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Mockea, Poccus, dzhigan_vi@nrcki.ru delicmeeHHbIX YUCES, KAPMA OMHOWEHUA CU2HAT-WYM

AHTeHHble peLUeTKU CEroAHA LUMPOKO MCMONb3YIOTCA B KaueCcTBe aHTEHH COBPEMEHHbIX PafJuOCUCTEM.
BosMoxHoCTb ynpaBneHnus c¢opMoii agunarpaMmbl HanpasneHHocTu ([H) Takux aHTEHH neXwuT B ocHoBe
npuHUMna pa6oTbl aAanTUBHLIX aHTeHHbIX pelwueTok (AAP). Takue peluetkn obecneynBaloT nogaeneHue
CUFHANOB UCTOYHMKOB MOMEX, MOJIOChl YacCTOT KOTOPbIX MepeceKaloTcsi C MOJIOCOA YAcTOT MONE3HOro
(vHdopMaumoHHoro) curHana. OaHUMM U3 akTyanbHbIX npunoxxeHun AAP aBnsetrca ux ucnonb3oBaHue B
HaseMHOM annaparype noTpe6utens rno6anbHbLIX HABUraLMOHHbIX cnyTHUKOBbIX cucteM (THCC). B Takon
annapartype B OCHOBHOM ucnonb3yiotca AAP, umeHyeMble KoMneHcatopamu nomex. Mopo6Ho no6biM
AAP, oHu obGecneumBaloT nopasneHMe NMoMex, HO He rapaHTUpYIOT NMpUeM Hanepep 3afaHHOIO Yucna
CMYTHUKOBbIX CUIHANoOB, HeOGXOAUMOro ANA peLleHUA HaBUraLMoOHHOM 3ajauu. B paGote npeanaraetca
ucnonb3oBatb pasHoBuaHocTb AAP Ha ocHOBe NTMHEAHO-0rpaHMYEHHOTO ajanTMBHOrO anroputMa. B atom
anroputMe 3ajjlaeTca orpaHuyeHue Ha sHavenune [1H AAP B HanpasneHuu seHuta. CUrHanbl co CyTHUKOB,
KOTOpble HAXOAATCA B OKPECTHOCTU 3TOrO HanpaB/ieHWUA, XapaKTepU3yIOTCA MAaKCMMalbHbIM OTHOLLEHNEM
CUFHan-WyM MpU UX NpuéEMe B CUNy KpaTHaMilLEro pacCToAHMA OT ChyTHMKOB Ao 3emnu. 3ajasaeMmoe
orpaHuyeHneM 3Hauenne [QH He MeHseTca Ha nportsxkeHun Bcent pa6otei AAP. OHo He 3aBucuT oT
3HaveHui e€ BecoBbix Ko3dduumentos (BK), Bbluncnaembix B npouecce agantaumu. [ina sblumcneHuns
BK B pabote ucnonb3oBaH peKypcUBHbIA anropuTM MO KPUTEPUIO HAUMEHLLUWUX KBaJ|paTOB Ha OCHOBE
nemMMbl 06 oGpalieHMM MaTpulibl, ONTUMU3MPOBAHHLIA MO uYMUCNy apudMeTUHECKUX onepauui.
BbluncnuTenbHas COXHOCTL 3TOFO anropuTMa MeHblUe MO CPaBHEHWIO C €r0 HeONTUMWU3UPOBaHHOW
Bepcuen. YMeHbLUIEHNE CNOXKHOCTU JOCTUraeTca 3a CHeT y4éTa 3pMUTOBOM CTPYKTYpPbl KOpPEnALMOHHOM
MaTpuubl BXoAHbIX curHanoe AAP. [lanbHelillee yMeHbLUEHNE CNIOXXHOCTU anroputMa Bbluncnenua BK
pocturaerca B cnyvae, ecnu AAP aenaetca cuMMertpuyHoit. MpakTtuyiecku Bce onepauun B Takoin AAP
BbLINONHAIOTCA B apudMeTMKe AeHCTBUTENbHLIX Yucen. Yucno 3Tux onepaumii B ABa pasa MeHbLUe
SKBUBANEHTHOIO YMCna JeWCTBUTENbHbIX onepauuin aHanorudHon AAP B apudMeTUKe KOMMNEKCHBIX
uucen. Kpome Ttoro, B paccmatpuaemoit AAP nepexopHbiit npoliecc B Ba pasa Kopode, a NoAaBneHue
noMex B YCTAaHOBMBLUEMCA peXuMe B cpefiHeM Ha 3 ab Gonbwe no cpasHenuio ¢ AAP B apudmMetuke
KOMMeKcHbIX Yncen. PaccmorpernHas AAP MoxeT HaiTu npumMeHeHue He Tonbko B annaparype FTHCC, Ho
M B annapatype Apyrux paguocucrem.
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BBenenue

CeroHs B KauecTBe aHTEHH 000PYIOBAHUsI PAJANOCHCTEM IIIH-
POKo ncnone3yroTcsa antennsie pemerku (AP) [1, 2]. C Touku 3pe-
HUSI apXUTEKTYpbl, AP nipenicraBiisier co00i MHOTOKaHAIbHYIO aH-
TeHHy!o cucteMy. CUrHajIbI B kaHanax AP B3BeIIMBarOTCs ¢ TOMO-
LIbI0 KOMILIEKCHBIX BecoBbIX Koadduimenro (BK) mepen nx
CYMMHpPOBAHHEM C LENbI0 (DOPMHUPOBAHUS BBIXOJHOTO CHUTHAJIA,
YTO IIO3BOJISICT M3MEHATH (POPMY JHarpaMmbl HallpaBICHHOCTH
(JIH) AP.

[pocreiimmm nsmenenneM Gopmsl JIH sBusercss opreHTanus
e¢ riaBHOTO JieniecTka (Jiyda AP) B mHTepecyeMOM HalpaBlICHUH.
Taxkoe n3MeHeHNEe NJOCTUTAETCS ¢ MOMOIIBI0 KOMITIEKCHBIX BK ¢
€IMHNYHBIMY aMIUITMTYAaMH 1 OIIpeeeHHbIMH (azamu. Takumu
BK B ananoroBeix AP ciykat ¢a3oBpamareny.

Onnako B AP MoxHO n3meHsiTh popmy u Beeit JIH. D1o cBoii-
CTBO CITIOCOOCTBOBAIIO Co3ManHuI0 anantuBHbIX AP (AAP) [3, 4]. 3a
cuet (hopmupoBaHus nposanioB B JIH ocyiiecTsisieTcs mojuasiie-
HUE CUTHAJIOB HCTOUHUKOB ITOMEX B BBIXOAHOM curHane AAP. Otu
MPOBAJIBI 0OPA3yIOTCsl B PE3yJIbTaTe yCTAaHOBKU B KaHamax AAP
COOTBETCTBYIOIIMX KOMIUIEKCHBIX BK ¢ pasHbIMu aMIuinTyiamu 1
¢azamu. B xauectse Takux BK B ananorossix AAP ncrons3yroTes
KacKaJTHO BKJIIOYEHHbIE aTTEHIOATOPhI M (pa3oBpariaTeny, a B -
poBbIX AAP — mpocTo KOMIIEKCHBIE YHCIIA.

AAP sBsieTCst IpOCTPAaHCTBEHHBIM (PIITBTPOM, TIO3BOJISIOIINM
pa3zensaTh CUTHAJIBI, HAXOASAIINECS B OAHOW IOJOCE YacTOT, HO
Ppas3IMYAoNIMecst TI0 TPOCTPAHCTBEHHOMY TTOJIOXKEHHIO MX MCTOY-
HUKOB. J{ns Berarcnenns BK nenone3yrorcs pasanyHble aqanTHB-
HBIE QJITOPUTMEI [5, 6], KOTOpBIe 00padaThIBaIOT CUTHAIBI B KaHa-
nmax AAP, e€ BEIXOTHOH CHTHAJI, @ HHOT/Ia ¥ TaK Ha3bIBAE€MBIH Tpe-
OyeMblii cuUTHaJ. AJIANTUBHBIC alrOPUTMbI HE UCIOJB3YIOT WH-
(hopMaIuIo o MPOCTPAHCTBEHHOM TOJIOKEHUH HCTOYHUKOB ITOMEX
U DHEPreTHUECKUX XapaKTepHCTUKaX UX CUTHaloB. B ocHoBe pa-
0OTHI aJJANITHBHBIX AITOPUTMOB HAXOUTCSI O€3yCIIOBHAS MUHUMH-
3aIMs pa3InYHbIX 11eIeBbIX GyHKIMH. B AAP Take MoXeT ObITh
WCIIONIb30BaHA YCJIOBHAs MWHMMH3ALUs LENeBbIX (QyHKIMH mpH
HaJIOXKEHUHN OTIPE/ICIICHHBIX OTPaHWYEHH, HapuMep, Ha 3Haue-
nust JIH B oHOM WM B HECKOJIBKMX MHTEPECYEMbIX HallpaBiie-
Husx [7, 8].

AAP ceromHs mUpoKo MPAMEHSIOTCS T 00PBHOBI ¢ ITOMEXaMu
B paJINOCHCTEMAaX Pa3INIHOrO Ha3HaueHHs. OTHIM 13 TaKUX MpPH-
MEHEHMH sIBIIsieTcs ucroib3oBaHue AAP B xauecTBe aHTCHH pa-
JMOTIPUEMHUKOB Ha3eMHOH ammaparypsl mnorpedutenst (HAIT)
r7100aNbHBIX  HaBUTAIIMOHHBIX CIyTHUKOBBIX cucteM (I'HCC)
[9, 10]. Takas ammapaTypa 4acTO SKCIUTyaTHPYETCsl B YCIOBHSX
pazuonoMex, CO3JaBa€MbIX NPHPOJHBIMU SBICHUSIMH; PaIHO-
yCTpoicTBaMu, pabOTAONIMMU Ha TEX ke yacTotax uto u HATIL,
WJIN YK€ TIOCTaHOBIIMKAMH IIpeTHAMEPEHHBIX IToMeX. [loaTomy st
obecmieueHust paborocmocodHocTrt HAII (crmocoOHOCTH ompeie-
JSITh KOOPJMHATHI €e PaJHoNpHEMHHUKA) TPeOyeTcsl MOJaBIATh
CUTHAJIBI ATUX TIOMEX, YTO o0ecreunBaeTcs ¢ momomnipio AAP.

B HAII B ocHOBHOM HCTIOJIb3YETCs pa3HOBUIHOCTH AAP, nme-
HyeMasi KOMIIEHCATOPOM ITOMEX, MPUHIUI paboThl KOTOPOH aHa-
JIOTHYEH KOMIIEHCATOPy OOKOBBIX JICTIECTKOB HAIpPaBJICHHOM aH-
teHHsl [ 11]. KomnencaTop momex MUHUMH3HPYET MOIITHOCTD CHT-
HaJla OUIMOKKM MEXJy OIHOI U3 aHTeHH AAP ¢ (huKcHpOBaHHBIM
(emmanunbM) BK 1 cymMMO#H B3BEIIEHHBIX CHUTHAJIOB OCTAIbHBIX
aaTeHH AAP. Tak Kak CUTHaJIbl, IPHHUMAEMbIE CO CITyTHHKOB,
HaXOJATCSI HHXKE YPOBHS IIyMOB NpUEMHHUKOB AAP, To Hanmuue
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STHX CUTHAJIOB HUKAK HE CKa3bIBaeTCs HA 3(h(HEeKTUBHOCTH MOaB-
JICHUS TIOMEX.

Wcnons3oBats B HAII AAP, B KOTOpBIX MUHUMH3HPYIOTCS
pa3IMYHbIe 11e1eBble PYHKIUH OUTMOOK MEXIY TPeOYEeMbIM U BbI-
XOJIHBIM CUTHAJIAMH, HE TIPE/ICTABIISICTCSI BOSMOXHBIM, TaK KaK JJIst
pelIeHus HaBUTAIIMOHHOM 3aadd HEeoOXOJMMO OJHOBPEMEHHO
MPUHAMATH CUTHAJIBI OT HECKOJIBKUX CITyTHHKOB, HAXO/SIIIUXCS B
Pa3HBIX HAIPaBJICHUSIX OTHOCUTENHHO AAP, a moToMy oIuH Tpe-
OyeMbIii CHTHaJ HE MOXET OBITh CPOPMHUPOBAH M HCIOIH30BaH.
Kpome Toro, curaansl co CIyTHHKOB Ha BXOJaX, KaK yKe ObUIO
CKa3aHo, a 3HAYMUT, U Ha BbIXoJe AAP, HaxoxsaTCs MO/ NIyMamMHu B
CHIIy yOan€HHOCTH MX MCTOYHHKOB OT 3emin. OTHOIIEHHE CHT-
Hai-urym (OCIL) na Beixogax paauonpuémuukoB HAIT st cur-
HAJIOB OT CIIYTHHUKOB, HAXOAIIMXCS B 3€HUTE, IPUMEPHO OLICHH-
BaeTcs Ha yposHe -20 1b [9, 10], uro Takke He MO3BOJSAET UCHIOTb-
30Bath B AAP amanTuBHBIC QITOPUTMBI C TPEOYEMBIM CHIHAJIOM,
TaK Kak JJa)ke B OTCYTCTBUH IIOMEX CUTHANBI CO CITyTHUKOB Ha BbI-
xo7ie AAP CKpBITHI ITyMaMH.

B muoronyueBbix AAP ¢ npenBaputenbHON KOppeNsiLMOHHOM
00paboTkoli curHasoB B KaHanax [ 12] TpebyeMble CUTHAIBI MOTYT
OBITh MCIIONIE30BAHEI (TI0 OJHOMY Ha KaXKIBIH JyY/CITyTHUK), OJ-
Hako Takne AAP SBISIOTCS JOCTATOYHO CIIOKHBIMH, TaK KaK SIB-
JISTFOTCS. MHOTOJTy4eBBIME (OT YeThIpeX U Oonee sydeit). B aux 00-
MMM SBJISIOTCS TOJIBKO aHTCHHBI, PaJHONPUEMHUKH U ITpeodpa-
30BaTeNN YacTOTHI, a I(PoBas 4acTh pa3MHOXKAETCs IPOHOPLIUO-
HaJIBHO Yuciy Jyueil. Kpome Toro, s kaxmoro ry4da takoit AAP

TpeOyeTcs CBOi Habop m3 M KOPPEIATOPOB UK COTITaCOBAHHBIX

unpTpoB, TIE M — 9TO0 YMCIO aHTeHH AAP.

AAP B BUzE KOMIIEHCaTOpa TIOMEX, KaK M JII00as Ipyras pas-
HOBHIHOCTE AAP, oOecrieurBaeT 1moaBjacHHE CUTHAIOB OT HCTOY-
HUKOB BCEX IMOMEX, €CJIM HUX YHUCIO HE IMPCBLIINACT 3HAYCHUSA

M -1 [9]. B ycranoBuBmemcs pexumve B IH kommneHcaropa o0-
pasyrorcst IiTyOOKHe POBaJIbl B HAIIPABICHUSIX HA NCTOUYHHUKH T10-
MeX, HO TIPH 3TOM HE 00ECIeUMBAIOTCA KaKne-Iu00 Hamepen 3a-
naHHble 3HaueHus JIH B HampaBieHUsAX Ha HaBUT'ALMOHHBIE CITYT-
HUKHU. DTH 3Ha4eHus 3aBUCAT oT BK, mosyueHHBIX B pe3ynbTare
peleHns 3aJa4u OAABICHUS ATUX oMeX [ 13], T.e. B 1e710M HOCST
ciy4yaiHbIi Xapakrep. B pe3ynbrare, eciiv YUCiIo CIIyTHUKOB, 7S
koTopbIx Ha Beixojae AAP OCII > - 20 nb, oka3bIBaeTCsl MEHBbIIIE
yeThIpeX IITYK, TO HAaBUTAI[MOHHAS 3a/la4ya CTAHOBUTCS HEpellae-
MOH.

HaBuranionHble CITyTHHKH, CHUTHAJIBI KOTOPBIX YJOBJIETBO-
pstor kpurepuro OCLL > -20 b, B 0CHOBHOM pacrojiaratorcsi B
paiioHe 3eHHTa B CUITy KpaT4aiIlero pacCTOSIHUS OT CITyTHUKOB JI0
3emvn. [TosTomy orpanndenue /JIH B HampaBiieHNH 3eHUTA 10 3HA-
4yeHns1 e€ OCHOBHOTO JierecTka (¢ yuerom JIH antenn) mpu ¢azu-
poBannu AAP B 3TOM HanpaBJICHHUH SIBIISETCS €CTECTBCHHBIM pe-
IIEHUEM paccMaTprBaeMoii pooaeMbl. OHO TIO3BOJISIET, TIO MEHB-
11eif Mepe, yBepeHHO IPUHUMATh CUTHAIIBI CO CITyTHUKOB, HAXOJIsI-
IIMXCSl B OKPECTHOCTH HarpasieHus orpanuuenust J{H. Orpanu-
YeHHE 33/1aeTcs B BBIYUCIUTENBHBIX Npolieypax AAP, B kauecTBe
KOTOPBIX MOTYT OBITH MCIHOJIb30BaHbl pa3HbIC JIMHEHHO-OrpaHu-
YEHHbIE aJaNTHUBHBIE anroputMmsl [5,7,8]. Takue amropuT™sl
obecrieunBaloT 3aJjaHHOe orpaHnyeHueM 3Hadenue /{H B unrepe-
CyeMOM HallpaBIeHUU He3aBUCHMO OT 3HadeHuil BK, Beruncuse-
MBIX B ITPOLIECCE MTOJABICHHS TIOMEX.
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ApDanTUBHbLIA anNropuTMm

! a(k)

<@— JluHelHOe orpaHuyeHue

Puc. 1. AAP

CeromHst CymiecTByeT OOIBIIOE pazHOOOpa3ue aaanTHBHBIX
ITOPUTMOB, UCIIOIb3yeMbIX Juis Berumcienus BK AAP. Oro an-
TOPUTMBI TPaIMEHTHOTO CITyCKa, HOPMAJIM30BaHHBIC TPAANCHTHBIC
ITOPUTMBI, BKITFOUast aITOPUTMBI a)(PUHHBIX TPOEKIHNH, a TAaKXKe
PEKYPCHBHBIE alITOPUTMBbI PELIICHHSI CHCTEM JIMHEWHBIX yPaBHEHUH
0 KPUTEPHIO HanMeHbIIX KBaapaToB (Recursive Least Squares,
RLS) [5, 6]. Haubomee 3hdhexkTHBHEIME Cpeayt HUX SBISIOTCS
RLS-anropurmbl. Kputeprem 3(GEKTUBHOCTH CITyKaT JJIUTEIb-
HOCTbh TIEPEXOJHOTO TIpolecca, M3MepsieMasl YHUCIIOM HTepalii
aJIalITUBHOTO AJITOPUTMA, & TAK)KE MUHUMAJIbHOE 3HAYCHUE Lielie-
BOW (DYHKIIMHU B yCTaHOBHBLIEMCS pexume. B cBsi3u ¢ atum RLS-
ITOPUTMBI CETrOJTHSI ITUPOKO PHUMEHSIOTCS HE TOJbKO B AAP, HO
W B psijie IPYTHX MPUIIOKEHUH COBPEMEHHOH amanTHBHOI oOpa-
0oTku curHANOB [ 14, 15].

Opnako amganTuBHBIE RLS-anroputmsl  xapakTepu3yroTcs
KBaJ[PaTUYHON BBIYACIUTEIHFHON CIOXHOCTBIO KaK (YHKIHEH
gmcna BK, kotopoe B cirydae AAP coBmamaeT ¢ 4nciom e€ aHTeHH
M. BBMHCIATENBHYIO CIOXHOCTE RLS-anropuTtMoB MOXKHO
YMEHBIINTH 3@ CUET Y4€Ta 3PMHUTOBOH CTPYKTYPBI KOPPEISINOH-
HOM MaTpHIbl BXOAHBIX CUTHAIOB AAP, 4TO MO3BOJISIET BBIYMC-
JISTH TOJNBKO YacTh JIEMEHTOB 3ToN MaTpuils [16]. Takxke, ecnu
AAP cuMmMeTpuyHasi, TO MOYTH BCe €€ BBIYUCICHUS MOXKHO BBI-
MOJIHSATD B apu(METHKe IeHCTBUTENBHBIX yrcen [17-19].

Lenbro HacTosIeH paboThI sBiIsgeTCs onucanue AAP Ha Gase
JMHEelHOo-orpandeHHoro RLS-anroputma B apudmerrke 1elcTBH-
TEJIbHBIX YHCEJI, B KOTOPOM Y4uThIBaeTcst cummerpust AAP n spmu-
TOBA CTPYKTYPa KOPPEJSLMOHHON MaTPHIIBI €€ BXOHBIX CUTHAJIOB.

B crnenyronmx pasnenax paboThl IPUBOAATCS MaTEMAaTHIECKOE
OITMCaHMEe M Pe3yJIbTAaThl MOJCIUpoBaHus Takoi AAP, monTsep-
Kpatomme e¢ paboTocrmocoOHOCTh W (DYHKIMOHATBHYIO A QeK-
THUBHOCTb.

AAP B apudmeTHKe 1elCTBUTEIBHBIX YHCET

ApXUTEKTypa paccMaTpHUBaeMOll JHHENHHO-OrpaHUUYEHHON
AAP npuseniena Ha pucyske 1. Ona conepxur M aHTeHH/KaHa-
noBu M xommiekcusix BK h ,rnem=1,2, ..., M. AAP npu-

HMMAET HelpepbiBHbIE BO BpeMenu curHanbl Xm(t), rae t — sto
BpEMSL.

Ipunsiteie curnainbl Xm(t) mocie momocoBoil GuibTpanuu B
panuonpuémunkax (PIIM) kananoB AAP u npeobpa3oBanus 1o
YacTOTe IMOSBIIIOTCA Ha BBIXOJAX MpeoOpa3oBaTesell 4acTOTHI
(ITY) B BU/Ie JUCKPETHBIX KOMILIEKCHBIX OTCYETOB

X (K) =%, (K) + 0y, (K)
rae X,(K) — aro muckperusie orcuérer curnana X, (t), n (k) —

JINCKpETHBIE oTcueThl rymMa PITM, a k — Homep orcuéra. Homepa
OTCUETOB CHTHAJIOB COBNAJAlOT C HOMEPAaMM HTEpaluil ajlanTHB-
HBIX aJITOPATMOB, 00pabaTHIBAIOIINX ITH CUT'HAJIBI.

AAP (pucynok 1) sBnsercs AP ¢ mmdpoBsmM ¢dopmuposa-
HUEM Jy4a wim npocto rudposoi [20]. EE€ ITY crpositces Ha mpuH-
uumnax uugposoro paauo [21]. Takue [TH npeodpasyroT curaasl,
npuHUMaeMmble anTeHHaMu AAP, ¢ Hecyiel 4acTOThI Ha HyJe-
BYIO NPOMEKYTOUHYIO 4acToTy. Brixonusle curnanst [T4 obpa-
3YIOT BEKTOP JUCKPETHBIX OTCYETOB CUTHAJIOB

T
Xy (K) =%, (K), %, (K), ey X, (KD, ceey Xy (K]
3TOT BeKTOp I/ICHOJ‘IL3yeTC${ JJIs1 BBIYUCIJICHUS Ha Ka)K,ZIOﬁ HUTC-
pa]_II/II/I aJarlTUBHOI'O aJIFOpI/ITMa BBIXOJHOI'O CUT'HaJIa AAP

y(k) =hy (k=D)x,, (k) = th;(k =D, (k)

-
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u pacuéra Bektopa BK AAP
by, (K) =Ry (), 1y (K)o Py (K, o By (O

KOTOPBIH MpencTaBisseT co00i HaOOp KOMITICKCHBIX YHCEI.

3n1eck U gaiee, HIOKHUH HHIEKC M 00o03HAYaeT YmcIio dJe-
MEHTOB B BEKTOpPE WJIM B KBaJpaTHOM maTpuue. B BekTope 310
YUCIJIO paBHO M , a B KBagpaTHOW MaTpule — M x M .

IMockonbky B paccmarpuBaemoid AAP TpeOyemblit curnan
d(kK) orcyrcrByert, To curnan ommbku oK) , MUHIMA3HpYEMOH B
IIpOLIeCcCe a/laNTallli, COBIAIAET C €€ BHIXOJHBIM CUTHAIOM

a(k) =d(k)—y(k) =0-y(k) ==-y(k).
C yuérom /IH aHTeHH, THMHEHHOE OTpaHWYCHUE B aITOPHUTME

pabotsl AAP (Bbluncnienus e€ BbixoaHoro curnana u BK) 3ana-
eTcsl Kak

cahM (k): FaHT(eC’d)C) M = f s

T'AC BEKTOP €, OIPCACIIACTCA KaK

. . . . T
¢, = FaHT(eC’d)C)[erl el elvn el }

3necy F,.(0,,¢,) — 310 3Hauenne JTH antenn AAP B Hanpas-

JICHUH OTPaHMYEHHMSI, ONPEesieMoro chepryeckumu yrnamu 0,
u ¢,,a Y, — IpOCTPaHCTBEHHbIE Haberu (a3 OTHOCHTENIBHO (a-

30B0ro LeHTpa AAP oT uCTOYHMKA CHUTHAJIA, PACIONIOKEHHOIO B
JIaTbHEH 30HE B HAITPABJICHUN OTPAHUYCHNS, 10 KKI0H U3 aHTEHH
AAP[1,2].

B xauectBe anropurmos, Beiuucisitominx BK paccmarpubae-
Mol AAP, MOTyT OBITh HCIOJIB30BaHbI Pa3HbIC JIMHEHHO-OTPAHU-
yeHHble RLS-airopurMel aganTHBHOW (QUIIBTPAIMK CUTHAJIOB
[5, 7, 8]. VI3 Hux Haubosee BHIYUCIUTEIBHO YPPEKTUBHBIM SIBJISI-
ercst RLS-anroputm Ha OCHOBE JIeMMbI 00 00paIleHuH MaTPHIIBI.
OH He COJEPXKUT CIOXKHBIX apHU(YMETHUECKUX OIeparui, TaKux
KaK M3BJICUEHHE KBAJPAaTHOTO KOPHS WU JAEJICHUE, YUCIO KOTO-
peix B apyrux RLS-anroputmax oObraHO mporoprmoHansHo M.
W3 cnoxnbIX onepauuii B paccmarpuBaeMoM RLS-anropurme Ha
K10l ero UTepaluy UCIOJIb3yeTCsl TOJIbKO OJHA OIepanus Je-
JICHUSI.

Bo Bcex RLS-anropurmax HanOoJbIIee YHCIO apuPpMeTHIC-
CKHUX Omepanuii MpuxoanuTCs Ha BBIYUCICHHE 0OpaTHON KOppes-
uroHHo# Matpuisl R, (K) Bxoambix curnanos AAP X, (K) . Us-

BECTHO, YTO 3Ta MaTPHULIA SBJSIETCS YPMUTOBOM [5, 6]. ITO 103BO-
JISIeT IPUMEPHO B JIBa pa3a YMEHbLIATh CIOXHOCTh OOpalieHus
TAKOW MaTPHIIBI 32 CYET BBIYMUCIICHHUS JIUIIb JUarOHAJIBHBIX H M0/
WM HAJI-IMaroHaIbHbIX ¢ 31eMeHToB [16].

Bce amantuBHBIC aNrOPUTMEL, HCIOIB3YEMbIC IS BBIYHCIIC-
nust BK AAP, peanusyrorest B apudMeTHKe KOMIUIEKCHBIX YHCEL.
D10 00yCIOBIEHO TeM, uTo BXoaHbIe curuansl AAP X (K) sBns-

IOTCS. KOMIDIEKCHBIMH, & 3HAYHT, W BBIUYUCISIEMBIC C MTOMOIIBIO
aJanTUBHBIX anropuT™MoB BK Taxoke SBIAIOTCS KOMITICKCHBIMH.

Opnnako, eciu AAP sBJIsIeTCS CHMMETPUYHOM, TO HCIIOTB3YS
[17 —19], mouTn Bce BBIYMCIICHHS B HEW MOMKHO BBIIIOJHATH B
apu(pMeTHKe JeHCTBUTENbHBIX 4Hcen. YHCIo IeiCTBUTENBHBIX
omepanuii B Takoii AAP B aBa pa3a MEHBIIE SKBHBAJICHTHOTO
qHcIIa ISHCTBUTENBHBIX onlepanuii anatornaHoid AAP B apudme-
THUKE KOMILIEKCHBIX YHCET.

CummerpuuHoil HazbiBaeTcsi AAP, B KOTOpOi BEKTOp BXOJI-
HBIX cHUTHaJIOB W BekTop BK sBiSIIOTCS HEueTHO-CUMMETpUY-
HBIMU, T.€.

SNNEKTPOHUKA. PAODUOTEXHUKA
X, (K) =% (K). oo Xy o (K). 30 (K)o X (K) ]

* % T
By () = [0y (), ., By (K, B, (), B (O ]
YMEHbILIEHUE BBIYUCIUTEIBHON CII0)KHOCTH CUMMETPUYHON

AAP pocturaercs cieayromnM 00pa3oMm.
KoppensamuonHass MaTpuIla CUTHAIOB cHUMMETpU4HOW AAP

R, (k) [17-19],
OLUCHHUBATh TaKyIO ManI/IHy MOXHO KakK

R, (k) :%[RM (K)+J Ry, (k) | :%ZW x

i=l

SBIIAETCST mepcuMMeTpuyHoi. CorjacHo

x[x (xy (D) + 3, %3, ()xy, (DT, ],
rue l—l/M <A <1 — 23T0 mapaMmeTp KCIIOHEHINAIHHOTO B3BE-

[IMBaHUsl 00pabaThIBaEMbIX CUTHAIIOB, &

00 -« 0 1]
00 10
J, =0 0 00
01 00
10 0 0]

— [IepeCTaHOBOYHAS MaTPHUILIA.

OnieHKa MaTpuIlbl RM (k) sBnsercs 0Gosee TOYHOHM 1O
ko
CPaBHEHHIO C OLEHKOW MaTpumbl R, (k)=z7» “x,, (Dxy (i)
i1

[18]. OmnHako, BeIUMCIMTENBHAS CIIO)KHOCTH OLEHKH MAaTPHIIBI
R,, (k) mnpumepHo B naBa pa3a OOJbIIE BBIYUCIUTEIBHON
coxkHoCTH oteHkn Matpuisl Ry, (K).

B Toxe Bpems1, Hcronb3yst peoOpa3yIonye MaTpHIIb]

IM JM
L 2

. \/5 jJM _jIM ’
2 2

ecim M —3TO YETHOE YUCIIO, WU

IM OM JM
1 2 2 2
T T
UM :T OM—I \/5 OM—I 4
21 & e
jJM OM jJM
L 2 2 2
ecad M — HEYeTHOE 4HUCHo, Tle j =+—1 — MHHMas €IUHHIIA,
MaTpHILy liM (k)  MOXHO BBIUMCIATH B  apudmeTHke

HeﬁCTBI/ITCHBHLIX YHUCECJI KaK
R, (K)=R,, ,(k)=AR,, ,(k-1)+
Xy, (KX, (K) + X, (KX, (K) =
=Ry, (k) +X , (XY , (K),

TIe
Xy, () =Re{Uyxy (K) |

iM,z(k) = IIn{UM X (k) }

—
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— 3TO NEHCTBUTENbHAS M MHUMAsl COCTABJIIIONINE TIPeoOpa3oBaH-
HOro komiulekcHoro Bekropa U, x,,(K) BXOOHBIX CHUTHaJIOB
AAP.

W3 ypaBHEHUS BBIYMCIECHUS MATPULIbI l_lM (k) cmemyer, uto Ha

Kax0i K-ii urepanuu paGoThl aJaliTHBHOTO aJrOpUTMa OOHOB-
JATh M o0pamaTh 3Ty MaTpuily HeoOXxoauMo nBaxapl. CHavama
HIEPBBIi pa3, UCI0JIb3Ysl BEKTOPBI CUTHATIOB X,, ,(K), a 3aTeM BTO-

pOH pas, MCIONb3ys BEKTOPHI CUTHANOB Xy, ,(K) . IlooTomy B

AAP B apudmMeTHKe ISHCTBUTEIBHBIX YHCEI MPOIeIypa pacuera
BK, B koropoii ucnonbsyerca marpuna R, (K), moBropsercs

JIBXITBI HA KaX0#1 K-i uTepaiin, aHaTOTHYHO aIalTHBHBIM aJl-
TOpUTMaM, B KOTOPBIX KOPpPEISLMOHHAsI MaTpHa oOpadarbiBae-
MBIX CUTHAJIOB OLICHUBAETCS HA CKOJB3SIIEM OKHE OTCUETOB [5].
ITo sroil mpuumHe 4ucio omepanuil B cummerpuuHoii AAP B
apuMeTHKe JeHCTBUTEIBLHBIX YMCEN B JIBa pa3a OOJbIIE YeM B
AAP B apupmMeTrnKe KOMITICCHBIX YHCEIL.

OpHako, Tak Kak OJHO KOMIJIEKCHOE€ YMHO)KEHHE COAEPIKUT
YeThlpe JCHCTBUTENbHBIC YMHOXKEHHS U  CIOXKEHHUS, TO
BBIYHCIIUTEbHAS CIIOXHOCTh CUMMeTpudHOl AAP B apudmernke
JIEHCTBUTENBHBIX YHMCENT TPUMEPHO B JBa pa3a MEHbIIE
CIIO)KHOCTH aHaiorndyHoi AAP B apudmernke KOMIUIEKCHBIX
qucen.

Kpome toro, B AAP B apudmeTnke AeHCTBUTEIBHBIX YHCEI
TIepeXOJHBINA MpoIece B /IBa pa3a KOpoue, a 1M0JIaBJICHHE TIOMEX B
YCTaHOBHBIIIEMCSI pEKUME B cpeHeM Ha 3 nb Gonpmie (n3-3a 60-
Jiee TOYHOW OIEHKH KOPPEISIIIMOHHON MaTpHUIbl, a 3HAYNT, U 00-
nee Toynoro Berurcienust BK) no cpaBuenunio ¢ AAP B apudme-
THKE KOMIIJIEKCHBIX YHCEIL.

B Hacrosieii padoTe npeacTaBieHa MaTeMaTHIecKast MOJICIIb
JMHeitHO-orpannyeHHoil AAP B apudmernke aeiCTBUTENBHBIX
qucel, CM. HIDKE, B KOTOPOW BBIUUCIIAIOTCS TOJBKO TUArOHANb-
HBIE€ M HaJ-AMaroHaJIbHbIC 3JIEMEHTHI JeHCTBUTENBHON KOppes-
LHUOHHOW MaTPHILbI €€ BXOJHBIX CHTHAJIOB. DTa MOJEIb OJIyUYeHa
IIyTeM HCIIOJIb30BaHus mpuemos [5, 16, 17 — 19].

Nuuumanusauus : q,, (0) =c,, [c',\{,ch Tl , [ R, (O)] = 571,
[R,.0] =[R,©®] .8, =Uyc,.q,©0)=U, q,,(0),
T (0 =[ Ry, (0] .8y, (0 =7O)[ 670 .
h, ,(0)=q,,(0)f,p=2"
For k=12,...,K
X,y (K) = [ % (K0, X, (K), ey X (K), s X, (K]
y(k)=h! (k= 1)x,, (k)
iM,l(k)zRe{UMXM (k)}
For n=12,...M
P (K)=0
For m=nn+1,...M
Poi (K) = P,, () + R, (k=DX,, (K)
End for m

End for n
For n=223..M

For m=12,...,n-1
P (K) = P, () + Ry (k=D (K)
End for m
End for n

500 =[2+%, (0B, (0]
gM,l(k):I_)M,l(k)gl(k)
For n=12,....M
For m=nn+l,...M

Romi () =B[ R, (k=1) =7, ,(K) Py, (K) |
End for m
End for n
v, (k) =€y 8y 1 (K)
Y, (k) =%, ,(kK)qy ,(k-1)

@y, (0 =[ Qo (k=D-,, ()5, (K) ] x

{Hvl(k)a(k)}
1-5,v,(K)
T, (K =Ty, (K +qy O [ 1=y, (k)]
a, (k) =~hy ,(k-DX, (k)
hy, (k) =h, ,(k-D+g, (), (k)
by, (K) =hy, (K +aq,, (O] f-cyhy, K]
Xy (K) =Im{U, x,, (K) |
For n=12,...M
P, (K)=0
For m=nn+1,...,M
P, (K) = P, () + R 1, (0%, 5 (K)
End for m
End for n
For n=23,...M
For m=12,...,n-1
P, (K) = P, (k) + R, (0%, 5 (K)
End for m
End for n

500 =1+, (0P, (K) ]
2y (K) =Py, (K5, (K)
For n=12,...M
For m=nn+1,....M
Roms () =R, ()= T,,(K) Py, (K)
End for m
End for n
V() = gy, (K)
0, (k) =Xy, (K) @y, (k)

—
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@2 (0 =] @y, (K) =8y ()T, (K) | x

AR
1-5,v, (k)
Qo> () =T, () + @y ([ 1-Tra;, , (k)]
az(k) = _H& ,l(k)iM ,z(k)
by, (k) =hy, ,(K)+gy,, (KX, (k)
By, (k) = by, (K)+ @, , (O] f-Ehhy, (0]
hy, (k)= Uyh,, ,(k)
End for k

3nech & > 0.16> — 5T0 mApaMeTp peryJspH3ALMA IPOLC-
Jlypbl 06palienus HadaIbHOM Matpuiibl R, (0), 62 — mucrepcust
BxomubIx curuanos AAP X (K), I,, — enuHuuHas marpuia,
P, (k) u P, ,(k) — onementsl BeKTOpoB p,, (k) U Py ,(K),
R (k) 1R

gy, (k) u g, , (k) —BekTophl KO PuLHeHToB Kanmana.

-1
n,m,2

(k) —onemenTsl Matpuil R, (k) u R}, ,(k),a

B paccmarpuBaeMoM anroputMme JeHCTBUTENbHbBIE EPEMEH-
HBbIe 0003HAYEHBI CHMBOJIAMH C BepXHEH 4epToil. Beramcmuresns-
HBIE OTIEPAIIH HaJl STUMH TIEPEMEHHBIMU BEBITIOHATCS B apu(pMe-
THKE IENCTBUTENBHBIX Yncel. M TOIBKO BBIXOMHOM curHaiza AAP

Y(K) BbumcisieTcs B apu)METHKE KOMILIEKCHBIX Yncet. st 3Toro

Ha Kaxo# K-it urepariu Tpedyercst mpeoOpa3oBeIBATE BEKTOP JCH-
creurenbHbix BK h, , (k) B BekTop KoMIuiekcHbIx BK

hy, (k)=Uyhy, (k).

B cuny crpykrypsl matpuisl U, , ykasaHHoe mpeobGpa3oBa-

HHE MOXKET OBITh BBHITIONIHEHO 0€3 HMCIIONB30BaHUS apupMeTHUC-
CKHX OIlepalyii, a HOTOMY Ha BBIYUCIUTENbHOM clo)kHOCTH AAP
B apu(METHKE NEHCTBUTEIHFHBIX YHCET HE CKa3bIBACTCS.

AHanoruvnple (MaTeMaTH4ecKu HKBHBaJeHTHBIE) AAP Ha
6a3e RLS-aaropuTMoB ¢ BBIYMCICHHEM BCEX JJIEMEHTOB 00paT-
HOM KOPPEJSIIMOHHON MAaTPHILIBI, C BEIYUCICHUEM TOIBKO JTHAro-
HaJbHBIX U MOJ-AMAarOHAIbHBIX €€ dIeMeHToB, Ha 0a3ze QR RLS-
anroput™oB win RLS-aaropuTMoB, HCHOIB3YIONUX MPEOOpa3o-
BaHMs XaycXoJ/iepa, MOTYT TaKkXKe OBITh MOJyYEHBI, UCIIONIb3YS
[5, 16-19].

B cnienyromem paszene NpuBOASTCS Pe3yIbTaThl KOMITBIOTEP-
HOTO MOJICTIMPOBAHMS, TIOATBEPIKIAIOIINE PAOOTOCTIOCOOHOCTD 1
neMoHcTpHupyomue 3¢dexTunBHOCTS paccmarpuBaemoir AAP B
apu(MeTHKe JeHCTBUTEIBHBIX YHCE.

Pe3yabTaThl MogenupoBanusi AAP

I mpoBepku pabotocriocodnoctrt AAP B apudmernke neii-
CTBHUTEIIFHBIX YHCeN u cpaBHeHUs e€ 3ddextuBHOCTH ¢ AAP B
apu(pMETHKES KOMIUICKCHBIX YHCENl OBUIO MPOBEICHO MOJICTHPOBA-
HHUC aJIAITUBHBIX TIPOLIECCOB B 3TUX AAP.

SNNIEKTPOHMKA. PAONOTEXHUKA

MopgenmupoBaiich B¢ OUHAKOBEIE KBaapaTHeie AAP ¢ grciom
aHTeHH M = 3x 3 =9 . [llupuna JIH xaxn0ii aHTeHHBI (TI0 YPOBHIO
-3 1B6) cocrasisna O~+40° B muanasone yrios ¢=0°...360°, a ee

MaKCHUMaJIbHOC 3HAYCHHEC

F...(6,0)|  6buI0 paBHO okoio 6 Ab.

AmnTennst AAP paBHOMEpHO pacrionaraivch Ha KBaJpaTHOH CEeTKe
C PACCTOSTHUEM MEX/Ty COCSTHUMH MapaMy aHTEHH, PABHBIM OJI0-
BUHE [UIMHBI PaJHOBONHBI jauanasonHa L1 (Hecymas uacrora
1575.42 MI'y) THCC Global Positioning System (GPS) [9].

B ucxomnom cocrosHum kaxkaas AAP pasMeranack TOpu3oH-
TaJIbHO, a €€ IJIaBHBIN JIETIECTOK U TJ1aBHbIe senectku JIH e€ an-

TEHH ObIIIM HAaNpaBJIEHbI B 3¢HUT (0, =0°, ¢ =0° ). HanpaBnienue
0

orpannuenus JIH u HanpaBiieHre Ha OJJUH CIIyTHHUK TaK»Ke COBIa-
JIaJIi ¢ 3eHUTOM. BoceMb HCTOUHHMKOB 1oMex ObLIN pa3MelIeHbI B
Juarna3zoHe yriaoB 0 =75°..105° u ¢=0°...360°. Pacniosnoxxenue uc-

TOYHHKOB ITOMEX OBUIO BBIOpaHO cirydaitHeIM. OTHOIIICHUE CHT-
HaJI/KaK/1asi moMexa 3a/1aBajioch paBHbIM -70 1b.

Curnan Ha Bbixoge ITY kaxmoro u3 kanamoB AAP ompene-
JISUICS KaK

L L N
2,0 = 2 %) = Y AV (e
=1 =1

rne AV (k) — 510 KommIekcHas orubatomas |-ro npuHIMAaeMoro

(O]

curHama, \,’ — TPOCTPAHCTBEHHBIH Haber a3kl OT MCTOYHHKA

3TOrO CUI'HAJa A0 M- aHTEeHHBI OTHOCUTEIILHO (ha30BOro LICHTPa
AAP u L <M . Cnyruuxossii curnan X\’ (k) mozenuposaics

OJJHOW M3 TPUIALATH IBYX IICEBIOCITyYalHBIX IOCIIEIOBATEIBHO-
creir (IICIT) T'onmpma, ucnonszyembrx B THCC GPS [9]. ITomexnu
%V(k), 1=2,..,L MOIETMPOBATUCH HE3ABUCHMBIMH KOMILIEKC-

HBIMH peajn3aiusimMu otcuetoB Oenoro 'ayccoBoro myma. Llymbi
B kaHanax AAP npm(K) Takke MOIETHPOBATHCH HE3aBHCHMBIMHU Pe-
anM3anuaMu oTcuetoB Oesoro ["ayccoBoro mryma ¢

OCll=c’, /o, =-20 1B,

2
e G, — 9TO AUCIEPCHs CIIyTHUKOBOIO (IOJIE3HOr0) CHrHaia, a
c. — mucrepcust uyMoB B Kananax PIIM. Eciu uneno momex

YIOBIIETBOPSAET COOTHOLIEHUIO L < M , TO, KaK y>k€ OTMeYaJIOCh,
mobas AAP, cocrosmias U3 OAMHAKOBO HAMpPAaBICHHBIX aHTEHH,
MOYKET ITIO/IaBUTh BCE CHUT'HAJBI ATUX IOMEX B CBOEM BBIXOJHOM
curnane [3]. DTo cnpaBeMBo U B oTHOIeHUH AAP, paccmarpu-
BaeMbIX B HACTOSAIIEM pa3fieie.

