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Pa6oma nposedeHa & pamkax ebinosiHeHUs 20CydapcmeeHHO20
3adaHus HUL| "Kypuamosckul uHcmumym

Doxuran Buktop Meanosuy, Knio4yeebie cnoea: akmusHoe wymonodasesneHue,
HauuoHaneHblii uccnedosamensckul ueHmp mpaduuuoHHas apxumekmypd, MoOupuuUpoeaHHas
"Kypuamosckui uncmumym", Mocksa, Poccus, apxumekmypa, LMS-anzopumm, RLS-anzopumm,
dzhigan_vi@nrcki.ru aKycmuyeckul UMnysbCHbIG OMKUK

B pa6Gote oTMevaeTca WwMpokoe ucnonb3oBaHne Uudpposol o06paboTku curHanoe B o6opyaoBaHum
COBpEMEHHBIX CUCTEM CBA3M, a TaKXKe B U3AENIMAX MPOMbLILLIIEHHON 3N1EKTPOHUKN, MEAULIMHCKOW U
6bITOBOM TexHMKU. OHUM U3 HanpaBneHuii Takoi 06paboTKK ABNAETCA aKTUBHOE LUyMONoAaBeHue.
C ero noMolblo OCyLLECTBAAETCA NoOAaBlieHWE aKyCTUHEeCKMX LIYMOB B BO3jlyxe 3a cueT
c¢opMUpPOBAHUA M U3NYYEHMA AHANOTMYHBLIX LUYMOB C MNPOTUBOMONOXHOW pa3oi B TOUKe
NpOCTPaHCTBa, IAe NpPOU3BOAMUTCA 3TO nojasneHue. CerogHa cyulecTByeT TPpU BUAA YCTPOWCTB
aKTUMBHOrO LyMonojaesieHusA: 6e3 obGpaTHoW cBA3M, ¢ 06paTHOW CBA3BIO M C ABYMA BMAAMMU CBA3M
oAHoBpeMeHHO. PaccMaTpuBaeTcs yCTPOWCTBO aKTUBHOTO LyMonofaBneHus 6e3 o6paTHoOI cBA3M Kak
HaubBonee npocrtoe M npepHasHayeHHOe ANA TNOJABNEHUA Y3KOMOJNIOCHBIX M LUMPOKOMONOCHBIX
wyMoB. OnucbiBaloTCA MpUHUMMBLI  paGoTbl Takoro YCTPOMCTBA C TPaAULMOHHOW U
MoauduMUMpoBaHHOW apxuTekTypamu. MMokasaHo, 4YTO B TPaAMLIMOHHON apXMUTEKType MOryT ObITb
MCMOJb30BaHbl TONILKO aflanTuBHble (UNBLTPbI HA OCHOBE NPOCTbIX aNrOPUTMOB FPaZIMEHTHOTO CrycKa
Mo KpUTEPUIO HAMMEHbLLIETO KBaZpara Npy yCloBMM UCMONb30BaHWA B 3TUX aNropuTMax Manoro Lara
CXOAMMOCTH, FApaHTUPYIOLLIEr0 YCTOHYMBYI0 pabGoTy cunbTpa, HO NpU MeANEeHHOWH ero cCXoAUMOCTH.
KpomMe Toro, B TakoW apxuTeKkType Hefb3A MCNONb30BaTh ajanTuBHble ¢unbLTPbl Ha ocHoBe Gonee
3¢pPEeKTUBHBIX PEKYPCUBHBIX aZlaNTUBHLIX anNrOpUTMOB MO KPUTEPUIO HAUMEHLLUMX KBa/AparToB.
Hanpotue, B Moaucd1UMpOBaHHON apXUTeKType B rPafIMEHTHBIX aNropuTMax MOXKHO UCMOJNb30BaTh
yBeNnUYEeHHbI wWwar cxoaumoctu. Mpu 3ToM rapaHTUpyeTca ycToiuuBasa paboTa aaanTUBHBLIX
¢dunLTpoB 1 obecnevnBaeTca BbICOKaA CKOPOCTb UX CXOAUMOCTU. TakxKke B 3TOW apXUTEKTYpe MOXXHO
Mcrnonb3oBaTh PeKypCUBHble afanTUBHbIE aNropuTMbl MO KPUTEPUIO HaWMEHbLUMX KBaApaToB.
Pesynbtatel MoAenupoBaHMA nNoAaTBepKAAOT PaboTocnocoGHOCTb PacCMOTPEHHbIX YCTPOWCTB
aKTUBHOTO LUYMOMOAABNIEHUA W [E€MOHCTPUPYIOT CpaBHUTeNbHYlo 3¢ deKTUBHOCTE UX paboTsbl.
Haunyuywmne nokasatenu peMoHcTpupyeT MoaucduUMpOBaHHaA apXUTEKTypa C ajanTUBHbLIM
¢unbTpoM Ha OCHOBe PEKYPCMBHOIO ajJirOpuTMa MO KPUTEPUIO HaWMEHLLUMX KBaApaToB, KoTopas
obGecneunBaeT caMblii KOPOTKUIA MNepexoAHbili NpoLecc Mo CPaBHEHUIO C TPaAULUOHHOW M
MoanULMPOBaHHOW apXUTEKTypaMu C ajanTUBHbIMM (UNLTPAMM Ha OCHOBE FpaiMeHTHOro
anropuTMa, a TakKe B paCCMOTPEHHbIX YCNOBUAX MOAENUPOBaHUA obGecneunsaeT NoAaBneHuna WyMa
Ha 51 pb, B TO BpeMA Kak 06e apXUTEKTypbl C afanTUBHLIMK (DUNLTPAMU HA OCHOBE IPaJIMEHTHOrO
anroputma obecnevmnsalot 310 nogaeneHune Ha 39 ... 43 pb.
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BBenenue

Hudposas 06paboTka 3BYKOBBIX CHTHAJIOB CETOJHS MIPACT
B)XHYIO POJIb B 000PY/I0BaHUH COBPEMEHHBIX CPEJCTBAX CBS3H,
a TaKKe B M3AEIHAX HPOMBIINIICHHON SJIEKTPOHUKH, MEIHMIH-
CKOH 1 OBITOBOI TeXHUKH. [10CKOJIbKY Takne CHTHAIBI, KaK Ipa-
BIJIO, SIBJISIIOTCS HECTAIIMOHAPHBIMH, TO JUIsl UX 00pabOTKH 4acTo
TIPUMEHSIOT HU(PPOBBIE YCTPOHCTBA C U3MEHSIEMbIMU BO BPEMEHH
napamerpamMu. OCHOBHBIM 3JIEMEHTOM OOJIBIIMHCTBA TaKUX
YCTpOMCTB sIBIsieTcsl afanTuBHbIN GuiabTp [1, 2]. AmanTuBHBII
¢unsTp — 310 PHIITBTP, BecoBbie kK03 Punmentsr (BK) xoToporo
M3MEHSAIOTCS HA KQXKJJOM OTCueTe 00pabaThIBAEMBIX CUTHAIIOB. B
azanTuBHOM ¢uiabTpe BK BRIUMCIAIOTCSA ¢ TOMOLIBIO pa3IMYHBIX
JITOPUTMOB, JAHHBIMH JUIsl KOTOPBIX CIIy>KaT OTCUETHI €ro BXO[-
HBIX M BBIXOJHBIX CHTHAJIOB. DTH BBIYHCIEHHS B OOJBIIMHCTBE
Clly4aeB HOCSAT MTEpPaIMOHHBIN XapakTep, a JUIMTEeIbHOCTh UTepa-
LUUH COBMAJACT C MEPHOJOM IUCKPETH3AIMKH 00padaThIBACMbIX
CHTHAJIOB.

Haubosnee wu3BecTHBIE amanTHBHBIC YCTpOIcTBa 0OpaOOTKH
3BYKOBBIX CHUTHAJIOB — 9TO KOMIIEHCATOPHI CHUTHAJIOB AJICKTpHUC-
CKOT0 9Xa B 000pY/I0OBaHUM MPOBOJHBIX Telne(OHHBIX cerei [3],
KOMITEHCATOPhl CHTHAJIOB AaKyCTHYECKOTO d9Xa B YCTPOHCTBAX
TPOMKOTOBOpSIIEH CBsi3U [4, 5], BEIpaBHUBATENH (IKBaJaii3ephl)
aAMIUIUTYJHO-YaCTOTHBIX XapaKTEPUCTUK aKyCTHUECKUX KaHAJIOB
B 000pYy/I0BaHUHU BEICOKOKAUECTBEHHOTO BOCIIPON3BEACHHS 3ByKa
[6, 7], yCTpOiCTBa MTOJABICHUS CHUTHAJIOB aKyCTUYECKUX IITYMOB
[8, 9] m ycTpoiicTBa aKTUBHOTO TOJABIICHHUS aKyCTHUSCKUX MIy-
MOB B Bo3ayxe [10-14].

B Hacrosiiee Bpemsi CyLIECTBYET TpPH OCHOBHBIX BHja
YCTPONCTB aKTHBHOTO IITyMOIOaBJICHUS: 6e3 00paTHOI CBs3H, C
00paTHOM CBS3BIO U ¢ 00EMMH BUJIAaMH CBSI3U OJTHOBpeMeHHO [10].
Ha mpaktuke HanOosiee IMIMPOKOE PACIIPOCTPAHEHHE ITOJYUHIIH
YCTpoOiicTBa aKTUBHOTO HIyMOIIO/IABICHHUS 0e3 0OpaTHOW CBS3M

(puc. 1).

MepBryHbIN

aKyCcTU4eckuit

nyTb

h
Np LLiym
UCTOUHMK Wwyma ~_ d(k) z(k) -— okpyxatoLien
aKyCTU4ecKuit
L3 e

(k) hN - MwukpocboH
OnopHblit — (k) me%mfj
MUKPOOH

x(k) FpOMKoroBOpHTEN (k) MogasneHHbIN Wwym

ApanTvBHOE YCTPOWCTBO
aKTUBHOro
wymonoaasnenus h (k)

Puc. 1. OGmast apxuTexTypa ycTpoicTBa aKTUBHOTO IIIyMOIOIABJICHHUS
0e3 00paTHOI cBs3U

Takue ycTpoiicTBa UCIIONB3YOT OJJHOKAaHAJIbHBIHI a1alITUBHBII
(GUIBTP U XapaKTePHU3YIOTCSl HEBBICOKOM BBIYUCIUTEIBHON CIIOXK-
HOCTBIO, B TO BPEMsI KaK yCTPOWCTBA C OOEUMH BUIaMHU CBS3H Xa-
paxkTepu3yroTcsi 0osiee BHICOKON BBIYMCIMTENIBLHOM CII0KHOCTBIO,
TaKk Kak B HUX TpeOyeTcsl UCIOJIb30BaTh JBYXKaHAJIBHBIA ajarl-
TUBHBIH QUIBTP ¢ 06abIIMM cyMMapHbIM uucioMm BK. Ilox BbI-
YUCITUTEIBHOMN CII0)KHOCTBIO aJITOPUTMOB B IIU(PPOBOI 00pabOTKE
CHTHAJIOB HOHUMAETCS YMCII0 apu(METHUECKHX Onepannii (yMHO-
YKCHUH U CIIOKCHUH ), TPUXOASAIINXCS HA OJIHY UTEPAIHIO pabOThI
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anropuT™a (OIUH OTCYET 00pabaThIBAEMBIX CHUTHAJIOB). Y CTPOM-
CTBa aKTUBHOTO IITyMOIIO/IaBJIEHUS, B KOTOPBIX IPUCYTCTBYET 00-
paTHas CBs3b, B OCHOBHOM OPHEHTHUPOBAHbI HA KOMIICHCALIMIO Y3~
KOIIOJIOCHBIX aKyCTHYECKUX IIIyMOB, KOTOPBIE HA IIPAKTHKE BCTpe-
YaloTCsI HE TaK 4acTo.

YCTpOWCTBO aKTUBHOTO LIyMOTIOAaBicHus (puc. 1) paboraeT
cieayompM 0o0pa3oM. B HeM Hcrnonb3yroTcst 1Ba MUKpOQOHa.
OnopHbIii MUKPO(]OH pacrioyiaraeTcsi psiioM ¢ HCTOYHUKOM aKy-
cruyeckoro myma Xx(k), a MUKpOQOH OMKOKH — B TOYKE IPO-
CTpaHCTBE, TJe TpeOyeTcs MOJaBHTh STOT LIyM, IPOILIE NN Je-
pe3 GUIBTP MEePBUYHOTO aKyCTHYECKOTO ITyTH (OT OIMTOPHOTO MHK-
podona 1o MukpodoHa OMMOKHN), TUCKPETHAS MOAETH KOTOPOTO

omnuchiBaeTcsi BekTopoM BK th. [TosTomMy 1mIym Ha BbIXOzE

(uIIbTpa MEPBUYHOTO aKyCTHYECKOTO MTYTH — 3TO CUTHAI

d(k)=h}, x(k),

rae x\y’ (k) — BEKTOp 3a/lepKaHHBIX OTCYeTOB curHana x(k) B

3TOM (HUIIBTPE.

B Hacroswmen cratbe kK — 3TO HOMEpa OTCUETOB CUIHAJIOB,
COBIIAJIAIOIINE C HOMEpaMU HTepanuii paboThl alrOpUTMa, BbI-
gucistomiero BK agantuBHOTO GMIBTpa, U CIEAYIONINE C TIEPHO-
JIOM JTUCKPETU3AINU 3THX CUTHAJIOB

T, =1/F,

e FJl — 3TO YacTOTa JUCKpPETH3alHu. B craThe BEKTOpPHI 000-

3HAYAIOTCS CTPOYHBIMU KUPHBIMH NMPSIMBIMU OyKBaMH, MaTPHIIBI
— MPONUCHBIMH TPSIMBIMU XUPHBIMU OYKBaMH, BEPXHHUN WHIEKC
T B 0003HaUEHWM BEKTOPOB W MaTPHIl 0003HAYAET OIEPALHIO
TPaHCTIOHNPOBAHUS 3THX BEKTOPOB U MATPUIL], HIPKHUI HHJICKC B
BEKTOpax, HampuMep N , 0003HAYAET YUCIIO IJIEMEHTOB B BEK-
TOpE, a aHAJIOTHYHBIA MHJEKC B KBAIPATHON MaTpHIIE — YUCIIO €€
3JIEMEHTOB, paBHOEe N X N .

B apantusnoM ¢unstpe BK h, (k) oOHOBIsIOTCS Ha Kax 101

UTEpAIiU ero paboThl B pe3yiibTare 00pabOTKH CUTHAIIOB HCTOY-
Huka mryma X(A) W MOJABIEHHOTO IIyMa — CHTHAJa OIIMOKU

ouk).

lym d(k) momaBisieTcst B BO3AyXE IMyTeM H3ITy4eHHS TPOM-
KOTOBOPHUTEJIEM TaKOT0 XK€ IIIyMa, HO C IPOTHUBOIIOJIOKHOM (a3oii,
T.e. —y(k)~—d(k). Komnencaunonustii curnan y(k) cdbopmupy-
eTCsl TOCIIENOBAaTeIbHO IMyTeM CHadajda (UIbTPAlMU CUTHAaja
x(k) amanTHBHBIM QUIBTPOM Kak

y(k) =ty (k=1)x,, (k) ,

rae x, (k) —92To BEKTOp 3a/leprKaHHBIX OTCUeTOB curnana x(k) B
aTOM QUIIBTpE, a 3aTeM IyTeM QuibTpanuu curaana y(k) ¢uib-

TPOM BTOPHUYHOTO aKyCTHYECKOTO ITyTH (OT IPOMKOTOBOPHTEIS
1o MUKpO(OHA OIIHOKN) KaK

P =hy, ¥ (k) ,

rae hI,S — 9710 BekTop BK muckperHoit mogenu ¢puiasTpa BTOpH-

(S)

HOTO aKyCTHYECKOTO IyTH, a Y ' (k) — BEKTOp 3a/(ep)KaHHBIX OT-

cueroB curHana y(k) B aToM ¢pmapTpe. Ha kaxmoil urepammn
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paboTHI aManTUBHOTO (GUIIETPa €ro BBIXOHOM curHan y(k) dop-

mupyercs npu ucnoiszopanuu BK h, (k —1), BerancnenHsix Ha

NpeAbIIYyIeH UTEepaliy, TaK KaK TOT CUTHAJI UCTIOJIb3YETCS B BbI-
yncnenusx BK.
Curnan ommmoku GopMUpPYETCs Kak

k) = d (k) +z(k) = y(k) , ()

rae z(k) —3TO IIyM OKpPYIKaIOIICH CPEeIbl.
Takum 00pa3oM, B YCTPOMCTBE LIyMOIOaBICHHS aKyCTHIE-
ckasg Bonua curHana d(k) W akycTuueckas BOJIHA CHTHAsa

—y(k) = —d (k) xommeHCHPYIOT APYT Ipyra B BO3LYXE, a PE3YIlb-
TaT JTOW KOMIIEHCAL[MU B BUJE DJIEKTPHUYECKOro curuama ouk)

oOpasyercst Ha BbIxozie MuKpodoHa omubku. [To sToil npuunne
TaKO€ MIyMOIIOJIABJIICHUE HAa3bIBACTCSI AKTUBHBIM, TaK KaK OCY-
IIECTBISIETCSl HE Ha YPOBHE D3JEKTPUYECKUX CUTHAJIOB, a Ha
YPOBHE aKyCTHUECKHX BOJIH 3THX CHUTHAJIOB.

O¢ddexTnBHOCTS yCTPOHCTBA AKTHBHOTO HIYMOIIOIABICHUS
OmpeneNsercs ero apxurekrypoi, unciaiom N BK agantuBHOro

¢ubrpa nanciom N BK duibrpa oneHKn BTOpUHOTo akycTH-

YECKOTO IMyTH, KOTOPBIH HCIOIB3YETCS B yCTPOWCTBE, a TAKKE
Pa3HOBHUJIHOCTHIO aJIrOpUTMa BbIYHCIICHUA BK alalITUBHOI'O
(uibTpa 1 ero mapaMeTpamu.

Lenpro HacTosimel paboThI SBISETCS aHAIHM3 JBYX apXHTEK-
Typ (TpaguIMOHHON M TaK Ha3bIBAEMOW MOAM(MHUINPOBAHHOMN)
yCTpOiicTBa aKTUBHOT'O IIYMOIIO/IaBJICHUS! TIPH UCIIOJIb30BAHUH B
HUX aJaNTHBHOIO (PUIBTPA Ha OCHOBE MPOCTEHIIEro alropuTMa
10 KpUTEpHUIO HanMeHsbIero kBasapara (Least Mean Square, LMS)
W aJanTHBHOTO (QUIBTPa HAa OCHOBE 00JIee CIOXKHOTO, HO U OJJHO-
BpeMeHHO Ooiee I(PPEKTHBHOTO, PEKYPCHBHOTO aJIrOpUTMa IO
KpUTEpHIO HamMeHbIMX KkBagpaToB (Recursive Least Squares,
RLS) [1, 2]. IlyTeM KOMIBIOTEPHOTO MOICITUPOBAHHSI B padboTe
JIEMOHCTPUPYETCs PabOTOCIIOCOOHOCTh TAHHBIX ApXHUTEKTyp M
CpaBHHUBAETCA UX dP(PEKTHBHOCTH B 3aBUCHMOCTH OT HCIIOJIb3Ye-
MBIX aJITOPUTMOB U MX HapaMeTpoB npu uyncie BK agantusHOrO
(uitbTpa, MEHBIIEM TEOPETUYECKH Tpedyemoro 3HaueHus. JlaH-
HBIE BOIIPOCHI M3JIOKEHBI B JIBYX CJIEAYIOIIUX pa3jiesiaX HacTos-
1iei paboThlI.

APXHUTEKTYPbI H AITOPUTMbI YCTPOHCTBA AKTHBHOIO
HIyMONoAaBJIeHUs 6e3 00paTHOIl CBA3H

ApXUTEKTYypa TPAIUIIMOHHOTO YCTPOHCTBA AKTUBHOTO HITyMO-
moaBJIeHus1 0e3 00paTHOM CBSI3U MPHUBEICHA HA PUC. 2. 31eCh 3¢-
JICHBIMH IIYHKTHPHBIMH JINHUSMU BbII€IaHA aKyCTHYECKas cpeJia,
a YEPHBIMHU NMyHKTUPHBIMH JIMHUSIMH — COOCTBEHHO yCTPOMCTBO
IIYyMOIIOIaBJICHUs. MUKPO(OHBI, aHAIOTO-IU(PPOBBIC U ITUPPO-
aHaJIOroBbIe MPe0Opa3oBaTENIN Ha PUCYHKE He TToKa3aHbl. DopMu-
pyeMbIe UMM CHUTHAJBI CICAYIOT B ITUCKPETHBIC MOMEHTHI BpE-
MCHH

t, =kT.

Ctporo roBops, apXuTeKTypa (puc. 2) He BIIOJIHE KOPPEKTHA C
TOYKH 3PEHHs TEOPUU aAaNTUBHOHN (uiabTpannu. GakTUIecKy, ¢
ee IOMOIIIBIO pelIaeTces Kaccuueckas 3aa4a npsamMoi naeHtudu-
Kal[Mi JIMHEHHOW CHUCTEMBI, OMHCHIBAEMOI (HUIBTPOM TMEpBHY-

HOTO aKycrudeckoro mytu ¢ BK hy, .

AkycTuseckan cpeaa

YCTPOiCTBO aKTMBHOTO
wymononasneHs

x(k)

Mpepexniovarens
PexUMos paboT!

h (k) AnanTuBHbIit L (k)
N anroputm 1 “

Puc. 2. ApxuTekTypa TpaJuIHOHHOTO YCTPOHCTBA aKTUBHOTO
LIyMOIOJABIICHUS

anropu 2

OnHako WICHTH(GHKALMS OCYIIECTBISCTCS HE C MOMOIIBIO
anmantuBHoro ¢uibtpa ¢ BK h, (k), a ¢ nomompo kackagHoro
COCTMHEHUS 3TOr0 GuiIbTpa U QUIBTPAa BTOPUYHOTO aKyCTHYC-
cxoro mytu ¢ BK h, . Curnan ommbku o(k) dopmupyercs kax
MOKa3aHo Ha puc. | u B BepxHel yactu puc. 2. B To xe Bpems, Bce
AITOPHUTMBI PabOThI AIANTHBHBIX (QHIBTPOB ITOIYUCHBI TIPH YCIIO-
BUH OTCYTCTBUSI KAKHX-THOO JTOMOJTHUTEIBHBIX (DHIBTPOB B HEITH
(bopMHUpOBaHUs CUrHANA OIIUOKH. Pa3nnuyHbIe 1enesbie HyHKIUH

9TOH OIMOKN MUHUMHU3UPYIOTCS B TIpOLiEcce aanTanny (BbIYKC-
nenns BK), korna curnan onmmoku onpenensercs He Kak (1), a kak

(k) = d(k)+z(k) = y(k) . 2

[Ipu MEHUMU3AIH [IETICBOH (QYHKIIMN o’ (k) ¢ momorpto an-

TOPUTMA CTOXaCTHYECKOTO TrpaaneHTHoro cmycka (LMS-anro-
puTMma) B ypaBHeHHH Beruncienust BK anantusroro ¢gpuibrpa du-
TYpUpYyET napameTp L, IMECHYEMBIH IIaroM CXOANMOCTH. MakcH-

MaJIbHO JIOMYCTUMOE 3HAYEHHE ITOTO IIara OMpeIeNsaeTCsi Kak
2
n=1/(No)) , 3)

2
rae 6, —9To aucnepeus curnana x(k)[1, 2].

O)IHaKO, P HAJIMYKUHU HA BBIXOJC aJaliITUBHOI'O (bI/IJ'H)Tpa H0-
nonuuTenbHoro Guistpa ¢ BK h, , 3HaueHue mara cxoaumoct,
omnpenenseMoe (3), SBIACTCS CITUIITKOM OOJBIIUM. DTO MPUBOIMT
K HCYCTOWYHBOM pabOTe adanTUBHOTO (QIIIBTPA.

Tak kak waeHTH(PHKAIMS (DUIBTPA MEPBUYHOIO aKyCTHUE-
ckoro mytu ¢ BK h,, ~ ocymecTsisercs ¢ noMOIWpbIO KacKagHOro

coenuHeHus agantuBHoro ¢unstpa ¢ BK h, (k) u ¢punsrpa BTO-
puuaHoro akycrudeckoro mytu ¢ BK h x, » TO JUISA YCTOHYMBOM pa-

0OTHI YCTPOICTBA aKTHBHOTO IIYMOTIOAABICHUSA (pHUC. 2) MaKCH-
MaJbHBIM I1ar CXOOAUMOCTHU CJICAYCT OI'paHUYUTL 3HAYCHUCM,
orpeieTsieMbIM cyMMapHbIM drciioM BK atux ¢punbTpoB kak

u=1/[(N+Ny)s’ |, 4)

YTO MPUBOIUT K YMEHBIIICHUIO 3TOTO IIIara 1o CpaBHEHHIO ¢ (3) u
K YBEIMUYEHHIO UTUTEIBHOCTH TEPEXOJHOro Iporecca paboTsl
amantuBHOTO QuibTpa. [Ipu 3ToM, B ypaBHeHun BhrancieHus BK
aJlanTuBHOTO (bUIbTpa

h,, (k) =h, (k=1) +px, (k)a(k) )
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BekTop X, (k) dopmupyercst He Ha OCHOBE OTCUETOB CHTHAIA

x(k), a Ha ocHOBe 0TCuéTOB curHana X(k) — BBIXOJJHOIO CUIHalIa

¢weTpa ¢ BK h,, , cM. «Anantuszslif anroput™ 1» Ha puc. 2.
N

3nech hN§ — ato BK ¢unbTpa, mogydeHHBIE B pe3yibTaTe

ouerky BK ¢ubrpa Bropuatoro akycrudeckoro mytd h, . 9ra
OILIEHKA OCYILECTBJIIETCS C MOMOILIBIO JOMOJHUTEIBHOTO aJar-

tuBHOro Quubrpa ¢ BK h,, u uckyccrBennoro curmama s(k),
S

(bopmupyemMoro B ycTpoHCTBe LIyMONOJABJIEHHs, KOTJa Iepe-
KIJIF0YaTeNlb PEXKUMOB PabOThI (pHC. 2), HAXOAUTCS B BEPXHEM T10-
noxxernu. [1pu oTom, B 0d1em ciaydae N # N, Tak Kak TOYHOE

3nauenne BK Ny Ha npaxTuke 0ObIYHO HE U3BECTHO.
Brmuncnenue BK h,, ocymectBisiercst mytém pemenns kiac-
S

cuueckoit 3a1aun uaentudukanuu BK ¢puinbrpa BropudHoro aky-
CTHYECKOro IyTH h, ¢ moMolIbko IH000ro anroputya ajJanTis-

HoW ¢mibTpanuu [1, 2] KaKk Moka3aHO Ha PHC. 2, CM. «AJTaNTHB-
HBI anroput™ 2». [ToaTOMy JaHHBIE aNrOpUTMbI B HACTOSIIEH

pabore He paccmarpuBarorcs. 3Hadenust BK h,, 3arem xonmpy-
S
101cs B puibTp, hopmupyrommit curaan x(k) .
Hcnons3oBanue ¢unsrpa ¢ BK h, «Ha BXxone» «Anantus-
N

HOTO alropuTMa 1» 00ycioBiIeHo He00X0IMMOCTBIO (hOPMHUPOBa-
HUSI B BeTBH BbIuucieHns: BK menoukn, s5KBUBaJICHTHOHN KacKaz-

HOMY coezueHnio Gpunbtpos hy (k) u h, . Tak kak kackagHoe
COCIMHEHNE JIMHEWHBIX (DHITBTPOB SIBIISICTCS KOMMYTATUBHBIM, TO
9TH (HIBTPHI MOKHO MEHSTH MECTAMHU.

IMopasienue myma X(Kk) OCYLIECTBISIETCS MOCIE HACHTH -

karmmu BK h x, » KOTJIa TIEPEKITI0YaTeNh PEXKUMOB paboTHI HAaxO-

JIITCSI B HIDKHEM TTOJIOKEHUH. [loiHast BBIYMCIUTENbHAS MIPOLie-
Jlypa MOJIEIH YCTPOMCTBA aKTHBHOTO HIYMOIOaBIeHuUs (puc. 2)
MpHUBEJECHA HIXKE.

TpanuunonHasi cucTeMa AaKTHBHOIO IIyMOIIOJABJICHH S,
LMS-anropurm

Munmmammsamus : Xy (0) =0, 5 x7(0) =0

N/\NC
X(]?S)(O) = ONg 5 XN(O) = ON; YSSS) (O) = ONS; yi)(o) = ONQ,
h,(0)=0,
For k=12,....K

Nane ?

X0y, = X () 5 X (k)|l = x(k)
d(k) =} X7 (k)

X =X Ry X = (k)
y(k) =hy (k=Dx{™ (k)

X (k)

g, =X 00| X8 )= x(6)

R(k) =R}, x{) (k)

SNNIEKTPOHMKA. PAONOTEXHUKA

Xy (k)|2:1v =Xy (k)ll:N—l s Xy (k)|1: )e(k)

If pexum = "oueHKahNS"
(k) = s(k)
End

YR sy =¥ 0015 S )] = y(k)
(k) =y v} (k)
(k) = d (k) + z(k) = 5(k)
hy (k) = hy, (k =1)+px,, (K)ak)
End

Henocratkom yctpoiicTBa (puc. 2) sBIsSeTCS HE TONBKO 3a-
MCIUICHHasA CXOAUMOCTb HUCIIOJIb3YyEMBIX B HeH AIalITUBHBIX
q)HHLTpOB Ha OCHOBC TI'paJUCHTHBLIX aJITOPUTMOB H3-3a YMCHb-
LIEHHOT'0 IIara CX0JAWMOCTH, HO ¥ HEBO3MOXKHOCTH MCIIOJIb30Ba-
HUSI aJJaNITHBHBIX QUIBTPOB Ha OCHOBE Oosiee A pekTnBHBIX RLS-
ITOPUTMOB, Tak Kak B RLS-anropurmax oTCyTCTBYET HIar cXo-
JVMOCTH, DETryJUpYyIOIHMKH ycToiunBoe (yHKIMOHUPOBAHHE
a/lalTUBHOTO (DUIIBTpA.

Pemennem mpobiemMsl siBisieTcss MOAU(UIMPOBaHHAS apXH-
TEKTypa YCTPOWCTBAa aKTUBHOIO IIymMomnoaaBieHus. Wnes stoi
apXUTEKTypHI ObLIA BIIEPBBIC TIpeAiokeHa B [14], a HekoTopoe ee
pa3BUTHE TPUMEHHUTENIFHO K YCTpPOHCTBAM aKTUBHOTO IIIyMOIIO-
JIaBJICHUS] B MOOMJIbHBIX TeniedoHax Obuto nomyueno B [11, 12].
Takasi apXUTEKTypa, Kak JalbHEWIee pa3BUTHE APXUTEKTYPbI

(puc. 2), mpusezena puc. 3. 3aeck ornenka BK h N, OCYUIECTBJIsI-

€TCsl aHAJIOTUYHO PHC. 2, KOT/Ia MEePEKII0UaTeNb PEXHUMOB paboThI
HAXOAUTCS B BEPXHEM IOJIOKEHHHU.

AkycTHdeckan cpesa

s(k)

YCTpoiicT8O akTUBHOO
wymonoaBneHus

x(k)

Mpepexniovarens
PEXUMOB PaBOTHI

(k) ~ 3(k)

x(k) X

Asarern | o K
amvopamu 1 [

Puc. 3. Apxurtektypa MOAUPUIIUPOBAHHOW CHCTEMbI aKTHBHOTO
LIYMOTIO/IaBJICHUS

Korna sToT nepeknrouaTens HaXOIUTCS B HIDKHEM IIOJIOXKeE-

HuH, TO aantuBHbI GuiisTp ¢ BK h,, ocranasimBaercs u GpyHk-
N

LUOHHUPYET KaK 3JEMEHT MOJU(PHUIUPOBAHHON apXUTEKTYphI aK-

TUBHOTO IIIyMoIo/aBieHus. B aTom pexume, orienka Bektopa BK

th TO €CTb BEKTOP hNé , UCTIOJIB3YCTCA 11 BOCIIPOU3BCACHU

—
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curnana d (k) = d(k) B amexTpuueckoit popme Kak
d(k) = a(k) + (k) ,

rre ):/(k) ~ y(k) — 9TO BBIXOTHOMN CUTHAN QMIBTPa C 3aPUKCHPO-

BanHbIMM BK h, B pesxume nrymomnonapieHus.
S
Tak xak ¢uistpsl ¢ BK h, (k) nc BK h v, KOMMYTaTHBHbI,

To curHan (k)= ):/(k) ~ y(k) . DT0 MO3BONSET AJISI BBIYUCIICHHS
BK ycrpoiicTBa 11ymMonogaBieHusT UCHOIb30BaTh a/lallTUBHBIM
GuIbTp ¢ TpeOyeMbIM CUTHAIIOM d (k) = d(k) n BXOJHBIM CHTHa-
noM X(k) xak mist 5TOro GpuIbTpa, MUHUMHU3UPYIOLIETO LIEIEBYIO

(YHKIHIO OT OIIUOKH
G(k) = d (k)= 5(k),

CM. pHc. 3, TaK W 1y aropuT™Ma Berumcienus ero BK, kotopsie
KONHUPYIOTCs B QIIIBTP, popmupytommii curaan y(k) .

B pesynbrate, B MOAM(DUIMPOBAHHON apXUTEKType B Kaue-
CTBE «ANanTHBHOrO anaropurMa l» s pacdera Bekropa BK
h,, (k) moxHo ncnonp3oBate LMS-anropurm ¢ 601bImM marom
CXOJIMMOCTH, OTIpeJeIsieMbIM ToNbKO yncioM BK atoro ¢pumbrpa
N xak (3), a moToMy 00ecTIeYrBaONINM 00JIee OBICTPYIO CXOIH-
MOCTb, UeM B apxutekrype (puc. 2). Kpome Toro, B Moan¢unmpo-
BAaHHOM apXWTEKType TakKe MOTryT ObITh Mcmonb3oBaHbl RLS-
anroputMbl. llomHast BBMHCIAMTENBHAS TIPOLENypa MOJCIH
YCTpOICTBA aKTHBHOTO IIyMOIIOJABICHUS (pHC.3) Ha OCHOBE
LMS-anroput™a mpuBeieHa HIXKE.

MoaundunupoBaHHas cUCTeMa AKTUBHOI'O
mymonoaasiaeHusi, LMS-aaropurm

Munmmammsamus : Xy (0) =0, 5 x7(0) =0

P’ NANC
X7 (0)=0,:x,(0)=0,;y7(0)=0, ;¥ (0)=0, ;
h,(0)=0,
For k=12 .. K

Nane ?

X0 () sy, =Xy XS] G0, = x(h)
d(k)=h}, x{(k)

X0 = XG5 X ()| = (k)
(k) =} (k= DX (k)

X

g, =X 0| X (0= x(6)
3(k) =), x) (k)
xN(k)lz:N =Xy (k)ll:N—l s Xy (k)|1: *(k)

(k) =y, (k=1)x, (k)

If pexum = "ouenkah,"
y(k) = s(k)
End

YR, =¥ 0¥ (O] = (k)
6 =}y (k)

v (k)

N, = y(zs: (k)|1:1vé—1 ; yi) (k)|1: (k)

(k) =h}, ¥ (k)
a(k) = d(k)+z(k) - (k)
d(k) = (k) + 5(k)
a(k) = d (k)= (k)
B, (k) =y, (k= 1)+ px,, (k)ok)
End
Ipu ucnons3oBanuu RLS-anropuT™a Ha OCHOBE JEMMEI 00

06pAIeHUH MATPUIBI B 3Ty BBIYHCIHTEIBHYIO IIPOLEIYPY HE0O-
XOJMMO J106aBHTh ONEPAINI0 HHUIMAIM3ALMH KOPPEIAIMOHHOI
matpumsl R (0) =871, , a ypasuenwue (5) Beraucienus BK 3a-
MEHHUTH Ha yPaBHEHHUS

R} (k=Dx, (k)

gy (k)=

A+xy (DR (k=Dxy (k)

R/ (k) =1 [ R (k=1)—g, ()X}, (R (k-1) |

h, (k) =h, (k=1)+g, (k)a(k),

e 8 >0.167 —5T0 mapameTp HaYATBHOM PEryIApHU3aIIH KOp-

pensuuoHHOW — Matpuipsl, I, — eQuHWYHAsS ~ MaTpHIa,

1-1/N <A <1 — mapameTp SKCTIOHEHIMATBHOTO B3BEITNBAHMS

obpabarsiBaeMbIX curaanoB, g, (k) — Bexrop koadduimeHToB

Kanmana. BMecto aTuX ypaBHEHHI MOTYT TaKXe OBITh HCIOJIB30-
BaHBl YPAaBHEHHsI BBIYUCINTEIBHBIX MIPOLIEAYP APYTUX MaTeMaTu-
YeCcKM IKBUBaJICHTHBIX RLS-anropurMoB, BKitouas ux ObICTpBIE,
T.€. BBIUNCIUTENbHO Y dexTrBHbIC, Bepenn [ 1, 2].

PesynbTaTsl MOJIETMPOBAHHS PACCMOTPEHHBIX YCTPOWCTB akK-
THUBHOTO LTyMOTIIOAABJICHHS, AEMOHCTPHUPYIOIINE UX PadOTOCIIO-
COOHOCTH 1 YPPEKTHBHOCTD, TIPUBEICHBI B CICAYIOMIEM pa3zee.

MopenupoBanue

KoMmbroTepHOE ~ MOZAGIUPOBAHWE  MPOBONMIOCH UL
YCTPOWCTB aKTHBHOTO IIyMOMOJaBieHUs (puc. 2 u puc. 3). s
MOJEINPOBAHHUS aKyCTHYECKHUX (PUIIBTPOB IEPBUYHOTO ¥ BTOPUY-
HOTO aKyCTHYECKHX ITyTeH HCIIOIb30BAICS METOX 3epKaJIbHBIX
otobpaxkenwii [15]. C ero momomsio Beraucisiinck BK punsrpos
h, wu h, . BbraucieHus npoBOAMINCE VISl IPSIMOYIOJIBHOIO

nomenenus pasmMepoM 4x5x3 m>. TlapaMeTpbl BHYTPEHHUX TIO-
BEepXHOCTEH moMenieHns (Kod(pGUIMEHTH TOTJIOMICHNS U KO3 (]-
(dunmeHTsl OTpakeHMs1) oOecHeurBaId BpeMs peBepOepaluu
0.1 c. Ilpu 3aaHHOM PACIONIOKEHUN MUKPO(POHOB U TPOMKOTO-
BOpHTEJIsl ObUIN MOJTy4eHBI IPUMEPbI UMITYJIbCHBIX OTKJIMKOB (BK
¢unbrpos h, u h,, ), npuBenenmbIe Ha puc. 4. Ot GUITBTPHI

npeanojaarajaiiCb MHBapuaHTHbIMU BO BPEMCHHU.

—
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Puc. 5. Pe3yapTaTel MOICIUPOBAHUS: a) — MOTU(PHUIUPOBAHHAS apXUTEKTypa, RLS-anroput™m, curnanst; 6) — Moau(UIMPOBaHHAS apXUTEKTYypa,
RLS-anropurm, CIIM; B) — MmoanduipoBanHas apxurekrypa, LMS-anroput™, 1= 0,01, curnamst; r) — MogudUIupOBaHHAS apXUTEKTYA,

LMS-anroput™, p=0,01, CIIM; 1) — TpaguuuoHHas apxurekrypa, LMS-anropurym, p = 0,004, cHrHaisr; €) — TpaIUIHOHHAS aDXHTEKTYPa,
LMS-anroputym, p =0,004, CIIM
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W3 pucynkoB 2 u 3 cnemyer, 9To 4ncio orcaéroB N + Ng —1
CBEPTKH UMITYJILCHBIX OTKJIMKOB allTHBHOTO (QHIBTPA U (U~
Tpa BTOPUYHOTO aKyCTUYECKOI'O IMyTH JOJDKHO OBITh OJIM3KHM K
3HayeHuo NV, . OmHaKo, KaKk BUIHO M3 pHC. 4, OKOJO TPETH OT-
CUCTOB KaXXI0ro M3 pacCMaTpUBACMBIX HWMITYJIbCHBIX OTKJIMKOB
HUMCIOT «MaJIbIC» 3HAYCHUA, a IOTOMY UX BKJIaJOM B (bOpMI/IpOBa-
HHE KOMIIEHCUPYIOIIETo curHana (k) MoxHO npenedpeus [16],
TaK Kak 5TOT BKJIaJl CPABHUM YPOBHEM IIIyMa OKPY KaIONIeH cpeIbl
z(k) , uto Taxxke ObLIO MoATBEPKAEHO B [13].

Pe3ynbraTsl MOJETUPOBAHUS B PaCCMAaTPUBAEMBIX YCIOBHAX
noKasaiy, 9ro eciu ynueiao BK N u N orpaHu4uTh NIpUMEpHO

no 3Hauerni 200 u 200, To 3¢hheKTHBHOCTH YCTPOICTB aKTHBHOTO
ITyMONIOAABJICHHUA TMPAKTUYCCKHM HE OTIMYACTCA OT Ccliy4das

N=Ng=N,=256, xorna N+Ng—1=511~N, . Dro nosso-

JIA€T YMEHBIIUTh BBIYMCIIUTENBHYIO CIOXKHOCTH HCIIOJIb3YEMBIX
ITOPUTMOB QJIANITUBHOM (QUILTPALUH, TaK KAK YUCIO UX apud-
METHYECKHX OIEPALHil MPOMOPLUOHAIBHO 3HaYeHISIM N 1 N .

[ostomy 3nauennst N =N, =200, Ny =256 u N, =512 Gbum

UCIIONIb30BaHBl TP MOJICTUPOBAHHUN
YCTPONCTB aKTHBHOT'O IyMOIIOIABIICHUSI.

Ha pucynke 5 npuBeeHbI HEKOTOPBIE PE3yIbTATHI TAKOTO MO-
JICTUPOBAHMS /TSI PA3HBIX aJaNTHBHBIX AJITOPUTMOB U MX Iapa-
MeTpOB. B 1eBoif 9acTi prCyHKOB MOKa3aHbI TpauK 00padaThI-
BAECMBIX CHT'HAJIOB, 4 B IIPABOH — rpa)KH UX CHEKTPAJILHBIX ILJIOT-
Hocteit momrHOCcTH (CIIM) B mosoce 9acToT, onpeaesieMoi mo-
JOBMHOM  4YacTOTBl  JUCKPETH3alM¥  3TUX  CHUTHAJIOB
Fy /2=4 kI

paccMaTpUBaeMbIX

HIym x(k), npuHEMaeMblil OMOPHBIM MHKPO(GOHOM, Mpel-
CTaBJIUT COOOI0 MOIMTapMOHUYECKUI CHTHA, POPMHUPYEMBIH TTy-
TEM CJIOKEHUS Psi/Ia HE3aBUCHMBIX CUHYCOUIAILHBIX KOJIEOaHuiA,
PACIIONIOKEHHBIX B HU3KOYAaCTOTHOW YAaCTH MOJOCHI YacTOT, CM.
npaBylo 4acTb puc. 5. Ha pucynke 5, mrym Ha BbIXOJ€ NEepBUY-
HOTO aKyCTHYECKOTO MyTH — 9T0 curHai d(k) B Touke pacroio-

KEHHS MUKpO(]oOHa OIHOKH, T.€. CHTHAJI, KOTOPBI TpedyeTcs mo-
JaBuTh. [1oaBIeHHBIA myM — 3T0 curHai ommokun o(k) , a mym

OKpy Karomei cpeapl — 310 curnan z(k) . B MomenupoBaHuu OT-
HOMICHUC CUTHAJI-IIYM, T.C. OTHOILICHUE MOHIHOCTeﬁ CHUI'HAJIOB
d(k) m z(k), 6p10 ycranosieHo pasubiM 30 1b — ero Tummy-

HOMY 3HAUEHHUIO B TOMEIICHHUSX.

W3 pucyHka 5 cienyer, 4To HawTydlire oKa3areilyd B TepMUHAX
JUTTEIEHOCTH TIEPEXOJIHOTO MPOLecca U 3HAUSHHs] YPOBHSI CUTHaJIa
oumoOku o(k) (He 10 KOHIIA TIOJABICHHOTO IIyMa) IEMOHCTPHPYET

Mo(UIHPOBAHHAS APXUTEKTYpa C aIalITHBHBIM (PHIIETPOM Ha Oaze
RLS-anroput™a. 3a Heii cieayeT MoauUINPOBAHHAS ApXUTEKTypa
¢ aganTuBHBIM (DUIbTpoM Ha Oaze LMS-anropurMa mpu 1mare cxo-
qumoctt (L= 0,01. TpanuimoHnHas e apXUTEKTypa JEeMOHCTPH-

pyeT Hauxy/Ire MoKa3aTeld U TO JIMIIb ITPU MEHbIIEeM B 2,5 pasa
mare cxomumoct LMS-anropurma, paom p = 0,004, Tak kax

mrar cxoaumoctu W= 0,01 st 3TOI apXUTEKTYpBI SBISIETCSI CIINIL-

KOM OOJIBIIINM, YTO TIPY TAKOM IIIare IPUBOJIUT K HEYCTOWYHBOM pa-
00Te — BO30YKICHHIO aJalITUBHOTO (PHIIETPA.

Cxa3aHHOE TaKkKe HNOATBEPXKIAeTcs B TEPMHHAX OLEHKU KO-
s dunreHTa MoAaBICHUS IIyMa, KOTOPBI B JaHHBIX YCIOBHSX
MOJICIUPOBAHUS JUI MOAU(DHUIIMPOBAHHON apXHUTEKTYphI Ha Oase

RLS-anroput™ma orieHHBaeTCs KaKk

2
o
K, =10log,,—-=51 nb,
GOL
JUTs. MOM(HUIIMPOBAHHOM apXUTEKTyphl Ha 6aze LMS-anropurma
OLICHUBAETCS KaK

2
K, =10log,, 2% =43 B,
(¢}

o

a JUIsl TPaJUIUOHHOM apXUTeKTypbl Ha 0aze LMS-anropurma —
KaK

2

K, =10log,, 2L =39 1B,
Ga

2 2
rjie G, U G, —3TO0, COOTBETCTBEHHO, JUCIIEPCUU CUTHAIIOB d (k)

~ 2 2
u a(k) . SHCCB OLCHKHM JUCHCPCUN G, U O, IMOJYYCHBI II0 3HA-

YEHUSM OTCYETOB ITUX CUTHAJIOB I10CJIE OKOHYAHMSI IEPEXOIHBIX
MPOLIECCOB B aJIAlITUBHBIX (HIIbTPaX.

BriBoabl

Takum 00pa3oM, B TaHHOW CTaThe PaCCMOTPEHBI YCTPOWCTBA
AKTHBHOTO IIYMOIIOJABJICHUS C TPAJUIIMOHHON W MOAN(DHUINPO-
BaHHOM apXUTEKTypaMH Ha 0a3e aJanTHBHBIX GUILTPOB ¢ LMS-
n RLS-anroputmamu. HammydmmiMuy GyHKIIMOHAIBHBIMHI TIOKa3a-
TEJISIMH B TEPMUHAX JUINTEIBHOCTH MIEPEXOTHOTO MPOIIEcca U KO-
a¢uIIeHTa MOAaBICHNS IIIyMa XapaKTepu3yeTcss MOIUPHIINPO-
BaHHAs APXUTEKTypa, ucnosbsyomas RLS-anroputym, a Hanxy -
MUMH — TPATUIMOHHAs apXUTEKTypa, ucmoib3yromas LMS-
anroput™. [IpencraBieHHbIe B CTaThe Pe3yNbTaThl MOTYT OBITh
UCIIONIb30BaHbI IPU MPOEKTHPOBAHUN YCTPOWCTB aKTUBHOIO IIIy-
MOTIO/IABJICHUSI PA3JIMYHOTO Ha3HAUCHMS: JJIsl KOMIICHCALIUH aKy-
CTMYECKUX IIYMOB MEJIWIIMHCKOTO 00OpYAOBaHUs, JBUTATEIEH
AaBTOMOOWIICH U JIeTaTeNbHBIX allapaToB, CHIIOBBIX TpaHchopma-
TOPOB, METAJUIO- U JIepeBOOOPaOATHIBAIOIINX CTAHKOB U B PsJe
JIPYTHX TPWIOKEHUH M yCTPOMCTB, HAallpUMep, B HAyIIHWKaX W
Jake B MOOWIIBHBIX Tenedonax [11, 12].

Paboma nposedena 6 pamxax uinoaHenus 20cyOapCmeeHHo20
sadanusi HUL] « Kypuamosckuil uncmumymn.
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ACTIVE NOISE CONTROL: ARCHITECTURES, ALGORITHMS AND ITS PARAMETERS

Victor I. Djigan, National Research Center "Kurchatov Institute", Moscow, Russia, dzhigan_vi@nrcki.ru

Abstract

This paper notes the widespread usage of the digital signal processing in equipment of modern communication systems, industrial elec-
tronic, and in medical and consumer devices. One of the areas of such processing is the active noise control (cancellation). It is used to
cancel the acoustic noise in air by generating and radiation of similar noise with the opposite phase at a space point, where the noise
cancellation is required. Today, there are three types of active noise cancellation devices: without feedback, with feedback, and with
both feedbacks simultaneously. The paper considers an active noise cancellation device without feedback, as the simplest one which is
designed to the cancellation of both the narrowband and broadband noises. The operation principles of such a device with traditional
and modified architecture are described. It is shown that in the traditional architecture, only adaptive filters with simple adaptive algo-
rithms of gradient descent based on the least square criterion can be used with a small convergence step-size, which guarantees a sta-
ble operation, but provides a slow convergence of the adaptive filter. In addition, such an architecture cannot use the adaptive filters
with efficient recursive least square criterion adaptive algorithms. On the contrary, in the modified architecture the gradient descent
algorithms can use an increased convergence step. This ensures a stable operation of the adaptive filters and their increased conver-
gence. Also, in this architecture it is possible to use the recursive least squares adaptive algorithms. The simulation results confirm the
operability of the considered devices of the active noise control and demonstrate the comparative efficiency of their operation. The
best performance is demonstrated by the modified architecture with the adaptive filter based on the recursive least square algorithm,
which provides the shortest transient response compared to the traditional and modified architectures with adaptive filters based on
the gradient descent algorithms, and also provides a noise suppression of 5| dB under the considered simulation conditions, while in
the architectures with adaptive filters based on the gradient descent algorithm this suppression reaches only 39 ... 43 dB.

Keywords: active noise control, traditional architecture, modified architecture, LMS algorithm, RLS-algorithm, acoustic impulse response
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2. Cankm-Tlemepbype, Poccus, khya.khk@sut.ru

®DokuH Mpuropmii Anekceesny, Knioueebie cnoea: 4G, TOA, OTDoA,
Cri6ryT um. npogp. M. A. boru-bpyesuva, NO3UYUOHUPOBAHUE, MOYHOCMb NEPEUYHBIX
2. Cankm-Tlemepbype, Poccus, fokin.ga@sut.ru usmepenuii, NLOS, HTKP, PRS, FPE

Ha cerogHAwHuii AeHb noaaBnsAiollee paAMOMNOKpbITUE B Meranonucax
obGecneuuBaerca certaMu yerBepToro nokoneHumn 4G LTE B ycnosuax
OTCYTCTBUA NPAMOMA BMAUMOCTH, NO3TOMY, HECMOTPA Ha pa3BUTHE CeTel CBA3MN
natoro nokoneuua 5G NR, akryanbHoi u BocTtpeGoBaHHOM ocTaeTca 3ajava
KOMMNEKCHOTO MCCNefoBaHUA TOYHOCTM MNO3ULMOHUPOBAHUA YCTPOMCTB
uMeHHo B cetax LTE. [laHHOMy BOMpocCy NOCBALLEHO AOCTaTOYHOE YUCIO
MccnefoOBaHM  BeAylWMX 3apy6GeHbIX Hay4HbIX LUKON, OAHaKo B
OTeYeCTBEHHOM cermMeHTe paboT, pacKpbIBalOLMX KOMIMJIEKCHBIW y4eT Bcex
aKTOpOB, HACKONIbKO W3BECTHO aBTOpaM, [0 CUMX NOp Ony6nuMKoBaHO He
6b110. Llenbto HacTosALero nccnefoBaHua asnsaerca paspaborka MeTogonorum
YCTaHOBJIEHMA NpeAeNoB TOYHOCTU MO3ULUOHUPOBAHUA YCTPOWCTB B CETAX
LTE, yuuTbiBaioLLie# BAMAHME MHOTOJy4€BOCTH, MOMEX U OFPaHM4EHUIN NOJIOChI
NpoONycKaHWA Ha TUMWUYHOW FeKCaroHasIbHOW COTOBOW CTPyKType chparMeHTa
ceTM pajvopocTyna corfnacHo pekoMeHpauuaMm otvyera 3GPP TR 36.942.
MpoBeaeHHbIN aHanNU3 BKNIOYaeT MOAENIMPOBaHUE TUMMUYHBIX MHOFONY4eBbIX
kaHanoe (EPA, EVA, ETU), onuceiBalowmux paboTy B yCnoBMAX OTCYTCTBUA
npAMOA BMAMMOCTH, peanusauuio MetofoB oueHku TOA, Takux Kak
ornbarowas oWMGKM MHOTONy4eBOro KaHana, OLeHKa Mo MepBOMYy MUKY,
cpepaHAn oueHKa To4yHocTu TOA Ha ocHoBe npodunsa 3afepiKeK MOLLHOCTU U
Ha OCHOBe [MCTOIrpaMMbl OLIMGOK BPEMEHHOM 3aepXKKM MeToAoM
MaKCMManbHOro NpaeAonoAo6usA, a TaKKe YCTaHOBNEHME HUXXHEW rpaHMLbI
Kpamepa-Pao kak nepsuyHbix usmepenuit TOA, Tak U OLIEHOK KOOpAMHAT B
pesynbrate BTOpUYHOW o6pabotkn TOA Metopsom OTDoA. MonyyeHHble
pe3ynbTatbl MOTyT GbITh MCMONbL30BaHbI NPU KOHbUrypaLum cyLLecTBYIOLMUX, a
TaKXKe nocTpoeHuM nepcnekTuBHbix ceten LTE u coortBeTcTBylowmx
anropuTMOB NO3ULMOHMPOBAHUA ANA MOBbLILEHUA TOYHOCTU reoNiokauuu B
yCNoBUAX peanbHOW 3Kcniyatauuun. PaspabGortaHHas MeToponorusa Takxke
MOXeT ObITb MCMONb30BaHa B CETAX creAylomx nokoneHuin 5G/6G.
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BBenenne

HecMoTpst Ha pa3BuTHE ceTeil CBs3HM msATOro mokoieHus 5G
NR, Ha ceroHANTHUHN JeHh HAUOOJIbIIIEe PAJUOTIOKPBITHE B METa-
nommcax obecneunBaercs cetsiMu 4G LTE, mostomy 3amaga KoM-
TUIEKCHOTO ~ WCCJICZIOBAaHMSI ~ TOYHOCTH  [TO3MLIUOHHPOBAHMS
ycTpoicTB B ceTsix LTE B ycinoBusiX oTCyTCTBUS NPSIMOM BUAUMO-
CTH TPEJCTABJISICTCS aKTyallbHOU U BocTpeboBanHoM [1-3]. Bos-
MOKHOCTH TOYHOTO MO3UI[MOHUPOBAHUS yCTPOMCTB HAXO/AT IIIH-
pOKOE NPUMEHEHHE B PA3IMYHBIX 00JIACTSX: OT CIYXKO IKCTpeH-
HOTO pearupoBaHMsl, NHTEIUICKTYaJbHBIX TPAHCIIOPTHBIX CHCTEM
¥ HaBHUTAINH B MTOMEIICHUSIX — JI0 MpriioxkeHni MHTepHeTa Be-
meit [oT (Internet of Things) u cereit 5G, rue HeoOXoaUMAa TOJ-
JIepKKa reoJIoKaly 1axe npu orcyrcrBuu curnana GPS [4-6].

TouHOE MO3ULIMOHUPOBAHUE I10JI30BATEILCKOIO YCTPOMCTB
UE (User Equipment) B cetsix LTE npencraBnseT co6oii BayKHYIO
3a/maqy, 0COOGHHO B YCJIOBHSX OTCYTCTBHSA NPSMON BHIUMOCTH
NLOS (Non Light Of Sight), riae MHOrOJIyu4eBOE pacnpocTpaHe-
HHE CUTHAJIa CYIECTBEHHO YCIOXKHSET OIIEHKY TOYHOCTH TIePBHY-
HBIX HM3MepeHuil BpemeHu npuxona curhana TOA (Time of
Arrival) u, kak cinenctsue, onpenenenue koopaunat UE [7]. Pas-
Butue Texnonorud LTE u 5G, Bkirovast MeTObI MO3UIIMOHUPO-
BaHMs, TaKHe Kak MeTo]| HaOIojaeMoil pa3HOCTH BPEMEHH NPH-
xona curHanoB OTDoA (Observed Time Difference of Arrival),
TpeOyeT KOMIUIEKCHOTO aHaJIn3a BIMSHHS MHOTOJyYEBOCTH,
IIyMa U MEKCOTOBBIX TIOMEX HA TOYHOCTH IIEPBUYHBIX H3MEPEHUHA
TOA 1 UTOTOBYIO TOYHOCTH OIICHOK KOOpAHHAT [8-9].

