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BJIUAHUE PASMEPOB IIVIOCKOCTHU UBMEPEHUA AMILJIMTY IHO-
®A30BOI'O PACIIPEAEJIEHUA ITOJISA HA OIIMBKU BOCCTAHOBJIEHUSA
JTAATPAMMBI HATIPABJIJEHHOCTH AHTEHHOM PEIIETKH
roJOIrPAOGNYECKUM METOJ0OM

IOPLIEB O.A /| IINMAHOBCKHMH P.4.

Benopycckuti 20cydapcmeenvlil yHugepcumem uHGOpMamurku u paouodieKmpoHuKu
(2. Munck, Pecnybnuxa benapyco)

Hocmynuna 6 peoaxyuio 21 mapma 2019
© Benopycckuii TocyJapcTBEHHBIN YHUBEPCUTET MHDOPMATUKH U paanodnekTpoHuku, 2020

AnHoTanusa. B cratee uccnemyercs rojorpaduyecKuii METOA H3MEPEHHs AWMarpaMMBbl HaIlpaBJIeHHOCTH
aHTeHH. B kadecTBe TecTupyeMOW aHTEHHbl MCIONB3YETCSl IUIOCKAs AHTCHHAs peIleTKa, a B KauecTBe
MIOBEPXHOCTH, Ha KOTOPOH M3MEepSAETCs aMILINTYJHO-(ha30BOe pacrpeeeHne B OJIKHEH 30He, UCIIOIb30BaHa
IUIOCKasi BOOOpaXkaeMasi TMOBEPXHOCTh MPSMOYroibHOW (opmbl. Ha mpumepe miockoil aHTEHHOH pelIeTKd
paccMaTpUBaeTCs BIMAHHE pa3Mepa MOBEPXHOCTH H3MEPEHHS aMIUIMTYIHO-(a30BOro pacnpeneineHus Momis
B IUNIOCKOCTH, OPTOIOHAJBHOM IUIOCKOCTM BOCCTaHOBJICHMS JMarpaMMbl HampaBieHHOCTH. M3myuartenu
aHTEHHOW peIIeTKH BO30YXKOAIOTCd ¢ KOMOMHHPOBAHHBIM AMIUIMTYOHBIM paclpefeleHHeM U JIMHEHHBIM
(a3oBbIM pacrpenenenueM. [lone B JonbHell 30He pelIeTky onpenensercs Ipy noMoiu uaterpaia Kupxroda.
Jlenaercs oLeHKa BOCCTAHOBJIEHHBIX JHArpaMM HAIPaBICHHOCTU IPH HCIIOIb30BAaHUU aMIUTUTYIHO-(a30BOTo
paciipesenieHlss Ha BCEH IIOCKOCTH HM3MEPEHMsI B CPAaBHEHHWU C JHarpaMMOM HaIlpaBIEHHOCTH pPELIETKH
B JaibHEH 30He. Taxke MPOBOANTCS YNCICHHBINA aHAIN3 BIUSHUS Ha MOIPELIHOCTH OIpEJENICHHs TapaMeTpoB
JMarpaMMbl HaNpaBlIeHHOCTH PELIETKH NPH HCIOIB30BAaHUM TONOrpadUueckoro MeToia: YHcia CTONOLOB
aMIUTUTYAHO-(Aa30BOr0 PACIpENeNeHNs] Ha IUIOCKOCTH HM3MEPEHMs, MOJIOKEHHS 3TOW IUIOCKOCTH MO TpeM
KOOpJIMHATaM OTHOCHUTENBHO IUIOCKOCTU pacKpblBa pemieTkd. I[lokas3biBaeTcs, YTO IpU pPaBEHCTBE Ilara
pacloloXeHus  TOYEK  M3MEpPEeHHs  aMIUIMTYAHO-(a30BOro  paclpefeieHus ©  Iara  PeleTKH
JUISL BOCCTAHOBJICHUSI AWArpaMMbl HAIpPaBJICHHOCTU TONOrpaMueckuM METOAOM AOCTATOYHO HCIIONB30BATh
OJMH CTOJIOEI aMIUTUTYIHO-(a30BOr0 pacnpeneieHns Ha IIIOCKOCTH U3MEPEHNUS. DTO CYIIECTBEHHO YIPOIIAET
1 yIEUIeBISIET IpOLEecC HW3MEpeHHs W Heobxoammoe obopymoBanue. IIpuBoAsTCS HpUMEPHI OINpPEAETIECHUS
MOTPEIIHOCTE W3MEpeHHs] IapaMeTpoB AHTCHHOM pEINeTKH IPH CMEUICHWH IUIOCKOCTH HW3MEPEHUS
aMIUTUTYAHO-(a30BOr0 PacIpeeICHUs IO TPEM KOOpANHATAM.

KnroueBble coBa: aHTeHHas pelIeTKa, royorpaduueckuii MeTox M3MEpeHUs IHarpaMMbl HaIlpaBJICHHOCTH,
ommrOKa BOCCTAHOBIICHHUS AUarpaMMbl HAIIPaBJICHHOCTH.

Kongaukt uaTEepecoB. ABTOp 3asBISIET 00 OTCYTCTBHH KOH()INKTA HHTEPECOB.

Jns nurupoBanms. IOpres O.A., IlInvanosckwuit P.Y. BmustHre pasmepoB IDIOCKOCTH HM3MEPEHHS aMIDTATYIHO-
(haz0BOro pacmpesnenieHns Mo Ha ONIMOKN BOCCTAHOBJICHHUS JHarpaMMBbl HAIIPABIEHHOCTH aHTEHHOM PEIIeTKH
ronorpapugeckum metoaom. Jlokmaaer BI'YUP. 2020; 18(1): 5-13.
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AMPLITUDE-PHASE DISTRIBUTION MEASUREMENT PLANE DIMENSIONS
INFLUENCE ON THE HOLOGRAPHIC METHOD ANTENNA ARRAY
RADIATION PATTERN RECONSTRUCTION ERRORS

IOLEG A. YURTSEV, ROMAN Ch. SHIMANOUSKI

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

Submitted 21 March 2019
© Belarusian State University of Informatics and Radioelectronics, 2020

Abstract. The article explores the holographic method of measuring the antenna pattern. A flat antenna array
is used as the antenna under test, and a planar rectangular surface is used as the surface on which the amplitude-
phase distribution in the near field is measured. Using the example of a flat antenna array, we consider
the influence of the size of the measurement surface of the amplitude-phase distribution of the field in a plane
orthogonal to the reconstruction plane of the radiation pattern. Antenna emitters are excited with a combined
amplitude distribution and linear phase distribution. The field in the longitudinal zone of the lattice
is determined using the Kirchhoff integral. The reconstructed radiation patterns are estimated using
the amplitude-phase distribution over the entire measurement plane in comparison with the array radiation
pattern inthe far zone. A numerical analysis of the influence on the errors in determining the parameters
of the lattice radiation pattern using the holographic method is also carried out: the number of columns
of the amplitude-phase distribution on the measurement plane, the position of this plane in three coordinates
relative to the plane of the aperture of the lattice. It is shown that if the spacing of the points of measurement
of the amplitude-phase distribution and the pitch of the lattice are equal, to restore the radiation pattern using
the holographic method, itis sufficient to use one column of the amplitude-phase distribution
on the measurement plane. This greatly simplifies and reduces the cost of the measurement process and the
necessary equipment. Examples of determining errors in measuring the parameters of the antenna array when
shifting the plane of measurement of the amplitude-phase distribution in three coordinates are given.

Keywords: antenna array, radiation pattern measure holographic method, radiation pattern reconstruction error.
Conflict of interests. The author declares no conflict of interests.

For citation. Yurtsev O.A., Shimanouski R.Ch. Amplitude-phase distribution measurement plane dimensions
influence on the holographic method antenna array radiation pattern reconstruction errors. Doklady BGUIR.
2020; 18(1): 5-13.

BBenenne

lomorpadmyecknit  Meronm — ompedeneHws — AuarpaMmbl  HampaBieHHoctn  (IH)
OCTPOHAIPABJICHHBIX AHTCHH IO pPE3yjbTaTaM M3MEPEHMs PACIpPEAENCHHUs MOojsl B ONMIDKHEH 30HE
LIMPOKO HCIOJIB3YETCsl B MIPAKTUKE pa3paOOTKH KPYIHOrabapuUTHBIX aHTEHH. AHAJIN3Y 3TOr0 METrona
TOCBSIIIIEH WENBIN psia MyOnuKanuii B Buie cratei m MoHorpadwumii. B cratee [1] co ccpuikoit
Ha myOnmkamuu [2—4] u B cTaTthe [5] paccMOTpeHBI BO3MOXKHOCTH MPUMEHEHHS ToJ0rpaduaecKoro
Merona ompeneneHus JH aHTeHH mo M3MepeHHOMY MO0 B OJMKHEH 30HE C MCIOJIb30BAHUEM
OINTHYECKOr0 AMana3oHa sl o0paboTKu panuoronorpaMMel. Pa3zpaboTaHbl MaTEMaTHUECKHE MOIEIH
METO/1a MPH HCIIOIb30BAHUH IUIOCKOCTH, LIMIIMHIPA, CPepbl B KAUeCTBE MMOBEPXHOCTH ISl H3MEPEHUS
aMIuMTyHO-(a3zoBoro pacnpenenenus (ADP) mons B OnmxHel 30He [6]. PaccMoTpensr TpeboBaHus
K pa3MmepaMm mnoBepxHOcTH wusMepeHuss ADP u mary pacnonoxeHuss Toyek usMmepeHuss ADP
B IIocKocTH BocctaHoBieHus JIH romorpaduyeckum meromom. B crathe [7] ompemeneH yriioBoi
CEKTOp, B KOTOpoM HeoOxomumo m3mepuTh ADP B 6mmkHElH 30He U1 TOro, 9To0bl BoccTaHOBUTH JIH
B 33/IaHHOM YTJIOBOM CEKTOpe JayibHel 30HBL. B crathe [§] aHanmm3upyroTcst ommOKM onpeneseHus
napamerpoB JIH mo monto, U3MEPEHHOMY B DPACKPBIBE JIMHEHHONH aHTEHHOH pEIIEeTKH TUIOIEH.
[lokazaHo, 4yTO pacCTOSIHUE MEXIY PELIETKOM M IUIOCKOCTBIO M3MEpPEHHs Lenecoo0pa3Ho BBIOMpaTh
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paBHbBIM (2—4)A, TOEe A — IUIMHA BOJHBI, a To4YkH H3MepeHuss ADP pacmonaraTb B IIOCKOCTH
BocctanoBieHust JIH ¢ marom 0,51, Ilpu Takom mare u jymHe anTeHHBI 150A cpenHexBaapaTuyHas
MOrPEIIHOCTh ONpPEACICHUs] YPOBHS MEpBOro OOKOBOro Jenectka He mpeBocxomuT 0,5 %. B psnme
pabot paccmaTpuBaeTcs BIMSHUE CIy4alHBIX omMO0K n3Mepenust ADP B OnmvkHel 30He HAa TOYHOCTD
BoccraHoBienus JJH ronorpadpuueckum merogom [9—11].

Bo Bcex mnyOnmukamusx Mo rojorpaguueckoMy METOAY WUTIOCTpalrs MeETojAa, €ro
BO3MOXHOCTEN M CUCTEMAaTHUYECKUX IIOTPEIIHOCTEN IPOM3BOAUTCS Ha MpUMepax BoccraHoBieHus J(H
JIMHEWHBIX aHTeHH. He Bce BOMpOCHI, CBSI3aHHBIE C aHAIM30M MOTpPelIHOCTEN BoccTraHoBieHus IH
roiorpaUYeckuM METOAOM, PacCMOTpeHbl B nuTeparype. K TakuMm Bompocam, B YacTHOCTH,
OTHOCHTCSI BOTIPOC O BIMSHUM Pa3MepPOB U MOJIOKEHUs MOBEpXHOCTH u3MepeHus ADP B miockocTy,
OpPTOrOHAJIBHOM IUIOCKOCTH BoccTraHoBieHus JIH. He paccMoTrpeH Bonpoc O BIMSHUM OTHOLICHMS
mara pacIoJIOKEeHHsI U3JTydaTelleld B TECTUPYEMON PELIETKE U [1ara PacloioXeHUsl TOYEK U3MEPEHUS
A®P Ha MOBEPXHOCTH M3MEPEHHS B IUIOCKOCTH BOCCTAaHOBJIEHHA HAa IOTPEIIHOCTH OIpeAeseHHs
rmapaMeTpoB BoccTaHOBIIEHHOM JIH. DTu BOmpockl paccMaTpUBalOTCs B HACTOSIIIEH CTaThE.

MaremaTuueckasi MoJejb r0.110rpa(1mqec1c0r0 METOAA UBMEPEHUSA TUArPAMMBbI
HanmpaBJICHHOCTH AHTEHHOM PE€IIECTKHA

B xauectBe TecTHpyeMOil aHTEHHBI HCIONB3YETCS IJIOCKas aHTEHHAs pelieTKa, MOKa3zaHHas
Ha puc. 1, a B Ka4ecTBe MOBEPXHOCTH, Ha KOTOpoi m3mepsiercsi ADP B GnmxHel 30He, UCTIONh30BaHA
TUTOCKast BOOOpaskaeMasi MOBEPXHOCTh MPSMOYTOJIbHOMN GOpMBI S.

- P AROG)
e
R
zZm
A

5
-

B
-~ -

Puc. 1. AuTeHHas pemeTka U IiockocTh n3Mepenuss ADP
Fig. 1. Antenna array and plane for measuring the amplitude-phase distribution

Ha pwuc. 1 wucmonb3oBanbl cienyronie O00O3HAYEHHWA: S — TIOBEPXHOCTh, HAa KOTOPOI
msmepsercas A®P; M(X,y)— Touka Ha OSTOH IIOBEPXHOCTH. Ta TOYKA PACIIOIOKEHHUS

HA MEePEeCeUCHHH JIBYX CHUCTEM JIMHHU HA dTON MOBEPXHOCTH ¢ maroM pacronoxeHus DIX — mo ocu
X u DIy —mo ocu Y . Yucno nmuawmii paBHo: MX — 1o ocm X, My — mo ocu Y . Homepa muHmMit

0003HAUEHBI CHMBOJAMH My, my — 1o ocsM XY coorBerctBeHHo. Ywmcmo muauit Mx um My
Ha TIOBEPXHOCTH M3MepeHUsi S paccuuThiBaOTCsA To mary mMexay Humu DIX u DIy u pasmepam
MOBEPXHOCTH HM3MepeHusi Lsx wm LSy, koropble, B CBOIO O4epeqb, ONPENENSIOTCS IO 3aJaHHBIM
KOOpAMHATAM TPAHHIl 3TOM moBepxHOCTH X MiN, X max — mo ocu X u Y min,Y max— mo ocu Y .
3navenus Dsx, Dsy, X min, X max, Y min, Y max Ha puc. | He moka3zaHbl. ZM — pacCTOSHUEC MEKIY
PacKpbIBOM pemieTku U moBepxHOcThio S ; P(R, 0, ) — Touka HabmofeHHus B MPOCTpPAaHCTBE (TOYKA,
B KOTOpOW ompenensiercss none pemerkn); R, 0,¢ — cdepudeckne koopauHaThl TOUkH P

P' — npoekuus Toukn P Ha mutockocts XY ; DX — miar pacrionmokeHue manmydaTeneil BIoab ocu X
(B TpoKax pemIeTKH); H3IydaTenud OOO3HAa4YeHbl YepHBIMH To4dkamu; Dy— mar pacronokeHus

n3nydaTenei BIoib ocu Y (B cronbuax pemrerkn); NX, N, — dmcino uziaydareneil B perieTke 1 HOMep
uznyyarenst no ocu X ; Ny,N,— 4uCII0 M3Iydareneii B pelerke u HOMEp M3iydarens no ocu Y ;
Rnm — paccrosHue Mexy u3iydaTenem ¢ HoMepoM Ny Ny u Toukoii M (X, y) . Psambl uznyuareneit

BJIOJb OCH X — 3TO CTONOLBI U3y4aTeNel, psabl U3nydaTeneld BAOIb OCH Y — CTPOKH U3JTydaTesen.
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Pasmepsr pemerkn: LX =Dx-NX — B mmockoctu cton6moB, Ly=Dy-Ny — B MIOCKOCTH CTpOK.

Ot pasmepsl Ha puc. | He mokasaHel. 3myuaTenn aHTEHHOM pelieTkn Bo30yXKIaercs
C KOMOMHUPOBAaHHBIM aMIUTMTYAHBIM pactpeneneaueM AR(X) u AR(Y) u ymHeiHBIM (ha30BBIM

pacnpenencaneM FR(X) m FR(Y) coorBerctBenHo BIosih oceii X u Y . B kauecTBe mamydateneit

HCIOJIB30BAH TUIIOTCTUYECKUI M3IIydaTelb C 3aJaHHOM IMMPUHON TIaBHOro Jenecrka JH 29%)15 -

OIMHAKOBOH B I'JIABHBIX IIJIOCKOCTIX XZ u YZ .

B cootBercTBHU ¢ TomorpaduueckuM merogoM usmepenuns JH anrennst [1] mo mapamerpam
peurerku onpenaensiercs ADP Ha OBEpXHOCTH S, a MO HEMY — IoJie B Touke P kak QyHKIus yria 0
npu GUKCHPOBAHHOM YTJIE O .

N3BecTHBIC mporpaMMbl  3JeKTponuHaMudeckoro wmogenupoBanus FEKO, CST, HFSS

HE MO3BOJISIOT MOJENHNPOBATh Ipouecc BoccTaHoBieHus JIH ronorpapuueckum meromom. Ilostomy
NpUMEHEHa OpWUTHHANbHAs  [porpaMMa 4HucileHHoro wmozenupoBanus FAR_XY _X _G.

B nporpaMme HCII0/Ib30BaHbI COOTHOIICHHUS, CIICAYIONINE U3 BhIpaskeHus i uHTerpana Kupxroda..

AMIITUTYHO-(a30BO€E pacipeieneHue Mol Ha OBEPXHOCTH S:
Nx Ny

E(mx , my) — Z Z AR(nX) . AR(ny)eiFR(nx)eiFR(ny)e—ikan(mxvm\/) / an(mX' my) , (1)

ne=Ln -1
rne AR(n,), AR(n,) — ammumryassie pactpenenenusi (AP) Bo30yXIeHUs HM3IydaTesieil mo ocsim
X, Y ;FR(n,), FR(n,)— da3oBsic pacnpenencuus (PP) Bo3OyxaeHus uzinyyaresnei mo ocsim X,Y ;
k=2m/X — BonHOBOoe uyuCiIO CBOOOAHOrO mHpocTpaHcTBa; Rnm(m,,m,) — paccrosHue Mexay
M3ITyJaTenemM ¢ HoMepoM N u Toukod M(m,,m,) mHa noBepxHoctn usmepenus S. HHmekc N mpu
cymmupoBanuu B popmyie( 1) «mpoGeraer» Bce 3HAUCHUS Ny | Ny .

PaccrosiHre RNM omuchIBaeTCst BHIPAKCHUEM
Rmn(m,, m,) = Rnm = \/(an — Xm)? +(Yn, —Ym)? +Zm? (2)

rae  Xny, Yny — KOOpIMHATBI H3iydaresneil B peurerke; Xm,Ym — xoopauHatbl TO4YkH M
Ha MIOBEPXHOCTH U3MEPCHHS:

Xm = X min+ DIx-(m, —1); DIx=(X max—X min) /M,, 3
Ym=Y min+ Dly-(m, —1); Dly=(Y max-Y min) /M. ®)

B umcnennoit Momenmm mporiecca BoccraHoBieHHs JIH romorpaduueckuM MeTomom
3HAYEHHS KOOPAWHAT U3TydaTelnell PelIeTKH OMMCHIBAIOTCS BHIPKEHISIMHE:

Xny = Dx-(ny —1); Yn, =Dy-(ny —1); 1<n, <Nx; 1<ny, <Ny. 4)
AmmumntynHoe  pacmpenenenue  (AP)  Bo3OyxkmeHus —HW3dMydaTeneid B pemieTke  —
KOMOMHHMPOBaHHOE, CHaJaloliee MO 3aKOHY CHHyca B CTEMeHW PX,Y K KkpasMm pemerkd ot 1 —

B IIEHTPE pelIeTky A0 ypoBHA Dax — mo ocu X (B crom0Iie) Ha Kpasx pemierk u a0 ypoHs Day —
o ocu Y (B CTOKE):

AR(n,) = Dax+ (L— Dax)-sin | 1
Nx -1

01 (5)
AR(n,)=D 1- Day)-sin™Y| X .
(ny) ay+ ( ay) -sin (Ny—lnj

dazoBoe pacmpeneneHre BO30OYXKIEHHS u3Iydarenedd mo ocam X, Y 3amaercs JIMHEHHBIM
JJIA obecrieucHUs (I)aBOBOFO CKaHHUPOBAHUA:
FR(ny) =—k-Dx(ny —1)Sin 6y,

FR(ny) =-k-Dy(ny ~1)sin 6y, , (6)

r1e Oy ,Gmy — YIJIBI CKAaHUPOBAHUS B TJIOCKOCTH CTPOK M CTOJIOIIOB.
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Ho momto E(m,,m,) onpenensiercs none E(R,0,¢) B nanbueii 3one peuerku (B Touke P
Ha puc. 1) ¢ momombto wmHTerpana Kupxrogpa. Tak kak moie Ha MOBEPXHOCTH S ONPEACICHO
B JIMCKPETHBIX Toukax M( X,y ), HHTerpan CBOAUTCSA K CyMME IOJIel, N3TyYCHHBIX 3JIEMEHTapHBIMU
u3nyyarensaMu ['roiirenca ¢ koopauHataMu Xm,Ym.
E(R,6,0) =Fc(0,9)-F1(6), (7
rae  Fc(0,90) — muoxurens pemerkn Towek M(X,y)=M(m,,m ), F10)— IH nsnyuarens

I'tolirenca.
OTU COMHOXHUTEIU OMPEICIIIOTCS BRIPAKSHHUSMH, CICIYIOMUMU 13 uHTerpana Kupxroda:
Mx My .
Fc(0,¢) = . > E(m,,m,)e ™ ™ /Rmp, (8)
m,=1m, =1

IJe paccTosHHe MeXay Todkod M (m,, my) Ha TIOBEPXHOCTH S © TOYKOM HAONIONEHUS B
mpocrpanctBe P(R,0,p) ompenensercs hopMyItoii:

Rmp = /(Xm - Xp)? + (Ym —Yp)? + (Zm - Zp)? , 9)
rae Xp,YP,Zp — NpsIMOYroibHbIE KOOPAMHATEI TOYKH HabmoneHus P :

Xp=R-cos0-coso,

Yp =R-co0s0-sin ¢, (10)
Zp=R-sin 6.
F1(0) =1+c0s0. (11)

Hanee ymoMsHyTble BbIIIE 3aKOHOMEpHOCTH wucchenytorca st JH, BoccTaHOBIEHHOM
B tuiockoctu XZ (B miockocTu cronbios). Janee JIH, BoccraHOBIeHHAs ToNOrpadUuecKuM METOI0M,
HWHOTIA JUTSI KPAaTKOCTH UMEHYeTcs rojorpaduyeckoit JIH.

Bausinue reoMeTpuyecKuX NapaMeTpoB MJIOCKOCTH U3MePeHHs aMIJIMTY/1HO-(ha3o0Boro
pacnpeaejieHUM MOJIs aHTEHHBI (IJIOCKOCTH S) Ha mapaMeTpbl roJiorpadguyveckoii JTH
B I10ckocTH BoccranoBaenusa TH (miockoctu XZ)

Cnemana omenka BoccTaHOBICHHBIX JIH mpu wmcmomp3oBannu A®P Ha BCcel IUTOCKOCTH
usmepenns — Fs(0) 1 o ognomy cronby Ha 1ol miockoct — Fy; (0) B cpaBrennn ¢ JIH pemerku

B naneHed 3one — F,(0). Huwxe pesymbrater onenku JIH Fy (0) numoctpupyroress Ha mpumepe

pelIeTKH C TapaMeTpaMmu: YHCIIO Hu3Ny4aTened B crtombmax u B crpokax NX=Ny=21, mar
pacnonokeHne u3iaydareneid B croibmax m B cTpokax D =05A=150 mm, paccrosHmEe MEXIY
PAcCKpBIBOM pEIIeTKH U IIIOCKOCThIO m3mepeHuss AOP Zm =05A, ADP Ha pemerke paBHOMEpHOE.
Pasmep mmockoctu m3amepenuss ADP Bmoms ctonbioB Lx = Nx D =3150 mMm. Pasmep miockoctu
n3mepenust ADP B miockoctu BocctaHoBieHus JH B3t paBabiM LsX =115- Lx =3600 Mmm

OCHOBHBIE PE3YJIbTAThI TIPOBEACHHOIO YUCIICHHOTO aHAITN3a.

[Ipu mare pacnonoxenws Touek n3meperrss ADP Ha MOBEPXHOCTH S B IUIOCKOCTH CTOJIOIOB,
paBHOM IMIary pemerkd B 3Toi miocokctd (Dsx =DX), u mpu paBHBIX pa3Mepax pEIICTKH U
nosepxHocTd S B 9Tol miockoctu (Lsy=Ly) amarpammer nanpasnennoctd Fg(0) u Fy:(0)

COBITAIAFOT U HE 3aBUCST OT.
—yncna cronbioB ADP Ha mutockocTu S, Mo KOTOpBIM BoccTaHaBimBaercs JJH B murockoctu
cTosI610B, 1 OT 4yrcia ctpok ( Ny ) B pemierke (3TOT BbIBOJ MILTFOCTPUPYETCS PUC. 2, @, HA KOTOPOM

nokasanbl JIH pemerku B nanbueii sone F,(0) u JIH, Boccranossennas no onnomy cronduy Fy, (6)

Ha pUC. 2, @ TaKKe NPUBENEHB! 3HaUeHMs OMMOOK m3MepeHust mapamerpoB [IH romorpaduueckum
METOJIOM I10 CpaBHEeHHIO ¢ napamerpamu [IH B nanbHeii 30He);
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— IIUPUHBl TJIABHOI'O JIEIIECTKA 29%)'5 ronorpaduyeckoii  JIH, paccuutaHHON 1Mo omHOMY
cronbouy A®P Ha S, M0 OTHOIIGHUIO K MIMpHHE TNaBHOro Jjenectka JIH pemerku B manbHel 30He

1
2095 — 207 5

Dg5 = 100%;

%05
— YPOBHSI MakCHMaJbHOIO OOKOBOTO JiermecTka ronorpaduuekoit JIH (Fblm) 10 OTHOLUEHUIO
Fom AH pemerku B nanshelt 305e DRy =y — Fblm (nb);

— CpeHEKBaIPaTUYHOIO YPOBHS OOKOBBIX JIeMEeCTKOB roinorpaduuekoit JH (Fsl|)

[0 OTHOLIIGHUIO K 3HaveHuto dtoro mapamerpa (Fg) mis JH pewetn B nampHeil 30HE

1
DFg| = Fg) — Fgj (ab).

0 0
-10 i -10
B 20 ’ 2 90 |
-30 ol i -30 -,3:'
-50 0 50 -50 0 50
Yron HaONMrOIEHN S, TPaI. Vron HabmoneHus, rpaj
[~ A peeniar_— Tosorpa 2
a b
D6y 5=6,8 %; DFpy = 0,1 ab; Dg| =0,08 1B DFpms. =—0,083 15; DFpy1 = 0,221 15; Dgjs =—2,25 1B

Puc. 2. JIH peuierku B nanbHeii 30ne u JH, BoccTraHOBIEHHBIE rOIOrpadueCKUM METOIOM:
a— I[H, BOCCTaHOBJICHHAA FOJ'IOFpa(I)I/I‘IeCKI/IM METOAOM I10 OJHOMY CTOJ'I6I.Iy
npu DSX = DX u LSy =Ly ; b — IH Boccranosiennas npu DX = DLX u Lsy # Ly; 1 —JIH
PELIETKH BOCCTAHOBJIEHHAs 110 BeeM cToji6nam ADP wa S ; 2 — JIH, BoccTaHOBIEHHAS 110 CTONOILY
A®P ¢ nomepom Jy=2; 3 — JIH, BoccTaHOBIIEHHAs TI0 CTOIOLY ¢ HoMepom Jy =12
Fig. 2. The radiation pattern of the array in the far zone and the radiation pattern restored
by the holographic method: a — the radiation pattern restored by the holographic method in one
column at Dsx = Dx u Lsy =Ly ; b —the radiation pattern restored at Dx = DLX u LSy # Ly ;
1 — the radiation pattern of the array restored over all columns of the amplitude-phase
distribution at S; 2 — is a radiation pattern reconstructed from the amplitude-phase distribution
column with number Jy = 2; 3 — radiation pattern restored by the column with the number Jy=12

Kax BumHo, ommoOka B mapamerpax BoccTaHoBieHHOW J[H, ocoOeHHO 1Mo ypoBHIO OOKOBBIX
JeTIecKToB, HeBenuka. Onucannbie cpoiictsa JIH Fy(0) n Fyx (0) coxpaustores n npu cnagaromem

K koHUuaMm peuietku ADP B miockoctu BoccranoBineHus JH. Ilpuuem ot AP B miiockocTd CTpok
peLeTky pe3yapTat BocctanoBieHus JIH B rmicokocTu cTonOLoB HE 3aBUCHT.

Ucnons3zoBanme omHoro crombuma B ADP wa mmockoctm  u3mepenus — ADP
st Boccranosnienns JIH romorpaduyeckuM METOIOM CYIIECTBEHHO YIPOIIAET W YAELIEeBISET
npuMeHeHue s3toro Merona st usmepeHus JH miockoit pemerku ¢ pazpensarommmcs ADP.
[ony4eHHBIN pe3ynbTaT SIBJISETCS HOBBIM U B JIUTEPATYpE HE ONUCAH.

Ecnn He BBINONHSAETCS YCIOBHE PABEHCTBA LIaroB B IUIOCKOCTH BoccraHoBieHus JIH
(Dx # DLX ) wiu paBeHCTBO pa3MepOB PEIICTKH U MOBEPXHOCTH S B IUIOCKOCTH cTpok ( LSy # Ly),

juarpammbl HanpasienHoctd Fg(0) u Fys(0) pasnuunbt. [puuem Fy;(0) 3aBucur or Homepa

croibia ADP Ha miuockocTh n3MepeHust S. DTOT pe3ylnbTaT WLIICTPUpPYETes puc. 2, b. s Toit xe
pemrerku ¢ mapamerpamu: NX =21, Ny =21, Dx=05A=150 mm. Ho DLX =100 mm, Ly = 3150 mm,

Lsy =2400 mm (T.e. Dx=DLx u Lsy=#Ly), unucno cronbiioB ADP Ha miaockocT S paBHO

10
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My =24; A®P B pemerke — paBHoMepHoe. Ha puc. 2, b o6osnaueno: DFy,y — ommbka
OIpelelieHnsT MaKCHMalbHOTO OOKOBOTO JierecTka B romorpaduueckor JIH, BoccraHOBIeHHOMN
no ADP Bcex cronbuos Ha minockoctH S; DFpp; — ommbka ompeneneHus MaKCHMalbHOTO
OokoBoro Jsernectka B rojorpaduueckori JIH, Boccranomiennoit mo A®P omgHoro cronbia Ha
IIJIOCKOCTH S .

PaccMoTpeHO BIMSHHE Ha TOYHOCTh BOCCTaHOBJIEHHS roiorpaduueckort JIH cmemenus
noBepxHOCTH n3Mepenusi ADOP o HopMany B TUIOCKOCTH pemeTkd (Mo Z ) W 1Mo ABYM KOOpJWHATAM
B ockoctu m3Mepenuss ADOP (koopaunaram X,Y ) M0 CpaBHEHMHIO C CHMMETHPYHBIM TOJIOKECHHEM
OTHOCHUTEIBHO PaCKphIBa PELIETKH.

B pabote [8] pekoMeHyeTCs pacCTOSHUE OT TUIOCKOCTH PEIICTKU J0 IUIOCKOCTH H3MEpEHUS
A®P (Zm) BoiOupate B mnpenenax (1-2)A. UucineHHOe ucCieNOBaHHE 3aBUCHMOCTH OIIMOOK
onpeneneHus mapamerpos JIH, wu3MepeHHoW rojorpaguueckuM METOAOM, OT BEIHUYMHBI ZM
MO3BOJIMJIO YTOYHHUTH ATy PEKOMEHAIINIO ISl cirydasi, Korja Boccranopnenue JIH romorpaduyeckum
METOJIOM MPOM3BOAMTCS MO onHoMy cronbuy A®P wma mnnockoctu S (Fy(0)). Yucnennoe

MOJIE/TMPOBAHUE IMOKa3aso, 9ro 31a JIH mpakTH4ecku He MEHSETCS PH U3MEHEHHH ZM B HHTEpBAse
(0,1-1)A. TIlpu wusmenenun Zm B wunrepsane (1-4)A — wusmenenne napamerpos Fy(0)

HE3HAYUTEIBHO.

Cwmemenue opepxHocT u3mepennust ADP Bos CTOIOIOB pENIeTKH IPUBOIUT K TTOSIBJICHHIO
acuMMeTpuH B cTonbre AP Ha TutockocTr m3MepeHus. T0, B CBOIO OYEPE/lb, IPUBOANT K U3BECTHBIM
mmereanssM B JIH crombria A®DP Ha 1wtockocTH S pacmmpsieTcss TIABHBIA  JICTIECTOK

BoccraHoBieHHo JIH Fgl(e) U pacTyT OOKOBBIC JemecTKd. Uem OoibIlle CMENmeHHEe, TeM JTH

W3MEHEHNS OOJIBIIIE. HpI/I CMCIICHUHN Ha HECKOJIBKO HIaroB peuicTKU D MOrp€UIHOCTBIO OIIPECACICHU A
napamerpoB royiorpadudeckoit JJH MoxHO npeHedpedsb.
CwMmemenne moBepxuoctu u3Mmepenuss AP Bpoms crpok pemerku (DLSy) HesaBucmmo

OT BeIMYMHBl CMEIICHHWA B TpPEeNenax pa3Mepa pemeTKd B OTOW IUIOCKOCTH  MPHUBOIMT
K HE3HAUYUTEIbHOMY U3MEHEHHIO IMapaMeTpoB BoccTaHoBIeHHOH /IH Fgl(e) , B OCHOBHOM , B 00J1aCTH

JabHUX OOKOBBIX JIETIeCTKOB. [IpuveM 3TH HM3MEHEHHs HE 3aBUCAT OT TOTrO, CMEIICHHE KPaTHO
WJIM HE KPaTHO IIary penieTkd BJONb CTpoK. Ho mpH 3TOM mar pacroioXeHHs TOYEK H3MEPEHUs
AO®P Ha rutockocTH S IOKEH OBITh PaBHBIM IIATy pEMIeTKH. Tak, B pacCMaTpuBaeMOM IIpUMEpE
pemetkn  cmemierne cromboma A®P Ha TUTOCKOCTH S BAONB CTPOK pEmIeTH OT  HyJ
JI0 MAKCHMAJIbHOTO 3HAYEHHs, PaBHOIO IIOJIOBMHE pa3Mepa IUIOCKOCTH BHoilb cTpok (0,5-Lsy)

TIPUBOJIMT K POCTY CPEIHEKBAIPATHYHOrO YpoBHs OokoBbIX Nenectkos (Fg ) B IH Fy;(0) na 0,13 nb

mipu yposHe Fg =37 nb.

3akaoueHne

IIpoBeneH 4WcneHHBIA aHAIW3 BIMSHUS HA MOTPEIIHOCTH ompeneneHus mnapamerpos [IH
pelIeTKH TPH HKCMONB30BaHUM rojorpaduyeckoro merona: uucia cronomoB ADP Ha miockoctn
U3MEpeHHUs S, TOJIOKEHHS STOM IUIOCKOCTH IO TpPeM KOOpAMHATaM OTHOCHUTENIBHO IIOCKOCTH
packpbiBa pemierkd. Iloka3zaHo, 4TO MpU PaBEHCTBE LIAra pacrojoKeHusi Touek usmepenus ADP
W IIara pemerku Ais BocctaHoBieHus JIH romorpaduyeckum MeToZOM OOCTATOYHO HMCIIOIB30BATH
omuH ctonbeny AP Ha S. DTO cyllecTBEHHO YNPOIAET M YACLIEBIAET MPOLEcC H3MEPEHHUs
n HeoOxonuMmoe obopyznoBaHue. IlpuBeneHsl HpHUMepHl ONpeneNeHHs] MOTPEHIHOCTE H3MepeHus
apaMeTpoB aHTEHHOM PELIETKU IPU CMEIEHUHN TUIOCKOCTH nu3MepeHus: ADP o Tpem KoopanHaTaM.

Cnmcok JimTepaTypbl

1. baxpax JI.A., Bnragumuposa O.H., Kypoukun A.Il., CobomneB I'.A., ®punman I'.X. [IpumeHeHne MeTomoB
KOTEPEeHTHOH ONTHKH U Tojorpaduu K 3aayaM aHTEHHOH TEXHWKH M 00pabOTKM MHGpOpMAIN. AHmeHHbl.
1976;2:33-54.

2. Ingals A. Optical simulation of microwave antennas. IEEE Trans on Antennas and Propagation. 1966;1:2-6.

11



Hoknansr BI'VUP DokLaby BGUIR
MNe 18 (1) (2020) No. 18 (1) (2020)

3.

4.

10.

11.

10.

11.

Beste D.C. Far field simulation on antennas have complex aperture distribution functions. IEEE Inter.
Convc. Recorded. 1966;5:133-142.

Baxpax JIJI., CoboneB I'.A., ®puaman I'.JI. TlomydeHre rojorpaMM TpEeXMEPHBIX OOBEKTOB. M3secmus
BY306. Paouogpuzura. 1967;10:589.

Baxpax JLI., I'epyan IL.M., Kypoukun A.Il., Apytionsn J[.C. OnTuueckoe MOAEIUpOBaHUE AUArpamMm
HaIpaBJICHHOCTH aHTEHH I10 PaJIHOrojorpaMMe Iojist B X packpbiBe. Anmennul. 1976;14:28-34.

baxpax JI./I., Konocos FO.A., Kypoukun A.Il. Onpenenenue nosist aHTEHHBI B 1ajIbHEHN 30HE Uepe3 3HaAUeHUs
nons B OmkHeH 30He. Anmennvi. 1976;24:3-14.

Konocor IO.K., Kypouxkun A.Il. BoccraHoBneHume pauarpamMMbl HaIlpaBICHHOCTH AaHTEHH IO OO,
U3MEPCHHOMY B OTPaHUYEHHOM CEKTOpE yIiIoB B 30He Dpenens. Anmennvi. 1971;16:25-37.

3umun [I.B., CenmenkoB E.I. OO0 ommbOkax ompejieneHHss XapaKTEPUCTUK AHTEHH ITyTeM H3MEpEHHs
pacrpenelieHus moJis B packpbiBe. Anmennot. 1976;23:72-80.

Kammyn U.B., Kypoukun A.Il. HccnemoBaHue citydaifHbIX MOIpPEHIHOCTEH ToiorpadUyeckux MeTOI0B
ONpE/IENIeHUs XapaKTepHCTUK HANIPAaBIEHHOCTH aHTeHH. Paduomexuuka u snekmponuxa. 1975;10;2038-2045.
Typuun B.U., ®apdens B.A., ®orens A.IL. [orpermHocty hazomMeTprueckoro Merona BoccraHorieHus JJH
AHTEHH 110 M3MEPEHHsIM B ONvokHeH 30He. Paduomexnuxa u sanexmponuxa. 1976;1:72-82.

HIudpun S.C., Yeun B.A. O TouHOCTH TONOrpadMueckux METOI0B H3MEPEHHS JUarpaMM HalpaBiIeHHOCTH
aHTteHH. Aumennwr. 1979;27:26-38.

References

Bahrakh L.D., Vladimirova O.N., Kurochkin A.P., Sobolev G.A., Fridman G.Kh. [Application of coherent
optics and holography methods to the tasks of antenna technology and information processing].
Antenny = Antenny. 1976;2:33-54. (In Russ.)

Ingals A. Optical simulation of microwave antennas. IEEE Trans on Antennas and Propagation. 1966;1:2-6.
Beste D.C. Far field simulation on antennas have complex aperture distribution functions. IEEE Inter.
Convc. Recorded. 1966;5:133-142.

Bahrakh L.D., Sobolev G.A., Fridman G.L. Getting holograms of three-dimensional objects. lzvestija
VUZov. Radiofizika = lzvestija VUZov. Radiofizika. 1967;10:589. (In Russ.)

Bahrakh L.D., Geruni P.M., Kurochkin A.P., Harutyunyan D.S. [Optical modeling of antenna patterns according
to the radio hologram of the field in their aperture]. Antenny = Antenny. 1976;14:28-34. (In Russ.)

Bahrakh L.D., Kolosov Yu.A., Kurochkin A.P. [Determination of the antenna field in the far zone through
the field values in the near zone]. Antenny = Antenny. 1976;24:3-14. (In Russ.)

Kolosov Yu.K., Kurochkin A.P. [Restoration of the antenna pattern along a field measured in a limited
sector of angles in the Fresnel zone]. Antenny = Antenny. 1971;16:25-37. (In Russ.)

Zimin D.V., Sedenkov E.G. [Errors in determining the characteristics of antennas by measuring the field
distribution in the aperture]. Antenny = Antenny. 1976;23:72-80. (In Russ.)

Kaplun LV., Kurochkin A.P. [The study of random errors of holographic methods for determining the
directivity characteristics of antennas]. Radiotehnika i jelektronika = Radiotehnika i jelektronika.
1975;10;2038-2045. (In Russ.)

Turchin V.1, Farfel V.A., Vogel A.P. [Errors of the phasometric method for reconstructing the antenna
bottoms from measurements in the near field]. Radiotehnika i jelektronika = Radiotehnika i jelektronika.
1976;1:72-82. (In Russ.)

Shifrin Ya.S., Usin V.A. [On the accuracy of holographic methods for measuring antenna patterns].
Antenny = Antenny. 1979;27:26-38. (In Russ.)

Bkuiax aBTopoB

IOpmes O.A. pa3paboTan KOHCTPYKIMIO aHTEHHOH pEeIIeTKH, pa3padoTall OPpUTHHAIBHYIO MPOTrpaMMy

JUTS TIPOBEICHUS YHCIICHHOTO0 MOISITUP OBAHHSI.

TnmanoBcKkuit P.Y. BEITOTHIIT MOAETHMPOBAHNE PEMISTKH U TOIOTPapIIecKOro MeTo/a.
Authors contribution

Yurtsev O.A. developed the design of the antenna array, developed an original program for numerical

simulation.

12

Shimanovsky R.Ch. performed a simulation of the lattice and the holographic method.



Hoknansr BI'VUP
MNe 18 (1) (2020)

DokLADY BGUIR
No. 18 (1) (2020)

Caenennsi 00 aBTopax

(1933-2019), aT.H., podheccop, 3acTyKEHHBIIH

nesitenb Hayku v TexHuku BCCP.

[nvanosekwid PY., acnvpadT kadenpsl MH(OPMAIIMOHHBIX
paauoTexHonoruil - benmopycckoro  rocyaapcTBEHHOro
YHUBEpPCHUTETA HHPOPMATHKH U PAIHOTICKTPOHHKH.

Anpec 11l KOppecHOHIeH MU

220013, Peciyonuka Benmapycs,

I. MuHck, ya. I1. bpoBky, 1. 6,

Benopycckuii rocy1apcTBEHHBIH YHUBEPCUTET
UH(POPMATUKU U PAJTAOITCKTPOHUKU

Ten. +375-17-293-89-27,;

e-mail: halol1@mail.ru

[[umanoBckuit Poman YecnaBopuu

Information about the authors

(1933-2019), D.Sci, professor, Honored

worker of Science and Technology of BSSR.

Shimanouski R.Ch., PG Student of Information
Radiotechnologies Department of Belarusian State
University of Informatics and Radioelectronics.

Address for correspondence

220013, Republic of Belarus,
Minsk, P. Brovka str., 6,
Belarussian State University

of Informatics and Radioelectronics
tel. + 375-17-293-89-27;

e-mail: halol1l@mail.ru
Shimanouski Roman Cheslavovich

13



Hoknansr BI'VUP DokLaby BGUIR
MNe 18 (1) (2020) No. 18 (1) (2020)

&
http://dx.doi.org/10.35596/1729-7648-2020-18-1-14-20

OpueuHaJlea}Z cmamuA
Original paper

VIIK 535.5

CHU/KEHHUE YIIPABJIAIOIIEI'O HAITPSI)KEHUSA B AMIIVIMTY ITHOM
SJEKTPOOIITUYECKOM MOJYJISATOPE TP MHOTOJIYYEBOH
UHTEP®EPEHIINU B KOJIBHEBOM PE3OHATOPE

KOHOWMKO A.W.

THIIO «Onmuxa, onmosiekmponuxa u iazepnas mexuuxa» Hayuonanonoti akademuu nayx Benapycu
(2. Munck, Pecnybnuxa benapyco)

THocmynuna 6 peoaxyuio 25 mapma 2019
© Benopycckuii TocyJapcTBEHHBIN YHUBEPCUTET MHYOPMATUKH U pagnodnekTpoHuku, 2020

AHHoTanus. B nactosmiell paGote u3naraercsd MeTOH, IO3BOJSIOLIMH peann3oBaTh BHICOKOI(P(EKTUBHYIO
aMIUIMTYHYI0O MOIYJISALUIO M3JIy4EeHHs Ha BBIXOJIE KOJIBLEBOTO pE30HATOpa 3a CHET YNPABICHUS €ro
HUCKYCCTBEHHBIMH CBETOBBIMH IOTEPSAMHM, BBIBOAUMBIMH M3 HEro IpU MOMOLIIM ABYX Y-00pa3HBIX
pasBerButeneil. [Ipu TOoM B pe3oHarope obecnedrBaeTcss HEOOXOAMMBIN TOCTOSHHBIN YPOBEHb CBETOBOM
SHEPTHH, YTO, BCIEACTBUE OTCYTCTBUS MOTEPh U3JyUEHUs IIPU BBOJE €ro B KOJBIEBOW PE30HATOP, MO3BOJSET
JOCTHYb 3HAYUTENIbHO MEHBIIEH BEIMYMHBI TPEeOYeMOro YIPaBISIOIIEr0 3JIEKTPHYECKOr0 HAIpsDKEHHMS,
YEeM Y CYLIECTBYIOIINX  JIEKTPOONTHYECKUX  MOIYJISATOPOB, a  CJIEAOBATENIbHO, MEHbUIEH  BEIMYMHBI
NOTPEOIEMO DIEKTPUYECKOH MOIMHOCTH M YBEIWYEHHA pabodero YacTOTHOTO [Hala3oHa MORYJIALHMH
ONTHYECKOT0 HM3JIy4eHUA. BO3MOXKHOCTh peajm3alMi paccMaTpHUBAeMOr0 MeTozja 00ecIedmBaeTcsi TeM, 4TO
BBOJl CBETOBOW OJHEPIMHM B KOJIbBLEBOH pE30OHATOP MOXKET OCYILECTBIAThCA 0Oe3 morepb. Kpome Toro,
OJJHOMOJIOBBIE BOJHOBOIBI CIIOCOOHBI COXPAHSTh BPEMEHHYIO KOT€PEHTHOCTh NMPOXOMASIIEr0 M3IY4eHHUS, YTO
obecrieunBaeT pealu3aldio MHOroay4eBoil uHTepdepeHunu. CTaOMnu3anus ONTHYECKUX XapaKTEePUCTHK
KOJIBLIEBOT'O PE30HATOpa, KOTOPHI OYEHb YYBCTBUTENEH K HM3MEHEHHIO DPAa3iIMYHBIX BHEIIHUX (aKTOPOB,
HampuMmep, TEeMIepaTypbl, NaBleHHs, BUOpAaLUid, MOXKET OCYIIECTBIATHCS 3a CYET 3JIEKTPOONTHYECKOH
KOPpPEeKIHH AJIMHBl ONTHYECKOTO0 MYTH PE30HATOpa ITyTeM BBEACHMS B KOJIBIEBOI PE30HATOP YNPABISIEMOIrO
(dazoBoro osmeMeHTa, pabOTAOMmEr0 Ha MOMEPEYHOM  d3JIEKTPOONTHYECKOM d(dekre, ©u peanu3anuu
COOTBETCTBYIOIIEH OMTO3IEKTPOHHON e 00paTHON CBSI3H.