Pesynpratel MogenupoBanus AAP npuBeneHsl Ha pUCYHKax
2-5. Ha pucynke 2a u pucyHke 26 nokasans! 3D JIH Ha rutockoctu
B HCXO/JJHOM M B yCTaHOBUBIIEMCs pexxumax AAP. 3xech 3eneHsM
I[BETOM (CM. KPECTHK 1 IU(pPY) 0003HAYECHO HAIIPABIICHNUE OTPAHU-
yenus [IH AAP u HanpaBiieHue Ha HCTOYHUK T0JI€3HOIO CUTHAIA.
Po30BBIM 11BETOM (CM. KPEeCTHKH H I (PBI) 0003HAUEHBI HATIPaB-
JICHWs Ha NCTOYHUKHU TIOMEX M MX HoMepa. L[BeT camux pucyHKOB
obo3nagaet 3HaueHns J|H B COOTBETCTBUY C IIBETOBOH MAIUTPOH,
PacIoNoKEHHOM! CIIpaBa OT KaKJO0Tr0 U3 PUCYHKOB.

-
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a) 0)
Puc. 2. TH AAP: a) — ucxozaHnast; 6) — B yCTaHOBHBIIEMCSI PEIKIME
40 = = 40
| ewrnan 1 | curkan 1
20 ~ nomexa 1 20 / | nomexa 1
7 nomexa 2 . nomexa 2
0 rd nomexa 3 0 P nomexa 3
-25 nb nomMexa 4 -25 nb nomMexa 4
nomexa 5 nomexa 5
o -20 nomexa 6 g -20 nomexa 6
= nomexa 7 — nomexa 7
S 40} nomexa 8 T -40 nomexa 8
= =
= -60 = -60

k, Homep utepauumn «10% k, Homep utepauumn «10%
a) 0)
40 40
curnan 1 curnan 1
20 - nomexa 1 20 nomexa 1
nomexa 2 nomexa 2
o 4 nomexa 3 0 / nomexa 3
-25 nb nomexa 4 -25 nb nomexa 4
L nomexa 5 nomexa 5
8 20 BRI B 20 nomexa 6
—_ nomexa 7 - nomexa 7
T 40F romexa 8 F -40 nomexa 8
=3 =¥
e [
- G0t — 60
-101 gb -104 06
» EZ i -
100K -~ -100 \zz ==
-120 - : : 2 -120 c g >
0.5 1 1.5 2 0 0.5 1 1.5 2

k, Homep utepauum «10°

B)

k, Homep utepauun «10°

r)

Puc. 3. [lepexoaHble IpOLECCHL:
a), B) — AAP B apudmeTnke KOMIUIEKCHBIX ynced; 0), ) — AAP B apupmeTnke JIeliCTBUTEIBHBIX YHCel

B ucxomnom cocrosiamn BK obenx paccmartpuBaembix AAP
onuHaKoBble. OHHU TaKXkKe MPAKTHYECKU OJJMHAKOBBIE B yCTAHOBUB-
memcs pexxume. [Tostomy nx JIH Ha puc. 2 mpuBeneHs! A1 CITy-
4ast TOIBKO ofHOW m3 IByX AAP. U3 pucyHka 2 cienyer, 4To B
paccMaTpuBaeMOM SKCIEPUMEHTE CUTHAJIBI BCEX NCTOYHUKOB I10-
MeX nojasisitorcst ooenmu AAP.

Ha pucynke 3 mpuBenieHsI rpaduKu MEPEXOIHBIX IPOIIECCOB
AAP. 3nech |F (6,¢)| — 910 3Hauenus Moayns JIH (¢ yuerom JTH

AQHTEHH) Ha K101 ntepanuu pabotsl AAP B HampaBIeHHUIX UC-
TOYHHKOB IPHHUMAEMbIX CUTHANIOB. 3 pucyHkoB 3a u 30 BUAHO,
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YTO B HANpPAaBJICHUAX MCTOYHUKOB ITOMEX B YCTaHOBHMBIIEMCS pe-
xnme AAP B e€¢ JIH o6pa3yroTcs mpoBaibl TITyOWHHOM MOpsiKa -
100 n1b. OmHOBpEeMEHHO B HAINPABICHUH 3€HHUTA BBIACPKABACTCS
yposens /IH nopsaka 25 nb. Ota BennunHa COOTBETCTBYET 3HAUE-
Huto orpanndenus J[H AAP

20log ,,M +201log , |F(6,0)

max

W3 pucynkoB 3a u 30 TakKe BHIHO, YTO B HAIPaBIICHHUAX Ha
HCTOYHUKH TIOMEX B CPEIHEM 00pa3yroTcs «0osee TIyOoKney mpo-
Baiel B JIH AAP B apudmeTnke NeiiCTBUTEIBHBIX YUCET, YEM B
AAP B apu(mMeTHKe KOMIUIEKCHBIX YHCEJL.

YroObl OLIEHNUTD pa3inuue B SPPEKTUBHOCTH TTOIABICHUS 110~
MeX paccMmarpruBaeMbiXx AAP He00X0IUMO IPOBECTH CTATUCTHYC-

40

curnan 1

20 /./ " nomexa 1
A nomexa 2
0 i nomexa 3
-25pb nomexa 4
nomexa 5
"& -20 nomexa 6
- nomexa 7
T 40 nomexa 8
=
e
— <60
-80 L W
=100
120 i 1 1 i }
0 10 20 30 40 50
k, HOMep uTepauum
a)
40
o curHan 1
20 /./ " nomexa 1
A nomexa 2
0 i nomexa 3
-25pb nomexa 4
nomexa 5
L& -20 nomexa 6
- A nomexa 7
T 40 i nomexa 8
=
e
— <60
6 g | ———
Va
SO -
120 i 1 1 i }
0 10 20 30 40 50

k, HOMep uTepauum

B)

SNNIEKTPOHMKA. PAONOTEXHUKA

ouT uHpOpMAIHH, IepeaaBaeMoi co CyTHUKA. CHUTHAIBI TPUHU-
MaeMBbIX IOMEX U CUTHAJIbI IIyMOB B KaHaitax AAP Taxke ciydaii-
HBIM 00pa30M MEHSIMCh B Ka)KIOM HKCIIEPHUMEHTE.

W3 ycpenneHHBIX 10 50 CTATUCTUYECKH HE3aBUCUMBIM HKCIIE-
pumenTtam J{H (cm. puc. 3B u puc. 3r) cnenyer, uto AAP B apug-
METHKE JICHCTBUTENBHBIX YUCEN, aHaJoruuHo [17-19], obecrieun-
BacT B cpe/iHeM Ha 3 b OoJiblliee moaBiicHue momex, yeM AAP B
apu(MeTHKe KOMIUIEKCHBIX uucel. M3 rpaukoB B yBeIHUEHHOM
Mmacmrra0e (puc. 4) TakKe BUIHO, YTO JUIUTEIBHOCTH MEPEXOAHBIX
npoueccoB paccmarpuBaeMmbix AAP, ananoruuno [17-19], paznu-
YalOTCsI IPUMEPHO B [[Ba pasza.

AXTyanbHBIM, OJTHAKO, SIBIISIETCSI BONIPOC, a OyIyT M TPHHU-
MAaThCsl CUTHAIIBI C IPYTUX CITyTHUKOB, PACIIOJI0KEHHBIX B HAIIPaB-

B curHan 1
20 28 nomexa 1
A nomexa 2
0 i nomexa 3
-25pb nomexa 4
nomexa 5
ek -20 nomexa &
- nomexa 7
= 40 nomexa 8
=
e
— <60
=80
=100
120 i 1 1 i }
0 10 20 30 40 50
k, Homep utepaum
0)
40
B curHan 1
20 /,/' nomexa 1
A nomexa 2
0 i nomexa 3
A -25 b nomexa 4
nomexa 5
ek -20 X nomexa &
= nomexa 7
= 40 \ nomexa 8
=
e
— <60
=80
Y
D e e e e e e e
120 i 1 1 i }
0 10 20 30 40 50

k, HOMep uTepauunn

r)

Puc. 4. [lepexoanabie mporecchl (B yBEINYEHHOM MacIuTade):
a), B) — AAP B apudmeTnke KOMIUIEKCHBIX uncen; 0), T) — AAP B apupmeTnke 1eiiCTBUTENBHBIX YHCET

CKO€ YCPEe/IHEeHUE PE3yJIbTaTOB MOJICINPOBAHHSI, AHAIOTHYHBIX pe-
3yJIbTaTaM, MPEeACTaBICHHBIM Ha pucyHKax 3a u 30. [Ipu Takom
MO/ICTTMPOBAHUH PACIIOJIOKEHUE HCTOYHUKOB CUTHAJIOB U MIX SHEP-
TeTHYECKNE XapaKTEPUCTUKN HE MEHSJINCh. B CITyTHHKOBOM CHI-
HaJle B K&)KI0M 9KCIIEPUMEHTE CITydaiHbIM 00pa3oM MEHsUIach ero
MO/IYJISIIIMOHHAST TTOCIIEI0BATEIbHOCTh. DTOT CHUTHAJ MOJIYJIHPO-
Bajics OwHapHOHU (pazoBoii manumysuer (Binary Phase Shift
Keying, BPSK), npu kotopoii aaauars [ICIT popmupoBanu oxun
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JICHUSIX, OTIMYHBIX OT HAMpaBJIEHUs, KOTOPOE ONpeeNseTcs JIu-
HEHHBIM OTpaHUUYCHHUEM.

OTBeT Ha 3TOT BONPOC NPHUBE/ICH Ha PUCYHKE 5. 3/1ech MOKa-
3anbI kKapThl OCIII Ha BeIxOosie AAP. DTH KapThI IOCTPOCHEI TT0 Me-
tormuke [22]. E€ cyTh 3aximodaercs B cneaytomeM. [1o 3HageHusIM
BK B ycTaHOBUBIIEMCS] PEXKMME PACCUNTHIBAIOTCS C BHIOPAHHBIM
yraoBeM auckperom 3Haderns OCLL Ha Beixone AAP B kaxkmoit
TOYKE yIJIOBOTO IIPOCTPAHCTBA, OKpy:katomiero AAP. B kauecte




DNEKTPOHUKA. PAODUOTEXHUKA

TaKOro CHTHajia MOXkeT ucnoip3oBaThes [ICIT moboro u3 cryTHH-
koBbIX curHayoB. IIpu atom mox OCIII noHnmaeTcss OTHOILICHHE
CUTHAJI IIIyM IUTIOC OCTaTOYHBIE MTO/IaBICHHBIC TOMEXH Ha BBIXO/IE
AAP.

[Ipu cunbHOM nopasieHun (cM. puc. 3 U puc. 4), 3TH IOMEXH
He BiuAoT Ha kapTel OCIIIL. Ecin mpu MoieImpoBaHNUU UCTIONB30-
BaJIUCh HECKOJIBKO HCTOYHUKOB IOJIE3HBIX CUTHANIOB, TO UX HAJM-
YHe TaKKe He BIMSCT Ha ITOJaBJICHUS TIOMEX, T.€. Ha 3HAYCHHS BbI-
grcsieMblx BK, a 3HaunT, He Bimsier u Ha kapThl OCLL, Tak kak
TIOJIE3HBIE CUTHAIIBI CO CITyTHHKOB HAaXOMATCS, KaK y)K€ OTMeda-
JI0Ch, HIKE YPOBHS TeIuIoBbIX m1ymMoB [IPM B kanamax AAP, kak
MuHUMYM, Ha 20 1b.

Kapter OCI 1o3BoJisitoT MPOrHO3UPOBaTh padboTy AAP B 3a-
JTAaHHOW TTOMEXOBOM OCTaHOBKE, YTO, B CBOIO OYEPE/Ib, I03BOJISET
n3berath JUIMTEIbHOT0 MojenupoBanust AAP npu pasHom uucie
CIYTHHUKOB M WX YIJIOBBIX PACIOJIOKECHHUSIX. DTH KapThl 3aBHUCST
TONBKO OT KoH(puryparmu AAP, JIH e€ aHTeHH, UCIIOIB3yeMOTO
aIalITUBHOTO AJITOPUTMA, YUCIIA 1 YTJIOBOTO MOJIOKEHNS HCTOYHH-
KOB MIOMEX, HO HE 3aBUCST OT YMCJIa ¥ YIJIOBOIO MOJI0KEHHUS HC-
TOYHHUKOB TIOJIE3HBIX CUTHAIOB (CITyTHHKOB).

Ecmn na xaprax 3nagenuss OCILI, mensimme -20 1b, npoxBan-
TOBAaTh OJHUM YPOBHEM, TO MOJYyYaTCsl «KBAHTOBAHHBIC» KapThI
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B)

OCII (cwm. puc. 58 u puc. 5t). Otu 3nauenust OCIII Ha pucyHkax
MOKa3aHbl TEMHO-CHHUM IIBETOM. B HampaBieHusX, 0003HaueH-
HBIX 9TUM I[BETOM, CHI'HAJIbI CO CIIyTHHKOB HE MOTYT OBITh TpH-
HSTBl. BHUIHO, YTO CHUTHANBI CO CIIyTHUKOB MOTYT NMPUHHUMATHCS
AAP u3 HarrpaBneHuil B 1uana3zone yriaoB 0~1+40° u ¢ =0°...360°

OTHOCHTENILHO HAIpaBJICHUs HAa 3¢HUT. B paccMaTpuBaeMOM JKC-
TIEPUIMEHTE IIPU OTCYTCTBUH MOMEX TaKHX HAMpPaBICHHH OKOJIO
22% OT BCeX IMCKPETHBIX HAIPaBJICHWH BOKPYI HEaJalTHBHON
AP.

[locne momaBmenmss momex AAP wuymcno HampaBieHHH C
OCUI > -20 nb HemHoro yBeanamiock 10 24%. 310 00ycIIOBIEHO
nepepacrnpeeneHieM 3HaueHnit ucxonnoi JIH w3 nanpapneHwmit
Ha UCTOYHHKH MOMeX B obmacTh riaBHOro jerectka JIH. Taxoke
BUJIHO, UTO TTO/IaBJICHHBIC TOMEXH HE BIIUSIOT Ha ITPUEM CHTHAJIOB
CO CITyTHHKOB, TaK KakK I10CJI€ IT0JIaBJICHHUS CUTHAIIBI TIOMEX Ha BbI-
xoae AAP HaxonsaTcs HUKe ypoBHs nrymMoB PIIM e€ kaHanos.

Yka3aHHBIC TPOIECHTHBIC 3HAYCHUS — 3TO OTHOIICHHE ILIO-
mraan xkaptel ¢ OCHI > -20 nb ko Bcelt mromanu 3Toi kapTel. Ha
CaMOM K€ JIeJIe, 3TH 3HaUEHHS MOKHO YBEJIMYHUTS B /IBA Pa3a, €CIN
Y4€CTh, YTO CUTHAJIBI CO CIIYTHUKOB MOTYT IPUHUMATLCA TOJIBKO B
BepxHei nonychepe (0=0°...90°), T.e. BbIIIE JIUHUNA TOPU3OHTA,
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Puc. 5. Kaprer OCIL: a) — ncxoaHasi, He KBAHTOBaHHas; 0) — B yCTAHOBUBILIEMCSI PE)KUME, HE KBAHTOBAHHAs,;
B) — MCXOZHAsl, KBAHTOBAHHAs; T) — B yCTAaHOBUBILIEMCS PEXKHUME, KBAHTOBAHHAs
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npoxossmeii yepe3 miockocts AAP. Iloxoxue pesynbTaTsl Je-
MOHCTPHUPYIOTCS cpaBHUBaeMbIMU AAP 1 mpu Apyrux pacroso-

JKEHUSIX TTOMEX, €CIIM MX YHCJIO HE TPEBBINIAeT 3HauUeHust M —1 .
Kapter OCII, mono6uo [IH, mpakThdeckn OAMHAKOBBIC IS
obenx paccmarpuBaeMbix AAP, Tak kak BK obenx AAP B ycTano-
BUBIIIEMCSI p&KHUMe IPUMEPHO OJMHAKOBHIe. B Toxke Bpems, AAP
B apu(dMeTuKe JCHCTBUTENBHBIX YUCEN XapaKTePU3yeTcs MEHb-
1Ieil BBIYMCIIUTEIBHON CIOXKHOCTBIO M Oosiee I(PEeKTHBHBIM I10-
JIaBJICHUEM ITOMeX 3a cueT Oojee ToYHOro BhumMcieHus BK mo
cpaBHeHHIo ¢ AAP B apndmMeTrKe KOMITIEKCHBIX YHCEL.

3aka0ueHune

Takxum 06pa3oM, B cTaThe pacCMOTPEHA IMHEHHO-OTpaHUICH-
Hast AAP B apudmernke neiicTBuTensHBIX dncen. B Takoir AAP
TpebyeMoe YnCIIO IeHCTBUTENBHBIX apu(pPMETHIECKNX onepannii
B JIBA pa3a MEHBIIIE SKBUBAJICHTHOIO YU CIIA AEHCTBUTEIBHBIX OTe-
pauuii ananornynoit AAP B apudmeTrnKe KOMIUICKCHBIX YHCEI.
[Mepexoansriii npotiecc AAP B apudmeTrke AeHCTBUTEIBHBIX YH-
cell B JIBa pa3za Kopoue, a M0JIaBIEHUE IOMEX B yCTaHOBUBIIEMCS
pexxume B cperHeM Ha 3 nb Gonbuie uem B AAP B apugpmernke
KOMIUIEKCHBIX uncel. PaccmorpenHas AAP MoxeT HaliTu npuMme-
HeHue He Tonpko B anmaparype [[HCC, Ho u B anmmapaType Ipyrux
pazuocucTeM, TaKUX KaK paJnOCUCTEMBbI CBS3H, PAJHOIOKAIINH U
pazuoyTnpaBiIeHus], B KOTOPBIX MOKHO c(hOPMYJINPOBATH U 331aTh
orpanuueHue JIH B nHTEpecyeMOM HampaBiICHUM, a IpUHUMAcC-
MbI€ PaJOCUTHANIBI CKPBITHI IIIyMaMH PaIUOIIPUEMHUKOB.

Paboma nposedena 6 pamxax gbinoaHeHust 20Cy0apCmeeHHo20
sadanust HUL] «Kypuamosckuil uncmumym.
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LINEARLY-CONSTRAINED ADAPTIVE ANTENNA ARRAY FOR GROUND-BASED
RADIO RECEIVERS OF GLOBAL NAVIGATION SATELLITE SYSTEM

Victor l. Djigan, National Research Center "Kurchatov Institute";
National Research University of Electronic Technology, Moscow, Russia, dzhigan_vi@nrcki.ru

Abstract

Antenna arrays are widely used as the antennas of modern radio systems today. The ability to control the Radiation Pattern (RP) of such antennas under-
lies the operating principle of the Adaptive Antenna Arrays (AAA). These arrays suppress the signals from the interference sources whose frequency bands
overlap with the frequency band of the desired (informational) signal. One of the most relevant applications of the AAAs is their usage in the ground-
based equipment of the Global Navigation Satellite Systems (GNSS). Such equipment primarily utilizes the AAAs known as the interference cancelers. Like
any AAA, they suppress interferences but do not guarantee the receiving of a predetermined number of satellite signals which are necessary for solving
the navigation task. This paper proposes to use a version of the linearly-constrained AAA. The constrain ensures a fixed value of the AAA RP towards
zenith. The received signals from the satellites, which are located in this direction, provide the maximal signal-to-noise ratio due to the shortest distance
from satellites to Earth. The value of the RP specified by the constraint is independent of the values of the AAA weights calculated during the adaptation.
To calculate these weights, a recursive least-squares algorithm based on the matrix inversion lemma and optimized for the number of arithmetic opera-
tions has been used. The computational complexity of this algorithm is lower than that of its non-optimized version. This complexity reduction is achieved
by the taking into account the Hermitian structure of the correlation matrix of the AAA input signals. A further reduction in the computational com-
plexity is achieved if the AAA is symmetric. Almost all operations in such the AAA can be executed using real valued arithmetic. Their number is a half
that of the equivalent number of real valued operations in the similar AAA in complex valued arithmetic. Furthermore, compared to the complex valued
arithmetic AAA, the transient response of the AAA under the consideration is two times shorter and the interference suppression is on average 3 dB big-
ger in the steady-state mode. The proposed AAA can be used not only in GNSS equipment but also in other radio systems.

Keywords: Global Navigation Satellite Systems, Recursive Least Squares algorithm, linear constraint, adaptive antenna array, complex-valued arithmetic,
real-valued arithmetic, signal-to-noise ratio map.
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TexHonorumn Faster-Than-Nyquist (FTN) u Non-Orthogonal Multiple Access
(NOMA) wmpoko paccMaTpUBaIOTCA KakK NEpPCNeKTUBHbIE METO/bI MOBbILLEHUA
cnekTpanbHoi 3¢ ekTMBHOCTU B cucTeMax 6ecnposoaHon ceasn 5G u 6G. O6e
OCHOBaHbl Ha NpeAHaMepeHHOM HapylueHun opToroHanbHoctu: FTN - 3a cuér
ynnotHeHua cumeonos Bo BpeMmeHu, NOMA - 3a cuér coBMecTHOro
NUCNONb30BaHUA pPecypcoB HECKONIbBKUMU Mnonb3oBatensaMu. B nureparype yacro
yTBEpXKAAeTCsA, YTO 3TO ''meperpyeHHble" cUCTeMbl, yBenuuupaiowme
NPONYCKHYIO CMOCOGHOCTL 3a CHET KOHTponupyemoi untepcdepenuun. OpgHako
TakoW B3rnAjz BBOAMT B 3abnyxpaenue. Ha ocHoBe TeoperTuko-
MH¢pOpMaLMOHHOTO aHanu3a nokasaHo, 4to Hu FTN, Hu NOMA He nossonsior
npeBbICUTb Knaccuueckuin npepen LlleHHoHna ana rayccosckoro KaHana. Mx
peanbHoe NpPEeUMYLLECTBO MNPOABNAAETCA MWCKIIOYUTENBHO NpU nepepaye
AUCKpeTHbIX curHanos (Hanpumep, QAM/BPSK), koTopbie no csoeit npupoge
He OCTUraloT LUEHHOHOBCKOW eMKOCTU. TakuM 06pa3om, 3¢pheKTUBHOCTL ITUX
TEXHONOTNi 06GbAcHAeTcA He "Marmen uHTepcdepeHUUM', a TeM, YTO OHM
KOMMEHCUPYIOT HEONTUMA/IbHOCTb WCXOAHOW MOAYNAUMM, NpuGnMKan
pacnpejieneHme CUMrHana K raycCoBOMy M TeM caMbiM "Aorpy»aa’ usHauanbHo
HeAoOrpyXeHHble KaHanbl. DTO0 0cO6EHHO 3aMeTHO NpU MUCMNOMNb30BaHUU
HU3KOMOPAAKOBLIX MOAYNALMIA, XapaKTepHbiX AnA loT u sHeproorpaHnyeHHbIX
ycrpoiicte. MoHuMaHue 3Toi npupoabl OTKPbIBaeT HOBble HanpaBfeHWUa AnA
ontummusauun FTN- 1 NOMA-cuctem: BMECTO MMHMMM3ALMM NMOMEX crepyeT
MakcuMusupoBatb 3¢ (PEKTUBHOCTb MCMONb30OBAaHUA KaHana C Y4€TOM
ANCKpPETHOM CTPYKTYpbI nepepasaeMon nHdopMaumm. BuiBogb!
NoATBEPXKAAIOTCA MMUTALMOHHBIM MOAENUPOBAHWEM M aHAIM30M B3aUMHOM
nHdOpMaLUK ANA AUCKPETHO-HENpPEPbIBHbIX KaHANOB.
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BBegenue

[NoBbimenue cnekrpaibHOl 3()(HEKTHBHOCTH W SHEpreTHye-
CKOW (P PEKTUBHOCTH — KIIFOUEBBIE 3aJlaud COBPEMEHHBIX Telle-
KOMMYHHUKAIIMOHHBIX cucteM (5G, 6G, [oT, crryTHHKOBAs CBSI3B).
3710 00yCIOBICHO ClIeAYIONMMH (pakTOpamMu:

1. ®usndeckuMu OorpaHWYCHHSIMHU (CreKTp, dHeprus). CBo-
0OIHBIC YACTOTHBIC IHMAIA30HBI IOYTH HCYEpPHaHbl (0COOEHHO
ke 6 ['T'). HoBble Arana3oHb! (MIJUTIMETPOBBIC BOHEL, Tepa-
TEepIIOBBII AMAAa30H) UMEIOT BHICOKHE TIOTEPH M CIOXHBI B pea-
JM3aLH;

2. Poctom Harpysku (Tpaduk, uncno ycrpoiicts). K 2030
rogy oxumaercss ~500 mupa nmoakmrouéHHbIX ycTpoiicTB (IoT,
YMHBIE TOpOJia, aBTOHOMHBIE crcTeMbl). Tpaduk naHHBIX pacTéT
skcnoHeHnmanbHo (Buaeo 8K, VR/AR, meraBceneHHbIe);

3. Okonorueil u sxoHoMuKoON. Ha TenexommyHukanuu npu-
xoautcest ~2% rinobansHbIX BIOpocoB CO: (CONOCTaBUMO € aBHa-
ueit). DHeprodPeKTUBHBIE TEXHOJIOTHU CHIDKAIOT YTIIEPOIHBIN
cnen. Oneparopsl cBa3u crpeMarcs cHu3uTb OPEX u B Tom uncne
pacxozpl Ha sHepronoTpedienne, BHeapsis ESG npakTukwy;

4. Tpebosanusimu Oyaynmx Texnonoruit (6G, loT, meTtasce-
neHHble). 6G CTaBUT IENH: CIEKTpajdbHast 3(PPEKTHBHOCTD
>100 o6ut/c/Tuy (mporuB ~30 B 5G), 3HEProdpPeKTHBHOCTH
1 Tepabut/Ix.

[TosTOMYy MIET IOCTOSIHHBIN MTOMCK HOBBIX BHICOKOA((EKTHB-
HBIX TeXHOJOTHH. Cpely TakuX TEXHOJOTMH MOKHO BBIJICIUTH
TEXHOJIOTHUIO MePeIav CO CKOPOCTHIO 00JIbIIe cKopocTn HailkBu-
cta (Faster-Than-Nyquist — FTN) [1-36] u TeXHOJIOTHIO HEOPTO-
roHalIbHOTO MHOXKecTBeHHOro Joctyna (Non-Orthogonal Multi-
ple Acces — NOMA) [37-55].

B crarpe Ha OCHOBe aHaM3a MPOITYCKHOW CIIOCOOHOCTH CH-
creM cBa3u ¢ texHonorusMu FTN u NOMA nenaercs BbIBOJ O
TOM, 9TO OCHOBHBIM (PAKTOPOM ITOBBITICHHUS 3(h(HEKTUBHOCTH MIPH
MCTIONIb30BAHUHN 3TUX TEXHOJIOTHH SIBIISIETCSI HE CTOIBKO HAINYNE
KOHTPOJIMPYEMOH MHTEP(HEPEHIINH, CKOIBKO TOT (aKT, 4To JUIs
BHEJIPEHHS 9TUX TEXHOJOTHH paccMaTpuBarOTCsl CHCTEMBI C He-
BBICOKOW CHEKTpambHOH 3()()EKTHUBHOCTHIO, T.€. CHCTEMBI C
«HEIOTPYKCHHBIMU» KaHanamu. llox CTENeHbI0 HENOrPY3KH
3/IeCh IOHMMAETCsl pa3HUIa MEXKAY MPOIYCKHOH CIIOCOOHOCTHIO
o 11IeHHOHY ¥ peaNbHOM MPOIYCKHON CITOCOOHOCTBIO CHCTEMBI
CBSI3U.

Taxum obpazom, Texnonoruu Bpoge FTN u NOMA — sto He
"mpopsIB 3a npeaen llleHHoHa", a UHCTPYMEHTHI ISl €r0 JOCTH-
JKEHUSI B PETbHBIX CHCTEMaX CBSI3H, KOTOPBIE CErOHs paboTaoT
JIaJIeKO OT TEOPETHYECKOTO MaKCUMyMa.

Texnoaorust Faster-than-Nyquist. /luckpernast moae/b

FTN-texHOMOTHS TIpeICTaBIsIeT cOO0I METO I epeaadn CHM-
BOJIOB CO CKOPOCTBIO OBICTpee, 4eM CKOpocTh HaiikBmcTa, ompe-
JIesieMO TIOJIOCO# mpormyckanust kaHana. OCHOBBI JAHHOW TeX-
HOJIOTHH ObLTH TIpesioxkeHb! eie B 1970 roay B HeOObIION pa-
6ote Lucky [1]. Bckope nocnenoBanu pabotsl aBTopos Salz [2] u
Foschini [3], u B 1975 rony Mas3o [4] mokasai, 4To CKOpOCTb Tie-
pellauu CUTHAJIOB MOKET OBITh yBesnueHa 110 25% BbIlIE CKOPO-
ctn HalikBucra 6e3 CHW)XEHHMS MHHHMAJIBHOTO €BKJINIOBA pac-
crostHus. Taknum 0Opa3om, Oblila TEOPETHYECKH JT0Ka3aHa ITOTeH-
[UajgbHask BO3MOXKHOCTh FTN-TeXHOJIOTHU OCYIIECTBISITH Hepe-
Jladqy cO CKOPOCTHIO BhIIe ckopocTu HaiikBucra. Omnako Maso
W3HAYaJbHO  WCIIONB30BANl  HJCANBHBIE  MOAYJIHPYIOIIHE

HAMITYJIbCHI THIIA sin(x) , HO B JIajIibHEHIIIeM ObUIH TIOJTyUYeHbI pe-
X

3yJIBTaThI C UCTIOJIB30BAHUEM OoJiee yI00HBIX ISl HPAaKTHYECKOTO
HCTIOJh30BAHUSI UMITYJIbCOB, TAKUX KaK CEMEHCTBO MPUIIOIHS-
Toro-kocuHyca (raised-cosine pulses ) (Liveris u Georghiades [7])
W Jpyrue OorpaHWYEHHBIC BO BpeMeHH uMIyibchl (Rusek and
Anderson [8-10]).

Paccmotpum ciy4ail nepenaun nndpoBoilt nHGopManuu 1o
KaHaJlaM C OTpaHUYeHHOH T0J0coi (puc. 1).

[

Cornacosantbi | ¥(t)
dunbTp

n DopmupyoLwmin
unbTp

Puc. 1. YpoméHHas CTpyKTypa CUCTEMBI Ilepeiaun AUCKPETHOH
nH(OPMAINH 10 KaHAJIaM C OTPaHHYeHHOIT MoIocon

HocneoBaTenbHOCTE MOIYIMPOBAHHBIX CUMBOIOB ()  (OT-

cu€TOB) MPOXOUT Yepe3 GpopMHUPYIOMINIT PUIBTP ¢ UMITYJILCHON
XapaKTCPHCTHKOH @ (z‘) , KOTOpBII OrPAaHUYMBAET CIIEKTP HU3ITY-

YCHUSA CUT'HAJIa, B pE3YyJIbTAaTC HAa BXOJC KaHalla UMCEM

s(t)= ienAgf(t—nT)’ @

n=-w

rae A — aMIUTUTYya UMIyJIbca, KOTOPYIO B AajbHEHIIEM OyaeM
ToJIaraTh paBHOH 1.
MormnocTs curHana (1) paBaa
At
1 ?
P=E( lim— |

At—o At

2
o 1% E ., (2
> 6,9, (t—nT) | dt :?;[g?(t)dt:?g

At \n=—0

2

rae Eg _ J‘ g? (t)dt — OHEprusa ¢AUMHUIHOTO UMITYJIbCa C (I)OpMOI/I

g(t).
Hamnee curnan S(t) mpoxoauT depe3 THMHEHHBINH KaHAI C MM-
MyJIbCHOM XapaKTEPUCTUKOU h(z’) A CYMMHPYETCS C aijJAUuTHUB-

HBIM T'ayCCOBCKHMM IIIYMOM U(t)' Ha npuemnoii cropone cmech

CHTHAJA C IIyMOM TNPOXOJIUT 4Yepe3 (pHUiIbTpP, COTVIACOBAHHBIN C
(dhopmupyrOmMUM GUIBTPOM B KaHAIOM. IS MPOCTOTHI aHAIM3a
paccMOTpUM ciydail, Korja Ha MpOTSKEHHH [UINTEIbHOCTH He-
CKOJIbKMX CHMBOJIOB MOJIENIb KaHaja MOXKET ObITh OIMCaHa JIH-
HEWHOM orepanuell YMHOKEHHs Ha MOCTOSHHBIA MHOXKHTENb h,
T.e. KaHaJ SIBISETCS TOCTATOYHO IIHMPOKOIMOJIOCHBIM U HE HCKa-
X&KaeT orubaroLlyro CUMBOJIA. B 3TOM citydae a1 HenmpepbIBHOTO
BPEMEHH TEXHOJOTHS Iepeiaud HHPOPMAIMU CO CKOPOCTBHIO
HaiikBucra onumchIBaeTCsl CIEAYIOIIUM ypaBHEHHEM HaOIojie-
HUS:

y(t)=hi6ng(t—nT)+77(t)’ (3)

N=-0

rae g (2') _ J‘ g, (T —t)gf (t)dt — (opMa eTUHUYHOTO UMITYJIbCA

Ha BbIXOJE coriacoBaHHoro (uiabrpa (CP). OHa, KaKk MpaBuUIIo,
JIOJDKHA YJIOBJICTBOPSTH YCIOBUIO OTCYTCTBHUS MEKCHMBOJIBHBIX
MoMex IpH IMepeaade co CKopocThio HaiikBrcra Mo KaHamam c
OTPaHUYCHHOU ITOJIOCOH MPOMYCKaHUsI, HATPUMED, OMHCHIBATHCS
(hyHKIHMEH TPUITOAHATOTO KOCHHYCA:
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sin(?) cos(a;”j , 4)
g(r): T artY
(tj 1_(2T )

TIe ¢ e [(); 1] — apaMmeTp ckpyrieHus. B aTom citydae, UMITyJIb-

CHasl XapaKTepUCTHKa GOpMUpYIOLIero GuibTpa, U3BECTHOTO KaK
«square root raised cosine filter» [50, 51], onuceiBaeTcst Bbipaxe-
HHEM:

(sin((l—a)m’)+4a7rrcos((l+a)7rr)), (5)
m’(l - (4a7rr)2)

gf(T =

Ha Bbixoge CO nabmoqaercst CMeCh CUTHAJIA U IIIyMa

y(t)=h> g,0(t-nT)+7(t) ©)

N=—0
rae 77(t) — QJIUTUBHBIA TayCCOBCKUH IIyM C KOPPEISALUOHHON

. N _ -
GbyHKuuen R(r) _ 7o gy (r)’ N, — CHEKTpajbHas IIOTHOCTH O¢

JIOTO TayCCOBCKOIO IIyMa.
[Toce muckpernsanyu MoJay4YuM ypaBHEHHE HAOJIOJICHUS B
JMCKPETHOM BPEMEHH:

y(t,)=h> 6,g(t, ~kT)+(t,) - )

k=—00

nim

N . 8

Yo=h> 69((n—K)T)+n, ®)
k=—o0

Ilycth craBuTcs 3amava nepepavya WHPOPMAIMU C TAKTOBOM

4acTOTOM E _i> F _ 1, (rne F, — 4acrora HaiikBucra), no

s -I-S N T

KaHally C UMITyJIbCHOM XapaKTePHCTHKOU g (z-), COTJIACOBAHHOM

¢ vactoToit HaiikBucra, T.€. /Jisl HEIIPEPHIBHOTO BPEMEHH UMEEM
clie/lyrolee ypaBHeHNE HAOFOICHUS:

y(t)=hS 0,0(t-nT,)+(t): ©)

N=—o0

Tak kak yacToTa CIelOBaHHS CHMBOJIOB B JJAHHOM Cllyuyae
F, > F, > TO TAaKHC CHCTEMbI HA3bIBAIOT CHCTEMAMH MEpe/adn C

yacTtoToi Oosbmie vactoThl HaiikBucra (Faster-than-Nyquist —
FTN). OtHOmICHHE (Ts /T) Ha3bIBAIOT (PAKTOPOM YCKOPEHUS Bpe-

meHu [100mmuéka! UcTouHuk ccblIkK He HaiijeH.]. Cpeassist
MOIITHOCTh HW3JIy4aeMOr0 CHTHAaNa JUIsl TaKOH CUCTEMBI OyneT
OTIPENIEIATHCS CICAYIOIINM BBIPAKCHUEM:

(e 2\ = £ - (10)
i 2
P =E }Eﬂﬁi[nze”gf(t_nTs)J dt =Ti£gf(t)dt=fg

_At
2

Otcroa BUJHO, YTO IPU YBEIMYEHUU YAaCTOTHI CIIEAOBAHUS
MMITyJIbCOB (IPX YMCHBLICHHH TAKTOBOTO MHTEpBama T <T ) U

MIPU YCJOBHM, 4YTO (DOPMBI 3THUX HMITYyJIHCOB HE MEHSIOTCS,

SNNIEKTPOHMKA. PAONOTEXHUKA

MOMIIHOCTh CUTHaJIa YBCJINYMUBACTCA P 5 SP =5,

s,FTN -I-s s T

TIPUBOJNUT K YBEJIMYCHNIO OTHOIICHU A curgan/ IyMm. HOI-)TOMy JUIA
KOPPEKTHOTO CPpaBHEHUSA JIBYX CUCTEM HCO6XOI[I/IMO BBECTHU HOP-
MHUPOBKY MOIIHOCTH. B sToMm CJIydac ypaBHCHHEC Ha6J’I}0,I[eHI/I$[ JUIA

cucrembl FTN Oyziet crneayromum:

4qTo

T 00
y(t)=h /= > G,a(t=nT.)+n(t) (an
[locne quckperrnzauuy MOJIy4uM
(12)

k=—x

A =hi ﬁkg((n—k%JTJ+7]H )

Hdust  GunbTpa, corjiacoBaHHoro c¢ dacrtoTtoit HaiikBucra,
XapaKTepHO

o(mr)-{

Ha puc. 2 npuBe/ieHa BpeMeHHasi [UarpaMMa CHrHajIa Ha BbI-
XOJI€ COTJIACOBAHHOTO (DPMUIIbTPA B OTCYTCTBUH IiyMa (‘CHHSIS JIU-
HUs’) TIPHU TIepeiade co CKopocThio HaitkBucra (Ts =T ) . Tam xe

1, oram=0
0, onzs m=0, m=+1,+2, £3,...

(13)

n300pakeHbl WHANBHUyaIbHBIE CUTHAIIBI JUIS PAa3HBIX CHMBOJIOB
Y MOMEHTBI B3THs 0TCYETOB. 113 3TOTO rpaduka BUAHO, 4TO B MO-
MEHTBI B3ITHS OTCUETOB t = NT , 3HAYCHUS 3TUX OTCYETOB COBIIA-
JIAfOT C TEKYIINMH CHMBOJIAMH, T.C.

S(t,)=h> 6,g(t, ~KT)=6,, n=k (14)

k=—o0

——5,= Dg(l-ln)
——5,=0,9(,T)

$,70,0(t1,-2T)
5,7 0,0(t4-3T)
—5,=0,0(tt,4T) |
5=, 5T)
ES‘

I
ty tD+T ID+2T |D+3T |u+4T |u+5T

2 I L

Puc. 2. BpeMeHHbIe 1uarpaMmbl CUTHAJIOB [IPU YaCTOTE CJICI0OBAHUS
HUMILyJIbCOB paBHOU yactoTe HalikBucra

[TycTh Mo KaHaATy ¢ OrpaHMYEHHOI 1oJioco TpedyeTcs repe-
nath N cuMBos10B. COIrIIaCHO pacCMOTPEHHOMY IOJIXOJY IIpH IIe-
penaue co ckopoctbto HaiikBrcra gocratouno npussaTh N orcué-

1

I:N

Ecimm PacCMOTPEThL AAHHYIO 3a7a4y B JUCKPETHOM BPEMCHU,
TO ypaBHCHUC HaGJ’IIOﬂeHI/ISI MOKET OBITH 3aIIUCAHO B BCEKTOPHO-
MAaTPpUIHOM BHUJIE:

TOB, B3ATbhIX C BDCMCHHBIM IIaromM T —

y:hIN9+T] P (15)

—
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A T _ .
rae y:[y1 Y, yN] BEKTOp OTCUETOB HAOIIO/ICHMS,
E [9] 0,...0, ]T — BEKTOp CUMBOJIOB, IN — eJMHUYHAs MaTpHIIa,
pasMepoMm (N X N), 1 — BEKTOp OTCUETOB rayCCOBCKOTO LIyMa

HaOJII0JIEHNUs ¢ HyJIEBBIM MaTeMaTHUECKUM OXKHUIAHUEM U Koppe-
JSILMOHHOM MaTpuLed R = o2
n n

VYpasuenue (15) xapakrepHo Juis niepeaynd HHPOPMAIKU 1O
OPTOTOHAIBEHBIM KaHajlaM. B maHHOM cilydae MaTpHuIla OpTOro-
HaJILHOTO NpeoOpa30BaHus (Ilepeiaun) ONUCHIBACTCS SAMHUIHON
MaTpHULEH.

PaccmoTrpum Temeps cimydaif, xorma Tpedyercs mepenath N
CHUMBOJIOB I10 TOMY K€ KaHaly, T.€. C TOH K€ M0JIOCOU IpoIycKa-
HUS U 3a TO e Bpems. [Ipuuem NS > N, T.€. JJIMTEILHOCTD IIe-

pellaBaeMbIX CHMBOJIOB OyIET T — N T > COOTBETCTBEHHO, CKO-
S
S
1 N N N
POCTbHEPENAIN R = — =S = —SF > F_ . IIpumep Takoii
S
T, NT N

S
nepenaan st N, =9 u N = 6 wumoctpupyetcs Ha puc. 3.

1 T

0.5

5o=0x0(t )
——5,=0,9(tt,-T)

5,=0,9(t4,2T ) il
——5,=0,0(t4,-3T)
570,044 )
S5=0,9(t-1,-5T )
isazﬂag(t-tu-GTs) ~
is7:i7g(l-lu-7T5)
S5=0,9(t-1,-8T )

Is,
i

2 I 1 I I

T
(0 |0+TS (0+T t0+2T (0+3T |0+4T (O+5T

Puc. 3. BpemenHbIe AnarpaMMBbl CHTHAJIOB IIPU YaCTOTE CIE€AOBAHUS
HMIYJIbCOB OOJbIIe YacTOTh HaiikBucra

3/1eCh XOpOILO BHUIHO, YTO OTCUETHI, B3SThIE B MOMEHTBI
t =nT , He COBMAAIOT CO 3HAYEHHUSIMHU CAMUX CHMBOJIOB, a, CO-
n

IJIaCHO, YpaBHEHHUIO (45) coiepKaT CyMMy pa3HBIX CHMBOJIOB.
OTOT ciydail TakKe MOXKHO ONUCATh B BEKTOPHO-MATPUYHOM
BUJIE!

T
y=h|—By,,0+n" (16)

TS
rae eé[gl 92__.0N ]T - NS—MepHLIﬁ BEKTOpP CHMBOIJIOB,
B,.\ (NxN,)-MepHas matpuma ¢ dreMeHTaMH

b =9(nT—KT,)=g n—kﬁ ;i n=0,N -1, k=0,N, —1.
5 N,

Paccmotpennas Texnonorus FTN n e€ nuckpeTHsI aHaimor
DFTN wucnons3yercs A THOBBIIEHWS CKOPOCTH NEpefadd B

KaHaJe BO BPEMEHHOH 00iacTH. AHATOTHYHBIC MOJXOABI MOTYT
UCIIOJIB30BaThCSl U B 4acTOoTHOU obOmactu [18]. B artom ciyuae,
YIJIOTHECHUEC JOCTUTACTCA IMYTEM YMCHBIICHUSA YaCTOTHOTO HH-
TepBaa Mexy nognecymumu OFDM curnana npu HEU3MEHHOM
CKOpOCTH Tiepesiaun (TIPH 3TOM CYXKaeTcs CIIEKTpP TPYIIIOBOTO
CHUTHAJIa) WM MyTEM yBEIMUYCHUSI CKOPOCTH Tiepeauu 0e3 n3me-
HEHMS I1ara MeX/y ITO0THECY M.

Takum 00pa3oM, TEXHOJOTHS TIepeladd CO CKOPOCTHIO
6onpmie ckopoct Haiiksucra (FTN) MokeT OBITh omFicaHa B JTviC-
KPETHOM BPEMEHH MPOCTHIM BEKTOPHO-MATPUUHBIM YpaBHEHHEM
Buga (16). lannsiii Bapmant TexHoiormn FTN m3BecTeH Kak
Discrete Time FTN (DTFTN) [30] niu €€ MOXHO Ha3BaTh JIHC-
kperHas FTN Bo BpemenHo# obnactu (Time Domain — Discrete
FTN — TD-DFTN). lpuuem st ciydast N = N MaTpuiia npe-

obpazoBaHus B, CTaHOBHTCS OPTOTOHANBHOI (enMHUYHON
S

MaTpHUIIEH).

