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3. AH®OPMALUOHHBIE CUCTEMBI U TEXHOJIOT U
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1. TEOPETHYECKHUE OCHOBbBI PAJIMODJIEKTPOHHUKH
N PAIMOTEXHOJIOI'MHU CBA3HU

Cexknus 1.1.
MUKpPOBOJIHOBASA TEXHUKA: MATEPHUAJIbI, KOMIIOHEHTHI,
yCTpOICTBA
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VIIK 621.396.
TPHTH 47.45.29

NCCIEJOBAHUE MHOT'OPE3OHAHCHBIX ®PAKTAJIBHBIX
CTPYKTYP BTOPOI'O U TPETBEI'O ITIOPAJKA

P.A. Anu

CankT-ITerepOyprckuii TOCy1apCTBEHHBIH YHUBEPCUTET TeNeKOMMYHUKanuid uM. pod. M. A. bond-bpyesnda

B oaunoii pabome paccmampusaemcs OpesosUOHas paxmanvHas —cmpyKkmypad.
bnacooaps ocobennocmsam OanHoll cmpyKmypsl 6 aHmeHHe Peanusyemcs NPUHYUN CLOHNCEeHUs
MOKO08, Ymo no3eojsem 000umvcs xopowezo npuéma cuenana. K npeumywecmeam oannozo
MUna aWmeHH MOJICHO OMHecmu OObUoe KOIUYeCmeo napamempos, UsMeHeHue KOMOPbIX
n0360J5em YNpasisims Xapakmepucmukamu aHmeHHbsl, U NPOCMOmY peaiu3ayuu 8 niaHapHoM
UCNOTHEHUU.

¢pakmanvnvle anmeHHvl, MHO20YACHOMHbBIE AHMEHHbl, OPEEOGUOHbBIE AHMEHHDI,
MUKpoeonosvie mexunonocuu, CBY, nnanapnas opesosuonas @paxkmanvHas aHmeHHa,
opeeoeuonas @pakmanvHas aHMEHHA 6MOPO20 NOPAOKA, OPesOGUOHAA (paKmaibHaA
aHmeHHa mpemove2o nopAoKa

1. HccaenoBanue COOTHOLIEHUI CTOPOH

[Ipu uccnenoBanuu (pakTanbHON aHTeHHBI B Auanazone a0 10 I'T Gbuio
OTMEYEHO, YTO AHTEHHA HMEET SPKO BBIPAKEHHBIE PE30HAHCHBIE YaCTOTHI,
KOTOPBIE CYKAIOTCSI C POCTOM €€ T€OMETPUYECKUX pasMepoB. MeToIOM MOJHOTO
nepedopa ObLI0 M0100paHO COOTHOIICHKE JJIMH CTOPOH CTBOJIA K BETBSAM, KOTOPOE
obecneunBasio Hamnyumnii KCBH. Ono coctaBuno 5 k 1. HecMoTps Ha TO, uTO
KCBH B Takoii cTpykType MOT J0XOAuTh 10 1.2, anTeHHa paboTaia B OYeHb Y3KOU
nmoyioce 4actor. Takxke OBUIO 3aMEUEHO, YTO Ha KaKJOW HOBOW pPE30HAHCHOU
yactotre KCBH pacTér nuiib 10 onpenes€éHHOro MOMEHTA, MOCJIE YEero BHOBb

YMEHBIIIAETCS.

Mapametp S11 ANA pasHbix pasMepos CTBONA M NNeyeli B COOTHOLWEHWU 5 K 1

Puc.1. Cnesa: 3D monens, oToOpakaroriasi COOTHOIICHHE JIJTHH BETBEH M CTBOJIA IS
UCCIIeyeMbIX KOH(PUTYpaIHii
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\ / Napawerp S11 AnR ApeROBHOR PaKTANLHOM CTPYXTYPH TPETLAN YpoRHA

#wﬂﬂaﬁﬂa

Puc. 2. 3D mMozaens npeBoBUIHON (hpaKTaaIbHON aHTECHHBI TPETHETO MOPSIAKA U PE3YJIbTAThHI
pacuéra 3aBucuMocTi KCB oT yacToTs! 17151 He€. MUHUMYMBI COOTBETCTBYIOT PE30OHAHCHBIM
yacrotaM. [Tapamerpsl moaenn: Martepuan: mensb. Juamerp ctBosna: 2 mMm. Bricora ctBoia 100
MM. Jluametp Gonbimx BeTBei: 1 MM. JlmuHa Gonbmux Beteit: 10 MM. YTom Mexay 601pIIUMU
BeTBsAMU: 60 rpagycoB. Jlnamerp manbix BeTseit: 0,5 mm. J[iinHa Manbix BeTBEM: 4 MM. YTOI
MEXIy MallbIMU BeTBsiMU: 60 rpamgycoB

I

5m0 00 2 Eo0c  B00 00

Puc.3. Monens apeBoBHIHON (hpaKkTaIbHON aHTEHHBI 2 TIOPsIIKA C TIeYaMy PaBHBIMU 110

nnuHe crBoiy u €€ KCBH

B000 Ty 10060 0

[losiBUNIOCH TpEANONOXKEHHE, YTO BETBU AHTEHHBI pabOTalOT JUIIb Ha
BEPXHUX PE30HAHCHBIX YacTOTax, yiaydmas e€ coriacoBanue. [loatomy ObLIO
IPUHATO PEIICHHUE BEPHYTHCS K (hpakTalbHOMY APEBY, B KOTOPOM IUIEYU pPaBHBI
ctoiy. IIpeanonoxxenne noaresepawinock u KCB Ha pe3oHaHCHBIX YacToTax

ynyuimmics. Taxoke, s ynyuiienuss KCB Obi1a mpoananusupoBaHa IpeBOBUIHAS
bpakrangbHas CTPYKTypa 3-ro nopsijaka.

SWR o .
vl SWhon @0 l
160 IR P
EL \
e : Y v . -
5 . e o ek *
65000 T250.0 B000.0 7500 s 30 a0 000

Puc.4. Monenb 1peBoBUIHON (hpakTaabHON aHTEHHBI 3 TOPS/IKA C IJICYaMU PaBHBIMU 110
nuHe ctBoity M e€ KCBH

2. CB#3b €O CIMPATbHON AHTEHHOM
[Tonyuennsiii KCB B o00oux caydasx HanomuHan KCB chnupanbHOU
CTPYKTYpPBI Ha YAaCTOTaX, HUKE pabOUUX, B CBA3U C YeM OBLIO PEIIEHO PaCHIMPUTh

JIana3oH MojenupoBaHus. B pesynerate, y wmoaenu 3-ro mnopsaaka KCB
n3mensics ot 1,5 no 4,1 B imana3one ot 20 g0 45 I'Tm.
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HEaH

" v »Am
Puc.5. [Ipumep cniupanbHOM aHTEHHBI, 3aMTyIIEHHOW HA YacTOTaxX HIke pabounx. B
JAHHOM clly4ae — Ha yacTotax ot 1 g0 2 I'T'g
3. YacroTHble CBOICTBAa PEBOBHAHBIX (PPAKTAJIBLHBIX CTPYKTYp B
LIMPOKOH 10J10Ce YACTOT.

10000 8 15000 0 200000 250000 004000

Puc.6. Monenu npeBoBuIHON (hpaKTaTIbHON aHTEHHBI 2 U 3 MOPSAKA C TUICYaMU PaBHBIMU
o ;e crBoity 1 ux KCBH

[locne 4 wutepanuu aHTEeHHa HauWHAeT oOpa3oBbIBaTH COTHL. [locme
obpaszoBanus mepBoit cotel KCB moutu He wmensercs. Takum o0pa3om, MbI
OpULUTH K (pakTalbHBIM CTPYKTypam B (OpMe CcOT, C IMOYTH OJUHAKOBBIMU
YaCTOTHBIMU CBOMCTBAMM, YTO MO3BOJIAET UCIIOIB30BATh JUIsl BCEX AHTEHH JIAaHHOTO
TUIIA OJIHO corjacyolee ycTpoicTBo. [lonydueHHble CTpyKTypbl H300paxeHbl Ha
pUCYHKE 7.

[locne aHanmuza CTpykTypa Oblla JopaboTaHa. YCTaHOBJEHO, 4YTO
MaclITaOMPOBAaHUE CTPYKTYpPbl CHM)KAET MHUHUMAIbHYI0 M MaKCUMAJIbHYIO
pabouyro 4acToTy aHTeHHbI, He Biuss Ha xapakrep e€ KCB. Takum obpazom
yAAJIOCh MOJIYYUTh CBEPXIIMPOKONOJIIOCHYIO CTPYKTYPY, paboueil moJ0coi 4acToT,
KOTOPYI0O MOXXHO CMeniaTh MmyTéM MacmTaOupoBaHus aHTeHHBI. Jlanee
UCCJIEIOBAJIMCh YaCTOTHBIE CBOMCTBA MacIITAOHON MOJIETTM aHTEHHBI CO CTOPOHOM
B 100 mMm.
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Hma =000 250008 2800 230000

0 000 0 20 2008

Puc.7. 4-s u 8-1 urepauun @pai@anal P}II[OII-V-[ c aHTéHHéMH - ux KCBH

4. YacToTHBIE CBOHCTBA COTOBOM CTPYKTYPBI

N3-3a TOTO, YTO MEPBBIE OTPE3KHU MOJTYUHUIIACH B ABOE JJIMHHEE BCEX
OCTaJIbHBIX DJIEMEHTOB AHTEHHBI, TEM CaMbIM Hapyllas IEPUOAUIECKUN 3aKOH
NOJTy4YeHHOU (ppaKkTanbHOU CTPYKTYpHI, OBLIIO PEIIEHO MPOBECTH KOMITBIOTEPHOE
MOJICJINPOBAaHUE aHTCHHBI, UCIIPABUB 3TOT HEIOCTATOK.

50

SWRon Z 500

N R ., i i™t

SWR
3.0 emm e R b T S

10
240000 250000 260000 270000 280000

Puc.8. KCB nepuonuveckoit crpykTypsl. Ji1st cpaBHEHUs BEIOpaH TOT K€ IMANa30H, YTO U
B IIPEABIAYIINX CIIydasx

Opnnako, aHTeHHa CIOcoOHa paboTaTh B KyJa Oojiee IMIMPOKOM JUara3oHe
4acTOT, NMEPEKPHIBAsI MPAKTUYECKH BECh CIEKTP YaCTOT, MCIOJb3YEMbIM CErOMHS
JIJISL CBS3H.

2.0

SWRonZ: 500

L[ P beomnoonn SRR

SWR
1.0 |-

1.0 - - -
2000.0 19500.0 37000.0 54500.0 72000.0

Puc.9. KCB nepuonuveckoit cTpykTypsl BO Bceil paboydelt ojoce 4acToT

5. 3akiauyenue
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B xone wuccnemoBaHusi ObUIO MPOBEACHO KOMIIBIOTEPHOE MOJAEIUPOBAHUE
JTPEBOBUIHBIX (DpaKkTaIbHBIX Y 0Opa3HBIX aHTEHH.

YCTaHOBIEHO, YTO C TOYKM 3pPEHUs YAaCTOTHBIX CBOMCTB JIPEBOBUJHBIC
(paKTalbHbIE AaHTEHHBI BEYyT c€0s1 OUEHb IOXO0XE Ha CIHPAJIbHbIE AHTEHHBI, YTO
IIO3BOJISIET TPEIIIOJIOKUTh, YTO CIMpajbHAs AHTEHHA — JTO YaCTHBIM Ciydau
bpakTaIbHON CTPYKTYPHI.

VYnanoch mnepelTd OT MHOTOPE30HAHCHOM JPEeBOBUAHON (paKTaabHOM
CTPYKTYPBI K CBEPXIIIMPOKONOIOCHOM COTOBOM CTPYKType, CIIOCOOHOM padoTaTh B
noJyioce yactoT a0 50 I'T'1, yTo mo3BoJsSeT MPUHUMATh OJJHOW aHTEHHOM OOJIBIIYIO
4acTh HCIOJIB3yEMOIO CEroJHs paguodacToTHOro cmnekrpa. IlomydeHHble
pe3yabTaThl TPEOYIOT MPOBEPKH IMMyTEM MAKETUPOBAHUSI.

Cnmcok ucnojib3yeMbIX HCTOYHHUKOB:

1. Ammu P. A., CenpimieB D. 0. Pa3zpaboTka MHOTOYacCTOTHOM PEBOBHUIHON (PpaKTaIbHOM
AHTEHHBI JIJI1 PEKTeHHOTO npeobdpasoBarens. 2021r.

2. Ammu P. A., CegpimmeB O. 0. YacroTHble CBOWCTBa APEBOBUAHBIX (PpaKkTaIbHBIX
aHTeHH. 2021 r.

3. Bockpecenckwuii JI. 1. Antenns! u ycrpoiictea CBU. M.: Coserckoe paauo, 1972. 320

4. Banpminn 3. C., Kpuopyka O.0., Jlenuxun K.A., Cenpine 3.}0. CnupanbHble
autesHrl CBY nuamnaszona. 2020 r.

5. Bampmma 3. C., CempimieB J. K. dazupoBaHHasi cucTeMa Ha JABY3aXOJHOMN
HEMPEPBIBHOW ciupaibHO# cTpykType. 2019 r.

6. PoxkoB A. M., Cenpie 3.}0. Koudopmusiii wm3nyuatens CBY B Buzge
norapupmMuuecKkoi crimpainu ¢ 3kpanom. 2020 r.

7. @anbkoBckuit. O. U. Texanueckas snexrpoauHamuka. CI16 2009.

Asmop svipasicaem 6aazodaprocms Cedviuesy 3. FO. 3a nomows 8 pabome.

20



V]IK 621.372.413
TPHTH 47.45.33

MUKPOBOJIHOBOE VCTPOFICTBQ YACTOTHOM CEJEKIIUN HA
UJUHIPUYECKOHN MOBEPXHOCTHU

ML.A. Bacatkun, A.J. Jlanaa, 3.10. Ceapbliuen

CankT-ITerepOyprckuii TOCyIapCTBEHHBIH YHUBEPCUTET TEICeKOMMYHUKauid uM. mpod. M.A. boru-bpyesnua

B pabome onucan moewiii snemenm unmecpanvhou cxemomexuuxu:. CBY ¢guromp na
KONJIAHAPHOU JUHUU 8 YUTUHOPUHLECKOM UCNOIHeHuU. Paccmompenvl e2o ocnognvie napamempbi.
IIpeocmasneno MukpogoiHogoe ycmpoucmeo YacmomHoll celeKyuy OAHHOU KOHGU2ypayuu.

CBY, konnanapuaa 1uHuA, pe3OHAMOpP HA KONJIAHAPHOM OTH0600€, MUKPOBOTHOBOE
YCImPOUCHE0 YACHOMHOU CeeKyuu

Pe3onatop sBmdeTCA OOHMM W3 BAXKHEHUIIUX SJIEMEHTOB HMHTETPAIbHOU
cxemoTexuuku CBY. PezoHaTopbl MOTYT OBITh UCHOJTHEHBI B Pa3IMYHBIX (Popmax
U pa3Mepax, OOJBIIMHCTBO M3 HHUX IIMPOKO HMCHOJB3YIOTCS, OJHAKO HEKOTOPBIE
pE30HATOpPbl B BUAY HHU3KOM CTEIEHH HW3YYEHHOCTH BbBI3BIBAIOT MOBBIIICHHBIN
uHTepec. B gaHHBI MOMEHT BOCTpEOOBaHbI PE30HATOPHI B MPUHIIUITUATILHO HOBOM
KOHCTPYKTUBHOM HCIIOJJHEHHH, TaK KaK Ha OCHOBE SIBJICHHUSI PE30HAHCA BO3MOKHO
MPOEKTUPOBAHUE pa3nuuHbIX ycTpoiictB CBY naumanazona. B wactHOCTH,
pE30HATOpPbl MOTYT MCIOJIB30BAThCS B YCTPOMCTBAX YACTOTHOW CEJNEKIHUH H
bunbpTpanmy, a Takxke B ycrpoictBax reHepauun CBY-curnana. B nannoit padbore
PacCMOTPEH KOJIBLIEBOM PE30HATOP HA KOIUIAHAPHOW JIMHWUK B LHWJIMHAPUYECKOM
UCIIOJIHEHUH, KOTOPhIN (hakThuecku sipisiercs CBY gunbTpom.

KormranapHpIii BOJTHOBO/, MPEJACTABISIET COO0H TPEXIIPOBOAHYIO TOJIOCKOBYIO
JIMHUIO, B KOTOPOW pPAacCHpOCTPAHECHHUE JJIEKTPOMArHUTHOW BOJHBI ITPOUCXOIUT
BJIOJIb IIEJIEH MEXAY MPOBOASIIMMH MOBEPXHOCTSIMHU, HAXOIALIMMUCS B OJHOU
II0CKOoCTH. KomaHapHele BOJMHOBOABI HAlIA IIMPOKOE MPUMEHEHUE B
uHterpainbHbix cxemax CBY. Mcnonb3oBanue KoruiaHapHbIX BOJIHOBOIOB B CBY
YCTPOMCTBAaX TMO3BOJSET MOBBICUTH THOKOCTh KOHCTPYHPOBAHHMS U YNPOCTUTH
peanuzaiulo OmNpenesieHHbIX (PYHKIMOHANBHBIX ycTpoiicTB CBY  nuamaszona.
KoHpurypanus kormjgaHapHoro BOJIHOBOAA ImpeactaBieHa Ha puc. 1. Crour
OTMETHUTh, YTO JOCTOMHCTBOM JIMHHUI JAHHOTO THUIIA SIBJISIETCA MPOCTOTA MOHTAXKA
[IACCUBHBIX W AKTHBHBIX JJEMEHTOB IIOCIEAOBATEIBbHO WIM MAPAIIIENBHO C
JIMHUEMN.

h £,

Puc. 1. Konmanapnsiit BomHoBOA [2].

21



PaccmarpuBaemMoe  MHKpPOBOJHOBOE  YCTPOMCTBO YacCTOTHOM — CEJIEKLINH
MPEJICTABJIECHO HA pUC. 2.

Puc. 2. Monenb ycTpoiicTBa 4aCTOTHOM CEJIEKIIUHUH €TI0 MPUHIIUIHATIbHAS CXEMA.
HccnenyeMoe ycTpoicTBO sIBIsIETCS pPe30HATOPOM Oeryiieid BoHbL. [loaTomy
OCHOBHBIM ITapaME€TPOM, OKa3bIBAIOIIMM BIHMSIHHUE HA PE30HAHCHYIO YacTOTY
SIBJISIETCS IJIMHA OKPY>KHOCTH pE30HATOpA.
VYcnoBue pe3oHaHca ¢ TOUKU 3pEHHS TEOMETPUM CTPYKTYPHI:
l=nArmen=1,23..[3];
2oe | — onuna yenmpanvrno2o nonocka.
Ha ocHoBaHuu 3TOr0 yCII0BUS, 4aCTOTY pe30HaHca B MakeTe pu N=1 cienyer
pacCcUUTHIBATh O Clieytole Gpopmyre:
c [ 2
f=7J= Bk
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Jlnst  JOCTIKEHWS pe30HaHCa Ha TMOJMYYEeHHOW YacToTe HEOO0XOIuMO
OTpe/IeJICHHOE COOTHOIIEHUE PE30HATOPA U JIMHUHU, K KOTOPOM OH MOJIKIIOYAETCS.
BonHoBOoe cOMpOTHBIEHHE KOIUIAHAPHOTO BOJHOBOJA KOHEYHOM TOJIIIMHBI

3aMUCBIBACTCS CIICTYIOITUM 00pa3oM:
_ 30m K"(ks)

ZW \/g K(k:_,) [ ]

rae K* (k) u K(k) — snauntudecKie HHTErpajibl IEPBOTO Poja.

Ha wacToTy pe3oHaHca Takke OKa3bIBAIOT BJIMSHUE MOTOHHBIC MapaMeTphl.
[ToronHass MHIYKTUBHOCTH 3aBUCHUT OT JJTMHBI MPOBOJSIICH MIacTUHBL. [loronHas
E€MKOCTh 3aBHCHT OT TOJIIMHBI M MaTepuana JudJiekTpuka. HeobOxoammo
OTMETHUTH, YTO B PACCMATPUBAEMOM YCTPOMNCTBE MPH MAJIOM THAMETPE BO3HUKAET
E€MKOCTHAsI CBSI3b MEXAY CTECHKaMH IWIMHIpA, BI0OABOK H3MEHEHHE IUPHHBI
3a30pa M MIEJIeBON eMKOCTH BIIMSET Ha YaCTOTy pe30HaHCA.

Jlis mpoBeneHus SKCIepuMeHTa Obljla CHHTE3WPOBaHA MacIiTaOHas MOJAEIb
pezoHaTtopa. [IudpneKTpuKOM SBISETCS TEXHUYECKHH KapTOH, B KayecTBE
MIPOBO/IAIIETO MaTepHaia UCTIOIb30BAJICS ATFOMUHUMN.

Ha pucynke 3 mnpencraBimen oOmmii Buja J1a0OpaTOPHOTO CTEHAA IS
U3YYCHUSI XapaKTEPUCTUK PACCMAaTPUBAEMOI0 YCTPOMCTBA, a Ha PHUCYHKe 4 —
nosyueHHas AUX.

N3 AUX makeTa BUIHO, YTO paCCMaTpUBAEMOE YCTPOMCTBO MO CYTH SIBISIETCS
bunbTpoM HH3KOW YacToThl. JlaHHBIM GUIBTP HA OCHOBE KOIUIAHAPHOTO
BOJIHOBOJIa B IIWJIMHIPUYECKOM HCIOJHEHUU O00JIalaeT XOpOoIleld KPYTHU3HOU U
HU3KUMH TIOTEpSIMHU. BcleAacTBUE HECOBEPIICHCTBA KOHCTPYKIIMM — MakKeTa
HaOMIOAAeTCsl HMCKAaXCHUE KPHUBOM IMepeaTOYHON XapaKTePUCTHKH, OJIHAKO B
1[eJIOM OHa OJIU3Ka K ujeaty.

£ WHOMKATOP KCEH 1

Puc.3. O6H_[I/II/I BU/I 1a0OPATOPHOTO CTEH IA.
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Puc.4. AUX makera

Takum oOpa3oM, MOATBEPXKIEHA BO3MOXKHOCTH CO3aHMS pe30oHaTopa Ha
KOIUIAaHApDHOW JIMHUM B  LWJIMHJAPUYECKOM HUCHOJHEHHH. B  pesynbrare
MaKeTHUpPOBaHUs ObLIO YCTAHOBJIEHO, YTO JAHHOE YCTPOMCTBO SBJISETCA QUIBTPOM
HU3KOM yacToThl. [IpencraBneHHbiii GuibTp 00Ja1a€T OTPOMHBIM MOTEHI[UATIOM.
VYBenuunBas KOJIUYECTBO KOJIEL, YMEHbIIAS WIM YBEIUYUBASI PACCTOSHUS MEXKIY
HUMH, U3MEHSS THAMETP KOJIEI] U IIMPUHY 3a30pa KOIUIAHAPHOW JIMHUU, MOKHO
M3MEHSATh XapaKTEePUCTUKU YCTPOUCTBA, KOTOPOE B JAJbHEUIIIEM HANWJET IIMPOKUI
CIIEKTp NMPUMEHEHMS B MHTETpajibHOUN cxemoTexHnke CBY.

CnuCOK UCNOJIb3yeMbIX HCTOYHUKOB:

1. baxapaee C.M., Bompman B.M., JIu6 IO.H. CnpaBouynuk 1o pacuery u
KoHcTpyupoBanuto CBY nonockoBsix ycTpoiicTB. M.: Paguo u cBs3pb, 1982. 328 c.

2. IlpoextupoBanue mosOCKOBBIX ycTpoiicTB CBY. VueOHoe mocobue. YIIbSTHOBCKHIA
roCcy/1apCTBEHHBIN TeXHUUYECKUM yHuBepcutet, 2001. 123 c.

3. bouapoB E.N., Konmpamoa M.A., PakoBa K.A., Cenpime 3.}O., Tapacuk E.D.
KonbueBbie ammuntuueckue peszonartopsl mis  CBY-yctpoiictB  //  DnekTpoHHKa H
mukpodnekTponnka CBY. 2018. C. 688-692.

4. I'ro3ge B. U., Hedeno E. . O6nemubie unTerpanbupie cxembl CBY. M.: Hayka,
1985. 256 c.

5. Marreit I''JI., Anr JI., xonc EMM.T. ®@unbtpel CBY, cornacyromue nenu v Uenu
cBs3u: B 2 T. M.: CBs3p, 1971. T.1. 440 c.
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VK 621.373.52
TPHTH 47.45.99

WH/KEHEPHBIE METO/IbI PACUETA MEPEJAIOLIAX JUHUN
UHTETPAJILHBIX CXEM CBY

B.C. Baxpameesa, J.10. Ceablien

CankT-ITerepOyprckuii TOCy1apCTBEHHBIH YHUBEPCUTET TeNeKOMMYHUKanuid uM. pod. M. A. bond-bpyesnda

B pabome cpasnusaromcs ¢opmynvl 0na pacuéma nepeoarowjux IUHULL UHMESPATbHBIX
cxem CBY. @opmynvr npedcmasnenvt Uz paziuyHulx cnpasouynuxos. Teopemuueckuu pacuém
nPosepSIemcst ¢ NOMOWbIO IKCHEPUMEHmA U asmomamusuposannol cucmemst RFSIMmM99. B
pesynvmame npedsiodceHa HAuryuas Gopmyna 0as paciéma HeCUMMEmpPUYHOU JTUHUU.

cummempuinan jT1nHusl, HeCUMMEMpPUUHAan JILHUA, pacué’m, 60JIHOB0€ conpomuejieHue.

B coBpemennbix CBY ycTpoiicTBax, TaKMX KAaK aHTEHHbIE MEPEKIIOYATENH,
BEHTWIM, IUPKYISATOPHI, (QUIBTPHI U T.MI. IIHAPOKO MPUMEHSIOTCS IOJIOCKOBBIC
JVHUU. B OTIIMYMK OT KOAKCHAJIBHBIX JIMHUM U BOJHOBOJOB, ITOJOCKOBAs JIMHHS
MO3BOJISIET JIOCTATOYHO MPOCTO OCYIIECTBIIATH CIOXXKHBIE CTPYKTYPBI C OOJIBIIUM
YHCJIOM PA3BETBICHUH, YTO MO3BOJISIET YACHWIEBUTH mpoliecc npousBoacrea CBY
arraparypsl.

Paznmuuaror nBa THma JIMHUAKW: CUMMETPUYHBIE W HECUMMETpUuHble. Ha
pucynke 1 (a) moka3zaHa cummerpuuHas nojockoBas auHus (CIJI), koropas
NpEACTaBIsIeT COOOW TOHKUH METAUIMYECKUA MPOBOJHUK MPSMOYTOJIbHOU
(GopMbI, HaxOIAUIMICS B AMDJICKTPUKE, KOTOPHIA PpACIOIIOKEH MEXKIY IBYX
3a3eMJICHHBIX ~MeTa/iMdeckux riactuH. Ha pucyake 1 (0) mokasana
HECHMMMeETpUYHAs win MukpornosockoBas nuaus (MILJI), koropas mpencraBiser
co00l MeTayuIMYeCKU MPOBOIHUK, JIKAITUN Ha TOJIJIOKKE U3 AUDIIEKTPUKA.

w W

\ 4
A
\ 4

o| o S 77/ B

h4 S
v 4

a) 0)
Puc.1. [lonepeynoe ceueHne nepeaarouIux JMHUN:

a) CHMMETPHUYHAS,
0) HeCUMMETpPUYHASI.

rae W — mupuHa MeTalIndecKoro MPOBOTHUKA;

t — ToJIIMHA METAJUTMYECKOTO MPOBOTHUKA;

h — ToymmMHa MOMI0MKKY;

d — paccTosiHEE MEXTy OCHOBAHHSIMH;

€, — OTHOCHTE/IbHAS IPOHUIIAEMOCTD JUAJICKTPHKA.
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[Ipu co3zpannu CBY ycTpOoWCTB Ba)KHOE 3HAYEHUE MUMEET TOYHOCThH pacuéra
BOJIHOBOT'O COMNPOTHUBJIEHUSI Z,, KOTOPOE SBISIETCS OCHOBHBIM MapamMeTpoM
nepemaromnieit muaun. CymecTByeT MHOXKECTBO (GopMys pacuéra sl Kakaou u3
HUX.

