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MHOTI'OITYYKOBOM C®EPOTPOH

KYPAEB A.A., MATBEEHKO B.B.
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Annotanus. [Ipeiosxkens! qBa Tuna chepoTpoHa-IMOTpOHA Ha BYCHEPHUECKOM pe3oHaTope (paHHEE B CTAThe
OBUT TIPEIOKEH CPEepOTPOH-TUOTPOH C HECHHXPOHHBIM B3aMMOJIEHCTBHEM Ha IBYC(EpHIECKOM pe30HaTope,
IZIe SJeKTPOHHBIM MOTOK B STOM TEHEpaTope IMPOXOAWT IO OCH Z pe30HaTopa OT BHEmHeH cdepsl 1o
BHYTPEHHEH M B3aUMOJIEHCTBYET C MPOAOIHHBIM (OCEBBIM) IJICKTPUUECKUM IOJIeM pe3oHaTopa). [lepBbrit Tum
cheporpora mMeeT psI DIAEKTPOHHBIX Jyded (MyYKOB), MPOXONANIUX OT BHEIMHEH cdepbl pe3oHaTopa
K BHYTPEHHEH 10/ yriiamMu $ OTHOCHTENLHO OcH z pe3oHaropa: 9=0, m/8, m/4. BaaumMoneicTBHE JIEKTPOHOB
C TIOJIEM PE30HATOpa B HEM OCYIIECTBISETCA 3a CYET BOHMKHOBEHHS KBAaAPAaTHUHBIX CHJI B BO3PACTAIOIIEM
B HallpaBJICHWW JBWKCHHS DJIEKTPOHOB Tmojie. Bo BTopom THIE cdepoTpoHa (oOpameHHOM chepoTpoHe)
panuanbHBIE JNEKTPOHHBIE IYyYKH PACIIONOXKEHBI MO TIONyAyre SKBATOPHAIHHON IUIOCKOCTH pPE30HATOpa,
a 2JIEKTPOHBI JBIXKYTCS OT BHYTPEHHEH cdepbl K BHeumHeH. B3anmopeiicTBue B HEM OCYILIECTBIISICTCS H3-3a
NIPOCTPaHCTBEHHOW (Da3UpOBKHM 3IeKTpoHOB. B o00oux THnax cdeporponos noctiwxuM KIIJ 30 % mnpu
CBEpXOOJIBIION MOIIHOCTH B HMITYJBCHOM PEKHUME M CYMMAapHBIX TOKax IYYKOB B JECATKH KHJIOAMIIED.
[lpuBeneHHBIE B CTaThe JAHHBIE CBHIETEIILCTBYIOT O IEPCHEKTHBHOCTH MHOTOJIYYEBOTO U OOpaIIeHHOTO
chepoTpoHa 10 CIEAYIONIMM IIOKa3aTessiM: 4Ype3Bbl4aliHas NPOCTOTa KOHCTPYKLMM; He Tpelyercs
MIPEIN3NOHHBIX PEIIETOK WM TPeOEHOK C IIaroM, 3HAYHTENFHO MEHBIIMM [UIMHBI BOJIHBL, HE TPeOYIOTCS
(doKycupyromue MarHUTHBIE CHCTEMBI; obOecreunBaercs anmekTpoHHBIH KIIJ 26...45 %. 3amernm, dTo
cheporpor — mpubop OGompmoit MomuocTr (10-100 MBT B ummymnsce mmTeapbHOCTBI0 1—10 HC), TOCKOIBKY
U1 moajaepkaHus  A(GGEKTHBHOCTH HECHHXPOHHOTO  B3aWMOJCHCTBMS HYy)KHa BBICOKAas BENMYHMHA
HaTPSKEHHOCTH 3JICKTPOMAarHUTHOTO TIOJISL, YTO JOCTUTAeTCs TOIBKO MPH OOJIBIIONH MOIITHOCTH TIpHOOpa.

KioueBble ¢Jji0Ba: MHOTOITYYKOBOW TeHepaTop, ABychepudeckuii pe3oHarop, 3 PeKTHBHOCTh, HECHHXPOHHOE
B3aMMOJCHCTBHE.

KondaukT narepecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBHU KOH(IIMKTA HHTEPECOB.

Js  mutupoBanus. Kypaes A.A., Marseenko B.B. MmuoronyukoBoii cdeporpon. J[loxmanst BI'YUP.
2020; 18(4): 5-12.
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MULTIBEAM SPHEROTRON
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Abstract. The article proposes two types of multibeam spherotron-diotron based on a two-spherical resonator
(an early article suggested a spherotron-diotron with non-synchronous interaction on a bi-spherical resonator,
where the electron beam in this generator passes along the resonator z axis from the outer sphere to the inner one
and interacts with the longitudinal (axial) electric resonator field). The first spherotron type has electron beams
going from outer to inner sphere with slope 3 about the z-axis: 9=0, n/8, /4. The electrons interact with the
resonator field through the emergence of quadratic forces in the field increasing along the electron motion.
The second type (inverted spherotron) has electron beams located in half arc of the equatorial resonator plane,
and the electrons move from the inner sphere to the outside. The interaction in it is carried out due to the spatial
electron phasing. Both spherotron types achieve efficiency of 30 % at ultra-high pulse power and tens
of kuloampere of total beam currents. The data presented in the article indicate the prospects of broad
application for the inverted spherotron by the following indicators: extreme ease of design; no precision gratings
or combs are required with a step significantly shorter than the wavelength; no focusing magnetic systems are
required; electronic efficiency from 26 to 45 % is ensured. Note that the spherotron is fundamentally a high-
power device (10-100 MW in a 1-10ns pulse) for in order to maintain the efficiency of non-synchronous
interaction, one needs a high strength of the electromagnetic field, which is achieved only with a high-power
device.

Keywords: multibeam spherotron, two-spherical resonator, efficiency, non-synchronous interaction.
Conflict of interests. The authors declare no conflict of interests.

For citation. Kurayev A.A., Matveyenka V.V. Multibeam spherotron. Doklady BGUIR. 2020; 18(4): 5-12.

BBenenue

B cratee [1] mpemnmoxeH CQEpOTPOH-AMOTPOH C HECHHXPOHHBIM B3aMMOJCHCTBUEM [2]
Ha IByc(heprIeckoM pe30HaTOpe. OJEKTPOHHBIN IMOTOK B 3TOM TEHEPATOpE MPOXOAWUT IO OCH Z
pe3oHaToOpa OT BHEIIHEH CQepsl IO BHYTPEHHEH M B3aMMOJCHCTBYET C MPOJOJBHBIM (OCEBBIM)
ANIEKTPUYECKUM TIOJIEM pEe30HaTopa. B Hacrosiei craThe NpemIoKeHbl JBa THMA c(epoTpoHa-
JMOTPOHA Ha JBYyc(hepudeckoM pe3oHarope. [lepBoiii THI cepoTpoHa UMEET Psill IACKTPOHHBIX JIyuei
(TryYKOB), TIPOXOAIIMX OT BHEUIHEW cepbl pe30HATOpPa K BHYTPEHHEH MO yriamu 3 OTHOCHTEILHO
ocu z pezonHatopa: 9=0, /8, m/4. B3aumopelcTBHME SIIEKTPOHOB C TOJEM pe3oHaTopa B HEM
OCYIIIECTBIISIETCS. 332 CYET BO3HMKHOBEHHUS KBaJPaTWYHBIX CHJI B BO3PACTAIONIEM B HANPaBICHUU
JBIDKEHHSI 3JEKTPOHOB 1osie. Bo BTopoM THIle chepoTpoHa (0OpaieHHOM CEepOTpPOHE) paauaibHbIe
JJIEKTPOHHBIE ITyYKH PACHOJIOKEHBI [0 TMONYAYre SKBATOPHAIBHOW IUIOCKOCTH pe3oHaTopa, a
AIIEKTPOHBI ABIXKYTCS OT BHYTPEHHEH cephl K BHENTHEH. B3anMoeiicTBiue B HEM OCYIIECTBIISICTCS H3-
3a MPOCTPaHCTBEHHOHN (ha3UpOBKU AIEKTPOHOB. B obomx Trmax cdeporponoB noctmwxum KITJT 30 %
npy CBEPXOOMBIION MOIMHOCTA B HWMITYJbCHOM PEKHME M CYMMAapHBIX TOKAaX ITyYKOB B JIECATKH
kunoamrep. Takue TOKM He0OXOAUMBI 1Sl TIOAJICPKAHNS BBICOKOH MHTEHCUBHOCTH TIOJISL B PE30HATOPE,
HeoOxomuMon it obecnieueHus: S(H(HEKTUBHOCTH HECHHXPOHHOTO B3aMMOJCHCTBUS B ceporpoHe. C
JpyTol CTOPOHBI, KaK MoKa3aHo B [1], B CBA3M C OTCYTCTBHEM MPOCTPAHCTBEHHOH TPYIIHUPOBKH TIPH
TAaKOM THIIC B3aUMOJACUCTBHS (T. €. 3JICKTPOHHBIC CTYCTKH HE (DOPMHUPYIOTCS) JOIMyCTUMBI OYEHBb
OOJIBIIIME TOKU HA OJIFH 3JICKTPOHHBIN MOTOK (110 20 KA, kKak nokaszaHo B [1]).
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Ilons B pe3oHaTope, YCJI0BUSA PE30OHAHCA, PCJIATUBUCTCKUE YPABHCHUA ABUKCHUSA 3JICKTPOHOB

ITons konebanuit Tuma £E,o AByCHEpUYECKOro pe30HATOpa MOIYT OBITh 3alKCaHbI
B cpepuuecKoii cucTeMe KOOpIUHAT 7, 3, ¢ B cienyromeM Buze [1]:
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() ()
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CBETa B ITyCTOTE.
Jlns ymoOGcTBa pacueToB mpeodpasyeM COCTaBJIAIONTNE MO pe3oHaTopa (2) u3 chepruaeckoit
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YpaBHeHHE ABMKEHUS PEISITUBUCTCKOTO 3JIEKTPOHA B O€3pa3MEPHBIX IEPEMEHHBIX UMEET BH/T
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Z BJIEKTPOHA.
Hauanbuple  ycnoBus k  cucreme (2) sajalores  kak 7 (0)=7, B[(O):BO,

T (O) =27i/ N, i=1N,i-Homep sneKTpoHa, N — 9HCIIO IEKTPOHOB B aHCAMOJIE.

CdepoTpoH nepBoro Tumna

Konctpyxkuus storo cdeporpona npuseneHa Ha puc. 1.

Puc. 1. Cxema MHOTOITy4KOBOTO chepoTpoHa
Fig. 1. Multi-beam spherotron scheme

3nech  — anexkTpoHHbIH yd Tuna 1 (9=0); 2 — 31eKTpOHHbIE JIyYd THIA 2, PacloiIO0KEeHHbIE
mo okpyxHoctd ©=0...27 npu (9=m/8); 3 — SJICKTPOHHBIC Jy4d THUIA 3, PACIOIOKCHHBIC I10
okpykHoct ¢=0...2w npu 9=n/4; 4 — BXOI B CHCTEMYy OXJXKICHHSI, 5 — DSKBAaTOpUAJbHas
METaJUIN4ecKasi MOJYIUIOCKOCTh, CTaOMIM3Mpylomas Konebanue FE,io pe3oHaTopa W coneprKarias
KaHaJl BOJISHOW CHCTEMBI OXJaXICHUS 0; 7 — a3UMyTaJlbHas IIeJb CBA3H C BBIXOAHBIM BOJIHOBOAOM
(umu pymopoMm) 8; a— Oe3pa3MepHbI BHYTPEHHMI paauyc BHEIIHEH cepbl; b — Oe3pa3MepHbIii
BHEIIHUH paguyc BHyTpeHHEH chepbl pe3oHaTopa.
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PesyabTaThl pacyeToB

Bapwmant 1. Moga pe3onaropa Eiio (n=1); b=2,7437, a=6,1168. A=1,0. [{ns Bcex myueii 1, 2, 3
tunoB [0=0,29. Jna nyuerr tuma 1 ne=0,32, ma tuma 2 (9=n/8) — n.=0,31, g tuna 3 (9=n/4) —
Nne=0,23.

Bapwuant 2. Konmebanue pesonaropa E7io (n=7); b=2,7437, a=25,0928. 4=0,45. J{nsa nydeit
tuna 1 o=0,1375, n=0,26, Tuna 2 — 3=0,1375, n=0,26, mis tuna 3 — B¢=0,1025, n~0,22.

TpaeKTOpHBIN aHaIU3 JBMKEHUS AJIEKTPOHOB Ul JIydell Tpex THUIIOB IIOKa3all, YTO XapakTep
B3aMMOJEHCTBUS Ui BCeX M3 HUX mnomobeH mepBomy tumy. OH JOCTaTOYHO MOAPOOHO
MpoaHalIu3upoBaH B [1], Tak YTO NOBTOPSTH BBIBOJABI CTaThu [l] HET cMeIcIa — Xapakrep
B3aMMOJICHCTBHS THIWYEH Ui HECHHXPOHHOTO, NPOCTPAHCTBEHHBIX CTyCTKOB ((pa30BBIX IAKETOB)
3JIEKTPOHOB HE CO3/aeTCsl.

Cdeporpon BTOporo Tuna (odpameHHbiii cgepoTpoH)

Jns peanmuzanuy peXuMa TOJOXKHUTEILHOW OTNA4YM DHEPTHU JJIEKPOMArHUTHOMY  ITOIIO
My4YKaMH, paCIOJIOKEHHBIMH B OKBAaTOPUAIBHOW TUIOCKOCTH JBycepHyeckoro pe3oHaropa,
HEO0OXOJMMO HAIPaBIICHUE JBIKCHUS JJICKTPOHOB IyYKOB OT BHYTPEHHEH cCdepbl pe3oHaTopa
K BHemIHe#. Takoe yciioBue peanusyercs B 00OpameHHOM CEpOoTPOHE, CXeMa KOTOPOTo M300pakeHa
Ha puc. 2. 3mech / —dIeKTpOHHAS TMyIIKa PaTruabHOTO AJIEKTPOHHOTO Iy4Ka, 2— MPOMOIYTUPOBAHHEII
B IOJIE PE30HATOPA AJIEKTPOHHBIN MYyYOK, 3 — MOIMYIIOCKOCTh, (PUKCUpYIOIIas BHYTPEHHIOK cdepy
Y OJTHOBPEMEHHO OCYIIECTBIISIFOIIAS CENCKINI0 padodeid Moabl E,io. Uepes Hee Tarkke MPOXOAST
JUHUAW DJICKTPONMTAHUS TYIIEK SJCKTPOHHBIX MYYKOB. DIEKTPOHHBIC IMyYKH HMEIOT HadallbHOE
IMWIHHIPHYECKOE CEYCHUE U PACTIONATraloTCs 10 MOYAyTe SKBATOPUAITBHON TIIOCKOCTH.

A

7

Puc. 2. Cxema oOpateHHOro cheporpoHa: / — 3JeKTpOHHAs MyLIKa PaJUalbHOrO MMy4Ka; 2 — TMHAMHYECKOe
CeUCHHE My4Ka; 3 — MeTaJUIMYecKasi SKBaTOpHUAIbHAS TIOJTYTIIOCKOCTh
Fig. 2. Inverted spherotron scheme: / — radial beam electron gun; 2 — dynamic beam section;
3 — metal equatorial half-plane

Ha puc. 3 nmpuBeneHsl 30HBI TeHEPAIK 00paeHHOTO chepoTpoHa B KoopauHaTax Ao, o A1
konebanust E1yo. Ludper Ha rpaduke o3uagaror KITJ[ Ha COOTBETCTBYIONIMX JIMHHUSX YPOBHS 30H.
BuHo, uto TpeOyemas ammuinTyna Ao B Ha4albHBIX 30HAX CYIIECTBEHHO MEHBIIE, YeM B OOBIYHOM
chepoTpoHe.
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Ha puc. 4 npuBenens! 16 Tpaekropuii snekTpoHoB myuka npH 3¢=0,12, 4¢=0,9 B mmockoctu X, Z.
OTu [naHHbIe BecbMa HMH()OPMATHBHBI AJsl MOSCHEHHS MEXaHHW3Ma B3aHMMOJCHCTBHS DJICKTPOHOB
C DJICKTPOMAarHUTHBIM TI0JIEeM B oOpaiieHHOM chepoTpoHe. 3a CYeT OTKIOHSIOIIETO OeHCTBUS
MONEPEYHbIX COCTABIAIOIIMX CHJI IO, BKJOYAs MAarHWTHBIC, OJEKTPOHBI  MOIYYaroT
MPOCTPAHCTBEHHYIO (Pa3MpOBKY B JJIEKTPUYECKOM IOJie TakuM 00pa3oM, 4YTO TOHagaroT
B TOPMO3SIIYIO (ha3y MOJIS.

Ao

1,5

0,5

0,01 0,1 0,15 0,2 0,15 0,3 Bo

Puc. 3. 3o8s1 1711 E110
Fig. 3. The zones for E11o

2,5 ! ! ! !

—-0,6 —0,4 -0,2 0 0,2 0,4 0,6 z

Puc. 4. Tpaekropuu 3mektpoHoB 1ipu Bo=0,12, 40=0,9, E11o
Fig. 4. The electron paths at fo=0.12, 46=0.9, E110
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IIpn 5TOM OCHOBHas 4YacTh IEKTPOHOB OTAAET SHEPTHIO IOJIFO, YTO WILIIOCTPUPYET PHUC. S,
rne npuseaeHsl cpeanuil KIIJI (ne) m KIIJ wHIMBuAyanbHBIX SJIEKTPOHOB Kak (yHkuous 7.

B pesynbprare B mpuBeIeHHOM BapHaHTE TOCTUTACTCA Mep=36 %o.
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Fig. 5. Ni (T), Nep (T) at B0:0.12, A0=0.9, E110

Takum 00pa3oM, MEXaHU3MbI B3aUMOJICHUCTBUS B OOBIYHOM CHEpOTPOHE W OOpAICHHOM
HE UMEIOT HHUYEro OOIIero: B TEPBOM MEXaHHW3M OINPEACISIIOT KBaJpaTHYHbIE CHWIbBl Muiepa,
BO BTOPOM — IIPOCTPAHCTBEHHAsI (Da3MpOBKa 3JICKTPOHOB.

Cnenyer yka3aThb Ha CIEOYIONIYIO BO3MOXKHOCTH: paccMaTpuBaeMas KOHCTPYKLUS
oOpalieHHOTO CepoTpoHa MOXKET OBITh IpeoOpa3oBaHa W3 JUOTPOHA B auoiA. B 3ToM ciyuwae
ANIEKTPOHHAS MYIIKA OTCYTCTBYET; BMECTO HEE B IKBATOPHAILHOW TUIOCKOCTH BHYTpEHHEH chepbl
pacHojokeH KaToi B BHJC IOJNYAYyTH, a MEXAYy BHEIIHEH M BHYTpPeHHEW cepoill NPHIIOKEHO
Hanpsixenue U,. [IpenBapurtenbHble pacueThl 1ajdu CICAYIOIIHUM Pe3ybTar:

_ ela ( ab j,A1=o,o1 (Ua~1 kB); 1e=0,14.
m,c’

a—>b
3aKkiIroueHue

Mopa pesonaropa Ei10; 46=0,3; 4,

[IpuBeneHHble B cTaTbe AaHHBIE CBUAETEIHCTBYIOT O IEPCIEKTHBHOCTH MHOTOIYYEBOTO
1 00paIieHHoro chepoTpoHa MO CIEAYIOIUM HOKA3aTeNIsIM:

— Ype3BBIYaiiHAs TPOCTOTA KOHCTPYKIMH, HE TpeOyeTcs MpPEelM3NOHHBIX PpEIIeTOK WIN
rpeOCHOK C IIaroM, 3HaYUTEIbHO MEHBIIMM JUTUHBI BOJIHBI,

— He TpeOyroTCs (POKYCHUPYIOIINE MAarHUTHBIE CHCTEMBI,

— obecnieunBaetcs snekTpoHHbiit KI1/ 26...45 %.

3aMeTuM, 4TO c(EepOTpOH — MPHUHUUNHMAIBHO Npubop Oosbmoit mMomuoctu (10-100 MBT
B UMITyJIbCE  JANHUTENBbHOCTBIO  1—10 HC), mOCKONBKY [y mopdepkaHust  3(QeKTuBHOCTH
HECHHXPOHHOTO B3aMMOJEHCTBUS HY)KHAa BBICOKAs BEIMYMHA HAINPSHKEHHOCTH 3JIEKTPOMArHUTHOTO
OIS, YTO JOCTUTAETCs TOJIIBKO MPH OOJIBIION MOITHOCTH Ipubopa.

11



JokmAnsl BT'YHP
2020, T. 18, Ne 4

Dokrapy BGUIR
2020, VoL. 18, No. 4

Cnmcok JIuTepaTypsl

Kypaes A.A., MatBeenko B.B. TeparepuoBsiii renepatop — chepoTpoH. Hugpoxommynuxayuonusvie u
paouoaexmponnvie mexuonoauu. 2018;1:389-399.

KpaBuenko B.®., Kypae A.A., Cununpia A.K. HecunxpoHHble B3auMOIEHCTBUA. Ycnexu ¢usuyeckux
nayk. 2007;177:511-534.

Kypaes A.A., ITonikosa T.JI., Cuanneia A.K. Drnexmpoounamuxa u pacnpocmpanenue paouogonn. Mocksa:
«AHDPA-M»y; 2016.

References
Kurayev A.A., Matveyenko V.V. [Teragertsovyy generator — sferotron]. Infokommunikatsionnyye
i radioelektronnyye tekhnologii = Infocommunications and Radio Technologies. 2018;1:389-399. (In Russ.)
Kravchenko V.F., Kurayev A.A., Sinitsyn A.K. [Nesinkhronnyye vzaimodeystviya]. Uspekhi fizicheskikh
nauk = Advances in Physical Sciences. 2007;177:511-534. (In Russ.)

Kurayev A.A., Popkova T.L., Sinitsyn A.K. [Elektrodinamika i rasprostraneniye radiovoln]. Moscow:
«INFRA-My; 2016. (In Russ.)

CaenieHns 0 BKJIaJie aBTOPOB

Bcee ABTOPEI B paBHOI;'I CTCIICHU BHCCJIM BKJIaJ B HAITUCAHHUEC CTAThH.

Author contribution

All authors equally contributed to the writing of the article.

Caenenust 00 aBTopax

Kypaes A.A., n.¢.-m.H., npodeccop, mpodeccop
kadenpsl  MHPOPMAIMOHHBIX  PATUOTEXHOJOTHI
Benopycckoro  rocyaapcTBEHHOIO — yHHBEpCHUTETa
MH()OPMATUKH U PaTHOIICKTPOHHUKH.

Martseenko B.B.,  k.p.-M.H.,  JOLIGHT,  JOIIEHT
kadenps BBIYHCITUTEIBHBIX METOJIOB u
MPOrpaMMHpPOBaHUsl benopycckoro rocyaapcTBEHHOTO
VHHBEpCHUTETa HHPOPMATUKH U PAJTUOIICKTPOHUKH.

Azpec I KOppecnOHIeHIH U

220013, Pecriy6niuka benapycs,

r. MuHck, yi. I1. BpoBku, 6,

Benopycckuil rocynapcTBEHHbBIN yHUBEPCUTET
MHPOPMATHKHU M PaTHOIICKTPOHUKH

Ten. +375-17-293- 89-56;

e-mail: kurayev@bsuir.by

Kypaes Anexcannp AnekcanapoBud

12

Information about the authors

Kurayev A.A., D.Sci.,,  Professor, Professor
of Information ~ Radiotechnologies =~ Department
of Belarusian State University of Informatics and
Radioelectronics.

Matveyenka V.V., PhD, Associate Professor,
Associate Professor of Computational Methods and
Programming Department of Belarusian State
University of Informatics and Radioelectronics.

Address for correspondence

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

of Informatics and Radioelectronics
tel. +375-17-293- 89-56;

e-mail: kurayev@bsuir.by

Kurayev Alexander Alexandrovich



JokmAnsl BT'YHP Dokr4py BGUIR
2020, T. 18, Ne 4 2020, VoL. 18, No. 4

http://dx.doi.org/10.35596/1729-7648-2020-18-4-13-19

Opueunanvhas cmamosl
Original paper

VIIK 621.391

WCCJIEJJOBAHUE COBOKYITHOM CIIEKTPAJIbHOM IJIOTHOCTH
CUI'HAJIOB B BOCXOJAILIEM KAHAJVIE CETHU CBA3U LTE

HOBHUKOBA A.A., KO3EJI B.M., KOBAJIEB K.A.

Benopycckuii 2ocydapcmeennulil yHusepcumem uHGOpMamuxy u paouodieKmpoHuKu
(2. Munck, Pecnybnuxa benapyco)

Hocmynuna 6 peoakyuro 3 urons 2019
© Benopycckuii ToCyIapcTBEHHBIN YHUBEPCUTET HHMOPMATHKH U PaInodIeKTpoHukH, 2020

AnHotanus. CTaThs MOCBSAIICHA aHAJIU3Y COBOKYITHOW CHEKTPAILHOW IUIOTHOCTH H3Iy4YCHHsS aOOHEHTCKHX
tepmuHaoB cetu cBsizu LTE. B cetn cBs3u LTE mis mucxomsmedt nuauu csazm (downlink) mpumensercs
TEXHOJIOTUSI MYJIBTHIIEKCHPOBAHUS C OPTOTOHAIBHBIM YacTOTHBIM pasneneHneM kaHaioB (OFDMA), a mus
BocXozsmeld nuHUKA CB3M (uplink) — TEXHOJOTHS MHOMXECTBEHHOT'O JOCTYNa C YacTOTHBIM pa3aelicHUEM
kananmoB u oxHoi Hecymed (SC-FDMA). B Hucxonsmielt JTWHWUU CBS3M 3aHUMaeMas I0JI0ca PaJHovacToT
OTIPE/ICIIACTCS. KOJIMYECTBOM PECYPCHBIX OJIOKOB M BEIMYHMHOW IAra pa3MEIICHUS MOJHECYIIUX KOJICOaHUN
B 4acTOTHOU o0Onactu. OCOOCHHOCTH HCIOJBb3YyEMbIX TEXHOJIOTHI OpraHU3allMid MHOXKECTBCHHOTO JOCTYIa
Bcerax cBi3u LTE ompenensiorT xapakrtep CIEKTPadbHOW IUIOTHOCTH COBOKYIHOTO pajuoOcHrHana. Tak,
B HUCXOJIEH JIMHUU CBSI3U CIHCKTPaJbHAs IUIOTHOCTh TNPHUOJIDKACTCS K PAaBHOMEPHOH, ITOCKOJBKY
pacrpeieieHue MOIIHOCTH B CIICKTPaTbHOM 001aCTH HE 3aBUCUT OT KOJIMYECTBA M MECTOTIOJI0KEHUS PECYPCHBIX
OJIOKOB, BBIICISICMBIX a0OHEHTY, a TAKXKE HE 3aBHCHT OT TCPPUTOPHUAIBLHOTO PACHOJIOKECHUS caMoro abOHEHTA.
Jlns Bocxosimeit TMHAN CBSA3U OIIPEeICHIE XapaKTePUCTUK CIEKTPAIbHON TUIOTHOCTH HE TaK OJHO3HAYHO, TaK
KaK OHH 3aBUCST OT psga (pakTopoB (mapamMeTpoB Tpaduka, XapakTepa paauoycioBUld u ap.). i1 npoBeaeHHS
MOPOOHOTO aHaANN3a CIEKTPAIbHON IIOTHOCTH W3IYYCHHS COBOKYITHOCTH a0OHCHTCKHX TEPMHHAIIOB CETH
ce3u LTE Owma paspabotaHa cxema HW3MEPHUTEIILHON YCTAHOBKH W TIPOBEACHBI DKCIIEPUMEHTAILHBIC
HCCIIeIOBAaHUS CIIEKTPAIBbHON TUIOTHOCTH Ha 0aze HaydHO-HCCienoBaTeNbckoi madoparopun BI'VUP. B crathe
MIPUBOJIATCS CIIEKTPOTPAaMMBI COBOKYITHOCTH CHT'HAJIOB B Bocxo el nHnn cetr cBs3u LTE, morydenHsie st
PA3IMYHBIX MHTEPBAJOB BPEMCHH M Pa3IM4YHBIX MecT HaOmojcHus. ClenaHo 3aKIFOUCHHE O BO3MOXKHOCTH
UCIIOJIB30BaHUSl JKBUBAJICHTHON pPaBHOMEPHOH CIEKTPAlbHONM IUIOTHOCTH JUIS ONHCAHUS TOMEXOBBIX
BO3JICHCTBUI OT IPYNIIUPOBOK a0OHEHTCKHUX TepMHuHAIOB cereil cBsizu LTE.

KiroueBble c10Ba: 3JI€KTPOMAarHUTHas COBMECTUMOCTh, IOMEXOBOE BO3ACHCTBHE, CIEKTpajbHas IUIOTHOCTS,
LTE, OFDMA, SC-FDMA.

KoH}auKT HHTEepecoB. ABTOPHI 3asIBIISIIOT 00 OTCYTCTBUH KOH(IJIUKTA HHTEPECOB.

Jasi uutupoBanusi. HoBukoBa A.A., Kozen B.M., KopaneB K.A. VccrnenoBanne cOBOKYIHON CIIEKTPaTbHON
IJIOTHOCTH CUTHAJIOB B BocxosimieM kaHaie ceTu ¢Bsi3u LTE. Jlokmager BI'YUP. 2020; 18(4): 13-19.

13



JokmAnsl BT'YHP Dokr4py BGUIR
2020, T. 18, Ne 4 2020, VoL. 18, No. 4

RESEARCH OF THE TOTAL SPECTRAL DENSITY OF SIGNALS
IN THE LTE UP-LINK

ANNA A. NOVIKOVA, VICTOR M. KOZEL, KONSTANTIN A. KAVALIOU

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

Submitted 3 June 2019
© Belarusian State University of Informatics and Radioelectronics, 2020

Abstract. This article is devoted to the analysis of the total spectral radiation density of LTE subscriber
terminals. The LTE network uses orthogonal frequency division multiple access (OFDMA) technology
for downlink communications, and multiple access technology with single-carrier frequency division multiple
access (SC-FDMA) for uplink communications. In a downlink, the occupied radio frequency band is determined
by the number of resource blocks and the size of the step of placement of subcarrier oscillations in the frequency
domain. Features of the technologies used for organizing multiple access in LTE networks determine the nature
of the spectral density of the total radio signal. Thus, in a downlink, the spectral density approaches uniformity,
since the power distribution in the spectral region does not depend on the number and location of resource
blocks allocated to the subscriber, and also does not depend on the territorial location of the subscriber itself.
For an uplink, the determination of spectral density characteristics is not so unambiguous, since they depend on
a number of factors (traffic parameters, the nature of radio conditions, etc.). To conduct a detailed analysis of the
spectral radiation density of a set of LTE subscriber terminals, a scheme of the measuring unit was developed
and experimental studies of the spectral density were conducted on the basis of the BSUIR research laboratory.
The article presents spectrograms of a set of signals in the uplink of the LTE communication network, obtained
for different time intervals and different places of observation. The conclusion is made about the possibility
of using an equivalent uniform spectral density to describe interference effects from groupings of subscriber
terminals of LTE communication networks.

Keywords: electromagnetic compatibility, interference influence, spectral density, LTE, OFDMA, SC-FDMA.
Conflict of interests. The authors declare no conflict of interests.

For citation. Novikova A.A., Kozel V.M., Kavaliou K.A. Research of the total spectral density of signals
in the LTE up-link. Doklady BGUIR. 2020; 18(4): 13-19.

BBenenue

CornacHo Tabnuie pacnpeneicHus 4acTOT HanOojee MEPCICKTUBHBIC IS Pa3BUTHS CeTel
COTOBOW TOJABIDKHOM 3JICKTPOCBSA3U IIOJIOCHI  PAJMOYacTOT COBMECTHO UCHOJIB3YHOTCS —Kak
paarodIeKTpoHHBIME cpeacTBamMu (POC) moaBMKHOM CIyKOBI TpaXKIaHCKOTO Ha3zHadeHus, Tak u POC
IPYTUX PagroCIy 0, B 4aCTHOCTH (DUKCHPOBAHHOM, paIHOIOKAIIMOHHON, paldiOHABUTAIlHIOHHON U Jp.
Oco0eHHOCTH OpraHHU3ally BOCXOAIIero kaHana cBsa3u B ceTsax LTE npeamonararor quaaMuyeckoe
BO BPEMEHH M3MEHEHHE IapaMeTpoB (pabouast 4acTOTa, MOLIHOCTh, IIMPUHA MOJIOCHI YaCTOT U AP.)
pammocurHaiga aOOHEHTCKOTO TEpMHHAIA B TIpomecce ceaHca cBs3u. JlaHHas O0COOCHHOCTh
(hopMUPOBaHUST BOCXOJAINIETO KaHalla 3HAYHUTEIBHO YCIIOXKHACT pEIICHHE 3a7adyu 00CCICUCHHS
MEXCHUCTEMHOU 3JICKTPOMArHUTHOH COBMECTUMOCTH TPYIITUPOBKU aO0OHEHTCKHX TepMmuHanoB LTE
co croponanMu POC. B ¢BsI3u ¢ 3TUM HCCIIEOBAaHUSA COBOKYITHOCTH M3IIYYCHHM, MPUCYTCTBYIOIINX
B BocxojsiieM kaHane LTE, ¢ menplo MojiydeHus OPOCTHIX SKBHUBAJIEHTHBIX MOJIENICH SIBIAIOTCSA
JIOCTATOYHO aKTyaTbHBIMHU.

MeTonuka npoBeieHNs IKCIIEPUMEHTA
CurHan Hucxozsimed jguaud (opmupyercs Ha 6asze Texnosorud OFDM. B crnekrpanbHOM
00JTaCTH NaHHBIA CUTHAJ TPEACTABISICT COBOKYITHOCTh PECYPCHBIX OJOKOB, KaXIBIH M3 KOTOPBIX

HCIOJIB3YCT 12 CHUHXPOHHBIX (Ka)K,Z[aSI noaHecymas COACPIKUT LCJI0C YUCIIO IEPUOA0B, NPUXOAAIIUXCA
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Ha jmrenpbHOCT OFDM cumBona) mnomHecymux koneOanwii. WHbopMaimoHHass Harpyska
HAKJIaJbIBAeTCSI HA CHTHAJI-HOCHTEIh C HCIHOJB30BAHWEM HHU3IKOCKOPOCTHOW MAaHMITYIISIHH
MTOMHECYIHNX Pa3IMIHBEIMU MoayssnuoHHEIME cxemamu (BPSK, QPSK, 16QAM ... 256QAM wu ap.).
Takum o00pa3oM, 3aHUMacMas CHUTHAJIOM HUCXOIAIICH JHHHWM II0JIOCA YaCcTOT ONPEACIsSeTCS
KOJTMYECTBOM PECYPCHBIX OJOKOB W BENWYMHOW Imara pasMemieHus] IOJHECYIINX KoieOaHHit
B 4aCTOTHO# oOnactu [1].

B Tabn. 1 npuBeneHbl HaHHBIC IS PAa3IMYHBIX BO3MOXKHBIX KOH(PUTYpaIuil UCIOIB3YEeMOTrO
panuonnTepdeiical B CETAX CBIA3U YETBEPTOTO MOKOIEHHMS.

Tabéauua 1. Konpurypamnum ncrnois3yeMoro paguonaTepdeiica B ceTsax CBsI3n
YETBEPTOTO MOKOJIeHUs (11ar nogHecymmx 15kI ')
Table 1. Transmission bandwidth configuration Ngzp in E-ULTRA channel bandwidths

IlIupuna nonoce! kanana, MI'i

Transmission bandwidth 20 1.4 3 > 10 15
KomuaecTBo pecypcHBIX OJIOKOB 100 6 15 25 50 75
Number resource blocks

CurHan Bocxomsimied gunuu (opmupyercs ¢ ucrnonb3oBanuem SC-FDMA, no3zBoistomieit
OCYIICCTBIISITh CHHXPOHH3AIMIO CHTHAJIOB, MEpPEeNaBacMbIX aOOHEHTCKUM OOOpYIOBaHHEM, OIHHIM,
oOIIMM JUTS BceX a0OHEHTOB OMOPHBIM KoJieOanueM [2].

B 3aBucuMoctn oT mapamerpoB Tpaduka, Xapakrepa paauoyCIOBHHA (YpOBHS BHEUTHETO
IIyMa, CENICKTHUBHBIX W HECEJICKTUBHBIX 3aMUPAHUWH, IOIUIEPOBCKOTO CABHWIa W IMp.) TpHEMa U
HACTPOEK CUCTEMbI A0OHEHTY TUHAMHYECKH BBIIEISICTCS OT OJHOTO JIO BCEX BO3BMOXKHBIX PECYpPCHBIX
0JIOKOB C M3MEHSIONIMMCSI PACIIONIOKEHUEM BBIJICTICHHOTO pecypca B YaCTOTHON OONACTH B Mpejieliax
HCTIOJIb3yEeMOTO paJHOKaHaa.

Oco0EHHOCTH HCIONB3yEMbIX TEXHOJIOTUH OpraHU3allii MHOKECTBEHHOTO JIOCTYIa B CETIX
MOJIBMYKHON CBSI3M YETBEPTOTO TIOKOJICHHUS OMPEACIAIOT XapakTep CIEKTPAIBHOW IUIOTHOCTH
COBOKYITHOTO pajriocurHayia. Tak, B HUCXOJAINEM KaHalle CHEKTpallbHasl TUIOTHOCTh MPHOIMKACTCS
K PaBHOMEPHOM, TIOCKOJIBKY pacIpesieliecHHe MOIIHOCTH B CHEKTPAJIbHOW O0NacTH HE 3aBHCHT OT
KOJIUYECTBAa M MECTOIIOJIOKCHHS PECYPCHBIX OJIOKOB, BBIIEISIEMBIX A0OHEHTY, a TaK)KE HE 3aBHCUT OT
TEPPUTOPUAILHOTO  pacroliokeHus camoro aboHeHTa. B BocxomsimeM KaHaie MOmOOHas
PaBHOMEPHOCTh CIIEKTPAJIBbHOW IUIOTHOCTH CHUTHAlla HE OYEeBHIHA. JTO B TIEPBYIO OYepelb
00YCJIOBJICHO MPOLEAYPAMU PETYIUPOBKH MOITHOCTH a0OHEHTCKUX TEPMUHAJIOB B 3aBHUCUMOCTH OT
PaAMOYCIIOBUH B MeCTaX MX PACHOJIOKEHHUS C IENbI0 «BBIPABHUBAHUS) CIICKTPATBHON IUIOTHOCTH
COBOKYITHOTO CHTHAJa OT TPYNIUPOBKHA aO0OHEHTCKUX CTaHIMHA B MECTE PACTIONIOKCHUS MPUEMHOM
AHTCHHBI 0a30BOH craHiuu. JlaHHOE OOCTOSTEIECTBO, COBMECTHO C H3MEHEHHEM KOJMYECTBA U
MECTOTIOJIOKEHUSI BBIJICICHHOTO KOHKPETHOMY a0OHEHTY B KOHKPETHBI MOMEHT BPEMEHH pecypca
TPYIIIOBOTO KaHAalla, MPUBOAUT K CYNIECTBEHHBIM KOJICOAHUSM CIIEKTPAITLHOMN TNIOTHOCTH BOCXOSIIIETO
curHaja Bo BpeMeHu [3]. CxemMaTHuHO 1Moa00Has HEPAaBHOMEPHOCTh HILTFOCTPUPYETCS Ha puc. 1.
PecypcHbiii 610K,

BblAEe/IEHHbIV i~-TOMY
aboHeHTy

Bm/l'y

=
%%g -
N
N
N
N
N
N
N
N
f

Puc. 1. CriekTpaibHast INIOTHOCTb MOIIIHOCTH COBOKYITHOTO CUTHAJIA OT IPYNIUPOBKH ADOHEHTCKUX CTaHLMN
Fig.1. Spectral power density of the aggregate signal from the mobile stations

' 3GPP TS 36.101 v8.11.0 (2010-10): Technical Specification Group Radio Access Network; Evolved Universal
Terrestrial Radio Access (E-UTRA); User Equipment (UE) radio transmission and reception. (Release 8).
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HectanmmonapHocTs Ha  HHTEpBajaX BPEMEHH, COU3MEPUMBIX C  JUIMTEIbHOCTHIO
OFDM cuMBONIa CIEKTPaTbHON IUIOTHOCTH MOIIHOCTH COBOKYITHOTO PaIHOCHTHANIA BOCXOISIICH
JIMHWH, HE MO3BOJIAET ONPEIEUTh TaK HAa3bIBAEMOE YACTOTHO-3aBUCUMOE TMOABIECHHE’ MEIIAOLIETO
CUTHaja B MIPUEMHOM TpakTe penentopa momex (POC mpyrux pammocmyx0, (yHKIMOHHPYIOIIUX
B COBMEIIEHHBIX W/WIM TPWIETAIONIMX T0JIOCAaX YaCTOT COBMECTHO C CETSIMH TOABHIKHON CBSI3H
YETBEPTOTO IMOKOJICHHUS), TpeOyeMoe IS aHaIH3a YCIIOBHH AIEKTPOMAarHUTHOW COBMECTUMOCTH.

PesynabTaThl 1 X 00cy:K1eHHE

OKCIIEPUMEHT TPOBOAWIICS B Tmosoce paamodactoTr 1710-1740 MI'm Ha ©Oa3ze 1eHTpa
pamuokoHTpons PYII «benl'MD» mw HUWII 1.12 BI'YUP (cm. Tab6m. 2). Cxembl H3MEpPUTEIHHBIX
YCTaHOBOK TIPEICTABIICHBI Ha pHC. 2, 3.

Tadmuma 2. KoopauHaTel MecT HaOIIONCHUS JIEKTPOMArHUTHOH 00CTaHOBKU
Table 2. Coordinates of places of observation of electromagnetic environment

Ne Touku Koopnunatsr mect Habmonenus (r. MuHcK) BricoTa nogseca aHTEHHBL, M
Ne point Coordinates of places of observation Antenna suspension height, m
1 53°48'04,2 27°27'38,1 72
2 53°55'4 27°35'42 12

AHTEHHas cucTEMa

ADD195-071 HES500 HEO010 HL033 HL040

________________________________________

KommyTtarop

v

MOHUTOPHUHIOBBIH IPUEMHHUK
R&S®ESMB

v

IleneHraunoHHbIN TpoLIECCOD
R&S®EBDI195

Puc. 2. Cxema U3MepuUTENLHON YCTAaHOBKHY Ha 0ase EHTpa paguoKOHTpous PYII «benl UD»
Fig. 2. Diagram of the measuring setup based on the “BelGIE”

AHTeHHas cucTemMa
HyperLOG-7060

MastomyMsmuit ycuiInTens > AHaM3aTop CUrHaJIoB
> SLNA-03-25-16 N9020A

Puc. 3. Cxema m3mMeputensHO# yctaHOBKH Ha 6aze HUJI
Fig. 3. Diagram of the measuring setup based on the research laboratory

AMIUIUTYIHBIM CHEKTP HAIPSXKEHHOCTU 3JIEKTPOMArHUTHOIO IIOJII B BOCXOJSILEM KaHale
cetu LTE, mony4yenHsiii B Touke HaOmrofeHus 1 B pexxuMe yaepKaHUS MaKCUMaJbHBIX 3HAYCHUH,
npuBeneH Ha puc. 4. Jlunmeit / Ha puc. 4 0003Ha4YEHBI PE3yAbTaThl HAOMIONCHUH, MOTyYeHHBIE
B pe3yabTaTe MOHUTOPWHTA 3a mepBbIit kBapTai 2019 romga, muauei 2 — 3a Bropoit kBaptai 2019 rona.

2 Pexomenanust MCD-R SM.337-5 YacTOTHBIH U TepPUTOPUAIILHBIIA PasHOC.
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Puc. 4. AMOITUTYIHBIH CIIEKTpP HANPSHKEHHOCTH IEKTPOMArHUTHOTO TOJSI B BOCXOAAIIEM KaHAJIE CETH

LTE, nonyueHHsI# B TOuke HaOmonaeHus 1

Fig. 4. The amplitude spectrum of the electromagnetic field strength in the uplink

of the LTE network obtained at the observation point

1

Ha puc. 5 npencrasieHsl CEKTPhI MOITHOCTH MPUHUMAEMOIO CUTHAJIA B BOCXO/SIIEM KaHaJe
cetu LTE, morydeHnbpIe B TOUKE HAOMIOACHUS 2 B peKUME YASPKaHUS MAaKCUMaJIbHBIX 3HAUYCHUH, TSI
Pa3IMYHBIX HHTEPBAJIOB HaOMoaeHus: 5 MuH (puc. 5, a) u 120 muH (puc. 5, b).

Ref -40.00 dBm
*’Mf’l—

i

WJ.MJV.M”‘M iy

Start 1.70000 GHz

#Res BW 100 kHz VBW 10 kHz*

a

u,
[

Mkr1 1.722 88 GHz

Band Power -37.230 dBm Ref 45.00 dBm

Stop 1.74000 GHz
Sweep 40.6 ms (1001 pts)

Start 1.70500 GHz

Mkr1 1.722 500 GHz
Band Power -56.236 dBm

Puc. 5. CriekTpbl MOIIHOCTH IPUHUMAEMOI0 CUTHaJIa B BocxoasieM KaHane cetu LTE, nony4yeHHsle B Touke
HAOJFONCHNUS 2, ISl UHTEPBAIOB HaOmoneHus 5 MuH (a) u 120 muH ()
Fig. 5. The power spectra of the received signal in the uplink of the LTE network obtained
at the observation point 2 for observation intervals of 5 min (a) and 120 min (b)

XapakTep 3aBUCMMOCTH, NPUBEJIEHHOW Ha pucS,a,

MIOATBEPXKAAaeT HEPaBHOMEPHOCTH

MTHOBEHHOW (OIpenenseMoil Ha [OCTaTOYHO KOPOTKHX WHTEpBajlaX BPEMEHH) CIIEKTPAIbHOI
IUIOTHOCTH COBOKYITHOCTU CUTHAJIOB a0OHEHTCKUX TEPMHHAJIOB B BOCXOMAIIEM KaHaiie. BMecrte ¢ Tem

3aBHCHMOCTH,

MpUBEACHHBIE HAa puc.4 u 5,0,

XapakTepHU3yIOT CHEKTPAIbHYIO IIJIOTHOCTD

COBOKYIIHOT'O CHUTHalJla B BOCXOIAIIEM KaHAJIC KaK pPaBHOMCPHYIO IIPU 3HAYUTCIbHBIX BPEMCHHBIX
HWHTCPBaJiaX €€ OLCHUBAHU:.
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3aKkiIroueHue

B pesynprare TPOBEACHHBIX HCCIENOBaHUA C y4eToM crenupukd (QOpMUPOBAHUS
BOCXOJAIIIEro KaHaja B ceTsax cBsi3u LTE mias pemreHus 3agaun 00eClEUYEHHUs 3JIEKTPOMArHUTHOM
COBMECTHMOCTH aboHEHTcKOro obopynoBanus cetu cBs3u LTE ¢ POC apyrux ciayx0 u Ha3HaueHHH
MOXET OBITh TpeIOKeHA YIPOIIEHHAs MOIENb CHEKTPaIbHOW IUIOTHOCTA TPYIIIOBOTO CHTHAJa
a0OHEHTCKUX TepMHUHANOB ceTh cBs3u LTE B Bocxomsiieli THHUN B BUAC pABHOMEPHOU CITEKTPaTLHOM
IJIOTHOCTH MOITHOCTH C MapaMeTpaMu:

— ¢ IIUPUHOU TIOJIOCHI, OMpPENENIIEMON KOJUYECTBOM HCIONb3YEMBIX PECYPCHBIX OJIOKOB,
KOJJMYECTBOM U ILIarOM MOJHECYIINX B OTHOM PECYPCHOM OJIOKe;

— YpOBHEM, OIpeaeNIeMbIM MaKCUMAIbHOW MOIIHOCTBIO OHOTO aDOHEHTCKOTO TepPMHHAJA,
MUHUMAJIBHBIM BBIIETSIEMBIM ONHOMY a0OHEHTCKOMY TEpMHHANIy CIIEKTPANbHBIM pecypcoM (IBa
pecypcHBIX 0JI0Ka), MOTEPSIMU Ha Tpacce paclpocTpaHeHus oT TepmuHana k POC peuenTopy momex
(aboHEHTCKMI TEepMHHAN pacronaracTcss Ha Kparo 30HBI oOciyxuBaHus 0azoBoil cranumm LTE,
Ommxaiimreit k Mecty pasmerieHns POC penienropa oMex, Wi B MECTE PacTIoNioKeHHsT 0a30BOY CTAHITHH).

Pesynbrarsel paboThl MOTYT OBITH HCIIONBH30BAHBI IPH Pa3pabOTKe METOMKY aHAIN3a yCIOBUH
ANEKTPOMAarHUTHOH COBMECTUMOCTH TPYNIMPOBKH a0OHEHTCKUX TEPMHUHAIOB CETEH YeTBEPTOro
nokosieHust ¢ POC apyrux ciryxo0.
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ABTOMOP®U3MbI U OPBUTHI OIIMBOK KOA0OB PUJIA — COJIOMOHA

CEMEHOB C.U., JIMITHALIKUI B.A.

Boennas akademus Pecnyonuxu benapyce (2. Munck, Pecnyonuxa Benapycy)

Hocmynuna 6 peoaxyuro 14 okmsops 2019
© Benopycckuii ToCy1apcTBEHHBIN YHUBEPCUTET HHMOPMATHKH U PaInodaeKTpoHukH, 2020

Annoranus. Lens paGoThl, pe3yiabpTaThl KOTOPOW MPEACTABJICHBI B PAMKaX CTaThH, 3aKJIIOYANIACH B Pa3BUTHU
nnepeHoce Ha kiacc komoB Puma— Conmomona (PC-komoB) 0a30BBIX TOJNIOKEHHWH TEOPUH  HOPM
cuaapomoB (THC), pa3paboTaHHbIX paHee s aKTHBHO TMPUMEHIEMOTO B TEOPHH M TPAKTHKE
IIOMEXOYCTOMYNBOTO  KOAMpPOBaHHWsS  Kiacca komoB  boysa — Hoyaxypu — XokBuarema (BUX-komoB).
JIist TOCTIDKEHUsST  TIOCTABJIEHHOM eI OCYIIECTBIEH Iepexoj B  U3JIoKeHuH Teopun PC-kozmoB
C IIOJIMHOMUAIIBHOTO sA3bIKa Ha MaTpuuHbIi. Takoil mnoaxox IO3BOJISIET B TOJHOW MEpe HCIOJIb30BaTh
BO3MOXHOCTH Teopuu noseii ['anya. ['naBHas cnoxHocTs PC-KOJ0OB B TOM, UTO OHU OMUPAIOTCS HA HEJBOMYHBII
andaeur. DTOT ke (akTOp SABIAETCS TNPHUBICKATCIBHBIM I TMPAKTHYCCKUX npuMeHeHuit PC-kozos.
Matpu4HBIi S3bIK MO3BOJISIET Pa30MBaTh CHHAPOMBI OIIMOOK Ha KOMITIOHCHTHI, SBIISIOLIMECS AJIEMEHTaMH MOJIS
lanya — nonst onpenenenus PC-xonos. THC st BUX-ko/10B onmpaercst Ha MpUMEHEHHE aBTOMOP(U3MOB 3THX
KOJOB — MUKIMYCCKUX W LUKIOTOMHYECKHX MOJCTaHOBOK. B paboTe moapoOHO W3ydeHBI aBTOMOP(HU3MEI
PC-xomoB. Lluknmueckasi MOACTAaHOBKA OTHOCHTCS K paspsgam aBToMopdm3moB PC-komOB W MOpOXKAaeT
monrpymny ' mopsoka N (mnmHa koma). llukimoTroMudeckas TIOACTAaHOBKA HE TPHUHAUICKHUT KIaccy
aBTroMop¢pusmoB PC-komoB — momHOCTh andasura, Oosbmias 2, MPEmsATCTBYET 3ToMy. [Ipu pacmmpeHun
MOHATHS aBTOMOpP(dH3Ma KOoJa 3a paMKH HEPEeCTaHOBOK KOOPAMHAT BEKTOPOB K aBTOMop¢m3mMam PC-komor
MOJKHO OTHECTH W TOMOTETHH, WIH a(PUHHBIE TOACTAaHOBKH, MOCKOJIBKY OHM TaKkKe 00pa3yroT HUKIMYECKYIO
rpymy A nopsinka N. [Toka3zano, 4to mukindeckas U apuHHAS MOJACTAHOBKA KOMMYTHPYIOT APYT C APYTOM,
4TO, BOOOLIE TIOBOpPS, HE TUIMYHO JUIS JMHEHHBIX ONEpPaTopoB W TOACTaHOBOK. ['pymmna I' mmkiaudyeckux
T0JICTAHOBOK, Tpymnna A apQUHHBIX NOJACTaHOBOK M oOhenuHenHas Al rpynna nopsaka N? mopoxaaor 3 Bujia
opbut ommbok B PC-xomax. M3ydeHo crpoeHne opOMT OMMOOK OTHOCHTENBHO aeiictBust rpymn A, I
n o0oveuHeHHo rpynmsl A" {231 cnoBo}.