KiroueBble cji0Ba: MHOromy4deBasi HHTepQepeHrs, KoableBoil pesoHarop @adpu—Ilepo, 3mekTpoonTHaecKuit
3¢ eKT, KOrepeHTHOCTb.

KondaukTt unTepecoB. ABTOp 3asBJIAeT 00 OTCYTCTBUH KOH(IUKTa HHTEPECOB.

Jns nutupoBanusi. Konoitko A.W. CHbkeHre yIpaBISsFONIEro HAMPSDKEHNS B aMIDIUTYIHOM JIEKTPOOITHIECKOM
MOIYJIITOPE TIPH MHOTOITYYEBOM HHTEP(EPEHITHH B KONBIIEBOM pe3oHatope. Jlokmamst BI'YUP. 2020; 18(1): 14-20.
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REDUCTION OF THE CONTROL VOLTAGE IN THE AMPLITUDE
ELECTROOPTIC MODULATOR AT MULTIPLE-INTERFERENCE
IN A RING RESONATOR
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Abstract. In this paper, it’s described a method that allows to implement highly efficient amplitude modulation
of radiation at the output of a ring resonator by controlling its artificial light losses, which are derived from
it using two Y-shaped couplers. At the same time, the necessary constant level of light energy is provided
in the resonator, which, due to the absence of radiation losses when entering it into the ring resonator, allows one
to achieve a significantly lower value of the required control electric voltage than existing electro-optical
modulators, and, therefore, a smaller amount of consumed electric power and an increase in working frequency
range of modulation of optical radiation. The possibility of implementing the method under consideration
isensured by the fact that the input of light energy into the ring resonator can be carried out without loss,
in addition, single-mode waveguides are able to maintain the temporal coherence of transmitted radiation, which
ensures the implementation of multipath interference. The stabilization of the optical characteristics of a ring
resonator, which is very sensitive to changes in various external factors, for example, temperature, pressure,
vibrations, can be achieved by electro-optical correction of the length of the optical path of the resonator
by introducing a controlled phase element operating on the transverse electro-optical effect into the ring
resonator and implementing corresponding optoelectronic feedback circuit.

Keywords: multipath interference, Fabry—Perot ring resonator, electro-optical effect, coherence.
Conflict of interests. The author declares no conflict of interests.

For citation. Kanojka A.l. Reduction of the control voltage in the amplitude electrooptic modulator at multiple-
interference in a ring resonator. Doklady BGUIR. 2020; 18(1): 14-20.

BBenenne

B nacrosimee Bpems cyiiecTByeT npobiiemMa AajabHEHIero yBeIn4eHus: pabodero 4acToTHOro
IMana3oHa 3JIEKTPOONTUYECKUX MOAYJISATOPOB, KOTOpblE MOIYT paloTaTh 0 TaKTOBBIX YacTOT
nopsnka 50 I'Tu. Takoe orpaHuyeHue SBISETCA CIEACTBUEM POCTa PACCEUBAEMON 3JIEKTPUYECKOU
MomHocTH [1] M3-3a yBenMYeHHs] TAKTOBOW YaCTOTHl MOIYJISTOPOB MHPH IOCTOSHHOI BENHYHHE
YIOPaBIAIOLIEr0 IOJsl, YTO BeAeT K HEOOMYCTHMOMY pa3orpeBy HX JJIEMEHTOB. B pesynbprare
YXYIIIAIOTCS KaK 3JEKTPUUYECKHE, TaK U ONTHYECKUE XapaKTEPUCTHUKH, YTO OCOOCHHO XapaKTEpHO
JUTSL STICKTPOONTHYECKUX MOMAYJIATOPOB C MCIOJNB30BAHUEM MHOTOIy4eBoil uHTepdepeHunu [2, 3].
IlosToMy BOIpOC yYMEHBIIEHHWS BEIUYMHBI YHPABISIOLICIO HAMPSDKEHUS 3JIEKTPOONTHUECKHX
MOJYJISATOPOB SBJISIETCS] BECbMa aKTyaJIbHBIM.

Henpio HacTosmIel padOTHI SBJISIETCS PACCMOTPEHUE BONPOCOB, CBSI3AHHBIX C YMEHbBIICHUEM
VIOPaBIAIOLIET0 HANPSKEHUS OJHOMOJOBBIX AMIUIMTYAHBIX 3JIEKTPOONTHYECKUX MOAYISATOPOB
Ha MHOT'OJTy4€BOW MHTEP(EPEHLINH, YTO MO3BOJISIET CYLIECTBEHHO PACIIUPHUTH UX pabOUYMii YaCTOTHBIN
JIMaTa3oH.
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CymHocTh MeToa

CymHoCTh MeTo/a 3aKiovaeTcsl B peau3alliil aMIUTUTYJHOH MOIYJISIUN U3Iy4YeHHS
Ha OJJHOM M3 JIBYX BBIXOJIOB KOJBILIEBOI'O pPE30HATOpa 3a CYET YIPABJIEHUS €r0 MCKYCCTBEHHBIMU
CBETOBBIMH TIOTEPSAMH, TPU OOECIIEYECHWH B HEM MOCTOSHHOTO HEOOXOAMMOTO YPOBHSI CBETOBOM
9HEPTUH, YTO TO3BOJISIET JOCTHYL 3HAYMTEILHO MEHBINEH BENMYMHBI TPEOYEMOro YIPaBIISIOUIETO
3JIEKTPUUECKOT0 HAMPSKEHUS, YEM Y CYLIECTBYIOUINX AIEKTPOONTHYECKUX MOAYIISITOPOB.

Onryueckast cxema aMIUIUTYIHOIO 3JIEKTPOONTHYECKOTO MOIYJIATOpa Ha 0a3e KOJIbLIEBOIO
pe3oHaTopa mnpencrtaBieHa Ha puc. 1. 3gech 1, 3,5 — mepBblid, BTOpoil W Tperuil Y-oOpasHbie
pa3BeTBHUTENH, 2 — KOIIBIEBOI pe3oHaTop, 4, 6 — mepBbIil 1 BTOPOI 3JIEKTPOONITHUECKHE YIIpaBisieMble
OTpa)katenu, 7 — JIIEKTPOONTUYECKUH (Pa3oBBIi 37MeMeHT, § — (POTOMPUEMHHK e OOpaTHOW CBSI3M,
9 — 010K ympaBNeHUs] KOPPEKLMEH [UIMHBI ONITUYECKOro My TH pe3oHaTopa. [lepBblii, BTopoit U Tperuit
Y-o0pa3Hble pa3BEeTBUTENN MPECTABIAIOT COOOH 1Ba OTpe3Ka ONTHYECKOrO BOJOKHA, MMEOIIHE
ONTHYECKUH KOHTakT [4]. B KkauecTBe MepBOro M BTOPOTO JIIEKTPOONTHYECKUX YIPABIIEMBIX
oTpaxkatenell MOTyT OBITh HCIIONB30BaHBI KaK OpIITOBCKHE PEIIETKH, TaK M MUKPOPE3OHATOPHI
dadpu—Ilepo.

7

Puc. 1. OnTrueckast cxeMa aMIUTUTYIHOTO JIEKTPOONITHYECKOTO MOIYJATOpa Ha 6a3e KOJBLEBOr0 pe30HaTopa
Fig. 1. Optical design of an amplitude electro-optical modulator based on a ring resonator

Bparroeckue pemieTkd MOTYT OBITh BBINIOJHEHBI B BHIEC OTPE3KOB 3JIEKTPOONTHYECKOTO
BOJIOKHA C OpAITOBCKMMH pEHIETKAMHU JUIS PA3IHYHBIX UIMH BOJH B CEPAICBHHE M HApY)KHBIMH
YIIPABISIONIMME 3JIeKTpoaaMu. CIIeKTpaabHbIe XapaKTePHCTHKHA KO3()(DUIIMEHTOB OTpaKEHHS IepBOI
(xpuBas 1) u BTOpO¥i (KpHuBas 2) OPATTOBCKHUX PEMIETOK (PHUC. 2, @) MOKHBI OBITH CIBUHYTHI APYT
OTHOCHTEJBHO JIpyra Ha BEJIHYHHY, PAaBHYIO Pa3HOCTH IIMPHHBI TJIABHOTO MAKCHMyMa CIIEKTPaJIbHOH
XapaKTEePUCTHKH U €ro y4acTKa, Ha KOTOpOoM K03 UIMEeHT OTpaskeHus pacTeT OT HYJIS A0 BETUIHHBI,
OTpeAenIeMOr Ty4EBOU MPOUYHOCTHIO KONBI[EBOTO PE30HATOPA.

Muxpopezonatopel  @abpu—llepo MoryT OBITH BBITIONMHEHHI B BHZAE ITOJTOCKOBBIX JIMHHHA
C HapY)KHBIMH ~ 3JIEKTPOJAMU I PasiM4HBIX JUMH BONMH. CreKTpajbHbIE —XapaKTepPUCTHKU
K03(p(hHIIHEHTOB OTpaskeHHs TiepBoro (kpuBasi 1) u BTOporo (KpuBasi 2) MHKpOpe3oHaTopoB (puc. 2, h)
JOJDKHBI  OBITH  CABMUHYTHI JIpyI OTHOCHTEIBHO Jpyra Ha BEIMYMHY, COOTBETCTBYIOUIYIO
KOO((GHUIMEHTY OTPAXKEHHs, ONpENesIeMOMY JIy4eBOH MPOYHOCTBIO KOJBIIEBOI'O pPE30HATOpA.
OnekrpoonTHyeckuii  (a3oBbI 3MEMEHT MOXeT OBITh BBIIOJIHEH Kak B BHAE OTpe3Ka
AIIEKTPOONTHYECKOTO BOJIOKHA, TaK U B BUJE MTOJIOCKOBOI JIMHUM U3 JIEKTPOONITHYECKOrO MaTepraa
C Hapy>XHBIMH YIPABIISFOLIIMMHE dJIEKTPOJIAMH.
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PCLICTOK; b- IMEPBOro U BTOPOro p€3oHaTopoOB
Fig. 2. The main maxima of the spectral reflection coefficients: a — of the first and second Bragg
gratings; b — of the first and second resonators

Pe3yJ’lLTaTLI H UX 06cy)lc;[e}me

PaccMoTpuM  OCHOBHBIE 3aKOHOMEPHOCTH (DYHKIIMOHUPOBAHHS TaKOrO aMILIUTYIAHOTO
MomyJiATopa. B HMCXOMHOM COCTOSHUM KOI(PQPHUIIMEHT OTPaKEHUS IEPBOrO AJIEKTPOONTHYECKOrO
YIpaBIIEMOr0 OTpa)kaTeliss MUHHMAJEeH, TO ecTh Ry =0, a BTOporo — mMeer 3Ha4YeHUE, OTIMYHOE
ot Hyns (Ro # 0), onpenenseMoe BETMIYNHON HHTEHCUBHOCTH CBETA |max, KOTOPYIO €Ie BBIICPKUBACT
pe3oHaTop.

[losToMy TOCTOSIHHOE CBETOBOE W3IydeHHE C aMIUIUTyAol Eo, mocTymaromee Ha BXO[
pe3oHaTopa, MociIeI0BaTeIbHO MPOXOANT Yepe3 MePBhIA, BTOPOU Y-00pa3Hble pa3BETBUTEINH, MTEPBHIi
DJIEKTPOONITHYCCKIH  YIIPaBISIEMBI OTpa)kaTenb, TPETHH Y-00pa3HBI pPa3BETBUTENb, BTOPOM
3JIEKTPOONTHYCCKUN  YIPABIAEMBI OTpakaTelb, JJICKTPOONTHUCCKUN (ha30BBIH DJEMEHT Ha
CIEIYIOUMI [HKJI TPOXOXKAEHUS IO KOJBIIEBOMY pe3oHaTtopy W T. 1. Ilpm 3TOM B pesymnbrare
MHOTONTy4eBOW HWHTEepPEPEHIINN B KOJBIIEBOM pE30HATOPE Ha BBIXOJE BTOPOro Y-00pa3HOro
pa3BeTBUTENS MBI OyZleM UMETh CBETOBOE TTOJIE C aMIIUTYION 3JIEKTPUIECKOTr0 BeKTopa Ek, paBHOI:

E,

1- fTTe”’ 1)
rme Tk — DdHepreTHdecknid KOI(QQUIIMEHT CBETONMPONYCKaHWS KOJbIla pe3oHaTopa; lp —
JHEPreTUYecKuil KOd(PPHUIMEHT CyMMapHOTO CBETOMPOITYCKAHUS 3JIEKTPOONTHIECKUX YIIPABIIIEMBIX
OoTpakaTeliel, KOTOPBIH B HCXOAHOM COCTOSHHUHM pPaBeH KOI(PPUIMEHTY NPOITYCKaHUS BTOPOTO
AIEKTPOONTHYECKOTO YIPABISAEMOTO OTpakaTtemst 2, TO €CThb Ip=12; O — pa3HOCTh (a3 MEKIy
nHTEp(HEepUPYIOIUMHI B PE30HATOPE CBETOBHIMHU BOJTHAMM.

CrnenoBaTenbHO, HHTEHCHBHOCTh CBETa Ha BBIXOJE BTOPOro Y-00pa3HOro pasBerBuTeNns |y
MOKHO OTIPEACITUTH U3 BBIPAKEHUS, IMEIOIIETO CISMYIOMIUNA BU;

k

|
| =E,E’ = 0 .
T, —2 T T, coss @)

Tak Kak MakcuMaibHas BEIMYMHA WHTEHCHBHOCTH cBera |k ompenensiercss BETMYMHON
WHTEHCUBHOCTH CBETA Imax, KOTOPYIO €Ille BBIACPKUBAET KOJIBLIEBOH PE30HATOp, TO, peliasi ypaBHeHue (2),
npu ycinoBud O =0, MOXHO ONpENeNUTh MaKCUMAJIbHYIO BEIMYMHY Ko3(dduuumeHta mpomyckaHus
BTOPOTO 3JIEKTPOONTHYECKOTO YNPABISIEMOro OTpaXkaTenst 1, KoTopas OyAeT OoIpenensiTbes
BBIpOKEHHEM
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3)

BI)Ipa)KCHI/Ie JJid OompeAciCHUA HWHTCHCHUBHOCTH CB€Ta Ha BTOPOM BBIXOAC TPETHETO
Y-00pa3HOro pa3BEeTBUTENS, OTPAKEHHOTO OT BTOPOTO  3JEKTPOONTHYECKH  YIPABISEMOrO
orpaxarens |, Oyner uMethb clieayromuil BII:

IR,

I, = ,
1+ T T, -2, [TT, cosd @

rie Ry = 1-T> — koaddutreHT oTpaskeHust BTOPOro IEKTPOONTHYECKOTO YIIPABISIEMOT0 OTpasKaTest 6.

Co BTOpOro BbIXOZA TPETHEro Y-00pa3HOrO0 Pa3BETBUTENS OTPaKEHHBIM CBETOBOM MOTOK
nagaer Ha (OTONMPHEMHHUK LENH OOpaTHOM CBSI3M, HA BBIXOJE KOTOPOrO TMOSBISETCS CHTHAI
MIPONOPIIMOHATIBHBIN MHTEHCUBHOCTH CBETa B KOJIBIE pPe30HATOpa. DTOT CHUTHAJN MOCTYIIaeT Ha BXOJ
OJI0Ka yrpaBJIeHHST KOPPEKIUel JUIMHBI ONTUYECKOro IMyTH pe3oHaTopa. [locnennuii BeipabaThiBaeT
YIPABJISIONIMNA 3JIEKTPUUECKUN CUTHAJ, MOCTYHAIOIIMNA HA AJIEKTPOONTUYCCKUM (ha30BBIA DJIEMEHT,
KOTOPBIH KOPPEKTUPYET [UIMHY ONTHYECKOTr0 IMYTH KOJBIIEBOTO Pe30HATOpa. DTa JUTMHA JTOJHKHA OBITh
KpaTHa JUIMHE BOHBI PACIIPOCTPAHSIONIETOCS IO KOJIBILy PE30HATOPa M3IYUCHHUs A, YTO 00ecrieunBaeT
B pe30HATOPE HEOOXOIMMBIN CTaOMIBHBIN YPOBEHh CBETOBOM IHEPTHH.

[Ipu opHOBpeMeHHOW TMOAaye Ha YIOPABIAIOUINE OJEKTPOIBI TEPBOTO M BTOPOTO
JMEKTPOONTHYECKUX YIPABISEMBIX OTpaXkaTelded YHpPaBISIONMX CHUTHAJIOB CBET IIOCTyMaeT dYepes
TIePBBI W BTOPOH Y-00pa3HbIE Pa3BETBUTEIN K IEPBOMY DJIEKTPOONTHUIECKOMY YIIPABIIEMOMY
OTpakaTennto. YTpaBIAIolee HANpsHKEHHE, MOJaBaeMOe Ha WX JJIEKTPOJIbI, M3MEHSET IOoKa3aTelb
MPETOMIICHHUS 3JIEKTPOONITUYECKOr0 MaTeprasa o 3aKOHy

1 U
n=ne+5ne3 rssai (5)
rae Ne — TOKa3aTenb TMPEOMIIEHHS HEOOBIKHOBEHHOW BONHBI B 3JIEKTPOONTHYECKOM MaTepHale,
U — npuioxeHHoe HampsbkeHue, d — pacCTOSHHE MEXIy YIPaBISIFOUIMME 3JIEKTpoaamMu (IUpUHA
BOJTHOBOJA), I33 — OJIEKTPOONTHYECKUN KodddummeHT. M3MeHeHHe TMOKazaTeias IPeIoMIICHUS
NPUBOJUT K  CMEIICHHIO  CIIEKTPaJbHOM  XapaKTePUCTUKHA  KOI(PPHUIMEHTA  OTPaKEHHS,
a CIIeZIOBATENFHO, K COOTBETCTBYIONIEMY W3MEHEHHIO JIUHBI CBETOBOW BOJHBI Apl, MPU KOTOPOM
OTpa)KCHHE OT MEPBOr0 3JIEKTPOONTUYECKOrO YIPABISIEMOro OTpa)aTeld MHUHUMaIbHO. Ilosromy
BEJIMYMHA HHTEHCUBHOCTHM CBETa HA BBIXOAE IIEPBOr0 3JIEKTPOONTHYECKOrO YIPABIIEMOrO
oTpaxkarens OymeT MaaaTh B 3aBHCHMOCTH OT BEJIMYWHBI MPHKIAIBIBAEMOTO YIPABIISIIOIIETO
HanpspkeHns. OTpaXeHHBIH OT MEePBOTr0 JJIEKTPOONTHYECKOrO YIPABISIEMOr0 OTPayKaTelsl CBETOBOM
MOTOK TIOCTYMAeT B 0OpPaTHOM HAIPaBIICHUH 4epe3 BTOPOil Y-00pa3HbI pa3BEeTBUTENH K MEPBOMY,

Yyepe3 KOTOpBIA HAMpaBisieTCss Ha BBIXOA B KavyecTBe Moayiaupyemoro curHama |. Bemuumny
HWHTCHCUBHOCTHU 3TOI'0 CUI'HaJIa MOXXHO ONIPEACIIUTD U3 BBIPAXKCHUA
| IORl
- ’ (6)
1+T,T, —2,T,T, cosd

rae R, =1-Tz — koo pULMEHT OTpaKeHHs IEPBOrO HIEKTPOONTHYECKOrO YIPaBISIEMOrO OTpasKATENs.

Cser, mpoOIEAIINN Yepe3 TMEepBBIM  AJIEKTPOONTHYECKUHM  YIPABISAEMBIH  OTpa)aTensb,
MOCTYTIaeT Yepe3 TPeTHil Y-0Opa3HbIi pa3BETBUTENh HA BTOPOW 3JIEKTPOONTHYECKAN YIPaBIISIEMBbIN
OTpakaTellb. YTIPaBISIOLIEe HANPsDKEHHE, MTOJJaBaEMOE Ha €r0 YIPaBIIAIOLINE JIEKTPOIbl, U3MEHSET
MOKa3aTelb IPETOMIICHHS 3JIEKTPOONITHYECKOro MaTepralia o TakoMy ke 3akoHy (5), kak U B IepBOM
3JIEKTPOONTHYECKOM YIIPaBIIEMOM OTpakaTesne. V3MeHeHHe IMoKas3aTels HpPeOMIICHUS! NPUBOAUT
K CMEILICHUIO CIEKTPaJbHOM XapaKTepUCTUKH KOd(pHULUMEHTa OTPaKEHHUs, a Clel0BaTelbHO,
K COOTBETCTBYIOILIEMY M3MEHEHUIO JUIMHBI CBETOBOI BOJHBI A2, IPU KOTOPOH OTpaskeHHE OT BTOPOTO
3JIEKTPOONTHUYECKOTO YIPABIIAEMOTr0 OTpa)kaTeiss MUHUMaJIbHO. 1103TOMY BenMurMHa MHTEHCHUBHOCTH
OTPaXEHHOT'O CBETa Ha BTOPOM BBIXO/I€ BTOPOTO 3JIEKTPOONTHYECKOTO YIPABISIEMOrO OTpa)kaTemns
Oy/eT yMEHBIIAThCSI B 3aBUCHMOCTH OT BEIWYHMHBI MPHKIJIAIBIBAEMOIO YIIPABIISIONIErO HAIPSLKEHNS,
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4T0 00ecreynBaeT HeOOXOUMBI CTaOWIBHBIA YPOBEHb CBETOBOW YHEPTUH B KOJIBIIEBOM PE30HATOPE,
Tak KaK Ha DJEKTPOONTHYECKUH MaTepuan >3JIEKTPOONTHUECKUX YIPaBIsIEMbIX OTpa)kaTemnei
BO3/IEHCTBYET 3JIEKTPUUECKOE MOJIE OTHON U TOW K€ BEUYNHBI.

Pacuerpl mokaspIBaroT, 4TO AN M3TYy4YEHHsS C PE30HAHCHOW [JIMHOM BOJIHBI CYIIECTBYET
MaKCHUMYM HMHTCHCHBHOCTH CBeTa Ha Bbixozae momyisropa (puc. 3). Ilo mMepe yBenuueHus moTephb
B KOJIBLICBOM pPE30HATOPEC MAKCUMYM HUHTCHCUBHOCTH M3JIYYCHHUSA CMCUIACTCA B CTOPOHY MCHBLIIUX
3HaYeHUH KOd(PQUIMEHTa CYMMapHOTO CBETONPOMYCKAHHS 3JCKTPOONTHYECKUX YIPABIISEMbIX
OTpaxkaTellel, a ero BEJINYMHA — YMEHBLIAETCSL.

1007
807

alT

Puc. 3. 3aBI/ICHMOCTI) OTHOCHUTEJILHOM HHTEHCUBHOCTH CBETA Ha BBIXO/I€ aMHJ'II/ITy)IHOFO
AJIEKTPOOIITHYECKOT0 MOJYIISITOpa Ha 0a3e MHOrOIy4eBOi nHTep(hepeHIny oT Ko hHIIMeHTa CyMMapHOTro
CBCTOHpOl‘[yCKaHI/IH QJICKTPOONTHICCKUX yl'[paBJ'lHeMI)IX 0Tpa>1<aTene171 IpH pa3IMIHBIX MMOTEPAX B KOJIbIICBOM

pesonatope: 1 —19%;2-3%;3—-10%
Fig. 3. The dependence of the relative light intensity at the output of the amplitude electro-optical modulator
based on multipath interference on the total transmittance of electro-optical controlled reflectors at various
losses in the ring resonator: 1 —1 %; 2 — 3 %; 3 - 10 %

Ha puc. 4 mpuBeneHa 3aBHCUMOCTh OTHOCHTEILHOW HMHTEHCUBHOCTH CBETa Ha BBIXOJC
MOJYJIATOpa OT HANpPSHKEHHs], MPUIOKEHHOIO K AJIEKTPOONTHYECKOMY MaTepuaty yIpaBJIsieMbIX
orpaxareneit ipu 7, = 0,81, KoTOpast UMeeT TUHEHHBII XapaKTep.

0 005 01 015 02 025 03 035
U{B]
Puc. 4. 3aBUCHMOCTh OTHOCHTENHHON HHTEHCHBHOCTH CBETA HA BBIXOJE MOIYIATOpPA
OT HaIpPsDKEHUS, PUIIOKEHHOT0 K 3JIEKTPOONTHISCKUAM YIIPaBIsIeMbIM oTpaxaTensm mpu 7, = 0,81
Fig. 4. The dependence of the relative light intensity at the output of the modulator on the voltage applied
to the electro-optical controlled reflectors at Tp = 0.81

3akaoueHnne

Taxum 06p330M, paCCMOTpeHHLIﬁ MCETOA aMHJ'IPITy,I[HOﬁ MOIYJIAIIMK TTO3BOJISICT PCain30BaTh
AMINIUTYAHYIO MOAYJIINWIO U3JIYYCHUS HA BBIXOAC KOJBIEBOI'O PE30HATOPA, UMCIOLICTO JIBa BbIXOJ4,
3a CUCT YHpaBJICHHUA C€ro HCKYCCTBCHHBIMU CBCTOBBIMU IIOTCPAMHU, IIPHU o0ecrieueHUd B HEM
IIOCTOSIHHOI'O HGO6XO,Z[I/IMOI‘O YPOBHHA CBETOBOI OHEPruv, 4YTO IIO3BOJILACT AOCTUYL 3HAYUTCIBHO
MCHBIIICH BCIINYMHBI Tpe6yeMoro YIIPAaBJIAOMICT O QJICKTPHUICCKOTr 0O HAITPAKCHUA,

19



Hoknansr BI'VUP
MNe 18 (1) (2020)

DokLaby BGUIR
No. 18 (1) (2020)

9YeM y CYIIECTBYIOIMX  DJIEKTPOONTHYESCKUX  MOMAYISTOPOB.  AMIUIMTYIHBIH — MOIYIATOP,
peanu3yIoNMii 3TOT METOJ, MMEET JIMHEHHYI0 CBETOMOIY/SIIMOHHYIO XapaKTEPUCTHKY WU MOXKET
00/aaTh  YOPaBIAIONIMM  HANPSHKCHHEM KAk MHHHUMYM Ha OAWH  TOPSAZAOK  MEHBIIUM,
4YeM CYIIECTBYIOIINE aMIUTUTYIHBIE MOMAYJIATOPBI JIIOObIX THMOB. Kpome Toro, Omaromaps
KOTEPEHTHOMY CYMMHPOBAHHIO aMILIMTYJ WHTEPPEPUPYIOIIMX CBETOBBIX BOJIH OH O0JaJaeT ele
YCHJICHUEM H3Jy4eHHsI C PE30OHAHCHOW JUIMHOI BONHBI. ClienoBaTeNbHO, VIS TAKOrO MOAYJSTOpa
Tpebyemast yrpasiseMasi dJIEKTPHUECKass MOIIHOCTh COCTABUT BEIMUYHHY, KaK MHHUMYM, Ha OJIWH
mopAa0OK MCHBINYIO, 4YE€M Yy CYHICCTBYIOIIIMX B HACTOAIICC BpPCMA, YTO CYHICCTBCHHO pPAaCHIMPACT
ero pabouMii YaCTOTHBIN JUANa30H.
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AHHOTaHHﬂ. B craTthe NIpEeACTaBJICHbl PE3YJIbTaThbl OLCHKH Ka4deCTBa JibJa B 3aBUCUMOCTU OT PAa3JINMIHBIX
yCJ'IOBHﬁ oxpyﬁca}omeﬁ Cp€abl U IMOJATOTOBKH JIbJaA. BrIsiBJIeHBI ONTHMANIbHBIE ITOKA3aTEIIH HCCIIEAYEMBIX
BEJIMYMH, BIUSIOUIMX HA KAaueCTBO JIEOBOM MoBepXHOCTU. Llenp mcciaenoBaHus — ONpeneneHne 3aBUCUMOCTH
Ko duImeHTa TPEHUs CKONBXEHHS OT IapaMeTpoB BOIOMOArOTOBKH, YCIOBHII HaMOpaXMBaHUS JIEHOBOM
TIOBEPXHOCTH, €€ TEMIIEepaTypbl, TBEPAOCTH M JPYTHX IapaMeTpoB, KOTOPbIE MOXHO MEHSTb B YCIOBHSAX
CIIOPTUBHOW apeHbl Il KOHBKOOEXKHOIO CIIOpTa W BBIOMpATh COYETaHHWE, YTO 00ecrmednBaeT HaUMEHBIINH
K03 duimeHT TpeHus CKombkeHus. I OObEeKTHBHOH OLIEHKH CKOPOCTHBIX KadecTB JIbA HCIOIb30BAIH
YCTPOMCTBA, MMHUTHPYIOLIME CKOJBXKEHHS KOHBKOOEXKIA 3a CYET MepeMElICHHs IMOABIKHOW ILIaT(OPMEL,
YCTaHOBJICHHON Ha JIE3BUSIX KOHBKOB, CHA0)KEHHOM MOIyJIeM, MEPEAIOLIMM Ha IEPCOHANBHBIM KOMIBIOTED
perucTpupyeMble 3Hau€HHsA IapaMeTPOB TPEHMA-CKOJIBKEHHs KOHBKOB C JIEIOBOM IOBEPXHOCTBHIO.
st u3mepeHuss NpONACHHOIO PACCTOSHUSL YCTPOWMCTBA HCIOJB30BAJICS METOJ JIA3€PHOM albHOMETPUH.
INokaszana >¢¢heKTUBHOCTH pa3pabOTaHHOTO YCTPOMCTBA M METOAMKHU €T0 NMPUMEHEHHs Ul OLEHKH KadecTBa
npaa. PaccMmarpuBaeTcsl BIMSIHUE TEMIIEpAaTypbl MOBEPXHOCTH JIba, TEMIIEPATypbl BO3/yXa, TEMIIEPaTyphl
3aJIMBAaEMOM BOZBI, BJIAXKHOCTH BO3JyXa Ha KayeCTBO JIEAOBOM IOBEPXHOCTH. YYET 3THX IOKazaTelei
IIPY NIPOBEJICHUN COPEBHOBAHUI IO3BONSAET CO34aBaTh «OBICTPBIN» JieA Ul JAEMOHCTPALUHM BBICOKHX
CIIOPTUBHBIX pe3yNIbTaToB. Hammydime 3HaueHHs IadbHOCTH Npodera YCTpOWCTBa ObLIM 3a()MKCHPOBAHBI
TIpH CIEAYIOMKX MapaMeTpax: TeMIepaTrypa MOBEpXHOCTH Jbaa — oT —3,5 mo —4,5 °C, temmnepaTypa OETOHHOMA
winTel — —6 °C, TommuHa npaa — 27-29 MM, TemrnepaTypa 3anuBaemoit Bojbsl — 50-55 °C, cpe3anue BepXHETo
cinost npaa nenoszaiuBouHoi mammuod — 100 %. Haumxynpmme 3HaueHusi JanbHOCTH mpoOera ycTpOWCTBa
MIOTYYEHBI TIPY CIEAYIOMNX MapaMeTpax: TeMIiepaTypa IIOBEpXHOCTH Jbaa — oT —5,3 1o —5,4 °C, temmeparypa
sanuBaemoii Bozbl — 30—35 °C, cpe3anue BepXHEro CII0s JIbJa JISA03TUBOYHON MAIIIMHON HE OCYIIECTBISLIOCh.

KawueBble c10Ba: KavyecTBO JibJla, TEXHOJOTMH TOArOTOBKH Jibla, KO3(DMHUIMEHT TPEHUS CKOJIBKEHHUS,
CKOJIB3KOCTb JIbIA.

Kongaukt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

Jas uutupoBanus. assinoB M.B., bemoyc I1.A. ABTomMaTH3upoBaHHOE YCTPOWCTBO LTSI OIEHKH KadecTBa
noBepxHOCTH Jibaa. Jlokmansr BI'YUP. 2020; 18(1): 21-28.
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Abstract. Results of ice quality assessment depending on various conditions of the environment and ice
preparation are presented in article. The optimum indicators of the studied values influencing the ice surface
quality are revealed. It is possible to estimate ice speed qualities objectively with the device, that imitates skater
sliding. The purpose of the study is to determine the dependence of the sliding friction coefficient
on the parameters of water treatment, the conditions for freezing the ice surface, the temperature of the ice
surface, hardness and other parameters. The imitation is the movement of the mobile platform mounted
on skates, supplied with the module transferring to the personal computer the values of skates sliding on the ice
surface friction parameters. To measure the distance traveled by the device, the laser ranging method was used.
The efficiency of the developed device and the technique of its application for assessment of ice quality
on sports arenas are shown. The dependences of the quality of the ice surface on the surface temperature of the
ice, air temperature, temperature of the poured water are considered. Accounting of these indicators during
competitions allows to create «fast» ice for high sports results demonstration. The best values of the range of the
device were recorded with the following parameters: ice surface temperature — from -3,5 to —4,5 °C, concrete
slab temperature — —6 °C, ice thickness — 27-29 mm, filled water temperature — 50-55 °C, cutting the top layer
of ice with an ice-filling machine — 100 %. The worst values of the range of the device were obtained with
the following parameters: ice surface temperature — from —5,3 to 5,4 °C, filled water temperature — 30-35 °C,
the top layer of ice was not cutby an ice-filling machine.

Keywords: ice preparation technology, ice quality, sliding friction coefficient, ice slipperiness.
Conflict of interests. The authors declare no conflict of interests.

For citation. Davydov M.V., Belous P.A. Automated device for ice surface quality assessment. Doklady
BGUIR. 2020; 18(1): 21-28.

BBenenne

O¢dexTuBHOCTE PabOTHl CIOPTHUBHBIX KOMIUIEKCOB CETOJHS BO MHOTOM OIpPEHEISeTcs
COCTOSHMEM KauecTBa JbJa, OT KOTOPOrO B 3HAYUTEIBHOW CTEIEHH 3aBUCIT PE3yJIbTaTh
BBICTYIUIEHUI crmopTcMeHOB. B Hacrosimee Bpemsi B PecmyOnmmke bemapych QyHKIMoHHpyeT psif
YHHUKAJIBHBIX CIOPTUBHBIX COOPY)KEGHHH, Ha KOTOPBIX BO3MOXKHO NPOBEICHHE KPYIMHEHIINX
MEKIYHApOIOHBIX COPEBHOBAHMM IO BceM 0e3 HCKIIOYEHHs JIEAOBBIM BHIAM  CIOpTa.
Jns IeMOHCTpalry BBICOKUX CIIOPTUBHBIX PE3YJIBTATOB TpeOyeTcsi O4eHb KauyeCTBEHHBIH Jiex,
obecriednTh KOTOPBIH BO3MOXKHO TOJIBKO COBPEMEHHBIMH TEXHOJOTUSMH TIOITOTOBKH JICIOBOM
MTOBEPXHOCTH.

Ha co3manue MCKycCTBEHHOTO JIEAOBOI'O IMOKPBITHS TOMLMHON 37—40 MM cnenuanucTamu
00bryHO 3aTpaunBaercs okono 100 gacoB pabodero Bpemenu [1-3]. [Ipu 3TOM Ka4ecTBO Jib/1a 3aBUCHT
HE TOJIBKO OT Pa3JIMYHBIX cHelu(UUEeCKUX N0OABOK, HO W OT TAKUX IapaMeTrpoB, KaK TeMIeparypa
OCTOHHOH IUIMTHI U TEMIIEpaTypa MOBEPXHOCTHU JibAa. Ha kaxmyto auctaniuio 3a6era KOHbKOOEKIIEB
JOJDKEH OBITH CBOW MOAOOp ONTHUMAIIBHBEIX IMapaMeTpoB TeMIleparypbl npaa [4-5]. B cooTBercTBHH
C MpaBWJIAMU MEXAYHApPOAHOTO COI03a KOHBKOOEKIIEB YCTAHOBJICHHBIE YCIOBUS HE JOJDKHBI
MEHATHCSI Ha MPOTSDKEHUU TPEHUPOBOK M COPEBHOBAHHMM crOpTcMeHOB. COCTOSHHE KOHBKOOEKHOIO
Jb/1A, B OTJIMYME OT XOKKEHHOro W JibAa AJs1 (PUTYPHOIO KaTaHUs, OUEHUBACTCSl Pe3yJIbTaTUBHOCTHIO
CIOPTCMEHA — BPEMEHEM IPOXOXKACHHS TUCTAHIIAN.
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Jnst neMOHCTpaliy BBICOKUX CIIOPTHUBHBIX pE3yJIbTaTOB B CKOPOCTHOM Oere Ha KOHBKax
HEOOXOJMMBI HE TOJBKO TEXHUYECKH BBIBEPEHHBIC [IBIKCHHUS, HO M YCJIOBHUS, NpPU KOTOPBIX
KOHBKOOGXKIIBI CMOTTM OBl MPEBBICUTH CBOM JIMYHBbIE W O(UIHMaIbHBIE pexopabl. Ha 3HaummbIx
MEKAYHApOJHBIX COPEBHOBAHUAX OOPHOY MeXAy co00i BEAYT HE TOIBKO CIIOPTCMEHBI, HO U JIEJOBBIC
CIIOPTUBHBIE LIEHTPBI. Y CHOPTUBHBIX apeH, TaK ’Ke KaK U CIIOPTCMEHOB, €CTh CBOU CHIIbHBIC U ClIa0bIe
CTOpOHBI, penyTanus W pedTUHru. Kaxapli CIOPTUBHBIA KOMIUIEKC CTPEMHUTCS CO37aTh
KayeCTBEHHYIO JICIOBYIO MOBEPXHOCTh, KOTOpasl MO3BOJUT YCTAHOBHTH PEKOpIbl. B coBpeMeHHBIX
KOMIUJIEKCaX MOXKHO YIPaBIATh TEMIEPaTypod MW BIAKHOCTBIO BO3[yXa, YTO IO3BOJSET
ONTHUMH3HPOBATH CKOPOCTHBIE CBOWMCTBA MOBEPXHOCTH JIbJIa M CTPYKTYPY €ro Maccupa. B pesynbrare
3TOTO HA apeHax KPBITHIX KATKOB KOHBKOOEKIIBI CYIIECTBEHHO YIYUIIAIA CBOU PE3YJIbTATHI.

Hnst Toro 4YtoObl TOATOTOBUTH KAYECTBEHHBIM Jie[ C 3aJaHHBIMUA XapaKTepPUCTHUKAMH,
HEOOXOJMMO 3HAaTh MapaMeTpbl, OT KOTOPBIX OTH XapaKTepUCTUKU 3aBUCAT. CyIIECTBYIOT
WCCIIEIOBaHNs, B KOTOPBIX PAacCMAaTPHBAIOT, Ha CKOJBKO 3aBHCHUT TPEHUE CKOJNBXKEHUS KOHbKa
OT HAKIJIOHA TUIOCKOCTH JIE3BHS, OT IDIM(OBKU JIE3BHS MPH OJHOM M TOW XK€ Harpy3Ke Ha KOHBKH,
OT 3aTOYKM Jie3BUsI KOHbKa [6]. OmHON W3 BaKHEWIIMX XapaKTePUCTHK KadecTBa JIbJa SIBISETCS
CKOJIb3KOCTh. MI3BECTHO, YTO CKOJIL3KOCTB JIbJ]a OMPEENSIOT CIEAYIONIIE MapaMeTphl:

— K03 DUIMEHT TPEHHS CKOJIBKEHHS ([L);

— cuiia TpeHus CKONbKEHUS (Frp.cx);

— CHJIa COITPOTHUBIICHHUS CKOJbKeHU 0 KoHbKa (Fe.o) [7, 8].

Jlen nomkeH ObITh KaK CKOJB3KAM (C MHUHUMAJIbHBIM KOI(P(GHUIIMEHTOM TPEHHS CKOJNbXEHUs),
Tak W TBepAbIM. Kod(D UIMEHT TpeHUs CKONBKEHUsS SIBISIETCS XapaKTepPUCTHKON Mpoliecca,
MO3TOMY €ro Hellb3sl PACCMATPHUBATH KAK HEKOTOPYIO HEM3MEHHYIO BEITUUNHY.

Taxoke Ha Ka4ecTBO Jibla OKa3bIBAIOT BIUSHHUE TAKHE TIOKA3aTENH, KaK: BEIMYMHA OTKJIOHCHUH
OT TUIOCKOCTH JIGJIOBOM IMOBEPXHOCTH; TBEPIOCTh JIbJIA; PACIpe/elieHHe TBEPJOCTH, TeMIIepaTyphl
1o TNIyOWHE JIbJ]a OT TOBEPXHOCTHOTO CJIOSl J0 OCTOHHOW IUIMTBI; TOJNIIMHA JIbJa; TEMIIepaTypa
BO3/yXa HaJl JIeMOBOM MOBEPXHOCTHIO; BIAXKHOCTE Bo3ayxa [9, 10].

Nsmepenne koaddunreHTa TpEeHUs CKOMBKEHUS Pa3IMYHBIX MATEPHAIOB OCYIIECTBIISIETCS
pasHbIMH crocobaMu W mpuOopamu. OnHako B cioydae ompezeiacHus kodhdUIUeHTa TPEHHS
CKOITbXKEHHS KOHBKA O JIETOBYIO TOBEPXHOCTH B YCIOBUSX CIIOPTUBHOTO COOPYXKEHHS TPaTIUIIOHHBIE
npuOOpbl W METONIbl HM3MEpPEeHWH HempuemieMbl. [Ipu uccnenoBaHuM Kod(hdUIMEHTa TpeHus
CKOJIb)KEHHS KOHBKA O JIeN TOJDKHBI YIUTHIBATHCS Pa3NiNuHbIe (DaKTOPHI BHEIIHEH CPEIbl, BIHSIONIHE
Ha Ka4eCTBO MPOBOAWMBIX M3MEPEHHWH. JTO BO3MOXKHO IPH WCIOIH30BAHUU CHEIHATN3UPOBAHHBIX
amnmapaTHO-TIPOTPAMMHEIX CPEZCTB, YCTAHABIIMBAEMBIX Ha JIE3BUSI KOHBKOB, IPUBOIMMBIX B JIBIKEHUE
CIJIOBBIM  HMMITYJTbCOM  OTCTPENIOYHOT'O MEXaHH3Ma, CBSI3aHHOTO OECHPOBOJHBIM  KaHAJIOM
C TIOABIKHBIM MOJYJIEM YCTPOMNCTBa, MEPEAArOIUM Ha TePCOHAJIBHBIA KOMIBIOTEP HH(OPMAIHIO,
OTPaKAFOIIYI0 3HAUCHIS ITAPAMETPOB TPEHUS CKOJBKEHHS KOHBKOB C JIEIOBON MOBEPXHOCTHIO.

MeToanka usMepeHuil M IpUMeHsieMoe 000py10BaHue

CocTosiHME J1€I0BOM MOBEPXHOCTH MOXKET CYLLIECTBEHHO BJIMATH Ha CKOPOCTb IEPEABMIKEHUS
CIIOPTCMEHOB IO TWcTaHUUH. Jis Toro 4ToObl HE HONMYCKAaTh yXYHAIICHUS! CKOPOCTHBIX KauecTB JIbAA,
HE0OXOAMMO BECTH MOHUTOPHHI €r0 COCTOSHHMS. B 3THX messix aBTopamMu MCHONb30BaJoCh YCTPOICTBO,
HMHUTHPYIOIIEE CKOJBKECHHE KOHBKOOEXKNA. YCTpPOMCTBO TMO3BOJISIET MPOBOJUTH HCIIBITAHUS
C YHCIBHBIMH Harpy3kamMl Ha JIe3BHE KOHBKA, ONM3KMMHM K peajbHbIM HarpyskaMm Ha Jiex
IIpH ABMKEHUH criopTcMeHa. CKOMB3KOCTh JIbJa ONpenersieTcs Ha OCHOBaHNWU KO3 (UIeHTa TpeHus
CKOJIbKEHHS, KOTOPBI PacCUMTBHIBACTCS B pe3yibTaTe M3MEHEHHs JanbHOCTH mpolera miaatgopmsl
Ha KOHbKax Ipyd OJHOM M TOM K€ HAa4YaJbHOM CHJIOBOM wummyisce. Koadduuument Ttpenuns

a
CKOJIBKCHUS PaCCHUTBIBAJICSA 110 q)opMyne W =—,Ta¢ a— CpeAHCE YCKOPECHUEC JIBUKCHU A HJ'IaT(I)OpMLI
9

0 JIbIY; § — YCKOpPEHHE CBOOOIHOTO MAJeHUs, IPU ATOM YCKOPEHHE & OMpPEJeNsyIoch 1Mo GpopMyie
Vz _Vl
At

YCTPOP’ICTBO JUIA ONpeACJICHUA CKOJIB3KOCTHU JIbJla Ha CIIOPTUBHLBIX apC€HaXx, NPEACTAaBJICHHOC
Ha puc. l, COCTOUT U3 ABYX rmaT(bopM nu na3ep1—10171 CUCTCMBI, ICpPBas rmaT(bopMa — HCIIOABUIKHA,

a
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YCTaHABIIMBAETCA Ha JIENOBYIO IOBEPXHOCTh, BTOpas — IOJBHXKHAs, ONUPAIOLIAsCS Ha KOHBKH
U NpeAHa3HauYeHHas A JABWKEHHs MO JbIy TMOJA JEHCTBUEM HMITYJIbCa CHIIBI, IMOJYyYEHHOIO
OT HEMOABM)KHON MIATHOPMEL.

Puc. 1. Buemnuii BUJ ycTpoiicTBa:
1 — moxBwxkHas mwiatdopma; 2 — HemoABIKHAS TatdopMa; 3 — JTa3epHasi CHCTEMa
Fig. 1. — Appearance of the device:
1 — mobile the platform; 2 — fixed platform; 3 — laser system

Hdnst  Toro droObl TOATOTOBUTH  KA4yeCTBEHHOE JIEJAOBOE TIONE C  3aJaHHBIMHU
XapaKTepucTUKaMK, HE0OX0JMMO 3HATh MapaMerTpbl OKpY)Karollel Cpeibl, MPU KOTOPBIX 3HAUYCHUS
KOO(QUIIMEHTa TPEHHUS] CKOMBXKEHHS OyqyT MHHHMaibHbIMH. C 53TOM 1eNbi0 MPOBOIUINCH
nccrnenoBanns Ha KoHbKoOSKHOM cTagnone MKCK «MuHck-ApeHa» Mpu NU3MEHSIOMIMXCS YCIOBHSIX
Y TEXHOIOTHSAX TOATOTOBKH IIbJja, KOTOpBIE 3aKIIOYANNCh B ONPENEICHWH 3HAYUMBIX (DaKTOpOB
BHEIIIHEH Cpe/ibl, CHOCOOHBIX BIHMATh HAa COCTOSHHE JIEJIOBOM TOBEPXHOCTH. VI3MeHseMbIMH
(hakTOpaMu SBISUTMCH: PEKHUMBI paOOTHI 3aJMBOYHON MAIIMHBI, TeMIlepaTypa TMOBEPXHOCTH JbJa,
TeMIepaTypa W KOJMYECTBO BOBI IPH 3aJMBKE, OCBEIIEHHOCTH JIEJOBOI apeHbl. HensmeHHBIMU
(hakTOpaM¥ SBJISUIMCH: TEMITEpaTypa Bo3myxa Ha TpuOyHax (ot 12 mo 13 °), BnakHocTh Bo3myxa (50-55 %),
MOJIOKEHUE BEHTHIISAIMOHHBIX (D (PY30pOB CHCTEMBI KOHIMIIMOHUPOBAHMS Bo3ayxa (45 °).

