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B cratbe paccmatpuBaeTca 3aja4a MHTENNEKTYaNbHOTO pacnpeeneHus pajguopecypcos B
CeTAX paAuMoAO0CTyna, MOCTPOEHHBIX Ha MNPMHLMMAX OTKpbiTOoM apxutektypel O-RAN.
MokasaHo, 4YTO MpUMeHsAeMble B CyLUECTBYIOLLMX CUCTEMaX anropuMTMbl MNaHUPOBaHMA,
OpMEHTUPOBaHHble Ha OAHY-fB€ LeneBble METPUKM, He CMOCOGHbLI B MOJNIHOW Mepe
yUYMUTbIBaTL OfHOBPEMEHHOE M3MEHEHMEe MHOXKeCTBa CeTeBbiIX NapaMeTpoB - KauecTBa
paaMoKaHana, WMHTEHCUBHOCTM Tpaduka, TpeGoBaHMi nonb3oBaTenen K 3afiepkke U
norepAM naketoB. B kayecTBe pelleHua npepnoxkeHa Mopenb B3aUMOAENCTBUA
KOMNoHeHTOB XApp u rApp, peanusyloliaa ABYXYPOBHEBYIO CXeMy YynpaBlieHUA:
AOJNITOCPOYHBbIA MPOrHO3 cOCTOAHUA ceTn, ¢popmupyembit B KoHType Non-RT RIC, u
OnepaTUBHYIO KOPPEKTUPOBKY pacnpepeneHus ¢U3MUECKUX PpecypcHbIX 6noKos,
BbINonHaeMyto B koHType near-RT RIC. PaspaGoraH MateMaTMyeckuit annapat MoAaenu,
BK/lo4alowmin popmManusaumio 3aaum pacnpepesieHna pecypcoB € y4&ToM orpaHuueHuii
TexHonormm OFDMA, aBTOpPCKMIA MHTEerpanbHbii  KPUTEPUA  MpUoOpUTE3aLuu
nonbsoBarenei, ob6beAUHAIOLMIA KavyecTBO KaHana, NMpUOpUTET cepBuca, MPOrHo3
Harpy3kM M ucTopuio OGCNy)KMBaHMA, a TaKXKe aHaNu3 YCTOMYMBOCTM MpeANOoKEHHOro
anropuTMa ynpaejieHuA Ha ocHoBe Metofa c¢hyHkumi JlanyHoea. PaGorocnoco6HocTtb
Mojenu npoBepeHa NOCPeACTBOM MMUTALMOHHOTrO MopaenuposBaHua B cpege MATLAB
Simulink, BocnpousBoaALlero MNONHLIA LUK (YHKUMOHUPOBAHMA CUCTEMBI — OT
reHepaumu nonb3oBarenbckoro Tpacmka A0 popMUMPOBaHUA YNPABAAIOLLMX BO3AEHCTBUN
Ha 6asoByio ctaHumio. MonyuyeHHble pesynbTaTbl IEMOHCTPUPYIOT CHUXXEHUE 3aZlepPXKKN
nepeAavM AaHHbIX, COKpallleHWe BEPOATHOCTU MOTEPU MAKETOB, POCT CHEKTPasbHOW
3¢pHeKTUBHOCTM M MOBbILIEHNE CMPaBEeASIMBOCTM pacnpeAeneHUs pecypcoB Mexay
Nonb30BaTeNAMMU MO CPABHEHUIO C TPAANLMOHHLIMU aITOPUTMaMU NNAHUPOBAHUA.

Nhudopmauus o6 aemopax:

Epmakoea Anacmacus BceeonodoeHa, k.m.H., accucmeHm kacgpedpsi "Paduoobopydosarue u cxemomexHuka", Mockosckuli mexHudeckull yHugepcumem
ceAsu u uHpopmamuku, Mockea, Poccus, https://orcid.org/0009-0002-8439-211 |

Bapnamoe Onez Bumanbeeu4, 0.m.H., npocpeccop kagpedpsl "PaduoobopydosaHue u cxemomexHuka", Mockosckuli mexHu4eckull yHugepcumem cesAsu u
uHpopmamuku, Mockea, Poccus, https://orcid.org/0000-0002-3996-9156

Ana untuposaHusa:

Epmakoea A.B., Bapnamos O.B. PaspaboTka u MMUTaUMOHHOE MOAENMPOBAaHWE ANITOPUTMA MHTENNEKTYasIbHOrO pacnpejeneHns paJMopecypcoB Ha OCHOBE
B3ammogeiictena xApp v rApp B apxutektype Open RAN // T-Comm: TenekoMMyHukaumm u Tpancnopt. 2026. Tom 20. Ne8. C. 4-17.

For citation:

A.V. Ermakova, O. V. Varlamov, "Development and Simulation of an Algorithm for Intelligent Radio Resource Allocation Based on the Open RAN Architecture
xApp and rApp Components Interaction," T-Comm, 2026, vol. 20, no. 8, pp. 4-17. (in Russian)

T-Comm Tom 20. #8-2026




BBenenne

PazButne cereii MOOWIBHON CBSI3M IIECTOTO MOKOJEHUS
HEIb3s1 CBECTU K €IMHCTBEHHOM NPUYMHE — 3/1€Ch OJTHOBPEMEHHO
JIEUCTBYET TEJbIH psifi (PaKTOPOB, TECHO MEPEIICTEHHBIX MEKITY
co0oii. Peub naér npexae Bcero o pe3koM pocre 00bEMOB Tepe-
JlaBaeMbIX JJAHHBIX, 0 BCE OoJiee MIIOTHOM pa3MelIeHHH 0a30BbIX
CTaHIMH Ha €MHUILY IUIOIIA/AN, O PACIPOCTPAHECHHU CEPBHCOB,
JUIs. KOTOPBIX KPUTHYHA MUHHMMAaJIbHAs 3aJIepXKKa Iepenadu, u,
HaKoOHell, O IIOCTCIICHHOM Iepexoje K IpOrpaMMHO-
OTIpEJICTSIEMBIM MOJICJISIM YIIPABIICHUSI CETEBOM MH(PacTpyKTy-
poii. Ecnu mpepltyiiye MOKOJICHUs! CBA3M ObUIM OPHEHTHPOBA-
HBI [NIaBHBIM 00pa30M Ha POCT CHEKTPalibHOM 3 (heKTUBHOCTH U
MIOBBIIICHUE IPOIyCKHOW CIIOCOOHOCTHM KaHaja, TO HBIHEIIHUH
3Tal pa3BUTHUs TPeOyeT MHOTO — CETh JOJDKHA YMETh MOACTpau-
BaThCsl O] HATPY3KY, KOTOpasi MEHsIETCSI TIPAKTUYECKH B peallb-
HOM BpeMeHHU. [Ipu 3TOM apXuUTeKTypa JEeHCTBYIOIIHUX CUCTEM BO
MHOI'OM OCTa€TCs )KECTKO LIEHTPATU30BAHHOM.

Jloruka pacnpeneneHus pagropecypcoB B OOJIBIIMHCTBE
CIIy4aeB «3allnTay B 000pYAOBaHWE KOHKPETHOTO IMPOU3BOIHUTE-
71, ¥ J1000e M3MEHEHHE aITrOPUTMOB IUIAHHPOBAHHS TpeOyeT
BMEIIATENbCTBA B IPOrpaMMHOE oOecIieueHne camoil 0a3oBoi
craniuu. M3 5TOro BBITEKaeT cpa3y HECKOIBKO MpoOiIeM:
YCIIOXKHSICTCS. BHEAPCHUE HOBBIX DEIICHHWH, NMPAKTHYECKH HC-
KIIFOYaeTCs] BO3MOXXHOCTh BCTPOWTH B CETh WHTEIUICKTyaJbHBIC
METO/Ibl YIPABIICHHUS, & OTMIEPATOPHI CBSA3M OKAa3bIBAIOTCS B CHIIb-
HON 3aBHCHMOCTH OT Y3KOTO KpyTa ITOCTaBIIHKOB TEICKOMMY-
HUKAI[MOHHOTO 00opyaoBaHus. MIMeHHO 3Ta mpobieMa BO MHO-
rom u nopoamiaa kouuenmuio Open Radio Access Network (O-
RAN) - nnero OTKpBITOH, IPOTPAMMHO OPHUEHTUPOBAHHOMN apXu-
TEKTYpBI ceTu paauonoctyna [1, 2, 28]. B omnuue ot 3aKpbITHIX
unrepgeiicoB, npumensiBiuxcs panee, O-RAN mnpenmnonaraer
pa3OueHne cereBod (DyHKIMOHAJIBLHOCTH Ha OT/ENIbHBIC, HE3aBH-
CHUMBIE JIPYT OT Jpyra KOMHOHEHTHI, KOTOPHIE B3aUMOJICHCTBYIOT
MEXay cOoO0OH 4epe3 OTKPBITHIC, CTAHIAPTH3MPOBAHHBIC MHTEP-
teticer [3, 29, 30]. braromapst ’ToMy CTOpOHHHE Pa3pabOTINKA
MOJTY4al0T BO3MOXHOCTh CO3/1aBaTh COOCTBEHHBIE TPOTPAMMHBIC
MOJIyJI1, HE BMEUIMBAsICh BO BHYTPEHHIOIO apXUTEKTypy 0azo-
BBIX CTAHIIUH.

BaXHBIM 371€MEHTOM 3TOH apXHUTEKTYphl BBICTYIIAET MHTEI-
JMEeKTyalbHBIM KOHTpoiwiep pamuocetn — RAN Intelligent
Controller (RIC) [4, 31]. Ero 3amaya COCTOMT B NPUHITHU
YIPaBJICHYECKUX PEIICHUI Ha OCHOBE aHalli3a TEKYIIEro COCTO-
AHUS ceTeBBIX AneMeHTOB. [logsnerne RIC maér BO3MOXKHOCTH
MEPEHECTH 3HAYUTEILHYIO 00 (QYHKIMH ONTHMHU3AIMU ¢ 000-
pyaoBaHusi 0a30BOM CTaHIIMM Ha OTJACNIBHYIO HPOTPaMMHYIO
raT(opMy, Iie BHINOJIHSIOTCS aHAJTUTHYECKHE PacdEThl U MPH-
MEHSIOTCSI METOJIbI MAaIIMHHOTO 00y4eHus. B pamkax apXxuTek-
Typsl O-RAN xonTpomnep RIC nenmurcest Ha nBe QyHKIHMOHAIB-
HBIE MOJICHCTEMBI, KaX/1asi U3 KOTOPHIX OPHEHTHPOBaHA Ha CBOM
BpeMeHHOU MacimTad o0padoTku mHbopmarmu [5, 32, 33]. Ilep-
Bas — near-real-time RIC — paboraer B pexwme, OJIH3KOM K pe-
JIBHOMY BpPEMEHH, M OTBEYAeT 3a OBICTPOE pEarnpoBaHUE Ha
M3MEHEHHS CETEBBIX MAPaMETPOB C 3aJeP>KKaMU MOPSIIKA JECAT-
KOB MmumiceKyHn [6, 34]. Bropas moxmcmcrema HameneHa Ha
JIOJTOCPOYHBIA aHaIM3 MPOM3BOAUTEIBHOCTH CETH, MPOTHO3H-
poBaHHE €€ COCTOSHHS U BBIPAOOTKY CTPATETHUECKHX YIpaBlisi-
IOIIMX pEIIeHHH, KOTOpbIE PEaTn3yloTCsl B JMAIa30He OT He-
CKOJIBKHX CEeKYHJI 110 4acoB [7, 35]. [TomoOHOe pa3nenenue 3amau
MIPOJIMKTOBAHO CaMO# MPUPOJIOH MPOIECCOB, MPOUCXOAANINX B
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panunocetu. CkaxkeM, BBIOOp abOOHEHTa JUIsi OOCIY)KHUBaHHS B
OIpe/IeIEHHOM BPEMEHHOM HWHTEpBajie TPEeOyeT MpaKTHYECKU
MIHOBEHHOTO PELICHUs, TOTAa KaK aHaJIM3 CYTOYHOH 3arpy3Ku
COTBI WJIM NPOTHO3 MHTEHCHBHOCTH TpadyKa HE TPEIbSBISIOT
CTOJIb KECTKUX TpeOOBaHMH K CKOPOCTH OOpabOOTKH aHHBIX.
Jns  peanu3zanuy NPUKIAAHBIX aJITOPUTMOB YIIPABICHHUS B
O-RAN mpemaycMOTpeHBI ClelHMaIn3upoBaHHbIE MPOTPAMMHBIC
KOMIIOHEHTHI IBYX TUTIOB — XApp u rApp [8, 9, 36-40]. HecmoT-
ps Ha CXOXKME INPHHIMIBI TTOCTPOCHUS, OHM PEIIAloT pa3HbIe
KJIacChI 3a/1a4.

[punoxennss XApp GYHKIIMOHUPYIOT BHYTpHU hear-real-time
RIC u cmyxat A onepaTHBHON KOPPEKTHPOBKH CETEBBIX Ma-
pamerpoB. OHM ONMPAIOTCSl HA TEIEMETPUYECKUE JaHHbIE, MMO-
CTyMalolye OT 3JIEMEHTOB pajauoaocTymna uepe3 unrepgeiic E2
[10-13]. TIpoananu3upoBaB TEKyIlee COCTOSHUE CETH, XApp
(dopmupyer ynpasisiiomiee Bo3aeiCcTBIE U niepeaéT ero oopar-
HO B 00opynoBaHue 0a30Boi craHiuy. biaaroxaps sTomy craHo-
BUTCS BO3MOKHOHM IMHAMHUYECKas HACTPOMKa aJrOpUTMOB pac-
TIpeeIeHHUs] pECYpCOB, TAPaMETPOB TUIAHUPOBAHMS, YIIPABICHHS
MOIITHOCTBIO TTepeaadn, OaIaHCHPOBKH Harpy3KH MEXy COTaMH,
a TaKke BBIOOpA CXEMBI MOTYJISIINH.

B otimmume ot XApp, npuitokeHus rApp paboTaroT B cocTaBe
Non-Real-Time RIC u opueHTHpOBaHBI Ha JOJATOCPOYHYIO OII-
TUMM3ALUIO ceTu. Il 9TOTO OHM HCHOJIB3YIOT HAKOIJICHHBIC
UCTOPHYECKHE JIaHHBIC, CTATUCTUKY SKCILUTyaTaluud o0opyaoBa-
HUSI, CBEJCHUS O IMOBEICHHHM A0OHCHTOB M IPOTHO3BI Tpaduka
[14, 15]. TnaBHas dynkums rApp - GopMUpOBaHHE PEKOMEH/1a-
LU 10 M3MEHEHUIO CETEBBIX MapaMeTpoB, KOTOPHIC BIIOCIE.-
cTBUHM mepenarotcst B near-real-time RIC ams npaktudeckoit pea-
m3anuu. CoBMecTHast padoTta XApp u rApp dopMmupyer nepap-
XMYECKYI0O CHCTEMY HHTEIUIEKTYAIFHOTO YIpaBJICHUS pajnoce-
ThI0. BepXxHuil ypoBeHb 3TOH HMepapXuu 3aHUMAETCS aHAIN30M
TJI00aNbHBIX TEHJICHLUH, BBISIBICHHEM 3aKOHOMEPHOCTEH B H3-
MCHEHHM Harpy3Kd M IOCTPOCHHEM MPOTHO30B, a HIKHHUH -
ONEpPAaTUBHON MOACTPOWKON NMapaMeTpoB IUIAHUPOBAHUS C Yué-
TOM TeKylleil OOCTaHOBKM B KaXJIOW OTAEIbHOW COTE, 4TO
MIPUHINIHATBHO OTIMYAETCS OT TPAJUIIMOHHBIX CXEM pacIpesie-
JICHUSI PECYPCOB, OIHUPAOLINXCS HA 3apaHee 3aJaHHbIC alrOpUT-
MbI INTAHUPOBAHUA.

B kiaccuueckux cersix pelleHus OObIMHO MPUHUMAIOTCS T10
¢ukcupoBanHbIM Tiporieypam - Round Robin, Maximum Carrier-
to-Interference, Maximum Throughput wim Proportional Fair. ITpu
BCell CBOEHM pacrpoCTpaHEHHOCTH KaXKAbIM M3 3THUX METO/IOB
HACTPOEH Ha JIOCTHXKEHHE JIUILb OJIHOM 11e1eBoi MeTpuku [16-19].
Tak, anropurm Maximum Throughput mMakcnmmsupyer cymmap-
HYIO TIPOITYCKHYIO CITIOCOOHOCTB CETH, OJJHAKO CIIOCOOEH yXY/IIIHUTh
KauecTBO OOCITY>KMBaHMS TI0JIb30BaTEINCH, HAXOISIIMXCS Ha TPAHHU-
11e 30HBI TOKPHITHA. Anroput™ Round Robin, HanpoTtus, o6ecnieun-
BAET PAaBHOE PACIIPENICIICHHE PECYpPCOB MEKILy aOOHEHTaMH, HO HE
YUHUTBIBAET PEATPHOE COCTOSHHE PAJMOKAHANA, YTO CHIDKACT 3(-
(hEKTUBHOCTB NCIIOIB30BAHMS CIIEKTPA.

CeTsiM HOBOTO MOKOJICHHSI CBOWCTBEHHA 3HAYMTENbHAS M3-
MEHYHMBOCTh YCJOBHH Iepeaadyu JaHHbIX. [loCTOSHHO Koed-
JIFOTCA YUCJIO aKTHBHBIX HOHLSOBaTeHeﬁ, HX MPOCTPAaHCTBEHHOC
pacriojio)keHue, ypoBeHb B3aMMHBIX [TOMEX, KaueCTBO PajnoOKa-
Hasa, 00bEM Tpaduka W TPeOOBAHMS OTACIBHBIX CEPBHCOB K
3agepkke. [Ipy Takux 00CTOATENBCTBAX KECTKO 3aKPETIEHHBIH
ITOPUTM PaCIpe/IeNICHNs] PECYPCOB PaHO MJIM TTO3/IHO IepecTaéT
COOTBETCTBOBATh PEAILHOMY COCTOSIHHIO CETH — CTpPAaTerus, BbI-
OpaHHast pa3 ¥ HaBcerja, MOMPOCTy HE yCIieBaeT 3a IMPOUCXOIs-

—
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myMy u3MeHeHusMu [20-22]. Ipunoxenust XApp u rApp cHU-
MAaloT 3Ty IpobieMy, n30aBisii OT HEOOXOIMMOCTH JEpKaThCs
€IMHCTBEHHOI'O aJrOpUTMa IUIAaHMPOBaHUs. Bmecto sToro co-
CTOSIHHE CETH OIICHMBAETCSl HEMPEPBIBHO, & CTPATETHs pacIpe-
JeJIeHHUs] PECYpCOB IOOUpaeTCs UCXOAs U3 TEKYIIeH KapTHHBI.
CTouT N3MEHNTBCS XapaKTePUCTHKAM PaJNOKaHala WM UHTCH-
CHBHOCTH Tpauka — M ImapaMeTpbl IIaHUPOBAaHHS IepecMaTpu-
BAIOTCS aBTOMATHYEeCKH, 0e3 BMemaresibcTBa omneparopa. LleH-
TPalbHYI0 pOJIb 31€Ch HIPAIOT TEXHOJOTHH HCKYCCTBEHHOTO
HUHTCJJICKTAa U MAallIMHHOT'O O6y‘-IeHI/IH. C ux IIOMOIIIBIO MOKHO HE
TOJBKO (PUKCHPOBATh TEKYIEe COCTOSIHHUE CETH, HO W IpeJCcKa-
3bIBaTh €ro JajibHEHINee pa3BUTHE, ONMUPAsCh HA HAKOIUICHHYIO
cratuctiuky. OOydeHue ¢ IMOJKPEIUICHHEM, TI'paJneHTHBIH Oy-
CTHHT, HEHMPOHHBIE CETH M METOJbI IIyOOKOro oOydeHus aroT
BO3MOXKHOCTh ()OPMHPOBATH YHPABISIOMINE PEIICHUS C yUETOM
Cpa3zy MHOXXECTBAa OJHOBPEMEHHO MEHSIOIIUXCS MapaMeTpoB —
3a7a4a, KOTOPYIO TPAJUIHOHHBIM 3BPHUCTHUECKHM alTOpHUTMaM
PELIUTH MONPOCTY HE TOJ] CUITY.

HewmanoBaxkHo u To, uto apxurekrypa O-RAN oTkpsIBaeT 1o-
POy HE3aBHCHMOI pa3pabOTKe MHTEIUIEKTYaIbHBIX HMPHIOKEHUH
[23-26]. Co3maBaTh COOCTBEHHBIC AJTOPUTMBI ONITUMHU3AINH, Pa-
Ootarone Ha oOIiel mporpaMMHOM Tuiaropme 0e3 U3MEHEHHs
anraparHoil 4acTH CETH, MOTYT Kak IPOM3BOJIUTENN 00Opy10Ba-
HHsI, TAK U ONEPaTOPbI CBSI3M MJIM MCCIEI0BATENIHCKUE KOJIEKTH-
BBL. DTO 3aMETHO yCKOPSIET BHEAPEHHE HOBBIX METOJIOB YIIpaBJIe-
HUSL W TOJICTErMBACT KOHKYPEHIMIO Cpelli pa3paboTYMKOB IPO-
rpaMMHOTO obecrieueHus Ui MOOMJIBHBIX cereid. UTo Kacaercs
HETIOCPE/ICTBEHHO pacIpeeeHHs PaaropecypcoB, HaNOOIBIINM
CIIPOCOM TIOJIB3YIOTCSI TIPHIIOKEHUSI, OTBEYAIONINE 3a JHHAMHUYC-
CKOE Iepepacipe/ieiieHie IPHOPUTETOB OOCITYKHBaHUS a0OHEH-
TOB, MPOTHO3UPOBAHNE MEPETPY3KH OTACIBHBIX COT, MHTEIIIEKTY-
ATBPHYI0 0aJTaHCHPOBKY HArpy3Kd, THOKOE YIPaBICHHE TTOIOCON
MPOMYyCKaHusI U TMOAOOp MapaMeTpoB IIAHUPOBIIMKA C YYETOM
YCIIOBHII pacnpoCTpaHeHusi curHaiga. Paborast BMecTe, XApp u
rApp (OPMHUPYIOT 3aMKHYTBIH IMKJ YIPaBICHHsS: TeJeMeTpruye-
CKHE JaHHble COOMpAIOTCS, COCTOSHHE CETH aHaJIN3UPYETCs,
HarpysKka IpOTrHO3UPYETCs, BEIPA0ATHIBAIOTCS YIIPABIISIIOIINE BO3-
JICUCTBUSI — M TYT JK€ OLICHUBACTCS UX PE3YJIbTATUBHOCTD.

1 PazpadoTka Moe/1n B3auMoaelicTBUS XApp U rApp
AJISl ONITHUMM3AIMHU pacIpeeIeHusl PpaguopecypcoB

OTnpaBHOH TOYKOM TpH IOCTPOSHHH IIOJOOHOM MOIETH
CIy’KUT HaONIOZICHUE, YTO COBPEMEHHBIE CETH OTINYAIOTCS BbI-
COKOM M3MEHYMBOCTBIO YCIIOBMM INepefayd JaHHBIX: YHUCIIO aK-
TUBHBIX MOJIb30BaTeNel, UX MPOCTPAHCTBEHHOE PACIIOJIOKEHUE,
YPOBEHb B3aUMHBIX IIOMEX, KaUeCTBO paJuoKaHajia, 00bEM Tpa-
¢uka u TpeOOBaHUS CEPBUCOB K 3a/IEPKKE — BCE ITO MEHSETCS
NpPaKTHYECKN HENpepbIBHO. JlaHHAs M3MEHYMBOCTH M OIPEACIs-
eT HCXOJHOe TpeOOBaHME K pa3padaThbiBAEMOW MOJICIIU: OHA
JIOJDKHA OIUPAThCsl HE Ha (PMKCUPOBAHHBIN alITrOPUTM TUIAHUPO-
BaHMs, a Ha MEXaHM3M IIOCTOSIHHOM OLIEHKHM COCTOSIHHSI CETH C
MOCIIEAYIOIUM BBIOOPOM Haubojee MOAXOAALICH CTpaTeTHH
pacripezienieHust pecypcoB. B OCHOBY Monenm 3akiagbIBacTCs
MIPUHINT pazjeneHnss QYHKIMH MeXIy XApp U rApp, Kakmblid
13 KOTOPBIX pelIaeT CBOIO YacTh 3a/Ja4yd ontummsanuu [27, 28].
3a rApp 3akperuisieTcs (HOPMHPOBAHHE CTPATETHUYECKUX PEKO-
MEHJanuii Ha OCHOBE HAKOIJICHHON CTaTUCTUKH — NAHHBIX O
NOBe/IeHHU a00HEHTOB, HCTOPUH KCILTyaTalli 000pyI0BaHUS U
nporuHo3ax Tpapuka. DTH PEKOMEHJIAIMU TIepeJaroTcsl B near-

real-time RIC, roe mpunoxxeHns XApp mpeoOpa3yoT UX B KOH-
KpETHBIE YIPaBISIONIME BO3ACHCTBHS, PUMEHSIEMbIE K 000py-
JOBaHUIO 0a30BOI CTaHIMHU C 3aJEPXKKOH MOpsIKa OECATKOB
muutcekyH. TakuM o0pa3oM MoJesb NpuodpeTaeT ABYyXypOB-
HEBYIO CTPYKTYpY: BEPXHUI ypOBEHb OTBEUAET 33 aHAJIN3 JIOJIT0-
CPOYHBIX TEHJICHIMH W MPOrHO3MPOBAHHE HArPy3KH, HIDKHHHA —
3a ONEpPaTHBHYIO MOJCTPONKY MapaMeTpoB IUIAHUPOBAHUS TNPH-
MEHHTEIBHO K TEKYIIEH CUTyallnu B KOHKPETHOH coTe. [ TaBHbIM
9JIEMEHTOM pa3paldaTbIBaEMON MOJEIN CTAHOBUTCS HMCIIOIb30Ba-
HHE METOJIOB MCKYCCTBEHHOTO MHTEIUIEKTa W MAIIMHHOTO 00y-
YeHUs] — O0yUeHHs C MOJKPEIUICHHEM, TPaJieHTHOTO OyCcTHHTa,
HEHpPOHHBIX CeTel W aITOPUTMOB TIIyOOKOTO 0O0ydeHms. Mx
MIPUMEHEHNE TO3BOJISIET YUYNUTHIBATH OJHOBPEMEHHO MHOXKECTBO
M3MEHSIOLINXCS NTapaMeTPoB CeTH M (OPMHUPOBATH YIPaBISIO-
e PEIIeHHs TaKOro YPOBHS CIIOKHOCTH, KOTOPBIM HEIOCTH-
JKUM TIPU UCIIOJIb30BAHUU TPAJUIIMOHHBIX O9BPUCTUYCCKUX METO-
J0B IJTAaHUPOBaHUH.

IIpeumyiecTBOM IpeagaraéMoil MOJEJIH BBICTYIAET U TO,
yro apxurekTypa O-RAN, Ha KOTOpO# OHa Oazupyercs, AOIyc-
KaeT HE3aBHCHMYIO pa3padOTKy KOMIIOHEHTOB XApp U TrApp
TIPOM3BOIUTEISIMU 000PYI0BAHUsI, OTIEPATOPAMH CBSI3H M HCCIIe-
JIOBAaTEIbCKUMH OpTaHM3alMsIMH — 0€3 M3MEHEHHUS almapaTHOM
YaCTH CETH. DTO pacIIMpsieT BO3MOXKHOCTH arpoOaIuy 1 jopa-
OOTKHM MOJENH, a TaKKe yCKOpSeT BHEIPEHHWE HOBBIX AITOPUT-
MHUYECKHMX pemeHuil. [IpuMeHnTensHO K 3a7ade pactpeieseHus
paanopecypcoB MOAETHh B3aMMOACUCTBHS XApp U rApp AOIDKHA
OXBaTbIBaTh TaKne (YHKIMH, KaK JUHAMHIECKOE Iepepacipeie-
JICHHE TPHOPHUTETOB OOCIYKMBAaHUS I0JIb30BATEIICH, MPOrHO3H-
pOBaHHE TIEPErpy3KH OTACIBHBIX COT, MHTEIUICKTyalbHYIO Oa-
JIAHCHPOBKY Harpys3Kku, aJlaliTUBHOE YIIPaBJIEHHE TOJIOCOH Ipo-
MyCKaHMs M BBIOOP MapaMeTpoB IUIAHUPOBILUKA C YUETOM TEKY-
IIUX YCJIOBHM PacHpoCTpaHEHUs pajuoCHUTrHaja. B cCOBOKymHO-
CTH 3T (GYHKIMH (GOPMHUPYIOT 3aMKHYTHIH UK YHPABICHHS:
cOOp TeNeMeTPUYECKUX JAaHHBIX, aHAIN3 COCTOSHHS CETH, Mpo-
THO3MPOBAaHME HArpy3Kd, ()OPMHUPOBAHWE YIPABISIOUIMX BO3-
NefcTBUH, olleHKa UX () (HEeKTHUBHOCTH, — KOTOPBII M COCTABISACT
OCHOBY pa3palaTbIBaéMOH MOJENN B3aHUMOJCHCTBHS XApp H
rApp. Ha ocHOBaHNMM yKa3aHHBIX MapaMeTPOB OIPEIEISIETCS
MHTETPaJIbHBIN TTOKa3aTeNIb COCTOSHUS CETH:

S= f(U,PRB,SINR,CQI,I,D,J,P,T,SE,F), (1)

rae U — konnyecTBO akTUBHBIX ojib3oBaresiel; PRB — yposens
UCIOIb30BaHus (hu3nueckux pecypcHbix 0s10koB; SINR — oTHO-
IIEHHE MOIIHOCTH TIOJIE3HOTO CHUTHajla K CyMMe IIIyMa W MHTEp-
¢depentmn; CQl — mnHaukarop kadecTBa kaHana; | — ypoBeHb
MexcoToBoW mHTepdepenimn; D — cpennss 3aaepikka nepena-
4n; J — [KUTTEP; P — BEposTHOCTH MOTEPH MAaKeTOB; T — HHTCH-
cuBHOCTH Tpaduka; SE — cmekTpanbHas »PQPEKTHBHOCTE;
F — mporuo3 Harpy3ku, copMUpPOBaHHBII MPUIOKEHAEM TAPD.

2 MaTteMaTH4ecKoe ONucaHue pa3p360Taﬂﬂoﬁ MOde/In

00CITy’)KMBaCT  MHOXECTBO  aDOHCHTOB
. UN}KOTOPBIM HEOOXOIMMO IIOCTaBUTH B

Ilycte  cetb
U = {u,u,
COOTBETCTBME MHOXKECTBO (DH3UUECKHX DPECYPCHBIX OIOKOB
(PRB) R = {r“ r, rM}. ITOCKONIBKY Ka)KIOMy TIOJIb30Ba-

TENI0 B OOILIEM Cilyyae MOXET OBbITh BBIZCJICHO IMPOHM3BOJILHOE
YHCIIO PECYPCHBIX OJIOKOB, sl onucaHus (akTa 3aKperuieHHs

.oy
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pecypca 3a aDOHEHTOM BBOJAUTCS OWHApHAs MepeMEHHasi Ha3Ha-
YEHUS

_ 1, ecau r; nasnauen U, )

0, 6 npomusnom ciyuae
Marpuua {x} pasmepHocTd NXM npezacrasiser co0oii oc-
ij

HOBHYIO TIEPEMEHHYIO 33Ja4d ONTHMAJIbHOTO PACIHPEIEICHUs
peCypCcoB M HOJHOCTBIO ONPEAEISIET TEKYUIYI0 KOH(HIYPAIHIO
paaroceTH.

Texnonorust MHOkecTBeHHOTO noctyna OFDMA [41], wuc-
NoJjib3yeMasi B CETSIX PaJHOJOCTyMa ISTOr0 M IMOCIEIYIOINX
MOKOJICHWH, HaKJIa/IbIBAeT €CTECTBEHHOE OrpaHWYEHHE: OAMH U
TOT XK€ PECYpCHBII OJIOK B mpejenax 3aJlaHHOTO BPEMEHHOTO
MHTEpBalia MOXXET OBITh 3aKpelul€H He Oojiee 4eM 3a OJHHM
nosb3oBareneM. Jlannoe TpeboBanue (hopMannu3yercs B BUsIE

TS L =1 ., M. (€)

W3 310TO OrpaHNyueHHs HEMOCPEICTBEHHO CIIEyeT BEINUNHA
pecypca, KOTOpBIM (haKTHUECKH PACIIONaraeT i-i MOoIb30BaTeNb!

Ri = zj:lM Xij - “4)

Mmenno BennunHa R ompenessier panee HOnocy MporycKa-

HUSl, TOCTYIHYIO MOJb30BATENIO, U, CIEAOBATENIbHO, AOCTHXKH-
MyIO A7l HEr0 CKOPOCThb Iepeadyd JaHHBIX. YUUTHIBAs, 4YTO
OJMH (hU3NUUECKUN pecypcHBI 00K B ceTsix 5SG COOTBETCTBYET

nonoce B™® =180 I' (kak B 4G LTE) [42], BbLICICHHAS TT0ITh-
30BATEJIIO TI0JI0CA TIPOITYCKAHUS COCTABIISACT
M
B, = 180000 XL X (5)
JocTikuMasi CKOpPOCTh Iepeadll JaHHBIX OnpenesseTcs B
cooTBeTcTBUH ¢ TeopeMoil IllenHona [43] o mporyckHO# cro-
COOHOCTH KaHalla C aJJUTHUBHBIM OCIIBIM TayCCOBCKHM IIyMOM,

MPUMEHEHHON K OTHONICHHWIO CHUTHAJ/IIYM ¥ HWHTep(epeHuns
(SINR), xapakTepHOMY JUISI COTOBBIX CUCTEM CBSI3H:

C, = B log,(1 + SINR)- (6)

[MoncranoBka BeIpaxkeHus (5) B (6) MOKa3bIBAaeT, YTO CKO-
POCTBb IIepeiauyl JaHHBIX KOHKPETHOT'O MOJIb30BaTENs HAIIPSAMYIO
U OJJHO3HAYHO OIIpeNeNsieTCs CXEMOH pachpeleneHus pecype-
HBIX OJIOKOB Xij:

C, = 180000-(Z " x,)10g, (1 + SINR;)- )

Tem cambiM YCTaHaBJIUBACTCA MpsMas (lJyHKIlI/IOHaJ'II:HaH
CBA3b MCXKAY PCHICHUCM 3aAadr pPacCrpeAciCHUA PECypCoOB U
JOCTUTaCMBbIM Ka4€CTBOM O6CJ'Iy)KI/IBaHI/I$I a6OHeHTa, 4qTO ACJIacT
NEPEMCHHBIC Xij 00BEKTOM Hocnezly}ou_[ef/i OIITUMH3AIINH. Bemu-

urHa SINR pacKkpbiBaeTCs 4epe3 MOIIHOCTD MOJIC3HOTO CHIHA-
Ja, TPUHUMAEMOro i-M Toiib3oBaTeneM, S = RC;I, rjue PI —
MOILHOCTb NEpeaayH, q — K03 UIMEHT YCWICHUS KaHalla, U

CYMMapHYyI0 MOIIHOCTb MEXKCOTOBOW HMHTep(EepeHIHH OT Mpo-
YUX aKTUBHBIX TEPENIAaTINKOB CETH | — Z PG, - C yuérom
k=i

TCIUIOBOTI'O IIIyMa HPI/IéMHI/IKa N 0 OTHOIICHHE CI/IFHaJ'I/H.[yM u

nHTEp(EPEHINS ONpeeNsieTcs: KaK

-
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R-G ®)

RG, + No)

SINR = E

YTO CITy)KUT OCHOBHBIM BXOJHBIM [apaMETPOM IS TIPHIIOKECHUS
XADpp NP OLICHKE TEKYIIEro KauecTBa paAnoKaHaia 1 IPHHATHH
pelIeHHs: 0 Ha3HAYEHHH PEeCYPCOB KOHKPETHOMY I0JIb30BATEINIO.
CnexrpanbHas dddextuBHOoCcTh [44], ompexnensemMasl Kak OTHO-
LIEHHUE JOCTUTHYTOH CKOPOCTH Hepeaadn K 3aHUMaeMoH 110JI0ce,
¢ yuérom (5) cBoaurcst k sorapudmuueckor GpyHkumu ot SINR
U HE 3aBUCUT OT a0COJIIOTHOU BEJIMUUHBI BBLICICHHOH II0JIOCHI:

SE, = %: log, (1 + SINR,)- ©)

Hapsiny co criektpanbHOit 2p)eKTHBHOCTBIO ISl XapaKTepH-
CTHUKH 3arpy3Kd CETH BBOAUTCS KOA(POUIMEHT HCIIOIb30BAHUS
pecypcoB Kak OTHOLICHHE CyMMAapHO 3aHSTBIX PECYpPCHBIX 0JI0-
KOB K UX O0IIEeMY YHCIIy:

Rtotal

Ilokazarens L xapakTepusyeT CTENEHb 3arpy3KU COTHI B Lie-
JIOM ¥ HCHOJB3YETCsl BIIOCIEACTBUM KaK MHAMKATOp Ul Hepe-
KIIOYEHHUS MKy CTPATEerusMU YIIPaBICHHUS.

[Ipunoxenue XApp NpUHUMAET peIIeHHE O pacHpeAeIeHUN
pecypcoB, ONMPAsCh OJHOBPEMEHHO Ha HAOOp MapaMeTpoB pas-
HOW (PM3MUYECKOM TPUPOJBI M Pa3IMIHON pPa3MEPHOCTH — 3a-
JIepXKKy, CKOpocTh mepemaun, otHomeHme SINR, wmHamkarop
kxagectBa kaHaima CQI u mp. s WX COBMECTHOTO HCIIONIB30Ba-
HUS B €IMHOM OICHOYHOW (DYHKITHMHM KaKIBIH mapamerp X; MOI-
BepraeTcs JMHEHHOMY HOPMHPOBAHUIO K Auamnas3ony [0; 1]:

(5]

(10)

(11)

Bcee HOPMHUPOBAHHBIC BCIIMYMHBL XI o6pa3yeT OCHOBY HHTC-

TpalbHOrO TOKAa3aTeNs COCTOSHHUS KaHajla I10JIb30BaTelsl, HC-
TI0JIb3YEMOT0 TIPH PAaH)KUPOBAHMK A0OHEHTOB Ha ATare pacipe-
JICTICHUS PECYPCOB:

S =3_"WX,,Zw =1, (12)

rac VY — BECOBBIC KOB(i)(i)I/IHI/IeHTLI, OTpaXaromue OTHOCHUTECIIb-

HYI0 3HAQUYUMOCTh KaXKJIOTO U3 YYHUTBHIBAEMBIX IapaMeTpPOB.
@OyHKIUS TPOTHO3UPOBAHMSA, peannsyemas rApp, COCTOUT B
OoleHKe Oyaymiero 3Ha4eHWss HMHTEHCHUBHOCTH  TpaduKa
},(t+At) o  psAy  TNpeImecTBYIOMMX  HaOIIOIeHUH

A = {l(t), A(t-1), ..., /I(t—n)} [45]. B obmem Buje
MPOTHO3HAS. MOJIEITb 3AMTMCHIBAETCS KaK

At + At) = F(4)- (13)
B mpocreiinieM ciydae (QyHKIHS F() npuHAMAET (GopMy

JINHEHHOW aBTOPErpeccuun

At + )=ad(t)+a,A(t — 1)+...+a,A(t —n).(14)
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TOrJa Kak MpU HCIOIB30BAHUU PEKYpPPEHTHBIX HEHPOHHBIX ce-
Tei, B yacTHocTH apxutektypsl LSTM, mporunos dopmupyercs
Ha OCHOBE CKPBITOTO COCTOSIHUS CETH

h = f(W,h_ +Wx +b), 1=Wh +b,- (15)

[TonyuenHoe 3HaueHHE ,{(t + 1) nepenaércsi B KOHTYD

near-real-time RIC w wucmosb3yercst mpuiiokeHneM XApp Kak
OJIMH M3 KOMIIOHEHTOB MHTETPAILHOTO KPUTEPHS TP TPHHSATHU
orepaTHBHBIX pemieHuid. [Ipuopurer obOciyxuBaHus aboHeHTa
€CTECTBEHHO paccMaTpuBaTh Kak (DYHKIMIO Kjacca IPefoCTaB-
JIeMOT0 CEepBUCA, KayecTBa pajuokaHana, TpebosaHuil QoS u
MIPOTHO3UPYEMON Harpy3KH:

P =aServicg, + 4CQI, + QoS + o-Forecast; . (16)
3amgavya XApp COCTOHT B BBIOOpPE TAKOTO pacIpesesieHus pe-
CypCOB, KOTOpOe 00ecriednBaeT MaKCUMyM OOOOIIEHHOH (yHK-
UM TOJE3HOCTH CETH, YYUTBHIBAIOIIEH OJHOBPEMEHHO pOCT
CHEeKTpabHOW 3()()EKTUBHOCTH W KadyecTBa OOCITY)KHBAHHS, a
TAK)Ke CHU)KEHHE 3aJIEP)KKH U BEPOSITHOCTH TIOTEPh MAKETOB:

U=aSE+ QoS —yD—-oP. (17)

Ha ocnoBannu (17) 3ajavya onTUMaibHOTO pacHpeesICHHs
pecypcoB GopMynupyeTcsl Kak 3amada MaKCUMH3aluu (DyHKIUH
MOJIC3HOCTH O NMEPEMEHHBIM Xijj IPU OTPAHUYCHUSX HA JOCTYII-
HOCTBh PECYpCOB, MUHHUMAJIBHO JOIYCTUMYIO CKOPOCTH Hepesa-
Y, TIPEJICNIbHYIO 3a/IeP)KKY W BEPOSTHOCTB ITOTEPb!

max(a-SE + QoS — "D —5P) (18)

npu yenomax x < 13 X x; = R™: D<D,; P<P:
C > Cimi” ; L < 1. Ipaktuueckoe npumenenue kpurepust (17)-

(18) ocnmoxHsieTCs TEM, YTO YIUTHIBAEMBIC XaPaKTEPUCTUKU CETH
HaxoJiITCsl B OOBEKTHBHOM MPOTHUBOPEUYMU: POCT MPOIMYCKHOM
CIIOCOOHOCTH, KaK IPaBHJIO, CONPOBOXIAETCS YBEIMYECHHEM
3aJIep)KKM, TOrJa Kak €€ MHHUMH3AIMsS HEPEIKO JIOCTHraeTcs
LEHOW CHMKEHUs CHEKTpaIbHOH 3()(EKTHBHOCTH, YTO JIeNlaeT
11e71ecO00pa3HbIM MIPEACTABICHNUE 33aJa4d B BHJE MHOTOKpUTE-
pHaJIbHOW ONTUMM3ALMM, JUIi YEero BBOJMTCS 000OMIEHHAS
(hyHKIMSA CTOMMOCTH pacrpeaeneHus J (x) , rze

x:(xll, X X ) — Marpulla Ha3HAYeHUs PECYPCHBIX OJI0-

e X
KOB:
—aFy —a,F —aF, 2 o, =1.(19)

J=aF; +a, qus

rae kg, FQOs,
HOIl 9((QeKTHBHOCTH, KayecTBa OOCIY)KHBAHUSI, 3aJICPKKH, 3a-
IPY3KH CETH M BEPOATHOCTH HOTEPh COOTBETCTBeHHO. Hopmu-
POBKa BeCOBBIX KO3(D(UITMEHTOB 0; 0OecrieunBaeT BO3MOKHOCTD
HU3MEHATH NPHUOPUTETHOCTb OTIACIIBHBIX KPUTCPUEB 0e3 u3MeHe-
HUSI CaMOM CTPYKTYpbI QJITOpUTMa paclipeesieHns: pecypcos. B
CBOIO OYepeb IMOKa3aTeNb KauecTBa OOCIY)KUBAHHS PACKIIAbl-
BaeTCsl Ha CKOPOCTh INEpeAadu JaHHBIX, 33JCPKKY, IKUTTEP U
BEPOSITHOCTH TIOTEPb, B3SITHIE C COOTBETCTBYIOIIMMH BECOBBIMHU
ko3puumentamu f3:

I:Qos =pQ - £Q — BQ, - B.Qp> 2B =1

FD ) FL " FP — YaCTHBIE I10KA3aTeNu CIEKTPpaJlb-

(20)

Ilouck pacnpeneneHus pecypcoB, MAaKCHMH3HPYIOLIETO
¢ynkmo J(X) mpu OrpaHMYEHHSX Ha 3aHATOCTh PECYpPCHBIX
0JI0KOB, MMHUMaJIbHO HEOOXOIMMBIH OOBEM pecypcoB M Ipe-
JEJIbHO JIOMYCTUMYIO 3aAepXKKy, LeIecoo0pa3HO HPOBOJUTDH

MeTogoM MHoxutenedl Jlarpamxa [46]. CooTBeTcTBYyOMIas
¢ynkiys Jlarpanka UMeeT BUJL
L =J(x) +ﬂl(1 Zixij)+ i 1)

+4, (2% = R™)+ 4, (Dyp, — D)

riue 11, ﬂz, ﬂs - MHOKUTENU Jlarpanixa, COOTBETCTBYIOLLUE KaXkK-

noMy u3 orpannyeHui. CtanuoHapHas TOYKa, OTBEYAIOIIas Ol-
TUMAJIBHOMY pacIpe/ieIeHHI0 PEeCypcoB M OJHOBPEMEHHO Y0-
BJICTBOPSIONIAs] BCEM HAJOKEHHBIM OTPAHUYCHUSAM, OIpeesieT-
Csl yCIIOBUEM PaBEHCTBA HYJIIO YacTHOM MPOM3BOAHON (DYHKIMU

a
OX.

ij
CeTh PAZMOOCTyNa TPEJCTABIAET COOOM CHUCTEMY, M3MEHSIO-
LIyIOCS BO BPEMEHH, LIEIEeCO00pa3HO MEPEHTH OT CTATHYECKOTO
OITUCAHMsI K AMHAMUYECKON MOJIEIH.