Hacrosimas pabota mocBsieHa KOMIUIEKCHOMY HCCIICIOBa-
HUIO TOYHOCTU NO3ULMOHUpoBaHus B ceTsax LTE B ycnoBusx
NLOS merogamMu MareMaTHYeCKOTO U MMUTAIIMOHHOTO MOJICIH-
poBanus [10-12]. OcHOBHOE BHHMaHHE YIEIEHO MOJCISIM
OLIEHKH TOYHOCTH NIepBUYHBIX U3MepeHuit TOA 1o oropHbIM CHT-
Hanam nosurimonuposanust PRS (Positioning Reference Signal) n
cnenuanbHeix  omopHeix curHamoB coT CRS  (Cell-Specific
Reference Signal), a Taxoke ananu3y HkHed rpanunbsl Kpamepa-
Pao (HT'KP, CRLB — Cramer-Rao Low Bound) s ouenku tou-
Hoct TOA TpH HaJIMYUM aJUTUBHOTO OEJIOr0 TayCCOBCKOTIO
myma (ABI'II, AWGN — Additive White Gaussian Noise). Ana-
JIM3 IPOBONTCS JUTS MOJIENICH KaHalla ¢ y9eTOM MHOTOJTY4E€BOCTH
W BKJIIOYAeT MapaMeTphl 3a7ep’KeK M MpOoHICH MOIIHOCTH, a
TaKXKe PA3INIHbIC METOZBI OICHKH TOYHOCTH MEPBUYHBIX HU3Me-
penmit TOA.

[enbio mccieqoBaHUS SABISIETCA pa3pabOTKa METOMOJIOTHH
JUIA YCTAHOBJICHHS TIPEIEIOB TOYHOCTH TMEPBUYHBIX U3MEpPEHHH
BpeMeHH mpuxoaa curaaioB TOA 1 OIIEHOK KOOPAWHAT B Pe3yiIhb-
tate BropudHoit 00padboTku TOA B cetsix LTE B ycnoBusx Muo-
TOJIy4eBOCTH, [TOMEX M OrPaHUYEHHH IOJIOCHI MPOITyCKaHUs Ha
TUIIMYHOW I'CKCArOHAJIBbHOM COTOBOM CTPYKType (hparMeHTa ceTH
pazMoa0CTyIIa COrIacHO PEKOMEHAALMSIM B TEXHUUECKOM OTYETE
3GPP TR 36.942 [13]. Pe3ynbTaThl BKIIOYAIOT KOJIUYECTBEHHYIO
OLICHKY OIIMOOK MO3UIIMOHWPOBAHUS C HCIIOJIb30BAHMEM THUITHY-
HBIX MOJIeJIel KaHala M aHaJdN3 WX 3aBUCHMOCTH OT MapaMeTpPOB
CUCTEMBL.

Matepuan mcciIeJOBaHHS OPTraHW30BaH Jaiee CICAYIOIINM
oOpaszom. B pazzmene 1 mpencraBieH aHaIH3 MOJENEH U METOZOB
OIIEHKH BpeMeHH npuxoja curHana TOA B yCIOBHSX MHOTOTyYe-
BOTO PacIpOCTPaHEHHs, BKIIFOYast OCHOBHBIC TIPUHITHITEI TTO3UIIH-
oHupoBanus B ceTsax LTE, cTpykrypy onopHsix curtainoB PRS n
CRS, ucnonbzyemsbix ist oieHkr TOA, a TakKe BBIBOJIBI HUKHEH
rpanuipl Kpamepa-Pao mist pa3nuyHbIX TUIOB OMOPHBIX CHUTHA-
goB mpu Hammuuu ABI'TI.  Taxke paccmarpuBaroTcs

CTaHAApTHBIC MOJIENN KaHalla MHOTOJTy4eBOCTH. B paznene 2 onu-
CaHbI MOJICTIM M METOJIbI OIEHKH TOYHOCTH NEPBUYHBIX H3MEpe-
Huii TOA B ycIOBHAX OTCYTCTBHUS MPSIMO BHIUMOCTH. B dacT-
HOCTH, aHAJIM3UPYETCs MOBEACHUE OrNOAIOIIEH CUTHAa B MHOTO-
ny4yeBoMm kananie MPEE (Multipath Error Envelope), oniennBaercst
cpemHee Bpems mpuxona curaana TOA Ha ocHOBe mpoduist 3a-
nepxkek morrHoctn PDP (Power Delay Profile) u na ocHose ru-
CTOrpaMMBbl OLIMOOK BPEMEHHOM 3a/IepKKH METOZ0M MaKCHMallb-
Horo npasaonogoduss MLE (Maximum Likelihood Estimation).

OTtaenbHOE BHUMaHUE yielaeHo MeToy orieHku TOA 1o nep-
Bomy muky FPE (First Peak Estimation), kak Oonee Hané&xHOMY
TIO/IXO/Ty B YCIIOBHSX OTCYTCTBHS IPSIMOI BUAMMOCTH. B pasnene 3
HCCIeayIoTCs MeToIbl onleHKH KoopauHat UE B peasbHBIX ycito-
BrsAx dkcrutyatanuu NLOS ¢ yuérom nomex. PaccmarpuBarores
CIICHApUH BBIYHMCICHUS] OTHOLICHHS CUTHAJ/(IIlyM + Tomexa) Ha
TUITUYHON TE€KCAaroHaJbHOM COTOBOI CTPYKType (pparMenTa ceTu
panuonoctyna LTE, aHanusupyercss BIMSHHE MEXKCOTOBBIX IIO-
MEX M MOJIEJIN KaHaJla Ha TOYHOCTh MO3UIIHOHUPOBAHNUS METOIOM
OTDoA. IlpencraBiensl pe3ysbTaThl MOJCIMPOBAHHS OLIMOOK
OLICHKHM KOOPJUHAT ¥ IPHUBEJCHO CPABHEHUE C HUIKHEH TPaHMIIbI
Kpamepa-Pao. B 3axiouennn GopMyIupyroTCst BEIBOIBL, @ TAKKE
HarpaBJeHUs JajJbHEHIINX HCCIeOBaHUH B OOJIACTH IMOBBIIIE-
HUSI TOYHOCTH CETEBOTrO MO3UIMOHHPOBaHUS Ha ocHoBe OFDM
curnanos cereif 4G LTE u 5G NR.

1 AHaau3 Mojesiell 1 METOI0B OLIEHKHM BpeMeHH IPUX0Ja
CUT'HAJIA B YCJOBHUSIX OTCYTCTBHUS NPSAMONA BUIUMOCTH

1.1 IHocmanoeka 3aoauu

Ilepenaua naHHbBIX IO HUCXOAAIIEMY KaHay B ctanaapre LTE
OCYIIIECTBIISICTCSI Ha OCHOBE TEXHOJIOTHH OPTOTOHANBHOTO dYa-
crotHoro myibtuiuiekcupoBanust OFDM (Orthogonal Frequency
Division Multiplexing) [5, 14]. [Ipu ucronbp3oBaHUN CXEMBI TyI-
JIGKCUPOBaHUSI C YaCTOTHBIM pasjelieHneM kaHaioB FDD
(Frequency Division Duplexing) 1 00bIYHOTO IIMKIMYECKOTO TIpe-
¢uxca CP (Cyclic Prefix) ¢pusznueckuii ypoBeHb HUCXOJISILETO Ka-
Hana cragaapta LTE oprann3oBan B BHE KaJpOB IIMTEIBHO-
cteio 10 mc [14, 15]. Kaxnaprit kaap MoxkeT OBITH pa3neneH Ha 10
cyOKanpoB THTENEHOCTHIO | Mc Mtk 20 CIIOTOB UTHTEIEHOCTHIO
0,5 mc [14]. Ha pucynke 1 mpeacraBieHa 4acTOTHO-BpEMEHHAS
ctpykrypa curHasnia LTE nist omHoro cnota, cocrosimiast u3 Nrg
pecypcubix 010Kk0B (PB).

Opun Pb Brimowaer Ng = 12 mogmecymux U Ngym, = 7
cumBonioB [15]. Munmekc momHecymie k W WHOEGKC CHUMBONA I
OMpeNeNsIIoT pecypcHblii anmement (PD). PaccrosHue mexmy
noJiHecyIuMu cocraniisieT Af=15 kI['11, 4TO MPUBOUT K JUTUTEIb-
Hoctb OFDM cumBona Tgymp =66,67 Mxc [14-18]. IIpy OFDM
Monmymsuu w3 oOmero umcma N, momHecymuX N,=Ngp-Nic
HCIIOJIB3YIOTCA JUls IIepeladyd CHUMBOJIOB [JaHHBIX, a NN,
3aIOJIHSOTCS HYJISIMHU, 9TO0BI COPMHUPOBATH 3aLIUTHYIO MOJIOCY
[17]. 3atem mcmomb3yeTcst omepaTop OOpPaTHOTO TUCKPETHOTO
npeobpasoBanusi dypee IDFT (Inverse Discrete Fourier
Transform) jyist mosry4eHus JUCKPETHOI'O CUTHAJIA BO BPEMEHHOU
obmacru [16].

3areM B 3TOM CHTHaJIE K KaXKJI0My CUMBOJY nobasmsercs CP
B HadaJe KaxJoro cuMBoja. Haxonen, mudpo-anamorosoe
npeobpazoBanne (LIAIl) u Momymamus HECyIIeH BBITOIHIIOTCS
Uit (GOPMHUPOBAHHS TIEPETaBAEMOr0 PAIMOYaCTOTHOTO CHTHAJa
[17].
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k=N,.-1

Tommecynue

YeTHbIE CIIOTBI HeuerHble coTh

Puc. 1. Ilpumep oroOpaxenus curnanos PRS
u CRS (nopmanbnsiii CP) B cyOkanpe crannapte LTE

Cranmapt LTE ompenenser KOMIUIEKC OMOPHBIX CHTHAJIOB
HUCXOAAILIETO KaHajga C pPasAuYHbBIMH  BPEMEHHBIMH U
4acTOTHbIMU Iabyonamu [14-18], kak mnokazaHo Ha pwuc. 1.
OmHuM w3 MeronoB mo3unuoHupoBanus B LTE sBmsgercs
yIIydIIeHHas HIeHTUUKAIHS 110 IPHHAAIeKHOCTH K cote E-CID
(Enhanced Cell-ID) [19, 20]. DT0o MeTOoa, OCHOBAaHHBIA Ha
ucnonb3zoBanun UE  u  cetw, KOTOpBII  HCHONB3yeT
WAEHTH(UKATOPBl  COTHI, PaJAMOYACTOTHBIE HW3MEPEHUSl U3
HecKonbkux cot, Bpemst TOA n yron npuxona AOA (Angle of
Arrival). CnennanbHblid omopHbIi curHan cotbl CRS o0braHO
HCHOJb3YyEeTCs Ul mo3uuuoHupoBanus MetogoM E-CID [17].

Meton OTDoA octaercsi OMHAM 13 HanOOIIee TMePCIeKTHBHBIX
JUTSL TOYHOTO ompenerneHus koopauHat B cetax LTE [8, 21]. B 9-m
penmze LTE, BBeieHbI OMOPHBIE CUTHAIBI MO3UIIMOHUpOBaHus PRS
JUISL TIOBBIIICHUSI TOYHOCTH HM3MCEPCHHH HAOJIFOMacMON pPa3HOCTH
Bpemenn mpuxona curHasioB OTDoA [15]. JlaHHble CHTHAIBI
YepenyroTcsl B CyOKaIpax TakkMM 00pa3oM, YTOObI CHU3HTH MOMEXH
1 00ecreunTh BBICOKOE KAaueCTBO IpHeMa CHI'Hajla U BEPOSITHOCTD
ero obHapyxenust. Curnainsl PRS pacnpenensitorcst o BpeMeHu u
YaCTOTE B TEUEHUE TaK HA3bIBAEMOI'O CEaHCa MO3UIOHUPOBAHNUS: B
oro Bpems eNB mepemaer mocienoBatensHble  CyOKanpbl
MO3UIMOHUPOBAHUSI C ONPEICNIEHHOM ePUOANYHOCTEIO [17].

Korma B cyOkanpe mpucyrcTBytoT curHainsl PRS, mepenatorcs
TOJIBKO YNPABISIIONINE CUTHAIBI; JAHHBIE B ITOM CyOKaape He
TIEPEAAIOTCS, YTO 3HAUMTEILHO CHIDKACT MTOMEXH OT COCEJHUX COT.
CroxHocTh KoHpuTyparmu curaana PRS cranoBurcs erme Brie,
KOT/Ia ceTh OTKIFouaeT nepenadn PRS or ompeneneHHBIX 6a30BBIX
CTaHIMH, 9TOOBI erie OOIbIIE CHU3UTH MEXCOTOBBIE omexu. Koraa
curHaiel PRS  HemocTymHBI, Ul OLGHKHM PA3HOCTH BpPEMEHH
npuxona curaioB OTDoA MokHO ucnosb3oBath curHanbl CRS
[17]. Tlockombky i TepBHYHBIX H3MepeHuil yctpoiictBo UE
HCTIOJIb3YEeT ONOpHBI curHan PRS, nsmepsieMslit mapameTp B MeTo/I€
OTDoA Ha3bIBaeTCsl pasHUIEH BPEMEHH IPHUXOJa OMOPHBIX
curHaioB RSTD (Reference Signal Time Difference) B Tepmunax
3GPP LTE [17].

1.2 Mooenu cuznanoe PRS u CRS cmanoapma LTE

Omnopusie curaansl PRS n CRS otoOpaxkaroTcs B pa3inuHbIX
JIEMEHTaX  PECypCHOMl  CeTKH; OHM  XapaKTepU3YIOTCS

SNNIEKTPOHMKA. PAONOTEXHUKA

OJIMHAKOBBIMHM KOJOBBIMH IOCJIEJOBATEIILHOCTSIMH, KOTOpBIE
SIBIISTFOTCS] YHUKAJIBHBIMH JUISl KQXI0T0 cioTa, cumBoina OFDM,
ID cotsl u xor(uUrypanuu CP. [TociemoBaTenbHOCTE OMOPHOTO
curana r (m) onpesensieTcs cieayromumMu Aanabivu [18]:

r; (m) = %(1—20(2m))+]%(1_2c(2m))’
m=0,1,., 2N —1

rae / — Homep OFDM-cuMmBona B mpemenax cioTa, Ny
Pb, m ¢[] -
MICEeBIOCITyYalHBIX YKcel JUIMHBI-3 1 mocnenoBatenbHocTH ['onja.

OmnopHble cHTHAIBI OToOpaxarorcs Ha PB s momydenus
nepeiaBacMoil  MOCIICIOBATEIbHOCTh  CUTHAJIOB R,(k) B

MaKCHMaJIbHOC  KOJHMYCCTBO TEeHEpaTop

4aCTOTHO-BPEMEHHOU 00JIacTH Ha k mogHecymuX [ 18]:

/(k):

1;(m), ecin m oroGpakaercs Ha k

0, B OCTaNbHBIX CIy4as

Bo BpemenHoit obnactu n-if orcuer B /-M cumBosne OFDM
MO>KHO BBIpa3uTh Kak [17, 18]:

1 N-1

5(n) == S R (K)e

=0

( 2mhkn

T ],ne[—G,N—l]

rae N — pasmepHocTs BII® u G — qnuna CP.

1.3 Huscnan epanuya Kpamepa-Pao ona oyenku mounocmu
nepeuunvix usmepenuii TOA npu nanuyuu ABI'IIT

HI'KP omnpenensieT HUKHIOKO TPaHUILy JUIsl JUCIIEPCUU OLICHKU
HEU3BCCTHOTO MMapaMeTpa, BeIpaxas e uepe3 HHQOPMAIOHHYIO
Matpuiy @umiepa FIM (Fisher Information Matrix), u sBnsiercs
M3BECTHOH METPUKOW YCTaHOBJICHHUS MaKCUMAIIFHO TOCTIKAMOU
TOYHOCTH HECMEIIEHHOTO AITOPUTMA OIEHKH, paboTaroIIero B
VCIIOBHSIX ~ paJiMOKaHala, XapaKTepPH3yeMOr'o  OTHOIICHHUEM
curHai/myMm SNR (Signal-to-Noise Ratio) [21]. H[KP omenkn
3apepxku Bpemenn TDE (Time Delay Estimation) mo omopHbM
curHanam LTE B mpenenax omxoro cybOkamgpa (puc. 1) moxer
OBITh BBIUMCIICHA U3 OOIIET0 ONpeIeIeHus, NpuBeASHHOTO B [17]:

2

« c
var(1)> CRLB(1) = ey -
SFEDIDIN |S,(k)|
=0 k=—N,/2
rae S,(k) — curHai, BbIIENCHHBIM Ha k- mopHecymeil /-ro

OFDM-cumBorna.
Ha pucynke 2 nokazansl HI'KP orenxu 3amepxku BpeMeHH

TDE, a HMEHHO o6 ,,=/CRLB(%) , BIUHCIEHHbIE cornacHo (1) ¢
UCIIOJIb30BAHMEM PA3IMYHBIX OMOPHBIX CUTHAJIOB, ONIPECIEHHBIX
B 3GPP LTE 36.211 [22], u oxgHO# mpuEMHOI aHTEHHEI. 31eCh

E = E{‘S, (k)‘z} SIBJIICTCS [IOCTOSIHHOM BEJIMYUHOM JUIsl [IEPBUYHBIX

curHanoB PSS (Primary Synchronization Signal) u BTOpUUYHBIX
curHaioB cuHxponuzauuu SSS (Secondary Synchronization
Signal), CRS u PRS. JleBas ocb koopAMHAT MMeEET KAy B
CeKyHJax [c], a mpaBasi 0Ch MacmITAOUpOBaHA B CAMHHUIAX TPEX
METpoB [3'M] B TepMHHAaX MCEBAOJAIBHOCTH, IpEANoNaras
CKOPOCTb PACIIPOCTPAHEHUS PATHOBOIH ¢ =3-10"4u/c.

—
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— PRganECRR RS |
—— s

Puc. 2. HI'KP B cexynaax u B 3m 1iis onienku TOA ¢ ucnonb3oBaHueM
Pa3IMYHBIX OMOPHBIX CUTHAJIOB B OJIHOM CyOKaape
(a — mpu Nre=60; 6 — mpu Nr=100)

Cy6xkanp B | mc comepxur 14 mocnemoBarensHbix OFDM-
CHUMBOJIOB B ciydae HopMmaisHOro CP. UeThipe THIla OMOPHBIX
curnanoB, Bkmogas PSS, SSS, CRS u PRS, pa3memarorcs B
COOTBETCTBYIOIIUX PECYPCHBIX AIIEMEeHTax [22].

Ha rpaduxax HWKHAS TpaHWLA, T.6. BEPXHUH TNpemem
TouHocTH m3MepeHnit TOA, mocturaercs mpu OJHOBPEMEHHOM
WCIIOJIb30BaHNH BceX onmopHbIX curHanoB PSS+SSS+CRS+PRS.

U3 Bcex poctynHbiX omopHbix curHanoB B LTE omophbie
curHanel mozunuoHupoBanusi PRS, kak u  oxupmanocs,
o0ecrieunBaeT HaWBBICIIYI0O TOYHOCTH 10 Metpuke CRLB,
MTOCKOJIBKY OHU cojiepkat Oombiee yrcao OFDM cumBoioB 1o
CpaBHEHUIO, HarpuMmep, ¢ cumBoiamu CRS (puc. 1).

HcnonszoBanne PRS Bmecro CRS mnpu ¢uxcupoBanHoi
BemunHe CRLB B memom gaet BRIMTPHIII TpuMepHO Ha 3 1b.
Ecmn xe BMecre ¢ PRS wmcmomp3yrores curramsl CRS, mpu
(ukcupoBanHoii BenmunHe CRLB MOXXHO TONYyYUTH €mie OKOJI0
onHoro germbena Borpeina. HI'KP wsmepenuit TOA s
onroro OFDM-cumBoJia MOXHO 3amucath [21]:

1
8mAf*-SNR- Y p; -k

keN,

CRLB(7)= 2)

e SNR — OTHOIIIEHUE CI/IFHaJ'I/H.IyM; N, — MOJMHOXECTBO aK-
THUBHBIX OTIOPHBIX MomHEeCYmuX Ha N, ( N, < N, ) (B TaHHOM HCCITe-
noBaHuu st curHasoB PSS u SSS N, =62 u s curaamoB CRS
uPRS N,=2-N,,); p; — OTHOCUTEIIbHBII BEC MOIIHOCTH, yJIOBJIE-

4TO OOECIeYyrBaeT OrpaHUye-

TBOPAIOLIME YCIOBHIO ) pi =N, ,
HHUE Ha MOHIHOCTb MEPEAAHHOI'O CUTHAJIA. OI_IeHKy TOYHOCTH HIEP-
BHYHBIX W3MEPEHUI BPEMEHH TPHUXOJa CHTHAa U OLCHKY TOYHO-
CTH KOOPJIMHAT B pPe3yJIbTare BTOPUYHON 00pabOTKH jnaee Oynem

BBIMOJTHSTH C UCIIOJIb30BAHUEM BhIpasKeHHUs (2).

108 i 310%
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SNR, a6
Puc. 3 3aBucumocts HI'KP ot oTHOIICHHS

curnai/urym st ogaoro OFDM-cumBosta

Ha pucynke 3 mokaszana 3aBucumocth HI'KP nmmst omHOro
OFDM-cuMBoIIa OT OTHOIICHHST CUTHAJI/IITY M.

JlaHHBI TOAXON OOOCHOBAaH TEM, YTO B aHAJIOTHYHBIX
uccaenoBanuax [21] momoOHBIE OLEHKH IS BO3MOYKHOCTH
CpaBHEHMsI PE3YJIbTATOB TAKKE MPUBOAATCS AJIsl OAHOI'O CUMBOJIA.

1.4 Mooenu kananoé c runueii 3adeprcku TDL
(Tapped-delay line)

OFDM curran mmHO#W (N+G) BBIOOPOK MPOXOAWT HYepe3
AT 1 mepeHOCUTCSI Ha HECYIITYIO YacTOTY fe, @ 3aTEM IepenacTcs
B pannod(hup yepe3 MHOTOIYYeBOI KaHal. MoeIb UMITYJIbCHON
xapakrepuctuku  CIR ~ (Channel  Impulse  Response)
MHOTOJTy4eBoro kanana umeet Bun [18, 20]:

L-1 L-1

h(t)=> hd(t—t,—1,)=> hd(t—Ar,)

i=0 i=0
rie L — 9ucio Jrydei, MoIelupyeMbIX JIHHUAME 3anepskek (JI3)
KaHana, /;, — KOMIUICKCHBII KO(G(UIMEHT YCHIEHHS VI i-TO
nyda, t, —3aAepXKKa B i-M JIyue OTHOCHTEIIBHO JIy4a NpsIMON BHU-
aumoctu LOS (Light Of Sight) ¢ ¢, =0, ¢, — 3aneprkka, BHOCH-

Masi BpEMEHEM pacCIpOCTpaHEHHUs CUTrHaja B KaHajie, T.€. 3a-
Jiep>KKa MepBOrO MPUILEANIEro dyua U At,=t, +¢ — 3aiepikKa i-

TO JIlydya OTHOCHUTEIBHO IepBOro mpuineamnero yyda. Coorser-
cTByIomas yactoTHas xapakrtepuctuka kaxHama CFR (Channel
Frequency Response) mpezcraBisier co00i MOjeNb, BBIPaKEH-
HYIO clexyromume obpasamu [18]:

Koa¢ppunmentsr kaHaza 00bIYHO SIBISIOTCS IEPEMEHHBIMU BO
BpEMEHHU U, ciellysl KiaccuueckoMy crektpy Jomnepa Jxeiikca,
UMeIoT pacnpezaenenue Panes [21]:

1
1L=(f11)

rae f, — MaKCHMaJIbHBII JOIUICPOBCKUH CBHT.

S(f) o s onf €[=fy. 1]

Br100pKH, TpenCTaBISIONINE UMITYIbCHYIO XapaKTePHUCTHKY
CIR mHOTroOIMy4eBOro kaHaia, oOpa3yloT BEKTOpP KOMILUIEKCHBIX

ancen h(n),ne[0,N, —1] rue h, (n)=0Vn>=LulL<G .

ITomy4eHHBIH curHai y(t) onpenensercs kak [15]:
y(t)=x() @h(2) +w(t)

r7ie x(t) — nepemaHHbli curHain, w(t) — ABI'IIl m & — omepamms
LHUKJINYECKOW  CBepTKM  (M3-3a  nukimyeckoro  addekra,
BBeneHHOTO CP).

[omyuennast mocienoBaTeNbHOCTh, 0003HAUEHHASI KaK )i(1),
1oCJIe  COTJIACOBAHHOM (MIBTPAIMM W BBIOOPKH C YacTOTOM
TCKpETH3aInu F ompenensercs BepaxenneM [15]:

L-1

» (n) = Zh, (i)@x, (n —t, —t{)-i—wl’”s (n)

=l

B nanHO# paboTe paccMOTpEHBI HECKOIBKO MOENeH KaHala
TDL, ynomsinyTbix B Texundeckoit cneuuduxanuu LTE 3GPP TS
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36.104 [23]. Oro monenmu EPA (Extended Pedestrian A), EVA
(Extended Vehicular A) u ETU (Extended Typical Urban),
KOTOpBIE COOTBETCTBEHHO MPEJICTABISIOT KaHAIBI C MaJbIM,
cpenHUM W OOJBIIMM  BpeMeHeM 3afepKku. OCHOBHBIC
napameTpbl 3THX MOJIEIICH, TaKHe KaK (PUKCUPOBAHHBIE 3aIEPKKH
{,, OTHOCUTEIbHAS CPETHSSI MOITHOCTE RP, 1 MakcHManmbHBIC 0-

i

IUICPOBCKUE CABUTU fj,, yKa3aHbl B mpunoxenusx k TS 36.101

[24], TS 36.104 [23] u nmpuBenens! B Tabnume 1. Mogenmn TDL
MOTYT OBITh MPUMEHEHBI K CXeMaM C HECKOJIHKUMH aHTCHHAMH
ITyTeM BBEACHUS MATPHIl MPOCTPAHCTBEHHON KOPPEISIHH, YTO
MPUBOJUT K TipocTor Moaenn MIMO-kanana LTE.

Tabuuna 1
ITapameTpbl TUTMYHBIX MOJIeNIeH KaHaioB MHOToy4ueBoro B LTE
Kanan EPA Kanax EVA Kanan ETU
‘H?"{ (szSFLf) (fD=70F'4) (szSOOFU)
t,ac | RP,nb | #,nc | RP,ab | ¢,8c | RP,,ab
1 0 0,0 0 0,0 0 -1,0
2 30 -1,0 30 -1,5 50 -1,0
3 70 -2,0 150 -1,4 120 -1,0
4 90 -3,0 310 -3,6 200 0,0
5 110 8,0 370 20,6 230 0,0
6 190 -17,2 710 -9,1 500 0,0
7 410 -20,8 1090 -7,0 1600 -3,0
8 1730 -12,0 2300 -5,0
9 2510 -16,9 5000 -7,0

1.5 Buvieoownt

B pesynbraTe ananmsa, mpencTaBICHHOTO B pasaene 1, Obutn
caenansl cienyrontie BeiBoabl. Metoq OTDoA ocraéres ogauM
13 HarboJIee MEPCICKTUBHBIX MOIXOI0B K MO3UIIHOHUPOBAHUIO B
cersix LTE Gmaromapst BO3MOXXHOCTH OIEHKH PAa3HOCTH BPEMEHU
[PUXOJla CHTHAIOB OT HECKONBKHX CHHXPOHHU3UPOBAHHBIX
0a30BBIX CTaHIMH C UCIOJIb30BAHHEM OINOPHBIX curHaioB PRS.
DOTH CUTHAJBI 00JIAJal0T BBICOKOW BPEMEHHOM pa3pelnaromniei
CIIOCOOHOCTBIO W CIIEIUATBHO pPa3padOTaHbl Uil CHIDKCHHS
YPOBHSI MEKCOTOBBIX TIOMEX.

HI'KP ciry>xuT TeOpeTH4ecKoi Mepoi NMpeeIbHOW TOUHOCTU
ornenkn TOA. IlpoBenéHHBII aHATU3 MMOKAa3al, YTO HAWITYYIIIHE
3Hauenuss HI'KP nocturarorcs npu cOBMECTHOM HCIIOJIb30BAHUU
Bcex curHanoB PSS, SSS PRS u CRS, mpuuém Briag PRS B
yJIy4IlIeHHEe TOYHOCTH OCOOEHHO 3aMeTEH P yBEIMUCHUH YUCIIa
peCypCHBIX OJIOKOB, T.€. IIPU YBEJINYEHHHN HOJIOCHI IPOITYCKAHUSL.
Pazznen 1 popmupyer TEOPETHUECKYIO H METOIMUYECKYIO 6a3y Juis
JlasbHeIero aHanm3a omrboK MO3UIIMOHUPOBAHUS,
MPE/ICTABICHHOTO B MOCJIEAYIOINX paszeiax, U MoJuépKuBacT
BRXHOCTh  BbIOOpa THNA ONOPHOIO  CHTHANA,  I10JIOCHI
MIPOITyCKaHMsI M MOJIENTN KaHajla MHOTOJTy4EeBOCTH.

2 UcciienoBanne TOYHOCTH NMEPBUYHBIX H3MepPeHH
MO OIleHKaM BpPeMeHH NMPUX0/1a CUTHAJIA B YCJI0BHAX
OTCYTCTBHS NPSIMOii BUIUMOCTH

2.1 ITocmanoexa 3a0auu

B HacTosmem pasiene NpoBOIUTCS MCCIEI0BAHIE TOUHOCTH
MEPBUYHBIX M3MEpPeHHH BpeMeHH mpuxofa curHaisa TOA B
YCIOBHSIX ~ OTCYTCTBUSL mpsMoi  Buaumoctn NLOS, dro

SNNIEKTPOHMKA. PAONOTEXHUKA

XapakTepHO s OOJBIIMHCTBA  PEAIBHBIX  CIICHapHEB
pacnpocTpaHeHus paguocurnanoB B cetsix LTE B Meranomnucax.
OcHOBHOE  BHUMaHHE  YACISIETCS  aQHAIN3Y  BJIWSHUA

MHOTOJIy4eBOTO PACIpPOCTPAHEHHS HA CHIKEHHE TOYHOCTH
OLIEHKH BpeMeHH mpuxoa curtaina TOA.

Juist mocTikeHus 9TO 1enu B pasnelie 2.2 GpopmanusyoTes
monens MPEE na mpumepe nByxsyudeBoro cuenapus (LOS +
NLOS). B paznenax 2.3 u 2.4 paccMaTpUBAIOTCSI METOIbI OLICHKH
cpeaHero BpeMmeHH mnpuxoja curtaia TOA c¢ ucnonb3oBaHHEM
npoduis morHoctd PDP u rucrorpamm ommbok onenku TOA,
nosryueHHbIX MetogoM MLE. B paznene 2.5 npeacraBieH MeTOa
OLIEHKU BpeMeHM Ipuxoza no nepsoMy nuky FPE, ocHoBaHHBII
Ha TTOPOTOBOM TT0/1X0e. sl Ka)kKI0To M3 METO/IOB IIPOBOANTCS
KOJIMYECTBEHHAsI OI[CHKAa TOYHOCTH MEePBUYHBIX m3Mepernii TOA
W aHWIM3 WX T[PUMEHUMOCTH B Pa3IUYHBIX YCJIOBHSAX
MHOTOJIy4€BOCTH M IIIyMOB.

2.2 Mooenu ozubarowieii cuznana MHO2071y4€8020 KAHANA

BnusiHne MHOTOITydeBOTO KaHaia Ha TOYHOCTH IEPBHUYHBIX
mmepernit TOA MOXHO HCCIeoBaTh C MOMOIIBI0 OTHOAOIICH
ommOku MHOrony4deBoro kaHanma MPEE mns ciienapus ¢ aByms
aydamu: oguH npsmoir LOS u oxmu otpaxkennsid NLOS. Dra
METpHKa OCHOBaHa Ha OICHKE OIMIMOKM BPEMEHHOW 3a/ICPIKKH,
BO3HHUKAIOMIEH TpW JOOAaBICHWM K CHTHANY Jy4a MpPSIMOH
Bugumoctu LOS Mozaenu ogHoro MmHoroiayueBoro curnana NLOS
C 3a/IaHHOM 3aJICPIKKOM, MOITHOCTHIO U (a3oii [20].

Hnst pacuera MPEE ncnonb3yercss METOZ, MAaKCUMaJIbHOTO
npaBaononodust MLE, paccmarpuBarommii MoJenb ABYX JIydei
LOS u NLOS, kak nokazaHo Ha puUCyHKe 4.

O Ouessd 10,5600, W

e Ol 30, 4

- ——— Cafarad o
Ya = == Mpotuta was covan

[ 100 200 00 0 S0 e00
MAUOIONYOnAR SATOQs Caneni, W

o0 a w0 0 300 4og 800 600 00
Mooy mean Jagepsen, m

a) 0)

Puc. 4. MPEE st curnanos PRS (a — paznmnunsie 3nauenust SMR,
Nrp=6; 6 — SMR=1 nb, paznuunsie uncna Pb)

Meton MLE ocHOBaH Ha KOppENSALMY OIPUHATOrO CUTHAJIA CO
CABHHYTOH M KOMIIJIEKCHO-CONPSKEHHOW BEPCUEH OMOPHOTrO
CUTHaJa, KOTOPBIM IpeironaracTcsi IepuoJudeckum (T.e.
KpyroBast Koppesiust). [Tk Koppemsinuy MeKay MPUHITEIM |
MepeflaHHbIM ~ CHUTHAJIOM  ONpENensieTcss W3  B3aUMHO-

KoppensuonHoii pynkumn R, (t) crexyroumm obpasom [21]:
N, -1
Ri(1)= 2 yln]xi[n+n] 3)
p
rae x: [n] — MUKJIINYECCKU C}lBI/IHyTaﬂ u COHp}I)KéHHaSI BepCI/IH uc-
XonHoro curHana x[n|, x[n] — nepenanuplii curnan Ha nHTep-
Bante onsoro OFDM-cumBona, y[n] — npumsTsIii curHan Ha un-

tepBasie ogHoro OFDM-cumBona, 1, — BpeMeHHas 3a/iep’KKa B

CANHUIAaxX JUCKPETHOI'O BPCMCHU. OIICHKa BpeMGHHOﬁ 3a1CPIKKHU

-
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T ompenenseTcs Kak [25]:
t=arg max{ R, (‘c)r} )

Jisi MOJeNIMpOBaHMsl ITUX CLEHAPUEB CHavaia CO3HaTcsi
PRS-curnan x[n] c GbyHKIIN
comm.GoldSequence cpenst MATLAB. 3artem peanusyercs

METO MAKCHMAJIBHOTO MPaBI0TIOA00US sl OLICHKH 3aICPIKKH 110
dopmyie (3) u (4). [Ipu MogeTMPOBAHUN TPUHUMACMOTO CHTHAJIA

TIOMOIIBI0  BCTPOCHHOMU

y[n] UCTIONB3YIOT OTHOIIEHHe npsimoro LOS k MHOTOITydeBOMY

NLOS curnany SMR (Signal-to-Multipath Ratio).

BnusHue OTHOLIEHMS MPSIMOTO K MHOTOJIYYEBOMY CHTHAITY
SMR (BeIpaxxeHHOE B 1b) Ha OMHOKY OIIEHKH BPEMEHH MPUXO0a
curHala TOA s curHama PRS ¢ HanmMenbmieil momocoi
nponyckanus (Nrg=0) MoKka3zaHO Ha pUCYHKE 4a, OTKyJia CleyeT
BBIBOJI O TOM, 4TO ¢ yBenndenueM SMR ominOka oleHKr BpeMeHH
MIPUX0JIa CUTHAJIA YMEHBIIACTCS KaK JUisl cilydasi CHH(A3HOT o, TaK
1 IPOTHBO(]A3HOTO CJI0KEHHSI CUTHAJIOB.

Bnusnue mumpuns! nosiocs! curuaina PRS Ha ommoky oneHku
BPEMEHHU Mpuxoja curHama qia ciaydas SMR, pasaoro 1 ab,
MOKa3aHO Ha pHCyHKe 40, OTKy/a ClIeayeT BBIBOJ O TOM, YTO C
YBEIMUCHUEM YHCIa PECYPCHBIX 0JI0KOB Nrp (IIMPHHBI MOIOCHI
MPOMyCKaHUA) OIMOKa OLEHKH BPEMEHH TIPUXOJa CHTHaNa
YMEHBIIAETCSl KaK Juid  ciydas CHH(A3HOTO, TaKk W
MPOTUBO(A3HOTO CII0KEHHSI CUTHAJIOB.

PesynbraThl Ha pUCYHKE 4 MOJTyYEHBI ISl AECTPYKTUBHOTO M
KOHCTPYKTHBHOTO BKJaJa MHOTOJIYY4E€BOTO CHTHajla, KOTAa
OTpaKEHHBIN Jy4 HaxoguTcs B ¢a3e (CIUIOmHAA IUHHUA) U
nporuBodaze  mpsMoMy  Jiydy  (IYHKTHpHash  JIMHHS),
COOTBETCTBEHHO.

Kak BupHO M3 rpadukoB Ha pUCYHKE 4, MaKCHMalbHas
ommOKa OIEHKH BpeMeHH npuxozia curHama TOA, BeI3BaHHAs
OJHUM OTP@)XEHHBIM JIy4OM, MOXKET OBbITh HalJeHa JuIsd
pa3yIMuHBIX CIIEHApHEB C IIOMOIIBIO Orubaromeil omuoKu
MHoronyueBoro kaHaina MPEE. Tem He MeHee, OlieHKa BpEMEHU
npuxona curanoB TOA B peanbHOM MHOTOJIYYEBOM KaHaje
YCIIOXKHSCTCS W3-3a YBEJIMYCHHS 4YHCIA OTPAKECHHBIX JydeH.
JlaHHBIE OOCTOSTENBCTBA TOBOPAT O TOM, YTO HEOOXOIUMO HAWTH
JIPYTYI0 METPUKY JUIi HW3MEPEHHUs] BIHMSHUS MHOTOJIyYeBOTO
kaHana Ha oneHKy TOA. IlongydeHHble Ha pUCYHKE 4 OLIEHKU He
MPOTHBOpEYAT M3BECTHBIM HccienoBaHusaM [21].  [lanee
paccMaTpuBaeTCsl MOJIXOA OLEHKH CpPEIHEro BpEeMEHH MpHXoja
CHUTHANA B YCJIOBUSIX MHOTOJTyYEBOCTH.

2.3 Ouenka cpeonezo epemeHu NPUXo00a CuUCHANA
8 YCILOBUAX MHOZOIYHEGOCHIU

PeanbHble KaHaBl PaclpoOCTPAaHEHHs HE OTPAHUYHMBAIOTCS
nByMsl jgydyamu, kak B cueHapuu MPEE, a xapakrepusyrorcs
HECKOJIBKUMHU 3a/IepKKaAMHU. Orubaromas OIIHOKH
MHOTOJYYEBOT0 KaHaja 0Ka3aja, 4TO BKJIa/ OTPAXCHHBIX JTy4deH
B OLIEHKY BpeMeHH npuxojia curiajgoB TOA B OCHOBHOM 3aBUCHUT
OT UX 3a/epP’)KKU M OTHOCUTEIBHON MOIIHOCTH. B HEKOTOpbIX
CIIy4asX MOKHO HCIOJB30BaTh CPEIHIOIO 3aJ€PKKY T, WM TaK
HA3BIBAEMBIH IIEHTP TSHKECTH MPOGUITS 3a1epkek MorHocT PDP
JUTSL aIIIIPOKCUMAIINH OIINOKH OIICHKH BPEMEHH NPUXO0/1a CUTHAIIA
TOA nyTtem BBIYMCIEHHS B3BEIIEHHOIO CPEJHETO 3aJEPiKEK C
HCIOJIb30BAHUEM KBaJpaTa aMILUIUTY ] 3aJIEPAKEK, OIIPEIEIIEMOTrO
Kak [21]:

T=il—— ()

riae T, — GUKCUPOBAHHbIE 3aJEPKKH ¢, B METPOB, |ai2| =10""" —

OTHOCHTEJIbHAS CPEMIHSS MOIIIHOCTh B IMHEHHOM MacinTade.

OjiHaKo 3Ta METpUKa JIOJDKHA MCIIOJIb30BAThCS C MOMPABKON
Ha TO, YTO OHA HE BCEI/Ia XapaKTECPU3YeT THIUYHYIO OIICHKY
BPEMECHU B pCAJbHOM MHOroiyueBoM KaHaie. OCHOBHOE
OrpaHUYCHUE CBSI3aHO C MOJIOCOU MPOITyCKaHHsI CUTHAIIA, KOTOpast
HE YYHTBIBAaCTCS B JAHHOW METPHKE, HO ompeneisieT (hopmy
KoppersinuonHor ¢yHknuu. Kak ormedeno B [15], ocHOBHOM
JIETIECTOK KOPPEISIIHOHHON (PYHKITNH CYKAETCS TIPH yBEITMICHIH
MOJIOCHI  TIPONYCKaHUS, YTO  IO3BOJSET  MHOTOIYYEBHIM
KOMIOHEHTaM MPUHATOTO CUTHAJIAa BHOCUTH HE3aBHCUMBINA BKIIA]T
B OIIMOKY OLEHKM BpeMeHH mnpuxojaa curHaioB TOA. Dror
3¢ peKT 0cOOEHHO 3aMETeH MPHU BBICOKKX M0JI0CAX MPOITYCKaHUS,
takux mpu Nrg=75 u Nrg=100.

Jlamee BBINOJHUM HMMHUTAIIMOHHOC MOJCIUPOBAHUC IS
MOJIYYCHHUST PACIIPEIICIICHUS] OMIMOKH OI[CHKH BPEMEHH MPUXO0Ja
curnana TOA.

2.4 T'ucmozpammul ouiudKY oyeHKU
6peMenu npuxo0a cuzHana

ANBTEpHAaTUBHBIM ~ HWHCTPYMEHTOM  OIEHKH  BIMSHHA
MHOTOJIy4E€BOCTH SIBIISIETCS] (DYHKIHS TUIOTHOCTH BEPOSITHOCTH
(®I1B, PDF — Probability Density Function) ommuOKku oOneHKH
BpeMeHH Tnpuxona curHama TOA st KOHKPETHOTO KaHaja.
Hannas OIIB no3BosisgeT yCTAaHOBUTh MAaKCHUMaJbHOE 3HAUEHUE,
KOTOpPOE€ OrpaHMYMBaeT TOYHOCTh OIIGHKM BPEMEHHU NpHXoja
curnana TOA cranmapra LTE [21]. [Insg 3Toro HeoOXomumo
0oJIbIIIOE KOJIMYECTBO peali3alliil KaHaia, 4TOObl OXBaTHTh
OOJIBIIMHCTBO BO3MOXHBIX OINMOOK CHHXPOHN3AIMH, BEI3BAHHBIX
MHOTOJIy4€BbIM KaHAJIOM, C TOUKU 3PEHUS CTaTHCTHKH. OImnOKN
CHUHXPOHH3AIMKN TI0JIy4aloTCsl ITyT€M BBIYMCICHHUS BPEMEHU
npuxona curaana TOA meromqom MLE s xaknoi peanu3amnun
KaHaja. ['mcrorpaMMa ITOJMydeHHBIX OMIMOOK CHHXPOHM3AIMN
MOKA3bIBACT BIMSHWE KaHAlAa HAa TOYHOCTh IIEPBUYHBIX
m3Mepenuii TOA. DToT aHamm3 MPENCTaBIsAeT MHTEPEC emie U
MOTOMY, YTO TIO3BOJIAET OIIEHUTh pEalbHOE  BIMSHHE
MHOTOJTY4E€BOCTH, KOIJa HHYEro He Jenaercs i ee
komneHcaruu [21]. B 4WacTHOCTH, NMOCKOJBKY MHOTOJy4YEeBBIC
3aJIep’KKU B MOJIEIISIX KaHaoB, yka3aHHbeIX B LTE (T.e. EPA, EVA
n ETU), nocTostHHBI BO BpEMEHH, Mbl YCTaHABIMBAEM BIIHSIHUE,
OKa3bIBAEMOE KOMIUICKCHBIM U3MEHEHHUEM aMILIUTYbl KaKJ0ro
MHOTOJy4€BOT0 JIyya.

CymiecTByeT METpHKa BBIYMCICHHS TOYHOCTH BPEMEHU
npuxona curaanoB TOA, koTopast MOKET OBITH MOJTyYeHa ITyTeM
HM3MEpPEeHHs [EHTpPa TSDKECTH (DYHKIMH TUIOTHOCTH BEPOSITHOCTH

PDF rucrorpammer MLE £ (i). DTa MeTpuka gaeT CpeiHION

oueHky TouHoctn TOA T, , BeIpaxeHHY!0 110 hopmyute [21]:

=t (6)

T-Comm Tom 19. #8-2025




riue T, (i ) — OLICHKH TOYHOCTH BpEeMeHHM Mpuxoja curaaioB TOA

JUIl TUCTOTPaMMHOTO HMHTEpBaJa [ W L — YUCIO HHTEPBAJIOB

THCTOTPAMMBI.
Jns mpoBeneHHsT MOJAENUPOBAHUS HCIONB3YETCs  Cpesa
MATLAB. B Havyane HHUIUATU3UPYIOTCS  MapaMeTpsl

MHorousryyeBoro kanana LTE, npusenennsie B Tadbmuue 1. [lanee
Ha mnepenade GOPMHUPYIOTCS CHUTHANBI, TOCTYIAIOIIUE B MOJICIb
mHoronydeBoro kanana ¢ ABI'III. [ToToM onieHnBaeTcs TOUHOCTh
BpeMeHu mnpuxoja curHanoB wmetogom MLE. IlomydenHbie
THCTOTPaMMBI TOKa3aHbel Ha pucyHke 5 misg 10000 peanuzarmii
KaHAJOB W WCIIOJIb30BaHM CrilakuBaromiero guibtpa Savitzky-
Golay FIR. ®IIB kananoB EPA, EVA u ETU Taxxe no0asisiercs
JUI TOTO, YTOOBI OINPENEeNNTh, KaKOH Jyd WIH TpyIIa Jydei
MOTJIM  BBI3BATH  OMNpEICNICHHYIO  OMMOKYy. Pe3ymbpTars
MO/JICITMPOBAHMS CBEZICHBI B TaONMILy 2. 3HAUCHHUSI T PacCUUTHI-

BalOTCs 1O (5), a 3HAYEHUs T, PACCUUTHIBAIOTCS 1O (0).

Puc. 5. I'ncrorpammel omnOO0K BpeMeHHOI 3aaepxku meronoM MLE
(a—kanan EPA, Nrp=100; 6 — kanan EPA, pa3nsie uncna Pb;
B — kaHan EVA, pasusie uncna Pb; r — kanan ETU, pazusie uncna PB)

Tab6muma 2
Pe3ynbTaThl BHIUHCIEHUS T U T,
N Kanan EPA Kanan EVA Kanan ETU
Y T, M M T, M M T, M
6 12,97 13,32 47,13 64,63 59,36 66,03
15 12,97 13,26 47,13 51,75 59,36 59,92
25 12,97 13,25 47,13 46,99 59,36 55,81
50 12,97 12,61 47,13 45,2 59,36 54,5
75 12,97 12,59 47,13 44,79 59,36 57,56
100 | 12,97 12,34 47,13 42,93 59,36 60,15

W3 Tabmuisl 2 ciaemyer, YTO OLEHKH METPUKU T, 3aBUCAT OT
IIMPUHBI TIOJIOCHI CUTHANA, B TO BPeMs KaK CpEIHEE BpeMs
3aJIep>KKU Wik neHTp tsoxect PDP T He mensiercs. Takum oOpa-
30M, MOJIydEHHBIE PE3yJIbTaThl MOTYT IPUBECTH K O0jee TOYHOU
OLIEHKE BO3MOKHOCTEH MO3UIMOHUpOBaHus. Kpome Toro, moiy-
YEeHHbIE T'MCTOTPAMMBI MOTYT OBITH  HCIIOJB30BAHBI I

SNNIEKTPOHMKA. PAONOTEXHUKA

ONpENEICHUST BIIMSHUS KaXXAOH MHOIOJY4YeBOM KOMIIOHEHTBI
(MJIK) Ha TOTpeImHOCTh OMpEICICHHsI PAacCTOSHUSA. TeM He
MEHee, pacueT THCTOrpaMMmbl omubOok BpemeHn MLE
MIPEAIOaraeT BbBICOKYIO BBIUMCIHMTEIBHYIO HAarpy3ky H3-3a
0OJBIIOTO0  KONWYECTBA HEOOXOAMMBIX — peaidm3anuid. OTH
pe3yIbTaThl HE IPOTUBOPEYAT U3BECTHBIM HCCIeI0BaHUAM [21].

Kak w cremoBamo oxmpmate, pacmupenenenne PDP
XapaKTepu3yeT BIHMSHUE MHOTOJYYEBOTO KaHaja Ha OLIMOKY
OIlGHKM BpeMmeHu mnpuxona curHaia TOA. Hanpumep,
rucTorpaMmsl Jisi kaHana EPA, npescraBinenHble Ha pucyHke 50,
nokasbiBatoT MIJIK, KOTOpble KOHIIEHTPUPYIOT CYLIECTBEHHYIO
94acTh SHEPTrUH. DTOT 3P PeKT Ooiee BbIpaykeH sl kaHanoB EVA
n ETU, noka3aHHBIX Ha pUCYHKaxX 5B U 5T COOTBETCTBEHHO, U3-32
nx OonblIel NUCTIEPCHH 3aJepKKH MO CPAaBHEHHIO C KaHAJIOM
EPA. Jlns curnanoB PRS ¢ Gonee mmpokoii mosocoi, MJIK
MOXHO HIESHTU(HUINPOBATH U3 PACTIPEACICHUH OMIMOKH OLEHKN
BpemeHn mnpuxona curHama TOA. Hcnomp3ys THCTOrpamMMy
OIMMOKHN OIEHKN BPEMEHH IMPUXO0Ja, CPECIHSAS OLEHKA TOYHOCTH
TOA 7, cocrasnser okono 13 merpos s kaHana EPA, 48 metpos

Juig kanana EVA u 59 metpos a1 kanana ETU, yto cooTBercTByeT
cpeaHel 3a7epiKKe T .

Jlamee ¢ mcmonp30BaHWEM MOJIYYCHHBIX OLIEHOK BBITOJIHHM
cpaBHeHHME TOUHOCTH ¢ MeTosioM FPE B cienyromeM paszene.

2.5 Memoo ouenxu no nepeomy nuxy FPE

Merton oneHKH BpeMeHH mpuxoza curaaia TOA 1o nepBomy
nmuky FPE, Taxoke u3BecTHbli kak noporosbiit Metos (Threshold-
based Estimator), siBisieTcsi IIMPOKO M3BECTHBIM IOJAXOJIOM H
AKTHBHO HCIIOJNB3YeTCs [UIi OLCHKH TOYHOCTH IEPBHYHBIX
mmepennii  TOA B ycnoBusix  MHOroigy4deBocTH. Ero
(byHIaMEHTANbHBIM MPUHIMN 3aKJII0YAaeTCS B  ONpPEeNICHUH
TOYHOCTH NEPBUYHBIX I/ISMepeHI/Iﬁ BpPEMCHHU IIpUXxoaa CUurHajia mo
0OHapy»KEHHIO CaMOro paHHEro MNhka B (DYHKINMM B3aUMHOW
KOPPEJISLIUH MEX/Ty NPUHATHIM CUTHAJIOM M H3BECTHBIM OITOPHBIM
CUTHAJIOM, TIPH YCJIIOBHH, YTO aMIUTUTY/ A TOTO MHKA MPEBBIIIAET
3apaHee 331aHHbIH TTOPOTOBLIA YPOBEHb A, .

OwmmnbKa OIEHKH TOYHOCTH MEpBUYHBIX u3MepeHuit TOA
OTpeIeISICTCs CIEAYIOMMUM 00pazom [25]:

= min {t} npnycnosun A(t) > A, 7
Tnin STSTax
e T,, 4 T,, — MAHUMQIbHOE U MaKCHMANbHOE 3HAUECHHE

OLIEHKH TOYHOCTH BpeMeHH npuxoja curHana TOA, A, —nopo-
roBoe 3HayeHue (yHKIMH npaBaononodms A(t), a GyHkums

npaBomnono0us mMeet Bux [25]:
A(x)=[R,. (o) ®)

[IpobGnema omnpexpeneHus TMepBOro Muka B  (QyHKIUH
MIPaBIoIoI00MsT 3aKII0YaeTcss B BHIOOpPE TAKOTO MOpOTa, BHIIIE
KOTOPOT'O MOXKHO TPEIINOJIOKHTb, YTO OOHApy>KEHHBIC MHKH
COOTBETCTBYIOT IIyTSM TIPHXO/a IIOJIE3HOTO CHUTHaja. BwiOoop
CIIMIIKOM HHU3KOTO TIOpOra BBI3BIBACT OOHApY)KEHHE IIHKa,
KOTOPBIN HE MPEJCTaBIISeT JIyd NPHUXOAa Tosie3Horo curnana. C
JIPYTOI CTOPOHBIL, BEIOOP CIUIIIKOM BBICOKOTO MOPOTa MPUBOJNT K
TOMY, YTO JIE€TEKTOpP IHMKOB HPOITyCKACT MEPBBIH JIyd MPUX0Ja;
IIPU BBIOOPE CaMOro BBICOKOTO IOPOra BHIOOp HAaUMHAET paboTaTh
[0 KPUTEpUI0 MaKCHUMallbHOro mpasuomopgobus. Ilopor A,

-
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MOXKET OBITh BBIUMCIICH HECKOILKMMH METOAaMU. BEIIOIHEHHOE
JlaJiee MOJICITUPOBAHUE TTO3BOJISIET OIEHUTH TOYHOCTH MIEPBHYHBIX
u3MepeHuil BpemeHu npuxoaa curHaia TOA 1OporoBbIM
METOJI0OM, KaK yKa3aHo B [25]:

A=A, /4 ©)

rae A, — MaKCHMaJbHOE 3HaueHHe (yHKIMU IPaBAOIoa00us.

Ha pucynke 6a npencrapieH npumep CirydaiHON peanu3anun
MHOTOJIy4eBoro kanaia EPA u cooTBeTcTByIOmHNE pe3yJsbTaThl
BBIUMCIICHUSI KOPPEIIIUOHHBIX ~ QyHKIMH omHoro OFDM-
cumBoia st curHana PRS npu ncnons3oBanum 100 pecypcHbIX
omoxoB B Monenu kaHaina ABI'LI ¢ ornomennem SNR=25 nb. Ha
prcyHke 66 H306pakeHbl (yHKIH IpaBIonogoous A(t) ¢ yka-

3aHUEM HIOpora Athr ¥ 3HAUEHUE OIIHOKH OLICHKU TOYHOCTH IEP-

BuuHbIX u3Mepennit TOA 1, kotopsie Beruuciensl 1o (8), (9), (7)
COOTBETCTBEHHO.

Il AR CREDDRTALA oA By
L ——

| e
| T ont

——— Ouawen o eppouy ey

e =
o

HOpMANUI0BAHHERA KOPPENALMA
=

150 M0 W W0 WO S0 0 S0 100 150 20 20 N0 380
TOMHOCT b NEERHHHEE HIMEDEHWR, M

S0 0 50 100
TOMHOCT B NEPBMMHBE. HIMEDEHWA, M

a) 0)

Puc. 6. ITpumep ouenku rouHoctu TOA 10 repBomy muKy
(a — rpaduk KOppeISUUOHHBIX QYHKIUH; O — rpaduK QyHKIUU
HpaBJIONOI00Ms)

Ucnonp3ys muOTOoKpatHOe (10000 wWTeparmii) MmoOBTOpEeHHE
ONMHCAaHHON  BBIIE  TPOIEAYPHl,  MOXHO  BBIYHCIHTH
UHTerpaJbHy0 QyHKImio pacnpenenenus (MPP, CDF -
Cumulative Density Function) ommbok omenku TOA s
ompenenenHoro SNR, Mozmenn kaHaia W TOJOCH! TPOITYCKAHUS
curHana. [lomydennsie CDF ommubok onenkn TOA mis moneneit
kaHanoB EPA, EVA u ETU ¢ SNR=25 nb moka3aHbl Ha pHCyHKax
7a, 70 1 7B COOTBETCTBEHHO.

