KaHalioB NB-I0T wa 4G ceru B jauamazone S800MI1p B
IIPUTOPOTHON 30HE JIJISl IPEAOCTABICHUS yCIyr MIHTepHEeTa Belen BbICTYIIaeT CLUEHApU
UCIIOJIb30BaHMS 3alTUTHOM MOJIOCHI.
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BoiBoabl mo pasaeay 3

1)  PaszpabGoran MeTon, MO3BOJSIIOIIAN TPOBECTH BCECTOPOHHIOK OICHKY
3¢ (HEeKTUBHOCTH (PYHKIIMOHUPOBAHUS CETU MOOUIIbHOU cBsA3M 4G Mpu OKa3aHUU YCIyT
NB-IoT mist kaxaoro ciieHapusi pa3BepThIBaHUS B YACTOTHOM CIIEKTPE (aBTOHOMHOTO,
BHYTPUIIOJIOCHOTO, B 3aIUTHOMN MOJI0CE).

2)  IlpuBencna METOJINKA WCCIIEIOBAHUSA: MOJIEJIMPOBAHUS U
AKCIIEPUMEHTAJILHOTO TECTUPOBaHUSI Ha TecToBOM ydactke 4G ceru, cocrosimem u3 6
0azoBbix cranuuid LTE. IlpuMeHnenue woaenvipoBaHus ¢ IKCIEPUMEHTAIBHOTO
TECTUPOBAHUS JJIS OLIEHKH 3(PPEKTUBHOCTH KaXKIOTO W3 CLIEHApPUEB pa3BEepPTHIBAHUS
texHosorun NB-lIoT rapanTtupyer mnonydeHue HauOosiee JOCTOBEPHBIX Ppe3YyJIbTaTOB
UCCIIEZIOBAHUS U MOBBIIIAET TOYHOCTh pabOTBI MOJENIN OLEHKU, TEM CaMbIM BBIIEISS €€
CpeIr UMEIOIIMXCS.

3) Pacuer koaddummenta >HPEeKTUBHOCTH TOKa3ad, YTO HaumOolee
MPEANOYTUTENBHBIM SIBJIIETCS CUEHAPHI MCIOJIb30BaHUS 3AIUTHON MOJIOCHI, HAUMEHEE
— BHYTPUNOJOCHBIA cueHapuil. C TOUKM 3peHHs TEXHMYECKHX IOKa3aTenel —
aBTOHOMHBIM CIIEHApUIl MO3BOJISIET 00OECIeYuTh Hanmbojee TIIyOOKOE IOKPBITHE,
MIPUEMIIEMOE Ka4e€CTBO CETH U CTAOMIIbHBIE CKOPOCTH IEPENAYX TaHHBIX B HAPaBICHUU
oT 0a30BOil cTaHIMM K aboHeHTy. OJHaKo, MPUMEHEHHE AAHHOTO CLEHAPUS MOXKET
noTpeOOBaTh ONPEIEICHHBIX KAIUTATOBIOKEHUH, UYTO CHUYKAET €ro IPUBJIEKATEIbHOCTD
B rnmazax MNO.

4)  Ha OCHOBE PE3YNBTATOB UCCJIEI0BAHNUS 17} NPUMEHEHUS
MHOTOKPUTEPUAILHOTO METOJa KOMIUIEKCHON OLIEHKH ObUIM pa3paboTaHbl MEXaHU3MBI
ONpezeNieHUs] Ha MpaKTHKE Hauboliee ONTUMAIbHOIO CLIEHapUsl MCIOJIb30BaHUS
4acTOTHBIX KaHaioB NB-IoT B 3aBUCMMOCTH OT YCIIOBHM NPEIOCTABICHUS YCIYTH
HNuTpHETAa Beien.
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3AK/IIOYEHUE

B pabote mpuBeneH aHamu3 CyMIECTBYIOIIMX CIIOCOOOB M IMOAXOIOB K OLEHKE
3 (PEeKTUBHOCTH ceTeit MOOMIIBHOM CBSI3U, KOTOPBIN MOKa3ajl HEOOXOIUMOCTh pa3padOTKu
€IMHOT0 KOMILJIEKCHOT'O METO/1a OLIEHKH 3(h()EKTUBHOCTHU pa3BEPTHIBAHUS Y3KOIOJIOCHON
texnonorun Matepueta Bemeil Ha ceTsax 4G. BbIsIBICHO, UTO METOIUYECKUE TIOAXO/BI,
OMpEIETAIONINE  MPOU3BOAUTENLHOCTE ceTe NB-10T B 3aBucHMoOCTH OT clicHapHeB
ucnoinbs3oBanus PUC, orcyrcrBytor. beictpoe pacnpoctpanenue texnonorun NB-10T, u
JIOPOTOBU3HA JIMIIEH3UPYEMOr0 YaCTOTHOTO CHEKTPa, KOTOPBIM HE BCE CTpPaHbl T'OTOBBI
BBIJICTTUTH JIJISl pa3BepThIBaHUA ycIyr IHTepHeTa Belei, mouepKuBaroT HEOOXOUMOCTh
U aKTyaJIbHOCTh UCCJIE/IOBAHUI B JAHHOM HaIPABJICHUH.