Bcero Obu10 mpoeeaeHo 400 m3aMepeHUN MalbHOCTH IpolOera MOABUXKHON IaaT(opMbl
ckonp3uMeTpa (mo 15-20 oTcTpenoB Ha OAWH 3AJMBOYHBIA ITMKI MPU HU3BECTHBIX YCIOBHIX
OKpYy’Karomel cpeapl W 33aJaHHBIX NapaMerpax 3aJIUBKH JbAa). Bo BpeMs KaKIoro m3MepeHus
olpeneNnsyiach TeMIlepaTypa TIOBEpXHOCTH Jbaa. V3MepeHuss [UIMHBI TMpoOera ycTpoicTBa
MIPOBOIMIIMCH Yepe3 KaKple 3 MUHYTHI B TedeHue 60 MUHYT.

Pe3yabTaThl 1 UX 00CyKACHHE

Ilpm comocTaBiaeHHM pPE3yIbTATOB H3MEPEHUH OBUIM PAaCCYMTAHBI CPEIHHE 3HAYCHUS
JTATBHOCTHU TIpodera u KO3 UITMEeHTa TPEHHS CKOIBKEHUSI.

Pacuer xoa(duumenTa TpeHHS CKONBXKEHHS NpPOBOAWICA MO pe3yibTaraM H3MEHEHHS
CKOPOCTH JBIDKCHUS IIaTGOpMbl Ha 10-METpoBOM OTpe3Ke IyTH, HauMHasl C 5-TO MeTpa JBMKCHUS
iatdopmbl. Beibop Takoro pacderHoro orpe3ka 00OCHOBAaH HMCKIIOUYCHHEM BIMSHUS HAYaJILHOTO
UMITyJIbCA CHJIBI, CO3/1aBA€MOT0 OTCTPEIIOYHBIM MEXaHW3MOM IIPH BBITAIKHBAHHH ITOIBMKHOM
miatdopmel. Ilocme 15-ro MeTpa myTH OTMEYalloCh 3HAYMTENHHOE yBENWYeHHE Kod(pQHUIMeHTa
TPEHHsI CKOJIBXEHHS, YTO SIBWIOCH OCHOBAaHHMEM JUIS WCKIIOUEHHS W3 JallbHEHIIero aHaim3a
3aperucTpUPOBAHHBIX TIOKa3aTeNel ABHKEHHS TIIAT()OPMBIL.

B Tabm. 1 yka3aHbI yciioBHs, IPH KOTOPBIX OBLIM 3a()MKCHPOBAHBI 3HAYECHUS] HAHOONbIIEH
Y HaMeHbLIeH TanbHOCTH mpobera rmiatdopmbl ycrpoictBa (S £ 6) 32 OAWH 3aJMBOYHBIN IIHKIT
(Ne yci1.), COOTBETCTBEHHO HaMMEHbIIME W HauOONIblIMe 3HAa4YeHHs KO3(D(HIMEHTa TPEHUs
CKONBXEHHS (Weprp £ G). IIpH 9TOM yUHTBHIBAINCH YCTaHOBJIEHHBIE ITApAMETPhI OKPYXKAIOLIEH CPEIbl,
KaKk Hauboliee ONTHMAIbHO BIMSIOIIME HA KA4eCcTBO JbJa: Temreparypa OeTOHHON MmiauThl (),
TeMIeparypa MOBEPXHOCTH JibJa TPHU BBHITOJHEHHH TEPBOW MOMBITKU (lnm), TommmHa abaa (H),
TeMIeparypa BO3QyXa Ha pacCTOSHUU 1,2 M OT NoBepXHOCTH JibAa (fsosn), OcBemeHHOCTH (E).
YcraHaBIMBanuMCh napaMerpbl MOATOTOBKH JIGAOBOW IOBEPXHOCTH: CTENEHb OTKPBITHS BEHTHIIS
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MAaIIWHBI 7151 3JIMBKY JIbJa TIPH MoJjaue BOABI B TPOLIECCE 3aJIMBKH (KOJI-BO BOJBI), CTEIEHb CPE3aHUs
BEPXHET0 CII0s Jibja (CTENEeHb Cpe3.), TeMIepaTypa 3anuBaeMoi BOABI ({son). KonnuecTBo n3Mepenmii
(orcTpenoB) mpu 3alaHHBIX ycnoBusx (N), Bpemst nocie 3anuBku (7).

Tab6auua 1. [Tapamerps! 1e10BON TOBEPXHOCTH
Table 1. Ice surface parameters

H, Komn-Bo T, E,
Ne t1.°C tJ'Ib}:[a MM tBO3}Z[. BOJIBI t °C MUH CreneHn THOKC n Scpic, MM p:tG
yor | ™ °C °C i ; cpes. % mm Hepn
mm % min Ix

Huskue 3HageHms JaJIbHOCTHU Hp06era yCTpOﬁCTBa 1 BBICOKHEC 3HAYCHUA KOS(i)(bI/ILII/ICHTa TPCHUS CKOJILXKCHUSA
The worst values of range of a run of a device and coefficient of a sliding friction

10 -6 |-53| 28 | 12,8 | 100 30 20 0 55 |15 154734933 0,0055+0,0003

11 -6 |-54| 29 | 125 ] 100 35 10 100 55 |20 17091+£527 0,0046+0,0004

Bricokune 3HaueHUs JAJIBHOCTHU rlp06era CKOJIB3UMETPA U HU3KUE 3HAYCHUA KOB(beI/ILII/I@HTa TPEHUS CKOJILXKCHUSA
The best values of range of a run of a device and coefficient of a sliding friction

12 -6 [-43] 29 | 132 50 48 15 100 30 |20 | 2227942150 0,0033+0,0004
13 -6 [-45]| 27 | 120 50 52 10 100 10 [ 20| 24195+1110 0,0027+0,0002
14 -6 [-35] 27 | 120 50 55 13 50 20 | 20| 23293+£2510 0,0031+0,0004
15 -6 |-45| 27 |12,8] 100 51 15 50 20 | 20| 23713+1112 0,0030+0,0002

Ha puc. 2 oroOpaxkeHbl pe3yiabTaThl W3MEHEHHS JaJIbHOCTH Tmpobera CKOJb3UMETpa
OT BpEMEHHU TI0Cie 3aJMBKM JbJa. Bo BHUMaHHWe NpUHUMAiIHMCh Mokazatenu 15-20 u3mepenwit
Ha OJMH 3aJIMBOYHBIN LIUKII.

30000

—k15
g
_ 25000 - 14
a
“ = —m—13
20000
——12
—8—10

10000
10 15 20 25 30 35 40 45 50 55 60 65 70 75
Bpems mociie 3aIHBKH, MHH

Puc. 2. 3aBUCUMOCTb TAILHOCTH MPO0OETra yCTPOHUCTBA OT BPEMEHH TMOCIIE 3AJTUBKH JIbJIA.
UYucna 10-15 B nerenze rpaduka oTpakaroT HOMEp TEXHOJIOTHUECKOM KapThl C 33JAHHBIMH TapaMeTpaMu
OKpYKarolIei cpe/ipl ¥ mapameTpamu 3anuBku (Ne yci. B Tabm. 1)
Fig. 2. Dependence of the distance covered by the device on the time elapsed after ice preparation
10-15 in the chart legend mean number of the process list with the set of the environment parameters and the ice
preparation parameters (Ne parameters in table 1)

[lony4yeHHble naHHBIE CBHUIETENBCTBYIOT O TOM, 4YTO CKOJB3SIIIHE CBOMCTBAa JbJa
HEMOCTOSIHHBI, NPUYEM B TEUYEHHE OAHOrO 3aJIMBOYHOIO IIE€PUOAA C YBEIUYEHHEM BPEMEHU
MIOCJIE 3aJIMBKH JIbAa OHM yXy[uaroTcs. /lMHaMuka mokasaTeneld NaJbHOCTH Mpodera CKOJIb3UMETpa
IPU Ppa3NUYHBIX YCIOBUSIX OKpY)KAalomlel cpeapl W IapamMeTpax 3alMBKHU IIpeACTaBiIeHa
B BHJIe TpadukoB Ha puc. 2. M3 rpadukoB BHIHO, YTO HAWOONBIINE 3HAYEHHUS IABHOCTH Tpodera
HAO0JI0AAI0TCS B MEPBbIX 3 momnbITKax (20 MUHYT HOCIIE 3aIMBKH JIbJa), B HUX JOCTUTACTCsl MAKCUMYM
CKOJIB3SIIIMX CBOMCTB. B 3TOT MOMEHT BpeMEHH yMEHbBIIACTCS THUAPABINYECKOE COINPOTHBIICHUE
XKHUJIKOW TUIEHKH JIbJJa M MPOMCXOAUT HE3HAYUTEIbHOE CHMXKEHHE MHTEHCUBHOCTH MOJIEKYJISIPHOTO
B3aMMOJCHUCTBHSI MEXAY KOHBKOM U JibJioM. HaunHas ¢ 23-if MUHYTBI CKOJIB3KOCTB JIbJ1a TIOCTEIIEHHO
CHHMJKA€TCs, ATOMY COOTBETCTBYET IIOHMXEHHE TEMIIEPaTypbl IOBEPXHOCTH JbJla, H3MEHEHUE
TBEPAOCTH BEPXHEro CJOs W yBenuueHue Kod((uiMeHTa TpeHus CKoibkeHus (puc. 3).
Uepes 35 MUHYT TOCIIe 3alUBKM TEMIIEpaTypa IIOBEPXHOCTH HpUOIMIKAeTcs K TeMIlepaType
OCHOBHOTO JIEZIOBOI'O MacCUBa, IIPH 3TOM JOCTATOYHO CTAOMIIBHO COXPAHSIOTCS CKOJIB3ALINE CBOMCTBA
meaa (puc. 4). Uepe3 55 MUHYT ¢ MOMEHTa TMOCIENHEH 3aJMBKU IMPOUCXOAUT YXYIAIICHHE YCIOBUI
CKOJIbKEHHS, YMEHBIIAETCS NaIbHOCTh Ipo0era yCTPOMCTBA: Ha IOBEPXHOCTH JIbAA IOSBIACTCS
HIEPOXOBATOCTh, MEXaHUUYECKHE MTOBPEXKIEHUS, MUKPOHEPOBHOCTH.
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Usmenenue TeMmepaTypbl 3ajMBaeMOM BOAbI M TIYOWHBI CpE3aHUs BEPXHErO CJOA
CYILIECTBEHHO TOBIHSUIM Ha Ka4decTBO JieaoBoi moBepxHocTH (Ne yei. — 10, 11) (tabm. 1). TIpu atux
YCIOBUSIX BBIMOJNHSAIM 3aJMBKY IOBEPXHOCTH JbJa BOJMOW c TemmepaTypod ot +30 go +35 °C,
B pe3yJbTaTe 3TOr0 Ha MPOTSHKEHHHM M3MEPEHWH NambHOCTH Mpo0era CKOJIb3MMETpa TeMmIleparypa
npaa cHuxkanack 10 —6,6 °C (puc. 4). Ilpu ycioBusx Ne 10 ToHKOCIONHHAS MOIPE3Ka BEPXHETO CIIOS
Jb/Ia C MIOMOUIBIO JIBAOYOOPOYHOM MAaIMHBI HE OcylIecTBisuiack. [Ipu 3THMX mapaMerpax 3aJuBKA
Obun  3a(UKCHPOBaHBI caMble XYyIIIHE pE3yAbTAaThl NANLHOCTH MPOOera, 4YTo CBUACTEILCTBYET
00 yBenu4eHHH KO PHUIMECHTA TPEHUS CKOJIbKeHUs (puc. 3).

0.006
0.005
0.005
0.004
=
0.004
0.003 A

——15

——13
—12
=11
0.003 ——10
0.002
0.002

10 20 30 40 50 60 70
Bpems Mocie 3aIHBKH, MHH

Puc. 3. 3aBucumocts K03 GHLIMEHTa TPEHHS CKOIBKEHUS OT BPEMEHH T0CTIe 3aIMBKH JIbJa
Fig. 3. Dependence of the sliding friction coefficient on the time elapsed after ice preparation

I[lo Mepe CHIKEHHMS TeMIlEpaTypbl Bo3pacTaeT KOI(PQHUIMEHT TPEHHUs, JIed IPU STOM
CTaHOBUTCS 0O0Jjiee YKECTKUM, IUIONIA[b CONPUKOCHOBEHHS JIE3BUS KOHBbKA CO JIbJOM YMEHBIIIAETC.
CKOpOCTh HM3MEHEHHSA TEMIIepaTypbl TIOBEPXHOCTH JbAa 3aBHCUT OT CKOPOCTH W3MEHEHH
TeMIepaTypsl XJIaJOHOCHUTENS, OT TOJIIMHBI OETOHHOM IUIATHI, OT TOJIIMHBI JIbAa M BO3MOKHOCTEH
CUCTEMBbl KOHAMIIMOHUPOBAHUS Bo3ayxa. MI3MeHeHne TeMIepaTypsl JibJla OT BPEMEHHU I10CIIE 3aJIUBKU
MOXKET CYIIECTBEHHO IOBJUATH HA BpPeMs NPOXOXKACHUS IUCTAHLUMHU CIOpTCMEHaMH. B mpenemax
OJTHOTO ATara COPeBHOBAHUU (OCOOEHHO Ha JTMHHBIX JUCTAHIUAK) TEMIIEpATypa MOBEPXHOCTH JbAa
Bceil 0EeroBoi JJOPOKKU HMJIM €€ YaCTH MOXKET H3MEHSTHCS OT JIONSH JI0 eMHHMIL TPpajyca, 4To, B CBOIO
ouepesib, MOXKET IMIPUBECTH K 3HAUUTENBHOMY U3MEHEHUIO CKOJIb3KOCTH JIbJA.
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Puc. 4. 3aBUCHMOCTB TEMIIEPATyPHI IIOBEPXHOCTH JIbJIa OT BPEMEHH MOCIIE 3aJTUBKU
Fig. 4. Dependence of the ice surface temperature on the time elapsed after ice preparation

B pesynpraTe sKCriepuMeHTa O ONPEAEICHUIO Ka4ecTBa JIbAa ¢ IPUMEHEHHEM CKOJIb3UMETpa
Ha KoHbKOOexHOM craguoHe MKCK «MwuHCK-apeHa» ObUIM BBISBJICHB!I XapaKTEPHBIC BETUYMHBI
ko3 urmenTa TpeHHs CKONMBKEHHs (L) CIIOPTHBHOIO JbJa MPU Pa3HBIX ycioBHAX. HammeHbiine
3Ha4YeHUs 3TOro Koddduuuenta ObUTH 3a(UKCUPOBAHBI IPU CIELYIOLIMX MapaMeTpax: Temieparypa
MMOBEPXHOCTH IibAa — oT —3,5 mo —4,5 °C, Temmeparypa OeroHHOU TUTH — —6 °C, TONMHA JThaa —
27-29 mM, TemmepaTypa 3amuBaeMoil Boabpl — 50-55°C, cpesaHme BepxHero ciuos JibAa
nenozanuBoyHoil MammHOM — 100 %. Hambonbime 3HadeHus xodpuUUMEHTA TPEHUS CKOJIbKEHHUS
MOJy4EeHBl MPH CIEAYIOMIMX MapaMerpax: TeMIlepaTypa MOBEpXHOCTH Jbaa — oT —5,3 1o —5,4 °C,
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Temneparypa 3amuBaemod Boabl — 30-35 °C, cpe3aHHe BEpPXHErO CJOS JibJa JICI03aTUBOYHON
MAIIIMHON HE OCYIIECTRIISIOCH.

3akaouenne

Ha ocHOoBaHWMM pe3ynbTaTOB UCCICAOBAHUI OMNpPEAEICHBI TEXHUYECKH KOPPEKTHBIC
TpeOOBaHUS K (PU3MKO-MEXaHUYECKHUM CBOWCTBAM JIb/Ia, OOECIICUMBAIOIIMM HAWITYUIIEE CKOJILKEHUE
KOHbKa 10 J1bAy. IIpoBeneHHBIE HCCIEIOBaHHS C HCIONb30BAaHHEM pPa3pabOTaHHOIO YCTpoiicTBa
MO3BOJIMJIH BBISIBUTH 3aKOHOMEPHOCTH B H3MEHEHUH CKOJIB3SAIINX CBOMCTB OT BPEMEHH TOCIIE 3aJIMBKU
apga. Yepes HeKOTOpoe BpeMs IOCHEe 3alMBKHM JbJa YXYALIEHHE €ro CKONB3SIIUX CBOIMCTB
MIPOMCXO/IUT, BEPOSITHEE BCETO, M3-3a KOHJICHCAIMH BJIark U3 Bo3lyxa. Bnara, BeinaBiias B BUJIE UHES,
MIOCTEMEHHO CO3/aeT IIepOXOBATOCTh JIbJa. HakoIuieHne KOHJIEHCAIlMM BJIATU HANPSAMYIO 3aBHCUT
OT TeMIepaTyphl BO31yXa, JIbJja U OT BIAXKHOCTH BO3Iyxa. Jljisi MOATBEPKIEHUST 3TOr0 HEOOXOIUMO
MPOBECTH  JIONIOJTHHUTENBHBIE HWCCIEJIOBAaHMS, CBS3aHHBIE C W3MEHEHHEM BIIAXKHOCTH BO3JyXa
Ha CIIOPTHUBHOM apeHe.

VYcnex TpoBeNeHUsT MEXIYHAPOAHBIX COPEBHOBAHHWK Ha JIEMOBBIX CIIOPTHBHBIX apeHax
Y YPOBEHb MOKa3aHHBIX KOHBKOOEKIAMH Pe3yJbTaTOB 0a3MpyIOTCS HA MHOTHX B3aMMOCBSI3aHHBIX
KOMITOHEHTaX, OCHOBHBIM M3  KOTOPBIX  SIBISIETCS.  KAauyeCTBO  JICZIOBOW  IOBEPXHOCTH.
[MosTOMY IpUMeHEHHE  CIIENHAaIbHBIX YCTPOMCTB IS  OIEHKA CKONB3KOCTH JIbJIa TTO3BOJIHUT
npuOIM3NTHCS K pa3pabOTKe TEXHOIOTHH «CBEPXOBICTPOro JbJa», CIIOCOOCTBYIONIUX YCTAHOBICHUIO
PEKOPJIHBIX PE3yabTATOB IPHU MPOBEICHUU MEKIYHAPOIHBIX COPEBHOBAHHI CaMOI'0 BEICOKOTO PaHTa.
Hcronp30BaHME 3THX TEXHOJNOTMH B TPEHHPOBOYHOM IIPOLECCE, B CBOI OYEpEeAb, OKaXeT
HEIOCPE/ICTBEHHOE BIUSHUE HA KaYeCTBO TEXHUYECKOW IMOJI'OTOBKM CIHOPTCMEHOB B BHJAX CIIOPTA,
B KOTOPBIX JIBM)KEHHSI OCYILIECTBIISIIOTCS Yepe3 COMPUKOCHOBEHHE KOHBKOB C JIEZIOBOW TTOBEPXHOCTHIO.
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Abstract. The paper contains a new text searching method representing modification of the Boyer-Moore
algorithm and enabling a user to find the places in the text where the given substring occurs maybe with possible
errors, that is the string in text and a query may not coincide but nevertheless are identical. The idea consists
in division of the searching process in two phases: at the first phase a fuzzy variant of the Boyer—Moore
algorithm is performed; at the second phase the Dice metrics is used. The advantage of suggested technique
in comparison with the known methods using the fixed value of the mistakes number is that it 1) does not
perform precomputation of the auxiliary table of the sizes comparable to the original text sizes and 2) it more
flexibly catches the semantics of the erroneous text substrings even for a big number of mistakes. This
circumstance extends possibilities of the Boyer—Moore method by addmitting a bigger amount of possible
mistakes in text and preserving text semantics. The suggested method provides also more accurate regulation of
the upper boundary for the text mistakes which differs it from the known methods with fixed value of the
maximum number of mistakes not depending on the text sizes. Moreover, this upper boundary is defined as
Levenshtein distance not suitable for evaluating a relevance of the founded text and a query, while the Dice
metrics provides such a relevance. In fact, if maximum Levenshtein distanse is 3 then how one can judge if this
value is big or small to provide relevance of the search results. Consequently, the suggested method is more
flexible, enables one to find relevant answers even in case of a big number of mistakes in text. The efficiency of
the suggested method in the worst case is O(nc) with constant ¢ defining the biggest allowable number of
mistakes.

Keywords: searching algorithm, text processing, finding text with mistakes, fuzzy Boyer—Moore method,
metrics of similarity.
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Introduction

Text searching methods are widely required in modern text-based applications. Let us note
CV (Curriculum Vitae) and paper abstracts processing, extracting an invention formula description
from patents, e-mails filtering and so on. The problem is stated generally as answering queries to some
text(s). To find an answer different text searching techniques can be applied [1, 2]. Clearly,
the efficiency of a text searching technique essentially depends on the text sizes, its structure
and presence of syntax mistakes. From this viewpoint, the methods based on text tagging are not
suitable if text is poorly organized and unstructured. The keyword-based seach methods are not
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efficient in large text databases, for instance, on web-servers proposing job offers with billions
of files. The regular expression based methods may be not efficient if text contains mistakes
as it is difficult (if not possible) to envisage the concrete mistakes in text of different topics. So,
we selected sequential text searching approach which seems to be most reasonable in the case of short,
poorly organized texts with different topics and especially in case with a lot of text files to be
processed. It is the Boyer—Moore method [3] we selected as a prototype in our approach. It can be
efficiently used to find a substring in the text with computational complexity estimated as O(n+m)
where n is size of the text and m stands for a query length. However, this method presumes exact
coincidence of the original substring and those which are being looked for. The methods to find
substring occurences in text with mistakes can be found in [4, 5]. They are different from the Boyer—
Moore scheme though. These methods suggest that some constant k > O restricts the utmost mistakes
amount. However, it is difficult to define the value of k a priori especially if text is unknown and
overloaded with mistakes. We suggest to use two constants k» > ki > 0 and organize a fuzzy searching
procedure as follows. The modified Boyer—Moore procedure continues till the number of the detected
mistakes not exceeds ko, otherwise the right-side shift of the query is performed with computed shift
value. If the number of mistakes does not exceed ki then the searched text word is recognized
by means of the modified Boyer—Moore method. If the number of mistakes lays in the diapazone [ki +1, k]
then the text word is processed with the help of fuzzy comparison based on Dice metrics [6]. If Dice
metrics is greater than 0.5 then the answer is found. Otherwise the answer is not found and right-side
shift is performed accordingly to the modified Boyer—Moore strategy. We consider a query string
as a correct one and modify currently observed substring in the text as a copy of the query. We use
Levenstein distance between the strings to estimate their similarity. It is used as a marker signalling
that strings (or their parts) are equal or different. The main problem is to define the value of the shift
(the number of symbols to omit) to be made if the compared substrings are different. The rest
of the paper explains the details of how this and the other details are realized.

The Boyer—Moore algorithm illustration

To be more concrete let us consider the following example.

Text string: awbsycsdesacscdssqwass. Substring to find: sacs.

Let’s consider an approach of Boyer-Moore [3]. First, in the substring to find one defines
the number of occurrences of each symbol and their corresponding positions. Thus, with respect to our
substring one has: <c — 1(2); a — 1(3), s — 2(1,4)>. In the round brackets the symbol offsets
from the end of the word are placed, for instance, ¢ — 1(2) means that symbol ¢ is encountered only
once in the word sacs and takes the second position from the right. At the second step the searching
procedure starts by sequential comparison of the last symbol in sacs (i.e. — s) with the currently
observed symbol in the Text string until the coincidence takes place. Thus, we have:

aw b sy desacscdssqwass
sacs

Now let’s compare the corresponding symbols from right to left. Because ¢ < > b
the procedure stops. It is possible to shift word sacs to the right by 3 positions to superpose the first
symbol s in sacs with the currently observed symbol s. Indeed, no other symbols s besides
the leftmost and the rightmost ones in sacs are available. So the next comparison is realized as below

awb sy cs desacscdssqwass
sacs
etc.

Mistakes in the strings and their correction
The next errors in words are possible:

— S1: a letter is wrong in the given position;
— S2: a letter is omitted;
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— S3: extra letter is inserted;

— S4: two adjacent letters are interchanged

We need some criteria to reveal the above pointed states. Our consideration is restricted with
these situations only.

Situation S1. To reveal this situation one needs to read the corresponding next symbols in both
compared strings. If those symbols coincide then the resulting answer is YES (true) otherwise — NO
(false). The NO answer is generated also if there are no next symbols (in both or some of strings).

Situation S1.

BRIDGE

BRIDDE

Situation S4.
BRIDGE
BRIGDE

Situation S2.
BRIDGE
BRI D E

Situation S3.
BRI DGE
BRI DHGE

While comparing the strings we compute the Levenstein distance between them. We use this
distance to come to conclusion that two substrings are different or not. For this, we base ourselves
on the experimental results [7] presented in Table 1 and giving value of ki

Table 1. Definition of k;

Word size The uppermost number of text errors — ki
<3 0
4-6 1
7-8 2
9-10 3
>11 4

We, however, change Table 1 to define k; as in Table 2.
Table 2. Definition of k;

Scanned word size The uppermost number of text errors — ks
<3 1
4-6 2
7-8 3
9-10 4
>11 6

The text errors here correspond to situations S1, S2, S3, S4 described above. The situation S4
is considered as a single error.

Modified Boyer—Moore algorithm

The idea of method based on [4, 5] can be explained as follows. We try to simulate the Boyer-
Moore algorithm comparing symbol by symbol from right to left in both strings with query under
the text. The query string is supposed to be written correctly. If symbols do not coincide we admit that
some mistake is encountered in the CV-text. We define a type of mistake (situations S1, S2, S3, S4).
According to the Table 2 we test if the number of mistakes is still admissable, that is lies in diapason
Dp = [0, ko]. If the answer is positive, we make suitable shifts in both strings. In this case we replace
an erroneous place in the CV-text by a supposedly correct symbol from the query. If the number
of mistakes is beyond the diapason Dp we restore the corrected mistakes in the CV-text and make
a right-side shift of the query. We explain how to define the shift value below by means of example.
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Let us make some illustration for ky=1, ko= 3.

CV-text: XXX.. X OUOWOID OO ..0O
query: 0000000

We use the symbol 0O to designate exactly coinciding symbol with the corresponding one
in the query; the symbol ¢ is used to designate a mistaken symbol which was changed; © (x) is used
to designate the rest right-side (left-side) symbols in the currently observed part of CV. We admit
maximum 3 non-coincidences in both substrings. There are 3 mistakes in the example above. So we
should compute the Dice distance (metrics) between two strings. Suppose, that the Dice metrics is less
than 0.5. This means that we need to make a right-side shift of the query. Now let us suppose that
there are no the same (repeating) symbols in the query. Our task is to define the shift value. Let us
make one-symbol right-side shift of the query. The situation will change as shown below

CV-text: XXX..X O00?200? OO 0..0
query: Oo00oCCO

Here we use symbol ? to designate a new position of the symbol which should be tested.
As one can see the number of mistakes has not reduced (there are even 4 mistakes designated as ¢ ).
As we admit maximum 3 mistakes a new shift is required with the following result:

CV-text: XXX .. X OO0?200??70 0 ...0
query: O0o0CCCO

This time there remain 3 mistakes. One should compute the Dice metrics again in this new
configuration. Suppose the Dice metrics is less than 0.5. Again one symbol right-side shift is required:

CV-text: XX X..X OO0O0?200???70 0 ..0
query: 0ooooo o

Now there are 2 mistakes remained and 5 positions marked with ? to be tested.
So, verification should resume with the rightmost symbol ?. The common rule A to define shift value
when no repeating symbols occur in the pattern can be defined as follows. Let us consider the next
configuration

CV-text: XxxXx.x0000000 OO OO ..O
query: * 0000000

Let there are allowed two symbols ¢ in the upper string. Let * stand for the leftmost symbol
in the query. The required shift value to be done defines a new position of the * where the humber
of ¢ in the text does not exceed the allowable value k, = 2. This position can be exactly found as it
corresponds to the first symbol O in the text such that total number of ¢ to the right of it does not
exceed the allowable amount of mistakes, i.e. 2. Accordingly to this rule we get new configuration
as below

CV-text: XX X..Xx 00000ODOEONO ... O
query: ol I [

The shift value is 5.
Suppose now that there are repeating symbols in the query. Let us illustrate the situation
as follows

CV-text: XX x...x0 OO0 OO ...0
query: * DeddOO e

We designated repeating symbol as ¢. One can apply the above given technique for the non-
repeating symbols. As before one should define a new position of * with two (or less) pairs ¢ —
O in both strings after *. The desired configuration is shown below

CV-text: XX X..x o000 IO ... O
query: *DeDOT &
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Again it required of us to make 5 shifts. Notice that configuration preceding the previous one
was that one below with 3 mistakes what exceeds the allowed number of mistakes

CV-text: XX X..X 0LLO0OLIOOOO ... ®
query: *Te e

Here are 3 mistakes and one more right shift is required.

We estimate the worst case complexity of the method for the unrepeating symbols case
admitting that the mean number of mistakes allowed is c.

The worst case means ¢ + lending miscorrespondings with only one shift to the right each
time. This gives n-(ctl) comparisons at the worst. Suppose the query length is k> 3. Then
at the worst we make k comparisons and 3 shifts to the right. We conclude these considerations
with the worst case shown below

CV-text: XX X ... XX XXX0000 000 ... ©
query: 0ooooo

Let us suppose that 2 mistakes are allowable and all the mistakes are forming the final
subsequence. Evidently, it is possible only one right shift resulting in

CV-text: XXX ... XXX XX???? O00 ..0
query: O0oooCC

and so on.

Addressing the Dice metrics

Let ki=1and k= 2.
1. a sbc yesaceescdssqwass
sacde
There may be at the most two mistakes. Here are 3. As no repeating symbols are contained
in the query the right shift value is 1:
2.asb c y esa ceescdssgwass

sacde
There are 2 mistakes. Accordingly to our algorithm one shoud find the Dice distance between
two strings: sb cyeand s ac de. The Dice metrics is defined by the formula p :%
+

where [X| (JY|) stands for the set X (Y) size. For example, for X =sbcyeandY=sacdeone
has P =2-3 / (5+5) = 0.6. We adopt the rule accordingly to which two words are considered alike
if the Dice measure is 0.5 or greater. From this, in the example above the words X and Y
are considered to be the same.

Summarization of the searching procedure can be represented in the next form.

1. At each iteration the procedure compares symbol by symbol from right to left in both
strings with query under the text (the query string is supposed to be written correctly).

2. If all symbols in the query have been compared with CV-text fragment (cvf) then.

2.1 If the number of mistakes encountered is in diapason Dp = [0, ki] then cvf is accepted
as successfully recognized and searching procedure resumes from the next right symbol following cvf
(if any, otherwise the procedure finishes).

2.2 If the number of mistakes encountered is in diapason Dp = [ki+1, k2] then cvf is compared
with query by means of Dice metrics. If comparison is successfull the cvf is accepted as successfully
recognized and searching procedure resumes from the next right symbol following cvf (if any,
otherwise the procedure finishes).

2.3 Otherwise (1.1 and 1.2 failed) the algorithm restores the corrected mistakes in the CV-text
and makes a right-side shift of the query with resuming searching procedure from step 5.

3. If symbols do not coincide then some mistake is encountered in the CV-text. If the number
of mistakes is still admissable, that is, lies in diapason Dp = [0, ko] the algorithm produces suitable
shifts in both strings and replaces an erroneous place in the CV-text by a supposedly correct symbol
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from the query. Return to step 2.

4. If the number of mistakes is beyond the diapason Dp the algorithm restores the corrected
mistakes in the CV-text and makes a right-side shift of the query.

5. If the rightmost symbol of the query is beyond CV-text then stop searching procedure,
otherwise return to step 2.

Conclusion

The suggested method combines techniques of the fuzzy Boyer—Method with verifying string
similarity on the basis of Dice metrics. This provides some important advantages in comparison
with the Boyer—Moore method as it gives a possibility to increase the number of mistakes in the text
and still to preserve the semantics of the original text. The other advantage of the suggested approach
in comparison with the known fuzzy versions of the Boyer—Moore method consists in more sensitive
regulation of the allowable upper number of errors in the word to be recognized. In existing
approaches the number of mistakes is fixed and does not depend on the text length. Moreover, this
number is defined in the procedure as Levenstein metrics (i.e. as absolute number of mistakes). This
does not help to make a conclusion about processed text relevance to a query (on the contrary, the
Dice metrics gives a clear answer). Indeed, if the Levenstein distance is equal to 3, then how one can
judge if this number is big or, on the contrary, low. Therefore, the suggested method enables one
to decrease ki and even increase k. to make the recognition process more efficient. The investigation
of this and related questions remain the future landmarks of the suggested approach.
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AnHotanus. Llenbio crateu sBisieTcs pa3paboTKa aHAIUTHYECKUX MOJIeNield pacdera MoMeXOyCTOWYHUBOCTH
u 3pdexTBHOCTH IU(POBBIX CUCTEM DPAAMOCBA3H, HCIIONB3YIOIIMX MHOTOIO3MLMOHHBIE BUIBI MOIYJSALMU
(KAM-M, ®M-M, UM-M, AM-M) u 6iounoe koaupoBauue mo aaroputmy Pumna—Conomona (PC) ¢ xecTkum
JEKOIUPOBaHUEM. B OTIMuUME OT W3BECTHBIX IIOAXOAOB K OIPEACICHUIO IOMEXOYCTOMYMBOCTH CHCTEM
Ipe[UIaraloTcs pacyeTHble MOAENY, He TpeOyiome 3HaHUS KOI((UIMEHTOB CIEKTpa KOJa, IPHUBICUYEHUS
HpoLeayp KOMIBIOTEPHOIO MOZEIUPOBAHUSA U IPadUuecKUX MOCTPOSHUH KPHUBBIX IIOMEXOYCTOHMYMBOCTH VIS
Pa3IMYHBIX BUJIOB MOIYJISLIUHM M IapaMeTpoB KoaupoBaHus. [IpuBeneHHbIe B CTaThe pacyeTHbIE COOTHOIICHUS
BKJIIOYAIOT TOJBKO OCHOBHBIE IIOKa3aTenu Koaa (CcBOOOIHOE pacCTOSHME, [UIMHY KOJOBOTO  CIIOBA,
OTHOCUTENBHYIO CKOPOCTh KOAa) M BHOA MOAYJIALMH (TMOPSZOK MOAYJIALMHM, KBagpaT Kod(hduimenta
nomexoycroiiuuBoctd). OHHM TO3BOJNSAIOT HANPSIMYIO OIPENeTATh TEOPETHYECKH TpeOyeMble 3HAaYeHHs
orHoutenus: curHai/mym (OCII) Ha BXoAe NPHEMHBIX YCTPOWCTB 1O 3aJ]JaHHOW BEPOSTHOCTH OLIMOKH Ha
BEIXOJIEe iekoaepa PC, a Takke MPOBOIUTH UCCIEAOBAHI YHEPTETHYECKOr0 BRIMTIPHIIIa OT KoauposaHus (3BK),
MH(OPMALIMOHHOM U CrieKTpalibHO# 3 dexTrBHOCTEH cUcTeM. basupysch Ha NMPeUIOKEHHBIX COOTHOIICHUSIX,
BBINOJHEHBI pacyeThl OCHOBHBIX XapaKTEPHCTHK KaHAJIOB PAIMOCBSI3U Ul pa3IMYHBIX Mapamerpos konos PC,
JIOCTOBEPHOCTH IIpUEMA, BHUAOB U MOPSIKOB Momynsiuu. CpaBHEHHME IIPUBEACHHBIX B CTaTbe PE3yJIbTATOB
pacdera IOMeXOyCTONYMBOCTH U 3(Q(PEKTUBHOCTH CHCTEM C M3BECTHBIMU aHAJIOTMYHBIMH XapaKTePUCTHUKAMHU,
MIOYYEHHBIMHU B PE3YIbTATE KOMIBIOTEPHOTO MOAEINPOBAHNS, MTOITBEPKAACT MIPABUIBHOCTD MIPEICTABICHHBIX
aHaMUTHYeCKuX Mopeneii. [lorpenHocTs MoCTpOeHHBIX KPHUBHIX MOMeXoycToitunBocTi He mpeBbimaer 0,1 nb
B pabouem nuanazone OCI. IIpencraBneHHbIe B CTaThe MAaTEPHAIBI ABISIOTCS OPUTHHATIBHBIMHU H MOTYT OBITH
HCIIONIB30BAHBI ITPU MPOEKTHUPOBAHNH, PACUETE M Pa3pabOTKE HA3EMHBIX M CIlyTHUKOBBIX CHCTEM.

KnroueBble cjioBa: BEpOSTHOCTH OINMOKHM, OTHOCHTENBHAas CKOPOCTh KOJa, MECTKOe IEeKOIMPOBAaHHE,
cBOOOIHOE paccTosTHHUE Ko/a, 3PPEKTUBHOCTH CHCTEMEI.
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CHCTEM C MHOT'OMO3UIMOHHBIMH BHIAMH MOJYISIIIMM M KOTUPOBaHWEM IO anroput™my Puma—ConomoHa.
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Abstract. The aim of this article is to create analytical models that estimate the continuity and effectiveness
of digital radio communication systems using multipositional types of modulation (CAM-M, PM-M, FM-M,
AM-M) and block coding according to the Reed—Solomon algorithm (RS) with hard decoding. In contrast to the
well-known approaches to determining the noise immunity of systems that require computation model, new
estimating models are presented that do not require knowledge of the spectrum coefficients, computer
simulation training methods and graphical construction of interference curves for various types of modulation
and coding parameters. The calculated ratios presented in the article include only the main parameters of the
code (free distance, codeword length, relative code speed) and of the modulation type (modulation order,
squared noise immunity). They make it possible to directly determine the theoretically required values of signal-
to-noise ratios (SNR) for input devices from given probabilistic errors based on RS signals, as well as to study
the energy gain from coding (EGC), accessible and frequency-efficient systems. Based on the proposed rations,
the calculations of the main characteristics of the communication channels for various parameters of the RS
codes, the reliability of reception, types and orders of modulation are performed. Comparison of the results of
calculation of noise immunity and system effectiveness given in the article with known similar characteristics
obtained as a result of computer modeling confirms the correctness of the presented analytical models. The error
of the constructed noise immunity curves does not exceed 0.1 dB in the operating range of the SNR.
The materials presented in this article are original and can be used in the design, calculation and development
of terrestrial and satellite systems.
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BBenenne

K nHacrosimiemy BpeMEHHM CO3[aHO 3HAUUTENBHOE YHCIO KOJIEKOB C PA3IUYHOM CTPYKTYpOM
MOCTPOEHUSI U CIIOCO0aMM HCIIPABIECHUS OIMIMOOK Ul IMOBBIILICHUS MTOMEXOYCTOMYMBOCTH KaHAJOB
HA3eMHOr0, CIYTHHKOBOIO W KaOEIbHOrO BEIAHHWS, a TakXKe CHUCTEM HHTEPAKTUBHOW CBS3U
1 OecCrIpOBOIHOIO JOCTYIA K HHPOPMAMOHHBIM pecypcaM. OIHAKO pacdeT 0a30BBIX XapaKTEPHCTUK
3THX CHCTeM (IOpOroBasi UYyBCTBUTEIBHOCTb, JHEPIe€THYECKUI MOTEHIMAl pPaJHOJIMHHMA,
nHpopMauoHHast 3()(HEeKTUBHOCTb, YHEPreTUUECKUH BBIUTPHIIL OT KOAMPOBAHUS M JAp.) C YYETOM
MIOMEXOYCTOHYNBOrO KOAWPOBAHMUSI U MHOTOIMO3UIMOHHBIX BUIOB MOAYJISALUH SIBISETCS JOCTATOYHO
TPYOEMKUM IPOLIECCOM BBHYy OTCYTCTBHUS IPOCTHIX U IOCTATOYHO TOYHBIX aHAJMTUYECKUX MOAeIer
pacuera.

Komet PC otHOcsATCS K TNOAKJIACCY HEIBOMYHBIX OJIOUYHBIX KOIOB, KOTOpBIE 00JaIaroT

MaKCUMAJIbHBIM JOCTHXKMMBIM PaccTosuieM Xommunra O, Tpu paBHOM Ui HUX OTHOCHUTENLHOM
ckopoctu kona R, =K /nN. CumBossl K0moBoro crosa npeactaBisior coboi snemenTsl nons anya

I
GF(2), rae | — crenens mons Fanya uimm umcno OUT B cCHMBOJIE. 3anuchiBaeTcs kox kak (N, K, t), e
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|
n=2"-1 — mumnHa KomoBOro ciosa; K — uucio WHGOPMAIMOHHBIX CHMMBOJIOB B KOJOBOM CJIOBE;
t=(n—k)/2 — konuuecTBO WCIpPaBISEMBIX CUMBOJIOB. MHUHHMMAILHOE KOJOBOE PACCTOSHUE IO

Xommunrry d,, =2t+1. Kogst PC crocoOHBI HCIPaBISTh HE TONBKO OUIMOKH B CHMBOJNAx, HO M
Cly4aliHble OXHOKpaTHblE makeThl ommOok mmuod mo |(t+1)+1. Ilpu mmmMHe KOmoBOro ciosa

N < 2' —1 komst PC CYNTAIOTCS YKOPOUCHHBIMH.

[Ipu oneHke MOMEXOyCTOHYMBOCTH cucTeM ¢ komamu PC H3-3a CIOXKHOCTH OmpeneNeHUs
k03 puMeHTOB pacnpeneneHns CIEKTpa KOAa 4acTO MCHONB3YIOT «OLIEHKY CBEPXY», T. €. TPaHUILy
BEPOSTHOCTH OIIMOKK Ha OMT MH(POPMAIIMU Ha BBIXOAE Aexojepa [1]

27 n jHt(ny . ;
P < oy 2RI+ R, 1
b7l j:Zt:+1 n o S R) @

n . .
rne P, — BepostHOCTH O1mMOKK Ha cuMBoOX Ha Bxoze nekoxepa PC; | |=nl/ jl(n— j)! — aucno

Pa3IMYHBIX CITOCOOOB BBHIOOPA M3 N CHMBOJIOB B KOJOBOM CITOBE j OIIMOOYHBIX.

B3anMoCBA3b MEXy BEPOATHOCTBIO OMOKK Ha cuMBOI Ps u Ha Out Pg Ha BXone nekonepa
CIemytomast:

P, =1-(1-P)"; P, =C;erfc(Z), 2

rae Cj — xoddHUIMeHT, 3aBUCIIINI OT BHIa W TOpsaKa Momysaiuu; erfc(Z) — momomHuTe pHbIH
HUHTErpaj BEpOSTHOCTH.

B (2) BeposTHOCTS OmMOKH Pg Ha BXO€ Jekoaepa (pyHKIMOHAIBHO CBS3aHa C apaMeTpamMu

MOJYJIALMHE M IEMOIYJIAINH, a Takke ¢ Bemmuuuoit OCII h, = (E,/ N,),, npu koTopoii momkHa

obecriednBaThCcs BEpOATHOCTh ommbkn B, Ha BEIXOHE mekonepa PC. OueBHIHO, YTO HA OCHOBAHHH

(1) m (2) mpsimoe anamuTraeckoe onpenenenne OCI 3aTpyaHEeHO, ¥ MOATOMY OOBIYHO HCIOIB3YIOT
KOMITHIOTEpPHOE MOJICIIMPOBAHUE JIUIsI pacdyeTa W MOCTPOCHHS KPHUBBIX IOMEXOYCTOWYHBOCTH

R =y(N,), O KOTOPEIM ISl 3aJAHHOrO 3HAYCHHS P, Ha BEIXO#E nekozmepa PC ompenensercs
TpeOyemas BemranHa OCILL

AHaINTHYECKAs] MOJIeJIb PACYeTa XapaKTePUCTHK CUCTEMbI

Jutst npsimoro onpeneneuust OCHI B dynkimu P, npu pasmudHblx BHAax M IOpsIKax

MOAYJSIONUM, a TakKKE€ ImapaMerpax KOAWPOBAaHUA C IKCCTKUM JACKOAUPOBAHUEM IIPECAJIATacTCsa
CJICAYIOIICEC UCXOAHOE COOTHOIIECHUEC!

R, = Gt -erfe(y/u; -hye), 3)

roe Wi — TmokaszaTenb A(PQEKTUBHOCTH Ipolecca IEKOAWPOBAHUS HCIIOIb3YEMBIX CHTHAJIOB;

2 .
0j =dp; / 4Ey— kBagpar ko> duumenTa 1OMex0yCTONIMBOCTH; dy; — EBKIMIOBO PACCTOSHUE MEKIY

OMMKaHIIMMHU  TOYKAMU CUTHAJIBHOTO CO3BE3JIMs 3aJaHHOIO0 BHJA MOIYJIALMH, EO — OJHEeprus,

3aTpaurBaeMasi Ha repenady ourta HHpOpMaLnH.
C y4eroM TOro, 4To JONOJHUTENbHBIA HHTErpall BEPOSITHOCTH

1 —22/23

erfc(z) = j_ T exp(-t?)dt = T-m )
mT z cNT

TO BbIpaxkeHue (3) MpUBOIUTCA K BUIY

37



Hoknansr BI'VUP DokLaby BGUIR
MNe 18 (1) (2020) No. 18 (1) (2020)

C -.Ju. —u.-h
= — MM gg T2 ©)
Q-7 hy

[lpumennB k BolpakeHuto (5) JorapudMupoBaHHe H  METOA  IOCIEAOBATEIBHBIX
NpUOMIDKEHUH, TOTyduM B sBHOM Buje Hckomyio 3aBucumocts OCII B ¢ynkmum B 6e3

HCO6XO}Z[I/IMOCTI/I IMMPUBJICYCHHUA ITPOLUCAYP KOMIBIOTECPHOI O MOACIIMPOBAHU:

hK:1049{2,3(&—Ig\/(z,s-Bi/ui»}ﬂB; ©
L

B =—IgR, —lg(ym-q; / C)+1g(y/k /G ); (7
Hi =P G- R - (t+1); 8)

B =|1- ! / 1+1gL ;
" 35.R-L,-lgR, (L-R)(-1gR) |
©)

L, =9[R (t+1) [ -], (10)

rje  — mokasaTesib B3aMMOCBSI3UW MSKIY HapaMeTpaMu Kojla ¥ BETHYUHOW OIIMOKH Pb .

s mopynsuuii BunoB KAM-M, ®M-M, UM-M u AM-M 3Hadenus ko3¢ duimento Ci u g
pacCYUTBIBAIOTCS 110 (hopmymnam:

C, :2'(1_%/Vj/m; ¢, =3-m/2-(M-1) - s KAM-Mcm=2,4,6 ... (11)

C,=2/m; q,=3-m/2:(M-0,5) — s KAM-M cm=3,5,7 ...; (12)
C,=0,5npum=1, C; =1/m npum=>2; q, =m-sin2(n/M)—m(DM—Mcm:1, 2,3...; (13)
C,=M/4;q,=m/2 —gmaUM-Mcm=1,2,3 .. (14)
Cy=(M-1)/m-M; g; =3m/(M*-1) - ms AM-Mem=1,2,3...; (15)

e M — nopsnok Moayssitu; M= 10g, M — KpaTHOCT MOYJIALIHH.