KiaroueBble ciaoBa: nuHEHHBIH koa, PC-kom, CHHIPOMBI OMMOOK, aBTOMOP(H3MBI KOJIOB, ITUKIHYECKAs
MOJICTAHOBKA, aQ(UHHAS TTOJICTAHOBKA, OPOUTHI BEKTOPOB-OIMNOOK, TEOPHS HOPM CHHIPOMOB.

KoH}auKT HHTEepecoB. ABTOPBI 3asIBJISIIOT 00 OTCYTCTBUH KOH(IIUKTA HHTEPECOB.

Jasi  uutupoBanusi. Ceméno C.U., Jlunmuunkwuii B.A. ABTOMOPGU3MBI W OpPOWTHI OMMUOOK KOJIOB
Puna — Conomona. oxmanst BI'YUP. 2020; 18(4): 20-27.
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AUTOMORPHISMS AND ERROR ORBITS OF REED - SOLOMON CODES
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© Belarusian State University of Informatics and Radioelectronics, 2020

Abstract. The purpose of this work with its results presented in the article was to develop and transfer to the
class of Reed — Solomon codes (RS-codes) the basic provisions of the theory of syndrome norms (TNS),
previously developed for the noise-resistant coding of the class of Bose — Chaudhuri — Hocquenghem codes
(BCH-codes), which is actively used in theory and practice. To achieve this goal, a transition has been made in
the interpretation of the theory of RS-codes from polynomial to matrix language. This approach allows you to
fully use the capabilities of Galois field theory. The main difficulty of RS-codes is that they rely on a non-binary
alphabet. The same factor is attractive for practical applications of RS-codes. The matrix language allows you to
break the syndromes of errors into components that are elements of the Galois field — the field of definition of
RS-codes. The TNS for BCH codes is based on the use of automorphisms of these codes — cyclic and cyclotomic
substitutions. Automorphisms of RS-codes are studied in detail. The cyclic substitution belongs to the categories
of automorphisms of RS-codes and generates a subgroup I" of order N (code length). The cyclotomic substitution
does not belong to the class of automorphisms of RS-codes — the power of the alphabet greater than 2 prevents
this. When expanding the concept of automorphism of a code beyond substitutions of coordinates of vectors to
automorphisms of RS-codes, homotheties or affine substitutions can be attributed, since they also form a cyclic
group A of order N. It is shown that cyclic and affine substitutions commute with each other, which, generally
speaking, is not typical for linear operators and substitutions. The group I' of cyclic substitutions, the group A of
affine substitutions, and the combined AI' group of order N? generate 3 types of error orbits in RS-codes.
The structure of the orbits of errors with respect to the action of groups A, I' and the combined group AI is
studied {231 words}.

Keywords: lincar code, RS-code, error syndromes, automorphisms of codes, cyclic substitution, affine
substitution, orbits of error vectors, theory of norms of syndromes.

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

For citation. Semyonov S.I., Lipnitsky V.A. The automorphisms and error orbits of Reed — Solomon codes.
Doklady BGUIR. 2020; 18(4): 20-27.

BBenenne

OgHrM W caMbIM TJaBHBIM W3 CPEACTB IOBBIMIEHUS TOMEXOYCTOHYHMBOCTH B IH(POBBIX
CUCTeMax Iepelayn W OOpabOTKM JaHHBIX SBISETCS HCIOJIB30BAHHE MOMEXOYCTOHYHBOTO
komupoBaHus. Cpeau MaccoBO NPUMEHSEMBIX JIMHEHHBIX TOMEXOYCTOMYMBBIX KOJOB CIEAyeT
oTMeTHTh KOonbel Puma — Conmomona [1-4]. DTH KOapl HANUIM IIMPOKOE MPUMEHEHHE B CaMBIX
Pa3IUYHBIX COBPEMEHHBIX CHCTEMaXx Mepeiadyn U XpaHeHus nHpopMaiuu [4].

O dextuBHOMY npuMeneHn0 PC-k0/10B criocoOCTBOBAIN CIEAYIONIUE X MPEUMYILECTBA:

— andaBUT HE IBOMYHBIM, YTO IMO3BOJISIET CHEIaTh KOMIAKTHOH 00pa®oTky PC-koma u
paboty ¢ HUM;

— Onaromapss MomHOCTH andaBuTa TPU OTHOCHUTENHFHO MAaibIX JJIWHAX CIIEKTP
WCTIPABIISIEMBIX OIIHOOK BEChMa IIHPOK.

Onpenenenne PC-xonoB 6mu3ko k ompenenennto bUX-komoB. OxHako paspabotaHHast Ais
BUX-k0710B Teopusi HOPM CHHAPOMOB, MO3BOJISIONIAS IIUPOKO M 3PPEKTUBHO HCIIOIB30BATH TEOPHIO
monedi ['agya mpu umx o0paboTke, ocTaeTcs IOKa He pa3BuTod Ha kiacc PC-komoB. MMeHHO
pa3paboTKe U Pa3BUTHIO MOCIIEIHETO BOMPOCA U TIOCBSIEHA JaHHAS CTaThA.
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Heo0xoaumele cBeaenus 0 koaax Puaa — CojromMoHa

Kombt Puma— ComoMoHa — JHMHEHHBIE OJIOKOBBIE KOIBI [5], OOHapyXHWBaiomme |
UCHPaBJIAIOUINE OIIMOKH, KOTOpbIE BO3HUKAIOT IO BIMAHHEM IIOMEX B KaHajax Iepenadu
nHpopmanun. B obmem cmyuae xox Puga — Comomona mpeactasnsier coboit BUX-kox anmuHOi
N =g —1 nan nonem l'anya GF(q) U3 ¢ D3JEMEHTOB, TA€ ¢ = p" >2 HAIA NPOCTOTO YUCHIA p H

HaTypasnbHoro m >1 [3]. Tak xak PC-xonbI SBISIOTCS TUHEHHBIMH, TO OHU O0JIQAAI0T CIECTYIOIIUMHI
BaXXHBIMM CBOIiCTBaMH: 1) cymMMa JBYX KOJOBBIX CJIOB SIBJISICTCS KOJIOBBIM CIIOBOM; 2) NIPOU3BEACHUE
J1000T0 KOZOBOTO CIIOBA Ha 3JIEMEHT o ['anya Takke SBISAETCS KOZOBBIM CIIOBOM.

it paboThI IPUMEHSIOT MOTMHOMHATBHBINA HITH MAaTPUUHBIN c1ocoObl 3ananus PC-ko0B.

B nepsom ciysae PC-xon 3amaercss ¢ IOMOLIBIO IOPOKAAIOLIET0 MHOIOYIEHA BHIA

g(x) — (x _ (X.b )(x _ (Xb+1) e (x _ ah+5—2
(I)I/IKCI/IpOBaHHBIe OeJIbIC YnCiia.

KoanpoBanue ocymiecTBiseTcsi ¢ IOMOIIBIO CABHIa MONMHOMA coobOmienus 7m(X) B mepBbie
k pa3psapl perucTpa KOJOBOTO CJIOBa M NMPHUOABICHUEM B KpaliHWE JEBbIC n—k pa3psiibl MOJMHOMA
getHocTH p(x)=(X"""m(X))modg(X).

JlexonvpoBaHHEe OCYIIECTBISIETCS C IIOMOIIBIO BBIYWCICHUS CHHAPOMOB OIIMOOK H
JTATbHEHIINM HaXOXKICHWEM JIOKaTopa M TOJMHOMa OIMIMOOK Ha OCHOBAHWHU ITONYYEHHBIX 3HAYCHUH
CUHJIPOMOB II0 HW3BECTHBIM anroput™maM [lutepcona — ['opencreiina — [{upnepa, bBepnexamma —
Meccu u anroputmy @opau [1, 4, 7].

Bo BTOpOM ciiydae KOAMpOBaHWE OCYMIECTBIISCTCS C MOMOIIBIO TOPOXKIAIOMICH MaTpPHUIIBI
xoza G 1o popmyne ¢ =i -G, e i — MHGOPMALHOHHBIH BeKTOp ¢ K KOOpMHATAMH.

IIpoBepounass marpuna PC-xoma coBmamaer c¢ Marpunedt H BUX-koga ¢ 3iemeHTamuy,
MIPUHAJICKAIUMH IO GF (q) :

), IZe 0 — OPUMUTHBHBIN 271eMEHT noist GF(g), b U & —

1 o’ o ... oM P
1 O(,bﬂ aZ(bH) L a(N—l)(bH)

H= (1)
1 o2 20+ (NDbE-2)

Marpuna nmeet pazmepHocTs (6 —1) x N u panr 6—1 nag nonem GF(q).

Ha mpaxtuke, kak mpaBuio, ucnoib3yloT PC-koxsl ¢ b=1. Torma npoBepounas matpuna (1)
MIPUHAMAET BUJ

1 « o’ oMt
1 a2 (1,4 (XZ(N_I) . . )
e 2 d-1)iqT
H = =[a',a”,...,a® ", )
1 a&—l 0,2(5_1) OL(N—l)(fi—l)

Kak M0oXxHO 3aMeTHTh, TpoBepodHas MaTpuma (1) 3amaeT MUKITHISCKAN KOJT C TTIOPOXKIAFOTITIM

b+1) . b+572).

nomEOMOM g(x) = (x —a’)(x — o v (x—a
PC-xonpl OynmeMm B nanmpHeliieM 0003Hayath uepe3 RS(N,K) [6], tne N — muna PC-koxa,
K=N-degg(x)=N-0+1 — xonuyecTBO HMH(POPMALMOHHBIX CHMBOJIOB, Pa3sMEPHOCTh KOJA.

MunumainsHoe paccrostaue PC-xoma paeHo D=N—-K +1=9 ([1], c. 289).

BexkTtopsnl ommméok B PC-komax

Bekropbr-onmbku B komax RS(N,K)=RS(q-1,q—08) mnpunamiexar (g—1)-mepHomy
BEKTOPHOMY NpocTpaHcTBy V), (GF(g)) Han nonem ['anya GF(q). IlosToMy B 1aHHOM KO/ UMEETCS:

Bcero (¢ —1)° ommbok BecoM 1; MBOHHBIX — C;_l (g —1)*; ommbok BecoM ®>1 — C, - (g-1)°,

22



JokmAnsl BT'YHP Dokr4py BGUIR
2020, T. 18, Ne 4 2020, VoL. 18, No. 4

910 B (¢ —1)® pa3 Oombine, yem y aeomyHoro bUX-koma Toit ke mmunabl. Kak BumnMm, ¢ poctom N
U ®» KOIuuecTBO HcmpasisieMblx PC-xkomoM ommbok cTpemutensHO pacteT. KoHeuHo, mosiBieHHe
BEKTOPOB OLIMOOK, BEC KOTOPBIX OOJblle MHHUMAJIBHOIO paccTosiHUSA D, NOKHO ObITh KpaliHe
MaJIOBEpOATHBIM, WHaYe BOZHHKHYT mpobiembl ¢ padoroit TKC. Bee ke BekTOphl OMIMOOK BECoOM,

MeHpIIUM D, oOHapykuBaeMbl komoM RS(N,K) u wucupaBiseMsl, ecou uX Bec < JUTSE

HEYeTHBIX D u ¢ < — AJIA YCTHBIX 3HauYCHUN D.

JlexonupoBaHue OIIMOOK BecoM, Oosblie 1, NpH MOJMHOMHUANIBHOM 3amgaHud PC-komoB
peanu3yeTcsi JOCTaTOYHO TPOMO3AKHUMH TPOIEAypaMH, 4YTO JOCTATOYHO SPKO IIOKa3alu
uccienopanus B pabore [7]. Teopus HOpPM CHHAPOMOB TPOAEMOHCTpHpoBasa 3(H(HEKTUBHOCTH
npuMeHeHus: opout ommbok B BUX-koxax. IToctpoenue aHajgorudHoi Teopuu mias PC-komoB ere
NpeNCTONT W TpeOyeT pacCMOTPEHHsl aBTOMOP(GU3MOB OTHX KOJIOB, HWMCKOIINX, OJHAKO,
OTIPEICIICHHYIO CIICIIU(UKY.

ABtomopdusmel PC-konos

JlaHHO€ TOHSTHE B MOMEXOYCTOHYMBOM KOJMPOBAHWU BBEJICHO C CHUJIBHOM OpHEHTaluel Ha
nBonuHblie Konel [1]. Tlo cyTh, 3T0 mepecTaHOBKM KOOPAMHAT BEKTOPOB, IIEPEBOISIINE BCE KOIOBHIE
CJIOBa B KOJIOBBIC. [1epBEIif, XOPOIIIO M3BECTHBIN MPUMED TAKUX MEPECTAHOBOK JaeT JjeMma 1.

Jlemma 1. PC-xox ¢ mpoBepodHoi MaTpureit (1) sBisieTcs MUKINIECKAM, TO €CTh OIepaTop
G, JEHCTBYIONIMH HAa  KaXIblii  BEKTOp € =(e,e,,...,ey) €V, (GF(g)) mo  mpaBuly
o(e)=(ey,e,e,,....,ey ), KonoBble cioBa koga RS(N,K)=RS(q—1, g—3) npeodpasyeT B KOJOBBIE.

JlokazaTensCTBO MOBTOPSIET 0OOCHOBAHUE aHAIOTMYHOTO yTBepkaeHus st BUX-ko10B.

[ToBTOpHOE TIPMMEHEHHE ONEPaTopa G MOPOK/AET €ro CTEHEHH G-, G° M T. . DTH CTEHEHH

COCTaBJLIIOT LUKINYECKyto rpymmy I :{0,62,...,GN =e} nopsanka N. 3pecy e, pasyMmeercs, €CTb

TOXACCTBEHHBIN ONEPATOP.

OpHako clieAyeT Mpu3HaTh, 4TO MOJMHOW aHajoruu ¢ BUX-komamu 3mech He HaOIIOMACTCS.
K mpumepy, nukioTomMmdeckas mojactaHoBka [1, 2] B MUKIHYECKHX ABOWYHBIX bUX-komax, Komax
XeMMHHTa ¥ PEBEPCHUBHBIX KOJaX — €CTh aBTOMOpP(GMW3M B Ha3BaHHBIX KojaXx. Ho u3-3a Hammuus
HEHYJICBBIX M HECIWHUYHBIX KOOPAWHAT Y KOJOBBIX CJIOB PC-k0IOB K aBTOMOpGU3MaM KOJOB
RS(N,K) nukmoromMmudeckas MOACTAHOBKA MPHUHAICKATH HE MOXKET.

Bcnomanm, ato PC-koasl mpuHAIIEkKAT KIACCy JUHEWHBIX KOMOB. BCSKWI e JIMHCHHBIH
(N,K)-kon ecth K-MepHOE MOANPOCTPAHCTBO B N-MEPHOM JHHEHHOM MPOCTPAHCTBE HAJ TOJNEM

onpexaenacHus koaa. OqHUMH U3 0a30BBIX MOHITHH JIMHEHHOM aareOphl SBIISIOTCS OHATHS JIHHEHHOTO
oreparopa M JIMHEHHOTo MpeoOpa3oBaHusl BEKTOPHBIX MPOCTpaHCcTB [8]. JInHelHbIe HEBBIPOKICHHBIC
npeoOpa3oBaHMs BEKTOPHBIX IPOCTPAHCTB — MAaTEMAaTHYECKHH CHHOHHM aBTOMOP(H3MOB 3THX
IIPOCTPAHCTB.

[lycte GF(q)" — MyabTUIUIMKAaTHBHAs Tpynma 1ojis GF(g), TO €CTh MHOKECTBO BCEX

HEHYJICBBIX 3JIEMEHTOB 3TOTO TMOJs, OOpa3yIONIMX TPYIITY OTHOCHUTEIHHO OMNEpPAIllUH YMHOXKEHUS,
mpudeM Trpymmy Iukiandeckyro [9, 10]. EcTecTBeHHBI mnpuMep aBTOMOP(PHU3MOB KOJOB Kak
HEBBIPOXKJCHHBIX JIMHEHHBIX OIEpPaTOpOB, HE OTHOCSIIUXCS K KIIACCy IEPECTAHOBOK KOOPIMHAT
BEKTOPOB, MPEJOCTABIISICT JIeMMa 2.

Jlemma 2. TIpeoGpasosanust f, :X —>yx (g—1)-MepHoro BekTOpHOrO TMpocTpancTa £,
mag momeM GF(q) - mpoctpancrtBa omubok koma RS(N,K)=RS(g—1,q—0) — sBusioTcs

HEBBIPOXKIECHHBIMY JIMHEHHBIMU NIPEOOPA30BAHUSIME TOTO TPOCTPAHCTBA i Besikoro Y € GF(q)',
npeoOpa3yroT KonoBkIe cioBa koga RS(N,K') B KOJIOBBIE CIIOBA 3TOTO JKe KOJA.
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Jloka3aTeabCTBO TMEPBOM 4YacTH JEMMBI OueBHUAHO. ECIM BEKTOp X NPHUHAMICKHT KOIY
(v — T ~
RS(N,K), T0 gua mpoBepouHod Mmatpuiel H  storo kxoma XH =0. Ilpu >tom
- T — 7T —ryT Y —=

f,(x)-H" =(yx)H" =y(xH")=70. Cnenosarensro, f,(X) rtaxke npuHamiexur koxy RS(N,K).

[IpeoOpasosanus [, HOCAT Ha3BaHWE OMOTETHH, WM aQ@uHHBIX MpeobpasoBanuil. Jlerko
BUAETh, YTO OHHM O00pa3ylOT TPYNIy OTHOCHUTENBHO ONepalud KOMIO3HUIMH OTOOpa)XKeHH,
uzomopduyto nukmuueckoii rpynmne GF(g)" nopsiaka g—1. Tpynny adpduuHbIX npeoOpasoBaHuii,
B COOTBETCTBHM C HMX Ha3BaHHEM, OyaeM o0o3Hauarb cuMBOJioM A. B cuimy cBoeil IHMKIMYHOCTH
rpynna A MMeeT CIEAYIOUIyI0 CIPYKTypy: A=< f, >= { JosS oo o =e} JUIsl TIPUMHUTUBHOTO

snemenTa o nonst GF(q), oOpasyroleit My IbTUILIMKATUBHOU rpynmsl GF (q)".

AptomopdusmMbel r000r0 JuHeHOTO Kojma C oOpasyror rpymmny AutC  OTHOCHUTENBHO
olepaluy KOMIO3MIMK OToOpakeHuil. I'pynmer [T m A  sBIAIOTCA MOATpyNIIaMH  TPYIIIBI
Aut(RS(N,K)). OHn He UMEIOT OOLIMX BIIEMEHTOB, 32 UCKIIOYEHHUEM TOXIECTBEHHOI'O OIeparopa e.

Nmeer mMecto ciefyroniee, JOBOJIBHO PEAKOE JIIsl OJICTAHOBOK ¥ JIMHEHHBIX ONEpaTOPOB CBOMCTBO.
Jlemma 3. Oniepatopsl f, U G KOMMYTHPYIOT IPYT € IPYTOM: Gf, = f.G.

JlokaszarenbcTBO. [l IpPOM3BOIBHOIO BEKTOpa € =(e,e,,...,ey) €V, (GF(q)) BekTop

1, (o(€) = (vey,ve,ve,,...vey ), a Bextop  o(f,(€))=(vey, e, Y€, vey,) = f,(0(€)), ur0 m
TpeOOBAIOCH JOKA3ATh.
B cuny sgemwmer 3 MuHMManbHas moarpymma rpymmsl  Aut(RS(N,K)), comepskarias

moarpymmbl A 1 I', coBamaeT ¢ uX MPsIMBIM IIPOU3BEIACHHEM AF={ fio |0 <i<g-2;0<j<gq —2} u

umeeT mopsiok (g —1)°.

Opourtel onook B PC-koaax

Kak mpemmaraer Teopus HOpM CHHAPOMOB [2], Bce BekTOpwI-ommOKH B kome RS(N,K)

OyzneM pacrpedersaTh Mo HeOOJIbIINM ITOIapHO-HENePECEKAIOINMCs MHOXeCTBaM — opoutam. Ecim
Ha MHOXECTBE BEKTOpPOB-OIIMOOK JelcTByeT Hekoropas rpymma G, To G-opbura <e >,

MNpeaACTaBIIACT co0oif COBOKYITHOCTb BCCX IIOIMApPHO Ppa3JINYHBbIX BeKTOpOB-OIHI/I6OK g(E) JJIsL
3aJaHHOTI'O (l)I/IKCI/IpOBaHHOFO BeKTOpa—OIHI/I6KI/I € ¥ BCEX DJIEMEHTOB g€ G. ECTGCTBGHHO, CTPYKTYpa

BCAKOM G- OpOUTHI CYIIECTBEHHO 3aBHCHUT OT CBOMCTB, CIOXHOCTH M CTPOCHHs camoii rpymmsl G.
G- opOuTa Ha3bIBACTCS TOJIHOU, €CIIM €¢ MOIHOCTh PaBHA MOIIHOCTH rpymmsl G.
Tak, 1 G =1 mMeeM XOpOIIO OMHUCAHHOE ISl MBOMYHBIX KOAOB B MoHOTpaduu [2]

IIMKJINYeCcKoe CTpoeHne I'-opOmT: <E>F={E,G(E),O‘z(E),...,GV_I(E)}. 3/1ech vV —HaUMEHbIIee IeNoe

MOJIOXKUTEJIBHOE YHCIO C yclIoBUEM G (e)=e; Kak NpaBWio, V=N, U B OTIEJIbHBIX, PEIKUX
ciyyasix v sBisietcst penuteneM N. Ilpu v=N T-opburta comepXUT MaKCUMajIbHO BO3MOXKHOE
KOJINYECTBO BEKTOPOB U [TOTOMY SBJISICTCS TIOJTHOM.

3nayenne V<N BO3MOXHO TOJBKO B Ciydae, KOTZla BEC BEKTOpa € SIBISIETCS JeNUTeieM
yuciaa N NpHU BHyTPEHHEH CUMMETPUU PacIIOJIOKEHHUS HEHYJIEBBIX KOOPAUHAT.

[pumep 1. B mpoctpanctee  V, (GF(2*)) Bextop e =($,0,0,0,0,8,0,0,0,0,3,0,0,0,0)
¢ MPoU3BOIBHOI KoopauHaToil B e GF(2*)" nopoxaaer I'-opOUTY MOLIHOCTBIO V =5.

Jlemma 4. Jlns kaxgoro BeGF(g)° u Beex cremeHedl of,0<i<g—2, NPUMUTHBHOTO
snementa o € GF(g) cnpaBemmBo HepaBeHCTBO B-of #B-o mpu 0<i< j<qg-2.

bnaromaps nemme 4, uMeeM CIEAYIOLIYIO CTPYKTYpY A-opOuT Iuisi Besikoro Bektopa € #0:
<e>,= {E, Jo (@) f s (€)ses fx (E)}. Bce HenyneBbie A-OpOUTHI SIBISIFOTCS TTOJTHBIMH.
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Jlemma 5. Ilon neiictBuem oneparopa 6 Beskas A-opbura <e >, mpeoOpasyercs B A-opOuTy
<o(e)>,. llox neiicteuem omneparopa f, Beskas [-opbuta <e >. mpeobpasyercs B [-opGuty
< f,(€)>; . Momuoctu ['-opbut <e >. u < f (e)> copnanaior.

N3 memmel 5 BITEKaeT cTpoenne Al'-opOur.

Teopema 1. 5151 Kax10ro BeKTOpa € # 0 AT -opbuta <e >,. cocTouT u3 v(q —1) BEKTOpPOB
ms v=N  wm g v, jgensmero N, W HAMeeT  CIEOYIOUIYI0  CTPYKTYpY:
<e >Ar:{<E >,,<5(€)>,,...,<c""(e) >A} Win <€ >Ar:{<E >,<(0@) >p,...,<(a’’e) >F}.

B kauecTBe mpuMepa MpeacTaBUM Ha pHC. | n300paxkeHue mojHoW AI'-OpOHMTHI BEKTOPOB-

omn6ok B PC-koze niuHoM N.
Ju
m

) /OLE\

(@) (o)

e

Puc. 1. Cxema nonuo#t AI'-op6utsl B PC-koae nimwHON N
Fig. 1. Diagram of a complete AI'-orbit in a RS-code of length N

31ech Maiple OBabl MPEICTABISAIOT CO00WM I-OpOMTEHI, MEepexoisInue APYyr B Ipyra IO
neiictBueM aBToMopdu3Ma [, — yMHOXKEHHs KOOPJUHAT BEKTOPOB HA IIPUMHUTHBHBIN 3JIEMEHT 0. OIS

lanya GF(q).

IIycte K —MHOXXECTBO BCEX KOPPEKTHPYyEeMBIX KomoM RS(N,K) BeKTOPOB-OMIMOOK
MOIIHOCTBIO |K| MuoxectBo K pazbuBaercs Ha MHOXectBa [-opour K., A-opour K, u
1
E.

AT-opoutr K, . OueBuiHo, |K A|= |K| MommHocts K| OIEHHBaeTCS TOH K€ BEITMIMHOM

1

|Kr|=F‘

|K| Ha nene |KA| MOJKET OKa3aThbCSd HECKOJIBKO OOJIbIIe IIpU HAJIWYHUKU HCEIIOJIHBIX

1

(¢-1)

Janee, B 1aHHOW paboTe KOHKPETHBIC BBIYMCICHHS OyaeM NpoBoauTh ¢ komamu RS(N,K),

I'-op6ut. AHanorn4Ho |K Ar| OLICHUBAETCS BEIMYMHON |K Ar| = -|K | .

yKoTopeix b =1,8=5,¢=2",m > 1, a npoBepouHas MaTpPHIia HIMEET BH

1 a o - o'
1 o« o 2V
[ 2i 3i 4iqT
H: 1 3 6 3(N-1) :[al,al,al,al] . (3)
o a o
1 o of PRIE)

B 5ToM Kojie MHOXKeCTBO K COCTOMT M3 BEKTOPOB-OMIMOOK BecoM 1 U 2, 0bliee KOMMYECTBO
xotopeix  |K|=(q-1)" +Ci(g-1) =(¢q-1) (1 + Cj,) . CnenoBarensro,  |K,|=(q —1)(1 +C, ) :

IMockonbky N =¢g—1 HedyeTHO, TO Bce I'-OpOUTHI IBOHHBIX OIIMOOK SBJISIOTCS IOJIHBIMH, a IIOTOMY
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|KF|:(q—l)(1+C]2v). Bce ommbku Becom 1 00pa3syloT, OYe€BHMIHO, OAHY NOJHYI0 AI-opOuTy.

o 2
JlBoiiHBIE OmMOKM Tarke nenarcss Ha monHele Al-opoutsl. IloaTomy |K Ar| =1+C,,. B yactHOCTH,

mpu N =7 |K|=1078, |K,|=|K |=154, |K,;|=22.

3akiarouenne

B pabote mpennpuHATO pa3BUTHE OCHOB TEOPUH HOPM CHHIPOMOB Ha CEMEHCTBAa KOIOB
Puna — Comomona. B ocHOBY mccieoBaHM TOJIOXKEHO MAaTPUYHOE 3aJaHUE 3TUX KOJIOB. V3ydeHbI
ecTecTBeHHbIe aBTOMOppm3Mbl Ha PC-xomax — 1wmkiaudeckue ©  adUHHBIC ITOJICTAHOBKH.
HccnemoBanbl OCHOBHBIC CBOMCTBA HA3BaHHBIX aBTOMOP(W3MOB, TPYIIBI, WMH MOPOXKICHHEIC,
a TaKKe CTpoeHue opOUT ommnOok B PC-kojgaX OTHOCHTENHHO Tpymmbl [ IUKIMYECKUX, TPYMITBI A
ad(HUHHBIX MOACTAHOBOK U 00beIUHECHHONH Al -rpymisl.
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AnHoTanus. [{ens paboThl, MpeACTaBISHHONW B CTaThe, 3aKII0YAeTCS B JEMOHCTPAIMU MOATATHON pa3paboTKH
MEXaTPOHHOTO YCTpPOMCTBA, ONMMCAHHWU MpoIecca Pa3pabOTKU KOHCTPYKIIMH YCTPOWCTBA, €r0 MPOrPAMMHOIO
oOecricucHHs, AEMOHCTPALUU TPUMCHCHUS TCOPUU HM30pPAHHBIX PA3NCIOB MaTeMaTHKH W (DU3UKUA B 00IacTH
POOOTOTEXHUKH, M B YACTHOCTH: JIMHCIHOM anreOphl, TeOMETPHH, BHIYHCIUTEIBHON MATEMATUKH, TUCKPETHOU
MaTeMAaTHKH, MEXaHUKHU. VcclenoBanue MPOBOAMIOCH HA OCHOBE MEXaTPOHHOTO YCTPOMCTBA, KOTOPOE OBLIO
CIIPOCKTHPOBAHO B paMKax IMOATOTOBKH K MEXIyHAPOIHOMY TypHUPY Mo pobortorexnmke «First Global
Challenge 2019» wmononexHoii komaHmoii PecnyOnumku bBemapych, craBiie modemuTesleM JaHHBIX
COpeBHOBaHMH. B ctaThe moapoOHO ommcaHa MOCTaHOBKA 33/a4d Ha JAaHHOM TYPHHpE, BBIICIICHBI OCHOBHBIC
TpeOOBaHUS K CO3IaBaeMOMY POOOTY, IPEACTaBICHO 00IIee ONMCaHHIEe ITATIOB CO3JaHUS YCTPOHCTBA KaK B XOJIE
MIPOEKTHPOBAHUS, TaK W TPH HETIOCPEACTBEHHON peam3alliy TPOEeKTa, a Takke O0OOCHOBAaHBI WHKCHEPHBIC
pemieHns, KOTOphle OBUIM MpPHHATHI B IpoIlecce KOHCTPYyHpoBaHUS. boiee mompoOHO ommcaHBI 3Tallbl,
MPEICTABISIOMINC HAWOONBIINIA HWHTEPEC C TOYKH 3pPCHHS NPUMEHCHHS TEOPUU TPUKIATHON (QU3HKH
u mateMatukd. Oco0oe BHHUMAaHUE B CTAThE YACICHO MPOCKTHPOBAHUIO M Pa3padOTKe MOIYJCH KOHCTPYKIIUH,
a TaKKe pa3paboTKe MPOrpaMMHOTO OOCCIeUeHUs sl YIPABICHUS YCTPOHUCTBOM. PoGOT mpencTaBisieT co0oit
9KCICPUMCHTAIBHYI0 MOJEIb, KOTOPasi MOXKET OBITh UCIOJIB30BaHA B JAIBHCHINNX HCCIICOBAHUSIX B 00JaCTH
HCKYCCTBEHHOTO HWHTEJUICKTA, MAIIUHHOTO OOYYCHHs, CHUCTEM aBTOMATH3allMH, a TaKXKe SBIACTCS
MOTCHIMATBHON TIATPOPMON it 00ydeHHsST pOOOTOTEXHHUKE Ha YPOBHE CPEIHErO CICI[HAIbHOTO U BBHICIIECTO
o0pazoBaHusl.

KaioueBble cJjioBa: MeXaTpOHHbBIE YCTPOWCTBA, pPOOOTOTEXHHKA, MOOWIbHAas uarhopma, MeXaHHKa,
MpOrpaMMHpPOBAHUE.

KondaukT narepecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBHU KOH(IIMKTA HHTEPECOB.
Baaronapuoctn. ABropel Onaromapar ®PpaHukeBnua A.A. 3a [EHHbIE PEKOMEHJALMM W 3aMe4aHHs
1o BonpocaM poOOoTOTeXHHKH. B  komanmy 1o pobGortorexnuke Bxomawinu: Kymema A1O., Tosop E.N.,

Onexcun C.A., Jlatymko T.A., Illnunesckuit M.H.

Jas nurupoBannsa. Kymema AJO., Kmumosuu M.A., Crepxanos M.B.,, Tecmoxk B.H., Eroposa H.I'.
MexaTpoHHOE YCTPONCTBO CUCTEM UCKYCCTBEHHOTO HHTe/IekTa. Jloknansl BI'YUP. 2020; 18(4): 28-35.
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MECHATRONIC DEVICE OF AI SYSTEMS
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Abstract. The purpose of this work is to demonstrate the phased development of a mechatronic device,
to describe the development process of the device design and software, to demonstrate the application of the
theory of selected sections of mathematics and physics in robotics, and, in particular, linear algebra, geometry,
computational mathematics, discrete mathematics and mechanics. The study was based on the mechatronic
device, which had been designed by the youth team of the Republic of Belarus in preparation
for the international robotics competition “First Global Challenge 2019”, which became the winner of this event.
The article describes in detail the statement of the problem at this competition, identifies the basic requirements
for the robot being built, provides a general description of the stages of building the device both during the
design process and during the immediate implementation of the project, as well as substantiates the engineering
decisions that were made during the design process. The stages that are of the greatest interest in terms
of applying the theory of applied physics and mathematics are described in more detail. Particular attention
is paid to the design and development of structural modules, as well as to the development of software
for controlling the device. The robot is an experimental model that can be used in further research in the field
of artificial intelligence, machine learning, automation systems, and is also a potential platform for teaching
robotics at the level of specialized secondary and higher education.

Keywords: mechatronic devices, robotics, mobile platform, mechanics, programming.
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BBenenue

[Iponecc pa3paboTku poOOTOB, Kak M JIIOOBIX aBTOMATHYECKUX MEXAaTPOHHBIX YCTPOMCTB,
HAYMHACTCS C OIPEAEIeHHs MOTPEOHOCTEH, N3y4eHHsI OCHOBHBIX KOHIICNINI W TOCTAaHOBKH 3aJayH.
3amaya MonofekHOW KoMaHAbl PecriyOonmuku bemapych 1mo poOOTOTEXHHKE COCTOSIA B TOM, YTOOBI
pa3paboTaTh CHENHANM3UPOBAHHOTO po0OTa Uil y4dacTUsl B MEXKIYHApOIHBIX COPEBHOBAaHHSIX
FIRST Global Challenge. Kaxnapiii ron KOHKypcaHTaMH pellaeTcs HOBas TEXHHUYECKas 3ajauya,
UMeEIOIIasi OTHOIICHHWE K MI0OaNbHBIM INpoOieMaM M yTBepXkIeHHas HarmoHanbHON WHXKEHEpHOH
akagemueir CIHIA. B 2019 romy copeBnoBanusi FIRST Global Challenge npoxoaunu
B OObenMHEHHBIX ApaOcKux OMuparax W OBUTM MOCBALICHH NpoOieMe 3arpsA3HEHHs MHPOBOTO
OKeaHa.
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ITocTaHOBKA 321240

B cooTBeTcTBHM C TEMaTHKOW TYpHHpa yYaCTHHKAM MPEACTOSAIO CMOAEITUPOBATH IEHCTBUA
0 OYKMCTKE MHUPOBOro OKeaHa. Ilepe] HayajloM Marda KaJas CTOPOHA Mrposoro nous® (puc. 1),
YCIIOBHO TPECTABISIONIET0 TOBEPXHOCTh OKEaHA, IMOKPHITA 3arpsA3HUTEISMH, PaclpeaelICHHBIMU
Clly4aliHbIM o0pa3oM. B oO0Iiel CIOXKHOCTH TPHIOLATH MHKPO3arpsS3HSIOMINX M IATHIACCST
MaKpO3arps3HAIONINX 3JIEMEHTOB, MPEACTABICHHBIX IIApUKaMH Pa3HOTO pa3Mepa, 3aCOpAIOT OKeaH.
OuncrtHbie Opuraapl (WM TaK Ha3bIBAEMbIC abSHCHI), COCTOSIINE M3 TPEX HAIMOHAIBHBIX KOMAaH]I,
HaOMWparoT OaIel 3a CUST IMEPEeHOCAa 3arps3HSIONIMX JJIEMEHTOB B JiBa paiioHa 00paboTKH,
PAaCIIONIOKEHHBIX B OKeaHe — Oaprka 00pabOTKH U TICHTP BOCCTAHOBJICHUS. JITUTENBHOCTS MaT4a — 2,5 MUH.

P0OOTHI-KOJIIIEKTOPHI HAOUPAIOT OYKH, Pa3Melllasi 3arpsA3HIONINE IIEMEHTHI Ha TPEX YPOBHSIX
Oapxu 00pabOTKH, KaXABIH M3 KOTOPBIX IPEJICTABISICT pa3Hble creneHu mnepepabotku. [lo mepe
MPOABM)KEHUSI YPOBHEH OT HHUBIIETO K BBICHIEMY KOJHMYECTBO ITOJIyYa€MBIX OUYKOB YBEIHYMBACTCS
(mBa, TPY M MIECTh OYKOB 33 KAXKABIH DJIEMEHT B COOTBETCTBHUHU C YPOBHEM).

ILleHTpbl BOCCTaHOBICHHS, TIO OJHOMY Ha Ka)XIbIH albsHC, PACIIOJIOKEHBI B YIJIax ITOJIS.
Konnexkropbl HAOUPAIOT OYKU, BHOCS 3arpsI3HSIONINE BEIISCTBA B 3TH 30HBI, MOTyYast 10 OJJHOMY OYKY
3a KaXIbId JOCTABJICHHBIM 3arpsi3HUTENb. JOTOMHHUTEIbHBIE OYKH MOXKHO 3apaboTaTh 3a KaKIOTo
poboTa-cOopiuKa, KOTOPBIM TPUCTHIKOBEIBAaCTCS K  Oapke 11 oOpaboTku. YacTUdHO
MPUCTHIKOBAHHBIE KOJUICKTOPBI, COMPUKACAIONIUECS C PaMIioi Oapku oOpaOOTKH, TONYYarOT MSTh
OYKOB; IOJHOCTHIO COCTHIKOBaHHBIC KOJUICKTOPBI, HAXOJAIIMECS Ha pamiie OapXu 00pabOoTKH
1 He Kacarolluecs: MOBEPXHOCTH TOJS — JECSITh OYKOB; IMOJHSATHIE MPUCTHIKOBAHHBIE KOJUIEKTOPHI,
CBHUCAIOIINE C PebCa, OKPYKAIOIMIETO MepepadaThIBalONINil YPOBEHb TepepadaThiBarolieii Oapxxu —
JBAJANATH OYKOB.

I[eHTp BOCCTAHOBIEHHS CTHIKOBOYHEIH PEIIBE

Bap:ka 00paboTK

Puc. 1. Cxema UrpoBoro moJist
Fig. 1. Playing field scheme

AnbsHC, HaAOpaBIIMM HAWOONbBIIEE KOJUYECTBO OYKOB K KOHI[y MaT4da, OOBSBISICTCS
moOeIuTeNIeM 3TOT0 MaT4a.

Ilocne m3ydeHums mpaBWi Wrpbl KoMmaHma PecrmyOmukm benmapych mpumuia K CIETyIOIICH
CTpaTeTuu:

—co0paTh MaKCHMalbHO BO3MOXKHOE KOJIMYECTBO MUKPO3Arps3HUTENEH B KOPOTKHMA
MPOMEKYTOK BPEMEHH M TIOMECTUTh UX Ha BEPXHHUH yPOBEHb Oapku 00pabOTKH;

— MPUCTHIKOBAThCA K Oapke 00pabOTKM M MOJHITHCS Ha pelibce, 3apaboTaB MaKCHMAaIbHOE
KOJIMYECTBO OUKOB 34 CTHIKOBKY.

Takum oOpa3om, 3a1a4a KOMaHJbI COCTOSIA B CO3/IaHUU U MpOrpaMMHUpoBaHNH poboTa [1],
00J1aaro0IIEero CIIEAYIOIUME CBOWCTBAMU:

— BBICOKasi MOOWJIBHOCTb;

— JICTKUH/CpeTHII BeC KOHCTPYKIIHUH;

— BBICOKasi CKOPOCTb;

3 CxeMa UrpoBOro IONSA M JONOIHUTEIbHBIC MATepPUalbl JOCTYIHBI Ha O(QUIMAILHOM caiiTe COpPEeBHOBAHMIA:
https://first.global/fgc.
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— BO3MOXHOCTb CTBIKOBKH;

— HaJM4Yie MEXaHW3Ma BhITPY3KH 3arps3HUTENeH Ha TpeThil ypoBeHb Oapku 00paboTKu;
— HaJM4Yhe MeXaHU3Ma 3arpy3KH.

B pesynbTaTe wieHaMu KOMaHbl UCTIONH30BAJICS CIIEAYIOIIHIA TPOIECC:

— MPOEKTUPOBAHUE U Pa3paboTKa MOJyJel KOHCTPYKIINY;

— pa3paboTKa MPOrpaMMHOI0 00CCTICUCHHUS,

— TECTUPOBAHUE U OTIAJKA.

IIpoexTUpoBaHue U pa3padoTka MOAyJIeld KOHCTPYKIIH

IIpu mpoextupoBaHuu u cOOpke Imaccu pobora komaniga PecnyOnuku benapych mnpuiiiia
K BBIBOJIY O HEOOXOJAMMOCTH HCIIONIB30BaHMs OMHH-Konec? [2] 11 JOCTHKEHHS TIOCTABICHHOMN BBILIE
3amaun. PoOOT Ha OMHHU-KOJIECaxX MOXKET IBUTaThCs B JIFOOOM HAITPABIICHUU TI0 JTFO00H ayre, He MEHSS
CBOCH OpHEHTAIMd B MPOCTPAHCTBE, YTO daeT OOJBIIOEC MPEUMYIIECTBO BO Bpems Martda [3].
IIpy 3TOM TpPEHHE CKOJBKEHUS MEXAYy KOJecaMH ¥ OIOPHOH MOBEPXHOCTHIO TMPAKTUIECKH
OTCyTCTBYeT. J[aHHOE TOCTOMHCTBO OMHH-KOJEC OJHOBPEMEHHO SIBJIICTCS W WX HEJOCTATKOM —
OTCYTCTBUE TPEHUS HE TMO03BOJISIET POOOTY 3adUKCHPOBAaTh CBOC IOJIOKCHUE Ha HAKIOHHOW
roBepxHOCTH [4]. C 1enpio yCTpaHEHHsI dTOr0 HeAocTaTka ObLI pa3paboTaH MEXaHU3M, B OCHOBE
KOTOPOTO 3aJI0KEH MPUHITUIT CTOSHOYHOTO TOPMO3a.

Jns co3maHusl MOABEMHOTO MEXaHHW3Ma YiICHaM KOMaHJBl TOHAJ00MIOCh MPeoO0pa3oBaTh
BpallaTelbHOE JBIDKEHHE B MpsAMONIMHEHoe. [ 3Toro, mcxons W3 TEXHHYECKHX BO3MOXKHOCTEH
pOOOTOTEXHUYECKOTO Habopa W TIOCTABJICHHBIX TpeOoBaHMWH, ObUTa paspaboTaHa CcHCTEMA,
CXEMAaTUYHO MPEJICTABICHHAS Ha PUC. 2.

Biox

Cerment

-®

Karymika /

JleGenxa seeo

Puc. 2. Cuctema nogpema
Fig. 2. Elevation system

BpamarenpHoe ABIKEHHE OCH MOTOpa HCIONB3YeTCs JJIsi HAMOTKU JeOSIKU Ha KaTYIIKY;
HaTSDKCHHE JIeOSJKM B CBOIO O4YEpe]b MPUBOIUT B JBU)KCHHE DJICBATOP MPHU TIOMOINU OJIOYHOM
CHCTEMBI, YCTAHOBIICHHOM HA CETMEHTaX MEXaHW3Ma, COCJMHEHHBIX IMOJBXKHO. KaIblii cerMeHT
MPENICTABISIET U3 ce0sl METAIUTMUYSCKYIO 0aJIKy C 3aKpeIUICHHBIMU Ha KOHIIax Oyokamu. M3yduB cxemy
WUTPOBOTO TOJISI, OBUIO BBIACHEHO HEOOXOIMMOE KOJHYECTBO TOJBWKHBIX CETMEHTOB, IPOU3BEIS
He00X0auMbIe pacueTsl Mo Gopmyite (1).

n{ﬂﬂ, (1)

4 Huang L., Lim Y., Lee D., Teoh C.E. Design and analysis of a four-wheel omnidirectional mobile robot.
2nd International Conference of Autonomous Robots and Agents, 2004:425-428.
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IJie n — KOJIMYECTBO TOJABIKHBIX CETMEHTOB, H — HeoOXonuMmasi BBICOTa MojbeMa (cM), [ — jamuHa
cermenTa (cMm).

Takum o0pa3om, JaHHAs KOHCTPYKIHS OOECIEUMBACT MONBEM 3arpsi3HUTENCH Ha BBICOTY
TPETHhETO YPOBHS Oapku mepepabOTKH, YTO TTOTHOCTHEO COOTBETCTBYET MOCTABICHHBIM TPEOOBAHHUSIM.

MexaHu3M COOpKH 3arpsi3HHUTENICH MpeJCTaBiIsieT U3 ceOs CHCTEMY BpAIArOIIUXCS BajoOB
C 3aKpEIUICHHBIMU Ha HUMH «IeTKaMm». YTOOBI 00eCTIeYnTh BHICOKYIO CKOPOCTh UX BpalleHus, Oblia
WCIIONIb30BaHa IIeMh, TIEpearolias MOMEHT BpallleHUus OCH MoTopa BaynaM. llemHas mepemava — 310
nepeiaya MEXaHMYeCKOM SHEPTHU TPU MOMOIIIH THOKOTO 3JIEMEHTA — IICITH, 33 CUST CHII 3allCTUICHUS.
CocrouT w3 Benylield W BEJIOMON 3BE3JI0YKM M IEMH, a Ielb, B CBOI OYepelb, COCTOUT W3
TTOABM)XHBIX 3BCHBEB [5].

OnbITHBIM TyTeM ObLIa TOJIyY€HA ONTHUMAallbHAs KOH(HTyparwsi 3BE310YEK, KOJIHYECTBO
3BEHBLEB B LIENIM PACCUUTHIBACTCS 11O opMyIe

e wep, "U5)
L=|—+ +p+ z

P 2 C ’ @

rae L — KOJWYECTBO 3BEHBEB B Ieli; C — PACCTOSIHME MEXIY OCSIMH BpPAIICHUS 3BE3MI0YEK (CM);
P — nnuna 3BeHa (cM); N — KOTHUECTBO 3yObeB OONbLICH 3BE3JOUKH; 71 — KOJTMYECTBO 3yObeB MEHBIIEH
3BE3JI0YKH.

Jlns obecrniedeHrsT BBICOKOW IMPOIYCKHOM CIIOCOOHOCTH MEXaHHW3Ma OBLI HCIIONB30BaH Ball
MaKCHMaJIbHOH JuinHbI. TakuM 00pa3oM, poOoT ObL1 obecrieyeH (GyHKIMEH cOopa 3arps3HHUTEICH ¢
MPHUEMIIEMON CKOPOCTBIO U MPOMYCKHOW CIIOCOOHOCTEIO.

[Iponiecc BBITPY3KH OCYIIECTBISUICS C TOMOINBIO KOHTeHHepa XpaHeHHs. OH OCHaIIeH
CEpBOIIPUBOJOM, KOTOPBIH OTIMHpPAaeT KPBIIIKY M OCBOOOXKIaeT o0JIacTh XpaHeHus. Bos3BpatHoe
JIEHCTBUE TIPOMCXOTUT 3a CYET HATSHKCHUS PE3WHOBBIX JKI'YTOB, 3aKPEIUICHHBIX HAa KPBIINIKE U
koHTelHepe. CoOpaHHBIN MPOTOTHII PEACTaBIEH Ha puc. 3.

Komnrteiinep

DneBatop

TlopT pacmupeHns

CO0pOYHBIII MeXaHI3M

ITapkoBOYHBII MEXaHU3M

I 1aBHBII KOHTpOILIED

Puc. 3. CobpanHblif npoTOTHUIT
Fig. 3. Assembled prototype

Pa3pa6oTka nporpaMMHOro odecrne4eHus

OCHOBBIBasICh Ha KOHCTPYKIUH poOOTa, MpU pa3paboTKe MNPOrpaMMHOTO OOECIeUCHUS
Tpe6OBaIOCh PENINTD CIEAYIONINE 3a1a4M:

— MOJTyYeHHEe TaHHBIX C MyJbTa YIPABICHHUS;

— 00paboTKa MOTyYeHHBIX JJAHHBIX;
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— pa3paboTka KIJIACCOB M (YHKIMHA JUIS YIPAaBJICHUS OMHH-KOJECAMHU, CTOSHOYHBIM
MEXaHU3MOM, 3JIEBATOPOM U BBITPY3KON KOHTEHEpa.

s monydeHus: JaHHBIX C IyJIbTa YIpaBJIeHUS TPeOyeTcs TIaHIIeT, KOTOPBIH MOIKII0YaeTCs
K TJIaBHOMY KoHTpoiutepy uepe3 wifi 2.4g. IlonydeHHsle naHHbIe TpeoOpasyroTcss OMOIHOTEKOH,
MPEeIOCTaBIEHHON IMPOM3BOANTEIEM KOHTposuiepa. Hampumep, 4TOOBI MONYyYNTH IJaHHBIE IO OCH
a0CIIKCC C MPaBOro CTHKa, HEOOXOAMMO BbI3BaTh METOA right stick x Ha oObekTe kimacca Gamepad.
JlaHHBIN METO BO3BpaIaeT 3HaueHue oT —1 710 1 B 3aBUCHMOCTH OT TIOJIOKEHHUSI TPABOTO CTHKA.

YmpapieHue 3I€BaTOPOM MPOUCXOAUT TPU TOMOIIM JBYX CTHUKOB. MCmonb30BaHHE IBYX
CTHKOB  BMECTO  OJHOTO  OOYCIIOBIICHO  HE3aBUCHMOCTHIO MOTOPOB ¥  BO3MOXKHOCTBIO
paCCHHXPOHHU3AIMK TIOABEMHBIX MEXaHU3MOB MEXKIy co00i. MOIIHOCTh MOTOPa MOXKET MPUHUMATH
3HaueHue oT —1 70 1, T1ie 3HaK 0003HAYaET HAMIPABIICHUE BPAIICHUS MOTODA.

Jnsa yrpaBiieHus KOHTEHHEPOM U CTOSTHOYHBIM MEXaHH3MOM HCITOJIE30BAMCH CEPBOMOTOPHI,
KOTOpBIE MOTYT (PHKCHPOBATHCA B OMPEIEICHHOM MOJOXKeHUH. [1010KeHns onpenesroTcsl BpyIHyIO
Y 3alKCHIBAIOTCS B MPOTpaMMy B KadecTBE KOHCTaHT. KHOMKa «A» BO BTOPOM IIyJIbTE YIPABICHUS
MpeIHa3HAYCHA I B3aUMOJICHCTBYS ¢ KOHTCHHEPOM. AHAJIOTHYHO U JUJISl CTOSTHOYHOTO MEXaHH3Ma,
KOTOPBIN yTIPaBIISIETCA IEPBBIM ITYJIHTOM.

3aKIII0YalolUM 3TalloM SBISETCA MPOrpaMMHUPOBAHUE JBIKEHUS Ha OMHH-Kojecax [6—S8].
YnporieHHas MoJIeNIb po0OTa ¢ OMHH-KOJIECaMH TIOKa3aHa Ha puc. 4.

BeKTOp JBHXKECHUSA

OMHH-KOJTIECO /

% / Pogor

Puc. 4. Monens poboTa ¢ OMHH-KOJIECAMH
Fig. 4. Robot model with omni wheels

VYrpasiieHre X0JJ0BOH 4acThi0 POOOTa OCYIIECTBIISETCS C MOMOIIBIO JIBYX CTHKOB: OJIMH CTHK
MO3BOJIIET POOOTY BpamlaThCs BOKPYT COOCTBEHHOW OCH, JAPYrod — JBUTaThCA B 3aJaHHOM
HampapieHuu. J[Ji1 moBopoTa po0OOTa MO YacOBOWM CTpEiIKe HEOOXOMUMO OTKIIOHHTH JICBBIH CTHK
BIIPaBO, IPOTHB YACOBOI CTPEIIKH — BIIEBO.

Jiia ocymiecTBieHUs] ABIDKEHHS B 3aJlaHHOM HaIIPaBIIEHHH KOJIeca pa3/IeNsIOTCS Ha JIBe
TPYMIBI, MPUYEM HPOTHBOIOJIOKHBIC KOJieca OOBECIUHSIIOTCS W JBUTAIOTCS B OJTHOM HAIPABIICHUH.
['pymnrie u3 3a7HETO M TIEpEIHErO KoJieca MmepenaeTcsl 3HaueHne CMEIIeHNs IPaBOTO CTHUKA 0 OcH X,
a 60KOBBIM — 110 ocH Y. [Ipumep nBMKEHHUS Ha pHC. 5.