Tekymiee cocTosiHEE CETH Ha mmare K TMpencTaBisieTcs BeK-

topom s(k) = L(k),SINR(k),CQI (k),D(k),P(k) ] - Mepexox x

cjeayromemMy COCTOAHUIO, BBbI3BaHHBIN Kak yapaBJiaAOnuM BO3-
ﬂeﬁCTBHGM XApp, TaK U BHCIIHUMHU U3MCHCHUSAMU CPEAbI, OIU-
CbhIBACTCAd PA3HOCTHBIM YPABHCHUEM

s(k + 1)=f(s(k),u(k))

rae u(k) — YHpaBISIONIEe BO3AEHCTBHE, (GOPMHUPYEMOE TIPHIIO-

Jlarpamxka 1o mepeMeHHBIM Ha3HAYEHUS — (- Hockombky

(22)

KEHHEM XApp Ha OCHOBAHUH TEKYILETO COCTOSHUS CETH B BHIC
BekTtopa. COOTBETCTBEHHO, 3a7a4a rApp cocTouT B (popmMupoBa-
HHH [TPOTHO3a CIEIYIOIET0 COCTOSHUS

S(k + 1)=F(s(k))

Ha OCHOBAaHMH KOTOPOI'0 BBIYUCIACTCA CKOPPEKTUPOBAHHOC
YyIpaBJsAroniee BO3)IeﬁCTBH€ Ha CJICAYIOLICM Hiare:

uk + 1)=G(s8(k + 1))-

(23)

24

Bripaxenus (22)-(24) o0pa3yroT 3aMKHYTHIH KOHTYP HHTEIN-
JIEKTYaJIbHOTO YIPABICHHUS, B KOTOPOM JIOJITOCPOUYHBIH IPOTHO3,
(dhopmMupyeMbIif TApp, HEMPEPHIBHO YTOYHSET ONEPAaTHUBHBIE pe-
LIeHUs, TPUHUMaeMble XApp. OyHKIIMOHUPOBaHNE XAPpP MOXKET
OBITh TaKoKe MPEJCTaBICHO KaK 3aJada 0Oy4eHHs C MOJKperIe-
HHUEM, B KOTOPOH IOCIIe KXKIOTr0 YIPABISIONIEIO BO3JICHCTBHS
areHT I0JIy4aeT BO3HArPaXKAeHHUE, OTPAXKAIOILEee [IPOU3OLIEAIIee
M3MEHEHHE KIIIOUYEBBIX ITOKa3aTelieil ceTu:

R =nASE +7,AQ0S —n,AD—-n,AP, 27 =1. (25)

HpI/I HCIIOJIB30BAHUHU AJITOPUTMaA Q-O6y‘ICHI/IH OII€HKAa IICHHO-
CTH HeﬁCTBHﬂ a B COCTOSIHUU S OOHOBJISICTCS 10 IpaBuiry

Q(s.a)=0Q(s,a)+a[R+ymax,Q(s",a)— Q(s,a)]- (26)

re & — CKOpoCTh 00yuenus, y — KOI)OHUIMEHT TUCKOHTUPO-

BaHUs OYyIyIIMX BO3HATPaXICHWH, S’ — COCTOSHHUE, B KOTOPOE
MIEPEXOINT CETh IOCIIE TOTO, KaK B TEKYIIEM COCTOSHHUHU S OBLIO
BBITIOJIHEHO JIEHCTBUE a.
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JIMHAMUKY M3MEHEHHs YPOBHS 3aTPy3KH CETH IeIecoodpas-
HO PaccMaTpPUBaTh KAK Lenb MapKkoBa ¢ KOHEUHBIM MHOKECTBOM
cocTosgHHH S = {S],Sz,, . ,,Sn} , KaXKJIO€ M3 KOTOPHIX COOTBET-

CTBYET OIpECIEHHOMY AMana3oHy Harpy3ku. [lepexompr MexIy

COCTOSIHUSIMU OIMUCBIBAIOTCS MaTpuLen BEPOSITHOCTEH
P = [ pijJ , rae
pij:P(St+I:j|St: i)’szijzl' 27

Ha ocHOBaHMU HaKOIIEHHOW MaTPUIIBI IEPEXOA0B TApp pac-
CUNTHIBAECT BEPOATHOCTH BO3ZHWKHOBEHUS TEPETPY3KH COTHI B
TOCIIEAYIOIINE HMHTEPBAJIbl BPEMEHM, UTO HCIOIB3YETCS Kak
OJMH M3 BXOAHBIX MapaMeTpoB HpH (HOPMUPOBAHUH INIPOTHO3A
Harpy3ku. [IoTok Mosb30BaTENbCKUX 3asBOK OMMCBHIBACTCS ITyac-
COHOBCKHM IIPOLIECCOM C MHTEHCHBHOCTBIO A , HHTEHCUBHOCTD
0OCITy’)KMBaHUs TIPHHAMAETCS paBHOH 7 . COOTBETCTBYOIIMH

KO3 (UIMENT 3arpy3KN CHCTEMBI p = A/ 4/ TIO3BOJIAET, B paM-

Kax MOJEIM MaccoBoro odcmyxuBanus M/M/1, momy4uth BbI-
pakeHHe JUIsl CpeJTHel 3a/IepKKH 00CITYKMBaHHS 3asBKH:

Do_ L | (28)
u -1

M TTIOKa3bIBACT, YTO IIPU HpI/I6J'II/I)KeHI/II/I HMHTCHCUBHOCTH MOCTYTII-
JICHHSI 3a5BOK K IPEACIbHON MPOIYCKHOW CIIOCOOHOCTH CHCTE-
MBI 3aJiepyKKa 00CITy)KMBAaHUS CTPEMUTCS] K OECKOHEYHOCTH, YTO
U O00BACHICT HEOOXOIMMOCTh YIPEKIAIONICr0 BMEIIATEIbCTBA
XApp 0 JOCTHKCHHS KPUTHUCCKUX 3HAYCHHU KOX(PPHUIIMCHTA
3arpy3ku. O0001ass NpUBEAEHHBIC BBIIIC COOTHOIICHUS, B3aH-
MOJICHCTBHE XApPp U TAPpP MOXHO MPEICTABUTH B BHJIC 3aMKHY-
TOTO0 KOHTYypa YIpPaBJICHUS ¢ 0OPaTHOW CBSI3bI0, BKJIFOYAIOIICTO
JIBA YPOBHS NPUHSTHS PEUICHUN — OMEPAaTUBHBIA U CTpaTeruye-
ckuil. BekTop cocTostHMS ceTH Ha miare K mpuHMMaer Buj

x(k)=[ L(k),SINR(k),CQI (k),B(k),D(k),P(k)] - rze L(k)
— KO3 GUIHEHT 3arpy3KH PaTuopeCcypCcoB, SINR(k) — OTHOLE-
uue cursan/mym u untepdepenums, CQI (k) — HHAUKATOP
KauecTBa KaHajia, B (k) — TeKyll[asi MpOIyCKHas CrOCOOHOCTS,
D(k) — CcpemHAs 3amepiKKa, P (k) — BEPOATHOCTH TIOTEPH TIa-
keroB. IlycTh u(k) — yIpaBisIoIee Bo3aeicTBrE, GopMupye-

Moe XApp; Toraa AMHAMHKA CETH OMHCHIBACTCS IMHEHHON Mojie-
JIBIO IIPOCTPAHCTBA COCTOSTHUI

x(k + 1)=Ax(k)+Bu(k)+w(k). (29)
rae A — matpuia, oTpaxkaronias COOCTBEHHYIO AUHAMHKY CETH,
B — marpuna ynpasienust, W(K) — BeKTOp CIy4allHBIX BHELIHHX
BO3MYLICHHH (M3MEHEHHUE IMOJIb30BATEIBCKON HArPY3KH, MHTEP-
(bepenims, nepemenieHre aboHeHTOB). Bektop cocrosHus X(K)
ocTyImaer B rApp, rae GopMHUpyeTcsi IPOTHO3

x(k + 1)=F(x(k))

PICHOJIL3yeMI:II>i 3aTEM IIPpU BBIYUCIICHUU YIIPABJIAOLICTO 1303)1e171-
CTBUA CICAYIOLICTO Hiara

utk + 1)=G(x(k + 1))-

(30

€2))

ELECTRONICS. RADIO ENGINEERING

Beipaxkenus (29)-(31) o0Opa3yioT MojHyl MaTeMaTH4ecKyIo
MOJIeNb B3aUMOACHCTBUS XApp U rApp: pe3ynbTaT MPOrHO3UPO-
BaHMs, (HOPMHUPYEMOTO Ha JJTMUTEIILHOM BPEMEHHOM T'OPU3OHTE,
HEIOCPECTBEHHO OIpEe/eseT ONepaTUBHOE YNPAaBIAIOIIee BO3-
JieiicTBre, peann3zyeMoe Ha ropu3oHTe near-real-time. Cyme-
CTBYIOIIME JITOPUTMBI IUIAHUPOBAHMS paanopecypcoB — Round
Robin, Maximum Throughput, Proportional Fair — onuparorcs,
KakK TpaBHJIO, HA OJMH-/IBA MOKa3aTels (04epEIHOCTh 0OCITyKH-
BaHMS, MTHOBEHHYIO CKOPOCTh NEpeiavyl MM OTHOIICHHUE TEKY-
el CKOPOCTH K CpelHEH) M BCJIEJACTBHE 3TOr0 HE CIOCOOHBI
OJTHOBPEMEHHO YYMTHIBATh Kau€CTBO KaHaJa, IPHOPUTET CEPBU-
ca, O)KUIAEMYI0 IMHAMUKY Harpy3Kd ¥ UCTOPUIO OOCITYKUBaHMS
aboHeHTa. [[ng ycTpaHEHHUs 3TOro OTpaHUYEHHs B CTaThe BBO-
JIUTCSL UHTETPAJIbHBIM KPUTEPUN IPUOPUTE3ALUU I10JIb30BATEISL

[47]

¥ =qQ+aS+af+oH-aDb, X o =1, (2

rae (Q — KayecTBO pa/jHoKaHaia IM0JIb30BaTeNsl, S, — MPUOPHTET
IIPEOCTABISIEMOr0 cepBuca,  — MPOrHO3 HArpysku, paccyu-
TaHHBIA TApP, H, — K0O9((OULUEHT CIPaBEUINBOCTH 00CITYKH-
BaHMsI, HAKAIUTMBAIOLIHIT HCTOPHIO pacnpe/ieeHus pecypcos, D

— TeKyIIas 3ajepXKKa mepeaadn. PecypcHblil OIOK 3aKperiseTcs
3a MOJIb30BATEIEeM, JIJISI KOTOPOTO JIOCTHTaeTCsl MaKCUMalbHOE
3HAYCHHUE KPUTECPHSL:

u* = argmax'¥;.

[IprHOIMNMATEHOE OTIMYME TPEUIOKEHHOTO KPUTEPHUS OT
N3BECTHBIX AITOPUTMOB IUIAHUPOBAHUSI COCTOUT BO BKJIIOYEHHH
B HETO NPOrHO3a Harpysku F, Gopmupyemoro rApp: peienne o

(33)

pacrpeeneHl pecypcoB NPUHUMAETCSI TEM CaMbIM HE TOJIBKO
Ha OCHOBaHUM TEKYILEro COCTOSHUS pajuoKaHala, HO U ¢ yué-
TOM OJKH/IA€MOTO M3MEHEHUS yCJIOBHH (DyHKIIMOHUPOBaHHS ce-
TH. JIJ1s1 OLIEHKM YCTOMYMBOCTH 3aMKHYTOTO KOHTYypa yIpaBiie-
Hust (29) BBoAnTCA KBagpatuuHast GyHKIms JIssmyHOBa

T
V(k)=x"(k)x(k)=0. (34)
AcuMnToTuyeckas YCTOIZQHBOCTB IPpECAJIOKCHHOTO aJlrOpUT-
Ma yIpaBJICHUS UMECT MECTO, €CJIU PA3HOCTH 3HAYCHHI (l)yHK—
Ja8%0%1 .HFIHyHOBa Ha COCCIHUX MIarax OTpulaTejabHa:

AV =V (k + 1)-V (k) <0. (35)

IToacranoBka momenu coctosiHus (29) B BeIpakenue (34)
naér V (k+1)=x"A"Ax+2x"A'Bu+u'B'Bu, orkyra

CJIEIyeT, YTO MPH BBHIMOIHEHUH ycloBHA (35) cuctema octaéres
ACHUMITOTHYECKH YCTOWYMBOW: Jake€ IpPU KpPaTKOBPEMEHHBIX
neperpys3kax CeTH yIpaBiseMble MapaMeTpbl BO3BPAIAIOTCS K
YCTOMYMBOMY PEXHMY (DYHKIIHOHHPOBaHUSI O€3 BO3HHUKHOBEHHUS
He3aTyXarommx KojeOanui. [IpakTuueckass NPUMEHUMOCTb
npeanoxenHoro kpurepus (32)-(33) B koHType near-real-time
RIC ompenensercst BBIUUCIUTEIBHON CI0XKHOCTBIO €r0 peanusa-
uuy. Borunenenne sHadennst P, st kaxjoro us N monbsosa-

teneii Tpebyer O(N) omepauuit; mocnenyroniee paHKupOBaHHE

MOJTb30BaTeIel 0 yOBIBAHUIO \Pi _O( N .Iog -N ); pacnpene-

nenne M PECYPCHBIX 0JIOKOB MCKIY YHNOPAAOYCHHBIMU IOJIB30-

-
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Baressimu — Q(M). CymmapHasi BBIYHCIHMTENBHAS CIIOKHOCT

QIITOPUTMA COCTABIIACT, TAKUM 00pa3oM,

O(N-log-N+M), (36)
TOrja Kak MOJHBIA IIepe0op BceX BO3MOYKHBIX BAPUAHTOB
3aKPEIUICHUS. PECYPCOB TOTPEOOBaN Obl O(N . M) ornepanuii.

ITomy4ennass omeHKa MOATBEPXKIACT MPUMEHHUMOCTH MPEAJIo-
’KEHHOT'0 allrOpUTMa JUIs peaju3alii B KOHType near-real-time
RIC, rne TpeboBaHusl K BPEMEHHU MPUHSTHSL PELICHUS] COCTABIIS-
IOT JIECATKH MIUIHCEKyHJI. C y4éToM TOro, 4To INpHMEHEHHE
UHTEJUIEKTYyaJIbHOTO  aJTOPUTMa  paCMpeNeleHuss pPecypcoB
OMpaBJaHO NPEUMYIIECTBEHHO B YCJIOBUSAX MOBBIINIEHHON 3a-
TPY3KH CETH, BBOJAUTCS KPUTEPHUH BHIOOpa CTpaTErHy yIpaBlie-
HUSI B 3aBHCUMOCTH OT TeKyIero koaguimenra 3arpysku L:

RR,ecrmu L <0,4
Policy =< PF, ecau 0,4<L<0,75°
Al, eciu L >0,75

€0

rae RR — Round Robin, PF — Proportional Fair, Al — npex-
JlaraeMblii QJITOPUTM Ha OCHOBE XApp, YTO IMO3BOJISIET CHU3UTH
BBIYHMCIINTENIBHYIO HAarpy3Ky Ha KOHTpOJUIEp TIPH YMEpPEHHOU
3arpy3Ke CETH, 3aJeHCTBYS WHTEIUICKTYyaJbHOE YIIPABICHHE
JIMIIB TI0 Mepe NMPUOIMKEHNS CETH K COCTOSHHIO IIeperpy3ku. B
oTINune 0T (PUKCHPOBAHHOTO HAOOpa BECOBBIX KOA(PPHUINECHTOB
@ B BbIpaxeHnH (32), B MOJENH MPETyCMOTPEHA UX aBTOMATH-

Yyeckass KOPPEKTHPOBKA IO pe3yibTaraM paboTel cetu. Ilycth
e(k) :QoStarget_QoS(k) — OTKIOHEHHE (HaKTUIECKOTO
KadecTBa OOCTyXHMBaHUS OT 1eieBoro 3HaueHus [48]. Torma

OOHOBJICHHE BECOB Ha OYEPE/HOM IIare MpOW3BOJUTCS IO Tpa-
BUITY

o (k + )=, (k)+ne(k) (38)

C TOCIIEAYIOICH HOPMHUPOBKOMH, 00CCIICUNBAIOIICH BBITOJHCHUE
YCIIOBUA Za)l =1:

@ = a . (39)
by @
TIe 77 — CKOPOCThb aJanTanuu. braromaps (38)-(39) monenn

CIOCOOHA CaMOCTOSATENIbHO H3MEHATh OTHOCUTEIbHYIO 3HA4YM-
MOCTb OT/ICIbHBIX KPUTEPHEB 110 MEpPE M3MEHEHHUs KayecTBa 00-
CIy’)KUBaHUsI, HE TpeOys py4HOH IIepeHacTpPOMKH IapaMeTpoB
anroput™Ma. OObeTUHEHHE NPHUBEAEHHBIX BBIIIE COOTHOIICHHH
MO3BOJISIET ChOpMyNIMpPOBAaTh UTOTOBYIO 3a7ady ONTUMAaJIbHOTO
pacrpenieneHusl paluopecypcoB, PelIaeMylo B paMKax MpeIo-
JKEHHOH MOJieNH B3auMoJeicTBust XApp u rApp:

max J = SE+2,Q0S + R—a,D—a.P—¢, L (40)
Rimin; Ci > Cimin;

L<1; AV <0, tne SE - crnekrpambHast

IIpH OrpaHUYECHUIX zixij <1
D<D.,:P<P_:
s¢dextuBHOCTb, QOS — MHTErpajbHbIH NOKa3aTelh KadyecTBa

obcnyxuBanusi, R — QyHKIMA BO3HATPAXKIEHUS HHTEIUIEKTY-
anbHOro arenra xApp, D — cpenmsst sanepxkka, P — Bepost-
HOCTh [OTepH IakeToB, L — xosdduiment 3arpy3ku paauope-

cypcoB, a ycioBue AV < ( obecrnedymBaeT aCHMIITOTHYCCKYIO
YCTOWYMBOCTH IOJy4aeMoro peuieHust B cMmoicie (35). Paspabo-
TaHHAs MaTeMaTHYECKas MOJENb OXBATHIBACT KAK CTATHYCCKYIO
3aja4y pacnpenencHus (U3NYECKUX PECYpCHBIX OJOKOB, Tak U
JMHAMUKY B3aUMOJICHCTBUS XApp ¥ rApp BO BpEMEHH, BKIFOYAst
MPOTHO3UPOBaHKUE HArPY3KH, aJalTallii0 BECOBBIX KOA(duIu-
CHTOB U MPOBEPKY YCTOWYMBOCTH MONYYaEMbIX PEIICHHUMH, YTO H
COCTaBIISIET TCOPETHUCCKYIO OCHOBY JATBHEHIIIETO WMHUTAIIMOH-
HOTO MOJICITUPOBAHNS, H3JI0KEHHOTO B pasjere 3.

3 Onucanue pa3padoTaHHOl Moaeau XApp/rApp
B cpene MATLAB Simulink

Jdnst onenkn 5((eKTHBHOCTH TPEATIOKEHHOTO aIrOpUTMa
MHTEJUICKTYaJIbHOTO PaCIpe/eICHUs] paJlopecypcoB Oblia pas-
paborana nmurannonHas mMonens B cpene MATLAB Simulink,
BOCITPOM3BO/IAIIAST B3aNMOICHCTBHE KOMIOHEHTOB XApp U rApp
B apxutektype Open RAN (puc. 1). Ilo cBoeit cTpykType Mo-
JIeTb TPE/ICTABISIET 3aMKHYTYIO CHCTEMY YMpaBleHHs ¢ oOpart-
HOW CBS3BIO M OOBEAMHSACT MATH (DYHKIIMOHAJIBHBIX OJIOKOB: Te-
HEpalMIo I0JIb30BATEIbCKOTO TpaduKa, MOJCIUPOBAHUE CETH
panuonocTtymna, cOop TeNeMETPUUECKUX AaHHbBIX, MPOTHO3UPOBA-
HHE Harpy3KH M NPUHATHE PEeLICHHUI O TmepepacipeiesieHud ¢u-
3UYECKUX PECYPCHBIX OJIOKOB.

[Tono6nas opranuzaiyst Mojienu 1aéT BO3MOXKHOCTh TPOCIIe-
JAUTH NOBCACHUE CUCTEMBI YHNPABJIICHHUA IIPU U3MCHCHHUHU YUCIIA
AKTUBHBIX I10JIH30BATEICH, HHTCHCUBHOCTU TpaduKa M XapaKTe-
PHUCTHK pajvOKaHajla, a TaKkXKe OLEHHThb, KaKk pa3padOTaHHBIE
ITOPUTMBI BIMSIOT Ha 3(P(EKTUBHOCTh MCIOIB30BaHUS PAINO-
YaCTOTHOTO CIIEKTPAa W HA HTOTOBOE KadyeCTBO OOCIYXKMBaHHS
aOOHEHTOB.
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Puc. 1. CtpykrypHas cxema UMUTAIIMOHHON MOJIENIN B3aUMOJICHCTBUS
xApp u rApp B cpene MATLAB Simulink

MonenupoBaHie HayWHACTCS ¢ (DOPMUPOBAHHS BXOHOTO
MOTOKA TOJIb30BATENbCKUX JIAHHBIX, 32 KOTOPBI OTBEUaET MOJI-
cucreMa reHepanuu tpaduka. E€ Ha3HaUYeHHE COCTOUT B HMHUTA-
MU TOBEICHUSI A0OHCHTCKUX YCTPONCTB CETH MSATOTO ITOKOJIC-
HUS U B BOCIIPOM3BEJICHUU Pa3HOOOPA3HBIX CIICHAPUEB HATPY3-
KW, TTPUOIIKEHHBIX K PEabHBIM YCIOBHAM JKCIDTyaTalldd MO-
OomnpHOM cBsa3u. KaxkmoMy aOOHEHTY B MOJEIH IPHUCBAMBACTCS
Ha0Op MHAMBHUIYAIbHBIX MapaMETPOB OOCITY)KUBAHUSI — WHTEH-
CHUBHOCTh TEHEpaIlH ITaKeTOB, TpeOyemas CKOpOCTh INepeaadn
JMAHHBIX, KJIacC OOCITYKUBAaHUS W MPHOPHUTET MPEIOCTABIIEMOTO
cepBuca. MITHTEHCUBHOCTh MOCTYIUICHUS MAKETOB 3aJaéTCs Kak
CIIydaitHbIN Mpoliece, MO JYUHEHHBIN 3aJaHHOMY 3aKOHY pacripe-
JIEJICHUsA, YTO MO3BOJISIET BOCIPOU3BECTH XapaKTEPHYIO JJis CO-
BPEMEHHBIX CeTel HEPaBHOMEPHOCTH MOJIb30BATEIbCKON aKTHUB-
HocTu. ChopMUPOBAHHEII TaKUM 00pa30M MOTOK JTAHHBIX TEpe-
Jaéred ajnee B MOJEINb CETH paguoI0CTya.
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[ToxcucremMa MOAETUPOBAHUS PAJUOCETH BOCIPOU3BOAUT
OCHOBHBIE TIpOIlecChl (YHKIIMOHMPOBaHUS 0a30BOM CTaHINH
ITOro mokoneHus. Ha 3Tom sTame mist Kakqoro Mmojab30BaTels
pacCUUTHIBAIOTCA MHapaMeTpbl pafgvoOKaHala, OINPENeNIsIoIue
BO3MOXKHOCTh MEpEaddl JAHHBIX C 3aJaHHBIM KauecTBOM O00-
CIIy’KMBaHHUS: OTHOLIEHHE MOLIHOCTH IOJIE3HOrO CHrHalla K
CyMMapHOH MOIIHOCTH ITyMa M MEXCOTOBOH HHTep(hepeHIH,
nnaekce kadecta kanana (CQI), moctymHast CKOPOCTh Mepeaaym,
K03(D(DUIMEHT UCIIOIb30BaHUSI (PM3MYECKUX PECYPCHBIX OJIOKOB,
BEPOSATHOCTH ITOTEPH ITAKETOB U CPEIHSAS 3a1EPIKKA.

CkopocTh TIepeiaud BBIYMCISETCS Ha OCHOBE (HOPMYJIbI
[llennona

C, = Bog, (1 + SINR).

rie 3 — TIoJIoca TIPOIYCKaHUs, BBIICICHHAs IOJIB30BATENIO, a
SINRi XapaKTepu3yeT TEKYyIlee COCTOSHUE €ro paJuoKaHasa.

[TockonbKy BBIAEIEHHAS TOJIOCA OMPEAENIeTCs YMCIOM HaszHa-
YEHHBIX PECYPCHBIX OJIOKOB, JIF000E€ M3MEHEHHE CXEMBI UX pac-
MIPEAEIECHNs HAPSIMYIO OTPa’kaeTcsl Ha MPOIYCKHOM CIIOCOOHO-
CTH, TOCTYITHOW KOHKpeTHOMY aboHeHTy. [lommmo pacuéra ma-
paMeTpoB pairoKaHala, MOJIeNIb BOCIPOU3BOIUT O0CITy)KUBAHNE
BXO/sAlIero Tpaduka ¢ HMCIOJIb30BAaHUEM CHCTEMbI MacCOBOTO
obciyxuBanuss M/M/1, 4To 1aéT BO3MOYKHOCTh AHATMUTUYCCKU
OLICHUTH BJIMSHUE MEPErpy3KU CETH Ha 3aJIePXKKy Mepelaun JaH-
HbIX. [Ipy WHTEHCHBHOCTH MOCTYIUICHUS TAKETOB 4 W WHTCH-
CHBHOCTH OOCITy)KMBAaHHS [/ CPETHEE BPEMs OKHIAHUS OIpPEE-

1 .
- A

Ilony4yeHHas 3aBUCHMOCTb JEMOHCTPUPYET PE3KUU pOCT 3a-
JIEP)KKH 110 Mepe MPUOIMKEHUS] MHTEHCHBHOCTH ITIOCTYTIIICHUS
MAKeTOB K MpPEIeNbHON IMPOMYCKHOW CIIOCOOHOCTH CHCTEMBI —
3¢ deKT, XOPOIIO COMIACYIOIIUICS C PealbHbIM MOBEACHHEM MO-
OMJIBHBIX CEeTel B YCIIOBHUSIX HEPErpy3KH COTHI, KOT/a YBEINUCHUE
YHClIa aKTUBHBIX ITOJIB30BaTEIICH MNPpUBOJUT K 06pa30BaHI/IIO o4e-
peneit W nerpajanyy KadecTBa OOCTy:KUBaHUS. PaccunTaHHBIC
napaMeTpbl padoThl PaMOCeTH TOCTYNAIOT B MOJCUCTEMY cOopa
TENIeMETPUIECKON MH(POPMALMK, UIMUTUPYIOIIYIO0 (QyHKIIMOHUPO-
Banue uHTepdeiica E2 apxurextypsr Open RAN. E€ 3amaua 3a-
KJIFOYaeTCsl B arperaniy JaHHBIX OT JJIEMEHTOB PaaNOJOCTyIa B
€IMHBII BEKTOP COCTOSIHHS CETH, BKIIIOYAIONMH KO3()(HIUEHT
UCTIONB30BaHMs (PU3MYECKUX PECYpCHBIX OJOKOB, OTHOIICHHE
CHUTHAJ/IIyM W WHTep(epeHIms, MoKazaTeldh KauyecTBa KaHaua,
CPEIIHIOI0 3aJICP)KKY, BEPOSITHOCTH IMOTEPU IAKETOB, TEKYIIYIO
MIPOITYCKHYIO CIIOCOOHOCTB COTBI M UHCIIO aKTUBHBIX MOJIB30BATE-

neii: - x(k)=[ L(k), SINR(K), CQI (k), B(k), D(K), P(k)] - rze
L(k) OTpaXkaeT 3arpysKy paauopecypcoB, B(k) — IPOIYCK-

JIA€TCA BbIPpAKCHUEM D —

HYIO CIIOCOOHOCTB CETH, D (k) — CPEIHIOIO 3a/IePIKKy TIEpeNadn
JaHHBIX, P (k) — JIOJTIO MTOTEPSIHHBIX MAKETOB.

CchopmupoBaHHBIH TaKUM 00pa3oM BEKTOpP COCTOSIHHS OJHO-
BpeMeHHO Tepenaéres B rApp U XApp, obecriedynBasi CHHXPOH-
HYI0 paboTy 000MX KOMIIOHEHTOB MHTEJJIEKTYAJIBHOTO YIIpaBie-
nust. [Ipusoxxenue rApp QpyHKIMOHUPYET B COCTaBe KOHTPOJLIe-
pa Non-RT RIC u pemaer 3aady J10JIrOCPOYHOTO aHallM3a CO-
CTOSTHHSI CETHM M IPOTHO3MPOBAHUS M3MEHEHUs Harpysku. Ha
MIEpBOM DJTare MOCTYNAIoMIasi TeJIeMETPHs MOABEPracTcs Mpe-
BapUTEIbHOW 00paboTKe: (GHUIBTPYIOTCS CiIydaiiHble BBIOPOCHI,

ELECTRONICS. RADIO ENGINEERING

BBIMOJIHSACTCSI YCPEAHEHUE M HOPMHUPOBAHUE TOKa3arenei, Gpop-
MHPYIOTCSI BpeMeHHbIe psiibl. Ha 0CHOBE MOATrOTOBIEHHBIX JaH-
HBIX CTPOHTCS MPOTHO3 MOJIH30BATEIBCKOTO TpaduKa MO MOICITH

A(k+1)=F (A(k), A(k=1),...,2(k —n)), Tae dynxuus
F () HPENCTABISIET COOOM MCIIONB3yEMBIH aITOPHTM IIPOTHO3H-

poOBaHMs, OIECHUBAONMK Oyxayliee 3HaYeHHWE HArpy3Kd I10
MIPEIECTBYIOMNM Ha0moAeHusAM. [lomydeHHbI NporHo3 mos-
BOJISIET 3apaHee OICHUTH OXHMIAEMYIO 3arpy3Ky COTBI, BEpOSIT-
HOCTbh BO3HHKHOBEHUS TIEPErPY3KH, MPEIIOIATacMOe H3MEHEHHE
MPOIYCKHOW CHOCOOHOCTH M CTEIEHb HCIIOJIb30BaHMs (hrusmue-
CKHX PECYPCHBIX OJIOKOB.

OTH CBEJCHMA TEpelaloTcsl B MPMIOKEHHE XApPp M CIIyXaT
OCHOBaHHMEM JUIs BbIOOpa HamOosiee IMOIXOMIIEH CcTpaTernu
pacmpezeneHus pecypcoB, a He MPOCcTo (PUKCUPYIOTCSl KaK CIIpa-
BouHasi uH(popmanus. [Ipunokenne XApp BCTpOEHO B KOHTPOJI-
nep Near-RT RIC u oTBedaeT 3a onepaTUBHOE yINpaBlICHHE pa-
JIOpecypcaMy MPaKTHYECKH B pPealbHOM BpeMeHH. B oTimmume
OT TPAJWIHMOHHBIX AJITOPUTMOB IUIAHWPOBAHUS, ONUPAIOIINXCS
Ha (UKCHPOBAHHBII HAOOpP TPaBWII, MPEIJIOKEHHBIH aJITOPUTM
CTPOUTCS HA MHTErPajbHOM KpUTEpHH 3PPEKTUBHOCTH, TO3BO-
JSIFOIIIEM  YYWTBIBATh CPa3y HECKOJIBKO TIOKa3aTesiell KadecTBa
oOcmyxuBaHuA. [ KaXKI0T0 aKTHBHOTO TOJIb30BATENS BBIUUC-
JISIETCS. 3HAYEHHUE \Pi :leu +a)2Si +a)3|:i +a)4Hi —a)SDi, rue QI
XapaKTepusyeT KauecTBO pajuoKaHaia, S, — IPHOPHUTET MpeJo-
CTaBJISIeMOr0 cepBuca, | — NMPOrHO3 Harpy3KH, MOJIYYCHHbIH OT

rApp, H,

BaHWs T0JIb30BATENst, a [} — €ro TeKymlyto 3aiepiKKy Hepenadn

— KOO QUIIMEHT, YUYUTHIBAIOIIUI UCTOPHIO OOCITYKH-

JTAHHBIX.

BecoBrie k03 uUIMEHTH MOIOMPAIOTCS TaKUM 00pa3oM,
4YTOOBI X CyMMa ObliIa paBHA €MHUIIE, YTO MO3BOJISIET KOPPEKT-
HO OOBEIMHUTH Pa3HOPOAHbIE KPUTEPUH B €IUHYIO OLIEHOYHYIO
¢ynkuuo. Tlocne BbIYHCICHHST 3HAUYCHUN V. mnomnb3oBarenu

PAHXXUPYIOTCS IO TMPUOPUTETY, U PECypCHBIC OJIOKU pacrpeje-
JISFOTCS TIOCIIEI0BATEILHO, HAUYMHAs ¢ A0OHEHTOB C HAUBBICIIUM
3HaueHueM kpurtepus. [Ipu 3TOM TEXHOIOTHsI MHOKECTBEHHOTO
nocryna OFDMA HakiaabIBaeT TOMOJIHUTEIbHOE OrpaHUYEHUE:
B Mpelelax OJHOT0 BPEMEHHOTO HWHTEpBaja KaKIbId (rsmye-
CKUH PECYpCHBIN OJIOK MOXKET OBITH 3aKPCIUIEH JIHIIb 32 OTHUM
M0JIB30BATENIEM, 9TO (dbopmMampHO ~ 3amHCHIBACTCS  Kak

ziN:lXijél'

Kaxaomy aOOHEHTY BBIJIESETCS MUHUMAJIBHO HEOOXO0MMOe
JJIS FapaHTHpOBaHHOFO KadyeCTBa 06CHy)KI/IBaHI/IH KOJIUYCCTBO
peCypcHBIX OJI0KOB, a CyMMapHasi Harpy3Ka Ha COTY He JOJDKHA
IPEBHIIATh AOIMYCTUMOIO IIPeJeNa - B POTUBHOM CIIy4ae CETh
TepsieT CHOCOOHOCTh CIPABIATHCS C OOCIY)KHBAHHEM Tpa(uKa.
Ilo 3aBepHIeHMH IIPOUENYPHI pacIpeneicHus (GOpMUPYETCH
YIIPaBJISAIONIEE BO3ACHCTBHE u(k), KOTOpOE Tepenaércs Ha Ga-

30BYIO CTaHIWIO M U3MEHSET IMapaMeTphl OOCITYy>KUBAHHS MOJb-
30BaTelNel, 3a CYET ATOTO peanu3yercss GyHKIHOHHPOBAHHUE WH-
TEJIEKTYAIBHOTO KOHTPOJUIEpa PeabHOTO BpPEMEHH, 00ecTeyn-
BAIOUIET0 HEIMPEPHIBHYIO aJaNTalMi0 CEeTH K H3MEHSIOIIMMCS
ycaoBusiM. st MpoBEepKH YCTOMUYMBOCTH MPEJJIOKEHHOTO allro-
pUTMa B MOJIeJIb BKJIFOYEHA JOTMOJHUTEIbHAS MOJICHCTEMA, BOC-
MIPOM3BOIAIIAS] BHEIIHUE BO3MYIIAIOLIUE BO3ICUCTBUS.

B xozme »sKcrepUMEHTOB BapbUPOBAJIUCh HHTEHCHUBHOCTH
MTOJTL30BATEIHCKOTO TparKa, YMCI0 aKTUBHBIX a0OHEHTOB, YpO-

—
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SNEKTPOHUKA. PAOMOTEXHUKA

BEHBb MEKCOTOBOH MHTEP(PEPECHIINH, TAPAMETPHI palHOCUTHATA U
CKOPOCTb IIEpEMELICHMsI I10JIb30BATEIEH, YTO I103BOJIWIO IpU-
ONM3HUTH YCJIOBUSI MOJICIMPOBAHMS K pEabHOM HKCIUTyaTalluu
CeTH W OIICHHUTH, COXPAHSET JIM AITOPUTM 3((HEKTUBHOCTD MPH
neperpys3Kkax M pe3kux U3MEHEHHAX BHELIHEH Cpeabl.

JluHaMuKa COCTOSIHMS CETH OMMCHIBAETCS TUCKPETHOW Moje-

mio x(k + 1)= Ax(k)+Bu(k)+w(k), rae marpuma A
oTpaxkaeT COOCTBEHHYIO AUHAMHUKY CeTH, Martpuna B — BiusiHune

YOPaBILSIIOIIUX BO3MIEHCTBHN, (HOpMHUPYEMBIX XApp, a BEKTOP
w (k) — CllydaliHble BHEIIHHE BO3MYIIECHUS, BBI3BAHHBIE U3Me-

HEHUSIMH TpapHKa U COCTOSHHS paJIMOKaHaa.

[To 3aBepmieHNM KaXJOTro IHKIAa MOAEIMPOBAHUS CHCTEMA
BHOBB COOMpAET TelleMETPUYECKHEe JaHHbIe, a OOHOBIEHHOE CO-
CTOSTHHE ceTH mepenaércs B rApp u XApp, GpopMupys TeM ca-
MBIM HENPEPBIBHBIA 3aMKHYTBIH KOHTYp YIpaBJeHHs, B KOTOPOM
pe3ynbTaThl KaXJIOro 3Tana ONTUMH3AIMU HCHOJB3YIOTCS IS
YTOYHCHHMS TOCICAYIONIMX PELICHUI O pachpelelieHuH pecyp-
COB, JaHHAs OpraHHM3alMsi B COOTBETCTBYET NPHUHLHUIIAM apXHu-
TekTypel Open RAN, mpeamomararomieil MOCTOSHHBIA OOMEH
nHdopManueil MeXIy ypPOBHEM JIOJITOCPOYHOTO aHalIM3a |
YPOBHEM OINEPATUBHOTO yIpaBieHus. [JJisi perucTpanny pesyiib-
TaTOB MOJICJIUPOBAHUS B MOJIEIH MPELyCMOTPEHBI OJOKH BHU3ya-
JIU3alUH, TO3BOJISIONINE OTCIIEKHUBATh JUHAMHUKY KIIFOYEBBIX
rokasareneil paboTbl ceTH — KOI(PPHUIUEHTa HCIIOIb30BAHHS
(U3MUECKUX PECYPCHBIX OJIOKOB, CpeIHEH 3alep>KKu Iepeiadyn
JIAHHBIX, BEPOSITHOCTH IOTEPH IMAKETOB, CIIEKTPAILHON 3 dek-
TUBHOCTH, CKOPOCTHU TIEpe/aun JaHHBIX M MHJEKCa CIIpaBeyIn-
BOCTH pacIpeieIeHHs PECYypPCOB MEXKIY MMOJIb30BATEISIMH.

4 AHaJu3 pe3yJIbTATOB MO/IeJIUPOBAHUSA

Ha puc. 2-7 npeacraBineHbl pe3yiabTaThl UCCIENOBAHUS pa3-
pabGoranHoii Monenu XApp/rApp. dunamuka koddduienta
HCII0JIb30BaHUs (PU3UUECKUX PECYPCHBIX OJIOKOB IPU CPAaBHEHHH
TPaJMIMOHHOTO AITOPUTMa M IPEAJIOKEHHOH Mojenu Ha Oase
XApp/rApp 1okaszaHa Ha puc. 2.

= = = Bey nenoasionane xApp AP
|——put senanusomammim xApp/eApp.

in =
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=
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Puc. 2. [lunamuka ko3 pUIHESHTA HCIOJIB30BAHNS (GU3HUECKUX
pecypcHBIX OJI0KOB ITPU TPaIULIMOHHOM aJrOPUTME pactpeiesieHUs
peCypcoB U NPeUI0KEHHOH MO/IeNI Ha OCHOBE XApp/rApp

Ha nayambHOM 3Tame MOJETHPOBAaHMSA 00€ KPHUBBIC NPAKTH-
YEeCKU COBIIA/IAIOT: CETh HCIIBITHIBAET BHICOKYIO Harpy3Ky Bcie[-
CTBHE HMHTEHCHUBHOIO IOJIB30BATENBCKOTO Tpaduka, a cucreMa

VOpaBICHUS €mE HE pacmojaraeT JJOCTaTOYHBIM OO0BEMOM
HAKOIUICHHBIX TEJIEMETPUYECKUX AAHHBIX A NPHHATHSA 000cC-
HOBaHHBIX peneHuid. [Io Mepe HaKOMIeHHs CTAaTUCTHKK KapTHHA
MeHseTcs — TApp (OpMHpPYeT HPOTHO3 MPEACTOSIIEro M3MEeHe-
HUS HAarPy3KH, & XApp Ha ero OCHOBE KOPPEKTUPYET pacmpee-
JICHHE PECYypPCHBIX OJIOKOB Mexay aboHeHTamu. biaromapst 3To-
MY BBICBOOOXKICHUE 3aHSTHIX PECYpCOB HAYMHAECT MPOUCXOJUTH
3aMETHO ObICTpee, YeM MPU TPAJUIHOHHON CXeMe MIaHHPOBa-
Hus. K 3aBepIICHHIO SKCIEPUMEHTA YPOBEHb 3arpy3KH CETH MPH
UCIIONB30BaHUN TPEIUIOKECHHOW MOJEIH CTaOHIM3UpyeTcss B
paiione 3Hauenus 0,2, Torma kak 0e3 HMHTEUICKTYaJbHOTO
YIIPABJICHUS TOT TIOKa3aTelb YACPKUBACTCS Ha OTMETKE OKOJIO
0,3. Tlomy4yeHHOE pa3inMyhe CBUAETEIHCTBYET O Ooiyiee pammo-
HaJBHOM HCIIOJIb30BAHUH PAJUOPECYpPCOB: 3a CUET CHMIKCHUS
3arpy3kd (popMUpyeTCs JOMOJIHUTEIBHBIA PE3epB IPOITYCKHOM
CIOCOOHOCTH, YTO MAET BO3MOYKHOCTH OOCITY)XHMBaTh OOJIbIICE
YKCII0 a0OHEHTOB 03 pHCKa BOSHUKHOBEHUS IEPErPY3KU CETH.

W3meHeHme cpemHeit 3aIepKKH TIepeiaui TaHHBIX B MPOIeC-
ce MOJICTUPOBAHUSI OTPAKECHO Ha pHC. 3.

= = ~her menoakonunm sAPP ARD
k Mpst mcsmosmusonannn XA rApp

Cpennas 3agepakn
=
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Puc. 3. lI3meHenue cpeHeil 3a1epKKu epeaayn MakeToB
B IIPOLIECCE MOCIUPOBAHUS

[Ipu ucromp30BaHUN TPATUIIMOHHON CXEMBI pacIpeeIeHUs
pecypcoB, TUIIEHHON JIEMEHTOB MHTEIUICKTYaJIbHOTO YIIpaBiie-
HUS, 3aJIepXKKa CHIDKAETCS] MEJUIEHHO: PECYPCHI 3aKpETUIIOTCS 32
MOJIb30BATEISIMH  HEPAaBHOMEPHO, BCIEJCTBHE YEro IaKeThI
HaKaruIMBalOTCs B oyepelsixX, a oomas 3((heKTUBHOCTh CHCTEMBI
nagaet. [Ipu pabore mpenioKeHHOUW MOJICIH 3aJepiKKa COKpa-
I[AETCS] 3HAYMTEIIBHO OBICTPEE U YXKE Ha MEPBOIl MMOJOBUHE BpeE-
MCHHOTO WHTEpBaJla MOJICIUPOBAHMS BBIXOJUT HAa CTaOMIBLHO
HU3KUH ypoBeHb. K 3aBepileHHIO SKCIIEpUMEHTa CpeaHss 3a-
JIEpKKa COCTABIIICT MOPSIIKA 5-7 MC, TOTJa KaK IIPH TPaIUIHOH-
HOM nojxoje oHa octaércs B npenenax 10-12 mc. [Homyuennoe
PACXOKICHHE HATJLIIHO IIOATBEPIKAACT CIOCOOHOCTH IIPEATIO-
JKEHHOTO aJTOPHTMa OIEPATHBHO TepepaclpeessiTh paanope-
CypCHI, HE [OITycKas MEPeNnoTHEHUs odepeneil, ¥ TeM CaMbIM
YAOBIETBOPATH KECTKUM TPeOOBaHUSAM K MHHHMAIBHOU 3a-
JIEPIKKE, TIPEIBSIBISIEMBIM COBPEMEHHBIMH CETSIMH TATOTO TOKO-
JICHHS.

JlnHamMuKa BEpOSITHOCTH TOTEPH MAKETOB JJIsi CPAaBHUBAEMBIX
aJrOpPUTMOB TPE/ICTaBJICHA HA puC. 4.

JlaHHbIi MOKa3aTeab AOCTUTaeT HAUOOBINNX 3HAYCHHH: CH-
cTema emé He ycrena aJanTUpPOBaThCS K TEKYIIUM YCIOBHSIM,
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Harpy3ka Ha paJHoOpPeCypChl OCTA&TCsl BBICOKOHW, a ajIropuT™M
pacrpeneeHusl pecypcoB neicTByeT 0e3 yuéra (haKTHIECKOro
COCTOSIHUSI panuokaHaia. [lo Mepe HaKOIUICHHS TeJIeMeTpHude-
CKHX JaHHBIX M BKIIOYCHHUS B pabOTy KOMIIOHCHTOB XApp U
rApp cUTyamus 3aMETHO YIIyYIIAeTCS — KOJIMYECTBO TOTEPSH-
HBIX TAKETOB IIOCIEJIOBATEIbHO COKpamaeTcs. K OKOHYaHUIO
9KCIICPUMEHTA BEPOSTHOCTh MOTEPH MAKETOB MPHU HCIIOJIE30Ba-
HUH TIPEJUIOKEHHONW MOJIENU MPAKTHYECKH CTPEMHTCSI K HYIIIO,
TOT/Ia KaK TPAJUIMOHHBII aJrOPUTM COXpPAaHSIET JAaHHbIH MoKa3a-
tens B quamnasone 0,005-0,01.

0,08 T
& TSRS SAPDEADR
wmaine WAPRTAPD

0,06 |

0 1[1] 20 30 40 50 60 70 s o0 10
Bpesn, ¢

Puc. 4. /lunamMuka BepOATHOCTU ITOTEPH MAKETOB
TP TPAJULUOHHOM aJITOPUTME PACTIPEETICHHS PECYPCOB
1 TIPEJI0KEHHON WHTEIIIEKTYaTIbHOW MOJICIIH

[Moy4yeHHBIH pe3yIbTaT HOATBEPKIAET, YTO COYETAHHE MPO-
THO3MPOBAHMS HArPY3KH M MHTEIUIEKTYaJIbHOTO paclpele/eHUs
(U3HYECKNX PeCYpCHBIX OJIOKOB I03BOJISAET IIPEIOTBpALIATh
HEeperoNHeHNe OYepeneil 1 TeM caMbIM ITOBBINIATH HaJEKHOCTD
nepeiau JaHHBIX B CETH.

W3menenne crekTpaibHOi 3()(EKTUBHOCTH CETH B XOjIe
BBIYHCIIUTEIILHOIO SKCIIEPUMEHTA IIOKa3aHO Ha PHC. 5.

3 - - - . .

&
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Puc. 5. Mi3meHeHme cieKTpaabHOM Y3 PEKTUBHOCTH CETH
B IIPOIIECCE MOJACIUPOBAHUS

Jlnst 000MX CpaBHMBAGMBIX AJTOPUTMOB HAOJIOAAETCS POCT
JIAaHHOTO TIOKA3aTeNsi TI0 Mepe CTa0WIn3aiuu paboThl CETH, OJl-
HAKO TMPH HKCIOJb30BAHUU TMPEAJIOKCHHOW MOIEIH 3TOT POCT
OKa3bIBAETCsl 3aMETHO 0oJiee MHTEHCUBHBIM. Yxke K 20-30-i ce-
KYHJIC MOJICIIMPOBAHMS CIICKTpaibHas 3()()EKTUBHOCTh JIOCTHIA-
eT ypoBHs mopsinka 4 out/c/I'1, a K 3aBEpUICHUIO dKCIICPUMEHTA
npuOikaercs K 3HaueHnto 5 our/c/I'm. [Ipn TpagunmonHo#H cxe-
M€ pacIpeAeiIeHUs PECypCOB TTOKA3aTeNb CTA0MIH3UPYETCS CYIIe-
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CTBEHHO HIDKe — Ha ypoBHe 3,5-3,8 out/c/I'u. [lomyuennoe pac-
XOXKJIEHHE TTOTBEPIKIAET, UTO MPEIOKEHHBIN aropuT™ obecrie-
4quBaeT OoJiee PAIMOHAIBHOE HUCIIONB30BAHNE TOCTYITHOTO PajIHo-

YaCTOTHOTO CIEKTpa M TMO3BOJIIET MOBBICUTH MPOMYCKHYIO CIO-
COOHOCTH ceTr 0e3 pacIIMPEeHNUS 3aHUMAaeMOH MOJIOCHI YacTOT.

JmHamuka uHAEKca CIpaBeJIMBOCTH paclpeesieHus: pecyp-
COB MEX/y I10JIb30BaTEIsIMU MPUBEJIEHA Ha pUC. 6.

R A TARs 1
—— [put srenomsonasini xAPR/eApp|

0 n 20 el 40 50 &0 70 B0 90 100
Bpema, ¢

Puc. 6. [lunamuka uHaekca cripaBeaauBocTu Jxelina
IIPU paclpeielICHUU PECyPCOB MEKIY I10JIb30BATEIIIMHU

O0a anropuT™Ma JIEMOHCTPUPYIOT CPABHUTEIHEHO HEBBICOKHE
3HA4YEHHs MHJEKCa, YTO OOBSCHIETCS HEPaBHOMEPHBIM 3aKpell-
JICHUEeM (pH3UYECKUX PECYPCHBIX OJIOKOB 32 a0OHEHTaMH B YCIIO-
BUSIX elé He ycrosBlueiics pabotel cuctemsl. 1o Mepe dhyHKIH-
OHUPOBAHMS WMHTEIUICKTYaJbHOTO MEXaHW3Ma YNpaBIICHUS 3Ha-
YeHne MHaeKca ObICTpo Bo3pacrtaeT u gocturaer 0,95-0,97, gro
COOTBETCTBYET IPAKTHYCCKH PaBHOMEPHOMY paclpelelICHHIO
pecypcoB MeXIy BCEMH IMOJIB30BaTesIMH ceTH. Ilpu Tpamuim-
OHHOIi cXeMe IIaHUPOBAaHMsI POCT JAHHOTO MOKA3aTelsl TIPOUCXO-
JUT 3HAYUTENILHO MEIJICHHEEe, a €r0 UTOrOBOE 3HAYEHUE He Ipe-
Beimaer 0,88-0,90. IlomyueHHoe pas3mHyuUe CBUACTEIBCTBYET O
TOM, YTO TPEUIOKCHHBIH MEXaHH3M paCIPEICIICHUs] PECYypPCOB
YUHUTBIBAET HE TOJBHKO TEKYI[ee KaueCTBO pajJroKaHala, HO U MH-
JIMBUJlyaJIbHbIE TPEOOBAHUS M10JIb30BaTENEH K Ka4eCTBY 00CITyXH-
BaHMS, YTO B COBOKYITHOCTH OOecrieunBaeT 0oJiee BBICOKYIO CTe-
TIeHb CIPABE/IMBOCTH ITPEIOCTABICHHS CETEBBIX PECYPCOB.

PesynbraTsl pacnpeneneHns GU3MUECKUX PECYpPCHBIX OJIOKOB
MEK]Ty TI0JIb30BATEISIMU CETH MIPE/ICTABICHBI HA PHC. 7.

0 a0 ] a0 an 60 T 20 ) 100
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Puc. 7. Matpuna pacnpezaeneHust GU3NIECKUX peCypCHBIX OJIOKOB
MEX/Y MOJI30BATEISMH CETH
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[IpencraBneHHass MaTpuIla pacrpenesicHust (pU3HIeCKuX pe-
CYpCHBIX OJIOKOB OTpa)kaeT IpoIlecC Ha3HAUEHHUS pPECypcoB
MOJIB30BATEISIM CETH Ha MPOTSDKEHHH PacCMaTPUBACMOTO WH-
TepBajla MOJCIUPOBAHM: KaXKIas CTPOKAa MATpPHUII COOTBET-
CTBYET OT/IEJIbHOMY a0OHEHTY, a Kbl CTOJIOel — KOHKpPET-
HOMY (DPM3WYIECKOMY pEeCypCHOMY OJIOKY, TIPH 3TOM BBICIICHHBIC
AJIEMEHTHI YKa3bIBAIOT Ha (AKT 3aKperuIeHHsl JaHHOTo OJioka 3a
COOTBETCTBYIOILIUM I0Jb30BATENIEM B OMNpPEACIEHHBIH MOMEHT
BpeMEHHU. AHanM3 IOJyYeHHON 3aBHCHMOCTH TOKAa3bIBaeT OT-
CYTCTBHE IPOTSDKEHHBIX 110 BPEMEHU 30H KOHLIEHTPALUU PeCyp-
COB Y OTJICJIBHBIX a0OHEHTOB, YTO TOBOPUT O PABHOMEPHOM pac-
MpeaeIicHNH (PU3UUYCCKUX PECYPCHBIX OJOKOB MEXKIY BCEMH
MOJTb30BATEIISIMA CETH.

[MonoOHast cTpyKTypa Ha3HAYECHHSI PECYpPCOB CIOCOOCTBYET 0O-
nee 3 PEKTHBHOMY HCIIONIF30BAHUIO PaJMOUHTEpderica, UCKITI0Ya-
€T MOHOIIONIF3AINIO PECYpPCOB OTACTBHBIMHU TOJB30BATEIIMA |
TI03BOJISIET TTOJICPIKUBATH CTAOMITEHO BBICOKOE Ka9eCTBO OOCITYKHU-
BaHMS JAKEe MPH W3MEHCHHWH MHTCHCHBHOCTH TOJB30BATEIBCKOTO
tpaduxka. [IpencraBneHHble pe3ynbTaThl MOATBEPKIAIOT KOPPEKT-
HOCTH (DYHKIIMOHMPOBAHMS Pa3pabOTaHHOTO AJTOPHTMa pacIpesie-
JICHUS PECYPCOB M €r0 CIIOCOOHOCTH aJanTHPOBATHC K M3MEHSIO-
IMMCS YCTIOBUSIM Kctutyararmu cet Open RAN.

3akJaouenue

[TpoBenénnoe MoAEIMPOBAHNE CHUCTEMBI HHTEIICKTYaIbHOTO
YIpaBJICHUS PAJANOPECYpCaMH Ha OCHOBE B3aUMOICHCTBUS XApp
1 rApp monTBepauio €€ 3pPEKTHBHOCTh MPAUMEHUTEIHHO K 3a-
Jade ONTHMH3ALUK PACIpENENCHUs] PEeCypcoB B apXUTEKType
Open RAN. CoBMecTHOE WCITONB30BaHHE MPOTHO3HPOBAHUS
Harpy3Kkd ¥ alaliTUBHOTO YIIPaBJIeHHUs (PU3NIECKUMU PECYPCHBI-
MU OJI0KaMH 00ecCIIeunBaeT 3aMETHBIN MPUPOCT KadecTBa (yHK-
IUOHUPOBAHUA CETU IO CPABHCHHIO C KIACCUYCCKMMU CXEMaMU
TJIaHUPOBAHUS.