W3 pucynka 7 BUAHO, 4YTO C YBEJIUYEHHEM I10JIOCHI
NPOITyCKaHHsl CUTHAJIOB (4HMCiIo McrnonbdyeMblx PB) TouHOCTB
nepBuyHbIX u3MepeHuii TOA nossimaercs. Kax  BunHo,
cily4aiiHble peau3aluy MHOToTy4eBocTy B Mozelisix EVA u ETU
MpUBOAAT K OosbimM ommOkaM oreHKH TOA, dem B Monenn
EPA, oco0eHHO st HU3KMX TOJIOC MPOIYCKAaHHs CHUrHaja
(manmpumep, 6 RB). IIpr HU3KHX MOJ0CAX MPOIYCKaHUS TEKyIIas
mporienypa OymeT TMOKa3blBaTh pe3yNbTaThl, aHAJOTHYHBIC
CpeIHel OIeHKe TOYHOCTH (CM. paszen 3.4), mockoabKy Bce MJIK
COBMECTHO crocoOcTBytoT ommubke oueHkun TOA, dopmupys
€/IMHCTBEHHBIN MUK Ha (QYHKIUH Koppemsiiuu. Takum o0pazom,
cpennsist 3anepxka PDP T cocraBmser okono 50% ciyuaes CDF,
KaK BUJIHO U3 PUCYHKOB 7B. BoJibIiine omuOKH mceBa0aIbHOCTH,
nonyueHnele B ciydae EVA u ETU, B OCHOBHOM BBI3BaHbI
pa3dpocoM BKJIaJa MHOTOJYYEBOCTH M3-3a Ooibllero pasdopoca
3aJIepIKEK Mo CpaBHEHHIO ¢ cirydaeM EPA. J{ist TOro 4ToObI HMETh
MPE/ICTABICHUE O TUIMYHBIX OIMIMOKAaX MEPBHYHBIX M3MEPEHHN
TOA, B 3Tux cueHapusx, Beiouparorcs 67% u 95% kBaHTHIN
BeraucieHHoi CDF.

DYHKLMA PaCTPeaenenus

6 RB
15RB
——25RB
50 RB
————75RB
100 RB

0 L L L L L L
o 10 20 30 40 50 60 70 80 a0 100

Owwbka oueHm TOA, m

DYHKUMA PaCTIPEaEneHs

0 10 20 3 40 50 60 70 80 90 100
Owwubka oueHkn TOA, M

DYHKUMA PACTPEAENEHIA

0 L L L L L L
o 10 20 30 40 50 60 70 80 90 100

Owwmbka oueHkm TOA, m
B)
Puc. 7. Pesynbrartsl ncesgonansuoctu merogom FPE juist onnoro

OFDM-cumBona npu SNR=25 nb:
a — CDF kanan EPA; 6 — CDF kanan EVA; B — CDF kanan ETU

2.6 Boieoowt

B pasmene 2 ObUIM pPAacCMOTPEHBI W IMPOAHATU3UPOBAHBI
pasziuuHbIe METOJIbI OLEHKU BpeMeHH npuxoja curHaia TOA B
ycnoBusX oTcyTcTBHs mpsimod Buaumocth NLOS. Ha ocHoBe
TEOPETHUYCCKOTO aHAJIHM3a W YUCICHHOTO MOJCIHPOBAHUS OBLIH
MOJIY4YEHBI CIEAYIOUME OCHOBHBIE BbIBOBI. OueHKy TOA MOXKHO
HAWTH B IEPBOM IPUOITIKEHUH C TOMOIIIBI0 OTHOATOMIECH OITHOKA
MHoronyueBoro kaHaia MPEE, HO B peanbHOM MHOIOIy4eBOM
KaHaJe OIICHKAa VYCIIOKHSACTCS W3-3a YBENWYCHHUS YHCIa
OTPaXEHHBIX JIydyed. MeToabl OLEHKM CpENHEro BPEMEHU
nmpuxoja curHaga Ha ocHoBe PDP wm rucrorpamMm ommOOK
BPEMEHHOMN 3aJepKKU, NOIy4eHHbIX MeTogoM MLE, no3sossitor
OIICHUTh BIMsAHUE MHoromydeBoctu Ha TOA. OpHako 3TH
METOJbl HE YYMTBHIBAIOT IIOJIHOH CTPYKTYPbl MHOI'OJIYYE€BOI'O
CUTHAJIa ¥ UCKAKCHUE KOPPEIIIIMOHHON (DYHKITUH, BOSHUKAIOIICES
B YCJIOBUSIX OI'PAaHHMYCHHOM IOJIOCHI IMIPOMYCKAHUS U [IIYMOB, 4TO
CHUAeT TOYHOCTh OIICHKH.
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B cBsi3u ¢ orpaHWYEeHUSIMU BBILICYKA3aHHBIX OJIXO0JIOB, JJIS
JAITBHEHINET0 MOICIMPOBaHUs B pasaene 3 BeiOpan meron FPE,
KOTOPBIN oOecrieunBaeT 0oJjiee PEATUCTHIHYIO M MPAKTHYCCKYIO
MOJIeNb OICHKH BpeMeHH mpuxona curHaia TOA B ycClIoBHSX
MHOTOJTYYEBOCTH M MEKCOTOBBIX TIOMEX. DTOT METO]I ITO3BOJISET
YUIHUTHIBATH mopor oOHapy KeHUs 31 HCIIO0JIH30BaTh
CTaTUCTUYECKUHA MOJIXO/ K OTIpEe/ICTICHUIO OIINOOK
CHHXPOHM3AIMK, 4YTO JeJaeT €ro OCOOCHHO IOJIe3HBIM TIpU
OIIEHKE TOYHOCTH TO3UIMOHNPOBaHHA B yciaoBusax NLOS.

3 UccaenoBaHue TOYHOCTH OLIEHOK KOOpaAuHaT
Pa3HOCTHO-TAJBbHOMEPHBLIM METOOM IO NEPBUIHBIM
N3MEPECHUAM BPEMEHHU NMPUX0Aa CUTHAJA B YCJTIOBUAX

OTCYTCTBUA leSIMOi;I BHIUMOCTH

3.1 ITocmanoexa 3adauu

MopenupoBaHue TOPOBOAWUTCS HA TUIMYHOM  COTOBOM
TeKCaroHaJbHOM CTPYKType CETH PAagHOAOCTyHa MpPH YCIOBHUH,
yTo 0a30BbI€ CTAHIMU TOJHOCTBIO CHHXPOHU3UPOBAHBHI.
CornacHo CIEHAPHIO 10 ¢ KOOPIUHIPOBAHHOMY Pa3BEPTHIBAHUIO
ceru, nzioxxeHnomy B otyere 3GPP TR 36.942 [13], 19 6a3oBbix
CTaHIIMI PaCOJI0KEHBI COTIACHO PUCYHKY 8.

1500 =

2000 -1500 -1000 -500 0 S0 1000 1500 2000

Puc. 8. Tonomorust eNB u UE nst MonenupoBanust

Cuenapuii cmozenupoBan B MATLAB s aByx mnoioc
gactor: 1,4 m 10 MI'm. Mecronomoxenus kaxumon eNB
¢ukcupoBanbl, a UE HaxoguTcs Ha IUIOCKOCTH B 00JacTé
pasmepom 2000x2000 m? (kpacHast 30Ha Ha puc. §) ¢ mrarom 20 M.

[TapameTpsl crieHapus MOJCTUPOBAHHUS TIPEACTABICHBI B
Tabiune 3.

SNNIEKTPOHMKA. PAONOTEXHUKA

Tabnuma 3
[TapameTpsb! 1151 MOJEIUPOBAHUS

I[Mapametp XapakTepucTHKA
Hecymas yactora 21T
[[IuprHa n0J0CHl YaCTOT 1,4; 10 MI'n
YacroTa JUCKpETU3ALHH 1,92; 15,36 MI'g
Pazmep BI1D 128, 1024
Tomomorus cot I'excaronanpHas
Kommuecto eNB 19
PaccrosiHne Mexny eNB 750 m
Monenb anTeHHbl eNB eNB c Tpems cekTopamu
Mopenb antennsl UE Bceenanpasnennas
Moens KaHaa EPA, EVA, ETU

3.2 Cyenapuu evluucnenus omuouienue cuznanl
(mym+nomexa) ¢ cemsax LTE

OtHomenne curHan/(imym+nomexa) SINR  (Signal to
Interference plus Noise Ratio) siBisseTcst KITFOYEBBIM MTapaMETPOM
OLICHKU KauecTBa paJHoKaHalla M ONPEeIsieTCs Kak OTHOIICHUE
MOIIHOCTH ITOJIC3HOTO CHTHAJIa K CyMMapHOW MOIIHOCTH LITyMOB
1 uHTep(EePEHIIMOHHBIX Tomex [21]:

SINR = P
noise+ interference
riue psignal — MOIIHOCTh IIOJIE3HOI'O CHUTHAJIA, Pnoise — MOIIHOCTh
myma, P e — MOIIHOCTB IOMEX.

SINR ompeznenser KaueCTBO MPUHIMAEMOTO CHUTHaNa: Oojee
BBICOKME  3HAUCHMs  MOKA3aTelsl  CBUAETEIBCTBYIOT O
npeo0salaHuy  TIOJIE3HOTO CHUTHAla HaJ IIOMEXOBBIMH H
IIYMOBBIMH ~ COCTaBJISIIOLIMMH, 4TO oOecrieunBaer Ooiee
HaJACKHYIO I€peaavy JaHHbIX U OIMOPHBLIX CUT'HAJIOB, IO KOTOPBIM
BBIMOJHAIOTCS NepBUUHbIC H3MepeHus TOA.

CymectByeT 3 OCHOBHBIX cueHapuu s pacdeta SINR B
cerax LTE: HeckoopauHUpOBaHHAs  CETh,  II0JIABJICHHE
uHTEepEPEHINN 1 CKOOPAUHUPOBaHHAS ceTh [21].

B HeECKOOpPIMHHUPOBAHHOM CETH MEXKCOTOBBIE IOMEXH
BO3HMKAIOT M3-32 TOBTOPHOT'O MCIIOJIb30BAHMUS YACTOT COCEAHUMH
eNB. Xotst 3To mnoBbIIaeT CHEKTPabHYO 3((EKTHUBHOCTD,
MOIIHBIA CHUTHAI OOCIYKHBAIOIIEH COTBI MOXKET MAacKHPOBATbh
OCJIa0JIeHHbIE CUTHAJIBI OT COCEJHHUX COT (M3BECTHBIA APQeKT
«OnkHe-nanpHel  30HB).  [IpM  MO3WMIMOHMpPOBaHWMM Ha
WHTEpBaJe TMepelauyd ONOPHBIX CHUTHAJIOB OINEPaToOp CeTH
CaMOCTOSTENIFHO YIPABJISAET MOPSAKOM X TIepeadl, YTO MOKET
MIPUBECTH K HHTEP(EPEHIINN OT COCEAHUX cOT. B pesynbrare ceTh
(DyHKIMOHMPYET B HECKOOPAWHMPOBAHHOM pEXHME, 4YTO B
KOHTEKCTE IpUEMa ONOPHBIX curHanoB yxyamaer SINR [21]:

Prxi
SINR = (10)
z J#i Prx,/' +NYX
rae P, — mommocts npunstoro UE curnana ot o6ciykuBaro-
uieit i-it eNB, P — mommocts npunsitoro UE curxana or j-it

eNB, N _ - yposens nryma npuemHuka UE.

—
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Jis CHIKCHHS BIHSHHUS MEKCOTOBBIX ITOMEX HCIOIB3YIOT
cueHapuu nojasieHus uHrepdepeHunyd. OCHOBHOW TMPHHIMIT
3aKJIOYaeTCs B TIOCIEAOBAaTEIbHOM  BOCCTAHOBJICHHH U
BBIYMTAaHUN HanboJiee MOITHOTO TOMEXOBOTO CHTHajla U CHI'Hasa
oOciryxkuBatorieii eNB 13 o0miero mnpuHSATOTO CUrHajia, 4To
TI03BOJISIET BBIICJIUTH ITOJIE3HBIE COCTABIISIIOIINE OT COCEIHUX
craniuii. SINR B 1aHHOM ciy4yae MOXHO BbIpa3uTh Kak [21]:

Prxi
SINR=——"—
Zj*i Prx,/' +Nxx

JEmM

)

rae P —wmomHocTs npunAToro UE curaana ot caMoil CHIbHOU

eNB. [IpumeHeHne maHHOTO II0/IX0/A TIOBBIMIAET TOYHOCTH
TTO3UIIMOHUPOBAHNS, OJJHAKO OIMINOKH IIPH IEMOAYJISIIINN CUTHATIA
OT caMoi cuiIbHOM eNB MOT'yT HEraTHBHO MOBJIMATH HA MPOLIECC
MOJABJICHNST TIOMEX, a B HEKOTOPBIX CIydasX JaXe YCHIIUTb
uHTEpdEpEHIHIO.

JanHbli 3G (HeKT MOKHO MUHUMHU3UPOBATH, €CIT HCTOYHUKOM
MIOMEX SIBJISIFOTCA OMOpHBIE CUTHANbI, Takue kak PSS, SSS nmm
CRS. B 9-m penuze LTE 6butn npeiokeHbl OMOPHBIE CHTHAIIBI
nosunuonuposanuss PRS, wucnons3oBaHMe KOTOpBIX JAenaer
BO3MOXXHBIM (pOPMHPOBAaHHE CIEHAPHsS CKOOPAWHHPOBAHHOM
cetr. CKOOPIMHUPOBAHHAS CETh XapaKTEPU3YEeTCsl HCKITIOUCHUEM
onHOBpeMeHHOM repenaun PRS ot Heckonmpkux eNB Ha ofgHO# 1
TOM K€ YacTOTE WM B OJHOM M TOM K€ BPEMEHHOM CJIOTE. DTO
MIO3BOJISIET CYIIECTBEHHO CHU3UTH YPOBEHb MEKCOTOBBIX ITOMEX;
B YaCTHOCTH, OTCYTCTBHE Iepenaun JaHHbIX B PRS-cyOkampe
CHOCOOCTBYET MUHUMH3ALIUH TOMEX.

Xotsl peanmzanysi JaHHOM CXEMbl CHHMXKAET CIEKTPaIbHYIO
3 PEKTUBHOCTD, MPEJOTBPALIEHUE HHTEPPEPEHIIMH HACTOJIBKO
s¢pdextuBHO, uTo SINR MOXKHO NMpPUOIMIKEHHO CUMTATh PaBHBIM
oTHOIIeHNO curHai-ryM SNR [21]:

P,
SINR=SNR=$ (12)

jo'e

Pucynox 9 mokaspBaer pesymbraThl orneHKH SINR mpu
MonenupoBauun 1o (10), (11), (12) B Buae TEmIOBBIX KapT I
Pa3HbIX CLIEHAPHUEB BBIUMCIICHUS ¢ 00cayxuBatoieii eNB1.

1000
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o
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Puc. 9. Teruosas kapra SINR ¢ o6cnyskuBatomnieii eNB1:

a — HeCKOOPIMHUPOBAHHAs CETh; O — MOJaBJICHHE HHTeP(EPEHIINH;
B — CKOOPJWHHUPOBAHHAS CETh

SINR, ab

B mocnenyromux pasjenax OyAyT pacCMOTPEHbBI ClIEHAPHU
MOJIaBJICHUSI UHTEP(PEPEHIIMH M CKOOPAMHMPOBAHHOW CETH, B
KOTOPBIX  JJIsl  1eJeld  MO3UIIMOHUPOBAHHS  MCIOJIB3YIOTCS
cootBeTcTBeHHO curHainbel CRS u PRS.

3.3 Ouenka euanus nomex Ha MOYHOCHDb NOZUKUOHUPOGAHUA
memooom OTDOA

T
Ipeanonoxum, 4o X =[x,y| — HeM3BeCTHBIC KOOPAMHATEI

T
UE; x,=[x,»]| - wussecrnple xoopamnarer eNB;, rae
i=12,..,L; L —9iCII0 CUTHAJIOB OT CaMbIX MOIIHBLIX eNB, BbI-
OpaHo B 3a/aHHOM 00JacTH (B AaHHBIM MojeiupoBanue L=5);

~ 77
X =[%,7] - ouenka koopaunar UE. Toraa paccTosHue r; MEKIy

UE u eNB; onpenensercs kak [26]:

r=x=x,|= =% + (=) i =123, L (13)

rae |||| — EBxummioBa Hopma Bekropa. 13 (13) pazHoctn nanbpHO-

CTH ARU Mexy eNB; 1 eNB| Mo>kHO OTIeHHTH Kak [26]:
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VE=x) +5=3) ——x%) +(=1,)"
(x) = AR, =| VO3 =) =) + =)

f (14)

TDOA

Jo=x) + (-0 —x-x, )P +(-»,)

Marpuna Slkoou H onpenensercs u3 ypaBaenuii (14) no ko-
opauHatam npuemuuka UE [26]:

A N y_yl_y_yZ_
R, R, R, R
y=n Y=y
ale)OA(X) - - :

H=| =20t = R R, R,

X=X Xx—x, V=N V=N
R R, R R,

I'eomeTpruecknii (hakTop CHIKEHUSI TOTHOCTH O3UIIMOHUPO-
Bauust GDOP (Geometric Dilution of Precision) onpenensercs mo

dbopmye [26]:
GDOP=,/(H” -H)"' (15)

Wudopmanmonnast marpuna @umepa FIM I(x) Beraucisiercs
o ¢opmyne [21]:
I(x) =H"-R"-H)" (16)

rae R — marpuia xoBapuanuu st 1eineBo GpyHkuuu frooa,
ompejenena 1o Gopmyoie:

2 2 2 2

G, + 0, o, .. 0O

2 2 2 2

R G, G, +0; .. G
2 2 2 2
c, o, G, +0o,

raAe o; — CTaHAapTHOC OTKJIOHCHHUC, OIPEAC/IICMOC CPCAHCKBA -

parnunoit ommokoi (CKO) BpeMeHHO 3afepKKH Ul CHTHAIIA,
nepenanHoro ot eNB;.
HI'KP 11 oueHKH KOOpAMHAT X U Y 3a1a€TCS1 KOMIOHEHTaMU

[I(x):L)1 u [I(X)Jz’2 COOTBETCTBEHHO, TMOJTOMY COBOKYIIHAsI

HI'KP s BexTopa onenku koopauaat UE Ha mutockocTH X, 060-
3Havaemast kak CRLB(x), onpezensercs U3 BEIpasKeHNS:

CRLB(x)=[1(x)], +[1(x)],,

Ommnoka onenku koopauHat UE B MeTpax OTHOCHTENILHO UC-
TUHHOT'O MECTOIOJIOKEHHS BhIUMCseTcs kak [21]:

I [trace(l(x))

[Tate 3Hauennit SINR ot msitu cambix MomHbIX eNB, KoTOpBIe
MOJTYYHMITH B MIPOILJIOM Pa3Jieiie, UCTIONB3YIOTCS ISl BEIYUCICHHUS
MaTpHIIBl KoBapuanuu R ¢ momorero (2). PesynpTaramu olieHKA
CRLB(’C) oT eNB; sBiIsIeTCs cTaHIapTHOE OTKJIOHEHHE o, . Ja-

(17)

nee BoimonHseTcs Beraucienrne GDOP no (15) n ycranoBnenne
HI'KP omm6ku TOYHOCTH OLIEHKHM KOOPJIMHAT Ha IUIOCKOCTH  TO
(16) u (17). Pesynbrars! npencrasiens! Ha pucyHkax 10 u 11.

SJIEKTPOHMKA. PAODNOTEXHMKA

1004
-1000 500 [} 500 1000

WP

Puc. 11. Tennosas xkapra HI'KP
(a — nonaBnenue unTepdepennu, 1,4 MI'n; 6 — noxasienue narepde-
pentmu, 10 MI'; B — ckoopauHupoBanHas cetb, 1,4 MI'i;
I' — CKOOpAMHUpOBaHHAas ceTh, 10 MI'1x)

3.4 Oyenxa enuanus nomex u MHO20Ly4e6OCMU
Ha mounocmu nouyuonuposanus memooom OTDOA

B npenpinymunx paszaenax paccMaTpHBaiIOCh BIMSHHE IIyMa,
MHOTOJIy4eBoro kanaia u otHomreHus SINR Ha omopHble cur-
HaJlbl OTJICJIFHO TIPU OIEHKE TOYHOCTH MEPBHUYHBIX M3MEPEHHH
TOA. OnHako A moirydeHust 6oiee T0CTOBEPHOH OIICHKH He00-
XOAMMO YYHTHIBATh COBOKYITHOE BIIMSHHE BCEX YKa3aHHBIX (hak-
TOPOB B CIICHAPUH MOABICHUS HHTEPHEPEHINH (IIPH HCHOIB30-
BaHuM curaaigoB CRS) u koopanHUPOBaHHOM ceTH (IIPU UCTIOTb-
30BaHuM curaaigoB PRS), mpuMeHHTENbHO K yCIOBUAM pacmpo-
CTpaHEHHs CHTHAJIa: TIEIeX0AHOW, aBTOMOOHMIIBHON U TOPOJICKON
cpenaM, MoJieJIupyeMbIM ¢ iomolibio kaHaioB EPA, EVA u ETU
cooTBeTcTBeHHO. 3HaueHue SINR paccuutbiBaercs oT mATH
Hamboee cmIbHBIX eNB, Kak ormcaHo B paszene 3.3, mpH moroce
nporyckanust 1.4 mm 10 Ml

[Mocne no6asnennst ABI'II k curaay ero aBTOKOpPpPEISIIHOH-
Has (yHKIMS CBEPTHIBACTCS C WMITYJIbCHON XapaKTEPHUCTHKON
KOHKpPETHOW MOJZIEJIM MHOIOJy4eBOro KaHana. Jlajgee npumens-
€TCsI METO OIIEHKH TEePBOTr0 MHKa (OMHUCAHO B pasnene 2.5) mis
BBIYHCIICHUS MHTErpaibHON (QyHKuun pacnpenenennss CDF omu-
0ok mncepmonanbHocTH. Hakownern, mis konkperHoro SINR, mo-
JieIM KaHajla ¥ IIMPUHBI 0JIOCH! CUTHANA OepyTest 3HaueHus 67%
wm  95% CDF, uroObl MOJYy4YUTh IOTPEIIHOCTh OLIEHOK

—
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koopauHat UE ¢ HI'KP s mo3unuMoHUpoOBaHUST METOJIOM
OTDoA.

PesymneraTer MmonenupoBanus mis ogHoro OFDM-curnana B
CIICHAPHUH TIOAABIICHUS MHTEP(EPEHIINN U CKOOPIUHUPOBAHHON
CeTH IPECTAaBICHBI HAa pUCYHKaX 12 u 13 COOTBETCTBEHHO.

MOrpEssOcTe NOMMUWOHIPOATSAR, 4

1000

65

AGIMEGHEECIH, W
[

Puc. 13. TeroBast kapTa MorpeHOCTH MO3ULIMOHUPOBAHUS IS O/1-
Horo OFDM-cuMBoOIIa B crieHapuu ckoopauaupoBanHoi cetn LTE
(a—67% CDF kanana EPA, 1,4 MI't;; 6 — 95% CDF kanana EPA,

1,4 MI't;; B — 67% CDF kanana EPA, 10 MI'i; r — 95% CDF xanana

EPA, 10 MI'u; o — 67% CDF xanana EVA, 10 MI'n;
e — 67% CDF kanana ETU, 10 MI'my)

oot RamRsponS,

“s Ta6nuia 4 MokaspIBaeT pe3yTbTaThl MOIETHPOBAHHS B MECTO-
T
nonoxenns UE x =(0,200) .

(7]

Tabnuia 4

TIOTPRSHOCT. MOIAOHEPOATL,

T
PesynbraTel MOAEIMpOBaHus B MecTononoxkenus X = (0,200)

Iorpemnocts
TO3MIIMOHUPOBAHUS, M
o Kanan EPA, 1,4 MI'

" Ioxasnenne nHTEpHEPeHIIMN 67% CDF 54,04
95% CDF 115,6
67% CDF 17,8
95% CDF 414
Kanan EPA, 10 MI'n

CKOOpIMHUPOBAHHAS CETh

[T —

x ne IMonapnenue uHTEpQHEPEHIIUN 67% CDF 22,2
. u A PRCPEHI 950/ CDF | 61,5
67% CDF 14,1

CKOOpANHMPOBAHHAS CETh 95% CDF 253

Kanan EVA, 10 MI'u

Puc. 12. TennoBas kapTa HOTPEIIHOCTH TO3UIIMOHUPOBAHUS [T O 67% CDF 30.4
Horo OFDM-cuMBona B crieHapuu nojasnenus uarepdepentmu LTE Ionasnenne nutepdepermmm 95% CDF 73’2
(a— 67% CDF kanana EPA, 1,4 MI'n; 6 — 67% CDF kanana EPA, 67% CDF 7 ’5
10 MTI'ti; B — 95% CDF xanana EPA, 10 MI'ti; r — 67% CDF kanana CKOOpANHMPOBAHHAS CETh 2

95% CDF 53,5
Kanaa ETU, 10 MI'n
67% CDF 40,2
95% CDF 752
67% CDF 21,8
95% CDF 55.6

EVA, 10 MI';; 1 — 67% CDF kanana ETU, 10 MI'1;
e — 95% CDF kanana ETU, 10 MI'm)

[Nonasnenne nHTEpHEpEeHINN

- 1000

CKOOpIMHUPOBAHHAS CETh

Pesynbrars! 13 pucyHKoB 12 1 13 MOXHO CpaBHUTSH C pe3yiIbTa-
TaMH TIPX OTCYTCTBHN MHOTOJTy4eBOCTH Ha pucyHke 1 1. Kak MoxxHO
3aMETUTB, JTyulllas TOUHOCTb MO3ULIOHNPOBAHNUS HAXOIUTCS BOKPYT
OapuILIeHTPa KaXJI0i TPYIbl U3 TpeX OMmKalnx 6a30BbIX CTaH-
i, st crieHapuu CKOOpAMHMPOBAaHHOM ceTy u KaHana EPA ¢ nc-
MOJIb30BaHWEM TOJIOChl mpomyckanust 1,4 MI' camas Huskas
onmOKa MO3UIIMOHUPOBAHMSI COCTaBisieT okoyio 17 u 39 meTpoB B
67% 1 95% cnyuaeB, Kak IToKa3aHo Ha pucyHKax 13au 136 cooTser-
. CTBEHHO.

H OTH TOTPENIHOCTH IO3WIIMOHUPOBAHMS MOTYT OBITH YIIyd-
¢ LIEHBI, €CIIM IIMPHHA CUTHaja yBenuuusaercs 10 10 MI'm, dro
g TIPUBONT K MOTPEITHOCTH MO3UITHOHIPOBaHUs okoio 13,5 u 24,5
o MeTpoB B 67% u 95% ciryuaes amst kaHana EPA, kak moka3aHo Ha
pucyHkax 13B u 131 coorBercTBeHHO. [10700HBIE pE3yIbTATHI
MOJKHO MONYy4uTh ToJbKo A7 kaHana ETU u EVA npu ncnosns-
30BaHUM LIMPOKHUX MOJOC, Kak Ha pucyHkax 13r u 13e, uz-3a

-—
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Oosiee BBICOKOTO CPEAHEro 3aras3/bIBaHusI UMITYJIbCHOW XapaKTe-
PHCTHKH KaHaja, Kak YIOMHHAJIOCh B Ipe/IbIayIIeM paseine. Kak
MOXHO 3aMC€TUTDb, 3TU PE3YJIbTATbI CUJIIBHO 3aBUCAT OT MOJICJIN Ka-
Hana u Metoa orieHkn TOA.

Hab:roraemast TeHICHIUS COXPAHSIETCS U B CIIydae CLEHApHs
TIO/IaBJICHUS] MHTEP(GEPEHIINH, OJHAKO 3HAYEHHE IOTPEITHOCTH
TIO3UIIMOHUPOBAHNS OKa3bIBAETCS 3HAUYMTEIHEHO BBIIIE IO CPaBHE-
HHUIO CO CIy9aeM CKOOPAMHUPOBAHHOHN CeTH. DTO OOBsACHSICTCA
pazmmuniem B ypoBHe SINR Mexay AByMmS CICHapHsIMH, HYTO
HATJISITHO TIPE/ICTaBICHO B paszzene 3.2 u Ha pucyHke 9. B gact-
HocTH, ypoBeHb SINR B CKOOpIMHMPOBAHHOMN CETH AOCTHUTAET OT
25 o 80 nb, Torja Kak B yCIOBUSIX [OJIABICHUSI HHTEPQEPEHIUN
OH orpanuyeH auanazonom ot 20 1o 30 nb. [{ns kanana EPA mpu
nojioce nporyckanus 10 MI'p MuHUMaIbHAsT OIIHOKA TTO3HIINO-
HUPOBAHMS B 3TOM ClIydae COCTaBIseT Okojio 16 u 35 meTpoB B
67% u 95% cny4aeB Ha pucyHKax 1206 u 12B COOTBETCTBEHHO.
OTH 3HaYEHUsI OJIU3KHU K Pe3yIbTaTaM, IOIYIEHHBIM JUISl TIOJIOCH
1,4 MI'u B cueHapuu CKOOPJAUHUPOBAHHOM CETH, UTO CBUIETEb-
CTBYET O BBICOKOW A(P(PEKTUBHOCTH CKOOPAWHHPOBAHHOW CETH
(ipm ucronp30BaHKU curHaioB PRS) s pemenns 3agayun mos3u-
IUOHUPOBAHHUS.

3.5 BeiBOAbI

[IpoBeneHO MOAETMPOBAHHUE TOYHOCTHU IMO3UIIMOHUPOBAHUS
UE B cetsix LTE ¢ ucnons3oBanuem Metoga OTDOA B ycrioBusx
otcyTeTBus npsimoit BuauMoctd NLOS. B pamkax monenupoBa-
HUsI ObUIA PACCMOTPEHA MOJICIIb TeKCaroHAIbHOM COTOBON CTPYK-
TYpBI CETH, a TAKIKE OIPEICIICHBI TapaMeTPbl U XapaKTEPUCTHUKH,
HEOOXOAMMBIE JIUIsl TIOCTPOCHUSI PEATUCTUYHBIX CIIEHApUEB pac-
MIpOCTpaHeHus curHana. MccinenoBaHbl TpH OCHOBHBIX MOJX0/a K
BeranciieHnio otHomreHuss SINR B cetsx LTE: meckoopanHupo-
BaHHas CeTh, CLICHAPHI NIOAABICHNS HHTEPPEPEHIUH U CKOOPAHU-
HUpOBaHHas ceTb. Ha OCHOBE MOIY4YEHHBIX KapT pacHpeeeHUs
SINR mns kaxkmoro creHapus OBUTH pacCUUTaHBl 3HAYCHUS
HI'KP, xapakrepusyromue npeaeabHy0 TOUHOCTh OLEHKH KOOp-
nuuat UE Ha miockocTH.

Onenkn HI'KP nanee mcnonb3yroTcst Ui CpaBHUTEIBHOIO
aHaJIM3a C Pe3yIbTaTaM1 MOJCIHPOBAHNUS OIINOOK MO3UIIMOHUPO-
BaHMS, YYUTHIBAIOLIETO COBMECTHOE BIIMSIHHE IITyMa, MEXCOTO-
BBIX IIOMEX U MHOTOJTy4€BOCTH, NIPECTABICHHOrO B paszeie 3.4.
[TpoBenénublil aHanM3 B pasjerne 3 mpencTaBisieT co00i OCHOBY
JUISl BCECTOPOHHET0 YCTAHOBJICHUS ITOT PEIIHOCTEN MO3UIIHOHUPO-
BaHuda B ceTsax LTE u co3ga€r nmpeanochuiky A NOBBILICHUS
TOYHOCTH OTIPE/IENEHUS] MECTONOI0KEHHUS B PEaTbHBIX YCIOBUSX.

3ak/ouenue

BimsHue THIMYHBIX MOJeNIel KaHana, 0cOOCHHO UX MHOTOJIY-
YEeBOI'0 PaCHpOCTPAHEHHs, HA OLEHKY TOYHOCTU TEPBUYHBIX H3-
Mepenuit TOA 6b110 OLIEHEHO TSI BO3MOXKHOCTEN MTO3UITHOHIPO-
Banus B cersax LTE. Jng mpenBapuTenbHOM OLEHKH BIMSHUS
MOIITHOCTH MHOTOJIy4€BOI'O CHUTHANA, 3a7eP>KKH MHOTOJYy4YEBOIO
CUTHAJa ¥ TOJIOCHI MMPOITyCKaHUs CUTHAJIa UCTIOIb30BaHa JBYXJTY-
yeBast MoJieltb (oauH npsimoit LOS 1 ogu otpaxenHslit NLOS) u
MeTpuKa orubaromiei ommOKu MHoromyudeBoro kanama MPEE.
W3-3a orparnyeHnil 5TOW METPUKH Jajiee Oblla pacCYrTaHa Cpe-
HsIS 33JIepXKKa T Ha OCHOBE MPOQHIs 3a1epkek Mornuoctu PDP

u cpennsia oueHka ToyHoctd TOA T, Ha OCHOBE TMCTOIPAMMBI

SNNIEKTPOHMKA. PAONOTEXHUKA

omubOOK BpeMEeHHOH 3aaepxku MetogoM MLE, koTopast BeIauc-
JisieTcs s TpaAMUMOHHBIX Mozeneil kanana LTE. Oxnako oba
yKa3aHHBIX METOJIa HE YUUTHIBAIOT BIMSHUE MHOTOJyYEBOCTH Ha
curda LTE B peanbHBIX YCIOBHSIX, IIO3TOMY ObLT PacCMOTPEH
meton oueHkn TOA mo nepsomy nuky FPE. [Ipo6iema nannoro
METO/1a 3aKJIF0YaeTCsl B BBIOOPE TAKOT0 MOpOTa, BBIIIE KOTOPOTO
MOJKHO IIPEATOJIOKNUTh, YTO OOHapyKCHHbIE ITHKH COOTBET-
CTBYIOT IyTSIM MPUXO/Ia MOJIE3HOTO CUT'HAA.

IIpoananu3upoBaHa TOYHOCTh NEPBUYHBIX U3MEPEHUI U OlLie-
HOK KoopauHAT 11t ogHoro OFDM-crMBOJIa OIIOPHBIX CHTHAJIOB
C y4eTOM BO3JICHCTBHSI IIIyMa, MEKCOTOBBIX TIOMEX U MHOTOJTyue-
BOCTHU. /7151 5TOr0 OBUT BBIUKMCIIEH OIOJDKET KaHala IATH CaMbIX
MOIIHBIX 0a30BBIX CTAHLUI OTHOCUTEIBHO MecTorookeHus UE
JUI KaKJI0M MO3UIMHU B CLIEHAPUU [TOJIaBJICHUS TIOMEX U CKOOPIH-
HUpOBaHHOHN ceTu. IlomydyeHHble 3HAUEHMsI OTHOIIEHUS CHI-
Ha/(trym+momexa) SINR ObUTH HCTIOIB30BAaHBI IS OMpEresie-
Hust ypoBHs myma ABI'II, koTopsrif ObUT 7OOABIEH K CHTHAITY.
ABTOKOppEIISIIMS CUTHAJIA C IIyMOM ObLTa CBEPHYTA C UMITYJIbC-
HOM XapaKTepUCTUKON KaHajaa TUIMYHON MOJEIN MHOI'0JIy4€BO-
cTh. 3aTeM OBbLI HCIOJIB30BaH METOJ OLEHKH IO MEPBOMY IMHUKY
JUTA BBIYUCIICHHSI OIIMOOK BpeMeHH npuxona curaaga TOA mis
KOKJOU pealu3aluu KaHaja. TUIMYHbBIC 3HAYCHUS NICEBOANb-
HOCTH OBLIM BBIYUCIICHBI C KBaHTHIIEM 67% 1 95% WHTEerpanbHON
¢ynkiuu pacnpenenenusi CDF mosydeHHBIX OMIMOOK OICHKH
TOA. DTH niceBI0ANBHOCTH B KOHEYHOM UTOTE OBUTH HUCIIOJB30-
BaHbI JUIS BEIYUCIICHHS OLTHOKY ITO3UIMOHUPOBAHMUS C TOMOIIBIO
HI'KP s nosunmonuposanus metoom OTDoA. [Tonyuennsie
3HAYEHHs TOYHOCTH MO3HUIIMOHUPOBAHMUS B CIIydae CIIEHApHS I10-
JIaBIICHUST UHTEP(EPEHIINN OKA3aJINCh HIDKE MO0 CPaBHEHHIO CO
CIICHapHeM CKOOPINHUPOBAHHOM ceTH n3-3a ypoBHS SINR mexmy
JBYMsI CLICHAPUSIMU.

st CKOOpAMHMPOBAHHOW CETH MPU MHUHUMAJIbHOW I0JOCE
npomnyckanus LTE (t.e. 1,4 MI'n), 06Ut 0OHAapy>KE€HBI TUITMYHBIC
OLIMOKY TO3UIIMOHUPOBaHUsI 0KoJIo 17 1 39 meTpoB B 67% u 95%
cinydaeB Juid kaHaga EPA cooTBeTCTBEHHO. DTH pe3ynbTaThl
YIIy4IIAl0TCs JUI IOJNOCH Iponyckanus curnana 10 MI'n go 13,5
u 24,5 meTpoB B 67% 1 95% cirydaeB Ui TOro e KaHalla COOT-
BeTcTBEeHHO. [107100HBIE PE3ynbTaThl MOXKHO IOJYYHTH TOJIBKO
g karana ETU u EVA npu ncnions30BaHIH ITUPOKUX MTOIIOC H3-
3a 6oJiee BBICOKOTO CPEIHETO 3ama3/(bIBaHNs HMITYJIbCHOM Xapak-
TEPUCTUKH KaHaa. DTH pe3yIbTaThl CHIBHO 3aBHCAT OT MOJICIIH
kaHayia 1 MeToza orieHkr TOA. Takum 00pa3om, B JaHHOM paboTe
OblIa MPEUIOKEHA METOMOJIOTHS JIUIsl TEOPETHYECKOTO aHaIHu3a
ook nosunnonupoBanus B cetsax LTE, u ObLu mpeicTaBIeHbI
MpeBapUTENIbHbIE PE3YIbTaThl Ul CLIEHApUEB MOAABICHUS I1O0-
MeX U ckoopauHupoBaHHOH cetu LTE.

PesynbraThl, npeAcTaBIEHHBIE B 3TOM MOJEIUPOBAHMU,
MMEIOT HEKOTOpPbIE OrpaHuYeHUs. Bo-1iepBbIX, B paboTe mpero-
Jaraercs ujealibHasi CHHXPOHHU3AIMsl MEXly 0a30BbIMU CTaHIIH-
SIMH, 4TO B PEAIbHBIX YCIOBHSIX MOXKET OBITh 3aTPYAHEHO H TI0-
BIUATh Ha TOYHOCTb H3MEPEHUIl BPEMEHHU MPHUXOJa CUTHANA
TOA. KpomMe TOro, TeXHHKa MOJABJIECHUS MEKCOTOBBIX MOMEX
paccmaTpuBaeTcsl Kak HAealbHas M HE yYUTHIBAET BO3MOXKHBIC
WCKa)KCHNSI, BO3HUKAIOIINE NP COBMECTHOW Tepenade B peallb-
HBIX ceTs1X. CyIIecTBEeHHBIM OTPAaHUUCHNEM TAKXKE SBISETCS BbI-
COKast YyBCTBUTEIILHOCTb PE3yIbTATOB K METOLY BBIOOpaA IOpora
B anroputrme orenkn TOA no nepsomy nuky FPE. Dddexrus-
HOCTb 3TOT0 METOZa BO MHOI'OM 3aBHCUT OT KOPPEKTHOU
HACTPOIKH MOPOrOBOT0 3HAYCHUSI, 0OCOOEHHO B YCIIOBHSX HU3KOT'O
OTHOIICHHSI CUTHAJI/IITYM.

—
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Emé ogHuM BasKHBIM OIPaHUYEHHUEM SIBJISICTCS TO, YTO MOJIC-
JUPOBAHUE BBIMOIHEHO TOJBKO 1 ogHoro OFDM-cumMBoa, To-
r7la KaK MCIOJb30BAHME OMOPHBIX CUTHAJIOB Ha MHTEpBaie He-
ckosbkux OFDM-CcUMBOJIOB MPH UX HAaKOIJICHUH MOXKET 3HA4H-
TENBHO MOBBICUTH TOUHOCTb OLIEHKH KOOPJIUHAT.

B nanpreiiiem npesnonaraercst 6osiee ieTanbHOE UCCIe0Ba-
Hue noseneHnst Merona FPE, Bkmovast pa3paboTKy ajanTHBHBIX
cTparernii BoIOOpa 1opora 1 CpaBHEHNE C COBPEMEHHBIMH METO-
nmamu otteHKH TOA Ha nHTepBane Heckombkunx OFDM-cuMBOIIOB.

AKTyanbHBIM HalpaBJICHUEM SIBIISETCS aJanTanusl Mpeaso-
JKEHHON METOJIOJIOTUH [UIsl IPUMEHEHUS! B CETSIX ISITOrO MOKOJIe-
HUA 5G ¢ y4ETOM IMIMPOKOTIONOCHBIX CUTHAIOB, MHOTOKaHAJIBHON
nepenauu, texHonorun Massive MIMO wu arperanuu Hecymux,
YTO OTKPBIBAET HOBBIE BO3MOKHOCTH JJI1 BBICOKOTOYHOTO MO3H-
LIUOHUPOBAHMUS.
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Abstract

Today, the overwhelming radio coverage in megacities is provided by fourth-generation 4G LTE networks in conditions of no direct vis-
ibility, therefore, despite the development of fifth-generation 5G NR networks, the task of a comprehensive study of the accuracy of
positioning devices in LTE networks remains relevant and in demand. A sufficient number of studies by leading foreign scientific schools
are devoted to this issue, but in the domestic segment, as far as the authors know, no works have been published yet that reveal a com-
prehensive accounting of all factors. The purpose of this study is to develop a methodology for establishing the limits of the accuracy
of positioning devices in LTE networks, taking into account the impact of multipath, interference and bandwidth limitations on a typi-
cal hexagonal cellular structure of a radio access network fragment in accordance with the recommendations of 3GPP TR 36.942
report. The analysis includes modeling of typical multipath channels (EPA, EVA, ETU) describing operation in conditions of no line of
sight, implementation of TOA estimation methods, such as multipath channel error envelope, first peak estimation, average TOA accu-
racy estimate based on power delay profile and based on time delay error histogram using maximum likelihood method, as well as estab-
lishing the Cramer-Rao lower bound of both primary TOA measurements and coordinate estimates resulting from secondary TOA
processing using OTDoA method. The obtained results can be used in configuration of existing, as well as in construction of prospec-
tive LTE networks and corresponding positioning algorithms to improve the accuracy of geolocation in real operation conditions. The
developed methodology can also be used in next-generation 5G/6G networks.

Keywords: 4G, TOA, OTDoA, positioning, primary measurement accuracy, NLOS, CRLB, PRS, FPE
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B cratbe paccMatpuBaercA BOMPOC O BO3MOXHbIX PacLIMPEHUAX CEMEHCTB
annpokcuMupylowmnx ¢QyHKUMA Ccynepnosuumueid C HEKOTOPbIMM KilaccaMu
nepefaTtoyHbiX YHKUMA C Lenbio YNyuqlleHUA KayecTBa amnmnpoKCUMMaLUM
HenpepbIBHbIX Ha OTpe3Ke M TabGnu4HO 3ajaHHbIX 3aBucumocTter. Kak c Toukm
3peHUA TOYHOCTH, TaK U C TOYKU 3pEHUA CKOPOCTH BbluncneHua. Ocob6oe BHUMaHKue
yAenaerca BO3MOXHOCTUM MCMOJNIb30BAHUA MeToAAa HauMMEeHbLUMX KBajpaToB AnA
TaKuUX paclUMpeHWit, MOCKONbKY 3TOT MeToj AaéT Haubonee GbicTpoe pelueHue no
CpaBHEHMIO C MeTogaMu nowarosoro npubnuxenusa. Mccnepyerca sonpoc o
BO3MOXXHOM U3MEHEHUU KPUTEPUA CXOAUMOCTU (PYHKLUM OLLIMOOK ANA pacluMpeHus
BO3MOXXHOCTU 3TOr0 MeToja, YTO MNO3BONMUT Ao6uTbCcA Gonbliei rubkoctu B
pewieHun 3Tol 3apauu. [ononHuTenbHo, paccMaTpuBaloTCA ABe MNpaKTU4ecKue
3ajjauM - 3TO NPUMEHUMOCTb MeTOZa HaMMEHbLUMX KBaZpaToB K 0Oy4eHuIo
MCKYCCTBEHHBIX HEMPOHHBIX CETEN, a TaKKe K 3a/la4aM IKCTPanonALMUM U NPOrHosa,
K KOTOpPbIM MOJIMHOMbI He O4YeHb NpuroaHbl. Ana 060CHOBaHUA KOHUeNuuu
nepenaroyHeix ¢yHKUnin opMynupyloTca TeopeMbl C J0Ka3aTenbCTBOM O
NUHENHOW nepefaToy4HON (DYHKLMM U MONHOTE ceMelcTBa 06paTHbIX NONMHOMOB.
OGcyxpaeTca BONPOC NMPUMEHUMOCTM METOAA OPTOrOHANIbHbIX MHOTOYNEHOB, a
TaKxe pauuoHanbHbiX PYHKLUMI Ana 3TuX uenei. B kauecTee MeToa nccnesoBanmna
npeanaraercs AOMONHUTL anNnpoOKCUMUPYIOLLIee CEMENCTBO Ha NpUMepe NOSIMHOMOB
CTPOro MOHOTOHHbIM mnpeo6GpasoBaHMeM Kak nepeAaTo4HON YyHKUMEN.
PaccmatpuBaloTcA KOHKpeTHble BapuaHTbl TaKMX MepeAaTouHbiX yHKUMA,
yKasbiBaeTcA JANA KaKuMX MPaKTUHEeCKUX 3aZa4 OHM MOryT ObiTb MoOJNe3HbI.
PesynstatoM sABnAeTcA AeMOHCTpauua ABHOTO NpeuMyLlecTBa MOJIMHOMA C
nepeparo4Hon ¢yHKuMen Hap nonuHoMoM 6Ge3 nepepatouHoi yHKUMM AnA
annpoKCMMaLuMn KOHKPETHOro BuAAa 3aBUCUMOCTEN, 4acTo (UrypuUpYIOLLIMX B
MHGpOKOMMYHUKALMOHHBIX 3aAa4ax. OcTanbHble pesynbTaTbl UMEIOT TEOpeTUYeCcKoe
3HayeHne M MoryT ObiTb MCMONb3OBaHbl ANA 3aAay MPOrHO3a M CO3JaHUA
NCKYCCTBEHHbIX HEMPOHHBIX CeTel HOBOM apXUTEKTYpbl.
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BBenenue

AHamMTHYECKOE TPE/ICTABICHUE JKCIEPUMEHTAIIBHBIX JaH-
HBIX UTPAET KJIIOYEBYIO POJIb ISl HCCIICIOBAHUS BHYTPEHHHX 3a-
BHCHMOCTEH B IaHHBIX, a TAKXKE JUI IIPOTHO3a MX TOBEICHHUS 32
rpaHdliaMy u3BecTHOTro. Hambosiee wacto amst 9THX meneil uc-
TOJIB3YIOT CEMENCTBA IIOTMHOMOB!, @ TAKIKE OPTOTOHANBHBIE MHO-
rowreHsl YeOriméBa, Jlexxanapa, Dpmuta, beprmreiina u ap. [1]
€O CcBOOOAHBIMH KO3 (UIMEHTAMH B KadyecTBE IapaMeTpoB, B
CBSI3H C TEM, YTO UX AMPOKCUMHPYIOIINE CBOMCTBA XOPOIIO U3Y-
YeHbl. A TaKkXKe B CBS3M C TeM, 4TO 3TH KO3(P(HUIMEHTH MOTYyT
OBITH OMpeJIeNIeHbI JOCTATOYHO ITPOCTO C MOMOIIBIO XOPOIIO U3Y-
YEeHHOr0 MeToJa HauMeHbIIUX kBajaparoB [2]. He mis Bcex He-
NPEPBIBHBIX (DYHKIMI WM AUCKPETHO 3aJaHHBIX 3aBUCHMOCTEH
TaKas anmnpoKCUMalus IOJXOAUT, MOCKOJbKY TEOpeTHYecKas
BO3MOKHOCTb M ITPAKTHUECKask peaTi3anus 3TO HE OJHO U TO XKe.

B 31011 CBSI3M MOXHO OTMETHTH TpeOOBaHNE HAa MUHIMHU3AIHIO
HEOOXO0ANMOro KojndecTBa KOI(P(GHUIMEHTOB WU CTEICHb IOJIH-
HOMa JUIsl IOCTMDKCHHMS 3a/laHHOW TOYHOCTH amNpOKCHMAINN Ha
oOyuaromiel BeIOOpKe. Taxke MMEIOT 3HaUYeHUE TaKHue CBOICTBa
KaK CKJIOHHOCTb MOjIeJIeli Ha OCHOBE IIOJIMHOMOB K IepeoOyue-
HUIO Ha IUCKPETHBIX JAHHBIX U HEAOCTATOUHBIE WU JIAXKe OTKPO-
BEHHO IJIOXHE HKCTPANOJIUPYIOIIKE UX cBoicTBa. [loaTOMy, HHO-
I71a MCHOJB3YIOT U JAPYTUE allpOKCUMHPYIOIIHE CEMEHCTBa, B
TOM YHCJIE TaKHEe, KOTOPbIE HE COBCEM YJIOBJIETBOPSIOT TEOpeMe
Beiiepmtpacca-Croyna [3] 06 annpoxkcumanuu. To ects, mojce-
MeHCTBa, IUIOTHBIC HE Ha BCEM MHOXKECTBE HENPEPHIBHBIX (PYHK-
1M, @ TOJIBKO Ha €ro IOJJMHOYKECTBE.

B pabore npeuiaraercst pacIiMpuTh CEMEHCTBO KITACCHYECKUX
MOJIMHOMOB MJIM UMEHHBIX OPTOTOHAJIBHBIX ITOJIMHOMOB, J100aB-
JICHUEM CTPOT0 MOHOTOHHBIX (DYHKIMH B KadecTBE IepeaaTod-
HBIX QyHKIMH. KoTOpble, ¢ 0/1HOI CTOPOHBI, JOOABIAIOT HHOTAA
MOJIE3HYI0 HETTMHEHHOCTh B IMHEHHBIE (POPMEI, a, C APYTON CTO-
POHBI, TTO3BOJIAIOT MCIOIb30BaTh METO/I HANMEHBIINX KBaJPaTOB
Ut Ooree OBICTPON W Ka4eCTBEHHOW alMPOKCUMAINU. JTO TAaCT
BO3MOXHOCTb CTPOUTH AHAJIUTHYCCKHUE 3aBUCUMOCTU C HOBBIMHU
CBOMCTBaMHU, YTO JEMOHCTPUPYETCS HAa IPUMEpax.

IMo1uHOMBI, OPTOrOHAJIbHbIE MHOTO4JI€HbI
U Ipyrue annpoKCUMHUPYIOLHe ceMeiicTBa

[Toka paccMOTpeHHE MPUMEHEHHUsSI MePeIaTOUHbIX (YHKIHMA
OrpaHUYMBAIOCH MOJMHOMAMHU B KavyecTBe aprymeHTa. B To ke
BpeMsi, Kak ObLIO CKa3aHO paHee, MOJUHOMBI JUIsl PAKTHIECKOTO
MPUMEHEHHsT — TO HE caMoe JIydlliee almpoKCHMHUpYIOIee ce-
MeiicTBO. MaremMaTiHKaMu MpOoIUIOro, YaCTHYHO YKa3aHHBIMH BO
BBEJICHHUH, OBLTH pa3paboTaHbl OoJiee COBEpIIICHHBIE CEMEHCTBA,
00beIMHEHHBIE Ha3BaHHEM «OPTOTOHAIBHBIE MHOTOUJICHBD», KO-
TOpbIE KOMIICHCUPYIOT HEJIOCTATKU MMOJMHOMOB Ha oTpe3ke. Op-
TOTOHAJILHBIMU MHOTOYJICHAMH HA3bIBAETCSl OECKOHEUHas 1OCIie-
JTIOBATEIBHOCTh YaCTHBIX MHOT'OYJICHOB BO3PACTAIOIICH CTCIICHH
n, 00pa3yIUX OPTOrOHAIBHBINA Oa3HC, 0 KOTOPOMY MOXKHO pa3-
JIOXKUTH JIFOOYI0 HEMPEPHIBHYIO HA OTpe3ke (a, b) HEMpephIBHYIO
3apucumMocTk. Ilycts p° (x), p! (x), p? (%), ..., p" (%), ... — TaKas
mocienoBatenbHOCTE. Ha otpeske [-1, 1] ona obmamaer cBOi-
CTBOM

! To e, uro MHOrOUNCHBI B KiTaccuueckoM Bie Konmvoroposa-T'aGopa
2 Multilayer Perceptron — MHOTOC/IOIHas HEHPOHHAs CETh

1

jw(x)pi (x)pj (x)dx =0,Vi,j<n,

-1

KOTOPOE TO3BOJISIET TOBOPUTH 00 OPTOTOHAIBHOCTH BCEro Habopa
MHOrowIeHOB. COOTBETCTBEHHO, 3TH MHOTOWICHBI 00pa3yloT Oa-
3HC, 10 KOTOPOMY MOYKET OBITh pa3iokeHa Jro0ast HermpephIBHAS
Ha oTpe3ke (yHKuus (Wiam TaOIMYHO 3aJaHHAsl 3aBHCHMOCTH C
BO3pacCTAIOIIEH MOCIEI0BATETLHOCTBIO apTYMEHTOB Vi, Xit1 > X;)

f(x)=gak -w(x)pk (x),xe(—l,l).

3nmech ax — 370 K03 PUIHUCHTHI pa3noxkeHus, W(x) — QUHUTHAS
BecoBask (PYHKLHS, KOTOPask CIYKHUT IJIsl KOMIICHCALMH OOJBIIHX
3HAYCHUI Ha KOHIAX oTpe3ka. KoahduimeHTs! a; Haxoaarcs Me-
TOJJOM HaWMEHBLINX KBaJIpaToB, IIOCKOJBKY BXOJAT B pa3ioxke-
HHUE THHEHHO, 00pa3ys Ipu 3TOM JTHHEHHYIO 10 KOA(pPHUIHEHTaM
¢dopmy. Takmm o0Opa3oMm, paBHOMEPHOE IPEICTABICHHUE HeETpe-
PBIBHBIX (YHKIHUH OPTOTOHAIBHBIMH MHOTOYJICHAMH Ha OTPE3KE
BO3MOXKHO TaK ke, KaK ¥ nosuHoMamu. (J{ns nmpocrors! nznoxe-
HU, 6y}1€M HCIIOJB30BaTh TCPMUH MTOJIMHOMBI, B OTJIMYME OT MHO-
TOYJICHOB, KOTOpPBIE MOTYT OBITh MMEHHBIMH). AHAIOTHYHBIM
CBOMCTBOM 00J1a/1atoT wieHbl psiia Dypbe U HEKOTOphIE IpyTrHe
MeHee M3BecTHbIe cemeicTBa. O000mas, X MOXKHO 3alucaTh B

n
BUjE JHUHEHHOUH (OpMBI Y =Zakfk (x),rﬂeﬁ e F(-1,1) —

k=1
onna u3 Gyuxuui motHoro B C'[-1, 1] cemeiictea. Wnave ro-
BOPsI, aNMPOKCUMUPYIONIETO HA JAaHHOM OTpe3Ke cemeiicTa F. B
WCCIIEIOBAaHUSX JAHHOH 00JAacTH NMPAKTHYECKH OOXOAIT BHHMa-
HHEM IUIOTHBIE CEeMEHCTBA, KOTOPBIC YIOBIETBOPSIOT YCIOBHIO
JIMHEHHOCTH OTHOCUTEIBHO KO3()(HUINEHTOB, HO ¢ HEKOTOPBIMHU
orpanndeHusiMU. [TpuMepsl TakuxX HENpephIBHBIX 3aBUCHMOCTEN
— 3TO 3aBHCHUMOCTH C aCHUMNTOTHYECKHM OTPaHMYCHHEM 3Hade-
HUH WIN 3HaYCHUH, HEIIPEPHIBHBIX HE HA BCEX OTPE3Kax ocu adc-
muce. Bmecte ¢ Tem, Takue 3aBHCHMOCTH JOCTATOYHO PacIpo-
crpanenbl. K npumepy, MH)OKOMMYHHKAIMOHHBIC JIaHHBIC HE
MIPUHUMAIOT OTPULIATEIbHBIX 3HAUCHNUH U HE 3a[aHbl Ha OTPULIA-
TENILHOU ITOJIyOCH BPEMEHH, a Pe3yJIbTaThl pabOThl HCKYCCTBEH-
HBIX HEUPOHHBIX ceTeil Thna MLP2, kak npaBuiio, He BBIXOJIAT 3a
TIpeAeNbl 3HAYSHUH HOJIb M €NHHIA, HO ACUMIITOTHYECKN K HUM
TIPUOIIMKAIOTCSL.