AHaNOTWYHBIN TTOX0/ MOXKET OBITh TPUMEHEH U K aHAIN3Y B
4acTOTHOM obmactu. PaccmoTtpuM cuctemy ¢ moayssiuueit OFDM
¢ N momHecynMu, Ha KaXKAOH MOAHECYIIeH mepeaa&Tcss MOIy-
JIMPOBaHHBIM CUMBOJ JutnTesbHOCTRI0 NT. JlelicTBuTenbHas co-
CTaBJISIONIAs] KOMIUIEKCHOTO CIIEKTpa TAKOTO CUrHajla MpUBeieHa
Ha puc. 4. Kak BUIHO U3 3TOT0 pUCyHKa 3HAYCHUS CTIEKTPAIbHBIX
COCTaBJISIIOLIMX Ha YacTOTax IOJHECYIINX IOJHOCTHIO COBMa-
JIAl0T CO 3HAYCHMSIMHM CHMBOJIOB IE€PEAaBACMbIX Ha THX TIOJHE-
cymux. B oTiandne or BpeMEHHOTr0 ONMCAHUs CHTHANA 3/IECh MBI
YK€ MMEeM JIMCKPETHOE MPE/CTAaBICHUE, TaK KaK CUTHAJIBI O/~
HECYIIX pacCMaTpHUBAIOTCS HA AUCKPETHBIX 3HAYCHHUSX JacToT.

Puc. 4. leifictBuTenbHas cocrasisonias cuekrpa curaana OFDM
npu nepenade HHGOPMAINH co ckopocTeio HalikBucra

[lo anamormm c ypaBHEHHMEM BO BpeMeHHOH oOmactu (15)
MOYKHO 3aIycaTh aHaJOTMYHOE ypaBHEHHE B YaCTOTHOM 00iacTH
s curgana OFDM

y=hI,0+7n, (17)

"
TOJIBKO B JIAHHOM Cllydae y = [y1 Y, ... yN] — BEKTOp 3Haye-

HUH CMECH CHTHaJa U ITyMa B YaCTOTHOH O0JIaCTH, T.€. SHAUCHUS
nogHecymux. [list KaHasa ¢ YaCTOTHO-CENIEKTUBHBIMH 3aMHUPAHU-
SIMH KaHaJIbHbIE MHOKUTEIH AJIsl Pa3HbIX MOAHECYIIUX MOTYT pa3-
JINYATHCS], B 3TOM CIIy4ae NMEEM CIIEIYIOIIY 0 BEKTOPHO-MaTpUy-
HYIO MOJEJb:

(18)

JuaroHajibHas Marpuia ¢ K03(1)(1)I/IHI/16HTaMI/I

y:HIN9+n’

rie H -
i , Ha TJIaBHOM JUArOHaJIN.
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PaccmoTpum ciyuaii, korzaa B mooce NAF (tme AF = L
NT

— JIACKPETHBIN IIar 1o YacToTe MEXKIY OPTOTOHATBHBIMH MOIHE-

CYLIMMH) HCTIONB3YIOTCs N TOJIHECYIIHX C LIAroM AF — 1 .
° N.T
1

Taxum o6pazom, B Takoii cucteme 3a Bpemsa NT B monoce Af = —

MEePENAKTCS NS > N MOZIYJIHMpPOBAaHHBIX CHUMBOJIOB, T.C. MBI

MMEEM BapHaHT Iepeadll Co CKOPOCThIO OoJiblie ckopocTu Haii-
KBHCTa, HO ()OPMUPOBAHUE TAKOT'O CUTHAJA MPOUCXOJUT B Ya-
CTOTHOM oOnactu. JlelicTBUTENbHAS YaCTh KOMIIJIEKCHOTO CIIEK-
Tpa Takoro CHrHaya u3o0paxkeHa Ha puc. 5. BugHo, 4T0 yMeHb-
IIEHHE 11ara MEX/y MOHECYIIMH IIPUBOIUT K BOSHUKHOBEHHIO
MEKKaHAJIbHBIX TIOMEX Ha MOJHECYIINX. ITOT BAPHAHT TAKXKE MO-
JKeT OBITh OMMCaH BEKTOPHO-MATPUYHBIM yPaBHEHHEM

AF,
AF

(19)

Y= HBNxN59+n

e By — (N x N, ) -MepHasi MaTpHIIa C HIEMEHTaMHU
S

1 1
by =7(NAF —KAF)=y| n—-k——|=
w=7( =7 NT N
N 1 N
—ylIn—k—|— |[=7|| n—k— |AF
r N NT |7 N

S S

ans n=0,N -1, k=0,N, -1, y(f ) — KOMIUTEKCHAs OTHoOa-

romiad CueKTpa CAUHUYIHOIO CUMBOJIA.

Puc. 5. [leiictButenbHas cocraBisitomas crnekrpa curiana OFDM
Ipu Tepenade HHPOPMAIHH CO CKOPOCTBHIO OOJIBILIE CKOPOCTH
HaiikBucra Ha Ka)K0¥ nogHECyIEn

Takoil Bapuant pazHoBuAHOCTH FTN MOXHO Ha3BaTh Juc-
kpetHas FTN B gacrotHoit oomactu (Frequency Domain Discrete
FTN — FD-DFTN).

Anammsupys o0e pazHoBHUIHOCTH AuckpeTHOH FTN moxHO
OTMETUTb, YTO Ul HUX SIBJISIETCS OOLIMM HAJINYUE JTMHEHHOTO
npeobpasoBannsi N -MEPHOrO BEKTOpa CHUMBOJIOB B N-MepHbIi

BCKTOD OTCUYETOB. HpI/I‘IeM 1 B ICPBOM, 1 BO BTOPOM CJIydac BCK-
TOp OTCYETOB MOXKHO paccMaTpuBaTh KakK pe€3yjabTaT OPTOroHaJIb-
HOTO Hp€06pa3OBaHI/IH JUIA CUT'HaJia, COTrJIaCOBaHHOI'O C 4HaCTOTHO-
BPEMCHHBIMU XAPAKTCPUCTUKAMU KaHajla (C yactoro HalikBu-
CTa), T.C. IPpYIr'UMHU CJIOBaMU T'OBOPs, 3TO €CTbhb OPTOIOHAJIBHBIC
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pecypcbl, KOTOpbIE TO3BOJISIFOT NIEpeIaTh COrJIaCOBAHHbIN CHUTHAI
6e3 noreps. [loaromy auckpernsie paznosuanoctd FTN (DFTN)
MOJKHO O0OOIIUTh M PacCMAaTPUBATh KakK Mepeaady N, momymu-

POBAaHHLIX CUMBOJIOB 110 N OpPTOroHaJIbHBIM pECypCaM. Takas nie-
peaadya MOKET B 06IIICM CJIy4dac OIMMUChIBATHCA BEKTOPHO-MAaTpHUi-
HBIM YpaBHCHUCM Ha6J'IIOH€HI/I$I

y=W0+n, (20)

rie W2H .ENxN — DKBUBAJICHTHAS MaTpHUIla KaHaja, 00beIu-
S

HSIOIAsi HOPMHPOBAHHYIO MaTpHUIly HpeoOpa3oBaHMs ]_3NxN

S
matpuny kanana H, HopmupoBanHas MaTpuua npeoOpa3zoBaHus
B N, = ﬁ( N,N, )B N, 001a1aeT CBOMCTBOM HE3aBHCHMOCTH

MOIITHOCTH CHUTHAJNA OT COOTHOMIEHM Mexay N u N .

Texnoaorugs NOMA

[IpuHIMI HEOPTOrOHAIBLHOTO pa3/eeHHs CUIHAIOB a0OHEH-
TOB CTaJI Pa3BUTHUEM U CJICACTBUEM HCIIOJB30BaHUA aJITOPUTMOB
00paboTKH KBa3HOPTOTOHAJIBHBIX CHUTHAJIOB, KOTOPBIN IOJTYYHMII
Ha3BaHUE MHOTOMOJb30BaTeNnbekuil mpueM (MultiUser Detection
— MUD) [42]. KBa3nopToroHaJibHOCTh CHTHAJIOB ObLIa Cliel-
CTBHEM HEH/ICATbHOCTH KaHAJIOB, YCTPOHCTB ()OPMUPOBAHUSI CHT -
HaJIOB WJIM MCHOJIBb30BaHUS KBAa3MOPTOTOHAIBHBIX IOCIIEI0BA-
TEJILHOCTEH B CUCTEMax C KOJIOBBIM pa3JieIeHHEM, T.€. TI0CIIe/0-
BaTEIBHOCTEH C HEBBHICOKUM HEHYIJIEBBIM YPOBHEM KOPPEIALINH.
MHOTOomoIp30BaTENECKAN MTPUEMHUK PAacCMaTPUBACT BCE CHT-
HaJIbI, TPUXOJAIIAE OT Pa3HBIX aOOHEHTOB, KaK ITOJIC3HBIC CHT-
HaJIbl ¥ JEMOIYJIUPYET BCIO COBOKYITHOCTH HH()OPMAIIMOHHBIX
cuMBOJIOB. [Ipy 5TOM 0Ka3aJ0Ch BOSMOXKHBIM JOCTHYB XapaKTe-
PHCTHK OJTHOTIOJIb30BATEIILCKON CUCTEMBI JIAKE B YCIIOBHSIX MEXK-
KaHaJIbHBIX ITIOMEX.

B cucremax cBsizu ¢ HEOPTOrOHAJIbHBIM MHOKCCTBCHHBIM 10-
cryniom (NOMA — Non-Orthogonal Multiple Access) [37, 38, 40,
48, 53] HEOPTOTOHAILHOCTH CUTHAJIOB BBOAMTCS CO3HATEIBHO IS
TOBBIIICHUS () (HEKTUBHOCTH UCIIOJIb30BAHUSI KAHAIBHBIX PECyp-
COB.

Texnonoruss NOMA umeeT MHOXKECTBO Pa3HOBUIHOCTEMH, KO-
TOpble MOKHO pa3feluTh Ha JBE OCHOBHBIE rpymmsl [38, 41]:
NOMA c paznenenuem o momaocTH (Power Domain NOMA —
PD-NOMA), NOMA c¢ pa3aeneHnueM 1o CTpyKType curaaia. [lox
paszeneHneM IO CTPYKTYype CHTHANA IOIpa3syMeBaeTcs J00oe
pa3iIuyie CHUTHAJOB IMOJB30BAaTENel B MapaMeTpax CHrHaja,
CTPYKTYpE WM MapaMeTpax OTACIBHBIX OJOKOB, UCIIOIB3YEMBIX
pu (HOPMHUPOBAHNHU CHUTHAJNA U T.I. B maHHOM cTaThe HE OymeM
OCTaHaBJIUBATBCA Ha ONHCAHWU PA3JTUYHBIX paSHOBHI[HOCTeﬁ
NOMA, a orpannuumcs mums ucciaenosanueM NOMA ¢ kozo-
BbIM paznenienneM (Code Domain NOMA — CD-NOMA). 3tot
kiacc NOMA sBinsieTcsi TOCTaTOYHO IIHUPOKUM M K HEMY OTHO-
CATCS TaKWe PA3HOBUIHOCTH, KakK pasJelieHHe MO II1a0ioHy
(Pattern Domain Multiple Access — PDMA) [40], pa3nenenue ¢
HCTIOJh30BAaHUEM HU3KOIUIOTHOCTHBIX KOJIOBBIX ITOCIICIOBATEIh-
Hocrert (LDS — Low Density Signatures) [55], pa3nenenue ¢ nc-
mons30BaHneM mocnenoBatensHocTet Welch (Welch Sequences
Multiple Access — WSMA) u MHOTHX OpyTux [42].

Bce pasnoBugHoctm CD-NOMA 00BeIUHSIOTCS OTHAM 00-
UM HOPU3HAKOM: HCIIOJB30BaHHUC HCOPTOI'OHAJIBHBIX CUI'HAJIOB
TIEPEHOCUYMUKOB JIsA O6'bellI/IHeHI/IH WHAWBUIYAJIbHBIX CUTHAJIOB
mojp30Bareicii. B 3TOM  ciywae, dYHMCIO  OOBCAMHSICMBIX

-
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MoJIb30BaTeNeil OOJIbIle YUCIA BBIICICHHBIX OPTOTOHATIBHBIX Pe-
CYPCOB.

Monens nHadbmonenns mua cucreMsl ¢ CD-NOMA 3aBucur ot
THTIA JUHUK (BOCXOMASIIAs WM HUCXOsImast). s HUCXOSIIEi
JIMHUH B 00IIIEM Cliydyae HaOIF0ICHHE, MPUHUMAaeMOe K-M 1moJ1b30-
BAaTEJIEM OIMCBHIBAETCS CJIELYIOIINM BEKTOPHO-MATPHYHBIM ypaB-
HEHUEM:

vy =HYB,,08+n%. k=1K, @n

rue y(k) — N-MepHbI#t BekTOp HabmoAeH i A1t K-ro mosb30Ba-

Tenst, N — 4HcIIo OpTOroHaIBbHBIX PecypcoB, K — umciio noab3oBa-
Teneir, @ - N, -MepHBIil BEKTOp MOIYIHpOBaHHBIX QAM-

CHMBOJIOB BCEX IOJIb30BATENEH, q(k) — BEKTOP KOMILIEKCHBIX OT-

CYETOB TayCCOBCKOTO IITyMa C HYJIEBBIM MaTeMaTHIECKAM OXKUa-
. . k

HUEM H KOPPEISIIMOHHON MaTpHIeH Rn’ H® - (N x N ) -Mep-

Hasl TUaroHalbHas MaTpHUIla KaHajla HUCXOISIIEeH TMHUU 1S K-ro
nons3osarens, B . — ( N x K ) -MepHasi KOZ0Basi MaTpHuIia, Ko-

Topas B JAHHOM CIydYae SBISIETCS (OpPMHUpYIOMIEH MaTpHIeH,
ompenenseMasl BHIOM ONHChIBaeMOi pasHoBuaHOCTH NOMA.
J1st obecrieyeHus OCTOSHCTBA MOLITHOCTH U3/Iy4aeMOr0 CUTHaJIa
IIPY U3MEHEHUHU YHCIIa 0Ib30BaTesIell 3Ta MaTpHLa JOKHA Y10-
BJICTBOPSITH CIEAYIOIINM YCIOBUSIM

P, zﬁtrace(BNxKB'NxK)- (22)

Crenyer OTMETHTB, 4TO BbIpakeHne (21) ommchIBaeT pasHble
BapHaHThl CHCTEMBI Inepepaun mHpopmammu. Hampumep, ecin
K=N u B, —OpPT OroHaibHas WM €MHUYHAs MATPULIA, TO

MBI IMEEeM OOBIYHYIO CHCTeMy Hepenadd HH()OpMAILUK 110 OpPTO-
roranbHbBIM KaHataMm. Ecim K > N, To nMeem «meperpysxeH-
Hylo» cucreMy, a mpu K <N uMeeM «HEHOIpYyKEHHYIO» CH-
creMy. [IpenenbHbIM cilydaeM «HEIOTPYKEHHOID CUCTEMBbI SIBIISI-
ercst ciyuail, korqa K =1 , T.e. OfIMH CHMBOJI pacmpe/iensieTcst
o N opTOrOHAIEHBIM pecypcaM. ITO SKBHBAJICHTHO HCIIOIB30Ba-
HUIO HIHpOKOHOJ'[OCHOﬁ MOAYJIAIIMU C HOPAMBIM PACIIUPECHUEM
cnektpa (DSSS).

Jlis Bocxonsmelt MMHUM Mofenb OynaeT apyroi. OTiamuus B
OCHOBHOM OITPEACIISIOTCS] TEM, YTO MHOXKUTEIH KaHalla JJIsl CHT-
HAJIOB Pa3HbIX I0JIb30BaTenel Oy 1yT pasinuarscs. B obmem ciy-
Yyae OHa MOXET OBITh ONHKCaHa CIECTYIOINM YPaBHEHHEM:!

y=H; OB 0+, (23)

A o
rue: Hz = [h1 hk hK] — MaTpHIla TPYNIOBOro KaHaia, K-i
CTONIOEI] KOTOPOU COIEPKUT KaHAIbHBIE MHOKUTEH PECYPCOB K-
ro nomp3osatens h, , oneparop (® o0603HaUACT MOIEMEHTHOE

YMHOKEHUE MaTpHII.

Mexay MoIeasiMU HUCXOAALIEH U BOCXOJAIIECH JTUHUN nMe-
ercs ent€ ogHo oTiinyue. Tak, Hanpumep, JIsl HACXOASIILIEH TMHUU
MOIIIHOCTh CYMMapHOI'O HM3Jy4aeMOro CUTHalla, ompenessemas
MaTpuIei B,.«- (uKCHpOBaHA W HE 3aBHUCHUT OT YHCIIA TTOJIB30-

Bareneil. Jlng BocxomsAmed Momeny, (U3UYECKH, HET TaKOTro
ycioBusi. B Heil ¢ mosiBIeHHEM Ka)KJI0ro HOBOTO I10JIb30BATEIs
CyMMapHaﬂ MOIIIHOCTb HpI/IHI/IMaeMOI‘O CUTHaJIa yBCJ’[I/I‘II/IBaCTCﬂ.
OnHako, B JTaHHOW CTaThe JIsl TOCIEAYIONIETO aJIeKBATHOTO CPaB-
HeHust cucteM NOMA ¢ pa3HOH CTeNEHbIo 3arpy3KHy, a TAKKe Jis

CpaBHEHUS C CUCTEMaMH C OPTOTOHAIBHBIM JOCTYIIOM, OyIeM HC-
MOJTb30BATh YCIOBHE MTOCTOSIHCTBA CPEIHEH MOIIHOCTH CyMMap-
HOTO IPUHUMAEMOTO CUTHAJIA TIPH JIF00OM YHCIIe TI0Tb30BaTeNeH.
Jpyrumu ciioBamMu TOBOPSI, 1 B HUCXOAAIICH TMHIH, X B BOCXOIS-
el OyJieM CUMTaTh, 4TO yclioBUe (22) BBIIOIHSIETCS.

Taxum obpazom, mist cuctemMbl NOMA, Takxke Kak U s CH-
crembl DFTN, Mozenb onucsIBaeTcs CIeyOIUM YPaBHEHUEM:

rne W — (N X K) -MepHas SKBUBAJICHTHAS MaTpuIla mpeoOdpaso-

Banusi, W 2 HO BNXK

w=wh 2 H(k)BNXK — JIJIS1 HUCXOMSIIEN CUCTEMBI.

JUIS  BOCXOJSIIEH CHUCTEMBI, U

B kauecTBe mpuMepa paccCMOTPHM MOJIEITH JUIS HECKOJIBKUX
paznoBuaHocteit NOMA.

Jns cuctemsl ¢ pasHoBHIHOCTRI0O PDMA mcmons3yercst Mat-
pHLa-1m1alIIoH, OMPEIEIIIONas MPABHIIO PACTIPEICICHNS CHMBO-
JIOB TIoJIR30BatTeneit mo pecypeam [41]. Tak, g xoHpUTyparmm
6 monp3oBaTeneit Ha 4 pecypca (4 X 6) nMeeM:

11 00
110011 0l (25)

““ o101 01
001011

31ech eJMHUYHBIN DJIEMEHT OTpeielisieT HoMep pecypca (Io-
JIO’)KEHUE B CTOINIOIC) M HOMEp IMOJIb30BaTEsl B ATOM pecypce
(monoxenue B crpoke). Camu 1o cebe CUMBOIBI MEPENAIOTCS
HaNpsIMYI0 B COOTBETCTBYIOIINH pecypc 06e3 Kakoro-imodo mpe-
obpazoBaHUS.

Hnst cuctemsr NOMA pasnoBugHoct LDS komoBast mat-
pHUIla CTPOUTCS aHAJIOTUYHO MaTpwuie-madiony B PDMA, Ho
TOJIBKO BMECTO CAWMHUYHBIX DJ3JIEMEHTOB HCIOJB3YIOTCA KOM-
IJIEKCHBIE MHOXKUTEIH KOJOBBIX ITOCIIEOBATEIHHOCTEH C HU3-
KOH TIOTHOCTBIO.

Jst WSMA kofioBast MaTpulia sIBJISIETCST 3all0JIHEHHOM Mart-
pHILIeii, TJie B KauecTBE CTOJIOIOB UCIIOJIB3YIOTCS KOJIOBBIE TIOCIIE-
JIOBATEJIbHOCTH, 00JIa/IatoNIie OCOOBIMH CBOMCTBaMHU (C TpaHu-
ueit Welch), marmpumep, [41, 42]:

-0.2221+0.322i  0.1709 - 0.36791  0.4335- 0.4253i -0.2877 + 0.4804i
-0.4866 +0.3091  -0.4148 - 0.25891  0.5181 +0.0067i  -0.3439 - 0.2048i
| 0.0525- 0.6492i  0.2786+0.2173i  0.4058 - 0.3688i -0.0586 - 0.3831i
#6771 0.1887 - 051381 -0.5603 +0.0403i  03714- 0.066i  0.3124 +0.3807i
-0.4067 - 0.01661  0.5821 - 0.2559i  0.1316- 0.231i  0.5222 - 0.2944i
0316+ 0.0753i -0.7029 - 0.1267i  0.354- 0.2274i -0.349- 0.29251

(26)

Creyer OTMETUTbD, YTO MOJIETh CUCTEMBI CBSI3U C PA3HOBHI-
HocThio NOMA Buma PD-NOMA, Taxke MOKeT OBbITh ONKCaHa
oOweit mogenbio (24). Tak, Hampumep, ISl CUCTEMBI C JByMS
I10JIb30BATEISIMU B OJJTHOM PECYPCE Il MOJEIIHU € 4-Msl pecypcamu
MO>KHO 3aIlMCaTh SKBUBAJICHTHYIO MaTpPHUILY:

rnh, »h, 0 0 0 0 0 0
0 0 »rhy rh, 0 0 0 0
0 0 0 0  yhs rhe O 0
0 0 0 0 0 0 rhy rhy

,(27)
W=
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7€ ¥, —BECOBON MHOXHUTEIb K-ro mosnb3oBares, BBOAUMBIH JIJIsI
OpraHM3aLMK Pa3JC/CHHs] 10 MOLIHOCTH, |, — KOMILICKCHBINA

MHOKHUTEIb KaHalla JUIsd curHaia K-ro mone3oBaTens B i-M OpTo-
TOHAJIBHOM pecypce. 3/ech, Ul HArSIIHOCTH, PAacCMOTPEHBI
4 pecypca u 8 monmp3oBaTeei (4 X 8)’ HO TIPH 3TOM B KaXKIOM pe-

cypce HaOJIIOAAIOTCST TOJIBKO CHTHAIBI JIBYX IOJIb30BaTEICH, U
KaXIbIH TTOJIb30BATEIb UCTIONb3YET TOJIBKO OJINH PECypC.

TeopeTnko-uHGOPMALMOHHBbIN ACHEKT TEXHOJIOT Ml
nuckperHoro FTN u NOMA

Texnonorust FTN, a Taxxxe texHosiorusi NOMA, B KakOW-TO
CTETEHU SIBJISIIOTCS] CEHCAIlUOHHBIMHU, TaK KaK HapyIIatoT HEKOTO-
psle npuBbIYHbIe 0cHOBBI. FTN no3Bosser nepenaBars HHpOpMa-
LU0 CO CKOPOCThIO Oosbliie ckopoct HaiikBucra, a NOMA mo3-
BOJISIET OOBEAMHUTH CHTHAJIbl a0OHEHTOB, YHCIO KOTOPBIX
OoJIbIIIe YHCIIa OPTOrOHAIBHBIX KaHaIoB. CyIIecTBYeT yCTOHUH-
BOE MHEHHE Ha cYEéT 000CHOBaHUS A(PPEKTHBHOCTH TEXHOJIOTHH
FTN, ocHOBaHHOE Ha HAJIMYMHU KOHTPOJIUPYEMOH MEKCHUMBOIb-
Hoit mHTepdeperunu [14, 32]. AHanorndHo, >PPEKTHBHOCTDH
NOMA 00BsICHIETCSI HEOPTOTOHATBHOCTHIO UCTIONB3YEMBIX CHT-
HAJIOB, YTO MPUBOAUT TAKXKeE K KOHTPOIUPYEMbIM MEKKaHAIbHBIM
nomexaM. PaccmoTpum, Tak nm 5T0 Ha caMoM Jjene. JlocTtaTtouHo
JIM BBEIGHHSI KOHTPOJIMPYEMBIX TIOMEX ISl TOBBIMIECHUS (D pek-
TUBHOCTH C TOYKHU 3PCHHUSA TCOPUHN CBA3U. Wnu HeO6XOZ[I/IMI)I Ka-
KHC-TO JOMOJJHUTEIIBHBIC YCIIOBUA.

PaccMoTpuM MPOIYCKHOK CHOCOOHOCTh CHUCTEMBI MEepelavn
nH(OpPMAINHU CO CKOPOCThI0 HallKBHCTa M MPOITYCKHYIO CIOCO0-
HocTb cuctembl ¢ FTN B kitaccnyeckom (ILleHHOHOBCKOM) MTOHU-
MaHMU. /ISl 3TOTO BOCHOJIB3YyeMCsl BEKTOPHO-MAaTPHUIHON MoJie-
a0 (20) ¥ paccuuTaeM IMPOIyCKHYIO CHOCOOHOCTh BEKTOPHOTO
kaHana [67]. s UCKIIIOUEHUs! BIUSHUS KaHala Ha Pe3yJbTaThbl
orpaHnanMcsi paccmorpennem kanaima ABI'I ¢ mocTosHHBIMEI
OJIMHAKOBBIMH KaHAJIbHBIMA MHOXKUTEIISIMU JJISI BCEX OTCUETOB.
Jist 3TOM MOJeNTH TPOITYCKHAs CIIOCOOHOCTH BEKTOPHOTO KaHaa
Oy/IeT ONPEeeIsITHCS BRIPQKEHUEM:

N
Cy =log, det| I +,\I—B'NxNSR;‘BNst

S >

(28)
N o
=log,det| I, + N_pBNxNSBNxNS

S

rae C, — HpomyCKHast crocobHoCcTh (6uT/BektTop) N-MepHOTO

BEKTOPHOI'0 KaHalia, B KOTOPOM 3JIECMCHTAMM SBJIAIOTCSA BPEMCH-
HBIC OTCUYETHI Ha6J'IIOJleHI/I$[, p — OTHOLICHUC CI/IFHaJ'[/H_IyM Ha BbI-

xozne CD B omHOM BpeMeHHOM oTcuére. B Beipaskennu (28) yuu-
TBIBACTCSI, YTO OTCUETHI HAOIIOIeHHS OEpyTCsl IOCIIE COTIacOBaH-
HOW (mibTpanmu ¢ mepuogoM T =1/ F, » mosTomy OTCYCTHI
ryma OyayT HEKOPPEeInpOBAHHBIMH. UYTOOBI HCKITIOUNTH BINSHHE
BBIOOPA Pa3MEPHOCTH BEKTOPA Ha MPOITYCKHYIO CIIOCOOHOCTH pac-
CMOTPUM HOPMHPOBAHHYIO MPOMYCKHYIO CIIOCOOHOCTH HA OJUH
OTCYET

1 N
C =Nlog2 det| I, +N—pB B ’ (29)

NxNg ™ NxNg

S

-
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Herpynno nmokazate, uTo i cuctembl HaiikBucra
(N =N,, By, =IN) HMeeM:
1
C =Wlog2det(1N +pl ) =log, (1+ p)- (30)

DT0 MONHOCTEIO coracyercs ¢ Teopuei lllerHoHa 0 mpormyck-
HOMW CIIOCOOHOCTH T'ayCCOBCKOTO KaHaa.

PaccMoTprM 3aBHCHMOCTH IPOITYCKHOW CIIOCOOHOCTH BEK-
TOpHOTO KaHajia (29) mpu pa3HbIX 3HAYCHUSIX MEpUOJa Clie/ioBa-
HUSI MMITYJILCOB IIpH (PMKCUpPOBaHHOI mojioce. Ha puc. 6 npuse-
JICHBI 3aBUCHMOCTH ITPOITyCKHOW CHOCOOHOCTH OJIHOTO Ha OJIUH
orcuér or OCII npu pasHBIX 3HAYCHUSX MEPUOJA CIICTOBAHHS
uMIynbcoB. Yucno oTcu€roB, B3ATHIX ¢ dacTtorod HaiikBucra
N = 24, mapameTp ckpyrieHus GpUIBTPa C MPHUITOAHATHIM KOCHHY-
com ¢ =0.3.

Gauss source; a=0.3;N=24

14
— (T /M= 1 (N=24)
20— am= 45 (N=30) 1
1ol (T/T= 34 (N=32) |
o —(T/M= 23  (N=36)
Q.
€ 8l —(T/M= 12 (N=48) 1
(4]
2
S 6¢ 1
($)
4 L 4
2 . 4
O 1 1 1 Il
-10 0 10 20 30 40
SNR, dB

Puc. 6. 3aBucumocTn npomyckHoi criocodbnoctn ot OCII
IIPU Pa3HBIX 3HAYCHHSX IIEPHOJIA CIICJOBAHUS UMITYJIECOB

Kak crieyet u3 3TOro pucyHka, st CHCTeM Tepenadn uHpop-
MAIIIH C TayCCOBCKUMU HCTOYHHKAMH yBEIHMUCHIE YacTOTHI CIie-
JTOBAaHUS OTCYETOB HE MPUBOIUT K YBEIIMICHUIO ITPOITYCKHOM CITO-
cobnoctu 1o llenHony.

PaccMoTpuMm Tereph MPOMYCKHYIO CIIOCOOHOCTh IPU Tepe-
Jade nudpoBoil HGOPMAIIMHK 10 HEMPEPHIBHOMY KaHATy CBSI3H,
T.€. B KA4eCTBE CUTHAJIOB, MEPEAaBAEMBbIX [0 KaHATy CBSI3U pac-
CMOTPUM CHUMBOJIBI ¢ M(poBoit Monyssinueit QAM. B nanHom

cj1ydac 49n c (CM — 3TO KOMILJICKCHBIN CHMBOII, HpI/IHI/IMaIOHII/Iﬁ

omo 3 M = 2" 3Hauenwuii, rae M — yucio OUT, IEpPeABAEMBIX
B OJHOM OTCY€TE CHTHaja, N = m OTOT cimy4ail COOTBET-
CTBYET IPOITYCKHOH CITOCOOHOCTH TUCKPETHO-HETIPEPHIBHOTO Ka-
Hana [61-64, 68, 69, 71]. 3neck MO AUCKPETHOCTHIO MOHUMAETCS
JIUCKPETHBIN XapaKkTep 3HaueHui curnaina. /s sToro ciyvas B3a-
uMHasi HHQOPMALHS MEXTY HHU(POBBIM UCTOYHUKOM J € YHCIIOM

o N
cocrosmmit 2™, XapaKTepu3yIoIas MPoIyCKHyI CTIOCOOHOCT,
OyJIeT onpenessIThCs CIeAYIONUM BhIpaxeHueM [69]:

1, =-N-3,, (31)

IJIe BBEJEHO Clieytoliee 0003HaYeHHe




DNEKTPOHUKA. PAODUOTEXHUKA

2

SR SR L
Siv =5 N €Xp 2 X
27 3| v (2707) 20, (32)
SRLAY
xlog| —— > exp| ————||dy ,
N o 20';
TIe O(J) — J-as komOuMHAIHS Ns-Mepﬁoro BEKTOpa

9:[@ gNJ.
JIJisl mpakTH4ecKoro Mcnoib3oBaHus BblpakeHud (31)-(32)

MOXXHO HCIIOJIIB30BaTh MECTO/Q MOHCT-KapJ'IO. JJIs1 9TOro €ro
MOJXHO r[pe06pa3OBaTL 1 3alMcCaThb B CJICAYIOLICM BUJIC:

2
_ | N | ™ z, - WA (33)
IJ;Y ~-N- Zlog mN, Z exXp| — 2
NMC n=1 2 J=0 20—7;
rIe NMc — 00BEM cratuctuku merona Monte-Kapio, | , — 3Ha-
YeHHue JUCKPETHON ciayyaitHo! BEJIMUMHBI

| e {(),1,2,.”2""\‘S — 1} Ha N-U peanu3aluy BHIYUCIECHUN METO-

nom MonTe-Kapsio.
PaccMoTpuM 3aBHCHMOCTH TMPOITYCKHOW CIOCOOHOCTH JHC-
KPETHO-HEIIPEPBIBHOI'O KaHaja, PUBEACHHON K OJHOMY HH(OP-

. 1 —
MaUHOHHOMY OTCHETY C = —1| » OT OTHOLICHUS CUTHAJI/IIYM

5

IIPU Pa3HBIX COOTHOLIEHUSX (TS /T ) TIPY UCTIOJIB30BaHUN OTH0a-

IOIIEH CUTHalla B BUJIE NMPUIIOAHSATOrO KocuHyca (4) ¢ mapaMer-
poMm ¢ = 0.3. DTH 3aBHCUMOCTH ITPUBE/ICHBI Ha pHC. 7. 37eCh XO0-
POLLIO BUJIHO, YTO B OTJIMYHE OT HEIPEPLIBHOI'O I'ayCCOBCKOIO HC-
TOYHUKA, IPH Nepeade nupoBoil HHHOPMaLUH YBEIHICHHE Ya-
CTOTBI CJIEIOBAHUSI CHMBOJIOB (yYMEHBIIEHHE COOTHOIIEHMS
(TS / T) ) IPUBOAMT K YBEJIUYEHHIO MPOMYCKHOM CIIOCOOHOCTH,

a TOYHEe K peajbHOW CKOpPOCTH Tmepenadd HH(OPMAIHH.
Ha puc. 8 npuBeneHbl 3aBUCHMOCTH TIPOIYCKHOM CIIOCOOHOCTH
cucrembl FTN 1515t rayccoBCKOT0 HCTOYHMKA U IIU(DPOBOTO UCTOY-

HHUKA OT COOTHOILCHHUS (FFTN /F, ) =1/ (TS / T) IpU OTHOLIE-

HuM curaan/uym 10 nb. DTH 3aBUCHMOCTH TIOKa3bIBAIOT, YTO LIS
rayCCOBCKOTO MCTOYHMKA YBEIHMUCHNE YACTOTHI CIIEJOBaHUS HH-
(hopMaIIMOHHBIX OTCUETOB HE YBEIMIUBAET IPOITYCKHYIO CIIOCO0-
HOCTb KaHaJia, B TO BpeMsi KaK JUisl I POBOro HCTOUHMKA HAOIIIO-
JIaeTCsl POCT MPOIYCKHOM criocoOHocTH. OIHaKO, 3HAYESHHUE TTPO-
MYCKHOM CHOCOOHOCTH MpHU LU(POBOIA Tepeade He NPEeBbIIIACT
MIPOITYCKHYIO CITIOCOOHOCTH rayCCOBCKOI'O MCTOYHMKA, OHO JIMIIIb
ACHMITOTHYECKH CTPEMUTHCS K HEH.

OTH pe3ynbTaThl MOKa3bIBAIOT, YTO dPGEKT OT MPEBBIICHHS
yacToTsl HalikBrcTa HabIr01aeTCsl TOJIBKO B CHCTEMax, KOTOPBIE
Ha caMoM Jienie Hed((eKTHBHO HCIONIB3YIOT MPOITYCKHYIO CIIO-
coOHOCTh KaHama. [Tpruém, dem Xy)ke HCIIONb3yeTcsl KaHal, TeM
Oonpmie ToBbImIaeTcs A((HEeKTUBHOCTh OT HWCIOIB30BAHUS CH-
crembl FTN. Takum 00pa3om, BBeJIeHHE KOHTPOIUPYEMOH MEX-
CHUMBOJIbHOM MHTEp(EPEHIINN B CHCTEMaX CBSI3H C TEXHOJIOTHEH
FTN siBisiercst IUib HHCTPYMEHTOM J1JIsl HOBBINICHHS 3P ek THB-
HOCTH MU3Ha4YaJbHO HEI(D(PEKTHBHBIX CHCTEM.

DFTN: QPSK; «=0.3

4.5 T
4+ |
351 1
3 |- 4
[0
=
E25F L g -0-0-0-0-0-0-0-0 J
[
=
5 2r 1
s —— (/7= ]
——(T/T)= 45
1 (TyM= 23| -
—a—(T/T)= 47
0.5 —a—(T/M)= 172 i
4

-10 -5 0 5 10 15 20 25
SNR, dB

Puc. 7. 3aBucumoctu nponyckHoi cnocoonoctu FTN cucrems! npu me-
penade mudpoBoil HHGOPMALIUU OT OTHOIICHUS CUTHAJI/IITYM TP pa3-

HBIX COOTHOIICHUSIX (TS / T) .

DFTN: QPSK; «=0.3; SNR=10dB

3.6

341 1

32¢ 1

C, bit/sample

18 1 L
1 1.2 1.4 1.6 1.8 2

Fern/Fy)

Puc. 8. 3aBucumMoctu mpormyckHoit cnocooroctu cucteMbl FTN st
rayCCOBCKOT'O HCTOYHUKA M II(PPOBOTr0 UCTOYHHKA OT COOTHOIICHHS

(FFTN / FN ) npwu oTHOIEHUH curHan/mym 10 n1b

IloBeném Ttenepr aHaJOTMYHOE MCCIEAOBAHUE MPOILYCKHON
CHOCOOHOCTH CHCTEMBI cBs3H ¢ TexHoiorneit NOMA. B kauectse
pasunoBugHOCTH NOMA paccmorpum WSMA ¢ unciom pecypcoB
4 u pa3HbIM YnCIIOM Tojib3oBateseit [43]. [Tockonbky, Kak ObLIO
Moka3aHo B paznene 2, 1 cucteMbl NOMA MOeT HCIOJIb30-
BaThCs TaKas K€ MOJIeNb, Kak 1 41 AuckpetHoit FTN, To s ana-
JIU3a TPOITYCKHON CIIOCOOHOCTH C TayCCOBCKUM HCTOYHHKOM U
mudpoBeiM B cucreMe NOMA ncronb3yeM Te ke BBIPaKECHHS
(28) 1 (33), COOTBETCTBEHHO.

Ha puc. 9 mpuBeneHbl 3aBHCHMOCTH TIPOITYCKHOM CIIOCOOHO-
CTH ISl TaAyCCOBCKOTO KaHama W NU(POBOTO KaHala C MOIYJIS-
et QPSK st cucremsl cBsism ¢ NOMA oT OTHOIIEHUS CUT-
HAJI/IITyM TIpH pa3HOM YHCIIe TIoJIb30BaTeneil. B otinmune ot aHa-
JIOTUYHBIX 3aBUcUMoOcTel 11 cucteMbl ¢ FTN 31ech mporyckHas
CIOCOOHOCTh BBIYUCIISIETCS JIJIsl BEKTOPHOTO KaHaa, COCTOSIIETO
u3 Nres =4, T.e. cyMMapHasi POIYCKHAasi ClIOCOOHOCTh BEKTOP-

HOT'0 KaHaja, a He JijIs1 OJIHOr0 OTCYETa.
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Ha puc. 10 mpuBeneHs! 3aBUCHIMOCTH IIPOITYCKHOI CIIOCOOHO-
ctu cucteMbl NOMA 151 TayCCOBCKOT'O HCTOYHHKA U IU(PPOBOTO
UCTOYHHMKA OT, TaK Ha3bIBAEMOIo, IIapaMeTpa Ieperpy3Ku
Overload factor =N, /N, -100% npu OTHOuICHHH CHI-

nan/mym 10 b, Tie Nus — YHCIIO MOJIb30BaTENEH.

Kak BuaHO 13 IpuBeIEHHBIX PUCYHKOB, IJIS TaAyCCOBCKOTO HC-
TOYHHUKA TPOITYCKHASI CIIOCOOHOCTh HE YBEIMYUBACTCS TIPH HC-
MTOJTE30BAHUN HEOPTOTOHAIBHBIX METOJOB MHOKECTBEHHOTO J10-
cTymna (MpH yCIOBUH, YTO CyMMapHasi MOIIIHOCTh CHUTHAlla OCTa-
€TCsI TIOCTOSIHHOM). B TO Bpemsi, Kak IUIsl CHCTEM Tepeaayn Iud-
POBOIi HH(OPMALINH, UCTIONB3YOLIMX MOy siini0 QPSK, mpume-
HEHHUE HCOPTOTOHAJIbHBIX METOJAO0B YBCIMYUBACT CYMMAPHYIO
MIPOITYCKHYIO CIIOCOOHOCTh, KOTOpAasi B JAHHOM CJIy4ae BbIpaka-
eTcsl B unce nojpb3oBareneit. OiHaKo, Mpu TOM CyMMapHas Ipo-
ITyCKHAsI CIIOCOOHOCTH UG poBoi crctembl cBsizu ¢ NOMA ocra-
€TCsI MEHBIIIE MPOITYCKHOI crtocoOHocTH 1o [lleHHoHy.

WSMA: QPSK; Nre =4

s

35 T
- o =Gaus. NUS:4 ﬁ
30 |-e-Gaus.N =5 & |
&
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. - @ -Gaus.N =8 6#
S
G 20| |—*—QPSKN =4 yﬁ il
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Puc. 10. 3aBucnmocTty npoIyckHoi criocodnoctr cucteMsl NOMA
JUISl TAyCCOBCKOTO NCTOYHMKA U IU(POBOTO UCTOYHUKA OT ITapaMeTpa
Meperpy3Ku pu oTHOMIEeHUH curHa/mrym 10 nb

SNNIEKTPOHMKA. PAONOTEXHUKA

OTH pe3ynbTaThl MOKAa3BIBAIOT, YTO NCTIOIH30BaHUE KOHTPOIIH-
pyemoii momexu B cuctemax FTN 1 NOMA 11o3BoJIsIeT MOBBICUTH
CHEKTPaJIbHYI0 3PPEKTUBHOCTD U MPOITYCKHYIO COCOOHOCTH, HO
TOJIBKO B TOM CJIy4ae, KOT/ia B CHCTEME CBS3H, H3HAYAJIbHO, CBOH-
CTBa KaHAJIa MCIIOJB3YOTCS HE OYCHB YPPEKTHBHO. ITHUM, B OC-
HOBHOM, OOBSICHSIETCSI, YTO OTH TEXHOJIOTHH YaIlle BCETO HCIIOJb-
3YIOTCSL IPH MOJYJISIIMSIX HEBBICOKOTO MOPSKA U C HEOOJIBIIUM
YHCJIOM I10JIb30BaTeNeH.

Craenyer Takke oOpaTuTh BHUMaHKE Ha TO, YTO JUCKPETHBIC
curHaibl B cucteMax ¢ FTN 1 NOMA uMerot 6oJibline 3HaYCHUN
(TOYeK 1Mo ypoBHIO) YeM UCXoaHbIe QAM-CUTHANEI, YTO TPUOITH-
JKaeT MX K HeTIPEPBIBHBIM CHT'HAJIAM, F K TOMY K€ OHU CTAHOBSITCS
MPAaKTUICCKH HE3aBUCUMBIMU. J[pyTUMH CIIOBAaMH TOBOPSL, TIPE00-
pasoBannbie curaaisl B FTN 1 NOMA cucremax mpuOImKaroTes
K TayCCOBCKUM, YTO MPHUBOIUT K mpuOmmkennto K llleHHOHOB-
CKOM TPOMYCKHO# CIIOCOOHOCTH.

JlaHHBIE BBIBOJIbI HE MPOTHBOPEYAT U HE MOJBEPralOT COMHE-
Huto, aHanu3 3¢dexruBHoctu cuctem cesizu ¢ FTN u NOMA,
OMmyOJMKOBAaHHBIC B pa3HBIX HCTOYHHKAX [9, 22, 35, 36, 49, 50], a
JIMIIb CMENIAIOT aKLIEHT Ha NCTHHHYIO IPUPOJY MOBBILICHHS (-
(DeKTHBHOCTH U JTAIOT HAINPABJICHUS B IOMCKE KPUTEPUEB IS OTI-
TUMU3AIHH, HAIPUMEp, UCIOIh30BAHNE KPUTCPUEB, YUUTHIBAIO-
MMX AUCKPETHBIA XapakTep NUPPOBHIX curHanos [71-73].

3akjouenue

Taxum 006pazom, TPOBEAEHHBIN aHATIH3 MPOITYCKHON CITOCO0-
HOCTH CUCTEMBI CBsI3U ¢ HOBBIMH TexHonorusiMu FTN u NOMA
ToKasaJi, YTO 3TU TEXHOJIOTHH, OKCILTYaTUPYIOIHUEC BBCICHUEC KOH-
TPOJHUPYEMBIX MOMEX IMYTEM HAPYIICHHUA OPTOrOHAJIBHOCTH, HE
SIBJSIFOTCST «BOJIILICOHBIMI» TEXHOJIOTHSIMH, JEJaloUIMe JIydllee
ayumuM. OHH JIMIIB IEMOHCTPUPYIOT TOT (aKT, YTO COBPEMEH-
HBIE CHCTEMBI HEIOCTATOYHO 3(P(PEKTUBHO MCHONB3YIOT KaHAIIBI
CBSI3H, U JAIOT HHCTPYMEHT JUTS YJIy4IIeHHs CHCcTeM CBsi3u. [Ipy-
THMH CJIOBAMH TOBOPSI, OHU MTO3BOJISIIOT «JIOTPY3UTh» «HEHOTPY-
JKEHHBIE» CHCTEMBI CBsI3H. «HemorpyKeHHOCTb» KaHAJOB CBSI3U
BO3HMKAET M3-3a UCIIOIb30BAHMS IIU(PPOBEIX METOZ0B MOIYJISIIN
HHU3KOTO TIOPS/IKA, T03TOMY HanOOJIBIINHA 3PQEKT OT NCIONIB30-
Bauus FTN 1 NOMA BO3HHKaeT, UMEHHO, B CHCTEMAax C MOIYJISI-
nmeit Tmma BPSK 1 QPSK.