B nporiiecce nmpoBeneHnsi HAy4HBIX MCCIEAOBaHUM, MOCTABIECHHbIE 1IE)Ib U 33J]a4H
JUCCEPTALIMOHHONW pPabOThl BBIMOJHEHBI B MOJHOM O0BEME, W MOIYYEHBI CIEIYIOIINe
pe3yNbTaThl, 001a/1aI0IINE HAYYHON IEHHOCTHIO U MPAKTUYECKON MPUMEHUMOCTBIO:

1. HccnenoBaHbl apXUTEKTYpHBIE OCOOEHHOCTH nocTpoeHus TexHonoruu NB-10T
Ha CeTsX MOOWJIBLHOW CBA3HM;, 0003HAUYEHBI HEIOCTATKH CYIIECTBYIOIIUX CIIOCOOOB U
MOJIXOJIOB K OIleHKe €€ 3(h(PEKTUBHOCTH NIPpU OKa3aHUU yciuyr MHTepHeTa Bemieil.

2. BrIsiBTICHBI CeMb TIaBHBIX (DAKTOPHBIX TPYII, 00ECTIEYNBAIONTUX KOMILIEKCHYIO
olieHKY 3G @PeKTUBHOCTH clieHapueB pas3BeprThiBaHus cetu NB-10T, onpenenenst 17
HamOoJee BAXKHBIX TEXHUYECKMX U DKOHOMHUYECKHX IOKa3aTeneil, HeoOOXOIUMBbIX IS
nojsHoro ananusa 3¢dextuBHOCTH (PyHKUMOHMpOoBaHUs ceredl NB-l0T. domyckaercs
U3MEHEHHE Ha0opa Toka3aTeneil BHYTPH (PAKTOPHBIX TPYIN B 3aBUCHMOCTU OT
peIbSBIsIEMbIX TpeOoBaHuM K yciyre MiHTepHeTa Belen.

3. PazpaboTtan MHOTOKpHUTEpUANLHBI METO/, TO3BOJISIOIIUIA  OCYIIECTBUTH
KOMIIJIEKCHYIO OITeHKY (P (HEeKTHBHOCTH () YHKIIMOHUPOBAHUS ceTeil MOOMIbHOM cBsizu 4G
npyu  paseepreiBaHUM TexHojorun NB-IoT ¢ wucnonb3oBaHneM OIHOTO W3  TPEX
BO3MOXKHBIX CIIEHAPUEB: aBTOHOMHOI'0, BHYTPUIIOJIOCHOT O WJIM CLIEHAPUS pa3BEPTHIBAHUS
B 3ammrTHON mojoce. [lpemnoxennsiit Merton 3ammiieH nareHToM («Crocod
onpenenenus dpdexkTuBHOCTH npuMeHeHus: TexHosoruu NB-IOT Ha cetn MoOuiibHOU
cBs3u 4G» ¢ [IM ¢ Ne 6322 ot 13.08.2021r.). OTninunTenbHas 0COOEHHOCTh METO/Ia B
TOM, YTO OH HaleJeH Ha cpaBHEHHE H((OEKTUBHOCTH (YHKIITMOHHPOBAHUS TPEX
cueHapueB  pasBeprhiBanus  NB-l0T ¢ npumeHeHuemM eAMHOrO  pacyeTHOTro
kodddunrienTa 3¢pHEKTUBHOCTH, a MPEAJIOKEHHBIE CETEBbIE MOKa3aTrelu U (aKTOPHbIE
IpyNIbl YHUBEPCAIbHBI M IPUMEHUMBI K Kaxxaomy u3 cueHapueB NB-10T, uro mo3sonsier
IPOBECTH BEPHYIO OLEHKY MX 3P (HEKTUBHOCTH.

