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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.



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

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.
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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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Submitted 25 March 2019
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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,
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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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th
L

60 65 70 75
-338
43 14

48 ——13

t maa, °C

-5.3 11
—8—10

-5.8

-6.3

-6.8

Bpens mociae 3aIHBKH. MHH

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 ko, to make the recognition process more efficient. The investigation
of this and related questions remain the future landmarks of the suggested approach.

References

1. Manning Ch. D., Raghavan P., Schutze H. An introduction to information retrieval. Cambridge University
Press; 20009.

2. Wu S., Manber U. Fast text searching allowing errors. Communication of the ACM. 2001;35:83-91.

3. Gusfield D. Algorithms on strings, trees and sequences. Computer science and computational biology.
Cambridge university press; 1997.

4. Galil Z., Giancarlo R. Data structures and algorithms for approximate string matching. Journal
of Complexity. 1988;4:33-72.

5. Gonnet G.H., Baeza-Yates R.A. Handbook of algorithms and data structures. Addison-Wesley. 1991.

6. Mandel I. [Cluster analysis]. M.: Finansy i statistika; 1988. (In Russ.)

7. Gourine N.1., German O.V. [Intelligent query analyzer to knowledge base of the multimedia electronic
tutorial]. Trudy BGTU=Proceedings of BSTU. 2010;18(6):167-170. (In Russ.)

Authors contribution

Nasr S. has developed the detailed specification of the fuzzy substring searching method.
German O.V. suggested the common idea of the method.

Information about the authors

German O.V., PhD, Associate Professor of the Information Technologies in Automatized Systems Department
of Belarussian State University of Informatics and Radioelectronics.

Nasr S., PG student of Information Technologies in Automatized Systems Department of Belarussian State
University of Informatics and Radioelectronics.

Address for correspondence

220600, Republic of Belarus,

Minsk, P. Brovki str. 6,

Belarussian State University of Informatics and Radioelectronics
+375-29-612-42-32;

German Oleg Vitoldovich

34



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

@) |
http://dx.doi.org/10.35596/1729-7648-2020-18-1-35-42

OpueuHaJlea}Z cmamuA
Original paper

V/IK 519.16

AHAJIMTUYECKAS MOJIEJIb PACUETA IOMEXOYCTOMYUBOCTH
CUCTEM C MHOT'OIIO3NLIUOHHBIMHU BUJAMU MOAYJISIHUA
N KOAUPOBAHUEM 110 AJITOPUTMY PUIA-COJIOMOHA

JIMTIKOBUY 2.b., KOBIIHUK B.A., CEPYHEHA A.A.

Benopycckuii 2ocydapcmeennviil yrugepcumem unGOpMamuKky u paouod1eKmpOHUKu
(2. Munck, Pecny6auxa benapycw)

Hocmynuna 6 peoaxyuio 1 wions 2019
© Benopycckuii TocyJapcTBEHHBIN YHUBEPCUTET MH)OPMATUKH U pagnodnekTpoHuku, 2020

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
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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
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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.

48




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

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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3000 [ 1
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x10% x10%

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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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