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MUK-®AKTOP CUTHAJIOB CUCTEM CYXOIIYTHOM MOJABAKHOM
CJIIYKBbI 5G

KO3EJ B.M., [IOJJBOPHAS JI.A., KOBAJIEB K.A.

Benopycckuii 2ocydapemeennvlii yrugepcumem uHGOpMamuxky u paouo3iekmpoHuKi
(2. Munck, Pecnybauxa Benapycs)

Ilocmynuna 6 peoaxyuto 7 urous 2019
© Benopycckuii rocy1apCTBEHHBIH YHHBEPCUTET HHPOPMATHKH U paanodiekrponuku, 2020

AHHoOTanusi. B crathe paccMOTpEHBI BOMPOCH BO3MOXKHBIX ()OPMATOB CHUTHAJIOB CETEH MOOWIBHOW CBA3M
5G (NR, IMT-2020): xoHpurypamuu dncia pecypCHbIX OJOKOB M YACTOTHBIX CABHTOB MMOJHECYIIUX,
MOJIYJISIIHOHHBIE CXEMBbI, OpraHu3aliy (PU3UUECKOTO YPOBHS, a TAK)KE IMUPOKOIIOJIIOCHOCTh CUTHAJIOB JaHHBIX
ceTell U, KaK Cle/CTBHE, HEOOXOAUMOCTh B BBEJICHHHU 3allaca Ha JIMHEHHOCTh IPHUEMO-TIEPEAIOIUX TPAKTOB
JUISL ICKJTIOYCHUSI WMCKKEHWH WM TPOSBICHUs 3(P(PEKTOB ONOKMPOBAHMS TPH IOMEXOBBIX BO3ICHCTBHAX
JTAHHOTO CHUTHaJIa Ha CTOPOHHHUE cpeAcTBa. lIpoaHann3npoBaHBl XapaKTEPUCTHKH JUHAMUYECKOTO JHMana3oHa
CHUTHAJIOB CUCTEM CYXOIYTHOW MOABIKHOMN ciyxObl ctanmapta IMT-2020, caenan BBIBOJ O IIyMOITOI00HOCTH
cUrHasoB. [ HaxoX/IeHHs OTHOIIEHHS MAaKCHMAJIbHOM aMIUINTYABl K €€ CpeJHEMY 3HAueHHIO M JaHHOTO
OTHOIIEHHS, HE IPEBHIIAEMOr0 C 3aJaHHOH BEPOSTHOCTHIO, HCIIOJIb30BAINCH MAaTeMaTHYECKHE MOJEIH,
peanmusyemMsble mocpenctsoM cpeapl Matlab. ABTopamut cienaH BBIBOA O COOTBETCTBHHU 3aKOHA pacHpelesIeHUs
BEPOSITHOCTEH MOJYJSI MTHOBEHHON aMIUIMTYIbl CUTHAJIOB CHUCTEMBI CBSI3U 5-TO IOKOJICHHS pacIpeAeieHHIo,
XapaKTepHOMY JUIS Y3KOIIOJIOCHOTO pajuomymMa. Ha OCHOBaHMHM TPOBEAEHHOTO HCCIECAOBAHUS IOTYYEHBI
3HAYCHUS IHUK-(paKTOpa CHTHAJa CHCTEM CYXOIYyTHOW TIONBWKHON ciry>kObl ctanmapra IMT-2020 mns
Pa3IMYHBIX WX BapUaIi U ONpeAesieH JOCTaTOYHbBIM YPOBEHb 3amaca MOIIHOCTH AJIs 00eCTIe€YeHH s, C BEICOKOH
BEPOATHOCTHIO, MPOXOXKICHHUS CHUTHAJIOB CETeil MOOMJIBHOM CBA3M MATOTO IIOKOJIEHUS 4Yepe3 PaJuOTPAaKTEI,
HCKJTIOYAIOIIMNA HCKaXeHHs CcUrHajoB. llodydeHHBIe pe3ynbTaThl ObUIM NPUMEHEHBl MpPH MPOBEICHUH
9KCHEPTHU3Bl Ha 3JIEKTPOMArHUTHYIO COBMECTUMOCTH PaHOAICKTPOHHBIX CPEJACTB COTOBOH IOABIKHON CBSA3H
C ICHCTBYIOIIMMU ¥ TIEPCIEKTUBHBIMU PAAMODIEKTPOHHBIMU CpPEICTBAMHU TPAXKTAHCKOTO W CIEIHAIHHOTO
Ha3HAUeHHs, a Talkke NPU HCCICIOBAHMU 3AIIUTHl 3€MHBIX CTaHIMN CIIyTHHKOBOW CBSI3M OT BO3JACHCTBHA
PaARO3JIEKTPOHHBIX CPEICTB CeTel COTOBOW MOIBIKHOW 3JEKTPOCBs3M cTaHmapta IMT-2020, pasmemaeMbix
Ha MIPUTPAHUYHBIX TEPPUTOPHSIX.

KinwueBble ciioBa: MOOWIbHAsS CBA3b, TCJICKOMMYHUKAIIMOHHBIC TEXHOJIOIUH, SG, JJICKTPpOMAarumuTHas
COBMECCTHMOCTB, CETH CBA3U, HI/IK-(i)aKTop, HI/IHaMI/I‘{CCKI/Iﬁ JHaIia3oH.

KondaukT narepecoB. ABTOPHI 3asIBISIIOT 00 OTCYTCTBUM KOH(IMKTA HHTEPECOB.

Jas uutupoBanus. Kozen B.M., ITonsopnas J[.A., KoBanés K.A. TIuk-¢pakTop CHTHAIOB CHCTEM CYXOIyTHON
o BWKHOM ciyx6s1 5G. Tokianst BI'YHUP. 2020; 18(6): 5-10.
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PEAK FACTOR OF SIGNALS OF 5G MOBILE SERVICE SYSTEMS
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Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
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Abstract. This article discusses the possible formats of signals of 5G mobile communication networks (NR,
IMT-2020): configurations of the number of resource blocks and frequency shifts of subcarriers. modulation
schemes, organizations of the physical level, as well as the broadband signals of these networks and, as a result,
the need for introducing a margin on the linearity of the transceiver’s paths to eliminate distortion
or the manifestation of blocking effects when the signal interferes with third-party means. We analyze
the characteristics of the dynamic range of the signals from IMT-2020 ground mobile systems and make
a conclusion about the noise-like signals. To find the ratio of the maximum amplitude to its average value
and a given ratio not exceeded with a given probability, the Matlab mathematical models were used. We infer
that the law of probability distribution of the module of the instantaneous amplitude of the 5G signals
corresponds to the distribution characteristic of narrow-band radio noise. Based on the study, the peak factor
of the signal of the IMT-2020 ground mobile systems for various variations is obtained and a sufficient level
of power reserve is provided to ensure, with high probability, the transmission of the 5G signals through radio
paths, eliminating signal distortion. The results of this study were applied in the examination
of the electromagnetic compatibility of radio electronic devices of cellular mobile communications with existing
and promising electronic means of civil and special purposes and in the study of the protection of ground
satellite stations from the effects of radio electronic means of IMT-2020 cellular mobile telecommunication
networks located at border territories.

Keywords: mobile communication, telecommunication technology, 5G, electromagnetic compatibility,
networks, communication networks, peak factor, dynamic range.

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

TexHuvecKMMHU crienudUKaMsIMiH  HOBOWM TexHomoruu cBs3u  5G (NR, IMT-2020)
onpeneneHsl GopMarel panuouHTepdeiica, MpeArnoNararlie arHoCTHIECKH Crocod yrpaBieHus
MPOITYCKHON CIOCOOHOCTBIO CETH CBs3M. B OCHOBY MOJIOKEH METOJ OpraHu3allid MHOXXECTBEHHOIO
JOCTylMa K KaHalmaMm CBs3u Ha ocHOBe TexHomornu OFDM ¢ ucnonb3oBaHHEM IHKINYECKOTO
npedukca. [Ipu 3TOM mpenmonaraercss aganTUBHOE W3MEHEHHE MOMYJSIIMOHHOW CXEMBI W Iiara
MOJHECYIUX YacTOT B T'PYIIIOBOM CHUTHaje. Vcroyib3oBaHue OOJIBIIOr0 KOJWYECTBA IMOAHECYIINX
4acTOT C Pa3JIUYHBIMM MOAYJISLIMOHHBIMHU CXeMaMH Ipu (JOPMUPOBAHUU CUTHAJIOB TEXHOJIOTHH CBA3U
5G BBI3BIBaCT MPEAINOJIIOKEHHE O BO3MOXKHO BBICOKOM HX TNHK-(paKTOope, 4TO O0OyCIaBIMBaeT
MpenbsBICHHE OCOOBIX TpeOOBaHMH K  BEpXHEW TpaHHIe JUHAMHYECKOTO JMala3oHa
COOTBETCTBYIOIIMX PATUOTPAKTOB C IIEJbI0 UCKITFOUCHHUS HEIOMYCTUMBIX HCKaXKCHHUI CUTHAJIA.

B cBsi3M ¢ BBIMIEU3I0KEHHBIM TPECTABISET WHTEPEC ONpPEACICHHE 3HAYCHUS MUK-()aKTopa
paarocurHana B ceTsax cBsa3u 5G ¢ yd4eToM IIMPOKOTO CIEKTpPa BO3MOXHBIX €r0 CTPYKTYPHBIX
Bapualui.
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O0600menHbIii hopMaT cUrHAJIOB ceTeii cBszu 5G

Hawubonee mepcrexktuBHO#M urst cetedt cBsazu IMT-2020 Ha HaYaapbHOW CTaAWH BHEIPCHHS
B PecrryOmmke benapycs siBisercst moioca gactot n78 (3300 — 3800 MI'm). Cxema MHOKXECTBEHHOTO
noctyna Ui (U3UUECKOTO YPOBHS OCHOBaHAa Ha MYJIBTUIUIEKCUPOBAHUU C OPTOTOHAJIBHBIM
gacTOoTHEIM pasneneHueM (OFDM) ¢ mukmndaeckum npedukxcom (CP). s mommepkku mepemadu
B HEMAPHOM CITEKTPE aKTHBHUPYETCS IYIUIEKCHBIM PEKUM C BpeMeHHBIM pasaenenueM (TDD).

