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NTEPAIIMOHHOE ®OPMHUPOBAHUE OBPA30B OLLINBOK
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C.X. X3Hb, B.K. KOHOIIEJIbKO, B.IO. IBETKOB
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AnHoTanms. PaccMaTpuBaercs 3aada ABYXMEPHOTO CHHIPOMHO-HOPMEHHOI'O JICKOJMPOBAHUS UTCPATHBHBIX
KOJIOB Ha OCHOBE OMOIHOTEKH 00pa30B omnOoK. [Ipu 1ByXMEpHOM KOAUPOBAHUH KOJOBAs MOCIICAOBATCILHOCTD
npeoOpa3yercss B KOJOBYIO MATpUILY, UL CTPOK M CTOJIOIOB KOTOPOW (POPMHUPYIOTCS MPOBEPOYHBIC KOJIBI.
B nexonepe MecTornoioxKeHHe OIUO0K B KOJIOBOH MaTpHIIe MPEACTaBIIeTCs 00pa3oM ommboK. JlekoaupoBanue
OCHOBAHO HA BBIYUCIICHUM CHHIPOMA, HOPMBI U UCIIOJIb30BaHUH OHOIMOTEKH 00pa30B OMIMOOK Ui KOPPEKIIUU
ommOoK. bubnuoTeka cocTOUT U3 0a30BBIX 00Pa30B, KOTOPBIC SBIISIOTCS TMOPOKIAIONIMMHE JIJIsT TIOAMHOMXECTB
00pa3oB OMMOOK ¢ OJMHAKOBHIMA HOpMaMHU M XpaHATcs B mamsaTH. OOpa3sl MOJAMHOKECTBa (OPMHUPYIOTCS Ha
ocHOBe 0a30BOro oOpasa ¢ MOMOILIBIO MEPECTAHOBOK CTPOK M CcTOnOIOB. Hopma, BhluucisieMasi Ha OCHOBE
CHHJpOMa, OJHO3HAYHO OMperelsieT 0a30BbI 00pa3 M COOTBETCTBYIOIIEE IMOJMHOKECTBO 00pa3oB OIIMOOK,
YTO COKpAI[aeT MPOCTPAHCTBO MOMCKA MO CHHAPOMY [0 HOAMHOXecTBa. CHHIPOM IIPU 3TOM HCIOJIB3YETCs
B KauecTBe ajipeca JJisl M3BJICUCHHS U3 MaMSITH KOHKPETHOro o0pasa ourbok u npasuiia koppekiuu. C pocTom
KPaTHOCTH OMIMOOK YBEIMYUBACTCSA pa3Mep OUOIHMOTCKH O00pa30B OMMOOK M BO3PACTACT BBIYMCIUTEIIBHAS
CJIO)KHOCTB e¢ popMupoBaHusi. B pe3ynbraTe H3BECTHBIC METOBI (POPMHUPOBAHUS OUOIUOTEKH 00pa30B OMIHOOK
cTaHoBsATCS HedpdeKkTHBHBIMU. B cTaThe mpeIosKeHbl MaTeMaTH4YecKas MOJENb, CTPYKTypa reHepaTopa u
anroput™m (opMupoBaHus 0aOIMOTEKH 00pa30B OMIMOOK HAa OCHOBE MTEPAIMOHHOIO PACHIMPCHUS MAaTPHIL
0a30BbIX 00pa30B OMIMOOK, MO3BOJISAIOIICTO HA OPSIIKA COKPATUTh YUCIO (POPMHUPYEMBIX H30BITOYHBIX 00pa30B
OIIKOOK U CYIIETBEHHO YMEHBIIUTh BBIYUCIUTEIBHYIO CIOKHOCTh MO CPAaBHEHHIO C M3BECTHBIMU TOAXOAAMH.
BbIUTphIII IPOrPECCUBHO YBEITMYHBACTCS C POCTOM KPATHOCTH OIIHUOOK.

KiaioueBble ciioBa: MoMexOoyCTOWYHMBOE KOJAMPOBAHUE, UTEPATHBHBIC KOIbBI, CHHAPOM, HOpPMA, CHHAPOMHO-
HOPMEHHOE JIEKOANpOBaHUEe, OMOIHOTEKa 00pa30B OMHNOOK.

KoH}aukT HHTEepecoB. ABTOPBI 3asBIISIIOT 00 OTCYTCTBUH KOH(IIUKTA HHTEPECOB.

Jdas uuruposanus. Xoup C.X., Konomensko B.K., IIgetkoB B.}O. HtepammonHoe (opmupoBanue o0pa3oB
OIMOOK IJIs1 CHHAPOMHO-HOPMEHHOTO JIEKOIUPOBaHMSI UTepaTHBHBIX KoM0B. Jlokmamer BI'YUP. 2022; 20(1): 5-13.
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ITERATIVE SHAPING OF ERROR PATTERNS FOR NORMAL SYNDROME
DECODING OF ITERATIVE CODES
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Abstract. The problem of two-dimensional syndrome-norm decoding of iterative codes based on a library
of error patterns is considered. In two-dimensional coding, sequence code is first transformed into a code matrix,
and then the row and column check code are calculated. In the decoder, the error position of the two-
dimensional can be obtained by the operations that first calculate the syndromes and norms, then match with the
error patterns in the existing library. The error pattern library is stored in the memory and generated by the
subset of the error pattern. Subset patterns are generated from the base pattern using row and column
permutations. The norm calculated based on the syndrome unambiguously determines the base pattern and the
corresponding subset of error patterns, which reduces the search space for the syndrome to a subset. In this case,
the syndrome is used as an address for retrieving a specific error pattern and correction rule from the memory.
With the error rate increased, the size of the error pattern library is raised and the computational complexity of
its formation is enlarged. As a result, the known methods for generating the error pattern library become non
sufficient. This paper proposed a mathematical model, a generator structure, and an algorithm for fast generation
of an error pattern library based on the iterative expansion of the error patterns, which makes it possible to
reduce the number of generated redundant error patterns by orders of magnitude and significantly shorten the
computational complexity in comparison with the known approaches.

Keywords: error-correcting coding, iterative codes, syndrome, norm, syndromic-norm decoding, library of error
patterns.

Conflict of interests. The authors declare no conflict of interests.

For citation. Ren X.H., Kanapelka V.K., Tsviatkou V.Yu. Iterative Shaping of Error Patterns For Normal
Syndrome Decoding of Iterative Codes. Doklady BGUIR. 2022; 20(1): 5-13.

BBenenune

Jlns  ucnpaBineHuss OMMOOK B CHCTEMAX [MEPENaud U XPAHEHHs [AHHBIX HIMPOKOE
pacmpocTpaHeHue MONYYUIN UTepaTUBHBIE KObl. OHU (HOPMUPYIOTCS B BUIE MPOBEPOYHBIX KOJOB
C,(n.k,.d,) n C,(ny,k,,d,) AN COOTBETCTBEHHO CTPOK U CTOIOLOB HCXOMHOM KOIOBOH MAaTpPHUIIBI
n, X n, , TIE 1 — JAJMHA KOJA; kK — 9MCII0 MHYOPMAMOHHBIX CUMBOJIOB; d =d, -d, > 2t +1 — KO#oBOE
paccTosiHMe KOJa MNPOM3BENEHHUS; [ — KPATHOCTh KOPPEKTUPYEMBIX OMMOOK. MeCTOmonoKeHue
OmKOOK B KOJOBOM MATpHUIE MPEACTABISAETCS 00pa3oM OMMOOK — OMHAPHOM MATpUIIEH, B KOTOPOH
€/IMHIYHBIE DIEMEHTBI COOTBETCTBYIOT OMIMOOYHBIM CHMBOJIAM.

JIEKONMPOBaHNE UTEPATHBHBIX KOJOB OCYIIECTBISETCS B J[BA WM TPH 9Tama. J[ByXdTarHoe
nexonupoBanue ko0 Xemmunra C,(7,4,3) u C,(7,4,3) obecrednBaeT MCIpaBICHHE MO OIHOM

OIMOKe B KaXJIOW CTPOKe U CTONOIE, KpOME Cllydasi, Korja o0pa3 OIMOOK MPEACTaBICH YETHIPbMS
eIUHUIIAMU B BeplIMHax mpsMoyroinbHuka [l1-3]. TpexsramHoe JEKOAUPOBAHUE TEMH IKE
Kogamu [4, 5] cHUMaeT OrpaHHYCHHE Ha CTPYKTYpPy oOpa3a omuooK.

JIByX- M TpexdTarmHoe NEKOAUPOBAHNE KOMOB XEMMHHTa OCHOBAHO HA BBIYHCIICHUH CHHAPOMA,
KOTOPBI HCIIONB3YETCS B KAYeCTBE ajpeca Uil W3BJICUCHUS HCIPABILIONIETO KOJa W3 TaOJUIIbI
Koppekipn. Takoi 1moaxo ] 00ecIeyMBacT BEICOKYIO CKOPOCTD ICKOMPOBAHHUS IIPU OTHOCUTEIBHO HU3KOMH
TIPOCTPAHCTBEHHOM CIIOXKHOCTH C YUETOM MAaJloro pa3Mepa KoJoBOH Marpuilbl. OTHAKO C YBEIMICHUEM
pa3mepa KOJOBOW MAaTpHUIl M KPATHOCTH OIIMOOK KOAbI XEMMHHIA CTAHOBATCS HEI((EKTHBHBIMH.
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B atom cnyvae ucnons3yrorcs BUX-koabl, neKoaupoBaHHe KOTOPHIX OCHOBAaHO HA PEIICHUU CHUCTEMBI
TTOJTMHOMUAIHHBIX YPaBHEHHM, UTO CBSI3aHO C CYIIECTBEHHOW BPEMEHHOM CII0KHOCTEIO [6—8].

Jns ycxopenmss aexomupoBanmss BUX W apyrux KOMOB MO TPEXdTAIHOM cxeme B [9]
MPEUIOKEH CHHIAPOMHO-HOPMEHHBIH METOJ Ha OCHOBE HOPM CHHIAPOMOB WU OMOIMOTEKH 00pa3oB
omnOok. bubnuoreka coCcTOUT M3 0a30BbIX 00pa30B, COOTBETCTBYIOLIMX IMOJMHOKECTBAM 00pa30B
OMIKMOOK C OJWHAKOBBIMH HICHTH(HUKAIMOHHBIMUA mapaMmerpamu. JIro0oi o0pa3 omuoOoK
B IIOJJMHOJKECTBE MOXXKHO C(HOPMHPOBaTH B pe3yjbTaTe MEPECTAHOBOK CTPOK M  CTOJOLOB
COOTBETCTBYIOIIEro 0a3oBoro obpasa. Hopma, BblumciisiemMass Ha OCHOBE CHHAPOMA, OJHO3HAYHO
ornpenenseT 6a30BbIi 00pa3 U COOTBETCTBYIOIIEE MOJMHOXKECTBO 00pa30B OLTHOOK, YTO COKpAIlaeT
MPOCTPAHCTBO TMOWCKa 1O CHHIPOMY [0 TIIOJMHOXKECTBA. BBIUMCIWTENbHAS CIOXXHOCTD
(hopMupoBaHus OMOTHUOTEKN 00pPa30B OMUOOK B 3HAYUTEIBHON CTETICHH OnpeelseT 3 (hEeKTUBHOCTD
JTAHHOTO METOa JEKOANPOBAHUSI.

Jliis popMupoBaHust OUOIHMOTEKH 00Pa30B OIMIHOOK TP CHHAPOMHO-HOPMEHHOM JCKOAUPOBAHUH
uTepaTBHBIX KomoB B [10, 11] mpeanoxkeH paHroBBIM METOA, OCHOBAHHBIM Ha CHHTE3€ HCXOJHOTO
MHOXKECTBA BCEX BO3MOYKHBIX MATPHII C 33JJAHHBIM YHCIIOM STUHUIL, OIIPEACISIFONINM KPaTHOCTh OIINOOK,
U TPOPESKUBAHMHM WCXOJHOTO MHOXKECTBA C TIOMOINBIO YeThIpeX IMapamMeTpOB MHHHMH3AINH,
VYUTHIBAIONIMX pAaHT M PACHPENENICHUE CIUHUII B CTPOKaX M CTOJIONAX WCXOJHOW MAaTpPHUIIBL.
W3-3a GonbIioro o0beMa MCXOMHOIO MHOMKECTBA M YHCIIA OTEPAIMid TI0 €r0 MUHMMH3AIUN PAHTOBBIH
METOJl WMEeT BBICOKYI0 BPEMEHHYIO W TIPOCTPAHCTBEHHYIO CIIOKHOCTb. I[lO3HMIIMOHHBIMN TOAXOX
K (hopMHUpOBaHMIO OMOIHOTEKH 00pa3oB OMmMOOK [12], MCTIONB3YIOMMN MEHBIHMN pa3Mep HCXOIHOTO
MHOXXKECTBA W  VYINPOIICHHBIC YCIOBUS MHHHMHU3AIMM, HE IIO3BOJICT CYIMICCTBEHHO CHH3HTh
BBIYHCIIUTEIHHYIO CIIOKHOCTb.

Lenpto pabOTHI SBISCTCS YMCHBIICHUE BBIYUCIUTEIHLHOW CIOXKHOCTH (HDOPMUPOBAHUS
Oubnmorekn 00pa3oB OMHUOOK JUIS TPEXATAIMHOTO CHHAPOMHO-HOPMEHHOTO JICKOAWPOBAHMS
WUTEPATUBHBIX KOJIOB MPU OOJIBIITNX 3HAYCHUSX KPATHOCTH OIIHOOK.

ITocTaHOBKA 3a7a4n

B cxeme CcHHIPOMHO-HOPMEHHOTO JI€KOJUPOBAHUS HTEpPaTUBHBIX KoAoB [9] (puc. 1)
JJIs1 KOZIOBOM MaTpUIbl BBIYUCISIIOTCS CHHAPOMBI M HOPMBI CTPOK M cTonOunoB. Ha ocHoBe HOpM
c momompio k008 C,(n,k,d;) u C,(n,,k,,d,) ONIpEnENIIOTCs KPaTHOCTH OMIMOOK, HYHCIIO
OMMOOYHBIX CTPOK M CTONONOB. OHHM HCHONB3YIOTCS AL ONPENENICHHS WACHTU(HUKAIMOHHBIX
[apaMeTpoB, C TIOMOIILIO KOTOPBIX OIPEACIAIOTCS 00pa3 OMHMOOK U MPaBHiIa KOPPEKIHUH.

Hcxonnas — vy
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Puc. 1. CTpykTypHas cxeMa CHHAPOMHO-HOPMEHHOTO ICKOTUPOBAHUS UTEPATUBHBIX KOJOB
Fig. 1. Block diagram of syndromic-norm decoding of iterative codes

Bubnuorexa 00pa3oB omuOOK mpeAacTaBiseT co0OW MHOKECTBO MaTpHIL {M R (n)}(n:w(t)),

KOTOPBIE OIMHMCHIBAIOTCS CICAYIOIICH MaTeMaTHIECKONH MOJICTIBIO:
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M (1) =g (i D)y @
> Sma ()=t @
~An=3n, (M (1)) = fir (fer (M (m), 4. )51, ) wpw Jj, =170, =1,T, (3)

rme N (t) — 4pcno 00pas3oB ommoOok (Tadu. 1); f,, — (yHKUMA MepecTaHOBKU CTPOK; f,., — (yHKIHSA

2. .
MIEPECTAHOBKHU CTOJIONOB; 7' — 4ncIio nepectaHoBok, 1 = C i, j, —HOMEpA IEPECTAHOBOK CTPOK CTOJIOLIOB.

Ta6amnmna 1. KonmvectBo 00pa3oB omubok mpu ¢ =2 -9
Table 1. Number of error patterns when ¢ =2 -9

KommuecTtro KpatHOCTh 00pa30B (pa3Mep MaTpHIbl) OMHOOK ¢
00pa3oB 2 3 4 5 6 7 8 9
N (1) 3 16 34 90 212 558 1430
N, (t) 6 84 1820 53130 | 1947792 | 85900584 | 4426165368 | 260887834350
N, (t) 3 28 455 10626 | 324632 | 12271512 | 553270671 | 28987537150
N, (1) 2 14 52 210 620 2150 6498 21535

Panropeiii  mMeton [10] dopmupoBanus o00pa3oB OIMKMOOK OCHOBAaH Ha CJCAYIOIICH
MaTEeMaTHYECKOW MOJICITH:

{MR (”)}(,,:LTV) = fu ({MT (”r )’pRank (n,, )7 Pre ("r )’pCE (nr )’pWs (nr )}(,1’ TN () j > “)

rie M, (n,) — MCXOmHAA MaTpHIa, YIOBIETBOpsomas yciouio (2), N, (t)=1"1/(* —1)!t] — amcno
MCXOIHBIX MaTpull, f,, — QYHKUMS MMHMMH3aLMM O0pas’oB, KOTOpas BBIOMPAET W3 HMCXOIHOIO

MATPHIIBI M. (n), apamMeTpsl MHHHAMA3AIIN

MHOKECTBA {M,(n, )}(nyzl,NR(t))

{ P ronk (n,,), DPre (n,,), pCE(n,,), pWS(n,,)} KOTOPBIX HE COBNANAIOT;, p, . — PAHT MATPHIBI MT(nr);
DPre — CYMMa DJIEMEHTOB CTPOK Marpuipsl M, (”r); DPer — CYMMa DJIEMEHTOB CTOJOLIOB MAaTpHIIbI
M, (nr); p, — BCKIOD DAamKMPOBAHHBIX M B3BCIICHHBIX CYMM OJIEMCHTOB CIPOK H CTOJOLOB

marpuusl M, (n,).
3HaYeHHs 1aPaAMETPOB MUHMMH3ALMH BBIYUCISIOTCS C IOMOLIBIO BHIPAKEHHIA:

e ()= 3105, (1.1, ©
i=l1
t
rac {SR (nr,i)}l_:G =fon ({v(nr,i)}(i_u)) ; v(nr,i) = ZmT (nr,i,j) 5 firr — OYHKIUS COPTHPOBKH,
j=1
HepeynopsAA0UNBaIOIas 3JIEMEHTBI BEKTOPA-apryMeHTa B OpsAKe yObIBaHUS 3HAUCHUH,
P (n,)=2107sc(n,.. 7). (©6)
j=1
rae {SC (nr’j)}j:f, = Jsort ({v(n"’j)}(j_u)) s V(n,.,j) = ZmT (nr,i,j) ,
i=l1
P (nr):ﬂ'ort ({pw(nr’k)}(k_l,”))’ (7)

p,(n,.k) =[1OZI:MT (n,,,x,j)-l—zt:mT (n,,,i,y)JmT (n,,i,j) mpu k=1,(j-1)+(i-1)-t.
x=1 y=1

Panroserit Mmeton hopMupoBaHUs 00pa3oB omKOOK (00IIast CTPYKTypa reHepaTopa MpUBeACHA
Ha pHC. 2) UMEET BBICOKYIO BBEIYHCIUTEIHHYIO CIIOKHOCTh, O0YCIIOBICHHYIO OBICTPBIM POCTOM YHCIIA

N() ncxomHbIX 00pa3soB OT KPATHOCTH OWKGOK 7 (cM. TaGu. 1).




JoKj147151 BI'YHUP DokL4aDY BGUIR

T. 20, Ne1(2022) V.20, No. 1 (2022)
KomOunanus Munumuszanust Beixon
» 1D/2D > Bydep > qmcna > Bydep >
N (t) obpa3os

Puc. 2. CtpykTypHas cxema reHeparopa o0pa3oB OIMOOK ISl pAHTOBOM M MTO3UITMOHHON MOJIEIeH
Fig. 2. Structural diagram of the error pattern generator for rank and positional models

N3 Beipaxenuit (4) — (7) ciemyeT, YTO BBEIYUCIUTEIBHAS CIOKHOCTH MOXKET OBITH CHIDKCHA
3a CUET YIPOLICHUSA 3TUX BBIDAKEHMH U yMEHBIIEHHUS uuciaa N, (t) MaTpuL| MT(nr). JlaHHbIi

MOJIX0J] WCIIOJI30BaH B pabore [12], rae mpeiokeH NO3WIMOHHBIN anroput™M (OPMUPOBAHUS
00pa30B onuboK (001as CTPyKTypa reHepaTopa COOTBETCTBYET PHUC. 2), OCHOBAHHBIM Ha CJICIyOIICH
MaTEeMaTHYECKOW MOJICITH:

{MR (n)}(,,:1 o) = fu ({Mo (no )vaE (no )vpCE (no )vaZ (no )}nn:l,N

o

M,(n,)= fip ({MT (nr)}(n,l,NR(t))j npu n, =1,N,(¢), N, (t)= (t2 —1)!/(t2 —t)!(t—l)!, ©)

rae Mo(no) — IOAMHOXECTBO 00pa30B OIIUOOK; f,,, — (GYHKLHUS NpeaBapUTeNbHON 00pabOTKH,

o) ®

yHQJIAIoIIas MaTPHIbl, 3HAYCHHE [EPBOTO SIEMEHTA KOTOPBIX PABHO HYIIO; p,,(n,) — mapamerp,

HOKa3LIBaIOH_II/Iﬁ CKOJIBKO CTPOK MAaTpHULbI ABJISIFOTCA HYJICBBIMU. 3HauecHHUE DPrz (I’lu) OMPEACTIACTCA

C IIOMOIIIBKO BBIPAXKCHUA

t

Prz ()= r(n,.i), (10)

O,Zmo(no,i,j);t 0.

J=1

N3 Beipakenmii (3) —(4) ciuemyer, 4TO YHUCIO OOpa3oB OMMOOK B IMO3WUITMOHHOW MOJIETH
YMEHBIIAETCSI B N(t)/Na(t) pa3 1O CpaBHEHHIO C PAHTOBOW MOAEIBIO, YTO MPUBOJHUT
K MIPOTIOPIUOHAIEHOMY YMEHBIICHUIO BBIYUCIUTENBHOW CIOXKHOCTH (cM. Tabm. 1). JlomomHUTENHHOE
CHIDKCHHE BBIYMCIUTENIFHON CJIOKHOCTU B MIO3UIIMOHHOM MOJICNIN TOCTUTAETCA 33 CUET UCTIONb30BaHHS
mpoctoro mapamerpa (10) BMecto oTHocuTenbHO clokHBIX (5) u (7). Hecmorps Ha 370,
BBIYUCITUTEIbHAS CJIOXKHOCTh IO3WIIMOHHOW MOJICNN OCTaeTCs JIOCTATOYHO BBICOKOHM, YTO JieNaeTt
aKTyaJlbHOU 3a7ady pa3paboTku Oonee a3 PeKTUBHON MoAenu GOpMUPOBaHUS 00pPa30B OLUTHOOK.

Hrepannmonnoe ¢popmMupoBanmne 06pa3oB oIudOK

Jnst  yMeHBIICHUS]  BBIYHCIUTENBHOH  CIOKHOCTH  (popMHpOBaHMS  00pa3oB  OHIMOOK
MIpeyIaraeTcst MoJieib, OCHOBaHHAs HA HTEPAITMOHHOM PaCIIUPEHNH MaTpHIl 0a30BBIX 00pa30B OMIMOOK:

T
(M ()], o = ML (100)), v (M, (n,.1) }WZLNM, (11)
{Mx (nx’[)}nle,NX(t) = fu ({Md (nd at)apRank (nd’[)’PRC (”d’t)apm (ndﬂl)}" — j ,
(M, (n,.t)} add({ (nt = 1)} m),Nd(t)zNX(t—l).(zZ_t+l),
¢ =1LNq (1)
M (n,))=m (n,1)=11pu N _(1)=1,
=3, (Mg (m) = (M ()" )) mpw 1, =LN (1), m =L N 7). (12)
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rae M, (n,,t) — 0Ga3oBblii 06pa3 OmMOOK Ha (-l WTEpauuy, Mx(nx,1)=||mx (n.,t.i, j)”(i:ﬂj:m;

M, (n,,t) — pacmmpenHsii o0pa3 ommbOK; f,, — OYHKIHMS pacupeHHs o0pasa OMHOOK H

HO6aBHeHHﬂ OJHOIro CAMHHUYHOI'O DJICMCHTA,
Prc :fsort(pREaPCE)' (13)

Ha ocnoBe monenu (11) — (13) mpeanaraercs ClenyrOINUN aNTOPUTM PacIIUPEeHUs 00pa3oB
omuOOK U J0OABICHHUS OHOTO SAMHUYHOTO 3JIEMEHTA.

Bxoa: MHOkecTBO 6a30BOro 00pasa omMOOK Ha ¢ — 1 -i UTepauu {M (H)}

Wannmanu3anus MHOXKECTBA {M 4 (nd,t)} «—

Ik 1
Nuunumanuzanus uHaekca: i < 0
M, ., < 100aBUM OIUH cTONOEL, B KOTOPOM BCE JJIEMEHTHl PaBHBI HYJIO, B CaMblii

npasbiit n3 {M, (i,t—1)}

M, ., <= 106aBUM OIHY CTPOKY, B KOTOPOH BCE JIEMEHTHI PaBHbI HYJIIO, B HIDKHIOIO 4acTb M

midr

Imka 2 mo 3eMEHTOB e B OJAMHOXKecTBe M . -

mid *

ECHI/I Mmid (e) = 1 > Mmmid <« Mmid > Mmmid (e) A 1

{Md (nd’t)} (_I:{Md (nd’t)}’Mmmidi'
Konen nukia 2.
i<«i+1
Konen nukia 1.
BbIX0/1: MHOXXECTBO PacIIUPEHHOTO 00pa30B ONTHOOK Ha #-0i UTEpALuU {M ’1 } .

Ha puc. 3 npuBeneHa cTpykTypa reHepaTopa, CHHTE3UpOBaHHAsI HA OCHOBE BhIpakeHuit (11) —
(13), B koropoil (hopMHpOBaHHE MOAMHOXKECTBA O0OpPa30B OMIMOOK MPOU3BOAUTCS IS KaXKOTO
npenpIyero obpasa ¢ myTeM IOCIeJO0BAaTeNFHOTO yBENHUCHHS pa3Mepa MaTpullbl oOpaza u
KpaTHOCTH OMMOOK A0 ¢+, WCKIIOYCHHS COBMAJAIONIMX MaTpuil mis f+1. B kadectBe 0a3oBoit
MAaTpHIIbI, HE UCKIIIOYCHHON U3 PACCMOTPEHHSI, MOYKHO BHIOHpATh TFOOYIO M3 TIOJAMHOXKECTBA, KOTOpast
n Oynmer mociemyromuM obOpa3oMm omubOok. TakuMm 00pa3oM, BEIOpaHHOE IOJMHOXKECTBO 00pa3oB
OyzneT 6a30BBIM 151 (POPMUPOBAHUSI ITOCIICTYIONUX 00pPa30B OMIMOOK KPaTHOCTH ¢ +1.

Bbazosbie MuHuMH3aLHS BoccranoButh
M | Pacmmpenue JlobaBienHue —f 1 R
MaTpHIIBI > ux 7'y nn yuciaa —>{ Bydep MaTpHILy -
M, M, obpazoB TPaHCIIOHUPOBAHUA
A
Biox
yIpaBiIeHUs

Puc. 3. CtpykrypHas cxema reHepaTopa 00pa3oB OMIHOOK TSl UTSPAIIHOHHON MOICTH
Fig. 3. Structural diagram of error pattern generator for the iterative model

Ha puc. 4 u 5 npuBeicH TOPSIOK HAXOXKIECHUS OUOIHOTEK 00pa30B OmMOOoK uist 1 =3, t =4 .
[Ipu BBIYEpPKMBAHMU UM MOAOOHBIX MATPHUI] MOXXHO PYKOBOACTBOBATHCS PA3TUUYHBIMH KPHUTEPHSIMHU,
Hanpumep, 4ToObl «1» B 0O6pa3ax omMOOK OBUIM TNIOTHO YIaKOBKaMH («1» pacroioKeHbl PsIIOM) HITH
Hao00poT — «1» B 00pazax OBUIN pacIpeeICHB pABHOMEPHO.

1]1 1]1 11H 1]1 1 N1 N1 N1

T2-01 T3-01 T3-02 T3-03

Puc. 4. Ilopsnok GpopMupoBaHus 06pa3oB omuboK mist { =3 u3 06pa3oB omubok =2
Fig. 4. The order of generating error patterns for #=3 that extended from that of =2

10
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T4-01 T4-02 T4-03
N1l N1l N1l N1l N1l N1

T3-01

N1 N1 N1 NEI N1 N1
b ma

n

Puc. 5. ITopsaok popMupoBaHus 06pa3os omubok ag ¢ =4 u3 06pa3os ommuook ¢ =3
Fig. 5. The order of generating error patterns for =4 that extended from that of =3

Onenka 3¢ ¢peKTUBHOCTH (PopMUPOBAHMS 00PA30B OIIMOOK

B Tabn. 1 mpuBeneHo konuuecTBO N, pacHIMpeHHBIX 00pa30oB OMIMOOK AN PasIHYHBIX .

U3 Tabn. 1 cnemyer, 4YTO NMpPU HUCHOIH30BAHUH UTEPANMOHHONW MOJIEIH KOJMYECTBO aHAIU3UPYEMBIX
00pa30B CyNIECTBEHHO YMEHBIIACTCS [0 CPABHEHUIO C JIPYTHMHU airoputMaMu. Hampumep, nipu ¢ =6
oubaroTeka coctout u3 90 oOpa3op omuOOK. ITpu HCIIOIB30BaHUU PAHIOBON MOJEIH HEOOXOIUMO

(dhopMupoBaThH C;6 =1947792 wucxomHBIX MaTpHIl, a IPU HCIOIH30BAHUY MO3UIIMOHHONH MOJEITH —

324632 ucxomHblx MaTpuil. Ilpm 3TOM mTepanmmoHHAs MOAETh TpeOyeT Toabko 620 pacHIupeHHBIX
00pa3oB omunbok. M3 tabn. 1 ciexyer, 9To npu ¢ =7 MPOCTPAHCTBEHHAS CIOKHOCTh UTEPAI[HOHHOIO
dhopmupoBanus OubIMOTEKH 00pa30oB OmMOOK ymeHbmaercs B 39954 u 5708 pa3 mo cpaBHEHHIO
C PQaHTOBBIM W TO3HUIIHOHHBIM QopmupoBanreM. C pPOCTOM KPAaTHOCTH OIMHOOK BBIUTPHIII
MPOTPECCUBHO yBenuunBaeTcs. [IporpaMMbl opMHUpOBaHUs 00pPa30B ONIMOOK HA OCHOBE Pa3IMUHBIX
Mojienei pa3paboransl B cpese Matlab.

B Tabn.2 mpuBeAcHO BpeMs BBIMOJHEHHS NpOrpaMM (GOpMHUPOBaHHS OOpa3oB OIMIMOOK
JUTSA pa3auyHbiX  Mojeneit. IIpu TpoOBEACHHWH OSKCIEPUMEHTA KCIMOIb30BATACh UCTHIPEXsAepHas
miatdopma u onepannonHas cuctema Windows 10.

Tadamna 2. Cpennee Bpems popmupoBaHust OMOIMOTEK 00pa30B OMINO0K
Table 2. Average time to generate error pattern libraries

Mozesu GopMUPOBAHUS KpartHocTb 00pa3oB (pa3mep MaTpHIibl) OIIHOOK ¢
00pa3oB ommMO0K 5 3 7 5 6 7 3 9
Panrosas <lc <lc | <lc 7c¢c 10 mun | 42 mun | >80 u —
Tlo3unmonnas <lc <lc | <lc S5c¢ 8mMun | 36 Mun | >80 u —
Urepaunonnas <lc <lc | <lc <lc <lc 2¢c 8¢ 30 MuH

11
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AHanu3 AaHHBIX TaOd. 2 TOKa3bIBaeT, 4TO BpeMsi GOpPMUPOBaHMS OMOIMOTEK AJsl OIIHMOOK
KPaTHOCTU ¢<5 Ul MepBBIX IBYX MOJEJeH 3aHMMAaeT MEHee HECKOJIBKUX CeKyH., a sl t=6,7 —
JECSITKA MHUHYT, OJsl {>8 — 4yacel. B To e BpeMs MpUMEHEHHE UTEPAllMOHHOW MOJEIH MO3BOJISET
co3/1aTh OMONIMOTEKY 00pa30B /i ¢ <8 3a eAUHUIBI U JCCATKH CEKYHI. DTO OOBSCHACTCS TEM, UTO,
HampuMmep, I (=8 TpH HCHONB30BAaHMHM TO3UIMOHHOW M PpaHroBod Mojeneil Tpelyercs
npoananu3upoBath 138317 668 u 4 426 165 368 nepectanoBok 00pa3oB B cooTBeTcTBHH C [11], UTO,
O4YeBHIHO, TpeOyeT OONBIIMX BBIYUCIUTEIBHBIX 3arpar. M3 Tabm. 2 ciemyer, 4ro mpu t=7
BpEMEHHasl CJIIOKHOCTh UTEPALIMOHHOTO (POPMHUPOBaHMS OMOTUOTEKH 00pa30B OMMOOK YMEHbLIAETCS
B 1260 m 1080 pa3 mo CpaBHEHHIO C PAHTOBBHIM W IO3MIMOHHBIM (opmupoBanueM. C pocTom
KpPaTHOCTH OIIMOOK BBIUTPBIII IPOrPECCUBHO YBEJINYNBACTCA.

3akiarouenue

[IpennoxkeHsl Mopesb, CTPYKTypa TreHeparopa M alroputM (QOpMUpOBaHHS OMOIMOTEKH
00pazoB OMMOOK HAa OCHOBE HTEPAITMOHHOTO paCIIMpPECHHUS MaTpuil 0a30BBIX 00pa3oB ONMIHOOK
IUISl CHHAPOMHO-HOPMEHHOTO ~ JIeKOJMPOBaHUsI UTEPATUBHBIX KOMOB. lIpemnokeHHas MoOAETb
OTJIMYAeTCsl OT W3BECTHBIX PAHTOBOM W MO3WIMOHHON MoOJeNell MTEpalOHHBIM (OPMHPOBaHUEM
OnbmroTexu 00pa3oB OMHMOOK B pe3yIbTaTe YBEINYEHNS Ha KQKJOH HTepalliy pa3Mepa MpeablIyei
MaTpullbl oOpa3a OMmUOOK Ha EAMHUIY M HCKIIOYEHHS paCIIMPEHHBIX 00pa3oB  OIIMOOK
C OAMHAKOBBHIMH HJCHTH()MKAIMOHHBIMU TMapamMeTpaMH. JTO MO3BOJSET cHOPMUPOBATH OMOIMOTEKY
00pa3oB OMmMOOK C pasNMYHBIMH HOpMaMu CHHApOMOB. Kaxnplii w3 o0pa3zoB OuOIHOTEKH
NPE/ICTAaBIIeT HEKOTOPOE MOAMHOXKECTBO 0Opa30B OMIMOOK C OJAMHAKOBHIMH HOPMAaMHU M SIBIISETCS
0a30BbIM 7151 (QOPMHUPOBAHUS BCEX OCTAIBHBIX O0pa3oB MOAMHOMKECTBA, KOTOPBIE MOTYT OBITH
MOJy4YeHbl Ha OCHOBE 0a30Boro oOpas3a B pe3yibTaTe NEPECTAaHOBKH €ro CTPOK W CTOJIOIOB.
[Ipu UTEpallMOHHOM PaCHIMPEHUH MAaTpHIl 0a30BbIX O00pa30B OIIMOOK YHCIO (HOPMUPYEMBIX
M30BITOYHBIX O0pa30B COKpAIIAeTCs Ha TMOPSIKH, YTO M BHOCHUT OCHOBHOW BKJIAJ B YMCHBIICHHE
BBIUYMCIUTEIBHON  CIOXHOCTH — (HOpMUpOBaHUS  OMOMMOTEKHM 00pa3oB  OMMOOK.  Buurpsim
MPOTPECCHBHO YBEIMYUBAETCS C POCTOM KPATHOCTH OLTHOOK.
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®OPMUPOBAHMUE BbICHINX TPOU3BOJHBIX XAPAKTEPUCTHUK
HEJIMHEHHBIX DJIEMEHTOB

B.JI. CBUPUI
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Annotammsi. IlpemnoxeHo QopMUpOBaTH BBICHIME IIPOM3BOJHBIC, BKIIOYAs 4YETBEPTYIO, XapaKTEPHCTHK
HEJMHEHHBIX JJIEMEHTOB HA OCHOBE CHHXPOHHOIO ()a30HEUyBCTBUTEIHLHOIO PEKEKTOPHO-IIOJIOCOBOTO
aKTHBHOTO (GWIbTpa IIyTEM €ro IEepecTPOWKH Ha HY)KHYIO I'aPMOHHYECKYIO COCTABILIOLIYIO HCCIIELyEeMOH
MIEPBOOOPA3HON  XapaKTEPUCTUKH  OOBEKTa  HCCICNOBAHWSA, IPOMOPIHOHAIBHYIO  COOTBETCTBYIOUICH
MIPOU3BOTHON, MO3BOJISIOMIETO, MPH HEOOXOIMMOCTH, BOCCTAaHOBHTH YTPAuMBAEMYIO IIPH 3TOM (pa3oByrO
COCTaBJIAIONIYI0 TOCPEACTBOM (Da304yBCTBHTEIFHOTO CHHXPOHHOTO (DMIIBTPa-AEMOIYISTOPA, COTIACOBAHHOTO
CO CHeUHaIbHO (OPMHUPYEMBIMH YIIPABIIONINMH CHTHAJAMH, WIH €€ HCKIIOYHTH MPOCTEHINM JINHEHHBIM
aMIUTUTYIHBIM JeMonyisiTopoM. IIpuMeHeHne mnpennoxeHHOro (OpMUpOBATEIsl BBICIINX POU3BOIHBIX
JUTA TIeNiell onpeneNieHns] TIEPBUYHBIX TTapaMeTPOB Pa3IHMIHBIX OOBEKTOB C HENWHEHHBIMH XapaKTePUCTUKAMU
NepBOOOPa3HBIX IO3BOJISET CYIIECTBEHHO IOBBICUTH TOYHOCTh WX H3MEPEHHs HAa YPOBHE MAECSTHIX MAOJIeH
NPOLIEHTA, YTO HEOOXOIMMO IPU CO3JaHUM NPELN3UOHHBIX CPEICTB U3MEPEHUH, NPEX/e BCEro A00pPOTHOCTH
PaANOTEXHUYECKUX JIEMEHTOB, HalIpUMEp, BapUKAIIOB, C IIUPOKUM JUANAa30HOM €€ U3MEHEHUSI.

KaioueBble cioBa: BbicIIME NPOW3BOJHBIC, CUHXPOHHBIH (pa3oHEUyBCTBUTENBHBIN (QUIBLTP, (HOpMHpOBaHUE,
MIPUHIUIBI TIOCTPOSHUS, peaau3alys, aHaau3 TOUHOCTH.

KondaukTt naTepecoB. ABTOp 3asBisieT 00 OTCYTCTBUM KOH(IMKTa HHTEPECOB.

Jdasi uurupoBanusi. Ceupup B.JI. dopmupoBaHue BBICIINX MPOW3BOJHBIX XapaKTEPUCTHK HEITHMHEWHBIX
anemenToB. JJoxmanst BI'YUP. 2022; 20(1): 14-21.
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OF NON-LINEAR ELEMENTS
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Abstract. It was suggested to form higher derivatives, including the fourth one, characteristics of non-linear
elements based on altering the synchronous, phase insensitive active band-stop filter to the needed harmonic
component of the researched antiderivative of the characteristic of the examined element, which is proportional
to the according derivative, which allows, if needed, to reestablish the missing phase component using
a synchronous, sensitive to phase demodulating filter, which is agreed to the specially formed control signals,
or to exclude it using a simple amplitude demodulator. The use of the proposed shaper of higher derivatives
for the purpose of determining the primary parameters of various objects with nonlinear characteristics
of antiderivatives makes it possible to substantially increase the accuracy of their measurements, bringing this
process to the level of tenths of a percent, which is a very important result in the measurement technique, first
of all, the Q-factor of radiotechnical elements, for example, varicaps, with a wide range of its change.

Keywords: higher derivatives, synchronous phase insensitive band-stop filter, forming, principles
of constructing, realization, exactness analysis.
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BBenenune

XapakTEepUCTUKN BBICHIMX TPOU3BOJAHBIX, IO3BOJISIIOIIKE TOJIYYUTH JOMOJHUTENBHYIO
WHPOPMALIMIO O CBOMCTBAX M OTIMYUTEIBHBIX OCOOCHHOCTSX PAa3MUUHBIX OOBEKTOB ¢ HEITUHEHHBIMU
napaMeTpaMy NepBOOOPA3HBIX, SABIAIOTCS MOIIHBIM CPEACTBOM IMOBBINICHHS TOYHOCTH aHAINM3a U
oIpefesieHHs TIEPBUYHBIX IapaMEeTPOB HE TOJILKO HENMHEWHBIX sneMeHToB (HD) kak takoBwx [1],
a ¥ Pa3INYHBIX IPYTHX YCTPOWCTB paMOTEXHUUECKOTO HamnpasieHud [2, 3]. [IpuBiekatoT BHUMaHUeE,
IpeXIe BCEro, OcoObleé TOYKM HA XapaKTEPUCTHKaX IEpPBOOOPA3HBIX, K KOTOPBIM OTHOCSTCS
OKCTpEeMaJbHbIE TOYKM W TOYKH TIIepernda, OImpeaenseMble IOCPEICTBOM IIE€PBOH M BTOPOH
MIPOM3BOAHBIX, TaK Kak IepBas INPOMU3BOJHAS XapaKTEpPU3yeT CKOpPOCTh, a BTOpas — YCKOpPEHHE
JMHAMUYECKOT0 IpoLiecca YPaBHOBEIIMBAHUS U3MEPUTENBHBIX U Ipyrux cucreM. IIpu ucnonb3oBaHuu
e IEepBOIl WM BTOPONW IPOM3BOAHBIX MUl ONpPENENIEHHs] HMCXOIHBIX IapaMETPOB XapaKTEPUCTHK
HeoOXxonuma WHQPOpPMalUs O TPEeTbell M YeTBEpTOW NPOM3BOAHBIX. B CBA3M C 3TUM co3AaHUE
(opmupoBaTens BBICIIMX MPOM3BOJHBIX, BKIIOYas 4eTBEpTyIo, HD mpuoOperaeT MCKIIOUUTENBHYIO
aKTYaJbHOCTb U, CJICIOBATEJILHO, SIBJIIETCS BEChbMa Ba)KHBIM HAIIPAaBICHUEM HCCIICAOBaHUH.

[puHnunel nocTpoeHust GopMUPOBATEISI BBLICHIUX MPOU3BOIHBIX

XapakTepUCTUKU  BBICIIMX  MPOW3BOAHBIX, BKIOYas  YETBEPTYIO,  IEJIecoo0pa3HO
dbopmupoBaTh, B OTIMYHE OT W3BECTHBIX CIOCOOOB WX TMOJYYCHHS [4], BKITIOYAIONIAX DJICMEHTHI
UQppoBOH 00pPaOOTKM CHUTHAJIOB, HA OCHOBE CHHXPOHHOTO (ha30HEUYBCTBHUTEIHLHOIO PEKEKTOPHO-
MOJIOCOBOTO aKTHBHOTO GuiibTpa (AD), TeopeTHUecKre OCHOBBI U TPUHITUITBI IIOCTPOCHHUS KOTOPOTO
M3II0KEHBI B y9eOHOM 1MOCOOWH [S] IPUMEHHUTENHHO K peaan3aiui XapaKTePUCTUKA MOIYJIST BTOPOM
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MPOM3BOJHOH OT aMIUIMTYIHO-4acTOTHOH XapakTepucTuku (AUYX) pe3oHaHCHBIX YCTPOWCTB
JUIs 1IeJIed u3MEepeHHsl UX IEPBUUHBIX [1apaMETPOB.

B cBs13u ¢ 3TM npuHOUTBL (POPMUPOBAHHS XaPAKTEPUCTHK BBICIINX MPOU3BOIHBIX, BKIIOYAS
YETBEPTYI0, PEAIU3yeM Ha OCHOBE yKa3aHHOro BbIlle AD MyTeMm €ro MepecTpovKH Ha HYKHYIO
TFapMOHHYECKYI0 COCTABILIOILYI0O IIepBOOOpa3HOM xapakrtepuctuku HDO, mnponopuuoHanibHyO
COOTBETCTBYIOIICH TMPOW3BOAHONW, C BOCCTAHOBJICHHEM yTpadyuBaeMoil mipm 3ToM (a3oBoit
COCTAaBISIIOIIEH  TOCPEACTBOM  (ha304yBCTBUTENBHOTO CHHXPOHHOTO  (MIIBTpa-IEeMOIYNATOPA,
COTJIACOBAaHHOTO CO CHEUHAIbHO (OPMUPYEMBIMH YNPABISIOMIMMHU CHTHAjJaMd, WHIH e
UCKJIIOUCHHUEM, IIPU HEOOXOAMMOCTH IOJY4YEHHS MOAYJA IPOU3BOAHBIX, IIPOCTEHIIUM JIMHEHHBIM
aMILUIUTY IHBIM JI€MOYJISITOPOM.

UznoxeHHple TNPUHUWIBI IOCTPOSHHS paccMaTrpuBaeMoro (OpMHpOBATeNsl  BBICIIUX
IIPOU3BOJHBIX OTPAaXKECHBI B BUJIE CTPYKTYpPHOMH CXEMBbI, IPEACTaBIEHHON Ha puc. 1, OCHOBY KOTOpOii
COCTaBJIIIOT J[B€ B3aMMOCBS3aHHBIC ITOJICHCTEMBI: CHHXPOHHOH ()a30HEUyBCTBUTEIBHON CENCKIMU
TapMOHHYECKUX COCTABIAIONINX MOIYJIHUPYIOUIETO CHrHajda M (OPMHPOBAHHS KBaApaTYPHBIX
HMMITYJIbCHBIX 1 MOZYJINPYIOIIETO CHHYCOUAAIBHOIO CUTHAIOB.
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Puc. 1. CtpykrypHas cxema opMHpOBAaTes BHICIIMX TPOM3BOAHBIX Xapakrepuctuk HO
Fig.1. Schematic diagram of the generator of higher derivatives of characteristics of non-linear elements

[lepBas moncucrema o0pazoBaHa MEPBBIM M BTOPBIM cyMMaTopamu 1 1 2, IEpBBIM U BTOPBIM
nostocoBeiME prmeTpamu (I1D) 3 m 4, a Tarxke AByMS KaHAIaMH IpeoOpa3oBaHUsS W 00paObOTKH
KBaJIpaTypHBIX CHUTHAJIOB, B COCTaB OJTHOTO W3 KOTOPBIX BXOJUT TEPBBIA M TPETHIl CHHXPOHHBIC
KOMMYTaTopsl 5 1 6 u nepBblii GuibTp HWKHUX 4YactoT (PHY) 7, a B cocTaB BTOpOro — BTOPOH H
YETBEPTHIA CHHXPOHHBIE KOMMyTaTOphl 8 1 9 1 BTopoit ®HY 10.