[MonyueHHass TUHAMUKa KO3(PQUIIMCHTAa 3arpy3KH PECypcoB
CBUJICTEJILCTBYET O Oojiee PalMOHAIBHOM HCIOJIB30BAHUM JI0-
CTYIHOTO PaJM0YacTOTHOTO pecypca IpH padoTe NpeI0KEHHON
MoJeNH. 3a CYET NMPOTHO3a M3MEHEHUS MT0JIb30BaTEIbCKOTO Tpa-
¢uxa, hopmupyemoro rApp, IpHIOKEHHE XApPp TOIydaeT BO3-
MOXHOCTh 3a0JIarOBPEMEHHO KOPPEKTHPOBATH pacIpe/eieHue
pecypcoB Mexy aOOHEHTaMH. JTO NPUBOANUT K CHIDKECHHIO Ya-
CTOTBI JIOKQJIBHBIX TEPErPY30K COTHI M IO3BOJISET yJACP)KUBATh
MPOIYCKHYIO CIHOCOOHOCTH Ha TpeOyeMOM YpOBHE, COXPaHSA
MIPU 3TOM pPe3epB I O0OCITyKMBaHMS HOBBIX IOJIB30BATENEH U
KOMIICHCAIIMKU BHE3AIMHBIX BCIJICCKOB HArpys3KH. He menee noka-
3aTCJIbHBI M BPEMCHHBIC XapPaKTCPUCTUKU CETHU: MPUMEHCHUC
Pa3pabdOTaHHOTO AJIrOPUTMa CONPOBOXKIACTCA COKpALICHHEM
Cpe/HeH 3a1epIKKH Mepeiauu aKkeToB.

JluHamMHu4eckoe Iepepacrpe/iejieHue PecypcoB CHHXKAeT Be-
POATHOCTb HAKOIUJICHHUA MAKETOB B OYEPECAAX, YTO UMECT NPHUH-
LUMUAIBHOE 3HAYEHHUE UISi CEPBHCOB C XKECTKUMHU TpeOOBaHMSI-
MH K 3aJepKKe — B YaCTHOCTH, JJIsI HPWIOKECHUH Kiacca
URLLC, 3amad mpOMBINIICHHOW aBTOMATH3AIlUH, CHUCTEM [H-
CTAaHIIMOHHOTO YIIPABJICHUSI W MYJIbTUMEIMHHBIX CEPBHCOB pe-
anpHOTO BpeMeHH. CyIecTBEHHOE CHIKEHHE JIEMOHCTPUPYET H
BEPOSITHOCTD IMOTEPH ITAKETOB: MHTEJIEKTYalbHOE YIIPABICHHE
(bU3NUECKUMHU PECYPCHBIMH OJIOKAMH II03BOJISIET CBOEBPEMEHHO
HepepacipeiessiTh PECYPChl MEXIY TOJIb30BATEISIME U TEM Ca-
MBIM TIpEJOTBpalaTh MEPEroIHEeHHE OYepeell Jaxe TpH pe3-
KHX KONeOaHMSX MHTEHCUBHOCTH TpauKa, 4TO TOBBIINIAET 00-

LIy HaJEKHOCTh U YCTOMUMBOCTh CETH K M3MECHEHHIO Harpys-
kd. JIOMOJTHUTENIBHBIM TOATBEPIKICHHEM d(PPEKTUBHOCTU TIPE/-
JIOKEHHOT'O TOJIX0/Ia CIYXKUT POCT CIEKTPAIbHOHN (P PEeKTHBHO-
CTH, OTpPaKaroIuil Oojee IMOJHOE HCIOJIb30BaHHE IOCTYIHOI'O
PaJuOYacTOTHOTO CIIEKTpa U yBEJIUUYCHHUE IIePefaBaeMoro o0beé-
Ma JIaHHBIX O3 pacIIUpeHHs 3aHMMAeMOM IOJOCHI YacTOT —
3aja4a, HalpsAMYIO OTBEYalolas KII0YeBbIM TPeOOBaHUAM ceTeil
TISITOTO MTOKOJICHHMSI.

Hapsimy ¢ 3TM HabnroiaeTcst yCTOHYNBO BBICOKOE 3HAYECHUE
MHJIEKCa cripaBeAanBocTy JxeliHa, mproiKaromeecs K eHHuI-
1€, 9YTO TOBOPHUT 00 OTCYTCTBHH KOHIIEHTPALIMH PECYPCOB Y OT-
JIeTTbHBIX A0OHEHTOB: KayKABIH MOJIH30BATENb MTOIyJaeT COMoCTa-
BUMBI 0OBEM PECypcoOB HE3aBHCHMO OT TEKYIIETO COCTOSHHSA
CBOEro pajuokaHana. Hakonel, aHanu3 MaTpuibl pacrpenerne-
HUA (U3NUECKUX PECYPCHBIX OJIOKOB HOATBEPKIAET OTCYTCTBUE
YCTOWYMBBIX 30H MEPErpy3KH U PAaBHOMEPHOCTh paclpe/ieieHHs
pecypcoB BO BpEMEHH.

B nenowm, nomyueHHble pe3yibTaThl CBUAETENLCTBYIOT O CIIO-
COOHOCTH TPEUIOKEHHOTO aIrOpUTMa OBICTPO aJIANITUPOBATHCS K
W3MEHSIIOIIMMCS YCIIOBUSIM (DYHKIIMOHUPOBAHHMS CETH, 00ECIICUBast
spdexTuBHOE HCIIONB30BAHKUE PaJUOpecypca U CTAOUIBbHYO pado-
Ty CHCTEMBI IIPH [IIMPOKOM CIIEKTPE CIIEHAPHEB HATPy3KH.
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DEVELOPMENT AND SIMULATION OF AN ALGORITHM FOR INTELLIGENT RADIO RESOURCE
ALLOCATION BASED ON THE OPEN RAN ARCHITECTURE XAPP AND RAPP COMPONENTS
INTERACTION

Anastasia V. Ermakova, Moscow Technical University of Communications and Informatics, Moscow, Russia, msikisylia@gmail.com
Oleg V. Varlamov, Moscow Technical University of Communications and Informatics, Moscow, Russia, vov@mtuci.ru

Abstract

This article examines the problem of intelligent radio resource allocation in radio access networks built on the principles of the O-RAN open architec-
ture. It is shown that the scheduling algorithms used in existing systems, which focus on one or two target metrics, are unable to fully account for the
simultaneous changes in multiple network parameters, including radio channel quality, traffic intensity, and user latency and packet loss requirements. As
a solution, a model for interaction between xApp and rApp components is proposed. It implements a two-level control scheme: a long-term network
state forecast generated in the Non-RT RIC loop and operational adjustments to the distribution of physical resource blocks performed in the near-RT
RIC loop. The mathematical apparatus of the model was developed, including a formalization of the resource allocation problem taking into account the
limitations of OFDMA technology, a proprietary integrated user prioritization criterion combining channel quality, service priority, load forecast, and
service history, and a stability analysis of the proposed control algorithm based on the Lyapunov function method. The model's performance was veri-
fied through simulation in the MATLAB Simulink environment, reproducing the full system operation cycle-from user traffic generation to the genera-
tion of control actions on the base station. The results demonstrate reduced data transmission latency, a reduced probability of packet loss, increased
spectral efficiency, and increased fairness in resource distribution among users compared to traditional scheduling algorithms.

Keywords: Open RAN, xApp, rApp, RAN Intelligent Controller, radio resource allocation, intelligent network management, machine learning, quality of service.
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B cratbe npepnaraerca MeToA MOCTPOEHUA MaclUTaGUpyeMbIX perynApHbIX KOAOBbIX KHUF ANA CUCTEM
CBA3U C HEOPTOrOHAJIbHbIM MHOXXECTBEHHBIM IOCTYNOM Ha OCHOBe pa3pexeHHbix kogos SCMA (Sparse
Code Multiple Access). SCMA noseonser ob6ecne4ntb BbICOKYIO MOMEXOYCTOWYMBOCTb, CNEKTPasbHYIO
3¢ eKTUBHOCTL, GoNblIOEe KONMYECTBO CETEeBbIX MOAKMIOYEHUW W PacCMaTpPUBAETCA KaK OAMH U3
NepcneKTUBHbIX METOAOB MHOXXECTBEHHOrO AOCTYna ANA CUCTEM CBA3W CleAyloWUX MOKONEHUM.
¢ dektusHocTe cucrem ¢ SCMA Bo MHOroM onpeaenseTca xapaKTepMCTUKaAMU UCMONb3yeMbIX KOAOBbIX
kHur. B pabGote nokasaHo, Y4TO MpUMEHEHME KOAOBbIX KHUI Manoi (pUKCUPOBAHHOW pPasMEpHOCTH
orpaHMYMBaeT BO3MOXHOCTM MacluTabupoBaHMA cUCTEMbl U MOXKET NPUBOAUTL K YXYALUEHUIO
NOMEXO0YCTOM4MBOCTU B YCJIOBUAX HaCTOTHO-CENEKTUBHbIX 3amMupaHuii. [MpeanoxkeH MeTon cuHTesa
KopoBbix KHuUr SCMA, ocHoOBaHHbIN Ha MacwTabupoBaHuMuM 6a30BbIX pa3spexKeHHbIX MaTpuy C
MCMONb30BaHNEM KBa3sULMKIMYECKOrO MNPEACTaBAeHMA M KOHTPOJie LUMKIOB Manoi ANUHbLI B
COOTBETCTBYIOLMX MaTpuuaM caktop-rpacax. [na oueHku 3¢pceKTUBHOCTM NpeaNioKEHHbIX peLueHud
paspaboTtaHa uMuTauMoHHaA Mofenb cuctembl cBazn c SCMA. Metogom MonTte-Kapno npoeegeHa oueHka
BEPOATHOCTe OGUTOBBLIX OWMGOK B pasfMuYHbLIX MOAENAX KaHanoB pacnpoCTpaHeHUA pPajMoOBOJIH.
PesynbTratel MoAenupoBaHuA MOKasblBalOT, YTO YBeNMYEeHUE Pa3MEepPHOCTU KOAOBbIX KHUI mnosBonser
CYLLIECTBEHHO CHU3UTb BEPOATHOCTb GUTOBBLIX OLUMGOK B KaHanax ¢ rpynnoBbiMU YaCTOTHO-CENEKTUBHBIMU
3aMMpaHUAMM, NPU COXPAHEHUU BbIMMCIUTENILHON C/IOXKHOCTU airOpPUTMa AeTEKTUPOBaHUA.
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BBenenne

Metonpl  HEOPTOTOHAIBHOTO  MHOKECTBEHHOTO — JJOCTYTIA
NOMA (Non-Orthogonal Multiple Access) sSBIAIOTCS MEpCIICK-
TUBHOM TEXHOJIOTHEH ISl TIOBBIIIEHHS CIIEKTPAIIbHOM 3 PEeKTHB-
HOCTH, HOMCXOYCTOﬁQHBOCTH U IINIOTHOCTHU HOJIKJ'[IO‘ICHI/II\/’I B CHU-
CTeMax CBS3M CJICAYIOIIMX TMOKOJICHU. B psime myOsiukanuii
NOMA paccmarpuBaercsi Jjisl OpraHu3alMyd  (PU3UUECKOTO
YpOBHSI B CHCTEMaX MOOWJIBHOW CBSI3H IIECTOTO MOKoyeHus 6G
[1-4]. ITo npuniuny pasaenenus nonas3zonarener NOMA noxpas-
JEIII0TCS. Ha MeTobl B fomeHe MomHocTn PD-NOMA (Power
Domain NOMA) [5] u B nomere koga CD-NOMA (Code Domain
NOMA) [6]. OmauM U3 HanboIee MepCIeKTHBHBIX MeTonoB CD-
NOMA sBnsiercst SCMA [7]. SCMA ocHOBaH Ha UCTIOJIb30BaHUU
pa3peXKEHHbIX MHOTOMEPHBIX KOJIOBBIX KHHTI, 00ECIICUHMBAIONINX
oToOpaskeHHe MH(POPMAIMOHHBIX OHTOB B Pa3peKCHHBIE KOM-
TUICKCHBIE BEKTOPBI.

Jlnist aeTeKTHpOBaHNUS IIepeJaHHBIX JAHHBIX HA IPUEMHOMN CTO-
pOHE TPUMEHSETCSl AITOPUTM PACIPOCTPAHEHUSI COOOIICHUI
MPA (Message Passing Algorithm). 3a cueT MHOrOMepHOCTH |
Pa3peKeHHOCTH KOJOBBIX cJI0B SCMA Mo3BOJIIET peaan3oBaTh
neperpy>KeHHbIe PEXKUMBI NIepelauul IIPH Yrciie a0OHEHTOB, Tpe-
BBILIAIOIIEM YHCIIO OPTOrOHAIBHBIX PECYPCHBIX AJIEMEHTOB.

B Takux ycioBHSX JOCTHraeTcs MOBBILMICHHAS CIIEKTpalIbHAs
3G PEKTUBHOCTD U TIOMEXOYCTOHYUBOCTD IIPU COXPAHEHHHU TIPH-
eMJIEMOM BBIYMCIMTEIFHON CII0XKHOCTH JICTEKTHPOBAaHMA. boib-
mHHCTBO MeT010B NOMA MOTyT OBITh peai30BaHbl COBMECTHO
C OPTOTOHANBHBIM YaCTOTHBIM MyJbTHIUIEKcHpoBaHeM OFDM
(Orthogonal Frequency Division Multiplexing), yTo mo3Boser
WHTETPUPOBATH X B CHCTEMbI MOOMIIBHOM CBSI3H, HCIIOIb3YIOIINE
OFDM B kauecTBe TexHOJOrMU (hu3nueckoro yposHs. Tarke
paccMaTpUBAIOTCS BOITPOCH KoMOuHupoBanus SCMA ¢ HOBBIMH
MCTOJaMH q)OpMI/IpOBaHI/IH CHUTI'HAJIOB, TAKUMU KaK MOIYJIALMA B
OpPTOTOHAJIBHOM YacTOTHO-BpeMeHHOM mpocTtpancTBe OTFS
(Orthogonal Time Frequency Space) [8] u aduHHOE yacTOTHOE
myabTuiuiekcupoBanne AFDM (Affine Frequency Division Mul-
tiplexing) [9].

Xapakrepuctuku cucteM Ha ocHoBe SCMA Bo MHOrOM orpe-
JETSIOTCS. CTPYKTYPOH KOIOBBIX KHUT, ITOTOMY HMX (OpMHpOBa-
HUE SBIETCS KITI0YEeBOH 3a1aueii. B mocnenHue rois! omyoamKo-
BaH psiJ paboT, MPeIaralouX Pa3IMIHbIe TTOIX0ABI K CHHTE3y
KOJIOBBIX KHHT. BOJIBIIMHCTBO CYIIECTBYIOIIMX METOIOB OCHO-
BaHO HA MHOTO3TAITHOM ITPOEKTUPOBAHUH, BKIIFOUAIOIIEM (OPMH-
pOBaHHE MHOTOMEPHOTO 0a30BOTO CHTHAIBHOTO CO3BE3MMs, €TO
peo0pa30BaHUe U TAKXKE MOCTPOCHHUE KOIOBBIX KHHUT OTACIBHBIX
CIIOEB C UCTIONB30BaHUEM pa3pekeHHBIX MaTpull [10, 11].

Haubonbiiee BHUMaHuE B TUTEPAType YACNIACTCS IPOEKTUPO-
BaHMIO 0a30BBIX CHTHAJIBHBIX CO3BE3/IUH, B KAaueCTBE KOTOPHIX
paccMaTpHBalOTCs pa3iMuHbIe BAPHAHTHI aMIUIUTYAHOW MOJYJIsI-
i QAM (Quadrature Amplitude Modulation) [12, 13], moxyss-
nun yria 3omororo cedenust GAM (Golden Angle Modulation)
[14] u npyrue xoHCcTpykuuu. [ToMHMMO CTPyKTYpHpPOBAHHBIX CO-
3BE3JIUH MCCIIETYIOTCS] METO/IbI AMHAMUYIECKON ONTUMHU3AIMN X
topwmsr [15], BKIIFOUAs IOIXOMBI HA OCHOBE MAIIMHHOTO 00ydYe-
Hus [16].

Hecmotps Ha aktuBHBIC HccnenoBanns SCMA B eioM U Ko-
JIOBBIX KHUT B YaCTHOCTH, Pl BOIIPOCOB OCTAETCS HEJOCTATOYHO
U3YYCHHBIM.
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B gactHOCTH, B OONBIIMHCTBE PabOT HE pacCMaTPUBAIOTCS 3a-
Jlaud cHHTe3a (POPMUPYIOIIUX Pa3peKEHHBIX MATPHIl U CBsI3aH-
HBIX ¢ HUMH (hakTop-rpadoB.

Kak mpaBuitio, B JIMTEpaType UCIOIB3YIOTCSI KOAOBbIE KHUTH
MaJIol pa3MepHOCTH, Yallle BCEro JUIsl IecTH a0OHEHTOB U YeThI-
PEX MOJHECYIINX, 32 UCKIFOYEHUEM OTIeNIbHBIX padot [11, 17].

HecMoTpst Ha TO YTO KOJOBbIE KHUTH MaJIOH (PMKCHPOBAHHON
Pa3sMEpHOCTH AEMOHCTPHUPYIOT BBICOKYIO 3(p(pEeKTHBHOCTH B KaHa-
JaxX ¢ aIJUTUBHBIM OenbiM TayccoBckuM mymom (ABII), mx
MIPUMEHEHHE B MHOTOJIyYEBBIX KaHajax CONPSDKEHO C PSAOM
orpanndeHuii. [Ipekae Bcero 5TO CBS3aHO C TIYOOKMMHU dYa-
CTOTHO-CENICKTUBHBIMH 3aMHPAHUSMH, KOTOPBIE MOTYT CyIIe-
CTBEHHO MCKa)KaTh HECKOJIBKO coceqHux nomnecynmx OFDM u,
TakuM 00pa3oM, 3aTparuBaTh BCe HEHYJIEBbIE KOMIIOHEHTHI KOJIO-
BOTO CJIOBA.

Jpyroit npo0OiieMoii siBisieTcsl HaJlMyle KOPOTKHUX IIMKJIIOB B
¢axrop-rpadax, COOTBETCTBYIOIIMX pa3peKEHHbIM MaTpHUIIaM
Manoil pazMepHOCTH. DTO MPHUBOJUT K KOPPEIALHUH IepeaBae-
MBIX co0OIIeHHH B anroputMe MPA 1, Kak ciieJICTBHE, K YXY/IIIIC-
Huro ero cxonumoctu u pocty BER (Bit Error Rate) [19].

B nuteparype HesocTaTOuHO OCBEMIEHBI BOMPOCH! (hOPMHUPO-
BaHMS KOJIOBBIX KHHUT MacIITabupyeMoi pa3MEepHOCTH U NX BITHSI-
HUs Ha noMexoycroiunBocts SCMA. B 0cHOBHOM paccmaTpHuBa-
10TCSI pabOTHI, TOCBSMIEHHBIE COBMECTHOMY IPOEKTHPOBAHHIO
mpoTorpadoB HU3KOIUIOTHOCTHBIX K010B 1 SCMA [20]. OcHOBBI
noaxona K (hOpMHPOBAHMIO KOMOBBIX KHHUT NPOU3BOJIBHON pas-
MEPHOCTH U OLIEHKA NX 3((HEKTUBHOCTH B KaHAJIAX C I/TATUBHBIM
OebIM rayCCOBCKMM IIyMOM IipezacTaBiensl B [21]. B aroit pa-
0ote npeuiaraeTcs MeTol (POPMHUPOBAHMUS MACIITAOUPYEMBIX KO-
JIOBBIX KHUT C KOHTPOJIEM IIMKJIOB MaJIOi KPaTHOCTH B Pa3peikeH-
HBIX MaTpuiax. Meros no3osseT GOpMHPOBATh KOJOBbIC KHUTH
OOJIBIIION PAa3MEPHOCTH C YHCIOM aOOHEHTOB U IOJHECYIIIHX,
npesbimatomum 103,

[TokazaHo, 4TO yBEJIMUCHHUE PA3MEPHOCTH KOJAOBBIX KHHUT TIPH-
BOJIUT K JITHEHHOMY POCTY BBIYMCIIMTEIBLHOMN CIIOKHOCTH OOHApY-
JKCHHSI, OCTAIOMIEHCS COMMOCTAaBUMOM CO CIIOKHOCTBIO CXEM, HC-
MOJIB3YIOIMUX KOJOBBIC KHUTH Mallol pa3MepHOCTH. Pe3ynpTars
UMHTAllMOHHOTO  MOJAEIHMPOBAHWS ~ HHUCXOMAIIET0  KaHaia
(downlink) nemoHCTpHpPYIOT yiydieHue xapakrepuctuk BER B
3aBUCHMOCTH OT oTHoIneHusi curHan mym SNR (Signal-to-Noise
Ratio). MiccnenoBanus pOBOJUINCH B PA3INYHBIX MOAEISAX MHO-
TOJIy4eBbIX KaHAJIOB C 3aMUPAHUSIMH, CTaH1apTH30BaHHbIX 3GPP
[22]. IpeanokeHHbIN TOAXO0/ pacIIpseT BO3MOKHOCTH MPUMeE-
Henusi SCMA B cligHapHsiX MaccoBOTO OOCITY)KUBAHUSI U MOKET
OBITH UCIIONIB30BAH MPH Pa3padOTKe MEPCIIEKTUBHBIX OECIIPOBO/I-
HBIX CHCTEM CBSI3H.

1 Moaean cucremsbl cBsa3u ¢ SCMA
1.1 @opmuposanue u oopavomka cuzrnanos ¢ SCMA

Ha pucynke | mpencraBieHa CTPYKTypHas cXeMa KaHaia
cBs13u ¢ ucnonszoBanneM SCMA. bazoBas cranius (epegaTank)
o0cyxuBaeT J aDOHEHTOB (CJIOEB) U MEpeiaeT KaKAOMY MpeiHa-
3HAaYCHHbIH eMy OUTOBBII BekTOp bj, | = 1,..., J. PaccmarpuBaercst
HUCXOJIIIMKA KaHay ¢ npuMeHeHueMm TtexHosiorun OFDM, uto
mospasymeBaer GpopmupoBanue K mHOOPMAIMOHHBIX MOIHECY-
X B 4YaCTOTHOH 00JIaCTH.
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SNEKTPOHUKA. PAOMOTEXHUKA

| IlepenaTunk : | ITpuemuuk 1 |
I'b K | r| b,!
|-2pf  SCMA LCW, Dol St W 4eorDM [ MPA [
| xozep f; | PPB | | |
I S R [R—
! . oo =
b, SCMA |CW. s, Ix Kanan |Y2! r b, |
1= N
! xozep OFDM P13 gy [¥] dcOFDM (= MPA >
| | - ___ —————
| | .
: . : : ITpuemanK J :
b, SCMA | CW, | Kanan |y Iy b,!
B
:—b xozep fy : N PPB J —nlr deOFDM || :

Puc. 1. CTpykTypHas cxema kaHana cBsizu ¢ SCMA

BxoxHble OMHapHBIE TOCIIEIOBATENLHOCTH OTOOPAKAIOTCS B
KOMIUIEKCHBIE pa3peKeHHbIE KOJ0BBIE clioBa B Osiokax SCMA ko-
Jiep, KaxIblid U3 KOTOPBIX OIPEAEIISIET MPABUIIO OTOOPAKEHHS:

fj :Blogz(M) _>CWj.mj , (1)

rae M — uHAeKC MOIYIIALNY, OTIPEAEIISIFONINN OUTOBYIO CKOPOCTb,
Mj — MHAEKC BBIOPAHHOTO KOZOBOTO CJIOBA.

CdopmupoBaHHbie B COOTBETCTBHU ¢ (1) KOIOBBIC CIIOBA MO-
KOMITOHEHTHO CYMMHpYIOTCS, 00pa3ys mnepenaBaemblii SCMA
CUMBOJI:

j=1

W3 K KOMIIOHEHTOB, MPUHUMAIOIINX y4acThe B (hopMHpOBa-
HUM Kax10r0 3memenTa Sy (s = (Sk), k=1, ..., K) Tonsko dk ue
PaBHBI HYJIIO, T.€. HA KAXK/IOW MOJHECYIIEH OJHOBPEMEHHO CHr-
Haibl nepenatoT dk abOHEeHTOB.

Jlanee BBITIOJIHAIOTCS KJIACCHYECKHE ONEepanuy 1o GopmMupo-
Banuto OFDM cumBOJI0OB: mo0OaBiIeHHE 3alIUTHBIX WHTEPBAJIOB,
OpIcTpoe mpeobpasoBanue Dypre I Mepexoaa BO BPEMEHHYIO
obnacTp, 100aBIeHUE IMKIMYecKoro npedukca u ap. B pesyib-
TaTe 3THX oneparuii popmupyercs OFDM cumBo, 3HaUE€HHE KO-
TOPOTO BO BPEMEHHOM JIOMEHE 0003HAYEHO X.

[oce mpoxokaeHUs] KaHajda PaclHpOCTPAaHEHUs! paJUOBOJIH
(PPB) Ha BXO/I€ j-r0 iprieMHNKA HOPMUPYETCS BEKTOP MPUHSATOTO
CHMBOJIA, KOTOpLIﬁ B 4aCTOTHOM JOMEHEC OIMMCBIBACTCS BbIpaxKe-
HUEM:

y; =diag(h;)s+n;, 2)

rae h; — kaHanbHBIA BEKTOpP, COACPIKAIIMIA KOMIUIEKCHBIE KO3(-
¢uimentsr nepenaun va K mopuecyumx, H = (hy, ..., hy)T = (hji)

— kananbHas marpuua, nj ~CA(0,Nol) — BexTop oTCUETOB amH-

TUBHOTO OEJIOTO TayCCOBCKOTO IryMa ¢ juctepcuei Ny, 1
HUYHAs MaTpUIA.

Ha npuemHO# cTOpOHE BBITIONHAIOTCS KIACCHYECKHE Omepa-
n 1o oopadotke OFDM cHMBOJIOB: yJalieHHe IUKINYECKOTO
npedrkca, mepeBo B YaCTOTHYIO 00JacTh, SKBaJIal3MpOBaHUE,
BBIJIeNICHNE MH(OPMAIIMOHHBIX TTOAHECYINX U p. st 1eTeKTH-
poBanust SCMA CHMBOIIOB U BBIICTICHHUS OIEHKH OUTOBOTO CO00-
menus bj Bemonnstercsa anroput™ MPA. MPA ocHoBan Ha 00-
MCHC COO6HICHI/I$[MI/I 0 BEPOATHOCTAX MPUXO0Ja KOMIIOHCHTOB KO-
JIOBOT'O CJIOBAa MEXK/Y y3JIaMH JBY10JbHOTO Tpada [7].

— e/1u-

1.2 Koooewie knuzu SCMA

KnroueBbIM 37€MEHTOM apXHUTEKTYphl CHCTEMBI CBSI3H C
SCMA sBiseTcs NpaBWIO OTOOPAXKEHUS] BXOJTHBIX OHMTOBBIX

mocjeioBaTelbHOCTEH B KOJOBbIe cioBa (1), koTopoe 3amaercs
KO7I0BOM KHUTOH. CTpyKTypa KOJOBOI KHUI'M HEMOCPEICTBEHHO
cBsi3aHa ¢ ()OPMOM CUTHAIIOB M pacIpeielIeHHEM PECYPCOB U OKa-
3bIBA€T PEUIAIONIEE BIMSHUE HA TOMEXOYCTOWYMBOCTh CHCTEMBI.
O6mas xonoBas kaura CB sBIsieTcs TpeXMEpHON MaTPHUIICH U CO-
CTOMT U3 KOJOBBIX KHHUT ciioeB CBj, kaxast U3 KOTOPBIX, B CBOIO
ouepe]ib, coaepkuT M KoJ0BBIX ci10B. Ko/10BBIE ClIOBA SIBIISIOTCS
Ppa3peXKeHHBIMU BEKTOpaMH, cocTosuMu 13 K 371eMeHToB, 13 Ko-
TOPBIX TOJBKO (] He paBHO HyITi0. B kaxnom u3 K pecypcHbIX a1e-
MeHTOB (Hampumep, nogHecymux OFDM) omHOBpeMEHHO BeIyT
nepenaay Toiapko dK u3 J abonentoB. CBsA3b MKy aOOHEHTAMU
U pPECYPCHBIMHU dJIEMEHTaMHU 331aeTcsi (POPMUPYIOLIEH pa3perkeH-
noit marpunieit F e B, F=(f)=(fy),j=1,...,J, k=1, ..,K
1 COOTBETCTBYIOIIMM €l IBYAOJIBHBIM (akTop-rpadom. [Ipumep
marpulbl F u daxrop-rpada s J =6, K=4, dj= 2, dk =3 npu-
BeneH Ha pucyHke 2 [19]. Kpyru dakTop-rpada cOOTBETCTBYIOT
pecypcHbM 3nemenTaM (ctpokam F), a kBagpaTsl — aboHEHTaM
(ctonbuam F). Pebpo rpada coemuuseT j-blif KBagparT U K-brif
Kpyr, eciu fig = 1.

oo
——o o
—o—o
o—o-
o= o

FUoF2 =30 4 5 )6

Puc. 2. ITpumep popmupyromeit marpuis F u coorBercTByromero eit
¢axrop-rpada mis J =6, K=4,dj=2,dk =3

Ha pucynke 3 npuBezaeH npumMep chopMupoBaHHoii Ha ocHoBe F
0011el KOJ0BOM KHUTH (@), KOJOBBIX KHHT clIoeB (0) U KOJIOBBIX

cioB 4-ro cnos (B) [19]. B aToM mpumMepe Kaxaas KoJoBasi KHUTa
coziepkuT M = 4 KOJIOBBIX CJIOB.

v=1
CB,
=2
CB,
éﬁivﬂcmifﬁ
B
’ cwﬁj@

~ o i £ |

Ca14 Ca24 C434 Cyay

i@ﬁ@

1 Kl

@ -
K CB; (8)
@ V=6

(©)

Puc. 3. ITpumep koxoBoii kuuru SCMA i J =6, K=4, dj=2, dk=3

KozoBast KHHTa j-TO CJIOSI MOXKET OBITH TIOIyYCHA C HOMOIIBIO
crexmytomiero BepakeHus [11]:

CB,=V,AM,, 3)
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. i

rae M, € coM _ MaTepMHCKOE Co3Be3/me, A; € C%? — onepa-

TOp TpeoOpa3oBaHus (Hampumep, moBopota [11]) marepuHCKOTO
Kxdj

cosgesnus, V; € B — orepaTop OTOOpayKeHUsI Ha PecypCHbIe

v 3 T
JIEMEHTHI, YI0BNeTBOpstomumii yenosuio f; = diag(V,V;).
OTMeTI/IM, YTO MNPOCKTUPOBAHUEC KOJOBLIX KHHI' SBJIACTCA
CJIO’KHOI ONTHMHU3AIIMOHHON 3ajaueii, KOTOPYIO MOXHO C(hOpMy-
JMPOBATH KaK:
Vi, A, M, =argmax(m(V;,A;,M_,J,K,df ,dj,M) (4)

ViAM,

rae m — 3aJaHHbId ONTHUMM3ALMOHHBIMN KpUTEpHi, HapuMep,
MUHHMMAJbHOE €BKIIHUI0BO PACCTOSHHE MEXKIY TOUYKAMU MHOIO-
MEpPHOTO CHUTHAJILHOTO co3Be3nus [14]. 3amaua (4) koMOMHATOP-
Hasl, TIOPa3yMEBaeT HAIMYUE PA3IMYHBIX KPUTCPHEB /M W HE
MMEET OJIHO3HAYHOI'0 aHAJIMTHYECKOro peuieHus. B psue pador
paccMaTpuBalOTCs BOMPOCH! poektupoBanus M. u Aj [7, 10-14].
Bwmecre ¢ tem, Bompockl npoektupoBanus F paccmarpuBaroTcs
3HAYUTEIBHO PEXKE.

3agaya (OpMUPOBAHUS MACIITAONPYEMBIX KOJIOBBIX KHUT MO-
JKeT OBITh IPE/ICTABIICHA B BUJIE TIOCIIEI0BATEILHOCTH ATanoB. Ha
MIEpBOM 3Tarle OCYIIECTBISIETCS CHHTE3 (DOPMHUPYIOIIEH MaTPHIIbI
pacnpenenenns pecypcos F e B’ rtpeGyemoii pasmeprocTn,
OIpeIeIIAIONIeH CTPYKTYPY B3aUMOJICUCTBUS CIIOEB U PECYPCHBIX
aneMeHTOB. Ha BTOpoM 3Tame Ha OCHOBE ITOCTAHOBKHM 3a/1aud (4)
Y BBIOPAHHOTO KPUTEPHST ONTHMHU3AINHU /17 BBIOJHSETCS MTPOCK-
THUPOBAHHE MATEPUHCKOTO CO3Be3a1s1 M 1 0mepaTtopoB npeodpa-
30BaHus Aj. TpeTbum 3tanom sBisercs GOpMUPOBaHNE KOJOBBIX
KHHUT CJIOCB B COOTBETCTBUU ¢ (3), TO €CTh OTOOpaKCHHE MPEOO-
Pa30BaHHOTO MaTEPHHCKOTO CO3BE3/Ms HA PECYPCHBIE STIEMEHTHI.

2 ®opMupoBaHNe MacIITA0NPyeMbIX KOKOBBIX KHUT SCMA
2.1 Tpebosanus K ghopmupyrouwium paspercenHvim Mampuuam

B OonbmIMHCTBE M3BECTHBIX PabOT HCIONIB3YeTCS MaTpHUIlA
pacripenenenus pecypcos F, cooTBeTcTByrOmast KOHYUTypaIuy ¢
IIECTHIO CIOSAMH M YETHIPHMS PECypCHBIMH diieMeHTaMu (J = 6,
K =4), ctpykTypa KoTOpOii mpuBeneHa Ha pucynke 2. [Ipumene-
HUE (UKCHPOBAHHOW MAaTpHIBI MAJIOW Pa3MEPHOCTH CyIIe-
CTBCHHO OI'PaHUYMBACT BO3MOKHOCTHU MaCI_[ITa6I/Ip0BaHI/I$[ CH-
creMbl. Takol TOAXOA He MO3BOJISIET (POPMHUPOBATH KOJOBBIC
KHUTH OOJIBIIOTO pa3Mepa, He0OXOUMBIE JUTsl peasTi3alny Cle-
HapHeB MacCOBOrO OOCIy>KMBaHUs, a Takxke Uil 3()deKTHBHON
paboThl B KaHAJIAX C YACTOTHO-CEJICKTUBHBIMH 3aMHUPAHUSIMH.

Paccmorpum TpeboBanus k marpuie F, npeabssisemsle B co-
OTBETCTBHH C OCOOCHHOCTAMH (OPMHUPOBAHHS U 0OPaOOTKHM CHT-
HasoB ¢ SCMA:

1. Matpuma F nomksa OBITE peryisipHOH, TO €CTh YHCIIO S/I1-
HUYHBIX DJIEMEHTOB B KaXJOM CTPOKE M B KaXAOM CTONIOIE
JIOJKHO OBITH OJTMHAKOBBIM:

K
> f=di,vi=1..3, Q)
k=1
J
Dofy =dk,vk=1,...,K. (6)
j=1
PerynspHOCTb ~ CTPYKTYpBl ~ O0ECHEUYMBACT  OJMHAKOBYIO
BBIYUCIIUTCIBbHYIO CJIOKHOCTH 06pa6OTKI/I AJid BCEX Y3JIOB
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anroput™Ma MPA 1 ympomaeT ero mporpaMMHYIO U almapaTHYIO
peanu3anuio.

2. VckiroueHne UKIOB Majod KpaTHOCTH B COOTBETCTBYIO-
meMm Matpune F nBynonsHom rpade. [lon nukmnom kpatHoctn L
MTOHUMAETCs 3aMKHYTHIH My Th, MPOXOSAIINI IO PA3IUYHBIM Bep-
mIrHaM rpada 1 BO3BPAILAIOIIUICs B HCXOJHYIO BepIIuHy. B 1By-
JIOJIBHOM Tpadye JUIhHa JII000T0 1MKIIa sBisieTcst 4€THOH. Tpedo-
BaHME 3aKJIIOYACTCsl B TOM, YTO MUHUMAJIbHAs JUIMHA IHKIa (00-
xBar rpaga):

g =min(L). 7)

JI0JDKHA OBITh HE MEHBIIE 33JJaHHOTO 3HaYeHus. [Ipumep mnosisie-
HUS IBYX IUKJIOB KpaTHOCTH 4 B (hakTop-rpade mmst J =6, K=4,
dj =2, dk = 3 npuBeseH Ha pucyHke 4.

SO
—_o o —
o= O

Puc. 4. [Ipumep mosiBiIeHHs TUKIIOB KpaTHOCTH § = 4 B (hakTOp-Tpade

Hckmovyenne KOpOTKHX IUKIOB YMEHBIIAET KOPPEISIIUIO CO-
obmennit B anroputme MPA. Hamnune mHKIOB MaNoi JUTHHBI
MIPUBOJUT K TOMY, UTO TIPH UTEPALMOHHOM Nepeiade cooOIeHnH
MeXIy y3nmamu (axTtop-rpada mHpOpMAaIws OBICTPO BO3BpaIia-
eTcsl K MCXOJHOMY Y31y IO 3aMKHYTOMY IyTH. B pesynbTate co-
OOIIeHNs CTAaHOBSITCS CTATUCTUYECKH 3aBUCHMBIMH YK€ Ha PaH-
HUX UTEpPAIHAX, 9TO HAPYIIAET NPEANIOTI0KEHHE 00 NX YCIOBHOM
HEe3aBHCUMOCTH, JIeXKallee B ocHoBe anroputMa MPA.

3. Marpuna F noymkHa 3a71aBaTh CBS3HBIN JIBY/I0JIbHBIN Tpag,
TO €CTh MEXIy JIOOBIMH JBYMsI BeplIMHAMHU rpada JOKeH Cy-
LIeCTBOBATh MyTh. Ha pucyHKe 5 mpuBeneH mpuMep HECBSI3HOTO
rpada, B KOTOPOM TpYIIIBI CJIOEB B3aHMMOJCHUCTBYIOT TOJBKO C
OIIpE/IeNICHHBIMH PECYPCHBIMH 3ieMeHTaMHi. OTMETHM, YTO TaKas
CTPYKTypa yMEHbIIaeT MHHIUMAJIGHYIO JUTMHY ITUKIIOB J, KOTOpas
B PacCMaTPHBAEMOM CLICHAPHUH TAK)XKE PaBHA YETHIPEM.

AL

Puc. 5. IIpumep HecBszHoTO (hakTop-rpada

oo
oo ——
—_—_a o
—_——_ 0

TpeOoBaHMe MOTHOCBSI3HOCTH 00eCIeYrBaeT OOMEH coolIe-
HUSAMH MEXY BCEMH y3iaMu (aktop-rpada u CHIKACT BEPOsIT-
HOCTh ()OPMHPOBAHUSI CTPYKTYP, CIIOCOOCTBYIOLINX ITOSIBICHHIO
KOPOTKHX IIUKIIOB.

2.2 Anzopumm cunmesa popmupyroueii mampuyol

CuHTe3 pa3peKeHHON MaTPHUIIbI paCIIpeieTICHHS PECyPCOB MO-
JKET OCYILIECTBIISITHCS HA OCHOBE IOJIX0Jd, aHAJOTUYHOIO aJlro-
putmy ["annarepa, mpuMeHsEMOMY MIPU MOCTPOSHUH HU3KOILIOT-
HoctHbIX K0710B LDPC (Low Density Parity Check). B atom ciy-
yae Marpuia GopMHUpYeTCs IyTeM M0CIIeJ0BaTEIbHOTO 100aBie-
HUSI CTPOK 33J[aHHOT'O Beca C MOCIEAYIOIUM KOHTPOJIEM IHKJIOB
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U CTPYKTYpHI (aktop-rpada [19]. OxHako mpu yBeIMYEHUH pas-
MEpPHOCTH MaTPHIIbl TAKOW MOJX0]] IPUBOAUT K POCTY BBIYUCIIH-
TEJIbHOM CI0KHOCTH.

B Hacrosieii paboTe npeaiaraeTcst anroputM GOpMUPOBaAHHS
Matpuisl F, ocHOBaHHBIM Ha ee KBa3MIUKINYECKOM OTOOpaske-
Hun. Tako# 1MoX0/1 MIMPOKO MPUMEHSIETCSI IPH OCTPOSHUH TTPO-
BepouHbix Matpurl LDPC konoB, Hanpumep, B cranaapte 5G NR.

Jlnst renepanuu paspexenHoit Marpuns F e B ¢ mapamer-
pamu dj, dk, g anropuT™ BKIFOUACT B CeOsI CIICIYIOIIHE TIIary:

1. Bbibop ©OazoBoii Mmarpuust K, eB“ | ¢ mapamerpamu

dj, dk, go He comep kareit KOPOTKUX MUKIOB. [IpH 3TOM JTOIKHEI
BBITIOJTHATBCA YCIIOBHUE!

T==Z, ®)

rae Z € N— pa3Mep HUPKYJISHTA.
2. Kaxnomy HeHyneBoMy 31eMeHTY Fo cTaBUTCS B COOTBETCTBHE
UMPKyJIHTHAS MaTpuna P(a, ) pasmepnoctu ZXZ, onpenese-

Mas TmapamMeTpoM Iuukimmyeckoro casura  a,, €10,..,Z -1},

A=), r=1,....,Ko,u=1, ..., Jo. HupkynsuatHas matpura P(
a,, ) IPEJICTABIISET COOOH €IMHUYHYIO TMArOHAILHYH0 MATpPHILY,

CTOJIOLB! KOTOPOH LIMKINYECKU CABUHYTHI Ha @, BIpaso. Ilpu

stoM eciu @, , =—1, 10 P — Hynesas marpuua. Harpumep:

100 00 1 00 0
Z=3P0)=[0 1 0[,P)=|1 0 0|,P(-)=|0 0 0
00 1 010 000

3. Jlnsa BIOOpa @, , TpeIaraeTcsi MocjaeJoBaTeIbHOE JKaJHOe

cilyyaiiHOe Ha3HaueHHe U3 Jonyctumoro auanasona {0,..Z —1} ¢
KOHTPOJIEM MOSIBICHUS [IMKJIOB MHHHUMAITBHOW 33 JaHHOH KpaTHO-
¢t §. Mexay nmocneaoBaTebHOCTBIO BeplinH (akTop-rpada ¢
ungexcamu I € {1,...,Ky}, U €4{l,...,J,}, fO,r,,u, =1 orcyrcrByer

LUKJ JUIMHOH {, €ClU BBINOJHsETCs ycioBue [23]:

g/2

(8~ )#0 (modZ) 9)

i=1

B ciyuae, ecniu Ha 9TOM 3Tare padoThl aropuTMa ycionue (9)
HE BBINIOJIHSIETCS, BBIOUPAETCS APYroe Ciry4aifHoe 3Ha4eHHe 4, |, .

Ilpy BO3HMKHOBEHMHM CHUTyalUH, B KOTOPOH HEBO3MOKHO
copmupoBats A =(4a, ), HE IPUBOJIIIYIO K TOSBICHUIO IIUK-

JIOB KpPaTHOCTH {, aJITOPUTM BO3BpalIaCTCsl KO BTOPOMY LIary u
Ha3HAYeHUE 3HAYCHUM ar y BBIIIOJIHACTCS 3aHOBO. B CJIydac HE-

JOCTVYKEHHSI pe3yJsibTaTa B TEUCHUE 33JaHHOT0 YKCia UTEpalui
ITOPUTM IPUHYIUTEIBHO 3aKaHYMBAET PadoTy.
4. Ilocne BblOOpa Beex @, , At popmuposanus F xaxslii ame-

ment f, . 3amensiercst na matpuny P(a, ).

0,r,u

Paccmorpum mpumep pabotsr anropurMa. [lycte TpeOyercs
€03/1aTh (hopMHUPYIOLITY IO MaTpHILY K=18, J=12,
dj=2,dk=3,g=28. B kauectBe 6a3oBoii marpuisl Fy BeiOepem
pa3peREHHYIO0 MATPHILY, TPUBEICHHYIO Ha PUCYHKE 2 C mapaMer-
pamu Ko=4, Jo=6, dj=2,dk=3,g0=6. B sToM ciyuae, B

cooTBeTcTBUH ¢ (8) mapamerp Z = 3. B pesynbTate paboThl ajiro-
puT™Ma GOPMHPYETCS MaTPUIA 3HAYCHHUN CIBUTA IUPKYJISTHTOB:

0 -1 -1 1 0 -I
o -1 2 -1 -1 1
-1 0 -1 1 -1 0

-1 1 0 -1 2 -1

A

PesynpTupyronias marpuna UMeeT BULL:

1 000 01 100 0
0100 1 00 1 00 0
00100 0100 1 000
1 000 1 00 00O 1

0100 1 00 1 00
00100 1 00 00 1 0

F= 000100 00100 1 00 (10)

00 0O0T1TUO0O0 1 00 10
0 00O 1 00 0100 1

0 00O 110000 1 00 0
000100 1 000 1 000
00 00T1O0O0 1 00 10 0]

CootsercTByronmit Marpuiie (9) rpad mpuBeneH Ha pucyHKe 6.

Puc. 6. Daxrop-rpad s matpuiisl (9)

OTMeTHM, MHHUMaJbHasi KPaTHOCTh IUKIOB (akTop-rpada
Matpuisl (10) cocraBmser g =8, B TO BpeMs Kak Uit (BaKTop-
rpada 6azoBoit maTpusl Fo go = 6. YBenmueHne KpaTHOCTH IUK-
JIOB 00ECHeunBaeT CHIDKCHNE KOPPESIINY a0OHEHTCKHX CHUTHA-
JIOB.

Ha pucynke 7 npuBeneH ¢akrop-rpad, odpasyromuiics npu
mpUMeHeHnH KoaoBod kauru ¢ K=4, J=6 nnsa 12 pecypcHbIx
3JIEMEHTOB U 18 cioes.

Vo W W =N

Puc. 7. dakrop-rpad mpu KUCIOIb30BAHUU KOOBOM KHUTH ¢ K =4,
J=6mHa 12 pecypcHbIX 2neMeHTax u 18 crmosax

Ocob6erHoctaMu paktop rpada, MPUBEICHHOTO HAa PUCYHKE 7,
SIBJISIETCSI HAJIMYKME IIMKJIOB KPATHOCTH J = 6 M OTCYTCTBHE CBSI3-
HOCTH, YTO TPUBOJIUT K BBINOJHEHHIO eTekTupoBanus MPA 1o
OT/EJIBHOCTH HaJ| TPYIIIaMH NOAHECYIUX. B oTiuuune ot atoro,
(akTop-rpad, NpUBEACHHBIH HA PUCYHKE 6, SIBISETCS CBSI3HBIM,
4TO 00eCHeYrBaeT MOCIIEI0BATENLHBIH 00X0/ BCEX Y3JIOB ITPH pa-
6ote MPA.

OTaenbHO OTMETUM, YTO KaK MOKa3aHo B [7], BBIUUCIUTENb-
Has CI0KHOCTH anroputmMa MPA nmeet nopsinok O(1-K-M%), re
| —ancno mrepanuit anropurma. [Ipu HCHONB30BaHUM KOJOBBIX
KHUT MaJIOW Pa3MEpHOCTH, (JOPMHUPYIOLIMX CUTHAIIBI HA TPYyTIax
13 Ko pecypcHBIX 2JIeMEHTOB (KaK MMOKa3aHO Ha PUCYHKe 7), Je-
TEKTHPOBAHUE BBIITOJIHACTCS HE3aBUCUMO JUTS KaXK10# rpymsl. B
3TOM CJIyYae MmapauieibHO BoeimoHsaoTes Z = K/Kj He3aBUCHMBIX
anroputMoB MPA. COOTBETCTBEHHO, CyMMapHasi BBIYUCINTEIb-
Hasl  CJIIO)KHOCTb ~ 00pabOTKM  Takke  HWMeeT  IOpSJIOK

T-Comm Tom 20. #8-2026




O(1-Z-Ko-M¥) = O(1-K-M%), T0 ecTh cOBManaeT co CIOKHOCTHIO
CXEMBI, UCIIOJIB3YIOIEH KOJOBYIO KHHUTY OOJIBLION pasMepHOCTH
Ha TOM K€ YHCJIEe PECYpPCHBIX dJIeMEHTOB. Takum 00pa3om, yBeu-
YEHUE Pa3MEpPHOCTH KOJOBBIX KHHUT 3a CU€T MaciiTaOHMpOBaHHS
(bopMupyromel MaTpHIbl He IPUBOANT K POCTY BBIYHCIUTEIBHON
CJI0KHOCTHU JI€TEKTUPOBAHUSL.

3 Pe3yabTaTbl MOAEJTHPOBAHUS

Just oneHkn 3P PEKTUBHOCTH MPEUIOKEHHOTO MeToa Oblia
pa3paboTaHa UMHTAIOHHAST MOJENb CUCTeMBI cBs3u ¢ SCMA,
IIOCTPOEHHAsI B COOTBETCTBUMU CO CXEMOMH, IPUBEIECHHONW Ha pU-
cynke 1. Mozenp Brimovaer popmupoBanue SCMA cUMBOJIOB ¢
HCIOJIb30BAaHUEM CHHTE3MPOBAHHBIX KOIOBBIX KHUT, OFDM-Mo-
JTyJISIIHIO, TPOXOJKIACHNE CUTHAJIA Yepe3 KaHall pacpOCTPaHEHHS
PaZMOBOJH, a TaK)Ke JETEKTUPOBAHHE HA NMPUEMHOI CTOpPOHE C
npuMeHeHueM anroputma MPA.

Jist obecrieueHus KOPPEKTHOU OIEHKH 3 (DEKTUBHOCTH TPE]I-
JIO)KEHHBIX pEIIeHNH, KaHaJIbHOE KOAMPOBaHHWE B MOJECIU CH-
CTEMBI HE HCIOJIb30BaJIOCh. DPPEKTUBHOCT pabOThI OIECHUBA-
J1ach 10 3aBUCUMOCTSIM BepOsITHOCTH OnToBO# omnOkn BER (Bit
Error Rate) oT oTHOIIEHUS YHEPTHUH, IPUXOAIICHCS HAa OUT WH-
(dopmManuu K CIEKTPaIbHON IIOTHOCTH MOITHOCTH IrymMa Epn/No.
MopnenupoBaHue BBIIOIHANOCH MeTOA0M MoHTe-Kapio ¢ MHOro-
KpaTHOM reHepanuei nepejaBacMblX CUMBOJIOB, CIIy4aiHbIX pea-
JU3AIMHA KaHaJIa ¥ aJIUTHBHOTO rayCccoBa IIyMa.

B pabote paccmarpuBaroTcsi JBa ClIEHapHs KaHaja pacipo-
CTpaHeHHs PaJMOBOJIH, COOTBETCTBYIONMX (2). B nmepBoMm crieHa-
PHUH HCIOJB3YETCs KJacCHYecKas MOJENb HEKOPPEIUPOBAHHOTO

YACTOTHO-CENEKTUBHOTO Kanana Penes hjy ~CN (O,cﬁ),cﬁ =1

(manee xanan Penes). [lns takoit Mojenu xapakTepHbl riyOOKHe
3aMHUpaHusl Ha OTACJBHBIX IOJHECYIINX, CIydailHBIM 00pa3zoM
pacnpenienéHHbIe 0 BCEMY YaCTOTHOMY CIIEKTPY.