PesyasTipyromuit
BEKTOP y

< Hamnpagnenue
. JBIDKCHII

PesynsTupyrommuii
BEKTOP X

Puc. 5. Ilpumep apuxenus nog yriaom 45°
Fig. 5. An example of movement a 45-degree angle
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B cuny KOHCTPYKTHBHBIX OCOOEGHHOCTEH IEHTpalibHAs OCh POOOTa PACIONIOKEHA MO YIIIOM
45° K ocsiM, TIPOXOMAILINM Yepe3 IIEHTPHl MPOTHBOIOJIOKHBIX KOJEC, TOATOMY (OpMyJia ITBHKEHHS
peoOpasyeTcs ¢ MOMOIIBI0 MaTPHIIBI IOBOPOTA BEKTOPOB B IBYMEPHOM IIPOCTPAHCTBE:!

cos(6) Fsin(0)
M(0)=| . : €)
+sin(0) cos(0)
rae 6 — yros moBopora.
HaGop HOBBHIX 3HAYEHWH [UIS MEPEJadd B MOTOPHI IOJIYyYAETCs IyTEM YMHOMKEHHS MaTpPHIIbI
MOBOPOTA HAa BEKTOP-CTONIOEN, KOOPAMHATEI KOTOPOT'O — 3HAYEHHSI CMELIECHUS CTHKA 10 OCSM:

[ﬂ ) Lf ;)lsn((ee)) iilsn ((ee))Mﬂ )

C y4eroMm 3HaUEHUs 3aJaHHOTO yriia GopMyJia MPHOOpETaeT CIAEYIOLIHIA BUI:

.\

/
X =x—+y—
2 4 2

A2 2

=—x—+y—
4 2 y2

)

3akiarouenne

B pesynprare mccnenoBaHMA M pa3pabOTKM OBLI CO3JaH YHHMKAIBHBIH MPOTOTHII poOOTa,
KOTOPBIM IMpuHEC moldeay B MEXAYHApOAHBIX copeBHOBaHMsIX 1o pobotorexnuke FIRST Global
Challenge. IlporoTnn nMeeT BBICOKMN MOTEHIMAN: POOOT SBISETCS YHUBEpCATbHOM 0a3oi s
pa3pabOTKN MEXaTPOHHBIX YCTPOMCTB, NpEJHA3HAUYCHHBIX [UIS BBIIOJHEHUS Y3KOHAIPABICHHBIX
cnenrpuieckux 3amad. PoOOT MOXKET MCHONB30BaThCs B KauecTBE IIAT(OPMBI sl MCCIIeIOBaHUI
B 00JIACTH MCKYCCTBEHHOI'O MHTEIIJICKTA.
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CUCTEMA 9KOJJOI'HYECKOI'O MOHUTOPHUHI' A
ATMOC®EPHOI'O BO3JIYXA

PBIBAK B.A., PABBIYNHA O.I1.

Benopycckasa eocyoapecmeennasn akademus céazu (2. Munck, Pecnyoauxa benapyce)

Hocmynuna ¢ pedaxyuro 21 gpespans 2020
© Benopycckuii rocy1apCTBEHHBIH YHUBEPCUTET HHPOPMATHKA U paAno3IeKTpoHukH, 2020

AnHotanusi. llems pabGoter — pa3paboTka ©W anpoOMPOBAaHME ANMMIAPATHO-TIPOTPAMMHON  CHCTEMBI
JUTS DKOJIOTHYECKOTO MOHHUTOPUHTa aTMOC()EPHOTrO0 BO3JIyXa B PEKUME pEaTbHOrO BpeMeHH. B crarhe
000CHOBaHA AaKTYyaJIbHOCTh CO3JAHMs 3asBJICHHOW CHCTEMBI, IIOKA3aHO, YTO WMCIOIIUMUCS CpPEACTBAMHU
HEBO3MOXHO IIOJIy4aTh OINCPATHUBHBIC JAHHBIC O CTCIICHH 3arpsA3HCHHS aTMOC(EPHOTO BO3IyXa, XOTS JaHHAs
UHpOpMALUs SBJSICTCS BAXKHOU JJIsl HACEJICHUS KPYIHBIX TOPOJOB M MPOMBIIUICHHBIX LEHTPOB. M3JI0KEHBI
pe3yIbTaThl CO3MAaHUS M HCIOJIH30BAHUS ABTOMATU3MPOBAHHOW CHCTEMBI JJISI MOHUTOPHUHTa aTMOC(EPHOIrO
BO3JyXa C UCHOJb30BAHUEM MOJENUPOBAHUS MNEPEHOCA 3arpsi3HSIONUX BEIIECTB. B OCHOBY CUCTEMBI Jer
aTmapaTHO-TIPOTPAMMHBIN  KOMIUIEKC, COCTOSIIINI W3 MHUKPOKOMIBIOTEPA, TATYMKOB 3arpsS3HEHUS, MOy
0ecrpoBOTHOMN CBSA3M M OECHMJIOTHOTO JICTATEIBHOTO ammapara. [lomydaeMbie B peXKUME PEanrbHOTO BPEMEHH
MOKA3aTeM 3arps3HEHHOCTH 00pabaTHIBAIOTCS C IENBI0 MOCTPOCHMS aKTyalbHBIX KapT, B TOM YHCIE JUIA
MIPEIOCTABICHUSI BO3MOYKHOCTH BBIOOpA ONMTHMAJIBHOTO MAapUIpyTa CIEAOBAHHS C YIETOM HEOIArompHsTHOTO
BO3ICHCTBUS 3arps3HeHus. PaspaboTanHOe MOOMIIBPHOE MIPUIIOKECHUE MTPEIOCTABIACT BOZMOKHOCT KOHCUHOMY
MTOJTF30BATENIO TIOTy4aTh MHPOPMANMIO On-line M CTPOWTH NMPOTHO3BI, OCHOBAaHHBIC HA JAHHBIX O CKOPOCTH
BETpa W €ro HAIpaBJICHUU B KPATKOCPOUHOH M CpeIHECPOUHOIl mepcrnekThBe. B xauecTBe OCHOBHOM MOJAEIH
MePeHOCca 3arps3HSIONIMX BEINECTB B arMocepHoM Bo3myxe BbiOpaHa Mmertomuka OHJI-86, sBisromasics
o0s3arenbHOM B PecnyOnuke benapycs. Madopmarus o cuiie u HanpaBlICHHH BETPa JIJIsl IOCTPOCHHSI TPOTHO30B
Oepercst U3 OTKPBITBIX VHTEPHET-UCTOYHUKOB MeTeomaHHbIX. C UCIIONIB30BAaHHEM pEallbHBIX JAHHBIX O Macce
BBIOPOCOB  MPOU3BOAUTCS TIOCTPOCHUE KApThl IUIAHHUPYEMOW KOHIIGHTPAILUKM, KOTOpash pPacCCHBACTCS
MPONOPIMOHATIPHO YJAJICHHIO OT MCTOYHHMKA BBIOPOCA C YYCTOM CHIJIBI M HAIpaBicHUs BeTpa. [lomyuaembrit
TakuM 00pa3oM TPOTHO3 MOXKET OBITh HCIOJB30BAaH U BBIOOpa ONTHMAJIBHOTO MAapIipyTa CJCIOBAaHUS,
ONTUMU3AIMH TPAHCIIOPTHBIX ITOTOKOB M OPTAaHHU3AINK ACHCTBUN MPH UPE3BBHIYAHHBIX CHTYAIUSIX, CBI3aHHBIX
C YTEUKO# 1 BEIOPOCOB BPEIHBIX BEIIECCTB.

KaioueBble cjioBa: MOHUTOPUHT aTMOC(HEPHOTO BO3/yXa, KAPThI 3arpsi3HEHHOCTH, MPOTHO3UPOBAHKE MIEpeHOCa
3arpsI3HSIOLIMX BEIIECTB, allllapaTHO-IPOrPAMMHbII KOMILIEKC.

KondaukT narepecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBHU KOH(IIMKTA HHTEPECOB.

Jnas nurupoBanus. Preidak B.A., Ps6prumua O.I1. CuctemMa SKOJIIOTHYECKOTO MOHHTOPUHra aTMOC(EPHOrO
Boznyxa. Jokmansl BI'YUP. 2020; 18(4): 36-43.
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Abstract. The research is targeted at the development and testing of a hardware-software system
for environmental monitoring of atmospheric air in real time. The relevance of creating the system is
substantiated in the article where it is shown that one cannot obtain operational data on the degree
of atmospheric air pollution using available means, although this information is important for the population
of large cities and industrial centers. The results of the creation and use of the automated system for monitoring
atmospheric air using the modeling of transfer of pollutants are presented. The system was based on a hardware-
software complex consisting of a microcomputer, pollution sensors, a wireless communication module, and
an unmanned aerial vehicle. Real-time pollution indicators are processed in order to build up-to-date maps,
including to provide the opportunity to choose the optimal route taking into account the adverse effects
of pollution. The developed mobile application provides the opportunity for the end user to receive information
on-line and make forecasts based on the data on wind strength and direction in the short and medium term.
The OND-86 methodology, which is mandatory in the Republic of Belarus, was chosen as the main model
for the transfer of pollutants in the air. Information about the strength and direction of the wind for building
forecasts is taken from open Internet sources of weather data. Using real data on the mass of emissions, a map
of the planned concentration is constructed, which is scattered in proportion to the distance from the source
of the emission, taking into account the strength and direction of the wind. The forecast obtained in this way can
be used to select the optimal route, optimize traffic flows and organize actions in emergency situations
associated with leakage and emissions of harmful substances.

Keywords: monitoring of atmospheric air, pollution maps, forecasting the transfer of pollutants, hardware-
software complex.

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

B coOBpeMEHHBIX YCIOBHSX KPYIHBIX TOPOJOB W TPOMBINUICHHBIX IIEHTPOB Mpobiema
3arpsi3HCHUSI  OKPYIKAIOIICH CpEeAbl SBISICTCS JOCTATOYHO KPUTHYHOW, OKAa3bIBAIOIICH BIUSHHUC
Ha JIoJiel U ux coctosHue. Cpenn BceX MPUPOTHBIX KOMIIOHEHTOB aTMOC(EPHBIA BO3IYX SBISACTCS
HanbOoJIee BaXXHBIM JIJIS )KU3HU HACENICHHs, & er0 3arps3HeHHne Cpa3y M HEIOCPEICTBEHHO OKa3bIBAET
HeOmaronpusiTHOE  Bo3jaeWcTBume. llodToMy  BHAWTCS — aKTyalbHOM — pa3paboTka  CHCTEMBI
AKOJIOTHYECKOTO MOHHTOPUHTA aTMOC(HEPHOTO BO3IyXa, KOTOpas TO3BOJHMT B PEKHME PEabHOTO
BPEMEHH TOJIy9aTh TOCTOBEPHBIC TaHHEIE O ero KadecTne [1, 2].

CymecTByomue KOMIUIEKCHI MOHHTOPWHTA OO0JaNaloT pPAOOM HEJIOCTaTKOB, TJaBHbBIE
13 KOTOPBIX: TIaKeTHass 00paboTKa aHHBIX, HEPABHOMEPHOE PaCIpE/ICIICHHE M0 TEPPUTOPHH CTPAHBI
U HEBO3MOXXHOCTH OIEPAaTUBHOTO TOJYYCHUS aKTyalbHOH WHpopmarmu. Bce 3To He TO3BOJISET
KOHEYHOMY TIOJB30BATENIO TMONYYHTh HWHPOPMAIMIO O KOHIEHTPAIMH 3arps3HSIOMINX BEIIECTB
IO MyTH €r0 CJCIOBAHMS, & TAKXKE CIPOTHO3MPOBATh M3MEHEHUE COCTOSIHUS C YYSTOM HalpaBICHHS
Y CUJIBI BETpa.
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MeTomea MPOBEACHUSA IKCIICEPUMEHTA

Jns  pemreHuss  BBINNIEYKa3aHHOW HAyYHO-TEXHUYECKOM TpoOiieMbl OBIT  pa3paboTaH
anmapaTHO-MPOTPAMMHBIN KOMIUIEKC JJIi MOOWMJIBHOTO MOHHTOPHHTA COCTOSHHUS aTMoc(epHOro
BO3/[yXa, COCTOSIIIUN U3 MUKPOKOMITBIOTEPA, NATYMKOB 3arpsi3HEHUS, MOMYJIsI OCCIIPOBOJHOMN CBS3H
1 OeCIOTHOTO JieTatenbHoro ammapara [1, 3]. Ilomydaemble maHHBIC MTO3BOJISIOT CTPOUTH KapThl
3arpsi3HEHHOCTH B PEeXMME pPEaJbHOro BpeMeHH. Bmecte ¢ TeM TMpencTaBiseT HayYHBINA
Y IPaKTUYECKUI WHTEpPEC MPOTHO3UPOBAHME W3MEHECHUS 3arpsA3HEHHOCTH aTMOC(HEpPHOTrO BO3IyXa
C YYETOM HAIpaBIICHUS U CHJIBI BETpa, HAPUMED, JUIA MOIY4YCHUsT HanOoJiee OE30MMacHOTo MapIipyTa
CIIEIOBAaHMUSA TPYIIBl J€TeH, ONTHUMH3AIMM TPAHCIOPTHBIX TIIOTOKOB, OJBakyallMd B Ciydae
TEXHOTE€HHBIX aBapuil.

Jlns OolEeHKM TiepeHoca 3arps3HSIONINX BEUISCTB B OKPYXKAIOIIEH cpele NpUMEHSICTCS
MOJIeJIUpOBaHKe. TOYHOCTh U aJeKBATHOCTh MOJICIH OOYCIABIMBACTCS HECKONBKUMH (HaKTOpaMH,
Cpeau KOTOPBIX KOJMYECTBO YYHUTHIBAEMBIX MAPAMETPOB U pazMep TEPPHUTOPHHU. Y CIOBHO pa3Ieliss
MacIITad MOJICIH Ha JIOKAIBHBIN, PErHOHABHBIA U TI100aJIbHBIA, CTAHOBUTCS BO3MOXKHBIM YIIPOIIATh
pacder ¥ KOPPEeKTUPOBATh TOYHOCTh. JIpyruMu cI0BaMu, U 3HAYUTEIHHOM yJAJICHUU OT UCTOYHHKA
3arpsi3HEHMs OOJbIlice 3HAYCHHWE NPUOOpPETAeT CpENHsS KOHIICHTpAIHMs, a He IUKH BHIOPOCOB,
paccpe0TOYCHHBIE BO BPEMEHH.

Jlns  pemieHMs TIOCTaBICHHBIX 3aJad  OyJeT paccMaTpUBaThCS MacIiTad MOJENCH,
COOTBETCTBYIOIIHH JIOKATBHOMY U TOPOJICKOMY ypoBHIO. [l03TOMy caMbIM BECOMBIM KOMITOHEHTOM,
OKa3bIBAIOIIMM HEONAroNpHUsATHOE BIHSHAE Ha OKPYXKAIOUIYIO cpefay, OyJeT JIOKalbHBIN TMepeHoc.
3TO MO3BOJIIET HECKOJBKO YHPOCTUTH Mojaenb. OIHAKO HEOJHOPOAHOCTh TOPOACKOH 3acTpOWKH
W M3MEHYHMBOCTh JaHmmadTa HA000pOT BHOCAT JIONMOJNHHUTENHHYIO CIOXHOCTH B  TPOIIECC
MOJAenMpoBaHus. Takke W3BECTHO, UYTO HAa YpOAHM3UPOBAHHBIX TEPPUTOPUAX B pE3yNbTaTe
MOBBIIIICHHON TeMIIepaTypbl CO3MAI0TCS JIOTIOJIHUTEIBHBIC TPOIECCHl BWKCHHUS BO3IYIIHBIX MAcc,
BKJIIOYass CMOT U «IApHUKOBBIM» J(PQEKT, OKa3bIBAOMUX HEOIAroNpHUIATHOE BO3JCHCTBHUC
Ha 37I0POBHE YEIIOBEKA.

Takum  00pa3oM, MOJEIMPOBaHUE TIpollecca TEpEeHOCa  3arps3HSIOMIUX  BEIIECTB
B aTMOC(epHOM BO3/IyXe Ha FOPOJICKAX TEPPUTOPHSIX TOJDKHO 0A3UPOBATHCS HA CIOKHBIX U TOYHBIX
MOJIEJNISAX, YYUTHIBAIOIIMX MHOTO (DakTopoB, HO, ¢ JPYrodl CTOPOHBI, — HE OBITh OOpEMEHEHHBIM
0OJBIIMM KOJNMYECTBOM TPYAHO TMOMYyYaeMBIX TIOKa3zarenei. [ JTaBHBIMH HCTOYHWKAMU JaHHBIX
O Macce BBIOPOCOB  CTallMOHAPHBIX OOBEKTOB SBJISIOTCS TOMa MPEACTbHO  JOIMyCTUMBIX
KOHIICHTpAIUH, YTBEepKIaeMble CTPYKTypamMu MuHIIpupoast [4, 5].

W3BecTHBI pa3znW4HBIE THITBI MOZENEH I pacdeTa IMEepeHoca 3arps3HSIONIMX —BEIIeCTB
B aTMOC(EPHOM BO3/yXE, B OCHOBY KOTOPBIX JICTJIM TEOPETHUSCKHUE W AMITMPUYECKHIE 3aKOHOMEPHOCTH
TypOynenTHoi auddy3uu. CyIIecTBYIOT TaKKe YIIPOINCHHBIC MOJICIH, TO3BOJISIFONINE OCYIIECTBISITh
ObICTpble TPHONMKEHHBIE OLEHKA pACIpOCTpaHEHUsl 3arps3HeHus. Takue MOIenu, Kak IPaBUIlo,
0a3upyIOTCSl Ha TayCCOBBIX ypaBHEHHSX, KOX(PQUIMEHTHI I KOTOPHIX MAaKCHMAIIBHO aJIalTHPOBAHEI
JUTSL TOW AJTA THOW MECTHOCTH M ICTEPMUHUPOBAHBI KTMMATHISCKUMU OCOOCHHOCTSIMH.

B PecnyOnuke Bemapych i OLGHKH IEpeHOCA 3arpsA3HAIONIMX BELISCTB B aTMOochepHOM
Bo3ayxe oduinmansHol sBisiercs Meroauka OHJI-86. CormacHo 3TOH MeToauKe, 3arps3HEHHE
atMoc(epsl BBIOpOCAMH OJMHOYHOTO HCTOYHHMKA PACCUHMTHIBACTCSA, KaK MAaKCUMAJIBHOE 3HAYCHHC
NPHU3EMHOM KOHIEHTPALMH BPEIHOIO BELIECTBA Cy (MI/M®) IpH BHIOPOCE Ia30BO3MYINHOW CMECH
W3 OIMHOYHOTO  TOYEYHOTO  HWCTOYHMKA C  KPYIJIBIM  YCTbeM, KOTOpOE€  JOCTHTaeTcs
MPY HEOJIATONIPUATHBIX METCOPOJIOTHYSCKUX YCIOBUSX HAa PACCTOSHUHM X, (M) OT HCTOYHUKA U
onpenensercs o gopmyne [6, 2]:

o =AM, M
YOHPYV AT

rae A — k03 HIUeHT, 3aBUCSIINN OT TEMIIEPATyPHOM CTpaTU(UKALIMH aTMOC(EPHI;

M — macca BpeIHOTO BEIIECTBa, BHIOPACKIBAEMOT0 B aTMoc(epy B €AMHUILY BPEMEHH, T/C;

F — 0Oe3pa3mepHblii K03 QUIIMEHT, YYNUTHIBAOIIUNA CKOPOCTh OCEAAaHUS BPEIHBIX BEIIECTB
B aTMOC(EpPHOM BO3IyXE;
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m M n — KO3(QQOUIHUEHTHI, YYUTHIBAIOIINE YCIOBHS BBIXOJA Ta30BO3IYLIHOH CMECH M3 YCThS
HMCTOYHHKA BEIOPOCA;

H — BBICOTA WCTOYHWKA BBHIOpOCa HaJ ypOBHEM 3eMJIM, M (i1 HA3eMHBIX WCTOYHUKOB IIPH
pacuetax npuHumaercst H = 2 m);

1 — 6e3pa3MepHbIil KOAQPHUIMEHT, YIUTHIBAIOIINN BIUSHIE pelibed)a MECTHOCTH, B CIIy4ae POBHOM
WJIH CJIa00TIepecedYeHHOM MECTHOCTH C TepenaoM BBICOT, He TpeBbimatomuM 50 M Ha 1 kM, 7= 1;

AT () — pa3HOCTh MEXAYy TEMIepaTypoil BBIOpAachIBAEMON Ta30BO3MYIIHON cMmecw Iy U
TEMIIepaTypoil OKpYKaroIero arMocgepHoro Bozayxa 7y, °C;

Vi (M*/c) — pacxoi1 ra30BO3YIIHOM CMECH.

PaccTossHMEe OT WCTOYHWKA BBIOpOCA Xuu (M), HA KOTOPOM TIIPH CKOPOCTH BeTpa u H

HEeONIaronpHUATHBIX METEOPOJIOTMUYECKUX YCIIOBHAX TPU3EMHAs KOHICHTPAIUS BpPEIHBIX BEIECTB
JIOCTUIaeT MaKCUMAILHOTO 3HAUEHHUS Cy (MI/M?), OTIpEIeNseTes o popmylie

Xvu = P X, (2)

rae p — Oe3pa3MepHbI KOI(PPUIMEHT, OmpeaeasieMblii B 3aBUCUMOCTH OT OTHOILCHHUS u/uy IO
dbopmymnam:

p=3 npu ufu,<0,25; (3 a)
p=843(1-ufu,) +1 npu 0,25<ufu,<1; (36)
p=0,32u/u, + 0,68 npu ufu, >1. (3 B)

IIpy OmacHOM CKOPOCTH BETpa iy NPHM3EMHAst KOHIEHTpPALMs BPEIHBIX BEIIECTB ¢ (MI/m>)
B atMoc(epe mo ocu (akena BeIOpOCa Ha pa3IHUHBIX PACCTOSHUAX X (M) OT MCTOYHHMKA BBIOpOCa
onpenaensercs mo Gopmyie

C =581 Cwn, (4)
re s1 — Oe3pasmepHblil KOd(pQUIMEHT, ONpeAenseMblii B 3aBUCHMOCTH OT OTHOLUEHHS X/Xy W
koddurmenTa F mo Gopmynam:

s =3(x/x,) —8(x/x,) +6(x/x,) mpu x/x, <1; (5a)
s L13 pu 1< x/x, <8; (590)

T 0.13(x/x, ) +1

s = > /%, npu F<L5wu x/x,>8; (5®B)
3,58(x/x, ) —35,2(x/x, )+ 120
8 l npu F>1,5u x/x,>8. (51)

) 0,1(x/x, )" +2,47(x/x,)~17.8

JIns HECKONBKHX BEIIECTB, KOTOphIE OKAa3bIBAlOT OOBEIMHCHHOE HEOIaromnpusTHOS
BO3EHCTBHE, Oe3pa3MepHas CyMMapHas KOHLECHTpaLus ¢ WIH MPHUBEJCHHAS K OJHOMY BEILECTBY
CyMMapHasi KOHIEHTPAIUs ¢ pAaCCUUTHIBAIOTCS C UCIIOIB30BaHUEM JUISl KQKJ0TO HCTOYHUKA 3HAYEHUN
MoIIHOCTU M, uiu M COOTBETCTBEHHO, T'IIE:

M = M, + M, +...+£, (6)
1 HJIK, 1JK, 1K,
M=+ o, TAK gy TR )
1K, 1K,

rne My, M, ..., M, — mMourHOCTH BBIOpOCa Kaxkmoro w3 n Bemlects; I[JKi, II/[K», ..., IJIK, —
MaKCUMAaJIbHbIC PA30BBIC MPEACIHHO AOMYCTUMbIC KOHIICHTPAIIMU STUX BEIIECTB.

B ocranpHOM pacdeTHas cxema ocTaeTcsi 0e3 M3MEHEHHs. B dJacTHOCTH, ydeT CyMMarluu
BPEIHOTO JEWCTBHUS IS OJWHOYHOTO WCTOYHMKA HE BIWSET HA 3HAYCHUS PACCTOSHHUS Xy,
IJIe JOCTUTaeTCs HauOOJIbINee 3arPS3HCHUE BO3IyXa, U OITACHON CKOPOCTH BETPA Uy
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C y4eToM IpaKTHUYECKOW HAMPABICHHOCTU MCCIICIOBAHUN UCXOIHBIMU JAaHHBIMH JIJIsT PabOTHI
SBIISIIOTCS: PaJUyC BBIOpOCA, KOHIIGHTpAIms, KOI(QHUIMEHT CKOPOCTH OcelaHus. AKTyallbHbIe
JaHHBIE O HAMpPAaBICHUH W CKOPOCTH BeTpa OepyTcs C METeOpOJOTHYecKuX VHTepHET-MCTOYHHKOB.
B pesynpTaTe MoOpenupoBaHUMS TONYYaeTCSs HAHECCHHAs HA KapTy 30HAa paclpOCTpaHCHHS
3arpsI3HATENS C KOJMYECTBEHHBIMH TPaIAllisIMU, BBIICJICHHBIMH Pa3IMYHBIM I[BETOM [7].

[pemiokeH anropuT™M MPOTHO3UPOBAHUS 3arpsA3HEHUS aTMOC(PEPHOTO BO3/IyXa, KOTOPHIH
OepeT maHHBIC 00 YpOBHE 3arps3HCHHS M BETPEe B HAYAIBHOW TOYKE, WCXOJs W3 HANpPaBICHHS
Y CKOPOCTH BETpPA, BHIUUCISIOTCS HOBBIC JBE TOYKH C 15-MUHYTHBIM WHTEPBaJIOM U BBICUHTHIBACTCS
KOHIIEHTpaIus 1o Gopmyiie (4). 3aTeM CTPOUTCS MOJKUIOH 10 HOBBIM JIBYM TOYKaM M JIBYM CTapbIM.
Takoit pacuer mpousBoauTcs Kaxable 15 MuHyT. Kaxkaple Tpu uvaca uH(pOpPMamMs O 3HAYCHHUSIX
BO37yxa OOHOBIIsETCS. B KauecTBe MCTOYHHMKA MH(POPMAIMU C aKTYaIbHBIMHU JaHHBIMH O CKOPOCTH
Y HampaBJIeHUU BETpa UCTIONB3YyeTcs calT openwethermap.org.

Pe3yabTaThl U HX 00CY:KIEHHE

s MonmenupoBaHMs TEpPEeHOCa 3arps3HSIONIMX BEIIECTB B aTMOC(EpPHOM BO3AyXe
B IPOTPaMMHOM KOMIUIEKCE JOJDKHBI BBIMOJHSITHCS ClEAyIomne (YHKUUHM: TONyYeHHE IaHHBIX
C JaTYUKOB HKOJOI'MYECKOTO MOHHUTOPHHIA, KOTOpble OyAyT MCIONIB30BAThCS U1 pacueTa
KOHIICHTPALMH 3arpsi3HEHUs] B TOUKAX; MOJAEIMPOBAHKUE MEPEHOCA BPEIHBIX BEIIECTB H OTOOpaKeHHUE
pe3ynbTaToB Ha Kapre [8].

@OyHKIUS MOJETHPOBAHMS JOJDKHA OBITh Pean30BaHa C yUeTOM CIIeTyIOMNX TpeOOBaHMIA:

— (yHKIUS [OJDKHA PACCUMTHIBATh KOHLICHTPALMIO 3arps3HSIOLIUX BEIIECTB, OMMPasCh
Ha JIaHHbIE, IOTYYEHHBIE C JATYUKOB;

— (yHKOMS AOKHA PUCOBaTh CMOZEIMPOBAHHYIO KapTHHY IlepeHOoca 3arpsi3HsIOIINX
BEIIECTB Ha KapTe;

— (QyHKOMS [OOJDKHA OTOOpakaTh CTENEHb KOHLEHTPALUUH 3arpsi3HSIOLINX —BEILECTB,
HCIIOJIB3Ysl IBETOBYIO MAIUTPY;

— 3aBHCHUMOCTb LIB€Ta OT KOHLIEHTPALMU J0JKHA ObITh IIOKa3aHa Ha JIEreH/Ie Ha KapTe.

IIporpaMMHBI KOMIUIEKC [JUII MOJEIMPOBAHMSA TIEpEHOCAa 3arpsA3HAIONIMX BEIIECTB
B aTMOC()EPHOM BO3yXe NpeACTaBieH Ha puc. 1.

Puc. 1. MoOuinbHast BepcHst TI1aBHOM CTPaHUILIBI IPOIPAaMMHOTO KOMILJIEKCa
Fig. 1. Mobile version of the main page of the software package
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[lonmy4yaembie TakuM 00pa3oM HPOTHO3BI OOJIee TOYHO OTPAXKAIOT IBMXKEHHUE 3arpsi3HUTENCH
IpH JIOKAJBHOM BBIOPOCE M MOTYT OBITH HCIIOIB30BAaHbI, B TOM YHCIIC, INPU BHEMITaTHBIX,
Ype3BBIYAHBIX CUTYAISX (pHC. 2).

S— M4 -

Nandwapmeid 1 b
30KA3HUK Cumonesrun /

Necvon

BopoBnAHEI

0.00001 mr/m® - 0.00004 mr/m®
0.00004 mr/m® - 0.0001 mr/m®
0.0001 mrfm® — 0.0003 mrim®
0.0003 mr/m® — 0.0005 mr/m®
0.0005 mr/m® - 0.001 mr/m®
0.001 mr/m® - 0.005 mr/m® s
0.005 mr/m® - 0.1 mr/m®

\ L SN 0.1 mrim® — 5 mrim®
S0 = 4 FI / E3 '

Puc. 2. [Iporno3npoBanne IBHXEHHUS 3arPSI3HSHNS aTMOC(EPHOT0 BO3yXa C Y4ETOM
W3MEHEHUS CHIIBI M HallpaBJICHUS BETpa
Fig. 2. Prediction of the movement of air pollution, taking into account changes
in the strength and direction of the wind
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-4

. /
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"nebrogxa”

B o0mem Buae CTpyKTypa pa3pabOTaHHON CHCTEMBI IIPEICTABIICHA Ha puUC. 3.

Hurerpaneisii - HHTEpnoimsumms

NOKA3ATENR HAHHBIX
l l MoguHUHPOBIHHB ANropHTM
HAXOHASHHA OITHMATLHOTO TYTH
{MapuipyTa)
Tiageanue IocTponts KapTy l
ATUHROB e Kapra
——————| 3APAIHEHHOCTH
MapipyT
1 Bribpars
- OITHMAIBHBA Adropum
2] MapIIpy T Maprupy e HPOrHOZHPOBAHHS
2 !
ALUIAPA THO- P01 PAMMHBLI
KOMINICKC oo
APPEKTHBHOC Th Oruer

IMonzosarenn CHETEME

Puc. 3. CrpykTypa NpemioKeHHON CHCTEMBI TIOAICPKKH PHHATHS PEIICHUH TP BBIOOPE ONMITHMAITBEHOTO
MapIIpyTa ¢ y9eTOM 3arpI3HEHHOCTH BO3yXa
Fig. 3. The structure of the proposed decision-making support system when choosing the optimal route taking
into account air pollution

3aKkiIroueHue

TakuM 00pa3oM, B XOfie MPOBEACHHBIX paboT Obla co3NaHa W anpoOUpoBaHa cUCTEMa
HKOJIOTHYECKOTO MOHHMTOPHHra aTMOC(EpHOTO BO3IyXa, IO3BOJISIONIAs B PEXKHUME pEaTbHOTO
BPEMEHH I0Jy4aTh aKTyalbHbIC JaHHBIC O 3arPsI3HEHHOCTH, CTPOUTH KapThl U MPOTHO3bI U3MEHEHHUSI
KayecTBa C Y4eTOM BHIOPOCOB, CHIIBI M HAalpaBJIeHUs BeTpa [8, 9]. B pesynbpTare nonydaemble TaHHbIC
MOTYT OBITh HMCHOJIB30BAaHBI Ul BBIOOpAa ONTHMAIBHOTO MapUIpyTa CIIEAOBAHHS JIOJACH C TOYKH
3peHHs MUHUMH3aIUY HeOJIarONpUsTHOTO BO3ACHCTBHS Ha UX 3JJOPOBBE.
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ABTOMATHUYECKOE IIOCTPOEHUE CEMAHTUYECKOM CETH
JJIA TOJTYYEHUA OTBETOB HA BOIIPOCHI

IIOTAPAEB B.B., CEPEBPAHAZ JI.B.

Benopycckuii 2ocydapcmeennulil yHusepcumem uHGOpMamuxu u paouodieKmpoHuKu
(2. Munck, Pecnybauxa Berapycy)

Hocmynuna 6 pedaxyuro 4 mapma 2020
© Benopycckuii ToCyIapcTBEHHBIN YHUBEPCUTET HHMOPMATHKH U PaInodIeKTpoHukH, 2020

AHHOTauusl. BBINOJHEH aHanM3 MOJENM IPEACTaBICHMs NAHHBIX M 3HAHMM B BHUJE CEMAHTUYECKOM CETH.
OO6ocHOBaH ee BBIOOp I paboThl ¢ TekcToBOW uHGpopMmarmeir. ChopmyaupoBaHa 3amada aBTOMATHIECKON
reHepaluyd CEMaHTUYECKOM CETH Ha OCHOBE MPOU3BOJILHOTO TEKCTA Ha PYCCKOM si3bIke. [IpuBEeHbI HCXOIHBIE
JIAaHHBIC, YCJIOBUS M OTPaHUYCHUs, HCOOXOMUMBIC JUIS aJlFOPUTMA MOCTPOCHHS CeTH. B pesyipraTe aHamu3a
YacTH PEeYH KaXKJOr0 CIIOBA U MOPSAKA CIOB B MPEAJOKEHUN YCTAHOBJIECHBI CEMAaHTUYECKUE OTHOLICHHS MEXKIY
cinoBamu. Co3JlaH CJIOBaph JIEKCEM, C MOMOILBIO KOTOPOTO OMNPEAEISIOTCS YaCTH PEUYH CJIOB U3 MPEATIOKEHUH.
BriOpaHO MHOXXECTBO BHUJIIOB BOIPOCOB, HCIOJb3YEMBIX B CEMAHTHYECKOH ceTw. KoamuecTBO OTHOIICHUE
B CETH pETyIUpYeTCS 3a CYET BO3MOXKHOCTH HCIOJIB30BAaTh TOJNBKO HYXHBIC THIBI CBSA3EH IPH pEIICHUU
KOHKpeTHOH 3amadn. [Ipn 3TOM OTHOIIEHWS B CEMaHTHIECKOH CETH MOTYT OBITh CAMBIX Pa3HBIX THIIOB, UTO JENACT
€¢ YHUBEPCAIILHOW MOJICNBIO MPEICTaBICHHS TaHHBIX W 3HaHWH. Pa3paboTaH anropuTM, MO3BOJISIONIAN MOTYyYaTh
OTBETHI HA IOCTaBJICHHBIE BONPOCHL. PacCMOTPEHBI MPETOKEHHs, I KOTOPHIX aBTOMATHYECKH IMTOCTPOSHA
MOJZIeNb CEMAaHTHYECKOHl ceTH. B mpennokeHHOM anropuTMe CEMaHTHYECKas CeTh WHTEPIPETHPYETCS
KaK HEOPHEHTUPOBAHHBIA I'pad), HA KOTOPOM ISl TIOMCKAa OTBETa Ha BONPOC NMPHMEHEH aJTrOPUTM IIOHMCKa B
mpuHy. Pa3paboTaHHBIC alTOPUTMBI PEaT30BaHbI B IPOTPAMMHOM CPENICTBE, KOTOPOE aBTOMATHYCCKU CTPOUT
CEMaHTHYECKYI0 CeTh Ji1 MPOM3BOJILHOTO TekcTa. Co3aaHHOE MPOrpaMMHOE CPEACTBO IMO3BOJISET 3a7aBaTh
BONPOCHI U TOJYYaTh Ha HUX OTBETHl HA OCHOBE HWH(OpPMAIIMH, XpaHANICHCS B CCMAHTUYCCKON CETH.
DKCHEePUMEHTHI NTOKa3ajH, YTO MOCTPOEHHAs] CEMaHTHYECKasl CeTh JaeT NMPaBUJIbHbIE OTBETHI HA MOCTABJICHHbIE
eit Borpocsl. CeTh MOAUMUIIUPYIOTCS TyTeM TOOABJICHUS M YAAJICHHUS U3 Hee HHpopManuu. EcTh BO3MOXKHOCTB
BBIOMPATh CJIOKHOCTh CTPYKTYPBI CETH B 3aBUCHMOCTH OT peIlacMoOd 3amadd. [IpeyioKCHHBIH IOJXOM
K IOCTPOCHUI0O M pabdoTe C CEeThI0 TO3BOJSIET HCHOJB30BAaTh €€ Ui TEKCTOB Ha pa3HBIX S3bIKaX,
B MHQOPMALIMOHHBIX CHCTEMAaX C €CTECTBEHHO-S3BIKOBBIM MHTEep(heicoM, I pemeHus 3a1a4 KiIacCHu(hUKaun
1 TIoucka uHpopmanmm.

KnroueBble cjioBa: ceMaHTHYECKas CCThb, BUJ BOIIPOCA, TUII CBA3H, aBTOMATHUYCCKasA TI'CHCpalusd, aJropuTtMm
IIOMCKa OTBECTA.

KondaukT narepecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBHU KOH(IIMKTA HHTEPECOB.

[ umrupoBanms. [Torapaes B.B., Cepebpsinas JI.B. ABToMaTiHueckoe nocTpoeHne CeMaHTHYEeCKOW CeTH JUIs
HOJy4eHHs: 0TBeTOB Ha Bonpocsl. loknanst BI'YUP. 2020; 18(4): 44-52.
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Abstract. Semantic network model for representing data and knowledge was analysed. Selection of this model
for working with text information was justified. The objective of automatic semantic network generation based
on an arbitrary Russian-language text was formulated. Initial data, conditions and constraints necessary for
network generation algorithm are listed. As a result of the part-of-speech analysis for each word and word order
ina sentence, semantic relations between words are determined. The Lexeme dictionary was created to
determine the part of speech of words in sentences. A set of question types used in the semantic network was
selected. The number of relations in the network is regulated due to the possibility to use only necessary relation
types when resolving a specific task. With that, the relations in semantic network can have very different types,
which makes it a universal model for representing data and knowledge. The algorithm was developed which
allows one to get answers for the questions asked. The semantic network model was generated automatically for
the sentences considered. In the proposed algorithm the semantic network is interpreted as unoriented graph on
which breadth-first search algorithm is used to find an answer. The proposed algorithms were implemented in a
software tool which automatically generates the semantic network for an arbitrary text. The created software tool
allows asking questions and getting answers to them based on the information which is stored in the semantic
network. The experiments have shown that the generated semantic network gives correct answers to the
questions posed. The network is modified by adding and removing information in it. There is a possibility to
choose complexity of network structure depending on a specific task being resolved. The proposed approach for
building and working with the semantic network allows one to process texts in various languages, to use it in
information systems with natural-language interface, and to resolve such tasks as text classification and text
search.

Keywords: semantic network, question type, relation type, automatic generation, semantic analysis, question
answering algorithm.
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BBenenne

B coBpeMeHHBIX WH(POPMAIIMOHHBIX CUCTEMaX HAKOIUICHO OOJIBIIOE KOJIUYECTBO TEKCTOBOU
uHpopManuu. B cBA3M ¢ 3TUM aKTyaJlbHOW SIBIISIETCSI aBTOMATHU3UpPOBaHHAs 0OpabOTKa TEKCTOB.
OMHUM W3 WHCTPYMEHTOB, IMO3BOJIIOIIUX 00padaThiBaTh TEKCT C YYETOM €ro CMbICHa, SBISETCS
CEMaHTHYECKas CETh.

CemaHTH4YeCKasi CE€Th — O3TO OpPUCHTUPOBAHHBIM Tpad, KOTOPBHIA OTpakaeT NOHATHA U
OTHONICHUs] MexXy HumH [1]. Bepmunsl rpada copepkar MOHSITHS, a CBA3U Tpada — 3TO OTHOIICHHUS
MEXIy TOHATHUSAMH. TUIBI CBs3el B rpade CEMaHTHUYECKOW CETH BBIOMPAIOTCS CO3/IATENeM CETH
B 3aBHCHMOCTH OT KOHKPETHBIX Iiejer [2]. Takke OTHOMICHUS B CETAX MOTYT OBITh Pa3HBIX THIIOB:
(YHKIMOHANBHBIC, KOJHYECTBEHHBIE, IPOCTPAHCTBEHHBIC, BPEMEHHBIE, Jorrnueckue U jp. llupoko
MPUMEHSIOTCS ~MEPApPXUYCCKHE CEMAaHTUYECKHE CETH, WMCIONIUE JPEBOBUIHYIO CTPYKTYpY.
CeMaHTHUECKasi CETh SBJISICTCS MOJEIBIO, KOTOpas Yallleé BCEr0 HMCIONB3YeTCs MPH CO3/IaHuu 0a3
3ganwii [3]. JlamHas Momenb MOXKET XpaHUTh TEKCTOBYIO HWH(MOpPMAIMIO B y3JaXx ceTh 0e3
MPUBJICUCHHST JOTOJHUTEIPHOTO XPaHWIUINA, 4YTO YIPOIIAeT pEeNIeHUuEe 3a1ad, CBS3aHHBIX
¢ 00paboTkoi TekcToB. Kpome TOro, Takas MOJENb COOTBETCTBYET HAYYHBIM IMPEICTABJICHUSAM 00
OpraHU3aIMHA CEMAaHTUIECKOM MaMsATH deoBeka [4].
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CeMaHTHUECKHE CETH YacTO HCIOJNB3YIOTCS B CHUCTEMaX HCKYCCTBEHHOI'O HHTEICKTa U
00pabOTKM €CTeCTBEHHOTO A3bIKa, B BOIIPOCHO-OTBETHBIX U MPEIMETHO-OPHEHTHPOBAHHBIX CUCTEMAX.
[Ipumepamu Takux cucteM sBisitoTcst WordNet u PyTe3, co3gaHHble 11 00paOOTKH aHIJIOA3BIYHON U
PYCCKOSI3BIYHOM MH(OPMAIIMK COOTBETCTBEHHO [5].

WordNet — 310 nekcudeckas 0aza JTaHHBIX, COJIEpKallias cIOBapbh M HaOOp CEMaHTHUYECKHX
ceteil. OHa mpuUMeHsieTcs 1 MH(POPMAIIOHHOTO TIOKCKa, B PabOTe BOMPOCHO-OTBETHBIX CUCTEM H JIp.
[IpenmytiecTBa MOJIENH B BUE CETU: pa3HOOOPA3Ue BUOB OTHOIICHUH; TOICPKKA MHOTO3HAYHOCTH
cnoB. HexmocTaTku: orpoMHBIH pazMep ceTeil; TpyIOeMKOe CO3JaHHe IKCIEPTOM BpPYUYHYIO; CIIOBA
Pa3HBIX YacTel peur He CBSA3AHBI MEXTy COO0M; OpUEHTUPOBAHHOCTE HA aHTTTUHCKUAN SI3BIK.

PyTe3 — 3T0 cnoBaph PYCCKOrO S3bIKA, MPEICTABIAIONMINAN COOOH HEpapXUIecKyl0 CETh
MIOHSITUH, JUTISI KOTOPBIX YKa3aHbl TEKCTOBBIE BhIpaxeHus. CeTh MPUMEHSETCS s WH)OPMAITUOHHOTO
MOWCKa, aBTOMATHYECKOT'O pacIIUpeHHs 3a1poca, aBTOMAaTHIeCKoi pyOpukanuu u ap. [Ipenmyniectsa
WCTIONE3YeMON MOJIeNU: TIOAJNEP)KKa MHOTOCIIOBHBIX TOHSATHH; TOHSTHE MOXET BKIIIOYATh B CeOS
CJIOBA pa3HBIX YacTel pedd; BO3ZMOXKHOCTh Monudukanuu. HemocTaTku: OrpoOMHBIA pa3Mep CETH;
TPYIOEMKOE CO3AaHUe SKCIIEPTOM BPYUHYIO; OPUEHTUPOBAHHOCTH HA PYCCKHM S3BIK.

B coBpeMeHHBIX SI3BIKaX CYIIECTBYET OOJBIIOE KOJIHMYECTBO HEOJOTH3MOB, M OHO MOCTOSHHO
pacter. HekoToprle ciioBa MOdy4aloT HOBBIA CMBICH. I3-3a 3TOro mpou3BOIUTCS Bce Ooiblue
MOMNBITOK aBTOMATH3allMU CO3JaHUs ceMaHTuueckux ceTeil. Ilpu coszmanuu ceTeil ucmonb3yetcs
CTPYKTYPHUPOBaHHAasE W HECTPYKTypHpoBaHHas uHbpopMmaius [6]. MoryT OBbITh HCIOJb30BaHbI
CIOBapW, TEKCTHl Ha pa3HBIX S3bIKaX M MammuHHBIA mepeBox [7]. CymuecTByeT MHOMXECTBO
ABTOMATUYECKH CTCHEPUPOBAHHBIX CEMAHTHYCCKUX CETEH, MCIIOJIb3YEMbIX JIJIS Pa3IHYHBIX S3BIKOB,
Harpumep BabelNet [8].

BabelNet — 310 cemaHTH4YecKas CceTh, KOTOpas coueTaer B cebe cBs3u u3 WordNet
C CEMAaHTHYECKUMU OTHOUICHUSIMHU, MOCTPOCHHBIMU Ha OCHOBe crareil Buxumnemuu. [Ipumensercs
JUTS. BBIYHUCIICHUS CEMaHTHUYECKON OJIM30CTH MEXIy MOHITHAMH, IS OMPEACIICHUS HCIIOJIB3YEeMOTrO
3HaueHuss cioBa ® JaAp. IlpenMymiecTBa STOW MOJENHM CETH: aBTOMAaTHYECKOE TOCTPOCHWE;
pa3HOOOpa3We BHUIOB OTHOIICHWH; TMOAJNCPKKA MHOTO3HAYHOCTU CJIOB; TOJJICPIKKA Pa3TMYHBIX
sI3bIKOB. HelocTaTku: OrpOMHBIN pa3Mep; B OCHOBE JISKAT CBsI3U U3 WordNet, monydeHHBIE BPYyYHYIO.

AHanu3 NomyJApHBIX CEMAaHTUYECKHUX CETeH MoKaszall, YTO aKTyallbHOM ocTaeTcs 3ajada
ABTOMAaTHYECKOTO TIOCTPOEHHSI CETH C MOCIEAYIOINM €€ UCTIOIb30BaHNEM.

Lenpto gaHHON pa0OTHI SIBJISETCA CO3JaHHE ajropuTMa aBTOMATHYECKOH TeHepaluu
CEMaHTUYECKOW CETH, KOTOpas MOXKET OBITh MPHMEHEHa JJIsi MOJy4YeHHs OTBETOB HA BOIPOCHI Ha
pycckoM si3pike. PazMep M CTpyKTypa CeTH 3aBHCAT OT perraeMoit 3afaun. Co3zmaHHasi CETh MOXKET
OBITh WCIIOJIB30BaHA B CHUCTEMAaX C €CTECTBEHHO-SI3BIKOBHIM HHTEP(EHCOM, KOTOPHIE HHTEHCHUBHO
Pa3BUBAIOTCS HA MPOTSHKEHUU HECKOJIBKUX MOCICAHUX AeCATHIEeTUl [9].

A.]'ll"OpPlTM ABTOMATHYECKOI'0 MOCTPOCHUHA CEMAHTUYECKOM ceTH

PaccMoTpuM 3aj1adyy aBTOMaTHYECKOM I'eHepallid CEMaHTHUYEeCKOM CETH, MCIOJIb3yeMOU s
HaXO0XJIEHUS OTBETOB Ha BOIIPOCHI, BEIPAXKEHHBIE Ha ECTECTBEHHOM SI3BIKE.

[Ipu pemieHNH TOCTaBICHHOW 3aJadd MpeIaracTcs HCIIOIb30BaTh CIEAYIOIINE HCXOTHBIE
TaHHBIE:

1. Tekct, 11 KOTOPOTo HEOOXOIUMO TIOCTPOUTH CETb.

2. CrnoBapu 4acTel pedn pycCKOro sI3bIKa.

3. CiioBapb CHHOHHMOB.

4. Cnucok noJAepKUBAEMbIX BUIOB BOIIPOCOB.

B pycckom s3BIKE CYyLIECTBYIOT pa3iW4HbIE BHIBl BOIPOCOB — 3aKPBITHIE, OTKPBITHIE,
nepesoMHble Bompockl M ap. IIpemmonaraercsi, 4TO TOCTpPOEHHAs CEMaHTHYECKash CETb CMOXKET
OTBEYaTh HAa OTKPBITHIE BOMPOCHL. [IpiMephl TakuX BOMPOCOB: «Tae?», «Kak?», «KT0?». THIBI CBs3EH,
UCTIONb3yeMble B CEMAHTHYECKOW CEeTH, 3aBUCAT OT BUAOB BOIIPOCOB, KOTOpBIE HEOOXOAMMO
noanepuBaTh. Kpome TOro, Ansi MOCTPOCHHWS TMPEAJIOKEHHS B OTBET Ha 3ampoc ITOJH30BATEN
B CEMaHTHYECKOH CETH HEOOXOMMO HAIMYHE CBSA3H IIOJIEKAIIee-CKa3yeMoe).

s xoppekTHOH paboThl anroputMa TpeOyeTcsl BBIMOTHEHNE CIIETYIOIIUX YCIOBHMA:
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1. Tumbel cBsi3eid, UMCIOIIMECS B CEMaHTHYECKOM CETH, IO3BOJISIOT HAWTH OTBET Ha BHJ
BOIPOCA, KOTOPBIM MOCTABJICH.

2. B TekcTe OTCYTCTBYIOT MHOTO3HAYHBIC CJIOBA.

3. CeMaHTHYECKUE OTHOIIICHUS MEXIY CIIOBAMHU TEKCTa, 3HAHUE O KOTOPBIX HEOOXOIUMO IS
OTBETa Ha BOMPOC, MOXHO OIPEICITUTh aBTOMAaTHIECKH. DTO O3HAYAET, YTO B CIydae MPUMCHCHHUS
MIPOCTEUINIETO aNTOpPUTMa OIPEACIICHUS UWICHOB NPEUIOKEHUS B KAXKIOM IPEIIOKCHHH TEKCTa
MOITICIKAIIIM JIOJDKHO SIBJIITHCS CYIIICCTBUTEIBHOE B HAYAIILHOU (DOpMe, a CKa3yeMbIM — IJIarodl.

[Ipu HaXOXJIEHUHM OCHOBBI CIOBA MOXKET OBITh NMPUMEHEH OJIUH U3 aJTOPUTMOB CTEMMUHTA,
Hanpumep, anroputm [loprepa.

IIpu mocTpoeHHH CEMaHTHICCKOM ceTh OyIeM HMCKaTh CIIOBA, OTHOCSINHECS K KOHKPETHBIM
gactsaMm peun. [ ompesneneHuss Toro, K Kakod 4acTH pedyd MPHUHAIJICKHUT CIOBO, MOKHO CPaBHUTH
OCHOBY JTaHHOTO CJIOBa C OCHOBAMH CJIOB, UbS IPHHAICKHOCTh YK ycTaHOBJIeHa. CyIIecTBYIOT
0ojiee yHHMBEpPCAIbHbIC W/WIM TOYHBIC CIIOCOOBI OIPEIEICHHS dYacTed pedyd, HO BO3MOXKHOCTECH
BBIOPAHHOTO TIOJIX0/1a JJOCTATOYHO /Il 00paOOTKH HECIIOKHOTO TEKCTA.

ANTOpPUTM TIOCTPOCHHS CEMAaHTUYECKOW CETH MOXKET OBITh MPEJCTABIICH CICIYIOIINM
obpazoM:

1. OnpenenuTh TUIBI CBS3EH, HEOOXOIUMBIC JIJISl PEIICHUS TOCTABJICHHOW 3a7auu (B JAaHHOM
ciydae — JUIst OTBETa Ha MOJIJICPKUBAEMbBIC BUIBI BOTIPOCOB).

2. IlepeliTi kK o4epeAHOMY TPEIIOKEHUIO TEKCTa, HAUYMHAS C TIEPBOTO.

3. JloGaBUTH B CETh CBS3M «IOJICKAIEe — CKazyeMoe». B KadecTBe MOICKAIIETO MOMKHO
WCTIONIb30BaTh CYIIECTBUTEIILHOE B HAYAIbHOU (hopMme. B kauecTBe ckazyeMoro — riaroi.