B memnom, Hamo 3aMeTHTh, YTO AMNPOKCHMUPYIONIHE CeMei-
CTBa HE OTJIMYAIOTCS PAa3HOOOpa3WeM M IOpPOH JOCTaBISIOT He-
yno0cTBa — 00pe3ar0T MaKCUMYMBI-MUHHUMYMBI, XapaKTepH3YIO-
IIUXCS BCTUIECKaMH, 00pa3yloT BOTHOOOpa3HBIE apTe(akThl Ha
KpasiX MHTEpBaja, 1 0COOEHHO HEBAXHO BEAyT ceds B 3amadax
9KCTPAIOJISIINAH, TO €CTh POTHO3a, KOTOPBIH 3a4acTyIO SBISIETCS
Lelnplo anmnpokcumanui. OTX0J OT KIIACCHUECKOro Mpe/cTaBie-
HUSL 3a71a4M TOPOKAAET HEIMHEHHOCTh (POpMBI U, B PE3yJIbTATE,
HEBO3MOXXHOCTh NPUMEHEHHSI METO/Ia HAaMMEHBIINX KBaJpaToB.
Kotopslii B mpexxHue BpeMeHa ObUT MPAKTUYECKH €ANHCTBEHHBIM
CIIOCOOOM arIpoOKCUMUPOBATh U JKCTPAIOJIUPOBATH 3aBUCHMO-
ctu. Hike paccmaTpuBaroTcsi IpUeMbl, KOTOPbIE TTO3BOJISIIOT pac-
LIMPUTh CEMEHCTBA aNNPOKCUMUPYIOIMX (YHKIUHA B CTOPOHY
OIpaHWYEHHO HEJIMHEWHBIX (POPM, KOTOpBIE ITOIAIOTCS KIaCCH-
YeCKOMY METOMY OIpeeNeHus KO3PPHUIUCHTOB.

T-Comm Tom 19. #8-2025




CTporo MoOHOTOHHOE TIpeodpa3oBaHue

3ajaya Juisi METO/]a HAUMEHBIINX KBaJpaToB 00bIYHO (opMy-
JUPYETCS IS TOJMHOMOB CTEIIEHH /77 ¥ Pa3MEPHOCTH 7. DTO CBS-
3aHO C TeM, 4TO, COIVIacHO Teopeme Beliepmtpacca-Croyna 00
annpoKCHMAlMM,  JIIOOYI0  HENpPEpbIBHYIO  3aBHCHUMOCTH
f( AcCR" ) , OTIPEJICIICHHYI0 Ha KOMITakTe 4 MOYXHO TPHOJIN3UTH

TOJIMHOMAaMHU CO CKOJIb YTOJHO BBICOKOH TOYHOCTHIO € > 0
Ve>0 Elp(x,a,m,n) e p™" (A c R") TaKoM, 4To

||f(A)—p(x,a,m,n)||<g. (1)

MeTo1 HaNMEHBIIUX KBaIPAaTOB CBOJUT 3324y 00 allpOKCH-
MaIi K MUHAMHU3AIUN CPETHEKBAIPATHIHON OMIMOKY U Iajee K
PELICHUIO CUCTEMBbI JIMHEHHBIX YPaBHEHUH. DTO MPUBOJIMT K pe-
LICHUIO 33/1a4H AlIPOKCUMAIIH 33 OJIHY HTEPAIIUIO, YTO OBICTPO
1 y100HO, 0COOCHHO B CPABHEHUH C JOBOJIBHO MEJICHHBIMHE H 3a-
YaCTyI0 HECTAOMIIbHBIMH HMTEPAIlMOHHBIMH METOJ[aMH MOIIaro-
BOTO TIpuOIIKEeHus [4].

PacumpeHMeM O6J'IaCTI/I MNpUMCHCHUA METOJa HAUMCHBLIIUX
KBaJIpaToB B O6HleM BUAC, C YUCTOM MHOI'OMEPHOCTHU, ABJIACTCA
3aBUCHUMOCTH B 3aIlMCHU

y(xa,n)= iakfk (x), )

B KOTOPO# fi(X) — yacTHBIC (PYHKITMH MTPOU3BOIBHOTO BHIA B KO-
nuyectBe K OT HECKOJIBKUX IIEPEMEHHBIX, HE COJepiKaIine
HACTpaMBaCMbIX KO3(PQGHUIMEHTOB ax. B TakuxX YCIOBUAX METOJ
HaMMEHBIINX KBaJPATOB TAK)Ke MPUMEHUM, Ja)Xe HNPU TOM, 4TO
JacTHBIE (PyHKIMH, TAKME KAK CHHYCBHI MJIM TayCCHAHBI® HE SBIIs-
10TCs monumHOMaMu. Kak okasanock, JanbHEHIee paclidpeHue
BO3MOXHO C TIPUMEHEHHEM CYTIEPIO3UINA y = f o g = g( f( x))

5

rje g — nepemaTovHas QyHKIHUS U3 Kjacca CTPOro MOHOTOHHBIX
¢byukumid. [Ipumep ynyuiieHus KadecTBa anpOKCUMAIUH YIS
HEKOTOPOTO KJlacca HEeMpephIBHBIX (pyHKINI puBeieHbI B pado-
Tax [5, 6].

B nannoii paborte mpearaercsi JajbHeHIIee pacliipeHue
00J1aCTH TIPUMCHEHUST METO/1a HAMMCHBIIIMX KBAAPATOB J100aBIc-
HUEM K BBIPXCHUIO (2) CTPOro MOHOTOHHOH (yHKIMH g. Harmom-
HUM, 9TO CTPOT'O0 MOHOTOHHOW (DYHKIHEW HAa3bIBACTCS OMCKTHB-
Hast QyHKIIMS, Y KOTOPOH TPHUpAICHHEe apryMeHTa Ax HE MEHSET
3HaK npupaiierus QyHkimu Ay, u npupanieHie QyHKIUH He TPH-
HUMAET 3HAYCHUS HOITb

y(x,an)=g iakfk (x) |. A3)

[Tpumepamu cTpOro MOHOTOHHOH (DYHKIIH G MOTYT CITYKUTh
Gynxumu a +bt, (a+bi)’', In(1), exp(?), arctg(?), sigma(z) u ap. Bee
OHHU UMEIT 00paTHyI0 pyHKIMIO (puc. 1)y =g(t) — t=g'(y).

3 Oynkunn, nenons3oBanuble K. BeliepmrpaccoM B 10Ka3aTelIbCTBE TEOPEMBI 00
ATIpPOKCUMAIIUI

SNNIEKTPOHMKA. PAONOTEXHUKA

+—5

Puc. 1. Ctporo MOHOTOHHBIE ()YHKIIUH, KOTOPBIE MOTYT OBITH
HCTIONB30BAHBI B KAUECTBE MEPEIATOTHBIX:
1 — BeTBB rUnepOOIbl; 2 — SKCIOHEHTA; 3 — TorapudM;
4 — kyOMUYeCKHUi TIOJIMHOM; 5 — BeTBb TAaHT€HCA

OyHKIUS ¢ J0OABICHHOW TepeIaTOYHON QPyHKINH (3), CTPOro
TOBOpS, HE TOIXOMUT IS TOUCKa KOA((UIMEHTOB METOIOM
HAMMEHBIINX KBaPATOB, MOCKOJIbKY OHA BKJIIOYACT HEJIMHEHHOE
npeoOpa3oBaHue Haa KOdPPHUIMEHTaMU (MHAYE HETMHEWHOCTB).
OmHako, ATO BEIpAYKEHNUE MOXKET OBITh OOPAIIeHO OTHOCHUTEIHHO
HEJIMHEHHOCTH U TOT/1a BhIPQKEHHE TIPUMET BUJL

z(x,a,n)=g’1(y(x,a,n))=2akfk(x), )

YTO TMPEBpaIlaeT ero B JHHEHHYIO 1Mo KoddduuueHtam dopmy,
aHAJIOTHYHYI0 ypaBHEeHHUIO (2). B aToii opme 3amucu oHO yxe
MOJXOJUT JUIsl TTOUCKa KOA(PPHUIMEHTOB METOJAOM HAWMEHBIIUX
kBaaparoB. OHAKO, 3TO OyIyT HE COBCEM Te KO PHUIIUESHTHI, KO-
TOPBIE MOJTYYMUITUCH ObI IPSIMBIM BHIUHCICHUEM.

HamomHuM, 4TO METO/T HAMMEHBIIIMX KBAJAPATOB 3aKJII0YAETCS
B MUHUMM3AIIHH 1eJIeBON QyHKIMK (OHA e (PYHKIUS OUIHOOK —
KPHUTEPUI ONTUMH3AIMH) OMPE/ICTIEHHOTO BUa — CPETHEKBApa-
TUYECKOH OIIMOKHU

n

s(y,a) :%Z“(y(xi,a,m,n)—yi)2 ——> min . (6)

i=1

B mannoM ciyuae 1S 3aBHCUMOCTH (5) BOSMOXKHO B3SITh JIpY-
oW KpUTEpUN ONTUMU3ALMHU U NIOJYUUTh PE3YIbTaT

n
s(z0)=1 3o amn) 2y —min. (D)

n iz
PeSyJ’ILTaTBI ONTUMU3ALNU IPHU IPUMCHCHUN MCTOJIa C ABYMS
Pa3sHBIMHU KpUTEPUSAMHE OYIyT pa3HBIMHU. T0O €CTh, pa3HBIMU OyIyT
MOJTyYCHHBIC ABYMS CTIOCOOAMU amMPOKCUMHUPYIOIINE 3aBHCHMO-
CTH ¥ UX mapameTpsl. CpaBHUBATEH PE3YIBTATHI MEXKITy COOO0I 1O
KPUTEPHIO U3 TEOPHUHU TTOJIE3HOCTH «JTyUIlle-Xy>Ke» B 00IIeM CITy-

—
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DNEKTPOHUKA. PAODUOTEXHUKA

4gae mpoOJIeMaTHIHO, TIOCKOJBKY TepBasi 3aBUCHUMOCTH (6) Haxo-
JIUTCST TOJBKO METOJIOM TIOIIaroBOM ONMTHMH3AINK, a BTopas (7)
KaKk METOoaoM MOIIaroBOM OIITUMHU3AIIMHU, TaK W MCTOJOM
HaMMEHBIIHMX KBagpaToB. Pe3ynbTar neicTBUTENbHO OyIeT apy-
THM, BOIIPOC TOJILKO HACKOJIBKO 3TO KPpUTHYHO. Byer nu oH xyxe
i syqine. Ecnm Xyke, To HaCKOJIBKO Xyke. UTo mepeBecur —
HeOOJIbIIIOE yXYALICHHE pe3ybTaTa MM 3HAaUUTEIbHOE YCKOpe-
HUE NOJIyYeHHs pe3yibTaTa 3a cueT 0ojee ObicTporo anropurma?
BbruncnuTenbHbIi 9KCIIEPUMEHT TTOKa3bIBACT MOJIOBUHYATHIHN pe-
3yJIBTAT — B OJIHHUX CIIy4dasiX JIydllle, B IPYTUX XyKe.

MeTox HaMMEHBLINX KBaPaTOB MMEET TOYHOE PELICHHE — OH
NPUBOJUT K MHUHHMYMY KPHUTEPHS ONTHMH3AIMU 32 OJMH Iuar.
Ho, xputepunu B popmynax (6) u (7) pa3Hble, TOATOMY OHH MOTYT
[PUBOAUTE K Pa3HBIM PEIICHUSAM U 00a OyZyT TOYHBIMH, IIO-
CKOJIBKY KaXK[IbIi BBIYHCIISETCS 110 CBOEMY KPHTEPHIO CTPOTHM
aHAJTUTHYECKUM MeTooM. CreayeT UMeTh B BUAY, YTO MPUOIIH-
KEHHOE pelIeHHe B 00IIeM CMBICIIC He 0043aTeNbHO PeaIn3yeTCs
4yepe3 MUHUMYM CPEeIHEKBa[PaTHYECKOM OIIMOKH 110 3HAYCHUIO —
TaKKe ero MOYKHO MOJTy4UTh YEPE3 B3BEIIEHHOE OTKJIOHEHHE?, Ue-
pe3 aOCOoNIOTHYIO BEJIMYMHY OTKIIOHEHUSI, Yepe3 CpeTHEKBAPaTH-
YeCcKyro OIMMOKY aprymeHTa (puc. 1) Wi JpyriuMu criocooaMu.

-0.5

Puc. 2. Unmoctpanys pa3anuust MEXIy alpoKcUMaluei no AsyM
KPUTEPUSM OLIMOKM Ha IIPUMEPE ABYX KyOHMUECKUX KPHBBIX V = f3(x)
1 x = f-3(y). [lokazaHbl OTKJIOHEHUS 10 KOOPAMHATAM X U ).
Bamsiaue omu6oK 1Mo x 1 10 y AuaMeTpaabHO HPOTHBOIIOIO0KHOE

Ha pucynke 2 nokas3ansl JBe KyOUYECKHE CTPOro MOHOTOH-
HBIE 3aBUCUMOCTH y = f3(x) u x = f (), 1 yCIOBHBIC 3HAYCHHUS
Juist oOydvaroniedl BeIOopku D = {x;, y;}. MOXHO 3aMETHTh, 4TO
KpHUTEpUil OIIMOKH 10 apryMeHTy x 0ojiee 3Ha4iM B 00J1acTH Ma-
JIBIX 10 aOCOJIOTHOW BEJIMYMHE 3HAUYCHHMH (TOPHU3OHTANIBHBIC
ITyHKTHPHBIC JIMHUM), YEM 0 3HAUCHHIO (QYHKIUH y (BEpPTHUKAIIb-
HBIC ITyHKTUPHBIC JUHUM). 7151 qpyroil cTporo MOHOTOHHOMW 3a-
BHCHMOCTH CHTyaIust oOparHas. B 11e110M, BBIOpaHHBIN KpUTEpHHA
OIIMOKHM HE SBISIETCS] OAHO3HAYHO JIYYIIMM M HWHOTJIA BMECTO
¢dbyskImn y = f(x) Mo 3a1a4y MOXET IMOIOUTH 00paTHas GYHKIUS
x =g ' (y). Takue BBIYMCIEHNS ¢ OOPATHBIMA (QYHKIHSIMH HA30-
BEM «OOpaTHBIMI» BBIYUCIICHUSIMH.

JluHeiiHas nepeaaTo4yHas QyHKIUSs

HauneMm ¢ mpocThIX nepenaTodHbix (QyHKIUH. VHTYUTHBHO
OUYCBUJIHO, YTO JIMHCHHAs mepefarouHas (QYHKIMS HE JTOJDKHA
OKa3bIBaTh KAKOTO-TO BJMSHMS Ha pe3yJbTaT amnmnpoOKCUMAIUH.
JoxaxeM 3T0.

Teopema 1. JlunciiHas iepegaToyHasi PyHKIUS HE BIUSICT Ha
OTHOMEPHYIO TIOJIMHOMHUATBHYIO aIlPOKCUMAIIHIO.

4 OTKIIOHCHHE PaBHO KOPHIO KBaApaTHOMY OT OIIHOKH

Joxazamenvcmeo. Ilycts, U1 Hadaa, almpOKCUMHPYIOIIAs
(yHKIMS nMeeT BUII OJMHOMA TIEPBOH cTeneru y =g, + a,x . U

IIyCTh, IepefaTouHas GpyHKus Oyaer nuHeHHoH J = (ct+d),
rae t=y. Torna

y=a,+ax=y=c(a,+ax)+d. ®)

Jliist HaxoxieHnst K03((QUIMEHTOB dg M a1 BOCTIONB3yeMCs Me-
TOJIOM HaWMEHBIIUX KBaaparoB. [Ipumem B KauecTBe KpUTEPHS
MUHAME3AIUH QYHKIWH (§) cpeHeKBapaTHIECKYO OIIHOKY

& 2 .
S(a) =;Z((c(ao +a1xk)+d)—yk) ——>min.
k=1
JUIs KpaTKoCTH M3IOXKeHWs O0O3HaIMM X=X, y=y, 1

m

2(*)= z (*). Haiiném uactHbie npomssommbie kputepus S(a)
k=1

110 KOMIIOHEHTaM BeKTOpa K03 HIHEHTOB @

S, (a)z%Z((c(uo +a1x)+d)—y)c=0 ©)
Sl’(a):%Z((c(ao +a1x)+d)—y)cx:0

[Mocne coxpamieHuss K03()(OUIMCHTOB, CHUCTEMa JIMHCHHBIX
ypaBHEHMI 9 3anUIIEeTCsl B BUJIE
aSc+afex=3%(y-d)
2 _
aLex+aXex’ =X(y—d)x.
PemmmM cucremy ypaBHeHuit merogom Kpamepa

Xc  Xcex

A= =ScSex’ —SexTex = ¢ (mZex® — (2x)
Sor Tex? cXex exXex =c¢ (m ex? —(2x) ),
S(y-d) Zex )
= =X(y-d)X -2(y—d)xZcx,
" E(y-d)x Zex? (y )cx (y )x “
¢ Z(y—d)

A =3 (y-d)x-ZexZ(y—d).

" zex X(y—d)x

- Z(y—d)Zcxz—Z(y—d)chx

a, = —=

LA c? (msz —(Zx)z)

TyYex® - IyxZex —d (ZlEcx2 N ZxEcx)
c’ (mZx2 —(Zx)z)

TyZex’ —TyxTex—de(mSx’ - (3x)') o _g
c’ (mZx2 - (Zx)z) ¢
3 A ZcE(y—d)x—Zch(y—d) _
oA c’ (m2x2 —(Zx)z)
ZCZ(yx)—Zchy —d (Zch— Zchl) a
¢ (mzx* - (zx)")
~ mE(yx)-2xZy—d(mEx-m2x) a

— |

c(mZx2 —(Zx)z) ?
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[ozxcTaBuM HOBbIC 3HAuYCHHS KOO(GQUUHEHTOB O, U d, B

thopmyty (8) 1 BepHEM HHJIEKCHI HA MECTO

~ - a,—d a
i =c(a0+a1xk)+d=°Tc+d+?lcxk =a,+ax,.

(10)

Takum 00pa3oM, HaliieHHbIC 3HAYCHUS KOI(DDUITUCHTOB C T1e-
penaToyHol (GyHKIMEH MPUBOIST K TOMY XK€ pPe3yJIbTaTy aipoK-
cUMalKH, 4To U O€3 NepefaTouHoi GyHKIuMn y =y =a, +a,x .

D70 A0Ka3BIBACT, YTO JIMHEWHAs niepeaTouHast (DYHKIHSI HEe BITH-
sSeT Ha aNMpOKCHMAIIMIO JIMHEHHOH (yHKIuu. UTOOBI pacmpo-
CTPaHUTh 3TO JOKA3aTEIbCTBO HA MOJIMHOMbBI CTEMEHU OOJIbIIe
€/IMHUIIBI, TIPEJICTABUM IOJMHOM KYCOYHO-JTMHEWHOW (IproiIu-
JKaroIeit) 3aBUCUMOCTEI0. Kaxk bl THHEHHBIN KyCOK TOH 3aBU-
CHUMOCTH JIMHEHHas nepeaTovHas QyHKIUsS OCTaBIIsSET HA MeCTe,
CJIeIOBATENIBHO, OCTABIISAET HA MECTE U BCIO 3aBUCUMOCTh. ITO JI0-
Ka3bIBaCT TCOPEMY.

Hesmnerinblie nepenatounnie GyHKIuN

B ornmume ot auHEHHOHN mepenaTodHol (yHKIIUH, HeJTHHEH-
Hast epeiaTouHast GYHKIMS BIUSICT HA pe3yJbTaT alIpoKcHMa-
. [Ipn 9TOM, Kak Mokas3pIBaeT pUCYHOK 2b, HEKOTOpHIE Mepe-
JaTOYHble (PYHKIIMU MOTYT CYIIECTBEHHO YIYUIIHTh MOTMHOMH-
AIBHYIO anmpoKkcuManuio [6].

Palynamial Regression. Inv -5.0 deg=12 Polynamial Regression. Inv 0.5 deg=12

signal Mageitude
Signal Mageitude

801 '-'.\K’:; 'f":

)

Y. Ao
\// e
o 2 1
Timee Counting

a b

Puc. 3. CpaBHeHHE IBYX CIIOCOOOB ammpOKCUMALIHA MOJCIBHOMN
3aBHCUMOCTH (TOUYKH) ITOJTMHOMOM JBEHA/IIaTOH CTEIeHH (CIUIOMIHAS
JIMHUST) 1 0OPaTHBIM ITOJIMHOMOM (ITyHKTHPHAS! JIMHHS) C ITapaMeTpoM,

MPUHUMAIOIINM 3Ha4YeHus a) -5,0 u b) 0,5

Ha pucyske 3 MonenpHast 3aBUCUMOCTB Y = fr,04 () 331aHA JHC-
KPETHBIM Ha0OpoM TOYeK. BBIOOp 3aBHCHMOCTH OMpeHeIsuics
TEM, YTO B PCANIbHBIX JTAHHBIX YacTO MPUCYTCTBYIOT «BBEIOPOCHD),
C KOTOPBIMHU MTOTTMHOMHUANIFHAS ANIIPOKCHMAITHS TUIOXO CIIPaBIIs-
ercst. CIionTHoi TnHueH 0003HaUYeH Pe3yNbTaT armpoOKCHMAIIAN
[IOJINHOMOM JIBEHaJaTOM cTeneHu n=12 oT 0AHON NEPEMEHHOM.
Pucynox 3b neMoHCTpHUpPYET SBHOE MPEUMYIIECTBO MTOJUHOMA C
nepeaaTouyHor (GyHKIMEH HaJ TMOJIMHOMOM TOH K€ CTENeHH, HO
6e3 mepenaToYHON (PyHKITHH.

n
Ilycts y=g Zaix" — MOJIMHOM C TNepeaaTodHoil (yHK-
i0

mweiit  g(¢)=1". OGparhas QyHKUMs — 5TO HHBOJIOLHS®

5 OnepaTop UHBOJIOLMH BO3BPAILIAET APTYMEHT K MPEKHEMY 3HAYEHHIO
IPH ABYKPAaTHOM IIPHMEHEHHU

SNNIEKTPOHMKA. PAONOTEXHUKA

n
g"1 (t) =¢"'. 3amucanuas B BUIE y= g’l (y) = Zal_xi, nepea-
i=0
TouHast (PYHKLHS MO3BOJISAET ONMPENEIUTH KO3(P(PUIUEHTHI MONH-
HOMa METO/IOM HaUMEHBIIMX KBaIpaToB.

Jli1s ucnonb30Banus 00paTHOM (QyHKIUMKM HEOOXOIMMO BHECTH
JIOTIOJIHUTENBHYIO IIEPEMEHHYIO — apaMeTp b, KOTOPBIii IIepeMe-
CTHT BCE 3HAYCHHS y IHOO B IOJOKUTEIBHYIO, IMOO B OTPHIIA-
TENBHYIO 00J1acTh 3HAYECHHM BO M30€KaHME JEICHUS Ha HOIb.

n
y+ b= Zai ¥+ b, YTO TIPUBOOUT K oOpaTHOW 3amaue

i=0
- 1 D
y=——= Z ax.

y+b i3
Bouina Haj1 napamMeTpoM a 03Ha4aeT, 4To ATH KOI(D(PUIMEHTHI

OTJIIMYAIOTCSI OT TeX, KOTOPbIE MOTYT OBITh IOJIyYEHBI TPSIMbBIM
BBIYHCIICHUEM, K ITPUMeEpY, HTepaluoHHBIM MeTooM HproToHa-
Padcona. Pemare onTMMu3anMOHHYIO 3anady OyleM METOI0M
HaMMEHBIINX KBaJPaToB

2

m n . 1

S(a)= Z z&ix,’c ———— | ——min-

=1 \i=0 Y +b

3/1ech BHEIIHUI 3HAK CYMMBI IPOU3BOJIUT CyMMHPOBaHHE IO

m ToYKaM o0ydaroieil BbI0opku — naracera. OnTHMyM KpUTEpHs

HIIETCS 10 CTAaHJAPTHOM CXeMe uepe3 BBIYMCICHHUE HYJIA Tpaju-

€HTa g, KOTOpOoe BEJET K MOCTPOCHHUIO U PELIEHUI0 CUCTEMBI JIH-

HEHHBIX YpaBHEHHUH pa3mepoM 7 Ha n. [Tocie yero HoBoe npuoOIIH-
JKEHHUE, C yUeTOM CJIBUTra, Oy/eT

-1

y=|Yaxi| b,
i=0

Ha neBom pucynke 3a mapamerp b paBeH MHUHYC 5, TO €CTb,
BCsl 00J1aCTh 3HAUCHUH ¥ 3aBUCUMOCTH CABHHYTAa B OTPHUIIATEIb-
Hy10 00acTb o auHuio y = 0. [TyHKTHpHAS TMHUS — 9TO Pe3yiib-
TaT 00paTHON aNMpOKCHMAIUH. BUIHO, YTO 00paTHBIN MOJIHHOM
TIOKa3ajl He JIydIIni pe3ysbTaT anmpoKCHMAaNnH, 9eM OOBIYHBIN
rmonuHOM. Ha mpaBom pucynke 3bH mapametp b paBeH mioc | u
3aBUCHMOCTh CIBHMHYTA B IOJIOXKUTEIbHYIO 001acTb. IIpu aToM,
Ka4eCTBO amMMpOKCHMAIMN OOPAaTHBIMHU TOJIMHOMAMH (ITyHKTHp-
Has JMHUS) NPUHIUIHAIBHO YIYUYIIMIOCh, YTO TOBOPUT O TEp-
CIICKTUBHOCTH HMCIIOJIB30BAHHA TCXHOJIOTMH O6paTHLIX IIOJIMHO-
MOB [JIs TAKOT'O TUIIA UCXOJHBIX JAaHHBIX, XapaKTCPHBLIX IJIA 06-
JacT! MH(POKOMMYHHUKAIIMOHHBIX TEXHOJIOTH. BbruncanrensHble
9KCIIEPUMEHTHI TaKKe IOKa3allH, YTO MPY YBEINYEHUH 3HAUCHHS
rapamerpa b pa3iuue Mex1y STUMH JABYMsI CIIOCOOAMH arpoK-
CHUMAIIH HUBEJINPYETCSL.

[TokaxeM, 4TO 0OpaTHOE BBIYMCICHHWE C WHBEPTHPOBAHUEM
TIOJIMHOMA TTO3BOJISIET ANIPOKCUMHUPOBATH CO CKOJIb YTOJTHO BBI-
COKOW TOYHOCTBIO JTIOOYI0 (DYHKITHIO, HEITPEPHIBHYIO Ha OTpaHH-
YEeHHOM OTpPEe3Ke YMCI0BOH och. [t 3TOT0, 9TOOH! HE 3aITyTaThCs
B TEPMHUHOJIOTHH, TTOJMHOM Ha30BEM p-(QyHKIHEH, a (QyHKIHIO,
MONYyYEHHYI0 C I[PUMEHEHHEM IepelaTOYHOH  (YHKUUH
g(t=1/(t+b), HazoBEM g-byHKIHIEH.

—
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DNEKTPOHUKA. PAODUOTEXHUKA

Teopema 1: [ToaMHOMKECTBO ¢-(yHKIUH IUIOTHO® HA MHOMKeE-
CTBE ITIOJIOKHUTENILHO ONPENCICHHBIX HEMPEPhIBHBIX (DYHKIUN Ha
0Tpe3Ke

q[xl,xz]CCi0 [xl,xz].

Jloka3aTejbCTBO: ITyCTh f/ — HenpepbIBHAs (QYHKIMS Ha OT-
pe3Ke, NpUHUMAIOIIast TOJIBKO TOJIOKHUTENbHBIE 3HaYeHus. [Toka-
JKEM, YTO €€ MOXKHO allpPOKCUMUPOBaTh g-¢pyHKumsamu. Ilo Teo-
peme Beifepiutpacca CylecTByeT IOJHHOM p™ CTEIICHH 171 TaKOH,
gto |[f - p"||[< € mns moboro 3aganHoro € > 0. dyHKUNH 1 p™ HE
NPUHUAMAIOT HYJEBBIX 3HAYEHWH, II0O3TOMY IIPOU3BEICHHE HX
HOPM HMeeT IOJIOXKUTENbHOEe HeHyJeBoe 3HadeHue. Torna, ams
nmo0oro € > 0 cymiecTByOT yncino o > 0 U MOJMHOM p™ Takue,
yro ||f- p"||< 6 . Beibepem & paBubiM € ||f p”||. Toraa

HL_L U P
£t e e

U3 aroro crieyer, 4To JitoOble MHBEPTUPOBAHHBIE MOJIMHOMBI
(xax mpocTo HempepbIBHbIE (PYHKINH, a HE TOJBKO IIOJIy-PaIfo-
HaJIbHbIC (DYHKIIMH) aIlIpOKCUMHUPYIOTCS ¢-(QyHKIUSMHU C JIF000MH
Harepes] 3a/laHHOH TOYHOCTBIO. A, TIOCKOJIBKY M3 YCIIOBHS TEO-
PEMBI CIIIyeT, YTO KaXk/aas HeNpepbIBHAS MOJIOKHUTEIBHO OIpe-
JerieHHas GYHKIUS MOKET ObITh oOpalieHa B MHBEPTHPOBaHHYIO,
TO M3 ATOTO CJIEAYET, YTO Kakaas HelpephIBHAS ITOJIOKUTEIBHO
omnpeneneHHas (QyHKIHMS MOXET OBITh anmpoOKCHMHPOBaHA -
GyHKIHAAME.

IlepenaTtounsie GyHKUMN

PaCCMOTpI/IM HCKOTOPBIC IEPEAATOYHBIC (1)yHKIII/II/I, OTJIMYHBIC
oT 06paTHLIX IMOJIMHOMOB U3 TCX, YTO YIIOMHWHAJIUCH BBIIIIC.

1. DKcnoHEeHINAIBLHAS MepeIaTOYHas (PYHKIHA
n .
y=exp Zal,x’ —b.
i=0

OOpatenue JaHHOW 3aBUCUMOCTH TAaKXKe NPUBOAUT K JIMHEH-
HOH (opMe OTHOCUTENBEHO KOIPPHUIIMEHTOB a

In(y+b)= Z”:aixi.
i=0

[Mocne HaxoxaeHus: K03(HOUIMSHTOB METOAOM HAUMEHBIIIHX
KBaJIPaToOB, PEIICHUE MPEICTABIISCTCS B BUIC

¥ =exp i&ixi —b.

i=0

[omyuennpie K0 GUIMEHTH TakKe OYIyT OTIMYATHCS OT
TeX, KOTOPbIe MOT'YT OBITh MOJYyYCHbI HTEPALOHHBIM METOIOM.
Ho, Gynet nu pe3ynbraT Beeraa xyxe? MonenupoBanue He qaéT
Ha 9TO OJHO3HAYHOTO oTBeTa. [lapamerp b Takxke HyKeH JUIs O~
HSTHUS 3HAUCHUS apryMeHTa ) B 00J1aCTh MOJIOKHUTEIbHBIX 3HAYe-
HU, TOCKOJIBKY JIOrapu(M OnpeenéH TONbKO Ha MOJOKUTEb-

6 TToaMHOXKeCTBO B Ha3bIBACTCs IUNIOTHBIM B MHOYKECTBE A €CIIN J1100ast
OKPECTHOCTH TOYKHU a U3 A COIEPIKUT TOYKHU U3 B

HOM moryocu. M3 pucyHKa BUAHO, 9TO TaKOH CIIOCOO armpoKCH-
Mallli MOKET KOHKYPHPOBATh C MOJIMHOMHAIBHON ampoKCHMa-
AEH.

2. CurmMouHas nepeaaToyHast pyHKuus

BeruncinTenbHble 9KCIEPUMEHTBI ¢ CUTMOWIHON (yHKIMEH
MPUBEJICHBI B cTaThe [7]. DTO, Tak Ha3pIBacMas aKTHUBAIlMOHHAsS
(dyHKIMS, Bcnonb3yeMas B HeHpOHHBIX ceTsix MLP — «mHoro-
CJIOIHBII MepLenTpoH»

1

yza(t)zm.

Ora nepenatouHas (YHKUUs HUMeeT oOpaTHyro (yHKIHIO

t=c"" (y) =—In 1_1 Ha orkpeitoM uutepBaie (0, 1). To
Yy

€CTh, 00J1a/IaT ANMPOKCUMHUPYIOIIMMHU BO3MOXKHOCTSIMHE, OTPaHH-

YEHHBIMHU IO OCH OpAUHAT 3HaYeHussMu 0 1 1

y=o|b Zn:aixi+9
i1

OO0patHas (yHKIHS MOXKET OBITh IIPEICTABIICHA yPaBHCHUEM,
B IPaBOH YacTH KOTOPOTO CTOWT YHCIEHHOE BBIpaXKCHHE Oe3
HacTpauBaeMbIX [1apaMeTPOB, a B IPABOM 4aCTH JIMHEHHAs 110 KO-
s unuentam a popma

Ul ) U"I(y)
X' +0=—
;a,x + .,

Kpurepwuii ontumusanuu st 00paTHOTO MEepLEnTPOHa 3anu-
EM B BUJIC

2

m n -1
Sziz Z&ix,i +0—%yk) ——>min.

m g1\ i=1

[Toce onpenenenust Habopa BECOBBIX KO3()(DUIIMEHTOB METO-
JIOM HaUMEHBLINX KBAaZAPATOB Ul HOBOTO KPUTEPUS, ITOIYIUTCS
GbyHKTITSA

y=o|b Zn:dixi+9
i=l1

PucyHoOKk moKa3bIBaeT, 4yTO anmpoOKCUMaIUs ¢ Y4acTHEM CHT-
MOWIHOU s-00pa3HO# (pyHKIIHM WMEET MpaBoO Ha MPUMEHCHHE B
3a/avax armpoKCUMAIINH, IO KpaifHell Mepe, Ha MHTEpBajie apry-
MEHTa OT MHHYC YeTBIPEX JI0 IUTI0C YeThIpeX. [lapamerp b mo3Bo-
JISIET ATOT UHTEPBAJ PACIIHPHUTD.

MonenupoBanue mpu b = 2 moxasano, 4To Ha WHTEpPBaJIE OT
MHHYC JI0 TUTIOC BOCHMH aIIIPOKCHMAIIHs TAK)KE BIIOJIHE Y/IOBIIE-
TBOPHTEIIbHAsI, OCOOCHHO €CIIM Y4ecThb, YTO JJIsl OOyUeHHUs nep-
LENTPOHA OOJIBIION TOUHOCTH B MEPEIATOYHON (YHKIMH HE Tpe-
Oyercsi. DTO OTKPHIBAET HOBbIE BOZMOXXHOCTH B HCIIOJIb30BAaHUU
HeWpOCeTeBbIX TEXHOJIOTUMN IS 33a4 PErpeccuu U mporuosa [8].
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3. CurmouHas nepeaaToyHas GpyHKIUA

CurmounHasi nepefarouHasl GyHKIHs, a TakKe e€ aHaJloTH,
0COOEHHO YacTO MCTIOJIb3YETCsl B HICKYCCTBEHHBIX HEMPOHHBIX Ce-
TSIX B KaUeCTBE «aKTHBAMOHHOW (yHKIm» [9]. [Ipu aTom, aie-
MEHTapHbIN BBIYUCIIUTEIbHBINA 2JIEMEHT HEHPOHHOW CEeTH — HC-
KYCCTBEHHBIN HEMPOH TUIIA MEPIENTPOH UMEET TOT K€ BUJI, UTO U
ITOJTUHOM C TIEPEAaTOYHON (PYHKIUCH G

n
y=0 Zwkxk+9 ,
k=1

IJie X — KOOPAWHATHI TOYKH B 77-MEPHOM IPOCTPAHCTBE, a & — mna-
paMeTp CMeIeHus], KOTOPBIH MOYHO PaccMaTpUBaTh Kak CBOOO/I-
HBIH YJIEH B MHOTOMEPHOM MOJIMHOME TepBoi crerneHu. OObId-
HBIH croco0 nosyueHust KodQPUIIMEHTOB HEHPOHHOIT CeTH, KaK U
K02(D(HUIMEHTOB OT/AENBHOTO MEPIENTPOHA, COCTOUT B «0Oyue-
HUM» — METO/I€ TIOIIAr0BOT0 I'PaJMEHTHOTO CITyCKa MIIH, 9TO (hak-
THYECKH TO XK€ caMoe, METOJIe «0OpaTHOrO pacHpOCTpaHEHUS
omuoxm»’ [8, 9].

W3BecTHO, YTO 3TOT CIOCOO OYEHB 3aTpPaTHBIN, TpeOyeT He
TOJIBKO BPEMEHH pabOoThl KOMIBIOTEPA, HO M BBIYUCIHUTEIBHOM
MOIIHOCTH, UCIIOJIb30BaHUS Ipauuecknx yCKOpUTEIeH, a TakKe
3aTpaT JIEKTPOIHEPTHU Ha MX oxJaxaeHue. [lepexox k uueono-
MU OOpaTHOTO BBIYMCIICHUS B PALE CIy4aeB MO3BOJIUT Cylie-
CTBEHHO YCKOPHTH U yJIEIIEBUTh 3TOT IPOLIECC, TOCKOIBKY METO-
JIOM HavMEHBIINX KBaJPaTOB MOXKHO HaWTH Bce KOI(D(HUINEHTHI
3a OJIMH IIar Yyepe3 pelIeHne CUCTEMbI JIMHEHHBIX YpaBHEHHH.

st 9Tol mepenaToYHON (YHKIUU 4YeM OOJIbIIEe apryMEHT
(YHKIMH, TEM MEHbIIE OTKIIOHEHHE 110 OpJIMHATE, B TO BPEMsI KaK
OTKJIOHEHHE 10 abcIpcce Bo3pacraer. Ecin nmonmbs3oBaThbest oOpart-
HBIMH BBIYHCIICHUSIMH, TO OOJIBIIYIO YEM B IIEPBOM CIIydae PoJjib
OyIyT Urpath OOJBIIHME MO MOIYJIIO 3Ha4eHHs. M3 3TOro MOYKHO
C/IeNIaTh HEKOTOPBIC BBIBOJIBL:

- IlepBrrii: o0y4aromas BRIOOpKa JOKHA OBITH MAKCUMATBHO
OJIHOPOJHOM, YTOOBI Pe3yIbTaThl PACYETOB I10 JIBYM KPHTEPHAM
ObLTH OITU3KY.

- Bropoii: B 0Oyuatoiei BHIOOpKE He JOJKHO ObITh 3HAUCHHUI
0 u 1, a nanHbIe y; B 00y4aromiel BHIOOpKE ClielyeT HOPMHPOBATh
¢ yu€ToM Xapakrepa MX HKCIIOHEHIIMAILHOTO Paclpe/IeICHH .

- Tpermii: ciemyer mNEpecMOTPETh HJICOIOTHIO Ha4YaIbHOU
VMHHIHATIN3aIH BECOBBIX K03(h(UIIMEHTOB HEHPOHHOII ceTH, T1o-
CKOJIbKY B METOJIC HAMMEHBIINX KBaJPaTOB CIIyYalHBIM YHCIaM
MecTa HeT.

- UeTBEPTHIN: B MOJHOCBA3HBIX HEMPOHHBIX CETSIX CUIMOUMI-
Has aKTHBAIMOHHAs QYHKIMSA ¢ OOpaTHBIM BBIYUCICHHEM MOXKET
crath dpdexruBHoit 3amenoil Gpynkimun ReLU (Rectified Linear
Unit) 3a cyeT NOBBILEHUS CKOPOCTH BBIYMCICHHUS Ha KaXKIOM
HEHpOoHe.

- W nocnetHuii: uem BbIlIe pa3MEPHOCTh MPOCTPAHCTBA, B KO-
TOPOM TIPOU3BOUTCS ONITUMH3AIINS CETH, TeM 00JIbIle OyIeT pa3-
Mep CHCTEMBbl JIMHEHHBIX ypaBHEHHH IPH OOpAaTHBIX BBIYHCIIC-
HUSIX. DTO MOXKET OKa3aThCsl «aXWIUIECOBOH ISATOM» uaen oOpart-
HBIX BbIYHMCIEHUH. [109TOMY OTKa3bIBaThCS OT KIIACCHUYECKOTO
crioco0a 00y4eHHUs] HEHPOHHBIX CeTe B MOJIB3y HOBOTO IOIX0a
CIIeIIyeT C OCTOPOKHOCTEIO.

7 ABTopcTBo punuckiBaioT JI. Xuntony, xotst 8 CCCP 5ToT MeTo1 ObLT
omy0nuKkoBaH panbie A.W.I"anynikHbM
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Puc. 4. AkTuBanoHHbIC QYHKIIUH C PABHBIMH 3HAYCHUSIMHU
¥ YIJIaMH HaKJIOHA B HAYaJle KOOP/IMHAT, JUTS CPAaBHCHUS:
1,2) caBuHyTast cUrMoua ¥ runepOoInYecKUi TaHT'€HC;

3)a Tanreuc; 4) cOopka U3 JByX rUrepoos

Ha pucyHnke 4 nipeicTaBIeHbI YSTHIPE aKTUBAILIMOHHBIC (PYHK-
IIMU: TIEPBBIE JIBE — 3TO CUTMOM/IA U TUIIEPOOTMUECKUN TAaHTEHC,
IIOJTOTHAHHBIC 10T OOIIHE 3HAYCHUE U IIPOU3BO/HYIO B HAYAJIC KO-
opAMHAT

2
S
Y l+e™

y= tanh(Z.Sx).

Ob6pamaeT Ha ceOs BHUMAHKE, YTO ATU JBE aKTHBAIIOHHBIC
(YHKIUH — CUTMOMJIA ¥ TUTIEPOOJIMYECKUil TAHTeHC — B3auMOo3a-
MCHSICMBI

2 _ex(l—e’z")
20‘(2x)—1 —-1= e (1+e"2")

== = tanh(x).

Tpetbst GyHKIMS — 3TO OOpATHBIN TAaHTCHC

2
y =—arctan (4x).
Vs
ApKTaHTCHC OTJIHYAETCS «TOJCTHIM XBOCTOMY, TO €CTh, MEJI-
JICHHBIM CITQJaHUEM K HYJIFO, OTIIHYHBIM OT 3KCIOHECHIIHATBHOTO
OpH CTPEMIICHHH apryMeHTa K MHHYC OCCKOHEYHOCTH. DTO MO-
JKET OKa3aThCsl MOJEC3HBIM MPH €r0 HCIOIb30BAHUN B PEKYPPEHT-
HBIX HEHPOHHBIX CETSX, B KOTOPBIX BO3HHKACT MpobiieMa «3aTy-
XaHus rpagueHta». Emé Oomee TOJCTBIM XBOCTOM 00IagaeT
(yHKIMST HOMEp 4, KOTopast cocTaBiieHa U3 JAByX rumepbon (6e3
ydeTa HOpMHUPYIOIIETro ko3¢ HUIIeHTa)

1
—-—1,x<0
1-x
y:

1- L ,x2>0.
I+x
[TpuBnekaTeabHBIM CBOMCTBOM 3TOH MEpeaaTOYHON QYHKIHN
SIBIIICTCS KaK MPOCTOTA €€ BBIUUCIEHHMS, TaK M IPOCTOTA BBIUUC-
JeHHs €€ IPOU3BOJHOM, YTO KPUTUUECKU BayKHO JUIsl BEIYUCICHHUS
TpajIneHTa B 33/1a4aX MHOTOMEPHON ONTHMH3ALNH

yl — xyZ.




DNEKTPOHUKA. PAODUOTEXHUKA

To ke MOXHO CKa3aTh M MPO 00PATHYIO (PYHKIUIO, BBIYHCIIC-
HHUE KOTOPOH HE CIIOXKHEE. DTO MO3BOJISET 33 JyMaThCsI O BO3MOXK-
HOCTH U IICPCIICKTHBHOCTH € IPUMEHCHUS JT1 OOPATHBIX BBHIYUC-
JICHUH.

Pe3yabTaTsl MOeIMPOBAHUS

YuciieHHbIe SKCHEPUMEHTBI C YIOMSHYTHIMU [IEPeIaTOUHbIMH
GYHKUMSIMHU TOATBEPXKIAIOT TEOPETUUECKHE BBIKJIAJAKH O TOM,
YTO MpsIMbIe U OOPaTHBIC BHIYUCICHHS KOAPPUIMEHTOB BEAYT K
OJIM3KUM, HO HE WJCHTUYHBIM pesyibratam. OOpaTHbIC IMOJH-
HOMBI ITOKa3ajJInu I/IHTepeCHLIe U IMOJIC3HBIC K HpaKTI/I‘-IeCKOMy HpI/I-
MCHCHHIO Pe3yIbTaThl. B TOM 4rcie, mpoJeMOHCTPHPOBaHA Kade-
CTBCHHAs aNIMPOKCHMAIIMs OJHOMEPHBIX 3aBuUcuMOcTed. Oco-
OCHHO 3TO OTHOCHUTCS K HH(POKOMMYHUKAIIHOHHBIM JIAHHBIM, KO-
TOpBIE XapPaKTEPU3YIOTCS HEOTPUIATEILHBIMA 3HAYCHUSMH, a
TAKXKe K MOJICITUPOBAHHIO OJTHO U IBYMEPHBIX 3aBHCUMOCTEH, Ja-
CTO TPE/ICTABICHHBIX B (POpME BCIDIECKOB. DKCIIEPHUMEHTHI C TIep-
LENTPOHOM TOKa3alli MePCIEKTHBHOCTh TPUMEHEHHsT 00pPaTHBIX
BBIYKMCIICHU TPU HEKOTOPBIX OTPAHUYCHHSIX HA 3HAYCHHS U3 00Y-
Yaroreil BEIOOPKH.

3amaya 3KCTPanoJs Uy, IPOrHo3a
H panuoHaJbHbIe GYHKIHH

3a mpezjenaMu MHTEpBaja Ha3BaTh MOBEJICHHE OPTOTOHAIIb-
HOT'O MHOTOWIEHA p, KaK 0000I1IeHNE TTOJIMHOMA, SKCTPATIOJISAIUEH
cio’)kHO. Bo MHOTOM BBIpy4aroT OOpaTHBIC BBIYHMCICHHS €CIH
yOparh BecoByI0 (YHKIHIO, 3HaUEHHsS KOTOPOH Ha KOHIAX OT-
pe3ka paBHBI HyJ10. Ho, B 11estoM, pe3ynbrar Oy/IeT HeY0BIETBO-
putensHBIM. B padore [8] moka3aHo, 9TO IydIINM BapHAHTOM IS
3aj1a4 SKCTPAIOISIIUU SBISETCS. UCIIOIb30BAHNUE PAIIMOHATBHBIX
(GYHKIMM, SIBISIOIUXCS OTHOLICHUEM JBYX MOJMHOMOB 7(X) =
p(x)/q(x). CoBpeMeHHBIC BO3MOXHOCTH BBIYHUCIUTEIBHON TeX-
HUKH JUIsl ONIpe/ieeHus] KOAPPUIMEHTOB PAOHATIBHBIX (PyHK-
LU TOIIArOBBIMH METOJIAMH ONTHMU3ALUN KPUTEPUS OIIHOKH,
MO3BOJISIIOT HE 0CO00 OCCIIOKOUTHCS O MPUMEHHMOCTH Oosiee
6bICTp0F0 METOAa HAMMCHBIIUX KBAaJIPaTOB. U Ttem ne MCHCC, 3TOT
METOJ1 OCTa&TCsl BOCTPEOOBAHHBIM.

IMycth y(x) _ r(a,b,x) _ p(a,x) — paroHaIbHast (QYHKITHSL.
q (b,x)
Torna z(x) = y(x)q(b, x) —p(a,x) =(— MOJMHOM OT JBYX

HEPEMEHHBIX X U J, 3HAYEHUE KOTOPOTo A1 BCEX nap (Xx, Vi) TOYEK
apryMeHTa paBHbI HyJIO zx = 0 Vk = 1,..,m, r/ie m — 9UCII0 TOYEK
B oOyuatoreii Beioopke. Crioco00M, Onpe/ielieHHOM BBILIIE, 3/1€Ch
TaKXC MOXCT 6bITI) Haﬁ}leHO pemIeHUuC METOJAOM HAWMMCHBIINX
KBaJIpaToB

m 5 )
s(a,b) =l2(ykq(b,xk)—p(a,xk)) —, > min.
m =

B aTOM citydae npuMeHsIeTCs CIIoco0 BBIYNCIICHUS] KOOPAUHAT
KpHBOii (rpaduka) HessBHO 3a7aHHON GyHKmu Buaa F(x, y) = 0.
JUi1s1 9TOrO CTPOUM SIBHO 3aJaHHYIO (DYHKIHIO OT ABYX KOOp/MHAT
z = F(x, y) ¥ MUHUMHU3HpYeM ¢€ OTKIIOHCHHE OT HYJIEBOTO 3HAUC-
Hus. [lociie 4ero HaXxoqUM YacTHBIC TIPOM3BOAHBIC MO MEPEMEH-
HBIM @ ¥ b, IPUPaBHUBACM HX HYIIO U PEIIAcM CHCTCMY JMHCH-
HBIX ypaBHeHHA. CTPOro roBOpsi, B 3TOM CIIy4ae pedb HIET HE O
HepelaTOYHbBIX (QYHKIHSX, @ O B3BELUICHHOH CyMMe JABYX ITOJUHO-
MOB ¢ BecaMu Vi U -1. [TOMEHSIB MeCTaMu 3TH Beca, PUXOJHM K

oOpaTHOW (PyHKIMH, KOTOpas yXe sBIsIeTCs mepeaatoyHoi. 13
9TOI KOMOMHALIMHY 11ap MOJIMHOMOB U IIepelaTOuHON (QYHKIUH J10-
MOJIHUTEIBHO CIEAYET, YTO UCHOIB30BAHUE MPOCTO IepenaToy-
HbIX (DyHKIMIT — HE eIMHCTBEHHBIH CHOCOO pacUIMpeHHs ce-
MEHCTB ammpoKCUMHUPYIOINX QyHKIHH. K mpumepy, MBI MOxeM
paccMoTpeTh Oonee obmwmit ciydait F(p(x, ), g(x, y)) = 0 ¢yHK-
LM OT IBYX MOJIMHOMOB, B KOTOPOH panMoHaIbHbIE (PyHKINH SIB-
JIIOTCSL YaCTHBIM CIIydaeM. JTO IEPCIeKTUBHOE 0000IIeHne U
TYT €CTb eIé Haj 4eM padoTaTs.

CoBpeMeHHbIE METO/IbI MIPOTHO3a BPEMEHHBIX PAJOB MHOTO-
yucineHHbl. Cpeau HUX Bbyiensitotes GuibTp ARIMA, ¢unbtp
Kanmana, pexkyppeHTHbI GUIbTp X9MMHUHIAa 1 HEHPOCETh C ac-
conparuBHoM namsteio [Hx. Xondmiaa. O6mas unes, KoTopasi ux
00BEAMHSECT — TO JUHAMHYECKAsh MUHUMH3ALHUS OIIMOKH IpO-
rao3a. Ho, cam 10arocpouHslil IpOrHo3 Tak MM MHAY€ OCHOBAaH
Ha KPaTKOCPOYHOM MPOrHO3€ C MOMOIIBI0 MONIMHOMOB. KoTOpsle,
KaK M3BECTHO, AJIsl IPOrHO3a BPEMEHHBIX PSI0B HE OYEHb IOJXO0-
nat. IlosToMy ncnonb3oBanne 0ojiee MUPOKOro Habopa aripox-
CHMUPYIOIINX CEMEHCTB aKTyalIbHO.

3akJ/oueHue

Pacmmpenune cemeiicTBa MONMHOMOB, a TaKKe JAPYTHX all-
MPOKCUMHPYIOLINX CEMEIHCTB 3a CUET UCTIOIB30BAHUS CTPOTO MO-
HOTOHHOT'O NPeo0pa3oBaHusl B MEPENIATOUHBIX (DYHKIUSIX HMEET
JlaJIeKo UIyIIMe U MOKa eulé MaJou3ydeHHble MepcreKTuBbl. 13
HUX HauOoJiee HMHTPUTYIOUIMM SBJSIETCSl IEPCIEKTHBA pa3pa-
OOTKHM HOBBIX apXHUTEKTYp MaJIOpa3MEpHBIX HEHPOHHBIX CETeH,
OPHEHTHPOBAHHBIX Ha 3aJlaull PErPecCHu U IporHosa. Mx oOyye-
HUE, BO3MOXKHO, Oy/IeT HE CTOJIb 3aTPaTHO 10 BPEMEHH U SHEPro-
MOTPEOICHNIO KaK 3TO MPOUCXOIUT B COBPEMEHHBIX HEHPOHHBIX
ceTsx. Takke HOBBIE ceMeiicTBa (DYHKIMH MOTYT OKa3aThCs I10-
JIE3HBIMH JUI 1OPa0OTKU CYLIECTBYIOIINX U pa3pabOTKH HOBBIX
METO/I0B IPOTHO3a BPEMEHHBIX PSIJIOB.
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Abstract

The article discusses the question of possible extensions of families of approximating functions by superposition with some classes of transfer
functions in order to improve the quality of approximation of continuous on a segment and tabular dependencies. Both in terms of accuracy
and speed of computation. Particular attention is paid to the possibility of using the least squares method for such extensions, since this method
provides the fastest solution compared to step-by-step approximation methods. The question of a possible change in the convergence criteri-
on of the error function to expand the possibility of this method, which will allow more flexibility in solving this problem, is being investigated.
Additionally, two practical problems are considered - the applicability of the Least Squares method to the training of artificial neural networks,
as well as to extrapolation and prediction problems, to which polynomials are not very suitable. To justify the concept of transfer functions,
theorems are formulated with proof of the linear transfer function and the completeness of the family of inverse polynomials. The applicabili-
ty of the method of orthogonal polynomials, as well as rational functions for these purposes, is discussed. As a research method, it is proposed
to supplement the approximating family with an example of polynomials with a strictly monotone transformation as a transfer function. Specific
variants of such transfer functions are considered, it is indicated for what practical tasks they can be useful. The result is a demonstration of
the visible advantage of a polynomial supported with a transfer function over a polynomial without it to approximate a specific type of depend-
encies often featured in info-communication data. The rest of the results have theoretical significance and can be used for forecasting and devel-
op a new type of artificial neural networks architecture.

Keywords: approximation, extrapolation, perceptron, neural networks, monotonic transformation, transfer function
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MoHumMaHue noBefseHuAa OGecnpoBOAHLIX KaHaNoOB OYeHb BaXXHO ANA pa3paboTku
3¢peKTUBHBIX U HafexHbIX cucteM ceasu. Mo pesynbrataM npoepaeHHbIX paspaboTyukamu
CUCTEM CBA3M MUCCrefOBaHWi Obina BbiABNEeHa MOTPEGHOCTb B MOAENAX KaHanoB ¢
MOHMKEHHOW CJI0XKHOCTbIO, KOTOPblE MOXKHO MCMONb30BaTh ANA GbICTPOro MOAENMPOBAHMA C
Luenbio NpoOBeAEHUA CPaBHEHWW MeXAy anbTepHaTUBHBLIMM CUCTEMaMM Ha YPOBHe KaHana
(HanpumMep, BbIGOP MOAYNALMM U KOAUPOBaHMA). TakMe MOAENU MOXKHO Ha3BaTb MOAENAMMU C
MOHMKEHHOW CNOXHOCTbIO. OHM MMEIOT XapaKTep XOpOLIO U3BECTHOTO Knacca Mopaenei
KaHanoB C 3aMMPaHMAMM Ha NIMHUK 3aAepxku. Mogene KaHana ¢ KnacTepu3oBaHHOM NUHUEN
sapepxku (Clustered Delay Line, CDL) ncnonb3yer cratuctuieckui noaxos, KOTopbii TO4HO
XapaKTepusyeT MW3MEHAIOLLYIOCA BO BPEMEHUM W 4YacCTOTHO-CENIeKTUBHYIO NpUpoAay
6ecnpoBofHOro KaHana cBAsMu, 0COGEHHO B cpeAlax C KnacTepu3oBaHHbIMU MHOTOJyYeBbIMU
komnoHeHTamm [1]. Mogens CDL okasbiBaeTcA LieHHbIM MHCTPYMEHTOM AnA paspaboTku
COBpEeMEHHbIX CMCTeM GecrnpoBOAHON CBA3M, MOCKOJNbLKY MO3BOMAET MyTEM CTaTUCTUYECKOrO
MOAENUPOBAHUA MOJNTYHUTb XapaKTEPUCTUKM, JOCTATOYHO GNIM3KME K peanibHbIM YCIIOBUAM.