Bropas moncucrema (hopMHpOBaHUS KBaJIPaTYpPHBIX HMMITYJIbCHBIX H MOJIYJIHPYIOIIETO
CHUHYCOUJAJIBHOTO CUTHAJIOB BKIIIOYAET aBTOKOIeOaTenbHbIld TeHepaTop 11 mapada3HeIX UMITYJIbCOB,
NEepBbIA 1 BTOpo# aenutenu 12 u 13 yacTtoThl Ha ABa, GOpMUpYIOLINE KBaApaTypHbIE (CIBUHYTBHIC
OJTHO OTHOCHTEIBHO JPYTOro Ha YETBEPTh MEPHOa) UMITYJIbCHBIE HAPSKEHNUS C TIOHWKEHHOH B /1Ba
pasa 4acTOTOM, a TAaKKe TPETHH AeIUTENh 14 9acTOTHI HA TPH, YETBEPTHIA M ISITHIN nenurenu 15 u 16
4acTOTHl Ha JiBa, C IOMOIIBIO KOTOphIX U Tperhero IID 17 c mepexmiouatenem 18 HOMepa
MPOU3BOIHBIX HA YETHIPE MOJIOKEHHUS C MATHI0 COOMPAIONTMMHU (HOPMHUPYETCS MOIYIUPYIONIAN CHTHAT
CHUHYCOUANBbHON (hOpMBI. J[J1s1 BOCCTAHOBIICHUSI yTPAYMBAEMOW MPU JJAHHOM CIIoco0e (OpPMHUPOBAHHUS
MPOM3BOJHBIX HMX (a30BBIX COCTABISIONIMX B COCTaB CTPYKTYpHOM cxembl (puc. 1) chenuaibHO
BBeZIcH (ha30uyBCTBUTEIBHBIM CHHXPOHHBIH (QUIBTp-AeMonyisaTop 19, ympaBisieMblii NEpBBHIM
nenuteneM 12, a Juis TOMy4deHHS MOIYJS TEX e XapaKTEePHCTHUK WCIIONb3YyeTCs, KaK W TPExIe,
JIMHENHBIN aMITUTYAHBIN qeMoaynsatop 20.
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OcobenHocTH peanu3anui GyHKIHOHAIBHBIX 0JI0KOB (OpMHPOBATEIS BHICIINX MPOU3BOIHBIX

[TapameTps! morydaeMoro MOAYIHPYIONIErO CHUTHAJa CHHYCOMAANBHOU (HOPMBI (aMIDIUTYAA,
94acToTa) ONPEAEIIIOTCS OCOOCHHOCTIME PeaTn3aliy MePBOOOPA3HBIX XaPaKTEPUCTHK HUCCIIETyEMOTO
00beKTa, KOTOPHI Ha CTPYKTypHOU cxeme (puc. 1) ycioBHo mpezacrtasieH B Buae [ID 21. YactoTa
MOZYJUPYIOIIETO CHWTHAa, KOTOpas MOKET OBITh caMOW pa3HOH (0T MecATKOB 1Mo coTeH ['epir),
orpezensieT TpeOyeMble YaCTOTHBIE XapaKTePUCTHKH COMPATAEMbIX TIOCPEICTBOM Mepekodarers 18
¢yHkunonaneHeix 010K0B (PB), mpexkae Bcero, 3amaroiiero aBTokoyiedaTebHOro reneparopa 11 u
I[I® 3 u 4. Ecnu, HampuMep, MOIyJHpYOIas dYactora mpuHsta fec= 1k[1, TO IEHTpaIbHbIE
(pezonancHble) yacToThl I[P 3 1 4 J0/DKHBI COOTBETCTBOBATHL HOMEPY (DOPMHUPYEMBIX MPOU3BOIHBIX,
T.e. fo=1, 2, 3, 4 x['11, a pabouas yacrora reeparopa 11 — coorBercTBeHHO B 2 pasa Beimie (2, 4, 6,
8 kI'r), YTOOBI TONYYWTh W3 ITHX YACTOT ITOCPEIACTBOM KOMMYTHPYEMBIX NepekimodarenieM 18
nemureneit 12, 14-16 3amanHyo dactory Momymwmpyromero curiana feo= 1kl Tpebosanus
K npyrum @B, yyacteyronmM B GOpMUPOBAHNU XapaKTEPUCTUK BBICITUX TPOU3BOJHBIX, JIOCTATOYHO
TIOJTHO OTOBOPEHHI B [5].

Ha puc. 2 otpaxkeHna mpakTuueckas peanusanusi HanOonee oTBeTCcTBeHHBIX Db, kK KOTOpHIM
CIIEAyeT OTHECTH KaHaJbl MpeoOpa3oBaHust 1 00pabOoTKH KBaAPAaTypHBIX CHTHAJIOB (MpUHOUIHATBHAS
cXeMa OJIHOTO M3 HUX MpPEJCTAaBICHA HAa pUC. 2, @) ¥ CIEIHAIbHO BBEJICHHBIH (QUIBTP-AEMOIYISTOD
19, TeopeTndecKre OCHOBBI KOTOPOTO JOCTATOYHO ITOJIHO OTPaXKEHBI B ydeOHOM mmocoduu [5], a cxema
peanu3anyy mnokazaHa Ha puc. 2, b. OIHOTUIHBIMH 110 NIPUHIMITY ACUCTBHS B JaHHBIX OB sBistroTcs
CHHXPOHHBIE KOMMYTaTOpHl 5, 6, 8, 9 (cM. pumc. 1), mpeacTaBisiomue co0O¥ MOCIEIOBaATEIHHO-
MapajuieIbHbIe KIIFOUH, KOTOPBIE MOTYT OBITh pealn30BaHBI Ha MHTETPANIbHBIX MHKpocxemax (MC)
mynbTHILIeKcOpoB  THa KS590KH7 ¢ mnpumeHenumem omnepanuoHHbIX ycunurened (OY) tuma
K574Y 11 nnu apyrux ctaHAapTHHIX, Kak B AD 7, 10, Tak u B punsTpe-gemonynsatope 19. CxemHyro
peanu3anyio Ipyrux aHanoroBeix @b MOXXKHO HAWTH B YKa3aHHBIX BBIIIE MCTOYHHKAX MH(OpPMaLu
[3, 5], a mudpoBeix B Buae aenutTeneld 4actoTel 12—-16 (cM. puc. 1) — B COOTBETCTBYIOIIHUX
cripaBoYHMKax 1Mo mudposeiM UC, Hampumep, [6].
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Puc. 2. [IpuHIMnnagpHeIC CXEMBI KaHATA IpeoOpa3oBaHust U 00padOTKU KBAAPaTypHOTO CUTHANIA (a)
U CHHXPOHHOTO ()a304yBCTBUTENBHOTO (ribTpa-nemonyJsiropa (b)
Fig. 2. Schematic diagrams of the channel for conversion and processing of a quadrature signal (a)
and a synchronous phase-sensitive filter-demodulator ()

Ounenka To4HOCTH (POPMHUPOBAHNS TPOU3BOTHBIX

OneHka TOYHOCTH (OPMUPOBAHMS TPOM3BOAHBIX 0€3 ydera pealbHBIX XapaKTEPHCTHK
00BEeKTa HMCCIEOBAaHUS JIMIIEHA CMBICIA, TaK KaKk BCE MPOU3BOAHEIE, MOIyYaeMble C IIOMOIIBIO
MPOEKTUPYEMOT'0 YCTPOIMCTBA, PEaTU3yIOTCs C TOMOIIbI0 OAHUX U TeX ke Db u, ciegoBarensHo, UX
TOYHOCTh OJHA W Ta JX€. B CBiA3M ¢ 3TUM NpoaHAIM3HPYEM TOYHOCTh pEANTM3alUl BTOPOH
NPOM3BOJHOH Ha TMpHMEpPEe €€ WCIONb30BaHMs JJsl ONpeleNeHHsT OCHOBHBIX IapaMeTpoB
KoJIeOaTeIbHOTO (PE30HAHCHOTO) KOHTYpa, Hampumep, moopoTHoctd (. I 3TOro BOCIIOIB3yeMCS
n3BecTHOM anmpokcuManel AYX pe3oHaHCHOTO KOHTYpa:
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(ON (O]

rie U u e — cuHycouajbHble HalpsDKEHUs, ACHCTBYIOIIME Ha BBIXOAE U BXOJE MHCCIIEAYyEeMOro
KOHTYpa; Mo U (® — PE30HAHCHAS U TEKYIasl YaCTOThI KOHTYpA.
[lepBas u BTOopas npousBoaHbIe 10 Yyactore oT AUX (1) umeror BUx:

0o (@)
ou ®, | ©, o

U ()= ! ..
5‘0( ) 272 (2)
1+Q2["°—m0j
0, O
1+3(°°°) —2Q2(‘°—‘°0] 1+3(°°°]
2 3 0] ® () ()
Z(Dl{(a)):_eug ’ - 5 ° (3)

0 2|
(O ,
1+0*| ———¢
0, o
W3 pa3HoOOpa3sHBIX CHOCOOOB H3MEPEHHUs MPOM3BOAHBIX B JAHHOM Cjydae HauOOJIBIIHH
WHTEpEC MPEACTaBIAIOT YUCIIEHHbIE MeToAbl nuddepenunpoBanus [1, 4], HAa OCHOBaHUU KOTOPBIX

3alMIIeM BBIPAXEHUS ISl TIEPBOM M BTOPOH MPOM3BOAHEBIX [5], ucmomb3ys AUX (1) BOMM3M
PE30HAHCHOH YaCTOTHI:

8_U(w )_U(m0+Aw)—U(w0+Aco)_

oo 2Am ’ (4)
U Ulo, +Ao)+U(o, —Ao)-2U(o

ay@&=(o ) i& ) (J, (%)
rae Ao — NpHUpallEHHe YacTOThI, CO3JABAEMOE MOLYJIUPYIOIIUM CHIHAIOM IIPU BO3AEHCTBHU

Ha UCCIIEAYEMBI OOBEKT.

Kak crnemyer u3 mpuBeaeHHbIX BbIpaxkeHud (4) u (5), AN ompeneneHHs MPOU3BOAHBIX
JOCTATOYHO 3a(h)MKCHPOBATh HANPSDKEHUS, NCHCTBYIOMNE Ha KOHTYpe IPH TPeX 3HAUCHUSIX YacCTOTHI:
U (w0), U (00— Aw), U (00 + Aw).

OneHnM OmMOKY, BO3HUKAIOIIYIO MPH M3MEPEHHSAX BTOPOH MPOM3BOIHOU (5), mpUHHUMAs
AUX BOIM3M pe30HaHCa CHMMETPUIHOW OTHOCHTEIHLHO YacTOTHI o (puc. 3). IlepBas mpousBoaHas (2)
paBHa U3MEPAEMOK He B TOUKax (wo — Aw / 2), (0o + Aw / 2), Kak Ipeanosiaraioch Ipy onpeaeacHuu (4),
a B TOYKaX, OTCTOSIIUX OT MEPBbIX HA HEKOTOPYIO BEINYUHY &;

a_U( Ao j: U(w,)-U(0,-Ao)

P R A6 ’ 6)

il% Ao U(w,+A0)-U(o,)
™ (coo + 5 + &) v . @)
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.
-
]

Puc. 3. O6pazoBaHre aTUTUBHOW COCTABIISIONIEH TTOTPENTHOCTA U3MEPEHHS BTOPOM MTPOU3BOTHOM
Fig. 3. Formation of the additive component of the measurement error of the second derivative

B cBsa3u ¢ 3tM TOYHOE BBIPpAXKCHUC IJId BTOpOI>’I HpOH3BOI[HOI7[ B TOYKC pE30HaHCa 6y;[eT

HUMETh BU]I
oo Yo

FU (- 0 R do\™ " 2 ®

o0 Aw+ 2§

Wi, ¢ yuetoM paBeHCTB (6) u (7),

o’U U(w, +A0)+U (0, —Ao)-2U(v,)

ow’ ((DO) N A®® +2EA® ' ©)

CpaBamBas (9) ¢ (5), ompenenseM aaIUTUBHYIO COCTAaBJISIONIYIO ITOTPEITHOCTA HW3MEPCHHUS
BTOPOI MPONU3BOJHOM:
o’U A®® + 2EA® 28
C2 (@), = o 1250055
ow’ AL Aw’ Ao
Kacarensnas k AUX KoHTYpa, mapajuieiibHast Xopae (puc. 3), onpenenseT Touky (wo — Aw/2 — &),
B KOTOPOH IepBas MPOW3BOJHAS B TOYHOCTU paBHA M3MEpeHHOH (6). Bynem ucxomuts U3 ycloBus

MapajuIeIbHOCTU TPSMBIX, T. €. PABEHCTBA WX YTIOBBIX KO3(PQUIMEHTOB. YTI0BOH Ko3(duIEeHT
XOPIBI, TPOXOIAIICH Yepe3 naTepecyomue Toukn AUX (1),

3 (10)

1
Ulo,)-U(o, —Ao 1Y |2
(@) -U(@y=80) _eQ ) |\ o LV (1)
A® A® D
rae D — ko3 pHUIHMEHT, MPeACTABISCMBbIN C YIE€TOM COOTHOIICHHS
A® 0}
h — 0,707 — 0 , (12)
Aw 2A0Q

KpPaTHO CBSI3BIBAIOIIETO MPUPANICHUE YacTOThl A® C IMOJOBHHOW TIONOCH TMPOMYCKaHUs Ao, 707
HCCIIEAyEeMOT0 Pe30HAHCHOTO KOHTYpa Ha ypoBHe 0,707, B BUIe
0, —Aw 1
YY) (13)
N 0
VYrioBoii KO3 PHUIMEHT KacaTeIbHOM, apaIeIbHON XOp/e, COOTBETCTBYET IPOU3BOIHOM (2)
B Touke (0o — Aw /2 —§):

D=

EX(EI;()
oU Ao eQ’ -
_(‘”0 ‘_‘éj o (14)
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coO—Aco/2_1_ 1
®, 4hQ’

rne F =

(15)

X =&/ w,. (16)
[IpupasuuBas yriossie ko3¢ unuenTs! xopas! (11) u kacarensHo# (14), moydaem ¢ yueToMm
cootHomreHus (12) cnemyrolee ypaBHCHHE:

2
2

{HQZ(E—X——I H 1{1+Q2(D—iﬂz e
E—-X D 4h (E-X)

Pemenne »Toro ypaBHEHHS OTHOCUTEIbHO X TIPOW3BEACM UHUCICHHBIMH METOJaMH.
MuHuMabHOE 10 a0COIIOTHON BeIMurHe 3HaueHue KopHsa X (16) ypasaenus (17) o0o3naunm Xo mum,
Toraa norpeiHocTh (10) MokeT ObITh NPEICTaBICHA B BUJIC

o’U
(@) 41 = 410X g - (18)

ow’

B Tab6in. 1 npuBeneHs! pe3yibTathl peieHus Ha [IDBM ypasuenust (17) u pacuera aaguTUBHON
(cucTeMaTHYeCKOW) COCTABIIAIONMICH TOTPEITHOCTH HM3MEpPeHHs BTopor mpomsBomHou  (18)
TUTSt pa3mngHbIX 3HadeHud £ 1 Q (12), (13). OntuMansHO# BETHIHMHON MOXKHO cuuTaTh £=10, Tak Kak
npu 3ToM norpemHocTs (18) gocratouno mana (xkonednercs ot +0,26 % mo —0,37 %), 4To O3BOIISAET
MOJYYHUTh BBICOKYIO TOYHOCTH M3MEPEHHUI B IIMPOKOM MHTEpBaJie U3MEPSEMBIX BEIMUUH, BKIIOYAs
00J1acTh MaNBIX 3HAYCHUH Q.

YMeHblIeHUE 4Kcia /i IPUBOJUT K PE3KOMY YBEJIWYEHHUIO YKa3aHHOM IOIPEIIHOCTH, a €ro
YBEJIIMUCHUE  3aTPyIHSET TPAKTHUECKYI0 pealn3aldi0 METOAa HM3MEpPEeHUs JTOOPOTHOCTH
C MCTOJIB30BaHNUEM BTOPOI MPOU3BOJHOM.

0

Ta6auua 1. Mcxoaubie U pacyeTHbIE NaHHBIE I aJUIMTUBHON COCTAaBJISIONIEH MOTPEIIHOCTH U3MEPEHUS
BTOPOU MPOU3BOTHOM
Table 1. Initial and calculated data for the additive component of the error measuring the second derivative

o’U

(0] h Xomun SW((OO)AM,%

2 —6,6621446514E-04 —1,6752848074E+00

10 —2,6038174519E-04 —3,2935975036E+00
100 \/E —2,8702560940E-05 —3,6306186898 E+00
1000 —2,8964836929E-06 —3,6637942698 E+00

2 +3,2742128045E-05 +2,6193702436E—01

10 10 —6,2362910285E-06 —2,4945164114E-01
100 -9,0432740762E-07 —3,6173096305E-01
1000 -9,3226390163E-08 —3,7290556065E-01

3aKkiIroueHue

Pa3paboTansl MpUHOMOBI NOCTPOSHHS (hOpMHpOBaTENsi BBICHIMX HPOU3BOJHBIX, BKIIOYAS
YEeTBEPTYI0, PAa3IMYHOTO POAa OOBEKTOB HCCICAOBAaHMUSA C HEIMHEHHBIMH XapaKTepUCTUKAMHU
NEPBOOOPA3HBIX, KOTOPHIE OCHOBAaHbI HAa HCIIOJIb30BAHUU CHHXPOHHOIO (Da30HEUYBCTBUTEIBHOIO
aKTUBHOTO (mibTpa. JlaHbl PEKOMEHIALUY 10 IPAaKTHUECKON peanu3alui Haubojiee OTBETCTBEHHBIX
(YHKIHNOHANBHBIX OJOKOB (hOpMHUpOBATENSl C OLECHKOM TOYHOCTH OIpenesicHHs HpPOM3BOAHBIX Ha
npumepe uccuenoBanusi AUX kosnebarenbHOro (Pe30HaHCHOTO) KOHTYpa Ui 1elieil H3MEpEeHus ero
MEePBUYHBIX MTAPAMETPOB M0 BTOPOM MPOU3BOAHOM.

[Tokazano, 4yTo MOrpemrHOCTh (popMUpoBaHUsT BTOPOH mpou3BonHOH oT AUX MoxeT ObITh
MOJy4eHa Ha YPOBHE IECSTHIX AOJICH MPOLEHTa IMPU OMpelelieHMH JOOPOTHOCTH KOJeOaTeIbHOro
KOHTypa B mHTEpBajie oT 2 1o 1000 exuawmII.
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CIJIAKUBAIOIIUI ®UILTP C BAPUALIMENR KOODOUIIMEHTOB
JIJIs1 COMPOBOKJIEHUSI MAHEBPUPYIOLIE
ADPOJIMHAMMYECKOI LEJN

B.A. AIIOPOBINY

OAO «AT'AT — cucmemvl ynpagneHus» — ynpagisarouwas KOMNAHUs X010UHea
«Ieounpopmayuonuvie cucmemst ynpagnenusiy (2. Munck, Pecnyonruxa Benapycy)

Tlocmynuna 6 pedakyuio 5 urons 2021
© Benopycckuii TOCyIapcTBEHHBIN YHUBEPCUTET HHOOPMATHKH U PATHOITIEKTPOHUKH, 2022

AHHoTanusi. B crathe mpemiokeH HOBBIH (DUIBTP COMPOBOXKICHUS MaHEBPUPYIOMIEH a’poaMHAMUYECKOMN
nenu. Ilpm cuHTE3e QWIBTpa YYHWTHIBAIMCH TPH TIABHBIX TpeOoBaHHs: (GHUIBTP IODKEH OOeCrevnBaTh
MHUHUMAJBHYIO OIMMOKY CTITaKWBaHWsS Ha ydacTkax 0e3 MaHeBpa; QWIBTP IOJDKEH 00ecTieyuBaTh MUHIMAILHO
BO3MOJKHBIC OINMOKH M BBIOPOCHI OINMOKH CTa>KUBaHHS BO BpeMsi MaHEBpa; (PUIBTP HE NOJKEH COACPIKATH
JIOTIOJTHUTEIbHBIC KOHCTAHTHI, YYUTHIBAIOIINE BHEIIHHE MAPAMETPhI, HAPUMED, BEIMYHHY BXOIHBIX OIIUOOK,
mapaMeTpbl MaHEBpa LIEJH, IEPHO OOHOBIICHUS MH(OpMAIUK U T. 1. J[JIsl BHIMOJHCHUS NAHHBIX TPEOOBaHUI
UCIOJIB30BaHA JIByXKpaTHas KOPPEKTUPOBKa (Bapuanus) KoI((UIMEHTOB CIIaXXUBAaHUS B COOTBETCTBUH
C BCIIMYMHOW  OTKJIOHCHHS  KOOPJMHATHI ~ BHOBb  HM3MEPCHHOTO  TOJOXKCHUS  LeiH  (OTMETKH)
OT KCTPANIOIMPOBAHHOIO TIOJ0XKEHUs. Bapuanus NpOW3BOJUTCA B COOTBETCTBHM C BBIOpaHHOW (hyHKIIHCH,
IIPY ATOM IIaT CTIaKUBaHHA Jajiee MPHOOpeTaeT HEKOTOpOoe yciIoBHOE 3HaueHue. [IpoBeaeHo MoaeanpoBaHue
npeIoskeHHoro ¢GuibTpa. IlorydeHHsle TpH MOACTHMPOBAHUN 3HAUYCHUS OMIMOOK CIIIa)KWBaHUS CPAaBHHBAJICH
¢ omMOKaM# CTIKUBAaHUS APYTHX (QHUIBTPOB, OMICAHHBIX B HAy4HOW NUTEeparype. Pe3ympTaThl CcpaBHEHUS
MTOKA3BIBAIOT CYIIECTBEHHOE CHIDKEHUE CPEeIHEKBAAPATHUCCKIX OMIMOOK CIIIA)KMBAHUSA KOOPIUHATHI U CKOPOCTH
Y TIPeIIOKEHHOTO (QHUIBTPa TI0 CPABHEHHIO C IPYTHMH 00pa3aMi; B COOTBETCTBHH C TJIABHBIMH TPEOOBaHUAMHU
HUKAKUX JOMOJHUTEIBHBIX KOHCTAHT B IPEAJIOKEHHOM (PHIIBTPE HE MCIIOIB30BATIOCE.

KiaoueBble cioBa: 06pa60TKa paHI/IOHOKaHI/IOHHOﬁ I/IH(l)OpMaIII/II/I, MaHEBp, aspoaAMHaMHYCCKad IClib,
CTJIAX)KUBAHUEC KOOpAUHAT, BapUualus KO3(1)(1)I/IHI/IGHTOB.

KondaukTt naTepecoB. ABTOp 3asBisieT 00 OTCYTCTBUHM KOH(IIMKTa HHTEPECOB.

Jns nurupoBammsi.  Amnoposnd B.A.  CrnaxuBarommii  ¢uiabTp ¢ Bapuauueidl  koa(uiueHToB
JUI CONIPOBOXKICHUS MaHEBpHUpYoleil aspoanHamudeckoit nenu. Jokmnaast BI'YHP. 2022; 20(1): 22-30.
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SMOOTHING FILTER WITH A VARIATION OF COEFFICIENTS
FOR TRACKING A MANEUVERING AERODYNAMIC TARGET

ULADZIMIR A. APAROVICH

OJSC “AGAT — Control Systems — Managing Company of Geoinformation Control Systems Holding”’
(Minsk, Republic of Belarus)

Submitted 5 July 2021
© Belarusian State University of Informatics and Radioelectronics, 2022

Abstract. The article offers a new filter for tracking a maneuvering aerodynamic target. During the process
of the filter synthesis, three main requirements were considered: the filter must provide a minimum smoothing
error in the areas without maneuver; the filter should ensure the minimum possible errors and emissions
of smoothing error during the maneuver; filter must not contain additional constants, which take into account,
for example, the value of input errors, parameters of target maneuver, period of information modification and so
on. In order to meet these requirements a two-fold adjustment (variation) of the coefficients smoothing was used
in accordance with the deviation of the coordinate of the newly measured position of the target (mark) from the
extrapolated position. The variation is performed in accordance with the selected function, while the smoothing
step acquires a certain conditional value. The proposed filter modelling has been performed. Received
by modelling values of smoothing errors were compared with smoothing errors of other filters, described
in scientific literature. The comparison results demonstrate a significant decrease in smoothing of the root mean
square errors of coordinates and velocity in the proposed filter in comparison with other samples; with according
to main requirements, any “tunes” in proposed filter were not used.

Keywords: radar information processing, maneuver, aerodynamic target, smoothing of coordinates, variation
of coefficients.

Conflict of interests. The author declares no conflict of interests.

For citation. Aparovich U.A. Smoothing Filter With a Variation of Coefficients for Tracking a Maneuvering
Aerodynamic Target. Doklady BGUIR. 2022; 20(1): 22-30.

BBenenne

B macrostmee Bpems pa3paboTaHO OONBIIOE KOTHMYECTBO (DHIBTPOB IS COMPOBOXKIACHUS
MaHEBpHUPYIOIEH  a’pOJMHAMHYECKON  I[eMHW, TPUMEHSEMBIX B  CHCTeMax  00padoTKH
paaunonokanuonHoit uHpopmarmu [1-8]. B cooTBeTcTBUM ¢ [1] Takue (QWIBTPHI MOAPA3ACISIOTCSI
Ha YEThIPE THIIA!

— 0e3 obnapyxenns maneBpa (Tum 1);
¢ obnapyxxenneM manespa (Tumn 2);

MHoroanbtrepHatuBHbie (IMM-punsTpser) (Tum 3);

— (bWIBTPBI YACTHIl M IPYTHE UM TIOIOOHEIE.

Bmecte ¢ Tem 3amaua oOecriedeHus OS(O(EKTUBHOTO CTIIXHBAHUS  KOOPIUHATHON
nHGOPMAITUHU OCTACTCS aKTyalTbHOU, ¥ BCE THITBI (DMIIETPOB UMEIOT CBOU HEJIOCTATKHU.

ITepBbie nBa THMA XapaKTEPHU3YIOTCS MalbLIMH OIMUOKAMM CTIaXKMBaHHUS HAa TEX ydYacTKaX
TPAaeKTOPUH IIENH, TJe HET MaHeBpa, U OOJNBINTMMH OMIMOKAMHU Ha ydacTkax MaHeBpa. Kak mpaswiio,
UMEIOT MECTO OOJIBIITNE «BBIOPOCHD» OMIMOKU BO BpEMSI MaHEBpa.

Tperuii TUI 32 CYET CBOMX BHYTPSHHUX HACTPOCK IMMO3BOJIACT B IIUPOKUX IMpeieiaX MEHSTh
COOTHOIIEHHE OIMMOOK Ha y4YacTKax MaHeBpa M Npu ero oTcyTcTBUH. Cyas MO JHUTEpaTypHBIM
rcTtodHuKaMm [ 1-8], 31ech gare BCero UCTOIb3YIOTCS BAaPHAHTHI, T/Ie 00SCIICYNBAIOTCS CPAaBHUTEIHLHO
HeOOJIbIIME ONMOKH HA YYaCTKaX MaHeBpa M OOJIBbIIIKE OMTHOKH ITPH €r0 OTCYTCTBUU.

B ¢unpTpax gacTurl crienuanbHO TeHEPUPYIOTCS ClydaiiHble OTKIIOHEHUS! BXOIHBIX OTMETOK
(«gacThIpl»), T.€. HCKYCCTBEHHO BHOCHTCSI JJIEMEHT CIIY9alHOCTH B TIPOIECC CIUIA)KUBAHMUS.
Pesynbratel paboThl (PMIBTPOB YACTHUI[ CXOJAHBI C pe3ynbraramu paboTel pumbTpoB Tuma 1 u 2,
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T. €. OBBIICHUS 3((HEKTUBHOCTH (WIBTPAIMK 0 CPABHCHHIO C JPYTMMHU THIIAMH (HIETPOB HE
HaOJII01aeTCs.

Kpome Toro, MHOrwe BapuaHThl (HIBTPOB BCEX THUIIOB alPHOPHO «HACTPAHUBAOTCS
Ha OINPE/ICIICHHBIC 3HAYCHUS WHTCHCUBHOCTM MAaHEBpPa WM JIPYTHE BHEIIHUE TapaMeTphI.
3T0 NPUBOIUT K TOMY, YTO OLIMOKH CTIaKUBaHUS IPH OTKIOHEHUSIX 3HAYEHUH BXOIHBIX TAPaMeTPOB
OT HACTPOEK CYIIIECTBEHHO BO3PACTaloT.

dopmyIMpoBKa 32124

[Ipu cunTe3e GuiabTpa, OMMCAHHOTO B JaHHOW CTaThe, IOCTABJICHA 33aJlaya CO37aTh (PIILTD,
YIOBJICTBOPSIOIIUH CIEAYIONIMM TPEOOBAHUSM:

— QunbTp JOMKEH 00ecneYnTh MUHHMAJIbHYIO OIMMOKY CIJIXHBAaHUS HAa YyYacTKax
0e3 MaHeBpa;

— (urbTp HOMKEH OOECIEeYNTh MHUHHMAJILHO BO3MOJKHBIC OIMMOKH W BBEIOPOCHI OITHOKH
CTJI&XKUBAHUS BO BPEMsl MaHEBPA;

— B QmIbTpe HE TOIKHO OBITh MCIOIB30BAHO HUKAKUX AIPUOPHBIX KOHCTAHT («HACTPOCKY),
YUHTHIBAIOIIMX BHEITHUE MApaMEeTpPhl, HAITPUMEP, BEIMYNHY BXOTHBIX OIIMOOK, TapaMeTphl MaHEeBpa
TEJH, IEPUO]T OOHOBJICHHSI MHPOPMAITUH U T. TI.

Ipenaaraemplii cnocod pemeHns 3agadu

B ommume oT ¢GuaBTpoB uYacTHL, B HOBOM (UIbTpE MpeliaraeTcsi HE Te€HEpUpOBATH
CIydailHble 4YacTHUIIbl, @ MCIOJIb30BaTh YK€ MMEIOIIMNACS CIy4YallHbI MapaMeTp — OTKJIOHEHHE
KOOpIMHAThl BHOBb M3MEPEHHOI'O IIOJIOXKEHHS LeNd (OTMETKH) OT €€ HKCTPaloIMpOBaHHOIO
MOJIOXKEHUSA. DTO OTKJIOHEHHE HCIOIBb30BAaHO JJIsl MHOTOKPATHOW KOPPEKTUPOBKU-BAPbUPOBAHUS
KO3(PUIIMEHTOB CIVIaXKUBAHUSI C LIEJIBIO [IOCIIEI0BATEIILHOIO OTCIIEKUBAHUS IIOTEHIIMAIBHOIO Havyasa
MaHeBpa.

Hdanee HoBBI QuiabTp OyneM HaszpiBaTh GWIBTPOM C Bapuanuedl Kod(pQHUIUEHTOB
crinaxusanus (PBK).

B kauecTBe MCXOTHOrO BapuaHTa-aHAJIOra HCIOJb3yEeM DPABHOTOUHBIN, PaBHOAMCKPETHBIN
¢wieTp U3 [9], KOTOpPBIA sBIsieTcs BapuaHToM ¢uiabTpa Kanmana s nHHEHHO H3MeEHSOIIEHCS
koopauHaTel. OCHOBHBIE COOTHOLLIEHHUS AJISI 3TOr0 (PUIIbTpa:

Xpl. = )(SF1 + VXSF1 -T, (1)
L _22in)

; _W (2)

_ 6

i) 3)
Ax, =X, - Xp,> 4)
Xsl. = )(pl.i1 + Ai 'AXI., (5)
VXsl. = VXSF1 + Bi & ’ (6)

T

rie Xp, — 9KCTPanoJMpOBAHHOE 3HAYEHUE KOOPAMHATHI X Ha i-i MOMEHT (NEpHOA) (QUIbTpaluHy,
Xs, ,» Vs, , — CTI@)XeHHbIE 3HAYEHUS KOOPJMHATHL X M CKOPOCTH €€ U3MEHEHUs Ha (i —1)-i MOMEHT
coorBeTcTBeHHO; A, B — k0>)OUIMCHTHI CrIaXWBaHWS HA [-d MOMEHT Uil KOODAMHATHI U
CKOPOCTH COOTBETCTBEHHO; A x, — Pa3HHIA H3MEPCHHOTO 3HAYCHHS KOOPAHHATHI X Ha i-iI MOMEHT

X, M DKCTPAalONMPOBAHHOTO 3HAYCHUS X p 5 Xs,» Vxs, — CII@XKCHHBIC 3HAYCHUS KOOPIMHATHI U

CKOPOCTH Ha i-if MOMEHT BpeMeHH; 1 — TepHo. MOCTYIUICHUS OTMETOK (TIepro 0030pa).
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B nanHoM duibTpe-anHanore 3HaueHus kodduumeHtoB criuaxusanus A u B 3aBucsr

1
TOJIBKO OT miara i. C yBennyeHneM i 3HadeHuss A u B, MOHOTOHHO yMEHBLIAIOTCS. DTO O3HAYaer,

YTO MBI BCE OOJIBITIE M OONBIIEC «BEPUM» CBOUM CTIIAKCHHBIM (IKCTPAIIOIMPOBAHHBIM) 3HAYCHHUSIM U
BCE MEHbBIIE W MEHBIIE «BEPHUM» BHOBb NOcCTymamomeid wuHbopmannu (otMerkam). W3BecTHo,
YTO NOJOOHBIM (UABTP TpPHU MaHEBpaxX Ienu (OTKIOHCHWU OT MPSMOJIMHEHHOTO pPaBHOMEPHOTO
JBWOYKCHHUS) TIPY JIOCTATOYHO OOJIBIIMX [ OyIeT 1aBaTh OOJBIIOE 3HAYCHHE OMIHOOK CIiIa)KHMBaHMUS.
IIpu cunTeze ®BK BbINOIHUM ClIEAYIONIUE YCIOBUS:
1) ko>bbuLmeEHTHI CraXMBaHUs OJKHBI YBETMYMBATHCS C YBEINYCHUEM OTKIOHEHUS Ay, U

YMCHBIIATHECA C YMCHBIICHUEM AX:‘ . UeM MeHbIIIE OTKJIOHCHHUEC, TEM MCHBIIIC MBI EMY «BCPpHUM», a HEM

0oJjibllle — TeM OOJNbIIIE MBI €My «BEpHUM». JTO IO3BOJAET OBICTPEEC OTCIACIUTH HA4yall0 MaHEBpa
10 [OCTIEIOBATENIHOMY — YBENMYEHHIO  Ay,. Heobxommmo — ormeruts, 4910 KO HUIMEHTHI

CTJI)KMBAHUS CTAHOBSTCS KaK OBl «CITy4allHBIMID;

2) cpenHee 3HaueHHE KOA(PGUIMEHTOB CIIAXKWBAHHUS HE JOJDKHO OTIMYATHCS OT 3HAUYCHUM,
MOACYUTAHHBIX 10 ¢opmyaam (2) u (3), 4roObl obecrneunTh >(PHEKTHBHOE CrIIAKUBAHHUE
IPH OTCYTCTBUH MaHeBpa. To ecTh He XyXe, 4eM y (uipTpa-aHasora.

s BeimonHenus ycnoBuid 1) u 2) BeiOepeM GYHKUIUIO U1l KOPPEKTUPOBKU KO3 (QUIIUECHTOB.

Bun npennaraemoit gynxiuu s kosdduimenta A npusesieH Ha puc. 1, rae An, — pesysbTupyiomiee
3HaueHue Ko duIenHTa 11 ucnoib3oBanust B hopmyie (5) BMecto 4, |

Bemunna An, nomkHa ObITh Tako, 4TOOBI CpeHee 3HadeHue An, JUIs BCeX Ay, ObLIO Gm3K0
WM paBHO A 1A BhIMONHEHHs yciosus 2). Ilpn yBemiyeHun 3HaueHHA Ay, (BO3MOXHBINH MaHEBp)
3HaYeHue An, JOJKHO yBETHUMBAThCSL.

A'ni
1

Ail
Ani
0

AXi
Puc. 1. Bun GpyHKIMH 10T KOPPEKTHPOBKH Kodbdummenta A
Fig. 1. Function type for adjustment of coefficient A

Auaroputm padorsl PBK

Hauanbueie 3nauenus 1 punstpa PBK:
—mii=1u2 A n B pasusr 1, Xs, = X, ;
X, - X,
—
BBoaum Taroke HOBbINM napamerp «ycnaoBHblid mar» (YII) in, nas i-ro mara. HaanbHoe

= Vxs, =

3Hauenue YU paBHo 3. CuumraeM, 4yTOo HaM H3BeCTHa cpenHekBaapatuueckas ommoOka (CKO)
U3MEPEHHs KOOPIUHATHI G, .

[TocnenoBarenbHOCTH AEHCTBUIN aNropuT™Ma pu i >2.

1. Hauvano. ITony4enue HOBOTO 3HaYeHHUS X .

2. DkcTparosiusa KoopAauHaTel X o hopmyie (1).
3. Pacuet pasmepa cTpoba COIPOBOXKACHUS 10 KOOpIUHATE X:
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ACX[ = GX'Kg'Kc[a
rne Kg — nosepurenbHblii koddpurmenT (00b14HO 3); Ke, — koadduienT ctpoda, yInThIBaIOIIMIA
CKO sxcrpanomsiun 1 uzmeperus [10]:
2(2-in, —1
Ko = | 22D
(in, —1)(in, 1)

4. Tlepas xoppektupoka YIII. Msl «yBenmuuBaem» YIII, 9TOOBI MOTOM TOJYYHIIOCH

+1.

snauenue An; , MeHbluee, ueM 3Hauenue A 10 Gopmyie (2), B COOTBETCTBUH C pHC. 1:

" )

I'n; =K~(lnl. —1)+1,

rae K — HekoTopslii KO3(D(GUIMEHT yBeaudeHUs 3HadeHus mrara. Cieayer oTMeTuThb, uto YIII

riepecTtaeT ObITh menbiM [ 10].
5. Pacder koadduimenta criaaxusanus 11 Y1 B cooTBeTcTBHM ¢ hopMmyJioi (2):

2 (2 “i'n, — 1)
An; = —————.
I'n; (l n, + 1)
6. Pacuer oTknoneHus no gpopmyie (4).
7. PacueT OTHOCHTENBHOTO OTKIIOHCHHUS:
Ax,
ox, = .
Acx,

8. KoppektupoBka kodpduimenta croaxuBanus An, B COOTBETCTBUM C .
KoppekTtnposka peanusyer GpyHKIHIO, IPUBEACHHYO Ha PHC. |, TONBKO BMECTO Ay, Oepercst §x, .

A'n, =l—(1—Anl.)-Kor ,

m
, — HOpMHpYIOIIee 3HaYCHHE A.

n.

i ;

1

rae Kor = exp(— S J ;8= log(A ]+2; S, =2- An
S, A A

IpeutoxenHsie GopMyJIs! uist pacera A'n; OTpaXaroT:

— HOPMAaJIBHOCTb CITy4aiHBIX MPOLIECCOB;

— HeoOXoMMOCTh obecniederust Buna QyHkuun st A'n,, Kak Ha IokasaHo puc. 1.

9. Pacuer HoBoro 3nauenuss YII. Beipaxxenmne mis YII nmomyueno u3 (2) peuieHuem

KBaJIPaTHOTO yPaBHEHMS, Ie A, (A'ni) — apTyMEeHT, I (i’n[) — ICKOMas BeIMYHHA:

!

4—d'n, +\/(A'n,. —4)" —84'n,

In; = ;
2A4'n; +1
10. PaccuutbiBaeM K03()(QUIMEHT CTITaXXUBAHUSI ITO CKOPOCTH 110 popmyre (3):
6
B,I’ll- = o g
I'n, (l n; + 1)
11. PacugeTt criakeHHBIX 3Ha4YeHUH 110 (5) 1 (6):

Ax.
Xs, = Xp,_ | + A'nl “Ax; V/\’sl. = VXSF1 +B’nl. %

12. Moaudukanus YII Ha cinemyrommii mar i. 3HadeHue | MOAUMDUIUPYESTCS Ha COUHUILY.
3nech Mbl BBoauM orpannucHue YII inm [4]:

l',nl. +1, ecnu l"nl. +1 < inm;
= {inm, eClIin l"nl. +1> inm.
Jlanee, mpu MoJTy4eHUH HOBOTO 3HaYeHUs X ;, nedctsusd 1) ... 12) moBTopsroTcs.
Pexomennyemble 3Hauenus mapamerpoB s ®BK: K =13 gna in <50, K =1,05

s in; 2505 Am=0,2; inm =20 . OueBuano, ®BK ortnocurcs k Tumy 1.
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Pe3yJ’leaTbl MOACITHPOBAHUA

OddexrurHocTs DBK ObLIIa OLIEHEHA ¢ TOMOIIBIO UMUTAILIMOHHOT'O MOICITMPOBAHUS.

Jnist cpaBHEHHsI BEIOpaHBI Pe3yJIbTAThl MOJICITHPOBAHMS U3 TAKUX JTUTEPATYPHBIX UCTOUHUKOB,
I'JIe SKCIICPUMEHT OMKCaH JOCTATOYHO MOAPOOHO, YTOOBI €ro MOKHO ObLTO BoctpousBectu st OBK,
a TaKKe OJHO3HAYHO WHTEPIIPETHPOBATH PE3yNIbTAThl. JTO IMO3BOJIAET B3SATh I CPAaBHEHUS YyKe
MMEIOITNECS TaM Pe3yJIbTaThlI.

YcnoBus SKCIIEPUMEHTOB OITUCAHBI B Ta0. 1.

Tadauna 1. YcaoBHS SKCIIEPUMEHTOB
Table 1. Conditions of experiments

XapakTepucTuka Jlutepatypusriii nctounuk (literary source)
(characteristic) [6] [3]
HauanpHast CKOpOCTh Vx =10 m/c Vx =300 m/c
Iepuon T, ¢ 1 2
[Tepuoa maneBpa, ¢ 50-70 22-46
2 LlentpocTpemMuTenbHoE g = 4 g
YckopeHue Ha MaHEBpe ax =5m / c
(g — ycxkopenue cBoOOHOTO TaICHNs)
Koner sxcnepuMenTa 120cmu 240 ¢ 80 c
CKO ox=5m ox=250m
Vcerenyembie GubTphI «VSDy» — Tun 2 «Method lay — Tum 1
X TULL «Al» — Tun 3 «Method 4a» — Tum 2
«VPN» — Tun 3 «Method 5a» — Tun 3

3aBucuMocTh crinaxkeHHol CKO gy
OT BpPEMEHHU L.
3asucumocts CKO criaxxeHHoM

HmMeronuecs pe3yabTaThl 3aBucuMocTh criaxxennon CKO oT
t pesy CKOpPOCTHU Ggx OT BPEMEHH £. G
BPEMCHH [

Tabmuua 3uauenuiit CKO s
KoopAauHaThl X

CriiaxuBaHue OCYIIECTBISICTCS HE3aBUCUMO IO OJHOW w3 koopauHaT (X). Pe3ymbrarhb
MOJICITUPOBAHUS IS pa3IMIHBIX GMIbTpoB U3 [6] 1 [3] u ®BK npusenensr Ha puc. 2—4 u B Ta01. 2.
Ha pwuc. 2, 3 nokazanbl 3aBucuMocTH criakenHoln CKO Osx mo koopaumHate X OT BpeMeHH ¢
(rpaduky TOCTPOCHBI 10 XapaKTEpPHbIM ToukaMm). Ha puc.2 mnpuBeACHBI 3aBUCUMOCTH IS [6],
Hapuc.3 — mia [3]. Ha puc.4 mpusenens! 3aBucuMmoctd CKO criakeHHOH CKOPOCTH Osix

o koopauHate X it GrrsTpoB u3 [6] 1 PBK.

30
25

20

10

un

0 20 40 60 80 100 120

——VSD ===-Al ssses VPN ——FVC

Puc. 2. 3aBucumocts crinaxxkenHodt CKO osx oT Bpemenu ¢ miist GpunbTpoB u3 [6] 1 PBK (FVC)
Fig. 2. Dependence of smoothed RMSE o5y on Time ¢ for filters of [6] and FVC
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80O

asX, m

14 22 30 38 46 54 62 70 78
Time, 5
===:Method 1a ss=s» Method 4a Method Sa  ss—FC

Puc. 3. 3aBucumocts criaxkenHoil CKO o5y oT Bpemenu ¢ uist punbTpoB 13 [3] u PBK (FVC)
Fig. 3. Dependence of smoothed RMSE osr on Time ¢ for filters of [3] and FVC

B Ta6n. 2 nmpusenens! 3HaueHus obmier CKO aiis Bcex GUIBTPOB [Tl 3KCTIEPUMEHTOB U3 [6].
IMox o6meit CKO 31ech noHMMaeTcst cpejHee 3HaueHHe OMIMOKH Ha BCEM BPEMEHHOM MPOMEXKYTKE.

Tadanua 2. 3nayenus obweit CKO mist punbTpoB u3 [6] 1 PBK
Table 2. Values of general RMSE for filters of [6] and FVC

JlmurenpHOCTB dKcniepuMenTa (duration of the experiment)
®unptp (filter) 240 ¢ 120 ¢
Gsx, M orsx, M/C Gsx, M orsx, M/C
VPN 4,12 3,51 4,35 4,30
VSD 4,92 2,92 7,88 5,17
Al 4,64 4,21 4,72 4,30
®BK 2,98 2,40 3,54 3,40

oVXs, m/s

18

—— VS50 ==m=mcAl sssss VPN e——FYC

Puc. 4. 3asucumocts CKO criaxeHHOM CKOPOCTH Gsix OT BpeMeHd ¢ 11t hrnbTpoB u3 [6] u @BK (FVC)
Fig. 4. Dependence of RMSE smoothed speed osx on Time ¢ for filters of [6] and FVC
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AHanu3 pe3yabTaToB

AHanmu3 pe3yabTaTOB MOJCTUPOBAHMS TOKa3bIBaeT, uTo B menoM ®BK obecneunBaeT 6osee
BBICOKOE KauecTBO criaxkmBaHus (MeHbIIyto CKO crioakxeHHOro mapaMerpa W CKOPOCTH €ro
W3MEHEHHUs) MO CPaBHEHHIO C ApyruMu ¢QuibTpamMu (cM., Hampumep, Tabi. 2). Ilo cpaBHeHHIO
¢ punbrpamu Tuma 1 u 2 (VSD, Method 1a, Method 4a) ®BK oGecrieuriBacT MeHbIlIee 3HAYCHHE
«BBIOpOCa» OIMOKM Ha ydacTKe MaHeBpa. [Ipu 3ToM 3 EKTUBHOCTD CrIaXUBaHUS NIPU OTCYTCTBHU
MaHeBpa He cHmkaetcs, Kak y ¢pmisTpoB Tuma 3 (Al, VPN, Method 5a; puc. 2 —4). DddexTuBHOCTD
®BK He cHmKaeTcst Mpyu U3MEHEHUH BXOIHOTO 3HAUYEHHS OMIMOKH, eproAa 0030pa, HHTEHCUBHOCTH
U JTUTENBHOCTH MaHeBpa.

3aKkiIroueHue

AHanu3 pe3ynbTaTOB MOJCIUPOBaHUs TokaseiBaeT, uro ®BK s compoBoxacHus
MaHEBPHUPYIOIIEH a3poAMHAMIUYECKON [IENH B IIEJIOM 00ecIieunBaeT 0oliee BHICOKYIO 3(pPEeKTHBHOCTD
(menpmee 3HadeHue criaaxeHHod CKO) 1o CpaBHEHHMIO C pPa3IMYHBIMH JPYTHMH THIIAMH H
Bapuantamu ¢GuiabTpoB. B uactHocTH, ®BK oOecneunBaeT MeHbIlee 3HAYEHHUE «BBIOpOCa» Ha
y4acTKEe MaHEBpPa W MAIYIO OMIMOKY NP OTCYTCTBUH MaHEBpa. DTO JOCTHTHYTO BBEJICHUEM HOBOTO
MeXaHU3Ma KOPPEKTHUPOBKH KOI(D(GUIIMEHTOB CrIIAKWBAHHUS TPH y4yeTe OTKIOHCHHS KOOPIMHAT
OTMETKHU OT DKCTPAIOIUPOBAHHOTO MOJIOKEHUS IICITH.