4. Ha ocHOBE MpemJIOKEHHOW MOJEIM OLEHKU BBINOJHEH pacyeT eauHOro
kod(punuenta >hPEeKTUBHOCTH, W TPOBEACHA CpPAaBHUTEJIbHAS OLICHKA CIICHapHUEB
pa3BepThIBAHUS CETH, KOTOpas MoKasajia, uTo MpHu pa3BepThiBaHuM TexHojgoruu NB-10T
Ha ceTsX MoOunbpHOU cBsi3u 4G B quanazone 800 MI 11 ¢ mupuHOA MOIOCKH MPOITYCKaHUs
10 MTI't1 B yCnoBUSIX PUTOPOTHOM 3aCTpoiiku, P dekTuBHOCTh pa3zBepThiBanus NB-10T
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B 3aIIUTHOM HHTepBaJie Ha 12% 1 B aBTOHOMHOM Ha /%0 BbIllIe, YeM MTPH UCTIOIb30BAHUU
BHYTPUIIOJIOCHOTO CLIEHAPHSI.

5. BBINOJIHEH KOMIUIEKC MCCJIEIOBaHUM, 3aKIIOYAIONIMICA B  IMPOBEACHUU
AKCIIEPUMEHTAIbHBIX MCCIEA0BAaHUN Ha TECTOBOM Kiactepe ceTu 4G, cocrodieM u3 6
0a3zoBbIX craHiui LTE, M WMUTAallMOHHOTO MOJICTUPOBAHHUS, BBIMOJHEHHOTO C
UCIIOJIb30BaHUEM TIpo(hecCHOoHaIBbHOTO TporpaMMHOro obecmeuenust Forsk Atol 3.
IIpyumeHeHne MONENUPOBAHMS M 3KCHEPUMEHTAIBHOIO TECTUPOBAHUS Uil OLEHKH
3((PEKTUBHOCTH KaXXJOTO U3 CLEHApUEB pa3BepTbiBaHus TexHosoruu NB-loT
rapaHTUpPyeT TOJIydeHHe Haumbosiee JOCTOBEPHBIX pE3yJbTAaTOB MCCICHOBAHUS WU
MOBBIIIAET TOYHOCTh pPabOThl MOJIENM OLIEHKH, TEM CaMbIM BBIACISAS €€ Cpeau
umeromuxcsi. OTHOCUTENbHAS MOrPEITHOCTh U3MEPEHHS cocTaBuiia He O6oree 7,9%, uto
MIOKAa3bIBAET BBICOKYIO CXOJMMOCTb PE3YyJIbTATOB UCCIIENOBAHUA.

6. PesynbraTel MccieqoBaHMI MO3BOIWIM pa3padoTaTh AJsl ONEpaTopoB CEeTel
MOOMJILHOM CBSI3M MEXaHU3MbI peanu3aluuu Ha npaktuke TexHonoruu NB-IoT ¢ nenbio
BbIOOpa HanOoJsiee MOAXOMASIIETO CUEHAapUsi NPUMEHEHUS 4acTOTHhIX KaHanoB NB-10T
mpu okazanuu yciyr MaTepHeTa Bemeid. [IpakTrudeckue pekoMeHaanuu 0epyT B pacyeT
JNOCTYNHBIA YacCTOTHBIM JHAMa30H, MPEANOJIaracéMyl0 Harpy3ky M MPOIYCKHYIO
CIIOCOOHOCTD, a TAK)K€ YUUTHIBAIOT crieUUPUKyY npumeHenus yciayru. B Ipunoxenun E
MIPUBOJATCS aKThl BHEAPEHHUS OT OIllepaTopa MOOUIIbHOM CBSI3U M OAHOTO U3 KPYIMHEHIINX
nocraBmMkoB 10T mmardopmbl, 4TO MOATBEPAKAAET JOCTOBEPHOCTh M aKTyaJbHOCTh
NOJIYYEHHBIX PE3YyJIbTaTOB.

7.Ha ocHOBe TONy4yEeHHBIX peE3yJNbTATOB MCCIEAOBAaHUN  ONMYOJIMKOBAHBI
CJIEIYIOIINE HAayYHbIE paOOTHI:

- 1 UHHOBALIMOHHBIN MATEHT;

- 2 Hay4dHbI€ CTaTbU, MHAEKCHUpYeMbIe B 0aze SCOPUS, ¢ MPOLIEHTUIIEM HA MOMEHT
nyonukaruu 51% u 42% (Q3);

- 5 Hay4HBIX CTaTE€d B OTEUECTBEHHBIX M3JAHUSAX U3 CIUCKAa PEKOMEHJOBAaHHBIX
KOKCOH;