BepostHocTs ommbku Pq Ha Bxozie jiekoniepa PC u ero ucnpapisiomas crnocoonocts 1

It paccuuTanHoro 1o (6) saavennto OCII onpenenstoTcs Ha OCHOBAHUU COOTHOIICHHIA:

P _ G 10" RetiNe/2.3,

d .R.-qa -h ’
- Ry -G - N

U, =P, /R, (16)

OHeprerrueckas 3QEKTUBHOCTh OT KOAWPOBAHMS U HPUHSATHIX MapamMeTpOB MOIYJISLUH,
KOIMPOBAHMS M JICKOAMPOBAHUS OINPEAEISIETCS] YIHEPreTHYECKUM BBIMTPBILIEM OT KoaupoBaHUs AG.
Bemnunna AG xapakrepusyer mepy cHmwkenus OCLI npu HanuuumM KOZMPOBAaHMSA IO CPAaBHEHHIO
C PSKUMOM 0€3 KOJMPOBAHUS JUISl PABHBIX OMIMOOK Ha BBIXOJE YCTPOUCTB

AG =h, —hy, 1B, (17)

rae hy — OCIL npu 0TCYTCTBHM KOAMPOBAHKS M IEKOUPOBAHHL.
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JlJis MHOTOITO3UITMOHHBIX BUIOB MOIYJISAIMU Tpu Pp < 10? 3naucHme ho B OTCYTCTBHE

KOJMPOBaHMS ONpenesercs mo GopMyam:

h, =10-1g 2’3(A‘_Ig(q\'2’3'p"/q) , 1B. (18)

A =-IlgR -lg(y=-q; /C), nb. (19)
[MoxcraBus B popmyny (17) npuBeneHHble BoipaskeHus st No 1 g, momyunm

AG =10Ig[R - (t+1)-B; - &; 1, ab, (20)

&= (A; —lg\[2.3A; 7 0)/(B, —1g2.3B; /1)), (21)

13 (20) u (21) cnenyer, uro ecru 3Hadenus B; u &; cTpemsarcs k equHuIE, TO BEIpaxkeHue (20)

HPUBOAMUTCS K U3BECTHOMY BUJLY
AG =10Ig[R, - (t +1)], 1B. (22)

HocronncTBo momy4deHHbIX BblpaxkeHuid (20) um (21) cocTOMT B TOM, YTO OHH MO3BOJSIOT
HATPSMYIO OINpPENEeNATh dHepreTHueckyro 3(M(EeKTUBHOCTh KoJa S 3aJaHHOTO YPOBHS OIIMOOK
Y MIPUHATHIX MapaMeTpoB KOAWPOBAaHWA W Moaymsauuu. Popmyna (22) CIyKWT JHIIb OIIEHKOH
acuMnTOTHYeCcKOro 3HaueHus: OBK.

B Tabnwue npuBeneHsl paccuMTaHHBIE MO MoaydeHHBIM (opmynam 3HaueHns OCHI u OBK
P UCTIONB30BaHNU MOy s KAM-4, paznuunsix napamerpoB koaa PC u BeposSsTHOCTSX omImOoK
Ha BBIXOJIE fekonepa 102 1 10°°,

Tabéauua. 3uauenuss OCIL u OBK s paznuunsix napamerpos kona PC, nb
Table. Values of SNR and EGC for various parameters of RS code, db

3HAYEHMS [Mapamerpst koma PC (n, Kk, t)
Value Parameters of RS code (n, k, t)
(7.3.2) [ (1593) | (31,234) | (31,139) | (255243,6) | (255,239,8) [(255,223,16)
p=103 | MoaB [ 728 | 628 5,75 5,56 5,66 512 4.0
AG, 16| -0,49 | 051 1,04 1,2 1,13 1,67 278
P, =10° hg, nb | 9,87 8,42 7,72 7,26 7,50 6,67 4,72
AG, nb | 0,65 2,09 2,79 3,26 3,02 3,85 5,80

W3 anann3a maHHBIX TaOJIUIBI CIEAYET, YTO C POCTOM HCHpAaBIISIONIEN cocoOHOCTH Koxpa t
U YBEIMYEHUEM JJIMHBI KOAOBOro cioBa N TpeOyemble 3HadeHuss OCHI mma  peanusanum
HEOOXOIMMOM JAOCTOBEPHOCTH NpHEMa CHIIKAIOTCS, YBEIMYUBACTCS [TOMEXOYCTOHYMBOCTh U pacTer
9HEPreTHYECKUN BBIUIPHIL OT KoaupoBaHus AG;. OpHako ¢ yBelTWYEHHEM UIMHBI KOIOBOI'O CJIOBA
MOBBIIIACTCS] CIIOKHOCTh Peanu3auud ycTpoucTB. IloaToMy mpu OGompIIMX IJMHAX KOOOBBIX CJIOB
U Pa3MEepOB CHMBOJIOB MCIIOJIB3YIOT YKOPOUECHHBIE KOABI U BbICOKHE 3HaueHus Rpc. [ HarmsaHoCTH
MOBEZICHUSI KPUBBIX IOMEXOYCTOHMUMBOCTM Ha puc. 1,2 mpencraBieHbl pe3yjibTaThl pacuera
3aBUCHMOCTEH U1t ykopodeHHoro koma PC (204, 188, t = 8) mpm uCHONB30BaHMK MOAYIIALIAN
KAM-M u OM-M. HansTtux ’xe pUCYHKax s OIEHKH S(PQEKTHBHOCTH KOAa IPHUBEISHBI
paccuntanusie 1o (18) u (19) 3aBECHMOCTH B OTCYTCTBUHU KOJMpOBaHUS (IMIyHKTHD). 3HaueHus DBK,
nanpumep, i Py = 10 nipu ucnonszosarmn KAM-4 u ®M-4 coctaBisior 5 1B 1 HE3HAUNTENHEHO
YBETUYUBAIOTCS C POCTOM TOPSKA MOIYJISILIUH.
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Puc. 1. Kpussie nomexoycroitunoctu 11t KAM-M npu Hconb30BaHUN KOAUPOBAHUS

koj0oM Puna—ConoMona (CrutonHas JMHUS) ¥ IPU €ro OTCYTCTBHU (ITyHKTHPHAS JTUHUS)
Fig. 1. Noise immunity curves for KAM-M when using coding by the Reed—Solomon code (solid line)
and in its absence (dashed line)

Py,
1E+0
161
162
1E-3
1E-4
1E5
166
1E-7
1E-8
1£9
1E-10

1611

1E-12

1E-13
0 5 10 15 20 25 30 h, a6

Puc. 2. Kpussie nomexoycroiuuBoctu a1t ©M-M npu UConb30BaHUN KOIUPOBAHUS
konoMm Pruma—ComnomoHa (CIITOnIHAS TMHUS) U TIPH €0 OTCYTCTBUH (ITyHKTHUPHAS JTNHHS)
Fig.2. Noise immunity curves for FM-M when using coding by the Reed—Solomon code (solid line)
and in its absence (dashed line)

bazupyscy Ha ananuthueckoil 3amucu OHIL, HecnoXHO paccyUTaTh MHOIME OCHOBHBIE
XapaKTepPUCTUKHA KAaHAJOB CBS3M W, B YaCTHOCTH, WH(GOPMAIMOHHYIO A(D(PEKTHBHOCTD Muup. ITOT
MOKa3aTellb YCTAHABIMBAET IIOTepH B WHQPOPMAIMOHHOM CKOPOCTH TIepefadd JaHHBIX Bg
JUTS pealbHBIX KaHAJIOB 110 CPABHEHHIO C MPOMYCKHOM crmocoOHOoCThio C 1o IllenHony:

Ning = B,/C =0a3'Yc/lg(1+Vo 1074 ) (23)
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B ¢opmyne (23) npuHaATEl cremyromue ob6o3HaueHus: y. =M-R /b, — cnekrpanbuas
spdexruBHOCTD, OUT/C T vy =M- Ry — ynenbHas ckopocTs, 6ut/cums; by — koadduiment noreps
B HCIIOJIb30BAHMH BBIJCTIEHHOH MOJIOCH! KaHajIa CBSI3H.

U3 (23) cnenyer, 4To riaBHas 3ajjaya B MOBBIIICHUU Ny COCTOHT B BBIOOpE MapameTpoB
Kola M MOIYJSIIHUU, TPH KOTOPBIX JIOCTUTAETCs HaWIIydIllee HCIIONB30BaHUE TI0JIOCHI KaHaia
n muaumaneHoe 3Hauenne OCII mins oOecrieueHus TpeOyeMol JOCTOBEPHOCTH Npuema. 3ajada

MO ONTUMH3ALNN XaPAKTEPUCTHK CHCTEM MOXKET pelaTbcsi pas3elibHO IMyTEeM OICHKH OJIM30CTH
sHepreTudeckoil Oh win crekTpanbHOl YPPEKTUBHOCTH OY K MPEAETbHO BO3ZMOXKHBIM ITOKAa3aTeNeM

no lllenHony:

0,3"‘/C _
8h=h,—h, =h —10lg W 1 s (24)
Yo
1
S'Y =Yu—Yc =7Yc — 1 , 6I/IT/C'FH, (25)

nm@

rue hy, u v, — PHepreruueckas u crekrpanbHas d3Q(EKTHBHOCTH KaHAJIOB CBsi3u 110 LlIeHHOHY.

3akjaoueHune

HpeHCTaBHeHBI AHAJIMTUYCCKHUEC COOTHOUICHUA UIA IMPOBCIACHHUSA pPacCy€TOB 3Hepremqec1<0171,
CHeKTpaJbHOW M HH(pOpMaAMOHHOW S((EeKTHBHOCTEH TPH MCIOIH30BAHUK MHOTOMO3HIIMOHHBIX
BugoB Monmymsinnu (KAM-M, ®M-M, UM-M, AM-M) u 06j09HOr0 KOJUPOBAHHS IO AJTOPUTMY
Puna—Conomona. IIpuBeneHsl GOpPMYIIBI JJIst OIEHKH SHEPTeTHYECKOT0 BHIUTPHIIIA OT KOAUPOBAHUS U
ucnpasisioneld cnocodnoctr koaa PC B 3aBUCHMOCTH OT 3a/IaHHOM BEPOSTHOCTH OIIMOKH Ha BBIXOJIE
IeKoaepa ®  TapaMeTpoB  KOAWPOBAHWSA W MOAYSIIHMH. PaccuMTaHbl — XapaKTEpUCTHKH
nomexoycroiiunBocTt u OBK B cucremax ¢ KOAMpOBaHWEM MJIsi MHOTOIIO3UITMOHHBIX BHUIOB
momymsiiun - KAM-M . ®M-M. CpaBHeHHE pacyeTHBIX MAaTECPHAIOB C  W3BECTHBIMH
XapaKTepUCTUKaMH TTOATBEPIKIAET MPABUIBLHOCTH MPEATIOKEHHBIX aHATUTHIECKUX MOJIETIEH.
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AnHoTtanus. Ilenpo paboTel sABIsUIACH pa3paboTka Meroga oOpabOTKH PEUYEeBOr0 CHUTHANA JJIs KOPPEKIUH
CIlyXOBBIX IIATOJIOTHHl HA OCHOBE IICHMXOAKyCTHYEeCKH OOYyCIIOBJIEHHOI'O II€PEHOCAa BBICOKOYACTOTHBIX
COCTaBIIIONIMX CIIEKTpa CHTHajJa B HHU3KOYACTOTHYIO OOJNacTb C MOCISAYIOIIUM YaCTOTHO-3aBHCHMBIM
ycunenueM. [l ZOCTIKEHHs MOCTABJICHHOM Lenu OBIIM peIleHbl 3aJadyd, CBS3aHHbIE C pPa3padOTKOi
NPUHIMIIOB IepeHoca YacTOT B pe4eBOM CHrHane. Pa3paOoTaHHBIH MeTOx SABIAETCS AaJalTHBHBIM, €ro
HACTPOMKa OCYLIECTBISIETCS COITIACHO ayaHOrpaMMe Tyroyxoro 4enoseka. JlJist mepeHoca 4acToT BBIOMPAOTCs
JIB€ YaCTOTHBIX ITOJIOCHI: MUCXOIHAs (OTKYy/Ia MPOM3BOIUTCS MIEPEHOC) U LieneBas (KyAa MPOU3BOAUTCS HEPEHOC).
IuprHa UCXOMHOM YaCTOTHOM TMOJIOCHI (PUKCHPOBAHA, a INUPUHA IIEJIIEBOM MOJOCHI BHIOMpAETCs aJarTHBHO.
IlepeHoc criexkTpa BBINONHSETCA TOMBKO VIS COIIACHBIX 3BYKOB, BOCHPHATHE KOTOPBIX TYTOYXHMH JIOJbMH
3arpyaneHo. Kiaccugukanusi 3ByKOB 10 TPU3HAKY TJIACHBIN/COINIACHBIN/TIAy3a pealu3oBaHa Ha 0ase
HeHpoHHOW ceTH. B kauecTBe MH(OPMAIMOHHBIX MPH3HAKOB BHIOMPAJIHMCH: CPEHEE YUCIO MEPEXOIOB depes
HYJIb, KPAaTKOBPEMEHHas OSHEPrHs, KPAaTKOBPEMEHHAs aMIUIUTyAa, HOPMaJM30BaHHAs aBTOKOPPENSLMOHHAS
(GYHKIMS M TEpBbIH CHEKTPAJIbHBIH MOMEHT. UTOOBI COXpPaHHTh MAaKCHMAalbHO HAaTypalbHOE 3BY4aHHE
MEPEHOCHMBIX 3BYKOB HCIIONB3YeTCs KOHIENIUS PaBHOM TPOMKOCTH. [l KOMIEHCAluy OciabiaeHus
BOCIIPHUATHS 3BYKa TYTOYXUM YEIOBEKOM HCIIONb3YeTCsl YacTOTHO-3aBHCHMOE YCHIICHHE CHTHAla Ha OCHOBE
aymuorpaMmbl. DQQeKTHBHOCTh MPEIOKEHHOTO METOAA IPOBEPEeHa SKCIIEPHMEHTAIBHO € HCIOIb30BAaHUEM
MozenupoBaHus 3¢p¢ekra morepu ciayxa. B skcnepumeHte yuyBcTBOBamM 10 YeNOBEK, KOTOPBHIM JIaBalH
NPOCIYIINBATh 3AIMCH, NPOIYIIEHHBIE Yepe3 MOJeNb MOTEepU ClIyXa, a TakKe 3aIlMCH, NPOIICHHBIE Yepes
MOJIEIb TIOTEPH CIIyXa C IOoCIeayolIeil Koppekiueil. Pe3ynbpraThl mokasaiy, 9To NpUMEHEHHEe Pa3padoTaHHOTO
MeTOAa KOPPEKIINHU CITyXa B CPeIHEM YIIydIIaeT pa30opauBOCTh peun Ha 6 %.

KnroueBble c10Ba: KOPPEKIHs CIIyXa, CIIYXOBBIE IATOIOI MU, MOACIUPOBAHHUE TIOTEPH CITyXa.
KondaukTt naTepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Jusa uurupoBanus. [lopxyn M.U., Bamkesuu M.M. Meron KoppeKuuu ciayxa Ha OCHOBE NCUXO0AKYCTHYECKH
00YCIIOBIIEHHOTO TIEPEHOCA YacTOT B peueBoM curraie. Jlokmamsr BI'YHUP. 2020; 18(1): 43-51.
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Abstract. The purpose of the work was to develop a speech signal processing method for the hearing
pathologies correction based on psychoacoustically motivated transposition of high-frequency components
of the signal spectrum to the low-frequency region with subsequent frequency-dependent amplification.
To achieve this goal, several tasks related to the development of principles of frequency transposition
in a speech signal were solved. The adjustment of the method is carried out according to the audiogram of a deaf
person. For frequency transposition, source and target frequency bands are selected. The width of the source
frequency band is fixed, while the width of the target band is adaptive. Spectrum transposition is performed only
for consonants, the perception of which is more difficult for people with hearing loss. The classification
of sounds (into vowel-consonant - pause classes) is implemented using one-layer neural network. The feature
vector consists of: the zero crossing rate, short-term energy, short-term magnitude, normalized autocorrelation
function and the first spectral moment. To preserve the naturalness of transposed sounds, the concept of equal
loudness is used. To compensate for the attenuation in the perception of sound by a deaf person, a frequency-
dependent signal amplification based on an audiogram is used. The effectiveness of the proposed method was
verified experimentally using hearing loss effect simulation. The experiment involved 10 people who were given
to listen to the recordings passed through the hearing loss model, as well as recordings passed through
the hearing loss model with subsequent correction (using proposed method). The results showed that using
the proposed hearing correction method improves speech intelligibility on average by 6 %.

Keywords: hearing correction, hearing impairments, hearing loss simulation.
Conflict of interests. The authors declare no conflict of interests.
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BBenenne

[lo manHpIM BcemupHOI opraHuzanuy 34paBOOXPAaHEHHS, B MUPE MPOUCXOAUT POCT 4YUCIA
JIOZEH, CTpaljalolluX OT IMAaTOJOTMH CiIyXa, 4TO CTHUMYJIHPYET pPa3pabOTKy pa3iIM4HbIX METOIOB
KOPPEKIMH Ccyxa. Y OONBIIMHCTBA CIA0OCIBIIIAIIMX 3aTPYAHEHO BOCHIPHATHE BBICOKOYACTOTHBIX (BY)
3BYKOB, IIPU 3TOM YYBCTBHUTEIBHOCTh K HU3KO4acTOTHBIM (HY) 3Bykam, Kak MpaBUIIO, COXPAHSIETCH.
B 3aBucuMocTH OT THWHAa M CTENEHH TYrOyXOCTH NPHUMEHEHHE KIACCUYECKHMX METOAOB KOPPEKLHU
CllyXxa HE BCErJa NMPUBOMUT K TOBBIMIEHWIO pa3dopumBocTd peud [1]. Hms mromel ¢ TsOKETbIMH
CI[yXOBBIMH NaTOJOTMSIMA M BOBCE HEBO3MOXXHO BOCCTaHOBHUTH Pa300pPUYMBOCTH 3BYKOB, HCIIOJIB3YS
TOJBKO CTPAaTErHi0 YCWIEHHs, MOCKOJIbKY y HHX MEpPTBa 4YacTh BOJOCKOBBIX KIETOK B YXE,
oTBevaromux 3a Bocrpusitue BU 3BykoB [1-3]. Pemenuem nanHoON mMpoOIeMbl MOXKET CITY>KUTh METOJ]
KOPPEKLMHU CllyxXa, OCHOBaHHHBIH Ha mnepeHoce BY wacTu crexTpa curxaia, He BOCIPUHHMAEMOM
TYroyxum 4eiaoBekoM, B HH o0nacts, rae oH coxpaHsieT BOSMOKHOCTh CIIBIIIATS.

MeTox KOpPpeKIHH CJIyXa Ha OCHOBE MePeHoca YacToT

ILTIS[ KOPPCKIUH CIIYXOBBIX IIATOJIOT 5071 npeajiaracrcda MeETOA, KOTOpLIﬁ CXEMATHUYHO
npeacTaBJICH Ha puc. 1. BXOﬂHOﬁ CUTrHaI MOCTYIAacT Ha 010K IepeHoca 4acCToT,
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I'Jie U3 BHICOKOYACTOTHOH 00IacTH B HU3KOYACTOTHYIO MEPEHOCUTCS YacTh CIeKTpa curHana. Jlasee
BBIMOJTHSETCSl YaCTOTHO-3aBHCHMOE YCHJIEHHE CHUTHAJla C UCIONB30BaHHWEM (QHUIIbTPA, aMIUIMTYIHO-
YaCTOTHAs XapaKTEPUCTUKA KOTOPOI'O PACCUUTBIBACTCS MCXOMAA U3 ayAHOrpaMMsbl. [l KOMIIEHcaluu
3¢ deKTa «KIUMMUHT» HWCIONB3YeTCsl OrpaHUYMTENb YPOBHS curHana (numurtep). [anmee curHan
npoxogut uepe3 punbTp HwKHEX vacTor (PHY) ¢ wacrorolf cpesza, paBHOW BepXHEH TpaHHIIC
LIEJICBOM  TOJIOCHI, HMCIIOJNB3YEeMOW TMpH TepeHoce 4YacToT. llocmenuuit mar HeoOXoauMm
JUISL COCPEIOTOUCHHSI OCHOBHOM JHEPTMM CUTHaJla B OONACTH, TAE TYrOyXWi YeJOBEK COXpaHseT
BO3MOKHOCTh ~ CIIBIIATh. B pe3ynbraTe 00paOOTKM  CHHTE3UPYETCS BBIXOAHOW  CHUTHAT,
MPENOCTABIISAIOIUN TYTOYXOMY YEJI0BEKY B3MOKHOCTb CJIBIIIATH PAHEE HE PA3IMUMMbIC 3BYKH.

- -

-

/
\Ayﬂuorpa\ma‘

\

Bxoanoi Buixoanoti

L1'1(:10THO—
curnan | Ilepenoc CHUIHa1
P 3aBUCHMOE JInvuTep OHY
HacTor yeuelue

Puc. 1. Dtamsr 00pabOTKH CUTHAIA B METO/IC KOPPEKIIUH ClyXa
Fig. 1. Signal processing stages in hearing correction method

Hepeﬂoc JaCTOT B P€IEBOM CUTHAJIE

B 6onpmmHCTBE CiTydaeB COTTacHBIE 3BYKH 3aHUMAIOT BHICOKOYACTOTHBIM JHAa30H CIIEKTpa
peUeBOro CWrHaja, a TJACHble — HH3KOYACTOTHBIM. VIMEHHO MO3TOMY TYyroyxwe JIOAW XyXKe
BOCIIPUHUMAIOT COIJIaCHBIE 3BYKH, udeM TiacHble [4]. [na mepenoca BY KOMITOHEHTOB CHTHaja
B HY obnacts npeiaraercst NCMONb30BaTh CXEMY, TIPUBE/ICHHYIO Ha pUC. 2.

x(n) J— Biok 06paGoTKu MUX Cutrires y(n)
(bpeitma
Coenacnwuii |
anacuwiii |
Knaccugukarop naysa

Puc. 2. Cxema G1ioka nepeHoca 4actot
Fig. 2. Frequency transposition block scheme

BxomHolt curHam pasmensercs Ha IepekpeiBaronuecs ¢perimpl.  Kaxmeni - dpeitm
KIacCU(pHUIIPyeTCsT KaK COIepKalliil TIIaCHBIIN/COTIIACHBIH 3BYK WM may3y. OpeiMbl, copepikariie
COTJIaCHBIE 3BYKH, 00pabaThIBaroTCs B O10Ke 00paboTku (peitma, a octambHbIe (PEUMBI OCTABISIFOTCS
0e3 m3MeHeHnid. CHHTE3 BBIXOHOT'O CUTHAJIA BHIITOIHSIETCSI METOIOM CYMMHUPOBAHUS C IEPEKPHITHEM.
Cxema 00paboTKH oTAENBHOTO (hpeiima MmpuBeeHa Ha puc. 3.

Bxoanoi Brixoanoii

e MHOKEHHE HA . eii
MC OKOHHYIO H BIID ]—[ Hepeoc H OBIID J&
dysico crekTpa

Puc. 3. Ctpykrypa Goka o0padotku ¢peiima
Fig. 3. Frame processing block structure

Hnst crmaxkuBaHUsl ypOBHSI CHUTHAjla Ha KOHLEAX (peliMa MOCTyHAroIIMe OTCYETHl CHUTHAJa
YMHOKAIOTCS Ha OKOHHYIO (DYHKIMIO X3MMHHTA U MEPEBOIATCS B YACTOTHYIO 00JIacTh MPH MOMOIIN
opicTporo npeoOpazoBanus Dypwre (BIID). Jlanee mpoucxoaut mepeHOC BBICOKMX dacToT B HY
obmacte. [lomyueHHbIi ¢peliMm mepeBoAWTCS OO0paTHO BO BpeMEHHYH o0macte oOpaTHeiM bBIID
(OBIID).

[lockonpKky ciyxoBas cucTeMa 4YeJlOBEKa MMEET pa3HyI0 YyBCTBUTEIBHOCTh K 3BYKaM Pa3HOU
4acToThl [5], TO MpsAMON IMEPEHOC CIEeKTpa MPHUBEAET K MCKa)KEHWIO YPOBHSI T'POMKOCTH CUTHAJA,
U, KaK CIEICTBHE, K YXYALIEHUIO Pa300OpPYMBOCTH PeUd B 1EIOM. UTOOBI yMEHBIIUTH HCKAKEHHUS,
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MpeAnaraercss HCIONb30BaTh ICHXOAKyCTHUECKHH TMPHHLUI pPAaBHOW TPOMKOCTH [6], KOTOpHIH
MO3BOJIUT COXPAHUTh UCXOTHYIO TPOMKOCTh KOMIIOHEHT 3ByKa mpu niepenoce B HY obnacts.

Mertoa nepeHoca 4acToT (CM. puc. 4) HOApa3yMeBaeT UCIOJIb30BAHUE ABYX YACTOTHBIX M10JIOC:
WUCXOOHOH (OTKyJda BBINOJHSETCS IEPEHOC) W LeNeBod (KyAa BBIMOIHAETCS ImepeHoc). UToObl
He noBpeanTh 3Bykn B HY amanazone m mpu 3toM orodpasuts BYU mHpoOpMmaimio Ha m0CTATOUHO

HU3KMX YacTOTaX, BbIOpaHa IieJieBas TMOJIoca C  aJallTUBHOW HIDKHEH TIpaHMIeH fTL,
pacnonararoweiicst He ke 750 T'u, n Bepxueit rpanuneit f, pasuoii 1750 I'u. [upuna ncxoaHoH
nonocsl AW, cocrasisier 1 kI'1, a ee rieHTpanpHas yacrora f. BbIOMpaercs ajganTHBHO (CM. puc. 4).
HuwxHsg rpaHuna 1eI€BOM IOJIOCHI fTL BBIOMpAETCS TaK, YTOOBI IIMPUHA WCXOMHOM M IIEICBOH

MOJIOCHI B IIKaJie 0apKOB COBMaJand. TakoW IMOAXOA TO3BOJISET COIIACOBATh IMCHXOAKYCTHYCCKUH
«MaciTaby nepeHOCUMbIX KOMIIOHEHTOB B CUTHAJIC.

HexomHblit cHTHAT
Hcexomgnas
| Imoaoca |

AW,

OobpadoTaHHEL cuUrHAN

|L[enesa.s1|
| nonoca |

e
L
LA I
tteltetitetets
RS Sry,
o o
I IR
LI
PRI LR
bt
jrerssseiacsieiniasy

2o
sy

o

Yot -

X%
=

S0
R
Statetetatet
PAEatetss
LR

AMIIIHTY A
AMIMTY A

e

e

| st fe fSU YacroTa ! fri,f" TU YacroTa

Puc. 4. O01miast cxema nmepeHoca 4acTot
Fig. 4. Frequency transposition general scheme

IlepBoIit cnieKTpadbHBIA MOMEHT, IPEACTABISIONINI COOOH IEHTPOW] CIEKTpa, XOPOIIO
XapaKTepU3yeT COINIACHBIE 3BYKH. [looTOMy Uil ompezneneHHss MCXOIHOW IIOIOCHI IPEAIAraeTcs
HCIOIB30BATh YaCTOTY, COOTBETCTBYIOIIYIO LICHTPOUAY CIEKTpa:

N/2

n=§wwﬁJm/Zwm @

rae P(l) — momHocTs | -ro wacrorHoro orcuera, f; —gacrora miuckpermsauuu u N — pazmep BI1D.
Jlnst cormacoBanusi 3HaueHWil f., momydaeMbIXx Ha CMEXHBIX (peliMax, mpeiaraercs

HCITOJIB30BATh 3KCIIOHCHIINAJIBHOC ycp COHCHUC:
fol)=a-fo+(1-0) f.(-D), @

I7Ie O, — CTIIAXHUBAIOMNN K03 ummenT, BerOpaHHbIii paBHbIM 0,995.
Bepxusst f{ nnmwkusas fo rpaHMubI HCXOAHOM MOTOCH! ONPEAETAIOTCS KaK:

fo=f.—AW, /2, £ =f.+AW, /2. 3)

Kax yka3blBanoch paHee, BEpXHss IPaHUIA NeNeBoii monockl Gukcuposana ( f° =1750 Im),

3HAYUT, OCTACTCSl ONPENEIUTh TOJbKO HIDKHIOIO I'DAaHMIly LENEBOM MONOCHL. DTO MOXHO CHENaTh
UCXOMS W3 NPUHLMIA, YTO LIMPUHA HMCXOMHOM M IeJIeBOHM IOJOCH OJDKHBI COBIAJATh B INKaie
OapkoB. Takum o0pa3om, oIpeneneHne HIKHEH TPaHUIBI [EIEBOM TOJOCHI  3aKIFOYAETCs
B BBINOJTHEHUH CIEAYIOMINX JBYX LIaroB:

1) onpenesneHre MIMPUHBI KCXOJHOMN MOJOCH B LIKaJE OapKOB:

AB, =B(fJ)-B(fS), 4)

rae Gyukiust B Beimonssier nmepexos ot yactotsl B ['11 k mikane 6apkos [7]:

B(f)=26,81-(1+1960/ f)™ —0,53; (5)
2) HeroCPEeNCTBEHHOE BBIYMCICHUE HUYKHEH TPAHUIIBI [IEIEBOM MOJIOCHI:

f-=B(B(f)-AB,), (6)
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rae AB; — mmpuna 1eneBoii monockr B 6apkax (AB; = ABy).

KOM]’[el-lcaIIPIH YPOBHA 'POMKOCTH YaCTOTHBIX KOMIIOHEHT

B mnpemraraeMoM MeETOA€ MCIHOIB3YIOTCS KPHUBBIE PABHOM T'POMKOCTH JUIS OIPEIECICHHS
KOPPEKTUPYIONIMX KO3(PPHUITUSHTOB JIJIsl YaCTOTHBIX KOMITOHEHT, IepeHocuMbix n3 BY B HU obGiacts,
94TO0BI COXPaHUTh UCXOAHYIO TPOMKOCTH [8].

st onpeneneHus: KOpPEKTUPYIOMUX KO3(QPHUIIMEHTOB MpeiaraeTcst ClIe Iy oI anropuTM:

1) BBIYMCITHUTE CpeIHUE YpOBHU curHana L, u Lg st meneBoii ¥ HCXOMHOM MOOCH:

1 1

L =—— > [X(K)|, Ly=—"=> [X(K)|, (7)
|-rind keTing |Sind KeSing

rie T,y U S,y — MHOXECTBa HMHJCKCOB YaCTOTHBIX OTCYETOB B IICJICBOIl M HMCXOJHOW IOJIOCE

coorBeTcTBeHHO, X (K) — KpaTKOBpEMEHHBIN CIIEKTpP CHTHAJIA;

2) BBIYKCITUTH EHTPabHbIe 4acToThl Fr u Fg st meneBoit u ucxomHo# mosoc:

—(fY L _(fY L
F=(f'-f)/2, F=(f0-1f)/2 (8)
3) ompenenuTh ypoBEHb IPOMKOCTH (B (oHAX) Juist MCXOAHOM momocsl Ps =g (Lg), rae
V(L) — dynkums, nepesonsmas ypopens curnana L nHa wacrore F B rpomkocts p .
4) oupenenuts TpeOyeMblii ypoBeHb cHrHama L, juist neneBoit uwactorsl Fp, koTopsrif
COOTBETCTBYET TPOMKOCTH Py MCXOIHOM monockl: L, = \y’lFT (ps);
5) BBIYHCIUTD Pa3HUILY MEKIY TPeOYEMbIM U TEKYIIIMM YPOBHEM CHT'HAJIa B IIEJICBOI mMojIoce:
AL, =L; —L;; 9)
6) BBIUMCITHTH BeCOBOIT KO3 HIMEHT JUIA IeTeBoi moiockl G =102
Jlnst KOMIIEHCAIIUN YPOBHS TPOMKOCTH CHUTHAJIA BCE YACTOTHBIC OTCUETHI IIEJICBOM ITOJIOCHI

YMHOXKAIOTCS Ha MOMy4eHHBIH BecoBod kodddurmment G . Mimroctpamust mporiecca KOMITEHCAIUN
YpOBHS TPOMKOCTH TIPEICTaBJI€HA Ha PUC. .

120y

T '0.......--"|

YpoBeHb 3BYKOBOTO
nasiicHus, 1b

0 2000 4000 6000 8000 10000 12000 14000 16000
Yacrora, I'1

Puc. 5. O0mas cxema KOMIIEHCAIIUH YPOBHS TPOMKOCTH
Fig. 5. Loud compensation general scheme

Kuaaccupukauus 3ByKoB

Knaccudukanus 38yKoB HeoOX0auMa AJ1s1 OTHECEHHUS KaXI0ro peiiMa K OTHOMY U3 KJIacCOB:
[JIACHBIM, COIVIACHBIA WM Tay3a. B kauecTBe NMpHU3HAKOB Uil KIacCU(UKAIKMU HCIOIb30BAINCH
CIEIYIOIINE MMapaMeTphl: CperHee Yucio nepexonoB uepe3 Hynb (ZCR), kpaTKOBpeMEHHasi SHEprus
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(STE), xparkoBpemennas ammuatyaa (STM), Hopmanu3oBaHHasi aBrokoppessiionHas Gyskims (NC)
M TIEPBBIH CIIeKTpanbHblif MoMeHT (SM) [8].

Hnst o0ydeHus: KinaccupHUKaTopa HMCIOIb30BAJIUCh 3BYKOBBIEC (haillibl ¢ COOTBETCTBYIOLICH
pa3MmeTkoii Ha Tpu Kiacca (TiacHblii/cornacHelii/may3a). Ha 30 % 3BykoBble Qaliabl cOCTOSIH
u3 peueBoir 0a3pl «TIMIT», a octanbHbie 70 % ObUTM 3amMcaHbl ¥ pa3MedeHbl BpydHYyR. C IENbI0
pasneneHus (peiMOB IO BBIMICIIEPEUUCIICHHBIM KilaccaM IOCTPOSHA OTHOCIIOWHAsI HEHPOHHAs CeTh
C BBIXOJIHOHM (yHKIMEH akThBaun «Softmax» (puc. 6) [9].

( Softmax )

v y '

Pﬂﬂy33 Pl'J'l PCOTJ]

Puc. 6. Ctpykrypa kinaccudukaTopa
Fig. 6. Classifier structure

80 % 3BYKOBBIX (aliJOB HCIIONB30BAIKCH JUIsI OOYYEHUS KiIacCH(PHKATOpa, OCTaBIIHECS
20 % — mnsa TectupoBaHHUs. B pe3yibTaTe TECTUpOBAaHUS OOYYEHHOrO KiacCH(pHUKaTOopa IMOJydeHa
MaTpuIla HeTOYHOoCTeH (cM. Tab.).

W3 Tabmn. BUJHO, YTO TOYHOCTH pacClO3HaBaHHsA COIVIACHBIX 3BYKOB ABJIACTCA OOBOJIBHO
BBICOKOIT (93,1 %), 9TO sABIsIETCS BaXKHBIM IS PEIIaeMoil 3a1ad. TOYHOCTh PacIo3HaBaHMS TITaCHBIX
3BYKOB U Tay3 HeckonbKo Hmke (79,5 u 84,1 %, cOOTBETCTBEHHO).

Tabanua. Matpuiia HeTOUHOCTEN Kilaccu(prKaTopa 3BYKOB
Table. Confusion matrix for classifier of sounds

IIpenckaszano kak
Predicted as Tounocts, %
COITIaCHBIN TIIACHBIN nmayza | Accuracy, %
consonant vowel pause
COTTACHBIC 13381 900 90 93.1%
consonants
®peliMbl, coepKalue TJIaCHbIE 342 2138 210 79 5%
Frames containing vowels '
[1aysbl 278 462 3902 84.1%
pauses

YacToTHO-3aBHCHMOE yCHJICHH e

QubTp A KOPpEeKIHH OTruOalomeld CHeKTpa CHUTHalla SBISETCS HM3BECTHBIM METOJ0B
KOMIIGHCAIIUA OCIIA0JIEHNS] BOCTIPUATHS 3ByKa TYTOYXHM 4denoBekoM. Jlmst pacdera QuibTpa-
KOppEeKTOpa CyHIeCTBYIOT (DOPMYIBI, BBIOOP KOTOPBIX BBITIONHSETCS CAMHUM YEIOBEKOM HCXOMAA
13 CyOBEKTUBHBIX OIIYIIEHW OO BpadyoM, Ha OCHOBE THIA MaToiorud. s pacuera meneBoro
ycuiienus: BoiOpaHa ¢opmyina NAL-R [6], Ha ocHoBe koropoii cuuTesupoBaics KUX ¢unbtp-
Koppekrop 128 mopsiaka. s cocpemoTodeHus: SHEPTHH CHTHAIA B TIOJNOCE, TAe TYTOyXUi YeloBeK
COXpaHseT BO3MOXXHOCTh CIBINIATH, Ipeiaraercs (hUIbTPOBATh YacTh CHEKTPa, PACIOJIOKEHHYIO
3a BEpXHEH TpaHuULEH LeneBoll moiaockl fTU, paBHOW 1750 I'm. ®@unbTpamus Taxke HeoOXomuma

JUTA UCKITFOUCHUS BJIMAHUA BBICOKHX YaCTOT HPHU SKCIICPUMCHTAJIIBHOM OIIPEACIICHUN S(b(beKTHBHOCTH
MCTO/Jla KOPPCKIINUHU ClIyXa.
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IIpoBepka MeTo1a KOPPEKIINH CJIyXa

IIpoBepka mpelaraeMoro Meroja BBIIOJIHEHAa Ha TECTOBOM pPEYEBOM CUTHAJE B cpefe
MATLAB. IlpoBexneH cieayromiuii 3KCIIEPUMEHT: B MEPBOM CiIy4ae TECTOBBIM CHTHan o0paboTaH
METOIOM MOJEIHPOBAHMS MOTEpH CTyXal, a BO BTOPOM — METOJOM KOPpPEKIMH CIyXa H 3aTeM
METO/IOM MOJECTHPOBAaHUsI MOTEPU Chyxa. B KauecTBe MCXOMHBIX IAaHHBIX Ui OOOMX METOIOB
HCIIOJIB30BAIACH AyJUOTPaMMa, COOTBETCTBYIOIIAS BTOPOM CTENEHU TYrOyXOoCTH. Pe3ynbrarsl
00pabOTKK TECTOBOTO CUTHAJIA MTPUBECHBI Ha PUC. 7.

MaJICHBKHE MHIIIKH KHIDKKH ~ 3BOHKO TIITHYKaA MAICHBKHE MHIIKH ~ KHIDKKH =~ 3BOHKO — ITHYKa

Yacrtora, ['1g
Yactora, '

(V)

05 A IS 2. 25 3 35 4 45
Bpewms, ¢

a b
Puc. 7. Pe3ynbraThl 9KCIIEPUMEHTOB: & — CIIEKTpOrpaMma curHaina 6e3 o0paboTKH METOIOM KOPPEKIIMH CIyXa,
b — cnexktporpamma curHasa, 06pabOTAHHOTO METOIOM KOPPEKIIUH CITyXa
Fig. 7. Experimental results: a — spectrogram of the signal without processing by hearing correction method;
b — spectrogram of the signal processed hearing correction method

M3 moNydeHHBIX CHEKTPOrpaMM BHJHO, YTO HWCIIOJNB30BAHWE TMPEAIaraéMoro MeTrojaa
KOPPEKITMH CIIyXa MOMOTraeT KOMIIEHCHPOBAaTh YPOBEHh I'POMKOCTH CHTHAJA, a TaKXKe MEPEMECTHUTH
paHee He CIBIIUMbIE 3BYKH (COTTIACHBIC) B CIBIIIHMYIO 00J1aCTh, YTO MO CYyOBEKTUBHBIM OIIYIICHHSIM
MTOMOTAET YITYYIIUTh pa300pUINBOCTH PEUH.

3KCHepﬂMeHTaﬂbele HCCJICA0OBaAaHUA

OnHuM U3 croco0oB ompeneneHus 3G(HEKTHBHOCTH METOJ0B KOPPEKIHMH CIIyXa SBJISCTCS
OLIEHKa TTOCPECTBOM BBISBIICHHS IMPOIEHTA Pa30OpUMBOCTH PeYr MPH MOMOIIH APTHKYISIIHOHHBIX
Tabmuy  cnoB. llpomemypa cOCTOMT B MPOCIYIIMBAHWM HCIBITYEMBIM —3allMCaHHBIX — CJIOB
C TIOCJIEAYIOIM TIOBTOPEHHUEM YCIBIIIIAaHHON HH(OPMAIINH, MPaBIIIBHOCTD KOTOPOi mpoBepsieTcs [S].

Jus TectmpoBaHms OoTOOpaHa TpyIa HOPMAJIBHO Cibmammx mroaeld u3 10 dgemoBek
B Bo3pacte oT 20 10 66 mner. s u3MepeHus pa300pIMBOCTH PEUH 3aIMCAHBI JBA TECTOBBIX PEUYEBBIX
CHTHaJIa Ha OCHOBE apTUKYISIIHOHHBIX Tabmu u3 ['OCT 16600.

[lepBrrit TECTOBBIN CUTHAN, COAep KaIIuii 3anch S0 CIIOB, TPOIMYCKaJCs Yepe3 MOIENb TOTePH

ciyxa ! u ordunbTposbBancs ®HY ¢ wactoroit cpeza f’, 4To mosBonmuo obecneunTsh YMCTOTY

JKCIepuMeHTa. BTopoit TecToBBIi cUTHAN cocTosut U3 50 ¢I0B 1 00pabaThIBaIICS METOIOM KOPPEKIIHH
cllyxa, a 3aTeM IPOILyCKaJCs Yepe3 MoJeNnb noTepu ciayxa. Hacrpoiika 00ornx METOZOB OCyIIecTBIeHA
[0 ayAHOrpaMMe€, COOTBETCTBYIOIIEH BTOPOM CTEMEHU TYroyxocTtd. KaKoplii HCOBITyEMBbIi
MPOCIYIIMBa 00a TECTOBBIX CHUTHAJA M IOBTOPSUT YCIBIIIAHHOE CJIOBO, KOPPEKTHOCTh KOTOPBIX
¢ukcupoBanace. I'paduk Ha pric. 8 MOKa3bBaeT COOTHOIIEHWE Pa30OPUYMBOCTH PEYM Y YYACTHHKOB
9KCIIEPUMEHTA C UCIIONB30BAaHUEM METOJa KOPPEKLHMH ciayxa u 0e3 Hero. PesymbraThl sKceprMeHTa
MOKa3aJli, YTO IPUMEHEHHE METOa IO3BOJIMIO B CpeJHEM IOBBICUTH pa300puMBOCTh peud Ha 6 % u
MakcuMyM — Ha 18 %.

Ilockonmbky B  DKCIEpUMEHTE HCIIONb30Bajach HeOonblias BHIOOPKA  YYacCTHHKOB,
TO IPOBOAMJIACH CTATUCTUYECKAasl MPOBEPKAa 3HAYMMOCTH PE3YJbTaTOB IPH IOMOLIM HapHOro
t-kputepus. B pesynbraTe ypoBeHb 3HaumMocTd coctaBua P = 0,03, T.e. BEpOSTHOCTb TOro, 4TO

! Tlopxyn M.W., Bamkepmu M.W. MonempoBanue Totepu ciuyxa. [fugpposas obpabomka cuenanos u ee
npumenenue: mpyowi 20-1i mescoynap. kou@., Poccus, Mockea. 2018; T. 1.:228-233.
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OTJINYHME CPEAHEr0 YpPOBHS Pa300pPUMBOCTH C MPHUMEHEHHWEM METoJa KOpPpeKIUH U Oe3 Hero He
SIBJISIFOTCSI CYILIECTBEHHBIM, OueHb Maja (~3 %).
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Puc. 8. PezynbraThl sKCiepuMeHTa
Fig. 8. Experimental results

3aka0ueHne

B pabote mpemioxen MeTo]T KOPPEKINH CIyXa, OCHOBAHHBINA Ha MEPEHOCE YACTOTHON MOJIOCHI

agantuBHOW mmpuHEl 13 BU B HY o0nacth criekTpa pedeBoro CMTHaja C MOCIEAYIOINM YacTOTHO-
3aBUCHMBIM ycmiieHHeM. PaGorocrmocobHOCTh MeTona mokasaHa myreM MATLAB-mopenmpoBanus.
OddekTUBHOCTh METOJa JI0Ka3aHa KCIEPUMEHTaabHO. KiroueBoli 0COOCHHOCTBIO MPEITIOKEHHOTO
METOJa SBJISETCSA MEePEeHOC YacTOT B COOTBETCTBHM C MCHUXO0AKyCTHYECKMMH ACIEKTaMH BOCHPUATHS
3BYKa YEJIOBEKOM.
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AHAJIN3 TAPAMETPOB PA/JIMOCUT'HAJIOB
A TAEHTUOUKALIMA UHCTOYHUKA U3JTYUYEHUA

APXUITEHKOB J.B.

Benopycckuii 2ocydapcmeennviil ynugepcumem un@opmMamuky u paouodIeKmpOHUKY
(2. Munck, Pecnybnuxa benapycy)

THocmynuna 6 peoaxyuio 19 cenmsbps 2019
© Benopycckuii TocyJapcTBEHHBIN YHUBEPCUTET MH)OPMATUKH U paanodnekTpoHuku, 2020

AnHotanus. [lenpio naHHOW cTaThu SBISETCS HEOOXOOUMOCTH CO3JIaHMSl €IUHUYHOTO TOPTPETa MCTOYHHKA
paguou3IydeHuss M CIoco0OB HAeHTUUKanuu. J[lng oOHapyKeHWs, HICHTH(QHKAMH M OIpeleTeHHs
MECTOIIOJIOKEHUS ~ MCTOYHUKOB  PAaJMOM3JIydeHUS B 30HE  TIOKDPBITHS ~ HCHONB3YKOTCS  CPEACTBa
panuomMoHuTopuHra. OJHON M3 BaKHBIX 3ajjay, pPELIaeMbIX CHCTEMOW PaJUMOMOHMTOPHHIA, SBISIETCS INPHEM
(mepexBaT) HepeAaBacMbIX COOOIIEHHMH B panuoddupe M HIeHTH(UKAIMsa cHrHana. B craThe paccMOTpeHbI
BOIPOCH! KIaCCU(PHUKALMY OCHOBHBIX MAapaMeTPOB UCTOYHHMKOB PaJHMOM3IydeHHUS, NPUBEICHA KIACCU(PUKAINL
BHUJOB MOAYISLMU M OCHOBHBIE mapamMerpbl ee TUmoB. CTPYKTypy CHrHajga TIO3BOJISIOT OHNpENeTUTh
aBTOKOPPEJISIIMOHHBIN U KOPPEJIALMOHHBIN METOAbI. ABTOKOPPEIALMA UCIONb3yeTCs IJIsl ONpENeNCHUsT TaKUX
[apaMeTpOB CHUTHANA, KaK JUIMTEIbHOCTh IOCBUIKH, JUIMTENBHOCTh OJIoKa AaHHBIX. Koppensius mno3Boiser
UISHTU(OUIUPOBATh KOHKPETHBIH CHTHaX U3 uMetomero Habopa. /[lmg oOHapyKeHHS HCTOYHHKA
pagvon3TydeHHs IPUBEACHbI Ba 00OOIIEHHBIX aJrOpUTMa: PACIIO3HBAHUS BHAA MCTOYHHMKA PaJHOM3IIydeHUS
10 HEU3BECTHBIM MIapaMeTpaM U ajrOpUTM MISHTH(HKAIMU UCTOYHHKA W3Ty4EeHHS 10 3aJaHHBIM [apaMeTpaMm.
IIpenctaBnen pe3ynbTaT MOJCIMPOBAHMS alNTOPUTMa  PACHO3HABAHUS UCTOYHHMKA  PaIMOM3ITydeHHA
C 3aJlaHHBIMU TTapaMeTpaMy, B Ka4eCTBE 33JaHHOTO0 CUTHAJIa UCIIONb30Balach CUTHATYpa C JIMHEHHO-YaCTOTHON
Moxpysanuell. PesynpraToM paboThl anropuTMa SBISIETCS SAMHHYHBIN BBIOPOC IIPH IIOJHOM COOTBETCTBHH
CHUTHAJIOB, IIPU PAcXOXJIEHWU CUTHAJIOB — IIMPHHA BBIOpOCA YBENWYMBAETCSA, YTO M CBHUICTEIBCTBYET
0 pacxokaeHuH. JlaHHBII anropuT™M MOXKHO HCIIONB30BATh IS IOMCKA 3alaHHOT0 BU/Ja CUTHAJIA, YTO ITO3BOJIAET
YBEIMYHUTH CKOPOCTh aHAJIM3a IOJIOCHI U TOYHOCTh OOHapykeHus. sl yBeNIWYEHHS TOYHOCTH OOHAPYKEHHS
PEKOMEHIYeTCS HCIOJIB30BaTh KOMOWHALIMIO JIBYX aJTOPUTMOB C JIOMONHHUTENBHONW LU(POBOH 00paboTKOM
CHUTHAJIOB, YTO JO/DKHO IPHBECTH K YBEIHMUEHHIO TOUYHOCTH OMpPENENEHHs BHIA CHTHaja M Oonee ObICTpoMy
HaXO0XJICHUIO TapaMETPOB NCTOYHHKA PATMON3TYdCHHS.