B mpemnoxxeHHOM (UIBTPE OTCYTCTBYIOT Kakue-TMOO HACTPOWKM HAa BXOJHBIC OIIMOKH,
napameTpbl MaHeBpa IIeIH, TIepro1 0030pa H T. M. GaKTOpPHI.
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OCHOBBI TEOPUU ATOMA BOJAOPOJA IJA 3AJAY CUHTE3A
KBAHTOBO-3JIEKTPOHHBIX CXEM

N.I1. KOBAK

Benopycckuii eocyoapcmeennulii ynusepcumem uH@Gopmamuxy u paouodiekmpoHuKu
(2. Munck, Pecnyboauxa benapyco)

Hocmynuna 6 pedaxyuro 27 uonst 2021
© Benopycckuii ToCyIapcTBEHHBIN YHUBEPCUTET HHOOPMATHKH U PATHO3TIEKTPOHUKH, 2022

AnHoTanus. Ha ocHOBe HETpaIUIIMOHHOW KOHIETIMH (POPMHUPOBAHMSI JTMHEHYATOTO CIIEKTPa aTOMa BOJIOPOIA
MOJyYeHO YpaBHEHHE, HEOOXOIMMOEe I KOMIBIOTEPHBIX PACUETOB JHEPIHH, H3Iy9aeMOW HIEKTPOHOM
IIPH TIepeX0/ie ¢ HEKOTOPOTO TEKYIIEro SHEPrOypOBHA 77, Ha paguyC-IPHEMHHUK ro. IlodydeHHOE pemreHue
SHEPreTUYECKOTO YPaBHEHHS ITO3BOJIWIIO BBIBECTH (DOpMaibHBIE COOTHOIICHHS, HEOOXOAMMBIE VI PAacUETOB
3HAYCHUH PallyCcoOB YPOBHEH aToMa BOJOPOJA M, COOTBETCTBEHHO, CKOPOCTEH 3JIEKTPOHA Ha TaHHBIX OpOUTax.
[IpuknanHoil acmeKkT pacCMOTPEHHON METOAOJIOTHMHM COCTOMT B HCIIOJIB30BAHUU PE3YJIbTATOB BBIMOJIHEHHBIX
pacyeToB AJis 3374 CUHTE3a U aHaJln3a KBAHTOBO-3JIEKTPOHHBIX CXEM.

KoaioueBnble ciioBa: aroM Bozmopona, neHrpoaduHHbIe MpocTpaHcTBa, JIopeH-hakTop, SHEPTUs M3ITyUYeHUs,
peNIATUBUCTCKAs Macca.

KondaukTt naTepecoB. ABTOp 3asBisieT 00 OTCYTCTBUHM KOH(IINKTa HHTEPECOB.

Jos mutupoBanus. Kobsk W.I1. OCHOBBI Teopuu aToMa BOJOPOAA IS 3a/1a4 CHHTE3a KBAHTOBO-3JIEKTPOHHBIX
cxem. JJoxmaner BI'VUP. 2022; 20(1): 31-39.

FUNDAMENTALS OF THE THEORY OF A HYDROGEN ATOM FOR PROBLEMS
OF SYNTHESIS OF QUANTUM-ELECTRONIC CIRCUITS

IHAR P. KABIAK

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

Submitted 27 July 2021
© Belarusian State University of Informatics and Radioelectronics, 2022

Abstract. On the basis of the unconventional concept of the formation of the line spectrum of the hydrogen atom,
an equation is obtained that is necessary for computer calculations of the energy emitted by an electron during the
transition from a certain current energy level 7, to the receiver radius 7. The obtained solution of the energy
equation made it possible to derive the formal relations necessary for calculating the values of the radii of the levels
of the hydrogen atom and, accordingly, the velocities of the electron in these orbits. The applied aspect
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of the considered methodology consists in using the results of the performed calculations for the problems
of synthesis and analysis of quantum-electronic circuits.

Keywords: hydrogen atom, centroaffine spaces, Lorentz factor, radiation energy, relativistic mass.
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BBenenune

AHanmu3 TOPUHIMIIOB U COOTHOIICHWH, OMMCHIBAIOIIUX JIBXKEHUE DJICKTPOHA B MOJAX
1eHTpoapGUHHBIX MPOCTPAHCTB sApa [ 1], JaeT BO3MOKHOCTE C(hOPMUPOBATH PSIJT HCCICIOBATEILCKUX
HalpaBJeHUI B 3amadax CHHTE3a HOBBIX MHKPOAJICKTPOHHBIX YCTpoWCTB. Ilpm »TOM HE0O6X0mMMO
MMOMHHUTh, YTO OCHOBHAs Macca COBPEMEHHBIX JOCTMKCHHH B 00JacTH KBAaHTOBOM MEXAaHUKH M
SJIEKTPOHUKH HE TMO3BOJISIET MOJYYUTh CHCTEMHBIX pE3yJNbTaTOB NpU JalbHEUIIEM pa3BUTHU
TTOJTYICHHBIX TCOPETHIECCKIX 3aKOHOMEPHOCTEH, a TaKKE€ YETKO DKCIIEPUMEHTAIBHO IOATBEPIUTH
BBIIBUHYTHIC THUIOTE3HI [2, 3]. [JTaBHBIM MPENSATCTBHEM Ha ITyTH CHHTE3a JTOCTOBEPHBIX COOTHOIICHHI
B DOJICKTPOHHUKE SIBIISIETCS HE3aBEPLICHHOCTh MCCICAOBAHUI BHOBH IOJYYCHHBIX 3aBUCHUMOCTEH
B paMKax JIOTHYECKOU TIPOBEPKH HOBBIX PE3YJILTATOB C HECKOJNBKUX TOYEK 3pCHHS. YKa3aHHBIA (haKT
IIPH TIPOBEPKE TEOPETHUCCKUX BHIBOJOB TPUBOIUT, KAaK IMPABUJIO, K HEMOATBEPKICHHOCTH HOBBIX
UJeH TEOPUU DKCIICPUMEHTAMH WK MIPAKTUYCCKUMU UCTIBITAHUSIMH [4].

[Ipennaraemas B naHHOW pabOTE METOIOJIOTHS HUCCICHOBAaHUS (DU3MUYECKUX CHCTEM ITyTeM
PacCMOTPEHHUS SIBJICHHM C JBYX TOYEK 3pEHUS MO3BONIMIIA CHOPMHUPOBATH YPABHCHHUS, CBSI3BIBAIOIITHE
NPUPOSY B3aUMOACHCTBUS MaTEPHANBHBIX YacTULl Re-IPOCTPaHCTBA C YYETOM PEIATUBUCTCKUX
CKOpPOCTEH HAaHOYACTHI], COM3MEPUMBIX C KJIACCHYECKOW CKOpPOCTHIO CBeTa. B wacTHocTH, B pabote
MIpEeATIoNaraeTcs, 9To ABMKEHHUE DJIEKTPOHA B IOJIE SIpa OMPENEIsieT M3BECTHYIO DHEPTreTHICCKYIO
CBSI3b pealii3alldid MaTepuu PpPa3juYHBIX COCTOAHMM, a MMEHHO: W3JIydYaeMoM TIuIa3Mbl U
TBEPAOTEIILHOTO AJIEKTPOHA B (hOpME IHEPreTHUECKOro oObekTa BpamieHus. [Ipu 3TOM B penieHun
MOCTaBJICHHON 3a/ladydl YYHUTHIBACTCA, YTO KJIACCHUECKHE IIOAXOABl K COCTaBJICHUIO YpaBHEHUM
B TCOPETHUECKHUX HCCIEAOBAHMUIX «B CHIIY» HHEPIIMOHHOCTH B3TJIS0B M HEOUYEBHIHOCTH KBAaHTOBO-
MEXaHWYECKUX SBJICHHUN 3a4acTy) TPHUBOMAT K SBHOMY HapYIICHUIO (U3NKO-MaTEMaTHUCCKOM
CHUCTEMHOCTH B COOTHOIICHUSX U, COOTBETCTBEHHO, B PE3YyJIbTaTaX MPOBOIUMBIX UCIILITAHUI.

C TOYKM 3peHHS TCOPHU TPEJICTABISICTCS HEITPABOMEPHBIM TaKkke GOpMHUpPOBaHHUE YPAaBHEHUH
JUISL TIApaMETPOB BOJIOPOJIOTOAO0HBIX aTOMOB C WCIOJh30BAaHHEM KIACCUYECKON DIICKTPOTCXHUKH.
Benp nBmwxeHHE »HIEKTpPOHA XapaKTEpU3YETCsS B3aUMOJCHCTBUEM C TOJAMH f1pa, HUMEIOIIMMU
COBEPIIICHHO 0COOBIC CBOIMCTBA MO OTHOIICHHIO K BAKYYMY WM MaTepUU TPEThETO H3MEepeHUs. Takum
00pa3oM, OCHOBOM IS pacueTOB aTOMa BOJOPOAa MOXKET CIIY)KUTh TOJIBKO HH(POpMAIHS, TOTyYCHHAS
B pe3yibTaTe MPAKTUUECKUX U3MEPEHUMN, WIM KOCBEHHO-pacueTHble BenuuuHbl. COOTBETCTBEHHO,
Y TIPE/ICTABIICHHBIC B JAHHON pabOTe aHAIUTUYECKHE WCCIICIOBAaHHUS M BBHIBOJBI CHICTaHBI HA OCHOBE
KOHCTAHT U COOTHOUICHUI KBAHTOBOM MEXaHUKU C YUETOM YCTAHOBICHUS UX PEATbHOU MPUPOIBI U
(PM3UKO-MaTEeMaTHIECKOH CHCTEMHOCTH.

JHepreTHYeCKnil CMEeKTP aTOMa BOAOPOAA M YPABHEHHe 1JIsl JHEPTHH M3JIyYeHUsI JJIeKTPOHA

OCHOBO# JIs pacdeTa PHEPTUN B3aUMOICUCTBHSI DJIEMEHTAPHBIX M3IYyUEHUH, BRICTYIAIONTHX
B KAaueCTBE JIOTMYECKUX IMEPEMEHHBIX B 3JECMEHTaX KBAHTOBBIX KOMIIBIOTEPOB, MOXET CIIYXHUTh
(m3rKa U3TydeHUH B BOJAOPOAONOMOOHBIX aToMax. Tak, B 00meM ciayyae, H3BECTHO, YTO B TpoIiecce
COOCTBEHHOTO Re-TIPOCTPaHCTBEHHOTO JIBW)KEHHS Macca DJIEKTPOHA MOXKET HaXOTUTHCS Ha CTPOTO
OTIPEICTICHHBIX YHEProypoBHsIX IeHTpoadduHHOrO MpocTpancTBa sAapa. [Ipu 3TOM KiaccHyeckwuii
MEepPexoJl Ha PaJNyC-MPUEMHHK COMPOBOXKIACTCS (HOPMUPOBAHUEM Re-TIPOCTPAHCTBEHHOT'O CIIEKTPa,
OIMHChIBaeMOro o0o01eHHo hopmyoit baimemepa:

32



JoKtAnsl BI'YUP Dokrapy BGUIR

T. 20, Ne1(2022) V.20, No. 1 (2022)
R(1 1 .
0, =t ——1|, R =2,07-10°c", (1)
20\ m
rac W, — JaCTOTa U3JIYYCHUS DOHCPTHUU DBJICKTPOHOM IMpHU MHOEpeXoAc C ISHEProypoBHA }\4, n

Ha COOTBETCTBYIOMIHIT ypoBeHb cepuut Jlaiimana (1,1) wiiu ¢ ypoBHS A =1,n Ha GOPOBCKUI pamuyc 7, ,
R, — 3Ha4yeHne mocTosHHOM Punbepra. Ilpu sTOoM KOppekums paBeHcTBa (1) meneHMeM H3BECTHOM

moctossHHOW Ha 20 cBs3aHa C HEOOXOIMMOCTHIO YIOMSHYTOH BBINIC (PU3NKO-MATEMaTHUCCKOM
CHUCTEMHOCTH PE3yJIbTaTOB, TOATBEPIKIEHHON B X0/I€ BHIIIOJIHEHHBIX ITOCIEAYIONNX PACUETOB.

Henocratok pmanHoro QopManbHOro moaxona K (OPMUPOBAHUIO CIEKTpAa COCTOUT
B PACCMOTPEHUHM HYJICBOTO paaWyca Kak (UKCUPOBAHHOTO W HEU3MEHSAEMOTO Iapamerpa,
YTO IPOTHBOPEYUT BCEM MTPUPOTHBIM KOHIICTIIIUSM CYIIICCTBOBAHUS MATCPHH.

B paMkax He KJIacCHMYeCKOro MOAXO0Ja K PAacCMOTPEHHIO TPWHIINIA H3IIyYEHHUS DHEPTHH
ANIEKTPOHOM Oy/IeM CYHMTaTh, YTO HW3BECTHBIC «IIMHT-TIOHI» MEXaHH3Mbl B aTOME OTCYTCTBYIOT,
a TIepEMEHHBIM 10 BEJIMYMHE IapaMmeTpa SBJSICTCS caM HyJIeBOM pamuyc. PerynspHocts u
LMKJINYECKask IOBTOPSAEMOCTb Pafinyca 7, B PaMKaX NaHHOH KOHIENLHMH IPUBOAUT K OJHOIIATOBOMY

MEepPEeMEINCHNIO JIEKTpPOHA Ha OpOWTy-TpueMHuKa. OmpeneneHHas e NPHUPOAHAs PETyISPHOCTh
YKa3aHHOTO SIBIICHHS HAaBOAUT Ha MBICIb 00 M3BECTHOM «IUHT-IIOHI» MPOLECce H3IyUYCHUSI.
B chopmynupoBaHHBIX YCIIOBHAX TPHUTSHKEHHE aTOMHOTO S/Ipa ONpeleNseT H3TydYCHHE KBaHTOB
SJICKTPOHOM IIPU NEPEMCIUCHUH [OCIEIHETO C Pajuyca 7, , BCCrAa U TOJNBKO HA (IyKTyHpYHOLIUA

paauyc 7, . Ilpu stom qns A > 1 pamuyc-npueMHUK paBeH 7, = 7, ,a A1 A =1 — GOpoBCKOMY 7, .
WnpiMu  crioBaMu, €CIM TEKyllee H3Iy4YeHHE NPHHAUICKUT CEpUU C OOJIBIINM, 4YeM

KJIACCHYECKUH pajuyc 7, PaJlyCOM-IPUEMHHUKOM, TO CIEAYET CYUTATh, YTO BCSA DHEPIUS M3ITydaeTCs

IPH NEPEXO/IE€ Ha COOTBETCTBYIOLIYIO OPOUTY 7y, , @ O4YE€PEIHOE OOPETCHHME DHEPrMH Ha JaHHOM

0p6I/ITC OCYIICCTBILACTCA aHAJIOTMYHO MPOHCCCY IOIIOMICHMA 3HCPIrMM Ha paauyce v, . Ecmm xe

JTUHUH CTIEKTpa M3ITydeHUs MpUHAuIexKaT cepun JlaiiMaHna, To U3TydeHHE B TOYHOCTH 3aKaHUYMBAETCS
Ha OOPOBCKOM paanyce.

Ucnons3yss gaHHBIM NOAXOJ K aHAIKW3y MEXaHW3MOB JBIDKCHHSI DJIEKTpOHA B aTOME,
B COOTBETCTBHHM C PaBEHCTBOM Ui JHEPrHH, H3TydyaeMod cyOHaHO4YacTHIEH (PIEKTPOHOM WIIH
MIPOCTO HAHOYACTHUIICH), NBHXKYIICHCS OSCKOHEYHO MaJiblii KBAHT BPEMEHH 110 JUCKOBOH TPACKTOPHH

pammyca 7; , , MOXeM 3amucarh ypasuenue: E = E;

cum —E,, rne E,— 5T0 KMHETHYECKasl YHEPrus

N
pajmyca-ipueMHHKa 7, = 7, , MM paguyca bopa r, , a mapametp £ , npejcraBiser coboi sHepruio

CKOpPOCTH v, , Ha paguyce Vx n-

2
My wVa,
A,n = — : (2)
2

B coornowennu (2) macea m, , = myy, ,, rae Jlopenu-dakrop vy, , ONpeneneH ans CKOpoCTH
Vi = 27®, ,7; , Ha COOTBETCTBYIOIIEM SHEPrOYPOBHE A, 1, /1, — MAcca MOKOsI JICKTPOHA.
OnHako Ui HAaHOYACTHIBI, HAXONAINECHCA Ha pamuyce 7, =7, (mmm OOPOBCKOM )

HeHTpoadPUHHOTO MPOCTPAHCTBA SAOpa, HE MOXET OBITh 3allMCaHo aHaJorudHoe ¢opmyne (2)
cooTHomeHne. JlaHHBIH (aKT cliemyeT W3 TOro, 4To Ha paguyce-NMPUEMHUKE BCETAA BBIMOIHACTCS
HOTJIOMICHHUE SHEPTUH ABHKYIIUMCS SJIEKTPOHOM.

Takum oOpa3zom, oOliee ypaBHEHUE [UIS HEPTHH, M3IIy4aeMOil SJIEKTPOHOM IIpH Mepexojie
¢ A >1-if OpOHTBI HA NICPEMCHHYIO OPOUTY 7y =1;,, 7 3,...,7;,, HIH IUIsl L =1 IPH IIEpeXojie Ha panyc

,0

bopa r, , npunumaer Bua

2
_ mk,nvk,n

2
IIpu aToM st A > 1 umeem:

E

sum

— E,. 3)
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m V2

Ey= —“2 2y E(my), (4)

rac my, =my — MacCa 4YacCTUllbl Ha TCKYLUICM pPAaAUyCC-IIPUCMHUKC N a Via~ CKOpPOCTh,

OTIpEAETAIONIAs U3TyUYEeHHE SHEPTUM 3JIEKTPOHOM Ha yKa3aHHOM paauyce. OUeBHAHO, YTO 3a CYET
OTCYTCTBMSl DHEPIMM H3Iy4EHHUs MapameTp v, B (4) paBen Hymo, a E (mo);tO — coOcTBeHHas

SHEPTHs CYIIeCTBOBAHMS JIEKTPOHA.
Ecnu u3nydeHne BBIMOTHACTCSA C PATUYCOB 7, 5,7 3,..., 1}, cepun JlaiiMaHa Npu repeMerieHnu

JNIeKTpOoHa Ha OOpOBCKHM pamumyc r,, TO ypaBHeHue (4) TpaHchopMHpYyeTCS K BHUIY

0°

2
E :M+E(mo) rae m,,=m, — OTO Macca JJIEKTpoHAa Ha OOpoBCKOM pammyce, v,, =0

5 > 0.1 0 > Vo
CKOpOCTh M3Iy4eHHus ¢ ykazaHHoro pagmyca. Muanexc 0,1 ompexmenser A=0, T.e. cam paauyc bopa,
7 =1 rOBOPUT O TOM, YTO IIEPEMELICHUE OCYILECTBILIIOCH C YPOBHA A =1.

Hrak, KOHCTaTUPYEM, YTO OKOHYAHHUIO U3JIyYCHHMSI 3JIEKTPOHA BCETAA COOTBETCTBYET MOMEHT
nepexoja HAHOYACTHLB HA PajHyC 7, =7, WM OOpoBckuil paauyc r,. Ha nanHoit opbure mmeer

MeCTO OOpaTHBIN IMpoIlece, T. €. MOTJIOIICHHE SHEPrHH SIpa 3a CUET PENIATUBHCTCKUX BPAIIAIONIHX
MOMEHTOB TocienHero. Kak wW3mydaroniuii OObeKT Ha YKa3aHHOM paJNyce DSJCKTPOH MOXKET

2 2
My Vo1 mMyYy

2

2
M Vi

CUUTAThCA HC CYHICCTBYIOLIHM. Camo xe MMPpOU3BCACHUC NI ornpeacisacT

TOJIBKO IPOIIeCC 3apsijia dJICKTPOHA TIPU BUKEHUH 110 JJAHHOMY PajIycCy.
C TOYKM 3peHHs KIACCHYCCKON KBAHTOBOH TeopuH YypaBHeHHE (3) IOMKHO OBITH

SKBMBAJICHTHO M3BECTHOMY COOTHOIICHHMIO [uisi Heprun E =mc® . OIHAKO CIEAYeT YYHTHIBATH, UTO
«CKOPOCTh CBETa» ISl MaTePUAIbHBIX OOBEKTOB B Re-IIPOCTPAHCTBE, B TOM YHCJIC M JUIS ILIA3MbI
TPETHETr0 U3MEPEHHS, JOCTUTACTCsA, KaK MPABHUJIO, TOJBKO B MakpooObsekTax ((oTocepa COTHEUHOTO
iapa, HampuMep) I B HAHOOOBEKTaX, CYIICCTBYIOLIMX B paMKax TEOPHU «CTpyH». IIpu 3TOM
HEOOXOIMMO MTOMHHUTb, YTO UCIOJIb30BaHue JIopeHI-hakTopa is TOMPAaBKK UTHHBI BOJIHBI SHEPTUH,
H3JIy9aeMoOi CO CKOpPOCTBhIO ¢ =299792,458 kM/c, Henm30EKHO TPHUBEIET K IE€PEHAIPABICHHUIO

KBAHTOB B [ICHTP aTOMa U UICUC3HOBCHUIO U3BECTHOT'O Re—HpOCTpaHCTBCHHOI‘O CIICKTpaA.
B cBsa3u ¢ YKa3aHHbIM 00CTOSITEILCTBOM MOIKHO 3aKJIIOYUTh, YTO CKOPOCTH H3JIIYUCHHA
IJjiasMbl Ha paguyce ", 6y,Z[CT OMMPCACIIATHCA 3allaCOM SHCPIrUM Ha YKA3aHHOM YPOBHC, MpPUYCM

IJId HETIOCPEACTBEHHO I/I3quaeM0ﬁ OHEPIHUHU 6yZ[eT CIIPaB€AJIMBO COOTHOIICHUE
I .2 5
hmk,n = me,n (vk,n ) N ( )

rae * o3Ha4aeT NPUHAIEKHOCTL aPaMETPa NPOLECCY M3ITyUEH s BEUIECTBA C TEKYLIETO paauyca 7, , .
2F

* sum
Ucnonb3ys Teneps GopMyILy Aist SHepruH (5), MOXKEM 3amucath: " hn — ( . )2 ’
V.
An

Taxum 00pasoM, YHPOLICHHO Re-NPOCTPAHCTBCHHAs Macca OJeKTpoHa m, ,  Oyzer
OTIPEIEIATHCS ¢ YUYETOM JBYX COCTABIIOMMX: 1) ¢ y4eToM 3amaca dHEpPTryud, W3 COOTHOIICHHS (5),
OIPEENAIOMETO MACCy M3IIy9€HHUS /m, , ¥ 2) C y4E€TOM MACChI IIOKOs DIEKTpoHa 1, . ClieoBaTeNnbHo,
HE TPYJHO YCTaHOBMTH CBS3b MEXIY PEIATHBHCTCKOM Maccoi OpPOMTEI 7 , M H3Iy4aeMOH Maccon
B BUJIC

2F
0 -—m. + sum (6)

m = 0 P
B ) \
An V?»,n

rae B(v, )~ nonpaeka Jlopenua.

m,

Paccmotpum Tenepp dopmyisl (3), (5) u (6), © ¢ MX YYETOM 3alMIIEM COOTHOIICHHE
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JJI SQHCPTUU U3JIyUCHHA B BUJIC

2
.
1m0<v7»,n) +2Esum 2 7
= . (7)
An 2 L \2 An
(v1,)
rae E, , # E,, B COOTBETCTBUH C HEHYJIEBBIM PE3yIbTaToOM Ul F|, .
W3 cootHomeHus (5) MOXKHO cCHelaTh BBIBOJ, YTO B MPOLECCE HW3IYYCHUS BBHIOITHICTCS
2
o mk,nvk,n o
npeoOpa3oBaHie KBAHTOBO-MEXAaHUYECKOTO OOBEKTa C DHEprueii ————— B KBAHTOBBIH OOBEKT
2

c sHepruei (7), BKIIOYAIONIHA B ce0sl SJHEPreTUYEeCKU 0CTaTOK E (m0 ) .

* 2
E = —(m +m )v *
Hanee, uz ypaBaenus (7) ciemayer, 94to “An ) 0 A ) Van. Tlpu 3TOM CKOPOCTh Vi

orpeaciadacT (bOpMHpOBaHI/IC MacCChl IIOKOA m, Kak (1)YHKLII/II/I npeo6pa30BaHH$[ HCKOTOpOfI MacCChbl

wiasmMel m ,; B TBEPIOTENbHBIH OOBEKT mo:l f(Vx m 1) W Macchl M3NMy4eHus: ¢ sHepruen (5).
2 N/ ERNY /]

Kpome TOro, B ypaBHeHmH (3) HEOOXOAMMO OIPENCIUTH CBSI3b IApaMEeTPOB  BHUAA

1
Esum = Ek,n - hmk,n = hm}»,n; Esum = EEk,n = hm}»,n . Torz[a
2
E — 11 * + 2Esum 2 mhnvx’" + Esum 2
P/ 7f v)»,n’mpl 2 vX,n - 2 v?\,n .
212 o 4 *
A,n Vk,n
HpI/IBe,Z[CHHOC PaBCHCTBO MO3BOJIACT 3aKIIHOYUTH, YTO B IMPOHECCC H3IYUCHHSA BBINIOJIHACTCA
m V2
(usuueckoe M MaremaTmueckoe mNpeoOpa3OBaHHWE OSHEPTMHM BUIA fiw, , =—tnhn g Takke
’ 4

(opMupOBaHHE MACCHI TOKOS DIIEKTPOHA 17, ¢ COOCTBEHHON DHEPTUEN CYIIECTBOBAHMS

2
m, Vv

E(m0)=—“; S (8)

TO €CTh COOTHOLICHHE (8) oIpenensieT HHEPreTHKY CYIIECTBOBaHUS HAHOYACTHUIIBI B paMKax

MOCTH3TYYEHHOTO JBIDKCHUS TIOCIECTHEr0 K paguycy-NpHeMHHKY. JlaHHOE paBEeHCTBO ONpenesnser

Ipe/CTaBIeHHe 00 3JIEKTPOHE KaK O KBAHTOBOM 3JIEMEHTE, a TakKe KaK O TBEPAOTEIHFHOM OOBEKTE

Re- mpoctpaHcTBa.

.
Teneps st pewenyst ypaBHeHus! (7) OTHOCHTEIBHO CKOPOCTH v, , ONPEACINM apameTp Vv, ,,

KOTOpBIﬁ CUUTaCM MPUHOHUIIHAAIBHO HEU3BCCTHBIM, YTO CJICAYCT M3 HCOJHO3HAYHOT'O NPCACTABIICHUA
€r0 B MNCPUONUYCCKHUX HU3NAHUAX U, COOTBCTCTBCHHO, B pPACUYCTAX MHUKPOIJICKTPOHHBIX CXCM WJIN
JIOTUYCCKUX 3JICMCHTOB KBAHTOBBIX KOMIIBIOTCPOB.

CKopocTh IEKTPOHA HA GOPOBCKOM pajJlyce aToMa BOA0POIa

Bocnonb3yeMcs  KIacCUYECKUM  COOTHOLIEHHMEM I pajuMyca 7, M BBHIIOJHHM €ro

npeoOpa3oBaHue K BUILY
h2
oo ©)
mye

B naHHOM paBeHCTBE BMECTO 3HAYCHHS KBaJpaTa 3apsia JIEKTPOHA UCIIOIb30BAHO 3HAUCHHE
napaMeTpa B NEpBOW CTENCHH, YHCICHHO COBIAJAIOIISe C KBAJAPaTOM KJIACCHYECKOrO IapaMeTpa.
DTO CBA3aHO C TEM, YTO BBIPAKEHHbIE M3 HM3BECTHOTO COOTHOLICHUS A OOPOBCKOTO paamyca
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CANHULIBI U3MCPCHUS I |:e2 NOpOXKAAOT BHCCUCTCMHOCTD JIBYX BXOAAIIUX B COCTAB PABCHCTBA (9)

/ 3 cM
2| _ I'-CM _
[apaMeTpOB U UX €IUHULL I/IBMepeHI/ISIBCFCM:[ e J— 2 —[7 F‘CM]

OueBuAHO, YTO B NPUPOTHBIX MEXaHU3MaxX B3aUMOICHUCTBHS MaTepuu (B Pa3IUYHBIX
U3MEPEHMUSIX) HE CYIIECTBYET KOPHsS KBaJpPaTHOIO W3 MAacChl WM JUIMHBI, YTO U HpEAINoJaraert
CACIAaHHYIO 3aMEHy KBajpaTa 3apsia Ha IEpBYIO CTelneHb. VIHbIMM ClIOBaMH, IPHU COXpPaHCHHH
YHCJICHHOTO pe3yibTaTa B paBeHCTBE (9) MMeeM eOMHUIBI M3MEPEHUS 3apsaa dJIEKTPOHA BHIA

3
[ e] _|Ir-cm

C2

AHanoruyHas BHECUCTEMHOCTh MapaMETPOB MPOSBISETCS U B JPYTUX COOTHOIICHUSX,
WCTIONB3yeMbIX B (pu3uke aroma. Tak, HanmpuMep, M3BECTHBIN M3 OCHOBOIOJATAIONIUX PA0OT MarHETOH
Bbopa umeeT enMHATIB I3MEPEHUS BUAA

] =|—" {CMZ m} (10)

my(v=c) c

W3 pmaHHOTO «paBEHCTBa», OYEBHIHO, CIICAYET TPHUPOJHAS HEaJCKBATHOCTh 0a30BOTO
COOTHOINCHUS W (HU3UKO-MAaTeMaThieckas HEONpEIeICHHOCTh CaMoro MarHetoHa. Kpome Toro,
WCTIOJIb30BaHKUE B MPHUBEJCHHOW (OpPMyJie TOUYHOTO 3HAYECHUS JUISI CKOPOCTH CBETA Vv =c C y4eTOM
JlopeHn-akTopa CTaBUT TOJA COMHEHHE M PE3YJbTAThl, UCIONBL3YIOIIUE B KadecTBe 0a3bl caM
BHECHCTEMHBIN napameTp p, (10).

Teneps, yunTeiBas BBINIECKAa3aHHOE, JUIS ONPEACIEHHS CKOPOCTH DJIEKTPOHA HAa pajuyce 7,

paccMOTpUM  YUCJIICHHOC 3HAUYCHHC ITOCTOSIHHOH PI/IZ[6CpFa B CTaHAApPTHOM COOTHOUICHHUU
JJIs1 BOJIHOBOT'O  UHCJIA. TaK, HCIIOJIb3Ysd HM3BECTHBIC PE3YJIbTAThI pa60T, MOXCM 3anumcaTb

0 =i 32,2 ) TIPU 9TOM C y4ETOM pe3yIbTaToB [5] u [6] nmeem
An
2m,, e’ 1
5 =*—3=109677 cM (11)
Vinh

rae 0, , — IUIHHA BOJHEL, /i — HocTosiHHAs [TnaHka, v, ,— CKOPOCTh M3ITyYCHHS SHEPIHH IIEKTPOHOM
C pagumyca r, .. 3Ha4eHHE 3apsna DJIEKTPOHA C YYETOM JOPa0OTKM PAaBEHCTBA A OOPOBCKOIO

pamuyca B (11) mpuHATO paBHBIM e = 23,0708-10° Op.
BrmonaenHas koppekmust popmysl (11) mo oTHOMmEHUIO K padote [5], T. €. 3aMeHa CKOPOCTH
cBeTa ¢=299792,458 kM/c Ha CKOPOCTb H3Iyd4€HHS v, , CBA3aHa C TEM, 4YTO HCIIOJIb30BaHUE

KJIACCHYECKHUX TIapaMeTPOB TPH IOACTAHOBKE B cooTHOIICHHWE (9) HE MOATBEPKIACT HW3BECTHOTO
3HaUeHHA R,=109677 cm'. TIONbITKA yCTAHOBUTH PABEHCTBO IyTEM M3MEHCHHS BEIMUMHBI 3apsja

¢ nomotieio JlopeHi-akTopa MPEACTABISIETCSA HELEIeco00pa3HoH, TaK Kak JaHHBIH IapamMeTp
SIBIISIETCS] TIOCTOSTHHBIM M MPAKTHYECKH U3MEpEeHHBIM. byZieM y4nuThIBaTh Takxke, 4To paBeHcTBo (11)
MOJTyYCHO JKCIIEPUMEHTANBHEIM TyTeM [5, 7]. Takum oOpa3om, cCHOBa mosnarasi, YTo0 CKOPOCTh CBETa
MaTepHAIbHBIX 0OBEKTOB B Re-IPOCTPAHCTBE JOCTUTACTCS TOJNLKO B MaKpoOObEKTaX WM Ha HaHO-
YpOBHE, CUMTaeM, YTO M3ITyUCHHE KBAHTOB 3apsDKEHHBIM JJIEKTPOHOM XapaKTEpU3YETCS CKOPOCTHIO
JBIOKCHUS TEKyIIero IeHTpoaddUHHOTO TMpocTpaHcTBa sapa. COOTBETCTBEHHO, IOJICTAHOBKA
CTaHJIaPTHBIX apaMeTpoB B popmyiy (11) mo3BOIISET MOTYYUTh 3HAUYCHHE CKOPOCTH V;,n C TIOMOIIBIO

CICOAYIOINX YHNCJICHHBIX BEJIMYHH:

.3,14-23,0708 -107

-28

. 2.9,109-10
Vi = 27\3
109677 (6, 626-10 )

= 95,4824 -10° km/c. (12)

B  mpuBeeHHOM — COOTHOIICHHHM  WCIOJIB30BAHO  3HAYCHHWE  3apsja  DJICEKTPOHA
13 COOTHOMIEHUS (2), OTHAKO, TIOCTOSTHHOE JJIsT BCeX ypoBHel aTtoma [5]. M3 3akoHA e COXpaHCHHS
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DHEPTHU CIIEMYET, 4TO NPUOOPETEHHAs SHEPIUs MacCOd m, HAa HEKOTOPOM DaJuyCce BpaICHMSA
COOTBETCTBYET M3JIy4ECHHOH DSHEPTMM Ha paamyce r;,. Takum o0pa3oM, MOXHO yTBEPHKIAaTb,

YTO CKOPOCTh ((pakTHUECKH Havaja) U3IydeHUs KBAaHTOB (12) MPUMEPHO COOTBETCTBYET HEKOTOPOW
TICEBIOCTATHYECKONH CKOPOCTH Hadaja MpeoOpa3oBaHUs JIEKTPOHA W3 TBEPAOTEIHHOTO COCTOSHUS
C Macco# my, B INIa3MEHHBIA OOBEKT, YTO IS JFOOOT0 pajnyca MOIJIOMEHHs SHEPTUH, B TOM YHCIIE U

3 o
st pagdyca Bopa, maer cooTHomieHwe v, x v, ZVOI\/E =95,4824-10" km/c , TOE V,,; IUHEWHAA
CKOPOCTh HAHOYACTHILLI HA OOPOBCKOM PaJMyCe 7, .

[Ipu nomyuenHom B (12) 3HaYEHUH CKOPOCTH HECIOXHO PACCUUTATh W JPYTHe MapamMeTphbl
aToma, HeoOOXOAUMBIE JUIS BBITIOJIHEHUS MOCIEAYIOUIMX PACYETOB KBAHTOBO-3JIEKTPOHHBIX YCTPOICTB
U CUCTEM.

Pewnm teneps ypaBHeHue (7) M BBIYHCIIMM H3JTyYarOMIIe PaIiyChl aTOMa BOXOPOAA 7 , -

Pemenue YPAaBHCHUS 1JIfl JHCPIruv U3JYyYCHHUS JICKTPOHOM

s paBCHCTBA I CKOPOCTH V, , OIPCACIUM HNapaMeTp 7, , » BBIIIOJIHUB Hp€06pa3OBaHI/Ie

DHEPTeTUYECKOTO ypaBHEHUS (7) K CIICAYIOMIEMY BHIY:
. \2 . \2
2’(v7\,n) Ek,n = v)%,n |:m0(v7\,n) +Ek,rl:|‘ (13)

o *
YuautbiBasi, 4T0 SHEPrus E, , SIBIACTCS PACYCTHO-U3MEPEHHOW, a CKOPOCTH v, H V;,

nonpaBkoii JIopeHIia He KOPPEKTUPYIOTCSI, BBITTUIIIEM COCTABJISIONIAE JAHHOTO YpaBHEHUS (B CHCTEME
CI'CM) u ompenenuM NOPSIAOK YHCICHHBIX 3HAYCHHH, HWCIONB3yS TNpEACTABICHHE IapaMeTpoB

(HanpuMep, YIIOBOH 4aCTOTHI) B BUAE O, , = ®; , 10°¢™.
Taxk, B neBoit yact ypaBHeHus (13), ¢ yueTOM YMCIICHHBIX 3HAUYCHUH, UMEeM
2(v;n )2 hw, , =2-95,4824% 10" -1,055-10 " 0, -10'° =19,236-10° w} ,,.
IlepBrrit uen B ipaBoii yacTu (13) uMeeT BU
(v, ) 2 my = 95.4824% 10 22 (15, 107 (05, ) 107 x9,100-10% =16,393-10° (1, ) (@}, )’
Btopoe cnaraemoe B mpaBoii yactu (13), ¢ y4eToM CTaHAapTHOTO COOTHOIICHUS I SHEPTHH,
Gyzer pasho 2o, ,v;, =1055-107 (%)2 10" 27 (}3:,”)2 : 10‘16(03'“)2 10 =2,165- 106(m'm)3 (rk"n)z.

[lonyyeHHple 3HAYEHUs] MO3BOJSIIOT MEPEHTH K YNPOIIEHHOW (GopMe HHEPreTHYecKOro
ypaBHenus (13) Buna

19,236~ [163,93 o), +2.165(w}, )2}(% ). (14)

2
Ouesuano, uro 163,930, , >> 2,165(0)’%") , B cBs13W ¢ ueM u3 (14) nmeem

0,34255
B, ®—F— CM- (15)
. o,

N
2
B obwewm Buze peurenne (15) ypasrenust (7) ¢ yaeroMm 27w, ,v; , & 0 CledyeT U3 paBeHCTBA
b~ et
Wy BT Oy 1 Mg -
Otcrona nomydaeM:

h

1
}"k = [ .
T (D}\_’nmo

N

(16)
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Honcranoka 4actor o, ,, B (opmyny (13) maer Habop 3HaYCHHIl palnyCcoB, TPeOyeMBbIX
JUISL JNBHEHIIEro BEIUCIICHUS CKOPOCTEH: Vin = 2700y 1 -

Hcnonp3oBaHrWe MOMYYEHHBIX MApaMETPOB ISl  OMPENCICHUS DHEPTUU  H3IIyUCHHS
MOATBEPKIAET MPABIIFHOCTD BHIITOJIHEHHBIX PACYETOB MPH CPABHEHHUH C PE3YIbTaTOM (5).

IIpumep pacuera 3Heprum

ITycte A=1, a 3HaueHue n =2 XapaKTepU3yeT TEKYIIEEe PacLIMpEHHEe paauyca 7. JaHHbIM

napaMeTpaM COOTBETCTBYET TOYHOE 3HAUCHUE YTIIOBOM YaCTOTHI o, =7,7625- 10" ¢!, CoOoTBETCTBEHHO,

o ¢popmyie (15) mpu 5TOM HaxXoAUM: Ha & 03425 03425
T Jo,  \7,7625-10

C yuerom cootHOmEHns (15) J€rKo HaxXoOATCA TaKKE M 3HAYEHHSA CKOPOCTEH vy ,,

=1,2293-10 % cm.

COOTBETCTBYIOIINE NBMKECHHUIO DJIEKTPOHA 110 Op6HTaM 1, ATOMa BOJIOpOJIA. B gacTHOCTH, IS JTAHHOTO
PUMEPa UMEEM v, , = 21, ,7;, = 21+ 7,7625-10'* -1,2293-107°=0,599572 r.xm/c.
OHeprus u3ny4enns ho, , =1,05457-107%7-7,7625-10'* =8,1861-10™"* opr.

COOTBCTCTBCHHO, JUISA 3aI1aCCHHOM OHCPruM Ha JaHHOM paanuyce HMCEEM 3HAYCHUC

2
m, ,V, o
1212 _gQ1867-107" 5pr, YTO MPAKTHYCCKH COBMAIACT C SHEPTUEH U3ITyUCHHS.

3akiarouenue

BrllosiHEHHBIE  MCCIICAOBAaHUSA  IOKAa3ajiM, 4YTO JOCTH)KCHHE (DHU3MKO-MATeMaTHYECKOU
CUCTEMHOCTH B 0a30BBIX COOTHOIICHHUSIX KBAHTOBOW MEXaHHUKH TI03BOJISIET YTOYHHUTE Psijl B3TJISAOB Ha
MPUPONy SIBIICHUH B aToMe BOAOpOJa. Tak, MpaBUIIBHOE TOJIKOBAHWE W3BECTHBIX TEOPETHUCCKUX
PE3YNIBTaTOB U WX CBS3b C NPAKTUYCCKH HM3MEPEHHBIMU BEIIMYMHAMU TPUBOJHUT K JOCTATOYHO
TOYHOMY INPEACTABICHUIO O PaCUeTHO-U3MEPECHHBIX 3HAUEHHUSIX pealbHbIX MapaMeTpoB. B yacTtHOCTH,
aHaJIM3 KJIACCHMYECKOrO0 COOTHOIICHHS UIsi BONMHOBOro umciia (11) mokasan, 9TO HMCIOJIB30BAaHHE
MOHSATHS «CKOPOCTh CBETa» HE BCErja JOIMYCTHMO B BOIPOCAX OMUCAHHUS (PU3UUESCKUX MPOLIECCOB.
DTO CBsI3aHO C TE€M, YTO MOJACTAHOBKA YKa3aHHOTO 3HaueHUs B JIOpeHI-(hakTop HEM30EKHO BEICT
K MOSIBJICHUIO TPAKTUYECKH HE JOCTIKUMBIX 3HAYCHUI NapaMETPOB B pEAbHBIX CUCTEMax, M
B YaCTHOCTH «HYJISD» WIH «OCCKOHEYHOCTH» JUIs IeHTpoad(HUHHBIX MPOCTPAHCTB  sinpa.
ChopMynHpoOBaHHBIH KOHTPApryMeHT IS «CKOPOCTH CBETa» IpH aHaln3e (QU3NYECKHX 3a1ad
MO3BOJIMT CPOPMHUPOBATh OCOOBIM B3IV Ha CKOPOCTh IBIKCHHS JJCKTPOHA Ha paguycax Bon

C YUETOM HECIOKHBIX BBIUHUCICHUN U, KaK CIEICTBUE, OMNPEIACIUTh pANl MapamMeTpoB JaHHOU
HAaHOYACTHIIBI.

TIpuknagHoil acriekT pacCMOTPEHHOW METOJOJIOTMM COCTOMT B HCIOJIb30BAHUHU PE3YJIHTATOB
pacueToB B 3aJayax NPUMCHEHUS BOJOPOJONOAOOHBIX CHUCTEM JJISi CHHTE3a JIOTHKH KBAaHTOBBIX
KOMIBIOTEPOB [8, 9], a TakKe KOPPEKIMU KOMITLIOTEPHBIX MOJIEINIEH JTFOOBIX MHKPOIJICKTPOHHBIX CXEM.
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Abstract. The self-heating effect exerts a considerable influence on the characteristics of high-power electronic
and optoelectronic devices based on gallium nitride. An extremely non-uniform distribution of the dissipated
power and a rise in the average temperature in the gallium nitride heterostructure field-effect transistor lead to
the formation of a hot spot near the conductive channel and result in the degradation of the drain current, power
gain and device reliability. The purpose of this work is to design a gallium nitride heterostructure field-effect
transistor with an effective graphene heat-removal system and to study using numerical simulation the thermal
phenomena specific to it. The object of the research is the device structure formed on sapphire with a graphene
heat-spreading element placed on its top surface and a trench in the passivation layer filled with diamond grown
by chemical vapor deposition. The subject of the research is the large signal performance quantities.
The simulation results confirm the effectiveness of the heat-removal system integrated into the heterostructure
field-effect transistor and leading to the suppression of the self-heating effect and to the improvement of the
device performance. The advantage of our concept is that the heat-spreading element is structurally connected
with a heat sink and is designed to remove the heat immediately from the maximum temperature area through
the trench in which a high thermal conductivity material is deposited. The results of this work can be used by
the electronics industry of the Republic of Belarus for developing the hardware components of gallium nitride
power electronics.

Keywords: diamond, gallium nitride, graphene, heat-removal system, heterostructure field-effect transistor,
large signal performance, power electronics, thermal conductivity.
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Introduction

Since its invention forty years ago, the heterostructure field-effect transistor, or high electron
mobility transistor (HEMT), has continued to achieve widespread use and drive innovation in the field
of information and communications technology. Able to allow for low-noise operation at frequencies
up to the millimeter wave band, HEMTs are used in a wide variety of applications, including wireless
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Internet and computer networking access systems, cellular phones, navigation systems and satellite
broadcast receivers. Furthermore, research and development activities undertaken by corporations and
governments in improving and commercializing the novel technology are expanding rapidly all over
the world. In addition to standard gallium arsenide HEMTs, the development of ultra-high-frequency
indium phosphide and low-power/high-frequency gallium nitride (GaN) transistors is advancing at
a lively pace. The deep interest in GaN stems from several factors. First, the wide band gap of 3.4 eV
yields a high breakdown voltage, which enables high-power operation. Second, the saturation velocity
of electrons in GaN is over a factor of two larger than that in silicon, which is valuable for high-speed
operation. Besides, the electrical polarization effects that dominate especially at interfaces result in the
induction of a very high electron concentration. Owing to these features, GaN HEMTSs can operate at
extremely high power densities of tens of watts per millimeter of the gate width. Nevertheless, at such
power levels, the dissipated power is non-uniformly distributed and the average temperature is risen,
leading to the formation of a hot spot near the conductive channel and resulting in the degradation
of the drain current, power gain and device reliability [1]. To minimize the self-heating effect in GaN
HEMTs, a variety of thermal solutions has been attempted. These include diamond substrate [2], flip-
chip bonding [3], backside metal deposition [4] and heat-spreading element [1]. In spite of all these
efforts, the problem of the hot spots still persists.

We have recently investigated [5] the DC and small signal performance of the transistors with
a graphene heat-removal system closely resembling that used by Yan et al. [1]. The graphene layers
are connected to a heat sink outside the device structure and designed specifically to remove the heat
immediately from the maximum temperature region, thus providing an additional heat-escape channel.
To enhance the graphene heat-removal system, we have proposed [6] the formation of a trench in the
passivation layer in which a high thermal conductivity material, such as boron nitride, boron arsenide
or synthetic diamond is deposited. This paper is dedicated to the large signal performance quantities
of the GaN HEMT with diamond grown by chemical vapor deposition (CVD) employed as a filler
of the trench.

Device structure

The main object of the research is a GaN HEMT formed on sapphire (Al,O3) with a graphene
heat-spreading element placed on its upper surface and a trench in the passivation layer where
CVD-diamond is deposited. It is shown in Fig. 1 and hereinafter referred to as variant C. After the
solidus signs, the region thicknesses are indicated.

Heat-eliminating element / 10 nm

/

L

Passivationlayer /0.2 pm

Gate /
0.1 pm

Trench /0,19 pm

Barrier layer /20 nm .
Source / Drait1 /

0.722 um Spacer /2 nm 0.722 pm

Buffer laver /1.5 pm

Substrate / 30 pm

Fig. 1. GaN HEMT with a graphene heat-spreading element and a trench in the passivation layer
filled with CVD-diamond

The materials of the buffer, spacer, barrier and passivation layers are GaN, aluminum nitride
(AIN), aluminum gallium nitride (Alo>GaosN) and silicon nitride (Si3Ny), respectively. The distances
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source—gate and gate—drain equal to 2 and 5 um. The gate length is 0.5 pm. The length of the trench
located exactly between the gate and the drain equals to 4.8 um. The graphene heat-spreading element
is 5.9 um long. The width of the transistor is 0.5 mm.