D¢ dexT oT ncoNbE30BaHM ATUX TEXHOJIOTUH OCHOBAH Ha TOM
K€, YTO U IPUMCHCHUE MO)]yJ'IHHI/Iﬁ BBICOKOI'O MIOpsAZKa, a TaAKKE
MHOTOMEPHBIX COSBeSZ[Hﬁ. H03TOMy JUIA OIITUMU3AIlUU CUTHAJIOB
cucrem cBsizu ¢ FTN u NOMA Heo0XouMo UCIIOIb30BaTh KPH-
TEPUH, YIUTHIBAIOIINE AUCKPETHOCTh 3HAYCHUH.
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Abstract

Faster-Than-Nyquist (FTN) and Non-Orthogonal Multiple Access (NOMA) are widely regarded as promising techniques for enhancing spectral efficien-
cy in 5G and 6G wireless systems. Both approaches deliberately violate signal orthogonality-FTN by time-domain symbol packing and NOMA by enabling
multiple users to share the same resources. The literature often describes them as "overloaded" systems that boost capacity through controlled inter-
ference. However, this view is misleading. Based on information-theoretic analysis, we demonstrate that neither FTN nor NOMA can exceed the clas-
sical Shannon capacity limit of the Gaussian channel. Their actual gain arises exclusively when transmitting discrete signals (e.g., BPSK, QAM), which inher-
ently operate far below Shannon's bound due to their non-Gaussian nature. Consequently, the performance improvement offered by FTN and NOMA
does not stem from "interference exploitation" but from compensating for the inefficiency of low-order modulation schemes-essentially "loading" ini-
tially underloaded channels. This effect is most pronounced in systems using low-order constellations, such as loT or energy-constrained devices.
Recognizing this mechanism shifts the optimization paradigm: rather than merely mitigating interference, system design should focus on maximizing chan-
nel utilization by leveraging the discrete structure of digital signals. The conclusions are supported by mutual information analysis of discrete-input con-
tinuous-output channels and corroborated through Monte Carlo-based simulations. Ultimately, FTN and NOMA are not "magic" breakthroughs beyond
fundamental limits-they are practical tools to approach Shannon efficiency in real-world digital communication systems.

Keywords: spectral efficiency, FTN, MIMO, NOMA, spatial multiplexing, 5G, simulation modeling
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BBenenue

CoBpeMeHHbIE  WH()OPMAIMOHHO-KOMMYHHKAI[HOHHBIE — CH-
CTEMBI BCE Yallle CTPOSITCS KaK TMOPUIHBIE CPEbl, 00bEANHSIIO-
1€ MOIIHBIC 00JIauHbIe IIEHTPHI U PACTIPECIEHHYIO0 TepU(EpHIo
(fog-cnoif), pacruioskeHHy10 OJIMKe K HCTOYHUKAaM JaHHbIX [1-3].
Takoe coueTaHue MO3BOJISET YAOBIETBOPATH pa3HbIE, YACTO IPO-
TUBOpEYNBEIC, TPEOOBAaHUS, a IMEHHO, OTIEPATUBHYIO 00pabOTKy
JIETKUX) 33/1a4 HETTOCPEACTBEHHO Ha KPAIo CETH JUIT MUHUMH3a-
IIUH 33/IePKEK U SKOHOMUH KaHAJIOB CBSI3H, & TSDKENBIC BHIYUCIIH-
TEeJbHBIC HarPy3KHU IIEPEHOCUTH B aTa-IIeHTphI o0maka [4-6]. [Ipu
3TOM KJIACCHYECKHE CXEMBbl MapIIPyTHU3aIM1, OMHPAIOLINEcs Ha
€/IMHCTBEHHBIH MapLIPYT OT UCTOYHHKA K 00J1aKy ¥ 00paTHO, He-
PEIKO CTAHOBATCS Y3KMM MecToM [7, 8]. du3nueckue orpaHuye-
HUS KaHAJIOB U OYepe/ib B y3/axX MPUBOJAT K POCTY BPEMEHH OT-
KJIMKA, a BBIXOJI U3 CTPOSI WX MIEPerpy3Ka OTAEIbHBIX 3BEHbEB MO-
JKET TIOJTHOCTBIO IIpepBaTh OOMEH KPUTHYECKUMH JIAHHBIMU [9].

B ycnoBusix crpemutensHoro pocrta uncna loT-ycTpoiicTs,
YBEJIWYCHHUS TPEOOBAHUH K HAEKHOCTH M KECTKUX OTPaHUICHIH
M0 33Jep)KKaM B MPWJIOKEHUSAX JOMOJHEHHONW PEanbHOCTH, WH-
TEJUIEKTYaIbHOM TPAHCIIOPTE M OECHMIOTHBIX CHCTEMAaX BOIIPOC
YCTOMUMBOM OCTaBKM MAHHBIX NMPHOOPETAET MEPBOCTEHCHHOE
3Hauenue [10, 11]. B aToi craTthe mpemiaraeTcsi MPUHITUITHAIEHO
MHOM MOAXO0J — MHOIOIYTEBYIO MApUIPYTHU3aLMIO0, IPU KOTOPOH
KaX/IbIM MakeT JaHHBIX KIOHUPYETCS U OAHOBPEMEHHO HAIlpaB-
JSieTCs 10 HECKOJIBKUM HE3aBHCHUMBIM ITyTAM 4epe3 pas3sIndHbIe
fog-y3mb1 u obsaunklii eHTp. [IpeaioKeHHbIH MeTo 1 00eceyn-
BAeT MOBBIIIEHHYIO YCTOHUUBOCTh K OTKa3aM M MOTEpe MaKeTOB
3a CYET pEe3epPBHPOBAHMS KAHAIOB, a TAKXe IT03BOJISIET T'MOKO
YIPaBISITH KOMIIPOMHCCOM MEX/Ty HaIEKHOCTBIO JJOCTAaBKH U 00-
el 3aaepxkoit. Jlannas naest 6pu1a opmannzoBaHa B BUIE CMe-
IIAaHHOM IETTOUNCICHHON 3a/1aul ONITHMHU3AINH, TJC YITEHbI IPO-
MMyCKHAsl CIIOCOOHOCTh KaKJOTO KaHaja, (UKCHPOBAHHBIC 3a-
JIEP>)KKH PacTIPOCTPAHEHUS M BEPOSATHOCTHU TTOTEPb.

Jl1s1 mpakTUYecKOol MPOBEPKU U aHAIM3a MPEIJIOKEHHOU MO-
JIeJIN Pean30BaH MPOTOTUI B CPEI€ UMUTALMOHHOIO MOJIEIINPO-
Banus 1FogSim, mnokaszaBmMii BO3MOXHOCTH JIOCTHYb pOCTa
Han&xHocT ¢ 98% 10 99,5-99,8% nipu yMepeHHOM yBEIUYEHUH
end-to-end 3anepxku Ha 4-7%. IlomydeHHsle pe3ynbTaThl MOJ-
TBEPXKJIAIOT (P PEKTUBHOCTH MHOTOIY TEBOH MapIIpy TH3AINH JIJIST
COBPEMEHHBIX TMOPHIHBIX CETeH M OTKPBHIBAIOT HOBBIE MEPCIEK-
TUBBI B YIPABICHUN PacHpeieNEHHBIMI BEIYUCICHUSIMA 1 TIepe-
naveil TaHHBIX.

MapmpyTusauns B ceTax UHTepHeTa Bemnei

B cersax HMHtepHeTa Beled yaiie BCEro UCIOJIB3YIOTCS He-
CKOJIbKO OCHOBHBIX MOJIX0JI0B K Mapuipytuzanuu [12-14]. Ilnoc-
kas (flat) MaprupyTH3aius, Korja Bce y3ibl paBHOIPABHbBI U CAMH
pemiaoT, Ky/ia nepeiaBarh akeTbl Ha OCHOBE JIOKAJILHOM MH(DOP-
MaliH 0 COCE/IsIX, MapIIPyTH3alLMsl Ha OCHOBE Kiactepa (cluster-
based), rie ycrpoiicTBa 00bEANHSIOTCS B TPYNIIBI M HepapXuye-
ckas (hierarchical) cxema, mpm KOTOpoif Ha BEpXHEM YpPOBHE
HaxomsATcsl OoJjiee MOIIHBIC Y3Ibl (IIDTFO3BI WM OOJNAaYHBIE cep-
BHCHI), @ Ha HIDKHEM - DHEPro3aBUCUMBIC CEHCOPHI [15].

[Tomumo 3tor0, B [0T akTHBHO pa3BUBatOTCs reorpaduuecKkue
METOABI, KOTAa pCIICHUA MPUHUMAIOTCA Ha OCHOBAaHUH KOOpAW-
HAT Y3JI0B, a TaK)Ke MMPOrPaMMHO-OIPEICIsIeMbIe CETH, IJie LIeH-
TpaJIbHBIA KOHTPOJIJIEP JUKTYET MapILIpyThI 110 Beeit cetu [16].

CB43b

TpanuiroHHbIE OJTHOIYTEBbIE METO/bI MapIIPyTHU3AIMHU, KaK
MIPaBUJIO, BBIOMPAIOT ISl MEPeAadd €AMHCTBEHHBIN <«UTyUIIHI»
MapuIpyT [0 3apaHee 3aJaHHOMY KPHUTEPHIO — MUHHMallbHas
JUIMHA TYTH, dHEPro3arparsl WM 3aaepxkka [17-18]. Onnako, B
peanbHbIX [0T-crieHapusax Takue METObI CTATKUBAIOTCS C PIJIOM
cepbE3HbIX orpannyenuit [19]. Bo-nepBbix, 0qHOHANIPABICHHBIH
IIyTh CTAHOBUTCS YS3BUM K OTKazy JIIOOOTO IPOMEKYTOYHOTO
y371a win KaHana. [loreps cBs3u B OHOM CETMEHTE aBTOMaTH4e-
CKH OJIOKHMpYET [I0CTaBKy [IaHHBIX. BO-BTOpBIX, NpH BBICOKON
TUIOTHOCTH YCTPOHCTB MJIM MUKOBBIX HArPY3Kax KaHAIIbI HA «Tyd-
IMX» MapIIpyTax IMEeperpykaroTcs, 4YTO MPUBOJUT K BO3pacTa-
HUIO 3aJIepKeK, MOTepe MaKeTOB U OBICTPOMY pa3psiay Oatapeit y
AKTHBHO TPAHCIIMPYIONIMX y3110B. TpeThs npobiiema — 3To Herno-
Kast 0aJaHCUPOBKa TpaduKa, KOrjia BCe HUCIOJIB3YIOT OJUH U TOT
)K€ MapIIpyT, 4YaCTh CETH NPOCTAUBAET, & YacTh MEeperpyKaercs,
yXyamast o01yto sHeprodp ek THBHOCT 1 HaAEKHOCTS [19, 20].

VIMeHHO 3TH OrpaHWYeHHUs] 0OOCHOBBIBAIOT HEOOXOAMMOCTH
MHOTOITy T€BOW MapIIpyTH3AIMH, IPH KOTOPOH JaHHBIE OT OJJHOTO
WCTOYHHKA KIOHUPYIOTCS U OJHOBPEMEHHO ITEPEIAI0OTCS 10 He-
CKOJIBKMM HE3aBHCHUMBIM ITyTSIM K Ha3HaueHHIo. [IpennoskeHHbIH
TI0/JIX0/] TO3BOJISIET 3HAUNTEIBHO CHU3UTH PUCK IIOTEPH HHPOpMa-
LUK — €CIIM HA OJJHOM MapIIpyTe IMPOU301IEN cO0H, TaHHBIE MOTYT
YCIIEIIHO JOMTH MO APYroMy MapuipyTy. MHoromyTeBas cxema
Talke paBHOMEpHee pacmpeznessier TpaduK 10 BCeH CeTH,
MIpeAoTBpamas «y3KHe MecTa» 1 MpoJyIeBasi CPOK CITyKObI Hanbo-
Jiee aKTHBHBIX y3110B. Kpome Toro, npu rpaMOTHOM BBIOOpE KOM-
OMHauii aTbTEePHATUBHBIX ITyTEH MOKHO cOalaHcHpoBaTh Tpeo-
BaHMS 10 33/IEPXKKE, PHEPrONOTPEOICHHUIO U KAUYeCTBY CBSI3H, UTO
KPUTUYHO JIUTSI IPWJIOKEHNH PealbHOrO BPEMEHHM U OTBETCTBEH-
HeIX loT-cucrem, rie kaxaoe cooOIIeHNE JOIDKHO OBITh JOCTaB-
JICHO BOBpEMsI U €3 OIIHOOK.

MaremaTn4yeckasi Mojielb MHOI‘Ol’lyTeBOﬁ MapumpyTu3danvuu
B Fﬂﬁpﬂ)ﬁlﬂblx CETHAX CBA3U

PaccmoTpum 1opoOHbIil MaTemMaTHueCKuid armapar Juist Mo-
JICTMPOBAHMST MHOTOITYTEBOM MapIIpyTHU3alii B THOPHU/IHBIX Ce-
TSX CBsi3U, 00benuHstomux oonauneie (Cloud) u tymannsie (Fog)
BBIUHCIICHUS. MoJenh NMpeICTaBIsieT co00H CMENIaHHYIO IEeNo-
YHCIIeHHYI0 33/1auy onTumuzannu (Mixed-Integer Programming,
MIP) ¢ yuéTroM MpoIryCKHOM criocOOHOCTH, 33/IePXKEK 1 HaIEKHO-
ctu [21].

[TycTb ceThb 3agaérest opueHTHPOBaHHBIM Tpadgom G = (V, E),

rae V =V, UV, UV, — MHOXKECTBO y310B (V. — obna4nsie, V
— TyMaHHbIe, V, — Monb3oBatenbekue y3ubl [0T), EcV xV —
MHOJKECTBO HAITPABJICHHBIX KAHAIIOB CBSI3H.

[TapameTpsl KaKI0TO KaHaIa (i, j)e E —o10 ¢jj — mpomyck-
Has criocoOHocTh (OuT/C), y — 00CITy)KHMBaKoIasi CKOPOCTh

(out/c) mst M/M/1-kanaina, p; — BEPOATHOCTH YCIELIHOH Tepe-

Io|
Jaun (HageKHOCTh), dijp P _ nocrosmHas (pusmueckas) 3a-
nepxka (c). [lapameTpel y3i0B 3a1a1umM 4, — BXOJSIIMI HArpy-
304HBIH MOTOK OT Mmonk3oBarens U eV, , D™ —3anepixka obpa-
60TkH B y3i1e THHA K € {C, F }

[lycth K TIepeMEHHBIM MOJENU OyIeT OTHECEHO fiju >0 —

00bEM moToKa OT monbsoBatens UeV, mno kaxany (i, j),

—
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zj € 10,1}

s U HCIIOJB3YCT KaHall ( J) O003HaYNM 6I/IHapHI>II/I HHIWKa-

— OuHapHas TIepeMEHHas paBHA 1, eciam MapupyT

TOp TOTO, IIe UMEHHO (B KaKOM OOJIAYHOM WIIM TYMaHHOM Y3IIe)
Oyner 06paboTtan TpahuK MoJIb30BATENSA Y, € {0,1} — 1, ecu Tpa-

¢uk or U obpabatsiBaercs B y3ie k eV, UV,

[TycTh MOTOKOBOE OrpaHMYEHHE ISl KaXKJAOTO IMOJIb30BaTENs
U my3na ieV onpexnensercs BipaxenueM (1):

Ays i=u
— Y=o, ieVouy,, yi=1 @D
i J) (i-)eE 0, uHaue

[IpomyckHas CIIOCOOHOCTH KaHAJIOB OyIET OTPEACTATHCS, KaK

2):
Sfr<c, Vi.j)eE @

uevy

CBS{SB II0TOKa U 6I/IHapHBIX MEPEMEHHBIX MOXEM OTMCTUTD,
Kak BeIpaxenue (3):

u —ﬂ'uzu’ ZZ;SKmax s vu, ('71) (€)
(i.j)eE
rae K . — MakCHMaJbHO JIOMYCTHMOE YHCIIO MyTeW JJIsl OJTHOTO
I10JIB30BAaTCIIs.

O06pabotky Bo «BcromorarenbHoM» (Cloud/Fog) y3ne cmo-
JKEM OTIPECIHTh, KakK (4):

Syi=1. yeelol (4)

keVe WV

Brruncnenue 3anepxkku nmo M/M/l-kaHanmy ¢ MHTEHCHBHO-
CTBIO TOTOKA A = Z f;' Oyaer onpenensarses, kax (5):
u

1
= Ay <yy (5)

Di?UEUE — A
Hij ij

OO6mas 3axepkka s Tpaduka oT U Bomb mytu P Oymer
OTIPENICTIATHCS C MIOMOIIBIO BRIpaXkeHU (6):

Z (Dijprop + Di?ueue)+ z yltl karoc (6)

(i,j)eP keVe Wi

D' =

HanesxxHocTs nepegauu o myte P MOXKeM MPeICTaBUTh B BULIE
BhIpakeHust (7):

= [1In; (7)

(i.j)eP

MHOTOKpUTEpUalIbHAS 11eJ1b - MUHUMH3UPOBAThH B3BEIICHHYIO
CYMMY CpEJIHHX 3aJIepKeK MPU TapaHTUPOBAHHON HAIEKHOCTH U
3aTpar Ha nepeaavy JaHHBIX (8):

min
f.z,y

aD" - fInR" +y D ¢,z ®)

ueVvy ( J)EE

riae a, 3,y =0 — BecoBble KOO(QPUIUUEHTBI, ONPENENAIOT OTHOCH-

TEIbHYIO B&XKHOCTb TPEX COCTABIIAIOIINX ONTHMH3ALMHU (¢ — KO-
9QPUIHEHT «IATEHTHOCTH» MOKa3bIBAET, HACKOJBKO IIPUOPHU-
TeTHa MHHUMU3ALHs 3aIepKKH. Bonbioe ¢ 3acTaBUT alrOpHTM
BEIOMpaTh Oosee ObIcTphle (HO, BOBMOXKHO, MEHEe HaIEXKHBIC)
MapupyThl, [ (KOODQUUMEHT «HAIEKHOCTHY») ONpeenseT

BKJIaJl HAIEKHOCTH B IIEJTh.
UYeMm BbllIE [, TEM CUIIBHEE MOJIETb CTPEMUTCS yBEIMYHTD BE-

POSITHOCTh JOCTABKH, JaXKe LEHON JOMOJHUTEIBHON 3a1epiKKu
unn Gonee Beicokux Tapupos. Kospdunmenr y (xoadduuent

«TapI/I(i)a») B3BCHIMBACT PAacCXOAdbl Ha HCIOJb30BAHHMC KAaHAJIOB.
VBenmnunBas Y » MbI JI€JIaCM 3KOHOMMIO KaHaJIOB Ooitee mpuopu-

TETHOW M TEM CaMbIM OTPAaHWIMBAEM KJIOHHPOBAaHHE TpaduKa 1o
JIOPOTUM Iy TSIM.

Hponene}me MOAEJIUPOBaHUA

B xone skcniepumenTa B iIFogSim chauana Obuta CKOHCTPYH-
poBaHa TPEXYpPOBHEBAsl BBIYMCIHUTENBHAS Cpeja, I/ie Ha CaMOM
HU3KOM YpPOBHE HAaXOAWINChH IIOJIb30BATEIILCKHE CEHCOPHI, Ha
Cpe/iHeM - HECKOJIbKO fog-y3IIoB, a Ha BEpXHEM — €MHBIN 001a4-
HBIN meHTp. JJIs KaykKIoro y3ia Onpe/ersuiach ero BEIYUCIUTEINb-
Hasl MOIIHOCTH (B MIJUIMOHAX OMEpAIlHii B CEKyHIY), 00BEM oOrie-
paTHBHOHN MaMATH U MPOITyCKHAasi CIIOCOOHOCTh KaHAJIOB CBSA3U K
BBIIIECTOSIIEMY U HIDKECTOSIIIIEMY YPOBHAM. OTHOBPEMEHHO IS
KaXJIOW CBSI3M 3a/1aBAJIUCh MAKCHMAJIbHAsi CKOPOCTh Iepeladu
JaHHBIX, PUKCUPOBAHHAS 3aAEPXKKA pACIPOCTPAHEHHS CUTHATIA U
BEPOSITHOCTH YCIICIITHOM JJOCTaBKNU MaKeTa.

[ocie onmycaHus TONOJIOTHH U MAPaMETPOB KaHAJIOB MOKHO
MIPUCTYNIUTh K (OPMHUPOBAHHIO MPUIIOKEHHUS, KOTOPOE 3aIycKa-
JIOCh Ha CEHCOpax M COJEpXKajo JiBa dTara o0paOOTKH JaHHBIX,
BO-TIEPBBIX, MPOCTON ITIpeBApUTENbHBIN aHaIu3 Ha fog-y3max u,
BO-BTOPBIX, Oosiee TsoKEMyIo ornepanuio B odnaxe. st fog-y3mos
YCTaHABIMBAIOCh BpeMsI 00pabOTKN OHOTO MAKeTa OKOJIO ISTH
MHJUTACEKYH/T, @ AJIs1 00Ia4HOT0 MOAYJISl — OKOJIO IBAALIATH MHJI-
mcekyHa. [TakeTsl reHepupOBaINCH HA CEHCOpax MO CITydaiHOMY
(TryaccoHOBCKOMY) TIPOIIECCY, MIPUMEPHO IIATh pa3 B CEKyHIY, U
Becuiu 1o 500 Gaiir.

KittoueBoit aneMeHT MOJEIN — 3TO MYJIbTHUITyTEBasi MapIIpy-
tu3anusi. Kaxapli pas npu reHepauy HOBOTO IaKeTa Ha CeHCope
CO3/IaBaJIMCh J[BA €ro KJIOHA JUIS Iepeaadd Mo pasHbIM Iy TSIM.
[lepBsIii KIIOH cienoBai uepe3 Ommxainuii fog-ysen («kFogA») u
3areM HalpsMylo B o0siako. Bropoii kioH otnpasisuics B Ooiee
ynanéuneiii  fog-yzen («FogB»), ortyma Ha criemyrommid
(«FogC»), a yxxe oTTyAa — B TOT e 00auHblif neHTp. Ha kaxom
Tepexo/ie KJIOHA OT OJTHOTO y3J1a K APYTOMY YUUTHIBAIACh KAK 3a-
JIepKKa, MPUCYINAsi ’TOMY COCAMHEHHUIO, TaK U BEPOSTHOCTD I10-
Tepu. Eciu KII0H «He Tpormén» 1o Ha&KHOCTH JaHHOTO KaHaa,
OH IIPOCTO McYe3a ¥ OOJIbIIE HE YUUTBIBANICS. B MpoTHBHOM City-
Yyae MaKeT JOXOIWI 0 y3Ja Ha3HAYeHUs, I7ie 100aBIsIach HEKO-
TOpas 3aepiKKa 00pabOTKH.

Cama cuMyIsIIus IPOUCXO/IIIIA HETIPEPhIBHO B BUPTYATIbHOM
BpeMeHU Ha 3aaHHbIi mpoMexyTok (1000 cexynm). [To 3aBepie-
HUM MOJICJIMPOBAHMUSI M3 CUCTEMbI cOOpa CTATUCTUKU HM3BIIEKAJIH
BCE IaKeThl, KOTOPBIE JIOLUIH JI0 00J1aKa, (PUKCHPOBAIIH JUIST KaK-
JIOTO MOMEHT €ro TIOSIBIICHHS] Ha CEHCOPE U MOMEHT OKOHYATEIb-
Horo mpuéma. PasHmma stux BpeméH maBasna end-to-end 3a-
JICP’KKY, @ OTHOIICHHUE YUCIIa JOIIEAIINX «XOTS ObI OJJHAM U3 ITy-
Tei» IaKeTOB K OOIIeMy YHCIy Cr€éHEpHPOBAHHBIX — OOIIYIO
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HaJE&KHOCTh CXeMbl. be3 eTMHON SBHOU Mpolieyphl BbI30Ba KO-
MaH/| MOJIy4YMIOCh BOCIIPOU3BECTH pa3pabOTaHHYIO CMEIIaHHYIO
MIP-Moz€enbs MHOTOIIY TEBOM MapIIpyTH3alliH, HArJIsIHO TI0Ka3aB
KJIOHMpOBaHME TpaduKa, HE3aBHCUMYIO MPOBEPKY IOTEph MO
Ka)XJIOMY MapIIpyTy, HAKOIUIEHHE 3a/IepKeK OT (PU3NIECKOTO Tie-
peHoca 1 00pabOTKH, U TTOICUET NTOTOBBIX METPHUK KadecTBa 00-
cirykuBanus. MlcxoaHbIe TaHHBIE TIPECTABICHBI B Tabmuie 1.

Tabmuna 1
Hcxonnbie 1aHHBIE
IlapameTtp 3HaueHue Ilpumeyanue
Cencop (Userl) — renepa- |5 naketoBs/c, pa3- | [IyaccoHOBCcKHit
st Mmep 500 B MTOTOK
fogModule: o6paboTka B 5 ms Bpewmst BoITIOTHEHVIS
fog OJIHOTO TTaKeTa
cloudModule: o6pabotka B 20 ms Bpemst BeIONHEHUS
o0mnake OJIHOTO TTaKeTa
FogA, FogB, BoruucnurensHas
FogC — MIPS 2000 MIPS MOIITHOCTD
FogA, FogB, FogC — RAM | 1024 MB Oneparipias
aMsITh
CloudDC — MIPS 10000 MIPS Burmcame s
MOIIIHOCTb
CloudDC - RAM 16384 MB Oneparierias
IaMsTh
BW = 100 Mbps,
Kanan User—FogA delay = 10 ms,
p=0.98
BW =100 Mbps,
Kanan User—FogB delay = 15 ms,
p=0.97
BW = 10000 Mbps,
Kanan FogA—CloudDC | delay = 50 ms,
p=0.999
BW =500 Mbps,
Kanan FogB—FogC delay = 20 ms,
p=0.995
BW = 10000 Mbps,
Kanan FogC—CloudDC delay =40 ms,
p=0.999

PesyanaTu MOJCJTHPOBAHUA

PesynbpTaThl MoIenMpoBaHUs cBeleM B Taliuiy 2, KOTopas
MOKa3bIBaeT, Kak MeHsIoTcsi cpenansisi end-to-end 3amepixkka u
Han&kHOCTh mpu 1, 2 u 3 mytsax. us Tperbero mytu jpo0aBuM
MapmpyT gepe3 y3en FogC Hanpsamyro B obnako:

[Tyt 1. User — FogA — Cloud

[Tyte 2. User — FogB — FogC — Cloud

[Tyt 3. User — FogC — Cloud

Tabmmma 2
PesynbraThl py pa3HOM yuCIIE MyTeH

Yucao Cp. E2E- Hapéx-
nyTeii MapuipyTet 3aJep:KKa, MC | HOCTb, %

1 1)U r—FogA—Cloud 75 98.00

2 1) FogA, 2) FogB—FogC 78 99.50

3 1) FogA,2) F B—FogC, 80 99 80

3) Fo

B Tabmune 2 mpencTtaBiieHO CpaBHEHHE TPEX BapHUaHTOB
MapIIpyTH3alUK C Pa3HbIM YHUCJIOM OJHOBPEMEHHO 3aJEHCTBO-
BaHHbIX  nmyTedl. Ilpm  uCHoOAB30BaHMM  OJHOTO  IIYTH

CB43b

(User—FogA—CloudDC) cpennsist end-to-end 3aaeprxka cocTas-
nset 75 mc, a oO1as HaéKHOCTh A0CTaBKH — 98%.

Ecnm  no0aBuTh  BTOpOl ~ HE3aBUCHMBIH  Mapupyt
(User—FogB—FogC—CloudDC), cpennsisi 3amepikka Bo3pac-
TaeT 10 78 Mc, OTHAKO 3a CYET JOMOTHUTEIBHBIX PE3EPBHBIX Ka-
HAJIOB HAJAEGKHOCTh YBEIMYUBACTCS ITOYTH B MOJTOPA pa3a — 0
99,5%.

[pu noxksrouennu tperbero mytu (User—FogC—CloudDC)
CpenHsis 3aJiep)KKka CTaHOBHUTCS mpuMepHO 80 Mc, a HaAEKHOCTD
nocturaer 99,8%. C KaxIbIM HOBBIM MyTEM HAOJIONACTCS, KAk
HaJI&KHOCTh CTpeMuTeNnbHO npubimmkaercs k 100 %, uto uérko
JEMOHCTPUPYET MPEHUMYIIECTBO Pa3pabdOTaHHOW MHOTOIYTEBOU
CXEMBI 110 CPAaBHEHHIO C OIMHOYHBIM MapLIPYTOM.

Ha puc. | mokaszansl nokazaHo usmeHnenue cpeaeii end-to-end
3aJIep’)KKM B TEUEHHE CYTOK JUISI IByX CXEM MapIIpyTH3alUu OJ1-
HOITYTEBOH W MHOTOMYTEeBOH. [ paduk IeMOHCTPUPYET XapaKTep
Harpy3Kd B TCUCHHE CYTOK U SCHYIO 3aKOHOMEPHOCTB, IJIe MHO-
TOITyTEBasT MapIIPyTH3AIH MPUOABIAET CUCTEMAaTHICCKYIO, HO
HEOONBITYI0 BEMUYNHY 33JepKKku (0Koyo 3-5 mc) Ha (oHe 06-
IIeTO POCTA U CTIaja JATEHTHOCTH, COXPAHSSI TP ATOM TIPHEMIIC-
MBbI€ BPEMEHHBIE XapaKTEPUCTUKH JTA)KE B TIMKOBBIC YACHL.

- —a— OpuHENHLIA NYTh
~#= MHOXECTBEHHbIA NYTh

3agepmka E2E, mc

12 3 4 5 § 7 8§ 9 0 i Yaccyrok 4 5 8 ¥ 1 19 o 2 2 »n N

Puc. 1. J/lunamuka 3a1ep>KK1 B TEUEHUE CYTOK

Ha puc. 2 npuBeneHa nuHaMuka HaJ€KHOCTU JIOCTABKHU JIaH-
HBIX B TCUCHHE CYTOK JUIs JIBYX CXeM MapuipyTtuzanuu. ['padux
HATJISTHO TTOKA3bIBAaeT, YTO 3a CUET KIOHHPOBAaHUS Tpaduka 1o
HECKOJIBKMM HE3aBUCHMbBIM MapUIpyTaM MHOIOIyTEBask MOJEJb
obecrieunBaet 0oJice BBICOKYIO H 00Jiee CTAOMIBHYO HaIEKHOCTh
JIOCTaBKH B JTFOOBIX YCIOBUSX HATPY3KH IO CPABHEHHIO C KIIACCH-
YECKUM €AMHCTBEHHBIM ITyTEM.

100 —e--E--a- - --e.
. —a— Clamou nyTh

—m- MHOMECTREHHMWA NyTh

HapémHocTs, %

92

o 1 2 3 4 5 8 7 8 9% 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Yac cyTos

Puc. 2. /lunamMuka HaJIeX)KHOCTH B TEUCHHE CYTOK

PazpaboraHHas MO/IeJIb MHOTOITY TEBOI MapIIPy TH3ALHUH B I'H-
OpuIHOM 00TaYHO-TYMaHHOM CETH MPOAEMOHCTPHPOBaIa YETKHE
[IPEUMYIIECTBA [0 CPABHEHUIO C KJIACCHYECKHM OJHOIYTEBBIM
MOAX010M. Bo-mepBbIX, Jaxe mpu IBYKPATHOM KONHPOBaHUH
TpaduKka JONOJHHUTENbHAS 3aAePXKKa OCTANach Ha NPUEMIIEMOM
ypoBHe, cpenHuii poct end-to-end JIATEHTHOCTH COCTaBHII BCETO
3-4 mc (c 75 mc go 78 mc). [Ipu mOaKIIOYEHUH TPETHEro MyTH

_
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3amepKka yBenmamiach 10 80 Mc, 9TO TakKe YKJIaIbIBacTCs B
PaMKH MPAaKTUYECKUX TPeOOBaHUI K peaTbHOMY BpeMeHH. Bo-
BTOPBIX, OJlarofapsi pe3epBHUPOBAHMIO KAHAJIOB HAAEKHOCTD JI0-
CTaBKH BBIpocia ¢ 98 1o 99,5% npu aByx myTax u 10 99,8% npu
TPEX MyTsX.

[TonyueHHble pe3ysabTaThl HAMISAAHO MOKA3bIBAIOT <A QEKT
yObIBaromieii oraaum». [lepBble 00aBIEHHBIE MyTH NPHHOCST
HaunboJjiee CyNIECTBEHHBIH BBIMIPHIII B HaJIE&KHOCTH, TOT/A KaK
MOCIIEYIOINE JAl0T BCE MEHBIINH TpHpanieHue 1 HeOOoIbIIoe
yBEJIMUYCHUE 331epKKU. TeM He MeHee jaxe TpEXITyTeBOH Bapu-
aHT ocTaércs d(P(QEeKTUBHBIM I KPUTUIHBIX TPUIOKEHUH, TIe
moTeps MakeTa HeJOMyCTHMA.

[IpakTdeckas 3HAYUMOCTh MOJICNHU 3aKII0YACTCA B BO3ZMOXK-
HOCTH TMOKO HACTPaNWBaTh YHCIIO PE3EPBHBIX MapIIPYTOB U UX TO-
MOJIOTHIO MO pa3Hble cieHapuu oT loT-cucrteM ¢ MATKUMU Tpe-
OOBaHMSIMH K JIATEHTHOCTH JI0 CHCTEM JIOTIOJTHEHHOH PealbHOCTH
MU aBTOHOMHOT'O YHpaBJICHHUA, TA€ 3aJICPKKa KPUTHUYIHA. ITomumo
MOBBILICHUS] YCTOMYMBOCTH K OTKa3aM, MOAXOJ O3BOJIsIET Oojiee
PaBHOMEPHO pacIpe/IeisiTh Harpy3Ky MeX Iy 00JIauHbIMU U TIEpHU-
(hepuiiHBIMU y3JIaMU, CHIYKAsI TTMKOBBIC 3aTOPBI U YIPOIIas Mac-
mrabupoBaHue.

IIpemnosxenHas cMemaHHas IETOYNCICHHAs (OPMYyITHPOBKa
u e€ peanmusarst B iIFogSim mokaszanu, 9To MHOTOIyTeBasi MapIil-
pyTH3aus B THOPUIHBIX CETSIX — 3TO MPAKTUKO-OPUEHTHPOBAH-
HOE pelIeHre I 33/1a4 ¢ BEBICOKUMH TPeOOBaHUAMH K HaIEKHO-
CTH U KOHTPOJTIO 33JICPIKKH.

Pexomengamun

Jis BHeOpeHMs TPEUIOKEHHOW MOJEIH MHOTOIYTEBOH
MapupyTH3anuu B peanbHbix cuctemax loT m M2M cnemyer
TIpEeX/Ie BCETO IalTHPOBATh CIIMCOK alIbTEPHATHBHBIX ITyTEH 101
KOHKPETHYIO TOTIOJIOTHIO CETH M XapakTep Tpaduka, BeIOupas Ta-
KM€ MapIIpyThl, KOTOPbIE 00ECHEYNBAIOT MAKCUMAIIBHYIO pa3HoO-
POJHOCTh KaHAJIOB MO (PM3MYECKUM pEcypcaM M OIepaTopam.
BaxHO coxpaHUTh OanaHC MEXIy YHCIOM ITyTeH U JOCTYNHBIMU
IIPOITYCKHBIMH CIIOCOOHOCTSIMH, YTOOBI M30BITOYHOE KIIOHHPOBA-
HHE HE IIPUBOJHJIIO K IIEPErPY3Ke CETH B 4aChl ITMKOBBIX HATPY30K.

Ha npakTuke cTOMT BHEAPSATH MYJIBTUIIYTEBYIO MaplIpyTH3a-
1o nostantHo. CHavasa mpoTecTUPOBATh CXEMY C IBYMS My TSIMU
Ha y4acTKax co CTaOWJIBHBIM TPaUKOM M M3MEPUTH PEATbHYIO
3aJIepIKKy M HaI&KHOCTD, 3aTEM IIPH MOJI0XKUTEIBHBIX Pe3yIbTa-
TaxX pacIIMpPUTh YUCIIO PE3EPBOB 10 TPEX U Oosee. OTHOBPEMEHHO
PEKOMEH/IyeTCsl HHTErpUpOBaTh MOHUTOPUHT TTapaMETPOB KaHa-
J0B (IIPOITYCKHOW CIIOCOOHOCTH, (DAaKTHUECKOW 3aJEPXKKH, I10-
Tepb) U UCIOJIb30BATh €r0 JaHHBIC JUIs INHAMHUYECKOTO Iepepac-
nipeaenenus Tpaduka. Ecim oiuH U3 myTeil BXOIUT B IEPErpys3Ky,
MO/IENTb aBTOMATHYECKH YMEHBIIAET JUIs HETO JIOJIO0 TOTOKOB.

Crnenmyrommuii mar - o0beIMHUTH OMHCAHHYIO 3a7a4y C aJro-
pUTMaMH MAIIHHHOTO OOy4YEHNs, KOTOPBIE B PEAIbHOM BPEMEHHU
OyIyT periars 3a1a4y BEIOOpa ONTHUMAaTBHOTO Habopa My Tei 1 [10-
1eit TpaduKa o HUM, yYUTHIBas H3MECHEHUS YCIOBUH CETH U IIPH-
OpHUTETHI NPWIOKEHUH. JIaHHBIH TMOPUIHBIN TOAXOM TO3BOJIHT
COXPaHUTh BBICOKYIO HaJEKHOCTh JOCTaBKU (Oonee 99,5%) n
yHpaBisieMyro 3a7epkKy (B mpeaenax 80-90 Mc) naxe B yCIOBHUSIX
MIEPEMEHHBIX HArPY30K M OTKA30B 000PYIOBAHUSL.

PesynbTaThl MOAEIMPOBaHMUS JIETKO MaclITabupyroTcst Ha 60-
Jiee CIIoKHbIe KoHpUTrypatuy. Ecim B cciieryeMoli ceTn ecTb He-
CKOJIBKO OOJIAYHBIX PETMOHOB M JeCATKH fOg-y3110B, MOKHO pa3-

JIeTUTh TpaUK Ha HE3aBUCHMBIE IPYIIIBI M Ha3HAYATh JUIS KaK-
JTOW TPYTITIBI COOCTBEHHBIC HAOOPHI My Tei. JlaHHBI METOT TT03BO-
JUT CHU3UTH JIATEHTHOCTh KPUTHYHBIX 3alpPOCOB, IOBBICUTH
YCTOWYMBOCTh CEPBUCOB M OJHOBPEMEHHO palnOHAIN3HUPOBATH
pacxozbl Ha KaHaibl. MeToA aKkTyaleH JUls ONepaTopoB U KpyTI-
HBIX NPENPUATUH, CTPEMSIIUXCS K BBICOKOM HAEXHOCTH IIPU
pa3yMHBIX 3aTparax.

JanbHeiiue uccjie10BaHUS

JlanpHeilne uecie0Banust MOTyT OBITh COCPEIOTOYCHBI Ha
HECKOJIBKMX B3aWMOCBSI3aHHBIX HAMPAaBICHHUAX, KaXKI0€ U3 KOTO-
PBIX TIO3BOJIUT YIIIyOUTh U PACIINPUTH MOTYyUEHHBIE PE3YIbTaThI.

Bo-1epBbIX, MOXKHO 100aBUTH B MATEMAaTHYECKYIO MOJEIb 1~
HaMUKY NU3MEHEHHMs IPOIYCKHOM CIIOCOOHOCTH U 3aJIepKeK KaHa-
JIOB, 4TOOBI y4YecTh MHUKOBBIE HArpy3KH WM HENpPEeJBHACHHBIC
cOom; AT ATOTO 11e7IeCO00Pa3HO UHTETPUPOBATH ITOBCEIHEBHBIH
MOHHUTOPUHI' COCTOAHHSA CETHU U UCII0JIb30BATh NPEACKA3aTCIIbHbIC
AITOPUTMBI, KOTOpbIe 3a0JIarOBPEMEHHO IEepeHaCTPanBaloT
Ha0Op aKTUBHBIX ITyTEH.

Bo-BTOPBIX, MOXKHO PAaCHIMPUTH ONTUMH3ALMOHHYIO 3a/ady,
BKITIOYHB B Heé sHepronoTpedneHue fog-y3mos. braromaps stomy
MOXHO OyZeT OTHOBPEMEHHO YUHUTHIBATh 3aTPATHI HA TIEPEAATy U
Ha BBIYHMCIICHUS, @ TAK)KE 3TO TOBBICHT SKOJIOTHIECKYIO yCTOHIH-
BOCTb pEIICHUM.

B tperpem HampaBieHun OyAeT MOJE3HO MCCIIENOBATh HC-
M0JIb30BaHUE THOPUIHBIX aITOPUTMOB, COYETAIOUIMX TOYHOE
CMelIaHHOE 11eI0YUCICHHOE IPOrPaMMHUPOBAHHUE C METOJIaMH Ma-
HIMHHOTO 00y4YeHHs!, YTOOBI MOJTy4aTh KAYeCTBEHHBIE PEIICHHS B
YCIOBUSIX OOJBIIOrO Maciitaba CeTd M KECTKUX BPEMEHHBIX
OrpaHUYEHUH.

YeTBEPTHIM LIArOM MOKHO OyZET IPOBECTH 3KCIIEPUMEHTEHI B
anImapaTHO-IIPOTPAMMHBIX ITOJIMTOHAX C PEalbHBIM 000pYIOBa-
HueM fog-ypoBHS U «0OJagHBIMID CEpBUCAMH, YTOOBI TIOATBEP-
IIUTHh aJeKBATHOCTH MOJYYCHHBIX B iIFOgSim pe3ynbTaToB U BEHI-
SIBUTH ITPAKTHUECKHE OCOOEHHOCTH BHEAPEHHUSL.

Hakownern, nanpHeimme paboThl MOTYT pa3BUBATh UCIO a/Iarl-
TUBHOTO MYJIbTUITYTEBOTO MapIIPyTU3aTOPa, KOTOPBIHA B pexKnuMe
peasbHOrO BPEMEHU aHAIM3UPYET METPUKH KauecTBa 00CITyXKH-
BaHMs W CaM MepernporpaMMHpyeT ceTeBble ycrpoiictBa SDN-
koHTposutepamu i API oGnaunbix miuardopm, odecrieunBast on-
TUMAaJIbHBIA OalaHCc MeXly Ha/l&KHOCTBIO, 33/IepXKKaMHU U 3aTpa-
TaMH B IIOCTOSIHHO MEHSIIOLIICHCS Cpejie.

3akjouenue

Pa3paboTanHasi MOJIe]Ib MHOTOITY TEBOW MapIIPyTU3AIHH B TH-
OpumHON 00JaYHO-TYMaHHOW CETH IOKa3aja BBICOKYIO d(dek-
TUBHOCTb OJ1arojiapsi BO3MOKHOCTSIM KIIOHUPOBaHHUsI TpaduKa 1o
HECKOJIbKUM HEe3aBUCHMBIM MapipyTam. [1o pe3ynbraTam numura-
uu B iFogSim npu nepexo/ie OT 0JJHOIyTEBOW CXEMBI K JIBYM OJI-
HOBPEMCHHO 3aJICHCTBOBAaHHBIM MyTsiM cpenusisi end-to-end 3a-
JIepIKKa yBeIn4miach Bcero Ha 4% (¢ 75 mc 1o 78 Mc), B TO Bpemst
Kak HaJI&KHOCTH JIOCTABKU BBIpOCIa cpasy Ha 1,5 nporenTa — ¢ 98
110 99,5%. JlobGaBieHue TPEThEro MmyTH J0OABUIIO SIé JIUIIb 2 MC
K 3agepxke (mo 80 mc, mu +6,7% OT UCXOTHOTO 3HAUCHHUSA), HO
HaEKHOCTH MPUOIU3MIAch k 99,8%, 4To CBUAECTENLCTBYET 00 OT-
PHILIATENBHOM OT/Iaue MOCIEHET0 PE3ePBUPOBAHMS C TOYKH 3pe-
HUSI TPUPOCTA HATEKHOCTH, OJTHAKO OCTAETCS ONPABIAHHBIM IS
CaMbIX KPUTHYHBIX CEPBUCOB.
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B mpaktrdeckux loT-cuctemax pe3ysbTaT MOKET OBITh TIPH-
MeHEH U151 oOecTiedeH st CTaOUIIBHOM JOCTaBKH TeJIEMETPUH U KO-
MaHJ B KYMHBIX» TOPOJaX, IPOMBIIIICHHBIX YCTAHOBKAX WU aB-
TOHOMHOM TPAHCIIOPTE, T/I¢ NOTeps JaXKe OJHOr0 MaKeTa HeJloIy-
CTHMa, HO 3aJIepKKa JIOJDKHA OCTaBaThCsl B IPAHHUIAX JIOIYCTH-
MbIX 3HaueHui. Kpome Toro, moixo rno3possier rudko Oanancu-
poBaTh Harpy3ky Mmexnay nepudepuitnpiM «fog» u o0mauHBIM
YPOBHEM, yMEHbIIIast IIMKOBBIC 3aTOPBI U YJIy4lllask MaclITabupy-
€MOCTh CeTeBOM MH(PACTPYKTYPHI NPH COXPAHEHHM 3aaHHBIX
QoS-napameTpoB.
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MODELING MULTIPATH ROUTING IN HYBRID COMMUNICATION NETWORKS USING CLOUD
AND FOG COMPUTING

Elena V. Glushak, Povolzhskiy State University of Telecommunications and Informatics, Samara, Russia, evglushak@yandex.ru
Dmitry S. Klyuev, Povolzhskiy State University of Telecommunications and Informatics, Samara, Russia, klyuevd@yandex.ru
Vladimir I. Volovach, Povolzhskiy State University of Service, Tolyatti, Russia, volovach.vi@mail.ru

Abstract

This article develops a mathematical model of multipath routing in hybrid communication networks combining cloud and fog computing resources, and
presents its implementation in the iFogSim environment to test the hypothesis that cloning traffic along several independent paths can significantly
increase the reliability of data delivery with a moderate increase in end-to-end latency and efficient load distribution between levels. In the work, a mixed
integer formulation of the optimization problem was obtained, in which streams from sensors are sent simultaneously along two or more routes, tak-
ing into account the bandwidth of the channels, a prototype was implemented in iFogSim, where, when each packet is generated, its clones are formed,
sent along predefined paths through various fog nodes and a cloud center with independent consideration of losses and delays. Experiments have been
conducted for circuits with one, two, and three paths, showing an increase in reliability from 98% to 99.5% and 99.8% even with increased delays. The
proposed approach allows for real-world loT- and M2M systems dramatically reduce the likelihood of critical data loss to fractions of a percent with-
out exceeding the allowable delays for real-time applications, provides a tool for dynamically redistributing the load between the cloud and peripherals,
can be quickly adapted to specific customer requirements in iFogSim or integrated into real networks using online algorithms, and also serves as a basis
for further research in the field of transmission accounting, energy consumption of fog nodes and the application of machine learning methods for adap-
tive route management.