- 2 Hay4HBIX JIOKJaJa B COOpHHUKAX B MEXKIYHAPOJHBIX HAYYHO-TEXHHUUYECKHUX
KOH(EpEeHIUH, B TOM YUCIIE C OYHBIM BBICTYILLIEHUEM.
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[MPMJIOXEHUE T’

Tabmuma I'.1 - Pe3ynbTarhl m3MepeHust CETEBBIX MapaMeTpoB B auamna3zone 900MI 1

In
IMokazarean | KPI IlpnopuTeTr SNandaleae | Guard band
maode band mode
maode
RSEP - Vposens
JOW. | OWOpROTO CETNIS pucokmii | -130 132 133
MNOKPBITHS / NPHHATON MOITHOCTH,
Network abu
Coverage | SINR —otHomemme | Lo |93 -10.3 10.5
CHrHAT mvM, 1k
doctynmHocTe | RRC Setup Success
ceTH / Rate — npouent
Network yememmHBIX BEICOKH 99.63% 99.43% 99.39%
Accessibility | coegnrennii, %
Coxpansnocts | Call Drop Rate —
ceTH / NpOLEHT pasbeJHHeHH . o 9% o
Network YCTaHOBIeHHBIX °P 0-10% 0.12% 0-13%
Retainability | coegumenni, %
VpoBeHs Average UL
. po J— Interference — Yposens
HAYTPH . | BEYTpHCHCTEMHBIX CpeaHHRA -128.38 -130 -119.1
TOMEX | nomex B 1 TeHHH
Interference Anpass
«BBepX», IbM
Single User DL Peak
Throughput - Cpenas
CROPOCTD TIEPEARTN | pprcorait | 1.2 0.97 0.67
JaHHBIX Ha KOHEYHOTO
. | MOab30BaTeld B ITHHHH
KaneHRTCKHA -
ombir / User  |-BHHI», KOHT/C
experience Single User UL Peak
pe Throughput - Cpexras
CROPOCTD MEPEAATH | o cokmii | 0.16 0.16 0.16

JaHHBIX HA KOHe9HOTO
MOIb30BATENN B THHUH
«BBEEpX», KOHT/C
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[MPUJIOXEHUE E
AKTBI BHEJIPEHUS PE3YJIbTATOB UCCIIEIOBAHUI

S

HUAWEI
AKT O BHEJIPEHHUH
PE3YALTATOR HAYYHOH paspaboTku

Hactoaumm noaTeepikaaeM, YTo pesyabTaTh HCCePTAUHOHHON HCCASA0BAHNA
Typwanosoii KM, na remy: «Mcenenosanue 3pGeKTHBHOCTH GyHKUHOHNPOBAHNA
cet mobuabHOH cBa3 4G npH  MCMONB30BAHMH  YIKOMONOCHONH TEXHOTOTHH
Hareprera peweit (NB-IoT) ans pasnudHMX CUeHApHEB HCHONBIOBAHMA CTEKTPa»
001afaI0T  AKTYANBHOCTHIO, MPEJACTARIAIOT NPAKTHYCCKMI  HHTEpeC M ObM
HCMONB3OBAHL NP paspaloTke pexkoMeHZAUMH No crparerum passuTHA OH3Neca
MOOIIBHBIX ONEPATOPOB B 001aCTH HCMoNL30Bakus Texnoaormn NB-loT,

Mpeanowennas Moaens oueHkH sdupextusrHOCTH GYHKIIHOHHPOBAHMS CETH
MoGHABHOI cBasH 4G NPH HCMONL3OBAHKY YiKononocHo# Texnonorku [oT nozsonser
oncpatopaMm  MOOHIBHOH  CBA3M  paspabaThbiBaTh ONTHMATBHYIO TEXHHHECKYIO
CTPaTerHio, H MPOBOMHTE Hay4ywo OOOCHOBAHHYIO OLGHKY odupexTusHoCTH
(ynxkumonnposania ceti 4G npu HCNOAR3OBAHMH UM KAAKIOrO W3 NPEATOKEHHMX
[MapThepexum npoexrom 3GPP cuenapnes paspepTLBanmsg (ABTOHOMHBIN, B 3aMMTHOMN
NoA0Ce, COBMEIIECHHOC WCNOMB30BAHHE CNEKTpa), TeM CaMbIM  ONTHMH3MPOBATL
npouece peanniaunn NB-loT Texnonorsy, cHusus spems 3anycka W onepalyonibie
pacxos MOGHIBHEIX ONEPATOPOB M NOcTaBIMKoB yeuyr Huteprera semeii.