To produce the trench in Si3Ny, reactive ion etching in chlorine- or fluorine-containing organic
or inorganic compounds can be employed, which enables the creation of a trench with sharp and well-
controlled features [7]. In theory, the adhesion of CVD-diamond to Si3Ny is ensured by a reduction in
the interfacial stress due to the similar linear thermal expansion coefficients of these materials [8]. The
formation of the graphene heat-spreading element by the highly-oriented pyrolytic graphite exfoliation
cannot be accomplished because of the random nature of the process. For this reason, the polymethyl
methacrylate-assisted method is proposed [1].

To make a comparative analysis of the DC and large signal transient characteristics, in
addition to the GaN HEMT variant C, analogous device structures without any heat-removal system
(variant A) and with the graphene heat-spreading element only (variant B) were also simulated.

Equations and models

The device simulation was performed in the framework of the classical drift-diffusion theory
of charge transport with the doping density and temperature dependent low- and high-field mobility
models of Farahmand et al. [9]. To account for the self-heating effect, a lattice heat flow equation was
added to the set of the basic semiconductor device equations. According to the thermodynamically
rigorous model of lattice heating [10], the lattice heat flow equation takes the following form:

C%:V(WT%H, )]

where C is the heat capacity, T is the temperature, k is the thermal conductivity and H is the heat
generation rate.

The heat generation rate takes into account Joule heating, heating and cooling due to carrier
generation and recombination, the Peltier and the Thomson effects. As Joule heating is the dominant
heat generation process, the other mechanisms were neglected.

Thermal conductivity is known to be a parameter strongly dependent on temperature. This is
critical to take into consideration during simulation, as the temperature developed due to self-heating
is very sensitive to the thermal conductivities of certain areas of the device. Otherwise, a significant
error may occur. The temperature dependence of the thermal conductivity of AIN, GaN, Al,Os3 [11]
and CVD-diamond [12] is expressed as

T o
K =K300 (ﬁ} 5 ()

where K30 is the thermal conductivity at 300 K and a is the temperature dependence coefficient.

The thermal conductivity values of the AIN/GaN system were derived using a combination
of ab initio simulations and solutions of the linearized phonon Boltzmann transport equation.

The parameters of Eq. (2) are listed in Table 1.

Table 1. Thermal conductivity model parameters

Parameter Material
AIN GaN ALO; CVD-diamond
K300 (W/(cmK)) 3.89 2.58 0.39 21.74
o -1.28 -1.03 -1.19 -1.17
The thermal conductivity of AlGaN is determined by
1 -1
X —X -5 -3
k(Al Ga,_ N)= + +13,65-10°7-2,21-107 )x(1-x) | , 3
(AlGa,.N) (K(AIN) «k(GaN) ( ) ( )J @

where x is the composition fraction.
The thermal conductivity of amorphous Si3N4 equals to 0.021 W/(cm-K) [13].

42




JoKj147151 BI'YHUP DokL4aDY BGUIR
T. 20, Ne1(2022) V.20, No. 1 (2022)

Simulation results

A series of DC and large signal transient simulations was performed under the following set
of conditions:

— the barrier layer is undoped;

— iron-induced deep-level acceptor centers treated as trap states with an energy of 0.7 eV
below the conduction band minimum are introduced in the buffer layer, the distribution of the density
of states for these acceptor centers corresponds to the profile denoted as “low-Fe” in [14];

— ascale factor of 0.6 is applied to both the spontaneous and piezoelectric polarization terms;

— lumped resistances of 50 Q are connected to both the gate and drain electrodes;

— the heat transfer coefficients between the substrate and the ambient air as well as between
the right side of the heat-spreading element and the ambient air are taken to be infinitely large to make
the temperature values at the lower surface of the substrate and at the right edge of the heat-spreading
element rigid and equal to 300 K;

— since graphene is not available in the device simulator we use (the parameters of graphene
are not stored in the database), the material of the heat-spreading element is treated as a conductor
(defined to be a part of the drain electrode) with a thermal conductivity value of 50 W/(cm-K) [15].

The impairment of the DC characteristics of GaN HEMTs attributed to the self-heating effect
becomes more pronounced at sufficiently high drain-source voltages (Vps). Fig. 2 presents the drain
current vs. gate-source voltage (Vss) and transconductance vs. gate-source voltage characteristics of
the GaN HEMT variants A—C and provides a direct comparison with the data obtained by isothermal
simulation at 300 K. The drain-source voltage is 15 V.

0.25

— 014

Dirain current (&)
Transconductance (8}

wn
ke
s --:1.;;;'-‘»
=
i
(=]
-

Gate-soures voltages (V)
e 1 o 2 & 3 v 4 —o—5 —TO—6 —o—T7 ——8

Fig. 2. Input DC characteristics at V'ps= 15 V (1 and 5 — no self-heating; 2 and 6 — variant A; 3 and 7 — variant
B; 4 and 8 — variant C): 1-4 — drain current; 5-8 — transconductance

At Vgs=-2 V, the peak temperature of the GaN HEMT without a heat-removal system rises
to 340.7 K, which leads to a reduction in both the drain current by 27.3 %, from 0.132 to 0.096 A, and
the transconductance by 37.6 %, from 0.125 to 0.078 S. The placement of the heat-spreading element
on top of the transistor results in a 5.2 % increase in the drain current, from 0.096 to 0.101 A, and
in a 9.0 % improvement in the transconductance, from 0.078 to 0.085 S. The formation of the trench
in the passivation layer filled with CVD-diamond in addition to the graphene layers gives a 10.4 %
increase in the drain current, from 0.096 to 0.106 A, and also a 17.9 % improvement in the
transconductance, from 0.078 to 0.092 S.

In Fig. 3, the drain current vs. drain-source voltage characteristics are shown. The gate-source
voltage is —2 V.
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Fig. 3. Drain current vs. drain-source voltage characteristics at Vs =—-2 V (1 — no self-heating; 2 — variant A;
3 — variant B; 4 — variant C)

To calculate the large signal performance quantities, the GaN HEMTs were overdriven into
heavy distortion at the DC operating point of Vgs=-2V and Vps= 15 V. To this purpose, a sequence
of sinusoidal waveforms with amplitudes increasing from 1 to 4 V and frequencies of 2 and 4 GHz
was consecutively applied to the gate electrode. Each of these signal levels was simulated for a single
period in the time domain. Fig. 4 presents the output power vs. input power (Ppy) and power gain vs.
input power characteristics determined at 2 GHz.
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Fig. 4. Large signal performance quantities at 2 GHz (1 and 5 — no self-heating; 2 and 6 —variant A;
3 and 7 — variant B; 4 and 8 — variant C): 1-4 — output power; 5—8 — power gain

The degradation of the DC performance of GaN HEMTs will definitely have an adverse effect
on their large signal transient characteristics. Considering the calculations at 2 GHz, at P,y = 14 dBm,
the output power is decreased by 2.8 %, from 25.659 to 24.952 dBm, while the power gain is reduced
by 6.1 %, from 11.659 to 10.949 dB. The GaN HEMT variant B offers an 0.7 % increase in the output
power, from 24.952 to 25.121 dBm, and also a 1.6 % improvement in the power gain, from 10.949
to 11.120 dB. The values for the variant C are 1.1 % (an increase to 25.227 dBm) and 2.6 %
(an increase to 11.233 dB), respectively.

The power-added efficiency as a function of the input power determined at 2 GHz is given in Fig. 5.
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Fig. 5. Power-added efficiency as a function of the input power at 2 GHz (1 — no self-heating; 2 — variant A;
3 — variant B; 4 — variant C)

The maximum power-added efficiency exhibited by the GaN HEMT without a heat-removal
system at 2 GHz is 17.7 %, compared with a value of 19.4 % obtained by the isothermal simulation
at 300 K. The values of 18.1 % and 18.4 % are achieved for the GaN HEMT variants B and C.

The output power vs. input power and power gain vs. input power characteristics determined

at 4 GHz are presented in Fig. 6.
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Fig. 6. Large signal performance quantities at 4 GHz (1 and 5 — no self-heating; 2 and 6 —variant A;
3 and 7 — variant B; 4 and 8 — variant C): 1-4 — output power; 5—8 — power gain

In this case, the output power at P;y= 14 dBm is decreased due to the self-heating effect by
4.4 %, from 24.900 to 23.792 dBm, while the power gain drops by 10.2 %, from 10.900 to 9.785 dB.
The GaN HEMT variant B offers a 1.2 % increase in the output power, from 23.792 to 24.076 dBm,
and also a 3.0 % improvement in the power gain, from 9.785 to 10.076 dB. The values for the variant
C are 2.3 % (an increase to 24.337 dBm) and 5.6 % (an increase to 10.337 dB), respectively.

The power-added efficiency as a function of the input power determined at 4 GHz is given

in Fig. 7.
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Fig. 7. Power-added efficiency as a function of the input power at 4 GHz (1 — no self-heating; 2 — variant A;
3 — variant B; 4 — variant C)

The maximum power-added efficiency exhibited by the GaN HEMT without a heat-removal
system at 4 GHz is 15.6 %, compared with a value of 17.8 % obtained by the isothermal simulation at
300 K. The values of 16.1 % and 16.5 % are achieved for the GaN HEMT variants B and C.

Conclusions

A series of the DC and large signal transient simulations was carried out for GaN HEMTs
with graphene heat-spreading elements. One of the two devices featured a trench in the
passivation layer filled with CVD-diamond as an enhancement of the heat-escape channel. The
simulation results confirm the effectiveness of the trench-based heat-removal system, which leads
to the suppression of the self-heating effect and to the improvement of the device performance.
When operated at Ves=-2V and Vps= 15V, the maximum power-added efficiency of 18.4 %
(16.5 %) was achieved at 2 GHz (4 GHz), compared with 17.7 % (15.6 %) obtained in the
absence of a heat-removal system.
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OOPMUPOBAHUE®YHKIIMOHAJIBHbBIX CJIOEB HUTPUJIA KPEMHUA
CEJIEKTUBHBIM IIVIASBMOXUMHWYECKHUM TPABJIEHUEM

B.B. EMEJIBAHOB

Benopycckuii eocyoapcmeennulii ynusepcumem uH@Gopmamuxy u paouodiekmpoHuKu
(2. Munck, Pecnyboauxa benapyco)

Hocmynuna 6 pedaxyuro 16 aseycma 2021
© Bbenopycckuii rocyjapcTBEHHBIH YHUBEPCUTET HHPOPMATHKH U PaJHO3JIEKTPOHUKH, 2022

AHHoTanus. B HacTosmiee BpeMs ¢ pa3BUTHEM HAHOTEXHOJOTHH IUIA3MOXHMUYECKOE TPABJICHHE OCTAeTCS
NPaKTUYECKU €IUHCTBEHHBIM HMHCTPYMEHTOM I NEPeHOCA PUCYHKA MHTErPajbHON CXEMBI B MACKUPYIOIIEM
cJIoe B MaTepHall IOUIOKKH OJ1arofapsi TOMy, YTO TOYHOCTh IIEPEHOCA PHCYHKA COM3MEpHMa C PasMepoM HOHOB
TpaBsMMX Tra3oB. TpeOoBaHMA K IUIA3MEHHOW TEXHOJIOTHH: JOIYCTUMBIE JAE(EKTHI, CEeJNICKTUBHOCTD
(n30upaTesbHOCTh K MaTepually), yHpapleHHe IIMPHHON JIMHUM, OXHOPOJHOCTH TPABIICHUS CTAHOBSTCS BCE
Oosiee JKECTKMMH W, Kak CIEICTBHE, OoJjiee CIOXKHBIMH B peasM3auuu. J{ias NOBBILIEHHS CKOPOCTH H
CEJICKTMBHOCTH TUIa3MOXUMHYECKOTO TPABJICHHS IUICHOK HUTPHUJA KPEMHUS MpH 00paboTKe B IJia3Me ra3oBOi
cMecH, COCTOsIILEeH n GropcopepkKaliero raza 1 KUCJIOpoa, B Ka4ecTBe (PTOPCOIEpIKaIero ra3a HCIoiIb30BaH
rekcadTopun cepsl ¢ KoHuenrTpammeit 70-91 06.% npu xoHnenTpanuu kuciaopona 9-30 06.%.

KioueBble ci10Ba: HUTPUA KPEMHUS, TNIA3MOXUMHUUECKOE TPaBJICHUE, Fa30Basi CMECh.
Kon¢paukT uaTEpecoB. ABTOP 3asBIISICT 00 OTCYTCTBUU KOH()IMKTA HHTEPECOB.
Jasi umtupoBanmusi. EmenpsnoB B.B. ®opmupoBanune (QyHKIMOHAILHBIX CIIOE€B HHUTPHAA KPEMHHS

CEJICKTUBHBIM TIa3MOXUMUYecKuM TpaBieHueM. Jloxmanst BI'YUP. 2022; 20(1): 48-54.

FORMATION OF FUNCTIONAL SILICON NITRIDE LAYERS BY SELECTIVE
PLASMOCHEMICAL ETCHING

VICTOR V. EMELYANOV

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

Submitted 16 August 2021
© Belarusian State University of Informatics and Radioelectronics, 2022

Abstract. At present, with the development of nanotechnology, plasma-chemical etching remains practically the
only tool for transferring an integrated circuit pattern in a masking layer to a substrate material due to the fact
that the pattern transfer accuracy is comparable to the size of etching gas ions. Requirements for plasma
technology: permissible defects, selectivity (material selectivity), line width control, etching uniformity are
becoming more stringent and, as a consequence, more difficult to implement. To increase the rate and selectivity
of plasma-chemical etching of silicon nitride films during plasma processing of a gas mixture consisting of both
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a fluorine-containing gas and oxygen, sulfur hexafluoride with a concentration of 70-91 vol.% was used as
a fluorine-containing gas with an oxygen concentration of 9-30 vol.%.

Keywords: silicon nitride, plasma-chemical etching, gas mixture.
Conflict of interests. The author declares no conflict of interests.

For citation. Emelyanov V.V. Formation of Functional Silicon Nitride Layers by Selective Plasmochemical
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BBenenne

[Iporpeccupyromiee YMEHBIIICHHUE TOTOJIOTHYECKUX pa3mepoB JJICMEHTOB
MOJTYIIPOBOTHUKOBBIX MPUOOPOB U POCT CTEIICHU WHTETpaIiu HHTerpaibHbix MuUkpocxeM (MC), B Tom
YHCIie C ENbI0 SKOHOMUH IDIOMAAA KPUCTAUIOB HA IUIACTHHAX MOHOKPHCTAIUTMYECKOTO KPEMHUS,
BBI3BIBACT HEOOXOJUMOCTh TIOCTOSSHHOTO COBEPIICHCTBOBAHUS TEXHOJIOTHHA MHUKPOIJICKTPOHHKH.
C pa3BuTHEeM  HAHOTEXHOJIOTUH  IUIa3MOXMMHUYECKOE  TPaBJIICHHUE  SIBISCTCS  MPAKTHYCCKU
€AMHCTBEHHBIM HMHCTPYMEHTOM [UIsi TepeHoca pucyHka VMC B MackupyromeM cjioe B MaTepual
MOMJIOKKK Onarogaps TOMY, YTO TOYHOCTh IEpPeHOCa PHCYHKa COM3MEpHUMa C Pa3MEepOM HOHOB
TpaBsIUX Ta3oB. TpeOoBaHWS K IUTA3MEHHOW TEXHOJOTHUH, TakKWe KakK Hajaudue Je(eKTos,
CEJIEKTUBHOCTH TPABJICHUS, YIIPABICHUE IIMPUHON JIMHUHU, OJJHOPOTHOCTE TPABJICHHS, CTAHOBSTCS BCE
0oJiee KECTKIMH 1, KaK CIIEZICTBHE, O0JIee CIOKHBIMH B peaTn3allui

[TnazmoxumMudeckoe TpaBJiICHUE IUICHOK HUTPUAA KPEMHUS TPOBOIAT B Ta30BBIX CMECSX,
COCTOSIIINX M3 XJIaJI0OHA U KUCIIOPOJia TIPH CIIEAYIOEM COOTHONICHUH KOMITOHEHTOB: XJIaJIOH — 7 J1/4,
kuciopon — 0,6 /4 npu pabodem namienuu 20+5Ila u ckopoctn TpaBiaeHus 3545 um/muu [1].
JlaHHBI Tpoliecc XapaKTepru3yeTcs 3HAUUTENBHON HEONPEICIICHHOCTRIO PeKUMa TPABJICHHS, KOTOpast
3aBUCUT OT THIA MCIIONB3yeMOro xjanoHa. [IockojibKy XJiagoHOB cymiecTByeT Oonee 20 BHIOB,
OTIIMYAIONIUXCA MEXAY cO00M KOJMYECTBOM aTOMOB yTiepojia, BOJAOPO/AA, a TaKKe KOJIHMYECTBOM H
KOHKPETHBIM THIIOM aTOMOB TaJIOTEHOB M CTPOCHHEM YIJIEPOAHOMN Ienu (LemHbIe, HUKINYEcKue),
TO CEJICKTUBHOCTh TPaBJICHUS MO OTHOmEeHWIO K SiO; B JaHHOM CIIydae OCTaeTCs BEIMYHMHON
HeolpeeneHHol. bonee 3 dekTHBeH Croco0 peakTHBHO-MOHHOTO TPABICHHUS HUTPHIA KPEMHHUS
B minazMe ra3oBoil cmecu CoH>F4-Ar-O, mpum crnemyromeM COOTHOIIEHHH KOMIIOHEHTOB, 00.%:
3847 % CoF4H,, 4-8 % Os u 45-58 % Ar. IIpouecc TpaBieHHs TPOBOAST MPU MIIOTHOCTH MOIIHOCTH
BBICOKOM yacToThl 0,2-0,7 Br/cM? 1 ipu naBienun B peakrope 1-8 Ila [2].

JlaHHBIM TIpoOlLlIECC XapaKTEpPU3YETCS HEBBICOKOM CEJIEKTUBHOCTBIO TpPABJIEHUS HUTPUIA
KPEMHUS, TIOJYYEHHOTO XUMHYECKHM OCaXJICHUEM W3 Mapora3oBoil (a3bl, K ITUOKCUIY KPEMHUS,
WCTIONIb3yEeMOMY B KadyecTBE IIOJCIOS TMPH (OPMUPOBAHMHM MACKH JUISL JIOKAJIBHOTO OKHCIICHUS
kpemawms [3]. JlocTUTHYTBIC 3HAYCHUS CETIEKTUBHOCTH COCTABJISIOT B JTyurieM ciydae 1,8:1. Ilpu atom
CYIIECTBEHHO CHIDKAETCS CKOpPOCTb TPaBIGHUS W yXyamaercsa Mpoduiab OOKOBBIX CTEHOK
(opMUpyeMOTO PHUCYHKA: BCJCACTBAE TIOBBINICHUS W30TPONMHOCTH TPABICHUS IOSBISACTCS
CYIICCTBEHHBIH TOATPaB TOJ (HOTOPE3UCTHBHYIO MAcCKy, NMPHUBOAANIMNA K HEBOCIPOU3BOJUMOCTH
JUHEWHBIX pa3MepoB GoOpMHUpPYeMBIX Tomonorudeckux snaementoB MC. Tak, mis mieHkm SizNy
toymuHoN 200 HM BenmuuHa OOKOBOTO ToaTpaBa gocturaetT 100 HM u OoJiee, YTO HENMPUEMIIEMO
it UC ¢ cyOMUKPOHHBIMU TTPOSKTHHIMUA HOPMAaMH.

OgauM W3 CrOCOOOB TOBBINICHWS AHW30TPOIIMU TPABJICHUS SIBIACTCS HCIIOJIb30BaHUE
¢TOopoyrieponoB ¢ OONBIIMM COACp)KAaHHEM aTOMOB YIJIEpOJa B MOJIEKYJIE, B YAaCTHOCTH 3aMeHa
CHF; Ha C;HyFs. OnHako mpu 3TOM CHMXKAETCs CKOPOCTh TPAaBIEHHS HUTPHUAA, TaK KaK IMOJIUMED,
oOpa3yromuiicss u3 ¢GTOpoyriaepoaa MO BO3JACHCTBHEM IUIA3MbI, OCAXAAETCS MPEHMYIIECTBEHHO
Ha €r0 MOBEPXHOCTH, YTO MOBBIIIAET OTHOCHUTENBHYIO CKOPOCTh TPABICHUS TUOKCHIA W CHIDKAET
CCJICKTUBHOCTh TpaBjicHHs. [lOBBIICHWE CTEMEHWM aHW3OTPOIUHU TPABICHUS TAKXKE JIOCTHTACTCS
MOBBIIIICHHEM MOJJaBa€MOW MOIIHOCTH, OIHAKO B JAHHOM CIydae 3TO MPHUBOJUT K JAPYroMy
HEXenaTeIbHOMY 3 (EeKTy — BOSHUKHOBEHHUIO KaHABOK, MHAYe MUKPOTpEHYeH (aHTi. «microtrenchy),
B JUOKCHIE KpPEMHHs BJOJIb BBITpaBiuBaeMoro mnpodwmns B SisNs 3a cdeT OTpakeHUS TOHOB,
OoMOapAMPYIONTNX TTOBEPXHOCTh, OT OOKOBBIX CTEHOK BBITpaBIMBacMoOro mpodmis. Hammame Takux
KaHaBOK NMPHU (HOPMUPOBAHUH JIOKATBHOTO OKCHJIa KPEMHHUSI TIPUBOJIUT K MOBBIIICHUIO JIC(PEKTHOCTH
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MOJUIOKKHU TI0 Kpato JIoKasbHOTO Si0; M yXyOIIeHHIo KayecTBa n3omsinun snementoB UC [4].

Takum 00pa3oM, HEJOCTaTKaMU CYLIECTBYIOLIUX IMPOLECCOB IIa3MOXUMHUYECKOI'O TPaBIICHUSA
SIBJISIFOTCSL HEBBICOKAsl CEIEKTUBHOCTh TpaBieHUA SizN4, MOJyYEHHOTO XUMMYECKHM OCaXKIECHHEM
U3 Tapora3oBoil (aspl, MO OTHOWICHHIO K TepMmuyeckoMy SiO> M HU3Kas aHW30TPONMS Mpolecca
TpaBJICHUS, KOTOPbIE B COBOKYIIHOCTH IPHUBOJAT K HEBBICOKOMY KauecTBY (OpMUPYEMOI HUTPUIHON
Macku [5,6]. JlamHas cTaThsd TIOCBSINCHA IIOBBIIICHHIO CKOPOCTH MW CEJICKTHBHOCTH
TIa3MOXMMHYECKOTO TPABJICHUS MJICHOK HUTPUAA KpeMHHSA NpH (HOPMHUPOBAHUH (YHKIHOHATBHBIX
cioes B C ¢ cyOMUKPOHHBIMHU MPOEKTHHIMH HOPMaMH.

MeToauKa ceJIeKTHBHOIO ILIa3MOXMMHYECKOI0 TPpaBJICHUA

Jns  moBbIIieHWS KadecTBa (OTONUTOrpadUIeckoro pUCyHKAa B HHTPHIC KPEMHUS,
MOJYYCHHOTO XHMHYECKUM OC@KACHHEM W3 Mapora3oBoil (asbl, YBEIWYEHHs CKOPOCTH H
CENICKTUBHOCTU TPABJICHUS HUTPWJIAa KPEMHHUS W TNPENOTBpANICHUs 00pa30BaHUs MOJIMMEpPa Ha €ro
MTOBEPXHOCTH TIPH MJIa3MOXUMHUYECKOM TPABJICHUH TUICHOK HUTPH/IA KPEMHUS B IJIa3Me ra30BOi CMecH,
cocTosier u3 GTOpcoAepKAIIETo ra3a U KUCIOpo/a, B Ka4ecTBe (PTOPCOAEPIKAILETO Ta3a UCIIOIb30BaH
rekcapTopun cepel ¢ KoHmeHTpauueid 70-9100.% mnpu koHuentpamuu kuciopoga 9-3000.%
COOTBETCTBEHHO. TpaBlicHME NPOBOAWIM IIPY IUIOTHOCTH MoIMHOCTH miasmbl 0,2-0,4 Br/cm?
U f1aBieHun B peaktope 48 Ila.

I'ecadropun ceper SFe¢ (smera3) siBnsiercss Oe3yriepoAHBIM HCTOYHHKOM (TOpa B ILIa3Me.
OtcyTcTBHE yTiepoAa TapaHTHPYET OTCYTCTBHE oOpaszoBaHums mnonuMmepa. Cepa HE CKIOHHA
K 00pa30BaHMIO OCajJKka BBUIY €€ BBITOpaHHs ¢ oOpa3oBaHHEM JieTydero auokcumaa SO, Ojaromaps
NPUCYTCTBHIO B IUIa3Me Kuciopoga. CyMMapHyI0 XHMHYECKYIO DPEakLHUIO IMpolecca TpaBICHUS
HUTPUIA KPEMHHUS B 3TOM CIIy4dae MOXKHO 3alCaTh B CIEAYIONIEM BHUIE:

SisN4+ SFe+0,—> SiFsT+N,T+S0,T. (1)

CyMMapHYI0 XMMHYECKYI0 PpEeakIWIO IIpollecca TPaBICHUS ITUOKCHAA KPEMHHS MOXKHO
3anMcaTh Tak:

SiOy+ SF¢+0,—> SiF4T+S0,T. ()

[IponykTsl peaknuu B 00OMX CIlydasx JIETY4d WM OTKAauMBalOTCA U3 peakrtopa. OmHAKO
CKOPOCTh peaknuu (2) 3aMeTHO HIDKE. JTO CBSA3aHO KaK C TEM, YTO DHEPTrHs CBs3H Si—N MEHBIIE
sHepruu cBs3M Si—O, Tak W C TEeM, YTO BO BTOPOM cCiydae peakmus B3ammogehcTsus SiO;
¢ pagukanaMd (Topa KOHKYpUPYET C peakluell MOBTOPHOTO BOCCTAHOBIICHHUS OOpPa30BaBIIUXCS
ceaseii Si—F B Si—O 3a cyer B3auMozeiicTBus ¢ paamkanamu kuciopoma O, KoTopele 001amaroT
OOJIbLIEH MAcCOoli 10 CPaBHEHHIO ¢ paguKanaMyu F* 1 H09TOMy XapakTepu3yloTcs OoJblIeii SHeprueii.
B ciydae ke HUTpUIAa aHAIOTUYHBIA MPOIECC TAK)KE MMEET MECTO, OJTHAKO aToM KpeMHHS B SizNi
OKPY’KEH YETBHIPbMS aTOMaMM a30Ta, KOTOphle IpH OoMOapaupoBke pamukanamu O, mepexomsT
B ra30BYy0 (ha3y U MPETSITCTBYIOT 3aKPEILICHUIO aTOMa KPEMHUS B IICHKE.

Takum 00pa3oM, CEJICKTUBHOCTh TPABJIICHUS HUTPUIA KPEMHHUS IO OTHONICHUIO K €ro
JVOKCUJIy TIO CPaBHEHHIO C TIPOTOTHUIIOM BO3pacTacT 3a CUYET OTCYTCTBHS —OCAXKICHUSI
(TopyriepoHOro MoNMMeEpa Ha ToOBepXHOCTH HuTpuma. CoaepikaHue 3Jera3a B Ta3oBOH CMecH
BBHIOpDAHO HAa OCHOBAaHWU JKCIICPUMEHTANBHBIX NaHHBIX. [Ipu ero coxepkanmu menee 70 00.%
KOJINYECTBO OOPa3yIOMIUXCS PaIUKAIOB (TOpa Mallo JUIs MOMYYCHUS! TEXHOJIOTUYESCKH MPUEMIIEMOI
CKOPOCTH TpaBJIeHHs, a MpH cojaepkaHuu Oosee 91 00.% 3HAYNTENHHO CHM)KAETCS CENEKTUBHOCTH
BCJIE/ICTBAE YMCHBIIICHUS COJepx)aHus kuciopona. [lockonbky paboyas atMocdepa COCTOUT TOIBKO
W3 dllera3a ¢ KHUCIOPOAOM, TO M3MEHEHHUE COJIEPXKAaHWS KHUCIOpPOJa IMPHBOJUT K CHUMMETPHYHBIM
W3MEHECHHUSM COJICPIKAHHUS DJIera3a, U ero KOHIICHTPAIIWs BHIOpaHa UMEHHO Ha TOM OCHOBaHHHU.

Bre100p TUTOTHOCTHM MOIHOCTH ITUIa3MbI W pabouero MaBlIiCHWS B KaMepe OCHOBAH TaKXKe
Ha DKCIIEPMMEHTAIBHBIX JaHHBIX. Ilpu mioTHocTH MomuoctH Menee 0,2 Br/cm?  cylnecTBeHHO
CHIDKAeTCs aHW30TPOIHOCTh IPOIlecca TPAaBJICHHsT W CKOPOCTh TpaBieHHst SisNi, BO3HHKAET
CYIICCTBCHHBI OOKOBOW TMOATpaB IUICHKM IOJ] MacKy (DOTOpe3nCTa, CHUXKACTCS TOYHOCTH
BOCITIPOM3BEICHUST pa3MepoB Tomojormdeckux anemeHToB MC. Tlpu mioTHOCTH MOIIHOCTH Oonee
0,4 Br/cM> B JMOKCHIE KPEMHHS BJIOJb BBITPABIMBAEMBIX T'PAHHUI] HUTPHAA TOSBISAIOTCS KAaHABKH
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(MUKpOTpeHYH), OOYCIIOBJIECHHbIE OTPa)KEHHEM PAJAWKAIOB OT CTEHOK BBITPABIMBAEMOIO PHCYHKA
0e3 manbHEeWIero yBeIMYEeHHs CTENeHH aHW30TPONHHU. JIOCTUTHYThIC 3HAYEHUS YIia HAKJIOHAa CTEHOK
B IUIeHKE HUTpHAa cocTaBwid 80—85 °C, 4TO CBUAETENBCTBYET O BBICOKOW CTETEHH AHWU30TPOIUH
TpaBJIECHUS.

Pabouee maBneHne B KamMepe OKasbIBae€T BIMSHUE HA BpEMsSl JKU3HM M KOHLEHTPALUIO
panuKanoB M, COOTBETCTBEHHO, HA CKOPOCTh TpaBieHUs. C OfHOW CTOPOHBI, MOHW)KEHUE JaBIICHUS
COIIPOBOKAAETCS YBEIMUCHUEM BPEMEHHU JKU3HHU PAUKAJIOB, YTO IIPUBOIUT K YBEJINYEHUIO CKOPOCTH
TpaBJCHUS, C APYrod — IPU HTOM BO3pPACTaeT BEPOSTHOCTh OOpa30BaHMUS MUKPOTpEHUEH 3a CUeT
YBEJIMUEHUs! AJMHBI Tpobera pagukanoB. KpoMe Toro, mpu NOHMKEHUH aBICHUS POMOPIIMOHATIBEHO
YMEHBIIAeTCS M KOJIMYECTBO PaIUKaJOB, YTO MPUBOIAMUT K CHIDKEHHIO ckopocTH. IToaTomy pabouee
JaBJICHUE BBHIOMPAIOT B KaXKJOM KOHKPETHOM CITydae OTAEIBHO B 3aBUCHMOCTH OT COCTaBa Tra30BOH
CMECH M DJICKTPHUUECKUX XapaKTEPUCTHK paspsna. [IpuMeHHuTeNbHO K MpesiaraeMoi ra30Boi cMecH
npu gaBieHnn MeHee 4 [la ckopocTk TpaBJIeHUS! OKa3bIBACTCA HIDKE TEXHOJIOTHUECKH MPUEMIIEMON 1
NPUBOAMT K MOATPABY B HIDKEJEXKAIINI CIIOH, a mpu AaBieHun Oosee 8 Ila cHIKaeTcs CeNeKTHBHOCTh
TpPaBICHHUS M CTENEHb AaHU30TPONHMHU. OTO TPUBOAUT K YXYAUICHHIO KAadyecTBa IOIy4acMOro
¢doronutorpaduueckoro pucyHka. Takum oOpa3oM, CENEKTHBHOE IUIa3MOXMMHYECKOE TpaBIICHHUE
IUIGHKW  HUTpHJAa  KPEMHHMS  TIO3BOJMT  IOBBICUTH  KadecTBO  IIOJy4aeMoro B  Hell
(doTonmuTorpaMuecKoro pUCyHKa 3a CUET MOBBIIICHHS CEIEKTHBHOCTH TPABJIECHHS MO OTHOUICHUIO
K JUOKCUY KPEMHUs, TIOBBIIICHUS TOYHOCTH BOCIPOM3BEACHUS Pa3MEpOB TOMOJIOTMYECKHUX
ateMeHToB VIC 1 yBeIM4EHMsI CTENIEHN aHU30TPOIIMU TPABJICHHUSL.

PazpaboTannsiii mporiecc peanmzoBad npu usrorosiaeHnu C tuna 12335678, Ha mmactunax
150 KJ1b-12 (100) cTanAapTHBIMH METOAaMHU XUMHUYECKOH 00pabOTKH, OKUCICHHUS, TEPMOOOPaOOTKH,
WOHHOTO JerupoBanus, quddysuu, Goroaurorpaduu, TpaBieHUs: GOPMHPOBATH 0OJACTH KapMaHa.
3areM Ha IMOBEPXHOCTU IIOIYYEHHBIX CTPYKTYpP METOJOM TEPMHUYECKOI'O0 OKHUCICHMS IOIydaau
TTOAHUTPUIHBIA THOKCH KpeMHHUS ToammHoN 25 uM. Iltenky Hutpuaa kpemuus toammuaon 200 HM
ocaxnand u3 Tmapora3oBoil ¢asel mpu Temmeparype 780°C 3a cueT peakuMM MOHOCHIIaHa
C aMMHaKkoM. MeTofaMu CTaHIApTHOH (oTomuTOorpaduy Ha IMOBEPXHOCTH IOJNYYCHHBIX CTPYKTYp
dopmupoBanm Macky (orope3nucTa, IMOCiIe UYEro CTPYKTYpPhl IIOJIBEPrald IUIa3MOXHMHYECKOMY
TPaBICHUIO, PEKUMBI KOTOPOro YyKazaHel B TaOm. 1. TpaBieHue OCYyHIECTBISUIM Ha YCTaHOBKE
razMoxumudeckoro tpasienus GIR 260 S kommannu Alcatel (puc. 1).

Puc. 1. YcranokaGIR 260 S
Fig. 1. Installation of the GIR 260 S

Chopmuporannas ctpykrypa SisNs—SiO,—Si npencrasieHa Ha puc. 2.
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Puc. 2. ITonepeunoe ceyenue chopMupoBaHHOM CTPYKTYpbI SizN4—SiO,—Si
Fig. 2. Cross section of the formed structure SisN4—Si0,—Si

[ocne ynmanenust ¢oTopesucra MPOBOAMIM KOHTPOJIb MOITYYEHHOTO (POTOIUTOrpaduiecKoro
PUCYHKAa Ha COOTBETCTBHUEC TpEOOBAaHMSAM JCHCTBYIOIICH Ha JaHHOE U3JACIHE TEXHUYCCKOM
JOKyMEHTaluu. ['ogHbIe 1O pe3yibTaTaM KOHTPOJIS CTPYKTYpBl 3allyCKaJld fajee M0 MapLipyTy.
o oxkOHYaHMH LHKIIa H3TOTOBJIEHHUS KPUCTAIIOB MPOBOIMIA KOHTPOIb (PYHKIIMOHUPOBAHUSI KPUCTAILIIOB.

OJEKTPOHHO-MHUKPOCKOIIMYECKOE HCCICAOBAHUE HAa PAacTPOBOM JIIEKTPOHHOM MHKPOCKOIE
(POM) crpyktypbl SizsN4—SiO,—Si mocie TpaBieHHS MO CYIIECTBYIOIIEMY MPOLECcCy MPeACTaBICHO
Ha pucC. 3, a 110 pa3paboTaHHOMY — Ha pHuC. 4.

Puc. 3. POM o¢oro nedexra ctpykTypsl SizN4-Si0,-Si: 1 — moamoskka KpeMHUS; 2 — CI0H THOKCHIA KPEMHHUS;
3 — TOIOJIOTHYECKHUE DIIEMEHTHI CII0S HUTPUIA KPeMHUS; 4 — MUKPOTPEHYN
Fig. 3. SEM photo of a structural defectSizN4-SiO,-Si: 1 — silicon substrate; 2 — silicon dioxide layer;
3 — topological elements of silicon nitride layer; 4 — microtrench coats

U3 puc. 3 BuaHO, YTO B CIIOE THOKCHAA KPEMHHS 2 00pa30BaIuCh MUKPOTPEHUH 4, OKpY>KaIoIIHe
TOIOJIOTMYECKUE HJIEMEHTBI €0 HUTPUAA KPEMHHUS 3 1O NepuMeTpy. MUKpOTpeHuu 4 Ipu 3TOM MOTYT
MPOHMKATh Ha BCIO TOJIIMHY CJIOSI JUOKCHIAa KPEMHHUS 2, IOCTUras IPH 3TOM HOIOKKH kpemHus 1. Ilpu
WCIIONB30BAaHUN  TIPEUIOKEHHOTO  Mpoliecca MUKPOTpeHYn He oOpasyrorcst (puc. 4). CreHkH
TOIOJIOTMYECKUX 3JIEMEHTOB CJIOS HUTPUAA KPEMHHs 3 INpU 3TOM IPAKTUUECKH BEPTUKAJIbHBIE, YTO
CBUZETEIBCTBYET O BBICOKOW aHM3O0TPOIMH IIpoLiecca TPaBJCHUs, BUIAMMBII 3aTpaB B CJIOH JUOKcHIA
KpPEMHHUS 2, pacliojo)KEHHbIM Ha MOAJIOKKE KpPEMHHUS 1, OTCYTCTBYET, YTO CBHIETENBCTBYET O BBICOKOM
CENIEKTUBHOCTU TpasiieHusl. CKOpOCTh TpaBJIEHUs MpH IUIOTHOCTH MouHoctd BY remepatopa 0,2-0,4
Br/cm? cocrauna 0,8—1 A°/c, a CeneKTUBHOCT — 2,5-3,0 YCIOBHBIE €IMHHMIIBL.

Puc. 4. POM ¢oro crpykrypsl Si3N4-SiO,-Si ocie TpaBiaeHus: 1 — MOAI0KKA KPEMHHUsI;, 2 — CJIOH TUOKCUIa
KPEMHUSL; 3 — TOIIOJIOTMYECKUE JIEMEHTBI CJ1051 HATPHJIAa KPEMHUS
Fig. 4. SEM photo of the structure Si3N4-Si0,-Si after etching: 1 — silicon substrate; 2 — silicon dioxide layer;
3 —topological elements of silicon nitride layer
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Pe3ynbTaThl KOHTPOJIS MOMYYEHHBIX CyOMUKPOHHBIX CTPYKTYp MIPUBEICHBI B Ta0I. 1.

Ta6auna 1. BiusiHue pe>kuMOB II1a3MOXMMHYECKOTO TPaBJICHHS Ha Ka4eCTBO (POTONUTOrpauueckoro pucyHka
B IUICHKE HUTPU/A KPEMHUS U BbIX0A TojHbIX MC
Table 1. Influence of plasma-chemical etching regimes on the quality of photolithographic pattern in a silicon
nitride film and the yield of suitable ICs

Ne | Comepxanme | IlmoTHOCTH JlaBnenne YroJi HakJIOHA Brixon
n/m |snerasa, 06.%,| MOIIHOCTH | B peakTope, CTEHOK TOJIHBIX
num- SF6 IJ1a3MBl, Ia pUCYHKa, rpax | KpUCTAJl- Tpumedanne
ber | Gascontent, Br/cm? Reactor Angle of 10B, % Note
vol.% Plasma power| pressure, Pa | inclination of | Yield of
density, picture walls , good
W/ cm? degrees crystals
Mamnast ckopocTb
1 60 0,33 5,0 80 85,3 TPaBICHUS
Lowetchingrate
2 70 0,33 5,0 82 88,8 —
3 80 0,33 5,0 82 90,1 —
4 91 0,33 5,0 83 92,5 —
CHImXEHHE CeIeKTUBHOCTH,
5 95 0,33 5,0 78 32,6 MEJIKUE MUKPOTPEHUH
Reducedselectivity,
smallmicrotrenchcoats
Mernkue MUKPOTPEHYH,
HECOOTBETCTBHE Pa3MEpPOB,
6 80 0,15 5,0 55 — maptus 3adpakoBana 100 %
Small microtrench coats,
size mismatch, batch of
products rejected 100 %
7 80 0,20 5,0 84 92,6 -
8 80 0,40 5,0 85 91,8 -
I'my6oxue MUKpOTpeHYH,
naprus 3adpakosana 100 %
> e G . & B Deepmicrotrenchcoats,
batchrejected 100 %
Marnas ckopocTh
10 20 0.33 3 75 4.1 TpaBICHUS, MEIIKHE
MUKPOTPEHIH
Lowetchingrate,
smallmicrotrenchcoats
11 80 0,33 4 80 91,0 —
12 80 0,33 8 82 94,3 —
CHIDKEHHE CENIEKTHBHOCTH,
13 80 0,33 10 67 33,6 MeJKHE MUKPOTPEHUU
Reduced selectivity, small
microtrench coat
14 Cy1iecTByIOLUHI NpOoIece 70,6 53.7 MuxkpoTpeHun

Existing process

Microtrench coats

W3 Tabnumpl BUAHO, YTO TMPEIOKEHHBIA TIpoIlecc Mo pexumam 7-8 u 11-12 mo3BomseT
MOBBICUTh Ka4ecTBO (POTONMTOrpa)MuecKoro pHCyHKa B IUICHKE HHUTpHOa KPEMHHs 3a CUeT
HOBBIILIEHHS CTENIEHU aHU30TPOIMH TPABJIEHUs, OTCYTCTBHS Je(EKTOB THUIIA KAHABKU (MUKpPOTpEHYEH)
B IIOACIOE OUOKCHAA KpeMHMA. B KOHEYHOM HTOre 3TO IO3BOJIMIIO IOBBICUTH BBIXOA TI'OJHBIX
KpPHUCTAJJIOB Ha orepauuy KoHTpoist pyrkuuonuposanus UC o 94 %.
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3akiarouenne

Jns moBbImeHnst kKayectBa (HOTOMMTOrpadhUueckoro pUcyHKa B HHTPHIE KPEMHUS, MOIYYCHHOTO
XAMUYECKHUM OCKJICHUEM M3 Tapora3oBoil (asbl, B TMPOIECcCe TMIa3MOXHMHYECKOTO TPABICHHS TUICHKA
HUTpUJIa KPEMHHS B TUIa3Me Ta30BOM CMECH, COCTOSIICH M (DTOPCOAEPIKAILETO Ta3a W KUCIOpPOAa, MpU
3aJIAHHBIX TUIOTHOCTH MOIIHOCTH IUIA3Mbl M JIABIICHHH B PEaKTOpe B KadecTBe (TOpCOJEpIKaIero rasa
WCTIONB30BaH rekcadropua cepbl ¢ korneHTpanuein 70-91 06.% mpu konmneHTparmu xkuciopona 9-30 06.%
COOTBETCTBEHHO, a 00Pa0OTKY MPOBOMWIIM TpU AaBiieHWH B peaktope 4—8 [1a. DTO MO3BOIMIO TIOBBICHTH
OTHOCHUTEIILHYIO CKOPOCTh TPABJICHUSI HUTPU/IA KPEMHHUS 3a CYET TIPEIOTBPAIlIeHNs] 00pa30BaHus IOJIMMepa

Ha €ro MoBepxXHOCTH. JlaHHBII TIporecC MOXKET OBITh MCHOJB30BaH MPU W3TOTOBJICHUH KpucTauoB VIC
Pa3TUYHOTO THITA, HaripuMep, OUrosipHbIx, MOIT (MeTaT-0KCHI-TIOTyTIPOBOIHIK) U IPYTHX.
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Abstract. In this paper, the results of a refined analysis of the correlation, previously discovered by the author,
between the accepted maximum permissible levels (MPL) of radio frequency electromagnetic fields (RF EMF)
for population and the mortality rate of COVID-19, carried out using the data samples from the World Health
Organization (WHO), taken monthly from May 2020 to July 2021, are presented. To explain the results
obtained, correlation between the accepted MPL for RF EMF, the level of vaccination of population against
COVID-19, and the level of gross domestic product per capita in different countries were analyzed additionally.
Analysis results confirm the presence of a noticeable correlation between the RF EMF MPLs and the COVID-19
mortality rate, especially in the first months of the analyzed period. The subsequent decrease in correlation
between them by the end of analyzed period is a result of significantly larger efforts in struggle against COVID-19
in those countries where high RF EMF MPLs are adopted taking into account only the danger of thermal effects
in human body, in comparison with countries where more stringent standards that take into account the danger
of non-thermal bioeffects, are used. The first of these countries, having on average a higher level of economic
development, ensured mass COVID-19 testing of population, imposition of tougher and longer restrictions
(quarantines, lockdowns, etc.), as well as significantly higher rates of vaccination of the population.
The presence of a confirmed correlation between these characteristics does not necessarily mean the existence of
an unambiguous causal relationship between them. In countries of the first group with passive regulation of
population protection from environmental factors, this principle is used not only in relation to RF EMF, but also
in relation to the other factors. This determines the relevance of a deeper system analysis of the impact of the
adopted legal systems for protecting the population from the entire set of anthropogenic factors on its health and
collective immunity.

Keywords: COVID-19, lethality, habitat, electromagnetic pollution, regulations, correlation, mobile
communications, 4G, 5G, 6G, electromagnetic ecology, electromagnetic safety, electromagnetic protection.
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Introduction

Differences in maximum permissible levels (MPL) of radio frequency electromagnetic fields
(RF EMF) accepted in different countries are determined by differences in approaches to ensuring the
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electromagnetic safety of the population in these countries [1-3]. The first approach is based on the
principle of passive regulation, which provides for the use of recommended RF EMF maximum
permissible levels (MPL), exceeding which will cause harm to health. In countries where it is adopted,
MPL values of RF EMF for the population are determined taking into account the danger of thermal
bioeffects only and take on values 10004000 pW/cm?, the burden of proof of possible harm from
exposure to RF EMF has been transferred to the court. In a number of countries, this principle
is implemented with particular socially-oriented additions aimed at limiting the RF EMF levels
at socially significant objects, in places of residence, etc. An alternative second approach is based on
the establishment of MPL values of RF EMF, that can guarantee the absence of harm to health, taking
into account the long-term consequences of their impact on the human organism. In countries where it
is adopted, the MPL values of RF EMF for the population are determined taking into account the
danger of non-thermal bioeffects, and for continuous RF EMFs of the 0.3—-300 GHz range they take on
values 2.5-10 pW/cm?; the state implements control and supervisory functions for their compliance.

Today, the main source of electromagnetic pollution of the habitat is electromagnetic radiation
of base stations and a user's equipment of cellular (mobile) communication systems. At the same time,
despite the very significant difference in the accepted restrictions on the RF EMF levels for the
population, the differences in the degree of electromagnetic pollution of the habitat in countries with
different approaches to ensuring the safety of the population were not so significant until recently
[4-7, etc.] due to the prevalence of low-speed mobile telephony services, as well as the deterrent
effect of the danger of massive lawsuits and huge costs of compensation for the damage caused.
However, in conditions of extremely intensive development of wireless information systems and
services and its penetration in all spheres of human life in the framework of the evolution
2G/3G—>4G—>5G—6G of mobile communications [8, 9], and in conditions of corporate pressure
[10, 11], restrictions on RF EMF MPL for population adopted in different countries are associated
undoubtedly with the potentially permissible levels of electromagnetic pollution of the environment in
these countries.

In [12], the initial results of analysis of the correlation between the potential level
of electromagnetic pollution of the environment and the danger of COVID-19 are presented, which
confirmed the presence of a noticeable correlation between the RF EMF MPLs adopted in different
countries and the relative mortality of the population from COVID-19 in these countries. The
presence of a correlation does not mean the presence of an established causal relationship
between analyzed characteristics, but an extremely high cost of the item determines the
relevance of its further in-depth study.