KnroueBble c10Ba: MOIYIAINA, aJrOPUTM PACIIO3HABAHUS, UCTOYHUK PATHMOM3ITYIEHUs, JTUHEHHO-4acTOTHAS
MOYJISIIHSL.

Konguukt uaTEpecoB. ABTOp 3asBIISIET 00 OTCYTCTBHH KOH()INKTA HHTEPECOB.

Jas uutupoBanus. ApxureHkoB J[.B. AHann3 mapamMeTpoB paaroCHTHANIOB I MACHTU(PHUKANNNA UCTOYHUKA
maiyaenns. Jloknaaer BI'YUP. 2020; 18(1): 52-58.
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Abstract. The purpose of the article is the need to create a single portrait of a radioemission source
and identification methods. Radiomonitoring tools are used to detect, identify and locate sources
of radioemission in the coverage area. One of the important tasks solved by the radio monitoring system
is the reception (interception) of transmitted messages on the air and signal identification. The article deals
with the classification of the main parameters of radioemission sources, provides a classification
of the modulation types and the main its parameters. The signal structure can be determined by autocorrelation
and correlation methods. Autocorrelation is used to determine signal parameters such as the transmission
duration, data block duration. Correlation allows to identify a specific signal from the set. To detect
a radioemission source, two generalized algorithms are presented: recognition of the radioemission source type
by unknown parameters and an algorithm for identifying a radiation source by given parameters. A simulation
result of a radioemission source recognition algorithm with given parameters is presented; a linear frequency-
modulated signature was used as a given signal. The result of the algorithm is a single outlier with full signal
compliance, when the signals diverge, the outlier width increases, which indicates a discrepancy. This algorithm
can be used to search for a given type of signal, which allows to increase the strip analysis speed
and the detection accuracy. To increase the detection accuracy, it is recommended to use a combination
of two algorithms with additional digital signal processing, which should lead to an increase in the accuracy of
type of signal determining and a more rapid determination of the radiation source parameters.

Keywords: modulation, recognition algorithm, radiation source, chirp.
Conflict of interests. The author declares no conflict of interests.

For citation. Arkhipenkov D.V. Analysis of radio signal parameters for emission source identification. Doklady
BGUIR. 2020; 18(1): 52-58.

BBenenne

CoBpeMeHHBIH paanod(hUp HACHIIEH CaMBIMHA Pa3HOOOPA3HBIMHU W3IYYEHHUSAMHU: OT PYIHOTO
Tenerpada OO CIOXKHBIX, MEHSIOIIMXCS BO BPEMEHU pAAMOCHTHAJIOB C LU(PPOBOM MOIynsALueH
U KOOUPOBAaHUEM, BBISIBUTh MapaMerpbl KOTOPBIX HE Bcerza BO3MOXKHO. [list oOHapyskeHwus,
UACHTU(UKALMY U ONpeesIeHUs] MECTONONIOKEHUSI UICTOYHUKOB PAaJUOM3IydeHNUs B 30HE MOKPBITUS
UCTOJIB3YIOTCS CPEACTBA paguoMOHUTOpUHra. OIHOM W3 BaXXHBIX 3alad, PEIIAEMbIX CHUCTEMOH
PaAMOMOHUTOPHHTA, SIBIIACTCS TpHeM (IepexBaT) IiepeJaBaeMbIX COOOIMIeHWH B paauoddupe.
Ha puc. | mokazana CTpyKTypHas MOIENb CHUCTEMbl CHUTHATYpHOTO AETEKTHPOBAHHUS HCTOYHHMKOB
pamuomnsnyuennii (MPN) [1].

B Hacrosimee Bpemsi HauOonbliee NPUMEHEHHE B 3ajJadax pPaIdOMOHHTOPUIA HaXOISAT
nanopamusle LIPIIPY (umdposbie pammonpueMHble YCTpPOMCTBA), NPEACTABISIONINE COUYETAHHUE
npeobpazoBareneil paJloCUTHAJIOB ¢ (PUKCUPOBAHHOW MPOMEXYTOUYHONW 4acTOTOM M OJOKa aHaioro-
uudpoBoit  00pabOTKHM, 00eCHeunBaOMIEro IMapauiebHyl0 00pa0OTKY CHTHAJIOB B  IIOJIOCE
OJJHOBPEMEHHOI0 aHalu3a C HEOOXOOWMBIM 4YacTOTHBIM paspemeHneM [2]. B cBsa3u ¢ stum
CYIIECTBYET HEOOXOAMMOCTh B co3paHuM equHu4yHOro noprpera MPU u cocoboB maeHTHdUKaIH
JAHHOTO M3JIy4YeHHUS.
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Puc. 1. CprKTypHaH MOJECJIb CUCTEMbI CUTHATYPHOI'O AC€TCKTUPOBAHUA UCTOYHUKOB paanomnyqeﬁnﬁ
Fig. 1. Structural model of signature detection system of radio emission sources

Kaaccnpukanus ocHoBHbIX mapamerpos UPU

B of0mem Bunme nro0ol paguocHrHal, MPUHUMAEMBI YCTPOWCTBOM pPaJHOMOHHTOPHHTA,
MOYKHO TIPE/ICTaBUTh BO BpEeMEHHOM o0acTu Kak [3]

u(t) =U (t) cos(a(dt + o)) +n() 1)

rae U(t), o(t), o(t) — dyakumm, onpenensionye 3aK0H W3MEHEHUS CUTHAIIA TI0 aMILTHTY/IE, YaCTOTE U
(aze coorBercTBeHHO; 1(t) — IIIyMOBast COCTaBIISIONIASL.

B 3aBucuMocTH OT BHJIa MOJYJIMPYIOIIErO, MOIYJIHPYEMOrO CHTHANA H MOJIYITHPYEMbIX
MapaMeTpoB MOXKHO MPEIOKHUTD CICAYIONTYIO KIacCHDUKAIHIO:

1) o BUly BpeMEHHOW XapaKTePUCTUKHU: HEPEPHIBHBIMA, HMITYJIbCHBIN

2) 110 BUIy MOAYyJIsiiu — Tado. 1.

Ta6auua 1. Knaccudukanust BU0B MOTYIISILIAH
Table 1. Classification of modulation types

Tun monynsauuu AmHanoroas NmnynbcHas Ludposas

Modulation type Analog Pulse Digital

Monymupyronwii | AHaJIOTOBBIHA AHaNOroBbIi WK JuckperHblit

CHUTHAJ JIUCKPETHBII

Modulating

signal

Hecymas AHanoroas Huckpernas Amnanorosas

Carrier signal

Bun monynsamun | AM (amruinTyaHas AWM (ammmuTyaHo- AMH (aMIuuTyAHAS

Modulation kind | Momyssirius) HUMITYJTECHAST MOTYJISIIIHS) | MAHUITYJISITHS)
UM (uacrotnas moxyisiusi) | IIWM (mmpotHO- UMH (gactoTHAst
OM (azoBas Momymsius) UMIIYITbCHAS] MOAYJISIMS) | MaHUITYIISIIUS)
JIYM (nuHelHO-4acToTHAs OUM (dazoummnynbcHas | OMH ((ha3oMaHUITYIMPOBAHHAS
MOTYJISIIIHS) MOTYJISIIIHS) HecyIas)

KombunnpoBanHas

Pemenne 3amaum  ompeneneHWsT  MOAYJSIIMOHHOW — CTPYKTYphl — CHTHaJla  ABIISETCA
UCIOJIb30BaHUE METOJOB CTATUCTUYECKOW TEOpuM pacrno3Hanus oOpa3oB. IlocranoBka 3anmaun
pacmosHaHusl MpeAnogaraeT BbIOOpP NPU3HAKOB DPACHO3HABaHMS, ONPENENCHHE MX CTaTHCTHYECKHUX
XapakTepUCTUK, (GOPMUPOBAHME OSTAJIOHHBIX ONHCAHUM paclo3HaBaeMbIX KIAccoB, BBIOOP
pelIaromero npaBujia OTHECEHHs KOHTPOIBbHOW BBIOOPKM W CIIOCOOOB OLIEHMBAHMS OIIMOOK
pacro3HaBaHUs.

B xmaccuueckoi mocTaHOBKE 3a/1a4a pacno3HaBaHus GOpMyIHpyeTcs Kak 3ajada OTHECEHHS
HEKOTOPOH  KOHTPOJIBHOH  BEIOOpKM  TNpHU3HAKOB  pacno3HaBaHusa{X},i=1 .. Nk omgHOMY
13 OMHUCBIBAEMBIX KiIaccoB S, ...,S.. IIpm 3TOM H3BECTHBIE METOABI PACIO3HABAHUS OTIUYAIOTCA
B OCHOBHOM crioco0aMu orucanus S, ..., S, .

B Hacrosmee BpeMs XOpouIo M3ydeHa 3ajada paclio3HaBaHUS JUISl MOJHOCTBIO OMUCAHHBIX
KJIACCOB, KOIJ]da OHM OJHO3HAYHO ompenensiorcs QyHkimsmu pacupenenenus W (x)=W(x|S;),

1160 GYHKIMSAMHI IUIOTHOCTH BepOSTHOCTH o(X|S,)=dW (X|S,)dX u anmpHOpHBIMH BEpOSTHOCTSIMH
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UX TOSABJICHUA [ [4] O,H,HaKO IUIA TIPOBCACHUA TEXHHUYCCKOI'O aHalin3a MOHyHHHI/IOHHOI‘/'I CTPYKTYPHBI

CHUTHAJIOB CHCTEM PAaINOCBS3M HCIONb30BaHUE KIACCHUYECKUX METOJOB ONTUMAIBHOW OIEHKH
napaMeTpoB M CTaTHCTHYECKOH TEOpUH paclo3HaBaHHs 00pa3oB ManodddektuBHO. TpeboBaHue
OTNEpaTUBHOCTH HACTPOMKM oOpadaThiBalolmiell ammaparTypbl OOYCIOBIMBaeT HEOOXOAWMOCTD
pa3paboTKH CrenrabHBIX METOJIOB orpeeNeHus MOJYJISITHOHHBIX napameTpoB
O HEKJIAaCCU(DUIIMPOBAHHONW BBIOOpKE (PUKCHPOBAHHOTO 00beMa, MOITOMY IMPAKTHYECKUH HHTEpec
MPEACTABJIACT 3ajJada pa3paboTku Oosee MpocTOoro ©  APGEKTUBHOIO METOMA ONpPEASTICHUS
MOJYJISALINH.

CTpyKTypy CHTHaja TO3BOJSIOT ONPEACIHTh aBTOKOPPEIALMOHHBIA W KOPPESIIHOHHBIH
MeToAbl. B repBoM cityuae rccieayeMblii CHTHal YMHOXKAeTcsl Ha CIBUHYTHIE 110 BpEMEHH €ro KOIUH,
BO BTOPOM — peasu3yercsi MepeMHOKEHNE CUTHAIA C PSIIOM OMOPHBIX KOJNIEOAHUH C TeM I MHBIM
BHJIOM MOXYJSIMA TPU Pa3IHYHBIX HapaMerpax MOIYIAINUU. ABTOKOPPEISIIHS HCIOIB3YeTCs
JUISL ONIPE/ICTICHUs] TAKUX MapaMeTpoB CUTHAJA, KaK JUIMTENbHOCTh TMOCBUTKH, JUTUTEIBHOCTH OJIOKa
naHHbIX. Koppensius mo3Boiisier HIeHTU(QUIMPOBAT, KOHKPETHBIM CHTHANT M3 MMEIONIEro Hadopa
W, B YACTHOCTH, OINPEACIATh HAIMYME CHHXPO- UJIH MHJIOT-I10CIIEI0BATEILHOCTEN.

Haunbonee HarnsgHO BBISBICHHE TUIA MOAYJISIMM Ha OCHOBE BEKTOPHOTO MPEICTaBICHHUS
curHanoB. [loJ] BEeKTOPHBIM IpEACTABICHUEM MOHMMAIOT OTOOpa)KEHHE MIHOBEHHOM aMILIUTY/IBI
1 Ga3pl CHrHaNa Ha KOMIUIGKCHOW Tiockoctd [1]. st kaXaoro Tuma MOAYJSIHMU (QHATIOTOBOH,
HMITYJIbCHOM, ITU(PPOBOH) MOXKHO BBIJICIHUTH OCHOBHOW PsiJi HapaMETPOB, KOTOPBIE XapaKTEPHU3YIOT
CUTHAJTBI B JIAHHOM THUIIE MOZYJISLINY.

A.]'[l"Op]leM H}IEHTH(I)I/IKaIII/II/I HCTOYHHUKA U3TYUYCHHUSA IO HEU3BECTHBIM IMMapaMeTpamM

[pu mpentudukamum curHana ¢ 3gupa MOXKHO BBIICIHTH JBa OOOOIIEHHBIX AITOPUTMA
pacro3HaBaHWsi HEW3BECTHOro curHana: wuaeHTHuukanus HMPU ¢ HensBecTHBIMH TapamMeTpaMu
U ¢ 3amaHHbeiM(n)  mapamerpoM(amm). Ha  pumc. 3 mpeacraBieH  00OOMIEHHBIM — alTOpPUTM
nneaTudukammu P npy HeM3BeCTHRIX ITapaMeTpax CUTHAJIA.

l'lo

HEH3BECTHOTO
CHTHaja

BpemeHHast BBIOOPKa|

Koppensuunonnsiii n
ABTOKOPPEJIAIMOHHBII METOJT
TIOHCKA CHIHasIa

1

Heso3moskHo
OTIpesienTh

HenpepsiBHblit ‘ ‘ WmmynbcHbli ‘ ‘

Hecymas yacrora

IupuHa nonock no
yposhio 0.1

CpeiHsisi MOIIHOCTh
cHrHana

Brienenne 0oCHOBHBIX
napamerpoB

Boccranosienu
€ CurLana

Koppensuus ¢ nomydeHHbIM|
CHTHAJIOM
CurHaz ecTb, C HETOUHBIMH  |Her,
napamMeTpamMu
Ja
Curnan u ero
napameTpsl

Puc. 3. OG001IEHHBIH aNnTrOpuUT™ A7l HACHTU(UKAINH HCTOYHUKA U3ITyICHUS
Fig.3. Generalized algorithm for radiation emission source

e1] Henocratouno mapamerpos
JUISl BOCCTAHOBJIEHUS CHIaHia
CHrHai ecth, ¢ HETOUHBIMU
TapamMeTpamMu

Onpenenen
BEpHO
curnan?
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B coorBercTBUMM € NpEACTaBIEHHBIM Ha pHUC. 3 aJITOPUTMOM IPOMCXOIUT CKaHHPOBAHUE
paanosdupa BO BCed 4aCTOTHOM 00JacTH pajMONpPHEMHOTO YCTPOHCTBAa W MPOW3BOIUTCA aHAIU3
BPEMEHHOM BBIOOpDKM Ha 3aJaHHOM dacToTe. llepBoHayanmpHOM 3amadell anropuTMma SBISETCS
OIIPEJEIIEHNE YACTOThl CUTHANIA, 3aHMMAEMOM IOJOCHl M BHAA MOLYJSALMU. IIpennonoxurensHyro
CTPYKTYpPY CUTHAJIA MO3BOJISIET OIPENENUTh KOPPEIALUOHHBIA U aBTOKOPPEISIIUOHHBIN MeTol. Ecin
CHTHaJl TIPUCYTCTBYET, TO IPOM3BOJUTCS aHAJIN3 BPEMEHHOW BBIOOPKM Ha OCHOBE OBICTPOTO
npeodpaszoBanuss ®ypee (BII®). Ha ocHOBe 3THX NaHHBIX OMNPEACISAIOTCS IIUPHHA TOJOCHI IO
ypoBHio 0,1P, ¥ CpelHss MOLIHOCTL CUrHana. Jlajee aiaropuT™ ImyTem Iepedopa OmpenensieT BUJ

MOJYJISLIMA U OCHOBHBIE MAapaMeTphbl, MOCIE Yero Ha OCHOBE MONYYEHHBIX IaHHBIX (OpPMHUpPYETCS
CTpYKTypa ¢ Haubojee BEpOATHBIM BHAOM MOIYJISIIMU M MapaMerpbl curHaiga. Ha ocHoBe maHHOU
CTPYKTYpBI alToOpuT™M (OPMHPYET CHTHall, KOTOPBIH CpaBHHBAETCS C MPUHUMAEMBIM CHTHAJIOM, B
pe3ysbTaTe Yero oCyiecTBISIETCS BBIBOJ HH(QOpMAIMK O HAJIMYUK CUTHAJIA U ero BUJIE.

A.]'Il"OpI(lTM I/II[eHTI/IQ)I/IKaIII/II/I HUCTOYHHUKA U3JTYYCHUA 110 3a/ITaHHBIM IMMapaMeTpamM

[IpencraBneHHblii Ha pyUC. 3 AJICOPUTM MMEET MHOXKECTBO HEOCTATKOB, TaK KaK MCIIOJNb3YyeT
MeTOJ] Tiepebopa BceX BHUIOB MOMYJSAIUU, YTO MOXET IPUBECTH K JIOKHOMY CpaOaThbIBaHHIO.
[Ipu oTCyTCTBUM 3HAHMI O TapaMeTpax UCKOMOTO CUT'HAJA JJaHHBIH METOJ HEe CIIOCOOCH TOYHO HAWTH
curHain. I[loaToMy mpennaraerci ajropuT™M, OCHOBAHHBIM Ha HCMOJIb30BAHUU CHUTHATYPHOTO
JeTeKTUpOBaHus curHaia (puc. 4). Mixes 1aHHOTO aaropuTMa 3aKII0uaeTcsi B TOM, YTO IPHHIUMAEMBbIH
CHUTHAQJI CpaBHHUBAaeTCs B OJIOKE CpPaBHEHHS C CUTHATypaMH, 3aHECEHHBIMH B TaMsTh yCTPOWCTBA,
Jin00 C CUTHAJIOM C 33JIaHHBIMU TIapaMeTpamMu, (GOPMHUPYEMBIM C TOMOIIBIO 3TOr0 yYCTPOHCTBA €ro
oreparopoM. Jlajiee pemaroliee yCTpOHCTBO ONPEAENSET, COOTBETCTBYET JIM CUTHAJI CUTHATYpe WIH
CUTHAITY C 3aJJaHHBIMU CBOMCTBAMH JTMOO HET.

Yka3zanue
0IIepaTopoM
MapaMeTpOB CUTHANA
M B MOJTy AN
JUIS TIOMCKa B 9dupe

BpemenHas BbIOOpKa|

Dopmuposanue
CHTHasa ¢
3a/IaHHBIMI

napamMeTpaMmu

b0k cpaBHEHMS OMY4EHHOTO CUTHANA C
CHTHATYPaMH M3 TIAMSATH WM C CHTHATIOM
3aJIaHHBIM ONIEPATOPOM

CHrHaTypsl ¢
MaMsATH YCTPOHCTBA

Pematoniee
YCTpO#CTBO

Curnan e
COOTBECTBYET
3aIaHHBIM
napameTapm Jm6o
OTCYCBTYET

CurHan HaiifeHn

Puc. 4. O600IICHHBIH aNTOPUTM UJICHTU(PUKAIIMHA UCTOYHUKA U3IYUCHHS T10 33/IaHHBIM TTapaMeTpam
Fig. 4. Generalized algorithm for the identification of the emission source according to the specified parameters

Hanpumep, ecnu B KauecTBE CUTHATyphl HcCIoib3oBaTh JIUM curhan c onpeneneHHbIMU
napaMerpaMy U IPUHUMATD Takoi ke ¢ mymoM JIUM curnai, To B O10Ke CpaBHEHHSI CUTHAJIOB OyaeT
UMEThCSl OIMH Y3KMH MakcuMmyM. llpm wm3MeHeHmm mnapameTpa(oB) CUTHaja MakCHUMyM Oyzer
pacimmpsAThCA, YTO CBUICTENLCTBYET 00 OTKIIOHEHHE MapaMerpoB mnpuHumaemoro JIUM curnana
OT MapaMeTpoB CUrHaTypbl. 1Ipn mpueme npyroro BHIa CHUTHaIa Ha BBIXOJE CPaBHMBAIOLIEro OJ0Ka
OyJeT LIyM, YTO CBUICTENBCTBYET O HE COBIAACHNH CHIHAIIOB (pHC. 5).

I'maBHBIM HEZOCTaTKOM JaHHOTO aJrOPUTMA: COBEPLICHCTBOBAaHHE 0a3bl H3Iy4aeMbIX
CHTHAJIOB M CJIOKHOCTH MX KOAWPOBAHMS, YTO MPUBOIUT K IIOCTOSHHOMY OOHOBJIEHHIO 0a3bl JaHHBIX
YCTpONCTBA IIOMCKA CUTHAJIOB.
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JNIYM signture
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Puc. 5. IIpusimn paboTs! anropuTMa HACHTH(UKAINN NCTOYHIKA W3TydSHHUS 110 3aJaHHBIM ITapaMeTpam:
a — 3amymiieHHblii AM currai; b — curaatypa JTUM curnana; C — pe3ynbTaT O0Kka cpaBHEeHHs MpHHATOro AM
curHana ¢ curaarypoit JIUM; d — saurymnennsiii JIMM curHain ¢ TAKAMH XKe MapaMeTpamu
kak JITYM-curnarypa; f — pesynbrar Gioka cpaBaerust JIIM npumsiToro cursana ¢ curaarypoit JJIM
(Tip¥ OAMHAKOBBIX IApaMETpax CUrHaa); § — pe3ynbTaT Ooka cpaBHeHus JITYM MpUHITOro CUrHaia
¢ curHatypo# JIUM (mipn yBenTMueHNH JEBHAIIMN YaCcTOTHI)
Fig. 5. The principle of operation of the radiation source identification algorithm for the specified parameters:
a —noisy AM signal; b —the signature of a chirp signal; ¢ — the result of a block comparison of a received
AM signal with the chirp signature; d — noisy chirp signal with the same parameters as the chirp signature;
f — the result of the compare unit chirp received signal with the signature chirp (with the same parameters of the
signal, g — the result of the compare unit chirp received signal with the signature chirp (increasing frequency
deviation)
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3akaouenne

B cratbe paccMOTpeHBI BOIPOCHI, CBS3aHHBIE C ONpEACICHHEM BHUIOB M MapamMeTpoB
monymsuuu. [lpeactaBieHsl nBa OOOOIIEHHBIX aNrOpUTMa pACIO3HABaHHUs CHTHaja. Merox
C MCTIOJIB30BAHUEM CHTHATYp YBEIMYMBACT CKOPOCTh aHajK3a CKAaHHUPYEMOW MOJNOCHI PajHodvacToT,
HUMEET BBICOKYIO TOYHOCTh OOHAPY)KEHHS CHTHAJIA U MAJTYI0 BEPOATHOCTH CpadaThIBaHUS HA JIOXKHBIN
curHan. JlaHHBIH METOJ MOXXHO MPUMEHATh B KOMIUIEKCE C pa3BelbIBATEIILHBIMH YCTPOWCTBAMH
IUIst OOHapy)KeHUsl 1ienedl  C 3aJaHHbIMH  napamerpamu.  Jns  sddexktuBHOH  uaeHTHUKAIIH
HCTOYHUKA W3Iy4EHHs] PEKOMEHIYETCSl MCIONIb30BaTh KOMOWHAIMIO TPEICTABICHHBIX alTrOPUTMOB
C JIOTIOJIHUTENNBHOM HU(PPOBOH 00pabOTKOI CUTHAJIOB.
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BJINSTHUE KPUCTAJJIOTPA®UYECKOM OPUEHTAIIAUN KPEMHHUEBBIX
INJIACTUH HA MEXAHUW3M UX AHOAUPOBAHUSA

I'PEBLIOB H.JI., KIMMEHKO A.B., I'VPEO A.Jl., BOHJAPEHKO B.II.

Benopycckuii 2ocydapemeennwiil ynugepcumem unGopMamurky U paouodNeKmpOHuKu
(2. Munck, Pecnybnuxa Benapyce)

THocmynuna 6 peoaxyuio 26 cenmsops 2019
© Benopycckuii TocyJapcTBEHHBIN YHUBEPCUTET MH)OPMATUKH U paanodnekTpoHuku, 2020

AnHorauus. [IpoBeneHo nccinenoBanue BIMSHUS KPUCTAUIOrpaUIecKol OPHEHTAIM KPEMHHEBBIX TUIACTHH
Ha Tnpouecc (GOPMHPOBAHHA CIOEB IIOPHCTOTO KPEMHHMS METOAOM 3JIEKTPOXHMMHUYECKOIO aHOAWUPOBAHHUS
BO ()TOPUCTOBOIOPOJHOM  KUCIOTe.  AHanM3  W300pakeHHH  CKOJOB ~ 00pasloB € pa3jiu4yHOU
KpHCTaJUIOrpaMueckoil OpUEHTAIMEH, MOMYy4eHHBIX METOJOM CKaHHPYIOIIEH 3JeKTPOHHOW MHKPOCKOIIHH,
MOKa3aJj, 4TO MOpPbI B MOPHCTOM KPEMHMH Ha IUIACTUHAX ¢ opueHTauued (111) uMeror Gosiee pa3BETBICHHBIH
JpeBOOOpa3HbIil BUJ M OOJIBIIYIO MOPUCTOCTD 110 CPABHEHHIO C TAKOBBIMHU Ha IUIacTHHaX ¢ opueHTanue (100).
JanHas 0COOCHHOCTb OOBACHACTCS pAa3NUYMAMH B CTPOGHMH IPUIIOBEPXHOCTHOI'O CJOS KpHCTaia
W Konu4vecTBe cBszed Si-Si B pasHbIX HampaBieHusiX. Tak, y kpuctamia c¢ opueHranmed (100) kaxaplii
MIOBEPXHOCTHBIH aTOM KPEMHUSI UMEET JIBE CBSA3H, COSIUHSIOIINE €0 C HaXOIAIUMHUCS HI)KE aTOMaMH, a TaKxKe
JIB€ TIOBEPXHOCTHbIE OOOpBAaHHBIE CBS3M, CHOCOOHBIE BCTYNAThb BO B3aUMOJEHCTBHE C HMOHaMu ¢Topa.
IIpu aHOAMpOBaHMU IyTE€M HHXKEKIMU 3JIEKTPOHOB B KPEMHMH IPUKIAJBIBACTCS DHEPrHs, OCTaTOYHAs
IUIs pa3pbiBa HIDKHHUX CBsi3el ¢ oOpaszoBanueM SiF xommiekca. Hannume IByX CBA3aHHBIX C MOBEPXHOCTHBIM
aTOMOM KpeMHHS HOHOB (Topa TMPUBOAMT K OCHaONeHHIO CBs3edl IOBEPXHOCTHOrO aroMa Si
C HIDKEPACIIOJIOKEHHBIMH, JeNasi pa3pblB cBs3el Si-Si Oolee SHEpreTHYecKH BBHITOAHBIM. J[s KpHcTamia ke
c opuenTanueit (111) y aToMOB KpeMHHs NPHCYTCTBYeT TOJBKO OJHA OOOpBaHHAs CBSA3b HAa IOBEPXHOCTH,
a JUIs pa3pbiBa CBA3EH C HIDKEPACIOIOKEHHBIMHU aTOMaMM KpeMHUs TpeOyeTcs OOMblas 3HEprus aKTUBALUH
B CBSI3M C MX OONBIINM KOJMHYeCTBOM (Tpu 1o cpaBHeHHIO ¢ nByMms st (100)). 3akmiodeHo, 4TO UMEHHO
110 JAHHOW TpPWYHHE TpaBJeHHEe MOmiIoxkek c opueHramuer (111) mpomcxomut memmennee. I[lomyueHHBIE
PE3yNbTAaThl O3BOJISIOT OLEHNUTH BIMSHHE KPUCTAUTMUECKON CTPYKTYPHI Ha MPOIECC TPABIECHUS, B YACTHOCTH
Ha €ro CKOpPOCTh M HAalpaBJIEHHE, YTO SIBISIETCS OCOOEHHO BAXKHBIM (DaKTOPOM INPH aHOIUPOBAHUM IUIACTHH
¢ opuenTarmeit (111).

KnioueBbie c10Ba: KpeMHUEBBIE HAHOCTPYKTYPBI, TIOPHCTHIH KPEMHHM, JJIEKTPOXHUMHYECKOE TPABIICHHUE.
Kongaukt uHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHU KOH(DIMKTA HHTEPECOB.

Jns nutupoBanus. ['pesoB HJL, Kmmvenko A.B., T'yp6o A. ., bormapenko B.I1. Biusaue kpuctamiorpadudeckoit
OpHEHTAINK KPEMHUEBBIX ITACTHH Ha MEXaHNU3M uX anoxupoBanus. Jlokmansr BI'YUP. 2020; 18(1): 59-66.
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INFLUENCE OF SILICON WAFER CRYSTALLOGRAPHIC ORIENTATION
ON ANODIZATION MECHANISM
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VITALY P. BONDARENKO

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

Submitted 26 September 2019
© Belarusian State University of Informatics and Radioelectronics, 2020

Abstract. The influence of silicon wafer crystallographic orientation on the formation of porous silicon during
anodization in an HF solution is studied. Cross-section SEM image comparison of samples with different
crystallographic orientations has shown that (111) Si samples exhibit a more branching, tree-like pore structure
with a higher porosity value compared to (100) Si samples. This phenomenon is explained by pointing out
differences in crystal structure and numbers of Si-Si chemical bonds in different crystallographic directions.
Namely, in (100)-oriented silicon crystals every surface Si atom has two bonds connecting it to atoms
underneath it, as well as two broken bonds able to interact with F~ ions. Through electron injection into silicon,
enough energy is applied to break the underlying bonds, forming SiF as a result. The presence of two F ions
bonded with every surface silicon atom leads to weakening the bonds of surface silicon atoms with the underlying
atoms, thus making the process of breaking the Si-Si bonds more energy efficient. As for (111)-oriented crystals, silicon
atoms only have one broken surface bond, and breaking backbonds with underlying silicon atoms requires
a higher value of activation energy due to their larger amount (three as opposed to two for (100) silicon).
It is concluded that this very reason leads to slower etching speeds of (111)-oriented silicon wafers. The results
help evaluate the way the silicon crystal structure affects the etching process, including its speed and direction,
which is an especially important factor to consider when forming (111)-oriented porous silicon.

Keywords: silicon nanostructures, porous silicon, electrochemical etching.
Conflict of interests. The authors declare no conflict of interests.

For citation. Grevtsov N.L., Klimenka A.V., Hurbo A.D., Bondarenko V.P. Influence of silicon wafer
crystallographic orientation on anodization mechanism. Doklady BGUIR. 2020; 18(1): 59-66.

BBenenne

[opucterit xpemuuit (IIK), orkpeiTenii B 1956 romy, akTHBHO HCCIEAyeTCS B HACTOsIIEe
BpeMs. JlaHHBII MaTepua NposABISIET PAJ XapaKTEPHBIX 3JEKTPOPUZNIECKUX U ONITHYECKUX CBOICTB,
no3BoJSIOIMX  3(G(EKTHBHO MNPUMEHSATh €ro B TaKUX 00JacTsAX, Kak OITORJIEKTPOHUKA,
MHUKPOJJIEKTPOHHUKA, (POTOHWKA, MEAWIIMHA, OnowmmkeHepus u ap. [1-3]. B cBs3n ¢ 3TUM BakHOM
3amaudeil sBisiercst paszpaborka meroauku (opmupoBanus cioeB IIK Ha KpeMHHEBBIX IIACTHHAX
C Pa3IMYHBIMU CTPYKTYPHBIMH HapaMeTPaMu JUIsl BBITOJHEHUS Pa3IUYHbIX 3a/1a4.

HawnbGonee a¢pdexruBHOil MeTomukoir GopmupoBanus cioeB [IK Ha MOHOKpHCTAITHYECKUX
KPEMHHUEBBIX IUIACTUHAX SBIISETCS WX AHOAMPOBAHHE B PACTBOPaX (DTOPUCTOBOJOPOAHOM KHCIIOTHI
B psine omyOnmkoBaHHBIX pabOT YCTaHOBJIEHO, YTO CKOPOCTb M HANpaBJICHHE TPABJICHUS KPEMHUS
npu ¢opmupoBanun cioeB IIK B mpomecce 31EKTPOXMMHUYECKOIO aHOAWPOBAHMS 3aBUCST
OT KpHUCTaILIOrpaduIecKoil OpreHTaIluu o0padaTeiBaeMoil KpeMHHEBO# TutactuHbl [1, 4, 5]. JlanHas
3aBHCUMOCTh  OOYCJIOBJEHAa IPEeXAE BCEro OCOOEGHHOCTAMH KPHCTAIJIMYECKOH CTPYKTYpPBI
MPUIIOBEPXHOCTHOTO CJIOSI KpeMHHS. Llenbio HAaCTOSIIIEro NCCIel0BaHuUs SBIISETCS N3yUeHUE IPUPOIbI
JAaHHOW 3aBUCHMOCTH, & TaKXe YCTaHOBJIECHHE OCHOBHBIX 3aKOHOMEPHOCTEH MEXKAYy KUHETHUKON
(¢bopMHpOBaHUSL M CTPYKTYPHBIMH IIapaMeTpamMH IIOPUCTOTO CJIOS M KpUCTaUIOrpaduvecKoi
OpHEHTAlMEl NCIONb3YeMbIX KPEMHHUEBBIX IIACTHH.
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MeToanka npoBeaeHu s IKCIIEPUMEHTA

B kauectBe momioxkek s opmupoBanusi [1K BeIOpaHbI KpEeMHHUEBBIC IJIACTHHBI MapKH
KBC-0,01 xpucrammorpaduueckoii opuentanuu (100) w (111). IlnactuHbl TpenBapUTENBHO
OYHIAIIUCH B XPOMOBOM CMECH, MOCTIE Yero MPOM3BOJIMIOCH YAaJCHUE C HUX CIIOS eCTECTBEHHOTO
okucna B pactBope HF. ®opmupoBanwe [IK BemonHAJIOCHE TyTeM  aHOIUPOBAHHS
B AJIEKTPOXUMHUYECKOM siueiike. Mcronb30BaHHbIN A1l TPaBIEHHSI KPEMHUS SIIEKTPOIHUT MPENCTABIISIT
coboii pactBop, conepxkanmii HF, Bomy ¥ M30mponuiioBbIid coupT B 00beMHOM cooTHomenun 1:3:1.
[pomecc anoaMpOBaHMs MPOBOIMIICS MPH MOCTOSHHOM IIOTHOCTH TOKA.

Hnst wuzydenuss Mopdoloruu CPOPMUPOBAHHBIX TIOPUCTBIX CTPYKTYP HCIOJNB30BAJICS
pacTpoBbIii AIIeKTpOHHBIH MuKpockon (POM) Hitachi S-4800, ¢ moMmoIe0 KOTOPOro MOMyYCHBI
n300paKeHUs TIOBEPXHOCTHU U CKOJIOB 00pa3IIoB.

PeByJ’II)TaTI)I H UX oﬁcymueﬂne

Ha puc. 1 npencrasnensl POM n300paskeHns CKOJIIOB 00pa3iioB, MONTYYEHHBIX Ha KPEMHUHU
(100) u (111) aHOmMpOBaHMEM B TEYEHHE 5 MHH IPU IUIOTHOCTH aHOJHOro Toka 40 MA/cM?.
N3o0paxeHns MOKa3bIBAIOT MPHUIIOBEPXHOCTHYIO obOmacth [IK, a Tarke o0nactb, rpaHHYAILyIO
C MOHOKPHUCTAJUIMYECKOMN MOJIONKKOMU.

"KIC (100)

300nm 300nm

Puc. 1. CpaBaenne POM uzo0pakenuii ckosnoB oopa3no [1K Ha nmoanoxkax pa3nu4HoR
KPHUCTAILIOrpaUIeCcKoii OpUeHTaLMH, COPMUPOBAHHBIX IIPH ILIOTHOCTH aHOAHOrO Toka 40 MA/cM?
Fig. 1. Cross-section SEM image comparison of porous silicon samples formed at a current density
of 40 mA/cm? on wafers with different crystallographic orientations

Ha rpanmme cmos IIK n moHokpucramna xpemuusi ¢ opuenranueii (100) xopomo BuaHa
HuIMHApHYecKas ¢GopMa KaHAJIOB IOp, a IUAMETP IOp NPAKTHYECKU COOTBETCTBYET TAKOBOMY
B CEpeAMHE CJOSI TIOPHCTOr0 Marepuaja. JTO O3HA4aeT, 4yTo pasMep (OpMHpPYEMBIX B Iporecce
00paboTKH 1TOp MPaKTHYECKH HE U3MEHSIETCS 110 Mepe pocTa TommuHs! ciios I1K.

Pa3zmep xananoB mop Ha riuybune cnos [IK, chopmupoBaHHOr0 Ha MOHOKpHCTAIE KPEMHUS
c opuenrtarert (111), cymecTtBeHHO Oonble, YeM B €ro MPHUIIOBEPXHOCTHOH oOmactu. Kpome Toro,
OTJIMYUTETIBHON 0COOEHHOCTBIO ITOPUCTOM CTPYKTYPBI B U3ydaeMOM 00pasLie SIBJSIETCS TO, YTO OHA MMEET
JPEBOBUIHYIO (popMy ¢ OOIBIIMM KOIMYECTBOM OOKOBBIX OTBETBJICHHMI OT LIEHTPAJbHBIX KaHAJIOB IOP.
Ha rpanutie crnos [IK 1 MOHOKpHCTAIIIMYECKOro KPEMHUS XOPOIIIO BUIHA pa3BuTast (popMa KaHAIOB ITOp
c OONBLIMM JAMAMETPOM, YeM B CpEIHEH 4YacTH Clos. OTO SBIAEICS CIEACTBUEM WG (Y3HMOHHBIX
OrpaHHYeHUH Ha OOMEH peareHTaMH MEXIy HIDKHEH YacThlO0 KaHAJIOB IOpP M OOBEMOM 3JIEKTPONUTA.
B pesynbrare naHHBIX OTpaHWYEHHH pa3Mephl KAaHAJIOB MOp YBEIMUYMBAIOTCS ¢ pocTtoM TommuHbl 1K,
YTO BBIPAXKAETCsl B IMOBBIIICHUH TOPUCTOCTH Ooree ToncThix cnoes [1K.

Ha opuc.2 mpencraBieHsl 3aBUCHMOCTH — TOJILIMHBI  (DOPMHPYEMOrO IOPUCTOrO  CJIOS
OT IPOAOIDKUTENIBHOCTH  00paOOTKM KPEMHHUEBBIX IUIACTUH, HMEIOLIMX Pa3IMYHYI0 OpHUEHTALHIO.
[pn anHomupoBanmy kpemHusi ¢ opueHtanueit (100) raHHbIE 3aBUCUMOCTH UMEIOT JIMHEHHBIN Bua. VIHBIMU
CJIOBaMH, B IPOLIECCE aHOJUPOBAHMS 3@ OHH U T€ K€ BPEMEHHbIC MHTEPBAJIbI MPOUCXOAUT TpaBiCHUE
OIIHOTO M TOrO K€ O0beMa MaTepuayia, a YUCIO M CPEIHHH AUaMeTp KaHaJloB (hOpPMHUPYEMBIX IIOp,
MO-BUIUMOMY, He MeHsItoTcs. [Ipu 3TOM 1Mo yrity HakjIoHa MPEeNCTaBIeHHBIX 3aBUCUMOCTEN MOYKHO CYIUTh
0 CKOpocTH  (POPMHUpOBAHUS IOPUCTOrO CIOS: TMpu Oonee HHU3KUX BEIMYMHAX IUIOTHOCTH TOKA
HaOJro1aeTcsl MEHBIINM HAKIIOH JIMHUM, T. €. TPaBJICHHE TPOUCXOANT MEJICHHEE.
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Hns xpemHHeBBIX miacTuH ¢ opueHTaumeidl (111) 3aBucumoctm TommwHbl cioeB [IK
OT BPEMEHH aHOAWPOBAHMsI SIBISIOTCA HeMMHEHHBIMHU. [Ipm 3ToM Hambonee CHIIBHO 3aBHCHMOCTD
OTIMYAeTCs OT JTMHEHHOH JUIA Ccilydas HamMeHbIel TotHoctH Toka (20 MA/cm?). HenumeitHOCTS
3aBHCHUMOCTEI TOBOPHUT O TOM, YTO YHUCIIO M Pa3Mep KaHaJoB (POPMHUPYEMBIX MOP MOXKET U3MEHSITHCS
B X07le aHoAaupoBaHUs. JlaHHBIA QakTOop HEOOXOOUMO YUYHUTHIBaTh mnpu QopmupoBanun [IK
Ha KpEeMHHUEBBIX MOJUIOKKaX ¢ opueHTanuen (111).

KDC (100) KOC (111)
80 80
—4—20MA/cM*2 | —8— 30 MA/cM"2 —— 20 MA/cM2 == 30 MA/cM 2
70 40 MA/em™2 70 40 MA/cM™2
= 60 = 60
& “
= 50 = 50
= 40 & 40
E 30 E[: 30
o o
= 20 = 20
10 10 i
0 0
0 10 20 30 40 0 10 20 30 40
Bpems aHoaupoBanus, MUH Bpewms anoaupoBaHus, MUH

Puc. 2. 3aBHCUMOCTb TOJIIIHUHBI TOPUCTOTO CIIOSI OT BPEMEHU aHOAUPOBAHHMS 11 00pa3IoB
KPEMHHS Pa3IMYHON KpUCTAIIOrpaduuecKoi OpueHTalum
Fig. 2. Porous layer thickness dependence on anodization time for samples formed on silicon wafers with
different crystallographic orientations

Ha puc. 3 mpuBencHbl 3aBUCHMOCTH MOPUCTOCTH 00pa3ioB IIK OT mpomoIKUTEILHOCTH
00paboTKH.

K2C (100) K2C (111)
100 100
——20 MA /cm”2 —l—30 MA /cM”2 ——20 MA/cM"2 == 30 MA/cM2
90 40 MA /ecm”2 90 40 MA/eM2
=3 =]
=, 80 > 80
5 5
g 70 2 70
Q 3
2 2
S 60 o 60
= r;
/ =
50 50
40 ! 40
0 10 20 30 40 0 10 20 30 40
Bpewms anogupoBanust, MuH Bpemst anogupoBanus, MuH

Puc. 3. 3aBHCUMOCTh OPUCTOCTH OT BPEMEHH aHOAUPOBAHUS JIJIsl 00PA3IOB KPEMHHUS
Ppa3TUYHON KPHUCTAIUIOrpauecKoi OpUEeHTAIINN
Fig. 3. Porosity dependence on anodization time for samples formed on silicon wafers
with different crystallographic orientations

Henmneinbii XapakTep 3aBHCHMOCTEH MMOPUCTOCTU oT BpEMCHU AHOAUPOBAHUA
MOATBCPIKAACT BBICKA3aHHOC BBIIIC MPCAIIOIO0XKCHUEC O BO3MOXKHOCTU U3MCHCHUA (l)OpMI:I " pa3MCpoB
KaHAJIOB IIOp Ha 3Tallax mpounecca aHOANPOBAHUSA, KOTr'1a Ha6J'IIOI[aIOTC$I OTKJIOHCHHUS OT JIMHEHHOCTH
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B KHHETHYECKUX 3aBUCHMOCTSX TommuHbl cios [IK mpu Gompmmx Ttommmuax crmos IIK. Crout
OTMETHUTb, YTO TOT 3 (PeKT MposBIsIETCS CUITbHEE MPU HUZKUX TUIOTHOCTSIX TOKA.

Ha puc. 4 u3zo0paxkeHbl nmoiaydeHHbIE 3aBUCHMOCTH Hopuctoctu ciost 11K oT ero TodIIMHEL.
Jns Beex Tpex 3HaueHHMH MIIOTHOCTH TOKAa MOPHCTOCTH (hopMHpyeMoro B IMpolecce aHOAWPOBAHUS
cmos [IK yBennumBaeTcs ¢ pocTOM €ro TOJNMIMHBL. JlaHHAs 3aBUCUMOCTH MOXKET OBITH CBs3aHA
C U3MEHEHHEM pa3MepoB MOp B MPOILIECCe UX POCTa.

K5C (100) KOC (111)
100 100
20 MA/cM"2 30 MA/cM™2 20 MA/cM™2 30 MA/cM™2

90 40 MA/eM™2 90 40 MA/cMm”2
= =
> g0 = 80
5 5
g 70 2 70
Q o
= =
o

60 S 60
= =

50 50

40 40

0 20 40 60 80 0 20 40 60 80
Tonmuaa, MKM TonmuHa, MKM

Puc. 4. 3aBUCUMOCTb IOPUCTOCTH OT TOJIIMHBI TIOPUCTOTO CIIOS JIJIsl 00pa3LIOB KPEMHHS Pa3IMYHON
KpHCTaJuiorpadguieckol OpueHTaluu
Fig. 4. Porosity dependence on porous layer thickness for samples formed on silicon wafers with different
crystallographic orientations

Kak BumHO W3 monmydeHHBIX pe3yibTaroB, 1K, momydaemblii Ha KPEMHHUEBBIX ILIACTUHAX
¢ kpucramtorpapuueckoii opuenrarmeii (100), obmamaeT MeHBINEH MOPHCTOCTHIO IO CPAaBHEHUIO
C TAaKOBBIM Ha TuiactuHax ¢ opumeHTammed (111). Kpome Toro, Ba)KHO OTMETHTB, YTO IOPUCTOCTH
cnoeB IIK ma mmactunax ¢ opmenrtanmedd (111) cwmbHO m3MeHsercs (YBEIWYMBACTCA) IO MeEpe
yBeNW4YeHus] TONMHHBI mopuctoro cios. ms kpemuaus (100) stor sddekr Takxke mmeer mecto,
OJTHAKO M3MEHEHHE IMMOPUCTOCTH C YBEINYSHUEM TONIIUHBI TOPUCTOTO CIIOS HE CTONb 3HAYUTENHHO.

Monaenas pocta nop

Ha ocHOBaHMM TONY4YEHHBIX pE3YJNbTaTOB MOXXHO PAacCMOTPETh BO3MOXKHOE BIIUSHHE
KpHCTAUTOrpa(puveckoil OpHeHTaK Ha MEXaHI3M 00pa30BaHMs M POCTa TOP.

ITporrecc pocTa TOMIUHEI TOPHCTOTO CII0S IIPOMCXOAUT € OOJBIIEH CKOPOCTHIO Ha HAYaIIbHBIX
JTamax aHOAMPOBAHUS 3a CYET OoJiee MPOCTOTO TOCTYIIA PEAreHTOB BIITyOb IOp, PUYEM yBEINYCHHAS
CKOPOCTh TpaBJICHHs HAa HAYaJbHBIX dTarax 0ojee sSpKO BBIpaKEHA UIS CIydasi KpEMHHEBBIX IUIACTHH
¢ opuentarueir (100). D10 MoXeT OBITH OOYCIOBIEHO MEHBIIEH IUIOTHOCTHIO YIAKOBKH aTOMOB
B HAIIPABJICHUH, B KOTOPOM MPOMCXOAUT TpasieHue [5, 6].

Ha maxomsmytocss B koHTakte ¢ HF TOBepXHOCTP KpEeMHHEBOH IJIACTHHBI MPOHCXOIHUT
ancopbumsi Bomopoma [7]. WimrocTpaims MexaHM3Ma TpaBICHUsT Ha [OpPHUMEpPE  IUIACTHHBI
¢ xpucramtorpaduueckoii opuertanueii (100) mpuseneHa Ha puc. 5.

[epBblif mmIar pacTBOpeHMS KpUCTalla B TIIPOIECCE TPABICHUS IPEACTaBIsAET Cco0OM
3aMeIleHIe TIOBEPXHOCTHOTrO aToOMa BOJIOPO/ia HOHOM (pTopa 3a cuer MHKEeKIUH AbIPoK (puc. 5, a) [8].
D10 BedeT K BO3HUKHOBeHHIO cBsisu Si-F. IlpucoenuHeHue BTOpPOro HoHa (TOpa MPUBOAUT
K BBIJICJICHHIO MOJIEKYJIbI Bogopoza (puc. 5, b).