Jlist mpoBeieHUsT SKCIIEPUMEHTa ObLTA CITPOCKTUPOBAHBI U M3TOTOBIICHHI JIBA
MaKeTa HECUMMETPUYHOM JIMHUU C Pa3JIUYHBIM BOJHOBBIM conpoTuBieHueM. CyTh
AKCHEPUMEHTA 3aKJII0YEHA B TOM, 4YTO YPOBEHb pPACCOTJIACOBaHMS, KOTOPBIN
MOJHOCTBIO OMPEACNSIETCS BOJHOBBIMU CONPOTHUBJICHUSIMM TpaKTa W JIMHHM,
MO3BOJIUT CPAaBHUTH PEAJIbHBIE MOTEPHU U MOTEPH OKHUAAEMbIE B MpPOTrpaMMe, Mpu
copnageHnn AYX pacyera W OKCIEPUMEHTA Mbl MOJYYUM JIOKA3aTEIbCTBO
MPaBUJILHOCTH pacyera Mo TOW WM UHOM MeToauke. Ha pucyHke 2 npeacTaBiieHb
MaKeTbl JBYX HECUMMETPUYHBIX JMHUH M W3TOTOBJIICHHbIC JIMHUM B KaueCTBE
akcriepumenTa ¢ napamerpamu: W1 = 2.5 mm, W2 =1, 4 mm, t = 30 mxm, h = 1
mMm, €,.1 = 8,35, €,2 = 10,65. Pazmepsl mouioxku: a =25,3 mm u b = 75,8 mm.

Puc.2. MakeTbl 1 U3rOTOBJIEHHBIE JIMHUH

HMnsa CIUI m MIII metonpl pacué€ra M HMX pPe3yibTaThl IMPEICTABICHBI B
tabmuite 1 u Tadnuie 2 COOTBETCTBEHHO.
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TABJINIIA 1. Metons! pacuéra u pesynbrarsl g CI1J1

Meron pacuéra

30m 1 2a;In(a; + 1) — (a; — 1) In(a? — 1)
Zy = w 1= o 0= m
Ve (ug+e)  (1-3)
307
Z, = TR
(e
1L &
d
Y Y L 1) ! 1
— = — n _ - n| ———
€ m\q_t \1_¢L 1-L AN
d d d 3
94, 172 (x + D1 1
Zy = ,  Fl)= G- T T
\/_(x ln F(x) 1- 7
TABJINIIA 2. Metoasl pacuéra u pe3ynabrarsl 15 MITI
Meron pacuéra PesynbTar
Z,=——s 1280’5’4W Z,1 = 27,19 Om
V& (3 +2In (552 +15.71)) Z,2 = 32,88 Om
188 1 Z;1 =26,08 Om
VR e 1+1n(1+2Y) 7,2 = 29,62 Om
20 77 ¢ ) ne =2
Z,=— A Z,1 = 27,13 Om
JE(p+ 1393 +0.667 In(7 + 1.444)) 7,2 = 33,1 0m

Jlis  mpoBEepKH pe3yNbTaTOB, MOCTPOUM XapaKTEPUCTHKY OCTIabIeHUS C
nomoimieto  CAITP  RFSIMM99, wucnonw3ys  pacCUMTaHHBIC  BOJHOBBIC

COMNPOTHUBIIEHUS, U CPABHUM C SKCIIEPUMEHTAIBHOM.

Ha pucynke 3 mnpezacraBieHbl SKCHEPUMEHTAIIbHBIE XapaKTepUCTUKHU. Jlis
nepBoit iuHuK norepu nipu 2 I'Tu — 0,15 nb, a npu 4T — 2 nb. s Bropoit

muanu 0 b u 1,6 ab.

Puc. 3. DkciepuMeHTAIbHBIC XapaKTEPUCTHKN OCIIa0ICHUS
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[Tpu mogenmupoBannu B RFSIMM99, nns nepBoit nuHUM pe3yabTaThl O BCEM

Tpé€M dopmyisiaMm He COLLTUCh, motepu Tipu 2I' T coctaBstoT okojo 1,5 nb, a mpu
4I'Tu 2,4 mab (puc. 4).

5N & 51 5N &+ 51

s, T 5 s | _—— ot 5n

512 512 " 512 512

522 " 522 " 522 " 522
(] L L] L]

20Logl - \ / \ / \ 20Lagly’ = | 20Logl ~ \ / \ / \ 20Lagly. >
Crapr |2GHz 101 paints 4AGHz Crapr |2GHz 107 points aGHz

f=2GHz & -1.52d8 #-5.3d8 4 | ﬂ f=4GHz @ -2.4mdE 325748 ﬂ D

Puc. 4. XapakTepuctuka ocnabieHus sl IEPBOM JIMHAN

I[J'I?I BTOpOﬁ JIMHUU JIydli€e BCCTO COHUIMCH PE3yJibTaTbl IIPU BOJIHOBOM

COMPOTUBIIEHUH, paccunTaHHOM 10 dopmyiie No2. [Torepu mpu 2T cocrapnstor
okoyo 0,67 nb, anpu 4I'Tu 1,13 nb (puc. 5).

£ sn @sn | £5N 2 i
& 521 csz | 52 & 5
512 ~ap | OS2 o G
522 Clszz | (52 &R
® ® L] )
Log/ 5 \ / \ / \ / 2DLDgN:l AoaV.x \ / \ / \ / QDLDgN:L
! ) !
Crapr |2GHz 101 points 4GHz - Crapr |2GHz 101 points T AGHz
f=2GHz @067 |®G43E < o f=dGHz CERE] e54dE 4] il

Puc. 5. Xapakrepuctuka ocnabieHus A BTOPOil THHUU

MoxHO cacyiaTb BbIBOJ, 4YTO HAWJIy4YHIUMC PC3YJIbTATbl II0JIYYAIOTCA 110

dbopmyre pacuéra BOJIHOBOTO COMPOTUBIICHUS Ne2 il BTOPOM HECUMMETPUIHON
JUHUU. 3HAYUT, €CTh CMBICT MPOJOJIKUTh TOUCKH W TPOBEPKY GOpPMYT s
MPOBOJISIINX JIMHUW UHTErpaibHbIx cxeM CBY.

Choucox HCIO0JIb3YEeMbIX HCTOYHUKOB!

1. Boreman B.M., baxapes C.1. u ap. CipaBo4yHuk 1o pacu€try u KoHcTpyupoBanuio CBY
II0JIOCKOBBIX YCTpOMCTB. — M: Panno u cBs3p, 1982. — 328 c.
2. ®enpamreita A.JI. CripaBOYHHK 110 3JIEMEHTAaM BOJTHOBOJAHOU TexHUKH. 1967 — 651 c.

3. 'ancron M.A.P. CiipaBOYHUK 11O BOJIHOBBIM CONPOTUBICHUAM (punepHbix munuii CBY.
- M, «CBs3b», 1976. — 152 c.
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YK 621.396.67.095.13
I'PHTMU 47.45.29

MUKPOBOJIHOBBIE IINIAHAPHBIE AHTEHHBI KPYTOBOM
INOJIAPU3ALINHN

H.!. I'nyxos, 2.10., Cenpiies, C.U. ®exopon

CankT-ITerepOyprckuii TOCyIapCTBEHHBIH YHUBEPCUTET TEICeKOMMYHUKaui uM. mpod. M. A. boru-bpyesnua

B pabome oan 0630p anmenn ¢ kpyeosou noaapuzayueil, a makice npeocmaesien UHoU 6Uo
@paxmanvHou aumennuvl. Jlano nozuueckoe 000CHOBaHUE 6bl6OPA OAHHOU MONOAOUU OJiA
npoeedenus OanbHeliwe2o dKcnepumenma. Ilpoeedén amanuz aumeHHvl U OaHbl €€
Xapakxmepucmuxu.

CBII, aAHmMeHHa, Kpy2oeasi noaapu3ayusi, MUKpo6oiH0oedasn njianaprHasil aHmenna

OnHUM U3 KITIOYEBBIX 3JEMEHTOB POA sBisieTcs aHTeHHA. 3a J0JITroe Bpemsi
U3YYCHUST DJICKTPOJUHAMUYECKUX SIBICHUW OBUIO TPUIyMaHO, PACCUYUTAHO U
M3TOTOBJIEHO OTPOMHOE KOJMYECTBO AHTEHH pa3iuyHbIX TUNoOB. [IpuHUMas BO
BHUMAaHUE TPEH]l Pa3BUTHUA DJECKTPOHHKH, & UMEHHO MOCTOSHHOE YMEHBUIECHUE
rabapuToOB MPOU3BOJIMMBIX YCTPOUCTB, MOBBIIIEHUE PAOOYMX YACTOT U IUIOTHOCTU
MOTOKA PHEPTUM MOSABISIETCS HECKOJIBKO (PAaBOPUTOB, OJHUM M3 HUX SBISIIOTCS
TJIAHAPHBIE AHTCHHBI.

[ImaHnapHble aHTEHHBI UMEIOT JBAa OCHOBHBIX JOCTOMHCTBA, 2 MMEHHO: HX
MaccorabapuTHbIE TOKa3aTeIu M MPOCTOTY M3roToBjIeHUs. [ImaHapHbIe aHTEHHBI
yK€ JTaBHO CTajM MOJIb30BAThCS MOBBIIIEHHBIM UHTEPECOM IPHU MTPOECKTUPOBAHUU
NC CBY.

Tak xe wu3-3a TeHAEHUMU pa3Buths PDA mociaegHux JeT, MOSBUIIACH
MOBBINICHHAsT TOTPEOHOCTh B  IIMPOKOTIONOCHBIX AHTEHHAaX KpPYroBOW U
UTUTITUYECKON Tosgpu3anuu. KpyroBas mosspuzaisi oco00 HHTEpEecHa Ha
IPAKTUKE, W3-3a €€ TOBBIILICHHOM ITOMEXO3alIUIIEHHOCTH, I[O3TOMY €€
VICIIOJIb30BaHME MOKHO CUMTATh TPEHAOM, OJIHAKO MOJYYUTh €€, TOpa3ao CIOKHEE.

bepss BO BHUMaHWE BCE MPUYMCICHHBIEC BBINIE TEHACHIMU pa3BUTUS POA u
3JIEKTPOHUKU B IEJIOM, a TaKXK€ JOCTOMHCTBA IUJIAHAPHBIX CTPYKTYP MOMKHO
CUUTaTh, UYTO OHHU SBJSAOTCA TpeHaoM s anTeHH CBY. Jlobuthes Bcero
BBIIICTIEPEYUCIICHHOTO C MX IMOMOIIBI) MOKHO Pa3IUYHbIMU PELICHUSIMHU, BEllb
KOJIMYECTBO CTPYKTYP OUYEHBb BEJMKO: MCIOJb3YIOTCS MHKPOIIOJIOCKOBBIE JIMHUH,
HIeJIeBbIE M3JIy4YaTeau U T.JI., OAHAKO 3a4acTyl0 3TO OyAyT MHOTORJIEMEHTHBIC
CTPYKTYpPBI HMEIOIIIUE, OJTHAKO, TOPU30HTAIBLHYIO MoJsapu3anuio [1].

Bormnpoc momydeHuss KpyroBoi MoJsipU3allid OCOOEHHO CIIOKEH. 3a4acTyio
JUIs €€ TIOJIy4YEeHUs UCIIOJIB3YIOTCS Pa3jIMyHble Bapyalluu CIIUPAJIECBUIHBIX aHTCHH
(MCTIONB3YIOTCSI TaK >Ke OoJjiee HEOOBIUHbIE BapHAHTHl HMCIOJHEHUS AHTEHH, K
npumepy - oObéMHas anTeHHa «Kiesep»). CnupaibHble aHTEHHBI, K MPUMEPY,
00J1aJ1al0T ¥ IIMPOKOM MOJI0CO# YacToT (puc. 1B), M KPyroBOM MOJIsIpU3aIiieH.
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Puc. 1. Ilpumep criupanbHOM aHTEHHBI ¢ €€ XapaKTepucTukamu [ 1]

B cBf3u ¢ 1OYTH MOBCEMECTHOW PACIHPOCTPAHEHHOCTHIO B TOM WJIM UHOM
BUJIE CIMpale B aHTEHHAX KpPYroBOHl MOJspU3alMM, K MPUMEPY, CIHUpalb Ha
KOHYCe, CliMpalib Ha UUIUHIAPE, - Moycdepe U T.A4. ObUIO PEIIeHO paccMaTpuBaTh
3aMeHy crHpaiu Ha e€ mojooue.

N3HauanbHO Mpennoarajioch, YTo NIl MOJYyYEHUs] HOBOW TOMOJOTHH OyayT
paccMaTpuBaThCs O4YeHb ONU3KHE IMOA0OMs, T.€. 3aMEHA CIUpPATd MHOMXKECTBOM
OTIENBHBIX MAaJbIX MEIHBIX TII0JOC, WJIM HEKHE «BUXPEBBIE» CTPYKTYPHI
3alUTaHHbIE OTIEIBHO, OJHAKO TaK >K€ B IMPOILECCE PACCMOTPEHHUS JIaHHOTO
BOIIPOCA CTaJl HHTEpPECEH TOT (DaKT, YTO CHOUpab SBISETCS T'€OMETPUYECKUM
(dbpakTagoMm T.e. K&Kl BATOK KOMUPYET MpeabIAYyLIUe B APYroM MaciiTaoe.

Kak mnpenMer panpHeiiniero ucciaeioBaHus Oblla BbIOpaHa aHTEHHA —
TpeyrojabHbll (ppaktan ¢ xkoddduuuentoMm 3amnonHeHus 1. beuia moctpoeHa eé
MOJIeNIb, B KOTOpPOM KaXAbld TPEYrOJbHUK [0 CYTU SBISETCA CPEIUHHBIM
TPEYrOJIbHUKOM, JIJISl TPEYTOJIbHUKA B KOTOPBIM OH BIMCAH.

st sKkcnepuMeHTa Oblla CHHTE3MpOBaHA MacliTaOHas MOJENb AHTEHHBI.
OcHOBHOI MaTepuan aHTeHHBI — Meqb. Ha pucyHke 2 mpejcTaBieH OOIIMiA BUJ
71ab60paTOPHOTO CTEH/IA, a HAa PUCYHKe 3 — nmoiyueHHass AUX.

Puc. 2. O0wmii Bujg na6opaTopHoro cTeH/a.

[Tpu naGmonennn 3a AUX cramo MOHATHO, YTO JIaHHAs aHTEHHA paboTaer,
TaK Kak OHa pearupoBalia Ha MOJHECCHHE K HEH TUITOJIS.
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= i WHOUKATOP KCBH M OCAABAEHMS 512P-67

Puc. 3. AUX makera

[Tpu nanpHeitmem paccmotpennn AUYX 6biu nomyyens! 3HaueHuss KCBH 2.2
st 2.52 I'Ta (Puc 3, touka 1) u 1.3 g 3.5 I'To (Puc 3, Touka 2), KoTopbie
ABJIAIOTCSL OYEHb XOPOILIMMH I[IOKa3aTelsiMM, €clii Oparb BO BHUMAaHHE
HEUJICATIbHOCTH B MEJIE U KAUECTBO MalKH.

Taxum 00pa3om, ObUIO 3KCHEPUMEHTAIBHO MOATBEPKIEHO, YTO UCIOJHEHHUE
aHTeHHb! B JaHHOM BujJe i1 CBY, oOnamaer GOJbIIMM MOTEHIMAIOM, OHAKO
peanM3anys MOJIy4EeHHUs Ha HEMl KpyroBoil mossipuszanuu He Obula mpoBencHa. B
JaJIbHEHIIEM  NIPEANoJjlaraercs  MOABECTH  JAHHYK  TONOJOTHIO  IOA
CHUPAJIEBUAHYIO U3MEHSS MTOJIOKEHUE MECT CITaKU U KOA((ULIMEHTA 3aIl0JIHEHUS
dpakrana.

CnuCOK UCNOIb3yeMbIX HCTOYHUKOB:

1. bouapos E.U., Berpor B.B., Cenprmier 3.10., Ycarosa N.A., Cankr-IlerepOyprckuii
TOCYJapCTBEHHBIN YHUBEPCUTET TeIeKOMMyHUKanuii uMm. mpod. M.A. bonu-bpyesuua,
[TnanapHubie u3my4yaTenn 00bEMHBIX HHTETpAIbHBIX cxem CBUY.

2. Kypnan pamuosnektponuku, N 8, 2010, mamoraGapuTHble TE€YaTHBIE AHTCHHBI
kpyroBor nomspusanuu, C. E. bankoB, A. I'. JlaBeimoB, K. b. I[Tammmos, PO um. B.A.
Korenpnukosa PAH, MKb Kowmrmac.

3. ®anpkoBckuit, O. U. Texaudeckas snekrpoanHamuka : yaeOHuk / O. U. danbKoBCKHiA.
— 2-e u3n., crep. — Cankr-IlerepOypr : Jlans, 2009. — 432 c.

4. ®eitamanoBckue Jekuuu 1o ¢usuke.T. II (3 — 4) | @etinman Puvapn, Jleriton Pobepr,
Mbthio Canpc; xnepeBo ¢ anriuickoro]. — Mocksa: usnarensctso ACT, 2021. — 496 c.
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V]IK 621.376.234
TPHTH 47.14.13

IIUPOKOIIOJIOCHBIN CBY JETEKTOP

B.E. I'opoBbix, A.D. Jlanaa

Cankr-IletepOyprekuii rocy1apcTBEHHBIH YHUBEPCUTET TelleKOMMYHUKanuii um. npod. M. A. bonu-bpyesuua

B Oawnnoti  pabome  paccmampusaemcsi  6apuaHm — NOCMPOEHUs  MONOI02UU
wupokononochozo oemexkmopa CBY  ouanazona. Ilpednodxcen eapuanm nocmpoeHus:
0emeKmopa Ha HepezyaapHOl MUKPONOJOCKOBOU TUHUU C 08YMsL OUOOAMU.

WIUPOKONOIOCHBLIL, 0eMEKmop

B nmanHoit pabGoTe paccMarpuBaeTcs TOMOJIOTHS  IIIUPOKOIIOJIOCHOTO
JIETEKTOpa Ha MHUKPOIOJOCKOBON JIMHUU. DKBUBAJIEHTHAs CXEMa HCCIEAYEMOIO
YCTPOMCTBA JETEKTOPa MpUBEIeHa Ha puC. 1

1l
100
+29%, 2%
SRR )
Z0=49.08R Zo=7268R
v=213M mis v=219M miz
1;92%sz% 1=0.01 m 1=0.028 m
0.6R 100pH
SOR +1%,-1% 5% 5% S0R
Z0=49 038R %1% S B0F =
v=213M m's 1l +2%, 2% =
1=0.016 m 1D'DIfF
+2% 2%
266, )
Z0=49.08R Zo=72.68R
v=213M mis v=219M mis
1g%fF2% R 1=0.01 m 1=0.038 m
0.6R 100pH
+1% 1% e +59%,-5%
1%,-1%

Puc. 1. DxBuBajgeHTHas cXxema JIeTeKTopa

PaccmarpuBaemasi Tomojorusi ycTpoiicTBa (puic. 2) ITOBOJBHO MpocTa —
JIETeKTUpOBaHUE  oOecredywBaeTcsi  ABYMs ~ JIUOJAaMH,  IOCTaBICHHBIMU
MPOTUBOIIOJIOKHO JAPYT APYTY (T.€. aHOM OJHOTO IHUOJA COCIAMHSIETCS C KaTOJAOM
JIPYTOT0), IJIsl BHIACICHUS, IPUIIICIIIETO Ha IETEKTOP CUTHAIA, BBOAUTCS EMKOCTD
C1. CormacoBanue AE€TEKTOpa MO BXOAY U BBIXOAY OOCCIIECUMBACTCS M3MEHEHUEM
BOJTHOBOTO COTPOTHUBIICHUS MHUKPOIIOJIOCKOBBIX JUHUN. Mecta st yCTaHOBKU
nuonoB 0603HadeHsl kak VD1 u VD2.
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Puc. 2. Ilpemmaraemasi TOMOJIOTHS JIETEKTOpA

bb1 M3rOTOBJIEH 3KCIIEPUMEHTAIBHBIA MAKET JIETEKTOpa MO MpeIaracMoun
TOIMOJIOTUH, MakKeT u300pak€éH Ha puc. 3. Tak kak Ha JaHHOM JTare
paccMmaTpuBaach, B IEPBYIO OYEPEIb, BO3MOKHOCTh MCIOJIB30BAHUS TOMOJOTHH
JUIsL CO3/1aHMsI pabOTAaIOIIEr0 YCTPOMCTBA, @ HE TOYHOCTh, MAaKeT YNPOUIEH U HE
uMeer EMKOCTH. Takxke BMECTO HEPETYJISIPHBIX  TIOJIOCKOBBIX  JIMHUM,
WCIIOJIB3YIOTCS MTOJOCKOBBIE TMHUN ¢ HEU3MEHHBIM BOJIHOBBIM COIIPOTUBIICHUEM.

Puc. 3. DkciepuMeHTaIBHBIN MaKeT JIETEKTOpa

B kauecTBe MCTOUHMKA CUTHAJIA JJISI TECTUPOBAHUSI MAKETa HUCIOJb30BaJIaCh
pauus. Ha Bxoje yctpoiicTBa ObUT YCTaHOBJIEH JWIIONbL, a HA BBIXOJAE IMPOCTOM
uHaukaTop. [lpy BKIIOYEHMM Tepeayd Ha MCTOYHMKE, IIKAJIa MHAMKATOpa M3
M3HAYaJbHOTO MOJIOXKEeHUs (puc. 4a) cMelanach B KpailHee MpaBo€ MOJIOKEHUE
(puc. 46), 4TO TOBOPUT O TOM, YTO CHUTHAJ C UCTOYHUKA OBUI MPOJIETEKTUPOBAH.
TectupoBanre mMakeTa MpPoOBOAWIOCH B HWXKHEW yactu CBY guama3zona, yactora
WCTOYHMKA CHUTHajla cocTaBipswia nauama3oH: 165...430 MI'm. OpHako »3TOro
JIOCTaTOYHO YTOOBI 3aKIIFOUUTh, YTO CO3/IaHHAS TOTIOJOTHS pabOTOCIIOCOOHA.
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a) 0)
Puc. 4. IIpoBepka M3roTOBICHHOTO MaKeTa: a) CUTHAJIA HET 0) MOCTYIUII CUTHAII C
HUCTOYHHMKA

B xome ganpHeMIIMX ~ WCCEAOBaHUW  Mpeanojiaraercs  JAopadoTaTh
SKCIIEPUMEHTAJIbHBIM MaKeT, U UCCIeA0BaTh ero pabory B auamnaszone ao 8 [T,
100aBUTh BO3MOKHOCTH BBIBECTH YPOBEHBb CHUTHAJIA, TIPUIICIIIETO HA TPUEMHOE
YCTPOMCTBO NIETEKTOpa JJIsl MOJIb30BATElsA, a TaKKE HUCCIEA0BaTh BO3MOKHOCTb
UCIIOJIb30BaHUs IETEKTOpa B CBsA3KE ¢ OV /i MOBBIIICHHUS YYBCTBUTEIBHOCTH.

CnuCOK UCNOIb3yeMbIX HCTOYHUKOB:

1. 3aropomumii A. UYepenanoB A. Jlerexktopsl MomiHocTH curHaioB CBY kommanum
«Muxkpan» // CBY Dnekrponuka. 2016. N 1°2016. C. 52-56.

2. bankoB C. DnexrpoMarauTHbie Kpuctamuiel 2017. 349 c. ISBN 5-4574-0287-8.

3. psxonoB B., CBepxckopocTHas TBepaoTenbHas aiekrponuka 2017 T. 2. 576 c. ISBN
5-4574-2670-X.

Buipaosicaem oracooaprocmv Ceoviuwesy pnecmy IOpwvesuuy 3a nomows 6 pabome.
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VJIK 621.372.54
TPHTH 47.45.99

MHKPOBOJIHOBBIN TUIIJIEKCEP B OFBEMHOM
UHTEI'PAJIBHOM UCIIOJHEHUU

B.H. lopoxun, I3.FQ. Ceabluen

Cankr-IlerepOyprekuii TocyAapCTBEHHBIN YHUBEPCUTET TeIeKOMMYHUKanuii uM. mpod. M. A. boru-bpyesnua

B pabome paccmompen cnocob peanuzayuu MuKpogoiHO08020 Ounjiexcepa 8 00beMHOM
unmezpanvHom suode. [lpeonodcena cmpykmypHas cxema T-0eaumens 01 OGHHO20 YCMPOUCMEA.
IIpusedenvl npumepsl npumeHeHUs: mako2o ounieKcepa Ha NpaKmuke.

CBY, ounnekcep, 00vémnan unmezpaibHan cxema

B nannoit pabore wucciemyercs Crnocod peaau3aldid MHKPOBOJIHOBOTO
IUIUieKcepa B 00bEMHOM HMHTerpaibHOM Buje. Co3laHue Takoro yCTpOMCTBa
MIOMOXET 3HAUYMUTENBHO YBEJIMYHUTh CTEIEHb HWHTETPAllMd CXEM, COJEp KalluxX
JUTJIEKCEPBL, @ TAaKXE€ OTKPOET BO3MOXXHOCTh CO3JaHUS IIMPOKOMOJIOCHBIX
00BEMHBIX HMHTETPAJIbHBIX CXEM, B KOTOPBIX Ka)XIblk ciioi Oyner paboTaTh Ha
OIPEECIEHHON YaCTOTE.

Junnekcep - 3TO ITACCUBHOE YCTPOMCTBO, BBITIOJTHAIOLIIEE
MYJIBTUIITIEKCUPOBaHUE (0OBEAMHEHUE) U AEMYJIbTUIIEKCUPOBaHUE (pa3/iesICHUE)
BU-curnana mo yactotraM, UCHOJb3Yys /1Ba MapajljIeIbHO BKIIOYEHHBIX (HIBTpA.
JlaHHOE YCTpOMCTBO AKTMBHO MCHOJB3YETCS B OTPACIM CIIyTHUKOBOM cBsizu. C
MOMOILBIO HErO OCYIIECTBIISIETCS JEJIEHUE CUTHAJIA OT IIMPOKONOJOCHOW aHTEHHBI
K HECKOJIbKUM Y3KOIOJIOCHBIM NpUEMOIIepeiaTYuKaM U Ha000poT.

Ha pucynke 1 npuBenén npumep peannzaunn CBY numiekcepa B miiaHapHOM
UCIIOJTHEHUH, MOXHO 3aMETHUTh, YTO JaHHBIA JUIUIEKCEp COCTOUT U3 (uibTpa
HWKHUX YacTOT, (PUIIbTpAa BEPXHUX 4YacTOT, (Pa30BbIX KOPPEKTOPOB, BXOJHOIO
TpakTa, a TAKKe CXEM YIPaBJICHUS BXOJIHBIM CUTHAJIOM.

Puc. 1. Paboratomas cxema CBY nuriekcepa B MiIaHapHOM UCIIOTHEHUN

[IpunnunuansHas cxema JAaHHOTO yCTPOMWCTBA, MOCTPOCHHAS B MPOTPAMME
RFSIM99, mnpeacraBiena Ha pucyHke 2. OOBEKTOM HCCIICIOBAaHUS B JIaHHOM
CTaTh€ CTAaHET HMMCHHO BXOJHOH TpakT, C TIOMOIIBIO KOTOPOro W Oyjaer
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OCYIIECTBISTHCSA PA3BOJIKA CUTHAJIA IO CJIOSIM 00bEMHON MHTETPAIBHON CXEMBI, Ha
KOTOPBIX OyIyT HaXOAUTHCS (PUITBTPHI.

_| 100F | 100F j_w 0F j_w OoF j_w OoF j_w OoF j_w OoF j_w 0F j_w F
ezt 2%  TTe2%2% ~2%, 2%,2% ~2%,-2% | ~2%,2% ~2%,2% -2%,2% 2%, +2%,-2%
il
10bF 1W00H
2%,-2% +5%,-5%
| 1007 j_muF j_muF 10nH Zo=SOR " Zo=SOR ~  10nH
2%, 2% o = % TT2%2% [ +5%,-5%  v=100M mis v=100 mis =5%,5%] |
0.01m 0.01m
Foie) T
R Jom : T : A
V=100 m's +5%, 5% +5%, 5% +5%, 5%
1m . .
. It
108
. #2% -2% +2% -2% +2% -2%
Zo=S0R i T ¥ T T
B r00m s 100F | 100F _| 100F | 100F 100F
: 0 m —\l—»fz%,fz%; et 2% Tme2%2% 0 Treenoa% —|—+2% 2%
e oo il il il il
Zo=S0R ' "Zo=SOR * mn'r' . . mn'r' R jmulF o . jmulF' §
V=100M ms v=100M mis +2%,2% +2%,2% +2%,2% +2%,2%
=005 m =01 m Zo=50R Zo=50R Zo=50R
: o :‘%‘v 100Mms |§‘v muM ms ;@v:mum ms’
0m _ E0.01m
T Lo 11
'1D|u|F T . o mlan' . . '1n|u|F T
+2%,2% +2%,-2% +2%,2%
daopr o TR Lo
2% Tmea%e2% 0 Tre%a%
R B R R L PP S
Tk ol e 1o R o
CR%2% Ll e2%e% : | +2%,2% 0oF - - - | 100F -

10nH 10nH 10nH +2%,-2% +2%,-2%
Gewee o Jewsw o emes T8 T

PI/IC 2 HpHHuHHI/IaJILHa;I cxema CBU I[I/II'IJ'IeKcepa B HJ'IaHapHOM UCIIOJIHEHUU

B xone uccnenoBanus Oblia NpeasiokeHa M MOCTPOEHA CTPYKTYypHas Cxema
T-nenurtens B 00beMHOM HMHTETPajbHOM BHUiE B mporpamme TFlex, pesynbrars
MOJICJIMPOBAHUS MIPEICTABICHBI HA PUCYHKE 3.