Bo BTOpOM clieHapuM MCIOB3YETCSl CTAHJAPTU30BAHHAS MO-
nens MHOTOIy4eBoro kanana Penest TDL-C (Tapped Delay Line
C), pexomennoBanHas B cnenupukanuun 3GPP TR 38.901 [22]
(manee TDL-C). /laHHast MOJETTH ONIICHIBACT YaCTOTHO-CETICKTHB-
HBIH KaHaJ C MHOTOJIyYEBBIM PACIPOCTPAHCHNUEM W 3HAUHUTEIh-
HBIM Pa30pOCOM 3aJepKEK, XapaKTEPHBIH ISl CIIEHApHEB MO-
OMIBPHOW CBA3M B TOPOACKOH 3acTpoiike. B Takux ycrIoBHSIX
TPYTIIBI COCEHUX MOJHECYIIUX MOTYT OJHOBPEMEHHO HCIIBITHI-
BaTh NIyOokue 3amupanus. IIpuMepsl peanusanuii KaHaIbHbBIX
BEKTOPOB 15l 000MX CLIEHApUEB ITPHUBE/ICHBI HAa PUCYHKE 8.

10

h o 7B

L |—&— Kanan Penes
—=—3GPPTDL-C

0 100 200 300 400 500 600 700 800
Wunekce nognecymei, Kk

Puc. 8. Ilpumep peanusanuil kKaHaJIbHBIX BEKTOPOB B ABYX CLIEHApHUIX

Bo Bcex clieHapusax MOJICTHPOBAHHS HCIOJIB30BAINCH KOIO-
BbIC KHUTH C OJMHAKOBbIMU mapamerpamu dj =2, dk =3, M =4,

ELECTRONICS. RADIO ENGINEERING

IIPY 3TOM H3MEHSJIACh UX Pa3MEpHOCTh, OIpeAeieMas mapaMeT-
pamu K, J. TIpu cunTe3¢ hOPMUPYIOIINX MATPHUIL UCIIOIH30BAIACh
6azoBast MaTpulla, TPUBEEHHAs Ha PUCYHKE 2, a MUHUMAaJIbHAsS
JUTMHA IUKJIOB ( MEHSUTACh JIJISl PA3IMYHBIX KOJOBBIX KHUT. Dop-
MHUPOBAaHHE KOJOBbIX KHHT, BKIIIOYasl CUHTE3 OIEpaTopoB A; u

M. ocHOBaHO Ha moaxofe, onucanHoM B [11]. [lng nerektuposa-
HUSI CUMBOJIOB TIpUMEHsJICS anroputM MPA ¢ ceMbio nrepariu-
SIMU.

Ha pucynkax 9-10 mpuBeeHbI 3aBUCUMOCTH CPEIHET0 3Haue-
Hust BER o Bcem abonenTam ot Ey/No, teMoHCTpHpYyFOIITUE BIU-
SIHUE MUHUMAaJIBHON JUIMHBI UKJIOB ( HAa MTOMEXOYCTOWYHBOCTh
cucreMsl cBsizu ¢ SCMA. B aToM sKkcriepuMenTe ObIIO creHepH-
pOBaHO dYeThIpe KOJOBBIX KHHUTH, AT KOTOPBIX IapamMeTpbl
K =16, J =24 coBnamanu, a MUHIMaIbHAs JJIHHA IIHKIOB B (hop-
MHUpYIOIIeH MaTpuie (mapameTp J) mpuHuMaia 3HadeHus [4, 6, §,
12].

Kanan Penest

10°
107!
" 102
2 —
103 8
3 g_g
2 —g=12
1074
1
14 16 18

0 5 10 15 20 25 30 35
Eb/No’ b

Puc. 9. 3aBucumoctu BER ot En/No B Mogenu kanana Penest
NPH Pa3HbIX J

TDL-C

0 5 10 15 20 25 30 35
EyN,, 1B
Puc. 10. 3aBucumoctt BER ot Eb/No B Mozenu kanana TDL-C
MPH Pa3HbIX g

Kak BHIHO M3 pHCYHKOB, B 00€MX MOJIENISIX KaHAJIOB 3aBHCH-
moctd BER umerot cxoxuil xapakrep. Hanmuune nuKiIoB JUIMHBL
0 = 4 npuBOAMT K cymecTBeHHOMY yxyauenuto BER. U3-3a kop-
pensmun cooduernii B paktop-rpade anroputma MPA mpu yBe-
mmaeHnn Ep/No BepoITHOCTS OMTOBBIX OIMIMOOK HE YMEHBIACTCS
JO0 HYJEBBIX 3HaueHMH. B TO ke Bpems HCKIIOUCHHE IHKJIOB
60bIIeH KPaTHOCTH MPUBOJUT JIUIIL K HE3HAUUTEIIEHOMY YIIyd-
meHunto xapakrepuctuk BER. Tax, 115 nocTmkeHust BEpOSATHOCTH
ommOku 107 mpu HaTMUMM [MKIOB JUIMHBI § =6 TpebyeTcs

-
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npumepHo Ha 0.5 n1b Gonbinee 3Hauenne En/No 1o cpaBHeHuto ¢
KOJIOBBIMH KHUTAMH, B KOTOPBIX MPUCYTCTBYIOT TOJBKO IHKJIBI
JuMHBl =8 ng=12.

Ha pucynkax 11-12 npusenenst 3aBucumoctd BER ot Ep/Ng
JEMOHCTPUPYIOIME BIMSHUE MAacCIITaOUPOBAHUS Pa3MEPHOCTH
KOJIOBBIX KHHT. PaccMaTpuBaoch ceMb CHHTE3MPOBAaHHBIX KOJO-
BBIX KHUT, TTAPaMEeTPhl KOTOPHIX MpHUBeAcHHI B Tabmmie 1. Otme-
THM, 4TO ITapaMeTPBbI KOJOBOI KHUTU 1 COOTBETCTBYIOT Hauboee
pacmpocTpaHEHHOMY B TUTEparype cuenapuio [7-9, 11, 13, 15].

Tabuumna 1

HapaMeTpLI CUHTE3UPOBAHHBIX KOAOBBIX KHUT

J K g
CB Ne 1 6 4 6
CB Ne 2 12 8 8
CB Ne 3 48 32 12
CB Ne 4 96 64 16
CB Ne 5 384 256 16
CB Ne 6 768 512 16
CB Ne 7 1536 1024 16
10° Kanan Penest
——CBNel
10! ——CBNe2
CBNe3
——CBNe 4
102 ——CBNe5
o ———CB N 6
= ——CBNe 7
103
10

0 5 10 15 20 25 30 35
Eb/N 0 nb
Puc. 11. 3asucumoctu BER ot En/No B Mmojenu kanana Penes
JUISL KOJOBBIX KHUT M3 Ta0auIk! 1

TDL-C

—

é} ——CBNel
103 ¢ ———CB Ne 2
CB Ne 3
——CB Ne 4
-4 |[=———CBNe5
———CBNe 6
——CBNe7

0 5 10 15 20 25 30 35
E/N,, nb
Puc. 12. 3aBucumoctu BER ot En/No B Mmoaenu kanama TDL-C
JUIS KOJIOBBIX KHUT M3 Ta0mums! |

Kak BunHO 13 pucyska 11, yBenndyeHue pazMepHOCTH KOJIOBBIX
KHUT' TPUBOAWT K CHIDKCHHIO BEPOSTHOCTH OWTOBBIX OIIMOOK.
Haunbonee 3ameTHblil npupocT 3(GEKTHBHOCTH HAOMIOAASTCs MPH
JIBYKpPaTHOM MacIITaOMpOBaHWH KOJIOBOW KHUTH 10 K =8 pecypc-
HBIX JIEMEHTOB. PrcyHOK 12 moKas3bIBaeT, YTO MpU HATWYUH TPyII-
MIOBBIX 3aMUpaHUH, XapakTepHbIX 11t Moaenu TDL-C, nanbHeliiee

yBenuueHue pazmepHocts 10 K =48 (komoast kuura Ne 3) obecre-
yyBaeT JONOJIHUTeNbHOe cHibkeHne BER mo cpaBHeHuto ¢ komo-
BBIMH KHUTaMu Majioi pasmeproct (Nel 1 Ne2). ITpu aTom nocie-
JIyIOIllee YBEJIMUEHUE Pa3MEPHOCTU KOAOBBIX KHUI HE NMPHUBOIUT K
JIbHEHIIEMy YITyqIIEHNIO TOMEX0YCTOHYMBOCTH.

Ha pucynxkax 13 n 14 npuBeneHo CpaBHEHHE HCIOIb30BAHUS
MacmTabuPyeMbIX KOJOBBIX KHUT M KOJIOBOM KHHTH MaJlOH pas-
meprocTr (CB Nel u3 tabm. 1) mpu pa3OueHnn o0miero ymcia
nmonuecymux K (8, 64, 1024) na rpynms! o getsipe. [Ipumep Ta-
KOTO pa30MEeHUs TOKa3aH Ha PHCYHKE 7.

Kanaun Pesies

10°

CBNe2, K=8
——CB Ne 4, K =64
CBNe 7, K=1024
——CBMNe1,K=8
——CB Ne 1, K =64
—CB Ne 1, K=1024

4L
10 1 \ \

1516 17 18 19
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Puc. 13. 3aBucumoctu BER ot Ex/No B Mmozenu kanana Penest
[P UCTIOJIb30BAHMH MAJIBIX U MACIITAOMPYEMBIX KOJOBBIX KHUT

TDL-C

10°

\ N
N

CB Ne2, K=8
CB Ne 4, K =64
CB Ne 7, K =1024
CBNel, K=8
CBNe 1, K =64
CB Ne 1, K=1024

0 5 10 1520 25 30 35

E b/N e nb

Puc. 14. 3asucumoctu BER ot Ex/No B mojenu kanana TDL-C
[P UCTIOIb30BAHMH MAJIbIX U MACIITAOMPYEMBIX KOJOBBIX KHUT

Pucynox 13 nemoHCTpHpYyeT, 4TO MCIIOIb30BAaHUE MACIITAOH-
PYEMBIX KOJIOBBIX KHUT B KaHalie Perest obecrieunBaet 0osiee BbI-
COKYIO TIOMEXOYCTOHYHMBOCTb IO CPAaBHEHUIO C MPUMEHEHHEM KO-
jgoBoil kHurum Nel. Bemrpeim cocrtaBnser okosno 1 nb mpu
BER = 10, [Ipu 5T0OM BCJIE/ICTBHE CITy4allHbIX HEKOPPEITUPOBAH-
HBIX 3aMHPaHUN, XapaKTEPHBIX I 3TOH MOJICIIN KaHajla, IpuMe-
HEHUE KOoAOBOM KHUTM Nel Ha pa3nMyHOM YHUCIE MOJHECYIIHX
MIPUBOAMT K TPAKTHUCCKH OJMHAKOBOMY YPOBHIO IIOMEXOYCTOM-
YUBOCTH. DTOT YPOBECHb YCTYIAET PE3yNIbTaTaM, JOCTUTAEMBbIM
TIPH HCIIOTF30BAHUN MACIITAONPYEMBIX KOJJOBBIX KHHT, 7151 KOTO-
prIX HabmomaroTcs O6mmskue 3HaueHns BER.

Kak BunHO u3 pucynka 14, B mogenu xanaiga TDL-C ucmons-
30BaHUe MaclITabupyeMbIX KomoBbIX KHUT (Ne 4 u 7) obecrieun-
BAaeT CYIIECTBEHHO MEHBIIYIO BEPOSITHOCTh OUTOBBIX OLIMOOK MO
CpPaBHEHHMIO C puMeHeHueM Ko10Boi kauru Nel. [TomexoycrToii-
yuBOCTh cucteMbl ¢ CB Nol 3HayuTenbHO 3aBUCHUT OT 4YMCIa

-
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HCTONB3yeMbIX monHecymux. Ecmm kopotkuit SCMA cumBon
(mmst CB Nel ero anuna paBHa 4) monajgaeTr B 00JacTh rIyOOKHX
3aMHUpaHuil, JETEKTHPOBAHUE C KCIOJIb30BAaHUEM aAITOPUTMA
MPA npuBOIMT K MOSBICHUIO OUTOBBIX OMIMOOK. [Ipu Hcmosb30-
BaHun Oosee uMHHBIX SCMA cHMBOJIOB (B paccMaTrpuBacMOM
npuMepe MX JuinHa cocrtasisier 8, 64 u 1024) naxe npu nonaja-
HHUH YaCTH UX AJIEMEHTOB B 00JIaCTh ITyOOKHX 3aMHUPaHUH JTETEK-
tupoBanre MPA MoxeT OBITh BBIIIOIHEHO KOPPEKTHO, Y4TO obec-
nequBaeT 0osree BHICOKYIO TIOMEX0YCTOHYNBOCTD CHCTEMBI.

3akjrouenue

B pabote mpemtoskeH MeTo ] CHHTE3a KOJOBEIX KHUT SCMA,
OCHOBaHHBINM Ha MacIITaOMPOBaHNHU 0a30BBIX Pa3pEKEHHBIX MaT-
pui. B ocHOBe MeTO1a JIEKHUT 3aMEHA HEHYJIEBBIX JJIEMEHTOB Oa-
30BOM MaTpHIIbl Ha IUPKYJISIHTHBIE MATPHIbI, TApaMeTPhl KOTO-
PBIX BBIOMPAIOTCSI C YYETOM KOHTPOJISI IIMKJIIOB MaJIOl KPaTHOCTH
B COOTBETCTBYIOIIUX MaTpHilaM GakTop-rpadax.

[TokazaHo, 4TO MCIIOJIL30BaHHME KOJIOBBIX KHUT OOJIBIION pa3-
MEpPHOCTHU HE MPUBOJUT K YBEIHMYCHUIO BBIYMCIUTEIILHOW CIIOXK-
HocTH anroputMa aerekruposanus MPA. IIpu nepenaue SCMA
CHUMBOJIOB B cuctemax cBsizu ¢ OFDM B yClIOBUSIX MHOTOJTyU€EBbIX
KaHaJIOB TPEJUIOKEHHBINA TOAXO0/ MO3BOJISIET CYIIECTBEHHO CHU-
3UTH BEPOSITHOCTH OMTOBBIX ONITHOOK.

PaccmoTpeHo BiIMsSHUE IUKIOB MaJIOW JIMHEI B (haKTOp-Tpa-
¢ax, coOTBETCTBYIOMUX (GOpMUPYIOMMM MaTpuiiaMm. I[lokazaHo,
4T0 HamOoJiee JECTPYKTHBHOE BIMSHHUE OKAa3bIBAIOT IHKIIBI
JUIMHBI 4, KOTOPBIE JOJDKHBI OBITh yCTPaHEHbI HA JTalle CHHTE3a
dopmupyromieli Marpuisl. B TO ke camoe Bpems yCTpaHEHHE
LUKJIOB JUIMHBI >8 TMPHBOJAUT JIMIIb K HECYIIECTBEHHOMY POCTY
MTOMEX0YCTOMYNBOCTH.

HmuTanmoHHOE MOJETMPOBAHNE CUCTEMBI CBS3U C UCTIOJIB30BA-
HHEM IIPE/UIOKEHHBIX PELICHHH JEMOHCTPUPYET HOBBIILICHUE T10-
MEXO0YCTOWYMBOCTH MEpeadn MPU yBEINYCHUH PAa3MEPHOCTH KO-
JIoBBIX KHUT. Hambonee 3ameTHO 3TOT 3(h(eKT MmposBisercs: B Ka-
HaJIax ¢ TIyOOKHUMH TPYIIIOBBIMH 3aMHUPAHUSIMH, K KOTOPBIM OTHO-
curcst monens TDL-C. Tlpupoma HaOMI01a€MOT0 BEIMTPHIIIA 00Y-
CJIOBJIEHA Pa3HECEHWEM SJIEMEHTOB KO/IOBBIX CJIOB IO PA3INYHBIM
00J1aCTSIM YaCTOTHOT'O CIIEKTPA, YTO MPUBOJIUT K PacHpPEIENCHHUIO 1
YCpPEeIHEeHHUIO BIISTHUS 3aMUpaHuii mpu pabote anroputma MPA.

CpaBHEHHE MPEUIOKEHHOT0 MOX0/1a ¢ 6a30BOH CXEMOH, Hc-
MOJIB3YIOIIEH KOJOBYIO KHHUTY MaJIOM pa3MEpHOCTH M TPYIIIH-
POBKY TO/IHECY X, [IOKA3bIBAET, YTO BBIMIPHIII OT MACIITAOUPO-
BaHHUS KOJIOBBIX KHHUT MO>KeT mpeBbIiath 10 ab.
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Abstract

This paper proposes a method for constructing scalable regular codebooks for communication systems with non-orthogonal multiple access based on Sparse Code Multiple
Access (SCMA). SCMA provides high error resilience, high spectral efficiency, and support for a large number of network connections, and is therefore considered one of
the promising multiple access techniques for next-generation communication systems. The performance of SCMA systems is largely determined by the characteristics of the
employed codebooks. It is shown that the use of codebooks with a small fixed size limits the scalability of the system and may lead to degraded error performance under fre-
quency-selective fading conditions. A method for SCMA codebook synthesis is proposed, based on scaling sparse base matrices using a quasi-cyclic representation and con-
trolling short cycles in the corresponding factor graphs. To evaluate the efficiency of the proposed approach, a simulation model of an SCMA communication system was
developed. Bit error rate performance was evaluated using Monte Carlo simulations for different radio propagation channel models. The simulation results demonstrate that
increasing the codebook dimensionality significantly reduces the bit error rate in channels with group frequency-selective fading while maintaining the computational com-
plexity of the detection algorithm.

Keywords: SCMA, 6G, loT, sparse matrices, codebooks, NOMA, MPA
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o6weti pusuxu um. A.M. IIpoxoposa PAH, duckpemusauuu, pasmep 6ygepa, npomokon ASIO,

Mockea, Poccus, ngus@mail.ru paspadHocmb KeaHMosaHuA

AkTyanbHocTb paboTbl obycnoeneHa Heob6xoauMocTbio obecneyeHus [OCTOBEPHOCTH
kubGepcdusmuyeckoi >MynauMm u TMGKOW OTNAKM aHaNOroBbIX ayAMOYCTPOWCTB,
(YHKUMOHUPYIOLWUX B pexuMe peanbHoro BpeMenu. Llenbs uccneposaHua - aHanus
nporpaMMHO-annapaTtHbiX pecypcoB (CMCTEMHbIX NPeAHACTPOEK) BbIMMCIIUTENIbHON cpeabl N
napaMeTpoB ayauouHTepceica Ha xapaktepuctuku kubepdusuueckoi SPICE-3Mynauumn
CUTHaNbHBIX ayaunomopynein. WMccneposaHne npepnoxeHHoro B pabote Metopa
kubepcusnyveckoi SPICE-aMynaumm n pexxmMoB JOCTMKEHUA HauNyulLUX NapaMeTpoB ero
(DYHKLIMOHUPOBAHMA NMPU MUHUMANBHBIX 3aJlePXKKaX MOKa3aHO Ha MpUMepe TUMOBLIX CXeM
ayavoMopayneii: TPEXMOoNIOCHOTo 3KBanavsepa U MukpocgoHHoro npeaycunutena. Mpoeeaex
napaMeTpMuYecKUi aHanu3 BJIMAHMA HACTpPOeK mnporpaMMHoro 6noka (4acToTbl
AVCKpeTusauum, pasMepa Gycdepa, NnpoTokona BBOAA-BbIBOAA U Pa3pAAHOCTU KBAHTOBaHMUA)
M XapaKTepucTMK annapatHow nnardopmbl kubepcpusuuveckonn SPICE-amynauum Ha
pesynbTUpyloliMe napaMeTpbl: AWHAMWUYECKMA [Anana3soH, OTHOLUEHWE CUrHan-LyM,
HeNnuHelHble uckaxkeHua. MpeanoxeHHblii pexuM kubepcusnueckon SPICE-amynauum,
peanusoBaHHbIi Ha 6Gase cneumanbHo paspaboTtaHHOro uHTepdeic-nnarmHa B cpepe
Simulink, Mo)eT ObITb pekoMeHAOBaH ANA OTNAAKU CUrHaNbHbIX ayauomopynein. B
pesynbrarte UcciieJ0BaHUA NOKa3aHO, YTO NpM BbIGOpe YacToThl AUCKpEeTU3aLuM He Huxke 44,1
kI, nporokona ASIO, o6ecneuunBaiollero 3afilep>KKy Ha BXoze 1 Bbixoge ayauouHTepcenca
He Gonee 100 mc, pasMepa Gycepa He MeHee 512 oTcyeToB, pa3pAAHOCTU KBAHTOBAaHUA - He
MeHee 16 6uT B kMGepdusnyecknx ayamoTpakTax BO3MOXHO AOCTUXKEHUE AUHAMUYECKOTO
AvanasoHa cebilie 83 pab, koadduumeHTa rapMoHMyecknx uckaxkeHuin menee 0,003% un
OTHOLLIEHUA CUTHana-wymMa He MeHee 73 pb.
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BBenenue

Kubepduznueckass SPICE-amynsiisi CUTHaJIBHBIX ayAnOMO-
JyJIeH TpeJIcTaBIsieT COO0M NePCIEeKTHBHOE HAIIPABJICHHE Pa3BU-
THSI METO/IOB aHAJIOTOBOT'O MPOEKTHPOBAHMS U TECTHPOBAHUS pa-
JIOBJICKTPOHHBIX YCTPONCTB, I03BOJISIONIEe 00BEMHUTD JJOCTO-
WHCTBA MaT€MaTHYECKOTO MOJICJIIMPOBAHUS C BO3MOXKHOCTBIO all-
mapaTHONW 00pabOTKU peaNbHBIX ayIHOCUTHAIOB B PEXKUME, TIPH-
OKEHHOM K pealbHOMY BpeMeHH. Tak, N3BECTHBIC TIPOU3BOIH-
TEJN AIEKTPOHHON KOMITOHEHTHOH 0a3bl, Kak Texas Instruments,
Linear Technology, STMicroelectronics, Analog Devices u jp.
MIPEIOCTABIAIOT Pa3padoTINKaM aHAIOTOBBIX YCTPOUCTB OHOIHO-
texku SPICE-Monerneii paaroKOMIIOHEHTOB, BepU(DUIIUPOBAHHBIC
BOCTIPOM3BOANMOCTEIO He MeHee 0,97% 10 OTHOIIEHUIO K UX OpH-
ruHamy [1].

B otnnuue ot kommnerorepHoro SPICE-monenupoBanusi, orpa-
HUYEHHOTO TIOJIyYeHHEM COOCTBEHHO BUPTYaJIbHO-UYMCICHHBIX
pe3yJIbTaToB, MapaMEeTPOB U XapaKTEPUCTUK PaHOIEKTPOHHBIX
nernei 6e3 KakoH-1100 BO3MOXHOCTH MX TPAHCISIINY K BHEITHUM
¢usnyeckuM ycTpoiictBam, MeTon kuOepdusudeckoit SPICE-
SMYJISILUH, HANPaBICHHBIH HA CO3/IaHHME NPOTPAMMHO-AMIAPaT-
HBIX JIBOWHUKOB CHTHAJBHBIX ayJMOMOJYJIEH MpPU MOMOIIN WH-
Tepdelic-mIarnHa, peanu3yeMoro B cCpeae BHU3yalbHO-Tpadmye-
ckoit smysiun (BI'D), u anmapatHoro mHTepdeiica, HaKIaIbl-
BaeT JIOIOJIHUTENIbHBIE TPEOOBaHUS K NMPOU3BOAUTEILHOCTH BbI-
YUCJIUTEIHHONW CUCTEMBI M MPOrpaMMHON cpensl BI'D, anmapat-
HBIX PEIIeHUH U IPOTOKOJIOB Mepeaayn ayInocuruanos [1,2,3].

Taxkum 00pazoM, IJisi CUTHAJIBHBIX ay/IMOTEXHUYECKUX pellie-
HUI peanm3anus ruOKON aHAJIOTOBON OTJIAJKH B PEKUME Peajib-
HOTO BpEMEHH CTaHOBUTCSI TAKOH e BO3MOYKHOI, KaK B ciIydae ¢
mudposbiMu nemsiMu 1 HDL-anroputmamu, peann3yeMbIMH Ha
MIPOrPaMMHPYEMBIX JIOTHYECKUX HMHTETPAIBHBIX cxemax. [lpu
9TOM INPETIOKEHHBIN KNOEPPU3NIECKUI PEKIM OTIAAKH aHAJIO-
TOBBIX ayJHOMOJYyJIEHl ITO3BOJISIET HCIIOIB30BaTh OMOIMOTEKH
SPICE-moneneii BepupHUINPOBaHHBIX PaJNOKOMIIOHEHTOB, PO-
W3BOANTH OBICTPBIA MHTErpo-AuddepeHnnanbHeId pacueT, THo-
KYyI0 NTapaMeTPU3aIHIO IETIeH U OCYIIECTBIATh MHOTOKAaHATIBHYTO
TPaHCISIIMIO CUTHAJIOB AHAJIOTOBBIX CXeM uepe3 (usmueckue
ayJIMOMHTEP(EHCHI, YTO HE MPE/ICTABISIETCS BO3MOXKHBIM MPH pa-
00Te ¢ apXUTEKTypaMH, IIOCTPOCHHBIMH Ha 0a3e MmporpaMMupye-
MbIX aHAJIOTOBBIX HHTETPAILHBIX CXEM.

[MpakTryeckas peannzanus KMOSPPU3MIECKOH IMYIIALUH CO-
MpsDKEHA C PSJOM OrpaHUuCHHH, 00YCIIOBICHHBIX KaK amapart-
HBIMH XapaKTEPUCTUKAMH — MPOU3BOIUTEIBHOCTD LIEHTPAIBHOTO
nporeccopa, 3azepkkn ananoro-mnpposeix (AL u mmdpo-
aHajorosbix npeoOpazosareneit (IJAIl), Tak n mporpaMMHBIMA
HacTpoikaMu (Jactora JUCKpeTH3aluy, pasmep Oydepa, nmpoTo-
KOJI Tiepeayyl JaHHBIX) [4-8]. YKa3aHHBIE MapaMeTphl IIPOrpaM-
MHO-AIMapaTHBIX BOWHUKOB OKAa3bIBAIOT HETOCPEICTBEHHOE
BIMSHUE HAa PE3yJbTUPYIONINE XapPAKTEPUCTHUKH ayIHOTPaKTa:
TUHAMUYECKHUI Trama3oH, oTHomeHue curHan-mryM (OCI) u ve-
JVHEHHBIE MCKaXXEHHS, YTO OMNPENENeT aKTyaJlbHOCTh HACTOS-
IIETO UCCIIeIOBAHNUS.

1 XapakTepucTuku kudep(u3snyeckoro ayIuoTpaKkTa
OOparumMces K aHATUTHIECKOMY M OMOJIMOTEYHOMY OITMCAHHIO

AHAJIU3UPYCMBbBIX XapaKTCPUCTUK nporpaMMHO-anmnapaTHbIX
HBOﬁHHKOB CHUTHAJIbHBIX ayZ[HOMO,HyJ'ICfI, HCCICAYCMBIX B pa60Te.

1.1 Yacmoma ouckpemuszayuu Kuodephuzuueckoit Imyaayuu
CUZHATILHBIX AYOUOMOOYIell

Hns aynnonHTepEiCOB, UCIONB3YEMBIX TPH TOCTPOCHUH
KHOep(HU3NIECKUX ayANOTPAKTOB, HCIOIB3YIOTCSA CIEAYIOIIHNE
HOMHHAIIBHBIC YaCTOTHI IHCKPETH3allWH, yCTaHOBICHHBIE [SO
266: 44,1 xI'n — crargapt CD-ayamo; 48 I’y — cTaHmapT s
U(POBOTO BUIEO U HEKOTOPBIX MTPOECCHOHATBHBIX ayAN03aITH-
ceit; 96 u 192 k't — cranaapt a7t 60J1ee TOYHOTO BOCIIPOU3BEIC-
HUS 3BYKA U TIPU CBEJCHHUU ayIHO.

Kpome Toro, BaKHBIM MapaMeTpOM JJisi HCCICOBAHUS U Pa-
0OTBI C MPOrpaMMHO-AIIAPATHBIMH JBOMHUKAMU SIBJISICTCS Pa3-
PSAHOCTH KBaHTOBaHU. [IpuMeHseMble 3HAYCHUS Pa3psIHOCTH
kBanToBaHus B LIATT/ALIIT ayauaTepdeiicoB ciemyromue: 8 OuT
— TIpenocTaBisieT 256 BO3MOXHBIX 3HAYEHHMI KBAHTOBAaHHUSA; 16
OuT — mpegocTaBmaeT 65,536 BO3MOKHBIX YPOBHEH KBAHTOBAHUS;
24 6ut — npenocranisieT 16 777 216 BO3MOKHBIX YPOBHEH KBaH-
ToBaHHA; 32 OuT — mpenoctaBuseT 4 294 967 296 BO3MOKHBIX
ypoBHeii kBanToBaHus [9,10].

1.2 Jlunamuueckuii ouanazon Kubepuzuueckoii Imynayuu
CUZHATILHBIX AYOUOMOOY el

Jlnst OLIEHKH peallbHOTO AMHAMUYECKOTO Jrara3oHa, GopMu-
PYeMOro LemsIMH CTeHIA W HU(POBOTO JBOHHHUKA ayJHOMOJTYJIS,
YUUTHIBAETCSI BIMSHUE MTApAa3UTHBIX U TAPMOHUYECKUX COCTaBIISI-
IOLIUX CIIEKTPA, Hcnob3yercs napaMmerp SFDR — nunamuyeckuii
Jara3oH 0e3 mapasuTHBIX COCTABISIOMMX. J{nHAMUYecKui aua-
M1a30H OIPEAEIIETCS OTHOUIEHHE MOITHOCTH TOJIE3HOTO CHT'HAJIA
K MOIITHOCTH HaWOOJIBIICH TTapa3uTHON COCTABIIIONICH CIIEKTpa,
KOTOPO MOXKET ObITh, KaK TapMOHHKA, 00yCIIOBICHHAS HEJTMHEH-
HBIMH HCKQKCHUSIMH, TaK M JPYTUE Mapa3sUTHbIC KOMIIOHEHTBHI.
Jng n3MepeHns AMHAMHYECKOTro JUana3oHa HCIoIb30BajIach CH-
crema BI'D Simulink ¢ 6ubmmorexoit Audio ToolBox.

B cucreme BI'D Simulink SFDR paccuntbeiBaeTcst ¢ NOMOIIBIO
BCTPOEGHHOTO MHCTpyMeHTa Spectrum Analyzer 1o cieayromen

dopmyse:

SFDR =10log Pewrnan , (1)
PHF

e Pruan MOIITHOCTh CHWTHajla Ha BBIXOJHOM KaHaJe
ayImoTpaKTa, Pyr — MOITHOCTh HAHOOJIEEe HEXKENATSIIEHONU rapMo-
HUKH Ha BBIXOJHOM KaHaie ayauoTpakra [9, 10].

1.3 Hlymut, 6o3nuxarowiue npu Kudephuzuueckoit IMyaayuu
CUZHATILHBIX AYOUOMOOY el

[Tymb1 B knOephru3nIecKoil SIMYIIAIINN IMEIOT JBOUCTBECHHYTO
MIPUPOY — IPOTpaMMHYI0, 3anoxerHyio SPICE-momensto paano-
KOMIIOHEHTOB, M alIapaTHyIO: LIyMbl, OOYCJIOBICHHBIE MOJIE-
JSIMM KOMIIOHEHTOB (TEIUIOBBIE IIyMBbI PE3HCTOPOB, APOOOBBIE
LIyMbI HOJIYTIPOBOJHUKOBBIX IPUOOPOB); YUCIICHHBIC IIIyMBbI, BO3-
HUKAIOIIHUE U3-32 KOHEYHON TOYHOCTH BBIUHUCICHUN U JUCKPETHU-
3alliyi BPEMCHU, allllapaTHbIC ITYMbI paﬂnoz[eTanei/i B ayJMOWH-
tepgeiicax.

I'maBHBII mapameTp, KOTOPBIN MOKa3bIBAET CPABHEHUE MOILI-
HOCTH ayJUOCUTHANA C YPOBHEM IIIyMa B ayJUOTPAKTE SBISAETCS
OCII.
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B cucreme BI'D Simulink OCII (um SNR) paccuuntsiBaercs
IpU TTOMOLIM MHCTpyMeHTa Spectrum Analyzer 1o cieayromeit
(bopmyme:

SNR — PCI/IFHAJI ,

mym

2

rne Peyryan — MOIIHOCTB TIOJIE3HOTO CHUTHAJIA HA BBIXOJAHOM Ka-
Hane ayauotpakra. Pyyy = P1 + P2 + --- Pn — MOIIHOCTS 1lIyMa
Ha BBIXOJIHOM KaHaJie ayJMOTPaKTa.

Honycrumbim OCHI npu padote ¢ kndbepuznieckuMu MoJie-
JIIMU ayTHOMOJIYJIeH siBisieTcst quanazod < 75 ab [9,10].

1.4 Henuneiinvle uckasicenus, 603HUKarouiue
npu Kubepuzuueckoi IMyaayuu

KoadpdpummenT rapmonndeckux uckakenwii (KI'M wim THD)
B cucteme BI'D Simulink cunraercs mo cienyromeit popmyre:

2 2 2
P +P +..+P,
2
R
rae P; — MOLIHOCTb OCHOBHOI rapMOHUKH, P, — MOIIHOCTH I0-
60uHol rapmonunku. M3mepenue KI'M npon3BouTes ¢ NOMOIIBIO
Spectrum Analyzer cuctembr BI'D Simulink.

JlomycTUMBIM  YPOBHEM TapMOHUYCCKHX HMCKKCHHEM IS
CUTHAJBHBIX ayanoMomyieit ssisercs <0,05...0,5% [9,10].

THD =

>

2 UccaenoBanune kudepduznyeckoii SPICE-smynsuuu
aHAJIOTOBBIX ay/IHOYCTPOHCTB

[Ipn wuccnenoBannm wmopeneit kubeppusmueckoii SPICE-
SMYJLIAA ayJUOYCTPOHCTB [3] 32 OCHOBY B3SITHI KuOepdusmde-
CKHE MOJieNH (TIPOTpaMMHO-aNIapaTHbIC IBOWHUKH) TPEXIIONOC-
HOTO TapaMeTPUUYECKOro dKBanai3epa n MUKPOGOHHOTO Ipemy-
cunutens (puc. 1 u 2). PenepHbie CXeMBbI SIBISIOTCS TUIIOBBIMHA pe-
LICHUSIMU ayTHOMHKIIEPHBIX TPAKTOB U BHIOpAHbI B KauecTBe Oa-
30BOM OCHOBBI ISl UCCJICIOBAHMS MTPEJIOKEHHOTO B paboTe Me-
Tona kubepuzudeckoit SPICE-oMymsiinu 1 pesKUMOB JIOCTHIKE-
HUSI HAWITYYIIIUX [TapaMeTpoB ero (yHKIIMOHUPOBAHMUS IPU MHHU-
MaJIbHBIX 33/IepPXKKax pabOThl CHTHAIBHBIX ayJMOMOJYJIei He 00-
nee 100 mc.

Cxema TpEXIOIIOCHOTO MapaMeTpUIecKOro sKBanaisepa, mo-
CTPOCHA Ha TPEX IMOJOCOBBIX (HIBTPAX, TOCIE KOTOPBIX MPE0d-
Pa30BaHHBINA CHUTHAJI CYMMHPYETCS OTIEPAIlMOHHBIM YCHITUTEIIEM.
BxonHo#l curnan pacnpeaensieTcss Ha TpU YAaCTOTHBIX KaHaja:
HU3KHX 9acToT — 20...200 I'm, cpemamnx wactot — 0,2...4 k[’ u

BBICOKHX 4acToT — 4...20 xl11.

Puc. 1. Kubepdpuznueckas SPICE-monens TpéxmonocHoro
napaMeTpu4ecKkoro skBaiaiizepa B cucreme BI'D Simulink.
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Cxema MUKpO(OHHOTO MPETy CHIINTENSI TOCTPOSHA Ha MOJICIN
OTIEPAIIIOHHOTO YCHJIMTENS ¢ OOBSI3KON PE3UCTOPA M MOTEHIIHO-
MEeTpa JUIs peryIupoBaHus Kod(duienTa ycuiaeHus B pearbHOM
BPEMEHH.

Kubepduzngeckas SPICE-moaenu THIOBBIX ayIHOYCTPOUCTB
pa3paboTaHsl ¢ ToMomIpI0 OMOIHOTeKH Simscape cuctemsr BI'D
Simulink. DmexTpuyeckre NMPHHINIHAIBHBIE CXEMBI C yKa3aH-
HbBIMU HOMHHAJIaMHU PaJJUOKOMIIOHECHTOB IPECACTABICHHBIX MOJIC-
Jiel ayInOyCTPOWCTB MOKa3aHbl Ha PUCYHKax 3 W 4, COOTBET-
CTBEHHO.

Puc. 2. Kubepdpusnueckas SPICE-monenb MUKPOGOHHOTO
npexycunurens B cucteme BI'D Simulink

A1

TLO71
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8xoha

R2
%k

] R1
4

Puc. 3. DnexTpudeckast IpUHIMIHAIBHAS cXeMa KHOephH3ndecKoit
MO/IeIT MUKPO(OHHOTO TPe Ly CHIIUTEIIS
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Puc. 4. Dnexrpruyeckas MpUHIUITHAIBHAS cXeMa KHOepPpH3nIecKoi
MOJIETTH TPEXIIOIOCHOTO TapaMeTPUIECcKOro KBajai3epa,
HCTIONB3YEMBIH JUISI HCCIIEIOBAHHS

DKCIEepUMEHTAIBHOE HCCIIEI0OBAHNE TPOBOJUIOCH IPU T10-
Mo cucreMbl BI'D Simulink n crenna kubepduzndeckoii amy-
JSIIUY CUTHAIBHBIX ayauomopyneit (puc. S5). Ilapamerpst (ua-
CTOTa AMCKpETH3aluH, pazmep Oydepa U pa3psAHOCTh KBAHTOBA-
HUS), BIUSIONME Ha TuHamMudeckuit quamnason, OCIHI u KT'U, mis
HCCIIEN0BAaHNS U3MEHUINCE B cucteMe BI'D Simulink

Crenn kubep¢usnueckoit SPICE-amynsiium ayamomotyieit
COCTOWUT W3 cieayronmx mnpudopor: ocumwmuiorpadp RTB2002,
MHOTOKaHanbpHOTO ayaunouHTepdeiic UMC1820, mepcoHamsHOTO

-
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SNEKTPOHUKA. PAOMOTEXHUKA

KoMIbloTepa 1 reHeparopa cursana HMF2550 [11-14]. B3aumo-
JICHCTBHE CO CTEH/IOM M KOMIIBIOTEPOM PEaIM30BaHO ¢ MOMOIIbIO
cucrembl BI'D Simulink yepes cnienmaibHO pa3paOoTaHHBIN HHTEP-
¢eiic-maruH KuOepHU3UICCKON IMYIISIUN C TOMOIIBIO OJIOKOB
oudaroTeku Audio Toolbox [11-14].

dyHkunoHanpHas cxema uHTep(eiic-maruaa, paspabdoTaH-
HOrO aist mccnenoBanusi kubepousmueckoit SPICE-amynsiimn
ayIuoMoryJiel u neiicTByromero Ha 6ase mpotkana ASIO (Audio
Stream Input/Output), mokazana Ha pUcCyHKe 6.

/ 2 4

Puc. 5. Cxema 3KCIepUMEHTAIBHOTO CTeH /1a KHOep(hH3UIeCKOit
SPICE-sMysuy cUTHaJIBHBIX ayAMoMoyieit: 1 — ocrmiorpad
RTB2002, 2 — aymuountepdeiic UMC1820, 3 — nepcoHanbHbIH
KoMIbloTep, 4 — reneparop curHana HMF2550

[ a4 )

) Unbufer  MATLAD Funcion
‘Readr Camcas

i
i
i

Puc. 6. yskunoHanbHas cxeMa IUTaruHa Kuoephu3nuecKoi
SPICE-smyssin curHajibHBIX ayauomonyiei B cpene BI'D Simulink

Wnrepdeiic-iarun pa3paboraH ¢ NOMOIMIBIO IITaTHBIX OHO-
mrotek Simulink u cocrout n3 cnemyronmx 6okoB: Audio De-
vice Reader, Unbuffer, MATLAB function u Matrix Concatenate
(m1s obecnieyeHnsT MHOTOKaHAIBHOTO B3aUMO/ICHCTBUS C ayHo-
uaTepdeiicom), Buffer, Delay m Audio Device Writer [3]. ITpu oT1-
nmanke nHTepdeiic-rurarnaa B paboTe NCIoIb30BajCs MIepCOHAIb-
HBII KOMIBIOTEP CO CIEAYIOIIUMH XapaKTEPUCTUKAMU: YacTOTa
nponieccopa — 2,1 I'T'r ¢ Bo3mMokHOCTBIO pasrona a0 5,4 I'T, ko-
nugecTBo siiep — 20 siiep; 00beM OnepaTHBHOTO 3aIIOMUHAIOIIETO
yctpoiictea — 32 I'0.

OO0parumMest K CTeHZI0BOW METO/IMKE SKCIIEPUMEHTAILHOTO UC-
CJICZIOBAHUS BIIMSIHUSL CHCTEMHBIX MapameTpoB (IPeJHACTPOCK)
YaCTOTHI IMCKPETH3AINH, pa3Mepa Oydepa u pa3psTHOCTH KBaH-
ToBaHusl Ha AuHamuuyeckui nuamnazoH, OCI u KI'M nporpam-
MHO-IapaTHBIX JIBOMHUKOB (PHCYHOK 5).

W3mepennst MpoOBOAMINCH AJSI TPEX CIIydaeB: MpsiMasi mepe-
Jada CHTHaia depe3 mHTepdeiic-utarua (pexuM 1); mepemada
CHUTHaJIa Yepe3 CXeMy apaMeTpHIECKOT0 SKBaai3epa, BKIIOUCH-
HOro B uHTep(delic-marud (pexum 2); nmepenada CUrHaga depes
cXeMy MHKpPO()OHHOIO MpeayCHINTENs], BKIOUEHHOIO B MHTEp-
¢eiic-marun (pexxum 3). K aynuounnTtepdeiicy no USB moxio-
yeH 1K ¢ npenycranosiennoii cucremoit BI'D Simulink u unTep-
(eiic-TutaruHoM.

[Tpu npoBeeHUH SKCIIEPUMEHTa K BXOJJHOMY KaHajly ay/Ho-
nnrep@eiica yepes nepexoannk BNC-RCA-JACK noaxiouaercs

reneparop curHaga HMF2550 co cremyrormmmu HacTpoWkamu: da-
crota pedepercHoro currana 1 x['1f ¢ ammury o 0,8 B, BeIOpaH-
Hasl B IpeJiesiaX JIMHEHHOM XapaKTepUCTHKU JUHAMHUYECKOTO JIHara-
30Ha IMpeaMmIioB MHOTOKaHaibHOTrO aynuounTepderica UMCI820.
Cursasn BBIXOJJHOTO aIIapaTHOTO KaHajla ayJIuouHTepdeiica peru-
crpupyercst ocumuiorpagom RTB2002, a curnai BUpTYaIbHOTO BbI-
XOJTHOTO KaHajla — HHCTpyMeHToM Spectrum Analyzer cuctemst BI'D
Simulink. [Tpu 3ToM B pexxnme | TIpH yCTaHOBIIEHHBIX pehepeHCHBIX
3HAYEHMSIX BXOAHOTO CHI'HAJIA HA KAXKIOM KaHAJIE OCYIIECTBILIETCS
OaraHcHpOBKa (COTTIaCOBAHNE) UMITCIAHCOB M BRIPaBHUBAHHE pede-
PEHCHBIX 3HAYCHHI PEAIbHBIX ¥ BUPTYaJIbHBIX BXOIHBIX/BBIXOIHBIX
JMHAMWYECKUX YPOBHEHN CUTHAJIOB.

Tak, Ha pucyHKe 7 MpeCcTaBlIeH CIEKTP BBIXOJHOTO CHTHAJA,
3apEerCTPUPOBAHHBIN C IMOMOIIBI0 BUPTYaJbHOTO MHCTPYMEHTA
Spectrum Analyzer cuctemsr BI'D Simulink. C nomorsro nan-
HOTO MHCTPYMEHTa Takxke nosrydensl 3Hadenuss OCIL, nunamu-
yeckoro nuanaszona u KI'M, pacuerHo BepndunupoBaHHbIe J1aH-
HBIMH M3MEpPEHHH, MosydeHHbIMH ociuutiorpadom RTB2002, ¢
MpeebHBIM OTKIOHEHHEM 1,5%.

W3Menenme npeHacTpoeK mapamMeTpoB (YacToTa TUCKPETH3a-
uH, pasMep Oydepa n pa3psIHOCTh KBAHTOBAHUS) MPONU3BOIH-
nock B cucteme BI'D Simulink B 6iioke Audio Device Reader B

peXHMe peaTbHOr0 BPEMEHH.

sy WA = 344918 miT REW = 19,5046 HZ Sampie Hate = 441000 kI Updates = 852 T = 411601 X

Puc. 7. Cnextp BBIXOJHOTO KaHasIa HU(PPOBOTO IBOWHHUKA Ay JHOMOMY IS
TPEXIIOJIOCHOTO MapaMeTPHYECKOro IKBasIai3epa, 3aperucTpupOBaHHbIN
C TIOMOIIBI0 HHCTpYMeHTa Spectrum Analyzer cuctemsl BI'D Simulink.

Ha ocHOBaHMY TIPEITO’KEHHON METOIUKH UCCIICAOBAHIIA IBYX
CXEM THIOBBEIX YCTPOUCTB — MapaMEeTPHUYCCKOT0 dKBajaizepa u
MUKPO(OHHOTO MPEIYCHIIATEIS, TOyYeHBl PEe3ylbTaThl ala-
PATHBIX U3MEpPEHHH, HHTEPIPETUPYEMBIC PACUCTHBIMA TTapaMeT-
pamu cormacHo dopmynam (1) u (2) — ITMHAMHYECKAM IHAma30-
"om, OCIII, KI'U, cBeneHHBIMH B TaOaUIBI 1-9.

Tak, B Tabnuuax 1-3 mpeacTaBIeHBI pe3yabTaThl H3MEPEHUI
nmapameTpoB cucTeMbl (IuHamudeckuit auamazon, OCII u KT'N),
BIMAIONINX HAa MIPOTPAMMHO-ANIApaTHBIE XapaKTEPHCTUKU
crenyia kubeppuznyeckoit SPICE-smysiiin aHaioroBeix ayano-
YCTPOWCTB IS CITy4asi, Korjia uHTepderc-miarud padoTaeT B pe-
JKMMeE MPSIMOM Tepe/iaur CUrHajla ¢ BXoJa ayJMoMHTepdeiica Ha
ero BhIXOJ 0e3 Kakux-mubo mpeoOpazoBanmid (pexum 1). ITo
HE00XOUMO ISl OIICHKH BHOCHMOTO BITUSTHISI, HHTEpderc-ia-
THHA Ha paboTy KHOep(U3NIECKON CUCTEMEI, a TaKKe MIPH ee Ka-
TOpOBKe.
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Tab6muma 1

Pe3ynbTaThl H3MEpEHUH TPOTPAMMHO-ANIAPATHBIX TAPAMETPOB
knbepdu3ngecKoro ayanoMoayis (pexuM 1) mpu n3MeHeHHH
Pa3psAHOCTH KBAaHTOBAHUS ¢ (PMKCHPOBAHHOM 4aCTOTOM
JUCKpPETH3AIMU U pa3mepoM Oydepa

ELECTRONICS. RADIO ENGINEERING

Tabmuma 5

Pe3ynpTaTsl H3MepeHHit MporpaMMHO-aINapaTHEIX apaMeTpoB
KHOep(hU3NIECKOTro ayAnOMOAYIIA (PEKUM 2) IPH H3MEHCHUN
YaCTOTHI JUCKPETU3AINH ¢ (PUKCHPOBAHHOMN Pa3psIHOCTHIO
KBaHTOBaHUs U pazMepoM Oydepa

PaspsiaHocTs JluHaMu4ecKuit OTtHoIIeHNEe Koappumuent Hacrora auckpe- JluHamuaeckuit OTHOIIEHNE Koapduiment
KBaHTOBaHUs, OUT nuanaso, 1b CUTHAJ/IITyM TrapMOHUYECKUX TH3anuu, Kl nuanaso, 1b CUTHAJ/LITyM TapMOHHUYECKHX
(SNR), nb UCKaKEHUI (SNR), nb HCKaKEHUI
(THD), % (THD), %
8 - - - 44,1 82 73 0,0026
16 81 73 0,0027 48 81 74 0,0027
24 82 74 0,0028 88,2 80,1 73 0,003
96 79,9 74 0,0033
Tabmuma 2
TaGnuna 6

Pe3ynbTaThl H3MEpeHH MPOrpaMMHO-AIIIAPATHBIX APaMeTPOB
kubepdu3ngecKoro ayanoMoayis (pexuM 1) mpu n3MeHEeHHH
YaCTOTHI JUCKPETH3ALHMHU ¢ (PUKCHPOBAHHON Pa3psIHOCTHIO
KBaHTOBAHHUSA U pa3MepoM Oydepa

Pe3ynbTaThl H3MEpEHHI MPOrPAMMHO-AITIAPATHBIX TAPAMETPOB
KubeppU3nIecKoro ayTMOMOAYIIs (PEKKUM 2) IPU U3MEHEHUH
pasMmepa Oydepa ¢ GUKCUPOBAHHOMN YaCTOTON M Pa3psSIHOCTHIO

KBAaHTOBAaHUsA
YacroTa JucKpe- JluHamMudeckuii OtHoueHHEe Koaddumment
TH3anuu, Ky nuanasoH, 1b CUTHAJI/LIYyM TrapMOHUYECKUX Pazmep JluHamMuyeckui OTHoOLICHHE Koaddumuenr rap-
(SNR), n1b HCKaKECHHI Oydepa nuanasoH, 1b CHUTHAJI/ITyM MOHHMYECKHX MCKa-
(THD), % (SNR), 1b skennil (THD), %

44,1 79 73 0,003 8 79 73 0,0024

48 81 74 0,0031 16 80 74 0,0031

88,2 82 73 0,0033 32 81 73 0,0024

96 81 74 0,0027 64 82,3 74 0,0021

128 80,2 73 0,0028

Tabnuma 3 256 81,2 74 0,0032

512 80,1 73 0,0033

Pe3ynbrarsl n3mMepeHuil NporpaMMHO-aNnapaTHbIX MapaMeTPOB 1024 80,2 74 0,003

KHOEp(PU3MIECKOT0 ayAHOMOLYIs (peskuM 1) Ipu H3MEHEHUH 2048 81,2 73 0,0032

pa3mepa Oydepa ¢ GUKCUPOBAHHOI YaCTOTOH U P3PS IHOCTHIO

KBAaHTOBAaHUA
Pasmep JluHamMudecKui OtHomeHne Koadpdunuenr rap-
Oydepa nranasoH, 1b CHUTHAJI/IIIYM MOHHYECKUX HCKa-
(SNR), 1b sennit (THD), %
8 82,3 73 0,0032
16 81,1 74 0,0031
32 80,2 73 0,0027
64 79 74 0,0028
128 81 73 0,0026
256 80 74 0,0029
512 79 73 0,003
1024 81 74 0,0027
2048 80 73 0,0029

B Tabmmiax 4-6 mpeacTaBieHb! pe3ybTaThl K3MEPEHUH mapa-
METpPOB, BIUSIOMIMX Ha IMPOrpaMMHO-aNIapaTHbIC MapaMeTphl
npH KHOepHU3UIECKOI HIMYIISIIIUHE MOJICIIN TPEXIIOJIOCHOTO Tapa-
METPHUUECKOTO dKBajai3epa (pexum 2).