Bropast crazmsi TpaBlieHHs 3aKIIFOYaeTCs B paspbiBe CBS3U Si-Si MEXIy MOBEPXHOCTHBIMU
Y HIOKENIOKAIMMU aToMaMHu KpemHus (puc. 5, C). B pesymbrate Qopmupyercs monekymna SiFs,
a OCTaBIIMECS] IOBEPXHOCTHBIE ATOMBI KpeMHUST (DOPMHUPYIOT CBSI3U C ATOMaMH BOAOPOAa. MOJeKyIbl
SiF4 3atem BeTynaroT B peakuuio ¢ ABymMst monekynamu HF ¢ popmupoBanuem HzSiFs (puc. 5, d).
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Puc. 5. Craguu nporiecca TpaBlicHHsS KPEMHUACBOH TUIACTHHEI ¢ oprenTanueii (100) B pactBope HF
Fig. 5. Etching process stages for a (100)-oriented silicon wafer immersed in HF

[MpuHnunuaneHoe pasnuure MexaHu3ma QopmupoBanus Si-F cBszeil s IUIACTHH ¢

Pa3IMYHBIMU KPUCTAIUIOTPa)UIECKIMH OPUEHTAIIMAMH MPOMIUTIOCTPUPOBAHO Ha puc. 6.

si si_F 1000 [ S 80))
Si +2F —> /Si +2¢ Si>Si + F —> Si—Si—F +e
Si Si F Si Si

Puc. 6. CpaBHeHne MexaHM3MOB 00pa3oBaHust CBsi3u Si-F i KpeMHHEBBIX MIACTUH
pa3HOi KpHUCTaUIOrpapuuecKoil OpUEeHTAINN
Fig. 6. Si-F bond formation mechanism comparison for silicon wafers
with different crystallographic orientations

VY kpucramia ¢ opuenTarueit (100) kakIplii TOBEPXHOCTHBIM aTOM KPEMHHS UMEET JIBE CBSI3H,
COCIMHSIOMNE €r0 C HAaXOAAIIMMUCS HIDKE aTOMaMH, a TakKe JBE MOBEPXHOCTHBIE OOOpBaHHBIE
(6o ¢ ancopOMpPOBaHHBIMEH ATOMAaMHU BOAOPOJA) CBSI3H, CIIOCOOHBIC BCTYIATh BO B3aWMOJCHCTBHE
c nonamu F [9]. TIpu >TOM myTeM HHXKCKIIUH SJIEKTPOHOB B KPEMHHIl MPUKIAIBIBACTCS SHEPTHS,
JoCTaTOYHas ISl paspbiBa HIKHUX CBs3eil ¢ oOpasoBaHuem SiF KoMIulekca MO OIMHUCAHHOMY
MexaHn3My. Hanwume OByX CBS3aHHBIX C MOBEPXHOCTHBIM aTOMOM KpeMHHS HOHOB F  mpuBomuT
K OCITA0JICHHIO CBs3eH MOBEPXHOCTHOIO aToMa Si ¢ HIKEpPaCIOI0KEHHBIMH, JIeTast pa3pbiB cBs3ei Si-
Si GoJiee PHEPTeTHUECKH BBITOTHBIM.

Hnsa kpuctamna ¢ opuentanmeir (111) y aTomMoB KpeMHHS TpPHUCYTCTBYET TOJNBKO OIHA
o0OpBaHHasl CBA3b Ha IOBEPXHOCTH, a ISl pa3phiBa CBS3EH C HIDKEPACIIOIOKEHHBIMH aTOMaMH
KpeMHHS TpeOyeTcs OONbInasi 3HEpTys aKTHBAllMU B CBS3M C WX OONBIINM KOJHYECTBOM (TPH IO
cpasaenuto ¢ aeyms it (100)). [lo manHON mpuyrHE TpaBiieHHE MOUIOKEK ¢ opueHTanmed (111)
NpoucXoauT MenieHHee. Eie oqHoi BEpOSITHOW NPUYUHON SIBISETCS IIEPOXOBATOCTh MOBEPXHOCTH.
[ToBepxHOCTH KpeMHHS B HampabieHuWH (111) siBisgercs aToOMapHO IUTOCKOM, YTO OrPaHHUYHMBACT
BO3MOYKHOCTB 3apOKIICHHSI TTOP, IIPUBOJIS K MEHbIIIEH ckopocTu TpasieHus [10].

3akaoueHne

Ha ocHoBaHMM NONYYEHHBIX 3KCIEPUMEHTAIBHBIX PE3YJIbTATOB CAEIAHBI MPEANOIOKEHUS
o mexanusMe ¢popmuposanus cinoes [IK B nporiecce anonupoBaHust KPEMHHEBBIX TUIACTHH Pa3InIHbBIX
KpHucTamiorpapuyeckux opueHTauui. llomyueHHble mpu aHOOMPOBAHWU KPEMHHUSI C OpHEHTaLHeH
(111) cmom IIK wMmerOT MeHbIIME TONIIWHBI, YeM CJIOM, MOJNYYEHHbIE B TEX JK€ pEeKUMax
aHopupoBaHus Ha kpeMHuH (100). 310 roBOpUT O MeHbILEH ckopocTH pocTa cioeB 11K Ha kpemHMM
c opuenTarnueit (111).

Ilomumo  moBbIIEHHOW  ckopocTH  pocra, IIK, momywaemslii Ha  IUIacTHHaX
¢ kpucrayutorpadudeckoii opuenranueir (100), obmamaer MeHbIICH MOPUCTOCTHIO MO CPABHEHHIO
c ero anajiorom Ha kpemHuu ¢ opuenrammeir (111). Kpome Ttoro, mopucrocts ITK Ha rmmacTuHax
c opueHtanuerd (111) cunbHO wu3MeHseTca (yBETMYMBAETCS) MO MEpe YBEIWYCHUS TOJILUHBI
nopucroro ciost. [nsa kpemuus (100) ator 3¢dexT Takke HMeEeT MECTO, OJHAKO H3MEHEHHue
MTOPUCTOCTH C YBETMYEHUEM TOJILIMHBI TOPUCTOrO CJI0sI HE TAKOE 3HAUUTEIBHOE.
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YcranoBneHo, uto mpu ¢opmupoBanuu cioes [1K na kpemuuu (100) kaHaNmBI IOp UMEIOT (OpMY,
OJM3KYIO K IMJIMHAPUYECKOH, U IMaMeTp KaHaJIoB MOp MPaKTHYeCKH He u3MeHsiercst o tonumae ciost [1K.
[pu 3TOM yBenuueHHE TIIOTHOCTH TOKA aHOAWPOBAHHS MPUBOJXT K YBETHMUYCHUIO JMaMeTpa KaHAIOB IIOp,
a MX KOJIMYECTBO B pacyueTe Ha eJUHHIy aHOAMPYEMOW IUIOMIAAM KPEMHHS MPAKTUYECKH HE W3MEHSETCS.
['maBHOM OCOOCHHOCTBIO CTPYKTYp, (hopMupyeMbix B KpemHuu (111), sBIsieTcss TO, YTO MOPHI UMEIOT
JPEBOBHIHYIO (DOpMY € OOJBIIMM KOTMYECTBOM OOKOBBIX OTBETBJICHHUI OT LIEHTPa KaHAJIA.
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Abstract. The article is devoted to assessing the intelligibility of the Kazakh speech when it's masked
by combined signals, including «white» noise and speech-like signals. The phonetics features of the Kazakh
language have been considered taking into account the law of syngarmonism and the spectrum differences
of speech in the Kazakh language and speech inthe Russian language. A technique for assessing
the intelligibility of the Kazakh speech when it's masked by «white» noise and speech-like signals is proposed.
The aim of the work is to analyze well-known methods for speech intelligibility assessing and applying these
methods to assess speech intelligibility in the Kazakh language, taking into account masking by its combined
signals. Due to the fact that the use of the articulation method of assessing intelligibility for the Kazakh speech
requires a dependence of intelligibility on the articulation index for this particular language (the application
for the Kazakh language has not been experimentally tested), the use of the formant approach to speech
intelligibility assessing will be examined in more detail. The curried out experimental studies of the spectral
density of speech in the Kazakh language made it possible to obtain it's approximate dependence
on the frequency and take into account the phonetic features of the Kazakh speech when assessing the security
of the speech information using the formant method.

Keywords: combined masking signal; security of voice information; «white» noise; speech-like signal.
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Introduction

A sufficient number of methods for assessing speech intelligibility on the background of noise
or masking signals have been developed. There is an International Standard. All such methods might
be divided into two classes: methods based on the formant approach (formant method) [1, 2]
and methods based on the using of the articulation index (articulation method) [3-5]. The formant method
has been developed for the Russian language. It was primarily aimed at ensuring the quality
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of the speech transmission over communication channels. The articulation method and the articulation
index were developed in Bell's laboratory to ensure the quality of communication in aviation
technology and was oriented to the English language. Both formant and articulation methods
for assessing speech intelligibility have been developed for areas of speech intelligibility above 50 %
and after significant improvements they found application for areas of speech intelligibility of several
percent for solving problems of protection of the speech information.

The essence of the formant method for speech intelligibility assessing is to find the sum
of speech intelligibility in each of the bands of the speech frequency range. Such an assumption is
possible if the signal and the masking noise at these frequencies are independent. Formant speech
intelligibility is calculated from the expression [1, 5].

k
A=Y pW(E), @
k=1

where k is frequency band number for which formant speech intelligibility is calculated;
P« is the probability of the formants location in the k™ frequency band; w(Ex) is speech perception
coefficient as a function of signal-masking noise ratio in the k™ frequency band; Ex is the ratio
of the level of the speech signal in the k™ band to the level of the masking signal in this frequency
band.

The probability of formants finding in the k™ band is calculated by the distribution function
of formants in the speech frequency range and is determined from the expression [1]

Pk = F(fhi) = F (i), @)

where F(fn) and F(fik) are frequency distribution functions of formants at the highest and lowest
frequencies of the k™ band accordingly.

The articulation method for assessing speech intelligibility is based on the calculation of the
articulation index for a given frequency range.

In the works [4,] it has been proposed to evaluate the security of the speech information using
indicators of intelligibility, audibility and cadence (rhythm). It has been proposed to calculate of the
speech intelligibility through the SNR or SPI indicator, using signal-to-noise ratios for 16 1/3 octave
frequency bands [4, 5, 7, 8]. SNR is determined from the expression

5000
SNR= f:zm[l_ts(f)—l_n(f)]/m,ds @A)

where Lg(f) is the level of the speech transmitted to the position of the disturber;
Ln(f) is the level of the external noises on the position of the disturber.

The sum (3) is defined for each of 1/3 octave bands with an average frequency f.

The value in square brackets of the expression (3) couldn't be less than —32 dB.

If the signal-to-noise ratio in a particular frequency band is less than —32 dB, then this value
is significantly lower than the auditory threshold and such extremely low values will inappropriately
exaggerate the speech confidentiality degree. Therefore, it is necessary to limit the values of the difference
in signal-to-noise levels in each 1/3 octave frequency band with a value of at least —32 dB.

In this case, the transition from the values of the SNR parameter to the indicator of speech
intelligibility is performed using the dependence presented in graphical form. However, this
dependence is characteristic of the English speech and the application of this dependence for other
languages, including Kazakh, characterized by own phonetic specificity, is very problematic.

Assessing the security of speech information by the parameter speech intelligibility
for languages other than Russian and English using the considered methods could introduce a system
error due to differences in the speech spectrums of for different languages. In addition, different
distributions of languages phonemes on the frequency range will also impact to the speech
intelligibility. The differences in the speech spectrums for 12 languages have been studied in [7].
The significant differences both at low and high frequencies have been shown.

Research and comparison of formant properties of the Ukrainian and Russian speech have
been performed in [8, 9]. It was found that when signal-to-noise ratios are small and levels of sound
pressure of the speech signal are high, intelligibilities of the Russian and Ukrainian speech are almost
the same, but when signal-to-noise ratios are large, intelligibility of the Ukrainian speech is noticeably
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lower. In this case, the formant method for speech intelligibility assessing was used. When signal-to-
noise ratio is small, the same intelligibility for the Ukrainian and Russian speech is due
to the influence of the factor that the speech apparatus of the speakers is formed in the conditions
of bilingualism and they equally easily know each language.

If the phonetic structure and intelligibility indicators of the Ukrainian and Russian speech are
close, then it is necessary to take into account the phonetic features of the Kazakh language, when
assessing intelligibility of the speech in this language. In addition, the existing methods for speech
intelligibility assessing, discussed above and used in voice information protection systems,
are focused on the use of the masking signal — «white», «pink» or another type of noise. The use
of combined masking signals in modern voice information protection systems imposes its own
characteristics on the speech intelligibility assessment as an indicator of the security of speech
information [10-14] and was not reflected in the publications.

Combined masking signals

Combined masking signals used for the speech information protection from leakage via
technical channels usually contain a noise component in the form of «white» noise and speech-like
signals formed based on the structural units of speech taking into account the probability distribution
of their appearance in a given language [11-13].

Quite often, it is recommended to use «pink» noise as a noise component — it's a noise whose

spectral density decreases with increasing frequency according to dependence f,/ f_, where f, is

low frequency value of the noise; f_ is current frequency value [15, 16].

An important requirement for masking signals is the requirement that they are generated
randomly, i.e. that «white» noise is generated due to thermal noise of semiconductor devices or other
nature of physical noise. This requirement is due to the need to exclude any possibility of cleaning the
noise from intercepted acoustic signals.

Speech-like signals intended for masking speech information are similar in their formal
properties to continuous speech, however, there are temporary sections where the speech-like signal is
absent (as well as in natural speech). These sections should be filled with a noise signal to exclude
gaps and cases when information signal has got empty temporary sections which are not filled with
noise.

Such approach to the formation of speech masking combined signals provides higher levels of
security of the speech information, as the difficulty of isolation and processing of any signal increases
when interference (combined masking signals, including speech-like signals) becomes closer to the
protected signal in shape and frequency. Therefore, one of the promising options for the formation of
masking speech-like signals is their formation on the base of the structural units of the speech of the
speakers, whose speech signals require an increased degree of protection. Moreover, the formants of
the protected speech signals and the formants of the masking speech-like signals are difficult to
distinguish.

The method of synthesis of speech-like signals in the Russian and Belarusian languages
should be used as a base for the formation of speech-like sequences in the Kazakh language.
The features of the formation of speech-like sequences in the Kazakh language are associated with the
law of syngarmonism (harmony of vowels and harmony of consonants). Only hard or only soft vowels
can be combined in a word of the Kazakh language. Words of foreign origin (Arabic, Persian and
Russian) could contain both soft and hard vowels. A restriction on the use in one word (in the root of
the word and derivative bases) of either soft or hard vowels was applied when forming speech-like
sequences of the Kazakh language. Consonant assimilation is used for voicing and deafness. If the last
sound of the root of the word is deaf or ends in voiced b, v, g, d, then the initial consonant sound of
the affix is deaf. If the last sound of the root of the word is dull consonant g, k, p and the initial affix
sound is vowel, then the deaf g, k, p go into g, g, b. Sound a is not used in words with vowels 4, e, i, 1,
u, as well as with soft consonants g, k.

Sound g is not used at the beginning and at the end of the Kazakh language words
and in combination with vowels a, o, u, y. It is not used in words and in combination with strong
consonants g, x. L is written at the beginning of the Kazakh language words, but not pronounced,
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therefore, it is not used at the beginning of the words of the speech-like sequences. The sound o is not
used at the end of the Kazakh language words. These features of the Kazakh language have been when
forming of the speech-like sequences, which were converted into acoustic speech-like signals to mask
speech. Speech-like signals also could be formed as a dialogue of negotiators. At the same time, the
ratio of the speech-like signal to the masking «white» noise should be —6 dB. It provide the case when the
level of consonant sounds in speech-like signals exceeds the vowels sound in speech information signal.

It is difficult to evaluate analytically the intelligibility of speech masked by combined signals,
as the ratio of the speech signal to the combined noise will change over time within small limits and it
is necessary to take into account the probability of coincidence of the formants of the speech signal
and the formants of the speech-like interference. Therefore, the most acceptable solution is to use the
limit state method in calculations and to take into account the specific features of the phonetics
of the language.

Method for assessing the intelligibility of Kazakh speech and experimental results

The phonetics features of the Kazakh language, which may affect the intelligibility of the
speech in this language, compared to the Russian and other languages, are as follows.

The law of syngarmonism of the Kazakh language is that the vowels of the Kazakh language
can be hard or soft. In one word, the vowels can be either hard or soft. Solid vowels are a, o, u, y. Soft
vowels are e, d, ¢, u, i. Experimental studies have shown that the sound pressure level of the words
spoken with soft vowels are lower on 1 dB than words the sound pressure level of the with hard
vowels. Moreover, the number of words with hard vowels in the Kazakh language is 59 %, and the
number of words with soft vowels is 41 % (data obtained from the texts analysis).

The feature of the speech signals is that they have a formant character. Formant is the area
of the frequency band in which the main energy is concentrated when pronouncing a certain vowel
phoneme. For each vowel phoneme, the number of formants could range from 3 to 5. If consonant
sounds have an energy distribution over a frequency band, then vowel sounds are characterized
by a concentration of energy in certain areas of the frequency band.

Experimental studies of the energy characteristics of vowels and consonants, deaf and voiced,
hard and soft sounds has showed that the energy performance of vowels is about 70-78 dB with a rms
sound pressure of 70 dB. In this case, stressed vowels are pronounced at a sound pressure
of 73-78 dB. For hissing and whistling sound without clearly expressed formants in the spectrum are
characteristic pressure values are 58-63 dB. Speech intelligibility is determined by the relationship
between informational speech signals and the level of masking noise with speech-like signals.

The combination of vowels and consonants pronounced with an increased level of sound
pressure strongly influents on the speech intelligibility. Vowel sounds are formed on the base
of vibrations of the vocal cords and have a greater power than consonants, which are formed by
modulating the air stream. The intelligibility of consonants is not the same. The intelligibility of sonor
consonants is higher than hissing ones, and the intelligibility of solids consonants is higher than soft
ones. To account for the above mentioned phonetic features of the Kazakh language, experimental
speech amplitude spectra were carried out in the range from 100 to 8000 Hz, performed for a sample
of 14 people. Fig. 1 shows the averaged amplitude spectra of speech in the Kazakh language (lighter
dependence is for a female voice, darker dependence is for a male voice).

However, using such dependencies when performing calculations is not entirely convenient.
Soin [17] it's proposed to approximate the spectral density of the Russian speech in the frequency
range from 200 to 5000 Hz by the dependence

p-o: 1 1
= +

S& ((D) ) (4)

T | p®+( —03)2 p? +(0p +®)°

where p = 1.14-10°s ™, mo=2.98 s* (fo = 210 Hz), ois the speech dispersion.

In this case, wo=2.9810% s characterizes the frequency near which the maximum
of the spectral density of the sound pressure of the speaker's speech is located, and the first term,
taking into account the coefficient p=1.14-10° s, is the degree of the maximum manifestation.
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The second term characterizes the decrease of the spectral density of the sound pressure of speech
with increasing frequency. The choice of specific approximations is determined by the nature
of the dependencies, which are close in appearance to the class of widely used functions. On the other
hand, the approximation coefficients should have their own physical interpretation.

Comparison of this dependences with the speech spectrum presented in Fig. 1 showed that they
cannot be used for the Kazakh language. In this regard, the amplitude spectra of the Kazakh language
speech were averaged for 14 speakers. The averaged dependence is shown in Fig. 2.
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Fig. 1. Speech spectrum of Kazakh speakers when reading a text in Kazakh
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Fig. 2. Averaged amplitude spectrum of the Kazakh language speakers' speech
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According to the results of the experimental studies performed for a sample of 14 people, the
amplitude spectrum of the Kazakh speech, presented in Figure 2, could be approximated for the
frequency range from 100 to 8000 Hz and for the integral sound pressure level from 6.3-103Pa to 0, 36 Pa
(from 50 to 85 dB) in this frequency range. The approximation is realized by the expression

1 1
p+K%—fN+p+(%+f)' ®)

where p = 100 Hz, P is the sound pressure level of speech in the frequency band from 100 to 8000 Hz
expressed in Pa, fo= 225 Hz, K is proportionality coefficient.

In this case, fo = 225 Hz characterizes the frequency near which the maximum of the spectral
density of the sound pressure of the speaker's speech. Coefficient p is close to the value of the
frequency of the fundamental tone. The proportionality coefficient has a dimension of
s¥2 and is equaled to 0,0585 s™2. The first term, taking into account the coefficient p = 80 Hz,
characterizes the severity of the maximum in the speech spectrum. The second term characterizes the
decrease in the spectral density of the sound pressure of speech with increasing frequency.

The spectral density of the speech signal at the places of speech intelligibility assessing
outside the room is determined from the expression

1 1
p+K%—fﬂ+p+(%+f).de)

where K.(f) is speech transmission coefficient as a function of frequency (room soundproofing).
The spectral density of the combined masking signals is determined from the expression

S(f)=p-P-K

Si(f)=p-P-K 6)
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1 N 1
p+‘(f0 - f)‘ p+(f, +f
where Sun is spectral density of «white» noise in the speech frequency range (this value is constant);
Pq is sound pressure level of speech-like signals in the frequency band from 100 to 8000 Hz.
The affiliation indexes of the spectral density of speech and speech-like signals are not used
in expressions (6) and (7), as they are the same in nature depending on the frequency, but differ
in amplitude due to different levels of the speech signal and the speech-like signal P and Ps.
The spectral density of masking noise is constant over time for the white noise component at all
control points. The spectral component of the speech-like signals at the control points changes over
time and is redistributed in frequency in accordance with expression (5). In this case, the amplitude
of the spectral components of speech-like signals significantly exceed the amplitude of the spectral
components of «white» noise (by 612 dB in the frequency range up to 500 Hz), but they are short-
term at a given frequency. It should be noted that if the speech-like signals are formed on the base
of the allophone of the speaker whose speech is necessary to protect, then the probability
of overlapping of the frequency components of the information signal by the frequency components
of the speech-like signal is much higher, as the formants of a certain phoneme of the information
signal, for example, phonemes a, exactly coincide with the formants masking speech-like phoneme
signal a, because the first and the second phonemes belong to the same speaker.

Speech intelligibility assessment for information security systems should be performed
according to the limit states. It is indicated in [18] that the intelligibility limit is —18.5 dB,
and to ensure complete security of speech information, the signal-to-noise ratio should be —27 dB
(taking into account the burst nature of speech).

The averaged spectral components of the speech-like masking signal and the protected speech
signal have approximately the same value if the sound insulation is uniform in frequency
and the generated noise is close to dependence (5).

Formal speech intelligibility is determined from the expression

A=§pk'W(% ) ®
k=1 ms

where px is the probability of finding formants in the k™ frequency band in case of band-
frequency analysis; W(Si/Sms) is speech perception coefficient and the ratio of the speech signal and the
masking signal in a given frequency band.

Verbal speech intelligibility could be determined by formant speech intelligibility using
the expressions presented in [2]. In addition, as Bradley points out, when protecting voice information,
it's necessary totake into account intelligibility, recognition (coding) and audibility. Recognition
is the case when speech intelligibility is absent but can be determined by the speaker's timbre
if the auditor is familiar with the recordings of this speaker. The auditor will hear what the preset
speaker is saying, but it is not clear whether it is an information signal or a speech-like masking noise.
S.J. Bradley has showed in [4] that the probability of increasing the signal-to-noise ratio depends
on the level of background noise at different times of the day. Since speech and noise level vary
from moment to moment, therefore, the actual intelligibility of speech will similarly change over time.

Sms(f)ZP'Psl K

) +Swn (7

Conclusion

The curried out experimental studies of the spectral density of speech in the Kazakh language
made it possible to obtain it's approximate dependence on the frequency and take into account
the phonetic features of the Kazakh speech when assessing the security of the speech information
using the formant method.
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AnHoTtanus. llenb paboThl 3aKiII0YaNach B HCCIEIOBAaHUN AMAIEKTPHUECKOM MPOHUIIAEMOCTH U TaHT'€HCA YIiia
JMDJIEKTPUYECKUX MoTeph IUieHOK BaTiOz B KOHIEHCATOPHOH CTPYKTYpe, CHOPMHPOBAHHOH 30JIb-I€Nb
MerogoM Ha momokke Si/TiOy/Pt. OcHoBa maHHOTO KOHIEHCATOPA MPEACTaBISCT COOOM YETBIPEXCIONHYIO
IUICHKY KCeporeys TUTaHaTa Oapus TommuHON okono 200 HM. IlneHka cCHHTe3MpOBaHA 30M1b-TEIb METOIOM
npu Temreparype okondarenbHoro omkura 750 °C. beuM pelieHbl 3alaud, CBsSI3aHHbIE C pPa3pabOTKOi
METOAUKH (HOPMHUPOBAHHMS MHOTOCIOWHBIX KOHIEHCATOPHBIX CTPYKTYp, HCCIENOBAaHHEM MOP(OIOrHYecKoro
u ¢asoBoro cocraBa mieHkd BaTiOsz, a Tawke ¢ HW3MEpeHHEM 3HAYCHHH BOJBT-(hapagHbIX XapaKTEPHCTHK
B quanazone yactor 10 k' — 2MI'n. Mopdosorust nonydeHHONW KOHICHCATOPHOM CTPYKTYpBI UCCIIEIOBANIACH
METOJIOM PACTPOBOM AIIEKTPOHHOM MuKpockornuu Ha yctanoBke HITACHI S-4800. PentrenonudpakunoHHbIe
HCCIIEOBAaHMS TPOBONWINCh HA aBTOMaTH3MpoBaHHOM mudpakromerpe JPOH-3 ¢ wucnonp3oBaHneM
MoHoxpoMmatudeckoro CuKo-m3mydenus. Bonbr-dapagHele  XapaKTEpUCTUKH IONYYEHBl C  ITOMOILIBIO
aHaJIM3aTopa MOJYNPOBOJHHUKOBBIX mprOopoB B1500A. 3HadeHus IUIJIEKTPUYECKOH MPOHHUIIAEMOCTH
U TaHT€HCa yIila AWAJIEKTPHYECKHX IOTephb, BBIUKCICHHBIC UL PE3YyIbTaTOB M3MEPEHUH €MKOCTH, M3MEHSIOTCS
cnemyronmM odpasom: npu HarpspkeHnu cMmertennss U =0 B mmenenue € cocrasnster 232-214, u tgd — 0,022-0,16,
a npu HanpspkeHnu cmenieHus U = 10 B u3menenue € npoucxonut B auanasone 135-124 u tgd or 0,02 mo 0,1.
IMonydeHHBIE YaCTOTHBIC 3aBUCHMOCTH AMINICKTPHYCCKOH MPOHHIAeMOCTH IuieHOK BaTiO3 mokaseBaroT
CHIDKEHHE IUAIEKTPHUECKOr mpoHunaeMocTd B uHTepBaie 10 k[ — 2 MI'. OGHapyXeHO, 4TO TPH TOIIIHHE
rrenkd BaTiO; menee 100 HM TOHKOIIIEHOYHBIN KOHAEHCATOP C HIDKHHM BJIEKTPOIOM M3 TUIATHHBI HE BCET/a
(bopmupyeTcs, YTO MPEANONIOKUTEIFHO BEI3BAHO ITYHTUPOBAHHEM CTPYKTYPBL

KnroueBbie coBa: 3011b-TeIb METON, TUTAHAT Oapusl, KOHACHCATOP.
KondaukTt uHTepecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Baarogapaoctu. ABTOpHI BhIpaxaroT Omaromaprocts C.M. 3aBanckomy u [.A. T'omocoBy 3a ¢opmupoBanue
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74



Hoknansr BI'VUP DokLaby BGUIR
MNe 18 (1) (2020) No. 18 (1) (2020)

CONDENSER STRUCTURES BASED ON BARIUM TITANATE FILMS
FORMED BY SOL-GEL METHOD

PAYRAV A. KHOLOV?, NIKOLAI V. GAPONENKO!, KSENIYA V. SHAIDAKOVA',
VLADIMIR I. KRYMSKI? VICTOR A. FILIPENYA? TATIANA V. PETLITSKAYA?,
VLADIMIR V. KOLOS? ALEKSANDR N. PYATLITSKI?

!Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
2JSC “INTEGRAL” — “INTEGRAL” Holding Managing Company (Minsk, Republic of Belarus)

Submitted 27 December 2019
© Belarusian State University of Informatics and Radioelectronics, 2020

Abstract. The objective of the work is investigation the dielectric permittivity and dielectric loss tangent
of BaTiOs films in a capacitor structure formed by sol — gel method on a Si/TiOx/Pt substrate. The basis of this
capacitor is a four-layer film of barium titanate xerogel with a thickness of about 200 nm. The film was
synthesized by sol-gel method at a final annealing temperature 750 °C. The problems related to the development
of method of forming multilayer capacitor structures, the analysis of the morphology and phase composition
of BaTiOs film, and also the measurement of the capacitance-voltage characteristics in the frequency range
10 kHz — 2 MHz have been solved. Morphology of the films was analyzed using a Hitachi S-4800 scanning
electron microscope. X-ray diffraction spectra was recorded using a DRON-3 automated diffractometer, using
monochromatic CuKa radiation. Capacitance-voltage characteristics were obtained using a B1500A
semiconductor analyzer. Dielectric constant and dielectric loss tangent, calculated for capacitance
measurements, are changed as follows: for a bias voltage of U =0V, the change in ¢ is 232-214, and tand
0.022-0.16, and for a bias voltage of U =10V, ¢ occurs in the range 135-124 and tand from 0.02 to 0.1.
The obtained frequency dependences of the dielectric constant of BaTiOj3 films show a decrease in the dielectric
constant in the range of 10 kHz — 2 MHz. It was found that, with a BaTiO3 film thickness of less than 100 nm,
athin-film capacitor with a lower platinum electrode is not always formed, which is probably caused
by shunting of the structure.

Keywords: sol-gel method, barium titanate, capacitor.
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BBenenne

Turtanat OGapus (BaTiOs) mpencraBmseT HaydyHO-TEXHWYECKHI HMHTEpPEC KaK MaTepuai
C BBICOKOW JU3JIEKTPUYECKON MPOHUIIAEMOCTHIO, BBICOKUM IOKa3aTeIeM MPENOMIICHHUS B ONTHYECKOM
IMana3oHe M KaK CETHETOANEeKTpHUK. [ImeHkw TuTaHata Oapus IMONydaroT Ja3zepHou abmsmumeid [1],
MOHHO-TTy4eBBIM HUcTHapeHueM [2], 3omp-renb cuHTe3oM [3, 4] u ap. Cpemu pa3mTUYHBIX METOIOB
MOJTy4eHHUs] IJICHOK THUTaHata Oapus BBITOAHO BBIACNISAETCS 30/b-T€b TEXHOJIOTHS, KOTOpas
o0ecrieunBaer CTEXHMOMETPUYECKUH KOHTPOJIb, YTO IIO3BOJISIET H3MEHSTH CBOWCTBA IUICHOK,
CPAaBHHUTEIBHO HEBBICOKYIO TEMIIEpaTypy CHHTE3a, BO3MOXKHOCTH (OPMUPOBAHHUS TOKPHITUI
Ha Oonpmiol r1utomanu. PasBuBaroTcs TexHomoruu (OpPMUPOBaHMSA IUIGHOK THTaHaTa Oapus
1U1st OPITTOBCKHUX 3€pKall, MUKPOPE30HATOPOB 1 GuiibTpoB ociadienus UK usnydenus [4-9].

B nannoii pabore mccnenoBaHbl (a3oBblii cocTaB, Mopdonorus ToHKuX IuieHok BaTiOs,
MOJTYYEHHBIX 30Jb-Telb MeTOIOM Ha cTpykrype Si/TiOx/Pt, n3MepeHsl 3HaUEHUS JUAIEKTPUUECKOM
MPOHULIAEMOCTH € M TaHTEHCA yIila AUAJIEKTPUUECKUX MOTeph tgd KOHAeHcaTopa, ChOPMUPOBAHHOTO
Ha ocHoBe mieHoOKk BaTiOs, B guamaszone yactoT 10 x['m—2 MI'1y B 3aBUCUMOCTH OT H3MEHEHHS
HanpsbxeHus: cmerenus 1o 10 B.
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MeToanka npoBeaeHu s IKCIIEPUMEHTA

Hnst hopmupoBanust miueHok BaTiOz ObuH IPUTOTOBIIEHBI 3071 C KOHIEHTpanued 60 Mr/mir
B pactBOp M30mponokcuaa THTaHa W YKCYCHOH KHCIOTHI NOOAaBHIIM aneraT Oapus, Mocjie MOJHOTO
PacCTBOPEHUST KOTOPOro OBbLI TONYYEeH YCTOMYUBBIM IUICHKOOOpasyromui 301b. Jlanee meromom
ueHTpudyruposanus (ckopoctb 2700 06/muH, Bpems 30 ¢) 3011 HaHOCKIICSA Ha mooKku Si/TiOL/Pt,
3aTeM KaIbld cioii monBepraincst cymke (temmepatypa 200 °C, Bpemss 10 MuH) W OTXUTY
(temmneparypa 750 °C, Bpems 60 mun). J[ys nony4deHus] KOHACHCATOPHOH CTPYKTYPBI ObLIH HAHECEHBI
BEpXHUE 3JIEKTPO/IbI U3 HUKENS, AUaMETP KOTOPBIX COCTaBUI 322 MKM.

Mopdornorust monydeHHONH KOHICHCATOPHON CTPYKTYPBI MCCIIEOBAaCh METOIOM PACTPOBOM
anekrpoHHoil mukpockonuu (POM) Ha ycranoBke HITACHI S-4800. PenrtrenomudpakivoHHbIe
WCCIIeIOBaHUs TIPOBOJIMIIMCH Ha aBTOMaTH3upoBaHHOM audpakromerpe JIPOH-3 ¢ ucnonszoBanuem
MoHoxpomatudeckoro CuKao-uznydenns. BonbT-hapagHbie XapaKTepUCTHKH MOTYYEHBI C TOMOIIBIO
aHaM3aTopa MoIyMpPOBOJHUKOBEIX prbopoB B1500A.

PesyabTaThl U X 00Ccy:KIeHHE

POM-uzobpakenre CPOPMUPOBAHHON KOHAEHCATOPHON CTPYKTYpHI TOKa3aHo Ha pwuc. 1.
TorHa IIEHOK TUTaHATa Oapus MOCIe TEPMOOOPaOOTKH cocTaBisieT npuOIM3uTeaIbHO 200 HM.

15.0kV x80.0k SE(U)
Puc. 1. POM-m30o6paxeHne KOHICHCATOPHON CTPYKTYPHI C YeThIPEXCI0MHON ieHkoi BaTiOs Ha mommoxke SifTiO /Pt
Fig. 1. SEM image of a capacitor structure with a BaTiO3 four-layer film on a Si/TiO/Pt substrate

POM-u3obpakeHue IUICHKA TUTaHata Oapust ¢ anekTpomamu u3 Ni, auaMerp KOTOPBIX
COCTaBHII 322 MKM, MPEACTABICHO Ha PUC. 2, a. DIEKTPO/bl ObUTH cHOPMHUPOBAHBI METOJIOM HOHHO-
Jy4eBOro HMCIapeHus depe3 Macky. [lns m3MepeHHWi HMCHONB30BANNCH IAapbl KOHTAKTOB MEHBIIHN
3IIeKTPOA/00bInHiA d5ekTpo (puc. 2, b).

a b
Puc. 2. POM-u300pakeHre KOHTAKTOB W3 HUKEISI Ha IUICHKE THTaHaTa Gapus (a)
U cxematu4yHoe m306paxkeHue crpyktypsl Si/TiO/Pt/BaTiOs/Ni (b)
Fig. 2. SEM image of Ni contacts on a barium titanate film (a) and schematic image
of a Si/TiO,/Pt/BaTiOa/Ni structure (b)

Ha pwuc.3 mnpencraBnena aumdpaxkrorpaMma UETHIPEXCIOWHOW IUIGHKM THUTaHaTa Oapus,
chopmupoBanHoil Ha momnokke Si/TiOx/Pt mpu Temmnepatype omxura 750 °C B TedeHue 60 MUH.
JlauHast qudpakTorpaMmma WLTFOCTpUpyeT Hamuune ¢dassl BaTiOs.
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Puc. 3. JluppaxrorpamMma ueTbipexciioiiHoii crpykTypbl BaTiOz Ha moutoskke Si/TiOx/Pt u3 305
¢ KoHIeHTpanuen 60 Mr/Mi1 ocjie OKOHYATENBHOrO OTKUra rnpu Temmneparype 750°C B Tedenue 60 MuH
Fig. 3. X-ray diffraction pattern of a four-layer BaTiO; film on a silicon/titanium/platinum structure
from sol with a concentration of 60 mg/ml after the final heat treatment at a temperature of 750°C for 60 min

Ha puc. 4 npencraBieHsl BONbT-(GapajHble XapaKTEPUCTUKH KOHJCHCATOPHOW CTPYKTYPHI
c temmeparypoii cuHTe3a 750 °C, modydeHHbIE TPH Pa3IMYHBIX YaCTOTaX H3MEPHUTEIHLHOrO
HanpspDKeHus. HampspbkeHwe TonaBalioch Ha BEPXHUH M HWKHHHM OIIEKTPOABI M H3MEHSJIOCHh
B muamnazoHe 0—10 B ¢ marom 100 mMB. YpoBeHbp m3meputrenpHOro curaaiga 24 mB. M3mepenus
npoBogminck Ha yacrorax 10, 20, 50, 100, 200, 500, 1000, 2000 x['n. M3 rpadukoB BUAHO,
YTO C POCTOM YaCTOThl EMKOCTh IUICHOK THUTaHATa Oapusi yMEHbBINAeTCsi BO BCEM HMHTEpBAC
HaTPSHKCHUS CMEIICHHUS.

8,5x10™ 1
P —— 10 kHz
8,010 =
] I N EEREE 20 kHz
7,5x10™ 50 kHz
] -=== 100 kHz
7,0x10™ 200 kHz
1 - 500 kHz
W 6.5x10™ 1 MHz
© 6ox10°4 N
5,5x10™"
5,0x10™
4,5x10™ 4
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0 1 2 3 4 5 6 7 8 9 10
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Puc. 4. 3aBucumocts emxoctu BaTiOs B KOHIEHCATOPHO#M CTPYKTYpE OT HarpsbkeHus 11t yactor ot 10 K o 2 MI'q
Fig. 4. The dependence of the capacity of BaTiOs in the capacitor structure on voltage for frequencies
from 10 kHz to 2 MHz

PesynbraThl M3MepeHM €MKOCTH MOJNyYE€HHBIX KOHJEHCATOPHBIX CTPYKTYP M BBIYMCIICHHBIC
COOTBETCTBEHHO 3HAUECHUS IUAJICKTPUUECKOW NPOHMIAEMOCTH € M TaHI€HCA YIVIAa JAUAJIEKTPUYECKUX
notepsk {gd npencrasnensl B Tadd. 1 u 2.
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Tadauna 1. [TapameTpsl noy4eHHOI KOHAEHCATOPHON CTPYKTYpHI NpH HanpspkeHnn cmererns U = 0
Table 1. The parameters of the obtained capacitor structure at a bias voltage of U = 0

Yacrora, k11 EmKkocts, x 102 nd TaHreHc yriia Iu3JIeKTpUYeCKUX Jwusnexkrpuyeckas
Frequency, Capacity, x102pF oTepsb, tgd MIPOHHUIIAEMOCTb, €
kHz Dielectric loss tangent, tan 6 The dielectric constant, ¢
10 8,38 0,022 232
20 8,32 0,022 231
50 8,23 0,024 228
100 8,17 0,027 227
200 8,12 0,034 225
500 8,03 0,055 223
1000 7,96 0,09 221
2000 7,71 0,16 214

Tadaumna 2. [lapameTpbl Homy4eHHOI KOHAEHCATOPHON CTPYKTYpHI Ipy HanpspkeHnu cmenienns U = 10 B
Table 2. The parameters of the obtained capacitor structure at a bias voltage of U = 10 V

Yacrora, kI'11 EmKocTb, X 102 TaHrenc yria AM3NeKTPUIECKUX Jwsnextpuueckas
Frequency, nd NOTepb, tgd MPOHUIIAEMOCTb, €
kHz Capacity, x10%pF Dielectric loss tangent, tan & The dielectric constant, €
10 4,87 0,02 135
20 4,84 0,023 134
50 4,80 0,021 133
100 4,76 0,021 132
200 4,72 0,025 131
500 4,67 0,038 129
1000 4,61 0,059 128
2000 4,49 0,1 124

3HAUYCHUST JUDICKTPUUYECKON IMPOHHMIIAEMOCTH M TAHICHCA YIiia JUAJICKTPUYECKUX TIOTepb,
u3MepeHHble B auamnasone 10 k[ip — 2 MI't, W3MEHSIOTCS CASAYIOIMM 00pa3oM: IPH HaIpPSKCHHH
cmemienuss U = 0B wu3menenue € cocraBmser 232-214, tgdo — 0,022-0,16, a npu HanpsoKeHHH
cvmemennss U =10 B wu3MeHeHWE IUIICKTPUYCCKONM IIPOHUIIAEMOCTH IIPOUCXOAUT B JIMATIa30HE
135-124, tgd — or 0,02 mo 0,1. IlomydeHHBIE YACTOTHBIC 3aBUCUMOCTH AMIJICKTPUUYCCKON
npoHuiiaeMoctd 1ieHoK BaTiO3 mMoka3plBalOT CHIKEHHE JUAJICKTPUYECKOH IPOHUI[AEMOCTH
B uaTepBase 10 k['ip—2 MI'u. O6HapyxeHo, uto mpu TonmumHe TwieHkn BaTiOs; menee 100 HM
TOHKOTUICHOYHBIH KOHJCHCATOp C HIKHUM OJJIEKTPOJIOM W3 IUIATHHBI HE Bcerma (opmmupyercs,
YTO MPEANOIOKHUTENHFHO BBI3BAHO ITYHTUPOBAHHEM CTPYKTYPBIL.

3akaouenue

Takum oOpas3om, Oputa chopMuUpoOBaHA MHOTOCIOHHAS CTPYKTypa, coiepxamas 4 cios
Kceporens TuTaHara Oapus TommuHoW 200 HM, TTOMyYeHHas MOCIeIOBaTeIbHBIM HAHECEHHUEM CIIOEB
HeHTpU(yrupoBaHWEM C TEepMOOOPaOOTKON Kaxkmoro cios mpu Temriieparype 750 °C, umeromas
MOTUKPUCTAIUIMYECKYIO  CTPYKTYPY C AHIJEKTPUYECKOW TPOHHIIAeMOCThi0 okomo 120-230
Juist nuanazona yactoT 10 kI['n — 2MI'n u Hanpspkenust cMenenust ot 0 go 10 B.
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BJIMSTHUE TEMIIEPATYPBI BBICTPOI TEPMAYECKOM OGPABOTKH
HA DJEKTPO®U3NYECKHUE CBOMCTBA INIEHOK HUKEJISI HA KPEMHUAU

COJIOBBEB $1.A., IMJIUIIEHKO B.A.
OAO «MHTEI PAJI» — ynpasnsiowas komnanus xonounea « AHTET'PAJI» (2. Munck, Pecnybauxa Benapycs)
THocmynuna 6 peoaxyuio 9 sineaps 2020
© Benopycckuii TocyJapcTBEHHBIN YHUBEPCUTET MH)OPMATUKH U pasnodnekTpoHuku, 2020

AHHOTaHHﬂ. Pa60Ta IMOCBAIICHA YCTAaHOBJICHUIO 3aKOHOMEPHOCTH H3MEHEHHSA YIACJIBHOI'O COIIPOTUBJICHUSA
u BbIcoThl Oapbepa llloTTkn ruieHOk Hukens Ha kpemHuu N-tuma (111) mpu ux ObicTpoidt TepmooOpaboTke
B auanazone Ttemneparyp ot 200 go 550 °C. IlneHku HuKens TONIIUHOW mopsiaka 60 HM HaHOCKITH
MarHeTpOHHBIM PACIBUICHHEM Ha KPEMHHUEBBIE MOUIOKKH C yaelabHbM conportusiieHrem 0,58-0,53 Omxcwm.
Brictpyto TepmooOpabotky mpoBoamwnu B uHTepBasie or 200 mo 550°C B pexxkume TemioBoro OanaHca
o0ydyeHreM O0OpaTHON CTOPOHBI ITOUI0XKEK HEKOTEPEHTHBIM CBETOBBIM IIOTOKOM B Cpelie a30Ta B TeYEHHE 7 C.
TonuMHy IJIEHOK HUKENS ONpEAeNsiid  PacTpOBOM  DJIEKTPOHHOM  Mukpockonueid. IloBepxHocTHOE
COIPOTHBIIEHHE OOPa3LOB M3MEPSUIM  YETHIPEX30HIOBBIM MeTonoM. Bricory Gapbepa LlloTrTku ompenensiun
METOIOM BOJIBTAMIIEPHBIX XapakTepUCTHK. [10Ka3aHo, YTO TPH TeMmIieparypax ObIcTpoit Tepmoobpaborku Ni/n-Si (111)
200-250 °C Ni npeo6pasyercst B NizSi, yBenmuuuasice B Tommmse B 1,15-1,33 pasa, ynensHoe COMPOTHBICHHE
yBenuuuBaerca 1o 26-30 MxOwmxcMm, a Beicota Oapeepa Illortkm ymenpmmaercs c¢ 0,66 mo 0,6 B.
[Ipu Temneparype ObicTpoii TepmoobpadoTku 300 °C TomMHA HMCXOAHOW TUICHKA HHKENS YBEIUYHMBACTCS
B 1,93 pasa, ymensHoe compoTuBieHHe U BeicoTa O6aprepa LlorTku cHmxarores g0 26—-30 MxOmxcem 1 0,59 B,
COOTBETCTBEHHO, 4TO 0O0ycioBimeHo mpeobpasoBaneM NiSi B NiSi u ¢wukcanueii BBICOTBI Oapbepa
MIOBEPXHOCTHBIMH COCTOSIHUSIMU Ha TpaHUIE paszena CHIMIHAA ¢ KpeMHHeM. Breictpas TepmoobOpadoTka mpu
Temnepatypax 350-550 °C nepeBoauT UCXOAHYIO TUIeHKY Hukess B NiSi, yBelnunBaeT ee TONIMHHY B 2,26-2,67 pa3a,
yMEHbIIAeT ee yjaenbHoe conporuBiieHus 10 15-18 mMxOm>cMm, W yBenuuuBaeT BbicOTy Oapbepa lLllorTku
1o 0,62-0,64 B. Haumenbiell 1eeKTHOCTHIO U JTyYIeld BOCIIPOM3BOAUMOCTBIO AJIEKTPO(UINUECKIX CBOUCTB
xapakrepusyiorcst wieHkn NiSi, chopmupoBanHbie GRICTPO TepMOOOPAOGOTKON TUICHOK HHUKEIS Ha KPEMHHH
npu temneparype 400—450°C. Tlony4eHHbIe pe3yabTaThl MOTYT OBITh HCIIOIH30BAHBI B TEXHOJIOTHUH CO3JaHHS
W3/IeNTUIA MHTETrPaJIbHOH SIIEKTPOHUKH C BBIIPSMIIIOIINMHI KOHTAKTaMH.

KnroueBble cjioBa: HUKeNb, CHIMIMA HUKENs, ObICTpas TepMooOpabOTKa, yleabHOE CONPOTHBIICHUE, BBICOTA
Oapnepa.

Kongaukt uHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHU KOH(DIMKTa HHTEPECOB.