Crnemudukanms 3GPP s paccmarpuBaeMoil  TOJNOCHI  4YacTOT — MPeAycMaTpHUBaeT
28 pa3nu4HbBIX KOH(PUTYpalii Yyicia pecypCcHBIX OJOKOB M YaCTOTHBIX CIBUTOB MoAHecylux. Kpome
TOTO, KaXK1ass KOH(pHUTypaIws IpeyCMaTpUBaeT UCIIOIB30BaHUE TATH MOIYISIIMOHHBIX cXeM. Takum
o0pa3om, 00I1ast COBOKYITHOCTh BO3MOXHBIX (popMaToB curHamoB cocTtaBisieT 140 BapraHTOB.

PecypcHblii 050K pamuocurHaia COACpKUT 12 MOAHECYHMIMX € BapbUPYyEMBIM YaCTOTHBIM
nHTepBanoM. Ha Kaxoi mogHeCyIel moaaepKIUBarOTCs CIeAYIONINe CXeMbl MOYIISIINN:

— B HuUcxosmeM kanane, QPSK, 16QAM, 64QAM u 256QAM;

— B BocxoamieM kanane, QPSK, 16QAM, 64QAM u 256QAM mis OFDM ¢ CP u n/2-BPSK,
QPSK, 16QAM, 64QAM u 256QAM nns DFT-s-OFDM ¢ CP.

®u3nyeckuil ypoBEHb CETEd CBSI3M IIATOrO IIOKOJEHUS MPEANoiaraeT OpraHu3aluio
yIpaBieHUS TPOMYCKHOW CIMOCOOHOCTHIO COBMECTHBIM YIIPABIEHHEM CKOPOCTBIO IMepefadyd H
opraHmzanued odepezaei (arHOCTUYECKH CHOCO0 YIpaBJICHUS IPOMYCKHOW CIOCOOHOCTBIO),
MO3BOIISIA (PU3UYECKOMY YPOBHIO aJalITUPOBATHCS K PA3TUYHBIM pacpeelICHUSIM CIIeKTpa.

Bo3moxHble BapuaHThl KOHGUTYpaluu (U3NIeCKoro ypoBHs cereil SG (4acTOTHBINA CHBHUT
MOTHECYIIUX, KOJIUYECTBO PECYPCHBIX OJIOKOB, MOJIOCA YACTOT paJMOKaHala M BEIWYMHA 3al[UTHOTO
WHTepBaja) OTpakeHkI B Tabm. 1 u 2.

Ta6auna 1. KomraecTBo pecypCHBIX OJIOKOB IS pa3IMYHBIX KOH(pHUrypanuii curHana 5G
Table 1. Number of resource blocks for different 5G signal configurations

Pasznoc [IupuHa MONOCH YacTOT pagrokakHana, MI'n
nogHecynmx, K[ Radio channel bandwidth, MHz
Subcarrier 5 10 15 20 25 30 40 50 60 70 80 90 100
spacing, kHz Nre | Nre | Nre | Nre | Nre | Nre | Nre | Nre | Nre | Nres | Nre | Nrs NrB
15 25 52 79 106 133 160 216 270 N.A | NA | NA | NA N.A
30 11 24 38 51 65 78 106 133 162 189 217 245 273
60 N.A 11 18 24 31 38 51 65 79 93 107 121 135

Ta6auna 2. BennunHa 3aIIUTHOTO HHTEPBAa IS pa3IHIHBIX KOHpHUTypanwii curHana 5G
Table 2. The magnitude of the guard interval for different configurations of the 5G signal

PasHoc momecymx, kT [Hupuna TOJIOCHI HACTOT PA/THOKAKHATIA, MI'
Subcarrier spacing, KHz Radio channel bandwidth, MHz
5 10 |15 ] 20 25 30 40 50 60 70 80 90 | 100
15 243 | 313 | 383 | 453 | 523 | 593 | 553 | 693 | NA | NNA | NA | NA | NA
30 505 | 665 [ 645| 805 | 785 | 945 | 905 | 1045 | 825 | 965 | 925 | 885 | 845
60 N.A | 1010 | 990 | 1330 | 1310 | 1290 | 1610 | 1570 | 1530 | 1490 | 1450 | 1410 | 1370

MeTonuka onpeaejiennsi NUK-QaKTopa CUrHaiaoB cereii cesaszu IMT-2020

Omnpenenenne NMUK-(GAaKTOpa CTPYKTYPHO CIOKHBIX PaJHOCUTHAIOB, KAKOBBIMH SIBIISIFOTCS
CHUTHAJIBI, ITPEJIIToJIaraeMblie K MCIOJIb30BaHUI0 B ceTsx cBs3u IMT-2020, parrioHanbHO MPOU3BOIUTH
HE HEMOCPEACTBEHHO Ha HX (U3MYSCKUX pealn3alusix, a Ha MaTEeMaTHYECKUX MOJCIIIX
WX KOMIUIGKCHOW oruOaromiedd. JlaHHBIM TOAXOA BIOJTHE OOOCHOBBIBACTCS TEM, YTO B PEAbHOM
obopynoBanun cucreM cBs3u IMT-2020 curnanel GopMupyroTcs NpOrpaMMHO-ANIAPaTHBIM
CIOCOOOM TIOCPEJICTBOM BBIUMCIICHUS HEOOXOAMMBIX KOMILIEKCHBIX orudarommux OFDM cumBosioB
C TIOCJIEYIOIINM TIEPEHOCOM Ha PaU0YacTOTy KBaIpaTypPHBIM MOIYJIATOPOM.

B Hacrosmmx HccilemoBaHUSX, KOMIUIEKCHasg  orumOaromass curHanos  IMT-2020
dbopmupoBaiack B cpeie MatLab ¢ ucnonb3oBannem npuinoxenus «Wireless Waveform Generation»
(o6bem reneparmu 1000 OFDM  cuMBOJIOB €O CiydailHBIM HH(OPMAIMOHHBIM 3aIOJHEHUEM
JUTSL K&KIIOTO U3 BO3MOXKHBIX (POPMATOB paOCUTHANA).
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Ha puc. 1 npuBeneHa xapakTepHas THCTOTpaMMa pAaCIpeeICHUs MOy KOMIUICKCHOU
aMILTUTY bl CUTHAJIA CETH CBs3U 5G.
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Puc. 1. TunoBoii BuA rUCTOTpaMMBI pacipeiesieHus (Yucia MonaJjaHui B 3aJaHHBIN HHTEPBAJI 3HAYCHU )
MoAyJisd MTHOBEHHOH AMIUTIATYAbI AJIs1 CUTHAJIOB CHUCTCMbL MOOWMJIBHOH CBSI3H cTaHaapTa 5G
Fig. 1. The typical view of distribution histogram (the number of hits in a given interval of values)
of the instantaneous amplitude module for signals of the 5G mobile communication system

[IpuBeneHHass BhIlIE TUCTOTPAaMMa COOTBETCTBYET PAJIECBCKOMY 3aKOHY PpacIpeaeiIeHUs
BEPOSITHOCTEH, XapaKTEPHOMY UIsl y3KOIIOJIOCHOTO PaHOIIyMa.

Pe3yabTaThl HccIe10BaHUs MUK-(aKTOpa CUTHAJIOB ceTell cBsi3u 5G

Hwke B Tabn.3 nmnpuBeZeHb JAMana3oHbl 3HaueHWd mwuk-¢aktopa II (oTHOUICHUS
MaKCHUMaJbHOH aMIUIMTYAbl K €€ CpeIHEMY 3HAYCHHUI0) M TNHK-PakTopa, HE MPEBHIIIAEMOro
C 3aJJaHHON BepOSATHOCTBIO Koo, Kogs M Koge (oTHOmIEHMsI kBaHTwied mopsaka 0,9; 0,95 u 0,99
pacrnpe/ieNieH!sl BEPOATHOCTEH aMIUIUTY/BI K €€ CPeHEMY 3HAYCHHIO), TOJYUYCHHBIC B pe3yibTare
aHaM3a CMOJICIIMPOBAHHBIX BPEMEHHBIX pealu3alliii KOMIUIEKCHOW oOrubaroimieil CHrHaaoB
pa3nuuHOM KoHpuUrypanuu cerei csasu SG.

Tab6muna 3. [Tuk-dakrop curHanoB 5G ¢ pa3aHIHON MOYIISIIIACH MTOTHECYIITUX
Table 3. Peak-factor of 5G signals with different modulated subcarriers

Monynsiust
MTOTHECYIITAX
Subcarr};mers II Koo Kogs Ko,99
Modulation
QPSK 3,86-5,48 1,71-1,74 1,93-1,98 2,37-2,60
16-QAM 3,70-4,79 1,63-1,87 1,85-1,98 2,29-2,69
64-QAM 3,75-4,94 1,71-1,79 1,90-1,99 2,31-2,78
256-QAM 3,88-4,94 1,70-1,73 1,90-1,98 2,39-2,58

AHaju3 JaHHBIX TI0Ka3bIBACT, YTO IHUK-(AKTOp COBOKYIHOCTH CHUTHAJIOB, ILIAHHPYEMbIX
JUTS ICTIONIB30BaHus B cerTssx 5G, m3mensercs B mpenenax 3,7 —5,5 (cpemnee 3HaueHue 4,3).
BepositHocTHBIE THK-(akTOpbl B mpexmenax 1,6 — 1,9 (cpemnee 3nauenme 1,7); 1,8 —2,0 (cpemnee
3Hagenue 1,9) u 2,3 — 2,8 (cpemnee 3Hadenue 2,5) s BepostHocTed mpesbimenns 0,1; 0,05 u 0,01
COOTBETCTBEHHO.
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3akiIouyenue

B cooTBeTCTBHM C BBIIEU3I0KEHHBIM MOYKHO C/IENATh CIIEIYIOLIIE BEIBOABIL:

— OTHOMEPHOE pacIpeNeleHne aMIUMTYIHBIX 3HAYeHWH PaJHOCHTHAIOB ceTeil cBs3u S5G
COOTBETCTBYET  pIJEEBCKOMY  3aKOHY  pacCIpeleNIeHHus  BEpPOATHOCTEH,  XapaKTEpHOMY
VISl Y3KOIIOJIOCHOTO paiiolIyMa;

— IIOJIy4YCHHbIE B PE3yJIbTaTe MOJECIUPOBAHMS 3HAUEHMs MUK-QaKTopa A Ppa3IM4YHbIX
BapHalii CUTHAJIOB ceTel cBsi3u SG He MpeBHILAOT Benu4yuHsl 5,5 (14,8 nb);

—meHee 1| % aMmIUTYyIHBIX 3HaYeHWH pagudocurHaiga mpesbimaer B 3 pasa (9,5 ab)
€ro cpeJHee 3HauYeHHE;

—BEpXHsAsA TIpaHMLA [AMHAMHYECKOTO [Hara3oHa JJIEMEHTOB TpakTa (OpMUpPOBaHUS
1 00paboTKu paguocurHaioB S5G  [OoKHA YYUTHIBATH HEOOXOAMMOCTH OOecreueHHs 3amaca
JUHEWHOTO YCUJICHHI MUHIUMYM Ha 9,5 1b;

— TIPY aHAJIK3E CTEIEHU MIOMEXOBOTO BO3JICHCTRISI H3ITYUCHUST 000pYA0BaHHs ceTel cBsizu 5G
Ha TIPHEMHBIE TPaKThl CTOPOHHUX POC HEoOXOAMMO YUYUTHIBaTH BEPOSITHOCTH WX OJOKHPOBAHUS
KPaTKOBPEMEHHBIMH IMUKOBBIMH 3HAYECHUSIMH aMIUTUTYIbl curHana 5G W BBOOUTH HEOOXOIUMBIH
3amnac J0MyCTUMOI'O YPOBHA TOMEXOBOIo Bo3aekcTeus Ha 14,8 nb.
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AnHotanusi. llenpto Hacrosimeidl pa®oTel  SBIAETCS  TEOPETHUYECKOE HCCIEJOBAaHWE KOHTAKTHOTO
B3aUMO/ICHCTBUS MPEIBAPUTENHHO HATSHYTOH TMOKOH yIpyro pacTsHKUMOI JICHTHI C HETOJBMIKHBIM LIKHBOM.
PaccmarpuBaercs cilyyail TMHEHHOTO PacIpeiesieHus 110 JJIMHE TyTH 0XBaTa yIEJIbHOIO JaBJIEHUS CO CTOPOHBI
IIKMBa Ha JeHTy. Jlng 23Toro ciayyas MOJIY4YEHO BBIPAXEHUE [UI yCHIIUS HATSDKCHUS  JICHTHI,
pacrpeessIolerocs o gyre oxsara. IlokazaHo, 4To 11 rHOKOro 3B€HA B BUJIE JICHTHI B IIpeJieNiax AyTH OXBaTa
MPUCYTCTBYIOT [IBa BUJa YYacTKOB: JBa CHMMETPHYHO PACHOJIOKEHHBIE YYacTKH YIPYro IeOopMHUpyeMOi
JICHTBI, COOTBETCTBYIOILIME JyraM CKOJBXCHUS, U PACIOJIOKEHHBIH MEXIy HUMH y4yacTOK HexehopMHUpyeMoin
nenTsl. [Ipn onpeneneHHBIX ycnoBUSAX Hene()OpMHUPYEMbIH y4acTOK JICHTBI OTCYTCTBYET, T. €. JICHTa YIpPYTO
nedopmupyercss B mpenesax Bced Oyr'M OXBaTa, KOTOpas B A3TOM CIy4ae SBISIETCS AYTOW CKOJIB)KEHHS.
BrinosHeHHbIE TEOpETHYECKHE HCCIEJOBAaHUS KOHTAKTHOTO B3aMMOIEHCTBHS YHpPYyro aedopMHpPYeMOro
TMOKOTO 3B€HAa C HEIOJBIDKHBIM IIKMBOM BBISBWIM 3(Q(EKT HEe3aBUCHUMOCTH [UIMHBI JyI'H CKOJbXKCHHS,
T. €. 1ehopMHPYEMOTO B 30HE OXBaTa ydacTKa 'MOKOTO 3BE€Ha, OT YCWIMs HaTshkeHus. [JIMHA 3TOro ydacTka
OTIpEIeTISIETCSI YTIIOM OXBaTa U KO3(Q(UIIMEHTOM TPEHHS AJIsl MaTepHalloB TMOKOTo 3BeHa U mKuBa. [lomydeHHbIe
pe3yabTaThl JIOTIONHSAIOT CBEJEHHS O MEXaHHMKE B3aWMOJCHCTBUS TMOKOTO 3BEHAa C BEIYUINM M BEJOMBIM
3BEHBbSIMU PEMEHHOH IIepefaud U IMO3BOJIAIOT IOIYYUThb JOIOJHUTEIbHBIE CBEIEHUS O SBICHUM YIPYIOro
CKOJIb)KEHHUS1, BO3HUKAIOLLETO B ATUX Ilepefaydax.

KaioueBble ciioBa: ruOkoe 3BEHO, LIKHMB, yroJl OXBaTa, YCHJHME HATSDKEHHS, YroJl CKOJBKEHHUS, YIpyrue
nedopMarum.

KoH(pauKT HHTepecoB. ABTOp 3asBIIET 00 OTCYTCTBHUH KOH(UINKTA HHTEPECOB.

Jist nurupoBanus. Benmmackuit H.B. VccnenoBanue cBOMCTB pacTsATNBaeMoil JIEHTHI B YCIOBUSX Jieopmanun.
Hoxnanet BI'YIP. 2020; 18(6): 11-17.
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Abstract. The purpose of this work is to theoretically study the contact interaction of a pre-stretched flexible
elastic tensile belt with a fixed pulley. The case of linear distribution of the specific pressure from the pulley
on the belt along the length of the coverage arc is considered. For this case, an expression is obtained for the belt
tension force distributed along the coverage arc. It is shown that for a flexible link in the form of a tape, there
are two types of sections within the coverage arc: two symmetrically arranged sections of an elastically
deformable tape corresponding to the sliding arcs, and a section of a non-deformable tape located between them.
Under certain conditions, there is no non-deformable section of the tape, i.e. the tape is elastically deformed
within the entire coverage arc, which in this case is a sliding arc. Theoretical studies of the contact interaction
of an elastically deformable flexible link with a fixed pulley have revealed the effect of independence
of the length of the sliding arc, i.e., the flexible link that is deformed in the coverage area, from the tension
force. The length of this section is determined by the angle of coverage and the coefficient of friction for
the flexible link and pulley materials. The results obtained add to the information about the mechanics of
interaction of the flexible link with the leading and driven links of the belt drive and allow you to get additional
information about the phenomenon of elastic sliding that occurs in these gears.

Keywords: flexible link, pulley, coverage angle, tension force, sliding angle, elastic deformations.
Conflict of interests. The author declares no conflict of interests.

For citation. Vyshinski N.V. Study on the properties of stretchable belt under deformation. Doklady BGUIR.
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BBeaenue

B Mexanmsmax ¢ (PUKUMOHHBIM CLEIUIEHMEM THOKOrO 3BEHAa C BEOYIIMM M BEZOMBIM
3BeHbSIMH (IIKMBAMH) Tiepefada JIBWKEHHS OCYIIECTBISETCS 3a CUET CHJI TPEHHs, BO3HUKAIOIIUX
B 30HE KOHTAKTHPOBaHHsS THOKOTO 3BeHa cO MIKMBaMU. HeoOxoauMble 3HA4YCHUsS CWIJI TPEHUS,
o0ecreYnBalONINX Nepeaady ABIKEHHS OT BEAYIIErO IIKMBA K BEJOMOMY, IOCTUTAETCA HATSHKEHUEM
rubkoro 3BeHa. [Ipu pabore MexaHM3Ma HaTsDKEHUs] B HaOeraromied u cOeraromieil BeTBSIX TMOKOro
3BeHAa HMEIOT pa3HOe 3HadyeHWe, 4TO SBJSIETCS MPHYMHOW ympyrux jaedopmarmii  ero
MEPEeMEIAIOIIMXCs YYacTKOB. OTH AedopManuy y4acTKOB TMOKOro 3BE€Ha B Ipelesiax 30H €ro
KOHTAaKTUPOBAHMUS CO IIKMBAaMH BBI3BIBAIOT SIBJICHUE yHpyroro ckoibxeHus [1]. Ha HauansHOM 3Tane,
JI0 Hayaya JBWKEHHS 3BEHbEB MEXaHN3Ma, THOKOe 3BEHO MO JEHCTBHEM YCHIINS HATSHKEHHS YIIPYTO
nedopmupyerca. OnpeneneHHBId WHTEpeC s AaTbHEHIIEro pacCMOTPEHHS SIBICHUS YIPYToro
CKOJIBKEHUSI MPEJCTABISIET paclpeliesieHHe PacTATMBAIOIIMX YCWIMK B yOpyro aAehopMHUpOBaHHOM
THOKOM 3BE€HE, KOHTAKTUPYIOUIEM C HETIOJABMKHBIMH [IIKHBaMHU.

Teoperuyeckuii aHaIu3

I[J'IH BBIICHCHUA MCXaHU3Ma YHNPYroro CKOJBXCHHUA HAYHCM PACCMOTPCHUC pPACIIPCACICHUA
YCI/IJ'II/Iﬁ HATSKCHUA YHOPYTro ,Z[eq)OpMI/IPOBaHHOFO riOKOro 3BEHA B 30HE €ro KOHTAKTHUPOBAHUA
(OXBaTa) C HCTIOABMYKHBIMUA BEAYUIVM U BEAOMbBIM 3BCHBAMU MCXaHU3MaA. Taxk kak IIpU HEIIOABUIKHBIX
BCAYIIEM U BCEAOMOM 3BCHBIAX paCOpCACICHUA YCI/IJ'II/Iﬁ HATSDKEHUST THOKOIO 3BEHA B 30HAX
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KOHTaKTUPOBaHUs OYAyT IOJOOHBIMH, OTPAaHUYHUMCS PACCMOTPEHHUEM B3aMMOJCHUCTBUS THUOKOTO
3BEHA TOJBKO C HETIOJBIKHBIM BEIyIIUM IIKUBOM (pHc. 1). B aToMm cirydae HaTshkeHne 00enx BETBei
rUOKOTO 3BeHA BHE 30HBI KOHTaKTa (O0XBaTa) C HEMOJBM)KHBIM BEAYIIMM ITKHBOM OyAeT OJMHAKOBO
Y PaBHO Npe/IBapUTEIbHOMY HaTsDkeHuto To, T. €. T1 = 1> = Ty (puc. 1).