-
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B pa6oTte paccMOTpeH HOBbLI MOAXOA K KOHCTPYMPOBAHUIO CPEACTB BbICOKONPOU3BOANTENIbHON BbIYUCIUTENIbHON
TEXHUKM Ha OCHOBE OMTO3/IEKTPOHHbIX TeXHonorun. OnTuveckue ycrpoictea 06paboTku MHopMaLmmu NpuMeHaIoTCA
B obnacrax, rae TpebyercA MakcuManbHoe ObiCTpOAENCTBME M MPOCTOTA BbIYMC/IEHUW, HanpuMep, NMpU CUHTese
BCTPaMBaeMbIX CUCTEM W CMELManU3UPOBaHHBIX BbluMCnUTeNeil aAna o6paboTkn BbICOKOCKOPOCTHLIX nNpoueccos. B
obueM cnyyae BCTpanBaeMblie cMCTeMbl 06pabatbiBaloT NOCTynaloWMe AaHHbIX BMOMHE ONpeAesIeHHOro U 3apaHee
M3BECTHOTO AWanasoHa, MNpU 3TOM BbIMMCNEHUA [AOMNYCKaeTCA BbIMONHATL C 3aJaHHOM TOYHOCTbIO, HO BpeMs
BbIYMUC/IEHUA BECbMa OFPaHNY€HO U KpUTUYHO. B cBA3M C 3TUM, AnA paspabaTbiBaeMOro onTM4eCKOro BbIYUCIUTENA, B
pesynbraTe NpoBeAeHMsA aHanusa cyulecTsylowmx ¢opmatos npeactasneHus uucen, 6bin BbIGpaH copmar
npepcTasneHua Yucen ¢ puKcMposaHHow 3anaToi. B kauecTee npuMepa peanusyeMoii HenuHelHon ¢yHKuuM Gbina
BbIGpaHa oaHa n3 HanbGonee CNOXHbIX PYHKUMUA ANA BLIYUCIIEHUA B TPAAULMOHHBIX CXeMaX - (DYHKUUA n3BJeYeHUs
KBajipaTHoro kopHs. MposeaeH aHanus cyulecTByloLMX aNropuTMOB U3BJIeYeHUA KBapaTHOTO KOpHA Kak 6asosom
onepauuM MHOTMX MaTeMaTUYECKUX BbIYUCIIEHUA, HAXOAALUMX CBOE MpPaKTUYeCKoe MpUMEHEHWe B reoMeTpum,
apxuTekType, cTpouTenbctee M np. M3noxeHbl TeopeTnyeckue OCHOBbI NoOCTpoeHus GbicTpoaercTeyioLlero
BbINMCIUTENA KBaAPaTHOrO KOPHA ANA uucen, NpeAcTaBNeHHbIX B ABOMYHOM Kope. lMpeanoxeHHbin noaxop
no3BonAeT Npou3BOAUTL BbIYMCIIEHME KBAAPaTHOrO KOPHA Ha OCHOBe KOMOGMHaUMOHHOro ycTpoicTtea, Ges
MCcnonbL3oBaHMA Metofa npo6 M owMbOK, YTO pajUKanbHO yBenW4MBaAeT CKOPOCTb BblYMcneHud. Tak Kak npwm
pelueHnM NpaKTUYeckux 3agay Heo6xoauMMo 3a MMHMManbHOe BpeMs MPOU3BOAUTL LieNblit Habop BbIYMCNEHNt Hag
HECKONbKMMU apryMeHTaMM, TO C 3TOW Uenbio paspabotaHa ¢yHKUMOHaNbHaA cxeMa CMeLUanU3MpoOBaHHOIO
ONTUYECKOro NpPOrpaMMUpPyeMoOro yCTPOWCTBA ANnA BbiNONHeHUA Habopa ¢yHKUMOHaNbLHbLIX Npeobpa3oBaHui Ha
OCHOBE MPUHUUMNOB MOCTPOEHNA W ONTUMM3AUUM KOMOMHAUMOHHBIX cxeM. OCHOBHbIMM 6a30BbIMM 37€MeHTaMu
ONTUYECKOro NPOrpaMMMpyeMoro yCTpoWCTBa ABNAIOTCA ONTUHECKME pa3BeTBUTENU, OObeMHUTENN U TPAHCMAPaHThI,
TEXHONOIUA W3rOTOBNIEHUA KOTOPbIX M3BECTHa M He Bbi3blBaeT TpyaHocTed. lMporpaMMuposaHue onTUvecKoro
BbINUCIMTENA ANA peanu3aunu KOHKPeTHOW (DYHKLMM ocCyliecTBNAeTcA pas3pylueHUeM ONTUYECKUX CBA3el, He
y4acTByiowmx B pOpMUPOBaHUM Noruvecknx ¢yHKumii. MMHMManbHOe KONMYECTBO 3/IEMEHTOB U BbICOKasA CKOPOCTb
BbIYUC/IEHUA AenaloT ONTUYecKoe MporpaMMupyeMoe YCTPOWCTBO MNEPCNEeKTUBHbIM NpU  NMOCTPOEHUM
6bICTPOAEACTBYIOLUMX TEXHNYECKNX CPEACTB BbINUCIIUTENIbHOW TEXHUKN U CUCTEM CBA3W.

HNupopmauus o6 asmopax:
KameHckuti Bnaducnae Banepbeeuy, doueHm, k.m.H, PIBOY BO "Pocmoeckuil zocydapcmeerHslii yHugepcumem nymeii coobweHus", Pocmoe-Ha-LoHy, Poccus,
ORCID: 0000-0002-0704-8686
Cokonoe Cepzeli Bukmoposu4, npocpeccop, d.mH, PIEOY BO "Mockosckuii mexHudeckull yHusepcumem cessu u uHgpopmamuku", Mockea, Poccus,
ORCID: 0000-0002-5246-841X
JlazyHoea Enena OnezoeHa, npogpeccop, d.m.H, PITBEOY BO "Pocmoeckuii 2ocydapcmeeHHblli yHueepcumem nymell coobuwierus", 2. Pocmoe-Ha-LoHy, Poccus,
ORCID: 0000-0002-2761-8068

Ana umtnposaHma:
Kametrckuu B.B., Cokonos C.B., JlazyHosa E.O. Ontuueckune Bbiuncnutenn HenuHeinHbix dyHkumin // T-Comm: TenekoMMyHUKaLMM 1 TpaHCMOPT.
2026. Tom 20. Ne3. C. 35-42.

For citation:
V.V. Kamenskij, S.V. Sokolov, E.O. Lagunova, "Fast optical computers,” T-Comm, 2026, vol. 20, no.3, pp. 35-42. (in Russian)

-

T-Comm Vol.20. #3-2026




UHDOOPMATUKA

BBenenue

O0beMbl MH(YOPMALTMOHHBIX ITOTOKOB, TEHEPUPYEMBIX, TIepe-
JIaBaEMbIX M ITOTPEOJIIEMbIX YEJIOBEUYECTBOM, HEYKJIOHHO PACTyT
C K)K/JIBIM T0JIOM, 4TO TpeOyeT BCe BO3PACTAIONINX BEIUHCIINTEIb-
HBIX MOIIHOCTeH. [lanmbHelee yBelnnyeHHe BBIYACIUTEIBHBIX
BO3MOXKHOCTEH Ipu 00paboTke MH(OpMAIWU TpaJUIHOHHBIMH
(9TEeKTPOHHBIMHU YCTPOICTBAMHU ) HEBO3MOKHO. DTO 00YCIOBICHO
HEBO3MOYKHOCTBIO MPEOJIOTIETh TEPMOJUHAMUYECKNH, KBAHTOBO-
MEXaHWYECKUIl TMpeAen M TMpeaes CKOPOCTH PaCHpPOCTPaHEHHS
curHajoB. UTo, B CBOIO 04epeib, IPUBOJIUT K OUCKY HOBBIX MO/
XOJ/IOB TIPH TIOCTPOSHUHU BBIYMCIUTEIBHBIX YCTPOHCTB, Oa3upyto-
[IMXCs Ha MPUHIMIHAIBEHO HOBBIX HESX U KOHIENIUsX. B vact-
HOCTH, ONTHYECKHUX CHCTEM, HE OOJaJarolMX HeJI0CTaTKaMH
AJIEKTPOHHBIX YCTPOWCTB U MMEIOIIUX BBICOKOE OBICTpO/ICiiCTBIE
MIPU BO3MOYKHOCTH MHKPOMHMHHATIOPU3AIMA M MHHUMaJIbHOM
9HEPronoTpedIeHUH.

BrrurcieHne HeMMHEHHBIX (YYHKITHN SBISICTCS CIIOXKHOM 3a71a-
Yyel, pelieHre KOTOPOH OCHOBBIBAETCS HA AHAIUTUYECKUX WIIU
NTEepanMOHHBIX MeToax. OHON U3 TaKNX 3a/1a4 SIBIISIETCS U3BJIC-
YEHUE KOPHSL.

HauGospiiee npuMeHeHHe ornepanys U3BJICUEHHUs KOPHS T0-
JTy4nmia B TEOMETPHM W CBSI3aHHBIX C HEW 00JacTsIX NpakTHue-
CKOT'O TIPIMEHEHUSI B apXUTEKTYPE U CTPOUTEILCTBE.

MerTo/ipl BBIUMCICHUS] KOPHEH (KBaJIpaTHBIX, KyOUUECKHX U
BBICIINX ) BKJIIOYAIOT UTEPATUBHBIC AITOPUTMBI, TAKHE KaK METO/I
Herorona-Padcona, OMHApHBINA MOUCK M CICIHATU3UPOBAHHBIC
cXeMbl Juisi MHOrowieHOB. COBpEeMEHHbIE MOIXO0bI (OKYCHUPY-
IOTCSI HA YCKOPEHHH CXOANMOCTH, allliapaTHOM peann3anuu 1 00-
paboTKe MHOXXECTBEHHBIX KOPHEH.

Merton Herorona-Pagcona ocraercss ocHOBHBIM JIsl TIPHOIIH-
JKEHHOTO BBIYMCIICHUS KOpHeW ypaBHeHHH f(x)=0, oOecrieunBast
KBaJPAaTUIHYIO CXOJUMOCTh IPHU XOPOIIEM HAa4aIbHOM TPHOIIH-
skeHuu [1].

Basunoncknit (I'epoHcKuit) METOA cieIHANBHO [T KBapaT-

a
X, +—

n

HBIX KOPHEH HCIOIb3yeT UTEPAHIo X, ,, = 2, moka-
3bIBasi OBICTPYIO CXOAUMOCTD IS TIOJIOXKUTENBHBIX a. DTH Me-
TOJIbI MOJIU(HUIIUPOBAHBI JUIsl YUCICHHOW YCTOHYMBOCTH B MHO-
TOMEpHBIX 3aj7auax [2].

Jl1s1 KOpHEel MHOTO4JIEHOB IPUMEHSIOT cxeMy ['opHepa st
oleHKH, MeTo JIobaueBCKOro JUIsi HHTEPBAJIOB M HTEPATUBHOE
pasiioyKeHne Ha MHOXKHTEIH, 3 ()EKTHBHO BBISBIISISI KOMILIEKC-
HBIE U KpaTHbIE KOPHU. HOBBIE anropuT™Mbl COYETAIOT ATU MOA-
XOJIbI ¢ MAIIMHHBIM 00yYeHHEM JUIsl TIpeICKa3aHusl HHTEPBAJIOB.
Amnmnapatssle peanusanuy Ha [TJIMC yckopsroT BEIUUCIIEHUS
CHUTMOHJIOB M KOpHEW B peajbHOM BpeMeHH [3, 4].

ABTopHI [5] nccnenytoT 3¢ peKTHBHOCTE pa3IMIHBIX METOIOB
W3BJICYCHUS] KOPHEH U JICNAI0T CPABHUTEIBHBINA aHAIN3 MPEUMY-
IIECTB M HEJJOCTATKOB KaKI0ro MeToma. B padore [6] mpencras-
JICHBI HOBeMIINe pa3pabOTKU U UCH 110 U3BJICUCHHUIO KOPHEH, Jie-
MOHCTPHPYETCS UCTIONIb30BaHHUE IPaPUUECKUX MOJIENICH 1 KOMITb-
I0TEPOB JUIsl ONTUMU3AIMU petteHuil. B [7] uznoxeHo pa3sutue
METOJIOB U3BJICUEHHUS] KOPHEH ¢ JeMOHCTpauueil COBPEeMEHHBIX
JOCTHKEHUH MaTeMaTHKH B 3TOH cdepe.

B nBonuHOI cucTeMe onucaHbl CXEMBI ATl KBaJIPATHBIX U Ky-
OMUYECKUX KOPHEH, aHAJIOTHYHO JACTICHHUIO CTOIOuKOM [8-17].

Omneparyst N3BJICYEHHUS KBAAPATHOTO KOPHS B IBOMYHOM (Op-
MaTe MOXET OBITh pelIeHa IMyTEM IOCIEI0BATENHHOTO Mog00pa

uudp pe3ynbraTa, ¢ UCIOJIb30BAHUEM PErUCTPOB M CYMMATOPOB.
Merton peanusyeTcs MyTeM MPUMCHEHUS CABUIOB U BHIUUTAHUM.
BropbkiM criocoOoMm siBIIsieTCsl TaOMUYHBINA crioco0. 3apaHee pac-
CUMTBHIBAIOTCSL PE3YJIbTAThl BBIYMCICHUN U 3aHOCSTCS B TAOJIHILY.
[Ipu HEOOXOTUMOCTH BBIYHCIUTE KOPEHbB, B TAOIHUIIC HAXOTUTCS
HY’KHOC 3HAYCHHC «YHUCIIO B CTCIICHM», a PE3yNbTaT OCHOBAHUE
CTETICHU BBIOMPACTCS U3 TAOIHUIIHL.

MaTepnam,l H METO/AbI

MCTO):[LI TMOCTPOCHH ONMCBIBAEMBIX B I[aHHOﬁ CTaThC OIITH-
YECKUX BBIYMCIUTEICH OCHOBAaHBI Ha ONTHUYECKUX TEXHOJIOTHSX.
OnTruyecKkre TEXHOJIOTUU — 3TO HAIPaBJIEHHE HAYKU U TEXHHUKH,
KOTOPOE UCHOIb3YeT ONTHYECKUE CUTHANBI JUIS pealn3aliy KIIto-
YeBbIX MH()OPMALMOHHBIX HpoleccoB. [IpenmymiecTBamMu onTH-
YECKHUX TEXHOJIOTHH SIBIISIETCS] CBEPXBBICOKAsI CKOPOCTD Tepeain
nH(pOpPMaNNN, MUHUMAaJIbHAS! MOIITHOCTH ITI€PEIaBaeMoTo CUrHaja
1 MUHUMAJIbHBIE TTOTEPH CUTHAJIA, TIO3BOJIIONINE pa3pabaThiBaTh
OBICTPOJCHCTBYIOMINE ONTHYECKHE YCTPOICTBA CO CBEPXHU3KUM
MoTpeOIeHNEM YHEPTHH.

B HacTosmmMii MOMEHT ONTHYECKHE TEXHOJIOTHH IOIYyIHIN
pactipocTpaHeHHe B YCTPOMCTBAX TEJIEKOMMYHHKAIIUH W CBSI3H,
[MO3BOJISISL TIEpeaaBaTh MH(GOPMAIMIO HA TAJIbHUEC PACCTOSIHUS C
MaJIBIMHU 3aJCpPKKaMU. B onrtuuecknx nmpueMo-nepeaaruumx Cu-
cTeMax rnepejavya MHGOPMAIMU OCYLIECTBIISICTCS MPAKTHUECKH
6e3 motepb, 00YCIIOBICHHBIX 3JIEKTPOMArHUTHBIMU IOMEXaMH,
oOecrieunBasi BRICOKOCKOPOCTHON O0OMEH jaHHbIMU. Ele ogHuM
Ba)KHBIM CBOMCTBOM ONTHYECKHX CUCTEM SBISIETCSI BO3SMOXKHOCTD
pean3aliy napauiesIbHBIX BBIYACICHHH.

CeroHsHIE peIeHsI — MUKPOJIMH3BI, TU(PPAKIIOHHBIE pe-
mETKH, (OTOHHBIE KPHUCTAJUIBI, WHTETPAIbHBIE ONTHYECKHUE
CXEMBbl ¥ METaMaTepUabl — OTIMYAIOTCSI MUKPOHHBIMHU rabapu-
TaMU U MPELU3UOHHON TOYHOCTBIO, OTKPBIBAst MyTh K pa3paboTKe
KOMIAKTHBIX M BBICOKOIIPOU3BOAMUTEIBHBIX HH(OPMaLMOHHBIX
YCTPOMCTB.

VcTouHMKaMU ONTUYECKOTO M3IyYEHHs MOTYT OBIThH JIAMIIBI,
cBeToaNOABI U Jazepbl. CHeKTpaabHbIN AMana3oH TaKUX MCTOY-
HUKOB OXxBaThiBaeT uHTepBasl oT 10 HM 10 | Mm. Taxoke cyme-
CTBYIOT HCTOYHHMKH ONTHYECKOTO M3JIyYeHHs] Ha OCHOBE (POTOH-
HBIX KPUCTAIIJIOB, KBAHTOBBIX TOYEK, CYIEPIIIOMHUHECIIEHTHBIX JIU-
OJI0B H Jp.

Bo Bcex onTn4eckux ycTpOWCTBAaX TPAJUIHOHHO HCIIOJB3Y-
F0TCSI TPH BU/1a 0a30BBIX ONTHYECKHUX AJIEMEHTOB, COCTABIIIONINX
ero ocHOBY [18]. DTo onTHYecKkre BOTHOBOMBI, ONTHYECKUE Pa3-
BETBUTENIU U ONTUYECKUE O0OBEANHHUTEIN.

[lepeuncnenHble ONTHYECKHE KOMIIOHEHTBI — BOJHOBOJIBI,
Pa3BETBUTENN M OOBEAWHHUTENN — BBINOIHAIOT UCKIIOYUTEIHLHO
(GyHKIMM TIepenayy, pacrpeeseHus U 0ObeJIMHEHUSl  ONTHYe-
ckux curHasioB. OHM HE 00JIaJIAI0T CIIOCOOHOCTBIO PEan30BbI-
Bath orndeckue onepaunu (U, MW, HE u np.). Takumu yctpoii-
CTBaMH MOTYT OBITh TpaHC(}ha30pbl, ONTUYECKH CBSI3aHHBIC BOJIHO-
BO/bl. VIHTEHCUBHOCTh CHUTHANOB HAa BBIXOJE JTHX 3JEMEHTOB
CKAa4YKOOOpa3HO M3MEHSETCS NPH IUIaBHOM M3MEHEHWH CHTHaja
Ha Bxoje. Cxema 1 moJpoOHOE (PyHKIMOHUPOBAHHUE ONTHYECKUX
JIOTHYECKUX AJIEMEHTOB OIMKCcaHbl B [19-21].

Bbi6op ¢opmaTta 1aHHBIX

B OJICKTPOHHBIX BbIYMCIIUTCIIBHBIX MallIMHAX HEJIbIC I-II/ICJ'IEl)(,
COCTOAIIHE U3 N Pa3psAa0B, XpAHATCA B BUAC IBOMYHBIX YUCCII:
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N-1 M 1 0
X=2"" Xyt t27 Xy + 2 X +27X,

YTO MO3BOJIACT XPAaHUTh OYEHB O0bIIHe uncia. HecMoTpst Ha 3T0,
TaKO¥ TUI XpaHCHHUS TaHHBIX UMEET CYIIeCTBCHHBIN HETOCTATOK:
OTCYTCTBYET BO3MOXHOCTb XPaHECHHUS IPOOHBIX 3HAUCHUH.

Tak Kaxk MpH BBIYUCICHUH KBAIPAaTHOTO KOPHS MOTYT OBITh
MOJTy4YeHBI IPOOHBIE 3HAYCHHUS, TO IETOYNCICHHBIC THIIHI YHCEI
HE NoAXOoOAT 1A onepaunﬁ BBIYHCJICHUS KOPHS.

JI1st 3TUX 1esield CIOb3YI0T YKCa C TUIaBaroEel 3amsTou:

X=a-q"

COCTOSIIME U3 a-MAaHTHUCHI U N-1opsiaKa.

Omnepanuu ¢ 1eIbIMHA YUCIAMH IPOU3BOIATCS OBICTPO, a Ole-
palMy ¢ YUCIIaMU C IIIABAIOLIEH 3aIATOW BBITOJIHAIOTCS 3HAYU-
TENPHO JIOJbIIE M TpeOyloT CHEIHaNbHBIX —AaMapaTHBIX
ycrporictB. [ToaTOMy BO BCcTpamBaeMbIX cucTemMax, oOpadaThIBa-
IOIINX JaHHBIC BIIOJHE ONPEAETICHHOTO M 3apaHee H3BECTHOIO
JIarna3oHa, MCHOJb3YIOTCS Yucia ¢ (PUKCHPOBAHHOW 3arisiToM.
Yucna ¢ puKCHpOBAHHOM 3alsITON CoepIKaT, Kak nenyro I, Tak u
JpoOHY¥O JacTh F:

X=1+F,
rue
[=2""%  +2'% +..+2'%X +2°X,,

_nl2 1/4 1/f
F=2""X_,+27X,..+2" X,
B pe3yabTaTC YMUCJIO0 C (bHKCHpOBaHHOfI 3aIsTON UMeeT BU

_ An-l 1 0 -1 -2 ~f
X=2X e+ 20X 27X, 427X, 27X, e 2T X

m+1

[TonoxeHne 3amaToi onpeaenseTcss KOTNIeCTBOM OUT Kak I1ie-
no# |, Tak n apoGHoit wacreit F. B npuBenennom npumepe huk-
CHPOBaHHAs 3aIATas PACTIONATAeTCs MEKIY paspsaaMu X | X,

Jns 0603HauSHHS TTOJIOKEHHST (PUKCHUPOBAHHON 3aIsATON HC-
MOJIB3YIOT KOJIMYECTBO OHMT B IIEJIOH YaCTH U KOJIUYECTBO OUT B
npo6uoii wactu Qi. f . KonuuectBo Gut B 1einoit u apoOGHOM da-

ctu Moxet coBrmanath (Q4.4, Q8.8, Q16.16), a MOXKeT W OTIH-
gatbest (Q8.16, Q3.5). Hampumep, necsatuunomy uuciy 1.4375 B
dhopmarte yrcia ¢ GpuKkCcupoBaHHOI 3amsToit Q4.4 OyneT coOTBET-
cTBOBaTh ABon4HOE urcio 0001. 0111.

Onrnyeckoe KOMOMHAIIHOHHOE BHIYHCIHTEILHOE
YCTPOIICTBO

PaccMoTrpum pmanee omucaHue CTPYKTYphI M NMpUHOMNA JeH-
CTBHS ONITHYECKOTO BBIYHUCIUTEISL.

[Tpu HEOOIBIIOM qUama3oHe 3HAUCHHH X BHIYHACICHUE KOPHS
MOJKET OCYILECTBIATHCS TAOIMYHBIM METOIOM.

VYeTpoiicTBo, peanmsyromiee TaOIMYHBIA METOJ, COCTOHT U3
nemmbpaTopa, AYECK MaMATU U CXEMbl KOMMYTaAllU BbIXOAHBIX
curHaioB. JlemmdpaTop OCymIeCTBISCT BBIOOP OHOM SUCHKH T1a-
MSATH CO 3HAUE€HUEM pe3ynbTaTa. B siueiiky nmaMartu 3apaHee 3amu-
CBIBAETCs 3HAUEHME BBIUMCIEHHOrO KOpHA. CxeMa KOMMyTaluu
BBIXOJIHBIX CUTHAJIOB MO3BOJISIET MepeiaTh Ha BBIXOJ YCTPOHCTBA
CUTHAJIBI TOJILKO OJHOW STYCHKH MaMsITH.

JpyruM, Oosee IpOCThIM, CIIOCOOOM TMOyUYeHHUs pe3yIbTaTa
OIepalry U3BJIEUYEHUS KBAIPATHOIO KOPHS SIBJIAETCS OCTPOCHHE
CXEMBI BBIYMCIUTEIBHOTO YCTPOHCTBA KaK KOMOWHAI[MOHHOW
CXEMBI.

MHD®OPMATUKA

DTO BO3MOKHO OJ1aroiapsi TOMY, YTO COCTOSTHUE KaXKIOTO BbI-
X0JIa BBIYHMCJIUTCIIBHOTO YCTPOWCTBA OJTHO3HAYHO OIPECIISACTCS
BXOJIHBIMHU CUTHAJIAMU:

Yi = f(Xn,la'“aXia“"Xl’XO)

3anuuremM, HaPUMED, 1T BXOJIHBIX CUTHATIOB X, , X, X, 3Hade-

HHS BBIXOJHBIX CHTHATIOB Y. Y. V.,V , Y5, Y,, Y, Y, B dopmare ¢

¢ukcupoBannoi 3amsaTol Q4.4 W B JIBOMYHOM  BHJIE
M={0000.0000, 0001.0000, 0001.0111, 0001.1100, 0010.0000,
0010.0100, 0010.0111, 0010.1010}.

Jlormaeckne QYHKIMHK IS BBIXOAHBIX CHTHATOB Y., Y, Y .Y, ,

OTIPEICTISIIONINX LENYI0 YacTh, B 3aBUCUMOCTU OT BXOJHBIX CHT-
HAJOB X, ,X|,X, IPE/ICTABICHbI HUKE

y; =0

JIpoGHyI0 4acTh pe3ysIbTaTa ONPEACIIIOT BBIXOIHBIE CUTHAIIBI
Y5, Y5, Y, Y, - Jlorndeckne QyHKIMM IS BBIXOJHBIX CHTHAIIOB

Y35 Y2, Y15 Yo PABHBI

Y5 = XXXV XX X,

3anumeM JIOTHYecKue (YHKIWH Ul BBIXOAHBIX CHTHAJIOB
Vs> Yar V30 Yo Y5 Y, B BHJIE YKCEN HA BXOJE, IIPU KOTOPOM (DYyHK-

U MPpUHUMACT COCTOAHUEC CIUHULIBI:

Y, =4,5,6,7
y, =123
y, =37

Yy, =2,3,5,6
Y, =2,6,7
Y, =2,6

OTMeTHM, YTO 3HAYEHHS JIOTMYECKOH (QyHKIMM Y, TMOJIHO-
CTBIO COOTBETCTBYET BXOJHOMY CHTHAly X, , M Pe3yJbTaT ynpo-
LEHUS 9TO MOATBEPIK/IAET:

Ys = XXX VXX Xy VXX X VXX Xy =

=% (X% VXX VXX XX)=X-1=X,

B 06l1eM BHjIe ONTHYECKOE YCTPOHCTBO M3MEUEHUS KBAPAT-
HOTO KOPHSI CTPOUTCS HA OCHOBE ONTHYECKMX MHBEPTOPOB Io...I;.

1, ONTHYECKNX KOHBIOHKTOPOB Fo...Fi.; 1 onTHYecknx ITU3bIOHK-
TopoB By...Bi.; n paboraer cnexyiomum odpazom.

—
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Y

*o .| F | Do .
Y.

Xx-l i-1
» I | Di >

Puc. 1. Ontryeckoe KOMOMHAIIMOHHOE BBIYUCIUTEIILHOE YCTPOUCTBO

BXoIHbIC ONTHYECKUE CUTHANBI Xi.1...Xo TIOJAIOTCS Ha BXOJbBI
ONTHUYECKUX KOHBIOHKTOPOB Fo... Fi.y 1 mpu HEoOXomumocTn — Ha
BXOJIbI ONTHYECKHX MHBEPTOPOB li. OnTHYeCKHEe KOHBIOHKTOPBI
Fo...Fi-1 OCYIIECTBIIAIOT OIIEpALMH JIOTHYECKOTO YMHOKEHUS «»
B COOTBCTCTBHUH C JIOTUYCCKHUMH q)yHKI_II/ISIMI/I JUISA BBIXOOHBIX CUT-

HaJIOB y’]’ y65 y57 y49 y}’ y29 y15 yO °
Konn4ecTBo BXOZOB KaXIOr0 ONTHYECKOTO KOHBIOHKTOpPA
Fo...Fi.1 moxxet 01T OT 1 10 M. {7151 popMUpOBaHHS JTOTUIECKOM

(hYHKIMH OJTHOTO BBIXOJ1a Yi TOHAMOOUTCS OT 1 10 2™ ONTHYECKUX
KOHBIOHKTOPOB Fo...Fi.1. C BBIXOZI0B ONTHYCCKIX KOHBIOHKTOPOB
Fo...Fi.1 onrrmueckne curnansl Pp... Po Togarorcs Ha BXOIBI OIITH-
YECKUX JU3BIOHKTOPOB Bo...Bi.1. Eciu pe3ynbrar koHbrOHKINH Pi
UCIIONB3yeTCss TpH (POPMHUPOBAHUHU BBIXOJAHOW (yHKIwH Yi, TO
BBIXOJI ONTHYECKOr0 KOHBIOHKTOpa Fj mojakitodaercsi KO BXOIY
COOTBETCTBYIOIIETO ONTHYECKOTO TU3bIOHKTOpA Bi.

Takum oOpas3oM, Ipu Hofade Ha BXOJ YCTPOWCTBA ONTHYC-
CKHX CHUTHAJIOB Xi-1...X0, HA BBIXOJIC YCTPONCTBA OYAyT MOSBISTHCS

orrudeckue curHanbl Y7, Yoo Yss Yas Y35 Yas Vi Yo, cootser-

CTBYIOILIME PE3YJIbTATy BBIYMCICHHS KBaJAPaTHOTO KOPHS 4HCIa,
MOJIAHHOTO Ha BXOJ] yCTPOWCTBA.

OnTuyeckoe NporpaMMHupyemMoe BbIYHCIUTEIbHOe
YCTPOMCTBO

[Tpn pemieHny NpakTHYECKUX 3a/1a4 HEOOXOIUMO 33 MHHH-
MaJIbHOE BpeMs BBIYHCIISATh HE OJHY €AMHCTBEHHYIO (PYHKIHIO, a
TIPOM3BECTH LIENBIH HAOOp BBIYHMCICHUH HAJ HECKOJIBKHMH apry-
MEHTaMH.

Hanpumep, cioxxHast GyHKITHSI MOXKET UMETb BHUL:

y = f(h(g(a),g(b))
B nepByo o4epeib BEIMUCIFOTCS 3HAUCHUS (QYHKLUI ta=g(a)
u th=g(b).

Pesynbrarhl Boiumclienus ta u th craHoBsaTcs aprymeHTamu
st pyskin g=h(ta, th) u B mocneqH00 oUepes BEIYUCIACTCS

bynxums y=f(q).
Jomyctum, TpeOyeTcsl BHIOJIHUTh HECKOJIBKO ICHCTBUN Hall
JIByMsI YrcIaMu a U b.

c=va’+b’

TpanuunoHHbBI NOAXO0 3aKIK0YAETCS B CIELYOLIEM:

1. Pa3pabatbiBaercsi ycTpoicTBO, 00ecieunBaroliee BO3BeEIe-
HHE Ynclia B KBa/Ipar.

2. Pa3pabatbIBaeTcsi yCTPOHCTBO CyMMHPOBAHHSI pe3yibTara
BO3BEJICHMS TIEPBOT0 ¥ BTOPOTO YKCIIa B KBaAPAT (B TPaIMIIMOHHBIX
Croco0ax CyMMHPOBAHHUE BBITTOIHSCTCS C UCIIONB30BAHNEM TIepe-
HOCOB, YTO NPUBOANT K 3HAYNTEIFHBIM BPEMEHHBIM 3aTpaTam).

3. Pa3pabatbIBaeTcst yCTpPOWCTBO M3BIICUCHUSI KBaJPAaTHOTO
KOPHSL.

4. Pa3pabatsiBaercs o01iee yCTpOMCTBO Ha OCHOBE paHee pas-
PpaboOTaHHBIX SJTEMEHTOB.

Takum 06pa3zom, pe3ynbTaT BEIYUCISETCS B BUIE HECKOIBKUX
rocsenoBareNbHbIX onepauuil. [lpuyem, kaxpoe crienytouee
JICWCTBHE OCYIIECTBIISIETCSI TOJILKO I10CJIE MOJIHOTO 3aBEpPIICHHS
pacyera NpebLIyLIero 3HaueHHs. YCTPOMCTBO, peaiusyloliee
Ka)XkJ10e JIelicTBUEe, pa3pabaThiBacTCs U ONTHMHU3UPYETCS HE3aBH-
CHIMO OT OCTaJILHBIX. B pesyinbrare, y Takux ycTpoiicTB Habmo1a-
eTcst 0OJIbIIOe BPEMsI BBIYMCIICHHS pe3ysIbTaTa 3a CHET MOCIen0-
BaTEIILHOTO BBIYHCIICHUS U TIepeH30bITKA JJOTMYECKUX 2JIEMCHTOB
10 IPUYUHE OTCYTCTBUSI ONTHMU3AINN MEX Ty HUMH.

PaccmoTpuM npyroil MOAXO BBIYUCICHHS CIOXKHON (hyHK-
nun. ITogxon ocHOBaH, BO-NIEPBBIX, HA MPOEKTUPOBAHUN YCTPOK-
CTBAa BBIYMCIICHHS KOHKPETHON CJIOHOW (DYHKIMH, & HE B3aHMO-
CBSI3aHHOTO  Habopa  Pa3NMyYHbIX  CIELHMAIM3HPOBAHHBIX
YCTPOMCTB, a BO-BTOPBIX, HAa UCIIOJIb30BAaHUHU PE3YJIbTATA, & HE BbI-
YHCJIEHUH 3HAYCHUS ITyTeM MPOOHBIX 3HAYCHUH.

BBenem Hekoropble orpannueHus. Umcna, mopaBaeMble Ha
BX0JI, a U b — nensle. TpeOyercst Moay4nTh pe3ysbTar B popmare
¢ pukcupoBaHHOM 3amnsTOM (TouKo) Q4.4.

Hanmpumep, 171t BXOAHBIX CHTHANOB a,,a,,D,, b, , KoTophIe MO-

ryT npuauMath 3HageHust {0000, 0001, ..., 1111} BeraucamM 3Ha-
YCHHUS BBIXOJIHBIX CHTHAJIOB B aecsatudnoMm Buae D= {0.0000,
1.0000, 2.0000, 3.0000, 1.0000, 1.4142, 2.2361, 3.1623, 2.0000,
2.2361, 2.8284, 3.6056, 3.0000, 3.1623, 3.6056, 4.2426}. 3atem
MepeBeICM UX B B IBOMYHBIN (popMaT ¢ (PUKCUPOBAHHOM 3aIsATON
Q4.4 M[]={0000.0000, 0001.0000, 0010.0000, 0011.0000,
0001.0000, 0001.0111, 0010.0100, 0011.0011, 0010.0000,
0010.0100, 0010.1110, 0011.1010, 0011.0000, 0011.0011,
0011.1010, 0100.0100}.

J1st kakooro paspsiia LEeJol 4acTd 3amullieM JIOTHYECKUE

(GyHKIMM JUIS BBIXOJHBIX CUTHANIOB C,,C,Cs,C , OTNPEEIIONNX

LIEJTYI0 4acTh B 3aBUCHMOCTH OT BXO/IHBIX CUTHAJIOB a,,a,,0;,h,
c,=0
Cs = a,a,bb,
c,=ab vab vab vbb,
¢, =ahb, vab vahh, vaapb,

~

Jlornveckue GyHKIUH AJIs1 BRIXOJHBIX CUTHAIIOB APOOHOM 4a-
CTH PE3yJIbTara C,,C,,C,,C, NPEICTABIEHBI HIKE

c,=aah v a1b150
¢, =aa,hb, vaahb, vaabb, vaabh, vaabb,
=330, vaap vabb, vahb,
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DYyHKYUOHATbHAA CXEMA ONMUYECKO20 8bIMUCTUMEN

Tak, QyHKIHOHATBHAS CXEMa ONTHYCCKOTO BBIYHCIHTEIIS,
OCYIIECTBIISIONICTO BBIYUCICHUE TpeX apudmernueckux (yHK-
LIUH, COCTOUT U3:

1) onrmueckux maBepropos li, i=0,1,2,...,m;

2)  onTHYecKHX KOHBIOHKTOpOB Fi, i=0,1,2,....m

3) onrumveckux TpaHcmapaHTos Bi, i=0,1,2,...,m;

4) onTuyeckux paszserBureneit Si, 1=0,1,2,...,m;

5) onrtwyeckux TuU3BIOHKTOPOB Dj, i=0,1,2,...,m;

Bxoanble curnanel Xo... Xy, IOCTYNAOT HA BXOAbl ONTHYE-
CKHUX MHBEPTOPOB |i M onTHYecKnX KOHBIOHKTOPOB Fi. BbIxoss
ONTUYCCKUX KOHBIOHKTOPOB Fi MOIKIIFOUCHBI K BXOJAM ONTHYC-
CKHX TpaHCHapaHTOB Bi. Bbixo/pl ontudeckux TpancnapaHToB Bi
4yepe3 ONTUYCCKUC PA3BETBUTEIN TOKITFOUCHBI KO BXOJIaM OIITH-
YECKHX TU3BIOHKTOPOB D;.

OCOOCHHOCTH ONTHYECKUX KOHBIOHKTOPOB Bi B TOM, 9TO enu-
HUYHBIA CUTHA Ha BbIXoje cocTtaBisieT K yci. e

OnTHyeckue TpaHCIAPaHTHl UMEIOT TaKOH KO3 QHUIIMEHT 10~
[JIOILIEHHUS, YTO ONITHYECKUE CUTHAJIBI HA BHIXOJAX KaykKIOI0 OITH-
YEeCKOT0 pa3BeTBUTENS Si paBHbI 1 yciL. efl.

OcoOeHHOCTH ONTHYECKUX TU3BIOHKTOPOB Dj cocTosT B TOM,
YTO €IWHUYHBIN CUTHAI Ha €r0 BXO0J€ MHTEHCUBHOCTBIO OOJIBIIIE
0,5 yci1. e/1. IPUBOUT K MOSBJICHHIO CHTHAJIAa Ha BhIXOE | yCil. eI,

Onruueckre TpaHCIapaHThbl Bi, onTuueckre pa3BeTBUTENH S
Y ONTHYCCKHUE TU3BIOHKTOPBI Dj COCTABISIOT ONTUYECKYIO JIOTH-
YECKYI0 MaTpHILy.

s peanmuzanuu  TpeOyEeMBIX JIOTUYECKUX 3aBUCHUMOCTEH
MEXKITy BXOJAAMHU M BBIXOIaMHU YCTPOWCTBA OCYIICCTBIIACTCS pa3-
pYIICHHE ONTHYCCKUX CBs3ed B oOmactu (1 MEKIY BXOIaMHU
YCTPOWCTBA WIIM BBIXOJIAMH ONTHYCCKUX HHBEPTOPOB M BXOJIaMHU
ONTHYECKUX KOHBIOHKTOPOB Fi, a Taxke pa3pylieHHe CBs3eH B
obmactu O, MEX/y BBIXOJAMHU ONTHYECKUX Pa3BETBHUTENCH Si U
BXOJIaMH ONITHYCCKUX TU3BIOHKTOPOB Di.

>

Hpunyun oeiicmeus onmuuecKo20 6ol4uUCcIUMEns

Ha BX0/b! ONITHYECKOr0 YCTPOMCTBA, OCYIECTBISIOIETO BhI-
YHCIIEHHE TPEX apuPpMETHIECKUX QYHKINH, TIOAI0TCs yhciaa A 1
B. U3 uncen A n B dopmupyercst unciio ABOHHON pa3psAHOCTH
X, Tak, 4TO cTapmas yacTh yncyia XH COOTBETCTBYET UUCIY A, a
Mitaamas yactb yncia XL coorBercTByer umnciy B.

[Momydennoe uncio X nojgaercst Ha BX0J] yCTPOWCTBA B IBOMY-
HOM TIO3UIIMOHHOM KOJE "Xm,Xm-1,...,X0" B BUAe HaOOpa U3 m OUT

Xi:
m-1
X=>x2
i=0

BxozaHbIe onTHUECKHE CUTHAIIBI C THTEHCUBHOCTBIO | yCi1.(0B-
HBIX).e/1.(MHUII) TTOCTYMAIOT Ha BXO/JbI ONTUYECKUX KOHBIOHKTO-
poB Fi.

PaccMoTpum (OpMHUpOBaHHE BBIXOJHBIX CUTHAJIOB ISl KaK-

TIOTO BBIXO/IA C,,C¢,Cs,C 5 OTMPEIEISIOMIETO UETYIO acTh.

CurHai ¢; Mpu YKa3aHHOM BbIIIe HA0OPE BXOHBIX CHTHAIOB
BCerya paBeH Hyiro. [103ToMy paspymrialoTcst BCe CBSI3H MEKITY
BbIXOAAMH OIITHYCCKHUX pa3BeTBHTeJ’IeI>’I Si 1 BXOAaMH OIITHYC-
CKOT0 3bIoHKTOpa D7.

s hopMHUpOBaHHUS CHTHAJIA Cg MCIOJIB3YCTCS ONTUYCCKUN
KOHBIOHKTOP Fo. Ha BX0bI KOHBIOHKTOpa Fo momarorcs yeThipe
curHana ai, ao, b1, bo. Curnan cg npuHUMaeT 3HaUCHUE €TMHUIIBI,
€CJIM Ha BCEX BXOJAX yCTPONCTBA MPUCYTCTBYIOT €AUHUIILL [Tpu

MHD®OPMATUKA

HaJIMYMK Ha BXOJaX ONTHUYECCKOI'0O KOHBIOHKTOpa Fo KOM6I/IH3,LH/II/I
CHUTI'HAJIOB

a,,a,,0,0 =L11L1

ONTUYECKUH KOHBIOHKTOpP Fo BhimaeT onmTmyeckuii curnain B K
YCJIOBHBIX €TMHUI] Ha CBOM BbIxoJ1. [Ipoiias onTuueckuii pa3ser-
BUTEIIb Sj, ONTHYCCKIIA CUTHAT YMEHBIITUTCS U C HHTCHCUBHOCTBIO
1 yci. e1. MOCTYNUT Ha BXOJ ONTHYECKOTO Mu3bioHKTOpa Dg. B
JTAHHOM CITydae KpoMe KOHBIOHKTOpa Fo OoJbIlle HU OJTUH KOHB-
IOHKTOp Fi HE BBIaeT CUTHAT BBICOKOTO YPOBHS HHTEHCHUBHOCTH
K ycn. enr. Ha cBO# BBIXO, OCTATBHBIE CUTHAJIBI HA BBIXOJaX KOHB-
1oHKTOpOB Fi paBHbI 0. Tak Kak MHTEHCUBHOCTh CUT'HaJIa Ha BXO/IE
nu3broHKTOpa Dg 60sbIIe 0,5, TO MHHTEHCMBHOCTD CHUTHAJIA HA €T0
BbIXoze OymeT paBHa 1 yci. ea. B pesynbTare MHTEHCHMBHOCTD
CUTHAJIa Ha BXoJi¢ Mu3bioHKTOpa D Oy et paBHa 1.