B paHHoi paboTe npoBeAeHO uccnejoBaHME MOAENU pajMoKaHana C KnacTepusOBaHHOM
nuHuen 3sapepxxku. lMpuBoauTca onucaHMe MoAenu KaHana M napaMeTpoB Mojenu
paauokaHana. [aHo onucanue nakera Matlab 5G Toolbox, ucnonesya kotopbit MOXHO
npoeBectu MopenuposaHue cuctembl cBasm ¢ MIMO-kaHanoM c yuyeToM HampaBneHHbIX
CBOWCTB aHTEHHOW CUCTEMbl M YCNIOBMI pacnpocTpaHeHusa B Moaenu KaHana CDL. Takke
cTaTtbe NpUBOAATCA pesynbTaThl MOAenupoBaHua cuctembl cBasu MIMO c pasnuyHbiMK
BapuaHTamun Mopgenu CDL, a Takxke cpaBHUTENbHbI aHanNU3 >3TUX Ppe3yNnbTaToB C
aHaNoru4HbLIMU XapakTepucrtukamm cucremol MIMO, pa6oTaiowleit ¢ TpagMLMOHHOK MoAenbIO
KaHana ¢ NpoOCTPaHCTBEHHO HEKOPPENUPOBaHHbLIMU 3aMUPaHUAMMU.
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BBenenue

K nacrosmemy BpeMeHHN pa3paboTaHO OTPOMHOE KOJIHIECTBO
MoJeNeli paaroKaHaa sl CHCTeM OecTpOBOIHON CBs3H [3, 4],
[5, 6]. OcHoBHas mpobIemMa, BOZHUKAOIIAS TIPU pa3pabOTKe U UC-
MOJIb30BaHUU MOJeNell pajnoKaHala, COCTOMT B TOM, YTOOBI
o0ecreunTh JOCTHKEHHE IMPHUEMIIEMOT0 KOMIIPOMHCCA MEXIY
CJIOKHOCTBIO TaKOW MOJEIHM M ee aJeKBaTHOCTHIO. OCOOEHHO
TPYJIHO JOCTHUYb TAKOH KOMIIPOMHCC B JMana3oHax CaHTHUMETPO-
BBIX U, TeM 00JjIee, MIJUTUMETPOBBIX BOJH [11, 15-18].

Mopenp kanana CDL (Clustered Delay Line — xmacrepuzo-
BaHHAas! JINHUS 33I€P’KKH) — 3TO Pa3HOBUIHOCTH CTATHUCTHYECKON
MOJIETI KaHalla, KOTOpas MpEACTaBIsieT COO0O0H KOMIpPOMHCC
MEX1y ACTCPMUHHUPOBAHHBIM M CTaTHCTUYECKUM ITOIXO/IAMH.
Monemu CDL yuntsiBatoT 3 QeKThl BpeMEHHOH TUCTIEPCHH, BBI-
3BAHHBIE MHOTOJIyYEBBIM PACIIPOCTPAHEHHUEM, ITyTEM pa3/eIeHHs
MyTell CUrHaa ¢ 3a1epKKoi Ha kimactepsl [ 1]. Kaxnapri kractep
MpeCTaBISIET COOO0I TPpyMITy OIM3KO PACTIONOKEHHBIX ITyTEH CHT-
HaJla CO CXOXKMMH XapaKTePUCTHKAMH PACIPOCTPAHEHUSL.

B CDL yunThIBatoTCSl paccesHus Mo yriaM IpUXoAa M OT-
npaBJieHHs B CPEPUUYECKUX KOOPANHATAX 10 a3UMYTY U TIOIbEMY,
UCIIOJIb3yeMbIe TIPH CPAaBHEHHH aHTECHH C Pa3HbIMU JiHarpaMMaMiy
HanpasieHHocTH [5]. Ocobennocteio CDL-Mmoneneit, B oTinune
OT TeOMETPUYECKOW MOJENIM paJfoKaHaia, sSBISIETCS MOAXOMA K
OIIpEJICTICHUIO MOIIHOCTH CHTHajla. BMecTto TodHOro pacuera
MOIITHOCTH CHTHANA, IPHUIIEIIIET0 OT OTJCIbHBIX aHTEHH U OT-
JIeTTbHBIX BPEMEHHBIX 0TYETOB. MOIIHOCTh ONMCHIBAETCSI HEKOTO-
pBIM cay4aiiHBIM pacupenernenueM (Paiica mmm Pamest) otHOCH-
TEJIFHO HEKOTOPOTO CPEIHETO 3HAYCHUsS] MOIIHOCTH NPHHHMAE-
MOT'O CHUTHaJIA.

B nanHOI paboTe maHO KpaTKoe OMHMCAaHHE MOJENN KaHaja
MIMO Ha ocnoBe knactepoB CDL, mpeanoXeHHOH B TeXHHUYE-
ckom otuere 3GPP [2]. B mensx mpocToThl H3I0KEHNUS OIpaHH-
YUMCSl pACCMOTPEHUEM MOJIEJIECH B YCIOBUAX OTCYTCTBUSI IIPSIMOU
Bugumoctu (Non-Line-Of-Sight — NLOS). Moaenn tuna CDL
pa3paboTaHbl [UIS MCIOIB30BAHUS B JAHMAana3oHax 4actoT oT 0.5
I'Tu no 100 I'T'y mpu MakcUManbHOM MOJ0CE YACTOT U3ITyUSHHUS 2
I'Tu [1, 2]. dnst cuenapus NLOS paspaboranst 3 mogenu: CDL-
A, CDL-B u CDL-C, otimyatormuecst Mex1y co0oi mapamerpamu
kiactepoB. OTMETHUM TaKKe JUIS MOJHOTHI U3JIOKEHUS, YTO JUIs
ycnoBuit Hanmuus npsimoi Bupmmoctu (Line-Of-Sight — LOS)
paszpaborans! eme a8e mogenu: CDL-D u CDL-E, xotopsie Takxke
MEXIy COOOH OTIIMYAIOTCS TMapaMeTpaMH KiacTepoB. PasHoBma-
Hoctu Mojienu CDL oTimgarotest Mex Iy co00if Takke mpoduiem,
T.€. 3aJIEPKKAMH ¥ MOIIHOCTSIMH JTy4ei.

B obmem cinywyae KaKAblil KIacTep COCTOUT M3 BEKTOPHOI
CYMMBI PaBHOMOIIHBIX KOMIIOHEHTOB MHOTOJIy4€BOTO CHTHasa
(cuHycomn), Kakaasi U3 KOTOPBIX UMEET OJMHAKOBYIO WIIH OJIM3-
Kyl 3aJepKKy. Kaxkaas KOMIIOHEHTa MHOIOJY4€BOI'O CHI'Haja
HMEeT U3MEHSIOILY OCs a3y, HO PUKCHPOBAHHBIN YTroJI IPUXO0a
u yrou nznydenus. [Tocieanue 3aBUCST OT YIIIOBOTO PACIIMPEHHS
Ha MOOMJIbHOM 1 0a30BOI CTAHIMSIX COOTBETCTBEHHO. MOIIHOCTH
M 33/ICPXKKH KJIACTEPOB MOTYT OBITH HEOJHOPOAHBIMH M BEIOMpa-
FOTCSl JUTS JOCTH)KEHHS JKEJAaeMOro OOIIETO CPeaHEKBaapaTHU-
Horo paszOpoca 3aaepxek B kanaie. Moaenun CDL cocrosT u3
CpeAHe MOIIHOCTH, YIJIOB MPUXO0/a, YIJIOB U3JIyUCHUS U yTJIO-
BBIX pa30pocoB Ha 6a30BOW M MOOWIILHOM CTAHITHH, CBA3AHHBIX C
Ka)XIbIM KJIaCTepOM B pamKax mozeneif [13].

[epeiineM K ynpoIeHHOMY OIHCAHUIO O0IIEH CTPYKTYPBI MO-
nemu CDL, cnemys [2].

SNNIEKTPOHMKA. PAONOTEXHUKA

1 Ucxonnblie 1anHbIe 118 GOPMUPOBAHUA MOJEIH
kaHajaa CDL

[Ipu moctpoenun monenu CDL ucmomnb3yeTcst cdepuaeckas
crcTeMa KOOpAMHAT, oka3aHHas Ha puc. 1 [2, 7, 8]. Ha aTom pu-
CYHKE MCIO0JIb30BaHbI 0003HAUYCHHUS:

® [i — BEKTOp HEKOTOPOTO 33aHHOTO HAMPABICHNUS;

® () — 6a3UCHBII BEKTOP MO a3UMYTY;

o () — GasWCHBIA BEKTOP TI0 3€HUTY.

IlycTh X, Y,z — AeKapTOBBI KOOPAMHATHI TOUKH, PACTIONOKEH-
HOH Ha cdepe enunuunoro paauyca. Torna p=1,60,¢ — chepu-
4eCKHME KOOPJMHAThI 3TOH ToukH, rie p =1 — paauyc chepsl. B

9TOM Cllydae MMEET MECTO CIEAYIOIasl CBsI3b MEXAY JeKapTo-
BBIMHU U C(HPepUIECKUMH KOOPANHATAMM:

sinf cos ¢
sin@sin ¢

X
y =
A cosf

Puc. 1. Chepudeckas cucrema KOOpIUHAT

I[narpaMMa HaNpaBJIeHHOCTH OJHOI'0 AHTEHHOI'0 3JIEeMEeHTa

OrpaHn4mMcs CIydacM, KOTJa OJWH AHTEHHBIH 3JIEMEHT
UMEET TOIBKO OJHY BEPTUKAILHYIO MOJNAPU3ALHUIO. B 3TOM ciy-
qaeM UMEET MECTO CIEMYIONIEE COOTHOIIEHUE MEKLY IHarpam-
MaM{ HalpaBICHHOCTH AHTEHHOTO DJIEMEHTa IO MOIIHOCTH
A(0,¢) U 10 HANPSKEHHOCTH mosist | (9’¢) [2,1m.7.3.2]:

F(0.6)-{W04)

JuarpamMmbl HanmpaBJIeHHOCTH aHTEHHOTO AJIEMEHTA M0 MOIII-
HOCTH A<0’¢) OTIPEJICNIAIOTCS] COOTHOIIEHUSIMU, TPUBEICHHBIMHU

B Tabum. 1 ([2, Table 7.3-1]).

-
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Tabmnuma 1

I[I/Ial"paMMBI HaMpaBJICHHOCTHU aHTCHHOI'O 3JICMCHTA
10 MOITHOCTH

[Tapamerp Bennunna napamerpa
Jlnarpamma { 0-90° 2
HAIPaBJICHHOCTH B Ay (6, #=0°)=—min 12(] ,SLA,
BEPTUKAJIBLHOI Osao

nrockocTH, 1k e O,y = 65° SLA, = 3005 u 0 €[0°, 180°]

AdB(0=9O°, ¢) =—min{12[¢¢j ,Am}

3dB

Juarpamma
HaNpaBIeHHOCTH B
TOPU30HTAIBHON

niockocTH, 1b e gy =65% A, =3005 u ¢ €[-180°, 180°]

Juarpamma
HaNpaBIeHHOCTH B
mpocTpaHcTse, 1b

Au(@.)=—min{~( A, (6. §=0°) + Ay (0=90".)). A, |

B tabmmme 1 wmcronb3oBanbl o6o3HaveHus: SLA (SideLobe
Attenuation) — BenmurHa oclabieHUsT OOKOBBIX JIETIECTKOB JTHa-
rpaMMbl HANPABJIEHHOCTH, BhIpXEeHHAas B 1b; @, — MMpUHA

JarpaMMBbl HallpaBJI€HHOCTH aHTEHHBI B BEPTHKAIBHON MIOCKO-
CTH 110 ypoBHIO 3 1b; ¢3dB — IIUPHUHA JUarpaMMBbl HaPaBJIE€HHO-

CTU aHTEHHBI B TOPU30HTATBHOMN TIOCKOCTH 110 YPOBHIO 3 ab.
MaxkcumanbHbIH KOIQQUIMEHT YCUICHUS! OJTHOTO aHTCHHOT'O

aneMmenTta cocrasisier 8 nb [2]. g nanbHeWero ucnosib30Ba-

HUsl HEOOXOJMMO [EPEBECTH 3HAUCHUS A (6, ¢) U3 Jorapumu-

YECKOM LIKaJbl B TMHEHHYIO:
AO,$)=10"" AP, o

Pacmupenne 3aaep:xkku DS (Delay Spread).

Bennunna pacimmpenns 3agepxku DS ornpenensiercs B 3aBU-
CHUMOCTH OT YCJIOBHH PacrpoCTPaHEHHUs PAIMOBOJIH (CLIEHAPHER).
K ux uncny ornocsres [13]:

e RMa — cenbckasi MECTHOCTB, OOJBIION MacmiTal
(Rural Macro);

e UMa — ropojckas 3acTpoiika, 6ompmoii macmrad (Urban
Macro);

e UMi — ropoxackas 3actpoiika, Manbrii macmTabd (Urban
Micro);

e Indoor-Office — BHyTpH OMEIICHUIA.

CpenHekBapaTUuHbIe 3HaYCHHs pa3dpoca 3aJiepKeK Il MOo-
neneit CDL HopMupOBaHBI, M UX MOKHO MacIiTabupoBaTh 110 3a-
JIEP)KKaM TaKuM 00pa3oM, YTOOBI JOCTHYB JKEJIAEMOI0 CpE/IHE-
KBaJIpaTHYHOrO pazbpoca 3aaepikek. MacmrabupoBaHHbIE 3a-
JIEPKKH MOTYT OBITH MOJIy4eHBl B COOTBETCTBHHU CO CJICTYIOIINM
BbIpakeHueM [12]:

T “)

n,scaled = Tn,modcl : Sdcsircd’

F,I[e z-rl,mvdcl

crepa B CDL, £

n,scaled

— 1€ BOC paClIMPCHUC 3aJICPIKCK.

— HOPMHPOBAHHOEC 3HAYCHME 3aJICPXKKHU I N-TO KJia-
— HOBO€ 3HAYCHHUEC 3aJICP>KKU IJIs1 N-ro Kjia-

crepa, DS

[leneBbIic 3HAUCHUS pacIIUPEHUS 33ePIKEK IIPUBEICHBI B Ta0-
JIMIe 2, a TMana3oHbl 4acToT B Tabmwmie 3 [12].

desired

Tabmuia 2
eJIEBBIE 3HAYEHUS PACIIMPEHUS 3a0E€PIKKHI
I p p P
Yacrora Crienapuii LleneBoe pacumpenue
3aCPAKKHI

FR1 UMi 100 HC

FR1 UMa 365 He

FR2 UMi 60 HC

FR2 InO 30 "HC
Tab6muma 3

Onpe,ueneHI/Ie JHUAIIa3OHOB 4aCTOT

O003HaYEHUE YACTOTHOTO COOTBCTCTByIOHIHfI JArara3oH 4aCToT

JIMana3oHa
FR1 410 MI'm — 7125 MI'n
FR2 24250 MI'u — 52600 MI'n

Hecsatuunpiii norapudm 1g DS pacumpenus 3anepxku DS

SIBJIIETCSL TAyCCOBCKOM CIIy4allHOM BEJIMYUHOM € ITapaMeTpamu:
o — MaTEeMaTUYECKOE OXKUIAHUE;
Higps A ’

® Oy ps — CPCIHEKBA/PATHYCCKOE OTKIOHEHHE.
Hecstuunbiii norapudm g DS paciumpenus 3anepkku Ta-

KAM 00pa30M BBIUHCIIACTCS CIIEIYIOIINM 00pa3oM:
- 2
IgDS=N (:ngDS’GIgDS)' ®

Jns manpHEHIero MCroyib30BaHuS HEOOXOAMMO TEepEeBECTH
sHadenus |g DS w3 norapupmMuyeckoi mMKaibl B TMHEHHYIO:
DS =10'ePS. ©
3HaueHHs ITapaMeTPOB u 1 cue”Hapues UMi u
PAMCIPOB. f4) g M 0jgps AT CLCHAD

UMa B cirygae NLOS npuseznens! B Tabmume 4 ([2, Table 7.5-6]).
Amnanornynele 3HaueHus: Juisi cueHapreB RMa u Indoor-Office
npuBeaeHs! B Tadmuie S ([2, Table 7.5-6]).

Tabunma 4

[TapameTpsbt U G, s V1A CLICHApUEB UMi u UMa

Higps

UMi
AB| -0.24 log,, (1+ f,)-6.83

UMa
~6.28-0.204l0g,,( f,)

CrieHapun
IgDS =

DS
103, (5

Higps

Oigps » 4B | 0.16 log,, (1+ f.)+0.28 0,39

Tabnmma 5
ITapameTpsnl Higps U g o V1 CLICHApUER RMa
n Indoor-Office

RMa
-7,43

Indoor-Office
-0.28log,,(1+ f,)—7.173

0.10log,,(1+ f,)+0.055

Cuenapun

IgDSs =

DS
= |091o[f]

, 1b
Higps A

Oigs 2P | 0,48

Bennuuna fC B Tabnwmax 4 u 5 sBILETCS HECYIIeH YacTOTOM

cur"ana u usmepsercs B ['To.
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®dopMupoBaHHe 3aj1epiKeK KIACTEPOB.
3a/iepiKKK KIaCTEPOB 7| MMEIOT SKCIIOHEHIMATBHOE Pacipe-

JIeJIEHHUE:

r,;:—r,D81n(Xn),n=1;2;...N, ™
rie paclpenue 3a1epkku DS BbIYMCIIETCS ¢ MOMOILBIO BbIpa-
xennit (5) u (6); X, ~ uniform(0,1) — paBHomepHo pacnpesenes-
HBIC Ha OTpe3Ke [0, 1] Cily4aiiHble BENIMYMHBL [ — KO3 uIreHT
MPONOPLIUOHAIBHOCTH (rT =2.1 mis cuenapuss UMi, r, =23
s cueHapust UMa, r.= 1.7 nns cuenapus RMa, r, =3.0 msa

cuenapus Indoor-Office) [2].
Haree 3a0epKKU KIIACTCPOB 7, MOABEPraroTCsi HOPMUPOBKE

MyTeM BBIYUTAHHWS MHHUMAJIBHOW 33JEPKKH W MOCIEAyIOIeH
COPTHPOBKE B MOPSIKE BO3PACTAHUSA:

rn=sort(rr’1—min(r;]))~n=1;2;...N : ®

OTMeTnM, 9T0, 33epKKa TIEPBOTO JIyda IPUHUMACTCS PAaBHOH
HYJIIO, T.C., T, = 0.

®opMuUpOBaHUE MOLIIHOCTEH KJIacTepoB.
MoIHOCTH KJIacTepOB Pn 3aBUCAT OT 3HAUEHUI 3aJEpiKKU

Tyt

=1 ;0012 n—19-
P, :exp{—z'nr:TS}-lO 01Zh n=1;2;...N. o

rae Z, —He3aBUCUMBbIE IayCCOBCKHUE CIIyYalHbIe BEINYUHBI, yIH-

ThIBAKOIasg 3aTCHECHUEC U I/ISMCpﬂeMLIe B Z[B:
zn~N(o,§2).n=1;2;...N. a0

rje, B CBOIO 04epeib, BEIMUMHA CPEAHEKBAIPATUIECKOTO OTKIO-
Henus ¢ =3 Ab Juis Beex paccMaTpuBaeMbIX CLEHapHes [2].

ITocie HOPMHUPOBKM MMEEM CIEIYIOMINE 3HAYEHHUS] MOIIHO-
cTel BCEX KIIACTEPOB:
!
P = I:>n .n=12;...N.
n N pr
Zn:l n

2 Onucanue aaroput™ma popMupoBaHus Ko3GpuuueHToB
nepesavu KaHajia

(11

Paccmotpum nporiecc popmupoBanus K03(QGHUIUEHTOB iepe-
JlayM KaHasa mpu ucnoiibzoBanuu mojenu CDL no maram [2].

lar 1. BeraucneHne 3Ha4CHUH YTIIOB IIPUXO0/IA 110 a3AUMYTY C
[IOMOIIBIO CIEYIOIIET0 YPABHEHHUS:

n=12..N.m=02...M.
(12)

— a3UMYTAJBHBIN yrou npuxona curaaia (Angle-Of-

Pam.aoa = Praoa T Casalm:

TAC @ roa

Arrival — AOA) mist n-ro xnacrepa; N = 23 — 4ucio KjiacTepos;

C ASA CpCI[HeKBa,I[paTI/I‘lCCKI/Iﬁ yFHOBOﬁ p2136pOC A3UMYTaJIbHbIX

yrioB npuxoja curHana (Azimuth Spread of Arrival — ASA)

SNNIEKTPOHMKA. PAONOTEXHUKA

BHYTPH KJIACTEPa; (7, — OTHOCHTEILHOE YIJIOBOEC CMEIICHHE M-T0
Ty4a BHyTpH Kiactepa; M = 20 — gucio iy4eli B 0JJHOM KJacTepe;
¢n’m’A oa ~ YTOJ IpEXOJa M-ro jyya B N-M KacTepe.

3HavYeHMUs BEMMYHH ¢y, Wi Monenu CDL-A, ucnosb3yembie

B popmymnax (12)...(15), mpusenens! B Tadbmmre 6 ([2], Table 7.5-3).

Tabnura 6

3HaYeHUS BEINYNH Qlyy, ATl MOJIENH CDL-A

Homep myga m BHyTpH Benmunna otHOCHTEIIBHOTO

Kjacrepa YIJIOBOTO CMEIIICHHS TTy4a ¢
1,2 +0.0447
3,4 +0.1413
5,6 +0.2492
7,8 +0.3715
9,10 +0.5129
11,12 +0.6797
13, 14 +0.8844
15,16 + 1.1481
17,18 +1.5195
19, 20 +2.1551

3Havyenus BemnuuH ¢, Wit moneneit CDL-B, CDL-C, CDL-

D u CDL-E 371ech ¢ meiapio 5JKOHOMHH MECTa He MPUBOIATCSA, HO
OHHU MOTYT OBITH HaWJCHEI B [2].

Jlamee MpoOM3BOANTCS BEIYMCIICHIE 3HAYCHUH yTIIa N3y ICHUS
o a3umyTy (Angle-Of-Departure — AOD) ¢n,m’ Aop M-TO Jyda B

N-M KJacTtepe:
Brmaop = Praop + Casp@m N =1;2;,..N.m=12;...M .
(13)
rie @y aop ~ a3UMYTAJIBHBIM YIroJl U3JIydyeHus A N-ro Kia-

crepa; C,qp — CPeAHEKBAJAPAaTHUECKHIl YIIOBOH pasdpoc asu-

MYTaJIbHBIX yIJIOB u3iydenust curHana (Azimuth Spread of
Departure — ASD) BHyTpH Ki1acTepa; ¢n m.AOQD — YIOJ H3lyde-

HMs M-T0 JIy4a B N-M KJIacTepe.
AHaJOruyHo IMMPOU3BOAUTCA BBIYUCICHUC YTJIOB IMpUXoda IO
3CHUTY C IIOMOLIBIO CJICAYIOMICTO YPABHCHUA:

Gn,m’ZOA :gn,ZOA +Cyp 0y -N=12;...N. m=1,2;...M .
(14)

rae @ — 3EHUTHBIA yron npuxona curhHana (Zenith-Of-

n,ZOA

Arrival — ZOA) st N-ro xiacrepa; ¢ — CpeaHeKBaapaTuie-

ZSA
CKUH YTTIOBOM pa30poc 3EHUTHBIX YIJOB MPUXOAa CHUTHAIA

(Zenith Spread of Arrival — ZSA) BHyTpHu KiacTepa; O mzon ~

3€HUTHBIN YTOJI MPUX0/a M-TO Jdyda B N-M KJIacTepe.
Jlanee nmpon3BOIUTCS BBIYMCICHHUE YTIIOB IPUXOA MO 3€HUTY
C TTOMOIIBIO CIIEAYIOIIETO YPABHEHNUS:

0. m.zop = O 200 + Czsp%m N = 1;2;...N.-m=1,2;...M .
(15)

rae @ — 3CGHUTHBIH Yrosl u3imydeHus curHana (Zenith-

n,ZOD

Of-Departure — ZOD) st N-ro kiacrepa; C — CpeHEeKBaIpa-

ZSD
THYECKHI yl"J'IOBOﬁ pa36poc 3CHUTHBIX YIJIOB U3JIyYCHUS CUTHAJIa

-
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(Zenith Spread of Departure — ZSD) BHyTpH KiacTepa; 6, 700

— 3€HUTHBIN YroJl u3JIydeHuss M-ro j1y4da B N-M KjacTepe.

3HaueHus BEIUYUH P ron> 9, me-

LAOD’ en,ZOA ’ ‘9n,ZOD ’
noab3yemble B hopmynax (12)...(15), npuBenenst B Taba. 7. 3Ha-

YCHHS BETHYMH C, o, » Cpqps Cygp s Cygp » TAKKE HCIIOIB3YeE-

MbIe B popmynax (12)...(15), npuBeneHs: B Tabmme 8.

Tabmuma 7
OcHoBHBIe TapameTpsl Mmogenn CDL-A
Howmep | Hopmupo- | Hopmu-
K.TIa-p Baﬁiaﬂia- pOBaI:HHasI ¢”’AOD , ¢”’AOA gn’ZOD 0”’ZOA
crepa JIepIKKa MOIILI- rpan »I'pald | ,rpax | , rpai
HOCTB, 1b
1 0.0000 -13.4 -178.1 51.3 50.2 | 1254
2 0.3819 0 4.2 -152.7 ] 932 91.3
3 0.4025 2.2 -4.2 -152.7 | 93.2 91.3
4 0.5868 -4 -4.2 -152.7 | 93.2 91.3
5 0.4610 -6 90.2 76.6 122 94
6 0.5375 -8.2 90.2 76.6 122 94
7 0.6708 -9.9 90.2 76.6 122 94
8 0.5750 -10.5 121.5 -1.8 | 1502 | 47.1
9 0.7618 -7.5 -81.7 -41.9 | 552 56
10 1.5375 -15.9 158.4 942 | 264 30.1
11 1.8978 -6.6 -83 519 | 1264 | 588
12 2.2242 -16.7 134.8 | -115.9 | 171.6 26
13 2.1718 -12.4 -153 26.6 | 1514 | 49.2
14 2.4942 -15.2 -172 76.6 | 157.2 | 143.1
15 2.5119 -10.8 -129.9 -7 472 | 1174
16 3.0582 -11.3 -136 -23 404 | 1227
17 4.0810 -12.7 165.4 -472 | 433 | 1232
18 4.4579 -16.2 148.4 1104 | 161.8 | 32.6
19 4.5695 -18.3 132.7 144.5 | 10.8 27.2
20 4.7966 -18.9 -118.6 | 1553 | 16.7 15.2
21 5.0066 -16.6 -154.1 102 | 171.7 | 146
22 5.3043 -19.9 126.5 | -151.8 | 22.7 | 150.7
23 9.6586 -29.7 -56.2 552 | 1449 | 156.1
Tabmuma 8
JomomauTtensHbIe TapameTpsl Mogenun CDL-A
Hassanue Casp Casa Czsp Cusa XPR, nb
napamerpa ’ ’ ’ ’
rpa. rpam. rpan. rpaj.
Benuuuna 5 1 3 3 10
napameTpa

Ilar 2. CocTaBneHue nap Jyded Kak MO a3UMyTy, Tak U IO
BBICOTE (3CHUTY).

[IpousBoanTCs rpynnupoBaHue B Mapbl {¢n nA0D > Pnm.Ao A}

CIly4aiiHBIM 00pa3oM 3HAYeHHi YIIOB @ .\ xop H & maos B
npenenax [-ro ximacrepa. AHaJOTHYHBIM 00pa3oM MPOU3BO-

JIUTCSL Cily4yaiiHOe IPpYIIIMPOBAaHUE B MIapbl {Hn n.700 > O m 70 A}

sHauenuit yrnos @, . ,op ¥ O, . ;04 B 0pesenax N-ro kma-
crepa. KpoMe TOro, NpoM3BOAMTCS CilydaitHoe TpyNmupoBaHue B

napsl {¢n,m,AOD’9n,m,ZOD} 3HaYeHMit  yrIoB @ L .op W

0, m.zop B TPENIENAX N-TO KIacTepa.
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Mlar 3. ®opmupoBanue KOAIPPHUINEHTOB KpPOCC-TOIIPU3a-
IIUHU.

Koappunumenr kpocc-nonsipuzanuu (cross polarization Power
Ratio — XPR) K, , A4 M-TO jiyda B N-M KJIacTepe BRIpaXKaeTCs

CIIEYIOLIMM 00pa3oM:

Ky =102"Nn=12;...N. m=12;..M . (16)

rae X — pemuunHa XPR, BeipaskenHas B 1b (cM. Tabm. 8).
Ilar 4. ®opmupoBanue KO3PHUIUEHTOB NIepeadn KaHaja.
Ucnonb3yercs npouenypa, onucannas Ha [llarax 10 u 11 B [2,
rmoarmyHKT 4.5], Bee KimacTepsl Mpu TOM CUHTAIOTCS ‘cIadbIMu’.
®DopMHUpPOBaHHE CAYYAHWHBIX HAYAJIBHBIX (a3 [2, TOIITYHKT
7.5, Ular 10].
DopMHpPOBaHNE HE3aBUCHMBIX CIIyYaWHBIX Ha4daJdbHBIX (a3

0 o% o % Ln=12..N, m=1;2..M, mm

n,m> n,m> n,m> n,m
m-ro Jyda B n-m KJIacTepeC I YETBIPEX BO3MOXKHBIX IMOJISIpHU3a-
[IHOHHBIX KOMOHWHAIHA (9.9’ 0,40, ¢¢). Pacnipenenenue Bcex

9THX (ha3 — paBHOMEPHOE B HHTEpBAJIe [_;;; ;;] .

®opmupoBaHue KO3(p(PUUMEHTOB Nepenadyu KaHaJa I
BCEX KJIACTEPOB MEKAy BCeMHU IIPHEMHBIMH U IepealoUMU
aHTeHHamM [2, nmoanyHkt 7.5, Illar 11].

Beipaskenne uist N-if KOMIIOHEHTHI KO3 HUIIMEeHTa Mepeiadn

kamama HNOS(t), n=1;2;...N,u=12;..U.,s=1,2;...S,

u,s,n
B cirydae NLOS mmveert Bu:

T
NLOS _ & M Frx,u,H (en,m,ZOA’¢n,m,AOA)
Hu,s,n (t) - M ;|Jz X

™,u,p (an,m,ZOA’ ¢n,m,AOA)
exp(j0) ok exp(jo%,)
X
Jemexp(j@t)  exp(jorn)
|: th,s,H (en,m,ZOD > ¢n,m,AOD ):| exp[ _]272' IG}l,n,m'arx,u J x

le,s,go (en,m,ZOD’¢n,m,AOD) /’10

(jz r’gnm'(itxsj [J'z f;nm'vtj
xexp| J2m———= |exp| |2m———
Z A

— JAuarpaMmbl HAaIIPpaBJICHHOCTH U-roO 3JIe-

amn

1 F

MCHTa HpHeMHOfI AHTEHHEI B 3¢HUTHOM U a3HMyTaJ'II;HOI7[ ITJIOCKO-

CTAX, COOTBCTCTBCHHO, FIXSt9 n FtXS¢ — AQHAJIOTM4YHbIC Oua-

rpamMMbl HANpPaBJIEHHOCTH S -TO 3JIEMEHTa MepeaaroIieii aH-
TCHHBI; Pn — MOIITHOCTH N-T0 KiacTepa; M — 9rcio Jydeid B OJHOM

roe F

rx,u,6 rx,u,¢

knacrepe; N =1;2;... N —Homep knacrepa; U =1;2;...U —Ho-
Mep IIPUEMHOI0 aHTEHHOI'0 JIEMEHTA; S = 1; 2; ...S —Homep me-
pemaroIero aHTeHHOTo 1eMeHTa; U — 9rcino MprueMHBIX aHTEH-

HBIX 3JICMCHTOB, S — gucio nepeaarommnx aHTCHHbBIX 9JICMCHTOB.

JmarpaMmBbl HalpaBJI€HHOCTH | Frx’u’ T th,s, P

BBIUUCIIIOTCS C IIOMOIIBIO cOOTHOMICH!UH (2) 1 (3) Ha oc-

rx,u,0’

F

X,S,¢
HOBE JaHHBIX U3 TA0IHIBI 1. 3HaYeHUsT MOILIHOCTEN KJIaCTEPOB Pn

BBIUUCIIAIOTCS ¢ MOMOINBI0 cooTHomneHu# (7)...(11). Bennunna

f MPEIICTABISICT COOOM BEKTOp C SAMHUYIHON JTMHOW, 3aBHU-

rx,n,m

CHHII/Iﬁ A3UMYTAJIBHOT'O yTJIa IpUXoJa ¢n 1 3CHUTHOT'O yrijia

m,AOA




puxoa 0 .20 A
Sin6, 1, 70a COS Py m aoa N=12:. N
larx,n,m = Sll’la mZOASln¢nmAOA ST
cos 6, Mm.Z0A
m=1;2;...M . (18)

Bennunna f, n.m TpE/ICTaBIISET c000I1 BEKTOp C €JMHUYHOMN

JIJ'II/IHOI/I 3aBI/IC$[IlII/II/I A3UMYTAJIBHOT'O yIJla U3JIyYCHU ¢n M.AOD )51

3CHHTHOTO YIIIa M3ITyIeHHs 6 20D -

Sin 6, 1, 700 €08 Py m aop
n=1;2;...N.

l,étx,n,m = Slna n,m,ZOD sin ¢n ,m,AOD
€080, 700
m=1;2;...M . (19)
Bekrop d,, ,.u TIPEIICTABIIAET COGOI BEKTOP OpHEHTALH U-To

2JICMCHTA HpI/IeMHOI/I AHTCHHBI; BEKTOP d MNpeaACTaBJIACT coboit

x,s

BEKTOP OPUEHTALIUU S-TO AIEMEHTA NEPEIAOLIE AaHTEHHBI; ,10 -

JUIMHA BOJIHBI, COOTBETCTBYIOIIAsl HECYIIel 4acToTe IepeaBac-
MOT'O CHTHAJIA.

[TycTh aHTEHHBIC AIEMEHTHI PACTIOI0KEHBI Ha INTOCKOCTH X0Z
(cMm. puc. 1). [nsg cirydas ogHOM MpHEeMHON aHTEHHBI 1IEIec000-
pa3HoO ee MOMECTUTh B HaYaJI0 KOOPANHAT:

0
(20)

Hust S -ro sjemeHTa Iepeiaroleil aHTeHHbI NPU IKBUJIHU-
CTaHTHOM pacrojioxeHuu (depe3 A) Ha ocu Z aHTEHHBIX dJIEMEH-
TOB HMEEM:

0 .s=12;...S.

(s-1)A

JlBmxenue abOHEHTa CO CKOPOCTHIO V YUHUTHIBACTCS ITyTEM HC-
10JIb30BaHUS BeKTOpa V:

atx,s = @D

V=V- [sin 0,cos¢, sinf,sing, cosb, ]T (22)

IJIE ¢, — yIrOJI HAKJIOHA I10 a3UMYTy BEKTOPA CKOPOCTH JBHKEHUS

aboHeHTa; @, — yroyl HaKJIOHa 10 3€HUTY BEKTOPa CKOPOCTH JIBH-

JKEHUs1 aDOHEHTA.
Hycrs s, (t) — CUTHAJI, TIOCTYMAIOIIUI Ha S - 97IeMEHT repe-

natoneit antenHsl. Toraa Ha ocHoBe (17) MOXHO 3amucath clie-
NyOIIlee BBIPAKCHHUE 11 KOMIIOHCHTBHI CHUTHAja yus(t) B U-M

OJIEMCHTEC HpHCMHOfI AHTCHHBI, BBI3BAaHHOKM WMEHHO CHTHAJIIOM

N
Yos(t)=2 8 (t-zn ) HOS (M —7) (29
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rAe 7, — BEIMYUHA 33JEPXKKH PACIPOCTPAHEHHMS CUTHAIA ISt

N-ro KjacTepa, KoTopas Beraucisiercs mo hopmyiaam (7) u (8).
PaccmoTpuM Tenepb HEKOTOphIE BasKHBIC YaCTHBIC CIyJaH.
Cayuaii onHoii mpuemHoii antennsl (U = 1). Ha ocHoBe

ypaBHeHus (17) MOXKHO 3amucaTh:

T
Oumzonthmaon) |
H NLOS(t) rx 0 ( n,m,ZOA n m,AOA
z: Frxw(eanOA’ nmAOA)
exp( j(Df?m ) \/7 exp <D‘9”’ )
X
\/aexp( j@ﬁgm) exp <1>"’”’
th,s,f/ (Hn,m,ZOD7¢n,m,AOD ) exp 12” rx nm-* drx x
I:'[X,S,(p (6n,m,ZOD > ¢n,m,AOD ) 2’0

24

AT

AT —
rtx,n,m' x,5

v
n.m

Z

xexp| J27 exp| j2mr—=m—

B (24) o6o03naueno: d,, — BEKTOp OpUEHTAIMH IPUEMHOH aH-

TCHHBI; Frx 0 u F — AuarpaMMbl HalTpaBJICHHOCTHU HpHeMHOﬁ

X, ¢
AQHTEHHbl B 3€HUTHOM W a3MMyTaJbHOW IUIOCKOCTSIX, COOTBET-
CTBEHHO.

Cayuaii ogHoii nepenatonieii antennnl (S = 1). Ha ocHose
ypaBHenwust (17) MOKHO 3anucars:

T

HNLOs(t) Z rxu&(eanOAﬂ¢nmAOA)

m=1 Frxu;n(ganOA’¢nmAOA)
exp(jo) il exp(j0,)
X
Venew(iof)  ew(jof)

T
Foo (an,m,ZOD’¢n,m,AOD) exp| j2r |’rx,n’m.drxvu "

Fb(,go (gn,m,ZOD > ¢n,m,AOD ) AU

(25)

oT

AT —
rtx,n,m'dtx

A%
rxnm t

)

xexp| j2x exp| j2r—2"—

B (25) o6o3naueHo: d_tX

u
th X
IOIIICI71 AHTCHHEI B 3¢HUTHOH U a3I/IMyTaJ'ILHOI71 IIJIOCKOCTAX, COOT-

BCTCTBCHHO.

— BEKTOp OpPUEHTALUU Mepeaaromiei

AHTCHHBI, F — ArarpaMmbl HalIpaBJICHHOCTU NIEpea-

3 Bo3sMmoskHOCTH ynipouleHus: peajausauuu mojaean CDL

O6mrue Beipaskenwst 1t Mmonenu CDL — dopmymsr (17) u (23).
Onu BecbMa TPYJOEMKH JUIS TPAKTUYECKOrO NMPUMEHEHHUs, I10-
9TOMY LIeJIECOOOPa3HO PacCMOTPETh BO3MOXKHOCTH UX YIIpOLIe-
Hus. CaenaeM CIeyIoNHe MPeAnoIOKEHHS:

e J/lnarpaMMbl HalpaBICHHOCTH BCEX NPHEMHBIX AHTEHHBIX
9JIEMEHTOB OJIMHAKOBBI:

I:rx,u,t9 = Frxﬁ’ Frx,u,¢ = Frx,¢’ u= 1;2;" U. (26)

L4 J:[I/Ial"paMMLI HampaBJICHHOCTHU BCCX NMEPEAAIOIINX aHTCHHBIX
3JICMCHTOB OAVHAKOBBI:

th,s,@ = thﬁ’ F = th,¢’ s=1;2;...S. (27)

tx,s,¢
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3aMeTHM, YTO 3TH IIPEIIOIOKEHNS Ha TPAKTUKE TIOYTH BCETAA
BeimonHstorcss. C yuerom (26) u (27) Beipaxkernue (17) moxer
OBITH TIEpenrcano B ciemyromei Gopme:

oT

P X SR PO
O = (e G | S
AT I AT —
X exp j27z—rtx’n’m'd‘x’S exp| j2r—>tm— Vt
Z
rac
Gu,s,n,m = Gn,m (en,m,ZOA’ ¢n,m,AOA’ Kn m? q)n m? q){:wm’ (D(:Gm’ (D:wm > en,m,ZOD > ¢n,m,AOD> =
rxue(ganOA’ nmAOA) ' CXp(J‘I)l:gm) \/aexp(yb?m) %
rxu¢(6anOA’ nmAOA) _\/aexp(J(Dfom) eXp(J(D?Jm)
txsé)(ganOD’ nmAOD)
lxs¢(9anOD’ nmAOD)
29

BenuuuHer Gu snm CJ'Iy‘lafIHLIe 1 HC3aBUCHUMBIC U1 pa3jiny-

HBIX U U S.
[Tocne moacranoBku (29) B (23) MOXKHO 3aIUcaTh CICAYIOIICE
BBIPQKCHUE JIJI1 KOMIIOHCHTBHI CHTHAJIa yus(t) B U-M dJIeMEHTe

MPUEMHON aHTEHHbI, BBI3BAHHOW HMEHHO CUTHAJIOM S, (t) :

N
yus ) Z HJ\IngS(t_Tn):

N P u . frl; n m'arx : (30)
;ss (Tn) Vngeu,s,n,m - €Xp Jznﬂ,—ou X
AT I AT —
xexp 12” r}x,n,m' tx,s exp 12” rx,n,m* v 7,
/10 2‘0

Hy»XHO 0TMETUTB, YTO BBINOJIHEHHE YcioBuH (26) u (27) npu-
BOJIUT K BECbMa CYIIIECTBEHHOMY YIIPOILEHHIO HCXOAHOM Moienu
CDL (17) u (23).

4 MopeaupoBanue cucrembl cBsisu MIMO ¢ kanaisom CDL
¢ ucnoJib3oBanuem nakera Matlab

Monemns xkanaxa CDL cuctemsr MIMO, onncsiBaemast hopmy-
mamu (17) u (23), peanm3oBana B Bepcun Matlab 2023b u Gonee
no3aHux Bepcusax [9, 10]. Ona sBmsiercs yacThio makera 5G
Toolbox u npenHazHaueHa Isi MOJCITUPOBAHUS KAaHAJIOB CBS3H B
cucremax 5G NR (New Radio). Moaens CDL ocHOBaHa Ha peKo-
menpaiusx 3GPP (3rd Generation Partnership Project) u mo3Bo-
JISICT MOZICITUPOBATH MHOTOJIYYCBOC PACIIPOCTPAHEHUE CUTHAJIOB C
Y4eTOM KJIACTEPU3aIUK 3aJICPIKEK U yIiIoB. B HacTosiiee Bpems
CTaHJIAPTU30BAHbI U ONPEICIICHBI TAPAMETPHI JJIsl ISITH MOJICIICH:
CDL-A, CDL-B, CDL-C, CDL-D u CDL-E. Ux oco0eHHOCTH U
CBOICTBA MMPUBEICHBI B TAOHIIE §.

B Matlab mns momenmpoBanus kanamos CDL wucmombs3yercst
o0bexT nrCDLChannel. D1oT 00BEKT MO3BOJISIET 3a74aBaTh MHO-
JKECTBO MapaMeTpOB, KOTOPBIE OMPE/ICISIFOT XapaKTePUCTUKU Ka-
Haja.

Tabmuma 8

OcoOeHHOCTH, CBOICTBA U 00MacTu mpuMeHeHus moaeneir CDL

Tun OCOOCHHOCTH U CBOMCTBA
MOJIETH

CDL-A

O Xapakrepusyercsi OJHUM
OOJIBIINIM KOJIMYECTBOM JIy4eii.
O Ucnons3dyeres s cueHapueB NLOS ¢ Bbicokoit koppe-
JsIUel MeX1y aHTeHHaMU.

O [NoaxoanT Au1st MOIETUPOBAHUS KAHAJIOB B YCIIOBUSIX, II€
HET NPSAMON BUAMMOCTH, HO €CTh JOMUHUPYIOLIUI KilacTep
(HampuMep, B TOPOACKHUX YCIOBHSX C yMEPEHHBIM pacces-
HUEM).

O lMeeT HECKOJBKO KJIACTEPOB C YMEPEHHBIMH 3a/IepiK-
KaMH.

O Ucnons3yeres s cueHapueB NLOS ¢ ymepeHHOH Kop-
pensuuen.

O [loaxoanT I MOAENTUPOBAHUS KAHAIOB B YCIOBUSX C
OOIBIIINM KOTMYECTBOM PACCETHHBIX CHTHAIOB (HAIPHMeD,
B I'yCTOHACEIICHHBIX TOPOJICKHX paioHax).

O Xapakrepu3yeTcsi OOJIBIINM KOJINYECTBOM KJIACTEPOB C
OOJIBIINIMY 33I€PKKAMH.

O Ucnons3yeres s cueHapueB NLOS ¢ Hu3koit koppesns-
ueil.

O [logxoanT ast MOJAENMPOBAaHMS KaHAJIOB B YCIOBHSIX
CHJIBHOTO PAacCEsTHUSI 1 MHOKECTBA MPEMATCTBUN (Hampu-
Mep, B indoor-cpemax WM T'yCTOHACETICHHBIX MErarojv-
cax).

O VmeeT onuH JOMUHHPYIOIHH JIyd (TIpsiMoi myTh, LOS)
Y HECKOJIBKO CJIA0BIX JTy4del (OTpaskeHH ).

O Crnabble J1y4d MMEIOT MEHBIIYI0 MOIIHOCTh 110 CpaBHe-
HHIO C IPSIMBIM JTy4OM.

O Hcnonb3yercs Ui MOAEIUPOBAHUS KaHAJIOB C BHICOKOM
KOppesueil Mex Iy aHTeHHAMH.

O [NoaxoauT A7st ClleHApHEB, TIE eCTh MpsSMast BUAUMOCTS,
HO TIPUCYTCTBYIOT cia0ble OTpakeHWs (HampuMep, B
OTKPBITHIX IPOCTPAHCTBAX C MUHUMAIBEHBIMU IPETISITCTBH-
SIMH).

O Taxxe UMeeT OMH JOMUHUPYIOIUH JTy4 (IPSIMOH MyTh,
LOS) u Gonblee KOMUUECTBO ClaldBIX Jydei 1Mo cpaBHe-
uuto ¢ CDL-D.

O Cra0ble JTy4n HMEIOT €Ile MEHBIIYI0 MOIIHOCTh U OoJiee
paBHOMEpHOE pacIpe/ieNICHNE.

O Vcnonp3yercst A1 MOJSTHPOBAHUS KaHAIOB C yMEpPEH-
HOU Koppesuen.

O [oaxoauT AJIst ClIeHapHEB, Te eCTh MpsMasi BUAUMOCTS,
HO MPHUCYTCTBYIOT 00Jiee 3aMeTHBIC OTPaXKeHHs (HalprMep,
B TOPOJICKHX YCJIOBUSIX C YACTUUHBIMU MPEMSITCTBUSIMU).

CUJIbHBIM  KJIaCTEPOM U

CDL-B

CDL-C

CDL-D

CDL-E

PaccMoTpuM npuMepsl 3a/iaHnsi OCHOBHBIX M1apaMeTpOB.

e channel= nrCDLChannel — co3nanne o6bekTa KOHDHTYpa-
LUK KaHaja (PUCBOCHHE MMEHH T0JIb30BATEIbCKOMY KaHasa);

e channel.DelayProfile = ‘CDL-A’ — BbiGop THma KaHaja
(mpodust);

e channel.CarrierFrequency
(T'w);

e channel.CarrierFrequency = 15.36e6 — yactoTta AUCKpETH-
3amuu (I'm);

e channel.MaximumDopplerShift=10 — makcumanbHbIii 10-
miepoBckwii caBur (I'm).

Jpyras rpyria rnapaMeTpoB onpejessier KoHGpUryparmio aH-
TEHHBIX CUCTEM (TIPHEMHOHN U TTepeIaroeii).

3.5¢9 — wyacrora Hecymen
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HeobxoaumocTh MX 3aJaHusi BbI3BaHA IPOCTPAHCTBEHHBIM
PACIIOJIOKEHHEM KIIACTEPOB, YTO MPUBOJMT HE TOJBKO K pasju-
YHIO 3aJIepIKEK, HO U YIIIOB NPUXOJa M U3aydeHus. [lapamMeTpsl
AHTEHHBIX CUCTEM 3aa0TCs COOTBETCTBYIOLIMMU MATUMEPHBIMU
BEKTOpaMH  JUIi  TEpejalomeil M IPHEMHOH  CTOPOH:
[M N P M, Ng} ,The M,N — YHCIO aHTEHHBIX 3JIEMEH-

TOB B OJIHOM TMaHEIH 10 BEPTUKAIM M TOPU30HTAIIM, COOTBET-
CTBEHHO; P — uncno momspusammii; \ g N, —dHCIo maHenei (mo

BCPTUKAJIM U TOPHU3OHTAIN, COOTBETCTBCHHO. HpHMep 3aJaHusA
KOH(i)I/IpraIII/II/I AHTCHHBIX CUCTCM:

e channel.TransmitAntennaArray.Size = [2 3 2 2 2] — xoupu-
rypaunusi nepearonieii aHTeHHONW CUCTEMBI;

e channel.ReceiveAntennaArray.Size =
panus IpUEMHOM aHTEHHOW CUCTEMBI.

B cootBercTBHE ¢ 3THMHU napameTpamu OyJIeT OnpeiessiThes
YHUCJIO N3ITy9a€MbIX n TIPUHUMACMBIX CHUT'HAJIOB
Ng,=M-N-P-M_-N_. it pacCMOTPEHHBIX KOH(GUTYpaIHii

YHUCIIO M3Iy9aeMBbIX CHUTHAJIOB PaBHO 48, a YHCIO MPUHUMAEMBIX
cUTHaNOB paBHO 512. M3myuaemble M NMPUHHUMAeMble CHUTHAJIBI
MPEJCTABIISIOTCS B BHIC MATPHIIL, TJIC YHCIIO JICMEHTOB B CTOJIO-
[[aX ITUX MATPUI] OIPEACISICTCS YUCIOM BPEMECHHBIX OTCUETOB, U
YHUCIIO 3JICMEHTOB B CTPOKE — YHCIIOM U3JTy9IaeMbIX WIIH TPHHAMA-
€MBIX CHUTHAJIOB.

Hymepanus 48 m3imydaeMpIX CHTHAIOB JJISI pAaCCMOTPEHHOTO
MprMepa WLTFOCTPUPYETCS Ha pUCYHKe 2. B maHHOM mpuMepe aH-
TEHHA COCTOUT U3 4 MAHEIbHBIX aHTEHH 2X 2, KaX/ask U3 KOTOPBIX
COJICPIKUT 2 X3 aHTEHHBIX AJIEMEHTA C BYMSI OPTOTOHAIbHBIMU
noJsipu3anusaMu. [lepBeiil cTOOEI aHTEHHBIX 3JIEMEHTOB C ITep-
BBIM YTJIOM TOJISIPU3AIIUH TIEPBOW MAHEITH ITO3BOJIACT MOIYYHTh
nepBbie M = 2 cTon0I1a BRIXOAHOTO CHTHAJIA (s1 uS, ). Cremyto-

[4 424 4] - xoudwury-

mui cTos0e1] AaHTEHHBIX 3JIEMEHTOB MO3BOJISIET TIOIYYHUTh CIIELY-
roue M = 2 ctos01a BIXOJHOIO CUTHAJIA (s3 us, ) 1 Tak naiee.

X prd

TAA

11 >< x
Sa LY Xsw S. Sy X X

#
Panel 1 Panel 3

S.mxs:m

Antorna Panel

—— Polarzation 1

— Polarization 2

S 519 Suxsn X P
Panel 2 Panel 4

b4 % SmX 524 )4 X Saz xsm
Signal:[is . Sr-.. ls'! w 812 S SS9 o Sz o]

J L i i

1 i 2 Pol 1 2

Panel 1 Panel 2

Puc. 2. [Ipumep antennoii pemerku [9]

Crnenys stoit cxeme, Moziens CDL uepe3 aHTE€HHBIE 21€MEHTHI
C MEPBBIM YIJIOM MOJISIPU3AIMHU BCEH MEPBOM MaHEIH MO3BOJSET
noyunts nepBbie M x N =6 c¢TonOIOB BBHIXOAHOTO CHTHAA
(S, = S ). AHAIOTHYHO, AHTCHHBIC SICMEHTBI CO BTOPBIM YIIIOM 110~

JSIPU3ALMK  TIEPBOM MaHEeNH MO3BOJISIFOT TIOMYYHTh CIIEIYHOIIHE
IIECTh CTOJIOIOB BBIXOHOIO CHI'HAJIA (s7 312). Crenyromume ma-

HEMM  TIO3BONSIOT  MOMYYMTh  CJIEAYIOUME  HA0OpBI U3
MxNxP =12 cronbuos Bbxomsoro curnaisa (s,

S4s)-

524,
Sys T S360 S37

SNNIEKTPOHMKA. PAONOTEXHUKA

Kpome reomerpun pacrnoioskeHus: aHTEHHBIX AJIEMEHTOB U I1a-
HeJICH JTOJKHBI OBITh 3a/IaHBI TAKIKE M PACCTOSIHUS MEXKTy aHTCH-
HBIMH DJIEMEHTaMHU U LEHTPaMU MaHeJel, KOTOpble 3aJJal0TCs B
BUJIE 4-X MEPHOTO BEKTOpA [dV d, D, Dh], rae d,,d, — pac-

CTOSAHHA MEKIY aHTCHHBIMHU 3JICMCHTAMU 110 BEPTUKAIIN U T'OpU-
30HTAaJIn OHHOP‘I MaHCIIH, BBIPAXKCHHBIC B JJIMHC BOJIHBI, Dv’ Dh

pacCTOSTHUS MEX/y LIEHTPAMH TTaHeJIeH TI0 BEpTHUKAIN U TOPHU30H-
TaJn. DTO 33/1a€TCs CIEAYIOINMH TIEPEMEHHBIMU:

o channel.TransmitAntennaArray.ElementSpacing=
1.51];

o channel.ReceiveAntennaArray.ElementSpacing=[0.5 0.5 2 2].

Jpyrum napaMerpoM, BIIMSIOIIUM Ha XapaKTEPUCTUKH IIPU-
€Ma CUT'HaJIOB, OTpa)KéHHBIX OT Pa3HbIX KIIACTCPOB, ABJIACTCA BU]
JIarpaMMbl HAallPaBJICHHOCTH OT/IEJIbHO Ka)I0T0 aHTEHHOT'0 dJie-
MeHTa. B kondurypanun mozxenu CDL npexycMorpeHo siBa Tuna
JarpaMM HalpaBJICHHOCTH: ‘isotropic’ — BceHarpaBJeHHask BO
Bcex IIockocTsax, *38.901° — muarpamma, ompenenseMasi CTaH-
JapTOM U TIpUBEAEHHAs B Tabnue 1. DTH XapaKTepUCTHKH 3a/1a-
torcst mepeMeHHbIME channel. TransmitAntennaArray.Element u
channel.ReceiveAntennaArray.Element.

Kpowme ommcannbix mapameTpoB koHpuryparmmu CDL kaHana,
MIPUCBOCHHBIX CTPYKType channel, cymectByroT u apyrue. WMH-
dbopManuio 0 HUX MOXKHO ITOJYYHTb, HETOCPEICTBEHHO, Yepes
BeiBoj disp(channel) u channel.info wim yepes onmcanme doc
nrCDLChannel. Bonee noapobuyro nHGOpMAIHo 0 mapamerpax
CDL monenu MOXHO HaiTH B [2].

ITocne Toro kak chopMUpPOBaH MacCUB (MaTpHIlA) U3JIydaec-
MbIX oTcuéroB tXxWaveform, curnan Ha BBIXOZAaX aHTEHHON CH-
CTEMBI IPUEMHHKA (POPMHUPYETCS yTEM Clieytoel pyHKINu:

[0.5 0.5

rxWaveform=channel(txWaveform).

[TprHIMaeMbIii cUTHAT TakKe Oy/IeT Mpe/ICTaBIICH B BUAE JBY-
MEpHOT0 MaccuBa (MaTpPHIIBI) YHCIO CTPOK, B KOTOPOM PaBHO
YHCITy OTCYETOB U3JIy4aeMOTr0 CHT'HAA, a YHUCIIO CTOJIOLIOB PaBHO
o0ImeMy 4HCITy aHTCHHBIX 3JIEMEHTOB NPHEMHON aHTCHHOW CH-
CTEMBI C yUETOM HAJIMYHsI SIEMEHTOB Pa3HOH MOISAPH3ALIUH.

B 3akntouenue /Ui WIUTIOCTpALMM CBOMCTB Pa3HbIX MOAENEH
paccMOTpuM pe3ysbTaThl MojeaupoBanusi cucreMbl MIMO c¢
MIPOCTPAHCTBEHHBIM MYIBTHIIJICKCHPOBAHUEM IS CIEAYIONICH
IPOCTOH KOH(GHUTIYpalnH YeThIpe NepealonX 1 YeThIpe pueM-
HBIX aHTEHHBI, OPraHU30BaHHBbIE B KBAJPATHYIO pEIIETKY:
channel.TransmitAntennaArray.Size = [2 2 1 1 1] u
channel.ReceiveAntennaArray.Size=[22 1 1 1].

[IpoBonunocs Moxaenuposanue cucreMsl MIMO-OFDM ¢
MIPUMEHEHHEM Da3IMYHBIX MOJAENeH KaHaja NpH CJIeTyIOMNX
YCIIOBHUSX:

e aHTeHHas KOHurypauus — 4x4 ;
gucno nogHecymmx OFDM — 288 u3 1024;
yucio cumBosiioB OFDM — 14;

CKOPOCTD JIBI)KEHHs aDOHEHTa — 3 KM/4;

npueMHuK — MMSE;

moayssiiust — QPSK;

KOJIUPOBaHME — TYPOO, CKOPOCTH KOJUPOBAHHS — V5.

Ha pucynke 3 TpuBENEHBI 3aBUCHMOCTH BEPOSTHOCTH
OImMOKH Ha OUT O€3 KOAMPOBAHUS OT OTHOIICHHS CUTHA/IITYM Ha
OWT IS pa3HBIX MOJENEH KaHama.

