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AHHOTALMS

B pabore wuccnenyercs oOOOWIEHHAs HENMHEIHas CUCTEMa THIA «XHIIHHK—KEPTBa». Y CTaHOBIICHBI
JOCTaTOYHBIC YCJOBHS CYLIECTBOBAHMS M COUHCTBEHHOCTH OPOUTAIBHO YCTOMYHMBOTO MPEACIBHOIO IIMKIIA.
[Noka3aHo, YTO HPH BHITOIHEHUH ATUX YCIOBHH CHCTEMa 00J1aJaeT aBTOKOJIeOaTebHBIM pexuMoM. [ aHann3a
JUMHAMHYECKUX CBOWMCTB MNpPUMEHACTCS IJaaKas amlIpoOKCHMHpPYIOIIas Mojelb. [IpuBeeHbl NpHUMep
NPHOIIDKEHHOTO HAXO0XKACHUS IpeebHoro nukia. [lonydeHHbIe pe3ynbTaThl JeMOHCTPUPYIOT 3)(EKTHBHOCTD
NPEUIOKEHHOTO TMOAX0AAa W MOTYT OBITH HCIOJB30BaHBI NPH HCCIEIOBAaHMM IIUPOKOrO Kiacca Mojeleit

MEXBHIOBOTO B3aUMO/ICHCTBHSI.

ABSTRACT

This study investigates a generalized nonlinear “predator—prey” system. Sufficient conditions for the
existence and uniqueness of an orbitally stable limit cycle are established. It is shown that, under these conditions,
the system exhibits self-sustained oscillations. A smooth approximating model is employed to analyze the
dynamical properties. Examples illustrating the approximate determination of the limit cycle are also provided.
The obtained results demonstrate the effectiveness of the proposed approach and can be applied to a broad class
of interspecific interaction models.

Key words: self-oscillations, limit cycle, orbital stability, predator—prey system, trophic interaction.

KinroueBble ciioBa: aBTOKoJeOaHMs, PEISNbHBIN UKI, OpOUTaNbHAs YCTOHYHUBOCTh, CHCTEMa «XHITHUK—
KEPTBay», TPOPHIECKOE B3aUMOACHCTBHE.

ITocTanoka 3amauu.
IIycTh Q - HEMyCTOe 3aMKHYTOE BBITYK/IOE MHOXKeECTBO B R2 i x € Q. HopManbHbIil KOHYC K MHOKECTBY (Q
B TOUKE X ONpeJeIsieTcs cieayomumM oopasom (cm [1], [2])

Nox = {z € R™:(z,§ —x) < OVE € Q}. (1)
Janee, kacaTenbpHBII KOHYC K () B TOUKE X OIpEAeIIeTCs CIeAYIOMNM Opa3oM
Tox ={z € R™:(z,y) < OVy € Nyx}. (2)
Tenepb, paccMaTpuBacTCs CUCTEMA

% =P(f(x) +6(x — %), Tyx). (3)
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X
3ZIGCL: X = (xl); X1, X €CTh YUCJICHHOCTH, COOTBETCTBCHHO (GKEPTBa» U «XUIITHUKAM;
2

P( fx)+8(x —x), TQx) ecth mpoekuus Bektopa f (x) + 6 (x — %) Ha xacatenbHbIi KoHyc Tox K Q B Touke
x € Q;
_ (&1 —v1x2)x . .
flx) = €CTh [IpaBasi YacTh KJIACCHUECKON MOJEIH CUCTEMBI «XUILHUK - XKepTBa» (cM [3]);
—(&2 = v2x1)%;
_ (52 /Y2
X =
&/n
mapamMeTphl.
OrpanndeHne x € (Q MOIENHPYET OINpENeNIeHHBII CIOCO0 MCKYCCTBEHHOTO PETYIHPOBAaHUS UHCICHHOCTH
BHUIIOB; HaIM4ue ciaraeMoro §(x — X) MO3BOJIAET pacCMaTPHBATh HEKOTOPYIO KOMOHHAIINIO CHCTEMBI «XHIITHHK-
JKEPTBaA» U MPOCTEHIICH MoIein MabTyca ¢ MOCTOSHHBIM KOA((QHUIIUESHTOM MPHPOCTA.
Ecm § = 0 u Q = R?, 1o (3) npe/cTaBIseT KIaCcCHUECKYI0 MOJIEb CHCTEMbI «XUIIHUK-KEPTBA»; B 3TOM
ciyuae F(X) € TyX ns mo6oro X € Q, tak uro P(F(X), ToX) =F(X).Ectu 6 >0ue; =y, =& =y, =0
(u ipu 3tom X = 0), To (3) pacmazaeTcs Ha ABa NPOCTEHIINX ypaBHEHHUS

) €CTh IMOJIOKCHUEC PABHOBCCU KJIaCCUYECKOM MOACIIN, 81,]/1,82,]/2,6—HeOTpI/IIlaTeJ'II)HbIe

Xl = 6X1,
Xz = SXZ.

B nmanHOW paboTe yCTaHABIUBAIOTCS KPUTEPHUH aBTOKOJICOATCIHLHOCTH PAacCMATPHUBACMOI CHCTEMBI, a
MMCHHO YCJIOBUS CYIISCTBOBAaHHS B HEH €IWHCTBEHHOT'O OPOUTAIBHO yCTOWYMBOTO (B YCHJICHHOM CMBICIIE)
TpeIenbHOTo IUKia. [l aHam3a MocTaBJICHHON 3aauHl [Ie1eco00pa3HO BBECTH HOBEIC ITEpEMEHHEIE.
=X —-X,x=X,-X,.

3aMeTuM, 4TO

NQX = NQ—X(X - X), TQX = TQ—X(X - X) (4)
JeficTBUTENHHO, ITEPBOE COOTHOMICHUE 13 (4) BBITEKACT U3 OTIPEIeIeHNs HOpManbHOTo KoHyca (cM. (1)):

YENXeVEeQ,i-X)<0]e
ov(E=¢(-XeQ-X)[(r.i-x-X))=(.oH<0]e
oYe NQ_X(X—X).

Bropoe cooTHomIeHue (4) HETOCPEICTBEHHO CIIELyeT U3 IIEPBOTO.
Torna B HOBBIX epeMeHHBIX (4), cucteMa (3) mpuHUMAaeT BUA:

.= (1) = —V1%2X; + 6x 3
*= (x;) =F <<y2x11)?2 3—6x2 1)'T0x) = P(f (x), Tox).(5)

Orpannyenne X € Q B HOBBIX IIEPEMEHHBIX MMEET BHJI:

xX€Q—X=:0.(6)
OCHOBHBIM UHCTPYMEHTOM HCCIIEA0BaHUS OYIeT cleayromas Teopema u3 [4].
1.AHanu3 B cuctemMe TPO(PHUECKOr0 B3aMMOAeiicTBUS NOMYJIALUIA

2.1. Teopema o CyIIecTBOBaHWH, EAMHCTBEHHOCTH M OPOUTAIBHON yCTOMYUBOCTH 3aMKHYTOH TPACKTOPHUH.
Teopema 1 (cm [4]). Paccmampusaemces cucmema

% = P(f(x),Tyx),x € Q.(7)
Ipeononazaemces, umo:
f:Q - R? — iunmuneBadyHKLus(8)
Q # R? — HenmyCTOEBBINYK/I0€3aMKHY TOEMHOMXeCTBOBR? /()
0€intQ,;(10)
f(x) & Noxnpux € Q,x # 0, (11)

(Bx, f(x)) = u(llxID;(12)
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B —nexomopas cummempuinas noroxcumensio onpedenennas mampuya, pu(a) > 0 npu a > 0,
(f (), Cx) = vllxI?;(13)

Cx = (—x3,%1),v9 > 0.

Ymeepowcoaemcs, umo npu evinonwenuu nepeuucnennvix ycaosuti (8)-(13) cucmema (7) umeem
EOUHCBEHHYIO OPOUMANLHO YCMOUYUBYIO 3AMKHYMYIO MPAEKMOPUIo, 8 KOMOPYIO 6IUBAIOMCA 6ce Opyeue
HeHyegble MpaeKmopuu.

2.2. Teopema o aBTOKOJIcOAaHHU B 00OOIIEHHON CUCTEME «XHI[HUK-KEPTBaA»

Teopema 2. Ilycmb evinykioe 3amuymoe nenycmoe muodcecmeo Q C R3 ozpanuueno, a napamempor
cucmemvl (3) cmpozo nonoNcUmensHL 1 MaKoswl, 4mo ons 106020 X € Q evinonnennvt credyioujiue HepaseHcmea:

X, < Sly—”,x1 <2014
1 Y2

y1X1 > 0,v,X, > 0.(15)
Ilycme,
X €t Q(16)

u na epanuye dQ mHoxcecmsa Q vinoaHACMCA YCIOBUE:
X €0Q =>3(e€TyX)[{e, F(X) +5(X — X)) > 0].(17)
Toeoa cucmema (3) umeem eOUHCMBEHHYIO 3AMKHYIMYIO MPAEKMOPUIO, 8 KOMOPYIO 6IUBAIOMCA 8Ce Opyaue
mpaexkmopuu, omauuHble om noI0JNCeHUA pasHosecus X.
Hokazamenvcmeo. B Hauane npoBepumM ycnoBust (12) u (13) 6yneT BBINOJIHEHO IPU BRIIIOJHEHUAX YCIOBHH
(14) u (15).
L

Y1

VYcmosue (12) mpoBepum it MaTpuIbl B = u

Y1€2
Y2

Vi&2

(Bx, f(x)) = (@xf + _xzz) 8+ x1%, (V182X — V261%1) =

s Y1 Y2 s

£ £

_ (Vz 1 —Y251x2)x12 +(V1 2
V1 2

+ V152x1)x22-

Urak, Herpyano Buzmeth, uto Error! Reference source not found. OymeT BBIOJHEHO, €CIH BBITIOIHEHO
Error! Reference source not found..
[IpoBepum BeIMONHEHUE YemoBus (13);

(f(x), Cx) = y1x3 X1 + VX7 Xy,

OATOMY /ISl BHIOTHEHHs HepaseHcTBa (13) mocTatouno, uto6sl s moboro X € Q GbLIM CHpaBeHBEI
HepaBeHcTBa (15).

Maree, 3aMeTUM, YTO JUIsl JOKa3aTeIbCTBA TEOPEMBI JOCTATOUHO NPOBEPHUTH, YTO 3aKIIOYEHHE BEPHO
115 ipeo6pasoBaHHoit cucteMsl (5). [Tockobky MHOXkecTBO Q (U, C1eI0BaTENbHO, Q) OrpaHUYeHO U GYHKIUS f
HEMpephIBHO TuddepeHnupyema, oHa yaoieTBopsier ycnosuio Jlummmuma. Ycmosue (10) mis (5), oueBuaHO,
SKBHUBAJIEHTHO TpeOoBaHMio (16).
Hakonen, mys mpoBepku ycinoBus (11) HamoMHUM onpe/ieNieHne HOpMalbHOTO KoHyca (cM. [5])

zZ€Noyx © V(y € Q)[{y —x,2) < 0].
B ucxonHbIX 0003HAUCHHSX:
Z=FX)+8X—-X)ENx V(Y € QUY —X,Z) <0].
[osromy ycnorue (11) o3Hagaer, 9T
V(X € 9Q)[Z ¢ NyX|.
B HOBBIX EpeMEHHBIX:

V(x € 6Q)[z =f(x) ¢ NQx].
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Ecmm ke x € int Q, To cootHomenue f(x) € Nox = {0} o3Hauaer, 4r0

_ylxle + 5X1 = O,
ny1X2 + 5x2 = 0.

YMHOXUM MEPBOC U3 3THUX PAaBCHCTB HA X1, BTOPOC HA X, U BBIYTEM U3 BTOPOT'O MEPBOE:

V2x12X2 + V1x22X1 =0.

IlockonbKy ¥q,¥2,X1,X, CTpPOr0 MONOXKHUTENBHBI, 3TO O3HA4aeT, 4To Xx; = X, = 0. Urak, Bce ycinoBus
TEOPEMBI MMyHKTA 2 JUIsl CUCTEMBI (5) BBITIOJIHEHBI, U YTBEPKACHHUE MOJTHOCTHIO I0KA3aHO.

2.IlpuxyiaaHoii npumep

Ha npuBoauMoM HM)Ke PUCYHKE NPHUBEICHBI (ha30BbIE TPAEKTOPHU OOOOIIECHHOW CHCTEMBl «XHIIHHUK-
skepTBa». Jis 3T0r0, MHOXKECTBO () 3a7aeTCs HEPABEHCTBAMM:

aSX]_Sal,bSXZSbl,'

napaMeTpbl CUCTCMbI UMCHOT 3HAUCHMUSA:

g=71=16=y,=156§ =025
a=08b=05a =14b, =1.2.

HeTpynHo npoBepuTh, 4TO BCE YCIOBUSI TCOPEMBI B TAHHOM CJIy4ae BIMOJIHCHBI.
UuCeHHBI aHAIW3 B 3TOM MpPUMEpPE IPOBEACH C TMOMOIIBI0 21A0KOU MOOeIU Cucmemvl ¢ OUOOHOU

neauneunocmoio (cM. [6]) u mporpamm Mathematica

Puc. 1. Tpaexmopuu 0606weHHOU cucmembl «XUUWHUK-ICEPMEAY

3.3aka0uenue
B paboTte ycTaHOBICHBI YCIOBHS CYIIECTBOBAHHS

€JIMHCTBEHHOI'O OpOUTATEHO YCTOHYUBOTO
NpelebHOTO [HKJIa B O00OOWmEHHON  cucTeme
«XHUILHUK—KEPTBAY. IIpusenén IpuUMep €ro

MpUOIKEHHOTO HAXOXKIEHUSI C HCIOJb30BAHUEM
[JIaJIKOM  annpOKCUMHUPYIOIIEH MOJENH CHUCTEMBI.
[TosrydeHHbIe pe3yabTaThl MOTYT OBITH MCIIONIb30BAHBI
npu pa3paboTKe HaAyYHO OOOCHOBAHHBIX IMOIXOJOB K
palMOHAJIbHOMY  HCIIOJB30BAHMIO  JKOCUCTEM U
BEIPAOOTKE CBOCBPEMEHHBIX MeEp, HANPAaBICHHBIX Ha
o0ecrieyeHre YCTOWYHBOTO PAa3BHTHUS OKPYXKArOIICH
Cpenbl.
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OHIHYECKHUE HAVRH

®U3UYECKHUE NPOLECCHI, ONPEJEJAIOIIAE CBOMCTBA MMOJOCTHBIX CTPYKTYP
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Tocyoapcmeennoiii Yuusepcumem
Vnpaenenus, Poccus, Mocksa,
DOI: 10.31618/ESU.2413-9335.2026.1.133.2251
AHHOTAIUSA
Llenp paboTHI MOKa3aTh, YTO SHEPreTHYECKHE CBOMCTBA MOJOCTHBIX CTPYKTYD (BIMSHHME HAa TECXHHYECKUE
NpHOOPE!, Ha OHOJIOTHMYECKHE CHCTEMBI, Ha APYTHe IMOJIOCTHBIE CTPYKTYPBI) OCYIIECTBISACTCS CBEPXTEKYYHUM
CIIMHOBBIM TOKOM. CBEpPXTEKY4Hil CTUHOBBIN TOK BOSHUKAST MEXIY CIIMHAMHU BUPTYaJIbHBIX (POTOHOB (CITMHOBBIX
BUXpEH), CO3/1aBa€MbIMH KBAaHTOBBIMH OOBEKTaMH, COCTABIIIOIIMMH IIOJOCTHBIE CTPYKTYphl. KoHmenus
BUPTYJILHBIX ()OTOHOB ObLJIa pa3BuTa HOOENEeBCKUM staypeatoM P. deitnmanom B 1949 rony. OgHuM n3 cBOMCTB
BUPTYQJIBHBIX (POTOHOB SIBJISIETCS. BO3MOKHOCTh B3aUMOJICHCTBUS JPYT C APYTOM IOCPEICTBOM CBEPXTEKYUYEro
CIHMHOBOTO TOKa. OCOOBIM CBOMCTBOM IOJIOCTHOM CTPYKTYPHI SIBISIETCS €€ IOCIeeHCTBHE, TO €CTh CIIOCOOHOCTD
COXpaHeHHMs €€ CBOMCTB B TE€UEHHE HECKOJIbKUX YacOB U AaXke AHEH mocie yaajaeHus e€ u3 3aHuMaemMoil odnactu
MPOCTPAHCTBA. JTO SBIECHUE OOBSICHSIETCS CBOWCTBAMH (u3MUecKoro BakyyMma. COTJIaCHO HCCIICIOBAHISIM
[Inanka, Ditamreitaa u [lTepHa, Gusndecknii BakyyM, CBOOOIHBIHN OT 3JCKTPUIECKUX W MATHUTHBIX ToJieH (0e3
y4éra IpaBHTALMOHHBIX IOJEH), paccMaTpHBaeTCS He KakK ITyCTOe MPOCTPAHCTBO, a KaK COCTOSHUE OIS,
COCTOSIIETO U3 OCIHJUIATOPOB C ‘“DHEpPrueil HyJleBOH TOUYKW’, HAa3bIBACMBIX B NAHHON paboTe KBaHTOBBHIMHU
ocrmnATopamMu. KBaHTOBBIE OCHMIUIATOPBI UMEIOT NPELECCHPYIOMUIT CIIUH, U CBEPXTEKYYHi CIIMHOBBHIH TOK
MOJKET BO3HHKATh MEXIY HUMH, OCYILECTBILSI TAKUM 00pa3oM HOCIeACHCTBHE MOJIOCTHEIX CTPYKTYP.
ABSTRACT
The aim of this article to prove that energetic properties of cavity structures (impact on technic devices, on
biological systems, on other cavity structures) was carried out by spin supercurrent. The spin supercurrent arises
between spins of virtual photons (spin vortices) created by quantum objects consisting of cavity structure. The
concept of virtual photons was developed by Nobel Prize winner R. Feynman in 1949; one of the properties of
virtual photons is their ability to interact with each other by spin supercurrent. By a significant feature of cavity
structure is the conservation of properties of cavity structure, after removing it from any area of the physical
vacuum, for several hours or even days. This phenomenon is explained by the properties of physical vacuum.
According to investigation Planck, Einstein and Stern a physical vacuum free from magnetic and electric fields
(without regard to gravitational energy) became defined not as an empty space but as state of a field that consists
of some oscillators with “zero-point energy”. named, in this work, as quantum oscillators. The quantum oscillators
have precessing spins and spin supercurrent may arise between their spins, and by such way to condition “residual
effect” of cavity structures.
Keywords: cavity structure; virtual photon; spin vortex; superfluid spin current; physical vacuum.
KaioueBble ciioBa: MOJIOCTHAs CTPYKTypa; BUPTYaJIbHbIA (OTOH; CIHMHOBBIE BHXPH; CBEPXTEKYUHH
CIMHOBBIN TOK; (U3NUECKUN BaKyyM.
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BBEJEHUE

PaccmMoTpum mpumepbl Hanos1ee M3BECTHBIX
MOJOCTHBIX CTPYKTYP.