¢, = Dy(Fy(a,a,by))

Juiss popMHpPOBaHUS CHUTHAJNA C5 UCIONB3YeTCS 4 KOHBIOHK-
topa F1...Fs. Ha BX0/161 KOHBIOHKTOPOB F1...F4 BXOIHBIC CUTHAIBI
mojaroTcst mapamu. Ha BXozpl KoHBIOHKTOpa F1 momarorcs aBa
CUrHaja: WHBEPTUPOBAHHBIA CHIHAN a1 W curHai bi. Ha BXojbl
KOHBIOHKTOpa F7 mojarorcst curHanbsl a; u b1, HO B 3TOM ciiyyae
CHUTHAJT &1 HE HHBEPTHPOBAHHBIN, a CUTHAI 1 HHBEPTUPOBAHHBIH.
Taroke 1o Ba CUTHANIA TIOJAIOTCA Ha KOHBIOHKTOPHI F3 1 Fa.

Heuncnone3yemple cHrHamBl Ha BXOIOBl KOHBIOHKTOPOB
Fi1...Fs. He mopnatorcsa. J[ist aTOro paspymiaroTcs ONTHUECKHE
CBS3M MEXy BXOJaMH YCTPOWCTBA, BBIXOJaMU HHBEPTOPOB H
BX0JIaMU KOHBIOHKTOPOB F1...F:

c; = Dy(F(@b).F,(ah).F,(@ph).F,(bb,)

OnTrueckuil KOHBbIOHKTOP F1 BBImaeT ontudeckuit curaan B K
YCIIOBHBIX €IMHUII] HA BBIXOJ, €CITH Y HETO Ha BX0J¢ KOMOWHAITHS
curHanoB paBHa 01, a onTudeckne KOHBIOHKTOPHI F2, F3, F4 BEI-
JatoT ontudeckuil curHail B K yCiI0BHBIX €IMHUII HA CBOW BBIXO/I,
ccian Y HUX Ha BXOJ¢C HpI/ICyTCTByeT COOTBETCTBCHHO KOM6I/IHaHI/I$[
curnainos 10, 01 u 10. [Tpoiias onTrueckuii pa3BeTBUTEND S; , ON-
TUYECKUU CUTHAJI YMCHBIIUTCS U C HHTEHCUBHOCTBIO 1 yCII. €.
MOCTYIHUT HA BXOJ[ ONTHYCCKOro au3bioHKTOpa Ds. B manHOM
cllyvae OJMH U3 KOHBIOHKTOPOB F1 ... F3 BhImaeT curHai BeICcO-
KOTO YPOBHS MHTEHCHBHOCTH K ycII. €/1. Ha CBOM BBIXOJ. Tak Kak
WHTCHCHUBHOCTh CUTHAJIA Ha BXOJIe MU3bIOHKTOpa Ds Oombie 0,5,
TO MHTCHCUBHOCTH CHTHAJIA Ha eT0 BBIXOE OymeT paBHA | yciI. efl.
B pe3ynpTaTe MHHTEHCUBHOCTH CHTHAJIA Ha BXOJIE AN3BIOHKTOpA Ds
Oyzer paBHa 1.

Jns popMHpOBaHUS CHUTHANA C4 UCTIONB3yeTcsd 4 KOHBIOHK-
topa Fs...Fs. Ha BXx0/1b1 KOHBIOHKTOPOB F5 11 Fg BXOTHBIE CHTHATBI
IIOJAK0TCA napaMH. Ha BXObI KOH'bIOHKTOpa F5 IIOAAKOTCA CUT-
HaJIbl: HHBEPTUPOBAHHBIN a1 U Do, a HA BXO/bI KOHBIOHKTOPA Fg
OJIAF0TCSI CUTHAJIBI 8o U MHBEPTUPOBAHHBIN cUrHa Do.

Ha BX0161 KOHBIOHKTOPOB F7 1 Fg o1aeTcst 10 TpU BXOIHBIX
curHana. Ha BXoIbI KOHBIOHKTOpA F7 mMomaeTcss HHBEPTUPOBAH-
HBIH CUTHAI &g ¥ CUTHAJIBI D1 1 Do, a HA BXObI KOHBIOHKTOPA Fg
OJIAF0TCSI CUTHAJIBI 81, &9 U MHBEPTUPOBAHHBIN cUrHAI Do:

C4 = D4 (Fs(glbo)a F6(a0b_1)’ 1:7 (Eoblbo )’ FS (alaOBO)

Ecnn Ha BXoze ycTpoiicTBa NpUCYTCTBYIOT HEOOXOIMMBIE OTI-
THUYECKHE CUTHAIIBI, TO ONITHYECKUI KOHBIOHKTOP FjBBIIaeT onTu-
4yeckuii curHai B K yCIIOBHBIX €MHHIL Ha CBOI BBIXOJ.

-
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UHDOOPMATUKA

Cxema (popMupoBaHHs CUTHATIOB ApOOHOH YacTH c;,c,,C,,C, IIporpaMmMupoBanue ONTHYECKOT0 BHIMCIUTEIISI

paboTaeT aHaJIOTUYHO.
B HCXOMHOM COCTOSHMH BCE ONTHYECKHE CBSI3H CO BXOIAMH

Xy e Xi e X, ONTHYECKUX KOHBIOHKTOPOB Fi HE pa3pyIieHs! 1 Ha BXOIBI OITH-
YECKHMX KOHBIOHKTOPOB Fi IMOMAIOTCS BCE BXOAHBIC CHUTHAJIBI

\ | Xo...Xm ¥ BCE CUTHAJBI C BBIXOJOB ONTHUYECKUX WHBEPTOPOB l;.
) _\ [Ipu mporpaMMUpOBaHIH ONTHYECKOTO BHIYMCIUTEIS IS peaiu-

B 3alUH KOHKPETHOW (DYHKIMH, BO-TIEPBBIX, MPOU3BOAUTCS Paspy-
: IIEHHE ONTUYECKHX CBsI3eil, 00eCIIeYNBAIOIINX TPOXOKACHHE OTI-
N I THUYECKHX CHT'HAJIOB Ha BXO/IbI ONITHYECKUX KOHBIOHKTOPOB Fi /115t
N CHTHAJIOB, HE SIBJISIOMINXCS] apIyMEHTaMH JIOTHIECKUX (DYHKITUH,
. a BO-BTOPBIX, IPOM3BOJIUTCS Pa3pylICHHE ONTHYECKUX CBSI3EH,
. 00€CIIeYNBAIOIINX TPOXOXKICHUE ONTHYSCKHX CUTHAJIOB C BBIXO-
N JIOB ONITHYECKHX pa3BeTBHTENICH Si HA BXOIbI ONTHYCCKHUX JU3b-
fOHKTOPOB D;.

Hamnpumep, s popmupoBanus curnana Ce HCIIOIb3yeTCs Ol
THYECKUH KOHBIOHKTOP Fo, Ha KOTOPBIN 10 MPOrpaMMHUPOBAHUS

Puc. 2. Onruueckue UHBEPTOPSI HONAIOTCA CUIHATIBI al’ao’bl’boaaljosblsbm Crrnanet EI’EO’bl’bO
mpu popMupoBaHuH (HYHKIIMU JAHHOTO Pa3psiaa HE HCIIONB3Y-
mreeer K aees X IOTCSI, TO3TOMY ONTHYECKHE CBSI3U MEX/y BHIXOJaMU HHBEPTOPOB
1 BXOJIaMU ONTHYECKOTO KOHBIOHKTOpa Fo paspymarorcs. Kpome
Py aToro, ansi opmupoBanus curHaiga Ce HCHONB3YETCSl ONTHYE-
ﬂ cKuit Tu3BIOHKTOP Do, Ha KOTOPEII 10 IPOTpaMMUPOBAHUS TIOA-
FOTCSI CUTHAJIBI C BBIXOJOB ONITHYECKHUX PAa3BETBUTENCH So-Sm. On-
. TUYECKHE CBS3M MEXIY BBIXOAAMU ONTHYECKHX pa3BETBUTEICH
. S1-Sm ¥ BXO/IaMH ONTHYECKOTo JU3bIOHKTOpPa Do He HMcnonb3y-
P; 10TCs TIpH ()OPMUPOBaHUK (DYHKIMH JTAHHOTO paspsja, MO3TOMY
! ﬁ 9TH ONITHYECKUE CBSI3U TAK)KE Pa3pyILIAOTCs.
Takum 00pazomM, MeTOJl Pa3pabOTKH ONTHYECKOTO MPOrpam-
. MHUPYEMOT'O BBIYUCIIUTEISI COCTOUT U3 CIICAYIOLIUX ITAIOB:
. P — MCXOJISl U3 TIApaMETPOB TEXHHMUYECKOH 3a/1a4H, OTIPeessieTCst
CJIOKHAST PYHKIIHS, UTT KOTOPOU TpeOyeTcst MPOU3BOIUTH BBIUHC-
_\ JICHHUS,
— OTIpEIeIIACTCS TUaa30H BXOJHBIX apTyMEHTOB;
— ompenerseTcs TpeOyeMBbIii TUana3oH BEIXOIHBIX 3HAUCHUH;
— OIIpe/ieNIAeTCss He00X0AUMasi TOYHOCTh BBIYHCIICHHUH;
Puc. 3. Onrrueckre KOHBIOHKTOPBI — 0 penemnsgercs TpeOyeMoe KOIUIECTBO OUT B IEJIOH U APOO-
HOM 4acTH;
. I P, — IIPOU3BOJUTCS BBIYUCIICHUE 3Haq§H1/1171 Q)yHKL[I/II/I;V
— OPOU3BOJUTCA NEPEBOJ 3HAYCHUU U3 ACCATUIHOU CUCTEMbIL
CUHUCIICHHUS B JIBONYHYIO C (PUKCHPOBAHHOM 3arlsiTOM;
— JUISl KKJJOT0 BBIXOJTHOTO OMTa ONpenesisieTcs: 3aBUCHMOCTb
l l | BBIXOJIHOTO 3HAYCHUS OT BXOHBIX 3HAUCHUM;
i S — MPOM3BOANUTCS ONTHMHU3ALUS (PYHKIUH Ha OCHOBE 3aKOHOB
anreOpsl TOTUKHU, MeTomaMu KapHo u ap;
— OCYIIECTBISICTCS IPOBEPKA TOTYICHHBIX 3aBHCUMOCTEH;
— OCYIICCTBIISIETCSI ITOCTPOCHHUE OINTHYECKOW CXEMBI ITyTeM
yAaJCHNS HEUCIIOIb3yEeMbIX ONTHYECKUX CBSI3CH.

e X | X, X, X

>
ES

0O,

By

. Ipumep. /[ npoBepkH MPaBUILHOCTH JOTHUYCCKUX (PYHK-

K : C Uil OblIa HamucaHa mporpamMMma Ha si3bike Cut+. [Iporpamma

K \ i OCYILECTBIIICT TIepeOOp BceX BXOMHBIX KOMOuHamuid. J[is kax-

JIOW BXOIHOM KoMOmHaImu curaaios al, a0, bl, b0 ocymiectss-

. €TCsI BBIYMCIICHUC JIOTHUYCCKUX (DYHKIUH TSI KaKIOTO BBIXOJA
\ \ ’ c ycTpoiicTBa c6,c5,c4,c3,c2,¢c1,c0.

m

for(i=0; i<=15; i++)
0, {

al
Puc. 4. Ontuueckas gorudeckas MaTpuna b1

(i&0x08) >> 3; ao
(i&0x02) >> 1; be

(i&0x04) >> 2;
(i&0x01);
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c6 = al&ad&bl&bo;
c5 = (~al&bl) | (al&bl) | (~a@&bl) |
(b1&~b0);
c4 = (~al&b0) | (al&~bl) | (~a0&b1&b0) |
(21l&a0&~b9);
c3 = (al&~a@&bl) | (al&b1&~bo);
c2 = (~alRad&~b1&b0) | (~al&ad&b1&~bo) |
(a1&~a0&~b18&b0O) | (a1&~ad&b1&~b0)
| (a18a0&b1&b0);
cl = (~al&ao&bo) | (a1&~a@&bl) |
(2@&~b1&b0) | (al&bl&~bO);
0 = (~al&ad&b0) | (aB&~b1&b0);
std::cout << al << " " << a@ << " "
bl << " " << bO << " "
std::cout << ¢c5 << " " << cd <" "k
c3 << " "2k« " "< cl <"
<< €@ << " \n";
}

Peanmzanus maHHON mporpaMMBbl TOATBEPANITA dPPEKTHB-
HOCTB NPEATI0KEHHOTO TOIX0/1a.

3akaouenue

IIpoBeneH 0030p CYIIECTBYIOIIUX aITOPUTMOB H3BJICUCHUS
KBa/IPATHOTO KOPHs KaK 6a30BO#i OMepalui MHOTUX MaTeMaTHIe-
CKHX BBIYHCIICHUH.

B xo0/1¢ rccne[oBaHus U3M0KEHBI TEOPETHICCKHE OCHOBBI M0~
CTPOCHHS OBICTPOJCHCTBYIOIIETO0 BBIYHCIUTENS KBaIPaTHOTO
KOPHSI [UISl YHCE], MPEACTABICHHBIX B ABOUYHOM Koze. [Ipeno-
JKEHHBIN CII0CO0 TO3BOJISICT MPOU3BOAUTD BBIYHCIICHUE KBaJparT-
HOTO KOPHS Ha OCHOBE KOMOWHAIIMOHHOTO YCTPOHCTBa, Oe3 WcC-
MOJIB30BaHMS METO/Ia IPOO U OMIMOOK, YTO 3HAYMTEIBHO YBEIIH-
YHUBAeT CKOPOCTHb BBIYMCICHUI NPH IONYyYEHUH pe3yJibTara.
VY cTpolCTBO MOXKET OBITh JIETKO MOIU(DUIIMPOBAHO /IS BBIYUCTIE-
HUsl Apyrux QYHKIUA Wi Habopa QyHKIHIA.

PaspaboTana QpyHKI[MOHATBHASI CXEMa ONTUYECKOTO POTpaM-
MHPYEMOT0 YCTPOMCTBA IS BBIMTOTHEHUSI (PyHKIIHOHATBHBIX TIpe-
obpasoBanuii. PaccMoTpeHa paboTa COCTABHBIX 3JEMEHTOB H
BCEr0 YCTPOICTBA B LIEJIOM.

W35105KeHbI MPUHLUITBI TIPOrPAMMHUPOBAHHUS ONTHYECKOTO BbI-
YHUCITUTENS JUTsl PealTi3al[ii KOHKPETHOH (ByHKIIHH.

MuHHMaNBHOE KOJIMYECTBO JJIEMEHTOB U BBICOKAsi CKOPOCTh
BBIYHCIICHUH JICNIAfOT MPE/IOKEHHOE ONTHYECKOE TIPOTrpaMMHUPY-
€MO€ YCTPOMCTBO MEPCHEKTUBHBIM IPH MOCTPOCHUH TEXHHYE-
CKHX CPEJICTB BEIYHMCIIUTEIILHOW TEXHUKH U CUCTEM CBSI3H.
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Abstract

The paper discusses a new approach to the design of high-performance computing systems based on optoelectronic technologies. Optical information pro-
cessing devices are used in areas where maximum speed and simplicity of calculations are required, such as the synthesis of embedded systems and spe-
cialized processors for high-speed processing. In general, embedded systems process incoming data within a specific and predefined range, and calculations
can be performed with a specified accuracy, but the calculation time is highly limited and critical. In this regard, for the developed optical calculator, as a
result of conducting an analysis of existing formats of number representation, the format of number representation with a fixed point was chosen. As an
example of the implemented nonlinear function, one of the most difficult functions for calculation in traditional schemes - the function of extraction of the
square root was chosen. The theoretical foundations of building a fast-acting square root calculator for numbers represented in binary code are presented.
The proposed approach allows for the calculation of the square root based on a combinational device, without the use of trial and error, which radically
increases the speed of calculations. Since practical problems require a minimum amount of time to perform a set of calculations on several arguments, a
functional diagram of a specialized optical programmable device has been developed to perform a set of functional transformations based on the principles
of building and optimizing combinational circuits. The main basic elements of an optical programmable device are optical splitters, combiners, and trans-
parencies, the technology of which is known and does not cause difficulties. Programming an optical computer to implement a specific function is done by
destroying the optical. The minimum number of elements and high calculation speed make the optical programmable device promising for building fast-act-
ing technical means of computer engineering and communication systems.

Keywords: optical computing device, square root extraction, exponentiation, gigahertz range, optical splitter, transparant, optical combiner.
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B cratbe nokasaHa paspaboTKa U 3KcnepuMMeHTasibHasA NpoBepKa MOAUMULIMPOBAHHOTO MeToAa Ha
ocHoBe anroputMa XGBoost, npumeHseMoro Ana nporHosupoBaHua oGbeMoB npogax. Llenb
pa6oTbl — MoOBbILLIEHWE TOYHOCTU METOAOB M anrOpMTMOB MPOrHO3MpoBaHUA 06beMOB nMpopax,
MCNONb3YIOLUXCA B OPraHU3aLMOHHbIX CUCTEMAX TOProOBbIX KOMMaHWA. AKTyanbHOCTb paGoTbi
obycnoBneHa TeM, YTO OAHON M3 OCHOBHbIX NMpoGneM npeaMeTHOW 06NacTM NMpojaxk ABNAETCA
Hanu4ue LWYMOB WM aHoOManwit B AaHHbIX. [pu NporHosMpoBaHuM 3TO MPUBOAUT K CHUXKEHUIO
TOYHOCTU pe3ynbTaToB U BO3HUKHOBEHUA 3¢ deKkTa nepeobyvyeHus. Hactpoiika cyujectsyrowmux
napaMeTpoB B anropMrMax MpOrHO3MpOBaHUA NpU YNpaBNeHUM B OPraHUM3aLMOHHLIX CMCTEMaX
TOProBbIX KOMNaHWUW He BcCerja SABNAETCA pelleHMeM JAaHHbIX npo6GneM W npuBoaUT K
HeoOXOAMMOCTU [OMONHUTENbHbIX MoAucdUKaLMA [AnA YyTOYHEeHUA nporHosoe. B paborte
paspaboTtaH Metop MoaucdMKaALMM ANTOPUTMA TPAAMEHTHOTO YCUIIEHUA, WCMONb3YIOLUIA
KOPPEKTUPOBKU pacyeTa rpaZJueHTa C NMoMOLLbIO OLIEHOK aHOMaNbHOCTU 06pasLoB HaGopa AaHHbIX
MeToAoM neca usonAuuu. TakKe MCNONb30BaHbl AOMOJNHUTENbHbIE TMMEepnapaMeTpbl U METOA
ocTaHOBKM o06yueHusa npu nonyvyeHun uHcdopmauunm o Havane nepeobyvyenua. B xope
nccnepoBaHuaA GbiM paccMOTpPeHbl NOAXOAbI K PErynapusaLMu U CHUKEHUIO BIMAHUA aHOMaNuM B
AaHHbIX Ha npumepe anroputMa XGBoost. BHeceHbl pononHutenbHble Moaudukauum B
npeanaraeMbli MeTo/, C NpMMeHeHUeM Kpocc-Banupaauuu. Bce Moaudukauum npotectupoBaHbi B
Pa3HbIX KOMOMHaLMAX Ha pa3HbiX Habopax AaHHbIX. TakMM 06pa3oM BbiABIEHa 3aKOHOMEPHOCTb
NOBbLILLIEHNA TOYHOCTU Npu o6Gy4eHMM Ha Kpocc-Banujauun C npuMeHeHueM paspaboTaHHOro
MeToZa B3BEelLUMBAHUA aHoManwmii. MpakTuyeckaa 3Ha4YMMOCTb pabGoThl 3aknioyaeTca B paspaboTke
YHUBepcanbHoro noaxopa k Mmoaudukauum anroputMa XGBoost, koTopbii MOXKeT 6bITb NPUMEHEH
ANA NOBbILLIEHWA TOYHOCTU TNPOrHO3MPOBAHMA MNpPOJAXK pPa3fIMYHbIX KaTeropui TOBapoB MNpH
ynpaBfieHUn B OPraHU3aLMOHHbIX CUCTEMAX TOProBbIX KOMMAHMIA.
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BBenenue

Cpenu KIII0YEBBIX 3a/1a4 YIIPABICHNUS B OPTraHU3AI[MOHHBIX CH-
CTeMax TOPTOBBIX KOMIIAHUH BBIJIEIAIOT CBOEBPEMEHHOE ITPOTHO-
3UpPOBaHUE 0OBEMOB MPOIAXK TOBAPOB U yciyr [5, 11]. B Hacros-
mee BpeMs 3ajada ynpaBlieHHss 00beMaMM MPOJaX pPasIMuHbIX
TOBApOB, B TOM YHUCJIE€ TEIEKOMMYHUKAI[IOHHOTO MM KOMIIbIO-
TEPHOTO 000PYAOBAHMSI, IMEET IIEPBOCTEIICHHOE 3HAaYCHNE [ 3, 22-
24]. 910 CcBsI3aHO KaK C PE3KO BO3POCIINM CIIPOCOM Ha Takoe 000-
pYyJOBaHNE U3-32 Pa3BUTHS CHCTEM MCKYCCTBEHHOTO MHTEJIICKTA,
TaK M C CAHKIIMOHHBIM JIaBJICHUEM OTJIENbHBIX cTpaH [7, 23-25]. B
pe3ysbTaTe ymnpaBlIeHHE B OPraHM3AIMOHHBIX CHCTEMaxX TOPIo-
BBIX KOMITAaHHMH, KOTOpBIE MOAPa3yMEBAIOT 10J] 000 (hopmab-
HYIO CTPYKTYPY KOMITaHUH, TPOHCXOAIINE B HUX MPOIECCHI, pe-
anu3yeMble MOJUTHKH U TMPOLEAYpPHI, PETYIHPYIONIHE JesITeNb-
HOCTb TOPTOBBIX OPraHU3alUH, CTAHOBUTCS 3HAYUTEIBHO 3aTPYA-
HeHo. OnTumusanys ynpaBjieHUs! 1aCT BO3MOXKHOCTb MOBBICUTh
3G PEeKTUBHOCTD TIpepHsITHii [26].

Cy1ecTByIoIe METOAbl U AITOPUTMBI IPOTHO3UPOBAHUS
pasnuuHbIX nokaszateneit [1, 2, 14, 27] He Bcerna JaroT Makcu-
MasibHO A ekTHBHBIN pe3ynbTar [8, 14]. DT0 OTHOCHTCS U K IPO-
THO3UPOBAHHIO TaKMX JAWHAMHUYECKH W3MEHSIOUIMXCSA BEJINYNH,
KaK IIPOITyCKHAsI CIIOCOOHOCTH CETEeH, MOCTPOCHHBIX Ha OIpesie-
JICHHOM THU1e obopyaoBanus [6, 7, 15-21], Tak 1 SKOHOMHYECKUX
MOKa3aTesiel TOProBbIX KOMIIAHUH, HAPSIMYIO BIHUSIIOLINX Ha pe-
3yJIBTATUBHOCTh YIPABICHUS B 3THX OPTaHU3ALOHHBIX CHCTE-
Mmax [19, 20]. B paborax [8, 12-14] moka3aHo, 4To pa3pabdoTKa MO-
JU(GUIPOBAHHOTO METO/IA U aIFOPUTMA PELICHUs 33/1a4 YIpaB-
JICHUS CIIPOCOM B OPTraHU3aIllMOHHBIX CHCTEMaX TEJIEKOMMYHHKa-
IIUOHHBIX KOMITAHUH MMO3BOJIMIIO 3HAYUTENBHO YIYUIINTh [TOKa3a-
TEJH TaKUX CHCTEM.

Eme ogHuM npuMepoM HEOOXOJMMOCTH pa3paOdOTKH HOBBIX
METO/IOB ¥ aJITOPUTMOB PEIICHHUS 33134 YIPaBJICHHUS B Pa3HOO00-
Pa3HBIX OPTAaHM3AIMOHHBIX CHCTEMaX SBILIETCS HEOOXOIMMOCTh
MPOTHO3UPOBAHUS JUHAMUKHY U3MEHEHHS KpUNTOBaIOT [6]. B pa-
6ote [7] mokaszaHo, 9TO pa3paboTKa COBPEMEHHBIX METOIOB ITOITY-
YEeHUs! JAHHBIX U IPOrHO3UPOBAHNS BATOTUIIBHBIX 3HAYCHUH Kyp-
COB KPHUITOBATIOT JA€T BO3MOXKHOCTH 3 (EKTUBHEE yNPABIATH
OpraHM3alIOHHBIMU CHCTEMaMH KPUIITOOUPK Ha OCHOBE PETPO-
CTIIEKTUBHOM, TEKYIEH 1 SKCIIEPTHON HHPOpMAIIHH.

Bce 310 yKa3pIBaeT Ha aKTyalbHOCTh pa3pabOTKH METOJIOB U
QITOPUTMOB PELICHHS 3a/1a4 YIpaBJICHUs 00beMaMH TPOAAXK B
OpraHU3aIMOHHBIX CHCTEMaX TOProBeIX kommnaHuil. Hactosimee
HCCIIeIOBaHUE CTPOUTCS HA YK€ MPOBEJCHHOM aHalu3e Cylie-
CTBYIOIIMX METOJIOB W JITOPUTMOB IPOrHO3MPOBAHMS 00HEMOB
MIPO/IaXK, KOTOPBIA MO3BOJIMII BBISIBUTH HanOoJiee MepCreKTHBHbIC
W3 HUX JUIS pellieHus NOCTaBIeHHOH 3a1aun |5, 11]. B nanHoi pa-
0oTe OyzeT mpeuTokeH MOTUPUIINPOBAHHBIN BapUaHT METO/IA U
JITOPUTMa IIPOTHO3UPOBAHHSI.

1 ITocTaHoBKA 3a1a4u

B coBpemenHOM 0011ecTBE NPEJOCTABIAIOT MHOTO TOBAPOB U
ycayr. Jis mporHo3upoBaHus pa3HBIX IOKaszartelnei Tpedyercs
KpaiiHe MHOTO CHJI M 3aTPaT, KaK BPEMEHHBIX, TaK U YeJIOBEYECKUX
pecypcoB. Ha momoIis mpruxosT MeTo (bl MAIIMHHOTO 00yUYCeHHS,
KOTOpBIE CHCTEMAaTH3UPYIOT, HaXOAAT 3aKOHOMEPHOCTH W IpO-
THO3UPYIO TI0Ka3aTen, HalpuMep, 00BbEMBI IPOIaK.

Cpean MHOXKECTBa alTOPUTMOB MAIIMHHOTO OOYUYCHHS ajro-
put™ rpaanentHoro Oyctuara XGBoost (eXtreme Gradient

Boosting) 3apexomenjoBai cebst Kak ouH U3 Haubosee dpdek-
TUBHBIX MHCTPYMEHTOB AJISI PELICHUS 3a7ad PETrPEeccHH, B TOM
YrcIie W IPOTHO3UPOBAHUS pojax [4, 5, 12, 13].

Onnako, HecMOTps Ha cBoM npenmMymiectBa, XGBoost obia-
JTaeT U ONpeeIICHHBIMH HEJIOCTaTKaMH, TTIaBHBIM U3 KOTOPBIX SIB-
JeTCS CKIOHHOCTHh K TEepeo0ydIeHNI0, 0OCOOCHHO Tpu paboTe ¢
OTIpEJIENICHHBIMY TUITAMH IaHHBIX, IMEIOIMHU BBICOKHUH YPOBEHB
LIymMa, aHOMaJIMi UM HEJJOCTATOYHBIH 00beM. DTO OrpaHUYMBACT
€ro mnpsiMoe MPUMEHEHHE U CO3JIaeT MPEANOChUIKH JUIsl JajlbHe-
meid MoauduUKalMu M afanTalyd aaropuTMa Moj Crelu(uKy
KOHKPETHBIX 33124 U HaOOPOB JaHHBIX.

Takum 00pa3om, BO3ZHHMKAeT IHpoOiiemMa, 3aKIoyaromascs B
HEOOXOAMMOCTH MOBBIIICHUSI YCTOMYMBOCTH M 000O0IIaromen
cnocobnoctn merona XGBoost s 3amad MPOrHO3MPOBAHMS
MIPOJIAK 3a CUET pa3pabOTKU ¥ MPUMEHEHHUST KOMITIeKca MOAN(DH-
Kaluii, HallpaBJICHHBIX Ha OOpBOYy C mepeoOydeHrneM U ajamnTa-
LU0 K PA3IIMYHBIM OCOOEHHOCTSIM MCXO/IHBIX JIaHHBIX.

2 OnpenesieHne BApHAHTOB MOAM(DUKALMIA 1JIs1 TOBBILIEHUSI
TouHocTH MeTona XGBoost

[To pe3ynbpTaTtaM 3KCIIEPUMEHTOB [5] ONTUMaNbHBIM METOAOM
JUIsl IPOTHO3UPOBaHMsI 00BEMOB MPOJIA’K TOBAPOB MIPU3HAH AJITO-
put™ rpaguenTHoro Oycruara XGBoost. DToT anroputm xapax-
TEPU3YETCsI BBICOKOW TOYHOCTBIO, OBICTPOTON BEIYMCICHHH U BO3-
MOKHOCTBIO TOHKOH HacTpoiku napameTpos [1-2, 13-16], xots u
o0JaaeT HeJOCTaTKaM1 TaKMMH, KaK CKIOHHOCTH K Iepeolyue-
HUIO W CHW)KEHHIO TOYHOCTH HA ONPE/IEICHHBIX THUMAX JAHHBIX,
YTO OTKPBHIBAET IEPCHEKTUBBI JAIBHEHIIEr0 COBEPIICHCTBOBA-
HUSL.

OCHOBHBIM KpPHUTEPHEM MPH MPOBEACHUN MOAM(DUKAINU Me-
TOJa TPAAWEHTHOTO YCHICHHUS SIBJISAETCS KPUTEPHUH TOYHOCTH.
[Tpu 3TOM CTOMUT y4uTHIBaTh (PAKT TOrO, YTO MOAU(DHUKALUS Me-
TOJIa ¥ aJITOPUTMA TIPEJIoNaraeT He TOJIbKO yBEJIMYSHUE TOUHO-
CTH, HO U BO3MOJYKHOE YBEIIMUEHHE CKOPOCTU U CIOKHOCTH I10-
cTpoeHHO# Mozenu. [Toatomy mpu BeIOOpe MOIM(UKAIMKA CTOUT
MHUHAMH3HPOBATh YKa3aHHbIE PUCKH.

[Ipu mpoBeneHMM SKCIEPUMEHTOB W aHaJM3€ ITOJIyYEHHBIX
JTAaHHBIX OBUIN BBISBICHBI IPOOJIEMBI TEPEO0YUYEHHS U CHIKCHHS
TOYHOCTH, CBSI3aHHBIC C HEAOCTATOYHOCTHIO 00pabaThIBACGMBIX
JTAaHHBIX, HAIMYMEM IIIyMOB 1 aHOMaii. Beé 910 npuBouUT K Hc-
kaxxeanto odoydenus [11]. [log mrymaMun MOHUMAIOT CIydaiiHBIC
KoJe0aHus MPOAax, KOTOPBIE HE HECYT MOJIEe3HOH HH(OpMAaIim
IUTSE 00YYAIOMIero alrOpUTMa.

MoauhunupoBars aaropuT™M MOKHO HECKOJIBKHMHU CIIOCO-
Oamu. PaccMoTpuM HEKOTOpBIE U3 HUX.

1. Onmumuszayus ecunepnapamempos

l'unepnapaMeTpbl ONPEACISIOT MOBEACHUE MOICTH. [ paMoT-
Hasl HACTPOWKA MOYKET 3aMETHO YJIYYIIUTh KA4ECTBO U MPOU3BO-
nutenbHOCTh Mozenu [9, 10]. Paccmorpum kitodeBbie mapa-
METpBI:

e  max_depth: orpannumBaer TTyOHUHY IEpEBBEB, MPEIOT-
Bpamasi rmepeycioXKHeHne Moaein. Yem MeHbIe TTyOnHa, TeM
HIKe puCK TiepeoOydeHns. OOBIYHO ONTHMATbHOS 3HAYCHHE
HaxoauTcs B auamasone ot 3 mo 10.

e  min_child weight: onpenensier MUHIMAaTBHBIN cCymMMap-
HBIH Bec (BEC CyMM BceX OOBEKTOB B y3i1e) /Uit (OPMUPOBAHHS
y3na jgepesa. YBenuuenune min_child weight npensitcrByer co-
3/IaHUI0 HEOOJIBIINX Y3JI0B, CHIDKas niepeoOyuenue [17].
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e  subsample: perynupyer m0yt0 00BEKTOB, BEIOMPAECMBIX
CIIy4allHO Ui  KaXAOTO OT/ACNBHOTO JepeBa. YCTaHOBUB
subsample menee 1, MOKHO YMEHBIIUTH 3()PEKT epeoOydeHus u
MOBBICHTH YCTOHYMBOCTD MOJICIIH.

e  colsample bytree: KOHTPOJIMPYET IOJIKO HPHU3HAKOB, HC-
MOJNB3YEMBIX TIPH TMOCTPOCHUH KaXJOro JepeBa. YCTaHOBKA
colsample bytree meHee |1 ymeHbIIaeT pa3MepHOCTH MPOCTpPAH-
CTBa IPH3HAKOB, YCKOPss 00yYeHNE U YMEHBIIask PUCK Iiepeoly-
YeHHS.

e  learning_ rate: mar o0y4eHHs BIUSIET HA CKOPOCTb U TOY-
HOCTh MoJien. ManieHbkue learning rate 3ameuisitotT oOy4eHue,
HO CHI)KAIOT BEPOATHOCTB Iepeodyuenus. bompme marn ysenu-
YHUBAKOT CKOPOCTh, HO MOBBIIIAIOT PUCK CKAYKOB B Tpoiiecce 00y-
YCHUA.

2. Pezynapuzayus

Perynsipuzanus nmomoraer OOpoThCsl C NepeodydeHHeM, 0-
6aBisis mrpad B ciydae cioxkHoit Mmogenu. B XGBoost monnep-
JKUBAIOTCA JIBA OCHOBHBIX BHA peryispu3anui [8]:

e  alpha (L1 regularization): L1-perymspu3anus moompser
peaKue MPU3HaKH, TIPUBOISI HEKOTOPBIC BECa K HYJII0, TEM CaMbIM
yCTpaHss JHIIHAE TPU3HAKH.

e lambda (L2 regularization): L2-perynspusamnust paBHO-
MEpHO pacrpenenser ITpadpl, YMEHbIIAs BIMSHHE OSKCTpe-
MaJIbHO BBICOKHX BECOB.

3. Pannss ocmanoeka ooyuenus (Early Stopping)

Eciu ka4ecTBO MOJIENH TEPECTaET yIydIIaThCsl, TO PAHHSISI
OCTAaHOBKAa OCTaHABJIMBACT OOydeHue Moneiu. JIaHHBIH Moaxo.
03BoIIET Y(D(EKTHBHO MPEAOTBPAIIATH IEPEOOYICHUE U IKOHO-
MHTH BpeMsi. [IJist BRITIOUCHHS PAHHEH OCTAHOBKH HEOOXOIMMO 3a-
Jath aprymMmenr early stopping rounds.

4. I[lapannenvhoe obyuenue

XGBoost n3HAYaTBHO TOAEPKUBACT MapaieNbHyI0 00pa-
60TKy, YTO MO3BOJJACT CYHICCTBCHHO YCKOPUTH BBITIOJTHECHUE aJl-
roputma. [lapamerp n_jobs ynpasiisieT KOJINYECTBOM MOTOKOB.

Takke MOXHO HCIONB30BaTh TpapUIECKHe YCKOPHUTEIH
(GPU), ycTaHOBUB COOTBETCTBYIONIHMH (hJIAXKOK:

xgb_model = xgb. XGBRegressor(tree_method='gpu_hist").

DTOT pexuM T0JIe3eH A1 OONBIINX HAOOPOB JaHHBIX, TaK KaK
MO3BOJISIET CYIIECTBEHHO YCKOPHUTH MPOLIECC O0YUCHHUSL.

5. Buibop npasunvrHoeo popmama 0auHbIx

Uto651 yckoputs padboty XGBoost, BayXKHO TpaBWIBHO Xpa-
HUTH AaHHbIC. JIydIinii BapuaHT — KOHBEPTUPOBATb UX BO BHYT-
perHuil Gopmar Onbamoreku, DMatrix, KOTOPBIH 3aTOYEH IO
BBICOKYIO CKOPOCTb 00paboTKu. Takke CTOUT COXPaHATh UCXOJI-
Hble JaHHble B aQdexTuBHBIX hopmaTax Bpoae Parquet mimm ORC
— 9TO YMEHBIIUT UX 00BEM U YCKOPUT YTEHHUE C IUCKA, YTO MOJI0-
JKUTEIIBHO CKa)XeTCsI Ha 00IIei MPOU3BOINTEIBHOCTH.

6. Kpocc-sanuoayus

Kpocc-Banuaarus — 9T0 BaXXHbIH METO/] OLIEHKH KaueCTBa MO-
JIEITH, TTOMOTAFOIINIA OTPEICITTE ONTUMAITBHBIC TTapaMEeTPHI U BbI-
SIBUTh TIOTCHIMAIBHBIE TMPOOIEMBI MepeoOyUeHrst. BBITOIHATE
KpOCC-BaJIMIAIMIO CTOMT Ha HEOOJBIIIOM KOJMYECTBE JAHHBIX [3-9].
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7. barancuposka Kiaccog

HecbanancupoBaHHbIe KJIACChl TPUBOAAT K CMEIICHUIO MO-
JIeITH B CTOPOHY Mpeo0Iiaiaroliero kiacca. Menonap3yoTes ciey-
FOIIIEe TEXHUKH JIJIs1 OOPBHOBI ¢ ArcOamaHcoM:

e  (Class Weights: ycTraHOBKa BECOB J|JIsl KJIACCOB TT03BOJISIET
cOanaHcUpoBaTh BAXXHOCTh PEJIKUX KIIACCOB.

e  Oversampling: HCKYCCTBCHHOE YBEIMUYCHHUE YUCIIA ITPE/I-
CTaBUTEJIEH peJKoro Kiacca.

e  Undersampling: cokpalieHue 4Ymcia IpeACcTaBUTEICH
peobIaaaroNero Kiacca.

BanancupoBka KJIaCCOB MOMOKET H30€KATh CMEIICHUS MO-
JICITH U 00ECTIeUYUTh Jy4Illee Ka4eCTBO IPOrHO30B.

8. Buisgnenue u ycmpareHue auuiHell Koppenayuu

KoppenupoBaHHbIE MPU3HAKA CO3/AI0T U3ITUIIHIOK W30BITOY-
HOCTb M YXYyJIIAIOT HHTEPIPETUPYyEeMOCTh Mojenu. s quarHo-
CTUKH KOPPEJISIIUY CTPOUTCS MaTPHLIA KOPPEJIALUIL, U HCKITIOYa-
I0TCS IIPU3HAKHU C BBICOKMM YPOBHEM B3aMO3aBHCHMOCTH.

YMeHblIeHHe Pa3MepHOCTH MPOCTPAHCTBA MPU3HAKOB YIIPO-
CTUT MOJIENIb U YCKOPUT €€ 00ydeHue.

[Tpu KOPPEKTHOM HCIIOIB30BAaHUU HECKOJIBKHX METOJIOB, BO3-
MOYKHO YJIyUIINTh KaK TOYHOCTH IIPOrHO3UPOBAHUS, TAK M HE yBE-
JIMYUTH CKOPOCTH 00padoTKH HH(pOpMALIUH.

3 Aaroput™ moaudunuposannoro meroaa XGBoost

B pesynbrare BbIOOpa ONTHMAIBHOTO COUYETAHHS METOJIOB
YIIYUIICHHUS AITOPUTMA ObLT MOJTy4YeH MOAUDUIIMPOBAHHBIN aJIro-
PHUTM, KOTOPBIH OyJeT MpOTECTUPOBAH C MPUMEHEHHUEM Jarace-
TOB, UCTIOJIL30BAaHHBIX B 3kcniepuMenTax 1-3 [5] (puc. 1). C nenbro
OIICHKM KauecTBa MPOTHO30B HEOOXOAMWMO BBIYHUCIHTH CICIYIO-
e metpuku: RMSE, MAE u R? [5].

4 JDxcnepuMeHTAIbHAs anpodanusi pa3padOoTAHHBLIX METO10B
H AJITOPUTMOB

IIpu 00ydeHnn paccMaTpUBaeMbIX B UCCIEIOBAHUN MOJIEIIEH
ObUTM B3ATHI JaHHBIE W3 JAaTaceTOB OTKPBITOW IUIAT(HOPMBI
«Kaggle» (otkpsIThIil pecypc: https://www.kaggle.com/datasets)
[5]. JlaHHBIE BBIOMPATUCH PENIEBAHTHO pacCMaTPUBAEMON IMpe-
METHOM 00JIaCTH U COTIIACHO pelaeMoi MpakTUIecKoi 3amaye. B
tabnuue 1 npuBeNeHBI BapUaHThI IHIIEpIapaMeTpOB, UCIIOb3Ye-
MBIX MPH HACTPOHKE HCCIIEAYEMBbIX METOJIOB (JITOPUTMOB) Ma-
HIMHHOTO O0YYCHUSI.

B nanpHeiimem Oy yT HOKa3aHbl pacuyeThl 3HAUCHHST METPHUK B
KaXJIOM 3KCIIEPUMEHTE JIJIsl BCEX MOJICIICH.

OkcrepumeHT Nel. PacemoTpum matacet npomax (MH(popMa-
U W3 OTKPBITBIX  pecypcoB  miatdopmer  «Kaggley:
https://www.kaggle.com/datasets/ihelon/coffee-sales).

JlaHHBIC TIPEACTABIIAIOT CO00# MPOoaaXy KOPEHHBIX HAITUTKOB
(KaIy4nHo, TOPAYMH IIOKOJIA]], KaKao, JIaTTe, aMepHKaHo U 1p.) B
BEHJIMHIOBBIX armmaparax. /laHHble ObUTH TpenoOpaboTaHbl U
NPUBEJICHBI K €IMHOMY YHCIIOBOMY (OpMaTy.

Tabimma 1

3HauCHUS TUTIEPIIAPAMETPOB IS TIPIMEHSAEMBIX aropuTMoB MO

H JInanason
AJropaTM AHMEHOBAHHE Tun HOHCKA
THOepIApaMeTpPa | 3HAMCHHSA
THOepIApaMeTpa
n_neighbors int 2-10
UMAP n_components int 2-10
min_dist float 0,0-0,5
KMeans n_clusters int 2-11
. . 200 — 1000, mar
n_estimators int 200
max_depth int 1-10
XGBoost learning rate float 0,001 -1
subsample float 0,05-1
colsample bytree float 0,05 -1
min child weight int 1-20
XGBoost ¢ reg alpha float 0-10
peayaapusa- reg lambda float 0-10
yueit L1, 0-10
L2, gamma gamma float
n_estimators int 200— ,llggo tar
I.;gi{:g;n max_samples float 0,05-1
max_features float 0,05-1
bootstrap bool True, False

Bcero B naracere ykazanbl 262 (¢akTa Mpojiaku B pa3Hble Bpe-
MEHHBIE HHTEpPBaJIbL. 3aa4a ClIpOrHO3UPOBATH 00BEMBI IPOJIAK B
OmmkanteM OyayIieM.

Tabmuma 2 nemMoHCTpUpyeT paboTy aaropuTMOB MO PA3IHU-
HBIM MeTpuKaM. Pe3ynabpTaTel MpUBEACHBI KaK Ha TECTOBOM, TaK
Ha oOydaromiel BeIOopkax (puc. 2). Panee nmpu paccMOTpeHHH ai-
TOPUTMOB MAIIMHHOTO OOYYEHHsI Ha 3TOM JaTaceTe ONTHMallb-
HBIE pe3yNbTaThl Mokasan anroput™M XGBoost.

Manee B Tabnunax 2-4 pacCMOTPEHBI OLIEHKH H3MEHEHUS TOU-
HOCTH ¥ [I0Ka3aTell Pe3yJIbTaTOB Ha METPUKaX.

Kak BumHO 13 Tabmuier 2, monenu ¢ CV 1eMOHCTPUPYIOT 00-
Jee cOalaHCHPOBAHHBIC PE3YJIbTATHl MEXY TPECHUPOBOYHOU M
TecTOBOI BbIOOpKamMH. Taxke HEOOXOIUMO OTMETUTH MMO3UTHUB-
HOE BIIMSHHE KpOCC-BAJIMJIAIMHU, KOTOpas MPHBOAUT K JIYUIIHNM
pe3ynbrataM METpUK Moaudukanuid. [Ipu 3TOM TpagunuOHHBIH
BapuaHT ¢ peryisipusanmeii L1, L2, gamma yBenmuuBaeT ommoku
MO/JIETIN Ha TECTOBBIX JaHHBIX. TakuM 00pa3oMm, 3TOT MOJXO SIB-
nseTcs Hed(pPeKTUBHBIM.

B mozensx ¢ UMAP 1o oTaenbHOCTH OTMEUAETCsl KaTacTpo-
¢duueckoe yxyamenue metpuk (R? curkaercst 1o 0.47), onHako B
komOuHarmu ¢ Isolation Forest n kpocc-Bamumanueir HabI01a-
eTcs HeKOTOopoe yilyulleHHe rokaszareneil. Mojenu ¢ Isolation
Forest 1eMOHCTPHUPYIOT CTAOWIIBHO XOpOIIHME PE3yJIbTaThl, YTO
CBUJICTEJIBCTBYET O HAJIMYMH BEIOPOCOB B AAHHBIX U AP (PEKTUBHO-
CTH UX (QUIBTPALHH.