4. ToGaBUTh B CE€Th THIIBI CBSI3CH, Onpee/icHHbIC Ha 1iare 1.

5. J100aBHTE B CETH CBSI3U «CIIOBO — OCHOBA CJIOBAY.

6. JI00aBUTH B CETh CBSI3U THIIA «CHHOHUMY, COCIMHSIONIHE OCHOBEI CIIOB.

7. IloBTOPSTH mAaru 3—6 Ui KaXI0Tr0 MPEeAIoKEeHUs O KOHIIAa TeKCTa.

B ciayuae HeoOxoammocTn no0aBieHus HHGOOPMAIINH B YK€ CYIIECTBYIONIYIO CETh TpeOyeTCs
MOBTOPATH WIArk 3—6 JIst HOBBIX MPEAJIOKECHUM.

Jlns  ynaneHuss HeakTyalbHOW WM ycTapeBiled WH(GOpMAaluu HYXKHO HAWTH CBS3H,
COOTBETCTBYIOIIHME MPEAJIOKEHUSIM TEKCTa ¢ 3TOoM MH(OpMalueH, ¥ yAaluTh UX U3 ceTd. Eciu npu
ATOM TIOSIBIISTIOTCS Y3JIbI, HE UMEIOIIHNE CBS3EH, TO X PEKOMCHIYETCS TOXKE YIAIUTb.

IIpumep aBTOMATHYECKOT0 MOCTPOCHNS CEMAHTHYECKOI CeTH

Hanbl Tpu npemnoxenud: «Ha craamone mnpoBoautcs Matu», «M3-3a matd4a B TOpoje
omycresnd  yiuip», «Ckopo OymeT MHOTOMOMHO». [lokakeM, YTO MOXHO IOCTPOWTH MOJIENb
CEMaHTUYECKOU CETH, TTO3BOJISIONIYI0 OTBEUATh Ha BU/IHI BOIIPOCOB, IEPEUHCIICHHBIC B TA0. 1.

Ta6auua 1. Buael Borpocos
Table 1. Question types

Bun Bompoca Yro BBICTyNaeT B KAUECTBE OTBETA [Ipu3Hak, KOTOPBI MOKHO
Question type What is an answer UCIIOJIB30BaTh IS TIOUCKA OTBETA
Word characteristic which can be used
to find the answer
Kro/Yro? OOBEKT, BBINOJIHSIIONIHH 1eiicTBUE Cyl1ecTBUTENbHOE B HA4YaIbHOM
hopme
I'ne? VYkazanue mecta IIpocTpancTBeHHbI# npensor +
CYIIECTBUTEIFHOE HE B HAYAIBHOU
hopme
Kax? VYkazanue, KakuM 00pa3oM BBIITOJIHEHO Hapeune obpa3a neiictBus
JNIEUCTBUE
N3-3a gero? Ykazanwue, 1o Kakoi puunHe IIpenyor «u3-3a» + cyniecTBUTENHLHOE
BBITIOJTHSIETCS JICHCTBUE HE B HaYaJIbHOU (hopme

IIycTh ciucku (cmoBapy) 3apaHee H3BECTHBIX CIIOB BBITIIAAT, Kak MOKa3aHo B Ta0. 2.
PaccMoTpum onpenenenue yactm peud Ha mnpumepe. Jiag ciaoBa «ymuma» B cloBape
CYHISCTBUTEIBHBIX TIPHU TOMOIIY ajlropuT™Ma CTEMMHHIA MOJy4aeM OCHOBY «yiui». s crmoBa
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«ynuIe» U3 npennoxkeHus «Joxap uAeT Ha YIULEe» MOCce yIaJeHUs] OKOHUYAHUS «€» MOTYyUYUM TaKXKe
OCHOBY «ynui». ClenoBaTenbHO, «YIWIE» — 3TO CYIIECTBUTENbHOE. AHAJIOTHYHBIM 00pa3oM
BBITIONHSIETCA aHAIN3 TOTO, KaKue Cy(QQUKCH 1 OKOHYAHUS MOTYT OBITh Y TJIaTr0JIOB.

s cioBa «COMHEYHO» B TMPEAJIOKEHUH «3aBTpa OYAET COTHEYHO» TIOCHe YIaJICHUS
OKOHYAaHMS «O0» OCTaHETCS OCHOBA «COJIHEYH», KOTOpas HE COBIAJaeT C OCHOBOW HH OIHOTO
CYIIECTBUTEIHHOTO. 3HAUNT, 3TO HE CYIIECTBUTENbHOE. bojee TOoro, cioBo «COTHEUHO» HAXOIUTCA
B CJIOBape Hapeuuii o0pasa AeCTBUS.

CrnoBa «OBITE» U «OyneT» — pa3Hble (POPMBI OJJHOTO CIOBA, HO TIPH TIOMOIIYU MPEIOKESHHOTO
MOJIX0J1a 3TO OTMPEAETUTh HeMb3s. [loaToMy c10BO «OyaeT» 106aBIeHO B CIMCOK TIar0JI0B.

Tadauna 2. Ciricku 3apaHee U3BECTHBIX CIIOB
Table 2. Lists of pre-known words

Bun crincka ConepxuMoe CITucKa
List type List contents
Cy1iecTBUTEIHHBIE Jlox e, ynuia, ayxa, achanbT
I'maromnsl ITpoBoaUTH, OIIyCTETH, OBITH, OYIET
IIpocTpaHCTBEHHBIE TIPEATIOTH B, Ha (s pemeHNs JaHHOTO MPHMEPa JOCTATOYHO 3HAHUS
00 OJTHOM TIpeJIoTe)
[IpuuunHbIe npeIorU N3-3a (st mocTpoeHwst 60Jiee MOTHOW MOJEITH CEMaHTHIECKON CeTH
B JJAHHOM CJIy4ae HEOOXOAMMO 3HAHUE 00 ATOM IPEIIIOre)
Hapeuwnst oOpasa neiictus MHoromronHo (A7 pelleHus TaHHOTO MPUMepa JOCTATOYHO 3HAHUS
00 0/IHOM Hape4Hu)
CnoBapb CHHOHUMOB Martu — urpa, yauna — 10pora

PaccMoTpum paboTy anroputMa aBTOMATHYECKOTO ITOCTPOCHUS CEMaHTHYECKOH CETH Ha
MpUMepe TPeX BHIOPAHHBIX MPEIOKESHUH.

1. Ilycth ceTh OyIET HCIONB30BATHCA I OTBeTa Ha Bompochl: «I'me?», «Kak?», «3-3a
4ero?». DTUM BOIPOCaM COOTBETCTBYIOT THUIBI CBSI3eH «MecTo», «o0pa3 IeHCTBHUSY, «IpUYHHA
JNEHUCTBUSY.

2. IlepBoe npemnoxenne — «Ha cramroHe IpOBOAUTCS MATD.

3. Iommexamum SBISETCS CYIIECTBUTEIHHOE B HAYAIBHOW (opMe «MaTwd», CKa3yeMbIM —
TJIaroJ «IPOBOIUTCSY.

Ecnu B npeioskeHun 0OHAPYKEHO HECKOJBKO IMOJJISKAIINX MM CKa3yeMbIX, TO B CETH I
JAHHOTO TPEIOKEHNUS Oy/IeT HECKOIBKO CBS3EH «IOJIeKaIIee — CKa3yeMoey.

4. loGaBUM B CETh THUIIBI CBSI3€H, ONpPE/ICIIEHHBIC Ha miare 1.

a. Mecro (cooTtBeTcTBYeT Bonpocy «I'me?»).

Ha mannowm atamne (cormacHo Ta6:. 1) Hamo HalTH B IpemiokeHnn mapy «lIpocTpaHcTBEHHBIH
mpenjior + CymecTBUTENbHOE He B HawainbHOW ¢opme». [[o0aBUM «HA CTaguoOHE» B KayecTBe
00CTOATEIHCTBA MECTA.

b. O6pa3 geiicTBus (cooTBeTCTBYET Bompocy «Kak?»). B aToM mpemtokeHur HET Hapeduit
obpasa nefictus. CeTb HE U3MEHSICTCS.

c. Ilpuunna neiicTBus (COOTBETCTBYET Bompocy «M3-3a uwero?»). Ha manHom stame Hamo
HalTH B mpelyioxkeHnn mnapy «[Ipu4uHHBIN Tpeior + CyIIeCTBUTENBHOS HE B HAYAIBHOU (QopMe».
[IpranHHBIE TIpEUTOTH B TIPENIOKEHUH He HaiineHsl. CeTh He N3MEHSETCS.

5. Jlns CyUIeCTBHTENBHBIX W TJATOJIOB U3 TPEUIOKEHUS IOJydyaeM OCHOBEHI CIIOB: «HaA
CTaJINOHE» — «CTAJIUOHY», KITPOBOJUTCS) — CIIPOBOI», «MATY» — «MaTd». CI0BO «MaTd» COBMANAET CO
CBOEH OCHOBOH. /[Ba y3/ma ¢ OAMHAKOBBIM TEKCTOM SIBIAIOTCS M30BITOYHBIMH JIJIsl TIOMCKa OTBETA Ha
Bormpoc. ITo3ToMy HOBBIH y3€I U CBSI3b HE JOOABIISIOTCA.

6. Wcrnonp3ys croBaph CHHOHHUMOB, OINPENENSeM, YTO CIIOBA «MAaTU» U «HIPa» — CUHOHUMBIL.
[Tomryunm cetb, mpeaCcTaBIEHHYIO Ha puc. 1.

48




JoK4n61 BI'YHUP DokLADY BGUIR

2020, T. 18, Ne 4 2020, VoL. 18, No. 4
Hrp MPOBO CTaIHOH
game hold stadium
A
CHHOHHM OCHOBA OCHOBa
synonym stem stem
| |
mary o | TIPOBOJIATCA | MECTO > Ha cTaJHOHE
match is held place on stadium
NoIEIKAILEE-CKA3YEMOE A
subject-predicate MECTO
place

Puc. 1. [Ipumep ceMaHTUYECKOM c€TH AJISt OJTHOTO MPEI0KEHUS
Fig. 1. Semantic network example for one sentence

7. AHamOru4HbIM 00pa30M MOKHO 00padoTaTh BTOpOE mpeaioxeHue «l3-3a Matya B ropoe
OITyCTEIN YIIUIBDY.

PaccmoTpum mocniennee npemiokenne «Ckopo Oymer MHOTONMIOAHO». CyIIECTBUTEIHHOTO
W3 CIIHCKa B HEM HET. B mpemokeHne BXOIAT riaroni «OyJeT» — 3TO CKazyeMoe, a TakKe Hapedue
o0paza JIelicTBUSI «MHOTOJIOJHO» W Hapeyne BPEeMEHH «CcKopo». COrjacHO allrOpUTMY, B KadecTBe
OCHOBBI CJIOBa «OYACT» OMpeIeNnseTcs 4acTh «Oym» u jobammsercs B ceTb. ClloBa «CKOpPO» HET
B CITUCKaX W3BECTHHIX CJIOB, U OHO HE OBLIO NMOOABICHO B CETh B PE3yJbTaTe KAKOTO-THOO Imara
anroputMa. TpeTbe peIIoKeHUue He UMEET CBA3EH ¢ IPYTUMU YacTSIMHU CETH.

Ha ocHOBaHMU Tpex MpeAIoKEHHH MOTyJaeTCss CEMaHTUIECKas CETh, MPECTaBIICHHAs! Ha puC. 2.

opor CUHOHUM /ITALL ‘ OCHOBA onvere
#op e~ —» Y
road synonym street [pUYHHA stem empty
OCHOBA T cause
mpHUMHA SEETH
A cause place
H3-3a Mar4da P YJIULbL - ()l'lyCTleIIl'l n B.]'() .()L[C
due to match streets MO -CKa3. emptied MECTO in city
| 1 -
urp ‘ npopox | Subi-pred. CTaHOH place OCHORA
game OCHOBA hold stadium staii
i ste
CHHOHHM siEm ocntnaa OCHAOBa v
< ropos
synonym stem stem A
v ! 1 city
Mary | TIpOBOJHTCS MEeCTO Ha CTaJIHOHE _—
) - . Oyn
match is held place on stadium will
ToJUIeKallee-CKa3yEMOoe 4 7y
subject-predicate MECTO OCHOBa
place stem
MHOTOJIFOIHO 00pa3 nefcTBUs OyzeT
crowded manner of action | will |

Puc. 2. Cemantuueckas ceTb Uil TEKCTa U3 TPEX NPEIOKEHHUI
Fig. 2. Semantic network for a three-sentence text

AJIFOI)I/ITM MOHUCKa 0TBE€TAa HA BOINMPOC

CemaHTHYeCKasl CETh, IMOCTPOCHHAS IO TPEUIOKCHHOMY BBIIIE AITOPUTMY, MOXKET OBITH
WCIIONIb30BaHA JJIs TIOMCKAa OTBETOB HA ITOCTABJICHHBIC BOMPOCHL. IIpUMEHMM anropuT™M IS
HaxO0XJCHUSI OTBETa HAa OTKPHITHIN Bompoc. [IpuBeneM maru airopurma.

1. Halitu ¢parMeHT ceTH, CBS3BIBAIONINA OCHOBBI TMOJICKAINETO U CKa3yeMOro BOIpPOCA.
CoCTaBUTh CIHMCOK COOTBETCTBYIOIIMX CJI0B. EC/M mojyiexaliero uid cka3yeMoro HeT, TO (hparMeHT
COCTOUT U3 OJHOTO CJIOBa (TJIABHBIN WICH MPEII0KEHUS, KOTOPHIH €CTh B BOTIPOCE).

2. YnanuTth W3 CNKCKAa HAaWJCHHBIX CJIOB CHHOHHUMBI U MOBTOPEHUS Pa3HBIX (OPM OIHOTO
cJIoBa.

3. B 3aBUCHUMOCTH OT THIIa BOIIPOCA BHIOPATH MOTIOJHUTEIBHBIC CIIOBA, CBSA3aHHBIC HYXHBIM
TUTIOM CBSI3U C HAUOOJIBIITNM KOJIMUYECTBOM CJIOB HalIeHHOTO (hparMeHTa.

PaccmoTpuMm mpuMeHeHHe aiaroputrMa Juisl ceTd, mpuBeAeHHOM Ha puc. 2. Ilycte Bompoc —
«I"ne mpoBOAATCS UTPBI?Y.
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1. [lomnexariee Bompoca — CYHIECTBUTEIBHOE B HadalbHOH (Gopme «urpe»y. OcHOBa
MO JTeXKAITETO — «Hrp». CKazyeMoe — «IPOBOAATCS», OCHOBAa KOTOPOTO «IIPOBOMIY», €CTh B CETH.

Bo Bpems moucka (parMeHTa CETH, COCIUHSIOIICTO CJIOBa BOIPOCA, HEBAKHO, B KAKOM
HaIpaBJICHUN YKa3aHa CBs3b. HampaBieHue HCIIONb3yeTCs ISl ONPEACIICHHS POJIA CBS3aHHBIX CIIOB H
HE BIMSECT Ha TOT (PAKT, YTO CJOBA CBS3aHBI MO CMBICTY. I103TOMY CEMaHTHYECKYIO CETh MOXKHO
paccMaTpuBaTh KaK HCOPUEHTHUPOBAHHEIN rpad. [IpuMeHnM 1 0TBETa Ha BOMPOC aJITOPUTM ITOMCKA
B mpuHy. B pe3ynbrare Oyaer HallieH MyTh «IIPOBOI» — KIIPOBOJUTCS — «MATU» — KUTPY.

2. B naliieHHOM (hparMeHTe ceTd TyOIUPYIOTCS CIOBA: CHHOHHMMEI U Pa3Hbie (POPMBI OJHOTO
cnoBa. s (opMHUpOBaHMS OTBETA, MOHATHOTO IOJB30BATEIII0, OH CTPOUTCS M3 CIIOB HCXOIHOIO
Tekcta. [locnemoBareabHO MPOAHATU3UPYEM CBSI3H MEXKAY Y3JaMH HalJICHHOTO (parMeHTa CETH.
B HaliicHHOM TIyTH MIEPBBIN y3eJ «IIPOBOI» CBS3aH CO BTOPHIM y3JIOM IIPOBOJUTCS CBSI3BIO «CIIOBO
— OCHOBA CJIOBa», ITO3TOMY OH OTOpachIBacTCA. Y CIIOBA «IIPOBOIUTCS» NIBE CBS3H (C IPEIBIAYIITAM
Y TIOCJICTYIOIITNM y3JIaMH HaiiJICHHOTO (hparMeHTa), OJIHa U3 KOTOPBIX — «IOJIJIeKAIIee — CKa3yeMoey.
C11oBO 00aBIsE€TCS B OTBET.

VYV crnoBa «Matuy» TaKKe JABE CBSI3M, OJHA M3 KOTOPBIX — «IOJJEXKAIIEE — CKa3yemoey,
1 OTO CJIOBO TaKke mobarisieTcs B oTBET. Ilociienuee ClI0BO «HMIp» CBI3aHO C MPEIBIAYIINM CIIOBOM
TOJIBKO CBSI3BI0 «CHHOHUMY U TIO3TOMY OTOpachIBaeTCsl.

B pesynbTaTe moryunm Ba cI0Ba OTBETa: IPOBOIUTCS MaTY.

3. Bonpoc «I'e mpoBoIATCS UTPBI?y MOApPa3yMeBaeT OoNpeaesicHne MecTa. MecTo, CBI3aHHOE
CO CJOBaMHU HaiieHHOro ()parMeHTa CETH «Ha CTaJuOHEe», No0aBiIsIeTcs B OTBET. B pe3yibrare
nosrydeH oTBeT: «[IpoBoauTCs MaTd Ha CTaAHOHEY.

Ecnu pns HaifiieHHOTO (hparMeHTa CETH HEBO3MOXHO OIPEICIUTh MECTO, TO 3TO O3HAYaer,
YTO OTBET Ha BOMPOC HE YAACTCS HAWTH.

AHanornyHeIM 00pa30M MOXKHO II0Ka3aTh, YTO OINWCAHHBIA aNTOPUTM IIO3BOJISICT HAWTH
OTBETHI Ha JPyTUe BOIPOCHI, HATIPUMED:

1) «'ne omycrenu ynmumpi?» — «OIMyCTENH YIIHUIIB B TOPOIC);

2) «Kaxk 0yznet motom?» — «ByIeT MHOTOJTFOTHOY;

3) «3-3a yero ynuibl ommycTenu?» — « Y JIULbI OIYyCTEeNH U3-3a MaTua.

Haxoxnenue mytu Ha rpade MOXKET NMPOU3BOIUTHCS C MPUMEHECHHEM IIOMCKA B ILIHUPHUHY,
MTOMCKA B TIIYOMHY WJIN IPYTOTO aITOPUTMA.

Pe3yabTaThl ncciiegoBanmnii

Pa3paboranHple alTOpUTMBI OBLUTH peann30BaHBl B MPOTPAMMHOM CpPEICTBE, KOTOpOE
ABTOMATHYECKH CTPOUT CEMAHTHYECKYIO CETh IJIsl MPOM3BOIBHOTO TekcTa. Co3maHHOE MpOrpaMMHOE
CPEICTBO IMO3BOJIACT 3a]]aBaTh BOIPOCHI U IMOJyYaTh HAa HUX OTBETHI, OCHOBAaHHBIC HA WH(POPMAITUH,
XpaHsIIEeHcs B CEeMAaHTUYECKOU CETH.

IIpoBepka ceTw moKaszajna, YTO MJII PACCMOTPEHHBIX TNPUMEPOB, a TakXKe I JAPYTHX
HECIIOKHBIX TEKCTOB, OHA JIa€T BEpPHBIC OTBETHL. B ciydyae 0OpaOOTKH TEKCTa ¢ HOBBIMH CIIOBaMU
HEO0OXO0IUMO JIMIITL PACHIUPUTH CIIMCKHM M3BECTHBIX CJIOB, HAIPUMEpP, HA OCHOBE CIIOBApEd PYCCKOTO
SI3BIKA.

[IpennoxxeHHBIH TOAX0A ¢ HEOONBIIMMH W3MEHEHHMSIMA MOXET OBITh Peali30BaH HE TOJIBKO
JUIS PYCCKOTO $3bIKa, HO M JUIsl JIPYTHX s3bIKOB. Hampumep, Ui aHTIIMHACKOTO SI3bIKa TPH
HEOOXOTUMOCTH OIPE/CIICHUS MOJICKAIIETO CTOUT YYUTHIBATH HE (POPMY CIIOBA, a MOPSIOK CIIOB
B MIPEIOKEHUH, OJTHAKO B LIEJIOM TIOJXO/ HE MEHSIETCSI.

Jls moncka oTBeTa Ha BOMPOC MOTYT OBITh UCIOJIB30BaHbBI U JIPYTHE MOJCIH MIPEICTaBICHUS
nH(pOpMaIUU, HApUMEpP, HUCKYCCTBCHHBIE HeHpoHHBIE ceTH. OJHAKO NPEUMYIIECTBOM MOJCIH
CEMaHTUYECKOW CETH SBISIETCA €€ OPHEHTHPOBAHHOCTh Ha OOpabOTKYy ecTecTBeHHOro si3bika. OHa
He TpeOyeT MpeoOpa3oBaHUs TEKCTOBOM HMHGOpMAlMM B JOPYrod BHI, a Takke YyA00HA It
BOCHPUATHS 4enoBekoM. J[oOaBiieHUE TPESIOKESHUI MPUBOIUT K PACIIUPEHUIO CETH, U KOJIMYECTBO
COXpaHAEMBIX TIPEUVIOKEHU He orpaHndeHo. lIpoBeneHHBIE OSKCIEPUMEHTHI IIOKa3ald, dYTO
HaXOXXICHUE OTBETA HA BOIPOC C MPUMEHEHUEM CEMaHTUYECKOH CETH — 3TO XOpolio (hopmanuzyemas
Y aBTOMaTU3UpyeMas MpoLeaypa, a €€ pe3ysbTaT 3HAYUTEIBHO 3aBUCHUT OT CIIOCO0a TeHepaIui CeTH
Y KOPPEKTHOCTH OMPE/ICIICHUS] CEMAHTUYECKHX OTHOIICHUHA CIIOB.
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3aKkiIroueHue

B paboTte mnpemioKeHB alTOPUTMBI ABTOMATHYSCKON TEHEpAalMd CEMaHTHYECKOH CETH
Ha OCHOBE MPOM3BOJIBHOTO TEKCTa, a TAaKXKE IMOWCKA OTBETOB Ha 3aJaHHBIE BOIPOCHI C MOMOIIBIO
MOJTy4EHHON CeTH. AJITOPUTMBI MIPEIHA3HAYCHEI I pa0OThI C HECIOKHBIMU TEKCTaMU, TAC KaxIblil
YIIeH MPEJUIOKEHHS JOJDKEH OBITh TIPEICTaBIICH MTPEyCMOTPEHHBIMH YaCTsIMH PEUH.

[IpenmymiecTBaMu MPEIIOKEHHOTO CTIIOCO0a TEHEPANU MOJIENH ABIISIOTCS aBTOMaTHYECKOe
MOCTPOCHUE CETU ISl TPOU3BOIBHOTO TEKCTA, & TAKIKE BOSMOXKHOCTH BHIOOPA CIIOKHOCTU CTPYKTYPBI
CeTH B 3aBUCHMOCTH OT perraeMoi 3amadu. [lmaHupyeTcsl yCOBEpIICHCTBOBAHHE ANTOPUTMA 32 CUET
YBEIUYCHHsI YUCIIa BUJIOB OTHOIICHUH MEXIy TOHSATHAMU, TOOABICHUS TOAJICPKKH MHOTO3HAYHBIX
CJIOB, a TakXKe 00pabOTKM TEKCTOB Ha APYTHX S3BIKAX.

Mopnens ceMaHTHUYECKOH CETH, MPEIUIOKCHHAs B JIAHHOW CTAaThe, MOXET OBITh ITOJIOXKCHA
B OCHOBY paboThl MH(OPMAIIMOHHBIX CHCTEM C €CTECTBEHHO-SI3BIKOBBIM MHTEpdeticom. Kpome Toro,
MooOHbIE MOJIENIM HAILTH CBOE NPUMEHEHHWE IS peIIeHrs 3anad KilaccuDUKalmud W TOHCKa
TekcToBOM nHpopmaruu [10].
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OINEHKA AEINNPECCHUBHOI'O COCTOAHUA OIIEPATOPA MOBMJIBHBIX
TEXHUYECKHUX CUCTEM IOJI BO3JAEMCTBUEM BJIEKTPOMATHUTHOI' O
IIYMOBOT'O U3JIYYEHUA

CHUIOPEHKO A.B., COJIOAYXO H.A.

Benopycckuii cocyoapcmeennvlil yrugepcumem (2. Munck, Pecnybnuxa benapycs)

Tlocmynuna 6 pedakyuio 12 mapma 2020
© Bbenopycckuii rocy1apcTBEHHBIH YHUBEPCUTET HHPOPMATHKH U PaJH03IeKTpOHUKH, 2020

AnHotanmsi. Llens paboTsl, pe3ysbTaThl KOTOPOH NMPHUBEICHBI B paMKax CTaTbH, 3aKJII0YaIach B HCCIICIOBAHUH
3aKOHOMEPHOCTEH W3MEHEHHMH HENMHEHHBIX IapaMeTpoB anekTpodHuedanorpamm (33I), mpeacTaBIeHHBIX
(paKkTaTbHON pa3MEpHOCTHIO, HKCIOHEHTOH caMOoIomoOus MpH OOIydeHHWH OIepaTropa 3JIEKTPOMArHUTHBIM
ITYMOBBIM H3JIy4eHHEM. BMecTe ¢ BhIMCyKa3aHHBIMU HEJIHMHEHHBIMH MapaMeTpaMy MCCIIeI0BAIOCh H3MEHEHHE
CIIEKTPATBHOH TUIOTHOCTH MOITHOCTH PUTMHYECKUX cOCTaBisromux I21: aenpra-, TeTa-, anbga-, 6eTa-puTMOB.
N3ydenne GppakTaabHOW pa3MEpHOCTH, IKCIIOHSHTHI CAMOTIOIOOUS U CIIEKTPATBHOHN TUIOTHOCTH MOTITHOCTH D3I
mpu OONydeHHH OBIJIO CBA3aHO C BO3MOKHBIM HM3MEHEHHEM NaHHBIX MapaMeTpOB IPH IETPECCHH U Majoi
Jenpeccun omeparopa. B kadecTBe 00ydaTensl HCIONB30BANICS TE€HEPATOP AIIEKTPOMATHUTHOTO IIYMOBOTO
U3IYYCHUS Ha TpaH3UcTopax MouHocThio 30 MBT B muamazone yacror 5 I'Tu. B pabore mpuBeneHo omcanue
METOJOB ISl pacyera HEJMHEHWHBIX mnapaMeTpoB O3I7, mpenacTaBieHHBIX (pakTanbHOW pa3MEpHOCTBIO H
9KCIIOHEHTOH camononobus. [y onpexpeneHus napamerpoB OO ¢pakTaibHOW pasMEPHOCTH, 3KCIIOHEHTHI
camonoso0ust, CIIEKTPaJbHOM IUIOTHOCTH MOIMHOCTH PUTMHYECKMX COCTABISIIOLIMX MPU  JOCTHXCHUH
MIOCTaBJIEHHOM Iienu OblIO pa3paboraHo mporpaMmHoe obecrieueHue Ha si3bike Java. [IpoBeneHo m3ydenue
HAYYHOW JINTEPaTyphbl, CBS3aHHOH C HM3MEHEHHEM (paKTalIbHONW Pa3sMEPHOCTH, DKCIIOHEHTBHI CaMOIOA00us,
CIIEKTPATBHON IJIOTHOCTH MOIIHOCTH JAeJbTa-, TeTa-, anb(da-, 0eTa-puTMOB NPH ACTIPECCUH B MAJIOH ACTIPECCHH
qeloBeka. Perucrpamnms siekTpodHmedanorpaMMm ocymiecTBisiack mo cxeme «10/20» ¢ ucmosb3BaHHEM
anekTposHnedanorpada «Heipokaptorpad» dupmer MBH. Ananusupyembie otBenenus 391 Fpl, Fp2, T3,
T4, P3, P4, O1, 02, F3, F4, C3, C4. Pe3ynprarthl paboThl MOKa3aJdd OTCYTCTBHE YETKOTO JETMPECCUBHOTO
COCTOSIHMSL Yy oOIleparopa TpHW  BO3IACHCTBUM  DIIEKTPOMATHUTHBIM  ITYMOBBIM  H3JydCHHEM, €CIH
PYKOBOJICTBOBATbCSI M3MEHEHHMEM O3KCIIOHEHTBHI CaMornono0us, (pakTaJbHOH pa3MEpHOCTH M CHEKTPaJbHOM
IUIOTHOCTH MouHocTH. OjHaKo Npu OOJMYYEHHH OIepaTopa 3JIEKTPOMAarHUTHBIM LIYMOBBIM H3Jy4€HHEM
HaOMoanack TeHICHINS H3MEHEHHsI TapaMeTPOB, XapaKTepHast JUIsl MaJloi JeTpeccHy.

KoaioueBble ci1oBa: uzinydeHue, IIyM, dJIEKTPOIHLE(AIorpaMmMa, AeMpeccus, YeI0BeK.
KondaukT narepecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBHU KOH(IIMKTA HHTEPECOB.

Jasi uurupoBanusi. Cugopenko A.B., Comonyxo H.A. OueHka JempeccUBHOTO COCTOSIHUSL OIepaTopa
MOOMIIBHBIX TEXHHYECKHUX CHUCTEM IIOJ BO3ACHCTBHEM SJIEKTPOMArHUTHOTO IIYMOBOTO H3ITydeHHs. JloKiampl
BI'VUP. 2020; 18(4): 53-61.
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Abstract. This paper presents the results of the work aimed at a study of the patterns of changes in the nonlinear
electroencephalogram (EEG) parameters, including fractal dimension and self-similarity exponent, when the
operator is irradiated with electromagnetic noise radiation. Together with the above-mentioned nonlinear
parameters, a change in the spectral power density of the rhythmic components in EEG (delta-, theta-, alpha-,
and beta-rhythms) has been studied. Investigation of the fractal dimension, self-similarity exponent, and spectral
power density during irradiation was associated with possible changes of the parameters in the case of operator’s
depression or minor depression. The radiation source was represented by a transistor electromagnetic-noise
generator with the power of 30 mW operating over the frequency range of 5 GHz. The methods for calculation
of the nonlinear parameters including fractal dimension and self-similarity exponent have been described. To
realize the principal objectives of the work, the Java-based software was developed. The relevant literature
demonstrating the changes in fractal dimension, self-similarity exponent, spectral power density of the delta-,
theta-, alpha-, beta-thythms in the case of depression and minor depression has been reviewed.
Electroencephalograms were registered according to the “10/20” scheme using the MBN Neurocartograph
electroencephalograph. The analyzed leads were Fpl, Fp2, T3, T4, P3, P4, O1, 02, F3, F4, C3, C4. As shown
by the results of this work, there is no distinct depressive state of the operator exposed to electromagnetic noise
radiation, judging by changes in the self-similarity exponent, fractal dimension, and spectral power density.
However, when the operator was irradiated with electromagnetic noise radiation, the observed tendency
in variation of the parameters was characteristic for minor depression.

Keywords: radiation, noise, electroencephalogram, depression, human.
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For citation. Sidorenko A.V., Saladukha M.A. Evaluation of the depressive state of mobile technical systems
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BBenenne

BozpeiicTBie HEKTPOMArHUTHOI'O HW3IYYEHHs HA OpPraHU3M YeIOBEKa MOXKET MPHUBECTH
K pa3nmuuHbiM 3ddektam, BKIIOUYas MO3WTHUBHBIC, HEWTpaibHbIC, HeraTuBHBIC. Cpelu MO3UTUBHBIX
3¢(HEeKTOB TPUCYTCTBYIOT: CTUMYJSAIUS pEreHepallid W BOCCTAHOBIICHUS TKaHEW, YCKOpEHHE
(opMUpOBaHHE KOCTHON TKaHW U XpSIa; CHWKCHUE OaKTEepHaIbHOW aKTMBHOCTH W YMCHBIIICHHC
KOJINYECTBA MATOTCHOB B paHe; 000TalleHue KPOBH KHCIOPOIOM; CHIDKEHHE CHMITTOMOB PacCesHHOTO
CKJIep03a; VYBEIMYCHHE AaHTHOKCHIAHTHON 3alllUTHl; yBEIWYCHWE BHUMAHUS;, yIy4IICHUE
KOTHUTHUBHOM aKTHBHOCTH;, CHI)KCHHE BPEMCHU PEaKIIUU.

Cpenu HeWTpanbHbIX 3(GGEKTOB BBIACISAIOTCS: YCKOPCHHE TJIFOKO3HOTO METaboJu3Ma;
W3MEHCHUE BS3KOCTH KpOBU; Jau(epeHIranis Me3eHXUMAIBHBIX CTBOJIOBBIX KJIETOK KOCTH
YEJIOBEKa; M3MCHEHUE aKTUBHOCTU AHTHOKCHUIAHTHBIX SH3UMOB; WU3MEHCHHE YPOBHS MeEJIaTOHHHA
B IUIa3Me€ KPOBH;, HM3MCHEHHE CIIEKTpajbHOM acumMeTpun DD CHrHaNa; COKpallleHWe BpPEMEHH
3aChINIaHWs M YBEJIMUYCHUE BTOPOH (a3bl CHA; YBEIMYECHHE MPOHUIIAEMOCTH TeMaTo-3HIIe(haTnIecKoTo
Oapbepa; yBEIMYCHHE KOJMYECTBA JICNIbTAa- W  TETa-4aCTOTHBIX UMIYJIBCOB B  TIEPETHUX
Y UEHTpaJIbHBIX O0TBeAcHusIX DT

Cpenu HeraTUBHBIX OS(QQEKTOB BIHMSHHUS 3JIEKTPOMATHUTHOTO W3IY4YeHHS (QUTYpUpyeT
OHKOTEHE3, TIPOU3BOJICTBO CBOOOHBIX PAJIUKAIOB B O0MYYaeMbIX TKAHSIX, YBEIUYCHHUE MPOBOIUMOCTH
MEMOpaHBI, YTO, B CBOIO OYepelb, NPUBOJUT K COKDAIICHUIO BPEMCHU BBDKHMBaHWS KIieTKH [1].
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Cpenu BUZIOB OHKOJIOTMH, KOTOpPhIE MOTYT OBITh BBI3BaHBI OOJYyYCHHEM 3JICKTPOMArHUTHBIM
W3ITy4YeHUEeM, MPHUCYTCTBYIOT MHEJIOWAHAS JIEHKEMUs, OITyXONM TOJOBHOTO Mo3ra, JuMdoma.
O0yueHHE TaKKe MOYKET BBI3BIBATH MIIH CIIOCOOCTBOBAThH Pa3BUTHIO Oose3Hu [lapkuHCOHA, MUTpeHH [2].

[Ipu QyHKIIMOHMPOBAaHNN MOOWIBLHBIX TEXHHYECKUX CHUCTEM JUIS 3allUThI 00padaThIBaEMOM
WHPOPMAIIUK OT HECAHKIIMOHUPOBAHHOTO JIOCTYIA OINEPETOp, OCYHICCTBISIONINA 00paboTKy,
(dbopMmupoBaHue W Tepefadyy WHPOPMAILUK, OKa3bIBACTCS IO/ BO3JCHCTBHEM JJIEKTPOMATrHUTHOT'O
IIyMOBOI'0 W3NyueHwus. VcciemoBaHue BO3ICHCTBHS AJICKTPOMATHUTHOTO IIYMOBOTO HM3JIyYCHUS Ha
IIEHTPaJIbHYI0 HEPBHYI CHUCTEMY IMpoBoAWiochk B paborax [3—5]. [lokazaHo, 4ro moj JeHCTBHEM
reHeparopa D3JICKTPOMArHWTHOTO IyMa HaOMI0MaeTcs aKTHBU3alWsS IPOIECCOB B Mo3re [5],
YBEJIMYUBACTCSI KOTHUTHBHAs Harpyska, IMPHCYTCTBYET CKpbiTas TpeBora [3]. OmHako moapoOHOE
ONKCAaHUE BIUSHHUS AITOTO W3IyYeHHUS HA HAJIWYUE JCHPECCUBHOIO COCTOSHHUS OIleparopa paHee
HE TIPOBOJTUIIOCH.

Lenpro paboTHI SABISIETCS OMpPEIEIeHNE, HCIIBITRIBAET JIM OMEPATOp ENPECCUBHOE COCTOSTHHE
MO BO3JCWCTBHEM TeHEpaTopa »JJICKTPOMArHUTHOTO IIyMa C HCIOJNb30BaHUEM B KauyeCTBE
AQHAIM3UPYEMBIX JTMHEWHBIX M HEIMHCHHBIX KOJTMYECTBECHHBIX IMAPAaMETPOB JICKTPOIHIE(DaTOrpaMMBL;
CHEKTPAILHOM MJIOTHOCTH MOIIIHOCTH, ()paKTaIbHOW Pa3MEPHOCTH M DKCTIOHEHTHI CAMOTIOI00USI.

B mpomecce uccrienopannii ObUTa M3MEpEHa CIEKTPaJIbHAS TIOTHOCTh MOIIHOCTH JENbTa-,
TeTa-, anb(a-, bera-puT™MoB B riepeaneit (oteeaenus Fpl, Fp2, F3, F4), Bucounoii (otBenenus T3, T4),
temeHHO (oTBenenus P3, P4), nearpansHoii (otBeacams C3, C4) u 3atpinounoit (otBenenus O1, O2)
00acTax rojoBbl. IIpH OICHKE CIEKTPaJbHOM IUIOTHOCTH MOIIHOCTH B KakoW-mubo o0jactu
TOJJOBHOTO  MO3Ta  HCIOJB30BAIOCH  YCPENHEHHE  CIICKTPAIBHBIX  IUIOTHOCTEH  MOITHOCTH
aJIeKTpo3HIIehaorpaMmM  OTBEACHUM, CBSI3aHHBIX C OTOH 001acThi0 TOJOBBL ®pakTaibHas
pPa3MEepHOCTh U3MEPsIIach B dieKTpodHIedarorpammax oteeacHuit Fpl, Fp2, T3, T4, P3, P4, O1, O2.
OKCIIOHEHTa caMono[00usl U3MEpsUTach B AIeKTpo3HIedanorpammax orseacunii F3, F4, C3, C4, T3,
T4, O1, O2. P3, P4.

MeTtoanbl aHaIM3a 3J]eKTp03H].[e(l)aJ'lOl"paMM

OnekTposHIedanorpaMMy MOXHO pacCMaTpPUBaTh KaK HEKOTOPHIM BPEMEHHOW PSIIl 3aluch
MOTCHIMANIOB Mo3ra. B cBi3m ¢ 3TUM  Juis  pacueta (pakTalpbHOW  pa3smepHocTH D
aJIeKTpo3HIIehATOrpaMMbl  MOXKHO HCIIOJB30BaTh METOJ XHIYYH, KOTODBIM SBJISICTCS OJHHM
W3 METOJIOB HEJTMHECHHON TUHAMUKHU.

Memoo Xueyuu. AITOpUTM METOJIa BBIYUCIICHUS (PAKTATBLHONW Pa3MepHOCTH D BPEeMEHHOTO
psna x , cogepxariero N 3JIEMEHTOB, BKITIOUACT CIICIYIOITNE ITaIThI.

1. Co3maHre HOBBIX BPEMEHHBIX PSIOB. M3 3a1aHHOTO BPEMEHHOTO PsAa X CO3AI0TCS HOBBIC
BPEMEHHEIE PANIBL x” , ONPEEIAEMBbIE CIEAYIOIMM 00pa3oM:

N-m

x5 x(m), x(m+k), x(m+2k) ... , x(m+ k) (m=1,2 ... k), (D

rjae [ ] o3HaYaeT IeNyr 4acTh YHCia, kK U m — [eJble YUCIIa, PUYEM 7 03HAYaeT HayaIbHOE BpeMs,
a k — BpeMEHHON MHTEpBall MEX/Iy COCCHUMU 3HAUYCHUSIMU psijia. J[1s BpeMeHn HHTepBaia, paBHOTO
k, mommy4aetcst k HabOpOB HOBBIX BPEMEHHBIX psnoB. B cimydae /=3 u N=100 Tpu BpeMEHHBIX psfa,
MOJTyYEHHBIX TAKMM 00pa30M, OIUCHIBAFOTCS

xl; x(1), x(4), x(7), ... x(97), x(100),
xZ; X(2), x(5), x(8), ... x(98), 2)
x5 x(3), x(6), x(9), ... x(99).
2. BoluucieHne JUIMHBL KaX/10r0 HOBOTO psina. JlimHa KpuBoi x”, obo3HaveHHas Kak Lu(k),
OTIpeneIIeTCA CIEAYIOMNM 00pa3oM:
N-m

=]
L, (k)= | X (m+ik)— X (m+ G =1)- k) et L e ®)

P {N—m]k
k
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Hpo6b el S npeacTaBiIseT co00i HOPMHUPOBOUHBIH KOAP(UIMEHT IS JUTMHBI KPUBOH mogHA00pa
E=r
k
BPEMEHHBIX pAIoB. YcpenHeHue L,(k), mpoBoaumMoe 1mo BceM m ot 1 10 k, naet L.
3. octpoenue rpapuka Lo, = f (k). Ctpourcs rpaduk QyHKIUH CpeqHEH UTMHBI KPHBON

3a BpeMEHHOM wuHTepBal L, B (QYHKOMM k B JBOHHOM JorapupmuueckoM wmacmrade. Ecmu
cobmonaercs cooTHomenue Lo, ~k °, Torna kpusas sBiseTcs GpakTazoM ¢ pasMepHOCTbIO D.

4. Beruncnenne MOIyJisi TAHI'CHCA YIia HaKJIOHA rpaduka. Beraucisercss MOAyNNb 3HAYCHHS
TaHTeHCa yria HakjioHa rpaduka GYHKIUH L, B QYHKIMH &k B JBOHHOM JIOTapU(PMHUECKOM
Macirade, 4To JaeT 3HaueHue (ppaKkTaabHON pa3MEPHOCTH HCXOIHOIO0 BPEMEHHOTO psaaa x [6, 7].

Memoo ¢aykmyayuonnoeo awnamuza ¢ uckuouenuvim mpenoom (DFA). DxcnoHeHTa
caMomnosIooust # HEKOTOPOro BpPEeMEHHOTO psma V(i), Thae [ m3MeHseTcs oT 1 Mo N, BBIUUCISICTCS
C MCTIOJIb30BaHUEM MeTo/ia (IYKTYallMOHHOTO aHalu3a C HWCKIIOYEHHBIM TPEHJIOM CIICTYIONIM
o0Opa3oM. ANTOPUTM BBIYMCIICHUS CBOAWTCA K cieayoomeMy. Ompenensercs KBaapaT KaXAoro
3HAYCHHSI BDEMEHHOTO ps/a;

x(D)=V(i), 1<i <N. 4)
Jlanee OoT KaxkIoro 3JI€MEHTAa BPEMEHHOTO psna Xx(I) BBIYUTACTCS CpPEJHEE 3HAYCHHE BCETO
BPEMEHHOTO psAfa X ¥ MPOU3BOIUTCS CYMMHUPOBAHHE:

(k) = Z(x(i)— <x>), I<k<N, (5)

rae <x> — cpemHee 3HaueHHEe BpeMEHHOro psna X B muamasoHe [1, N]. 3aTem psanm Y paz0ouBaeTcs Ha
CerMEHTHI JUTMHOW n (7 — BpeMeHHOW MacmTal HabmroneHws). J[s Kakaoro w3 3THX CErMEHTOB
C TIOMOIIIFI0 METOJ[a HAUMCHBIIUX KBAJPAaTOB OIPEICISICTCS JIOKANBHBIN TpeHn ), Ompenensercs

CpeAHEKBaJpaTHYHOE OTKIIOHEHHE MexXAY V(k) U y,(k) B nuanazone [1, N]:
1

F(n)= %Z(y(k)—yn(k))z " (©)

B nanenetiniem Beraucnenue F(n) IpoBOIUTCS Ui pa3IHUYHBIX 3HAUYCHUH MaciuTaba n (Jaiie
BCErO BBHIYMCIICHUS NPOBOIAT IS nuana3oHa n € [4; N/4]). OuHambHBIM IIIaroM SBISCTCS
MTOCTPOEHNE 3aBUCHUMOCTH 3HAYCHHS IpeoOpa3zoBanHus F(n) OT n B JIOTapuMHUIECKOM MaciiTade.
Taurenc yriia HakjoHa OaHHOW 3aBucuMOCTH log(F(n))/log(n) M maeT 3HAYCHHE SKCIIOHCHTBI
caMomo00us, TaK KaK BHIIONHAETCS cooTHomenne F(n)~n" [8].

MeToauka npoBeeHus UCCIae10BaAHMI

Peructparus anextposniedasorpaMmM ocyImecTBsuiach mo cxeme «10/20» ¢ ucrnoap3oBaHHEM
anekrposuiiedanorpada  «Heiipoxkaprorpad»  dupmer  MBH.  OOpaGotka u  aHanms
ANEKTpO3HIedaAOorpaMM  MPOBOJWIMCH, B pa3pabOTaHHOW  aBTOpaMH  HMH(DOPMAIMOHHO-
M3MEPUTEIFHOW CHCTEME, aJalTHPOBAHHOW Juis paboThl ¢ 3neKTpolsHIedamorpammamu  [9].
OOBEKTOM HCCIIENOBAaHUN SBIBLINCH 3JIECKTPO3HIIEQaTorpaMMbl clienyionmx otBenenuid: Fpl, Fp2,
T3, T4, P3, P4, O1, 02, F3, F4, C3, C4. Ananu3 31ekTpodHIedhamorpaMM MIPOBOAWICS B CICAYIOMINX
o0nactsax royoBsl: nepennsis (orBenenus Fpl, Fp2, F3, F4), Bucounas (orBencuus T3, T4), TemeHHas
(otBemenmss P3, P4), nenrpanmsHas (orBemenms C3,C4) wu 3artemiounas (orBemermst Ol1, O2).
OnekTposHnedagorpaMMbl 00padaThIBAIMCh B CIACAYIOIIMX peXuMax: (DOH, HaJUYWE TIeHepaTopa
ANIEKTPOMArHUTHOTO IIIYMOBOTO WU3iy4YeHHA. B (oHE HCHONB30BaUCH 3MEKTPO3HIIE(ATOrpaMMBI
3M0poBoro  4enoBeka. CHeKTpanbHas IUIOTHOCTh  MOIIHOCTH PUTMOB  TOJIOBHOTO — MO3Ta
paccumThiBaIach C IMOMOIIBIO ObICTpOro mpeobpazoBanus Dypbe. AHAIU3UpyEMbIC UAMA30HBI
BKItovanu: anbpa-put (8—12 I'm), 6era-putm (1220 I'y), Tera-putm (4-8 '), nensra-put™ (04 I'm).
[Ipu oleHKe CIIEKTPaIbHOW TIOTHOCTH MOIIHOCTH B KaKOH-TMO0 00JacTH TOJIOBBI MCHOIH30BAIOCH
YCpEHEHNE CIIEKTPAIBHBIX IIOTHOCTEW MOIIHOCTH AJIEKTPO3HIe(aorpaMM OTBEICHUH, CBI3aHHBIX
C 9TOH 00JIacThIO TOJOBBL. DpakTanbHas pa3MEPHOCTh U3MEPSUIACH METOJIOM XWIYYH, a SKCIIOHCHTA
CaMoIIoI00Us — METOJIOM (DITYKTYaIlMOHHOTO aHAJIM3a ¢ UCKITFOYEeHHBIM TpeHoM [10].
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PesynbTaThl 1 X 00cy:K1eHHE

UccrnenoBanbl Bapualuy CIEKTPalIbHOW IJIOTHOCTM MOIIMHOCTH B Pa3JIMYHBIX 00NacTIX
TOJIOBBI. 3HAYEHHS CIICKTPAILHON TIOTHOCTH MOIIHOCTH B IIepeHEH 00I1aCTH TOJI0BBI OBUTH MOTyYEHBI
yCpeAHEHHEM 3HAaYCHUH CHEKTPaJbHOM IUIOTHOCTH MOLIHOCTH PHTMOB 3JEKTpOdHUIEdaIorpaMm
B otBenenusx Fpl, Fp2, F3, F4, B Bucounoif o0iactd TOJOBHI — YCPETHECHHUEM 3HAYCHHI
CHEKTPAJIbHON IIJIOTHOCTH MOIIHOCTH PHUTMOB 3JIeKTposHLedanorpamMm B otBeAeHusix 13 u T4,
B TEMEHHOH O0JacTH TOJIOBBI — yCpPEOHEHHWEM 3HAYCHUH CIEKTPaIbHOW IUIOTHOCTH MOIIHOCTH
PUTMOB 3JeKkTpodHuedanorpaMm B oTBeaeHUsx P3 m P4, B meHTpaibHOW 007acTH TOJOBBI —
yCpPEJHEHHEM 3HAUeHHH CIEKTPANbHOI IUIOTHOCTH MOIIMHOCTH PUTMOB 3JIEKTPOIHIE(AIOrpaMM B
otBeneHusXx C3 m C4, B 3aTBUIIOYHOW 00JIACTH TOJIOBBI — YCPEAHCHHEM 3HAUYCHHWH CIICKTPATBLHOMN
IUIOTHOCTH MOIIHOCTH PUTMOB 3JIeKTpodHIedanorpamm B orBeaeHusx O1 u O2.

B nepenneii 00:1acTy rOJI0BBI IPH aHAIN3E IEKTPOIHIEHATIOrPaMM CHEKTPaIbHAsK INIOTHOCTD
MOIITHOCTH alTh(pa-puT™Ma NPy HATHIMH TeHepaTopa Iryma okasaiach Ha 90,8 % Beiiie Gona, OeTa-puTMa —
B 2,5 pa3za 6omplre poHOBOrO 3HAUCHUS, TeTa-puT™Ma — Ha 54,6 % Oornbie GoHa, CieKTpanbHas IIIOTHOCTD
MOIITHOCTH AebTa-puUTMa JeKTpodHIeatorpaMmm okaszanach Ha 29,4 % menbiue goHa (puc. 1, a).

B menTpanmbHON 007aCTH TOJOBBI CIIEKTpajbHAas IUIOTHOCTh MOIIHOCTH allb(a-puT™a
3NIEKTpOdHLeaTorpaMM NpU HAIWYMK TeHepaTtopa HiymMa okaszanach Ha 74,3 % Beime ¢oHa; Gera-
putMa — B 2,2 pasa Oonblie (QOHOBOTO 3HauYeHHs; TeTa-puTMa — Ha 26,6 % Oonpie ¢oHa,
CHEKTpalIbHAs INIOTHOCTh MOIIIHOCTH JIeNIbTa-pUTMa OKazanach Ha 39,1 % meHsIie ¢poHa (puc. 1, b).

CrneKTpanbHas NNOTHOCTb MOLHOCTU B NepefiHei o6nactu CnekTpanbHas NNOTHOCTb MOLWHOCTH B LLeHTPanbHOM
W don W ren obnactn

08 W don W ren

fenbta TeTa anstha sera fenbTa TeTa ansa seta

Mepequan 06nacTs L[EHTPANbHER 0BNACTE

a b
Puc. 1. 'ucTorpaMMsl pactipelielIeHus CIIeKTPalnbHOH INIOTHOCTH MOILITHOCTH B Pa3HBIX 00JIACTSIX TOJIOBEI
IIPY HAJIMYWY U3JTYYEHHS TeHepaTopa IIyMa: g — IepeaHsst 001acTh; b — HeHTpabHas 00J1acTh
Fig. 1. Power spectral density distributions histograms in different brain regions with noise generator radiation:
a — frontal; b — central

B BucouHOIl 00nacTd TONOBBI CHEKTpaJbHAs IUIOTHOCTh MOIIHOCTH —alb(a-puTMa
aJIeKTpo3HIIeaorpaMm IpH HAJIMYMKM TeHepaTopa IIyMa okasamach B 2,6 pasa Bhiie (oHa, Oera-
put™a — B 2,7 paza 6osnble OHOBOTO 3HAYEHUS, TeTa-puT™Ma — Ha 36,1 % Oomnbie ¢oHa.

B 3aTbulouHON 007acTH TOJIOBBI CHEKTpalbHAs IUIOTHOCTh MOIIHOCTH anb(a-puTMa
AIIEKTPO3HIIEhaATOrpaMM TIPU HAIWYHU TeHeparopa hryma okaszanach Ha 40,9 % Beime ¢oHa, Oera-
putMa — Ha 2,2 % Oompmie (OHOBOrO 3HaueHus, Tera-putMa — Ha 31,1 % Oonbme QoHa;
CIIEKTpaIbHAs IIOTHOCTH MOIITHOCTH JIeJbTa-pUTMa OKa3anachk Ha 14,8 % mensbie dona (puc. 2, b).