The analysis performed in [12] was preliminary in nature, since the analyzed samples of data
on relative lethality from COVID-19 were taken at intervals of only 7 days over 2 weeks and,
therefore, were significantly correlated (Pearson's correlation coefficient 0.996—0.999 with a sample
sizes of 31, their representativeness was ensured by approximately equal representation of countries
using different approaches to ensuring the electromagnetic safety of the population). The analysis of
correlated samples was justified by considerations of increasing the reliability of research results in
conditions of varying degrees of reliability and regularity of data updating for different countries in
WHO reports!.

A goal of the work is to perform a more detailed analysis of correlation between the accepted
RF EMF MPs for the population in different countries and the lethality of COVID-19, for a more
objective assessment of the possible relation between the potential danger of electromagnetic pollution
of the environment and the danger of COVID-19 for the population.

Analysis results

A deeper analysis of correlation between considered characteristics was performed using
samples of COVID-19 data in various countries taken at longer intervals and over a longer period.
This paper presents the results of analysis of correlation between samples of RF EMF MPL values in
various countries and fifteen WHO data samples from on COVID-19 infection and mortality taken at
monthly intervals from May 2020 to July 2021. This analysis is supported by correlation analysis

" WHO Coronavirus (COVID-19) Dashboard. https://covid19.who.int/table (on-line resource).
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of associated factors (the level of vaccination against COVID-19, the level of gross domestic product
(GDP) per capita in various countries), which makes it possible to find an explanation of the nature
of the time dependence of the analysis results.

The numbers of the data samples correspond to the following dates: No. 1: 05/18/2020; No. 2:
06/18/2020; No. 3: 07/19/2020; No. 4: 08/19/2020; No. 5: 09/18/2020; No. 6: 10/19/2020; No. 7:
11/18/2020; No. 8: 12/18/2020; No. 9: 01/19/2021; No. 10: 02/19/2021; No. 11: 03/19/2021; No. 12:
04/19/2021; No. 13: 05/18/2021; No. 14: 06/18/2021; No. 15: 07.20.2021.

MPL values for RF EMF adopted in various countries, correspond to the published data [1-3,
12, etc.] at the beginning of the analyzed period (May 2020). Changes in the hygienic standards of
separate countries (Poland, Ukraine) during the analyzed period were not taken into account, since the
processes of changing the electromagnetic environment and its influence on the collective immunity
of population are quite inertial and are determined by rather slow processes of corresponding changes
in the infrastructure of mobile radio networks, the legal system for protecting the population, etc.

Results of a refined analysis of the correlation between the potential level of electromagnetic
pollution of the environment and the lethality of COVID-19 in relation to the number of detected
infected and the population size are presented below in Tables 1, 2 (in a reduced volume with data
samples at two-month intervals) and in full in graphical form on parts "a", "b" in Fig. 1. These parts of
Fig. 1 show both the initial dependencies in the form of broken lines, which break points correspond
to the obtained estimates of the Pearson's correlation coefficient, and the curves obtained by the root-
mean-square smoothing of the estimated data.

To explain the results obtained, the following was additionally performed:

1. Analysis of the correlation between the adopted EMF RF MPL for the population and the
level of vaccination of population against COVID-19 in the same countries according to the official
WHO data. Samples of these data were also taken strictly at monthly intervals from the beginning of
mass vaccination (12/20/2020) to 07/20/2021 (8 samples). The results of this analysis are presented
in Table 3 and are illustrated by graphs in the original and smoothed form on the part "¢" in Fig. 1.

2. Analysis of the correlation between the adopted RF EMF MPL for the population and the
level of GDP per capita, calculated according to the various methods: GDP at purchasing power parity
(PPP), estimated according to the methods of the International Monetary Fund (IMF) and the World
Bank (WB), and nominal GDP per capita (determining the level of the state economic development),
estimated according to the methods of the IMF and the WB. Analysis results are shown in Table 4.

3. Analysis of the correlation between the relative level of vaccination against COVID-19
in various countries as of 07/20/2021 and the level of GDP per capita in these countries. Analysis
results are presented in Table 5.

The presented results of the analysis indicate that countries using "thermal" hygienic standards
for RF EMF MPL in combination with the principle of passive regulation in matters of population
protection, on average, have a higher level of economic development compared to countries using
significantly more stringent "non-thermal" EMF RF MPLs in combination with state control over their
observance. This is confirmed by the presence of a noticeable correlation between the accepted value
of the RF EMF MPL value and the level of GDP per capita in various countries. Depending on the
methodology for GDP calculating, the coefficient of this correlation varies in the interval [0.418,
0.464]. It was the great economic opportunities of these countries that made it possible to provide:

— significantly more complete coverage of the population of these countries with testing for
the presence of coronavirus infection, which significantly increased the number of detected infected
and by the end of 2020 practically reduced to zero the correlation between the adopted MPL RF EMF
for the population and the mortality rate determined in relation to the number of detected infected, and
in the latter months of the analyzed period even provided a negative correlation between the analyzed
characteristics (Table 1, part "b" in Fig. 1);

— the implementation of stricter and longer administrative restrictions (quarantines,
lockdowns, entry/exit bans, etc.) in these countries aimed at limiting contacts between people in order
to fighting the spread of infection, as well as, on average, significantly higher rates of vaccination of
population , which is generally confirmed by the data in Tables 3, 4 and 5. Correlation between the
relative level of vaccination against COVID-19 in different countries on the final day of the analyzed
period (07/20/2021) and the level of GDP per capita in these countries exceeds 0.5 and, depending on
the method of calculating this level, the correlation coefficient changes in the interval [0.540, 0.573].
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Part "d" in Fig. 4 contains a graphical representation® of the time dependence of the number of
new infected according to WHO data, illustrating the nature and approximate periods of waves of the
COVID-19 pandemic (first wave: October 2020 — January 2021, second wave: March — May 2021,
third wave: from July 2021). For the convenience of joint analyzing dependences on parts "a", "b" and
"¢" in Fig. 1 and their mutual influence, part "e" in Fig. 1 shows, on a single time scale, the smoothed
dependences of the Pearson's correlation coefficient on time for the lethality of COVID-19 in relation to
the number of detected infected (curve 1) and in relation to the population size (curve 2), as well as the
dependence of the Pearson's correlation coefficient in relation to the population vaccination rate (curve 3).

An analysis of the shape and mutual arrangement of these curves gives sufficient grounds to
assume that the fact of a correlation between the degree of severity of the hygienic restrictions of the
RF EMF MPL for population and the lethality rate of COVID-19 in various countries can be
recognized as objectively proven based on the results of the refined analysis. At the same time,
significantly larger efforts of economically developed countries to overcome the pandemic (stricter
administrative restrictions, more massive testing of the population, higher rates of vaccination)
contributed to a noticeable weakening of this correlation, already from the middle of the analyzed
period.

Table 1. The results of the analysis of correlation between the severity of the hygienic restriction on the RF EMF
MPL for population in different countries and the mortality rate from COVID-19 according to the official WHO
data, determined in relation to the number of detected infected

The ratio of the total number of deaths from COVID-19 to the specified date, to the total
MPL . 2) i 0
Country W/m? number of cases (infected) #, in %
05/18/20 |07/19/20 |09/18/20 | 11/18/20 | 01/19/21 |03/19/21 |05/18/21 | 07/20/21
1. Azerbaijan 0.1 1.19 1.29 1.47 1.27 1.33 1.36 1.45 1.48
2. Belarus 0.1 0.56 0.751 1.03 0.91 0.70 0.695 0.718 0.766
3. Belgium 10 16.37 154 10.2 2.75 3.01 2.75 2.39 2.28
4.  Bulgaria D 0.01 4.92 3.46 4.01 2.26 4.03 4.00 4.18 4.30
5.  Canada 4 7.48 8.06 6.58 3.65 2.54 2.45 1.88 1.86
6.  Chile D 0.1 1.03 2.57 2.75 2.79 2.60 241 2.16 2.16
7. China 0.4 5.50 541 5.22 5.13 4.85 4.73 4.90 4.69
8.  Denmark 10 5.01 4.64 2.97 1.19 0.95 1.07 0.936 0.828
9.  France 10 20.04 18.3 7.84 2.30 245 222 1.85 1.92
10.  Germany 10 4.54 4.51 3.50 1.57 2.32 2.83 2.40 244
11.  Hungary 0.1 13.07 13.8 4.15 2.15 3.26 3.24 3.66 3.71
12. India 0.9 3.15 2.49 1.62 1.47 1.44 1.38 1.10 1.33
13.  TIreland 10 6.40 6.81 5.59 2.90 1.50 2.00 1.94 1.76
14.  Israel 0.9 1.63 0.822 0.678 0.842 0.73 0.735 0.761 0.756
15. Ttaly 0.1 14.15 143 12.2 3.75 3.45 3.14 2.99 2.98
16. Japan 10 4.59 4.00 1.91 1.58 1.36 1.93 1.69 1.78
17.  Kazakhstan 0.1 0.53 0.533 1.45 1.45 1.37 1.26 1.19 1.52
18. Lithuania 0.1 3.63 4.18 248 0.81 1.48 1.66 1.55 1.57
19.  Luxemburg 0.45 2.71 2.05 1.64 0.87 1.14 1.20 1.17 1.12
20.  Netherlands 10 1291 11.9 7.11 1.89 1.42 1.37 1.09 0.984
21.  Poland 0.1 5.00 4.07 2.94 1.44 2.33 243 2.52 2.61
22.  Portugal 10 4.19 3.48 2.84 1.54 1.62 2.05 2.02 1.85
23.  Russia 0.1 0.94 1.60 1.75 1.73 1.84 2.12 2.35 2.50
24.  Spain 10 11.95 10.9 4.86 2.30 2.40 2.27 2.20 1.95
25.  Sweden 10 12.21 7.27 6.67 3.23 1.97 1.79 1.38 1.34
26.  Switzerland 0.1 5.25 5.05 3.62 1.20 1.62 1.64 1.49 1.46
27.  Turkey 0.56 2.77 2.50 245 2.78 1.53 1.01 0.877 0.914
28. UK 10 14.21 154 10.9 3.74 2.62 2.94 2.87 2.35
29. Ukraine 0.1 2.87 2.52 2.05 1.77 1.80 1.94 2.24 2.35
30. USA 10 6.09 3.88 2.98 2.21 1.67 1.82 1.78 1.79
31.  Uzbekistan 0.025 0.43 0.511 0.834 0.848 0.79 0.767 0.692 0.667
Pearsons 0551 | 0485 | 0431 | 0.189 | —0.048 | 0042 |-0.071 | —0.151
correlation coefficient:
D The lower limit of the range of normalized values.
2 The number of detected infected is given in accordance with the data of the Johns Hopkins Center for Health
Security (https://covid]19.who.int/).

2 Daily new confirmed COVID-19 cases per million people: https://ourworldindata.org/ (on-line resource).
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Table 2. The results of the analysis of correlation between the severity of the hygienic restriction on the RF EMF
MPL for population in different countries and the mortality rate from COVID-19 according to the official WHO
data, determined in relation to the country’s population

The ratio of the total number of deaths from COVID-19 to the specified date ?), to the total
MPL Sy
Country W/m? country population ), in millions

05/18/20 |07/19/20 |09/18/20 | 11/18/20 | 01/19/21 |03/19/21 |05/18/21 | 07/20/21
1. Azerbaijan 0.1 3.85 344 56.3 99.1 298 327 473 493
2. Belarus 0.1 17.5 524 81.6 112 168 225 287 353
3. Belgium 10 781 846 857 1280 1766 1952 2133 2175
4.  Bulgaria D 0.01 15.8 43.0 107 347 1233 1701 2496 2616
5.  Canada 4 151 234 244 292 477 598 661 702
6.  Chile D 0.1 23.5 442 635 779 918 1150 1461 1807
7. China 0.4 3.23 3.23 3.30 3.30 3.34 3.37 3.38 3.90
8.  Denmark 10 94.4 105 110 133 312 414 432 439
9.  France 10 430 460 474 704 1077 1397 1640 1693
10.  Germany 10 94.7 108 112 157 568 887 1031 1091
11.  Hungary 0.1 47.8 61.7 69.3 350 1193 1847 3031 3108
12. India 0.9 2.19 19.4 61.1 94.9 111 115 202 300
13.  Ireland 10 312 355 362 404 530 925 1001 1016
14.  Israel 0.9 313 45.6 134 316 466 701 738 745
15. Ttaly 0.1 528 580 590 768 1365 1718 2058 2115
16. Japan 10 5.92 7.79 11.7 15.1 36.0 69.2 91.6 119
17.  Kazakhstan 0.1 1.81 20.0 106 126 157 187 263 435
18.  Lithuania 0.1 20.6 29.4 32.0 110 916 1268 1516 1618
19.  Luxemburg 0.45 171 177 198 377 890 1126 1291 1312
20. Netherlands 10 331 358 365 502 762 945 1019 1038
21. Poland 0.1 244 42.8 59.5 287 890 1290 1900 1987
22.  Portugal 10 119 165 185 348 885 1642 1668 1688
23.  Russia 0.1 18.5 84.1 131 234 454 642 794 1021
24.  Spain 10 591 608 650 872 1135 1557 1699 1735
25.  Sweden 10 364 556 581 616 1022 1311 1414 1450
26.  Switzerland 0.1 185 195 204 380 930 1090 1170 1192
27.  Turkey 0.56 49.1 64.9 86.7 139 286 353 533 600
28. UK 10 510 667 614 777 1324 1855 1881 1896
29.  Ukraine 0.1 12.7 352 82.3 240 499 700 1150 1251
30. USA 10 263 416 591 741 1186 1610 1754 1824
31.  Uzbekistan 0.025 | 0.359 2.51 12.5 17.9 18.5 18.6 20.1 24.1

Pearson’s 0.60 0570 | 0522 | 0442 | 0289 | 0315 | 0.137 0.1
correlation coefficient:

D The lower limit of the range of normalized values.
D The number of detected lethalities is given in accordance with the data of the Johns Hopkins Center for Health
Security (https://covid19.who.int/).
3 The population of countries is given as of 05/04/2020 in accordance with the data of the electronic resource
https://www.worldometers.info/world-population/.

Table 3. The results of the analysis of correlation between the severity of the hygienic restriction on the RF EMF
MPL for population in various countries and the relative level of vaccination against COVID-19 according
to the official WHO data (full cycle of vaccination with two injections)

Country MPL Rates of vaccination against COVID-19 in % of country population »
W/m? | 12/20/20 |[01/20/21 [02/20/21 | 03/20/21 | 04/20/21 |05/20/21 |06/20/21 | 07/20/21
1. Azerbaijan 0.1 0 0 0 0 4.43 8.04 10.16 17.50
2. Belarus 0.1 0 0 0 0.11 0.28 1.59 3.91 7.98
3. Belgium 10 0 0.01 2.53 3.94 6.42 13.92 30.54 49.49
4. Bulgaria D 0.01 0 0.06 0.39 1.03 1.96 6.96 10.87 12.79
5. Canada 4 0 0.14 1.06 1.64 2.48 4.02 18.59 51.01
6. Chile V 0.1 0 0.04 0.29 14.93 29.70 39.90 49.66 61.65
7.  China? 0.4 0 0.10 0.50 1.00 3.00 7.50 15.00 25.00
8.  Denmark 10 0 0.12 3.00 5.36 9.21 19.69 28.36 47.55
9.  France 10 0 0 1.77 3.71 7.41 14.71 25.71 44.24
10.  Germany 10 0 0.14 2.11 4.00 6.75 13.10 30.99 46.87
11.  Hungary 0.1 0 0.04 1.98 4.93 14.79 29.96 46.62 55.30
12.  India 0.9 0 0 0.06 0.54 1.25 2.96 3.57 6.22
13.  Ireland 10 0 0.20 2.61 3.68 7.25 10.31 20.01 43.86
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14.  Israel 0.9 0 7.86 31.42 48.58 53.53 54.82 55.24 56.39
15. Italy 0.1 0 0.02 2.23 4.08 7.77 15.85 26.28 45.24
16. Japan 10 0 0 0 0.02 0.64 1.95 8.69 24.36
17.  Kazakhstan 0.1 0 0 0 0.1 0.65 4.37 8.69 15.12
18.  Lithuania 0.1 0 0.32 2.52 4.67 8.06 18.71 32.96 44.36
19. Luxemburg 0.45 0 0 1.11 2.74 7.29 14.70 29.04 42.83
20. Netherlands 10 0 0 0.90 2.87 5.79 11.58 30.33 46.42
21. Poland 0.1 0 0.07 2.45 4.71 6.20 13.82 29.60 43.50
22.  Portugal 10 0 0.18 2.44 4.39 6.90 14.55 28.51 48.38
23.  Russia 0.1 0 0 1.16 1.86 4.27 7.04 10.44 14.78
24.  Spain 10 0 0.03 2.50 4.03 7.38 16.82 30.85 52.81
25.  Sweden 10 0 0 1.85 3.77 6.76 10.43 27.40 37.58
26.  Switzerland 0.1 0 0.5 1.79 5.13 8.97 16.62 29.86 44.78
27.  Turkey 0.56 0 0 1.21 5.88 9.21 13.57 16.98 24.87
28. UK 10 0 0.68 0.90 3.27 15.79 31.73 46.06 53.32
29.  Ukraine 0.1 0 0 0 0 0 0.15 0.87 3.63
30. USA 10 0 0.65 5.37 12.92 25.89 38.01 44.93 48.52
31.  Uzbekistan 0.025 0 0 0 0 0 0.84 2.95 3.01
Pearson's ~0.091 | -0.015 | -0.046 | 0.014 | 0.095 | 0277 | 0.445
correlation coefficient:
D The lower limit of the range of normalized values.
2 The percentage of vaccinated is given in accordance with the data of the electronic resource
https://index.minfin.com.ua/reference/coronavirus/vaccination/.
3 Estimated data based on total vaccine doses injected.

Table 4. The results of the analysis of correlation between the severity of the hygienic restriction on the RF EMF
MPL for population in various countries and the level of GDP per capita in these countries

60

GDP per capita
Country \I;/A/PHI;Z Specific GDP PPP Nominal GDP per capita
IMF List? 2020 WB List?2019 IMF List® 2018 WB List* 2017
1. Azerbaijan 0.1 14431 15001 4569 4132
2. Belarus 0.1 20187 19943 6306 5726
3. Belgium 10 51096 54545 50050 43324
4. Bulgaria 1 0.01 23817 24561 9267 8032
5. Canada 10 48720 51342 45870 45032
6. Chile D 0.1 23366 25155 16078 15346
7. China 10 17192 16785 9608 8827
8. Denmark 10 58933 59830 63640 56307
9. France 0.9 46062 49435 44770 38477
10.  Germany 0.9 54046 56052 51970 44470
11.  Hungary 10 33030 33979 15923 14225
12. India 10 6461 7034 2036 1940
13. Ireland 0.1 94392 88241 90480 69331
14. Israel 0.1 40547 42194 43440 40270
15. Ttaly 4 40861 44197 35060 31953
16. Japan 0.4 42248 43236 40730 38428
17. Kazakhstan 0.1 26565 27444 9236 8837
18.  Lithuania 0.45 38824 38214 19143 16681
19. Luxemburg 10 118002 121293 125920 104104
20. Netherlands 0.1 57534 59687 58030 48223
21. Poland 10 34103 34218 15430 13812
22.  Portugal 0.1 34043 36471 25100 21136
23. Russia 10 27930 29181 11326 10743
24. Spain 0.56 38392 42214 31180 28157
25. Sweden 0.025 54146 55815 57660 53442
26. Switzerland 0.1 72874 70989 90360 80190
27. Turkey 10 30253 27875 9346 10541
28. UK 0.1 44117 48710 42240 39720
29. Ukraine 0.1 13110 13341 2963 2640
30. USA 10 63416 65281 66140 59532
31. Uzbekistan 10 7449 7289 1262 1504
Pearson’s 0.418 0.441 0.457 0.464
correlation coefficient:
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The lower limit of the range of normalized values.

International Monetary Fund: World Economic Outlook database: April 2021.
The World Bank: GDP per capita, PPP (current international $): 2020.
International Monetary Fund: World Economic Outlook database: April 2019.
The World Bank: GDP per capita (current US$): 2018.

Table 5. The results of the analysis of correlation between the relative level of vaccination against COVID-19

in various countries as of 07/20/2021 " and the level of GDP per capita in these countries

Percentage of fully GDP per capita
Country vaccinated as of Specific GDP PPP Nominal GDP per capita
07/20/2021 Y IMF List»2020 | WB List»2019 | IMF List¥2018 | WB List»2017
32.  Azerbaijan 17.50 14431 15001 4569 4132
33. Belarus 7.98 20187 19943 6306 5726
34. Belgium 49.49 51096 54545 50050 43324
35. Bulgaria 12.79 23817 24561 9267 8032
36. Canada 51.01 48720 51342 45870 45032
37. Chile 61.65 23366 25155 16078 15346
38.  China® 25.00 17192 16785 9608 8827
39. Denmark 47.55 58933 59830 63640 56307
40. France 44.24 46062 49435 44770 38477
41.  Germany 46.87 54046 56052 51970 44470
42. Hungary 55.30 33030 33979 15923 14225
43. India 6.22 6461 7034 2036 1940
44. Ireland 43.86 94392 88241 90480 69331
45.  TIsrael 56.39 40547 42194 43440 40270
46. Ttaly 45.24 40861 44197 35060 31953
47.  Japan 24.36 42248 43236 40730 38428
48. Kazakhstan 15.12 26565 27444 9236 8837
49. Lithuania 44.36 38824 38214 19143 16681
50. Luxemburg 42.83 118002 121293 125920 104104
51.  Netherlands 46.42 57534 59687 58030 48223
52.  Poland 43.50 34103 34218 15430 13812
53.  Portugal 48.38 34043 36471 25100 21136
54.  Russia 14.78 27930 29181 11326 10743
55.  Spain 52.81 38392 42214 31180 28157
56.  Sweden 37.58 54146 55815 57660 53442
57.  Switzerland 44.78 72874 70989 90360 80190
58.  Turkey 24.87 30253 27875 9346 10541
59. UK 53.32 44117 48710 42240 39720
60.  Ukraine 3.63 13110 13341 2963 2640
61. USA 48.52 63416 65281 66140 59532
62.  Uzbekistan 3.01 7449 7289 1262 1504
Pearson's 0.545 0.573 0.540 0.56
correlation coefficient:
) The percentage of vaccinated is given in accordance with the data of the electronic resource
https://index.minfin.com.ua/reference/coronavirus/vaccination/

2 International Monetary Fund: World Economic Outlook database: April 2021.
3 The World Bank: GDP per capita, PPP (current international $): 2020.
4 International Monetary Fund: World Economic Outlook database: April 2019.
3 The World Bank: GDP per capita (current US$): 2018.
® Estimated data based on total vaccine doses injected.
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Fig. 1. Time dependences of the correlation coefficient between the potential level of electromagnetic pollution
of the environment (the adopted EMF RF MPL for the population) and a — the lethality of COVID-19 in relation
to the population size, b — the lethality of COVID-19 in relation to the number of detected infected, and ¢ — the
level of vaccination of population against COVID-19; d — well-known representation of the time dependence of
the number of new infected according to WHO data, illustrating the nature and periods of waves of the
COVID-19 pandemic; e — smoothed dependences of parts a, b, ¢ for comparison placed jointly in a single scale;
here the first, second and third waves of the pandemic are indicated by shading
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Conclusion

1. Presented results of the analysis, despite some doubts about the reliability and
comparability of the medical statistics of some countries in the information sources used, due to its
integral nature with a relatively low sensitivity to such factors, in general, confirm the presence of a
noticeable correlation between the RF EMF MPL for the population adopted in different countries
(which determine the potential levels of electromagnetic pollution of the environment), and relative
lethality of COVID-19. Before the beginning of the intensive struggle against the pandemic (at the
arrival of its first wave), carried out through the implementation of strict administrative restrictions,
mass testing and vaccination of the population, the Pearson correlation coefficient between these
characteristics was 0.5-0.6.

2. The decrease in correlation between these characteristics by the end of the analyzed period,
especially with the arrival of the second wave of the pandemic, can be explained by the larger efforts
in struggle against the COVID-19 by countries where the first approach to protecting the population
from RF EMF is used, compared to countries where significantly more stringent "non-thermal"
hygienic standards for RF EMF MPL have been adopted. Countries that use the principle of passive
regulation of the protection of the population from RF EMF and its socially oriented modifications, on
average, are characterized by higher levels of economic development (the level of nominal GDP) and
have more economic opportunities to struggle with the pandemic. It is reflected in significantly higher
volumes of COVID-19 testing of the population, it’s implementation of stricter and longer restrictions
(quarantines, lockdowns, etc.), as well as in ensuring the highest rates of vaccination of the
population.

3. The presence of a correlation between the adopted RF EMF MPLs for the population in
different countries (which determine the boundaries of possible electromagnetic pollution of the
environment during the implementation of extremely ambitious declarations and scenarios [8, 9] of
the development of 4G/5G/6G mobile communications), and the relative lethality of COVID-19,
is not the evidence of obligatory existence of an unambiguous causal relationship between these
characteristics. The fact is that in countries that use the principle of passive regulation and its socially
oriented modifications, this principle is used not only in relation to RF EMF, but also in relation to
other environmental factors that determine the overall level of ecology and their impact on collective
immunity of the population but not taken into account in this analysis. Therefore, the detected
correlation can be interpreted as a correlation between the lethality of COVID-19 and the degree of
passivity (the presence of passive regulation) in protecting the population from the effects of factors
that worsen the environment.

In this interpretation, the results of this analysis can serve as indirect evidence of the
advantages of an alternative second approach to protecting the population from these factors (adopting
MPLs that guarantee the absence of harm to health) at an intensity of their impact close to critical.
Some confirmation of this assumption may be the Decision No. 20-1025 dt. Aug. 13, 2021, of the
United States Court of Appeals (mandatory for the US Federal Communications Commission), on the
need to abandon the "thermal" RF EMF standards, similar to [3], and develop more stringent
standards that take into account the "non-thermal" effects of RF EMF exposure on public health.

4. The hypothesis [12] about the presence of a noticeable correlation between the potential
levels of electromagnetic pollution of the environment and the relative mortality of COVID-19,
confirmed by the results of this work, indicates the presence of a potential danger for the population of
the declared development of 4G/5G/6G mobile communications. And since this development is global
in nature and can both significantly enrich all areas of human existence, and significantly change the
characteristics of the environment for the worse, further analysis of the possibility of actual existence
of a causal relationship between these important characteristics is rather relevant.

In particular, to confirm or refute the presence of a causal relationship between the factors
considered, it is of interest to analyze the actual level of electromagnetic and other pollution of the
environment in the considered group of countries, as well as deep and independent studies of the
influence of RF EMF created by the basic and user's radio equipment of 4G/5G/6G systems of all
allocated frequency bands and modes of operation, on population health and collective immunity.

In general, the results obtained indicate the relevance of a more careful attitude to the habitat
at the increasing efforts to provide information services to all aspects of human life within

63



JoKj147151 BI'YHUP DokL4aDY BGUIR
T. 20, Ne 1 (2022) V.20, No. 1 (2022)

the framework of 4G/5G/6G evolution, using, whenever possible, alternative technologies and
technical solutions where wireless data transmission is not the only possible one.

10.

11.

12.
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AHHoTanust. L{epi0 cTaThy SBISETCS U3JI0KEHUE METOAUKH TOIY4YEHHS! CTPYKTYPhl ONTHMAIBHOTO PETYJIATOpa,
MO3BOJISIOIIETO OCYILIECTBUTh HAaBEACHHE Ha IUIOCKOCTU JICTATEJBbHOIO arfapara B TOYKY LIEJH, HCIOIB3Ys
Pa3HOCTh TAIBHOCTEH IO IByX HABUTAIIMOHHBIX TO3UIHH. OCOOCHHOCTHIO TAHHOM CHCTEMBI SIBJIICTCS TO, YTO OJHA
Pa3HOCTh JANTBHOCTEH MEXIy JETaTeIbHBIM amapaToM U JByMs HABHTAMOHHBIMH TO3WIMSIMHU HE TO3BOJSCT
MOJTHOCTBIO OIIMCATh IOJIOKCHUE JIETATEILHOIO amiapara Ha IUIOCKOCTH, a ONHUCHIBACT, (DAaKTHYCCKU, JTHHUIO
MOJIOKCHHS B BUJIC THIEPOONBI. 3a7aua HABCICHUS PEUIACTCS BHIOOPOM THIICPOOIIBI, IPOXOJIICH Yepe3 TOUKY
LICITH, BBIBOJIOM JICTATEIIHHOTO aliapaTa Ha 3aJaHHYI0 THIIEPOOITy ¢ TOCICIYIOIIMM €TI0 TBH)KCHHEM BIIOJb JaHHON
rurnep6oitsl. [Tpu 3ToM BBIOOP HEOOXOIMMO¥ TUIIEpPOOJIBI SBISICTCS TOCTATOYHO TPUBHAJIBHOW 3aaucii B OTIINYHE
OT 3a[a4¥l ONPENENCHUs CTPYKTYpbl YCTPOWCTBA PEryJHpOBaHHs. Peryistop, mojyueHHbIi HA OCHOBE MeETo/a
aHAJIMTUYECKOrO0  KOHCTPYHPOBAHUS  ONTHMAIBHOTO  PErysisiTopa, MO  pe3yjbTaraM  KOMIIBIOTEPHOTO
MOJICITMPOBAHUS ITOKA3aJl CBOIO pabOTOCTIOCOOHOCTD.

KiioueBble c¢0Ba: pa3HOCTHO-AAJbHOMEpHAs HABHTAIIMOHHAS CHCTEMa, CHCTEMBI aBTOMAaTHYECKOTO
YIpaBJICHHUS, CHHTE3 ONTHMAIBHOTO PETYIISATOPA, JIETATEIbHBINA amapar.
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JIETAaTEILHOTO anmapara BAob runepooisl. Joknaasr BI'YUP. 2022; 20(1): 65-72.
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Abstract. The purpose of the article is to describe the methodology for obtaining the structure of the optimal
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controller, which provides the guidance of the aircraft to the target point on the plane, using the method of time
difference of arrivals (TDoA) for two navigation positions. The main feature of the system is that one
measurement of time difference of arrivals between the aircraft and two navigation positions does not allow
to describe the position of the aircraft on the plane fully. It describes only the line of position (LOP) in the form
of a hyperbola. The aiming problem is solved by choosing a hyperbola passing through the target point, bringing
the aircraft to a given hyperbola, followed by its movement along this hyperbola. In this case, the choice of the
target hyperbola is a trivial task, in contrast to the task of determining the structure of the control system
implementing the right and effective guidance law. The regulator obtained on the basis of the method
of analytical design of the optimal regulator, according to the results of the computer simulation, showed its
operability.

Keywords: time difference of arrival navigation, control system, linear quadratic regulator, aircraft.
Conlflict of interests. The authors declare no conflict of interests.

For citation. Legkostup V.V., Shaban S.A., Markevich V.E. Procedure of the Synthesis of Control Device by
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BBenenne

Meton pa3HOCTHO-AATFHOMEPHONW HABUTAIlMM HAa IDIOCKOCTH TpeOyeT WCIONb30BaHUs
10 MEHBIIIEW Mepe TPeX HABUTAIMOHHBIX TO3WIUH, TMO3BOJSIIONIMX TONYYHTh JBa Pa3HOCTHO-
JATLHOMEPHBIX U3MEpPEHHsT MECTOIOJOXKEHUsT OecmuIoTHOro JerarenpHoro ammaparta (BJIA) u
mpeoOpa3oBaTh WX B JCKAPTOBBI MM Kakue-THOO Apyrue ymoOHble KoopAwHATH.. Ha ocHOBaHMH
MOJIyYCHHBIX KOOPAMHAT MOXHO chopmupoBaTh TpeOyemble KOMaHABI ympaBicHus bJIA
JUTSL OCYIIECTBIICHUSI €r0 JIBIXKCHHSI B HEKOTOPYIO 3aJaHHYI TOYKYy. Ha aHalormyHOM NpUHITUIC
ocHoBaHa HaBuraius bJIA ¢ wmcHOIB30BaHWEM CITyTHHKOBBIX HaBHUTamMOHHBIX cucteM (CHC).
[Ipu 5ToOM BaXHBIM TPEUMYIIECTBOM TAaKOW CHUCTEMBI SBJSICTCS MACCHUBHBIA XapakTep paboThI
a0OHEHTCKOT'0 PaJMOHABUTAIIMOHHOTO O0OPYAOBaHUs, YTO CHHKACT €r0 CTOMMOCTH M yBEINYHBACT
CKPBITHOCTh A0OHEHTA.

B mamnOl pabore paccmoTpeH crmoco0 HaBeneHus BJIA Ha IIOCKOCTH B TOYKY IIETH
C UCIIOJIb30BAHMEM Pa3HOCTHO-AATLHOMEPHONW HH(MOPMAIMK OT JIBYX HABUTAI[MOHHBIX MO3MUIIHIA,
YTO HE MO3BOJISIET C(HOPMUPOBATH TOIHYIO CHUCTEMY HABHTAI[MOHHBIX YpaBHEHHU. B Takom ciyuae
Ha 6opty BJIA wmMeercs BO3MOXXHOCTH OIICHHTH JIUINh THIEPOOTY CBOETO MECTOITOJIOKCHHS.
Onpenenss Takke THIEPOOIYy MECTONOJIOKEHUS IIeJHM, HMEETCS BO3MOXXHOCTH OCYIIECTBHUTH
JIBIOKCHUE JICTATEIILHOTO alapara Ha BbIOpaHHYIo rumepboiy c mocieayronM BJIA nBrkeHuEM
BJIOJIb HEe HEIMOCPENCTBEHHO 0 MOMEHTa BCTPEYM C IeNbio. IIpum 3TOM ocTaercs HEsCHBIM 3aKOH
dhopmupoBanus KoMaH I yrpasiieHus bJIA, 9To SBUIOCH IPEAMETOM UCCIICIOBAHNS B TAHHOM paboTe.

MeToauka CHHTEe3a OITUMAJILHOI0 peryJjasaTopa

B o0miem cnyyae OoNTUMANIBHBIN PETYISITOP MOXET OBITH IOJIYYCH C ITOMOIIBI0 PAa3INYHBIX,
CBSI3aHHBIX TaK WIM WHAYe MEXAY COOOW METOJOB ONTHUMH3AINH, TaKMX KaK METOJ MaKCHMyMma
[TonTpsiruHa, MeToA TMHAMUYECKOTO IporpaMMupoBanus bennmMana, uCnoib30BaHUEe BapUALIUOHHOTO
ucyrciaeHus. Bo MHOTMX TPaKTHYECKUX 3ajadaX BHIOOp TPOM3ZBOIUTCS B TOJIB3Yy METOIa
TUHAMHYECKOTO MPOTPaMMHUPOBaHUS KaK HamOoJiee yHuBepcaibHOro. OIHAKO Jalieko He Bcerna
yAaeTcs TMONyYUTh PEIICHHe ypaBHEHUs beluiMaHa, TpeCcTaBIIoNiee COOOW ONMTUMANbHBIN 3aKOH
yrpaBieHus. JOBOJNBHO paclpOCTpaHEHHOM MPAaKTUKOM SBISETCS JUHEapu3alus MOJAEIU
YIpPaBIsieMOW CHCTEMBI M HCIOIB30BAHWE KBAAPATHYHOTO KPUTEPHUS KadecTBa pPabOThI CHUCTEMBI
perynupoBanus. B Takom ciiyyae npu yAOBICTBOPEHUH YCIOBUS YIPABISIEMOCTH CUCTEMBI PETYIISATOP
MOXKET OBITh IONlyYeH pelIcHuEeM ypaBHeHUs Pukartu. Ecnmu wimeTcs cralioHapHOE pelleHue,
TO TAKOW METOI B OTEUYECTBEHHOH JHTeparype HHOTJA Ha3bIBAIOT METOJIOM aHAJIUTHIECKOTO
KOHCTPYHUpOBaHMsI onTuMaibHOTO peryistopa (AKOP) B moctanoske JIéroBa — Kanmana [1].
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IIpumensss metonq AKOP, mnpousBegem cuHTE3 KOHTypa YIOpPaBICHHS MJ pEIICHUS
IJIOCKOCTHOH 3amadun HaBenenus bJIA B menmeByio Touky. JJis 3TOro mpeacTaBuM ABMKeHHE BJIA
B OMCTAaTUYECKOW Pa3HOCTHO-TATHPHOMEPHON HaBUTAIIMOHHOW CHCTEME, KOOPAWHATHI KOTOPOTO
3aJal0TCs B DJUITMNTHYECKON cucTeMe KoopauHaT (puc. 1). Brons rumepOombl monokeHus, 3a1aHHOM

ycnoBueM T = const, Ha BJIA nelictByer yckopenue W_. Brmonp simurca moioKeHHS, 33JaHHOTO
ycnoueM o =const, Ha BJIA nelictyer yckopemwe W_ . Optel e_,e_  Qopmupyior OGasuc
KacaTeNbHOr0 MPOCTPAHCTBA JJUIMITHYECKON CHCTeMbI KoopiauHatr. [I1,TI, — HaBUrauvoHHbBIE

myHKTHL. [Ipu 3TOM ecnu BekTop ckopoctn BJIA OmmM30k K KacaTeNbHON K THUIEPOOJIE MONIOXKEHUS,
TO HOpMallbHOe yckopeHue bJIA 6nu3ko k yckopenuto W._ .

b Y

Puc. 1. IIpoexuus Bexropa yckopenus: BJIA Ha Ga3ucHble BEKTOPHI KacaTeIbHOTO IIPOCTPAHCTBA
UM THYECKOH CUCTEMBI KOOPMHAT
Fig. 1. Projection of UAV acceleration on the basis of the tangent space of the elliptical coordinate system

Y4uteIBas TO OOCTOSATEIBCTBO, YTO IIMPHHA TOJIOCHI MPOITYCKAHUS CUCTEMBI CTaOWIH3aIiN
BJIA, xak mpaBWiIO, 3HAYUTEIHHO MPEBBINACT IMUPUHY TTOJIOCHI MPOITYCKaHUs KOHTYpa HaBEICHUS,
BIMSIHUEM CHCTEMBI CTaOWIM3allii MOXKHO TIpeHeOpeuh W HE Y4YUTHIBATh OpueHTtarmio BJIA
B IIPOCTPAHCTBE, YTO SIBJIICTCS PACIPOCTPAHEHHOW MPAKTHKOW MPH CHUHTE3E CUCTEM YIPAaBICHHS
BJIA [2]. Taxke mpuMeM THIIOTE3Y, YTO Tpu nBWKEeHUHW BJIA BIomb TUIEpOOIBI MOJIOKEHUS €T
CKOpPOCTh MEHSIETCS HE3HAYUTEIFHO B CPABHEHUH C YIPABISIONUMH HOPMAaJbHBIMU YCKOPEHHSIMH,
YTO TaKKe IMUPOKO MPHUMEHSAETCS MPH TMOCTpPOeHWH cucteM ympaeieHus [2]. Torma ymporieHHOe
KHHEMATH4eCKOE BBIpaKEHHE, CBS3bIBAIOIIECEe U3MEHEHHE TurepOomnbl noioxkeHust BJIA u mpoekiumro
€ro yCKOpeHus W_ , ONMCHIBAETCs BEIPAKEHUEM, ITOJTYYEHHBIM B [3]:

W, =c[261+01], )

rae W, — HOpMallbHOE K TurepOole IOJIOKEHUS YCKOPEHHE; ¢ — IOJOBHUHA PACCTOSHHA MEXKIY

HaBUTALMOHHBIMM TMO3ULMUIMHU; G — KOOPJAWHATA, XapaKTepusylolllas SJUIMIIC mojoxkeHus BJIIA
B DJUTHIITHYECKON CHUCTEME KOOPAHMHAT, T — KOOPJIUHATA, XapaKTepU3yIomas TUNepOOITy TOIOKEHHSI
BJIA B simunTU4ecKoi cuctemMe KOOpAuHarT.

Crepsiiiue CUCTEMBI YIPABICHHS IS BEIPAOOTKH YIPABIISIONIETO BO3JCHCTBUS UCIIONB3YIOT
omuOKy OTpabOTKU 3aJarolero Bo3leicTBUsA. B maHHOM ciiydyae B KayecTBE CHTHalla OIMHOKA

CCTCCTBCHHO HCIOJIb30BaTh PA3HOCTb MCKIAY ].[eJ'ICBOfI FI/IHCp6OHI/I‘leCKOﬁ KOOp,Z[I/IHaTOﬁ TH u

TEKYIIEH runepOoNIMIecKoi KOOPIMHATOH T, 0ObekTa ynpasnenus. Torna Beipaxenue (1) MOXHO

Hepenucarh B BUJIE
c[2crm + crm] =w_, 2)
rae T, =T — Ty — ranepoonuyeckas koopaunata BJIA oTHocuTeNnbHO HENEBOM.

3anmmieM BeIpakeHHE (2) B MPOCTPAHCTBE COCTOSTHHIA:
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X=X

)

. 26 )
X, =——x, +tu+§
c

/8 . .
u=—2% — ylpaslslollee TpaekTopuell nBuwxeHus bJIA BosxeiicTBue; & —
co

rne xl = TOTH 5 x2 = TOTH 5

BO3MYIIAKOIICEC BO3JICKICTBHE B BHUIE 6eoro TayCCOBCKOro myma C HYJICEBBIM MaTEMaTUYCCKUM

(o o
OXKXKHMJaHHUEM H CKO, PpaBHBIM 5 , OMNHMCBIBAIOMICC HCU3BCCTHOC CJIIYYaWHOC YCKOPCHHUC LCIU H
co

HETOYHOCTh KHHEMATHYECKOTO BBIPAXKECHUSL.
Perynsatop mo merony AKOP crpoutcst Ha OCHOBaHUM JAOCTYIHBIX (Da30BbIX KoopAuHAT BJIA
W TOYKM UeNd. YUWUThIBasg TO, YTO pPAacCCMaTPUBAETCS HaBeIEHHWE HA HEMOJBIKHYIO HWIIH
MaJIOTIO/IBIKHYIO IIEJEBYI0 TOUYKY, OyZeM OrpaHMYMBATHCS YYETOM OLEHKH THIEpOOIMYECcKOi
KOOPIWHATHI TOYKH IICJIM M €€ TIEPBOM MpOoM3BOAHON. Taxke, 3Has mepemarounyro GyHkmmio BJIA
OT YTPABJISIOMIETO PYJISIMH BO3IEUCTBUSA K HOPMAJIBHOMY YCKOPEHHIO OTHOCHTEIHHO ONTHMAalbHOU
Tpaekropun nojiera BJIA, 1ocTaTouHO MPOU3BOAUTH OLIEHKY runepOoarmueckoi koopauHaTel BJIA n
ee TIepBOH IMPON3BOIHOMN. TakuMm 00pa3oM, U3MEPUTEIH MTapaMETPOB TOJIOKEHHS TOUKH 1esid U BJIA
MOJTHOCTBIO BEIBOUTCS 13 (3). Mozens CUCTEMBI [T 3aja41 yIIPABICHUS IPUHUMAET BU]

Xl :XZ
xz = Cl
%= x, , @)

. 26
Xy=——x,tu+C,
c

roc Xx, :‘Cu — FI/IHep6OJ'H/I‘{eCKa$I KoOpauHaTa TOYKH LCIH; X, =’tu - FHH€p6OHI/I‘leCKa${ CKOpPOCTh

TOYKH LENH; X, =T, — runepdonnyeckas koopaunara bJIA; x, = T; — runepOonnyeckas CKOPOCTh

Cw, y
BJIA; ¢, =— — BO3MyILIAOLIce BO3ACHUCTBAC HA BXOAC (QMIBTPA KOOPAMHAT TOYKH LEIH; Gy —
co
i

JIIMIITHYICCKAsA K JANHAaTa TOYKHU LCJIH, - JIBIA T BCKHH IIyM K HHU TOYKH ILICJIN;
0, €CKa. 00 ara TO CIIN; Wy oe ayCCOBC CKOpE (8} (&

_ Sw,

co

— BO3MyIlaolee Bo3AeHcTBUE Ha Bxoae (GuibTpa KoopawHaT BJIA; CWB — Oembrit

G,

b

. w .
rayccoBckuii myMm yckoperus bJIA; 4 = —2 — ympasisromiee BO31€HCTBHE.
co
b

Cucremy ypaBHEHHH (4) MOKHO 3am¥caTh B BEKTOPHO-MATPUIHOM BHJIC:

x=Ax+Bu+G¢(, (5)
- 0 0 0 0 0
. 0 0 0
e X=TH'A=000 1 'B=0'u=[u]‘G=l'C=Cl
T | e o ’ (N ¢,
Ty 0 0 O —2—6 1 1
L G |
o’ 0
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o

S

68



JoKj147151 BI'YHUP DokL4aDY BGUIR
T. 20, Ne1(2022) V.20, No. 1 (2022)

BBuny Toro, 94To m3aMepeHus mojaokeHuid bJIA v TOYKH T1eIH OCYIIECTBIISIOTCS Pa3TMIHBIMU
M3MEPUTEIbHBIMUA CHCTEMaMH, OyJeM cuuTath, 4to mpoueccsl (, u (, HEKOppEIUpPOBAHHBIC U
marpuia Q, sBJISETCs AUArOHAILHOM.