Koraa B koMOMHMpOBaHHBIE MOJXO/bI 100aBIsieM KpOCC-Ba-
JIMJIAINI0, HAOJIOIAeTCs MOBBIIICHNE TTOKa3aTesiell TOYHOCTH B
cpaBHEHUH ¢ 0a30BBIMH Moandukanusamu. CiexoBarensHo, Ipa-
BIJIbHAsE KOMOMHAINS TIpeUlaraeMbIX Mo (uKamii MpUBOIUT K
TOMY, YTO OHH JOTIOJIHSIOT APYT APYTa.
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Tabnuma 2

[TosyueHHble 3HaUeHUsT pabOTHI AITOPUTMOB B MOJIEIISIX
B Okcriepumente Nel

3Hadenns Ha
Moaeas Mertpuka BhIGOpKe
train test
XGBoost 0,0080 0,1375
XGBoost + L1, L2, gamma 0,2120 0,3162
XGBoost+IsolationForest 0,0010 0,1599
XGBoost+~UMAP 0,0008 1,5044
XGBoost+IsolationForest+UMAP MAE 0,0006 1,9260
XGBoost=CV 0,0204 0,1335
XGBoost~IsolationForest~CV 0,1390 0.2692
XGBoost~UMAP=CV 0,0349 1,5203
XGBoost~IsolationForest+UMAP 0,0234 2,3413
X ggoosr 1,0000 0,9905
XGBoost + L1, L2, gamma 0,9923 0,9852
XGBoost+IsolationForest 1,0000 0,9899
XGBoost~UMAP 1,0000 0,4718
XGBoost=IsolationForest=UMAP R 1,0000 0,3121
XGBoost+CV 0,9999 0,9898
XGBoost=IsolationForest=CV 0,9955 0,9861
XGBoost=UMAP=CV 0,9999 0,5498
XGBoost=IsolationForest=UMAP 0,9999 -0,0157
;'ggoosr 0,0126 0,4152
XGBoost + L1, L2, gamma 0,3705 0,5176
XGBoost+IsolationForest 0,0016 0,4282
XGBoost~UMAP 0,0011 3,0015
XGBoost~IsolationForest~UMAP RMSE 0,0010 3,5281
XGBoost+CV 0,0384 0,4303
XGBoost~IsolationForest=CV 0,2845 0,5203
XGBoost+~UMAP+CV 0,0502 2,8540
X gIB/oosr—!so!aﬁonForesr— UMAP 0,0320 4,2869

[Ipoananusupyem rpaduku MeTpuk st DkcriepumenTa Nel.
Camplil Jyqmmuii  pe3yibTaT TIIOJMYy4YeH IIPH  HCIIOJIB30BAHUU
XGBoost. Takum 00pa3oM, 3Ta MOAETH MOIXOAUT JIs ITOCTaB-
nenHoil 3agaun. [ogxonsl ¢ UMAP npogeMoHCTpUpOBaIl OYEHb
HU3KHE TI0Ka3aTeNl OMMOOK Ha TPEHHUPOBOUHBIX BBIOOPKAX.
MOXXHO chenath BBIBOJ O SIBHOH TEHAEHIMH K IE€peo0ydeHHIO,
TaK KaKk Ha TECTOBOW BBHIOOPKE MOKa3aTeNH OLIMOOK 3KCTpe-
MajbHO BBICOKH. Ilpu 3TOM Gosee cOanaHCUPOBAHHBIC PE3YIlb-
TaTbI BBIJAIOTCSI MOJEIISIMH C KPOCC-BaIUJalluel, KOTopasi yMEHb-
mraeT nepeodyuenne u dQQGeKTHBHA NPU MPUMEHEHHUH CII0KHBIX
MOTU(UKATIHIH.
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Puc. 2. 3nauenus metpuk st Dkcnepumenta Nel

OkcnepuMeHT Ne2. DKCHEepPUMEHT MPOBOJIUTCS Ha CIEAYIOLIEM
Jaracere npoaax (MHQopMaius W3 OTKPBITBIX PECYpPCOB ILIAT-
dopmer  «Kaggle»: https://www.kaggle.com/datasets/xontoloyo/
data-penjualan-zara).

JlaHHBIC MPENCTABISIOT COOOM MPOJAKU OJCIKIBI, aKCeccya-
POB ¥ MHBIX Bellel u3 MarasuHa Zara. JlanHpie ObUTH TIpenoopa-
00TaHBI U MPUBEJICHBI K €INHOMY 4HCIIOBOMY (opmaTy. Beero B
Jaracere ykaszaHel 252 ¢axTa mpoJakd B pa3Hble BPEMEHHBIC
paMku. 3a7a4a CiporHo3upoBaTh 00BEMBI POAXK B ONMKakIIeM
Oymyrem.

B Tabnuue 3 nokazaHbl yBEIUICHUE U YMEHBIIEHHE TOUHOCTH
JanpHeHmux Moaudukanui. OLeHka IPOU3BOIUTCS B CPaBHEHUH
C TIOKa3aTessIMH TNIPEbIAYIIEro SKCIEPUMEHTa, TJe Ha 3TOM e
JataceTe ONTUMaJbHbIE PE3YyIbTaThl MPOJEMOHCTPUPOBAIa MO-
nenb ¢ anroputMoM XGBoost (puc. 3).

AHaIOTMYHO NPEIbIAYILIEMY KCIIEPUMEHTY, PETYJIISIPH3aLUs C
nomoibto mwrpadosanus L1 n L2 yxyammia nokazaTeian TOYHO-
CTH, OJJHAaKO B JAHHOM CIIy4ae MPOSBUIICS MHOW 3PPEKT - MeT-
PHUKH Ha TPEHUPOBOYHBIX JIAHHBIX 3HAYNTEIBHO yXyAuIiiInch (R?
camsmics ¢ 0.9997 no 0.9932), 4to cBUAETENBCTBYET O HEJIOCTa-
TOYHOM TMOKOCTH MOJENH MPU CHIIBLHOM perymspuzarun. Creno-
BaTENbHO, HACTPANBATh NMAPAMETPhI PETyJIPU3aNNH HAJ0 C IPH-
MEHEHHEM 00Jiee TOHKOTO ITOIX0/1a.

—
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Tabmuma 3

[Tosy4eHHbIe 3HaUSHUST paOOThI AITOPUTMOB
B MoJienax DkcrnepumenTa Ne2

3Hagenns HA
Mozeas Merpaxka BBIGOpKE
train test
XGBoost 04271 674,4052
XGBoost + L1, L2, gamma 42,4052 | 667,6066
XGBoost~IsolationForest 0,2391 771,7242
XGBoost~=UMAP 1,2992 728,8567
XGBoost~IsolationForest~UMAP MAE 1,7943 635,1774
XGBoost=CV 535,9774 | 568,9708
XGBoost=IsolationForest~CV 518,4127 | 5754599
XGBoost+UMAP+CV 554,0367 | 583,7050
.ifgfroasz—’lsolaﬂom"“areﬂ* UMAP 530,1759 | 573,8359
XGBoost 0,9997 -0,5753
XGBoost + L1, L2, gamma 0,9932 -0,5012
XGBoost=IsolationForest 1,00 -0,8270
XGBoost=UMAP 1,00 -0,7925
XGBoost+IsolationForest~UMAP R 1,00 -0,4902
XGBoost=CV 0,1763 -0,0399
XGBoost=IsolationForest~CV 0,1903 -0,0508
XGBoost+UMAP+CV 0,1433 -0,0185
ifg.goosrﬂso!mionf‘ores:— UMAP 0,1919 -0,0552
XGBoost 12,7004 | 854,7986
XGBoost + L1, L2, gamma 57,6514 | 8344577
XGBoost=IsolationForest 0,3392 920,5702
XGBoost~UMAP 1,7389 011,8384
XGBoost+IsolationForest~UMAP RMSE 2,3661 831,3951
XGBoost=CV 634,9137 | 694,5244
XGBoost~IsolationForest+CV 621,2661 | 698,1325
XGBoost+UMAP+CV 647,5251 | 687,3219
ifggoosr—]solmiom"‘ores:— UMAP 620,6437 | 6996118

Kaxnas o ornensHocTH Mojeiu ¢ Isolation Forest u UMAP
MOKa3aln WJealibHbIe Pe3yNbTaThl Ha TPEHUPOBOYHBIX JAHHBIX
(R? = 1.0000), omHaKO Ha TECTOBOW BHIOOPKE MPOICMOHCTPHPO-
BaJM KaTactpoduueckoe yxyameaue metpuk (R? ot -0.79 mo -
0.83), uTo yKa3bIBaCT HA CHIIbHOE TTepeodyUeHue. 11X coBMecTHOE
MIPUMEHEHHE HECKOJIBKO Yiryurmio curyarnuio (R? = -0.49), Ho He
TIO3BOJIMJIO JOCTUYB TTOJIOKHUTEIIFHBIX 3HAYSHUI, 4TO MOXKET CBH-
JIETEIbCTBOBATh O HEaAeKBATHOM 00paboTKe aHOMAIMH IIPU TEKY-
IIEM pa3/IeIeHUN JIaHHBIX.

[Tpumenenne kpocc-Banmuaarn ¢ XGBoost cyniecTBeHHO 110-
BBICHJIO TOYHOCTH IPOTHO30B HAa TECTOBOH BBIOOPKE — MOJIENb
XGBoost+CV mokazana R? = -0.0399 nmpotus R? = -0.5753 y Oa-
30Boro XGBoost, uTo moaTBepkaaeT 3(h(HEeKTHBHOCTH Kpocc-Ba-
JIUJIALNY JUIsl CHUOKEHHUSI TIepe00ydeHUsL.

Onnaxo nobasnenue Isolation Forest k kpocc-Banmumanum He-
3HAYUTENbHO yXyamuio pesynsTar (R? = -0.0508), uro moxer

TIPOSIBIISITBCS. B HEOOXOJMMOCTH 00Jiee TOHKOM HacTpOWKHM mapa-
MeTpoB oOOHapykeHHs aHomanuii. JlanpHeiimee no0aBieHIE
UMAP K KpOCC-BaJINALUI YILYYILIHIIO pe3yabTar
(XGBoosttUMAP+CV ¢ R* = -0.0185), a wopmems
XGBoost+IsolationForest+tUMAP+CV nokazana R =-0.0552.
Hannyummii pe3ynbrar cpeny Bcex MOAEIEH IPOAEMOHCTPHU-
posana XGBoosttUMAP+CV, 9T0 CBUAETENBCTBYET O MOIOKH-
TENIbHOM BIIMSIHUM CHW)KEHHS Pa3MEPHOCTH B KOMOWHALUH C
Kpocc-Banuanueii. OJHOBpeMEeHHOE CHIKEHUE OIMOOK Ha Tpe-
HUPOBOYHOH M TECTOBOI BBIOOPKAX y MOJEICH ¢ Kpocc-Baiuia-
LUel 0 CpaBHEHHIO ¢ 0a30BBIMH MOAXOAAMH ITOJITBEPKAACT -
(heKTUBHOCTH METOIOB OOPHOBI € TEPEOOYICHUEM, XOTSI HU OJTHOU
MOJIENTN HE YAAJOCh JOCTHYH IOJOKUTEIBHOTO 3HaueHMs1 R? Ha
TECTOBOM BBIOOPKE, UTO yKa3bIBACT HA HEOOXOJMMOCTh JJOMOJIHH-
TEJNBHOTO aHalln3a JaHHBIX U feature engineering (puc. 3).
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Puc. 3. 3nauenus merpuk 1t DkcrepumenTa Ne2

OxcnepuMeHT Ne3. DKCIEpUMEHT MPOBOAMUTCA Ha CIeNylo-
mem aaracere (MHPOPMAaIUS U3 OTKPBITHIX PECypPCOB IIATPOPMBL
«Kaggle»: https://www kaggle.com/datasets/atharvasoundankar
/chocolate-sales). JlaHHbBIE TIPEICTABIAIOT COOOH MPOAAKH IIOKO-
JTagHBIX n3nenuid (0ernoro, MOJIOYHOTO M TEMHOTO LIOKOJIAa).
Jannbie 6611H Tpe100paboTaHbl ¥ IPUBEACHBI K €THHOMY YHCIIO-
Bomy (opmary. Beero B natacere ykaszansr 1094 daxra mpomaxu
B Pa3HbIC BPEMEHHBIC PAaMKH. 3aaua CIPOTHO3UPOBATh 0OBEMBI
npopax B Onmmkaiimem Oyayiiem. IloydeHHbIe 3HaUEHHUS 110 pe-
3yIbTaTaM paboThI aIrOPUTMOB KaK Ha TECTOBBIX, TaK ¢ Ha 00y-
YaloUUX BEIOOPKax OTpayKeHbI B TaduLe 4.

- ——_—_—
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Tabnuia 4

[omyuyeHHbIC 3HAYCHUS PAOOTHI AIITOPUTMOB B MOJISIISX IS
OxcnepumenTa Ne3

3HavyeHHA Ha
Mozeas Merpuka BhIGopKe
train test

XGBoost 681,002 4003,608
XGBoost + L1, L2, gamma 1132416 | 3819,624
XGBoost+IsolationForest 181,073 | 4052,540
XGBoost+UMAP 60,437 3629,583
XGBoost+IsolationForest+ UMAP MAE 49,958 3832,292
XGBoost+CV 3223656 | 3221,571
XGBoost+IsolationForest+CV 3194351 | 3222,103
XGBoost+UMAP+CV 3217339 | 3253444
XGBoost+IsolationForest+UMAP 3180,561 | 3227,209
+CV

XGBoost 0,952 -0,594
XGBoost + L1, L2, gamma 0,872 0,488
XGBoost+IsolationForest 0,996 -0,680
XGBoost+UMAP 0,999 -0,316
XGBoost+IsolationForest+UMAP R: 0,999 -0,446
XGBoost+CV 0,041 -0,005
XGBoost+IsolationForest+CV 0,047 -0,002
XGBoost+ UMAP+CV 0,054 -0,018
XGBoost+IsolationForest+UMAP 0,070 0,002
+CV

XGBoost 899,253 | 35086,646
XGBoost + L1, L2, gamma 1471,762 | 4914,831
XGBoost+IsolationForest 237,797 5223,173
XGBoost+UMAP 81,637 4622,154
XGBoost+IsolationForest+ UMAP RMSE 69,812 4845,172
XGBoost+CV 4031,295 | 4039,579
XGBoost+IsolationForest+CV 3087638 | 4032,989
XGBoost+UMAP+CV 4003,164 | 4066,136
XGBoost+IsolationForest+UMAP 3941,093 | 4024,302
+V

OnTuManbHBIM 71l HOCTPOEHUsST TOUHOH MOJEIH MO Pe3yJib-
TaTaMm 3KCIepuMeHTa okazaics anroput™m XGBoost (puc. 4).

Taxum 006pa3om, Bce OCHOBHBIE MOMEHTHI JKcriepuMeHTa Ne2
ocTallich HeM3MeHHbIMU. Kak 1 B peblyni pas, OTCyTCTBYET
MOJIOKUTEIBbHBIN 3((peKT Ha 00ydeHue NMpu peryJssipu3anum mo-
cpeactBom L1, L2 u gamma. Monens XGBoost+L1,L2,gamma
nokazpiBaeT R? = -0.4883 Ha TecToBOH BBHIOOpPKE IIPOTHB
R? = -0.5942 y 6a3oBoro XGBoost, 9T0 cBHUAETEIHCTBYET 00
yXyAmeHnu obobmaromieit cnocodbHoct. Ecnu oTnensHo 10mo-
HuTh Monenb XGBoost amroputmom Isolation Forest, To
R? = -0.6809. Homomnenme momenun XGBoost amropurmom

T-Comm Vol.20. #3-2026
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UMAP Bripaer R? =-0.3163. Takum 06pa3oM, METpUKH KadecTBa
YXYIIIAITCS.
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Puc. 4. 3nauenus metpuk as DxcnepumenTa Ne3

To4yHOCTH UTOTOBOM MOJIENHM 3HAYUTEIFHO YIYyUIIaeTCs MpH
KpOCC-BIM/IAIIMHN: BCE MOJIENIH C HEl OKA3bIBAIOT CYIIECTBEHHOE
YIJIy4IICHHE TECTOBBIX METPUK.

Hawnyummii pesynbrar nemoHctpupyer mozpenb XGBoost+
IsolationForesttUMAP-+CV ¢ R? = 0.0022, uto sIBISETCS €IUH-
CTBEHHBIM TOJIOXKUTEIBGHBIM 3HAYCHHEM CPEIN BCEX IOIXOJOB.
Taxke 3amMeTHOe yiydmieHHe HaOJIOmaeTcs B MOJCIH
XGBoosttlIsolationForest+CV ¢ R? = -0.0021, uto moareepxaaet
3¢ exTHBHOCTH KOMOMHAIMN METOIOB OOPBOBI C EepeodyIeHHEM.

OcoOeHHOCTH JaTaceTa MOTYT OKa3aTh 3HAYUTEIbHOE BIIHS-
HUE Ha Pe3yJIbTaThl KCIiepuMenTa. Tak, Hea(PeKTUBHOCTH METO-
JIOB CHIDKEHHUSI Pa3MEPHOCTH MOKET CTaTh Pe3YJIbTaTOM TOTO, YTO
B JIaTaceTe eCTh ONPEEICHHOE KOJINYECTBO CXOXKHX 10 XapaKTe-
pHCTHKaM TOBapHBIX Ipymni. B arom ciyyae kiacrepusanusi
npuMeHeHreM anroputMa UMAP npaktuueckn He MOBBICHIIA
TOYHOCTB TIPH UcIoNb30BaHuN 0e3 CV. DTo oTAenbHBIN ciydait
OIPEJICNICHHOT'0 AaTaceTa. B 1esoM e npuMeHeHHe KiacTepH3a-
i BecbMa 3()(EKTHBHO Ul OOECTIeYeHHs YHHBEPCAIBHOCTH
MO Ha Pa3HOOOPa3HBIX IaHHBIX.

CretyeT OTMETHTD, YTO Y MOAU(DUIMPOBAHHBIX MOAXOMIOB C
Kpocc-BamuAaliue HaOmro1aeTcss yMEHBIIICHHE TTepeo0ydeHHs TI0
CPaBHEHHUIO C JPYTUMH MOJEISAMHU. DTO BBIPAKACTCS B BBIPABHHU-
BaHMY OIIMOOK KaK Ha TECTOBBIX, TAaK ¥ Ha TPEHUPOBOYHBIX JlaH-
HBIX, YTO IIOKAa3aHO HA PUCYHKeE 4.

—




UHDOOPMATUKA

Mogenu 6e3 CV 1eMOHCTpUPYIOT SKCTpEMaIbHOE Iiepeodyye-
uue ¢ R? = 1.0 Ha TPEHUPOBOYHBIX JAHHBIX M OTPULATEIHLHBIMH
3HAYEHHSMHU Ha TECTOBBIX, B TO BpeMs Kak 1moaxo/isl ¢ CV moka-
3bIBAlOT OoJiee COANAaHCUPOBAHHBIC PE3YNbTATHI, YTO TMOITBEP-
xraetr ux 3QGEeKTUBHOCTD sl yilydlieHus 00oOmaroreil cro-
COOHOCTH MOJIENIEN.

OKkcrepuMeHTHI 1-3 MO3BOJISAIOT ONMPENSINTh OCHOBHBIE TEH-
JICHIIUH 1 3aKOHOMEPHOCTH, Ha OCHOBE Yero MOYKHO CJIeNaTh Psif
BBIBOJIOB.

Dddexr nepeoOyueHHss BO3MOKEH IIPH 00YICHUU MOJCIICH U
X Moau(UKAIMK Ha HEJOCTATOYHOM KOJIMUECTBE JaHHBIX. DKC-
nepuMeHT Ne2 SIpKO MPOAEMOHCTPUPOBAI JaHHbIH AP EKT nepe-
0o0yd4eHusi, Korjia Ha TeCTOBOM BhIOOpKe Bce 3Ha4yeHusi R? oka3za-
JIMCh OTPULIATEIEHBIMHU Y BCEX MOJICIICH.

OkcnepuMeHT Ne3 10Ka3bIBaET, YTO KOMOMHAINS PA3THMYHBIX
AITOPUTMOB B MOJIEIISIX IPUBOJIUT K YIIYUIIICHUIO METPHK, [IPH T10-
CJIeIOBATENILHOM JJOOABICHUH METOJIOB PACTET TOYHOCTb.

Takum o0Opaszom, Hambomee FIPPEKTHBHON CTpaTeTHEeH OKa3a-
JIOCh KOMOMHUPOBAHUE METOAOB 00pPaOOTKM aHOMAJHH, CHHIKE-
HUSI Pa3MEPHOCTH U KPOCC-BAIWIAIMH, YTO MO3BOJIMIIO JOCTUYb
cOaTaHCHPOBAHHBIX PE3yJbTATOB M YIYYIIUTh 0O0O0OIIAIOIIYIO
CHOCOOHOCTBH MOJIEIIEH.

5 BuIBO/IbI

Taxkum o6pa3om, B HacTosmIel paboTe OCYIIECTBICHA pa3pa-
00TKa METO/I0B M aJITOPUTMOB PEIICHHS 33/1a4 IIPOTHO3UPOBAHHS
00BEMOB IPOJIaK B OPraHU3AIMOHHBIX CHCTEMAaX TOPTOBBIX KOMIIA-
HUit. B nccnenoBarny n3ydeHa npodiaeMa IpOorHO3UPOBAHUS 00h-
€MOB MPOAAXK Pa3IMYHBIX (B TOM YHCIIE TEIEKOMMYHHKAIIMOHHBIX )
TOBApOB C TIPUMEHEHNEM METO/1a TPAJJUEHTHOTO YCUIICHHUSI.

bbut npoBeieH psig MoaupUKALKE ATOr0 AJrOpPUTMA YIS pe-
LICHUS 33]]a4 YIPaBJICHHUs] B OPraHU3aI[MOHHBIX CUCTEMax TOPro-
BBIX KOMIIaHUil: B3BCIIMBAHHE OOPA3IOB BBIOOPKH C MPUMCHE-
nueM IsolationForest, kiactepusanus JaHHBIX C HCIIOJIb30BAHUEM
UMAP, kpocc-Banmunanus. KoMruieke nepedrcieHHbx Moaudu-
KaI[1id TO3BOJIMJI CYIIECTBEHHO YIYYIIUTh TOYHOCTb TPOTHO3UPO-
BaHwusL. [lepeuncieHHbIe MOTU(UKAINH, UCTIONIB3YIOIINECS B X0/
pa3pabOTKN METOJOB M AITOPUTMOB PEIICHNMS 3a/1a9 YIIPABICHUS
B OPTAHM3ALMOHHBIX CUCTEMaX TOPrOBBIX KOMITAHWH, TO3BOJIAIN
yaryqimuTh ooydenue anroputma XGBoost 3a cuer ¢uibTpanuu
BBIOPOCOB M CHIDKCHHUSI MX HETaTHBHOTO BIMSHUS HA IpOLECC
00ydeHUsI, y4ecTh CHeNMU(PHUKA JaHHBIX, YIYYIINTh 00pabOTKY
Pa3HOHAIPABJICHHBIX 3aKOHOMEPHOCTEH B PACHpE/IEICHUAX IIy-
MOB, 00€Cre4nTh CTAOMIIBHOCTD PE3yJIbTaTOB OOYYEHHUsI, MMOBbI-
CUTH 0000IIAIONIYIO0 CITOCOOHOCTH MOJIEIICH.

B pesynbraTe mpoBeeHUs HACTOSILETO HCCIIEA0BAHUS MOXKHO
cenath BBIBOABI O TOM, YTO pa3pabOTaHHBbIE METOABI U aJro-
PUTMBI MOTYT OBITH NPUMEHEHBI JUIsl TIOBBIIICHHS d(PPEKTHBHO-
CTH pELICHUs 33/1a4 IPOrHO3MPOBAHMUS MPOJIAXK, YTO HMCIOJIB3Y-
eTcs IPH YIPABJIECHUN B OPraHU3AIMOHHBIX CHCTEMaxX TOPrOBBIX
KOMIaHUI.
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Abstract

This paper presents the development and experimental validation of a modified method based on the XGBoost algorithm for sales forecasting. The objec-
tive of the study is to improve the accuracy of sales forecasting methods and algorithms employed in organizational systems of trading companies. The rel-
evance of this study lies in the fact that one of the key challenges in the sales domain is the presence of noise and anomalies in data. This leads to a decrease
in the accuracy of forecasting results and the occurrence of overfitting. Tuning existing parameters in forecasting algorithms for management in organiza-
tional systems of trading companies does not always solve these problems and leads to the need for additional modifications to refine forecasts. This paper
develops a method for modifying the gradient boosting algorithm using adjustments to the gradient calculation using anomaly estimates for dataset samples
using the isolation forest method. Additional hyperparameters and a method for stopping training upon receiving information about the onset of overfit-
ting are also used. The study examined approaches to regularization and mitigating the impact of data anomalies using the XGBoost algorithm as an exam-
ple. Additional modifications to the proposed method are made using cross-validation. All modifications were tested in various combinations on different
datasets. Thus, a pattern of increased accuracy was identified when training on cross-validation using the developed anomaly weighting method. The prac-
tical significance of this work lies in the development of a universal approach to modifying the XGBoost algorithm, which can be applied to improve the
accuracy of sales forecasting for various product categories in organizational management systems of retail companies.

Keywords: method, algorithm, management problem, sales volumes, organizational system of trading companies, forecasting, indicators, efficiency
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Ubiquitous communication networks are crucial for many spheres of human life, yet many
regions remain underserved because terrestrial infrastructure is costly or difficult to
deploy. Satellite communication systems address this limitation by providing global cov-
erage and supporting broadcast and multicast services, making them an important part
of modern communication networks that complement terrestrial systems. The paper
provides a focused overview of modern high-throughput satellite (HTS) systems, empha-
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management. The development of HTS systems involves numerous technical challenges.
The paper examines current standardization efforts and spectrum regulation frame-
works, along with common applications and use cases. Moreover, it overviews HTS net-
work architecture covering geostationary and non-geostationary orbits, multibeam pay-
loads, and multi-layer deployments, and analyzes physical- and medium-access-layer
design principles. The paper further discusses service differentiation and QoS support in
HTS networks, outlining traffic characteristics and relevant performance metrics at dif-
ferent system time scales. Overall, the paper shows that queuing theory and teletraffic
models can provide a suitable analytical foundation for evaluating HTS performance and
guiding the design of efficient satellite networks in future communication systems.
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1 Introduction

Nowadays ubiquitous communication networks are essential
everywhere: from economic to educational and social
development [1]. At the same time, vast regions of the planet
remain underserved by terrestrial infrastructure due to geography
or cost reasons [2]. Satellite communications (SatCom) can fill
this gap, providing complete coverage from space. In particular,
satellite systems complement ground networks to provide
broadcast and multicast capabilities over entire Earth's surface.
Recent studies [3-6] highlight the key role of SatCom networks in
forming future communication landscape and creating global
digital space.

Satellites offer unique advantages over ground-based systems
[7, 8]. For example, a single satellite in geostationary orbit can
cover an entire continent, and large satellite constellations in low
Earth orbit (LEO) can provide global broadband services. Unlike
terrestrial base stations, satellites can broadcast the same content
simultaneously to all users located in a wide area, making them
ideal for radio and TV broadcasting, data distribution, or software
updates. Moreover, satellite links are also resilient to natural
disasters, while ground infrastructure can fail. All these features
make SatCom an important complement to fiber and cellular
networks.

Traditionally, communication satellites operated with one or a
few wide beams covering large regions. Such an approach is
simple, but spectrally inefficient, as a single beam cannot reuse
frequency, so capacity is limited by the available spectrum. In
contrast, High Throughput Satellites (HTS) employ a multi-beam
architecture, in which the service area is divided into many narrow
spot beams with aggressive frequency reuse as depicted in Fig. 1.
Modern HTS systems employ tens and even hundreds of beams,
each focused on a small region. By reusing the same frequency
bands across non-adjacent beams, HTS achieve much higher
spectral efficiency, which can multiply the total throughput
compared to a conventional wide-beam satellite.

In addition, multi-beam HTS systems employ advanced digital
payloads and onboard processing to manage complexity. Digital
beamforming and signal processing enable flexible beam shapes
and power allocation. In conventional geostationary Earth orbit
(GEO) multi-beam HTS systems, all the satellite beams are
constantly illuminated, even if there is no demand to be satisfied.
Techniques like beam hopping (BH) allow the satellite to
dynamically allocate capacity across beams in time, matching
varying traffic demands. Furthermore, narrow spot beams have

(a) Traditional FSS satellites

(b) Multibeam HTS

Fig. 1. Comparison of single-beam and multibeam architectures [9].
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higher antenna gain, allowing smaller user terminals and higher-
order modulation for further increase in data rates. Note that in
LEO constellations, the dynamic demand is handled with inter-
satellite links and dynamic routing [10]. As a result, HTS
platforms can deliver aggregate throughputs on the order of
hundreds of gigabits up to beyond one terabit per second per
satellite.

Altogether, modern HTS networks offer significant capacity
growth and cost reduction over legacy systems. Novel SatCom
systems enable entirely new services and applications. For
instance, HTS and LEO constellations are considered key
components of the future 6G non-terrestrial networks framework
[2, 8]. Another example is the integration of SatCom networks
with the Internet of Things (IoT) [11, 12]. Moreover, the research
community is working on applying Al (artificial intelligence)
methods to improve the performance of SatCom networks [2, 13].

As we can see, the HTS system development involves plenty
of technical challenges ranging from high-frequency radio
hardware to air interfaces and communication protocols. Many of
these aspects are already addressed by the research community
and industry, but the specific implementation details are part of
proprietary technologies and therefore are not in open access.
Despite diverse challenges, the overall system performance is
fundamentally constrained by resource management. Resource
planning is a persistent challenge — satisfying non-uniform and
time-varying traffic demands are further complicated by various
system constraints.

In this sense, there is a need for analytical tools capable of
describing stochastic traffic behavior and service differentiation.
We believe that queuing theory and teletraffic models can be a
suitable framework for analyzing HTS performance. In this paper,
we offer a targeted analysis of HTS systems intended for readers
working in operational research, satellite network resource
management, and performance modeling of HTS networks.

The rest of the paper is organized as follows. We discuss
standardization and spectrum regulation aspects of SatCom
networks in Section 2. Section 3 is devoted to HTS use cases and
applications. The overview of HTS networks architecture is in
Section 4. Sections 5 and 6 cover PHY- and MAC-level design
principles. In Section 7, we consider supported service types and
QoS in HTS networks. Section 8 concludes the paper and outlines
future research directions in satellite networking. The list of the
accepted abbreviations is in Table 1.

2 Standardization & Spectrum

In this section, we consider two fundamental components of
all wireless communication systems — standardization aspects and
spectrum regulation.

2.1 Standardization bodies

Unlike well-known terrestrial systems with a single
standardization body (e.g., IEEE for Wi-Fi or 3GPP for cellular),
SatCom involves several overlapping organizations due to the
variety of applications and stakeholders. Moreover, some
operators (e.g., Inmarsat, Iridium) developed proprietary
protocols. Nevertheless, we observe a clear trend toward open
standards to promote multi-vendor interoperability [4, 14].




Table 1
List of abbreviations
Abbreviation Meaning
ACM Adaptive Coding and Modulation
ADS-B Automatic Dependent Surveillance-Broadcast
AFR Array-Fed Reflector
AIS Automatic Identification System
BCH Bose-Chaudhuri-Hocquenghem code
BH Beam Hopping
CCSDS Consultative Committee for Space Data Systems
CNR Carrier-to-Noise Ratio
DRA Direct Radiating Array
DVB Digital Video Broadcasting
¢cMBB Enhanced Mobile Broadband
FCC Federal Communications Commission
GEO Geostationary Earth Orbit
GPS Global Positioning System
GW Gateway
HAP High-Altitude Platform
HEO Highly Elliptical Orbit
HTS High-Throughput Satellite
IoT Internet of Things
ISL Inter-Satellite Link
LAP Low-Altitude Platform
LDPC Low-Density Parity-Check code
LEO Low Earth Orbit
MAC Medium Access Control Layer
MCS Modulation and Coding Scheme
MEO Medium Earth Orbit
MF-TDMA Multi-Frequency Time-Division Multiple Access
MFPB Multiple-Feed-Per-Beam
mMTC Massive Machine-Type Communications
NR New Radio
NTN Non-Terrestrial Networks
OFDMA Orthogonal Frequency-Division Multiple Access
PHY Physical Layer
QoS Quality of Service
RF Radio Frequency
SC-FDMA Single-Carrier Frequency-Division Multiple
Access
SFPB Single Feed Per Beam
SatCom Satellite Communication
TDM Time-Division Multiplexin
TT&C Telemetry, Tracking, and Control
UT User Terminal
URLLC Ultra-Reliable Low-Latency Communications
VLEO Very Low Earth Orbit
VSAT Very Small Aperture Terminal

ETSI and DVB Project. The European Telecommunications
Standards Institute (ETSI) publishes and maintains the Digital
Video Broadcasting (DVB) family of open standards for satellite
broadcast services (e.g., TV and radio) and broadband systems [4,
14]. ETSI specifies standards for both forward link (gateway-to-
user) and the return link (user-to-gateway). The latest amendment
for the forward link, DVB-S2X [15], introduces wide support for
HTS systems, while the corresponding amendment for the return
link is DVB-RCS2 [16].

3GPP NTN. The 3rd Generation Partnership Project (3GPP)
has gradually integrated satellites into the cellular framework [17].
After initial studies in Release 14, non-terrestrial networks (NTN)
became a formal part of 5G architecture from Release 15. By the
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latest 3GPP Release 17 [18], NTN specifications describe
transparent and regenerative payloads, inter-satellite links, and
air-interface adaptations for uncommon channel conditions.
Moreover, NTN includes support for satellite IoT (NB-IoT and
eMTC). The primary goal of 3GPP NTN is seamless operation
with terrestrial 5G/6G to extend coverage and enable disaster-
resilient services [4, 8].

CCSDS. The Consultative Committee for Space Data Systems
(CCSDS) is a consortium of major space agencies. It recommends
standards for telemetry, tracking, command, and space data
handling in space missions. However, the CCSDS standards are
mainly relevant to scientific and space missions than commercial
HTS broadband [14].

2.2 Spectrum regulation

Generally, spectrum is regulated globally by the International
Telecommunication Union (ITU). In addition, national agencies,
e.g. FCC in the U.S, can impose additional restrictions for local
spectrum assignments [4, 14].

Growing demand from both terrestrial and satellite operators
makes some bands crowded and leads to congestion. Thus, there
is a trade-off between the robustness of lower bands and the
capacity of higher bands. Specifically, modern HTS systems
increasingly exploit Ku- and Ka-band with advanced frequency
reuse techniques. Another challenge is the coexistence between
satellite and terrestrial 5G/6G systems, especially in the C- and
Ka-bands, where frequency sharing is under active study [8]. A
brief description of key frequency bands (see Fig. 2) is presented
below [4, 19].

e L-band (1-2 GHz). Offers long wavelengths that are
resilient to weather conditions (clouds, rain, foliage),
making it suitable for reliable services: mobile satellite
services (Inmarsat, Iridium), TT&C services, and
navigation systems (GPS). Although limited bandwidth
constrains data rates, L-band enables compact user
terminals.

e S-band (2-4 GHz). Offers moderate capacity with
robustness against weather. It is employed for TT&C
services, digital audio radio, space research and
operations, and weather radars.

e C-band (4-8 GHz). Offers robust communication against
rain fading. It is traditionally used by fixed satellite
services, supporting TV broadcasting and corporate
networks. However, C-band has become crowded and is
a subject to coexistence conflicts with 5G cellular
systems, particularly in the 3.4-3.8 GHz range.

e X-band (8-12 GHz). Reserved for governmental and
military purposes.

e Ku-band (12-18 GHz). Offers higher capacity than C-
band with smaller antennas. It became a preferable band
for broadcast and broadband VSAT systems: direct-to-
home television, enterprise VSAT networks, and aviation
broadband. However, it is more sensitive to rain fade and,
as C-band, suffers from spectrum scarcity.

e Ka-band (26-40 GHz). Offers wide bandwidth at the
cost of significant attenuation in adverse weather. It
forms the basis for modern HTS with spot-beam
architecture. Although it supports multi-Gbps broadband
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Fig. 2. SatCom frequency bands [14].

services, it requires advanced PHY -level methods.

e Q/V-band (40-75 GHz). Promising band for solving
congestion issues in lower bands. Its feasibility for feeder
links (from gateway to satellite) is still under
investigation.

3 Use cases & Applications

HTS systems support a wide spectrum of applications across
both commercial and governmental domains. In this section, we
highlight the most relevant use cases.

3.1 5G/6G Non-Terrestrial Networks

The ITU-R IMT-2020 requirements defined three main
directions for 5G: enhanced mobile broadband (eMBB), massive
machine-type communications (mMTC), and ultra-reliable low
latency communications (URLLC) [20]. Moreover, another ITU
document [21] defines novel scenarios and guidelines for 2030
networks: ubiquitous connectivity, artificial intelligence
integration and sensing integration. As part of the NTN
framework, HTS systems are expected to play a key role in
satisfying user requirements for beyond-5G networks [4, 8, 14].

First, HTS systems can extend broadband coverage to rural
and remote regions (such as oceans and forests), where common
terrestrial networks are impractical or impossible. Second,
SatCom systems can provide reliable service in high-mobility
scenarios (in-flight and maritime cases). Third, compared to
terrestrial networks, HTS systems have extremely wide service
area, which can be useful in mMTC applications: HTS
constellations can handle data flows from billions of IoT devices,
supplementing terrestrial networks in smart agriculture or remote
monitoring [22, 23]. Although SatCom systems cannot meet
URLLC latency requirements due to propagation delay, they can
significantly contribute by offloading terrestrial resources in
hybrid terrestrial-satellite architectures.

3.2 Positioning and navigation

As discussed above, mobility support remains one of the key
features of HTS networks. SatCom is suitable for safety-critical
applications such as tracking and communication in aeronautical
and maritime systems [8, 24].

In aviation, SatCom can become a part of Automatic
Dependent Surveillance-Broadcast (ADS-B) system. Originally,
the navigation is performed with terrestrial infrastructure: an Air
Traffic Management (ATM) network and an Air Traffic
Controller (ATC). However, ground-based facilities are
insufficient in polar regions or in the middle of the oceans, and a
satellite-assisted ADS-B system can be considered as an
alternative [25].

In maritime, the Automatic Identification System (AIS) is used
for tracking ships [26]. The system became especially widespread
when it was supported by commercial SatCom systems due to
extended coverage and reliability.

This demonstrates that vehicle, aircraft and ship tracking are
promising applications for further development because advanced
positioning and coordination are key for unmanned worldwide
transportation system [8].

3.3 Space observation, exploration, and communications

Beyond communications, satellite networks play an important
role in Earth observation [8, 27]. Modern constellations generate
large volumes of imagery and sensor data for agriculture, logistics,
and disaster management. In traditional Earth-observation
systems, the downlink of payload data is typically performed only
when the satellite passes over a dedicated ground station, which
limits the data delivery delay to processing services on the ground.
HTS systems can provide high-capacity backhaul to transfer
collected data and time-sensitive messages worldwide, thereby
improving data availability and operational responsiveness.

Deep-space missions depend on robust SatCom links, with
unique challenges such as long delays and extreme distances.
Advances at the PHY-level, such as beamforming and novel
coding schemes, directly contribute to the evolution of deep-space
communications. Some concepts imply hybrid infrastructures
where HTS networks provide broadband-like services to support
human presence on the Moon.

3.4 Multi-layer and multi-orbit architectures

A notable trend in SatCom is the development of multi-layer
and multi-orbit network architectures to combine both extensive
coverage and low latency [9, 28, 29]. HTS networks can be
integrated with aerial networks, creating multi-layer aerial-
satellite architectures [8]. Examples of such networks are outlined
below.

e Very Low Earth Orbit (VLEO) satellites at 100-450 km:
offer reduced latency and smaller link budgets but
require frequent fleet replenishment. Several operators
are exploring VLEO for high-performance mobile
services.

e High Altitude Platforms (HAPs) at 15-25 km:
represented by balloons or solar-powered UAVs, act as
relay nodes, providing regional coverage and
complementing HTS backhaul. They offer lower latency
and rapid deployment but face operational and endurance
constraints.

e Low Altitude Platforms (LAPs) at 0-4 km: represented
by tethered balloons or drones, extend HTS services for
disaster recovery and temporary events, ensuring reliable
coverage in critical situations.

Another trend is to combine GEO, MEO, and LEO systems to
form a multi-orbit HTS network [9]. While GEO systems offer
wide coverage and long service lifetimes, LEO provides low-
latency links. Hybrid architecture demonstrates that different
orbital layers can complement each other to support extended
number of services. At the same time, such solutions require more
advanced user terminals and introduce new challenges in dynamic
resource allocation and inter-orbit handover management.
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4 Orbits& Network aspects

In this section, we consider the common network topology of
a SatCom system. Section 4.1 provides a general description and
Sections 4.2-4.4 discuss individual network segments.

4.1 Network architecture

The network architecture of a typical HTS system has several
parts as shown in Fig. 3 [14, 30].

The space segment is represented by a satellite constellation.
The term “satellite” typically refers to a satellite platform
equipped with complex payloads, including antennas and
transponders. To reduce latency, direct communication within the
space segment can be performed via inter-satellite links (ISLs).

The ground segment is represented by facilities managed by
network and satellite operators. Some facilities serve as interfaces
between the satellite systems and terrestrial networks, while others
are responsible for tracking and monitoring the satellite's health.

The user segment is represented by various user terminals
(UTs) ranging from very small aperture terminals (VSATSs) to
compact mobile devices, which access the system via user links.
User links are typically divided into the forward link (gateway-to-
user) and the return link (user-to-gateway).

Altogether, these segments form the architecture of a SatCom
network.

4.2 Space segment

A satellite constellation consists of satellites themselves and
their orbital configurations [14]. A satellite platform is responsible
for power supply and attitude (orientation) control, while its
payload performs communication functions. The key aspect of
constellation design is the orbit type. There are four primary orbit
classes: geostationary Earth orbit (GEO), highly elliptical orbit
(HEO), medium Earth orbit (MEO), and low Earth orbit (LEO)
[9].

GEO systems (~36 000 km) operate at a fixed altitude where
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Fig. 3. Overview of a common SatCom network topology comprising
space, ground, and user segments [14].
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satellite position relative to the Earth's surface remains constant or
near constant in the case of close-to-geostationary orbits. The orbit
provides consistent, wide-area coverage, and is used for common
satellite services (television and radio broadcasting, broadband
Internet).

GEO systems have several advantages. First, user terminals for
GEO systems do not require tracking antennas (except mobile
terminals), which reduces complexity and cost. Second, they have
low per-satellite deployment cost due to high coverage (one-third
of the Earth's surface) and long satellite lifetime (15+ years) [9].
Third, the complex satellite payload can employ multi-beam
techniques to provide high throughput. On the other hand, there
are limitations: high signal attenuation, which affects capacity,
and long propagation delays.

HEO systems differ from circular orbits by their high
eccentricity. The key characteristic is long line-of-sight time near
apogee, making them suitable for communications in high-latitude
regions [14]. For example, several HEO satellite systems, e.g.
Molniya and Tundra, are notably employed in Russia.

MEO systems (2 000-36 000 km) offer a compromise between
GEO and LEO, with lower latency than GEO and longer visibility
windows than LEO, which simplifies service continuity but
requires more satellites to ensure global coverage. Currently, the
orbit is used by navigation satellite systems (GLONASS, Galileo)
and a few operators (e.g., SES's O3b mPOWER constellation) [9].

LEO systems (500-2000 km) offer low-latency
communication (30-50 ms), suitable for real-time and interactive
applications [5, 30]. The proximity to Earth allows the use of high-
frequency bands such as Ku, Ka, Q, and V, enabling high
throughput and large system capacity, making such systems
attractive for global broadband coverage. However, rapid satellite
motion entails frequent handovers and complex constellation
management to maintain continuous connections. A typical LEO
constellation has hundreds to thousands of satellites, and adding
new planes or satellites is straightforward, which makes the
system scalable.

Inter-satellite links in LEO systems reduce dependence on
ground stations, thus decreasing delays and improving
connectivity.

4.3 Ground segment

The ground segment has two main responsibilities: controlling
and maintaining the space segment through telemetry, tracking,
and control (TT&C) operations, and enabling network access and
managing traffic via gateway stations (GWs) [8, 9, 14].

GWs are responsible for user data transmission and reception,
frequency conversion, baseband signal processing, and feeder link
establishment with visible satellites. Specifically, a GW consists
of radio frequency (RF), intermediate frequency (IF), and
baseband subsystems. The RF chain integrates amplifiers,
duplexers, and directive antennas. The IF stage performs
frequency translation. The baseband subsystem manages
modulation, multiplexing, and some advanced functions such as
precoding for multi-beam operations.