Hu}mmudbl T'usvl ¢ Ecunme (XXVI—
XXIII 8. 00 H. 3.

— -

Kpyenas nupamuoa ¢
HeNnpsMOy20abHbIM OCHOBAHUEM
T'yauumonmonec okono
MeKCUKanckozo 2opoda Teyuumiaar,
300-600 za. n.5.

Tuenunwvie comoi.

Monacmuipo ;]Kycudau, ]:fal;-a,
Anonus 7-8 6s.

Lllamposas npasocragnas
yepkoen, 18 6.

. il SR -
Hazooa Tema. Kaiigpoin, Kumaii
1041

A~ SN

S —

Cmonkosbiti uznywamens u3
noaycgep.

Puc. 1. I[Ipumepsi nonocmuvix cmpykmyp

OCHOBHBIMU CBOWCTBAMH IIOJIOCTHBIX CTPYKTYD
SIBIISIFOTCSI CIIEAYIOIIHE.

1. DHepreTuueckue CBONCTBA.

B 1965 wuccrnenoBarenu MOJIOCTHBIX CTPYKTYp
Jleon ompu u Anzape ne bemuzane miast a3QpQexTos,
CBSI3aHHBIX C MOJOCTHBIMH CTPYKTYPaMH, IPEIT0KHUIIH
TepMHH “u3nydeHue popmer” [1]. OqHako pe3ynbTaThl
HEKOTOPBIX 3KCIIEPUMEHTOB HE COINIACYIOTCA C 3THUM
ompezenenueM. IIpumep: ucciaegoBaHHE JI030XO0LEM
nog3eMHoit monoctu [2]. DddexkTuBHOCTE TOHMCKA
MOJ3€MHBIX MOJIOCTEN MaKCUMallbHa, KOT'1a J030X0A€1]
JIEP)KUT B pyKax oOpasel BelecTBa, HaXOIIIerocs B
MO3EMHOH ITOJIOCTH: HAallpUMep, NPOOUPKY C HEPTHIO,
ecii BeI€TCS MOMCK HE(TSIHBIX MOJ3EMHBIX 3aJeXei,
WK KyCOUEK JIepeBa, €CIIU BeAETCS MOUCK AEPEBSIHHBIX
MOJ3EMHBIX COOPYKEHHH. DTH PE30HAHCHBIE SIBICHUS
CBU/ICTEIIECTBYIOT 0 HAIAYHAA YaCTOTHOM
XapaKTEePUCTHKH B HEPTUH ITOJIOCTHON CTPYKTYPHI.

2. CaoiicTBo mocienerictus. Hampumep, mocie
yAaleHusT THpaMuibpl M3 Kakoh-mbo  obmacTtu

(du3HUecKoro BakyyMa €€ CBOMCTBa COXpaHSIOTCS B
¢u3MyecKoM BakyyMe eIIé B TEUYEHHE HECKOJBbKHX
4acoB U JjaXKe JHEH.
I. CBoiicTBa (pu3uvecKoro Bakyyma

B 1913 Ditamreitn u lltepH omyOmuKoBamn
ctathtio [3], B KOTOpOH, wuCHOIB3ys (Hopmyiy,
BbIBeZIeHHY0 [1nankom [4] miast sHEpruu &, aTOMHOTO
OCIMIUISTOPA, BUOPUPYIOIIETO C YaCTOTOH V,

g = hv/2 + hv/(exp(hv/(kT)) — 1),(1)

MPUIIUTA K BBIBOJY, YTO B KBAHTOBOM TEOPHH OIS
(du3MYeCcKnii BAKyyM B OTCYTCTBHE BJICKTPHUYECKOTO U
MarHuTHoro rojed (6e3 yuéra TIpaBUTAIIMOHHOTO
TI0JIsT) OIIpeAeNseTcs He Kak IyCTOe MPOCTPAHCTBO, a
KaK OCHOBHOE CBOMCTBO TOJS, COCTOSIIETO M3 TaK
Ha3bIBa€MBIX “‘@aTOMHBIX OCIHHIISTOPOB” C JHEpTHEH
&==~hv/2 npu T=0K. Dra sHeprus Ha3bIBaeTCs
“ocTaTOYHAs PHEPTUS” WU ‘“‘DSHEPTHS HyJIEBOW TOUKN’
(“zero point energy”— anri.). B ganHo# pabore (kak 1


https://ru.wikipedia.org/wiki/XXVI_%D0%B2%D0%B5%D0%BA_%D0%B4%D0%BE_%D0%BD._%D1%8D.
https://ru.wikipedia.org/wiki/XXIII_%D0%B2%D0%B5%D0%BA_%D0%B4%D0%BE_%D0%BD._%D1%8D.
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B HEKOTOPBIX JpPYrux) “aToMHbI{ OCHULIATOP”
Ha3bIBaeTCs “KBAHTOBBIA OCLUIUIATOP”.

CBolicTBa KBAHTOBOI'0 OCHULIISITOPA

(1) IonHbli MOMEHT KoJuuecTBa ABMXeHUs (J)
(oToHa, M3My4aEMOro aroMOM, pPaBEH BEKTOPHOM

TOJIBKO OpOMTANIbHBIM MOMEHT KOJIMUYECTBA JBIKCHUS
L. [5, 6]. CnenoBarensHO, ciuH (oroHa oOpa3zoBaH
CIIMHAMU KBaHTOBBIX OCLUJUISATOPOB!

Sq0 # 0.(2)

opuermayuu CNUHO8 JJ1eKMpPOHO8 Se 60 spawyarowemcs

cymme cnuHoBoro (S) wm  opburtampHOro (L)
MomenToB: J = L + S. O1HaKo, aTOM B SHEPTreTHUECKHX (2) OOpasoBaHue  CNMHOBOTO — BUXpS B
nepexojax  “mepemaéT’  BO3HHKaomeMy (oToHy — (PH3HUYECKOM Bakyyme.
/5_,3. ®m, S-m, g
9] @—}E@DE 4 e M, Puc. 2. Bapnemma C. []oc. aghcpexm ceudemenvcmsyem o6
Q= >
R

MazHume 800.1b yenosoti ckopocmu 2 [7].

1100 Oeticmeuem chuna S q K6anmoeo2o obvexma 6

545" Quszuueckom saxyyme modcem Oelcmeosams 3pghexm,
ananozuunsill 3gpGexmy bapnemma.
S, M wgy,.
CIIHHOBLIfH BHIPb
CrnmHEI KBAaHTOBBIX OCIUJIISTOPOB 4, 00pasytor  CrenoBartesbHo, CIIMHOBBIMA BUXPb UMeeT

CIMHOBBIH ~ BUXpb: €O  cHMHOM, S, =S,
MPENECCUPYIOIIMM € YaCTOTOH @y, = Wg,. W3 Puc. 2

CIIEIyeT:
S; M wy(3)

(3) Dnexrpuueckas moJsipuzanus (HU3HIECKOTO
BaKyyMa MOXeT OBITh CJICACTBHEM CYLICCTBOBAHHMS
3JIEKTPUYECKOTO  JUNOJLHOTO MoMmeHTa, dg,, Y
KBaHTOBOT'O d,, #0.

ocuuigTopa, TO €CTh

KB@HTOBBIE ODBEKTEI g
! Sy v
d,-
>

JIEKTPUYECKHit umnosbHbIi MoMeHT d,, = Y. dg,. Kak
nokazaHo B [8] nsyekTpuueckuid AMIONBHBIN d,
BUPTYaJIbHOTO ()OTOHA CBSI3aH C €ro CIIMHOM S, KaK:

S, 11d,.4)

PaccmoTpeHHble CBOICTBA CIMHOBBIX BUXPEH
COBIMAJAIOT CO CBOMCTBaMH BHPTYaJIbHBIX (OTOHOB,
CYLIECTBOBAaHHE  KOTOPBIX  OBLIO  TNPEIIoKEHO
Oeitamanom B 1949 roxy [9].

CxeMbl BUPTYaJbHBIX ()OTOHOB, NMPUBENEHBI Ha
Puc.3.

@y

e

~ (b

Puc.3. Cxemvl 6upmyanshvix (pomonos, coO30aHHbIX OMPUYAMETbHO 3aPANCEHHBIM K8AHNOGLIM 00EeKMOM
(sapuanm (a)) u NONOHCUMENBHO 3APAHCEHHBIM K6AHMOELIM 0Obexkmom (6apuanm (6)). Sq u u - cnunvl u

CKOPOCMU K8AHMOBYIX 00bEKNO8, Wy, - YACMONIbI NPeYeccull CNUHO8 S, GUPMYATbHLIX POMOoH08, 3 - yeibl
Oegprexyuu; z— ocb,; d,-vnekmpuyecKue OUnobible MOMEHMbL, Rq OMUHA 601HbL 6OTHOBOU PYHKYUU

K8AHMO0B8020 00beKkma.

VYron nednexkuun Bonpenensercs [8] CKOPOCThIO
u BUpPTyasbHOTO (OTOHA (MM, YTO TOXE CaMmoe,
CKOPOCTBIO KBAHTOBOTO OOBEKTa, CO3/ABLIETO STOT
BUPTYaJIbHBIN (POTOH) M CKOPOCTHIO CBETA.

sinf =u/c.(5)

W3 ypaBHenus (5) ciueayer, dYTO TMpPH U=C
BUPTYaJbHBIN ()OTOH TIpeBpaIlaeTcss B PEajbHBIMH;
cymectBoBanue 3 dexra Uepenkona [10] moka3piBaeT
COCTOSATENBHOCT YpaBHEHUS (5).

4) BoxHOBEIE CBOIiCTBa BUpTYyanbHOTO (hoTOHA.

CormacHo  runoreze  DeifHmMaHa  pasmep
BHPTYaJBbHOTO (POTOHA OMPEAEISETCS TIMHOW BOJHBI
/q KBAaHTOBOTO OOBEKTa, CO3/IABIIETO BUPTYaIbHBIH
¢oron. CnenoBaTenbHO, U IPYrHe XapaKTEPUCTHKH
BUPTYJIbHOTO  (DOTOHA  MOTYT  ONpPENEISTHCS
BOJIHOBBIMH XapaKTepUCTUKaMU KBAaHTOBOT'O OOBEKTa,
CO3JaBIIEr0  3TOT  BHUPTyalbHBIH  QoTton [11].
Hanpumep, yactora npereccuu CnvHa BUPTYaJIbHOIO
(doTOHAa @, MOXET OINpPEAEISATh YACTOTY BOJIHOBOK
(yHKIMH  KBAaHTOBOTO OOBEKTa H  TOTAa, B
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cooTBeTcTBUU ¢ ypaBHeHueM llpemnmnrepa [12], w,
ompezensercs dHepruei U, KBAHTOBOTO 00OBEKTA:

v/1.(6)

rae U, = mqu®/2 + p,H + kQy; my, u n py
COOTBETCTBEHHO Macca, CKOPOCTb M MAarHUTHBIN
JUMONBHBIA MOMEHT KBaHTOBoro ooOwekra; H -
BHENIHEE MArHMTHOE IIOJIE; §2, - yIJoBas CKOPOCTh
BHEITHETO BpaIllCHHUS; k- ko3¢ purmeHT
MPONOPLUOHATBHOCTH.

I1. CBepxTeky4uii CIMHOBLIN TOK

B 1876 MaxkcBeni mpeanonokui CylecTBOBaHHUE
mpoliecca, OCYUIECTBISIONETO Oe3qUCCUNIaTUBHYIO
nepenady yriaoBoro MomeHta [13]. B 2008 pycckue
yuénsie 0. bynpkos, B. /Imutpues u 1. ®omun 6bu1H
HarpaxnaeHel — npemued  @pun  Jlonoona - 3a

Wy =

e D v

W 3g

i)

r.l. B - yenvt 0eghnexyuu; r.l. —munuu omcuéma; d,,-21exmpuueckue OunonbHvie

:ISE: S —
S_:,' ——ﬂ_;j

d, G

_‘Jf gq

VYpaBrenue (7), ompenensromiee CBEPXTEKYUHA
CIMHOBBIf TOK, CONOCTaBHMO C YypaBHCHHEM,
OTIpeIeNAIONINM IPaBUTAIIMOHHbIE B3auMoAeHCcTBHS G:

=Pz — ¢1l (8)

rae ¢, u ¢, - TpaBUTAIIMOHHBIC TOTCHIIHANEL:
Tot ¢akT, 4To MpoIecC BIPABHUBAHUS YIJIOBBIX

MOMEHTOB  (CBEpXTEKy4HMH CIHMHOBBIH TOK) U
TPaBUTALIMOHHBIE  B3aMMOJACHCTBHA  OMHUCHIBAIOTCS
OIMHAKOBBIMM 10  CTPYKType  ypaBHEHHSIMH,
CBHJETEIBCTBYIOT O TOM, 4YTO OHH  MOTYT

(hyHKIIMOHHPOBAaTh Ha OJHOM YPOBHE (PU3UIECKOTO
BakyyMa. [logoOHOe mpeamnonokeHue OBLIO CHETaHO
Maxkcsemnom B 1861 [13].

Uss).

i

(Zss)2

Ag

A 2

(I5s): ]

(1) b

HCCIIeIOBaHKE MPOLecca PaclpoCTPaHEHUsI CIIMHOBOM
nosisipusanuu B cBepxrekydem SHe-B. B pesymbrate
MPOBEACHHBIX UCCIieA0BaHMiA [ 14-17] ObLIM BBISIBICHBI
CIIEAyIOIINE CBOMCTBA CBEPXTEKY4Ero CIHHOBOIO
TOKa.

OmnpenesieHue cBepXTEKy4ero CHHHOBOI0 TOKa

Kak mokazano B paborte [15] cBepxTeKyduii
cuHoBbI  TOK  (Ig), MEXKAY BHPTYaIbHBIMU
(oTOHAMU ¢ HaNPaBICHHBIMHU BIOJb OCH Z YaCTOTaMHU
npeneccun (Puc. 6) onpenensgercs kak:

([ss)z = _glaa/az - gzaﬁ/az, (7

rme 91 u 9> -K03(pPHUIHEHTHI
MIPONOPIUOHATIBHOCTH, 3aBUCAIINE OT XapaKTEPUCTHK
BUPTYaJbHBIX  (DOTOHOB, MEXAYy KOTOPBIMH OH
BO3HUKACT (B YaCTHOCTH, OT yria [3).

Puc. 4. Xapaxmepucmuku 6upmyanbhblx (homoHo8, cO30a6aAeMblx
K8AHMOBBIMU 0ObeKmamu co cnunamu S, HanpaeieHHbLMU 6001b OCU 3. Wy, -

uacmonisl npeyeccuu CnUHoe6 Sv suUpmyajibHblX quWlOHO@,' a - yelvl npeyeccuu,

momenmot; (Igs), -c6epxmeKkyuuil Cnuno8bIIL MOK.

ekt “IIpockaib3biBanus ¢pasbr”

[Ipu onpenenénHoit paznoctu Ada = Aa, yrios
Hpeneccun CIIMHOB B3aUMO/ICHCTBYIOIINX
BUPTYQJIbHBIX (OTOHOB 3((deKT “npocKanb3bIBaHUs
¢daspr” (ymia mpereccud) BO3HHUKAeT. BapuaHThI
3aBHCHMOCTH CBEPXTEKy4ero cruHoBoro toka (Ig),
MEXIYy JBYMS BHUPTyaJbHBIMH  (OTOHAMH  OT
THIIOTETUYECKOW pa3HOCTH A¢@ WX YIJIOB HPELECCHr
npuBeneHsl Ha Puc. 5. [15] Benwmuuna A¢
omnpexnenseTcs BolpaxeHneM Awt, tme Aw pasHOCTH
MEXKITY 4acTOTaMH npereccuu CIIMHOB
B3aMOJICHCTBYIOIINX BUPTYalbHBIX (OTOHOB W ¢ —
BpeMsL.

(755 ).
(Zss)> i
(Lss )27 b ..
(2) 0 Aa.

Puc. 5. Bapuanmut (1) u (2) 3a6ucumocmu céepxmexyuezo cnunogozo moxka (lg), meacoy osyms
GUPMYATLLHBIMU (DOMOHAMU OM 2UROMEemMuYecKkol pasnocmu ux yainos npeyeccuu, A@. (Igs)s — kpumuueckoe
SHAUEHUEe CBEPXMEKYUe20 CNUHO8020 MOKA. JIunus a-b coomeemcemayem usmeHeHuo 3mo2o moka 6 npoyecce



Espasutickuti Coro3 YueHbix. Cepusi. mexHu4Yeckue u puauko-mamemamuyeckue Hayku. #2(133), 2026 11

‘npockanvzvieanus gazvi”, (Iss)V® — ocmamounwiii mok, Aa, — paznocme gazvl, npu komopoii
“npockanv3viganue gazvl”’ umeem mecmo.
Ipumeuanue. Henenue “npockanvsvieanue gazvl conocmagumo ¢ meopueti akademuxka AH CCCP A. J[.
Caxaposa 06 ynpyzocmu K6aHmogo2o akyyma: “Baxyymuvie keanmogule ¢iykmyayuu 8 UCKpUGIEHHOM
npocmpancmee u meopust mseomenus” (1967).

basupysice Ha IpUBENEHHON BbIIIE 3aBUCUMOCTHU
CBepxTeKyuero  crmHoBOro Ttoka  (lg),, OT
THUMOTETUYECKON pPa3sHOCTH YITIOB HPELECCHH HX

cimaoB A (Puc.5), paccmoTpena 3aBucuMocth (1),
oT A¢@ B mpon3BobHOM fuamna3zone 4¢ (Puc.6).

