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AnHoranus. [IpeyoxkeHbl SKBUBAJEHTHBIE JJIEKTPUUECKUE CXEMbl MHOIOCIOMHBIX IUIEHOYHBIX CTPYKTYp
C MEMPHCTOPHBIM MEPEKITIOUYCHIEM COTIPOTHUBIICHUS HA MEKCIOWHBIX TPAaHHUIIAX U HA TPAHUIAX KPUCTAIUTHICCKUX
3epeH B KOXKIOM ciioe. YncIeHHOe MOJICTUPOBAHNE BOJIBT-AMIIEPHBIX XapaKTEPUCTHK TaKUX CTPYKTYP MTOKA3alo,
YTO MX THIWYHBIA UIT MEMPUCTOPOB TETIC00Pa3HBIN BHI TPAaHCHOPMUPYETCS B TMHEHHYIO OMUYIECKYIO 3aBUCH-
MOCTb OOIIEro TOKa OT BEJIMUMHBI MPUIIOKEHHOTO BHEIIIHETO HAMPSHKSHUsI 110 MEPEe YBEINYCHHsI KaK KOJIMYeCTBa
CJIOEB, TaK U KOJINYECTBA 3€PEH B KAXKIOM CJI0€. YCTAHOBJIEHO OIPE/IIEHHOE COUeTaHNe KOJTMYECTBA CIOEB U 3€-
PEH B clI0€, IPU KOTOPOM MaKCUMAaJIbHBIN ITPOTEKAIONIHH Yepe3 CTPYKTYpPy OO TOK M OTHOIIEHHE COIIPOTHBIIE-
HUH B «BBIKITIOUCHHOMY M «BKJIFOUCHHOM» COCTOSHHSAX JTOCTUTAIOT HAMOOIBIITNX 3HAYCHHH.

KiroueBble ci10Ba: MEMPUCTOP, MOJEIHPOBAHUE, CIIOUCTAs IJIEHKA, SKBUBAJICHTHAs CXE€Ma, BOJIbT-aMIIEpHasl Xa-
paKTepUCTHKA.

Kongaukt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHUHU KOH(INKTAa HHTEPECOB.

BaaromapuocTb. ABTOpHI Npu3HarenbHbl A. JI. JlaHWIIIOKY 3a TI0JIe3HOE 00CY’K/IEHHE MPEUIOKEHHONH MOJIeIN
1 pe3ysIbTaToOB pacyueToB 1o Hel. PaboTa BhITIOJIHEHA B paMKax MpoekTa bemopycckoro pecryOnikanckoro GpoHia
(dbyHIaMeHTaIBHBIX nccenoBannii ©22-114.
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MEMRISTOR EFFECT IN LAYERED FILM STRUCTURES

VAN T. PHAM, DENIS A. PODRYABINKIN, EUGENE B. CHUBENKO,
VICTOR E. BORISENKO

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Submitted 18.12.2023

Abstract. Equivalent electrical circuits of multilayer film structures with memristor switching of resistance
at interlayer boundaries and at the boundaries of crystal grains in each layer are proposed. Numerical modeling
of the current-voltage characteristics of such structures has shown that their loop-shaped form, typical of mem-
ristors, is transformed into a linear ohmic dependence of the total current on the magnitude of the applied exter-
nal voltage as both the number of layers and the number of grains in each layer increase. A certain combination
of the number of layers and grains in a layer has been established, at which the maximum total current flowing
through the structure and the ratio of resistances in the “off”” and “on” states reach the highest values.

Keywords: memristor, modeling, layered film, equivalent scheme, current-voltage characteristic.
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BBenenue

Mempuctopasiid d(hdEKT, TpeACTaBISIIONINN CO00H H3MEHEHUE IEKTPUICCKOTO COMPOTHUBIICHI
TBEPJIOTEIHHON CTPYKTYPHI 1O JTOCTIIKEHHUH OIPEJISIICHHOTO HAIPsDKEHUS] Ha KOHTAaKTaxX K HeH, 4To
MIPUBOJIUT K TUCTEPE3UCY €€ BOJBT-aMIIEpHON XapakTepucTuku (BAX), uMeeT CyliecTBeHHBI HHTe-
pec Uil CO3aHusl HOBOTO TMOKOJICHUS siueek mamst [1]. PasMepbl 3THX siueek MOTYT OBITh YMEHb-
IIICHBI 0 HAHOMETPOBBIX BEIMYUH OJIaronapsi UCIOIb30BAHUI0 HAHOCTPYKTYPUPOBAHHBIX TOHKUX TIIIE-
HOK W3 TIONYTIPOBOTHUKOB. PeanpHas MOMUKPUCTATUIMIHOCT WM OJI0YHAS CTPYKTypa TaKUX IUICHOK
MIPUBOANT K TOMY, YTO MEMPHUCTOPHBIN d(H(HEKT B HUX MOXKET TPOSIBIATHCS MPH MPOTEKAHUH TOKA KaK
B TUIOCKOCTH, TaK W TEPICHIUKYISIPHO TUIOCKOCTH TUIGHOK BCJIEJCTBUE OIPENENSIOIIEH POIH B HEM
IIPOLIECCOB Ha TPaHMIIAX KPUCTAILUTUYECKUX 3epeH (0110koB) [2—6]. [Ipu 3TOM B IJIeHKaX C BRIPAXKCHHON
CJIOUCTOM CTPYKTYpOIl MEXaHU3MbI BHYTPH- U MEKCIONHOTO MEPEKIIOYCHHUM KaHATIOB IePEeHOCa HOCU-
TeJel 3apsaaa MOryT oTIndaThesi. C y4eToM 3TOTO MPEATIOKEHBI IKBUBAJICHTHBIE CXEMBI TAKUX CTPYKTYP
1 BBITIOJTHEHBI pacueThl nX BAX, KOTOpBIEC IPEACTABICHEI B CTATHE.

MopaeJjib M SJKBHBAJIEHTHBIE CXEMbI

OCHOBy nmpeararacMbIX 5KBUBAJICHTHBIX CXEM COCTAaBJIAIOT pa3pa60TaHHLIe aBTOpaMU MOJICJIBHBIC
MPEACTABICHUS O CIIOUCTON IUIEHOYHOU CTPYKType [7], B paMKax KOTOPBIX MPOTEKaHUE TOKA BHYTPHU
KPUCTANTMYECKHX 3€PEH Yepe3 WX BHYTPH- U MEKCIOWHBIC TPAHUIIBI OMTUCAHO JTMHEWHBIMH PE3UCTUB-
HBIMH DJIEMEHTaMH. Y 4eT MEMPUCTOPHOTO0 3(p(pekTa oCyIiecTBIeH 3aMEHON PE3UCTOPOB, COOTBETCTBYIO-
LIUX BHYTPHU- U MEKCIONHBIM TpaHHIIaM, Ha MEMPHUCTOPHI ¢ THcTepe3rncoM BAX.

B kadecTBe Takoro aeMeHTa ObUIa BEIOpaHa 0THOMEpHast MOJIeITb MEMPHCTOPA C )KECTKUM ITEPEKITIO-
YeHUEM, PACCMOTPEHHAS B [8], CTpyKTypHas M SKBHUBAJCHTHAs CXEMBI KOTOPOTO TOKa3aHBI Ha puc. 1.
[IpenmonaraeTcsi, 9T0 MEMPUCTOP JUTHHON [ pa3jieieH Ha JBe 00JacTH, XapaKTepu3yIoIInuecs COooT-
BETCTBEHHO BBICOKOH (Rgy) M HU3KOH (Ropr) MPOBOAUMOCTIIMH. | paHnIia, pa3nessromnas 3Tu 001acTH,
CIoCOOHA U3MEHSTh CBOE MOJIOKEHHUE B 3aBUCUMOCTH OT KOJIMYECTBA MIPOIICIIIETO YepPe3 MEMPHUCTOP
3apsna g. Eciu npoTsskeHHOCTh 00JIaCTH ¢ BBICOKOUM MPOBOJAMMOCTBIO W paBHA JIJTMHE MEMPHUCTOPa,
TO OTHOIIEHUE W/D = 1 U MPOBOAMMOCTh MEMPHUCTOPA MOTHOCTHIO OMPEACISIOTCS dICKTPUIECCKUM
COTIPOTHUBIICHHEM 13TO¥ oOnactu. [IpW yMEHBIICHWH JJIWHBI OOJIACTH C BBICOKOW MPOBOAMMOCTHIO
o Hyns (mpu w/D = 0) CONMPOTHBICHUE MEMPHUCTOPA OMPEACIIETCS TOIBKO 00JaCThIO C BBICOKUM
COTIPOTHBIICHHEM.

Ron Rorr
(0 D l 4 l
< U(t) © Rox Rorr
a b

Puc. 1. Monens paboueii o6mactu MeMpHUCTOpa (@) M €T0 SKBUBAJICHTHAS JIEKTpHUecKas cxema (b)
Fig. 1. Model of the active region of a memristor (@) and its equivalent electrical circuit (b)

MaremaTrdeckasi MOJIETIb PacCMaTPUBAEMOTO MEMPHUCTOPA MOXKET OBITH MPENICTaBIeHA YPaBHEHU-
smu [8]:

w w
R, (W)= Ron — + Rop | 1—— |; 1
M( ) OND OFF( Dj ( )

I(1)=Ry, ' (WU (@), 2

rme R, (w) — conporuBieHne Mmemprcropa, Om; /(f) — IpoTeKaromuil yepe3 MeEMpPHUCTOp TOk, A; U(t) —
HanpsHKEHKe, MPHIOKEHHOE K MeMpHCTOpY, B; £ — Bpewms, c.
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H3menenue co BPEMCHEM JIMHBI W 00J1aCTH BBICOKOI IIPpOBOAUMOCTH RON OIMIUCBHIBACTCS YpaBHC-
HHUEM

aw(t)
dr

IJC L — CPEe/HsIs TIOBMYKHOCTD YaCTHII, OTBETCTBCHHBIX 32 MOSBICHHE MEMPUCTOPHOTO 3P eKTa, 3aBH-
cAImas 0T MCIIONB3yEMOTO MaTepHana IieHkn, cM>/(B-c).

Wurerpupys ypaBHeHue (3), MOKHO HOJYYUTh 3aBUCUMOCTh BEJTMYMHBI W OT KOJIMYECTBA MPOIIE-
ero yepes MeMpucTop 3apsana g(f)

u%l(r), 3)

W(t) =y +uR%q<t>, 4

TAC Wy — NOCTOAHHAs UHTCTPUPOBAHN, (1)H31/I‘-I€CKI/IM CMBICIIOM KOTOpOI\/'I SABJIACTCA HAYAaJIbHOC 3HAYCHNEC
BEITUMYIUHBI W; ¢(f) onipenemnseTcs mo Gopmyie

q(t)=[1(t)dt. ©)
0

Bennuunna nporremero yepes MeMpUCTOp 3apsaaa ¢(¢) Tak ke, Kak U 3aBUCUMOCTb ToKa /(f) oT Bpeme-
HH, B 00I1IEM cITydae He U3BeCcTHa. J[J11 mpeomonenus 3Toii HeolnpeaeaeHHoCTH py pacuete BAX memprc-
TOPOB TTOJTyYeHO pereHne ypaBHeHwH (1)—(3) 11 Toka B 3aBUCUMOCTH OT HanpspkeHus U(f) ¢ m3BECTHOM
(byHKIIMEH M3MEHEHHs BO BPEMEHH, TaK KaK OHO 33/Ia€TCsl BHEIITHUM HCTOYHUKOM HAITPSKEHHS:

Oy 5 1) Fox | Ron [y | * ©6)

OFF D OFF /) 1YOFF {

1()=

W3 ypasuenus (6) cienyer, uro npu ¢ = 0 /(0) = U/Rypp. C poctoM HanpsbxeHust U(f) 3HaMeHaTe b
yMEHbINaeTcs, 00eCcreurnBas HeJIMHEHHOE BO3pacTaHKe TOKA, a MPH MPHOIMKEHIH 3HAMEHATEITS K HYITIO

t
C yBEJIMUEHHEM MHTerpaja I U(#)dt npoucxoaut pe3kuii pocT TOKa, YTO KaYECTBEHHO a/I€KBaTHO OTpa-

JKAeT TIPOSIBIICHHE MeMpI/ICT(())pHOFO addexra.

[Ipemmaraemast SKBHBaJIEHTHass CXeMa MHOTOCIIOWHOHW (Ha TpHUMEpe TPEXCIONHON) TIEHOYHOH
CTPYKTYPBI, B KOTOPOIl MEMPHCTOPHOE NIEPEKIIIOUEHIE CONPOTUBICHUS R ;) IMEET MECTO TOJIBKO Ha Ipa-
HUIAX 3€pEeH BHYTPH KaXkJI0T0 CJI0s, MPEICTaBIeHa Ha puC. 2.

u®)

®

Rnat

Rum1

- Rbarl Rbarl Rbarl Rbart
Mezxcaoiabrit
0apbep
—
Rbarl
Runar R Ruar R Rmat Rmat Rnat R
3epHa

Puc. 2. DxBuBasieHTHas SIEKTPUUECKas CXeMa TPEXCIOMHON MIeHKH
C MEMPHUCTOPHBIM IEPEKIIIOYCHUEM COTIPOTUBIICHHS HA MEK3EPEHHBIX TPAHUIAX BHYTPU KaXKI0TO CII0S
Fig. 2. Equivalent electrical circuit of a three-layered films
with memristive switching at grain boundaries in each layer

[IpoTekanue Toka yepe3 MOABOAAIINE KOHTAKTHI, BHYTPH KPUCTAUIMYECKUX 3€PEH U YEPE3 MEXK-
CIIOMHBIE T'paHUIbl KOHTPOJIHUPYETCA COOTBETCTBYIOIMMUN JIMHEHHBIMA PE3UCTUBHBIMU DJICMCHTaAMHU —
Reonss Ruars Rpar1- TIpeanonaraercss MACHTUYHOCTb CBOMCTB KPUCTAIIMYECKUX 3€PEH, MEK3EPEHHBIX
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1 MEXCIJIOEBBIX IPAHULL. Y UTEHO, UYTO KPUCTAIUINYECKHE 3epHA B COCEIHUX CJIOSAX MOTYT OBITh CMEILICHbI
JIpyr OTHOCUTEIIBHO ApYTa.

Jy1st MHOTOCIJIOMHOM TUIEHKH C MEXKCIIOEBBIM MEMPUCTOPHBIM IEPEKIIFOYEHUEM COIPOTUBIICHUS K-
BHBAJICHTHAs dJIEKTpUYECKas cCXeMa Ioka3aHa Ha puc. 3. OHa rmosydeHa 3aMeHON B peAbLAyIIen SKBU-
BAJIGHTHOU cxeme R, Ha Ry ,o U Ry,.; HA R,p.
u@

e
—/

Reont

H RMz

MekcaoitHbIi
O6apnep s
H [_ Rz
Runat Rbar2 Runat Rmar Rbar2 Rumar o Rinar Rbar2
3epHa

Puc. 3. DxkBUBaJCHTHAS AIEKTPUIECKAs CXeMa TPEXCIOWHON MICHKH
C MEMPHUCTOPHBIM MEPEKIFOYCHUEM COPOTUBIICHHS Ha MEKCIOCBBIX IPaHULIAX
Fig. 3. Equivalent electrical circuit of three-layered films with memristive switching at layer boundaries

OKBUBAJICHTHAsI CXeMa JUIs Ciy4ass MEMPUCTOPHOTO 3((dekTa OJHOBPEMEHHO Ha MEK3CPEHHBIX
Y MEKCIIOEBBIX IPaHUIaX IMOy4YeHA BKIFOYSHHEM JIOTIOTHUTEIHHBIX MEMPUCTOPHBIX 3JIEMEHTOB B OIHY
13 MPUBEIEHHBIX cXeM. PaccMoTpeHHbIe BapraHThI OBIIIN MCIOIB30BaHbI T aHanmn3a BAX, peructpu-
PYEMBIX MY MPONYCKAaHUU TOKA B IUIOCKOCTH TUICHKH, JISKAIIeH Ha M30JIUpYoIel moiokke. OqHa-
KO TIOCJIE TIePeHOCa OHOTO W3 AIEKTPHUYECKHX KOHTAKTOB K HIDKHEMY CIIOI0 TUICHKH OHH MPHUTOIHBI
u s moaenvpoBanus BAX npu npomyckaHu#M ToKa NEPIEHANKYISAPHO TUIOCKOCTH TJICHKH, JISKaIeH
Ha AIIEKTPOIPOBOAAIIECH TTOIOKKE.

MonenupoBanue BAX MHOrOCIOMHBIX IJIEHOK MO NPEIJIOKEHHBIM 3KBUBAJIEHTHBIM CXEMaM OCY-
IICCTBIISUIA B IporpaMMHOM koMmiuiekce Micro-Cap 12. KonuuecTBo ciioeB u3MeHsuiu oT 3 10 9, a Ko-
JUYECTBO KPUCTAJUIMUECKUX 3€peH B cioe — oT 15 mo 30. BenuuuHbl cOnpoTUBICHU, NPEACTABICH-
HbIe B Ta01. 1, BRIOMpaIN Ha OCHOBE OILIEHOK AIIEKTPOHHBIX CBOWCTB MaT€pHAIIOB, IE€MOHCTPUPYIOIINX
MEMPHUCTOPHBII AP dexT [2—6].

Tabumua 1. [TapameTpsl, HCIIONB30BAHHBIE IPU MOAEIMPOBAHUN BOJIBT-aMIIEPHBIX XapaKTEPUCTHK
CJIOUCTBIX IJICHOYHBIX CTPYKTYP
Table 1. Parameters used in modeling the current-voltage characteristics of layered film structures

Ron, OM | Ropp, KOM | Rinim, XOM | R OM | R, OM | Ryy1, OM | Ryp0, OM
st MmogenupoBanus R,
0 | 100 | 20 | o001 | 100 | 500 | 1000
s monenupoBanus Ry,
o | 10 | 1 | o001 | 100 | 500 | 1000
Tpumeuanue — Ry — HAYQILHOE COIPOTHUBIICHUE MEMPUCTOPA, OTIpejIesieMoe oTHoeHreM w/D [9].

Paznuuus B BeMUMHAX MApaMETPOB 1T MEMPUCTOPOB Ry, U R, a Takke Ry, U Ry, IPU3BAHBI
YUYECTb TOT (PAKT, UTO TUIOLIA/Ib MEK3EPEHHBIX I'PAaHHL HE MEHEE YeM Ha MOPSIIOK MEHBILIE ITOLIA T MEX-
CIIOMHBIX TpaHMIl. PacueTsl BHIMOIHEHBI AJIs IEPEMEHHOTO BHEUIHEro HanpsbkeHus U(f) = Uysin(2mt),
rne U, = 10 B. Ilo paccuntanusiMm BAX ananu3npoBaiu BIUSHUE KOJIMYECTBA CIIOEB M KOJMYECTBA
KPHUCTAJNINYECKUX 3€PEH B KaXIOM CJIO€ Ha MAaKCHUMaJIbHBIN TOK, IIPOTEKAIOLIUH B MIIOCKOCTH IJICHKH,
u Ha oTtHomeHue R, /R, B Touke BAX, cOOTBETCTBYyIOIIEH MakCHMaIbHOMY TOKY. BenmnmdamHaa 3TOTo
OTHOUICHUS aKTyalbHa JUI OLEHKH [EPCHEKTHB NPUMEHEHHS] KOHKPETHBIX MEMPUCTOPHBIX CTPYKTYpP
B CHCTEMax JIEKTPOHHON HUPPOBOI 00pabOTKM U XpaHEeHUs! HHPOPMALIH.
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Pesyabrathl HccjiefoBaHuii U X 00CyKIeHHe

Ha puc. 4 npusenenst BAX cTpyKTyp, B KOTOPBIX MEMPHCTOPHOE MEPEKIIIOYECHUE CONTPOTUBICHIS
MPOUCXOAUT TOJIBKO HA MEK3EPEHHBIX IpaHUIaX BHYTPU KaKJIOTO CIIOs, YTO YUYTECHO B SKBUBAJICHTHOU
cxeme, MoKa3aHHOU Ha puc. 2. B kauecTBe mpumepa B3sTa CEMUCIIONHA TIJIEHKA Ha U30JIUPYIOIIeH MoI-
JI0XKKE, a paccunTanubie BAX oTiHuaoTcst KOTMYECTBOM KPUCTAIUTMUECKUX 3epeH B ciioe. [[i1s cpaBHe-
HUA nokazana 1 BAX eaMHUYHOTO MEMpPUCTOPA.
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Tpunoxennoe Hanpsbxenue U, B
Puc. 4. Bonbr-aMIiepHble XapakTepUCTUKH CEMUCIONHBIX TNICHOYHBIX CTPYKTYP
C MEMPHUCTOPHBIM NEPEKITIOYCHNEM CONPOTHBIICHHUS HA MEXK3EPEHHBIX TPaHUIIAX
B 3aBUCHMOCTH OT KOJIMYECTBA KPHCTAJUTMYECKUX 3EPEH B KaXKIOM CIIOE
Fig. 4. Current-voltage characteristics of seven layers films with memristive switching
of resistance at crystal grain boundaries for different numbers of grains in each layer

[letneoOpa3uslit BuA paccunTaHHbIX BAX XOTS 1 ABISETCS TUITMYHBIM 7151 MEMPUCTOPHBIX CTPYK-
Typ, CYIIECTBEHHO oTiauvaeTcsa oT BAX eauHuyHoro Mempucrtopa. IlepexitoueHue Bceld CTPYKTyphl
13 BBICOKOOMHOTO B HU3KOOMHOE COCTOSIHUE ITPOMCXOOUT NP OOJIBIIEM BHELIHEM IIPUIOKEHHOM Ha-
npspkeHu. Ero BennumHa Bo3pacTaeT ¢ yBENMUYEHHEM KOJIMUYECTBA KPUCTANIMYECKUX 3€PEH B OJHOM
cinoe. [Ipu 3TOM M3MeEHseTCs MAaKCUMAaJIbHBIM TOK, MPOTEKAIOUUI depe3 MHOTOCIONHHYIO CTPYKTYpY,
¥ YMEHBIIAETCS IIMPUHA MEeTIU. 3aBUCUMOCTh 3TUX U3MEHEHHUH OJIHOBPEMEHHO OT KOJINYECTBA 3€pPeH
1 CJI0€B WUICTPUPYIOT JAHHbIE, IPUBECHHBIE HA PUC. 5.
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Puc. 5. MakcuMaibHbIHA TOK [, (@) 1 oTHOIIEHUE R, /R, \in (D) B MHOTOCTIOWHBIX IJICHOYHBIX CTPYKTYypax
C MEMPHUCTOPHBIM NEPEKIIOUYCHNEM CONPOTUBIICHUS HA MEXK3EPEHHBIX TPaHUIIAX
B 3aBHCHMOCTH OT KOJIMYECTBA CJIOEB N JJIsl Pa3IMYHOIO KOJIMUECTBA KPUCTAITMYECKHUX 36PEH B KaXK/OM CII0e
Fig. 5. Peak current 7, (@) and the rate R,,,/R i, (b) in multilayered film structures with memristive switching
of resistance at grain boundaries as a function of number of layers N
for different numbers of crystal grains in each layer
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[Toka3zarenu Ha puc. 5 cHaThl ¢ BAX, paccuMTaHHBIX UIsl BCEX aHAJIM3UPYEMBIX COYETAHUH KO-
JIMYECTBA CJIOEB W KOJMYECTBA 3epeH B cjoe. V3MeHeHne MaKCHMajIbHOTO TOKa HOCUT TIePEMEHHBIN
xapaktep. OH MOHOTOHHO CHIKAETCS C YBEIMUCHUEM KOJIMUYECTBA CJIOCB MPH «MAJIOM» U «OOJIBIIIOM)
KOITMYECTBE 3epeH B ciioe (COOTBETCTBEHHO 15 1 30 3epeH), XOTs B MPOMEKYTKE MEXKy STUMH 3Haue-
HUSMH JIEMOHCTPUPYET HE3HAUNTENbHBIN pOCT. Takue 3aBUCUMOCTH HaXOAAT 00bSICHEHHE, €CIIN YUEeCTh
KOHKYPHUPYIOIIYIO POJb MapayieIbHbIX KAHATIOB MIPOTEKAHUS TOKA, KOTUYECTBO KOTOPHIX YBEIUUNUBACT-
Csl C BO3pAacTaHUEM KOJIMYECTBA CIIOEB, M POCT MOCIIEI0BATEIEHO BKIFOUAEMBIX TIPH ATOM COIIPOTHBIIE-
HUI MEKCIIOMHBIX 0aphepoB R, .

B ortnuuune oT 3aKOHOMEPHOCTEH M3MEHEHHUS MAKCUMAJIBHOTO TOKA OTHOIICHHE R, /R,.i,, XapaK-
Tepu3yroliee mupuHy et BAX, MOHOTOHHO YMEHBIIAETCS KaK C YBEJIMYCHHEM KOJTUIECTBA CIIOEB,
TaK U ¢ BO3pacTaHHEM KoJu4decTBa 3epeH B cioe. [Ipu konnyectse 3epen 30 u Oosiee metist BooOIe
0TCYTCTBYET (R pay/Rmin = 1) mpu 110060M KOmmuecTBe cioeB. K aToMy pesynbraty, Kak K aCHMIITOTE,
CTPEMSTCS U OTHOMICHHS R, /R, TP MEHBITNX KOJIMYECTBAX 3€PEH B CJIOE, YTO CBUIECTEIbCTBYET
00 ormpenensirolel poJin OMUYECKUX CONPOTUBICHUN B OOIIEM TOKE, MPOTEKAIOIIEM Yepe3 MHOIO-
CIIOMHYIO CTPYKTYDY.

Ha puc. 6 npeacrasnensl BAX cTpyKTyp, B KOTOPBIX MEMPUCTOPHOE MEPEKIOUEHNUE COIIPOTUBIIE-
HUA IMTPOUCXOIUT TOJIBKO Ha MEKCITOMHBIX rpaHuax, 4To OTpaX€HoO B SKBHUBAJICHTHOM CXEMCEC, ITOKa3aH-
HOU Ha puc. 3. B kauecTBe npuMepa, Tak e, KaK U B MIPEAbLAYIIEM cllydae, B3sTa CEMUCIONHAS MJICHKA
Ha U30JIMPYIOLLEH MOMAJIOKKE, a paccuuTaHHble BAX OTIMYarOTCsl KOJIMYECTBOM KPUCTAJUIMUECKUX 3€-
peH B crioe.

1] = =19 3epua/croii |
|| mm=m 25 3epHa/crioit
o == 30 3epHa/crofi |-
! | == Mempucrop

-10 -8 -6 —4 -2 0 2 4 6 8 10
[Ipunoxxennoe Hanpspkenne U, B

Puc. 6. Bonbr-amrepHble XapaKTepUCTHKN CEMUCIOIHBIX TJICHOUHBIX CTPYKTYP
C MEMPHUCTOPHBIM MEPEKIFOUYCHAEM COTPOTUBIICHHS Ha MEKXCIOCBBIX IPaHULAX
B 3aBUCHMOCTH OT KOJIMYECTBA KPHCTAJUIMYECKUX 3EPEH B KaXKIOM CIIOE
Fig. 6. Current-voltage characteristics of seven layers films with memristive switching
of resistance at layer boundaries for different numbers of grains in each layer

XapakTepHBIA T MEMPHUCTOPHOTO TEPEKITIOUCHHS COMPOTHBIICHHUS TMETICOOpa3HbIN BHEITHHI
By BAX coxpaHsieTcss ¥ B cllydae €ro NMposIBJICHHS TOJBKO Ha MEXKCIOWHBIX rpaHunax. OgHako Ko-
JMYECTBEHHBIC XapPAKTEPUCTHKH TAKOTO MEPEKIIOUCHUsT MPHOOPETAIOT OnpeesieHHbIE 0COOCHHOCTH.
Bo-nepBbIX, Bo3pacTaeT MaKCUMaJIbHBIN TOK, IPOTEKAIOIINHN Yepe3 CTPYKTYpY. ITO 00bICHUMO MECHb-
IIMMHA BCIIMYMHAMU MEMPHUCTOPHBIX COHpOTHBHCHHﬁ, HCIIOJIb30BAHHBIX B pacucTax, LIT061:.I Y4eCTh TO,
YTO IUIOLIA/(b MEKCIOMHBIX T'PaHHLl OOJbIIE TUIOLIAI MEK3EPEHHBIX TpaHuL. Bo-BTOpPBIX, HU3MEHSIET-
Csl XapakTep 3aBUCUMOCTEH I, U R, ,,/R ;) OT KOJIMYECTBA CJIOEB IIPHU PA3TMYHOM KOJIMUYECTBE 3€PEH
B cnoe (puc. 7). Cnemyer OTMETUTH, YTO TH 3aBUCHMOCTH NPHOOPETAIOT XapaKTEepHbIE MaKCHMYyMBbI
JUIS TJIEHOK, COCTOALINX U3 7-9 cioes.

HeMoHOTOHHBIN XapakTep MPHUBEASCHHBIX 3aBUCUMOCTEH OOBSICHAETCS KOHKYPEHIINEH MEeXIy Io-
CJIEZIOBATEeNIbHO COEIMHEHHBIMU U TTapaJIEIbHBIMU KaHaJIaMH MPOBOJANMOCTH B MHOTOCJIONHOMN CTPYyK-
Type. YBeIUUeHHUE NapauleIbHO BKIIOYEHHBIX KaHAJIOB U KOJIMUECTBA CI0EB BEJIET K BO3PACTaHHUIO MaK-
CHMaJIbHOTO TOKA M TEM OOJIbLIEMY, YeM MEHBIIIE KOJIMYECTBO 3€PEH B KaXKI0M cioe. [Ipu sTom o0mnit
TOK OIPEACIISIETCS COMPOTUBIICHUSAMHU R, U R} 0.

10



Joknager BI'YUP Dokrapy BGUIR

T 22, Ne 3 (2024) V.22, No 3 (2024)
50— . . . . i 1 1 1
KosnnuectBo 3epen L KosnyectBo 3epen
| —8— 15 3epna/coit -H —®— 15 3epHa/croit
—8— 19 3epua/crioit \\\ 4 o 19 ;Zp: wzﬁ;
40 —A—25 3epna/croii P . I
30 sepna/crofi / 1| —&— 25 3epHa/cinoii e
—w— 30 3epHa/coii /
3
30 £
E b <
o
= 20 W P —~ ol 2 — ~
P 9
| —4— —T B 2
- . A——T N —
10 /j:‘l‘r:’/ | ﬁ::ﬁ::—ﬂ:’"’—"’—
0 f 1 1
1 2 34 5 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 11 12
Konnuectso cnoes N Konunuectpo cnoes N
a b

Puc. 7. MakcumanbHbI# TOK [, (@) 1 oTHOWEHHE R, /R i (P) B MHOTOCIIOWHBIX TNICHOYHBIX CTPYKTypax
C MEMPHUCTOPHBIM IEPEKIIIOYCHUEM CONPOTHBIICHUS HAa MEXKCIIOEBBIX IPaHHIIAX
B 3aBHCHMOCTH OT KOJIMYECTBA CJI0EB N sl Pa3IMYHOTO KOJIMUECTBA KPUCTAINIMYECKHUX 3€PEH B KaXK/JOM CII0€
Fig. 7. Peak current 7, (@) and the rate R,,,,/R i, (b) in multilayered film structures with memristive switching
of resistance at layer boundaries as a function of number of layers N
for different numbers of crystal grains in each layer.

[To mocTrKeHUHM OMNpPENeNICHHOTO0 KOIWYECTBA CIIOEB (B paccMaTpuUBaeMbIX pacueTax — 7-9) oc-
HOBHYIO POJIb, OTPaHUYMBAIOIIYIO TOK, HAYWHAIOT TPHOOpETaTh IOCIEeNOBATEIbHO COCTUHEHHBIC
COTIPOTHUBIIEHUSI MEMPHUCTOPOB, BKIIOYEHHBIX MEXAY CIOSMH. MakCUMalbHbIM TOK [, W OTHOIIe-
HUE R, /R iy AIMCIOT TEHJCHIMIO K CHUKEHHUIO. [Ipu 3TOM B HCCIICIOBAHHOM JMANia30HEe M3MEHEHUS
KOJIMYECTBA CJIOCB U 3€PEH B CIIO€ BEIWYMHA OTHOIICHUS R, /R, XOTb U YMEHBLIACTCS, HO CBOCTO
AaCUMIITOTHYECKOTO 3HaYEHUs, pAaBHOTO €AMHHUIIE, He focTuraet. HecMoTps Ha ymenbiieHue /,,, 1 OTHO-
weHust R, /R in, 3TH MIAPAMETPBI OCTAIOTCS B AMHAMUYHOM COCTOSIHIH, HE JIOCTHTasl yCTAaHOBUBIIUXCS
3HAYEHUH, YTO MOJYEPKUBAET BAKHOCTH ydeTa KOHKYPEHIIMH MEXIY Pa3IMYHBIMH KaHaJaMH IPOBO-
JUMOCTH B MHOTOCIIOWHBIX CTPYKTypax. Takum oOpa3om, IpeAcTaBICHHbIE Pe3ylIbTaThl IEMOHCTPUPY-
10T BIHMSIHUE CTPYKTYPHBIX (DaKTOPOB Ha DJIEKTPUYECKHE CBOMCTBA CUCTEMBI, OTKPBIBasl MIEPCIICKTHBBI
JUIsL NATbHEHIINX MCCIIE0BAaHNI B 00JIaCTH MHOTOCIOHHBIX CTPYKTYP C MEMPUCTOPHBIMH DJIEMEHTAMH.
OnHOBpEMEHHOE TMPOSBICHNE MEMPUCTOPHOTO MEPEKIIIOYEHNS Ha MEX3EPEHHBIX U MEXCIIOEBBIX Ipa-
HUIaX WITIOCTpUpyIoT BAX, npuBeneHHsle Ha puc. 8.
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Puc. 8. Bonpr-amnepHsie XapaKTepUCTUKH CEMHUCIONHBIX IUIEHOYHBIX CTPYKTYP
C MEMPHUCTOPHBIM NEPEKITIOUYCHUEM CONTPOTHBICHHS HA MEK3EPEHHBIX M MEKCIIOCBBIX IPaHUIIAX
B 3aBHCHMOCTH OT KOJIMYECTBA KPHCTAUINIECKUX 3€PEH B KOKIOM CIIOE
Fig. 8. Current-voltage characteristics of seven layers films with memristive switching
of resistance both at grains and layer boundaries for different numbers of grains in each layer
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Crnemyer OTMETHUTh CTAaOMILHOCTH O0MIEH (hOPMBI BOJBT-aMIIEPHBIX XapaKTEPUCTHK, KOTOPAas CO-
XpaHsAeTCs B BHJE NETIC00pa3HO CTPYKTYphl. DTO CBUAETEIHCTBYET O KOHCUCTEHTHOCTH 3(h(eKToB
B CHCTEME TPU M3MEHEHWH CTPYKTYpPHBIX TapaMeTpoB. B KOHTEKCTe MpeicTaBIeHHBIX Ha puc. 9 3a-
BHCUMOCTEH Iy U Rppay/Rpmin OT YHCIIA CIIOEB W 3€PEH B CIIO€ OTYETIMBO MPOCIEKHUBACTCS ONU30CTh
KaK B KaueCTBEHHOM, TaK ¥ B KOJMYECTBEHHOM OTHOIIEHHUSIX K aHAJIOTHYHBIM 3aBUCHUMOCTSIM, TIOTY-
YEHHBIM TIPH BKJIFOUEHHH MEMPHCTOPHBIX 3JIEMEHTOB Ha TpaHUIAX MEXTY cJosMHu. Pesynprarsl wmc-
CJIEZIOBaHUS TIOATBEPIKIAIOT, UTO MAapaMeTPhl CTPYKTYPHI, TaKHe KaKk KOTMIECTBO CIIOEB M 3epeH, CyIIle-
CTBEHHO BIIMSIOT Ha JIEKTPUYECKHE XapaKTePUCTUKH CHCTEeMBI, a (popma mermneodpasusix BAX ocra-
€TCsl YCTOWYHMBOM PU BapbUPOBAHUM ITUX MapaMeTpoB. [IpuMedaTensHO, 9TO KaK [, TaK U R, /R i
B CHCTEME C MEMPHUCTOPAMHU MEXKITy CIIOSIMH MPOSBISIFOT CXOXKUE 3aBUCUMOCTH C CUCTEMOH, BKITFOUATO-
el MEMPHUCTOPHI Ha MEKCIIOMHBIX TPaHUIAX, MOJYEPKUBAs BAXKHOCTh CTPYKTYPHBIX OCOOEHHOCTEH
B ()OPMHUPOBAHUU IINEKTPUICCKUX CBOUCTB. MTaK, 3aBUCUMOCTH [, ¥ Ru/Rinin OT KOIIMYECTBA CIIOCB
Y KOJIMYECTBA 3€PEH B CJI0€ KAYSCTBCHHO M KOJMUYECTBEHHO OJIFIKE K aHAJIOTHYHBIM 3aBUCUMOCTSIM, T10-
JTyYEHHBIM MPU BKIIOYEHUU MEMPHUCTOPHBIX JIEMEHTOB Ha MEXKCIIOMHBIX TPAHUIIAX.
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Puc. 9. MakcuMasbHbIH TOK /,,,, (a) n oTHOIICHUE R, /R iy (b) B MHOTOCIIOMHBIX TUICHOYHBIX CTPYKTYPax
C MEMPHUCTOPHBIM TEPEKIFOYEHUEM COIPOTHBICHHSI HA MEK3EPEHHBIX H MEKCIOEBBIX TPAHUIIAX
B 3aBHCHMOCTH OT KOJIMYECTBA CJIOEB N sl Pa3IMYHOTO KOJIMUECTBA KPUCTAIMYECKHUX 3€PEH B KaXKJJOM CJIOe
Fig. 9. Peak current 7, (@) and the rate R,,./R i, (b) in multilayered film structures with memristive switching
of resistance at both grain and layer boundaries as a function of number of layers N
for different numbers of crystal grains in each layer

Hemonoronnoe uamenenue I, U R,,/R.;, B 3aBUCHMOCTH OT KOJIMYECTBA CIIOCB HanOojiee BHI-
paxkeHo s «Maioro» (15-19) konmdectBa 3epeH B clioe. DTO CBHACTEIBCTBYET 00 OMpenestomnen
PO MEMPHUCTOPHOTO TIEPEKITIOUYCHUSI COMIPOTHBIICHHSI Ha MEXKCIIOEBBIX rpaHunax. [Ipu 001bmux Ko-
nnuecTBax 3epeH BAX Bcell MHOTOCIIONHOM CTPYKTYpbl HAYMHAET KOHTPOIMPOBATHCS MEMPUCTOPHBIM
3¢ (deKkToM Ha MEK3CPCHHBIX I'PaHUIIAX.

3akiaouenue

1. IIpemioykeHHbIE SKBUBAJIEHTHBIE 3JIEKTPUUYECKUE CXEMbl MHOTOCIONMHBIX IJIEHOYHBIX CTPYKTYD
C KPUCTAJUIMIECKUMH 3EPHAMH B KKIOM CJIO€ ¥ MOJISITMPOBAHNE MX BOJIBT-aMIIEPHBIX XapaKTEPUCTHK
MTO3BOJISTIOT 0000ITUTH HEKOTOPBIE 3aKOHOMEPHOCTH MPOSIBICHUS B HUX MEMPUCTOPHOTO TIEPEKITIOUEHUS
CONPOTUBIICHUS HA MEXK3EPEHHBIX U MEXKCIOEBbIX rpaHulax. [IpuBeeHHbIC KOJTUYECTBEHHBIE OLIEHKU
MOJIYYCHBI JJIs OTMPEACICHHBIX HOMHHAIOB OMUYECKUX PE3UCTOPOB U MEMPUCTOPOB. OHU aKTyalbHbBI
JUTst 001e(hPU3UYCCKUX MOJICTBHBIX MPEJICTABICHUN, HO TPEOYIOT YTOUHEHUS JIJISl CTPYKTYpP U3 OIpeie-
JICHHBIX MaT€pHraJioB.

2. B pesynbrare ucciieJoBaHUA yCTAaHOBIEHO, YTO XapaKTEPHBIHN 1T MEMPHUCTOPOB TIETIAC00pa3HbII
BH/] BOJIBT-aMIIEPHBIX XapaKTEPHUCTHUK TIOCTENIEHHO TpaHC(HOPMUPYETCS B TMHEHHYIO OMHUYECKYIO 3aBH-
CUMOCTB OOIIETO TOKA OT BEIUYMHBI MPUIIOKEHHOTO BHEIIHETO HAPSDHKSHHS 110 MEPEe YBEIMUYESHHUSI KO-
JUYECTBA CJI0EB U KOJIMYECTBA 3€PEH B CJIOE€ MHOTOCJIOMHOM IIIEHOYHOU CTPYKTYpHhI. [Ipu aTOM Mempuc-
TOPHOE TEPEKIFOYCHUE COMPOTHUBIICHUS HAa MEXKCIOEBBIX IPAHUIIAX HAMOOJIEe 3HAUUMO TIPOSIBIISETCS
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B BOJIBT-aMIIEPHBIX XapaKTEPUCTHKAX BCEH CTPYKTYPBI, MOCKOJIBKY IJIOMIA[b TAKMX I'PaHUL] OOBIYHO
HAMHOTO OOJIbIIIE MEK3EPEHHBIX TPaHHMLI.

3. OTMeueHO CyIIecTBOBAaHHE ONPEAEICHHOIO COYeTaHMsI KOJMYECTBA CIIOEB U 3€pEH B CIIOE,
00eCTeunBaroIIero MakCMMasbHbIe 3HAUEHHs MPOTEKAIOUero Toka /., W OTHOLICHUS COMpPOTHBIIC-
HUH R,/ Rnin, XaPAKTEPUIYIONIMX «BBIKIIOUYCHHOE» H «BKIIFOUEHHOE» COCTOSHHS BCEH CTPYKTYPHI.
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®OPMHUPOBAHUE AHTHOTPAKAIOIIUX MMOKPLITUI
HA OCHOBE HAHOCTPYKTYPHUPOBAHHOI'O ATIOMUHUA
N CJI01 KCEPOT'EJISI TUTAHATA BAPUSA
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© Benopycckuii rocy1apcTBEHHbIH YHUBEPCUTET MH(POPMATUKH U pPaMOdIeKTpOHIKH, 2024
Belarusian State University of Informatics and Radioelectronics, 2024

AHHoOTanusl. BeIONHEHBI HCCien0BaHus 110 (POPMHUPOBAHHIO aHTHOTPAXKAIOIIMX MOKPHITHI HA OCHOBE HOpHC-
TOTO AIIOMUHHS, TOTyYEHHOTO METOIOM JJIEKTPOXUMHYECKOTO aHOAHOTO TPABJICHHUs, 1 HAHECCHHOT'O Ha €ro I1o-
BEPXHOCTB CJIOSI Kceporensi TUTaHara Oapus. TonmuHa MOPUCTOTO aTfOMUHHS cocTaBuia oT 15 mo 100 MkM.
AHanm3 CeKTPOB OTPAKEHUS MTOJYUYEHHBIX CTPYKTYP Mokasan 3(GdeKTHBHbIE aHTHOTPaXAIOIINE CBOWCTBA Cop-
MHUPOBaHHBIX MOKPBITHH ¢ K03 dunmeHrom 3epkanbHoro orpaxenus 0,25-2,50 % B amnamazone 200-1100 HM.
[Tpumenenne chopMHUPOBAHHBIX MOKPBHITHH ¢ HU3KUM KO3(D(OUIIMEHTOM OTpa)KEHHsI BOBMOXKHO B aBHAaCTPOCHHH,
9NEKTPOHUKE M SHEPreTHKE.

KuioueBble ci10Ba: 2J1€KTPOXMMHUYECKOE aHOJUPOBAHNE, TIOPUCTHIN ATIOMUHUI, XJIOPH] HATPHUSI, KCEPOTeJIb THTa-
Hara Oapusi, aHTHOTPAXKAIOIIUE CBOHCTBA.

Kondankt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHHU KOH(IMKTAa HHTEPECOB.

Baaromapuoctb. Pabora BhImoNHEeHA TpHu (PMHAHCOBOH TOJIEPXKKe MpoekTa bermopycckoro pecmyOiankaHCKOro
¢donna pyHmaMeHTaIbHBIX nccaenoBannii Ne X23M-044.

Jnst uurupoBanusi. DopMUPOBAHHE aHTHOTPAKAIOIINX MOKPHITHIA HA OCHOBE HAHOCTPYKTYPHUPOBAHHOTO aITFO-
MUHHUS U cj10s1 kKeepores Tutanara Oapust / C. K. Jlazapyk [u ap.] // Joknager BI'YUP. 2024. T. 22. Ne 3. C. 14-20.
http://dx.doi.org/10.35596/1729-7648-2024-22-3-14-20

FORMATION OF ANTI-REFLECTION COATINGS
BASED ON NANOSTRUCTURED ALUMINUM
AND BARIUM TITANATE XEROGEL LAYER

SERGUEI K. LAZAROUK!, TAMARA F. RAICHENOK?, LEONID P. TOMASHEVICH!,
EKATERINA I. LASHKOVSKAYA!, ALEXANDER A. POVZHIK? NIKOLAI V. GAPONENKO!
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Submitted 20.11.2023

Abstract. The research has been carried out on the formation of anti-reflection coatings based on porous alumi-
num obtained by electrochemical anodic etching and a layer of barium titanate xerogel deposited on its surface.
The thickness of the porous aluminum ranged from 15 to 100 microns. Analysis of the reflection spectra of the
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resulting structures showed effective anti-reflection properties of the formed coatings with a specular reflection
coefficient of 0.25-2.50 % in the range of 200—-1100 nm. The use of formed coatings with a low reflectance coef-
ficient is possible in aircraft manufacturing, electronics and energy.

Keywords: electrochemical anodizing, porous aluminum, sodium chloride, barium titanate xerogel, anti-reflective
properties.
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BBenenue

ANIOMUHHN SBIsIETCS HauOoliee pacmpoOCTpPaHEHHBIM METAIIOM, 10 HaJW4YdI0 B 3€MHOW Kope
OH YCTyTaeT TOJBhKO KUCIOpOMy W KpeMHHI0. CTlIaBbl Ha OCHOBE aJIFOMHUHUS IIMPOKO HCIOIB3YHOTCS
B aBHACTPOCHUH, JIICKTPOHUKE U dHepreTuke. [Ipu 3ToM Bo3HUKaeT 3ajaua (hOpMUPOBAHUS aHTHOTPA-
YKAFOIMX MOKPBITHH Ha ATIOMUHHEBOH MOBEPXHOCTH. B 4acTHOCTH, B aBUACTPOCHUH 3TO HEOOXOJUMO
npy pa3pabOTKe CTENC-TEXHOJIOTHH, B MHUKPOJICKTPOHHKE OHU (POPMHUPYIOTCS Ha TIOBEPXHOCTH allkO-
MUHHUEBBIX TUICHOK IS TIOZABJICHUS OJTMKOB B MIPOIEcce omeparuii (oToauTorpaduu, B YHEPreTHKE —
IIPH U3TOTOBIIEHUH COTHEYHBIX TETIOBBIX KOJUIEKTOPOB. Takke M3MEHEHNE OTPaKEeHUS HA TOBEPXHOCTH
ATFOMHUHUS B COYETAHUN C HAHECEHHUEM JTIOMUHECIICHTHBIX IJICHOK MOYKET OBITh MCITOJb30BaHO B TEX-
HOJIOTUY 3alUThl U3JEIUN OT mozjenok. st opMupoBaHusl aHTHOTPAXKAKOIIUX MOKPHITUH HAa TO-
BEPXHOCTH aJIOMHHHUSI PACCMaTPHBAINCH KOHYCOOOpa3Hble HAHOCTPYKTYpBI OKcHa amoMmuHus [1, 2],
HAHOYACTHUIIHI OKCHJIA ATFOMHUHUS, TIOTy9YaeMble JIa3ePHOU aOnsiyeil alFOMIUHUEBRIX MUIIIeHEH [3], TieH-
KW HUTpHIA amoMuHus [4]. OmHaKo W3BECTHBIC METOAB! (POPMHUPOBAHUS TAKUX ITOKPHITHI HA aTFOMUHUAN
MMEIOT OTPaHUYEHHE TI0 YPOBHIO MOTJIOMIEHUS ONTHYECKOTO CUTHAJIA M TUAIIa30HY JUTWH BOJIH TOTIOIIe-
Hus [ 1-5]. Criemyer OTMETHTB, YTO €CITH MTPOIIeCC aHOHOTO TIOPHUCTOTO OKUCIICHHSI ATFOMUHHS HHTEHCHB-
HO uccnenyercs [7-9], To aHOOHOE MOPHUCTOE TPABIECHUE AIIOMUHMS HEAOCTATOYHO M3y4eHO. V3BecTHbI
JIMIIb SMHUYHBIC COOOIEHHS O TPOIIecCe TPaBieHUs Oe3 UcciaeoBaHus (JOPMUPYEMOU CTPYKTYPHI.

B crarbe npenioxkeH MeTon (GopMUpPOBaHUS aHTHOTPAKAIOIIETO TTOKPBITHS Ha aIFOMHUHHUEBOMU T10-
BEPXHOCTH, OCHOBAaHHBIH Ha HAHOCTPYKTYPHUPOBAHUH ATIOMHUHHS C TOCIEAYIONIMM HAaHECEHHEM CIIOS
kceporenst BaTiO;:Eu.

IIpoBenenne 3xkcepuMeHTOB

DKCIIEPUMEHTHI 110 (POPMHUPOBAHHUIO IIICHOK MIOPHUCTOTO ATFOMHHUS ITPOBOJIMIIN Ha 00pasIiax nu3 ajro-
MuHUEeBoOU (onbru TonmmuHoN 500 MxM, unctoron 99,7 %, riomaaso 1 cMm?. B kagectBe JJEKTPOJIUTA
UCTIONB30BaNN 1%-HbIi PacTBOP XJIOPUAA HATPUSI.

[Mocie mpenBapuTEIIbHON 00PaOOTKU MOBEPXHOCTU ATFOMHHUEBOUM (DOJIBIM CIIUPTOCOACPKAIIUM
pacTBOPOM BBITONTHSUTA (HOPMHUPOBAHUE ITOPHCTOTO AFOMHHIS B IBYXAJICKTPOIHON IEKTPOXHUMHYIECC-
KO staeiike. Slueitka cocTosa u3 pToporIacToBoro (TeIOHOBOTO) ITMIHMHAPA, KOTOPBIN TPH TOMOIITH
YIUTOTHUTEBHOTO PE3WHOBOTO KOJBIIA MPIKAMAJICS K aHOAHpyeMoMy oOpasiry. OOpaser HaXxomauics
Ha METaJUTMYECKOM (JTFOMHHHEBOM ) aHOjIe-Aepkareine. st hopMupoBaHUs MOPUCTOTO ATFOMUHHUS HC-
I0JIL30BAJIA KAaTOJ U3 TUTAHOBOU (POJIBTH, KOTOPBIN pacrioiaralicsi BHyTpU (PTOPOILIACTOBOTO IIMAIHH/I-
pa. AHOMPOBAHUE IPOBOJIUIIN B TAJIbBAHOCTATUYECKOM PEKUME TIPH IUIOTHOCTH TOKa J, = 200 MA/cMm?,
Bpewms anonupoBanus — ot 5 10 30 MuH.

[Tnenko00pa3yomuii 3016 TUTAHATA OapHs, COmep AU EBPOIHA, TOTOBHIIN C HCIIOJIH30BAHHEM
paHee pa3pabOTaHHOW METONMKH Ha OCHOBE JefsHon ykcycHol kucnotel (CH;COOH) u anerunare-
tona (CH;COCH,COCH;) ¢ o0beMHBIM cooTHOIIeHHEeM 4:1, ¢ 100aBlieHUeM U30MPOIOKCHIA TUTA-
Ha (Ti(OC;H,),), anerara 6apus (Ba(CH;COQ),) u ruapara anerara esporus (Eu(CH;COO),-xH,0) [6].
KoHneHTpanusi OKCHIOB B MOMy4YHBIIEMCS pacTBope coctaBmia 61,2 mr/min tutanara Gapust BaTiOs
u 1,5 mr/mi okcuga esponust (1) Eu,O;.