Puc. 3. CtpykrypHas cxema T-nenuTens ais qurjiekcepa B 00beMHOM HHTETPAIbHOM
WCTIOJTHEHU U
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['maBHOM 3ajmadeld IpuM  peanu3alvu  JAaHHOTO  yCTPOWCTBA  CTAHET
COTJIaCOBAHUE BXOJHON M BBIXOJHBIX CHMMETPUYHBIX TMOJOCKOBBIX JHHHHN C
JeUTeNIeM, TPEICTABIIAIONIEM U3 ce0s 0/1001e KOaKCUaIbHOTO Kadesl.

B pesynbratre pabGoTel Oblla o00OO3HaueHa TmpoliieMa  peanu3aluu
MUKpPOBOJIHOBOI'O JIMIUIEKCEpa B OOBEMHOM MHTETpPaJIbHOM BHUJIE, a TaKKe
NpeIoKeHa CTPYKTYpHAst cXxeMa [ -AeNuTeNs A1 JaHHOTO yCTPOICTRA.

CnuCOK UCNO0JIb3yeMbIX HCTOYHUKOB:

1. B..I'Bo3neB, E.N.Hedenos. O0veMubie uHTerpanbHbie cxembl CBU.M.: Hayka.
I'maBHas penakuust PU3NKO-MaTeMaTHIECKOM TUTepaTyphl. 1985.

2. B.. Bonpman. CrnpaBoyHUK MO pacuery U KoHcTpyupoBaHuio CBY mosocKoBbIX
ycTpoicTB. «Pamuo u cBsizby. 1982

3. D.10. CenprieB. MacmtabHoe MakeTUPOBaHHE OOBEMHBIX MHTErpaidbHbIX cxem CBU-
nuanazoHa. @enep. areHtctBo cBszu. PI'OBYBIIO «CIIGI'YT um. mpod. M. A.bonu-
bpyeBuua». AxTyanbHble npoOsiieMbl HH(GOTEIEKOMMYHUKAIMI B Hayke M 0Opa3oBaHUU:
MexayHaposiHasi Hay4HO-TEXHHYECKas W HaydHO-MeTojuueckas koHpepenuus. Ne 64 (20-24
desp. 2012). Marepuainsr. CI16. CIIOI'YT. 2012
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V]IK 621.373.52
TPHTH 47.45.99

KOJIBIIEBOM DJIJIMIITUYECKHUI TEHEPATOP
HA AKTHUBHBIX JIBYXITOJIOCHHUKAX

A.K. JlapuonoBa, J.1O. Cenpliien

Cankr-IletepOyprckuii rocyaapCcTBEHHBIH YHUBEPCUTET TEICKOMMYHHKAIUH uM. mpod. M.A. boru-bpyesnua

B pabome npeonoocena xoncmpyxkyuss CBY cenepamopa 6 unmezpanvHom ucnoiHeHuu Ha
KOJIbYe8oM DILIUNMUYEeCKOM pe3oHamope. B kauecmee axmuenvix 31eMeHmMO8 UCHONb3VIOMCA
08YXNONIOCHUKU C OMPUYATNETbHBIM CONPOmMugieHuem (myHueavhvie 0uoosl). Ilo pezynomamam
NPOEKMUPOBAHUSL CO30AH MAKem 2eHepamopd, Npo8edéH IKCNEPUMEHM, COelaHbl 8b18600bl NO
HOBOOY B03MONCHOCHMU YIVHUUIEHU NOJNYYEHHbIX XaApakmepucmukx ycmpoicmea. IIpednodcen
Cnocob NoGvlUeHUs MOWHOCMU 2eHepamopa nymém 000asieHus aKmueHblX 08YXNOIIOCHUKO8 &

CmMpyKmypy.

CBY, zenepamop, akmugeHwlil 08YXNOJII0CHUK, PE30HAMOP

['enepaTop SBISETCS OJHUM W3 OCHOBHBIX 3JIEMEHTOM B OOJIBIIMHCTBE
YCTPOUCTB MUKPOBOJIHOBOM TEXHUKHU. Ha CcErogHsmHum 1eHb 4acToTa reHEpaluu
pacteT, pabouwii Auana3oH 4YacTOT TEHEPaTOPOB YBEIMYMBAETCS U, Kak
CJIEJICTBUE, MPEIBIBIAIOTCS O0jiee cepbe3Hble TPEOOBAHUS K TEXHOJIOTUYECKOMY
npoleccy U3roTopiieHust UHTerpasibHbIx CBY ycTpoiicTB.

CHHTE3 M NPOEKTUPOBAHUE HOBBIX yCTpoucTB reHepauuun CBY curnana -
aKTyaJIbHasi UHKEHEPHO-TEXHUYECKasl 3a/1a4a.

OnnuM u3 Hambosee MEepCHEeKTUBHBIX HAaIlpaBICHUM pa3BUTHUS JTaHHOM
TEMATUKU SBIACTCS MCIOJIb30BaHUE IUIAHAPHBIX JJUIANTHYECKUX KOJIBLIEBBIX
pe3oHaropoB. Ha nmanHbiii MoMeHT u3BecTeH reHepatop CBY B umHTErpaibHOM
UCIIOJIHEHUU Ha KOJBIIEBOM pe3oHaTope, paspabotanHbli B Jlaboparopuu
cunte3a CBY ycrpoiicte CIIOI'YT um. npod. M.A.bonu-bpyesuua, npodunn
«MuxkpoBoiiHOBasi TexHuka. O0beMHBIE HHTETpalibHbIe cXeMbD» [1]. Ha pucynke 1
MPEACTABJIEH JCHUCTBYIOIIUM MAaKET YCTPOMCTBA H  €r0  CIEKTpAIbHAs
xapakrepuctuka. [lo Xapakrepy CHEKTpajdpHbIX JIMHUA MOXHO OTMETHUTH
BBICOKYIO CTaOWMJIBHOCTh T€HEpallud, a TaKXKe HaJIMuue HECKOJIbKUX OCHOBHBIX
YacTOT, YTO XapaKTEPHO JIJISl YCTPOMCTB reHepalui ¢ HEBBICOKON TOOPOTHOCTHIO
OCHOBHOI'O pe€30HaTOpa. BMeECTO OIHON pE30HAHCHOM YacTOThl MBI IOIXYYWIIN
L[EJIOE «CEMEHCTBO» TAapMOHMK Ha CIEKTpaHaiau3aTope. Takoil Xapakrtep
TEHEpAlK TOBOPUT O HAJIMYMU TMOOOYHBIX TE€HEPALMOHHBIX YacTOT, KOTOpPbIE
HYKJAI0TCS B IOJABJICHUN.

38



a) 0)

Puc. 1. Maker CBY renepaTopa Ha KOJNBIEBOM JUIMITHYECKOM PE30HATOPE C UCIIOJIB30BAHHEM
TeHepaToOPHOro oA (@), ero SKCIePUMEHTAIBHO MOyYeHHAs! CIIEKTPpaIbHAasl XapakTeprucTHKa (0)

(1]

Jisa toro, 4roObl OOBACHUTH MPHUPOAY BO3HHUKHOBEHHUS, MOJYUYEHHOTO B
AKCIIEPUMEHTAJIBHON XapaKTEPUCTHKE «YaCTOTHOIO Jiecay, ObLIO IPOBENEHO
KOMITEIOTEpPHOE MOJICTUPOBAaHUE peanbHOro MakeTa B RFSiImm ¢ yuetom Bcex ero
HEOJTHOPOJHOCTEM M MOrpemrHocTedl ucnoiHeHus. s 3Toro crpykrypa Obuia
JETANN3UpOBaHa Ha JJIEMEHTApHBIE YYACTKH C ONPENEIEHHBIM BOJIHOBBIM
COIIPOTHBIICHUEM.

Puc. 2. Jleranu3anus peaisHOro Makera ycTpoicTBa

Oco06o0e BHUMaHUE YACISUIOCh «CKOcaM» Ha KOHIIaX muiekdax, Tak Kak OHU
SBJISIIOTCS] HEOTHOPOAHBIMU JIMHUSIMU C U3MEHSIOIICHCS IITMPUHOM MMOJIOCKA.

Zo=49.43R
v=228M mis

S0R

85 ) 00 ) 1 {0 N R 0
Z0=58 48R Zo=T193R Zo=93OR Zo=147.94R | !Dlng‘ 20L'F | Zo=147.98R Zo=94.84R Z0=730TR  Zo=58.48R | Zo=50 46R
we228M ms | v=230M mis v=2320 s v=234M mVs v=238M mis Ve233M mis V=234l s v=232M Vs w=230M mvs | w=228M m's

MR Zo=23.43R

V=22EU mis

-20R

Zo=48.430
v=228M mis.

3 6

Puc.3. DxBuBaseHTHas cxema aetanu3upoBanHoro makera B CAITP RFSimm99

B pesynbrate 8 RFSImm Obuta mostydena 0ojiee TOUHass KOMITbIOTEpHAs
MOJIeTb CTPYKTYphI. Ha prucyHke 2 cxemaTnuyHO 0003HaYEHBI yU4aCTKHA CKOCOB
nuiei(oB, Kaxk/Iblil U3 KOTOpbIE ObUTH Pa30UTHI HAa 4 3JIEMEHTAPHBIX YYaCTKaX CO
CBOMM BOJIHOBBIM COMPOTUBIICHUEM.
B wurtore Omuta momyuena AUYX peaqpHOro MakeTa YCTpPOMCTBA, KOTOpas
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3aMeTHO oTanyaercs oT AUX uaeanbHOW MOJENH, TIOJIYYEHHOU paHee.
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Puc. 4. AUX peanbroro makera ycrpoiictea 8 CAIIP RFSimm99

Komnwroreproe monenupoBanne B CAIIP RFSImm99 mnokaspiBaeT, 4TO
HaJu4yu€ HECKOJBKMX YacTOT TEHEpalUHM 3aJI0KEHO B CaMOM CTPYKType
yCTpOMCTBa, M BBIJEICHUS OCHOBHOM 4YacTOThl HEOOXOAMMO YCTPOWCTBO
YaCTOTHOM CEJIEKIUH.

JlobaBUM K CHHTE3UPOBAHHOMY YCTPOMCTBY e€IIe OJWH AaKTUBHBIM
JNBYXIIOJIFOCHUK, PAcCHOJIOKMB  €r0  CUMMETPUYHO K  CYILIECTBYIOLIEMY.
[IpuHIMNIManpHasE CXxeMa YCTPOWCTBAa C JIBYMSI AUMOJAMH U €€ CIIEKTporpamma
IIPEACTABIICHBI HUKE, @ TAK)KE MAKET MPEICTABICHBI HIXKE.

JlaHHbIE MakeT ObUT HCCIEIOBaH Ha NPEAMET TeHepallMd B TOM JKe
YaCTOTHOM OOJIACTH, YTO U MAKeT reHepaTopa ¢ OJHUM aKTUBHBIM 3JIEMEHTOM, U
II0Ka3aJjl MMOBBIIICHHBIH YPOBEHb BBIXOJHOM MOIITHOCTH, KOTOPBIM 3a(UKCHPOBA
criekTpaHanuzarop. I[IpuMepHBId  OPUPOCT  MOIMHOCTH  cocTaBwil  61b.
OKCIIEpUMEHTAIbHAsA CIIEKTPOTpaMMa IIPUBEICHA HUKE.

PesynpTaTom paboThl CTan aHaiau3 BeICOKOCTaOMIbHOTO reHeparopa CBY Ha
AKTUBHOM JBYXIIOJIFOCHUKE U JOKA3aTENbCTBO BO3MOKHOCTH cuHTe3a CBY
TEHEPATOPOB CO CIOKEHNEM MOIIHOCTH OT HECKOJIBKMX aKTHBHBIX 3JIEMEHTOB Ha
KOJIBLIEBOM JJUIMIITHYECKOM PE30HATOPE.

Cnmcox HCmoJib3yeMbIX HCTOYHHKOB

1. CenprmieB 2.10., Hlomun A.}O. I'enepatop CBY B mHTErpaJbHOM HCIIOJIHCHHHM Ha
kosbiieBoM pe3onarope. CII6 — I[loaroroBka nmpodeccHOHANBHBIX KaIpOB B MAaruCTpaType JUis
nudposoit axkoHomuKHu (ITKM-2020). C.339-343.

2. Cazonenko H.IO., CenmpmmeB 3.HO. T'eHeparop Ha KOJBIIEBOM pPE30OHATOPE B
MukpornonockoBoMm ucnonennn. CI16 — IX MexnyHapoaHass HaydYHO-TEXHUYECKass W HAy4YHO-
metroanyeckas koHpepenius AIIMHO 2020. Hay4ynoe HampaBieHHE TEOPETHUECKHUE OCHOBBI
PaAMOANIEKTPOHUKU W CHUCTEM CBSI3HM, IOJCEKIUS MHUKpPOBOJHOBAas TEXHHKA: MaTepuabl,
ayieMeHTHI, ycrpoiictBa. C. 509-513.

3. Kongpamosa M.A., Cazonenko H.1O., CenmuBepcroB JI.A., Yautuna A.C., Cenpiiies
3.10. YacTOTHO-CENEKTUBHBIC YCTPOMCTBA Ha KOJIBIEBBIX JIIIMIITHYCCKUX pe3oHaTopax. //
[IpoexTupoBaHuE ¥ TEXHOJIOTHUS ANEKTPOHHBIX cpeacTB.2019. Ne2. C.13-20

4. bouapo E.M., Konnpamosa M.A., Pakoa K.A., Cenpiie 3.}0., Tapacuk K.O.
Konwuessie ammuntuyeckue pezonatopsl 1t CBY yerpoiict. CII6.: Cankrt-IlerepOyprcekumii

rOCYIapCTBEHHBIN deKTpoTeXxHnuecKkuid yauBepcuter «JIDTU» um. B.U. Ynesnosa (JIenuHna),
2018. C. 688-692.
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YK 621.373.415
I'PHTMU 45.09.35

YIOPABJIAEMOE YCTPOMCTBO HA ®EPPOIIINUHEJIN B
HUHTEI'PAJIbBHOM UCITIOJIHEHUHU

A.9. Jlanga, T.B. Hukuruna, 3.10. CeaplieB

CankT-ITerepOyprckuii TOCy1apCTBEHHBIH YHUBEPCUTET TeNeKOMMYHUKanuid uM. pod. M. A. bond-bpyesnda

B oannoti pabome dvina npedocmasnena cepus sxcnepumenmos ¢ MIIJI na noonoscke us
Qeppownunenu. Buisgnenvl 3asucumocmu  80IHOB020 CONPOMUBTEHU OM  UHOYKMUBHOU
Komnonenmol. Paccuumansl 3nauenus 6o1nosoco conpomuenenusi onsi MIIJI na noonodxcke u3z
Geppownunenu.

CBY, muxpononockoeas JuHusA, eppouwtnunens, 60JH060€ CORPOMUGIEHUE,
deppumosas noonorxcka

B coBpeMeHHOI (u3MKE M TEXHUKE BCE BO3PACTAIOLIYIO POJIb WIPAOT
MaTepUaibl CO CBOMCTBAMU, MEHAIOIIMMUCS 0] JEUCTBUEM BJIEKTPUYECKOIO HIIU
MarHuTHoro nois. K Takum martepuanam oTHoOcATCA (DEPPUTHI, KOTOPbIE HALUINA
IIMPOKOE IPUMEHEHUWE HE TOJIBKO B CHJIOBOM DJJIEKTPOHUKE B KadyeCTBE
CEPICUYHUKOB MJIsi TpaHC(HOPMATOpPOB, HO U mpu mpou3BoAcTBe CBY-ycTpoiicTs.
[Tpu pazpabotke uHTEerpanbHbiXx cxeM CBY oueHb BakHYIO POJb UTPaeT BHIOOP
(beppuTOoBOrO Marepuasia, MOTOMY 4YTO MOJYHIPOBOJHUK BIMSET HE TOJbKO Ha
rabapuTbl MOAJOXKKH, HO U HAa BHOCHMBIE TOTEPH, MPEACIIbHYIO IOMYyCTHUMYIO
MOIITHOCTB U APYIUe XapaKTEPUCTHUKH.

B nannoii pabote npeacTaBieHbl MUKPOIOJIOCKOBBIE JIMHUK Ha MOJIOXKKE U3
beppounuHeny. PeppominuHenu - (QeppuThl ¢ KPUCTALIUYECKOH CTPYKTYpOH
LIITMHEIIH.

Jns pacdyera BomHOBOTO compotuBieHus MIIJI Oynem wucnosib3oBaTh

Gopmyy:

Zo =56 +1g(10.4 %)+ ;‘—E (1)

rne Zo — BomHOBOe comportuBienne MILI, h- BeicoTa AMAIEKTPHYECKOMA
nomanoxkkyd, W — IIMpHHA TOKOHECYILETO IOJIOCKA, &y~ OIPPEKTHBHAS
IOWDJIEKTPUYECKas  MPOHMLAEMOCTh, L,y —  O((EeKTMBHAas  MarHUTHas
IIPOHUIIAEMOCTb, V — CKOPOCTb PACIIPOCTPAHEHUS BOJIH B IUDJIEKTPUKE.

B ¢eppommunenu oueHp 00jbllIee BIUSHUE UTPAET MATHUTHAsE KOMIIOHEHTA
U JIJIS1 TOTO, 4YTOOBI 3TO IPOBEPUTH, IIPOBEIEM IKCIIEPUMEHT.

Jnst skcnepumenta Bo3bMeM MIIJI Ha mnojnoxke w3  GdeppolInuHenu
raGapuramu 60 x 48 Mm?, a BeicoTa h =2 MM.

JI1st Hadana npoBeIEM pacyeT BOJHOBOIO CONPOTUBJICHHUE JIMHUN IIUPUHOM 1,
2,415 mm.
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Jnsa Ttoro utoObl paccuuTath BOJHOBOE compoTuBienue MIDI Ha
(eppoinuHen HAWAEM 3HAYCHUS [ogpg M Egp. ITO MOKHO ClHENATh MO

dopmynam (2) — (5):

w
u= K’ (2)
riae h — BeicoTa mommoxku; W — mirprHa moJjiocka.

1 <u4+(%)2) 1 u \3

a=1+—-In|{-— + -ln<1+(—)> (3)
49 ut+0.432 18.7 18.1
£,—0.91 0-053
o= 056 (22" 2
g+l . g1 10\ @b

83(1)(1) = 2 + 2 (1 + :) ) (5)

TAC & — AUBJICKTPUICCKAS ITPOHULIACMOCTD IMOAJIOKKH.

TABJINIIA 1. Pacuet 3 heKTUBHON AMAIEKTPUUECKON TPOHUIIACMOCTH.

W u a b €30 d

1 0,5 1,00735 |0,605771 | 3,57052
2 1 1,007342 | 0,605771 | 3,635273
4 2 1,007401 | 0,605771 | 3,749079
5 2,5 1,00747 |0,605771 | 3,799266

O¢dPexTHBHYI0 MarHUTHYIO MPOHUIIAEMOCTh, MOKHO HAWTHU MO CIEAYIOLIEMY
QITOPUTMY:

eCHauasna onpeaesieTcs py:

__YM,
pO - f 1

(6)

rae My — HaMarHMYEeHHOCTh HACHIIIEHUS, Y — THPOMArHUTHOE OTHOIICHHE
6
(y =35.18 - 10°), f — paboyas gacTora.

eOmnpeensieM OTHOCUTEIbHYI0 MAarHUTHYIO IPOHUIIAEMOCTb:

b = 0.25m (1 + /1= p3). (7)

eTenepp MOXHO HalWTH HP(GEKTUBHYI0 MAarHUTHYIO TPOHHUIIAEMOCTH TI0
dbopmye (8):
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1
Happ = g 3+p.r{179p.r+1)1 (8)

Wr o 4pr \ 180pr

riae koddduiment B onpenensercs no gpopmyie (9):

B =025"th (lg (g)) )
TABJINIIA 2. Pacuet 3¢ (heKTHBHON MarHUTHOM MPOHUIIAEMOCTH TOJIJIOKKH.
p0 Hr B Hagpd W
0,015636 | 1,569904 |-0,19822 0,53708 1
-0,16291 0,540804 2
-0,11098 0,546374 4
-0,09072 0,548578 5

PaccuuteiBaeM  3HaueHuMss ~ BONHOBOro  compotuBieHus  MIIJI  Ha
beppolnuHeny.

MILUT mmpunoit W = 1 mMm:

Zo = 56 1 (104 0’002) 0.53708 28,6 0
= £ £ *k =
0 s\ *"* 0,001/ " 357052 O UM

Puc. 1. Moaens MUKpPOTIOTIOCKOBBIX JTUHUHN Ha deppormuaenn W=1 Mm.

MIUI mupunoni W = 2 mM:

Zo = 56 1 (104 0’002) 0,5408 21,970
= £ £ *k =
0 s\ V70,002 " 36352 S
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Puc. 2. Monenb MUKpPONIOJIOCKOBBIX TUHUN Ha (eppomnureny W=2 mm

MILUT mmpunoit W = 4 mMm:

Puc. 3. Moaens MUKpPOTIOJIOCKOBBIX TUHUHN Ha deppormunenn W=4 MM

Zo = 56 %1 (104 0’002) 0,5463 15,307 0
= X X X =
0 s\ V%0004 3,749 ’ M

MILUT mmpunoit W = 5 mMm:

Puc. 4. Monienb MUKpPONIOJIOCKOBBIX TUHUN Ha (eppomnureny W=5 mm

Zo = 56 1 (104 0’002) 0,5486 13,17 0
= * 4 x * =
0 & 0,005/ 37992 LS EM

B xone »skcmepumenta Obu1 ucnons3oBaH npubop VNA u momydeHo
Heckoabko TpadukoB KCB u ocnabnenus mis kaxmaon MITJL.
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Hna W =1 mm Hng W =2 mm

g W =4 mm Hng W =5 mm

iz WP STOP \PI0.000 008 Fiir

Puc. 6. I'padbuku KCB u ocrnabnenus

MII g 4 1 5 MM COOTBETCTBEHHO.

CpaBHUB M IIPOAHAIM3UPOBAB PUCYHKHU 5 U 6, MOXKHO CIenaTh BBIBOJ, YTO C
YMEHBUICHUEM IIMPHUHBI TOKOHECYLIErOo IIOJIOCKA, a COOTBETCTBEHHO C
YBEIMYEHUEM  BOJHOBOTO  CONPOTUBIICHMS JIMHUW, BIHSHUE MarHUTHOU
OPOHUIIAEMOCTH (DEPPOIINHUHENTN yBeIuYuBaeTcs. MHIyKTUBHAs KOMIIOHEHTa
Oonee 3HauMMa Ha JUHUK WHpUHON 1 MM. IIpoBeeHHBIN IKCHEPUMEHT MOKET
OPUTOIUTHCSA B JalbHEWIeM Mpu pacuere reHeparopoB CBY, Tak kak Obuia
BBIBE/ICHA 3aBUCUMOCTD IIMPUHBI JIMHUM U MAarHUTHOTO BIIUSHUS ITOJJIOKKH.

Cnmcox ucnoJib3yeMbIX HCTOYHHKOB

1. Jlanma A. D., Myry JI. P. [TonockoBsrii pezonarop CBY nuama3oHa ¢ uCosib30BaHUEM
(beppuTOBBIX BCTaBOK //74-s peruoHaibHas HayYHO-TEXHHUYECKas KOH(EpEeHLHUs CTYIEHTOB,
aCIMPaHTOB U MOJIOMBIX YueHBIX «Ctynendeckas BecHa — 2020» : ¢6. Hayud. ct. / [lox pen. A. B.
[lectakoBa; coct. B. C. Enarun, E. A. AnukeBuu, 3agopoxusis A. A. Crnen. Bem. CIIO. :
CIIoI'YT, 2020. 103 c.

2. Fuller A. J. B. Ferrites at microwave frequencies. — IET, 1987. — Ne 23

3. bouapoB E.U., KonnmpamoBa M.A., PakoBa K.A., Cempime 3O.1O., Tapacuk K.D.
Konbuesbie smmntuueckue pesonatopsl s CBY-ycrpoiicts. CIIO.: Cankr-IlerepOyprekuii

TOCYJIapCTBEHHBIN deKTpoTexHNUecknii yauBepcuteT «JIDTU» um. B. U. YnpsHosa (Jlennna),
2018. C. 688-692
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VIIK 621.372
TPHTH 47.45.99

NCCIEJOBAHUE HNIUPOKOIIOJOCHOCTH CBY YCUJIMTEJIA
1O CXEME JOTI'EPTH

J. Cypkos

Cankt-IlerepOyprckuii TocyAapCTBEHHBIN YHUBEPCUTET TeIeKOMMYyHUKanuii uM. mpod. M. A. boru-bpyesnua

Hlupoxononocnocms CBY ycunumens no cxeme V. /[ocepmu umeem npsamyro 3a8ucumocme
om 08yx CBY y3n06 6 cxeme: Oenumens MOWHOCMU HA 6X00€ CXeMbl U 4emBepmbBOIHOBOU
JIUHUY, BbINOJHAIOWEU (QYHKYUIO UHBEpMOpA UMNEOaHca 8 BbIXOOHOU yenu ycunumens. [[ns
amanuza wupunsl pabouetl noiocel npeonazaemcs uzyuumos CBY ysen na 6xooe ycunumens.

KeaopamypHuulii denumeins, ycuaumens, /lozpemu

[Ipn yBennuenum paboyeil yacTOThl ycunauTens mo cxeme Jloreptu, uz-3a
HaJu4yusl B CXEME JCJIMTEINs] MOIIHOCTA HA BXOJI€ U YETBEPTHBOJHOBOW JMHUU B
BBIXO/JIHOM IIE€MH BO3HHKAET HEOOXOAMMOCTH B OIICHKE €ro IMIMPOKOMOJIOCHOCTH.
Jlnst aTOTO mMpeaaraeTca U3y4uTh MOCPEACTBOM CHUHTE3a (PU3NYECKON MOJEIH U
U3MEPEHUS XApPAKTEPUCTHUK CaMOr0 KOMIUIEKCHOTO M3 3THX JBYX Y3JIOB —
KBaJIpaTypHOIO JACIUTENS MOIIHOCTH [1].

B kaudectBe Mopenell ObUIM pacCUMTaHbl U CO3JAAHBI CXEMbl JEIUTENS IJIs
HEeHTpabHbIX 4acTOT 2 U 3 ['T'11, KoTOpbIE MpeaCcTaBIeHbI HA pUC. 1.

Puc. 1. Monenu nenureneit ¢ nueHTpanbHol yactoToil 2 u 3 I'T'11 cOOTBETCTBEHHO

Hemutrenp Ha 2 1T ¢ cormacoBaHHOM Harpy3koil IOKa3ald XOPOIIMMA
pe3yibTaT Mo OCNa0JICHHI0 HAa CHUMMETPUYHBIX Bbixonax: -3.1 ab ¢ mmumpuHoii
nosiockl 0kojio 600 MI'tt (puc. 2). Ilpu 3TOM pas3Bsizka BBIXOJOB B I10JIOCE UMEET
HEYJOBJIETBOPUTEIbHOE 3HaUeHUE -5 1b (puc. 2). JlocTaTouHbIi ypOBEHBb Pa3BsI3KU
JIOCTUTAETCS TOJIBKO B OUYE€HBb Y3KOH IOJIOCE, YTO MPUBOJIUT K BBIBOAY, UTO TAHHOE
u3zienue OyJeT pa3Bsa3aHo M0 BbIXOAY TOJIBKO Ha OMpeAesIEHHON YacToTe.
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Puc. 2. Ocnabienue Ha BBIXOIE TIPH COTJIACOBAHHOM Harpy3ke Ha uHTepBane 1.9 —4 [T u
pa3Bsizka 1o BeixoAy Aenutens 2 [T cooTBETCTBEHHO

Hemutens ©wa 3 IThn 1npu  corymacoBaHHOM — Harpy3ke — Mokasain
HEYJOBJICTBOPUTEILHBIN pe3ynbTaT -2 1b ocnabnenus B mosioce nopsiaka 450 MI'n
(puc. 3), a TakKe JTOCTATOYHYIO Pa3BA3KY TOJBKO B ONPENEIEHHBIX, OTIMYHBIX OT
HEO0OXOJMMBIX, YaCTOTaX, Kak W B MpeAblayllieM BapuaHte. Pa3Bsa3ka BbIX0/IOB Ha
npeamnosaraeMo  paboueit wacrtore cocraBuina -1.1 b (puc. 3). Ilpu
UCCJIEIOBAHUM coceqHero Bhixoaa Ha aenutene 3 [T, Obuta oOHapykeHa
HECUMMETPUYHOCTh XapakTepucTuk (ocnadnenue -2.1 1b).