Jns murupoBanus. ConoeéB S.A., [Tummmenko B.A. Brimsiare TemriepaTypsl OBICTPOH TEPMUYECKOH 00pabOTKH
Ha 3JIEKTPO(U3MIECKIE CBONCTBA TUICHOK HUKels Ha kKpemunu. JJoxmaasr BI'YUP. 2020; 18(1): 81-88.
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EFFECT OF RAPID THERMAL TREATMENT TEMPERATURE
ON ELECTROPHYSICAL PROPERTIES OF NICKEL FILMS ON SILICON

JAROSLAV A. SOLOVIOV, VLADIMIR A. PILIPENKO
JSC “INTEGRAL” — “INTEGRAL” Holding Managing Company (Minsk, Republic of Belarus)
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Abstract. Present work is devoted to determination the regularity of change of specific resistance and Schottky
barrier height of nickel films on n-type silicon (111) at their rapid thermal treatment in the temperatures range
from 200 to 550 °C. Nickel films of about 60 nm thickness were deposited by magnetron sputtering onto
the silicon substrates having a resistivity of 0.58 to 0.53 Ohmsxcm. The rapid thermal treatment was carried
out in the range of 200 to 550 °C under heat balance mode by irradiating the backside of the substrates
with non-coherent light flux in nitrogen ambient for 7 seconds. The thickness of the nickel films was determined
by scanning electron microscopy. The sheet resistance of the samples was measured by a four-probe method.
The Schottky barrier height was determined from I-V plots. It is shown that at a temperatures: of rapid thermal
treatment of Ni/n-Si (111) 200-250 °C nickel will be transformed to Ni»Si, increasing in thickness
by 1.15-1.33 times, specific resistance increases to 26-30 pOhmxcm, and Schottky barrier height decreases
from 0.66 to 0.6 V. At a rapid thermal treatment temperature of 300°C the initial nickel film thickness increases
by 1.93 times, the resistivity and Schottky barrier height decrease to 26-30 uOhmxcm and 0.59 V respectively
due to the conversion of the Ni.Si into NiSi and the fixation of the barrier height by surface states at the silicide-
silicon interface. Rapid thermal treatment of 350-550 °C transforms the original nickel film into NiSi, increases
its thickness by 2.26-2.67 times, reduces its resistivity to 15-18 pOhmxcm and increases the Schottky barrier
height to 0.62-0.64 V. The minimum defects and better reproducibility of electrophysical properties
are characterized by NiSi films formed by rapid thermal treatment of nickel films on n-type silicon
at a temperature of 400-450 °C. The results obtained can be used in the technology of integrated electronics
products containing rectifying contacts.

Keywords: nickel, nickel silicide, rapid thermal treatment, specific resistance, barrier height.
Conflict of interests. The authors declare no conflict of interests.

For citation. Solovjov Ja.A., Pilipenko V.A. Effect of rapid thermal treatment temperature on electrophysical
properties of nickel films on silicon. Doklady BGUIR. 2020; 18(1): 81-88.

BBenenne

Tonkue crmoum cuaMLUAA HUKENS HAlUIM LIMPOKOE IPUMEHEHHE B TEXHOJIOTHH W3ICIUN
WHTErPaNbHON HJIEKTPOHUKHU B KAUECTBE MATEPUAJIOB HOJUIUAHBIX 3aTBOPOB U KOHTAKTOB K HCTOKaM-
ctokam Tpan3uctopoB B KMOII — texHOmornn ¢ mpoeKTHRIMH HOpMamu MeHee 90 HM Omaromaps
CBOMM HH3KHM 3HAYCHHSM YACIBHOIO M KOHTAKTHOro compotusieHus [1]. Kpome Toro, Huskoe
KOHTAaKTHOE CONPOTUBIICHUE JIe/IaeT JaHHbBIH MaTepHual MepPCHeKTUBHBIM JUIl IPUMEHEHHH B KauecTBE
KOHTaKTHBIX CTPYKTYp B CHJIOBOHM DJICKTPOHHMKE M COJHEYHBIX 3JeMeHTax [2, 3], a BenudnHa Gapbepa
[HorTkn Ha kpemHuu N-Tuna nopsaka 0,63—0,65 B mo3Bossier M HaXOIUTHh NIPUMEHEHHE B KaueCcTBE
Marepuaia BBIIPAMIISIONIETO KOHTakta B cuioBbiX auogax Lllorrku [4]. Haumbonee mmpoko
pacnpocTpaHEeHHBIM METOAOM IONYYEeHUs! CIOEB CUIMIMIAA HHUKENs sBisercs uX Andy3HOHHBIH
CHHTE3 IIyTE€M I10CJIEeI0BATEIbHOIO HAHECEHUS! Ha KPEMHHEBYIO IMOUIOKKY TOHKOW METaJJIMYeCKON
IUIEHKH M TEeMIIepaTypHOil 00paOoTku Aisi GOpPMUPOBAHMS CIIOS CHIIMIMIA TBepAo(ha3HOU peakiuen
¢ kpemHHeM [5]. YuuTeiBas TOT (akT, 4TO B M3CIUSIX CHUIOBOM JJICKTPOHHUKH TPEOyeTcs Moiydyarh
OJHOPOJHBIE M Oe3ledeKTHbIE CIIOW CHIIMLHUAOB OONBLION MJIOMAAHM, TO Hauboiee MOAXOIAIINM
JUISL JaHHBIX LeJied MEeTofoM HarpeBa mnpu ux udQy3sHoHHOM cuHTE3e SBIseTCs OBICTpas
tepmuueckas oopadorka (BTO) [6].

82



JoKianel BI'YUP DokLADY BGUIR
MNe 18 (1) (2020) No. 18 (1) (2020)

Jnarpamma cocTosiHust cicTeMbl Ni-Si COIEpIKHT IeCTh COSAMHEHUI HUKENS ¢ KpeMHHeM [7], HO
npu aupPy3MOHHOM CHUHTE3e s Caydash M30bITKAa KPEMHHs MO0 Mepe YBEIMUYCHHUS TEMIIEPATyphI
TEpMOOOPAOOTKH TOCITEAOBATENbHO 00pa3yroTcst Toabko Tpu ¢aser NipSi, NiSi u NiSi, [5]. Janusie
CHJIMLIMJIBI CYIIECTBEHHO OTJIMYAIOTCSA MEXKAYy COOOW 10 BEIMYMHE YJCIBHOIO CONPOTHBICHUS
(tabm. 1), koropas s ompeaeneHHOW (a3pl CHIMIUIA HUKENIs clabdo 3aBUCHT OT Crocoda
ee oy4eHHs, a ee pa3dpoc B TOHKUX IUICHKaX OOYCJIOBIIEH CKOpee paccessHUeM HOCHTENed 3apsnia
Ha MpHUMECHBIX nedeKTax Hu rpaHuiax 3epeH. OJHAKO MPOTHO3UPOBAHHE COMPOTHBIICHUS CIIOCB
CHJIMLIMJIOB HUKENS Ha KPEMHUHU OCIIOXKHSCTCS TeM (pakToM, 4To Temiieparypa (HOpMUpPOBaHHS TOM
WM WHOW (ha3el CHIMIKAA HUKEIS MOXKET CYIIECTBEHHO pasnuuatees [5, 7]. Hampumep,
HuskoTemneparypras dasza NiSi kak s cranuoHapHOW, TaK M IS OBICTPOH TepMOOOPaOOTKH
[0 IAHHBIM ~ PA3JIMYHBIX HCTOYHHUKOB, MOXeET (OPMUPOBAThCS B HWHTEpBAJC TEMIEpaTyp
or 175 10 300 °C. 11 B TO k€ BpeMs HWXKHUH TpEAeNT TeMmrepaTypbl (OPMHUPOBAHUS CICTYOIIEH
cumanuHo# daser NiSi nexur B ananaszone ot 275 1o 350 °C.

Taobauna 1. 3HaueHus yJaenbHOTO COMMPOTUBIIEHUS INIEHOK HUKENS U €r0 CHIIUIINIOB
Table 1. Values of specific resistance of nickel films and its silicides

VYcnoBus noaydeHus IeHOK y
Conditions for films fabrication JICITBHOC
Ycnosus nuddy3noHHOr0 CHHTE3a COMPOTHBIICHHE
ee - . o IIpYU KOMHAaTHOU
Tonuuia Diffusion synthesis conditions TeMIIEDATYDE
i Temneparypa paType, Hcrounuk
HCXOIHOM IJICHKU MKOMXcM
NI, Tun nporiecca, Bpewmst daza Specific resistance Source
Thicknesls of initial TEPMOOOPaOOTKH °C mpoiiecca | CHIHIUIa at room
Ni film. nm Thermal Process Process | Silicide temperature
treatment type tempsgalture, time phase 1Ohm>xcm
Ni 7-10
Ni2Si 24-30
He ykasatio NiSi 10,5-18 [
NiSi, 34-50
30 CTALORADHAS 400-700 60 MuH NiSi 12 8]
Horap 750800 | 60 mun | NiSi; 35
100 OpIcTpast 500 30 ¢ NiSi 11 [9]

Bricora Gaprepa IlloTTkm HuKens Ha KpeMHUH N-Tuma opueHTarwm (111) Tarke momBepikeHa
CYILIECTBEHHBIM BapHAIMSM B 3aBHCHMOCTH OT KOHIICHTPAITHH JOHOPOB B KPEMHHH, CIIOCO0a ITOIrOTOBKU
MMOBEPXHOCTH, crmocoba M YCIOBHHA (opMHupoBaHWS OaphepHOTO CIIOs, BIMSIOMMX Kak Ha (asy
00pasyroIiero CHIMINAR, TAK ¥ Ha ero KPUCTALINYECKYIO CTPYKTYPY, COBEPIICHCTBO TPAHHMIIBI pa3/ela,
1 OTIPENENSIFONINX B KOHEYHOM nTore Boicoty Oaprepa Lllorrikm [10—-14]. Tax, A7s MIeHOK HAKEINS BBICOTA
Gaprepa IlorTku MokeT JexaTh B mpenenax ot 0,57 mo 0,85 B [10-13], mst mwenok NizSi — B mpenenax
or 0,67 o 0,75 B [5, 10, 12], a my1st ruienok NiSi — B npeaenax ot 0,66 10 0,78 B [5, 10, 12-14].

Takum 00pa3oM, U3MEHEHHS DIICKTPOQU3MYECKUX CBONCTB TUICHOK HUKENS Ha KPEMHHUH
B 3aBUCHMOCTH OT CIIOCOOOB ¥  YCIOBHH HWX TepMOOOpaOOTKH  OKa3bIBAIOTCS  CIIOXKHO
nporuo3upyembiMu. Hacrosiiast pabota mocBsieHa YCTAHOBICHUIO BIUSHUS TEMIIEPATYPhI OBICTPON
TepMOOOPAOOTKM TIJICHOK HUKENsS Ha KPEeMHHM N-TUNA TPOBOJAMMOCTH Ha UX yIeIbHOE
CONPOTUBIICHUE U KOHTAKTHBIC CBONCTBA.

MeToauka npoBeaeHHs IKCIepUMEHTA

[Inenkn HUKens MCXOAHOM ToOMmMHONW mopsinka 60 HM HAaHOCMJIM MarHETPOHHBIM
pacubUleHHEM MHUIIEHH W3 HUKens uuctotod 99,96 % B cpeme aprona uucroroid 99,993 %
npu nasnennn 0,4 Ila Ha ycranoBke SNT «Sigma» ¢ 0Ge3MacisiHOW OTKAYKOM Ha KpPEMHHEBBIE
MOJUIOKKK JABYX THIOB. Ilepen HaHeceHMEM HMKENS TMOUIOKKH IOJBEPrajd XMMUYECKOH OYHCTKE
CHayJaja B pacTBOpPE IUIABHUKOBOM KHUCIIOTHI, @ 3aT€M B MEPEKUCHO-aMMHUAYHOM pacTBope. Ilomnoxku
MEpBOr0 THUMA MPEACTaBISIIM COOOH SHHUTAKCHAIIBHBIE CIOM JIETMpOBaHHOro (ocdopom KpemHus
¢ yaenbHbIM compotuBieHneM 0,58—0,63 Omxcm u TtommmHOM 5,3-5,8 MKM, copMUpOBaHHBIC
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Ha MOIOKKax MoHOKpucTamanueckoro kpemuus 100 KAB 10 (111). [Noanoxku BTOpOro THMa
MPEACTaBISIN COOOM SIMUTAKCHANBHBIE CIIOM C AaHAJOTHYHBIMU MapaMeTpaMyd Ha TOAJIOKKax
MoOHOKpucTajnueckoro kpemuus 100 KOM 0,005 (111), conmepkamye OXpaHHBIE KOJbLA
U BCKPBITHIC B TIOJIEBOM OKHCJIE KOHTAKTHI JJ1s1 (JOPMUPOBAHHS CTPYKTYpBI AnonoB LoTTku pazmepom
kpuctama 1,42x1,42 mm.

3areM MOIIOKKH OOOMX THIIOB MOABEPrasid OBICTPO TepMUYecKoi oOpaboTKe B peKHMe
TEIUIOBOrO OaJlaHca MyTeM OOJIyYEeHHUs OOpaTHOW CTOPOHBI TMOJUIOKEK HEKOTePEHTHBIM CBETOBBIM
MIOTOKOM B cpefie a3oTa B TeueHue 7 ¢ npu TemmepaType oT 200 mo 550 °C. McToyHMKOM HarpeBa
CITy)KHJIM KBapleBble TaJOreHHbBIE JIaMITbl HakajduBaHus. KoHTponb TemmepaTypsl pabodell CTOPOHBI
TIOJIOKKH OCYIIECTBIISUICS TepMOIapoit ¢ TounocTrio =0,5 °C.

Ha mnommoxkax mepBOro THIIA HM3MEPSUTM IMOBEPXHOCTHOE COMPOTUBIICHHE C MOMOIIBIO
ycranoBkn RS-30 ¢ morpemHocteio He Oonee +5 %. BenuuuHy yAeIbHOTO CONPOTHBICHHUS P
(OMX*cM) TIIEHOK HUKENS paCCYMTHIBAIH 11O (hopMmyIie

p=Rs-d, 1)

rie Rs — moBepxXHOCTHOE conmpoTHBIIeHHE 00pasiia, OM/KB., d — TONIMHA TUIEHKH HUKENS HA KPEMHHUH
ocjie TepMooOpPabOTKH, CM.

B cBooo ouepenp, TONIIMHY IUIGHOK HUKENS ONPEENsUId € TIOMOIIBIO pPacTpoOBOTO
anekTpoHHOro Mukpockomna (POM) S-4800 ¢. Hitachi (SImonust) ¢ morpemHocteio He 6oiee + 5%.

Hdnga  moamokek  BTOPOro  TWMa  1ociie  OBICTpO  TepMOOOpaOOTKHM  yoasIsiu
HEMpOpearupoBaBIINe OCTATKH HUKENS C TOBEPXHOCTH IIOJIEBOTO OKUCIA B TEPEKHCHO-CONSHOM
pacTtBope, a 3aTeM IIOCIE/OBATENIFHO HAHOCHIM Ha Pa0Ovyi0 CTOPOHY CJIOM THTaHA TOJIIMHON
0,11 MKM ® cIulaBa aTOMHUHUH-KPEMHUH TONIIMHOW 1,4 MKM W TpH TIOMONIM (OTOIUTOrpaduu
dopMupoBaNKM MeTaJuIM3alUI0 aHozja. Jlamee oOOpaTHBIE CTOPOHBI TIOJUIOXKEK  ITOJBEPraH
nuOBaHUIO 0 OocTaTodHOW TOmMmUHBEI 300 MKM W BBIONHSUIA HAa HAX METALIH3AIMIO KaToda
MOCIIE/0BATENIbHBIM HANBUICHHEM B BaKyyMe CJIOSB THTaHA, CIUIaBa HHUKeIb-BaHAIWH U cepedpa.
[Tocne 3TOro MOANIOKKY pa3fesnsuid Ha OTAENbHBIE KPUCTAJUTBI, KOTOPBIE COOMpPANH B MIaCTMACCOBBIH
kopiryc tumna TO-220.

WsMmepennst BodbTaMIepHBIX xapakTepucTuk (BAX) mpoBoamnnchk Ha  KOMILIEKCE
MPELMU3HUOHHBIX H3MEPEHUI XapaKTepucTHK 3jeMeHTHoH 6asei MUMC B1500 ¢.Agilent (CILIA)
¢ 30H10BON craHmueir Summit 11000 AP ¢upmsr Cascade. Bricory Oaprepa Illortkm ¢s (B)
onpenensuin MeronoM BAX [10] myrem 3KCHOHEHIMAIbHOW alMpPOKCHMAIIMH HAYAJIbHOTO y4acTKa
npsmoit BAX mmona [IOTTKM K OCH OpAMHAT € TIOCIETYIONUMHE pacdeTaMu 1o (hopmye:

KT . [ SA™T?
og =—In| ——— |, (2)
q lo

rae kK — mocrosaHas BonpinMana, paBHas 1 38><1O'23 JxxK?, T — abcomoTHas TeMiepaTypa, paBHas
296 K, q — 3apsan 3J1eKTp0Ha pasmbli 1,602x102% K, S — miomans BEIPSAMISIONIErO KOHTaKTa,
paBras 1,38x10% cM?, A — sddexTuBras mocTosHHas Puuapncona, paBHas 120 Axem ? xK 2,
lo — Tok HaCI:II_LIeHI/ISI (A), ompenmenseMblii TOYKOW TEpecedeHUs MPSMON HKCIOHEHIHAIEHON
armpoKCcUMaluu HayajabHOro yuactka BAX ¢ ocbto opauHarT.

Pe3yabTaThl 1 UX 00CyKAEHHE

1 Tomyuna nnenoxk. Pe3ynabraThl HCCIAENOBaHHA C momoibio POM mokaseiBatoT (puc. 1),
yro bTO mpu temneparype or 200 mo 550 °C nmpuBOAMT K POCTY TOJIIMHBI MCXOIHOW IUIEHKH
HUKENS. DTO CBHIETENBCTBYET O HAIWYMU TBEPAO(A3HBIX B3aUMOACHCTBHH HUKENS C KPEMHHEM
BO BCEM MHTEpBaJIC TEMIIEPATYpP TEPMOOOPAOOTKH.

CpaBHUTENBHBIA aHAM3 OTHOLICHHS TOJIIMHBI [UICHKH HHUKENs Iocie TepMoodpaborku d
K TOJIIMHE TUICHKH MCXOAHOro Hukens do (puc.2) ¢ WM3BECTHBIMH 3HAYCHHSMH JUIsl CHJIMLHIOB
nukens NixSi (d/do=1,47) u NiSi (d/do= 2,2) [1] mo3Bonsier cnenatk BBIBOJ, YTO MPU TEMIIEpaType
BTO nopsaka 250 °C npoucxoauT nonHbli nepexox Hukens B gazy NixSi, a npu temneparype BTO
nopsiaka 350 °C — B ¢a3y NiSi. Takum obpaszom, dasoseiii nepexox NiSi — NiSi ocymiectsisiercs
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B quamnasone temmepatyp BTO ot 250 g0 350°C. B toxe Bpemst poct otHomnenus: d/do 10 3HaYCHUI
nopsinka 2,7 ¢ yBenmueHueM TemnepaTypel BTO go 550-550 °C He nmaer ocHoBaHWl AJsl BBIBOAA
o popmupoanuu ¢asel NiSiz (d/do= 3,61) [1].

[Monyuennsie Temmepatypsl ¢opmupoBanus ¢a3z NiSi u NiSi xopomo cormacyrorcs
C pe3yJbTaTaMH JAPYruX aBTOpoB [5, 7], HO cyliecTBeHHOE (Oosiee, YeM Ha JBa TOPSIKA BETUYMHBI)
yMEeHbIIIEHHE BpeMeHH (OpMUPOBaHUs CHIMIMAHBIX Qa3 npu BTO cBuaerenscTByeT 00 yMEHBIICHUN
SHEPTUU aKTUBAIMH Ipoliecca X 00pa30BaHusI.

10.0kV x100k SE(U)

10.0kV x100k SE(U)

10.0kV x100k SE(U) 500nm

Puc. 1. POM-¢oro monepeuroro ckona obpasiios Ni/n-Si(111): a — ucxoaHast ieHKa HAKES,
b — menka uukesnst nociae BTO mpu temmeparype 200 °C, ¢ — mutenka Hukenst nmocie BTO npu TemmepaType
350 °C, d — mrenka uukens nocie BTO mpu temnepatype 550 °C
Fig. 1. Cross-sectional SEM image of Ni/n-Si (111) samples: a — initial nickel film, b — nickel film after RTP
at 200 °C, ¢ — nickel film after RTP at 350 °C, d — nickel film after RTP at 550 °C
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Puc. 2. 3asucumocts otHomrenust d/do ot temnepatypst BTO
Fig. 2. Dependence of d/do ratio on RTP temperature

2 Yoenvnoe conpomuenenue. YIENbHOE CONPOTHUBICHWE WCXOMHOW TUIGHKH HMKENS
HaxomuTcst Ha ypoBHe 15 MkOmxcwM, (puc. 3) uro B 1,5-2,1 pasa Gosnblie copaBOYHbIX JaHHbBIX [1]
1 00BSCHSETCS pa3MepHBIMHU 3()(heKTaMK B TOHKUX IUICHKAaX HHKeEJs, OOYCIIOBIEHHBIMH PacCesHUEM
HOCHUTEJIeW 3apsiia Ha MPUMECHBIX JAedeKTax W TpaHuIax 3epeH. PocT yaerbHOro compoTHBIIEHHS
1ieHok Hukens npu temiepatypax bTO 200 u 250 °C no 3navyenuit 26—30 MKOM*cM HECOMHEHHO
ABJsieTcs Tpu3HakoM QopmupoBanus (aszer NixSi, 4To XOpomo coriacyercss co CIpaBOYHBIMH
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nanapiMA  [1]. TlpuuemM HauMeHbIIMET pa30pOC  YACIBHOTO COMPOTHBICHUS, HaOIrOIaeMblil
nipu Temnepatype bTO 250 °C, cBuaeTensCcTBYEeT O CTPYKTYPHOW OAHOPOAHOCTH IUIEHOK M MOJTHOM
nepexoze Hukens B ¢asy NizSi, 4To KOppenupyroT ¢ BBIBOJOM, CICIaHHBIM IPU aHAIN3e U3MCHCHUS
TOJILIUHBI TUICHKH HUKESI.

[pu Ttemmepatype BTO 300 °C HaOmiomaercss CHW)KEHHE BEIWYHHBI  yJIEITBHOTO
conporuBieHus 10 20-28 MkOMXCcM, YTO MPOMCXOAMT BCAEACTBHE Hauana mepexoga (aser NipSi
B (hasy NiSi. B muamaszone temneparyp BTO ot 350 mo 550 °C BenuunHa yAeIbHOTO COMPOTHBICHUS
cocraBiser 15-18 MxkOMxcM, 9TO coBIamaer co cripaBodnbivMu ganusivMu st NiSi [1] 1 moaTeepsxaaer
nepexo/l HUKelIsl B JaHHylo (azy. MuHUMaJIbHOE 3HAYEHHE YIEIbHOTO COIMPOTHBIICHHS MOPSIKA
15 MkOMXcM W caMblii MHUHUMAJIBHBIM ero pa3dpoc HaOmomaercs mpu Temieparype bTO 400 °C,
YTO MMO3BOJISIET  cleNlaTh BBIBOA O BBICOKOW CTPYKTYPHOM OJHOPOAHOCTH JIAHHBIX —IUICHOK.
CoOTBETCTBEHHO, HE3HAYMTENBHOE TPEBBIIICHHE JTAHHON BeMMUMHBI 10 16-18 MxOmXcM mipu Temrieparype
BTO 350 °C BbI3BaHO HEIOJIHBIM MEPECTPOCHUEM KPUCTAIMYECKONW CTPYKTYPBI MPH mepexoze dhasbl
Ni>Si B ¢a3y NiSi. Ilpu yBenuuenun temnepatypsl BTO or 450 mo 550° C Ttarxke HabOir0maeTcs
yBeJIMUEHHE 3HAYCHUH YJIeTbHOr0 CONPOTUBIICHUS U UX paz0poca, 4To, Haubosee BEeposSTHO, CBA3aHO
C JaJbHEUIIeH mepecTpoikoil KpucTautueckoi ctpykTypbl ¢as3br NiSi. [Ipudyem He3HAUHTENbHBIN
POCT BETMYMHBI yETBHOTO CONPOTUBIICHUS TAKKE HE TAeT OCHOBAHUH /ISl BBIBO/IA O POPMUPOBAHUN
BbICOKOOMHOH (a3bl NiSio.
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Puc. 3. 3aBUCHMOCTD YJIEIBHOTO CONMPOTUBIICHHS TUICHOK HUKEJISl Ha KpeMHHHU OT Temriiepatypsl bTO
Fig. 3. Dependence of specific resistance of nickel films on silicon on RTP temperature

3 bapvep Illommxu. Beicora Oapbepa ILIOTTKM HCXOAHBIX IUICHOK HHUKEIS Ha KPEMHHH
cocraBmia BenmunHy mopsaka 0,65 B (puc.4), 9ro OKa3ajioch HECKOIHKO BBINIE 3HAYCHUH,
MPENCTABICHHBIX B psijie Apyrux pador, Hanpumep, B [10, 12, 13], u comoctaBuMo ¢ pe3yiabTaTamMu
pabotsl [11], uTo, Hambonee BEpOATHO, OOYCIOBIEHO B OCOOEHHOCTSX MOJATOTOBKH IOBEPXHOCTH
KPEMHHEBBIX TOMIOXKEK Tepen HaHeceHmeMm HuKkend. Bemonnerane BTO mpu temmepatype 200 °C
MPUBOOUT K HE3HAUHTENHHOMY pOCTY BBICOTBI Oapbepa A0 BenmuumHBl mopsiaka 0,66 B,
YTO COMOCTABUMO PE3YJbTaTaMU JUIS TUIEHOK Ni2Si, TOTy4eHHBIMH CTAllMOHAPHON TepMOOOpabOTKOM
npu temieparype 250 °C [12].
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Temnepatypa BTO, °C

Puc. 4. 3aBucumocts BoicOTHI Oapbepa Llortku crpykTypsr Ni/Si ot Temneparypst BTO
Fig. 4. Dependence of Ni/Si structure Schottky barrier height on RTP temperature
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Jns BTO ruteHOK HUKeNs, BRIIOMIHEHHON Tipu TemriepaTtypax 250 u 300 °C, nabmronaercs pe3koe
CHW)KEHHE BBICOTHI Oapbepa g0 3HadeHuidt mopsinka 0,6 u 0,59 B, coorBerctBeHHo. [laHHas BwIcoTa
Oapbepa He xapakTepHa U OTJACIBbHO B3AThIX (a3 cummiumoB Hukeas NiSi wmu NiSi [5, 10, 12-14].
3TO MO3BOMNSIET CAENATh BBIBOA, YTO MpH BhimodHeHWH BTO B maHHBIX YCIIOBHAX BBICOTa Oapbepa
HloTTkm ompeaensieTcsi He CTONbKO (Aa30BBIM COCTABOM IEPEXOAHOTO CIOS CHIUIMIA Ha KPEMHHUHU,
CKOJIbKO HATM4YKHeM JieEeKTOB Ha TpaHUIle pa3jena CUINIUA—KPEMHUI, TeHepalrsl KOTOPBIX BbI3BaHa
CTPYKTYpHO — (a3oBbIMH TmpeBpalieHusMd B IuieHkax Hukens. Jiasg BTO, BeimonHeHHOM
npu Temnepatype 350-550 °C, nabaromaercsi yBennueHue BbICOTHI Oapbepa LLIOTTKM 1O BEMWYHMHBL
0,62-0,64 B. JlanHble 3HAa4YeHUS] MOXXKHO CUMTATh COIOCTABUMBIMH C pe3ylbTaTaMH JPYruxX padoT
anst paser NiSi, cocranstonmu 3HadeHust nopsaka 0,65-0,66 B. Takum o0pa3oM, U pe3yibTaThl
ONpEJIeNICHUsT BBICOTHI Oapbhepa MOATBEPIKAAIOT BBIBOJA O Mepexoje MiieHKH Hukerst B a3y NiSi mpu
temneparype BTO 350 °C. ComocraBjieHre MOMYyYEHHBIX PE3YJIBTATOB HCCICAOBAHUN IO3BOJISIET
clenath BHIBOJ, 4TO B quanaszone temmnepatyp BTO ot 350 go 550 °C dopmupyrorcsi paBHOBECHBIE
Y TEPMOCTAOMIIbHBIC CJIOM MOHOCHJIMITMIA HUKENS ¢ HU3KOU nedekTHocThio. [Ipu 3TOM HauMeHbIneh
e eKTHOCThIO M JIydllIed BOCHPOU3BOAMMOCTBIO DIEKTPOMUZNUECKUX CBOWCTB XapaKTEpU3YIOTCS
IJICHKM CHIIMIIMIA HUKeNs, copmupoBanHble BTO MIeHOK HUKENs Ha KPEMHHH TPU TEMIIEpaType
400-450 °C.

3akjaoueHne

B pabote ycraHOBIEHBI 3aKOHOMEPHOCTH W3MEHEHUS yICTHHOTO COIPOTHUBIICHHUSI U BBICOTHI
O6aprepa IlloTTKM mIIEHOK HUKeENS TOMIMHONW mopsaka 60 HM Ha kpemamm N-tuma (111)
pH uX ObICTpOi TepMooOpaboTke B auanazone Temmnepatyp ot 200 mo 550°C. [Nokazano, 4to ObicTpast
TepMooOpabotka crpykTypbl Ni/n-Si(111) npu Ttemmeparypax 200-250 °C B pesynbrate (ha3oBOro
mepexoma Ni-NiSi IpHBOIUT K yBEIMUYEHHUIO MCXOAHOW IuteHkM Hukens B 1,15-1,33 pasa, pocry
YACIBEHOTO CONPOTUBIIeHHs 10 26—30 MKOMXCM 1 I3MEHEHHIO BEICOTHI 0aphepa LllorTku ot 0,66 mo 0,6 B.

IIpu Temmepatype ObicTpoii TepmooOpaboTtku 300 °C  wmcxomHas IIICHKA HHUKEIS
yBenmumBaercs B 1,93 pasa, ymenpHOE CONpPOTHUBICHHE W BbicoTa Oaphepa IIIOTTKM CHMKAIOTCS
10 26-30 MmxOm>cm u 0,59 B, COOTBETCTBEHHO, YTO 00YCIOBIEHO (ha3oBEIM mepexomoM NioSi-NiSi
1 (uKcanmeil BBICOTHI Oapbepa IMOBEPXHOCTHBIMU COCTOSHHUSIMH Ha TpaHUWIE pasfena CHINIUA-
KpeMHHA. bwicTpas TepmooOpaborka mpu Temmeparype or 350 mo 550 °C  mpuBoauT
K MpeoOpa3oBaHUI0 WCXOAHOW IUIeHKH HuKens B (a3y NiSi M cOmpoBOXKIAeTCs yBETHMYEHUEM
ee TONMHHBI OT 2,26 10 2,67 pa3, YMEHbBIIEHHEM YIENbHOTO conmpoTuBieHus a0 15-18 MkOmXxcm
1 poctoM BeICOTHI Gapbepa IlorTkm mo 0,62-0,64 B. s dopmuposanus cioeB NizSi u NiSi BTO
TpeOyercs Ha /Ba MOPSAKA MEHBIIE BPEMEHH, YeM NpPH CTAlMOHAPHOM OTXKHUTE, YTO OOYCIIOBJIEHO
YMEHbBIIIEHNEM dHEPTUHU aKTUBAIINH MIPOIecca CIITNIII000pazoBanus. B auamazone remnepatyp bTO
ot 350 mo 550 °C ¢opmupyroTCs paBHOBECHBIE U TEPMOCTAOMIIBFHBIEC CIIOM MOHOCHIIMIIAA HHUKENS C
HU3KON nedekTHocThio. [lpn 3ToM HamMeHbInel NeeKTHOCThIO W JIyHYIIeH BOCIPOM3BOAMMOCTHIO
AMEKTPO(U3NIECKUX CBOWCTB XapaKTEepPHU3YIOTCS TUICHKH CHIIMLMIA HUKENs, chopmupoBanHsie bTO
IJICHOK HUKeNs Ha kpemHuu npu temmeparype 400-450 °C. [lomy4yeHHbIe pe3yabTaThl MOTYT OBITH
WCIIONB30BaHbl B TEXHOJOTHH CO3JAHUS W3JEIHI MHTETPATbHOU AIEKTPOHUKU C BBIIPSIMIISIOIIAMHE
KOHTAaKTaMH.
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SJEKTPOMATHUTHBIE U 3BYKOU3OJIAIMOHHBIE CBOMCTBA
KOMBHUHHUPOBAHHBIX KOHCTPYKIIUI DKPAHOB
HA OCHOBE UI'JIOITPOBUBHOI'O MATEPUAJIA
N ®PATMEHTOB AJJIOMUHHUEBOM ®OJIbT'H

X.JI.A. ABJIVIIXAJIU, E.A.A. AJIb-MAILIATT, O.B. BOMIIPAB, B.A. BOI'VIII, A.M. IIPYJIHUK

Benopycckuti 2ocyoapcmeentblii yHugepcumem un@opmMamury u paouodNeKmpoHuKu
(e. Munck, Pecnybnuxa benapycs)

THocmynuna 6 peoaxyuio 9 sneaps 2020
© Benopycckuii TocyJapcTBEHHBIN YHUBEPCUTET MHYOPMATUKH U paanodnekTpoHuku, 2020

Annoranus. [IpeanoxeH crnocod co3maHusi SKPAHOB AIIEKTPOMATHUTHOTO H3JYYEHUs, 3aKITIOYarOLIUNCS
B 3aKpEIUICHHWHM Ha IIOBEPXHOCTH WIJIONPOOMBHOIO  YIIIEPOJCOAEpkKAIero Marepuaia  (hparMeHTOB
QIMIOMUHNEBOH (oibru. B COOTBETCTBMM C MPENOKEHHBIM CIIOCOOOM H3TOTOBJIEHBI 00pa3libl 3KPAHOB.
Hcnonb3oBaHHbIE [TPU ATOM (parMeHThl aTlOMUHHEBON (OIbIU ObUIM B BUJIE MPSIMOYTOJIBHUKOB H IOJYKOJIEII,
rabaputHble paszMmepbl KoTopbix He npesbland 20 MM. C TOMOIIBIO aBTOMAaTH3MPOBAHHOTO H3MEPHTEIS
kod¢¢uinmenroB mnepenaun u otpaxkeHus SNA 0,01-18 mnonydeHbl JKpaHHMPYIOIIHE XapaKTEPUCTHUKU
B quamna3zone 4yactoT 0,7-17 I'T1y oOpa3noB SKpaHOB, HM3TOTOBIECHHBIX B COOCTBETCTBHH C MPEIIOKEHHBIM
crnocodom. C TMOMOLIbIO H3MEPUTENBHOIO CTEHJa, OCHOBHBIMH KOMIIOHEHTAMH KOTOPOI'O SIBJISIFOTCS
MPOrpaMMHBIA TeHepaTop Oenoro IiyMa, YCWIMTENIb MOIIHOCTH, JUHAMHK, LIYMOMEP-CIEKTPOaHAIN3aTOp
MAHOM-2, B nuanazone yacror 20—-16000 I’y momy4eHsl 3BYKOM3OJSIIMOHHBIE CBOMCTBA 00pa3IOB YKPAHOB,
W3TOTOBIICHHBIX B COOCTBETCTBUH C MPEAJIOKEHHbIM criocoboM. [lokazaHo, 4TO BeMUUUHBI KO3 HHUIHUEHTOB
OTpa)keHHs JJIEKTPOMArHUTHOTO W3Ny4eHuss B auana3oHe uwactoT 0,7-17 I'T1 uccienoBaHHBIX HSKpaHOB
usMensoTes B npeaenax ot —0,5 mo —19,0 nb, a BenmuumHbl KO3(dUIIEHTa TEepeaayn 3JIEKTPOMATHUTHOTO
W3JIy4eHHUs B YKa3aHHOM JAuana3oHe 4actoT — oT —2,0 10 —18,0 nb. YcraHoBieHo, 4To 3HaYeHus koddduipenTa
OTpa)keHHsl AJIEKTPOMATHUTHOTO W3dydeHHs B auanazoHe 4dactor 0,7-17 T u 3HadeHuss koddduipenta
nepenavyd  3IEKTPOMArHMMHOIO M3JIydeHWss B auana3oHe dactor 6-17 [T 5kpaHOB, HM3TOTOBIEHHBIX
B COOTBETCTBHHU C MPEIUIOKEHHBIM CIIOCOOOM C HCIOJIb30BAHUEM (ParMeHTOB aTFOMHHHEBOW (OJNBIH B BUJIC
nonykosen, Ha 1,0-6,0 nb Huwke aHANOrMYHBIX 3HAYEHHU OSKPAHOB, H3TOTOBJCHHBIX C HCIOIb30BAHHEM
(parMeHTOB aTIOMUHHEBON (OJILIM B BUJE NPSIMOYTrONbHUKOB. OMpeneNeHo, YTO MCCIeOBAHHBIC SKPaHbI
obecrieunBaroT ocnabienue 3Byka Ha 2-12 nb B muamazone wactor 20-16000 I'm. C yderoM MOMy4eHHBIX
pe3yNbTaTOB JKpAaHbI, HW3TOTOBJCHHBIE B COOTBETCTBUU C TIPEUIOKEHHBIM CIIOCOOOM, PEKOMEHIOBAHBI
JUISL KCTIONTB30BAHUST B LIENIAX  3alUThl  MH(OpMALUM, I[MPKYIUPYIOUIeH B IMOMEIICHHSX, OT YTEYKH
0 aKYCTUYEeCKOMY KaHaNy M KaHaIly OOOYHOT0 JIEKTPOMATHUTHOTO U3JTYUSHHUSI U HABOJIOK.

KnroueBble c10Ba: 5IEKTPOMAarHUTHOE M3JIydeHHUE, SKPaHHPOBAHHE, UIIIONPOOMBHOE MOJOTHO, AFOMHHHEBAS
(ompra, SKpaHUPYIOIINE XapaKTEPUCTUKH, KOA(PDHUIMEHT Teperadyn U OTPasKeHHUSI.

Kongaukt uHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHU KOH(DIMKTa HHTEPECOB.
Jdas uutupoBanus. A6mynxamm X.J[.A., Amp-Mamatt E.A.A, Boitmpas O.B., Borym B.A., [Tpyxauk A.M.

DJIeKTPOMArHUTHBIE ¥ 3BYKOW3OJSIIIMOHHBIE CBOWCTBA KOMOMHHPOBAHHBIX KOHCTPYKIIMH 3KPaHOB HA OCHOBE
UTIIONPOOHBHOrO MaTepraa i (pparMeHToB anoMuaneBoit ¢ponsru. Jokmaast BI'YUP. 2020; 18(1): 89-95.
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Abstract. A method for creating the electromagnetic radiation shields, which consists in fixing fragments
of aluminum foil on the surface of a needle-punched carbon-containing material has been proposed.
In accordance to the proposed method the shield samples have been made. The fragments of the used aluminium
foil were in the form of rectangles or half rings the overall dimensions of which didn't exceed 20 mm. Using
an automated meter of transmission and reflection coefficients SNA 0.01-18, shielding characteristics
in the frequency range 0.7-17 GHz of the shield samples made in accordance with the proposed method have
been obtained. Using the measuring stand, the main components of which were a white noise generator, power
amplifier, speaker, sound analyzer MANOM-2, in the frequency range 20-16000 Hz, the soundproofing
properties of the shield samples made in accordance with the proposed method have been obtained.
It was shown that the values of the electromagnetic radiation reflection coefficients in the frequency range
0f 0.7-17 GHz of the investigated shields vary from —0.5 to —19.0 dB, and the electromagnetic radiation
transmission coefficient in the specified frequency range vary from —2.0 up to —18.0 dB. It was found that
the of electromagnetic radiation reflection coefficient values in the frequency range 0.7-17 GHz
and the electromagnet radiation transmission coefficient values in the frequency range 6-17 GHz of the shields
made in accordance with the proposed method using fragments of aluminum foil in the form of half rings,
by 1,0-6.0 dB below the same values of the shields made using fragments of aluminum foil in the form
of rectangles. It was determined that the studied shields provide sound attenuation by 2-3 dB in the frequency
range from 20-16000 Hz. In view of the obtained results, shields manufactured in accordance with the proposed
method are recommended for use in order to protect information circulating in the premises from leakage
through the acoustic channel and the channel of secondary electromagnetic radiation.

Keywords: electromagnetic radiation, shielding, needle-punched fabric, aluminium foil, shielding
characteristics, transmission and reflection coefficient.

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

For citation. Abdulhadi H.D.A., Almashat E.A.A., Boiprav O.V., Bogush V.A., Prudnik A.M. Electromagnetic
and sound insulation properties of combined shields based on the needle-punching material and fragments
of aluminum foil. Doklady BGUIR. 2020; 18(1): 89-95.

BBenenne

be3omacHOCTh CBS3M CTAaBUT LENbIO TNPEAOTBPAICHUE HECAHKIMOHHPOBAHHOIO JIOCTYIIA
K HHQOKOMMYHHUKAITHOHHOMY — Tpaduky, obecrednBas TPH OTOM JIOCTaBKY HWH(OpMAIuu
IpennonaraeMpIM — Iojib3oBarensiM. JlaHHas oOiacTe BKJIIOYaeT B Ce0S  KPUNTOrpadpuvecKyro
0e301acHOCTh, 0E30IMaCHOCTh Nepefadyd JaHHBIX, O€30MaCHOCTh JJIEKTPOMArHUTHBIX H3YYCHUH
1 (pu3HUYecKyro 0e30MacHOCTh MH(POKOMMYHHUKAIIIOHHOTO 000PYIOBaHHUS.

be3onacHOCTh 2JEKTPOMArHUTHBIX H3Yy4EHUH — 3TO aHAIU3 YSI3BHMOCTEH OIpeneseHHON
CHCTEMBI Ha TMpEAMET BO3MOXKHOTO HECAaHKIMOHWPOBAHHOTO JIOCTYNa B pe3yiabTaTe HAJINYUS
U3TydeHuil or obOopymoBaHus. Kak mpaBmio, NpemoTBpalieHHE pPACHPOCTPAHEHMS H3ITyYCHUS
B OKpYXarolee MpoCTPaHCTBO, a TOYHEE, CHIKEHUE ero 10 o0ecnednBaromieid 0e301acHOCTh JaHHBIX
BEJINYMHBI, TPUMEHSETCSI K HTHPOKOMMYHUKALIMOHHBIM CHCTEMaM, PaJHOCETSIM, KpUIITOrPa(huIecKIM
CHCTEMaM WM JIPYTUM MOI0OHBIM YCTPOHCTBaM 00pabOTKU U mepesadd HHGHOPMALHIH.
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BezomacHocTh  3NMEKTPOMArHMTHBIX ~ W3YYEHWH  CTaja  BaXHOM  YacThiO  3alIMTHI
KOH(pHMICHIINANBHBIX TaHHBIX B TOCYIaPCTBEHHBIX M YaCTHBIX OpraHu3alusx. Psax ctpan paspaboranu
COOTBETCTBYIOILIME MPOTOKOIBI [Tl SKPAaHUPOBAHMS 00OPYAOBaHHS, CO3AIOIEIO AIEKTPOMAarHUTHOE
H3y4YeHHE, aMIUTUTyJla KOTOPOro MPEBHIIIAET YPOBHU, YCTaHOBIEHHBIe cTangapTomM MIL-STD-461G
«Requirements for the Control of Electromagnetic Interference Characteristics of Subsystems
and Equipmenty.

OpHoli ®W3 3afady MO pa3pa0OTKe MaTepualoB Ui CO3JAHUS 3alIUTHBIX KOHCTPYKIIHMH
IUist obecrieueHnss 0e30MacHOCTH CHUCTeM, TpeAHa3HAuYeHHBIX /ISl Mepeqadd pedeBoil nHpopMmanuy,
SIBIISIETCS 3a/1a4a pa3pabOTKH MaTepHajioB, 00JaIAl0NIMX SKPAHUPYIOIIUME CBOWCTBAMU B 33IaHHOM
JIMANa3oHe AJIEKTPOMAarHUTHBIX U3y4YeHUH, HO, C APYrOd CTOPOHBI, HU3KUMHU 3BYKOU3OJSIIMOHHBIMU
XapaKTePUCTUKAMH.

MeTO}IHKa MPOBEACHUSA IKCIIEPUMEHTA

ABTOpaMH TIPEJJIO’KEH CHOCOO W3TOTOBJIGHUSI JKPAaHOB  JJIEKTPOMArHUTHOTO  W3Ty4YCHHSI,
3aKJTFOYAFOIINICS B 3aKPEIUICHUN Ha MMOBEPXHOCTH MIJIOMPOOMBHOIO YIIIepojcoAeprKaliero Mareprana [1]
(hparMeHTOB aJIFOMUHUEBOH (OB, B COOTBETCTBUY € MPETIOKEHBIM CITOCOO0OM C(HOPMHUPOBAHBI JIBA TUTIA
00pa3ioB »kpaHoB. OOpa3iil MEPBOrO0 THIIA OBUTM H3rOTOBJICHBI C HCIIONB30BaHWEM (HParMEHTOB
ATIOMUHHEBOH (ONBIM B BWJIE MPSIMOYTOJIBHUKOB, JUIMHA W NIMPHHA KOTOPHIX HE TpeBbimana 20 mw,
00pasipl BTOPOrO THIIA — C UCIONb30BaHWEM (DparMEHTOB aJIFOMUHHEBOW (ONBIM B BHjE TOIYKOJIEI,
pamiyc W mmpuHa KOTOphIXx He mpeBblmamd 20 MM u 10 MM coorBercTBeHHO. TommmHa 00pasioB
cocTaBisUIa 8+2 MM.

Jns  uccnenoBaHHMA AKPAHUPYIOMIMX —XapaKTEPHCTHK HM3TOTOBJIEHHBIX 00pas3loB 3KPaHOB
WCIIONB30BAJICST M3MEpHUTENh KOI(POUIIMEHTOB Tiepeaaud W OTPaKeHHs, paOOTaroIMi 10 TPHHIUITY
BBIJEIIEHNS M JETEKTUPOBAHMS YPOBHEN ITaIafoIieli ¥ OTPaKEeHHOM BOJIH, TI0 METOIUKE, OMMCAHHOH B [2].
W3meputenpHas ycTaHOBKAa COCTOMT OJIOKa OOpaOOTKM W3MEPHUTENbHBIX CHUTHAJIOB, TE€HEpaTopa
KadJaromiencss 9acTOThI, Ipeodpa3oBaHms U 00pabOTKH MPOIICAIIeH BONHBI, a TaKXKe MPeodpa3oBaHuUs
1 00pabOTKHM IMaJaroINei/0OTPaskeHHON BOJIHBI.