Jlst mosrydeHus omHO cIToWHBIX 00pas3noB BaTiOs:Eu 3016 TuTanara 6apus HaHOCHIIH TIEHTPUPYTH-
pOBaHHEM Ha IMOJUTOKKH TIOPUCTOTO aJTFOMIHHMS, 3aTeM 00pa3I[bl CYIIMIH B CYIIHIFHOM IIKa(y IIPH TEM-
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neparype 200 °C B Teuenue 10 MuH, ocne yero omxuranu npu 450 °C B Teuenue 30 MuH. CHeKTpsl OT-
paskenus naMepsuin Ha criekrpodoromerpe MC 122 (COOO «llpockan cennanbHble HHCTPYMEHTBD,
benapycs).

Pe3y.]'[LTaTbl I/ICCJ'[e)IOBaHI/lﬁ H UX oﬁcym)lemle

B mporiecce sxcniepuMeHTOB ObLTH CPOPMHUPOBAHBI TUICHKH TOPUCTOTO ATFOMHHUS TOJIIIHHOMN OT 15
10 100 mxwm (puc. 1, a, b). AHann3 00pasiioB ¢ IOMOIIBI PACTPOBOIO IEKTPOHHOTO MUKPOCKOIIA TOKa-
3aJ1, 4TO MMOJyYSHHBIC IJICHKU JIEHCTBUTEILHO HMEIOT IIOPUCTYIO CTPYKTYPY, AUAMETP MOP BapbUPYeETCs
ot 0,8 mo 2,0 MKM, MHHUMAaJTBHBIN pa3Mep aTFOMHHAEBOTO «ckeneTa» — 50 um (puc. 1, ¢, d).

15 MM

15.0kV x2.00k SE(M) ! 15.0kV x500 SE(M)

Puc. 1. POM-u306paxenus 00pa3ioB, NOTYICHHBIX B TAIbBAHOCTATUYCCKOM PEKIME
IIPU pa3HbIX ITIOTHOCTSIX TOKa B 1%-HOM BOIHOM pacTBOPE XJIOPUIA HATPHSL:
a, b — mopucTelit cioit TommuHoN 15 1 100 MKM COOTBETCTBEHHO;
¢, d — monepeyHoe CeueHNe MOPUCTON CTPYKTYPHI ¢ yBenmndaeHuneM 2 u 40 TeIic. Kpar
Fig. 1. SEM images of samples obtained in galvanostatic mode at different current densities
in a 1 % aqueous solution of sodium chloride:
a, b —porous layer with a thickness of 15 and 100 um, respectively;
¢, d — cross section of the porous structure with magnification of 2 and 40 thousand times

Pe3ynbraThl peHTIeHOCTIEKTPAIBHOTO aHAMHM3a C(HOPMUPOBAHHBIX MTOPUCTHIX TUIEHOK M300paKeHBI
Ha puc. 2. V3 pucyHKka BUIHO, 4TO MOPUCTAS IJICHKa B OCHOBHOM COCTOUT U3 amtoMuHus (83 ar.%), Tak-
JKE B HEH MPUCYTCTBYIOT PUMECHBIE AieMeHTHI — yrepon (10 at.%) u kuciopon (7 ar.%).

CriekTpbl OTpaxkeHus c(OPMUPOBAHHBIX 00pa3loB MpuBeaeHb! Ha puc. 3, 4. Kpusas 0 oTHOCHTCS
K MCXOJHOM MOJIOKKE 0e3 aHoqupoBaHusl, KpuBbie 1, 2, 3 — kK oOpasiam, Mo BepraBIIuMCs aHOIUPOBa-
Huto B Tedenue 5, 20 u 30 MUH COOTBETCTBEHHO, KpuBbIe 4, 5, 6 — K 00pasnam, oABEepPraBIIuMCS aHO-
nupoBaHuio B TedeHue 5, 20 u 30 MUH U MOKPBITEIX ogHUM ciioeM kceporesst BaTiOz:Eu. Orpaxenune
YUCTON MCXOIHON MOAJIOKKH aJIFOMHHUS 0€3 aHOJUPOBAHMSI YBEJIMUUBACTCS BO BCEM JMaNa3oHe UIMH
BOJIH OT 6—7 % nipu 200 M 10 25 % npu 940 HM.
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cps/eV
124 ps/

10

1 2 8 4 5 6 7 8

Bbicokoe HanpskeHue:15.0kB

El AN Series unn. C norm. C Atom. C Error
[wE.%] [wt.%] [EE. %] [wt.%]

Al 13 K-series 58.96 90 .75 83.21 28
C 6 K-series 3.148 4.83 9.96 1.4
O 8 K-series 2«81 4.42 6.83 09

Puc. 2. PenTreHocnekTpanbHblil aHAIU3 TJIEHOK TOPUCTOTO aJIFOMUHUS
Fig. 2. EDX analysis of porous aluminum films
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Puc. 3. CriekTpbl OTpakeHHs: 00pa3I0B MOPHCTOTO Puc. 4. Criektpbl oTpaxkeHHs 00pa3IoB aIOMUHUS,
AITFOMUHUS, [TOJTYYEHHBIX B POLIECCE AHOUPOBAHMS: TIOJIyYSHHBIX B TIPOLIECCE aHOMPOBAHUS,
1,2, 3 — B Teuenue 5, 20 u 30 MUH COOTBETCTBEHHO; B Mana3oHe peructpupyemoro orpaxenus 0,1-1,2 %:
4,5, 6 —B teuerue 5, 20 u 30 MHH COOTBETCTBEHHO 1, 2 — B Teuenue 20 u 30 MUH COOTBETCTBEHHO;
¢ ocakeHHbIM citoeM keeporenst BaTiO;:Eu; 3,4 — B Teuerne 20 u 30 MUH COOTBETCTBEHHO
0 — oOpaselr YUCTOrO HEMPOAHOAUPOBAHHOTO ATTFOMHHHUSI ¢ ocaxIeHHBIM ciioeM kceporenst BaTiO;:Eu
Fig. 3. Reflection spectra of porous aluminum samples Fig. 4. Reflection spectra of aluminum samples
obtained during anodization: obtained during the anodizing process,
1,2,3—for 5,20 and 30 min, respectively; in the range of recorded reflection 0.1-1.2 %:
4,5, 6 —for 5, 20 and 30 min, respectively, 1, 2 — for 20 and 30 min, respectively;
with a deposited layer of BaTiO;:Eu xerogel; 3,4 — for 20 and 30 min, respectively,
0 — sample of pure non-anodized aluminum with the deposited layer of BaTiO;:Eu xerogel
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AHOAMpOBaHNE NMPUBOIUT K 3HAYMTEIBHOMY YMEHBLICHHIO oTpaxkeHus. Ho Tak ke, Kak ¥ s
WCXOTHOM TTOJUTOKKH aJIFOMUHUS, HaOMromaeTcsl yBeandeHne orpakenus B auanazoHe 200-1100 am.
Hns obpasua, aHOIUPOBAHHOIO B TeyeHHE 5 MUH (puc. 3, KpuBas 1), OTpa)keHHE yBEJINUMBACTCS
ot 2,5-3,0 % mpu 200 aM 10 6,0-6,4 % mpu 1100 am. s 0Opa3noB, aHOTUPOBAaHHBIX B TeueHne 20
u 30 mMuH (puc. 3, KpuBble 2 U 3 COOTBETCTBEHHO), oTpaxkeHue yBeanuusaercs ot 0,5 % mpu 200 um
1o 1,1 % npu 1100 am. st oOpa3ua, mogBeprapiierocsi aHoANPOBaHUIO B TeUEeHUE 5 MUH (puc. 3, KpH-
Bas 4), yMeHbIlIEHUE OTpakeHUs nocie ¢popmuposanus ciosi keeporenst BaTiOs:Eu cocraBuno mpu-
onmmsuTensHo 1-3 % Bo BceM Anana3oHe AauMH BoiH. OTpaxeHue yBenuuusaercs oT 1,5 % npu 200 am
10 4,0 % npu 1100 M. s 00pa3nos, moaseprapunxcs anoguposanuio B tedenue 20 u 30 muH (puc. 3,
KpHUBBIE 5 U 6 COOTBETCTBEHHO), HAHECEHHUE CJI0S1 KCeporesisl Ha MOAJIOKKY TIOPUCTOTO aJIOMUHUS TIPH-
BOJIUT K YMEHBIIICHUIO OTPaKEHUs MPUOIM3UTENHHO B 1Ba pa3a B obmactu 200-300 HM U jgocTUTaeT
munumyma 0,2 % B nuanazone 200-225 um. [y oOpasua 5 yMEHbIIEHHE OTPaKEHHUS COCTABUIIO OKO-
1o 0,1-0,3 % B nmuamazone ot 350 g0 1100 HM u gocturio makcumyma a0 1 % mpu 1100 am. s 06-
pasua 6 ymensluenue orpaxenus — okoio 0,1-0,2 % B nuanazone ot 300 1o 500 um, ot 500 1o 1100 HM
3HAUEHMS OTPAKCHUS IMOUYTH TaKHe ke, Kak U 10 HaHeceHus cios BaTiOs:Eu.

BBuny macmraOHOTO orpaHudeHus puc. 3, psid KpUBBIX Ha rpaduke TpynHopasnuuum. [lostomy
Ha pHC. 4 IPeACTaBICHBI CIIEKTPbI OTPAKECHUS UCCIIEyeMbIX 00pa3LoB B JUANIa30HE PErHCTPUPYEMOTO
orpaxkeHus 0,1-1,2 %, 4T0 MO3BONAET YBUAETD PA3INUNs OTYUEHHBIX CIIEKTPAIbHBIX XapaKTEPUCTHK.

3aKiIIoueHue

1. Ilpenmoxxer MeTox (POpMUPOBAHHS AaHTHOTPAYKAIOIIETO TIOKPHITHS Ha ATFOMHUHHAEBOH MOBEPXHOC-
TH, OCHOBaHHBI Ha HAHOCTPYKTYPHPOBAHNHN ATFOMUHHUS C ITOCIIEAYIONUM HAHECEHNEM CJIOSI KCEPOTes
BaTiOs:Eu. [Inenku mopuctoro amoMuHES TOMIAHON 15—100 MKM MMOTy9IeHBI BIIEPBEIE.

2. YcTaHOBIEHO, 94TO (hHOPMUPOBAHHE HA TTIOBEPXHOCTH aIFOMHUHUS TIOPHCTOTO CJIOS aHOAHBIM TPaB-
JICHWEM TIPUBOJINT K 3HAYUTEIHLHOMY YMEHBIIIEHUIO OTpaXeHN. BBeieHue B MOPHUCTHIN alfOMUHUI Kce-
porens TuTaHarta Oapusi, JIETHPOBAHHOTO €BPOIIHEM, TAK)KE YMEHBIIIAET OTPaKEHHE.

3. llpeanaraeMble aHTHOTPAYKAIOIINE TIOKPHITHS MOTYT OBITh MCIIOJIB30BAHBI KAK B WHTETPAIbHON
AJIEKTPOHUKE, TaK M B MHTETPAJHHON ONTHKE. YIPaBIIEHHE CBETOBBHIM CHTHAJIOM C TIOMOIIBIO aHTH-
OTpaXKaIOIUX TOKPHITUH MPU T€HEPAINH, PACTIPOCTPAHEHUH U PETHCTPAIMN CBETA B ONITHIECKIX MEXK-
COETMHEHHAX MHTETPAJbHBIX CXEM BOCTPEOOBAHO B MHTETPAILHOW ONTHKE, B YACTHOCTH B KPEMHUE-
Boii ¢poronuke [10-17]. Kpome Toro, aHTHOTpaXKaloIue MOKPHITHS Ha METAUTHIECKUX JETaNAX MOTYT
HaWTH MPUMEHEHNE B CITyTHUKOBBIX CHCTEMax JMCTAHIIMOHHOTO 30HAMPOBaHMUS 3eMITH, IJle HeOOX0Iu-
MO TIPEIOTBPATUTh Napa3suTHBIC OJIMKN M3-33 HEKEIATeILHOTO OTPAKECHHS CBETAa OT METANTUYECKUX
noBepxHocTe. [Ipn dopMupoBanuss aHOIUPOBAHHOTO ANIOMUHHUS W JTIOMHUHECHEHTHBIX TOKPBITHI
30J1b-T€Ih-METO/IOM Ha TIOBEPXHOCTH AIFOMUHUS BO3MOXKHO CO37[aHUE YYACTKOB, OTINYAIOIINXCS WH-
TEHCHUBHOCTBIO JIIOMHHECIICHIINH, YTO MPEICTABIISET HHTEPEC ISl TEXHOIOTHH (DOPMUPOBAHUS JTFOMU-
HECIICHTHBIX H300paykeHUH 1 3alTUTHI H3ICTUH OT moaenok [18].
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BJIMSAHUE PEKPUCTAJVIM3ALIUUN MEXAHUYECKH HAPYIHEHHOI'O CJ1IOA
C PABOYEH CTOPOHBI KPEMHUEBOM IIJIACTUHBI
HA QJIEKTPUYECKHUE ITAPAMETPbBI KMOII UHTEI' PAJIBHBIX MUKPOCXEM
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© benopycckuii TOCyIapCTBCHHBIH YHUBEPCUTET WHPOPMATHKH U PAIHONIEKTPOHUKH, 2024
Belarusian State University of Informatics and Radioelectronics, 2024

AHHOTanMsl. YCTaHOBJICHO BIMSHNE PEKPUCTALIM3AlUN MEXaHWYECKN HApYIICHHOTO cJosl Ha pabodei cropo-
HE TUIaCTHHBI KPEMHUS C MPUMEHEHHEM ObICTpoit Tepmmdeckoil oopadorku (1000 °C, 20 ¢) Ha 3NMeKTpUIEeCKIe
napaMeTpbl KOMIUIEMEHTAPHBIX METaslI-OKUCEI-NOTYIPOBOAHUKOBBIX MUKPOCXEM. B KkauecTBe aHANM3UPYyEMBbIX
XapaKTepUCTHK 71- U p-KaHAIBHBIX TPAH3UCTOPOB OBUTH BBHIOPAHBI: TOK CTOKA OT HAIPSKEHHS Ha 3aTBOPE MPH JH1-
OJTHOM BKJIFOUCHMH; BBIXOAHBIC XapaKTEPUCTHKH IPHU PA3TUYHBIX HANpPSHKEHUSIX Ha 3aTBOpE; TOK CTOKA OT Ha-
MIPSOKEHUST HA CTOKE 0€3 1Mojaun MOTEHIMAaIa Ha 3aTBOP; MPOLEHT BBIXO/A TOAHBIX u3enuil. CpaBHEHNE NaHHBIX
TapaMeTpOB MTPOBOAMIN C MUKPOCXEMaMH, N3TOTOBICHHBIMH 110 CTAHJAPTHON TEXHOIOTHH. AHAIN3 PE3ylbTaToB
TI0Ka3aJl, 4To ObICTpast TepMUYEcKasi 00padOTKa NCXOJHBIX KPEMHHUEBBIX IUTACTHH IT03BOJISICT 3HAYUTEIHHO YIIyd-
LIUTH BBIICYKa3aHHBIC XapaKTEPUCTHKU /-KaHAIBHBIX METaUI-OKUCEI-NOoITypOBOAHUKOBBIX (n-MOII) u p-xa-
HaJIBHBIX METaJlI-OKHCEIN-TIOYTPOBOIHUKOBEIX (p-MOII) TpaH3HCTOpOB 3a CUET CHIDKCHUS! (PUKCHPOBAHHOTO
3aps/a B MO3aTBOPHOM JUAJIEKTPHUKE, IOTYYEHHOM MUPOT€HHBIM OKUCIEHHEM KPEMHHA. DTO 1aeT BO3MOKHOCTh
MIOBBICUTH KaUECTBO BBITYCKAEMbIX KOMIIJIEMEHTAPHBIX METAJI-OKHUCEI-MOIYTIPOBOAHUKOBBIX MUKPOCXEM U yBe-
JMYUTH MPOICHT BBIXOJIA TOAHBIX m3nennit ¢ 74,38 mo 77,53 %.

KutroueBble cjioBa: ObIcTpast TepMUIecKas 00pabdoTKa, MOA3aTBOPHBIN AUAIEKTPUK, GUKCUPOBAHHBIN 3apsij B JH-
JNIEKTPHUKE, BOJIBT-aMIIEPHBIC XaPAKTEPUCTUKH, H- U p-KaHAJIbHBIC METAILI-OKUCEII-[I0TyIPOBOJAHUKOBBIC TPAH3HC-
TOPBI.

Kondaukt uHTEpecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBUHU KOH(IMKTa HHTEPECOB.

Js uuTupoBanus. BiusHue pekpucTaiin3alni MeXaHHYeCKH HapyLIIEHHOTo CJIosi ¢ pabo4ell CTOPOHBI KpeM-
HUEBOH IIACTUHBI Ha AekTprudeckue mapamerpsl KMOII uaterpansabix Mukpocxem / B. A. Tlunumnenxko [u ap.] /
Hoxmanst BI'YHWP. 2024. T. 22, Ne 3. C. 21-27. http://dx.doi.org/10.35596/1729-7648-2024-22-3-21-27.
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Abstract. The influence of recrystallization of a mechanically damaged layer on the working side of a silicon
wafer using rapid heat treatment (1000 °C, 20 s) on the electrical parameters of complementary metal-oxide-semi-
conductor microcircuits has been established. The analyzed characteristics of n- and p-channel transistors were
selected: drain current from the gate voltage when diode-connected; output characteristics at various gate vol-
tages; drain current from the drain voltage without applying potential to the gate; percentage of yield of suitable
products. These parameters were compared with microcircuits manufactured using standard technology. Analysis
of the results showed that rapid thermal treatment of the original silicon wafers can significantly improve the above
characteristics of n-channel metal-oxide-semiconductor (n-MOS) and p-channel metal-oxide-semiconductor
(p-MOS) transistors by reducing the fixed charge in gate dielectric obtained by pyrogenic oxidation of silicon.
This makes it possible to improve the quality of manufactured complementary metal-oxide-semiconductor micro-
circuits and increase the percentage of yield of suitable products from 74.38 to 77.53 %.

Keywords: rapid thermal treatment, gate dielectric, fixed charge in dielectric, voltage current characteristics,
n- and p-channel metal-oxide-semiconductor transistors.
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BBenenue

BaxupiM ycnmoBueM cO3/1aHUS HAASKHBIX H3AETUI MUKPO3JIEKTPOHHKH C BOCIPOM3BOAMMBIMHU
ANEKTPOPHU3MIECKUMH XaPaAKTEPUCTUKAMH SIBJISIETCS CTEIIEHb COBEPIIEHCTBA KPUCTATITUIECKON peleT-
KM, OIIPEIEIISIOIIAs 3JIEKTPUUSCKUE XapaKTEePUCTUKU (OPMUPYEMBIX HA €€ TIOBEPXHOCTH MUKPORJICKT-
poHHBIX TIpHOOPOB. [loaTOMY 00s3aTeNbHOE yCaoBHEe 0e3A¢hEKTHRIX MOTYIIPOBOJHUKOBBIX H3IEITHHA,
B OCHOBHOM BBIIIOJIHEHHBIX 110 YHUIIOJISIPHOH TEXHOJIOTUH, — OTCYTCTBHE Ha NOBEPXHOCTH IUIACTHH Ha-
PYLIEHHOTO ¢J1051, 00pa3yromerocs Npu (GUHUILIHON TOJIMPOBKE padouell CTOPOHBI HCXOJHBIX KPEMHHE-
BbIX mactuH [1-3]. Hannuue Takoro ciios npuBoauT K GOPMUPOBAHHUIO B TIOA3aTBOPHOM AMIICKTPUKE
COOTBETCTBYIOLIETO (PMKCUPOBAHHOTO 3apsijia, YMEHBLIAIOUIETO MPOOUBHBIC HAMPSIKCHUS M YBEJINYH-
BAIOIIETO TOKU YTEUKH IOJ3aTBOPHOIO IudIeKTpuka [4—7]. [Ipu 3TOM ¢ yMeHbIIEHHEM TOINOJIOrUYec-
KHX HOPM MPOEKTHPOBAHMS, MPUBOIAMIMX K 3HAYUTEIHHOMY YMEHBIICHHIO €r0 TONIIMHBI A0 CIHHUL
HAHOMETPOB, JaHHBIHA (DAKTOP CTAHOBUTCS OMPEICISIOMINM B MOJYYSHUH Pa0OTOCHOCOOHBIX M3EIUi
U1l CyOMUKpOHHOM 3neKTpoHukH. OMH U3 HanOosee MepCneKTHBHBIX METOJIOB YCTPAaHEHHUS HApyILIeH-
HOTO cJI0Sl — ero TBepao(dazHasi peKpUCTaIUIM3aKsI C IPUMEHEHUEM OBICTPOI TepMHUYECKOH 00padboT-
ku (bTO), mpuBoasmieit k HarpeBy macTuHbI 10 1000—-1100 °C npu ATUTETFHOCTH CBETOBOTO UMITYIIb-
ca 20 ¢ [8-10]. DTo obecreunBaeT ymeHbIICHHE (PUKCUPOBAHHOTO 3apsijia B MOJA3aTBOPHOM JTUIJICKT-
puke, copMUPOBAHHOM 3a CUET OKUCIICHHS KPEMHHsI C HApYIICHHOW KPUCTAJUIMYECKOW PEIeTKOM,
BO3HUKAIOIIEH MPH MOTUPOBKE pabovell MOBEPXHOCTH MIacTUHbL. OTHAKO B MEPEUHCICHHBIX MyOInKa-
LUSIX PAacCMaTPUBAIOTCSL BOIPOCHI, KACAIOILUECS TOJIBKO Ipolecca TBepAo(a3HONW peKpUCTaIN3alnuu
MEXaHMYECKH HapyLICHHOIO cJ0sl Ha pa0odell MOBEPXHOCTH IUIACTUHBI U €0 PO B (POPMUPOBAHUU
(bUKCHPOBAHHOTO 3apsiia B [103aTBOPHOM AUICKTPHUKE, TOJYYEHHOM IIyTEM HPOr€HHOIO TepMHUYec-
KOT'O OKHCIICHHS KpeMHH. [Ipr 3TOM coBepIIeHHO HE 3aTparuBajich BOIMPOCH! BIMSIHUS Takol oOpa-
OOTKHM MCXOAHBIX KPEMHHUEBBIX IUIACTHH HA 7- U p-KaHAJIbHBIE TPAH3UCTOPHI KOMIUIEMEHTapHBIX Me-
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TaJu-okucen-monynpoBogHuKoBeIX (KMOII) mukpocxem. IlpoBenenue uccnenoBannii B 3Toi oOac-
TH T03BOJIUT YCTAHOBUTH BIUSHHE AAHHOTO (MKCHPOBAHHOTO 3apsAjga Ha M3MEHEHHUE JIEKTPUUECKHX
XapaKTEPUCTHK METaII-OKHCEI-MoaynpoBoaHUKOBBIX (MOII) TpaH3UCTOPOB 1 MUKPOCXEMBI B LICJIOM.

MeTO}]LI MPOBEICHUA UCCTIEA0BAHUSA

Jia uccnenosanus BiusHus bTO HCXOMHBIX KPEMHUEBBIX TUIACTHH HA AJIEKTPUUYECKHE TapaMeTphl
uHTerpasibHbIXx MukpocxeM (MMC) BbiOpanu MukpocxeMmy, BbimonHeHHYto nmo KMOII-rexHomnoruwu,
T. €. IMEIOIIYIO KaK /-, TaK U p-KaHAJbHBIE TPAH3UCTOPHI. J{J1 yCTaHOBIEHUS BIMSHUS Takoil oOpa-
0oTku Ha 3nekTpudeckre napamerpbl UMC monoBruHa mractuH npoxomuia bTO, a Bropas mojoBuHa
HE MojBepraiachk ee Bo3ueiicTBuio. beictpas TepMuueckas 00paboTka OCYIECTBISUIACH HA YCTAaHOBKE
YBTO IINT1801 B cpene azora N, npu armocdepHoM AapieHnu. OOnydeHne IacTUH MPOBOANIOCH
¢ ux paboyeil CTOPOHBI HMITYJIECHBIM (POTOHHBIM ITOTOKOM JJIMTENBHOCTHIO 20 ¢ N3Ty4YeHHEeM rajloreH-
HBIX JIaMIT B PEKUME TEIJIOBOro Oajanca, odecrneunBatomnieM ux Harpes 1o 1000 °C.

Uccnenyempivu mapamerpamu UMC SBISIUCH CIEAYIONINE XapaKTEPUCTHKU /- U p-KaHATBHBIX
TPAH3UCTOPOB: TOK CTOKA OT HANpPsDKCHMS HA 3aTBOPE IIPU JUOIHOM BKIIIOUCHHH; BBIXOIHBIC XapaK-
TEPUCTHUKHU NPH PA3IMYHBIX HANPSKCHUSAX HA 3aTBOPE; TOK CTOKA OT HANPSDKEHMS Ha CTOKE 0Oe3 moja-
YM MOTEHLMAa Ha 3aTBOpP. YKa3aHHBIE NMapaMeTphl ONPENEsUINCh Ha KOMILIEKCE MPEIU3UOHHBIX U3-
MEpEHHU BOJIBT-aMIIepPHBIX U BoNbT-papanubix xapakrepuctuk KEYSIGHT B1500A Semiconductor
Device Analyzer ¢ 3onm0Bo# ctanuueir MPI TS-2000SE (CILA). C uenbio yCTaHOBICHHS BIHSHUS
BTO ucxomHbIX KpeMHHEBBIX IIIACTHH Ha paborocnocodHocTh KMOII-MHKpOCXEeMBI B IIEJIOM TIPOBO-
JWJIM CPAaBHUTEIIBHBIM aHAIN3 IPOLICHTA BBIXOAA AAHHBIX CXEM, U3TOTOBJIEHHBIX C IPUMEHEHNEM TaKOH
o0paboTtku u 6e3 Hee.

Pesyabrathl HccjiefoBaHuil U X 00CyKIeHNe

AHanu3 MOINOPOroBbIX XapaKTEPUCTUK M- U p-KaHAJbHBIX TPAH3UCTOPOB IOKa3all, YTO Ul H-Ka-
HaJBHBIX TPAaH3UCTOPOB, M3rOTOBJICHHBIX ¢ mpuMeHeHHeM bTO ncXOmHBIX KpEeMHMEBBIX IUIACTHH,
TOK CTOKa B 00JIACTH MaJIbIX HAIPSIKCHUH Ha 3aTBOPE MEHBLIE, YeM Ul aHAJIOTHYHBIX TPAH3UCTOPOB,
MOJYYEHHBIX Ha TJIaCTHHAX 0e3 Takoil 00paboTKH. B ciyuae p-kaHaTBHBIX TPAaH3UCTOPOB KAPTHHA UME-
eT 0OpaTHBIN XapakTep. IT0 0OBSICHACTCS TEM, UTO Ha IUIacTUHAX, He mpoxoausinx bTO, hopmupyercs
MOA3aTBOPHBIN OKHCEN, UMEIOLIHH OONIBIIYIO ITIOTHOCTD 3apsijia, 4eM OKHUcel, GOpMHUpYEMBIil Ha Tiac-
TUHAX, IPOLICAIINX TaKylo 00paboTky [5, 11]. [TockoabKy MpHu TEPMUYECKOM OKHCIICHUHU B JIBYOKHCH
KpeMHUs1 (popMHUpYETCsl TONOKUTEIbHBIH (UKCUPOBAHHBIN 3apsijl, HE 3aBHCAIIMN OT MPUIOKEHHOTO
noteHnuana [12], cimeayer okuuaTh, YTO MpU OJUHAKOBOM HAIIPSKCHHUH HA 3aTBOPE TOK CTOKA /IS /1-Ka-
HAJILHOTO TPaH3MCTOpa Oy/IeT BBIIIE TaM, Tie OOJbIas TNIOTHOCTH 3apsiia. DTO O3HAYACT, YTO Ha TPaH-
3UCTOpax, U3roTOBIEHHBIX ¢ MpuMeHeHneM bTO McXOAHBIX KpeMHHEBBIX IUIACTHH, TOK CTOKa Oyner
MEHBIIIE, YeM Ha TPaH3UCTOpax, cPOPMHUPOBAHHBIX HA TUTACTHHAX, He poxoauBImKX bTO npu onnHaKo-
BBIX HaIPsDKCHUSX Ha 3aTBOpE (puc. 1, a). [IpoTuBOMONOXKHAS KapTHHA HAOIIOAACTCS ISl p-KaHATBHOTO
TPAH3UCTOPA, HOCKOJIBKY B 3TOM CJIydae Ha 3aTBOP IIOJAETCS] OTPULATEIbHBINA MOTEHIINA, & C YIETOM
HEOOXOOMMOCTH KOMIICHCALUH TIOJIOKHUTEIBHOTO 3apsiia B MOA3aTBOPHOM AMIEKTPUKE HAIPsKEHUE
Ha 3aTBOPE JIOJDKHO OBITh BBIIIE TaM, Ii¢ OOJIbIIE IUIOTHOCTD 3apsaa. B 3ToMm ciydae npu oanHaAKOBOM
HaNpsDKEHUH Ha 3aTBOPE Y p-KaHAJIbHBIX TPAH3MCTOPOB, U3TOTOBIECHHBIX Ha miactuHax ¢ BTO, Tok
CTOKa OOIIbIIIe, YeM Y TPAH3UCTOPOB, MOJyYEHHBIX Ha IUIACTHHAX 0e3 00padboTku (puc. 1, b), TOCKOIBKY
B NIEpBOM ciiy4yae (PMKCHUPOBAHHBIN 3apsi]l B MOA3aTBOPHOM JUAJIEKTPUKE MEHBIIIE.

AHaJoruuHas KapTrHa HaOJI0JaeTCs B Cllyyae UCCIICA0BAHMUS BBIXOJHBIX XapaKTEPUCTHKH 71- U p-Ka-
HaJIBHBIX TPAH3UCTOPOB MPH PA3NUYHBIX HANPSDKEHUSX Ha 3aTBOpe (puUcC. 2). YCTaHOBIEHO, YTO pas-
HUIA B BEJINYMHE TOKA CTOKA MPHU OJMHAKOBOM HaNpsKEHHWH HA CTOKE M 3aTBOPE, BbIIIE TOPOrOBOTO,
3HAYUTEIBHO OOJIbINE, YEM B CIIy4ae 3aBUCMMOCTH TOKa CTOKa OT HANpPsDKEHHs Ha 3aTBOPE B MOJIIO-
POTOBBIX XapaKTepUCTHKAX. DTO 00YCIOBICHO TEM, YTO HANpspKEHUE Ha 3aTBOpe 00ecIeunBaeT OT-
KpBITHE KaHaJIa, IPUBO/S K 3HAUUTEIHLHOMY BO3PACTAHHIO Y€pe3 HEro TOKa CTOKa, a, CIeI0BaTeNbHO,
K POCTy BEJIMYMHBI Pa3HUIBI TOKA CTOKA ISl TPAH3UCTOPOB, M3TOTOBJICHHBIX HA IMOJJIOXKKAX, MPO-
XO[MBIINX W HE MpoxoamBIuxX npeaBaputenbHyio bTO. Ilpuunna BOSHMKHOBEHHUS 3TOM pa3HUIIBI
B TOKE CTOKA OCTAETCs TOM )K€, KaK OIHUCAHO BBIIIE, 8 UMEHHO — YMEHbIICHUE (UKCUPOBAHHOM 3apsizia
B IIOA3aTBOPHOM JU3JIEKTPUKE, CPOPMHUPOBAHHOM IMHMPOTCHHBIM OKHCJIEHUEM KPEMHHUEBBIX IIACTUH
nocie ux bTO.
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Puc. 1. 3aBHCUMOCTB TOKA CTOKA OT HANPSDKEHUS HA 3aTBOPE B TMOTHOM BKIIIOYCHUH
st n-MOIT (a) u p-MOII (b) TpaH3UCTOPOB, U3TOTOBICHHBIX: | — C IPUMEHEHUEM OBICTPOH TEPMHUUCCKON
00pabOTKN MCXOMHBIX KPEMHHUEBHIX IuTacTHH npu Temieparype 1000 °C B teuenue 20 c; 2 — 6e3 Hee
Fig. 1. Dependence of the drain current on the gate voltage in the diode connection
for n-MOS (@) and p-MOS (b) transistors manufactured: 1 — using rapid heat treatment
of the original silicon wafers at a temperature of 1000 °C for 20 s; 2 — without it
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Puc. 2. BoixonHble XapakTepHUCTUKH MIPU Pa3IMYHBIX HAMIPSHKEHHUSX Ha 3aTBOPE
st n-MOII (a) u p-MOII (b) TpaH3UCTOPOB, U3TOTOBJICHHBIX: | — C IPUMEHEHUEM OBICTPOI TEPMHUUCCKON
00pabOTKN MCXOMHBIX KPEMHHUEBHIX IuTacTHH npu Temiepatype 1000 °C B tedenue 20 c; 2 — 6e3 Hee
Fig. 2. Output characteristics at various gate voltages for n-MOS (a) and p-MOS (b) transistors manufactured:
1 — using rapid heat treatment of the original silicon wafers at a temperature of 1000 °C for 20 s; 2 — without it

-U,;,B
5

HccnenoBanme 3aBUCIMOCTH TOKa CTOKA 71- ¥ p-KaHAJBHBIX TPAH3UCTOPOB OT TI0IaBa€MOT0 Ha CTOK
HaNpsKeHMs IPH HYJIEBOM HalpsKEHHUHU Ha 3aTBOpe Moka3ano, uyto BiausHue bTO ncxonHpIx KpeMHue-
BBIX IIJIACTUH UMEET TAKOU JK€ XapakTep, KaKk U y PACCMOTPEHHBIX BBILIE XapaKTEPUCTUK 3TUX TPaH3HC-
TopoB (puc. 3). Ha puc. 3 mpuHsATO, 4TO HANPSIKCHIE HA 3aTBOPE PABHO HYIIO. 3aBUCUMOCTH TOKa CTO-
Ka OT HampspKEHHs Ha CTOKE JJIS 71-KaHAJIBHBIX TPAH3UCTOPOB BHIIIE HA TUIACTHHAX, HE MPOXOJUBIINX
BTO, a, cnepoBaresibHO, MMEIOIINX MOA3aTBOPHBIN TU3JIEKTPHUK ¢ OoJiee BHICOKOM IIOTHOCTBIO 3apsi-
na (puc. 3, a). [IpoTuBomnonoxkHasi KapTuHa — IS p-KaHAIBHBIX TpaH3uCTOpoB (puc. 3, b). Taxoit xox
3aBUCHUMOCTEH TOKa CTOKA JUIsl /- ¥ p-KaHAJIbHBIX TPAH3UCTOPOB OT HANPSKEHUS HAa CTOKE ITPH HYJIEBOM
HanpsHKEeHUH Ha 3aTBOpE 00yCIIOBIIeH cienyromieii mpuanHoi. CormacHo [13], oOpa3oBanue (ukcupo-
BaHHOTO TTOJIOKUTENILHOTO 3apsA/ia B IO13aTBOPHOM JIMAIIEKTPHUKE BBI3BIBAET 00€THEHHE OCHOBHBIMH HO-
CHUTEJISIMU 3apsiia B KPEMHUH p-TUIA U 00OTalleHNe B KPEMHUU A-TUIIA IPOBOJUMOCTH. DTO MPUBOIUT
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K OOJIBIIIEMY TOKY CTOKA JJISI 71-KaHAJILHOTO TPAH3UCTOPA [0 CPABHEHHUIO C p-KaHAIBHBIM JIJIsl IPHOOPOB,
M3TOTOBJICHHBIX MO TPAIUIMOHHON TexHomoruu (puc. 3). B To ke BpeMs pu yMeHbIIeHHH (HUKCHUPO-
BAaHHOTO 3aps/ia B MOJ3aTBOPHOM JUDJICKTPHKE 3a CUET MPUMEHCHUS KPEMHHUEBBIX TTACTHH, MPOIIC-
mKUX PEKPUCTAIIIM3AINI0 MEXAHNYCCKU HAPYUICHHOI'O CJI0s, 3HAYCHUE TOKA CTOKa IJId rn-KaHaJIbHbIX
TPAH3UCTOPOB JOHKHO YMEHBIIATHCS, a IS p-KaHAIBHBIX yBeTUUIHBaThes (puc. 3). Takoi pesyabrar
00yCJIaBIMBaeTCsl yMEHBIIEHHEM BO3ICHCTBUS (PUKCHPOBAHHOTO 3apsiia HA OCHOBHBIC HOCHTEIH 3apsi-
J1a, IPUBOJIAIIETO K CHIDKEHUIO 00€THCHUS OCHOBHBIMU HOCHTEISIMU 3apsijia B 00JaCTH KPEMHUSI p-THIIA
(n-xaHaTBHBIA TPAH3KUCTOP) U OOOTAIICHHS B 00JACTH KPEMHHUS 7-TUTIA TIPOBOJUMOCTH (p-KaHAIbHBIN
TpaH3ucrop) (puc. 3).
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Puc. 3. 3aBucuMocTb ToKa CTOKa OT HanpspkeHust Ha croke juist n-MOII (a) u p-MOII (b) Tpan3ucTopos,
W3TOTOBJICHHBIX: | — C IPUMEHEHUEM OBICTPOI TEPMUYECKOI 00paOOTKM UCXOHBIX KPEMHHUEBBIX IJIACTHH
mpu Temrieparype 1000 °C B reuenue 20 c; 2 — 6e3 Hee
Fig. 3. Dependence of the drain current on the drain voltage
for n-MOS («) and p-MOS (b) transistors manufactured:

1 — using rapid heat treatment of the original silicon wafers at a temperature of 1000 °C for 20 s; 2 — without it

Kax BugHO U3 paccMoTpeHHbIX TaHHBIX, TpoBeaeHrue bTO ucxoqubix KpeMHUEBBIX IIACTHH MTO3BO-
JSET 3HAYUTEIBHO yay4iuTh napameTpsl 7-MOIT u p-MOII TpaH3uCTOpOB 3a CYEeT CHUKEHUS (PUKCH-
POBAHHOTO 3apsiia B MOJ3aTBOPHOM IUDJICKTPUKE, MOTyICHHOM MUPOTCHHBIM OKHCICHUEM KPEMHUS.
g monTBepxkaeHns pesyiasraToB 0 n3rotoBieHsl IMC o KMOII-TexHoI0THE, KOTOpPBIE TT03BO-
JIWJIA yCTaHOBUTH, UTO IPUMEHEHHUE TaKOH 00pa00TKH MCXOTHBIX KPEMHHUEBBIX IIJIACTHH MTO3BOJISICT YBE-
JINYUTH MPOLIEHT BbIX0JAa rogHbIX uzaenuit ¢ 74,38 no 77,53 %. C y4eToM CTOJIb BBICOKOTO IIPOLIEHTA
BBIXO/Ia TOAHBIX HA M3METUSX, U3TOTOBJICHHBIX MO TPAAUIIMOHHOMY Mapiipyty 74,38 %, yBenuueHue
Ha 3,15 % sBIsETCS CYLIECTBEHHBIM MOBBIIICHUEM, UTO OTPA3UIOCh Ha YBEIMUCHUHU MTPOLICHTA BBIXO/IA
10 BCEM KOHTPOJIUPYEMBIM TapaMeTpaM JaHHOTO U3/IEITHSL.

3akiaouenue

Hcnonp3oBanne B TEXHOJIOTHUECKOM MapIIpyTe CO3/IaHUS KOMIUIEMEHTaPHBIX METaJll-OKHCeN-110-
JYTIPOBOTHUKOBBIX MHUKPOCXEM TpoIiecca OBICTPOH TepMHUECKOH 00pabOTKHM MCXOMHBIX KPEMHHEBBIX
IJIACTHH B CTaIllMOHApHOM atMoc(epe azora N, pH TN TEIbHOCTH (POTOHHOTO UMITyIbca 20 ¢ 1 MaKcu-
MaibpHOH Temreparype 1000 °C s pexprucTaiin3aiuy MeXaHHUeCKH HApyIIEeHHOTO CJI0s Ha paboueit
MOBEPXHOCTH KPEMHUEBOH MIACTUHBI yMEHBILACT BEIMUMHY (PUKCHPOBAHHOTO 3apsiia B I0J3aTBOPHOM
JUDJIEKTPUKE. DTO 00ecreunBacT yay4llieHHEe MOINOPOrOBBIX M BBIXOTHBIX XapaKTePUCTUK M- U p-Ka-
HAJIbHBIX TPAH3UCTOPOB, a TAK)KE 3aBUCHMOCTH TOKa CTOKA 3TUX TPAH3UCTOPOB OT [T0JIaBAEMOT0 Ha CTOK
HaNpsOKEHUS TIPH HYJIEBOM HANpsHKEHWH Ha 3aTBope. [lepeunciieHHOe TI03BOMISIET TTOBBICUTH KaueCTBO
BBINIYCKa€MBIX KOMITJIEMEHTAPHBIX METaJlI-OKHCENI-TIOTYITPOBOTHUKOBBIX MHKPOCXEM W TE€M CaMbIM
YBEJIUYUTH MPOLIEHT BbIXOJIA TOAHBIX u3nenuit ¢ 74,38 no 77,53 %.
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IHOJTYYEHHUE U UCCJIEJOBAHUE N'MBPUJIHbBIX CTPYKTYP
HA OCHOBE HEPOBCKHUTOIIOAOBHBIX MATEPHUAJIOB
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© Benopycckuii rocy1apcTBEHHbI YHUBEPCUTET MH(POPMATUKH U paMOdIeKTpoHIKH, 2024
Belarusian State University of Informatics and Radioelectronics, 2024

Annoranus. [IpoBenieHbl CUHTE3bI M UCCIIEI0BaHUs 00bEMHBIX 00pa31oB KomMo3ului Ha ocHose Ba,Sr(;_,TiO;,
Pb(Zr, Ti)O,, Bi, ;Pb;Sr,Ca, 1yCu,O,14:1), 7 = (5, 9, 12), KOTOpBIE HCTIONB30BAHBI [T CO3/[AHUS THOPHIHBIX
cTpykTyp. Paspaborana TexHomorusi moiaydeHus TMOPHIHBIX CTPYKTYpP BBICOKOTEMIIEPATYpPHBIN CBEPXIIPOBOJI-
HUK—CETHETOAIEKTPHK U OIPE/IeNICHbI ONTHMAJIbHbIE TEMIIEPAaTypHO-BPEMEHHBIC PEXKUMBI UX TIosTydeHust. M3yde-
HBI yCIIOBHS (DOPMUPOBAHUS CTPYKTYPBI BBICOKOTEMIIEPATYPHBIN CBEPXIIPOBOAHUK—CETHETOIIEKTPHUK, €€ MUKPO-
1 KPUCTAJUIMYECKast CTPYKTYpPBI, IEKTpo(U3NUEcCKue cBOWCTBa. lcciienoBaHa rpaHMIa IEPexosa CETHETO-
ANEKTPUK—CBEPXIPOBOIHUK U YCTAHOBJICHO, 4TO ee pazmep cocranisieT 4 MkM. CHOpMUPOBaHBI CTPYKTYPBI Cer-
HETOZJIEKTPUK—CBEPXITPOBOIHUK—AJIEKTpol. [loka3aHo, 4TO HaHECEeHHEe KOHTAKTOB M3 cepedpa Ha MOBEpXHOCTh
CBEPXIPOBO/SIIETO MOKPHITHS BO3MOXXHO B OHOM TEXHOJIOTMYECKOM IIMKJIE. YCTAHOBICHO, YTO /IS TTOIYIEHHS
KOMITO3UTHBIX MaTE€pPUaJIOB C BHICOKUMH JNIEKTPO(YU3NUIESCKUMHU MapaMeTpaMu ClielyeT HCIOIb30BaTh CBEPXIIPO-
BOJAIIME MaTepuansl Bi; ;Pb,;Sr,Ca, )Cu,0, c n > 12.

KiroueBble ci10Ba: CBEpXIIPOBOAHUK, CETHETONIEKTPUK, KOMIIO3UIIMOHHBIN MaTepHall, THOPUIHBIE CTPYKTYPHI,
JURJIEKTPUUECKUE CBOICTBA, MUKPOCTPYKTYpa, HEPOBCKUTHI.
KongumkT nHTEpecOB. ABTOPHI 3asIBISIIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

Baaronapuocts. [IpencraBneHnabIe HCCIeIOBaHNS BRIITOTHEHEI ITpH (PMHAHCOBOH moaepkke bemopycckoro pec-
nyonrkaHckoro GoHaa pyHIaMEeHTaIbHBIX HccienoBanni, forosop Ne T21Y3bI-015.

Jnis uutupoBanusi. [TonydeHne u ncciieJoBaHne THOPHIHBIX CTPYKTYpP Ha OCHOBE EPOBCKHUTOMOIOOHBIX MaTe-
puanos / JI. A. bausntok [u ap.] // Joknanst BI'YUP. 2024. T. 22, Ne 3. C. 28-35. http://dx.doi.org/10.35596/1729-
7648-2024-22-3-28-35.

PREPARATION AND INVESTIGATION OF HYBRID PERIODIC STRUCTURES
BASED ON PEROVSKITE-LIKE MATERIALS
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VYACHESLAYV 1. KASKO

Scientific and Practical Center of the National Academy of Sciences of Belarus for Materials Science
(Minsk, Republic of Belarus)

Submitted 22.12.2023

Abstract. Syntheses and investigations of bulk samples of compositions based on Ba,Sr, ,)TiO;, Pb(Zr,Ti)O;,
Bi, ;Pby5Sr,Ca, 1) Cu,Oppiai1y, 7 = (5, 9, 12), which are used to obtain hybrid structures, have been carried out.
The technology for producing high temperature superconductor—ferroelectric hybrid structures has been deve-
loped and the optimal temperature-time modes for their production have been determined. The conditions for the
formation of the high temperature superconductor—ferroelectric structure have been studied. The microstructure,
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crystal structure and electrical properties of the high temperature superconductor—ferroelectric hybrid structure were
studied. The ferroelectric—superconductor transition boundary was studied and it was found that its size is 4 pum.
The ferroelectric—superconductor—electrode structures have been formed. It has been shown that the deposition
of silver contacts on the surface of a superconducting coating is possible in one technological cycle. It has been es-
tablished that to obtain composite materials with high electrical parameters it is necessary to use superconducting
materials Bi, ;Pb,5Sr,Ca, ;)Cu,0, with n > 12.

Keywords: superconductor, ferroelectric, composite material, hybrid structures, dielectric properties, microstruc-
ture, perovskites.
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BBenenue

VYeenmuuenne mobporHocTn CBY-ycTpoHCTB, CHW)KEHHE IOTEPh W DHEPTOEMKOCTH, TOBBHIIIEHUE
YIPaBISIEMOCTH U MOOWJIBHOCTH — TaKOBbI OCHOBHBIC TEHICHIIMM Pa3BUTHS COBPEMEHHBIX Pajvio-
AIEKTPOHHBIX CUCTEeM. J[JIsl peanu3anuu yKa3aHHBIX TCHJICHIMI HEOOXOIUMbI THOPUIHBIC CTPYKTYPBI,
oOJaaronine yHUKaJIbHbIMU (DU3HMYECKUMU CBOWCTBAMU. B mocienHue ropl B paino31eKTPOHUKE UH-
TEHCHUBHO MCCIEAYIOTCS BOSMOXHOCTH IPUMEHEHUS CETHETOMIEKTPUUECKUX YIIPABIAEMBIX CTPYKTYD
1 BBICOKOJTOOPOTHBIX CBEPXIIPOBOAHUKOBBIX TOMOJIOTHH. 3HAYNTEFHBIM TIOTSHIINAJIOM TS pa3paboTKH
YCTPOMCTB HOBOTO MTOKOJICHUST 00T at0T IEPUOANYECKHE CTPYKTYPHI U CJIONUCTHIE KOMITO3UITMH Ha OC-
HOBE ITEPOBCKUTHBIX IJICHOK U POJICTBEHHBIX OKCHUIHBIX C10€B. KOMIIOHEHTHI, BBITIOJTHEHHBIE HA UX OC-
HOBE (aHTEHHBI, (PUIBTPBI, PE30OHATOPHI, JTMHUU 3JICPIKKH, STUCHKU MMaMSATH U T. [I.), HAXOJAT IIHPOKOE
npuMeHenue B paznuuneix CBY-ycrpoiictsax [1, 2].

Han6onee MMPUMCHIACMBIMU B JJICKTPOHUKE SABJIAIOTCA TaKUC ICPOBCKUTHBIC CCTHETOIJICKTPU-
kxu (CD), xak tutaHatel Oapusi-ctpormusa (BSTO). CBU-anekTpoHrKa B OCHOBHOM HCIIONB3YET TBEP-
JIbIe PAcTBOPHI Oaroiapsi BBICOKOMY 3HAUEHUIO M HETMHEHMHOCTH IUAIIEKTPHUECKONW MPOHUIIAEMOCTH
B IIMPOKOM TEMIIEpaTypPHOM HHTEpBAJIC, a TAK)KE MAJIOMy TAaHTEHCY yIJIa TUAJIEKTPUYECKUX TOTePb.
[IpuMeHeHue COBOKYIMHOCTU CBOMCTB CEIHETOAICKTPUUYCCKUX MATEpUaIOB B COCTABE MHOTOCIONHBIX
CTPYKTYp, HallpUMEDP, MOIYIIPOBOJHUK—CBEPXIIPOBOIHUK, IIPA HEMOCPEACTBEHHOM B3aMHOM KOHTAKTE
CYIIECTBCHHO paCHINpsCT UX ®YHKHHOH3HLHBIG BO3MOXHOCTHU, IMOCKOJIBKY IMapaMETPbl TaKUX CTPYK-
TYp MOTYT T€peCcTpamBaThCs IO BO3ACHCTBHEM HMMITYJIBCOB MOJSPU3YIOMIETO IEKTPUIECKOTO OIS
B LIMPOKOM TEMIIEpAaTypHOM AuanazoHe. JJuHaMU4HbIA OPUKIAIHON HPOrpecc pa3BUTHs TEXHOJIOTUN
CO3JIaHUS CIOUCTBIX CTPYKTYP 3aTPyIHSIETCS H3-3a MAJIOH NCCIIEIOBAaHHOCTH MEKCIIOIHOTO B3aMO/IeH-
CTBUS TIEPEXOAHBIX clI0eB U A dekra O6au3octu. Mcnonp3oBaHue B TaKUX KOMIIO3UTHBIX CTPYKTypax
CBEPXIIPOBOJAHUKOB C BEHICOKUMH KPUTHYECKUMHU MapaMeTpaMH TIO3BOJIUT BBISBUTE 3TH 3P EKThI Oosiee
YCTKO, ONMPCACIINTE OCHOBHBIC (baKTOpLI, KOTOPLIC OKa3bIBAIOT BJIMAHUC Ha PEIYJILTUPYIOIHUE TOKOBLIC
XapaKTepUCTUKN (MOP(]OIIOTHIO, TEKCTYpy, YCTOWYHBOCTH (a3, KPHUCTAJUIOXUMHUYECKHE MapaMeTpbl
U T. 1I.), COCTABISIONINE CTPYKTYPY MaTepHaloB.

C y4eToM 3KCIIepUMEHTaIbHBIX JAaHHBIX 000CHOBAHO MPAKTHYECKOE MMPUMEHEHHE MOI0OHBIX CMe-
LIAHHBIX CTPYKTYP. 3a7a4ya UCCICIOBAHUI aBTOPOB — UCIOJB3YS aHAJIOTHHU B KPUCTATUIMYECKOM CTPYK-
Type KyNpaTHBIX CBEPXIPOBOAHUKOB M IEPOBCKUTONMOJOOHBIX CETHETOIEKTPHKOB, CPOPMHUPOBATH
KOMITO3UTHYIO CTPYKTYpPY, Ha OCHOBE KOTOPOIl MOXHO CO37aBaTh AJIEMEHTHI C IepecTpanBacMbIMH T1a-
pameTpamu.