W

Puc. 1. Cxema KOHTaKTUPOBaHKS TMOKOTO 3BEHA C HEMOIBM)KHBIM BEAYIIUM IIIKABOM
Fig. 1. Flexible contact scheme links witha fixed drive pulley

B kadectBe rmOKOro 3BeHa NMpUMEM TOHKYIO ynpyro nedopmupyemyro jieHty. Ilycts yron
0XBaTa JICHTOM BEIyIIEro IIKNBa paBeH 20.1. B 30HE KOHTaKTHPOBAaHUS CO IIKMBOM Ha JIEHTY, KpOMe
pacTaruBaromiero ycwius, OyneT NeicTBOBAaTh CHa TPEHUS. BenuuumHa CHIIBI TPEHUS 3aBHCHUT
OT BEJIMYMHBl HOPMAJILHOTO JIABICHUS Ha JIGHTY CO CTOPOHBI IIKWBA U 3HAYCHUS KOd(pPHUIMEHTa
TPEeHUs Ui MaTepuajoB JICHTHl M IKuBa. HopmanbHOE maBieHue B mpeAenax Iyrd oxBaTa Oyaer
pacrhpenenaTbCss HEpaBHOMEPHO: OT HyJISl B TOUKaX ¢ M ¢ JI0 MaKCUMaJbHOTO 3HA4YCHUsI B TOouke b
(puc. 1). Byzsem cuuTath, 4TO pacrpeieieHrne HOPMaJIbHOTO NABJICHUS (| B MpejeNax Jyrd OoXBara
COOTBETCTBYET JIMHEHHOHN 3aBUCUMOCTH BHa

G()=0o(1 — a/ous), 1)

r7ie o — TeKyllee 3HaueHHe yria B Mpejesax Ayrd oxBara. [ BepXHel 4acTH Jyru oXBaTa THOKHM
3BEHOM IIKHMBA 3HAUYEHHE yriia o u3Mensercs ot 0 1o o.
Beipaxenue miis o = ((0) Haiiiem U3 yCIOBHsI PaBEHCTBA HYIIIO CYMMBI IPOCKIHUI HA 0Ch X
BCEX CHJI, ICWCTBYIOIMX HA BEPXHIOK YacTh THOKOT0 3BeHa (puc. 1):
o
ZFiX:TOcos(n/Z—cxl)—Iq(a)cosadazo. )

0

BrIinonHuB HHTETPUPOBaHUE, U3 YPAaBHEHHUS (2) MOMYyYUM BBIpaXXEHUE JUIA (o B BUIE

~ Ty sinoy 3)
° 1-cosa,
C yuerom (3) Bepakenue (1) a1 yaemIsHOTO TaBJICHUS 3aIUIICTCS B BHJIC
T,o, Sina o
qo)=2 g 2 4)

1-cosa, o,

JUs1st HaX 0K ICHHUSI BBIPKCHUSI, OTIPEACIISIONIETO H3MEHEHHE HATSHKEHHsSI THOKOTO 3BCHA B 30HE
ero KOHTAaKTa CO IIKABOM, PACCMOTPUM 3JIEMEHTapHbIH y4aCTOK AyrH YIPYro JeGopMHUPOBAHHOTO
ruOKoro 3BeHa JytiHoOM dL, onuparoruiics Ha yroi do (puc. 2).
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Puc. 2. Cupl, neiicTByIOIKE HA JIIEMEHTAPHBIA y9aCTOK THOKOTO 3BeHa
Fig. 2. Forces acting on elementary section of the flexible link

Ha snmemeHTapHBIN ydacTOK ympyro ae(opMHpOBAHHOTO THOKOTO 3BeHA JNEHCTBYIOT CHIIBI
naTsokerus T u T+dT, cuma tpenust dF u cuna HopManshoro naeinerus dN. BripaxkeHue ajst CHITBI
TPESHUSI 3aIMIIETCS B BUJIE

dF = udN = pg(a)da, )

rjae | — Ko3QQUIMEHT TPEHUS sl Tapbl MAaTePUAJIOB THOKOTO 3BCHA U IIIKHBA.

Cuiibl, TPUIOKEHHBIE K 3JEMEHTapHOMY YYacTKy TI'MOKOro 3BeHa JMHOW OL, BBI3OBYT,
BCIICJICTBHE YIPYrux nedopmarmii, u3MeHeHHe ero UiMHbl Ha BeawunHy AdL, a 3HavyeHue
snemeHTapHoro yria do uamenutcs Ha Ada (puc. 2).

3amuiieM BBIpaXECHHWE JJIsl CYMMBI 3JEMEHTapHBIX pPalOT, COBEpIIAEMBbIX Ha YTIIOBOM
nepemenieHnd Ado MOMEHTAaMH OTHOCHTENBHO LeHTpa O1 BEAYLIEro IMIKHBA, PaHyC KOTOPOro
paBeH Ri, chil, IPUIIOKEHHBIX K JIEMEHTapHOMY y4acTKy rudkoro 3sena: T, T+dT u dF. Cymma Bcex
AIIEMEHTAPHBIX paboT OyIeT paBHA HYIIO:

7dAr + dAE + dArsar = 0. (6)

B Beipakenuu (6) sneMeHTapHble pabOThl Ha yriioBoM mnepememniennrn Ado MOMEHTOB
pactsruBatonux yeunuii 7w 7T+dT 3amuuryres [2] cOOTBETCTBEHHO

dA7 = -0,57R:Ada, dAT+gr = 0,5(T+dT)R1Ad0{,
a 3JICMCHTapHaA pa60Ta MOMCHTA CUJI TPCHUSL dF 3aIlIMICTCAa B BUC
dAr = —dFR;Ada = —pq(a)daR:Ado.

IloncraBuB B ypaBHeHWe (6) BBIpAXKECHUS I 3JICMEHTApPHBIX PabOT U BBINIOJHUB
npeoOpa3oBaHusl, TOTYYHM BhIPaXKEHHE JUIS IPUPALIECHUS YCUIHS HATSHKEHHS B BUIIE
dT = 2pg(e)da. @)

C yueroMm BeIpaxkeHus (4) s yaensHoro nasieHust (o), BBINOJHUM HHTETPUPOBAHHUE

BeIpakeHUst (7) B MHTepBaJle 3HAUSHH HATSHKCHUSI TMOKOTO 3BeHA OT HavallbHOTO 1o TIpH o = 041, 110 7T,
COOTBETCTBYIOILEr0 TEKYILEMY 3HAYEHUIO yIia o

de jz Too, Sinoy (l——]da (8)

—cosa, o,

BrinonHUB MHTErpHUpOBaHUE YpaBHEHHUS (8), MOTYyYUM BBIPOKEHHUE U YCHUJIHMS HATSHKCHHS
ruOKOro 3BeHa B 30HE OXBaTa IIKMBA B BHJIE

H 2
T, - HloaSINo [ oy & ©)
1-cosa, a,
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Ha puc. 3 mpezncraBneHsl rpaduKu pacnpeiesieHHs OTHOCHTENILHOTO yerius HaTskenust 7/ Ty
ruOKOTo 3BeHa B Mpefesax AyTH oxBara, paBHOH 201 = . Ecim ipu 3HaueHnn ko3 punmenTa TpeHus
p = 0,4 rubkoe 3BeHO YIpyro nedopMUpyeTcs B Mpeneiax BCEW MyTrd OXBara, TO MPH YBEIHMYECHUH
3HAYeHUs KOX(PQUIMEHTa TPEHUs [UIMHA 4YacTW JYyrd OXBaTa, COOTBETCTBYIOWIAs YINPYIHM
nedopmarysiM THOKOTO 3BeHa, YMEHBIIIAeTCsl.

T,
1.0
.
e
0.8 /lr, ® — n=04
v
0.6 i v o - n=06
i'/
0.4 J // A— n=08
0.2 /
/} ,//
0 w8 /4 3/8 w2 U pan

Puc. 3. PacnipenienieHrne OTHOCUTENBHOTO YCHIIHS HATSHKEHHUS THOKOTO 3BeHa
10 JUTMHE OyTU oxBaTa (201 = ) AJ1sl TpeX 3HaueHni koadduireHTa TpeHust
Fig. 3. Distribution of the relative tension force of the flexible link along the length
of the coverage arc (201 = m) for three values of the coefficient of friction