(J:s ) .
| LJT:.: ;'-
(1 il a <
|.JT5.*:_!'E /\ ( IS: -:IC_‘ a 1 a
. Iz
Lt A
ade -
1\ Aw
| 55 !'_ b b
- F JT .!IE _ " < £
\/ss IZ b .
[13 ] R

(2
Puc .6. Bapuanmul 3a8ucumocmu céepxmekyue2o cnunogo2o moka (Igs), om A@ cnunog ¢ npoussonsnom
ouanasomne A¢.

I11. CBoiicTBa NMOJIOCTHOI CTPYKTYPbI IILI. TIlonxocTHble  CTPYKTYpPbl, OCHOBY

KOTOPBIX COCTABJIsSIET NPAMOYT0JILHUK.

H notth
A Puc. 7. Buo ceepxy na npsamoyzonvhoe OCHOBaHUE NONOCMHOU CMPYKMYPbl.
Hpomueonozzoo:czible CMOPOHbL NOJIOCMHOU CMPYKNYpPbl C NPAMOY20/IbHbIM
OCHOBAHUEM OpUeHmupyromcs 600]1() MACHUMHO20 NOJIA 3€MJ1M H
50

Bbrnok-cxema MOJIOCTHON CTPYKTYPHI ¢ YKa3aHHEM
BUPTYQJIbHBIX ()OTOHOB, CO34aBAEMBIX KBAaHTOBBIMHU
00BEKTaMH TIOJIOCTHOM CTPYKTYPHI 1aHa Ha Puc. 8.

I M
I. rl S, rl 5 1.
T T I L LT

b N~

S_r"i?ﬁ———”’g Sy "“tqﬁ ___x Ss"““‘\—ﬁ—
1 ORY l v ]" Dy

Puc. 8. Bnox-cxema nonocmuou cmpykmypul. S, u e COOMEBEMCMBEHHO CRUH U MASHUMHBLU OUNObHBIL
MOMEHM K8AHMOBbIX 00beKMOo8 (071 dliekmpona [, pasHo mazhemony bopa pg); w,,- vacmomul npeyeccuu
CRUHO8 S, BUPMYATILHBIX YOMOHO8, CO30A6AEMBIX KEAHMOBLIMU 0Obekmamit; [3 - yeuvl Oegiekyuu
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(omxnoHenus); a - yeavl npeyeccuu; r.l. — aunuu omcuéma, I g - ceepxmexyuue cnuHogvle moKu MexHcoy
BUPTYATLHBIMU POMOHAMU, COCNABAAIOWUMY CMOAOYBL NOTOCMHOU cmpykmypbl, H - nanpsascénnocme
MASHUMHO20 NOJIA.

PaccmoTpuM OCHOBHBIE CBOCTBA IOJIOCTHBIX
CTPYKTYp

1) Oxcmepumentsl [xo Ilappa ¢ mupammmamu
(1977-1997) oOHapyXwiu coO3JaHHWE TMHUPAMUTOMN
SKpaHupylomeld  obmactu, Ha3zBaHHOH Ilappom
“bubble” (“my3pipp”) [18]. [leficTBHe WCTOYHHUKOB
PaaroaKTUBHBIX, 3JIEKTPOMAarHUTHBIX W MAarHUTHBIX
NoJieH, MOMEIIEHHBIX B MUPAMHIY, SKPaHUPOBAJIOCH
3TOM 00macThio. OOBEKTHI, HAXOAIIMECS B 00aCTH
“bubble”, Tepsiu B Bece.

Obvacnenue. CoraacHo ypaBHeHusiM (7) u (8)
CBEPXTEKY4MH CIIMHOBBIH TOK M TIpaBUTAllMOHHBIC
B3aUMOJICHCTBHSA MOTYT (YHKIHOHUPOBATH HA OTHOM
ypoBHE (PU3NIECKOTO BaKyyMa.

2) OxcnepuMmentsl, mnpoBenéaasie B HUHN
"I'padput” un.-kopp. PAH, npod. B. . KoctukoBom

u 1.¢.-m.H. A.C. KatacoHOBBIM IIPOIEMOHCTPUPOBAIN
YTO BIMSHHE NHPAaMHIBI Ha SJIEKTPOCONPOTHBIICHHE
YIJICPOJHBIX MaTepuaioB. [Ipn 3TOM IPOUCXOAMIH
BpPEMEHHBIE U3MEHEHHS 3JIEKTPOCONPOTUBIICHHS OT +
100% mo - 100% mo cuHyconaampHOMY 3aKoHY [19].

Obvsacuenue. Bcenencraue CYIIIECTBOBAHUS
a¢ddexta  “mpockanb3piBaHUS  (Ba3pl”’  3HAUYCHHUC
CBEPXTEKYyYero CIIMHOBOTO TOKa MOXCET HUMETh

CUHYcOMAaNbHBIN XapakTep (Puc.6).

3) B. C. I'peOcHHUKOB OOHApPYXWII, YTO ITyCThIE
ITUENIMHBIE COTBI OKPYXKEHBI CHCTEMOH HEBHIAMMBIX
“CTeH”’; OHM JIETEKTHPOBAIUCH PyKaMH YeJlIOBEKa Kak
o0JlacTH C TOBBIIICHHOW IDIOTHOCTRIO Bo3myxa [20]
(Puc. 9).

MONIOCTHAA
CIPYETYpa
N HEEHOHMEIS"
CTEHEI

Puc. 9. Bosnuknogenue makux nosmopaouuxcs KoHguaypayui 8 Kakou-
aubo cpede 0bYCL081€HO, BO-NEPBBIX, MEM, YMO CEEPXMEKYUULl CHUHOBLL
MOK BbI3bl6ACM CoCamue 6 3mot cpeoe U, 60-6MOopblX, PACHPOCMPAHEHUE
c8epxmexyue20 CnuHO8020 MoKa 6 Smoii cpede 6oabuLe CKOPOCHU
PAacnpocmpanerus Cocamusi 8 Hell.

Obvsacnenue. Kak nokazano B padorax boposuka-
PomanoBa u gnp. [14-17] cKOpOCTH CBEPXTEKY4ero
CIIMHOBOTO TOKAa TEOPETUYECKH paBHA OCCKOHEYHOCTH.
(B Teopun OTHOCHTENBHOCTH OTPAHMYEHNE CKOPOCTH
00BEKTOB 10 BEIMYMHBI ¢ PACIPOCTPAHSIETCS TOIBKO
Ha MHEpUIHUAaIbHbIE TPOIECCHI. )

4) DKcrnepUMEHTHl NOKa3aldd, YTO W3JIyYEHUE
MOJIOCTHOM ~ CTPYKTYphl ~HE  OJKpaHUpyeTcs HHU
AJIEKTPOMArHUTHBIMU, HHI MOJICKYJISIPHBIMU
(HammpuMep, KUPIUYHBIMU CTeHamH) 3kpaHamu [20].
OpHaKo, BO3MOXHO paccesHhe U3ITy4eHHUS MUPaMUJIbI
Ha MEJIKHX XaOTHYECKH OpPUEHTHPOBAHHBIX
KpHucTamiax [21]

Obvsacuenue. BozmorxHO HCUE3HOBEHUE
CBEPXTEKYYHX CHHHOBBIX TOKOB IIPHU HPOXOXKICHUHU
yepe3  BENIECTBA,  COAEPXKAIIME  3HAYMTEIHLHOE
KOJIMYECTBO KBAaHTOBBIX OOBEKTOB C HECHApCHHBIMHU
CIIMHAMH, HanpuUMep, METAUIOB; B YacTHOCTH,
9KpaHHUpYIOIee JeHCTBHE OKa3blBAaeT aJFOMHUHHEBAs
(dhomnpra.

5) U3meHeHne OpHEHTallMHM CTOPOH NHPAMHJIBI
OTHOCHUTENIFHO BHEIIHEr0 MAarHUTHOTO MOJS M3MEHSET
SHEpreTHYecKHe CBOWCTBa mupaMuss! [21] BIUIOTH 10
UX UCUE3HOBEHUS.

Obvscnenue. MarauTHoe ToOJ€, BO-TIEPBBIX,
BJIMSICT HA OPHEHTALIMIO CITMHOB KBAHTOBBIX OOBEKTOB,
COCTaBJIIOLINX MUPAaMUAY U, BO-BTOPBIX, COIJIACHO
ypaBHeHHIO (6), Ha 4YacTOTy NpENECCHH CIIMHOB
BUPTYQJIBHBIX ()OTOHOB, CO31aBAEMBIX KBaHTOBBIMHU
00BEKTaMH COCTaBIISIOIINMH TUPAMUJTY.

6) Thomas Trawoeger u3 ABcTpuu pa3padoTain

croco0  TOyYEHHUsS] 3JICKTPOIHEPIHH, HCIIOJIB3YSI
cBO¥cTBa upaMusl [22].
ObvsacHenue. BceneacTtBue TOro, 4YTO — CIHMH

BUPTYQJILHOTO (DOTOHA CBSI3aH C €ro DJIEKTPHYECKUM
JMIONBHBIM MoMeHTOM (ypaBHenue (4) S, 11d,),

OpHEHTAaIMsd 3TOT0 CIHMHA B pe3yjibTaTe ACHCTBHS
CBEpXTEKy4ero CIHHOBOTO TOKa  O3HayaeT U
IEKTPUUECKYIO MOJSIPU3ALNI0 (PU3NIECKOTO BaKyyMa.

7) B 1952, gemckuii uccnenoBarens K. Jpban
OOHapyXWI BO3MOXXHOCTh 3aTOYKH JIE3BUSI OPHUTBBI
BHYTpH TIMpamMuabl 0€3 WCIIOIb30BaHUS BHEIIHEH
sHepruu. OH NOJXy4MJI ATEHT Ha 3TO OTKpbITHE [23].

Obvscnenue. ITO SBICHAE MOTYT OBITh BBI3BAHO
SHEPreTHYeCKUMH  TPOIeCCaMHi,  T'e€HEPUPYEMbIMU
CIIMHOBOMW CHCTEMON (PU3UIECKOTO BaKyyMa.

8) B. C. I'pebGennuxoB HaOmoman ciaboe
CBEYEHHE MOJIOCTHBIX CTPYKTYp B TeMHOTE [20].

Obwscuenue. CormacHo ypaBHeHHIO (5) sinff =u/c.
TIPU CKOPOCTH KBAaHTOBOTO OOBEKTA, PABHON CKOPOCTH
CBEeTa, BHUPTyalbHBIH (OTOH, co3/MaBaeMblii 3TUM
00BEKTOM, PEBPAIIACTCS B M3ITy4aeMblid JOTOH.

9) CpoiicTBa BpalarolIerocs Teiaa UMET MHOTO
o0IIero Cco CBOWCTBaMHM IIOJIOCTHBIX CTPYKTYP.
Hampumep, B kHure Buncenr Pengum “Ilone
BPAIIAIOIINXCS macc” coobmraercs, 49TO
SKPAHUPOBAaHWE W3IYYCHUS BpAIIAIONIETOCS —Tesa
OCYIIECTBISICTCA TaKUM JK€ CIOCOOOM, Kak W
SKPAHUPOBAHHUE ACHCTBHS CBEPXTEKY4Ero CIIMHOBOTO
TOKA: aTFOMUHUEBON (POITIBTOM.

1.06vscHenue. CornacHo ypaBHEHHIO (6), 4acToTa
MPEeLecCud , CIWHAa BHPTYaJIbHOrO (OTOHA,
C03/1aBa€MOro KBAHTOBBIM 00BEKTOM,
TPOMOPIMOHAIBHA YaCTOTE BHENIHETO BpamieHus {2,

9TOro 00BEKTa, clejoBaTenbHo, YypaBHeHHE (7),
ONPENIETSAIONIEe  CBEPXTEKYUYMH  CIMHOBBIM  TOK,
TEHEPUPYEMBIil BpalLAIOILEHCs [10JIOCTHOM

CTPYKTYpOIl CIpaBeUIMBO U B 3TOM CIydae.

10) Ckopsitun M. B. (nceBmonmm “ENEL”)
yKa3aj, 4YTO W3JIy4YeHHe, AHAIOIMYHOE W3IIyYECHUIO
MUpaMUbl, XOTS M HMEET HEeIICKTPOMarHUTHYIO
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NPUPOJY, BCETAa COIPOBOXKAACT DIEKTPHUCCKUH TOK
[24].

Obvacnenue. Ha Puc. 10 nmpuBenena cxema, Ha
KOTOpOH MIPEACTaBIIECHEI XapaKTCPUCTHKH
JJIEKTPUYECKOT0 TOKa I, co3maBaeMoro oTpuiaTesisHO
3apsDKCHHBIME KBaHTOBBIMH OOBEKTAMU CO CIIUHAMH
S,. OTH KBaHTOBbIE OOBEKTHI CO3/Al0T BUPTYaNlbHBIE
¢doToHBI CcO cnuHAMH S, TPEUECCUPYIOUUMU C
gactotoii ,. CormacHo ypaBHeHmo (6) ,
OTIPEICTISICTCS CACAYIOIINM YPABHEHUEM oo,,=(mqu2 /
2+ p,H+ k.Qq) /h. B oTCYyTCTBUY MarHUTHOTO IOJIS
(H=0) u BHemnero Bpamenus (£2,=0) wactota W,

L

MOKET OBITh BHIPAXKEHA Yepes TUHEHHYI0 IIOTHOCTD ¢
3apafa  JBIDKYIIMXCS — 3apSOKEHHBIX — KBAHTOBBIX
0OLEKTOB M CO3JAHHOTO  OTUMH  3apsiaMu
snekrpudeckoro toka It @, =m,I1%/(2q*h). Mexny
BUPTYalbHBIMH (JOTOHAMH H, CJIEI0BATETBHO, MEXKIY
CO3MABIIMMH ~ HX  JBIKYIIUMHCS  KBAHTOBBIMH
00BeKTaMH JIEHCTBYET CHiIa TIPUTS/KEHHs BCIEICTBUE
3JIEKTPHYECKOTO JIUTIONB- AUTOTHHOTO
B3aMMOJIEHCTBHA. JTa CHIIa MOXET KOMIEHCHPOBATh
KyJIOHOBCKYIO ~ CHIy  OTTAIKHMBaHHS  MEXIY
JBIKYLIUMUECS 3apAAaMU OJHOTO 3HAKA.

S‘L‘
oy - f_'}' W,
- " = = -FI-{ .E—I?A—>—}—}I
u Sgi,

Puc. 10. Bupmyanvhvie pomonsl, cozoagaemvle, OMpuyamenbHo 3apsaxiCceHHbIMU K8AHMOBbIMU 00beKmamu,
co cnuHamu S g, O8UAIOWUMUCS CO CKOPOCIBIO U. (y,-HACIOMbL NPEYECCUU CHUHOE S, EUPHTYATbHBIX
@omonos. d,, -snexkmpuueckue ounonvuvie MomeHmsl,; 5 - yenvl Oepnexyuu. I — snekmpuueckutl mox.

11) bBrutlo  oOHapyXeHO  TOCIEACHCTBHUE
MIOJIOCTHOHM CTPYKTYPHI B TEUCHUE HECKOJIBKIX YacoB U
Jake THEH mocyie yAaieHus e€ U3 paccMaTpUBAEMOM
TOYKH IPOCTPAHCTBA, YTO CBUAETEIBCTBYET O TOM, YTO

. BAPTYaIbHBIH
Sv HOTOH

LN TOK

KBAHTOBBII
00BekKT

Sy

(7 /

EHPTYANLHEI i

- - v s

KBAHTOBRIH 5 .

00BexT q / 3“6
A \

CBEPXTEKYH] mi | -—

JEHCTBHE TTOJIOCTHOW CTPYKTYPBI OCYIIECTBISIETCS HE
UCITyCKaHHUEM KaKHX-THOO YaCTHI, a H3JIyYCHHEM,
BIMSIOIINM Ha CBOWCTBA (PM3MUYECKOTO BaKyyMa.

d}H3H‘IEC KHH Ba KVV\I

a'r')

Puc. 11. Cxemamuueckoe uzodpasicenue 00beKmos, Onpedestiouux ceoUCmed nupamuobl, GKIHUAsL
nocneoeticmeue. Sq - Cnuibl KEAHMOBIX 00BEKMOE, COCMAGHAIOUUX NUPAMUOY. S,-CRUHBL GUDIMY ATBHBIX

(j)omonoe, co30asaemvie K8AHMOBbIMU 00bEeKMAaAMUL. w,, - Yacmoma npeyeccuu CNUHO8 Sv BUPMYAIbHbIX

(j)omoyoe; (qu- yacmoma npeyeccuu CnUH06 K6AHmoeoblx OCYUiiAnopoe S

qo» 3anonualowux eaxyym. Mescoy

BUPTYATLHBIMU (POMOHAMU, CO30A8AEMbIMU KEAHMOBLIMU 00BEKMAMU, U MENCOY KEAHMOBLIMU
OCYULIAMOPAMU, CYWECMBYIOWUMU 8 (DUULECKOM 8AKYYME, BOZHUKAECM CEEPXMEKYYUL CHUHOBbLIL MOK,
KOMOPYbIL U 0Cywecmeaisiem oeticmaue noJ0CMHOU CIMPYKIMYpPbl HA OKpYAIcaroujie 00beKmol.

Kpome Toro, 3amepxka Hadama pabOTHI
MOJIOCTHOM  CTPYKTYypbl U €€  mocleaencTBre
CBUACTCIILCTBYIOT 00 HWHEPIMOHHBIX CBOMCTBax
MOJIOCTHOM  CTPYKTYpBI, HYTO  COTJIACYETCS  C

CYILIIECTBOBAHHEM MPELIECCUOHHOTO JBI>KEHUS CIIMHOB
BUPTYJILHBIX POTOHOB [26].

13. DHepreTuyeckue CBOICTBA NHpPaMH]I C
HENpSIMOYT0JIbHBIM OCHOBaHHEM.

(1). INonocTHast CTPyKTypa OCHOBaHHE KOTOPOU
HMeeT  HempsAMOyToibHylo  ¢opmy. Hampumep,
Kpyrjasi — IHpaMHAa € HeNpsIMOYroJbHBIM
ocHoBannem I'yaunvonrtonec (Puc. 1) u (Puc. 12).
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% Puc. 12. Cnunet S k6anmoswix 00BeKmMos, cocmasaaouue OCHO8AHUE
Kpyeoeoii nupamuovl. Opuenmayus S onpeoensemcs Cnum-
OpOUMATBHBIM 83AUMOOCUCMBUEM CNUHO8 KBAHMOBLIX 00bEKMO8.