JKCIePUMEHTAIbHAS YaCTh

MHoTHe TOATOKKHN M BEICOKOTEMIIepaTypHbIie cBepXIpoBoaauKoBhie (BTCII) mokphITHs HECOBME-
CTHMBI BCJIEJICTBHE B3anMHOW NU((y3UH MaTepraaoB TOIJIOKKH W MOKPBITHS, YTO BBI3BIBAET ITOJIA-
Bienne cBepxmnpoBoauMocTH [3]. SrTiO; (ST) oTHOcHUTCS K COBMECTHMBIM CBEPXIIPOBOJHHKAM, TaK
KaK UMEET MaJyI0 PEaKIIMOHHYI CIIOCOOHOCTh ¥ BRICOKOE COOTBETCTBHE CTPYKTYPHBIX XapaKTSPUCTHK
napamMeTpaM Hanbosiee paclpoCTPaHEHHBIX CBEPXITPOBOIHUKOB.
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Jnst GopMUpPOBAaHUS M UCCIEIOBAHUS CTPYKTYpPBl CETHETOIEKTPUK—CBEPXIIPOBOAHUK OBUIN IIO-
mydennl kepamuka SrTiO; (CO-noanoxkka) u ceepxmposoanuk Bi, ,Pb,;Sr,Ca, ,Cu,O, (BTCII-no-
KpbITHE). B KauecTBe CBEpXIPOBOAHUKOB HCIob30Banu: cuHTesupoBannsie B HIIL[ HAH Benapycu
0 MaTepuayoBelieHnio coenuuenus Bi; ;Pb,;Sr,Ca, )Cu,0, (n = 5, 9, 12), a Takxke npekypcops
u BTCII-kepamuky ¢ T, = (107-181) K nomunanos Bi, ;Pb,;Sr,Ca, 1,Cu,O, (n = 5, 9, 30), xoTopyro
TOTOBHJIM I10 KEPAMUUECKON TEXHOIOTUH U3 IIPEKYPCOPOB, CUHTE3UPOBAHHBIX B IHCTUTYTE MaTepuao-
Benenust HITO «®usnka — Comune» AH V36ekucrana (T. TamrkeHT).

Caepxmposonsiue coeaunenus Bi, ,Pb;Sr,Ca, 1yCu,O, (n = 5, 9, 12) momyyanu no oObr4HON
KepaMHUYECKOW TEXHOJIOTHH W3 UCXOAHBIX OKHCIOB U kapbonatoB BaCO;, TiO,, CaCO;, Bi,0;, CuO,
B3BCIICHHBIX COIVIACHO CTEeXHOMeTpuueckoil ¢opmyine. CHHTE3 TPOBOAWIM TP TeMIIEpary-
pe 800-850 °C B Teuenme 4 4. CHHTE3 TPEKypCOPOB M CBEPXIPOBOIAIINX COENWHEHHH psiia
Bi, ,Pb;S1,Ca, 1,Cu, 0, (n = 2-30) ocymectsusma mo SFAQ-T (Super Fast Alloys Quenching) Tex-
HOJIOTHH IYTEM IUIABJICHHUS HCXOAHBIX KOMIIOHEHTOB KOHIICHTPUPOBAHHBIM COJTHEYHBIM H3JIyYCHHEM
MomHoCThI0 180-240 Br/cM? 1 mocienyrolei GbicTpoit 3akaiku paciuiasa [4, 5]. Jlis npurotosieHus
00pa3LoB UCTIONB30BATIM XUMHUUECKUE PEAKTUBBI cleaytomux kpaaudukanuii: Bi,O;, PbO — «XU» (xu-
mudeck 9ucThiif) u SrCO;, CaO, CuO — «HJJA» (uncThiit U1 aHANIM3a), KOTOphle CMENIUBAJIN B €M-
KOCTSIX 00beMoM 5 11, (hyTepOBaHHBIX MOJUYpETaHOM. V3 cMecel MOPOITKOB MpeccoBaii 3arOTOBKH,
obxurany ux B neun conpotusieHus (SNOL) mpu temmeparype 300-600 °C B Teuenne 2 4. [Tocie
TepmooOpadotku mipu 600 °C 3a 2 4 gocTuranach MPOYHOCTh 3arOTOBOK, JIOCTaTOYHasl JUIsl MX yCTa-
HOBKHU B COJIHEYHOH Me4M Ha BOAOOXJIaXJaeMoM mojjaoHe. [lepen miuaBieHneM 3aroTOBKH MPUMEPHO
5—10 MUH BBIZIEPKUBAIH [IPH ILIOTHOCTH COJIHEYHOTO MOTOKA He Gosee 200 B1/cm? B GonbIIoN cosHed-
Hoii eun (BCIT). Takas moJroroBka UCKII0Yaia BEIOPOC OTICIbHBIX ()ParMEHTOB MPECCOBOK IMOJT BO3-
neificTBreM ropsiyero Bo3nyxa. [locie HarpeBa oCymecTBIsIA BBIBOJ ONTHKO-IHEPTETHUECKON CHCTe-
MbI BCIT B peskuM MONTyYeHNs TIIOTHOCTH COMHEYHOIO TOTOKa B (pOKaIbHOM 30He ~(400-480) Br/cm?.
[InaBieHne Npon3BOAMIOCH IO MOJHOTO PACIUIABICHHUS MAaCChl TIOPOILKA, HAXOSAMIErocs B (POKaIbHOM
30HE. 3aTeM CIMBAJIM paciljiaB Ha BOAOOXJIaXAaeMblid oA0H. COCTaBbl HIMXT C YBEIMUEHHBIM COAEP-
xanueM CaO IUIaBWIIM TPU TUIOTHOCTAX COMHEYHOTO 1oToKa 500-570 Br/cM?. VBennueHus mioTHOCTH
COJTHEYHOT'O ITOTOKA JIOCTUTAJIN BBEJIEHUEM T'€JIMOCTaTOB, HAXOAAIINXCS Ha BEPXHUX MOJIKaX reInocTar-
Horo mosis. Jlamee moy4any CBEpPXIIPOBOIAIINE 00pa3Ibl M3 CTEKIOKPUCTAIUINYECKUX TPEKYypPCOPOB
10 CTAaHJAPTHOM TEXHOJIOTUH: IOMOJI—IIPECCOBAaHNE—OTKUT. OTKUT KEPAMUKHU OCYILIECTBIISUIN B HHTEP-
Basie 500848 °C B TeueHue 3—120 u.

®opMHpOBaHNE BBICOKOTEMIEPATYPHBIX CBEPXIPOBOJHMUKOBBIX MOKPBITUH MPOBOJMWIOCH Ha IMOJ-
JoXKax u3 kepamuueckoro marepuana SrTiOs;. IllepoxoBaTocTh TMOBEPXHOCTH IMOIJIOKKH CO3[aBa-
JW TakuM 00pa3oM, 4TOObl 00ECTCYHTh XOPOUIYIO a[re3ui0 CBEPXIIPOBOSIIETO CIIOS K TMOIJIOKKE.
Ha CDO-nmomioxxky u3 KepaMUK{ TONIIUHONW 1 MM a’pO30JbHBIM METOIOM HAaHOCWIIM CJIOW MpeaBapu-
TEJILHO CMHTE3UPOBAHHOTO CBepXmpoBoanuka Bi, ;Pb,;Sr,Ca, )Cu,O, (n = 5, 9, 12) n nepereproro
npexkypcopa u kepamuk Bi, ,Pbg ;Sr,Ca, 1)Cu, O, (n =5, 9, 12). 3arem HaHECEHHBIH CJION CYILMIIN U 110~
JY4YEeHHYIO cucTeMy (TIO[UIOKKY C HAHECEHHBIM Ha Hee CBEPXIPOBOISIINM CIIOEM) OOXKUT AN IIPH TEM-
neparype OKOHYaTeIbHOro (POPMUPOBaHUS TPeOyEeMOH KPUCTAIUINYECKOW CTPYKTYPBI H CBEPXITPOBOAS-
IIIUX CBOMCTB.

Jiist 271eKTpo(hU3NIECKUX UCCIICIOBAHUI CBOMCTB THOPUIHOW CHCTEMBI Ha CIIOM CBEPXIPOBOTHHUKA
HAHOCHWJICS CJIOH cepebpocozepKalero moKpelTus. TemnepaTypa BKUTaHUSI CepeOPSIHOTO MOKPBITUS
COBIIA/Ia€T C TEMIIEPaTypoil 00KUra CBEpXIIPOBOAHUKA, YTO IO3BOJISIET CO3/1aBaTh KOHTAKThI U3 cepeO-
pa Ha OBEPXHOCTH CBEPXIPOBOASAIIETO MOKPBITUS JJaKe B OTHOM TEXHOJIOTHYECKOM IuKie. Pa3oBbIil
cocrtaB nony4eHHbix 00pa3ios CO—-BTCII koHTpoIMpOBaiv ¢ MOMOIIBI0 PEHTIeHO(])Aa30BOro aHaIu3a,
KOTOpBIN Tipon3BoAH B CtuK-MOHOXPOMATHYECKOM M3ITYyYeHHH B JMana3oHe yrioB 20°—60°.

Hccnenosanus HaMarHMYEHHOCTH CBEPXIIPOBOIHUKOB Ha ocHOBe Bi, ;Pb,5Sr,Ca, )Cu, O, (n =5,
9, 12) mpoBommim Ha BHOPAITMOHHOM MAarHHUTOMETPE BBICOKOIIOJNICBOM HW3MEPUTEIHHOW CHCTEMBI
Cryogenic ¢upmsl Cryogenic Ltd (BenukoOpuranus). TodHOCTh U3MEpEHUs BETNYHHBI HAMAar HIYEHHOC-
i coctasisia 1 - 107 A-m%/kr. Jlusnekrpuueckie u3MepeHusi 00pasioB BBINOIHAIM C MOMOIIBIO H3-
Mepurens ummutanca E7-20 na gacrorax 1 kI'n u 1 MI'u. MccnenoBanne MUKpPOCTPYKTYPBI, TOJIIMHBI
CBEPXIIPOBOJISINETO MOKPHITHS M U3yUYEHHE I'PAHUIIbI Iepexo/ia MOTyYSHHbBIX KOMITIO3UTHBIX MaTepHasoB
MIPOBOJIMJIH C TIOMOIIBIO PACTPOBOTO AIEKTPOHHOTO MUKpockona Mapku EVO 10 ¢dupwmer Carl Zeiss.
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Pesyabrathl HccjiefoBaHuii U X 00CyKIeHHe

Pentrenodasosblii aHanu3 CHHTE3MPOBaHHBIX cocTaBoB Bi, ;Pb,;Sr,Ca, )Cu,0, (n =5, 9, 12) no-
Kazaj, 4TO CHHTE3UPOBAHHBIC MaTepHaJbl SBISIOTCS MHOTO()a3HBIMHU, B HUX, HapsAy CO CBEPXIPOBO-
msmume hazamu 2212 u 2223, npucyTCTBYET HE3HAYUTENBHOE KOJIMYECTBO MCXOAHBIX KOMIIOHEHTOB
U IPOMEKYTOUYHBIX COCTUHEHU. 113 MOMyYeHHBIX MaTepHaIoB ObLIH N3TrOTOBICHBI 00bEMHBIE KepaMu-
yeckue BTCIT-00pasiipl, Ha KOTOPBIX TPOBOIIN SKCIIEPUMEHTHI JUIS OTIPEIeNIEHUs TeMIIepaTyphl Iiepe-
XO0J1a B CBEPXIIPOBOJIAIIEE COCTOSHNE. Pe3ybTaThl MCCIIeOBaHUS CBOMCTB CBEPXITPOBOIAIIIX 00pa3IoB
Ha ocHose Bi, ,Pb,;Sr,Ca, ;,Cu,O, npencrasnensl Ha puc. 1.
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Puc. 1. TemneparypHbie 3aBUCUMOCTH HAMATHUYEHHOCTH CBEPXIPOBOTHUKOB
Ha ocnose Bi, ;Pb,;Sr,Ca, )Cu,0, mian:a - 5;b—9; ¢~ 12
Fig. 1. Temperature dependences of the magnetization of superconductors based
on Bi, ,Pb,;Sr,Ca(,_,Cu,O, forn: a —5;b-9; ¢ — 12

Ha puc. 2 n300paxeHbl peHTreHOorpaMMbl 00pa3lioB CHHTE3UPOBAHHOTO CBEPXITPOBOASALIECTO MaTe-
puana (BTCII) u xomno3utHoro marepuana ST+BTCII, momydennoro u3 npexypcopos. 13 rpadukon
BH/THO, YTO TIOBEPXHOCTHBII CJIOH MOIHOCTBIO COCTOUT U3 pediekcoB coeamnenuit Bi-Sr-Ca-Cu-O,
1 pedIieKChl KOMITOHEHTOB CJIO0S TTOJIOKKH HE HaOIOa0TCA.
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o
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a
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5
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[
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Puc. 2. /ludpaxrorpammsr o6pasnos: a — BTCII; b — ST+BTCII (13 npekypcopoB):
BTCII — BeicokoTeMItepaTypHbIid cBepXmpoBonHUK; ST — SrTiO;
Fig. 2. X-ray diffraction patterns of samples: a — HTSC; b — ST+HTSC (from precursors):
HTSC — high temperature superconductor; ST — SrTiO4
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Jannpie peHTreHO(ha30BOTO aHAN3a MIOKa3ali, YTo OCHOBHOH (a3zoii Bcex BTCII-mokpwiTuii spisi-
ercs ¢aza 2212. Kpome toro, npucyrctByioT ¢assl CuO u Ca,CuO. Tonbko Ha peHTreHorpamMme o0pas-
LA C HaHEeCEHHBIM MoKpbITHeM u3 kepamuku BTCII (puc. 2, kep. 2) ¢ n = 9 npucyTCTBYIOT pedieKchl,
cootBeTcTByoIMEe (aze 2223. Ha puc. 3 npuBenensl MukpodoTorpaduu MUKPOCTPYKTYPBI 00pa3ioB
CO-BTCII-nokpertus Bi, ;Pb, 3Sr,Ca,CusO, (n =5, 9, 12).

25> ; - £
5 um EHT=20.00kV Signal A= SE1 Dato: 30 Nov 2022 5 pum EHT=20.00kV. Signat A= SE1 Date: 30 Nov 2022 5 um EHT=2000KV. Signal A = SE1 Date: 30 Nov 2022
— WD = 1065 mm Mag= 500KX Time: 11:49.29 — WD =963 mm Mog= 500KX Time: 120447 — WD=9.69 mm Meg= 500KX Time: 123035

r 3= =

n=5 n=9 n=12

EHT = 2000V ignal Date: 11 May 2022 EHT=2000kV ignal A= SE1 Dote: 11 Hay 2022
WD=822mm tag = Time: 11:09:20 — WD=6.17mm Mag= 500KX Time: 120809

ate: 11 Moy 2022
Time: 12:17.57

n=5 n=9 o n=12
b
Puc. 3. Mukpodororpadun moBepXHOCTH 00Pa3IIOB CETHETONICKTPUK—BBICOKOTEMIIEPATYPHBIN CBEPXITPOBOIHHUK:
@ — VI3 CHHTE3UPOBAHHOTO BHICOKOTEMIIEPATYPHOIO CBEPXIPOBOJHUKOBOIO MarepHaia; b — U3 MpeKypcopoB
Fig. 3. Microphotographs of the surface of ferroelectric samples — high-temperature superconductor:
a — from synthesized high-temperature superconducting material; b — from precursors

UccnenoBanusi Mukpoctpykrypbl oOpasioB CO-BTCII mokazanu, 4ro kepaMudeckas MOJJIOK-
ka SrTiO; UMeeT IUIOTHYIO YIIaKOBKY, CpeAHUH pa3Mep 3epeH kotopoit 1-2 mkm. BTCII-mnenku (puc. 3)
00JIaIat0T HEOJHOPOTHON 3EPHUCTOM CTPYKTYpOH M TMPEICTABJISIFOT KOHIVIOMEPAT XaOTHYECKU OpH-
SHTUPOBAHHBIX TUIACTUHYATHIX KPUCTAJLIMUTOB, XapakTepHbIX st 2212 ¢asbl, ¢ cylniecTBEHHBIM pas-
OpocoM 10 pa3MepaM 3epeH OT 2 10 5 MKM M IUIOCKHX KPHCTAIIUTOB HempaBmiIbHOH (hopmbr CuO-
n Ca,CuO;-da3 co cpeaHuM pazMepoM 3epeH 1—-3 MKM.

Ha puc. 4 npexacraBieH npoQuib MNOBEPXHOCTH, CICIAHHBIM Ha M3JI0ME THOPUIHON CTPYKTYpHI
cerneroanektpuk (SrTiO;)—cBepxnposoanuk (Bi; ;Pb, ;Sr,Ca,Cus0,). 3 rpagukos BUAHO, 4TO HA MO-
BepxHocTH CD popMuUpyeTCst ClIoN CBEPXIPOBOAHKUKA TOMIIUHON 10—12 MKM.

700- Bce anemenTnl
- ~ TiKal
- ~ Srlal
500 ~ OKal
i ~~ CaKal
é 4007 Culal2
s 300- " BiMal
200—- " Pb Mal
100-

Iu-:-.-rnr]-n--|-

0 10 20 30 40 50 60 mxm

Puc. 4. [Ipoduirb TOBEPXHOCTH THOPUIHON CTPYKTYPBI CETHETONIEKTPUK—CBEPXITPOBOIHUK
Fig. 4. Surface profile of a ferroelectric—superconductor hybrid structure
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Jis iiccnemoBaHMs TPaHUIIBI TEPEX0/ia H3YJallu CIIEKTPHI pactpenenerns anemenToB Cu u Ca, BXo-
nsmux B coctaB BTCII-kepamuku, u Ti, Bxoasimero B coctaB CO-mouiokku. CorocTaBiieHHE CIIEKTPOB
MO3BOJISIET OMpPENeauTh, uTo pazmep rpanutibl nepexoga BTCII-CD coctaBnser 4 mxm. U3 criekTpoB
pacrpenencHus 3JIEMEHTOB, IPUBEICHHBIX HA PUC. 5, MOKHO C/I€NIaTh BBIBOJI, UTO HA TPAHUIIE TIEPEX0/1a
HE MMPOUCXOANUT MEK(Da3HBIX B3auMOACHCTBUI OIoKKH 1 HaHeceHHbIX BTCII-croes. B tadm. 1 mpu-
BeneHbl 3HaueHus conpotuBieHns BTCII-okpeitus Ha momtoxkke u3 SrTi0;.

c

Puc. 5. CriexpsI pacnpe/eneHus JIEMEHTOB Ha U3JI0ME THOPHUIHOM CTPYKTYPbI
ceepxnpoBonHuK (Bi; ;Pb, 3Sr,Ca,CusO,)—cernerosnexrpuk (SrTiO;): a — Cu; b - Ca; ¢ — Ti
Fig. 5. Distribution spectra of elements at the break of the hybrid structure
superconductor (Bi, ;Pb, ;Sr,Ca,CusO,)-ferroelectric (SrTiO;): a — Cu; b — Ca; ¢~ Ti

Taoauua 1. ConpoTrBiIeHNE BRICOKOTEMIIEPATYPHOTO CBEPXITPOBOIHIKOBOTO TIOKPHITHS Ha MOMIOKKE 13 SrTi0O4
Table 1. Resistance of high temperature superconducting coating on SrTiO; substrate

Conporusnenue, Om / CoctaB rubpunHoit crpykTypsl / Composition of the hybrid structure
Resistance, O SrTiO; + Bi; ;Pby 5S1,Ca,Cus0, | SrTiO; + Bi, ;Pb, 3Sr,CagCuy0, | SrTiO; + Bi; ;Pb, ;Sr,Ca;Cu,,0,
R onmara TIPH KOMHAT- 820 45106 50
HOU TeMmIiepaTtype
R,.,. Ipu Temnepary- 1217 Bonee 200 - 10° 25
pe KUJKOro a3oTa

Kak BuaHO 13 Tabm. 1, c MOHMKEHHEM TeMIepaTypsl (0T KOMHATHOW TeMITepaTyphl 10 TEMIepaTypbl
xuakoro asora) comnporusienne BTCII-nokpeitus ais cocraos Bi, ;Pb,5Sr,Ca, )Cu,0, ¢ n = 5
u n =9 yBenuuuBaeTcs, B To BpeMs Kak ais nokpbitust u3 BTCII ¢ n = 12 — yMmeHbLIaeTcs, XOTs
CBEPXIIPOBOAMMOCTD IIPH TEMIIEPATypPe KHUIKOTO a30Ta He HaOmonaercs. TemmeparypHble 3aBHCUMOC-
TH JAMIIEKTPUYECKUX CBOMCTB (OTHOCHUTEIBHON AMAIEKTPUUECKONH MPOHWIAEMOCTH M TaHTeHca yIiia
JUAJIEKTPUIECKHX OTeph) 00pasioB coctaBoB CO-BTCII ¢ mokpbITHEM, TOTYYEHHBIM U3 CHHTE3UPO-
BaHHBIX COCTaBOB Bi, ;Pb,;Sr,Ca, 1,Cu,O, (n =5, 9, 12) n npexypcopos Bi, ;Pb,;Sr,Ca, Cu,O, (n =
=5,9, 12), npencrariensl Ha puc. 6. Bee 00pasisr CO—BTCII umeroT 6oree BRICOKHE 3HAYCHUS JIIICKT-
pUYECKO TPOHUITAEMOCTH M TaHTeHCa AMAJIEKTpUIecKrue ToTeph, yeM odpaser; SrTiO; 6e3 BTCII-mo-
KpBbITHS (pUC. 6). YBeTHMUYCHUE ANDICKTPUUECKUX ITOTEPh 00YCIOBICHO HEPABHOMEPHOCTHIO HAHECEHHOTO
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ciiost BTCII o ruromaam nomtoxkkn. Kak BumHO 13 rpadukoB puc. 6, a1 00pas3ioB ¢ HAHECEHHBIM CII0-
em u3 BTCII-nipexypcopoB HaOr0paeTcst CIBUT (pa30BOT0 CETHETOIEKTPUIESCKOTO TIepeXoia B CTOPOHY
MEHBIIIHX TeMIIeparyp, a A oopa3oB CO-BTCII — casur B CTOPOHY OTpUIIATEIBHBIX 3HAYCHUH.

€

2500 .
— - kepl 7/ tgd .
Kkep2 i 1,3 — - kep1 3 .
2000 ---- kep3 Y 11 —— xep2
== ST i , ===- kep3
1500 0,9
0,7
1000 0,5
p 0,3
500 | P 01
e e e e N A
0 -0,1
50 100 150 200 250 T,°C 0 50 100 150 200 250 T,°C
a
€ i
— -npex1 H ;’ﬂ tgd — -npek1 .
1200 npek2 N 1,3 npek2 2=
----npex3 4 / 11 ::.: npex3 | | 7 ’
1000 Iy ST /
[/ 0,9 /
800
0,7
600
0,5
400 0.3
200 0,14
0 T T T T T -0,1 T T T T T
50 100 150 200 250 T,°C 0 50 100 150 200 250 T,°C

b
Puc. 6. TemneparypHbie 3aBUCUMOCTH OTHOCHUTEIILHOM AUIICKTPHUYESCKON POHUIIAEMOCTH
Y TAHTCHCA yIIa JUAICKTPUUCCKUX MOTEPh 00PA3I0B CErHETOICKTPHK—BBICOKOTEMIICPATYPHBII CBEPXIIPOBOAHHK:
a — 13 CHHTE3UPOBAHHOTO BEICOKOTEMIIEPATYPHOTO CBEPXIIPOBOJHMKOBOIO MaTepHaia; b — U3 MpekypcopoB
Fig. 6. Temperature dependences of relative dielectric constant and dielectric loss tangent
of the samples ferroelectric—high-temperature superconductor:
a — from a synthesized high-temperature superconducting material; » — from precursors

3aKJIIoueHue

1. B pesynbrare mpoBeNeHHBIX IKCIIEPUMEHTOB TMOTYYEHBI KOMITO3UITHOHHBIE KepaMUYecKHe 00-
pasibl, TAe B Ka4eCTBE IMOUIOKKH HCIOJIB30Bal cerHeToNeKTpuK SrTi0;, Ha KOTOPHIH HaHOCWIIN
cioi cBepxnposoanuka Bi, ;Pb,;Sr,Ca, ;,Cu,O,. Uccnenosana rpanuia nepexojpa CErHeTONIEKT-
PUK—CBEPXIPOBOAHUK U YCTAHOBICHO, UTO OHA COCTABIISICT 4 MKM.

2. CchopMupoBaHbI CTPYKTYPBI IEKTPOI—CETHETONIEKTPHUK—CBEPXITPOBOIHUK—31eKTpo1. Mcceno-
BaHUSI AUIICKTPUUCCKUX MApaMETPOB U UX TEMIIEPATYPHBIX 3aBUCUMOCTEH IMOKa3aiu, 4TO MOJMyYeH-
HbIe 00pa3llbl KOMIIO3UTHBIX KEPAMUYECKHUX MAaTePHAIOB CETHETOJICKTPHUK—BBICOKOTEMIIEpATypPHBIN
CBEPXIIPOBOTHUK COXPAHSIOT CETHETOIEKTPUUECKUE CBOMCTBA, MPUYEM HAHECEHHUE CBEPXITPOBOISIIIEC-
TO CJIOSI TPUBOJUT K TIOBBIMICHUIO 3HAYCHUH TUAIEKTPUUSCKON TPOHUIIAEMOCTH.

3. YCTaHOBJICHO, UTO CBOMCTBA THOPUTHON CTPYKTYPHI, UISI CO3JIAaHUS KOTOPOIH MUCIIONB30BAaJICS BhI-
COKOTEMIIEPATYPHBIN CBEPXNPoBOAHKK Bi, ;Pb,;Sr,Ca;Cu,,0,, 3HaYMTENBHO OTINYAIOTCS OT CBOWCTB
THOPUIHON CTPYKTYpBI, CO3JJaHHOH C TPUMEHEHHEM BBICOKOTEMIIEPATYPHBIX CBEpPXIIPOBOIHU-
koB Bi, ;Pby ;S1,Ca, )Cu, 0, cn=35un=9. To ecTb C BO3pacTaHUEM YHCIIA KyTIPATHBIX CIOEB CBOUCTBA
THOPHUIHOM CTPYKTYPBI H3MEHSIOTCA. M3 3TOro MOKHO c/ieaTh BBIBO, YTO JIsI TOTYUYEHHS] KOMITO3UT-
HBIX MaTepPHAJIOB C BRICOKHMH JICKTPOPUINICCKUMHE TTapaMeTpaMH Ha0 UCIIOIb30BaTh CBEPXITPOBOIS-
mue marepuaisl Bi, ,Pb, ;Sr,Ca, )Cu,0, c n > 12.
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OIIEHKA AKTUBHOCTHU KABUTALIMU 110 KABUTAIIMOHHOMY IIYMY
B PAVIMYAIOIINXCA YACTOTHDBIX JIMAITAZOHAX

B. C. MUHUVK, A. I0. I[TIEPXYHOBA, M. II. EJIOPUHYUK, H. B. AEXXKYHOB

Benopycckuii cocyoapcmeennulii yHugepcumen uHGOPMAmuKy u paouod1eKmpoHuKi
(2. Munck, Pecnybnuxa benapycs)

Hocmynuna 6 pedaxyuio 01.08.2023

© benopycckwuii TOCYIapCTBCHHBIH YHUBEPCUTET HHPOPMATHKH U PAIHONICKTPOHHUKH, 2024
Belarusian State University of Informatics and Radioelectronics, 2024

AnHoTtauus. [IpuBeneHbI pe3ynbTaThl HCIIBITAHUN CIIEKTPAIbHO-aKyCTHYECKOTO KaBUTOMETPa C PEKUMaMU H3-
MEpPEHHH, Pa3IMYarONMMHUCS YaCTOTHBIMH JIMaNa30HaMH HHTEIPHUPOBAHMS KaBUTAIIMOHHOTO nryma. JIJist Kaxioro
U3 pexxuMoB H1—H4 HIKHSS 4acTOTa UHTErPUPOBAHUSI fy;, cocTaBisuia coorBeTcTBerHo 1, 70, 180 n 300 xI'w,
BEPXHSA acToTa ObLIIa OMHAKOBOM JIISI BCEX PEKUMOB — .. = 10 MI'm. B xauecTBe mprneMHUKOB KaBUTAIIHOHHO-
TO IIyMa HCTIOIb30BaAIN MIbE303JICKTPUIECKHE BOTHOBOIHBIE IATYMKH. PETHCTpUpOBaIN pactpe/ielIeHUs] aKkTHBHO-
CTH KaBUTALMK B HEOJJHOPOIHBIX YIIBTPA3BYKOBBIX NOJISIX: B 00bEMeE yJIbTpa3ByKoBO# BaHHbI (f = 35 k[ '11) 1 B ose
rorpyskHoro m3mydaress (f, = 21 xI'm). YacTOTHBIN Anama30H HHTETPUPOBAHIS BapbUPOBAJICS 32 CUET H3MECHEHHS
HIDKHEW TpaHUIBl. YCTaHOBJIEHO, YTO M3MEHEHHE JHana30Ha MHTETPUPOBAHUS B JIOBOJIBHO IMIMPOKUX TIPEeIax
HC OKa3bIBACT 3aMCTHOT'O KAYE€CTBCHHOI'O BJIMAHWA HAa PE3YJIbTAaT 1/13MepeH1/1171 AKTUBHOCTHU KaBUTallUU, IPOUCXOAUT
JMIIb KPAaTHOE M3MEHEHUE MMOKA3aHUH. DTOT BBIBOJ HOATBEPIKICH Oaronapsi HCIOIb30BAaHHUIO AaTYHKOB, pasiiv-
YaOLINXCSl CBOMMH CHEKTPAIBHBIMU XapaKTEPUCTHKAMHU.

KutroueBble c10Ba: akTUBHOCTh KaBUTALIMM, KABUTALMOHHBIHN LTyM, YABTPa3ByK, KABUTOMETP, CIIEKTPAIbHO-aKyC-
THYECKUH METOI.
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Abstract. The results of testing the spectral-acoustic cavitometer with measurement modes that differ in the fre-
quency ranges of integration of cavitation noise are presented. For each of the H1-H4 modes, the lower integ-
ration frequency fi;, is 1, 70, 180 and 300 kHz, respectively. The upper frequency is the same for all modes
and is f;,.« = 10 MHz. Piezoelectric waveguide sensors were used as a cavitation noise receivers. The distri-
butions of cavitation activity in non-uniform ultrasonic fields were recorded: in the volume of the ultrasonic
bath (f;, = 35 kHz) and in the field of the submersible emitter (f, = 21 kHz). The frequency range of integration was
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varied by changing the lower bound. It has been established that a change in the integration range within a fairly
wide range does not have a noticeable qualitative effect on the result of measurements of cavitation activity, only
a multiple change in the readings occurs. This conclusion was confirmed using sensors that differ in their spectral
characteristics.

Keywords: cavitation activity, cavitation noise, ultrasound, cavitometer, spectral-acoustic method.
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BBenenue

[Ipu Bo3mefcTBHUN yNBTPa3BYKOM Ha (PM3UKO-XMMUYECKHE IIPOLECCH B XKUAKOCTAX M JKUAKOOOpa3-
HBIX Cpellax pas3jInyaroT B2 OCHOBHBIX PEKUMA: JOKAaBUTAIIMOHHBIA W KaBUTALIMOHHBINA. B moxassio-
meM OOJIBIIMHCTBE YIBTPA3BYKOBBIX TEXHOJIIOTMH M MHOTHX MEAHMKO-OMOJIOTMYECKMX MPUMEHEHHIX
MOIITHOTO YABTPa3ByKa €ro HHTEHCHBHOCTH OOBIYHO MOAJIEPKUBACTCS BBIIIE IOpora KaBuTauuu [1-5].
[Ipu mynbcanyax 1 3aXJIONBIBAHIH KaBUTAIIMOHHBIX ITy3bIPHKOB T€HEPUPYIOTCA yAapHBIE BOIHBI, BBICO-
KM€ TeMIIepaTypbl 1 MUKPOCTPYH KUIKOCTH, KOTOPBIMU U ONPEEIISIOTCS POJIb KABUTALUY B YIIOMSHY-
TBIX BBIILIE IPOLIECCAX U €€ AKTUBHOCTD.

K HacrosmeMy BpeMEHH NPEIUIOKEHO HEMAJIO METO/IOB OLICHKH YPOBHSI aKTMBHOCTH KaBUTALIUH,
OCHOBaHHBIX Ha perucrpanuu 3Q(HEeKToB, CONPOBOKAAIOUINX €. DTO TaKUE SBICHUS, KaK KABUTALMOH-
Hasi 3po3us (pa3pyllIeHne TBepAbIX TeJI MoJ| IeHCTBHEM KaBUTALlMH ), TeHEPUPOBAHNE CBEUEHUS B BUJIU-
MO# 00J1aCTH CIIeKTpa — 3BYKOJIIOMHHECHEHIUS, KaBuTaroHHbi myM (KIL), ynbTpa3BykoBoil Kamwi-
TSPHBINA 2P PEKT, pa3INIHbIC 3BYKOXUMUICCKHE peakiuu [6]. PaspaboTka mpuOOpOB I UCCICTOBAHUS
KaBuTauuu ¢ ucnonszopanueM KIII unym ero crekTpanbHBIX COCTaBISIOMIMX — OOHO U3 Haubojee mep-
CTIIEKTUBHBIX HAIlpaBJIeHUH B naHHOH oOnactu [6—8]. O0ycioBieHo 31o TeM, uro K1 nerko npeodpasy-
€TCs B WIEKTPUUECKUI CUTHAJ U MOXKET PErMCTPUPOBATHCS OTHOCUTEIBHO MPOCTHIMU METOAAMH, B TOM
Yucie B ONTUYECKHA HENPO3PAuHBIX JKUAKOCTSX, CYCIICH3USX, IMYJIbCHAX U OMONOTHUECKUX TKaHSX.
J171s1 OTICHKM aKTMBHOCTH KaBUTAIMU B [6—9] mpemiaragoch UCMOIb30BaTh Pa3IUIHBIC COCTABIISIONINE
CIIEKTpa KaBUTALIMOHHOIO IIyMa.

WHTerpupoBanne akyCTHUECKOIO CUTHajla B HEKOTOPOM AMAMa30He YacTOT SIBJISCTCS OAHUM U3 Hau-
OoJsiee pacnpoCTpaHEHHBIX aJTOPUTMOB 00padoTku cnekrpa KIII mpu omeHke akTHBHOCTH KaBHTa-
uun [9-11]. IIpu BbIOOpe AMana3oHa MHTETPUPOBAHUS OOBIYHO HCKIIOUAIOT HU3KOYACTOTHYIO YacTb,
ITOCKOJIBKY CUHTAeTCs, YTO MEepBbIe TaApMOHUKH OCHOBHOM 4acTOTHI MOTYT BO3HUKATh BCJIEJICTBHE He-
JMHEWHBIX MCKAKEHUH 3ByKOBOW BOJIHBI, T. €. HAIIPSIMYIO HE CBA3AHBI C MyJAbCAIMSIMH U 3aXJIOMBIBAHHU-
€M KaBUTALMOHHBIX 10JIOCTEH. ECTECTBEHHO, HCKIIIOYAETCsl 1 OCHOBHAS YacToTa fy, KaK HE CBSI3aHHAas
C KaBUTAIMEH.

B crarbe mokazaHo, 4To U3MEHEHHE TUana3oHa MHTETPUPOBAHMS B JOBOJBHO IIMPOKUX Mpenenax
HE OKa3bIBAET 3aMETHOTO BIMSHMS HA PE3yJbTaT HCCIEeI0OBAaHU aKTUBHOCTH KaBUTAIUH.

MeTtonuka u oGopyroBaHue

Jnst  OueHKM aKTUBHOCTH KaBUTAUU A, WCIONb30BAIM OKCIEPUMEHTAIbHBIA  KaBHUTO-
metp ICA-4M (BI'YUP). Anroputrm o6pabotku cnekrpa KI, peann3oBanHbIl B JaHHOM IpuooOpe,
obecreunBaeT BRIUMCICHUE HHTETpabHON MHTeHCHBHOCTH KIII B "4eThIpex pa3immyaromuxcsi 9acToT-
HBIX quana3zoHax H1—H4. ITpu momomy aHaIoTOBEIX (PHIIETPOB IS KAXKIOTO M3 PEKUMOB BBIACIISIIACE
nccienyemas o0acTh criekTpa. BepxHsas rpaHniia quamnasoHa i BCeX peXMMOB Obllla OJMHAKOBOW —
10 MI'u. Paznuuus Mexny pexxumMaMu 3aKII04aluCh B HUKHEH rpaHune. [ uMeromuxcs: pexxuMoB
oHa cocrapisina: Hl — 1 xI'u, H2 — 70 xI'u, H3 — 180 k', H4 — 300 xI'm.

OTMeTuM, 9TO B COOTBETCTBUU ¢ [12] rpaHuIia onpeaenseTcs Kak 4acToTa, Ha KOTOPOU MHTCHCUB-
HOCTh curHajia coctaBisieT 70 % oT ypoBHsI HacklmeHus. Ha puc. 1 mpuBeneHbl aMITIUTYIHO-9aCTOT-
HBIE XapaKTePUCTUKH JIJTS KQKIOTO U3 UCIIOE30BaBIINXCS PSKUMOB. B KauecTBe mpruMepa pacCMOTPUM
pexum H2 (puc. 1, b).
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Puc. 1. AMIITUTY/IHO-4aCTOTHBIE XapaKTEPUCTHKH PEXKUMOB KaButomerpa: a — H1; b — H2; ¢ — H3; d — H4
Fig. 1. Amplitude-frequency characteristics of cavitometer modes: a — H1; b — H2; ¢ — H3; d — H4

OuIBTp NOJHOCTHIO MOAABISAET cUrHal Ha yacTotax MeHee 30 kI . [Ipu yBennyeHun 4acToTsl A0S
MIPOITyCKaeMOT0 CUTHaJa IUIABHO YBEJIMYUBAETCS U TIOCTUTaeT HACBIIEeHHs Npu HanpsbkeHuu 105 MB
Ha yactore 150 xI't. 70 % ot ypoBHs Hacelienus (74 mB) nocturaercsa na gactore 70 kI, koTopas
MIPUHUMAETCS B Ka9eCTBE HMKHEW TpaHUIlbl aHAM3MpyeMoro auana3ona. B pexxume H1 uaterpuposa-
HUIO TTOJJIeKAIT TTOJTHBIA BRIXOAHON CUTHAJ aT4MKa, BKIIOUABIINI B TOM YHCIIE OCHOBHYIO YacTOTY f.
B pexxume H2 dvacrtora f; MOIHOCTHIO MOJABIISATIACH, CHTHAI HAYMHAJT MPOXOAUTH CO BTOPOH TapMo-
HUKH 2f,. B pexxumax H3 u H4 (puc. 2, ¢, d) HIKHUE TPaHUIIBl HCTIOIB3YEeMBIX (DUIBTPOB CIIBUTAIUCH
B Oosiee BricokouacToTHbIe 00macTi — 180 n 300 k['11 cOOTBETCTBEHHO.

B uccnenoBanuy MCIOIB30BAIN TPU TUIIA IaTUMKOB KaBUTAlMU, 0003HaYaeMbix naiee S1, P1, U2.
JlaTauky UMeNn UCHTUYHBIN Mbe3onpeodpazoBarenb (auck 5 MM u tommuHoi 1 mm, LITC-19). Kon-
CTPYKTHBHBIE PA3INYHS 3TUX MPUOOPOB 00yCIABINBAIM COOTBETCTBYIOIINE PA3IMUNs B PETUCTPHpPYe-
MBIX crieKTpax (puc. 2). CriekTpbl Ha pUcC. 2 HONy4eHbl B UICHTUYHBIX YCIOBUAX PA3HBIMU AaTYUKAMH.
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Puc. 2. CriekTpbl BBIXOJHOTO CUTHAMA naTyukoB: a — S1; b — Pl; ¢ — U2
Fig. 2. Spectra of the sensor output signal: a — S1; b — P1; ¢ — U2

Jnist reHepUpOBaHMS KaBUTALMH UCIIONB30BAN YABTPA3BYKOBYIO BaHHY (pHC. 3, @) WK MOTPY>KHON
U3IyYaTenb ¢ BOITHOBOAOM (puc. 3, b). B skcnepuMeHTax ¢ BAHHOH B MCXOAHOM TOJOKEHUH JATUYUK
pasmeniacs Ha TpaHuIle pasjenia KHUIKOCTb—Ta3 Ha OCH U3JTydaTelisi, KOTOPbIid ObIJT BMOHTHPOBAH B THO
BaHHBI. 3aTeM BKIIOUIM TeHEePaTop, U IaTYMK PABHOMEPHO MepeMeIaics B HAPaBICHUH K U3JTyJaTe-
mo. KaBuroMmeTp mepeaaBan mokazaHusi Ha KOMITBIOTED B peajbHOM BpeMeHH. TakuM 00pazom, Toy-
YUIIA 3aBUCUMOCTP OIICHKH aKTHUBHOCTH KaBHTAIIMU OT PACCTOSHUS JI0 U3ITydaTens (IHa BaHHbI). OTbIT
MOBTOPSUTH 6—9 pas3, pe3ynbTarsl yepeaHsin. [Ipu n3MeHeHnn ypoBHS KUIKOCTH /1 B BAHHE BCJIEICTBUE
HM3MEHEHUS YCIOBUI (OPMUPOBAHUS CTOSYEH BOJHBI CYIIECTBEHHO U3MEHSUIHCH KAaK BEIMYMHA aKTHB-
HOCTH KaBUTAIMH, TAK U €€ pacmpeneicHue mo oobeMy (puc. 4). crons30Banu cleayomue BeTHINHbI
YPOBHS JKHUIKOCTH B BaHHE: 66, 68, 70, 72, 74, 81 u 82 mM. [j1s1 OTIBITOB B YIBTPa3BYKOBOI BaHHE TIPHU-
meHsi natauku S1 u Pl.

B skcniepuMeHTax ¢ MOrpy»KHBIM H3Iy4areiaeM Hcroib3oBand Jarunku U2 u S1. [arunk U2 umen
U-00pa3Hblii MEeTaJUTMYECKHA BOJIHOBOJI, €r0 PACHOJIOKEHHE MOKa3aHo Ha puc. 3, b. Jlaruuk S1 nmen
MPSIMOM BOJIHOBOJI, CaM JIaTYHMK pacrioyiarajcs IMoJ yIJIOM Tak, YTOOBI €ro TOpel HaXOJUJCS Ha OCH
n3ydarens. PerucTpupoBanu M3MEHEHHE AaKTHBHOCTH KaBHTAIMH TPH YIAICHUH JaT4MKa OT TOpLA
n3mydarens. ObITH TOBTOPSUTH 3—5 pas, pe3ysbTaThl YCPeaHsUTH.
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a b
Puc. 3. Cxema ycTaHOBKHU /7Sl IPOBEACHUS SKCIIEPUMEHTOB!
a — C yABTPa3BYKOBOW BaHHOIL; b — C yJIBTPa3BYKOBBIM JAHUCIIEPraTopoM; 1 — yIIbTpa3ByKOBOM reHeparop;
2 — Mbe30KepaMUIECKHAN M3ITydaTelh/ INCepraTop; 3 — JKUAKOCTD; 4 — MaTYMK KaBUTAIUH, 5 — KABUTOMETD;
6 — aHaJIM3aTop CIIEKTPa; 7 — KOMIIBIOTEP
Fig. 3. Diagram of the installation for conducting experiments:
a — with an ultrasonic bath; b — with an ultrasonic dispersant; 1 — ultrasonic generator;
2 — piezoceramic emitter/dispersant; 3 — liquid; 4 — cavitation sensor; 5 — cavitometer; 6 — spectrum analyzer;
7 — computer

Pe3y.]'[LTaTl>I I/ICCJ'[e)IOBaHI/lﬁ U UX oﬁcym)lemle

Ha puc. 4 npencraBieHo n3MeHEHUE OLIEHKH aKTUBHOCTH KaBUTALIMH MIPH YIAICHUH OT M3ITy4arelis
mucriepraropa (fy = 21 k['1). U3mepenus npoBoamiu B pesxkumax H1 u H2 natuukamu U2 u S1. Tlomy-
YEHHBIC OIICHKN aKTUBHOCTH KaBUTAIIMH 0003HAYUM Ay U Aypp (W A,yy;). Pexxumy H1 cooTBETCTBYeET
IIKana cieBa, pexumy H2 — cripasa. [lomydeHHslie pacipeeieHus UMEIOT BHJ OBICTPO YOBIBAIOIINX
JIOrapu(PMUIECKUX KPUBBIX.
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Puc. 4. Pactipenenenne akTUBHOCTH KaBUTALUH IIOJ] U3JIy4aTeleM AUCTIepraropa
IpH U3MepeHun garaukoM: a — U2; b — S1
Fig. 4. Distribution of cavitation activity under the dispersant emitter
when measured by a sensor: a — U2; b — S1

Pacnipenenenust Ay, 1 Ayyp Ha pUC. 4, a SBISIOTCS TMHEWHO 3aBUCUMBIMU MEXKTY COOOM, T. €. UMEIOT
uaeHTHuHyto ¢opmy. Ouenka Ay, (pexum H1) B 1,34 pasa Bbilie A;y, Ha BCEM HCCIEIyEMOM MpO-
MexyTke. [Ipu ncnonb3oBannu garunka S1 3aMeTHO HEOOMbIIOE pacxoKAeHUe B (hOpMe MOTyUSHHBIX
pacnpenencuuii (puc. 4, b). [Ipu HeOOMBIINX pacCTOSIHUAX JI0 unydarelss (1-9 Mm) mokaszaHus pas-
JMYaroTes oT 5 10 7 pa3, npu paccrostaud 10-31 MM — B 5,7 pasa, npu HauOoJbIIeM yIaleHHH OT H3-
mydarerst — 10 4 pa3. OtmeTum, 910 pexkuMm H2 otnudaercst or H1 Tem, 4TO W3 CIEKTpa BBIpe3aHa
HU3Ko4YacTOTHas 4acTh (o 70 kxI'm), BKimroyas f. OQHAKO 3TO HE BHI3BAJIO CYIIECTBEHHBIX OTKJIOHEHUH
BHJIa 3aBUCUMOCTEH, MONYYEHHBIX AJIs1 JaHHBIX PeKUMOB Aatuyukamu U2 u S1. Paznuuus B OTHOILIEHU-
SIX A/ A 1751 PA3HBIX AaTYUKOB 00YCIOBICHBI PA3THYMSIMU UX CIIEKTPAJIbHOM YyBCTBHUTEIBHOCTH.
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Pesynbrarel ckaHUpOBaHUS 00BEMa YABTPa3BYKOBOU BaHHHI (fy = 35,5 kI'm) maTtamnkom S1 mpencras-
siensl puc. 5. [Toyuensl pacripeieneHust A,y U A;yp BAOIB OCH U3IyYaTelis JUIs IECTH Pa3IMYHbIX YPOB-
Hel ®KUIKOCTH /i B BaHHE: 66, 68, 70, 72, 74 1 81 MM. YPOBEHB KUIKOCTH CHIILHO BIIUSICT KaK HA BEJTUYH-
HY aKTHBHOCTH KaBUTALlUH, TaK U Ha ee pachpenesieHne o oobeMy. B ueThipex skcnepruMeHTax Gopmbl
pactpeneneHuii Ay 1 Ay, COBIAIM C TOYHOCTHIO HE MEHEE TOUHOCTH N3MEPEHUi (T. €. TaHHBIE pacipe-
JIEICHNS JTMHEHHO 3aBUCHUMBI), B IBYX OTMEUECHBI pacxXokaeHus1. DopMbI pactipeneieHuit A,y u Ay CO-
BIiajanu rpu £ = 74 mm (puc. 5, a), HanOoIbIIINe PacXOXKIACHUS HAOMIONAINCh IpH /1 = 68 MM (puc. 5, b).
Kaxxnass kpuBast sBisieTCsl pe3yiabTaTOM YCPEIHEHUs IIEeCTU—IEBITH CKaHUpoBaHUU. [IpencraBieHHbIE
3aBUCHMOCTH UMEIOT BUJ] KPUBBIX C UePeIyIOIIMMHUCS MAaKCUMyMaMH 1 MUHUMYMaMH, 9TO 00yCJIOBJICHO
HaJM4Y1eM KOMIIOHEHTHI CTOSYel BOJTHBI B PE3YJABTHPYIOILIEM YIBTPa3ByKOBOM IOJIE.
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Puc. 5. Pacnipeenenre akTHBHOCTH KaBUTAIIMU B YIBTPa3BYKOBOI BaHHE, MOTYYCHHOE JaTIUKOM S1,
TIPU YPOBHE KUJIKOCTH: a — 74 MM; b — 68 MM
Fig. 5. Distribution of cavitation activity in an ultrasonic bath, obtained by sensor S1,
at liquid level: a — 74 mm; b — 68 mm

Harankamu S1 u U2 nzmepeHus NpoBOIMIN TOJIBKO i peskumoB H1 u H2. B Gosee Bbicokouac-
TOTHBIX Auana3oHax (H3 u H4) 3HaueHust Ayy; U Ay 9TUX AaTYMKOB HE3HAYUTENFHO TPEBBIIIATIH YPO-
BeHb (DOHOBOTO IIyMa, YTO HE TO3BOJSUIO OOECTIEUHTH JIOCTATOYHBIH YPOBEHH BOCIPOHM3BOAUMOCTH
n3mepenuid. [Ipubopsr S1 u U2 xapakrepusyrorcs 0oljiee HU3KON CIIEKTPAIbHOW 4yBCTBUTEIHLHOCTHIO
B muana3oHe gactot 300500 kI (puc. 2, a, ¢) mo cpaBHeHHIO ¢ qataukoM Pl (puc. 2, b), 1em, BeposT-
HO, 1 00YCJIOBJICH HU3KUH YPOBEHb T€HEPUPYEMbIX STUMHU JaTYUKaMHU CUTHAJIOB JUISI peXUMoB /13 u H4.

Jarunk Pl 103BOJISET MOMYyYNTh paclpeieeHtss aKkTHBHOCTH KaBUTAIMK I BCEX YETBHIPEX dac-
TOTHBIX AMana3oHoB. Ha puc. 6 mpuBeaeHbI pe3ybTaThl CKAHUPOBAHUS YIBTPa3BYKOBOW BaHHBI (BIOJb
OCH M3JTy4yaTesisl) 3TUM JIATYUKOM IPU YPOBHE KMJIKOCTH HaJl U3IydareneMm 68 M.
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Puc. 6. Pacnipenenenne akTUBHOCTH KaBUTAIlUU B YJIBTPa3BYKOBOIl BaHHE,
MTOJTyYeHHOE JaTInkoM Pl Tpu ypoBHE KUIKOCTH 68 MM
Fig. 6. Distribution of cavitation activity in an ultrasonic bath,
obtained by sensor P1 at a liquid level of 68 mm

[Toy4eHHbIE OLIEHKN aKTUBHOCTH KaBUTAIMU A;y; B PA3HBIX PEKUMAX SIBISIOTCS JTMHEHHO 3aBHCH-
MBIMH MEX]Ly COOO, T. €. H3MEHSIFOTCS IPOMOPIIMOHATIBHO IPYT APYTY C TOYHOCTHIO, HE MEHEE TOYHOCTH
M3MEepeHni. AHAJIIOTHYHBIE OTBITHI OBLIN MTPOBEAEHBI IS YpOBHEH xunkocty /1 B Banue 70, 74 n 82 mMm.
Bo Bcex ciywasx pa3HHUIBI B GopMe pacrpeneieHus A,y oOHapyXkeHo He Obu1o. TakuMm oOpazoM,
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HCKJIIOUCHUE HU3KOYACTOTHOM OOJIACTH BILIOTH a0 300 KFI_I HHUKaK HC M3MCHHIIO (I)OpMy MoJIy4acMbIX
pacnpez[eneHI/Iﬁ. W3 5TOro MoxxHO CACJIaThb BbIBOA, YTO UCCJICAOBAHHBIC YaCTU CIICKTPAa B3aUMOCBA3aHbL
1 UBMCHSAIOTCA MPOIMOPHUHUOHAJIBHO TP USMCHCHUHU KaBUTALlMOHHOM AKTUBHOCTHU, YTO OTKPLIBACT HOBBIC
BO3MOXXHOCTHU JIs1 COBEPIICHCTBOBAHNA METOA0B U3MEPCHUA aKTUBHOCTH KaBUTAIlUU.