O0cyxnenue pe3yabTaToB

[Ipoananu3upyem mnosy4eHHOE BhIpaKEHHE ISl YCHIINS HATSDKEHUS! THOKOTO 3BEHA B 30HE €T0
KOHTaKTUPOBaHMUS C BEIyIIUM 3BEHOM. MakcUMajbHOE 3HAUEHHUE YCHUJIUS HATSKEHHSA, pPaBHOE
HavanbHOMY 7o YCWIIMIO HaTsDKeHHs 00eMX BeTBel IMOKOro 3BeHa, OylneT B Hadajle Iyrd OXBara,
T.¢. mpu o=o1 (puc. 1). CyBennueHueMm 3Ha4YeHHUS yriaa o OyIeT YBEIUYHUBATHCA MOIYJb
OoTpHUIIaTeIbHON cocTaBistonieil Boipaxenus (9). Ilpu HexoTopoM 3HAUEHHH yria o= Op MOXYIb
OTpHUIATEeIbHON YacTh BbIpakeHHsd (9) craHer paBHBIM 7p, a yCHJIME HATSDKEHUS B 30HE KOHTAKTa
ruOKOro 3Be€Ha CO ULIKMBOM — paBHBIM Hymo. CrenoBaTenbHO, TEPEMEIEHHs YHpyro
neGOpMUPYEMBIX Y4aCTKOB I'MOKOr0 3B€HAa OTHOCHTEIBHO MOBEPXHOCTH LIKMBA OYAYT MPOUCXOIUTH
HE 110 BCEH IJIMHE OXBara, a TOJIbKO B IIpejieslaX, OIpeAesieMbIX yrylamMu o1 U op. Hasosem nayry,
B IipeAenax KoTopod aedopMHUpyeMble Y4YacTKH THOKOrO 3BE€Ha IEpPEeMEINaroTcsl (CKOJB3ST)
OTHOCHUTEIBHO MMOBEPXHOCTH IIKHUBA, TyTOH CKOIBKEHUA. YTOI O, ONPEAEIAIOMMN TyTy CKOJIBXKEHHS
JUIsl BEpXHEH BETBU TMHOKOTO 3BEHA, OyJIET ONPEIeIAThCS BRIPRKEHIEM

O = 01 — Olp. (10)

Haiinem BoIpakeHue AJ1s1 3Ha4YCHUS yIia oo, P KOTOPOM HATsSKEHHE TMOKOro 3BE€Ha B 30HE
OXBaTa CTaHeT paBHbIM HyIt0. [Tpu ycnoBuwm, uto 7(ao) = 0, u3 BeipakeHus (9) moaydnm

2

a, sina o
1- PR 20, + 22 |=0. (11)
1-cosa, o,
PaznenuB Beipaxenue (11) Ha BeIpakeHHUe mepea CKOOKaMH, OTYIUM

1-cosa. al

—— L —a,+20,—-—2=0, (12)
po, sinoy o,
501051

a’—2o,0, +C=0, (13)

, l-coso,
rec=o; —————.
usin oy
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Pemenue ypaBaenus (13) 3anuiercs B BUIC
(0tg),, = & £4fof —C. (14)

Tak xak oo < a1, pemeHne ypaBHeHus (14), yaoBIeTBOpSIONIee STOMY yYCIOBHIO, 3alUAIIETCA,
C YYETOM BBIPAKCHHUS JIJIS C, B BUJIC

(15)

(16)

W3 Beipaxkenus (16) ciemyer, 9To IMHA OYTH CKOJBXKEHHSA, T. €. TOW YacTH AYTH OXBaTa
rHOKOT0 3BeHa, KOTOpas ynpyro n1eOpMUPYETCs, HE 3aBUCUT OT YCHIIUS HATSHKEHUS, a OTpeeNsIeTCs
TOJBKO BEJIIMYMHOM TIOJIOBHHBI yIJIa OXBaTra 01 M 3HAUYCHWEM KOI(PQPHUIMEHTa TPEHUS | Ui
MaTepuagoB THOKOrO 3BeHA M IIKUBA.

OTo sBICHUE, Ha30BeM ero 3(QQeKToOM HE3aBHCUMOCTH JUIMHBI JyTH CKOJIBKEHHUS OT
MPEIBAPUTEIHHOTO YCUIIHS HATSHKEHUS] THOKOTO 3BEHA, SIBISETCS CIEACTBUEM YBEIHMUCHHS 3HAUCHHUS
YIENBHOTO JABJICHUS IIKMBA HAa THOKOE 3BEHO IPU YBEIHMUYCHUH ero HarsbkeHus. C yBemmdeHueMm
yIIEIBHOTO JaBJICHUSl YBEJIMYMBACTCS CHJIA TPEHUS, MPEMSATCTBYIOMAS CMEIIEHHSIM OTHOCHTEIBHO
HIKUBA YIPYro AeGopMUpyeMbIX y4acTKOB rMOKOro 3BeHa. Eciu Obl BelM4YMHA pacmpeelIeHHOTO 0
Iyre OXBaTa YIENBHOTO [aBJICHUS HE 3aBHCENla OT YCWINS HATSDKEHHS THOKOTO 3BEHa, TO
C U3MEHEHHEM YCHINS HATSDKSHUS M3MEHsUIach Obl U JTHHA J1eopMHUPYEeMOro B 30HE 0XBaTa y4acTKa
rEOKOTO 3BEHA.

Ha pwuc.4 nmpeactaBieHsl  3aBHCHMOCTH  yIJIa  Oo, COOTBETCTBYIOIETO  Hayay
HeZeOpPMHUPYEMOTO y4dacTKa THOKOTO 3BEHa, OT 3HAa4eHHWS KOX(pQUIMEHTa TPEeHUs L IS JIBYX
3HAYEHUI yriia oxBara TMOKMM 3BEHOM IIKKBA: 2011 = T 1 201 = 27/3.

oo, pazm,.
0.7

|
05 % e —2wm=nm
03 _— o — 2a1=2m/3

o1 /F/r’ /;
6

&

0 0.2 0.4 0, 0.8 1.0, p
Puc. 4. 3aBHCUMOCTSH yIi1a Olg, OTPEACIISIONIETO Heae(HOPMUPYEMBIil y4aCTOK
rHOKOro 3BeHa, OT KOA(QQUIIMEHTA TPEHHUS ISl IBYX 3HAaUEHHH Iyl 0XBaTa
Fig. 4. Dependence of the angle oo that defines the non-deformable section
flexible link, from the coefficient of friction for two values

Ecmu B BhIpakenun (15) npuHATH 3HaYCHHE IOJIOBUHBI JYI'M OXBaTa PaBHBIM 01 = /2,
TO MOJIY4YHM 3aBHCUMOCTD JJISI Gl B BUZE

0 2 n

[punse B BbIpakeHuu (15) op=0, momyuyum 3HaueHWe KodpdHIMEeHTa TpeHHUS L,
IpU KOTOpOM THOKOEe 3BEHO OyAeT ymnpyro neopMupoBaTbcs IO BCEW Oyre oxsara, T. €. JAyra
CKOJILKEHUsI OyleT paBHa Iyre oxpara. JTO 3Ha4YeHHe KOoa((uIMEeHTa TpeHHs Ijs yriia OXBaTa,
paBHOrO T, cocTaBuT W = 4/m% = 0,4, a JuIs yria oxsara, pasHoro 2m/3, — p = 0,53 (puc. 4).
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3akiIouyenue

JlanHass pa0oTa TMOCBSIEHA TEOPETUYECKOMY HCCIICIOBAHUIO PACTIPEICICHUS YCUIIMHI
HATSDKEHHS ypyro aedopMupyeMoro ruOKoro 3BeHa B 30HE €r0 KOHTAKTa C HETOJIBHXKHBIM IIIKHBOM.
B kauectBe ruMOKOro 3BEHa B3sATa TOHKAas YIPYro pacTsHkumas JieHTa. s ciaydas JHHEWHO
M3MEHSFOIIETOCS B 30HE KOHTAKTA JICHTBI C HETIOABHKHBIM IIIKUBOM JABIICHHS, TIOYYEHO BhIpAKECHHE
JUISL paclpeieliCHHs 1Mo Jyre OXBaTa YCHIIHMs HaTshKeHUs JedopMupyeMoro rudkoro 3seHa. Bmecte
¢ 1eOopMHUPYEMBbIM y4YaCTKOM THOKOrO 3BEHA OTMECUEHO HAJIMYUE B TpeIeiax JIyrd oOXBara
1 Hele(hOpMUPYEMOT0 y4acTKa.

BhITONHEHHBIE  TEOPETHUYECKUE HCCICJOBAaHUS KOHTAaKTHOTO B3aWMOJICHCTBUS  yIIPYTo
nedopMupyeMoro ruOKOTro 3BeHa ¢ HEMOIBMYKHBIM IIIKHBOM BBISBIIIN 3G (EKT He3aBUCUMOCTH JUTHHBI
nehopMUPYEeMOTrOo B 30HE OXBaTa y4acTKa TMOKOTO 3BEHa OT YCWIMs HaTskeHUs. JlmHa ympyro
neGopMUpyeMoOil YacTH THOKOTO 3BE€Ha B TpeJenax Jyr'M OXBaTa ONpeaessieTcsl yriioM OXBaTa
1 K03 QUIIMEHTOM TPEHUS JJIsl MATEPUAIIOB TMOKOTO 3BCHA W INKWBA M HE 3aBUCUT OT YCHIIHSA
HaTSHKCHHS THOKOTO 3BCHA.
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Abstract. In this paper, we describe a method that allows one to realize highly efficient amplitude modulation
of radiation at the output of electro-optical laser switches with two coupled resonators, in which electro-optical
elements are located both in two split arms and in every arm of a multipath interferometer with combined
channels with a control voltage 2 times lower than in existing laser switches. Moreover, the electro-optical
elements located in the two split arms of a multipath interferometer with combined channels, with one passage
of the light flux through the electro-optical element, must make the opposite controlled changes in the phase
difference of the interfering light beams. Therefore, for such electro-optical switches with two coupled
resonators the value of the required electric power will be, respectively, 2 times less than that of the existing
ones, which significantly expands their operating frequency range. In this case, a laser switch with electro-
optical elements located in the two split arms of a multipath interferometer has an asymmetric dependence
of the output radiation intensity on the change in the phase difference of the interfering light beams relative
to the zero value of the light intensity. A laser switch with electro-optical elements located on all arms
of a multipath interferometer with combined channels has a symmetric dependence of the output radiation
intensity on the magnitude of the phase difference of the interfering light beams relative to the zero value
of the light intensity. In addition, due to the coherent summation of the amplitudes of the interfering light waves,
such laser electro-optical shutters also have amplification of radiation with a resonant wavelength.

Keywords: multipath interference, Fabry — Perot resonator, electro-optical effect, coherence.
Conflict of interests. multipath interference, Fabry — Perot resonator, electro-optical effect, coherence.

For citation. Kanojka A.l. Amplitude modulation of radiation by coupled resonators. Doklady BGUIR.
2020; 18(6): 18-24.