-
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DNEKTPOHUKA. PAODUOTEXHUKA

MIMO: 4x4; QPSK

0.2F _,
0.18 | ‘o\
0.16 | \
0.14 |

0.12 1

0.1F

0.08 [T ——CcDL-A; MMSE
—e—CDL-B; MMSE
CDL-C; MMSE
0.06 F —a—cpL-D; MMSE
—&—CDL-E; MMSE
—#—OnePath; MMSE
—#—EPA; MMSE
0.04 [|—>—TDL-A; MMSE

Uncoded BER

-10 -5 0 5 10

E, /N, 8B

Puc. 3. 3aBucHMOCTH BEpOSITHOCTH OIIMOKH Ha OUT €3 KOIMPOBAHHS
OT OTHOIICHHS CUTHAJ/IIIYM JUIsI PA3JINYHBIX MOJeTIeil

[Tomumo moxenelt CDL 31ech Takke PUBEICHBI PE3yJIbTaThI
JUIs OJJHOJIY4€BOM MOJENN ¢ HEKOPPEIUPOBAaHHBIMHU 3aMHUpPaHU-
smu (‘OnePath’) n uis crangaptaeix mozeneit EPA u TDL-A. U3
9THUX 3aBUCUMOCTEN BUAHO, uTO pasHoBUaHOCTH CDL-Moneneit ¢
NLOS (CDL-A, CDL-B, CDL-C) obecreunBaioT Takue e Xa-
paxrepuctnkn BER 6e3 kommpoBanus, Kak M Apyrue CTaHIapT-
Hele Mojenu TDL, u oxHonydeBass MOENb C HEKOPPEIMPOBAH-
HBIMHU 3aMupaHusMu. Yo kacaetcs moxeneir CDL ¢ LOS (CDL-
D, CDL-E), To, Kak 1 0>XHIaNoCh I MOJEIEH C MPSIMON BUIH-
MOCTBIO, UX XapakTepUCTUKU g cucteMbl MIMO ¢ MynbTH-
TUIEKCHUPOBAaHUEM CYIIECTBEHHO YXYALIMIUCE.

Ha pucynke 4 npuBeneHBl aHAJOTMYHBIE 3aBUCUMOCTH IS
FER ¢ xoaupoBaHueM. 371eCh yikKe MPOSIBISAETCA HATUYHE MHOTO-
JmyueBoro pacnpoctpanenus B Mojensax CDL-A, CDL-B, CDL-C,
TDL-A n EPA. Hannune MHOECTBA Iy Tl IPUBOJIUT K yIydllIe-
HUIO XapaKTEPUCTHUK MPU HATHUYUH KOAUPOBAHMUSL.

MIMO: 4x4; QPSK
QPSK; Code type: 'I:C, Code Rate =1/2

—e—CDL-A; MMSE
—o—CDL-B; MMSE
CDL-C; MMSE
—&— CDL-D; MMSE
1074 |—=—CDL-E; MMSE
—— OnePath; MMSE
—#—EPA; MMSE
—p—TDL-A; MMSE

107
5 0 5 10 15

E/N,. AB

Puc. 4. 3aBucumocTtu BEPOATHOCTHU OIINOKHU Ha Kaap ¢ KOAUPOBAHUEM
OT OTHOLICHUS Cl/lFHaJ'[/LLlyM JUIA pa3JIMYHBIX Moaeneﬁ

Crnenyet OTMETUTh, uTo 11t Mojeneit CDL MomHocTs npuHu-
MaeMOI'0 CUTHaja 3aBUCUT OT HAIIPABJICHHBIX CBOMCTB aHTCHHBIX
2JIEMEHTOB. DTO HE PETYIUPYETCs YCIOBUSIMH HOPMHUPOBKH B Ka-
HaJle W JOJDKHO YYHUTBHIBAThCsS NMpU MonesnupoBanuu. B Tabx. 9
IIPUBEACHB! 3HAYCHUS MOIUHOCTH IPUHUMAEMOI0 CUTHajga I

OJTHOW TIPUEMHOM aHTECHHBI s pa3HbIX Monenelt CDL u pa3Horo
COYCTaHUS HAIIPABICHHBIX CBOWCTB aHTCHHBIX 3JICMEHTOB.
Tab6muma 9

MOoUTHOCTh MPUHUMAEMOTO CUTHAJA JUI PAa3HBIX MOJETIeH
CDL u pa3HOro codyetaHusi BUJI0B HalpaBJIEHHOCTH aHTCHHBIX

SJICMCHTOB
I[I/Ia- Z[I/Ia- Cpem—mﬂ HOpMI/IpOBaHHaH M?HIHOCTL CfIl"HaJ'la,
IIPUHHUMACMOI'0 OJHOU aHTCHHOU
rpaMma | Trpamma
Txan-| Rxan- |y o\ | opL B | cDL-C | CDL-D | CDL-E
TCHHBbI TCHHBI
isotropic' | 'isotropic'| 0,464 0,515 0,494 0,495 0,496
'isotropic'| 38.901' | 0,157 | 0,029 | 0,111 | 0,005 | 0,102
138.901' |'isotropic'| 1,653 | 1,627 | 1,712 | 2,873 | 2,808
138.901' | 38.901' | 0,013 | 0,019 | 0,028 | 0,018 | 0,084

BujHO, 4TO MOITHOCTH IPUHUMAEMOTO CHIHAJIa B HEKOTOPBIX
Cllydasix MOXeT M3MeHAThCS 10 500 pa3. D10 00BICHIETCS TeM,
YTO CUTHANBI, OTPa)KaeéMble pa3HbIMU KJIACTEPaMH, MOTYT HE I10-
NajaTh B JUarpaMMy HalpaBIEHHOCTH OJHOTO dJeMeHTa. B naH-
HOM cHUTyanuu Aaxe (GOpMHUPOBAHUE TUArpaMM HaAIpPaBICHHOCTH
AQHTEHHBIX PEHIETOK HE MO3BOJIUT CYLIECTBEHHO YIIyYlIUTh Kaye-
CTBO IpUeMa. B 1aHHOH cUTyaluu MOKET IIOMOYb TOJIBKO I10BO-
POT IJIOCKOCTH aHTEHHBIX ITaHEJIEH.

3akJ04YeHue

B nmannO#t paboTe mpuBeneHO TMOAPOOHOE OMHCAHKUE MOICITH
CDL, e€ cBoiicTB u Bo3MoxkHOCTeH. [Toka3aHo, 4TO JaHHAS MO-
JIEITb TIO3BOJISICT YUUTHIBATh HAMIPABICHHOCTD TIPUXOISAIINX H H3-
Jy4aeMbIX CHT'HAJIOB, YTO OCOOCHHO Ba)XHO IPH MCIIOIH30BAHUH
B CHCTEME CBSI3M QHTEHHBIX PEUIETOK C YIPABIIEMBIMU JHATPaM-
MaMH HalpaBIeHHOCTH, B TOM YHCJIE B COUYETAHNH C aITOPUTMAMH
MIPEKOIMPOBAHUS.

Jano onncanue nakera Matlab ¢ 5G Toolbox, mo3Bosisiroriero
MIPOBECTH MOJAEIMPOBaHUE cHCTeMBbl cBA3u ¢ MIMO-kanamoMm ¢
Y4E€TOM HampaBJIEHHBIX CBOMCTB aHTEHHON CUCTEMBI U yCIOBUI
pacnpoctpanenusi B Mojenu kanana CDL ¢ kiactepu3oBaHHON
JIUHUEH 3aJepKKH, Kak Js cTaHmapTHeIX Mmonenedt (CDL-A,
CDL-B, CDL-C, CDL-D, CDL-E), Tak u i MoJieeit ¢ mos30-
BaTCIIbCKAMU ITapaMeTpaMHu.

MerooM CTaTUCTUYECKOTO MOJEIUPOBAHUS MPOBEACHO
CpaBHEHHE MTOMEX0YCTOWYMBOCTH cUCTeMBI cBsi3n MIMO c pas-
muaaeiMA KaHamamu CDL, a Taxke ¢ IpyrUME CTaHIApTHBIMH
mozaensmMu kaHasioB (EPA, TDL) u ¢ KiacCH4ecKOHW MOJENbIO
MIMO-kaHana ¢ HEKOPPeIUPOBAaHHBIMH 3amMupaHusMu. [lo-
JPOOHO MCCIICAOBAaHbI OCOOCHHOCTH Ka)I0TO BHa MOICIIH.
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Abstract

Understanding the behavior of wireless channels is critical to the design of efficient and reliable communication systems. Research by communica-
tion system designers has identified the need for reduced complexity channel models that can be used for rapid modeling to make channel-level
comparisons between alternative systems (e.g., modulation and coding choices). Such models can be referred to as reduced complexity models.
They have the character of the well-known class of channel models with delay line fading. The Clustered Delay Line (CDL) channel model uses a
statistical approach that accurately characterizes the time-varying and frequency-selective nature of the wireless communication channel, especial-
ly in environments with clustered multipath components. The CDL model turns out to be a valuable tool for the design of modern wireless com-
munication systems, since it allows, through statistical modeling, to obtain characteristics close enough to real conditions. In this paper the study
of radio channel model with clustered delay line is carried out. The description of the channel model and parameters of the radio channel model
is given. The description of Matlab 5G Toolbox package is given, using which it is possible to carry out modeling of communication system with
MIMO channel taking into account directional properties of antenna system and propagation conditions in CDL channel model. The paper also
presents the results of modeling the MIMO communication system with different variants of the CDL model, as well as a comparative analysis of
these results with similar characteristics of the MIMO system operating with a traditional channel model with spatially uncorrelated fading.
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B pab6ote paccMatpuBaercAa npo6GneMa MOBbILUEHWA TOYHOCTU NPOrHO3UMPOBaHUA
AWHAMUYHO M3MEHAIOLLMXCA [aHHbIX Ha npuMepe KypcoB kpunTtoBaniot. Llenbio
paboTbl ABnAeTcA uccnefoBaHMe M pa3paboTka MeTOAOB MalUMHHOro ob6y4eHus,
MCNoNb3yIOWMXCA B MNPUKNaAHBIX 3aZjavyaX AnA NpOrHO3MpOBaHUA [AUHAMUYHO
M3MEHAIOLUXCA AaHHbIX. AKTyanbHocTb pabGoTel obGycnoBneHa TeM, uTO
cyulecTBylolMe MeTOoAbl U MOAENN He BCerja MO3BOMNAIT [AOCTUYb [OCTaTOYHOW
TOYHOCTU U HAZleXKHOCTU B MPOrHO3UPOBAHUN KOTUPOBOK B YC/IOBUAX BbICOKOM
BOJIATU/IBHOCTU U CIIOXKHOCTM KPUNTOBANIOTHbIX PbIHKOB. Takum ob6pasoMm, umeeTca
notpeGHOCTb B panbHeiwieM yrnyGneHHoM uccnefoBaHuum u paspabGoTke HOBbIX
noAxof0B U MeTOZ0B ANA pelleHUA 3Toi npobnembl. O6GLekTOM MccnepoBaHuA
ABNAOTCA (PUHAHCOBble KOTMPOBKM KpuntoBaniot. [lpeameTroM uccnepoBaHus
ABNAIOTCA noKasatenn 3¢p¢peKTUBHOCTM METOAOB MalUMHHOrO o6yveHwms,
MCNONb3YIOWMUXCA ANA NPOrHO3MPOBAHUA KOTUPOBOK. [lnA oOLEeHKM KayecTBa
npeackasaHuin Mopenei BbiGpaHa MeTpuka Mean Squared Error (MSE -
cpeAHeKBaZpaTU4HaA oOLIMOKa), KOTOpasA MNOMOraer M3MepATb TOYHOCTb MoOAENM,
BbIABNAA OLWMOKM nporHosa. Take npeanoxeHbl AOMNONIHUTENbHbIE KadecTBEHHble
nokasarenu, Takue Kak BepHoe npeficka3aHue ToYeK MaKCMMyMOB U MMHMMYMOB, 4TO
ABNAETCA BaXHbIM ANA aHanusa KonebaHui LeH KpuntoBanioT. Mopgenu
NPOrHO3UPOBaHMA CO3AaBaNUCb C Mcnonb3oBaHueM 6ubnuoteku TensorFlow u
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onucaHue, usMepeHue, MeToj, Hay4HoW abcTpakuum, a Takxke aHanus u o6o6uieHue. B
3aK/IIOYEHUU TpUBEAEHbl OCHOBHble BbIBOAbI, MONy4YeHHble B pesynbTare
NpoBeAEeHHOro UcCnefoBaHUA.
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BBenenne

[Iporuo3upoBanre IMHAMHUYECKH H3MEHSIOMINXCA BETHYUH
HMEeT 3HaYCHHE I pasHbIX 00jacTell HAyKW M TEXHUKHU. Tak,
9TO MOXET MoTpedoBaThecs B chepe CBs3H, (PMHAHCOB, aBTOMO-
pPOKHOTO TpaHcnopTta u T.1I. [1, 2, 7, 8, 10].

B onTHyeckux TPaHCIOPTHBIX CETSAX 4acTo TpeOyeTcs CIpo-
THO3UPOBATH HPOITYCKHYIO CIIOCOOHOCTH TOTO MJIM MHOTO y4acT-
Ka BOJIOKOHHO-ONTHYECKON JUHHMM CBs3M [3, 5, 6]. OcobeHHO
BaXXHO BEPHO IPOrHO3UPOBATH BO3MOXKHOCTb HCIOJIb30BAHUS
pecypcoB B IPOrpPaMMHO-KOH(PHUTYPUPYEMBIX ONTHYECKHX CETAX
pu UX MOHUTOpHHTE [4, 7, 8]. 3aBHCHMOCTh HEOOXOIMUMOH I10-
JIOCHI TIPOIYCKaHMsI MMEETCs OT THMA y4YacTKa JIMHUU CBSI3H —
MaruCTPANbHBIA U 30HOBBINA. 3HaUCHHUS TPeOyeMOoW MpOITyCKHON
CrocoOHOCTH M3MEHSIETCS B pa3HOE BpeMs CYTOK (HamOoJbIIHe
MUKH TPONYCKHOM HAarpy3KH Ha JMHUH CBS3aHBI C pabOYMM rpa-
(huKOM KOMIAHWIl M OpraHHU3alluii), UIMEETCsl € 3aBUCUMOCTb U
OT Mecsilia To/ia, ¥ OT COOBITHIi, MPOUCXOASANINX B TOT MM HHOU
MIPOMEXKYTOK BPEMEHHU (HarpuMmep, BIUSHHUE CE30HA OTITYCKOB).
BHenpeHne HOBBIX TEXHOJOTHI Iepegaud JaHHBIX, JAFOLIUX
BO3MOXKHOCTh 3HAYMTEJIFHO YBEIUYUTH IIPOIYCKHYIO CHOCO0-
HOCTH KaHAJIOB CBSI3M, TAKXKE BIMSCT HA KAU4eCTBO NMPOTHO3UPO-
BaHMS XapaKTEPUCTHK BOJOKOHHO-ONTHYECKUX CHUCTEM Mepesia-
un [7, 8]. [Topoit HOBasi TEXHOJOTUS TO3BOJISIET HA MOPSAJIOK U3-
MEHNTHh 3HAYEHHsS MPOTHO3UPYEMBIX BEIWYMH, YTO TpedyeT
BHEJIPEHHSI HOBBIX METOJIOB MPOTHO3MpoBaHUs. Vcmons3oBaHme
TIePEIOBBIX KOT€PEHTHBIX TEXHOJIOTHH (OPMHUPOBAHUS ONTHYE-
CKOTO CHTHaja, HMEePEeHOCAIIero MH(POPMAILMIO Ha CKOPOCTSAX B
necatku ['0uT/c, Kak pa3 3aCTaBUIIO 3HAYUTEIBHO NEPECMOTPETh
METO/Ibl MPOTHO3UPOBAHUS IMPOIYCKHOW CIIOCOOHOCTH JIMHHN
CBA3H [2].

B cdepe sxoHOMHKH ¥ (DUHAHCOB MPOTHO3MPOBAHUC 3HAYC-
HUIl KOTUPOBOK, HUHAEKCOB, KypCOB BaJIIOT UMEET NEPBOCTEIECH-
Hoe 3HaueHue [9, 11]. Ilpuuem BakHO Kak MPOrHO3UPOBAHUE HA
Omkaiiie JAHU, TaK U Ha Mecslbl BIepen. 3/1ech (pakropamu,
BIIMSIIOIINMY Ha 3HAUYEHHME TE€X WJIM MHBIX BEIWYHH, CITy’KaT Kak
€CTECTBEHHBIE U151 ((PUHAHCOBBIX PHIHKOB 3aKOHOMEPHOCTH, TaK H
BHEIITHHE HEMpeICKazyeMble 3a0JIarOBPEMEHHO OOCTOSITENbCTBRA,
CBSI3aHHBIC, HAIIPUMED, C BBOJIOM CAHKIUH MM MOUUIMH OTACIb-
HBIMH TOCYIapCTBaMH WJIM KOMIIAHMAMH. BimsiHue Tarxke oka-
3BIBAIOT U CHEKYJIATHBHBIC MPOLECCHI, LEJIBI0 KOTOPBIX CITYKUT
BOPOC HEIOCTOBEPHON MH(DOPMAIIUK ISl BIUSHUS Ha 3HAYCHUS
BaKHBIX YKOHOMHUYECKUX IMOKa3aTeje B pa3HbIX oTpacisx [12].
Tarxxe HE0OXOAUMO 00ECHCUUTh MPOTHO3UPOBAHHE crpoca [9,
12]. O MOXeT MOBIUATH HAa HEOOXOIUMOCTh KOPPEKTHPOBKU
MIPOTHO3UPOBAHUSA APYTUX MAKPO U MUKPOIKOHOMHUYECKUX MTOKa-
3aTeseH.

Takum o0OpazoMm, Ipu MPOTHOZUPOBAHUM JTUHAMHYECKH H3-
MEHSIONINXCSl BEJIMYMH BRKHO 0OpalaTh BHUMaHHUE HAa UX KOp-
PEISIMIO C ONpEAEIeHHBIMH (akTopaMH M HEOOXOIUMO IIpa-
BIWJIBHO T10/100paTh METOJBI Ul TpOTHO3MpoBaHus. Jlonroe
BpEMSI MIMPOKOE PACHPOCTPAHEHHE UMEII METO/IbI, OCHOBAHHBIE
Ha TEOPHM BEPOSITHOCTH M MaTeMaTH4ecKol cratuctuke. OHM
TpeboBany 10aroro coopa JaHHBIX JUIS IPOBEJCHUS aHAIN3a U B
HACTOSIIUX OBICTPO MEHSIOMNXCS YCIOBHAX moTepsuu 3ddek-
TUBHOCTh. K TOMy k€ METO/bl ammpoKCUMalliH, TaKhue KaK HWH-
TEPIOJIALUS WIN SKCTPANOJNNA, 3a4acTyl0 HE MPUMEHUMBI KO
MHOTUM 3ajla4aM, CBS3aHHbIM C (DMHAHCOBBIMH pbIHKaMH. Pa3-
BUTHE BBIYMCIMTEILHON TEXHHKH, MOSIBICHUE BBICOKOIPOU3BO-
JUTEIIbHBIX MPOIECCOPOB MO3BOJMWIO HAadaTh BHEAPEHHUE METO-

JIOB, CBSI3aHHBIX C MAllMHHBIM O0Oy4YeHHeM. BriOpaB HeoOXomu-
MBII JIUIsL pelaeMoi 3a/laud M MPeAMETHOW 00JIacTH METOJ Ma-
LIMHHOTO OOYYEHHMsI U PETU3YIOIINI ero ajlropuTM, MOSBISIETCS
BO3MOXKHOCTb CO3]1aTh Ha €ro OCHOBE MOJENb, KOTOpas Oyne
3¢ PEKTUBHO U TOYHO ITPOTHO3MPOBATH JAMHAMUYECKH HM3MEHS-
IOIINECS] BEIMYMHBI, B TOM YHCIEe U i (PUHAHCOBOTO CEKTOpA.
BaxHo noHnMaTh, 94TO paspaboTaHHas MOJIENb OYAET MPUMEHH-
Ma TOJBKO K ONPENCICHHOMY TUIY JaHHBIX (HAlpuMep, JaHHbIE
0 KOTHPOBKAX KPHIITOBAIIOT, JAaHHBIE O CIIPOCE HA Pa3INIHBIC
BHUIBI TOBapoB) [1, 9, 13]. DTo sABIAETCS €CTECTBEHHBIM OTPaHU-
YEeHUEM, HaKJIaJblBa€MbIM Ha MOJEIb MporHosuposanus. [louc-
Ky HamOoiee MOAXOMSIIUX Al MPOTHO3UPOBAHUS 3HAYECHHH
KOTHPOBOK KPUITOBAJIIOTHI BHUTKOMH IOCBANIEHO HacTosIee
HCCIIeIOBAHHE.

ITocTanoBKka 3aga4n HCCIeT0BAHMS

B Hacrosimiee BpeMsi BO MHOTHX cepax >XH3HH HMEeTCS
HEOOXOJUMOCTh B IPOrHO3UPOBAHUH 3HAYCHUH TMHAMHYHO H3-
MEHSIOIIMXCSl YHCIOBBIX BEJIMYMH C BBICOKOH CTENEHBIO TOYHO-
cru. OmHOM U3 Takux cdep SABIAETCS SKOHOMHKA, B YAaCTHOCTH
OIIpe/ieNieHue TPEHJOB KypCOB KPHIITOBATIOT. KpHIITOBamIOTHI,
takue kak "Bitcoin", "Ethereum" u apyrue, craim oObeKTOM
3HAYUTEIBLHOI0 HHTEPECa CO CTOPOHBI HHBECTOPOB U TPElIepoB,
6HaF0}Iapﬂ HUX BBICOKOM BOJATHILHOCTU U MOTCHIMANY IJId I10-
JIy4eHUsI BBICOKOW mpuObun. OJHAKO, B CHJIYy CIOXHOW U He-
NIpeACcKa3yeMON MPUPOAbl KPUITOBAIIOTHBIX PBIHKOB, AHAIU3 U
MIPOTHO3UPOBAHUE UX KOTHPOBOK SIBIISIETCSI CIIOKHOM 3a1a4uei.

OmHO# M3 OCHOBHBIX MPOOJIEM, KOTOPYH HEOOXOAUMO pe-
[INTh B JaHHOM HCCJICJIOBAaHUH, SIBIIACTCS pa3paborka 3ddek-
THUBHBIX METO/IOB aHAIN3a OOJIBIINX JJAHHBIX B 00JIACTH KPHIITO-
BaIIOTHI, YTO TO3BOJIMJIO OBl ONpENeIsiTh ONTUMAIBHBIA TOPT-
(benp MHBECTHIMI U IPOTHO3UPOBATh KOTHPOBKH. [IpiHUMAas BO
BHHMaHHE HHU3KYIO IPEICKa3yeMOCTh N3MEHEHHH, BEICOKYIO BO-
JATHIBHOCTD M CIIOKHOCTh MOJEIHPOBAHHMSA KPHIITOBAIIOTHBIX
PBIHKOB, MOKHO OOBSCHUTH TPYIHOCTH B IPOTHO3HUPOBAHUM U
NPUHATHH OOOCHOBAHHBIX HMHBECTHUIMOHHBIX peleHui. Taxke
poOIEeMOH ABIISETCS OTPOMHBIA 00BEM JaHHBIX, COOMPAEMBIX C
pa3yIMuHBIX HMCTOYHUKOB, TPEOYIOIIMI CIeNHaIu3uPOBAHHBIX
METOJIOB U MHCTPYMEHTOB JUIsl UX 0OPaOOTKH 1 aHallu3a.

AKTYaJIbHOCTh JITaHHOW TEMbl OOYCIJIOBJICHA HECKOJIbKUMHU
(axTopamu. Bo-1epBbIX, KPUIITOBAIIOTH CTAHOBSITCS BCe Ooee
Ba)XHBIM aKTHBOM Ha (DMHAHCOBBIX PHIHKAX, MPUBJICKAsS BHUMA-
HUE UHBECTOPOB U TpelaepoB. Bo-BTOPBIX, pocT MOMmyIsipHOCTH
U 3HAYMMOCTH KPHIITOBAJIOT CONPOBOXKIACTCS BBICOKOH BOJIa-
TUJIBHOCTBIO M HEMPEACKa3yeMOCThI0 MX LCHOBBIX JIBHKCHUI,
YTO CO37aeT MOTPEOHOCTh B pa3pabOTKe HAJCKHBIX METOIOB
NIPOTHO3MPOBAHMS W YIpaBIeHHs pHCKamu. B-Tperbux, mpo-
rpecc B 00NacTH aHaIM3a JAaHHBIX W MAIIMHHOTO OOYYCHHS
[IPEIOCTABIISIET HOBbIE BO3MOXKHOCTH JJIsi 00OpaOOTKM M aHAIIM3a
00JIbIINX 00BEMOB JIAHHBIX, YTO CIIOCOOCTBYET Pa3BUTHIO HHHO-
BallMOHHBIX IMMOJAXO0J0B K aHAJIN3y KPUIITOBAJIKOTHBIX PHIHKOB.

PazpaboTka 1 npumeHeHne dPGEKTUBHBIX METOJIOB U MOJie-
Jed TPOTHO3UPOBaHMS KOTUPOBOK IIO3BOJIMT HMHBECTOpaM |
TpeiizepaM NpUHMMAaTh OOOCHOBAaHHBIC PEIICHHS W YIPaBISTh
pUCKaMHU. DTO MOXET 3HAYUTEIFHO HOBBICHTH 3((EeKTHBHOCTH
WHBECTHIMOHHBIX CTpaTeruii B cepe KpUITOBATIOT U CHOCO0-
CTBOBATH JIOCTIKEHUIO JKeJTaeMBIX (DMHAHCOBBIX PE3YJIBTATOB.

Jus peanmzammu chOpMyIHPOBAaHHON BHIIIE IETTH HEOOXO-
JIMMO PELINTh CIECAYIOIHE 3a0auiL:
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e [IpoaHaIM3upoBaTh cepy NPUMEHEHUs KPUITOBAIIOT H
OIIPECIUTh €€ OCHOBHBIE XapaKTEePUCTUKH;

® OIpe/IeNIUTh TPeOOBaHUs, BIUSIONME HAa BBIOOp MeTona
MAaIIMHHOTO OOYYEeHHMsI JUIsl POTHO3UPOBAHUS, 1 METPUKH OLICH-
K1 ero 3 (eKTUBHOCTH;

® JICCIIE/IOBATh CYIIECTBYIOUIME METOJbl aHAJIM3a U IPOTHO-
3UPOBAHUSI KOTUPOBOK KPHIITOBAIIOT, BBISBUTH UX IPEHMYIIe-
CTBA U HEJIOCTATKH;

® 000CHOBATh BHIOOP MOAMDHUIUPYEMBIX METOIOB aHAIH3a
OONBIIMX AAHHBIX B OOJACTH KPUITOBAIIOT U ONPEACIUTH ITyTH
0 UX YIy4LICHHIO;

® pa3paboTaTh aNTOPUTMHYECKOE M MpPOrpaMMHOE obecriede-
HHE, Peallu3yolIHe MOTU(PUIIMPYEMbI METOJ] IPOrHO3UPOBAHUSL;

e yccenoBath 3PPEKTUBHOCTD pa3pabOTaHHONH MOJEIH IPO-
THO3MPOBAHMUS HA OCHOBE aHaJIM3a UCTOPHYECKUX JaHHBIX.

TeopeTnueckue uccse10BaHUs

Ananuz cghepol npumenenus Kpunmoeaiom
u onpeoenenue ee OCHOBHbIX XAPAKMEPUCUK

Ilon moHATHEM KPHUIITOBAIIOTHI IIOHUMAETCS, KaK IIPABHUIIO,
U(pPOBON aKTHB, KOTOPHIN OCYIIECTBISIET PErylIupoBaHue 000-
pOTa CUETHBIX SIMHUI] U PETYJIMPOBAHUE MX BBIMYCKA C UCIIOJb-
30BaHMeM OJiokueitHa. B3aummopacyersl Mpu 3TOM HPOUCXOIST
BHYTPHU CETH C PaBHOIPABHBIMU YYaCTHUKAMHM, HJIH B ITHPHHIO-
Boit cetu [10]. MHDOpMaImst 0 BceX TpaH3aKIHUAX B TAKOW CETU
XpaHUTCs B OJIOKUEHHE, KOTOPBIN, B CBOIO OY€pE/ib, IIPEICTaBIIs-
eT co0oi 3ammppoBaHHBI KpUNTOrpapuIecKuil pacnpeieseH-
HBI peecTp IOCIIEA0BaTeNbHO OOBEAMHEHHBIX B IIENb OJIOKOB
[9]. TIepBoii kpunToBamoToi ObL1 "Bitcoin" B Onokueiine, co-
3nanHoM B 2008 roxy [10]. Ha nporHo3upoBaHuy UMEHHO STON
KPHUIITOBATIOTHI, C YY4ETOM €€ MOIMYJISIPHOCTH, COCPEIOTOYECHO
HACTOSAIIEEe HCCIIEIOBAHHE.

PBIHOK KpHUIITOBANIOTHI TIPEACTABISACT COOOW MEIICHTPAII30-
BaHHYI0 M LU(POBYIO SKOHOMHYECKYIO CHCTEMY, OCHOBAHHYIO
Ha HUCIIOJIb30BaHUM KpunTorpaduu st obecreueHus: Oes3omac-
HOCTH TPaH3aKIHMH W KOHTPOJISI CO3JIaHMSI HOBBIX €IMHHMIL (-
pPOBBIX akTHBOB. KpumnroBamoTsl, Takue kak "Bitcoin",
"Ethereum" u apyrue, QyHKIHOHMPYIOT Ha 0a3e TEXHOJOTHMH
OJI0KUeliH, KOTOpast SIBISICTCS paclpe/eICHHBIM PEeCTPOM TpaH-
3aKIUH, TOTBEPKAACMbIX U MOJICPKUBACMbIX CETHIO YUaCTHH-
koB [10].

PBIHOK KpHIITOBAIIOTHI OTINYAETCS BBICOKOW CTETEHBIO BO-
JATWIFHOCTH W HECTAOMIIBHOCTH, YTO CBS3aHO C Pa3lIMYHBIMH
(axTopamu, BKIJIIOYAs M3MEHEHUS B PETYJINPOBAHUH, MaKPOIKO-
HOMHYECKOI TOJMTHKE, TEXHOJOTHUECKHX WHHOBALMUSAX U JIp.
KpunToBasitoTsl He IMEIOT (PU3NIECKOr0 0OECTICUeHHs WH LIEH-
TPAIBHOTO PETYIATOPA, YTO 00ABISET AOTOJHUTEIBHBIE CIIOXK-
HOCTH U PUCKH B IPOIIECCEe aHATU3a U TMPOTHOZUPOBAHUS UX KO-
THUPOBOK.

B cuny cBoel AeLieHTpaIM30BaHHON NPUPOJIbI, PHIHOK KpHUII-
TOBAJIIOTHI NpeJylaraeT MMPOKUNA CHEKTP JaHHBIX Ul UCCIIEN0-
BaHMs W aHanm3a. /laHHBIE BKIIOYAIOT MH(POPMAIMIO O LEHaX,
o0beMax TOProB, TPEHJaX, HOBOCTHBIX COOBITHSX, COIIMAIBHBIX
Menua 1 Ipyrux (akropax, KOTOpble MOT'YT OKa3bIBaTh BIMSTHHE
Ha LICHOBYIO IMHAMUKY ¥ MHBECTHILIHOHHbIE PEIICHHMSI.

[IporHo3upoBaHne KOTHPOBOK MMEET Ba)KHOE 3HAYCHHUE NPU
WHBECTHLUSAX B KPUITOBAIIOTY, TIOCKOJIBKY MO3BOJISIET HHBECTO-
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paM IpUHMMaTh OOOCHOBAaHHBIC DPEHICHHWS M JOCTUTaTh Oosee
3¢ PEKTUBHOTO HCIIOJIL30BAHMSI CBOUX PECYPCOB.

[IporHo3npoBanue KOTUPOBOK KPHUNTOBATIOTHI OCHOBAHO HA
aHaJM3€ MCTOPUUYCCKHUX JAHHBIX M PA3IHIHBIX (PaKTOPOB, KOTO-
pBIe MOTYT BJIMATH Ha IIEHOBYIO nuHaMHuKy [9, 13]. Tounsie npo-
THO3BI TIO3BOJISIIOT OICHMBATh IOTEHIMANBHYIO JOXOJHOCTh U
PHUCKN MHBECTHIMH, JAIOT BO3MOXKHOCTH NMPUHHUMAThH IMPABHIIb-
HbIE, MOJKpPEIUICHHbIe MH(OpPMALUeH, pelleHNs], HaXOAUTh OIl-
TUMAJIbHOC BPEMS JJIA HOKyHKI/I/HpO]:[a)KI/I AKTHUBOB.

[Tpucrynas k pacCMOTPEHHIO UCTOYHHUKOB JAHHBIX 00 00be-
Max TOProB, PHIHOYHOW KallUTaIM3alMM, AKTYaJIbHBIX IIEHAaX,
HEOOXO0IMMO MMOHUMATh, YTO TAKMX UCTOYHHMKOB HECKOJIBbKO. Bee
OHU JIal0T MH(OPMAIMIO O PA3IWYHBIX XapaKTEPHCTHKAX KPHUII-
TOBAJTIOTHBIX aKTHBOB.

1. Bup:xeBble maHHbIe. UTOOBI MOMYYNTH MHGOPMAIHIO O
LIeHaX, 00beMax TOProB, BPEMEHHBIX METKaxX M JAPYIUX CBS3aH-
HBIX TIapaMeTpax, JOCTaTOYHO OOPATHTHCS K TOPTOBBIM JaHHBIM
KpUOTOBAMIOTHRIX ~ Ompk  mocpenctBom  API  (Application
Programming Interface) [4, 9].

2. PpiHo4YHBIe JaHHBIe. CyIecTBYIOT CHELUATN3HPOBAaHHbIC
1aT(OPMBI M CEPBUCHI, KOTOPBIC ITPEAOCTABIIAIOT HCTOPUYECKUE
MU TCKYHIHUEC AAHHBIC O KOTUPOBKAaxX KPUITOBAJIIOTHBIX aKTHBOB.
JlaHHBIE MOTYT BKJIIOYAThH LIEHBI OT Pa3iUYHBIX OUPK, 00BEMBI
TOPTOB, PBIHOYHYIO KallUTaJlIn3alluio, JaHHBIC O JIUKBUAHOCTU U
JpyTHe CTAaTHCTHYECKUE ITOKA3aTeII .

3. bBoaoxdeiln panHnble. KpuntoBamoTel, Takue Kak
"Bitcoin", UMeIOT MyOIMYHbIE OJIOKYEHHBI, KOTOPbIE XPaHsT HH-
(opmario 0 KaxJI0W TpaH3aKIWU M COCTOSIHWM ceTH. J|aHHBIe
MOTYT OBITH WHCIIOJIB30BaHBl JUIA THONYyYCHHS HH(GOPMALMH O
TpaH3aKIMAX, aJpecax KOUIEIbKOB, BPEMEHHBIX METKax W JIpy-
TUX Xapaktepuctukax cetu [10].

4. CoumnajbpHble MeIUa ¥ HOBOCTHBLIE UCTOYHUKH. CoIi-
asbHbIe MeraruaTGopmbl, (POPYMBbI U HOBOCTHBIE TIOPTAIIBI MO-
IyT ObITh MCTOYHHUKAMU MH(POPMAIMK O KPUNTOBAIIOTAaX. AHa-
JIU3 TEKCTOBBIX JAHHBIX M3 TAKMX MCTOUYHHKOB MOKET IIOMOYb B
OIpe/IeJICHUH, HAalIpUMEpP, HOBOCTHBIX COOBITHI{, KOTOPbIE MOTYT
BJIMSITH HA PBIHOK.

OunpTpanyst JAHHBIX TAKXKE BAKHBIN ATall B aHAJIM3€ JaHHBIX
KpunroBamotsl. [Ipu pabore ¢ OoJBIIMM 0O0BEMOM JaHHBIX
Hen30€XHO BO3HHMKAIOT MPOOJIEMBI, CBS3aHHbBIE ¢ HETOUHOCTSIMH,
ommOKaMu u BeIOpocaMu. Llenbro (miibTpauny JaHHBIX SBIISET-
Csl y/laJleHWe WJIM WCIIPaBIICHUE TaKMX MPOOJIEMHBIX HaOoze-
HUH, 9TOOBI 00ECIeUNTh HAJEKHOCTh M KAa4eCTBO JAHHBIX IS
nmanpHeimero ananusa [9, 14, 15]. IIpomece GuipTpaiy BKIIO-
yaet ciemyromue maru [14, 15].

ar 1. Ynanenune ny6aukaroB. J{yOnuKaTel B JAHHBIX MOTYT
BO3HMKATh M3-3a OIIMOOK WIJIM MOBTOPHBIX 3amucelt. Vnentnudu-
Kalys ¥ yAajeHue JyOJuKaToB MO3BOJISIET N30€kKaTh HCKAKEHUN
B aHAJIN3e U 00ECHeUnTh eMHO00pa3He TaHHBIX.

IIlar 2. VYcTpaHeHue OTCYTCTBYIOIMX 3HaueHUH. OTCyT-
CTBYIOIIME 3HAYECHUSI MOTYT BO3HHMKAThH IO PA3HBIM IPHUYMHAM,
TaKUM KakK OIIMOKM cOOpa JaHHBIX WM HETOJHbBIC 3aIllCH.
Heobxonnmo ompenenuts u 06paboTaTh OTCYTCTBYIOIUINE 3HA-
YeHUs!, BHIOPAB IOJIXOJILYI0 CTPATETHIO 3allOJHEHUS, HAIpH-
Mep, CPEIHUMH 3HAUCHUAMH WX HHTEPIIOJSIINCH.

Iar 3. O6paboTka BEIOPOCOB. BRIOPOCHI MPenCTaBIISAIOT CO-
0ol 3HaueHUs, KOTOPbIE 3HAYUTEILHO OTIMYAIOTCS OT OOIIEero
pacmpeneneHust AaHHbIX. OHM MOTYT BO3HHKAThb M3-332 OIIHOOK
U3MEPCHUN WM aHOMAJIbHBIX cOOBITHI. OOpaboTKa BHIOPOCOB
BKJIFOYACT HX I/I)IGHTI/I(bI/IKaLlI/IIO " MPUHATUEC PCUHICHHUSA O TOM,
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CJIEJyeT JIU MCKIFOYUThH BHIOPOCHI WIJIH UCIIOJIB30BATh CICIIHANb-
HBIE METOJBI, TaKMe KakK pOOACTHBIC OIICHKH HWIIM YCCYCHHBIC
CpeIHIE 3HAYCHUS.

[Tar 4. KoppekTHpoBKa OMMOOK MaHHBIX. HOTIA maHHBIC
MOTYT COAEP)KaTh OIMNOKHU, KOTOPbIE MOTYT HCKa3HUTh pe3ysbTa-
THI aHaim3a. Hampumep, CHHTaKCHYECKHE WM CEMaHTHUYCCKHE
omuoOku. BaykHO HAeHTH(UITNPOBATH W MCIIPABUTH TaKWe OIINO-
KM, YTOOBI 00€CIIEYNTh TOUHOCTh JaHHBIX.

Ilar 5. ®unsTpanus 1Mo 3alaHHBIM KpuTepusiM. B 3aBucumo-
CTH OT KOHKPCTHBIX TPcOOBAHUU W IIEJICH aHaIM3a, MOXKET I0-
TpeOOBaThCS TPUMCHECHUC (DHIBTPAIMH JAHHBIX COTJIACHO 3a-
JAHHBIM KpuTepusMm. Hampumep, MOXHO (DMIIBTPOBATH JaHHEIC
[0 OMpPENCIICHHOMY BPEMEHHOMY TICPHOJY, OIPEICICHHBIM
KPUNTOBAIIOTAM HJIH JPYTUM XapaKTECPUCTHKAM.

Ilar 6. Bamupanws JaHHBIX. 3HAYUMBIM IIAroM SIBIISETCS
MPOBEpKa W BAJIMIALUS JAHHBIX TOCIE OUYUCTKU U (UIbTPALUH,
KOTOpasl MO3BOJISIET YOS IUTHCS B IPABUIIBHOCTH U COOTBETCTBHU
JTAaHHBIX TPEOOBaHMUAM U 3aJaHHBIM KpUTEpHsM [9].

MoskHO clienath BBIBOJI, YTO MPUMEHEHHE METOJOB HMEET
3HAYUMOCTbH JJIs1 O0CCIICUCHUSI HAICKHOCTH, TOYHOCTH M Kaue-
CTBa JAHHBIX B MPOIIECCE aHAIM3a KPUTITOBAIIIOTHI.

[IpeoOpa3oBanne MaHHBIX B yAOOHBIA ()OpMAT TAKIKE HEOTH-
emieMasi 4acTh MPHU IporHO3upoBaHuu. Llenbro mporecca sBis-
©TCsI I3MCHCHUE MPEIICTABIICHUS JAHHBIX TAKUM 00pa3oM, 4TOOBI
OHH cTanu Ooee yIoOHBIMU /IS aHawu3a U moHnMaHus. [Ipeos-
pa30BaHUE TaHHBIX MOKET BKJIIOYATh cleayrouue maru [15].

Illar 1. TIpeoGpa3oBanre (GOpMAaTOB JAHHBIX. BO3MOKHO,
JTAaHHBIE B HAYaJHHOM (opMaTe HE OUeHb YAOOHBI IS aHATH3a.
B takom ciydae, TpeOyercs mpeobpazoBanue popmara JaHHBIX B
JIpyTOii, OoJee MOAXOMAIINI IS TIPOBEACHNS aHann3a. Hampu-
Mep, JJaHHbIE MOTYT ObITh Mpeo0pa3oBaHbl U3 (opMaTa TEKCTO-
Boro (aiina B opMaT TabIMIBI WK 0a3bl IaHHBIX, YTO oOerya-
eT ux 00paboOTKy M aHAIH3.

Llar 2. U3BneyeHue U cosjnaHue npusHakoB. [lpu ananmze
Ba)KHO OIPEICIUTh KIIFOUCBBIC TPU3HAKU WU TICPEMCHHBIC, KO-
TOpBIC MOTYT UMETh BIMSHHE Ha TIPOTHO3HPOBAHUE KOTUPOBOK H
oNTUMU3AIMI0 TTOpTdenss. MoXeT BKIIOYaTh H3BICUYCHUE Bpe-
MEHHBIX XapaKTEPUCTHK, CTATUCTUICCKUX METPHUK, TEXHIUSCKUX
WH/IWKATOPOB U IPYTHUX CBS3aHHBIX mapaMeTpoB. Co3maHme STHX
MIPU3HAKOB MO3BOJISET YIYUYIIHTh MOJEIN MPOTHO3HPOBAHUSA U
ONITUMU3AINH TOPThEITS.

Illar 3. HopManu3aius U cTaHIapTH3alus JIaHHbIX. J[aHHbBIC
MOTYT UMETh Pa3JIMYHbIC IIKAJIbI U JAMANa30HbI 3HaueHud. Hop-
MaJu3aius U CTaHIapTU3aIHsl JaHHBIX MO3BOJISIIOT MPUBECTH UX
K 00mieMy MacimraOy ¥ yPOBHIO H3MECHYHUBOCTH.

Llar 4. Arperaisi J1aHHBIX. B 3aBUCUMOCTH OT KOHKPETHBIX
IeJIeH aHaJIM3a, BO3MOXKHO, TPeOyeTCsl arperupoBaTh JaHHbIC Ha
pa3HBIX BPEMEHHBIX Tepronax. Hampumep, maHHBIC M0 MUHYT-
HBIM I[CHaM KPHIITOBATIOTHI MOTYT OBITh arperupOBaHBI B 9aco-
BBIC, JHEBHBIC MJIU HEACNbHBIC JaHHBIC, YTO MO3BOJISIECT BBISBUTH
JIONTOCPOYHBIE TPEHIBI U YMEHBIINTH IIIyM, CBS3aHHBIN C KpaT-
KOCPOYHOH BOJIATUIIBHOCTBIO.

Ilar 5. IIpeobpa3oBanue nepeMeHHbIX. MHOrIA mpeodpaso-
BaHUC TICPEMCHHBIX MOXET OBITh IMOJIC3HO ISl YIIyYIICHUS MO-
JICIMPOBaHMUs U aHanu3a JaHHbIX [9]. Hampumep, MoxkHO mpu-
MCHHTH JIorapu(hMUYECKOE TPEoOpa3OBaHKUE YIS CTITAXKHBAHUS
BBIOPOCOB WJIM TPUMCHUTH (YHKIIMU MPeoOpa3oBaHUs, TaKHE
KaK OSKCIIOHEHIMAIbHOE CIIIaKUBaHUE WM PAa3HOCTU MEXIY
3HAYCHUSIMHU.

[IpeoOpazoBanue JaHHBIX 0OECTIEUNBACT JIYUIIYyI0 HHTEpIIpe-
TAIMI0 W aHAIN3 JAHHBIX KPUNTOBAIIOTHI, @ TAKXKE IMOBBIIIACT
3¢ PEKTUBHOCTS ¥ TOYHOCTH MOJIENICH IPOTHO3MPOBAHMS.

Onpedenenue mpebosanuil K Memooam MAuUHHO20 00yYenUs
OJ151 NPOZHO3UPOBAHUA U MEMPUK OYEHKU UX IPhekmugHocmu

KoTnpoBku 11n(poBbIX BaJIOT BCEr/a B ABMKEHHH, ITO OJHA
U3 OTJIMYMTEIILHBIX UepT pbIHKa. CyIecTBYEeT HECKOIBKO pas3iiiy-
HBIX CIIOCOOOB MPOTrHO3UpOBaHus. PaccMoTpiM ux nogpoOHee.

MeTo/10510THsI TIPOrHO3UPOBAHUSI KOTHPOBOK KPHUIITOBAIOTHI
C UCITOJIb30BAaHNEM aHaJIM3a BPEMEHHBIX PsioB. [laHHbIH mo1xon
OCHOBaH Ha CTATHCTHYCCKOM aHAIM3E IOCIIEI0BATEIbHOCTH
HaOJIOICHNI KOTUPOBOK C TEUYCHUEM BpeMeHH. JlaHHast MeToo-
JOTUsl BKJIIOYACT PsI MOJENEeH M aJIrOpUTMOB, MNpeNCKa3bIBas
Oynyliue 3Ha4eHHWs BPEMEHHOTO psija Ha OCHOBE aHAJIU3a ero
CTPYKTYPHBIX ¥ CTOXaCTHYECKUX KOMIOHEHTOB [9, 16-19].

AHanm3 BpeMEHHOT'0 psiia HAYWHACTCS ¢ BU3YaIM3alluH U HC-
CJICZIOBaHUSI UCTOPHUYECKHUX JIAHHBIX KOTUPOBOK, YTO IO3BOJISET
OIPEJCNIUTh OCHOBHBIE XapaKTEPUCTHKA BPEMEHHOIO psJia,
TaKue KaK TPEHJbl, CE30HHOCTb, IMKIMYHOCTh M CilydaifHas
COCTAaBIISFOIIAsL.

BaxxHbIM mpeArosoKeHreM /ISl aHaJIn3a BPEMEHHBIX PsIZIOB
SIBIISIETCSl CTallMOHAPHOCTh, TO €CTh OTCYTCTBHE CHCTEMaThye-
CKMX N3MEHEHHMH B CTATUCTHUECKHUX CBOMCTBAX psaa C TCUCHHUEM
BpeMeHH. Ecni BpeMeHHOW psii HE SIBISIETCS CTallMOHApHBIM,
TpeOyeTcsi NMPUMEHUTh METOAbI NpeoOpa3oBaHMs, TaKHE Kak
nmuddepeHpoBanne Wik mnpeodpasoBanue bokca-Kokca, mis
JOCTH)KSHUSI CTAllHOHAPHOCTH.

CBoiicTBa BPEMEHHOTO psla OIPENCISIOT BBIOOP MOJCIH,
KOTOpasi COAEPKUT TAaKUEe KOMIIOHEHTHI KaK CE30HHOCTb, CIIy-
YalHyI0 COCTABIIIONIYIO, TPEHIbI, HHUKIMYHOCTE. C ILeJbo
OIPEJICNICHUS] ONTUMAJIBHOTO TOPSAKA MOJEIH MPUMEHSIOTCS
METO/Ibl aHaJIN3a aBTOKOPPEJISILIUK U YACTHON aBTOKOPPEIISIHH.

[Nocie MOAroHKM MOJIENN Ha UCTOPUYECKHUX JAHHBIX HE00XO-
JIMMO OIIEHUTH €€ MPOU3BOAUTEIBHOCTh U TOYHOCTH. JIJIst 3TOTO
UCIIOJIB3YIOTCSI CTATUCTUYECKUE METPHKH: CPEAHsisi aOCONOTHAs
omnbka (MAE), koapduument nerepmunanuu (R-kBagpar),
cpennekBaaparuyeckas omubdka (MSE). Heobxomumo mpore-
CTHPOBATh MOJIEITh HA YCTOHYHUBOCTD U CIIOCOOHOCTH 0000IICHNUS
Ha HOBBIE JITaHHBIE [9] mMociIe Yero BO3MOKHO MCIOJIB30BATh MO-
JeTb Uil MPOTHO3MPOBAaHMS OyIyIIMX 3HAYCHHH KOTHPOBOK
KPUNTOBAMIOTEL. [IpOrHO3BI MOTYT OBITH CHETaHBI Ha OCHOBE
Pa3IMYHBIX TOPU30HTOB BPEMEHH, OT KPATKOCPOYHBIX 10 JOJTO-
cpouHBIX. [IpOrHO3EI MOTYT OBITH OLIEHEHBI C HCIIOIb30BAHHEM
METPUK IIPOTHO3HOW TOYHOCTH M CPaBHEHBI ¢ (paKTHYECKHMH
3HAYCHUSIMU JJIsI OLIEHKH KaueCTBa MOJCIIH.

AHanu3 BpPEMEHHBIX PsJIOB BKJIIOYAET METOABI, HEOOXOu-
MbI€ JUIS NPUHSATHS MPABUIBHBIX PEIICHUH 00 WHBECTHLUSIX H
ONTHUMHU3AIMHU TTOPTQEJIs, TaK KaK OH JaeT BO3MOXHOCTb MCCIIe-
JIOBaTh M TPEJICKa3bIBaTh TEHJCHINU KOTHPOBOK M MX HOBEJe-
Hue. MeToJbl 1 MHCTPYMEHTHI aHaJIN3a BPEMEHHBIX PsIJIOB OCHO-
BaHbl HA CTATHCTHYCCKHX W JUHAMHYECKHX CBOMCTBAaX BPEMCH-
HBIX JIAaHHBIX M HAaleJICHbl Ha MPOrHO3UPOBAHUE KOTUPOBOK
KPHUITOBAIIOTEL

IIpumeHenre CTaTUCTUUECKUX MOJENIEH NIl MPOTHO3UPOBa-
HUSI SIBISIETCS] BAXKHOM MeTozoiorueil B obmactu ananusza. Cra-
THUCTHYECKHE MOJENM HCIOJIB3YIOT MaTeMaTHYeCKHe M CTaTH-
CTHYECKHE METO/Ibl JJIsl ONMCAHUSI U TIPEJICKa3aHusl BPEMEHHBIX
JIAHHBIX KOTUPOBOK KPUIITOBAJIOTHI.
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JlaHHBIE MO OCHOBBIBAIOTCS HAa CTAaTHCTUYECKUX CBOM-
CTBax JAHHBIX U NPEAINONArarT, 4YTo OyayIine 3HaYeHUs] KOTH-
POBOK OYAyT 3aBUCETh OT NPEAIICCTBYIOIIUX HAOIIOACHHUH.

BoiOop monxopsiieil CTaTUCTUYECKOW MOJENU 3aBHCUT OT
CBOWCTB BPEMEHHOIO psijila KOTHPOBOK. DTO MOMKET BKJIIOYATh
monenn ARIMA (aBroperpeccust MHTETPUPOBAHHOTO CKOJIb3s-
mero cpensero), GARCH (oOmiast aBToperpeccus yCIOBHOM
rerepockenactTnanocti), ARCH (aBroperpeccust ycioBHOI re-
TEPOCKEIACTHYHOCTH) W Jpyrue. BriOop Mopmenn OCHOBaH Ha
aHaJIM3€ aBTOKOPPEJISIINN, CTAIIMOHAPHOCTH U JPYTHX CTaTHCTH-
YECKHUX CBOMCTB BPEMEHHOTO psiia.

C nenplo AOCTHXKEHHS HAWIIYYIIETO COOTBETCTBHUSI MEXKIY
MOJIEIIbIO ¥ HAOJIFO1aeMbIMU JaHHBIMU HEOOXOAMMO MTPOU3BECTH
MOJTOHKY MOJIETH, KOTOpasi COCTOUT B ONpPEJEIICHUH HapaMeT-
POB MOJIENIN C Y4E€TOM HUCTOPHUYECKUX JAAHHBIX KOTHPOBOK KPHII-
ToBaOTHL. OIEHKa MapaMeTpoB MPOU3BOJUTCA C IOMOILBIO
METOJ]a HAaMMEHBIINX KBaJpaTOB M METOJa MaKCHMaJIbHOTO
npasaomnogoous [9].

[Toce monroHKn MoJeNI HEOOXOANMO MTPOBECTH €€ Basuia-
LU0 Ha OTJIOKEHHBIX JIAHHBIX WM C HCIIOJIb30BAaHHEM KpOCC-
BaIMAAIMH, YTO ITO3BOJISIET OLEHHUTH MPOM3BOANTEIHLHOCTh MO-
JISI ¥ €€ CIIOCOOHOCTh 00001aThCsl Ha HOBBIC JaHHbIC [9]. Ba-
JUIAIKS MOJINTM MOXKET BKJIIOYaTh OIEHKY HPOTHOCTHYECKOH
TOYHOCTH, TaKyl0 Kak cpequss abcomoTHas ommboka (MAE) nn
cpenaexBanparudeckas omrroka (MSE).

INocne ycnenrHod Bauaanuy MOJEIN MOXKHO HCIIOIb30BaTh
ee JJIsl MPOTHO3UPOBAHKS Oy TyINX 3HAUYCHUI KOTHPOBOK KPHII-
TOBaIOTEL. [IpOrHO36I MOTYT OBITH NPEJCTABIEHBI B BUIE TO-
YEYHbIX OLIEHOK WJIM AMAIa30HOB IPOTHO3a, YUUTHIBAs CTATH-
CTUYECKYIO HEONPEIECICHHOCTD.

[IpyuMeHeHne CTaTUCTUYECKUX MOJENeH sl MPOTHO3HPOBA-
HUSI KOTUPOBOK KPUIITOBAIIOTHI TTO3BOJISET YYUTHIBATH U aHAJIH-
3MpOBaTh CTATHCTHYECKHE CBOMCTBAa BPEMEHHBIX JAaHHBIX JUIS
TIOBBINICHUS] TOYHOCTH MPOTHO30B M NPUHATHS NPaBHIbHBIX WH-
BECTUIHOHHBIX PEIICHHH.

MeTo/iI MaIIMHHOTO OOY4YEeHHUS Ul MPOTHO30B KOTHPOBOK
KPHUIITOBATIOTHI HAllEIEHbl HAa aBTOMATHUECKOE M3BJICUCHHUE HC-
TOPHUYECKUX 3aKOHOMEPHOCTEH M B3aMMOCBSI3€H € IENbIO TIpe-
CKa3aHUs 3HAYCHUH KOTHUPOBOK B OyaymieMm. MIMeHHO mosTomy
CJICYIONINM IOJXOJ0OM aHaIM3a JaHHBIX M OOydYeHHs Mojeneh
Ha UX OCHOBE SIBJISETCS MPUMEHEHHE METOI0B MAIINHHOTO 00y-
YEeHUs! ISl IPOTHO3UPOBAHUSI KOTHPOBOK KPUITOBATIOT. B aTOM
MOJIX0/€ AJIS 00ECIIeYeHUsI YUCTOTHI M COTJIACOBAHHOCTH JTaHHBIX
BBINOJIHSIETCSI TIpe/iBapUTeIbHasi 00paboTKa JaHHBIX KOTHPOBOK
KPHUIITOBAIIOT. JTa NpenodpaboTka MpejroiaraeT Takue MeTo-
JIbl, KaK CTaHJApTU3alMs U HOPMAJIU3allys JaHHbIX, 3all0JIHEHHUE
TIPOITYIIICHHBIX 3HAUCHUH, yJalleHne BEIOPOCOB U T.1I1.

Ot nerneit MPOrHO3MPOBAHUS U XaPAKTEPUCTHK JTAHHBIX 3aBH-
CHUT BBIOOp MOJIENTM MAIIMHHOTO OOy4YEeHHS Ul NPOTHO3UPOBaA-
HUSI KOTHPOBOK KPHUITOBAIIOTHL. K TakMM MOIENsIM OTHOCATCA
METOJBl TIyOOKOTO OOydYeHHsS, pETPEecCHOHHBIE MOJIEIIH,
HEHPOHHBIE CETH, AaHCAMOJIEBBIE METOIBI.