Tabmnuna 4

Pe3ynbraThl M3MepeHnii NpOrpaMMHO-aNNapaTHbIX NapaMeTpoB
KnOeppHU3nIecKoro ayAMOMOIYIIs (PEKUM 2) IPU U3MEHEHUH
Pa3psAHOCTH KBAaHTOBAHUS ¢ (PMKCHPOBAHHOM 4acTOTOMN

B Tabnmmax 7-9 npeacTaBieHsl pe3yIbTaThl H3MEPEHUH mapa-
METPOB, BIHMSIONIMX HA MPOrpaMMHO-AlIapaTHbIC MapameTpbl
npyu  KHOeppU3MYECKOH OMYJISIIMKM  MOJIETM  MHUKPO(OHHOTO
npeaycuutesst (pesxxum 3).

Tabumna 7

Pe3ynbTaThl H3MEPEHHI MPOrPAMMHO-AIITAPATHRIX TAPAMETPOB
Kubeppu3nIecKoro ayIMOMOYIIs (PEKUM 3) IPU U3MEHEHUH
Pa3psAAHOCTH KBAHTOBAHUS ¢ (PUKCUPOBAHHON 4acTOTON
JUCKPETHU3AIIH U pa3MepoM Oydepa

PazpsanocTh JluHamMu4eckui OTHoLIEeHHE Koappunment
KBaHTOBAHHUS, OUT nuarnason, 1b CHTHAJI/IITyM TapMOHUYECKUX
(SNR), n1b HMCKaXXCHU I
(THD), %
8 R B R
16 79 73 0,0031
24 81 74 0,0036
Tabmuna 8

Pe3ynbTaThl H3MEpeHHH TPOrpaMMHO-aMNIapaTHBIX ITApaMETPOB
ayIMOMO/TYJIst (PEKUM 3) IPH M3MEHEHHUH YaCTOTHI JIMCKPETH3AINH
¢ pUKCUPOBAHHOM PA3PsTHOCTHIO KBAHTOBAHUS U pa3MEPOM

JMICKPETU3alH 1 pazmepoM Oydepa Oydepa
PaspsaHocth Jlunamuyeckuit OtHouIeHHE Koappuument Yacrora quckpe- JluHamuveckuii OTHo1IeHNE Kosdpument
KBaHTOBaHHA, our Jnaria3sox, }Z[B CI/IT‘HaJ'I/H_IyM TapMOHHUYCCKUX THU3aluu, KFH Juaria3oH, I[B CI/I]"HaJ'[/H_IyM TapMOHUYECCKUX
(SNR), nb HCKaXCHUIT (SNR), nb HMCKaXCHU I
(THD), % (THD), %
8 - - - 44,1 83,2 73 0,0031
16 79,4 73 0,0033 48 81,5 74 0,0032
24 81 74 0,0034 88,2 80,8 73 0,0034
96 82,3 74 0,0035
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Tabuma 9

Pe3ynbTaTsl M3MEpeHU IPOrPaMMHO-AIIIAPATHBIX 1apaMETPOB
KnOeppHu3nIecKoro ayAMOMOIYIIs (PeKUM 3) IIPU U3MEHEHUH
pa3mepa Oydepa ¢ GUKCHPOBAHHOI YaCTOTON U P3PS IHOCTHIO

KBaHTOBaHMA
Pasmep JluHamMu4ecKui OtHomeHne Koadpdunuenr rap-
Oydepa nuanasoH, 1b CUTHAJI/IITyM MOHHMYECKHX MCKa-
(SNR), n1b skennii (THD), %
8 84,2 73 0,0031
16 81,2 74 0,0032
32 83,2 73 0,0034
64 82,1 74 0,0036
128 81 73 0,0027
256 81,2 74 0,0029
512 79,1 73 0,0028
1024 80,3 74 0,0026
2048 79,1 73 0,0028

Ha ocHOBe mHTEpHnpeTUpyeMBIX pacueTHbIE JaHHBIX — JHHA-
mudeckuMm auanazonom, OCIL, KI'U, npu BapbupoBaHuM CH-
CTEeMHBIMH TapameTpaMu (IIpeIHacTpoiKamu), g TpeX pPexH-
MOB HCCJIEOBAHUS HKCIEPHUMEHTAIBHO YCTAaHOBIEHO CIEAYIO-
mee: NpU paspsAHOCTH KBAHTOBAHMS 8 OWT W/MIM YacToOTe
44,1 x['m smymsamust kuOeppu3ndeckoro ayamoMoOIyisl He BO3-
MOJKHA BBHIy OTCYTCTBHS ammapatHoi moamepxku ALITT/TIATI
ayauonHTepdelica (MUTHIMAIbHOE 3HAUYCHNE Pa3psAHOCTH KBaH-
TOBaHUA 16 OUT) M BHPTYaNbHOW COBMECTHMOCTH C MIPOTOKOJIOM
nepenaun ASIO (MEHHMaNbHOE 3HAUEHUE PA3pSAHOCTH KBAHTO-
BaHUS 16 6ut) (Tabnmier 3,6 1 9); MUHIMAaIBHO JOITyCTHMAs pas-
PSIHOCTH KBAaHTOBAHUS Uit pabOThI cTeHaa — 16 OuT (TaOmuIls!
1,4 u 7); HeoOxomuMbIil pasmep Oydepa, obecrieunBaronMi 3a-
JIEPKKY B ayauoTpakte He 6osee 100 Mkc, — 8 0oTcueTOB (TaOIUIIBI
2,5 u 8) [3]; yBenmueHHe YacTOThI TUCKPETU3AIMHU TTPH (PUKCHUPO-
BaHHOW pedepeHcHol yactore | k['1l He BIMSIO Ha JUHAMHYE-
ckuii nuana3zod, OCHI u KI'U, yTo yka3blBaeT Ha OTCYTCTBHE
(rykTyanuii B BepxHel 4acTOTHOW 00JIaCTH, BHI3BAHHBIX HEIH-
HEHHBIMHU UCKXCHUSIMU W HHTEPMOIYJIALUAMH TpakTa Kubephu-
3UUYECKOr0 ayJUOMOJYJSl; JOCTHKEHUE MUHUMAIBHO 3aJEPiKKH
100 Mkc B KHOCp(hU3NIECKOM ayTUOTPAKTE MPEICTABUTCSA BO3-
MOXHOH [IPH 4acTOTe AUCKpeTu3aunu He Huxe 44,1 xI'1, pazmepe
Oydepa He MmeHee 512 oTcueToB u mpuMeHeHUH TipoTokona ASIO,
SBIISTFOLIIETOCST MOCTOM, 00ECIEYMBAIOIINM TPAHCISIIUIO Ay IHO-
MOTOKA MEXy MHOTOKAHAJIBHBIM ayIHOMHTEP(PEHCOM U MHTEp-
(eiic-npaiiBepom cpensl BI'D ¢ GpukcnpoBaHHBIM 3HaY€HHEM OY-
(epa, MUHYS HITATHYIO CUCTEMY TIepellauyl IaHHBIX (pecemIriep)
OTIepaIllMOHHON cucTeMsl [3].

3 BuiBoAbI

Jlnist ananu3a BIXSHAS CHCTEMax MpeIHacTpoek cpensl BI'D u
rapamMeTpoB MHOTOKaHAJILHOTO ayAnonHTepdeiica Ha XapakTepu-
ctukn kubepmndeckoir SPICE-smymsmn nmporpaMMHo-aria-
PaTHBIX ABOMHHUKOB ayTHOTPaKTOB B cpeae Simulink paspaboTan
nHTepQeiic-aruy, 06ecneynBaomnil TPAHCISIINAI0 KHOepPH3H-
yeckoit SPICE-aMyIIsIiuy THIIOBBIX ayIHOMO/YJIEH, TPOTECTUPO-
BAaHHBIX TpEMA PEKUMaAMU OTIAAKU: IpAMas Mepcjiadya CUrHaia
yepe3 uHTepdeiic-marua (pexum 1); nepepada curHaia 4yepes
CXeMy MapamMeTpuyecKoro 3KBajansepa, BKIFOUEHHOTO B MHTEp-
(eiic-nnaruH (pexuM 2); nepeaya CUrHajia 4yepe3 cxemy MUKpPO-
(oHHOTO TpeayCHINTENs, BKIIOYEHHOTO B HHTEpQeHc-IIarua
(pexum 3). [Ipennoxkena CTCHIO0BAsE METOAMKA SKCIICPUMCHTAIb-

HOTO MCCJIEOBAHMS BIHMSHUS IIPETHACTPOEK YacTOTHI JUCKPETH-
3anuu, pazmepa Oydepa u pa3psaIHOCTH KBAaHTOBAHIS Ha THHAMI-
geckwii tuana3oH, OCII u KI' mporpaMMHO-amnmapaTHBIX IBO¥-
HUKOB — KHOEP(PU3MUECKIX ayAHOMOIYIICH.

VYCTaHOBIEHO, YTO MONyY€HHE AWHAMUYECKOTrO AMara3oHa
ceeiiie 83 a1b, KI'U menee 0,003% n OCHI ne menee 73 nb Bo3-
MOJKHO TIPH: YacToTe AUCKpeTH3anuu He Huxe 44,1 kI, mpume-
HeHnu mnpotokoia ASIO, oOecrneunBaromero CKBO3HYIO 3a-
JIEPXKKY Ha BXOJE U BbIX0Je aynuountepdeiica e 6osee 100 mc;
pa3mepe Oydepa He MeHee 512 OTCUETOB; Pa3psAHOCTH KBAHTO-
BaHUs He MeHee 16 out. [IpoBeaeHue oTnaaku Kubeppu3muecKon
cucTeMbl TpeOyeT NpenBapUTelIbHOW KaIMOpPOBKM HHTepdelic-
IUTaTWHA C anmapaTHOW YacThi0 MHOTOKAHAJIBHOTO ayJHOMHTEp-
(eiica, 3aKiO4aloONIeHCcsl B BHICTABICHUN JHHEHHBIX PEXHMOB
BXO/IHBIX/BBIXOJHBIX IIpeamIioB ayauouHTepdeiica, OamaHcH-
POBKHM MMIIEIAHCOB U BBIPAaBHUBAHUS pe(EepPEHCHBIX 3HAUCHUH pe-
AIBHBIX W BHUPTYaAJIbHBIX BXOJHBIX/BBIXOAHBIX JHHAMHYECCKUX
YpOBHEW curHasioB. Tak, cpeay NpOYHX, B KAU€CTBE PEKOMEHI0-
BaHHBIX CHCTEMHBIX MPEJIHACTPOEK IMPHU MPAKTUUECKOW peannsa-
LUK PSKUMa KHOephu3ndeckoit smyssiun u oTaaaka SPICE-mo-
JIeNel ayInoyCTPONCTB IS SKCIIEPUMEHTAIBHOTO CTeH A (pHC. 5)
SIBIISIFOTCS YacToTa muckperusarmu 44,1 k1, pasmep Oydepa ot
512 o 1024 cemIuioB U BEIOOP MPOTOKOJIA «BBO/Ia-BBIBOIA» JIaH-
ubeix ASIO.
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A METHOD FOR AUTOMATICALLY CONSTRUCTING A TRAINING DATASET OF NETWORK TRAFFIC TIME
SERIES IN A SYSTEM STATE CLASSIFICATION PROBLEM
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Abstract

The relevance of this work comes from the need to ensure the accuracy of cyber-physical emulation and flexible debugging of analog audio devices oper-
ating in real time. The goal of the study is to analyze the software and hardware resources (system presets) of the computing environment and audio
interface parameters on the characteristics of cyber-physical SPICE emulation of signal audio modules. The study of the proposed cyber-physical SPICE
emulation method and the modes for achieving the best performance with minimal delays is demonstrated using typical audio module circuits: a three-
band equalizer and a microphone preamplifier. A parametric analysis was carried out on how software settings (sample rate, buffer size, input-output
protocol, and quantization bit depth) and the characteristics of the hardware platform for cyber-physical SPICE emulation affect the resulting parame-
ters: dynamic range, signal-to-noise ratio, and nonlinear distortion. The proposed cyber-physical SPICE emulation mode, implemented through a custom
interface plugin in Simulink, can be recommended for debugging audio signal modules. The study showed that by choosing a sampling rate of at least 44.1
kHz, using the ASIO protocol for input and output audio interface latency of no more than 100 ms, setting a buffer size of at least 512 samples, and a
bit depth of at least |6 bits, it's possible to achieve a dynamic range of over 83 dB, harmonic distortion under 0.003%, and a signal-to-noise ratio of at
least 73 dB in cyber-physical audio chains.

Keywords: Cyber-Physical SPICE Emulation, Interface Plugin, System Reconfiguration, Audio Module, Audio Interface, Dynamic Range, Nonlinear Distortion, Signal-
to-Noise Ratio (SNR), Sampling Rate, Buffer Size, ASIO Protocol, quantization resolution.
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B 3apayax pacnpepenenus paauopecypcoB B GecnpoBopHbIX cUCTeMax
KI/IIOYEBYI0 POJib UrpaeT KOMMPOMUCC MeXJAy CyMMapHOM MpOMyCKHOW
CNOCOGHOCTBIO M CMpaBeA/IMBOCTbIO 0GCNy)KMBaHUA MoOnb3oBaTene.
Knaccuyeckue MeTpuku cnpaBeanuBoOCTH, Takue Kak MHAeKc [lhkeitHa u
ko3 buumneHT [KUHM, LUMPOKO TNPUMEHAIOTCA Ha MpaKTUKe, OJHAKO
o6napalot UKCUPOBAHHOW YYBCTBUTENLHOCTbIO K HEpPaBHOMEPHOCTH
pacnpefeneHua CKOpoCTet M He MNO3BONAIOT MGKO ynpaBnaTb 3TUM
KoMmnpoMuccom. B paHHOW paboTte npepnaraetca napameTpuyeckoe
0606wweHne umHaekcoe [xkenHa M [XKMHU, OCHOBAHHOE Ha CTEMNEHHOM
npeo6pa3oBaHuM NONb30BaTENbCKUX CKoOpocTei. Beoaumblit napamerp
NO3BOMNAET HEMpPEepbIBHO perynuMpoBatbh "KECTKOCTL" cnpaBefsIMBOCTU — OT
OPMEHTUPOBAHHOTO Ha MPOMYCKHYIO CMOCOGHOCTL peXuMa [0 pexumMa,
6nuskoro K noaaepKaHWIo MMHMMaNbLHOIO YpPOBHA cnpaseanusoctu. Ha
npuMepe CUCTEMbI C HEOPTOrOHANbHLIM pa3fiefieHUeM PpecypcoB Mexay
TpPeMA MONb30BaTENAMU MNPOBOAMUTCA YUC/IEHHBLIA aHANU3 OMNTUManbHOrO
pacnpefeneHua MOLLHOCTM TNpPU PpPasfMYHbIX 3HA4YeHUAX nNapaMeTpos
0606L1eHuA, k03¢ DULMEHTOB KaHaNa U LieNeBbIX YPOBHEN CNpaBeASIMBOCTH.
MpounniocTtpupoBaHbl pelleHUA ONTUMM3AaUUOHHOW 3agaym [Maperto-
xapaktepuctukamu. Pesynbratel aeMoHcTpupyloT, 4TOo 06061 EHHBIE
uHaekcbl obecneunBalor Gonee TrUGKUIA  MHCTPYMEHT ynpaBneHus
CnpaBejIMBOCTLIO MO CPABHEHUIO C KJTACCUYECKMMU METPUKAMMU.
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CBA3b

BBenenue

CoBpeMeHHbIE OeCTIPOBOHBIE CHCTEMBI CBS3H, BKIodas S5G,
IoT (Internet of Things) u cucTeMBI ¢ HEOPTOTOHAIBHBIM MHOYKE-
crBenHbiM  foctyniom (NOMA — Non-Orthogonal Multiple
Access) [1-4], TpeOyroT 3G heKTUBHBIX MEXaHH3MOB pacIpeesie-
HUSI OTPAaHWYCHHBIX PaJUOPECYPCOB MEXKTY MOJIb30BATCIISIMH.
Onnoil u3 QpyHIaMEHTANBHBIX MIPOOJIEM B TaKUX CHCTEMax SBIIS-
€TCs1 KOMIIPOMUCC MEXy MAKCUMHU3aLUMeNd CyMMapHOU IIPOITyCK-
HOH CIIOCOOHOCTH M 00€CTIeYeHUEM CIIPaBEUTMBOCTH 00CITy KHUBa-
Hus noJib3oBarenei [5-9]. Ilox cipaBeIMBOCTHIO B JAHHOM CITy-
yae MOHUMAIOT TAKOE PACTIPEIEIICHUE PECYPCOB CETH, MPU KOTO-
POM HE MPOUCXOAUT NUCKPUMHUHAIIUN B OGCHy)KI/IBaHI/II/I IIOJIB30-
BaTeJIel HE3aBHCUMO OT ITOMEXOBBIX YCIIOBHH, B KOTOPBIX HAXO-
UTCS KXKIBIA U3 Toap3oBareneii. Tem He MeHee, Ipu obecmneue-
HHUM HEIMCKPUMMHAIIMOHHOT'O IOCTYTIA K CETEBBIM PecypcaM IpH-
XOOUTCA UCKATh KOMIIPOMUCC MEKAY KauCCTBOM O6Cﬂy)KI/IBaHI/I§I
nojbp3oBareneii 1 3 (HeKTHBHOCTHIO pabOThI CHCTEMBI, HAIIPUMED,
C TOYKH 3PEHHsI CyMMapHOM MPOIYCKHO# CIIOCOOHOCTH.

JI1st KOJIMYEeCTBEHHON OIEHKH CIPABEAIUBOCTU IIUPOKO HC-
MOJIB3YIOTCSl arperupoBaHHbIE METPHUKH, CPEH KOTOPBIX Hanbo-
Jiee M3BECTHBIMM SIBIISIIOTCA MHAEKC JDkelHa M Kod(pQUIHEHT
Joxunam [7]. Unaekc JxeliHa BEIYUCISCTCS CICTYFONIAM 00pa3oM:

D R(P)
J(P)=ntl 2 1)
K> (R(P))
k=1

a ko3 durment JKHN paBeH:
K
> R (®)-R,(P)
G(P)=—1"—p : @)
2K R (P)
k=1

K
=1

rie R, (P) — ckopocTs nmepenaun faHHBIX K-ro abOHEHTCKOro

TEPMHUHAJIA, 3aBUCAIIAA OT pacHpCACICHUSA MOIIHOCTH MCKIY

Py

T0JIb30BATEISIMA P _ p2 , Tle, B CBOIO OYepesib, [ — MOLI-

Pk
HOCTB TIepEeIayy CUTHAJIOB K -ro a6onentckoro TepMHUHAA.
Wnnexc /xeitna (1) mpocT B BBIYNCICHUN W HHTEPIIPETALINH,
IIpUHUMAET 3HaueHus B auanasoHe [0, 1] u qocturaer Makcumyma
IIPU PaBEHCTBE CKOPOCTEH MOJIb30BATENIEH, T.€. TIPH BHIITOIHEHUN
yeaosus R (P)=..=R (P)=..=R(P). Kospduumenr

JlxuHK (2), MHUPOKO MPUMEHSIONUNCS B SKOHOMHKE W TEOPUHU
pacrpezesneHus 10X00B, HAIPOTHUB, U3MEPSIET CTeIeHb HEPaBEH-
CTBa, MPUOOpETacT MUHUMAIbHOE (T.e. HYJCBOE) 3HAUYCHHUC U3
narazona [0, 1] mpu abCoIIIOTHOH CrpaBeUIMBOCTH — PABEHCTBE
CKOpOCTEH  mojb30Bareied,  T.e.  HO-TNIPEKHEMY  IIpH

R(P)=..=R (P)=..=R,(P).

HecmoTtpst Ha momyssipHOCTh, 00€ METPUKH O0JIATAI0T CyIIIe-
CTBCHHBIM OTPAHUYCHUEM: MIX YYBCTBHTEIBHOCTh K HEpaBHOMEP-
HOCTH PacIpe/IeIICHIUs] MOITHOCTH MEXIY MOJIb30BATEIISIMUA (PHK-
CHUpOBaHa. JDTO O3HAYACT, YTO OHU HE MO3BOJILIIOT SBHO HACTpAU-
BAaTh CTCTICHb MPHUOPUTU3AINH CIIA0BIX HITH CHITBHBIX TI0JTh30BaTe-
Jei. B MpakTHYeCcKuX CHCTeMaXx, OJTHAKO, TPEOOBAHMUS K CIIPABE/I-
JUBOCTH MOTYT CYIICCTBEHHO Pa3lIMYaThCS B 3aBHUCHMOCTH OT
CIIeHapHsI, YPOBHS HArpy3KH WM TUMA cepBuca [15-17].

B nmanHo# paboTte mpenaraercs mapaMmerpuueckoe 00o01e-
uue uaaekcos [xeiina (1) u [xunu (2), BBOASIIEE TOMOJHUTEb-
HYIO CTCTIICHb CBOOOIBI JIJISl YIIPABJICHUS KOMIIPOMHCCOM MEKITY
MIPOIYCKHOM CIIOCOOHOCTRIO M CIIPaBeUTMBOCTEI0. OCHOBHEIC pe-
3yJIBTAThI PA0OTHI 3aKIFOYAIOTCS B CIICIYFOIIEM:

— TPEUIOKEHO €IWHOE CTEIEHHOE O0O0OIICHUE TPaTUIIHOH-
HbIX nHAeKcoB JxeitHa (1) u JLkunu (2);

— WCCJIEIOBAHO BIIMSIHHE TMapamerpa 0OOOIICHHUsS Ha OMNTH-
MaJIbHOE PacIpeelICHHEe MOIIHOCTEH M CKOPOCTEH MOJIb30BaTe-
JIeH;

— MPOAaHAIU3UPOBAHBI 00JIACTH JOIYCTUMOCTH PELICHUH MpH
3aJITaHHBIX I[CJICBBIX YPOBHSIX CIIPABEIIHBOCTH;

— BBINIOJTHCHO CPAaBHUTEIFHOE WCCICIOBAHUE ITOBCICHHUS
00001mEHHBIX NHIEKCOB JIkeliHa u J[PKUHU.

1 CucremHasi MojaeIbL

PaccmaTpuBaeTcss HUCXOAIIAs JIMHUS CBSI3M TPEXITOIH30Ba-
TEJILCKOHN OecrpoBoIHOI cucTembl cBsi3u (K = 3) ¢ HeopToroHasnb-
HBIM MHO>KECTBEHHBIM JIOCTYIIOM H C Pa3/eJICHUEM 110 MOLITHOCTH.
[TycTh Tpu mosb30BaTENs 0OCITY)KUBAIOTCS OJHON 0a30BOi CTaH-

LIMEH, Iepearollel CUTHAIIbI C MOLHOCTSIMU P, P, ¥ p,, yaoBIe-

TBOPSIFOIIIMH OTPAHIUYCHUIO 110 CYyMMapHOH MOIITHOCTH:

P+ P, +P;<P..- (3)
rae P — MakcuManbHas o0Las MOLIHOCTb Mepeadl CHIHAOB
JUISL BCEX TMONb30BATENEH

KoMruiekcHbIe KO3 QUIMEHTBI NEpeiady KaHaJIoB TOJIb30Ba-
Teneit o6o3navarorcs kak N, N, u h,, a muenepens anmmrusroro

0eJI0ro rayCCoBCKOTro IIyMa paBHa o2 . OtHoWEHME KO3 urm-
CHTOB IIepe/Iaun KaHana y = hZ / hl = h3 / h2 HCIIOJIb3YETCS B JaJlb-

HEWLIEM KaK [apaMmeTp, XapaKTepU3yIOIIUN CTENIEHb ACHMMETPUU
XapaKTEePUCTHK KaHAJIOB MOJIb30BaTENICH.

C yuérom B3auMHBIX ToMex Mexay K tepmunamamu, o6cy-
JKMBAaEMbIX B OJIHOH COTE€, OTHOLICHHE CHrHaJ/(IIyM+iioMexa)
(SINR - Signal-to-Interference+Noise-Ratio) mst k-ro abonent-
CKOT'0 TEPMHUHAJIA 3alIMChIBACTCS CICAYIOIIUM 00pa3oM:

Py |hk|2
O = - ,k=1..K 4)
2 2
o+ >, pilh
J=1,j#k
COOTBeTCTByIOHIaH MaKCUuMaJibHasa CKOpOCTB Hepe[[a'{I/I

maHHBIX K -ro aGOHEHTCKOTO TepMHHANA, COTIACHO (opMyIe
[lTennona, paBHa [8]:

R =Blog,(1+p,). (5)

raec B- IIprHA TTOJIOCEI HACTOT KaHalla CBA3H.
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CyMMapHas IpOIyCKHast CHOCOOHOCTh BCE CHCTEMBI OTIpe/ie-
nsercs o (opmyie:

Rum =kZRk . ©6)

Takum obpazom, u3 Beipaxenuit (4), (5) u (6) cnexyer, 9To
CKOPOCTH TOJb30BaTeNieil M CymMMapHasi MPOIYCKHAas CHOCO0-
HOCTb BCEH CHCTEMBI SIBIISIFOTCSI HETMHEHHBIMU (DYHKIUSIMU BEK-

Topa pacnpeznenenus momuocty R, (P), R, (P).

=4
@

2
@

KoadhhuumenT OasiHn
=] =]
L S

co

2 O000mEéHABIe METPHKH CIIPABENIUBOCTH

MeTtpuku cpaBeaauBocT — wHICKC JxeiiHa (1) u koaddu-
uuent  Jxkunu  (2) —  OrpaHUYUBAIOTCS  JIMAMA30HAMH

Puc. 2. 3aBUCUMOCTb JIOIIOJTHEHHOT'O KO3 enra Jx
J(P)e[0, 1] u G(P)e[0, 1], mpuyeM ¢ IpOTHBOIONOX- e pHCHNOBTL JOTOANEHHOT duunerta S

OT paclpeereH!s MOLIHOCTH MEXIY H0JIb30BaTeI MU
HBIMHU 3HAUYCHHUSIMHU TPAHUL] OTHX JUANA30HOB, COOTBETCTBYIOLIHNX

M/ICAIbHOM CIIPAaBe/UIMBOCTH U IOJIHON HecnpasemmBocTy [10- J1ist Gosree TOHKOM HACTPOWKY CIIPAaBENTMBOCTHU Mpe/iIaraeTcs
12]. Jinst obecriedeHnst CONOCTABUMOCTH METPHK B PAMKax €[M-  BOCIONB30BATHCS JOMOTHHTEIBHEIM H3MEPEHHEM, 000OMIIHB
HOM ONTHMHU3AIMOHHOMN 331841 B JaHHOII pabOTe MCIONB3YETCS  KracCHUeCKHe METPHKH C HCIIONB30BAHMEM CTENEHHOTO Mapa-

JIOTOJIHEHHBIN Kodhpuiuent JHxuHu: metpa > 0.
Gecomp) P)=1-G (P). (7) Jsi cucrembt ¢ K monbsosarensmu npearaetest ucrnomns3o-
BaTh CJIAYIOIIHE 0000IIEHHbIE METPHKN:

[IpuBenem Ha puc. 1 n 2 rpadukn 3aBUCUMOCTH J (P)n - 0000meH bl nHxeKC JiKeiina:

G(wmp)(P) JUIL CHCTEMBI C 3 TIOJb30BATEIsIMU, y4uThIBast (3) K g
R (P

P, + P, = P,.. — P;,a TaKKe NpuHAB 3HAUEHUSA KOdPDHUIIEH- 3P kzzll «(P) )
TOB nepegayn KaHaJsa TUTS roJsib3oBareeit — q( )= Kqu P) ’
h =1, h, =yh,, hy=yh, . y=05. e~ k

Crie/lyeT 3aMeTHUTh, YTO paccMaTpuBaeMble (DYHKIUH JTOCTH- - ObobumerHbIi KodppuumenT [oxumn:

raroT MaKkCUMyMa IpHU paBeHCTBE CKOPOCTEN MOJIb30BaTENEH, T.€. K K q
mpu R, = R, = R, (monnas cnpasennusocTs). MakcumanbHbie ZZ‘Ri P - Rj (P)‘
3HaYeHUs 00EMX METPHMK JOCTMTAlOTCS MPH MIAEHTHYHBIX 3Haye- G, (P) =22 R . )
0.12 2KY RI(P)
k=1

HUAX MOIHOCTEH, OIpeesIieMbIX BEKTOPOM P =| ().22 | , obec-

0.66 W3 BepakeHns (8) BUIHO, 9TO TpH ( = 2 0000IIICHHBI HHICKC
Jbketina coBmamgaer ¢ oObYHBIM MHIEKcOM JxeiiHa (1). Anano-
rHYHO, 1pu 4 = 1 00001eHHbIH KO3 dunmenT Ixunu (9) nepexoaut
B 00bI4HbIN K03 Puiment J[xunn (2). OTMETHM, 4TO BBEICHHE J10-
TIOJIHATEIILHOM CTENEHH CBOOOJBI B BHJIE BHIOOpA BEIMYMHBI (]
JIOJDKHO JIaTh BO3MOXKHOCTh JIOCTI)KEHHUsI 00Jiee TOYHOTO KOMITPO-
MHCCa MEX/Ty CIPaBEIJIMBOCTBIO H IPOITYCKHOH CIIOCOOHOCTBIO.
MaxkcumanbHoe 3HaYeHHe 00001eHHOr0 nHcKca Jxeiina (8)
08 MOYET MPEBBINATh 1, a MAKCUMAIIbHOE 3HAYCHUE JIOMOJTHEHHOTO
0006menHoro kodddurpenta JHxunu:

G“™ (P)=1-G,(P) (10)

TeunBas NPy 5TOM paBeHCTBO ckopocteli R, = R, =R, .

WHpeke QxenHa
e e o
B o =]

o
(%]

He npesblimaet 1. [l oGecrieuennst conocTaBUMOCTH 0000IIeH-
ds HBIX METPHK Jajnee OyIeM UCIOIh30BaTh HOPMHUPOBAHHBIN 0000-

MeHHBIA nHAeKe JKeiHa ¢ TeM, 4ToObl ero 00JacTh 3HAYCHHH
04 Haxojawiack B quana3one [0, 1]:

K q
o] 1 1 1 ZRk(P)
=T (an

o

o
(=]

Puc. 1. 3aBUCUMOCTD WHAEKca J[XKeifHa OT pacTpeeIeHus

q-1 2 q
MOIITHOCTHU MEXKAY MOJIB30BATEIIAMA K Rk (P )
k=1

_
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IpuBenem Ha puc. 3 u 4 rpagUKu 3aBUCUMOCTH Jémrm)(P)
(11) u GI*™ (P) (10) mpu = 2.5 u §=3 wis cucremsr ¢ 3

MIOJIL30BATEIAMH, IIpudeM P, + P, = Pmax - P;-

ol
@

=
®

=
b

WHaexe Owenna, g=2.5
[ =]
£

(=]

o
o

0.5 05

e 02
P2 11 m

Puc. 3a. 3aBucumocts 00001meHHOTO HHICKCa J[xeliHa
OT pacIpeieIeHHsl MOLITHOCTU MEX/Y I0JIb30BaTeNIAMU IIpU ( = 2.5

3
T
\

o
L]

Wraerc Owenna, g
i=]
£

oo

05 05

P 1 1 M

Puc. 36. 3aBucrmMocth 06001IeHHOTO HHIEKca JkeiiHa
OT pacrpe/ie/IeHUs] MOIITHOCTH M1y MOJIb30BaTesIMH IpH ( = 3

q=
=
-]
Fl

e
&

=
s

e
LY}

Koathdpuument Quoaxn,

oo

05 05

P 1 1 P

Puc. 4a. 3aBucnmocts 0600meHHOT0 Kodddunmenta JHxuHI
OT pacIpeieNIeHNs] MOITHOCTH MEK/Ty TOJIb30BATeISIMH TIpH ( = 2.5

0.8-

0.6 -

0.4 .

0.2.-

Koadpchuuwment Ouarnn, q=3

(-]

0.5 0.5
2] 11 ™

Puc. 46. 3aBucnumocth 060611eHHOT0 KO3 dunnenta [HxuHu
OT pacmpeeseH s MOLHOCTH MEX Iy MOJIB30BATeISIMHU IIpH ( = 3

Crnemyer 3aMeTHTh, 9TO OOOOIICHHBIE METPUKH TOCTUTAIOT
0.12

P=|022
0.66

B CIydae KJIACCHYECKHX METPHK, TPH YCIOBHH PaBEHCTBA
ckopocteil R, = R, = R, (0/1Hast CIpaBe/IMBOCTS).

MaKCHUMyMa IIpU TE€X K€ 3HAUYCHUAX MOIITHOCTU , UTO U

W3 rpaduxoB Ha puc. 1-4 BUIHO, YTO HECMOTPS Ha COBIAJIE-

HHE YCJIOBHH JAOCTH)KEHHs MakcuMyMma (pyHKIHMI — OMHAKOBOE
0.12

3HAYCHHC BEKTOPA p _ | () 97 |> PA3HALA MEXKAY DYHKLHMIMH MET-

0.66

PHK 3aKiIroyaeTcs B popMe MOBEPXHOCTEH, TO €CTh Pa3HOH cTere-
HBIO «KECTKOCTHY» CIPABETUBOCTHU MPH PACHIPEICICHHH MOIIHO-
CTH aDOHEHTCKMM TEPMHUHATIAM.

3 IlocTaHoBKA 3224 ONNITUMHU3AIMH

ITocie Toro, kak BbIOpaH KpuUTepuid (HapUMep, yUUTHIBAIO-
I METPUKH CHPaBEIITUBOCTH), HEOOXOIUMO MOCTABUTh H pe-
IUTH 337a4y ONTHMH3ANNN W HAWTH ONTHMATBbHOE paciperesne-
HHE MOIIIHOCTEHN MOJIb30BaTENIEH.

J1J1s1 3aJTaHHOTO [IEJIEBOI'0 YPOBHSI CIIPaBEIIMBOCTH (HhOPMYJIIH-
pyercs 3amada ONTHMAJIBHOTO paCIpeieNeHUss MOIIHOCTH U
MaKCHUMH3AINK CyMMapHO! MPOITyCKHOM CITIOCOOHOCTH, PaBHOI ¢
ydeToM BeipakeHwui (4) u (5):

max f(P)= ml?x(Rl(P) +R,(P)+R,(P)) (12)

MPU OIPaHUYEHUSIX
P+ P+ P =P,

PPy P >0

Fq P)=FK

arget

rae — IEJIEBOC 3HAUYCHNUEC MCTPUKHU CIIPABCIJIMBOCTH B 00-

target
OIeM cirydac, a B KaXKJA0M OTACIBHOM CIydac — IEJICBOC 3HAYCHNEC

9] __ 1 (norm)
nugexca Jhxelina Ftarget = nget , WJIH TIEJIEBOE 3HAYCHUE KOA(-
_ (> (comp)
¢bunpenTa JHkuHn Ftarget = Gtarget
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C yderoM orpaHH4eHust N0 CyMMapHOH H3/1y4aeMoil MOIIHO-
CTH U € y4€TOM TOro, 410 P, + P, = F’max — P;, paccmaTpuBac-

Mas 3aj7aua sBJIAETCS IBYMEPHON HEIMHEWHON 3a1aueil ONTUMU-
3allii C OTpaHWYCHUEM. PeleHue 3aJadd ONTHMHU3AIUH CBO-
JIUTCS K TIOWCKY ONTHUMAaJIbHON TOYKH Ha ABYMEPHOM CHMILIEKCE
JIOITyCTUMBIX 3HAYCHNH MOIIHOCTH CHTHAJIOB MTOJB30BATEICH.
OTMeTHM, 9TO ONITUMHU3ANMOHHAS 3a1a4da Buaa (12) He MOXKeT
OBITh MOCTaBJICHA JUIsl IBYX T10JIb30BaTelNeil. B aToM ciydae rene-
Bas Qynkuus f (P) Oyner Qpynkuueii 1Byx apryMeHTOB, a ONTH-

MU3aIUs T0JKHA TPOBOAUTHCS B YCIOBHUIX HAJIMUUS TaKKe IBYX
JIMHEHHBIX OTrpaHMYeHUI (Ha CyMMapHYIO MOIIHOCTH CHTHAJIOB
BCEX I0JIb30BaTeIel M Ha IIeIeBOE 3HAYCHUE BBIOpDAHHOW MeET-
PHIKH CIIPaBeUTMBOCTH). B naHHON cuTyarmun 3a1ada OnTHMH3a-
unn Gynkiun f (P) CTaHOBUTCA BBHIPOKIEHHOM, OCKOIBKY 00-

JIACTh ONMpPEACNICHUS 3TO (PYHKIMU C YYETOM JBYX HAJIOKCHHBIX
OrpaHUYCHUH BBIPOXKAACTCS B OAHY TOYKy. [TosTomy st nBYX
monp30BaTeeld 3amada Buma (12) yTpaunmBaeT NpaKTHYECKHA
CMBICIL.

4 3agaya onTHMHU3ALNH

Pemrenne 3agaun onTUMH3AlMU — HAX0XKJICHUE TaKUX 3HAue-
HUH MOIIHOCTEH CHI'HAJIOB IT0Jb30BaTelIei p,> P, mpu KoTO-

PBIX JOCTHUTAIOTCSI MAaKCUMYM CYMMAapHOM IPOITyCKHOW CIIOC00-
HocTH cucTeMbl (12) M 3aaHHOE IieJIeBOe 3HAYCHUE BHIOPAHHON
METpPUKHU crpaBeTuBOCTH. C y4eTOM OTpaHUYEHUS 10 CyMMap-

HOM MOIIIHOCTH p1 + p2 = PmaX — p3 3aja4ya OITHUMHU3ALUNA

CBOIUTCA K IBYMEPHOH 3a/1a4e MO MEPEMEHHBIM P, U [, , TIpH

stom P, € ]0, Pm[ :

PaccmarpuBaemast 3aaua sBJISETCS HEIMHEHHOM 3a1aueil ol-
TUMU3AWU C OTPAHUYCHUSAMU 110 METPUKE CIIPABECATIMBOCTU U T10
H3JIly4aeMOil CyMMAapHOH MOIIHOCTH CHUTHAJIOB I10JIb30BaTElICH.
BBuy C10’KHOCTH MOJTyYEHUS] aHAIUTHYECKOTO PELIeHNUs, B JaH-
HOU pab0Te MCIOJIB3YETCs YUCICHHBIN UTEPAlIMOHHBIA METO/T, CO-
YeTarolKi rpaJIneHTHBIN MOUCK AKCTpeMyMa IeNeBOi (QyHKIMN
[13, 14] ¢ xoHTpoOJieM BBIIOJHEHHSI OTPAHUYEHHS] TIO METPHUKE
CIPaBENIUBOCTH.

5 Ync/ieHHbIE IKCIIEPUMEHTBI

YncneHHble SKCIEPUMEHTBI IPOBOSTCS ISl Pa3JIMYHBIX 3Ha-
YEeHUI napamerpa 00OOLIEHNUS 1 LIEJIEBbIX METPUK CIIPABEIHBO-
CTH NIPHU pa3In4HbIX Kod(duIMenTax nepenayn KaHama st Bcex
MOJIb30BaTeNeH, B YACTHOCTH:

- q = 1’ 155! 2) 255’ 3;

— Farger=0,5,0,75, 1;
—h =1,
762=0,5;
~Pa =15
- B=1.

h,=yh, h=yh,,7=0105009;
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Jlist kaxkmoro Habopa mapaMeTpoB PeIraeTcsl 3a/1a4a ONTUMHU-
32U PACTIPEICICHUS MOIITHOCTH, OTIPECIISTIOTCS HHIMBHTY aJTh-
HBIE CKOPOCTH ITOJTF30BaTEIeH I CyMMapHas IIPOITy CKHAS CITOCO0-
HOCTB CHCTEMEBI. Pe3yIIbTaThl pemeHus 3aa9i ONTUMHU3AIIH IPU
g = 2,5 noka3ans! B Tabnuue 1, rae mog MeTpukoi «JxeiH» mo-

HUMaeTcsi — HOPMUPOBAHHbBIM 0000MEHHBIN nHIeKca J[xeliHa, a
MO/ MeTPUKOH «J>KUHI) — NONIOTHEHHBINH 0000IEHHBII K0P DH-
mueHt [xunu. B cronbue «Pemenne» yka3aHo, HaWICHO JI pe-
[IEHHE ONTHMH3aLMOHHON 3a1aun («/1a»/«HET»).

W3 nanHBIX Tabn. 1 MOXHO clesaTh CIEIYIOIINE BBIBOJBI O

BIIUSIHUH Ftarg o Ha pacrpesiesieHne pecypecoB U JOCTHIKUMBIX CKO-

pOCTSIX mepe/layn JaHHBIX:
1. ITpu ManbIX 3HAYEHUSX 3aIaHHOTO YPOBHSI METPUKHU CIIpa-

BEJIMBOCTH Ftarg ot

(mampumep, 0,5) onTumanpHOE pacrpenene-
HHUE MOIITHOCTH CMEIIEHO B CTOPOHY MOJIb30BATENS C HAMTYYIINM
KaHaJloM, 4To oOecreynBaeT MaKCHUMH3AIMI0 CyMMapHOH mpo-
MYCKHOM CIOCOOHOCTH CHCTEeMBI cBsizu. Ho mpu 3ToM mnonb3oBa-
TEJI0 ¢ HauXy/IIUMH YCIOBUSIMH KaHajla MOITHOCTH BOOOIIE HE
BBIJIENISIETCS, €ro CKopocTh paBHa 0. B aToM ciyuae 3ajada onTu-
MH3aLUI HE UMEET PELICHHs — YCIOBHE CIPaBEUIMBOIO pacipe-
JICJIEHUS PECYPCOB HE BBITOJIHIETCS.

2. Ilpun yBenuueHUn 3aJaHHOTO YPOBHS METPUKHU CIIPABEUIU-

BOCTHU OPpOUCXOAUT NepepacnpeaACICHUC MOIIHOCTU OT

target
CUJIbHBIX TTOJIb30BaTEIICH B NOJIb3Yy c1a0bIX MOJIb30BATENICH.
3.10pu F

target
30M, YTOOBI 00ECTIEYNTD TIPAKTHYECKH PABEHCTBO CKOPOCTEHA, UTO
COTPOBOX/IaeTCs CHIKEeHneM R .

— 1 MouHOCTH pacnpenessiioTcsi TakuM o0pa-

4. C poctoM TpeOOBaHMH CHPABEUIMBOCTH CHHKEHHE CyM-
MapHO# HPOITyCKHON CIOCOOHOCTH CHCTEMBI CBSI3H HOCHUT HEIH-

HEWHBIN XapakTep: BOJIN3U ~1 nabmomaercs pe3koe maje-

target
e R, .

Taxum o6paszom, nanHbie n3 Tadmn. 1 moATBEpKIAOT HATTMYHE
BBIP@KEHHOT'O KOMIIPOMHCCA MEKAY CIIEKTPaIbHON AP PEeKTHBHO-
CTBIO (IIPOIYCKHOW CIIOCOOHOCTBIO) CUCTEMBI CBSI3H M PaBHOMEP-
HOCTBIO 00CITY’)KUBaHHS IT0JIb30BaTEICH.

CpaBHUTEIBHBIA aHAIM3 METPHUK CIPABEJIMBOCTU ITOKA3bI-
BAeT CIIEAyIOIIee:

1. Ilpn OOMHAKOBBIX YPOBHSX METPUKH CIIPaBEJIUBOCTH

Ft arget PCUICHHS, TIOJTYYCHHBIC 1O KpUTEPHIO JLKMHM, XapakTepH-

3y10TCsl 00JIe€ BEIPAKEHHBIM ITEPEpacIIpeIeICHNEM MOIIHOCTH OT
CHJIBHBIX TT0JIb30BATENIEH B MOJIB3Y CIA0BIX MOIB30BATEINICH.

2. Ilpu ucnonb3oBanuu kodddurmenra JHKuHM CHUKEHHE
CYMMapHO# MPOIyCKHOW CIIOCOOHOCTH CHCTEMBI CBSI3H IIPOUCXO-
JUT OBICTpEE.

3. Unnekce JxeliHa 1eMOHCTpUPYET OoJiee «IUIaBHOE» TOBE-
JICHUE CyMMapHOI1 MPOITyCKHOW CIIOCOOHOCTH CHCTEMBI CBSI3H.

OTO NOATBEPXKIAET pa3IuyKe B UyBCTBUTEIBHOCTH METPUK K
ACUMMETPUU CKOPOCTEN MOIb30BaTENEH, UTO TAaKKE MOXKHO IPO-
JIEMOHCTPUPOBATH HA rpadrKax 3aBUCHMOCTEH CKOPOCTH IOJIb30-
BaTelnel npu (pUKCHPOBAaHHON METPHUKE CIPABEIITHBOCTH.
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Tabimma 1
Pesynbratsl pemenns 3agaun ontuMuzamu npu ( = 2,5

MeTtpuka V4 |:t get P, P, [0 R, R, R, Raum Pemenue
Jlxelin 0,1 |05 0,044 0,956 0 0,0425 0,027 0 0,070 HeT
Joxuan 0,1 |05 0,109 0,891 0 0,109 0,025 0 0,134 HeT
Jlxeiin 0,1 |0,75 0,001 0,033 0,966 0,001 0,001 0,0003 0,002 Ja
Joxunan 0,1 |0,75 0,002 0,093 0,8376 0,002 0,003 0,0002 0,005 na
Jlxein 0,1 |1 0,028 0,944 0,028 0,027 0,027 8e-06 0,054 HeT
JoxuHan 0,1 |1 0,029 0,939 0,033 0,028 0,027 9e-06 0,055 HET
Jlxein 0,5 10,5 0,424 0,576 0 0,479 0,308 0 0,787 HET
JoxuHK 0,5 10,5 0,636 0,364 0 0,796 0,186 0 0,983 HET
Jlxein 0,5 |0,75 0,217 0,391 0,392 0,225 0,202 0,064 0,491 na
JoxuHan 0,5 0,75 0,305 0,482 0,213 0,328 0,253 0,035 0,615 na
Jlxeitn 05 |1 0,111 0,222 0,667 0,111 0,111 0,111 0,333 na
JxuHn 05 |1 0,111 0,222 0,667 0,111 0,111 0,111 0,333 na
Jlxeitn 09 |05 0,392 0,608 2e-17 0,437 0,680 0 1,117 HET
JxuHn 09 |05 0,755 0,245 0 1,010 0,237 0 1,247 HET
Jlxeiin 09 10,75 0,435 0,401 0,164 0,494 0,411 0,1412 1,046 na
JoxuHn 09 10,75 0,530 0,375 0,095 0,629 0,381 0,080 1,090 na
Jlxeitn 09 |1 0,307 0,331 0,361 0,331 0,331 0,331 0,993 pit]
Joxunan 09 |1 0,307 0,331 0,361 0,331 0,331 0,331 0,993 Ja

IMapamerp ) XapakTepusyeT CTEIEHb Pa3JIMuusl KaHAJIbHBIX

YCHOBI/Iﬁ MOJIb30BaTeNe. AHaAIN3 PE3yJIbTATOB YUCJICHHBIX 3KC-
NEPUMCHTOB B 3aBUCUMOCTH OT 7/ IMO3BOJIACT BBIACIUTDL CICAYHO-

1I1e€ 3aKOHOMEPHOCTH:
1. Tlpu ¥ — 1 cucremMa CTaHOBUTCS TIOYTH CUMMETPHYHOM.

B »sTOM citydae nocTuKeHHE BBICOKOM CIpaBeIIMBOCTH COIPO-
BOXKJIA€TCS YMEPEHHBIM CHIKEHHEM CyMMAapHOW CKOPOCTH BCEX
oJIb30BaTeNen

2. Ilpu y = 0.5 naOmiomaeTcs yMepeHHas acHMMETpHsL.

Komnpomrce MeXay CpaBeIIMBOCTHIO W MPOIYCKHOW CIIOCO0-
HOCTBIO CTAHOBHUTCS 00JIee BBIPAKEHHBIM
3. IIpu y = 0.1 cucrema xapakTepu3yeTcsi CLIBHBIM JIHcOa-

JIAaHCOM KaHaJIOB 0JIb30Barteseil. B aToM ciyyae 10CTHKEHHE BbI-
COKOT'O YPOBHSI CIIPAaBEIUIMBOCTHA TPEOYeT 3HAYMTEIBHOTO Tepe-
pacrpeiereHusT MOITHOCTH MEX/Ty TI0JIb30BaTEIIIMU U TIPUBOTUT
K CYIICCTBCHHOW Jerpagaliyd CyMMapHOW MPOITYCKHOW CIIOCO0-
HOCTH WJIA K HCBO3MOXKHOCTH BBITIOJTHCHHS YCIOBUS CIIPABE/IIIH-
BOTO pacIpe/ieIeHUs] peCYpPCOB B CHCTEME

CrnenoBaTenbHO, CTETICHb aCHMMETPHU KaHala BIHIET Ha 00-
JIACTh JOCTIDKUMOCTH IEJIEBBIX 3HAUEHUH CIIPaBEITNBOCTH.

Ilo pe3ynbpTaraM pelieHus: ONTUMHU3ALMOHHON 3aJaul TaKKe
moctpoeHs! [lapeTo-xapakTepucTHKH, TO ecTh IpaduKd ¢ TOU-
KaMHU-pEeIeHUSIMI ONITUMH3AIIMOHHON 3a7auil KaK 3aBUCHUMOCTH
cymMMapHOi ckopocTd R OT 1eleBOro 3HaueHHs METPHKH

CIPaBEVINBOCTH MPH Pa3HBIX 3HAUCHUSIX CTENIEHHOTO IapaMeTpa
g, KoTOpbIe 0TOOPaXKAIOT KOMIPOMHUCC MEX/Y CYMMapHO# CKO-

POCTBIO M CHIPABEIJIUBOCTEIO.