CnekTpanbHasa N10THOCTb MOLWHOCTH B BMCOYHOW 06acTu CnekTpasnbHasa NNOTHOCTb MOLWHOCTH B 3aTblNOYHOI 06acTn
B don B re W don W red

pensta Teta anbpa Geta nenbta Teta anspa 6era

BUCOUHES D6/1ECTH 3aTbiNOuHaER 06NACTD

a b
Puc. 2. T'ucrorpamMmsl pacrpe/ieseHus CHEKTPaIbHON IIIOTHOCTH MOIHOCTH B Pa3HBIX 00JIACTAX I'OJIOBBI
IIPY HAJIMYWU U3TYYEHHs TeHepaTopa [IyMa: g — BUCOYHasi 00J1acTh; b — 3aThUIOYHAs 0071aCcTh
Fig. 2. Power spectral density distributions histograms in different brain regions with noise generator radiation:
a — temporal; b — occipital
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B TemeHHON 005acTH TOJIOBBI CHEKTpajbHas IUIOTHOCTh MOIIHOCTH aib(a-puT™Ma Npu
HaJIMYUHM TeHeparopa mryma okasanach Ha 49,6 % Beime ¢ona, Oera-putma — Ha 62,7 % Ooiblie
(oHOBOTO 3HaueHHdA, TeTa-puT™Ma — Ha 24 % Oombmie (oHA, CrEKTpalbHAs TIOTHOCTH MOIIHOCTH
JIeNbTa-puTMa OKaszanach Ha 29,6 % mensie ¢oHa (puc. 3).

CnekTpanbHaa NNOTHOCTb MOLHOCTY B TEMEHHOW 06NnacTu
W oon W orew

nenbTa TETa anbha 6eTa

TemeHHas o6nacTb

Puc. 3. ['ucrorpamMmer pactpeieieHus] CIEKTPATLHOM MIIOTHOCTH MOIITHOCTH B TEMEHHOM 00JIACTH TOJIOBBI
IIPY HAJIMYWH W3TyYeHHs TeHepaTopa ryMa
Fig. 3. Power spectral density distributions histograms in parietal brain region with noise generator radiation

W3MeHeHns1 CHEKTpaJbHOM IUIOTHOCTH MOILHOCTH JieNIbTa-, Tera-, aub(a-, OeTa-puTMOB
AIIEKTPOdHLEPATOrPaMM B Pa3IMUHBIX 001aCTAX TOJIOBHI IPH ACTIPECCUH MOKa3aHkl Ha puc. 4 [11].

< 3 NepenHsa obnactsb 5 2 LieHTpanbHas o6nacTb < 40 Bucounas obnactb
E =
g * I A =rpeccnn g * enpeccnn g * -ﬂEI'IpECCVI_H
ﬁ' 20 I 5nopossin | E 30 3gopossii ﬁ_ 30 I 3 noposeiit
*
Q
g * % g 20 . S 2
. 10 i &
= 2 10 c 10
= c c
0 0 0
= Heneta Teta  Anepa  beTa © Aeneta Teta  Ank(pa  BeTa Lt flensta Teta  Anbda  BeTa
< 5 3aTbinouHas obnacte S o TaMakHat ObHEETE
= [
8 0 B o=rpeccnn | kK g * B [ crpeccus
T I 5nopossin T 20 I :ooposeii
3 =)
e * g
- 20 . i
= =
G o G o

Oensta TeTa Anetha beTa Heneta Teta Aneda  BeTta

Puc. 4. 'ucrorpaMMsl pacrpeesieHus CHEKTPaIbHOM INIOTHOCTH MOIIHOCTH IIPH JACIPECCHU OTHOCUTEIBHO
(hoHOBOTO (3JOPOBOTO) COCTOSTHUS B Pa3HBIX 00JACTIX TOJIOBBI: IEPEIHSS, IICHTPaIbHAS, BHUCOYHAS,
3aThUTOYHAs, TeMeHHas [11]

Fig. 4. Power spectral density distributions histograms in different brain regions in depression compared to
background (healthy) state in different brain regions: frontal, central, temporal, occipital, parietal [11]

[Ipu Hanmu4UuM U3TyYeHUS TeHepaTopa MyMa CIIeKTpalibHas TUWIOTHOCTh MOIITHOCTH TETa-PUTMa
u anpda-puT™Ma  dIeKTpodHIEdasorpaMMm  Bo3pacTaeT Ha  BCEl  MOBEPXHOCTH  T'OJIOBBHI
(a0 10 TECTOrpaMM: B IIepeaHeH 00JacTH 2 THCTOTPAMMBI (T€Ta-pUTM, allb(a-puT™M); B ICHTPATHLHOM
00JacTH 2 TUCTOrpaMMBbI (T€Ta-pUTM, ajib(ha-pUTM); B BUCOUHOM 001aCTH 2 TUCTOTPaMMBI (T€Ta-puTM,
anb(da-puT™M); B 3aTBUIOYHON 00NacTh 2 THCTOrpaMMbl (TeTa-puTM, aib(pa-puTM); B TEMEHHOU
00acT 2 THUCTOrpaMMbI (TeTa-puT™, anbda-puT™m)). [IpOTHBOMOIOKHAS TCHACHIIUS XapaKTepHa IS
Jerpeccuu (TeTa-put™M U anb(a-puTM CHUKAIOTCS MPH JIETPECCHU MO0 BCEH MOBEPXHOCTH TOJOBBI).
B BHCOYHOW M TeMEHHON 00JIaCTH JAETbTA-PUTM YMEHBINAJICS TPHU HAIWYUM TeHepaTopa IIyma
(3TO 2 rHCTOTpaMMBI: JAETbTa-PUTM B BHCOYHOW 0OJAacCTH M AENbTa-PUTM B TEMEHHOH o0nacTn).
Jlist ienpeccuy XapakTepHOH sIBISIETCS] TPOTHBOTIONOXKHAS TEHISHIUS (MPU IETPECCUU eNTbTa-pPUTM
BO3pacTaeT B BUCOYHOM M TEMEHHOH oOmacTax). JledbpTa-puT™M  3IeKTpodHLEedarIorpaMmm
B LIEHTPAJIBHONH 00JIACTH TOJIOBBI TalNacT MpPH HAIWYUM TeHEepaTopa IIyMa, a MpH JCTPECCHH —
Bo3pacraer (1 rucTorpamma).
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B ocrampHeIX  ciydasx =~ M3MEHEHHE  CHEKTPajJbHOM  IUIOTHOCTHM  MOIIHOCTH
AIIEKTPO3HIehATOrpaMM TP HaJWMYHH TEHepaTopa IyMa COBMANAcT C TCHICHIUECH W3MEHEHUsI
CIIEKTPAIFHON TUIOTHOCTH MOIIIHOCTH TIPH JIENPECCHH (3TO 7 TUCTOTPaMM: IEIbTa-pUTM B TepeaHen
o0acT 1 3aTBUIOYHON 00MacTH majgaet (2 rUCTOrpaMMel), OeTa-pUTM MO Bcel MOBEPXHOCTH TOJIOBBI
BO3pacTaeT (5 THCTOrpaMMm)).

PestoMupysi, MOXHO cCKa3aTb, 4YTO TPHUHAALATH TUCTOTPAMM BapuallMil CHEKTpaJlbHOU
IUIOTHOCTH MOIIHOCTH TpPH HAIWYMKM TEHEparopa IIyMa MPOTHUBOIMOJIOKHEI THUCTOTpaMMaM
IIpH JETpeCCUy, a 7 TUCTOIpaMM COBMaIaroT. Ecim pykoBoACTBOBaThCs JaHHBIMU U3 puc. 1-4 u [11],
MOXXKHO CKa3aTh, YTO UYeJNIOBEK MpPH HAIMYUM W3JIYyYEeHUS TEHeparopa IIyMa JAETPEecCHIO
HE UCTIBITHIBACT.

OpakTanpHas pa3MEpHOCTb  JNEKTPOIHLEAIOrpaMM  IOA  JEHCTBUEM  TeHeparopa
3JIEKTPOMAarHUTHOT'O IllyMa M3MEHSJIach CIeAyIoIuM oOpa3om (puc. 5). B orBenenun Fpl 3naueHue
(dpakTanbHOW pa3MepHOCTH BBIpociio Ha 7,3 % oT (oHOBOro 3HaueHWs, B OTBeJAeHNH Fp2 — BBIpOCIIO
Ha 1,3 %; B otBemenun T3 — Beipocio Ha 7,4 %, B otBeneHnu T4 — Beipocino Ha 0,8 % ot ¢oHa,
B otBesieHun P3 — Bripociio Ha 7 %, B otBeneHnu P4 — camsminocs Ha 0,4 % ot ¢oHa, B orBeaeHnn O1 —
BbIpocio Ha 7,3 %, B otBemennu O2 — cHusmioch Ha 1,2 % ot ¢dona (puc. 5, a). B pabore [10]
OTMEYaeTcs, YTO IpH JeTlpeccuu B aekTposHIedarorpammax oreaenuii Fpl, Fp2, T3, T4, P3, P4,
01, O2 nabmogaercss pocT QpakTalbHONH PasMEPHOCTH. DTO MO3BOJISIET CHIENaTh MPEABAPUTEIBHOE
3aKoueHue (T. €. 3aKIIIOYEHWE, OCHOBAaHHOE HA JAHHBIX pHC.5,a u [12]), 9TO demoBeK mox
BO3/IEIICTBHEM T€HEpaTopa IryMa IeMpecCHIo NCTIHITHIBACT.

OKCIIOHEHTa CcaMomoA00usl  AJIEKTpodHLedanorpaMM MOJ  BO3ACHCTBHEM TeHepaTopa
DIIEKTPOMArHUTHOTO ITyMa HW3MEHUIach cieayommuMm obpaszom (puc. 5,b). B orBemenmn F3
oHa cHu3mwiIach Ha 41,4 % ot ¢oHoBOro 3HaueHus, B orBeaeHun F4 — Beipocna Ha 9,5 % ot ¢doHna,
B oTBeaeHuu C3 — ymenbmunack Ha 37,6 %, B otBenenuu C4 — Beipocna Ha 0,4 %, B orBeaenuu 13 —
cHuzmnach Ha 15,3 %, B otBenennu T4 — ynana Ha 23 % ot dona, B otBeaeHnn Ol — yMeHbIIMIACH
Ha 37,3 %, B otBenenun O2 nmageHue coctaBmiio 13 % ot dona, B oTBeneHnu P3 — yMeHbIInIach Ha
36,8 %, B otBenennu P4 — ynana Ha 12,2 % ot dona.

[lpu nmenpeccun, kak mokazaHo B pabore [13], HaOmomaeTcst BO3pacTaHHE DKCIIOHEHTHI
camomofo0uss B aiekTpodHiedanorpammax oteeaenudt F3, F4, C3, C4, T3, T4, O1, O2.
DTO MO3BONISIET CAENATh MPEIBAPUTEIBHOE 3aKII0UEHHUE (T. €. 3aKII0YeHNEe, OCHOBAHHOE Ha JTAHHBIX
puc. 5,5 u [11]), uro 4yenoBek MoJ BO3ACHWCTBHEM TeHepaTopa IIyMa JEHPECCHUI0 HE HCIBITHIBAET.
OnHako mpu Mainoil nenpeccuu (IENPECCHBHOE COCTOSHUE, HE JOXOJNAIIee MO TSHKECTH H/WIN IO
(hopMarbHBIM HATHOCTHYECKUM KPHUTEPHSIM 1O IHAarHO3a «IETpPecCcHs») HaOMIOJaeTcs MaJeHHe
9KCIIOHEHTHI camonoaodus B otBeneHusax F3, F4, C3, C4, O1, O2, P3, P4 [14]. Dro mo3BoIsICT
clienath BBIBOJ, YTO B YCIOBUSAX H3IIYUYCHUSI DICKTPOMATHUTHOTO IIyMa OIMEpaTop HaXOIUTCS
B COCTOSHUM MaJIoil Ienpeccui.

(DDaKTaﬂbHaﬂ pasMepHOCTb 3KcnoHeHTa camornogo6us

B dov W ren W don W ren
2,0000 125
1,5000

1,0000

0,5000

0,0000
Fpl Fp2 T3 T4 P3 P4 o1 02 F3 F4 c3 c4 T3 T4 o] 0z P3 P4

DpaKTanbHaR pasMepHOCTL SKCMOHEHTa CaMOnoAoGHR

a b

Puc. 5. T'ucrorpamMmsl pacrpezieseHus noj IeHCTBUEM W3Iy4YeHHs TeHepaTopa JIEKTPOMarHUTHOTO LTyMa:
a — ¢paxranpHast pa3MepHOCTh; b — SKCIIOHEHTa CaMOII0100Us
Fig. 5. Distribution histograms with noise generator radiation:
a — fractal dimension; b — self-similarity exponent
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3aKkiIroueHue

IIpoBeleH  KOMIDIEKC  JKCIIEPUMEHTAIBHBIX  HCCIEOBAHMN  3JIEKTpodHIEedamorpamMm
orBeaeumit Fpl, Fp2, T3, T4, P3, P4, Ol1, 02, F3, F4, C3, C4 npu AeHCTBUH JICKTPOMArHUTHOTO
IIIYMOBOT'0 M3y4yeHUsl. VI3MEHEeHHEe KOMMYECTBEHHBIX MApaMETPOB MO3BOJISIET CACTIATh BHIBOJI O TOM,
YTO YEeJOBEK MOJ NEHCTBHEM H3Iy4YCHHS TeHepaTropa 3JeKTPOMAarHUTHOTO IIyMa HE HaXOIUTCS
B COCTOSTHUH JETIPECCHH, HO HAXOAWTCS B MaJjiol nempeccuu. KonmndecTBEeHHBIMH ITapamMeTpami,
KOTOPBIC HCIOJB30BAIKUCH I OIICHKH TOTO, HaXOAUTCS JIA ONEPAaTOpP B COCTOSIHHU JICTIPECCHUH,
SIBIISUTUCH: CIIEKTpPalbHAs IJIOTHOCTh MOIIHOCTH TETa-, JACNbTa-, aub(a-, 0eTa-puTMOB, (paKkTaIbHasL
pa3MepHOCTh, IKCIIOHEHTa camonoaoous. TeHneHnus u3MeHeHHs 13 THcTorpaMM pacrpeieicHuUs
CHEKTPaJbHONW IUIOTHOCTH MOIIHOCTH 3JEKTpodHIEe(darorpaMM Tpy HAIWYUH TeHepaTopa IIyma
MPOTUBOIIOJIOKHA TOW, YTO HAONIOAAeTCs TpU JIENpeccuu, a B 7 rucrorpamMmax cosmamaeT [11].
[Ipu nenpeccun HAOIMIOMAETCS POCT (PpaKTATLHON Pa3sMEPHOCTH B aHAIM3UPYEMBIX OTBeIeHHUIX Fpl,
Fp2, T3, T4, P3, P4, O1, O2; ¢pakranbHas pa3MepHOCTb OOJBIIMHCTBA 3JICKTPO3HIIE(hATIOrpaMM
aHAJIM3UPYEMBIX OTBEICHUIM BO3pacTacT NpU HAIMYUM TEHEpaTopa IIyMa, 4TO TO3BOJSCT CHaeaTh
MpeBapUTEIbHOS 3aKITI0YeHHE (T. €. 3aKIF0UCHUE, OCHOBAHHOE TOJHKO HAa U3MEHEHHH (DPaKTAILHOM
pPa3MEpHOCTH) O HaJUYWU JENPECCHd TPH BO3ICHCTBHM  JAIEKTPOMAarHUTHOTO IIIyMOBOTO
n3nydeHus [12]. OpgHako 9SKCIIOHEHTa CaMoOmomoOusi dJeKTpodHuedanorpaMM TMpH  HaTUYUU
reHepaTopa JIEKTPOMAarHUTHOrO IIyMa yMeHbIaercs B oTBexeHusx F3, C3, T3, T4, O1, O2.
[IpoTHBOTIONOXKHAS TEHICHIUS (POCT OSKCIIOHEHTHI CaMONOAOOWs B BIEKTpodHIIedamorpaMmax
orBeacumii F3, F4, C3, C4, T3, T4, O1, O2) nabmomaercs u ipu nenpeccun [13]. [l oreHkn Toro,
HAXOJUTCS JIM OTIEPATOpP B COCTOSIHUU MAJIOH NEMPECCHH, HCIIOIb30BaIaCh 3KCIIOHEHTa CaMOTIOA00MSI.
Ona mamaer B otBeacHmsax F3, F4, C3, C4, Ol1, O2, P3, P4 npu manou nenpeccun [14], sTa xe
TeHIeHINA (TTaJeHre SKCIIOHEHTHI camononobus B otBeneHusx F3, C3, O1, 02, P3, P4) mabmomaercs
MIPY HAJTMYUH TeHEPATOpa JICKTPOMArHUTHOTO IIyMa.

Pesromupys, MOXHO CKa3aTh, YTO TOJ JCHCTBHEM TIeHEepaTopa 3JIEKTPOMArHUTHOTO ITyMa
YeJIOBEeK HE HAXOIUTCS B COCTOSTHUM JIETIPEeCcCHH (CHEeKTpajbHAas IUIOTHOCTh MOITHOCTH M KCIIOHEHTA
CaMoIIOIO0HsT OTPUIAIOT HAIMYKE JIEPECCUH, (PpakTanbHas pa3MEPHOCTh MOATBEPKIACT HAIUYHC
JIETIPECCUH ), HO HAXOJUTCS B COCTOSIHUU MaJIOH JCTIPECCHH.
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METOAUKA ONPEJEJEHUA CTPYKTYPbI U IIAPAMETPOB
MHOT'OIIOJIOCHBIX COIJIACYIOIUX IENENR HA OCHOBE
BHYTPHUITIOJIOCTHOI'O KOMINVIEKCHOI'O KPUTEPUSA COOTBETCTBUA
NAEAJIBHOMY ®UJIBTPY

IIIAILIOK B.H., KOHOIUIALIKUI A.C.

Boennas akademusn Pecnyonuku benapycw (2. Munck, Pecnybauxa Berapycyo)
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© Benopycckuii ToCy1apcTBEHHBIN YHUBEPCUTET HHHOOPMATHKH U PaInodIeKTpoHukH, 2020

AHHOTauMs. B craTbe NPUBOIUTCS METOAMKA CTPYKTYPHO-IAPAMETPUUYECKOTO CHHTE3a MHOTOMOJIOCHBIX
YaCTOTHO-U30MpATENbHBIX Ieneil. JlaeTcs kpaTkas XapaKTEpUCTHKA TOAXONOB JJsl PEUICHUS 3alad CHHTE3a
MHOTOITOJIOCHBIX ~ YaCTOTHO-M30UPATEIBbHBIX IICTel, OCHOBAHHBIX HA HCIOJb30BAHUU MHOTOYACTOTHBIX
PE30HATOPOB, YAaCTOTHBIX INPEOOpPa3OBaHUN W HAPAMETPHUUCCKUX, HCIOJB3YIOIIMX YHCICHHBIC MPOIETyPhI
ontuMu3anuu. IlpencraBieHsl U AaeTcs KpaTKoe ONMUCAHUE TPEX IIHUPOKO HCHOJIb3YyEMbIX KPUTEPUEB OLIEHKH
XapaKTePUCTHK YaCTOTHO-U30MpaATEeNbHBIX Ienel: no Telnopy, 4eObIeBCKuiil U cpenHecTencHHON. [Toka3aHsr
CrocoOBl  OIEHKW COBMECTHOTO MPHONIDKEHHS aMIDIATYAHO-9aCTOTHOW W (Pa304acTOTHOW XapaKTepHUCTHK
CHHTE3WPYEMBIX IleTlell K XapaKTepHCTHKaM uaeanbHoro ¢wmibTpa. [IpemmokeH KpuUTepwid W TpUBEAeHA
METOJMKa CTPYKTYPHO-IIAPaMETPUIECKOTO CHHTE3a MHOTOIOJOCHBIX COTJIACYIOMIMX [IeNe Ha OCHOBE
BHYTPHIIOJIOCTHOTO KOMIUIEKCHOTO KPUTEPHs COOTBETCTBHS HICATHPHOMY (HIBTPY B IIOJIOCE MPOIYCKAHHS
1 MEXIOJOCHOTO YeOBIIIEBCKOTO KPUTEPHS, peannzyeMas YHCICHHOW ONTHMH3alNed CHHTE3MPYEMBIX ILemeit
OTHOCHTEIIFHO BBIOpaHHOTO KpuTepus Omm3octH. Ilpm 3TOM MHOTOMOJOCHAS IENb MPENCTABIISIETCS B BHIC
JICCTHUYHOTO COCIHMHECHHSI, COCTOSIICr0 B OOIIEM Ccly4ae W3 7 Pa3IUYHBIX PEAKTUBHBIX COIMPOTHBIICHHIA.
[IpuBonuTCcs mnpUMEpP HUCHOIB30BAHUS NPEIIOKEHHOW METOAMKH [UJIsl PpEeLIeHUs 3aJadyd CTPYKTYpHO-
MapaMeTPUIECKOr0 CHHTE3a JBYXIIOJIOCHOM COTNIACyIOIIeH menu. B kadecTBe coriacyemoil Harpy3ku BBIOpaH
SKBHBAJICHT TMEPBOT0 THUIA, COCTOSIIMM M3 MOCIEAOBATEIBHOIO COEJUHEHHs] AKTUBHOTO COIMPOTUBJICHUS
U €MKOCTH. B mpuMmepe B KauecTBe JOMOIHUTEIBHOTO MPUMEHEHO TPEOOBaHKE 1O 0OCCIICUCHUIO MEXKITOJIOCHO M
4acTOTHOW u30uparenbHOCTH. Takoe TpeOoBaHME oOecrieuynBacTCs BBEACHHEM HYJS B (DYHKIUIO TIEpenadu
CHHTE3UPYEMOW IIEMM Ha MEXIOJIOCHON CpellHeld TeoMeTpuueckor dwactoTe. Ero peanuszauus BbINOJTHEHA
BBEJICHHEM IapauUIeIbHOTO KOJIEOATEIFHOTO KOHTYpa B TMEPBYIO ITOCIEIOBATEIBHYIO BETBb CHHTE3UPYEMOM
cornacytomeii 1enu. CTpyKTypHO-TIapaMEeTPUYECKH CHHTE3 BHIOpAaHHOW B TIpUMEpEe ABYXIOJIOCHOM
coTacyromei Ienu OCYIIECTBIACTCS ¢ MpUMEHEHHeM NporpamMmHOro mpoxaykra Mathcad 15 Ha ocHoBe
BCTPOCHHOTO METOa onTUMu3anuu JleBenOepra — MapkBapara.

KiroueBble cli0Ba: CTPYKTypHO-IapaMETPHUECKUII CHHTE3, MHOIOINOJIOCHBIE COTJACYIOIUE  IIEMH,
KOMIUIEKCHBIN KpUTEPUHL.

KondaukT narepecoB. ABTOPHI 3asBIISIOT 00 OTCYTCTBHU KOH(IIMKTA HHTEPECOB.

Jasi nuruposanus. [amox B.H., Konommuukuii A.C. Meronuka omnpeneiaeHusi CTPYKTYpbl U MapamMeTpoB
MHOTOIOJIOCHBIX COTJIACYIOIIMX ILieTell Ha OCHOBE BHYTPHUIIOJIOCTHOTO KOMIUIEKCHOTO KPUTEPUSl COOTBETCTBHS
npeansHoMy Guibtpy. Hoxmaast BI'YUP. 2020; 18(4): 62-70.
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Abstract. The article gives the procedure of structurally parametric synthesis of multi-band frequency-selective
circuits. A short characteristic of approaches to solve the problems of synthesis of the multi-band frequency-
selective circuits based on the use of multifrequency resonators, frequency transformations and parametric
transformations using numerical procedures of optimisation is given. The research presents a short description
of three widely used estimation criteria of the characteristics of frequency-selective circuits: Taylor, Chebyshev
and average-degree criteria. Expedients of an estimate of joint approximation of amplitude-frequency and phase-
frequency characteristics of synthesized circuits to those of the ideal filter are shown. The criterion is suggested
and the procedure is presented for structurally parametrical synthesis of multi-band matching circuits on the
basis of intracavitary complex criterion of conformity to the ideal filter in a transmission band and interband
Chebyshev criterion realized by numerical optimization of synthesized circuits relative to the chosen criterion
for affinessy is given. With that, the multi-band circuit is represented in form of a ladder-type connection that,
generally, consists of n different reactive resistances. The example of using the proposed procedure to solve the
problem of structurally parametric synthesis of a two-band matching circuit is given. As a matching load
we selected the first-type equivalent consisting of a serial connection of active resistance and capacity.
In the example there is an additional requirement to ensuring interband frequency selectivity. Such requirement
is ensured by introducing zero to the function of transmission of the synthesized circuit on an interband average
geometric frequency. The requirement is implemented by introducing a parallel oscillating circuit to the first
serial arm of the synthesized circuit. The structurally parametric synthesis of the two-band matching circuit
selected in the example is carried out through Mathcad 15 software based on the integrated method
of Levenberg-Marquardt optimization.

Keywords: Structurally parametric synthesis, multi-band matching circuits, complex criterion.
Conflict of interests. The authors declare no conflict of interest.
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BBenenue

CoBpeMeHHBIE paInoOTEXHIYECKHE CUCTEMBI JUTS obecriedueHus BBICOKOH
MMOMEXOYCTOWYMBOCTH U TpeOyeMOil NPOMYCKHON CHOCOOHOCTH B COOTBETCTBUU C HMPHHATHIMH
MEXIYHApOJHBIMH HOPMaMH BCE Yallle HMCIIOJIE3YIOT MHOTOIOJIOCHBIH peuM paboTel. Hampumep,
B COBPEMEHHBIX CHCTEMax COTOBOM CBs3u, pabortaromux B pekume 3G/UMTS, wucmonab3yroTcs
nuanazonsl 1920-1980 MI'm u 2110-2170 MI'u, a takke MOQAECPAKUBAIOTCS 4YacTOThl ceTeil 2@,
T.e. GSM 890915 MI'm n 935-960 MI'n [1]. Ilpuemo-nepenaroniye TpaKTbl MHOTOIOJOCHBIX
CUCTEM CBS3H JIOJDKHBI 00eCIIeYrBaTh KaueCTBEHHBIN NMPHEM OJHOBPEMEHHO BO BCEX MCHOJIB3yEMBIX
nuama3zoHax. Kpome Toro, mpruMeHeHHe B TaKUX CHCTEMAaX CIOXKHBIX CHUTHAJIOB TpeOyeT COXpaHEHUS
WX YaCTOTHOH CTPYKTYpbl MHOTOIOJIOCHBIMH YacCTOTHO-M30upaTenbHbiMu Nersivu [2]. [lo atum
MpuYuHAM pa3paboTKa Ui TaKWX CHCTEM MHOTOIMOJIOCHBIX (IIBTPOB W COTJACYIONIMX Iemei
MIPENICTABISIET COOOM CIIOKHYIO MH)KEHEPHYIO 3a7a9y U IMEET OOJIBIIYI0 MPAKTUIECKYI0 3HAUMMOCTb.
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Br10op KpuTEepHs CTPYKTYPHO-NIAPAMETPHUYECKOT0 CHHTE3a MHOTOTIOJIOCHBIX
YaCTOTHO-M30MPATEJbHBIX Lienei

CymecTByeT HECKOJIBKO MOIXOO0B IS PEIIeHHUs 3a7ad CHHTE3a MHOTOMOJIOCHBIX YaCTOTHO-
M30UpATEIbHBIX IICTICH: METOJABI CHHTE3a, OCHOBAaHHBIC HA MPUMEHCHUU TEOPHH MHOTOYACTOTHBIX
pe3oHaTopoB [3]; MeTOmbl, OCHOBaHHBIE HA NPUMCHCHHH 4YAaCTOTHBIX IpeoOpaszoBanuii [4];
napaMmeTpuyueckue (CTPyKTYpPHO-TIapaMEeTPUIECKIE) METOIbI, HCTIOIb3YIOIINE YHCICHHbBIE POIeTypPhI
ontumuszanuu [5]. [logxomsl mepBOro MeroAa NPEANOJAralOT CHUHTE3 MHOTOMOJOCHBIX IIeTel
Ha OCHOBE IPUMEHEHHSI TECOPUU pacyeTa MYyJIbTUMOAAIBHBIX pe30HaTOpoB. OMHAKO TaKOM MOIXOL
HCIIONB3yeTcsl TONbKO s cuaTe3a CBY meneit. KpoMe Toro, yBenmudeHue MOpsSaKa CHHTE3UPYESMBIX
1eneil MpUBOAUT K 3HAYHTEIHLHOMY BO3PACTaHUIO TPyHHOCTEH mpu ux peanusanuu [1]. Meromsr
BTOPOTO THUMA OCYHISCTBISIOT MPUBEACHUE (MIBTPA HIKHHUX YACTOT K MHOTOIIOJIOCHOW CTPYKTYpE
MpOLETYPOH 3aMEHbl YaCTOTHOM NMEepeMEeHHOW. AHAIUTHYECKUN MOAXO0J] MO3BOJIAET PEUIUTh JAHHYIO
3a/laqy MaTeMaTHYeCKH TOYHO M OOECTHeUuTh MPOCTOTY pemieHus 3amaun. lIpumenenue dumbTpa-
MPOTOTHIA yNOOHO TpH CHUHTE3e (PUIBTPOB, a TAKXKE COTJIACOBAHWU MPOCTHIX HArpy3oK. Takoit
MOIXOJ] C WCIONB30BAHUEM TMPOTOTHIIA TpeOyeT Mpeodpa3oBaHUs K HU3KOYACTOTHOW Qopme
COTJIaCyeMOU Harpy3KHd, YTO HE BCETJa SBISCTCS YJOOHBIM U PEan3yeMbIM JIJISI CIIOKHBIX HArpy30K.
Kpome toro, ¢ yBenuueHuneM 4uciia mojoc MPOIMyCKaHus 3HAUUTEIBHO BO3PACTAET CIOKHOCTh TaKUX
npeoOpazoBanuii. [lo 3TOl TpUYMHE YKa3aHHBIM MOAXOJ, KaK IMPABWIO, HCIOJIB3YETCS TOJIBKO
JUTSE CHMMETPUYHBIX TTPe0Opa30BaHUA.

B Hactosmee Bpemsi ¢ HIMPOKUM HCIOIB30BAaHHUEM BBIYHCIUTEIHFHOW TEXHUKH B 3aJadax
CUHTE3a OOJBIIOE BHUMAHUC YJCNIACTCS PAa3BUTHIO IAapaMETPUUECKUX METOJIOB, CBS3aHHBIX
C CHHTE30M ONTHMAIbHBIX YaCTOTHO-W30MpaTenbHbIX Ilemneid. [lox onTumanbHOW A 3aaHHOU
MHOTOIOJIOCHON crieNU(UKAINN TOHUMAETCS COTJIACYIONIasi Ienb, O0eCIeYnBaIoNias ¢ 3aJaHHOM
TOYHOCTBI) YaCTOTHBIC XapaKTEPUCTHKH COTJIACHO BEIOpaHHOMY Kpurepuro. [lo »Toli mpuuuHe
BOXHOW CTOPOHOH MapaMETPUUYECKOTO CHHTE3a SIBISCTCS BHIOOp KpHUTEpHUs, IO KOTOPOMY
OTIPEIICIISIOTCS CBOMCTBA ITHPOKOIIOIOCHBIX YacTOTHO-M30HMpaTeNbHBIX menei. B [6] mpemctaBieH
kputepuii mo Tefnopy. s Hero XxapakTepHO Cieyromee: TpeOyemasi YacTOTHAs XapaKTePUCTHKA
&(w) ¥ uckomas anmpoxcumupyromas (GyHkmus K(m,b) € YHCIOM BapbUPYEMBIX MApaMETPOB 1

AOITYCKArOT PAa3JIOKCHUC B PAL Teix’mopa B HCKOTOpOﬁ TOUKE O = (DO Ha MHTCPBAJIC alllIPOKCUMAIUN E.

Takxe TpeOyercs, 4ToOBI B 3TOM TOYKE COBMAJANIHA 3HAYCHUS MAKCUMAIILHOTO KOJHMYECTBA UJICHOB
MJIAIIIAX TOPSIKOB 000MX PSAIOB.

C ydeToMm TOro, YTO 7 — YHCIIO BApbHPYeMbIX mapameTpoB (yHkimu K(m,b), To B TOuke

o= ('00 OOJI’KHBI BBITIOJIHATBECS YCIIOBUA!

K(0,,5)=&0,); K'(0,b)=E(,); K" (0,,5)=""(a,). ()

PelueHreM 5TOM CHCTEMBI U3 71 yPaBHEHHI ABISIIOTCS 3HAYEHHA KOOQGUIMEHToB b, , onpenensiomux

MapaMeTpsl alMPOKCUMHUPYIOIIEH (PYHKIINU.

ITo xputepuro Teiiopa onTUManbHBIM sABIsCTCS QuUIbTp barrepBopra. ONTHMANBHBIM 10
kputeputo Telinopa Tarke siBisiercs GunbTp beccens. XapakrepucThka TpyHIoBOTO BpPEMEHH
3ara3/IbIBaHus TAKOTO (PUIILTPA SBISCTCS MaKCHUMaIbHO-TIOCKOM.

B [6] nmpenmcraBieHBI 1Ba IIUPOKO  HCIIOJNB3YEMBIX  KPUTEPHs:  UEOBIMIEBCKUI
U cpeaHecTereHHOW.  YeOBIIIeBCKUM ~ KpUTEpHid  OJM30CTH  ONpeAeseTcs  CIACAYIOIIMM
BBIpaXKeHHUEM [6]:

max p(0)[E(0) - K (0,b)| < min =3, )

rae p(®) — BecoBas QYHKIMS U IO CBOEMY CMBICITY HE MOXKET OBITh OTPHLIATEIBHOM;
0 — nomyctumoe otkiaoHeHue K(w,b,) ot &(w).
Kpurepuii (2) onpenenser JOCTHKEHUE MUHUMyMa MAaKCUMaJIbHOM OLIMOKM allpOKCUMAIN
Ha MHTepBalle allpOKCHMMalii £ [Py BBINOJIHEHHH MPOLEAYPHI BbIUKUCIEHHA KodhduuueHTos b, .

Ha IMMpaKTUKE Mpoucaypa BBIYMCJICHHM BBINOJHACTCS Ha KOHCYHOM MHOIKECTBC MpUHAAJIC)KAITUX
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MHTEpBAJy ammpokcuMmanuu £  Touyek {0)1, ®,, ...,oad}e E . Tlpu stom pemaercs cucrema

ypaBHEHUH [6]
max p(o)[&o,) - K(o,,b)|< min =3, i=1,2,...d. 3)

CpenHecTeneHHOH KpUTepUil OJM30CTH B Ka4yeCTBE KPHUTEPHUS, OICHUBAIOIIECTO OJIHM30CTh
Gynkunii {(w) n K(w,b,), 3anuceiBaeTcs B CIEIYIOIIEM BUJIE:

J.p(co)|§(m)— K(c),bl.)r do < mbln =9, 4)

TJIe 1 — M0Ka3aTeib CTEIICHH.

OOBIYHO MPUBE/ICHHBIC KPUTSPUH UCIIONB3YIOTCS JUIS IPHOIMKCHUS aMIUTUTYTHO-9aCTOTHOM
60 (ha309acTOTHOM XapaKTEPUCTHKN CHHTE3UPOBAHHOM I K COOTBETCTBYIOIIEH XapaKTePUCTHKE
uaeansHoro ¢uasTpa [5, 7]. OmHako npubIMKeHHe K UICaTbHOMY (QHIBTPY TOIBKO MO aMILIUTYIHO-
JacTOTHON  Xapaktepuctuke (AUX) H©He Bcerma sBIsSETCA JOCTaTOYHBIM TpH  paboTe
C IIMPOKOMNOJOCHBIMA CHUTHAJlaMH, KOTOpPbIE TPEOYIOT BBICOKOM JIMHEHHOCTH (ha304acTOTHOM
xapaktepuctuku (OUX) nepenaromeii IIMPOKONOIOCHOH YaCTOTHO-U30MpaTeNbHON TIeTIH.

CosmectHoe mnpuOmmwkenne AUX um ®UX cuHTe3upyeMOH LEMHd K XapaKTePUCTHKAM
naeadpbHOro (GUiIbTpa ObUTO MpeaToskeHo B [8]. CorracHO METOAMKE, IPUBEACHHON B TAHHOM paboTe,
B KauecTBE WCXOJHOW BhIOMpaeTCs anmpoKCcUMHpyromas (yHKusS ko3ddduiuenta mepenadu
MUHUMAJIEHO-(Da30BOTO  YETHIPEXMONIOCHUKA,  BCE  IMapaMmMeTpbl  KOTOPOH  WCHOJB3YHOTCS
st obecrieueHmst  TpeboBanmii k  AUX. 3arem BBIOHMpacTCS ammpoKCUMUpYIOmas —(QyHKIIH
HEMUHUMAaIILHO-()a30BOM 1IETTH, UMEIOIIEH MOCTOSHHBIN K03 punreHT nepeaaun. OyHKIus repenadu
BCEU MMM OmpeeNseTcss Mpou3Be/cHreM (GYHKIMK mepenadd. Takod METOJ CHHTe3a MONyY
Ha3BaHue Metona (ha30BOro KoppekTupoBanus [8]. OOBIYHO OH HE NPUBOIUT K ONTHMAILHOMY
pe3yJbTaTy, MOCKOIBKY BCE MapaMeTphl TepenaTovHol (DYHKIMU HCIONB3YIOTCs Hedh(EeKTUBHO.
Kpome Toro, anga momydenust nuHeiHOM PUX B monoce MpOMyCKaHUs CTENEHb MEPeaaTOYHOMN
(yHKIIMN YBETHMYUBACTCS B 71-€ KOJIMYECTBO pa3 0e3 KaKoro-mmdo YBETWICHHUS CEICKTUBHOCTH [8].

B [9] mpemyioskeH KOMIUIEKCHBIM KPUTCPUUA OIEHKH COOTBETCTBHUS YAaCTOTHO-M30MpPATEIILHOM
LIeny ujeansHoMy (GUIBTPY B moJioce mpomyckanus. B [10] mpencraBieHa MeToIMKa pEIICHUS 3a1a4
MapaMeTPUYECKOr0 CHUHTE3a YaCTOTHO-W30MpATEIbHBIX IIeTel, pa3paboTaHHas Ha OCHOBE
MpenIoKeHHOTO Kpurepus. s  QuiIbTpa-mpOTOTHIA, WMEIOIIET0 HOPMHPOBAHHYIO TIOJOCY
MPOIYCKaHUs  JJIsl KOTOPOro B Tosioce npornyckanus &(w) =1, naHHbIi KpUTEPUil HUMEET BUJT

1 —max J. Ig(m,bi)ej“”dm < rr})m =3, (5)

A
rae K(w,b) —nuckoMas HOpMUpOBaHHas QYHKIHS NEpeauy LENn COrJIacoBaHus.

IMpyanun  onenkW cooTBeTcTBMA uHemu ¢ (Qynkuued mnepepaun  K(w,b)) ocHOBaH

P A
Ha 3aBHCHMOCTH YPOBHs IJIABHOIO JICTICCTKA MHTCIPATbHON (DYHKIHH g (1) = J‘ K(0,b,)e™ do
21

ot Buma AUX n @YX menn B HOPMHPOBAHHOH MOJI0CE TTPOITYCKAHMS.

Ilepexos OT HHU3KOYACTOTHOM K TMIOJOCOBOM XapaKTEpUCTHKE CHHTE3UPYEMOW IIeTH
peanu3yeTcsi 4acTOTHBIM mpeoOpasoBaHueM, npuBeaeHHbIM B [11]. Takoit mepexom TpeOyer
KOppeKIuu (popMbl 3amucH BHIOPaHHOTO KOMILIEKCHOTO Kputepus (5). C yd4eToM Takoro mepexona
IJIs COTNIACYIOIEN LEMU B IOJIOCE YacTOT, OTPAaHUYEHHON HWKHEH (0, M BEPXHEH @, TPAHUYHBIMH

JacTOTaMH, BEIpakeHNE (5) MOKHO IIPEICTABUThH B BHJIE

- max |—— IA{(w,bl. Ye’” do|| < min = 5. (6)
0, -0 b

65



JokmAnsl BT'YHP Dokr4py BGUIR
2020, T. 18, Ne 4 2020, VoL. 18, No. 4

Jns  ydera BTOpPOH OCOOCHHOCTH TPUMEHEHUS KOMIUICKCHOTO KpUTEpUS, a HWMEHHO
MHOTOIIOJIOCHOTO ~ XapaKTepa COINIaCyeMbIX IeTeil, BBEAEM JIOTIOJTHUTEIBHBIN MEKITOJIOCHBII
4yeOBbIIIeBCKMI  KpuTepuid. Takod KpuTepHil oOeclieyrBaeT KauyeCTBCHHYIO paboTy TpakTa,
COZIepKAILETO CUHTE3UPYEMYI0 MHOTOIMOJIOCHYIO II€Tlb, BO BCEX 3aJaHHBIX IMOJIOCAX MPOIYCKAHUS.
CydeToM »3TOrO KpUTEpUH [ TapaMeTPUYecKOro CHHTE3a MHOTOIOJIOCHBIX HYaCTOTHO-
M30MpaTeNbHBIX IIeTIel, 3alMCaHHBI HAa OCHOBE BHYTPHUIOJIOCTHOTO KOMIUIEKCHOTO KPHUTEPHS
COOTBETCTBHS HJCATBHOMY (QWIBTPY B 33JaHHBIX [0JIOCAaX TMPOITYCKaHUs W MEXKIIOJIOCHOTO
YeOBIIIIEBCKOTO KPUTEPHS, MOKET OBITh ITPEJICTABIICH B CICAYIONIEM BUIE:

1 A .
l-max |—— j K(o,b)e’'do| < min = J,;
0‘)31 - (’OHI O, g
1 REYIEN )
l-max |—— j K(w,b)e’"'do|| < min = J,;
0‘)32 - 0‘)1—{2 ® g
’ (7
1 RITIN )
- max |—— J. K(0,b,)e’"do| < min = 6,;
0‘)31' - HI ©,; g
do, =d,0,=..=d,0,
e ®,,, ®, — FPAHUIBI i-if MOJIOCHI CONIACOBAHNS,
0, — JONMyCTHMOE OTKIOHCHHE IJIABHOTO JIENIECTKA HHTErpajbHOW (YHKIMH B i-if moioce
COTJIACOBAHMS;

d, — BecoBO KOO HUIMEHT.

Metoauka CTPYKTYPHO-ITIAPAMETPUYECKOI0 CHHTE3a MHOI'OIIOJIOCHBIX COIJTACYIOLIHUX nenei

B mnHacrosmee Bpemsi Hambosnee 3()(EeKTUBHBIM SIBISIETCS CTPYKTYpHO-TIapaMeTpUYecKuit
CUHTE3, OCHOBAaHHBIM YHCIEHHOM ONTHUMH3ALMM COTJACyIOUIMX LENEe OTHOCUTENBHO 3aJaHHOTO
Kputepus Onmu3ocTh. 11 penieHus 3a]a9u CTPYKTYPHO-TIapaMeTPUIeCKOTO CHHTE3a MHOTOIIOJIOCHOH
coTJIacyrolel enu Ha OCHOBe Kputepus (7) 3agaanMcs SKBUBAJIEHTOM COTIPOTHUBIICHHS TeHEpaTopa u
Harpy3ku. Takke MHOTOMOJIOCHYIO COIVIACYIOIIYI0 I€Nb MpPEJCTaBUM B BHAE JIECTHUYHOTO
COEIUHEHHS, COCTOSIIETO U3 71 B OOIIEM CITydae Pa3InYHbIX PEAaKTHBHBIX COMPOTUBICHUH (puc. 1).

Y Y\

_va_”_::'
:|-

/1
\,\ 1
T

S

O
O L

I' 2'

Puc. 1. CTpyKkTypHas cXxeMa YEeTBIPEXIOIOCHHKA C PE3UCTHBHBIMU COMTPOTHBICHHSIMH
HCTOYHHUKA CHTHANA ¥ HATPY3KU
Fig. 1. The block diagram of the quadrupole with resistive impedances of signal source and load
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Kaxnpli  kackax corjacyromieid Iemud TNpeACTaBIsSeTCS B BUAC IOCIEI0OBATCILHON
WIH NapajutenbHOW BeTBU. IlocnmemoBaTenbHasi BETBb IpeNCTaBIsieT co0oil  TocienoBaTenbHOE
COeIMHEeHNE KaTyIIKi WHAYKTUBHOCTH M KOHIEHcaTopa. B yacTHOM cirydae B mpoliecce ONTHMHU3AINN
B TIOCJICJIOBATEIILHOM BETBH OJIMH U3 JIEMEHTOB MOXET OKa3aThCS OTPHUIIATEILHBIM WJIH PAaBHBIM HYIIIO.
B Takom cmygae BMecCTO [JAaHHOTO JJeMEHTa YCTAaHABIMBAETCA KOPOTKOE 3aMbIKaHHE,
T. €. OH cuuTaetrcss «lIposodom». llapamnmenpHass BETBh MPEACTABISLET COOOW TMapajieIbHOE
COCIMHCHHE KOHJICHCATOPa U KAaTYIIKK WHIYKTUBHOCTU. ECiii B ciryyae onTUMU3aliuy napauieIbHON
BETBU OJMH W3 3JICMECHTOB KOHTYpa TaKXKe OKAa3bIBACTCS OTPUIATEILHBIM WM PaBHBIM HYIIO, TO
TaHHBIN 3JeMeHT 3ameHsieTcs «Pazpvigomy». CTPyKTypHO-TITapaMETPHUECKUN CHHTE3 OCYIIECTBISIETCS
¢ IPUMEHEHUEM TTPOrpaMMHOTO mpoaykra Mathcad 15 Ha ocHOBE BCTPOSHHOTO METO/Ia ONTUMHU3AIINN
JleBenOepra —MapkBapaTa.

Ha  nHawampHOM  dTame  CTPYKTYpHO-TIApaMETPHUYECKOTO  CHHTe3a  BbIOMpaercs
nocyeoBaTellbHas TH00 MapaluiebHas BETBb, 00eCIeUnBAIOIIAs JTydlllee MPUOIMKEHUE K 3aJaHHON
(yHKIIME 10 BBEIOpAaHHOMY KpuTepuio. JladpbHEWIINA CTPYKTYypHO-TIapaMETPUYSCKUN CHHTE3
MHOTOIIOJIOCHOW IIETH  OCYIIECTBIIACTCS HApallMBaHUEM YEPEAYIONIUXCS IOCIIEOBATEIBHBIX
Y TIapaJUICIbHBIX BETBEH 10 oOecmedeHuss TpeOyemMoro mNpuOMMKEeHUS (QyHKOUM Tepenadu
CUHTE3MPYEeMOH IIeMHM K HAeaTbHOMY BHIY. Takod TOJXOMA IO3BOJISICT IMOJYyYUTh pPaliOHATHHBIC
CTPYKTYPBI CHHTE3HPYEMBIX MHOTOIIOJIOCHBIX LIETICH U YMEHBIIIUTD UX BPEMSI IIOUCKA.

[Ipumep wcmONB30BaHUS TPEAJIOKEHHOW METONWKH JJISi PEIIeHUs 3aJadil CTPYKTYpPHO-
rapaMeTpPUIecKoro CHHTE3a JBYXIIOJIOCHON coriacyromeld Ienmud mokazaH B [12]. B kadectBe
HOPMHUPOBaHHOW HArpy3Kd B YKa3aHHOM NpUMEpE BBHIOpAH SKBUBAJICHT IEPBOTO THUIIA, COCTOSIITHIA
U3 MOCIIEIOBATENIBHOrO  coeMHenns conporuBiennss R =0,850m u emxoctn C, =12 .

HOpMI/IpOBaHHOC COIIPOTHUBJICHUC HWCTOYHHKA CHUTHAJIa BI:I6paH0 RC =1 Om. CI/IHTC3I/Ip0BaHHa}I

B IIPUMEPE MHOTOIIOJIOCHAS IIETh 00ECIIEYMBACT COTTIACOBAHUE BHIOPAHHOW HATPY3KH B JUAIA30HAX
2G u 3G (890-960 MItt m 1920-2170 MI'm). I'paHuIel NaHHBIX OUAIMa30HOB HOPMHPOBAHEI
otHocuTenbHO dacToThl 2170 MI'm m coctasmstor 0,41-0,44 u 0,88—1 panm/c. Takxke 3amaHbl

npubamkenus O, (pasubie 0,1) npu kosddunuenTax d,, papHeIx 1.

B kadecTBe [OIMONHHUTENHFHOTO MNPUMEM TpeOOBaHHE MO OOECMEUYEHHIO MEKIOIOCHON
JaCTOTHON wu30WpaTenpHOCTH. JlJIT ero peanw3alid B IEPBOH  IOCIICIOBATEIHPHOW BETBH
CUHTE3MPYEMOH e BKIIIOUYMUM TNapaJUIebHEIN KOJIeOaTeNbHBIN KOHTYpP, BHOCSIINA HOJIb MEpPeIavn
Ha MEXIIOJIOCHOM CpeZHeH reoMeTpruecKor yactoTe, paBHo# 0,66 pag/c.

Ha puc. 2 npencraBieHa cxema JIBYXIOJIOCHOW COTJIACYIOIICH IENH, CHHTE3UPOBAHHOU ITO
MPUBEICHHOW METOIMKE Ha OCHOBAaHMH KpPUTEpHs, MPEACTAaBICHHOTO BhIpakeHHeM (7). YacToTHbIE
XapaKTEPUCTUKU CUHTE3UPOBAHHON JBYXIOJOCHOM COTJIaCyrollei Lienmu MpeAcTaBleHbl Ha puc. 3.
B kauecTBe CcpaBHUTENBHBIX HA PHUCYHKE JOMOJHUTEIHHO TOKAa3aHbl XapaKTEPUCTHKH LIy,
CHUHTE3WpPOBaHHON 0e3 ydera TpeOOBaHMH 1O MEXIIOJIOCHOMY BHOCHMOMY  3aTyXaHHUIO
Y IpUBEACHHOM B [12].

1,044 T'n

0,775 ® 3,545Tu

2261® 113Tu Ru=0,85 Om

Puc. 2. Cxema ABYXIIOJIOCHOH COMTAacyOMICH Lenu ¢ HyJieM nepeaadyu Ha yactote 0,66 pan/c
Fig. 2. The diagram of the two-band matching circuit with zero transmission at a frequency of 0.66 rad/s
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Puc. 3. YacToTHBIE XapaKTEPUCTHKH JIBYXIIOJIOCHOHN coracyroleii nemnu ¢ yderoM (1) u 6e3 yuera (2)
TpeOyeMOoro MeKI0JIOCHOT0 BHOCUMOT O 3atyxanus: @ — AUX; b — xapakrepuctuka 'B3
Fig. 3. Frequency responses of the two-band matching circuit considering (1) and not considering (2)
the required insertion attenuation: @ — AFC; b — GTL performance

IR R R

CuHTE3upOBaHHAS B JAHHOM IIPUMEPE IIETh 00eCIIeunBacT OJIM3KOe MPUOIMKEHUE TaCTOTHOM
XapaKTepUCTUKU K UJICATbHOM M0 BHIOpAaHHOMY KPUTEpHIO B 00euX Iojiocax mporyckanus. Hammuue
HYJISl TIepeJladd TTO3BOJWIIO CHHTE3UPOBATh COTJIACYIONIYIO IIENb C BHICOKUM BHOCHUMBIM 3aTyXaHUEM
B MEXMOI0CHOU 00nactu. OTHAKO BBEACHUE TAKOTO HYJIS MPUBOJUT K YXYIIICHUIO PAaBHOMEPHOCTH
XapaKTepUCTUKU TPYIIIOBOTO BPEMEHHW 3ama3/ibIBaHUsl CHHTe3upyeMol nenu. CHHTe3HpoBaHHAS
coryiacyrolias Ielb Ha OCHOBE KOMIUICGKCHOTO KpPUTEPUS COOTBETCTBUS HICATBHOMY (GHIBTPY
obecrnieunBaeT TpeOyeMoe COBMECTHOE TIPUOIMIKCHIE YaCTOTHBIX XapaKTePUCTUK K HICATBHOMY BHTY
B 3aJIaHHBIX JMAlla30HaX YacTOT. Takke MpPUMEHEHUE CTPYKTYypHO-IAPAMETPUYECKOT0 CHHTE3a
MHOTOTIOJIOCHOH COTJIACYIOIIEH IIeNH, Peali3yeMoro HapaluBaHHEM YepeayFOIIUXCs TOCIIeIOBATEIbHBIX
Y TIapaJlIeIbHBIX BETBEH, MO3BOJISIET OIPAaHUYHUTh 00JIACTh TIOMCKA PAIIMOHAIBHBIX CTPYKTYP.