TpeboBanue k 3PPEKTUBHOCTH PAOOTHI CHUCTEMBI YIPABICHUS MOXKHO BBIPa3UTh B BHJIC
ciemyromero (yHKIIMOHAIA KauecTBa [4], moaiexaniero MUHIMI3AITHH:

J :M{qo(ru )+ [ [ )+ i~ 8 +ru2]dz} s min. ©6)

B Teopum cucreMm ympaBieHHS BBIBOJUTCS TPHHIMWI DPa3AelCHHUA, WIA CTOXaCTHYECKOH
SKBHUBAJIEHTHOCTH [5], B COOTBETCTBUM C KOTOPBIM 3a/lada CHHTE3a CTOXAaCTUYECKON ONTHMAalIbHOM
JIMHCHHON CUCTEMBI YIIPABJICHUS MIPU HETOYHOW (MM HETIOJIHOW) MH(OPMAIUU pa3/esaeTCs Ha JIBE
3a/layd: CHUHTE3a YCTPOWCTB ONTHMAJIBHOTO W3MEPEeHHS H ACTePMHUHHPOBAHHOTO JHHEWHOTO
ONTUMANBHOTO YIpaBlIeHHWA. 3aZada CHHTE3a YCTPOMCTBa W3MEpPEeHHs B JaHHOW padote
He paccMaTpuBaercsi. CnenoBarenbHO, B (DyHKIHMOHAnE (6) MOXHO OIMYCTHTh OIEpAalMI0 B3ATHS
MaTEeMaTHYeCKOTO OXWAAHWS W pacCMaTpuBaTh 3a4ady IOCTPOCHHS JIETEPMHHHPOBAHHOTO
peryisTopa, pyKOBOJACTBYACH (DyHKIIOHATIOM

J=q,c cﬁ(ru -1.) +j: [ql(tu -1,) +4q,(7y —-1.) +ru2]dt — min, @)

rae g, — KospduumeHT wrpadpa 3a OMKOKY HABEACHHS B TEPMUHANIbHBIN MOMCHT BPEMEHH 1,5 G, —
SIIMNTUYECKAs KOOPJAMHATAa TOYKM LENH; ¢, — Kod(dumueHt mTpada 3a omuOKy HaBEICHHS
Ha aKTMBHOM y4YacTKe Tpaekropuu aswkenus BJIA; ¢, — xoopduuument mrpada 3a ckopocTh

W3MEHCHUSl ONIMOKM HAaBEJCHWs HAa AaKTUBHOM Y4YacTKe TpaeKkropuw mBikeHus bBJIA; r —
ko3¢ duIueHT mrpada 3a 3aTpaurBacMyro Ha YIPaBICHUE YHEPTHIO.
3anumrem pyHkIronan (7) B BEKTOPHO-MaTPHUYIHOM BHUJIE:

J =x.S,x, -I—J.;F [xTQerruz]dt — min, (8)

rae X, — BCKTOP COCTOSIHUS CHCTCMBI B TCpMPIHEUIBHBIfI MOMCHT BPEMEHU tF 5

q,¢ Gfl 0 —q,c qu 0
0 0 0 0
S, = , , — Marpuna kod3ddunreHToB mTpadoB OUIMOKM HaBEICHUS
goc'oy 0 —gyctoy O
0 0 0 0

B TEPMHUHAJIbHBIH MOMEHT BPEMEHH ¢, ;
q, 0 -¢ O
0 9, 0 —q,
Q= — wMatpuia KkodddumnueHToB mTpadoB OMIHMOKM HaBEICHUS
-q, 0 q, 0
0 —¢ O q,
Ha aKTUBHOM y4YacTKe TpacKTopuu aBrxkeHus bJIA.
Torna 3akoH ontuMmanbHOro ympasieHus BJIA OyneT BBINISAETh ClAEAYOIUM 00pa3oM

(Y4uTBIBas CHMMETPHYHOCTH MATPHIIHI S):
R R |
u= —;B Sx = _;(5143‘1 F 85,0, 83,5+ 5,,%, ) ©)

ryie BenmuunHa S onpenensates auddepeHanbHbIM ypaBHeHHeM PUkkaTi

S:—SA—ATS+lSBBTS—Q (10)
r
C Ha4YaJIbHBIM YcloBHeM S(f,) =S, . DIeMEHTHI MaTPHUILbI S B (10) BBITIISAAAT chexyrommuM 00pa3om:
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2 2
. Sy, . _ S14524 . o _ Sy .
ST Sp =S T - > S22_q2+2s12 _7’
S48 S48 S2
S 14°34 . & _ 24934 . o _ 34 .
S3=—4, — - 5 Sy =83~ B ’ 533_‘]1_7’
(11)

265y, 514544 . 2G5y, _ S04S44 .
b

S14:S13+ S24 =_q2 +S14+S23+ )
o r o r
26s K 46 s2
S 34 34944 . o _ 44 44
s34_s33+—_—’ S44_q2+2s34+—__‘
c r c r

Tak Kak TOYHBIM MOMEHT BPEMEHU OKOHYAHHS IMpoliecca HaBEACHUS HEU3BECTCH, MepeiaeM
K 3a/laye TOWCKa ONTHMAJbHOTO 3aKOHA YIpPAaBJICHHS Ha OECKOHCYHOM WHTEpBaje BpPEMCHH,
WCTIONB3YS (PYHKIIMOHAI

J:Io [%(Tu_TB)2+Qz(tu_fs)2+ru2]dt—> min . (12)

Jlns Takoro ciydas HeOOXOJMMO OTpeACTUTh cTaloHapHoe 3HadeHue S B (10), ucmonb3ys

ycnoue S =0. Takas cuctema ypaBHEHHH MOXKET MMETh MHOXKECTBO PELICHHH, OJHAKO YCIOBHSAM
YCTOMUUBOCTH YAOBJIETBOPSIET TOJBKO OJHO, COOTBETCTBYIOIEE HEOTPHUIATEIILHON ONpPENeICHHOCTU
MmaTpuibl S [4]. Ucnionbzyembie B (9) 211eMEHTBI MAaTPHULIBL S TPUMYT CIACIYIOLUIHNA BUI:

46’
Sy =—AIQT; Sy =T > +2 i+&;
o ror

45° / 45°
Sy =D Sy =T Gz N 62
r

(&) r (¢

(13)

I[J'ISI Cllydad HaBCIACHUSA BHC JIMHHUU 0a3el WU npu HEOOIBIITNX CKOpPOCTAX BHA, Korga

2
()

Sy =N S = ”(2\/&4“12)3
S34 :\/q—l”; S44 =\,r(2\/ql_r+q2).

3akoH ynpasnenust BJIA Ha ocHoBaHuU BIpaxeHus (9) IpUMET CIICAYIOIIUI BU:

=[5 =) 52,50 =] =)+ (2 + ) =) . (1)

W3 moay4YeHHOTO BBIpaXCHHS BHUIHO, YTO YCTPOHCTBO YIpPAaBICHUS NPEICTABISCT COOOM
nporioproHansHo-mudPepennupyrommii = perymarop  (IIJ-perymsrop). Ilpm  oTkaze  orT
JIOTIOJTHUTEIIEHOTO JEMII(pUPOBAHUS B PETYNATOPE 3aKOH YIIPABJICHUS MOXXHO CBECTH K OJHOMY
napamerpy:

=k (1, — 1) N2k (1, - 1,), (16)

<2
46 <2, /ﬁ + 42 , ypaBHeHus (13) MoryT OBbITh 3amMCaHBl B YIPOLIEHHOW (opMe:
roor

(14)

2 q . o
rae k. =,[— — mapamerp, onpenesIomIuii OI0CY IPOIMYCKAHNS H yCTOHIMBOCTh CHCTEMBL.
r
ITocme Toro kak OBLTM HOJyYeHBI BBIPRKEHHS UIA (HIBTPA ONTHUMAIBHOTO YIPABICHHS,
HEOOXOIUMO TaKXKe MONYyYUTb CTPYKTYpPY M KO3 HUUUEHTH (QUIBTpa ONTUMAIbHOH (UIbTpaluu

FI/IHCI)60J'IPI‘I€CKOI>1 KOOpAUHATHI Tg.

CrpyKTypHas cxema MoJIy4eHHOro KoHTypa ynpasienus: BJIA n3o0paxeHa Ha puc. 2.
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T]_[ u W 1

— @ K’ co » CC >

'y cp(2c'5+cp)

T

Puc. 2. CtpykTypHas cxeMa yIpoIlleHHOro KoHTypa ynpasinenus BJIA, cuntesupoBannoro merogom AKOP:
CC — cucrema crabunuzaunu BJIA; p — onepaTtop auddepeHnpoBanus
Fig. 2. Block diagram of the simplified obtained UAV control loop: CC — UAYV stabilization system,;
p — the differentiation operator

Ucnonp3ys mosnydeHHoe BbIpakeHHWe 3akoHa ympasieHus BJIA (16), Obul0 BBITONHEHO
KOMITBPIOTEPHOE MOJICIMpOBaHre. B KadecTBe HavyanbHBIX 3HAUYEHUH OBUIM TMPUHATHI CIEAYIOIIUE
napameTpsl: JuuHa 0aszel ¢ =2000 M, ckopocth aBwkeHus BJIA V' =100 wm/c, xoopauHaTa menu

T, = L,47 , mapamerp KoHTypa ks2 = 2. OmubKa peryJIupoBaHus IMOJyYEHHOr0 KOHTYpa KakK (hyHKIIHs

BpPCEMCHU MMPUBCACHA HAa PUC. 3. Ilocie ACCATU CCKYH/ TOJICTA Ha6J'IIO,Z[aeTC$I HCKOTOpLIﬁ pocT OIIHOKU
B OTPULATCIIbHYIO 00JIacTh U3-3a BO3HUKHOBCHUS I[I/IHaMI/I‘{CCKOﬁ OH.II/I6KI/I, 06yCJ'IOBJ'ICHHOI>i
JABHOXCHHUEM BJIA BOau3M TUHUHK 633LI, rac FI/Il'Iep6OJ'Ia TMOJIOKCHU UMCCT HAUBBICIITYIO KPUBU3HY.

-0.05 |

0 5 10 15
t,s
Puc. 3. 3aBHCUMOCTh CHTHAJIA OIIMOKY KOHTYPA YIPABICHUS OT BPEMEHU
Fig. 3. Time dependence of error of the obtained control loop

3akiarouenne

B pabote Obuta paccMOTpeHa METOJUKA IONYYEHUS CTPYKTYpPhl ONTHMAIBHOTO KOHTYpa
HaBeneHns BJIA Ha IUTOCKOCTH B TOYKY IICNIH, WUCIONB3YS Pa3HOCTh paccTosHui oT bJIA mo mByx
HABUTAIIMOHHBIX TO3WIUKA. Takxke OBLIO MPOBEAEHO YIPOIICHUE 3aKOHA YIIPABICHUS, B PE3yJbTaTe
4ero ObUI TOJY4YeH CTalHOHApHBINA [1/[-perymstop ¢ oqHUM mapaMeTpoM, ONPEIESISIIOIIUM TUPUHY
MOJIOCHI TIPOITYCKaHMs YCTpOWcTBa yripaBieHus. [Ipu BbIBoJe ypaBHEHUH ONTHMAIBFHOTO PETYISTOpa
WCTIONB30BANICS (DYHKITMOHAT MUHUMYMa CyMMBI KBaJIpaTOB OIIMOOK IO IMOJIOKEHUIO W IO CKOPOCTH
Ha Bced Tpaekrtopuu nojeta BJIA. Pe3ynbTraTbl KOMIBIOTEPHOIO MOJEIUPOBAHUS MOATBEPAUIH,
YTO TIOJTYYEHHBIH KOHTYp SBIISIETCS pabOTOCIOCOOHBIM W HMMEET NpHEMIIEMbIe XapaKTePUCTHKH
peryJupoBaHusl.
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CUCTEMA AHAJIM3A U KTIACCUOPUKALMU I'OJIOCOBOI'O CUT'HAJIA
HA OCHOBE HHEPTYPBAIIMOHHBIX TAPAMETPOB U KEIICTPAJIBHOT'O
INPEACTABJIEHHMSA B IICUXOAKYCTHYECKHUX IIKAJIAX

M.U. BAIIKEBUY, JI.C. JIUXAUYEB, U.C. A3BAPOB
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AnHoTammsi. OnMcaH TOAXOA K IOCTPOCHUIO CHUCTEMbl aHalIW3a W KIacCU(UKAIMM TOJOCOBOIO CHTHaja
HA OCHOBE NEpPTYpPOAIMOHHBIX MMapaMeTPOB U KEICTPaJbHOTO MpEACTaBICHUS. PaccMOTpeHBI JBa BapHaHTa
KEIICTPAIBHOTO  TIPEICTABICHHUSI TOJOCOBOTO CHTHANA: NPWU IOMOIIM MEJ-YaCTOTHBIX KEeNCTPaIbHBIX
koa¢ppunmenToB (MUKK) u mpu momorm 6apk-4acTOTHBIX KercTpanbHbix kodddummentoB (BUKK). B pabdote
HCIIONIL30BAJICS OOMENPUHATHIA moaxoa K BeramciaeHnio MUKK Ha ocHOBE 4aCTOTHO-BPEMEHHOTO aHaH3a
METOJIOM IHCKpeTHOTO TpeodpaszoBanuss dypne ([AIID) ¢ oObenuHeHWEM dHEpruu B cyoOmonocax. JlaHHBIH
METOJ aNIpPOKCHMHUPYET YacTOTHOE pa3pelieHre CIyXa 4YelIoBeKa, HO MMeeT (PHKCHPOBAHHOE BPEMEHHOE
paspemieHne. B kadecTBe anbTEpHATHBHI IPEIJIOKECH BapHAaHT KENCTPATBFHOTO MPEACTABICHHS Ha OCHOBE
BUKK. IIpu pacuere BUKK wucnonb3oBancs nepaBHomnosnocHblil JAIID-monynupoBanHbIil 6aHK (GHIBTPOB,
ANMPOKCHUMUPYIOIMH YacTOTHYI0O M BpPEMEHHYIO pa3pelaronrylo crnocoOHOCTh ciyxa. lLlenbio paboTsi
cTaBmioch cpaBHeHne >ddexruBHOCTH NpuMeHenust npusHakoB Ha ocHoBe MUKK n BUKK st mocrpoenus
CHCTEM aHallM3a U KiacCH(UKAIMU roJOCOBOI0 CHIHaja. Pe3ynbTaTel SKCIEpHMEHTa IOKa3alH, YTO B Cilydyac
HCIIOJIB30BaHUs aKyCTUYECKUX mpu3HakoB Ha ocHoBe MUKK MOXHO MOMydYyuTh CcHCTEMY KiaccH(UKAIUH
rojoca co cpeaHeit momHotoi knaccupukamnuu 80,6 %, a B ciydae NCTIONb30BaHUH IMPU3HAKOB Ha ocHOBe BUKK
9TOT TmoKa3arenb paBeH 83,7 %. Ilpm momomnennum nHabopa MUKK mnpmsHakoB nepTypOarliOHHBIMHU
mapaMeTpamMH Tojoca CpemHss TOJHOTa Kiaccupukamuu moBeIcHiIack 10 94,1 %, mpu aHaIOTHYHOM
noronHeHny Habopa BUKK npr3HakoB cpenHss MOTHOTA KIacCH(UKAINH yBETHIWIachk 10 96,7 %.

Kiarouesble cioBa: roinocosoit curaan, MUKK, BYUKK, natomorus romnoca.
KoH}aukT HHTEepecoB. ABTOPHI 3asIBJISIOT 00 OTCYTCTBUH KOH(IJIMKTA HHTEPECOB.
Jos nurupoBanmsi. Bamkesnu M.U., Jluxaués JI.C., AzapoB U.C. Cucrema aHanuza W KJIacCU(pHUKALUH

rOJOCOBOTO CHTHAJIa Ha OCHOBE NEPTPyOAIMOHHBIX NapaMeTPOB M KENCTPAILHOTO IPEACTABICHUS
B ncuxoakycruyeckux mkaiax. Joxkmaaer BI'VUP. 2022; 20(1): 73-82.
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ON PERTURBATION PARAMETERS AND CEPSTRAL PRESENTATION
IN PSYCHOACOUSTIC SCALES
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Abstract. The paper describes an approach to design a system for analyzing and classification of a voice signal
based on perturbation parameters and cepstral representation. Two variants of the cepstral representation of the
voice signal are considered: based on mel-frequency cepstral coefficients (MFCC) and based on bark-frequency
cepstral coefficients (BFCC). The work used a generally accepted approach to calculating the MFCC based on
the time-frequency analysis by the method of discrete Fourier transform (DFT) with summation of energy in
subbands. This method approximates the frequency resolution of human hearing, but has a fixed temporal
resolution. As an alternative, a variant of the cepstral representation based on the BFCC has been proposed.
When calculating the BFCC, a warped DFT-modulated filter bank was used, which approximates the frequency
and temporal resolution of hearing. The aim of the work was to compare the effectiveness of the use of features
based on the MFCC and BFCC for the designing systems for the analysis and classification of the voice signal.
The results of the experiment showed that in the case when using acoustic features based on the MFCC, it is
possible to obtain a voice classification system with an average recall of 80.6 %, and in the case when using
features based on the BFCC, this metric is 83.7 %. With the addition of the set of MFCC features with
perturbation parameters of the voice, the average recall of the classification increased to 94.1 %, with a similar
addition to the set of BFCC features, the average recall of the classification increased up to 96.7 %.

Keywords: voice signal, MFCC, BFCC, vocal pathology.
Conflict of interests. The authors declare no conflict of interests.

For citation. Vashkevich M.1., Likhachov D.S., Azarov E.S. Voice Analysis and Classification System Based on
Perturbation Parameters and Cepstral Presentation in Psychoacoustic Scales. Doklady BGUIR. 2022; 20(1): 73-82.

BBenenne

[TaTtomornyeckre W3MEHEHHS B TOJOCE MOTYT BO3HHMKATh B PE3yJbTaTe HEBPOJIOTHUYECKUX
3a0oneBanuii, WH(EKINH, Mapagnda MBIIIEYHBIX TKaHEH ropraHd W Jp. B HacTosmee Bpems
JUISL BBISIBJICHUSI TATOJIOTMH TOJOCOBOW (DYHKIIUM UCIIONB3YIOT CYOBEKTUBHOE W OOBEKTHBHOE
omneHuBanue. [lo CyOBEeKTHBHOW ONEHKOH IOHMMACTCS CYXJCHHE, BBIHOCHMOE BpaduoOM-
CHEIMAUCTOM B Pe3yJbTaTe CIyXOBOTO BOCIPHUATHA M BH3YaJIbHOTO HWCCIEIOBAHUA COCTOSTHHUSA
TOJIOCOBBIX CKJaJ0K. (OOBEKTHBHOE OIICHWBAaHWE OCHOBBIBACTCS Ha KOMITBIOTEPHOM aHaJH3e
AKyCTHYECKOTO TOJIOCOBOTO CUTHAJA C IICIBIO BBISBICHHS MATOJIOTHU B TOJIOCE, KOTOPAsk MOXKET JaXe
OBITh HE CIBINTHA 1151 YesioBeka [1]. JlaHHBIi TUI OLICHMBAHHS COCTOSHUS T0OJIOCA B MEHBIIICH CTEIICHU
MOJIBEPKCH BIMSHUIO YeloBeueckoro ¢akropa. Kpome Toro, romoc Jierko MoxxeT ObITh 3allUCcaH Mpu
MOMOIIM CMapTPOHA, YTO MO3BOJSAET UCIONH30BATh €r0 B KAaYECTBE ILIAT(GOPMBI ISl TIOCTPOCHHUS
CUCTEMBI aHaJIN3a U KIACCU(UKAIINH IOJI0COBOr0 CUTHANA [2].

KoMmmbroTepHbIii aHamM3 TOJOCOBOTO CHTHANa TMOJpa3yMeBaeT W3BJEUYEHHE W3 CHTHala
aKyCTHYECKMX TMPHU3HAKOB, KOTOPHIE YCIOBHO MOXKHO Da3leiWTh Ha MepTypOarioHHBIC
(T. e. ONMHCHIBaIOIIME BO3MYIICHUS CUTHAJA HA YPOBHE OTICIBHBIX MEPHOAOB OCHOBHOTO TOHA) U
CICKTpaIbHBIC/KEICTpaabHble Mpu3Haku [2—5]. Oco0eHHO IIMPOKO HCIOJIB3YEeTCS KEICTPaIbHOe
MIpeACTaBICHHE TojlocoBoro curHama [1,3,5]. Yame Bcero NpHUMEHSIOTCS MEI-4aCTOTHBIC
kerictpanbHbie ko3 ¢uimentel  (MUKK), koTopble ONMUCBHIBAIOT CTPYKTYpy U JUHAMUKY
CHECKTpambHBIX orudarommx curHama. B mpomecce Beruucienns MUKK wucnonws3yercs meron
JaCTOTHOTO-BPEMEHHOT0 aHaJIM3a CUTHAJIAa Ha OCHOBE TUCKPETHOTO MpeodpazoBanus Dypee (JI1D)
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c o0ObeIMHEHNEM HEpruil B cyOmonocax. JlaHHBIN METOJ| almpoOKCUMUPYET YacTOTHOE Pa3pelIcHHe
cllyXa 4YeloBeKa, HO WMeeT (QHKCHPOBAaHHOE BpPEMEHHOE pa3pelieHue. B Hacrosieit pabote
mpenjaraeTcsl ajdbTePHATHBHBIN BapHaHT KEMCTPaJbHOTO TPEJCTAaBICHUS TOJOCOBOTO CHTHAJa
IIPH TOMOIIM  0apK-4aCTOTHBIX KercTpalnbHbIX Ko3(dumuentos (BUKK), mpu pacuere KOTOpBIX
HCIIOJIB3yeTCsl HepaBHOMONOCHBINH JI[Id-MomynupoBaHHblii OaHK (DHUIBTPOB, AMMIPOKCHMUPYIOLIUI
YaCTOTHYIO U BPEMEHHYIO Pa3pelaronyio CmocoOHOCTh ciryxa. Llenpio paboTsl CTaBIIIOCH CpaBHEHHE
s¢dekTuBHOCTH TpuMeHeHHsT npu3HakoB Ha ocHoBe MUKK u BUKK mis moctpoeHus cucrem
aHaIlM3a ¥ KI1accu(hUKaIUU rOJIOCOBOTO CUTHANIA.

IlepTypOanmnoHHbIe MapaMeTPsl roJioca

[leprypOarnuoHHble MapaMeTpbl ONMKMCHIBAIOT BO3MYIIEHHS BPEMEHHOH (HOPMBI TOJIOCOBOTO
CUTHaJa, KOTOPBIM OTHOCHTCSA K KJIAacCy KBa3WIICPHUOJUYCCKHX CUTHalIoB. B  rpymmy
nepTypOalOHHBIX MAapaMEeTPOB B MEPBYIO OUYepe]b BKIIOUAIOT JDKUTTEP W IMUMMep. [Ipu momomiu
JDKUTTEPA OIEHUBAIOT CTENEeHbh OTHOCUTENHFHOTO W3MEHEHHUS [INTEIBHOCTH CIEAYIONUX IpYyT
3a aqpyrom nepuojoB ocHoBHOro ToHa (OT). CymiecTByeT HECKOIBKO BapUAaHTOB pacueTa rmapamerpa
JOKUTTEP, KOTOPBIC OICHMBAIOT JHOO KPAaTKOCPOYHBIC, THUOO JIOJTOCPOYHBIE M3MEHEHHS IEepHOJa
OCHOBHOTO TOHA. IMeeTcst Taxke mapaMeTp YacTOTHOM mepTypOaIiy, yIUTHIBAIONINI TOJBKO 3HAKU
W3MEHEHUS CIEOyIomuX Apyr 3a apyroM nepuogoB OT. DTo Tak Ha3bIBaeMbId HampaBIICHHBIN
koaduiuent Bosmymienuit (aurn. DPF — directional perturbation factor). Ilapamerp mmmMmep
OIICHWBAET CTENECHb OTHOCHUTEIBHBIX W3MEHEHHH AaMIUTUTYIbl CIEAYIOUINX Jpyr 3a JApyroM
nepuonoB OT. [l HeTro TakyKe CyIIecTBYeT HECKOJIFKO BApUAHTOB pacueTa.

[TepTypOanuoHHbIC TapaMeTphl TaKKE PACCUUTHIBAIOTCS HCXOJ W3 KOHTYypa 4YacTOTHI
ocaoBHoro ToHa (HOT). K artoii rpynme oTHocAT: 1) yacTOTHBIN auana3oH ¢oHaiuu (aHrin. PFR —

phonatory frequency range); 2) cpeaHekBaipaTuuHoe oTkinoHenne YOT — SD £ 3) sHTpoOIHIO
niepuonioB OT (aurn. PPE — pitch period entropy) [4]; 4) uHOekc naTogorndHocty Bubparo (anrn. PVI

— pathology vibrato index). Ucnons3yemble B padoTe NepTypOallMOHHBIC MapaMeTphbl HMPUBEICHBI
B Tab:. 1. bomee mompoOHOE MX onHcaHue MOXKXHO HAaWTH B padote [5].

Tadauua 1. [TepTypOannonable mapaMeTpsl ToJIoca
Table 1. Perturbation voice parameters

I'pynmna nmapametpon Yucno napameTpon HasBanwus napameTpoB
YacToTHas nepTypoamnus 5 Jioe s L opas s L ppgs > L ppass
AmmnurtygHas neprypoanys 5 Siocs Sapgs s Sapgs » Sapgi1 > Sapgss
[epryp6auus konrypa HOT 4 SD, , PFR, PPE, PVI
Bceero 14 _

Kel’lCTpaJ'l])HOC NMPEACTABJCHHE I'0J10CA B ICUX0AKYCTHYECCKHUX IIKAJTaX

B nanHOM pasnene paccMaTpHUBAETCSl KEMCTPAJTbHOE MPEJCTABICHUE T'OJIOCOBOIO CHUTHANA,
MOJTydaeMOe Ha OCHOBE CIIEKTPaJhbHOTO aHajn3a CHUTHAJIA B TICHXOAKyCTHYCCKH MOTHBHPOBAHHOM
YaCTOTHOM IKajie. AHATU3UPYETCs MIUPOKO MPUMEHSIEMOE ISl OTIMCAHUS TOJIOCOBOTO CUTHAIA MEll-
YaCTOTHOE KEICTPAJIBHOE MpPEJNCTaBICHUE [6], KOTOpOE CpaBHHBACTCS C MpeIjiaracMbiM B paboTe
0apK-4aCTOTHBIM KEIICTPATLHBEIM TPEACTABICHUEM, ITOJIy4aeMbIM Ha OCHOBE HEPaBHOIOJIOCHOTO
JT1d-MomynupoBaHHOTO OaHKa QHIBTPOB.

Pacuer MUKK otHOCHTCS K MeTOJaM KpaTKOBPEMEHHOTO aHalu3a TOJIOCOBOTO CHUTHANA,
KOTOpBIC MPEAIOIararoT pa3OneHue CUrHajza Ha Kajapbl aHanu3a. Kak mpaBuiio, B naTepBane ot 10
110 30 MC TOJIOCOBOWM CHUTHAJ MOKHO CUMTATh cTampoHapHbIM. Cxema BeranciaeHmss MUKK mokazana
Ha puc. 1.
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MapamMeTpbl NPOLEAYPbI: OkHo

fsize M Nsize h(n)

x(n) Paz6menne * ) Pacuer MYUKK
—»  curHaua Ha —>®—> JI® = |- |° > cnekrpas [ logio( ) = AKII-II
Ka/pbl MeJl IIKajle

baux ¢urempos

Puc. 1. Cxema BBIYHCIICHHSI MEJT-4aCTOTHBIX KeNcTpaibHbIX Koadpuunenros (MUKK)
Fig. 1. Scheme for calculating mel-frequency cepstral coefficients (MFCC)

B coorBercTBHM co cxemoii Ha puc. 1 mpu Bbruncaernn MUKK BxomgHO# curHam x(n)
pas3OuBaeTCa Ha KaJpsl pasMepa f, € IEpEeKpuITHEM h, 0TcueToB. Kax bl Kaap yMHOKaeTca Ha
OoKOHHYI0 (yHKHmMi0 Xommuara #h(n), m k Hemy mupumensercs JIID. Jlamee pacCUUTHIBAETCS

SHEPreTUYECKUI CIIEKTP CUTHAJA, KOTOPBIM 3aTeM NEepeBOAUTCS B Mel-IIKany. [lepeBoa B Men-mkary
OCYILECTBJISICTCS IIyTEM B3BEILMBAHUS HEPreTUYECKOro CIIEKTPa CUI'Haja Ha TPEYroJbHBIE OKHa,
HMEIOIIUE PAaBHYIO IIUPUHY B IIKaje MesIoB. OT MOIyYEeHHOIO MEJ-CIEKTpa BbIUUCIAETCS JIorapum
U IPUMEHSETCA AUCKPETHOE KOCHHYCHOE peoOpazoBanue 2-ro tumna (AKII-II).

Ilpu pacuere MUKK wucnonb3yroTcs cieayrolde 3HA4Y€HHs HACTPOCUHBIX IapaMeTpOB.
HioxHss ¥ BepxHss I'paHMIBI YaCTOTHOI'O AMAIa30HA, ITOKPHIBAEMOIO TPEYroJbHBIMH (DUIIBTPaMH,
pasubl 50 I'np 1 6400 ' cooTBeTcTBEHHO. YHCITO MOJIOC B IIKAJIE MENIOB (PAaBHOE YHCIY TPEYTOJIbHBIX
(WIBTPOB, HCIONB3YyEMBIX AJSl B3BELIMBAHUS JHEPreTHYECKOro cmekrpa curHana) M = 20. Yucno
MUKK, nomnyyaromeecss B pe3ynbTare pacuera, paBHo K =M —1=19 (Beixog HAKII-II ¢ HyneBbIM
WHJIEKCOM HE UCIOIb3YyeTCs).

3ametuM, uto B mpoiecce BoruucieHuss MUKK mogenupyercss pabora OaHKa CIIyXOBBIX
¢mipTpoB. MMeeTcst B BUAY TO, YTO COBMECTHOE ACWCTBHE YMHOXKEHHSI CHUTHAJla HA OKOHHYIO
¢yHKUUIO ¢ mocneayomuM BerauciaenreM 111D u B3BemnBaHUEM SHEPrUi CIIEKTPAIBHBIX OTCUETOB
MOXHO MHTEPIPETHPOBaTh, Kak pabOTy HEPaBHONOJIOCHOTO OaHKa (pUIBTPOB, KOTOPHI BBIIOIHSIET
JEKOMIIO3MIIUIO SHEPIUU CUTHAJIa B COOTBETCTBUU C IICUX0AKyCTHUECKON MIKaJIoH MesoB. YacToTHO-
BPEMEHHOE pa3pelleHHe TAKOI'0 aHaJIu3a 3aBHUCUT OT pa3Mepa aHaJu3upyeMoro kaupa f, . B naHHOM

size
pabote paccmaTpuBanuch Heckoynbko BapuantoB MUKK, pasnuuaromuecs Mexay coboil pasMepoM
kazapa a”anu3a ( f, BbiOupaincs paBHbeIM 10, 20 u 40 Mc), mpu 3TOM pa3Mep MEpeKpbITUs Bceraa

BIOMpAJICA paBHBIM h = f, /16 . Ha puc. 2 npencTaBieHbl aMIUIMTYAHO-4aCTOTHBIE XapaKTEPHCTHKU

size
(AUYX) ¢uabTpoB, COOTBETCTBYIONINE pa3nuuHbIM Baprantam pacdera MUKK. Bug AUX ¢unbstpos
3aBUCHUT OT MCIOJIB3YEMOro Uil CIIEKTPAJIbHOTO aHANIM3a BPEMEHHOIO OKHA (B JAaHHOM Cllydyae 3TO
OKHO XSMMHHIA), @ TaKXe OT TPEYIOJIbHBIX OKOH, KOTOpPbIE HCIIOJB3YIOTCS U B3BELIMBAHUS

SHEPTH B CyOIOJIOCaXx.

1. =10wmc f. =20mMc /. =40 mc

size 7 size 7 size
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Puc. 2. AUX 6ankoB GwIbTPOB, HcHoNb3yomuXcst mpu pacyere MUKK
Fig. 2. Magnitude responses of the filter banks used for MFCC calculation

B pabote mpeamaraercsi 6apK-4acTOTHOE KENCTPaJbHOE MPEACTaBICHHE CHTHalla, KOTOpOe
B OTJIMYME OT MEJ-YaCTOTHOTO HCIIONB3YeT HepaBHOMNONOCHBIH JI[1D-MoxynupoBaHHbBI OaHK
¢unbTpoB [7], ammpOKCUMUPYIONIMKA IIKaTy OapKOB B KauyeCTBE CPEJCTBA YaCTOTHO-BPEMEHHOTO
aHanu3a curHaiga. HepaBHonosocHsiid JITI®D-MoaymupoBaHHbIl 0aHK (YUIBTPOB Ha OCHOBE (ha30BOI0
MpeoOpa3oBaHUsl UMEET YaCTOTHO-BPEMEHHOE TOKPBITHE HEPABHOMEPHOE KaK IO YacTOTe, TaK U IO
BPEMEHH H, CJICJIOBATEIBHO, MOXET 0OJiee TOYHO MOJISIIMPOBATH CIYXOBOE BOCIIPHSATHE YEIIOBEKA.
Cxema Boruncnenus BUKK mokazana Ha puc. 3.
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LiKany 6apKoB CyBMOAOCHBIX
CHrHanos
x(n) Ionmwxenue HepasnononocHbli BFYKK
— YACTOTBL —> JIIId-moaymuposanneii —» |[D = |- > > logw () > AKI-I —
JIMCKPETH3ALIHH 0aHk (GHILTPOB

Puc. 3. Cxema BorunciieHnst 0apK-4acTOTHBIX KerncTpanbHbIX K03 puunentos (BUKK)
Fig. 3. Scheme for calculating bark-frequency cepstral coefficients (BFCC)

B cootBercTBHU co cxemoii Ha puc. 3 Beruncienne bUKK HaunHaercs ¢ Oj0ka MOHWKECHUS
4acTOThl AuCKpetu3anuu. OH HEOOXOIUM, IMOCKOJBKY WCXOMHBIM CUTHAN, KaK IPaBWIO, UMECT
BBICOKYIO 4acTOTy Auckperusanuu (Oonee 40 x['m), a aHanu3upyemas OaHKOM (QHILTPOB IoJioca
yaie Bcero He mpesbimaer 7—8 kI'1. HepaBaomosocHbii JIId-mMonynupoBanHblii O0aHK (HUIBTPOB
BBITIOJHSIET JICKOMIIO3UMIIMIO CUTHAIA HA CYOIOJIOCHI, MMEIOIINE PaBHYIO HIMPUHY OTHOCHUTEIIEHO
Kaiabl 0apkoB. B OaHke (UIBTPOB UCHOJIB3yeTCs HU3Ko4acTOTHBIN (HY) QumsTp-poToTHI, JIMHY
€ro MMITYyJbCHOM XapaKTEPUCTUKH MOXKHO COOTHECTH C pa3MepoM Kajpa aHanu3a f, B CXeMe

Boruucnenns MUKK. Tlocne Ganka ¢uibTpoB B cxeme cieqyeT OJOK AEUUMAalUH CyOKaHaIbHBIX
curHanoB. Koaddumnuenr neuumanuu D MOXKHO COOTHECTH C BEIUYUHOM NMEPEKpHITUS KaApoB A
B cxeme Bbrauciennss MUKK. OcrtanpHble OJOKM UMEIOT TOT YK€ CMBICH, YTO M B CXE€ME BBIYHCIICHHS
MUKK. PaccmartpuBaiauch Tpu Bapuanta BUKK, wuMeromue otTinuus B OaHke (UIBTPOB.
Hcnonb3oBanuce Tpu OaHka (UIBTPOB, y KOTOPHIX JJMHA HMITYJECHOH XapaKTEPUCTUKU CaMOTro

HY ¢unstpa paBrsiiack 10, 20 u 40 mc coorBeTcTBeHHO. X AUX npuBezeHbl Ha puc. 4.
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Puc. 4. AUX 6ankoB GriIbTpOB, HCTOIB3YyIONMXCs Mpu pacdere BUKK
Fig. 4. Magnitude responses of the filter banks used for BFCC calculation

HancermeHTHBIE KEINCTPAJIbHbIC IPU3HAKHA

B pesynbraTe KpaTKOBPEMEHHOrO aHaju3a (opmupyercs Oosbimoir Habop MUKK/BUKK,
KOTOpBIE ONHCHIBAIOT JIOKAJIBHYIO CTPYKTYpYy chekTpa curHama. OfHako [UIsi TIOCTPOCHHS
3¢ (HEeKTUBHON CHCTEMBI aHaTW3a M KIACCU(PHUKAIMN TOJOCOBBIX CHUTHAJIOB TPEOYETCS yMCHBIIUTH
00BeM JaHHBIX, TOJIY4YaeMBIX B pe3ylibTaTe MEPBHYHOrO pacyera. J[is 3TOro mosrydaromuecs
MUKK/BYKK npemiaraercs yepeasars s GOPMUPOBAHUS HAICETMEHTHOIO BEKTOPa KEIICTPAIbHBIX
MIPU3HAKOB.

Ha puc. 5 npencrasien npomecc GopMUPOBaHHS HAJICETMEHTHBIX KETICTPAIBLHBIX MIPU3HAKOB.
Hcxonubiii curHan pa3OnBaeTcs Ha IJIWHHBIC CETMEHTHI (1o 1 ¢), VIS KOTOPBIX 3aT€M MPOW3BOAUTCS
MmoKazpoBast 00paboTKa, B pe3ysibTaTe KOTopol (opmupoBanack nocienoBareasHocts MUKK/BUKK
M UX KOHEYHBIX pasHocTel (menbr). 3atem jans  mocienoBartenbHocTelh  MUKK/BUKK
paccuuthiBaroTcsa ux cpeauue 3HaueHust 1 CKO. JlaHHbIC TapaMeTphl U ABJISIOTCS HAJCETMEHTHBIMU
MUKK/BYKK npusHakamu.

JnuHa cermMeHTa L, J0d  TOMY4YEHHs HAJCETMEHTHBIX KENCTPalbHBIX IPHU3HAKOB
BbIOMpanack paBHON 800 Mc (IIEpeKphITHE MEXKIY COCEIHUMH cerMeHTaMu 75 %). B cooTBeTcTBUH €O
CXEMOM, TOKa3aHHOM Ha puc. S5, pa3MEPHOCTh BEKTOPa HAJICETMEHTHBIX KEINCTPAJIbHBIX MPU3HAKOB
paBHa 1x4:(M — 1), 1. e., yautsiBas, uto M = 20, ona paBHa 1x76. OOI1ee YUCIO METPYOAI[MOHHBIX

napametpoB 14. Takum 06pazom, oblIee YUCIO IPU3HAKOB, U3BJIEKaEMBIX U3 CHT'Haja, paBHO 90.
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Bxoonou cucnuan

¢ Cpennue 3HaYCHMs
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6EKMOP
KECMpPATbHbIX
RPUSHAKO8
Puc. 5. IIpouece hopmMupoBaHue HaJICETMEHTHBIX IPH3HAKOB
Fig. 5. The process of forming suprasegment features

CucremMa aHaIM3a U KJIacCU(PUKALMHU F0JI0COBOT0 CUTHAJIA

B kadecTtBe mpuMepa paccMaTpHBacTCS CHCTEMa, BBITIONHSAIONIAS 3ajady OWHApHOU
KJIACCU(UKAIUK, T. €. OTHECCHHS 00paslla TroJI0OCOBOT0 CHTHala K HOpMe wid mnatojoruu. OOmias
CXeMa CHCTEMBI COCTOMT M3 TpeX 0a30BBIX OJOKOB (CM. puc. 6): mpenoOpabOTKH, H3BICUCHUS
MPU3HAKOB U KIIACCU(PHUKATOPA U IPUHATHUS PEIICHUS.

Bxoorot

Hopma
CUZHAN H3Bnedenne Ipunstue [
—» IlpenodpaboTka —» Knaccudukarop —»
MTPU3HAKOB peurenust |,
Iamonozus
DurbTpauns, Axutrep, LLnmmep
nepeAHCKpeTHaaLNms, PPE, PVI, MUKK/BYKK

BbidmcaeHme YOT

Puc. 6. Cuctembl aHaM3a ¥ KJIACCU(HUKAIIMU TOJIOCOBOTO CUTHAJIA
Fig. 6. The system of analysis and classification of voice signal

B cooTBeTcTBHMM CcO cXeMoOi Ha pHC. 6 Ha TEPBOM JTalle, HAa3BAaHHOM IMPeAoOpabOTKOMH,
BBITIONTHSIETCST (DUIIBTpAIMsl CUTHaNa, BhruucieHue koHtypa UOT, a Takke, mpu HEOOXOAMMOCTH,
nepeaucKpeTu3anysi curHana. Ha BTOpoM dTame  NPOUCXOAWT  H3BICUYCHHE IIPHU3HAKOB,
PacCUHTHIBAIOTCS NepTypOalOHHbBIE MTapaMeTphl M HaJICETMEHTHBIE KeTCTpaibHbIe Mpu3Haku. [lamee
MOJTyYEeHHBIA BEKTOP MPHU3HAKOB IOMaJaeT B ONOK Kiaccu(pukammy, KOTOPHIH OTHOCHUT oOpasell
K OTHOMY W3 BO3MOXHBIX KijaccoB. Jlns pemieHus 3aiauu KIacCU(PHUKALUU MPUMEHSJICS METOX
JIUHEHHOTO TUCKpUMUHAHTHOTO aHanmu3a (aura. LDA — linear discriminant analysis) [8].

Jl1s TpoBeIeHNsT SKCIICPUMEHTOB UCIIONB30BaNach 0aza, comeprkamas 54 odpasiia roJI0COBBIX
cUTHajoB (MPOTSKHBIA 3BYK /a/), omucaHHas B pabote [9]. baza comepxut 3amucu 39 370pOBBIX
4enoBeK (23 Myx4uHbl, 16 sxeHIINH) 1 15 60nbHBIX 00KOBBIM amuoTpoduueckum ckiepo3om (BAC)
(6 myxumH, 9 xeHiiuH). B pesynbraTe mepeBojia royiocoBOil 0a3bl B KEICTpPalbHbBIC MapaMeTphl
MmoJIyueHa BeIOOpKa 13 877 o0y4aroiux BeKTopoB (650 — rpyrma 340poBbiX, 227 — rpyina 00JbHBIX).

[Ipu mmaHUpOBaHUM 3KCHEPUMEHTA CTaBUJIACh 3ajada TOJYYUTh OTBETHI Ha CICAYIOIIHC
BOIIPOCHIL:

1. Kakoe kadecTBO KiaccuuKamud MOXKHO TMOJNYYUTh, HWCIIONB3Ys HaJICEeTMEHTHBIE
MUYKK/BUYKK npuznaku?

2. Kak wu3MeHuTcs kadecTBO Kiaccuukauuu, ecaum kK HajacermeHTHBIM MUKK/BUKK
TIpU3HaKaM JT00aBUTH EPTYpPOAMOHHBIC TApaMETPHI CUTHAJIA?

ITockonmbky paccmarpuBaemasi 6a3a He SBISETCS cOANaHCHPOBAHHOW, TO MPHUHSITO PEIICHHE
WCTIONB30BaTh CPEIHIONI0 MOJHOTY KiIacCH(PUKaLMK Kak Mepy KadecTBa KJIaCCH()UKALIH.
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Pe3yabTaThbl U UX 00CyK/IeHHNE

OKCIIEpUMEHT TPOBOAMJICS B TpW Odrtama: 1) mnoaroroBka oOydaromied BBIOOpKH; 2)
pamKHpOBaHWE IPU3HAKOB; 3) OOyYeHHE W TECTHPOBaHHE Kiacch(HUKaTopa C HCIIOIH30BAHUEM
Pa3IUYHOTO YHUCIIa IPU3HAKOB,

Ha mepBoM »sTame wucxomHas 0a3a 3BYKOBBIX (DaiJIOB MepeBOAMIACH B HAJICETMEHTHBIC
MUKK/BYKK mpuszHaku. [lockonbky curHan aHanusupoBaics 800 MC cerMeHTaMu, a CpeIHssS
JUTHTEIHHOCTh 3alUCEl MpeBbImana 4 ¢, TO JJIs KaXJI0H 3allMCH MOIy4alloCh HECKOJIBKO BBIXOHBIX
3HAYCHWI HAJICETMCHTHBIX TPU3HAKOB. B ciyyae BBIYMCIICHUS TEPTYypOAIlMOHHBIX TapaMETPOB,
Ka)KIOW 3aIlMCH CTaBUJICSI B COOTBETCTBHUE TOJNBKO OJIMH mapameTp. Ha BTopom atamne [isl MOTy4eHHO’
00yuaromeli BHIOOPKH BBIMOJHSIOCH pamxupoBaHue mpusHakoB merogoM LASSO [8]. Ha tperhem
ATane BBINOIHAIOCh O0YYCHUE W TECTHPOBAHME KIIACCH(PHUKATOPA METOJIOM MEPEKPECTHON MPOBEPKH
mo K =4 6mnokam [8]. [Ipuuem pa3doueHHe Ha OJIOKH BBHITIONHSIOCH HA YPOBHE MUKTOPOB, U, TAKHUM
00pa3oM, TecTOBBI U 00ydaroluii HabOpsl coJlEepIKATM BEKTOPA, OTHOCSIMUECS K ToJ0CaM Pa3HBIX
nukTopoB. llpomenypa mepekpecTHOW MPOBEPKH BBHIMONHANACh J =76 pa3 Mg TOro, YTOOBI
MIPOBEPHUTH paboTy KIACCU(PHUKATOPA C Pa3THYHBIM YUCIOM Npu3HaKoB (oT 1 1o J ). [Ipu aTom Ha p-M
3amycKe I KiIaccuuKaTopa BRIOMpAIMCh MPU3HAKH, UMEroImue panr ¢ 1 mo p. Ilo pesympTaTtam
MEPEKPECTHBIX TPOBEPOK CTPOMWJICA TpaduK, KOTOPHIM TOKa3blBal 3aBUCUMOCTh KayecTBa
KJIACCU(PUKAITUY OT YUCJIA TIPU3HAKOB,

B wuccnenoBaHuM MCHONB30BAINACH CIICAYIONIME HAOOPHI MPHU3HAKOB (CM. TaOIl. 2), KOTOpHIC
COCTaBJISUTHCH JJIS1 TIOJYYSHHUS OTBETOB Ha MPEICTABICHHBIE BhIIIE BOTIPOCHI.

Tadauma 2. HaGopsl MpU3HAKOB, HCIIOJIB30BABIINAECS B OKCIIEPUMEHTAX
Table 2. Feature sets used in experiments

HasBanune nabopa npusHakoB | PasmepHocTs Onucanne

Petrurb 14 [MepTypOanoHHsie mapameTpsl u3 Tad. 1

MFCC-10 76 Hancermentnsie MUKK npusnaxu, kaap ananusa 10 mc
MFCC-20 76 Hancermentnsie MUKK npusnaxu, kaap ananusa 20 Mmc
MFCC-40 76 Hancermentasie MUKK npuzHaxu, kaap ananmza 40 mMc
BFCC-10 76 Hancermentasie BUKK npusnaku, amuaa HY ¢umetpa 10 mc
BFCC-20 76 Hancermentasie BUKK npusnaku, amuaa HY ¢umetpa 20 mc
BFCC-40 76 Hancermentasie BUKK npusnaku, amuaa HY ¢umetpa 40 mc

B nmepBom aKcriepuMeHTe MPOBEPSIIOCH KAUYeCTBO KiacCU(PHUKALUN Ha OCHOBE HaJCErMEHTHBIX
npusHakoe MFCC-10/20/40 u BFCC-10/20/40. [ns npuMepa Ha puc. 7 MPeACTaBICHBI PE3y/IbTaThl
OILICHKHU KadecTBa KilaccupHKauuy npH ucnonb3oBanuu npuzHakoB MFCC-40 u BFCC-40.
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Puc. 7. KauecTBO Kiaccudpukanuy npu ucnoib3oBannu npusHakos MFCC-40 u BFCC-40
Fig. 7. The quality of classification using features MFCC-40 and BFCC-40

[lonyyeHHbIe B 3KCIIEPUMEHTE PE3yJbTaThl CYMMHPYIOTCA B TaOxl. 3, B KOTOPOH MpHBEICHA
OILICHKA CPEAHEH MONHOTHI KIAacCU()UKAMKM B 3aBHCUMOCTH OT HaboOpa KENCTPalbHBIX MPHU3HAKOB,
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MpY OTPAaHWYEHUM HA YHUCIIO TMpH3HAKOB. Takoe OrpaHUYeHHE OOYCIIOBICHO TeM, 4YTO JUIS
KJIACCU(UKAIIMN BCETAa >KelIaTeIbHO HMETh MEHBIIEEe YHCIO NPU3HAKOB, HO O00ECIIeYHBAIOIINX
Jydinee KadecTBo. JIydmmit pe3yabTaT JOCTUTAeTCs MPU HUCITONIb30BaHMN Habopa mpusHakoB BFCC-
40 (cm. Tabu. 3).

Tadanna 3. MakcuManbsHast cpeiHssl OJTHOTa KJIACCU(UKALMK PU OTPaHUYCHNUH YKCIa IPU3HAKOB p
Table 3. The maximum average recall of the classification achieved when the number of features p is limited

Cpenuss monHOTA, % (B CKOOKaX yKa3aHO YHCIIO MPU3HAKOB, TIPH KOTOPOM JOCTHTAETCS
Ha6op CpeHss IOTHOTA)
TpH3HAKOB p<10 p<20 p <30 p <40 p <50 p <60
MFCC-10 76,9 (5) 77,2 (15) - - - -
MFCC-20 61,9 (9) 62,4 (17) 67,6 (30) 70,1 (40) 74,0 (48) -
MFCC-40 78,0 (9) 80,6 (12) - - - -
BFCC-10 72,2 (10) 73,5 (11) - - - -
BFCC-20 77,1 (10) 77,4 (13) 80,0 (28) - - -
BFCC-40 83,7 (6) - - - - -

Bo BTOpOM »3KCHEpUMEHTE MPOBEPSUIOCh KAueCTBO KIACCH(HKAIMM HAa OCHOBE HAOOPOB
HAJICETMEHTHBIX TPU3HAKOB, K KOTOPBIM JO0aBISUIHCH MEpTYpOAlIOHHBIE MapaMeTpbl Tolioca.
PesynbTaThl 3KCIEpUMEHTa MHPUBEACHBI B Ta0N. 4. MOXXHO 3aMeTHTh, uTo nodOaBiaeHue k MUKK /
BUKK mpusHakaM nepTypOalMOHHBIX IMapaMeTPOB MO3BOJSACT CYIICCTBEHHO YIIYYIIUTh Kad4eCTBO
KJIACCU(DUKAITIH.