3ak/ouenue

1. o pe3yabraraM MPOBEACHHBIX MCCIEIOBaHUI pa3paboTaH MpruOOp, TO3BOJSIOMINI OIICHUBATh
AKTUBHOCTH KaBUTAIMH 110 KABUTAIMOHHOMY IIYMYy B YETBIPEX PA3IMYHBIX YAaCTOTHBIX JHANa30HAaX.
IIpu 3TOM BBIXOAHOI curHanm (GOPMUPYETCS KaK PE3yJbTaT MHTEIPUPOBAHUS KaBUTALHMOHHOIO IIyMa
B HEKOTOPOM JHAIAa30HE YacTOT OT fyi, JO fr.c. BEPXHsS IpaHULIa HHTETPUPOBAHUS fi, AJIST BCEX HC-
MOJIH30BABIIMXCS TUANa30HOB oauHakoBa 1 paBHa 10 MI'u. B Hwkneil rpanuue f,,;, 3Ha4eHUs pa3nnya-
much u coctapisu 1, 70, 180 u 300 x['11 COOTBETCTBEHHO TSI KAXKIOTO U3 PEKUMOB PaOOTHI.

2. YCTaHOBJIEHO, YTO M3MEHEHHUE JMana3oHa WHTETPUPOBAHMS B JOBOJBHO HIMPOKHUX Ipeernax
3a cueT M3MEHEHHs HI)KHEH TPaHUIbl HHTETPUPOBAHMUS HE OKA3bIBAET 3aMETHOTO BIIMSHUSA HA PE3yabTaT
N3MEPEHUH aKTHBHOCTU KAaBUTALMH, IPOMCXOIUT JIMIIb KPAaTHOE W3MEHEHHUE MOKa3aHUM. DTOT BBIBOJ
MOATBEP>KACH Oarogapsi NCHOIb30BAaHUIO JATUMKOB, Pa3JINUAIOLINXCS CBOUMHU CIIEKTPAJILHBIMU XapaK-
TEPUCTUKAMHU I YCIOBUIM FeHEPUPOBaHMS KaBUTALMH TIOTPYKHBIM M3JIy4aTesIeM C BOJHOBOOM U YiIb-
Tpa3ByKOBOW BaHHOM.

3. UccnenoBanbl pactpesiesieHus] KaBUTAILMOHHOTO MOJIsl B 00beMe YIIBTPa3ByKOBOM BaHHBI (4acTo-
ta 35 kI'1) u B mose morpy>kuHoro m3nydarens (21 x['m). B BaHHE 3aBUCUMOCTH aKTHBHOCTH KaBUTAIIAN
OT PacCTOSHUSL IO U3JIy4aTessi UMEIOT BUJ KPUBBIX C YEPEAYIOIIMMUCI MaKCUMyMaMi 1 MUHUMYMAaMU,
YTO 00YCJIOBJICHO HAJIMYMEM KOMIIOHEHTHI CTOSYEH BOJIHBI B PE3YJIBTUPYIOLIEM YIBTPa3ByKOBOM HOJIE.
B nose norpyxHoro u3nydaresisi aKTHBHOCTb KaBUTALMU OBICTPO 3aTyXaeT [0 Mepe yAaJIeHHs OT HEro.
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AHHOTaNMsl. YCUIIMTEIIN TUPOTPOHHOTO TUIIA Pa3padaThIBAIOTCS ISl Pa3IMYHBIX MPUIOKEHHUH, TPEOYIOINX BbI-
COKOM MOMOIHOCTHU B MUWJUIMMETPOBOM JUAINA30HE AJIMH BOJIH. PacueTsl onTUMaNbHBIX KOHCprKHI/Iﬁ TUPOTPOHHBIX
namr Oerymier BoiHb! (Tupo-JIBB), mpencTaBieHHbIe B cTaThe, TIPOBEACHBI C UCIIOJIF30BAHUEM KOMITBIOTEPHOM
nporpammbl Gyro-K ¢ moMomnipio METOIMKH MpeoOpa3oBaHusi KOOPAWHAT, TIO3BOJISIONIEH CYIIECTBEHHO COKpa-
TUTh BPEMsI PacueTOB I'MPOPE3OHAHCHBIX NPUOOPOB 3a CUET CBEJCHUS TPEXMEPHOM 3aJa4yn BO30YXKJICHHsI Hepe-
TYJISIPHOTO BOJIHOBOJA K OJHOMEpHOW. PaccMoTpens! 1Ba BapuaHTa co3nanus rupo-JIbB na mone Bosnbl TE(,:
TIePBBIN — pabOTAIOMINI Ha TIEPBOI TAPMOHUKE THPOYACTOTHI, BTOPO — YMHOXHTENb 4acTOTHI. [IpuBeneHs! 10-
CTIDKUMBIC XapaKTEepPUCTUKU MPUOOPOB B TepareplieBOM Juana3oHe 4acToT — Takue Kak rnojockl yeunenus, KITJI,
KO3 QUINEHTH! yCHICHHUS U PACHIPEICIICHNS BEICOKOYACTOTHBIX TOJIEH B MPOIOTIBHOM U HOIEPETHOM CEUCHHUSX.
I'upo-JIbB-yMHOXHTENb 9acTOTHI 00magaet monocoit ycunenus 7,2 %, KIIJI — 17 % u ko dunmentom ycme-
uus 30 J16.

KutioueBble cji0Ba: rTUpOTpOHHAS Jamra Oeryied BOJIHbI, MUJUIMMETPOBBIN Mana3oH, JJIMHA BOJIHbBI, YMHOXKH-
TE€JIb YaCTOTHI.

Kondaukt uHTEpecoB. ABTOPHI 3asBIISAIOT 00 OTCYTCTBUHU KOH(INKTa HHTEPECOB.

Jast uuruposanus. Koiocos, C. B. T'upo-JIBB-ymuoxuresns gactorsr / C. B. Kosocos, O. O. Illaruiosa // Jlok-
naael BIYUP. 2024. T. 22, Ne 3. C. 44-51. http://dx.doi.org/10.35596/1729-7648-2024-22-3-44-51.

GYRO-TWT FREQUENCY MULTIPLIER

STANISLAV V. KOLOSOV, OLGA O. SHATILOVA

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Submitted 24.11.2023

Abstract. Gyrotron-type amplifiers are being developed for various applications requiring high power in the mil-
limeter wavelength range. Calculations of the optimal designs of gyrotron traveling wave tubes (gyro-TWTs),
presented in the article, were carried out using the Gyro-K computer program using a coordinate transformation
technique, which made it possible to significantly reduce the calculation time of gyroresonance devices by redu-
cing the three-dimensional problem of excitation of an irregular waveguide to a one-dimensional one. Two options
for creating a gyro-TWT using the TE,, wave mode are considered: the first one is operating at the first harmonic
of the gyrofrequency, the second is a frequency multiplier. The achievable characteristics of devices in the tera-
hertz frequency range are presented, such as gain bands, efficiency, gain factors and distributions of high-fre-
quency fields in longitudinal and transverse sections. The gyro-TWT frequency multiplier has a gain bandwidth
of 7.2 %, an efficiency of 17 %, and a gain of 30 dB.

Keywords: traveling wave gyrotron tube, millimeter wave, wavelength, frequency multiplier.
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BBenenue

Co3nanre MHUPOKOMOIOCHBIX YCUIIMTENICH B IMATa30He YacTOT, OIM3KUX K TeparepleBOMY, — aKTy-
anbHadg 3a1a4a. Hanbonee mepcrekTUBHBIE B 3TOM CMBICIIE THPOTPOHHBIE JIaMITbI OeryIeil BOIHbI (TH-
po-JIEB). OHI MOTYT HUCITONIB30BATHCS B KAUE€CTBE MTUPOKOTIOIOCHBIX YCHITHTENEH 00BN MOIITHOCTH
B MIJUTUMETPOBOM M CYOMUJLTUMETPOBOM JIHANa30Hax JUTHH BOJH [1-7].

B cTarbe BBITONTHEH aHAIIN3 XapaKTEPUCTHK HTHPOKONONI0CHOH rupo-JIBB mpu padore Ha Moie BoI-
ubl TEy,, rae a3uMyTaibHbIA UHIEKC BOJIHBI PaBEH HYJIIO, & paAualibHbIi — IByM. B kauecTBe mpoToTu-
ra paccMaTpuBaics BapuaHT rupo-JIbB, nmpuseneHHsIi B [8], rie NpUHUMAINCH CeTyIolne JaHHbIE:
yckopsromiee Hanpsokenue U = 70 kB, snektponubIi T0K [, = 9 A, mutd-akrop g =V, /¥, =1,0, koo¢-
¢Guumnent ycunenns K, = 40 nb, monoca ycunenus Af/f'= 8 I'T'u. Jlns pacueToB ucnonb30Baiy mpor-
pammy Gyro-K [9]. Maremaruueckas moaens nporpammbl Gyro-K mpoieccoB, npoucXoasiiiux B I'H-
POpE30HAHCHBIX MPHOOpaX, OCHOBHIBAIACH HA JIBYX B3aWUMOCBSI3aHHBIX CHCTEMaX MU(PepeHITHaTbHBIX
ypaBHenuii [9, 10]:

1) BO30Yy>KA€HUS AIIEKTPOMATHUTHBIX BOJIH B 0CECHMMETPHUYHOM MPOAOIBHO-HEPET YIS IPHOM BOJIHO-
BOJIE PENSITUBUCTCKUM DJIEKTPOHHBIM ITYYKOM;

2) NBWOKEHUS DJICKTPOHOB B 3aJJaHHBIX ANIEKTPOMArHUTHBIX MTOJISX.

VYpaBHEeHUsT BO30OYXIIEHUSI HEPETYISIPHOTO BOJHOBOJA MTOCTPOESHBI HA OCHOBE METO/a Mpeodpaso-
BaHusi koopauHat A. I. Ceemnukosa [11, 12], 3akmodaromierocsi B 3aMeHe 3a/1adud 0 BO30YXKJICHUU
HEPEryJsIpHOrO BOJIHOBOJA OJHOMEPHOW 3amadedl o BO30y)KICHHH COOCTBEHHBIX BOJH PErYJSPHOTO
BOJIHOBOZIA C €AMHUYHBIM paanycoM. IIporiecc camocornacoBanusi ypaBHEHUM JABHYKEHHS JIEKTPOHOB
1 BO30Y)XK/IEHUSI MU COOCTBEHHBIX BOJH PEryJIpHOTO BOJHOBOJA NMPOW3BOAUTCS HAa OCHOBE METOJA
l'anmepkuna [13]. Takoit moaxoa K PEIICHUIO IEKTPOTUNHAMUYICCKON 3a0a4H TIO3BOJISICT COKPATUTh Bpe-
MsI KOMITBIOTepHBIX pacueToB B 10 u maske B 100 pa3, mo cpaBHEHHIO C pelIcHHUEM ITOIOOHBIX 3amad
¢ ucnonb3oBanueM PIC-texuosoruii, 343

B mporpamme Gyro-K MOXKHO yYUTBHIBaTh OHOBPEMEHHO J1I000€ MHOKECTBO TUIOB Moz (kak TE-,
Tak 1 TM-THIIOB) JUIsl pa3IMYHBIX HOMEPOB TApMOHUK OCHOBHOH paboueii yacTotsl. [lapameTpsl npu-
6opos rupo-JIbB 3amatorcs B HopMupoBanHOM Bujae. Hampumep, Bce JUIMHBI ONpeeNioTesa B paava-
Hax (z = 2nZ/\, TOC A\ — paboyas ATHHA BOJHBI), CKOPOCTH HOPMHUPYIOTCS K CKOPOCTH CBETA. ITO I103-
BOJIIET HE TIPHUBS3BIBATH PE3YJbTAaThl PAacdeTOB K KOHKPETHOW pabodeil yacTtoTe, 4To oOecreunBaeT
MIPUMEHUMOCTb TIOJYYCHHBIX 3HaYeHUH K JIF000N 4acToTe, 3a UCKIIOYCHHUEM ydeTa OMHYECKUX MOTePh
B CTEHKaX BOJHOBOJA, KOTOPBII ocylecTBisercs coracHo merony Lllyknna—JleonToBuua.

IIpoBenenue uccjieq0BAHUA U UX Pe3yJIbTATHI

Pacuersl mpoBogunu B cooTBercTBUU C [8] mns paboueit wactotel 95 I'T'm m Moasl BOJ-
Hel TEy. B pesyaprare NOJNy4YEHBl CIEAYIOLIUE PE3YyJIbTaThl: TOK 3JIEKTPOHHOIO IOTO-

ka 13 A |o = ”0—:010 = 0,73723 - 10°1,[4] = 0,09584); yekopsiomee  Hanpskerme 64 KB

Vo 1 N
=—= [1- =0,4585 |; muT4-paxTo =V, /V,=1,0; HOpMUPOBaHHLII pa-
Po=" \/ (1,957-10°%, +1)* basaop 4=V /H) PP b
2nR,, 2nL,,

=7,43; HOpMHUpOBaHHas JUIMHA npubopa /=
0 0
ANEKTPOHHBIX TpaekTopui 48; uucino maros §000.

JIMyC BOJIHOBOAA g = =288,38 pan.; uucio

! Ludeking L., Bettenhausen M., Smithe D., Yayes S. (1999) MAGIC, User’s Manual. Mission Research Corporation.

2 MAFIA, User’s Guide, Version 4.0, CST GmbH. Darmstadt, Germany.

3 Tarakanov V. P. (1992) User’s Manual for Code KARAT. USA, Berkley Research Associates.

4 Betton M., Antonsen T., Levush B., Nquyen K., Vlasov A. (1998) MAGY: A Time-Dependent Code for Simulation
of Slow and Fast Microwave Devices. IEEE, Trans. Plasma Sci. 26 (3), 882—892.

3 CST Studio Suite Charged Particle Simulation. Dassault Systemes Deutschland GmbH Version 2020.0.
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Bce napamerpsl Ha TPUBEICHHBIX B CTAaThbe PUCYHKaX HPEACTaBICHbI B HOPMHUPOBAHHOM BHJE.
Ha puc. 1 u300paskeHbl MHTErpajbHbIE XapaKTEPUCTHKH JUIS PACCUNTAHHOrO BapuaHTta rupo-JIbB.
B nannoit rupo-JIEB nocrarouno 3¢hekTHBHO MPOMCXOAUT MOMEPEYHast IPyMIIUPOBKa MJIEKTPOHHOTO
[IOTOKa Ha BTOPOH TrapMOHHMKE THPOYacTOTHI (KpuBas 3).
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Puc. 1. MnTerpanbHble XapakKTEpUCTUKN PACCUMTAHHOTO BapuaHTa rupo-JIbB:
1 — npoduis BonHOBOAA; 2, 3 — QYHKIUS IONIEPEYHON IPYIIIHPOBKH SIEKTPOHOB
1O TIEPBOi U BTOPOI rapMOHUKAM THPOYACTOTHI COOTBETCTBEHHO;

4, 5 —snexkrponHbIi 1 BonHOBOM KIIZ[ cooTBeTCTBEHHO; 6 — HOPMUPOBAaHHAs aMIUINTYAa MOl BOJIHBI TEy,

Fig. 1. Integral characteristics of the calculated version of the gyro-TWT: 1 — waveguide profile;

2, 3 — function of transverse grouping of electrons at the first and second harmonics
of the gyrofrequency, respectively; 4, 5 — electronic and wave efficiency, respectively;

6 — normalized amplitude of the TE;, wave mode

OnextponHblit KIIJI — 3T0 oTHOCUTENbHAS SHEPTUs, OTAAHHAsS AIEKTPOHHBIM MOTOKOM 3JIEKTPO-
MarHuTHBIM BOJIHAM, Ha puc. 1 oH cocrasuser 37 %. Bonnosoii KIIJl — oTHOcHTenbHas 3Heprus, me-
peHocHuMasi ANEKTPOMAarHuTHBIM TojeM. Pa3Huia Mexy 31eKTpoHHBIM U BOTHOBBIM KIIJ] — 310 mote-
pH 2HEPTUHU B CTEHKaxX BOJHOBOJAA. Ha puc. 2 mpeacTaBiieHbl YacTOTHBIE XapaKTepucTUKu rupo-JIbB
quist oboux KIIJI, roe B mporecce pacueToB npu kodddunmente ycunenus 41,7 ab monoca ycuieHus
cocraBuia 12,6 %.
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Puc. 2. YactotHas xapaxrepuctuka rupo-JIbB mms KII/I: 1 — BomHOBOTO; 2 — 31IEKTPOHHOTO
Fig. 2. Frequency response of the gyro-TWT for efficiency: 1 — wave; 2 — electronic
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Ha puc. 3 moxa3aHbl pacrpeacicHuss MOAYIA BBICOKOYACTOTHOI'O MTOJIA B IMPOJOJIBHOM U ITOIIEPEU-
HOM CCUYCHHUAX BOJITHOBO/A.

Z=288.38

a b
Puc. 3. Pacnipenenenus MOIysisi BBICOKOYaCTOTHOTO TOJISI B TPOAOIBHOM ()
# TioriepedHoM (b) cedeHUsIX BOTHOBOIA
Fig. 3. Distributions of the modulus of the high-frequency field in the longitudinal (a)
and transverse () sections of the waveguide

B rupopesoHaHCHBIX PpHOOpax QYHKIMH IMONEPEUHOH TPYIIIUPOBKY AIIEKTPOHHOTO ITOTOKA OTIpe-
TIEJISTIOTCST CIIETYTOIITIM 00pa3oM:
— 110 MEPBO¥ rapMOHHUKE:

2 N 2

s

N, 1 & 1 &
F=1-4|>.G, FZCOS(O%) + .G, VZsin(ais) ;
s=1 i=

e i=1 s=1 e i=1
— I10 BTOPOI TapMOHHUKE:

N 2

N, | N . Y | N ) 5
F,=1-4> G, FZZcos(ocis)sm(ais) + .G, FZ(ZCOS (ais)—l) ,
s=1 s=1

e i=1 e i=l

IJIe § — HapameTp, ONPENEISIOIUNA HOMED CJIOSI AEKTPOHHOTO IIOTOKA; I — HOMEP AIEKTPOHHOM TPAeKTO-
pHH B $-M CJIO€; Ol;; — OTHOCUTENIbHAS (pa3a BpalleHUs 3JIEKTPOHA Ha JIApPMOPOBCKOI opOure.

Ecnu oTcyTcTBYeT momepedHas IpyNIHMPOBKA 3JIEKTPOHOB HA JIAPMOPOBCKOM OpOHTE, TO (QyHK-
uuu F u I, paBHBI €IMHUIIE, @ TPYNIHPOBKA MPUBOAUT K YMEHBIIEHHUIO 9THUX BEJIMYHMH BIUIOTH 110 HYJIS.
[TosToMy ObLT HCCenOBaH BapuaHT YMHOXKHUTENS 4acToThl Ha rupo-JIBB na mone Bonubt TE,. Pesysb-
TaThl ONTUMU3AIMOHHBIX PACYCTOB MPEACTABICHEI Ha pUC. 4—6.
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[nvHa npubopa, paa.

Puc. 4. UnTerpanbHble XapaKTEPUCTUKUA YMHOXKUTENS 4acToThl Ha rupo-JIBB na mozne Bomnsl TE ),:
1-6 — To *xe, 4To Ha puc. 1; 7 — paguyc BeAyIIero NEHTPa BpAICHUS YJIEKTPOHOB;
8 — cpemHHUIl paaryC BpaIleHHs HIEKTPOHOB Ha JAPMOPOBCKOI OpOuTe
Fig. 4. Integral characteristics of a frequency multiplier on a gyro-TWT on the TE,, wave mode:
1-6 — the same as in Fig. 1; 7 — radius of the leading center of electron rotation;
8 — average radius of rotation of electrons in the Larmor orbit
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Z=288.38
Puc. 5. Pacnipenenienne MOJyJIsl HAPSDKEHHOCTH SJICKTPOMATHUTHOTO TIOJISL B IIPOJI0JIbHOM CEYSHUH BOJTHOBOJIA
Fig. 5. Distribution of the electromagnetic field intensity modulus in the longitudinal section of the waveguide
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Puc. 6. YactoTHas xapaxrepuctuka rupo-JIbB-ymuoxurens gactorsl: 1 — KITJ-E; 2 — KIT/I-B
Fig. 6. Frequency response of gyro-TWT frequency multiplier: 1 — efficiency-E; 2 — efficiency-V

Hust ahdexTrBHOM paboThl paccMaTpuBaeMoi Tupo-JIbB npuiiock yBennunTs 3HAYECHUS JICKT-
ponHoro Toka B 1,4 paza u BxogHoi mourHocTH B 12 pa3. Onexrponusiit KI1/1 noctur 17 %, a monoca
ycunenus 7,2 %.

Pacuerts rupo-JIbB, paboratomeii Ha iepBoi TapMOHUKE THPOYACTOTHI, IPOBOAMIN C YIE€TOM TOJIb-
ko Mozbl BosiHBI TE(,. Ciienyer oTMeTUTb, YTO U PacueThl TUPO-YMHOXKUTEISI YACTOThI TOXKE IPOBOAMIIN
C Y4€TOM MOJI IaHHOH BOJIHBI Ha €€ MEePBOI U BTOPOH rapMOHHKaX. Pacipenenenne nonepeyHoi ckopoc-
TH 3JICKTPOHOB, HOPMUPOBAHHOM K CKOPOCTH cBeTa (0Ch opauHar), o anuHe rupo-JIbB (ock abcuucc)
IOKa3aHo Ha puc. 7.
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Puc. 7. Pacnipenenenre nonepeuyHbix CKOPOCTEN AIEKTPOHOB TIO JUTUHE JIAMIThI OeryIiei BOTHbI
Fig. 7. Distribution of transverse electron velocities along the length of a traveling wave lamp

CommacHo puc. 7, HaunHas ¢ JITUHBI Iproopa 160 pas., TpaeKTOpHH CKOPOCTEH UMEIOT H3JIOM. JTO
MOXHO OOBSICHUTB TEM, YTO IIPH PE3KOM CY>KCHHHU BOJIHOBOJIA CIIEAYET YUUTHIBATh OOJIBIIEE YUCIIO BOJI-
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HOBbIX Moj. [IpoBenu pacuetsl ¢ yuetoM Tpex Moa TE,, TEy; u TE, nis nepBoii u BTopoil BOJTHOBBIX
rapMoHHK. B 3ToM ciyuae pacnpeesneHue monepeyHbIX CKOPOCTEH JIEKTPOHOB CTaJI0 OoJiee TIIAAKUM —
0e3 u3JI0MOB cKopocTel (puc. 8).
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Puc. 8. Pacnipenienenne npoaoibHbIX CKOPOCTEHN JIEKTPOHOB € YUETOM TPEX BOJHOBBIX MOJL
Fig. 8. Distribution of longitudinal electron velocities taking into account three wave modes

HccnenoBany BIUsIHUE HAYaJIBHOTO MOMEPEYHOIr0 pa3dpoca CKOpOCTeH EKTPOHOB Ha 3(dexTus-
HocThb pabotsl JIBB. Ha puc. 9 nokasana 3asucumocts KI1J] rupo-JIBB ot nutu-dakropa.

Kna, %

20

15

10
5

0 0,05 0,10 0,15 0,20 0,25 Aqlq

Puc. 9. 3aBucumocts KI1J] rupo-JIEB ot nmuTu-dakropa
Fig. 9. The dependence of efficiency of the gyro-TWT on the pitch factor

Cornacno puc. 9, KIIJ] rupo-JIEB usmensiercs ot 17,0 go 7,5 % npu yBeIudeHUH yIIIOBOIO pas-
Opoca monepeyHbIX ckopocTeil anekTpoHoB 10 30 %, 4To yKa3pIBaeT Ha JOCTATOYHYIO YCTOMYMBOCTH
rupo-JIBB k HauanbHOMY yIIIOBOMY paz0OpoCy 3JEKTPOHOB, KOTOPBIM ONpeensieTcss KOHCTPYKIHEH
3JIEKTPOHHON MarHeTpOHHOW MyiiKu. PacrpejeneHue monepeuHblx CKOPOCTEeM 3JEKTPOHOB IO JJIMHE
pudOpa MpH HATUIUH Ha9aJILHOTO YITIOBOTO WX pa3dpoca mokazaHo Ha puc. 10.

3aK/IIoueHue

1. T'mpo-JIbBB ma wmome Bomabl TE), ob0ccmeunBaer Xopomme XapaKTEpPUCTUKH TpuOopa
o KII (37 %), no nonoce ycunenus (12,6 %) u kosdduunenty ycunenus (41,7 nb) npu padoueit
gactote 95 I'T'1. ['upo-JIbB-yMHOXUTENIh YaCTOTHI TO3BOJISIET NPOJBUHYTHCS B 00Jiee BRICOKHI AMama-
30H yacToT 190 I'T' npu BIoJHE MPUEMIIEMBIX TapaMeTpax MEKTPOHHOTO MOTOKA, BOTHOBOJA M Mar-
nutocraruueckoro mouist (KITJ = 17 %, nonoca ycunenust Af/f=7,2 %, koadduruent ycuienus 30 nb).

2. HopMmupoBaHHBINA pagnyc BOJTHOBOAA HA BXONE B YCHIUTENb cocTaBisul 7,430 pam., a Ha BBIXO-
ne — 3,716 pax. OCHOBHBIC TIOTEPH PHEPTUH BBICOKOYACTOTHOTO TTOJIT B CTCHKAX BOJHOBOIA HAOIIO-
JTAJIACH B TIOCIJIEHEN TPETH BOJHOBOZA, & JHMAMETP BOJHOBOJAA 37I€Ch OBLI MOYTH B JIBa pa3a MEHBbIIIE,
YeM Ha BXOJE YCHJIMTEJS. DTO MO3BOJSIET YIPOCTUTh CHCTEMY OXJIQXKICHUS U PEaIn30BaTh €€ TOJIBKO
B MOCJIEAHEN CEKIIMU BOJIHOBO/IA.
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Puc. 10. PacmipenencHre monepevHbIx CKOPOCTEH 3JICKTPOHOB 110 [UTHHE Mprbdopa
NpY HAJIMYUHU UX HAYaJBHOTO YIJIOBOTO pazdpoca
Fig. 10. Distribution of transverse electron velocities along the length
of the device in the presence of their initial angular distribution
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Annoranust. Coznanue texnoiorun DRFM (Digital Radio Frequency Memory) siBisieTcst peBOJIIOLIMOHHBIM I11a-
TOM B Pa3BUTHH TEXHUKU MMOCTAHOBKH MMHUTHPYIOMIUX MOMeEX. TeXHOJOTHS TMO3BOJIMIA C BBICOKMM Ka9eCTBOM
BBINOJHATH PEOOPA30BaHUS IPUHATOTO CUTHAJA, BHOCUTH B HETO HEOOXOJMMBIE N3MEHEHHS U M3JTydaTh B BUJIC
uMuTHpytouei nomexu. CerofHsi JOCTUTHYT BBICOKUN YPOBEHb UMUTAIMM PaJUOTIOKAI[IOHHBIX CUTHAJIOB, OT-
PaKEHHBIX OT PEAJbHBIX 00BEKTOB. B 0CHOBE MPOTHBOIEHCTBHSA TaKUM TIOMEXaM JISKUT JeTalbHBIA aHAIU3 pa3-
JWYUH PEANbHOTO OTPAKEHHOTO CUTHAJIA M UMUTHPYIOIINX ITOMEX. B ¢Bs3n ¢ 3THM paccMaTpuBaeTcs MaTeMaTH-
YeckKasl MOJIeJIb CUTHAJIA, OTPAYKEHHOT'O OT IIPOCTPAHCTBEHHO PACHPEIENICHHOTO 00BEKTa, 10 ¥ [T0CIIe YaCTOTHOTO
npeoOpa3oBaHus Ha BueodacToTy. C y4eToM aHai3a THIIOBBIX BAPUAHTOB (DOPMUPOBAHHSI IOMEX paccMaTpHBa-
FOTCSI MaTeMaTHYeCKNEe MOJEIH UMUTHPYIOIINX TTOMEX, 00SCIIEUNBAIONINX PA3IMYHbBIC CTEIEHH CXOXKECTH C OT-
paXKEHHBIM CUTHAJIOM. Pe3ynbraTsl aHanu3a mMojeneil aBisSOTCs. OCHOBOM Ul MOCTPOESHUS aJITOPUTMOB 3alUThI
PannOIOKAIMOHHBIX CTAHIIUN OT UMHUTHPYIONTNX TTOMEX.

KuiroueBble cj10Ba: 3aluTa pajrdoiokaTopa, OTPaKEHHBIA CUTHAN, MaTeMaTnyecKast MOJIeIb MMUTHPYFOLIEH Mo-
MEXH.

Konankt uHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHHU KOH(IMKTAa HHTEPECOB.

Jas uutupoBanus. [eficrep, C. P. Ananu3 pa3nuuuii cuTHama, OTPaXeHHOTO OT caMoJIeTa, 1 UMUTHPYIOIICH 10~
MEXH B IPWJIOKEHHH K 3aluTe paanoiaokannonusix cranuuii / C. P. Ieficrep, Lisubnans Xyan // Jloknanst BI'YUP.
2024. T. 22, Ne 3. C. 52—60. http://dx.doi.org/10.35596/1729-7648-2024-22-3-52-60.

ANALYSIS OF DIFFERENCES IN THE SIGNAL REFLECTED
FROM AN AIRCRAFT AND SIMULATED INTERFERENCE
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Abstract. The creation of DRFM (Digital Radio Frequency Memory) technology is a revolutionary step in the de-
velopment of simulating interference techniques. The technology made it possible to transform the received signal
with high quality, make the necessary changes to it and emit it in the form of simulating interference. Currently,
a high level of imitation of radar signals reflected from real objects has been achieved. The basis for counteracting
such interference is a detailed analysis of the differences between the real reflected signal and simulating interfe-
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rence. In this regard, a mathematical model of a signal reflected from a spatially distributed object is considered
before and after frequency conversion to video frequency. Based on the analysis of typical variants of interference
generation, mathematical models of simulating interference are considered, providing various degrees of similarity
to the reflected signal. The results of the model analysis are the basis for constructing algorithms for protecting
radar stations from simulating interference.

Keywords: radar protection, reflected signal, mathematical model of simulating interference.
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BBenenue

CpenctBa OGOPTOBOI! 3alUTHI JI€TaTENbHbIX annaparoB (JIA) MIMPOKO NPUMEHSIIOTCS B BOCHHOU cde-
pe. B HacTosiiee BpeMsi Bce NUIIOTHPYEMBIE JIETaTeIbHbIC allapaTbl BOGHHOTO Ha3HAUYCHUSI UMEIOT UHIH-
BUAYyaJIbHBIE CPEACTBA MPOTUBOACHCTBUS PAAHOIOKAIMOHHBIM CHCTEMaM HaBEICHHs OPYXKHsl, 00ecIIeur-
BArOIIe MMOCTAaHOBKY KOMOMHHPOBAHHBIX TIOMEX. Takue MOMEXH MPeJICTaBISIOT cOO0H codeTaHne aKTHB-
HBIX ITYMOBBIX TTOMEX, YBOSIINX ¥ MHOTOKPATHBIX O TAIILHOCTH — IOTIEpOBCKOi yactore. Kpome Toro,
B IIPOCTPAHCTBEHHON 00JIACTH BO3MOXKEH YBOJ 110 YIJIOBBIM KOOpIMHATaM. [l CHI)KEHMSI BEPOSTHOCTH
nopakeHns JIA Tipy HaBeJCHWHU pakeThl Ha OOPTOBOM UCTOYHUK ToMmeX B mocienaaue 20—30 et akTHBHO
MIPUMEHSIOT OYKCHPYEMBbIE PaIHOJIOKAIIIOHHBIC JIOBYIIKH.

3anura paanonokaoHHbIX cranimii (PJIC) oT momex — nepBocTeneHHas 3aa4a, KoTopas peranach
Ha MPOTSHKEHUHU Bcero BpeMeHu oT MoMeHTa nosiienust PJIC. CeronHs akTyaibHOCTB 3TOM 331a4u ompe-
JIETSIETCSl POCTOM TEXHUYECKUX BO3MOYKHOCTEH 1O (POPMHUPOBAHUIO UMHTHPYIOIIUX ITOMEX, TTApaMeTPhl
KOTOPBIX MAaKCUMaJIbHO MPHOJIKAIOTCS K IIapaMeTpaM CUrHajia, oTpakeHHoro ot JIA. Jlist moBbleHus
3G PEKTUBHOCTH UMHUTHUPYIOLIUX MOMEX JOJIKHBI ObITh IMPHHATHI MEPHI MO0 00ECHEUCHUIO UX CXOXKECTH
C CUTHaJIaMH, OTPa’KEHHBIMH OT PA3JIMYHBIX JICTATEIbHBIX allapaTtoB, OTIMYAIOLIUXCS B IIEPBYIO OUepelb
1o pa3mepam (OONBIIONH, CpeHHA, MaJIblil) U KJIacCy JBUIAaTeIbHON YCTAaHOBKH (PEaKTHBHBIC, BAHTOBBIE).

B nepuoanke BcTpeuaeTcsi MHOTO MyONMKaIWH, MOCBSAIICHHBIX OMUCAHHIO M aHAIM3Y OT/ICIbHBIX BOII-
pocoB paanodnekTponHoro nofaasiaeHus (POI). [letanpHoe n3ganne SHIMKIONEANICCKOTO YPOBHS, CO-
YeTarollee BOIPOChl TEXHUIECKOro nocrpoenus cpencts POII n nx rakrnuyeckoro npumeneHus, — 31o [1].
Ha Oosee coBpeMeHHOM ypOBHE, HO KPaTKO, JaHHbIE BOIIPOCHI M3JIOKEHBI B [2]. Maremarnueckoe npea-
CTaBJICHUE NPHUHSATHIX CUTHAJIOB B MPUJIOKECHUH K COBPEMEHHOM TEXHHUKE 3aIllOMHHAHHS M BOCIIPOM3BE-
JICHUSI CUTHAJIOB U Tonie st popmupoBanus nomex PJIC mpuseneno B [3]. OxHako B OCHOBHOM Macce
CYIIECTBYIOMIUX MyONMKAIIMK OTCYTCTBYIOT SICHO M3JIOKCHHBIE MaTeMaTHUECKHE MO MMUTHPYIO-
IIMX PaIUOJIOKAMOHHBIX TOMEX HA YPOBHE KOTEPEHTHON MEXKyTIEpHOIHON CTPYKTYpHI. B To ke Bpe-
MsI HMEHHO 3TH MaT€MaTHYeCKHE MOJEIIU, YUUTHIBAIOIINE BCE OCOOCHHOCTH 3aKOHOB BHYTPHUIIEPU-
OJTHOH M MEXIyNEPUOAHON MOIYJISIIMH 30HANPYIOLINX CUTHAJIOB, TIO3BOJISIIOT COPMHUPOBATE PAIHO-
JIOKaLlMOHHBIE IOPTPETHl OOBEKTA U MOMEXH C BHICOKMM pPa3pelieHueM. JTOT Npodesl U BOCIIOIHSIET
JaHHAS CTaThsl.

MaremaTtuueckasi MoaeIb CUTHaJIa, OTPAKECHHOI'0 0T CaMoJI€Ta

B o0miem ciyvae 000 neTaTenbHbIH anmapar, 00y4aeMblil IeKTPOMAarHUTHOH BOTHON CaHTHMET-
pPOBOTO HAMNa3oHa, B MPHJIOKECHUH K 3a7a4e OMMMCAHMS OTPAXKCHHOTO CUTHAJIA MOJKHO TIPEJICTABUTH [4]
B BUJIC COBOKYITHOCTH 00JIACTEH JI0KaabHOro oTpaxenus. C yueTom storo npeacraum JIA, Habmonae-
MBIA IO/l OTIPEENICHHBIMU PAKyPCaMu MO asuMyTy ¢ U yIIy mecra ¢,, HabopoM u3 B, obmacreit
JIOKAJIbHOTO OTpaskeHMs. B meHTpe Kaxmoi 00JacTi pacloioKeH U30TPOIHBIA OTpaXkaTeib, KOTOPBII
B MPOU3BOJILHOM b-i1 00nacTu (oTpaxkaTenb C HOMEPOM b) XapaKTepHu3yeTcsi cCOOCTBEHHOH 2P eKTUBHOMI
OTpaXkarolllel NOBEpXHOCThIO G,(b) M KoOpAMHATaMU OTHocuTenbHO HeHTpa JIA. Camoner B menoM
SIBJISIETCS] OTHOCUTEINIBHO KECTKON KOHCTPYKIIMEH, B KOTOPOM OTpa)kaTellu, paclooyKeHHbIE Ha TOBEPX-
HOCTH ¢ 00JTy4aeMOi CTOPOHBI, ABMKYTCS YIOPSIOYEHHO B COOTBETCTBUH C JIMHHUEH €ro ToJieTa.

Bynem monararh, 4To 30HAUPYIOUINH CUTHAN MPEICTABISIET COOOH KOTEPEHTHYIO MOCIEI0BATENb-
HOCTb U3 Ny, 30HAUPYIOLUIMX CUTHAJIOB C HOCTOSHHBIM (715 HEIPUHIIMIHAIBHOIO YIIPOILEHUS OIKCa-
HHsI) IEPUOIOM NOBTOPeHHs 7, U 3aKOHOM BHYTpunepuaHoi moxymsuuu U, (f)
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N, -1
uy(t) = Eyexp[i(2nfyt +9,) | D Uy(t—nT)),
n=0

e fo, ¢y — HecyIias 4acToTa U HadaabHas (a3a 30HIUPYIOIIETO CUTHAIA COOTBETCTBEHHO.

C ydeToM TpUHATHIX 0003HAYEHUH TIOCIENOBATEIHbHOCTh CUTHAIOB, OTPAKEHHBIX OT OTpa)KaTes
C HOMEpOM b, B TedeHue L MeproIoB 30HANPOBAHUS Ha BEIXO/IE TpreMHO# aHTeHHbI PJIC onmchiBaeTcs
BBIpaXCHUEM

u, (1,b) = E, (1,b)exp| i (2, (1 =1, (1,5)) + 0, (b) + 0 )]Ljyo (11T, -1, (1,b)), (1)

1=0

e E, (2,b), @,(b), t,.(1,b) —ammnryna, HauanbHas pasa 1 Bpemst 3a4ePKKH CUTHAIIA, OTPAKCHHOTO

2r(t,b)

oT oTpaxkaressi ¢ Homepom b; ¢, (1,b) = — BpeMsi 3aJIep)KKM CHTHAJIA, CBI3aHHOE C PaIHaIbHON

JAIbHOCTBIO r(t,b) JI0 b-TO OTpaxkarens; ¢ — CKOPOCTh PACIPOCTPAHEHHUSI IEKTPOMATHUTHOW BOJHBI.
VYno6HO paccMaTprBaTh KOMIUIEKCHYIO aMIUTUTYAy OTPaKCHHOTO CHUTHAJIA HA BU/IE0YACTOTE TOCIIE

4aCTOTHOI'O NIPeo0pa30BaHMs C UCIOIb30BAHUEM CUTHAJIA TETEPOAMHA U (1) = E g exp[i (2mfyt + @, ):l :
L-1

U, re(t, b)=u, (t,b)ug(6) = E, (t.b)exp| i(-2nfyt, (.0) + 0, (b)) | DUy (11T, =1, (1.0)),  (2)
1=0

e ug (t) = Eyg exp[—z’ (2nf0t + ¢, )] — KOMITJIEKCHO-CONPSKEHHBIN CUTHAJ TeTepOoInHa, IS YIpole-
HHS BBIDQXKEHUI IpuHUMaeM K, =1
CoOTBETCTBEHHO JOIUIEPOBCKHI Ha0eT 1o (aze ¢, (2,h) 1 JoTIIepoBCKas 9acToTa W (2,h) curuana,
OTPaKEHHOTO OT H-TO OTpaXkKATEINS, OTMPENEISIFOTCS BRIPAKCHUSIMHU:
21 ' 04 (2,0)  2m_or(1,b)
0 (1.5) = =2 (1.5); g (1.b) = 2202 2TH TALD)
A ot A ot
U3 (3) cnemyet BhIpaKeHNUE, CBSI3BIBAIOIICE TOTUIEPOBCKYIO YACTOTY U €€ 3HAK C PaUalibHOM CKOpO-
CTBIO TIEpEMEIICHHsI OTpakaTes v(¢,b) u ee 3HakoM oTHOcHTepHO PJIC Ha BBEIXOIIE yCeTpoicTBa Mpeod-
pa3oBaHMS MPUHATOTO CUTHAJA Ha BUACOYACTOTY:

)

Jas(1.0) = === ==, (1.0). )

U3 dopmysel (4) cienyet, uyto npu npubamkeHun orpaxarens k PJIC (paauanbHas TanbHOCTh
YMEHBIIAeTCs M, CIIe0BATENbHO, pauaibHas CKOPOCTh OTPHUIIATEIbHA) JOTIJIEPOBCKAs YacTOTa NUMEET
MTOJIOKUTENFHOE 3HAYCHHE, a MpH yaaneHnu otpaxarens oT PJIC (paguanbHas qaibHOCTh YBETHYHBA-
€TCs U, CJIEZI0BATENILHO, pajinajibHasi CKOPOCTH MOJIOKHUTENbHA) — OTpulareiabHoe. Ha ocHoBe (2) MOXKHO
3anucarh ypaBHEHUE sl KOMIUIEKCHON aMIUTMTY/Ibl CUTHANA, OTpa)keHHOro oT JIA, Ha BbIXO€ yCTpOU-
CTBa MPeoOpa30BaHUs MPUHITOTO CUTHAJIA HA BUJICOYACTOTY

By ry

Uss ge()= ), EE (t,b)exp{i(—%b(l,b) +0, (b)HLiUO (11T, -1, (t,b))]. 5)

b=1 =0

BLIpa)KeHI/Ie (5) SIBJIsICTCS Hanbolee YHHUBCPCAJIbHBIM IS OMMUCAHUA OTPAKCHHOI'O CUTHAJIA ITOCJIC
npeo6pa3013a1—11/1;1 Ha BUJICOYACTOTY U IMOCTPOCHUS aJITOPUTMOB 06pa6OTKI/I, IOCKOJIbKY ITO3BOJIACT HaA-
OpAMYIO UCIIOJIB30BATH KOOPAWHATHI JJAn OTpa)KaTCHGfI B €€ KOHCTPYKIHHU JJI1 OIIPEACIICHUSA PACCTOA-

HUAN r(t,b), b=1, B;p,, 1 COOTBETCTBYIOIIUX (a30BBIX CABUIOB P 4(t,0), b=1, B;p,, a Takxke Hauallb-

upie asel @, (b), b=1, By, .

KpaTKaﬂ XapaKTePUCTUKA HUMUTHPYIOIIUX IIOMEX U OrPAHUYCHUSA

Nmutnpyromue nomexu (MII) moryT co3maBarhest Ui IPOTHBOAEUCTBUS 0030py MPOCTPAHCTBA
(mns PJIC-0630pa) u HaBepeHnto paket (i crannuii HaBeneHus pakeT (CHP) u romoBok camonaBene-
aus (I'CH) paker). Metomst 3ammuTsl oT WUIT a1 3THX BapHaHTOB pa3IndIaroTCsl.
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Pacemorpum UII B mpuiioxkeHny K NpOTHUBOACHCTBUIO HaBeIeHUIO pakeThl Ha JIA. Ha puc. 1 npen-
CTaBJIEHbl OCHOBHBIE BAPUAHTHI HABEACHUS PAKeThl Ha caMoJIeT. /|1 cOKpallleHusl MaTeEMaTHIECKHX BbI-
KJaa0k orpannuumcs paccmorpenueM UII s pakets! ¢ aktusHOU I'CH, KoTOpBIE MPUMEHNMBI TaKKe
Juts ogHorno3urmonnon PJIC.

o —— g B ﬁ‘D‘
/%
7~
ol //

CHP u paketa CHP u pakeTa Paxera ¢ akTHBHOI
0e3 'CH ¢ maccuHoii 'CH I'CH

Puc. 1. OcHOBHBIC BapHaHTh! HABEICHHS PAKETHI HA CAMOJIET
Fig. 1. The main options for pointing a missile at an aircraft

Hmutupyromue noMexu MOXXHO XapaKTepHU30BaTh 110 MecTy (JOPMUPOBAHMS U U3IIyUCHHUs, a TAKXKE
10 YPOBHIO NPUOIMKEHUS K peallbHOMY OTpakeHHOMY curHaiy. [lo mecty dopMmupoBanus u usimyde-
nus UIT moryt popmupoBarscs:

— Ha Oopty JIA u u3nyuarscst 60pTOBBIMU aHTeHHaMU JIA. DTOT BapHuaHT siBisieTcs Hanbosee cra-
PBIM U pacpoCTPAHEHHBIM;

— Ha Oopty JIA, mepenaBarbcst Ha OYKCHPYEMYTO JIOBYIIKY M M3JIy9aThbcsl aHTEHHON OyKCHpyeMoi
JIOBYIIKH. DTOT BApUAHT UCIOJIB3YETCS JUIsl 3alUThl CAMOJICTOB,;

— Ha Oopty JIA, U3JIyyaThCsi B CTOPOHY AOTOJIHUTEIBHOTO MACCUBHOIO OTpaskaress (IOBEPXHOCTH
3eMJIM, 00J1aKa AUMOIBHBIX OTpaXkaTesell) u oTpaxarbcs B cropony PJIC sTHM AONONHUTEIBHBIM OTpa-
xareneM [1]. DToT BapuaHT BO3MOXKEH, HO OTPaHUYNBACTCSI HEOOXOAUMOCTHIO UMETh JOMOTHUTEIbHBIN
[IACCUBHBIN OTpaXkarellb;

— B JIOByIIKe (OyKCHPYEMOU HIIM OTCTPETUBAEMON) M U3TydaThCsl aHTEHHON OyKCHPYeMOW JIOBYIII-
KU. DTOT BapUaHT HAUMEHEE PEaMCTUYEH 13-3a OTPAHUUYEHHBIX BO3MOXKHOCTEH 110 peann3aluy IO0JIHO-
LIEHHOTO Pa3BeANPHUEMHHUKA HAa OOPTY HEIOPOTOi JIOBYLIKH.

[To ypoBHIO npuOIMXKeHUs K peaqbHOMY OoTpaxkeHHOMY curnainy WUIT MoxHO XapakTepu3oBarh clie-
JOYIOLIMM 00pa3zoM:

— TI0 HaNM4UI0 (IYKTYyaluid: He QIyKTYyUpyromue 1 QIIyKTyupyIoue 1o amrutyae u ¢gase. Cos-
pemennbie UIT 10MKHBI HIMETh MEKAyTIepHOIHbIE (UIYKTYalluy TI0 aMILTUTYAe (MMHUTAIMS I3MEHEHHN
s dexTuBHON oTpaxkatomei mopepxHocTH (DOII)) u dase (MMHUTAINS B3aUMHBIX TTEPEMEIICHUN dITe-
MEHTOB KOHCTpYKInH JIA);

— 10 (OPMHUPOBAHUIO JOMOIHUTEIFHOTO IOIUIEPOBCKOTO CIABUra 4acTOThI: 0e3 (HOpMHPOBAHHS
U ¢ GOpMHPOBAHHEM;

— 110 (hOPMHUPOBAHHIO MPOCTPAHCTBEHHON CTPYKTYPHI, COOTBETCTBYIoIIEH pasmepam JIA: 6e3 dop-
MUPOBaHUS B ¢ POPMUPOBAHUEM.

HMmuTanust mpocTpaHCTBEHHOUM CTPYKTYPHI Mpeinoaraet co3aanue pacnpenaenensoctu UIT o Bpe-
MEHHM 33€PKKU (JaTbHOCTH), 110 AOIUICPOBCKON YacTOTE (MMHUTALUS MOAYISLIMHA BUHTAMH, KOMIIpEC-
copaMu, TypOMHAaMH U MPOY.), B KAPTUHHOHN TUIOCKOCTH. MeHee CIIOXKHO, a, CIeA0BaTesIbHO, Ooiee pe-
IMCTUYHO, popMupoBanue pacnpeaenenHoctd NI mo BpeMeHH 3a1ep>KKU U AOIUIEPOBCKOM YacToTe.
MMuranyro pacpeeleHHOCTH B KAPTUHHOM TUIOCKOCTHU PEAN30BaTh CIIOKHEE, TaK Kak n3irydenue NUIT
0OBIYHO OCYIIECTBIISETCS OHON aHTEHHOH (PYTIOPHBIN N3Ty4yaTesib, aHTEHHAS PEIIeTKA).

Ha puc. 2 npencrasieHa WLTIOCTpaIUs TPATUITMOHHOTO BapuaHTa rmoctanoBku MII ¢ 6opra camo-
JieTa Mpy MHAMBUAYAJIbHOM 3aIIMTE OT arakyromie pakersl ¢ aktuBHOM ['CH. B sToM BapuaHTe Bce
npouenypsl (IpueM 3IEeKTPOMarHuTHOM BomHbel (OMB), mpeoOpasoBaHue 30HANUPYIOIIETO CUTHANA,
¢dhopmuposanue UII u uznyuenune UIT) ocymectristores Ha Oopty JIA. Hemocrarkom Takoro Bapu-
aHTa SIBJISICTCS pa3MellleHue Nepearlei anTeHHbl Ha 0opty JIA, uro nossomsier ['CH HaBoguThCs
Ha UCTOYHHK M3JIy49eHUs — caMoJIeT. JJoCTOMHCTBA JaHHOTO BapraHTa — YI0OCTBO peau3alii U OTCYT-
CTBHE JIOTIOJIHUTENIBHBIX BPEMEHHBIX 3a1EPiKEK.
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Boprosas nepenaromias
aHTCHHA

Arnmaparypa
- ol npeoOpaso BaHus
OMB umuTHpyomei P 30HAUPYIOLIETO CUTHAIA
MOMeXH 7~ n popmuposanns UIT

Boprosast npuemnas
aHTEHHA

OMB
3oraupoBanus ot ['CH

Puc. 2. Bapuant mocTaHOBKM UIMUTHPYIOIINX ITOMeX ¢ OopTa camomeTa
Fig. 2. Option for setting up simulating interference from an aircraft

Ha puc. 3 npezcraBiieHa WILTIOCTpAIKs APYroro BapuanTa 3amuTel — popmupoBanue UIT Ha 6opry
camoireta u moctanoBka MII ¢ Oykcupyemoii JioBymku. B 3ToM crocobe mpueM U mpeoOpa3zoBaHue
curHana, opmuposanue UII ocymectsisrorcs Ha 6opty JIA, a 3arem chopmuposannas WUIT mpeood-
pasyercss Ha HECYIIYIO0 4acTOTy ONTHYECKOTO JHMAara3oHa, M0 ONTOBOJOKOHHOMY KaOelto IMHOW Ly
nepeaaeTcst Ha OyKCHpYyeMyIo JIOBYILKY, IJie Tpeodpa3yeTcs Ha paJuodyacToTy, yCUIMBACTCS H U3Tyda-
€TCsl aHTEHHOM JIOBYLIKH. I[OCTOI/IHCTBO JAaHHOI'O BapraHTa — BBIHOC H3Hy‘-lalOHIeI71 AHTCHHBI 3a IPEACIIbI
JIA, a mpuHIUNIHATEHBIN HETOCTAaTOK — BHeceHue B V11 momomHuTeIbHOM 3aI€pKKU Ty IPU TIEpeIaue
CUTHaJa B ONTOBOJIOKOHHOM Kaleie. DTy 3aJepKKy MOXKHO OIIEHUTh, UCIIOIb3ys BhIpaKEeHNE!