3akiarouenne

IlpennoxenHass MeETOAMKA CTPYKTYPHO-IAPAMETPUUYECKOTO CHHTE3a MHOTOMOJIOCHBIX
COTJIACYIOIIMX IIeTied Ha OCHOBE BHYTPHUIIOJOCTHOTO KOMIDIEKCHOTO KPHUTEPHUS COOTBETCTBHUS
uacabHOMY (QUIIBTPY B 3aJaHHBIX MOJIOCAX MPOITYCKAHMS U MEXKITOJIOCHOTO YEOBIIIEBCKOTO KPUTSPHS
MO3BOJISICT  peliaTh 33Jadyd  MHOTOIOJIOCHOTO  corjacoBaHus. [IpeacTaBieHHas MeToIMKa
o0ecreynBaeT CHHTE3 MHOTOIOJIOCHBIX COTJIACYIONIMX IIeme Ha OCHOBE KOMIIPOMHCCHOTO
MPHUOJIDKEHUST YaCTOTHBIX XapaKTePUCTUK CHHTE3UPYEMOH IEMM K XapaKTepUCTHKaM HIeallbHOTO
¢unprpa. JlONMOTHHWTENHHO TPHUBEACHHAS METOJUKA CTPYKTYpHO-TIAPaMETPHUYECKOTO CHHTE3a
MHOTOIIOJIOCHBIX YaCTOTHO-M30MPaTENbHBIX ETIei TO3BOISIET YIUTHIBATh MEXKIIOIOCHBIE TPeOOBaHMS
[0 BHOCHMOMY 3aTYXaHHIO CHHTE3WPYEMBIX Iierned. lIpuMeHeHwme CcTpyKTypHO-TapaMeTpHYECKOro
CHUHTE3a MHOTOIMOJOCHBIX COINIACYIOIIUX IENeH, pealu3yeMbIX HapalluBaHUEM YEPEIyOITUXCs
MOCJIEIOBATEABHBIX M MapajuIeIbHBIX BETBEM C PEAKTUBHBIM CONPOTHUBICHUEM, IO3BOJISIET
OTIPEIETISATH X PAIMOHAIBHBIE CTPYKTYPHI.
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CTPYKTYPA U MOP®OJIOI'UA CJIIOEB CrSiz, COOPMHUPOBAHHBIX
MPU BBICTPOM TEPMOOBPABOTKE
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AHHOTanusi. Merogamu  pe3epdOpPHOBCKOTO  OOpPaTHOTO — pacCesiHWsl, PEHTIeHOBCKOW  Anu(pakiiu
W MIPOCBEYMBAIOIICH DJIEKTPOHHOM MHKPOCKOIHMHU IONEPEYHBIX CEYEHHH HCCIeIoBaHO (OpMHpOBaHME CIIOEB
JUCWINIMIA XpOMa Ha IOJUIOKKAaX MOHOKPHCTaJUIMYECKOrO KpeMHMsi n-TMna ¢ opueHranuei (111)
1pu OBICTPOM TEPMHYECKOM OT)KUIE B peXHMMe TeruioBoro Oananca. [IneHkn xpoma tomimuHo# nopsiaka 30 HM
HAHOCWJIM MarHeTPOHHBIM DACHBUICHHEM XPOMOBOW MHIICHM HOHAMH aproHa Ha KPEMHHEBBIC HOJIOKKH
IIpY KOMHaTHOM  TeMneparype. bBpicTpylo  TepMooOpabOTKy IpPOBOAMJIM B  HWHTEpBale TEMIIEPaTyp
or 200 10550°C Bpexnme TemaoBoro OamaHca myTeM OONydeHHsT OOpaTHOW CTOPOHBI HOJIOXKEK
HEKOT'€PEHTHBIM CBETOBBIM IMOTOKOM KBapIIEBBIX TAIOICHHBIX JIAMII B CPeJie a30Ta B TeUeHUE 7 C. Y CTAHOBIICHO,
910 (HOPMHUPOBAHHE TEeKCAroHAILHOUW (ha3pl AucwauIUaa Xpoma ¢ pazmepoMm 3eper 150-300 HM mpoucxoauT
MTOPOTOBEIM 00pa3oM TP TPEBBIIICHUN TeMIlepaTypbl ObicTpoil TepmooOpadotku 400 °C. OmHOBpEeMEHHO
MPOHUCXOIAT CHIIbHBIE HM3MEHECHHUS] I[OBEPXHOCTHOW MOP(OJIOTUH IUICHOK, BO3HHUKAEeT HIEPOXOBATOCTD
MOBEPXHOCTH U TPaHHILl pasjena cuauuua-kpemuuii. [Ipu 3ToM BosHOOOpa3Hass MOP(OIOrHs MOBEPXHOCTH
IUICHKH MPAKTHYECKU MOBTOPSieT MOP(OJIOrHI0 TPAaHHIBI pa3fesia CHIHINAA C KPeMHHEM (TO eCTh SIBJISETCS
TOYHOM peruInKol rpaHunsl pasaena). [IpeanoxeH n obcysknaercss MexaHu3M (OPMHPOBAHUS LIEPOXOBATOCTH
CTPYKTYpPBI TPaHUIIbI pa3ziena JUCHININAA XpoMa C KpEMHHUEM, OCHOBaHHBIH Ha ydere 3ddexra Kupkennana
n 1eOpMallMOHHO-CTUMYJIMpOBaHHOH  nuddy3un BakaHcuil. Pe3ynbratel  uccineloBaHMH — CTPYKTYPBI
1 MOpGOJIOTUM  CJIOEB  JUCWIMLMJIA XpOMa Ha KPEMHHHM XOpOIIO COIJIACYIOTCSl C  pe3ylbTaTaMH
anekTpousnueckux usmepenuit Oapwepa Illorrku. IloxydeHHBIE pe3ynbTaThl MOTYT OBITH HMCIOJIB30BAaHBI
B MHKPORJICKTPOHHKE TPH (HPOPMHUPOBAHHWU BBIIPSIMIBIIOIIAX KOHTAKTOB M METAUTM3aLUK MEKCOEeIMHEHHH
B MHTETPAIbHBIX CXEMaX, & TAKKE C 1[EIIbI0 TEPMOIJICKTPUICCKUX M ONTOIIEKTPOHHBIX IPUMEHECHU .

KiaroueBble ciaoBa: ObicTpas TepMOOOpabOTKa, MHUCWIHMIHI XpoMa, CTPYKTYpHO-(a30BbIE IPEBpAIICHIS
MOPQOJIOTHS TIOBEPXHOCTH.
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Abstract. The formation of chromium disilicide layers on n-type single crystal silicon substrates (111) during
rapid thermal annealing in heat balance mode by the methods of Rutherford backscattering, X-ray diffraction
and transmission electron microscopy of cross sections was investigated. Chromium films of about 30 nm
thickness were deposited by magnetron sputtering of a chromium target with argon ions onto silicon substrates
at room temperature. The rapid thermal treatment was carried out in a temperature range of 200 to 550 °C in a
heat balance mode by irradiating the substrates backside with a non-coherent light flux of quartz halogen lamps
in a nitrogen ambient for 7 s. It was established that hexagonal phase of chromium disilicide formation with
grain size of 150—300 nm occurs in a threshold manner when the temperature of rapid thermal treatment exceeds
400 °C. At the same time, there are strong changes in the films surface morphology and surface roughness, and a
silicide-silicon interface occur. In this case the wavy film surface morphology practically repeats silicide-silicon
interface morphology (the surface exactly replicates the interface). The mechanism of CrSin/Si interface
structure roughness formation based on consideration of Kirkendall effect and deformation-stimulated diffusion
of vacancies is proposed and discussed. The research results of the structure and morphology of CrSis layers on
silicon are well-correlated with the results of the Schottky barrier electrophysical measurements. The results
obtained can be used in microelectronics for forming rectifying contacts and interconnects metallization for
integrated circuits, as well as for thermoelectric and optoelectronic applications.

Keywords: rapid thermal treatment, chromium disilicide, structure and phase transformations, surface
morphology.
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BBenenne

Cununuasl  TEPEeXOJHBIX METAIOB MPEJCTABISIIOT  OCOOBI  MHTEpeC M HayYHBIX
WCCIICJIOBAHNN W TPOMBIINUICHHOTO TPUMEHEHUS] W3-32 HMX MHOTOOOCHIAIONNX JJIEKTPUICCKUX
1 MEXaHUYECKUX CBOMCTB, a TAKKE BBICOKOW TEPMHUECKOW M XUMUICCKOW CTaOMIbHOCTH. biaromapst
HU3KOMY YACTHHOMY COTPOTHBIICHHIO OHU MPUBJICKATEILHBI U1 IPUMEHEHHSI B MUKPOIJICKTPOHHUKE
B KadecTBE OMMYECKHX KOHTAaKTOB, OappepoB IIOTTKM © MeTalnM3alud MeEXCOEIUHEHUI
B MHTETpallbHBIX  cxemMax [1,2]. BeckMa  TEpPCHEKTUBHBIMH  JUIS  TEPMODJIEKTPHICCKUX
Y ONITO3JICKTPOHHBIX TPUMEHEHHI SBISIFOTCS TMOTYIMPOBOJAHUKOBBIE CHIMIUABL. Cpen HHUX HYKHO
0Cc000 BBIJICIUTh CHJIMIUABI TYTOIUIABKUX METAUIOB, M B 4YacTHOCTH CrSix. Jucwimmummm xpoma
SIBIISIETCS] BRIPOXKIEHHBIM TIOIYIIPOBOJIHUKOM p-THTIA TPOBOAUMOCTH C IIUPHUHOM 3aIlperieHHON 30HbI
0,355B wu TemmepaTypHO-CTaOMIBHBIMU ~ XapakTepuctukamu [1,3,4]. bnarogaps Bbicokoit
TEPMODJICKTPUUECKOH  MOIIHOCTH  JUCHIMLOUAA XpOMa, OCOOBIi HHTEpeC MpPEACTaBISAIOT
rerepocTpykTypbl CrSin/Si [5, 6]. IIpu 3ToM, Kak MpaBUIIO, IPEANIOYTECHHE BbI3BIBAIOT IETEPOCTPYKTYPHI
AMUTAKCHAIILHOTO Ka4deCTBa, BBIPAIICHHBIC HA IMOBEPXHOCTH KpeMmHHs opueHTanuu (111), mockombKy
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rekcaroHansHast Tpanb (001)-CrSi; wmmeer xopoluee COBNAJCHHE pEHIETKH (HECOOTBETCTBHUE
mpumepHo 0,13 %) ¢ tpuronameHoit Tpansto (111)-Si  [7]. VYnmenpHOe compoTHBIEHHE
Y TePMODJIEKTprIecKasi MOIHOCTL CrSiz IEMOHCTPUPYIOT CHIIBLHYIO OPHCHTAIIMOHHYIO 3aBUCHMOCTS [4],
MO3TOMY HCCIICJIOBaHUE MOP(OJIOTUN TOHKUX IUICHOK CrSip, BBIPAICHHBIX HA Si, TPEJCTABIACTCS
BECbMa BAXXKHBIM KaK C HAayYHOW, TaK M C MPAaKTUYECKOW TOUKH 3peHus. OcoOeHHO 3TO KacaeTcs
OapbepHBIX CTPYKTYp (OappepoB IIIOTTKHM), XapaKTEPUCTHKHA KOTOPBHIX MOTYT CHJIBLHO 3aBHCEThH
OT IIepoxoBaTocTH rpaHuilbl pazmena CrSiy/Si, a Takke OT HaIWYMs TPOTSHKEHHBIX JCPEKTOB
CTPYKTYPHI (IHMCIIOKAIWiA, MUKPOJBOMHHUKOB, Je(heKTOB YMakoBku). Kak TOKa3bIBaeT aHalu3
JIUTEPATYPHBIX JaHHBIX, IpU (GopMmupoBaHuU reTepocTpyKTyp CrSiz/Si BO3MOXKHO BO3HMKHOBEHHE
OCTPOBKOB Y HECIIOUIHOCTEH CHIMIUIAHOTO CIIOS, TOSIBIEHWE KPHUCTAUIUTOB  Pa3WYHBIX
OpUCHTAINNM, TEHEpalusl JUCIOKAIMOHHBIX CETOK HECOOTBETCTBUSI M JBOMHWUKOB, BO3SHHKHOBCHHE
Mexda3aeix goMeHoB [7, 8]. Hacrosmas paboTa MOCBSIIEHA YCTAHOBIECHUIO OCOOCHHOCTEH
M3MEHEHUS  CTPYKTypel u  Mopdomorun cimoeB  CrSi;, TOMydaeMbIX Ha  IOJIOKKAX
MOHOKPHUCTAIUTHYECKOTO KpeMHUS n-Ttutma (111) mpu ObICTPOM TEPMUYECKOM OTHKUTE.

Metoauka MPOBEACHUSA IKCIICEPUMEHTA

Hns wuccnenoBanuii cTpykTypel ¥ Mopdomormu mieHoK Cr HCIONB30Baly  TUIACTHHBI
MoHOkpucTtauimueckoro  kpemuus  (IIMK)  wmapxkm  KIABb 10 (111) pmmamerpom 100 mm
co cOpMUPOBAaHHBIM Ha paboueil TOBEPXHOCTH SIUTAKCHAIBHBIM CIIOEM, JIETUPOBaHHBIM (hochopom
KpeMHHsI TonmuHOW 5,3-5,8 MkM ¢ ynempHBIM comnpotuBiieHneM 0,58—0,63 Owmxcm. I[lmenku Cr
tommuHOK Topsinka 30 HM Hanocwianm Ha yctaHoBke SNT «Sigma» ¢ 06e3MacisHON OTKadKoit
MarHeTpoOHHBIM PAaCIBUIEHUEM XPOMOBOM MUIIEHHM 4HucTOTOH 99,5 % B cpene aproHa 4ucTOTOM
99,993 % npu maenennu 0,5 Ila. J{nddy3MOHHBIN CHHTE3 CHITMIHIA TIPOBOIWIN B Kamepe OBICTpO
Tepmudeckoit 00padotku (bTO) nMITynbcamu cBeTa CEKYHIHOU JIUTEIHLHOCTH B PEKUME TSIUIOBOTO
Oananca (3a BpeMsi TepMOOOPaOOTKH TEIJIOBOM (PPOHT AOCTUTAET HEOOIydaeMol CTOPOHBI oOpasua
1 00ecIeunBaeTCsl BEIPABHUBAHUE TEMIIEPATYPHOTO MPOQHIIS MO TONIIUHE IMOATI0XKKH) Ha YCTaHOBKE
Jipelec JetFirst 100. Ilepen marpeBoM Kamepa IBYKpPAaTHO BaKyyMHpPOBAIach C MPOMEKYTOUHBIM
U QUHAIBHBIM HAmycKOM a3oTa 4ucToToi 99,995 %. BTO mnpoBoamnu oOdydeHHEM MOIIOXKEK
c OOpaTHOM CTOPOHBI HEKOTEPEHTHBHIM CBETOBBIM IIOTOKOM KBapLEBBIX TaJIOTEHHBIX JIAMII
HakaiuBaHUA B TedeHue 7 ¢ mpu Ttemmeparype ot 200 mo 550 °C. KoHTpoas Temmeparypsl padodeit
CTOPOHBI TTOJIOKKH OCYIIECTBIISUIA TEPMOIIapoii ¢ TouHOCTRI0 0,5 °C.

CrpykTypy U (a3oBbIli COCTaB HCCIENOBAIM METOJAMH NPOCBEUMBAIOIICH SIEKTPOHHOM
Mukpockonuu (ITOM) ¢ momorisio 3aeKTpoHHOro Mukpockomna Hitachi H-800 mpu yckopsroiiem
Hamnpspkenun 200 kB ¢ mpuMeHeHHEeM TOHHOMETPHUIECKOTO ycTpoicTBa. OCOOEHHOCTH CTPYKTYpPHO-
(ha30BBIX COCTOSIHUHT MHOTOCIIOMHBIX CTPYKTYP HCCIIEIOBAIN CTaHAAPTHHIMU METOJAMHU IONYYCHUS
Y aHam3a  JUQPAKIMOHHOTO KOHTpacTa B  COYCTAHWM C  JaHHBIMH  MHKPOAUDPAKIUU.
Jst TIDM-uccnenoBanuii o0pas3iel MpenapupoBaINCh B Buae momnepeuHbix (X-IIOM) ceueHuid.
Nzrorornenne o6pasuos mis X-II9M mpoBoaUIoCh B MOCIEIOBATEILHOCTH, BKIIOUYAIOIICH CKICHKY
MakeToB 00pa3loB, MEXaHUIECKYI0 IUTH(OBKY U (prHATBFHOE ABYCTOPOHHEE MOJIHUPYIOLIEe TPABICHUE
noHamu Ar+ ¢ sHepruei 4 k3B, norabM TokoM 0,05 MA Tipu yTITe aAeHUs ITyYKa Ha IIOBEPXHOCTH 5°.

Xumudeckre mpoduiar aToMOB (COCTaB) M TONIIMHY clioeB B cTpykrypax Cr/Si um CrSin/Si
U3MEpPSUIM € TOMOIIBI0 MeTona pesepdopaoBckoro obpatHoro paccesHus (POP) monoB Het
c sHeprueit 1,2 MaB. OO6pasiusl QukcrpoBaIMCh Ha KacceTe-AepikaTelie, YKPEeIUIeHHOH Ha 2-0CEBOM
TOHHOMETpE, TO3BOJISIONIEM OPHEHTHUPOBAaTh 00pas3lpl MO OTHOIICHHIO K MAaJarolieMy Iy4IKy
¢ TouHocTbio Jyumie 0,02°. Peructpammst yacTui, paccessHHbIX moj yriiom 170° ocyiecTsisiach
KPEMHHEBBIM TIOBEPXHOCTHO-0apbepHBIM JeTeKTOpoM. /naMeTp aHaIM3UPYIOUIETO MyYKa COCTABIISLI
0,7-1,0 MM, Tok myuka — 5-20 HA, oOmas 103a HOHOB IIPH CHATHH OAHOTrO criektpa — 5—100 MK,
Paspemraromas crmocoOHOCTE BCETO PErUCTPUPYIONIETO TpakTa cocTapisiia 11-14 kaB. MccnenoBanms
POP nmpoBoamnm ¢  HCIONB30BAaHUEM  SIACPHO-(QH3MYECKOTO  KOMIUIEKCa Ha  OCHOBE
3JIeKTpocTaTHUecKoro yckopurens noHoB AN-2500 ¢upmer High Voltage. [Ipu mpeobpaszoBaHuu
IIKaJBl DHEPTUW B INMKaNXy TAyOWH, IJIS TOJTHOW 0OpabOTKH 3KCIEPHUMEHTAIBHBIX CrekTpoB POP,
a TaKkkKe Uil CPaBHEHUS C TEOPETHUECKH MOJEIUPOBAHHBIMU CIIEKTPaMH HMCIOJIB30BAICA MaKeT
pacuetHbIx nporpaMmMm HEADG.
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UccnenoBanus ¢azoBoro cocraBa crpykTyp CrSip/Si mpoBoaunu Ha IudpakToMeTpe
ULTIMA 1V ¢upmbl Rigaku ¢ wHcronb30BaHHEM I'€OMETPHH IMAPaJICILHOTO IIy4Ka METOI0M
perTreHodaszoBoro ananmmsa B MeaHoM (CuKa) manydennn ¢ mmHO# BonHb 0,154179 HM. Chemka
o0pa3IoB Bellach Kak B TeoMeTpun bpoarra — bpeHTaHo, Tak W THpH MalbIX yIjiax MaJeHAS
PEHTIeHOBCKOTO Iyuka. s mcciemoBanus (a3oBOro cOCTaBa MOKPHITUH 0oOpasern pa3Mmemancs: Ha
CTOJIKE MPUCTABKH ISl TOHKUX TUIeHOK. [IpeaBapuTeasHO Mpon3BoaMIachk aBTOMAaTHIECKasi HACTPOMKa
BBICOTHI 00pa3ma. CheMka 00pa3IioB MPOBOIWIACE B AuarazoHe yrioB 20=10—-120°, ¢ marom 0,05° u
CKOPOCTBIO JIBHKECHHS JeTeKTopa 2°/MuH B reomeTpun bparra — bpenrano. Onpenenenue ¢azoBoro
coCTaBa MPOBOAMIIOCH C TOMOLIBIO IporpaMmHoro obecnieueHust PDXL-2 (¢pupmsr Rigaku).

Pe3yabTaThl U HX 00CY:KIEHHNE

Kaxk cnenyet 3 ganasix POP (puc. 1), TommuHa IIIEHKH XpOMa ITOCJIE€ OCAKICHUS COCTABIISICT
okoino 27HM u octaercs HemsMeHHod mocie BTO Bmiote go Temmepatypel 350 °C. Opnako
yBenmuerne Temmeparypsl bTO mo 400 °C u BpIlie TPUBOIUT K CYIICCTBEHHOMY YITUPCHHUIO ITHKA
HOHOB, OOpaTHO-pacCesIHHBIX Ha aroMax xpoma (oOmacte kaHajgoB 240-280), W MOSBICHUIO
CTyneHbkH B obnactu kaHanoB 180-210 (paccesHue Ha atomax KpemHus1). Takas TpaHcopmarus
cnektpoB POP cBuzperenscTByeT O (OPMHPOBAaHMHM CIIOS C KOMIO3MIHOHHBIM cocTaBoM CrSip.
Cwmemenne mepeaHero (poHTa KpeMHUEBOTO MMKa oT 195 k 205 xaHamy o3HadYaeT, YTO ITHUCHITHITH
XpoMa BBIXOJUT MOYTH HA TOBEPXHOCTb, 338 HCKIIOYEHHEM TOHKOIO OKCHIHOTO CJIOA, O YeM
CBUJICTENILCTBYET HEOOJBIION MUK B obnactu kananoB 115-130 (paccesnue noHoB He' nHa atomax
kuciopona). Takum o6pazom, BTO mpu temnepatype Bbitie 400 °C npuBOAMT K TpaHCHOpMAIUH
ucxoaHor mieHku Cr B ¢azy cocraBa CrSiy, mpu 3TOM HMMEETCS HE3HayuTeabHOe okuciacHue Cr
Ha MOBEPXHOCTH.
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Puc. 1. Cuekrpsr POP ot 00pa3uos Cr/Si mocne ocaxaenus Cr u BTO
Fig. 1. RBS spectra from Cr/Si samples after Cr deposition and RTP

TunuuHbie PEeHTICHOTPaMMBI 00pPa3IoB KpeMHHS C MCXonHOW IuieHkod Cr, a Takke Mmocie
BTO npu temneparypax 300 u 400°C npuBemeHsl Ha puc. 2,a,c¢ U B Tabm. 1. YcraHoBIeHO,
YTO UCXOJHBIN 00pa3el] MOAJIOKKHA KPEMHUs TOCIie HAHECCHUS TUICHKU XpoMa MPEJCTaBISET COOOM
(azy Cr ¢ KyOn4geckoi pemeTKol U mapamMeTpoM pemeTku, paBHeIM 0,2872 HM (Tabn. 1, puc. 2, a).
BricTpast Tepmuueckas oOpabotka mpu temmepatypax 300 u 350 °C He HPHBOIUT K H3MCHECHHUIO
¢dazoBoro cocraBa oOpaslia TOIJIOXKKH KPEMHHs C IUICHKOW XpoMa. Bmecre ¢ TeM MpouCXOIUT
HE3HAYUTeIbHOS yMeHbleHne napamerpa pemetku Cr ¢ 0,2872 mo 0,2854 HM, YTO MOXET OBITH
CBSI3aHO C TSPMHUUYECKUM YIJIOTHEHUEM IUICHKH, KOTOPOE O0YCIOBICHO OTIKUTOM TOYCUHBIX JIe(DEKTOB
BHYTPH 3€peH NOJMKpucTaindeckoro Cr M COOTBETCTBYIONIEH PEKOHCTPYKIHEH MeK3epeHHBIX
rpaHun. Bmecte ¢ TeM He OOHApPYKCHO NMPHU3HAKOB IMOSIBICHHUS ITMKOB PEHTTCHOBCKOW TU(PPAKIUU OT
CIUIAITAAOB XpoMa HH B UCXOAHBIX ciosix Cr, HU B ogHOM m3 ToarmoporoBeix (7' <400 °C) pexumoB
BTO. Bemomuenne BTO mnpu mocienoporosoit temreparype (7> 400 °C) mpuBoAWT K TOJHOM
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Tpancpopmaunu 1wieHkd Cr B omHodaszHyto mieHKy CrSiz. (tabn. 1.) mpocTpaHCTBEHHOH TpYIIIBI
P6,22 ¢ TeKkcaroHanbHOM cTpyKTypoii C40 ¢ TTOCTOSHHBIME pemeTkn a = 4,428 uc = 6,369 A [1, 3].
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Puc. 2. Pentrenorpammsl ctpyktypbl Cr/Si mocne ocaxnenus Cr u BTO: a — mocie ocaxxnenus Cr;
b —nocne BTO npu 300 °C; ¢ — mocie BTO mpu 400 °C
Fig. 2. X-rays diffraction spectra of Ct/Si structure after Cr deposition and RTP: a — after Cr deposition;
b — after RTP at 300 °C; ¢ — after RTP at 400 °C

Tadauma 1. ®azoBeIii cocTaB 00pasnos ¢ ieHkoi Cr nmocie ocaxnenus 1 bTO
Table 1. Phase composition of samples with Cr film after deposition and RTP

Temneparypa BTO, °C ®a30BbIil cocTaB [Tapametp pemerku, HM
RTP temperature, °C Phase composition Lattice parameter, nm
Be3 repmMooOpaboTku Cr 0,2872

300 Cr 0,2869
350 Cr 0,2854
400 CrSip a =0,4405
550 CrSip c=0,6279

Pe3ynbTaThl peHTTCHOCTPYKTYPHBIX HCCIACIOBAHUI XOPOIIO KOPPEIUPYIOT W JOMOTHSIOTCS
JAHHBIMU TMPOCBEUYMBAIOICH SIEKTPOHHON Au(ppakiuuu. B 9acTHOCTH, KapTHHBI MHKPOAU(DPAKIIHH
(3mech He MOKa3aHbl) OOHAPYKHMBAIOT JIOKAJIbHBIC YCHJICHHS MHTEHCHBHOCTH Ha JU(DPAKIIHOHHBIX
KOJIBIIaX, YTO TOBOPUT O TeKCTypupoBaHuu 3epeH CrSix MOAT0KKON KPEMHHS, YTO, B CBOIO OYEPE/Ib,
CBS3aHO C OIHUTAKCHAILHBIM  YIOPSIOYMBAHUEM OTACIBHBIX 3epeH. I3 aHanmm3a KapTHH
MHKPOIH(PPAKIMH YCTAHOBJICHO, YTO HAPSTy C 3ePHAMH CBOOOHOM OPUEHTAIMH B CIIOSIX CHIAIHAA XpOMa
nMeeT MecTo (opmupoBaHue KpuctaminToB opueHTanuu A: (CrSix(001) <210> || Si (111) <110>)
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u opuentauuu B: (CrSi2(001)<110> || Si (111) <110>), yTo XOpOI1I0 KOPPETUPYET C JAHHBIMU APYTHX
aBTOpoB [1, 8].

X-IIOM-ananu3 mokaszai, 4ro ucxonausie mieHku Cr (puc. 3, ) TommuHOW okoyno 30 HM
UMEIOT MOJUKPUCTAIUINIECKYIO CTPYKTYypy € pasmepoM 3epeH 10-15 M. BTO mpu temneparypax
BIioTh 110 350 °C (puc. 3, b) He MPUBOIUT K BUIUMBIM M3MEHEHHUSM TOJIIMHBI TUIGHKH W pa3Mepa
3epeH. [Tnenku Cr ocTaroTcs OJHOPOIHBIMHU IO TOJIIMHE M IUIOCKUMH, 0€3 NMPU3HAKOB 3aMETHOU
LIEPOXOBAaTOCTH KaK Ha MOBEPXHOCTHU, TaK M Ha rpanune paszzaena Cr/Si. YBenndueHue TeMnepaTypsl
BTO nmo 400 °C BbI3bIBaeT CyLIECTBEHHBIE HW3MEHEHHS MHUKPOCTPYKTYPHI U MOP(OJIOTHH IUIEHOK
(puc. 3,¢), mpu s1oM dopmupyercs cnoii CrSi» TommmHOW okono 70 HM, pa3Mepbl 3epeH
yBenmuuuBarotest 10 200—500 M. Kak cnenctre pocta 3epeH MOXKHO ObUIO ObI 0KUIATh U U3MEHEHUS
MOBEPXHOCTHOH MOP(QOIOrUM IUICHOK 3a CYET pa3BUTHsA HAHOUIEPOXOBATOCTH TpaHHULBI paziena
CrSi,/Si, 00yCIOBICHHOW pa3IMUMsIMA CKOPOCTEH pOCTa Pa3IMYHBIX 3€PEH, a TAKKE BBI3PEBaHUECM
3epeH o MexanmsMmy OctBanbaa [9]. 9To 0OBIYHO MPHUBOJUT K YBEIMYCHHIO OBICTPOPACTYIINX 3epeH
U UX NPOHMKHOBEHHUIO INIy0)Ke B MOJUIOKKY 32 CUET COCEIHUX MEIJICHHOPACTYLIMX 3epeH. B Takmx
CiIydasix TONIIMHA IUICHKH HEOAWHAKOBAa BAOJb TOBEPXHOCTH, a MOP(OJIOTHH TOBEPXHOCTH H
rpanwuibl paznena CrSin/Si He sBistorcs perutukamu [9, 10].

B paccmarpuBaeMoM ciyyae BO3HUKAaeT HHas curyauus (puc.3 c,d): TonmmuHa CJos
cumanuaa, chopmuposanHoro bTO mpu temmneparype 400—550 °C, oka3bIBaeTCs OJJUHAKOBOW BOJb
MOBEPXHOCTH BCEH IUIACTHHBI, a BOIHOOOpa3Hasi MOP(OIOrHs MOBEPXHOCTH IMPAKTUYECKH ITTOBTOPSIET
MOP(OIIOTHIO TPAHHIIBI Pa3/ielia CHITHIUA-KPEMHHH (T. €. ABJISCTCS TOYHOI PETUIMKOM IPaHMITBI pa3ziena).

50 Hm

Puc. 3. Ceernononsueie [I9M mukpodotorpaduu ctpykryp Cr/Si: a — mocne ocaxxaenus; b — mocie bTO
pu 350 °C; ¢ — mocne BTO npu 400 °C; d — mocne BTO npu 450 °C
Fig. 3. Light-field TEM pictures of Cr/Si structures: a — after deposition; b — after RTP at 350 °C;
c — after RTP at 400 °C; d — after RTP at 450 °C
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[Ipenmonaraercs ciemyrommas Moaeb st 00bsicHeHUs faHHOTO 3¢ dekra (puc. 4). M3BecTHO,
yto npu GopmupoBaHun CrSi; OCHOBHBIM TU((Y3HOHHBIM KOMIIOHCHTOM SIBJIS€TCS KpeMHH# [1].
To ects muddysus atomoB Si uepe3 pactymuii cioii CrSi; Ha HECKOJIBKO IOPSAIAKOB BEIIMYMHBI
npesbimaet Auddysuro aromos Cr. [TosTomy Si aBnsieTCS OCHOBHBIM TU(GPY3MOHHBIM KOMIIOHEHTOM.
B cootBerctBUM ¢ »ddexTom KupkeHgama Ha CTOPOHE KPEMHHSI TPOHCXOAUT TeHEpaIys
HEPaBHOBECHBIX BAaKaHCHH. YXOIS W3 TOIJIOKKH B CTOPOHY MOBEPXHOCTH, aTOMBI Si IPOU3BOIAT
BaKaHCHH, KOTOpBIE, B CIy4ae KPEMHHsI, HE MOTYT OBITh YTHUIM3UPOBAHbI, TOCKOJIBKY MPOTSKEHHBIE
neeKTbl CTPYKTYpPBl HMEIOT MexAoy3enbHylo npupoxay [11]. Pactymmii cmoit CrSi; mexnmy
MOJUIOKKOHM ¥ TOBEPXHOCTBIO ci10si Cr PUBOJUT K TOSBICHUIO YIPYTUX Je()OPMAIMOHHBIX TIOJICH,
KOTOpBIE PaCIpPOCTPAHSIOTCS, B TOM YHCIE, U B MOUIOKKY KpeMHHA. Tak Kak pasMep MOUIOKKH
BJOJb MMOBEPXHOCTH MOXKHO CUHUTATh OCCKOHEYHBIM 0 CPaBHEHHUIO C MEXAaTOMHBIM PACCTOSHHEM,
TO YaCTHYHAS pelaKkcanus ynpyrux nedopmaruii mMpuBOAUT K MEPHOIUICCKOMY (BOIHOOOPA3ZHOMY)
pacnpezneneHuo o0nacTe CKaTHs W PACTHKEHUS BIOJb TPAHUIBl pasfeNia CHINIHI-KPEMHUIR
CrSi»/Si. Kak m B cmywae rerepoctpykryp Si/SiGe [12,13], obmactu cxatusi SBISIOTCA
NPUTATATeNBHBIME 711 BAaKAHCHH, MOCKOJIBKY OHH CHOCOOCTBYIOT YaCTHYHOW peJlakcaluy yIpyrux
HanpspkeHuil. COOTBETCTBEHHO, OTO SIBISIETCS JBIXKYIIEH CHIOH W BbI3bIBacT aud(dy3noHHOE
nepepacnpeaeicHue BakaHCUi BAOIb rpaHunbl pazaena CrSio/Si k obnactsam cxatust. [Ipuxon ogHoit
BaKaHCHM K TpaHHLE pasfena B 00JacTH CKaTWs O3HA4YaeT yHaJeHHE OJHOTO Y3€JNbHOTO aToMa
KpEMHUSI W, CIIEZ0OBATENbHO, NMPHUBOJUT K IEPEMEIICHUIO TPAaHUIBI pa3feia Ha OJHY aTOMHYIO
MO3HIIMIO BHYTPh KpUcTamia. [IpuTok OOJBIIOro KOJIHYecTBAa BaKaHCHH MPUBOJHUT K MEPEMEIICHHUIO
TpaHMLBl paslefia Ha 3HAYMTEIbHOE paccTosiHue. B pesynbrare (opMmupyercss BOIHOOOpaszHas
rpanuna pasaena CrSiy/Si ¢ mpakTHYECKH TOCTOSHHOM TouHo# ciost CrSiz (puc. 4).

«— QOP
pe ¥ =% ; oc
Si substrate

Puc. 4. O6pa3zoBanne Makpo-tepoxoBaToil TpaHuipl pazaena CrSiy/Si npu BTO:
Si, V, I — nanpasnenust 1udpQy3un aTOMOB KPEMHUS, BAKAHCUI ¥ COOCTBEHHBIX MEXKI0Y3€IbHBIX
aTOMOB KpeMHus cooTBeTcTBeHHO; OC — 06nacth cxxatus, OP — obnacts pactsokeHus
Fig. 4. Creation of macro-rough CrSi»/Si interface during RTP: Si, V, I — diffusion directions of silicon atoms,
vacancies and own interstitial silicon atoms respectively; OC — the compression area;
OP — the stretching area

Heo0xomumo oTMeTHTh, 4TO MOpGOJOTHsS TpaHULbl pasfefia CHIHLUA-KPEMHUH MOXET
OKa3blBaTh CYIIECTBCHHOE BIMSHHE HAa TIPOTEKaHWE DJCKTPHUECKOTO TOKa, a 3HAYuT,
W Ha XapaKTePUCTHUKH COOTBETCTBYIOmNX npubopoB (mmogos Illortkm, MK-gerexkropoB u ap.).
OcTpble BBICTYIIBI, HEOAHOPOIHOCTH COCTaBa, TUCIOKALUK, Ae(EeKThl YIIAaKOBKH Ha IpaHMLE pa3jaeia
CHJTUIH-KPEMHUN MPUBOMAT K KOHIIEHTPAIIMHU DIICKTPUYECKOTO TIOJS ¥ BBI3BIBAIOT POCT OOPaTHBIX
TokoB. [loaroMy  IIaBHasi  BOJIHOOOpa3Has  TpaHWIa  pas3jiela  BBITOJAHO  OTIIHYACTCS
OT HaHOILIEPOXOBATOH, MOIy4YaeMON NPU PaBHOBECHBIX, OoJice BBICOKOTEMIICPATYPHBIX pexuMax [9,
10]. HMccnenoBanus BOJBT-aMIIEPHBIX XapakTepucTUK OapbepoB LloTTku, mpoBeneHHble B padoTe
[14], moaTBep)kmaroT HNaHHBIM BBEIBOA. Tak, pocT BBICOTHI Oapeepa mpm Temmeparypax bTO
ot 400 10 550 °C no Benmmuunbl mopsaka 0,615 B u ynyumenue kodduipeHTa HenaeaabHOCTH
710 BEJIMUMHBI mopsiaka 1,1 cBuaerenscTByeT Kak o popmupoBanuu (asel CrSiz, Tak ¥ 00 yIydLIeHUH
coctostHust TpaHuibl pasiaena CrSin/Si U CHHKCHMHM Ha HEH IUIOTHOCTH Ie(EKTOB, YTO BO3MOXKHO
TOJILKO MPH HAJTMYWH TJIAJKON TPaHUIIbl pa3jiena.
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3aKkiIroueHue

Takum o0Opa3oM, B paboTe HCCIICAOBaHbI OCOOCHHOCTH (POPMHUPOBAHMS CJIOEB IUCHIIHIIMIA
xpoma Ha mractuHax (111)-Si npu ObICTPOM TEPMHUECKOM OTIKUTE B PEKHMME TEILUIOBOrO OaljiaHca.
C nomouipto mMetoqoB POP u peHTreHOBCKoW audpakuuu yCTaHOBICHO, YTO (OPMHUPOBAHHE
reKcaroHaJbHOH (ha3sl ACHWIIHIIAA XpoMa ¢ pasMepoM 3epeH 150—300 HM MPOUCXOAUT HOPOTOBBIM
obpazoM mpu npebiieHnH Temnepatypbl 400 °C. OqHOBPEMEHHO UMEIOT MECTO CHIIBHBIC U3MECHECHISI
MOBEPXHOCTHON MOP(OJIOTHU MJICHOK: BOSHUKACT HIEPOXOBATOCTh MOBEPXHOCTH M TPaHMIBI pazjerna
CHJIMLMI-KPEMHUH, TIPH 3TOM BOJHOOOpa3zHask MOP(OJOTHs MOBEPXHOCTH MPAKTUYECKH MOBTOPSET
Mop(ororHI0 TpaHUIBl pa3lena CHIHLIUA-KPEeMHHUH (T. €. SBIAETCS TOYHOH PEIUTMKONW TpPaHHIIBI
pasznmena). llpemnoxkeH m o0OCyXImaeTcs MeXaHu3M (HOPMHPOBAHUSA IIIEPOXOBATOCTH CTPYKTYPHI
CrSi2/Si, ocHoBanHbIi Ha yuere d¢¢ekra Kupkenmana u aedopMarroOHHO-CTUMYIUPOBAHHON
mud¢ysun BakaHcwid. [lomydeHHBIE pe3ynbTaThl MOTYT OBITH HCIOJB30BAaHBI B MHUKPOIJIEKTPOHUKE
pu GOPMUPOBAHUH BHIPSMIIAIOMINX KOHTAKTOB M METAJUTM3AINN MEXCOSTUHEHNH B UHTETPAIHHBIX
cXeMax, a TaKKe C [EJIbI0 TEPMOAJIEKTPUUECKUX M ONTOIEKTPOHHBIX TPUMEHEHHH.
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AnHoTanusi. B Hacrosmmee Bpems cdepa NMpUMEHEHHWH MOIIHOTO YIbTPa3ByKa WHTCHCHBHO PaCIIHPSIETCS,
MPOJOJDKACTCS COBEPUICHCTBOBAHUE OOOPYAOBAHMS M TEXHOJOTHMYCCKHX IIPOLECCOB. IIpuM 3TOM KIFOYEBBIM
(hakTOpOM BO3JCHCTBHS yIbTPA3BYKOBBIX KOJICOAHUI Ha MPOIECCHl B JKUAKOCTIX M KHUIKOOOPA3HBIX cperax
SIBIISIETCS] KABUTALIUS — SIBJICHUE 00pa30BaHWs, MyIbCAIIMN U 3aXJIOTBIBAHNS MUKPOITY3BIPEKOB Ta3a Mo IeHCTBHEM
nepeMeHHoro naBieHus. lllnpokoe BHeApEHWE MEPCIEKTHBHBIX YIBTPa3BYKOBBIX TEXHOIOTHH B 3HAYNTEIHHOM
Mepe CIEpXKHBAETCS TEM, UYTO 3aKOHOMEPHOCTH TEHEPHPOBAaHUS KaBHTAIlMM W3Y4YCHBl HEIOCTATOYHO,
a M3BECTHBIC B JIMUTEpaType NaHHBIE NPOTHBOPEYUBHI M XapaKTEPHU3YIOTCS HHU3KOW BOCIPOM3BOANMOCTBHIO.
B nmanHoif paboTe MpUBOANTCS ONMHCaHWE WHHOBAIMOHHOTO METO/a MCCIEOBaHUS yIBTPA3BYKOBOH KaBUTAIINH.
C mespio NOBBIMICHHUS BOCIIPOM3BOIUMOCTH PE3yIIBTATOB U JOCTOBEPHOCTH BBIBOJIOB O KOPPEIALIUH Pa3THIHBIX
KaBHUTAIIMOHHBIX 3()()EKTOB MPEATIOKECHO PErUCTPUPOBATH OJHOBPEMECHHO IapaMEeTpPhl, XapaKTePHU3YIOIIHE dTH
a¢ ek, Pa3pabotana u anpoOHpoBaHA YCTAaHOBKA, MpEAHA3HAYCHHAS U PEajH3aldd JaHHOI'O METOJa.
YcraHoBKa 00OecrieyMBaeT BO3MOXKHOCTh  PETUCTPAIIMM  IOJIHOTO  BBIXOJHOTO CHTHajla THAPOQOHA,
WHTCHCUBHOCTH CBCYCHUS, TCHEPUPYEMOIrO B KAaBUTAIMOHHOW OOJIACTH — 3BYKOJFOMHHECIICHIIUH, CIIEKTpa
KaBUTALIUOHHOTO IIyMa M OTHEJIbHBIX €ro COCTABJSIOMIMX. TEeXHUUECKHE XapaKTEePUCTUKU YCTAaHOBKH
MO3BOJISIFOT PETYJIUPOBATH CKOPOCTh Pa3BUTHUS KABUTAIMOHHOW OOJIACTH MYTEM BapbHUPOBAHUS JIMTCILHOCTU U
Meprosia CICIOBAHMS HWMITYJIbCOB  VABTpa3Byka MW MPOBOOWTh W3MepeHWs B Hu3kodacToTHRIX (HY),
BbicokoyacTOTHRIX (BY) m B3ammopeictBytommux BY m HY ymbTpa3BykoBhIX moysix. B Xoze wmcmbITaHUA
YCTaHOBKH IIOJIYUEHBI PE3YNbTATHl, NPEICTABIIAIONINE 3HAYUTEIBHBIA HMHTEPEC C TOUKH 3PEHHUS YTOYHEHUS
MIPEICTAaBICHAN O MEXaHU3Me TeHEPHUPOBAHHS KaBUTAIIMOHHBIX 3((EKTOB. Y CTaHOBICHO, UTO MPeaBapUTEIIEHASL
00paboTKa KHUIKOCTH B YJIBTPa3BYKOBOM TIOJIE C IEJIbIO €€ Jerasaluu B TedeHue 15-20 MuH oOecrieuyuBacT
3HAYHUTEILHOEC TOBBIIICHUEC BOCIPOU3BOAMMOCTH HM3MEPEHHMA, OCOOCHHO JUIS IKHIKOCTEH C BBICOKUM
razocojepkanueM. Ha ocHoBaHMM cOMOCTaBlIEHUS! PE3yJbTATOB CUHXPOHHOM pErucTpaluy CUTHAJIOB JaT4HhKa
KaBUTAIlMM ¥ (POTOYMHOXXUTENS TOKa3aHO, YTO KAaBHTAIIMOHHAs OO0JACTh IOCIC BKJIIOUYCHHS YIbTPa3ByKa
MPOXOIUT  YEThIpe CTaguu  pPAa3BUTHUS, pa3IUyaroniviecss JAUHAMUKOW HM3MEHEHHS  HHTEHCHUBHOCTH
3BYKOJIIOMUHECUEHIIMM U COCTAaBOM PETMCTPUPYEMBIX IMPH ITOM CHEKTPOB KaBUTAUMOHHOTrO Inyma. Crenan
BBIBOJ, O BO3MOXHOCTH WICHTU(GUKAIMKA CTaJdd pa3BUTUS KABUTALMOHHOW 00JacTH MO CIHEKTpam
KaBUTAIIMOHHOTO IITyMa.

KaroueBble ci10Ba: yibTpa3ByK, KABUTALIUS, 3BYKOJIFOMUHECLCHIHS, KABUTAL[HOHHBIN 1IYM.
KoH}aukT HHTEepecoB. ABTOPHI 3asIBJIIOT 00 OTCYTCTBUH KOH(IIUKTA HHTEPECOB.

BaaronapHoctu. B crathe mpeacTaBiIeHB! PEe3yNbTAThI, HOMYYCHHBIE B XO/€ BBINOJIHEHHS Pa0OOT MO MPOEKTY
«PazpaboTath M M3rOTOBUTH YJbTPa3ByKOBOW KaBuTanmoHHBIH Komiuieke (Y3KK)» mnoxnporpammsr
«YHuKaiapHOE HayyHoe obopyznoBanue» [ HTII «Dtanonsl n Hay4HbIe TPHOOPHI».

s nurupoBanusi. KoryxoB A.B., I'aBpumox B.C., Munuyk B.C., lexxynos H.B. KomOunmpoBaHHBIH
METOJI UCCIIeIOBaHMs aKycTuiaeckor kaputanuu. Jloknaaer BI'YUP. 2020; 18(4): 80-88.
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Abstract. At present, the field of applications of powerful ultrasound is expanding intensively,
and the improvement of equipment and technological processes continues. With that, the key factor in the effect
of ultrasonic vibrations on processes in liquids and liquid-like media is cavitation, i.e. the phenomenon
of formation, pulsation and collapse of gas microbubbles under the influence of variable pressure.
The widespread introduction of promising ultrasound technologies is largely constrained by the fact that
the patterns of cavitation generation are not well understood, and the data known in the literature
are contradictory and are characterized by low reproducibility. This paper describes an innovative method
for studying ultrasonic cavitation. In order to increase the reproducibility of the results and the reliability
of the conclusions about the correlation of various cavitation effects, it is proposed to register simultaneously
the parameters characterizing these effects. An installation designed to implement this method has been
developed and tested. The installation provides the ability to register the full output signal of the hydrophone,
the intensity of the glow generated in the cavitation region - sound luminescence, the cavitation noise spectrum
and its individual components. Technical characteristics of the installation allow you to adjust the rate
of development of the cavitation region by varying the duration and period of the ultrasound pulses.
It is possible to conduct experiments both in low-frequency (LF) and high-frequency (HF) fields as well
as in interacting HF and LF ultrasonic fields. During the testing of the installation, the results were obtained that
are of considerable interest from the point of view of refining the ideas about the mechanism for generating
cavitation effects. It was found that preliminary treatment of the liquid in an ultrasonic field with the aim of its
degassing for 15-20 min provides a significant increase in the reproducibility of measurements, especially
for liquids with a high gas content. Based on a comparison of the time dependences of the signals
of the cavitation sensor and the photomultiplier output, the characteristic stages of the development
of the cavitation region are distinguished, which differ in the dynamics of the development of the cavitation
region and in the composition of the cavitation noise spectra recorded.

Keywords: ultrasound, cavitation, sonoluminescence, cavitation noise.
Conlflict of interests. The authors declare no conflict of interests.

Gratitude. The article presents the results obtained in the course of the work on the project “Design and
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For citation. Kotukhov A.V, Gavrilyuk V.S., Minchuk V.S., Dezhkunov N.V. Combined method for acoustic
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BBenenue

VYnpTpa3ByK TOpUMEHAETCS Ui WHTCHCU(PHUKAUWU  (QU3HKO-XUMHYECKHX  IPOLECCOB
B JKHJKOCTSIX YK€ HECKOJIbKO aecsaruietuii [1-3]. B Hacrosiiee Bpemst cepa MpUMEHEHUH MOIIHOIO
yIbTpa3ByKa WHTEHCHBHO pAaCIIUpPSIETCs, MPOJODKAIOTCS COBEPIICHCTBOBaHUE 00OpPYIOBaHUS
U pa3pabOTKa HOBBIX YJIbTPa3BYKOBBIX TEXHOJOTHHA. IlepcrieKTUBHBIE pE3yIbTaThl IOJYYEHBI
npu 00paboTKe CycrneH3ui HaHodacTul [4, 5], B MUIIEeBOH MPOMBILUICHHOCTH [6], B 3ByKOXUMUH [7],
Meaunuue [8] u apyrux obmactsx. IIpd 3TOM IMOKa3aHO, YTO KIIFOUEBBIM (PaKTOPOM BO3ICHCTBHUS
YIIBTPa3BYKOBBIX KOJIEOaHMI Ha MPOLECCHl B JKUIKOCTAX M JKUAKOOOPA3HBIX cpenax SBISETCS
KaBHUTallMs — SIBJICHUE 0Opa30BaHUsl, MyIbCAlMH U 3aXJIONBIBAHUA MUKPOIY3BIPHKOB MOJ IeHCTBUEM
nepemMeHHoro fasinenus [8]. [lpu mynapcanmax U 3axJIONBIBAHUH MTY3BIPEKOB TEHEPUPYIOTCSA yIapHbIE
BOJIHBI, BBICOKHE TEMIEPaTyphl, JaBICHUS U MHKPOCTPYH XKUAKOCTH. OOBIYHO BBIACTSIOT JBa THIIA
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KaBUTAIMOHHBIX ITy3bIPHKOB [8, 9]: cTaOWMIBHO MyILCUPYIOIINE B TCUSHUE BPEMEHHU, MHOT'O OOJIbIIIEM
riepuona 1 yIbTPa3BYKOBBIX KoJcOaHMA (CTallMOHAPHBIC), U HECTAOWIBbHBIC, WM HECTAITMOHAPHBIC
(transient), Bpemsi >KHM3HH KOTOPBIX OOBITHO HE TIpeBHIIIacT 7.

[llupokoe BHEIpEHHE MEPCHEKTUBHBIX YIHTPAa3BYKOBBIX TEXHOJOTHH B 3HAYUTEIHHONH Mepe
CIEP)KUBACTCS TEM, YTO 3aKOHOMEPHOCTH TEHEPHPOBAaHHS KABUTAIMM W3y4YCHBI HEJIOCTATOYHO,
a M3BECTHBIE B JIUTEpaType JaHHBIE YacTO TMPOTHBOPEUYMBBEI M XapaKTEPH3YIOTCS HHU3KOW
BOCIIPOM3BOIUMOCTBIO.

B nanHO#i paboTe TNPUBOMUTCS ONMHWCAHWE WHHOBAIlMOHHOTO METOJa HCCIICIOBAHUS
yIbTpa3BykoBoi  kaButamuu. C  1eNbl0  TMOBBIIEHWS  BOCHPOHM3BOJAMMOCTH  PE3YJIbTATOB
W JIOCTOBEPHOCTH BBIBOJIOB O KOPPEINSIMU PA3TUYHBIX KABUTAMOHHBIX 3(PQPEKTOB MPEATIOKECHO
PETHCTPHUPOBATH OJTHOBPEMEHHO NTapaMETPhI, XapaKTePU3YIONIue 3TH () EKTHI.

MeToauka MPOBEACHUSA IKCIICPUMEHTA

CxeMa yCTaHOBKHM TpHBENcHA Ha puc. 1. Pabouas eMKOCTh 5 B BHIE NWIMHAPA THAMETPOM
100 MM u BeicoTOM 160 MM BBIIOIHEHA U3 HeprkaBeromiel ctainu. Beicokouactotheiii (BY) (720 I'm)
(hoxycupyromuii u3IydaTenb 4 yIbTPa3ByKOBBIX KoeOaHui quamerpoM 40 MM BMOHTHPOBAH B JHO
eMKOCTH. B 0OOKOBOH MOBEpXHOCTH €MKOCTH BBIIIOJHEHO TPHU OKHA Ha YpOBHE (POKATBHOTO ISATHA
HIDKHETO (OKYCHPYIOIIETo M3IydaTens. B JAByX OKHax OMNIO3MTHO ApPYr APYrY yCTaHOBJICHBI JBa
OJMHAKOBBIX (DOKYCHPYIOIINX MbE30KEPaMUUECKUX Npeodpazosaresiss 6 U 7. OAMH U3 HUX 6 CIYXKHUT
M3ITydaTesieM, a BTOPOH 7 — MPUEMHUKOM aKyCTHIECKOTO CUTHaja Ha yactote 1,5 M.