Kak Tonbko Mozenb BbIOpaHa, IPOUCXOJUT ee 00ydeHne Ha
HCTOPUUECKHX JIAaHHBIX KOTHPOBOK. JIJIsl 3TOrO JaHHBIE pasfe-
JISIOT Ha JBE BBIOOPKH (00YyYAroIIyo M MPOBEPOUYHYIO), MOJTO-
HSIIOT MapamMeTpbl MOJICJIM Ha OCHOBE OOYYaroIUX JaHHbIX, I10-
CJIe Yero MoJieib ONTUMH3HPYIOT A MAaKCUMAJIbHOTO TOBBIIIE-
HUS €€ IPOU3BOIUTEIHHOCTH.

B 3akirouenne oOydeHHs! NMPOBOAMTCS BaNIWAALMS MOICIH
JUIS OLIEHKU €€ MPOU3BOJUTENBHOCTH, a TAK)Ke MPOBEPKHU CIIO-
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coOHOCTH MoJienn 00001IaThCs Ha HOBBIC JaHHble. Bamunarms
OCYIIECTBIISICTCS. HA IPOBEPOYHBIX AaHHBIX. JIsl OLleHKH Mojenn
UCTIONB3YIOT CIIETYIOUINE METPHUKHU: CPETHISI a0COIIIOTHAS OLINO-
ka (MAE), cpennexBanparnyeckas ommbdka (MSE) u ko3¢ du-
nueHT perepmuHanmy (R-kBampar).

JUisi  OIEHKHM KadecTBa IPEACKa3aHHs MOEIbI0 Kypca
"Bitcoin" B HacTOSIIEM HCCIECJOBAHUHU MPEJIAracTcsi NCIIOIIb30-
BaTh MeTpuky Mean Squared Error (MSE). MSE sBnsercs on-
HOIl U3 HamboJiee TMOIYJISIPHBIX METPHK OLICHKH KayecTBa MOJe-
JIeH B 3a7jauaxX perpeccuy B MalIMHHOM 00y4eHnu. OHa HCIOIb-
3yeTcsi JUisi M3MEpPeHHs CPEIHEro KBajpara pa3sHoOCTedl Mexay
HpeICKa3aHHBIMH 3HAYCHHAMH MOJIENN W UCTHHHBIMU 3HA4YCHHU-
SIMH 11€JIEBOM MTEPEMEHHOM.

Mertpurka cpeiHeKBaJIpaTHYHas OUIMOKa OCOOEHHO I0JIe3Ha
JUTS. BBISIBJICHUSI TPYOBIX OIMIMOOK. DTa METPHUKA MO3BOJISIET BbI-
OpaTb MoOJeJb, BBIJAIOUIYI0 HaMMEHbBIIEEe KOJIMYECTBO I'PyOBIX
OmMOOK B MPOTHO3€, TaK KakK IPH UCIIO0JIb30BAHUH ITOH METPUKH
omuOKa BO3BOJIUTCS B KBaapaT W Ooiblas omrOka 0coOOCHHO
3amerHa. COOTBETCTBEHHO, BbIOpaHa OyAeT Ta MOJEIb, KOTOpas
JaeT MHHUMAIIbHOE 3HAYCHUE CPETHEKBAAPATHYHON OLIHOKH.

D70 MO3BOJISET OLICHUBATh NpPEACKa3aHUue TPEHAA JUI Kypca
"Bitcoin". Mcxonsd n3 MpakTHUECKUX MOTPEOHOCTEH, MOMHUMO
UCIIONB30BaHMs CPETHEKBAIPATHYHON OLICHKH IPEII0KEHO BBe-
CTH CJICAYIOIINE KauyeCTBEHHbIE MIOKA3aTeIIM: BEPHOE MpeJcKa3a-
HHUE MOJIENBI0 TOYeK MaKCUMYMOB M MMHUMYMOB Kypca OUTKOM-
Ha, BEpHOE onpeaescHue Kypca "Bitcoin".

[Tocne ycnemHoW BaauAAlldK MOJICIH OHA MOXET OBITh HC-
TMI0JIb30BaHa ISl TPOTHO3UPOBAHUS OyIyIIMX 3HAUYCHUH KOTHUPO-
BOK KPHIITOBAIIOTHL. [IpOrHO3BI MOTYT OBITH IpEJCTaBJICHBI B
BUJIC TOUCUHBIX OLCHOK WJIM JMala3OHOB MPOTHO3a, YYUTHIBas
CTaTUCTUYECKYIO HEOIPEAEICHHOCTb.

TaxuM 00pa3oM, METOAbI MAIIMHHOTO OOYYEHUs JAIOT BO3-
MO>KHOCTh CTPOUTH MOJIEIH C MaKCHMAaJIbHOH TOYHOCTBIO MpeJ-
CKa3bIBAIOIINE KOTHPOBKH KPHUIITOBAIIOT. MeToaM MaIlldiHHOTO
00ydeHsI TOCTYITHEI aBTOMaTndeckast 00paboTka OONbIIHIX 00B-
€MOB JJaHHBIX M OOHApY>KEHHUE CIIOKHBIX B3aMMO3aBHCUMOCTEH C
LIENbI0 TIOCTPOEHUSI MOJIENIe mpejckazanusi KOTupoBok. IIpen-
JIO>)KCHHBIH MOJAXOJ [OKa3bIBAET BBICOKYIO 3((EKTHBHOCTH B
o0JsacTu )MHAHCOBOTO MPOTHO3UPOBAHHS.

3KCHepHMeHTaHBHLIe HCCIeaJ0BaHUusA

Hccnedosanue cywecmeyrowux memooos ananusa
U NPOSHO3UPOBAHUSL KOMUPOBOK KPUNMOBATIOM

Jnst Toro 4roObl BBIOPAaTh KOHKPETHBIH METOJ] MAaIIMHHOTO
00y4eHHs] HEOOXOIUMO BBIICIUTH (HaKTOPBI, BIUSIONIME HA BbI-
0op MOJeNIHM MAIIMHHOTO OOYYEHHMS Ul LeJIeH HCCIIeIOBaHUS.
CymectByet 6osee 100 meTonoB MamuHOTO 00y4eHHS U BEIOOP
KOHKPETHOT'O METOJIa aHaJIM3a JUIsl IPOrHOZUPOBAHUS KOTHPOBOK
KPHUIITOBAIIOT BBIAEISAIOT PsJ KPUTEPUEB, ONPEIECIAOLIINX BbI-
00p KoHKpeTHOro noaxona [9]. Jlaiee npeacTaBicHbl KPUTCPHH,
CYLIECTBEHHBIE ISl pacCMaTprUBaeMO IIPeIMETHON 001acTH:

1. F'opu30HT NPOrHO3MpOBaHMUs (KPATKOCPOYHAsI WM JI0JITO-
CpouHas 33/1a4a);

2. CI0XXHOCTb CTPYKTYPBI JaHHBIX (IPHCYTCTBHE HEIMHEH-
HBIX 3aBUCHMOCTEH, ITPOITYCKOB, LITyMOB);

3. BeraucimrenbHble pecypchl (Hamndane oOopyIoBaHUS UL
TITyOOKMX HEMPOHHBIX CETeH, pactpeaeIéHHbIC CHCTEMBI);
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4. Ce30HHOCTD (HAJMYUE WM OTCYTCTBHE IEPUOIMUYECCKUX
KoJe0aHu B BpEMEHHOM PSY);

5. YCTOHYMBOCTE K PE3KUM H3MEHEHHSM (BOJIATHIHLHOCTH,
WH(POPMAIIMOHHEIH IITyM);

6. [IpuMeHNMOCTh KOHKPETHOTO MeTona (HaydHas oOOCHO-
BaHHOCTh aJITOPUTMA U €ro NMpoBepeHHas SPPEKTUBHOCTD);

7. AKTyanbHOCTh (HaJIU9IHME CBEKUX MCCICIOBAHUNA U OTKPBI-
ThIX OUOJINOTEK).

CoueTaHue JaHHBIX (PAKTOPOB MO3BOJISACT OMPEICIUTh, KaKOI
anroput™ Oyaer Hambosiee 3(pPeKTHBEH I aHaIu3a BPEMEH-
HBIX PSZ0B KPHUIITOBATIOTHI. TakK, METO/bI, YUUTHIBAIOLINE HEIU-
HelHbIe 3aKOHOMEPHOCTH ¥ BPEMEHHBIE 3aBHCUMOCTH, JI0Ka3ajIH
HanOONbIIyI0 3(()EeKTUBHOCTh MPH NPOTHO3MPOBAHUU KOTHPO-
BOK. /laniee mpeacTaBiIeHbl METO/bI, IPUMEHEHNE KOTOPBIX aKTy-
AJIBHO JUUISL paccMaTpUBacMON 3a/1aun, a UIMEHHO JUIs IPOTHO3H-
POBaHMS Kypca KpUITOBAIIOT.

[Tpn pabote ¢ mocnenoBaTeNbHBIMU AaHHBIMU, HAIIPUMED, C
BPEMEHHBIMH PSAMH HCIIONB3YIOT peKYPPeHTHbIe HelipOHHbIe
cetd (RNN) u ux BapuanTsl [9]. OHH yYUTHIBAIOT BPEMEHHYIO
3aBUCUMOCTb. PeKyppeHTHble HEHpOHHBIE CETU MOJE3HBI IPU
paboTe ¢ BOJIATUIBHBIMH BPEMEHHBIMH PAAMH, a UX BapHaHT —
Long-Short-Term-Memory — 3aloMHHAET TOJITOCPOYHBIC 3aBU-
CUMOCTU U KOHTPOJIUPYET 3a6bIBaHI/Ie JaHHbIX 4Y€pE3 Crenualb-
Hble MexaHu3Mbl. LSTM ucnonbs3yercst J1s1 KpaTKOCPOYHOTO U
nmonrocpouHoro nporHosupoBanus. GRU (Gated Recurrent
Unit): ynpomiernas Bepcust LSTM. Dta Bepcust TpeOyeT MEHBIIIE
BBIYHMCIIUTEIBHBIX PECYPCOB U paboTaeT ObIcTpee, IPH ITOM OHa
obecrieunBaeT HE MEHBIIIYIO TOYHOCTS [ 14].

Caéprounsble Heiiponnsie cetu (CNN) [9, 14]. Apxutekry-
pa 9THX ceTel NMpHUMEHseTcs K BPEMEHHBIM psiiaM, OCOOCHHO B
Mozenax CNN-LSTM. CBEpTouHbIe CIOU MMOMOTAIOT BBIACTATDH
3HAUYMMBbIE BPEMEHHBIE TTaTTEPHBI, KOTOPBIE 3aTEM MEPEA0TCs B
ciou LSTM my1st ananu3za nocneaoBarenbHocTel [14].

I'uopuanbie momenu [9]. DTu Mozenu OOBEIUHSIOT He-
CKOJILKO apXUTEKTYpP, UYTO IO3BOJIIET YYMTBHIBATh KaK KpaTKo-
CpOYHBIE, TaK W JOJTOCPOYHBIE TpeH/bl. HekoTopble U3 cambIX
TOMYJISIPHBIX THOPUAHBIX MOJENEH /Ul KPUITOBAIIOT BKJIIOYA-
tor: Coueranue CBEPTOYHBIX M pPEKyppeHTHBIX cioeB CNN-
LSTM, 4ro no3BoJiieT OAHOBPEMEHHO aHAIM3UPOBATH KOPOTKHE
BpPEMEHHBIC 3aBHCUMOCTHU M J0JITOCpouHble. [ mOpuHas Moaeib
LSTM-ARIMA, rne ARIMA wucnons3yercss A yCTpaHEHUS
CE30HHBIX KOMITOHEHT, a LSTM mporHo3mpyeTr OCTaTOYHBIC
TPEH/IBL.

AJITOPUTMBI TPagneHTHOro oyctunra [9, 13]. Otu Mmonmenn
XOpOIIO pPadoTarOT C BPEMEHHBIMH pAJaMH, OCOOCHHO KOT/a
MOXKHO y4eCTb JIOTIOJHUTEIbHbIC (PaKTOPHI, BIMAIOIINE HA IICHY.
XGBoost — 0anH U3 caMbIX TOIMYJISIPHBIX AITOPUTMOB JUIs Bpe-
MCHHBIX AaHHBIX C HEJIMHEHHBIMU 3aBUCUMOCTSIMHU. HO}IXO}II/IT
JJI1 BBICOKOPAa3MEPHBIX JaHHBIX W IMOKa3bIBACT BBICOKYIO TOY-
Hocth [13]. LightGBM u CatBoost — ontumusupoBaHHbie Oy-
CTHHTOBBIE AJITOPUTMBI, KOTOPBIE MOTYT paboTaTh OBICTpee Ha
OonbMX HaOOpax AAaHHBIX M TOAJECP)KUBAIOT KaTeropuajbHbIe
MIPU3HAKH.

Mopaenn Ha ocHoBe TpaHcgopmepos [9]. Tpanchopmepsr
MIPEABSBISIOT BEICOKHE BBIYMCIUTENbHBIC TpeboBaHus. OHAKO,
IpU  HEOOXOAMMOCTH aHajlM3a BPEMEHHBIX 3aBUCHMOCTEH
TpaHc(opMepsl OUEHb MOAXOST /Il NpOorHO3upoBanus. Crenu-
aTbHO pa3paboTaHHAs I BPEMEHHBIX PSIOB Monenb Temporal
Fusion Transformer (TFT), yuutbiBaeT kak KpaTkOCpOUHbIE, TaK
U J0JrocpovHbie 3aBUcHMOCTH. Facebook, cosman mis BpemeH-

HBIX PSAZOB MOAETHs Prophet ¢ 4eTKo BBIpaKEHHOH CE30HHOCTHIO
U TpeHJaMH. Prophet Xxopomro crpasiseTcs ¢ JaHHBIMH, KOTOPbIE
HMEIOT PeryJIsipHbIC ATTEPHBI, HO AJIs1 KPUIITOBAIIOTHBIX KYPCOB
MOJXOUT Xy’KE U3-3a BEICOKOI BOJIATUIIBHOCTH.

ABTOKOppeIsIIMOHHbIE MO/IeJIM BpeMeHHBIX psifoB [17].
OTH METOJbI IPUMEHSIOTCS B CITydae CTallMOHAPHBIX BPEMEHHBIX
PSJIOB M YAcTO HMCIOJB3YIOTCS Kak 0a30Bble JJIsl aHalW3a JIaH-
Heix. ARIMA (AutoRegressive Integrated Moving Average):
MIpUMEHNMa IS TAaHHBIX ¢ aBToKoppessinueid. Tpedyer cranuo-
HapHBIX JIAHHBIX ¥ TIPUMEHSETCS JJIsl IPOTHO3MPOBAHHS KPaTKO-
cpounsix TpeHnoB. SARIMA (Seasonal ARIMA): moaudukanms
ARIMA, mno3BoJsilOlIasi YYUTBIBATH CE30HHBIE MATTEPHBIL.
ARCH/GARCH (AutoRegressive Conditional
Heteroskedasticity/Generalized ARCH): Monmenu i mporHO3H-
POBaHMS BOJATUIBHOCTH M W3MEHEHHs aMIUTUTYIbI BPEMEHHBIX
psanos [17].

Kiaccuyeckune perpeccuoHHble mMoaeau [9]. Otu momenu
HOAXOMST JUISl TIPOCTBIX JINHEHHBIX JaHHBIX U PEIIKO HMCIOJb3Y-
IOTCSl JUISl TPOTHO3UPOBAHMS KPUITOBAJIIOTHBIX KypCOB, TIO-
CKOJIbKY HE MOTYT YUYHUTBHIBATh CJIOKHBIE 3aBUCHMOCTH M BOJa-
TUIBHOCTh. JIMHEHHass perpeccus: MOJIXOIUT JUIsl JIMHEHHBIX
JaHHBIX M MOJKET HCIIOJIb30BaThCS Kak 0a3zoBas MOJENb JUISA
OLICHKH 3aBUCHMOCTH MEX/y IIEHOH ¥ BPEMEHHBIMHU (haKTOPaMH.
[TomHOMUManmbHAsT perpeccrsi MOXKET HCIIONb30BAThCS JUISl JIaH-
HBIX C HEWHEIHOH 3aBHCHMOCTBIO, HO paboTaeT MeHee dPdek-
THUBHO, Y€M HEHpPOHHBIC CETH M OyCTHHIOBBIE MOJEIH, HAa JaH-
HBIX KPHUIITOBAIIOT.

C yd4eToM XapaKTepHUCTHK IIPEIMETHOH 001acTh W IpHUBe-
JICHHOTO BBIIIE aHAIHM3a B HACTOSILEM HCCIIEIOBAHUH PACCMOT-
puM Gosiee JeTaabHO MATH CIIEAYIOMINX METOAOB IIPOrHO3MPOBaA-
HHS, @ TaKKe MOCTPOMM MOJIENb TPOTHO3MPOBAHMS Ha OCHOBE
UCTOPHYECKUX JIaHHBIX.

1. ARIMA — Mozenb BpeMEHHBIX PSJIOB, IPUMEHUMAs ISt
aHaJIM3a CTAIIMOHAPHBIX JaHHBIX.

2. LSTM — HefipoHHast ceTh, MOAXOAAIIAsl Ui 00OpaOOTKH
BPEMEHHBIX JJAHHBIX C HEJIMHEHHBIMU 3aBHCUMOCTSIMH.

3. GRU — ananor LSTM, Ho ¢ Oosee ynpomieHHOH apXnuTek-
TYpOH.

4. Prophet — mozens ot Facebook, mpenmasmauennas s
aHaJM3a IAaHHBIX C CE30HHBIMH KOMITOHEHTAMH.

5. XGBoost — OyCTHHTOBBIN anropuT™M, PPEKTHUBHBIA IS
00pabOoTKM CIOXKHBIX HAOOPOB JIAHHBIX.

Kaxplit 3 METOI0B MMEET CBOU MpPEUMYyIIECTBAa U HEIO-
CTaTKH, KOTOpPbIE MOXXHO YBMJETh Ha OCHOBE IPAKTHYECKOIO
aHanmu3a.

[TpoBeneM KpaTKuii aHANW3 JIsl POTHO3UPOBAHHS KOTHUPO-
BOK "Bitcoin" 3a 2024 Ha ocHOBE BBIOpaHHBIX MoOjeici. B kaue-
CTBE UCXOAHBIX JAaHHBIX UCIIOJIB3YETCS UCTOPHYECKasi KOTHPOBKa
"Bitcoin" 3a nepByto nonosuny 2024 rona. JlaHHble 3arpysKaroT-
csi ¢ nomoupto API CoinGecko m mpemoOpabarsiBatroTes Juist
MIPUMEHEHHS K MOJEIAM. /17151 OIIEHKH TOYHOCTH KayKAOH MOJIEIIH
nucnoip3ytorces metpuku MSE.

Jis cpaBHEHHS METO/IOB B BHIE TaONHILI U rpaduKoB C pe-
JIBHBIMH MCTOPUUYECKUMH JJAHHBIMH, J0OABUM JIOTIOJTHUTEIbHBIE
mIary B KOJA M HPEACTABUM PE3YJIbTaThl B CTPYKTYpPHUPOBAHHOM
(dopme. DTO BKIIIOYAET pacyeT METPUK TOYHOCTH JUISi Ka)IIOI0
MeToJla U 0ToOpakeHHe (PaKTUYECKUX JaHHBIX BMECTE C IIPOrHO-
3MpYyeMbIMU 3Ha4eHUsIMU Ha Tpadukax. Taioke BbIBeJeM TaOIu-
my co cpaBHeHueM MmeTpuk MSE (Mean Squared Error) mis
OLIEHKU Ka4yecTBa MPOrHO3a KaXk10i MOJIEINH.
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1. 3aepyska u npedobpabomka Oanneix: 3arpyKaioTcs JaH-
HbIe 0 1eHax "Bitcoin" 3a mepBoe momyromue 2024 roma ¢ API
CoinGecko. JlaHHbIE HOPMaJIM3YIOTCSI Ul HCIIOJIB30BAHUS B
HEWPOHHBIX CETSX.

2. llocmpoenue u 06yuenue mooenei.

0 ARIMA: wucrnonp3yercst Ui aHaidu3a BPEMEHHBIX PSIJIOB,
TIOCTPOEHHE Tpe/ICKa3aHnil Ha TECTOBOM BBIOOpKE.

0 LSTM u GRU: melipouHBIe ceTH, 00ydaeMble HA HOpMaIH-
30BaHHBIX JaHHBIX [9].

0 Prophet: momens ot Facebook it mporro3upoBanus Bpe-
MEHHBIX PSIIOB C Y4E€TOM CE30HHBIX KOMIIOHEHTOB.

0 XGBoost: OycTHHIOBBIN aNrOPUTM ISl HEIIMHEWHBIX 3aBH-
CHUMOCTEH.

3. Ouenxa mounocmu: metpuku MSE BblumMcnsitores jist
K10l MOJIETIH, YTO TO3BOJISET OLEHHUTH OTKIOHEHHE MPOTHO-
30B OT (PaKTHYECKUX JAaHHBIX (Tadu. 1).

4. Buzvaauzayus: Ha Tpaduke mokazaHbl (paKTHUECKUE JaH-
HBIC M TIPOTHO3BI BCEX MOJIETIeH 3a BRIOpaHHbIH repuof (puc. 1).
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Puc. 1. CpaBHeHHE IPOTHO30B Pa3IMIHEIX Mozeneil ¢ pakTHIecKuMu
JaHHBIMU (TIepBoe nosryroaue 2024)

PaccMoTpuM pe3ysbTaTbl MOJEIMPOBAHHS HAa OCHOBE MEpBI
kagectBa perpeccu MSE. Kak 06110 cKa3aHo BbIIIe, 3Ta METPHU-
Ka TO3BOJISIET BBIABUTH Ooiybinue OmuOKH. COOTBETCTBEHHO,
MSE mnomoraet BBIOpaTh MOIENb, KOTOpasi JacT MEHBIIE OOJIb-
X OMIMOOK mporHo3a [9, 13].

Tabnumna 1
3uavenust MSE nipu cpaBHeHHH MOjienei
Mopeianb MSE
ARIMA 4,68
LSTM 2,22
GRU 2,32
Prophet 7,56
XGBoost 2,31

Jlnsa Bcex mopenelt snauernss MSE nipezacrabnens! B Tadmmie 1.
OTH METPUKHU yKa3blBalOT Ha OTKIOHEHHE MPOTHO30B OT (haKTH-
YEeCKUX JaHHBIX U MOMOTAIOT BBISIBUTH CHIIbHBIE U ClIa0ble CTO-
poHsl kaxaoi monenu. Monens LSTM mnoka3sana HaMMEHBIIYIO
omn6OKy 1o merpuke (MSE = 2,22), 4yto yka3bIBaeT Ha €€ BbICO-
Ky CIIOCOOHOCTh MHUHHMH3UPOBATH KPYIHBIE OTKJIOHEHHUSI OT
¢daxtnyecknx 3HayeHnit. GRU u XGBoost Takxke mpojieMoH-
CTPHPOBAIIN XOpoIIne pe3ynbrarsl, 6mu3kue kK LSTM, uro mos-
BOJISIET CYUTATh MX KOHKYPEHTOCIIOCOOHBIMH JUISi KPaTKOCPOY-
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HOTO TPOTHO3MPOBAHUS BOJATWIBHBIX BPEMEHHBIX PSAIOB.
Prophet 1 ARIMA mnoka3anu MeHee TOYHBIE PE3yJIbTaThl, YTO
00BsICHsICTCST UX 0O0Jice HU3KOW aalTHBHOCTHIO K BBHICOKOBOJIA-
TUJIBHBIM U HETIPEICKA3yeMbIM JTaHHBIM KPUIITOBAITIOT.

Ha ocHOBe 3THMX IaHHBIX MOJXKHO CIICNIaTh BBIBOJ, YTO
neriponnsie cetu LSTM u GRU neMoHCTpupyloT jyuyiue pe-
3yJIBTAThl M0 CPABHEHUIO C KIACCHYCCKHMHU MOJCIISIMU, TAKHMU
kak ARIMA wu Prophet, u mpencTaBisioT cOO0H TOIXOISAIIHN
BEIOOp ISt IPOTHO3HPOBAHUS KPAaTKOCPOUYHBIX TPECHIOB Ha BOJIa-
TuabHBIX peiHKax. LSTM, GRU u XGBoost cienyer pekoMeH-
JIOBATh I KPAMKOCPOUYHBIX NPO2HO308 TIEH KPHUITOBAIIOT, TIE
TOYHOCTh M CIIOCOOHOCTH aJalTHPOBATHCS K KOJICOAHUSIM IICHBI
UTPAIOT pellarolnyo posib. Prophet MoxxeT ObITh MoJie3eH B CH-
Tyalnusx, KOT/a JaHHBIE IEMOHCTPHUPYIOT SIPKO BBIPAYKCHHBIC
CE30HHBIC WM LUKIMYECKHEe KOMMOHEHTH. OTHAKO ero mpume-
HCHHME Ha KPUNTOBAIIOTHBIX PBIHKAX CIIEAYET OTPAHUYMTH, TaK
KaK ero TOYHOCTh OKa3biBaeTcs HIke. ARIMA MoxeT ObITh UC-
M0JIb30BaHa Kak 0a30Basi MOJACb VIS aHAIH3a 00120CPOYHBIX
mpenoog, OJHAKO JIJIsl KPUITOBAIIOTHBIX TAHHBIX €€ MPHUMEHE-
HUC OTPAaHMYCHO W3-3a HEIOCTAaTKa TMOKOCTH MpU paboTe ¢ BO-
JATHIBHBIMHE PSIIAMH.

ObocHosanue 6b160pa u UCCIe008aHUE MOOUDUYUDYEMbIX
Memo008 aHAIU3A OONLUIUX OAHHBIX 8 00IACMU KPUNMOBAIIOM

CpaBHeHne Mozesell Ha OCHOBE UCTOPHUYECKUX JIAaHHBIX KO-
TupoBoK "Bitcoin" 3a nmepsoe nonyroaue 2024 roaa ¢ moMoIbI0
3arpy3ku gaHHbix B APl CoinGecko mokasano, 4ro:

* mogenu LSTM u GRU nokazanu HauTydiue pe3yIbTaThl
10 MOYHOCHU RPOZHOUPOSAHUs, OOCCIICUYNB MUHHUMAIbHbIC
omnbku MSE. Takum oOpazom, 3Ti Mozaenu OoJjble JAPYrux
TIOJIXOJISIT JIUISl aHAJIM3a BOJIATHUIILHBIX BPEMEHHBIX PSIJIOB, TAKUX
KaK KPUIITOBAJIFOTHI.

* XGBoost Taxxe NpoJeMOHCTPUPOBAT XOPOIIUE PE3yNbTa-
161, Oim3kre k LSTM u GRU, u sBIsieTcss KOHKYpPEHTOCIIOCO0-
HBIM HHCTPYMEHTOM JUISl KPAMKOCPOUHO20 NPOCHO3UPOSAHUSA.

* Prophet 1 ARIMA meree d(EeKTHBHEI TSI IPOTHO3UPO-
BaHMS KOTHPOBOK KPUITOBAIIOT M3-33 UX CIa00H aJlaTHBHOCTH
K BBICOKOBOJIATWJIBHBIM M HENpE/ICKa3yeMbIM JIaHHBIM, YTO
OTPaHWYMBACT UX MCIOIBb30BAHNE B TAKHUX 33adax.

* JUIL KPAMKOCPOUHO2O NPOSHO3UPOBAHUs KPUTITOBAIOT CIIe-
nyer pexoMmeHaoBaTh Hedponusle cetu (LSTM, GRU) u
XGBoost, Tak Kak OHU TTOKA3bIBAOT HAMIYYIIYIO aIalTHBHOCTD
U TOYHOCTb.

C yu4eToM MOJIyYeHHBIX Pe3yIbTaTOB, AHAJIN3a MPEHMYIIECTB
U HEIOCTaTKOB PacCMaTPHUBAEMBIX MOAENeH ObUIO NMPUHATO pe-
menne o momuduranun mozaeneit LSTM u GRU, a taxxke 00
UCIIOJIb30BaHUN B HCCIICAOBAaHUM BPEMEHHBIX CBEPTOYHBIX
Heiiponsbix cereil (Temporal Convolutional Network — TCN),
KOTOpBIE TAKXKE PELICHO MPUMEHUTH Ul IPOTHO3UPOBAHHS KO-
TUPOBOK. Bpemennsie cBeprounsle HeifponHsie cetn (TCN)
IpeIoKeHbl Kak anbrepHaTnBa RNN uist aHannsa BpeMEHHBIX
psinoB. TCN HCIONB3YIOT PACIIMPEHHYIO CBEPTKY, YTO MTO3BOJIS-
€T yBEIMYHUTH 00JacTh BOCTIPHATHS MOJETH 0€3 3HAUNTEIHHOTO
YBEIMUCHNS BBIYUCIUTENBHOHN cinoxHocTH. [Ipenmymectsa TCN
BKJTIOYAIOT BO3MOKHOCTH TApaUICTbHONH OOpabOTKH JaHHBIX,
MEHBUIYI0 CKJIOHHOCTb K MpoOJieMaM B3pbIBa WM 3aTyXaHHA
TPaJIMEHTOB, a TAK)KE TMOKOCTh B HACTPOMKE T'HIIEPIapaMeTpPOB.
Oti ocodennoctH nenatoT TCN nepcrnekTHBHBIM HHCTPYMEHTOM
JUIsl aHAJIN3a BOJIATHJIBHBIX BPEMEHHBIX PSIJIOB, TAKUX KaK KOTH-
POBKH KPHUIITOBAIOT.

—




UHDOOPMATUKA

Moauukanus METOI0B M MOAENEH 3aKIII04aeTcs B:

l. M3MEHEHWM apXUTEKTYp CTAHIAPTHBIX MOJIENIEH MPOTHO-
3UpOBaHNS;

2. wuccienoBaHud 3()(GEeKTHBHOCTH W3MEHEHHBIX MOJENeH
MPOTHO3UPOBAHMUS;

3. monydeHMH THOPHIHBIX apPXUTEKTYp MOJENEH MPOrHO3U-
pOBaHMsA IyTeM OOBEAMHEHUs] apXUTEKTYp CTaHAAPTHBIX MOJe-
JIel IPOrHO3UPOBAHMS;

4. uccnenoBaHuy 3(Pp(HEKTUBHOCTH THOPUIHON MOJENH MPO-
THO3UPOBaHUA.

Pa3paboTaHHbIi QJITOpUTM (QITOPUTMHYIECKOE 00ecIieyeHue)
aHaiM3a OOJBIIMX JAaHHBIX B 00JACTH NPOTHO3MPOBAHUS Kypca
KPHUIITOBATIOTHI MPECTABIISET COO0H pean3annio Kaxkaoro ma-
ra MOJU(UIIMPOBAHHOTO METOA.

JanHble 171t 0fyuenus ObUH B3STHI C caifta investing.com,
KOTOpBIﬁ IMO3BOJIACT CKAaYMBATh JAHHBIC O KOTHPOBKax HadWHas
¢ 2015 r. B popmare csv. B kauecTBe JaHHBIX OBUTH B3SThI KOTH-
poBku ¢ 7 stuBapst 2015 rona no 7 ¢espans 2021 r. Beero nan-
HBle conepkanu 2222 3anuceid (puc. 2). B kauecTBe mecmoesoii
6b10OPKU VICTIONB30BAIUCH KOTUPOBKH ¢ 7 deBpais 2021 1. Bee-
ro B BeIOOpke 72 3amucu (puc. 3). s mpencka3anus ObLia BbI-
OpaHa IyMHAa BPEMEHHOTO OKHa paBHas 60 — 3TO KOJIMYECTBO
MPEABITYIIAX M3MEPEHHH, HCIONB3YEMbIX [UIS IPeACcKa3aHMHs.
Mopenn  co3maBajiich € MCIIOJIL30BaHMEM  OMOIMOTEKH
TensorFlow u rpadudeckoro yckoputens T4. [ns onmumusa-
yuy MCTIONB30Balcs anroput™ Adam, oOydeHne MPOUCXOAMIO C
MIPUMEHEHNEM TEXHUKHA MUHHU-TIAKETOB.

Bce Mozenu U3 paccMOTpEHHbBIE HIKE OBLIM CO34aHbI C HC-
nojb3oBanuem Ooubmuoreku TensorFlow 2.15 ms Python 3.11
Ha atdopme Google Colab. [Ins yckopeHHs: BRIYUCICHUN HC-
moJi30Basics rpaduyeckuil yckopurtenb T4. B xadectBe omnTH-
MU3aIMOHHOT0 ajroputMa Obul BeIOpan Adam, umeromuii osee
OBICTPYIO CXOANMOCTb, O0YCIIOBJIEHHYIO aJalTHBHOW CKOPOCTHIO
0oOyueHUs.
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Puc. 2. O0Oyyaromias BeIOOpKa

OOyueHne Mojieneil MPOUCXOAMIO ¢ MPUMEHEHUEM TEXHUKH
MHUHHU-TIAKETOB (OIIMOKA PACCUMTHIBACTCS ISl KAXKIOTO dIICMEH-
Ta Habopa JaHHBIX, HO BECa OOHOBIIIOTCS TOJIBKO IOCie oOpa-
OOTKM BCEro Makera). DTOT METOJ MNPEACTaBIsIeT co00il KOM-
IIPOMHUCC MEKOY O6BI‘-IHI)IM TPaANCHTHBIM CIIYCKOM U CTOXAaCTHU-
YECKUM I'PaJIMCHTHBIM CITyCKOM.
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Puc. 3. TectoBast BEIOOpKa

2020-12-01 2020-12-15

Bce mozgenu oOyuanuck B Tedenun 100 3mox ¢ GpuKCHpoBaH-
HBIM pazMepoM OaTua paBHBIM CTa. B 1eJsIX HEIOMyIleHus Te-
peoOyueHns NPUMEHSIOTCs cilor  «dropout», OTKIFOYArOIUe
HEeHpoHBI, mapametp ciost «dropout» pukcuposan u paseH 20.

Pazpaboraem Monenu HEHpPOHHBIX CeTeil Ha OCHOBE PEKyp-
peHTHOTO OJloka ympaisiemor mamsata GRU. Paccmorpum mo-
JIpoOHee CTPYKTYPY MOJAEIH HEMPOHHOM CeTH Ha OCHOBE OJIOKOB
GRU (puc. 4, 5, 8):

1. Bxoxmno#t cnoii: input shape=(n_steps, n_features) ompe-
nenseT GpopMy BXOIHBIX MaHHBIX. MBI ucmonb3yem 60 mpenbl-
OyIUX 3HadYeHWd Kypca "Bitcoin" mist mpencka3zaHUs CIETyro-
IIETO 3HAYCHUSL.

2. Crmon ¢ pEeKyppeHTHBIM OJOKOM YIpPaBISIEMON MaMATH
GRU.

3. Crnoii Dropout asist mpeoTBpalieHust epeo0yueHs..

4. BBIXOJIHO CJION: COCTOMT M3 OJIHOTO HEHPOHA, TaK KaK MBI
Ipezickas3biBaeM o/1HO 3HadeHue (Kype "Bitcoin").

3nauenus omrOkun MSE nipn o0ydeHun Moesnu Juist pa3HOTO
konmyectBa 610koB GRU moka3ans! Ha puc. 6 u 9.

Pesynbrarsl npenckazanus Moaenu u3 4 n 8 6iokoB GRU rmo-
KazaHbl Ha puc. 7 1 10.
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Puc. 4. Ctpykrypa Mozenn HeifponHoit cetn Ha ocHoBe GRU
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Puc. 5. Ctpykrypa Monenu HeifpoHHOH ceTr Ha ocHOBe 4 610koB GRU
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Puc. 6. 3nauenus ommodku MSE npu o0y4deHnn Moenn HeHpOHHOM
ceru Ha ocHoBe 4 6:110k0B GRU
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Puc. 7. Pe3ynbrats npeackasanus Mozenu u3 4x 6noxos GRU
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input =
GRU (out = 50)

Dropout =0.2

GRU {out = 50)

Dropout = 0.2

Dense (out = 1)

kit

Puc. 8. Crpykrypa Moaenu HelipoHHOM ceTr Ha ocHoBe 8 GiiokoB GRU
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Puc. 9. 3nauenust ommdkn MSE npu 00yuenun Moaenu HeHpoHHO
cetu Ha ocHOBe 8 610K0B GRU
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Puc. 10. Pe3ynbrats! npeackasanus Mmozesu u3 8 6iiokos GRU

CpaBHEHHE PE3yJIBTATOB IpeacKa3aHus Kypca "Bitcoin" Ha
TECTOBOW BHIOOPKE MOJEISIMH HEHPOHHBIX CETCH HA OCHOBE 4 U
8 ommoxoB GRU mokasbIBaeT, 94T0 MOJEIH B LIEJIOM BEPHO OIIpe-
nersttoT Kype "Bitcoin", mpu 3TOM MoJens Ha OCHOBE 4 OIIOKOB
GRU 0ornee ToOYyHO TpecKa3bIBacT TCHICHIINIO H3MCHECHUS Kyp-
ca, B TO BpeMsl Kak Mojens cocrosimas n3 8 6mokoB GRU obec-
TIeYNBACT MEHBIIIEE PACXOKICHHE CO 3HAUYECHIEM Kypca.



UHDOOPMATUKA

Tenepr paspaboTaeM MOAETH HEHPOHHBIX CETEH Ha OCHOBE
0JI0KOB JI0NITOCPOYHOM KpaTkocpouHoil namsitt LSTM. Crpyk-
Typa MOJIEJIM HEMPOHHON CEeTHM Ha OCHOBE Pa3HOr0 KOJHWYECTBA —
6sokoB LSTM mpexncrasnena Ha pucynkax 11, 12 u 15.

input = 60 g

LSTM
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LSTM 0007 |

Dropout =0.2
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Puc. 13. 3nauenust o6k MSE npu 00yueHUr MO/IETH HEWPOHHOI

Puc. 11. CtpykTypa MoaeIn HEHpOHHOM ceTn Ha ocHOBe LSTM ceTH Ha ocHoBe 4 OnokoB LSTM
PaccmoTpum mogpoOHEe CTPYKTYpY MOJCTH HEHPOHHOH ceTH wey A
Ha ocHOBe 010Kk0B LSTM: 4 r_.’
1. BxomHot#i cnoii: input_shape=(n_steps, n_features) ompe- - |||'I'.|'l|l|"\ |'1_
nenseT GpopMy BXOIHBIX MaHHBIX. MBI ucmonb3yeM 60 mpenbl- r"l' \ | |r.’||!’- | ‘J|'||I
OyIUX 3HA4YeHHH Kypca "Bitcoin" mist mpenckasaHus CICIyro- | HI|~I| Ui iw'l h,.'
II[Er0 3HAYCHHUS. : / I |/ iy
2. Cnou ¢ TOATOCPOYHOM KPaTKOCPOUHOH mamMaTeio LSTM. < wa'.v'
3. Crnoit Dropout ajist mpe1oTBpaIieHus mepeodyIeHus. i faid
(v (v} o |II ¥
4. BrIXOHOH CI0H: COCTOUT U3 OAHOTO HEHPOHA, TaK KaK Mbl L WI
npeJicKka3biBaeM 0J1HO 3HadeHue (kype "Bitcoin"). NJ\j’[‘h v
3nravyenns omnOku MSE nipy o0ydeHHr MOIIeNu Ui pa3HOTO = ’J,y'
konmuectBa 6siokoB LSTM nokaszans! Ha pucyHkax 13 u 16. e s P
Pe3ysbTaThl nNpeackasanus Mojenu us 4 u 8 6mokos LSTM il e
HOKaSaHbI Ha pI/IcyHKaX 14 u 17. Fe i feh ael . Rl Frpt o zia
Puc. 14. Pesynbrathl npenckasanus mojaenu u3 4x 6mokos LSTM
LSTM (out=50)
LSTM (out = 50
fou ) Dropout =0.2 ‘
[ - ]
LSTM (out = 50) _
LSTM (out = 50) |
——
Dropout =0.2 ‘
LSTM (out = 50) -
Dropout=0.2 ‘

Puc. 15. Crpykrypa Moien HEHPOHHOM CeTH Ha OCHOBE 8 OJIOKOB
Dense (out =1) LSTM
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Puc. 12. CrpykTypa Mozienu HEHPOHHOM ceTu
Ha ocHOBe 4 61okoB LSTM
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Puc. 16. 3nauenns ommoku MSE npu 00ydeHny Moienu HeHpoHHOH
cet Ha ocHoBe 8 O1okoB LSTM
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Puc. 17. Pesynbratsl npenckasanus Mojaenu u3 8 6iokos LSTM

[Ipu cpaBHEHNM pe3yNbTaTOB Mpeacka3aHus Kypca "Bitcoin”
Ha TECTOBOU BBIOOpPKE MOJIEIIIMU HEMPOHHBIX CeTeil Ha OCHOBE 4
u 8 6mokoB LSTM MOXKHO OTMETHTH cleayromee. HecmoTpst Ha
pacxokIeHns ¢ TOYHBIM 3Ha4eHneM Kypca "Bitcoin", Mmonens Ha
ocHOBe 4 610k0B LSTM TOYHO mpesicka3plBaeT TEHACHITHIO H3-
MEHEeHHs Kypca, TOYKH MaKCHMyMOB W MHHHUMYMOB. Mojenb,
cocrosamiast nu3 8 6mokoB LSTM He mo3BOJsIeT MpeacKa3blBaTh
3HayeHue Kypca "Bitcoin".

Mopens, cocrosimmas u3 uepenyrommxcs cioeB GRU u LSTM
(cTpykTypa mokaszaHa Ha puc. 18) BepHO MpelcKa3bIBacT TPCHIBI
Kypca "Bitcoin", B TO e BpeMsi €il yaaioch YMEHBIIUTH pa3pbiB
C HOMUHAJIBHBIMHU 3HAYCHHUSIMU Kypca.

input = 60

LSTM (out = 50)
Dropout = 0.2

GRU (out = 50)
Dropout =0.2

LSTM (out = 50)
Dropout=0.2

GRU (out = 50)
Dropout =0.2

Dense (out= 1)

Puc. 18. Crpykrypa monenu Heiiponnoit cetu Ha ochoBe GRU u LSTM

MHD®OPMATUKA

OTH BBIBOABI MOXKHO CHeJaTh, MPOAHAIM3UPOBAB 3HAUCHUS
oumOkn MSE mpu oOyuennn monenu (puc. 19) u pesynbrars
npenckazanust monenu (puc. 20).

0.0035 |
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0.0025 |
o002 |
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0.001

Puc. 19. 3nauenus ommbku MSE mpu 00y4yenun Moaens HeHpoHHOH
cetn Ha ocHoBe GRU 1 LSTM

Puc. 20. Pesynprats! npenckaszanus moaenn Ha ocHoBe GRU u LSTM

Tenepr pa3paboTaeM MOIETH HEHPOHHBIX CETEH Ha OCHOBE
BPEMEHHOW CBEPTOYHOH HeHpoHHOH cetu. [logOupaeMbivMu ma-
pametpamu siBisirotest haktopbl pacmupennss TCN. Ctpykrypa
Mojieny HepoHHOH cetu Ha ocHoBe TCN mpeacTaBieHa Ha pH-
cyHke 21.

)
input = 60

S —

—_—

TCN
S |
Dropout = 0.2
oo i
.

Dense =0.2

—

Dense (out = 1)

Puc. 21. CtpykTypa Mozaenu HepoHHOM cetu Ha ocHoBe TCN

PaccmoTtpum nonpoOHee CTPYKTYpy MOJIENI HEHPOHHOI ceTn
Ha ocHoBe 0s10k0B TCN:

g
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UHDOOPMATUKA

1. Bxoxno#i cnoii: input shape=(n_steps, n_features) ompe-
nerseT GpopMy BXOIHBIX MaHHBIX. MBI ucmonb3yeM 60 mpenbl-
OyIUX 3Ha4YeHWH Kypca "Bitcoin" mis mpemckazaHUs CIeTyro-
IIETO 3HAYCHUS.

2. Cmoit TCN: 3TOT CiIO¥ mpeacTaBisieT CO0OH OCHOBHOM
0JIOK BpeMEeHHOH cBepTOYHOW ceTH. OH COAEPKHUT HECKOIBKO
YPOBHEH CBEpTOK C paszHbIMH KO3(DdUIMEHTaMH paclIupeHus
snpa (dilation rates), 4To 1O3BOJISIET 3aXBaThIBATh JJIMHHBIC 3a-
BHUCHUMOCTH BO BpeMEHHBIX psjax. Tak xe B cimoe TCN ncrnons-
3YIOTCA NPONYCKHBIC COCAMHCHUA MECKIY CIOAMU, JIA yIydlle-
HUSI 00yUYeHHE MOJIEIIH.

3. Cnoit Dropout: ucnonb3yeTcs A1 NpeJoTBpalleHus nepe-
o0ydeHHS.

4. ITomHOCBSI3aHHBINA CJIOM: UCIOJIB3YETCS ISl JOMOJTHUTEIb-
HOM 00paboTky MHPOpMAIUH repe]] (UHATEHBIM BHIBOIAOM.

5. BbIXOHOM €JIOM: COCTOUT U3 OJTHOTO HEMPOHA, TaK KaK MbI
TpencKa3biBaeM o HO 3HadeHue (kypc "Bitcoin").

CrpykTypa Mozenu HepoHHOH cet Ha ocHOBe TCN ¢ pa3HbI-
MU (haKTOpaMH pacIlIMpeHHs MMPeJICTaBIeHa Ha pUcyHKax 22 u 25.
3uavenust ommbOkn MSE mpu oOyueHMu Mopenu HEHpOHHOM
cetu Ha ocHoBe TCN mpezcraBieHsl Ha pucyHkax 23 u 26. Pe-
3yJbTaThl IpeacKka3zaHus Moaenu Ha ocHoBe TCN mpeacTaBieHsl
Ha pucyHKax 24 u 27.

input = 60

TCN=[1,2,4, 8]
Dropout =0.2

Dense (out = 20)

Dense (out=1)

Puc. 22. Crpyxrypa Mozenu HelipoHHO# cet Ha ocHoBe TCN
¢ akropom pacuupenus {1, 2, 4, 8}

o 10 20 30 20 50 60 70 80 30 g%

Puc. 23. 3navenus ommbku MSE mpu 00y4eHnn MOAeIH HEHPOHHOH
cetn Ha ocHOBe TCN ¢ ¢axropom pacmmpenus {1, 2, 4, 8}

—
b= nied |

Puc. 24. Pe3ynpratsl npeackasanust Mmogenu Ha ocHoBe TCN
¢ pakropom pacmupenus {1, 2, 4, 8}
[ input = 60 ‘
|TeN=11,3,5,71 ]
[ Dropout = 0.2 ‘
[ Dense (out = 20) ‘
[ Dense (out =1) ‘

Puc. 25. CtpykTypa Mozaenu HelipoHHOM ceTn Ha ocHOBe TCN
¢ pakropom pacmmpenus {1, 3,5, 7}
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Puc. 26. 3nauenns omm6ku MSE npu 00yueHny Moenu HelpoHHOI
cetr Ha ocHOBe TCN ¢ akropom pacumpenus {1, 3, 5, 7}
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Puc. 27. Pesynbratsl npenckaszanus Moaeiau Ha ocHoBe TCN
¢ paxkropom pacumpenus {1, 3, 5, 7}

CpaBHEHHE pPE3yNbTaTOB IpeicKa3aHums Kypca "Bitcoin" Ha
TECTOBOW BBIOOPKE MOEISIMH HEHPOHHBIX CETEii Ha OCHOBE
6s10k0B TCN mokasaio, 4To MOJIeIN HEHPOHHBIX CETe Ha OCHO-
Be 01okoB TCN ¢ (akropamu pacumpenus {1, 2, 4, 8} u {1, 3,
5, 7} uMerOT cxoxkee mpejckazanue Kypca "Bitcoin". Ouu BepHO
OTCIISKUBAIOT TpeH 1 Kypca "Bitcoin" u B cpaBHEHUH C JIpyTUMHU
MOJCIIMHU HUX PaCXOXACHUC C TOYHLBIM 3HAYCHUEM Kypca
"Bitcoin" MUHHMAJIbHOE, OJJHAKO MX IMPEICKAa3aHUC TOUYCK MaK-
CUMYMOB U MHHUMYMOB CMECIIICHO.

B Tabmuiie 2 mpuBeCHBI Pe3yIbTaThI MPOBEICHHBIX IKCIIC-
PUMEHTOB 1 0003HAYCHA IPUMEHIUMOCTD TOH FITH HHOW MOJICITH
JUTS TIPOTHO3UPOBAHUS KYPCOB KPHUITTOBAIIOT.

Tabnuma 2
CpaBHHTETbHAS XapaKTEPUCTHKA PACCMOTPEHHBIX MOJIEIICH
BepHnoe npenckasanue Bepnoe
Mopenn MSE TOYEeK MaKCHMyMa npeacKasaHue
U MHHEMYMa TpeHja Kypca
GRU-4 0,72344 JA JA
GRU-8 0,41623 HET JA
LSTM-4 0,66723 JA JA
LSTM-8 - HET HET
GRU-LSTM-4 | 0,52634 HET JA
TCN{1,2,4,8} 0,46421 HET JA
TCN{1,3,5,7} 0,46034 HET JA

CpaBHHUBasE B COBOKYITHOCTH BCE MOJICTH MOYHO CJeNaTh
CJIC/IYIOLIMIA BBIBOJ: BCE MOJIENH, 32 UCKIIOUYECHHEM MO Ha
ocaoBe 8 0OsoxkoB LSTM (LSTM-8) BepHO MpEaCKa3bIBAIOT
Tpenn kypca "Bitcoin". ITpu 9TOM HauMeHbIllee PACXOXKICHHE C
HOMHUHAJIbHBIM 3HauYCHHEM crouMocTd "Bitcoin" umMeeT Mojeib
Ha ocHoBe 8 Os0k0B GRU (GRU-8). Haubosnee ToYHBIM Tpe/-
CKa3aHUEM TOYCK MAaKCUMyMa U MHHAMYyMa 00J1aJjacT MOJIC)b Ha
ocHOBe 4-x OnokoB LSTM (LSTM-4). HaubGosee cOamancupo-
BaHHBIMU BBITJISIST MOJICITH HA OCHOBE BPEMCHHOHN CBEPTOYHOM
Heriponnoit cetn TCN{1,2,4,8} u TCN{1,3,5,7}.

3akia0ueHue

B pesynmpTare mpoBEeNEHHOTO MCCICIOBAHUS MOXKHO CHIETaTh
BBIBOJ O TOM, YTO U TIPOTHO3UPOBAHUS 3HAYCHUN TUHAMHIHO
WM3MEHSIOMINXCS YUCIOBBIX BEJMUMH Ha MPHMEpPe KYypPCOB KPHII-
TOBAJIIOT METOJAaMH MAIIMHHOTO OOy4YeHHS CIEIyeT HCIIONb30-
BaTh HE OJHY, & HECKOJIbKO MOJEJIeH IPOrHo3upoBaHus. Mero-
JIbI MAIIMHHOTO 00y4eHus, Takue kak LSTM u GRU, npoaemon-
CTpUpPOBAJIN MAKCUMAJIBbHYIO TOYHOCTH MPOTHO3UPOBAHHSA KOTH-
POBOK KPHIITOBIOT OJylarojjapsi MX CIOCOOHOCTH YUYUTHIBATH

MHD®OPMATUKA

JIOJTOCPOYHBIE U KPATKOCPOYHBIE 3aBUCUMOCTH B JaHHBIX. | pa-
queHTHbId OyctuHr (XGBoost) moka3zan BBICOKYIO MTPOHM3BO/M-
TENBHOCTh Ha JAHHBIX C HEJIMHEHHBIMHU 3aBUCUMOCTSIMH, OJHAKO
YCTYIHJI HEMPOHHBIM CEeTAM B 3ajauyax MPOTHO3UPOBAHHUS BOJIa-
THJIBHBIX BPEMEHHBIX psifioB. Kiiaccuueckne METOMbI, TaKne Kak
ARIMA wu Prophet, oxazanuce MeHee 3(GEKTUBHBIMH IS aHA-
JIM3a KPUNTOBAIIOTHBIX JAaHHBIX M3-32 UX C/1a00W aJanTHBHOCTH
K BBICOKOH BOJIATHIILHOCTH.

Pa3paboTaHHbIH aJTOpUTM NPOTHO3UPOBAHMS, OCHOBAHHBIN Ha
mozenssx LSTM u GRU, obGecrieunnn MUHHUMAJIbHBIE OTKJIOHCHHS
MPOTHO30B OT (haKTHUECKUX IAHHBIX, YTO MOATBEPXKIACTCS HU3-
KnMH 3HaYeHHIMH MeTpuk MSE. Ha ocHOBaHWMM NpOBEICHHOTO
UCCIIEIOBaHNS TIPE/UIOKEHBI PEKOMEHIALUKM MO0 JalbHEHIIeMy
COBEPILEHCTBOBAHUIO METOJIOB IPOrHO3MPOBAHUS KPUITOBAIIOT-
HBIX KOTHUPOBOK. B 4YacTHOCTH, pPEKOMEHIYeTCsl M3yueHUE TH-
Opunubx apxutektyp, coderatrorux CNN, GRU u TCN, a taxxke
NpUMEHeHHe OoJiee CIIOKHBIX METOIO0B 00padOTKH BpPEMEHHBIX
PSIIOB, TAKKX Kak TpaHc(opMeps! U attention-MexaHNU3MBbI.
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MACHINE LEARNING METHODS IN APPLIED PROBLEMS OF FORECASTING DYNAMICALLY
CHANGING DATA

Yuri L. Leokhin, Moscow Technical University of Communications and Informatics, Moscow, Russia, y.l.leokhin@mtuci.ru
Svetlana S. Dymkova, Moscow Technical University of Communications and Informatics, Moscow, Russia, s.s.dymkova@mtuci.ru
Timur D. Fatkhulin, Moscow Technical University of Communications and Informatics, Moscow, Russia, t.d.fatkhulin@mtuci.ru

Abstract
The paper considers the problem of increasing the accuracy of forecasting dynamically changing data using cryptocurrency rates as an example. The aim of

the paper is to research and develop machine learning methods used in applied problems for forecasting dynamically changing data. The relevance of the
work is due to the fact that existing methods and models do not always allow achieving sufficient accuracy and reliability in forecasting quotes in conditions
of high volatility and complexity of cryptocurrency markets. Thus, there is a need for further in-depth research and development of new approaches and
methods to solve this problem. The object of the study is financial quotes of cryptocurrencies. The subject of the study is the performance indicators of
machine learning methods used to forecast quotes. To assess the quality of model predictions, the Mean Squared Error (MSE) metric was chosen, which
helps measure the accuracy of the model by identifying forecast errors. Additional quality indicators were also proposed, such as the correct prediction of
maximum and minimum points, which is important for analyzing cryptocurrency price fluctuations. Forecasting models were created using the TensorFlow
library and the T4 graphics accelerator. The Adam algorithm was used for optimization, training was performed using the mini-packet technique. The fol-
lowing research methods served as the methodological basis for the work: comparison, description, measurement, scientific abstraction method, as well as
analysis and generalization. The conclusion provides the main findings obtained as a result of the study.

Keywords: value, forecast, cryptocurrency, method, machine learning, model, algorithm
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The article presents the developed algorithm for assessing the
readiness of a space monitoring radar station (SMR) to operate
with the required accuracy characteristics in the radar portrai-
ture mode (RP) for information support for solving the prob-
lems of operational updating of the space catalog (SC). It has
been shown that the quality of the RP can be improved by
selecting the parameters of the probing signals taking into
account the current unevenness of the frequency response of
the receiving system of the RP. The main operations of the algo-
rithm for assessing the readiness of the SMR to construct a RP
for controlling the parameters of the probing signals based on
the results of calculating the Spearman rank correlation are
presented, which ensures the best accuracy characteristics of
the RP taking into account the influence of destructive factors
on the characteristics of the receiving and transmitting chan-
nels of the active phased array antenna (APAA).
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Introduction

The steady growth in the number of spacecraft launched [1]
necessitates the improvement of information support technologies
for near-Earth space monitoring (SMR) by obtaining non-coordi-
nate information about the radar portraits (RP) of spacecrafts [2-
6], which is especially important when solving the problem of
promptly updating the main catalog of spacecraft, including dur-
ing SC maneuvering [7]. In this article, the radar portrait is the
distribution of the reflected signal intensity depending on the
range and angular coordinates from the radar to the spacecraft [3].

To construct a RP, it is necessary to ensure a uniform ampli-
tude-frequency response (AFR) of the transmit-receive path
(TRP). This issue is especially relevant for spacecraft with three-
axis stabilization, which can take absolutely random positions in
space relative to their axis [4]. In this case, the noise pollution of
a part of the radar will not allow the accurate classification of the
spacecraft in the catalog of spacecraft, and in turn, an increase in
the unevenness of the frequency response leads to an increase in
the signal-to-noise ratio.