TT&C stations monitor and control satellite operations. They
are responsible for antenna control and tracking, updating satellite
configurations, mitigating orbital drift, and monitoring overall
satellite system health. Generally, TT&C stations use a special
control link to communicate with satellites.

-
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The ground segment can also incorporate elements of the
terrestrial layer, e.g., cellular or Wi-Fi connectivity, that extend
service to mobile and fixed users and enable network backhauling
through the core network.

4.4 User segment

The user segment consists of user terminals (UTs) that provide
end-users with access to HTS networks [9, 14]. UTs primarily
operate in the Ka and Ku bands and can be broadly classified into
fixed and mobile types.

Fixed terminals are typically implemented as very small
aperture terminals (VSATs), which are two-way satellite earth
stations. A VSAT has an outdoor unit (antennas, amplifiers,
frequency converters) and an indoor unit (modem and customer
interface). These units enable bidirectional satellite
communication.

Mobile terminals encompass handheld devices, vehicle-
mounted systems, and aeronautical terminals. Compared to fixed
UTs, they require compact and lightweight antennas to ensure
portability and optimized power management.

Future UTs are expected to evolve toward multi-radio devices
integrating satellite connectivity with terrestrial technologies.

5 PHY-level design

In this section, we consider several aspects of PHY-level
design in SatCom networks: channel characteristics (Section 5.1),
antenna design (Section 5.2), waveform design (Section 5.3), and
payload types that can be carrier by a satellite (Section 5.4).

5.1 Channel characteristics

The PHY-level design of satellite systems is notably affected
by a unique propagation condition determined by orbit altitude
and operating frequency [3]. Channels in GEO and LEO systems
differ from those in terrestrial networks due to the long
transmission paths, minimal scattering, and predominance of line-
of-sight propagation [14, 19, 30]. Fixed satellite links, especially
in the Ku- and Ka-bands, can often be modeled as additive white
Gaussian noise channels, but they are strongly affected by
atmospheric phenomena. These long- and short-term fading
mechanisms degrade signal quality, especially at higher
frequencies. In contrast, mobile satellite links experience
additional diffuse multipath components caused by reflections
from terrain and buildings. Typically, such channels are modeled
using multi-state  Markov channel models, which capture
transitions between deep-shadowed, intermediate, and clear-sky
states.

From a link-budget perspective, LEO systems generally
achieve higher carrier-to-noise ratios due to a lower path loss
component [30]. For handheld terminals, GEO links often achieve
poor CNR, whereas LEO systems can provide performance gains
of up to 15-16 dB in uplink for comparable configurations.
However, the mobility of LEO satellites introduces challenges
such as Doppler shifts, time-varying received power, handovers -
which require advanced channel estimation and tracking
techniques.

5.2 Antenna design

As satellite services move from broadcast to broadband, the
antenna systems move from single-beam to multi-beam antenna
architectures that generate numerous high-gain spot beams to
maximize spectral efficiency [4]. Two main categories of satellite
antennas are passive and active arrays [9, 31, 32].

Passive antennas rely on reflectors and feed systems to form
beams through mechanical means. There are two common
designs: single-feed-per-beam (SFPB) and multiple-feed-per-
beam (MFPB) configurations. An SFPB system is simpler to
implement but requires multiple reflectors to achieve continuous
coverage, which increases payload mass. In contrast, an MFPB
system generates each beam from a cluster of feeds, allowing
contiguous coverage with fewer reflectors and improved
efficiency, but requires a more complex beamforming network. In
addition, passive antennas employ mechanical steering
mechanisms, which increase payload weight and provide slower
beam tracking compared to digital counterparts.

Active antennas integrate amplifiers directly with the radiating
elements, providing distributed amplification. These systems can
be implemented in either direct-radiating array or array-fed
reflector configurations. Active arrays support electronic beam
steering, enabling rapid reconfiguration and adaptive coverage
without mechanical movement. Combined with digital
beamforming, active arrays can dynamically adjust beam direction
and side-lobe levels, thereby enhancing spectral reuse and
mitigating inter-beam interference. However, active antennas
consume more power and require more complex signal
processing.

Recent developments in array technologies for LEO systems,
such as electronically steerable antennas, enable fast handovers,
simultaneous tracking of multiple satellites, and multi-orbit
interoperability [30]. Furthermore, the integration of active
antennas with massive MIMO and precoding techniques opens
opportunities for spatial multiplexing and adaptive beam
management, significantly improving system capacity.

5.3 Waveform design

Modern broadband SatCom systems mainly adopt the DVB
family of standards, specifically DVB-S2 and its extension DVB-
S2X standards, for both GEO and LEO systems [30]. The DVB-
S2 standard supports so-called variable and adaptive coding and
modulation (VCM and ACM) to cope with challenging
propagation conditions. Another important feature is support for
advanced channel codes such as LDPC and BCH codes. Its
successor, the DVB-S2X standard, notably extends the
modulation granularity and supports multi-stream transmission on
a single carrier.

With the evolution toward 5G NTN, waveform design
encounters new challenges such as large propagation delays,
Doppler shifts, and so on. The research community is evaluating
candidate waveforms capable of supporting integrated satellite-
terrestrial operation, including adaptations of 5G New Radio air
interfaces [3]. Related studies also explore the feasibility for NTN
of other 5G NR features such as timing-advance or HARQ
procedures.

_—
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5.4 Payload types

Satellite payloads can be broadly categorized into transparent
and regenerative, with the former referred to as ‘bent-pipe’
transponders and the latter as on-board processing systems [4, 9].

Transparent payloads apply RF processing (filtering,
frequency conversion, amplification) to received signals without
regeneration. Bent-pipe transponders can be analog or digital.
Using digital transponders enables advanced beamforming
techniques, thus improving frequency reuse and spectral
efficiency.

Regenerative payloads, in addition to RF processing, apply on-
board digital processing, including demodulation and decoding, of
received signals. This enables packet switching, adaptive coding
and modulation, beam hopping and improved interference
mitigation. Another key advantage is the support of ISLs and
single-hop mesh connectivity between terminals, thereby reducing
latency. On the other hand, regenerative payloads are more
complex and require additional on-board computational resources.

In practice, transparent payloads remain widely deployed due
to their simplicity and low cost, while regenerative payloads are
increasingly integrated in next-generation HTS systems.

6 MAC-level design

The section overviews common channel access schemes on the
forward (Section 6.1) and return links (Section 6.2) in SatCom
systems and discusses resource management challenges (Section
6.3).

6.1 Forward link

The forward link carries data from the GW to UTs [19, 30]. In
HTS systems, wideband carriers are typically assigned per spot
beam. User data is multiplexed in the time domain, i.e., the
satellite transmits a continuous stream of frames in a broadcast
manner, and each UT decodes its own data. For example, the
DVB-S2X standard employs time-division multiplexing (TDM)
with ACM applied on a frame-by-frame basis.

A scheduler determines which UTs will receive data in the
current frame and defines the data transmission parameters. The
scheduler selects a modulation and coding scheme (MCS) based
on channel state feedback from the UT. Moreover, when
generating a frame, it considers many aspects: channel conditions,
packet or flow priority, QoS class, and buffer status at a GW side.
These factors affect both intra-beam packet multiplexing and
inter-beam resource allocation across active beams. Modern
systems often employ multicast scheduling within a frame, hence
the selected MCS is constrained by the user with the poorest
channel conditions. Additional features, such as beam hopping
and carrier aggregation, are expected to further enhance
throughput.

GEO HTS systems, such as Viasat, use the DVB-S2X standard
described above: wideband carriers (hundreds of MHz per spot
beam) with TDM multiplexing of user packets. In contrast, LEO
systems, such as OneWeb and Starlink, employ proprietary
protocols with waveform and channel access designs more closely
aligned with cellular networks.
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6.2 Return link

The return link carries data from UTs to the GW [19, 30]. The
DVB-RCS2 standard specifies a Multi-Frequency Time-Division
Multiple Access (MF-TDMA) scheme, in which time-frequency
resources are divided into frames (time domain) and frequency
channels (frequency domain). The network management system
assigns specific resources to UTs based on their demand reports
by broadcasting a Terminal Burst Time Plan (TBTP) on the
forward link. This approach provides fine granularity and
flexibility in resource allocation, supporting diverse traffic
profiles. Part of each frame is reserved for user capacity requests,
typically occurred via random access mechanisms.

While GEO systems follow the DVB-RCS2 standard, LEO
systems adopt similar uplink principles but employ waveform and
access methods closer to those used in cellular networks, such as
SC-FDMA or OFDMA-based allocation across time and
frequency domains.

Table 2 illustrates nominal downlink and uplink throughputs
for several GEO and LEO HTS systems. The GEO satellites offer
high aggregate downlink capacity ranging from hundreds of Gbps
to beyond one Tbps per satellite [8, 33, 34]. The capacity is
distributed across many spot beams, resulting in up to 100-150
Mbps per user in downlink. Uplink data rates on GEO consumer
plans are much lower, e.g., around 5 Mbps.

LEO satellites have lower capacity per satellite, e.g., 10-100
Gbps per satellite [10, 35], but compensate it with constellation
scale. Individual users can achieve nominal rates of hundreds of
Mbps in downlink and tens of Mbps in uplink depending on the
consumer plan. Note that nominal rate assumes ideal conditions,
actual network throughput is generally lower.

6.3 Resource management

Resource management in multibeam HTS networks
encompasses dynamic power and frequency resource allocation.
The scheduler is responsible for optimizing resource assignment
to meet QoS requirements for different traffic flows.

Physically limited transmit power should be sensibly
distributed across beams to consider traffic loads and propagation
conditions. Flexible per-beam power assignment enhances system
performance, but finding the optimal power allocation is a
challenging task due to interference and payload constraints [9,
36]. This optimization problem often requires iterative or heuristic
algorithms to approximate solutions under the satellite's total
power budget. Co-channel interference among adjacent beams
further complicates power allocation decisions.

A notable dynamic strategy is beam hopping, where only a
subset of beams is illuminated at any given time according to a
predefined pattern, i.c., all available RF power is concentrated on

Table 2
Nominal throughput metrics for HTS systems
System DL Throughput UL throughput
ViaSat-3 (GEO) ~1 Tbps per satellite ~3-5 Mbps
Hughes JUPITER-3 > 500 Gbps per satellite up to 5 Mbps
(GEO)
SpaceX Starlink 20-250 Mbps per user 10-20 Mbps
(LEO)
OneWeb (LEO) ~150 Mbps per user ~30 Mbps
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a smaller set of active beams [37, 38]. Beam hopping can track
spacial and temporal demand fluctuations by periodically
switching active beams, thus improving amplifier utilization and
reducing simultaneous inter-beam interference. At the same time,
it raises scheduling complexity. Using ML-based methods is a
promising approach for solving complex resource allocation
problems in BH systems [39, 40].

Effective spectrum allocation is also important. Various
frequency reuse schemes can be employed. Two extreme cases are
no frequency reuse (so-called orthogonal scheme) and full
frequency reuse among beams [14]. In practice, many multibeam
systems adopt a carefully chosen reuse factor (e.g., 3 or 4-color
reuse) to balance capacity and interference, and future systems
aim for higher reuse by implementing advanced interference
mitigation schemes [41]. In addition to static patterns, bandwidth
can be dynamically distributed among beams according to the
spatial traffic demands. Digital payloads support this flexibility
and can adapt the bandwidth per beam on the fly. Furthermore, the
carrier aggregation feature is introduced to aggregate multiple
non-contiguous carriers for a single user or beam, providing
greater transmission flexibility.

With aggressive frequency reuse, managing co-channel
interference is a central aspect that requires joint PHY/MAC-layer
solutions [19, 42, 43]. One approach is multi-user precoding on
the forward link, which involves pre-processing the signals
transmitted on each beam to mitigate inter-beam interference.
Precoding enables full frequency reuse by significantly reducing
interference, but its performance depends on accurate channel
state information and user scheduling. Therefore, precoding is
typically integrated with scheduling strategies at the MAC layer:
the network scheduler selects groups of users or beams to serve
simultaneously in a frame that are suitable for precoding, thereby
maximizing the interference cancellation benefits. In addition to
precoding, advanced resource scheduling can exploit spatial
separation by allowing resource reuse only among beams that are
sufficiently far apart to cause negligible interference to each other
[44]. Such scheduling strategies, involving spacial or time
clustering of beams, effectively balance scheduling complexity to
keep low co-channel interference.

7 HTS services and QoS
7.1 System timescale

SatCom networks can be viewed and analyzed at multiple time
scales, which determine the detail level and relevant performance
metrics in modeling [4]. In general, we can define four levels for
call-driven networks: customer service time (call-level),
session/application activity, flow or burst communications, and
packet-level transmission. Call and session durations are
measured in seconds and minutes, whereas packet-level events
occur on the order of milliseconds. Different levels capture
different aspects of system behavior. Queueing theory can be used
to model system performance at both packet and call levels [45,
46].

Call-level models treat an entire connection as a single arrival
and focus on new call admission control, mobility management,
and resource planning [47, 48]. The key performance metrics
include the probability of blocking a new call, the probability of
dropping a handoff call, and average call service time. The aim of

call-level models is to estimate the number of
channels/carriers/terminals required to maintain the desired
metrics at a predefined level. Such models typically use Poisson
arrival processes and exponential call durations, leading to closed-
form expressions.

Packet-level models [45, 49] consider each packet within the
system. They can capture link-layer protocols, adaptive coding
and modulation, and cross-layer scheduling. The key performance
metrics include throughput, packet loss probability, and latency.
Detailed discrete-event simulators or stochastic queueing models
are used to compute these metrics, often at the cost of higher
computational complexity.

It is important to note that call-level and packet-level dynamics
are interdependent, e.g., accepting a handoff call increases the
load and may cause additional losses. Therefore, it is possible to
combine both approaches, using effective bandwidth to translate
variable-rate traffic into equivalent traffic demands and jointly
optimize admission control and packet-level scheduling [46].

7.2 Service types in HTS networks

HTS networks can support services with different QoS
requirements [4, 7, 50]. Typical HTS systems include: broadband
Internet access (web browsing, file downloads), real-time
communication (VoIP, video conference), media streaming (live
broadcasting), corporate or cellular backhaul, and IoT sensors
(bursty low-rate traffic). Table 3 illustrates the diversity of traffic
types in HTS networks along with their typical traffic volume,
session duration, and QoS requirements [51, 52].

Each service has a distinct traffic profile: web browsing and
file downloads are tolerant to variable rate and latency (so called
elastic traffic), whereas VolP/telephony requires low latency;
video conferencing and streaming require consistent bandwidth,
whereas video-on-demand platforms use buffers to smooth the
delay. Elastic traffic can utilize any spare capacity in a network. If
some beams or time slots are underutilized by real-time services,
bandwidth can be dynamically reassigned to elastic data flows,
allowing temporal increase of their rate. This maximizes overall
throughput without compromising the QoS of delay-sensitive
traffic.

Table 3
Representative HTS service characteristics
Service type Typical Session QoS needs
volume duration
Broadband 50-100 Mb 10-30 min Delay tolerant;
Internet (web, per session elastic throughput
downloads)
Real-time 1-5 Mb 5-10 min Low latencys; jitter
communication | per session sensitive
(VoIP, video
call)
Video streaming | 0.7-1.5 Gb 30-60 min Stable rate;
(HD) per session buffering is
acceptable
Backhaul 3-20 Gb per | continuous High reliability;
(corporate / hour link moderate latency
cellular) tolerance
IoT sensors <0.1 Mb <1 min Delay-tolerant;
(telemetry) per session minimal bandwidth

-
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In practice, network traffic can be modeled as a mix of real-
time (delay-sensitive) and elastic (delay-tolerant) flows [47, 48,
53]. Modern HTS payloads with multi-beam architectures allow
dynamic power allocation among beams, allowing reconfiguring
capacity on-the-fly to meet current QoS requirements. Moreover,
queuing theory methods are applicable to both LEO and GEO
SatCom systems [48, 54, 55] providing analytical tools to describe
both data and control channels [56, 57].

8 Conclusion

High-Throughput Satellite (HTS) systems represent a major
trend in satellite communications. Their design innovations enable
capacities ranging from hundreds of gigabits per second up to
terabits per satellite, supporting modern broadband applications
over wide geographical areas.

The development of HTS systems has many technical
challenges. One of the most important issues is resource planning.
The paper provides a focused overview of HTS architecture,
discussing design principles at PHY and MAC layers and their
impact on system performance. We believe that a suitable
analytical framework can be built on queuing theory and
teletraffic models. Such a framework can guide the development
of resource allocation strategies and support future system design.

The complexity of HTS systems will continue to grow. Future
satellite networks are likely to become multi-orbit and multi-
layered to optimize coverage and latency. Moreover, dynamic and
Al-driven resource management will become important for
handling highly variable traffic. Advanced concepts, such as Non-
Terrestrial Networks for 6G, suggest new ways to exploit HTS
capacity. Addressing these challenges will require further
development of both system design techniques and analytical
tools.
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Pa6oma emopozo, mpembezo u namozo aemopos ebinonHeHa 8 MPTH, Puamex npu ¢puHarcosou noddepxxke Ponda HTU
8 pamkax [Jozosopa N°70-2025-000804 om 26.05.2025

AHHOTauMA
[MoBceMecTHOE pacnpocTpaHeHue ceTel CBA3M ABMAETCA KOYEBbIM A5l MHOTUX cep YeIoBe4YECKOM AeATENbHOCTU, OAHAKO 3HAYUTENbHAsA YacTb PErMOHOB

MMEET HU3KOE MOKPbITUE M3-32 BbICOKOW CTOUMOCTU WU CIIOXKHOCTU pa3BepThbIBAHWUA Ha3eMHON MHPPaACTPyKTypbl. CryTHUKOBbIE CUCTEMBI CBA3M MO3BONAIOT
npeoAoneTb JaHHOE OrpaHMYeHue 3a CHeT M106anbHOro MOKPbITUA U MOALEPXKKM LUMPOKOBELLATENbHBIX M MHOrOaJpecHbIX CEPBUCOB, YTO AenaeT MX
BAXXHOWM COCTaBNAIOLLIEN COBPEMEHHbIX CeTel CBA3M, JOMONHAOLLEN Ha3eMHble cucTeMbl. B paboTte npeacTaBneH 0630p coBpeMeHHbIX CMyTHUKOBbIX CUCTEM
C BbICOKOW MPOMyCckHOM cnocobHocTb (HTS) ¢ akuieHTOM Ha 3BOJIIOLIMIO apXMTEKTYp, BOMPOChI CTaHAAPTU3ALIMMK U yNIpaBNeHUe pecypcaMi AJA BbIMOJHEHUA
TpeboBaHuit k KadecTBy obcnyxuBanua. Pazsutne HTS-cuctem conposoxzaertca paaoM TeXHUYECKMX BbI30BOB. PaccMaTpuBatoTca Tekylume MHULMATUBDI B
obnacT1 cTaHAapTM3aLMmU U PerynMpoBaHnA UCMONb30BAHWA PaJIMO4ACTOTHOMO CMEKTPa, a TaKXKe TUMOBbIE MPUNOXEHUA U CLeHapun npuMeHenns. Kpome
TOro, aHanmsupyerca apxutektypa HTS-ceTelr, oxBaTbIBatoLLas reoCTalOHapHbIE U HEreocTaLuoHapHble Op6UTbI, MHOrOMTy4eBble MONe3Hble Harpysku u
MHOrOYPOBHEBbIE Pa3BepTbIBAHUA, A TAKXKe MPUHLIMMbI MPOEKTUPOBAHUA Ha PU3NHECKOM YPOBHE U YPOBHE ynpaBsieHUs AOCTynoM k cpege. B pabote Takxe
obcyxpatoTca Bonpock! AuddepeHLmaln CepeucoB U NoaLepXKU TpeboBaHWi K KavecTBy obcnyxusanna B HTS-ceTax, NnpUBOAATCA XapaKTepUCTUKK
Tpadyka M COOTBETCTBYIOLUMX MOKa3aTenen MpOU3BOAUTENbHOCTU HA Pas/iMyHbIX BPEMEeHHbIX MacluTabax (yHKLMOHMpOBaHMA cucTeMbl. [MokasaHo, 4To
METO/bl TEOPUM MAaCCOBOrO O6CYXMBaHUA U TeneTpadurKa MOTyT CITyXUTb NOAXOAALLLEH aHANIMTUHECKON OCHOBOW ANA OLeHKM npouseoauTenbHocT HTS-
cUCTeM M 06OCHOBAHMA MPOEKTHBIX PeLleHuii Npy co3aHnmn 3¢ dEKTUBHBIX CMYTHUKOBbIX ceTelt B OyaylumMx cucTeMax CBA3M.

Knroueebie cnoea: CnymHuKosbie cucmembl € 8bICOKOL NPpONYCKHOU CNOCOBHOCMbIO, CNyMHUKO8AA C6A3b, MHO20JTy4egble CUCMEMbI, ynpassieHue pecypcamu,
Kayecmeo 06C/Ty)KUBAHUS.
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Introduction

The trends in the open eNoteB/gNB base station interfaces uti-
lization for both 4G/LTE and 5G/NR technologies are relevant not
only for network interfaces of the signaling (Control Plane) and
user data (User Plane) planes [1], but also for management plane
(Management Plane) interfaces.

WG4 working group of OpenRAN Alliance [2] has done im-
portant work on standardizing these management interfaces and
developed the O-RAN.WG4.TS.MP.0 “Management Plane Spec-
ification” [3] technical specification for managing Radio units (O-
RU) of distributed eNodeB/gNB base stations. However, the issue
of further standardization of configuring the distributed O-DU unit
by the eNB/gNB base station in accordance with the operator's
frequency-territorial plan during deployment on the site is cur-
rently open. A solution to this issue would allow for the unification
of the EMS-RAN management system for OpenRAN network
modules when using multivendor radio access networks for build-
ing 4G/LTE and 5G/NR networks.

The 3GPP defines possibility of managing and orchestrating
for 5G radio access network (RAN) using the NETCONF protocol
and the YANG data modeling language as one of technical solu-
tions for 5G Service-Based Management Architecture (SBMA)
[22]. Key technical specifications in this area are (see Table 1):

* TS 28.533 [4] defines a service-oriented SBMA architecture
in which management services (MnS) are represented by various
protocols, including NETCONF/YANG;

* TS 28.532 [5] defines general CRUD (Create, Read, Update
and Delete) management operations and options for their execu-
tion by standard NETCONF protocol operations, for example,
<edit-config> ;

* TS 28.541 [6] contains definitions of information Network
Resource models for 5G RAN (New Radio interfaces), including
5G base stations gNB, Centralized Units (CU) and Distributed
Units (DU), presented as YANG modules.

Table 1
Review of control tasks and protocols used [4]
Management | Management MnS definition Solution Sets
Feature Capability
Network and | NR CRUD operations/ RESTFUL
network Provisioning | notifications (3GPP NETCONEF/
slicing TS 28.532 [5]) + NR YANG
management NRM fragment
(3GPP TS 28.541 [6])
5GC CRUD operations/ RESTFUL
Provisioning | notifications (TS NETCONF/
28.532 [5]) + 5GC YANG
NRM fragment
(3GPP TS 28.541 [6])
Network CRUD operations/ RESTFUL
Slicing notifications (3GPP NETCONF/
Provisioning | TS 28.532 [5]) + Net- YANG
work Slicing NRM
fragment (3GPP
TS 28.541 [6])
Network slicing RESTFUL
provisioning service
(3GPP TS 28.531[7])
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Analysis of the execution options for general CRUD manage-
ment operations for various solution sets (Table 1) will be deter-
mined by standard operations of the RESTFUL and
NETCONF/YANG protocols.

The advantages of a management approach using a combina-
tion of NETCONF/YANG are:

* Interoperability — operators can manage equipment from dif-
ferent vendors within a single management environment;

» Automation — programmability of data models reduces the
risk of manual configuration errors;

* Security — using SSH/TLS to transmit NETCONF messages
ensures high security of management data.

Authors presented a developed model based on the YANG data
modeling language, which allows for the practical configuration
of eNodeB in to LTE network in accordance with the operator’s
frequency-territorial plan at all stages of the network life cycle.

1. Management of eNodeB base stations at different stages
of the network life cycle

LTE mobile network and, correspondingly, the base station
eNodeB of Radio access network (RAN) must be managed
throughout its entire lifecycle — from deployment to dismantling
(Fig. 1). The eNodeB lifecycle includes a structured process of
planning, deploying, operating, and updating RAN parameters by
configuring it to ensure efficient LTE network operation. The final
stage of the eNodeB lifecycle involves removing the eNodeB from
the LTE network and dismantling its configurations as part of a
network resource upgrade.

During the development of the proposed configuration model,
the following stages were considered as main stages of RAN LTE
base station lifecycle, where eNodeB configuration is required in
accordance with the operator's frequency — territorial plan:

* Deployment and commissioning of eNodeB base stations;

* Monitoring the status and configuration parameters of
eNodeBs for subsequent optimization during network operation.

» Network optimization during operation to improve key per-
formance indicators and service quality.

Deployment
and start

operation of
eNodeB

Monitoring the
status and

Configuration
process eNoteB:

Removing
eNoteB and
dismantling its
configurations

configuration
parameters of
= NETCONF-protocol eNodeB

=  Yang-models

Network
optimization

during operation

Fig. 1. Configuration process eNoteB from deployment to dismantling



The developed YANG model and applications enable manage-
ment of eNodeB base stations at the following stages of the net-
work lifecycle:

* during commissioning of the network deployment during the
commissioning of the base station;

* during network optimization to improve key performance in-
dicators for both the base station itself and the radio access net-
work as a whole;

* during monitoring of the base station status and configuration
parameters during operation.

At the stage of commissioning work for network deployment,
when the Base station is put into operation, the operability of the
eNodeB base station equipment is checked, its operating parame-
ters are configured and its integration with the operator's network
is ensured.

During the network optimization stage, when improving key
performance indicators of the eNodeB base station, it is config-
ured to improve coverage quality, increase cell capacity, connec-
tion reliability, and data speed.

During the monitoring stage of status and configuration pa-
rameters for eNodeB base station, in operation continuous remote
monitoring of equipment's performances, collection of telemetry
data, and analysis of key performance indicators are carried out to
identify traffic anomalies for subsequent configuration.

Thus, the configuration of eNodeB base stations is a critical
process that requires the development of a protocol for managing
the configuration of LTE base station utilization, one of configu-
ration data models of eNodeB base stations applying specialized
software that defines the Network protocols stack of Radio access
networks.

2. Capabilities analysis of NETCONF OpenRAN control
protocol and problem statement

In accordance with the technical specification O-
RAN.WG4.TS.MP.0 [3], O-RU units are controlled using the
NETCONF network configuration protocol (RFC 6241) [8]. The
NETCONF protocol is a multi-layer basic protocol for managing
network units, replacing the outdated SNMP protocol (RFC 3411)

[9].

As shown in Fig. 2, the NETCONF protocol [9] is based on
either the SSH (RFC 4253) [10] or TLS (RFC 8446) [11] transport
protocol and contains four layers:

1. “Content” level — management content containing config-
uration data or status data in XML format;

2. “Operations” level is a service part that designates the type
of operation being performed, for example, <get>, <get-config>,
<edit-config>, <copy-config>, <delete-config>, <lock>, <un-
lock>, <close-session> or <kill-session> for a given datastore:

"Running" datastore — storage of configuration data pre-
viously successfully applied by the network unit and currently
running;

—  "Startup" datastore — storage of configuration data loaded
by the network unit after it is turned on;

"Candidate" datastore — storage of valid configuration
data that does not affect the operation of the network unit and can
be overwritten in other data stores: running or startup.

3. “Messages” level is a service part that forms the final mes-
sage transmitted between the NETCONF client and the
NETCONEF server within the framework of the operation being
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performed and corresponds to the standardized model of the re-
mote procedure call (RPC) (RFC 5717) [12], for example, re-
quests <rpc> or responses <rpc-reply>, <rpc-error>, <ok> or no-
tifications <notification>;

4. “Secure Transport” level — SSH/TLS transport layer pro-
tocol, ensuring secure data exchange over the network.

YposeHb IIpumep
Configuration Notification
Content data data
Operations <edit-config>
<rpc>, . .
Messages <rpe-reply> <notification>
Secure Transport SSH, TLS, BEEP/TLS, SOAP/HTTP/TLS, ...

Fig. 2. Structure of the multi-layer architecture of the NETCONF
protocol

The main advantages of NETCONF protocol using are the fol-
lowing:

— protocol openness, standardized by the IETF in the form of
RFC technical specifications;

— separation of configuration data and operational state data;

— separation of configuration and configuration application
operations;

— configuration of a network element in one or more transac-
tions;

— selective data retrieval with filtering;

— streaming of notification data

—  validation of configuration data before use;

—  support for multiple data storage types, such as running,
candidate, and startup;

—  simultaneous opening of multiple sessions by one or
more users;

—  full or selective configuration of multiple parameters
with a single <edit-config> operation;

— querying configuration data and operational state data
with a single <get> operation;

—  configuration application and rollback: commit and roll-
back, respectively;

—  provide a high level of security and a wide range of au-
thentication and cryptographic methods based on the properties of
the SSH and TLS protocols [21].

A comparative analysis of existing control protocols for network
units used by radio access networks 4G/5G is shown in Table 2.

An important aspect of the management standardization devel-
opment in OpenRAN network is not only a messaging protocol
development, but also management content unification itself
based on the development of a configuration unified model and
operational state data. For this purpose, NETCONF protocol uses
the modern data modeling language YANG (Yet Another Next
Generation, RFC 7950) [13].

-
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Table 2
Network unit management protocols
Protocol type SNMP |NETCONF | SOAP REST
Developer of Standard IETF IETF W3C
Identification of the data| OIDs Paths URLs
object
Data model MIBs YANG WSDL | WSDL,
WADL,
text
Configuration SNMP |NETCONF| XML HTTP
operations schem | transac-
tions
Data presentation BER XML XML XML,
JSON
Transport protocol UDP SSH, TCP | SSL, SSL,
HTTP, | HTTP,
TCP TCP

To unify the management of O-RU units, OpenRAN Alliance
has developed approximately forty of its own YANG data models
of various types [14], and has also adopted YANG data models
from IANA, IEEE, and IETF. As an example, some of main
YANG models of OpenRAN Alliance are:

—  Transceiver path configuration and status data models: o-
ran-uplane-conf and o-ran-uplane-conf-option8;

—  Performance measurement data model:
mance-management;

—  Software management data model: o-ran-software-man-
agement,

—  CPRI interface control and status data model: o-ran-pro-
cessing-element;

—  Synchronization control and status data model: o-ran-
sync;

—  RET servo drive control and status data models: o-ran-
ald and o-ran-ald-port;

—  File management data model: o-ran-file-management;

—  Hardware data model: o-ran-hardware;

—  Performance and characteristics data model: o-ran-mod-
ule-cap.

The analysis revealed that the main advantages of YANG data
models are:

—  simple and understandable data modeling logic;

—  hierarchical data structure;

—  modularity and nesting of data;

—  reuse of data types;

—  use of structured data groups;

—  increase in data volume through augmentation;

—  formulation of data requirements and constraints for data
validation purposes;

—  management of data model versioning.

The models discussed above provide basic functionality man-
agement for O-RU units of eNodeB. However, in practice, radio
modules from different manufacturers differ in so-called vendor-
specific functionality. For this purpose, each manufacturer can use
its own YANG — models as an add-on, such as vendor-specific-
performance-management or vendor-specific-config-data.

o-ran-perfor-

3 Realization of LTE base station configuration
management protocol

Using the above approach, the authors developed and imple-
mented a structural diagram of the control software and a YANG
model of the LTE eNodeB base station softime-nodeb@2025-12-
16.yang, presented below on Fig. 3. The eNodeB base station,
complete with one of type specialized software [15], was used as
a prototype.

EMS-RAN 0-DU eNodeB

<ipe> over SSH/TLS

Netconf
client | (] Netconf LTE
server software

' f

— 9Running P SYSIepo et \(; enb.cfg
Netconf

client
Candidate
LMT

— Startup

the eNodeB 1

Note: The O-DU service is
automatically restarted to apply the
running configuration in upload
case

i
|
|

datastores !
|
|

netopeer2-server

Fig. 3. Structural scheme of the control software for the LTE eNodeB
base station

NETCONF server software includes three eNodeB base sta-
tion configuration data stores: "candidate," "running," and
"startup." The directions for copying and committing configura-
tion data between these data stores are illustrated in Fig. 4.

9¢ 9 ey K
commit
Candidate Running Startup

Fig. 4. Directions for copying and committing configuration data
between datastores

Before making changes or copying data, it is possible to lock
datastores to prevent other sessions from making data changes by
parallel. To implement LTE eNodeB base station management via
the NETCONF protocol, the following open-source software
packages were used:

—  netopeer2-2.4.1 (netopeer2-server application);

—  sysrepo-3.6.11 (sysrepoctl and sysrepocfg applications —
interfaces with the netopeer2-server application).

In the Linux operating system (OS), the NETCONF server is
implemented as a systemectl service as netopeer2.service as shown
in Listing 1.

# systemctl cat netopeer2.service

# /etc/systemd/system/netopeer2.service

[Unit]

Description=netopeer2 NETCONF server

After=network.targe

[Service]

#Type=notify
ExecStart=/ust/local/sbin/netopeer2-server -d -v2
Restart=always

RestartSec=10

[Install]
WantedBy=multi-user.target

Listing 1. Configuration of systemctl service by netopeer2.service
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After installation and initial launch of netopeer2.service, the
developed YANG model of the base station is loaded using the
command "sysrepoctl --install softime-nodeb\@2025-12-16.yang
-v3" in the Linux OS console, and the initial configuration of the
eNodeB base station is imported from the enb.cfg file. To import
the initial configuration, the authors developed sysrepo_reload ap-
plication in the C programming language (designated as "sysrepo
app" in Fig. 2), which performs the following actions:

1. Reads the original enb.cfg configuration file and converts it
to JSON (JavaScript Object Notation) (RFC 8259) [16, 17] by re-
moving macros and conditional statements (./json_util dump
enb.cfg);

2. Converts configuration data from JSON to eXtensible
Markup Language (XML) [18, 19, 20];

3. Adds a header to the XML data with the yang module name
and the namespace: "<enodeb xmlns=\"urn:softime:nodeb:1.1\"
>...</enodeb>";

4. Validates the XML configuration data against the model,
forming a lyd node data node in the libyang context based on it;

5. Imports the configuration data as lyd node into the "run-
ning" data store and applies the imported configuration to net-
opeer2-server application.

Restoring the NETCONF server configuration after restarting
netopeer2.service or rebooting the hardware platform of eNoteB
distributed unit (O-DU) is ensured by copying the configuration
data from the “running” data store to the “startup” data store, for
example, using the command in the Linux OS console “sysrepocfg
--copy-from=running --datastore startup”.

A sample example of the hierarchical structure of the devel-
oped YANG model of the configuration data of the eNodeB base
station with specialized software is shown in Listing 2:

# pyang -f tree softime-nodeb@2025-12-16.yang
module: softime-nodeb
+--rw enodeb

+--ro enb_type? enb_type
+--rw enb_name?  string
+--rw enb_id? union
+--rw com_addr?  string
+--rw log_options? string

+--rw log_filename? string
+--rw mme_list* [mme addr]

| +--rw mme addr string

| +--rw gtp_ext_addr?  string

| +--rw slap_bind addr? string
| +--rw qci_dscp_mapping* [qei]

| +--rwqci uintl6

| +--rw dscp? uintl6

+--rw gtp_addr?  string

+--rw cell _list* [cell id]

| +--rw cell id union

| +--rw tac? union

| +--rw rf port? uintl6
| +--rwn_id_cell? uint16

| +--rw root_sequence index?  uintl6
| +--rw dl_earfcn? uint16
| +--rw ul earfcn? uint16

| +--rw ncell list* [cell id]

| | +--rwn_id_cell? -> /enodeb/cell list/n_id cell

| | +--rw cell id union

| | +--rw dl_earfcn? -> /enodeb/cell _list/d]l_earfcn
| | +--rw rat? rat_type

| | +--rw tac? -> /enodeb/cell_list/tac
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+--rw cell default

+--rw drb_config* [qci]

+--rw qci uint8

+--rw ims_dedicated bearer?  boolean
+--rw rlc_config

+--rw pdcp_config

| +--rw discardTimer? uint16

| +--rw pdcp SN_Size? uint8

| +--rw pdep SN Size v1130? boolean
| +--rw pdep SN Size v1310? boolean

| +--rw statusReportRequired? boolean
| +--rw headerCompression
|  +--rw maxCID? uintl6
| +--rw profile0x0001? boolean
| +--rw profile0x0002? boolean
| +--rw profile0x0004? boolean
+--rw logical channel config
+--rw priority? uint8
+--rw prioritisedBitRate? intl6

+--rw bucketSizeDuration? uint16
+--rw logicalChannelGroup? uint8
+--rw logicalChannelSR_Mask?  boolean

+--rw logicalChannelSR_Prohibit? Boolean

Listing 2. Example of the developed YANG model of eNodeB base
station configuration data

The conformity assessment of the developed softime-
nodeb@2025-12-16.yang model and the configuration file of the
specialized software “enb_full.xml” for eNB in XML format was
performed and confirmed using the yanglint utility.

The conformity assessment of the developed softime-
nodeb@2025-12-16.yang model and “enb_full.xml” configura-
tion file of the specialized software for eNoteB in XML format
ware performed and confirmed using by yanglint utility.

# yanglint -t data enb_full.xml softime-nodeb\@2025-12-31.yang -f

"

json | jq '."softime-nodeb:enodeb"".

To development of the YANG model were imposed following
requirements:

—  Full compliance of data structures with enb.cfg configu-
ration file;

—  Optimal model description by grouping data contained in
multiple objects, such as cell list and cell_default objects;

—  Model parameters description of in description fields;

—  Units measurement indication for model parameters and
their permissible values/ranges of change in "range" fields;

—  Indication of permissible values for string text parame-
ters in the enumeration fields;

—  Separation of parameters by operation type: read and
write or read-only ("rw" and "ro", respectively);

—  Separation of data into mandatory and optional (manda-
tory true or false, respectively);

—  Key model parameters (key) contained in "list" node
must be unique in enb.cfg configuration file across all base station
configuration scenarios;

—  specifying multiple key fields in the "list" node when one
key field is not unique;

—  establishing dependencies between different data, if nec-
essary, when the value or mandatory presence of one data depends
on other data in the model; for example, different sets of data for
cell configurations in frequency FDD and time duplex TDD [23].

-
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Command diagram explaining procedure of the eNodeB base
station configuration change is shown in Fig. 3. To monitor
changes in the '"running" data storage, the sysrepo sub-
scribe_and upload application was developed in the C program-
ming language (designated as "sysrepo app" in Fig. 3), which per-
forms the following actions:

— The sysrepo_app application subscribes to notifications
about changes in the running datastore;

— Receives notifications about changes in the running datastore;

— Reads the current configuration from the running datastore;

— Converts data to JSON notation (RFC 8259) [17] and writes
it to the enb.cfg configuration file, while saving (backing up) the
previous configuration;

— Automatically applies the generated configuration file by re-
starting the O-DU unit service.

The sysrepo_subscribe and upload application is designed
for the x86 CPU architecture and requires a minimal number of
libraries, as shown in Listing 3:

# 1dd sysrepo_subscribe and upload
linux-vdso.so.1 (0x00007ffcb1eea000)

libm.so.6 => /lib/x86 64-linux-gnu/libm.so.6
(0x00007f1b18d03000)

libpcre2-8.50.0 => /ust/local/lib/libpcre2-8.50.0
(0x00007f1b18cal000)

/1ib64/1d-linux-x86-64.s0.2 (0x00007f16192a5000)
Listing 3. The sysrepo_subscribe and upload application

An example of changing the configuration by sending a

NETCONF rpc <edit-config> message, which provides for the fol-
lowing actions with the data in the datastore, is shown in Fig. 5:
The "merge" action (nc:operation="merge”, the default
action) merges the provided data with the existing data in the cor-
responding yang model path. If the data does not exist, it is cre-
ated;

The "replace" action (nc:operation="replace”) replaces
the existing data in the corresponding yang model path with the
provided data. If the data does not exist, it is created;

The "create" action (nc:operation=""create”) adds data ac-
cording to the yang model path only if it does not already exist. If
it does exist, the NETCONF server returns an error message;

libsysrepo.so.7 = fusr/local/lib/libsysrepo.so.7 —  The "delete" action (nc:operation="delete”) deletes the
(0x00007£1b191ce000) o specified data according to the yang model path. If the data does
libyang.so.3 = /ust/local/lib/libyang.s0.3 o1 exist, the NETCONF server refurns an error message;
(0x00007f1b19026000) “ - . P »
libjson-c.s0.5 => /lib/x86_64-linux-gnu/libjson-c.s0.5 — _ The"erase” action (nc:operation="remove”) —deletes the
(0x00007£1519013000) - specified data according to the path of the yang model; unlike the
e - /lib/x86_64-linux-gnu/libc.so.6 delete” action, if the data does not exist, the NETCONF server
(0x00007f1b18dea000) B does not return an error, but simply reports successful completion.
MNetcont Netcon? el ' e eicy
oo e - P Sywepo app
SK ERE O6 P
e .' S Validation of
ands configuration — il
Wy changes S
Copying the -
configuraton -
s s_wet_cdatal)  rageest of data from the Runn wmy deswae
Transferring data -

" SK_ERR_OK and configmaton

from the datastore

data Ivd node

Converting data and writing it to the
configuration file enbcfg

Apply of the new configuration —
restart of the O-DU service

Fig. 5. An example of changing the configuration by sending a NETCONF rpc <edit-config> message
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An analysis of the command diagram of the eNodeB base sta-
tion configuration (Fig. 5) shows that as a result of transmitting
the rpc <edit-config> control command and sequentially execut-
ing the steps by the sysrepo app application, the data is converted
into the JSON notation format and the generated configuration file
is applied by restarting the O-DU module service.

Conclusions

An analysis of the OpenRAN Alliance technical specifications
revealed opportunities for implementing management of O-RU
and O-DU units of the eNodeB base station in the management
plane when using multivendor radio access networks for building
4G/LTE and 5G/NR networks.

The developed YANG data model for configuring the eNodeB
base station with LTE technology, based on specialized Amarisoft
software, enables eNodeB management and configuration.

The NETCONF server deployed on the eNodeB base station
in the LTE network enables the use of the YANG data model for
base station management, and the developed datastore status mon-
itoring applications in the C programming language can be used
to configure the LTE base station in accordance with the operator's
frequency and territorial plan. The developed YANG model's com-
pliance with the standard LTE network eNodeB configuration file
using the Amarisoft protocol stack was verified in practice.

The open nature of the developed YANG model and the
NETCONF network management protocol allows any developer
to create new EMS-RAN management systems for Open RAN
base stations.
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AHHOTauMAa

Cratba nocealleHa paspabotke YANG — Mogenu AaHHbix ¢ ucronb3osaHueM npotokona NETCONF ana koHburypupoBanus 6asosoit ctaHuun eNodeB B
KOMMJIEKTALMM CO CreLuanv3npoBaHHbIM NMPOrpaMMHbIM obecniedeHneM Amarisoft B cetn paguogoctyna OpenRAN texHonoruu LTE, a Takke paspabotke
npunoxeHuit < sysrepo_reload> Ha Asbike nporpaMmmpoBanma C B Lienax NpUMeHeHWs NpeAnoXeHHbIX KoHdUrypauuii. KoHdurypuposatue 6a3oBoit cTaHLmMM
eNodeB cetn pagnogoctyna OpenRAN Tpebyetca Ha pa3nnyHbIX 3Tanax >usHeHHoro umkia cetv LTE, koTopble paccMoTpeHbl B cTathe. B ocHoBy paspabotku
YANG — Mopenu faHHbIX Wcnosnib3yeMon A KoHbUrypuposaHua 6azoeoit ctaHummu eNodeB nomnoxeHbl BO3MOXXHOCTU YMpaBfieHWst U OPKECTPUPOBaHUA
cetbto paguopoctyna 5G RAN (Management and Orchestration), craHgaptusoBaHHbie [MapTtHepckum npoektom 3GPP u peanusyembie nocpeacteom
npotokona NETCONF npumeHsieMoro Ana BHeAPeHUA TEXHUYECKUX PELUEHUA Ha CepBUCHO-OpUeHTMpoBaHHOW apxutektype SBMA  (Service-Based
Management Architecture). [peacTaBneHHble aBTOpaMM NUCTUHMU MPOrpaMM AEMOHCTPUPYIOT BbIOOPOYHbLINM MPUMEp WMEepPapXMYecKol CTPYKTYpbl
paspabotanHoit YANG-Moaenm KoHpUrypaumoHHbIX AaHHbIX 6a3oBoii craHumn eNodeB co cnewlmannampoBaHHbIM MporpaMMHbIM obecneyeHeM Amarisoft.
PaspabotanHas YANG-mopenb u ceteBoit mpotokona yrpaeneHua NETCONF nossonut nto-6oMy paspaboTumKy apXWTEKTYpbl CeTU CO3[aBaTb HOBble
cuctembl ynpasnenuns EMS-RAN 6azoBbix cranumin Open RAN.

Knioueebie cosa: O-RAN, YANG, NETCONF, LTE, JSON, XML
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