Foreword

Electro-optical shutters, that operate in the visible and near IR region of the spectrum, play
a huge part in laser location and data transmission systems. Their function in the near IR region of the
spectrum is characterized by a significantly larger control voltage as compared to the visible region.
Thus, as a rule, such shutters exercise transverse application of the control electric field. In case
of transverse electro-optical effect, intrinsic anisotropy of electro-optical crystals initiates dramatic
tightening of the requirements to tolerable thermal instability. Therefore, the transverse electro-optical
effect can be applied for modulation purposes only when the crystal is thermostated or temperature
compensation circuits of natural birefringent effect are engaged [1, 2].

As the electro-optical medium for the working spectral range of interest, 3 m (lithium
niobate — LiNbO3) and mm2 (KTP — KTiOPO,) crystals can be used. [1, 3,4]. They are special
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for the almost constant electro-optical coefficients in a wide temperature range, which is of no small
importance in field conditions. Lithium niobate crystals have a lower radiation strength and electro-
optical coefficient than KTP crystals, which hampers their application for modulating the Q-factor
of laser resonators. Thus, KTP crystals are of the greatest interest in terms of working spectral range,
radiation strength, quantity and thermal stability of electro-optical coefficient.

Due to multiple interaction of light with the electro-optical medium, application of electro-
optical phase modulation in multi-path interference devices for amplitude modulation of light allows
a significant decrease in the control electrical voltage, which therefore increases the working
frequency range of such modulators. [1, 5]. However, today’s methods do not comprehensively
consider the impact on the efficiency of amplitude modulation of multipath interference device
specialties, which imposes substantial limits on the efficiency of such modulators. Present-day
amplitude modulators based on multipath interference do not allow one to obtain highly efficient
amplitude modulation of light radiation for the presence of big losses when irradiating the Fabry —
Perot resonator [1, 6, 7].

This research sets an objective to consider the questions about a drop of control voltage
of electro-optical laser switches based on multipath interference and an increase in their efficiency,
which enables a dramatic augmentation of light modulation performance and expansion of their
working frequency range.

Essence of the method

This method consists in implementing amplitude modulation of a plane polarized radiation
based on electro-optical effect and multipath interference by loss-free irradiation of the system that
encompassagees two coupled resonators with controllable Q-factor, which makes it possible to reach
a significantly lower control electrical voltage and at the same time increase the efficiency
of modulation.
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Fig. 1. Optical layouts of Michelson interferometer (a); a multipath interferometer with combined channels (b);
a laser switch with an electro-optical element located in the common arm of multi-beam interferometer (c),
in two split arms of multipath interferometer (d), in every arm of multipath interferometer (e)

—
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The literature has numerous findings about the two-arm Michelson interferometer
(Fig. 1, @) [1, 6, 7]. Should phase electro-optical elements with transverse application of the control
field be introduced in both arms of the interferometer, a laser switch is formed with half the control

19



JlokJiAnpl BI'YHP DokLabpy BGUIR
T. 18, Ve 6 (2020) V. 18, No. 6 (2020)

voltage as compared to the present-day shutters. Its substantial drawback would consist in great light
losses on the beam splitter. Should another reflector be introduced in the circuit of the two-arm
Michelson interferometer, as shown in Fig. 1, b, we obtain the optical system of a two-channel
multipath interferometer with combined channels where energy input is almost loss-free. The optical
layout of a multipath interferometer with combined channels has one trait — input-output combination,
which is what exactly needed for a laser switch. Based on such multipath interferometer, three
possible optical layouts of a laser switch can be implemented (see Fig. 1).

Fig. 1, c depicts the optical layout of a laser switch with two coupled resonators where
the electro-optical element is put in the common arm of the multi-beam interferometer. Fig. 1, d and
Fig. 1, e demonstrate optical layouts of laser switches with two coupled resonators in which electro-
optical elements are correspondingly placed in the two split arms and in every arm of the multi-beam
interferometer, where 1 — beam splitter; 2, 3, 4 — reflectors; 5, 6, 7 — electro-optical elements. Electro-
optical elements can represent electro-optical crystals, e.g. litium niobate LiNbOs; or KTP
with control electrodes deposited on their lateral faces.

Results and discussion

Consider the fundamental regularities in the function of such multipath interferometer
with combined channels and of laser switches that are implementable on its base.

In initial condition, the input of a multipath interferometer under consideration is fed
with a monochromatic plane-wavefront light beam with intensity lo. Then it is divided by beam
splitter 1 into two light beams with equal intensities, i. €., 1o/2, and thus their amplitudes will equal

Iy
EOi :\/;_ (1)

After being reflected on the first 2nd and the second 3rd reflectors, they repeatedly arrive
to the beam splitter that takes one half of radiation out of the optical layout of the laser switch and
directs the other half to the third reflector 4th. The radiation from the third reflector goes to the beam
splitter where it is divided into two light beams with equal intensities that travel to the first and the
second reflectors, etc. Assume 81 = 8, = 83 =6 — phase difference induced in interferometer’s arms;
AS — controllable variation in phase difference of interfering light beams in case of one passage
through the electro-optical element; 71 = R; = K = 0.5 — transmission and reflection coefficients of the
beam splitter; R, =R3=Rs =R — reflection coefficients of the first, second and third reflectors,
respectively; then the output of the interferometer would have a light beam with the amplitude
of electromagnetic oscillations equal to the total amplitude of re-reflected waves.

Total amplitude of light wave at the output of a multipath interferometer with combined
channels can be found from the expression below:

_ 2E,KVR
- 1— Zei2(5+A6) KR )

Then the expression for total light intensity at the output of a multipath interferometer
with combined channels is:

. 21,K°R
out:EZEZZ 2 :
1+(2KR)" —4KRcos2(5+ A3)

E 2

)

@)

The provisions reported were compared to the experiment results. The optical layout
of the experiment setup is shown in Fig. 2. Composition: laser 1 (LG-207A) that generates constant
1 mW radiation with wavelength A = 0.6328 um; polarizing isolation unit 2 consisting of polarizing
splitter 3, polarization twister 4 and reflector 5, 6, 9, 10 are, respectively, the first, second and third
reflectors of coupled resonators; 7 — light radiation power meter (OPHIR meter with NOVA-II
display, 3A-SH measurement sensor, Power Accuracy: +3 %, Power Noise Level: 2uW); 8 — beam
splitter. Examinations of multipath interferometer with combined channels have proven good
correlation of estimated and experimental performance.
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Fig. 2. Optical layout of a laboratory setup for studying coupled resonators

Consider a laser switch with two coupled resonators (see the optical layout in Fig. 1, c) where
amplitude modulation is done through variation in the phase difference of interfering light beams
in the common arm of a multipath interferometer. This can be achieved by either introducing one
electro-optical element to the linear arm or attaching reflector 4 with a piezoelectric drive which
ensures enough precision in adjusting optical distance of the common arm, and therefore
the difference of phases & induced therein. combined channels and of laser switches
that are implementable on its base.

In initial condition, the input of the laser switch under consideration is fed
with a monochromatic plane-wavefront light beam with intensity lo. Then the first beam splitter
divides it into two light beams with equal intensities, i. e. lo/2, and therefore the amplitudes of their
electromagnetic oscillations will be determined by expression (1). After being reflected on the first
and the second reflectors, they repeatedly arrive to the beam splitter that takes one half of radiation out
of the optical layout of the laser switch and directs the other half to the third reflector. The radiation
from the third reflector goes again to the beam splitter to be divided into two light beams with equal
intensities that travel to the first and the second reflectors, etc.

Assume that 75 is the light transmission of the electro-optical element. Then, the output
of such laser switch would have a light beam with the amplitude of electromagnetic oscillations equal
to the total amplitude of re-reflected waves which can be found from the expression below:

2E, KR

1- 26 IKRT,

(4)

>1

Then the expression for the total light intensity at the output of the laser switch (see the optical layout
inFig. 1, ¢) is:
21,K°R

lows = Es:Es _ .
1+ (2KRT, )’ — 4KRT, cos2(5 + A3)

out1 — Fmabm T

®)

Fig. 3 (curve 1) demonstrates the dependence of the total light intensity at the output
of the laser switch on the variation of AS phase differences at the following parametric values: lo= 1,
K=0.5; R=0,99; 75=0,9. This dependence clarifies that such laser switch does not have
sufficient SNR.

Spectral distribution of the light intensity at the output of such switch is given in Fig. 4, a.
The mechanism of amplitude modulation of such laser switch consists in a shift of spectral maximum
of radiation intensity in case of corresponding variation in A3 phase difference. Directions of the shift
are illustrated with arrows.
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Fig. 3. Dependences of the intensity of the output radiation in the laser switch loy1, loutz, louts
on the magnitude of the variation in the phase difference of the interfering light beams Ag:
a — general view; b — for values of light intensity not exceeding 1
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1; 2; 3 — spectral intensity distribution respectively at AS=0; n/4; n/2
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1; 2; 3; 4 — spectral intensity distribution respectively at AS=10; n/16; Tn'l6; o' 2
—» =« —the directions of the shift of the spectral maxinmum respectively
when increasing and decreasing the mduced phase difference A8
b
Fig. 4. Spectral distributions of light intensity at the switch output with coupled resonators lout, lout
when the induced A phase difference variations, respectively, with an electro-optical element located
in the common arm (a); with electro-optical elements located in the split arms of a multipath interferometer (b)

The dependence from Fig. 3 (curve 1) demonstrates that the downside of such optical system
of a laser switch consists in the impossibility to obtain low control voltage in the first place and low
SNR in the second place.

Therefore, the point of interest is to consider the optical system of a laser switch
(see Fig. 1, d). Here electro-optical elements lie in the two split arms of a multipath interferometer
and initiate opposite controllable variations in the phase difference of interfering light beams in case
of one passage through the electro-optical element.
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Assume Ts = Ts. Then the total amplitude of light wave at the output of the laser switch where
electro-optical elements lie in the two split arms of a multipath interferometer can be found through
the expression below:

_ 2E,KT,W/Rcos2A8

- _ . (6)
¥ 1-2e'¥KRT, c0s 2A5
Then the expression for total light intensity at the output of such laser switch is:
. 21, K*T2Rcos? 2A8
lowr = EsoEsy = ° > (7)

1+ (2KRT, c0s2A8)" — 4KRT, 05 2508 2A5 ’

Fig. 3 (curve 2) gives the dependence of total light intensity at the output of the laser switch
on the variation in A3 phase difference. This dependence makes it clear that such laser switch has its
first maximum at A8 = n/4 = 0.79, which is achieved by applying control voltage Uyys.