= Lﬂ _ Lﬂ (6)

Trp >

Vo c

c
e v,, = —— — CKOpPOCTb pacnpocTpaneHus OMB B ontuueckoM kabene; 1, — KOIPPUIHEHT IpesioM-
n
oc
JICHUSI ONTHYECKOTO CepIeYHIKa KaOels.

Armnmaparypa
peoOpa3oBaHMs
30HUPYIOLIETO CUrHAIa
u popmupoBanust UI1

Bykcupyemasi JIoByI1IKa

~
OMB nmuTHpytomei & 7
IIOMEXH \
OMB \A/

BoproBas npuemHas

3onaupoBanus ot 'CH
aHTCHHA

Puc. 3. Bapuant ¢popMupoBaHUs IOMEXH Ha CAMOJIETE M TIOCTAHOBKH IIOMEXH C OYKCHPYEMOH JIOBYIIIKA
Fig. 3. Option for creating jamming on an airplane and setting up jamming from a towed decoy

Hampumep, st TumoBeIX 3Ha4eHUH Ly, = 150 M1 1, = 1,49 cKOpOCTh pacTipoCTpaHECHHSI U 3a0CPK-

Ka GyIyT COOTBETCTBEHHO PaBHBL: Vo, = 2,013 - 10® M/c u 14y, = 0,245 mkc. Takas 3aepiKKa ABIAETCS Cy-

LIECTBEHHOM U co3nacT npobiemy B 3auure JIA npu ucnons3oBanuy B ['CH npocThIX MpsIMOYTOIbHBIX
T

PaJIMOUMITYJIBCOB JUIMTENBHOCTBIO Ty < L2,

Moneab UMUTHPYIOUIUX MIOMeX B AKTHBHOI rOJI0BKe CAMOHABeIeHHs

[lepen paccMmorpennem marematudeckoil moxenu MII memnecoobpasHo ompenenuTh TEXHUYECKHE
BO3MOXKHOCTH OOpTOBOM ammaparypsl JIA, onpenemnstonue cnocod GopMUPOBaHUS TOTOTHUTEIBHOTO
JIOTUIEPOBCKOTO CABUATa A®, ;p TIO YACTOTE:

crocob | — Ha OCHOBE yIpaBJICHHs TIOUMITYJILCHOM 3aepxkkoit curHanoB UI1, kotopsiit aktiyec-
KM COOTBETCTBYET IPOLECCY MOABIEHHS TOIIEPOBCKOIO CIBHIA IO YaCTOTE B CHTHAJIE, OTPAKEHHOM
OT JABHMIKYILETOCS OOBEKTa;

croco0 2 — Ha OCHOBE YaCTOTHOTO MPe0Opa30BaHusl C UCIIOIB30BaHUEM OMIOPHOTO CUI'HAJA, YacTOTa
KOTOpPOTO CIBUHYTa Ha HEOOXonumoe 3HadeHHe Aw, ,p. Jas peannsanuu 3Toro crnocoba Tpedyercs
cunre3arop CBY-curuana ¢ yrnpaBieHHEM 4acTOTOM OT €IUHUIIL IO COTEH Tepil.

Ho nossnenus rexnoiorud DRFM (Digital Radio Frequency Memory) B moCTaHOBILIMKE KOT'€PEHT-
HBIX TIOMEX AJIS CO3JaHMsl JOTIOJHUTEIBHOTO JOIUIEPOBCKOTO CABHra 110 YaCTOTE HCIOIB30BAIINCEH JIAM-
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bl OeTyIIe BOJTHBI, B KOTOPHIX (ha30Bast MOAYIALNS 0OecIiednBanach MyTeM YIpaBIeHHS 3aJepPKKOH
ANMEKTPOHHOTO ToToKa (crocod 1). B rexnomornn DRFM croxkHO peanuzoBaTh criocod 1, mockomb-
Ky JUIsl 9TOTO TPeOyeTCs UCIHOJb30BaHUE YACTOTHI JUCKPETH3AIUU B JIECSITKU TUTarepil, Mpu KOTO-
poii obecrnieunBaercst TpeOyeMbli MHHHUMAJBHBI WHTEpBaJ MOMMITYJIHCHOTO BPEMEHHOTO CJBUTA
JUTST UMUTAIMN JTOTUIEPOBCKUX CIBUTOB B CAHTHMETPOBOM JHalla3oHe JUTMH BOJIH. [opasmo mporie
peann3oBarh crocod 2:

— cdopmupoBare UII 06e3 MOMOTHUTENEHOTO YAaCTOTHOTO CIBHTa Ha IPOMEKYTOYHOW YacTo-
e Up (1) exp[ian prt] ,tae Upp () —xommiekcsiii sakon mopynsn UIT. B atom curnase, cdop-
MHPOBAHHOM M3 MPHHSATOTO 30HAMPYIOIIETr0 CUTHAIIA, Y)KE COIEPIKUTCS TOTUIEPOBCKHUI CABHT 110 YacTOTE

%
HAa IIPHEM [y )5 = —7’, e v, — paguanbsHast ckopocTh JIA otHocuTensHO 'CH (¢ yuerom (4));

— copMHUPOBATH JOMOTHUTEIBLHBIN TOMJICPOBCKUN CABUT B CHT'HAJIe CHHTE3aTOPa TeTepOAMHHBIX
4acTOT, KOTOPBIN HCHoNb3yeTcst 1uist mpeodpazoBanus UIT Ha Hecymiyro yactoTy. DopMHUpyeMblii cUTHAT

CHHTe3aTropa UMeeT BUI U p(1)=Ey; p exp[i (Zn( Jo + My IP)t)], rie f; — OnopHas 4acToTa;
Ay p i ) )
Af, ds IP= —

aMIUINTyAa curaana (npumem Ey; ;=1 B);
— mpeoOpa3oBaTh HMHUTHUPYIOIIUE TOMEXM Ha HECYN[YI0 YacTOTy IyTeM MePEMHOKCHHUS

— JIONIOTHUTEIBHBIN JOIUIEPOBCKUI CIBHT; F; ;p —HECYIICCTBEHHAS 71 aHAIN3a

Upp N(t)exp[iZchprtJuG ;p(f) 1 yacTOTHON (PUIBTPALMM C BBIIEJIEHHUEM HCKOMOW MMUTHPYHOLIEH

nomexu up (1) = Up v (t)exp[z(Zn((fpr + o+ My p )t)} 3aMeTHM, YTO B IPUBEIECHHBIX BhIpaKe-
HHSX HE pACCMaTPUBAIOTCS HECYLIECTBEHHBIE IS aHAIN3a HauallbHbIe (Da3bl CHTHAIOB.

Paccmorpum tunosyto UII, koTopast He UMUTUPYET paCIpenEICHHYIO IPOCTPAHCTBEHHYIO CTPYK-
Typy JIA. Ee MaTemaruueckast MOzieib Ha BbIXoze aHTeHHbI akTuBHOU ['CH onuchiBaeTcs BbIpaskeHUEM

up(t)=Mp (t)exp[i(2nf0 (’ _(tr (1) + AL, pp (t))_rz Form —TTD)"' Pas_1p(D)+@ )]X
L1
X ZUO (’ =T, _(Zr (1)+ A, p (Z))_ Tz Form —t1D ), (7
1=0

rne M;p (t) =Ep (t)exp[i(p P (t)] — koMIuiekcHas orubaromas MII, Bkitouaromas 3akoHbl QIyKTyaruii
aMIUIUTYIel Ep (t) u dassl @,p(1); ¢, (t) — BpeMms pacupocTtpanenus OMB or I'CH no npuemHoi
OoproBoii anTeHHB! (Kopiyca JIA) u obparno B I'CH; Af, (t) — 3aKOH U3MEHEHMUS JIOTIOJIHUTEIIb-
HOM BPEMEHHOH 3aJiep’KKU 3aKOHA MOIYJISAIMHU 30HAupyronero curHana B cocrase UII; ¢4 p(7) —
3akoH (azoBoit mopymsanuu MII st uMUTAIMU TOMOIHUTENBHOIO JOIUIEPOBCKOIO CIBUra IO 4acTo-

Qg 1p(1) N
Te A®y ;p(f) =——} T4 ppm — BPEMS 33JE€PKKHU IPHHATOTO 30HIUPYIOIIETO CUTHAJIA B OOPTOBOM
- t

anrmaparype npeoOpa3oBaHus 30HIUPYIOIIETo curHana u ¢popmuposanus UII.

Bripaxenwne (7) sBisieTcst 0O0INUM IJT BAPHAHTOB, IPEACTABICHHBIX HA pUC. 2, 3, MPUYEM ISl BapH-
aHTa Ha pHc. 2 3aJepKKa Ty, = 0. LlenecooOpazHoO aKIIEeHTHPOBATh BHUMAHUE HA TOM, YTO JUI paccMaT-
puBaemoro crocoda popmuposanus UI1 B popmyne (7) cocrapusrontyto At ;p (t) B OKCIIOHEHIUAJIb-
HOM COMHOKUTEJIE MOXKHO UCKJIIOUUTD WJIH I10JIaraTh 3HaueHue Af, ,p (t) B TEUECHHE MHTEPBAJIA HAGITIO-
nenus T, = LT, MpakTHHeCKH HEM3MEHHBIM, TaK KaK JoObIe U3MEHEHUs Af, jp (l) B 3TOM MHTEpBAJe
BBI30BYT COOTBETCTBYIOIIYIO (ha30BYI0 MOYISAINIO, KOTOPasi, BO3MOXKHO, SBIISIETCS HEXEIaTeIbHOM.
B cBsi31 ¢ 3TUM HEOOXOIUMO OTMETHTH, YTO (POPMUPOBAHKE OTIOPHOTO CUTHAJIA U CO3/IaHIE BPEMEHHBIX
c/IBUTOB 3akoHa Monysinuu MII B mocTaHOBIIMKE OMEX SIBISIOTCS B OOIIEM Cllyyae He3aBUCHMBIMHU
MIPOIIECCaMH.

Nmutupytomas nomexa B I'CH mocne npeoOpasoBaHus Ha BHACOYACTOTY BHIA Up g, (t) =
=up (t)ug (¢) (mo ananoruu ¢ (2)) mpencTapIseTCs BRIpAKEHUEM

Up Re (t)=Mp (f)exp[i(2nf0 (_(tr (1)+ At p (t)) =12 Form — V1D ) + Qg )+ )} X

Ll
X ZUO (Z =T, _(lr (t)+At p (l))_TZ Form ~ YD ) (®)
1=0
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Pacemorpum UII, koTOpas UMUTHUPYET pacipeieICHHYIO IPOCTPAaHCTBEHHYIO CTPYKTYypy JIA. Takas
1oMexa IpeJcTaBlIseT co00i CyMMy U3 B, CHUTHAJIOB, MMUTHUPYIOLIMX OTPAXKEHHs OT JIETATeIbHOIO
anmapara, Ha KopIlyce KOTOporo umeercst B, obnacreil nokaabHOro oTpaxeHus. Maremaruueckas Mo-
JIellb CUTHAJIA, IMATHPYIOLIETO h-10 001aCTh JIOKAJTLHOTO OTPaXKEHUsI, Ha BBIXO/IE TPUEMHON aHTEHHBI
PJIC onmcriBaeTcs BbIpaXeHHEM

wp 1 (6,6)=Mp(t, b ZUO(t—lT —(t,(t)+ At (1, B)) =1, Form—TTD)X

xexp[i(%‘cfo (t_(tr (t)+A (2 b))_TZ Form _TTD)+(Pds_IP(t)+(PO)j|7 ©)

e Mp(t, b)=Epp(t, b)exp|iop(t, b)] — xommiekcras ornGaromas b-it cocrapustomeit UIT, Briroua-
ol1as 3aKoHb! (UIyKTyaluuil aMmurynel Ep (t, b) bas3sl (2, b); A, ;p (t, b)— 3aKOH M3MEHEHUS
JIOTIONTHUTENTFHOW BPEMEHHOHN 3a/Iep’KKH 3aKOHA MOIYIISIIIAY 30HAMPYIONIEro CUTHajia Jjs b-ii cocTas-
nsirowedt UIT.

Hcnonp3oBaHue KOMILIEKCHOM orubatomeit M p (t, b) MOXeT OBITh KAK MUHUMYM B TPEX BapHaHTaX:

BapuaHT | —MHANBUAYalIbHBIC (PIyKTyalluu A7l KaX10H cocTaBisioiel c HomepoM b =1; B), He uc-
HOJB3YIOTCS, a MPUMEHseTCs 00las UMHUTAIUs (QIyKTyaluil B BUIe oOlIero coMHoxurens M, (t)
CYMMBI COCTaBIISIONIUX. Takol BApUAHT SIBIISICTCS PAllHOHATILHBIM;

BapUaHT 2 — MHIUBUAyaJbHbIC (UIYKTYaIl[Md WCIONB3YIOTCS JIJISl OJHOW COCTAaBJISIOIICH ¢ HOMe-
pom b =b,,. B 310ii cocTapisIoNIel CO3AaeTCs PeryIsapHas IOMMITYJIbCHAsI aMILTUTYIHO-(ha3oBast MK
TOJIBKO aMIUINTYIHAas ((OPMHUPOBAHME CYLIECTBEHHO Hpole) Moayasiuus M p (t,bM ), AMHTHPYIOTIAS
OTpaKEHUS OT BPAINAIOINXCS AJIEMEHTOB JIBUTATEILHON YCTAaHOBKH (OT BHHTOB, KOMITPECCOPOB, Typ-
6un). Kpome Toro, mpumeHsiercs oouas UMuTanus (Grykryamuii B Buae o0Iero coMmHoxurens M p (t)
CYMMbI COCTaBJISIFOIIMX. Takol BapuaHT SBJISETCS pallMOHAJIBHBIM U 00JaJacT pacIIMPESHHBIMU BO3-
MOXKHOCTSIMH (0O€cTIedrBacT MMHUTAIINIO HHANBUAYATHHBIX pU3HAKOB JIA);

BapHaHT 3 — WHAWBHIyaJbHBIE (DITYKTyalliu CO3/TAIOTCSA HE3aBUCHMO JUIS KaKJOW COCTABIISIOINIEH,

T. €. UCIIOJB3YIOTCA MHOXKHTENU M ;p (t, b), b=1;B,p. Taxoii BapHaHT SBIAETCSA HEPALMOHAIBHBIM.
O6o001eHHoe BbIpakeHue Jisi MaTreMarndeckord monenu MII, umutHpyromei npocTpaHCTBEHHO
pacnpeneneHHbIN 00beKT, Ha Bbixoze npuemHoil anteHHs! I'CH (PJIC) nmeet Bun

Bip L-1
upp (1) = ;M,P (t, b)g;Uo (=17, = (6, (1) + 8,1 (£ 8)) =T o =T ) ¥

xexp[i(znfo (t ~(t,(£)+ At 1o (1)) =T pom — T ) + 04 p(1)+ 9 )} (10)

U3 (10) MoXkHO mOMy4YuTh O0Jiee PALMOHAIBHOE BBIPAKCHUE, KOTOPOE OCHOBAHO HA CIIECAYIOLICM:
UHIUBUIyallbHbIe (IyKTyalluu UCIONb3YIOTCS TOIBKO Ul OJHOM COCTaBIAIOLIEH ¢ HOMepoM b =b,,
JlanHas cocTaBisIoNIasi UMUTHPYET BTOPUYHYIO MOIYIISALIUIO [5] OTPaKEHHOT0 curHazia. s 3roro Mo-

JyJISIEsL IOJDKHA OBITh MOMMITY/IbCHAs, T. €. M p(2,b), ZEIP t—IT,, by, )exp[ig;p(t—IT,, by,)]

C y4eToM CII0XKHOCTH pealn3alun CHprOHHOﬁ (1)3301301/1 MOIlyJ'DlIII/H/I MO>KHO OIPaHUYUTHCS AMIUIATY/-

HOU MOAyNALMEN, Tpu KoTopold M ,P t by ZE IP t—=IT., by, ) [TockonbKy OpOCTPaHCTBEHHO pac-

NPE/ICICHHBII IMUTHPYEMBIH OOBEKT 10JIKCH I[BI/IFaTBC}I KaK e[MHOE LIeJI0€, JOMOIHATEIbHBIC 3a1ePK-
ki At, (2, b), b=1;Bp, npeobpasyrorcs K Bugy Al ;p(t,b)=At, 4 At (1) + 8, p(t,b),b=1;Bp,
e At, ;p(f) — cpenHee 3HauCHHE NONONHUTENBHON 3a1epXKKH; 8f, ,p(¢, b) — HONONHUTENbHAS HH-
TUBHTyaJIbHAS 3aIepKKa AT b- COCTaBIISIOMICH.

®opMHUpOBaHHE MHAMBHAYalbHBIX CMELICHUH Of, p (1,b), b=1;B,p, KOTOpBIC HMHTHPYIOT
B3aUMHBIE IMepeMeNIeHNsI 00IacTeil oTpakeHHs B IPOCTPAHCTBE, CPABHUTEIBHO cioxHoe. [Toaro-
My OoJiee palnMOHATHHBIM BAPHUAHTOM SIBISICTCS (DOPMHUpPOBAHWE NOMOJHUTEIHHONU 3aICPKKH B BHIIC
At p (t,b)= At p (1)+ ot, ip (b), b=1;B,, tne ot, p (b) — mHAMBHIYyalbHAS OTHOCHTC/IBHAS
3az1epkKa Juts b-if cocrapistomeid. C y4eToM 3TOro MareMaTH4ecKylo Mojeib parronansaon UIT, mmu-
THpYIOLIE IPOCTPAHCTBEHHO PaCHPENEICHHYIO CTPYKTYpY JIA, MOXKHO IPEACTaBUTH B BUJE
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Bip

upp (1 Z Mp(t,0) Z O(t_lTr_(tr(t)+AtrilP(t)-'-StrilP(b))_TZForm_ITD)X

b#by, =1

(
xexp[ (2nf0(t (l )+ A, IP( )+6tr71p (b))_TZ Form _TTD)+(pdslP(t)+(p0):|+

+M (1, by) Uo(t—lT, —(t,(t)+At,_,P(t)+8t,_,P(bM))—rZ Form —rTD)x
=

xexp[i(%cfo (t_(tr (t)+At p(0)+8 (bM))_Tz Form _TTD)+(pdsIP(t)+(p0):|' QY

N
._.

S

HNmutnpyrormiast momexa, onmucbiBaeMas BeipakeaueM (11), mocie mpeodpazosanmst B 'CH Ha Bume-
0YaCTOTY MPEJICTABISIETCS B CIACAYIOIEM BHJIE:
Bip  L—

wup () =Mp(1) ZUO(t 1T, (1, ())+ 8, (1) 48,1 (D)) =% pom = 10 )

betbyy=11=0

xexp[ (250 ({1 ()4 30, (1) 80,10 (5)) %2 o _TTD)deS,P(,)ﬂ .
+M[P t b lL_leO (I_ZT;’ _(tr (t)+m(t)+8tr_lf’ (bM ))_TZ Form _TTD)X

xexp[ (275fo( t t+Atrj(t)+61rilP(bM))_TZForm_TTD)+(PdS,IP(t)):|' (12)

3ak/oueHue

1. JleTanpHOE pacCMOTPEHUE MaTeMaTH4ecKON MOZAEIN OTPAKEHHOI'O CUTHajla aKkTyajbHO B JABYX
OCHOBHBIX TPUIOKEHUAX:

— CeJIeKIIMs JIETaTeNIbHOTO arfmapara Ha (JOHe MHOTOKPAaTHBIX HIMUTHPYIOIINX TTOMEX;

— CO3/1aH1E UMUTHUPYIOLINX [TIOMEX, CTPYKTypa U apaMeTpbl KOTOPBIX MAKCUMAaJIbHO MPHOJIMKAOT-
Csl K CTPYKTYpe U apaMeTpaM CUTHajla, OTPa)KeHHOTO OT JIETATeJIbHOTO armnapara.

2. Texnonmorus DRFM oOecrieunBaeT MaKCUMaJbHOE NPUOIMKEHHUE WMHUTHPYIOIIAX ITOMEX
10 CTPYKTYpPE U MapaMeTpaM K pealbHOMY CUTHaIly, OTpa)kKeHHOMY OT JIeTaTeJIbHOoro anmnapara. OaHako
BCEr/]a UMEIOTCs TEXHIUUECKHUE OIpaHIYEHUs, CBSI3aHHBIE C OBICTPOAEHCTBUEM U TPOU3BOIUTENEHOCTHIO
(B maHHOM ciTy4ae — co CII0COOHOCTHIO BHITIOJIHATE OJTHOBpEMEHHOE (POPMHUPOBaHNE UMUTHPYIONIUX 10~
MeX) arnmaparypsl OpMUPOBAHIS IMUTHPYIOIINX MTOMEX Ha OCHOBE TeXHOIOruu DRFM.

3. PazpabGoranHble MOzENN HMUTHPYIOIINX ITIOMEX SIBJISIIOTCSI OCHOBOM JJIs1 CUCTEMHOTO MPECTAaB-
neHuss 00 ux GopMupoBaHuu. Takoe mMpencTaBiIeHUE MO3BOIAET Pa3pabdOTUUKY PaJAnOIOKALMOHHBIX
CTaHIMH MPaBWJIBHO OMPEENINUTh MOAXOABI K 3allUTe OT UMHUTHUPYIOUIUX MMOMEX M MPUHATH COOTBET-
CTBYIOIILIEE TEXHUUECKOE pellieHHe, 00eCIeYrBaloliee 3aluTy OT HUX.

4. TTockoIBpKY MTOCTAHOBIIMKH IMUTHPYIOIIMX TIOMEX OPUEHTHPOBAHBI HA TIOJ[ABIIEHUE KJIACCOB pa-
JMOJIOKALIMOHHBIX CTAaHIMH (paluoiIOKallMOHHbBIE CTAaHLUHM 0030pa, paaAHOJOKALMOHHbIE CTAaHIIUN Ha-
BEICHUS OPY>KHsI, TOJIOBKH CaMOHaBeIeHHs), (GopMUpOBaHNE HMUTHPYIOIIMX [TOMEX MpearnoiaraeT He-
KOTOPYIO YHUBEPCAIBHOCTb, KOTOpasi BEJIET K ONPEAEIEHHBIM YIPOIIeHUs M. FIMEHHO 3TH ynpolueHus,
BO3HHKAIOIIHE KaK CJIEJCTBUE YHUBEPCAILHOCTH B OCTPOSHUU U (DYHKIIMOHMPOBaHUH (popMUpOBaTE-
JIeH TIoMeX, JTOJDKCH MCIONIb30BaTh Pa3paboTYMK KOHKPETHOH PaaHONOKAMOHHON CTaHIIUH JUISI €€ 3a-
mUTel. B 9acTHOCTH, MMPOKKUH NPOCTOP B 3aLIUTE PAAMOJOKAMOHHBIX CTAHLUN OT UMHUTHPYIOLIUX
[IOMEX OTKPHIBAIOT JMHAMHYHOE YIIPABJICHUE MapaMeTpaMH 30HAMPYIOIIMX CUTHAIOB M 00paldoTka
MIPUHSATOTO CUTHAJIA ¢ 00eCIIeUeHUEM CBEpXpa3peLICHHs 10 KOOpAWHATE WIIH MTapaMeTpy CUr'HajIa.
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AnHoTanust. [lokazaHO NMpUMEHEHHNE aJaNTHBHBIX METOJOB OOpPaOOTKM MPUHMMAEMOTO CHUTHaia misi (Gopmu-
POBaHUS PAJANOIOKAIIMOHHOIO M300paXKEHHs MOANOBEPXHOCTHBIX CIOEB 30HMPYEMOrO y4acTKa IOBEPXHOCTH.
OmnucaHa CTpyKTypHas CXeMa PaguoJIoKaTopa MNOAIOBEPXHOCTHOTO 30HAUPOBAHMSI, UCIIOIB3YyEMOTO AT HEpa3py-
mratoriero KoHTposs. [IpeacTaBieHs! pe3ynbTaTbl MOACINPOBAHMS U SKCTIEPUMEHTAIBHBIX HccaenoBanuii. Mx mc-
HOJIb30BAHME MO3BOJIAET Pa3paboTaTh PaJHoOKaTOp HMOIIOBEPXHOCTHOTO 30HIMPOBAHUS, 00IamaroIuid BO3-
MOYKHOCTBIO 3()()EKTUBHO BBISBIISATH CKPHIThIC OOBEKTH B OCTOHHBIX CTEHAX, a TAKXKEe OOHAPYXMBATh TPELINHBI,
ITyCTOTHI ¥ 1e(EKTHI B CTEHAX 3AaHUH W COOPYXKEHHH, CHEXHBIC 3aBaJIbl M JIABHHBI, TOA3EMHBIC KOMMYHUKAIINH
U OpraHMYeCKHUe TeNa B TPyHTE.

KirodeBble cji0Ba: paanoioKaTtop IMOAIOBEPXHOCTHOTO 30HIMPOBAHMSA, OOHAPYKEHHE CKPBITHIX OOBEKTOB,
panroNOKalMOHHOE N300paKeHNE, a/IalITUBHBIE METOBI 00Pa0OTKH.

Kongaukt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBUHU KOH(INKTAa HHTEPECOB.

Jisi uMTHPOBaHUs. AHAJIM3 METOIOB CBEPXPa3pelleHHUs] IPUMEHHUTENIBHO K PaIHOJIOKATOPY MOANOBEPXHOCTHOTO
30H/IMPOBAHMS Il OOHAPYKEHUS CKPBHITHIX 006ekTOB / A. B. I'prakeBnd [u ap.] // Joxmagsr BI'YUP. 2024. T. 22,
Ne 3. C. 61-68. http://dx.doi.org/10.35596/1729-7648-2024-22-3-61-68.

ANALYSIS OF SUPERRESOLUTION METHODS IN THE APPLICATION
TO THE SUBSURFACE SOUNDING RADAR FOR DETECTING HIDDEN OBJECTS
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Abstract. Adaptive methods have been developed for generating a radar image of a probed surface area. A block
diagram of a subsurface sounding radar is described. The results of modeling and experimental studies are pre-
sented. Their use makes it possible to develop a subsurface sensing radar capable of effectively identifying hidden
objects in concrete walls, as well as detecting cracks, voids and defects in the walls of buildings and structures,
snow debris and avalanches, underground communications and organic bodies in the ground.

Keywords: subsurface sounding radar, detection of hidden objects, radar image, adaptive processing methods.
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BBenenune

Ceronns kak B Mupe, Tak u B Pecriyonuke benapyce, akTyanbHOH 3a1a4eii SiBiseTcst HEOOXOAUMOCTh
oOHapykeHHsI 0OBbEKTOB B TPYHTE U B CT€HaX 3JaHHi (COOpyKeHuit). B HacTos1ee BpeMst He CyIIecTBY-
€T eIUHOTO YHHBEPCAIBLHOTO MOAXO0/a, MO3BOJISIOIIETO C BBICOKOW d((EKTHBHOCTHIO OOHAPYKUBATH
U Kllaccu(UIMPOBATh CKPBIThIe 00BEKTH. BMecTe ¢ TeM MpoBeIeHHbIEC paHee CcCiIeJ0BaHHs TTOKa3bIBa-
10T 3 HEeKTHBHOCTH MPUMEHEHHS PAIMOIOKAIIMOHHBIX METO/IOB 30HAMpoBaHus [ 1-5]. [ToaTomy B cTarke
paccMaTpHuBaeTCsl paAnoIOKaToOp MOAIIOBEPXHOCTHOTO 30HAUPOBAHUS C HENIPEPBIBHBIM 30HIUPYIOLINM
CUTHAJIOM, PEaIM3YIOIINI YaCTOTHBIM METOA U3MEPEHUS PACCTOSIHUSA, TOCKOJIbKY HEIPEPbIBHBIN 30HU-
pyrowmuii curHan (¢ auHeHHON yacToTHOM Moayssiuuu (JIYM) mim ¢ TMCKpeTHOH MepecTporKoil yacTo-
o1 (JII1Y1)) npumensiercst At GopMUpOBaHUsI OMHOMEPHOTO PaIHOJIOKAIIMOHHOTO H300pasKeHHUSI.

Ipunuun ¢popMupoBaHUA OJHOMEPHOTO PATHOJIOKALMOHHOI0 H300paKeHUs
30HAUPYEMOT0 Y4aCTKA MOBEPXHOCTH

Pabora paauonokaropa MmoJIOBEPXHOCTHOTO 30HAMPOBAHUS OCHOBaHA Ha TPUHIUIIEC OTPAKEHUS
ANEKTPOMATHUTHOTO M3IIYYCHHsI OT TPAHUI] CJIOEB C PA3IUYHBIMU 3HAUYCHUSIMU ITUAICKTPUUECKOHN TPo-
HHIIAeMOCTH. AMIUTUTYIA U (haza OTPaKEHHOTO CHTHAJa 3aBUCAT OT Koddummenta oTpakeHus R;, KO-
TOPBIN OTIPENENSIeTCS CIEAYIONUM BhIpakeHHeM [2]:

PR )
e e

TJIE €; — JUAICKTPUICCKasl IPOHUIIAEMOCTB i-T0 CJIOS (OTPaKAOIIEH TOBEPXHOCTH); €; | — IUAIICKTPHUEC-
Kast MPOHHUIIAEMOCTh (i — 1)-T0 cIos.

Pa3pematomas crrocoOHOCTH MO MaTbHOCTH (TTyOHUHE) OTIPeeIIeTCsI IMMMPHUHOM CIIEKTpa 30HIUPYTO-
IEeT0 CUTHAA

C.
r=——, 2)
2Af

rjae Af — MUpUHA CIIEKTPa 30HAUPYIOLIETO CUTHAJA; ¢; — CKOPOCTh PAaCIPOCTPAHEHUS HIEKTPOMArHUT-
HOM BOJIHBI B i-M CJIO€, 3aBUCSIIAs OT €€ AMAICKTPUIESCKON TIPOHUIIAEMOCTH:

¢ =— 3)

€ — CKOPOCTb PacCIpOCTPaHEHUS SJIEKTPOMAarHUTHON BOJIHBI B BAKyyME.

Jst oOHapyKeHUsI U pa3pelIeHus] MajJopa3MEPHbIX CKPBITHIX 00BEKTOB HEOOXOIUMO HMPUMEHSTh
LIMPOKOIIOJIOCHBIE CUTHAJIBI, II03BOJISIFOILUE TTOJyYHTh BBICOKOE paspelieHue 1o ryonne. OauH u3 Ta-
KX cur"anos — J[ITY-curnan, KOTOpbIif COCTOUT U3 COBOKYITHOCTH MPUMBIKAIOIIUX APYT K IPYyTy UM-
MyJbCOB C pa3HOI Hecylel yactoTol. 3akoHoM Moxyssiiuu JITY-curnana sinsercs cienyroliee Bbl-
pakeHue

N .
X (£)=Y8(t—nT)e ™), )

n=0

L [{|<T/2
0 |t|| T/ 2; N — xonuuectBo nuckpeToB JITU-curHana; n — MOpsAKOBBI HOMEp JUCKPETa;
, |t]>

T — nauTenbHOCTD AUCKpeTa; Of = f, — f,_, — Llar 10 4acToTe.
[TpunsTHI curHan OyneT UMeTh BUA

rme 3=

L N
y(t) = Zal Z S(t -nT -3, )eﬂ“s‘f"(’*ﬂ*s’)ejznf"(mﬂs’) + N(t) +N, (t), 5)
=1 n=-N

e a; — aMIUINTY[a OTPaXEHHOI'0 CUTHaJIa OT /-H OTpaskarolied OBEPXHOCTH C Y4E€TOM KO3 uLueH-
TOB OTPaKEHMS U OCNAOIEHUs] CUI'Haja NP PaclpoOCTPaHEHUU B MPSIMOM U OOPaTHOM HampaBlICHH-
aX; O, =21, /c, — BpeMs 3ama3/iblBaHUs CUTHANA OT /-i OTpa)<arollell MOBEPXHOCTH; 7; — PACCTOSIHUE
oT (a30BOro LIEHTpa aHTEHHBI J10 /-1 OTpaXkarolel NOBEPXHOCTH; fy — Hecyas yacrora BU-koneba-
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Hust; N(¢) — momexa, 00yCIIOBJIEHHAs «IIPOCAYMBAHMEM» 30HIUPYIOIIETO CUTHAIA B IPUEMHBIH TPAKT;
Ny(f) — BHyTpEHHHE IIYMBI KaHATIOB TIPHUEMA.

[Mony4eHue OHOMEPHOTO PAIMOIOKAIIMOHHOTO H300pakeHMsI OCHOBAHO Ha OICHKE BPEMEHH 3a-
JICPYKKU OTPAKEHHOT'O CUrHaa §;, KOTOPOe onpeesisieT NyOuHy (JaabHOCTh) JI0 [-if oTpakarole mo-
BEPXHOCTH.

Kuaacenuecknii meron popMupoBaHNsI OJTHOMEPHOI0 PAIMOJOKALMOHHOI0 U300paskeHus!

Krnaccnuecknii MmeTos1 mpe/nonaraeT mepeMHOKEeHHE IPUHSATOTO W OTIOPHOTO CHTHAJIOB € TIOCIIEyIO-
MM BBITIONTHEHHEM TTpeoOpazoBanus Dypre. Pesynbsrarom Takoro mpeoOpa3oBaHUs SBISETCS OIXHOMED-
HOE PaIOIOKAIMOHHOE N300paKeHNE TIOAIMTOBEPXHOCTHBIX CJIOEB 00Iy4aeMOro y4acTka TOBEPXHOCTH

0

P(f)=|[u(t)e > di, (6)

—o0
rae u(t) — PE3YJbTaT MEPEMHOKCHUA MPUHATOIO W OIMOPHOI0 CUTHAJIOB, KOTOprﬁ OIIpeACIACTCA

N
wak u(t)=y(t)x, (¢); x, (1) =D 9(¢ - nT)e”zn[j%Jr&fn]U_nT) — OTIOPHBIN CUTHAJL
n=0
TTonoxkeHne MaKCHMyMa Ha OCH 9acTOT f TIOJy4EHHOTO OXHOMEPHOTO PaTHONOKALIHOHHOTO H300pa-

JKSHHS XapaKTepU3yeT Pa3HOCTHYIO YaCTOTy [, KOTOpas MPsiMO MPONOPIIMOHAIBHA BPEMEHHU 3aria3bl-
BaHUs OTPAKEHHOTO CHTHAJIA U OTIPEJICIIICTCS BhIpaKeHUEM [4, 5]

~  OfNY,

/= Ts (7

0
e 0; — BpeMs 3aIa3/IbIBaHusI CUTHAJA, OTPAXKCHHOTO OT /-if OTpakarolieil moBepxHOCTH; 1| — JITUTEIb-
HOCTb 30HMPYIOLIETO CUTHAA.
B MaTpuyHOM BUjE KJIACCHUCCKHH aaropuT™ (pOPMUPOBAHUS OJHOMEPHOTO PajMOJOKALIMOHHOIO

M300paKEHNUS 3aIMUCHIBACTCS CISMYIONUM oopa3om [4, 5]:

P(£)=8"(1)®S(f), ®)
1
rae S ( I ) _| e 2:n8f - BEKTOP 0030pa M0 4acToTe, ONPEACIISIIOLINM /1-10 YaCTOTY HaOMIOACHUS;
exp(jZ;ESfNT)
H — onepanust 5pMHUTOBA CONPSIKEHNUS; ®= —iU KU;’ — OLICHKA KOPPEJISILIMOHHON MaTpPHUIIbI HA BbI-

k=1
xozie cmecutens; K — KoJIHuecTBO BpeMeHHBIX BEIO0poK; U — BekTop-cronber curnana u(t) [4, 5].
[Tepecuet B KOOpAMHATY TITYOUHBI #* OCYIIIECTBISICTCS TIPHU MOMOIIN BBIPAKEHUS

oSt ©9)
20fN
C yuerom (9) popmyna (8) B KoopAHHATAX TITYOUHBI IPUMET BUJ
13(r)=SH (r)(i)S(r). (10)

Boipaxkenue (10) onuchiBacT KJIACCUYECKHI MeTO7] (JOPMHUPOBAHUS PAIUOIOKAIIMOHHOTO M300pa-
JKCHUA.

®opmupoBaHne OTHOMEPHOTO PAMOJIOKAMOHHOT0 HU300paKeHUs

dopMHpOBaHNE OTHOMEPHOTO PaNOIOKAIMOHHOTO M300PaXEHHUS MOYKET OCYIIECTBIATHCS METO-
JTaM¥ MaKCHMAaJIBHOTO TIPaBIONOI00MS ¥ TEIIOBOTO IIyMa, a TaKyKe KOMOMHHPOBAHHBIM METOIOM.
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Memoo maxcumanoHo20 npagoonoooous

Meron mMakcumanbHoro npasnononoous (MMII) oGecrieunBaeT «cBepXpa3pereHne) KOppernupo-
BaHHBIX CHT'HAJIOB, OTPaKEHHBIX OT PAa3THYHBIX TOBEPXHOCTEH, TPUUYEM PE3yNbTaT OLICHKN ONPEACIISIeTCs
IlyTeM HAXOKIEHHUs BEKTOPA OMOPHOM 9acToThl A(f), IpH KOTOpoM pe3ynsTar oopaborku A f)YDA( 1)
AMeeT MaKCHUMaJbHYI0 MOIIHOCTh TIPH COOJIOCHHH CIIEAYIONIEro orpanndeHus [4, 5]:

AT (f)S(f)=1. (11)

CMBICTT 3TOTO OTpaHIYCHHUS 3aKII0YAETCS B TOM, YTOOBI CHTHAJI, COOTBETCTBYIOIINIT 4acTOTe HAOMIIO-
JICHUSI, IPOXO/IMIT Ha BBIXOJ YCTPOHWCTBAa 00paOOTKH HEHCKa)KeHHBIM, a CIIEKTPaIbHBIE COCTABIISAIONINE,
yAaJeHHBbIE OT YaCTOThl HAOIOACHHUS, PEXKEKTUPOBAINCh. BEIOOp BEeCOBOro BEeKTOpa OMOPHOM 4yacTo-
Tl A( f) UMeeT BHU]

_ 'S(f)
7 (f)@'s(f)

Yenoue (11) oOecrieunBaeT nojtydeHue ajaroputma HOPMUPOBAHUSI OJHOMEPHOTO PaIHOIOKAI[HOH-
HOTO M300pakeHUs 30HAUPyEeMOoTo ydacTka nosepxnoctn MMII [4, 5]

B (f)=18" (f)@'S(/)N". (13)

C yuerom (9) hopmysa (13) B koopiuHaTax mIyOUHBI TIPUMET BHT

P,(r)=[8" (r)®'S(r)I"" (14)

A(f) (12)

Bripaxenue (14) onuckiBaer ciocod (GopMUPOBAHHS OJHOMEPHOTO PaJUOIOKAIIMOHHOTO H300pa-
skennss MMIL.

Memoo mennosoeo wyma
JlaHHBIN METOJ OCHOBaH Ha aHAJIN3€ CBOWCTB COOCTBEHHOTO IIyMa Ha BBIXOJE CUCTEMBI U ONpeie-
JISIETCSL BEIpAKEHUEM [6]

By (f)=18" ()@ S(/)I". (15)

Omnuune MeTona TerioBoro myma or MMII cocTout B TOM, YTO 37I€Ch UCIOJIB3YEeTCsI OOpaTHas
OIICHKA KOPPEISIIIMOHHOM MaTpWIBl CUTHANaA, BO3BeJeHHAs B KBajpar. OleHKa pajHoOKalliOHHO-
TO M300paKEeHUs 10 METOMy TEIUIOBOTO IIyMa MMEET 0ojiee BHICOKYIO pa3pelIalonryio CIIOCOOHOCTS,
YeM OIIeHKa 110 METOy MaKCUMAaJIbHOTO TPaBAoNoao0us [6].

C yuerom (9) dpopmyna (15) B koopauHaTax riTyOHHBI IPUMET BUA

By (r)=[8" (r)®7S(r)1". (16)

Bripaxenne (16) onmceiBaeT cmocod GopMUPOBAaHUS OTHOMEPHOTO PaIHOIOKAITMOHHOTO M300pa-
JKCHUST METOJIOM TEIJIOBOTO IIyMa.

Kombunuposarnnuiii memoo
JlaHHbIil MeTO NpeAnoaaracT NEPEeMHOKEHUE PE3YAbTATOB, nonydeHHbIXx MMII u meTogom Temo-
BOTO IITyMa, M OTIMCHIBAETCS CIEIYIOIINM BBIPAKEHUEM:

B (f)=I8"(£)@'S(f)R" (/)R(/)I, (17)
e li(f) =qA)_1S(f).

C yuerom (9) hopmyna (17) B koopauHaTax miTyOUHBI IPUMET BHT
B.(r)=[8" (r)®'S(r)R" (r)R(r)]"". (18)

Bripaxenne (18) onucsiBaeT KOMOMHUPOBAHHBIN METO/ (POPMUPOBAHHSI OTHOMEPHOTO PaHOIOKa-
IIHOHHOTO M300paKeHHUS.
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IpuHuun padéoTsl pagnoI0KaTOPa MOANOBEPXHOCTHOTO 30HIHPOBAHNS

[Mpunun paboTsl 3akirodaercss B cienytonieM. ChopMUPOBaHHBIA T€HEPATOPOM M YCHIICHHBIN
10 MOIITHOCTH 30HAMPYIONIMI CUTHAJ MOJAaeTCs Ha IEPEIAOIIYI0 aHTEHHY U U3Jy4aeTcs B IPOCTPAHCT-
BO. [IpuHATHII cUrHAN, SBJSIFOLIUICS COBOKYITHOCTBIO CUTHAJIOB, OTPAXKEHHBIX OT Pa3JIMYHBIX TOBEPX-
HOCTEM, U IIyMa, HOCTYIAeT Ha BXOJ IPUEMHOM aHTeHHBI. CMeCUTENb (IEPEMHOKHUTEND) IIEPEMHOKAET
OTIOPHBI M NPUHSTHIA CUTHAJBI M BBIJACT CUTHAI C Pa3HOCTHOM 4acToToil f. B Gnmoke oOpaboTku
(hopMHpOBaHHE OJHOMEPHOIO PAAUOIOKALMOHHOIO H300paK€HHS OCYLIECTBISAETCS KIACCHUECKUM
METOJIOM Ha OCHOBe IpeobpazoBanuii Dypwe, ¢ momonipio ObicTporo npeodpazoBanus Pypwe (BIID)
mpoleccopa Win OIHUM M3 aAalTHBHBIX METOIOB, PEAIN3yEeMbIX YCTPOMCTBOM aanTHBHON 00padboT-
KH. YCTpOICTBO alaTUBHON 00pabOTKH, pealn3yoliee METOA MaKCUMaIbHOTO IPaBIONOA00NS, METO
TETIOBOTO ITyMa, METOJl HETIOCPEACTBEHHOTO OIICHUBAHMSI BECOBOTO BEKTOpa M (MJIM) KOMOMHHUPOBaH-
HBIA METOA, N300pakeHO Ha puc. 1 cepbIM LIBETOM.

BJiok ynpaB/ieHHS

1 e
: Anep 1 Ilepemaromiee ycrpoiicTBo
1
= N
N : Vceunurenb Tenepatop [¢— | ccmmcmcmmme—aa L
" : (::| T| Mommoctn [¢— cTynendaroii |, ] 1
g YacTOTHI \ ' BIID H
: e e e oo o, i it o > AL [
J 1 1 1 TIp oreccop 1
N 1 1 H 1
= N o CMecHTelb 1 i
CKpBITBIH ::> YceuauTens P 1 ' !
IH31eK TPHYeCKHE (e peMHOXHTeNB) | | 1 — :
06BeKT : . i ! Baok Becosoit | !
N Amp ! IIpueMHoOe yCTpoiicTBO i ! 06paGoTKH ;
....................... ! T [
1 1
15| YcTpoicTBO !
] Becossle 1
1 | ananTuBHO¥M y
i 00paboT KA k03 duuHeHTH | |
1 1
1 1

Buaok o6padoTkn

YcerpoiictBo |
| orobpaxenns

Puc. 1. CrpykrypHas cxema paJrojoKaropa MOAINOBEPXHOCTHOTO 30HJMPOBAHHUS
C TUCKPETHOM MEepeCcTPOKOM YaCTOThI
Fig. 1. Structural diagram of a subsurface sounding radar with discrete frequency tuning

OnHOMEpHOE paAnOIOKAIMOHHOE H300paKeHHUE C BbIX0/1a 0J10Ka 00pabOTKH MOCTyHaeT Ha yCTPONCT-
BO 0TOOpaKeHUs AJIsl BU3yaIbHOTO HaOMI0AeHH onepaTtopoM. CHHXpOHM3aIMs pabOThI BCEX YCTPOICTB
paznuoI0KaTopa MOAIOBEPXHOCTHOIO 30HUPOBAHUS OCYILECTBIIACTCS OJI0OKOM yIIpaBJICHHUS.

AHajau3 MeTo10B ()OPMHUPOBAHUS OJHOMEPHOTO PAAHOJOKALMOHHOI0 U300PaKeHU s

Jl1 cpaBHUTEIHHOTO aHAJIM3a PACCMOTPEHHBIX METO/IOB, OMHMCHIBaeMbIX BeIpakeHusMHE (10), (14),
(16) m (18), mpoBeaeHO MOIETHPOBAHUE CUTYAITUH (OPMUPOBAHHS OMHOMEPHOTO PaTHOIOKAITHOHHO-
ro N300pa)XEHUsI CKPHITOTO IUAJICKTPUUECKOT0 OOBEKTa TOMIIMHON 15 ¢M, yCTAaHOBJIEHHOIO Ha TITy-
Ouny 25 cM B OETOHHYIO CTEHY, IPH PacloIOKEHHUH aHTEHHBI PaJHOoJIOKaTopa Ha paccTostHuu 10 cm
ot crenbl anst Af =4 I'Tn, Ty =2 mc, N = 256 (puc. 2). B npouecce MmoaenupoBaHust ObUTH MPUHSTHI
CIIEYIOIHE OTPAaHUYEHUS:

— JMarpamMMbl HaIllpaBJICHHOCTH Tiepelarolieil ¥ IPUEeMHOW aHTeHH COTTIACOBAHBI, AIEKTPOMATHUT-
HBIE BOJIHBI SIBJISIIOTCSI IJIOCKMMH M PAaCIIPOCTPAHSIOTCS MEPIEHANKYIISIPHO PaccMaTprUBaeMoOil MoBepX-
HOCTH;

— Mapa3uTHBIN CUTHAJ «IIPOCAYMBAHUSD) U3 TIepelatoleii B MPUEMHYIO aHTEHHY OTCYTCTBYeT [7];

— OTCYTCTBYIOT KpaeBbI€ BOJIHBI (OTpasKeHHsI OT OOKOBBIX IOBEPXHOCTEH CKPBITOTO OOBEKTA);

— IVIIEKTPHYECKasi TPOHUIIAEMOCTb CPEJIbl M CKPBITHIX 00BbEKTOB MOCTOSIHHA BO BCEH MOJIOCE YaCTOT.

Pesynbrarsl MOIEIMPOBAHUS MTOKA3BIBAIOT, YTO PACCMOTPEHHBIC aJlaITUBHBIE METONBI (OPMHUPO-
BaHMsI OJHOMEPHOI'O PaIUOJIOKallMOHHOTO M300pakeHHsl MO3BOJIIOT pa3peliaTsh [yOuHY U TOJIIIUHY
CKPBITOTO O0OBEKTa C JIyYIIHM KaueCTBOM, YeM KJIACCHYECKHH MeToA. Taxke TOCTOMHCTBOM aJalTHB-
HBIX METOJIOB SIBIISIETCS TO, YTO YPOBEHB OOKOBBIX JICTIECTKOB 3HAUYUTEIHHO HIDKE MO0 CPABHEHUIO C KJlac-
cruueckuM MeTooM. OJJHaKO ONMpeeNuTh HAJIMYME HECKOJIBKHX CJIOEB MO TIIyOMHE HEBO3MOXKHO, TO-
CKOJIbKY HX OoJiee cliadble CUTHAIBI Ha BBIXOJIE CUCTEMBI 00pa0OTKH MAaCKUPYIOTCSl OOKOBBIMU JICTIECT-
KaM¥ CHJIBHOTO CHT'HAJla OT CaMoil MOBEPXHOCTH.
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Puc. 2. HopmupoBaHHBIC ONTHOMEPHBIC PAHOIOKAIIMOHHBIC U300PaKCHHUS,
MOJTYYSHHBIE JUIsI CKPBITOTO JAMAIEKTPHYECKOTO 00bEeKTa B OETOHHOM CTEHE METOIAMHU:
a — KJIACCUUYECKUM; b — MAKCHMAJILHOTO [IPABIONOA00US; ¢ — TEIUIOBOTO IyMa; d — KOMOMHUPOBAHHBIM;
1,2, 3 — oTpaxkeHHUE OT HCCIleyeMOH, (PPOHTAIBLHOMN U THUTLHOM MOBEPXHOCTEH
CKPBITOTO TUANEKTPUUECKOTO 00BEKTa COOTBETCTBEHHO
Fig. 2. Normalized one-dimensional radar images, obtained for a hidden dielectric object
in a concrete wall using the following methods: a — classical; 5 — maximum likelihood; ¢ — thermal noise;
d — combined; 1, 2, 3 —reflection from the test, front and back surfaces hidden dielectric object, respectively

Pe3y.]'II)TaTLl IKCNIEPUMEHTAJIbHBIX I/ICCJ’[CZ[OBaHHﬁ

J1iist mOATBEPIK/ICHUSI OCHOBHBIX TIOJIOKEHHH, BBIJIBUHYTHIX MIPU Pa3paboTKe afalTHBHBIX METOOB
(hopMupoBaHUS OHOMEPHOTO PAAHOIIOKAIIMOHHOTO W300paskeHUs, TPOBEIH SKCIIEPUMEHTAIbBHbIE HC-
ciefioBaHus. B kauecTBe CKPBITOrO OOBEKTa MCIOJIB30BAIH MJIACTUKOBBIH KOPOO C IUAIEKTPHUUECKON
MPOHUIaeMOCThIO € = 3,1. OOBeKT ObUT yCTaHOBIIEH B OETOHHOM CTEHE C TUAJICKTPUUIECKON TPOHMIIae-
MOCTEIO € =4,5.

OCHOBOH 7151 IPOBECHUST SKCIIEPUMEHTOB MOCTY K MaKeT PaAHOIOKaTOpa MOAMOBEPXHOCTHOTO
30HIUPOBAHUS, BKIIOYAIONINA aHTCHHYIO CHCTEMY, BEKTOpHBIN aHamm3aTop crekrpa ES071B u mep-
COHAJILHYIO DJICKTPOHHO-BBIYUCIUTENbHYIO MammHy ([[9BM) ¢ MomensmMu mMeToqoB GhopMUpOBaHHS
PaJMOJIOKAIIMOHHOTO H300paxeHus (puc. 3). 30HAUPYIOLIMI curHam, npeacrapistonmit JAITU-curnan
C IMaIa30HOM IEePECTPOUKH JacToThl B mpeaenax 1-5 I'Tm, dopmuposancs B 6moke ES071B u mepe-
JIABAJICS Ha IEPEJaroNIy0 aHTeHHY, OTKy/a M3Iydaycs Ha UCCIeIyeMYr0 MOBepxXHOCTh. [lepenatomas
1 TIpHeMHas aHTeHHBI pa3Melnainch Ha paccTossHMM 10 cM oT uccrnexyemoii noBepxHoctu. Curhain,
TIPUHATHIA MPUEMHOIN aHTCHHOMN, TTOCTYIIa Ha BEKTOPHEIN aHanmm3atop crekTpa E5071B, xoTophrit yMm-
HOXaJl IPUHATHIA 1 ONOpHBINA curHaisl. [lomyuennslii curnan noctynan Ha [IDBM, roe oopabatsiBacs
[IPU TIOMOIIX Pa3pabOTaHHBIX MOJIEICH.