Tadanna 4. MakcuManbsHast CpeiHssl OJTHOTA KJIAaCCU(UKALMK PU OTPaHUYCHNUH YKCIIa IPU3HAKOB P
Table 4. The maximum average recall of the classification achieved when the number of features p is limited

Cpennsist motHOTA, %
Ha6op 1pu3HAKOB (B cKOOKax yKa3aHO YHCIIO IPU3HAKOB, PH KOTOPOM JOCTUTAETCS CPETHSS TIOTHOTA)
p<10 p<20 p <30 p<40 p <50 p<60
MFCC-10 + Petrurb | 84,2 (8) 89,3 (20) 93,5 (29) 94,1 (31) - -
MFCC-20 + Petrurb | 84,7 (2) 90,3 (13) - - 90,9(49) 93,5 (54)
MFCC-40 + Petrurb | 82,2 (5) 85,0 (14) - - 87,1 (46) -
BFCC-10 + Petrurb | 87,8 (8) 91,5 (18) - - 96,7 (45) -
BFCC-10 + Petrurb | 78,1 (9) 79,7 (18) 88,0 (22) - - -
BFCC-10 + Petrurb | 86,5 (10) - 87,2 (25) - - -

Cpenu Bcex HaOOpoB mpu3HakoB, ocHOBaHHbIX Ha MUKK, Hawmyummii pesynbraT
JOCTUIAaeTCs MPH UCIIOIb30BaHMK 31 Hamboee 3HaUMMbIX Mpu3HakoB u3 Habopa MFCC-10+Petrurb.
[Ipu sTOoM cpemnsist momHOTa Kinaccudukanuu gocturaet 94,1 %. Cpenn Bcex HaOOpOB NMPHU3HAKOB,
ocHoBanHbiXx Ha BUKK, Hammydmmii pesynbTaT HaeT wHCHojb3oBaHHe 45 Hamboliee 3HAUYMMBIX
npu3HakoB u3 Habopa BFCC-10+Petrurb. [locturaemasi mpu 3TOM CpeaHsisl HOJIHOTA KJIACCU(PUKAIIMH
paBHa 96,7 %. DTOT pe3ymnbTaT MOATBEP)KIaeT OOOCHOBAHHOCTh NMPUMEHEHHS METO/Ja YacTOTHO-
BPEMEHHOTO aHaji3a CHrHaja Ha OCHOBe HepaBHomosiocHoro JIId-moxynupoBanHoro OaHKa
¢uIBTPOB HA OCHOBE (Pa30BOro MpeoOpa30BaHUs IPH pacyeTe KeICTPaIbHBIX KOA(PPHUINEHTOB.

3akiIroueHue

B paboTte mpemioxkeH METOT BEIYUCICHUS 0apK-9acTOTHBIX KETICTPATBHBIX KO3 DHUIINECHTOB,
OCHOBaHHBI Ha WCIONB30BaHUU HepaBHOIUIOCHOTO JIIID-MonynmupoBanHOro OaHKa (GUIBTPOB,
ANMPOKCUMHUPYIOIIET0 YaCTOTHO-BpEMEHHOE pa3pelleHne ciryxa yenoseka. [IponsBeneHo cpaBHEHHE
npemioxkeHHbix BUKK ¢ mupoko pacnpoctpaneHabiMd MUKK B orHomieHu#n 3(QeKTHBHOCTH
MMOCTPOCHUS Ha UX OCHOBE CHUCTEMEBI aHAJIM3a M KJIAaCCU(UKAIINU TOJIOCOBBIX CUTHAIOB. [IpoBeicHHbIC
AKCIIEPUMEHTHI 110 TOCTPOSHUIO CHUCTEMBI KiIacCH()HUKAIMA TOJOCOB TAIMEHTOB C OOKOBEIM
aMUOTPOQUUICCKUM CKJIEPO30M Iokasanu 3(G(EKTUBHOCTh NpUMEHEeHUs HajcermMeHTHbIXx BUKK
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npu3HakoB. Cpeau KIacCU(PHUKATOPOB, MCIOIB3YIOMIUX HA0Op KENCTPAIBHBIX MPU3HAKOB, JIYYIITHMA
pesynbrat (cpemmssi momHoTa 83,7 %) mocturHyT LDA-kmaccnmkaTopoM, HCIIONB3YIOIUM
6 mancermenTHeIx BUKK mnpm3nakoB, orobpanueix metomoM LASSO. Cpemnm kimaccuuKaTopoB,
WCTIONB3YIOMIMX HA0Op KENCTPabHBIX TPU3HAKOB, OOBEAMHEHHBIX C TMEPTYPOANMOHHBIMHU
mapaMeTpaMH Trojioca, Jydmuil pesynbrar (cpemHsst momHOTa 96,7 %) mocturHyr LDA-
KiaccuuraTopoMm, uctonasdyomuM 45 HagacermeHTHBIX bUKK mpr3HakoB, 0TOOpaHHBIX METOIOM
LASSO.
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AJI'OPAUTMbBI IOABOPA OITUMAJIBHOI'O APMUPOBAHUA
1O MIPOYHOCTHU U TPEHIUHOCTOUKOCTH KEJIE3OBETOHHBIX
IJIEMEHTOB U UX BEPUOUKALIUA

T.M. TJIVXOBA

Tonoykuii cocyoapcmeennuiil yuugepcumem (2. Hosononoyx, Pecnybauxa Benapyco)

Tlocmynuna 6 peoaxyuio 17 oexabps 2021
© Benopycckuii TOCyIapcTBEHHBIN YHUBEPCUTET HHOOPMATHKH U PATUO3TIEKTPOHUKH, 2022

AnHotanmusi. OJHAM W3 OCHOBHBIX ATAIlOB TPU MPOCKTHPOBAHUM JKEIC300CTOHHBIX KOHCTPYKIHUHU SBISCTCS
OTIpEJICIICHUE IUIONIAIU MTOTIEPEYHOT0 CeUYCHUs pabodeii apMaTyphl MO TPEOOBAHUSAM MPOYHOCTH, KECTKOCTH U
TPEIUHOCTONKOCTH, MOA00p KOJIMYECTBA CTEPXKHEH (MCXOIs W3 COpTAMCHTa apMaTryphl), pPa3MEUICHUC ee
B TIOMCPEYHOM CCYCHUH C BBINOJHCHUEM YCIIOBHH JOJTOBEYHOCTH M OTHECTOMKOCTH. B paborte o0oOrmmaercs
OMBIT Pa3pabOTKH AITOPUTMOB PEUICHUS 3alavyd TOoAOOpa ONTUMAIBLHOI'O apMHPOBAHUS JKEIC300€TOHHBIX
9JIEMEHTOB U MPEUIaraeTcsi ajiropuT™M ONTHUMH3ALUU apMHUPOBAHUS, HCHOJB3YIOUIMM HEIHMHEWHBIE MOJIEIH
KeNe300CTOHHBIX AJIEMEHTOB. [IpeANIOKEHHBIH QITOPUTM PEajM30BaH B BHIC MOJIYJIS MPOrPAMMHOIO
KOMIUIEKCa Ui HWEKEHEPHBIX pacueToB B cTpourtenbcTBe bera 5.0. B craTthe mpuBOAATCS pe3yiIbTaTHI
BepH(HUKAINN TPEIIOKCHHBIX AJITOPUTMOB TIO pe3yiIbTaTaM OIBITHOM SKCIDIyaTallud MOIYJs Toabopa
ONTUMAIIFHOTO apMHPOBAHUS B PAMKAaX NESITEIHHOCTH HCIBITATEIFHO-MCCIeI0BAaTENbCKOTO HeHTpa [lomorkoro
rOCyapCTBEHHOTO YHHBEPCHUTETA.

KiroueBble ¢jI0Ba: apMHUPOBaHHE, JKEJIC300CTOHHBIA 3JEMEHT, ONTHMH3AIMS, CUMIUICKC METOM, HEIMHEHHAs
nehopMarOHHAS MOE/b, BEKTOP YCHIINH, ITOJIC HAITPSDKCHHUH, TIJIaH apMHUPOBAHHSL.

KoH}aukT uHTEepecoB. ABTOp 3asBISET 00 OTCYTCTBUN KOH(IMKTa HHTEPECOB.

Baaronapuoctu. Asrop Onmaromapur 4.T.H., npodeccopa Jlazosckoro J.H. u x.T.H., nonenrta I'myxosa /1.0.,
TeopeTHyeckre paboThl KOTOPHIX CTAIM OCHOBOH ISl pa3pabOTKU ajJropuTMOB M IPOIPAMMHOIO 00€CIIeYEeHUs
1o00pa ONTUMAJIBHOTO apPMUPOBAHUS JKeJIe300€TOHHBIX JIEMEHTOB Ha OCHOBE HENMHEHHOU ae(opMalMoHHOM

MOJCIN.

Jasi nurupoBanusi. ['myxoBa T.M. Anroputmbl momdopa ONTHMAILHOTO apMHPOBAHMSI MO TPOYHOCTH M
TPEIIMHOCTOWKOCTH JKeJIe300€ TOHHBIX 2JIEMEHTOB U uX Bepudukanus. Jlokmanst BI'YUP. 2022; 20(1): 83-91.
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SELECTION ALGORITHMS OF THE OPTIMAL REINFORCEMENT FOR
STRENGTH AND CRACK RESISTANCE OF REINFORCED CONCRETE
ELEMENTS AND THEIR VERIFICATION
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Abstract. One of the main stages in the design of reinforced concrete structures is to determine the cross-
sectional area of the reinforcement according to the requirements of strength, stiffness and crack resistance,
the search for the number of rods based on the nomenclature of reinforcement, its placement in the cross section
with the fulfillment of the conditions of durability, and fire resistance. The paper summarizes the experience
of developing algorithms for solving the problem of selecting the optimal reinforcement of reinforced concrete
elements and proposes an algorithm for optimizing reinforcement using nonlinear models of reinforced concrete
elements. The proposed algorithm is implemented as a module of the software package for engineering
construction calculations Beta 5.0. The article shows the results of verification of the proposed algorithms based
on the results of trial operation of the module for selecting the optimal reinforcement within the activities of the
Testing and Research Center of the Polotsk State University.

Keywords: reinforcement, reinforced concrete element, optimization, simplex method, nonlinear deformation
model, force vector, stress field, reinforcement plan.
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BBenenne

B coBpemeHHBIX cucTemMax aBTomMarnueckoro mnpoektupoBanus (CAIIP) 3pganmii u
COOPY)KCHHU TTO00p W ONTHMH3AIMN apMHUPOBAHUS SBIICTCS 00s3aTebHON QyHKIMEH. B HaydHOM
JUTEpaType BeNeTCA IUCKYCCHS O KOPPEKTHOCTH peayn3aluu (PyHKIHMH I0AOOpa ONTHMAJIBHOTO
apMHUPOBAaHUSI B U3BECTHBHIX MPOrpaMMHBIX npoxaykrax [1-3]. B GomsmmHcTBe coBpemenHbIx CAIIP
CTPOUTENBHBIX KOHCTPYKLMI pelIeHre 3aJaud Moa00opa apMUPOBAHMS 3aKII0YAETCS B HAXOXKACHUH
KOJIMYECTBA U PACIOJIOKEHHMsS CTEp)KHEM apMmaTyphl, IUIOLIAgd €€ IIONEPEeYHOIo CEedEHUs
B COOTBETCTBHU C COPTaMEHTOM MpoKaTa. 3afaya moxdopa pemaercs: sl ooecrneueHus MpoYHOCTH,
KECTKOCTH U TPEIIMHOCTOUKOCTH NMPH MUHUMHU3ALUU ApMUPOBAHMUSL.

Pacnonoxenue u ruiomanp MonepeyHOro CEYeHHsl apMaTypbl B KOHCTPYKTUBHOM 3JIEMEHTE
oIpefessieTcs Mo pe3yibTaTaM pacdera. B mpakTuke NpOeKTUPOBaHUS CTPOUTENIBHBIX KOHCTPYKIMUIA
KPUTEPUH MPOYHOCTH M TPEIIMHOCTOWKOCTH JOJDKHBI OBITH OOecledeHbl I BCeX KOMOMHALMiA
Harpy3oK, KOTOPbIM IIOTEHIMAJbHO IIOJIBEPraeTcsi CTPOMTEJIbHBIH 3JIEMEHT B  IIpoliecce
sKkcIutyatanuu. Mcmonb3yst ynpyruii pacyeT KOHEUHO-3JIEMEHTHBIX MOJENEH CTPOMUTENbHBIX
KOHCTPYKLHUH, OCYIIECTBISIETCS TMEpPexoi OT KOMOMHAIMI Harpy3oK K COOTBETCTBYIOIIUM
KOMOWHaNMsAM BHYTpeHHUX ycwiui. [lapamiensHo ¢ pemieHneM 3ajaud MoAOOpa apMUPOBAHUS IO
KPUTEPUAM IPOYHOCTH U TPEIIMHOCTOMKOCTH pelaercsl 3ajada yHU(UKAILMU >KEIe300€TOHHBIX
W3JENUH, MUHIMH3ALKs TUIIOPa3MEPOB U3AETUI, IPUMEHAEMBIX IIPU CTPOUTENBCTBE 3aHui [4].

3agaua moadopa apMUPOBAHUS PeLIaeTcsl MpU LEJIOM psiieé OrpaHUYEHH, B YaCTHOCTH IPHU
3aJJaHHOM COpPTaMEHTE IMAaMETPOB HMEIOLIeHcid B HaJUYuMM apMarypbl. B3aumHoe pa3smelieHue
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JTUCKPETHOM apMaTypbl, TOJIIIMHA 3aIlIUTHOTO CJIOS TaKK€ MMEIOT KOHCTPYKTHBHBIE OTpaHMUYECHUS,
BBITEKAIOIINE U3 TPeOOBaHUI OIHECTOMKOCTH U AONrOBEYHOCTH. C TOUKU 3pEHUS] TEXHOJIOTHYHOCTH
M3TOTOBJICHUS JKENIE300€TOHHBIX JIEMEHTOB B CEYEHHH OOBIYHO YCTAHABIMBACTCS apMaTypa OIHOTO
WY, B KpallHEM ciy4ae, IByX IHaMETPOB.

BbinenuM kiroueBble BOIPOCH! IOATOTOBKHM JAaHHBIX JUIS PELIEHUS 3aJadd ONTUMM3ALUU
apMUPOBAHUA: KaK pa3leUTh apMaTypy Ha IpYIbl?; KaKOBBI I'€OMETPUYECKUE TPAHULIBI TPyIN?;
KAaKOBBI JIOMyCTHMBIE 3HAUEHMsI KOJMYECTBA CTEpKHEM B KaXIol TIpynme?; KakoB COPTaMEHT
JOMYCTUMBIX IUAMETPOB?; KaK YUUTHIBAeTCS TpeOoBaHNe YHH(PUKALUK U3ACTUI?

dopmanu3anus 3212494 NMOA00pa apMUPOBaHUS

Beenem psin popManbHBIX ONpeNeNeHui sl pelleHHus 3aJadd 1oj0opa ONTUMAIBLHOTO
apMHUpOBaHUs JUIsi m Tpymmn apmarypbl. [log rpymmoit apMaTypsl MBI OyAeM MOHHMATh TPYIITY
apMaTypHBIX CTEp)KHEH, JIOKATM30BAaHHBIX B MpEJeNax ONpeAeIeHHOW TeOMEeTpUH (Ha OKPY>KHOCTH
3aJlaHHOTO JTMaMeTpa, Ha OTpe3Ke 3aJaHHOM JJWHBI), UMEIOUMX OJMHAKOBBIM TUAaMETp M KJacc
apmarypHoii ctanu. KommuecTBo crTepkHEdl B Tpymre Jau00 JASTEPMHHUPOBAHO, OO HUMEeTCs
BO3MOXHOCTh BapbUpPOBaTh KOJWYECTBO CTEPXKHEM B Mpelenax TEXHOJOTMYECKUX OrpaHUYCHUI.
I'pynmna cTepikHel XxapakTepu3yeTcsi CyMMapHOU IIIONIAbi0 ApMUPOBAHUS TPYIIIIHI.

MHOKECTBO JOMYCTUMBIX JUAMETPOB 0003HAUNM KaK d = {d,-} ,i=l.n.

CocTosiHMe apMUpOBaHUS OyJeM ONHNCHIBATH TMOHATHEM «IIAaH apMHPOBAHUA», KOTOPHIN
SIBJISIETCST MHOXKECTBOM W3 M TPYIII, XapaKTEPU3yEeMbIX KOJIMYECTBOM CTEPKHEH U UX AHMaMETpOM

D={(nd,)},j=1.m.

BBenem omepatop ompeneneHHs CyMMapHOM Iuiomaad apmupoBanus Square(D). Ecmun
KOJIMYECTBO M PACIOJIOXKEHHE CTEp)KHEH B TpyIIe 33JaHO W3HAYaJIbHO, TO MPOCTPAHCTBO IOHMCKa
ONTHMAJIEHOTO PEIIeHHs OyeT MPEACTaBIATE COO0U Ny, BapuanToB: N =n"

Vi
Kputepruem oOecriedeHHOCTH 3aJaHHBIM TUIAHOM apMHUPOBAHHS TMPOYHOCTH, JKECTKOCTH U
TPEUTMHOCTOMKOCTH DJIEMEHTa OYJIET SIBISIThCS pe3yNbTaT pacdera dJIeMeHTa 10 HeTHMHEHHON
nehopMaIOHHOW ~ MOJENM  Ha  BCEBO3MOXHBIE  KOMOWHAIMM  BHYTPCHHUX  YCHJIMIA:

P={(N.M M V) (N MMV L

Ecnmu ycunusi HewsBeCTHBI (HallpuMep, pacdeT KOHCTPYKIHUM BBIMONHSJICS MO KOHEYHO-
AJIEMEHTHOW MOJICIH C HMCIIOJIb30BAHUEM OOBEMHBIX M30MOP(HBIX YINPYTUX KOHEYHBIX AJIEMEHTOB U
pe3yNIbTaTOM pacyera SBISIOTCS MMOJIS HAIPsDKEHUI), TO MEepexo]] K SKBUBAICHTHBIM BHYTPEHHUM
YCHITHAM ocymeCTBJI;{eTc;I BBIYHCIICHHEM UHTETPAJIOB PACUETHON CHCTEMBI ypaBHEHUH PaBHOBECHS:

:_” ) (v =y,)dxdy +N(,, —¥,),
=— dxdy + N
H )) )y + NG =), (1)
N = .UG dxdy,
V= H (x, y)dxdy,

rae M, M, — wu3rubaroniue MOMEHTEHI, JCHCTBYIOIINE B IUIOCKOCTSX Xz, Vz; N — MPOJONbHAS CHJa
OT IEUCTBUA BHEIIHEH HArpy3KH; X, U Vo— PpAacCCTOSHUE OT LEHTpa TSDKECTH CEYCHHUSA
JI0O COOTBETCTBYIOIIEH OCH; Xoe U Voo — TOUKA TPUIOKEHHUS TMPOJOIHHOIO YCUIIHUS; (j(g( X, y)) —

HOpMaJIbHBIC HAIIPsDKEHUS B OE€TOHE WM apMaType; €(x, ) — MpoAoibHbIe aehopMaliy OSTOHA HIIH
apMatyphl; T(¥, ¥) — KacaTelbHbIC HANIPSDKEHUS B OETOHE.

Brenem omeparop IpoBEpKH TIaHA apMHUPOBAHHS TIPH k& HaOOpax yCWIMHA OT pacueTHOH Pi
U HOPMATUBHOM P> Harpy3ku Ha MPOYHOCTb U TPEHUTMHOCTOMKOCTh COOTBETCTBEHHO:

alse ecrm w>w, |L>L.
, LII(%,D)Z f 11m| Lhm’
true WHAYE true WHa4ye

Ise ec a3pyILICHNE
LI(P.D)= false ecrm  pazpymeHn
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I7Ie W — IIUPUHA PAaCKPBITUS TPEIIMHBI, ONpEACICHHAsT Pacue€TOM; Wjn — MAaKCHUMANbHO JOIyCTHUMAas
MIMPUHA PACKPBITUS TPEIIMHBI, L —Mpornd 3IeMeHTa, ONpENeNICHHBIH pacyeTHBIM ITyTeM; Lim —
IPEIENbHO IOIyCTUMBIN IPOruo 3IeMeHTa.

[Inan apMupoBaHHA, yIOBIETBOPAIOUINHA KpuTepusiM LI u LI, Oynem Ha3bIBaTh AOIyCTUMBIM
IUTAHOM apMUPOBAHUS.

Coopmymmpyem  kputepuit ontummsawnn:  Square(D) - min |LI(B,D)A LI (B, D) ~

Tpe6y€TC$I HalTH Tako# IuiaH ApMHUPOBAHUS, IPHU KOTOPOM 3JICMCHT YJIOBJICTBOPACT IMPOBCPKaM I10
MMPOYHOCTH, KCCTKOCTHU U TpeHlI/IHOCTOﬁKOCTH U rjiomaab apMUPOBAHUA MUHUMAJIbHA.

Pe3yabTaThl H MX 00CYKIeHUE

B HacTosimee Bpemsi OONBINYIO MOMYNSIPHOCTH TpuoOpeTatoTr BIM TexHonormu. B pamkax
JAHHOTO TEXHOJIOTMYECKOr0 HAampaBieHUs YacTO HCIOJIb3YeTCs MOAEIMPOBAHHE CTPOUTEIbHBIX
KOHCTPYKLHUI HAa OCHOBE apXUTEKTYPHBIX Mojienel, npeacrasieHHbix B [IFC gpopmate. Takoit nepexon
OPUBOANT K  (OPMHUPOBAHHIO KOHEYHO-)JIEMEHTHONW MOAENHM KOHCTPYKLHUH, HOCTPOCHHOU
U3 O0OBEMHBIX KOHEYHBIX JJIEMCHTOB, OOJAIalONX CBOWCTBAMHM YNPYroro OOBEMHOTO Tena.
B pesynbraTe pacyera takux mojened (Hampumep, B mporpaMMHbIX kKomiuiekcax Revit, SOFiSTiK)
MPOEKTHPOBLIMK ONEPHPYET HE MOHSATHEM PACUETHBIX COYETAHWH YCHIHWH, a MOJISIMH HANpsHKCHUI
B TIOTIEPEYHBIX CEUCHUAX OOBEMHBIX KOHECUHBIX 3JIEMCHTOB.

B pesynpTare mpoBEeNEHHBIX HCCIECIOBAaHWN aBTOpPaMHU NPEAJIONKEH alrOPUTM IMepexona
OT TOJIeH HANPSHKEHUH K BHYTPEHHUM yCHITHSM (CM. puc. 1).

SORSTKAG - sctehie

ssm = 227520.85, ssp = -50741817

Puc. 1. Pe3ynbraT nepexoia ot HoJist HANPSDKEHUH B CEYEHUH KOJIOHHBI, TIOJIyYEHHOTO B IPOrPaMMHOM
komiutekce SOFiSTIK, k olileHKe SKBUBAJIEHTHBIX BHYTPEHHHUX YCWIINI M COOTBETCTBYIOIUM HAIPSHKCHUSM
3JIeMEeHTa C JUCKPETHBIM apMupoBaHueM B bera 5.0
Fig. 1. The result of the transition from the stress field in the column section, obtained in the SOFiSTiK software
package, to the evaluation of the equivalent internal forces and the corresponding stresses for a column
with discrete reinforcement in Beta 5.0

[To cyTu, anropuT™ HIIET TaKOe paclpeeieHue HANPSHKEHUH B CEYCHUH Kene300€TOHHOTO
3JIEMEHTA C JUCKPETHHIM apMHPOBAaHUEM, KOTOPOE NPU MHTETPUPOBAHUU II0 YPABHEHHSM CHCTEMBbI
ypaBHEHUI PaBHOBECHUS JaeT 3HAYCHHUS, SKBUBAJICHTHbIE 3HAUEHUSM, IIOIy4E€HHBIM UHTETPUPOBAHUEM
MOJISl HANPSDKEHUH YIPYTOd MOJEIH, TIOCTPOSHHOH U3 00bEMHBIX KOHEUHBIX DJIEMEHTOB.

[[ o (x:) = v,)dxdy = [[ o, (x,7) (= y,)dxdy + Y0, (3, = »,),
C C i
([0 a0 (5.3 o=,y = [[ o, (x,7) (r = x,)dxdy + 30, (x, ~,). @
C C i
J.J. O s (X, y) dxdy = ” o, (x,y)dxdy+ z C,i»
C C i
i€ o FEM ( X, y) — IOJIC HaHpH)KeHI/Iﬁ B CCUCHUU O6’BGMHOFO KOHCYHOI'O JJICMCHTA, Xo U Yo —

KOOpAWHATBI LCHTPA TSXKCCTU CCUCHUS, OIMPCACIICHHOIO IO IOJIIO HaHpH)I(CHHﬁ; (O (x,y) — II0JIC
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HANpSDKCHW B CEUEHMH  JKEIEe300€TOHHOTO  3JEMEHTa, ONpeAesieHHOe 10  HEeJIMHEHHOM
ne(opMalMOHHON MOJENY; G, — HANPSHKEHUE B i-M CTEPHKHE TUCKPETHOM apMaTyphl.

Taxoe npeoOpa3oBaHre BO3MOXKHO AJisl 00JaacTeil, rae paboTaeT rumoTesa IIOCKUX CeUeHHH,
a CJIeI0BATEIIBHO, /Il OCHOBHBIX YYacTKOB I000pa MPOJOIEHOTO apMHUPOBAHUS B KOHCTPYKTUBHBIX
JIEMEHTaX Uil OOJIBIIMHCTBA PACUETHBIX CIydaeB (MPOJEThl W HAJONOpHBIE 30HBI OANOK, IUIUT
NEPEKPBITHSA, KOJIOHHBI, PUTEIIN).

Henuneitnas negopManmoHHas MOAENb ONEpUPYeT auarpaMMaMu  1e(OpPMHPOBAHMS
apMaTypHOM CTanu 1 OeTOHa, ONMCHIBAIOIINMH 3aBHCUMOCTh HANIPSHKEHUH OT eopManuii He TOIBKO
Ha yOpyroh craauv, HO ¥ 3(QQEKTH MIACTUYECKMX H3MECHEHHH B MaTepualie, a TaKKe TaKue
peosornyeckre Mpouecchl, Kak Moj3ydyecTs U ycaaka OetoHa. [Ipu moucke pemieHus MpUMEHSIOTCS
YpaBHEHHSI COBMECTHOCTH JieopMalluil U MONOKEHHS MOAUDUIIMPOBAHHON TEOPUHU MOJEH cxKaTus,
paspaboTtanHol KaHajackuMmu ydueHbIMH Maiiknom Kommmnazom, ®psnkom Bekkbo u Jlenucom
Mutyenom. MCFT (Modified Compression Field Theory) Bomia B cTpoutensHble HOPMBI M TIpaBHiIa
Kananet CSA-A23.3 1994 (CSA1994) [5-7].

PaznuuHble CcTEp)KHM TIpyNIbBl apMaTypbl BIMSIOT Ha pe3yJbTaT pacdera I10-pasHOMY.
Ho npu noctpoennn anropurMa moadopa ONTUMAaIbHOTO apMUPOBAHMS MBI pacCMaTpUBAeM TPYIHILY
apMaTyp Kak €IMHOE LIeJ0oe, U eMHCTBEHHOH onepaiyeil HaJ Tpynmnoil Oyaer onepanus yBeJIudeHUs
WIM YMEHBIICHUS] AMaMeTpa BceX cTepykHeld rpymnnsl. Ilpu 3ToM yMeHblleHHE quaMeTpa CTep)KHei
OJHOM TPYMIBl MOXET MPUBOAWTH K Pa3pyIICHHIO JJIEMEHTa W3-3a pa3pbhiBa CTEPXKHEW Ipyrou
rpynmel. Takoe B3aWMHOE BIMSHHE TpYyNIl APYr Ha JApyra HaOdromaercs A OPTOTOHANBHO
OPHEHTUPOBAHHBIX Tpymn. TakuMm o0pa3oM, CyIIECTBYeT MHOXKECTBO IUIAHOB, YAOBICTBOPSIONINX
KPUTEPHIO MPOYHOCTU U TPEIIMHOCTOMKOCTH, TaKUX, YTO YMEHBIICHUE JUaMeTpa CTEep)KHEH Io0oii
TPYNIIBl Ha CIEAYIOIIYI0 MO3ULMI0 B HOMEHKJIAType MPHUBOAUT K Pa3pyLICHUIO NPH 3aJaHHBIX
yeuwusax. I1oaToMy OueHb Ba)KHO BBIIOJIHUTH NPaBUJIbHOE TPYIIMPOBAHHE apMaTypbl, UCXOIS M3
[IOHUMAaHHUS TIPOLECCOB Ne(POPMUPOBAHUS M3JENHUs 110J HArpy3KOH, U cTapaThCid BKIIOYATh B OAHY
IpyIIly apMaTypy, padOTarOIIyI0 OINHAKOBO.

PaccMoTpuM 0cOOEHHOCTH POCTPAHCTBA [IAHOB APMUPOBAHUSL.

1. MHO€eCTBO JOIYCTHUMBIX IJIAHOB apMUPOBAHUS SIBJIAETCS OIPAaHUYECHHBIM CHU3Y IJIaHAMU,
JUIs1 KOTOPBIX KPUTEPHH POBEPKH HA TIPOYHOCTD HIIM TPEIIMHOCTOMKOCTD HE BBITIOJIHSIOTCSL.

2. Ilo B3auMHOMY BJIMSHHUIO IPyr Ha Jpyra Tpymdmbl apMaTyp MOXKHO DPa3geliuTh Ha TpHU
KJ1acca: JIOMOJIHAIOIINE, IPOTUBOAEHCTBYIOIME U HE OKa3bIBAIOIINE BIUAHUA APYT HA ApYra.

3. Jlns rpyni npeiBapuUTeNbHO HaNpsDKEHHOM apMaTypbl MHOXECTBO JONYCTHMBIX IUIAHOB
OTpaHMUYEHO CBEPXy 3HAYCHHSIMHU IWAMETPOB, MPHUBONAIIMX K Pa3pyLICHUIO 3JEMEHTa Ha CTaJuH
JUHAMHUYECKOTO OTIIYCKa.

i AByX IpOU3BOJBHBIX TIPYII apMaTypbl B HX IPOCTPaHCTBE IUIAHOB apMHUPOBAHUS
BO3MOXHBI CJIEIYIOLINE XapaKTePHbIE BUIbI B3aUMOJIEHCTBYSL, IIPeACTaBICHHbIE Ha puc. 2.

40 T T T

D @

30 I

Puc. 2. Bug B3auMoneicTBHs apMaTypHBIX IpyNil: 4 — JONOIHsIomUE; B, D — He OKa3bIBAIOILUE BIUSHUS,
C — IpOTHBOJCHCTBYIOIIUE IPYIIIHI
Fig. 2. Types of reinforcement group interaction: A — co-operating group; B, D — do not affect each other; C —
counteracting group
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Kpusas A sBasieTcs 311umncom ( n + nz)d2 = nldf +n, 22, r7ie d — HEKOTOPBIN CPEeTHUN TUaMeTp,

o0ecreunBaroNnuil MPOYHOCTh 10 CCUCHHIO MPY 33aJaHHBIX YCWIUSX; di, d» — TUaMeTphl CTepIKHEH
MEepPBOM U BTOPOM TPYIIN apMaTyphl.
TanreHnc yria HakJIOHa JHWHUM B3aMMOJEHCTBHA TpoTHBOAeicTBytommx Tpynn C paBeH

tana = [ﬁ , TJ€ 11 ¥ 12 — KOTMYECTBO CTEPKHEN apMaTyphl B IEPBOM U BO BTOPOI rpymIe.
n
1

BaxxHO OTMETUTH, YTO TIPHU BO3PACTAHUM PA3MEPHOCTH MPOCTPAHCTBA IMOUCKA ONTHMAIBLHOTO
IUlaHa apMUPOBAHHS, BO3HHUKHOBEHWH Oo0Jie€ CIIOKHBIX 3aBUCHMOCTEH MEXIy TpylmaMu
MHOTOMEPHBIA JJUTMIIC W JIMHUS B3aUMOJICHCTBUSA, OOOOIEHHBIE HAa CIIy4all MHOTOMEPHOTO
MTPOCTPAHCTBA, COXPAHSIIOT CBOH CMBICIL.

Jyis mowicka ONTHMANBHOTO TUIAaHA apMHUPOBAaHUS 3a7aeMCsl HAaYalbHBIM TPHOJIMKCHUEM,
YIOBJICTBOPSIIOIIUM KPUTEPUSAM TPOYHOCTH W TPEHUHOCTOMKOCTH D); W TBITaeMCS BBICTPOHUTH
CTPaTETHIO TOWCKAa ONTHMAJIbHOTO IIIaHA, B COOTBETCTBUM C KOTOPOW MEPEXOAUM K IUIAHY
apMupoBaHUs Dj+;, KOTOPBIA XapaKTepU3yeTCsl MEHBIINM 3HaAY€HUEM KPUTEPHS OTITUMHU3AINH.

Jiist  OBICTPOrO HAXOXKICHUS TIEPBOrO MPHOJMOKEHUS OyjaeM JBWraTbCs MO JTUHUW
B3aUMOJICHCTBUS OT HEAPMHUPOBAHHOTO CeueHUs (puc. 3).

A0 40

30

20

Puc. 3. Mnmoctpanus paboThl anropuTMa ONTHMH3aLUH
Fig. 3. Illustration of the optimization algorithm

OCHOBBIBasICb ~ Ha  YKa3aHHbIX  OCOOCHHOCTSAX  IPOCTPAaHCTBA  IIOMCKAa  PELICHUs
ONITUMH3ALUOHHOHN 3a/1a4H, TIOCTPOEH alrOpUTM MoA00pa apMHPOBaHUS MO0 KPUTEPHIO MPOYHOCTH H
TPEITMHOCTONKOCTH. bIIoK-cxemMa aropuT™Ma IpUBOIUTCS Ha pHC. 4.

AJNTOpUTM CTPOUTCA C YYETOM OCOOEHHOCTEH IPOCTPAaHCTBAa IIOMCKA, OIpEIesieMbIX
MaTeMaTHYECKOH MOJEINbI0 KeJe300eTOHHOTo 31eMeHTa. Ho Ha mpakTuke B CUCTEMY OrpaHWYEeHHUI
N00aBISAIOTCS AMIUPUYCCKUE TMpaBHia KOHCTPYHPOBAaHHUS cedeHHil (oOecrieueHHEe KOMITAaKTHOCTH
U3enusi, MaKCUMaJbHOM Macchl, OTpPaHUYEHUs], CBA3aHHBbIE C TOJIIIMHAMHU 3aIIUTHOTO CJIOS).
Jst 670Kka COPTHUPOBKH TPYI IO BO3PACTAHUIO CPENHETO HANPSDKEHUS B CTEPXKHSAX TPYIIIBI
BO3MOYKHBI HHBIE KPUTEPUU COPTUPOBKH, TAKME KaK MUHMUMAaJIbHOE HJIM MAaKCUMaJbHOE HAPSKCHHUE B
CTEpP)KHSAX IpYMNIBI, YTO JAaeT BO3MOXKHOCTb M3MEHEHMs CTpaTeruu IOMCKAa U MOXKET IPUBOJUTH
K aJIbTEPHAaTUBHBIM penieHusM. HempoctaTkom anropurMa siBIsieTCsl OOJIBIIOE KOJIMYECTBO XOJIOCTBIX
LIaroB JJIsl IOBEPXHOCTEH peleHni, TpeOyIOmUX CHIPKEHHUS AUAMETPOB MO0 HECKOJIBKUM TPYIIIIaM.

Jlns TOBBIMICHUS TIPOM3BOAMTEIBHOCTH JAHHOTO METOJAA HpeularaeTcss MOIU(HKAI,
OCHOBaHHasl Ha NPUMEHEHUU CUMIUICKC METOJa IJI JBIDKEHUsS BOJb KPUBOJIMHEHHOM I'paHMIIbI
o0ecriedeHus] MPOYHOCTH M TPEIIMHOCTOWKOCTH B HAMpAaBICHMH SKCTpEMyMa LEIeBOro (akropa.
Bbnok-cxema nmaHHOrO anropuTMa MpelacTaBlieHa Ha pHC. 5. UHCICHHBIE 3KCIIEPUMEHTHI MOKa3alu
CpeAHUI IPUPOCT NIPOU3BOJUTEIBHOCTHU B 1,3 pa3a 1o CpaBHEHUIO C IIEPBBIM AJITOPUTMOM.

Pazpaborannpie anroput™bl mmomoopa (puc. 4,5) apMHpPOBAaHWS TPOIUTH aNPOOAITI0 TIPH
pa3paboTke THIOBBIX cepuid IMT Oe3omanybouHoro QopmoBanus. JlanHas paOoTa BBINONHSIIACH
corpymaukamu [Tl «Aactutyr HUIITUC nm. Ataesa C.C.» coBmecTHO ¢ Ilomomkum rocynapcTBEHHBIM
yHuBepcuTeToM. ONTUMAaNbHOCTh IOJOOPAaHHOTO APMHUPOBAHUS TOATBEP)KAEHA HCHBITAHUAMU IUTUT
tunoBod cepur. B 2012 romy [IlonmomkuMm rocynapcTBEHHBIM —YHHMBEPCHUTETOM IO  33JaHUIO
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Hogormornorkoro mpou3BoacTBeHHO-cTpouTenbHoro npemnpusatas OO0 «Awuct» paspaboraHa TUNOBas
cepust «MoHommTHOE epekpritie JIAX co cheMHOM onaryOkoi» [8, 9].

ANropuT™M TOAOOpa ONTUMAIBHOTO AapPMHPOBAHHS HCIIOJIB3YETCS B YYEOHOM Ipolecce
[Toso1KOTO TOCYAaPCTBEHHOTO YHUBEPCUTETA TIPU BBITIOJHCHHUA KYPCOBBIX W JAMIUIOMHBIX TIPOCKTOB
Mo crenuanbHOCTH «[IpOMBININIEHHOE W TPaXJIaHCKOE CTPOUTENBCTBO», & TAKXKE IMPH BBITOTHEHUH
XO3AHUCTBEHHBIX ~ JIOTOBOPOB MO  OOCJIEJIOBAHWIO TEXHHUYECKOTO COCTOSHHS  CTPOMTENHLHBIX
KOHCTPYKITUHU M pa3pabOTKe peKOMEHIAINHN 10 BX ycrieHnto oomee 10 jeT.

Hauano

3a[1aTb Haua/IbHOS 3HaUEHWe
KQHTERKHA ONTAMMIELMKA
Zimin= 107

NepemMecTUTLCA N0 MHUM K CReyIoLemy

l [AQNYCTUMOMY MNaHY 3pMHPOBaHHA C
60/bLUMM 3HAUEHHEM KPUTEPHA

Ha fIUHUU BIAMMOZRHCTBUA ONTUMM3ALMK 1A CAEAYHWETD Wara

Hali/lem nnax apMuposanma 0, onTumMmzaUMH 5 5., > T,
obecneunearoLLMid NPoOUHOCTE U

TPEeLHHOCTOHKOCTE NPY 3348HHOM
BEKTODE YCUAHA

MbITAEMEA YMEHBILKTL AMAMETP
CTEPMKHEN TPYNMbI C HAMMEHBLIMM [
W3 OCTABLIMNCA 3HAYEHWIA T}

Y

X

BoIUMCAMM ANA KEKAOW rpynnbl
0, — M3KCHMaNbHOR HaNPAMEHHE
B apmarype rpynnsi

!

OTCcopTHpYeM rpynnel No
BO3PACTaHHWI0 3HAYEHUA O

Belgectn
HaunyuLwmit
pesynsTar 3 vy Mpouzowno
pa3pyleHne
3NEMEHTA

PaccMaTpHBaEMan
rpynna ABNAETCA
nocnegHe

PaccumuTaTh 3HaUeHUe
KpuTEpHA F

na

Puc. 4. biiok-cxema anropurMa IorucKa ONTUMaIbHOTO apMHUPOBAHUS JKeJIe300€TOHHOTO JIEMEHTa,
OCHOBAHHOTO Ha JABWXEHUH OT JIMHUH B3aUMOACHCTBUS
Fig. 4. Block diagram of the search algorithm for the optimal reinforcement of a reinforced concrete element
based on the movement from the interaction line

Paspabotannsle anroputmsl mondopa (puc. 4, 5) apMUpPOBaHUS MPOLUIM anpoOaruio Npu
pa3paboTKe THUIMOBBIX cepuil TIMT Oe3omanyOoouyHoro QopmoBanus. [lanHas pa®oTa BEIIOIHSIACH
COTPYTHUKAMU I'Tl «MuactutyT HUTITUC M. Ataesa C.C.» COBMECTHO c [Tononkum
rOCY/IapCTBEHHBIM YHUBEpPCUTETOM. ONTHUMaIBLHOCTh TMOJOOPAaHHOTO apPMHPOBAHUS IMOATBEPIKICHA
WCIBITAaHUSMU KT TUOBOU cepun. B 2012 roxy Iononkum rocyaapCTBEHHBIM YHUBEPCUTETOM IO
3aaHui0  HOBOIIONOIIKOTO  MPOM3BOACTBEHHO-CTpouTenbHOro  mpeanpusatus OO0 «Auct»
paspabotana TumoBas cepust « MoHomuTHOE epekpriTie JJAX co cheMHOI omamyOkoi» [8, 9].

AnroputM TOA00pPa ONTHMAIBHOTO APMHUPOBAHUS HCHOIB3YeTCS B yYEOHOM TpoIiecce
[Toso1KOTO TOCYAAPCTBEHHOTO YHUBEPCUTETA MIPU BBINOJHCHHU KYPCOBBIX W JAMIUIOMHBIX MIPOCKTOB
Mo crenuanbHOCTH «IIpOMBIIITIEHHOE M TPa)XTaHCKOE CTPOUTENIBCTBO», a TAK)KE TPH BBITOJHEHUH
XO3SIICTBEHHBIX ~ JIOTOBOPOB IO  OOCIICZIOBAHUIO TEXHUYECKOT'O COCTOSHHUS  CTPOMTEIHHBIX
KOHCTPYKITUH U Pa3padOTKe PEKOMEHIAIMIA 10 UX ycwieHuio Oonee 10 neT.
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Hauano

33/aTb HaYyaNbHOE 3HaYeHWe
KpUTEPWUA ONTUMKU2ALMKA

Zomin= 107
NEPEMECTHTHCA N0 IMHUA K CIELYIOWEMY
$ AONYCTUMOMY NNEHY 3PMHUPOBEHMA C
BONbLIMM 3HAUEHUEM KPUTEPHA
Ha IMHUM B3aMMOASACTEHA ONTUMM3ALMH SAR CEAYIOWEro Wara
HaltfleM N2k apMUpOBaHKA D) onmumnsaun Ty, > T,
obecneunsaloLmid NPOUHOCTb U

TPELMHOCTOMKOCTD NPH 33[3HHOM
BEKTOPE YCUIMA

3aMEHAM HaUXY LYK TOUKY OTCOpTMPYEM Y3Abl N0 YBblBaHMIO
CUMN/IEKCE Ha € OTPakeHMe 3HAYEHHA KPUTEPHA

ChopMHpyeM n-mepHbIi
CHMMNNEKC 1 BBIYMCAIAM 3HaUEHHE
KPMTEPHA B KAIKLOM yane
cAMNAEKCE

3HayeHue
KpuTepuA
Zip < Ximin

na

Bbigectn
HaUNYYLIKA
pesyabTat 2; pin

Mepeiigem k
cnedyrued
HaHXyAWeH Touke

MocnenHAas
Hauxyawan
ToYka?