DHeprusi NMpaMu/Ibl BO3HUKAET 3a CYET JIeHCTBUSL ~ OaTapero Has3bIBaIOT CTONKOBOMW WM  CTOIKOBBIM
CBEPXTEKYYEro CIMHOBOTO TOKAa, BO3HMKAIOIIEIO  W3JIydyaTeseM.
MEXKIy BUPTyaJbHBIMH (DOTOHAMH, CO3/1aBaCMbIMU Paccmotpum ¢dusnyeckne 0COOCHHOCTH
KBAaHTOBBIMH OOBEKTAMHU. Marepualla, COCTaBISIONIEro MoIycepsl.

(2) CTomkoBBIl H3JTydaTenb - CTONKa moiycdep,
pacrionoxxeHHbIx coocHo (Puc. 13). Muorma rakyro

Puc. 13. Cmonkosviii uznyuamens, cocmosuwuii uz noaycgep. OH 8blnonnsemecs u3
cybcmanyuu, umerowel “nospHocms”’, @ YaCMHOCMU, U3 0epe6d C
AnU30MPONHOU CepoOYesUuHol, Mo ecmyv umeloujeli cmpykmypy. B npomusnom
cnyyae sHepaus dmou bamapeeil He U3Y4aAemcs, Xoms eé gHeunue Gopmol
coxpaHsemcsi.

IV. [leilicTBHe TOJOCTHBIX CTPYKTYPp HA  KPOJHKOB, TIOMEIIEHHBIX B KJICTKH Pa3HOH (QOPMEIL:
OmnoJioruyecKue CHCTEMBI ¢dopma  mmpamuael  (KpacHBIE  mBeT), (¢opma
JKCHepuMeHTHI ¢ )KUBOTHBIMH [21, 27] Patric  mpsmoyronsHOH npu3msl (u€pHsrii 1BeT) (Puc.14).

Kelly. TIlpoBommimock cpaBHEHHE Beca H pocTa

WEIGHT GROWTH RATE COMPARISON CHART - 75 DAY OLD RAEBITS
N OUNCES) GROUP "A™ — NEW ZEALAND WHITES

A«»! l

- -

Puc.14. @opmer kniemok: nupamuoa

U NPU3MA NPAMOY20/IbHAS AGE ‘ = | b ol 39
{INDAYS] "0 10 20 0 40 50 60 70 80

He uckmioueno, umo usHauanivro odicepenve, bpaciemsl, 20106Hble YOOPbL, KOIbYA U BENUYATILHBIE XOPOBOObL
(Puc. 15) ucnonvsosanucs 6 neuedOHbIX Yesx.

Puc. 15.
Konvyo
& | A%
f as
v . y
Osrcepenve Bpacnem Knobyk Benuuanvuwiiixoposo -
CAUEHHUKA 0=

Ha Puc. 16 npusedenvl npumepsl NOIOCHHBIX CIMPYKMYP, UCHOTb3YEMBIX 6 IeUEOHbIX YeIIAX.
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Puc. 16 (1) 2) 3) 4) ) (6)
P : ~. \‘@
—_———, ——— ‘ﬁ’\-"
C_::e"'! | O
O |

Puc. 16. Ocobennocmu npumenenus viuie nepeuuciennvix (16(1) - 16(6)) nonocmusix cmpykmyp 8 ie4yeOHvIxX
yenax. (1) Hssecmuoe c Opesnux 8pemén neuenue “803100ceHuem pyK” MOXHcem 0Cyuecmsiamscsa ¢ NOMOWb 1o
0CcobbIM 00pazom cKkpeweHHbIX navyes pyk. (2) ¥ napoooe Huoicnezo Amypa cywecmeogan ooviuaii neuenus
Oemeltl u OepeMeHHbIX JHCeHWUH 00pYyYem, COCMaesieHHbiM u3 9 Koey, coelanuvix uz npymoes [28]; 0bpyuu
CHauuzvleanuy Ha 6oabHo20. (3) V kumaiickux epaueti, boposuuxcs ¢ snudemueti wymovl 6 Manuscypuu ¢ 1910-
1911 ze., cuumanocs, 4umo npueedénHas Yopma TUYegoU MACKU, 3HAYUMENIbHO CHUNICAET GEPOSIMHOCHTb
sapaxcenus: yymoul. (4) Jleuenue nuerunvimu comamu. Pyccexutl yuénoit Bukmop I pebennuxos enepgvle cmar
WUPOKO NPUMEHAMb nyenunsie comsl 8 meouyurckux yenax [20]. (5) B Poccuu é meyenue cmoaemuii 20J108HY10
6016 evunu cumamu. Mx depocanu nao eonosoui uau neped auyom [20]. (6) Ilonocmusie cmpykmypebi,
U320MOBTIEHHbLE HeMeYKUM yuénbim Kopuwenomom, nonyuueuium nepeviti namenm ¢ Eepone na npumenenue
CReYUATbHO U320MOGLEHHBIX NOAOCHIHBIX CIMPYKMYP 6 Meduyune [31]: scene3novlil yuiuHop ¢ RPUnAsHHbIMU
YUHKOBBIMU UL CMATIbHLIMU 3Y0bIMU U ROLOCIHAS, CMPYKMYPA, RPUKPENAEHHASL K NOMOJIKY.

Peabed MecTHOCTH KaK IIOJI0OCTHAS CTPYKTYpA.
Penved mectHOCTH (Hanpumep, KaBka3ckue ropsr
(Puc. 20a) BiuseT Ha COCTOSTHUE HAXOMALIUXCS B TON
MECTHOCTH  OHMOJIOTHYECKUX OOBEKTOB. Mullenb
[Maynaita (Michel Poulain) u npyrue B nauane 21 Beka
00HapyXuinM Tak HasbiBaemble “T'0onyOble 30HBI”, T/IE

ObLIO camMoe OO0JIbIIIOE KOJIMYECTBO XKuTeleH crapiie 90
ger [31,32]. “T'omyOble 30HBI” HMMEIOT TOPHUCTHIH
penbed; Hanpumep, Ha Puc. 196 -191 npuseneHs!
nanamadre! ['ony6six 301: Hukost, nosyocrpos, Kocra
—Puxu; Capaunus, Urammmu (Puc. 198); HWxapwus,
I'perusa (Puc.19r); Oxunasa, Snonus (Puc. 197).

Puc.17a. Puc.176. Huxos, Puc.17s. Puc.172. Hxapus, Puc.170 Okunosa,
Kaexasckue 2oput noayocmpos, Capounus, Tpeyus Anonus
Kocma —Puxu. Umanus.

4

V. B3aumoaeiicTBHe OJIOCTHBIX CTPYKTYP
HeiictBue nanoyactun Ha JIHK [33].
B3anMoieiicTBHE MOIOCTHBIX CTPYKTYp HauboJiee

3¢ PEeKTUBHO, KOTZla OHU MMEIOT MOJ00HBIE (OPMBI
DKCHepuMeHTaNbHO Jo0ka3aHo, yTo 3D HY, nmeromue
cnupanbHylo  ¢opMmy, IehOPMHPYIOT W Jlaxke
pa3BUBAIOT COUpPaIb MpU NpOHUMKHOBeHMH B JJHA
MOJIEKYITY.

Hampumep, nennpumepsl 3D u Gomnee BBICOKOH
rerepanuu Bausior Ha JJHA u PHA, xoraa ux ¢opma
mo100Ha chepuIecKoi.

JpyruM  mpuMEpoOM  SBJSIFOTCS  (DyJIepernsbl.
KomnbioTepHoe  MOAETMPOBAaHHE IOKA3aylo, dYTO
¢bynepensl, a uMeHHO cdepudeckue C60 MOIEKYIEL,
SIBISIIOTCSL  MOTEHUMaNbHO omacHbiMu g JTHA
MOJIEKYJIBL.

Cxemaruueckoe
npusegeHo Ha Puc. 17.

n3o0paxkeHune MOJIEKYT
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Puc. 16. Cxemamuueckoe uzobpasicenue
MEeMALTUYeCKUX HAHOYACTUY.
a) monekyna oeHopumepa,
b) monexyna gynnepena.

(a) AHA monexyna 0e30KcupubOHYKIeuH080
KUCLOMb.
(b) PHA — monexyna pubOHYKIeUHO08As KUCIOMDL.

Mumuxpus popmei
Puc. 17.

Mypaset
Tetraponera
ophthalmica u
Myrmarachne
ichneumon,
MUMUKPUPYVIO-
wutl noo Hezo
nayx
naurok.com.ua.

HAwepuya ¢ nnockum
X80CMOM Ha
pacmenuu
Maoaeackapa
Phelsuma
serraticauda
(http://photoshtab.ru).

3akiouenue

1. DHeprerMueckue CBOMCTBA  MOJOCTHBIX
CTPYKTYp OOYCJIOBJICHBI JCHCTBHEM CBEPXTEKYUYEro
CIIMTHOBOTO TOKA.

2. CBepXTeKy4dnidl CIHHOBBIH TOK BO3HHKACT
MEXIy CIUHAMH BHUPTYalbHBIX (POTOHOB (CIIMHOBBIX
BUXpEif), cO31aBaeMBIX KBaHTOBHIMH OOBEKTAMH; OH

BBIPDABHUBAET  YIJIbI, CBSI3aHHBIE CO  CIIMHAMH
KBaHTOBBIX OOBEKTOB (yriibl Ae(EKIUH M  YIJIbI
MPEereccun).

3. “Ocrarounsii 3¢dext” (mocieaencTBIe)
MOJIOCTHOM  CTPYKTYPhI:  COXpPaHEHHWE  CBOMCTB
MOJIOCTHOH ~ CTPYKTYpBl B KakoW-mmbo  obmactu

(u3MyeCcKOro Bakyyma B TeUeHHE HECKOJIBKHUX YaCcOB U
Jaxxe IHEH mocie e€ ynaneHuss W3 3Toi oOmactn
CBOMCTBaMM (u3MUYecKoro Bakyyma. Pusmuecknit
BaKyyM XapaKTepU3yeTCsi BHYTPEHHUM MOMEHTOM
KOJINYECTBA JBHKEHHSI - 3TO KBAHTOBBIE OCLIUILIATOPBI,
UMEIOIUE  TPELECCUPYIOIIME  CHOHHBI  MEXKAY
KOTOPBIMM ~ MOXET  BO3HHMKAaTh  CBEPXTEKy4Hid
CIMHOBBI TOK; MOAOOHO TOMY Kak OH BO3HMKAaeT
MEXTY CIIMHAMU BHUPTYaJIbHBIX (hoToHOB,
CO3/1aBaeMBbIX KBaHTOBBIMH 00BeKTaMH,
COCTaBJIAIOUIMMH MOJOCTHBIE CTPYKTYphl. Bakyym c
TaKAMU CBOWCTBaMHU 00JIafacT ¥ HWHEPLUUATBHBIMU
CBOWCTBAMH.
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AHHOTALMUS

TouHOCTh, C KOTOpOW ceiyac paOOTAIOT KBAaHTOBBIE KOMIIBIOTEPHl OrpaHMYCHA BPEMEHEM JKU3HH
9HEepreTndeckux ypoBHeH. OAMH W3 MEXaHW3MOB IIOJABJICHUS SBOJIONHMM KBAHTOBOW CHCTEMBI SIBISCTCA
KBaHTOBBIM 3()(ekT 3eHOHA, BO3HUKAIONMH IPHU YacCTBIX W3MEPEHUSIX COCTOSHMS KBAHTOBOM CHCTEMBI. B
pe3ynbTare, BEpOSITHOCTD Mepexoaa KyOnTa MeX Iy KBaHTOBBIMHU COCTOSTHHSMH CYIIECTBEHHO cHIDKaeTcs. Kyour
paccMaTpuBaeTCs Kak JIBYXYPOBHEBas KBAaHTOBas cucTeMa ¢ OasucHbIME coctostHusMu |0) (ocHoBHOE) U |1)
(Bo30yxaenHoe). Llens paboThI 3aKiroyaeTcs B TEOPETHUECKOM OIPEICICHUN XapaKTePHbBIX MPOCTPAHCTBEHHBIX
napaMeTpoB KyOWUTa Ha OCHOBE KBAHTOBOW TOYKM B OCHOBHOM M BO30YKICHHOM COCTOSIHHM, a TaKke
BO3MOXKHOCTH UCIIOJIb30BaHHS ITHX IIAPAMETPOB B KAYECTBE KOJIMUECTBEHHOM MEPbI BIIUSIHUS YaCThIX U3MEPEHUIA.
B Hactosimeit pabore KyOMT peaiu30BaH Ha OCHOBE ODJIEKTPOHA, JIOKAJIM30BAHHOTO B KBAaHTOBOH TOYKE.
V3MeHeHHe COCTOSIHHMSI DJIEKTPOHA OCYIIECTBIISIETCS C NPUMEHEHHWEM METOJ0B CKAaHUPYIOUIEH 30HIOBOM
MHUKpOCKONUH. YacTble U3MEPEHUsI COCTOSHUSI NMPUBOJAT K MOJIABICHHUIO MEPEXO0JI0B MEXILY IHEPreTHYeCKUMU
YPOBHSIMH 3JICKTPOHA, YTO COOTBETCTBYET IPOSBICHHIO KBaHTOBOro 3(d¢exra 3eHoHa. B pabore mnosyyeHa
BEPOSITHOCTh OOHapy»keHHs Kyouta B coctosiHuu |1) u |0). Pacuérel nmokaspiBaroT, 4T0 3(PEKTUBHBIA paguyc
JIOKJIN3alMN 3JIEKTPOHA B BO30Y)KIEHHOM COCTOSHMM KBAaHTOBOW TOYKHM YBEIWYMBACTCS 1O CPAaBHEHUIO C
3¢ QEKTUBHBIM PaJHyCcOM JIOKIN3AIMH B OCHOBHOM COCTOSHHMH. Ha OCHOBE KBaHTOBBIX TOYEK IOJy4YEHHBIE
COOTHOIIICHHS MO3BOJISTIOT KOJIMYECTBEHHO OLCHUTDH BIMSHHE YacCThIX M3MEPEHHH Ha BEPOSTHOCTh COXPaHEHHS

KBAaHTOBOT'O COCTOSTHHSI METOJIAMU CKaHUPYIOIIEH 30H10BOH MHUKPOCKOITHH.

ABSTRACT

The precision with which quantum computers currently operate is limited by the lifetime of energy levels.
One of the mechanisms for suppressing the evolution of a quantum system is the quantum Zeno effect, which
occurs with frequent measurements of the state of a quantum system. In this case, the probability of a qubit
transition between quantum states is significantly reduced. The qubit is considered as a two-level quantum system
with basis states 10) (ground) and |1) (excited). The aim of this work is to theoretically determine the characteristic
spatial parameters of a quantum dot-based qubit in the ground and excited states, as well as the possibility of using
these parameters as a quantitative measure of the influence of frequent measurements. In this work, a qubit is
implemented based on an electron localized in a quantum dot. The change in the state of an electron is achieved
using scanning probe microscopy methods. Frequent measurements of the state lead to the suppression of
transitions between the energy levels of the electron, which corresponds to the manifestation of the quantum Zeno
effect. In this work, the probability of detection a qubit in the state |1) and |0) is obtained. Calculations show that
the effective localization radius of an electron in the excited state of a quantum dot increases compared to the
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effective localization radius in the ground state. Based on quantum dots, the obtained relationships allow us to
quantitatively estimate the influence of frequent measurements on the probability of maintaining a quantum state

using scanning probe microscopy methods.

KaioueBble ciioBa: yacTele M3MEpeHHs, KBAaHTOBBIH d((deKkT 3eHOHa, KyOHuT, BO30y>K/JIEHHOE COCTOSHUE,

30HI0Bast MUKPOCKOIIUA, SHEPTCTUICCKUEC YPOBHU

Keywords: frequent measurements, quantum Zeno effect, qubit, excited state, probe microscopy, energy

levels

BBenenue

KiroueBast mpoGiiema B KBaHTOBBIX BBIUHCICHHAX
ABSIETC ~ OTPAaHMYCHHOE BPEMS  KOT€PEHTHOCTH
KBAaHTOBBIX COCTOSIHMH. OAMH U3 MEXaHHU3MOB
MOJaBJICHUS 3BOIOLUU KBAHTOBOM CUCTEMBI SIBJISETCS
KsanrtoBbiit 3dext 3eHoHa [ 1], IpOSIBIAIONIMICS TPU
9acThIX H3MEPEHUSX COCTOSHUS CUCTEMBl. J[aHHBIN
3¢ ekt OBLT TEOPETHYECKH MpelcKa3aH B padoTax
Xan¢wuna [2], a BocneACTBUH NOAPOOHO paccMOTPEH
Mucpoii u Cynapmanom [3], KOTOpbIe BBEIH TEPMUH
«KBaHTOBBHIH 3(dekT 3eHOHA» Ui OMUCAHUSA 3TOTO
a¢pdexra. IlozaHee TEOpeTHUECKHE MCCIECAOBAHUS
OBUTM  JOMOJHEHBI  AKCHEPUMCHTANBHBIMHA  [4]
paboTaMu, B KOTOpBIX OblIa NPOAEMOHCTPHUPOBAaHA
BO3MOXKHOCTh ~ IOJABJICHUS  MEPEXOAOB  MEXIy
KBaHTOBBIMHU COCTOSTHUSIMH npu YacThIX
MOCJIEJOBATEIBHBIX U3MEPEHUAX CUCTEMBI.

HccnenoBanue kBaHTtoBoro 3¢¢exra 3eHOHa B
HaHOCTPYKTYpPax, B YACTHOCTH B CUCTEMaxX Ha OCHOBE
[5, 6] KBaHTOBBIX TOYEK MpPEICTaBIACT HHTEpEC.
KsanToBBIE TOYKH paccMaTpHuBaroTCs Kak
nepcriekThBHas — (usmueckas  rwlatrdgopma I
peanu3anyy KyOHTOB B KBAaHTOBBIX BBIYMCINTEIBHBIX
YCTPOHCTBAX.

B Hacrosmei paboTe mpoBeneH TEOPSTHUYECKUMA
aHaIM3 BIMSHUS KBaHTOBOTO 3(dekxra 3eHOHA Ha
MPOCTPAHCTBCHHYIO  JIOKANIM3ALHUI0  3JIEKTPOHHOTO
COCTOSIHHSI B KBAHTOBOH TOUKE, MPEIOKEH IOAXO0] K
AKCIEPUMEHTAILHOW MpOBEpKe aaHHOro 3¢ dekra ¢
WCIIOJIb30BAaHUEM METOJOB CKaHUPYIOIIEH 30HI0BOM
MHUKPOCKOIIHH.