Ha puc. 4 moka3aHbl MOMMOBEPXHOCTHBIE MPOMMIA ydacTKa HCCIIeTyeMOi TOBEPXHOCTH TIPH TPO-
XOJI€ TIO MOJIOCE C YCTAHOBJICHHBIM Ha TIYOMHY 25 CM CKPBITHIM AMAIEKTPUYECKUM OOBEKTOM TOJNIIH-
HOM 15 cM mpH pacroioKeHHH aHTEHHBI pajnojoKaropa Ha paccrosHuu 10 cM OT mccieayeMoil mo-
BepxHoCTH uig Af =4 I'Tw, T, = 2 mc, N = 256 — uucno touek bI1O.

B noamoBepxHOCcTHOM mIpoduIiie, MOIyIeHHOM KIIACCHYECKHM CII0COO0M, TPYIHO OOHAPYKHUTH JIH-
LIEBYIO CTOPOHY CKPBITOIO 0OBEKTa, MOCKOJIBKY OHa MAacKHPYETCS MOLIHBIM CHUTHAJIOM, OTPa)KEHHBIM
OT TIOBEPXHOCTH 3€MJIM. A B TIOJAIIOBEPXHOCTHOM TNpoduIIe, MOJyYeHHOM IPH TIOMOIIU aJIalITHBHOTO
aNTOpUTMa, MOYKHO TOYHO OTIPEICTUTh ITyOHHY 3aJIeTaHusI U Ta0apUThI CKPBITOTO OOBEKTA.
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Puc. 3. Maket moAmoBepXHOCTHOTO panuoiokaropa: PI'TI — paaronokaninoHHBINA TITyOUHHBIH TOPTPET
Fig. 3. Layout of a subsurface radar: RGP — radar depth portrait

M 05 04 03 02 01 0 M 0,5 0,4 0,3 02 01 0
RE=0.1 -
'\, = )
r—=0,2
N 02
¥=
= (7= > ——0.3
e —
= 0.4 =—%—104
5 ?ﬁ - — A ———x{ "
) W | A m————ra T e T
=, = ¥ ===M
— 7 W == === ’
0,6 — 06
]
7 = 0.7
, = = T
=’,=:/J ,.—"—O,8 £ 7 E e
= A=~ 7 | "
\
n -
ObbekT ::sfbx O6wext nﬁgﬁ,ﬁx_

Puc. 4. [TonmoBepXHOCTHBIH MPodwIb (B BUIE CKaH-TMHUN) TIPX TIPOXOJIE IO TI0I0CE
C YCTAHOBJIEHHBIM Ha TITyOHHE 25 CM CKPBITHIM JHAIEKTPUUECKHUM 00BEKTOM TOJIIHHOM 15 cMm,
MOJTyYSHHBIH METOJIAMHU: d — KJIACCHYECKUM; b — HETMOCPEICTBEHHOTO OLEHNBAHMUS BECOBOTO BEKTOPa
Fig. 4. Subsurface profile (in the form of scan lines) when passing through a strip
with a hidden dielectric object 15 cm thick installed at a depth of 25 cm, obtained by the following methods:

3aKJIroueHue

a — classical; b — direct estimation of the weight vector

1. 1o pe3yaprataM MOJIENTMPOBAHUS U HKCIIEPUMEHTAIIBHBIX UCCIIEJOBAHUI YCTAaHOBJIEHO, YTO MOXK-
HO CYIIECTBEHHO MOBBICHTH Pa3pelIaloIyI0 CIIOCOOHOCTh MOAIIOBEPXHOCTHOTO palnoIoKaropa 100aB-
JICHUEM B HETO yCTPOMCTBA aJJaliTUBHON 00pabOTKHU, pean3yIoIero OANH 13 ONMCAHHBIX alTHBHBIX
METOAO0B. DTO CHIKAeT TPeOOBaHMS K IIUPUHE CTIEKTPa 30HAUPYIOIIETO CUTHAJA, aHTEHHO-(DUIepHOMY
TPaKTy, IPUEMHOMY U NEPEAAIOLIEMY YCTPONUCTBAM.
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2. Pe3ynbraThl MaTeMaTHUECKOTO MOACIMPOBAHMS TIOATBEPANIN, YTO IIPU HCIIOIb30BAaHUN aJalTHUB-
HBIX aJITOPUTMOB, B OTJIMYKE OT KJIACCHYECKOH 00paOOTKH, MOKHO C BHICOKOH TOYHOCTBIO ONPEICINUTh
IyOUHY YCTAaHOBKHU M Ta0apUThl CKPBITOrO 00BEKTa.
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Abstract. A simulation procedure for analyzing the electrical and optical characteristics of an AlIGaN/GaN inter-
subband quantum well middle-wavelength infrared photodetector is presented. The photoconductive gain spect-
rum was simulated by coupling the drift-diffusion and capture-escape models in the active region of the device
structure and by ignoring the contribution of radiative emission. It was shown that the photodetector at zero bias
is sensitive over a spectral range from 4 to 6 pm, with the peak absorption occurring at 4.64 um. The dependence
of the available photocurrent on both the wavelength and the angle of incidence of an unpolarized monochroma-
tic beam of light was also evaluated. An assessment of the dark current characteristics was estimated at various
temperatures.
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IKCIHVIYATAIMOHHBIE XAPAKTEPUCTUKH
NHOPAKPACHOI'O ®OTOJAETEKTOPA,
NCITOJVIB3Y IO EI'O MEXITIOA30HHBIE INTEPEXO/bI
B KBAHTOBbBIX AMAX HA OCHOBE HUTPUJIA TAJIJIUA
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Benopycckuii 2ocyoapcmeennulii yHugeepcumen uHGOPMAmuKu u paouod1eKmpoHuK
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Annoranus. [IpencraBieH MeToa MOAEIMPOBAHUS MIEKTPUUSCKUX M ONTHYECKHX XapaKTEpUCTUK MH(pakpac-
HOTo (hOTOAETEKTOPA, MCIIOIB3YIONIETO MEXKITO30HHBIE IIEPEX0/bl B KBAHTOBBIX sIMaX Ha OCHOBE T'€TEPOCTPYKTY-
pst AlIGaN/GaN. PaccunTan ciektp ko3ddunrenTta ycuiaeHus mpudopa, MoTydeHHBIA B Pe3yIbTaTe YUCICHHO-
T'O MOZICJIMPOBaHMs B paMKax AH((y3MoHHO-1peli(hOBOM MOEIN U MOJIEIH 3aXBaTa-paccachblBaHNsl HOCUTEIICH
C UTHOPMPOBAaHUEM BKJIaJia pajMallMOHHOM sMuccuu. [lokazaHo, 4TO TUana3oH MomniomeHus (HoToJeTekTopa
IIPU HYJIEBOM CMELICHUM HAaXOAMTCS B mpenenax oT 4 1o 6 MKM, IPU 3TOM MK ITOIVIOIICHHS HaOIIonaeTcs
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pu 4,64 mxMm. [IpousBeieH pacyeT 3aBUCUMOCTH JIOCTYITHOTO (DOTOTOKA OT JUIMHBI BOJHBI M yIJIa Ma/ICHHs He-
MOJISIPU30BAHHOTO MOHOXPOMATHUECKOTO CBETOBOTO Jiy4ya. BhINOIHEHA OI[EHKa TEMHOI'O TOKA MPH Pa3IU4HbIX
TeMIeparypax.

KuroueBble cioBa: nHppaKpacHOe U3ITydeHHE, KBAHTOBAS sIMa, MEXKITOI30HHBIN MEPexo, MOIEIUPOBaHHIE, MO-
JIeIb 3aXBaTa-paccachbiBaHuUs, HUTPUJ TAJJIMS, ONTHUECKOE YCUIICHNE, ONTOAJIEKTPOHUKA, TIoTIoneHue, Goroxe-
TEKTOP.

KonpaukT HHTEepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

BaaromapHocts. PaboTa BhinonHsIaCh B pamMkax 3aganus 1.4.4 [ocynapcTBEHHOMN MPOrpaMMbl HAYYHBIX HUCCIIC-
noBauuit «{udpoBeic 1 KOCMUYECKHE TEXHOJIOTHH, OE30MIaCHOCTh YEIIOBEKA, O0IIECTBA U TOCYIapCTBAY.

Jass nutupoBanusi. Bomuék, B. C. DkcruryatallMOHHBIC XapaKTEPUCTHKH HHGPAKpaCHOro (GoTomeTeKTopa,
HCIOJNB3YIONIET0 MEXKIIOI30HHbBIC IEePEeX0Ibl B KBAHTOBBIX siMaX Ha ocHoBe HuTpuma rawwms / B. C. Bomuék,
B. P. Cremnmxwii // Hoxiamsr BI'YUP. 2024. T. 22, Ne 3. C. 69-75. http://dx.doi.org/10.35596/1729-7648-2024-
22-3-69-75.

Introduction

The development of infrared optoelectronic devices has been progressing steadily for many decades.
Infrared photodetectors are now actively employed in many technologically important applications such
as night vision, thermal imaging, environmental sensing and space object detection. Early infrared pho-
todetectors were primarily fabricated from InSb and HgCdTe [1] and utilized intraband transitions. These
two materials are suitable for devices operating in the middle-wavelength regime, with wavelengths
in arange from 2 to 5 um. The long-wavelength regime can be accessed only by HgCdTe photodetectors,
as their energy levels can be adjusted to absorb electromagnetic radiation in a range from 1 to 30 pm.
Although this technology is considered well-established, poor material uniformity and low yield conti-
nue to be its major obstacles [2] on account of the naturally weak bond between mercury and tellurium
leading to various material instabilities. Moreover, the extreme toxicity of the constituent compounds
of HgCdTe photodetectors has recently become of growing concern [3]. These limiting factors provide
a strong motivation for exploring novel infrared technologies.

Quantum well infrared photodetectors (QWIPs) based on GaAs are promising optoelectronic devi-
ces due to the mature growth and processing technology. These photodetectors have demonstrated
consistent results in comparison with HgCdTe devices at low temperatures in the long- and very
long-wavelength regimes [4—6]. In later years, GaN technology has also been seen as a potential
candidate for developing QWIPs. Due to the large longitudinal optical phonon frequencies, GaN pho-
todetectors are capable to operate at terahertz frequencies that are fundamentally inaccessible to their
GaAs-based counterparts [7, 8].

The operation of QWIPs is based on the phenomenon of a quantum particle in a box. The geometry
and composition parameters for an alternate array of quantum wells and barriers can be set in such
a way that each well contains only one bound state and the sandwich-like device structure forms a super-
lattice with a quasi-continuum of extended states that carry finite momentum. Electrons from bound
states are excited by photons and transferred onto extended states where they generate a photocurrent.
The bound-to-extended state transitions are the basic absorption mechanism in QWIP systems and de-
termine both the photoconductive gain spectrum and the quantum efficiency. Among the most appealing
features of QWIPs is the possibility to tune the absorption spectrum by adjusting the thickness of quan-
tum wells and the alloy composition of barriers. However, a practical device structure should consist
of several tens of wells. This is quite challenging, since the ability to grow epitaxial films over large
thicknesses is still limited.

In this work, we present a simulation technique for analyzing the electrical and optical characte-
ristics of an AlGaN/GaN intersubband quantum well middle-wavelength infrared photodetector using
a well-known semiconductor device simulator.

Device structure

The two-dimensional AlGaN/GaN QWIP is schematically drawn in Fig. 1. The active region
of the device structure is composed of alternate GaN quantum wells and wide band gap Al ;Ga, ¢;N bar-
riers. Each well is doped with a donor concentration of 5 - 10'° cm™, while each barrier, which should
ideally be intrinsic, are realistically doped with a donor concentration of 1 - 10'° cm™. The quantum
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well thickness is equal to 3 nm, a value determined by reducing the thickness until only one bound state
is available. A reasonably large thickness of 0.1 um is chosen for the barriers to decrease the interac-
tion between the bound states in adjacent quantum wells, thus allowing to regard them as independent
of each other. The top and bottom contact regions — emitter and collector, respectively — complete
the device structure and are mainly added to bias the active region. The thickness of each contact region
is 0.1 pm. The emitter is doped with a donor concentration of 1 - 10'® cm=, while a donor concentration
of 1 - 10" ¢cm™ is introduced to the collector. The width of the device structure is 0.2 pm.

Fig. 1. Device structure

The spatial distribution of both the conduction band edge and the electron quasi-Fermi level
of the QWIP at a bias voltage of 0.4 V is shown in Fig 2, a. The bound states that play the role of the ini-
tial states for electrons in each quantum well are presented in Fig. 2, 5. The affinity values are set in ac-
cordance with the 0.7 rule [9].
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Fig. 2. Band diagram: a — conduction band edge and electron quasi-Fermi level;
b — electron bound state wavefunctions

Since electron bound states oscillate with high magnitude, a mesh resolution of at least one tenth
of a micrometer is required to accurately depict their wavefunction profiles. Under such strict condi-
tions, simulation time becomes limited by computational capability. For that reason, instead of simula-
ting the full device structure consisting of several tens of quantum wells, we reduced the active region
to only three wells. This is utterly reasonable, assuming that the quantum wells do not affect each other
to a sufficiently good approximation. As a consequence, the total optical response of the wells can be ob-
tained simply by addition. The scaling down of the active region also leads to the replacement of the qua-
si-continuum of extended states by a discrete spectrum. Since extended states also oscillate with high
magnitude, the convergence of optical transition matrix elements is heavily dependent on the mesh re-
solution. However, this has an effect only on the magnitude of the spectral response, as the convergence
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of its shape is fast at a much larger mesh spacing. Thus, the mesh plays a critical part in the accurate
evaluation of both the spectral range of detection and the wavelength of peak detection.

Simulation details

To simulate the optical characteristics of the photodetector, a physical model discretizing
the Schrodinger equation along the direction from the emitter to collector is assigned for the quantum
wells. A finite difference method is employed to solve this discretized equation.

To calculate the extended states over the active region, a superlattice model is activated. This model
also discretizes the Schrodinger equation, but the solutions at each energy must now satisfy the boun-
dary conditions of a plane wave with the same energy penetrating the contact regions.

A three-dimensional semi-classical photocurrent is constituted by the electrons with energy above
the barrier band edge. However, some of them are captured by bound states and then escape through
phonon emission and absorption, respectively. These two oppositely directed processes are simula-
ted by supplementing the drift-diffusion model with a capture-escape model, which uses the electron
capture time as a parameter. With the introduction of this model, the three-dimensional semi-classi-
cal and two-dimensional quantum-mechanical bound state densities become more balanced. The ulti-
mate set of Poisson, Schrodinger and drift-diffusion equations is solved until a self-consistent solution
is reached.

The device structure is illuminated at room temperature by a black body source placed at a distance
of 0.4 um from the emitter. The energy distribution in terms of the wavelength A of the electromagnetic
radiation emitted by a black body at a given temperature 7is fully described by the Planck radiation law.
This light is absorbed in each quantum well through bound-to-extended state transitions. To simulate
the intersubband absorption of infrared radiation, the electromagnetic field is modelled as a plane wave
with a frequency ® = 2mc/A, where ¢ is the speed of light. The transverse-magnetic gain coefficient,
which gives the quantity of photons with transverse-magnetic polarization produced by intersubband
transitions per unit length, is derived using Fermi’s golden rule:

en o r'/(2n)
g§=—— dmn
c n8m2| " (E,, -ho) +(T'/2)

2p( S [(f, = f)dE, (1)
where 7 is the real part of refractive index; ¢ is the high-frequency permittivity; d,, , is the dipole
moment between the initial » and final m intersubband states; p is the two-dimensional density of trans-
verse states; I is the line width due to Lorentzian broadening; E, , is the difference between energies
of the initial £, and final E,, intersubband states; 7 is the reduced Planck constant; f,, f,, are the Fer-
mi-Dirac distribution functions for the initial and final intersubband states integrated over the full trans-
verse energy range E.

The real part of refractive index for GaN is set to 2.38 [10] and is considered independent
of the wavelength. The imaginary part is assumed to be zero to exclude the background absorption
of light with transverse-electric polarization.

Results and discussion

The transverse-magnetic gain for each quantum well as a function of the wavelength is given
in Fig. 3, a. Since the gain is the negative of absorption (hence the minus sign in the ordinate axis),
it can be seen from the figure that the photodetector is sensitive over a spectral range from 4 to 6 um.
The absorption bandwidth approximately equals to 0.5 pm and the absorption maximum is observed
at around 5.2 um.

At room temperature, the extended states are expected to be almost empty of electrons due to weak
thermal excitation, thus resulting in a small dark current. The capture-escape transitions between these
states and the bound states are governed by multiple-phonon processes with a time constant of 1 - 1072 s.
A very small contribution to the dark current is also made by photon emission — the reverse mechanism
of photocurrent generation. The spectral resolution of the radiative capture rate is presented in Fig. 3, b.
The integration of this value with respect to energy gives a time constant of 8 - 1072 s. Thus, we can
conclude that the radiative intersubband transitions are negligible in QWIPs.
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Fig. 3. Intersubband transitions: a — transverse-magnetic gain vs. wavelength;
b — radiative capture rate vs. energy

The dark current of the QWIP as a function of the bias voltage at temperatures from 77 to 300 K
is shown in Fig. 4. The characteristics are plotted on a logarithmic scale to demonstrate their distinctive
form. As seen from the figure, the dark current is estimated at 10-'*~10"'* A/mm when no voltage is ap-
plied and exhibits close to linear variation under all temperature conditions when the voltage is raised.
As the temperature grows from 77 to 300 K, the curves go up very rapidly due to intensifying thermal
excitation. For example, at a voltage of 0.4 V, the dark current increases from 3.4 - 10 to 5.4 - 10° A/mm.

1E-04
1E064 ———
E ——
7
£ 1E-08
=NV J S S N SN SN A PR S
E v
YT S S SN S -
3 S ek
8 jpad T LS
S ——<-100K
MRTRPN ; ———200K
i —— 300K
1E-18 +—— [ -] |

-0,05 0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4
Collector voltage, V

Fig. 4. Dark current at various temperatures

The simulation results obtained when the wavelength of an unpolarized monochromatic beam
of light is varied while keeping its angle of incidence constant at 60° with respect to the normal are given
in Fig. 5, a. The QWIP is zero biased. As expected, the available photocurrent — the hypothetical photo-
current that would be observed if all the electromagnetic radiation absorbed were completely converted
into the electric current — has the form equivalent to that of the transverse-magnetic gain, since the only
absorption mechanism in the spectral range considered is the intersubband transitions. The maximum
available photocurrent of 8.48 - 10”7 A/mm is observed at 4.64 pm. It should be noted that this ma-
ximum point is negatively shifted in the spectrum with respect to the peaks of the gain characteristics
because of the applied voltage in the latter case. Since the illuminating black body is closer to the first
quantum well, this well generates the bulk of the photocurrent. The available photocurrent as a function
of the angle of incidence calculated at a constant wavelength of 4.64 pm is given in Fig. 5, b. It is in-
teresting that the maximum of 8.87 - 10”7 A/mm occurs at 56° and not at right angle, in contrast to what
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could be intuitively expected. However, if all the reflections are simulated properly, it may turn out that
the beam of light travelling at some acute angle will propagate a shorter path inside the substance before
it interacts with the quantum well.
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Fig. 5. Spectral and angular response: a — available photocurrent vs. wavelength;
b — available photocurrent vs. angle of incidence
Conclusion

A simulation procedure for analyzing the electrical and optical characteristics of an AlIGaN/GaN
intersubband QWIP operating in the middle-wavelength regime is presented in the article. The pho-
toconductive gain spectrum was simulated by coupling the drift-diffusion and capture-escape models
in the active region and by excluding the contribution of radiative intersubband transitions. The simula-
tion results showed that the photodetector at zero bias is sensitive over a spectral range from 4 to 6 pm,
with the maximum absorption being observed at 4.64 pm. The spectral response of the available photo-
current allowed to conclude that the bound-to-extended state transitions are the only absorption mecha-
nism in QWIPs. The angular response of the available photocurrent showed that the maximum absorp-
tion can be achieved if the beam of light impinges on the quantum wells at some acute angle.
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Abstract. An analysis of methods for processing data from gait deceleration sensors for detecting Parkinson’s
disease and a description of the development of a Parkinson’s recognition system based on neural networks with
long short term memory (LSTM) are performed. The data used was a publicly available dataset of gait dece-
leration scores of patients with Parkinson’s disease, obtained using three wearable sensors to collect data from
different parts of the body. The research was carried out using machine learning using an LSTM neural network.
First, the DAPHNet datasets were segmented using a fixed sliding window algorithm. The wavelet algorithm was
then used to extract features from the data set: wavelet entropy and energy, wavelet waveform length, variance
and standard deviation of wavelet coefficient. Next, a data enhancement algorithm was used to balance the number
of samples in the data sets. To train the model, an LSTM neural network was built with a six-layer network struc-
ture: input layer, LSTM layer, reLU layer, fully connected layer, Softmax layer and output layer. After training
the model for 1000 iterations, the LSTM neural network algorithm achieved 96.3 % accuracy, 96.05 % precision,
96.5 % sensitivity, and 96.24 % average F1 score for recognizing Parkinson’s disease based on test datasets. Si-
milar studies conducted by other scientific organizations achieved a maximum accuracy of 91.9 % for the same
data sets.

Keywords: deep learning, acceleration sensor, time series data, long short term memory neural network, wavelet
feature.
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IT-TUATHOCTHUKA BOJIE3HU MAPKUHCOHA,
OCHOBAHHASI HA AHAJIN3E 3AMEJIJIEHUSI IBUKEHUM ITALIMEHTA
C UCITOJIBb30BAHUEM LSTM HEMPOHHOM CETH
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AHHOTanusl. BeINMONHEHBI aHAIN3 METOZOB 00PabOTKN JaHHBIX AATYMKOB 3aMEJICHUS TIOXOKH JIUIS BBISIBICHUS
6one3nn [lapknHCOHA M ommcaHWe Pa3pabOTKM CHCTEMbI pacro3HaBaHMs [lapkuHCOHA Ha OCHOBE HEHPOHHBIX
ceTell ¢ J0JITOBpeMEHHOM KparkoBpeMeHHOH mamsTbio (LSTM). Hcnonb3yeMble gaHHbBIE MPEACTaBIUIN oO1Ie-
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JIOCTYIHBIE HAOOPHI OKa3aTeIeH 3aMeUICHHs TIOXOIKH MTAIINEHTOB ¢ Ooe3Hblo [lapknHCOHA, MOyYeHHBIX C MO-
MOIIBIO TPEX HOCHMBIX JIATYMKOB JUIsi cOOpa JIaHHBIX C Pa3JIMYHBIX yacTeil Tena. MccnemoBanust poBOANIN MO-
CPEJICTBOM MAIIMHHOTO 00y4YeHus ¢ MpuMeHeHneM HelipoHHoi cetn LSTM. CHavana Habops! nanabix DAPHNet
CETMEHTHPOBAIIN C TIOMOIIBIO ANTOPUTMa (PUKCHPOBAHHOTO CKOJB3SIIETO OKHA. 3aT€M aJITOPUTM BeiBIIETa MpH-
MEHSIJIH JUIsl M3BJICYCHHMS TPU3HAKOB M3 HaOopa JaHHBIX: SHTPOIIMU U DHEPTUU BeiBIIeTa, [UIMHBI (HOPMBI BEliB-
JeT-CUI'HaJIa, UCHEPCUH M CTaHAAPTHOTO OTKIOHEHHs BeiBieT-kod(dduiuenrta. Jlanee anroputM yaydIlieHHS
JIAaHHBIX HCIIONIB30BANICS JJIsi OAaHCHPOBKHM KOJIMYECTBA BHIOOPOK B HaOOpax MaHHBIX. st 0OydeHMs Monenu
Obuta octpoeHa HeliponHas cetb LSTM ¢ mecTucnoiiHol ceTeBoi cTpyKTypoOii: BXOAHOI cioif, cioit LSTM,
cioii reLU, MOMHOCThIO TIOAKITIOUEHHBIN CI0i, coil Softmax u BeIxomHO# cioi. [Tociie 00ydeHus Moienu B Te-
yenne 1000 urepanuii anroputm HeviponHoi cetu LSTM npoctur 96,3 % tounocth, 96,05 % npenusnoHHOCTH,
96,5 % uyBcTBUTENBLHOCTH M 96,24 % cpennero 3Hadenus F1 jist pacioznaBanus 0osne3nn [lapkrHcoHa Ha OCHO-
BE€ TECTOBBIX HAOOPOB JAaHHBIX. AHAJIOTHYHbIE HCCIIEIOBAHNS, IIPOBEICHHbBIE JPYITMMHU HAYYHBIMU OpraHU3alys-
MH, TTO3BOJIIIIN TOCTHYh MAKCUMAaIBHON TodHOCTH 91,9 % mist Tex e HabopoB TaHHBIX.

KiroueBrbie ciioBa: FHy60K0€ 06yquI/Ie, JAaTYUK YCKOPCHU, JaHHBIC BPCMCHHBIX PAA0B, HeﬁpOHHaﬂ CCThb C AJIU-
TEJIbHOI KpaTKOBpeMeHHOﬁ naMATbIO, BeﬁBJ’IeT-(i)yHKHHS[.

KonpaukT HHTEpecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Jas murupoBanus. Buniaskos, B. A. [T-guarnoctrka 6one3nu [lapkiuHCOHa, OCHOBaHHAs HA aHAJINA3E 3aMC]l-
JICHHSI BMOKCHHI MarrenTa ¢ ucrnosb3oBanneM LSTM netiponnoii cetu / B. A. Bumasikos, 1Bait Cs // Jloknambt
BI'VUP. 2024. T. 22, Ne 3. C. 76-83. http://dx.doi.org/10.35596/1729-7648-2024-22-3-76-83.

Introduction

Parkinson’s disease [1] is a chronic neurodegenerative disease in which patients may present
with a variety of clinical manifestations including resting tremor, muscle tonus, and bradykinesia. Free-
zing of gait (FoQG) is defined as a brief, sudden suspension or significant reduction in the patient’s pace
when attempting to walk or in the process of moving forward. It usually lasts for a few seconds, and oc-
casionally for up to 30 s. In the most severe cases, FoG can occur at any time when the patient is wal-
king, and is accompanied by a certain degree of leg tremors.

FoG [2] often occurs when starting, turning or passing through narrow aisles or doors, and is more
likely to occur when patients are stressed. 81 % of patients develop FoG after 20 years of disease,
and it becomes more frequent as the disease progresses. The patient’s quality of life decreases drama-
tically. Therefore, one of the main goals of Parkinson’s disease treatment is to recognize FoG behavior
and then use medical treatment to improve patient condition with Parkinson’s disease.

The new approach to human gait recognition is proposed, based on the quarterly deviation of the nor-
mal distribution to determine the state of human movement and on a Bayesian model with binomial
distribution to identify signs and select the best ones [3]. To realize FoG detection with high perfor-
mance [4] the methods to build FoG detection models using deep convolutional and recurrent networks
were proposed. These alarming figures make Parkinson’s disease an important focus of attention. In [5]
presented contributions that suggest wavelet techniques as a useful tool to perform a gait and arm swing
analysis; this represents an important approximation that can contribute to describe and differentiate
people with Parkinson’s disease in early stages of the disease. In [6] authors proposed a novel intelligent
Parkinson detection system based on deep learning techniques to analyze gait information. In [7] pre-
sented continuous monitoring activity of daily living (ADLs) and classification freezing of gait episodes
using Wi-Fi and radar imaging. The objective of [8] was to test the success of the data set obtained
by a wearable health assistant developed for the symptom of freezing in gait of Parkinson’s patients
and to increase the success of the system. In [9] aimed to identify trends, challenges and opportunities
in the development of FoG detection and prediction systems. Inspired by state-of-art deep learning tech-
niques [10] aimed to improve the detection model by proposing a feature learning deep denoising auto
encoder to learn the salient characteristics of Parkinsonian gait data that is applicable to different wal-
king styles for the elimination of manually handcrafted features. The proposed model achieved a gene-
ralization accuracy of 89.2 % and a geometric mean of 88.8 % [11]. The growing popularity and success
of Transformer networks in natural language processing and image recognition motivated the authors
to develop a novel method for the problem based on an automatic features extraction via Transformers.
The use of Transformers in 1D signal is not really widespread yet, but in [12] shown that they are effec-
tive in extracting relevant features from 1D signals. This work used the LSTM neural network algorithm
to recognize the FoG in Parkinson’s disease.
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Methodology

In this paper, the model is trained and tested on the DAPHNet datasets. The issue of gait freezing
in Parkinson’s disease was studied in a study by [13]. The dataset was recorded in the lab with emphasis
on generating many freeze events. Users performed three kinds of tasks: straight line walking, walking
with numerous turns, and finally a more realistic ADL task, where users went into different rooms while
fetching coffee, opening doors, etc. The dataset comprises 3 wearable wireless acceleration sensors —
recording 3D acceleration at 64 Hz. The sensors are placed at the ankle (shank), on the thigh just above
the knee, and on the hip. The Fig. 1 shows the position of the sensor on the experimenter.

earphones
-

Fig. 1. The position of the sensor on the experimenter

These datasets are multivariate time series datasets. There many records in total, each records con-
tains 1 time stamp, 9 acceleration (each sensor has x, y, z axis acceleration) and 1 label. The data used
in this work has a total of 1 917 887 data records, but it only contains 237 FoG events. The FoG duration
is very short, so the number of FoG records is far less than the number of non-FoG records in the data-
sets, so the datasets have a serious data imbalance problem. There are two ways to deal with the data
imbalance, the one is to overcome the imbalance of sample size at the sample level, for example, to re-
duce or increase the sample size of one type in the classification by oversampling and under sampling,
so as to achieve the sample balance. The another one is to overcome the imbalance of sample size
at the level of model algorithm, such as assigning higher weights to a few classes by using the class
weights parameter. In this work, the new approach was to first extract features from the original dataset
and then randomly reduce the number of non-FoG feature data samples to achieve a 1:1 ratio between
the number of feature data of the two classes in the dataset.

The original data is a continuous stream of time series data, so the features cannot be extracted direc-
tly and the data needs to be segmented. In the current research work, action data segmentation algorithm
generally uses a sliding window with fixed window size. In this work, window length is 32, the over-
lap coverage is 50 %, and the window period is 0.5 s. Since the FoG signal is a non-stationary signal,
the relevant statistical features, such as maximum, minimum and average, are directly extracted, which
do not show the actual characteristics of the FoG signal. However, the transformation of the FoG sig-
nal is slow and can be considered as short-time smooth, which means it is smooth in a short period
of time (20-30 ms), so it is more appropriate to use the wavelet transform method to extract the features
of the signal.

The method used for this experiment is to decompose four layers of wavelet coefficients using
db6 wavelet, and then calculate the statistical features of each layer of wavelet coefficients. Five wave-
let features are extracted from each layer of wavelet coefficients, and they are wavelet entropy, wavelet
energy, wavelet waveform length, wavelet coefficient variance, and wavelet coefficient standard devia-
tion. There are three axes on each sensor, so there are 75 wavelet features in total.

Long short term memory (LSTM) network [14] is a modified recurrent neural network, mainly
by introducing a gating mechanism to control the accumulation rate of information, including selec-
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tively adding new information and selectively forgetting previously accumulated information, thus im-
proving the long-range dependency problem of recurrent neural networks (RNNs) and alleviating the
gradient disappearance problem during the training of long sequences. The idea of LSTM is that the hid-
den layer of the original RNNs has only one state, which cannot handle long-range data. So the LSTM
adds a storage unit to store the long-term state, called cell state. Finally, a gate unit is added to control
the input, output or forgetting of information. The Fig. 2 shows the structure of LSTM neural networks.

Ty It

N/ N

Input gate Output gate

Fig. 2. The structure of long short-term memory neural networks

Three gates are placed in a cell, called the input gate, the forget gate and the output gate. A message
enters the LSTM network and can be judged as useful or not according to the rules. Only information
that meets the algorithm’s certification is left behind, while information that does not meet the criteria
is forgotten through the forgetting gate. The function of the three LSTM gates:

1) forgetting gate: determines how much information needs to be forgotten in the previous moment’s
memory cell state and how much information is retained in the current memory cell state;

2) input gate controls information which should be added to the current memory cell state;

3) output gate controls information from the current memory cell state should be output.

This work is conducted under the widows 11 platform, with MATLAB R2022b software under
17-10750H CPU. MATLAB is a combination of the word’s matrix laboratory, which is a high-tech com-
puting environment for scientific computing, visualization and interactive programming. It integrates
many powerful functions such as numerical analysis, matrix computation, visualization of scientific
data, and modeling and simulation of nonlinear dynamic systems in an easy-to-use window environ-
ment, providing a comprehensive solution for scientific research, engineering design, and many scien-
tific fields where effective numerical computation must be performed, and largely free from the editing
mode of traditional non-interactive programming languages. The following are the main MATLAB tool-
boxes that are used in the work.

1. Classification learner toolbox. This toolbox is integrated with machine learning algorithms, we use
the machine learning algorithms contained in it to do experiments to compare the effect of LSTM algo-
rithm.

2. Deep network designer toolbox. This toolbox provides a visual way to build a network model,
we use this toolbox to build LSTM neural network model.

Experiments and results

Since the data in the publicly available DAPHNet dataset was labeled, the experiments conducted
in this work were limited to studying the results of binary classification. The steps of this experiment
were as follows.

1. The data were cleaned and the abnormal data and missing data were removed.

2. Executed segmenting the data through a time window of size 32, with an overlap of 50 %.

3. Executed extracting features from the data in each window. The authors used db6 wavelet to de-
compose four layers of wavelet coefficients, and then calculated the statistical features of each layer
of wavelet coefficients. Five wavelet features were extracted from each layer of wavelet coefficients:
wavelet entropy, wavelet energy, wavelet waveform length, wavelet coefficient variance and wavelet co-
efficient standard deviation. There are three axes on each sensor, so there are 75 wavelet features in total.
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4. The data augmentation method was used to equalize the amount of data in both categories
in the datasets.

5. The feature datasets were divided into training datasets and testing datasets according to 9:1.

6. The training datasets were inputted into the LSTM model for 1000 epochs to optimize
the LSTM model, and the fivefold cross-validation method was used.

7. The recognition accuracy of the LSTM model was tested on the testing datasets.

The Fig. 3 illustrates the process of training and testing the dataset in this experiment.

Data . Feature
. Segmentation .
preprocessing extraction

Train data

DAPHNet
datasets

Feat :
Test data—/> ex;aa:t::g = Classifier

i

Time-
frequence
features

< < >

Wavelet en Wl d:ﬁﬂ?ﬂdof ‘Wavelet
eﬂtml’;rgy Vel Gy Cfitalo: wavelet waveform length
¢ coefficients

Fig. 3. The process of training and testing the dataset in this experiment

The LSTM neural network in this work had a total of six layers and 1.9K learnable properties.
The Fig. 4 illustrates the structure of the LSTM neural network.

Name Type Activations Learnable Properties States
1 | sequenceinput Sequence Input 75(C) x 1(B) x 1(T)| — -
Sequence input with 75 dimensions
2 |lIstm LSTM 6(C) x 1(B) InputWeights 24 x 75 HiddenState 6 x 1
LSTM with 6 hidden units RecurrentWeights 24 x 6 CellState 6x1
Bias 24 x 1
3 |relu RelLU 6(C) x 1(B) - -
RelLU
4 |fc Fully Connected 2(C) x 1(B) Weights 2 x 6 -
2 fully connected layer Bias 2x1
5 | softmax Softmax 2(C) x 1(B) - -
softmax
6 | classoutput Classification Output | 2(C) x 1(B) - -
crossentropyex with dasses '1" and '2'

Fig. 4. The structure of long short term memory neural networks

The Tab. 1 showes the LSTM neural network model hyperparameter setting table in this experiment.
The Fig. 5 showed the process of training the LSTM model in 1000 epochs.

Table 1. Long short term memory neural network model hyperparameter setting table in this experiment

Number Parameter name Parameter value
1 MiniBatchSize 64
2 MaxEpochs 1000
3 InitialLearnRate 0.01
4 LearnRateDropFactor 0.10
5 LearnRateDropPeriod 700
6 Shuffle Every-epoch
7 Optimization Adam
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Fig. 5. The process of training the long short-term memory model in 1000 epochs

As can be seen in Fig. 5, after entering training datasets into the model and completing 1000 training
periods, the LSTM model converged (losses assumed the same value). The Fig. 6 showed comparison
of prediction results for the training and testing datasets. The accuracy of the LSTM model was 96.29 %
for the testing datasets and 97.13 % for the training datasets. The accuracy of the testing datasets were
lower than the accuracy of the training datasets by 0.84 %, which meant that the model was not over fitted.
The Fig. 7 shows confusion matrix of training and testing datasets.

Accuracy = 97.137 %
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Fig. 6. Comparison of forecasting results for data sets: a — training; b — test
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Fig. 7. Confusion matrix of data sets: a — training; b — test
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The categories were distributed equally in the training and testing datasets, as it can be seen in Fig. 7.
The confusion matrix was used to calculate various performance metrics for the classification problem,
including sensitivity, accuracy and F1 score for a particular category. The Tab. 2 shows the experimental
results of Parkinson’s disease recognition based on test datasets using LSTM.

Table 2. The experimental results of Parkinson’s disease recognition based on test datasets
using long short term memory

Dataset Average precision, % | Average sensitivity, % | Average F1 score, % Test accuracy, %

DAPHNet 96.05 96.50 96.24 96.30

In summary, the accuracy of the LSTM-based Parkinson’s disease model could reach 96.3 % on the
test dataset and 97.13 % on the training dataset. On the testing datasets, the average accuracy was
96.05 %, the average sensitivity was 96.50 %, and the average F1 score was 96.24 %. This experimental
result showed that the recognition of Parkinson’s disease using LSTM algorithm based on FoG data was ef-
fective. The test accuracy of this study and existing studies on the same datasets are compared in the Tab. 3.

Table 3. Compare with others’ research

Dataset Researcher Research methods Test accuracy, %
DAPHNet [15] Deep convolutional neural networks with five-layer CNN 80.7
DAPHNet [16] LSTM based on the unprocessed datasets 83.4
DAPHNet [17] Improved DL neural networks model 91.9
DAPHNet [16] SVM 79.5
DAPHNet | The proposed | LSTM based on the wavelet features datasets 96.3

The Tab. 3 shows that the LSTM based on the wavelet features datasets had the highest test accuracy
with 96.3 % for the same datasets.

Conclusion

1. The article presents the state of the art of the most relevant freezing of gait recognition systems
in Parkinson’s disease and discusses their results. Using the sliding fixed window algorithm, data seg-
mentation was applied to the public dataset, and then from the windowed data, we extracted five types
of wavelet features: wavelet entropy, wavelet energy, wavelet waveform length, wavelet coefficient vari-
ance and wavelet coefficient standard deviation. The data Augmentation algorithm was used to balance
the number of classes in the extracted feature datasets. Datasets of objects were used in long short term
memory neural network model, and the model had a six-layer network structure.

2. Based on the DAPHNet datasets of patients for IT diagnostics of Parkinson’s disease, the recog-
nition accuracy for the long short term memory algorithm reached 96.3 %. Our results of IT diagnostics
of Parkinson’s disease were compared with the known results of other researchers, the best of which
are 91.9 %.
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Abstract. Biomedical image segmentation plays an important role in quantitative analysis, clinical diagnosis,
and medical manipulation. Objects in medical images have different scales, types, complex backgrounds, and si-
milar tissue appearances, making information extraction challenging. To solve this problem, a module is proposed
that takes into account the features of images, which will improve the biomedical image segmentation network
FE-Net. An integral part of the FE-Net algorithm is the connection skipping mechanism, which ensures the con-
nection and fusion of feature maps from different layers in the encoder and decoder. Features at the encoder level
are combined with high-level semantic knowledge at the decoder level. The algorithm establishes connections
between feature maps, which is used in medicine for image processing. The proposed method is tested on three
public datasets: Kvasir-SEG, CVC-ClinicDB and 2018 Data Science Bowl. Based on the results of the study,
it was found that FE-Net demonstrates better performance compared to other methods in terms of Intersection over
Union and F1-score. The network under consideration copes more effectively with segmentation details and object
boundaries, while maintaining high accuracy. The study was conducted jointly with the Department of Magnetic
Resonance Imaging of the N. N. Alexandrov National Oncology Center. Access to the source code of the algorithm
and additional technical details is available at https://github.com/tyjcbzd/FE-Net.
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AnHotanust. CermeHTanus: OMOMETMIIMHCKUX U300paKeHUH UIpaeT BaKHYIO POJIb B KOJMYECTBEHHOM aHAIN3E,
KIIMHUYECKOH INarHOCTHKE W MEIUIIMHCKUX MaHUMY/SIusaX. OObEKTh Ha MEJUIMHCKAX H300paKCHUSIX UMEIOT
Pa3IMYHbII MacIITal, THII, CIIOKHBIA (POH M CXOXKMI BHEIIHUI BUJ TKaHEH, 4TO YCIIOKHSET U3BJIeueHHe nH}op-
Marn. [t perreHust JaHHOW MPOoOJIeMBbl TpeAaraeTcss MOIYb, YIUTHIBAIOIIHNA O0COOCHHOCTH H300pakeHHH,
YTO MO3BOJIMT YCOBEPIICHCTBOBATh OMOMEIUIIMHCKYIO ceTh cermeHTauuu u3obpaxkenuii FE-Net. Heorpemite-
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Mast 9acThb anroputma FE-Net — MexaHu3M Tporrycka CoeIMHEH i, 00eCTIeunBAIONINiI COeIMHEHIE U 00BeanHe-
HHE KapT MPU3HAKOB U3 Pa3IMYHBIX CIIOCB B Komepe u aekonepe. [IpusHaku Ha ypoBHE Komepa KOMOHHUPYIOTCS
C BBICOKOYPOBHEBBIMH CEMAaHTHUCCKUMH 3HAHUSIMU Ha YPOBHE JICKOZEPa. AJNTOPUTM YCTAHABIMBACT CBS3H MEK-
Jly KapTaMi TPU3HAKOB, YTO HCIIOIB3YETCA B MEIUIMHE IS 00paboTkm m300pakenuit. [IpeamaraeMprii MeTOI
MIPOTECTHPOBAH Ha TpeX o0menocTynHbIX Habopax nanHbIX: Kvasir-SEG, CVC-ClinicDB u 2018 Data Science
Bowl. Io pe3ynasraram ucciieZjoBaHus yCTaHOBIEHO, uTo FE-Net qeMoHCTpupyeT JTydInyto TpOu3BOAUTEIHLHOCTD
0 CPaBHEHHMIO C JAPYTHMH METOIaMH TI0 TokasarensiM Intersection over Union u Fl-omenku. PaccmarprBaemas
ceTh A (heKTUBHEE CITPABISIETCS C ISTANSAMH CETMEHTAIMN U IPAHULIAMH 00BEKTOB, COXPAHSS PH 3TOM BBICOKYIO
TOYHOCTH. VICCreoBaHue TPOBEEHO COBMECTHO C OTIACICHHEM MAarHHUTHO-PE30HAHCHOW Tomorpaduu Harwmo-
HaJIBHOTO OHKOJIOTHYECKOTO IieHTpa Menn H. H. Anekcanmposa. JIOCTYIT K HCXOIHOMY KOy aJITOPHTMA U JIOTION-
HUTEIFHBIM TEXHUYCCKUM JICTAJISIM pa3MelleH Mo cehiike https://github.com/tyjcbzd/FE-Net.

KiroueBble cjioBa: cermMeHTanusi OMOMEIMIIMHCKUX N300paskeHn i, CBEPTOUHAsI HEHPOHHASI CETh, MOJIYJIb PACIIO3-
HaBaHUS MPU3HAKOB, MEXaHNU3M BHUMaHU, ceTh ¢ U-00pa3Hoil apXUTEKTypPOil.

KonduuKT uHTepecoB. ABTOPHI 3a4BISAIOT 00 OTCYTCTBHH KOH(MINKTA HHTEPECOB.
Baarogapuoctb. Pabota nonnepkuBaetcss KutalickuM CTUTNIEHINATIBHBIM COBETOM.

Joas nurupoBanus. /Ixao, /lu. DPdekTHBHBINA anroput™M CerMeHTanun OMOMEIMIIMHCKUX H300pakeHuil /
Hu [Ixao, U Tan, A. b. I'ypunoswu // Hokmagsr BI'YUP. 2024. T. 22, Ne 3. C. 84-92. http://dx.doi.org/10.35596/
1729-7648-2024-22-3-84-92.

Introduction

Medical images are images generated using various imaging technologies in the medical field
and are used to diagnose, treat, and study diseases. Medical images can include image vessels, cells,
and lesions. With the continuous development of biomedical imaging technology, more and more
diagnostic imaging tools have emerged, such as magnetic resonance imaging, computed tomography,
and positron emission tomography [1]. Normally, doctors to distinguish and make diagnoses with the na-
ked eye do medical image segmentation. However, since the human eye is essentially an imperfect
tool, inter-observer and intra-observer differences are prone to occur. At the same time, when the number
of medical images increases, manual segmentation becomes tedious and expensive, and very challenging
to perform. Therefore, image segmentation technology under deep learning methods can be used as an auxi-
liary method for detection. Image segmentation refers to the subdivision of an image into components
with the same characteristics to extract regions of interest on a semi-automatic or automatic basis.

In recent years, image segmentation methods have made great progress in biomedical image seg-
mentation and clinical decision-making. Different convolutional network models have dominated de-
tection, classification, and segmentation problems in the biomedical field. Convolutional neural net-
work architectures based on encoder-decoder include U-Net [2], U-Net++ [3], ResU-Net++ [4], etc.
They have excellent performance in segmentation tasks. The success of these models is largely attribu-
ted to the skip connection. Through the joint high-resolution and low-resolution information, thereby
improving feature expression. Skip connection algorithm solves the problem of widespread seman-
tic errors between high- and low-resolution features. But information loss and fuzziness are ignored
when extracting features at each level.

In order to address this problem and enhance the performance of image segmentation, this research
proposes an improved module called the Feature-Aware Module (FAM). The proposed method utilizes
an encoder-decoder architecture and incorporates attention mechanisms and residuals to allow the net-
work to adaptively adjust the importance of each layer of features. This enables the network to focus
more on key areas, suppress irrelevant noise, and prioritize the extraction of detailed and accurate fea-
tures at each layer. This densely connected design enables the network to fully leverage the information
exchange between low-level and high-level features, thereby enhancing multi-scale expressive capabi-
lities and context awareness of the features.

Furthermore, this fine-grained attention regulation contributes to the enhancement of segmentation
accuracy and model robustness in complex scenes. The proposed model is evaluated through expe-
riments on three public datasets, and the results demonstrate significant improvements in image seg-
mentation tasks. Compared to existing methods, the proposed module excels in handling segmentation
details and boundaries while maintaining a high level of accuracy.
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Relevant studies analysis

Research has mainly focused on the meaningful feature extraction for the medical image semantic
segmentations. Efficiency is improved by using neural networks. The primary focus of research has been
on extracting meaningful features for the medical images semantic segmentation. Additionally, the effi-
ciency of segmentation has been enhanced through the utilization of neural networks.

Deep learning methods based on Convolutional Neural Networks (CNN) have demonstrated excel-
lent performance in medical image segmentation. However, CNN only assigns categories to the entire
image and does not classify individual pixels, making it unsuitable for image segmentation. In [5],
a sophisticated image semantic segmentation method called “Fully Convolutional Network (FCN)”
was proposed as an advancement of CNN. FCN substitutes a convolutional layer in the fully connected
layer place. This configuration enables training from start to finish. This algorithm allows facilitating
the per-pixel basis processing and gradual up sampling to enhance the feature dimension. Nonetheless,
this approach sacrifices some detailed information from the original image, limiting further improve-
ments in segmentation performance.

Ronneberger O. et al. [2] have developed the encoder-decoder network U-Net algorithm
on the FCN network. This is a perfect tool for various types of medical image semantic segmentation
tasks It fully utilizes both low-level and high-level features in the image through the use of skip connec-
tions mechanism.This is a perfect tool for various types of medical image semantic segmentation tasks.

Based on this method, a nested U-Net (U-Net++) network for medical image segmentation waspro-
posed [3].The encoder and decoder subnetworks are connected through a series of nested dense skip
paths in the proposed model. This method allows detailed information to be collected at different
scales. This multi-scale feature fusion technique enhances the accuracy and detail retention of seg-
mentation results. Subsequently [6] proposed an improved network Modified U-Net (mU-Net) based
on the encoder-decoder network, which improves the accuracy of image segmentation by introducing
an inverse convolutional layer and activation operations to skip the connected layers. However, they
ignore the problem of information loss and blurring during feature extraction in each layer. To solve this
problem and further improve the image segmentation performance, an improved encode-decode based
network is designed in this research.

Feature aware module

While increasing the depth of a CNN can enhance the model’s performance, it may also introduce
challenges such as the vanishing gradient problem (gradients become very small and slow down learning)
or the exploding gradient problem ( gradients become very large and cause instability during training).
To solve this problem, the idea of [7] is utilized to add shortcuts between layers in the learning paradigm,
which is the proposed FAM, the flow chart of FAM is shown below in Fig. 1, b. The FAM divides the input
of the network into two branches, the first of which first acquires the basic features of the image through
three 3x3 convolutional and constant mappings, where each convolutional layer is followed by a batch
normalization layer and a rectified linear unit (ReLU) nonlinear activation function.

Then, in order to make the module more sensitive to important features while suppressing unimpor-
tant features. Similar to the work of [8], the Squeeze and Excite (SE) module is used after the three con-
volutional networks, with the SE layer acting as a content-aware mechanism, re-weighting each chan-
nel accordingly to create a robust representation. First, the feature map is compressed by using global
average pooling to obtain a global understanding of each channel. The squeezing operation produces
a feature vector of size n, where n refers to the number of channels [9]. In the second step: excitation,
this feature vector is fed through a two-layer feed-forward neural network, where the number of features
is first reduced and then expanded to the original size n. This n-sized vector now represents the weights
of the original feature map, which are used to scale each channel [10]. The input to the second branch
is passed through 1x1 convolution and batchnorm. finally, the results of both branches of the module
are subjected to cancatenate and relu operations. The computation of the proposed module can be deno-
ted as the following formulas:

Fly=c(BN(W;e1I,)); (1)
Ly = Fys(1,); )
O, = SE(BN (Convy 4 (I,,))); 3)
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where [, is the raw input image or input feature map; F;;3 is the extracted features by convolutional
weighting operation on the output feature map; /* is the result of the &” convolution image, ke {1, 2, 3};

out
o is the weights of the convolution layer; e denotes the convolution function, ¢ represents the Relu
activation function; @ is the operation addition.

To address this issue, a solution proposed in [7] involves incorporating shortcuts between layers
within the learning paradigm. The Residua Block, introduced in [10], adopts this approach. However,
it is observed that the number of convolutional layers in each stage of the Residual Block is insufficient
for effectively extracting essential feature information. To overcome this limitation, an extension called

FAM module has been proposed.