Puc. 3. Ocnabnenue Ha BBIXOJIE ITPH COTJIACOBAHHOW Harpy3ke Ha unrepsaie 1.9 -4 [Tuu
pa3Bsi3ka 1o Beixony aenutens 3 [T cOOTBETCTBEHHO

Cnenyer OTMETUTH, 4YTO JaHHbIE JEIUTENH SBISIIOTCA MacCIITaOHBIMU
Maketamu [2] u co3gansl B jabopatopuum CIIGI'YT 0e3 npumeHeHus
MPOMBIIUIEHHBIX TEXHOJOTUK. HecMoTpss Ha 3TO MEPBBIM MAKET MOKA3aJI XOPOIIUN
pe3yJIbTaT, COOTBETCTBYIOUIUN TEOPETHUUYECKUM MPEAIoNoKeHusM. llomyueHHas
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mupuHa nonocsl B 600MI'm ynoBiaeTBOpseT OXUIAAHUA U ACIAET BO3MOKHBIM
koHcTpyupoBanne CBY-ycunurens no cxeme Jlorepru.

Pacuér kBampaTypHOro mMocTta JI0CTaTOYHO HU3YyY€H, HO NMpPAKTHUYECKas 4acTb
€ro CO3JaHusi OCTAETCA JIOBOJIBHO CJIOXKHOM Tmpouenypou. Ilpu wuccienoBanuu
JAHHBIX JIeTUTENe ObLIM CIeNaHbl BBIBOJBI O HEOOXOAMMOCTU YIIIyOJIEHHOTO
W3YUYEHHS YJIYUIIECHUS Pa3BSA3KHU BBIXOAOB. JTO IMPEAIONATraeTCsl BOZMOXKHBIM IPU
MIOMOIIM HW3MEHEHHS] TEOMETPUM JEIUTENS, OCTAaBIsAsA 3aJI0KEHHBIA B HETO
IPUHLIUI PAOOTHI.

C npyroii CTOpOHBI, SBJISIETCS 1IeJIeCO00pa3HBIM OMPOOOBATH IPYTrHUe MOJACIN
JIEJIATENIE B COCIMHEHUM C 3aJICPKUBAIOLICH YETBEPTHBOJHOBOM JIMHUEH Ha
OJHOM W3 BBIXOJOB B Ka4eCTBE ajlbTepHATUBBL. Hanpumep, Moct JlaHre, KOTOpBIii
crocobeH 00ecreynTh HEKOTOPOE COTJAacCOBAHHWE U TOTEHIMAIBHO JIYYIIYIO
pa3BA3Ky. TakKe MOKHO pacCMOTPETh MOCT YWIKMHCOHA B KauyeCTBE BXOJIHOIO
CBY y3ma ycunurens. OTH WM HEKOTOPBIE JIPYTHE PELICHHS MOTYT
CIOCOOCTBOBATh  MOJYYEHHUIO  CUMMETPUYHOIO  JIEJIEHUST  CUTHala  1puU
U3rOTOBJIICHUH MAaKeTOB B JIa0OpaTOpHM, Jydllled pa3Bsi3KM INOPTOB, a TaKKe
pacuIMpeHno paboyvei moaoCkl 4acToT.
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Cexkuus 1.2.
IHoaBukHAasi CBSI3b M PAAMOAOCTYII
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V]IK 654.165
TPHTH 49.33.29

AHAJIN3 CHEHAPUEB COBMECTHOI'O UCITIOJIb3OBAHUA
CIIEKTPA B CETAX 5G NR/LTE

N.A. Apxunos

CankT-ITerepOyprckuii TOCy1apCTBEHHBIH YHUBEPCUTET TeNeKOMMYHUKanuid uM. pod. M. A. bond-bpyesnda

5G-amo credyrowee mobunrbHoe NOKOJNEHUe, KOMOpoe Yice 6HeOpsemcs 8 HeKOMOpPblX
cmpanax. Oxcudaemcs, 4mo OH npousgedem pesoioyuro 8 Hauem oowecmeae. B cea3u ¢ smum
ecmaem GONPOC O 3ACPYHCEHHOCMU HYACMOMHO20 CNEKMpd, NOCKOJbKY MO OSPAHUYEHHbIU U
oopozocmosuyuti pecypc. Jannou paboma nocéaujena amaniu3y KOHYenyuu OUHAMUYECKO20
pacnpedenenus cnekmpa mexcoy LTE u 5G NR.

DSS, 5G NR, comoeasn ceésazv, moounvnvie cemu, LTE, eMBMS

OcnoBHoe BHuUMaHue LTE Obulo HampaBieHO Ha YBEJIMYEHHUE CKOPOCTH
nepenayu JIaHHbIX, B TO BpeMsi S5G COCpEelOTOYMT BHUMAHHUE HE TOJIBKO Ha
MPEIOCTABIEHUN HKCTPEMAJIbHOM MOOMIBHOM IIMPOKONOJIOCHOW CBSI3U, HO U B
00J1aCTH KPUTUYECKH BAKHOW MAIIMHHOW CBSI3M M MAacCCOBOW MAIIMHHOW CBSI3U.
OcHoBHble npo0seMbl cucteM 5SG OyAyT 3aKIIOYAIOTCS B YBEIMYEHUH CKOPOCTH
nepeayu  JaHHBIX, COKpalleHUW 3aJEpPKEK M  YBEJIMYEHUU MPOMYCKHOU
CcocoOHOCTH, 3()PEKTUBHOCTH UCHOIB30BAHUS CHEKTPa U SHEPro3(PPeKTUBHOCTU
CEeTH, 4TO OyZeT HEOOXOIUMO JIJISI PA3TUYHBIX CIICHAPUEB MPUMECHECHHUS .

OpHoii W3 cepbe3HbIX MpodiemMoit cucteM S5G  ABIAETCS TOCTYITHBIN
YaCTOTHBIN cniekTp. B HacTrosiiee BpeMsi CIEKTp, UCHOIb3YEMbIN i1 MOOMIBHOU
CBsi3u, HaxoauTcs B auanazoHe ot 300 MI'n go 6 I'Tu [1]. B cBsizu ¢ Tem, 4dro
OoJbpIas €ro 4acTh MOJHOCTBIO HACHIIIEHA, HEOOXOIMMO YYHUTHIBATh HOBBIE
noJiocel yacTot Beime 6 I'T [2]. CrnenoBatenbHo, oxumaeTes, 4To cuctembl 5G
NR OyayTt ucnonb30BatTh moy0ckl 4acToT Bhile 6 I'T1, nocturarommue g0 300 I'T.
Takum 00pa3om, OCHOBHOM YaCTOTHBIM CIEKTp, UCMOJb3yeMbI miia cuctem SG,
MOXET HaXOJUTbCA B JIMIEH3UPOBAHHBIX, OOIIMX M HEIUIEH3UPOBAHHBIX
Jana3oHax.

Tak Kkak, YaCTOTHBI CHEKTp SBISETCA NEeOUIMTHBIM W OTPAaHUYCHHBIM
pECYypCOM, KOTOPBINA SIBISIETCS BAXXHBIM (PAKTOPOM B CHCTEMax MOOWIILHOHW CBSI3H,
a TaKXKe CBS3aHHBIX C OTUM 3arpar g Omepatopa MOOWIBHOW CBs3u. Jlims
YIOPOIIEHUSI pa3BePThIBaHMUS CeTU paauonoctynma 5G ¢ Ienpl0 TPEeIoCTaBUTH
yCIYTM HOBOIO TIOKOJICHHMSI CBS3M B Juana3oHax croekrpa LTE MoxHO
BOCIIOJIb30BaThCA TEXHOJIOTUEW NTUHAMUYECKOrO MEPEPACTPEEIECHUS] YaCTOTHOTO
criektpa DSS (dynamic spectrum sharing) [4]. OHa MOXeT NMPUHECTH OOJIBIIYIO
BBITOJly OIEparopaM MOOWIbHBIX CETeW, OTKpbIB NyTh K ceTaiM S5G 06e3
peopranuzanuu cnekrtpa LTE wim nokynku cnekrpa 5G. Ilpumenenue
TexHoJsorun DSS BO3MOXHO C MOMOIIBIO MPOTPAMMHOIO OOHOBJIEHHUS Ha
cymiecTByromux 0a3oBbix craHuusx. Cyrb koHuenuuu 5G  3aKIHOYAETCSB
obecrieueHN OMHOW CETH Ui TOJJICPKKHA Pa3HBIX CIEHApUEB, K KOTOPHIM
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OTHOCHUTCS pacHIMpeHHass MOOWJIbHAsI IIUPOKOMoocHast cBs3b (enhanced mobile
broadband, eMBB), maccoBbie MalrHHBIE KOMMYHHUKaIMU (massive machine-type
communications, mMTC) u npegoctaBiieHHe BBICOKOHAAEKHOIO COEIMHEHHS C
OueHb HHU3KOW 3aJep)kkod nepemaun gaHHbIXx (ultra-reliable ultra-low latency
communications, URLLC) [3].

Pemienve npenHa3sHaueHO IS OKa3aHWs I[OMOIIM  OMeparopam B
KpaTKOCPOUYHOM  pa3BepThiBaHMM yciayr 5G ¢ HUCHOJb30BaHUEM  yiKe
ucrosibdyemoro  criektpa LTE. On  He mnpenHasHaueH mis  oOecriedeHus
CYILIECTBEHHOW MPOU3BOAUTEIBLHOCTH, MOCKOJBKY I 3TOTO MOTPEOYeTCs HOBBIN
BbIIeTICHHBIN criekTp 1ist NR, HO A oOecriedeHust MOKPBITUS, CHIDKEHUS 3aTpaT U
noBbIIICHUST 3(P(EKTUBHOCTH HCIOJB30BaHUS CIEKTpa Ui omepaTtopa. Hinke
(Puc.1) Texnonorust DSS ¢ LTE u NR , ucnoias3yommumMu OgHy U Ty Ke MOJI0CY
4acTOT, [0 CPaBHEHHUIO C MCIOJB30BAaHUEM JIBYX OTAEIBHBIX IMOJOC JJIS KaKIOM
TEXHOJIOTHH.

(DSS) is technical solution to optimize spectrum usage

DYNAMIC SPECTRUM SHARING DEDICATED BAND
Puc.1. Cnextp TexHonoruu DSS B cpaBHEHUH C OTAEIBHBIMU BbIAECIEHHBIMU I10JIOCAMHU
s NR u LTE [1]

CoBMeCTHOE UCIOJIb30BAaHUE CIEKTPAa OCHOBAHO HA TMOKOCTU (DU3UYECKOTO
ypoBHSI U ToM ¢akre, uto B cetu LTE Bce kaHanbl Ha3HaueHbl B YaCTOTHO-
BpeMeHHOM obsiactu. Takum oOpazom, ThOkocTh paguounHTepdeiica SG NR moxer
UCIIOJIb30BAaThCA  JJIi  ONOPHBIX CUTHAJOB, oOecrneyuBas JAUHAMUYECKYIO
KoH(purypanuuo U MUHUMU3UPYS KOHGIMKTEI Mexay NR u LTE Bo Bpems
OJIHOBPEMEHHOH TIepenayd JaHHBIX. Benymue mNpou3BOAUTENN MOOMIBHBIX
YCTPOWCTB TIPOSBIWJIM OTPOMHBIM HMHTEpPEC K pa3paboTKe pemeHud is
JTMHAMHUYECKOT0 COBMECTHOT'O MCITOJIb30BaHus criekTpa (Tadmmia 1).

TABJIUILIA 1. [3]

Benymiue npousBoauTenu Haspanwue pemienus rexaonoruu DSS
Ericsson ESS—Ericsson Spectrum Sharing
Huawei CloudAIR
MediaTeck Dimensity 1000
Nokia Dynamic Spectrum Sharing (DSS)
QualComm Snapdragon X60
Samsung DSS
ZTE SuperDSS/Magic Radio Pro

Tak e nmpou3BoAUTENIN 000PYIOBAHUS PACCMATPUBAIOT PEATH3ALIUIO TPEX
BapHaHTOB MocTpoeHwus Texnonoruu DSS [3].
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Buabl TexHonormin DSS

DSS ¢ ncnonbzoBaHuem
DSS ¢ Mcnonb3oBaHUeMm DSS ¢ ucnonb3osaHem curHanos CRS

eMBMS+MBSFN MWHKN-CNIOTOB COrNacoBaHMA CKOPOCTEN
paanoutendelica 5G NR

nepegadyn gaHHbIX3 B

noaKaapax 6es MBSFN

[lepBbiii BapuanT pexuma DSS ocHOBaHAa Ha MCHOJB30BAHMM YaCTOTHO-
BPEMEHHBIX OJOKOB MHOT03JPECHON HIMPOKOBEIIATEILHON OJIHOYACTOTHON CeTH
MBSFN LTE nna nepenaun naHHeix SG Kak yciyr mmpokoBemanus eMBMS
(evolved Multimedia Broadcast Multicast Services) B clleHapuu «TOUYKa-
MHOTOTOYKA.

OO01mast uaess UCHOJb30BaHUSI YaCTOTHO-BPEMEHHBIX OJIOKOB OJHOYACTOTHOM
cetu MBSFN cocTout B TOM, 4TO B KOHKPETHBIX CyOkaapax BHyTpH Kaapa LTE
pesepBupyroT mocieanue 12 cumBosioB OFDM  (1-f u  2-i1  CUMBOJIBI
UCIIOJB3YIOTCA Uil TEpefadyd ONOpPHBIX cHUrHaoB coTel CRS w  paHHBIX
dbu3nYecKoro KkaHaja yrpaBJieHUs Ha JTUHUU «BHU3» - PDCCH), uToObI OHM ObLIH
CBOOOJTHBI OT TIepenaun Apyrux nqaHHbix.(Puc. 2)

Panuokanp, T, = 307200 T, = 10 Mc

Taim-cnor, T, = 15360T,=0,5 MC

N2 O Nel N2 2 Ne 3 EEEERETE . Ne 18 Nel9

Noaxanp

Momkagp=2 cnota=1mkc ™

[ I
VT =0.5Mc

HopuansHbi CF - [T T_ I I 1 1 T

[ E—

T T,,=66.7 MKC

Pacwmpenkei CP [T LT T T T || ]

I OFDM-cvmeon - ]

T T,=66,7 MKC

Puc.2. Crpykrypa kanpa LTE ans wacrorHoro nymiekca (FDD) [3]

Otn OFDM-cHMBOJIBI HM3HAYAJIBHO MNPEIHA3HAYAIUCh I WCIOJIb30BaHUS
0] IIMPOKOBEIIATENIBHBIE YCIYTH M «OTKJIIOYEHB» JUISI NEpeladyd JIpyrux
nanubeiX. JlanHas wnmes Obuta mpuMmeHeHa B TexHojoruu DSS. Ilpu stom
3apEe3€pBUPOBAHHBIE  CUMBOJIBI ~ WCHOJIB3YIOTCSA Uil  NEpPeJadyd  CUTHAJIOB
paguountepdetrica 5SG Bmecto curaanoB eMBMS cetu LTE.

Hcnons3oBanue cyokaapoB cetu LTE, 3ape3epBUpOBaHHBIX IS YCIYyT
MHOT'0Q/IPECHOM IIMPOKOBeNIaTeIbHON ceTu mnepenaund aaHHbiX (MBSFN), nis
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nepeaadyn NaHHbIX ceTu S5SG SBISETCS CaMbIM TPOCTHIM CIIOCOOOM BHEAPEHUS
texuosiornu DSS B coBmerennoii cetu SG/LTE.

XoTss B o0meM cinydae (DU3MYECKUN KaHAJl YIPABJICHUS B JIMHUM «BHH3»
(PDCCH) LTE moxet 3aHuMaTh OT OAHOr0O a0 Tpex cumBosioB OFDM (¢ yuerom
3arpy3Kd coThl), mepBbie aBa cuMmBosia OFDM Ttakoro cyOkanpa cetu MBSFN
UCIIOJIB3YIOTCSL JIIsl (PU3MYECKOro KaHaja ynpasieHus B juHuM «BHU3» LTE, a
pexkum DSS g cetu SG MOXKeET 3a1€MCTBOBATh TPETUH CUMBOJI.

OcnoBHOMt HegoctraTtok omuuu 1 DSS - 1O, uro, ecimu cyOkaapsl
MHOTOQIpECHOM  IIMPOKOBEIIATEeNIbHOW  oaHo4yacToTHOM  cetu  MBSFN
VCMOJIB3YIOTCS JUISI JUHAMHUYECKOr0 YAaCTOTHOTO IIEPUHTa OYE€Hb YacTO, ATOT
IpOLECC OTHMMAeT YacTOTHOBPEMEHHbIE pecypchl y aboneHToB cetu LTE,
3HAYUTENIbHO CHUKAs MPOIYCKHYIO CTOCOOHOCTh ATON CETH PaAUOAOCTYTIA.

Bropoit Bapuant pexxuma DSS ocHOBaHa Ha MCMOJIB30BAaHUU «MUHU-CIOTA
LTE. IlnanupoBaHrie MUHHUCIIOTOB JIOCTYITHO Tak)Xe U B paguountepderice SG mis
npuinoxkennit URLLC, koropeie TpeOyrOT 4Ype3BbIYAaMHO HHU3KOHW CKBO3HOM
3aICpP’)KKM U BBICOKON HanexxkHoctu cBszu. OFDM-cumBosibl LTE MoryTt ObITH
pa3MelleHsl B J000M MecTe BHYTpH Kaapa 5G, kak mokazaHo Ha puc.2. Takas
nepeaya JaHHbIX HAa3bIBACTCS «IIepeiadyeii B MUHU-CI0Tax» [9].

PabGota MuHu-ciaotamu B pexxume DSS nonpocTy HCKITIOYaeT UCTOIb30BaHUE
cuMBoJioB, conepxanux LTE CRS, u mmaHupyeT TOIbKO CBOOOJHBIE CHMBOJIBI
st nepenadn SG NR. OCHOBHBIM OrpaHHMYeHHEM NpuMeHeHust Onuuu 2 sBisercs
TO, 4YTO Yy npuioxeHud eMBB cinmkomM MHOro pecypcoB HaxOAUTCA 3a
npeiesiaMy yIpaBJICHHs CO CTOPOHBI 1aHupoBIinuka SG NR.

[locnennuii BapuaHT M3 paccMarpuBaeMbiX pexuma DSS, ocHoBaH Ha
COTJIaCOBaHWHU CKOPOCTH Tepefaud OmopHbIX curHanoB coTbl CRS B cyOkampax
0e3 ucnonszoBanuss MBSFN. Osxupaercsi, 4TO WMEHHO 3TH CHUTHAJIbl OYIyT
HanmOoJiee YacTo MPUMEHSATHCA JUIsl KaHAJIOB Mepeadyu JaHHbIX paauouHTtepderica
5G.

B nanHoMm BapuanTe aboHeHTCKoe ycTpoicTBO UE BBIMOSHSET MCKIIOUEHUE
(pexekiuuio) pecypcHbIX 35eMeHTOB (RE), ncnoiap3yeMbIX OMOpPHBIMU CUTHAJaMU
cotel CRS LTE, Tak 4To maHupoBIIMK paavounTepdeca 5G 3HaET, Kakue
pecypcHble  anemeHThl RE  HemocTymHbl Uil IUIAHUPOBAHUS  JTaHHBIX
panunountepdeiica SG no kanamy PDSCH (coBmecTHbIN (hr3nyueckuii KaHal JUHUM
CBSI3U «BHU3Y).

B nocnenneM BapuaHTe HEaBTOHOMHBINA clieHapus NSA MNpOUCXOAUT IpH
neoitHoM noakmodeHnn E-UTRA (Evolved Universal Terrestrial Radio Access) -
5G NR Dual Connectivity (EN-DC) necymas paguonnrepdeiica LTE ciyxur mis
PUBSI3KA MOOMILHOCTH 0azoBoi ctaniuu Master Node (mactep-bC), B To Bpems
Kak Hecymas panuounrtepdeiica 5G obecrneunBaeT pPacHIMPEHHYIO YCIYTy
nepeaavyr JaHHBIX B CIyKUT B KadecTBe Secondary Node (Bropuunoit BC) [3].

Jlns  MonmenupoBaHMS MOXHO  ucmoib3oBath cpeny MATLAB co

BcTpoeHHbIMH paciiupenusMu , LTE Toolbox u 5G Toolbox [7], cHUMyISTOPHI:
Vienna 5G [8], SImu5G [9] na miarpopme OM|Net++, 5G-air [10].
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Takum 00pa3oM, BBITIOJTHEHHBIA aHAJIN3 TIOKA3bIBACT MPEUMYINECTBA H
BJIMUSIHUE MCNOJIb30BaHus TexHojoruu DSS B cucteme cBsizu LTE-NR. Buenpenue
TEXHOJIOTUU JUHAMHYECKOTro 4yacToTHoro mepuHra (DSS) mns nmepBoHadanibHOrO
pazBepThiBanust SG NR B ycinoBusix aeduita 4aCTOTHOTO pecypca IMO3BOIUT
YCKOPUTh PAa3BEPThIBAHME TAaKUX CETEM B YK€ BBIACICHHBIX OIlepaTopam
yactoTHbIX KaHaitax cetu LTE B nuanaszonax gactot 1800/2100/2600 MI 1.
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d=382&Iang=en
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ITOKA3ATEJIN KAYECTBA ITIOTOKOBOI'O BUJIEO
B CETSIX MOBWJIBHOM CBSI31

A.A. bapanos, A.A. 3aiiueHKO

CankT-IletepOyprckuii yHUBEpCUTET TEIICKOMMYHUKAIMK M. Tipod. M. A. bonu-bpyeBuua

Ceco0ns mabnodaemcs aKmueHvlii pocm udeompaura 6 meneKOMMYHUKAYUOHHBIX
cucmemax, 8 MoMm yucie U 8 cucmemax MOOUNbHOU C8A3U. DMO NPUBOOUM K HeoOX00UMOCmu
aoanmayuu cyuwecmeyowux cemetl 051 nepedadu sudeokonmenma. Kauvecmeo obcayicusanus
AGNACMCA  BANCHBIM  BONPOCOM OISl NI0OOU  MEeNeKOMMYHUKAYUOHHOU cemu. 3pumenvHoe
gocnpusmue 6U0eompa@ura — CIONCHBIU U YACMO CYOLEKMUBHBII NPOYecc, 3a8UCAUULL Om
MHOdCECM8A (hakmopos, Maxkux Kaxk coO0epicanue, 8061eUEHHOCMb U Opyeue, NOIMOMY 0/
OYEeHKU Kauecmea NoyHaeMoc0 KOHEYHbIM MNOIb308ameseM HOMOK0B020 6UOe0 HeoOX0OUMO
UCNONb308aMb NAPAMEMPYL, OMpaAdcalowue Kaiecmeo Npeoocmasnaemoco KoHmenma. [na
onpedeneHuss SMUX  NAPAMEMPO8  CYWeCmEYIOm  pa3iuyHvle  CNOcoObl, makue Kak
paouousmMepenus, aHaiu3 Kaiecmea 00CmasKu 6udeo uHmepHem-cepsucamu. B oannoii cmamoe
npeocmasien 0030p Memooo8 OyeHKu noxkazamenell Kaiecmea nepeoayu nomoKo8020 UOe0 8
cemsax MOOUNbHOT CEA3U.

QOE, comosasn cea3v, modbunvHble cemu, paouousmepenusn

Jlis OueHKHM KayecTBa YCIAYr CeTell MOOMJIBHOM CBSI3H, IMOJIy4aeMOIo
KOHEYHBIM TIOJIb30BaTEIEM, TEXHMUYECKHE CIYXObl KOMIIAHUIl OIepaTopoB
UCIONB3YIOT pa3linyHble crnocoObl. B mepByro ouepenp 3TO CTaTUCTHYECKHE
ONPOCHl M aHalu3 oOpalieHuii aOOHEHTOB B CIIY)KOYy TEXHHUYECKOH IMOJJIEPIKKHU.
JlaHHbIE HMHCTPYMEHTHI MO3BOJSIOT MOJMYYUTh HHTETPAlIbHYIO OLIEHKY O0OIen
YIOBJIETBOPEHHOCTH KJIMEHTOB YCIyraMu, KOTOpPYH NpHUHATO Ha3biBaTh QOE
(Quality of Experienc), T.e. «kauecTBO BOCHPHUATHUS». PUCyHOK 1 WLTIOCTpHUpYET
BIIUSIHUE PA3IUYHBIX (PAKTOPOB HA KAYECTBO BOCIIPUATHS MOTOKOBOTO BUJIEO.

Pakropsl, onpenensomue QoE

Ocobennoctn T E Ocobennoctn Texmmeckne
BOCHIPHATHS 3PUTEIL: : CHTYALIIL 0coOEHHOCTI:
BobneudHHOCTE, Buaecokonek; Iemn n 3a1amm; OcobGenmnocTn
JloAnBHOCTE, Paspemicuire; ComanbHble HCTIOIBIYEMOTO
Hacnaxnenne Conepxanne BIjIEO; I KyJIbTYPHEIC yeTpoiicTsa;
coflepiKanIen: Tun Bugeo; 0coDenHoCTH; CocTosHIIE CeTH CBA3IL
OsxiLnanms; TlonmyaaprocTs. OnbIT HO1b30BATENL: JlaunTrepnr; 3agepaKi;
HumsnayatsHele JhiraHele 11 BO3pACTHEIC llorepn naxeros;
o0co0eHHOCTI: ocobeHHOCTII; OcoberHoCcTH cepBepa.
ek ThI mAMATIL CToNMOCTE YOy

Puc. 1. ®axropsl, onpeaensromme QOE

OueBUIHO, YTO ONTHMU3AINS IapaMEeTPOB CETH Ha OCHOBaHMHM aHaiau3a QOE
MO3BOJISIET TOBBICUTH JIOSJIBHOCTh a0OHEHTOB. B  CBOrO odepenp JAOBOJIBHO
abctpakTHOe moHsATHEe QOE TECHO CBA3aHO C TAaKUMM TOHSATHUAMH KaK KayeCTBO
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oocayxuBanus (QoS — Quality of Service) u kimroueBble MOKa3aTeIM KavyecTBa
(KPI' — Key Performance Indicators). Mmenno KPl mo3BoasioT omepaTopy
OTIPENICTUTh TEXHUYECKHE TMPUYMHBI CHUKEHUS KadecTBa oOcmyxuBaHus. Jlms
onieHkr KP| ucronb3yroTcst aHaiau3 CeTeBOM CTATUCTUKU U PaIHOU3MEPEHHUS.

Pannounsmepenust mpoBOISATCS C 1EIbI0 cOOpa JaHHBIX JIJIs aHAJIM3a KadecTBa
paboTel ceTH, €€ TPOU3BOAMTEIHLHOCTH U TOKPHITUS, OIEHKH KITFOYEBBIX
nmapaMeTpoB OTACIbHBIX ceccuil. Kak mpaBmiio, MHCTPYMEHTHI MOHUTOPHHTA
MO3BOJIAIOT MPOBOJUTH KaK JAPANB-TECTHI, TO €CTh COOP NaHHBIX BHE TIOMEIICHHM,
Tak ¥ TecThl B INdOOr-cpemax. i 3TOro COBpEMEHHBIC CHCTEMbI MOHUTOPHHIA
MOIIEP)KUBAIOT PabOTy KaK CO CKaHepaMH, TaK W CO CMapTHOHAMHU, TAKKE €CTh
BO3MOXXHOCTh KOMOMHHMPOBATh 3TH WHCTPYMEHTHI IJISl TMOJTy4YeHUs OoJiee MOTHOU
KapTUHBI cocTosiHusA ceth. (CHavalia TPOBOMATCS HM3MEPEHUS OCHOBHBIX
napameTpoB cetu (butoBoit ckopoctu, QCl, BLER, mpomyckHO#i crTOCOOHOCTH) U
ux ¢uxcamms 1 mocnenyromero ananm3a [1]. Ha cerommsimHuii  1eHb
UCTIONB3YIOTCSl pa3Hble MHCTPYMEHTHI MOHHMTOPHHTa MOOWIIBHBIX CETEH CBSI3H,
takrue kak TEMS Investigation, R&S ROMES, Nemo u np. Jlaiee BO3MOXKHO
npoBeJicHNEe 00pabOTKM TOJMYYEHHBIX JaHHBIX (HAMpUMeEp, MPU MOMOIIU TaKHX
ananmu3atopoB kak TEMS Discovery, R&S®TSMW, Nemo Analyze u nmpyrux)
[2]. Paccmotpum KPI, Biusitomue Ha QOE moTokoBoro Buaeo 6osee moapoOoHO

[IpocMOTp MOTOKOBOTO BHAEO HAYMHACTCS C KOMAHJIBI IOJH30BaTEIS O
Hayayie 3arpy3ku Buaeo. [lomb30BaTenb 3aMHTEPECOBAaH B MUHUMH3AIIUN BPEMEHU
MEXIy TMoAauell KOMaHIbl W HadaJoM TPOCMOTpa, MOITOMY IIeIeco00pa3HO
OILICHUTH TaKOW mapameTp Kak Service Access Time — Bpemsl 1ocTymna K CEpBHCY,
TO €CTh BPEMSI JI0 TOJTYYCHHsI IEPBOTO IMAKETA.