Fig. 4, b demonstrates spectral distribution of light intensity at the output of such switch.
The amplitude modulation mechanism of such laser switch consists in shifting the amplitude
of the spectral maximum of radiation intensity to zero with further increase at a different wavelength
to the maximum in case of varying phase difference A8 = n/4. Directions of the shift are illustrated
with arrows.

The optical system of the laser switch under consideration benefits for it ensures high
modulation efficiency at the control voltage of about U,s, which is two times less than the existent
electro-optical shutters have.

The laser switch considered has the dependence of output radiation intensity on the variation
value of phase difference of interfering light beams Ad which is asymmetrical relative to zero light
intensity (Fig. 3, curve 2).

Thus, the point of interest is to consider the laser switch with electro-optical elements lying
in every arm of a multipath interferometer with its optical layout depicted in Fig. 1, e. Here electro-
optical elements that lie in the two split arms of a multipath interferometer should initiate opposite
controllable variations in the phase difference of interfering light beams in case of one passage
through the electro-optical element. The variation in phase difference of interfering light beams
in the common arm of a multipath interferometer can match that in one split arm.

Assume Ts = Tg = T7. The total amplitude of light wave at the output of such laser switch can
be found from the expression below:

2E, KT.\/Rcos2A8

- : . (8)
2 1-2e M IKRT2 05 2A8
Them the expression for total light intensity at the output of the laser switch is:
. 21,K*T2Rcos? 2A8
lous = EssEys = ° > 9)

" .
1+(2KRT c052A8) — 4KRT. c052(8 + A3) - 05 2A

Fig. 3 (curve 3) shows the dependence of total light intensity at the output of the laser switch
on phase difference variation A3. This dependence makes it clear that such laser switch has the first
minimum at AS = n/4 = 0,79, which is achieved by applying control voltage Ujs.

The laser switch considered has symmetrical dependence of output radiation intensity on the
variation value of the phase difference of interfering light beams Ad relative to zero light intensity
(Fig. 3, curve 3). As in the previous case, the amplitude modulation mechanism of such laser switch
consists in shifting the amplitude of the spectral maximum of radiation intensity to zero with further
increase at a different wavelength to the maximum in case of varying phase difference As = n/4.

The optical system of the laser switch under consideration benefits for it ensures high
modulation efficiency at the control voltage of about Uys, which is two times less than the existent
electro-optical shutters have. The laser switch considered has symmetrical dependence of output

23



JlokJiAnpl BI'YHP DokLabpy BGUIR
T. 18, Ve 6 (2020) V. 18, No. 6 (2020)

radiation intensity on the variation value of phase difference of interfering light beams A8 which
is asymmetrical relative to zero light intensity (Fig. 3, curve 3).

Conclusion

Therefore, the research completed has demonstrated that one can reach minimum control
voltage and maximum efficiency of the amplitude modulation of radiation in electro-optical laser
switches with two coupled resonators where electro-optical elements lie both in the two split arms
and in every arm of a multipath interferometer with combined channels. Moreover, electro-optical
elements in the two split arms of a multipath interferometer with combined channels must initiate
opposite controllable variations in the phase difference of interfering light beams in case
of one passage through the electro-optical element. The variation in phase difference of interfering
light beams in the common arm of a multipath interferometer can match that in one of the split arms.
For such laser switches the control voltage will be Uy, which is two times less than the present-day
laser switches have, which significantly expands its working frequency range. At the same time,
the laser switch with electro-optical elements in the two split arms of a multipath interferometer
possesses asymmetrical dependence of output radiation intensity on the variation value of the phase
difference of interfering light beams relative to zero light intensity. The laser switch with electro-
optical elements in every arm of a multipath interferometer possesses symmetrical dependence
of output radiation intensity on the variation value of the phase difference of interfering light beams
relative to zero light intensity. Besides, coherent summation of the amplitudes of interfering light
waves makes the laser switch capable of enhancing radiation with a resonant wavelength.

References

1.  Mustel E.R., Parygin V.N. [Light modulation and scanning techniques]. Moscow: Nauka; 1970. (in Russ.)
Adrianowa L.1., Zaslawskaja W.R. [Phased electro-optic modulator of non-parsed radiation]. Optiko-
mechanicheskaja promyschlennost = Optical-mechanical industry. 1978;6:24-26. (in Russ.)

lona F., Schirane D. [Ferroelectric crystals]. Moscow: Mir; 1965. (in Russ.)

Nai Dzh. [Physical properties of crystals]. Moscow: Mir; 1967. (in Russ.)

Yariw A., Yuch P. [Optical waves in crystals]. Moscow: Mir; 1987. (in Russ.)

Nagibina I.M. [Light interference and diffraction]. Leningrad: Maschinostroenie; 1985. (in Russ.)

Born M., Wolf E. [Optics fundamentals]. Moscow: Nauka; 1973. (in Russ.)

N

Nogkow

Information about the author

Kanojka A.l., PhD, Associate Professor, Senior Researcher of the photoelectronics laboratory
of SSPA “Optics, optoelectronics and laser technology™.

Address for correspondence

220090, Republic of Belarus,

Minsk, Logoyskiy tract, 22,

SSPA “Optics, optoelectronics and laser technology”
tel. +375-44-746-63-72;

e-mail: kon54@yandex.by

Kanojka Alexey Ivanovich

24



JlokJiAnpl BI'YHP DokLabpy BGUIR
T. 18, Ve 6 (2020) V. 18, No. 6 (2020)

@)y |
http://dx.doi.org/10.35596/1729-7648-2020-18-6-25-32

OpueuHanbHaﬂ cmamuvi
Original paper

VIIK 621.315.592.4

CHUHTE3 U CBOMCTBA KOMIIO3UTHBIX MATEPUAJIOB HA OCHOBE
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AnHotauus. [TomyuyeH KOMIO3UTHBIM MaTepuad Ha OCHOBE HAHOYACTHUIl OKCHJIA IIMHKA, CHHTE3UPOBAHHBIX
XUMHUYECKUM THIPOTEPMAJIBHBIM METOJIOM, U MOJMMEPHOM IUAJIEKTPUUYECKOM MAaTpULbl CUJIMKaTa HaTpHsl.
CBoOOIHBIC HAHOYACTHIIEI OKCHAAa LWHKA OBUTM CQOPMHPOBaHBl MpPHU HArpeBe SKBHMOIISIPHOTO pacTBOpa
HUTpaTa IMHKA U TEeKCaMETWIICHTETpAMUHA C pa3lWYHbIMH 3HadeHusMu mnokaszatens PH (or 3 mo 5).
Hanowactump! ObITH BBEICHBI B BOTHBIN PacTBOp CHIIMKATa HATPHS W IOCIOWHO HAaHECEHBI Ha KPEMHHCBYIO
MOJUIOKKY TyTeM LeHTpU(yrupoBaHus. MeETOJOM pacTpOBOW 3JIEKTPOHHOW MHMKPOCKOIIMH HCCIIE0BaHa
CTPYKTYpa ¥ MOP(OJIOTrUs KaKk CBOOOJHBIX HAHOYACTHUI[ OKCH/IA I[MHKA Ha KPEMHHECBOW TOJIOKKE, TAK U MOCIIE
BHECEHHSI HMX B MATpUIly CHJIMKAaTa HATpUs. YCTaHOBIEHO, 4YTO TMOJYYCHHbIE 4YacTHIBI 00JamaoT
TFeKCaroHaJbHON KPUCTAIIIMYECKON PEIIETKON M MMEIT OMMOJallbHOE pacipeneneHue mo pasmepam. [locie
BHECEHHUSI B MATPUIly CHJIMKAaTa HATpUs B HEHl OCTArOTCS TOJILKO HEOONbIIME HAHOYACTUIIBI OKCHIA IWHKA
co cpeaauM auameTpoMm 45 HM. HccnenoBaHue CHeKTpoB (OTONIOMHUHECIICHIIMA KOMIIO3UTHOTO MaTepuara,
BKITIOYAFOIIETO HAHOYACTHIIHI OKCHJIA IMHKA, TIOJYYCHHBIC TIPH Pa3UIHBIX 3Ha4eHUs1 PH mMcxomHOTO pacTBopa,
IOKa3aJl0 HaJIW4He SKCUTOHHOW M MPUMECHOW IMOJIOC (POTOMOMUHECIICHIINA ¢ MAaKCUMyMaMH HHTCHCHBHOCTH,
pacnoJyIo)KeHHBIMU Ha JuinHax BoJH 383 u 590 HM cooTBeTcTBEeHHO. HaHOYacTHIIBI OKCHA [IMHKA, HAXOISLIUECS
B CTa0WIM3UPYIOIIEH MAaTpUIle CIJIUKaTa HATPHA, JIEMOHCTPHUPYIOT Oollee BBICOKYIO OTHOCHUTEIBHYIO
WHTCHCUBHOCTh OKCUTOHHOH (DOTOMOMHUHECHICHIINH, YeM CBOOOJHBIC 4YacTHIBL. HamOomnpImas BelndnHA
OTHOCHTEIIFHOW HMHTCHCHBHOCTH DKCHUTOHHOHM (POTOIFOMHHECICHIIMN AOCTHTHYTa Y KOMIIO3UTHOTO MaTepHaa,
BKJIIOYAIONIETO HAHOYACTHIIBI, CHUHTe3upoBaHHbie mpu pH wucxogHoro pactBopa 3,35. IlomyueHHbIE
KOMITO3UTHBIE MaTE€pUabl MOTYT HAWTH MPUMEHEHUE B OMTOAIEKTPOHHBIX U (HOTOBOIBTAMYECKUX MPHOOpax,
a TaKke B KaUueCTBE ONTUYECKON cpenbl 0e3pe30HaTOPHBIX J1a3€POB.