OcHoBHas1 YacTh

HccnenoBanne TUHAMHUKHA KBAaHTOBOW CHCTEMBI B
KOPOTKOBPEMEHHOM o0JacTd  SBOIIOLUH [7]
MOKa3blBaeT, YTO TPH  YacThIX  HAaOJIIOAEHHSX
MPOSIBIISICTCST KBAaHTOBBIA 3ddekr 3eHona. Ecmm
WU3MEPEHUS]  COCTOSTHHS ~ CHUCTEMBI  BBINOJHSIOTCS
MOCJIEIOBATEIEHO 4Yepe3 HMHTEepBalbl BPEMEHH T, TO
BEPOSATHOCTh COXPAHEHUS HCXOJHOTO COCTOSHHSA B
TeueHHe BPEeMEHM HaOJIoJeHMs f, 0003HaYaeMas Kak
W(t), mMaTreMaTU4YeCKH OIMUCHIBAECTCS COOTHOIIEHUEM

[1]:
W(t) = exp (—Tizt) npu T — 0, (1)
z
rie T. — BpeMs 3eHOHa, OIpereNsoneecs
pazdpocoM dHEPTruu HadadbHOTO [ 1] cocTosSHMS:

T, = [(WolH2 o) — (ol HIPo)*17V2,2)

rae Yo — HCXOJHOC KBAHTOBOC COCTOSAHHC, H -
raMuJIbTOHHAH.

B  Hacrosmeir  paboTe  paccmaTpuBaeTcs
BO3MOYXHOCTh HCIIOJIb30BaHHsI KBAaHTOBOTO 3(ddekTa
3eHOHa I YCTOWYHMBOTO COCTOSHHS  KyOwWTa,

HAXOJMAIIErOCs B BO30YKICHHOM cocTostHUU |1), u

MPEAOTBPALICHUS €T0 Mepex0/ia B OCHOBHOE COCTOSHHE
[0). Peanmuzanmsi AaHHOTO TOAXOJAA HpeNIONaraeT
NIPOBEJCHUE H3MEPEHHH COCTOSIHUSI CHCTEMBI C
BPEMEHHBIM HHTEPBAJIIOM, 3HAYUTEIBHO MEHBIINM
XapaKTEepHOT0 BPEMEHHU JIEKOT'€PEHIINH, YTO ITO3BOJISIET
CYIIECTBEHHO CHHM3WUTb BEPOATHOCTH IEPEX0Jia MEKIY
KBaHTOBBIMH COCTOSIHUSIMH.

AKTyalbHBIM SIBJISICTCS aHAJM3 BO3MOXKHOTO
BIMSHAA  KBAaHTOBOTO  3(dexra  3eHOHa  Ha
KOPPENSLUOHHBIC CBOICTBa MHOTOKYOHUTHBIX
KBaHTOBBIX CHCTEM.

Takue CHCTEMbI HCIOJNB3YIOTCS B 3aja4ax
KBaHTOBOM KpuITorpaduu, a Takxke JeKaT B OCHOBE
paboThl psia KBAHTOBBIX AArOPUTMOB: Jloitua—Iloxm
[8], I'posepa [9] u LLlopa [10].

Cocrossnne  kyourta ¥ moxers
npeacrasieHo [11, 12] cienyromum oopa3om:

Y= 1/)1/2Q1/2 + l,l’—1/2Q—1/2:(3)

OBITH

rae V.12 — KBaHTOBOE COCTOSTHHE KyOuTa, QO:1/2 —
KOMIIJIEKCHBIE YHCIIA.

OmHa w3 (¢usWYeckux peann3anuii KyOuTa
SBIIICTCA CTPYKTypa HAa OCHOBE KBAHTOBOM TOUKH.
KBaHTOBOE COCTOSHHME JJIEKTpOHA  OMMCHIBAETCS
BOJIHOBOM ¢byHKIHIEH v, IIPOCTPAHCTBEHHOE
pacmpeneneHue  KOTOpol  ompezaenser  o6iacThk
JIOKAJIU3aIMH AJIEKTPOHA.

PaccMorpum  smekTpoH B cdepHuUECKH-
CUMMETPUIHOM apadoTHIeCKOM MOTEeHLIMAJIe
(TpEXMeEpHBIN TAPMOHIYECKIH OCIHIIIATOD):

1
U(T‘) = EmefwaTZ,M)

rie mey — 3(hexTHBHAs Macca 3JEKTPOHA, ® —
LUKJIMYECKas 9acToTa OCHMIUIATOPA, 7 — pajuaibHas
KOOp/JMHATA B c(hepUIECcKOi cucTeMe KOOpIAHHaT.

VYpasnenue Llpeaunrepa [13] umeer Bua:

hZ
2meff

VW 4 ~mep W = EY,(5)

rae V2 — onepatop Jlamnaca, E — ONHAs SHEPTHSL.

Just kaxkmoro Habopa KBaHTOBBIX uucen (n, 1)
CYIIECTBYEeT TOYHOE HOPMHPOBAaHHOE PEIICHUE IS
BOJIHOBOHM (YHKIIMH, KOTOPOE 3aIlHCHIBACTCS B BHJE
MIPOU3BEACHUS:

Yu(r, 8, ¢) = Ru(MYi(6, ¢),(0)

rne R,;(r) — pagwanbpHas BOJHOBas (DyHKIWS,
Y,(8, ) - chepuueckas rapMOHHKA,
oOecrieynBaroIas yrioBy0 3aBUCHMOCTb.
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Jns TpEXMEpHOro rapMOHMYECKOTO OCHMILISITOPA
panuaibHas BOJHOBAas (DYHKIUS MMEET OOIIUil BHI
[14]:

R = i (3 () 1 ()0

1
L+
rae L, > — 0006ménnsie nonuHoMsI Jlareppa [15],

[
a= — XapakTepHas [UIMHA ocIuiuIsTopa, I —
wmeff
ramMMma-(yHKIHSL.

Cdepuyeckie  rapMOHHUKH
YCIIOBHUIO HOPMHPOBKH:

YAOBJICTBOPAIOT

JIv?da =1,8)

rze d{) — 3IeMEeHT TeJIECHOTO yriia.

Il ocHOBHOTO coctostHus |0) cumtaem, uto n=0
u [=0, rtorma paguanpHas BOJHOBas (QyHKUUS
COOTBETCTBYET CJIEIyIONIEMY BBIPaKEHHIO:

Roo (1) =\[%\/®L}/Z (Z_j)e—%z

i et (9)
n2za3
e ()= () 1

3nauenne cdeprueckorr rapmonuku Yy (0, d)
omnpenensiercs U3 ypaBHeHus (8), Toraa:

[ 1%1?d0 = 1%, |? [[" de [ sin6d 6 = 1.(10)

U3 ypasuenus (10) cnemyer, 4to BenmuuHa Y
COOTBETCTBYET:

1
YO =\/T_T[(]])

Takum o00pa3oMm, 11 OCHOBHOI'O COCTOSIHUS
BOJIHOBasA (DYHKIMS BBITVIANUT CIEAYIOIINM 00pa3oMm:

4 1 2 1 2
Yoo(r) = [———=e 2a7 = e 2d2,(12)
n%a3V@E n%a3

Hus cocrostaust |1) cumraem, n=0 u /=1, uro
COOTBETCTBYET IEPBOMY BO30YKICHHOMY COCTOSHUIO,
TOT/a pajraibHas BOJHOBAs (PYHKIUS COOTBETCTBYET
CJIEeIyIONIEMY BBIPAKEHHIO:

o T
Rt = 5 ()6 (B)e -
2
72
S _eT2aZ,(13)

3m2a’

5\ o 3R, y3/2(T%)
me I (5) =55 L (5) = 1
Jns  cocrosHuA

umeer Bua [15]:

[1) cdepuueckas rapmMoHHKa

Y;(0) = Ccos8,14)

rae C — KOHCTaHTa.
U3 ycnoBuss HOpMupoBku (8),
BEJIMYHMHA Y COOTBETCTBYET:

Y1(0) = \/:incos 6.(15)

Jns cocrosuus |1) BomHOBas QYHKIMS BBITIITAT
CIICAYIOIIMM 00pa3oM:

8 3 _r*
Yor(r) = ’Tr —cosfe 2a% =
> 41
3n2a®

r2
2 _rcosfe 2, (16)

n2a’

clieqyeT uTo

CpemHee  3HaueHWE  KBajpara  pacCTOSHHS
JJIEKTPOHA OT LIEHTPA KBAHTOBOM TOUYKH OMPEICIISETCS
COTJIACHO BEPOSITHOCTHOM WMHTEPIpPETAlUU BOJHOBOM
GyHKIMHA.  DNEKTPOHHAs IUIOTHOCTh  (IUIOTHOCTH
BepOHTHOCTI/I) HaXO0XICHU YaCTHUIIbI B TOYKEC
npoctpascTBa pasHa|¥ (1)|?, Torna cpenHee 3HAUCHNE
BEJIMYMHEI 72 BBIYHUCIAETCS 110 QOpMyJIE:

(r?) = [r?|¥()d>r(17)

re d3r =r2sin 6 dedfdr — snement o6bEMa
TPEXMEPHOT0 MPOCTPAHCTBA.

CornmacHo ¢opmyne (17) cpemHmii KBampar
paccTosHHSA U1 COCTOSIHUA | 1) BRIUMCITACTCS:

gy = [ 2P0 (MI*dr =
fooo fon foznrz |Wo1(1)|%7r? sin O depdbdr. (18)

Amnanornuneiii mHTerpan (18) cmemyer m s
cocrosiaus |0). BBeném s pekTUBHBIN paguycC roy A1
OLICHKH XapaKTEePHOTO pa3Mepa 00JIaCTH JIOKATIH3ALIH:

Tepr = (r2).(19)

Takum o0pa3om, Hociie perienus ypasHenus (18)
U TOJCTAaHOBKM  IOJNYYEHHOTO  pe3yibTara B
BelpakeHne (19) BeIpaxkenue and 3(PQeKTHBHOrO
pamMyca Kak Ui OCHOBHOTO, Tak M JUIs
BO30Y>K/IEHHOT'O COCTOSIHUSI BEIPa)KaeTCsl:

3 5
Teffo) = \Ea; Teff1y = \Ea.(ZO)

[epexon nsmektpona u3 cocrosHus [0) B |1)
OPUBOIUT K  YBEJIMYEHHIO  IPOCTPAHCTBEHHOTO
pacmpeneneHusi  UIEKTPOHHOM  IUIOTHOCTH W,
COOTBETCTBEHHO, K POCTy 3((EKTUBHOTO pajuyca:

Terrc1) > Tegrioy(21)

Torma  s¢dexTuBHBIE  nuamerp  obnacTH
JIOKJIU3allid B OCHOBHOM cocTosHuu Digy ¥ B

BO36y>K,Z[€HHOM COCTOSAHHNH D|1) OIPCACIIAIOTCA KaK:

Doy = 2errioy; Dpy = 2Teppqay (22)

IlosnydyeHHbIE OLIEHKM XapaKTEpHBIX PpPa3MeEpPOB
obyacTeil  JOKanmM3alMu  BJIEKTPOHA  MO3BOJISIOT
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HepeﬁTI/I K paCcCMOTPCHHIO OKCIICPUMCHTAJIbHBIX
MCTOOO0B, CIIOCOOHBIX PErucTprupoBaTh pacCrpecaAciICHUC
3J'IeKTp0HHOI71 IIJIOTHOCTH.

CKaHI/IpyIOHIaH 30HO0BasA MUMKPOCKOIINH,
MpCACTaBJIACT coboit COBOKYITHOCTb MCTOOOB
HCCJIIEAOBAHUA TIOBEPXHOCTU C  HCIIOJIB30BAHUEM

30H/a, B3aUMOCIHCTBYOLIETro ¢ 00pa3oM Ha aTOMHOM
ypoBHe. OnHOW w3 Hamboyiee pacmpoCTpaHEHHBIX

peanu3anui JaHHOTO noaxona SBJIACTCS
CKaHHUpyIomas TyHHeIbHas MUKpockomus (CTM).
CT™M OCYIIIECTBIISCT U3MEpeHUs

3KBHUIIOTCHIHMAJIbHBIX HOBerHOCTeﬁ B3aUMOJCUCTBHUSI
MCKIY OCTPUEM 30HAA U I/ICCJ'ICZ[YCMOFI NOBEPXHOCTLIO,
4qTo MO3BOJIACT noJjiy4aTb BBICOKOTOYHBIC
MPOCTPAHCTBCHHBIC KaPThI pem,e(ba TOBEPXHOCTH.

Eé METO/bI TO3BOJISIFOT U3MEPATH
MPOCTPAHCTBEHHOE  paclpeiesiecHue  AIEKTPOHHON
IUIOTHOCTHU Y€pe3 TYHHEIbHBIN TOK /:

1 o< |[P(r)|%.(23)
B pesynprare  oOTHOIIEHWE  HAOIIOJIAEMBIX
JIMaMETPOB COOTHOCHUTCS KakK:
D T 1
[1) ~ eff(1) ~ 1’3(24)
Doy Ters(o)
[Honyuyennoe OTHOLIEHHE 3¢ EeKTHBHBIX

JHAMETPOB MOXET OBITH HCIOJIb30BAHO B Ka4yeCTBE
KOJIMYECTBEHHOI Mephl BIHMSHHSA KBAHTOBOTO 3(h(peKra
3eHOHa Ha yCTOWYMBOCTH KyOuTa B cocTosiHuH |1).

V3mepuTensHOe BO3ACHCTBHE JODKHO OBITH
NPOEKTHUBHBIM, TIIPH 3TOM HE Hapylwaao Obl
(U3MYECKYIO LENOCTHOCTh KBAaHTOBOM TOYKH. OTO
JOCTHUTraeTcs MPU COOIIOICHUH YCIIOBUSL:

TZint (25)
A€ Tt — JUIMTEIBHOCTh HU3MEPHUTEIBHOTO
HMMITYJIbCA.
3akjaouuTeIbHAs YacTh
Paccmotpena JUHAMHKa JIByXYPOBHEBOH

KBAHTOBOM CHCTEMBI, COOTBETCTBYIOLIEH KyOuUTy.
IMosty4eHsl BEPOSTHOCTHBIC BBIPAKCHHST OOHAPYKSHUSI
CHCTEMBI B KBAHTOBBIX COCTOsIHHsIX. [I0Ka3aHo, 4TO Ha
MaJbIX BpPEMEHAX BCPOSTHOCTH MEPEX0a MEKIY
COCTOSIHHSIMH UMEET KBaJPaTHYHYI0 3aBHCHMOCTH OT
BPEMEHH, YTO SIBIIETCS OCHOBOW [UISL IIPOSIBICHHS
KBaHTOBOT0 ¢ dekra 3eHOHa.

ITonyuennsie pe3ynbTaThl TIO3BOJISIFOT
KOJIMYECTBECHHO MPOAHAJIU3UPOBATH BJIIMAHHUC YaCTbhIX
U3MEpPEHUI Ha BEPOSITHOCTh COXPAHEHUSI KBAHTOBOI'O
COCTOSIHUSI KyOWTa Ha OCHOBE KBAHTOBOW TOYKH, a
TaKxKe paccMoTpeTh BO3MOYHOCTb
IKCIIEPHUMEHTAIBHOTO HCCIICIOBaHUS c
HCIIONIb30BAHUEM METOJIOB CKaHUPYIOIIEH 30HIOBON
MHKPOCKOIHH.
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UHTEJUIEKTY AJIBHBIE METO/IbI OBHAPYKEHHSI AHOMAJINI B TIOTOKAX
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INTELLIGENT METHODS FOR ANOMALY DETECTION IN NETWORK TRAFFIC STREAMS
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Russia, Grozny
DOI: 10.31618/ESU.2413-9335.2026.1.133.2253
AHHOTAIUSA
B crathe paccmarpuBaeTcs 3aaya OOHapyXKEHHsS aHOMAalWil B IIOTOKaX CETEBOro Tpaduka Ha OCHOBE
MHTEJUICKTYAJIbHBIX METOZOB aHAIIN3a JaHHBIX. AKTYalbHOCTh UCCIICIOBAHHUS CBsI3aHa C POCTOM 00BEMa CETEBBIX
B3aMMOJCHCTBHH, YCIOXKHCHHEM CTPYKTYpbl Tpauka M HEJOCTATOYHOH 3(P(EKTHBHOCTBIO CTATHYSCKUX
CUTHATYPHBIX ITOJXOZOB B YCIOBHUSX M3MCHSIOIINXCS CETEBBIX ClieHapueB. Llenb paboTel coOCTOHUT B pa3paboTke
MOJICITY BBISBIICHHSI aHOMAIBHBIX COCTOSHUH ceTeBoro Tpaduka, 0OBeIUHSIONMIEH CTATHCTHYECKOES OMUCAHUE
MOTOKOB, MOBEICHYCCKHE MPU3HAKU 1 AITOPUTMBI MAIIMHHOTO 00y4eHus. B paboTe npeaiokeHa MHOTOITATTHAS
cxema obpabotku NetFlow- u packet-maHHbIX, BKIIIOYAIOIIAsl MMPEABAPUTENBHYIO (DUIIBTpAIMIO, HW3BJICYCHUE
HH(POPMATHUBHBIX MPU3HAKOB, IOCTPOCHHE aHCAMOIICBOIT MO IEIH KIaCCH(HUKAIIMN M HHTETPATBHYIO OLICHKY PHCKa
CEeTeBOI aHOMaNHK. B KauecTBe OCHOBHBIX METO/OB HCIOJIb30BAHBI TPAAUCHTHBINA OYCTHHT, METOJ CIyYaiHOTO
Jieca v anropUuTM JIOKAIEHOTO 0OHapyKeHHs BEIOPOocoB. [IpencTaBneH bl MOIX0/1 TI03BOJISCT OBBICUTh TOYHOCTH
BBISIBIICHUSI aHOMANHUH, COKPATUTh YHCIIO JIOXKHBIX CpabaThIBaHMH M aJalNTHPOBATh MHPOIEAYPY aHamM3a K
M3MEHSIOIIEMYCsl IPOHITIO CETeBOI Harpy3ku. [IpakTHyeckas 3HAYMMOCTB CTATbU OIPEIEIIACTCS BO3MOKHOCTBIO
UCIIONIB30BAHMS MPEUIOKCHHOH MOJENM B CHCTEMaX MOHUTOPHMHTA, B IIGHTPAaX OOpaOOTKM NaHHBIX U B
KOPIIOPATHBHBIX TEICKOMMYHHKAIIHOHHBIX HHPPACTPYKTypax.
ABSTRACT
The paper considers the problem of anomaly detection in network traffic streams using intelligent data
analysis methods. The relevance of the study is determined by the growth of network interactions, the increasing
complexity of traffic structure and the limited efficiency of static signature-based approaches under dynamically
changing network scenarios. The purpose of the research is to develop a model for detecting anomalous network
traffic states that combines statistical flow description, behavioral features and machine learning algorithms. A
multi-stage processing scheme for NetFlow and packet data is proposed, including pre-filtering, informative
feature extraction, ensemble classification and integrated anomaly risk estimation. Gradient boosting, random
forest and local outlier factor are used as the core analytical methods. The proposed approach improves anomaly
detection accuracy, reduces false positives and adapts the analysis procedure to changing traffic profiles. The
practical significance of the study lies in the possibility of applying the model in monitoring systems, data centers
and corporate telecommunication infrastructures.
KuaroueBble ciioBa: ceTeBoil Tpaduk, 0OHApyKEHUE aHOMAIMH, MalIMHHOE 00y4YeHHe, TEICKOMMYHHKAIIUH,
NOTOKOBBIE JaHHBIE, KHOEPOE30IIaCHOCTh, HHTEIUICKTYaIbHBII aHaIn3.
Keywords: network traffic, anomaly detection, machine learning, telecommunications, data streams,
cybersecurity, intelligent analysis.