CTOHWT OTMETHTb, YTO TMOJYYCHHUE MAKETa MOXKET HE MPOU30UTU. ITO MOXKET
OBITh CBS3aHO C HEJAOCTYIMHOCTBIO CEpBepa, MoTepel curHaia u T.m. JlaHHas
CUTyalus orieHuBaeTcs mapameTpom Service Non-Accessibility — aemocTymHocTsb
cepBuca (%), To eCTb BEpOSITHOCTh TOT0, YTO MEPBBIM nmakeT gaHHbIX RTP moTtoka
HE MOXKET OBITh MPUHAT TeJIEHOHOM I10 3aMMPOCy MOTH30BATENS.

Mexny moilydeHHEM TMEpBOTO TMaKeTa W HAvajJOM BOCIIPOU3BEACHUS BHUICO
TOXKE€ MOJKET TMPOWTH KaKoe-TO BpeMs. DTO BpeMs OIICHMBACTCS MapaMeTpoM
Reproduction Start Delay — 3agepsxka Hayaia BOCIIPOU3BEACHHMS.

Henp3st He ydecTh ciydyan HEYJadyHOTO BOCIPOM3BEACHHUS TOTOKa. MX
KOJIMYECTBO ITO3BOJISICT OICHWTH ITOKazareiab Reproduction Start Failure Ratio —
ko3 PUIMEHT 0TKa3a IpH 3aITyCKe BOCITPOU3BEICHUS.

[locne Hayasa nepenadym BUACO TAKKE€ MOLYT IPOMCXOAWTH COOBITHA,
MPUBOJISIINAE K MPEKPAICHUIO TPOCMOTPa BHIEO. Takue COOBITHS OIEHUBAIOTCS
Reproduction Cut-off Ratio — ko3 pummerToM oTCeUeHNsT BOCIIPON3BEICHUSI.

[Tpr ycnemrHOM BOCTPOM3BEICHUM BHUIECO Ka4eCTBO MOTOKA OIEHUBAETCS C
nomotipio anroput™Ma VSQI. JlaHHBIH alropuT™M MO3BOJSET OICHUTH Nepeaady
KaK ayJHfo, TaK M BHJIEO.

Paccmorpum monpoOHee, Kkakue (HaKTOpbl BJIHMSIOT Ha BOCIPHUSTHE
MMOTOKOBOT'O BHJIEO, PACCMOTPEB 3Tambl 3arpy3Ku M BOCIPOM3BEIEHUS BUaeO [3].
[Tocne momydeHUsT KOMaHIBI TIOJB30BATENSI O Hadale 3arpy3Kd BHUIEO U
YCTAaHOBJICHHSI COEAMHEHUS] HauMHAeTcs Oydepusanusa. B 3ToMm cocTosHUH
BOCITPOU3BEJICHUE BHUJICO HE MPOWCXOAUT — MPOUCXOIUT HAKOILJICHUE JAHHBIX.
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[Tonb30BaTenh TOTOB TEPIETh HEKOTOPYID HAYAIBHYIO 3a/IEPKKy, OJHAKO HYeM
JOJIBIIIE OHA JITUTCS, TeM HIDKE TokazaTens VSQI.

[Tocne wawana BocmpousBeneHus VSQIl pe3ko mOBbIIaeTCS W OBICTPO
BO3BpaIlaeTCd K HauWBBICHIEMY JOCTHKMUMOMY  ypoBHIO. [lapamnensHo
BOCITPOU3BEICHUIO MTPOUCXOINUT 3arpy3Ka HOBBIX JAHHBIX (HaroJHEHHE Oydepa).
DTOT MPOIECC MOJKEH MPOUCXOIUTHh HE MEJICHHEE OIycToIleHus Oydepa, nHade
npou3oiaér omycromenne Oydepa W BOCHPOM3BENEHUE BHIEO Oyuer
MIPUOCTAHOBJIEHO (TIeep BEpHETCA B cocTosiHue Oydepuzanmu). B nanHoM ciyuae
VSQI pe3ko yxyamiaercs, MpuuéM 4YeM dYaIe MPOUCXOIUT MPUOCTAHOBKA, TEM
osicTpee mamaet 3HadeHne VSQI.

[Tocne npomomxkenusi BocmpousBeaeHus VSQI ObicTpo BO3BpamaeTcss K
HaWJIy4IIeMy 3HAYCHHIO, TaKe €CITU JI0 ATOTO OH OBbLJT MUHUMAJTLHBIM.

Onucannoe u3meHenne VSQI| mpu BO3HUKHOBEHHWH COOBITUH BO BpEMS
IPOCMOTpa TIOTOKOBOTO BHJIECO SIBISIETCS TUHAMHYECKHM MeToaoM oreHkn VSQI,
crarnueckuit VSQI mout He UCTIONB3yeTCsl MPHU OLIEHKE MTOTOKOBOTO BUJIECO.

[lepeuncrieHHbIe BhIIMIE MapaMETPhl 3aBHCAT OT COCTOSIHUS CETH MOOWMIBHOM
cBs3u. Jlms TOoro, uToOBI OOEcrmeyrmBaTh BBICOKOE KauyeCTBO OOCTY)KHBaHUS
MoJIb30BaTeNel  HEeoOXOOUMO  KOHTPOJIHPOBAaTH  CETEBYIO  CTaTHCTUKY  —
obOecrieunBath TpeOyeMyl0 CKOPOCTh TMepefadyd JaHHBIX, HEOOXOIUMYIO
MPOIYCKHYIO CIOCOOHOCTh, MUHUMHU3UPOBATH MOTEPU MAKETOB. MUHHMAaIbHBIC
MOKAa3aTeIi YacTH TapaMeTPOB 3aBUCAT OT HCIOJIB3YEMON TEXHOJOTHH U
npotokosa nepenayu (HTTP wim FTP); oT ucnons3zyeMoro kojieka — mpoImycKHas
CTIOCOOHOCTh MOOWJIBHOHM CETH CBSI3M OTPaHWYCHA, MOATOMY BHIAEO HEOOXOAMMO
C)KMMaTh, COXpaHss MPH 3TOM MPHEMIIEMOE KayeCTBO, a TaKKe OT BHJIEO-TIIeepa
[4]. B Tabmume 1 mnpencraBieHsl pekoMmeHaoBanHble ETSI [5] mpenenwsHO
JOTTYCTUMBIE 3HAYCHUS XapaKTePUCTUKHU Tiepemadn Tpaduka 1Mo CeTH Jis
MMOTOKOBOTO BHJIEO B COOTBETCTBHH C UJICHTU(DUKATOPOM KadeCcTBa 0OCITYy KHBAHUS

Qcl.

TABJIMLIA 1. XapakTepucTUKH nepeaayu Tpaduka rmno ceTH Ui IOTOKOBOTO BHJICO

ITapameTp 3HayeHne
QCI 7
Tun pecypca nonGBR
[Tpuopurer 6
BropkeT 3aepKKu MaKeToB 100 mc
YacroTra moTepu MakeToB MU3-3a OMTHOOK 10°

OnHUM U3 caMbIX MOMYJISIPHBIX HA CErOJHAIIHHUI JA€Hb CEPBUCOM JOCTYIA K
MOTOKOBOMY BHJI€O siBisieTcst Youtube. /laHHBIIN cepBUC paboTaeT MO MPOTOKOITY
HTTP [6] wucnonws3ys texHosoruto DASH. BunaeokoHTeHT mniepena€rcs Mo
craugapty MPEG-DASH. Jlns onwcanus CBsS3M  OUTOBOHM CKOPOCTH €
PEKOMEHIOBAHHBIM PACIIMPEHUEM M YacCTOTOM KaJIpOB HCIIOIB3YIOT MapameTp
penpe3enTarusi. Pekomenmayembie cepBucoMm YouTube xapakTepucTHKyA OUTOBOMA
penpe3eHTaluu Il Pa3InyHbIX YCTPOMCTB (CTalMOHAPHBIX U MOOWJIBHBIX), a
TaKXKe TSl pa3perieHus: dKpaHa MpuBeieHbl B Ta0auile 2. boiee HU3Kas CKOPOCThH
JUTSI. MOOMJIBHBIX YCTPOMCTB TIO CPAaBHEHHUIO CO CTAllMOHAPHBIMU YCTPOHCTBAMU

00ycCI0OBIIeHa, TJIaBHBIM 00pa3oM, pa3MepaMu SKpaHa.
o7



TABJIMLIA 2. XapakrepucTuku OMTOBOM pernpeseHTaiun (pekomeHaanuu YouTube)

[TporpeccuBHas burtoBas ckopocTts Buzeo, Mour/c
pa3BEpTKa CranpaptHas Bricokas yacrora Buneo nisa
4acTOTa KaJIpoB kaapos (48, 50, 60) MOOWMIIBHBIX
(24, 25, 30) YCTPOMCTB
2160p (4K) 35-45 53-68 13.5
1440p (2K) 16 24 6
1080p 8 12 3
720p 5 7.5 1.5
480p 2.5 4 0.7
360p 1 1.5 0.45
240p - - 0.25

TexHonoruio mnepegayum BHUICO-AAHHBIX 3aBUCUT OT HMHTEPHET-CEPBUCA,
IPEIOCTABIAIONIETO BUACO-KOHTEHT. [[1s Gonee ahdekTnBHOrO B3anMoieiCTBUA
MEXIy oIepaTopaMH M HHTEPHET-CEpBUCAMH €CTh TakKue IUIaT()OpMBbI, Kak,
Hanpumep, VIGO. VIGO no3sossier cobupath HHOOPMALIHUIO O KaYECTBE JOCTaBKU
BUJCO OT pa3pabOTUMKOB MOMYJISIPHBIX CEPBUCOB M TOJIYy4YaTh aKTYyaJbHYIO
UHGOPMAIIMIO O HATMYUU TTPOOJIEM Ha CETH.

JlJis onTUMU3aLKK PAJHOCETH C LIENBI0 KAYEeCTBEHHOH IMepeiadl MOTOKOBOTO
BUIEO HEOOXOAMMO OMUPATHCS HA TaKUE MapaMeTphl KaK HEJAOCTYIHOCTh CEPBHUCA,
BpeMs JOCTYIa K CepBHUCY, KOA(P(UIIMEHT OTKa3a MPU 3allyCKe BOCIPOU3BEICHUS,
3aJiepKKa Havajia BOCTIPOU3BeIeHHs, KO3 (DUIIMEHT OTCeUeHUs] BOCTIPOU3BEICHUS,
Ka4ecTBO MOTOKOBOHM mepenaud. il OIEHKH JAaHHBIX IMapaMeTpOB BO3MOKHO
IpOBEJCHUE PAIUOU3MEpPEHU, a TaKkKe MOHUTOPUHI CETEBOMl CTATHUCTHUKH.
HeoOxonumMo yuuThIBaTh Takke HMH(POpPMAIMIO O KadyecTBE JOCTaBKU CETH CO
CTOPOHBI HHTEPHET-CEPBUCOB, 00ECTIEUNBAIOLINX TPAHCISIIUIO BUIEO.

Cnucox HUCMOJb3yEMbIX HCTOYHUKOB:

1. PykoBoactBo mons3oBareis "TEMS Investigation”, ascom, 2015, 1268 c.

2. ETSI TS 103739 V1.4.1 (2021-10) Speech and multimedia Transmission Quality
(STQ); Transmission requirements for wideband mobile wireless terminals (handset and headset)
from a QoS perspective as perceived by user — European Telecommunications Standards
Institute, 2021, 47 p.

3. Video Streaming Quality Measurement with VSQI [Dnexrponnsiii pecypc]. URL:
https://docplayer.net/19462542-Video-streaming-quality-measurement-with-vsgi-technical-
paper.html ([Iata obpamenus 23.11.2021)
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Hndpopmannonno-ynpasistomue cuctemsl. 2017. Ne 3 (88). C. 75-88
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TEXHOJIOI'HYECKHE OCOBEHHOCTH PEAJIU3ALINA
NMHTEPHETA BEIIEU B CETAX 5G

M.B. I'os10BHSIK
CankT-ITerepOyprckuii TOCy1apCTBEHHBIH YHUBEPCUTET TeNeKOMMYHUKanuid uM. pod. M. A. bond-bpyesnda

B C6A3U C HOBbIMU nompe6ﬂocm}mu, BO3HUKAarowumu 6 a@m0M06uﬂbHOM,
9iC€JZ€3HO()0p09fC‘HOM u GOBOyWHOM mpancnopme, comoeas Ce53b CMAaAHOBUNICA Heomvemuiemolul
uacmovio CJAONCHBIX MPAHCNOPMHbLX CUCMEM. Omo ompas3ujlocb U 6 HOBblX cneuuqbukauuﬂx 3I’d
Generation Partnership Project 5 Generation New Radio.

unmepnem eeueit, 5G, npocrnosuposanue QoS, New Radio, HST, TRP, MEC

Henasnue Beinmycku crenudukauuii 3GPP 5G New Radio (NR) coxmepxatr
(DYHKIIMHA, KOTOPBLIE OOYCIOBJIEHBI NPEAOCTABICHHEM YCIYI CBSI3U IITHPOKOMY
Ha0Opy oTpaciel, BKIIOYass aBTOMOOMJIbHBIN, KEJIE3HOAOPOKHBIA W BO3IYIIHBIN
TpaHcrmopT. B Hacrosiliiee BpemMs HECKOIBKO HOBBIX (YHKIMA BBOIATCS H
pa3BuBaroTcsd B NR, 4TOOBI yny4IIuTh BO3MOKHOCTH 5G M 00ecreyuTh OBICTPYIO,
HAJEKHYIO ¥ HEOTPAHUUEHHYIO CBSI3b JJI TPAHCIIOPTHOM KOMMYHHUKAIUU. B 310
craTtbe OyayT paccMOTpeHbI HamboJjiee BaKHBIE XapaKTEPUCTHKH U TpeOOBaHHS
IIAPOKOr0  CIEKTpa yCIAyr, KOTOpbIe OOYCIOBJIEHBI JKEJAaHHEM IIOMOYb
TPaHCIIOPTHOMY CEKTOPY CTaTh 0Ojee yCTOMYMBBIM, O€30IMacHBIM M HaJIEKHBIM.
Ot TpeboBaHUs OYAyT MOAACPKUBATLCI KaK pPa3BUBAIOIIMMHCA, TaK U
COBEPIIEHHO HOBBIMH GyHKOUAMUA cucTeMbl 5G  NR, Bkirouyas To4YHOE
MMO3UIIMOHUPOBAHUE, NPOEKTUPOBAHHE OIIOPHBIX CUTHAJIOB [JIS OOECIeYEHMS
pabOThI HECKOJIBKUX TOYEK MepeIaun U mprema, a Takke nmporuosupoBanue QoS.

YcrpoiicTBo apxuteKTyphl 5G.

Jlimg oOecrieueHnsi COBMECTHMOCTH MEXKIY aBTOMOOMIISIMH, OIlepaTOpaMH
MOOMJIBHBIX CETEHN, pa3pad0oTUNKaMU OPUIOKEHUN U JOPOKHON NH(DPACTPYKTYPOI
HECKOJILKO OpraHu3aluil [0 CTaHJapTHU3aLUU MPENI0KUIA CBOU apXUTEKTYPBHI.
Xotst paspaborku 5G Automotive Association, 5G Alliance for Connected
Industries and Automation, Automotive Edge Computing Consortium (AECC) u
3GPP, pa3auuaroTcss B HEKOTOPBIX J€TaldX, BCE OHHU CHOCOOCTBYIOT
[IAPOKOMACIITA0OHOMY Pa3BEPTHIBAHUIO PA3IUYHBLIX YCIYT aBTOMOOHIIBL-00JIaKO
(puc. 1) u 06padoTke 0OIBITUX 00BEMOB CEHCOPHBIX JAHHBIX B PEKUME PEaTLHOTO
BpPEMEHU.
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Puc. 1. Cs3b 5G ¢ BIUJIA, aBTOMOOUIISIME | JKEIE3HBIMU JOPOTAMHU

Apxutexrypa, npemioxkenHas AECC wu 4yactmuno mnpussartas 3GPP,
MOAACPKUBAET HEPapXUUYECKyl0 00pabOTKy HOaHHBIX, TA€ JaHHBIE MOTYT
00pabaThIBaTLCST JIOKAJbHO, B CHUCTEME TPAHCIIOPTHOIO CpeACTBa, B oOJsake, a
TaKKe Ha «rpaHuyHbIX oOakax» - Mobile Edge Cloud (MEC). MEC pasrpyxaror
OCHOBHBIE€ 00JIaKa, BBIITOJHSS TSOKEJbIE BRIYMCIUTEIBHBIE 3a1a4H, a IIEHTPAJIbHEIE
cepBepa OPraHU3yIOT BBINOJIHEHHE PA3IMYHBIX 3aJa4 U pacHpelesiioT padouyyro
Harpy3ky mexnay MEC u omeparopamMu MOOWIBHBIX ceTeil. Takasg rmOKOCTL B
00paboTKe JAaHHBIX HapsAay ¢ TpeOOBAaHMSIMHU BBICOKOM MOOHMIBLHOCTH M HH3KOM
3a7Iep’KKHA HaKJIaJbIBAET KECTKHE OrpaHUYEHUs HA IIPOTOKOIBI KaK JJI1 00JauyHbIX
CepPBEPOB, TaK U JJI TPAHCTIOPTHBIX CPEJICTB, IATUUKOB U YCTPOUCTB.

AJITOPUTMBI YJIYUYIIEHHON MOMOIIH NMO3MIHOHAPOBAHMS.

[IpuMeHnsieMble B HAcTOAIEEe BPEMSI CXEMBI IO3UIIMOHUPOBAHUSA OOBIYHO HE
oTBeuarorT TpeboBanumsaM K touHoctd Advanced Driver Assistance Systems
(ADAS). Takux kak cOop kaprorpaduyuecKux IJaHHBIX BBICOKOM YETKOCTH,
OOHapy)XeHHE VA3BUMBIX YYAaCTHHKOB JIOPOKHOTO JBHMJKEHMS, COBMECTHOE
MaHEBPHUPOBAHHE M TEJIEYIPABIsIEMOE BOXKJEHHUE, KOTOPhLIE TPEOYIOT TOYHOCTHU
MO3HUIIMOHUPOBAHKS Ha YPOBHE JEIMMETpPa IPU BLICOKOM YPOBHE CTaOMIBHOCTH
[1]. Kpome ToOro, ToO4YHOE€ MO3HUIIMOHHUPOBAHHE JIOJDKHO  OCTaBaTbCs
paboTOCIIOCOOHBIM J1aXke B TJI00aTbHOW HABUTALMOHHOW CIIyTHHUKOBOW CHCTEME
(F'HCC) - npo6ieMHBIX 30HAX.

C mossnennem NR, B yacTHOocTH, B 16 Bepcum, OBLI IpeACTaBICH HAOOp
HOBBIX  (DYHKIMH, MO3BOJAIONIMX  KCIIOJB30BaTh  IEPEAOBBIE  METOJBI
MMO3UIIMOHUPOBAHUA. OTH (YHKIMH BKJIOYAIOT HOBYIO M YJIYYIIEHHYIO BEPCHIO
curnana socxonamied (UL) u aucxonsmeii (DL) nuHUH cBSI3H, 00€CIIEUHBaIOIIYIO
OOJBIIYIO IIOJIOCY IPOIyCKaHHus M (opMupoBaHusa nyda. biaromaps 1moJioce
nponyckanust mmpe, yeM B LTE, MOXHO aocThup 00jiee BBICOKOM TOYHOCTHU
OLIEHKH JalbHOCTH. B d4acTHOocTH, B JuMama3oHaX MMJUIMMETPOBBIX BOJIH,
n3Mepenust yriia npuoeitus (AoA) u yriaa orxona (AoD) MoryTt ObITh TOCTUTHYTHI
C MOMOIIBIO DJIEKTPUUECKH OOJIBIIHNX, HO (pU3MUecKH HeOOJIBIINX MaccHBOB. B
pe3yibTare, NR MOXET 3HaUUTEIIbHO MOBLICHTE TOYHOCTH ITO3HIIMOHUPOBAHHUS [2].
JIiIs majabHEHMIIEro IOBBIINIEHUS BEPTUKAIBLHOM M TOPH30HTAIBLHON TOYHOCTH M
HAJIC)KHOCTH TO3UITMOHUPOBaHUs B MpobsieMHbIX ¢ Touku 3peHus 'HCC 3onax,
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mpemiaraercsi  OOBEAWHHUTH  HM3MEPEHHs,  IPEAOCTaBIsIeMble  OOPTOBBIMU
MHEpIHAIbHBIMA ~ U3MepuTelbHBIMM  Onokamu  (IMU), ¢ wu3MepeHUsIMH,
MIPUHAMAEMBIMH OT HECKOJIbKMX 0a30BbIX cTaHmuii NR. OObeauHEeHHE MECTHBIX
n3Mepenul IMU ¢ u3MepeHussMH HECKOJbKHMX cUrHajioB NR IMOMOXeT JoCTHYb
TpeOyeMol ACTIMMETPOBON TOUHOCTH.

KpomMe TOro, BBICOKOTOYHBIE ITPOCTPAHCTBEHHBLIE HM3MEPEHHUS OO0JIEryaroT
HCIIOJIb30BaHHUE TIEPEIOBBLIX CXEM ITO3UIIMOHUPOBaHHU, Taknx kak SLAM. SLAM
HCIIOJI3YET MOCJIEA0BATEIbHBIC W3MEPEHUS IS IMOCTPOCHUS CTaTUCTHUYECKOM
MOJICIM M MOXET JIOCTHUraTh BBICOKOW TOYHOCTH, JaXe€ B DKCTpEMalbHBIX
CIIEHAPUSIX, UCTIONB3Ys u3MepeHuss DL CUTHAIOB OHOM WM HECKOJIBKUX 0a30BBIX
CTAHIUH.

JanbHeiee ycoBepueHcTBoBaHue MIMO s moaiep:Kku MHOXKeCTBa
TOYEK Mepeaayu u npuemMa.

becnpoBogHas cBs3p B BeIcOKOckopocTHOM noesae (HST) xapakrepusyercs
CHJIbHO MEHSIOIIUMCS BO BPEMEHHM KaHAJIOM M OBICTPOM CMEHOM OMmKaWIInX K
rmoe3ay Todek mepenaun u npuéma curHana (TRP), uro saBmsgercs cnemcTBuem
Yype3BbIYaliHO BBICOKMX CKopocTer. (OOecreyeHre BBICOKOIPOU3BOANUTEILHOM
CBSI3U JJI COTEH MOJIL30BATEIICH MOE3/I0B, ABIKYIIUXCS CO CKOpocThIo Ooiee 400
KM/4, TP OJHOBPEMCHHOM OOECICUCHUM CBEPXHAJCIKHON CBSI3U I CIIYXKO
YIIpaBJIECHUS MOE3710M, TpeOyeT HOBBIX PEIICHHH II0 CPAaBHEHUIO C THUIIHYHBLIMH
coBpeMeHHBIMH pa3BepThiBaHusaMU Ha 0a3e LTE [3]. Ilpu3naBass 3T npoOJIeMBL,
NR Brirouaer dyuHkmuu it oodecrneuenusa cBsa3u ¢ HST [4]. bonee Toro,
HECKOJILKO BapHaHTOB pa3BepThiBaHusg TRP u ¢pyHkumu, pa3padboTaHHbIe B paMKax
oomel ctpykTtypbl MIMO, MOryT OBITh HMCIIOJIB30BAaHbI JJIS HMOIIEPKKU CBSI3H C
HST npu MuHEMU3aIMU HEOOXOIMMOCTH IepekiroueHui. OKuaaeTcs, 9YTo 3TOT
KOMITIOHEHT TEXHOJIOTHMM TaK)Ke OyJeT HMrpaTh OUYE€Hb BAXKHYIO POJIb B CIydasx
ucnoisib3oBanusa bBIIJIA. Bapuantel ncnonbs3oBanusi HeCKOJdbkux TRP, korTopsie
Haubosee aktyanbHbl 175 cBsizu ¢ HST, cnexyromue:

— Jlunamuueckoe mnepekirouenre Ttouek (DPS): Curman ¢ JaHHBIMH
nepenaércs ¢ ogaoro TRP 3a omnpenenennoe Bpems, a TRP, ucnoian3yembiii 1J1st
nepeaadn, JUHAMUYECKH BBIOMPAETCS Ha OCHOBE KAadeCcTBa KaHAJIOB MEXIY
II0€3/I0M M HECKOJIbKMMM Onmkamimmu TRP.

— OpnouactrotHas cetb (SFN): Bce TRP B 30nme SFN mepenatot noesmy
OJIHU U T€ K€ JJAHHBIC U CUTHAJIBI.

— SFN co cnenuduuecknmu mist TRP curnanamu: OgHE U Te K€ TaHHBIE
nepenarorcss ¢ pasHelx TRP, a HEKOTOpble CUTHAJIBI NEPENANOTCS C y4ETOM
cunennpurku TRP.

IIporno3upoBanue QoS.

Cucrema NR QoS Bmecte ¢ dyuknusamu takumu kak URLLC, ycnemrso
obecrneynBaeT MUHUMAJILHYIO TapaHTHPOBAHHYIO ITPOU3BOJUTEIFHOCTH, OCOOECHHO
B KOHTPOJIMPYEMBIX creHapusax. OnHako BbicOkoMoOuabHBIE UE 00BIYHO
CTAJIKUBAIOTCS C U3MEHYMBOCTHIO IPOU3BOAUTEIBHOCTH CETH BO BPEMEHHU, OTYACTHU
oToMy, 4YTO (pakThueckoe QoS dYacTo mpeBBINIACT MHHUMAJIBHBIA WU
rapaHTUPOBAHHBIM YPOBEHb, MU YACTHYHO IOTOMY, YTO CHUCTEMa HHOIJAa HE B
COCTOSIHMH BBINOIHUTEL QO0S oOecrneueHue.

HNHTEpecHo, YTO BO MHOTHMX Ciydasx, BKIIOYas HEKOTOphIe IpuiaoxeHus C-
ITS u ADAS, >t koneGaHus MPOU3BOAUTEIBLHOCTH HE SIBISIOTCA MPOOJIEMOI,
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€CIM HMX MOJXKHO IIpelcka3aTh 3apaHee. Jloctym k mporHosupoBaHuio QoS B
pealbHOM  BPEMEHH  BBI3BA  OOJBIION  HWHTEpPEC B aBTOMOOMIIBLHOU
MIPOMBIIIJIEHHOCTH.

Hecmorpss Ha OonblliMe OXMAaHus, mOporHosupoBanue QoS ocraercs
OTKPBITOM TEMOU IJIs1 MCClIeIOBaHui. B 3HAUMTEIILHOM CTEIIEHU IIPOTrHO3UPOBAHUE
QoS paccmarpuBaercst Kak npuiaoxenue ML ¢ mmpokuM HaAOOpOM JAHHBIX,
COCTOSIIIMM M3 U3MEPEHHUI CETH U YCTPOMCTB, a TaK)Ke JAaHHBIX MPUJIOKEHHH [5].

Ha mpakTuke pasinyHble THUIIBI HHGOPMAILIMA MOTYT OBITh COOpaHBI ¢ Pa3HOU
IIEPHUOINYHOCTHIO, BPEMEHHBIMU pPaMKaMH M TOYHOCTHIO. [loHnMManue 3HaUMMOCTH
Ka)KJIOr0 M3 HUX SIBJISIETCS MOCTOSHHOM paboTO M OyJeT MrpaTh Ba)KHYIO pOJIb B
OMNpEJICICHUH OTHOCHUTENIBHBIX JIOCTOMHCTB M  KOMIIPOMHCCOB  Pa3IUYHBIX
BAapHAHTOB apXMTEKTyphl. B  KadecTBe mepBoro 1mara K IIOJJIEPKKE
nporHozupyemoro QoS B MoOmipHbIX ceTsix  3GPP  ycoBepiieHcTBOBa
apxuTekTypy cuctemMbl NR B 16 Bepcum 9 TNOIAEPKKH  YCIYT,
MPEIOCTABIAIONINX aHAJUTHUKY CETEBBIX JAHHBIX B OcCHOBHOM cetu 5G. C »roit
LIeJIbI0 OBLIM OmpejelieHbl MHTep(EChl MPHUKIAIHOIO0 MPOrpaMMHPOBAHUS IS
IIPEIOCTABJICHHUSI MPOTHO30B HAa OCHOBE CETH M HEOOXOJIMMBIE MPOLEAYPHI IS
cOopa COOTBETCTBYIOIIMX JAHHBIX AHAJMTHUKHU OT Pa3IMYHBIX CETEBBIX (DYHKIIHH.
Kpome Toro, ObLIM IIpeAcTaBlICHBI MPOIEAYPHl NPEIOCTABICHUS AaHAIUTHKH,
HAIIpEMEP, HArpy3Kd, MPOU3BOAUTEILHOCTH CETH, IEPErpy3KH JAaHHBIX, IPYTHM
ceTeBbIM (YHKIMSAM. AJITOPUTMBI, MCHOJB3YyEeMBbIE [UIS IIOJYYEHHSI CETEBOM
aHAJIMTUKH, HE OIpeJeeHbl B crenuduKanusax, U, KaKk yxe YIOMHUHAJIOCh, OHU
SIBJIIFOTCSI TEMOW TEKYIIUX UCCIIEIOBAHUM.