Cucrema u3ny4arens 6 — IpUEeMHHUK 7 peAHa3HaueHa JUIsl OLEHKHU MOTJIOMICHUS YIIbTPa3ByKa
B KaBUTAMOHHOM o0OnacTu, TeHepupyemoil wusmydateneM 4. Pexxum paboTel wu3mywareis 6
BBIOMpAETCS TaKUM, YTOOBI MHTEHCHUBHOCTH YJIBTPA3BYKOBBIX KOJIEOaHUIl B MOJIE 3TOTO M3ITydaTesst
Oputa He MeHee yeM B 10 pas HIDKe mopora kaBuTanuy Ha dactoTe 1,5 MIm. Jlarunk xaButanuu 8
YCTaHOBJICH Yepe3 KPBIIIKY €MKOCTH TaKUM 00pa3oM, YTO MbE303JIEMEHT AaT4nKa, Mpeodpasyonuii
AKyCTHYCCKUH CHUTHAJI B AJICKTPUYCCKHI, HAXOAUTCS HAa PACCTOSHUHM 25 MM OT (DOKaIhbHOTO MSATHA
HWXKHETO QoKycupyromiero usmydatelns 4. [1b303JIEMEHT BBINIOJHEH B BHJIEC JIUCKA JTUAMETPOM 2 MM
u ToiamuHo# 0,25 MMm.

Bwmecrto Broporo BU uznyyarens 6 Moxker ObITh ycTaHOBIIeH HU3ko4dacToTHEIM (HY) (22 x['m)
n3my4yaTens. B pesynprare MOSBISIETCS BO3MOXHOCTH T€HEPUPOBATh M HCCIEIOBATH KaBUTAIIHIO
B oAuHaKoBbIX ycioBuax B BU u HY yinbTpa3ByKkoBbIX MOJIsIX U nipy B3aumoaerictsur BY u HY nosnei.

Bricokuii ypoBeHb OJHOPOJHOCTH YIJIBTPAa3BYKOBOTO IOJSI M OTCYTCTBHE CTOSYMX BOJH
o0ecnednBaloTCs HCIOIb30BaHUEM KOHHYECKOW TOQpPUPOBAHHOW KPBIMIKH. Takas KOHCTPYKLHUS
YMEHBIIIAET TUIOMIAh MOBEPXHOCTH pa3liena KUAKOCTh — ra3 U 00ecredrnBaeT MOCTOSHCTBO YPOBHS
XKHUIKOCTH B peakTope. B OOMBIIMHCTBE U3BECTHBIX B JUTEPATYpE MCCIEAOBAHUN YPOBEHD KUIKOCTH
HE KOHTPOJIUPOBAJICS WIIM KOHTPOJIUPOBAJICS C HEAOCTATOUHON TOUHOCTBIO.

Jns  peructpaiuu  3BykosgromuHecueHiuu  (3J)  ucnonssyercs  GhoToymMHOXHTENb 1]
Phillips XP1110 co ceroBomom gumerpom 20 MM, YCTaHOBJICHHBIH Ha YpPOBHE (POKAJLHOIO ISTHA
nznydatens. CurHan ¢ (OTOyMHOXKHTENS MONAeTCs Ha JAByXKaHaIbHBIH ocumuiorpad /0 Hewlett
Packard 54601A. Ha oaror e ocuwuiorpad TMOAaeTCs CHTHAJI C JaTYdKa KaBHTAI[HH.
Ji1g uccneoBaHrs CIEKTPOB KaBUTAIIMOHHOTO IIyMa K OCIUIIOrpadyy mapamienbHo MOAKITIOYAeTCs
aHanmM3aTop cHekTpa. B paccmarpuBaemMom ciiyyae ucmosib3oBaics aHanuzaTop Hewlett Packard
E4411B.

Jns muTaHus w3nmydareneil ucmonb3yercs TeHeparop Y3I-08-01 (BI'YWP). JlanHbrit
TCHEpaTop YMpPaBisSeTCs KOMIBIOTEPOM W OCHAIIEH CHUCTEMOW aBTOMATHUYECKOTO IOJACPIKAHHS
pe3onancHoit yactoTsl (AITY). Taxke B ycranoBky BxonuT kaButometp ICA-4D (BI'YUP, r. MuHcK)
u 6ok AT (BI'YUP, Munck). Ha ALl oqHOBpEeMEHHO MOKET ITOAABATHCS TPHU CUTHANA: BBIXOIHOMN
CHTHAJl KABUTOMETPA, BBIXOJHOM CHTHaN (OTOYMHOXKHUTENS M HANpsDKeHUe Ha uanydatene. JlaHHbIe
¢ ALIT noctynaroT Ha KOMIIBIOTEp, IAe 00padaThIBAIOTCSl U BU3YAIU3UPYIOTCS B pealbHOM Maciitade
BPEMEHH B BHJIE BPEMEHHBIX 3aBICHMOCTEH.
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Puc. 1. Cxema 5KcHiepUMEHTaILHOM YCTAaHOBKH: @ — BUA COOKY; b — BUJ] CBEpXY
1 — reneparop, 2 — reHepaTop UMITYILCOB, 3 — CMECUTENh, 4 — H3JIydaTesb YIbTPa3Byka, J — pabodas eMKOCTb,
6 — BTOPO¥ U3ITydaTelb, / — IPUEMHBIH MTEE303JIEMEHT, § — TaTINK KaBUTALWH, 9 — IPEeIyCHIINTENb,
10 — 3amomuHarommi ocumiuiorpad, // — GOoTOyMHOXKHUTEND, /2 — CBETOHETIPOHHUIIAEMBIH KOPOO
Fig. 1. Experimental setup: a — side view; b — top view
1 — generator, 2 — pulse generator, 3 — mixer, 4 — ultrasound transducer, 5 — working capacity, 6 — second
transducer, 7 — receiving piezoelectric element, § — cavitation sensor, 9 — preamplifier, /0 — storage oscilloscope,
11 —photomultiplier, /2 — lightight box

B xoze ucnpiTaHuii J7aHHOTO 000pPYIOBaHUS YCTAHOBJIECHO, YTO NpeABapHUTENbHas 00padoTKa
XKHUIKOCTH B YIBTPa3BYKOBOM IIOJIE C LIEJIBIO ee jaerasanuu B TedeHue 15-20 muH oOecrmeuynBaeT
3HAYUTEJILHOE IOBBIIIEHUE BOCIIPOU3BOIUMOCTH U3MEPEHUM, 0COOEHHO IS )KUIKOCTEH C BBHICOKUM
ra3ocolep KaHUEM.

Huxe npuBeneHs! pe3yabTaThl UCTIBITAHUN YCTaHOBKH, JIEMOHCTPUPYIOLINE €€ BO3SMOKHOCTH.

Pe3yabTaThl U HX 00CY:KIEHHNE

Ha puc. 2 mpuBenmeHsl pe3yiabTaThl OJHOBPEMEHHOW PETHUCTPAllMH BBIXOIHOTO CHTHANA
JaTYWKa KaBuTaluu H W BBIXOMHOTO cUTHaia (oroymHOXutens L. HampspkeHue Ha u3mydarene
B XO/I¢ TIPOBEACHUS DKCIEPUMEHTa TMONACPKUBAIOCH IOCTOSHHBIM. JlaHHBIE, TpeACTaBICHHbIE
B JIeBOM croiionie (puc. 2, a, b), mOTydeHbl TPH JIUTSILHOCTH MMITYJIBCOB VIIBTPa3ByKa T = 5 MC,
B mipaBoM (puc. 2, ¢, d) — 1 mc. OcranbHble TapaMeTphl OJUHAKOBBI AJIs1 000MX CTOJIOLOB.

VYbTpa3ByKkoBOe IoJie BKJIIOYAIOCh Ha S5-i CeKyHAe TMociie Hadana perucTpanuu
3aBUCUMOCTEN. B MOMEHT BKJIIOUEHHUSI yibTpa3Byka [ yBedMYMBaeTCs CKadykoM, a 3HayeHue L
ocTtaercs OMM3KUM K HyneBomy. [locinemHee yka3plBaeT Ha TO, YTO WHEPIIMOHHAS KABUTAIS B TaHHOM
pEeXUMe BO3HUKAET C HEKOTOPOH 3aZepKKOH MO OTHOLIEHHWIO K MOMEHTY BKJIIOUEHHS YIbTPa3BYKa.
Ha naganpHOM 3Tane peructparmu (MEpBBIX MSATh CEKYHII MOCTE BKIIOYEHHS YIBTPa3ByKa Ha puc. 2, a)
BBIXOJTHOM CHTHAJ JaT4YWKa MpakTUdecKn He MeHsercsa. Ilpumepno Ha 11-if cexynme (pwuc. 2, a)
HabJroaeTcs CHWKEHUE YPOBHSI CHUTHANA, PETUCTPHPYEMOIO JATYUKOM. Y BEJMYECHUE IOTIIOMICHUS
yIbTpa3ByKa, OYEBUIHO, BBI3BAHO TIOSBICHHEM IY3BIPHKOB B  KaBHUTAI[MOHHOW oO0NacTy.
OmnoBpemenno BozaukaeT 3JI (puc 2, b).

3anepxka BO3HUKHOBEeHUS 3J1 10 OTHOIIEHUIO K MOMEHTY BKIIFOUCHUS YIIBTPa3ByKa CBS3aHA,
OYEBHIHO, C TE€M, YTO B JKMIKOCTH OTCYTCTBYIOT ITy3BIPbKH PE30HAHCHOTO pa3mepa (IpUMEpPHO
3,5mMkM s gactorel 720 kx['m). VMerommecsl 3apoiblldi MEHBIIETO pasMepa B pe3yibTaTe
MyJIbCAllil  TMOJA JEHCTBHEM YIIbTpa3ByKa BBIPACTalOT [0 PE30HAHCHOTO pa3Mepa 3a CUeT
BeimpsMieHHon auddysun [9, 10] raza u3 kuakocTu B my3slpek. Ha 5TOH craamu Imy3bIpbKH
MO/ IEHCTBAEM TIEPEMEHHOTO JIABJICHHSI HAYMHAIOT MYJIbCHPOBATh C OOJIBIION aMIUIUTYION, a B (a3e
CKaTHsl 3BYKOBOH BOJIHBI 3aXJIONBIBAIOTCS U T'CHEPHPYIOT XapaKTepHbIEe KaBUTAIMOHHBIC d()(HEKTHI:
yaapHbie BoJHBL 1 3J1, T. €. BO3HUKAET HeCTallMOHAPHAS KaBUTAIHS.
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Puc. 2. lunamuka pa3BUTHs KaBUTAIIHOHHON 00JIaCTH B MMITYJIECHOM YJIBTPa3BYKOBOM IIOJIE: d, ¢ — BEIXOTHON
curHai garuuka H; b, d — BeixoqHoit curnan goroymuosxurens L. Yacrora ynsTpassyka fo = 720 k',
u3yyaeMasi MolHocts 1,7 BT, meprop cienoBaHust MMIYJIbCOB yIbTpa3ByKa 75 MC, JUIMTEIBHOCTD UMITYJILCOB
yabTpasByka T = 5 Mmc (a, b) u 1 mc (¢, d). Ctpenkoii BBepX 0TME4eH MOMEHT BKJIIOYEHHS yIbTPa3ByKa,
BEPTHKAJIbHBIMHU IITPUXOBBIMH JTMHHUSIMHU OTJICJICHBI CTaJMH Pa3BUTHS KaBUTALIMOHHON 001acTH
Fig. 2. The dynamics of the development of the cavitation region in a pulsed ultrasonic field: a, ¢ — the output
signals of the sensor H; b, d — the output signals of the photomultiplier L. The frequency of ultrasound is
fo="720 kHz, the radiated power is 1.7 W, the repetition period of ultrasound pulses is 75 ms, the duration
of ultrasound pulses is T =5 ms (a, ) and 1 ms (c, d). The arrow marks the moment the ultrasound is turned on,
the stages of development of the cavitation zone are separated by vertical dashed lines

Ha BTOpoii cTaguu, B mpoMeXyTKe BpeMeHHU IpuMepHo oT 11-i mo 20-i cexyHms! (puc. 2, b),
WHTEHCUBHOCTh 3JI pacTeT OTHOCUTENBHO MEUICHHO. TakkKe MEJICHHO YBEIHMYHUBACTCS
Y TIOTJIONICHUE YIbTPa3ByKa, YTO CIEIYET U3 COOTBETCTBYIOIIETO YMEHBIICHHS BBIXOJHOTO CHUTHAjA
nmatanka H (puc. 2, a). Ha tpetheit cramuu (ot 20-if mo 28-i cekyHAwl, puc. 2, b) HaOmromaeTcs
CYIIECTBEHHOE yBEJIIMYCHHE HHTEHCHUBHOCTH 3JI, a HaKIOH 3aBUCHUMOCTH L(f) MEHSETCS CKAaYKOM.
OIHOBPEMEHHO MEHSACTCS TaKKE€ W XapakTep 3aBUCUMOCTH H(f), 4YTO BBI3BAHO OBICTPBHIM
YBEIMYEHHEM IOTJIONICHNS YJIbTPa3Byka B KaBHTAIlMOHHOW oOnactu. M3 comocraBieHusl JIBYX
3aBHCHMOCTEW Ha PUCYHKaxX 2, @, b MOKHO CJlelaTh BBIBOJ, YTO YBEIMUYEHHE aKTUBHOCTH KaBUTAIHH
CBS3aHO C YBEIIMYCHHUEM YHUCJIa KaBUTAIIMOHHBIX MY3BIPEKOB B (DOKAIBHON 00JacTH H3ITydaTelis
Ha TIEPBBIX JABYX CTAIMIX Pa3BUTUS KABUTAIIMOHHOHN 00JIACTH.

3aBUCUMOCTH, 3apETUCTPUPOBAHHBIC BO BTOPOM dKCIIEpUMEHTE (puc. 2, ¢, d), TOIyIeHBI TIPH
MEHBIICH JUTUTEIHHOCTH UMITYJIbCOB ¥Y3. OTIMYAIOTCS OHHM OT IMPEICTABICHHBIX BHIIIE, BO-TIEPBHIX,
TEM, YTO BpeMs 3aAepKKu At¢ mosiBiaeHus 3J1 1Mo OTHOIICHUIO K MOMEHTY BKIIFOUCHHSI YIbTpa3ByKa
CylIecTBeHHO Ooubliie, a umMeHHO — 3JI mosiBisercs Ha 20-H cexkyHae o3ByuuBaHus (puc. 2 d).
Jlo aToro MoMeHTa BenmnuuHa H ocTaeTcsl MOCTOSHHOW. Jlamee, CKOpOCTh pocTa MHTeHCHBHOCTH 3JI
MOCJIe BOBHUKHOBCHMSI KABUTAIIMY CYIIECTBEHHO BHIIIIE, & CKOPOCTh YMEHbBINICHUsT H — HIDKE, YeM MPH
T = 5mMmc. IlocrneqHee yka3bIBaeT Ha TO, YTO OOIMIAs IUIOTHOCTh KABUTAIIMOHHBIX MOJIOCTEH Ha MEPBBIX
JBYX CTaJWAX CYIIECTBEHHO HIDKE, 4eM Ipu T = Smc. O1HaKo MHTEHCUBHOCTH 3JI mpu 3TOM HE HIXKE.
W3 3TOr0 MOKHO CclienaTh BBIBOJI, U4TO IPH T = 1Mc 3¢)()eKTUBHOCTH MPeoOpa30BaHusl U KOHIIEHTPAIIUH
SHEPTHUM YIIBTPa3ByKa KaBUTAIIMOHHBIMU My3bIphKaMH BHIIIIE TIPY T = 1 Mc, 4eM pu T = 5 Mc.

YBenuueHue BpPEMEHH 33JCPKKH Af TIPH YMEHBIICHWH JITUTEIFHOCTH HMITYJIbCOB
YJIBTPa3ByKOBOTO TOJI T W TOCTOSHHOM IIEPHOAC CJCIOBaHHUS WMITyJbCOB I 0OYCIIOBJICHO
3aKOHOMEPHOCTSIMU TCHEPUPOBAHHS KABUTAIIMH B TAKUX TOJSAX. YMEHBIICHUE T MPH MOCTOSHHOM T’
O3HAYaeT YBENWYCHHE /IUTEIHHOCTH IMPOMEXYTKAa BPEMEHH MEXIY ABYMS IMOCIEI0BATEIbHBIMU
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AMITyJIbCaMH. B 3TOM MpoMexyTke BpeMEHU pa3Mephl 3apObIIICH KaBUTAIIMYA YMCHBIIIAIOTCS 332 CUET
mubdy3un ra3za w3 Imy3bIpbka B OKHIKOCTH II07 JCHCTBHEM IIOBEPXHOCTHOro HatsmkeHus [10].
B pesynbrate nmpu yMeHBIICHHH T Pa3BUTHE KABUTAIIOHHOM 00JACTH 3aTOPMaKMBAeTCS, M BpPEMsI
3allepKku  yBenmumBaetcs. CleloBaTenbHO, BapbUPys NapaMeTpbl HMITYJILCOB 1 M T, MOXKHO
YIPaBIISATH TUHAMUKOW Pa3BUTHUS KABUTAIIMOHHOM 001aCTH.

Ha derBeproii cragum pa3BUTHS KaBUTAIMOHHOM 007acTHM HHTEHCUBHOCTH 3JI BBIXOAMT
Ha mato (mpu ¢>28 ¢ Ha puc. 2,0 u npu t>35c Ha puc. 2,d) U Mano MEHAETCS C TEUCHUEM
BpemeHu. [lornomieHue ynbpTpasByka NpU 3TOM HECKOJIBKO YMEHBINACTCS, HA YTO YyKa3bIBacT
YBEJIMYEHIE HHTEHCUBHOCTH BBIXOAHOTO CHTHAJIA AATUYHKA.

Ha pwc.3 mpeacraBieHa SBONIONHS CHEKTPOB KaBUTAIMOHHOTO Imyma. CHeKTpsl
Ha puc 3, @, b, COOTBETCTBYIOLINE NEPBOX M BTOPOW CTAaIUAM DBONIOLMH KaBUTALIMOHHON 00jacT,
XapaKTEepPU3YIOTCS HU3KOW HHTEHCHBHOCThIO rapmMoHuk B HY oOmactu (< 5f)), MOJHBIM HX
orcyrctBueM B BU obOmactu (> 5fp), a Takke OTCYICTBUEM HEMPEPHIBHOH COCTABIIAIOLICH
KaBUTAIIMOHHOTO ITyMa. VIcXoms U3 3TOro, MOXXHO CJIENIaTh BBIBOJI O HE3HAYUTEIHHON KOHIIEHTPAIIUN
MMy3BIPHKOB B KaBUTAIIMOHHOW OOJIACTH, a TaKKe O JIMHCHHOM XapakTepe uX mynbcaruil. Crekrtp
Hapuc 3,c¢, COOTBETCTBYIOIIMU TpeTed CTaAMKd DBOJIONMK  KaBHTAllMOHHOW  oOJyacTwy,
XapaKTepPU3yeTCs MOSBICHUEM 3HAYUTEIBHON HENMPEPHIBHOW COCTABISIONICH KaBUTAIIMOHHOTO IIIyMa,
a Tarke Hajnmuuem rapmMoHuk B BU uactu cmektpa. [lpu manpHeimeM pa3BUTHU KaBUTAIIMOHHOW
obnactu (puc. 3, d) mocTuraeTcs MaKCUMYM HETIPEPHIBHOW COCTABIISIONICH KABUTAIIHOHHOTO NIyMa.
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Puc. 3. DBomonys CIEKTPOB KABUTALMOHHOTO IIyMa 110 MEpe Pa3BUTHS KaBUTaLIMOHHOH 00nacTu:

a —nepBas cTaaus; b — BTopas CTaus; ¢ — TpeThs cTaqus; d — yeTBepTas craaus. Yacrora yapTpa3Byka
fo="720 x['u, m3mygaemast MOIIHOCTE 1,7 BT, mepmos ciemoBaHns NIMITYIIECOB YIIBTPa3Byka 75 Mc,
JUTUTENBHOCTD MMITYJIBCOB YJIbTpa3ByKa T =5 MC
Fig. 3. The evolution of cavitation noise spectra as the cavitation field develops: a — first stage; b — second stage;
¢ — third stage; d — fourth stage. The frequency of ultrasound is fo = 720 kHz, the radiated power is 1.7 W,
the repetition period of ultrasound pulses is 75 ms, the duration of ultrasound pulses is T = 5 ms
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Takum 00pa3zoM, aHATU3UPYsl PE3YIbTATHI, IPEACTABICHHBIC HA PHUC. 2 U 3, MOXKHO BBIJCIIUTh
YeThIpe CTaJW| DBOJIONMH KaBUTAIlMW: TiepBag — BO3HUKHOBEHHWE W MYJbCAIIMH ITY3BIPHKOB
mpu oTcyTcTBuM 3JI; BTopas — Bo3HHKHOBeHHE 3JI M MOCIenyromuii ee pocT MpHU HE3HAUYHUTEIHHOM
YBEIMUCHUH TIOTJIONICHUS YIBTpPa3ByKa; TpeTbs — OBICTpBIA poct 3JI mpu mpakTHdecKu
CKaYKOOOpa3HOM YBEJIWYCHWH TIOTJIOIIEHUS YNbTPa3ByKa; YETBEpTas — CTaausl pPaBHOBECHS,
T. €. HACHIIIICHUE KaBUTAITMOHHOW 0OJIacTH IMy3bIphbKaMu. Ha deTBepToi cTaiwyi WHTEHCHBHOCTH 3J1
MEHSETCSI HE3HAUUTENbHO, a IMOIJIOIICHUE YIbTPa3ByKa MOXKET HECKOJbKO yMeHbliaThbes. [lepexon
OT OJTHOW CTaJiMM Pa3BUTHSA KABUTAIIMOHHOW 00JACTH K APYrodl COMPOBOMKMAETCS CYIIECTBEHHBIM
W3MEHEHUEM COCTaBa PETHCTPUPYEMBIX CIIEKTPOB. DTO OTKPHIBAET BOZMOKHOCTDH OIPENENSTh CTaTul
Pa3BUTHUS KaBUTAINH, UCTIONB3YS CIIEKTPATbHBIA aHAIN3 KaBUTAIMOHHOTO IITyMa.

3aKkiIroueHue

IIpemmoxkeH HOBBIM METON HMCCIEIOBAHHUS aKyCTHUeCKOW kaBuTaruu. CyIIHOCTH MeToda —
B CHHXPOHHOH PETUCTpaINi HECKOJIBKUX KaBUTAIMMOHHBIX 3¢ ()EKTOB OTHOBPEMEHHO.

Pazpaborana u ampoOupoBaHa YCTaHOBKA, NpeAHA3HAUCHHAs I pealM3alud JAHHOTO
MEeTOoJla. YCTaHOBKAa OOECHEYMBAET BO3MOXKHOCTh PETUCTPAIIMM IOJHOTO BBIXOJHOTO CHTHAA
ruapodoHa, MHTCHCUBHOCTH CBEUYCHHMS, TCHEPUPYEMOI0 B KaBUTAIMOHHOW oOmactu — 3JI, crekrpa
KaBUTAIMOHHOT'O IIyMa, OTHENbHBIX €r0 COCTABIAIONIMX, a TaKXKE IOTJIOMICHUS YJIbTpa3ByKa.
TexHuuecKkue XapakTEPUCTUKH YCTAHOBKM IMO3BOJSIOT  PETYIHUPOBaTh CKOPOCTh  Pa3BUTHS
KaBUTAITMOHHOW O0JIACTH ITyTEM BapbHPOBAHUS ITUTCIHPHOCTH W TIEPHOJA CICIOBAHUS HMITYIHCOB
yABTpPa3ByKa M NPOBOJUTH uU3MepeHus B oauHakoBbix HY, BY u B3aumopeiictBytomux BY u HY
YIABTPa3BYKOBBIX MOJISX.

B Xome WCHBITAHWNA YCTAHOBKH ITOIYYEHBI PE3YyIbTATHI, IMPEACTABIISIONINE 3HAYUTEIIHHBIN
HWHTEPEC C TOYKH 3PCHHSI YTOUHCHHS TPEICTABICHUN O MEXaHW3Me T'eHEPUPOBAHUS KAaBUTAITMOHHBIX
3¢ (ekToB. YCTaHOBJICHO, YTO MpenBapuTeNbHas 00paboTka XKHUIKOCTH B YJIBTPA3BYKOBOM IIOJIC
CLUEIBI0 €€ Jerasanuu B TeueHue 15-20 MuH oOecmeunBaeT 3HAYMTEILHOE ITOBEIIICHUE
BOCITPOM3BOJIMMOCTH U3MEPEHUH, 0OCOOCHHO IS )KUIKOCTEH ¢ BRICOKAM Ta30COICPIKAHIEM.

Ha ocHoBaHuU cOmMOCTaBIEHUS PE3YJIbTATOB CUHXPOHHOW PETUCTPAllMd CUTHAJIOB JAaTYMKA
KaBUTalMU W (OTOYMHOXHUTENS II0KAa3aHO, YTO KaBUTAlIMOHHAs O00OJacTh IIOCJIC BKITFOUCHUS
YIBTPa3ByKa TPOXOIUT YETHIPEC CTAAWHM PA3BUTHA KABUTAIIMOHHON OO0NAaCTH, pPAa3THMYAIONIAXCS
TUHAMUAKOW W3MCHCHHSI HMHTCHCHBHOCTH 3BYKOJIOMHHECIICHIIMM M COCTaBOM PETHUCTPUPYEMBIX
IIPH 3TOM CIIEKTPOB KaBUTAIIMOHHOTO ItyMa. C/eliaH BBIBOJ O BO3MOXXHOCTH UICHTHU(PUKAIIUN CTATUI
Pa3BUTHUSA KaBUTAI[MOHHOW 00J1aCTH IO CIICKTPaM KaBUTAIHOHHOTO IIyMa.
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MATEMATHYECKASA MOJEJIb KAHAJIOB YTEYKHU PEYEBBIX CUT'HAJIOB
P JTMCKPETHO-KBAHTOBAHHOM ITPEOBPA30OBAHNU

JKEJIE3HSIK B.K. !, JIABPOB C.B.!, BAPAHOBCKUI1 M.M.?, ®DUJIMIITIOBUY AT 2

Honoyxuii 2ocyoapcmeennuiii ynusepcumem (2. Hosononoyx, Pecnybauxa Beaapyce)

2Onepamueno-anarumuyeckuti yenmp npu Ipesudenme Pecnybnuxu Benapyco, (2. Munck, Pecnybnuxa Benapycy)

Tlocmynuna 6 peoaxyuio 25 masn 2020
© Benopycckuii ToCyIapcTBEHHBIN YHUBEPCUTET HHMOPMATHKH U PaInodIeKTpoHukH, 2020

AnHOTaums. Llenpio cTraThy SIBISIETCS OLICHKA KaHala YTEUKH IHUCKPETHO-KBAHTOBAHHOIO PEYEBOro CHUrHala
P aMIDUTATYTHO-UMITYJIbCHOW MOIYIIAIUH. JJNCKpEeTHO-KBaHTOBAaHHOE IPe00pa30BaHUE aHAIOTOBBIX CHI'HAJIOB
B mudpoBylo ¢GopMy paccMaTpHBaeTCs Ha TPHMEpPE AaMIDIUTYIHO-UMIYIBCHOH Momymsnuu. Pa3paboTka
MAaTEMaTUYeCKOW MOJICIH KaHAJIOB YTCUKH PCUCBBIX CHUTHAJIOB MPH JUCKPETHO-KBAHTOBAHHOM MPEOOpPA30BAHUU
OCHOBaHAa Ha CHEKTPaJbHOM TPEICTABICHUN TMEPUOAUYECKUX CUTHaNOB psgamu Dypbe. B  kadectBe
M3MEPUTENILHOTO CHTHajla NPEJIOKEHO HCIONb30BaTh MEPHOAUYECKYI0 HMITYIbCHYIO MOCIEeI0BATEILHOCTD
TpeyroiabHOi (opMmbl. 3MepHUTENbHBIH CHTHA TPEYrodbHOH (OpPMBI MMEET NPEHMYIIECTBO —IEpen
TFapMOHUYCCKAM CHUTHAJIOM B TPOLECCE BBIIACICHHS NIyMa KBAaHTOBAHHUS, TaK KAaK TO3BOJIIET IOCTHYbL Oolee
BBICOKOH TOYHOCTH TIpU ero o0paborke. J[Jsl OLIGHKH 3aIUINEHHOCTH KaHasia, 00YCIOBICHHOTO aMILTUTYIHO-
AMITYJIbCHOW MOZYJIANNEH, HCIONb3YeTCsl TapMOHMYECKHH CUTHAN, CQOPMHUPOBAHHBIA M3 TMEPUOAMYECKOM
AMITYJTbCHOW TIOCIIEZIOBATEILHOCTH TPEYroinbHONW (GopMbI MeTomoM mpeoOpazoBanuss dypne. B pesynprate
MIOCTPOCHHUS CIEKTpa aMIUTHTYJHO-MMITYJIbCHOTO MOIYJIMPOBAaHHOTO CHTHAja YCTAHOBJIEHO, YTO TPH KaXKIOu
TapMOHHUYECKOM COCTABIISIIOLIEH CIEKTPa, COOTBETCTBYIOIIEH CIIEKTPY NEPUOAMYECKON TMOCIEN0BAaTeIbHOCTH
HMITYITECOB, TIOSIBIISIFOTCS OOKOBBIE COCTABJISIOIINE, COOTBETCTBYIOIINE CIICKTPY MOTYITHPYIOIIErO CUTHAA, KOTOPBIE
BMECTE C HMU3KOYaCTOTHOM COCTABJIAIOMICH B TOJIOCE PEUeBOTO CHTHANA (OPMHUPYIOT KaHaJ yTeUKHd HMH(OpPMAIIHH.
Hanuuue B cocTaBe crniekTpa aMIUIUTYAHO-UMIYJIBCHOTO MOAYAUPOBAHHOTO CUTHAJIA HCXOIHOTO MOAYIUPYIOLIETO
CHTHAJIla TIO3BOJISIET IMPOBECTH OICHKY 3AIMIIEHHOCTH KaHalla yYTEeYKH PEUYEBOr0 CUTHAJla MpPU aMIUTUTYIHO-
AMIYJIbCHOW MOIYJSIIMM MO HU3KOYACTOTHOM COCTaBJSIIOILECH MOIyIUpyrolero curHaia. IIpeacTaBiieHHbIe
B CTaThe MAaTepHajbl SBJISIOTCS OPUTMHAIBLHBIMH M MOTYT OBITh HCIIOJIb30BaHBI MPHU OLCHKE 3aIMUIICHHOCTH
KaHAJIOB YTCUKM PEYCBBIX CHTHAJIOB, IpeoOpa3oBaHHBIX B mudpoByro ¢opmy. Kpome Toro, morydeHHBIC
Pe3yABTaThl MO3BOJSIOT MPOBOIUTH NAJTbHEHIINE WCCICTOBAHUS 3aIIUIIEHHOCTH PEYEBBIX CHUTHAIOB MPH WX
o0paTHOM mpeobdpa3zoBaHuK U3 MUGMPOBOH (OPMBI B HCXOIHBIN CUTHAIL.

KiioueBble cjoBa: 3amura WHQOpPMAIWHM, KaHAT YTEUKH PEYEBOrO CHTHANA, AMIDIATYIHO-UMITYIbCHAS
MOTYJISIIIHS.

KoH}aukT HHTEepecoB. ABTOPHI 3asIBJIIOT 00 OTCYTCTBUH KOH(IIUKTA HHTEPECOB.

Jast mutupoBanus. Xenesusk B.K., Jlapos C.B., bapanoBckuit M.M., ®ununmosud A.I'. Marematudeckas
MOJIC)Ib KAHAJOB YTCYKHM PCUCBBIX CHUTHAIOB MNpPU JUCKPETHO-KBAHTOBAHHOM mpeoOpa3oBaHuu. JloKimambl
BI'YUP. 2020; 18(4): 89-95.
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MATHEMATICAL MODEL OF SPEECH SIGNAL LEAKAGE CHANNELS
DURING DISCRETE-QUANTIFIED CONVERSION

VLADIMIR K. ZHELEZNJAK!', SERGEI V. LAVROV'!, MIKHAIL M. BARANOUSKI?,
ANDREI G. FILIPOVICH?

'Polotsk State University (Novopolotsk, Republic of Belarus)

2Operational and Analytical Center under the Aegis of the President of the Republic of Belarus
(Minsk, Republic of Belarus)

Submitted 25 May 2020
© Belarusian State University of Informatics and Radioelectronics, 2020

Abstract. The purpose of the article is to estimate the leakage channel of a discrete-quantized speech signal
with amplitude-pulse modulation. Discrete-quantized analog-to-digital conversion of signals in the article
is considered by the example of pulse-amplitude modulation. Development of mathematical model of speech
signal leakage channels during discrete-quantified conversion is based on the spectral representation of periodic
signals by Fourier series. A periodic pulse train of triangular shape as a measuring signal is proposed. Measuring
signal of triangular shape has an advantage over a harmonic signal in the process of quantization noise
extraction because it allows one to achieve higher accuracy during signal processing. To evaluate the channel
security caused by amplitude-pulse modulation, a harmonic signal is used, which is generated from a periodic
pulse sequence of a triangular shape by the Fourier transform method. As a result of constructing the spectrum
of the amplitude-pulse modulated signal, it was found that for each harmonic component of the spectrum
corresponding to the spectrum of the periodic sequence of pulses, side components corresponding
to the spectrum of the modulating signal appear. This side components, together with the low-frequency
component in the band of the speech signal, form an information leakage channel. The presence of source
modulating signal in the amplitude-pulse modulated signal spectrum allows one to digest the security
of the leakage channel of the speech signal with amplitude-pulse modulation by the low-frequency component
of the modulating signal. The materials presented in the article are original and can be used in assessing the
security of leakage channels of speech signals converted into digital form. In addition, the results obtained allow
further studies of the security of speech signals during their inverse transformation from digital to the original
signal.

Keywords: information security, speech information leakage channel, pulse-amplitude modulation.
Conflict of interests. The authors declare no conflict of interests.

For citation. Zheleznjak V.K., Lavrov S.V., Baranouski M.M., Filipovich A.G. Mathematical model of speech
signal leakage channels during discrete-quantified conversion. Doklady BGUIR. 2020; 18(4): 89-95.

BBenenne

BbicokokauecTBeHHasi BBICOKOCKOPDOCTHAsi Iepefada [0 IIHPOKONOJOCHBIM — KaHallaM
AHAJIOTOBBIX PEUEBBIX CUTHAJIOB JUCKPETHO-KBAHTOBAHHBIM IIPEJCTABICHUEM OOYCIOBIMBAET HX
pasnuyHble TpeoOpa3oBaHUs, U3 KOTOPBIX BAKHEWIIMM SIBISICTCA aMIUIUTYIHO-UMITYJIbCHAS
MOIYJISIKSA. AMIUIMTYIHO-UMITYJIbCHAsE MOLYJISIIMA (popMUpyeTCsl BO3IEHCTBHEM Ha NEPHOIUIECKYIO
AMITYJIBCHYIO TIOCIICIOBATEIbHOCTh B AmMamna3oHe 4actoT oT 44,1 mo 192 kI'm mpomemmero uepe3
aHanro-uuQpoBoil mpeodpazoBaTeh aHAIOTOBOTO peueBoro curuaia [1].

[lpy aMmIUTYJHO-UMITYJBCHOM MOZYJALMHU  ONPEHCNISIOTCS MTHOBCHHBIC  3HAYCHUS
HU3MEPUTENIFHOIO CUTHAJIa B pAaBHOOTCTOSIIMX JIPYT OT Apyra TOYKax, OTCUUTHIBAEMBIX 110 BPEMEHHOI
IIKajJe Yepe3 OMNEepalui0 JUCKPETHU3allid, OCYLIECTBIAEMYI0 C TIOMOIIBIO TEPHOANUYECKOM
MOCJIEIOBATEILHOCTH MPSIMOYTOJBHBIX HMIYJNbCOB. [Ipolecchl AMCKpPEeTH3alMyd 1O BPEMEHH
U KBAaHTOBaHUS II0 YPOBHIO Ha IIpUMEPEe KOCHHYCOMIQJIBHOIO M TPEYrojibHOIO CHUrHaja
C NPEJICTaBICHNEM OINOKY KBAHTOBAaHUS IIPECTaBIEHbI Ha puc. 1.
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HMcxoaustii curaan Hcxoausiit curuan

KBaHTOBaHHBII
CHIHAT

KrantoranHblii
CHIHA

[Toporoesie
VPOBHH

[Toporossie
VYPOBHH

i OmuOKH KBaHTOBAHUSA OmudKH KBAHTOBAHHS

|
|

a b
Puc. 1. KBanToBaHue curnana: KOCHHYCOUAAIBHOTO (@); TpeyroiabHoro (b)
Fig. 1. The quantization of the signal: cosine (a); triangular (b)

Hcmonk3yemMble B HACTOSIIEE BpPeMs MOAXOMIBI K OIEHKE 3aIUIICHHOCTH KaHAJOB yTEUKU
PEUYEBBIX CUTHAIIOB MpPU HX MpeoOpa3oBaHUU B MUPPOBYIO GOPMY CBOIATCS K paselbHOM OIeHKe
aHaJIOTOBO PEYEBOr0 CHTHAIA M PEUEBOI0 CUTHAJIA, TPEJCTABICHHOTO B MU(PPOBOI dopMme mpu ero
nepenaye 1Mo JUHHUSIM CBSI3M, 8 B Ka4eCTBE M3MEPUTENIBHOTO CHUTHAla UCIONB3YIOT, KaK IPaBHIIO,
rapMOHHUYECKUN curHain [2, 3].

Jns ompeneneHuss KaHAJIOB YTEYKH pedeBOd HHPOpMammu MpH ee MpeoOpa3oBaHUU
B IIpoByr0 GopMy B KauecTBe M3MEPHUTEIBHOTO CHTHANA IEeNIeCO00pa3HO HCIONB30BATh CHIHAN
TPEYroabHOH (POPMBI, KOTOPBI UMEET MPEUMYIIECTBO TMEpE] TAPMOHUYECKUM CUTHAJIOM B MPOIIECCe
BBIETICHHS] IIyMa KBAHTOBAHMA, TaK KaK BO3HHUKAIOMIMKA IPH 3TOM IIYM KBAaHTOBAaHUS HMeEET
MUI000pa3Hy0 (OpMy, YTO IIOBBIIIAET YYBCTBUTEIBHOCTh €ro oOHapyxkeHus [4]. Paszmoxkenue
MEPUOANYECKON UMITYJIBCHON ITOCIIEIOBATEIBHOCTH TPEyroibHOi (opMbl B psig Dypbe uMeeT
cienyrowmui By [5]:

k1
2

AL sin kot

fO==52() ——, (1)
TS k

rie A — aMIuIMTyAa curHana; k — Homep rapmonuku (k=1,3.5,...); cozz—7t — yrioBas 4acToTa

I
cCUrHaja, TH — [epuoJ CurHaja.

W3 dopmyner (1) BumHO, YTO IS TEPUOJUYECKON HMMITYJILCHOW MOCIEAOBATEIEHOCTH
TPEYroibHON (POPMBI YETHBIE TAPMOHUKH OTCYTCTBYIOT, & aMIUTUTY/Ibl HEYETHBIX TAPMOHHUK YOBIBAIOT
MPOTMOPITMOHATHFHO BTOPOH CTENEHHM HOMEPOB TapMOHHUK. llo3TOMYy Ui OLEHKH 3aIMIIEHHOCTH
KaHajma, OOYCIOBICHHOTO AaMIUTUTYJHO-HMITYJIbCHOH MOAyNsAnued, B JajbHeWmieM Oynem
WCIIONIF30BaTh TApMOHHYECKH CHTHAJ, CQOPMUPOBAHHBIH M3 TEPHOTUICCKON HMITYILCHOM
MOCJICZ0BATEIBHOCTH TPEYTOJIbHOM (DOPMBI, KOTOPBI COOTBETCTBYET IEPBOM (OCHOBHOM ) rapMOHHKE.

CrekTp cUrHaja Npu aMIUTUTYIHO-MMILY/IbCHON MOIYJISIMHU

OmpeaenuM mapaMeTpbl  AMIUIUTYAHO-UMIYJIBCHOTO MOAYJIMPOBAHHOIO CUTHAajlda TIpU
BO3JICMCTBMM Ha BBIJICICHHYI0O TapMOHHYECKYIO COCTABISIONIYI0 TyTeM mpeoOpasoBanus Dypne
MEPUOANYECKON  MMITYJIbCHOW  TOCIIEIOBATEILHOCTH  TPEYroJNbHOW (OPMBI W MOCIEAYIOMICH
00pabOTKHM I TMOJIyYCeHHUsS CIIEKTpa C LEIbI0 OmpeaencHusl yTedku wuHpopMmarmu. [IpeacraBum
MOAYJIUPYIOUUI curHan c(f), BBAETCHHBI W3 M3MEPUTEIBHOTO CHTHANA TEPHOAMYECKOM
HMITYJIBCHOH IMOCICA0BATCIIbHOCTH TPEYroibHONH (hopMbl mpeobpa3oBanueM Dypbe, B CIACAYIOLIEM
BHJIE:

c(t)=C e sino.z, )
rae C,  — MakcHMMaIbHOE 3HAYCHHE aMILTUTY/IbI; (, — YaCTOTa MOY/IUPYIOIIEr0 CUTHAA.

AMILIUTYIHO-MOAYJIMPOBAHHBIN cUrHal s(f) MPEACTABIIIOT Cieayolei popmysaoi [6]:
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s(t)=[1+m,c(1)] (1), 3)

rae c(t) — MOAYIHMPYIOIIUN CUTHAT, f (t) — IEPUOIUYECKasl TIOCAEAOBATEIbHOCTh IPIMOYTONBHBIX
UMITYJIBCOB; m, — KOI(OUIIMEHT aMIUIUTYIHOH MOy IIALMN:

T 4)

rae A — aMIIuTyAa NPSIMOYTOJIbHBIX UMITYJIBCOB U3 MEPUOANUECKON MOCIEIOBATEIBHOCTH.
Ileprogmueckas MOCIEAOBATENBHOCTh MPSAMOYTOIBHBIX HMITYJIbCOB f{f) C AIUTENHFHOCTHIO
UMITyJbCa T, ¥ IepUoaoM T, MOKET ObITh IPENCTABICHA KaK

F()= Y oft-k1,). (5)

k=—o0

rae o (t) — byHKIHs, ONHMCHIBAIONIAs OIMHOYHEINA HMITYJIEC TOCIeA0BATENEHOCTH (1) :

T T

A npn — ; 937“,
o(t)= ] ; (6)
Ompmt<——2, t>-1,
2 2

[IpeacraBiacHre MEPUOIMUCCKON TMOCTICIOBATEILHOCTA MPSIMOYTONBHBIX HUMITYJIBCOB PSAIOM
®dypoe ¢ yueToM (5) u (6) Oyner UMeTh cienyromui Bua [7]:

T, 21 . nmt
f(t)=A| 2+=) —sin—"cos2nnF,t |, (7)
T, mion L
T, 24 . nmt,
rae F, =~ ACTOTa MCKpETHSAIM; A-" — mocTosHHasI COCTABILSIONIAs;, —Sin cos2nnk,t —
e
s s

TapMOHHUKH YaCTOThI AUCKPETU3AIIHH.

IMoxcraBnsiss B BeIpakeHue (3), OMUCHIBAIOIIEE AMILTUTYAHO-MOIYJIMPOBAHHBIN CHUTHA,
s(¢) erpaskernst i f{t) u3 dopmynsl (7) u c(f) w3 Gopmyinsl (2), OIYINM CIIEKTPAIBHBIA COCTAaB
aAMILTUTYTHO-MOYJINPOBAHHOTO CUTHAJIA C YYETOM TPHUTOHOMETPUIECKUX PeoOpa3oBaHui:

A At sinot 241 . AGS1 . .
s(t) =20 | M AT SOL | 28 L T o 2nnkFt + ™ Z—sm i sm(2nnEI + o)c)t. ()
T, T, min T, mon T

CornacHo ¢opmyiie (8) CHEKTp aMILIMTYAHO-HUMITYJIbCHOTO MOAYJIMPOBAHHOTO CHTHAlIa
COJICPIKHT:

- NMOCTOAHHYIO COCTAaBJIAIOLIYHO

At
= Lt , 9
4, T )
—  HUCXOJIHBIA MOJYJIUPYIOIIUNA CUTHAII
AT, .
A4 = m“T % sin o.t; (10)

a

- rapMOHUKH YaCTOTBI AUCKPCTU3ALUU — MO,E[y.]'IpreMOﬁ HepHOI[H‘-ICCKOfI PIMHy.]'II:CHOﬁ
IOCICA0BATCIbHOCTH
24

A4 =2 gin cos2mnFt; (1)
" T !

a

- OOKOBEIE COCTAaBJIAOIIKUEC, COOTBETCTBYIOIIUEC CIICKTPY MOAYJIUPYIOIICTO CUTHAJIA,
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m,A . nmt, .

A= sin T sm(2ranJ1 J_r(oc)t. (12)
nn

a

I'padmueckoe n3o0pakeHUe CIIEKTpa aMIUIUTYTHO-UMITYILCHOTO MOYJTUPOBAHHOTO CUTHANIA
TIPEACTABICHO Ha pUC. 2.

Stwm)
2Af--==-o_ Ay
\\\Az
T=
\\\
AU A N
—— c N
A5 | Ags \
X e
Ay | s T e
A /’/ \\\
\ - 2
W |®, ® jm, § .
LA \/// T - N
/ oged 1] Y o
1 | | i
O, 2T, 4T, 21T, d7/ty,

Puc. 2. CriekTp aMIUIUTYAHO-UMITYJIbCHOTO MO TMPOBAaHHOTO CHI'HANA
Fig. 2. The spectrum of the amplitude-pulse modulated signal

N3 puc.2 u dopmynsl (8) crmemyer, 4TO MPU KaKIOW TapMOHHYECKOW COCTABIIAIOIICH
CHeKkTpa A,, COOTBETCTBYIOIIEH CIIEKTPY NEPHOINMYECKOM IOCIENOBATEIbHOCTH HMILYNIBCOB,
HOSBIIIIOTCA OOKOBBIE COCTaBIIAIOIINE A ., COOTBETCTBYIOLIME CHEKTPY MOIYJIUPYIOLIErO CUTHAja,
KOTOpBIE BMECTE C HHU3KOYAaCTOTHOM COCTaBISIOLIEd A, B IOJOCE PEYEeBOro CUTHaIa OyayT
dopMupoBaTh KaHal yTeUuKH HH(popMaimu. TakuM oO0pa3oM, yTeuka peueBOl HH(OpMAIHH,
npeobpa3oBaHHON B IU(POBYIO (hopMy, BO3ZMOXKHA HA 4ACTOTaX O, (HU3KOUACTOTHBII KaHAIl yTEUKH)
u 2mnF, £, (BBICOKOYACTOTHBIM KaHan yTedku). IIpu 5TOM OCHOBHOM NPMYMHON (HOPMUPOBAHMS
JIOTIOJTHUTEIILHOTO BBICOKOYACTOTHOTO KaHa a yTeUKH peueBod HHGOpMAIIUK TP IPeoOpa3oBaHH e
B MUGPOBYI0 GOPMY SIBIISFOTCS TPOIIECCHI JUCKPETU3AIMH 110 BPEMEHH M KBAHTOBAHUS TI0 YPOBHIO

pEYEeBOro curHana.
®dopMHUpyeMbIli  YKa3aHHBIMH COCTABISIOIIMMH KaHAJI YTEUKH peueBOd HH(OpMALUU

B cootBeTcTBHHU ¢ popmynamu (10) u (12) 3aBucHT OT KO3 PHUIIMEHTA aMITTUTYIHONH MOAYJISINA M, ,
JJMTENLHOCTY UMIyIbca T, M YacTOThl AUCKpeTu3auuu F) . J[IMTEIbHOCTh MMIyIbCa U 4acTOTa
JTUCKPETU3allii, KaK TPaBUIIO, M3BECTHHI, a BEIMUYUHY KO3(PQPUIMEHTA aMIUTUTYJAHON MOIYIISIIIUU
MOXKHO OTpEAENUTh IyTEeM HCKIIOYeHHS M3 HHU3KOYACTOTHOW COCTABIIAIONIEH MOIyTHPYIOIIETO
curHajga A, TIOCTOSHHOM COCTaBILIIOMICH A :

m,At, .
p ——8Inm,f

c=—2 = sinot. (13)
AO ATM a c
T

it

Kpome Toro, Hamuume B COCTaBe CIEKTPa aMIUIUTYIHO-UMITYJILCHOTO MOJYJIMPOBAHHOTO
CHTHalla MCXOJHOTO MOJYJIUPYIOMIETO CHIHAja TIO03BOJSET IMPOW3BECTH OICHKY 3allUIIEHHOCTH
KaHajla YTeYKH PEYCBOT0 CHTHAJIA MPHU aMIUIUTYIHO-UMIYIHCHOH MOYJSIMK 10 HU3KOYaCTOTHOM
COCTaBIIAIOIIEH MOy IUpyoliero curnana A, . Jlns sroro [3]:

1. [To momy4eHHBIM 3HAYCHHSM TapaMeTpa U3MEPUTEIHLHOTO CHTHAlla B TOYKE HAOIIOICHUS
Y TIapaMeTpa IIIyMa B TOH ke TOYKE HaOIIIOICHUS OMPECIIIOT OTHOIICHUE CUTHAJI/TITYM.

2. OnpenensroT OTHOIIIEHUE HOPMUPOBAHHBIX NTApaMETPOB CUTHANA U IIIyMa B KaHAJle YTEUKU
pedYeBoro curHana.
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3. CpaBHUBAIOT OTHOIICHWE CUTHAJ/IIYM, IIOJIyYEHHOEC B IIPOIECCE OICHKH B TOYKE
HaOJIO/ICHNSI, C HOPMUPOBAHHBIM OTHOIICHHEM CHTHAJ/IIYM U3 HOPMHUPOBAHHBIX MapaMeTpoB. Eciu
OTHONICHHWE CUTHAI/IIYM HOPMHPOBAHHBIX MapaMeTpoB OOJNbIIE OTHONICHUS HW3MEPEHHBIX
napaMeTpoB, TO MPUHUMAIOT PELICHUE O 3AlUIICHHOCTH, T. €. OTCYTCTBUU KaHajla yTEUKHU PEUCBOM
nH(popMalui. B mpoTHBHOM ciTydae — 0 HATMYUY KaHaJIa yTeYKH PEYeBOT0 CUTHAIA.

3akiarouenne

Takum o00pa3oM, TPOM3BEICHA OIICHKA KaHajda YTeYKH WH(OPMAIMU TPU aMILTUTYIHO-
HMMITYJIbCHOM MOJYJIALIMM UCXOJS U3 MATeMaTUYCCKON MOJENH CHEKTpa CUTHANA. Y CTaHOBJIEHO, YTO
OpH  KaKAOM TapMOHMYECKOM COCTABIAIOIIEH CHEKTpa A4, , COOTBETCTBYIOHIEH  CIIEKTPY

HepHOL[H‘lCCKOﬁ MMOCJICAOBATCIIBHOCTH HMIIYJIbCOB, TIOABJIAIOTCH OOKOBEIE COCTaBJIAIOIIHNEC Ané’

COOTBETCTBYIOIIME CIEKTPY MOMAYJHMPYIOUIETO CHUTHajla, KOTOPbIe BMECTE C HM3KOYACTOTHOM
COCTABISIOIIEH A, B MOJIOCE Pe4eBOro cUrHana (GOpMHUPYIOT KaHal yreukd HHbopmanuu. Hamudne

B COCTaBE  CIICKTpa  aMIUIUTYTHO-HMITYJILCHOTO  MOIYJIMPOBAHHOTO  CHTHAJla  HCXOJHOTO
MOAYJIUPYIOIIETO0 CUTHANA MO3BOJISET MPOU3BECTU OLICHKY 3alIUIICHHOCTU KaHaja yTeUKH PEeYEBOTO
CHTHAJIa TIpH AMIUIUTYAHO-UMITYJbCHOH MOIYJISIIMM 10 HU3KOYACTOTHONW  COCTABIISFOIICH

Mopayimupytomero curHana A.. Ilpy 5ToM oOLEHKa 3aIIMIIEHHOCTH AHAJIOTOBOIO M JUCKPETHO-
KBAaHTOBAaHHOT'O PEYEBOr0 CUTHAJA MPOU3BOJUTCS IO EAUHON METOAUKE.
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IAJIEKTPOMATI'HUTHOE PAJUOYACTOTHOE 3AT'PASHEHUE MOXET
BJIUATb HA YPOBEHb CMEPTHOCTH OT COVID-19.
4G/5G/6G MOI'YT BbITb BE3OITACHBIMMU IS JIIOAENU

MOPJIAYEB B.U.