Beenenne KPaTKOBPEMEHHBIX BCIUIECKOB HArpy3KM WU YHCIO
CoBpeMEeHHBIE  TEIIEKOMMYHHKAIlMOHHBIE W pacHpeieleHHBIX B3ammozewcTsuil. Ha stom done
MHPOPMALMOHHBIE CHUCTEMBI (hOpMHUPYIOT  TPaAMIMOHHBIE MEXaHU3MBI KOHTPOJISI, OCHOBAHHBIE Ha
HENpEpPhIBHbIE MOTOKHU CETEBOT0 Tpaduka, (UKCHUPOBAHHBIX IPaBUJIAX M CHUTHATYPaX, MEPECTAIOT
coJiepKallue CBEICHUS 0 B3aUMOJICHCTBIM  OBITH JI0CTATOYHBIMH JUISI CBOEBPEMEHHOTO BBISIBIICHHS

MOJIb30BATEIICH, TMPWIOKEHUH, CETEBBIX CEPBHUCOB M
anmapaTHeIX —cpeAcTB. B ycnmoBusax  mmdpoBoit
TpaHcdopManuy, pocta 00JIauHbIX IUIATPOPM, CHCTEM
YAAJEHHOTO IOCTYyNa M MPOMBIIUIEHHOTO HWHTEpPHETa
BelIel 00beM IepenaBaeMbIX JTaHHBIX YBEIHIHBACTCS
HE TOJNBKO KOJWYECTBEHHO, HO W KadeCTBEHHO:
BO3PACTAalOT pa3HOOOpa3me CEeTEBBIX CIIEHApUEB, OIS
3amuGpPOBaHHOTO Tpaduka, HWHTEHCHUBHOCTb

AHOMAJIBHBIX COCTOSIHHUH.

ITon aHomanuedl B MOTOKaxX ceTeBOro Tpaduka
OyzZeM NOHMMaTh TaKOE€ OTKJIOHEHHE IapaMeTpoB
CETEBOTO B3aMMOJICHCTBUS OT YCTOHYMBOTO MPOQHIL
(yHKIMOHUPOBAHMUS, KOTOpoe MOJXET
CBUJICTENECTBOBATh O  HAJNMYUM  arakd, c0os,
Meperpys3Kky, HEMITATHOH aKTHBHOCTH MOJIB30BATEIN,
omuOKe KOHPUTYpaIlMH WM Jerpajaiid KadecTBa
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o0cmyxuBanusl. B oTiau4ne oT coOBITHIHOTO KOHTPOJIS
C/IMHUYHBIX COOOIICHUH, aHaJIM3 IOTOKOB TpeOyeT
OJTHOBPEMEHHOTO y4yeTa CTaTHUCTHYECKUX, BPEMEHHBIX
Y MTOBEJICHYECKUX IIPU3HAKOB.

AXTyaJIbHOCTh ~ MICCJICZIOBAHUS  ONpPEIeIsieTCst
HEOOXOIUMOCTBIO pa3pabOTKH MOIXOA0B, CIIOCOOHBIX
O0HapyXMBaTh aHOMAIWH B IIOTOKOBOM pEXHME,
alaliTUPOBATECS K MEHSIOUIMMCS XapaKTEPHUCTHKAM
CETEBOI cpepl U 00ecneurnBaTh MPUEMIIEMBIN OaaHC
MEXKAy TOJIHOTOH OOHApyKCHHS W YHCIIOM JIOXKHBIX
cpabatbiBannil. Llenmpio cTaThy SBISIETCS TOCTPOCHUE
MOJIETIM MHTEJUIEKTYaJIbHOTO OOHApYKESHUSI aHOMAaINH
B TOTOKax CETeBOro Tpaduka, NPUTOAHOW IS
NPaKTHYECKOW peanu3alud B KOPHOPAaTHBHBIX U
BE/IOMCTBEHHBIX CHCTEMaX MOHUTOPHHTIa.

Iean uccienoBanus

Llens wnccnenoBaHus COCTOMT B pa3paboTke
MOJIETIH HHTEJUIEKTYyalIbHOTO OOHAPYKECHUSI aHOMAINH
B TIOTOKaX CETeBOTO Tpaduka Ha OCHOBE MHTETPAINU
CTaTHCTHYECKHX IPH3HAKOB, IIOBEJCHIECKOTO aHAIN3a
Y AITOPUTMOB MAIIMHHOTO O0Y4EHMS.

JAnst TOCTYKEHNS! TIOCTaBJICHHON LIENTN PEeIaroTCs
CllelyIolI1e 3a/1a4u:

1) onpenenuts WHPOPMATUBHBIE NPU3HAKH,
XapaKTepU3YIOIINE CETEBbIC TIOTOKH U UX JHHAMHUKY;

2) paspaborarh CXeMy IpeIBapUTENbHOMN
00pabOTKU ¥ HOPMAITU3AIUH TAHHBIX;

3) MOCTPOUTH aHcaMOJIeBYIO
Kaccu(UKauyu aHOMaJInii;

4) cdopmMHupoBaTh HHTETPATBHBIN ITOKA3aTENh
pHCKa CETEBOTO OTKIOHEHHS;

5) mpoBepUTH PabOTOCIIOCOOHOCTH MOAXOIA Ha
MOJICTIbHON BBIOOPKE ITOTOKOB CETEBOTO TpadHKa.

Marepuan 1 MeTObI HCCIeJ0BAHUS

B Ka4yecTBe Marepuasia  HCCJIEJOBaHHMS
paccMaTpuBarOTCsl arperupoBaHHbBIE MOTOKH CETEBOTO
Tpaduka, mpezacrasicHHsie B (opmare NetFlow wu
JIOTIOJIHEHHbIE ~ TAKeTHBIMH  XapaKTEPUCTHKAMH,
U3BJIIEKAEMBIMH M3  3€PKaJMPYeMOro  CETEeBOrO
cerMeHTa. KaIplli MOTOK OMHCHIBAETCS HAOOPOM
aTpuOyToB: IP-anpecamMm HMCTOYHMKA W Ha3HAuYCHMS,
MOPTaMH, TPaHCTIOPTHBIM MPOTOKOJIOM,
JUTUTEBHOCTBIO COCIMHEHMS, 00BEMOM IIepeaHHbIX
JAHHBIX, YMCIOM MaKEeTOB, CPEHUM Pa3MEPOM IIaKeTa,
MEKIAKETHBIM HMHTEPBAJIOM, JOJICH BXOISIIETO U
UCXOs1Iero Tpaduka, YMCIOM HEYCIIEIIHBIX ITOIBITOK
YCTAHOBIICHUSI COSIIMHEHHUS U PSIOM JIOTIOTHUTEIbHBIX
WHJIUKaTOPOB.

[Mpeanaraemast MoJieNb BKIIIOYAET YETHIPE JTarla.
Ha nmepBom o9rame BbimosiHseTcs — (UIBTpaLUs
OIIMOOYHBIX 3aliceil, CHHXPOHHU3ALUS BPEMEHHBIX
METOK, YCTpaHEHHE IPOIyCKOB W NpeoOpa3oBaHHE
KaTeropuaJIbHbIX TIoJied B uucioBod ¢Qopmar. Ha
BTOPOM 3Tarle IPOU3BOJIUTCSI M3BJICUCHNE MTPU3HAKOB.
J1J1s1 Ka)XKJI0T0 MOTOKa PacCUUTHIBAIOTCS: KO3 UINEHT

MOJEJIb

acUMMETpUU  Iepelayd, II0Ka3aTeldb  PE3KOCTU
BCIJICCKA, HOPMHMPOBaHHAas 4acTOTa IIOBTOPHBIX
COCIMHEHUIl, SHTPONHUS paCHpeleNIeHus IOpTOB,

KO3(1)(1)I/I[H/IGHT Bapuanu MEXKITaKCTHBIX HHTEPBAJIOB U
JoJis1 KOpoTkux ceccuil. Ha TpetbeM sTame ctpoutcs
aHcaMOJIb MOZeJeH, BKIIOYAIOMMNA T'pagueHTHBIN
OyCTHHT, CIIy9ailHBII JIeC W AJITOPUTM JIOKAIBHOTO
obOHapyxenuss BbIOpocoB. Ha uerBeprom 9rame

pe3yibTaTel  Mojened OO0BbEeNUHSIOTCS B EAMHYIO
OLICHKY PHCKa aHOMaJINH.

WurerpanpHas OIEHKAa aHOMAJIBHOTO COCTOSIHUS
TIOTOKa ONPE/IEISETCS BBIpaKEHHEM:

A=04P+0.35Q +0.25S,

rne P - BeposATHOCTh aHOMAJIMH 10 aHCAMOJIEBOM
Mozenu kinaccupukanum, Q - moKa3arenb OTKIOHCHUS
TEKYILEro MOTOKa OT CPEeTHECYTOYHOTO mpodmi, S -
JIOKAJBbHBIN KO3 PHUINEHT N30IUPOBAHHOCTH ITOTOKA B
MIPU3HAKOBOM mpocTpaHcTBe. Ilpn A >= 0.65 moTok
OTHOCHTCS K KJIaCCy aHOMaJIbHBIX.

Jlnst olleHKM KadyecTBa MOJEJeH HMCHOJIb3YIOTCS
nokazatenu Accuracy, Precision, Recall u Fl-score.
BakHbIM  KpuTEepHeM  TakkKe  SIBISETCS  JI0JI
JIO)KHOTIONIOXKUTEIBHBIX ~ CPa0aThIBAaHUH, ITOCKOJBKY
IIPU MacCOBOM CETEBOM MOHHMTOPHMHIE H30BITOYHOE
YHUCIIO OIIMOOYHBIX TPEBOI CYIIECTBEHHO CHIKAET
MIPUMEHUMOCTh METOJIa B PEalIbHON HKCILTyaTallHu.

Pe3yabTaTsl Hcc/ieqoBaHUS U UX 00CYyKAeHHE

OKcnepuMeHTaNbHasi TPOBEpPKa MOJAENH Obuia
MpoBeIeHa Ha MOJIENIFHON BEIOOpKE, BKIIFOUarotei 120
TBIC. CETEBBIX IIOTOKOB, PACHPEIEICHHBIX 0 KJIaccaM

«HOpMa»,  «IOAO3pUTENIbHAas  aKTUBHOCTbY U
«aHomanus». HopmanbHbli  TpadUK  ONUCHIBAJ
mraTHele ~ BeO-ceccuM, — CIy)KeOHble  OOMEHBI,

oOpalleHusi K KOPIOPAaTHBHBIM CEpPBHCaM U 0a30BbIE
CeTeBble CEpBUCH. B aHOMaJbHBIM Kiacc ObUTH
BKIIIOYEHBl ~ CIICHApUM  CKaHMPOBAaHUS  IOPTOB,
pacmpeneeHHOro oOpaleHust K CepBrcaM, HETUITHIHO
KOPOTKHE  bUrSt-IIOTOKH, BCIUIECKH  ITOBTOPHBIX
COCIMHEHUI 1 aHOMAJbHBIC COYCTAaHHUS UTUTEIEHOCTH
ceccruu 1 00beMa Tiepeiadn JaHHBIX.

[IpoBeneHHOE  CcpaBHEHHE  IIOKa3allo,  HTO
HCTIOJB30BaHUE OTICIHFHOTO CTATUCTHIECKOTO ITOpOTa
10 OJHOMY IpHU3HAKy O0O0ECHeuHuBaNO MOITHOTY
oOHapy>KeHHS Ha YpOBHE 0.71 pu
JoXKHOMONOXHUTeNbHOH  morme  0.18. Anroputm
ciydvaitHoro Jseca gan 3HaueHume Fl-score 0.91,
rpagueHTHBIR OycTtuHT - 0.93, a KoMOuHamms Tpex
METOZOB B COCTaBe MpEeIJIaraéMoro aHcamoOmst
obecrreummma  Fl-score 095 mpu  cHmWKEHUH
noxuomnonoxurenpHoir momu g0 0.06. OcobOeHHO
3aMETHBII BHIMTPHIN aHCaMOJb TMOKa3al B CIIydasX,
KOTJIa aHOMaUTHsl OBbLIa BRIPAXKCHA HE PE3KUM CKaYKOM

OJHOTO  TlapaMeTpa, a COBOKYNHBIM  CIa0ObIM
OTKJIOHEHHEM IO HECKOJIBKIM IIPHU3HAKaM.

Haunbonee  mHGOPMATUBHBIMH  NpPHU3HAKAMH
OKa3aJIUCh  SHTPOMHUS  pacHpefesieHus  MOpPTOB,

K03(hGHUIHUEHT ACUMMETPHU BXOJISIIIETO M UCXOASIIET0
Tpaduka, m0II KOPOTKHX CECCHil M BapHaTHBHOCTh
MEXITaKeTHBIX HWHTEPBAJIOB. DTO MOATBEPIKIAET, UTO
JUISL CeTEBOro TpaduKa aHOMAaJIbHOCTH ONPENEIISeTCS
HE TOJIbKO 0OBEMOM JIAaHHBIX MIJIM YHCIIOM HAaKeTOB, HO
U CTPYKTYpOH B3aUMOJIEHCTBUS.

CpaBHEeHUE  pe3ylnbTaTOB  IMOKAa3bIBaeT, UTO
MHTEJUIEKTYallbHbIE METOJbl MO3BOJSIOT MEPEHTH OT
PEaKTUBHOTO BBISIBJICHHUS SIBHBIX CETEBBIX MHIUIECHTOB
K aJanTHBHOMY OOHApy)XEHHIO CKPBITBIX U Cabo
BBIPAKEHHBIX aHoManuil. IIpu 3ToM Hcnosb30BaHUE
WHTETPAIbHON OIIGHKM A [aeT BO3MOXXHOCTh HeE
TOJILKO OMHAPHO Pa3AeisATh MOTOKH Ha HOPMAJIbHBIE U
aHOMaJIbHBIE, HO W (OPMHPOBATH PAHXKUPOBAHHBIN
CIMCOK PpHUCKOB Ui TOCJIEAYIOIIEro  aHalu3a
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OIEepaTopoM WM CUCTEMOM aBTOMATU3UPOBAHHOIO
pearupoBaHusl.

OOcyxaeHue pe3ybTaToB I03BOJISIET BBIICIHUTH U
OrpaHHYeHUs Mojaxojaa. Bo-nepBbiX, 3QPeKTUBHOCTH
MOJIEIIM 3aBUCHT OT KayecTBa 00y4aroleil BHIOOPKU U

HOJIHOTEI ~ ONHCAHWS  HOPMAaIbHOTO  CETEBOTO
NOBEJCHUA. Bo-BTOpBIX, NpH pE3KOM H3MEHEHHH
npoduias ~— KOPIOPAaTHBHOTO  TpauKa  MOXKET

moTpeOOBaThCS TOBTOPHAS KamuOpoBKa Mojaend. B-
TPEeTBUX, BBICOKAs MAOJI1 IMU(PPOBAHHOTO Tpaduka
CHIXKAeT uH(pOpPMATHBHOCTH COJICPKATENbHBIX
NPU3HAKOB, 4YTO TpeOyeT CMEUIeHUs akleHTa Ha
TIOBE/ICHUECKHE ¥ BPEMEHHBIE XapaKTepUCTHKH. Tem
HEe  MeHee HMEHHO B  TaKuX  YCJOBHSX
MHTEJUIEKTyalbHble METOJbI OKa3bIBAIOTCS Haubosee
BOCTPeOOBaHHBIMH, MOCKOJIbKY KJIaCCHYECKHE
CHTHATYPHBIE CPEACTBA OIPAHUYEHBI B BO3MOXKHOCTAX
aHaIn3a.
BbiBoabI (3aK/II04YEHHE)

IIOTOKOB, TIOBEJCHYECKUE NPU3HAKH M aHcaMOIlb
ITOPUTMOB MalIMHHOTO 00ydenus. IlokazaHo, yTo
KOMOMHUPOBAaHHOE  HCIOJIb30BAaHUE T'PAJUECHTHOIO
OycTuHra, CIIy4aiHOro jeca M MEeTOoJa JIOKaJIbHOTO
OOHapyXeHHs1 BBIOPOCOB  IO3BOJIIET  IIOBBICHTH
TOYHOCTh KJAacCH(MKAIMM aHOMaIWd W COKPAaTHUTh
YHUCIIO JIOKHBIX CpaldaTblBaHMH 10 CPaBHEHHUIO C
MTOPOTOBBIMH ¥ OTHOAJITOPUTMHBIMH CXEMaMH.
[TpakTHdyeckass ~ 3HAYUMOCTh  HCCIICAOBAHUS
3aKIIOYaeTCsI B BO3MOXKHOCTH  IPHUMEHEHUS
MIPEATI0KEHHOTO TOX0/a B CHCTEMaX MOHHTOPHHTA
KOPIOPaTUBHBIX CETeH, B TEIEKOMMYHHKAIIMOHHBIX

y31ax, B IIEHTpaXx oOOpabOTKM JaHHBIX M B
pacmpeneneHHbIX  MHQPACTPYKTYpax C  BBICOKOM
MHTEHCUBHOCTBIO CETEBOr0 OOMEHa.