Mpusumn ae#CTBHA MOJEAH OCHOBAH HA COBOKYMHOCTH BIaHMOCBAIAHHbIX
YACTHRIX PacHeTHRIX MOAYAeH, ofecnequsarommx  y4eT BIHAHHA BLIABICHHBIX
HaKkTopoB Ha mMokazareds obwielt IPHEKTHBHOCTH CLEHAPHEB PpAIBEPTHIBAHNA

TexHonorud NB-IoT.

VnonsomoueHnwit npejctasurens  bekopan r.

p—

«Muawel Technologies Kazakhstans LLP wXyaped Texnonomevn Kadascrans XILC

111h foce. Dostyk avanue. 2108, Block 1, Kaiocvan PecrryGnmcace: 050051 Armire x

Medeu regon, Amaty, 050051, Meaey ayaans, J0CTes AAWNN,

Repubbc of Kazskhatan 2106, Geoe 1, 11 xaiar

Tel: +7 (727|344 00 95 CTen +T (72N 34409 99

Fan o7 (355 A BG4 32T I44. 0555 2
www huswei com W BB COm ww hisswwi com

005928
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shekteydi seriktestigl orsercrsennoctio «KaP-Tean partnership
010010, Nue-Saltan kakasy, 010010, ropon Hyp-Cyamu, 010010, Nur-Sultan,
. 3 Almaty aydany, paiion Anvama, Almaty district,
BQEllne Qadyrgal Jalmyn kdshesi 2-@1 o, Kaspras Kavaifsipe, nos 2 2 Kadwrgali Zhalaiyri Str.

. +KaR-Telo jayapkershiligi TonapuuiecTno ¢ orpammyennoit  «KuR-Tedo limited liability

ET(727) 350 06 06; hup:/fwww. beeline kz

AKT O BHEJIPEHUH
PEIYALTATOB HAYHOM paspaborkn

Hacrosumm  moaTsepacagem, 9TO  pe3yisTars  AMCCEPTAUHONHOTO
uccaenosanns  Typwawosoit  Kapumst  Myparosuw,  «Hccaeropanne
MpdexTHBHOCTH  PYNKUHONMpOBAHNS ceTH MODHALHON cBsin 4G npw
HEnoAL3OBANKK  yikonoaocHoil  vexmosorun  NB-loT aas  pasamunsix
CUEHADHES  MCOOJB3OBAHMS  cHeKkTpa»  o0NafaOT  JAOCTOBEPHOCTHIO,
AKTYANLHOCTRIO M NPEACTABAAIOT NPAKTHYECKHIT HItTEpeC.

Mpaxktudeckoe  npuvenenne.  Pesyaptarsl  paborel  MCMOABIOBAHEL
MOGHIBHBIM ONEPATOPOM JUIR COBEPUICHCTBOBAHMA CYIICCTBYIOMUIEH METOA0NOIHN
BLIGOpA ONTHMATEHOTO CLCHAPHS pPaiBepThiBaHNS TexHonoru# NB-IoT wa cemw
MOGHABLHOH CBA3H.

IMpakruyeckan IHATHMOCT b, Omveuaerca 1enecoodpasHocTs
HCNONL30BAHKA  MONOKEHHIT, pa3paboTOK M NPaKTHYECKHX  PeROMEeHIAUHil
AuccepTauHontoro uecaenosadus Typaxanosoit KM. B npakriueckoit pabore
MOOKIBHEIX ONEPATOPOB N0 O0ECHEHEHMI0 KOMIVIEKCHOT OUeHKH aupexTHBHOCTH
MCNOTB30BAHHA PAIHYHBIN CHCHAPHEB pazsepThiBanns TexHonorud NB-IoT ua
CeTH MOGHALHOM CBA3IM, TEM CaMBIM OGECIICHHBAS IKOHOMHIO BPEMEHI, TIOBBINIAN
TO4HOCTh BHIGOPA M YMEHbIIAA 3aTPaThi HA MOJCPHHIALMIO CTH NMpH BHBOpe
ONTHMANLHOIO CUCHAPHA HCTIONB3OBAHMA PAIMOYACTOTHOTO CNEKTPa ¢ NEPBOTO
paza.

HJanvreiinme pekoMCHIAUAN JAKTIOUAIOTCR B HEOGXOAHMOCTH HANHCAHNA
MPHKIAIHOTO NPOrPAMMHOre obecneyeHns, KOTOpoe MO3BOMMA0 G ONepaTHBHO
BBIMHCAHTE KO OHunenT 3depexTHBHOCTH Kan 1010 u3 cuenapues NB-loT.
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