Currently, for spacecraft with three-axis stabilization, Costas
signals are used, which provide resolution of reflection points
from the spacecraft [8]. In this case, the use of this signal allows
information to be accumulated during coherent processing and
does not lead to a decrease in the signal-to-noise ratio. However,
there is a high sensitivity of the Costas signal to the unevenness of
the frequency response due to special frequency coding. Most of-
ten, when working with a spacecraft, the choice of signal is deter-
mined by the capabilities of the hardware and software complex
(HSC) of the radar, as well as the uncertainty function (UF).

The definition of the UF in integral form for a signal S with a
given delay time 7 and frequency shift Af is given as:

x(@Af) = [T7S(0)S"(t — e dt, €y

where S — signal amplitude, 7 — delay time, Af — frequency shift.
The Costas signal uncertainty function is a nearly ideal delta func-
tion with very small sidelobes, while most other signals have main
lobe extensions or increased sidelobes.

Existing and future wideband L-band SMR radars with large-
aperture active phased array antennas (APAA) have the potential
to form one-dimensional incoherent long-range radars required for
the catalog of space objects, including solving problems of:

— estimating the orientation of a spacecraft and various param-
eters of its design [9];

— continuous refinement of trajectories and orbital parameters;
— proactive de ermination of spacecraft maneuvering [10];

— estimating the degree of spacecraft fragmentation and de-
struction [11];

— pr dicting the areas of fall of deorbited spacecraft [12-14].

However, the guaranteed receipt of the specified information
is largely determined by the choice of the most effective algo-
rithms for signal and trajectory processing for specific conditions
of radio portraiture.

The conducted analysis of works in the field of super-resolu-
tion algorithms showed that the potential values of the range res-
olution are largely determined by the band and types of probing
signals [15].

The considered theory of constructing resolution algorithms
using wideband signals was revised in [16]. The procedures pre-
sented in the work work with known correlation coefficients of
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noise and the useful signal, which is often impossible to calculate
due to the presence of non-Gaussian noise.

Another well-known method is the procedure for estimating
the quantitative composition of the spacecraft using the criterion
of minimum average risk with an asymmetric loss function [17].
In other words, the loss function is understood as an incorrect de-
termination of the number of components of the spacecraft in a
greater or lesser direction. There are many methods and ways of
choosing the optimal loss function.

The last method is the method for solving the inverse problem
of group scattering [18]. This method describes the multidimen-
sional structure of the echo signal of a complex spacecraft taking
into account background correlated interference. Also, as a result
of signal processing by this method, multidimensional images are
obtained after coherent probing. Because of this, the result of con-
structing a RP in correlation, filter and correlation-filter pro-
cessing schemes will be intensity blurred by noise due to coherent
processing.

The considered methods have become widespread in con-
structing RP in near-earth electromagnetic wave propagation sys-
tems, where a sufficient condition for resolving an object is ob-
taining single measurements about the target. In this regard, to
construct a RP, it is necessary to obtain the intensity of reflections
of the amplitudes and the target's EPR over a long period of time,
which corresponds to several intervals of spacecraft flights to
maintain a catalog of space objects.

The conducted research of works [4, 16, 19] in the part of in-
formation support of the catalog of space objects allowed to spec-
ify the following negative factors requiring complex consideration
in dynamics and real scale during operation of the SMR radar in
the RP mode:

— technical and functional condition of the radar (temperature
dynamics of the receiving and transmitting models, non-uni-
formity of the frequency response) in combination with the pa-
rameters of the probing signals (band, modulation type, duration,
duty cycle);

— environmental parameters (ionospheric and tropospheric
corrections);

—unc rtainty of the spacecraft parameters (local inhomogene-
ities, distortion of the phase center).

The specified factors and features of the radar operation in the
barrier mode of coverage determine the efficiency of using the
methods of inverse synthesis of the aperture. At the same time, the
efficiency of this method of constructing the RP is determined by
the shape of the frequency response. Thus, non-uniformity over
several dB in the frequency band can lead to a critical decrease in
resolution and the impossibility of constructing the RP.

Analysis of modern methods of constructing RP based on both
reverse aperture synthesis [3, 20-22] and digital processing of re-
flected radar signals [23, 24] showed that a necessary condition
for their application in the interests of updating the catalog is com-
pensation for the following destructive factors caused by:

— non-identity of the amplitude-phase distribution (APD) in
the receiving and transmitting channels of the APAA;

— propagation medium;

— fluctuations of the phase center of the object;

— insufficient accuracy of data on the trajectory parameters of
the object.

At the same time, the most significant non-stationary destruc-
tive factor affecting the accuracy of coordinate measurements for
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large-aperture and wideband radars is the non-identity of the APD
in the receiving and transmitting channels of the APAA [25]. The
results of modeling the passage of linear-chirp signals in the re-
ceiving system of a modern L-band SMR radar, formed due to the
non-identity of the phased array antenna in the receiving and trans-
mitting channels of the APAA, are presented in Figure 1.

A
! Characteristic features:
-2 lecal emissions

stochastic fluctuations

Amplitude-frequency response unevenness, dB

Fy Frequency Fa

Fig. 1. Uneven frequency response of the receiving system of the SMR

The specified unevenness has a non-stationary nature, which
significantly reduces the efficiency of using known algorithms for
reverse aperture synthesis to construct one-dimensional RP with
the required accuracy characteristics for classifying spacecraft.
The studies conducted by the authors [26-31] allowed us to for-
mulate a hypothesis about the possibility of reducing the influence
of destructive factors on RP parameters by adapting signal param-
eters to the current unevenness of the frequency response in real
time based on the results of assessing the readiness of radar hard-
ware to form radar portraits.

Formalization of the indicator of readiness
for constructing a RP

The process of updating the satellite catalog in wideband ra-
dars can be presented as an assessment of the readiness of the
hardware to build a RP according to the criterion of maximizing
the accuracy characteristics (by minimizing the errors in measur-
ing coordinates and radial velocity).

In the article, the indicator of radar readiness to build a RP is
understood as a value characterizing the degree of readiness of the
radar to operate with the required accuracy of determining coordi-
nates, according to the results of the assessment of which the in-
fluence of destructive factors on the unevenness of the frequency
response is compensated for by a reasonable choice of corrections
to the amplitude and a change in the amplitude-frequency spec-
trum of the signal.

According to [31-37], the accuracy of determining coordinates
by range and by angle is estimated using the formulas for the de-
pendence of the bandwidth B, the signal-to-noise ratio g and the
half-width of the radiation pattern 6 5:

c

or=——, 2
0

80 = 23 (3)

2/q
Using formulas (2) and (3), we determine the volume of space
in which an erroneous detection of a spacecraft is possible as:

8V = 6rér,0r; = 1261680, (4)
ory, = réyY, 6ry = rdo,

where §r — range measurement accuracy; 6y, 66 — azimuth and
elevation measurement accuracy. Due to the presence of range and
angular coordinates determination error, the spacecraft location
will be determined with an accuracy of 6r, 675, 673.

To obtain an analytical expression for the indicator of readi-
ness for constructing a radar station, we transform the accuracy of
determining coordinates by range dr into the volume of space
through accuracy characteristics that depend on the signal-to-
noise ratio (SNR):

r2cHZ
oV = =1 5
1Bq (5)

The expression for estimating the signal-to-noise ratio q taking
into account the non-uniformity of the frequency response in the
radar receiving system can be represented as:

[/ 2 2df
q= ’
I HI2IN () 12df
where Sin — is the amplitude-frequency spectrum of the reflected
signal, N(f) — is the spectral power of the noise, fmax and fmin — are
the upper and lower operating frequencies. Then the formula for

calculating the volume of measurement uncertainty in the radar
can be represented as follows:

fmax
[ _ 1203 [ HIPING)Pdf
- fmax
4B [ H 2 S, 2df

(6)

(7

We will assume that the optimal values of the signal bandwidth
B for constructing the RP are determined by ranking the frequency
response data using the Spearman rank correlation coefficient.
Thus, according to [34], the non-parametric Spearman rank coef-
ficient allows us to estimate the relationships between ordinal var-
iables from small-volume samples and variables whose distribu-
tion is unknown. In the case of non-uniform frequency response
when the radar is operating with wideband signals, the use of the
Spearman coefficient is legitimate due to the occurrence of sto-
chastic changes in the frequency response of the signal.

The Spearman rank correlation coefficient has several ad-
vantages over other methods for measuring the relationship be-
tween variables. First, it does not require the assumption of line-
arity of the relationship and normality of the data distribution,
which makes it more universal and applicable in real-world re-
search, where the data is often nonparametric. Second, the Spear-
man coefficient is resistant to outliers, since it works with ranks,
not with the original values, which reduces the influence of anom-
alous observations on the final result. This is especially useful
when analyzing data with a large scatter or non-obvious patterns.

Another advantage of the Spearman coefficient is its ease of
interpretation and calculation. Unlike some other methods, such
as the Pearson correlation coefficient, it estimates a monotonic ra-
ther than strictly linear relationship, which expands the scope of
its application. In addition, it is suitable for working with ordinal
data, which many parametric methods cannot handle. Due to this,
Spearman's coefficient is widely used in psychology, sociology,
biology and other fields where precise quantitative measurements
are not always available, but it is important to assess the general
trend of the relationship between features.
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In general, Spearman's coefficient is written:
6 d;
nn2—1)
where d; — the difference between the ranks of values, while the
Spearman coefficient varies from -1 to 1; n is the number of ranks.
Thus, the indicator of readiness for RP in the interests of in-
creasing the efficiency of updating the catalog by optimizing the
parameters of the signal band can be represented as:
fmax 2 .12
r2c2 ffmm |H|*|Noise|*df

4Bp(H, Sin) - [Imex| |25, |2df

p=1 6 (8)

)

The given analytical dependence allows us to determine the
main operations of the algorithm for assessing the readiness of the
SMR radar to build radar portraits of spacecraft, the structural and
logical diagram of which is shown in Figure 2.

Probing signal parameters ‘ ‘ Information about destructive factors

e :

‘ Input parameters of the system ‘
Frequency response analysis

‘ Signal-to-noise ratio calculation ‘

l

Amplitude-frequency response evaluation

l

Calculation of accuracy characteristics

Evaluation of the radar portrait readiness
indicator B

D=Beonst

Functional correction Analysis of £ value Signal optimization

B<beonst

Radar portrait profiling

Radar portrait analysis

Fig. 2. Scheme of the algorithm for assessing the readiness of the SMR
radar to build radar portraits of spacecraft

The proposed algorithm evaluates the frequency response,
phase response and SNR under the influence of destructive fac-
tors. All information about the processed signal and destructive
factors is then combined into a single array of information to as-
sess the accuracy characteristics, with subsequent calculation of
the indicator of readiness for RP.

The presented algorithm for assessing the readiness of the ra-
dar for RP defines the following procedure for different values of
the readiness indicator:

— for negative values of the readiness indicator, the shape of
frequency response is optimized, with the signal band being opti-
mized based on an iterative calculation of the frequency change
law using the criterion of minimum side lobes of the autocorrela-
tion function;

— if the indicator exceeds the specified value, it is necessary to
simultaneously optimize the frequency response shape to the max-
imum along with the phase response correction;
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— if the values of the readiness factor are within the limits nec-
essary for the required accuracy of coordinate measurement, it is
necessary to proceed to constructing a radar portrait.

Evaluation of the algorithm efficiency

To evaluate the efficiency of the algorithm for assessing the
readiness of the SMR radar for constructing spacecraft radar por-
traits, we will represent the radar portrait as a convolution of the
probing signal with the target impulse response after processing in
the transmitting and receiving path. As initial data, we will assume
that there are two spheres approaching each other during move-
ment in the radar's field of view, and we will assume that at the
moment Ty, destructive factors affect the SMR radar equipment,
which change the uniformity of the frequency response and the
identity of the phase response, as a result of which the values of
the readiness indicator become negative (I' < 0). The values of the
reflected signal intensity were normalized to the maximum value
and logarithmed to the base 10.

Then the RP will have the form shown in Figure 3, which dis-
plays the maximum intensity of the reflected signal at 0 dB, and a
decrease in intensity and noise - negative values.
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Fig. 3. Sphere radar plot based on radar data with a negative indicator
of readiness for the RP

As follows from Figure 3, there is no clear picture of the two
spheres, which significantly reduces the ability to classify and de-
termine the type and parameters of an object, and accordingly, the
radar does not receive information about the type and shape of the
object, which is why it is necessary to spend more time on meas-
urements and increase the catalog update time.

If, when introducing correction amendments, the I' indicator
still remains negative, then the probing signal changes from a lin-
ear-frequency signal to a discrete-frequency-coded signal, which
ensures that the maximum of frequency response signal is com-
bined with the maximum of frequency response, after which
amendments are reintroduced to the phase responce and SNR (to
increase the tracking accuracy), which leads the I' indicator to
small positive values. Figure 4 shows the sphere radar plot with a
radar ready for the V= 1,5 m*.

-
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Fig. 4. RP of two spheres during the two-stage procedure of equalizing
the frequency response

The images in Figure 5 can be used to estimate the shape and
size of two spherical objects, while the noise level remains stable
and does not exceed the established threshold values, which al-
lows classifying objects and increasing the frequency of updating
the catalog.

The resulting detailing of the spherical spacecraft RP using the
readiness indicator I' allows increasing the level of information
support and maintaining the catalog based on the results of as-
sessing the sizes and parameters of the observed objects with a
high degree of accuracy.

Thus, the developed algorithm for assessing the readiness of
the L-band SMR broadband radar for constructing radar portraits
of space objects in the interests of maintaining the catalog of space
objects can be used to solve the following problems:

— more accurate classification of spacecraft;

— reliable determination of the values of the effective scatter-
ing area of the spacecraft, including maneuvering ones;

— obtaining additional non-coordinate information about the
observed objects.

Conclusion

A new algorithm for assessing the readiness of wideband
L-band radars for constructing high-precision SMR radars based
on the readiness indicator has been developed. The algorithm in-
tegrates the assessment of the current technical condition of the
radar (primarily the unevenness of the frequency response and the
non-identity of the phased array antenna in the APAA channels)
and adaptively optimizes the parameters of the probing signals to
compensate for destructive factors.

Experimental assessment of the quality of two-dimensional RP
of two spheres has shown the effectiveness of the algorithm for
assessing the readiness of the SMR radar for constructing a RP for
controlling the parameters of probing signals based on the results
of calculating the Spearman rank correlation.

Increasing efficiency of the catalog is achieved due to the guar-
anteed receipt of the RP required for cataloging in the conditions
of non-stationary destructive factors in the radar, affecting the
quality of the algorithms for constructing the RP.
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CUrHamNoB MO pesysNbTaTaM pacHera paHrooit koppenauun CnipMena, 4To obecneymnBaeT HauTyyLLIMe TOHHOCTHbIe XapakTepuctuku PI1C ¢ yqetom Bansnus
[ECTPYKTUBHbIX (DaKTOPOB Ha XapaKTEpUCTUKW MpueMo-nepegatolumx kaHanos ADAP.
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The paper presents a new algorithm with linear time complexity, which depends
only on the effective channel memory and the number of crosstalk sources, for
estimating the resolution time and capacity of a frequency-selective communica-
tion channel using a linear receiver and signals with duopolar multi-position pulse
amplitude modulation. The main limitation of the presented method is that it can
only be used for the case when the durations of channel symbols of the informa-
tion and interfering signals are the same and the start times of their transmission
coincide. From a practical point of view, this method can be used in the analysis
of high-speed wired data transmission interfaces in which information is trans-
mitted simultaneously and in parallel over several communication lines that are
located sufficiently close to each other. The key features of this method are: 1) a
constant number of equations equal to |, required to be solved to estimate the
largest settling time; 2) a linear dependence of the number of equation terms on
the effective memory and the number of crosstalk sources; 3) a new, more accu-
rate procedure for estimating the effective channel memory, which allows for
simultaneous determination of the resolution time and low boundary capacity
estimation; 4) new set of assessments that allows to estimate requirements for
symbol synchronization subsystems; 5) new method for estimating the required
minimum signal-to-noise ratio.
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Introduction

Nowadays, transformation of society into an information one
leads to an exponential growth in the volume of transmitted infor-
mation [1-4]. While this growth over the last decade has been
driven largely by wireless communications systems [5-8], with the
advent of data centers in the field of artificial intelligence, there
has been a shift in priorities to wired broadband communications
systems [9-12]. This is due in particular to the fact that different
varieties of such systems are used to ensure the exchange of data
between computing devices, sensors and information processing
devices [13-15]:

It should be noted that the dilemma faced by developers of this
class of systems is that the desire to reduce the bit energy while
simultaneously increasing the data transfer rate, on the one hand,
reduces the impact of crosstalk, and on the other hand, complicates
the signal-noise environment.

Taking into account this fact and that at present the methods
of channel equalization are becoming increasingly widespread, for
which the issues of the influence of noise on the quality of the
restored message at the channel output are quite acute in the con-
struction of such systems, the issue of finding an optimal solution
lying between the selection of optimal pre-distortion and optimal
signal-noise environment is extremely relevant.

Therefore, it becomes obvious that it is necessary to perform
an appropriate analysis that would allow us to determine the opti-
mal set of parameters, which, on the one hand, would ensure opti-
mal values for noise immunity, and, on the other hand, reduce the
influence of crosstalk and intersymbol interference to the required
level.

Nowadays such analysis is carried out by means of probabilis-
tic model that utilizes cyclostationary signals [10-12], which was
produced in the middle of the 20th century [16, 17]. The model
itself directly extracts an information signal from a stationary ran-
dom process and it’s widely used to describe noise, by estimating
number parameters of signal statistical characteristics that have a
repetition period [11]. In a similar way, this approach can be used
to analyze crosstalk interference during signal transmission over
adjacent transmission lines, caused by the presence of interwire
capacitive connections between them [9, 13, 18, 19], since the the-
ory of LTI is also applicable in this case.

However, an analysis of recent papers in this area [9-11, 20]
points to a number of significant limitations of existing methods,
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the main one is the non-polynomial computational complexity
when analytical methods are used, impossibility of obtaining the
solutions in the case when electromagnetic parameters of the lin-
ear path for the information and interfering signals are different;
the lack of analytical methods that allow the number of sources of
crosstalk to be taken into account is greater than 2.

Based on the above, it becomes obvious that it is relevant to
create a new class of methods for estimating the parameters of sig-
nal integrity analysis for various implementations of signal recep-
tion and processing methods in wired broadband communication
systems [21-24]. It is advisable to solve this problem based on the
methods of the resolution time theory [14, 15, 25, 27, 28] due to
their extremely low computational complexity.

The aim of this study is producing analytical method with ex-
tremely low computational complexity for estimating the main pa-
rameters of a wired baseband broadband telecommunications sys-
tem operating with PAM-n-signals under the influence of cross-
talk within the framework of the resolution time theory.

The main limitation of the developed method is that it can only
be used for the case when the durations of channel symbols of the
information and interfering signals are the same and the start times
of their transmission coincide.

1. Problem Statement

The following peculiarities of real broadband communication
systems would be taken into account:

1. Before the moment of time at which the observed process at
the output of the frequency-selective channel (FSC) it is non-sta-
tionary process, which imposes additional requirements for sym-
bol synchronization subsystem.

2. Primary impact of crosstalk source is taken into account.

3. The adverse effects of crosstalk can be represented as the
interfering signal transmission through an LTI system, which pa-
rameters characterize the parasitic relationships between transmis-
sion lines at the point of signal receiving

1.1 Math model
Taking into account the peculiarities mentioned above, the

model of the studied real FSC can be presented as a structural di-
agram (Fig. 1).

\]' Amplifer = Sampler - lecsmon ()
’ Device

+ |
|

4" -

Fig. 1. Block diagram of a considered FSC

-
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The dispersive characteristics of the real channel, through
which the information PAM-ny-signal is transmitted, are deter-
mined by the information FSC (InFSC) in the presented block di-
agram in Fig. 1. The i crosstalk on PAM-n¢-signal is produced
by parasitic interconnections between the communication lines,
through one of which the PAM-n-signal and through the other the
i-th interfering PAM-n;-signal are transmitted, respectively. Tak-
ing into account the results of paper [9], in the receive end the
impaction on PAM-ny-signal the i crosstalk can be represented
as a convolution of the impulse response of LTI that presented the
i interfering frequency selective channel (IfFSC) produced by par-
asitic interconnections, and PAM-n;-signal.

The shaper in the InFSC generates information PAM-ny-sig-
nal, which can be represented as follows

|
t) :zMrgshO (t
r=1

under the following sequence impaction on its input

-1)t,)> (1

a(t)=D> M(t-(r-1)z,)- @

r=1

At the same time shaper in the i- IfFSC generates PAM-n;-sig-
nal, which can be represented as follows

1n1 Zpﬁ gsh

under the following sequence impaction on its input
Z*\ 3t

Here 3(t) s Dirac delta function; gy, (t) and gg, (t) are

) O
~(r=1)z,)- 4)

partial pulses at the output of shapers in the InFSC and i-IfFSC

produced by 8(t) acting on their inputs, respectively; 1, is a

symbol time duration for PAM-no- and PAM-n;- signal; M, e M
and A, € A; are amplitudes of r' pulse of PAM-n,- signal and

PAM-n;- signal, respectively; 1 €1, N ; N is sources of interfer-

ing PAM-signals; | is number of channel symbols in transmitted
sequence.

The values of signal constellation (SC) of PAM-ny- signal M
is defined in the following way:

Mo

M={M,, }k:I =My, = (Ko —[Ing /2] = 0.5(1= g mod2)) AM . ky =T,np} »

st>
&)
and for PAM-n;- signal as follows
= ﬁ}

A={Aa = (A =
(6)

Here AM and AA; are step between the closest values of

=[In; /2| - 0.5(1-n; mod 2)) A, . k;

the SC elements of PAM-no- and PAM-n;- signals, respectively;
n, mod 2 is remainder from division n, by 2.

It is obvious that the following conditions are also met true for

the greatest absolute values of considered SC M, and A, -
M [=Maxs

scl ‘ 2 (7)
‘&Cl,i = ‘Agcni,i = Amaxi >

To achieve the capacity lower bound Gray code is used and
assertion is made that each value of the channel symbol in the se-
quences does not depend on the values of the preceding symbols
and takes on any of the values of the signal constellation used with
equal probability according to the papers [14, 15, 25].

The process at the input of amplifier on the receive end can be
presented in the following form using the results obtained in pa-
pers [9, 19, 13]:

Sy (t) = kloso (Sin (t) *

+ iklOSi (Iinj (t) * hi (t))+ n(t) =

+_ZN:klosi i (1) +0(t) =
zklosI ZA N |

= klosO séut (t)

r—1

klOSOZM P(t —(r=1)zg)+n(t)

®)

Here * is convolution operation; P(t) and I;(t) are the re-
sponses of InFSC and i-IfFSC on partial pulse sy (t) and
s, (t), respectively; n(t) is additive white noise (AWN);
k
InFSC; klOSi is losses introduced by the propagation medium that

loso is losses introduced by the propagation medium that defines

defines i-IfFSC; hy(t) and h;(t) are impulse responses of

InFSC and i-IfFSC, respectively.

Parameters of additive white noise [26] are defined as fol-
lows:

— the power spectrum

N,/2, |fI<f  ;
N ( f ) — 0/ > | | max >
0’ | f | > fmax; (9)
— he correlation function
s1n(27'cf )
R =N —ma" s 10
N (T) 0 2nt (19)

where f,_,. =1/1,.
Each j" cross-section of n (t) is a random variable n j with

PDF [26] is

fnj(nj):(c 275)71 exp(—O.S(nj/G)2), (11)

where 6=1/Nf, . is standard deviation of a random variable
n i
The gain of adaptive amplifier k, =k, K, is adjusted before

the transmission start so that the following relationships are met true
[25]
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Ky =Ko ™"
A losg (12)

max gy, ( )
max F’( )

1if max gy, ()< max P (t).

if max gy, (t)>maxP(t);
ke, =

(13)

According the last expressions, the observed process at the am-
plifier output has the following form

+kAzklos outi (1) +kan(t) =

:ZI_: MrP'(t—(r—l)rs)+iA,-’rli’(t—(r—l)rs) +n'(t)
_ _ (14)

(t=(r=1)t,) =ky,P(t=(r=1)7,):

1/ (t=(r=1)7,) =Kpkiog, li (t=(r =1)z, )3 0'(t) =kun(t)-

The signal on the input of decision device can be represented
as follows:

t)=ZI:8(t

=1

T )Samp ((J -

1)t + AT,
JutAT) s,
Here AT € (0; T, ) is the shift in the retrieving moment of the

transmitted symbol in the sequence, caused by the instability of the
sampler and can also be represented as follows

ATy, +ATifd <G +1
AT, =
Y| AT, + AT/ ifd>G +1

opt (16)
where AT, and AT, are the optimal time shift for retrieving
information about d" channel symbol for the following conditions
d<G+1 and d>G+1, respectively; AT, is a centered ran-
dom variable with respect to ATOptd u ATopt

The recovering of the channel symbol values in the sequence for
PAM-ne-signal on the receiving end is performed in accordance
with the following rule

Mrecd =M p|p:py ’

(dT) p|; d

(17)

where p'el,n: f(p',d)=min|s =1,I is number
pel,n

of the recovering channel symbol.
The reconstructed information sequence at the receive end has
the form

a'(t)= Z M. 8(t-rt,)

r=l1

(18)
1.2 Estimations

In this paper following estimations are used to assessment the
signal integrity:

1. The greatest settling time

SW

SW
Loty = {Tw'st i }kzl U{Tw.end » }kzl for the d™ channel symbol

ELECTRONICS. RADIO ENGINEERING

in the information sequence for given permissible settling error

A [25]. Here 1 and T are the symbol durations

w.stq k w.endq i

at which the k-th transparency window starts and ends for the d™
symbol, respectively; S, is a number of “transparency” windows

for the d-th symbol.
W W
res {Tw.stk }k:1 o {Tw.endk }k:I - Here

are the channel symbol durations at which the

2. The resolution time t

T and T

Ww.sty w.endy
ki “transparency” window starts and ends for any d-th channel
symbol in the transmitted information sequence when condition
d >G +1 is met true; G is effective memory of the considered
FSC [25]; W is a number of “transparency” windows;

The resolution time t,, estimation is based on the validity of
the transposition principle for considered FSC, due to which the

statement |T| < &, is met true based on the following rule

T2 {true if (T#@)A(max[T|<e,,);

| false if (T=9)v (max|T|>8reS) (19)

where |T| = {|t||t IS T} . Here T is a set, which is defined in the

following way

w w
T=t -t _ {Arwstk }k:l U{A‘Cwendk }k -1 if "tres " setGH
~ ‘res setgy]
D if [tres | # et |
(20)
Here || . || is a set cardinality; A‘tw‘stk = Tywste ~ Twastayk
Aﬁcw‘endk = Tw.endy _TwAendGH’k > tsetG+1 :tsetd ‘d:GH'

The set of symbol durations T, that determines the resolution

time t, with precision g, can be defined as follows:
Toes = {7, €R|(Sa (1) +A<Qu ) A (Qy <0.5AM ) A (Qy — 0.5AM, )} =
S
U[ Tw.stgk > Twendgy J
-l
2n
where
Sa (1) =max|A ((G+1)r, )| = maxx
(22)

kA Out G+l

+kAZklos outl G +1)Ts)_ MG+1

Here Q, is a parameter that characterizes the degree of non-
ideality of the
A=kyoF ! (1-BERxlog, ny) is an absolute value of the

quantization decision device;

-1 .. .
anomalous measurement error [25]; F () is inverse function for

the CDF of the standard normal PD law [25]; A, ( . ) is settling
error.

It should be noted that S, (t Ap , where A is per-

selG 41 ) -

missible settling error [25].

—
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3. Optimal time shift AT,

for retrieving information about
d channel symbol within the following condition d >G +1 is

true at which minimum settling error is achieved

AT =

opt argmin X

tsl\eﬂ(TwslGn.l)

’
X{SA (TW~SlG+1,1 ’tShG+l (rW-StGH,l )’G + 1)

SA (TWSlGH,l ’tShG+l (rW-StGH,l )’G + 1) <Qa }
(23)
and optimal time shift AT, within the following condition

d <G +1 is true

AT,

opty = argmin =

Lhg Tw.stg 41,1 )

'
X SA (TW.StGH’l ’tShd (TW.StGHJ )7 d ) < QA}

’
{SA (‘cw.stGH,l ’tshd (TW.StG_'_l’l )’ d )‘ X

(24)

Here 1, (TW~5tG+1,1) and 1y (TW~StG+1,1) are time shifts
relative to the transmission start of the received d* and (G + 1) -
th channel symbols in sequence at symbol duration T

w.stg 411 2

respectively

Si (lq,k,d):max|ASet (dK+k)| =

N
=max kAzséut(dK+k)+ kAZk
i=1

(dx+4)—My

’
losj "out.i

(25)

5. The permissible time shift T, is a time shift relative to

sh.pm
the transmission start of the received channel symbol, which is
defined in the following way:

e in case of analysis of considered process at the input of
adaptive amplifier is made when it becomes cyclostationary
(d>G+1)

T

shpm — t

sh.pmg ;| (TW~StG+1,1 ) (26)

e in the case analysis of considered process at the input of
adaptive amplifier is made when it is a mixture of nonstationary
and cyclostationary process

Tsh.pm = n’gn({tsh.pmd (Tw.stGH‘] )‘ d

=1,G +1}), 7)

where tg, oo (Tw.st el ) =min {Tsh (’CW_St Gl )} and T, is ob-

tained by solving the following equation

! —_—
SA (TWAStG_*_]’l ’TSh (TW.StG_HJ )’d ) - Apm

6. The largest spread of optimal time shifts for retrieving in-
formation

ATy = AT,

opty
max

del,G+1 ATOpt

(28)

The minimum required signal-to-noise ratio (SNR) for given
BER value at which lower bound capacity estimation is achieved
for given BER value when the optimal time shift for retrieving

information AT, isusedand 7, =1,

Min SNR =max q
d (29)

Here q:{Min SNRd|d =1,G +1}; Min SNR; is determined

based on the use of the results of paper [25] as follows

Pom (0T, ¢ +AT,
Min SNR; =10log,, (s °p‘)=

(kao )2

Ay (0.0,AT,, ))2

(30)

1 &
géq“"sw

=10log,

2
A
F~'(1-BERxlog, n, )
where

N,
P (0o, + AT =nizol(||v|sck

~ Ay (0.0,AT,,, ))2
0 k=1

is mean minimum power of signal at the d channel symbol value
retrieving moment; the maximum value of settling error at optimal

time shift AT . for retrieving information about d* channel sym-

opt
bol
Al (o, d,AT,, ) = maxx
N
X kAz S&;ut (d Tw.stl + ATopt ) + I(A Z klosi I(')uti (d TwAstl + ATopt ) -M d

i=1
Taking into account that A+A’ (0, d,AT,, ) =Q, the final

expression for Min SNR;; will take the form

F'(1-BERxlog,ny) 1
X
n

QA - A;nax (O’dﬂATopt> \/>0

~ Ay (0.0,AT, ))2

Min SNR; =20log,

S

k=1

€2))

7. The minimum SNR Min SNR(p) in the presence of the

maximum feducial symbol sampler instability p = At; / T at

W‘Stl

the symbol duration 1, =1 and optimal time shift AT_ . for

w.sty opt
retrieving information about channel symbol, here At is tem-
poral instability of the sampler. Taking into account the results of

paper [25] Min SNR( p) is defined as follows

Min SNR( p)=maxq’,

(p)=maxg 32)
here q'={Min SNR (p,d)|d =1,G+1}; Min SNR(p,d) is deter-
mined based on the use of the results of paper [22] and taking into
account that A+ A/ (y, d,AT ) =Q, as follows

opt

—
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Min SNR(p,d) =

M

sc

=<20log;,

F~! (1- BERxlog, 1) \/i[

[QA - HB)X A:nax (ir p, d > ATopl )]\/ﬁ k=t

if (ATopt = Plysy 2 O) A (IE%X Alax (i p.d, ATy ) <Qa ) A (ATopl F PTwsy = Twsy )’

(33)

- nf;l)x Alax (J_r p.d, AT"I’t )]2

where

max out (dTw.stl + ATopt * pTw.stl )+

A; (i p,d,ATopt):max‘kAzs’

N
+I(A Z k]osi I(;ut.i (dTW,stl + ATopt * pTW.stl )_ M d
i=1

8. The attenuation SA for information signal at the output of
the considered FSC, caused by the incomplete amplitude settling
of the partial signal pulse due its short duration and transient pro-
cesses. SA is determined by the following relationship

SA=-20log; Ky, )- (34)
9. Lower bound capacity estimation
Ww.st)

where T, Ct is a symbol time duration at which the 1*

"transparency" window starts.

10. Auxiliary lower bound capacity estimation that taking into
account nonstationary nature of considered process (14) until the
it becomes cyclostationary process in the case when the data rate
is significantly exceeds the Faster Than Nyquist rate

1

5 logang (36)
max {{Tw.sn } U{tW‘S‘dJ }d =1 }

1.3. The List of Problems to be Solved

Can (no) =

Analyzing the mathematical model of a composite FSC pre-
sented in the previous section of this paper and taking into account
the goal of this paper, the following problems that need to be
solved to achieve it should be formulated:

1) An equation that allows calculating the greatest settling
time for the information parameter of PAM-ng-signal at the output
of the adaptive amplifier for a transmitted information sequence
with an arbitrary number of symbols in the presence of crosstalk
should be obtained.

2) An expression that allows calculating the maximum settling
error at the output of the adaptive amplifier for arbitrary time shift
for considered symbol duration for given number of symbols in
information sequence in the presence of crosstalk should be ob-
tained. An equation that allows calculating the permissible time
shift for given value of symbol duration for the information pa-
rameter of PAM-no-signal at the output of the adaptive amplifier
for a transmitted information sequence with an arbitrary number
of symbols in the presence of crosstalk should be obtained.

D if (AT, — Py <0)A [nﬁx&nax (£p.d,AT,, )2 Q, J A AT + Py > Ty ):

ELECTRONICS. RADIO ENGINEERING

3) The method for effective memory estimation in the pres-
ence of crosstalk should be obtained for considered channel math
model.

4) Develop an algorithm to estimating the main parameters of
the system presented in Section 1.2 of this paper, operating in the
frequency-selective communication channel under consideration.

2. The Problem Solutions
2.1 The solution of 1%t problem

Let’s obtain an expression that allows to estimate the amplitude
largest settling time for the d-th channel symbol of the PAM-n,-
signal at the output of the considered FSC with a symbol duration

Ts = tsetd :

First of all, we obtain an expression that allows to estimate the
settling error A, (dt) for the d-th channel symbol without taking

into account the influence of the AWN and influence of sampler
instability AT = 0 and channel symbol duration t, . To do this,

lets transform the expression (14) using the following substitutions:
I = d . t = I‘CS = d’l:S . samp (d‘[,‘s)—n’(d’ts): Md +Asel (d‘[s) .

As a result, we get

My +Aset(drs)=

(37

where B (1) = P’((d —r+1)1:5) o i ()= Ii'((d —r+1)1, ) .
From equality (37) follows expression for the d-th channel
symbol settling error A, (dt;)

r=1 i i=1
N
+My |:Pd,d (Ts)_l]'i'ZA,d liaa ()
it

The next step of 1% problem solution is the following equation
to be solved

max

Aset (dtseld )‘ = Apm > (39)

where the maximization is made over all combination of channel
symbols values in transmitted information sequence.
Obviously, to solve this equation it is necessary to analyze the

expression

Ager (dtsetd )‘ for extrema, taking into account the fol-
lowing condition tiey <. To do this, we solve the following

system using expression (38) and substitution T, =t g

—
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ala ) Jom, = Pl (t“fd )=0

set (dtseld

F)d—l,d (tsetd ) =0

td):]

Il,l,d (tsetd ) =0

0| A (dty, )‘ oMy =0

set (dtsetd )V@A“ =0

ad Pd,d (tse (40)

o|A

ola .)/8AN7d =0

set (dtsetd

I N.d.d (tsetd ) =0

Analyzing system (40) we can assert that the extrema exists
only for boundary values of SCs due to the fact that considered
system has no solutions.

Using the obtained results and approach presented in [14,15]
let’s modify the equality (39) To do this, first we represent the

set(dT )

as follows:

expression

beﬁ(d‘r )‘

(41)

Here F, (x)=|x|sgn(sgn(x)+1); F_(x)
sgn(x) is a signum function; d'=d"=d .

(41)

= |X|sgn(sgn(x) —1) ;

Analysis  of taking into  account

M, =var; M,
2

7

equality

allows to assert that V1 ,Vd:

Aset (d Ts )

one of the following conditions should be correct:
(S, (1,) > max)A(S_(1,)=0);

(S+(rs):0)/\(|s_ (1)

The values of term elements of the polynomial in expression
(35) at which the above conditions are achieved are presented in
Table 1.

(42)

|- max) . (43)

Table 1

Values of term elements in expression (41) at which conditions
(42) and (43) are meet true

Considered The element values at which conditions are meet true
term elements
of the polyno- condition (42) condition (43)
mial in (41) variant 1 variant 2 variant 1 variant 2
Ail ,r
Al '%Cl,i A&Cni’i &Cl,i ASCni’i
e

scy SCnO SCy SCnO

<0 >0 >0 <0

=var; My =var; My, =var; A, | =var; A, =var

Taking into account (7) the expression for A d‘ts)takes

max (

the following form

d-1
max (d'[7 maX|Aset (d’ts )| = Mmax [Z|Pr,d (ts )| Jr|( I:)d,d (Ts)71)| +

r=1

N d
+z Amaxi Z| Ii,r,d (’E
i=1 r=1

(44)
Taking into account expression (44) the equality
max| A (dt,, )‘ = Ay Wil take the form
d-1
= Mmax ( Pr,d (tsetd )‘ + ‘( Pd,d (tsetd )_ ])U +
r=1 . (45

N d
+z Amaxi z‘ Ii,r,d (tsetd )‘
i=1 r=l1

2.2 The solution of 2" problem

To solve the 2" problem, the expression for settling error

Ayt (d’t tohg (r;d )) for the d-th channel symbol with symbol
SW
duration T;d e U|:TW-Std,k 3 Twen dd,k:| should be obtained.
k=1

To do this, we transform the equality (14) using the following
l=d+1, t=dl, +tg, (T, )

samp(dr;d gy (7 ))—n'(dr;d g (T ))sz +Aset(dr;d g, (T ))

After simplifications we obtain the following expression:
d-1
hd (T;d )) ZM P'd+1( Sd ’tshd (T;d ))+
r=1
+Md |:Pd,,d+l( Sd’ Shd , :|+Md+lpdl+l,d+l (T;d ’tshd (Téd ))+,
N d+1

+Z Z Arliran (T;d g (T;d ))

i=l r=l

substitutions

set(dT

(46)

-
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where P/ d+1( Ty > Liny (r;d )) ([d —r+1]T, +tg, (T ( )),
Ii,,r,d+]( Tsq »bsng (7 ( )) =1 ([d -r 4'1]T Ling (T;d )) '

The next step of 2" problem solution is the following equality
with the following restrictions to be solved

A pax (dt;d i pmg (r;d )) =max |A,, (d‘t o pmg (T;d ))| = Ay
(47)

Here the maximization is made over all combination of chan-
nel symbols values in transmitted information sequence.
Obviously, to solve this equation it is necessary to analyze the

Sct(d'c

b pmg ( )< . To do this, we solve the following system using

expression |A

L pmg ('c;d ))‘ for extrema in the condition

expression (46) and substitution ty, (t ( ):tsh_pmd (r;d )

Rld (T;d ’tsh»pmn (ng )) =0
) .

Aset (dT;d +tshApmd (T;d ))‘/ﬁMl =0

Pl:d+1( Sd > shpmd T Sq ))

Asel (d’t;d +tsh.pmd (T;d ))‘/aMdH =0 Pdl,d+l ( sh pmy T Sq ))
=

sel (d’t sh pmy (T;d ))‘/6A1,1 =0 Pd’+1,d+l( sd > sh pmy (T Sq ))

aalT ( ) 0

b pmg (r;d )) =0
(48)

Analyzing the system (48) we can assert that the extrema exists
only for boundary values of SCs due to the fact that considered
system has no solutions. Taking into account this fact and the ap-
proach presented in the papers [14,15], lets obtain an expression

0

sh Pmd

0

Aset (dT;d +tsh.pmd (‘E;d ))‘/aAN A+ = 0

’ ’
INLd1d+1 (Tsd

for b pmg (r;d) estimation. Firstly, we will represent

Aset(d +tshd( )) as follows:

51 g (5 ) [0 st () (Bt ()]

(49)

where

o
L

S! (r;d g (r;d )) => F, (M P, d+1( Tsq > g (T;d )))+

il

+F+(Md1 |:Pt;,d1+1 (T;d ’tShd (T; ))_1j|)

N d+l

+F+(Md+l Pd,+1,d1+1 (T;d ’tshd (Tsd ))) Z F+( 1 r Il rd+l (T;d ’tshd (T;d )))’

d—

a5 i )

+F7(Md2 (Pd,,dzﬂ (T;u Ling (T;d ))_1))

N d+1

+F (Md+lPd+1d2+l( ¥t (2 ))) Y F ( Aot (T ot (% )))

=1 r=l

—
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Here d, =d, =d.
Considering that the structure of equality (49) repeats the
structure of expression (41), we come to the conclusion that the

expression for A (d Ty, g (T;d )) has the following form

S 0,y (2, )) M B 1, (5 )]
k=1
(P (2t (52,)) 1)

d+1
Tt ’
i,r,d+l1 Tsd > 'shy Tsd

+‘Pd,+1,d+1 (g ting (524 ))‘) Z A Z
(50)

d-

As aresult, the equality A (dr;d + 1 pmg (T;d )) =A__ can

pm

be transformed to the following

Lsh pmg (t ) minT ( d). (51)

where T, (r;d ) is the solution of the following equality

d-
M ax [ ‘Pk d+1( Tsq ’Tsh( Tsq ))‘+
1

k=
‘(Pd’,dﬂ (T;d > Tsn (T;d )) - 1)‘ +‘Pd’+1,d+l (T;d 2 Ten (T;d ))‘) + . (52)

d+1
’ ’
i,r,d+1 (Tsd 7Tsh (Tsd ))‘ = Apm

+Z A Z

2.3 The solution of 3" problem

Let’s determine the impact of each of the symbols of the se-
quence on the received one. Obviously, data transmission process,
which is described by expression (14), can be qualitatively char-
acterized by the following stages:

1% stage is time interval between two moments, when data
transmission starts and when the process at the input of the adap-
tive amplifier becomes a cyclostationary process.

2" stage is time interval between two moments, when the pro-
cess at the input of the adaptive amplifier becomes a cyclostation-
ary process and when transmission ends.

It should be noted that until the considered process becomes
cyclostationary, two types of transient processes will be observed
at the input of amplifier: the 1% type is associated with the process
of information parameter settling during each channel symbol
transmission in the sequence, and the 2™ type manifests itself as a
process of amplitudes partial pulses settling, which determines the
absence of cyclo-stationarity of the observed process, its comple-
tion determines the transition to cyclostationarity of the observed
process.

Based on the above, it becomes obvious that effective memory
estimation should be carried out using the assessment of the sta-
bility of the amplitude parameters of partial pulses in the transmit-
ted sequence at the output of the considered FSC. Due to the fact
that the main parameter for quality estimation of the system's op-
eration is the capacity, then in accordance with its definition we
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will consider the transmission process when number of channel
symbols in sequence | — oo .
To solve this problem let us consider the following expression

N
lim Z|:Mlj1+1 - h+1| +Z'Aﬁ i+l b J1+1|( )} ’

>0 il =
(33)

which was obtained utilizing the expression (37) by using the
right side of it and following modifications:d =1, | — oo ;
r=I—-j+1.

According previous results [14,15] the following relation will
be valid

N
Ill_)Ig Z{Ml J1+1P| J1+1| +ZlAI Ji+l II Jl+1|( )il <

=1
ZUM| i+l Z‘AI i+ |I Jl+1|( )

I :l
=t

I i+l I
(54)

The following inequality is meet true for any partial sum of
first v element of a given series
s

Z r |v ]1+1v
Z‘Av i+l |v 11+1v( ):l
i=1

(55).

< lim
| >0

=

\

Zl:Mv Ji+l v ]1+1v

=t

< ZU v—ji+l

=

1+1v

Expressions (54) and (55) reach their greatest values
when the following condition is meet true

Vi) 5|M|—j1+1 :|M :|Ai,v—j1+1 = Aa; - S0,
the estimation rule for dependence effective memory estimation

I

v—ji+l| = M ax |Ai,l—j1+l

é(rs)—nﬁn{G’(rs):0<llL1:10[i[Mm o (7

=t
+ZAW

on the symbol duration G (‘r ) can be represented as follows

|I Jl+1|( )

e

(56)

G'(75)+1

Z [ mdx‘P —k+2,G'(7g) +l

i.G/(xs) k+ZG(rg)+1( )
k=1

where ¢ is the channel symbol amplitude characteristics settling
accuracy in the case where the values of channel symbols take the
SCs greatest values.

In the case when the considered series can be replaced by its
partial sum of G'(t,)+1 channel symbols with accuracy € at a

given value of symbol duration T, the observed output process

is cyclostationary one.

Taking into account that the speed of 1% type transient pro-
cesses depends on ratios of channel symbols amplitudes, the fur-
ther simplification of expression (56) will be done using the
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Amax i

following substitutions: M. onland A, on . As re-
I Mmax
sult we get
!
A O A,
G(r,)= mm{ ):0< hm[Z[ - jl+|| M liimjien (R)H
=1 i=l 7 max
G'(15)+1 N Am .
z [ )k+2.G' rs)+1( I+ M ' i,G'(rs)k+2,G'(rS)+1(Ts)JSE}
=1 i=1 max

(57

Let’s represent the series in expression (57) by its partial sum
and remainder, which can be represented as follows:

Amax
}E&[;W e ( M S (5] | =
58)
Amx > (
_Rh+2| I- n+1l = L=+ (Ts)
Ji=l1 i= ] max

where R, is series obtained by discarding the first h terms of con-
sidered series.
The final expression for estimating G'(TS) has the following

Z "" o (@ )}

X

(39

Interrelation identification between the parameter € and the
accuracy of the resolution time estimate &..s would be considered
in the next section of this paper.

form:

é(TS):

{ ( O<Rh+z_l|: - jl+1|
+Z

G/(t)+

- Z |:P( s)-i1+2.6/(%) +1

=l

'G (%) Jl+2,G'(rs)+l(TS)

3. Algorithm for System Quality Estimation

This section presents algorithms for estimating the resolution
time and parameters for assessing the quality of the system's oper-
ation based on it.

3.1 Algorithm for estimation resolution time algorithm
in the presence of crosstalk

1% step. Input is proceeded for the initial parameters which are:
SCs configurations; partial pulses gy, (t)and s, (t); impulses
pulse of InFSC and i-IfFSC h (t) and h; (t); BER; variance of
noise o2 ; parameter Qa; resolution time estimation accuracy &es;
gain of adaptive amplifier k

2" step. The permissible settling error A, is calculated ac-

cording the following expression

Apn =Qx —A=Q, —kyoF ' (1-BERxlog, ny).  (60)
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3" step. The largest settling time estimation g, ;. iscalculated K = Gec —6p . (62)
r i ———
by solution the equation (45) with numerical method with accuracy c-D
€res for the fourth symbol (dr = 4) of PAM-no-signal and PAM-n;- b — C6,p — D6 (63)

signal modulating information sequence, that follows from the re- ‘ C-D
sults of paper [14,15,25].

4t step. The value of ¢ is estimated according to the following
rule

where 6, and Gy are attenuation coefficients for C-th and
D-th term of c-th type of majorizing series, respectively. It should
e =min{s§r;s’_}, be noted that C, DeH :{h|heN*} ,C>D and C =10 and D=3.

8; = mln|Smax T+)_ Smax (T+ +8res) 4

61) The rules for 6 calculations presented in table 2 and 3, here H

is H-th term of c-th type of majorizing series.

g = mm Smax (T-) = Simax (T- =€ e )|- . .
| o (1) = S ) For each type of series, the parameter o, = k.h, +b; is re-

where T — { }Sw T { }Sw . constructed based on the obtained results.
T Pt iy T T Pendg iy, In table 3 the following definitions: S, is the number of max-
dr NOA . . . . °
Smax ( - ):ZU Pea. (- )|+ZM—I|IiJ,dr (. )|J ima of the following expression for given value of H; U (rMKi )
r=l1 i=1 max

is a punctured neighborhood of the point Ty 5 @ >Hand q <30

5% step. Parameters for three types (¢ =1;_3) of majorizing
series (see Table 2) are estimated using the following expressions

Table 2
Majorizing series, expressions for estimating attenuation coefficients and the number of elements
of the sum to provide a given estimate of the residuals of the series [14, 15]
Parameter I*type series (c=1) 2"type series (c=2) 3“type series (c:3)
Majorizin, N N N N
SJeries g zulh (%)= Zexp (—omXs) ZUZh ZGZhX exp(—oaX ) Zu3h z 1+($3hxS exp(—oy,X )
h=1 h=1 h=1 h=1 h=1
) R ln(Rflh k1Xs) b . 1+W, (Rﬁ2 Ky X, exp(—Z)) b, ., . 2+W_, (Ri ks X, exp(—Z)) by
h h=-| ——+—+1 h =|— o T hy=| - +—=+1
‘ Xsky ki 2% 2 kyx Ky
. 5 __hE, . _ W, (-En) 5 C o lew [—Ep exp(-1)]
cH ~(H ~(H 3H — -
) ) =)
W, is omega function with branch -1
Table 3
Algorithm for kb, estimation
CFSC impulse response hasn’t damped oscillations during settling process
~| N ATIHX' ~| . Anax N AﬂaX' 1
En :‘Pq—Hﬂ,q (TgH))‘JrZM = lig-Hi1g (TgH))‘: S {Pq Ho( gt ( Py-rsng ( M lig-hg (T6) ¢0}
i=1 max S m i=1 max

T Twstd, 1 ;3Tw.enddr 1

CFSC impulse response has damped oscillations during settling process
() 3 A (H)
~ X ~
Ey :‘Pq—HH,q (Ts ) +ZM “|lig-H+1q (Ts )
i=1 max
T < T; T; = |:Tw.stdr,1 ’3Tw.enddr’sw :|’

MKi
(V‘c;’ eU (‘EMKi ))/\(‘c;' ct)
Anax,

N
i ax,
i,g— aq\Ts < I:>q—H+1,q (TMKi )‘ Z
i=1 max =1

~(H
;1:(S ):maxT,ﬁ';

T}, =

+

‘Pq—HJrl,q(Tg) M Ilq H+1q( ”)
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6™ step. The selection optimal series type Copt 18 made using

following expression, which is obtained using the results of papers
[16,21]

=h, ) (c:cl),

argmin Z Sqchg if (

cel;3

max{ ch; ( comp) |:‘P| —hi+1l" (Tcomp )‘ +

comp
Ii,I —h+LI" (Tcomp )‘:| uché (Tcomp ) -

N
_|:‘PI ENITE (Tcomp )‘ + Z% Ii,I —h+LI" (Tcomp )‘:| > 0}

i=1 max

if (hL’ = hé’,l)/\(c;tcl).;

cel’

arg min (

N
Copt = +Z Amaxi
i=1 M

max

(64)

. ~(d
where .. is Kronecker delta; Tegp, G[TW'Ster;Tg r));

I’ —argmlnz 8qc q'

cel;3
presswn

= {h(;|vq € [héslr) (ucq (Tcomp ) - HPI —g+L,I" (Tcomp )‘ +

N J—
+Z% Ii,I —q+1,1" (Tcomp )‘:| 2 OJ;C = 1’3
i=

max
is g-th term c-th type series. I’ <30;

h; is calculated using the following ex-

. (65)

Here Ueq
7™ step. é( ;) is estimated utilizing (59) with assumption

. Here Q, e[O,l;0,0l], h s cal-

Copt

— opt
Rh
opt

anndh h

culacted based on the given value R™ using the expressions for
opt

ﬁc , presented in Table 2

Then, the effective memory is estimated using the following
expression

é[min(tsetdr )J—l, if G[min(tsetdr )}—12 d,,

G=
d, -1, ifé[min(tsetd )}—1< d,.
r

(66)

8" step. Based on the effective memory estimation G, the

resolution time t,, =t and lower bound capacity estimation

res setg 4

are calculated by solution the equation (45) and utilizing expres-
sion (35) and (36) for given values of BER and G.

3.2 Algorithm system quality parameters estimations
in the presence of crosstalk

For the initial parameters which are: SCs configurations; given

value of BER; variance of noise ¢~ ; parameter Q, ; gain of adap-

tive amplifier k, ; resolution time t.; effective memory G;

res >

feducial symbol sampler instability p the algorithm for symbol

T-Comm Tom 19. #8-2025

synchronization parameters estimation can be presented in the
form of the following steps:

1* step. For channel symbol duration T, = Tyst, permissible

time shift Tsh.pm

(51), solving equality (52).

is calculated using expressions (26) or (27) and

2" step. For channel symbol duration T, =T
shift AT, and AT,

opt
(24), respectively, using expression (50) and Tg, . .

wast, optimal time

4 are calculated using expressions (23) and

3 step. The largest spread of optimal time shifts for retrieving
information SSpr using expression (28) is made.

4 step. For given value of gain of adaptive amplifier k, The

attenuation SA caused by the incomplete amplitude settling of the
partial signal pulse due its short duration and transient processes is
estimated utilizing expression (34).

5"step. Min SNR and Min SNR( p) are estimated using ex-
pressions (32) and (33).

Conclusion

In this paper, a method with ultra-low computational complex-
ity has been developed for low bound capacity estimation and sig-
nal integrity for broadband telecommunication system with PAM-
n-signals functioning in the presence of crosstalk. The number of
equations that need to be solved to determine the resolution time
does not depend on the number of discrete states in the signal con-
stellations and linearly depends on the number of crosstalk sources
and the effective channel memory.

The main limitation of developed method is that it can only be
used for the case when the durations of channel symbols of the
information and interfering signals are the same and the start times
of their transmission coincide.
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AHHOTauusa

B cratbe npeAcTaBneH HOBbIA anropuTM C JIMHEMHOW BPEMEHHON CIIOXKHOCTBIO /15 OLIEHKM pa3peLuatoLLero BPEMEHW W HWKHE rpaHuLbl MpOMnyCcKHOM
CMOCOBHOCTH YaCTOTHO-CENEKTUBHOTO KaHara CBA3M, 3aBUCALLEH TOMbKO OT 3HaYeHNs 3 PEKTUBHOM MaMATU KaHANIA W YMCIA UCTOYHWUKOB MEPEKPECTHBIX MOMEX,
NPpY UCNOMNb30BAHUN JIMHEWHOTO MPUEMHUKA W [BYXMONAPHBIX MHOFOMO3ULMOHHBIX aMMIMTYAHO-MMMYNbCHBIX CUrHanoB. OCHOBHBIM OrpaHMYeHMeM MeToAa
ABJIACTCA TO, YTO OH MPUMEHWUM TOJIbKO AJIA CIlyYasi, KOrAa AIUTENbHOCTU KaHalbHbIX CUMBOJIOB MH(OPMALMOHHOMO M MELLAIOLLErO CUrHANIOB OAMHAKOBbI, 2
MOMEHTbI BpEMEHM Hadana ux nepejadu coenagatoT. C MpaKTUYECKON TOYKM 3peHUs JaHHbIA MeTofd MOXKeT 6biTb MCMOMb3OBaH MpU aHanuse
BbICOKOCKOPOCTHbIX MPOBOAHbBIX WHTEPDENCOB MepeAain AaHHbIX, B KOTOPbIX MHGOPMaums NepesaeTcsi OAHOBPEMEHHO U MapaseNlbHO MO HECKOMbKUM
JIMHUAM CBA3W, PaCMONOXEHHBIM AOCTATOMHO 6113Ko Apyr K Apyry. KntoyesbiMn 0cobeHHOCTAMM 4aHHOrO MEeToAa ABMIAIOTCS: |) NOCTOAHHOE YNCNIO ypaBHEHUI,
pasHoe |, HeobXxoAnMOe AnA OLEHKN HanBOoMbLIEro BPEMEHM YCTAHOBIIEHWS; 2) JIMHENHAA 32BUCUMOCTb YMCITA YIEHOB YPaBHEHUA OT 3(MEKTUBHON NaMATU U
KOJIMYECTBA MCTOYHUKOB MEpeKpecTHbIX nomex; 3) HoBas, Gonee TouHas npoueaypa oueHKM 3dEKTUBHOM NaMAT KaHana, No3BOMAIOLWAS OAHOBPEMEHHO
onpefensaTe BpeMs paspeLLeHus U MPOMyCKHYHO CMOCOBHOCTb; 4) HOBbI HAGOP OLIEHOK, MO3BOJIAOLLMI OLEHUTL TPEGOBAHNSA K MOACUCTEMAM CUHXPOHM3ALMM
CWMMBOJIOB; 5) HOBbIN METOZ OLEHKU TPEBYEMOro MUHUMANLHOrO OTHOLLEHUA CUTHAN/LLYM.

Knioueebie cnoea: MCU, paspewarowiee epems, nponyckHas cnocobHocms, meopus paspewarowezo epemeru, AVMM-n-cueHanbl, anzopumm ¢ JUHEUHOU 8bIMUCIUMESTBHOU CIIOXKHOCMbIO,
nepekpécmHbie nomexu
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