[TepcriekTuBbI najJbHENIITNX HCCIIEJOBaHUM

CBSI3aHBI C aJlanTalueil MoJenu K IOTOKOBOMY PEKUMY
pEeaTbHOTO  BPEMEHM, HCIIOIB30BAaHHEM METOJOB
OHNAH-00y4eHHs, a TaKKe C  BKIIOYCHHEM

Paspaborana  MopeNnb ~ HHTEIUICKTYyalbHOTO  MEXaHH3MOB OOBSCHHMOTO MAaIIMHHOTO OOyYEHHS JUTs
OOHapy»eHHs aHOMAaJMid B MOTOKaX CETEBOIO  HMHTEPIPETAlWM INPUYUH CpabaThIBAaHUS CHCTEMEI
Tpaduka, OOBCIMHSIIOMAS CTATHCTUYSCKOE ONHMCaHWE  OOHApY)KCHUS aHOMANH.

Tabmuna 1
CpaBHeHHe Pe3yJIbTATOB METO0B 00HAPYKEHUST AHOMAJIHIA
Table 1
Comparison of anomaly detection methods
Merton Accuracy Precision Recall Fl-score
IloporoBslii aHam3 0.79 0.68 0.71 0.69
Cryuaiinbiii jiec 0.93 0.90 0.92 0.91
I"paseHTHBINH OycTHHT 0.95 092 0.94 0.93
[Tpepnaraemplii aHcamOIIb 0.96 0.95 0.95 0.95
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ABSTRACT

This paper presents and describes an algorithm for unambiguously determining the absolute angular position
of the shaft of a multi-turn reduction gear sensor. The relevance of the task is driven by the necessity for high-
precision and reliable registration of the total number of revolutions in fields such as ro-botics, CNC machine
tools, aerospace systems, and heavy machinery. The developed algorithm is universal and applicable to various
reducer kinematic schemes: with a central gear transmitting rotation directly to several driven gears; and a cascade
scheme implementing sequential transmission of rotational torque: from the driving gear to the first driven gear,
from the first to the second, and so on down the chain. A mathematical model was derived and presented in the
article, describing the relationship between the readings of angle sensors installed on each gear. A key feature of
the model is the consideration of integer transformations of the angle and the accounting of hysteresis and backlash
in gear tooth engagement. The main complexity overcome by the algorithm lies in resolving the ambiguity arising
from the periodic nature of angular positions. To solve this problem effectively and compactly, the method of
iterations was successfully applied in the algorithm. Thus, the algorithm allows for the reconstruction of the total
number of completed revolutions using only data on the cur-rent position of each reducer element.

Keywords: position sensors, multi-turn position sensors, encoders, feedback)

In modern highly automated process control
systems, the implementation of the feedback principle
for the precision positioning of actuators constitutes a
fundamental  and  indispensable = component,
determining the basic stability and efficiency of the
control loop. The specific method employed to
implement this positional feedback has a defining
influence not only on the quality and accuracy of the
control itself, characterized by metrics such as static
and dynamic positioning error, but also on the key
operational indicators of the entire system. These
include overall productivity, energy efficiency,
reliability, and fault tolerance of the technological
process, as well as, crucially, the level of industrial
safety for personnel servicing the equipment.
Therefore, the selection of a position sensor is
transformed from a purely technical task into a strategic
decision impacting the lifecycle and economics of the
entire project [1].

To address the task of determining absolute
position in devices performing multiple full rotations
(multi-turn ~ drives), combined schemes have
traditionally been employed. The most common
approach, historically established in automation,
involves the combined use of an incremental encoder,
which registers relative movement by generating
pulses, and mechanical or electronic limit switches
marking the extreme physical positions [2]. However,
this method possesses a significant technological
drawback: it is inherently relative and does not allow
for establishing the precise absolute position of the
actuator directly after system initialization or power
restoration. This inevitably necessitates the mandatory
execution of a "homing" or "referencing" procedure to
establish a zero reference point. This increases the time

to reach operational mode, complicates control
algorithms, creates additional mechanical loads, and is
unacceptable in systems requiring immediate
resumption of operation after a failure.

An alternative solution, which eliminates the need
fora

zero-search procedure after every power-up, are
multi-turn absolute sensors based on the Wiegand
effect or similar magnetic switching principles [3-5].
These are capable of retaining information about the
number of revolutions completed without external
power by registering magnetic impulses from a
permanent magnet. Despite this fundamental
advantage, their design necessitates the presence of an
autonomous power source, typically a built-in battery,
to power the electronic counting circuit and memory.
This circumstance creates a systemic vulnerability: the
finite service life, degradation under extreme
temperatures, or premature discharge of the battery
leads to the irretrievable loss of critical position data
and, consequently, to the complete failure of the entire
positioning unit. This reduces the overall long-term
reliability and predictability of the device's operation
and necessitates scheduled maintenance.

The most advanced and technically justified
solution to this problem appears to be geared multi-turn
position sensors (multi-turn absolute encoders with a
mechanical gearbox). Their design principle, which
combines a direct absolute single-turn sensor (e.g.,
optical, magnetic, or capacitive) [7-10] with a
mechanical gear reducer, allows for the unambiguous
determination of the absolute angular shaft position
within a very wide measurement range — from several
to tens of thousands of full revolutions [11, 12]. The
operating algorithm is based on the simultaneous
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reading of absolute angles from the output shafts of
each gear stage and subsequent position reconstruction.
This enables the determination of the total revolution
count without the need for calibration procedures after
power-up and without dependence on any backup
power sources. Such an architecture ensures maximum
reliability, enhanced safety, and immediate system
readiness for operation at any moment. This makes this
type of sensor the preferred choice for demanding and
critical applications in industrial automation, robotics,
energy, and the aerospace industry.

II. REVIEW OF SOLUTIONS

The paper [13] presents the architecture and
operating principle of an algorithm for determining the
absolute angular position of a sensor with an extended
measurement range of 64 full revolutions. A key
element of the system is a mechanical gearbox with a
1:64 gear ratio integrated into the measurement circuit,
allowing it to overcome the limitations of single-turn
Sensors.

The design involves the use of two single-turn
encoders performing different functions. The first
(driven) sensor, connected to the gearbox's output shaft,
provides highprecision measurement of the absolute
angle within one revolution (0-360°). The second
(driving) sensor, installed on the input shaft, tracks the
integer number of revolutions completed by the first
sensor, thereby generating a coarse reading in the range
from O to 64 revolutions. The joint processing of data
from the two sensors, essentially implementing a
vernier reading method, allows for the unambiguous
calculation of the absolute position within the extended
range with high resolution. Furthermore, it is worth
noting the mechanical redundancy of the gearbox's
measurement circuit, which enhances the reliability of
this measuring instrument.

An important technical advantage of the reviewed
design is its ability to maintain functionality and speed
determination accuracy under high-speed rotation
conditions. The algorithm ensures correct speed
measurement at rotation frequencies up to 8000
revolutions per minute, making the proposed solution
applicable for dynamic control and management tasks
in highspeed electromechanical systems. Thus, the
combination of mechanical and algorithmic
components enables the creation of a system that
combines a wide measurement range, unambiguous
determination of absolute position, and high
operational speed.

The paper [14] examines an algorithm for the
unambiguous determination of the number of
revolutions completed by a multi-turn position sensor,
based on the application of the Chinese Remainder
Theorem (CRT) [15]. This method utilizes the readings
of absolute angle sensors installed on the shafts of gears
in a mechanical gearbox. To illustrate the algorithm's
operation, an example of a sensor with a measurement
range of up to 4096 revolutions is provided, whose
kinematic diagram includes a driving gear with the
number of teeth z0 =9 and three driven gears with z1 =
31, z2 = 34, z3 = 35 respectively.

The restoration of the absolute position X is
performed using formula (1):

[X]=mod(s1-15470+52-11935+ 53-9486,36890) (1)

Where:

sl is the reading of the absolute position of the first
driven

gear, ranging from 0 to z1-1, s2 is the reading of
the absolute position of the second

driven gear, ranging from 0 to z2-1, s3 is the
reading of the absolute position of the third driven

gear, ranging from 0 to z3-1.

The algorithm for calculating the sensor reading
coefficients is provided in article [14]. As evident from
(1), the reading of each sensor is multiplied by large
coefficients that increase with the measurement range
of the sensor. Consequently, the measurement error of
readings sl, s2, and s3 is also multiplied by this
coefficient, which limits the scope of application for
this algorithm.

When applying this algorithm to a gearbox with
the following configuration: the number of teeth on the
driving shaft z0 = 48, the number of teeth on the first
gear meshing with the driving wheel z1 = 49, the
second gear z2 = 25, and the third gear z3 = 17,
resulting in a measurement range of 20,825 revolutions,
we obtain (2):

[X]=mod(s0-9017225 +51- 25459200 + 52- 63934416 + @
+53-203389200. 99960) B

As can be seen, the coefficient for s4 is
approximately 203 million. If s4 takes values from 0 to
16, then at 16 the resulting number will be on the order
of 3 billion. The int32 t type ranges from -2 147 483
648 to 2 147 483 647. This necessitates the use of
uint32 t, which ranges from 0 to 4 294 967 295. The
enormous error multiplication coefficient will preclude
unambiguous position determination. Thus, the direct
application of the Chinese Remainder Theorem for
sensors with a wide measurement range encounters two
fundamental barriers: the exponential amplification of
primary measurement errors, rendering the algorithm
unstable, the requirement for high-precision arithmetic
to process extremely large numbers, which may be
inefficient or unacceptable in resourceconstrained
systems.

These limitations underscore the necessity for
developing and employing alternative algorithmic
approaches, such as recursive or iterative ambiguity
resolution methods. These methods are devoid of the
aforementioned drawbacks and offer greater robustness
and computational efficiency for the task of
determining absolute position in multi-turn sensors.

III. MATHEMATICAL MODEL

To analyze and investigate the positioning system
based on a geared multi-turn sensor, a developed
mathematical model is employed, the functional
diagram of which is presented in Fig. 1. The model
includes a mechanical subsystem (block Al), which
represents a kinematic chain comprising a set of gear
wheels. Diametrically polarized permanent magnets are
mounted on the ends of each wheel's shaft, with all
driven wheels meshing with a central driving wheel.
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Above the plane of each magnet, an angle position
sensor (A2) (AS5600 IC) is located, performing the
conversion of the magnetic induction vector into a
digital code (12-bit resolution, output value range 0—

4095). The output data, featuring a programmable
hysteresis level (which can be disabled or set to 1 or 2
bits), are transmitted to a microprocessor unit (A3)
(MPU) for further processing.

A1 A2 A3
50 AS5600
(’ R 51 AS5600
72
.' f ./ MPU
i 1 z|:||
'. ~ 52 AS5600
. )
\ \2)/
5n AS5600

Fig. 1. functional diagram.

The proposed mathematical model possesses the
property of scalability and can be extended to an
arbitrary number of gear stages. The primary practical
limitation for such expansion is the computational
resources of the simulating system. Another crucial
design parameter is the relationship between the
resolution of the magnetic field sensor and the gearbox
kinematics.

For the employed AS5600 sensor with a resolution
0f 4096 steps per revolution (12 bits) and a driving gear
with 51 teeth, approximately 80 discrete values
correspond to one tooth, ensuring sufficient accuracy
for position detection. However, if the number of teeth
on the driven gear is increased to, for example, 347, the
resolution per tooth decreases to approximately 11
steps. This may prove insufficient for unambiguous

angular position determination in certain applications.
An investigation of this compromise between gear ratio
and discretization accuracy falls outside the scope of
this work.

The mechanical subsystem block is examined in
more detail separately. Figure 2 presents an expanded
mathematical model describing the transmission of
rotation from the driving gear to the driven gears,
taking into account backlash in the gear meshing.

The mathematical model of the AS5600 angular
position sensor is explored in greater detail in Figure 3
and is described by the dependency of the output signal
on the input, considering the specific features of the
integrated circuit, such as the conversion of the input
signal into an integer value.
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Fig. 2. functional diagram.

Within the mechanical subsystem, the absolute
rotation angle of the driving gear serves as the input

signal. This parameter is transformed into a relative
angle (within the range of 0° to 360°) for each of the
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driven gears, taking into account the respective gear
ratios, and is then output from the system.
Furthermore, the model incorporates the
parameter AO, characterizing the angular backlash in
the gear meshing. The backlash magnitude is defined as
the product of the angular tooth pitch and the wear
coefficient K (where 0 <K < 1). When K = 0, the model
corresponds to an ideal mechanism without backlash,

while a value of K = 1 models the ultimate wear state
where the backlash reaches the magnitude of the
angular tooth pitch.

To simulate the inertial motion of the driven gear
after the driving gear stops, the value of A in the model
is assigned as a random variable uniformly distributed
within the specified range

A
Z-1 P <2048
Y -
| 0
p| >4094 | If >
- -
else s
<] >
— 4096 /360 P int - <2
Y
4095
z-1 P >2048 > If >

Fig. 3. functional diagram.

The The AS5600 angle sensor module converts
the measured angular position of an object in the range
of 0 to 360 degrees into a corresponding digital value,
represented as a 12bit code (from 0 to 4095 inclusive).
This operating principle corresponds to the standard
method of analog-to-digital conversion (ADC) with a
linear relationship between the input angle and the
output digital number.

A significant functional feature of the module is
the software implementation of a hysteresis correction.
The introduction of hysteresis aims to enhance the
stability of the output signal against mechanical shaft
jitter or electrical noise near quantization boundaries,
especially near the conditional zero crossing point (the
boundary between the maximum and minimum values
of the scale). However, this mechanism has a side
effect, which is a systematic conversion error with a
magnitude of +1 Least Significant Bit (LSB). This error
manifests when crossing the virtual 0/360-degree
boundary and is related to the algorithmic delay in
updating the output value.

For the correct operation of the hysteresis
algorithm and the detection of zero-crossing events,
information about the direction of rotation is required.
To this end, the algorithm utilizes a variable Z-1 (Z-
minus-one), which stores the digital angle value
obtained in the previous iteration step (measurement
cycle). By comparing the current reading with the
previous one (Z-1), the sign of the angular velocity and,
consequently, the direction of rotation (clockwise or
counterclockwise) is determined. Based on this
direction, the module's decision-making unit applies
the corresponding hysteresis threshold logic, enabling

an unambiguous interpretation of the transition across
the range boundary.

IV. IMPLEMENTATION OF THE SOLUTION

Thus, the microprocessor control unit receives
discrete data corresponding to the instantaneous
angular positions of each element within the gear train
system: So, S1, Sz, ..., Sm-1), where n denotes the total
number of monitored gears. These values, read from the
angular position sensors, constitute the initial state
vector of the mechanical system within its
configuration space.

The computational algorithm implemented in the
processor iteratively performs a virtual calibration of
the system based on the mathematical model described
above. In the first step, the processor records the
measured reference value for the position of the driving
gear (s0). Then, using the mathematical model, which
describes the functional dependency of the positions of
all driven gears on the position of the driver, a
simulated virtual rotation of this gear by one full
revolution is performed.

As a result of this simulation, the processor
calculates the predicted (model-based) angular
positions for all other gears, denoted as s1*, s2%*, ...,
s(n-1)*. The resulting set of predicted values is
compared with the actual measured values sl, s2, ...,
sm-1) via pairwise subtraction or by analyzing the
discrepancy (error). If a significant mismatch is
observed, for instance(3):

|51*—s1|>3 3)

where 8 is the permissible error threshold, then the
described procedure is repeated.
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The algorithm continues to cyclically perform the
operation of virtually rotating the driving gear by an
integer number of revolutions, each time generating a
new set of predicted values s;*. The iterative process
continues until, for each monitored gear i (where i = 1,
2, ..., (n-1)), the model value si* matches the actual
measured value s; within the specified accuracy.

.»""--- -
I\\--- start :>

I.l' [
| s0,..s(n-1),N=0 /
/

Achieving complete matching of all value pairs
indicates that the system has completed as many
revolutions as there were iterations. This process thus
restores the absolute position value. The algorithm's
flowchart is presented in Figure 4.

modeling

. 5{n-1}==s(n-1)*

51= =N T
sl==g}® . NO

51% 52%, s(n-1)*

Fig. 4. functional diagram.

The The presented basic iterative algorithm, which
uses a constant angular step equal to one full revolution
of the driving element, possesses a significant
drawback in the form of low computational efficiency
when operating with multi-stage kinematic chains. To
eliminate this limitation, a modification of the method
is proposed, based on the principle of adaptively and
dynamically changing the magnitude of the virtual
angular increment at each search stage. The essence of
the improvement lies in transitioning from a
monotonous enumeration with a fixed step to a strategy
of sequentially increasing the period of the solutions
being tested, which drastically reduces the time
complexity of the computational procedure.

The formalized description of the modified
algorithm consists of the following sequence of
operations. After recording the measured value so and
executing the first iteration with a basic step of one
revolution, the system obtains the first set of calculated
values s1*, s2*, ..., sm-1)*.

A key distinction from the initial methodology
manifests at the stage of analyzing the first mismatch.
When the kinematic agreement condition is met for a
specific driven gear, the algorithm does not continue
the cyclic enumeration with a unit step. Instead, it
performs a correction of the mechanism for generating
trial solutions itself.

Specifically, upon establishing that the model and
measured values for the first driven gear match (|s1* —
sl| £ 6, where 0 is a predetermined permissible error

threshold), the magnitude of the angular step for the
driving gear is immediately altered. The new step value
is set equal to the number of teeth z1 divided by the
difference in the number of teeth (z1 — z0). This
operation has a profound cybernetic meaning: each
subsequent angular increment will be a multiple of the
period after which the angular position of the first
driven gear repeats under the condition of a rigid
kinematic coupling. Thus, all subsequent trial angles
will automatically satisfy the matching condition for si,
eliminating the need for its repeated verification and
focusing computational resources on reconciling the
remaining parameters.

The algorithm then proceeds to reconcile the
position of the next gear. The rotation of the driving
element is now performed with the adapted step. Once
the condition [s2* — s2| < & is achieved during this
iterative procedure, the step is modified again. At this
stage, it is increased to a value equal to the product of
the number of teeth of the already reconciled stages(4):

zl z2

dN = .
z1—z0 z2-=z0

_rotations (4)

This ensures that each subsequent candidate
solution simultaneously satisfies the kinematic
constraints imposed by both the first and second driven
gears. The flowchart of the algorithm is presented in
Figure 5.
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Fig. 5. functional diagram.