Jdnsa  wccnemoBaHWS  3BYKOM3OJSIIIMOHHBIX — XapaKTEPUCTHK  00pas3IOB  HMCIIONB30BAJICs
H3MEPUTEIBHBIN CcTeH [3], W3rOTOBIEHHBIM M3 IBYX YacTedl aJfOMHHHEBOW TPYOBI C JIJIHHAMHA
0,8u04M u BHyrpeHHuM nuamerpoM 0,26 M. BHyTpeHHHE ITOBEPXHOCTH dYacTedl TPyObl ObLIM
OOJIMIIOBaHBI 3BYKOIOTJIOIIAIONIMM MAaTepHaIoM sl yMeHbIIeHus Iuddy3HOH COCTaBIISIOIIEH
3BYKOBOT'O TOJIS, & HAPYKHBIE IOBEPXHOCTH YacTe TPyObl ObLIM OOIHIIOBAHBI BUOPOIOTIIOMIAIOIIIM
Marepua’ioM Ha OMTyMHO-MacTH4HOW ocHoBe. (O0e dactm TpyObl OBUTM  3aKpEIICHBI
Ha METAJUIMYECKOH CTaHWHE, NpHWYeM TepBas YacTh — HEMOABIDKHO Ha BUOPOHU3OIHPYIOIIIX
MPOKJIaJKaX W3 PE3WHBI, a JApyras dYacTh IepeIBHUrajlach C IOMOIIBI0 BHWHTOBOH Iepenayu.
Merammyueckasi cTaHMHa ObTa TakKe YCTaHOBJIGHA HAa BHOPOM3ONHPYIOMINE MPOKIAJKH.
B HenonasmxHO#N wacTu TpyOBI OBLT ycTaHOBJIeH MUKpO(oH M-101 ¢ MUKpOQOHHBIM TPEAYCHITATENEM
BIIM-101. [ns MUHEMH3aIAA BO3ICHCTBUS BHOPOM3ONANNA Ha MHUKPO(OH, TOCIEAHUNA OBLI
MIO/IBEIIIEH Ha PE3WHOBBIX HUTSAX BHYTPU METAJUTUYECKHUX KOJIEI, KOTOPBIE, B CBOIO OUepelb, TAKKE
YCTaHaBIIMBAJIMCH Ha OCHOBAHHE M3 3BYKOIOTJIOMIAIOIIET0 MaTepHalia BHYTPH HEMOIBIKHONW YaCTH
TpyObl. B momBmwkHOW wactH TpyObl ObLT ycTaHOBieH auHaMuK Audiotop ¢ HOMHHAIBHBIM
comporuBieHneM 4 OM, NHKOBOW/HOMHHAIEHOW MoOmHOCTRIO 170/35 BT ¥ d9yBCTBUTEIHHOCTHIO
90 gb. O6pazenr pukcupoBamy MEXAY YaCTAMHU TPYOBI, 3aKPETUISIs €ro MEXIY IJIOCKUMHA (DIaHIIaMH
C pe3WHOBBIMU Tpokiankamu. CurHanm «Oemoro mrymay, copMHUpoBaHHBINA Tporpammoini Daqarta,
MIPOXOAUI Yepe3 ycrutelb MomHoctr LV 103, Bocipon3BoAUTCS THHAMUKOM U U3ITydalcs B TpyOy
C YCTaHOBJIGHHBIM 00pa3iioM. Perucrpaiwsi curHama ocymiecTBIsIach ITyMOMEPOM-CIIEKTPOaHAIIM3aTOPOM
MAHOM-2. Ilpu oueHKe 3BYKOM3OISIIMKA OOpasllOB BECh JMANA30H W3MEPEHUH JIEIUTCS
Ha TPEThOKTABHBIE  IIOJNIOCHI €O cpemHereomerpuiyeckumu  vacroramu ot 20 ['p go 16 kI,
B coorBercTBUU ¢ ['OCT 12090-80 «Yacrorel misi akycTudeckux u3mepeHuil. IIpenmoururenbHble
pagpDy.  3BYKOHM3OINAIUS  ONpeneNnsiach Kak pa3sHOCTh  YPOBHEH  3BYKOBOTO  JIaBJICHUSA
MIpH IPOXOKICHUH 3BYKa Yepe3 UCClIeAyeMblil oOpasel MaTepuala U B €r0 OTCYTCTBHE.
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PesyabTathl H X 00CyKIeHHE

[IpoBoaunuce u3MepeHuss KO3(PPHUIMEHTOB OTPaKEHHS W TEpPeJadd dJIEKTPOMArHUTHOTO
uznydeHus B auanasoHax YBY u CBY. IlokazaHo, 4To y 00pa3iioB 3KpaHOB MEPBOTO THIA BETHYNHBI
koo duimenTa oTpakeHHs SJCKTPOMArHUTHOTO W3IMy4deHWs B auanazone dvacrtor 0,7-21Tn
cocrapmwu —0,5... 2,7 1b B pexume xomocroro xoma u —1,0...-5,6 1b B pexume KOpOTKOro
3ambikanus (puc. 1,a), B To Bpems, Kak B quamna3oHe yactor 2—17 [T ux BeTUYUHBI COCTABUIN
—3,8...-19,0 1b B pexume xomnoctoro xoma u—2,0...—15,0 1b B pexume KOpoTKoro 3ambikanus (puc. 1, b).
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Puc. 1. 3aBucumMocTy KO3 PHUIIMEHTA OTPAKEHHUS OT YaCTOTHI AIEKTPOMATHUTHOTO M3Ty4eHHs 1J1si 00pasiioB
9KPaHOB TEPBOro tuma: a — B quanasode 0,7-2 I'T'; b — B auamaszone 2-17 I'Ty
(1 — B pexuMe XOJIOCTOrO X0/a; 2 — B PEXKUME KOPOTKOTO 3aMbIKAHHS)
Fig. 1. The frequency dependencies of the reflection coefficients the shields samples of the first type:
a—intherange 0,7-2 GHz; b — in the range 2-17 GHz (1 — in the idle mode; 2 — in the short circuit mode)

st 0Opa3ioB 3KpaHOB BTOpOro TuIa B amama3oHe dYactorT O0,7-17I'T1 BenmnauHbBI
K03 duIMeHTa OTpakeHuss cocTaBuim —2,7...-5,2 nb B pexxume xomocroro xoma u —0,5...—7,2 a1b
B peXXMME KOPOTKOTO 3aMbIKaHUs (pHC. 2,d), B TO K& BpeMs, Kak B auama3zone wactor 2-17 I'Tig
ux BenuuuHbl coctaBuiu —4,0... —11,0 1b B pexxume xomocroro xoma u —5,0...—12,0 nb B pexxume
KOpPOTKOT'0 3aMbIKanus (puc. 2, b).
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Puc. 2. 3aBucumoctu k03 HUIMEHTa OTPAKEHHS OT YACTOTHI AIIEKTPOMATHUTHOTO H3JIydeHHUsS] 00pa3IioB
9KpaHOB BTOPOro Tuma: a — B quarmasone 0,7-2 I'T; b — B muamazone 2-17 I'T'n
(1 — B pexxrMe XOJI0CTOTO X0/1a; 2 — B PEXKUME KOPOTKOTO 3aMBIKAHWS)
Fig. 2. The frequency dependencies of the reflection coefficients of the shields samples of the second type:
a—intherange 0,7-2 GHz; b —in the range 2-17 GHz (1 — in the idle mode; 2 — in the short circuit mode)
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[Mony4eHsl TaKKe BENIUYMHBI KOA(G(GUIMEHTa Tepeadyd dSJICKTPOMATHUTHOTO HU3IYYCHUS
JUTSL U3TOTOBJICHHBIX 00Pa3IloB 3JIEKTPOMArHUTHBIX 3KpaHoB (puc. 3, 4). YCTaHOBIEHO, /ISl 00pa3IioB
AKpaHOB MIEPBOT0 THIA yKa3HHBIE 3Ha4YeHUs B quara3oHax dactor 0,7-2 I'T (puc. 3, @) u 2-17 [T
(puc. 3, b) cocraBumm —5,9...-16,2 16 u —5,4...—13,2 n1b coorBercTBeHHO. JIsi 0Opa3IOB KPAHOB
BTOPOTO THUIAa 3HA4YeHUs KodduimeHTa mepenayn 3JIEKTPOMATHUTHOTO W3IYYCHHS B JTUANa30HAX
0,7-17TT1 (puc.3,a) u 2-17TTu (puc. 3,D) COOTBETCTBEHHO BapbHPOBAIKMCH B MpereIax
-2,0...-12,2 nbu —4...-18,0 ab.
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Puc. 3. 3aBucumoctu KO3(1)(1)I/IHI/ICHTOB nepeaavyu OT 4aCTOThI 3JICKTPOMArHUTHOI'O U3JTYYCHUA 06p8.3]_IOB
9KPaHOB TEPBOro tuma: a — B quanasone 0,7-2 I'T; b — B auanaszone 2—17 I’y
Fig. 3. The frequency dependencies of the transmission coefficients of the shields samples of the first type:
a—intherange 0,7-2 GHz; b — in the range 2-17 GHz
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Puc. 4. 3aBucumocTty K03(GHUIMEHTOB Mepeaud OT YaCTOThI JICKTPOMArHUTHOIO M3ITy4eHHs 00pa3ioB
9KpaHOB BTOpOro tuma: a — B quamnasone 0,7-2 I'T; b — B guanaszone 2—17 I'Tn
Fig. 4. The frequency dependencies of the transmission coefficients of the shields samples of the second type:
a—intherange 0,7-2 GHz; b — in the range 2-17 GHz

Ha puc. 5 mpencraBiieHsl 3ByKOH3OMSAIIMOHHBIE XapaKTEPUCTUKN HCCIEAOBAHHBIX 00pa3IoB
9KpaHOB B CpaBHEHWH CO 3BYKOM3OIALMOHHON XapaKTEepUCTHKON MOJUAITHICHOBBIX IUIACTHH
tonmmHON 600 MM, KOTOpBIE B HACTOAIIEE BpPEMs INMMPOKO HCIIONB3YIOTCS B TENAX CHIDKEHUS
YpOBHEH aKyCTHYECKUX IITyMOB, BO3ICHCTBYIOIIMX Ha TIOMEIIECHUS.
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Puc. 5. 3ByKOM30IAIIMOHHBIE XapaKTEPUCTHKH BO3YIIHON cpenpl (kpuBas 1),
00pa3IoB SKPaHOB MEPBOT'O M BTOPOTO TUIIOB (KPUBBIE 2 U 3 COOTBETCTBEHHO),
TIOMATHIIEHOBOW TIacTHHBI TommHOoN 600 MM (KpuBas 4)
Fig. 5. Sound insulation characteristics of the air (curve 1), shields samples of the first and the second
types (curves 2 and 3 respectively), a polyethylene plate 600 mm thick (curve 4)
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Kak BuaHO U3 pHC. 5, U3rOTOBICHHBIC W MCCICAOBAHHBIC SKPAHBI MIEPBOTO U BTOPOTO THUIIOB
obecrieunBaroT ocinabieHue 38yka Ha 2—3 b u Ha 2—12 nb B quanasone yacror 20-16000 .

3akaouenne

[lokazano, uyTO BeMWYMHBI KOAI(PQPHUIMEHTAa OTPAKEHUS ODICKTPOMATHUTHOTO W3ITyYCHUS
B quanazone yactor 0,7-17,0 I'T'm skpaHOB, W3rOTOBJCHHBIX HAa OCHOBE YIJIEPOAOCOJEpPXKAIIErO
WTJIONMPOOMBHOTO IMOJIOTHA U (PPAarMEHTOR ATFOMHHUEBOW (DOJBIH B COOTBETCTBHH C MPEIIOKECHHBIM
criocobom, coctasisitor —0,5...—-19,0 nb nmpu BenmmunHax kodQQuUIMEHTa Tepenadr 3IEKTPOMAarHUTHOTO
manyuenus —2,0...—-18,0 nb. Omnpeneneno, 4YTO TMyTeM U3MEHEHHs COJACPKAHUSA Yriiepojaa
B UTJIONPOOMBHOM MaTepuaie U eOMETPUUYECKHX Pa3MEpoB (ParMEHTOB ANTIOMUHHEBOH (ONBrH
MOXKHO OOecreynTh B 3aJaHHOM JMAalla30He YacToOT TpeOyeMble XapaKTePUCTUKH OTPaKCHHUS
" nepeaadyu 3JICKTPOMArHUTHOI'O HM3JIYYCHHSA YKAa3aHHBIX 3KPaHOB. B YaCTHOCTH, IIpU ITOBBIIICHUH
MPOLIGHTHOTO COJICP)KaHMs YIiepojia B HIJIONPOOMBHOM MaTepualie MOXXHO CHU3UTh 3HAYCHUS
ux ko3 uiMeHTa nepenayn 3JISKTPOMATHUTHOIO M3JIydEHHs, MPU 3TOM HMX Macca U JIMHEHWHBIC
pa3Mmepsl CyIIeCTBEHHO He u3MeHsTcs. [Ipu n3MeneHnu GopMbl pparMeHTOB alllOMHUHHUEBON (OJIBTU
MOXHO CHH3HUTH 3Ha4eHUS KOI(Q(OUIMEHTa OTPaKEHUS DSJIEKTPOMATHUTHOTO H3IYyYeHUSI TaKHX
9KkpaHOB. [IpocToTa TEXHOJOrMYECKOro IMpolecca WX M3TOTOBJICHHS M HH3Kas CTENeHb
MOABEPKECHHOCTH NPUMEHACMBIX IIPU 3TOM MATCPUAJTIOB K BO3JIGI>’ICTBHIO BHENTHEN Cp€abl ABJIAIOTCA
q)aKTOpaMI/I, 06YCJ'[aBJH/IBaIOHH/IMI/I HEBBICOKYIO CTOMMOCTb TaKHUX OKpaHOB II0 CpPaBHCHHIO
C aHaJIOTaMH.

HpI/IHI/IMaH BO BHHUMAHHUC 3BYKOU3OJIAIIUOHHBIC u QJICKTPOMArHuTHLIC CBOMCTBA
HCCICA0OBAHHBIX JKpaHOB, MOXHO CA€/IaTb BBIBOA O TOM, 4YTO OHHU MOIYyT HanTH IIPUMCHCHHUEC
B KQ4eCTBE 3JIEMEHTOB KOHCTPYKIMH, MNpeIHA3HAYEHHBIX JUIS OOJIMIIOBKA CTE€H ITOMEIICHHIH,
B Ipeieiax KOTOPBIX MUPKYJIHUPYET WHQPOpMAIWsl OTpaHHYEHHOTO PACHpPOCTPAaHEHUS. OTH DKpaHbI
Oy/yT CrOCOOCTBOBATDH 3aIMTE TAKOW MH(MOPMAIMK OT YTEUKH 10 aKyCTHUYSCKOMY KaHaly, a TakkKe
KaHaTy MOOOYHOT0 AJIEKTPOMATHUTHOT'O U3TyYSHHUST U HABOJIOK.
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CTATUCTHYECKAS OBPABOTKA METEOPOJIOI'MYECKUX JAHHBIX
JJIA BBIBOAOB O HAJIMYUU BPEMEHHBIX TPEH/1OB

MVYXA B.C.

Benopycckuii 2ocydapemeennviil ynusepcumem unGOpMamuKky u paouodNekmpoHuKu
(2. Munck, Pecnybnuxa benapyce)

THocmynuna 6 peoaxyuio 5 oxkmsaops 2017
© Benopycckuii TocyJapcTBEHHBIN YHUBEPCUTET MH)OPMATUKH U paanodnekTpoHuku, 2020

AnHoTtanus. Ha npumepe nccnenoBanus U3MEHEHHs CPETHIX FOAOBBIX 3HAYCHHH TeMIEpaTypbl aTMOC(EPHOro
BO3JlyXxa Ha MeTeocTaHmn MuHck ¢ 1998 rona m3naraercs MeTonuka 00pabOTKH METEOPOIOTHUECKHUX JIaHHBIX
JJIs1 BBIBOAOB O HAJIMYUU JIMHEWHBIX BPEMECHHBIX TPEHAOB KOJHMYCCTBCHHBIX XapaKTCPHUCTHUK ITOr'OJbI. Cpemﬂ/le
TOJIOBBIC 3HAUEHHUS TEMIIEPATYphl, MOIYYSHHBIE M0 pe3yabTaTaM 0OpaOOTKH MMEIOIUXCS METeOpPOIOrHIeCKHX
JAHHBIX, ANMNPOKCUMHPYIOTCS METOAOM HANMEHBIIMX KBaJpaTOB JIMHEHHOW pPErpecCMOHHONH 3aBUCHMOCTbHIO
or BpemeHH. [lomydyeHHass Takum oOpa3oM JHHeiHas (QyHKIMS perpeccHd Uil CPEeIHHMX TONOBBIX 3HAYEHUH
TEeMIIepaTypsl aTMOC(GEPHOr0 BO3AyXa MMEET HEKOTOPHIH POCT C TEYEHHEM BPEMEHH (IOMOXKUTETbHBIH
BpeMeHHOW TpeHn). B pabore craBurcs 3amada BbISCHEHHMS 3HA4MMOCTH Takoro Ttpenaa. Jlius 3toro
IIpe/IaraeTcs MCHOoNb30BaTh PErpecCHOHHBIN aHaIU3 C ero MpolegypaMu MpoBepku runotes. IIpexne Bcero
MIPOBEPSETCA BBINOIHUMOCTb TPEOOBAHMM, MNPEABSIBISEMBIX K PEPECCHOHHOMY aHaIM3y: HOPMaJIbHOCTU
paciipesienieHlss BO3MYILEHHH M OIHOPOAHOCTH JHCIEpCHM Bo3MylleHuil. HopManbHOCTb pachipeneneHus
BO3MYILCHUI TIpOBEpeHa M MOATBEpXKIcHA KpuTepuem coriacusi Kommoroposa. OIHOPOJHOCTH AUCIIEPCHU
IIPOBEPEHA U MOATBEPKEHA NPOBEPKOI TUITOTE3Bl O PaBEHCTBE AUCIIEPCHUIl IBYX HOPMaJbHBIX paclpeneIcHui
n kpurepueM CMHpHOBa sl TPOBEPKH TUIOTE3Bl O PABEHCTBE ABYX pacmpezaeneHuid. i NpoBepku
3HAYUMOCTHU TOJIOKUTENBHOTO TPEH/A CpelHEN TOJ0BOH TeMIepaTyphl MPOBEPSUIINCH THIOTE3bl O 3HAYMMOCTH
K03 PUIMEHTOB JTHHEHHONH (YHKINH PErpeccHu ¢ MOMOLIbI0 t-cTaTHCTHKU C pacrnpeneneHneM CTbIOfCHTaA
W TUIOTEe3a O CYLISCTBOBAHHU JIMHEHHOW CBs3M C HOMOIIpI0 f-cratucTukm ¢ pacnpenenenuem QDumepa
(mmcnepcuonHbIl aHanmu3). B pesymprare OPOBEPKH yKa3aHHBIX TrHIOTe3 Ha ypoBHe 3uaummoctu 0,05
YCTaHOBJICHA HE3HAYMMOCTh IIOJIOKHTEIBHOTO JIMHEWHOrO TPEHAA CpEeAHEll TOMOBOW TeMIepaTyphl
aTMoc(epHOro Bo3ayxa Ha MereoctaHIMU Mwunck B nepuoinl ¢ 1998 mo 2016 rox u ¢ 1998 mo 2017 ron
1 ero 3HaYNMOCTh B iepuoabl ¢ 1998 mo 2018 roxg u ¢ 1998 mo 2019 rogx.

KnioueBble cioBa: perpecCHOHHBI aHAJM3, NHUCIICPCHOHHBIA aHalM3, CTATUCTHYECKas IMPOBEpKa THIOTE3,
MapHUKOBEIHN 3¢ (ekT, rmodaapHOE MOTEIUICHHE.

Kongaukt uaTEepecoB. ABTOp 3asBIISIET 00 OTCYTCTBHH KOH(INKTA HHTEPECOB.

Jas nutupoBanusi. Myxa B.C. Cratuctrueckass oOpabOTKa METEOpPOJIOTHMYECKMX MAHHBIX IS BBIBOJIIOB
0 HaJIMYIWK BpeMEHHBIX TpenmoB. Jlokmamsr BI'YHUP. 2020; 18(1): 96-103.
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STATISTICAL PROCESSING OF THE METEOROLOGICAL DATA
FOR CONCLUSION ON THE PRESENCE OF THE TIME TRENDS
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Abstract. The technic of the processing of the meteorological data for conclusion on the presence of the time
trends in the quantitative characteristics of the weather on the example of the analysis of the average yearly
atmospheric temperature change at the meteorological station Minsk from 1989 is presented. The average yearly
atmospheric temperature received from the measurements is approximated by the least square error method
in the linear time dependence regression function. The linear time dependence regression function received
in such a way has some positive growing (positive trend). The aim of this paper is to clarify the significance
of this growth. For this aim, the usage of the regression analysis with its procedures of hypotheses testing
is proposed. First of all, the performing of the demands presented to the regression analysis is checked:
normality of the distribution of the disturbance and the homogeneity of the variance (dispersion)
of the disturbance. The normality of the distribution of the disturbance was checked and confirmed
by the Kolmogorov test. The homogeneity of the dispersion of the disturbance was checked and confirmed both
by checking the hypotheses on the equality of the dispersions of two normal distributions and by the Smirnov
test for checking the hypotheses on the equality of two distributions. For checking the significance of the
positive trend of the yearly mean temperature, the hypotheses on the significance of the coefficients of the linear
regression function by the Student t-statistics and the hypothesis on the linear connection presence
by the analysis of variance were checked. As the result, the insignificance of the positive linear trend from 1998
to 2016 and from 1998 to 2017 and its significance from 1998 to 2018 and from 1998 to 2019 on the level
of significance 0.05 for mean average yearly atmospheric temperature at the meteorological station Minsk
was stated.

Keywords: regression analysis, analysis of variance, testing of statistical hypotheses, greenhouse effect, global
warming.

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

For citation. Mukha V.S. Statistical processing of the meteorological data for conclusion on the presence of the time
trends. Doklady BGUIR. 2020; 18(1): 96-103.

BBenenne

Bcemupnoit  mereoponmorudeckoit  opranmzammern  (BMO) wu  Ilporpammoit  OOH
o okpyxatomieit cpexe (FOHEII) B 1988 romy Opima co3maHa MeXNpaBUTENBCTBEHHAS Tpymma
9KCIepTOB 1Mo m3MeHeHuto knumara (MI'OUK, anra. Intergovernmental Panel on Climate Change,
IPCC) mnst oOmeHKH pHCKa TJ00aTbHOrO W3MEHEHHs KIMMaTa, BBI3BAHHOIO TEXHOT'CHHBIMU
¢dakropamu. Jlo Hacrosmero Bpemenn MIDOUK Bremmyctuna maTh ONEHOYHBIX — JTOKJIAOB,
MTOCBSIIIIEHHBIX COCTOSHUIO KIIMMaTa 3eMJIM U OIIEHKE ero U3MeHeHUs B OyaymieM. [IaThiii omeHouHbIiH
Jokian BeimyiieH B 2013-2014 rr.

OTnpaBHOW TOYKOH TIEPBOTO OIEHOYHOIO JOKJIajga sBJSETCS KOHCTaTamus —(akra
CYIIECTBOBAHUS MPUPOJHOrO MapHUKOBOTO d(h(ekra, yCHIMBAIOMIErocs B PE3yiIbTaTe ACATEIbHOCTH
YelloBeKa M CIOCOOHOTO MPUBECTH K TII00ATbHOMY MOTEIUICHWI0 M KIMMAaTUYeCKUM W3MEHEHU SIM.
«MBbI yBepeHBI B CIENYIOIIEM: CYIIECTBYET TPUPOAHBIA TAapHUKOBBIA 3(PQeKT, KOTOPHIi
MOJIZICP)KUBAET MMOBBIIICHHYIO TEMIIEpaTypy 3eMIIH, 10 CPaBHEHHUIO C TOH, KOTOpas Morja Obl OBITh
pu APYrux o0cToATeNbCTBaX. BEIOpoChl B aTMocdepy B pe3yibTare [esITeIbHOCTH YelOBEKa
CYIIECTBEHHO YBEINYMBAIOT aTMOC(EPHYIO KOHIICHTPAIMIO TAPHUKOBBIX Ta30B: IBYOKHUCH YTIIEpOJa,
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MeTaHa, XJI0p(TOPYTIepoaOB U 3aKHCH a30Ta. YBEIMUYEHUE ITUX BHIOPOCOB YBEIUYUT MapHUKOBBIN
¢ ¢eKT, B pe3yiabTaTe 4Yero B CpPEIHEM CO3JacTCs AOMOJIHUTENBHOE MOTEIUICHHE MOBEPXHOCTH
3emnny. [IpuBoauTces rpaduk n3MeHEeHUs cpeqHel TemrepaTypsl 3emin 3a nepuof ¢ 1860 mo 1990 r.
OTHOCHTENBHO  cpeaHeil  TemmepaTypel 3a  1951-1980r1r., mocTpoeHHBIH Ha  OCHOBE
WHCTPYMEHTANBHBIX W3MEPEHHUH, W JeNacTcsl CIEAYIOUIMH BBIBOI: «... Mbl BEPUM, UYTO peajbHOE
Harpesanue 3eMHoro mapa Ha 0,3-0,6 °C IIpou30mLIo B TedeHHe MOCIENHEr0 CTONeTHs ... » (puc. 1),
[lpuMeHeHue BBIpAKEHHH «MBI YBEPEHBI», «MBI BEpHM» 0€3 CTpOrmxX OOOCHOBAHUH CHUKAeT
yOeINTENbHOCTD NPEACTaBICHHBIX BHIBOIOB.

B msATOM OIICHOYHOM [OKJaie YKa3bIBAeTCs, YTO «IJI00ANBbHO YCpPEeJHEHHBIE COBOKYITHBIE
JaHHBIC O TEMIIepaType MOBEPXHOCTH CYIIH U OKeaHa, PACCUNTAHHBIC HA OCHOBE JIMHEWHOTO TPEH/a,
cBUJETENbCTBYIOT o moTemnennn Ha 0,85°C 3a mepmon ¢ 1880 mo 2012 rom» (puc. 2)2
He ykasbiBaercs, OJJHAKO,  HACKOJIIbKO  MpEACTaBUTEIbHA  HCIOJNb30BaHHas  BBIOOpKa,
KaK PaCCYMTBHIBAIUCh CpPEIHHE XapaKTEPUCTHKH, KAaKUMH METOJaMH TOJNY4YeH JaHHBIA BBIBOJ,
YTO CHMKAET yOeUTEIbHOCTh NIPEACTABICHHOTO 3aKITIOUEHHUS.
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Puc. 1. I'paduk usmeHeHust cpeiHei TeMIepaTypsl
3eMIH coriacHo!
Fig. 1. A graph of the variation of the mean earth
temperature in accordance with?

Tox
Puc. 2. ['paduk nu3mMeHeHus cpeaHeil TemnepaTypsl
3eMIIH COrNacHo?
Fig. 2. A graph of the variation of the mean earth
temperature in accordance with?

12 mexabps 2015 r. na xoudepennun B ITapmwke (COP21), mMOCBSINIIEHHOW KIMMAaTHYECKIM
W3MEHEHHSM, MOJIUCAHO MEXIYHAPOTHOE COTJIAIICHHWE IO MONACPKaHUI0 YBEMUYEHUS CpemHei
TeMIlepaTyphsl IUTAHETHI Ha YypoBHE HIke 2 °C TaKk HaszpiBaeMoe IlapmKckoe coriamieHue
10 KJINMATYy.

Hapsiny ¢ >TuMm mMeercss OONBIIOE YHCIO «KIUMATHYSCKUX CKENTHKOB», CTaBSIIHX
TI0J] COMHEHHE KaK caM (aKT IVI0GANBHOTO MOTEIUIeHHs, TaK M Polb dYelIoBeKa B 3TOM Tporecce’.
OT0 MOXKET OBITHh CBSI3aHO C OTMEUEHHOH BBIINIE HeyOeauTenbHOCTHIO mokiagoB MI'OUK. UuTtepec
K mpobOiiemMe moporpeBaercs oObsBiaeHHbIM 1 uionHs 2017 r. mpesumentom CHIA . Tpammom
BbrxogoMm CHIA u3 Ilapmxckoro corniameHus mo KInMary.

B cBs3u ¢ 3THM mIpencTaBiseTcs meinecooOpa3HbIM OTCISKUBAHNE H3MEHEHUH TeMITepaTyphl
atMocepHOro BO3IyXa B JIOKAJbHBIX MacmTadax. [IpemcraBmisiercsi, 9TO TOCTOBEpHBIE BBHIBOIBI 00
M3MEHEHHX JII000H XapaKTepPUCTUKHA MOTYT OBITh CHAENaHBI TOJHKO Ha OCHOBE HAY4YHOW 00pabOTKH
pE3yIBTATOB €€ HHCTPYMEHTAIFHBIX H3MEPEHUM.

B maHHOI1 cTaThe nenaercs MmonbITKa MCCIeOBaHM U3MEHEHUS TeMIIEpaTyphl aTMOC(EPHOTO
BO3/lyXa Ha MeETeocTaHUMU MUHCK 1o umerommmcs gaHHeiM ¢ 1998 mo 2019 ron. B kauectBe
Hay4YHOTO WHCTPYMEHTa WCCIENOBaHUS TIpeajiaraeTcsi HWCIOIb30BaTh PErpecCHOHHBIN  aHalu3
C ero MpoIeaypaMy MPOBEPKH THUIIOTES.

Coaep:xanne ucce0BaHNH

HcxogHpIMU  AHHBIMH JUI  WCCIEOBAHWN  SBIISIOTCS JITAHHBIE METEOPOJIOTHYECKUX
Habmonenuit’. DTH JaHHBIE COJAEPKAT M3MEPEHHS XapaKTEPUCTHK MOTOAbI  (TEMIIEpaTyphl
aTMoc(epHOTo BO3TyXa, aTMOC(EPHOT'0 JaBJICHUs, HAPABICHUS U CKOPOCTH BETPa, OTHOCHTEIHHON
BIIQYKHOCTH BO3/yXa M HEKOTOPBIX JIPYT'HX) C MEPHOAMYHOCTHIO B TPH Yaca HAYMHAsI C HYJS 4acoB
no UTC (UTC — BcemupHoe koopauHupoBanHoe Bpems, anri. Coordinated Universal Time), Bcero
8 m3mepennii B cytku u 240 usMmepenmii B Mecan u3 30 gmeii. JlaHHBIE, MOmydeHHEIE C caifta®,
oObequHAIMCh B (ailibl MecsUHBIX JaHHBIX. CpernHee MeCSYHOE 3HAYCHHE XapaKTePHUCTUKU
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3a ONpeeleHHBI Mecsl] ONpPEAeTICHHOr0 To/1a, HallpuMep, TeMIepaTypsl atMocdepHoro Bo3ayxa t,
paccYuTHIBaIOCH 1O popmyIte

_ 1 .

B ="t m ¥=19981999,..,2019, m=12,...,12, (1)
y,m j=L

rae tj'y'm - j-e u3MepeHne xapakrepuctuku { B M-Mm mecsne Y -ro roja, Ny m — KOIMYECTBO

W3MepeHnid XxapakTepucTuk I B M -M Mmecsie Y -ro roaa, t, . — cpeaHee 3HaUeHHE XapaKTEPUCTHKH

y.m
t B M-m mecsirie Y -ro roxa.

Cpennue MecsyHbIE 3Ha4YeHUs XapaktepucTuku 1, momydennele 1o ¢dopmyne (1),
WCTIOJIB30BAIIUCH JUISl PacdeTa CPEeAHUX FOAOBBIX 3HAUCHNH XapaKTEpUCTUKHU 110 GpopMyie

12 171
fy = (Z ny‘mJ (Z ny’mfy‘m] , ¥ =1998,1999,...,2019.
) m=1

[ony4uennsle 1o 9dTOi QopMyne 3HAUCHHS TEMIIEpaTypbl aTMOcEepHOro BO3IyXa
Ha MeTeoCTaHI MUHCK mpuBeieHs! B Ta0. 1 (mamubie 32 2002, 2004 1 2005 ToABl OTCYTCTBYIOT).
Kak BuaHO, camMbIM XONOJHBIM B paccMaTpuBaeMoM mepuojie 6bur 1998 ron co cpemHeil romoBoit
Temneparypoi 6,3°C.

Tadnuua 1. CpenHrie ToI0BbIE 3HAUSHUS TEMIIEPATYPhl aTMOC(HEPHOro BO31yXa Ha METeoCTaHIIMH MUHCK
Table 1. Mean yearly values of the temperature of the atmospheric air at the meteorological station Minsk

Tony 1998 | 1999 | 2000 | 2001 | 2003 | 2006 | 2007 | 2008 | 2009 | 2010
Yeary

Cpermstst roioBasi Temieparypa fy ,°C
- 6,3 7,8 7,9 7,0 6,6 6,8 7,7 7,9 7,0 7,0
Mean yearly temperature ty , °C

l;zgryy 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | -

Cpempstst roioBasi Temieparypa fy ,°C
- 7,6 6,8 7,5 7,8 8,7 7,8 7,7 8,1 8,4 -
Mean yearly temperature ty , °C

Bcero B ta6i. 1 umeercs 19 3nauenuii (pasmep Boicopku N =19 ). I'paduk cpemHux romaoBbix
3HAYCHUI TeMIepaTypbl aTMOC(EepHOT0 BO3/IyXa Ha METEOCTAHIIMH MUHCK, TOCTPOCHHBIH 1O JAHHBIM
Tabn. 1, mpuBeneH Ha puc. 3 (Jomanwsie nuHuM). [lo BuAy rpaduka MOXHO cIOenaTh BBIBOA, YTO
JIaHHBIC Ta0J. 1 MOXKHO MPEICTABUTH B BUJIC

fy =0,+0,y= HT (y)(§+§y , ¥y =1998,1999,...,2019, 2

e z=H" (y)@ — nuHeWHas (QYHKIUS perpeccuy CpedHeld TOAOBOW TeMIepaTypsl (JTMHEHHBIN
BpEMEHHOIT TpeHy| cpenneii ronosoii Temmeparyps), H' (Y) = (1, y) — Bekrop GasucHBIX (yHKIHi
JUIA TIPEICTaBICHUS IWHEHHON (YHKIIMH perpeccuu, 0" = (6,,6,) — BexkTop KOd(pPULKEHTOB
TUHEHHOH (pyHKIUM perpeccuw, iy — OTKJIOHEHWsI CpeTHel TOMOBOW TeMIlepaTypbl OT (yHKIIHH

perpeccu, SBISIFOIINECS PE3yIbTaTOM JSHCTBHS CIy4ailHOrO BO3MYILIEHHUS & C HYJICBBIM CPEAHHM

. 2
U Jucrepcueit G .
Bwmecro Monenu naHHBIX (2) yI00HEE MOIB30BATHCS CIEAYIOMIEH MOJIENBI0 TaHHBIX:

t =0,+0,x=H"(X)0+¢&,, x=1,2,...,19, ?3)
£, H'(X)=(@Lx),

B KOTOPOH BMECTO MepeMeHHOH Y B3ata mepemennas X =Yy —1997 , t

N =(0,,0,). lpu usmenennn nepemennoii Y or 1998 no 2019 nepemenHas X NpUHUMAET
3HayeHusa ot 1 1o 19.

Bekrop omeHok Ko3(QQHUINEHTOB 0" = (0,,0,) nuueitnoit dynkuuu perpeccun (3) Moxker
OBITh IOJTy4€H METOJIOM HauMEHBIINX KBaJpaToB 1o popmye [1]
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0=(F'F)(F'2),

1 1 -+ 1 - -
rne F=(H(x), H(X,),... H(X,)) = , 2" =(t,,,...T,), n=19. Onenka G*
X, Xy o X
JIACTIEPCUH o’ CITy4afHOrO BO3MYIIEHUS = OIMpeAesieTcs: (GopMyJIoi:
= =
o’ = i(z - Fe) (Z — FG), (4)
n—k

rae K =2 — xonuuecTBo KOOPPUIMEHTOB PYHKIIMU PETPECCHUH.

g T T T T

] S e e 4

"C

[X] SEEEEEE EE) EEFTETEEE R EEE =3 EEEEEETLERRERE

P {2 — S— I—

'
1
'

i i

1005 2000 2005 i) 2018 nz0

Ton (Year)
Puc. 3. Cpenusist rojjoBasi Temiepatypa atMocepHOro BO3lyXa U ee JIMHEHHas alpoKCuMaIusl
Ha MeteocTaHmy MuHck ¢ 1998 mo 2019 rog
Fig. 3. The yearly mean temperature of the atmospheric air and its linear approximation
at the meteorological station Minsk from 1998 to 2019 year

I[lo »tumM dopmynaM u AaHHBIM Ta0d. 1 OBUIM MOJNYYEHBI CICAYIOIIME OIECHKH
k02 urmeHToB TMHEWHONW (PYHKIIMU PErpeccuy W OlEeHKa JUCIEPCHH CIYYaiiHOTO BO3MYIIICHUS JIJIs

CpelHel TOIOBOM TeMIlepaTyphl aTMOC(EPHOro Bo3Ayxa Ha MereocTaHimud Munck: 6, =6,9072,

0,=0,0442, G6*=0,5625. ®ynxuus perpeccud mpy 3HAYeHHAX Kodpdumuentos O,, 6,
(ommupuveckass (GyHKIUS perpeccuu) wu3o0pakeHa Ha puc. 1l mnpsimoii nuuued. Ha pucyHke
HaOIfO/TaeTCc HEeKOTOPBIM POCT CpelHel TOJ0BOM TeMIepaTyphl C TeUEHHeM BpeMeHU. Bos3HuKaer,
OJTHAKO, CIENYIOIINH BOMPOC: SABIISIETCS JIX 3TOT POCT 3HAUMMBIM? JIMHEHHBIH perpecCHOHHBIN aHaH3
MO3BOJISIET JaTh OTBET HA 3TOT BOMPOC NYTEM IPOBEPKH THIOTE3 NIBYX BHUIOB: O 3HAYUMOCTH
KO3(UIIMEHTOB JTHHEIHHON PErpeccry M O HAJIMYAWA JMHEHHON CBS3W MEXKIY BXOAHOW W BBIXOJHOMN
mepemenusMu [1, 2].

o 2 <
Perpeccronnbiii ananmu3 ocHoBad Ha npeanonokenusx Hopmansnoctd N (0,6°) cnywaitnoro

BOSMYILGHHS = H OZHOPOMHOCTH (HE3aBHCHMOCTH OT X ) JIUCIIEPCHE G~ . BBIBOJ O TOM, UTO JaHHBIE
MIPEATIONIOKEHUS BBINOMHIIOTCA, MOXHO ClIenaTh 1o BUAy rpadukoB Ha puc. 1. OmHako B pabore
ObUla BBINOJHEHA MPOBEPKA JTHUX MPEANONOXKEHHH C MOMOLIbI0 CTATUCTUYECKHX KPHUTEPUEB.
HopmanbHOCTh pacrpeneieHus CIy4aifHOro BO3MYILIEHHS = ObUla HOATBEPXKICHA MPUMEHEHHEM

k gambiM  t,1,,..., T Tabm 1 kpurepus cornmacus Konmoroposa [3]. B wactHocTH, ObLIa
noATBepKIeHa npuHaiexHocTh pacnpenernennio N(0,6°) cryuaitueix uncen U, =t —0, —0,X,
x=12,..,19. OnnopomHOCTh mMCTIEpCHM TpPOBEPATACh M MONTBEPKIEHA JBYMS KPHTEPHSIMH:
KPHTEPUEM OJHOPOHOCTH JMCIIEPCHii IBYX pacrpesernenuii 1 kputepueM CMUPHOBA OIHOPOIHOCTH
nBYX pacnpenenenuil. Paccmarpusanucs ase Boibopku §,t, ..., T, u t;,§,,...., T,y B npennonoxenuu,

YTO OHM BBIOpaHBI M3 pacrpenenenuii ¢ Gpynkimsamu pacupenenennst F(X) u F,(X) ¢ nucnepcusmu
2 2 . =
G, U O, COOTBETCTBEHHO. OJHOPOIHOCTb IUCIEPCUHM CIy4allHOrO0 BO3MYyLIEHHMs X Oyner
L2 2
HMOATBEPXKIECHA B CIIydae NPUHATHSA TUIIOTE3bl O PaBEHCTBE JUCIEPCHH O, H O, . JlaHHas rumoresa

~2 =2 N
npoBepsieTcs Ha ocHoBe cratuctuku [ =05 /G,, umewomedi | -pacnpenenenne (®umepa)
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~2 2 L2 2
¢ 9,8 cremensmu cBobomsl [1]. 3aeck G, U G, — OLEHKH JUCIEPCHH G; U G, NOIYYCHHBIC 110

soiGopkam t,4,,..., 0, u t,;,0,,..,Tg:

5 1 10 B 5 5 1 19 B 5
Glz_Z(ti_ml) , Gzz_Z(ti_mz) ,
9 i=1 8 i=11
1 10 B 1 19 B
m=—>t, m=—->1.
1 10 ) i 2 9 ; i
I'umote3sa 06 omuopoxsoctu pacnpemenennit F(X) u  F,(X) — o910 rumoresa

o Tom, 4to BeIOOpKU T, 1,,...,T, u T,,T;,...,f,; U3BICUCHBI U3 OAHOrO U TOro *e pacpeneIeHus

(F.(X) = F,(x)). Ora runoresa nposepsiercst Ha ocHoBe cratuctikn CmupHoBa [ 3]

om0~ F (),

e F'(X) u F,(X) — osvmnupuueckue QyHKUMM pacnpenesneHus, MOMyYEeHHBIE 1O BbHIGOPKaM
t,6,... 6, u t,, 1, coorsercreenno, n, =10, n, =9 — pasmeps! stux BbIGOpOK. Tabnuua
IIPOLICHTHBIX TOYEK PACIPEIEICHNs CTATHCTHKM Z JUIs MallbiX 3HadeHwil N, u N, umeercs B [3],
ampu Ny — 00, N, —> 00 CTaTUCTHKA Z UMeeT pacnpenenenue Koimmoropona.

l'unore3a 0 3HAYMMOCTH KOI(POHUIIMEHTOB JMHEHHOW (QYHKIHMH PErPEeCCHH IMPOBEPSETCS
Ha ocHOBe 1 -cratncTukn

fo O i=12, (5)

! ~2 i
NG
rae G° onpenensercs hopmyioit (4), a" — smement marpusr A =(a"!) =(F'F)™. Craructuxa
t, (5) nmeer pacnpenenenue Cteronenta ¢ N—K creneHsMu cBOGOIBI.

I'mnore3a o0 HamMyuM JMHEWHOW CTOXAaCTUYECKOM CBSI3M MEXJIY BXOJHOM W BBIXOJHOMU
HIEpEMEHHBIMH TIPOBEPAETCS C MCTIONB30BAHUEM | -CTATHCTHKU IMCHIEPCHOHHOTO aHAJIN3a!

2 2 2
f = R _Ro/ R , (6)
k-1 / n-k

TIe

R12 = i(fy,i - 2)2 '
i=1

,_1a,

Z=— izzllty'i :

RS = Y6, ~H (x)0)".

Cratucrtuka f (6) umeer F -pacnpenenenue (Oumepa) ¢ K —1,n—K crenensmu cBo6ombl.
l'mmoresa o  3HaumMocTH  KOX(PGUIIMEHTOB  IIMHEWHOH  (QYHKIMH  PErpeccuu
{H,:0,=0; H,: 0, 0}, i =1,2, nposepsinack ¢ NOMOIILIO IBYCTOPOHHETO KPUTEPHS 3HAYIUMOCTH

P(t |>t,,)=0o. Ha tunuusom yposre smauumoctu o =0,05 npenen smaummoctn t ,,
npu N—K =17 crenensix cBoGoxsl nmeer 3xauenne t ,, = 2,1098 . Paccunranusie o popmyie (5)
OMIUPHYECKHE 3HAYCHHs cTaTWcTHkd paue:: t ., =24,8039, t,  ~=2,6130. Tak xax
|t

IPU3HATH 3HAYUMBIM. B cuny BeimonHenus Hepasencrtsa |, |>t,,, runoresy H,: 0, =0 taxxke

|>t,,,, To runoresy H,:0, =0 cuexyer orkionuts, 10 ectb Kod(duument O, cuexyer

1,5MI1.

CJICAYCT OTKJIOHUTD, TO €CTh IPU3HATDH KO3(1)(1)I/IL[I/ICHT 92 3HAaYMMBIM.
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I'mnore3a 0 HamMyuM JMHEWHOW CTOXAaCTHUYECKOW CBSI3M MEXIY BXOJHOW W BBIXOJHOU
IEPEMEHHBIMU B HALIEM CKAJSIPHOM CIIy4a€ UMEET BUJL {HO : 61 =0; H 1 61 #* 0}. OHa npoBepsiiach

npaBocTopoHHuM Kputepuem 3Haunmmoctn P(f > f )=a. Ha yposae 3naummoctn o =0,05
mpu k-1=1, n-k=17

f, =4,4513. PaccuntanHoe no ¢opmyne (6) SMIMpHYecKOoe 3HAYCHHE CTATUCTHKH | paBHO

npeacia 3Ha4YMMOCTHU f CTCIICHAX CBO6OILI)I HUMECT 3HAUYCHHC

o

f,,. =6,8278. Tak xax f > f , To rumoresa H;: 0, =0 orkmonsercs. Oto o3Hayaer Hanuume

3HAYMMOM JIMHEWHOHN CBS3U MEX]y pacCMaTPUBAEMbIMU IIEPEMEHHBIMU.

AHaOTMYHBIA aHadN3 BBIMOIHIICS paHee B pabore [4] mma mepuoma Bpemenu ¢ 1998
1o 2017 rox. Tam ObUIO YCTAHOBJIEHO OTCYTCTBHUE 3HAYMMOM JIMHEWHOM 3aBUCHMOCTH OT BPEMEHHU
CpeIHEeH roJI0BOM TeMIepaTyphl aTMOC(HEPHOTr0 BO3IyXa Ha MET€OCTaHIIMM MuHCK. JlOMONMHUTEIbHO
OBUT BBIMOJIHEH aHAJM3 JAaHHBIX Ui meproaoB BpemeHu ¢ 1998 mo 2016 rox u ¢ 1998 mo 2018 .
st manaeix ¢ 1998 mo 2016 rom Obia yCTaHOBJIGHA HE3HAYMMOCTH JIMHEWHOTO TPEHIA,
a u1st JaHHbIX ¢ 1998 o 2018 rojx — ero 3HaYMMOCTb.

3akaoueHne

B cratee mpeasiokeHa METOAMKA WCHOJB30BAHUS MPOIEAYp PErPECCHOHHOTO aHalln3a
JJIs1 BBIBOAOB O HAJIMYUU JIMHEHHBIX BPEMECHHBIX TPEHJAOB KOJIMYCCTBCHHBIX XapPaAKTECPUCTUK ITOT'OIBI.
JIuHEelHbI perpecCUOHHBIN aHAIU3 IMO3BOJIIET YCTAHOBUTH 3HAYMMOCTH JIMHEHHOrO TPEHAA IIyTeM
MIPOBEPKH THUIOTE3 IBYX BHJIOB: THUIIOTE3Bl O 3HAYUMOCTH KO3(PPHUIIMEHTOB JIHHEHHONW (QYHKINK
perpeccuyd M THMIIOTE3bl O CYIIECTBOBAHUM JIMHEHHOW 3aBUCHUMOCTH (DYHKIMM perpeccuu. JlaHHas
MeTo/InKa ObUIa WCIOJb30BaHA JUIS aHajnW3a JIMHEWHOTO TPEeHJa CpelHel TOJ0BOH TeMIepaTyphl
atMocepHOro BO3IyxXa Ha MeTeocTaHIMuM MwuHCK. PaccMarpuBanmuch 4eTblpe mepuoja BpEMEHH:
¢ 1998 mo 2016 rox, ¢ 1998 mo 2017 rox, ¢ 1998 mo 2018 rox u ¢ 1998 o 2019 roxa. IlonyueHuHsie
JTIUHEHHBIE PErPECCHOHHBIE 3aBUCUMOCTH UISI STHX TEPHOJO0B MMEIOT HEOOJBIION MOIOKHUTENbHBIN
TpeHa. llpoBepka yKa3zaHHBIX BBIIE THUIOTE3 Ha ypoBHe 3HaunmMoctd o=0,05 mokasana
HE3HAYUMOCTb MOJOKUTENFHOTO JINHEWHOT'O TPEHJIa CpelHel TOM0BON TeMIepaTyphl aTMOC(HEpHOTO
BO3IlyXa Ha MeTeocTaHuu MwuHCK B mepuombl ¢ 1998 mo 2016 rom u ¢ 1998 mo 2017 rom u ero
3HAYMMOCTh B Tieproabl ¢ 1998 mo 2018 roxg u ¢ 1998 mo 2019 rox. bonee Temnsie B cpenaem 2018
1 2019 roap! mpuBeNr K pOCTY MOJOKHUTEIHHOTO JIMHEHHOTO TPeHJa CpeqHe TOAOBOH TeMITepaTyphl
710 3HaYMMOro 3HaueHuss. OTMETUM TaKoKe, 9To B paborax [5, 6] mpeaararTcs MHBIC CTATUCTUYECKUE
TTOIXOZIBI JJIS TEX K€ TeNeil.
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