Texnonorus 5G NR Opima paspaborana A peanu3alldd  Pa3IUYHBIX
CLICHAPUEB UCIIOJb30BAHUA, JIOCTHXKEHUS IIMPOKOTO CIEKTpa MOKa3aTeseu
MPOM3BOJUTEIIBHOCTA M PAa3BEPThIBAHUA B TPAAMIIMOHHBIX M MUJIUMETPOBBIX
nuanazoHax 4vactoT. CraHmapTu3upoBaHHBIE (PYHKIMU TEepBBIX penn3oB NR, B
COBOKYMHOCTH C aJITOPUTMHUYECKUMU PEIICHUSIMH CIHOCOOCTBYIOT Pa3BUTHIO
«YMHBIX» TPAHCIOPTHBIX YCIIYT.

Ouepranust Oyaymux cucteM 6G yke HaUMHAIOT MOSABIATHCSA. Okupaercs,
YTO BBICOKOTOYHOE MO3UIIMOHUPOBAHUE B PEaIbHOM BPEMEHHU B TPEX HM3MEPECHUSIX
JUIsl  BBICOKOCKOpOCTHbIX BIIJIA Oyaer wurpaTh BaXHYIO poOJIb B ycCiyrax
rOPOJCKOr0 BO3YIIHOTO TPAHCIOPTA, @ CXEMbl MPOTHO3UPOBAHUS MPOIMYCKHOU
CIIOCOOHOCTH M JIOCTYIIHOCTH YCIYyr Ha OCHOBE PaCHpEICIICHHBIX JIaHHBIX
MO3BOJIAT CO3/IaTh HOBBIC CEPBHUCHI JJII aBTOMOOHMIBHOTO M KEJIE3HOIO0POKHOTO
TpaHCIOpTAa.
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HNCITOJIb3OBAHME TEXHOJIOI'MM DTN B MAPHIPYTU3 AU
BHYTPU CITYTHUKOBOI'O CEI'MEHTA CBA3U
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CankT-ITerepOyprckuii TOCy1apCTBEHHBIH YHUBEPCUTET TeNeKOMMYHUKanuid uM. pod. M. A. bond-bpyesnda

Lenvio Ooknaoa saensemcs paccmompenue mexvonocuu DTN, komopas obecneuusaem
nepeoauy OGHHLIX NPpU OAUMENLHOM OMCYMCMEUU Ccea3u medxcoy ysiamu. Paccmompenvi
cneyugukuy, docmouncmea u Heoocmamxu mexHonocuu. OmmeueHvl mexHuuecKue 60npochwl,
KOmopvle HeoOX00UMO co2naco8ams OJisl pearusayuu CO8MeCmHol padomvl HA3EMHO20 U
Kocmuueckoeo ceemenma. Paccmompenvi  maxoice npobOniemvl  c6A3U 8  KOCMUHECKOM
npocmpancmee — OUHAMUYHOCIb CeMmu, OMCYMCMEUe NOCMOAHHOU CE8A3U MeNCOY CHYMHUKAMU.

epynnuposka cnymuukoe, DTN-cems, 3a0epcku

B nannoit pabore Mmbr paccmoTrpum TexHojoruto DTN (Delay Tolerant
Network), koTopasi obecrieunBaeT nepeaady JaHHBIX MPU JJIUTEIEHOM OTCYTCTBHH
CBSI3U MEXKY y3JIAMU.

TCP u MHOTHME Ipyryue NpOTOKOJIbI IPEANOJIAratT, YTO MEKIY OTIPABUTEIEM
U MOJy4yaTejeM CYUIECTBYET MOCTOSHHO (DYHKIMOHUPYIOMIMI KaHal CBSI3U; €CIU
OH OTCYTCTBYET, IPOTOKOJ HE padOTAET U MAKEThl HE TOCTaBIAIOTCA. B HEKOTOPBIX
CeTAX YacTO OTCYTCTBYET CKBO3HOM IyTh. Hampumep, pacCMOTpUM CE€Thb, TAKYIO
kak MexiuianetHas cetb (IPN), moapoOHoe onrcanue KOTopoi npuBeaceHo B [1], B
KOTOPOM CITyTHUKH HHU3KOM OKOJIO3EMHOW OpOMTHI MOMEPEMEHHO HAXOMASTCS B
npeaenax JOCATAEMOCTH W BHE JIOCSATA€MOCTH HA3E€MHBIX CTaHIu. Kaxnabii
CIIyTHUK MOJKET OOIAaThCs C 3TUM Ha3eMHasl CTAHIUS TOJBKO B OMpEEICHHOE
BpeMs. /[Ba CIyTHMKAa HE MOTYT B3aMMOJIEMCTBOBATH HU HANPSIMYIO, HU YE€pe3
Ha3€MHYIO CTaHIMIO, TAK KaK OJWH U3 HUX BCErJa HAXOJUTCSA BHE JIOCATAEMOCTU
STOM HA3€MHOM CTaHUMHU. TakKe B KAaueCTBE IMPUMEPA CETEW C HEMOCTOSHHBIM
MOAKIFOUEHUEM MOXKHO MPHUBECTU CIEAYIOIINE TUTIBI CeTe [2]:

e ['mapoakyctudeckas CBA3b;

e ApMeENCKHE TAKTUYECKUE CETH;

MAHET;
CeHcopHbIE CETH;
VANET;

MoOuIibHbIE CETH.

Texnomorus DTN Obuta paszpaborana B 2002 roay wuccieaoBaTeIbCKOM
rpynnoit Komuccuu IETF. OcHOBHOM LIENBIO CO3/TaHUS 3TON TEXHOJIOTUU SIBIISIETCA
- pa3BUTHE TEXHOJIOTUU Mepe/lauyd JTaHHBIX B KOCMHUYECKOE MPOCTPAHCTBO [2].
KocMuueckum ceTsiM IPUXOAUTCS UMETh JAENIO C MPEPBIBUCTOMN CBS3bIO, U Y HHUX
oueHb Oonbiue 3agepxkkd. KeBun Dol OTMETWUJ, YTO HACH, MPUMEHHUMBIE K
TaKUM MEXIUIAHETHBIM CETSIM, BIIOJIHE MOIXOIAT JJIs1 HA3EMHBIX CETEH, B KOTOPBIX
pacrpocTpaHeHa IpepbIBUCTasi CBI3b Mexay y3iamu (Domn, 2003). Ota Moaenb
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saBisieTcs: 00o0mennemM MHTepHETa, B KOTOPOM BO3MOKHBI 33JICPKKUA CBSI3H U
BPEMEHHOE XPAHEHUE TAHHBIX.

HACA u EBpomneilickoe KOCMHUYECKOE aréHTCTBO YCIEIIHO HCIOJIb30BAIIN
HOBBIM MHTEPHET-MPOTOKOJI JJisi YIpaBIEHUs HEOOJIbIIMM POOOTOM, PACIOJIOKEH
Ha 3emiie, ¢ MeXIyHapoJHOW KOCMUYECKOW CTaHIMH [3].

DKcnepuMeHT mnpoBoawin komauaup 33-i skcneguuun Ha MKC Cynuta
Yunbsimc. OHa HCHOJB30Bajia CHENUAIbHBIA IMOPTATUBHBIA  KOMIIBIOTED,
pa3zpabotannbii B HACA, a pobGor Haxonmuics B EBpomeiickom 1eHTpe
KocMuueckux omneparuit B Jlapmimraar (I'epmanust) u ObUT M3rOTOBIIEH U3 ACTalIeh
LEGO [3]. becnpoBomgnbie MOOWIBHBIE YCTPOWCTBA, TaKW€ KaK COTOBBIC
TenaedOHbI, MOTYT MCIOIB30BATHCS JIJIS1 OTIPABKU WM TOJy4YeHHsS] MHPOPMAIIUU B
JIMara3oHe CBA3U.

BONbIIMHCTBO Pa3MUYHBIX TUIOB CETEl HECOBMECTUMBI JIPYT C JAPYroM -
nepejaya JaHHBIX BO3MOXKHA TOJIBKO BHYTPU COOCTBEHHOM CETH, HO HE MEXKIY
TakuMu ceTu. Kaxxiast ceTh UMEeT OTHOCUTEIIBHO CXOXKHE XapaKTEPUCTUKU CBSI3H,
TaKhe Kak 3a/IepkKKa COeTMHEHHUs, MOAKIIOYEHUE, U3MEHEHUE CKOPOCTH Mepeaadn
JIAHHBIX, YacTOTa OMMOOK, KauyecTBO 00ciyxuBaHus. B ortiauune ot UHTEpHeTa,
pa3BUBarOIIUECs OECIPOBOHBIE CETH MOJIBEP>KEHBI JJIUTEIBHBIM U MEPEMEHHBIM
3a/iep>)KKaM,  MPOW3BOJIBHBIM  JIUTEIBHBIM — MEpHOJIaM  OTKIIIOUEHUS, U
PETUCTPUPYETCS BHICOKUM YPOBEHb OILIUOOK.

OpnHako nepeaya JaHHBIX TAKXKE BO3MOXKHA B CETSAX C MEPEMEHHON CBS3bIO.
Jnst  coenuHeHWs JIBYX ceTeid TpeOyeTcsi areHT, KOTOPbIM MOXET ObITh
"MmepeBoAUMKOM" MEXAY MPOTOKOJAMHU CETEH, B3aUMOJECHCTBUE KOTOPBIX
HEBO3MOXKHO, W JIEUCTBYET Kak Oydep Ui 3alepk KU HECOBMECTUMOU cetu. B
TaKuX CETSIX IAHHBIE 3aJEPKUBAIOTCA B y3jaxX 0 TE€X MOp, NMOKAa HE MOSBUTCS
pabouee coeArMHEHHE. DTOT METOJI Ha3bIBaeTcs mepekiatoueHueM. CooOlieHus u
CETU, OCHOBaHHBIE HA ATOM IMPUHIIUIE, Ha3bIBalOTCA CEThIO C 3aIEPIKKOM TOMyCcKa
(DTN) unu Cetblo ¢ ycToitunBOCTHIO K pacnany (DTN) [2].

[Iporokon DTN, kak crnexyeT U3 €ro Ha3BaHMs, o0jaaaer OojblIeH
YCTOMYMBOCTBIO K OTKJIIOUEHUIO MEXAY Yy371aMH, 4eM oObruHbli MHTEpHET-
MPOTOKOJ. DTO JOCTUTAETCS Oaromapsi €ero CiocOOHOCTH BPEMEHHO HAKAIUIUBAThH
JTAaHHBIE.

"DKCHepUMEHT  TOATBEPAWI  BO3MOXKHOCTH  CTPOUTEILCTBA  HOBOM
UHQPACTPYKTYpPhl CBS3U JJIsi OTIPaBKM KOMAaHJ CIyCKaroleMycsi poooTy ¢
OpOUTANBHOTO anmapara v MoJay4yeHus OT HEro U300pakeHU U Ipyrux JaHHBIX", -
ckazan 3amectutens aamuHucrparopa HACA no cBs3u u HaBurauuu. banpu
FOnec, nobaBuB, uyto TexHosorus DTN moxker ObITb HmpUMeHEHa ¢ 3eMiIH C
MCIIOJIb30BaHUEM CIIYTHUKOB B KaUY€CTBE PETPAHCIISITOPOB.

Texnonorus DTN mpencraBiser coboli ceTh HEOONBIIMX CeTel. ITO
HaJOXXEHUE Ha CETU CHEIUAJIbHOIO0 Ha3HaueHus, BkiIoyas VIHTepHeT.
[TepBonayansro DTN 6611 pa3paboTaH 17151 MEKIJIAHETHOTO UCTIONB30BaHUs [4].

Kocmuyecknm ceTsiM TPUXOJUTCS UMETh JIEJO C MNPEPHIBUCTOM CBA3BIO C
OYCHb OOJBIIUMHU 3a7epKKaMu. JTa (10 CYTH) MOJEIb SBISIETCS 000O0IeHnEM
NuTepHeT, B KOTOPOM NPOUCXOAUT 3aJ€pP>KKa CBSI3U U BPEMEHHOE XpaHEHUE
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nanHblX. llepegaua AaHHBIX B TakuUX CETAX OOJbIIE€ MOX0XKa Ha JOCTaBKY
COOOIIEHUH AIEKTPOHHON MOYTHI WM MUChbMa OOBIYHON MOYTOBOM CHUCTEMBI, YeEM
KOMMYTaIIMs TAKETOB Ha MapIipyTtusarope [2].

Mogaens DTN npemiaraet 0Tka3arbCs OT OJHOTO U3 JTOMYIIEHWH, HA KOTOPBIX
OCHOBaH COBpEMEHHbI MHTEpHET, CyTh KOTOPOrO 3aKJIIOYaeTcsi B TOM, YTO B
TEYEHHUE BCETO CEAHCA CBSI3M MEKIY OTIPABUTEIEM M IOJYYATEIIEM CYLIECTBYET
CKkBO3HOM myThb. Korjga 3To NpearnonoxeHue He BBIMNOIHIETCS, KIACCUYECKUE
UHTEPHET-TIPOTOKOJBI HE paboraroT. CeTH yCTOWYMBBI K 3aepiKaM, o0oiTH
npobsieMy OTCYTCTBHSI CKBO3ZHOTO ITYTH, HCIOJB3Ysl ApXUTEKTYpPYy COOOIICHMIA
koMmmyTatopa. Kpome TOro, oHu aganTUpoOBaHbl JUisl NEpeAadyd JaHHBIX IO
KaHajdaM C BBICOKMMH 33JIepKKaMUd M HHU3KOW HaJIeKHOCThIO. B TepmuHonoruu
DTN coobriienue HasbiBaeTcs noceuikoi (bundle). ¥Y3mer DTN umerot ycrpoiicTa
aMATU TOJIKO Il uTeHus. CooOIeHust XpaHsaTcs B HUX JO0 T€X MOp, IMOKa He
OyJeT aKTUBUPOBAH HY)XHBIM KaHAJl; 3aTeéM NOCBUIKM OTHpaBisitoTcs. Kananbl
paboTatot ¢ nepedosimu. Ha mapiipyruzaropax B UHTepHETE 0OXKHIaHUE B OUEPEU
3aHMMAaeT HECKOJbKO MUJUIMCEKYH[, B XyALIeM cilyyae cexyHuabl. B y3max DTN
NOCBIJIKM MOTYT OBITh XPAaHMTCSI YacaMu - MOKa aBTOOyC He MpuOyneT B ropoj,
y3€J CEHCOPHOW CETH HE HAKOMUT COJHEYHYIO SHEPTUi0, HEOOXOAUMYIO JUIsl €ro
paboThI, CaMOJIET HE MPU3EMITUTCS, CIISIIIINI KOMITbIOTEp HE TpOCHETCs [2].

Mapupyruzatopsl DTN 10mKHBI MOCTOSHHO XpaHUTh HH(OpManuo o0
OJIHOM (MJIM HECKOJIBKHMX) U3 CIEAYIOMMUX TPUIHH:

o JluHus cCBS3M IS Tepefayd Ha CIACAYIOMUNA y3€d MOXKET ObITh
HEJIOCTYIIHA B TEYEHUE JIUTEIBHOTO BPEMEHH;

e OnuH y3e1 MOXET NepeaBaTh WIN M0JIydaTh JaHHbIE HAMHOIO ObICTpee
WJIA HAIEKHEE, UEM IPYTOH y3€ll,

e Tonpko YTO meEpenaHHOE COOOUIEHUE, BO3MOXHO, MOTpedyercs ObITh
MOBTOPHO TEPENIaHO, €CIIM OHO MOIYYEHO ¢ OMIMOKOM Ha cheayroleM y3ie [4].

B kocMoce mouTu Bce OBHMKETCS U UMEET JUIMTEIbHbIE 3aJepKKU (COTHU
MUHYT B TpeJenax Hamled COJMHEYHOM cucTembl). [loTeHnmanbHO mepenaromue
y3Jbl TIEpEMENIatoTCs M0 MpeACKa3yeMbIM OpOUTaM, TaK YTO UX MECTOIOJIOKEHHE
MO>KHO TPECKa3aTh WIH MOJTYYUTh BpEMEHHbIE TpaduKku ux OyAyluX MOJ0KEHUN
¥, TakuM oOpa3oM, MOXKHO OpraHM30BaTb UX OyAYIIHME CEaHChl CBS3H.
3aruIaHMpPOBAaHHbBIE KOHTAKTHI TPEOYIOT CUHXPOHHU3AaLUU BPEMEHU IO BCEH CETU
DTN.

Paccmotpum crienyronuii mpumep [2]. ICTOUHMKOM MOCBIIOK SIBIISIETCS OAUH
U3 CIOYTHUKOB (HAa HHM3KOM OKOJIO3€EMHOH OpOWTE) MEXIyHApOAHOW KOMITaHWUU
LEO Cucrema MOHHUTOpPHWHTAa CTUXHHHBIX OCACTBHH, KoTOpas (doTtorpadupyer
3emito. M300paxkeHust JOMHKHBI MPHOBITH B TOYKY cOopa maHHbiX. Ho cmyTHuUK
MMEET TMPEPHIBUCTYIO CBSA3b C TPEMS HA3€MHBIMU CTaHIUSAMHU. JIBHUrasch mno
opbuTe, OH, B CBOIO Ouepe/lb, CBA3aH UMHU. TakuM 00pa3oM, CIIyTHUK, HA3eMHbIE
CTaHIIMU M IMYHKT cOopa JaHHBIX sBisAtoTca y3namu cetd DTN. Jlnsa kaxmoro
KOHTaKTa IOChUIKA (MJIM 4YacTh IMOCBUIKH) TMEpPEeAaceTCs] Ha HAa3eMHYIO CTaHIIUIO.
3aTeM MOCHUIKU JIOCTABISIIOTCS B IMYHKT cOOpa JAHHBIX MO TPAH3UTHOW HA3eMHOMU
cetu. Ha sToM niepenayda 3aBepiiaercs [2].
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DTOT mpHUMEP TMOKa3bIBACT BTOPOE OTIMYHKE: Yy3JIbI MOTYT H3MEHSITH CBOE
MECTOITOJIOKCHHE BMECTE C MAaKeTaMH, XPaHSIIUMHCS B HHX, W 3TO HUIPaeT
KJIFOYeBasl poyib B JOCTaBKe AaHHBIX. OOBIYHBIC CETEBBIC MApPIIPYTH3ATOPHI HE
UMEIOT QYHKIMH TIEPEMEIICHUS U XPaHCHHUS ITaKeTOB B HUX. UTOOBI omucarth BCe,
YTO TPOUCXOJUT B TIPOIECCE IMEPEMEIICHHS IMOCHUIKH, HCIOJIb3YHTE TEPMHH
"mpuem-niepenada-ornpaska” ("'store-and-forward") [2].

i A 4 i HenocToaHHbI
OTnpaenexHan KowTakT \' i S~ kaHan
noceika —,  / | 8KTMBHLIA KaHan) Y/ L { (He paboTatowmi)
Y .-"/ I-'. ..’(‘ by
[N \ 4 %
| 3
Yaen iy \
DTN —_ / 7 Storage \ /'~ Xpawawancs %
- YW &/ nocoinka !
Y e A ‘.'_{(_ 4 = q
S )~ el >N A B * = | ,
OrnpasvTent Monysatens

Puc. 1. Apxurektypa cetu DTN

B sTOM mprmMepe OCHOBHBIM IPEUMYIIECTBOM CETEBOM apXUTEKTypel DTN
SBJIIETCS TOT (PAKT, UTO OHA UACAIBHO MOJAXOJAUT JJI CUTYyallu, KOTJa CIIYTHUKY
TpeOyeTcss XpaHUTE H300paKEeHHs B MAMSITH, TaK KaK BO BpeMs IOJy4YEHHUs
n3o0pakeHut coeauHeHue oTcytcTByeT. Kpome Toro, DTN mmeer aBa apyrux
npeumyiiecTna [2]:

e Bo-nepBbIX, OJWH KOHTAaKT MOXKET OBbIThb CIUIIKOM KOPOTKHM JUJIs
OTIIPaBKU BCEX H300paxkeHWil. JTa mpoliema pemiaercs JIErKo: JaHHbIE MOTYT
OBITH pacHpeeeHbl MEK/y KOHTAKTAMU C TPEMSI HA3€MHBIMU CTAaHLUSIMHU.

e Bo-BTOpBIX, KaHAT MEXIY CIyTHUKOM M Ha3eMHOW CTaHLUEH paboTaerT.
HE3aBUCHUMO OT KaHaJla, COCOUHAIOUIErO CTaHLIHUI0 W HA3eMHYI0 CETh. OJTO
O3HAYaeT, YTO CKOPOCTb OOMEHA JaHHBIMU MEXAY CIHYTHHUKOM M CTaHLHMEH He
OyJeT OrpaHMYeHO Jake MPU MEJICHHBIX COEIMHEHUIX B HA3eMHOM ceTH. JlaHHbIe
MOTYT MepeaBaTbCsi C MaKCUMaldbHOM cKopocThbio. [laker Oyner XpaHUThCA
CTaHI[MEN 10 TeX MOp, IOKa OH HE CMOKET OBITh MepejaH B TOUKY cOopa JaHHBIX.

Henocratkom cereBoit apxutektypbl DTN sBisieTcst T0, 4TO BaXKHBIA BOIIPOC
3aKJII0YAETCSl B TOM, KaK HAWTU BBITOJIHBIE MapLIpyThl yepe3 y3ibl. [loctpoenune
ONTHUMAJIBHOIO MApIIPyTa 3aBUCHUT OT APXUTEKTYPBI, KOTOpAask ONMUCHIBAET, KaK
HalnpaBJICHUs W BpeMs INepenadyd JaHHbIX. Hekoropeie HampaBieHUs MOXKHO
y3HaTh 3apaHee [2].

B namem npumepe aBuxkeHHE HEOECHBIX T€I M3BECTHO 3apaHee, U MOATOMY
BpEMsI CBSI3U C HA3€MHOM CTaHUMEN U3BECTHO 3apaHee. [Ipennosnoxum, 4To CBS3b C
K0 Ha3eMHOM CcTaHUMEH IIMTCA OT 5 A0 15 MHUHYT M UYTO MPOIyCKHas
CIIOCOOHOCTh HUCXOJSIIEH JIMHUU CBsI3U cocTaBisieT 8 Mout/c. C Touku 3peHust
MH(OPMAIMOHHBIX JIAHHBIX Bbl MOYKETE 3apaHee IUIAHUPOBATh Mepeiayy MOChUIOK
¢ u3o0paxeHus [2].
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B ciywyae "HazeMHBIX" NpPUMEPOB KOHTAKThl CO CTaHUUSAMU C MEHbBIIEH
BEPOSITHOCTBIO MOYHO TIpeAcKazaTth. [IpumepoM Takol cuTyaluu SIBISIOTCA
aBTOOYChI, KOTOpBIE PETYISIPHO KYypCHUPYIOT MEXIy cOOOH, HO BCE e ecCTh
HEKOTOPBIE OTKJIOHEHMUS [2].

Hpyras mnpoOiieMa 3akio4aeTcss B TOM, 4YTO KOHTaKTbl MOTYT OBITh
KpPaTKOCPOUHBIE U MIPOUCXOMAIT B r000€ BpeMsi. Hanpumep, 11 nepenayn JaHHBIX
OT TOJIb30BATENsl K TMOJB30BATENI0 C IMOMOIIbIO MOOUJIBHOTO YCTpOWCTBa, B
KOTOpPOM Tepejiaya MOCBUIOK OYJEeT 3aBUCETh OT TOTO, YTO MOJb30BATENU OYIyT
oOmiatbest Ipyr ¢ ApyroM B TeueHue aHA. Korma KOHTAaKTbl HEMpeICKa3yeMBl,
MO>KHO OTHPABJISITH KOITMU MOCBUIKH MO Pa3HbIM MapuipyTaM B HAJIEXKIE, YTO OJIUH
U3 HUX JOCTUTHET MECTa Ha3HAYEHUS PaHbIIIe CPOKa CIYKOBI [2].
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INTERFERENCE REDUCTION BY APPLICATION OF ADAPTIVE
ANTENNA ARRAYS IN 5G
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This article investigates a relation between intrasystem interference level and antenna
configuration in the ultra-dense 5G radio network. The simulation modeling results in heatmaps
form demonstrate a significant improvement of signal-to-interference-plus-noise ratio by means
of adaptive antenna arrays. The evaluation configurations as well as additional parameters for
system-level simulation are given to maintain the relevance of results in establishment of
interference level dependence on applied configuration of adaptive antenna arrays. The
simulation model and established dependence make it possible to substantiate the configuration
of antennas and submit the inter-site distance recommendations for base stations operating in
3D beamforming mode.

5G, Beamforming, Antenna Array, MIMO, Massive MIMO

At this time wireless technologies become a necessary component of our daily
life having a big social and economic impact and inspiring our daily activities.
Communication networks are used in various fields such as education, military,
travel, emergency medical care, disaster recovery, parcel delivery etc. An increase
in computing power and significant improvements in wireless technology made
devices affordable and convenient [1].

A distinctive feature of 5G networks is ultra-dense distribution of transceivers
(TRX) — base stations (BS) and user equipment (UE) with it is density up to one
device per m*.

Nokia expects traffic to be 10,000 times higher by 2030 than in 2010. To
support such traffic demand future wireless networks must be extremely dense and
multilayer. Cells and links densification leads to the emergence of ultra-dense
radio access networks (UDN). In UDN a huge number of devices are located in
close proximity to each other generating large volumes of traffic with different
requirements and at the same time they must share the same radio resources [2].

Networks densification will inevitably provide ultra-high throughput and
spectral efficiency. Creation of UDN means adding large number of smaller cells
In a certain area that could previously be covered, e.g. with one macro cell as it is
shown in Fig. 1.
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Setting up such networks based on existing standardized mobile
communication technologies would mean dividing the area into very small cells. It
leads to an exponentially increasing work of radio network planning engineers and
at the same time an exponentially increasing number of handover signals in the
network. Adding high-speed mobility increases drops and packet loss due to
service disruptions dramatically.

UDN are characterized by a high probability of LOS (Line of Sight) between
transceivers at a distance of up to several tens of meters and a high level of
intrasystem interference due to the close distance between simultaneously
operating transceivers.

To reduce interference and to increase the number of transmissions in Space
Division Multiple Access (SDMA) mode in 5G networks unlike in previous
generations networks it is planned widely to introduce adaptive 3D beamforming
in DL (Downlink) and UL (Uplink) channels. The 3D Beamforming technology in
Uplink has become implementable due to the ability to place antenna arrays in
subscriber devices due to the transition to the millimeter range of radio waves [3].

In Antenna Arrays (AA) it is possible to move the main lobe of radiation
pattern without mechanical movement of the array. AA are characterized by a high
signal-to-thermal noise ratio in comparison with a single antenna. It is also has the
ability to increase the signal-to-noise ratio by suppressing interference located in
the same frequency band with the useful signal. The latter property of the antenna
array is achieved by synthesizing a special shape antenna pattern with a low level
of side lobes in certain/fixed directions to the sources of interference, or by
automatically generating dips in the pattern in uncertain/unfixed directions to the
sources of interference in Adaptive AA (AAA). An accuracy of the interference
compensation depends on the interference power to noise ratio. The bigger is this
ratio, the better is compensation degree.

To evaluate requirements for technological solutions, predefined test
environments are used. The ITU-R M. Report containing the essential guidelines
for evaluation of radio interface technologies for IMT-2020 defines the Dense
Urban-eMBB scenario for testing 5G macrocells in urban areas: an urban
environment with a high density of users, walking and using transport, and a lot of
traffic [4].

Macro BS are structured in a hexagonal three-transceiver layout. And in each
zone of the macro layer, three small cells are randomly located, which is shown in
Fig. 2.
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Fig. 2. BS layout

5G test environment recommendations use a scheme similar to the 4G test
environment defined in Section 8.3 of ITU-R M.2135-1 [5] which is presented
below. The simulation model consists of 19 macro layer BSs arranged in a
hexagonal pattern, 3 cells per station. The distance between neighboring BS ISD
(Inter-Site Distance) depends on the test scenario. For Dense Urban-eMBB
environment the ISD is 200 m. The configuration of the model is shown in table 1.