Thus, the microprocessor unit is able to
unambiguously determine the absolute position of the
multi-turn position sensor. The number of iterations
required for this process increases with the
measurement range and decreases with an increase in
the number of gear wheels and a reduction in the tooth
count difference between the driving and driven
wheels.

V. CONCLUSION

The obtained results can be used to implement an
algorithm for calculating the absolute shaft position of
a geared multiturn sensor, which will allow for the
unambiguous determination of the absolute position
with high accuracy. The presented algorithm has a
drawback related to its iterative method of position
determination, namely: as the measurement range
increases, the number of iterations required for
unambiguous position determination also increases.
This makes the algorithm highly efficient in electrical
devices and systems where the absolute position needs
to be determined only once, typically upon device
startup. However, it is insufficiently efficient in critical
systems where the precise position of the working
element must be known at every moment. These
include aviation, automotive, military, and space
systems, as well as medical equipment.
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AHHOTALIUA

B crarbe mnpencTaBieHbl NPOEKTUPOBAHHWE M 3KCIEPUMEHTAIBHOE HCCIEJOBAaHUE CXEMbI T'eHepaTopa

CBEPXKOPOTKHAX HMIIYJIbCOB, HCIIOJNBE3YEeMOH B MallorabapUTHOW CBEPXIIMPOKOIOIOCHON pPaJaHOIOKAIIMOHHON

cucreMe. CxeMma pa3paboTaHa Ha OCHOBE MPHHIIHIA CY>KEHHS IUPUHBI UMITYJIbca ¢ TOMOIBI0 1uoaoB LloTTkw,

YTO MO3BOJIET TEHEPHPOBATH WMITYJIbCHI C OYeHb Majioi IMpHHOI (MeHee 1 HC), oTBedaromme TpeOOBAHUAM

BBICOKOTO PAa3pelIeHHs] B NPWIOKEHUSIX IO3WIMOHUPOBAHHUSA, MOHHUTOPHHTa W OECKOHTAKTHOTO H3MEPEHUS.

Cxema cMOJenpOBaHa B IPOrpaMMHOM obecriedeHur Multisim, a 3aTeM pe3ysIbTaThl CPaBHEHBI C pe3yIbTaTaMu

M3MepeHuil Ha pa3paboTaHHON cxeme. J{JIs OeHKH MPOU3BOAUTEIFHOCTH CXEMBI TIPOAHAIN3UPOBAHBI ITAPaMETPhI

IIMPUHBI UMITYJIbCA, aMIUTUTYABI M TIEPHO/ia TOBTOPEHHS. DKCIIEPUMEHTAIBHBIE Pe3yNbTaThl MTOKa3bIBAIOT, YTO

cXema TeHepPHUPYyeT UMITYJIbChI C IOCTATOYHO OOJBIION aMIUIMTYAO0N, MAJION MTUPUHON UMITYJIbCa U CTAOMILHBIM

NEepHO/IOM  TOBTOPEHHs,  OTBevamompe  TpeOOBaHMSAM  Majora0apUTHBIX  CBEPXIIMPOKOIOJIOCHBIX

PaIMOJIOKAMOHHBIX CHCTEM, OCOOCHHO B OMOMEIMIMHCKHMX IMPWJIOKEHUSIX W JaTYMKaX OOHApyKEHUs >KHUBBIX
OpPraHU3MOB.

ABSTRACT
The paper presents the design and experimentation of an ultra-narrow pulse generator circuit used in a small-
sized UWB radar system. The circuit is designed based on the principle of narrowing the pulse width using
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Schottky diodes, allowing the generation of pulses with very narrow widths (less than 1 ns), meeting the high
resolution requirements in positioning, monitoring and non-contact sensing applications. The circuit is simulated
on Multisim software, then compared with the measurement results on the actual circuit. The parameters of pulse
width, amplitude and repetition period are analyzed to evaluate the performance of the circuit. The experimental
results show that the circuit generates pulses with sufficiently large amplitudes, narrow pulse widths and stable
repetition periods, meeting the requirements of small-sized UWB radar systems, especially in biomedical
applications and life detection sensors.
KuroueBsble cioBa: ['eHepaTtop cBepXKOpOTKHX UMITYI6cOB; UWB-panap; OnoMeIMIIMHCKUE JaTIHKH.

Keywords: Ultra-narrow pulse generator; UWB radar; biomedical sensors.

1. INTRODUCTION

The frequency range of 3.1-10.6 GHz and the
power spectral density of -41.3 dBm/MHz of low-
power UWB radar systems make this technology
suitable for use in medical applications. It has no
biological side effects and emits non-ionizing radiation
(only thermal effects), as well as having good
penetration ability through human tissues. These
characteristics encourage researchers to propose
numerous studies investigating UWB investment in
medical applications [1, 2].

In modern medicine, the need for non-contact
patient monitoring is becoming increasingly important.
Remote heart rate and respiratory monitoring systems,
which detect life signs, help reduce reliance on direct
contact methods using connecting wires. They also
allow for continuous patient monitoring at low
production costs, low power consumption, without
affecting the patient, and with a simple design [3, 4].
One of the key factors in these systems is the ability to
generate picosecond-sized ultranarrow pulses, which
are used for accurate and efficient transmission,
reception, and processing of biological signals. The
requirements for ultrashort pulses are a pulse width (1)
on the order of ps to ns, covering a wide frequency

range [5, 6]. Ultrafast pulses are characterized by short
pulse duration, energy optimization, and high temporal
resolution. One method for generating ultranarrow
pulses proposed in the article is using Schottky diodes.

2. DESIGN AND SIMULATION OF AN
ULTRA-NARROW PULSE GENERATOR
CIRCUIT

The block diagram of the ultra-narrow pulse
generator circuit (Figure 1) is based on the idea of
narrowing the pulse width of narrow pulses; the diagram
consists of four blocks, where the first three blocks
generate narrow pulses and the remaining block narrows
the pulse width of those narrow pulses. The random
signal generator block is designed based on a non-stable
multivibrator circuit. The square pulse generator block
uses inverting logic gates to create the square pulse. The
narrow pulse generator block takes the square pulse
output, passes it through an RC differentiating circuit,
and produces a narrow spike. The ultra-narrow pulse
generator and amplifier module shortens the pulse width
of the narrow pulse signal due to the rapid
charging/discharging capability of Schottky diodes; it
amplifies the input narrow pulse signal to a sufficiently
high output voltage level, ensuring it can be transmitted
through space.

ANTENNA

RANDOM SIGNAL SQUARE PULSE NARROW PULSE R UI.T::NI;:::::J APNI:]LSE
GENERATOR GENERATOR GENERATOR AMPLIFIER

Figure 1. Block diagram of an ultra-narrow pulse generator circuit



Espasutickuti Coro3 YueHbix. Cepusi. mexHu4Yeckue u puauko-mamemamuyeckue Hayku. #2(133), 2026

33

I i
R3
R2 §12m
12k )
R1 § o Output
§12m Q3 i
BC847B

Q2
BC847B
Qo = R6
BC847B 100I¢.Q§
= -
AN *
12kQ iC1

IZ.ZpF

R5
100k

Figure 2. Random signal generator

Random signal generator (Figure 2): This block
generates the initial oscillating signal for the circuit,
and the output is fed to the square pulse generator
block. The three NPN BC847B transistors have fast
switching capabilities, making them suitable for high-
frequency oscillators. They act as electronic switches,
toggling between conducting and non-conducting

Amplitude

20 mv ’ i

states to generate oscillations. Resistors R1, R2, and R3
are voltage-setting resistors; RS and R6 limit the
current for the transistors, helping to stabilize the
signal. Capacitor C1 charges and discharges through
resistor R4, creating a voltage change to activate the
transistors.

-20mV

100 ps 200 s

300 us

Figure 3. Output waveform simulation results for the random signal generator

Figure 3 describes the simulation results of the
measured signal, which has an oscillation amplitude
ranging from -23mV to 23mV, shows no periodic

pattern, and resembles a random signal. This signal
serves as the initial oscillating signal to be fed into the
square pulse generator block.
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Figure 4. Square pulse generator

Square pulse generator (Figure 4): Generates a
stable amplitude and defined repetition period square
wave sequence, ensuring the distance parameter for the
UWRB radar by using IC74HC04D. Capacitor C2 is a
cascaded capacitor that is passed through R7 to
maintain the DC voltage level; IC74HCO04D shapes the
input pulse into a square wave using the principle of

oscillation. Resistor R9 and diode 1N4148 (D1) limit
reverse voltage, helping to protect the circuit.

Figure 5 describes the output square pulse
obtained, with a high-level amplitude of 6V, a low-
level amplitude of OV, and a repetition period of
T=730ns. This is the result of processing the random
oscillating signal from the input through multiple

high-to-low level inversion voltage threshold; capacitor ~ feedback loops and pulse shaping using the
C3 charges and discharges through resistor R8, feeding  IC74HC04D.
back to the input to create continuous square wave
Amplitude 4
5V
Time
0 ; 1 >
Tus 2us 3pus 4 s 5us
Figure 5. Output waveform simulation results for square pulse generator
Amplitude 4
10V
| | | | |
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0 f t f >
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Figure 6. Simulation results of the feedback signal from C3 through RS to the input

Figure 6 illustrates the waveform of the signal
repeatedly fed back to the input of the block for pulse

shaping. The signal oscillates periodically with a

C4
Input 1l
°

repetition period of T=730ns, a positive peak amplitude
of 9.1V, and a negative peak amplitude of -6.6V.

Output
&

|
100pF

R10
150Q

Figure 7. Narrow pulse generator

Narrow pulse generator (Figure 7): This is a passive
RC differentiating circuit. Theoretically, when the input
is a square pulse, the output is two sharp positive and
negative differentiated pulses corresponding to the
positions at the rising and falling edges of the square

wave, respectively. The narrow pulse width depends on
the RC time constant, and the peak voltage amplitude of
the narrow pulse depends on the amplitude of the input
square pulse.

Amplitude 4
4V
T \
Time
0 >
2V
. 500 ns Tus 1.5 pus 2ps 2.5 us 3us 3.5 us
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Figure 8. Output waveform simulation results for the narrow pulse generator

Figure 8 describes the simulation results when the
input is a square pulse and the output is differential
pulses at the rising and falling edges of the square pulse.
This is consistent with the theory when a square pulse
passes through a differential circuit. The positive
narrow pulse has a width of 2.1ns and a positive peak
amplitude of 4.5V, the negative narrow pulse has a

12V

cé R11

100nF §1k°
c5
= |
'__II

width of 1.8ns and a negative peak amplitude of -2.7V;
the pulses are repeated cyclically with a repetition
period of T=730ns; the distance between the positive
and negative pulses is close because the duration
between the high and low levels of the square wave
when created from passive components is not the same.

10pF
Input

/F)cu
\ls_/BFG425W

D3
) BAT;-BE!W lllll!llll
R12 R13
4.7kQ 68Q

Figure 9. Ultra-narrow pulse generator and amplifier

Ultra-narrow pulse generator and amplifier
(Figure 9): narrows the width of the narrow pulses to
create ultra-narrow pulses with high accuracy, the
common-emitter amplifier circuit has an output polarity
opposite to the input, and the voltage is amplified to a
sufficiently high level. On the circuit: the BFG425W
transistor is an amplifier transistor; diodes D2 and D3
are Schottky diodes BAT15-03W that play a role in

generating ultra-narrow pulses; capacitor C6 filters
power supply noise, ensuring a stable power supply
voltage for the circuit; capacitor C5 couples the signal
between stages; R11 limits the current for Q4; R12
forms the feedback component, shaping the output
pulse; R13 takes the voltage through D3 to ensure an
output pulse is present.
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Figure 10. Simulation results of the output waveform of the ultra-narrow pulse generator and amplifier

Figure 10 shows the simulation results of the
output of the ultra-narrow pulse generator circuit, with
a negative polarity signal, a repetition period of
T=730ns, a pulse width of 7=663ps, and a peak pulse
amplitude of 8.8V. The Schottky diode shortened the
pulse width from 2ns to 663ps due to its fast
charging/discharging capability. Use a negative
polarity pulse with a large voltage drop to ensure the
output amplitude is large. Additionally, the negative
pulse, when transmitted through body tissues,
experiences less reflection at the outer tissues
compared to the positive pulse.

3. TESTING THE RESULTS
ACTUAL CIRCUIT DESIGN

OF THE

Figure 11 illustrates the actual circuit after being
designed in Altium Designer software, with Gerber and
NC Dirill files exported and sent to the manufacturing
plant for PCB printing according to the design, to
facilitate testing and measurement. Figure 11 shows the
actual ultra-narrow pulse generation circuit and check
points. Measurements were taken at four points: check
point 1 (after R7) to check the signal after the random
signal generator; check point 2 (at the head of C4 or
after IC74HC04D) to check the square pulse; check
point 3 (at the head of D2 or R10) to check the signal
after the narrow pulse generator; and check point 4 (at
the head of R13) to check the output of the circuit and
compare the parameters of the ultra-narrow pulse with
the design.
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Figure 11. Practical ultra-narrow pulse generator circuit and check points
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12VDC, 5YDC, GND
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Figure 12. Wiring diagram for actual circuit measurement

The wiring diagram for the measurement circuit
(Figure 12) illustrates the process of providing power
and testing the output signal of the ultra-narrow pulse
generator circuit. The diagram consists of four
components: a 220VAC source that supplies power to
a voltage converter, which steps down the voltage from
220VAC to two levels: 12VDC and 5VDC. Then, this

A KEVBOMT iV OO X 4T oot e s W)

power supply provides voltage to the ultra-narrow
pulse generation circuit. At that point, there will be a
signal at the output of the circuit, and this signal will be
measured and tested using the KEYSIGHT
DSOX3034T digital oscilloscope (350 MHz; 4
channels; 5 GSa/s) (Figure 13).

- =300 o

Figure 13. KEYSIGHT DSOX3034TDlg1tal Oscilloscope (350 MHz; 4 channels; 5 GSa/s)
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Figure 14. The output signal of the block produces a random oscillation signal.

Figure 14 describes the measurement results with ~ waveform and parameters of the two measurements are
a repetition period of T=728ns and a peak amplitude of ~ very similar, so the actual circuit is consistent with the
5.8V. Comparing the simulated measurement on  simulated results.
Multisim software in Figure 6, we see that the

| WKEYSIGHT InfiniiVision DSOX3034T Digital Storage Oscilloscope 350 MHz 5 GSals HEEA@MXM)”}

500.0ns/ -220.0ns Stop 3 228mv

Curgor

740.000ns

1.3514MHz

-553.000mVY

Figure 15. The measured output signal of the block creates a square pulse.

Figure 15 describes the measurement results witha  that the waveform and parameters of the two
repetition period of T=740ns, a high-level amplitude of = measurements are relatively equal, so the actual circuit is
6V, and a low level of 0V. Comparing the simulated consistent with the simulated results.
measurement on Multisim software in Figure 5, we see
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Figure 16. The output signal of the block produces a narrow pulse signal.

Figure 16 shows the measurement results with a
repetition period of T=738ns and a pulse peak
amplitude of 3.7V. Comparing with the simulation
measurement on Multisim software in Figure 8, we see

that the waveform and parameters of the two
measurements are very similar, so the actual circuit is
consistent with the simulated results.

WKEYSIGHT InfiniiVision DSOX3034T Dpigital Storage Oscilloscope 350 MHz 6 GSa/s  MEGA(Z JOOTT

Figure 17 shows the measurement results with a
repetition period of T=729ns and a voltage amplitude
of 2.1V. Comparing the simulation results from
Multisim software in Figure 10, we see that the
waveform and parameters such as the repetition period
of the two measurements are equivalent, while the
voltage amplitude in the actual circuit is significantly
lower than in the simulation.

The ultra-narrow pulse repetition period (Figure
18) achieved a value of 678ns, which is lower than the

Figure 17. Output signal results in an ultra-narrow pulse generator and amplifier

M wims/s

738my &N

Cursor

200.31kHz |
-108.750mY

1.04500V

’*Wu’
L 3

theoretical value of 730ns with an error of
approximately 50ns. This discrepancy could come from
the oscilloscope, as the signal bandwidth reaches
1.4GHz while the oscilloscope's bandwidth is 350MHz.
Additionally, environmental factors (temperature,
electromagnetic interference) and the accuracy of the
measuring equipment also contribute to errors. Despite
minor differences, the results are still within acceptable
limits, indicating that the circuit design meets the
requirements.
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Figure 18. The repetition cycle of the ultra-narrow pulse signal sequence
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Figure 19. Amplitude of the ultra-narrow pulse signal voltage

The output voltage amplitude of the ultra-narrow  limits. This error can come from the oscilloscope when
pulse generator circuit (Figure 19) is 1.825V, which is  the signal bandwidth reaches 1.4GHz (corresponding to
much lower than the simulation results, however, the a pulse width of 663ps), while the oscilloscope's
voltage level in the order of Volts is within acceptable ~ bandwidth is 350MHz.
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Figure 20. The actual pulse width of the ultra-narrow pulse signal

Figure 20 illustrates the results of the ultra-narrow
pulse width measurement at the output on the actual
circuit displayed on the digital oscilloscope, with a
value of 2.5 ns. Comparing with the results in Figure
10, the simulated ultra-narrow pulse width is smaller
than the measured value on the actual circuit. However,
the actual pulse width is still within the permissible
limit, as 2.5ns is also a small number.

4. CONCLUSION

The paper presented the design, simulation, and
testing process of an ultra-wideband pulse generator
circuit for small UWB radar applications. The circuit
uses a Schottky diode BAT15-03W along with high-
speed switching components, all of which are
optimized. Both simulation and experimental results
show that the generation of ultrashort pulses meets the
basic requirements for spectral and temporal
characteristics. Comparing the simulation results from
Multisim software with the measured signal from the
actual circuit shows that the output waveforms have a
similar shape, indicating that the design is functioning
as expected. However, the pulse width measured in
reality is larger than the simulation results, and the
measured amplitude is smaller than the simulation
results. The reason is the limitation of the oscilloscope's
time resolution, with a bandwidth of only 350 MHz,
while accurately measuring picosecond-sized pulse
widths requires equipment with a resolution of up to
several GHz. Despite the presence of measurement
errors, the experimental results still confirm the
effectiveness of the design, laying the foundation for
the development of low-power, small-size UWB
transmitters for non-contact medical monitoring or life
detection in complex environments.
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