Puc. 5. brok-cxeMa anropuTma IMmoucKka OnTUMaIbHOTO apMUPOBAHUS JKele300€TOHHOTO DJIEMEHTa,
OCHOBaHHOTO Ha CHMIUIEKC METO/IE
Fig. 5. Block diagram of the search algorithm for the optimal reinforcement of a reinforced concrete element
based on the simplex method

3akiarouenne

B pesynbraTe mpoBeNeHHBIX HCCIEAOBAHWN pa3paboTaH alropuTM IMOAO0Opa ONTHMAaIBLHOTO
APMHUPOBAHUS  JKENE300€TOHHOTO 3JEMEHTa JUIsi OOSCHEeUeHUS MPOYHOCTH, JKECTKOCTH H
TPEIIMHOCTOMKOCTH TIPU 3aJaHHBIX KOMOWHAIMSIX Harpy3ok. OcOoOEHHOCTBIO JAaHHOTO ajropuTMa
SIBIIIETCS. TPUMEHEHHE KpPUTEPHUEB OICHOK MPOYHOCTH, KECTKOCTH M TPEIINHOCTONKOCTH,
OCHOBAHHBIX Ha PEUICHUU CHCTEMBI YPaBHEHUIN paBHOBECHS HEIMHEHHOHN Ne(OpMAITMOHHON MOJICIIH.
Jis  moctpoeHust 3PQPEKTUBHOIO alTOpPUTMa IOWCKAa ONTUMAIBHOTO IUIAHA apMUPOBAHUS
MPOaHAM3UPOBAHEl OCOOCHHOCTH TMPOCTPAHCTBA TIOMCKA W XapaKTepa B3aUMHOTO BIUSHUS
ONTUMU3UPYEMBIX TPYIII apMaTyp Apyr Ha apyra. Pa3paOoTaHHBIN aaTOpuTM MPOIIEN ampoOaIuio
MPH BBITIOJHEHUH MAaCIITa0HBIX pa0OT MO pa3paldOTKe psAa TUIIOBBIX CEPH JKEIe300CTOHHBIX
MBI I IpenpuaTuii cOopHOTo kene3o0eToHa Pecyonuku benapych. KoppekTHOCTh paboThI
JAHHOTO AJITOPUTMA MOITBEPIKIAAETCS MHOTOUNCIEHHBIMHU HCTIBITAHUSAMU U3ICITHIL.
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IBPUCTHYECKASA MOJEJIb TIPOT'HO3UPOBAHUSA
PABOTOCIHHOCOBHOCTH NNOJYITPOBOJAHUKOBBIX ITPUBOPOB

B.0O. KA3IOUML], C.M. BOPOBHUKOB, E.H. IIIHEIJIEPOB

Benopycckuii eocyoapcmeennulii ynusepcumem uHGopmamuxy u paouodiekmpoHuKu
(2. Munck, Pecnybauxa Berapycy)

Hocmynuna 6 peoakyuro 27 dexabps 2021
© Bbenopycckuii rocyJapcTBEHHBIH YHUBEPCUTET HHPOPMATHKH U PaJHO3JIEKTPOHUKH, 2022

AHHOTanus. MeToJl OpOroBOil JIOTMKH, MPUMEHSEMBIH Uil W3ACTUNA DJEKTPOHHOM TEXHHKH IMPU OLEHKE HX
HAJIC)KHOCTH B BUJIC TIPOTHO3UPOBAHUS Kilacca pabOTOCIIOCOOHOCTH M3CHi I 3aJaHHOM HapaOoTku (K — Kiacc
paboTocrocoOHbIX, Ko — Kiacc HepabOTOCIIOCOOHBIX IK3EMIUIPOB), IPEAYCMaTpPUBAET IIPe0OPa30BaHKE B JIBOUYHBII
KOJIl MH(OPMATUBHBIX MAPAMETPOB, MOJYYCHHBIX B HAYAIBHBIH MOMEHT BPEMEHH, U TIO3BOJIICT TIOCTPOUTH MOJICIH
MIPOTHO3WPOBAaHMS B BHIE TAONWIBI, MOKA3BIBAIOMICH, KAaKUM KOMOWHAITNSAM KOJA COOTBETCTBYIOT AK3EMIULIPHI
kiacca Kj. Vcmonp3oBaHME MBOMYHOTO IMPEOOpa3oBaHMS YIIPOMIAET INPOIEAYPY MPOTHO3WPOBAHMSA, HO HEMHOTO
CHIDKAETCSI IOCTOBEPHOCTH TIPOTHO30B. AKTYaJIbHBIM SIBJIIETCS TTOJyYEHHUE MOJETH POrHO3MPOBAHKS, 00Jafaroreit
MIPOCTOTON ee MPUMEHEHHS 1 00eCTIeYNBaroIIe 0oJiee BEICOKYIO JJOCTOBEPHOCTH MPOTHO3UPOBAHMS KJIacca U3MICIIHH,
HEXENMW TP JBOUYHOM IpeoOpa3oBaHuM TapaMeTpoB. Ha mpumepe OUMONSIPHBIX TpaH3ucTopoB THma KT872A
YCTaHOBJICHBI 3aKOHOMEPHOCTH JIEKTPHIECKHX MTApaMEeTPOB, UCTIOIB3YEMBIX B KadecTBe WH()OPMATHBHBIX, U I UX
npeoOpa3oBaHusl B KOJ| MPEAJIOKCHO pacCMaTpHBaTh TPH OOJACTH M3MCHCHMS Mapamerpa: IepBas o0yacth —
JTNATa30H 3HAYCHUH MEXKTy MaTEMaTHYCCKUMU O3KUJTAHUSIMH, TIOJTY9CHHBIMH OTIEIIBHO JUTS SK3EMIUTAPOB KIaccoB K
u Ko; 1Be npyrue obacTu — 3HAUCHUSI TIapaMeTpa, HaXOSIIHUECs CIeBa U CIIPaBa OT TOTO JIHANa30HA. SHAYCHHUAM
mapaMmerpa, MONaJarolliM B JIUAIa30H, MpHUCBauBaeTcs Koi R (oT crmoBa Range — nmamasoH), 3a mpeaenaMu
yKa3aHHOTO Juarna3oHa — koj 1 (emuuria) win 0 (Hysb) B 3aBHCUMOCTH OT 3aKOHOMEPHOCTH HH(OPMATUBHOTO
napamerpa. [losicHseTcs, KaK BBITIONHATH IpeoOpa3oBaHue TapameTpoB B koabl 1, 0 u R W mONy4ath MOJCIH
MIPOTHO3WPOBAaHMS B BHJAE JIOTHMYECKOH TaOJMIBI, TTOCTPOSHHOM M3 3THX KoaoB. Ha mpmumepe uccriemyembIx
TPaH3WCTOPOB TMOKA3aHO, YTO TIpe[jlaraeMasi SBPUCTHYECKas MOIENb OO0CCIeUMBACT JIYUIIHe pPe3yJbTaThl
MIPOTHO3UPOBAHMS, TPAKTHYECKU COXPAHSI IIPOCTOTY 6a30BOTO METO/1a IOPOTOBOH JIOTHKH.

KiioueBble cJI0Ba: TOIYIPOBOJHHUKOBBIE TPHOOPHI, HANC)KHOCTh, HHIWBUAYAIbHOE IPOTHO3MPOBAHUE,
nHGOPMATHBHBIE TTApaMETPHI, IPOTHOZUPYIOIIEE MPABIIIO, IPOTHOZUPYIOMIast (PyHKITH.

KoH}aukT HHTEepecoB. ABTOPHI 3asIBIISIOT 00 OTCYTCTBUH KOH(IIUKTA HHTEPECOB.
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«IIporHo3upoBaHKe  OSKCIUTyaTallHOHHOW  HAJEKHOCTH  MOIIHBIX  ITOJYIPOBOJHUKOBBIX  NPHOOPOB
C MICTIOJIb30BaHMEM METOAOB M alrOPUTMOB MAIIMHHOTO OOYYEHHMS», YTBEPXKICHHOTO HAYYHBIM COBETOM
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Abstract. The threshold logic method used for electronic products when assessing their reliability in the form
of predicting the performance class of products for a given operating time (K is a class of operable ones, Ko is a
class of inoperable copies) provides for the transformation into a binary code of informative parameters obtained
at the initial moment of time, and allows to build a forecasting model in the form of a table showing which code
combinations correspond to the instances of the K class. The use of a binary transformation simplifies the
forecasting procedure, but the reliability of the predictions is slightly reduced. It is relevant to obtain a
forecasting model that has the simplicity of its application and provides a higher reliability of forecasting a class
of products than with a binary transformation of parameters. On the example of bipolar transistors of the
KT872A type, the regularities of electrical parameters used as informative ones are established, and for their
transformation into a code, it is proposed to consider three areas of parameter change: the first area is the range
of values between the mathematical expectations obtained separately for instances of the classes K and Ko; the
other two areas are the parameter values to the left and right of this range. Parameter values falling within the
range are assigned the R code (from the word Range), outside the specified range - the code 1 (one) or 0 (zero),
depending on the pattern of the informative parameter. It is explained how to convert parameters to codes 1, 0
and R and get a prediction model in the form of a logical table built from these codes. Basing on the example of
the investigated transistors, it is shown that the proposed heuristic model provides the best forecasting results,
practically keeping the simplicity of the basic method of threshold logic.

Keywords: semiconductor devices, reliability, individual prediction, informative parameters, predictive rule,
predictive function.
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BBenenne

NunuBuayanbHOE MPOTHO3UPOBAHUE HANIEKHOCTU H3ACIHUHA SJIEKTPOHHOW TEXHUKHU, B TOM
qyclie MOUIHBIX IMONYNPOBOAHHKOBEIX mpubopos (IIIIIT), mo mx WHPOPMATHBHBIM MapameTpam
MO3BOJISIET BHITIOJHUTH OTOOpP SK3EMIUISPOB, OTBEYAIONIMX TPEOOBAHHMAM TIO HAJEKHOCTU IS
AJIEMEHTOB, WCIIOJIb3YeMBIX TpPU COOpPKE OTBETCTBEHHBIX SJEKTPOHHBIX YCTpOHCTB. OTOOD
9K3EMIUISIPOB BBICOKOTO YPOBHS HAJEKHOCTH B OOJBIIMHCTBE CITy4aeB BBHITIOJHSIOT MPEIIPHSITHS,
M3TOTaBIMBAIOIIME 3JIEKTPOHHBIE YycTpoicTBa. JlJIsi TaKuX MPEANpUATAA OJHUM U3 BaKHEUIINX
TpeOOBaHWI K TPOIEAype TMPOTHO3UPOBAHHUS SBISACTCS ee¢ mpocrtora. l[locne mpoBeneHUs
MpeABapUTENIbHBIX MCCIIEIOBAaHUM Ha HaJlexkHOCTh MHTepecyrouiero tuna [T momydaroT Momensb
MPOTHO3WPOBAHMS, HA3bIBAEMYIO IMPOTHO3UPYIOMUM MpaBuioM. CamMH HCCIIEeIOBAaHUS HAa3bIBAIOT
oOyvarommmM skcriepuMeHToM [1, 2]. X memb — yCTaHOBUTH B3aUMOCBSI3b MEXKIY 3HAUCHUSIMH
nHpopmaTuBHeix mapamerpoB IIIIII paccmaTpuBaemMoro Turma B HaYalbHBII MOMEHT BPEMCHH
Y YPOBHEM HANICKHOCTH TPUOOPOB JII HMHTEPECYIOMETO BpeMeHH paboTel (HapaOOTKH).
[IpuMeHeHue HA TPAKTUKE HAXOAUT CIy4Yald TUCKPETHOM OIIEHKH HAJECKHOCTH B BUIE COOTBETCTBHUS
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(xmacc K1) unm HecooTBeTcTBHA (Kiacc Kg) mpuOOpoB TpeOOBaHUSM HaaeXHOCTH. Mozenb
MIPOTHO3UPOBAHUS TOIYYAOT OIWH pa3, a Jlajee €€ HCIONL3YIOT I oToopa omHOTHIHBIX [T
BBICOKOTO YPOBHS HAJCKHOCTH U3 BBIOOPKH, O3K3EMIULIPBl KOTOPOW HE HCIHOJIB30BAINCH
B 00y4aronieM SKCIepUMEHTE.

AKTYyaJIbHOCTB HCCJICIOBAHUMH

B ob6mem ciaydae NpuUMEHEHHE IOIYYEHHOW IT0 pe3ynbraraM o00pabOTKH 00yJaromero
9KCIIEPUMEHTa MOJETN TNPOTHO3MPOBAHHUA COCTOMT B M3MEPEHHWH B HAaYaJbHBII MOMEHT BpPEMEHH
Y KOHKPETHOTO 3K3eMIUIsipa WHPOPMATUBHBIX apaMeTpOB, MOJCTAHOBKE MX 3HAYCHUH B MOJETb U
HOJIYYEHUH AJIS1 PAacCMaTPUBAEMOI0 SK3EMIUIIpa MIPOrHO3UPYIOLeH PyHKIMH, [0 3HAYEHUIO KOTOPOi
NPUHAMAETCS] PElIeHHEe O COOTBETCTBUHM WJIM HECOOTBETCTBHH NpHOOpa TpeOOBAHMIO HaJCKHOCTU
B BHJE Kiacca sk3eminisipa (K wmu Ko). Hanmnuue BeIMuCIMTENbHON MPOLEAyphI TOIyYSHHUS pelaromeit
(YHKIMU BO MHOTHMX CIIy4yasX OTPaHUYUBAET, a B PAJE CIy4aeB BbIHY)KAAET IPEAIIPUATHS OTKA3aThCs
OT NMMPUMEHEHHSI METOAOB nporHo3uposanus HagexHocTH [1I1I1 mo nx nHbOPMATHBHEIM MapaMeTpaMm.

B [3, 4] ans nporHo3upoBaHus 1Mo MHPOPMATHBHBIM HapameTpaM ObUIT MPEIOKEH METOJ,
B KOTOPOM 3HA4YCHHUS MapaMeTpoB, MONyUYEHHBIE MPH MU3MEPEHUH, MPEoOpa3yloTCcs B ABOMYHBIA KOII.
B utore 310T METOJ MO3BOJISET MONYUUTH ISl IPAKTUIECKOTO IIPUMEHEHUS 3BPUCTUUYECKYIO MOJETb
MPOTHO3UPOBAaHUsI B BHJIE JIOTUYECKOM TaONMUIBI, MOKAa3bIBAIOLICH, MPH KaKuX KOMOMHAIHAX
JBOMYHOTO KOJAA AOJDKEH JeNaTbCs MPOTHO3 O MPHUHAJIEKHOCTH 3K3EMIUIIpa K HHTEPECYIOIIEMY
KJIaccy, Hampumep, kimaccy K; B cimydae otoopa IIIIII, oTBewarommx TpeOOBaHHUIO HAICKHOCTH.
IIporHo3Hoe pemieHHE O COOTBETCTBMU OJK3EMIUIIpa TPeOOBAHUIO HAJEKHOCTH IIPUHUMAETCS
B JaHHOM cllyyae MO0 HaOOpy IOBOMWYHBIX 4YuceNl Oe3 BBIOJHEHUS MaTEMaTH4YeCKUX BBIYMCIICHHH.
IIpudyem mnoporosble YpoBHM HH(OPMATHBHBIX IIapaMeTpOB, HEOOXOAMMBbIE Ul NPeoOpa3OBaHUs
[apaMeTpoB B JIBOMYHBIM KOJ, a Takxke Te KOMOMHAIUU (COYETaHUs) ABOMUYHBIX YHCENI, KOTOPbIE
OTBEYAIOT TPEOOBAHUIO HA/ICKHOCTU MPUOOPOB, MOTYYaIOT 3apaHee OAWH Pa3, UCTIONB3Ys Pe3yIbTaThl
00yJaromero SKCIepuMeHTa. ITOT METO ObLT Ha3BaH 0a30BBIM METOAOM HOPOroBoit joruku [1, 2].
Ilepexon Ha [BOoMYHOE IpeoOpa3oBaHME HH(POPMATHBHBIX IApaMETPOB 3aMETHO YIPOIIAET
MpOLEAYpY HPOTHO3UPOBAHMS, HO IPH 3TOM HEMHOIO CHMYKAETCSl JOCTOBEPHOCTH IPOTHO30B.
AKTyanbHBIM SIBJISIETCSl TOJYYEHHE TAaKOW MOJENM TPOTHO3UPOBAHUS, KOTOpas IMO3BOJMIA OBl
HOBBICUTh JOCTOBEPHOCTH NpOrHo3uposanus HajgeskHocTH [II1I1, MakcumanbHO COXpaHUB IIPU ATOM
IPOCTOTY 0a30BOI0 METO/]a HOPOrOBOM JIOTHKU.

MeToauka MPOBEACHUSA IKCIICPUMEHTA

B kagectse IIIIIl, Ha mpumepe KOTOPHIX pazpaboTaH MOAXOM K IOTyYCHHUIO HOBOW
9BPHUCTHYECKON  MOJENH TMPOTHO3WPOBAHUA WX  pabOTOCIOCOOHOCTH,  HCIOJIB30BAIUCH
OUTIOJISIpHBIE TPaH3UCTOPBI Oonbinoi MomHOcTH TUna KT872A. O0beM oOydaromieid BBIOOPKHU
coctaBysil 94 sk3eMiursipa. beul BeIMOMHEH 00y4aromuii SKCIIEPUMEHT U MOJY4YEHbI TaOJIMYHBIC
JAHHBIE O B3aMMOCBS3M DJIEKTPHUYECKHUX TMapaMEeTPOB, HCCIEAYEeMbIX Ha HHPOPMATHUBHOCTB,
C KJIACCOM DK3EMILIAPOB C YUYETOM UX PabOTOCIIOCOOHOCTH B TEUCHHE 3aJlaHHOM HapaboTku: K| —
KJIacC HAAEKHBIX JK3EMIUIIPOB B TeueHHE HapaOoOTkH, coctamistomeit 15 000 u; Ko — kmace
MOTEHIMAIBHO HEHAJEKHBIX HK3EMIUIAPOB, TO €CTh JK3EMIUIIPOB, Y KOTOPHIX 10 MOMEHTa
OKOHYAHHUSA OSTOH HapaOOTKM BO3HHUK BHE3ANHBIA OTKa3 JMO0O IOCTCICHHBIH OTKa3 IO
JIEKTPUUECKOMY MapaMmeTpy, paccMaTpuBaeMoMy B KadecTBe Kputepus rogHoctu I mns
pabounx ycnoBuil (Ukomae — HANpPSDKEHWE HACHIMIEHUS KOJUIEKTOP-3MHTTEp). Mcmonb3oBaiuch
MPOBOJUMBIE 10 THIIOBBIM METOJIMKaM yCKOpEHHBbIe (POpPCHUPOBAHHBIC HCIBITAHUS, 00CYXKIaeMbIe
B [1, 2, 5, 6]. UcnblTanus mposogunuchk B jJaboparopusix bemopycckoro rocyaapcTBEHHOTO
yHUBepcUTeTa HHGPOPMAaTUKH W  paauodieKTpoHukd. C  ONHCaHHEM  HUCIOJb3yeMOi
AKCIIEPUMEHTAIPHON yCTAaHOBKH MOXHO O3HAaKOMHThCS B [6]. M3mepenus OOJbIIMHCTBA
JNEKTPHUECKUX  I[MapaMeTpoB,  HCCIEAYEeMbIX Ha  WHPOPMATHBHOCTh, H  KOHTPOJIb
paboTOCTIOCOOHOCTH TPAH3UCTOPOB BBHIMOJIHAINCH C HCIOJB30BAaHUEM CEPTHUHHUIHUPOBAHHOTO
M3MEPUTENHHOTO o0opyaoBaHusa ¢uinana «TpaH3ucTop» — MPEaNpUATHS, BXOMSIIETO COCTaB
OAO «MHTET'PAJI» — ympasstrorieit komnanuu xonauara «MHTEI'PAJD.
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Pe3yabTaThbl U UX 00CyK/IeHHNE

B Tabm 1 3ammcaHBl JNEKTPUYECKHE TapaMeTphl, MPOBEpseMble Ha HWH(POPMATHBHOCTD,
YKa3bIBAIOTCS 3HAYECHHS KOA(PPHUIIMEHTOB IJWHEHHONH KOPPENSAUN JJISKTPUUYECKHNX MapaMeTpoB
B HAYaJIbHBIA MOMEHT BPEMEHH C HOMEPOM Kiacca SKk3eMIuisipoB (1 mimm () Ha MOMEHT OKOHYAHHS
ucneiTaHuil. CHMBOJIOM * OTMEUYEHBI TapaMeTphl, KOTOPHIE HCIIONB30BAJINCh B KauyecTBE
nH(GOPMATUBHBIX KaKk B 0a30BOM METOJIE MOPOTOBOM JIOTHKH, TaK M B MoAM(HKanmMu MeToja,
WCTIONB3YIONICH TpeiaraeMyto Mojaenb. s mpusstus pemeHus o knacce (K; wmu Ko) HOBBIX
OJTHOTHITHBIX 3K3EMIUIIPOB C TOYKH 3pEHUS UX PabOTOCIOCOOHOCTH B TCUCHHUE 3a/laHHONW HapaOOTKU
C MOMOIIBI0 0a30BOr0 METOJla TOPOTOBOM JIOTHKHM ObUTa TOJNydYeHa Jormdyeckas Tabmuia Juis
MPOTHO3UPOBAHMUS, MOKA3bIBAIOMIAs, KaKMM KOMOWHAIIMSAM IBOWYHBIX YWCEN (€AWHWIA U HYJIb)
JIOJIKEH COOTBETCTBOBATH MPOTHO3 O MPUHAIJICKHOCTH SK3eMIULIpa K kiaccy K [6]. BepodarHocTh
MIPUHATHUS PABUIBHBIX PEIICHUN Pupas C yIE€TOM Kak Kiacca K, Tak 1 kiacca Ko coctaBuia 0,81. s
MPAKTHYECKHUX MPUMEHEHUI TaKoil pe3yibTaT He BCErna SIBISAETCS MPUEeMIIEMBIM. MOXHO YBEIHYUTh
mopor, Hampumep, A0 3HaueHus Py=0,5..1aB.ed., W TeM caMbIM TIOBBICUTH BEPOSITHOCTH
MPaBUIILHOTO PAaclo3HaBaHHUS SK3eMIUIIpoB kimacca Ki. OmHAKO B 3TOM cllydae BO3PacTET PHCK
W3TOTOBUTENSA, YTO OyAeT NPOSBIATECA B TOM, YTO HEMaJlo€ KOJMYECTBO B JEHCTBUTEIHHOCTH
HAJICKHBIX 3K3EMIUIIPOB OYIyT CYMTATHLCS 110 POTHO3Y MOTCHIIUAIEHO HEHAIC)KHBIMH.

Taoaunua 1. VccnemyeMble d5eKTpUIecKe mapaMmeTpsl Tpan3uctopoB KTE72A
Table 1. The investigated electrical parameters of the KT872A transistors

Pexxum Koadpdumment YcnoBue nosiyyeHus Koaa
TTapamerp u 0603HauCHIE HU3MEPeHUsT | KOppeJsiMM | T =R B HOBOIl MOJEJN POrHO3HPOBAHMUS
Parameter and designation Measurement | Correlation Condition for code receiving t: = R
mode coefficient in the new forecasting model
1.* i Ik=T7A
CraTtnuecknit koapduuent k=TA, 0.452 3,22 <hs <351
nepenavu Toka, 1215 Ukx=5B
2. *O0patrHbIi TOK KOJUIEKTOPA, [K50 Uxs =500 B -0,453 0,209 < Ixso <0,233 (MKA)
3. *HanpspkeHne HachIIEHHS KOJUIEKTOP- Ixk=TA,
—-0,443 521 < Uk uac< 675 (MB
SMHUTTEP, UKD nac sE=35A K3 wac (MB)
4. EMxocTh KoyekTopHoro nepexona, Cx | Uxksoop =2 B 0,387 -
5. [IpoGuBHOE HaNPsKEHUE KOJUIEKTOP- Ics = 0.1 MA 0332 3
6a3a, UKb upos

AHanmu3, IpOBEICHHBIN aBTOPaMH, TI0Ka3ajl, YTO BO3MOKHEI JBa OCHOBHBIX IYTH TTOBBITIICHUS
BEPOSITHOCTU MPUHATHUS IPABUIBHBIX PEUICHUM.

1. YBenuueHne 4nciIa MCMONb3yeMbIX HMH(OPMATUBHBIX MapameTpoB. DTOT myTh ans [III1
CAepKUBAETCs IIPOOJIEMOM TIOMCKA ITApaMETPOB C 3aMETHBIM YPOBHEM HMH()OPMATHBHOCTH.

2. IlonydyeHue 3BpPUCTUYECKON MOJENM MPOTHO3UPOBAHHUSA, YUUTHIBAIOIICH isi KiaccoB K
u Ko obiacts niepekpoiTus, Kotopast npumenutenbHo k [T umeet mecto miis BceX MHGDOPMATHBHBIX
TapaMeTPOB AIEKTPHICCKON TIPHPOIHI.

3aKkoHOMepHOCTH HHPOPMATHBHBIX NAPaMEeTPOB

Jls mosmydeHus SBPUCTHYECKOW MOJISH MIPOrHO3UpoBaHus paborocrnocooHocT [T OputH
MPOAHAJIM3UPOBaHbl JIIEKTPUYECKHAE TapaMeTphbl, HCCIeJyeMble B pabdoTe W HCHOJIb3yeMble
B 00ydUaromeM d3KCIEPUMEHTE MPUMEHHUTEIHFHO K OMMIONSApHBIM TpaH3uctopaM turma KT872A. [ns
ANIEKTPUYECKUX TapaMETPOB, KOTOPhIE MOTYT OBITh HCHOJh30BaHBI B KauecTBE WH()OPMATHBHBIX,
YCTaHOBJICHBI 3aKOHOMEPHOCTH, TIOSICHEHUE KOTOPBIX MPUBOIUTCS HIXKE.

1. JlydieMy ypOBHIO HaJI)KHOCTH, T. €. 3K3eMIUIIpaM Kiiacca Ki, B OCHOBHOM COOTBETCTBYIOT
OOypIIvie 3HA4YeHUS WHOOPMATHBHOTO MapaMeTpa, W3MEPEHHbIE B HAYaIbHBIH MOMEHT BpPEMEHH,
a 3K3eMIuIIpaM kiacca Ko — MEHBIINE ero 3Ha4eHWs. B 3ToM ciydyae OIMMOKM MPOTHO3HPOBAHUS
B OCHOBHOM OIPENENISAIOTCS NIMPWHOW JIMAna3oHa MEpeKPBITHs 3HA4YeHUH WH()OPMATHBHOTO
napamerpa Juis SK3eMIUIIpOB KiaccoB K u Ko. DTa 3aKOHOMEPHOCTh MILTIOCTPUPYETCS] Ha TpuMepe
napamerpa /215 ¢ MUCMOIB30BAaHUEM THUCTOTPAMM €r0 pacHpeiesieHHs, MOCTPOCHHBIX OTICIBHO IS
IK3EeMITIAPOB Kitacca K u kimacca Ko (puc. 1, a, b).

95



JoKj147151 BI'YHUP DokL4aDY BGUIR
T. 20, Ne 1 (2022) V.20, No. 1 (2022)

Pa3HOBHIHOCTBIO 3TOM 3aKOHOMEPHOCTH SIBIISIETCS Coydail, korga kinaccsl K1 U Ko MEHA0TCA
MECTaMH Ha YHCIOBOU OCH TapaMeTpa. ITOH Pa3HOBHAHOCTH OTBEYAI MMapaMeTp [kpo — OOPaTHBIN TOK
KosutekTtopa Tpanzuctopos tuna KT872A.

YacroTa, % Qacrora %
Hit rate, % Hit rate, %
20 30
15 .
20
10 15
5 10
’_‘ 5
0 T 1 T T T T I 0 T T 1
26 28 3 32 34 36 38 4 42 OO0 1100 1300 1500
Knace K, napametp f;13 K:m.cc Ky, napamerp U g, B
Class K, parameter fiyjg Clazs K, parameter Uz 4y, mV
a C
YacToTa. % TacroTa, %
Hit rate %% Hit rate, %

20

"]

10 10
]
H,—||_| . . oA ’_||_|'_|.'_‘.

S00 1100 1300 1500
K.'m.cc Ky, mapasterp Ugs mo, 8B
Clazs K, parametar Lyp 0, mV

26 2.8 32 34 36 38 4 42

Knace K, mapametp fao
Class K, parameter /1,5

b d
Puc. 1. ['ucrorpamMmsl pactipeieNieHus TapaMeTpoB: @ — mapaMeTp h21», kinace Ki;
b — mapamertp /215, knace Ko; ¢ — mapamerp Uk nac, K1acC Ki; d — mapamerp Uk uac, Ki1acc Ko
Fig. 1. Parameter distribution histograms: a - parameter /g, class Ki;
b — parameter h2g, class Ko; ¢ — parameter UkE sar, class Ki; d — parameter UkE sat, class Ko

2. JlydimeMy YpOBHIO HaJIS)KHOCTH, T. €. IK3eMIUIIpaM Kiacca Ki, B OCHOBHOM COOTBETCTBYIOT
MEHbBIINE 3HAYCHUS MHOOPMATHBHOTO Mapamerpa, a 3K3eMmIuisipam kiacca Ko — OoJbliHe ero
3HayeHusa. Ho mpu 3TOM Auana3oH 3HA4Y€HUH MapaMmeTpa Ui SK3eMIUISIPOB Kiacca K OKa3bIBaeTcs
BHYTpH JHMala3oHa mapamerpa JUist SK3eMIUIIpoB Kiacca Ko. DTa 3aKOHOMEPHOCTh UMEINa MECTO IS
mapameTpa Ukonae (HaIpsDKCHHWE HACHIIECHUS KOJUICKTOP-OMHUTTEP). 3aKOHOMEPHOCTH JUISI DTOTO
rapaMeTpa WUTIOCTPUPYETCS MPUMEPOM THCTOTPaMM €ro paclpeieNieHHs], TOCTPOCHHBIX OTIEIBHO
JUTSL DK3EMILTSIPOB Kiacca K u kiacca Ko (puc. 1, ¢, d).

3. JlyuireMy ypOBHIO HAJICKHOCTH, T. €. SK3eMIUIsIpaM Kiiacca Ki, B OCHOBHOM COOTBETCTBYIOT
OOypIIvie 3HavYeHWs: MH(POPMATUBHOTO TapaMerpa, a dJK3eMIuspaM kiacca Ko — MEHBIIHE €ro
3HavyeHus. Ho B 3ToM citydae Auana3oH 3HaUYEHU mapamMerpa JUlst SK3eMIUIIPOB Kiacca Ko OKa3bIBaeTCs
BHYTpPH JIMara30Ha 3HAYCHUH MapaMeTpa JUIs dK3eMIUIIpOB Kinacca Ki. B MpoBoMMBIX HCCITeI0BaHHUSX
9TOW 3aKOHOMEPHOCTH OTBEYANIM CleAyromue napameTpel: Ck — eMKOCTh KOJUIEKTOPHOTO TEPeXo/a;
Uk npos — IPOOMBHOE HaTIpsDKEHUE KOJUTEKTOp-0a3a (cM. Tabm. 1).

3BpﬂCTl/I‘leCKaﬁ MOJ€/Ib IIPOTHO3UPOBAHUA paﬁOTOCH0006HOCTH

[Ipemiaraemast  3BpUCTHYECKass MOJENb  IPOTHO3MPOBAHMA, IpeAHA3HAueHHas Ui
uHauBuAyansHoro nporuosuposanus Il nmo ux uHpOpMaTUBHBIM MapaMeTpaM, OCHOBaHa Ha
WCTIONB30BaHUN 3aKOHOMEPHOCTEH, YCTaHOBJICHHBIX JKCHEPHUMEHTAJIbHO Ha MpUMeEpe OHIONSPHBIX
TpansuctopoB THna KT872A 1 »JIeKTpHUECKHX MapaMeTpoB, pacCMaTpUBAEMBIX B KauecTBE
uHpopmatuBHbIX. CTaBuiack 3a7ada IPEUIOKUTHh TaKyl0 MOJENb IPOrHO3UPOBAHUS, KOTOpast
UCTIONb30Baia Obl MPUHIMIIBI METOAa IIOPOTOBOM JIOTMKM W TIO3BOJIMJIA OBl  MPENCTABUTH
MPOTHO3MpPYIOLIee MPaBHIO JIOTMYECKOW TaOIUIel, HCKItovaromeld HeoOXOAUMOCTh IMPOBEACHUS
pacueToB Ha 3Tale NPUMEHEHUS MOJENU AJs IPOTHO3UPOBAHMS HOBBIX OJHOTHUIIHBIX JK3E€MILIIPOB!
TOJBKO M3MEPEHHE y HOBOTO SK3EMIUIIpa 3HAUeHHH MH(POPMATHBHBIX IapaMeTpoB, Mpeodpa3oBaHue
WX B KOJ NyTEM CPaBHEHMS C 3apaHee MOJYyYSHHBIMU JAJIS KaXIOro MH(pOpMaTHBHOrO mapamMmeTpa
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MMOPOTOBBIMUA YPOBHSIMH W YTOYHCHHS IO JIOTHYECKOH TaONMIle, KaKOMY KJIACCy OTBEYaeT HaOop
KOZIOBBIX CUTHAJIOB.
IIpn momyuyeHum M™Mopaenu OBUIM TPUHATHI BO BHHMAHHE CIEIYIONINE MPEINOCHIIKH,
MOATBEPKACHHBIC DKCIICPUMEHTAIBHO TIPY MPOBEACHUH 00YUAIOIIETO IKCIICPUMEHTA:
1. DneKTpUUYeCKHEe TapaMeTphl, BBEIOMpacMble B KadecTBe HH(POPMATHBHBIX IO 3HAYCHHUIO
KO3 pHIIMEHTa TUHEHHOIN KOPPEIALUI MEX/Ty 3HaYeHUAMH TlapaMeTpa B Ha4aJbHBII MOMEHT BPEMEHH
YW HAJCKHOCTBIO W3ICTHHA JJIS WHTEPECYIOIIECrO BPEMEHH pPa0OThI (HApaOOTKU), MMEIOT pPa3HEIC
3HAYCHUS MATEMAaTUUECKUX OXHUIAHUN (CPETHUX 3HAYCHUHN) M U Mo IS SK3EMIDTSIPOB KiaccoB K u Ko.
2. Eciin 3HaueHne wWHGOPMATHUBHOTO IapaMeTpa TIOManaeT B [IWala3oH, TPaHAIIAMHU
KOTOPOTO SIBIAIOTCS MaTeMaTH4YeCKHe OXHUAaHUS M1 W Mo, TO DHTpOmHS (CTEHeHb
HEOMPEACICHHOCTH ) Kiacca dk3eMIuisipa (K; win Ko) ¢ y4eTOM 3TOTO 3HAYCHUS IMapaMeTpa BBIIIS,
HEXENW B cllydae 3HAYCHHS, HAXONAIIErOocs 3a IpeaelaMH Auarna3zoHa (0T mi A0 mo). B aToMm
MOYXHO YOEIUTHCS, aHATU3UPYS PUC. 2, d.
3.3a mpexenaMu Jauana3oHa, OTPAHMYCHHOTO 3HAUCHUSMH M, W Mo, MPeoOpa3oBaHUE
MOJIYYSHHOTO MPU U3MEPEHHUH MmapaMerpa OyaeM BBIMIOJHATH IyTEM MPHCBaWBaHUS KOAA CTUHUIIBI
WIH HYJISI C YYETOM TOTO, YTO OoJiee BhICOKOMY ypoBHIO HajaexHocTd [T B OCHOBHOM JTOJIKCH
COOTBETCTBOBATH KOJ| €AMHNIIA, MEHBIIIEMY YPOBHIO HAaJI€KHOCTH — KOJI HYIIb.
W(Ux3 sac) W(Ui sac)
WUk sat) w(URE sat)

— ~ G 59
Ww(Uxke sat | K1) WALEE ]S

W(Uk3 sac | Ko)

W(Uk5 sac | Ko) T 1%
W(UKE sat | Ko

Ww(UKE sat | Ko)

>

1
I
> T T \‘

1
: T T T T O
300 I 60|() I 900 1100 1300 Uxks s MB 300 | 900 1100 1300 Uz mae MB
- =R =0 UKE sat. mV 1 o URE sat, MV
=1 T =1 <4 z=0
m o

a b

Puc. 2. [IpeobpazoBanne mapamerpa Uk wac B KOA: @ — TIpejiaraeMasi MoJieib;
b — Monenb 6a30BOTO METOA IMTOPOTOBOH JIOTHKH
Fig. 2. Conversion of the Uxke sat parameter into the code: a — the proposed model;
b — the model of the basic method of threshold logic

Jns mpeobpazoBanus i-ro HHPOPMATUBHOTO MapaMeTpa (0003HAYUM €T0 Yepe3 X;) B KOJIOBBII
cur"at (0003HaYUM €T0 Yepe3 T;) BHIOEPEM CIIEAYIONIHNA aJTOPUTM:

T, =1, ecnm x;> my,
1= 0, ecmm x; < my, (1)
T, = R, eca mo < x; < my,

rae kom R (oT aHrimiickoro cioBa Range — nmama3oH) o3HAYaeT, YTO PE3yNbTaT H3MEPEHUS
MH(OPMATHUBHOTO MapaMeTpa MonaaaeT B AUAMa30H MKy MaTeMaTHUYECKUMU OXUAAHUSIMU M1 A Mo,
COOTBETCTBYIOIIMMU KiaccaM K u Ko 7151 3TOro napameTpa.

CootHomenust (1) creayeT WCMONB30BaTh JUIS TeX HH(DOPMATUBHBIX ITApaMeTpPOB, IS
KOTOPBIX BBITTOJTHSAETCS YCIIOBHE /M1 > mo. B cirydae m < mo ClIeyeT UCI0Ib30BaTh COOTHOIIEHUS:

T, =1, ecmm x; < my,
1, =0, ecnu x; > my, )
T, = R, ecim m; < x; < my.

[Ipumenenue ycnosuii (2) k uHQopMaTUBHOMY IapaMeTpy Uxs wac WILTIOCTPUPYET pHC. 2, a.

Ha puc. 2, b s cpaBHEHHUS MOKa3aH MOIXO, UCIIOIB3yeMBId B 6a30BOM METOJIE TIOPOTOBOM
JIOTHKH JIJIs1 Ipeo0pa3oBaHus 3HaUCHHH mapaMeTpa Uks pac TOTBKO B IBOMYHBIN KO,

B nocnexnem ctonbue tabin. | mpuBeneHb! yCIOBU MOMy4YeHHs KoJa T; = R I UCIIOIb3YEeMbIX
nH(QOpMATUBHEIX NapaMeTpoB. Eciam monmydyeHHOe NpH HM3MEPEHHH 3HAauYeHHE HHPOPMATUBHOTO
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napaMmeTpa He OTBEYAeT 3alMCaHHOMY YCJIOBHIO, TO pUHUMaeTcs T; = | win T; = 0 B 3aBHCUMOCTH OT
3aKOHOMEPHOCTH WH(POPMATHBHOTO MapaMeTpa.

IIpemmaraeMelii alnTOpPUTM OIPEACIICHUS MPOTHOZUPYIOMEH (YHKIMH IS dBPUCTHICCKOM
MOJIETTH TIPOTHO3MPOBaHUs Kiacca dk3eMinisapa (K; wiu Ko) OCHOBaH Ha WCIOJIb30BAaHHUH TOHSITHS
«4actHas wHPOpMAIUS O KiIacce DK3EMIUIApa, COJCPIKAIIAsACS B COOOIMEHUH O TOM, YTO KOJOBBIH
CUTHAJI T; MPUHSI KoHKpeTHOe 3HaueHue (1, O win R)». C yderoMm [6] BEIYUCIUTEIBHBIN aITOpUTM
oIpeieIeHus POrHo3upyromei pyukuun FV) s j-ro sK3eMIUIApa MOIyYeH B BUIE

P(K, [ =6) i log P(K, [t =0)
Sl el
i=1

P(K)) P(K,)
rJie k — 9MCII0 UCTIOh3yEeMbIX HH(OPMATHUBHBIX ITAPAMETPOB U, CIICAOBATEIIEHO, KOJOBBIX CUTHAJIOB Tj;
1) — KonoBBIl cuTHan, TNONy4eHHHIH Mo cooTHomenusM (1) wam (2) mnd j-ro SK3EMIUIApa;
P(K, [t = 0), P(Ko |t = 0) — BepoATHOCTb TIPUHAIEKHOCTH K3EMILIAPA COOTBETCTBEHHO K KJIaccaM
Ki u Ky 1Ipu yclnoBuM, 4TO B pe3ylbTaTe NpeoOpa3oBaHus MHPOPMATHBHOrO mapamerpa xi) j-ro
SK3eMIIApa B KojoBblil curHan 1) mocnenuuii npuHsan sHauenue O (0 =1,0, R); P(K1), P(Ko) —
HavabHasl BEPOSATHOCTH MPUHAIICKHOCTH K3EMILISIPA COOTBETCTBEHHO K KiaccaMm K u Ko.

IlepBast cymma BeIpaxkeHus (3) mpeacTaBisieT co00H YaCTHYIO HH(DOPMAIIHIO, TOTyIaeMYFO JUIs
j-To 9K3eMIuIsipa oT Habopa koaoBbix curHanoB 11, 17, ..., 14 o knacce K, a Bropas (BEMUTAEMOE) —
4acTHyI0 MH(popMamuio o knacce Ko. Pesymbratom Berumcienus FV) no Belpaxkenuio (3) sBusercs
4KCII0, HOKA3bIBAOIIEE OIU30CTh j-T0 SK3eMILIApa K ki1accy K, eciu FV) > 0, u 6imusocTs k knacey Ko,
ecn F¥) < (. DakTUYECKH PElEHHE O KIACCe j-TO SK3EMILISPA MIPUHUMAETCS B 3aBUCUMOCTH OT TOTO,
HHpOpPMAIIUS O KaKOM Kiacce MMeeT Oolblliee 3HAYeHHe, T. €. MOpPOroM P pasjenieHus KIaccoB
sBJIsieTCs Touka P = F()= (.

Hwmwxe mnpuBOASTCS OTHOIICHWS, C TIOMOIIBI0 KOTOPBIX MOXHO TIOJYYHUTH OIICHKH
BepostHocted P(K| ;= 0), P(Ko|t;=0), P(K1), P(Ko), ucrionb3yemMbie B BepaxkeHHH (3).

K.lt.=0 K
M, P(Ks)zLS); i=1,2,...k S=10, )
n(t, =0) n

k
FY =% log, , IB. €]L., 3)
i=1

P(Kg|r, =0)=

rae n(Ks|t = 0) — xonnyecTBo B oOyuaromiedl BBIOOpKE SK3eMIUIIPOB kiacca Ks, UISI KOTOPBIX
KOJIOBBII CHTHAJ T; i-r0 HH)OPMATUBHOTO MapameTpa npuHsu 3HaueHue O (0 = 1, 0, R); n(t; = 0) —
o011iee KOJIMUYECTBO B 00ydaromieii BEIOOPKE 3K3EMIUISIPOB, ISl KOTOPBIX MO COOTHOIICHUIM (1) mmm
(2) xomoBBIl cUrHAN T; i-r0 HHHOPMATUBHOTO Mapamerpa npuHsul 3HaueHue O (0 = 1, 0, R); n(Ks) —
KOJTMIECTBO DK3EMIUIIPOB Kiacca K B 00yJaromiei BEIOOPKE; 77 — 00beM 00ydarorieil BBIOOPKH.

Hcnons3oBanue Moxe Il NPOrHO3UPOBAHNS
B Tabn. 2 npuBeaeHbI MOTyYeHHBIE M0 Pe3YNIbTaTaM 00y4aloIIero SKCIIEPUMEHTa BEPOSITHOCTH,
UCTIONb3YEMbIE B BEIpaskeHUH (3) 1UIsl mojcyeTa yacTHOH MH(popMamu o kinaccax K » Ko,

Ta6auna 2. JlanHsle U1 0/ICYeTa NPOTHO3UpYoLel GyHKINN
Table 2. Data for calculating the predictive function

Kon T PKi|t=1) | PKi|t:=0) | PKi|tu=R) | P(Ko|ti=1) | P(Ko|ti=0) | P(Ko| T =R)
T 0,813 0,185 0,629 0,181 0,815 0,371
(%) 0,815 0,143 0,609 0,185 0,857 0,391
(%] 0,800 0,050 0,588 0,200 0,950 0,412
[Ipumedanne — Ilo pesynbraTam oOydaromero SKCIEpUMEHTa s HapaboTku #; = 15 000 u P(K;) = 0,564;
P(Ko) = 0,436

C momoIIp0 JaHHBIX Ta0J. 2 OompejesieHbl COUYETaHHs, MOCTPOCHHBIC U3 KOJIOBBIX CHTHAJIOB
Ti, T2 U T3, OTBEUAIONIHE dK3eMIULIpaM kimacca K; (tadm. 3). Coderanus, He NMPHUBEACHHBIC B 3TOM
TaONMIle, COOTBETCTBYIOT MPOTHO3Y O TMPHHAJIEIKHOCTH 3K3eMIUIIpoB K kiaccy Ko. [Toporom
pasnelieHus KIaccoB  sBiisieTcs 3HaueHwe [F=0, T.e. ak3emmuapam kiacca K JIOIDKHO
COOTBETCTBOBATH MOJOKUTEIHHOE 3HAUCHNE YaCTHON MH(OPMAIIHH.
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Ta6auna 3. [IporHo3upyroliee MpaBuiIo B BUIE JJOTHISCKOW TaOIHUIIBI TSl Kitacca K
Table 3. Predictive rule as a logical table for class K

Coueranue 7; 3nauenue F, TOACYUTAHHOE I10 Coueranue 7; 3nauenue F, TOACYUTAHHOE I10
Combination 7 BBIpakeHUIO (3), IB. €. Combination 7 BBIpakeHUIO (3), IB. €.
F value calculated by expression (3), F value calculated by expression (3),

B © o binary unit o © o binary unit

1 1 1 5,141 1 R R 2,154

1 1 R 3,654 R R R 0,803

1 R 1 3,641 1 1 0 1,494
R 1 1 3,790 1 0 1 0,418
R R 1 2,290 0 1 1 0,889
R 1 R 2,303 — - - —

B Tabn. 4 mpuBOAWTCS CpaBHEHHE IOCTOBEPHOCTH IMPOTHO3UPOBAHUS KiIacca SK3EMIUIIPOB
oOyuaromiedi BBIOOpKM JUIsI  JBYX CIIydaeB MpeoOpa3oBaHus HMHGOPMATUBHBIX MApaMETPOB:
mpeoOpa3oBaHKue B JABOMYHBIA KOf [3, 4]; nmpeoOpa3oBaHue B TPOMUHBIA Ko 10 ycimousMm (1) u (2),
MPEIOKEHHBIM Ui HOBOW JBPUCTUYECKON MOJEIH MPOrHO3upoBaHus. [Ipu 3TOM B NEpBOM U BO
BTOPOM CJIydasiX WHCIOJNB30BaHBl OMHHU M T€ K¢ HH(QOpMaTHBHBIC TmapaMeTphl. [l OLEHKH
JIOCTOBEPHOCTH TIPOTHO3UPOBAHUSI BBHIOPaHA BEPOSTHOCTh TPHHATHS TPABHIBHBIX PEHICHUN Prpas
C YYETOM BCEX IK3EMIUTIPOB BEIOOPKH U BEPOSITHOCTH MPaBHIIBHBIX TIPOTHO30B JUIS 3K3eMIUISIPOB Kilacca
K (06o3naueHa uepe3 P(Ki|n1), T1e ni — KOTMYECTBO B 00yUaroIel BHIOOpKE 3K3eMILIPOB Kiacca Ki).

Tab6auna 4. CpaBHeHUe MojieeH IPOrHO3UPOBAHUS
Table 4. Comparison of the forecasting models

Mopens IpOTHO3UPOBAHUS C HCIoJIb30BaHUEM C ydeToM Tpex o0sacTeit n3MeHEeHHS
. BOWYHOTO KOJa MH()OPMATUBHOTO ITapaMeTpa
Forecasting model A A . cb p pamerp
. . Taking into account three areas of the
Using the binary code . .
informative parameter change
Konosblie curnanst (kon),
HOJTy4aeMble OT peoOpazoBaHust 1u0 1,0,R
MH(OpPMATUBHBIX NAPaMETPOB
BeposatHocTh Prpas 0,81 0,90
BeposttHocTb P(K|n1) 0,87 0,93

[Ipennaraemas 3BpUCTHYECKAs MOJENb MPOTHO3UPOBAHUS OTJIMYACTCS OT MOJICIH,
Mmojy4aeMoil 0a30BBIM METOJIOM TIOPOTOBOM JIOTHKH, CIIOCOOOM IMpeoOpa3oBaHusi HH()OPMATUBHBIX
rapaMeTpoB B KOJOBBIE CHTHAJBI M OOECIeYMBaeT, Kak BUIHO u3 Tabiu. 4, Oojiee BHICOKYIO
JIOCTOBEPHOCTH MIPOTHO3UPOBAHUSI.

3akiarouenne

Ha npumepe OUIONSIPHBIX TPAH3UCTOPOB 00JbII0N MolTHOCTH THITa KT872A ycTaHOBICHBI
3aKOHOMEPHOCTH JJICKTPUYECKUX IapaMeTPOB, WCIOIb3YEMBIX B KadyecTBe WH(POPMATUBHBIX
B 33/1auax WHAMBUAYaJbHOTO MPOTHO3UPOBAHUS Kjacca OJK3EMIULIPOB C TOYKUA 3PCHHS UX
paboTOCTIOCOOHOCTH Ha WHTepecyromee BpeMs paboTel (3amaHHyr0 HapaboTky). Ha ocHoBe
3aKOHOMEPHOCTEH Mpe/UIOKEeHa SBpPUCTHYECKAs MOJENb TPOTHO3UPOBAHHS PabOTOCIIOCOOHOCTH,
BKJTFOYAFOIIIasi HOBEIHM crmoco0 mpeoOpa3oBaHusi MHGOPMATHUBHEIX MTapaMETPOB B KOJOBBIC CUTHAIIBI,
W allTOPUTM OIpPEJICIICHUs] MPOTHO3UPYIONIEH QYHKIUU ¢ YYETOM IMOJYYEHHBIX KOJOBBIX CHTHAJIOB.
Jlis IpUMEHEHHUs Ha TMPaKTHKE 5Ta MOJIENb MOXET OBITh TpeACTaBICHA JIOTHYECKOW TaOmuIeH,
MOKAa3bIBAKOIIECH, KAKIM KOMOWHAITUSM KOJIOBBIX CUTHAJIOB COOTBETCTBYIOT DK3EMILISIPHI Kiacca K.
[TokazaHo, 4TO MpeaIOKEHHAs PBPUCTHUYECKAs MOJEIh NMPOTHO3UPOBAaHUS 00ECIeUnBACT TyUIINe
pe3ynbTaThl MPOTHO3UPOBAHUS, HEXKENW O0a30BBIA METOJ TOPOTOBOM JIOTWKH, MPAKTHYECKU
COXpaHsisl €ro MpPoCTOTY.
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