TABLE 1. Evaluation configurations for Urban Macro-URLLC test environments
Urban Macro-URLLC

Parameters Reliability Evaluation
Configuration A | Configuration B
Baseline evaluation configuration parameters
Carrier frequ'ency for 4 GHz 700 MHz
evaluation
BS antenna height 25m 25m
Total transmit power per | 49 dBm for 20 MHz bandwidth | 49 dBm for 20 MHz bandwidth
TRxP 46 dBm for 10 MHz bandwidth | 46 dBm for 10 MHz bandwidth
UE power class 23 dBm 23 dBm
Percentage of high loss
and low loss building 100% low loss 100% low loss
type
Additional parameters for system-level simulation
Inter-site distance 500 m 500 m
e'\llgr;]"ebnetrs %‘;?”Ttg)‘:;,al Up to 256 Tx/Rx Up to 64 TX/RX
Number of UE antenna Up to 8Tx/Rx Up to 4Tx/Rx
elements
Device deployment 80% o_utdoor, 80% o_utdoor,
20% indoor 20% indoor
Fixed and identical speed |v| of | Fixed and identical speed |v| of
UE mobility model all UEs, randomly and all UEs, randomly and

uniformly distributed direction | uniformly distributed direction
3 km/h for indoor and 30 km/h | 3 km/h for indoor and 30 km/h

UE speeds of interest

for outdoor for outdoor
Inter-site interference - -
modelling Explicitly modelled Explicitly modelled
BS noise figure 5dB 5dB
UE noise figure 7 dB 7 dB
BS antenna element gain 8 dBi 8 dBi
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Simulation bandwidth

Note: This value is used for
SINR CDF distribution

UE antenna element gain 0 dBi 0 dBi
Thermal noise level -174 dBm/Hz -174 dBm/Hz
Up to 100 MHz Up to 40 MHz

Note: This value is used for
SINR CDF distribution

derivation derivation
UE density 10 UEs per TRxP 10 UEs per TRxP
UE antenna height 1.5m 1.5m

For simulation modeling MATLAB SINR Map for a 5G Urban Macro-Cell

Test Environment [6] is applied. It creates a test environment for dense urban ultra-

wideband mobile communications (Dense Urban-eMBB) with macro cells and
visualizes the SINR on a map. The environment is based on the guidelines defined

by ITU-R [4].

To estimate the signal/(interference + noise)

ratio (SINR) in Test

Environment [6], the following assumption is used: each elementary area of spatial
scale in the simulated area is served by the BS, the received signal of which is

maximal in it, and the rest BS are sources of intrasystem interference. On the heat

map, the SINR level is visualized in the range from -5 to 20 dB.

The model parameters are presented in Table 2.

TABLE 2. Dense Urban-eMBB

Parameters Values
Central BS Latitude 59.902366
Central BS Longitude 30.487606
ISD 200m
Cell Sector Angles 30°, 150° u 270°
BS antenna height 25m
UE antenna height 1.5m
Tx Power 44 dBm
Bandwidth 20 MHz
Carrier Frequency 4 GHz
Rx Noise Figure 7 dB
Horizontal BS antenna pattern width 65°
Vertical BS antenna pattern width 65°
Max side lobes attenuation 30dB
AA Configuration 4x4, 8x8, 16x16
Spacing between AA elements M2
BS Antenna tilt power 12°
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Antenna 3D directivity patterns for different configurations are shown in Fig.
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c) 8x8 AAA d) 16x16 AAA
Fig. 2. 3D Directivity Patterns
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The following images in Fig. 3 demonstrate SINR heatmaps for different
antenna configurations.

¢) 8x8 AAA d) 16x16 AAA
Fig. 3. SINR Heatmaps

Having analyzed the heatmaps, the following SINRs were obtained for the
central BS. The results are presented in table 3.

TABLE 3. SINR Results

Antenna Configuration SINR
Single -2 dB

4x4 AAA 8 dB

8x8 AAA 15 dB

16x16 AAA 23 dB
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Thus, the application of adaptive antenna arrays in 5G is sure to reduce
interference. The simulation model and established dependence make it possible to
substantiate the configuration of antennas and inter-site distance recommendations
for base stations operating in 3D beamforming mode. Due to the visual analysis of
heatmaps the following conclusions can be drawn:

— the signal / (interference + noise) ratio (SINR) when using AAA with
Beamforming is higher than when using single antennas; for single antennas SINR
does not exceed 1 dB;

— when diagramming, the area of positive SINR is determined by the AAA
pattern and the azimuths of the reference directions of the sectors;

— with an increase in the number of radiating AAA elements, the level of
intersystem interference decreases;

— depending on the AAA configuration, the SINR in the reference directions
in comparison with single antennas can reach 25 dB.
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CPABHHTEJIBE—II;IPI AHAJIN3 PAI[HQTEXHOJIOFHFI JJIA
PAZPABOTKU YCTPOUCTB loT JJIsA IIOAEU C OT'PAHUYEHHBIMHU
BO3MOXHOCTAMU

C.A. 3os0Tapesa, E.E. Kapanosa

CankT-ITerepOyprckuii TOCy1apCTBEHHBIH YHUBEPCUTET TeIeKOMMYHUKanuid uM. pod. M. A. bond-bpyesnda

JI'0ou ¢ 02paHuyeHHbIMU 803MONCHOCMAMU CIAIKUBAIOMCSA C OZPOMHBIM KOIUYECTNBOM
npoobiem, Mewarowum Um 6ecmu NOTHOYEeHHbIl 06pa3s dcusHu. Yempoiicmea Mnmepuema eeweu
Ha 0aze paziuyHbLIX MEXHOI02U C853U NO3BONAION Peuums NPooieMbl CAMOCMOAMENbHOCIU,
KOHMPOJIsL 300P08bsl, COYUANU3AYUU U OblMogble MpyoHoCcmu. B céa3u ¢ smum 6o3HuKaem
3a0aua 6v160pa MexHoI02Ull 83U OJ151 KOHKDEMHbIX peuleHull 8 0aHHOU 001acmu.

Humepnem eeweit, 10T, NB-10T, Wi-Fi, 5G

CornacHo pgaHHbIM BcemupHOW opraHu3ainuu  3apaBooxpaHeHus [1],
MUUHap] Jioae B mupe (okojio 15% oT Bcero HaceleHus IJIaHEThl) UMEIOT
MHBAJIUIHOCTb, KOTOPasi OTPAaHUYMBAET WX y4acTHE B >KU3HH oOuiectBa. Jlroau ¢
OTPAaHMYEHHBIMU  BO3MOXHOCTSIMH HMEIOT MpOOJIeMbl C TMEepPEIBUKCHHUEM,
BOCHpUATHEM HWH(OPMALIUK, COBEPIICHUEM TOKYIOK, MPOCMOTPOM Meaua
VCTOYHHUKOB M MPOCTO C B3aUMOJECHCTBUEM C JAPYTHMH JIFOJBMH, YTO CTABUT UX B
Hey00HOE TMOJOXEeHHe M3-3a X (usnueckux ocobeHHocteil. B To ke Bpems
aKTUBHOE pa3BUTHE HWH(GOPMALMOHHBIX M KOMMYHHKAI[MOHHBIX TEXHOJOTUH
MO3BOJISIET 3HAYMUTENbHO YIYYIIMTh KaueCTBO JKU3HU JIIOJEH C OrpaHUYCHHBIMU
BO3MOYHOCTSIMU M TIOKUJIBIX JIFOAEH.

OpaHa U3 HOBBIX TEXHOJIOTMUECKUX TEHJEHILIHUM, KOTOpas Cero/iHs OKa3bIBAET
CWIbHOE BIMsHMUE Ha oOiecTtBo — 310 MuTepuer Bewel (IoT). IoT obecneunBaer
B3aMMOCBSI3b BceX (u3nueckux Bemend (LUUPPOBBIX OOBEKTOB), KOTOPHIE
NPEACTABIAIOT CO00H OOBEIUHEHHBIE B CETh HHTEIUIEKTyalIbHbIE YCTPOMCTBA.
YMHBIE yCTpOICTBA CIOCOOHBI BOCIPUHUMATh PA3JIMYHbIE CUTHAJIbI, YyBCTBOBAThH
U3MCHCHHS OKPY)KAOIIEH cpeibl M pearnpoBaTh Ha HuX [2]. B manHO# paboTte
PacCMOTPEHO HECKOJILKO MpUMEpPOB npuMenenus 10T myis pemenus psiga mpodiiem
JIFOJIEH C OTPAaHUYEHHBIMU BO3MOXKHOCTSIMU (Tabd. 1).

TABJIUIIA 1. ITpumeps! npuMenenust petenuit 10T ais mroneid ¢ orpaHnYeHHBIMEI

BO3MO>KHOCTSIMU
IIpnynHa BOZHUKHOBEHUS Bo3snukaronue Pemenue npoGiiemsl
OTrpaHWYEHUH JJI YEIOBEKa TPYIHOCTH

OTtcyTcTBHE 3peHUs CnoXHOCTb YMHBII TOMOIITHUK
OtcyTcTBHE CyXa B3aUMOJICVCTBHS C YcrpoiicTBo

OKPY’KAIOILIEH CPEIO | pacrio3HaBaHUs 3BYKOB B

H 00IIECTBOM I0Me
Aputmus cepana KonTposs paboThs cepana
Hapymenus paboThl OTNOPHO- Opranuzanus MMapKOBKH
JIBUTATEJIHLHOTO anmnapara JUIsl THBAJIUOB
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YCTpOHMCTBO «YMHBIM  IIOMOIIHUK» TMPEIHA3HAYCHO UIS JIFOJEU C
OTCYTCTBMEM 3peHHs. Takoe YyCTpPOWCTBO, OCHALIEHHOE JaTYMKaMH, MOKET
KOOPJIMHUPOBATh YEJOBEKA B IPOCTPAHCTBE, B3aUMOJACHCTBOBATH C JPYTUMHU
ycTpoiicTBaMH Ha ocHOBe |0T, pacno3HaBaTh roioCOBbIE KOMaHIbl U MEPEIABAThH
3BYKOBBIE CUTHAJIBI BJIAJEINbIy YCTPONCTBA.

Yto kacaeTcs JOJEW ¢ YACTUYHOW WM IOJIHOW MOTEPEU CIyXa, HEKOTOPBIE
BOZHHMKAIOIIME Y HHUX TPYAHOCTH MOHO PpEIIUTh C IOMOIIBIO YCTPOMCTB,
pacno3HaMMUX 3BYKH B JOME€ (HampuMmep, 3BOHOK B JBEPb WM BOAA, KOTOPYIO
3a0bUIH BBIKJIIFOUHUTH). ITO YCTPOMCTBO MOXKET PErMCTPUPOBATH BHEIIHHUE 3BYKU B
MOMEIICHUH, KOTOpble JJIATCS B TEYEHUE MPOJIOJDKUTEILHOTO BpPEMEHH, U
nepeaaBaTh BUOPOCUTHANBI C COOOIIEHUEM O UCTOYHHMKE 3BYKa BIIAJIEIIbILY.

[Tpumepom MenuuuHCKOro ycrpoiictBa |0T, siBisieTcs ycTpOWCTBO KOHTPOJIA
CEpJIEYHOT0 pUTMA M apTEPHUATILHOIO JAaBiieHHs. JlaHHOE yCTpOCTBO (hUKCUpPYET
MOKa3aTeIM COCTOSHUS YeJIOBEKa, U, €CIIH €ro >KU3Hb B O€30MMaCHOCTH, YCTPOHCTBO
IpOAODKAaeT paboTy B IITATHOM pEXHUME, a KOTrJla MOKa3aTelld He COOTBETCTBYIOT
HOpME, YCTPOMCTBO Mepenaer cooOUIeHHE B MEIUIMHCKYI0 OpraHu3aluio, U
MEAMIMHCKUM TepcoHal MPUHUMAET pEelIeHHe O HEOOXOAWMOCTH OKa3aHus
BpayeOHOM TMOMOIIM YEJOBEKY Ha OCHOBE IMOJYYEHHBIX TMokasarened. Takoe
YCTPOMCTBO IIOMOIaeT NPEAOTBPAaTUTh IOCIEACTBUSA OINACHOIO  COCTOSIHUSA
4eJI0BEeKa, KOTOPHBI HE CITIOCOOEH MOMOYb cebe cam.

C mnpobiieMoll oOpraHuzaluu MEpPEABUKEHUS IO TOpOAY TECHO CBsi3aHa
HEXBATKa MapKOBOYHBIX MECT JJIi MHBAJIMUJIOB, OCOOCHHO aKTyajbHasi B OOJIBIIMX
ropoaax. COOTHOILIEHHE MECT JIA JIIOJEH C OrPAaHUYEHHBIMU BO3MOXKHOCTSIMU K
KOJMYECTBY BBbIIABAaE€MbIX pa3pelleHrid Ha OeCIUIaTHYI0 MapKOBKY IO
WHBAIMAHOCTH, Hanpumep, B Cankt-IleTepOypre cocrtaBiser npumepHo 1 k 19.
Takum oM BbLAENAIOT Julb 10% oT 00111ero napkoBOYHOTO MPOCTPAHCTBA. A
Ha TOHMCK CBOOOJHOrO MeCTa Ha MAapKOBKE YXOAUT MHOTO BpPEMEHH U CHIL
Pemennem 3Toli mpobieMbl MOKET CTaTh BHEAPEHUE CHCTEMbl YMHOW MAapKOBKH
[7] na 6a3e 10T ¢ ¢yHKIMOHAIOM, TOCTYHNHBIM AJSl JIOJAEH C OrpaHUYECHHBIMU
BO3MOKHOCTSIMU.

PaccMoTpuM  BO3MOKHOCTh peajii3allid NEPEYUCIECHHBIX YCTPOWCTB Ha
OCHOBE Pa3JINYHBIX PAAHOTEXHOJIOTHIA (TalI. 2).

TABJINIIA 2. TexHonoruu, Ha OCHOBE KOTOPBIX MOXKHO peayim30oBaTh 10T

TexHonorus NB-loT Wi-Fi (a/b/g/n, ah) 5G
CKOpOCTh 10 250 xout/c [3] 10 350 Mo6ut/c 10-25 I'out/c
3agepxka <10¢ <20 Mmc 1-2 mc
[TpomyckHas ~150 x6ut/c [3] 1o 20 Mowut/c [4] 20 I'6ut/c «BHU3Y,
CIIOCOOHOCTh 10 I'6ut/c «BBEpX»
[Ipenmymiecrna MuHuManeHoe Huskoe TexHonoruu
sHepromnorpebienue, | suepromorpedacaue, | MIMO/Massive
LIMPOKasi 30Ha OXBaTa, | BEICOKAs ckopocts | MIMO
HU3Kast 3aJiep)KKa, | mepefayd  JIaHHBIX, | 00ecreunBaroT
XOpOIIIO TIOKA3bIBAeT | MIUPOKAS 30Ha | BBICOKYIO CKOpPOCTh
ce0s npu Tnepenade | oxmara, JIETKOE | mepejau JaHHbIX U
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c1abOHArpyXEHHOTO | pa3BEPTHIBAHUE CETH, | 0€30MaCHOCTb,
Tpaduka MOKET CHU3UTH | BBICOKAs
Harpy3Ky Ha | MPOIyCKHAas
MOOWJIBHYIO CETb. CIOCOOHOCTh
HenocraTtku Paboraer B | HezammuienHoCTE OtcyrcTBUHE
MOJIYAYILIEKCHOM BCEX BEpPCUH | CILIOIIHOIO
peXHUMe, MOATOMY HE | IPOTOKOJIOB, TpeOyeT | MOKphITUs. Bbhicokast
MOKCT IMMPUHHUMATL U | CIICHUATIM3UPOBAHHBIX pa60qa;1 qacTtoTra
OTIPABJISITh ~ JIaHHBIE | TOYEK JOCTYTIA. MOBBILIAET YpPOBEHb
OJTHOBPEMEHHO, DHEPronoOTPEOICHHUS.
HM3Kas 0e30I1acHOCTb,
HU3Kas
MMOMEXO0YCTONYMBOCTb,
BBICOKAsI CKOPOCTh
TOJIBKO TIPU XOpOLIEM
KAaueCTBE CBS3U.
5G NR

Texnonorus 5G oOecrieunBaeT MaKCUMAIbHO BBICOKHE CKOPOCTH IEpeavn
JAHHBIX W HamOoJiee HU3KHUE 3aJCPXKKH, YTO JEIA0T €€ BEChMa MPHUBJICKATEIHHON
st pazpaboruukoB ycrpoicTB 10T [5]. Ognako B Poccuu B OGmmkaiimiee Bpemst
MOBCEMECTHOE BHeNpeHue TexHosoruii 5G Bpsia i Bo3MOkHO. OUYEBHIHO, YTO
OTCYTCTBHE CBOOOJHOTO YacTOTHOTO pecypca M HETOTOBHOCTh OIEpaTopoB
pUoOpeTaTh JOPOroCcTOosiiee 000pPYJAOBaHUE C BBICOKUM SHEPromoTpeOieHUeM,
Py OTCYTCTBHHM BBICOKOTO cIipoca Ha yciayru 5G, He mo3BoNMT B OJmkaiiiiee
BpeMs OOCCIICYHTh CIUIONIHOE TOKpBITHE. [103TOMY C TOYKH 3pEHHs pPEIICHUS
npobsieM Jojied ¢ OrpaHWYCHHBIMH BO3MOXHOCTSIMHU OoJiee IIeIeco00pa3Ho
paccmatpuBath TexHosorun Wi-Fi u NB-10T.

Wi-Fi

Texnonorust Wi-Fi mo3Bossier peanuzoBath paboTy ycTpoicts 10T,
WCITOJIB3YIOIINXCSI BHYTPHU 3/IaHUN W TPEOYIOMIUX CKOPOCTH TEepenadr JaHHBIX 0
650 xkOut/c mpu momycTHUMBIX 3aaepxkkax mo 20 mc. Tak, Hampumep, JaTUUK
cepaneOrennss Ha ocHoBe MuHH-KommbioTepa Intel Edison na 6aze OC Yocto
Linux, romy momnepxxuaet Wi-Fi 802.11 a/b/g/n B muanazonax 2.4 u 5 I'Ty [5].
Takke CyIIECTBYIOT yCTpOMcTBa ¢ moaaep:kkou crapgapra Wi-Fi 802.11 ah (Wi-
Fi HaLow), pa3paborannoro B 2017 rogy. On pabortaer Ha yactore 900 MI'1; u
M03BOJIIET 00ECMEYNTh JAIBHOCTH CBsI3U 70 1 kM. Ero Hu3Koe sHepromoTpedicHme
SIBIISIETCSl TPEUMYIIIECTBOM, TIO3BOJISIONIMM CO3AaBaTh OOJBIINE TPYIIBI CTAHIIHA
wm gatankoB |0T. JlomogHUTENEHOE MTPEUMYIIIECTBO — 0OJiee BBICOKHE CKOPOCTH
nepenaun JaHHBIX (10 347 MOuUT/C mpu MakCUMaJIbHOM HCIIOIB30BAaHUH YETHIPEX
IIPOCTPAHCTBEHHBIX MMOTOKOB, MCTOJB3YIOIIMX OAWH KaHan ImmpuHO 16 MI'm).
[TpoGnemoii B gJaHHOM cCily4ae SIBISIETCS 3arpy>KeHHOCTh YaCTOTHOTO JHaria3oHa
900 MI'ny B PO.

NB-loT

NB-1oT (Narrow Band Internet of Things) — ato cranmapT s yCTpOWCTB
TeJIeMeTpuH [2], mpeaHa3HauYeHHBIN IS TIepeIadnd HeOOIbITNX 00HEMOB TaHHBIX.
Texnonorus NB-I0T oTtHOCHTCST K cemeiicTBy  3HeprodppeKTUBHBIX  ceTei
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nanpHero paguyca nedctBus LPWA (Low Power Wide Area) misi mpuioskeHHA
M2M (Machine-to-Machine) [2] u ocnoBaHa Ha TexHonoruu LTE.

Hnsa pemenuit 10T, GyHKIMOHUPYIOMMX 32 TpeaeIaMu 3/IaHUM, HallpuMep,
«YmHo# napkopku» npumenerne NB-10T naubosnee nienecoodpasso [6] (puc. 1).

Hanpasnsrommii
3KpaH
Kamepa
CTopoHHHH
Basosag Anpo cets MM CEpEEP NAPKOBKH
ABTOMOOHIB g miatdopma ¢ (VHKITHOHATIOM
CTAHITHA NB-IoT "
VIPABIEHHT I momed ¢
OTpaHHYIEHHRIME
JIaTusK 00HapyKeHHT BO3MOKHOCTAMH
TPAHCTIOPTHOTO MobmnpHOE
cpelcTsa IpHICAKEHHE

Puc. 1. Pemenne 10T «YMHast mapkoBKay

Cucrema TapKOBKM BKJIOYaeT B ce0s CUCTEMY aBTOMAaTUYECKOH
uaeHTUGUKAIIMM  aBTOMOOWMJII HAa  BbE3Je, CUCTEMy OOpaTHOro IMOMCKa
aBTOMOOWUJISI, OTOOpa)KEHHWE CTaTyca IMAPKOBOYHOTO MECTa, IyTEBOIAUTENb I10
MMapKOBOYHBIM MeCTaM |[6].

bazoBas cranius ¢ nomnepxkoit Texnonoruu NB-10T mo3BosisieT TepMuHamy
MoJIy4aTh JOCTyHn K OecrnpoBOJHOW ceTu [2], coOMpaeT maHHbBIE, COOOIaeMbIe
TepMUHATIaMH, U TiepechuUiaeT naHHbie B sapo cetd NB-IoT. Ilmarpopma M2M
obOecrieunBaeT ymOpaBJIeHWE TEepMUHAIAMH [1Jisi  omepatopoB M2M. Takxke
UCIIOJIB3YETCsI CTOPOHHUM cepBep U MOOWIIbHOE TipriokeHue. [lomumo storo, ass
pa3BepThIBAHUS MHTEJUIEKTYaJIbHON CHUCTEMBI ITapKOBKU HE00XO0IMM
HaNpaBJSIOIMNA DKpaH, YCTAHOBJICHHBIM Yy BbE3Ja Ha IAPKOBKY, KOTOPBIN
0TOOpakaeT M 03BYYMBAET KOJMYECTBO CBOOOJHBIX MAapPKOBOYHBIX MECT. Takxke
HEeoOXoMMa Kamepa HaOJI0JIeHHs, KOTOpasi YCTaHABJIMBAETCS Ha CTOSHKE JJIs
MOHHMTOPHHTA B PEAJIbHOM BPEMEHH.

Cxema ycTpoiicTBa 00HApYKEHHSI TPAHCTIOPTHBIX CPEJCTB MPEACTaBIICHA Ha
puc. 2.

AHTEHHa

Y

PerucTp
KOMaHf,

Mukpo- TIL:'\V Mogynb
ﬂaTHMK ::> KOHTpOAnep NB-loT

‘ MNpeobpazosatens |

i

AkkyMynaTop

Puc. 2. CtpykTypHas cxema ycTpoiCTBa 0OHAPYKEHHUsI TPAHCTIOPTHBIX CPENICTB
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HenocpeactBeHHo 1151 00HApYyKEHUSI TPAHCHIOPTHBIX CPEICTB MUCTOIB3YIOTCS
MarHUTHBIE AaTUYMKH, KOTOPBIE MOAKIIOYAIOTCS K MUKPOKOHTpOJuiepy. B kauecTse
monayis NB-10T MokHO wHcmonb3oBath, Hampumep, Moayir SARA-N2 [8].
UyBCTBUTEIBHOCTh MPUEMHOTO Kackada MojayJs coctaBiseT -135 nbm (DL RF
level, BLER MCS-1< 10%). MakcuMmaibHasi BBIXOJHAs MOIIHOCTh IepeaaTdnKa
cootBeTcTBYeT Kitaccy Power Class 3 u coctabnsieT 23 1bm (UL BPSK/QPSK).

[IpoBeneHHbId  aHaNW3 MOKa3ajd, 4TO pPa3pabdOTYMKH  COBPEMEHHBIX
WHTEJUICKTYalIbHBIX CHUCTEM JJIsl JIFOJEH C OTPaHMYCHHBIMHA BO3MOXKHOCTSIMH Ha
0aze |0T, mpeuMyIIECTBEHHO HCIOJB3YIOT TaKHe TEXHOJIOTUU OecrpOBOAHON
ca3u, kak Wi-Fi, ZigBee, Bluetooth, paguouacrornyro uaentudukanuto (RFID)
u 1.0. Ho cienyer yuyuThiBaTh, 4TO MHPOU3BOAUTEIHLHOCTHh TEXHOJOTHM CBSI3U
Majoro paadyca JACHUCTBUS 3HAYUTEIBHO YXYAIIAETCS B YCIOBUAX B3aUMHBIX
nomex. [lomumo »sToro, mmsa cOopa HaHHBIX M JocTyna K cetu MHTepHer
HEOOXOJMMO HCIIOJIb30BAaTh CETEBbIC MUIIO3bl, YTO YBEIUYUBAET CTOMMOCTH
cucteMbl B 1menoM. B To xe Bpems NB-10T ynosneTBopsieT KitoueBbIM
TpeboBanusM |0T [9], TakuM Kak TMOKOCTb pa3BEPTHIBAHMS, HU3KAsl CII0KHOCTb
YCTPOMCTB, JJIMTEIBHBI CpPOK CIyXObl OaTaped, NOAIEPKKa OOJIBIIOrO
KOJIMYECTBA YCTPOWCTB B COTE€ M IIMPOKas 30HA OXBaTa. JTU NPEUMYIIECTBA
no3BoJisitOT paccmaTpuBath NB-10T kak Hanbosiee moaXoasIIyI0 TEXHOJOTHIO J1JIS
pa3pabOTKM M peanu3aluyd WHTEUIEKTYaJbHbIX CHUCTEM C (PYHKUHMOHAJIOM IS
JIOJIEN C OTPaHUYEHHBIMU BO3MOKHOCTSIMHU.
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CPABHUTEJIbHBIN AHAJIU3 BECITPOBOJHBIX TEXHOJIOT' U 1151
PEIIEHUWMU IoT

M.H. KocbsinoB, O.A. CuMoHNHA
Cankr-IlerepOyprckuii TOCy1apCcTBEHHBIH YHUBEPCUTET TeeKOMMYHUKanuid uM. pod. M. A. bond-bpyesnda

B Ooxnaoe paccmompenvl mexuonoeuu, ucnonvzyemvie 0aa pearusayuu ycaye loT.
Ilokaszano, umo Hopmamueno-npasosas basa Poccuiickoii @edepayuu npednonazaem akmueHoe
umnopmosameujerue 8 obiacmu mexHoi02ull 6ecnpo8ooHo2o0 00Cmyna u cemeti Maio020 paouyca
oeticmeus. IIpednoceno ucnonvzosames mexunonocuio XNB ons pewienuil 6 HacenenHbiX NyHKMax
¢ 8bLCOKOU niomuocmvio Hacenenus, a NB-Fi — ons 6onvwett meppumopuu PD.

LPWAN, NB-10T, NB-Fi, Cmpuc, XNB

Pa3Butune TEXHOJIOTU OecrpoBOHON CBA3U 00yCJIaBIMBaETCs
HNOTPEOHOCTBIO B YyCIyrax pa3jiMyYHbIX KaTErOpuil MOJb30BaTENIEH, KaK TOJBKO
(u3NYECKUX JUL, 3aMHTEPECOBAHHBIX B OOJBIIOM KOJHWYECTBE MYJIbTHUMEIUS-
TpaguKka, HO M pEIIEHUH M NPOMBIIUICHHBIX HPOU3BOACTB. TEXHOJIOrHU
oecripoBogHOoi  cBsi3u LPWAN  MO3BOJSIOT  paclIMpUTh  BO3MOXKHOCTHU
OpefnpusTHii B paMKax [U(poBU3aluU. PaccMoTpuM pelieHuss Kak B
JULEH3UPYEMOM JIMAIla30HEe, TaKk W B HeauleH3upyemoM. Kaxnaplii w3 3THX
MOJIXO/I0B UMEET CBOM IIPEUMYILECTBA, B YACTHOCTH, HEIUIIEH3UPYEMBIN TUaIa30H
TpeOyeT OrpaHWYeHH Ha JaJbHOCTh CBSI3U, YTO JEJIaeT €ro IMpHUBJIEKATEeIbHBIM
JUIsL WCIOJB30BaHMS B IUIOTHOM ropojackoil cpege.  OTMeTum, dYTO BCe
PACCMOTPEHHBIE B CTAThE TEXHOJIOTUU SIBJISIIOTCS Y3KOMOJIOCHBIMH.

B nwuueHsupyemMoM auama3oHe HawOosiee u3BecTHbIM crtan NB-10T [1],
ocHoBaHHBIM Ha pemeHnn 3GPP. TexHOmOTMH HENUIICH3UPYEMOTO HaIla30Ha,
takue kak XNB (Ctpux), NB-Fi, sBistoTca 0T€4eCTBEHHBIMU pa3padOTKaMHU.