Structure of FE-Net

For medical image segmentation, a novel model using the proposed FAM following the encoder-de-
coder architecture, which is referred to as FE-Net. The architecture of FE-Net is illustrated in Fig. 1, a.
The classical U-Net, known for its ability to handle multi-resolution synthesis and decomposition,
is employed by cascading encoders and decoders with skip connections [8]. Similarly, to address the di-
verse scales present in medical images, the proposed network adopts the classical encoder-decoder
structure. In the proposed model, the encoder performs convolution and pooling (shrinking paths)
on a given input image to create a compressed representation that can adapt to the scale of the medi-
cal image and extract local details. This compressed representation is then up-sampled in the decoder
(expansion path) using deconvolution, generating a mask that highlights the region of interest. Addi-
tionally, skip connections are incorporated to concatenate these feature maps with the corresponding
feature maps from the encoder layers. This merging of low-level and high-level semantic information
enhances the generation of accurate masks. Specifically, the feature maps are concatenated after the skip
connection, and the merged feature maps are fed into the FAM, which mitigates the problem of gradi-
ent vanishing and captures valid features. Unlike existing neural networks, the proposed network uses
bilinear interpolation instead of transposed convolution in the up-sampling process of the decoder part,
which can accelerate the model’s computation speed and inference speed while ensuring smooth zoo-
ming of the image or feature maps, saving a lot of training memory consumption and time.
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Fig. 1. The architecture of the proposed network and module:
a — architecture of FE-Net; b — flowchart of feature-aware module
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In the proposed model, 32 filters are used in the first block and then 64, 128, 256, and 512 filters
are used in each block in the network contraction path. The number of filters in each block in the net-
work expansion path corresponds to the contraction path. Finally, a binary or multiclass segmentation
mask is output using a 1x1 convolution, backed by a sigmoid layer.

Dataset description

To train and validate the proposed FE-Net models in this research, this research test it on three pub-
licly available biomedical image datasets. The descriptions of the three datasets are as follows:

1) Kvasir-SEG: this data set contains 1.000 pictures of different resolutions. The ground truth mask
corresponding to the picture consists of a large number of images annotated by professional doctors,
including normal tissue, polyps, ulcers, and other lesion types;

2) CVC-ClinicDB: this dataset includes 612 RGB images, the resolution for each image is 384x288.
These images include normal colon tissue, polyps, ulcers, and other structures and lesions. Different
patients and different lens settings were taken into account during image acquisition to ensure diversity
and realism in the data set;

3) 2018 Data Science Bowl: this data set contains 670 256x256 images. This data set provides
a large amount of cell image data, including various types of cells, such as cancer cells, normal cells, etc.

For the above three datasets, they were split into training sets, verification machines and test sets
through random sampling and in a ratio of 8:1:1. The details of the biomedical dataset used in the pro-
posed experiments, denoting the total number of images, size of input images, number of training samp-
les, number of validation samples, and number of test samples, are presented in Tab. 1.

Table 1. Details of the biomedical dataset

Dataset Images Size Train Validation | Test Application
Kvasir-SEG 1000 Variables 800 100 100 | Colonoscopy
CVC-ClinicDB 612 384288 490 61 61 Colonoscopy
2018 Data Science Bowl 670 256x256 530 67 67 Nuclie

Evaluation metrics

In this research, various standard evaluation metrics are employed [15] to validate the effectiveness
of FE-Net. These metrics include precision, dice coefficient (also known as F1 score), recall, and mean
intersection over union (mloU). All evaluation metrics can be calculated using 7P and FP, where TP rep-
resents the number of true positives and FP represents the number of false positives.

Precision: an indicator to measure the proportion of true examples (True Positive) in the model
prediction results. It indicates how many of the samples predicted as positive by the model are truly
positive. It can be calculated in formula

Precision = L (6)
TP+ FP

Dice coefficient (also known as F1 score) is a metric used to evaluate the similarity between model
predictions and real labels in an image segmentation task. It takes into account the degree of overlap
between the predicted results and the real labels, and takes a value ranging from 0 to 1. Higher values
indicate that the predicted results are more similar to the real labels. It can be calculated in formula

2TP

Dice= ——«—.
2TP+ FP+FN

(7
Recall is a measure of the proportion of True Positive samples that the model successfully detects.
It indicates how many of all True Positive samples are correctly detected by the model. It can be calcu-

lated in formula
TP

Recall=——. ()
TP+ FN
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Mean intersection over union is an average value used to evaluate the degree of overlap between
the model predictions and the true labels in an image segmentation task. It calculates the ratio between
the intersection and concatenation between the predicted results and the true labels and averages it overall
categories. Assuming that there are a total of & classes, and its calculation formula is as below in formula

1< TP
mloU = —Z—. )
k= TP+ FP+FN

Data augmentation and experimental results

Today’s deep learning researchers rely on large data sets to avoid overfitting problems and data
imbalance. Usually the data sample size of biomedical images is small. Therefore, for the train data-
set, the research choose to use data augmentation techniques. Random cropping and rotate the image
by [90°,180°, 270°] was utilized. In this way, new data sets are obtained, making the trained model more
robust. However, for the test set, data augmentation was not used [12].

1. Results on Kvasir-SEG: Kvasir-SEG is a publicly available polyp segmentation dataset. This data-
set is highly used for algorithm benchmarking. The proposed FE-Net has trained and compared with other
widely used segmentation models. Tab. 2 shows the comparison results, the proposed methods outper-
forms other models on all most all metrics. It can be observed that the precision of FE-Net is 91.57 %,
which is 8.70 and 1.52 % better than Attention U-Net [13] and recent FANet [10].

2. Results on CVC-ClinicDB: CVC-ClinicDB is a well-known dataset in the field of polyp segmen-
tation, widely used for evaluating the performance of various algorithms. In proposed study, the pro-
posed network was trained on the CVC-ClinicDB dataset and conducted a comprehensive comparison
with other popular segmentation models. The results, as shown in Tab. 3, demonstrate the effectiveness
and efficiency of the proposed approach in accurately segmenting polyps in the CVC-ClinicDB dataset.
The proposed model achieved competitive performance and outperformed several state-of-the-art mo-
dels in terms of segmentation accuracy and other evaluation metrics. Among them, the proposed model
has a very large improvement in the ResU-Net++ [4] of SOTA, with improvements in recall and preci-
sion of 28.01 and 6.15 % respectively. Expect higher recall rates in clinical testing.

Table 2. Comparison of experimental results on Kvasir-SEG dataset

Dataset Method F1 mloU Recall Precision
U-Net [2] 0.5969 0.4713 0.6171 0.6722
ResU-Net++ [4] 0.6902 0.5721 0.7248 0.7454
FCN [6] 0.8310 0.7365 0.8346 0.8817
_ DoubleU-Net [14] 0.8129 0.7332 0.8402 0.8611
Kvasir-SEG U-Net++ [3] 0.8002 0.7000 0.8716 0.7992
Attention U-Net [13] 0.7944 0.6959 0.8383 0.8287
FANet [10] 0.8803 0.8153 0.9058 0.9005
Authors 0.8896 0.8303 0.9035 0.9157

Table 3. Comparison of experimental results on CVC-ClinicDB dataset

Dataset Method Fl1 mloU Recall Precision
U-Net [2] 0.8230 0.7550 0.6472 0.7881
ResU-Net++ [4] 0.7955 0.4545 0.6683 0.8877
CVC-ClinicDB U-Net++ [3] 0.9377 0.8890 0.9405 0.9432
Attention U-Net [13] 0.9325 0.8856 0.9276 0.9546
Authors 0.9466 0.9008 0.9484 0.9492

3. Results on 2018 Data Science Bowl: the 2018 Data Science Bowl is a renowned competition
that focuses on the challenging task of polyp segmentation. The proposed network was built to parti-
cipate in the competition and trained proposed network using the provided dataset. The results ob-
tained from the proposed model were compared against other top-performing models in the challenge.
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As depicted in Tab. 4, the proposed approach showcased remarkable performance on the 2018 Data Sci-
ence Bowl dataset, achieving high segmentation accuracy and demonstrating its capability to accurately
detect and segment polyps. The proposed model's performance outperformed several strong competitors
and showcased its potential for real-world application in polyp segmentation tasks [11].

Table 4. Comparison of experimental results on 2018 Data Science Bowl dataset

Dataset Method F1 mloU Recall Precision
U-Net [2] 0.7573 0.9103 0.6059 0.9015
DoubleU-Net [14] 0.7683 0.8407 0.6407 0.9596
2018 Data
. U-Net++ [3] 09117 0.8477 0.9203 0.9107
Science Bowl
Attention U-Net [13] 0.9179 0.8570 0.9183 0.9235
Authors 0.9243 0.8642 0.9395 0.9860

Experimental details and visualization

The training and testing for FE-Net were conducted on Python version 3.9 with PyTorch 1.13.1
backend. The PyTorch library provides training and testing functions for the given datasets. The pro-
posed method has been implemented in the code by creating a new FAM. The FAM divides the input into
two branches, where the first branch extracts basic image features using three continuous convolutional
layers (kernel size and padding size equal to 3 and 1 respectively), batch normalization, and ReLU ac-
tivation. Additionally, the SE module is utilized after the convolutional layers to enhance sensitivity
to important features through channel re-weighting. This is achieved by compressing the feature map,
applying an averge pooling layer and a two-layer feed-forward network to obtain weights, and scaling
each channel accordingly. Here, the compression ratio is 16. The input to the second branch undergoes
1x1 convolution (kernel size is 1 without padding) and batch normalization. Finally, the outputs of both
branches are concatenated and passed through the ReL U activation function.

To achieve the best performance results, certain parameters need to be set for the neural network.
The “train” function accepts the following parameters: images, labels, number of classes, epochs,
and optimizer. The neural network adjusts its weights based on the results obtained after each iteration
using different algorithms known as optimizers, which involve calculations on the difference between
the results.In this implementation, the network utilizes stochastic gradient descent as the optimizer due
to its simplicity in calculating the gradient of the network loss function. The initial learning rate value
for all datasets was set to “1e-4”. The learning rate decreases gradually during training. To ensure accu-
rate timing during the training process, the model was warmed up before actual training [15]. The trai-
ning batch size was set to 16, and the maximum epoch was set to 500.

Fig. 2, b below shows the variations in training loss on three different datasets. It can be observed
that the model reaches convergence around the 300" epoch. Once the training of the model was comple-
ted, the model parameters were saved in *.pth format for future use in predicting new images. Fig. 2, a
displays the predicted segmentation masks of the model on different datasets. It is evident that the pro-
posed model performs well in terms of segmentation accuracy and detail retention.

Conclusion

1. The research aims are to improve the processing of segmentation details and boundaries in biome-
dical segmentation without compromising high accuracy. Thus, a novel encoder-decoder based model
has been proposed for biomedical image segmentation. The model is comprised of the skip connec-
tion strategy and the feature aware module. The skip connections algorithm incorporating into Fea-
ture Enhancement Networks allows the reuse of features from the encoder and decoder layers. Thus
the network to integrate both low-level and high-level information efficiently and improve the accuracy
and precision of the generated masks. The feature aware module incorporates the idea of residual blocks
by adding shortcut links between layers to facilitate feature learning. At the same time, the Squeeze
and Excite module is embedded to increase the sensitivity of the module to important features and sup-
press unimportant features by reweighting each channel according to its importance.

90



Jloknager BI'YUP Dokrapy BGUIR
T.22, Ne 3 (2024) V.22, No 3 (2024)

Train loss variation

Input Predict
N 0.6 1 — ovcclinicDB

8 —— Kvasir-SEG
% —— DSB 2018
= 0.5 4

172}

(S
M

0.4
) 0
— wn
o 0.3
= 8
[aa)
wn
A 0.2 -
aa)
(@)
Q
£ o
°
;
©
> 01— ; . . . ,
O 0 100 200 300 400 500
Epoch

Fig. 2. Visualization and training loss variations:
a — comparison of the original image, ground truth mask and predicted mask
of the proposed FE-Net networks on the Kvasir-SEG, 2018 DSB, and DRIVE datasets;
b — training loss variations during 500 epochs

2. The proposed algorithm has been tested on three samples. The following parameters have been

used to evaluate segmentation performance and generalization ability: Dice coefficient, recall, and Mean
intersection over Union. The proposed algorithm is effective for data processing by object segmentation
methods on the proposed medical image segmentation datasets.

3. The study showed the need to optimize the neural network structure. The next step is to improve

performance and output speed for more medical image segmentation tasks. The research was carried out
jointly with the magnetic resonance imaging department of the N. N. Alexandrov National Cancer Centre.

10.
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AnHoTanus. VccrenoBaHa 3aaua pacro3HaBaHUsS AIMOIMH B PEUEBOM CHUTHAJIE C UCIIOJIB30BAaHUEM MEN-4acTOT-
HBIX KETCTPAIbHBIX KOA(PQHUIMEHTOB MPU MOMOIIHM KJIACCH(PHUKATOPA HA OCHOBE METOJAa OMOPHBIX BEKTOPOB.
[Ipn nmpoBeneHNN SKCIIEPUMEHTOB NpuMeHsicst Habop maHHbIX RAVDESS. Ilpennoxkena Mozaenb, KOTopasi Hc-
mob3yeT 306-KOMIIOHSHTHBIA BEKTOP HAaJCETMEHTHBIX IPU3HAKOB B KAUSCTBE BXOIHBIX TAHHBIX TSI KIIacCHU(pUKa-
TOpa Ha OCHOBE METO/Ia OTIOPHBIX BEeKTOPoB. OIeHKa KagecTBa MOJEINH TPOBOAMIACH C TOMOIIIBI0 HEB3BEIICHHOTO
cpenuero 3HaueHus momHOTH (UAR). PaccMoTpeno npumeHeHue B kiiaccu(ukaTope Ha OCHOBE METOJ[a OMTOPHBIX
BEKTOPOB B Ka4eCTBE sipa JUHCHHOW, MOJIMHOMHUAILHOW U paJuaibHOM O0a3ucHo# (yHkuui. VcciemoBaHo wc-
MTOJIb30BaHUE PA3HBIX pa3MepoB (peiima aHanm3a curaana (ot 23 mo 341 Mc) Ha dTare U3BJICUCHUS MEII-4acTOT-
HBIX KEMICTPAIBHBIX K0d((UIIMEHTOB. Pe3ynbpTaThl HCCeTOBaHN BEISBIUIN 3HAYUTECIFHYIO TOYHOCTD MTOTYYCHHOM
moznenu (UAR = 48 %). [IpemmaraeMblif TOAXOI JEMOHCTPUPYET MOTEHITHAN IJIs TAKAX PUIOKEHHN, KaK TOJI0CO-
BbIE ITOMOIITHUKH, BUPTyaJIbHbBIC areHTHl 1 TUATHOCTHKA IICHXUIECKOTO 37J0POBBSI.

KroueBble cj1oBa: ToJI0COBOM CUT'HAJI, MCJI-HaCTOTHBIC KCIICTPAJIbHBIC KO3(1)(1)I/IIII/IGHTBI, H3BJICYHCHUC ay AINONIPU3-
HAKOB, paCliO3HaBaHUC, MAIlTMHHOC O6y‘ieHI/IC.

KondaukTt naTepecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBUU KOH(IMKTA HHTEPECOB.

Just umTupoBanus. Kpacnonpouus, 1. B. Meron pacrioznaBanusi 5MOLUI B PEUEBOM CUTHAJIE C UCTIOJIb30BaHU-
€M MAaIIIHBI OTIOPHBIX BEKTOPOB M HAZICETMEHTHBIX aKyCcTHUecKuX npmu3Hakos / [[. B. Kpacronpommna, M. 1. Bam-
keBud // Hoxiaasr BI'YUP. 2024. T. 22, Ne 3. C. 93—100. http://dx.doi.org/10.35596/1729-7648-2024-22-3-93-100.

SPEECH EMOTION RECOGNITION METHOD
BASED ON SUPPORT VECTOR MACHINE
AND SUPRASEGMENTAL ACOUSTIC FEATURES

DANIIL V. KRASNOPROSHIN, MAXIM I. VASHKEVICH

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
Submitted 19.12.2023

Abstract. The problem of recognizing emotions in a speech signal using mel-frequency cepstral coefficients using
a classifier based on the support vector machine has been studied. The RAVDESS data set was used in the expe-
riments. A model is proposed that uses a 306-component suprasegmental feature vector as input to a support
vector machine classifier. Model quality was assessed using unweighted average recall (UAR). The use of linear,
polynomial and radial basis functions as a kernel in a classifier based on the support vector machine is considered.
The use of different signal analysis frame sizes (from 23 to 341 ms) at the stage of extracting mel-frequency
cepstral coefficients was investigated. The research results revealed significant accuracy of the resulting mo-
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del (UAR =48 %). The proposed approach shows potential for applications such as voice assistants, virtual agents,
and mental health diagnostics.

Keywords: voice signal, mel-frequency cepstral coefficients, audio feature extraction, recognition, machine learning.
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BBenenue

O6nacTp pacrmo3HaBaHUs IMOLKHI 110 peur ObICTPO pa3BUBAETCs OJarogapsi pocTy MpPOU3BOIUTEIb-
HOCTH BBIYMCIIUTEIBHBIX CHCTEM W IIUPOKOMY MHTEpECY K 3TOMY BOIIPOCY HccienoBaTeneil B chepe
MICUXOJIOTHH, TICHXHATPUU 1 HHPOPMATHKH [1, 2]. DMOLINHU YacTO BIUSIOT HA MPOLECCHI MPUHATHS pe-
LICHUH, TOATOMY MX paclo3HaBaHWE MOXKET MPEICTABISITh HHTEPEC AJIsl ocTpoeHus Oomnee 3P PeKTHB-
HOTO OOLICHUS, BKIIIOYAs IUAIOTOBBIE CUCTEMBI (FOJI0COBBIC MOMOIIIHUKH, 4YaT-00ThI). 3a1a4a pacnos-
HaBaHUs HETaTMBHBIX IMOLUH, TAKUX KaK CTPECC, THEB, YCTAJIOCTb, SIBJIETCS BAKHBIM aCIEKTOM C TOY-
K1 3peHHs obecrieyeHrst 0e30MacHOCTH JOPOKHOTO IBMKEHHS TPH UCIIOIb30BAHIH HHTEIUICKTYaTbHBIX
TPAHCIOPTHBIX CPEJCTB, MOCKOJBKY MO3BOJISAET UM pPearupoBaTh Ha SMOLIMOHAILHOE COCTOSIHUE BOJU-
tenst [3]. B cdepe B3aumoaeicTBHS YeI0BeKa M KOMIBIOTEpa TOYHOE paclio3HaBaHUE dSMOLUI 10 peun
SIBIISIETCSL KIIIOYEBBIM (pakTopoM. B cTaTthe paccmarpuBaeTcs 3agada ONMpeeseHNs SMOLUI Ha OCHOBE
aHanu3a pedeBoro curnana. OHa U3 OCHOBHBIX MPOOJIEM IaHHOTO TOAX0/a CBSI3aHa C ONpeeIeHIEM
Habopa Npu3HaKoB, 3Q(HEKTUBHO OMHMCHIBAIOLINX SMOLMOHAIBLHOE CTOSIHUE YesoBeka [ 1, 4-6].

[Ipy mocTpoeHnn cucTeMBbl paclo3HaBaHUS SMOLMI TpenygaraeTcsl UCIOJb30BaTh MEN-4acTOT-
Hble KerncrpaibHbie Kodhdunuentsl (MUKK) [7] mms momydeHust TpU3HAKOB U METOJ] OTIOPHBIX BEK-
TopoB (MOB) [7] B kauectBe knaccudukaropa. [Ipusnaku Ha ocHoBe MUKK mmpoko npumenstorcst
B CHCTEMax pacmno3HaBaHus smouuid o peuu [1, 5]. MUKK Bocnpou3BoasT peakiuio cIyXoBOil cuc-
TEMBI YeJIOBEKa Ha 3BYK, yJIABIMBasi COOTBETCTBYIOIIYIO aKyCTHUECKYI0 HHpopManuio [§]. Dopmupys
MpeJcTaBlIeHue ayJuocurHana B 4acToTHoi obnactu, MUKK yMmeHbIIaroT pasMepHOCTh TaHHBIX, CO-
XpaHsist IPU 9TOM Ba)KHbIE OCOOCHHOCTH, YTO JICIAET UX MPUTOTHBIMH AJISl AITOPUTMOB MAIIMHHOTO 00-
yuenust, Takux kak MOB. B cBoto ouepens, MOB siBisieTCst mpOCTHIM U HAJICKHBIM TIOIXO0/IOM K 3a/1a4e
KJaccu(uKalyy, KOTOPbId 00ecreunBaeT afanTupyeMocTh K MHOTOMEPHBIM MPOCTPAHCTBAM MpHU3HA-
koB. MOB ocHOBaH Ha IpUHIUIIE NMOMCKA ONTUMaJbHONW I'MIIEPINIOCKOCTH, MAKCUMAJIBHO pa3/essio-
el pasHble KJIACChl B MPOCTPAHCTBE MPU3HAKOB [9]. B KOHTEKCTE pacmo3HaBaHUs IMOLUN M0 pPeuu
9TO o3HaudaeT, uTo MOB moxer 3¢pdexTnBHO TUQPepeHInpoBaTh SMOLNOHANBHBIE COCTOSHUS [5],
a TaK)Ke YUMTHIBAaTh HEJIMHEHHBIE OTHOIIEHHS ¢ ToMolbio Gynkuuit sapa (kernel function), 4ro mo3so-
JISIeT YJIaBIUBATh CJIOXKHBIE 3aKOHOMEPHOCTH B PEUEBBIX JIaHHBIX.

HN3BeueHue P€Y€BLIX IIPU3HAKOB

Ha HavanbsHOM 3Tarne B cUcTeMe paco3HaBaHMsl SMOIMH 110 Pedy BBIIOIHSETCS TIpeIBapUTeNIbHAs 00-
paboTka BXOAHBIX ayauonaHHbIX [1, 5]. PedeBrie nmpusHaku paccunthbiBarorest Ha ocHoBannu MUKK [8].
Pacuer MUKK oTHOCUTCS K METOJIaM KPaTKOBPEMEHHOI'O aHaJIM3a PeUYeBOro CUrHala, KOTOpbIe Mpe/l-
oJTararoT pa3OoMeHne CUTHaIa Ha GpeiMbl (KOPOTKUE cerMeHTHI). CunTaeTcs, 9To B HHTEepBajie ot 10
10 30 MC TOJIOCOBOI CHUTHAT MOYKHO CUMTATh CTallMOHApHBIM. Ha puc. 1 mpencraBineHa cxema BBIYHC-
nenust MUKK.

OKOHHasA QyHKLMS

x(n) Paszbuenune JuckpeTHoe
—»| cursaga Ha npeobpasosaHue (3 | - |2 |—
(bpermbr Dypse (AI1D)

Kpamxkospemennoe npeobpasosanue QPypve

Pacyer JuckpeTHOE KOCUHYCHOE | \fYKK
crektpaB |9 log;(-) npeoGpasoBanue —>
MeJI-IIKajIe II tuna (AKII-II)

Puc. 1. Cxema BBIUUCIICHUS MEJI-4aCTOTHBIX KETICTPAIbHBIX KOI(DPHUIUEHTOB
Fig. 1. Scheme for calculating mel-frequency cepstral coefficients
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Cornacho puc. 1, npouecc nzpneuennss MUKK Bkmrouaer cnenyromue mart:

1) BermCIIeHNE KpaTKOBpeMeHHOTo mpeoopazoBanus Oypre (KBIID) n HaxoXaeHNE KBagpaTa Mo-
nyns KBII® nns nomydeHus cekTporpaMmbl CUTHAIA;

2) BBIUUCIICHUE MEJI-CIIEKTPOrpaMMbl (SHEPTUsl CUTHaa U3 MIKaJIbl Tepll EPEBOANTCS B MeJI-1IKa-
Iy, OTPaXKAIOIIYI0 CBOMCTBA YEIOBEUECKOTO CITyXa);

3) B3siTHe norapruma OT SHEPTUHU CUTHANIA B MEJI-4aCTOTHBIX M0J0CAX;

4) mpuMeHeHHe TeKOPPENTUPYIONIETO TPeoOpa3oBaHms, B KA4eCTBE KOTOPOTO MCIIONB3YETCs TUCK-
peTHOe KocuHycHoe npeobpazoBanue 11 Tuma (JIKII-II).

B kauecTBe WiIoCTpanuy Ha pHc. 2 MoKa3aH NPUMEP PEUYeBOro CUTHANA, BBIPAYKAIOIIETO 3MOLIUIO
I'HEBA.

0,11

x(n)
o

—0,11

0 10000 20000 30000 40000 50000 60000 70000 80000
OTcyeT n

Puc. 2. [IpencraBieHne peueBOro CUrHaja, BEIPAXKAIOIIETO THEB
Fig. 2. Representation of the speech signal expressing anger
Ha puc. 3 moxazan pesynsrar Bbrancienns KBII®D u men-cnexkTporpamMmbl CHTHaNa, MpeIcTaB-
JieHHoro Ha puc. 1. Ha puc. 4 uzoOpaxena Bpemennas nociegosarenbHocth MUKK, paccunrannas
JUIsl CUTHAja Ha puc. 1.
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Fig. 3. Speech signal expressing anger: a — short time Fourier transform spectrogram; b — mel-spectrogramm
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Puc. 4. BpemenHast HoC/Ie0BaTEIbHOCTD MENI-4aCTOTHBIX KEICTPAIBHBIX KO3 (HULIHEHTOB
Fig. 4. Time-sequence of mel-frequency cepstral coefficients

B skcrniepuMeHTax MCI0JIb30BaIMCh PEUSBBIC CUTHAJIBI C YaCTOTOM auckpeTu3aruu 48 kI, /s 00-
paboTKM ayIMOCUTHAIOB IpUMeHsIachk OubanoTeka librosa, Hanncannas Ha si3bike Python. KBII® pac-
CUHTHIBAIIOCH [T pa3IMIHBIX pa3MepoB ¢peiimoB N = {1024, 2048, 4096, 8192} . [lepexpriTHe MEX Ty
(dpeiiMamu npuHUMaNIOCh paBHbIM 50 % oT pa3mepa dpeiiMa. M3 kaxmoro ¢peiimMa u3BIIeKaCs BEK-
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top MUKK pazmepom D. [locie o6paboTku onHOro ayauodaiina norxydaercs marpuna MECC(k, m)
pasMePOM DXNy 5o THE Ny — KOTHMUECTBO PpeiimoB. Takum 00pasoM, m-i cTonben MaTpyIbl pe-
craBisier coboit Bekrop MUKK, BeIUMCIIEHHBIN )11 BpeMEHHOTO (ppeiiMa ¢ HoMepoM .

Jlist omydeHus @JMHOTO BEKTOpa MPHU3HAKOB ISl KAKIO0ro ayAnodaiiiaa BEIYUCISIOTCS CpPeTHHE
meanMFCC(k) (D npuznakoB) u cpegaekBanpatuanbie (CKO) orknonenus, SDMFCC(k) (D npusHa-
kxoB) mst MUKK B matpune MFCC Bronb ocu BpeMeHrn. CKO MOXeT OBITh ITOJIE3HO JIJIST OIICHKH CTe-
nenu n3menunBoctd B MUKK Bo Bpemenu. Ilo matpunie MUKK taxke npou3Boamiioch U3BJIEUCHUE
MIEPBOH M BTOPOI MPOM3BOAHBIX (IIEPBOM U BTOPOH pasHOCTEH).

[epsas mpousBognas MUKK (A-MYKK) npencraiser codoi CKOPOCTh U3MEHEHUSI KaXKOTO KO-
s unmenta Bo Bpemenu. Takum oopazom, A-MUKK oTpakaet ObICTPOTY N3MEHEHHSI CIIEKTPaTbHBIX
XapaKTEPUCTUK 3ByKa BO BPEMEHHU, [IOMOTA€eT B BBIIBIEHUH MOMEHTOB, KOI'Ia 3ByK CTAHOBUTCS OoJiee
BBICOKOYACTOTHBIM WJIM TPOMKHM, YTO MOXKET OBITH IIOJIE3HBIM ISl PACIIO3HABAHUS 3BYKOBBIX COOBITHI.
Bropas npoussoanas MUKK (A>-MUYKK) npezicrapiser co0oi yCKOPEHHE H3MEHEHHS KaXKI0T0 KOA (-
¢unuenta Bo Bpemenu. [punsrtue Bo Buumanue A>-MUYKK no3sossier Gosiee moHo OnucaTh Xapakrep
CIEKTPaJbHBIX U3MEHEHUI peueBOro CUrHajia BO BpEMEHH.

W3BectHo, uTo mpumenenue mpouszBoAHbIX MUKK maer BO3MOXKHOCTBH yMydUIIMTh MPOU3BOJIHU-
TETHLHOCTh CUCTEM PacIo3HaBaHUs, KIIACCH(PUKAIINN U JCTCKTUPOBAHUS PEUEBBIX CUTHANOB [1, 5, 10].
OHH MOT'YT UCTIONB30BATHCS IS BBIICICHHS BAKHBIX XapAKTEPUCTHK ayJHUOCUTHANA, TAKAX KaK U3Me-
HEHUS B TOHAJIBHOCTH, HHTOHAIMK U PUTME PEeUYH. DTO AeTacT UX MOJIE3HBIMH B MIPUIIOKEHUSX 10 pac-
MMO3HABaHUIO PEUH, JCTEKTUPOBAHUIO 3BYKOBBIX COOBITHI U MY3bIKaJIbHOMY aHaJIH3Y.

Jlnst nonyuennbix mMatpuit A-MUYKK u A2-MUKK paccuutsiBanmu ux cpennue 3nauenus u CKO,
yTo B uTore fgano 4D = 136 momonHuTensHBIX mpu3HakoB. Ha ocHoBanuu matpunsl MUKK Taxoke
ObuTH paccunTanbl K03 Punment acummerpun (skewness), axcuecc (kurtosis) 1 MeKKBapTHIIBHBIN pa3-
Mmax (Interquartile Range, IQR). Koaddumnment acumMmmeTpuu — 3To Mepa CTeTIeHH aCHMMETPUH pacipe-
JIeNIeHusl CiTydaiiHoi BennuuHbl. OHa MOKa3bIBa€T, HACKOJIBKO CHIIBHO U B KAaKyH) CTOPOHY CMEIIEHO
pacrpeiesieHue OTHOCHTENIBHO CBOETO cpeHero 3HadeHus. B kontekcre ananmnza MUKK kos¢ppunment
ACUMMETPHHU MOXKET JaTh HHPOpMaIHIo 0 GopMe pacrpe/iesieHUs U NOAYEPKHYTh OIIpe/IeTICHHbIE acTIeK-
TBI BAPHA0EIBHOCTH 3ByKOBOTO curHana. KoaddunueHt acumMmeTpun Beraucisics it kKaxaoro MUKK

! N frames (MFCC(k,m)—meanMFCC(k))3
Nframes m=0 SDMFCC (k)3 .

SKMFCC (k)= (M

DKkciecc — Mepa (OpPMBI pactpesieNieHNs CITy4ailHON BETMYMHBI, KOTOpast MOKa3bIBAET, HACKOIBKO
OHO OCTPOKOHEYHOE MJIM INIOCKOE 10 CPAaBHEHUIO C HOPMAJIbHBIM pacrpeaeneHueM. [ BeluucieHns
JKCLECCa HCIOJIB30BaIH (OPMYITy MOMEHTOB

. N frames (MFCC(k’m)—meanWCC(k)r

kurtosisMFCC (k) = P DMFCC(R) T,
rames m=0 -

2

MeKKBapTHIBHBIN pa3Max — 3TO Mepa pa30dpoca AaHHBIX, KOTOpask UCIONb3YeTCs IS U3MEPEHHUS
pasHHILBI MEXKAY BEPXHMM M HW)KHUM KBapTWIssMU. OHa MMOKa3bIBaecT pa3zdopoc 3HAYCHUH B JaHHBIX.
[Ipu Beruncnernnn IQR BhIMOMHAIOTCS mIArH:

1) yropsimounBaroTCs JaHHBIE 1O BO3PACTAHUIO;

2) HaXOJUTCS 3HAYEHUE TIepBOTO KBApTHIISA (), KOTOPOE OTAEINsAeT HIDKHUE 25 % HaOIIOneHII;

3) HaXoAMTCS 3HAYCHUE TPEThero KBapTiis ((J;), KOTOpOE OTAeIseT HIKHuE 75 %;

4) Berancisiercst IQR kak paznuna mexxay 3HaueHUsIMA O3 11 O,

IQR = Q3 - Q]- 3

B xonTekcre pemaemoit 3agaun IQR mMoxkeT ObITH Moyie3eH Ui U3MEPEeHus: pa3dpoca B mapaMeT-
pax MUKK. Pesynprupytomas cxema GopMUpoBaHHs BEKTOpa PU3HAKOB MPHUBEACHA Ha puc. 5. B uto-
rOBBIM HAOOpP MPU3HAKOB ObLIN BKIFOUYEHBI cpejnee 3HadyeHrne MUKK (D npusHakoB), cpeHeKBajpa-
tnyHoe otkionenne MUKK (D mpusnakoB), cpennee ot mepBoi W BTOpo mpou3BonHbx oT MUKK
(2D mpu3HAKOB), UX CpeAHEKBaIpaTHICCKOe OTKIIOHEHHE (2D), a Takxke Kod(D(PHUIMEHT aCHMMETPHUH,
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9KCLIECC U MEKKBAHTWIbHBIN pazmax (1o D NPU3HAKOB ISl KaXKI0M XapaKTepPUCTUKN COOTBETCTBEHHO).
Takum oOpazom, A Kakaoro aynuogaiina nomydaercs 9D-KOMIOHEHTHBIN BEKTOpP HAaJICETMEHTHBIX
npusHakoB MUKK.

MUKK AMUYKK L2-MYKK
D
Bxognoit
CHUTHAJI —>
1
* * Nframes fo‘GV"ES 1 * * Ntrames
| Cpe;mee | IQR| 12‘;?\’43‘;:3;? Okcuece Cpe,:mee | CKO | Cpennee | | CKO |

S

(10 ) (ax0 ) (10 ) (1x0 ) (C1xo ) (2x0 ) Caxp ) (C2x0) (C1x0)

S =
—
9D-mepHblii BekTop HajcermeHTHbIX MUKK npu3snakos

Puc. 5. Cxema GpopMuUpOBaHHsI BEKTOpA MTPU3HAKOB
Fig. 5. The sheme of feature vector extraction

PedeBasi 6a3a M onucaHue IKCIEPUMEHTA

[lpu mpoBeneHuu uccienoBaHUsl NpUMEHsUIM Habop AaHHBIX Ryerson Audio-Visual Database
of Emotional Speech and Song (RAVDESS) [11]. RAVDESS cozaepxur 3anucu 24 akrepos (12 myx-
yuH, 12 xenmun). Kaxaeni akrep npousnec 104 pasnuunbix coobmenust (60 pedeBbIX BBICKa3bIBa-
HUH 1 44 TIeCEHHBIX). B oKcImepuMeHTax HCIomb30Baiach TOJIbKO 9acTh 0a3sl RAVDESS, comepikamas
peueBbie BhickaszbiBaHust — 1440 ¢aiinoB B popmare wav (16 ouTt, 48 xl'm): 60 3ammceit Ha Kaxxa0TO
u3 24-x axTepoB. PeueBble SMOIMM BKIIOYAIN HEUTPaJIbHOCTh, CIIOKOHCTBHE, CYACThE, IPYCTh, T'HEB,
CTpax, YAMBJIICHUE U OTBpalleHHe. Bce SMOLMOHANBHBIE COCTOSHUS, KPOME HEUTPaJIbHOTO, 03BYUHBa-
JIMCh HA JIBYX YPOBHSX SMOIIMOHAIBHOW I'POMKOCTH (HOPMAaJIbHOM U TIOBBIIICHHOM). AKTEpBI TOBTOPSI-
T K2XKTYI0 BOKAIM3AIINIO JIBAKIBI.

st knaccuuKauy B CUCTEME PACO3HABAHUS AIMOLIMOHAIBHOTO COCTOSHUSI 110 PEYM IPUMEHSET-
cst MOB. [laHHBII METOZ BBIMOJHSET KIacCU(UKALNIO TyTEM NOCTPOCHHS pa3iesIoiel Tuepioc-
KOCTH, KOTOpasi ONTUMAJIbHO pa3zienseT JaHHble Ha kinacckl. B MOB nmpeaycMoTpeHo HConb30BaHne
(byHKIMH gapa A1 TpeoOdpa3oBaHusi HCXOAHOTO Habopa JaHHBIX B MHOTOMEPHOE MPOCTPAHCTBO NPHU3-
HaKoB. 1 yke B HOBOM NPOCTPAHCTBE MPU3HAKOB BBHITIOIHSETCS IIOCTPOCHUE ONTHMAIBHOW Pa3Ielsito-
e TUIEepPIIOCKOCTH. B rccnenoBanny HCMOMB30BAIMCH U3BECTHBIE s/IEpHbIe (PYHKINHU: JTHHEHHA,
TTOJIMHOMHUAJIBHAS ¥ TayCCOBO SI/IPO € paauanbHoi 6a3zucHoi ¢pyukuueit (PbD) [9].

[Toctpoenue knaccupuKaTopa Ha OMOPHBIX BEKTOPAX ¢ IPUMEHEHHEM IEPEUMCICHHBIX BBIILIE sSIIEP
OCYILIECTBISUIOCH € TOMOIIBI0 Onbanoreku sklearn si3pika Python. [nist rectupoBanus knaccugpukaropa
HCIIOJIb30BAJICS METOJ TIEPEKPECTHOM MpoBepku 1o k Oiokam (k-fold cross-validation) [9], koTopbrit
3aKITIOYAETCS B CIEYIOLICM.

1. Habop pa3buBaercs Ha k OIIOKOB.

2. Buukne mnsi =1, 2, ..., k BRIIOJTHSIOTCS CIEIYIOIINE ONEPAIINN:

— OJIOK i ycTaHABIMBAETCS B KA4ECTBE TECTOBOTO Habopa aHHBIX (test data);

— OCTaBIIHUECs OJIOKH MPUHUMAIOTCS KaK TPEHUPOBOUHBIC TaHHBIE (train data);

— BBINIOJIHSIETCSI 00y4YEeHUE MOJIENN KilacCcu(rKaTopa Ha TPEHUPOBOUHBIX U OLEHUBOETCS ee dPPek-
TUBHOCTh Ha TECTOBBIX JIaHHBIX;

— COXpaHEeHHE Pe3yNbTaTOB KIacCU(PUKAIIUY JUIs JaHHBIX U3 TECTOBOTO Habopa;

— cOpoc napaMeTpoB MOJEIH JO UCXOJHOI'O COCTOSIHUS [UIsl CIIEAYIOLIECH nTepannu.

3. Pacuer ouenku 3ppeKTUBHOCTH MOJIENIN Ha OCHOBE COXPAHEHHBIX PE3yJIbTaToOB KJaCCHU(UKALMN
TECTOBBIX JJAHHBIX.

[TonmyueHHbIe aHHBIE, COMIACHO CXEeMe, MPeIJIoKEeHHOM B [12], pa3OuBaiu Ha OJIOKH CIIEIYIOIUM
o0Opa3oM (B ckoOKax yKa3aHbl HOMEpa aKTepOB):

—omoxk 0: (2, 5, 14, 15, 16);
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—omok 1: (3,6, 7, 13, 18);

— omok 2: (10, 11, 12, 19, 20);

— ook 3: (8,17, 21, 23, 24);

—omok 4: (1, 4,9, 22).

BriOpanHasi cTparerds 3aKiIF04aeTcsi B TOM, YTO KayKAbIi OJOK JIOJDKEH COZAEPIKaTh OJMHAKOBOE
KOJIMYECTBO CIyYaifHO BBIOPAHHBIX OOPa3OB Ul KAKIOTO Kiacca. [Ipu 3TOM MOIKHO BBITOIHATH-
CsI YCIIOBHE, YTO KaXKIBIH aKTep MpeACTaBiIeH JU00 B 00ydJaromeil, 1100 B BaIMIAMOHHON BBIOOPKE,
HO He B o0eux. /Iy OLleHKM KayecTBa MOAEIH BBIUUCIISUIA CpeAHee apuPMETHIECKOe (HEB3BEILICHHOE)
nonHoThl (unweighted average recall, UAR). UAR — 310 mokasarenb, HCTIONB3YyEeMBIN I H3MEPEHUS
o01mIelt MPOM3BOAUTENILHOCTH MO MHOTOKJIACCOBOH KJIACCH(DMKAIMH, BEIYUCIISICT CPEHUHN yPOBEHB
3alIOMUHAHUS 110 BCEM KIlaccaM, MpHJIaBast KaKJJ0MY KJIacCy OJIMHAKOBYIO BaKHOCTh 0€3 yueTa Kiacco-
BOTO AucOanaHca:

NC
UAR = lz%, 4)
N3 Z Ay
j=1Iv

rme A — Marpuia ciryTaaHocTH (confusion matrix); N, — KOTHYIECTBO KJIaCCOB.

3naueHue UAR nHaxoaurcs B nuanaszone ot 0 1o 1. DKcniepuMeHT IPOBOAMIICS B TPH 3Taria:

1) moxnroroBka oOy4aromieli BBIOOPKH;

2) oOy4eHHEe M TECTUPOBAHUE KIACCH(PHUKATOpa C UCIOIb30BAHUEM Pa3IWYHBIX (YHKIUH sipa
U pa3HbIX Pa3MepoB JUIMHBI (peiiMa aHam3a peueBbIX CUTHAJIOB;

3) olieHKa MOZAENH ¢ ncnoib3oBanneM Metpukn UAR.

Pe3ynbrarhl uccie10BaHuii U UX 00Cy:KIeHUe

Ha mepBoM 3Tarme mpoBOAMIIA IKCIIEPUMEHTHI 110 TIoA0opy uncia D m3BinekaemMbix MUKK. Briou-
pancs pasmep dpeiitma, paBablid 1024 otuera (~23 mc), knaccudukaTop Ha ocHoBe MOB ¢ uHEHHBIM
SIIPOM | OTIpeieIisiioch ontuManbHoe yrcio D MUKK u3 muOkecTBa {30,32,34,36,38,40,42,44} . Hau-
JTy4IIUid pe3ynsraT knaccudukanuy Obu1 monydyeH npu D = 34. DTo 3HaUCHHE 3aTeM HCIOJIb30BAIN
B JAJIbHEHIINX MCCIIEIOBAHUSAX.

Ha BTOpOM 3Tare BBIMONHSIUCH IKCIIEPHUMEHTBI ¢ KiIaccupukaropom Ha ocHoBe MOB 1 pa3nuuHbIMu
AaepHbBIMA QYHKIHUAMA. M3BECTHO, YTO (PYHKITUS MOJTMHOMHUAIBHOTO Sjpa UMEET mapameTp deg (cre-
IIeHb TOJIMHOMA), a pajnajibHas 0a3ucHas (GyHKIHA — napameTp y. Takxke kiaccuuKarop Ha OCHOBE
MOB nmeet napametp C, KOTOPBIHA MPEACTABISIET CO00H «OIOMKET» HEKOTOPOI BEIIMYHHBI, OTpaXKaro-
MK CTENeHb HapyIIeHUs 3a30pa pematomeid rpanunsl [9]. IlonoOHble HapyIIEHUS TPOUCXOIMAT, MO-
CKOJIbKY JJaHHBIE B TPU3HAKOBOM MPOCTPAHCTBE HE MOTYT OBITH pa3aesieHbl HiealbHo. TakuM 00pazom,
napameTpsl deg, Y 1 C SBISIOTCS TUNEpIapaMeTpamMu kinaccudukaropa Ha ocHoBe MOB. [l BeiOOpa
ONTHMAJTBHBIX 3HAUYEHUI TUIeprnapaMeTpoB HCIONIb30BaTach TEXHUKA MOMCKa 1Mo ceTke (grid search):
Ut deg — ceTKy 3HadeHu# ot 1 10 8 ¢ marom 1; st C — cetky u3 12 3nagenwuii ot 0,1 mo 100,0, pactmo-
JIOKEHHBIX AKBUUCTAHTHO B JOrapu(MUIecKoM MaciiTade; 11 Y opMupoBasiack cetka u3 10 3Have-
Huii B ranasone ot 1032 1o 1071 pacnonokeHHbIX 9KBUAUCTAHTHO B JIOrapU()MUYECKOM MacIuTabe.
[Tonck onTHMaNbHBIX 3HAUYEHH MTapaMeTPOB, MO3BOJISIOMIMX MOIY4YHUTh Hanbombiee 3HaueHne UAR,
BBITTOJTHSIICS ISl BEKTOPOB TIPU3HAKOB, IOIYYEHHBIX IPH PA3JIMYHBIX 3HAUCHHUSX pa3Mepa ¢peiima aHa-
nu3a. Pe3ynpTarel SKCTIepUMEHTa IPUBEACHBI B TA0M. 1.

Tadmumna 1. Pesynsrupyromuit UAR st knaccugukaropa
Ha OCHOBE METOJa OIIOPHBIX BEKTOPOB C PA3JIMYHBIMU SAPAMH
Table 1. Resulting UAR for a support vector machine classifier with different kernels

Pasmep ¢peiima /| JImneiinoe sapo / [MomuHOMEaTBEHOE S7IPO / PamnansHast 6a3ucHas GyHKIUS sapa /
Frame size Linear kernel Polynomial kernel Radial basis kernel function
1024 0,458 (C=0,01) | 0,457(C=0,01,y=1,deg=1) 0,469 (C=8,11, y=10,0008)
2048 0,451 (C=0,10) | 0,450 (C=0,01,y=1,deg=1) 0,471 (C=8,11,y=10,0008)
4096 0,454 (C=0,01) |0,455(C=0,05,y=0,1,deg=1) 0,476 (C=2,31,7y=0,0014)
8192 0,469 (C=0,01) |0,474 (C=0,05,y=0,1,deg=1) 0,482 (C=28,48,y=0,0014)
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Haunyumee 3nauenne UAR = 48,2 % nocturaercst mpu UCTIONb30BaHUM Kiaccu(ukaTopa ¢ sapa-
mu PB® u MUKK, paccunrannsivu Ha dpeiime pazmepom 8192. Ilosepxnocts UAR, paccuntannas
B XOJI¢ TIOMCKa TI0 CeTKE JUIsSL 3TOH MOJETH, MpeAcTaBieHa Ha puc. 6, a. VI3 pucyHKka BHIHO, 4TO OOJb-
mroe 3HadeHue napamerpa C MpUBOIUT K Oosiee THOKOMY KIacCH(HUKATOPY ¢ BHICOKOM MPOU3BOAMTEIb-
HocThIo. [Ipu yBenmuuennn pasmepa ¢peiima anamusa o 16 384 mokazarens UAR pesko nanan 1o 3Ha-
genus 0,13. Ha puc. 6, b mpencraBieHa MaTpuIia CITyTBIBAHUS IS Ty Ui MOZICITH.

R - [0 [0 o o [oos oo N
S - [ o[- [oo [o] o
UAR - 0.5
oo Y R A
chax-mm BEEN 0.15 | 0.01 | 0.08
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Puc. 6. Pe3ynprarsl SKCIEpUMEHTOB: a — MMOBepXHOCTh UAR; b — MaTpuIia crryThIBaHUS
Fig. 6. Experimental results: « — UAR surface; b — confusion matrix

AHanu3 MaTpuLbl CIyTHIBaHMS MO3BOJISIET BBISIBUTH BaXKHBIC 3aKOHOMEPHOCTH B PAaCIO3HABAHUU
AMOLHH. MOXHO 3aMETHTh, YTO HanboJiee YacTo HEMPAaBUIBHO KiacCU(UIIMPOBAHHBIMH AMOLIUSMHU SIB-
nsttoTCs HelTpanbHOCTh (32 %) u cuacthe (35 %). [IpumeuarensHo, 9YTO HEUTPATbHOCTD YacTO My TaeTCs
C TPYCTBIO M CTIOKOMCTBHEM, YUTO TTO3BOJIAET MPEATIOIOKNATH HEKOTOPOE CXOICTBO UX aKyCTHUECKHX Xa-
pakTepucTHK. M1 HA000pOT, THEB UMEET BBICOKYIO TOYHOCTH pacto3HaBaHus (65 %) u penko ommnO09IHO
KJ1accu(UIMPOBAIICS KaK APYras 3MOLUS, YTO YKa3bIBAET HA OTIIMYUTEIIbHBIE OCOOCHHOCTH €0 aKyCTH-
4eCcKOro npouiist. DTU pe3ylbTaThl IPOJIMBAIOT CBET HA MTPOOIEMBI, C KOTOPBIMHU CTAJIKUBACTCS KIIACCH-
(ukarop npu pa3nTUUECHUN TOHKUX SMOLIMOHAIBHBIX HIOAHCOB, M IOAYEPKUBAIOT BAXKHOCTh pa3pabOTKU
(YHKIMI 1 COBEpIICHCTBOBAHMUS MOJICNICH JUIS yiTydIieHus 9QPEKTHBHOCTH PACIIO3HABAHUS SMOLIUH.

PesynbraTel mccnenoBaHuil MOKA3bIBAIOT, YTO BHIOOP SApa OKa3bIBACT CYIIECTBEHHOE BIIMSHHUE
Ha TOYHOCTH Kitaccudukanuu. Kiraccudukarop ¢ PE® npoxeMoHCTpHpOBaI BEICOKYIO IPOHU3BOAUTEITb-
HOCTb B OTHOLLIEHWH MHOXKECTBA SMOLHH, B TO BPEMsI KaK MCIIOJIb30BAaHHE JIMHEHHOTO SIIpa MO3BOJISET
XOPOIIO Pa3anyarh JUIIb OTIEIbHBIC SMOLMOHAIBHBIE COCTOSHHUS.

Pasmep ¢peiima, uconszyemsbiit st uzpnedenuss MUKK, urpaer cymiecTBeHHYIO poiib B oOuien
TOYHOCTH CHCTEMBI: OoJiee KOPOTKHEe (hpeliMbl 00eCIIeunBarOT OoJiee MEIKHe BPeMEHHBIE eTalu, a 00-
jee JUIMHHbIE coOMparoT 0oJiee MUPOKY0 KOHTEKCTHYIO MH(OpMAaLIO, 4TO MO3BOJISAET JIyUllle PAaco3-
HaBaTh SMouuHd. [lomydeHHble pe3ynbTaThl MOJYEPKUBAIOT BaXKHOCTh TOYHOM HACTPOWKHM sapa Kilac-
cudukatopa u moxdoopa pasMepa ¢peiima mpu pa3padoTKe CHCTEM paclio3HaBaHUS 3MOLUH IO pedu.
Tounocts (UAR) momydenHodd monenu, ucnonb3yromeil 306-KOMIIOHEHTHBI BEKTOp MpPU3HAKOB,
coctaBiseT 48,2 %, uto Oomnblie, yem y moaenu Ha ocHoBe MOB [12], ucnonb3yromeld B KauecTBe
BeKTOpa Mpu3HaKoB 2048-KOMIIOHEHTHBI BEKTOpP, MOIYYEHHBIH OT BHYTPEHHETO CJIOS HEWPOHHOM
cetn AlexNet (UAR = 45,8 %). CrnexyeT Tak)Ke OTMETHTbh, UTO YEIIOBEK CITPABISAETCS C 3aJa4ell pac-
MO3HABAHMSI SMOLMH MO PeUr ¢ TOUHOCThIO 67 % [12].