Benopycckuii eocyoapcmeennulii ynusepcumem uH@opmamuxu u paouodiekmpoHuKu
(2. Munck, Pecnybnuxa benapyco)

Tlocmynuna 6 peoaxyuto 15 urons 2020
© Bbenopycckuii rocy1apcTBEHHBIH YHUBEPCUTET HHPOPMATHKH U PaJH03IeKTpOHHKH, 2020

AnHoranusa. OxBaTuBIIas BeCh 3eMHOU map nangemus kopoHasupyca COVID-19 aBunach npuuuHOi cMepTu
COTEH THICSY JIFOICH U TIIyOOKHUX KPU3UCHBIX SIBJICHUN B MUPOBOW dKOHOMHUKE. B paboTe nmpuBoANTCS KOCBEHHOE
MOATBEPKICHAE THUIIOTE3bl, 4YTO, HApsAy C IPYyrMMH (DakTopaMu, Ha YpPOBEHb CMEPTHOCTH HACEICHHS
OT KOPOHABUPYCHOW MH(EKINN OKa3blBaCT BIMSHHE YPOBEHb O3JIEKTPOMArHUTHOTO 3arpsi3HEHHS CPEIbI
oburanua. ['mnore3a moaTBEpKAAETCA HATWIMEM KOPPEISIIUNA MEXIY CTETEHBIO JKECTKOCTH TMIHMEHHIECKOTO
HOPMHUPOBAHUSI YPOBHEH PagHOYacTOTHOTO 3ICKTPOMArHUTHOTO (h)OHA ATl HACENCHHUS, TJTaBHBIM HCTOYHHKOM
KOTOPOTO SIBJSIFOTCSL CHUCTEMBl MOOWJIBHOW (COTOBOM) CBs3W, W ypoBHeM cmeptHoctH oT COVID-19
B PAa3IMUHBIX CTpaHax. JTa CBs3b KpaliHe OMacHa, MOCKONbKY pealu3alus CYIIECTBYIOUIUX IUIAHOB OY€Hb
OBICTPOTO Pa3BUTHSI TEXHOJIOTHH, CHCTEM U YCIIyT MOOWIIbHO# cBsi3n uerBepToro (4G) u msroro (5G), a k 2030 roxy
n mectoro (6G) NOKOJICHUs, CBSI3aHHOTO C YBEJIMUCHHEM Ha MHOTO MOPSKOB YMCIIa U3JTy4YaroLUIUX YCTPOWCTB,
CKOpPOCTH Ilepe/laud JaHHbIX MO paJuOoyYacTOTHBIM KaHalaM ¥ TEPPUTOPHAIBHOW IUIOTHOCTH Tpaduka
MOOMJIBHOM CBSI3U 0€3 IPUHATHS CHIENUANILHBIX MEp B caMoe Oirkaiiiiee BpeMs MOXKET BbI3BATh 3HAYMTEIILHBIH
(Ha 1-2 mopsagka u Ooyiee) POCT HHTEHCUBHOCTH ODJIIEKTPOMAarHUTHOTO (OHA, CO37aBaeMoOro 0a30BBIM
1 aOOHEHTCKUM 000pYAOBaHHUEM MOOMIBHOW CBS3U. I KOJMYECTBEHHOTO aHAIM3a 3THUX NPOIIECCOB Pa3BUTA
1 Bepu(UIMPOBaHA C UCIOIb30BAHUEM PE3yJIbTaTOB MHOTOUYHCICHHBIX M3MEPEHUH 3JIEKTPOMArHUTHOTO (poHa
B Pa3IMYHBIX CTPAaHAX MPAKTHYECKas METOIMKA IIECCUMUCTUYECKON OLCHKH YPOBHS 3JIEKTPOMAarHUTHOTO (hOHa,
CO3/1aBa€MOT0 3THMH CHCTEMaMH{, OCHOBHBIC IIOJIOKECHUS KOTOPOM H3JaraloTcs B JaHHOW paborte. [laHHas
METOJMKA OCHOBaHA HA MWCIOJIB30BAHUM HMHTETPAIBHBIX CHCTEMHBIX XapaKTEPUCTHK OECIIPOBOJHOTO
nH}pOpManMOHHOTO O00CITy)KMBaHUsT OOINECTBA M MO3BOJSET OOOCHOBATH HEOOXOOMMBIE CHCTEMHBIE,
TEXHHYECKHE M OpraHM3allMOHHBIC pELICHUS, HalpaBicHHblE Ha o0ecreueHHe HEOOXOIMMOrO YPOBHS
9JIEKTPOMAarHUTHOH OKOJIOTMH HACEJICHHBIX TEPPUTOPHH W DJIEKTPOMAarHUTHOW O€30MacHOCTH HaceIeHHs
B ycJIoBHsIX ObIcTporo passutus cucteM 4G/5G/6G 6e3 ymepba HHPOPMAIIMOHHOMY 00CITYKMBAaHHIO HaCEJICHHS
1 UH(POPMAIIMOHHBIM TEXHOJIOTUSIM B 9KOHOMHKE, 00pa30BaHNH, 37IPaBOOXPAHEHUH U IPYTHX 00IacTsX.

Kurouesbie ciioBa: COVID-19, anekTpoMarHuTHOE 3arpsi3HEHUE, HOPMBI, KOPpesitusl cOToBas CBs3b, 4G, 5G,
6G, DIEKTpOMAarHUTHAS IKOJIOTHS, JIEKTPOMAarHUTHAs 0€30TTaCHOCTb.

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

Jdas nutupoBanusi. Mopaaues B.JM. PannodactoTHOE 3JEKTPOMAarHUTHOE 3arpsi3HEHHE MOXKET BIHATH
Ha ypoBeHb cMepTHOCcTH OT COVID-19. 4G/5G/6G MoryT ObITh Oe30macHbiME 11 Jroned. Jlokmaaer BI'YHP.
2020; 18(4): 96-112.
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COVID-19 LETHALITY RATE MAY BE AFFECTED BY ELECTROMAGNETIC
RADIO FREQUENCY POLLUTION. 4G/5G/6G CAN BE SAFE FOR PEOPLE
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Abstract. The COVID-19 pandemic, spanning the globe, caused the death of hundreds of thousands of people
and crisis in global economy. I found confirmation of the hypothesis that the level of environmental
electromagnetic pollution affects the lethality rate of a population from COVID-19. I found a correlation
between the degree of severity of hygienic regulation of levels of radio frequency electromagnetic fields for
population, the main sources of which are mobile (cellular) communication systems, and the lethality rate from
COVID-19 in various countries. The existence of such a correlation is extremely dangerous, because the
implementation of well-known road maps for very fast development of technologies, systems and services of the
fourth (4G), fifth (5G) and sixth (6G) generations of mobile communications associated with the increase in the
number of radiating devices, data rates in radio frequency channels and area traffic capacity of mobile
communications by many orders of magnitude, according to my estimates, can cause a high (1-2 orders or more)
increase in the intensity of electromagnetic background created by mobile communications. For a quantitative
analysis of these processes, I developed a presented herein a practical technique for worst-case estimation of the
level of electromagnetic background created by these systems; it is verified using the published results of
measurements of electromagnetic background in various countries. This technique is based on the use of the
integrated system characteristics of wireless information services and makes it possible to justify the necessary
system, technical and managerial solutions aimed at ensuring the necessary level of electromagnetic ecology
of populous areas and electromagnetic safety of people in conditions of rapid advancement of 4G/5G/6G
systems without affecting the quality of informational support of the population and information technologies
in economy, education, healthcare and other sectors.

Keywords: COVID-19, electromagnetic pollution, regulations, correlation, mobile communications, 4G, 5G,
6G, electromagnetic ecology, electromagnetic safety.
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Relevance of the Problem

Due to the extremely intensive development of wireless technologies and systems of public
information services and their deep penetration into all areas of human activity, the electromagnetic (EM)
pollution associated with these processes is becoming an increasingly threatening anthropogenic
factor. Its danger, as a rule, is underestimated, and in the coming years may turn out to be
commensurate with the danger of the known processes of global warming and environmental
degradation.

Numerous measurements of the levels of electromagnetic background (EMB) generated by
cellular communications (CC) in places with different population density in 2005-2019 [1-11, etc.]
indicate that CC radio networks of the second (GSM, IS-95) and the third (UMTS, CDMA2000)
generations, which provided the bulk of mobile telephony services and a relatively small volume of
mobile Internet services during measurement periods, as a whole, posed no danger for the population.
In the places where these measurements were carried out, the area density of sources of radio
frequency EM radiation did not exceed 10°~10* devices/km?, the area traffic capacity (ATC) did not
exceed 0.1-1.0 kbit/s/m?) at data rates on the radio channels of user’s interface no higher
than 0.032-2.0 Mbit/s. As a result, the intensity of EM background created by these sources was
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no more than a few puW/cm? in the overwhelming majority of cases, not exceeding the level
of 9.5-10 pyW/cm?, defined in many countries (Azerbaijan, Belarus, Bulgaria (short-term), Canada
(Toronto ), Chile (sensitive), France (Paris), Hungary, Italy (general), Kazakhstan, Lithuania, Poland,
Russia, Switzerland, Ukraine, etc.) [12] as the maximum permissible level (MPL) of EM background
intensity for population.

In the early periods of CC development (first and second generations of CC), when the main
type of service was mobile telephony, uplink and downlink traffic rates (the amount of information
transmitted from mobile (MS) to the base (BS) station and vice-versa) were symmetrical, it was
supposed that the main hazard to health is brought about by EM radiation of CC MS, since the mobile
phone is located near the human body, and voluntary environmental risks during the CC operation are
predominant.

However, as a result of the subsequent evolution of CC in the direction of intensive
development of data transmission technologies and services (mobile Internet, interactive broadcasting, etc.),
the situation has changed quite significantly, giving the room for the following to take place:

— a constant decrease in the average range of cellular radio-telephone communications with
a corresponding decrease in the average power of MS EM radiation in this mode and an attendant
decrease in voluntary environmental risks due to the fast development of the CC radio network
infrastructure and the increasing use of indoor hotspots, urban micro-cells, etc. [13];

— a constantly increasing asymmetry of downlink and uplink traffic rates, the ratio of
capacities of information transmitted from BS to MS and in the opposite direction reaches 10-100 [14]
with a corresponding change in the ratio of EM energy radiated by sets of BS and MS;

— as a result, the environmental risks caused by the increased intensity of EM background
created by CC, come to the fore and become predominant.

The observed dynamic evolution of CC generations from 2G (GSM, IS-95) and 3G (UMTS,
CDMAZ2000) to the 4G (LTE) [13—15], and then to the upcoming 5G [16—18] and 6G [19, 20] is an
inevitable process, due to the highest efficiency of digital mobile communication systems in almost all
areas of human activity and the extreme attractiveness of a wide range of wireless information
services.

Let us consider the summary data of Table 1, characterizing the planned growth of six main
system parameters of wireless information services in near future. An increase in the values
of parameters No. 1, 2, 3, 4 is associated with a proportional increase in the power of EM radiations
of BS and MS of CC, and an increase in the values of parameters No. 5, 6 provides a proportional
decrease in this power. Moreover, the aforementioned parameters experience an increase for the
following reasons:

— the expected cumulative increase in parameters No. 1,2, 3,4 is at least ~10* times for
4G — 5G evolution, and the same ~10* times for 5G — 6G evolution (in total about 8 orders of
magnitude for 4G — 6G evolution), and

— the expected total increase in parameters No. 5, 6 is only =30-300 times for 4G — 5G
evolution, and 50—-1000 times for 5G — 6G evolution (in total no more than 3—4 orders of magnitude
for 4G — 6G evolution taking into account the uncertainty of estimates [16-20]), the declared
development of mobile communications from 4G to 5G and further to 6G using traditional approaches
can cause a sharp (by several orders of magnitude!) increase in the intensity of EM background
created by CC in places with a high population density, and a corresponding sharp degradation of the
environmental EM ecology, and, in general, an unacceptable reduction of public EM safety.

On the one hand, such prospects are a cause of growing concern about the health and well-
being of population, which may result in local government-level decisions that restrict the use
of wireless services in critical places, such as decisions [21-23] adopted in Switzerland and France
in order to limit the use of wireless solutions and services in buildings and in public transport.
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Table 1. Summary data characterizing the planned evolution of the system parameters of mobile
communication networks, according to [15-20]
Ta6auna 1. CBoxHbIe JaHHBIE, XapaKTEPH3YIOLINE IUNIAHUPYEMYIO IBOJIIOINIO CHCTEMHBIX [IapaMeTPOB
ceTeil MOOMIIbHO CBSI3H, TI0 JaHHBIM [15-20]

Generation of mobile (cellular) communications

Total increase in

(density of radiating MS)

System parameters ITokosnenre MOOMIBHON (COTOBOM) CBS3U evolution
CucTeMHBIE TTapaMeTPhI 4G—6G
4G 5G 6G CymMapHSBIit
pocCT npu
IBOJIFOLIUH
4G—6G
1. Peak data rate 100 Mb/s 10—20 Gb/s >1 Tb/s ~10* times
2. Experienced data rate 10 Mb/s 0.1 Gb/s 1-10 Gb/s ~10? times
3. Area traffic capacity 0.1 Mb/s/m? 10 Mb/s/m? 1 Gb/s/m? ~10* times
4. Connectivity density | 0.1 Devices/m? 1.0 Devices/m? 10 Devices/m? ~10? times

5. Spectrum efficiency 1x 3x that of 4G (5-10)* that of 5G ~15-30 times
6. Network energy 1 (relative base | 10100 times increase | 10—100 times increase <1010 ti
efficiency level) compared to 4G compared to 5G == IUThmes

On the other hand, there is a noticeable worry that such local government decisions, as well as
growing radio phobia of population, can impede the CC development on a scale and pace [16-20].
Apparently, this was the reason for the emergence of the latest corporate recommendations ICNIRP [24],
declaring the safety of 5G systems and services at levels of radio frequency EM background that
100 times or more higher than the MPL of EM background accepted in many countries.

It should be noted that these recommendations, taking into account only the thermal effect
of radio frequency EM fields on human body, determining upper boundary of the range of their
supposedly safe intensity at a level of 10 W/m? (1000 uW/cm?) and above, and allowing them to heat
the human upperparts to 2 degrees and some parts of the body up to 5 degrees in 6 minutes,
are extremely optimistic from the point of view of EM safety of the population. They have
a pronounced corporate character, do not take into account various non-thermal effects of exposure
to radio-frequency EM fields [25-36, etc.] and, apparently, can only illustrate the boundaries between
the non-fatal and fatal effects of radio-frequency EM fields on human body.

Such levels of EM exposure actually correspond to the modes of gentle defrosting of food
products in a microwave oven and, in the author’s deep assurance, cannot be considered as acceptable
for the whole population.

The author is sure that MPL values of EM fields of the order of 2.5-10 pW/cm?
(0.025-0.1 W/m?), accepted in many countries as a result of in-depth scientific research and many
years of analysis of the health of separate population groups subjected to forced or voluntary exposure
to radio-frequency EM fields, and reflecting the real danger of non-thermal effects of exposure
to these fields on the human body, are more adequate to the required degree of protection of the
population from EM background created by modern and future CC systems.

These effects, in particular, are associated with impairing of nervous and mental activity [26-30],
decreasing of reproductive function in both men and women [31, 32], and an appreciable increase
in DNA damage [32], impairing of heart rhythm and peripheral arterial pressure [33, 34], suppression
of the immune system [35, 36], when exposed to radio frequency EM fields with levels significantly
lower than those recommended in [24]; finally, by a WHO decision [37], radio-frequency EM fields
are classified as a potentially carcinogenic hazard.

Correlation between EM environmental pollution and harm to population by COVID-19

Quite numerous publications, such as [25-37], make us take a fresh look at the causes of
a rather uneven harm to population by the COVID-19 in different countries. In conditions of complete
“multilayer” area coverage (i. e. coverage by several radio networks of various operators) with mobile
communications, the effect of the adopted restrictions on MPL of radio frequency EM fields on the
population’s exposure to infections like COVID-19 is apparently inevitable.
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Although a large number of other factors (the degree of general environmental pollution, food
quality, climate features, epidemic phase, timeliness and effectiveness of restrictive measures taken, etc.)
affects public health and susceptibility of the population to infections, and also data of different
countries on morbidity and lethality have a different degree of reliability and reflect the different
effectiveness of national health systems in struggle with COVID-19, today one cannot fail to see the
area correlation between the use of recommendations [24] and the distribution of lethality from
COVID-19.

In particular, an analysis of WHO reports [38—40] indicates that in a group of countries where,
according to data [12], hygienic restrictions on radio frequency EM fields of 1-10 pyW/cm? are
accepted, the relative level of lethality from COVID-19 is (1-5) % of the number of the infected,
and in a group of countries where the hygienic regulation of EMB is carried out in accordance with
corporate recommendations [24], this level is (5-20) %.

Tables 2 and 3 shows the results of a correlation analysis of the relationship between the
degree of severity of hygienic regulation of levels of radio frequency EM background for the
population in different countries according to data [12] and the lethality rate from COVID-19 in
relation to the number of people infected according to [38—40].

The data in Table 2 were obtained for the first version of definition of the relative lethality
rate from COVID-19 as the ratio of the total number of deaths to the total number of the infected, and
the data in Table 3 correspond to the second version of its definition as the ratio of the number of
deaths to the country's population in millions of people.

In this analysis, the representativeness of the samples is ensured by quota sampling — ensuring
approximately equal representation of data from countries of both groups; the limited sample size is
caused by the lack of more complete data on hygienic regulation of EMF in the countries listed in [38—40].

When determining the relative lethality rate as the ratio of the number of deaths to the total
number of the infected, the Pearson's correlation coefficient for the three different correlated samples
turned out to be 0.551-0.552. When determining the relative lethality rate as the ratio of the number
of deaths to the total country population, the Pearson's correlation coefficient for these samples was
even higher, i.e 0.577-0.6. This convincingly confirms the existence of a correlation between the
factors under consideration.

The detected correlation is quite stable - its multivariate analysis when varying MPL values
for countries where MPL value pairs are used (for Bulgaria (“long-term”/”’short-term”) and Chile
(“sensitive”/”others”), which differ by 10 times), as well as when trying correction of lethality for
some countries suspected of distorting medical statistics, indicates that in all cases the resulting
Pearson's correlation coefficient turned out to be no lower than 0.45-0.55.

Of course, the hygienic regulation of MPL radio frequency EMB in accordance with [24],
or the absence of such regulation in a number of countries does not mean the mandatory presence of
high levels of environmental EM pollution by CC systems.

However, taking into account the extremely high cost of the existence of a relation between
the degree of environmental EM pollution and the degree of population susceptibility to similar viral
infections, the presence of a relationship between the average levels of radio frequency EM
background created by CC systems and the lethality rate from COVID-19 requires the most serious
further research and verification.

And if the correlation between the average levels of EM background created by CC systems
and the injury of population by COVID-19 will be confirmed by further in-depth studies (which is
quite probable, taking into account a very large difference between the “thermal” and “non-thermal”
MPL of radio frequency EM fields), this may serve as an objective motivation for the following:

— for much closer attention to the problem of EM pollution of populous areas and,
in particular, a more objective critical attitude to corporate declarations like [24], and

— for making decisions similar to [21-23] at the national or regional levels, as well as for
searching for reasonable system and technological alternatives to a number of declared directions for
the extremely rapid development of 4G/5G/6G systems and for the upcoming extremely deep
penetration of wireless technologies and services in all areas of human activities, without prejudice to
progress in the field of information technology and public, industrial, educational and other
information services.
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The fundamental difficulties in justification of such decisions, system and technological
alternatives are caused by the lack of adequate practical methods for predicting and evaluating the
expected levels of EM background at different stages of the development and implementation
of 4G/5G/6G systems and services, since the direct calculation of the total background intensity
created by a huge number of stationary (BS ) and mobile (MS) sources of EM radiation, is impossible
both because of the extreme complexity of this mission, and due to significant a priori uncertainty and
confidentiality of the source data.

Table 2. Results of the analysis of a correlation between the degree of severity of hygienic regulations of levels
of radio frequency EM background for the population in different countries according to data [12], and the
relative lethality rate from COVID-19, defined as the ratio of the number of deaths to the total number
of the infected, according to [38—40]

Tabauna 2. Pe3ynpTaTsl aHATN3a KOPPEIIIUN MEKAY CTENEHBIO KECTKOCTH THTHEHHIECKOTO HOPMUPOBAHHS
YPOBHEW Pagrov4acTOTHOTO AIIEKTPOMATHUTHOTO (hOHA IS HACEICHHUS B Pa3IHYHBIX CTpaHax, 1o JaHHBIM [ 12],
1 OTHOCHUTEIBHBIM ypoBHEeM cMepTHocTH 0T COVID-19, onpenensieMbIM Kak OTHOIIEHHUE YHCIIa YMEPIIHX
K 00ILeMY YHCITy 3apa3uBLIMXCS, 110 JaHHBIM [38—40]

MPL The ratio of the total number of deaths to the total number of infected
Country W/mé 04.05.2020 9% 11.05.2020 9 18.05.2020 %
WHO Rep. 105 WHO Rep. 112 WHO Rep. 119
iy OTHOIIIEHHE YKCJIA YMEPIIUX K 0OIIEMY YUCITY 3apa3HUBITHXCSI
Crpana BT/MZ’ 04.05.2020 9% 11.05.2020 9% 18.05.2020 %
WHO Rep. 105 WHO Rep. 112 WHO Rep. 119
1. Azerbaijan | 0.1 25/1932 1.29 32/2519 1.27 39/3274 1.19
2. Belarus 0.1 103/17489 0.59 135/23906 0.56 165/29650 0.56
3. Belgium 10 7844/49906 15.72 8656/53081 16.31 9052/55280 16.37
4. Bulgaria? | 0.01 73/1618 451 91/1965 4.63 110/2235 4.92
5. Canada 4 3681/59365 6.20 4728/67996 6.95 5702/76204 7.48
6. ChileV 0.1 260/19663 1.32 312/28866 1.08 450/43781 1.03
7. China 0.4 4643/84400 5.50 4643/84450 5.50 4645/84494 5.50
8. Denmark 10 484/9523 5.08 529/10429 5.07 547/10927 5.01
9. France 10 24859/129708 | 19.17 26338/137073 19.21 28059/140036 20.04
10. Germany 10 6692/163175 | 4.10 7417/169575 4.37 7935/174697 4.54
11. UK 10 28446/186603 | 15.24 31855/219187 14.53 34636/243699 14.21
12. Hungary 0.1 351/3035 11.57 421/3284 12.82 462/3535 13.07
13. India 0.9 1373/42533 3.23 2206/67152 3.29 3029/96169 3.15
14. Ireland 10 1303/21506 6.06 1458/22996 6.34 1543/24112 6.40
15. Israel 0.9 227/16152 1.41 254/16492 1.54 271/16607 1.63
16. Italy 0.1 28884/210717 | 13.71 30560/219070 13.95 31908/225435 14.15
17. Japan 10 510/15057 3.39 621/15798 3.93 749/16305 4.59
18. Kazakhstan | 0.1 27/3988 0.68 31/5138 0.60 34/6440 0.53
19. Lithuania; 0.1 46/1410 3.26 50/1479 3.38 56/1541 3.63
20. Luxemburg | 0.45 96/3824 2.51 101/3886 2.60 107/3945 2.71
21. Netherlands | 10 5056/40571 12.46 5440/42627 12.76 5680/43995 12.91
22. Poland 0.1 678/13693 4.95 800/15996 5.00 925/18529 5.00
23. Portugal 10 1043/25282 4.13 1135/27581 4.12 1218/29036 4.19
24. Russia; 0.1 1356/145268 | 0.93 2009/221344 0.91 2722/290678 0.94
25. Spain 10 25264/217466 | 11.62 26621/224390 11.86 27650/231350 11.95
26. Sweden; 10 2679/22317 12.00 3225/26322 12.25 3679/30143 12.21
27. Switzerland | 0.1 1472/29822 4.94 1537/30222 5.09 1602/30504 5.25
28. Turkey 0.56 3397/126045 | 2.70 3786/138657 2.73 4140/149435 2.77
29. Ukraine 0.1 303/12331 2.48 408/15648 2.61 535/18616 2.87
30. USA 10 60710/1125719 | 5.39 76916/1271645 | 6.05 87180/1432265 | 6.09
31. Uzbekistan | 0.025 10/2160 0.46 10/2411 0.41 12/2762 0.43
Pearson's
correlation 0.551 0.552 0.551
coefficient:
D The lower limit of the range of normalized values.
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Table 3. Results of the analysis of a correlation between the degree of severity of hygienic regulations of levels
of radio frequency EM background for the population in different countries according to data [12], and the
relative lethality rate from COVID-19, defined as the ratio of the number of deaths according to [38—40],

to the total country population in millions of people V

Tabauua 3. Pe3ynbTaThl aHANN3a KOPPEISILAU MEXY CTEIEHbIO XKECTKOCTH THTHEHUYECKOTO0 HOPMUPOBAHHS
YPOBHEW Pagrov4acTOTHOTO AIIEKTPOMATHUTHOTO (hOHA IS HACEICHHUS B Pa3UIHBIX CTpaHax, 1o JaHHBIM [ 12],
¥ OTHOCHTENBHBIM ypoBHEM cMepTHOCTH 0T COVID-19, onpenenseMpIM Kak OTHOIIEHHE YUCIIa YMEPIIHX,

1o nanHbeM [38—40], k 001Iel YNCICHHOCTH HACEICHHS B MHJUTHOHAX Yell.

1)

MPL The ratio of the total number of deaths to the country population
Country W /m§ 04.05.2020 Total 11.05.2020 Total 18.05.2020 Total
WHO Rep. 105 WHO Rep. 112 WHO Rep. 119
Ty OTHOIICHUE YUCIIAa YMEPIIHNX K 0OIICH YHCICHHOCTH HACCICHUS
Crpana BT/ME 04.05.2020 Bcero 11.05.2020 Bcero 18.05.2020 | Bcero
WHO Rep. 105 WHO Rep. 112 WHO Rep. 119
1. Azerbaijjan | 0.1 25/10.139 247 32/10.139 3.16 39/10.139 3.85
2. Belarus 0.1 103/9.449 10.9 135/9.449 14.3 165/9.449 17.5
3. Belgium 10 7844/11.590  |677 8656/11.590 747 9052/11.590 |781
4. Bulgaria ? 0.01 73/6.948 10.5 91/6.948 13.1 110/6.948 15.8
5. Canada 4 3681/37.742 97.5 4728/37.742 125 5702/37.742 |151
6. Chile? 0.1 260/19.116 13.6 312/19.116 16.3 450/19.116 |23.5
7. China 0.4 4643/1439.324 |3.23 4643/1439.324 |3.23 4645/1439.324 13.23
8. Denmark 10 484/5.792 83.6 529/5.792 91.3 547/5.792 94.4
9. France 10 24859/65.274 381 26338/65.274 403 28059/65.274 430
10. Germany 10 6692/83.784 |79.9 7417/83.784 88.5 7935/83.784 |94.7
11. UK 10 28446/67.886 419 31855/67.886 469 34636/67.886 |510
12. Hungary 0.1 351/9.660 36.3 421/9.660 43.6 462/9.660 47.8
13. India 0.9 1373/1380.004 [0.995 2206/1380.004 |1.60 3029/1380.004 |2.19
14. TIreland 10 1303/4.938 264 1458/4.938 295 1543/4.938 312
15. Israel 0.9 227/8.656 26.2 254/8.656 29.3 271/8.656 313
16. Italy 0.1 28884/60.462 478 30560/60.462 |505 31908/60.462 |528
17. Japan 10 510/126.76 4.03 621/126.476 491 749/126.476 |5.92
18. Kazakhstan | 0.1 27/18.777 1.44 31/18.777 1.65 34/18.777 1.81
19. Lithuania 0.1 46/2.722 16.9 50/2.722 18.4 56/2.722 20.6
20. Luxemburg | 0.45 96/0.626 153 101/0.626 161 107/0.626 171
21. Netherlands | 10 5056/17.135 295 5440/17.135 317 5680/17.135 331
22. Poland 0.1 678/37.847 17.9 800/37.847 21.1 925/37.847 [24.4
23. Portugal 10 1043/10.197 102 1135/10.197 111 1218/10.197 |119
24. Russia; 0.1 1356/146.796  19.24 2009/146.796  |13.7 2722/146.796 |18.5
25. Spain 10 25264/46.755 540 26621/46.755 569 27650/46.755 |591
26. Sweden; 10 2679/10.099  |265 3225/10.099 319 3679/10.099 |[364
27. Switzerland | 0.1 1472/8.655 170 1537/8.655 178 1602/8.655 |185
28. Turkey 0.56 3397/84.339  |40.3 3786/84.339  |44.9 4140/84.339 49.1
29. Ukraine 0.1 303/42.156 7.19 408/42.156 9.68 535/42.156  [12.7
30. USA 10 60710/331.003 |183 76916/331.003 [232 87180/331.003 263
31. Uzbekistan | 0.025 10/33.469 0.299 10/33.469 0.299 12/33.469 0.359
Pearson's
correlation 0.577 0.593 0.60
coefficient:

1 Country population is given according to https://www.worldometers.info/world-population/
D The lower limit of the range of normalized values.

These difficulties can be effectively overcome by using my technique [41-51] of worst-case
system analysis of EM background created by CC, which allows to perform the pessimistic estimation
of EM background average intensity near the ground surface with the use of integral system CC
parameters, given in Table 1.

The adequacy of this technique is confirmed by its verification [49, 52] using a numerous
results [1-11] of measurements of EM background created by 2G/3G CC in many countries.
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Technique of worst-case system analysis of EM background created by CC

This technique offers a number of useful expressions and procedures for worst-case estimation
of the average level of EMB created by radio frequency EM fields that are generated by sets of BS
and/or MS of CC at the observation point (OP) at a height of Hop=1...2 m near the earth's
surface (Fig. 1, 2).

In accordance with this technique, the total EM background intensity Zs [W/m?] in OP means
the scalar sum of values of power flux densities Z, of EM fields created by N sources of these fields
located in an area of radio visibility of these sources from the OP:

N
Zy=>Z7,. e))
n=l1

EM background Intensity created by BS of CC

The average total intensity Zsgs [W/m?] of EM background created in OP near the ground
surface by a set of BS located randomly uniformly (with respect to the OP position) in the area of BS
radio visibility from the OP, is determined by the following expression [44, 46, 47]:

By [4H Ne)| By (66-H A )

Lsps =ZLsgs + Lspsy = ;S ln(—ip ]z —SS 111(—}L on, H,p ZZ’ 2)
B 4H B

Zspsi :TBSIH(TOP} Zsps) = TBS, 3)

where ) is the wavelength of BS radiation, Bgs [W/m?] is the average specific electromagnetic loading
on area (SEMLA) created by BS in the considered area.

The SEMLA Bjgs [W/m?] created by the set of K BS which are EMR sources, distributed over
the area S, is defined as a sum of covering total radiated powers Pe; of these BS per unit area:

By = =, Py = O Pryppy )

where Prrpe is the equivalent isotropic radiated power (EIRP) of k-th BS in the main lobe of its
antenna; Or = Pari/Prirer < 1 1s the system parameter of EMR directivity of k-th BS; in this ratio P4z«
and Pzrrpr are the values of this BS average total radiating power which reaches an observation area
by the real BS antenna with horizontal and vertical selectivity, and by the ideal isotropic antenna with
the same antenna gain, correspondingly. In particular, if CC radio network is regular with Ns sectors
on each BS, then for worst-case estimations O = 1/Ns. can be used. For separate k-th BS with a sector
antenna with Aoy [rad] of main beam width that is usually inclined 5-10 degrees to the earth's surface,
it is possible to use Ok ~ Aou/2.

The average EMB intensity (2) created by BS consists of two components (3): frequency
dependent component Zsgs; corresponds to the contribution of BS located in the OP vicinity of free-
space radio waves propagation (RWP) between BS and OP (breakpoint vicinity [53]), and frequency
independent component Zsgs, corresponds to the contribution of BS located outside the breakpoint
vicinity in the area of interference (multipath) RWP.

In cases when sources with the same EIRP P. [W] of non-directional EM radiation are
distributed over the area uniformly with average density p, the average SEMLA created by these
sources, will be B = pP.. The latter, in particular, can be used when evaluating the SEMLA created by
MS, and also by BS in CC networks of a regular cellular structure.

Estimates (2) significantly depend on the wavelength A. Taking into account the relative
narrowness of the frequency bands allocated for EM radiation of BS of CC (the ratio of the width of
the allocated frequency band to the value of its left border is 2.7 % for GSM-900, 4.2 % for
GSM-1800, 2.8 % for UMTS, less than 5 % for each of the LTE frequency bands [15]), these
estimates using (2) for each frequency band, can be performed for a fixed value of A corresponding
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to its middle. As a result, the total average intensity Zszps of EM background generated by the set of
BS of all J frequency bands allocated for the BS EM radiation, can be determined in an obvious way:

J ' B.. (4H \/g MoA A 5
Zo =SN7_ = B | —222 2| H_ >max{—, =2, ..., =L}, ®)
S5BS ,Z:; B ; 5 [ A, J op { 474 4}

where Zsps; is the total average EM background intensity, created in OP at a height Hop above
the Earth surface by the set of BS radiating in the relatively narrow j-th frequency band, for which

the wavelength of BS radiation is taken equal to A, .

Level of BS antennas elevation

BS ~BS BS-, BS-, BS<
HBS
O o | levelofhumansheigh e X
i _iH or i Ul il i f, T8 0 il ) 1 )
Ryp=4H 3sH 5 /1 \Ground surface
P RRV
Free-space RWP | Multipath RWP i

Fig. 1. Mutual terrestrial distribution of observation point (OP) and BS. Height of BS antennas above the surface
Hps > 10 m is significantly higher than the height Hop=1 ... 2 m of the OP above the Earth's surface.
Boundary between regions of free and of interference RWP corresponds to the radius of the OP “breakpoint”
ViCiIlity Rgp=4HpsHop/\

Puc. 1. BsaumHoe tepputopuansHoe pa3Merienne Touky Haomonenus (OP) u 6a3oBbix cranmmii (BS).
Bricora anTenH BS Han noBepxHOCTbIO Hps > 10 M 3HaunTeNbHO NpeBbImaeT BoicoTy Hop=1 ... 2 M OP Hag
3eMHOH MOBEpPXHOCTHI0. ['paHuma Mex 1y 00J1acTsIMi CBOOOAHOTO ¥ HHTEP(HEPESHIIMOHHOTO PacIpOCTpaHEHHS
pamuoBostH (RWP) cooTBeTcTBYET paauycy «OperkmoiHT»-okpectHocTH OP Rpp = 4HpsHop/\

=1

p eMS

R KRR

op ~Hys = h ||

Fig. 2. Mutual terrestrial distribution of OP and subscribers with radiating MS. Elevation Hys of MS and
elevation of OP Hop above the Earth's surface is assumed to be equal roughly: Hop =~ Hus = h. In this figure
Rppus = 4h2/) is the radius of region of free-space RWP between MS and OP
Puc. 2. Bzaumuoe teppuropuansHoe pasmenicane OP u monb3oBaTeneii ¢ u3ydaronmMu MOOITEHBIMU
cranuusmu (MS). Beicotst MS Hys 1 OP Hop HaZl 3¢ MHOM OBEPXHOCTBIO MPUHATHI IPUMEPHO OAMHAKOBBIMHU:
Hop = Hys = h. Ha 5Tom pucynke Rppys = 4h*/\ — pagnyc obnactu ceo6ogaoro RWP mexaxy MS OP

104



JokmAnsl BT'YHP Dokr4py BGUIR
2020, T. 18, Ne 4 2020, VoL. 18, No. 4

EM background Intensity created by MS of CC

The average total intensity of EM background Zsus [W/m?] created in OP by a set of radiating
MS located at a height Hys~Hop~h above the Earth's surface randomly uniformly in area of MS radio
visibility from the OP, is determined by the following expression [45, 48]:

6.44-h A
Lyys = Zyyys) + Zgys) = Bygg ln( N j’ h= 2\/% >0 (6)
B 8nh’ B 7
Zsys: :%ln[ 22 ja Lyisy = ZIS 5 )

where A is the wavelength of MS radiation, Bys [W/m?] is the average SEMLA created by radiating
MS in the area of MS radio visibility (at least, in the OP vicinity). In (6), (7) the presence of a MS
reactive near-field zone (absence of radiation at distances R < A/2m) was taken into account.

The average SEMLA Bus created by MS is defined by the average terrestrial density
peums [devices/m?] of radiating MS in the considered area, and by the average EIRP Peys [W] of these
MS: Bus = pemsPems . The peys value is determined by the total area density of MS (radiating and non-
radiating) pus and by the specific traffic intensity Guys [Erl] (the probability of the MS being in the
radiation mode): pers=pmsGus. For CC phones, Gus = 0.08-0.1 Erl can be reached during business-
hours [14, 10, 54]. The P.yus value can be taken equal to 30-50 % of the maximum power Pissmax
of MS radiation [43, 55]. Depending on the CC standard and MS type Pumax=0.1...0.25 W;
EM radiation of MS is considered to be isotropic with an antenna gain of 1.

The average EM background intensity (6) created by MS also consists of two components: the
frequency dependent component Zsus; corresponds to the contribution of MS located in OP vicinity
of free-space RWP between MS and OP, and the frequency independent component Zsws» corresponds
to the contribution of MS located outside this vicinity in the area of interference RWP.

As for EM background created by BS, estimates (6) also depend on the wavelength A.
Therefore, taking into account that frequency bandwidths of the BS and MS radiation are usually the
same, to determine the total average EM background intensity Zssus created by radiations of MS of all
J CC frequency bands, an obvious procedure similar to (5) can be proposed:

J J
Zssrs = ZZZMS]. = ZBMS/. In 644-h , h> max{ﬁ,h, ...,X—J}, (®)
= = A 5°5 5
where Zsys; is the total average EM background intensity, created in OP at a height /4 above the Earth's
surface by the set of randomly distributed MS radiating in the relatively narrow j-th frequency band,
for which the wavelength of MS radiation is taken equal to A, .

Ideally, if we neglect the presence of a MS near-field reactive zone where the MS EM
radiation is absent, then the frequency dependence of levels of MS fields in OP can also be neglected.
In this case the level Zys, of EM background in OP caused by MS radiations, which is not exceeded
with probability p, is determined by the level of prevailing EM field of the nearest MS, which is also
related to the average SEMLA Bys created by MS set in the OP vicinity [41-43]:

B

- MS

Z . =
al-p)

For UHF CC systems (0.3-3 GHz), the level of EM background created by MS radiations, not
exceeded with probability p = 0.99, is approximately equal to Z,~0,99 = 25Bus [48].

Comparative estimates using (2) and (6), allow us to conclude that at uniform MS terrestrial
distribution, the contribution of their EM fields to the total background intensity created by CC is less
by an order of magnitude or more than the contribution of BS EM fields, due to the significantly
different EIRP of BS and MS at the radio link between them. However, in places of mass gathering of
MS, where their area density can exceed the average density a hundred times or more (shopping and
business centers, stadiums, airports, etc.), contribution of MS radiations to the total EM background
intensity created by CC, turns out to be dominating.

Bys = PoyssPoss p>0.9. )
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SEMLA Estimation in 4G/5G/6G Networks

Due to the extremely intensive increase in the quantity and spatial density of sources of EM
radiations, as well as the significant expansion of wireless information services at CC evolution to
5G/6G, direct SEMLA calculation based on (4) to predict total average background intensity
using (2), (5), is rather difficult due to a significant complication of CC radio network infrastructure.
Alternatively, the technique [50, 51] of estimation of average SEMLA and average EM background
intensity created by the set of CC BS, in terms of prediction of the average ATC, can be proposed.

The average total ATC S, [bit/s/m?] of CC wireless information services (one of the key
4G/5G/6G system parameters, presented in Table 1) is defined as the volume of downlink traffic over
the set M of BS radio frequency channels (RFC) per unit area:

M
ZI/trRFCm L
Str: m=1 , M:Zk], (10)
S =

where S is the area, the wireless information services of which are provided by the total set of M
downlink RFC of all of L BS located in area S; Vi grcm [bit/s] is the traffic volume of the m-th
servicing downlink RFC (can be equal to its capacity or data rate).

The proposed technique is based on the following relations obtained on the basis of the well-
known Shannon-Hartley theorem under the assumption that properties of the intranet interference
in RFC are close to the properties of their internal thermal noise:

5 - 8 mkT,K Dy (2" —1)R,.S,Q _ 8x*mkT,K, D,CNIR- RS0 an
MW, A’log, (1+ CNIR)
C,y ~ AF, -log, (1+ CNIR), CNIR=P,/N,
Wyp = Cpy /AF, = mW,, ~log, (1+ CNIR) b, (12)

D, =(Ke +1)L,L.K,

where Cpr [bit/s] is the potential RFC capacity; AF is the RFC bandwidth, [Hz]; Pr is the RFC useful
signal power, [W]; Ns is the RFC total noise power which is a sum of RFC internal thermal noise
power Ny and intrasystem interference power Nwr, [W]; CNIR is the "carrier-to-(noise plus
intrasystem interference)" ratio; k=1.38-10 W/K is Boltzmann’s constant, Ky is radio receiver noise
factor, 7j is an ambient temperature (70=290K); Wep [bit/s/Hz] is the RFC potential spectral efficiency
which is m times greater than the real RFC spectral efficiency Wgz; Ds is a total necessary reserve in
BS radiating power which take into account the losses L,, at RWP into buildings (L, < 100 [56-58]),
the losses Lc at RWP in street canyons (which are caused by multipath phenomenon due to the
reflection from buildings and Earth's surface, and also by diffraction; Lc <100 [53]), the necessary
margin Ky in levels of receiving signals for the handover implementation (Kz < 10), and the factor
Kce = Nii/No which characterizes the excess of the internal thermal noise level by the intrasystem
interference level. Kcc value is determined by the quality of the frequency-spatial planning (FSP) of
CC radio network and can take values in a wide range from 0 (without intrasystem interference) to
100...1000 (20-30dB) and even more at low FSP quality (at poor intrasystem electromagnetic
compatibility (EMC)); Rmax is a radius of service area (cell radius of CC network), on the border of
which the required level of useful signal on MS receiver’s input needs the maximum BS radiated
power; QO characterizes the average level of spatial selectivity of BS EM radiation of data bits in the
direction of the Earth's surface; it is taken into account above when considering the expression (4).

Total necessary reserve Ds in transmitting power is different for BS of different hierarchical
levels of CC radio network structure: for internal pico-BS (access points in rooms, hotspots, etc.)
Ds <10-30 dB, for external micro- and macro-BS with Rmax > 200 m in dense urban areas [13] it can
reach 70-80 dB in radio networks with poor intrasystem EMC (at high Kcc levels). Thus, under the
requirements for RFC data rates of 4G/5G/6G CC (Table 1), it is the value of the parameter Dy that
actually determines the total average SEMLA (11) and the total background intensity (2), (5) created
by BS of CC. In some cases, when determining the Ds value, it is advisable to take into account some
correlation between its components in (12).
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Factor m in (11), (12) reflects both the ratio of potential and real RFC spectral efficiency, and
the contribution of MIMO technology in its improvement. In cellular RFC without the use of MIMO
technology m = 2...10. Thus, the expected increase in CC RFC spectral efficiency due to MIMO
technology by 2-8 times [15] actually allows one only to compensate approximately for the
imperfectness of real modulation/demodulation and coding-decoding processes. Therefore, in today's
practice, predictable analysis of EM background in 4G/5G networks can be performed for m = 1 under
the assumption that CC RFC capacity is close to the potential (use m = 1).

How to make 4G/5G/6G safe for people?

To illustrate the possibilities of using the proposed technique for the analysis of EM
background generated by CC, the calculated dependences Zszs(Dsx) of the average intensity of EM
background created by BS of CC urban micro-cells (Rmax =200 m) in the 2 GHz band (A =0.15 m)
near the Earth's surface at a height of Hop= 1.5 m, on the level of total necessary reserve Ds in BS
radiating power, are given in Fig. 3.

These dependencies are obtained using expressions (2), (11) for various ATC levels created
by CC networks: curve No. 1 is obtained for S, = 10 bit/s/m? which corresponds to the estimated
ATC in 2G/3G networks; curve No. 2 is calculated for S, = 10° bit/s/m?, which corresponds to the
declared ATC level in 4G networks [13, 16], curve No. 3 is calculated for S, = 107 bit/s/m?> which
corresponds to the declared maximum ATC level in 5G networks [16, 17], the curve No. 4
corresponds to the predicted ATC limit S, = 10° bit/s/m? in 6G networks [19, 20]; the red horizontal
line corresponds to MPL 0.1 W/m?, accepted in many countries, taking into account the danger
of non-thermal effects of radio frequency EM fields on the human body.

Curve 1 in Figure 3 is in full agreement with measurement results [1-11]: at the ATC levels
created by 2G/3G networks, the average level of EM Background is below 0.1 W/m? at network
energy reserve Ds < 107 (70 dB), which is more than enough to compensate for all RWP losses
in urban area and for presence of intrasystem interference due to the limited radio frequency resource
used in CC radio network.

Dependence 2 allows us to conclude that the average ATC level expected in 4G networks
requires the CC operation with an energy reserve of Dy < 10° (50 dB). This can be reached at the high
FSP quality and the widespread use of indoor hotspots, urban micro-cells to reduce RWP losses
in urban areas.
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Fig. 3. The calculated dependences of the average EMB intensity created by CC urban micro-cells of UHF
frequency range (A = 0.15 m) near the Earth's surface at a height of Hop = 1.5 m, on the total necessary reserve Dy
in BS EMR power to compensate for RWP losses in street canyons and buildings, for handover implementation
and for overcoming intra-network interference, at different levels of CC area traffic capacity (ATC)

Puc. 3. PacuerHble 3aBUCUMOCTH cpeHel HHTeHCHUBHOCTH DM (hoHa, co3/1aBaeMoro ropoICKUMH MHKpPO-
caiitamu B nuanasone YBY (A = 0.15 m) BOim3u 3eMHO# nmoBepxHOCTH Ha BbicoTe Hop = 1.5 M, OT CyMMapHOTo
3amaca Dy 1o MomrHocTr OM m3nmydenns BS, Heo6Xo1uMoro st KOMICHCAITNH 3aTyXaHHUs PaIdOBOIIH
B TOPOJCKHX «KaHBOHAX», IIPH UX MPOHUKHOBEHUH B 3/1aHUS, JUIS pealIM3aluy XOHA0BEPa U JUIs IIPEOI0JICHUS
BHYTPHCETEBBIX TTOMEX, TIPH PA3IMIHON TEPPUTOPHAILHON TNIOTHOCTH OecnipoBoaHoro Tpaduka (ATC)
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As for the total ATC levels predicted for 5G/6G radio networks, these levels of wireless
information services in all areas of human activities can only be safe at CC networks energy reserves
Ds < 10° in 5G systems and Ds < 10 in 6G systems (which requires a significant reduction in the radio
communication range up to a few tens of meters or less, exclusion of the effect of any obstacles on
urban RWP and also exclusion or reduction to the minimum level of intra-network interference, as
well as introduction of the necessary restrictions on the volume and options of wireless public
information services and various technological information processes).

Thus, the use of (2) — (11) provides the possibility of a proximate system analysis and forecast
of environmental EM pollution by both operating and designed CC networks, as well as the possibility
of quantitative substantiation of the requirements for possible options for ensuring their safety
and environmental friendliness.

The SEMLA value in definition (4) is an integral parameter characterizing the specific
average EM loading on area created by terrestrially distributed radio transmitters. Therefore,
expressions (2), (3), (5) — (9) can also be used to analyze the intensity of EM background created by
any other radio systems and radio services — broadcasting, fixed, navigation, etc.

In definition (11), the SEMLA value is directly and unambiguously related to the general
system parameters of 4G/5G/6G networks presented in Table 1, in particular,

— with ATC (10), which defines the integral level of wireless information services
and is used in (11);

—  with “Connectivity density” (density p.ys of radiating MS), which determines the average
SEMLA value created by EM radiations of MS used in (6) — (9); pems definition also provides
the possibility of indirect estimation of ATC for subsequent use of model (11) to estimate the
background level created by BS radiations;

— with “RFC spectrum efficiency” and CNIR which are used in (11), (12) and determine
the CC network energy efficiency;

— with RFC “Peak data rate” and “Experienced data rate” associated with ATC and along
with cell’s radius Rmax determining the average SEMLA created by BS [50, 59], as well as

— with wavelength A describing the radio frequency resource used by the CC system.

The planned widespread use of quasi-optical and optical (terahertz and laser) technologies and
subsystems for ultra-fast wireless data transmission (up to 1 Tbps) at various infrastructure levels of
the 5G/6G networks, as well as at the implementation of various technological information processes
in industry, transportation, education and other areas, provides a significant reduction in radio-
frequency ATC (10), and a corresponding decrease in radio-frequency SEMLA and in the intensity of
radio-frequency EM background created by CC.

The planned increasingly widespread use of adaptive active phased-array antennas as the BS
antenna systems of an adaptive multibeam operation with adaptability of directivity and power of BS
radiation for each of serving MS will also reduce SEMLA levels (4), (11) and the EM background
created by these systems by reducing the parameter O of BS radiation directivity, at least, by an order
of magnitude.

The influence of the planned widespread use of MIMO technology on the intensity of EM
background created by 4G/5G/6G networks, is also taken into account by the presence in (11), (12)
of the WEP and m parameters that determine the real spectral efficiency of RFC of CC.

Finally, a very significant expansion of the radio-frequency spectrum allocated to these
networks, including allocation of numerous frequency bands in SHF and EHF ranges, which greatly
simplify the solving of intra-network EMC problem and increase the spatial selectivity of BS EM
radiation with a significant (by 1-2 orders of magnitude or more) decrease in the level of intra-
network interference and an increase in the real sensitivity of radio reception means the corresponding
increase in 4G/5G/6G network energy efficiency, and is also taken into account by the presence
of parameters A, Kcc and Q in expressions (2), (11) and (12).

Since the analysis of all referred CC parameters and characteristics can be performed without
the use of confidential commercial information of CC operator companies, the use of this technique
can provide a high degree of independence and objectivity of estimations of EM background intensity
created by CC systems. Its application to estimate the expected levels of EM background at various
implementation alternatives and different structure and volumes of wireless information services can
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provide a justification and assessment of the effectiveness of system, technical and managerial
solutions aimed at ensuring the required levels of safety and environmental friendliness of 4G/5G/6G
systems in various conditions.

Conclusion

1. The validity of the hypothesis about the possible impact of the EM background created by
the public wireless information systems, first of all by systems of cellular (mobile) communications,
on the relative lethality rate from COVID-19 is indirectly confirmed by the results of the analysis of
correlation between the degree of severity of hygienic regulation of levels of radio frequency EM
background for the population in different countries according to data [12] and the lethality rate from
COVID-19 in relation to the number of people infected according to [38—40].

Taking into account the extremely high cost of error in this conclusion, this hypothesis
certainly requires further verification, both in terms of analyzing the reliability of data [38—40, etc.],
which are the basis of the correlation analysis, and in analyzing the actual levels of EM background
in places with different levels of the lethality rate from COVID-19, and in terms of accounting for the
impact on the lethality rate from COVID-19 of other factors (the effectiveness of national health
systems, the effectiveness of government measures against the spread of COVID-19, etc.).

2. Detected correlation between the degree of severity of hygienic regulation of levels
of radio frequency EM background for the population and the lethality rate from COVID-19 in
various countries requires a critical attitude to corporate declarations [24, etc.] about the harmlessness
of 4G/5G/6G technologies and systems for the population, as well as possibly revising plans [15-20]
for the development of these technologies and systems towards a wider, if possible, use of non-
radiating wire (fiber-optic, cable, etc.) technologies and systems without any damage to the quality
of public information services and to the technological level in industry, services, education,
healthcare and in other sectors.

3. The calculated data contained in [41-51], as well as preliminary quantitative estimates
using (2), (3), (5) —(9), (11), (12), indicate that the fulfillment of severe hygiene restrictions on the
MPL of EM background 1-10 pW/cm?, which take into account the danger of non-thermal effects
of radio frequency EM fields on public health, in 4G/5G/6G networks, and the safe development
of these networks to the levels indicated in Table 1, are quite possible under the following conditions:

a) reducing the distances of high-speed wireless data transmission up to a few tens of meters
or less in conditions of direct visibility and lack of multipath RWP [50, 51] so that the achieved
SEMLA level created by CC BS in UHF bands will be no more than half of the accepted MPL
value [44];

b) using the external micro- and macro-BS of CC substantially for mobile telephony and
technological low data rate services, including such wireless servicing of mobile objects, with
a restriction to safe levels of data transfer rates over the RFC of these BS;

c¢) fast developing of 4G/5G/6G technologies and systems towards the implementation
of system and technical solutions related to increasing spectral and network energy efficiency
and ensuring decrease in EM background levels created by 4G/5G/6G radio networks, ensuring in
them the maximum possible level of adaptation of power and directivity of EM radiation,
optimization of the volume of wireless information services;

d) following the example of [21-23], introduction of reasonable restrictions on the use
of wireless services in places requiring special attention — in places where children stay
(kindergartens, schools, etc.), in hospitals, in vehicles, etc., providing the necessary level of public EM
safety.
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