Poccuiickumu  kommanusimu  «Ctpux» u  «WAVIoT»  pazpaboTtansl
coOctBeHHble TPOTOKOJIbl XNB u NB-Fi, peanuzoBanHbie aji1 COOCTBEHHOTO
obopynoBanus: 0a30BbIXx craHmuii, LPWAN-moaynu, CcHCTEM CUETUYHKOB U
JATYUKOB.

NB-IoT npennoxxen 3GPP nmns  oOGpabotkm u  cOopa  JaHHBIX,
IPEIHA3HAYEHHBIX JUISI MHTEJUIEKTYaJIbHBIX IPUIOKEHUNA C HHU3KOH CKOPOCTBIO
nepefadyn  JaHHBIX: aBTOMATH3alus  B3aWMOJCHCTBUS C  MOKYIATEISIMH,
MOHUTOPUHI OKpYKaroled cpeapl W T.I. J[aHHasg TEXHOJOrHs IMOANEPKUBACT
CBEPXHU3KOE HHEPronoTpedIeHne, HIMPOKYIO 30Hy  TOKpPBITHS U
JIBYHAIIPaBJICHHBIA 3alyCK MEXAY IJIOCKOCTBIO CHTHAJU3alUU M IUIOCKOCTBIO
naHHblXx. NB-IoT wucmons3yer NOBTOpHYIO Iepenady AaHHBIX W MOIYJISIIUIO
HU3KOro mnopsiaka, a B crannapre 3GPP onpeneneHo kKoaum4ecTBO MOBTOPHBIX
nepeaay u peskuM MOIYJISILUM JUIsl KaXaoro kaHana [1].

OcoGennocte NB-IoT 3akmiouaeTcss B TOM, YTO TMO3BOJIIET OIEpaTopam
paboTaTh C TpaJWLMOHHBIMU HampaBieHUsMH [0T: MHTENIEKTyallbHbIE CHUCTEMBI
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y4eTa, OTCIEKHUBAHUs, TPOMBIILICHHBIX CUCTEM aBTOMAaTU3AIIMU, CUCTEM «yMHBIM
['opoay», cucTemMbl 3JIEKTPOHHOTO 34PaBOOXPAHEHUS U APYTUX NpHiIoxKeHnin M2M.

Texnonorus NB-Fi pazpaborannas xkommanueit « WAVIoT» oTHocuTcs k
panuocBsizu LPWAN, nmo3BosisieT peannu3oBaTh 3ajlaud cOOpa W aHaau3a JaHHBIX
MOJIb30BATEIILCKUX YCTPOMCTB C LEJbI0 NAIBHEUIIETO MPUHATHUS PEIICHUN [2].
NB-Fi obecnieunBaeT cBsI3b MEXIy YCTPOUCTBAMU B TPYAHOJAOCTYITHBIX MECTaxX Ha
OOJIBIIINX PACCTOSHUSX B YCIOBUSIX MJIOTHOM FOPOJICKON 3aCTPONKH, MMOJXOAUT JIJIst
CO3/IaHMsI aBTOMATU3WPOBAHHBIX CHUCTEM Yy4e€Ta KOMMYHAJIbHBIX PECYpCOB U
JTUCTIETYepU3AIUN TOPOJACKONH HHPPACTPYKTYpPHhI, OECIHPOBOIHBIX CHUCTEM IS
[Ipombinuiennoro Wurepuera Bemeid (IIoT), cenbckoro xo3silicTBa, CUCTEM
MOHUTOPHUHTA U CUTHAJIU3ALINH.

KitoueBasi BO3MOXKHOCTh BBICOKOYYBCTBUTEIHHOTO TPUEMHHKA 0a30BOM
crannuu NB-Fi — 310 criocoOHOCTh MpUHUMATH CHTHAN ¢ HU3KUM SNR, BIUIOTH 110
YPOBHSI TOJE3HOIO CHUTHAJla, HE MPEBBINIAIONIETO YpPOBEHb IryMa. B 0a30BbIX
CTaHIUAX NPUMEHSIOTCS (QUIBTPHI, MO3BOJIAIONINE 00ECIEYUTh BHICOKHI YPOBEHb
JWHaMU4ecKoro sauarna3oHa. bazoBas cranimus NB-Fi B oquH MOMEHT BpeMeHH
MOKET 00padaThIBaTh A0 THICSYM KaHAJIOB, B pEajJbHOM BpPEMEHHU OLU(POBHIBaAs
BCIO I0JIOCY YacTOT U OJHOBPEMEHHO MPUHUMAsI COOOILEHUs, OTIPABIECHHbIE Ha
pa3Hbix ckopoctsax. Taxxke NB-Fi sBasercs oOecneunBaeT 3d@eKTUBHOE
WCIIOJIb30BaHUE PAAMOYACTOTHOIO CHEKTPA, YTO BaXHO [JII PAJUOCUCTEM,
paboTaroIMUX B YCIOBUSX BHICOKOM CTENEHU 3aHATOCTH paauoanamna3zoHa. Pabouas
nojoca yacror NB-Fi-ycrpoitcte mns Bocxomsmmx curHanoB (Uplink, ot
yCcTpoicTBa K 6a3oBoi craHiuu) coctaBisier S0 kI, Jyisi HUCXOASIINX CUTHAJIOB
(Downlink, ot ©0a3oBoit cranumuu k yctpoiictBy) — 100 xI'm, T1.e. TONMBKO
HEOOJIBIITYI0 YacTh JOCTYMHOTO Juarna3oHa. TEeXHOJOTHIO OTIWYAeT BBICOKUMN
OIO/HPKET MOIIHOCTH, YTO HEMAJIOBAXKHO JUIsi PabOThl B YCJIOBHUSX IUJIOTHOM
TOPOJICKOM 3aCTPOMKH.

[Tnatpopma «CTPUX» — rotoBoe pemenue Ha 6aze LPWAN ns cOopa
JAHHBIX CO CYETYMKOB U AATYMKOB B XKKX, MpOMBIIUIEHHOCTH U APYTUX OTPACISIX
[3]. B ocHoBe paHHO# mIaTgopMbl JSKHUT MpOIpUeTapHbIi mpoTokoil XNB
(Extended Narrowband) — OGecnpoBoaHoi#i y3komnojocHbii LPWAN-mipoTokoi,
pazpaborannbiii komnanuen «Ctpux». XNB pa3paboran s oOMeHa JaHHBIMU
YCTPOMCTB Ha OOJBIIMX paclpeleCHHbIX TEPPUTOPUSIX C MHUHUMAIBHBIMU
3aTpaTaMy SHEPTUHU, YTO JENAaeT €r0 MOIXOSAIIUM IS IIOCTPOCHUS MaCIITa0HBIX
oecripoBogHbIx LPWAN-ceTeil B CIOKHBIX TOPOJICKUX YCIOBHUSIX C KOJIWYECTBOM
CMapTyCTPOUCTB OT I€CSITKOB ThICAY IO HECKOJIBKUX MUJUIMOHOB.

K npeumymiectBaM MaHHOW TEXHOJIOTMM MOXXHO OTHECTH: OBICTpOe
pa3BepThIBaHUE CETH; OOJIBIION pamuyc AercTBusi cetu: A0 10 KM B TOPOACKHUX
yCIOBUSAX U 10 50 KM Ha OTKPBITOW MECTHOCTH; JIJIUTEIbHBIA CPOK aBTOHOMHOM
paboTsl (110 10 51eT); HU3KKUe 3aTpaThl HA BHEIPEHUE — OJIHA CTAHIIUSI ONPAIIUBACT
BCE YCTpoWcTBa 0€3 KOHIICHTPATOPOB M PETPAHCIATOPOB; HHU3KAs CTOMMOCTH
pellieHusT — CTOMMOCTh pelieHus B 3-4 pasa HWXKE 4YeM y TPaJullMOHHBIX
aHaJIOTOB; BBICOKAs HAJIE)KHOCTh — CE€Th paboTaeT Mo TOMOJIOTHU «3BE3Ja» —
YCTPOMCTBA OMpAIIUBAIOTCS HANMPSAMYIO 0a30BOM cTaHIued 0e3 MPOMEKYTOUYHOTO

80



00opyIoBaHUA.

basoBag craHims

«CTPUX»

criocoOHa

OJIHOBPEMEHHO

obpadareiBath 10 5 000 kananoB B 500 kI'11 1uama3zoHe, €e eMKOCTh COCTaBIISIET 10
1 000 000 ycTpOHCTB B CYTKH.

PesynbTaTsl

CpaBHUTCJIBbHOI'O

aHajn3a

texHonorui LPWAN npuBenens! B Tabnuie 1.

TEXHUYCCKUX  XAPAKTCPUCTHK

TABJIMIIA 1. CpaBHUTENbHBIN aHanu3 TexHosorui [oT

[Tapamerp NB-loT NB-Fi Cmpuorc
Tonomnorus 3Be3na 3Be3nma, Bo3MokHa Mesh 3Be3na
CETHU
TexHuka Ha ocHoBe LTE Y3KOIOJIOCHAs CBSI3b Y3KOMOJIOCHAs
MOAYJISILIUN CBSI3b
Monymnsius QPSK DBPSK DBPSK
YacToTsl JInuensupyemoie LTE Henmunensupyemsie Hemuuensupye
YacTOThI 4acTOThI 868,8 MI'11 MbI€ 4YaCTOThI
868,8 MI'ny
[upuna kaHama 200 kHz 50 Hz - 25600 Hz 100 Hz
MaxkcumainbHas 200 xburt/c 25 x0ut/c 1 xkbut/c
CKOPOCTb
JByXCTOpOHHSIS MOTYIYILIIEKC IIOJIHBIN YTUIEKC IS ITOJIHBIN
CBA3b 0a30BOM CTaHIINH, JYTUIEKC
MOYAYTUIEKC ISt
YCTPOICTB
Paccrosinue 1 xm(Topon), 10 km(ropon), 10 xm(Topoxn),
10 kmM(OTKpBITOC 40 xM(OTKpBITOE 50
IIPOCTPAHCTBO) IIPOCTPAHCTBO) KM(OTKPBITOE
MIPOCTPAHCTBO)
[u¢poBanue Ha ocHoBe LTE “Marma”, 256 6ur Jlannble
mupoBaHus mupyroTcst
o I'OCT,
XTEA nnmm
AES (B pamkax
3aJaHHOU
JUTMHBI [TaKeTa
JTAHHBIX).
AnanTtusBHOE Her [a Ha
U3MEHEHNE
CKOPOCTHU
JloCcTymHOCTb B Nmmnopt Ha, ¢ 2019 roma Ha, ¢ 2014
PO o0opymoBaHus rojga

Takum  0o06pazom,

JUIl  WCIIONB30BaHusA Ha Tteppuropun Poccuiickon

denepanu ©MeeT cMbICI paccMmarpuBaTh TexHosnoruto NB-Fi, tak kak 30-ro
nexadbpst 2020 roma MuHucTEpcTBOM LU(POBOrO pa3BUTHUS, CBSI3U M MAaCCOBBIX
KOMMYHUKAIMK OblT onyOsnKkoBaH npuka3 Ne 788 «OO0 yTBEepKJICeHUH TIEpedHs U
crnenu@UKanuy 3alMIIEHHBIX TPOTOKOJIOB Mepefayd AaHHBIX, KOTOPbIE MOTYT
OBITh HCIIOJB30BaHbl JJISI OpraHu3ald MHOOPMAIIMOHHOTO OOMEHa MEXIy
KOMIIOHEHTAMH HWHTEJJICKTYaJIbHOM CHUCTEMBI Yy4yeTa »JJICKTPUUYECKOW DHEpruu
(MOIIIHOCTH) W TTPUOOpaAMH yueTa JIEKTPUYECKON SHEPrUuHr, KOTOPhIE MOTYT OBITh



NpUCOEAUHEHbl K Takoil cucteme» [4]. B manHom Ilpukaze ObUT YTBEpKIEH
NepeuYeHb  CTAHJAPTU3UPOBAHHBIX  MPOTOKOJIOB, KOTOpblE  MOTYT  OBITh
UCIIOJIb30BAaHbl  JUIsl  OpraHu3alud  HMHPOPMALMOHHOTO  OOMEHa  MEXIy
KOMIIOHEHTAaMU CHUCTEMBbI ydeTa JJIEKTPUUYECKOW HSHEpruM M NpudopaMu yuera
AJIEKTPUYECKON SHEPTUU, IPUCOCIUHAEMBIX K TAKOM cUcTeME. B TaHHBIN NIepeueHb
He Bowen craggapt NB-IoT, koTopeiii yxxe ucnons3yercs Ha Tepputopun PO. B
KauecTBe aJbTEpPHATHBBI B IMepeyHe ykazaHa TexHosioruss NB-Fi. [lannas
TEXHOJIOTHUS ObUTa BhIOpaHA TaK KaK HU3Kas TUIOTHOCTh HACEJICHHWs] Ha OOJbIIeH
gyacth P® TpelOyeT BBICOKON SHEProdh(HEKTUBHOCTH UM JATBHOCTH PaOOTHI
texHoJsiorun loT. IIpu s3tom MHOrue pemenust [0T, cBs3aHHBIE C MOHUTOPUHIOM,
HEe TpeOymOT CYHIECTBEHHBIX TMPOMYCKHBIX crmocoOHoctei. Kaxmas wu3
MPEACTABICHHBIX  TEXHOJOTUHA  00JaJaeT CBOMMH  MPEUMYIIECTBAMH U
HEJI0OCTaTKaMu, HO, ckopee Bcero, B OyayiieM NB-Fi BHITECHUT KOHKYpEHTOB 3a
CYeT MOJAJICPKKM MuHHUCTEpCTBA TU(PPOBOr0 pa3BUTHS U BHICOKOM aIallTUBHOCTU
IapaMeTpOB.

Choucox HUCMOJb3yEMbIX HCTOYHUKOB:

1. Standardization of NB-IOT completed - [Dnexkrponnsii pecypc]. URL:
https://www.3gpp.org/news-events/3gpp-news/1785-nb_iot_complete/ (mata oOparteHus
17.11.2021)

2. NB-Fi - cTaHgapt TUTSt IoT [ DneKTpOHHBIN pecypc]. URL:
https://waviot.ru/technology/about-NB-Fi/ (mata obparmenus 17.11.2021)

3. XNB — »sneproaddexruBnsiii LPWAN-niporokon mampHero paamyca IOeHcTBUS -

[DnexTponnsiii pecypc]. URL: https://strij.tech/protokol-xnb (nara o6pamenus 17.11.2021)

4. Tpukaz Munuugppsr Poccun ot 30.12.2020 N 788 "OO yTBepKAEHHM IEpeyHs M
cienuUKanuy 3alIMIICHHBIX IPOTOKOJIOB TMEPeAadd JaHHBIX, KOTOphIE MOTYT OBITH
UCIIOJIb30BAaHBl JUIl  OpraHu3alud  WH()OPMAIMOHHOTO OOMEHa MEXAY KOMIIOHEHTaMHU
MHTEIJICKTYaJIbHOW CHCTEMBI ydeTa JJICKTPUYECKOW SHEpPruu (MOLIHOCTH) M MPHOOpaMH ydeTa
AIIEKTPUYECKON SHEPTHHU, KOTOPhIE MOTYT OBITh IPUCOCIUHEHBI K TaKOi cucreme".
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OITPEJAEJIEHUE KAHAJIBHOI'O PECYPCA VIS IIEPEJJAYHA
TPA®UKA B CETAX CTAHIAPTA NEW RADIO

A.A. Ky3bmuHn, B.E. Haymenko

Cankr-IletepOyprckuii TOCyIapCTBEHHBIN YHUBEPCUTET TEIEKOMMYHHUKAIWK M. ipod. M.A.bonu-bpyesnda

Ilpeocmasnenvt enaswvie omauuus cemu cmanoapma NR om cemu cmanmoapma LTE.
Paccmompenvl  6apuanmul pasmewenuss ONOPHbIX CUSHAN08 O0eMOOVIAYUU 6 YACMOMHOU U
spemennou oonacmsax paouoxananos NR. Ilpusedenvt pezyriomamvi pacuemos MAaxKCUManibHblX
ckeo3Hvlx ckopocmel 6e3 MIMO u odononnumenvHol acpecayuu 4acmomuwvix nOIOC NPU
nepedaue énu3z ons cemeii NR.

cemv NR, kananonwviii pecypc, onopnwvie cucnanrvt DM-RS, nponyckunasn
cnocoonocmep

[TosiBnenue crangapta SG 00yClIOBICHO YBEIUYMBAIOIIUMUCS TPEOOBAHUSIMU
K OOmeil TpPOMyCKHONH CIIOCOOHOCTH CETH MOOWJIBHOW CBSI3M W OBICTPHIM
pa3sBuTHeM cerell wHTepHeTa Bemied. Cern cranmapra New Radio wmmeror
CYILIECTBEHHbIC OTJINYHUSA OT CETEH YETBEPTOrO MOKOJICHUS.

Bo-niepBrix, LTE oOecneunBaeTr CKBO3HOM KaHal ¢ TapaHTUPOBAaHHBIMU
KAUEeCTBEHHBIMU XapaKTEPUCTHKAMU MEXAY BXOJOM B CE€Th oOIleparopa u
aOoHeHTCKUM ycrpoirictBoM. 3amgada New Radio oOecreunTh CKBO3HBIC
COEIMHEHUS, TO €CTh, KaHa MEXTy a0OHEHTCKUM yCTPOWCTBOM U JTIFOOBIM JPYTUM
OKOHEYHBIM y3JIOM.

Bo-BTopsix, LTE — 370 jkecTkasi CTpyKTypa, UMEoIIasi 00s3aTebHbIi Ha00p
byuknroHansHbIX y310B. B New Radio mMeeM mporpaMMHO-OpHUEHTHPOBAHHYIO
CTPYKTYpY, COJAEpXKalllyl0 TOJbKO T€ Y3JIbl, KOTOpblE HEOOXOAUMBI IJIs
obecniedueHus: TpeOyeMon yCIyTH.

OaHuM W3 TIABHBIX OTJIMYMMA SBJISETCS IIMPUHA TOJOCHI paauoKkaHaia. B
LTE ona moxet nmocturath 20 MI'n, a B cranmapre NR 100 MI'm mm 400 MI'1; B
3aBHCHUMOCTH OT YaCTOTHOTO JIMara3oHa.

OcCHOBHOE pa3fMyue 3aKioyaeTcs B TOM, 4To B cTpykType NR kaHanbHbIN
pecypc BBIICISIIOT B BHIE PECypCHBIX OJIOKOB Ha CJIOT. B HHUCXoasmieM kaHame
PDSCH nnst cunxponuzanuu npuema u s pabotel cucteM MIMO wucnons3yror
OTIOpHBIE CUTHAJBI AemMoayisiiinu DM-RS, koTopsie MOTYT OBITH MHOTOBapHUaHTHBI
KAaK B YaCTOTHOM 00JacTH, TaKk U BO BPEMEHHOM oOsactu. B yacTtoTHOM 00sactu
BO3MOXXHBI 2 KOHQUTYpallMM pa3MEIIEHUsI CUTHAJIOB JEMOIYIALHUA — OTO
kKoH(purypanuss tuna 1 u kxoHdurypauus tuna 2. Koudwurypauus tuma 1
npuBezieHa Ha puc. 1 (ciesa) [1]. [Ipu nanHON KOHPUTYpaIMU BHYTPHU PECYPCHOTO
OJl0ka HOMepa IMOJHECYIIUX, Ha KOTOPBIX PpAaCIOJIOKEHbl OINOPHBIE CUTHAJIBI
nemonayisiiuu DM-RS, onpenensitorcst popmyoi [1]:

k =4n+ 2k + A,
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rmen=0;1;2,k =0;1,a 4—8 pexume MIMO ompenensercs uuciom
aKTUBHBIX aHTeHH. KoHdwuryparus tuma 2 mokasaHa Ha puc.l (cmpasa). Ilpum
JAHHOW KOH(UTYpallid B PECypCHOM OJIOKE OyayT TOJBKO 4 OIMOPHBIX CHUTHAIA
JIEMOTYJISIITUH, TIO3UIIMH KOTOPBIX 3a/1atoTcs popmyrioit [1]:

k=6n+k +4,

rmen=0;1;, k =0;1,a A— B pexume MIMO ompenensiercst yuciom
aKTUBHBIX aHTEHH. BhIOOp KOH(UTYpariu 3aBUCUT OT MPEAOCTABIIEMON YCIYTH U
yCclIoBUM Tiepefaun Tpaduka. ITO MOXKET OBITh OJHON M3 3a/1ay, pemaeMbIX
TJTAaHUPOBIIMKOM Ha y3ji¢ 0a30BBIX CTAHITUH.

DM-R5
DM-RS

DM-RS
DM-RS DM-RS
DM-RS
DM-RS

DM-RS
DM-RS DM-RS

Puc. 1. Kondwurypanus tuna 1 u 2

Bo BpemeHnHoO# 00jacTH pacmoyiOKEHHE OIMOPHBIX CUTHAJIOB JIEMOJYIISIIUN
3aBUCHUT OT CTPYKTYphl kaHajga PDSCH, KoTopsiii MOXKET ObITh JBYX THIIOB: «A» U
«B». JlBa BbIIENEpEYUCICHHBIX THUMNA crOenuduiupoBanbl B [1], mo3unuu
cumBoioB DM-RS npusenens! B Tadmute 1.

TABJINIIA 1 — Pacnonoxenne DM-RS Bo BpemeHHO# 00actu

Uucno [Mozunuu DM-RS

OFDM- PDSCH tum A PDSCH tun B

CHUMBOJIO JlononaurensHbie no3umu DM-RS Jononaurensabie no3urmn DM-RS
B [103.0 | Ilo3.1 | Tlo3.2 [1o3. 3 [103.0 | Io3. 1 | Ilo3.2 ITo3. 3
2 - - - - ly ly ly ly
3 ly ly ly ly ly ly ly ly
4 ly ly ly ly ly ly ly ly
5 ly ly ly ly ly ly, 4 ly, 4 ly, 4
6 ly ly ly ly ly ly, 4 ly, 4 ly, 4
7 Ly Lo Lo Lo Lo ly, 4 ly, 4 ly, 4
8 ly ly, 7 ly, 7 ly, 7 ly ly, 6 lp,3,6 | 1y,3,6
9 l, ly, 7 lo, 7 ly, 7 l, ly, 7 lo,4,7 | 1,4, 7
10 ly [y, 9 [y, 6,9 [y, 6,9 ly ly, 7 lo,4,7 | 1o,4,7
11 ly ly, 9 ly, 6,9 [y, 6,9 [y ly, 8 lp,4,8 | 1y,3,6,9
12 ly ly, 9 lp,6,9 | [y, 5,8,11 [y ly, 9 10,59 | 1,,3,6,9
13 b | ot | 5 105811 & | 0,9 | 10,59 10,369
14 L | L L 101'17' I,,5,8, 11| - i i i
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Kanan tuma «B» - 3TO KaHaim s BapuaHTOB, KOTAA JJIs NEpeaayu
MOJIb30BaTENILCKOTO Tpaduka He TpeOyeTcs BBIACICHHUE IIEJIOro ciioTa. B kaHane
THIIA «A» TOXKE MOXKET OBITh BBIJEJIEHA TOJBKO YacThb CJI0Ta, HO B OTJIMYHHU OT
KaHaima Tuna «By», rae s sTtoro Tpedyercs Haimumuue XoTs Obl aByx OFDM-
CHMBOJIOB, [IJI1 A3TOTO HEOOXOAWMO Hajmuuue kak MuHUMyM Tpex OFDM-
cuMBOJIOB. CHUTHaJIbl MOTYT pa3MeIlaThCsl B OJHOM, JIBYX, TPEX WJIM YeThIpEX
pecypcHbix Onokax. Bce 3aBucHT OT o0ObeMa peCypcHBIX OJIOKOB B CIOTE H

KauecTBa kaHanma. Ha puc. 2 [1] mpuBeneHbl BapuaHThI pa3MEICHHS CHUTHAJIOB
DM-RS.

ol T [2 3 4]l s5lsl7 8|9 lwliilrzln B o123 1al576 7 8lolwln|iz|n

1
0
9 {
8
6
4

i | T
o | | 1 | | o | | e | el | ey . |
B o123 (a5 6718 5 w0[unli1z]13 o[ 1|2[3als 6|78 [o]wluliz|nB

Puc. 2. BapuanTsl pa3zmenieHus cvffﬁaHOB DM-RS

Crpyktypa New Radio opueHTHpOBaHA Ha MCIOJIH30BAHWE MHOTOAHTEHHBIX
TexHoJoruid. [loaTOMy B 3aBUCMMOCTH OT uucia pabOTalolIMX aHTEHH OyayT
pa3Hele cxembl pasmenieHus curHaioB DM-RS.  Cxembl  pasmemenus
cnenuduipoBanbl B [1] u npuBeneHbl B Tabnuie 2. Eciu yucio aHTEHH He
npeBbIaeT 4-6, TO UCMONB3YIOT €IUHUYHBIE OMOPHBIE CUTHANBI (10 4 aHTEHH —
KoH(purypanus tuna 1, ot 4 10 6 anTeHH — KoHpurypanus tuna 2). Eciu aHTeHH
O0JIBITIe, TO UCTIONB3YIOT IBOWMHBIE cUTHANBI, TO ecTh B OFDM-cumBoiie, KoTopbii
CJIEIyeT 3a TEM CUMBOJIOM, TJie pa3Metenbl curnansl DM-RS, ux mostopsitor.

TABJINIIA 2 — Curnanst DM-RS u anTeHHBIE TOPTHI

. IToiepkrBaeMble aHTEHHBIE TOPTHI
EZMHIHEIC WM XBOHHEIC I’ Koudurypauus tuna | Konduryparmwus tuma
cur"ainsl DM-RS yr;_ 1 yp2 1
€ITUHUYHBIE 0 1000 — 1003 1000 — 1005
JIBOMHEIE 0,1 1000 - 1007 1000 - 1011

[TpousBeném oreHkKy ckopocTelt nepenaun BHU3 B ceTax NR. Ilpu nepenaue
BBepx mo kaHany PDUSCH umeeM Mmoxokyr KapTUHY C TOW pa3HUIICH, YTO
curHansl DM-RS pa3merniensl B Apyrux pecypcHbiXx Onokax. Tak, mpu pacuere
CKBO3HBIX CKopocTed BHU3 Mg cTaHgaptoB LTE um NR BuaeH 3HauuTenbHBIN
IPUPOCT CKOPOCTEN NPH YBETUYEHUH IIUPUHBI padouel moJiockl 4yacToT. B cersx
LTE c¢ mnomocoii 20 MI1 0e3 arperaumu yactoTHeix mnoisoc u MIMO
MaKCUMaJIbHbIE CKOpPOCTH JocTuratoT nopsiaka 110 Mout/c. lna crangapra NR ¢
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TaKOM K€ MOJIOCON M NP TaKUX K€ YCIOBHUSAX MAaKCUMaJIbHbIE CKOPOCTU CXOXHUE,
HO Tipu yBeauueHuu mnojockl A0 50 MI'm m 100 MI'm ckOpOoCTH 3HAYUTENIBHO
BO3paCTalOT.

[Ipu wucnonb3oBaHun wmoxaysiuuu 256-KAM, ckopocTd H30BITOYHOTO
koaupoBanus 0,925, B mosnoce 50 MI'y npu pasmenienun cumBosioB DM-RS B 2
pPECYpCHBIX OJIOKaX MOJTyYaeM:

— IIpu pasHoce nopHecymux B 15 xI'n B4 = 276 Mout/c.

— npHu pasHoce nognecymux B 30 kI'n B, = 272 Mout/c

[Tpu mopymsauuu 256-KAM, ckopoctu u3zbsirounoro koguposanus 0,925, B
nonoce 100MI't mpu pasmemienun cumBosioB DM-RS B 2 pecypcHbIx O10kax u
pasHoce nogaecymux B 30 xI'n B,,.4 = 558 Mowur/c.

Cnucok HCI0Jb3YEMBIX HCTOYHHUKOB:
1. 3GPP TS 38.211 V16.5.0. NR; Physical channels and modulation. 2021. 134p.
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CIIYTHUKOBBIE TEXHOJIOT'MU CBS3U 151 CETEM 5G

N.A. MuxaiijioBa
Cankr-IletepOyprekuii rocy1apcTBEHHBIH YHUBEPCUTET TelleKOMMYHUKanuii um. npod. M. A. bonu-bpyesuua

Humeepayus cnymuuxos na nuszxou oxonozemuoti opoume (LEQO) ¢ nazemnvimu comosoimu
cemAMU WUPOKO pAcCMampusaemcs Kak mHozoobewjarowee pewenue. Huskas evicoma Hao
VPOBHEM MOPsL CHUNCAem 300epiiCKy, d MACCO80e pa3eepmuvléanue obecneuusaem 2iobaibHoe
HOKpblmMue ¢ BblCOKOU HIOMHOCMbIO OOCIVIHCUBAHUSA, UMO MOMCEMm CMamb UHHOBAYUOHHBIM
KOMNOHEHMOM NpU NO