Ha puc. 5 u 6 u300paxens! [lapeTo-xapakTepuCTHKHN I HOP-
MHPOBaHHBIX 0000IMIeHHBIX MeTpHK J[eiHa n JIKUHH, COOTBET-
CTBEHHO.
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Puc. 5. ITapeTo-xapaKTepUCTUKH ISl HOPMHPOBAHHOTO 0000IIIEHHOTO
unzekca /bxeiina npu Y = 0.5

-
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Puc. 6. [TapeTo-XapakTepuCTUKH JUIs JOMOJTHEHHOTIO
0606menHoro kodpduuenta Hruau npu ) = 0.5

I'paduxu Ha puc. 5 U 6 WITIOCTPUPYIOT BIMSHUE TTapaMeTpa
00001IeHNsT  HA KOMIIPOMHUCC MEXIYy CYMMapHOH HpPOITYCKHON
CIOCOOHOCTBIO CHCTEMBI CBS3U M CIIPABEITMBOCTBIO 00CITyKHBa-
HUS TToJIb30BaTesed. Jiis kaxa0ro GUKCHPOBAHHOIO 3HAYCHUS
[TapeTo-xapakTepUCTUKN OTPaXKAIOT MHOMECTBO ONTHUMAIbHBIX
peLIeHuH 3a1a41 pacpeie/ICHNsI MOITHOCTH TPH Pa3IMYHbIX Lie-
JIEBBIX YPOBHSX CIPABEUINBOCTH.

[Tpn manbIx 3HaYEHUSIX apaMeTpa q METPUKH CIIPaBEIIHBO-
CTH 00JIa/IaI0T TIOHMKEHHOHN YyBCTBHUTEIBHOCTBIO K HEpaBHOMEP-
HOCTH pacIpe/ielIeHNs! T0JIb30BaTeIbCKUX CKopocTeil. B aTom pe-
JKMME YBEJIMYEHHE IeJIEBOTO YPOBHS CIPAaBENIMBOCTH JOCTHUTA-
eTcsl IPENMYIIECTBEHHO 32 CUET MOBBIILICHNSI CKOPOCTH c1aboro
MOJIb30BATENsI TP OTHOCHTENIFHO HE3HAYMTEIFHOM CHHKECHUH
CYMMAapHOH MPOMYCKHOW CTIOCOOHOCTH BCEH CHCTEMEI.

C pocToM mapameTpa ( 4yBCTBUTEIBHOCTh METPUK K aCHUM-
METPHUHU CKOPOCTEH Mob30BaTenel BozpactaeTr. O0ecnedeHne 3a-
JTAHHOTO YPOBHS CIIPaBEUINBOCTH B 3TOM cllydae TpeOyer Ooiee
JKECTKOTO BBIPABHUBAHUS TI0JIb30BATEIILCKMX CKOPOCTEH, 4YTO
MIPUBOJUT K MEpepacpeieIeHUI0 MOIITHOCTH B MTOJIB3Y MOJIB30Ba-
TEJeH ¢ XyAIIUMHA KaHaJIaMU U COITPOBOXKAACTCSA 3aMCTHBIM CHU-
JKEHUEM CYMMAapHOM NPOITYCKHON CIIOCOOHOCTH CUCTEMBI CBSI3H.

Taxum o6pazom, napamerp q onpexensiet [lapero-xapakrepu-
CTHKH U BBICTYIIAET B POJIH PETYJISTOPA <OKECTKOCTH CIIPaBEIIH-
BOCTH, 3aJaBasi XapakTep KOMIIPOMHCCA MEX]Y CHEKTPaJIbHOU
3¢ PEKTUBHOCTHIO CUCTEMBI CBS3M U PABHOMEPHOCTBIO 00CITYKH-
BAHMS TT0JIb30BATEIICH.

Ha puc. 7 u 8 moka3aHbl 3aBUCHMOCTH MHMBHUIYaJIbHBIX CKO-
pocTeii MoIb30BaTeNIeH OT IEIEBBIX METPHK CIIPABEATHMBOCTH IPH
0= 2,5 B 3HAYUTETBHO PA3THYAIOMINXCA KAHAIBHBIX YCIOBHUSX,
Y =0.5.

AHanu3 3aBICHUMOCTEH MHIUBUIYaTbHBIX CKOPOCTEH MOJIB30-
BaTesel npu aucOanaHce nX KaHAIbHBIX XapaKTEPHCTHK MTOKA3bI-
BaeT, 4To 0000mEHHbIH K03 durment kuHau nposBiseT 6oiee
BBICOKYIO YYBCTBHUTCIIbHOCTh K ACUMMETPUHN KaHAJIOB I1OJIB30Ba-
TeJieil, MPUBOJIUT K pacpe/IeIIeHHIO PECYPCOB ISl BBIPABHHBAHUSI
CKOpOCTEH, 4TO COMPOBOXAACTCS CHIKCHHEM CyMMapHOH mpo-
MYCKHOM CIIOCOOHOCTH BCEH CHCTEMBI, TOr1a Kak uHjekc Jxeiina
obecrieunBaeT Ooee yCTOWYNBYIO 3aBHCUMOCTD CYMMapHOH CKO-
pOCTH BCEX MOJIb30BaTeNeH 0T mapaMeTpoB CIPaBEATUBOCTH.
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Puc. 7. 3aBUCUMOCTH CKOPOCTH OT HOPMAJIN30BAHHOTO
o6o06mennoro unaexca Jxeitna npu ) =0.5
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Puc. 8. 3aBUCHMOCTb CKOPOCTH OT JOIOJIHEHHOTO 0000IEHHOTO
ko3 dummenta Hxunu npu ) =0.5

Amnanuz MMPUBEACHHBIX 3aBUCHUMOCTEH IMOKa3bIBACT, YTO peIIC-
HUEC OHTI/IMI/I3&IIPIOHHOI7[ 3a/1a4u CYHICCTBYCT HE IJId BCCX KOMOH-

Haiuii mapamerpos (, ¥ u K MakcumanbHOe 3HaueHUe

arget *
HOPMHPOBAHHON 00OOIEHHON METPUKH CHPABEUIMBOCTH PABHO
1 u jocruraercs Tonbko 1pu yenosuu R, =R, = R,. D1o Tpe-

OyeT crenn(UUecKoro pacipeeNieHNns] MOITHOCTH MEXIY MOJb-
30BaTeNbIIMH, KOTOPOE HE BCErja JOCTIKUMO HPH CHIBHOU
ACHMMETPHHU KaHAJIOB, & TAKXKE!

— IPU YMEPECHHBIX 3HAYECHHUSX )/ PEIICHUE JOCTHKUMO JUIS

F _e[0,5, 1];

target

— [IpU MaJIbIX 7 00J1aCTh JAOIMYCTHUMBIX 3HAYCHHI Ftarget

CyXxa-
ercs;

— IIPU BBICOKHUX q Tpe60BaHI/I€ BBICOKOU CHIpaBCAJIMBOCTU MO-

KET IPUBOAUTH K OTCYTCTBUIO JOIIYCTUMOT'O PCUICHUA.
Takum 006pa3zom, 001aCTh JOCTHIKUMOCTH [IEICBBIX 3HAYCHUI
CTpaBeUITMBOCTH 3aBUCHT Kak OT mapamerpa o6obmeHus (], Tak

U OT YCIIOBUH pacHpOCTPAHEHNUs PAJUOBOJIH B KAHAJIE CBS3H.

B o6miem citydae pe3ysbTaThl YUCICHHBIX SKCIEPHUMEHTOB T10-
Ka3bIBAIOT, YTO MapameTp 0000MIeHHs  MOKET ObITh MHTEpIIpe-
TUPOBAaH KaK HACTPaWBACMBI PETYIATOP NPHOPUTETA MEXIy
CIIEKTPATbHOH  3(PPEKTHBHOCTEIO  CHCTEMBI  CBS3M W




CBA3b

PaBHOMEPHOCTBIO OOCITYXHMBaHHs BCEX IOJb30BaTenel. Bapbu-
pOBaHME MapaMeTpa ( MO3BOJISIET HEIIPEPHIBHO U3MEHATH Xapak-
Tep KOMIIpOMHCCAa MEXIY CyMMAapHOH MPOITyCKHOH CIIOCOOHO-
CTBIO U CHIPABEUINBOCTHIO 0€3 U3MEHEHHS CTPYKTYPbI ONITUMHU3a-
LMOHHOM 33aJja4uK, 4TO JieJIaeT NpeUI0KEeHHbIe 0000IEHHBIE MET-
PUKHU y)]O6HI)IM HWHCTPYMCHTOM JIA aIalITUBHOI'O YIIPABJICHU pE-
cypcamu B cuctemax NOMA ¢ pazzeneHneM 1o MOIIHOCTH.

3akia0ueHue

B pabote mpennoxeHo mapamerpuueckoe 0000IIeHne Kiac-
CHYECKHAX METPHUK CIPaBEeIIMBOCTH — WHAEKca J[eiHa i Kod]-
¢uenta JOKMHE — MPUMEHHTENBHO K 3ajade pachpelieleHus
MOIIIHOCTH MEK/Ty MOJIb30BATENISIMHI B CUCTEMAax ¢ HEOPTOTOHAIIb-
HBIM MHO>KECTBEHHBIM JIOCTYIIOM C Pa3JCICHUEM TI0 MOIIHOCTH.
BBenenue cremeHHOro mapameTpa ( MO3BOJSET CYIIECTBEHHO
pacliupuTh MPOCTPAHCTBO AOIYCTUMBIX KOMIIPOMHCCOB MEKIY
CYMMapHOi1 MPOIYCKHOH CIIOCOOHOCTBIO CHCTEMBI U paBHOMEP-
HOCTBIO 00CITYKMBaHHSI II0JIb30BATEIICH.

IIpoBen€HHBIN YUCIIEHHBIN aHaIU3 IJsi TPEXIMOIb30BaTElNb-
ckoil cucremsl NOMA ¢ pazaeneHueM 10 MOLIHOCTH MOKazal,
4TO Tapamerp 000O0ImIeHHs g BBICTyNaeT B posid 3(p(exkTHBHOTO
peryisiTopa 4yBCTBUTEIBHOCTH METPUK CIIPABEATIMBOCTH K ACHM-
METPHH MOJIb30BATEILCKUX CKOPOCTEH B cHCTeMe CBs3H. B 3aBu-
CHUMOCTH OT €T0 3HAYCHUS ONTUMAJIBHOE PACTIPENEIICHUE PECyp-
COB MOJKET OBITH OPHEHTHPOBAHO JINOO HA MOBBIIICHUE CyMMap-
HOW cHeKTpambHON 3()h()EeKTHUBHOCTH CHUCTEMBI, THOO Ha Oojee
’KECTKOE BBIPABHMBAHNE CKOPOCTEH MOJIb30BaTENCH.

IlToctpoennsie IlapeTo-xapakTEepUCTHUKKA HArISAHO JIEMOH-
CTPHUPYIOT, YTO U3MEHEHHE TTapaMeTpa q IPUBOANUT K H3MEHEHHIO
(GhOopMBI  KOMIIPOMHKCCA MEXKIy MPOIMYCKHON CIIOCOOHOCTBIO U
CHpaBeUIMBOCTHIO, HE 3aTParuBast Mpyu ATOM CTPYKTYPY ONTHMHU-
3aI[MOHHOM 3a/1aui. DTO MO3BOJISIET aAalTHBHO HACTPaWBaTh I10-
JIUTUKY paclpeiejICHUs] PECYypPCOB MEXKIy IMOJIb30BATEISIMU O]
TpeOOBaHMsI KOHKPETHOTO ClieHapHsi 0€3 U3MEHEHHS alTOpUTMH-
YECKOM OCHOBBL.

[omy4eHHbIe pe3ynbTaThl MOATBEP)KAAIOT, YTO MPEATI0KEH-
HBIE B paboTe 0000IEHHBIE METPUKH CIIPABEAITMBOCTH ITPEACTAB-
JISIOT cO00# AP PEeKTUBHBIN 1 THOKHI HHCTPYMEHT aHAIN3a U TIPO-
€KTHPOBAHHS aJITOPUTMOB PACIIPE/ICIIEHHSI PECYPCOB B COBPEMEH-
HBIX 1 TIEPCIEKTUBHBIX OECIIPOBOAHBIX CHCTEMAX CBSI3H, BKIIIOYAs
cuctemMbl NOMA ¢ pa3zieJIeHHeM 110 MOITHOCTH.

B nanpHelieM npeacTaBICHHBIN TOIX0 MOXKET OBITh pac-
IIMPEH Ha MHOTOMOJIB30BATEIBCKUE CICHAPHH, a TAK)KE UCIOIb-
30BaH B 33JauyaX COBMECTHOM ONTHMHU3ALUM pacHpeneiIeHus
MOIIHOCTH ¥ JIpYTUX KaHAJIBHBIX PECYPCOB B YCIOBHAX JUHAMU-
YEeCKH M3MEHSIOIINXCS XapaKTepUCTUK KaHala.
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COMMUNICATIONS

GENERALIZING JAIN AND GINI INDICES FOR FAIR POWER ALLOCATION IN SYSTEMS
OF NON-ORTHOGONAL MULTIPLE ACCESS

Vitaly B. Kreyndelin, Moscow Technical University of Communications and Informatic, Moscow, Russia, vitkrend@gmail.com
Lidia A. Varukina, Moscow Technical University of Communications and Informatic, Moscow, Russia, varukina@rambler.ru

Abstract

In wireless resource allocation problems, a fundamental trade-off exists between maximizing the total system throughput and ensuring fairness among users.
Classical fairness metrics, such as the Jain index and the Gini coefficient, are widely used in practice; however, they exhibit fixed sensitivity to rate imbal-
ance and do not allow flexible control over this trade-off. In this paper, a parametric generalization of the Jain and Gini fairness metrics is proposed based
on a power-law transformation of user data rates. The introduced parameter enables continuous adjustment of fairness "strictness," ranging from through-
put-oriented operation to regimes close to minimum-rate fairness. Using a three-user non-orthogonal multiple access system as an example, a numerical
analysis of optimal power allocation is performed for different values of the generalization parameter, channel asymmetry, and target fairness levels. Feasible
solution regions are identified, and Pareto curves illustrating the trade-off between total throughput and fairness are presented. The results demonstrate
that the generalized fairness metrics provide a more flexible and effective tool for fairness control compared to classical metrics.

Keywords:. NOMA, fairness, Jain Index, Jini Coefficient, mobile communications
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JduHamuyeckoe ynpasneHue, cemb CeA3U, 3¢ppekmusHoCMb

B cratbe paccmatpuBaetca npo6nemMa AMHAMUYECKOro ynpasjieHUA napaMeTpaMu COBPEMEHHON ceTu
CBA3M, KOTOpPaA 4acTO CTPOMUTCA C UCMONIb30BaHUEM pa3HOpoAHOro o6opynoBaHMA M MPOTOKONOB
pa6otbl. Llenb nccnepoBanna — nosbicuTb 3ppeKTUBHOCTL YNpaBneHUA NMapaMeTpaMM CETU CBA3M.
Mposoautca onpepenexue 3apay, NO3BONAIOWMX AOCTUYL yKasaHHOW uenu. OcyulecTBneH aHanus
OrpaHUY4eHU TPaAULIMOHHBLIX METOJI0B [MHAMMYECKOro YMNpaBneHUA napaMeTpaMu ceTed CBA3M.
UccneposaHa npuMMEHMMOCTb COBPEMEHHBIX BbICOKOTEXHONOIMYHBIX METOAOB M anNropuMTMOB,
No3BONAILMX AUHAMUYECKU YNpPaBNATbL NapaMeTpaMu ceTu cBasu. OnpeaeneHbl KPUTEPUM OLIEHKM
3¢ eKTUBHOCTU paccMaTpuBaeMbix anroputmoB. Bbino nposeaeHo cpaBHeHue anroputMoB Mo
oT06paHHbIM KpuTepuaM 3¢ (PEKTUBHOCTH, B pe3ynbTaTe Yero onpegeneHbl Hambonee noaxopsline
anropuTMbl ANA AMHAMMYECKOrO YNpaBfieHMA NapaMeTpaMMu CETU CBA3MU. TaKiKe OCyLLeCTBiIEH aHanus
AWHaMUKN CXOAMMOCTU aNropuTMOB AnA 06OCHOBaHMA nNony4veHHbIX pesynbratoB. Wccneposana
3¢pcheKTUBHOCTL paccMaTpMBaEMbIX aliFOPUTMOB NPU BIMAHUM HA CETb CBA3M pa3fiMyHbIX pakTopos. B
3aKMIOYEHUN CcAenaHbl BbIBOAbI O MPUMEHMMOCTM TOFO MM WMHOTO anropuTMa ANA MOBbILIEHUA
3¢p(PEeKTUBHOCTM ynpaBneHUA NapaMeTpaMu CETU CBA3M, a TaKKe onpefiefieH BEKTOp AanbHedLmnx
uccnepgopaHuii. O6GbeKTOM MccnefoBaHUA ABNAIOTCA nNapaMeTpbl cetu cBasu. [lpeametrom
MccneloBaHUA ABNAIOTCA anropuTMbl, obecneuusalowme 3¢ PeKTMBHOE AUHAMMYECKOE ynpaBlieHue
napaMeTpaMM cetu cBA3u. MeToponoruyeckyio OCHOBY MWCCNefOBaHMA COCTaBNAIOT MeToAbl
CPaBHUTENIbHOTO aHanu3a, MNpPOBEeAEHUA JKCMNEPUMEHTOB C MWCMOJIb30BAHNEM 3NEKTPOHHBIX
BbIYUC/IUTENBHBIX MALLMH, KPUTUHECKOH OLLEHKM NMOJNTy4EHHBIX Pe3yNbTaToB, a TaKXKe MeTof 0606LeHus.
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BBeaenue

B Hacrositiee BpeMst HaOJIIOIaeTCsl yCI0KHEHNE HHPpaACTPyK-
TYpPbI COBPEMEHHBIX T€TEePOr€HHBIX CeTeH CBA3HU, YTO 00yCIOBIH-
BaeT TOBBIIICHHBIH MHTEpPEC K 3aJaue JMHAMUYECKOrO yIpaBlie-
HUSI TapaMeTpamMu ceTeBoil nHppacTpyKkTyphl. Kak ormeuaercs B
pabore [1], HoBble apxutekTypsl Internet of Things (IoT) u Tex-
HOJIOTUH BUPTYQIN3AINHU «JIENAI0T PYYHYIO OPKECTPALMIO CETH
HEBO3MOXHOW». DTO CTaBUT 33/1a4y CO3/JaHUsI aBTOMAaTU3UPOBaH-
HBIX CHCTEM, CITOCOOHBIX ONEPAaTHBHO aalTHPOBATh ITapaMeTphI
ceTr (TOMOJIOTHIO, MapIIPyTH3AIHMIO, MPaBWiIa JOCTYIIA, TOJH-
tukn Quality of Service (QoS)) k mTOCTOSHHO MEHSIOIIHUMCS (akx-
TOpaM, BO3JECHCTBYIOIIUM Ha CETH CBSI3H, 0€3 MPSMOTO ydacTHs
orepaTopa, 0co0o aKTyalbHOM.

TpaaunnoHHBIE TIOAXOIBI K PEHICHNIO JaHHOU 3ama4yu oOHa-
PYXKHMBAIOT CYIIECTBEHHbIC OIpDAaHMYCHUs, a COBPEMEHHbIC Me-
TOJIBI TPEIOCTABISIIOT YHUKAJIbHBIE BO3MOXXHOCTH JUISi aHAIIU3a
00X 00BEMOB TEIEMETPUH, MOICTHPOBAHNUS [TOBEICHHS CE-
Teil CBSI3M M NPUHSTHUS ONITUMAJIBHBIX PELICHHUH B PEXXUME pPeallb-
Horo BpemeHu [21-23]. BmecTe ¢ TeM BBIOOpP KOHKPETHOTO Me-
TOJIa ISt TAHHOW MPEIMETHOM 001aCTH OCTAETCS MCKYCCHOHHBIM
BOIIPOCOM: JIMTEpATypa JEMOHCTPUPYET HEOAHO3HAUYHOCTH PE3yJlb-
TaTOB NP CPABHEHUHM Pa3IMUHBIX N0aX010B [11-16, 24-26].

Jlnist ocTHKEeHUs yKa3aHHOH BBIIIE LENTH TpeOyeTcsl peleHue
CIIEeAYIOIINX 3a/1a4:

® OIIPEAEINUTH OTPAHIUYCHNUS TPAJULIIMOHHBIX METOA0B KOH(H-
TYpUPOBaHUs CETEN CBSI3U;

® 000CHOBATh NPUMEHEHUE METOJO0B M alIrOPUTMOB MAIlUH-
HOTO 00yYeHMUS;

® OIPECINTh METOABI M aJIrOPUTMBI,
HaCTOSIIETO HCCIIE/I0BAHUS;

® BLIOpaTh KPUTEPHUHU OIICHKU 3()(PEKTHBHOCTH allTOPUTMOB;

® [IPOBECTH CPaBHUTEJILHBIN aHAJIM3 AITOPUTMOB IO KpHUTeE-
PUSIM OLIEHKH MX 3((HEKTUBHOCTH;

® [IPUBECTH T'MIIEpIIapaMeTphbl BHIOPAHHBIX aJTOPUTMOB IS
OIpeIeICHUs JaJbHEHIIIETO BEKTOPa NCCIIeIOBAHMN;

® IIPOBECTHU aHAIN3 JJUHAMHUKH CXOANMOCTH HCCIIETYEMBIX all-
TOPUTMOB;

e yiccienoBath 3(p(PEeKTUBHOCTH paccMaTPUBAEMBIX AJTOPHT-
MOB TIPH 3aIIUTE OT PA3TNIHBIX THIIOB ySI3BUMOCTEH;

e CIIeNaTh BHIBOJBI O JAIbHEHIINX HCCIIEAOBAHUSIX.

MNPpUMCHACMBIC JIs

1 AHaau3 orpaHuYeHMii TPAAULIMOHHBIX METOA0B
KOH(UTIYPUPOBAaHNS ceTeill CBI3U

Cy1iecTByIolue MEeTOIbl TUHAMUUECKOTO YIIPaBJICHUs Mapa-
METpaMH CETU CBSI3M Pa3esIIoTCs Ha TPH Kilacca: Py4yHOe KOH-
(urypupoBaHie Ha OCHOBE CKPHUIITOB, METOJIbl HA OCHOBE IPaBILI
Y ONTHMHU3AIUOHHBIC MeTOBI [28, 29]. Kaxkaplii n3 HUX 00aamaet
MIPUHIUTHATHHBIME OTPAaHUUCHISIMHA, KPUTHYHBIMH B YCIOBHUIX
TUHAMUAYHBIX ()aKTOPOB, BO3ICHCTBYIOMINX HA CETH CBSI3H.

1.1 Pyunoe xongpuzypuposanue

WHcTpyMeHTHI aBTOMaTH3alMK Ha ypoBHE CKpUNToB (Ansible,
Netmiko, nradnonusaropsl KoH(UTypalmii) o0ecreynBaroT BbICO-
KYIO HHTEPIPETHPYEMOCTh U BOCIIPOM3BOAUMOCTh HacTpoek [17,
19, 20]. OxHaKO OHU TPUHIMITHAIEHO HE CHOCOOHBI aJarTHPO-
BaThCs K HOBBIM yrpo3aM 0e3 BMEUIaTeNIbCTBA OllepaTopa: Bpems

COMPUTER SCIENCE

peaKkluy Ha UHIUJEHT COCTaBISET OT HECKOJIBKUX MUHYT JI0 Ya-
COB, YTO HEMpHUEMIIEMO JUIsl IpoTuBoaercTBUs DDoS-atakam u
zero-day skcrutoiitam [11, 14, 16, 19, 20].

1.2. Memoowl na ocnose npasu

DkcreptHBIe cucTeMbl U monutukn ACL mo3BomsroT gopma-
JM30BaTh HAKOIUICHHBIC 3HAHUS B BUJE MIPEAONPEACIEHHBIX MTpa-
Bua. [lpyMHIMNHMAIBHBEIM HEIOCTaTKOM SBISETCS Ipodiema
«B3pBIBa COCTOAHMUIN (state explosion) [2, 20]: uncmo mpaBui pac-
TET SKCIOHEHIMAJIBHO C YUCJIOM TUIIOB YIpo3 U ycTpoicTs. [loa-
Jiep)KaHHe aKTyaJbHOCTH 0a3bl MpaBWil TPeOyeT 3HAUYUTEIbHBIX
YeJIOBEUYECKUX PECYPCOB M HE YCIIEBAET 32 TEMITOM IOSIBJICHUS HO-
BBIX BEKTOPOB aTaK.

1.3. Onmumuzayuonnvie memoowvt

MeTobl TMHEHHOTO U LIEIOYHUCICHHOTO POrPaMMHUPOBAHUS
00ecIeYnBalOT MaTEMaTHYECKH TOYHBIE PEICHHUS, OJHAKO UMEIOT
BPEMEHHYTO cII0kHOCTh O(27) B Xy/IIIIeM Cltydae TPy YHCIIC Y3II0B
n > 50, 4To MCKIIIOYaeT UX NMPUMEHEHHE B pealbHOM BPEMEHHU B
CCTAX MacmTa6a MpeaAnpuATUA. MCTaBBpI/ICTI/I‘IeCKI/Ie AJITOPUTMBI
— rererndeckue anroputmsl (I'A) u poit wactur (PSO) — cHu-
JKAIOT BBIYMCIUTEIBHYIO ClIoXHOCTH 10 O(n°k-1), rne k — pasmep
MONYJISIIUY, | — 4ncio urepanuii, 0JTHaKoO He 00J1a1al0T MEXaHH3-
MOM 00yuYeHHMs] Ha UCTOPHYECKUX AAHHBIX M TEPSIOT dPPEKTUB-
HOCTB TIPU CMEHE XapakTepa ysa3BuMoctel cetu [3, 19, 20].

CpaBHUTEIbHBIC XapaKTEPUCTUKH TPAJUIMOHHBIX METOJIOB
IIpe/ICTaBIIeHBI B Tabue 1.

Tabmuma 1

CpaBHEeHNE TPAAUIIMOHHBIX METOI0B KOH()UTYPHUPOBAHUS CETH

Meroxn Bpemss | Macmradupy- Kirouesoe
peakuuu eMOCTh orpaHuyeHue
Py4HOe KOH(HUrY- | MHHYTHI — HH3Kast OrcyTcTBHE ajamra-
pHUpoBaHHUe 4achl [IM1 K HOBBIM YIPO3aM
(Ansible, Netmiko) 0e3 y4acTus onepa-
Topa
Merto/b! Ha CEKyH/IbI — HHU3Kast «B3pbIB cOCTOSIHUI»:
OCHOBE ITPaBUII MHH 9KCIOHCHIHAIIbHBIH
(Expert Systems, POCT 4KcCIa IpaBUIl
ACL) C YHCJIOM YIpo3
Jluneiinoe u 0(27) OYeHb HU3Kas | HempumeHnmo B
LIEJIOYUCICHHOE peabHOM BPEMEHH
MIPOTPaMMHpPOBa- mpu N > 50 ycTpoiicTB
HHE
Merasspucrukue | O(n-k-l) CpemHsIst OtcyTCcTBHE MeXa-
(T'A, PSO) HU3Ma 00y4eHHS; T10-
Tepst 3G exTHBHOCTH
[IPU CMEHE yIpo3

Takum 00pazoM, TpaJUIMOHHBIE METOJbI HE 00ECIIeUnBAIOT
HE00X0IMMOro OajaHca MEXIy CKOPOCThIO pearMpOBaHUs, Mac-
TabUpyeMOCThIO U aJalTHBHOCTHIO K HOBBIM BHJIAM yrpo3 U
ys3BuMocteit ceredd. Ilpumenenne RL B SDN (Reinforcement
Learning in Software Defined Networks) mo3Bosmiio cokparurb
cpenHee BpeMs peakluu Ha anomanuio ¢ 4,2 ¢ 1o 0,3 ¢ no cpas-
HEHHUIO C HKCTIEPTHBIMH CHCTEMaMH, YTO MOJATBEPKAACT HE00X0-
JMMOCTB Iepexo/ia K COBPEMEHHBIM METO/1aM MAIIMHHOTO 00yye-
aust (MO).

-
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UHDOOPMATUKA

2 AHaJIU3 NPUMEHUMOCTH MeTO/I0B U ajnroputmo MO

3amaya AMHAMHYECKOTO YIPABICHUSI MapaMeTpamMH CeTH
CBsI3U (hOpMAITM3yeTCs Kak 3a[ava ONTUMHU3ALMU C OrPaHUYCHH-
simu. ITycTh 3a1aHO MHOKECTBO ceTeBbIX ycrpoiictB V = {Vi, V2,
<oy Vn}, MHOXKECTBO JIOIyCTHMBIX KOH(DUTYPAIIMOHHBIX MapaMer-
poB C ={ci, Cz, ..., Cu} ¥ MHOXKECTBO HAOJIOJAEMBIX YA3BUMOCTEMN
T={t, t, ..., t}. Koudburyparms cetu onmchBaeTcsi BEKTOPOM X
ER™, a 1enbI0 SBISIETCS HAXOXKICHHIE BEKTOPa X*, MAKCUMU3HDY-
FOIIETO arperupOBaHHYI0 METPUKY 3aIlIUIIEHHOCTH:

x* =argmax F(x, T), x €C_oonycm, (1)

rae F(x, T) — B3BemeHHass CyMMa JacTHBIX MTOKasarenei s¢dek-
TUBHOCTH 3anuThl; C_donycm — 00nacTh AOMYyCTUMBIX KOH(PHTY-
pamuii, 3agaHHAs OTPaHUYCHUSMH Ha JOCTYITHOCTb CEpPBHCOB,
HPOITYCKHYIO CIIOCOOHOCTb U MOJUTUKY 0€3011aCHOCTH.

ATperupoBaHHass METpUKa OIPECIICTCS KakK B3BCIICHHAS
CyMMa YacCTHbIX I10Ka3aTelei:

F(x, T) = wr-F1(x) + w2-S(X) — ws-A(X) + Wel(X), (2)

rae F1(x) — Fl-mepa koppekTHOTro BIOOpa KoHpuryparum; S(X) —
MaciTabupyeMocTb; A(X) — moTepsi TOYHOCTH NpH Apeide naH-
HBIX (concept drift); I(X) — uHTEpIpETHPYEMOCTB; W1, W2, W3, Ws —
BecoBbIe KO duiments! (Y W; = 1).

Jannas 3amava (1) m (2) otHOCHTCS K Kiaccy NP-TpymHBIX
KOMOWHATOPHBIX 3a/1a4 ONITUMI3ANHH [ 16]: mMpoCcTpaHCTBO COCTO-
SIHUM pacTET SKCIOHEHLIMAIBHO C YMCIOM YCTPOMCTB M NapaMer-
poB. B cBs3u ¢ 5TUM npuMeHeHne MeTo0B MO siBusieTcst 060c-
HOBaHHBIM — OHH ITO3BOJISIIOT CTPOUTD ANMPOKCUMAIIUH 1IeIeBOM
¢dyukumn F(X, T) Ha OCHOBE MCTOPHYECKHUX JAHHBIX M HAXOIUTh
Cy6OHTI/IMaHbeIe peUICHUS 3a TOJIMHOMHUAJIIBHOC BPEMH.

[ToMrMO BBIYHMCIUTENBHBIX TMPEUMYyIIecTB, MeToasl MO
YCTPaHSIOT KIIOYEBbIE HEJIOCTAaTKU TPAJUIUOHHBIX I10JXO0JI0B
[11-16], Tak kaK y HUX €CTb:

— CIIOCOOHOCTh 00pabaThiBaTh BBICOKOpa3MEpHBIE JTaHHbBIC
CETEBOU TeNIEeMETPUH M OOHAPYKHBATH CKPBITHIE 3aKOHOMEPHO-
CTH B HUX;

— aJlanTanys K HOBBIM NaTTepHaM aTak 0e3 SBHOTO Iepernpo-
rpPaMMHUPOBAHUSI IPABHI;

— IPUHATHE PEIICHNI 32 MUJUTUCEKYH/IbI OJaroapsi npeisa-
PHUTENBEHO 00YYEHHBIM MOJICIISIM;

— BO3MOYKHOCTh OHJIAWH-OOYYCHHS B 3aMKHYTOM KOHTYpE
YIpaBlIEeHUs CEThIO (MPUMEHUTETHHO K MeToaaM RL).

3 O6ocHoBaHNe BBIOOPA METO/A0B H AJITOPHTMOB
AJ151 HCCJIeJOBAHUSA

st ucenenoBanust oroOpansl mects Meto10B MO, mpescras-
JISTFOTIHUX KITFOUEBBIC ITAPaTUTrMbl, IPUMEHICMEIC B 3a7a4aX yIIpaB-
neHus ceTssMu cBs3u [ 16, 19]. Kax bl MeTox BBIOpaH HA OCHO-
BaHUU aHAJI3a JINTEPATYPhl M OCOOCHHOCTEN MPeaIMETHONH 00Ta-
ctu [11-20].

3.1. I'pagposvie neiiponnvie cemu (GNN)

CeTb 10 cBOEH TpHpoze sBisieTcs rpadom: y3ibl — yCTpOid-
cTBa, péopa — KaHaibl cBsi3u. GNN CIIOCOOHBI HEMOCPEICTBEHHO
00pabateiBaTh rpa)OBYIO CTPYKTYPY, BHIIOJHSIS arperauio npu-
3HAKOB I10 COCEAHUM y3J1aM 4epe3 MeXaHH3M Iepeaadn cooliie-
HUIT (message passing). To Mo3BOJISIET MOJICIH YYUTHIBATH TOIIO-

JIOTHIO CETHU IIPH MIPUHATHHU PEIIeHHH 0 KOHDUTYPALIK — BO3ZMOX-
HOCTb, HEJOCTIDKMMAasi M CTAQHAAPTHBIX HEHPOHHBIX CeTeH.
GNN > (PeKTHBHO TPUMEHSIINCH [T 3a/1a4 MAPIIPYTH3AIUNA 1
oOHapy>KeHHs aHOMaIni B ceTeBoM Trpade [4, 5].

3.2. AutoML u Neural Architecture Search (NAS)

AutoML/NAS aBTOMaTU3UPYIOT BBIOOP apXUTEKTYPhI MOJICIIN
MO 1101 KOHKPETHYO 3a/1a4y, UCTIOJIb3Ysl CTPATEruH MOUCKa (IBO-
moroHHbIN nouck, DARTS, ENAS) B npocTpaHCTBEe apXUTEK-
Typ. NAS ncross3yer cTparerny Noucka B IPOCTPAHCTBE apXu-
tektyp A = {as, a, ...}, MUHUMU3UPYS OLIHOKY BaTUJAIUH
a* = argmin L_val(a), a €A, 4To mo3BOJISIET HAXOUTH APXUTEK-
TYypBl, IPEBOCXOAIINE pa3paboTaHHble BpyuHy!o [6]. Konenty-
anpHas OJIM30CTh K 33/1a4€ aBTOMAaTHUYECKOTO 110/100pa CETEBBIX
rapamMeTpoB 000CHOBBIBAET BKIIIOUEHHE JAHHOT'O METO/IA B HCCIIe-
JIOBaHHE.

3.3. I'enemuueckue anzopummut (I'A)

I'A oTHOCATCS K KJaccy 3BOJIOLMOHHBIX BBIYMCICHUN U MO-
JEIHUPYIOT TPOLIECC eCTEeCTBEHHOro otdopa. [lomymsnus kaHau-
natHeix koHburypammii X(t) = {X;, Xz, ..., X¢} 3BOJIOLMOHUPYET
4yepe3 OIepaTopbl CKPEIIMBAHWS M MYyTalMH, MaKCHMH3HPYS
¢dyuxmmio npucnocobnenHocTH f(X). [A He TpeOYIOT BEIYUCICHHS
rpaavieHTOB, YCTOWYNBBI K MHOTOMOJAIBHEIM (GyHKIHIM F(X, T)
U 00JIaIafOT BBICOKOW MHTEPIPETHPYEMOCTHIO PE3yibTaTa, UYTo
B&KHO JUTSI AyINTa CETEBBIX TOIHUTHK.

3.4. Particle Swarm Optimization (PSO)

Aunroput™ post yactunl (PSO) ontumusupyer KoHpHUrypaim-
OHHBII BEKTOp, MOJICJIUPYsl KOJUIEKTHBHOE MoBeaeHue posi. O0-
HOBJICHHC TIO3UIIUK YACTHIIBI | OMMCHIBACTCS YPABHCHUAMU:

V_i(t+1) = w-v_i(t) + crore(p_best_i — x_i(t)) +
+ C2r2+(g_best — x_i(t)), 3)
X_i(t+1) = x_i(t) + v_i(t+1),
r€ ( — UHEPLUUOHHBIH BeC; C;, C2 — KOTHUTUBHBIN M COLUAJIbHBII
ko3¢ duunentsr; r;, r> € [0,1] — cny4aiinble Benmuuunbl. PSO
BKJIIOUEH KaK aJIbTEPHATHBHBIN METO/I POEBOT0 MHTEIUIEKTa ¢ 00-
Jiee POCTOil peanu3aield o cpaBHeHHIO ¢ ['A.

3.5. Odyuenue c nookpennenuem (RL, Deep Q-Network)

RL ¢popmanuzyer 3a1auy BbIOOpa KOHPHUTYpAIHH KAK MAPKOB-
ckuit npouecc npunsTus pemwennit (MDP): (S, A, P, R, y),tne S —
MIPOCTPAHCTBO COCTOSIHUM CeTH; A — IPOCTPAHCTBO JICHCTBHH (110-
CTynHbIX KoHpuUrypanuii); P(s']s,a) — dyukius nepexo1os; R(S,a)
— (yHKIHS BO3HArpaXIeHUs; y — KOI(GPHUINCHT TUCKOHTHPOBA-
HUSL. ATEHT 00ydaeTcst MOJHUTHKE 71 S—A, MaKCUMH3NPYIOIIEeH
KyMYJIATHBHYIO  JHCKOHTHUpOBaHHyl  Harpaxy: G_t =
2 {k=0}{o} y"k - R(s_{t+k}, a_{t+k}).

B peanuzannu DQN annpoxcumarop Q-dyHKinu — HelpoH-
nast cetb Q(S,a;0), oGHOBIsIEMas 10 NpaBmily bemmana:

L(0) = E[(r + ymax_{a} Q(s"a’;0") — Q(s.a;0))’],  (4)

rze 6 — Beca 1eNIeBO# (3aMOPOKECHHOI) CETH.

RL sBnsgercs CANHCTBCHHBIM M3 pacCMaTpuBacMbIX METOI0B,
CIOCOOHBIM K OHJIAHH-O0YUYEHHIO B 3aMKHYTOM KOHTYpE yIpaB-
JICHUSI CeThIo Oe3 3apaHee pa3MEUYCHHBIX JaHHbIX [7].
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3.6. T'ubpuonsiii nooxoo (RL + GNN)

['mbpuHas Mozenb OOBEIUHSET MPEICTABICHUE COCTOSHHUS
ceru B Buze rpada (GNN) ¢ MexaHU3MOM NPUHSATHUS PEIICHUN
RL. Cocrosaue s_t komupyercss GNN h v = AGG({f u : u €
N(v)}) uepes arperaiuro NpU3HAKOB MO COCETHUM y3J1aM, TOCIe
gero arperupoBanubiii Bektop h_G = READOUT({h_v : v €V})
nopaércs Ha BXoA Helpocetu noiautuku RL-arenrta. JlaHHblid
OJIXO/]T MTO3BOJISIET YUUTHIBAThH Kak Tomnojoruto (GNN), Tak u iu-
Hamuky yrpo3 (RL). B pa6ore [8] rubpux RL+GNN ¢ npuaun-
HBIM BBIBOJIOM MPOJEMOHCTPUPOBAI HAMJIYUIIIHNE PE3YJIbTATHI 110
QoS cpemu Bcex cpaBHHBAaeMBIX MeTOnOB B SDN-ceTsx, 4To
00OCHOBBIBAET €r0 BKIIIOYECHHUE B HCCIICIOBAHUE.

4 Kpurtepuu oueHkHu 3(p(PeKTUHBHOCTU AJITOPUTMOB
u ux popmanuzanus

JIist 00beKTUBHOTO cpaBHEHMSI MeTOI0B coriacHo (1)-(4) paspa-
OoTtaHa cucTeMa KpUTEpHEB OLICHKH, OITMPAIOIIAsiCsl Ha CTaHIapTHBIC
METPUKH MalIMHHOT'O O0YUEHHUs U Criel(PUUECKHIE XapaKTePUCTHKI
cereBoi Oe3onacHoct. Kpurepun Tounoctu (Acc, P, R, F1) sus-
FOTCSl CTAaHJIAPTHBIMY B 3a/1a4ax KJIACCU(PUKAIMU W TI03BOJISIOT OIe-
HHUTh KOPPEKTHOCTH BBIOOpa KOH(HIYpAIMH; KPUTEPHHU TIPAKTHUC-
CKOM puMeHnMOocTH (S, 1, A) onpesessifoT IPUTroHOCTh METO/IA IIST
Pa3BEPTHIBAHUS B PEATLHBIX CETSIX; KPUTEPHI HHTEPIIPETUPYEMOCTH
| BayKeH Jist ayIMTa U NPUHSTHS PEIICHHUI.

Ob6ozHaueHus: TP — ugmeno BepHO KiaccH(UITMPOBAHHBIX
yrpo3; TN — BepHO OTBEpPTHYTHIE JIOKHBIE TpeBOTH; FP — 10kHBIE
cpabarbeBanns; FN — npomnyiiieHHbIe peanbHbIe YTPO3bl. MeTpuKn
1 ux (hOpMyJIbl TIPUBEICHBI B TAOHIIE 2.

TaOnwuma 2

Kpurepun olleHKH METOJIOB MAIIMHHOTO 00Y4EHHsI

. Mertpuxa / Juanazon
Kpurepuii Onpenenenune . .
¢opmyia pacuéra | 3HaUeHUI
Jlonst BepHO orpejie- .
HT(?;I:)(;;TBO_ néHHBIX KoHurypa- | Acc = (TP+TN)/ B(I);IHIIe(q'f:/[M
P p 1y K o6mmemy uucny | (TP+TN+FP+FN) >
BaHMs (ACC) JTyd1e)
MIPHUMEPOB
Jlons peneBaHTHBIX
Tounocts KOHuUrypauuii cpean P = TP/(TP+FP) 0-1
(Precision) IIPEJCKAa3aHHBIX
MO3UTHBHBIX
Jonst BepHO 0OHApY-
Hoxmora KEHHBIX yrpo3 cpeau | R = TP/(TP+FN) 0-1
(Recall)
BCEX peaIbHBIX
I'apmonunye-ckoe
Fl-mepa | cpennee Tounoctu u | F1 = 2-P-R/(P+R) 0-1
HOJIHOTBI
CoxpaHeHue Mpous-
Macuragu- sogutensrocTd npu | S(N) = T(1)/T(N)-N | Mpean S=1
pyemocTs (S)
pocte yncna y3nos N
Cxkopoctb | Bpems 1o cxomumo- ~ o MeHbme —
obyuenus (t, | ctu Ha cranjaptHoM | t= X(t_i), i=1..E
" Jydie
MHH) CTEHJE
Ananrus- CM(éII{{I;)KchIgeeF:eL:;pHP:/m A =F1_before — | Menblue —
HOCTE (A) pactpea F1_after JTydIre
JIAHHBIX
nreprperi- DKcrnepTHas OI[eHKa IIxana 1-10 10 — momHO-
emocrs (1) fpO3pattHOCTH (ompoc 3KCIEepToB) CTBIO TIPO-
Py MOJICITH 3padHa

*CranmapTHBII cTen 1 Uit npoeneHns skcriepumentos: CPU Intel Core i7-12700

COMPUTER SCIENCE

Mertpuka macirabupyemoctu S(N) = T(1)/(N-T(N)), rae T(1)
— BpeMs 06paboTku oxHOTO y3ia, T(N) — cpenHee BpeMs Ha y3el
mpu N y31ax cetu. 3HaueHHe S=1 COOTBETCTBYET MICAITBEHON JIH-
HEITHOIT MacIITabupyeMOCTH.

5 CpaBHUTeNBHBIH aHAJIU3 AJTOPUTMOB
110 KPUTEPUSIM OLIEHKH UX 3P PexkTUBHOCTH

3HaveHust METPHK MOJy4deHbl Ha Habopax aaHHbIX NSL-KDD
(125 973 oOyuarorux mpumepa) u CICIDS-2017 (2 830 743 npu-
Mepa). Pe3ynbrarhl ycpeqHeHbl O S-KpaTHOH KpOCC-BalnIaIiN;
st RL-metomoB — mocite 500 amu3010B 00y4yeHus. CBOIHBIC pe-
3yJBTATHI TIPEICTABICHBI B Ta0OmHIIE 3.

Tabmuma 3
CpaBHUTENbHBIE XapAKTEPUCTUKU aJITOPUTMOB
Acc, P, R, F1, t,
AJroputm % % % % S(N) MHH I
GNN 85 84 86 85 0.78 42 5
AutoML/
NAS 78 77 79 78 0.65 68 6
T4 72 71 73 72 0.55 25 8
Poit ua- 68 67 | 70 | 68 | 060 | 22 |38
cmuy (PSO) )
RL (DQN) 88 87 | 89 | 88 | 080 | 55 |3
Tubpuo
(RL+GNN) 92 91 93 92 0.78 70 4

Ha pucynke 1 mpencraBieHO CpaBHEHHE METPUK TOYHOCTH
BCEX paccMaTpPUBAEMBbIX aJTOPUTMOB.
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GNN AUSIMLINAS ra ]

AL [DON) Tifipian
(RL+GNN}

Puc. 1. CpaBHeHI/Ie METPUK TOYHOCTH pacCMaTprUBa€MbIX aJITOPUTMOB

I'ubpuanerii mogxon RL+GNN, kak BHIHO U3 pUCyHKa 1, ge-
MOHCTPHPYET HaWBBICIINE 3HAYCHHS 110 BCEM METPHKAM TOYHO-
ctu (Acc=92%, F1=92%), 9yTo 0OBSACHICTCA CHHEPTETHICCKUM
apdextom: GNN obecreunBaeT KadyeCTBEHHOE IPEICTABICHHE
TOnONOrHN cetH, a RL — aganTuBHYIO MOJMTHKY pearupoBaHUs.
Anroputm RL (DQN) 3aHmMaeT BTOpO€ MECTO IO TOYHOCTH
(Acc=88%).

Ha pucynke 2 oTtoOpaxkeHa CpaBHHTENIbHAs MacIITaOHpye-
MOCTB aJITOPUTMOB.

(12 snep, 2.1 I'T), RAM 32 I'b DDRS5, GPU NVIDIA RTX 3060 12 I'b, OC Ubuntu
22.04, PyTorch 2.1. Pa3mep oOyuatoreit Bb1oopku — 50 000 ceTeBbIX COOBITHIA.

-
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Fubpnn (RL+GNN)

AL (DQN)

==+ MEeansHaA MACWTaGHDyeMOCTh (S=1)

ra

AutoMLNAS

0o 0z 0.4 06 08 10
b mac v SIN)

Puc. 2. MacmrabupyeMocTs pacCMaTPHBACMBIX AJITOPHTMOB

Anroputm RL (DQN) nemMoHCTpHpyeT HarTydIyio MacIuTadu-
pyemocts (S=0.80), uto memaer ero HandoIEe MEPCICKTUBHBIM IS
KpynHbIX cetell. ['eHeTnueckne anropurmsl 1 PSO Xxapakrepusy-
10TCsl Harbouiee HU3KoM Maciradbupyemoctbio (5=0.55-0.60).

Ha pucynke 3 moka3aHO COOTHOIIIEHHE CKOPOCTH O0YUICHHUS U
HUHTEPIIPETHPYEMOCTH aITOPUTMOB.

20

- Upein By aun
w— e Tapnpa A eocTh {1-10)
80

70 o8

=

Bpema obysennn, Man

FRL{DOH) Tufpus
AL GNN)

GHN BustoMUNAS ra L]

Puc. 3. CkopocTs 00y4IeHHUs 1 HHTCPIPETUPYEMOCTh PACCMaTPUBAEMBIX
QITOPUTMOB

MacwTabu-
YEMOETh

Puc. 4. Pa}lapHaﬂ JuarpamMMa KOMIUIEKCHOT'O CpaBHEHUS aJITOPUTMOB

I'enetnyeckue anroputMsl 1 PSO obecneunBaoT MUHUMAIb-
Hoe BpeMsi 00y4eHust (25 u 22 MUHYTBI COOTBETCTBEHHO) U MaK-
cUManbHyl0 uHTepnperupyemocts (I1=8), uro ompaBasiBaeT ux
MIPUMEHEHHE B CLIEHAPHSX C OTPAaHWYEHHBIMU BHIYUCIUTEIbHBIMH
pecypcamu.

KomriekcHoe cpaBHEHHE BCEX aIrOPUTMOB IO TSITH KITIOYe-
BBIM KPUTEPHSIM MPEACTAaBICHO HA pajlapHoii fuarpamme (puc. 4).

Pamapnas auarpaMma HarssITHO IGMOHCTPHUPYET, YTO HU OJIMH
QITOPUTM HE SIBJIAETCS ONTHMAIIBHBIM 110 BCEM KPUTEPHSIM OHO-
BpeMeHHO. Hanbompmmii pa3peIB MEXITy allTOpUTMaMH HaOIIF01a-
€TCsl IO KPUTEPHIO Al THBHOCTH: TMOpUIHbII moxxon u RL ne-
MOHCTPHUPYIOT moTepio F1 menee 3% mpu concept drift, Toraa xak
I'A u PSO — no 12%.

6 Onucanue runepnapaMeTpoB BHIOPAHHBIX AJITOPUTMOB

6.1 F'unepnapamempuol zpaghosvix netiponnvix cemeii (GNN)

KauectBo padotel GNN B 3HAaUNTENBHOM Mepe ONpeenseTcs
NpPaBWIbHBIM BBIOOPOM apXHUTEKTYPHBIX THIIEprapamerpoB. B
Tabuile 4 mpuBeIeHBI Kito4YeBbie runeprnapameTpbl GNN ¢ 06oc-
HOBaHHEM HX BBIOODA.

JIJ1s HacTpoIKM rumepnapaMeTpoB IPUMEHSIETCS METO]I Oaife-
COBCKOM ONTUMU3ALUU:

6* = argmin E[L_val(6)], 5)

9TO TO3BOISIET () (HEKTUBHO MCCIENAOBATh MIPOCTPAHCTBO THIIEP-
rapamMeTpoB 3a MEHbIIee YHCIIO UTEPALHii 110 CpaBHEeHUIO ¢ grid
search nnu random search.