3aKJIroueHue

Paccmotpen nonxon K 3agade pacno3HaBaHUs SMOLMN 110 PEeYr, OCHOBAHHBIN Ha KIacCHU(pHUKATOPE
Ha 0a3ze MeTo/ia OMIOPHBIX BEKTOPOB U HCIIOJB3YIOMINN HaJCETMEHTHBIE MEI-4aCTOTHBIE KENCTPaJIbHbIE
ko3¢ ¢unmentsl. Hannmyumme pesynsrarel (UAR = 48,2 %) monydeHsl B cliyyae MPUMEHEHHUs Kilac-
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cudukaTopa ¢ paguagbHON 0a3UCHOM (YHKIHMEH sapa W MPU3HAKAMH MEI-4aCTOTHBIX KETICTPATbHBIX
K03(UIMEHTOB, pacCUNTAaHHBIMU Ha (pelime InTenbHOCThI0 170 Mc.
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AHHoTanus. Ha ocHOBe KBaHTOBBIX HPEACTABICHUII O CTPYKType BaKyyMa M JaHHBIX O KPAaCHOM CMEIECHHH
CIEKTPOB M3JTyuyaressl yJaJeHHbIX FaJIaKTHK MOTy4eHa OlleHKa MUHUMAJILHOTO 3HAUCHUs NTOCTOSIHHOM 3aTyXaHus
sHepruu (otoHa B Bakyyme o.: oo = 8 - 107 m~!. [IpeanonoxeHo, 4To KOCMUYECKOE MUKPOBOJIHOBOE M3JTyUEHUE
YaCTHYHO SIBISIETCS] TETUIOBBIM M3ITyYCHHEM BaKyyMa, HarpeToro ()OTOHHBIMH MOTOKAMH OECKOHEUHOW BCEJICH-
Hoi. HecMoTpst Ha OECKOHEYHOCTh BCENICHHON, HE0OO TEMHOE MMEHHO M3-3a MOMIOLICHHUS SHEPTHH (JOTOHOB Jaa-
JEKUX U CBEPXJAJIEKUX TaJaKTHK B BaKyyMe, a HE TOJbKO M3-3a MOIVIOIIEHHSI CaMUX (POTOHOB NPU PA3TUIHBIX
B3aMMOJICHCTBUSAX C KOMIOHEHTAMHU T'a30BbIX U MBIJIEBBIX MEXKTalaKTHYECKUX CKOIUICHHH. TeM caMbIM CHEKTp
W3ITyYEHHs] CBEPXJIAJIEKUX 00BEKTOB TPAHC(HOPMUPYETCSi B MUKPOBOJIHOBOI ANAITa30H, YTO JAOIOIHSIET HHTEHCHB-
HOCTH TEIJIOBOTO M3Ty4eHHs B HeM. [lokazaHa HECOCTOSATEIbHOCTD alIbTePHATHBHBIX 00BSCHEHUH KPacHOTO CMe-
LIEHUS: TOTIIEPOBCKOTO 3 PEeKTa B KOCMOJIIOTHYECKONH MOJIEITIN PACIIMPSIIONIEHCS BCEIICHHOM 1 bosbIIoro B3phIBa,
TPaBUTAILIOHHOTO CMEIICHNUSI.

KroueBble ciioBa: KpacHoe cMmenieHue, (OTOH, BAKYYM, MUKPOBOJIHOBOE M3JTy4Y€HHE, IOCTOSTHHAS 3aTyXaHHs.
Kondaukt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHUHU KOH(INKTAa HHTEPECOB.

Joas nutupoBanus. Kypaes, A. A. KpacHoe cMelieHre 1 IOCTOSIHHASL 3aTyXaHHsl 9HEPTUH (OTOHA B BaKyyme /
A. A.Kypaes, B. B. Marseenko // loknaast BI'YWP. 2024. T. 22, Ne 3. C. 101-105. http://dx.doi.org/10.35596/1729-
7648-2024-22-3-101-105.

REDSHIFT AND PHOTON ENERGY ATTENUATION CONSTANT IN VACUUM

ALEXANDER A. KURAYEYV, VLADIMIR V. MATVEYENKA

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
Submitted 30.08.2023

Abstract. There obtained an estimate of the minimum value of the photon energy attenuation constant in vacu-
um o o= 8 - 107" m™! based on quantum concepts of the structure of vacuum and data on the red shift of the emit-
ter spectra of distant galaxies. Presumably, the cosmic microwave radiation is partly the thermal vacuum radiation
heated by the photon fluxes from the infinite universe. Despite the universe infinity, the sky is dark precisely due
to the photon’s energy absorption from distant and ultra-distant galaxies in vacuum, and not only the photon ab-
sorption during various interactions with the gas or dust components of intergalactic clusters. Thus, the emission
spectrum of these ultra-distant objects is transformed into the microwave range, which complements the intensity
of thermal radiation in this range. The inconsistency of alternative explanations for the red shift is shown: the Dop-
pler effect in the cosmological model of the expanding universe and the Big Bang, and the gravitational shift.

Keywords: redshift, photon, vacuum, microwave radiation, attenuation constant.
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KpacHoe cMerienre crieKTpoB H3TydeHHs BHETATaKTHUECKUX 00hEKTOB OBLI0 0OHapykeHo B 1914 1
IIPH UCCIIEIOBAHUN TYMaHHOCTEH, KOTOPBIE OKA3aJIMCh rAJIAKTUKAMU, TTOTIOOHBIMH HAIIeH, — TAJIAKTUKE
Mueunsiit [Ty, Cuctemarudeckoe ucciieioBanue 3Toro sisjieHus nposen E. P. Habble [1] u ycrano-
BMJI 3aKOH 3aBUCUMOCTH KPAaCHOTO CMEUIEHHUS OT PACCTOSHUS JI0 UCCIENyEeMOU rajlakTUKU, Ha3BaHHOU
€ro UMEHEeM:

H.r
0
z=—"m, (D
c
Vo — .
e z=———; V, — 4acToTa JUHUUA H3JIyudeHUs (WM MOMIOLICHNs) B CIIEKTPE AalibHEH T'aJlaKTHKH;
%

V — 9aCcTOTa TOH K€ JTUHHUH CIICKTpa Ha 3emire (OKaSaJ’IOCL, YTO JJIA BCEX JIMHUH Z O,I[I/IHaKOBa); r —pac-
CTOAHHEC 00 I/ICCHCZ[yeMOﬁ TaJIaKTUKU; ¢ — CKOPOCTH CBCTA B BAKYYMC.
3aKoH (1) BBITIOJIHACTCS, KOrla Z MaJio, IIpu OOJIBIINX Z BO3HUKAIOT TOIIpaBKH! MOpsAAKa BBICIINX CTC-

. -1
neHen (HO re ) Cpazy nocne myonmukanuu B 1929 1. crareu [1] cTanm Bo3HUKATh pa3TUIHbIE THIIO-

TE€3BI O CYIIHOCTH SIBJICHHSI KPACHOTO CMEIIIEHHUS, KOTOPBIC MPOJOKAIOT PA3BUBATHCS U KOHKYPHUPOBAThH
10 HamuX nHel. OOCyIuM CyIIECTBYIOIINE THITOTE3bI.

1. Oddexr Jornepa. O6mas Teopust otHocutensHocTH A. Ditamrelina (OTO). Teopust pacmmpsito-
LIEHCs BCEJICHHON U BOJIBIIIOTO B3phIBA.

Dddexr Jlomrepa B ciydae mepeMENICHUs] HCTOYHNKA M3IYYEHHS MO OTHOIICHUIO K IPHEMHHKY
CO CKOPOCTBIO T BBIpAKaeTCs B CABUIE YaCTOTHI [2]:

a) 10 BOJIHOBOM (hopmyrie

-1
ﬁ{liﬂj ; @)
\Y% c
0) IO peNIATUBUCTCKON QopMmyIie
1
-1 2 *E
ﬁ=v‘1(1iﬁj cr=|1-5 3)
\Y% c ¢
Taxum oOpazom, moxrygaem
z=y(1iz)—l. @)
c

Clie/10BaTeIIbHO, KPACHOE CMEILICHHE MOXKET ObITh 00bsicHeHO d(dexrom Jlomepa (+u). Ho BosHu-
KaeT JiBa CIIOPHBIX MOMECHTA:

1) KpacHOe cMelIeHNe 3aBUCHT OT 7, T. €. TAJIAKTUKH B CJI0€ 7 = CONst JOJDKHBI ¢ OJMHAKOBOM CKOPO-
CTBIO YIAJISATHCS OT HAC;

2) o Toti ke popmyite (4) ¢ yuetom (1) He0OX0MMUMO, 9TOOBI CKOPOCTH YIaJCHHS TaJlAKTHK BO3pac-
TN TaK, YTOOBI YIOBJIETBOPSTH YCIOBUIO

y(liﬁj—lzﬂ. Q)

c c

B 1917r. A. DitHiuTeiiH BBe B nipaByto 4acTb ypaBHeHHst OTO KOCMOIOrHYeCcKy o ONpaBky — Ag,,, ,
rae A — KOCMOJIOrHYecKast IOCTOSIHHAsSL, g, — METPHYCCKHil TeH30p B PUMaHOBOM npocTpaHcTse [3].
Braroxapst 1ot nonpaske Ipy ONPE/ICICHHbIX MOJIOKUTEIbHBIX 3HaYCHUAX A ¥ BbIOOpE g, OKa3a-
JI0OCh BO3MOXKHBIM IMOJYYUTh PELIEHHSI, COOTBETCTBYIOIIUE PACIIUPSAIONIEHCS OMHOPOAHON U U30TPOII-
HOM BcelleHHOH. DTo HallpaBleHHe pa3BUBAJIOCH /10 MOCIEIHEro BpeMEHHU Kak TeopHs boibiioro B3psiBa
U pacmupsronieiics: BceaeHHoi [4]. Ho eme B mporiomM Beke BHICKA3bIBATNCH COMHEHHUS B KOCMOJIOTH-
yeckoil Teopun, ocHoBanHOW Ha OTO [5, 6]. Yka3piBamoch Ha TO, YTO MOJy4YaeMble PEUICHUS HEOI-
HO3HAYHBI M3-3a ONPE/CICHHOTO MPOM3BONIa B BbIOOpe A M g, a TaKKe M3-3a yTparsl (GyHIaMeH-
TaJIbHbIX 3aKOHOB coxpaHeHus [6]. K ToMy e B Teopuu pacIIUpsIIOUICICS BCEICHHON B CBSI3U C TEM,
YTO TI0 YCIIOBHIO [4] /Ul JaJbHUX TFaJIaKTUK z >> 1 U pacTeT HEJIMHENHO 110 7, IPUILIOCh BBECTH HEU3-
BECTHYIO BHE(DUZNYECKYIO «TEMHYIO SHEPTHIO», CO3IAIONIYI0 TOMOMHUTENbHbIE K pemennto OTO an-
TUTpaBUTAIIMOHHBIE cUIIbL. JleficTBuTenpHO y ramaktuku GN—z11 z = 11,1, y ranaktuku HD1 z = 13,27.
Kak cnemyer u3 (4), y 9THX TaJakTHK y >> 1, T. €. 3TO yJABTPAPENITUBUCTCKIAE CO3aHMsI, YTO MPEICTaB-
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JsieTcs HeBO3MOXKHBIM. Kpome Toro, mocienHue OTKpBITHSI C MOMOIIBI0 Teneckona «J[xeiimc Y>00»
TaKXe OIpoBepraioT Teopuio bombioro B3peiBa (z > 20). Takum o0pazoM, paccMarpuBaeMasi BEpCHUs
MIPOMCXOXKACHUSI KPACHOTO CMELICHUS! MPEACTABISIETCSl MaJlo 000CHOBAaHHOM.

2. FpaBI/ITaI_II/IOHHOG KpaCHOC CMCIICHUC.
B cooTBeTCTBUU ¢ OCHOBHBIMU IOJOXKCHUSIMU KBAaHTOBOM (1)I/IBI/IKI/I OHEPTUsd (l)OTOHa E= h\/, a Mac-

hv .
ca m=—, rie h = 6,626196 - 10>* Jlx-c — nocrosunas Inanka. HprOTOHOBCKHIT MOTEHITHAT y OIHO-
c

N N GM
ponHoi chepuueckoii 3Be3apl ® =——, e G = 6,672 - 107! M>-kr!-¢2 — rpaBuTalMOHHAs IOCTOSH-
r

Hast; M — macca 3Be31bl. 13 3akoHa COXpaHeHUs dSHEPTUHU TToiTydaeM [S]

GM
z=—7p, (6)

e
e 7y — BHELIHUH paanyc GoTochepbl 383/l

Janubiii 5 QexT neficTBUTETHHO IMEET MECTO, HO €T0 BETMYMHA OTHOCUTENBHO Maja. Tak, s Comnn-
naz =2 - 107°. Kpome Toro, rpaBUTalMOHHOE Z HE 3aBUCHT OT 7, KaK 3TO HAOIIONAETCS Y KPACHOTO CME-
meHus. Takum 006pazoM, 3TOT 3(GEKT MPOCTO BHOCUT MONPABKY B HAOIIOAaEMOE KPAaCHOE CMELICHHE.

3. BzaumoneiicTBrue JOTOHOB C BAaKyyMOM.

B otnuune or OTO A. DiiHmTeiiHa B anekTpomMaruutHoil Teopun Makcesemna—Iepua, 8 OTO Jlo-
peHIa—MUHKOBCKOTO, B KBAaHTOBOW (DM3MKE BaKyyM — HE IyCTOTa, a MaTepuajbHas cpena, 0oanaro-
miasgs HabopoM BceX MPUCYIIMX MaTtepuu cCBOWCTB. B Teopum MaxkcBenna—JlopeHna Bakyym obmamaer
JIUAIIEKTpUYECKOn g, = §,8542 - 107'2 ®/m (T. €. cocoben MOJIIPU30BATHCS O IEUCTBUEM AJIEKTPU-
Y4ECKOro MOJA) M MarHUTHOM U, = 47 - 107 I'n/M npoHunaeMocTsmu (Coco0eH HaMarHUYMBaThHCS
B MarHUTHOM I1oJie). [IpuuemM cKopocTh pachpoCTpaHEHUs IEKTPOMAarHUTHBIX BOJH (CBETa) B BaKy-
yMe ¢ = (golo) > = 2,99793 - 108 m/c.

B xBaHTOBO# (hr3HKe «110 ONpeIeIeHUI0, BAKyyM €CTh COCTOSTHHE C HAMHU3IIEH TIIOTHOCTHIO SHEP-
rum» [7]. Y Tam xxe: « ACTpPOHOMHS ... TOBOPUT O TOM, YTO MJIOTHOCTH SHEPTHUHU BaKyyMa 3aBEIOMO MEHb-
me 10728 I'/(cm-c?)». B BakyyMe BO3HHMKAIOT BUPTYJIbHBIE IAPhl YACTHII-AHTUYACTHII, CYLIECTBYOIINE
HACTOJIBKO Majioe BpeMs Af, 4TO CBET HE yCIIEBAET PACHpPOCTPAHUTHCS OT TOYKH WX BO3SHMKHOBEHHS,
T. €. 3TO TOYEUHOE COOBITHE B MPOCTPAHCTBE MUHKOBCKOTO. J{eHCTBUTENILHO U3 COOTHOLICHHUS HEOTIPE-
nenenHoctr lefizenoepra AE At > /i (AE — sHeprust BUpTyalTbHOW YacTHIIBI; Af — BpeMs ee CyIeCTBOBa-
Hust; i = h/(21); h—nocrosianaas [lnanka) cinenyert, uto At = A/AE. [y y-kBanTa AE = hf u, cieoBaTelib-
HO, At = 1/(2nf) = 1/m, Tne ® — yIryoBas 4acToTa y-KBaHTa. TakiuM 00pa3om, AJisl BUPTYaIbHOTO Y-KBaHTa
BpeMst xkusHu Af ~ 5 - 1072 ¢. CiieroBarenibHO, B3aMMOIENCTBUE C HUM — TOUEYHOE B YETHIPEXMEPHOM
MPOCTPAHCTBE COOBITHE. JTO 03HAYAET, YTO BAKYyM HENbB3sl MPEICTABISTh, KaK CyOCTaHIINIO, UMEIO-
LIYI0 HEKOTOPYIO CKOPOCTh IEPEMELIEHHs: BO BCEX CUCTEMax oTcyeTa (YCKOPEHHBIX WM MHEPIHalb-
HBIX) BaKyyM — HEIIOABMKHas cpena. [1o3ToMy B 1100BIX cCHCTEMax OTCUETa CKOPOCTh PACIIPOCTPAHEHUS
3JIEKTPOMArHUTHBIX BOJIH OJIHA U Ta %Ke — ¢ = (gyly) . [Ipn nefcTBMM Ha BaKyyM BBICOKODHEPTHYHBIX
(OTOHOB (y-KBaHTOB) M3 HETO POXKIACTCS Mapa MEKTPOH-MO3UTPOH. M3BeCTHBI cTaTHuecKuii U JuHa-
Muueckuil kBaHToBbIe 3 dexTsr Kasumupa. B nepsom oOHapyXuBaeTcs BHELIHEE JaBJICHHE BaKyyMa
Ha OJIM3KO pacroioKeHHbBIE 3epKabHBIE METANINYECKUE TUIACTHHBI, BO BTOPOM — U3Jy4eHUE (OTOHOB
TIpu BHOparuu omHoH 3 miacTuH [8]. Dddexr Kazumupa cTaHOBUTCS H3MEPUMBIM CO 3HAUCHUS pac-

2
Ln“ .pud=10 um
240d
JaBieHue p nocturaeT 1 atm. 3epkana 00pa3yroT pe30HATOp, OCYIIECTBISIFOIINN YaCTOTHYIO CEIEeKIIHIO
BHUPTYaJIbHBIX ()OTOHOB, IOATOMY MX YHCJIO BHYTPHU PE30HATOPA MEHBIIIE, YEM CHAPYKU.

Takum 0Opa3zom, BzaumoeiicTBre HOTOHOB CO CpeIol X PACIIPOCTPAHCHUS — BAKYYMOM — OYCBH/I-
HO. HpOI/ICXOZ[HT IMPOHECCCHI MOJIApU3allui U HaMarHM4MBaHUA BaKyyMa B KJIaCCHMYC€CKOM ITOHUMAaHUU
1 KBAaHTOBBIH OOMEH ¢ TOYKH 3peHUS KBaHTOBOW (pm3ukm. [Ipu Takmx Gu3mdaeckn 0OBEKTUBHEIX MPO-
reccax nmorepu sHepruu (hoToHa Hen30exHbI [8]. A TOCKONBKY SHeprus poToHa E = hv, KpacHOe cMe-
meHne oyaet o0ycIoBIeHO NoTepel s3Heprun (JOTOHA Ha TIYTH pacupocTpaHeHus r. Takoe oObsicCHeHne
He TpeOyeT MPUBJICUCHUS HEU3BECTHON «TEMHOHN SHEPTUU» U T€OPHU BOIBIIIOTro B3phIBa.

PacueT mocTosiHHOM 3aTyxaHusi SHEPrUM (OTOHA B BaKyyMme KacaeTcs MMEHHO dHEepruu (oToHa,
a HEe CBETOBOT'O IMOTOKA, B KOTOPOM 4acTh (POTOHOB IMOIIONIAETCS IPU B3aMMOJICHCTBHH C MaTepyallb-

CTOSIHHS MEXKy 3epKanamu d = 40 HM U BO3pacTaeT IponopUMOHAIbHO d 4 p =
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HBIMH YaCTUIAMH MEIK3BC3JHOI'O IIPOCTPAHCTBA. Cuuraem BaKyyM OI[HOpO,I[HOﬁ n I/IBOTpOHHOﬁ cpenoﬁ.
Torz[a YMCHBIICHUC DOHEPTUHU (bOTOHa E(l") MOXHO IPCACTAaBUThL B BUAC IKCIIOHCHIUAJIBHOT'O 3aKOHA

—=e > (7)

e £, — mepBoHaYaIbHAS YHEPTUS U3TydeHHOTO (poTochepoii 3Be316I (OTOHA; O — IIOCTOSTHHAS 3aTyXa-
uus; E(r)=hv; Ey = hv,.
Torna BenM4YrHA KPACHOTO CMEIICHUS Z MOXKET OBITh IIPEACTABIICHA KaK
vo-Vv _E-E E,
v E E
PaccmoTpum cirydai, korma CripaBeiTuB TUHEHHBIN 3aKkoH Xa06ma: z << 1, o << 1. Torma

1=e 1. (8)

z =

zzl-i-ar—l:ﬂr,mma:ﬂ, )
c c
e Hy =2,4-107"% ¢,

[Moxcrasmsst B (9) 3sHauenust H, u ¢, monydaem oo = 8 - 107! m~!. D10 3Hauenue o cnemyer cunrarh
MHHHUMAJIbHBIM, TIOCKOJIbKY CYILECTBYIOT APyrHe MPUYIHHBI CHIXKEHHs E (oToHA, HAanpuMep, YKa3aHHOE
BBINIE MPABUTAIIMOHHOE KPACHOE CMENIEHHE.

OCTaHOBHMMCS Ha HEKOTOPBIX CIIEJACTBHAX MOMyYEHHOTO PE3YJIBTATA.

1. B MeTozie «CTaHIAPTHBIX CBEYEH», HCIIONb3yEMOM NIPH ONPEACICHUH PACCTOSHUN 10 JaTbHUX
raJlakTUK 110 IPKOCTH CBEPXHOBBIX THMA 1A (CUMTaeTCs, UX CBETUMOCTh CTAHIAPTHA), CIIEAYET YUUThI-

BaTh O
. 2
& _ (r_oj e lrn), (10)
& r

rae ¢ — HaOmromaeMast sSIpKkoCcTh uccieayeMoi 1A; &, — Habnronaemas spkocTh periepa 1A; r — paccTosi-
HHe 70 Habmogaemoit 1A; r, — paccTosiHue a0 pernepa 1A.

2. U3-3a norepp 3Hepruu (HOTOHA B BaKyyMe OH HarpeBaercs 10 HaOmomaembix 2,7 K. MIMeHHO
C DTUM CBS3aHO MUKPOBOJIHOBOE M3yUEHHE, a HE C Teopruel bombIoro B3peIBa.

Crnemyer MomyTHO OTMETHTh, YTO BEChMa TOUYHBIE H3MEPEHHS CYMMBI YIJIOB TPEYTOIHLHUKOB B KOC-
MHUYECKOM IPOCTPAHCTBE MOKazanu ToyHO 180°, T. €. KOCMHYECKOE MPOCTPAHCTBO UMEET EBKIIUIOBY
CTPYKTYPY (KaK IpOCTPaHCTBO-BpeMsi MUHKOBCKOTO), a He puMaHoBy, kak B OTO. DTo Toxxe IpOTHBO-
peunt Teopun BoibIIoro B3peIBa.

Taxum 06pazom, MOXKHO CAETaTh CIEAYIONINE BHIBOIBI.

1. IlomygeHHbIe pe3ynbTaThl HE MPOTHBOPEYAT MPUPOIEC U He TPEOYIOT MPUBJICUSHHS] HEM3BECTHBIX
CYIIHOCTEH W SBICHUI (TaKUX KaK TEeMHas MaTepus, TEMHAsl YHEPTHsA).

2. B nmonp3y TOro, 4To KpacHOE€ CMEUICHUE z — CJICACTBUE MOTEPU YHEPTUU B BaKyyMe, CBUICTEIb-
CTBYIOT u3Mepenust z s radaktuku Llpenunrepa CEERS-93316. Ilpu nepBoHavyaabHOM M3MEpPEHUH
z =16, 3aTem yepe3 Mepruol MeHee rojia y TOi ke BHOBb Hal/IeHHON TaJaKTHKHU OKazajioch z = 5. Takoii
(hakT HE MOXKET OBITH OOBSICHEH BHE3AITHBIM U3MEHEHUEM PaIHaIbHON CKOPOCTH TaJJaKTHKH — CITUIITKOM
Oompmioi ckadok. C TOYKH K€ 3peHHUs MOTEePH SHEepTruH (POTOHA — ATO BIIONHE 00BICHUMO. B mepBom
CJly4ae CBETOBOH JIyd IMPOIIEN 3Ur3aroo0pa3Hblii MyTh MPHU MHOTOKPATHOM T'PaBUTAIlMOHHOM JIMH3H-
pOBaHUU, BO BTOPOM — TOpa3zio 0o0jiee KOPOTKU Iy Th, OJIM3KUI K psiMoiinHeitHoMY. [Toatomy notepu
sHepruu (poToHa (M, COOTBETCTBEHHO, Z) B 3TOM ClIyyae 3HAYUTEIbHO MEHBIIIC, UEM B TICPBOM.

3. VimMeeTcst U 4YUCTO MareMaTHUYECKOe JI0KAa3aTebCTBO HEOOXOMUMOCTH CYIIECTBOBAHUS IMOTEPh
SHEPTHUH DJIEKTPOMAarHUTHBIX BOJH B BakyyMme. Teopemy e€IMHCTBEHHOCTH JUIsl BHYTPEHHEW W BHEII-
HEH 3a/1a4 AIEKTPOAWHAMHUKH YIAeTCs OKa3aTh TONBKO B TPEIINOIOKEHHH, YTO B KaXKIOH TOUYKE
IIPOCTPAHCTBA OTIMYHBI OT HYJS (XOTSI, MOJKET, U BECbMa MaJibl) TIOTEPU SHEPTUH DIEKTPOMATHUTHOTO
nosist [9] (§10). B mpupose ke eIMHCTBEHHOCTh BCerJa UMeeT MecTo. Tak, CyIIecTBYIOT TOJIbKO pac-
XOMSIIIIUECS] OT UCTOYHHUKA BOJHBI, & CXOJSIINECS K UCTOUHUKY OTCYTCTBYIOT. TO €CTh B pHUpoOe Mpe-
JIyCMOTPEHBI XOTs1 Obl MaJible MOTEPH SHEPrur (POTOHOB B BaKyyMe, KaK OJHOW M3 KOHKPETHBIX CPEI
pacmpocTpaHeHHs IEKTPOMAarHUTHBIX BOJH.
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THoceawaemes namsimu npogeccopa-eeomempa
Hsana Ilemposuua Ecoposa

O JIAKYHAX B ITOPSIKAX IOJIHBIX T'PYIIIT U3OMETPUI U TOMOTETUM
B CHEIIMAJIN3UPOBAHHBIX PUMAHOBBIX ITIPOCTPAHCTBAX
N METPUKHU CAMBIX NTOABUXHBIX 9TUX ITPOCTPAHCTB
NEPBBIX IIECTHA JIAKYHAPHOCTEM

3. H. UETBIPKMHA
Tocmynuna 6 pedaxyuro 20.10.2023

© besopycckuii TOCyIapCTBCHHBIH YHUBEPCUTET HHPOPMATHKH U PAIHOICKTPOHUKH, 2024
Belarusian State University of Informatics and Radioelectronics, 2024

4a
AHHOTaLMA. PaCCMOTpeHLI METPUYCCKUE PUMAHOBBI IIPOCTPAHCTBA V, B METPHUKaX KOTOPBIX pa60Ta}0T cpasy
n

YeThIpe anredpanyeckue CTPYKTYPhI: BellleCTBEHHbIE Dml 1 KOMIUIEKCHBIE sz yucia, KBaTepHUOHbI H, my M OK-
THOHBI 0m4' OTH IPOCTPAaHCTBA MHTEPECHBI C TOYKHU 3PCHHS MX H30METPHUECKON  TOMOTETHYECKOH ITOBIKHOC-

Ti. OKa3bIBa€TCs, YTO B MOPSIIKAX 7 TIOJHBIX TPy U30METpUil G, 1 TOMOTETHI P, UMCIOTCS JIAKYHBI (TIPOITYCKH).
4a

Halinens! MeTpUKH caMbIX OABUKHBIX IPOCTPAHCTB }' MeEpBbIX LIECTH JaKyHapHocTel B cmblicie U. I1. Eroposa.
n

KuiroueBsble ci10Ba: rpyIiibl K30METPUI U TOMOTETHIH, JIAKYHBI, IPOCTPAHCTBA JJaKyHapHocTH B cMmblcie M. IT. Ero-
posa.

Kon@ukT HHTEepecoB. ABTOp 3asBIISIET 00 OTCYTCTBUN KOH(IINKTa HHTEPECOB.

Joas uurupoBanus. Yersipkuna, 3. H. O nakyHax B HOpPS/Kax MOJHBIX TPYIIIT U30METPUI M TOMOTETHH B CIie-
[UATA3UPOBAHHBIX PUMAHOBBIX IIPOCTPAHCTBAX M METPHUKH CAMBIX MOJBIKHBIX 3TUX IPOCTPAHCTB MEPBBIX MICCTH
nakynapuocreii / 3. H. Uersipkuna // Joknanst BI'YUP. 2024. T. 22, Ne 3. C. 106—-111.

ON GAPS IN THE ORDERS OF COMPLETE GROUPS OF ISOMETRY
AND HOMOTETIES IN SPECIALIZED RIEMANNIAN SPACES
AND METRICS OF THE MOST MOBILE OF THESE SPACES
OF THE FIRST SIX LACUNARS

ZINAIDA N. CHETYRKINA
Submitted 20.10.2023

4a

Abstract. In the present paper there are considered metric Riemannian spaces V', in the metrics of which four
n

algebraic structures work at once: real numbers D,, and complex numbers C,, , quaternions /,, and octions O,, .

We are interested in these spaces in terms of their isometric and homothetic mobility. It turns out that there are

lacunas (gaps) in the orders r of complete groups of isometries G, and homotheties P,. The metrics of the most
4a

mobile spaces V' of the first six lacunarities in the sense of I. P. Egorov are found.
n

Keywords: groups of isometries and homotheties, lacunae, spaces of lacunarity in the sense of I. P. Egorov.
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BBenenune

B [1] mogpoGHO onucaHo, KaK B METPUKY IICEBIOEBKINAOBA IPOCTPAHCTBA £, BBOAATCS Cpasy ue-
ThIpE anre0pandyecKue CTPYKTyphl: BEMECTBCHHBIC Yncaa D, , KOMIUICKCHbIC yncna C,, , KBaTepHH-
oubl H,, 1 okTHOHBI O, (m; — Pa3MEPHOCTb ACHCTBHUS COOTBETCTBYIOLICH anreOphl B KacaTelbHOM
MIPOCTPAHCTBE PacCMAaTpUBAEMOI0 METPHUYECKOTo MpocTpaHcTBa) [2]. PaccMoTpuM IMCeBAOEBKINI0BO
MIPOCTPAHCTBO C HOPMOM:

ds* = e (dx")? +e,(dx*)* +...+e,(dx")?, e = £1, i=ln (1)

[locne BBeeHNA TIEpPEUHCIICHHBIX CTPYKTYp MeTpuKa (1) mpruHuMaeT B

* * * *
ds® =y (dx')’ +..+ e, (™) +eydi'dz" +..+e,, d2"™d="™" + ey dk'dk" + ...+ ey, dk"™dk™ +

* * .
+ ey do'do” + ..+ ey, do™ do™ e, =%, 0=1,4,i=1,m,, ()

e «*» — orepanus CONpsKEHNsI B COOTBETCTBYIOMIEH anredpe.
Jnist coKpaleHus JaJlbHEHIINX pacueToB BBEAEM ClleAyrole 0003HAYECHUS:

~2 * * * *
ds" =e,dz'dz" +..+e,, dz"d"" + ey dk'dk"” +..+ ey, dk™ dk™ +
* *
+ e,,do'do’ +ot ey, do™ do™ 3)

dsy = e (dx')’ +...+e, (d™)’. 4)

m,

Torna metpuka (2) 3anumiercs B KpaTKOM BUJIE
2 2 ~2
ds” = dsml +ds . 2y

B [1] nmpennoskeH TOPSIOK TOTHOW TPYIIBI U30METPHH (,, COXPAHSIONINA BCIO CIIOKHYIO aireo-
paruecKyro CTPYKTYpy B MeTpuke (2):

rl max

:%ml(m1 +1)+m, (m, +1)+%m3 (my +1)+11m, (m, +1). (5)

0
Oreparop romorernn Y = x' p+ x? pyt+o.t+x"p,, p;= F’ i=Ln, nna merpuxu (1) padoraer
X

u u1st (2). [ToaToMy MOPSAOK MOTHON TPYIIIEI TOMOTETHHN I MeTpUKH (2) OymeT Ha eIUHUITY OOJbIIe,
YeM y TPYIIIBI H30METPHH.

MeTtoanka NMPOBEACHUSA IKCIIEPUMEHTA

B reomerpuueckoii mxone WM. 11. EropoBa npu m3ydeHun JakyHapHOCTEW (IIPOIYCKOB) B IOPS/I-
Kax MOJHBIX TPYINI ABWXEHUH B PUMAHOBBIX MPOCTpPaHCTBaX V), oOHapyKeHbI MATh MEPBBIX JAKYH
npu Oonbiuux 3HayeHusix n [3—5]. Ilpogomxas Tpaanuun mxkomnsl . I1. EropoBa, aBrop crarbu pemmia

PaCCMOTPETh TAKHUE BONPOCHI, KaK: UMCIOTCH JIM JIAKYHBI B IOPAAKAX IMOJHLIX I'PYIIT U3OMCTPHUICCKUX
4a

U TOMOTCTUYCCKUX I[BPI)KCHHFI B CIICOHAJIN3VPOBAHHBIX PUMAaHOBBIX ITPOCTPAHCTBAX V ¢ BBCICHHBIMHA
n

B MIX METPHKY YCTBIpbMsi anrebpandeckumu crpykrypamu D, , C,, , H,, , O, ; W eCIH JaKyHBI €CTb,

TO KaKOBBI OHM U METPHUKU PACCMATPUBAEMBIX MPOCTPAHCTB € AOMyCTUMBbIMU rpynnamu? [Ipuctynas
K pCHICHUIO 3THUX BOIIPOCOB, CJICAYCT 3aMCTUTH, YTO B CIICHHUAJIM3UPOBAHHBIX PUMAaHOBBIX MIPOCTPAHCT-
Bax Bcerma IEHCTBYIOT oreparopsl rpynm G, u P,, BeIpakaeMble B BEIIECTBEHHON anredpe, a CIIOXK-
Has anreOpandeckas CTPyKTypa METPUKH HaXOIHUTCS TOJNBKO B KacaTEIbHOM IPOCTPAHCTBE, U B HEM

HET ONepaToOpOB H30METPUH, IEPEMELTNBAIOIINX JICIECTKN» C «ThIYMHKaMm» [1, 2]. IloaTomy kapTuHa
4a

JAKyHapHOCTH B MOpsIIKax NMOoNHbIX rpynn G.u P.B V (tae n = m, + 2m, + 4m; + 8m,) 3aBUCUT UL
n

OT BCJIMYUHBI 171y, T. €. OT Pa3MCPHOCTHU HeﬁCTBHH B MECTPHUKE CIICTUAIM3UPOBAHHOT'O IIPOCTPAaHCTBA BE-
. ~2
HIecTBeHHOM anreOpbl. HeoOxoaumo, 4To0sl ciiaraemoe ds  (3) B MeTpUKE paccMaTpUBaeMOro MpoCT-

2
PaHCTBa BCCr[ia O0CTaBaJIOCh HCU3MCHHBIM, a C JIAKYHAPHOCTBIO MOXCT MCHATLCSA BUJL MCTPUKU Cl'Sm1 .
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B c¢Bs131 ¢ 3TUM MOXKHO BOCIIONIb30BaThCs pe3ynbratamu mkoibl U. I1. Eroposa [3—5]. Jlmst cokpamenus
JTAIbHEHIIIMX PAacueTOB BBEJEM 0003HaUYECHUE

N*zmz(mz+1)+%m3(m3+1)+11m4(m4+1). (6)

Torma myst MOMHBIX TPYI G, max ¥ Pyimax METPUKH (2) IMEEM COOTBETCTBEHHO:
N max =%ml(m1+l)+N*; 7
T max =%ml(ml+1)+1+N*. ®)

4a
[IpoctpanctBa V' ¢ merpukoii (2), cormacHo tepmunonoruu M. I1. Eroposa, Ha3oBeM mpocTpaHCT-
n

BaMH HepBOﬁ JIAKyHAapHOCTH B U3OMETPUYCCKOM U TOMOTCTUYECKOM CMBICJIaX, ITIOCKOJIbKY NOPAAKU I'PYIIIT

JBIKEHUH ATUX CMBICIIOB B TAKHX MPOCTPAHCTBAX MPEIIECTBYIOT MIEPBHIM JlaKyHaM (Tiporryckam). [lep-
4a

Basl JIAKyHa — IEPBBIA UHTEPBAJI 3alIPEIUEHHBIX MOPSIKOB — Ui NONHbIX Ipynil G,. B V' umeert Bup [3]:
n

r2max <r<7imax’ (9)
1
TO€ ¥y ax = Eml (m1 —1) +1+ N..
4a
C yuetom [4] Bropas JakyHa A nonueiX rpynn G, B V' Takosa:
n
r3max<r<r2max_1’ (10)
4a

TIE 73max — TPETHH MaKCHMAabHBIN MOpsSAoK ais rpymnn G, B V' 1mocie BTOpO#l JaKyHBI,
n

:%(m1 ~2)(m, ~1)+5+ N..

Bmax =

Crnemyer 3aMEeTUTh, UTO KapTHHA JJAKyHAPHOCTHU B TTOPSIIKAX MOTHBIX TPy G, 1 P, B 3HAKOTIOIOXKH-
TEITHHBIX METPUUECKUX MPOCTPAHCTBAX JIETKO YCMAaTPHUBACTCS M3 CAMBIX IMOABIKHBIX METPHK C TPYII-
namu ABwxkeHun G,:

— JIJISl TIEPBOM JIAKYHAPHOCTH:

1

ds=(dx12 I )5, r=%n(n+1); (11)

— JUIsl BTOpOM JIaKyHApHOCTH:
1

1
ds :((dxl)z )5 +((dx2)2 bt (™) )5, r :%n(n—1)+1; (12)

— 7Sl TPETheH JTaKyHApHOCTH:
1

1
ds = ((ax')? +(d®)’ )5 +((arx3)2 Fot () )5, r :%(n—l)(n—2)+3; (13)

— JI7IS1 9€TBEPTON JTaKyHAPHOCTH:
1

1
ds :((dxl)2 +(d)? +(dx3)2)5 +((a’x4)2 +...+(dx")2)5, r Z%(n—Z)(n—3)+6; (14)

— IS TISITOM JIaKyHAapHOCTHU:
1

1
ds = ((alxl)2 () + (@) +(di)? )5 +((dx5)2 +ot (d")? )5, r =%(n—4)(n—3)+10. (15)

U tax nanee.

Ho nns 3nakoHeomnpeneaeHHbIX METPUK PUMAHOBBIX MIPOCTPAHCTB JIAKYHAPHAS] KAPTUHA MEHSIETCH,
IIOTOMY YTO JUIS ds HaunHaeT padoTaTh yke KoMmruiekcHas ainredpa. U. I1. Eropo 3amMeTwit 3To mepBbIi,
OH K€ IIEPBBIA OTMETUJI, YTO TEOPHs JIAKYH JUJIS IIOPSIAKOB IPYII U30METPUI U TOMOTETUI B PUMaHO-
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BBIX IIpOCTpaHcTBax V, pabotaet npu n > 4. JlefictBurenbHo, npu 7 =4 nist rpynnsl G, uMeeM #y,, = 10
U Fomax = 7, @ JJIS TPYIIIBL P, UMEeM 7. = 11 1 75, = 8. A 'y JI. . EropoBoii [6] Hamace meTpuka V),
JIOTTYCKAFOTIAS TPYTIIEI G o0y = 8 U Propax = 9:

ds® =2dx' dx* +2dx*dx® + (x™)? (dx?)*. (16)

4a
Mertpuka (16) BuceIBaeTcs B pacCMaTpuBaeMyto METPUKY IPOCTPAHCTBA V' € TIONHBIMH TPYIITIaMHU
n

n .
3 max "3 max

ds? = 2d'dx* + 2 de’ + (x*P () +e5(de’) 4.t e, (™) +d5 17)

_ o 4 _ o 2
B (17) nononHutensHble onepatopbl U3oMeTpuu — X =e, X p—x p,, X o =€, X p3—X P,

o =5,m,;, a onepaTop roMoTeTHu — Y = 3x1p1 + xzp2 + 3x3p3 + x4p4 + 2(x5p5 +...+ x”pn) [6-9].

5
3amenus B (17) cinaraemoe es (cixs)2 Ha e es (dx’ )2 (mocnegHee UMEET OMEPaTop HU30METPUU
5 4a . .
X =ps /e’ ), nomy4uM METPUKY IPOCTpaHCTBA V' ¢ rpynnamMu U30MeTPUH G,ypa ¥ TOMOTETUH Py
n

ds® = 2dv' dx* +2d7dx® + (x*)2 () + € es(dx®) + g (dx®)? + .ot e, (d™ ) + ds’. (18)

B (18) omeparop romoTeTHu — Y=3x1p1 +x2p2 +3x3p3 +x4p4 +2(p5 +x6p6 +...+x”pn), TS
1
=E(m1—3)(m1—2)+6+N*.

4a
PaCCMOTpI/IM METPHUKY IPOCTPaHCTBA V
n

IPYIIBI H30METPUH — 7y

ds?® =2dx'dx* +2dx*dx® + (xM)2 (dx*)? +2dx° dx® + 2dx8dx” + (x*)? (dx®)? +

rey(d’) +.te, (™) +ds . (19)
6, x’, x8) JIOITYCKAIOT
16 orepaTopoB M30METPHH H €1LIE JOIOJIHUTENbHbIE OnlepaTpbl — X, = x* )2 x* Ps, Xig= x° )2 x* D7,

B (19) nBe eroposckue meTpuku (16) U1 mepeMeHHbBIX (x', %%, X, x) u (x>, x

_ .8 2 _ 6 2 _ a _ 4 _ o 2 _
Xig=x"p3=x"ps, Xpg=X"p3=X"p7, Xiyg =€X Py =X Po> Xpzq =€X D3 =X Py, Xsgy =

o 8 o 6
=€yX pS_xpa’X67a:eax P7 =X Py>» a:9’ml'
Omeparop romoreTnn — Y = 3x1p1 + x2p2 + 3x3p3 + x4p4 + 3x5p5 + x6p6 + 3x7p7 + x8p8 +

+2(X°py + ...+ X"p,).
4a
PumanoBo mpoctpanctBo V' ¢ merpukoit (19) nomyckaer rpynibl Gspay U Prsmax. JJ18 TPYTIIIBI
n

l(m1 —4)(m; =3)+10+ N..

U3OMETPUHA — 75 . = 2

4a
MeTpHKH caMbIX NOIBH:KHBIX PUMAHOBBIX MPOCTPAHCTB /' BTOPOI—IIIECTOl JJAKYHAPHOCTEI
n

4a
st mpocTpaHcTB V' BTOPOW—IIECTON JTAKYHAPHOCTEN MPEACTaBUM METPUKHU:
n

— BTOpas JaKyHapHOCTb ¢ rpynnamu G,

2max 2 max

{r2max =%ml(m1 —1)+1+N*} u P, , rme mecrth
KJIACCOB MIPOCTPAHCTB, a 3HAKOMOJIOKUTENIbHAsA MeTpuKa (12) ofHa, UMEeT METPUKH:

ds? =™ e (d')? + ey (di?) +.t e, (™) +ds s

ds® = a(x2dx'ds® + ede® +...+ ¢, (de™ ] +d5s s
672cxarctgxl ‘ 6% . (xl _1)(171 . ‘

o (x1 )2 ; (xl )2 I Va; beD; (20)

1 b
a(x") =e* ;(xl) ;b #o0;
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1
— TPEThA JIAKyHAPHOCTE ¢ rpymmamu G, {I’3max = E(m1 -2)(m —1)+5+ N*} u B, uMeer

TOJIEKO OTHY METPHUKY (eropoBcKyi0) (17). AHAIOTOB € cpeir 3HAKOTIOIOKUTEIIEHBIX METPHUK HEeT. OHa

npencTaBieHa ¢opmynoit (21). 3mech MATh TUIIOB METPUK C TPYyMITIaMU G, . F. Bcuy (20)
CPaBHHMBI CO 3HAKOIIOJIOXKHUTEIbHON MeTpukoi (13):
ds® = 2dx'dx”* + 2d’de® + (x*)? (dx®)? + e5(dx”) +...+ e, (dx™) + ds: 21)

ds? = ey(de®)? + a(x [ 2dx' di® + e, () +...+ ¢, (™ )] +d5s ;

1
— deTBepTas JaKyHapHocTh ¢ rpymnamu G, {qmax = E(ml =3)(m —2)+6+ N*} u B,

UMEET TISTh KJIacCOB METPHK, KOTOPHIE MO TOABMKHOCTH CPOJHH IHAKOIIOIOKUTENbHON MeTpuke (14)
pH a(x") Buma (20) u eropoBckoit metpuke (18):

ds? = 2dx"dx* + 2dv3dy® + (x*)2 (di?)? + e es(dx’)? +e5(dx®) +...+ e, (dx™)* + ds;
ds® = ey(dx’)’ +e,(dx*)? +a(x")[2dx'dx® + es(dx’) +..+e,, (dx™ ) + ds’1;

2 S max

HUMEET IATH KJIIACCOB METPUK IPOCTPAHCTB, MO IMOABUKHOCTU POJACTBCHHLIX 3HAKOIIOJIOKUTSIBHOM

— TATasg JIAKyHApHOCTh ¢ rpymmamu Gy {’”5 max = 1 (m; —4)(m; —3)+10+ N*} u P

metpuke (15) mpu a(x") Buza (20), a Taxke €rOpOBCKYI0 MeTpHKY (19):

ds® = ey(dx’) +e,(dx")? +e5(dx’)’ +a(x")[2dx'dx’ + 5 (dx)? +...+e,, (dx™)* + ds’;

— 1IeCTasl JIAKYHApHOCTb C IpyIIaMu G,,é

max

1
{r6max = E(ml =5)(m; —4)+15+ Nt n B o 1Me-
€T ISITh METPUK MPOCTPAHCTB, 0 MOABMKHOCTH POJCTBEHHBIX OJHOM 3HAKOIOJOXKHUTEILHON METPHKE
npu a(xl) Buaa (20):

ds® = ey(dx’)? +e,(dx")? +es(dx’) +e5(dx®)? +a(x')[2dx'dx® + e, (dx")’ +...+e,, (™) + ds’].

3akiaouenue

HOHy‘-IeHO IMOJIHOC MPEACTAaBJICHUC 0COOBIX CBCPXITOABMIKHBIX METPUK PUMAHOBBIX CIICHHUAJIN3UPO-
BaHHBIX IPOCTPAHCTB JI0 MIECTOM JIaKyHAPHOCTH BKIIIOUKTENbHO B cMbiciie WM. I1. Eroposa, B KOTOpbIX

. ~2
JeCTBYET y)Ke KOMIUIeKcHas anredpa. Eciau monoxute ds = 0, TO MOTy4YHM NPENICTaBICHNE BCEX MaK-
CHMAJIbHO MOJBHKHBIX MCTPUK PUMAHOBBIX IIPOCTPAHCTB ¥, /0 IIECTOIl JJAKYHAPHOCTH B COBPEMCH-
HOM TTOHWMaHHUH.

Cnucok Jaureparypbl

1. Yersipkuna, 3. H. O MakcCUManbHBIX TOPAIKAX IPYIIT H30METPUIECKUX M TOMOTETHIECKNX IBIKEHHUHN B MET-
PHUYECKHX IPOCTPAHCTBAX, JOMYCKAIONINX B CBOCH METPHKE BEIIECTBEHHYIO, KOMITJICKCHYIO M THIIEPKOMII-
JIeKcHbIe anreOpanueckue cTpykTypsl / 3. H. Uerbipkuna // Becnik Marinéyckara a3sipikayHara yHiBepciTaTa
ims A. A. Kymsmosa. 2021. T. 1, Ne 57. C. 27-34.

2. Pozengensn, b. A. Teometpus rpynm Jlu / b. A. Pozendensn, M. I1. 3amaxosckwuii. M.: M3n-so MITHMO,
2003.

3. Eropos, 1. I1. PumanoBs! mpocTpancTBa Bropoit makyrapaocti / . I1. Eropos // Jloknmaabl AkageMun HayK
CCCP. 1956. T. 111, Ne 2. C. 276-279.

4. Eropos, 1. I1. O npocTpaHcTBax MepBbIX Tpex JlaKyHapHOCTeH B romoreTryeckoM cMeicie / . I1. Eropos //
Hoxnaner Akagemunu Hayk CCCP. 1963. T. 150, Ne 4. C. 730-732.

5. Eropos, U. II. ABromopdusmsl B 0600mennbIx npocrpanctsax / M. I1. Eropos // itorn Hayku U TEXHUKH.
Cepust: [Ipo6iemsr reomerpun. 1978. Ne 10. C. 147-191.

6. Eropoga, JI. 1. O6 omHOpOAHBIX TOMOTETHTYECKUX TpocTpancTBax / JI. U. Eroposa // Marepuais! 5-if Hay4-
HO-TexHUuYecKoi koHpepenun. Cekunst Maremaruku. [IBANY. 1970. C. 29-31.

110



Joknager BI'YUP Dokrapy BGUIR
T.22, Ne 3 (2024) V.22, No 3 (2024)

7. Jlamres, B. JI. [IponsBomanast JIu it 00bEKTOB, SBISAIOIIUXCS (QYHKIMSIMA TOUKH U Harpaeienus / b. JI. Jlam-
teB // U3Bectust Ppusnko-maremarnyeckoro odmecrsa. Kazane. 1938. Ne 10. C. 3-38.

8. UYersipkuna, 3. H. ToMoTeTHu 1 IBMKEHUS B IBYMEPHBIX (DHHCICPOBBIX ITpocTpancTsax / 3. H. YeTsipkuHa //
Bomxckwii maremarndeckuit coopHuk. 1966. Ne 5. C. 366-373.

9. UersipkuHa, 3. H. [IpoctpanctBa Pannepca nepBoii TJakyHApHOCTH U MaKCUMAJIBHO TTOJIBUXKHBIC (PHUHCIICPO-
BbI ipocTpanctsa / 3. H. Yersipkuna // M3BecTrst BRICIINX yueOHBIX 3aBeaeHuil. Maremaruka. 1984. Ne 11.
C. 53-56.

References

1. Chetyrkina Z. N. (2021) On the Maximum Orders of Groups That Are Isometric and Homothetic Moves
in Metric Spaces That Admit Real, Complex, and Hypercomplex Algebraic Structures in Their Metric. Bulle-
tin of Mogilev State University named after A. A. Kuleshov. 1 (57), 27-34 (in Russian).

2. Rosenfeld B. A., Zamakhovsky M. P. (2003) Geometry of Lie Groups. Moscow, MTsNMO Publ. (in Russian).

3. Egorov 1. P.(1956) Rimanov Spaces of the Second Lacunarity. Reports of the Academy of Sciences of the USSR.
111 (2), 276-279 (in Russian).

4. Egorov L. P. (1963) On the Spaces of the First Three Lacunaries in the Homothetic Sense. Reports of the Aca-
demy of Sciences of the USSR. 150 (4), 730-732 (in Russian).

5. Egorov I. P. (1978) Automorphisms in Generalized Spaces. Results of Science and Technology. Series: Prob-
lems of Geometry. (10), 147-191 (in Russian).

6. Egorova L. L. (1970) On Homogeneous Homothetic Spaces. Materials of the 5" Scientific and Technical Con-
ference: Section of Mathematics. PVAIU. 29-31 (in Russian).

7. Laptev B. L. (1938) Lie Derivative for Objects That Are Functions of a Point and a Direction. Proceedings
of the Physical and Mathematical Society. Kazan. (10), 3-38 (in Russian).

8. Chetyrkina Z. N. (1966) Homotheties and Motions in Two-Dimensional Finsler Spaces. Volga Mathematical
Collection. (5), 366373 (in Russian).

9. Chetyrkina Z. N. (1984) Randers Spaces of First Lacunarity and Maximally Mobile Finsler Spaces. News
of Higher Educational Institutions. Mathematics. (11), 53-56 (in Russian).

Caenenust 00 aBTope Information about the author

Yeroipkuna 3. H., kauj. ¢pus.-mar. HayK, JOII. Chetyrkina Z. N., Cand. of Sci., Associate Professor
AJnpec 17151 KOppecnoHIeHIIUT Address for correspondence

220036, Pecniyomnuka benapycs, 220036, Republic of Belarus,

r. Munck, yn. Kynuesumna, 36-580 Minsk, Kunsevchina St., 36580

Temn.: +375 29 275-24-64 Tel.: +375 29 275-24-64

E-mail: guseinaas@yandex.ru E-mail: guseinaas@yandex.ru

UYetslpkuHa 3uHanga HukannposHa Chetyrkina Zinaida Nikandrovna

111



Hokiansr BI'VYUP Dokrapy BGUIR
T.22, Ne 3 (2024) V.22, No 3 (2024)

JJ151 BAMETOK

112