Tabnuna 4

I'unepnapameTps! rpadOBbIX HEHPOHHBIX CETeH

I'unepnapa- | O6o3na- | Tunosoe
Hasnauenne
MeTp YECHHE SHAYCHHEC
OmnpenensieT riIyOuHy arperamun
Yucno L 3.4 uudopmaiu o cocemix; L=k
cnoés MO3BOJISICT YYHUTHIBAaTh K-OKpecT-
HOCTB y371a
Pazmep-
BekTop mpu3HaKoB y3ma Iocie
HOCMb
dh 64-2 arperaruu; 0oJbIlie — TOYHEE, HO
CKpbINO2O -
Joublie o0ydaercs
cnos
Ilar  rpagMeHTHOrO  CITyCKa;
Cropocmb 1e-3 — Je-4 | CTHIIKOM 0OJBIIOI — pacxoim-
o00yueHus " MOCTb, CIMIIKOM Majblii — Mea-
JICHHAsl CXOJIMMOCTh
Perynspuszauust Juisi npenoTBpa-
Dropout 0.3-0.5 | menust mepeoOydeHus Ha MaJbIX
rpadax cetu
Pasmep B 32-128 Uncno noarpaoB B OHOM mIare
bamua ONTHUMU3ALNN
Crnoco6 o0beaMHEHUs] HpHU3HA-
Tun azpe- mean / max
AGG KOB COCEIHMX Y370B (mean —
eayuu /sum .
YCTOMYMB K HIYMY)

6.2 I'unepnapamempuol memooa o0yuenus ¢ HOOKpenieHuem

(DQN)

OOyuenne arenta DQN 4yBCcTBUTENBHO K BBIOOpY THIlEpIa-
paMeTpoB, 0COOEHHO K KOA(P(UIMEHTY NUCKOHTHUPOBAHUS ) U
crpareruu e-greedy. Tabuuia 5 cOAEpIKHUT MOIHBIN [IePEeYeHb -
paMeTpoB ¢ 000CHOBAaHWEM THITOBBIX 3HAYCHUH.
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Tabimna 5
T'umepmiapametpsr anroputma Deep Q-Network (DQN)
O0o3Haue-| Tumosoe
I'unepnapamerp Ha3nayenne
HHe 3HAYeHHe
Onpenensier  «rOPHU30HT]
Koadpunment MJIaHupoBaHus»;, y—1 —
bpuu y 0.95-0.99 p i
VIUCKOHTUPOBAHWS QreHT y‘II/ITbIBaCT JIOJITO—|
CquHbIe Har‘pa}lbl
CxopocTthb Llar OOHOBICHHS BECOB
o le-4—1e3 | .
o0yueHus HEHPOCETH TTOTUTHKH
[HauanpHOoe 3HaYeHWE W
e-xKaTHast MUHHMYM; YIpaBisieT 0Oa-
A e 1.0 - 0.01 M ymp
cTpaTerus lTaHCOM HCCIIeI0BA-
HHsI/9KCIUTyaTaln
Temn nepexoza ot ciryyaii-
CxopocTb PEXOAL yHay
¢_decay 0.995 HBIX K ONTHMAaJbHBIM JIE€H-]
[yOBIBaHHS € -
CTBHSM
[Aucio XpaHUMBIX TEPEX0-
Paswep Gydepa |D| 10000 =100 IoB (s,a fs') utst 00 ‘«IIJGHI/IH
OTIBITA 000 T o1 ooy
0e3 Koppeunsimi
Uncno cmydaiiHo m3BIIEKa-
IPazmep
B 32-64  |eMBIX MEPEXO/OB 3a OJUH|
MUHHOAaTYA
mar oOHOBJICHUS
Yacrora CHIKaeT HeCTaOMIbHOCTH
100-1000 |oOyueHus 3a cuér 3a-
OGHOBIICHUS C -
. aroB  [Iep>KKU OOHOBIICHUH 1ielie-
LIeTIeBOI CeTH
BBIX BECOB

DyHKIMs Bo3HarpaxaeHus R(S,a) auist 3axaun Bpiobopa KoH(HU-
rypauuu CeTH:

R(s,a) = a-4F1 — p-At — 2-AC_overhead, (6)

rne AF1 — npupoct F1-mepbl nociie npuMeHeHnst KOHPUTYpan
a B cocTosiHuM S; At — n3meHenue 3anepxku ceru; AC_overhead
— M3MCHCHHE BEIYHCIIUTENILHONW HArPy3Ky; a, 5, A — BECOBBIE KO-
3¢ UIIEHTH TIPHOPUTETOB CUCTEMBL.

6.3 I'unepnapamempol 760110U4UOHHBIX ANZOPUMMOE

sl reHeTMYecKoro anaropuTMa KIHOYEBBIMU IapameTpamMu
SBJISAIOTCS: pasmep nomysiiun K (50200 ocobeit), BEpOSITHOCTb
ckpemmBanus P_c = 0.7-0.9, BepositHocTh MyTanmu p_m = 0.01-
0.05, uucino nokonenuit G = 100-500. Pazmep momyssitmu K BbI-
Oupaercst u3 ycioBus K >5-m, riae m — pa3MepHOCTh BEKTOPa KOH-
¢urypanum.

Hns PSO wHepruoHHBIH Bec « IUHEHHO YOBIBaeT OT
w_max=0.9 mo w_min=0.4, uto obecrieunBaeT MUPOKOE HUCCIIE-
JIOBaHUE Ha HAYAIIbHBIX HTEPALUAX U TOYHYIO CXOIUMOCTb Ha (u-
HanbHBIX. CTaHAapTHBIC 3HaUYeHUs: C,=C.=2.0, |pou|=30-100 va-
CTHIL.

7 Anaan3 AUHAMHUKHA CXOAUMOCTH AJTOPUTMOB

JluHamMuKa CXOAMMOCTH XapaKTepU3YeT CKOPOCTh JOCTHKE-
HUS CTaOWIBHOTO 3HAYeHUs IeneBoil merpukm [12, 16]. s
OIICHKH CXOMMMOCTH BBOmuTCst Metpuka C(e) — 3mauenwe F1-
MepbI Ha BATUIAIIMOHHON BEIOOPKE MOce € 310X ooyuenus. Kpu-
TE€pUIl OCTAaHOBKHU:

[C(e) — C(e—4)|/ 4 <e&_conv, (7)

rae 4=10 smox, ¢_conv=0.001. KpuBbie CXOAMMOCTH METOJIOB
NIPE/ICTaBIICHbI HA PUCYHKE 5.
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Puc. 5. JIlunamuka cXoIMMOCTH paccCMaTpUBAEMbIX aJITOPUTMOB

T'ubpunnblit mogxon RL+GNN nocruraer yposust F1=0.90 na
~50-#i snoxe u crabumsupyercs Ha F1=0.92 k ~60-ii snoxe. RL-
arent (DQN) cxomurcs k F1=0.88 x ~70-ii smoxe; xapakrepeH
BBIP@KEHHBIH «HccaenoBaTenbekuiiy nepuoa (dmoxum 1-30) ¢
e~1.0, B xotopom F1 pactér mennenno. GNN nemoHcTpupyeT
IUIaBHYI0 MOHOTOHHYIO cxonumocts K F1=0.85 k ~80-ii smoxe.
Oomonnonnsie MeTo bl (I'A, PSO) cxomsTcs ObIcTpee 1Mo YTy
uTepanuii, HO K CyIIECTBEHHO MeHbImM 3HaueHusm F1 (0.68—
0.72).

Crangapraoe otkioHenue o(F1l) mo 5 He3aBUCHMBIM 3arTyc-
kam: tuOpun RL+GNN — ¢=0.008; RL — ¢=0.012; GNN -
0=0.006; TA — 6=0.018; PSO — ¢=0.021, 9T0 cBHICTETHCTBYET
0 0oJiee BBICOKOH CTOXaCTUYHOCTH IBOJIOIMOHHBIX aJrOPUTMOB
10 CPABHEHHIO C TPa/IMCHTHBIMH.

8 UccienoBanue 3¢ ()eKTHBHOCTH PACCMATPHBAEMbIX
aJICOPUTMOB IPHU 3alUTE OT PA3IMYHbIX THIIOB YS3BUMOCTEMH

IIpakTuyeckass MPUMEHUMOCTb AJITOPUTMA OMpPENEsieTcs He
TOJIEKO arperupOBaHHBIMH METPUKAMU TOYHOCTH, HO H €ro 3(-
(hEeKTUBHOCTBHIO IIPU TPOTHBOICHCTBUN KOHKPETHBIM THIIAM yTPO3
[27]. B Tabnuie 6 npencTaBieHO COOTBETCTBHE HANOOJIEE TTIOIX0-
JIIAX ATTOPUTMOB IS PA3TMYHBIX THIIOB YSI3BUMOCTEH.

Tabmuma 6

CooTBeTcTBHE HANOO0JIEE IOIXOAIINX aJTOPUTMOB
JUISL pA3JIMYHBIX THIIOB ySI3BUMOCTEH

Tun F1, Bpemst O6ocHoBaHue
Auaropur™m |
YSI3BUMOCTH % | peakumun BBIGOpa
HenpepsiBHass on-
RL (DON), TAMU3amust  Tpa-
DDoS-arakn | Tubpux |92-94| <lc E’;fﬁeﬁu-pﬁaffgﬁ
RL+GNN THPYeT Ha M3MEHe-
HHE ITOTOKOB
I'pap  3aBucumo-
Buenpenue ['ubpun CTel  IpOIECCOB;
BpenonocHoro | RL+GNN, [ 88-91| 2-5¢ |GNN BBIABIIACT
1o GNN aHOMaJIbHbIE CBS3U
MEX]TY y3IaMH
Bbeictpoe  mepeHa-
CeTeBble aTaku HpaBIICHHE MapIIPY-
(MitM, RL, GNN | 88-90 <lc |r1oB; RL — ympase-
cny(uHr) HHE TIOJIUTUKON
MapHIPyTU3ALMH

—
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[Tatu-menemKMEeHT
DKcIuTyaTanus I'ubpun IDeGver  LoGann-
CVE-yssBumo- | RL+GNN, | 85-89| 5-15¢ P
N HOM ONTHUMH3AINN
crei RL
KOH(HTYypaluu
AHanu3 ToBe/ICHUS
Uncaiizenckie GNN, I'u- MOJIb30BATENICH  Ue-
’:([) 32 . Opun 78-86| 10-30c |pe3 rpad B3ammo-
yre RL+GNN JICHCTBUIA, BBISBIIE-
HUE aHOMAJIAI

TeroBast kapTa Ha pucyHKe 6 Bu3yanusupyer F1l-mepy kaxk-
JIOTO METO/a ISl KaXJOro THMA YS3BUMOCTH, YTO ITO3BOJISIET
HAIJISHO BBISIBUTD 00JIACTH HAWTYUIIeH ¥ HAUXY/JIICH TPUMEHH-
MOCTH.

DDoS-ataku TpeOyrOT HEMEIVICHHON aJanTalud IPaBHIT
¢unpTpanmu. RL-areHT B 3aMKHYTOM KOHTYpe yrpasieHust SDN-
KOHTPOJUIEPOM CIIOCOOEH IepepactpenersiTe Tpaduk 3a 1011 ce-
kyHabel. ['u6pug RL+GNN 1omomHUTEIbHO YUUTHIBACT TOIOJIO-
THIO CETH IPU MapuipyTusanuu, gocruras F1=0.94.

[Tpu ananuze nHcaiaepckux yrpo3 GNN 3¢ ¢hexTHBHO BbIsIB-
JSIET aHOMaJbHbIE MOJATrpadbl, COOTBETCTBYIOIINE HETUITHYHBIM
HOCIIEJOBATEIBLHOCTAM JOCTYyIa K pecypcaMm. bonee Hu3kue 3Ha-
yenus F1 (0.78-0.86) oOBsACHSAIOTCS BRICOKOH CTENCHBIO Tepece-
YEeHUs! TATTEPHOB JISTUTUMHBIX ¥ BPEJOHOCHBIX JEHCTBHH.

95

)
Fl-mepa, %

Fubpna
[RL+GHN)

55

DODOS-aTakM BpengHocHae WHcaRaepckme
no

CVE-
aranue YRIBAMOCTH

Puc. 6. Terutoast kapra F1-Mepbl: JITOPUTM VS THITHI YSI3BUMOCTEH

Taxum 00pa3om, HU OJIMH U3 PACCMOTPEHHBIX aJITOPUTMOB HE
SBIISICTCS ONITUMAJIBHBIM JUISI BCEX CIICHapHeB. Pe3ynbTarel moj-
TBEPIKAAIOT THIIOTE3y O HEOOXOAUMOCTH pa3pabOTKU CHelualu-
3MPOBAaHHOTO TMOPUIHOTO MOAXO0/a, 3IaNTHPOBAHHOTO K MHOT'O-
KpPUTEpUATILHOMY BBIOOPY KOH(PHUTYPAIIMY CETH MPU HAJIMYHMH pa3-
HOPOJIHBIX THIIOB YSI3BUMOCTEH.

9 BoiBoaBI

B pesynbrare mpoBeseHHOTO HCCIIEIOBAHUS ITOTYIEHBI CIIE/Ty-
IOIINE OCHOBHBIC PE3YJIbTATHI.

dopMan30BaHa MOCTAaHOBKA 33/1a41 JUHAMHYECKOTO YIpaB-
JICHUs] MapaMeTpaMy CeTH CBSA3M KakK 3a7aud ONTUMM3ALUK X* =
argmax F(x, T). [lokazano, 94To 3a1a4a OTHOCHTCS K Kiaccy NP-
TPYJIHBIX, YTO OOOCHOBBIBAET NMPHUMEHEHUE COBPEMEHHBIX aJro-
PUTMOB. BBISIBIICHBI IPUHIUITHATBLHBIC OTPAHUYEHHUS TPAUIIAOH-
HBIX METOJOB (9KCIOHEHIMAIbHBIH POCT YHCIa MPaBWI, OTCYT-
CTBHE MeXaHu3Ma OOy4YeHHs] Ha JaHHBIX, HEIIPUEMJIEMOE BpeMsi
peakium), KOTOpbIe MPE0I0IEeBAIOTCS COBPEMEHHBIMU aJITOPHT-
mamu. [IpoBenieHo 000cHOBaHKE BHIOOpA IECTH AITOPUTMOB JUIS
9KCIEPUMEHTAIFHON OLEHKH 3()(EKTHBHOCTH JIMHAMHYECKOTO
ynpasienus napamerpamu cetr cBsizn: GNN, AutoML/NAS, T'A,

PSO, RL/DQN, ru6pux RL+GNN). s Kaxmoro anroputma
npuBeseHa (GopManu3anus U ONKCAHBl KIIOYEBBIE THIEpIapa-
MeTphl. Pazpaborana cucrema kputepues ornenku (Acc, P, R, F1,
S, t, A, ) ¢ nmamazoHaMu 3Ha4YeHWH W OOOCHOBAaHMEM BBIOOpA.
YKkazaH cTaHIapTHBIN TECTOBBINA CTEH/I.

Ilo pesynpraTaM CpaBHHUTENBHOTO aHaidM3a OBIJIO YCTAHOB-
neHo, 4ro ruOpumHbi momxox RL+GNN  memoHCTpHpyeT
Hawinyulue 3Hadenus: TouHoctu (F1=0.92) u ycroitumBocTs K
concept drift (A<3%), a RL/DQN — Hannyumiyro Macuradbupye-
MocTthb (5=0.80). MccnenoBana crienudurka mpuMeHEHHs alrOpUT-
MOB JIJIsl pa3jiMuHbIX TUIIOB ysi3BUMocTel. [Tokazano yro RL u ru-
6pun RL+GNN naubonee a¢pexruBusl npu DDoS-arakax u ce-
TeBbIX BTopxkeHmsax (F1=0.88-0.94); GNN — s uHCalaepcKux
yrpo3 u Bpenonocuoro I10 (F1=0.85-0.91).

[omy4eHnble pe3yabTaThl MO3BONSIOT CAETAaTh OOOCHOBAH-
HBII BEIOOD B TOJIB3y ruOpunHoro merona RL+GNN B kadecTse
6a3oBoro ms mainpHeHmMX Momupukannu. OCHOBHBIM HAIlpaB-
JICHWEM JalbHEHITNX HCCIICAOBAHMN SBIsETCS pa3paboTka crie-
[HATH3UPOBaHHOM (QyHKIMK Bo3HarpaxaeHus R(S,a), amantupo-
BaHHOM K MHOTOKPHTEPHAILHOMY BbIOOPY KOH(MHUTYPALUH CETH
MIPY HAJIWYHUU Pa3HOPOJHBIX THUIOB YS3BUMOCTEH, M peann3alus
COOTBETCTBYIOIIETO AITOPUTMHUYECKOI0 U MPOrpaMMHOr0 obec-
TICUCHHSI.
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Abstract

The article considers the problem of dynamic control of the parameters of a modern communication network, which is often built using heterogeneous
equipment and operating protocols. The objective of the study is to improve the efficiency of managing the parameters of a communication network. The
tasks that allow achieving the specified goal are defined. The limitations of traditional methods of dynamic control of the parameters of communication net-
works are analyzed. The applicability of modern high-tech methods and algorithms that allow dynamic control of the parameters of a communication net-
work is studied. The criteria for evaluating the effectiveness of the algorithms under consideration are defined. A comparison of the algorithms according
to the selected effectiveness criteria was conducted, as a result of which the most suitable algorithms for dynamic control of the parameters of a commu-
nication network were determined. An analysis of the convergence dynamics of the algorithms was also carried out to substantiate the obtained results.
The effectiveness of the algorithms under consideration was studied under the influence of various factors on the communication network Finally, conclu-
sions are drawn on the applicability of a particular algorithm for improving the efficiency of managing the parameters of a communication network, and a
vector for further research is determined. The object of the study is the parameters of a communication network. The subject of the study are algorithms
that provide effective dynamic control of the parameters of a communication network. The methodological basis of the study is made up of methods of
comparative analysis, conducting experiments using electronic computers, critical evaluation of the obtained results, as well as the method of generalization.

Keywords: Methods, algorithms, parameters, dynamic control, communication networks, efficiency.
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Simultaneously reducing the mass and radar cross section (RCS) of an antenna is
a design challenge that has attracted considerable attention in recent research.
This study proposes the Low-RCS Optimal Current Grid Approximation (L-RCS-
OCGA) aimed at simultaneously reducing both the mass and the RCS while pre-
serving the fundamental radiation characteristics. The proposed approach spar-
sifies a wire grid (WG) antenna by eliminating wires that contribute weakly to the
radiation field and strongly to the backscattered field, and then restores connec-
tivity among disconnected components by reconnecting through wires with the
smallest contribution to the scattered field. This represents the modification
made for the first time in the OCGA family to incorporate scattering awareness
into both the wire-elimination and reconnection steps. L-RCS-OCGA was vali-
dated by both simulation and measurement on a WG trihedral corner reflector
antenna operating at 6 GHz, with the monostatic RCS examined over the 5-8
GHz band for both -polarized and right-hand circularly polarized (RHCP) inci-
dent waves. The representative sparse antenna is 2.12 times lighter than the orig-
inal one, with an average RCS reduction at boresight of 6.73 dB in simulation, 8.16
dB in measurement for -polarized incidence and 10.3 dB in simulation for the
total RHCP component, while the fundamental radiation characteristics remain
close to those of the original antenna. L-RCS-OCGA, therefore, achieves simul-
taneous mass and RCS reduction, making it particularly suitable for platforms
with stringent payload constraints.
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1. Introduction

Antennas play an essential role in many modern fields, rang-
ing from wearable smart devices [1], medical Internet of Things
devices [2], to satellite communications [3]. Along with this di-
versity of applications, the requirements imposed on antennas
have become increasingly stringent, particularly in terms of mass
and scattering behavior. On the one hand, antenna mass needs to
be reduced in order to be compatible with systems that are lim-
ited in payload and installation space. On the other hand, the
antenna must exhibit a low radar cross section (RCS) to enhance
the stealth performance of the overall system [4, 5]. Meeting
these two requirements simultaneously is a non-trivial design
challenge.

A number of recent studies have proposed approaches for re-
ducing the antenna RCS based on metasurfaces [6-8], frequency-
selective surfaces [9, 10], radar-absorbing materials [11], and
characteristic mode analysis [12, 13], and have achieved notable
performance. However, these approaches typically require the
integration of auxiliary structures or additional design steps,
which leads to an increase in the system complexity and overall
mass. In several cases, the additional structures involved also
degrade the antenna radiation performance [11, 14]. Therefore,
an approach that can reduce the RCS without introducing addi-
tional materials or auxiliary structures would offer a clear practi-
cal advantage, especially for platforms with stringent mass con-
straints.

A promising candidate in this direction is the sparsification of
wire grid (WQ) structures by means of the optimal current grid
approximation (OCGA), which has been developed in recent
studies [15-19]. OCGA relies on the method of moments (MoM)
[20] to determine the current distribution over the wires, and then
removes the wires that carry small currents, since they contribute
insignificantly to the radiation characteristics. Existing studies
have demonstrated that OCGA can significantly reduce the mass
of the WG antenna while preserving its main radiation character-
istics. However, the wire-elimination criterion adopted in those
studies relies only on the contribution of each wire to the radia-
tion, and does not consider its contribution to the scattered field
of the antenna. As a result, the potential of OCGA-based sparsi-
fication for reducing the RCS has not yet been systematically
exploited and assessed.

In addition, an issue that arises when applying OCGA is that
the resulting sparse structure may be split into separate, discon-
nected components, which complicates fabrication. To address
this issue, several OCGA modifications have been proposed in
the direction of restoring some of the previously eliminated wires
in order to reconnect these separate components; they include
near-connecting OCGA (NCOCGA) [16] and maximum current-
based OCGA (MCOCGA) [17]. In these modifications, the wires
to be restored are selected based on the criterion of the number of
wires required for the reconnection, or on the magnitude of the
currents on the wires associated with the radiation, without con-
sidering their contribution to the scattered field.

In order to simultaneously address the two gaps identified
above, this work proposes a sparsification approach for WG an-
tennas, named Low-RCS Optimal Current Grid Approximation
(L-RCS-OCGA), which allows the mass and the RCS of the an-
tenna to be simultaneously reduced while preserving its basic
radiation characteristics. The approach consists of the following
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two components. First, the wire-elimination criterion is extended
to account for the contribution of each wire to the scattered field,
thereby enabling a deliberate RCS reduction. Second, the recon-
nection mechanism gives priority to wires with smaller contribu-
tions to the scattered field, ensuring fabrication feasibility with-
out compromising the RCS reduction. The effectiveness of
L-RCS-OCGA was verified through simulation and measure-
ment on a triangular trihedral corner reflector (TCR) WG anten-
na [21, 22] operating at 6 GHz, with the monostatic RCS exam-
ined over the 5-8 GHz frequency band for both linearly and cir-
cularly polarized incident waves.

The remainder of this article is organized as follows. Section
2 elaborates on the proposed L-RCS-OCGA approach. Section 3
applies the approach to a TCR WG antenna and presents the
simulation results. Section 4 reports the experimental results ob-
tained on the fabricated prototypes. Section 5 discusses the im-
plications and limitations of the proposed approach, and Section
6 concludes the work.

2. Low-RCS Optimal Current Grid Approximation

The main idea of the L-RCS-OCGA approach consists in the
following. Applying OCGA eliminates the wires that have little
influence on the radiation field, thereby reducing the mass of the
antenna while preserving its basic radiation characteristics. In
this work, we generate a set of different sparse antennas and
choose two, hereinafter called the Base and Reference antennas.
Then, we sparsify the Base antenna by eliminating the wires that
have a strong influence on the scattered field of this antenna,
thereby simultaneously reducing both its RCS and mass. The
degree of degradation of the radiation characteristics is con-
trolled by the Reference antenna. After this sparsification, dis-
connected wire components are reconnected by means of a re-
connection mechanism that gives priority to the wires with
smaller contributions to the scattered field, without compromis-
ing the RCS reduction. The L-RCS-OCGA approach consists of
three steps, as illustrated in Fig. 1.

Determine characteristics
of original antenna
v

Apply OCGA, choose Base
and Reference Sparse antennas

v
Generate low-RCS
sparse antennas

End
Fig. 1. Overall L-RCS-OCGA flowchart

In step 1, the antenna is analyzed by MoM [20] with pulse
basis functions. Each wire of the WG is represented by a seg-
ment, while the excitation elements requiring a more detailed
description of the current distribution can be divided into multi-
ple segments. For the radiation problem, the excitation vector v
has only one non-zero entry, corresponding to a 1 V voltage ap-
plied at the excitation segment. The MoM system of equations
Zi = v is then solved, where Z is the impedance matrix and i is
the unknown vector, whose entries correspond to the currents on
the individual segments. From this solution, the basic character-
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istics of the antenna are determined, including the reflection co-
efficient and radiation pattern.

In step 2, OCGA is applied to eliminate the wires with small
currents, as they contribute insignificantly to the antenna radia-
tion characteristics, thereby generating a set of sparse antennas
with different sparsification levels. The specific procedure fol-
lows [17], where the MoM system of equations is first solved for
the radiation problem at a frequency f. The current magnitudes
obtained on the wires are normalized with respect to the maxi-
mum or the average value, and the normalized result is denoted
by |l,], where n is the wire index. Each |I,] value is then compared
with a predefined threshold, called the Grid Element Elimination
Tolerance (GEET), expressed in percent. A wire with |l,| smaller
than GEET is considered a wire with a small current and is added
to the Eliminated Wires List, while the remaining wires are add-
ed to the Remaining Wires List. Previous studies [15, 17, 19]
have shown that eliminating wires in this way significantly re-
duces the antenna mass while keeping the radiation pattern un-
changed. By varying GEET, a number of different sparse anten-
nas can be obtained. A larger GEET produces a lighter structure,
but may degrade the radiation characteristics.

From the set of sparse antennas obtained, the Base and Refer-
ence antennas are chosen. The Base antenna is the structure that
achieves a substantial mass reduction while its radiation charac-
teristics remain close to those of the original antenna. The Refer-
ence antenna is the structure with the highest level of sparsifica-
tion that is still acceptable, in the sense that any further sparsifi-
cation would significantly degrade the radiation characteristics.
To ensure consistency, both the Base and Reference antennas are
generated by OCGA with the same type of current normalization,
so that the set of wires of the Reference antenna is a subset of the
set of wires of the Base antenna. The set of wires that are present
in the Base antenna but not in the Reference antenna is called the
Candidate set, whose number of elements is denoted by N.

In step 3, we further sparsify the Base antenna by eliminating
the wires that significantly influence the scattered field, and then
restores the connection between the disconnected components in
order to ensure fabrication feasibility. To evaluate the contribu-
tion of each wire to the scattered field, the MoM is formulated
for the scattering problem. In this state, the antenna is not excited
by its internal source, but by an incident plane wave, and the
excitation segment is loaded with 50 Q. In this work, the incident
plane wave is described by the spatial phasor convention e
with 0-polarization (8-pol) (described in detail in Section 3);
here, k is the wave vector pointing in the direction of propaga-
tion (|k| = 2n/A where A is the wavelength), and r is the position
vector.

The plane-wave excitation is applied successively from a set
of incidence directions (0, @) at a frequency f, which is chosen to
evaluate the contribution of the wires to the scattered field.
Based on this, two non-negative scalar metrics (M and J) are
defined for each wire, each characterizing the contribution of that
wire to the scattered field. The metric M is determined on the
original antenna and is the average of the current magnitude on
the corresponding wire over the set of all considered incident
directions.

The metric J is determined in the same way, but on the Base
sparse antenna. The two metrics are used for two different pur-
poses: J is used to further eliminate the wires of the Base that
have a strong contribution to the scattered field, while M is used
as a priority criterion in the reconnection. The two processes of
wire elimination and reconnection are illustrated in detail in
Fig. 2.

For the wire-elimination process, J for each wire is normal-
ized with respect to the maximum or the average value, and is
then compared with a threshold, called the Grid Element Elimi-
nation Tolerance for RCS (GEETrcs). A wire with J greater than
GEETrRcs and also belongs to the Candidate set, is moved from
the Remaining Wires List of the Base antenna to its Eliminated
Wires List. Restricting the elimination to the Candidate set en-
sures that this additional sparsification does not push the struc-
ture beyond the Reference antenna, so that the radiation charac-
teristics are maintained at a controlled level. From a physical
point of view, the scattered field of the structure is produced by
the currents on its wires under the incident plane wave, so that
the wires with larger J contribute more strongly to the RCS [18].
Eliminating these wires directly suppresses the strongest scatter-
ing sources within the permitted limits. By varying GEETrcs, a
number of different sparse antennas can be obtained at the output
of this step.

After this sparsification, the resulting structure may contain
disconnected wire components that are not linked to one another.
To handle this issue, the wires in the Remaining Wires List of
the sparse structure, obtained after the RCS reduction step, are
classified into two subsets following a procedure similar to that
in [17]. The first subset, called the Connected Wires List, con-
tains the main structure, defined as the component that includes
the excitation segment. The second subset, called the Free Wires
List, consists of K free-wire components; each of these compo-
nents is a set of wires connected to one another but not yet con-
nected to the main structure. In order to apply a shortest-path
algorithm, in this work, the structure is represented by an undi-
rected graph derived from the original antenna where each wire
of the WG is an edge, and each junction between wires is a ver-
tex. On this graph, the multi-source Dijkstra algorithm [23] is
applied to find a reconnection path from a free-wire component
back to the main structure with the minimum number of restored
wires. When several paths share the same minimum number of
wires, the selected path is the one with the smallest total M (the
sum of the average per-wire currents under plane-wave excita-
tion, defined earlier), that is, the path consisting of wires that
contribute the least to the scattered field. The selected wires are
then moved from the Eliminated Wires List to the Connected
Wires List. This procedure is repeated for each free-wire compo-
nent until the Free Wires List is empty. Giving priority to wires
with small M during the reconnection ensures that the connection
mechanism does not compromise the RCS reduction achieved in
the elimination step. As a result, the L-RCS-OCGA procedure is
expected to simultaneously achieve the three objectives: to re-
duce mass, to reduce RCS, and to preserve the radiation charac-
teristics of the antenna at an acceptable level.

_—
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Determine M of each wire for
original antenna

v
Determine J of each wire for
Base sparse antenna

RCS reduction step

-th wire belong 10
Candidate N ?

Update
Reng)aining le—| Add s-th wire to
Wires List Eliminated Wires List

Reconnection step

Determine main structure and
free-wire components (K components)

Yes
Choose the path with
minimum sum of M

v
|| Restore chosen wires to the
Connected Wires List

Fig. 2. Detailed flowchart of the low-RCS sparse antenna
generation step

3. L-RCS-OCGA for triangular trihedral corner reflector
WG antenna

To validate L-RCS-OCGA, the proposed approach was ap-
plied to a TCR WG antenna operating at 6 GHz [21, 22]. We
chose the TCR because it exhibits a large monostatic RCS
(MRCS) that is strongly concentrated at boresight (¢ = 45° and 0
~ 55°) [24-26], which makes it a particularly demanding test case
for RCS reduction. The original antenna consisted of three faces,
each of which was an isosceles right triangle with a leg length a
= 196 mm (Fig. 3a). The structure was modeled as a WG with a
mesh size of 7mm (= A8 at 6 GHz) and a wire diameter of
0.9 mm. The antenna was excited by an active element of height
h = 32 mm, a vertical wire divided into 7 equal segments. The
segment connecting the active element to the bottom face
(marked in red in Fig. 3b) served as a source gap, i.c., an excita-
tion segment corresponding to the non-zero entry of the excita-
tion vector v with a value of 1 V. A passive element of height | =
20 mm, divided into 5 segments, was used for matching the im-
pedance to 50 Q [22]. Both elements had a diameter of 3 mm,
were oriented parallel to the Oz axis, and were placed on the bi-
sector of the bottom face. Their perpendicular distances from
each side edge were m = 38.5 mm for the active element and d =
45.5 mm for the passive element (Fig. 3b).

ELECTRONICS. RADIO ENGINEERING

An active
element ™
z hif 3 mm
E\*a
7 2
g5
< [}

(a) (b)
Fig. 3. TCR WG antenna (a), antenna geometry parameters (b)

OCGA was applied to the TCR WG antenna at 6 GHz, based
on the MoM implemented in MATLAB. The current magnitudes
on the wires were normalized with respect to the maximum, and
GEET was investigated in the range from 0.3% to 0.8% with a
0.05% step. The simulation results are presented in Fig. 4 and
Table 1.

The original structure exhibited resonance at 6 GHz with a
reflection coefficient magnitude [S11| =—17 dB. All sparse anten-
nas yielded |Si1| responses consistent with those of the original
antenna and remaining below —10 dB across the 5.75-6.35 GHz
band (Fig. 4a and b). The deviations from the |S11| of the original
antenna were negligible, with a maximum of 0.68 dB at 6 GHz
for GEET = 0.8%.
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Fig. 4. Frequency dependences of the simulated |s11] (a, b) and Gmax
(c, d) for the original and sparse antennas after OCGA

For the radiation characteristics, the maximum gain Guax of
the original structure reached 13.18 dBi at the resonant frequency
(Fig. 4c and d). For GEET in the 0.3-0.5% range, the Guax of the
sparse antennas closely followed that of the original, with a max-
imum deviation of approximately 0.41 dBi (GEET = 0.5%) and a
minimum of 0.02 dBi (GEET = 0.45%) at 6 GHz. Notably, for
GEET = 0.4%, Gmax =~ 13.29 dBi at 6 GHz, slightly exceeding the
original value, while maintaining very low variation across the
5.75-6.35 GHz band. As GEET increased further, the degrada-
tion of Gmax became more pronounced. Specifically, for GEET
values of 0.75% and 0.8%, the Gmax decreased throughout the
entire operating frequency band. This degradation was likely due
to the elimination of a large number of wires, which reduced the
effective surface density of the WG and allowed a portion of the
radiated energy to leak through the structure. Nevertheless, for
GEET = 0.75%, the Gmax remained at an acceptable level, with a
maximum reduction of only about 0.95 dBi at 6.1 GHz. In con-
trast, GEET = 0.8% caused a significantly more pronounced deg-
radation in the high-frequency region of 6.05-6.35 GHz. To
quantitatively compare the levels of sparsification, the mass re-
duction factor (MRF) is defined as the ratio of the mass of the
original WG antenna to that of the corresponding sparse antenna
and is summarized in Table 1.

Table 1
MREF of the sparse antennas
GEET.%| 0.3 [0.35[0.4 [0.45[0.5 [0.55[0.6 [0.65[0.7 [0.75] 0.8
MRF [1.63 1.72 {1.83 11.94 |2.04 |2.17 |2.28 |2.41 |2.50 |2.65 |2.82

Following the definitions of the Base and Reference antennas
given in Section 2, GEET = 0.4% (MRF = 1.83) was chosen as
the Base sparse antenna, since it achieved substantial mass re-
duction while its radiation characteristics remained close to those
of the original antenna. The structure with GEET = 0.75%
(MRF = 2.65) was chosen as the Reference sparse antenna, since
it represented the highest sparsification level for which |s;;| and
Gmax were still acceptable. Beyond this point, as observed for
GEET = 0.8%, the radiation performance was significantly de-
graded in the 6.05-6.35 GHz range.

L-RCS-OCGA was then applied to the Base sparse antenna at
f =6 GHz. The set of incident directions considered for the com-
putation lay in the space in front of the TCR antenna, with 6 and
¢ varying from 0° to 90° in 1° steps. The procedure was carried
out for three values of GEETrcs = 10, 15, and 20%, after which
the free-wire components were reconnected to the main structure

(Fig. 5).

(b)

Fig. 5. Sparse antennas after L-RCS-OCGA
with GEETrcs = 10% (a), 15% (b), and 20% (c)

The |si1| of the sparse antennas closely followed that of the
original antenna over the entire operating band (Fig. 6a). The
most noticeable difference appeared at the resonant frequency,
with a maximum deviation of approximately 0.5dB for
GEETrcs = 10%. These deviations were small, indicating that
L-RCS-OCGA did not significantly affect the impedance match-
ing of the antenna.

The Gmax of the sparse antennas was also in good agreement
with that of the original antenna (Fig. 6b). However, as some
additional wires were eliminated, Gnax exhibited a reduction rela-
tive to the original. At the resonant frequency of 6 GHz, this re-
duction was approximately 0.65, 0.18, and 0.07 dBi for
GEETgcs = 10, 15, and 20%, respectively (Table 2). All of these
values remained within a tolerable range for practical applica-
tions. It should be noted that GEETgrcs behaved in the opposite
manner compared with the GEET introduced in Step 2. A larger
GEET eliminated more wires (those with |l,| below the thresh-
old) and yielded a sparser structure, whereas a larger GEETrcs
eliminated fewer wires (those with J above the threshold) and
yielded a less sparse one.

As for the radiation patterns (RPs), the main beams of the
sparse antennas remained in good agreement with the main beam
of the original antenna in both the ¢ = 45° and 0 = 33° planes
(Fig. 6¢ and d). However, the side-lobe level (SLL) showed an
increasing trend, primarily in the angular range of 180-240° in
both planes. This change can be attributed to the modification of
the current distribution and the loss of phase coherence in the
radiated field when some wires were eliminated. The additional
elimination of wires from the Base sparse antenna also made the
resulting structures lighter, with MRF = 2.47, 2.25, and 2.12 for
GEETRcs = 10, 15, and 20%, respectively. Thus, after applying
L-RCS-OCGA, the mass of the original antenna was substantial-
ly reduced, while the basic radiation characteristics were main-
tained at an acceptable level.
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Fig. 6. Simulated |s11] (a), Gmax (b),
and RPs in the ¢ = 45° (¢) and 0 = 33° (d) planes at 6 GHz
for the original and sparse antennas after L-RCS-OCGA

For each obtained sparse antenna, the MRCS was determined
for two types of incident polarization, namely linear and circular
polarization. In this study, the incident wave is expressed in the

spherical coordinate system (é, (f)) according to the spatial phas-

or convention ¢, For linear polarization, the 0-polarized inci-

dent wave has its electric field vector oriented along 0, and is
expressed as

E,_—6c. (1)

For circular polarization, the incident wave is expressed as
1 o~ . :
Einc :_(0_ JA)e+Jkr > (2)
NT A

which corresponds to a right-hand circularly polarized (RHCP)
wave. An RHCP wave is one for which the electric field vector ro-
tates clockwise when viewed in the direction of wave propagation.
As mentioned earlier, the TCR antenna exhibited its maxi-
mum MRCS at boresight (¢ = 45° and 0 = 55°). For this reason,
the boresight direction was selected as the main observation di-
rection to analyze the MRCS over the operating frequency band.
For the 8-polarized (1) incident wave (Fig. 7), the sparse an-
tennas exhibited a substantial MRCS reduction over the 5-8 GHz
band in the boresight direction (Fig. 7a). The average MRCS
reduction with respect to the original antenna was 8.74, 7.26, and
6.73 dB for GEETRrcs = 10, 15, and 20%, respectively. This re-
duction was larger when GEETgrcs was smaller, since a smaller
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GEEThrcs resulted in a larger number of wires being additionally
eliminated.

At 6 GHz in the ¢ = 45° plane (Fig. 7b), the MRCS reduction
was clearly observed in the region of 6 =~ 30-80°, reaching up to
25 dB around 6 = 75-80° for GEETRrcs = 20%. A slight increase
of MRCS, however, was observed in the region of 6§ = 12-24°.
This effect may be attributed to a present limitation of the sparsi-
fication criterion, which considers only the magnitude of the
current and does not yet account for its phase. The incorporation
of phase information into the sparsification criterion is a direc-
tion that will be investigated in future work. In the 6 = 55° plane
at 6 GHz (Fig. 7¢), the MRCS was reduced over all the consid-
ered directions, with the strongest reduction occurring around the
boresight direction.

These results show that L-RCS-OCGA produces sparse an-
tennas with a substantial MRCS reduction with respect to the
original antenna for the 6-polarized incident wave.
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Fig. 7. Simulated MRCSs when the structures were excited by the plane
wave with 0-pol over 5-8 GHz (a), in ¢ = 45° (b),
0 = 55° (¢) planes at 6 GHz for the original and sparse antennas

For the RHCP (2) incident wave, the sparse antennas also ex-
hibited a substantial reduction of MRCS (Fig.8). Over the
5-8 GHz band, the average reduction of the total MRCS with re-
spect to the original was 12.12, 10.51, and 10.3 dB for GEETgrcs =
10, 15, and 20%, respectively (Table 2). The reduction was even
larger for the cross-polarization (cross-pol) component, reaching
14.75, 13.29, and 13.27 dB. The co-polarization (co-pol) compo-
nent, on the other hand, showed an increase of 18.37, 20.17, and
20.57 dB. It should be noted that the co-pol MRCS of the original
TCR antenna is inherently low. Although the increase of the co-
pol component in the sparse antennas appears large when ex-
pressed in decibels, its absolute magnitude remains inherently
small and does not dominate the cross-pol component.

-
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At 6 GHz in the ¢ = 45° plane (Fig. 9a-c), the total and the
cross-pol MRCS components were both reduced over most direc-
tions, with the strongest reduction occurring around the boresight
direction (Fig.9a and b). The co-pol component, in contrast,
exhibited an increasing trend around the boresight direction
(Fig. 9¢), which was consistent with the increase of the co-pol
component at boresight observed over the frequency band. In the
0 = 55° plane at 6 GHz (Fig. 9d-f), similar trends were observed.
The reduction of the total MRCS observed both over the fre-
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Table 2
Simulated Gmax and average RCS change of the original and L-RCS-OCGA sparse antennas over 5-8 GHz

Structure Gmax Avg. RCS reduction, | Avg. RCS reduction, Avg. RCS reduction, Avg. RCS increase, MRF

at 6 GHz (dBi) 0-pol (dB) RHCP total (dB) RHCP cross-pol (dB) RHCP co-pol (dB)

Original 13.18 - - - - -
GEETrcs = 10% 12.54 8.74 12.12 14.75 18.37 247
GEETrcs = 15% 13.00 7.26 10.51 13.29 20.17 2.25
GEETrcs = 20% 13.11 6.73 10.3 13.27 20.57 2.12
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Fig. 9. Simulated total (a, d), cross-pol (b, ¢), and co-pol (c, f) MRCSs at 6 GHz
when the structures were excited by the RHCP plane wave for the original and sparse antennas after L-RCS-OCGA
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Thus, the application of L-RCS-OCGA to the TCR WG an-
tenna simultaneously achieved three aims: a substantial mass
reduction, a reduction of the MRCS for both 6-pol and RHCP
incident waves, and a preservation of the basic radiation charac-
teristics close to those of the original antenna. The results also
revealed a trade-off between the level of RCS reduction and the
preservation of the antenna characteristics. A smaller GEETrcs
yields a larger RCS reduction but a more pronounced degrada-
tion of Gpax, Whereas a larger GEETrcs keeps the antenna char-
acteristics closer to those of the original at the cost of a smaller
RCS reduction. Among the considered cases, the sparse antenna
with GEETrcs = 20% provided the best compromise, achieving
MRF = 2.12, an average MRCS reduction of 6.73 dB for the 6-
polarized incident wave and 10.3 dB for the total MRCS of the
RHCP incident wave, while |Si1| and Gpax remained almost un-
changed compared to those of the original antenna.

4 Experimental Results

To experimentally validate L-RCS-OCGA, two prototypes
were fabricated, corresponding to the original TCR WG antenna
and to the sparse antenna with GEETgrcs = 20% (Fig. 10). Both
prototypes were made of metallic wires, with dimensions match-
ing those of the simulation model. All measurements were car-
ried out in an anechoic chamber over the 5-8 GHz frequency
band using a Micran R4M-18 vector network analyzer (10 MHz—
20 GHz). For the MRCS measurements, two separate setups
were used to generate the linearly and circularly polarized inci-
dent waves, and a metallic plate of known dimensions was used
as the calibration reference for RCS measurement. According to
the datasheet of the analyzer [27], the measurement error of [S|
is in the range of £0.01 to £0.055 dB and that of |Sy;| is in the
range of 0.5 to £2.5 dB.

(a) (b)
Fig. 10. Prototypes of original (a)and sparse (b) TCR WG antennas

The measured and simulated |3;;| for both the original and the
sparse antennas are presented in Fig. 11a. For the original anten-
na, the measured resonant frequency was 6.06 GHz, compared
with 6 GHz in the simulation, corresponding to a deviation of
60 MHz. This deviation may be attributed to fabrication toler-
ances and to the SMA connector, which was not included in the
simulation model. Despite this small shift, the measured |Sii| of
the original antenna followed the simulated trend over the entire
operating band.

For the sparse antenna with GEETrcs = 20%, the measured
|si1| followed a trend similar to that of the original antenna. The
deviation between the measured and simulated resonant frequen-
cies of the sparse antenna was comparable to that of the original
antenna, indicating that L-RCS-OCGA did not introduce any
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significant additional impedance mismatch. These results con-
firm that L-RCS-OCGA preserved the impedance matching of
the antenna under practical fabrication conditions.
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Fig. 11. Simulated and measured results of [s11] (a) and RPs in the
@ =45°(b), 0=33°(c) planes at 6 GHz for the original and sparse antennas

The normalized RPs (Gn) in the ¢ = 45° and 6 = 33° planes
are presented in Fig. 11b and c¢. For the original antenna, the
measured main beam agreed well with the simulated one in terms
of both direction and beam width. The deviations in the SLL
between measurement and simulation may be attributed to fabri-
cation tolerances, angular alignment errors during the measure-
ment, and the routing of the measurement cables near the anten-
na structure. For the sparse antenna with GEETrcs = 20%, the
measured main beam closely matched the simulated and meas-
ured main beam of the original antenna, indicating that L-RCS-
OCGA preserved the main radiation characteristics of the anten-
na. The increasing trend of the measured SLL with respect to the
original one was consistent with the observations from the simu-
lations discussed in Section 3.

Fig. 12a presents the MRCS at the boresight direction over
the 5-8 GHz frequency band under 6-polarized incidence. The
measured MRCS of the original antenna generally followed the
simulated trend, with good agreement in the 5.5-8 GHz range.
Over 5-5.5 GHz, the deviation between measurement and simu-
lation was larger, reaching approximately 2.7 dB at 5.2 GHz,
mainly due to angular alignment errors of the sample and the
measurement antenna in the anechoic chamber. For the sparse
antenna, the measured MRCS remained noticeably lower than
that of the original antenna over the entire frequency band. The
average measured MRCS reduction was 8.16 dB, and the simu-
lated value was 6.73 dB. Both values confirm the effectiveness
of L-RCS-OCGA in reducing the MRCS when the wire-
elimination criterion is applied under practical fabrication condi-
tions.

-
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The MRCS at 6 GHz in the ¢ =45° and 6 = 55° planes under
0-polarized incidence is presented in Fig. 12b and c, respectively.
In both planes, the measured MRCS of the sparse antenna was
lower than that of the original antenna in most directions, with
the strongest reduction occurring around the boresight direction.
The experimental results confirm the trend of RCS reduction
along the boresight direction observed in the simulations.
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Fig. 12. Simulated and measured MRCSs when the structures were
excited by plane wave with 6-pol over 5-8 GHz (a)
in @ =45° (b) and 6 = 55° (c) planes at 6 GHz

When the structures were excited by an RHCP incident wave,
the measured MRCSs of the cross-pol and co-pol components in
the @ = 45° and 6 = 55° planes are presented in Fig. 13. For the
cross-pol component (Fig. 13a and c), the measured results
showed a substantial MRCS reduction in most directions, partic-
ularly around the boresight direction, in agreement with the trend
obtained in the simulations. In the 6 = 55° plane (Fig. 13c), how-
ever, some deviations between measurement and simulation were
observed. Specifically, the measured MRCS of the original an-
tenna was about 6 dB higher than the simulated one in the angu-
lar range of ¢ = 65-80°. These deviations mainly originated from
angular alignment errors of the prototypes during the measure-
ment. Despite these deviations between simulation and meas-
urement, the direct comparison between the measured results of
the original and the sparse antennas still clearly demonstrates the
MRCS reduction provided by the L-RCS-OCGA procedure. For
the co-pol component (Fig. 13b and d), both the simulation and
the measurement showed an increase of the MRCS around the
boresight direction.

Overall, the experimental results demonstrate a strong corre-
lation with the simulation results, although some discrepancies
were observed at certain frequencies and angles. These discrep-
ancies do not negate the effectiveness of the L-RCS-OCGA pro-
cedure under practical fabrication conditions, which successfully

achieves all three objectives: weight reduction, preservation of
fundamental radiation characteristics, and reduction of the anten-
na MRCS.
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Fig. 13. Simulated and measured cross-pol (a, c)
and co-pol (b, d) MRCSs when the original and sparse antennas were
excited by the RHCP plane wave at 6 GHz

5. Discussion

The L-RCS-OCGA demonstrates its effectiveness in simulta-
neously achieving all three objectives: mass reduction, RCS re-
duction, and preservation of the fundamental radiation character-
istics at levels comparable to those of the original antenna. The
reduction of the total MRCS confirms that the sparse structure
obtained by L-RCS-OCGA achieved a genuine decrease in the
total backscattered energy, rather than merely redistributing a
portion of that energy to the co-polarization component. These
results are achieved entirely through wire removal, without the
integration of any auxiliary structures. Furthermore, fabrication
does not require specialized materials or complex processing
steps, making L-RCS-OCGA well suited to platforms with strin-
gent payload constraints. Within L-RCS-OCGA, the reconnec-
tion mechanism also plays an important role in ensuring fabrica-
tion feasibility without compromising the previously achieved
RCS reduction.

In the existing OCGA modifications, the reconnection mech-
anism is designed primarily to maintain mass reduction or to
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preserve the radiation characteristics, without accounting for the
contribution of the restored wires to the scattered field. Specifi-
cally, NCOCGA [16] selects wires to be restored based solely on
the shortest-path criterion, without controlling their current mag-
nitude, which may result in the inadvertent restoration of wires
that have little influence on the radiation field or contribute
strongly to the scattered field. MCOCGA [17] gives priority to
the restoration of wires with the largest radiation currents along a
path. However, as noted in [18], this algorithm may inadvertently
restore wires that already belong to the main structure and does
not guarantee that all free-wire components are reconnected. L-
RCS-OCGA addresses these limitations and, to the best of the
authors' knowledge, is the first approach in the OCGA family to
incorporate scattering awareness into both the wire-elimination
and reconnection steps.

Nevertheless, the wire-elimination criterion adopted in L-
RCS-OCGA considers only the magnitude of the current and
does not yet account for phase information. This limitation is
believed to be responsible for the localized increase in MRCS
observed at certain off-boresight directions in the simulation
results. The incorporation of phase information into the sparsifi-
cation criterion, therefore, represents a direct avenue for further
development. In addition, extending the validation of L-RCS-
OCGA to WG antenna structures of greater complexity will al-
low a more comprehensive assessment of the applicability limits
of the approach and further optimization of the trade-off among
mass, RCS, and radiation characteristics.

6. Conclusions

This study has proposed L-RCS-OCGA for WG antennas to
simultaneously reduce both their mass and RCS while preserving
the fundamental radiation characteristics. The approach was val-
idated on a TCR WG antenna operating at 6 GHz, with the mon-
ostatic RCS examined over the 5-8 GHz band for both theta-
polarized and RHCP incident waves. At GEETrcs = 20%, the
representative sparse antenna achieved MRF = 2.12, with an av-
erage MRCS reduction at boresight of 6.73 dB (simulated) and
8.16 dB (measured) for theta-polarized incidence, and 10.3 dB
(simulated) for the total RHCP component. The |S11| and Guax of
the sparse antenna remained close to those of the original. The
reduction of the total MRCS confirms that the sparse structure
genuinely decreases the backscattered energy. Future develop-
ment will focus on incorporating the phase information of the
current into the sparsification criterion and on extending the val-
idation to WG antenna structures of greater complexity.

Funding: This research was funded by the Ministry of Sci-
ence and Higher Education of the Russian Federation project
FEWM-2024-0005.
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AHHOTauuA

OpHoBpeMeHHOe CHIKeHMe Macchl U 3¢ dekTBHON mowaamn pacceaHna (SMP) aHTeHHbI ABNAETCA Ba)XKHOM M aKTyasnbHOW 3aJjayeli MPOEKTUPOBAaHUA B
COBpEMEHHbIX 1ccnefjoBaHuaX. B AaHHol paboTe mpegsnaraercsa anmnpoKcMMaumMs OMNTUMArbHOM TOKOBOM ceTkoi ¢ yMeHblueHneMm MNP (Y-3MP-AOTC),
HarpaeneHHasA Ha OJJHOBPEMEHHOE CHIKEHME KaK Macchl, Tak U DIP aHTeHHbI MpU COXpaHEHWM ee OCHOBHbIX XapaKTepUCTUK u3nydeHus. Mpeanaraembiit
NOJXOJ, PaspeXxuBaeT CTPYKTypy aHTeHHbl u3 mpoBogHoii ceTku (I1C) yaaneHneM Tex NpOBOAOB, KOTOPble BHOCAT HE3HAYMTESNbHbIA BKMaz B Mone
U3MyH4eHUs, HO MPU 3TOM CUNBHO BAMAIOT Ha Mone pacceaHua. [ocne 3Toro BOCCTaHaBIMBAETCA CBA3HOCTb MEXAY HECOeAMHEHHBIMU CTPYKTYpaMu myTeMm
BOCCTaHOB/EHMUA yZaNeHHbIX NPOBOAOR, O6NaJatoLMX HaMMEHbLUMM BKITaAOM B pacceaHHoe none. [aHHbIi Noaxoa npeAcTaBifseT coboit Moaudmkaumio,
B koTopoit Briepeble B ceMeiicTee AOTC yunTbIBatOTCA XapaKTEPUCTUKM PacCcesHMA Ha 3Tanax Kak yZaneHus NpOBOAOB, Tak U BOCCTAHOB/EHUA CBA3HOCTM
cTpykTypbl. DddektnsHocts Y-OMNP-AOTC noaTeepaeHa pesynbTaTaMu MOAENMPOBAHUA U M3MEPEHUA Ha TPeyroslbHOW TPEXTPaHHOW YronKoBOW
pednektopHoit aHTeHHe u3 MC, pabotatowent Ha Yactote 6 ITu. MoHocTtatnueckas SMP (M3MP) uccneposanack B Avanasone Yactor 5-8 My ana
najaloLLyX BOJIH C -NoJiApu3aLneit u npaeoi kpyroeoii nonapusauueit (MKI). PaspexeHHas aHTeHHa okasanack B 2,12 pasa nerye ucxogHoii. [pu 31om
cpeaHee cHwkeHne MIMMP B HanpaBnenun rnasHoro nyva cocrasuno 6,73 ab (npu mogenvposanumn) u 8,16 ab (Npu U3aMepeHun) ana -nonapusaumu, a
Taioke 10,3 Ab (Npu MozenupoBaHuK) AnA NonHoi koMnoHeHTkl BosHbI ¢ MK, B To e BpeMA OCHOBHbIE XapaKTEpPUCTUKM M3My4eHWA NpU 3TOM OCTaInCh
67M3KM K MCXOZHOM aHTeHHe. TakuM obpasom, Y-IIMNP-AOTC obecneunsaer 3dpdpekTMBHOE OAHOBPEMEHHOE CHUXeHUe Maccbl U DIP aHTeHHbI, YTO
Zlenaet ero 0cob6eHHO MepcneKTMBHBIM /1A NMPUMEHEHWA Ha MiaThOopMaxX CO CTPOTVMMU OTPaHUYEHUAMM MO MOJIE3HOMN Harpyske.

Knroueeble cnoea: annpokcumauus onmumasbHOU mokoeoli cemkol, Memod MOMEHMO8, Npo80OHAA CEMKA, pa3pexeHHAs aHMeHHd, 3¢pcpekmusHas niou,adb
paccesaHus.
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In distributed fiber-optic systems operating on the basis of the Mandelstam-Brillouin backscattering effect,
temperature and deformation control is implemented through the recording of key parameters of the gain
spectrum. One of the primary objectives of such measurement systems is the highly accurate determination
of the central frequency of this spectrum. A comparative analysis of methods that allow for reducing errors
in estimating the central frequency of a spectral signal in fiber-optic sensors using Mandelstam-Brillouin scat-
tering was carried out. As a result, a mathematical model describing a noisy backscatter signal was devel-
oped. It is applicable both to classical spectral line shape approximation and to the implementation of
machine learning methods to improve the metrological performance of distributed fiber-optic sensors. A
detailed comparative analysis of current algorithms for processing Brillouin spectra, aimed at improving the
accuracy of center frequency measurements in distributed fiber-optic sensor systems, was performed.
Traditional approaches to nonlinear approximation (Lorentzian, Gaussian, and pseudo-Voight functions), as
well as correlation, adaptive, and neural network methods, were analyzed. A mathematical model describing
measurement errors, taking into account the noise component, systematic distortions, and the influence of
frequency grid discreteness, was presented. The results of a comparative analysis of the functional capabili-
ties of algorithms aimed at reducing errors in measuring the central frequency of the spectrum in fiber-optic
sensors using the Mandelstam-Brillouin backscattering effect, as well as the proposed selection methodolo-
gy, may be useful in the development of practical monitoring systems. It is noted that these results can be
extended to other spectral analysis tasks requiring precise determination of the spectral peak position
against a background of noise. The obtained data indicate that it is very important to use an adaptive
approach to processing algorithm selection in distributed fiber-optic sensing systems. This is necessary to
improve the reliability of critical infrastructure monitoring during real-world deployments.
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Introduction

Distributed fiber-optic sensing, based on the Brillouin
scattering effect, has become a powerful tool for continuously
monitoring temperature and strain along optical fibers ranging
from tens to hundreds of kilometers in length. Measurements are
based on recording the frequency shift of spontaneous or
stimulated Brillouin backscatter signals, which occurs when these
parameters change along the fiber.

The key parameter for such Brillouin sensors is the central
frequency of the Brillouin gain spectrum (BFS), which determines
the temperature and strain levels. The linear relationship between
the BFS and these physical quantities is described by the
expression [1]:

Vg = Vg +C; AT +C, - Ag, (1

where v, is the Brillouin reference frequency under reference
conditions; C =1,07 MI y/°C and C, =0,046MIy / ue are the

temperature and strain sensitivity coefficients, respectively, for a
standard optical fiber; AT and Ag are the changes in temperature
and relative strain.

The accuracy of measuring the central frequency of the
spectrum directly determines the metrological characteristics of
the entire system. Modern requirements for industrial sensors
require spatial resolution in the centimeter range, a measurement
range of up to 50-100 km, and a relative BFS determination error
of no more than 0.1%. Achieving these parameters requires the
development of specialized signal processing algorithms capable
of effectively suppressing various sources of error.

The main factors limiting the accuracy of BFS measurements
are:

+ additive white Gaussian noise at the detection stage of weak
backscatter signals;

* systematic spectral distortions caused by nonlinearities in the
optical path and pulse interaction effects;

* frequency sampling, which leads to limited resolution and the
appearance of error quantization;

e incomplete spectrum utilization with a limited frequency
scanning range;

« fluctuations in optical path parameters (temperature, vibration)

The traditional approach to BFS extraction is based on

nonlinear approximation of experimental data using analytical
functions (Lorentzian, Gaussian, or pseudo-Voigt profiles)
followed by determination of the maximum position. However,
such methods have significant limitations: high computational
complexity of iterative procedures, sensitivity to the choice of
initial approximations, and the risk of convergence to local
extremes at low signal-to-noise ratios (SNR).
In recent years, alternative approaches have been actively
developed, including subspace methods, correlation algorithms,
adaptive procedures, and neural network architectures. Each of
these methods has its own advantages and disadvantages, but a
systematic comparison of their metrological characteristics within
a unified methodological framework is lacking in the literature.

The aim of this work is to conduct a comprehensive
comparative analysis of modern algorithms for reducing errors in
measuring the central frequency of the spectrum with the
formulation of recommendations for their optimal use depending
on the technical requirements for the system.

ELECTRONICS. RADIO ENGINEERING

1 Classical methods of spectral approximation

All algorithms for determining spectrum parameters can be
divided into three groups:

All algorithms for determining spectrum parameters can be
divided into three groups:

» approximation methods using special functions: direct
approximation of the spectrum by one of the standard functions
(Lorentz, Gauss, Voigt, and Pseudo-Voigt);

e interpolation methods: reconstructing the
intermediate points;

« cross-correlation methods: finding the maximum by correlation
with a reference function.

The methods of the first group remain the most common in
commercial instruments due to their high processing speed and
built-in physical interpretability. However, the choice of
approximation function significantly affects the accuracy of
parameter extraction, especially at low SNRs. None of the four
main functions is universally optimal. Each represents a
compromise between physical correctness, computational
efficiency, and robustness to noise.

In the classical Brillouin scattering theory, the gain spectrum
in the low gain regime is described by the Lorentz function [2]:

9% )
1+4(v—vy)’ /AVE’

function at

gg(v) =

where (, is the peak gain; Vg is the Brillouin shift frequency;
Avg is the full spectrum width at half maximum (FWHM),

typically 20-40 MHz for standard single-mode fiber.

In Brillouin spectroscopy, the Lorentz profile describes the
internal broadening of a spectral line due to the finite lifetime of
an acoustic phonon. For standard SMF fibers, this lifetime is on
the order of a few nanoseconds, resulting in a natural linewidth on
the order of a few to tens of MHz.

Advantages [3]:
Advantages:
* simple analytical form with a minimum number of parameters
4);
» fast calculation and min mal memory requirements;
* good physical interpretation of the parameters.
Disadvantages:
Disadvantages:
* slow asymp otics (decreases as 1/v? on the wings);
* poorly describes Doppler broadening (temperature effects);
* experimental spectra often show significant deviations in the line
wings;
* requires iterative optimization (Levenberg-Marquardt method).

The essence of the Levenberg-Marquart is to solve the problem

of nonlinear least squares of the functional [4]:

S(0)=3 10210 =y, ~1(%:0), @)

where: N is the number of frequencies; 1(v;;0) is the theoretical
value of the Lorentz function at frequencyyi 5 0=(Avg,I) is the
vector of the amplitude of the Brillouin frequency shift and the
width of the spectral line; Y;is the experimental value of the

spectrum at frequencyy,, i=1.2, ..., N.

—
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In real-world conditions, distortion of the ideal shape is
observed due to inhomogeneous broadening and systematic
distortions, necessitating the use of more complex models. Thus,
at high gain levels (> 10 dB), the spectrum shape transitions to a
Gaussian profile [5]:

2
0e () = g exp(- 2Vl @
Avg

This transition is caused by nonlinear pump depletion and gain
saturation effects in finite bandwidth systems.

Advantages [6]:

* rap d decay at the wings (exponential);

* good description of the central part of the peak under conditions
of dominant Doppler broadening;

* analytical formulas for many operations
integration).

Disadvantages, such as:

* s gnificant distortions when approximating broadband spectra;

* the error can be an order of magnitude higher than for the Lorentz
[7], contain both components: Lorentzian (from acoustic losses)
and Gaussian (homogeneous  broadening, temperature
fluctuations, and defects in the material).

The Voigt functionV (v;o;y) models this superposition quite

(convolution,

accurately as a convolution of the Gaussian and Lorentzian
frequency profiles [8]:

The Voigt function V (v; ;) models this superposition quite
accurately as a convolution of the Gaussian and Lorentzian
frequency profiles [8]:

V(v;o;7) =IiG(v';0')L(v—v';7/)dv', (5)

where: G(v';o)is a Gaussian profile; L(v—v'"y)is a Lorentzian
profile; o is the root-mean-square width (standard deviation); » is

the half-width at half-maximum (HWHM).
In the literature on Brillouin distributed sensors, the
backscatter gain spectrum is often written in Voigt form [9]:

9s() =0auV (V—V5i06.7,), (©)
where: g is the maximum gain value (or normalized amplitude
of the return signal power); y, is the center frequency (BFS),

which depends on temperature and strain; o is the Gaussian

component parameter (describes the effective Doppler-
instrumental broadening); 5, is the Lorentzian component

parameter (describes the acoustic attenuation, i.e. the “true”
Brillouin width).

Advantages:

* Maximum physical correctness for SBS (Stimulated
Brillouin Scattering) spectra;

* Minimum approximation error for experimental data
(S=8910%) [9];

* Flexibility in describing various modes (pure Lorentz or
Gaussian in extreme cases).

Disadvantages:

* Calculation requires specialized algorithms;

* Excessive demands on computing resources (50-100 times
slower than Lorentz);

* Potential instability with excessively noisy data.

The Pseudo-Voigt profile is a linear combination of the
Gaussian and Lorentzian profiles with mixing parameter 1 € [0, 1]:

The Pseudo-Voigt profile is a linear combination of the
Gaussian and Lorentzian profiles with mixing parameter n € [0,1]:

V,(v)=n-L(»)+(1-1)-G(v), (7N

where 1) is the weighting parameter that determines the proportion
of the Lorentz component.

The full Voigt profile is a convolution of a Gaussian and a
Lorentzian function and is used to describe complex spectra with
multiple broadening mechanisms.

Advantages:

» Simple analytical expression, fast calculation (comparable in
speed to the Lorentz profile);

* Good descr ption of real spectra for n = 0.5-0.8 for SBS;

» Acceptable accuracy (S = 95-10%) with a significant
reduction in computational costs;

* Easily integrated into standard software packages.

Disadvantages:

* Phenomenological in nature; not an exact convolution;

* At extreme 1 values (very close to 0 or 1), it may yield worse
results than Gaussian or Lorentzian profiles;

* he 1 parameter requires separate optimization.

A comparison of approximation methods by accuracy is
presented in Table 1.

Table 1
Comparison of approximation methods by accuracy
Function Error(S-10%) Applicability Computational
in SBS complexity
Lorenz 153 well 1 %(rapidly)
Gauss 613 Not applicable 1x(rapidly)
Voigt 89 Excellent 50-100x
(slowly)
Pseudo- 95 well 1-2x
Voigt (optimal)

2 Parabolic approximation of the vicinity
of the spectrum maximum

Fitting the parameters of a quadratic (parabolic) function is
central to the algorithmic chain for processing noisy spontaneous
Brillouin scattering (SBS) spectra in fiber optic sensors such as
Brillouin Optical Time Domain Reflectometry (BOTDR) and
BOTDA. Its primary purpose is to accurately and quickly extract
the spectral peak to determine the Brillouin Frequency Shift
(BFS), which is linearly related to the temperature and strain of
the optical fiber. Near the peak, the spectral envelope curve is well
approximated by a second-order parabola, allowing the
computationally complex nonlinear fitting of a Lorentzian or
Voigt function to be replaced with a simple polynomial regression

In the vicinity of the peak of the experimental spectrum, the
profile is approximated by a parabola (quadratic function):

y=af > +bf +c, 3

where the coefficients a, b, ¢ are determined by the least squares
method.

T-Comm Tom 20. #8-2026




Suppose the spectrum is represented by a set of data points
{(Xi’ y, )}N containing additive Gaussian noise with variance s .
i=1

The quadratic fitting problem is solved using the least squares
method:

i[yi —(axi2+bxi +c)}2 — min. )

i=1

The system of normal equations obtained from the
minimization condition has the form [10]:
Sxt Tk Ex )(a) (X, 0
$X Ix I | b[=| Tay o
inz in N c ZYi

The variance of the extracted peak frequency X, =—b/(2a)

depends on the variances of the fitting coefficients a and b, as well
as their covariance.
The variance of the extracted peak o ()depends on many

factors:

» the length and position of the frequency range used for fitting
relative to the true peak. (If the range is centered on the true peak,
the variance is minimal.)

* he influence of noise level.

P (1D
" SNR,

The standard deviation of the peak depends linearly on the
reciprocal of the signal-to-noise ratio.
o ffect of frequency step:

o, o« ~d. (12)

A finer scanning pitch (smaller d) improves accuracy but slows
down the measurement.
 ffect of the scanning line:

o o AN, (13)

Key advantages:

» omputed in a single pass without iterations;

* requires only linear algebra (a system of 3 equations);

» execution speed is 50-200 times faster than nonlinear
Lorentzian function fitting.

* robust to noise at low SNR: in systems with low signal-to-
noise ratios, the parabolic method provides a more reliable
estimate than simple maximum search or Lorentzian fitting.

Comparison with alternative methods is presented in Table 2

[11].

Table 2
Comparison with alternative methods
Method | Computa- | Accuracy Dependence | Application
tion time on parameters
Quadra-tic | 1x (basic) | Average (~1— High Real Time,
fitting 2 MHz error) BOTDR
Lorenz 50-100x% Very good Average Offline
fitting (~0.05 MHz) analysis
Voigt | 100-200x% Excellent Low Research,
fitting narrow
impulses

ELECTRONICS. RADIO ENGINEERING

The table a shows that quadratic fitting trades off a small loss
in accuracy for a significant gain in speed, which is critical for
distributed sensors on long fibers (>1 km). Fitting the parameters
of the quadratic function occupies a critical position in the
algorithm for processing the Brillouin spontaneous scattering
spectra as a compromise between:

* speed (requirement for real-time operation for long sensors);

* ac uracy (required deformation/temperature resolution);

« ease of implementation (does not require complex nonlinear
optimizers).

Disadvantages:

e it is less robust to peak asymmetry and shape distortion
(multimode/multi-peak fibers, nonlinear and polarization effects);

« it is highly dependent on the choice of window around the
maximum.

3 Correlation methods of BGS processing

The main challenge in extracting information parameters
(BFS) from experimental Brillouin gain spectra is the need to
accurately determine the spectral peak position in the presence of
noise, spectral broadening, and nonlinear distortions. Traditional
methods based on approximating the spectrum with a Lorentz
function using nonlinear optimization (the Levenberg-Marquardt
method) show limited effectiveness at low signal-to-noise ratios
(SNR < 10 dB) or with high spectral profile deformation.
Alternative methods include correlation analysis, which utilizes
the mathematical operations of convolution, cross-correlation, and
spectral modulation to extract the information peak from a noisy
signal. These methods are attractive due to their mathematical
rigor, physical interpretability, and excellent robustness under
extreme conditions.

Correlation methods for backscatter spectral analysis
encompass a variety of approaches, among which the most
effective are cross-correlation and inverse correlation algorithms.
The former involves calculating the correlation function between
a theoretical spectral profile curve and an experimental spectrum
containing a noise component. With this processing, the shape of
the resulting correlation curve is decisively determined by the
morphology of the useful signal, while the influence of noise is
negligible. This approach, known in the literature as the cross-
correlation method (CCM), is widely used in spectral analysis of
fiber-optic sensors [12].

Let the reference function gr(v) correlate with the combined
signal gn(v) = gu(v) + n(v), where gu(v) is the unknown Lorentzian
profile, and n(v) is the interference component with the character
of random noise. The cross-correlation function of these signals is
determined by the following relation [12]:

G,(")=9,01g,(")=9,(M[9,()+n()]=
=09,("9,(n)+9,(Mn(v) =G (v)+ N (v).
consideration is
Ge (V)is
responsible for the correlation signal between two perfect
Lorentzian profiles, while N N characterizes the correlation

(14)

The mathematical
decomposed into two

expression under
independent components:

response of an ideal profile in the presence of white noise. The
ratio between them is equivalent to the signal-to-noise ratio for
G,,(v)- When compared with the baseline BGS spectrum, it is

revealed that the original spectrum contains a higher level of noise

-
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components. At the same time, the cross-correlation forms a
quasi-Lorentzian envelope near the maximum, providing
significant attenuation of the noise component.

An alternative approach is the Backward Correlation (BWC)
method. It is a powerful tool for determining the position of a
spectral peak in high-noise conditions. The fundamental idea
behind the method is based on the orthogonality of signal and
noise during convolution.

Let the original spectrum be represented by a discrete set of
samples [13]:

(15)

where y, is the minimum frequency of the spectrum; Ay is the

P =P(v, +i-Av),i=0,1...2N,

frequency scanning step; Pis the backscattering power density at
the frequencyy, .
The return signal is defined as a mirror image of the original
spectrum:
P'=P

i 2N-1°

(16)

For each integer shift valuek ¢ [—2N ,2N ] , the shifted return

signal is calculated:

P (k)=P', P"=0, if i—ke[0,2N]. 17)
The convolution (discrete inverse correlation) between the
forward and shifted reverse signals is calculated as:

2N 2N + oL 1
X (k) _ Z P| . P"i (k) _ z PiS . P"IS(k) parasitic terms, ( 8)
i=0

i=0 i=

where the first term represents the product of useful signals, and
the remaining terms are related to noise components.
The Pearson correlation coefficient is calculated using the
formula [14]:
-p"(k))—(P)(P"(k
o (PP}~ (P){P ).

O " Opuy

(19)

where <> is the mean value; o is the standard deviation

The maximum of the correlation coefficient corresponds to the
maximum of the convolution at the same shift value k0 .

The Brillouin frequency shift is calculated from the found shift
value K :

v, =V, +(N —k—zo)-Av. (20)

The advantage of the BWC method is most evident when
working with noisy spectra. Mathematically, this is explained by
the fact that the convolution operation passes the data through a
"averaging" procedure for adjacent points twice, effectively acting
as a nonlinear low-pass filter for the noise component.
Experiments have shown that at SNR <2 dB, the BWC method
provides a determination accuracy of BFS +0.4 MHz [15].

It has several other significant advantages:

« efficiency at low SNR: the method yields lower error at SNR
<20 dB compared to traditional peak-search methods, where each
noise spike can introduce significant error;

 simplicity of calculation: it only requires calculating N
correlations, where N is the number of samples in the spectrum;

* no averaging required: it works with a single spectrum
without pre-averaging the data;

* invariance to spectral shape: it does not depend on the exact
shape of the peak, making it robust to spectral asymmetry and
artifacts;

* one-step processing: no pre-cleaning of the signal is required.

The dependence of the critical SNR on the scanning step
shows that with a smaller scanning step, the advantages of the
method are manifested in a wider range of SNR [16].

4 Application of artificial neural networks and machine
learning methods

In recent years, machine learning, and in particular artificial
neural networks (ANNs), have been actively used to process
signals in distributed fiber-optic sensors. ANNs possess the ability
to nonlinearly model complex dependencies, effectively suppress
noise, and extract useful features from low-SNR data. This makes
them a promising tool for improving the key metrological
characteristics of MBS-based (Mandelstam-Brillouin scattering)
sensors without hardware modification. Machine learning (ML),
and particularly deep learning, has opened up new possibilities for
processing complex multivariate data, demonstrating outstanding
results in pattern recognition and regression analysis. The
integration of machine learning into distributed fiber-optic sensor
metrology enables a transition from rigid algorithmic procedures
to adaptive models capable of extracting hidden dependencies
directly from raw or poorly processed data. This is consistent with
the overall trend toward digitalization of measurement technology
and the transition to intelligent sensor systems. Over the past five
years, artificial intelligence methods, from simple artificial neural
networks (ANNs) to complex convolutional neural network
(CNN) architectures and physically informed deep learning
models, have demonstrated the ability to outperform classical
methods in speed, accuracy, and robustness [17].

The first successful applications of neural networks to
BOTDA data processing were based on simple fully connected
architectures with 1-3 hidden layers. The basic idea is that the
input layer receives normalized BGS spectral values (typically 50-
150 frequency points), and the output layer predicts the BFS and
spectral width. Fundamentally, ANN operation comes down to
functions composition, where each layer applies a linear
transformation (matrix multiplication) and a nonlinear
transformation (activation function).

A neural network consists of a sequence of layers. Each layer
performs the following transformation [18]:

z® =W(I)X(H)+b(l), (21)

where:
*W® e R is the weight matrix of the R-th layer of size nxn.s

e X"V e R"™ is the input matrix for the R-th layer (size:
number of neurons in the previous layer x number of examples in
the mini-batch);

*h" e R" is the bias vector added to each column;

¢ ZW eR"™ ™~ the resulting matrix before applying the
activation function [2, 3].

After calculationz®

element by element:

the activation function is applied
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AV =g(z™M), (22)

where o is the activation function applied independently to each
element of the matrix, and A"is the activation of the R-th layer,
which becomes the input to the next layer.
For a network with L layers, the complete composition of
functions has the form [19]:

For a network with L layers, the complete composition of
functions has the form [19]:

AV = £ (A= f (G F (X)), (23)
where each function f; is a combination of a matrix transformation
and an activation function:

f(X"™)=o(W®PX" +b). 24)

Activation functions introduce nonlinearity into the network,
allowing it to approximate nonlinear functions. Without them, a
neural network would be equivalent to a single linear
transformation.

The mathematical description of an artificial neural network
shows that it is a composition of alternating linear transformations
(matrix multiplications) and nonlinear transformations (activation
functions). Network training is accomplished through the back
propagation algorithm. Modern optimization methods can
adaptively adjust learning rates for each parameter, ensuring fast
and stable convergence. ANNs are particularly effective for
spectra distorted by nonlocal effects (nonlinear effects such as
stimulated Brillouin scattering).

A simple two-layer ANN can process 100,000 spectra in 1.2
seconds, while a nonlinear regression method requires
approximately 3 hours for a similar data volume. BFS detection
errors were comparable to those of the Lorenz curve when trained
on clean synthetic data, but ANN performance was significantly
higher when noise was added [20].

One of the limitations of simple ANNS is the requirement for a
fixed input vector size. To solve this, linear spectral interpolation is
used to equalize all input data to the same number of frequency points.

Convolutional neural networks (CNNs) are a specialized class of
deep neural networks that automatically extract hierarchical features
from input data. The CNN architecture is based on the convolution
operation — a mathematical operation that applies small weight
matrices (kernels or filters) to local regions of the input data. Different
input data dimensions require different approaches: one-dimensional
convolutions (1D CNNs) are applied to time series and spectral
profiles, while two-dimensional convolutions (2D CNNs) work with
images and spectrograms. Below, we present a systematic description
of both architectures, with a full mathematical framework and
applications to spectral data processing that are directly relevant to
optical signal processing.

One-dimensional convolutional neural networks (1D CNNi)
are a specialized class of deep learning architectures designed to
process sequential data such as time series, signals, spectral
profiles, and other one-dimensional sequences. Unlike classic
two-dimensional CNNs used in computer vision, 1D CNNs apply
convolutional operations along a single dimension, making them
ideal for signal analysis in optics and spectroscopy.

The fundamental operation underlying a 1D CNN is one-
dimensional convolution. Mathematically, convolution is a
filtering operation that detects similarities between a filter and the
input data. For an input signal x[n] and a convolution kernel w[k]

ELECTRONICS. RADIO ENGINEERING

(filter), the output signal is given by formula [21]:

Y[m]=:Z;W[k]-x[m—k]+b, (25)

where:
* x[m-k] - input values with offset;

. W[k] — weight coefficients of the kernel of size K;

* b — offset;
* m — current sliding position of the kernel;
* y[m] — output value at position m.

This operation is repeated for each position m, producing the
output sequence.

The architecture of a 1D CNN consists of successive layers,
each of which performs a specific function:

1. Inputla raccepts a one-dimensional sequence.

2. Convolutional layers apply one-dimensional filters to the
input data to extract local features.

3. Activation layers add nonlinearity.

4. Pooling layers reduce the length of the sequence while
preserving important features.

5. Fully connected layers transform the extracted features into
the final output.

6. Output layer makes a prediction.

Convolutional neural networks 2D CNN are based on discrete
two-dimensional convolution, calculated using the formula [22]:

s[i,j]zggu[i_m,j—n].K[m,n]+b,

(26)

where:
° [i -m,j- n] — elements of the input matrix;

K [m,n] — elements of the MxN kernel;
LS [i, j] — element of the output feature map;

* b — offset.

The kernel slides over the input data with a given stride, and
for each position the dot product of the overlapping elements is
calculated.

The architecture of a 2D CNN is similar to a 1D one, but works
with two-dimensional input data:

1. Input la r accepts the image size.

2. onvolutional layers apply two-dimensional filters to extract
spatial features.

3. Activation layers introduce nonlinearity.

4. Pooling layers reduce spatial dimensions.

5. Fully connected layers classify or regress.

The comparison of 1D and 2D CNN is presented in Table 3
[23].

Table 3
Comparison of 1D and 2D CNN
Characteristic 1D CNN 2D CNN
Input data type One-dimensional Two-dimensional
sequences (time series, matrices (images,
spectral profiles) spectrograms). ..
Kernel size K K, xK,
Computer Low Medium-High
complexity
Application Spectral curves Spectrogram analysis
Parallelism Good for long sequences | Good for regular spatial
structure

-
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5 Modeling

The simulation was performed using MATLAB R2023a on a
model developed to analyze the dependence of the absolute error
in determining the center frequency of the Mandelstam-Brillouin
backscatter spectrum upon approximation by a parabola,
Lorentzian, Gaussian, and pseudo-Voigt functions, as well as
through correlation processing, as a function of SNR at various
gating steps and FWHM. The simulation was conducted using the
following physical constants:

» pectrum center frequency 10.850 GHz;

» number of iterations for calculating the standard
deviation...1000;

* requency intervals 0.5 MHz, 1 MHz, and 2 MHz;

* pectral line width 30 MHz and 50 MHz.

The simulation results are presented in Figures 1-5.

—— 30MHz 05 Mz
. 30MEHz | MHz
A 30 MHz. 2 MHz
50 MHz 05 MHz
= SOMHz, I MHz
-+ 50MHz 2 MHz

Frequency error (MHz)

10 20 25 an

Signal-to-noise ratio (dB)

Fig. 1. Absolute error in determining the central frequency of the
Mandelstam-Brillouin backscattering spectrum when approximated by a
parabola depending on the SNR at different gating steps and FWHM
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Fig. 2. Dependence of the absolute error in determining the central
frequency of the Mandelstam-Brillouin backscattering spectrum on SNR
when fitting with the Lorentz function for different gating parameters

and spectrum widths
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Fig. 3. Dependence of the absolute error in determining the central
frequency of the spectrum on the SNR when fitting the Gaussian
function at different gating steps and FWHM
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Fig. 4. Dependence of the absolute error in determining the central
frequency of the Mandelstam-Brillouin backscattering signal spectrum
on the SNR when fitting with the pseudo-Voigt function for different
gating parameters and spectrum widths
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Fig. 5. Absolute error in determining the central frequency of the
Mandelstam-Brillouin backscattering spectrum of correlation processing
depending on the SNR at different gating steps and FWHM
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6 Fundamental limitations

The fundamental limitations on reducing the measurement
error of the central frequency of the spectrum are determined by
the following factors [24]:

e finite (natural) Brullouin linewidth (AvB = 30 MHz in
standard single-mode fiber at room temperature), determined by
the lifetime of acoustic phonons and their attenuation;

* quantum-statistical limit (Cramer—Rao bound) of the
frequency estimation accuracy from a noisy Lorentzian or Voigt
profile at a fixed signal-to-noise ratio;

e fundamental trade-off between time window duration,
spatial resolution, and frequency estimation accuracy;

* nonlocal effects and optical nonlinearity in long fiber links at
elevated optical power levels;

« heterogeneity of the distribution of environmental parameters
within a spatial resolution cell;

» metrological limitations of the measurement path (reference
frequency stability, linearity, dynamic range, and intrinsic noise
of the receiving and measuring equipment).

7 Promising directions for reducing errors

The most promising directions for reducing errors in
distributed Brillouin measurement systems include [25, 26]:

1. Algorithmic Methods for Brillouin Frequency Shift Estimation

* development and implementation of fast linearized and
correlation estimators (linear least squares with a Lorentzian
profile, Lorentzian cross-correlation with frequency offset
compensation);

« research and adaptation of ESPRIT/MUSIC class algorithms
to real Brillouin spectra (BGS), including cases with pronounced
multipeaks (in particular, double peaks).

2. Machine Learning Methods and Neural Networks

e development and industrial implementation of two-
dimensional convolutional neural networks (2D-CNN) for direct
extraction of the Brillouin frequency shift (BFS) from raw
BOTDA/BOTDR data;

* research of physics-informed neural network models
(physics-informed networks) for providing ultra-high spatial
resolution and spectral deconvolution in regions with strong
spatial gradients.

3. Spectrum Preprocessing and Reconstruction

* widespread implementation of methods for decomposing the
original Brillouin spectrum into sub spectra, followed by noise
reduction and back-summing of the subbands;

» development of approaches based on differential cross-
spectrum (DCS) and complex spectrum analysis for more accurate
BGS reconstruction and BFS estimation.

4. Physical  pects and Hardware Implementation

+ development of specialized optical fibers and excitation
modes with reduced full-width at half-maximum (FWHM) and
controlled Brillouin parameters;

* Integration of highly frequency-stable radiation sources and
regular frequency scale self-calibration procedures into the
measurement path.

8 Conclusion

This comprehensive comparative analysis establishes

quantitative benchmarks for the performance of classical curve-
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fitting methods for Brillouin frequency shift extraction under
realistic signal-to-noise conditions typical of distributed fiber-
optic sensing. Key findings include the following:

1. Lorentzian profile approximation using the Levenberg—
Marquardt algorithm remains the physically sound "gold
standard," providing a root-mean-square error of ~0.65-0.9 MHz
at SNR > 11 dB. However, it carries a risk of convergence failures
and is extremely computationally expensive.

2. Pseudo-Vogt profiles with an optimized mixing parameter
n improve the reliability of the estimate at low SNR (3-7 dB) due
to reduced covariance of the model parameters.

3. The Gaussian and Vogt profiles provide only limited
advantages: the Gaussian profile sacrifices physically based
accuracy for a small gain in computation time, while the Vogt
profile increases computational complexity compared to the
Levenberg—Marquardt Lorentzian approximation without a
comparable increase in accuracy.

4. Machine learning approaches demonstrate an advantage in
the low SNR region (<6 dB), providing a reduction in error
compared to classical methods and eliminating convergence
issues; convolutional neural networks are particularly effective in
the presence of spectral deformations caused by sharp deformation
or temperature gradients.

The obtained results provide a quantitative basis for engineers
and researchers deploying distributed Brillouin sensors and enable
informed tradeoffs between accuracy, computational efficiency,
reliability, and metrological transparency. The presented
comparative data lays the foundation for further development of
signal processing methodologies in fiber-optic sensing, aimed at
increasing monitoring ranges and reducing measurement errors in
distributed infrastructure condition monitoring applications.
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AHHOTauusa

B pacrpeseneHHbiX BONIOKOHHO-OMTUYECKUX CUCTEMaX, PYHKLUMOHUPYLOLMX Ha ocHoBe 3¢ dekta obpatHoro paccesHus Mangensiutama-bpunntosHa,
KOHTPOSb TeMnepaTypbl U AedbopMaumii peanusyeTcs Yepes perucTpaumio KItoYeBbIX NMapaMeTpoB CreKTpa ycunenus. [1py 3ToM ofHOM W3 raeHbIX 3a4ad
NoAO6HbIX U3MEPUTENBHBIX CUCTEM BbICTYMAET BbICOKOTOYHOE OMpEeAeneHne LEHTPasIbHOM YacToTbl AaHHOTO crekTpa. bbin npoBeaeH conoctaBuTesbHbIN
aHanU3 MeTOAOB, NO3BOMAIOLUMX CHU3UTL MOrPELLHOCTM MPU OLEHKE LIeHTPasibHOM YacTOTbl CMEKTPANIbHOMO CUrHasa B BOIOKOHHO-OMTUYECKUX AaT4MKaXx,
ucnonb3ytowmx MaHpaenswtaM-BpunntosHoeckoe paccesHue. B pesynbrate paspaboTaHa MaTeMaTUyecKas MOAENb, OMMUCHIBAOLLAA 3aLLUYMIEHHbIA CUrHan
OBpaTHOro paccesiHus, MPUMEHUMAsA KaK AN KIACCUHECKOM anmnpoKcUMaumn popMbl CNEKTPasnibHbIX JIMHUMA, Tak U N1 BHEAPEHUA METOLOB MALUMHHOrO
OBy4YeHUa C ULenbio YNnyYleHUs MEeTPONIOrMHYecKUX XapakTepUCTUK PacrpefenieHHbIX BONIOKOHHO-OMTUYECKUX AaT4YMKOB. BbinosnHeH AetanbHbiv
CPaBHUTENbHbBIA aHANW3 aKTyaslbHbIX aNrOPUTMOB OGPaBOTKM BGpPUMIIO3HOBCKUX CMEKTPOB, OPUEHTUPOBAHHbIX Ha MOBbIWEHWE TOYHOCTU WU3MEpEHWI
LIEHTPaNbHOM 4acTOTbl B PacrpefeneHHbIX BOJSIOKOHHO-OMTUYECKUX CEHCOPHBIX CUCTeMax. bbinM MpoaHanu3npoBaHbl TPaAULMOHHbIE MOAXOAbI K
HenuHenHoMy npubnukennto (pyHkumm JlopeHua, lMaycca u nceepo-Bowta), a Takke KoOppenauUMOHHbIE, aJanTUBHbIE U HENPOCETEBbIE METOAbI.
MpepcTaBneHa MaTeMaTUyecKas MOZENb, OMUCHIBAOLLANA MOFPELUHOCTU U3MEPEHUIA C YHYETOM LUYMOBOW COCTAaBMIAOLLEN, CUCTEMATUHECKUX WUCKKEHUN U
BNVAHWA UCKPETHOCTM YaCTOTHOM ceTKUM. Ha OCHOBe YUCIEHHOro MOAENUPOBAaHWA MPOBEAEHO CPABHEHWE METPOJSIOTUHECKUX XapaKTEPUCTUK
paccMaTpuBaeMbix anroputmos. [peanoxeHa onTuManbHas cTpaterus UX BbiGopa, onpegenseMas TpebGOBaHWUAMU K MPOCTPAHCTBEHHOMY pa3peLUeHuto,
npeAenbHOM [anbHOCTU M3MEPEHWS M MHEPLMOHHOCTM (BPEMEHU peakuuu) cUcTeMbl. PesynbTaTbl COMOCTaBUTENBLHOTO aHanM3a (yHKUMOHAMBHBIX
BO3MOXXHOCTEW a/IFOPUTMOB, HArMpaBEHHbIX HA CHWKEHWE MOrPELUIHOCTEN U3MEPEHUS LIEHTPANIbHOM YaCTOTbl CMEKTPa B BOTOKOHHO-OMTUYECKUX JaTHMKaX,
ncnonb3ytowmx 3¢ ekt obpatHoro paccesHus MangensiwitamMa-bpunntosHa, a Takke npegnoxeHHas Metogonorus Bbibopa, MOryT 6biTb BOCTpe6GOoBaHbI
npu pa3paboTke MPaKTUHECKUX CUCTEM MOHUTOPUHra. OTMeYeHO, YTO AaHHbIe pe3ynbTaTbl MOryT 6biTh pacrpOCTPaHeHbl HA APYrue 3aJjaqm CeKTpasbHOro
aHanusa, TpebytoLLme TOYHOrO OMNpefeneHus MONOXKEHUA CMEKTPASILHOrO MUKa Ha GOHE LYMOB.

Knioyeebie cnoea: 80/10KoHHO-onmuveckue damyuku, paccesHue Mandenbwmama-bpuniosHa, usmeperue cdsuza yacmomsl, ¢pyHkuuu laycca, Jloperua, Pouzma,
[Mceedo-Poiizma, mawuHHoe obyueHue, HelpoHHbIE cemu

Jluteparypa

I. bao X., Yer J1. MNocneaHne JOCTUXKEHUA B 06G1ACTU BONMOKOHHBIX AAaTYMKOB Ha ocHoBe paccesaHus bpunntosna // Hatumku. 201 1. Tom | 1. C. 4152-4187.
doi.org/10.3390/s110404152

2. bao X, Yen Jl. MNocnegHve poctwxeHus B obnacTu pacrnpefeneHHbIX BOMOKOHHO-onTuyeckux gatyuvkos // Mdatumkun. 2012. Tom 12. C. 8601-8639.
doi.org/10.3390/s120708601

3. bao X, YeH J1. MocnepgHne poctkeHns B obBnacTu pacripefenieHHbIX BOMIOKOHHO-onTuyeckux gatyimkos // Oatuvku. 2012, Tom [2. C. 8601-8639.
doi.org/10.3390/s120708601

4. [oHe 0. BbicokonpounspoanTenbHOe pacrnpeAeneHHoe ONTOBOIOKOHHOE 30HAUpoBaHue no bpunntosHy // ®@otoHHble gatumkun. 2021. Tom |. Ne | 1. C.
69-90. doi:10.1007/s13320-021-0616-7

5. Como M.A, TeseHasz Jl. MogenupoBaHue 1 OLEHKa MPOU3BOAMUTENBHOCTU pacnpeerieHHbIX BOTOKOHHO-OMTMYeCcKux Aatyvkos bpunniosHa // Optics
Express. 2013. Tom 21. Ne 25. C. 31347-31366. doi.org/10.1364/OE.21.031347

6. Apmcmponz b. X. Mpodunu cnektpanbHbix nuHuit: GyHkuma Poiirta // XypHan Konm4ecTBEHHOW CMEKTPOCKONUM U nepeHoca manyyenus. 1967. Tom 7. C.
61-88. doi.org/10.1016/0022-4073 (67)90057-X

7. Yxan 0., @y I, Jlio 10., Bu Y. Hoebiit anroputM noa6opa cnekTpa pacceaHus bpunntosHa ans pacnpeaeneHHbIX CMCTeM 30HAMPOBaHMA, OCHOBAHHbIX Ha
cetax RBFN // Ontuk. 2013. Tom|24. Ne 8. C. 718-721. doi:10.1016/j.ijle.2012.01.018.

8. Xaauseapa 10., Kysamaru T. TOYHOCTb OLIEHKM NMUKOBbIX NMapaMeTpoB AnA npocunsa [NceBaodoiirta: HOBbIM NOAXOA K ONTUMM3ALMU [N BbICOKOTOYHOTO
aHanusa C NMoMoLLblo yrpaereHus napametpamMu cmewwmsanua // ACS Measurement Science Au. 2025. Tom 5. Ne 4. C. 497-510. doi.org/10.1021/acsmea-
suresciau.5c00030

9. Jlumandpu C. 1., Boremmo P. 1., Au Pokko X. O., Tpunkasennu k. BeicTpoe n TouHoe BbipaxeHue gna dyHkumn Poitrta. MNpumeHeHne ana onpegenenus
LUMPUHBI NUHMIA ypaHa M // Cnektpoxumus, Yactb B. AtomHan cnektpockonua. 2008. Tom 63. Ne 9. C. 962-967. doi:10.1016/j.sab.2008.06.00 |

10. Y3H X, Pane 3, Ban 3., Jly b., Lao 1O, e K, Ky P., Liaa, X. Cpeur 4actoTbl no bpunntosHy BonokoHHO-pacnpeaeneHHbIX AaTYUKOB, BbIAENEHHbIR 13
3alllyMNIeHHbIX CUTHAJIOB METOAOM KBaapaTuyHoi nogroHku // Oatuvku. 2018. Tom 8. Ne 2. C. 409-420. doi.org/10.3390/s18020409

I'1. Yxan 10., Jly 10., YeH J1., By T. CerMeHTUpOBaHHOE MOAABNEHNE LyMa HA OCHOBE pasfenieHuns crektpa bpunntosHa B ontuyeckux patunkax bpunntosHa
BO BpeMeHHo obnactu // XypHan IEEE Sensors. 2021. Tom 21. Ne 20. C. 22792-22802. doi:10.1109/JSEN.2021.3 110205

12. Kpueowees A. M., Koncmanmuroe H0. A.,, Bapkoe @. J1, Mepeaduyk B. 1. CpaBHWTENbHbIA aHANN3 TOYHOCTW ONpefeneHus CABWra GpUNNOIHOBCKOM
4acTOThbl B 3KCTPEMAsIbHO 3alLlyM/IEHHbIX CMEKTPax pasfiniHbIMU KOpPPeNALMOHHbIMUA MeTogamm // Mpubopbl n TexHuka skcnepumenTa. 2021. Ne5. C. 84-89.

13. Kpueowees A. U. Bapkoe @. J1, KoHcmanmuros tO. A, Benokpbinoe M. E. CoBpeMeHHble MeTOAbl OMpeAenieHnsi YaCTOTHOro CABUra paccesHus

Mangenblitama-bpunniosHa B BONOKOHHO-ONMTUYeCKOW MeTponorum u ceHcopuke // Mpubopbl 1 TexHuka skcnepumenTa. 2022, Ne5. C. 5-30.

—

T-Comm Vol.20. #8-2026




SNEKTPOHUKA. PAODMOTEXHMKA

14. ®apaxaru M.A.,, Tysppa 3. C., Konnummc B.I. TouHas oueHka cggura 4actotbl BpunntosHa B gatumkax ontuyeckoro aHanusa bpunniosHa Bo BpeMeHHOM

obnactu ¢ ucnonb3osaHueM B3auMHow koppenauum // Mucbma no ontuke. 201 1. Tom 36. Ne 21. C. 4275-4277. doi:10.1364/OL.36.004275
15. Bapkoe @. J1, KoHcmanmuros FO. A. Moandukaums mMetoga obpaTHOM KOppenAuun s TOYHOrO OMpeAeneHuUs YacToTHoro cagura bpunniosna //
Mpu6opsbl 1 skcnepuMeHTanbHble MeTogbl. 2023. Tom 66. C. 753-760.

16. Hopdun H.A., A6dynna @., 3an M.C.[., bakap A.A.,, Kpueoweee A. M., bapkoe ®. J1., Koncmanmunos fO. A. ToebilieHne TOYHOCTU NMPOrHO3MPOBaHUA U
BbIAE/NIEHNA YaCTOTHOIO CABUra M3 crnekTpoB bpunntosHoeckoro ycunenus ¢ HuskuM SNR npu pacnpeseneHHOM MOHUTOPUHIE COCTOAHWA KOHCTPYKLMi //
[Hatumku. 2022. Tom 22. Ne 7. C. 2677-2693. doi.org/10.3390/s22072677

17. Lao J1., A6edun C., Liyi I, Ban X. VickyccTBEHHBIM MHTENNEKT U MalLMHHOE OBy4YeHne B BOJIOKOHHO-OMNTUYECKMX AaTymKax: 063op // Oaruvku. 2025. Tom
25. Ne 24. C. 7442-7463. doi.org/10.3390/s25247442

18. Yanz 10, By X., Yxao C., LLen J1, @y C., Tan M. Boigenenue pacripeseneHHOro 6pusto3HOBCKOro CABUMa YacTOTbI C MOMOLLbLIO CBEPTOYHOM HEMPOHHOIA
cetn // Viccneposanusa B obnactn ¢potoHukun. 2020. Tom 8. Ne 5. C. 690-697. doi.org/10.1364/PR).389970

19. Yane H0., By X., Yxao C., LLen J1., @y C., Tan M. Boigenerue pacnpeseneHHoOro 6punito3HOBCKOro CABUMA YacTOThbI C MOMOLLIO CBEPTOHHON HEPOHHOM
cetn // iccneposanua B obnactn ¢poTtoHukun. 2020. Tom 8. Ne 5. C. 690-697. doi.org/10.1364/PR).389970

20. Usnb KO, AH I, J1aue 3., JTio [. ny6okoe oby4eHne Ans NpeofosieHUs HenokanbHoro agpdekTa B ONTU4ecKoM aHanuse bpunniosHa Bo BpeMeHHOM
obnactu // XKypHan ceetoeonHoeom TexHonorun. 2024. Tom 99. C. 1-12. doi:10.1109/JLT.2024.3395456

2. Jlu b, Li3aH H., Xan X. YctpaHeHue nomex npu usMepeHun auHamuyeckon aedopmaumm BOTDR ¢ ncnonb3oBaHveM CBEpTOHHbIX HEMPOHHbIX ceTent //
[Hatumnku. 2023. Tom 23. N2 4. C. 1764-1782. doi.org/10.3390/s23041764

22. YxaH Y., CyH 3, Yen X, Konz 3., Lzan C, Yxan @., Ban C. M3eneyeHue Temnepatypbl U3 AaHHbIX 30HAMPOBaHWs BpunniosHa Ha ocHoBe BpeMeHHbIX
CBepTOYHbIX ceTeil // TexHonorua ontuyeckoro BosiokHa. 2024. Tom 88. C. 103986. doi.org/10.1016/j.yofte.2024.103986

23. BaH b., Ban J1, lo H., Y%ao 3, KO C, Jly C. Tny6okue HelipoHHble cetT ¢ noaaepxkoint BOTDA ans ogHOBpeMEHHOro uM3MepeHus Temnepatypbl U
AedopMaLmm ¢ noebileHHoN TouHocTbio // OnTuka Dkenpecc. 2019. Tom 27. Ne 3. C. 2530-2543. doi.org/10.1364/OE.27.002530

24. Xaodu 3., Lu Y. [JocTnxxeHns B 06NacTh TEXHONOMMM ONTOBOJIOKOHHOTO 30HAVPOBAHUA C BbICOKMM pa3pellieHneM U 6osbLION AanbHOCTbIO AeCTBUA MO
Bpunntoary // NkxxeHepus untennektyanbHoro socnpuatua. 2025. Tom 2. Ne 2. C. 3-45. doi: 10.3969/j.issn.2097-4965.2025.02.003

25. Cwot 3., Yxao JI. ToyHan u ceBepxObicTpas OLEHKa cABUra 4actotbl bpunniosHa Ana pacrnpefeneHHbIX BOJIOKOHHbIX Jatyvkos // [atumkn un
ucnonHutenbHele MexaHusmbl A Physical. 2020. Tom 303. N2 16. C. 111822. doi: 10.1016/j.sna.2019.111822

26. bozaukos M. B. O6HapyxeHWe HaTAXEHHBIX Y4acCTKOB B OMTUHYECKMX BOJIOKHaX Ha OCHOBe MeTofa GpunntosHoBckoi pednektometpun // T-Comm:
TenekoMMyHukaumm u Tpancnopt. 2016. T. 10. Ne [2. C. 85-91.

Uugopmauus 06 aemopax:

lFopnoe Hukonaii Mnbuy, dokmop mexHudeckux Hayk, npogeccop, Cubupckuii 2ocydapcmeeHHbIl yHUSepcumem menekoMMyHUKauul u uHgopmamuku, Hosocubupck, Poccus.
orcid.org/0000-0003-3614-8325

Bozambipeea Okcana AnekcaHdpoeHa, cmapwuii npenodasamenb Kagedpbl UHOCMPAHHbIX A3blkos, Hoeocubupckuli [ocydapcmeeHHbil TexHuueckul YHusepcumem,
Hosocubupck, Poccus. orcid.org/0000-0001-5397-224X

T-Comm Tom 20. #8-2026