KJ'[]O"[eB])Ie CJI0BaA: OKCHJ IHWHKA, HAHOYACTHUIIHI, FH}IpOTepMaHLHLIﬁ CHUHTEC3, KOMIIO3UTHBIC MaTCpHalibl,
(hOTOTIOMUHECTICHITHS.
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Abstract. A composite material based on zinc oxide nanoparticles synthesized by the chemical hydrothermal
method and a polymer insulated matrix of sodium silicate was obtained. Free zinc oxide nanoparticles were
formed by heating an equimolar solution of zinc nitrate and hexamethylenetetramine with different pH values
(3-5). Nanoparticles were introduced into an aqueous sodium silicate solution and applied on a silicon substrate
by centrifugation. Using scanning electron microscopy, we studied the structure and morphology of zinc oxide
nanoparticles on a silicon substrate in unbound state and after their introduction into the sodium silicate matrix.
It was found that the obtained particles have a hexagonal crystal lattice and a bimodal size distribution. After
introduction in the matrix of sodium silicate, only smaller zinc oxide nanoparticles with an average diameter of
45 nm remain in it. Studying of the photoluminesclence spectra of a composite material, including zinc oxide
nanoparticles obtained at different pH values of the initial solution, showed the presence of exciton and defect-
related photoluminescence bands with intensity’s maximums located at 383 and 590 nm, respectively. Zinc
oxide nanoparticles in the stabilizing matrix of sodium silicate exhibit a higher relative intensity of exciton
photoluminescence than unbound particles. The highest value of the relative intensity of exciton
photoluminescence was achieved for a composite material including zinc oxide nanoparticles synthesized
at pH=3,35 of the initial solution. The resulting composite materials can be used in optoelectronic and
photovoltaic devices, and as an optical medium of non-cavity lasers.

Keywords: zinc oxide, nanoparticles, hydrothermal synthesis, composite materials, photoluminescence.
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BBenenune

HanocTpykTypsl M WX COYETaHUS C pa3IMYHBIMA OpPTraHHMYECKHMH W HEOPraHWYeCKUMHU
MaTepuajaMd  UMEIOT  Psii  BO3MOXHBIX  IPUMEHEHUH:  ONTOIEKTPOHHBIE  NPHOOPBI,
ra304yBCTBHTEIBHBIE CEHCOPBI, (hOoTOKaTamuTHYecKue MoKpbiTus [1]. B Hacrosimiee Bpemsi BemyTcs
aKTUBHBIE WCCIEOBAaHUS, HANpPaBICHHbIE HAa TIOMCK pa3iINYHBIX COYETAHWH HAHOYACTHIIA —
crabunmsupytomast Matpuria. OauH U3 Hanbosee aKTyaJbHBIX METOJOB CTa0MIIM3allMK — BHECEHHE
HAHOYACTHIl B TOJUMEpHYI0 Marpuly [2]. OCHOBHBIMU JOCTOMHCTBAMH IIOJMMEPHBIX MaTepUalioB
SABIIAIOTCA: TPOCTOTA TIOJyYEHHUS, HHU3Kasg CTOMMOCTb, BBICOKHE ONTHYECKHE, paauo- |
JNIEKTPOTEXHUIECKUE XapPAKTEPUCTUKH, BBICOKAs CTOMKOCTh K arpeccuBHbIM cpeaam [2]. TToatomy
NOJIMMEPHl  MOKHO ~CUUTaTh YHUBEpPCAJBHOM CTaOMIM3UpYIOLIeH MaTpuueid Onaromaps uHX
TEXHOJIOTMYHOCTH M HHU3KOM CTOMMOCTH 10 CpPaBHEHHIO C HEOPraHMYECKUMHU MaTepHallaMu.
B kauectBe CcTaOMIM3MpYIONICH MOJMMEPHOW MATPHUIIBI MHTEPEC TNPENCTABISET XKHIKOE CTEKJIO —
BOJIHBIN IIETI0YHOU pacTBOp cwimkata ¢ popmynoit Na;O(SiOz)n. Ero npaktudeckoe ncrnonb30BaHHEe
CBA3aHO C BO3MOXKHOCTBIO NMPHMEHEHUS JKUIKOTO CTEKJIa B KayeCTBE CBA3YIOLIETO, MPOSBISAIOIIETO
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BBICOKHE aJIFC3MOHHBIC CBOWCTBA K TOJUIOKKAM W3 PAa3JIMYHBIX MaTCPUANIOB, JUIS CKJICHBAHHS
Pas3IMYHBIX MaTEPUAIIOB, HU3TOTOBIIEHHS TOKPHITHIA [3].

Okcun 1mwmHKa (ZnO) — 93TO MEpCHEKTHUBHBIA MOJYIPOBOJHUKOBBIA MaTepuai st
ONMTOANEKTPOHHBIX [4], (oToBONbTAaMUECKHX U Mbe3odnekTpuueckux [5] ycrpoiicts. Illupokuit
sHepreTrdeckuid muamnaszoH (3,37 3B), Beicokas sHeprus cBs3u (60 MdB) M BBICOKas TepMHUUYeCKas U
MeXaHWUYeCcKasi CTa0MIBHOCTh NMPH KOMHATHOW TeMIleparype ICNaloT €ro MPHUBICKATEIbHBIM JIJIs
MOTEHIIMAIBHOTO HCIOJIb30BAHUSA B JJEKTPOHHUKE, ONTOIICKTPOHHKE W Jia3epHO# TexHuke [6, 7].
Jannpiii Matepuan oOecrieunBaeT S(P(GEKTUBHYIO 3KCHUTOHHYIO SMHUCCHIO JaXe IPU KOMHATHOM
Temreparype. Ha qaHHBI MOMEHT U3BECTHO OOJIBIIOE KOJIMYECTBO METOJIOB IOyYSHHS HAHOYACTHUI]
ZnO paznumuHOW MOP(HOIOTHH — HAHOKOJEI, HAHOCTEP)KHEH W HaHOTPYOOK, — M OOHHM W3 HHUX
SIBJIICTCS HU3KOTEMIIEPATYPHBI METOJ XUMHUYECKOTO THAPOTEPMAIBHOTO CHHTE3a, OTJIMYAFOIIUNCS
BO3MOXXHOCTBIO CHHTE3a MpPH HU3KUX TeMIeparypax, JKOJOIMYHOCTBIO W TPOCTOTON KOHTPOIS
CBOWCTB IOJTy4aeMOro MaTepHaa.

Ilenpto nmaHHOW PA0OTHI SBISIOCH HMCCIEAOBAHUE KOMITO3UTHBIX MATEPHAJIOB HA OCHOBE
HaHouactull ZnO W cuinkara Hatpus. BHenpenue yactuin ZnO B MOJMMMEPHYIO MAaTPHUIly CHUJIMKATa
HATPUsI ~ CIOCOOCTBYET  YBEIMYCHUIO  WHTECHCHBHOCTH  DKCHUTOHHON  (DOTONIOMUHECICHIINH,
CTa6I/IJ'II/I3aHI/II/I HUX ONTHYCCKHUX XAPAKTCPUCTHUK U MOJYUYCHHUIO ONTUYCCKUX Cpe€a C paCclpCaACICHHBIMU
YacTUIIAMU JIFOMUHO(OPA I 0e3Pe30HATOPHBIX Ja3ePHBIX CTPYKTYP.

MeToanka npoBeaeHNsI IKCIEPUMEHTOB

I'uapoTepMalibHBIi CHHTE3 MPOBOMWIN ITyTeM TepMuueckoro pasmoxkenus Zn(NOs), mpu
temreparype 100 °C B Teuenume 2 u. Jlna ocaxaeHuss ZnO HCIOJIB30Badd BOJHBIA PacTBOP,
copepxanmii HuTpat uHKa Zn(NOs), u rekcamermienrerpaMud (TMTA) CsH12Ns B sxBUMOITSIpHO#
kouneHTparyn (0,01 M). 'MTA ciyXuT HCTOYHHUKOM THAPOKCUA-MOHOB B PEAKIUU OCAKICHIS
ZnO [8]. Tlomumo storo, I'MTA Bnuser Ha Mmopdonoruto HaHodacTui, ZnO, CTUMYIHPYS HX
YIOPSAOYCHHBI POCT B HaNpaBJIeHMH TMOJSIPHOW  KpucTaumdeckoi miaockoctd  (0002).
pH mpuroToBIeHHBIX PacTBOPOB BapbUPOBAICA B Ipenenax 3—5 myTeM A0OaBIEHUS B PAacTBOP
KOHIIEHTPUPOBaHHOU a30THOM KucI0Thl HNO3.

[Mpouecc rUApPOTEpMaIBLHOTO CUHTE3a OKCHJA IMHKA MPOBOJWIICS B CTEKISTHHOM aBTOKJIABE
00BeMOM 50 MIT ¢ TIOTHO MPUTEPTOH (HTOPOIIIACTOBON KPHIIIKOH, B KOTOPOI HAXOIUIOCH OTBEPCTHE
JUIl YCTAaHOBKM JaTyuKa Temmeparypsl. s HarpeBa aBTOKJIaBa C PacTBOPOM HCIOJIb30BANACh
naboparopuas iutka mojaenu IKA Werke MSC Basic C, ocHamieHHass KOHTAKTHBIM TEPMOIATIHKOM
¢ oOpatHoii cBs3bI0. Bo Bcex akcnepumenTax pacTBop Harpesajcs 1o temmepatypsl 100 °C B TeueHue
30—40 MuH U BBLACPKUBAJICS NIPH JAHHOW TeMIlepaType Ha npoTsbkeHuH 2 4. [lo okoHuaHMM mporecca
OCaXJEHUS TOJYYEHHBIM OCaJOK MPOMBIBAJICS JAEMOHU30BaHHOW Bomoil. [lo wucTedeHun CcyToK
pactBop, cocrosimuii w3 B3Becu yactull ZNO W JAEMOHHW30BAHHOW BOJBI, COCAHMHSIICS C BOJIHBIM
pacTBopoM cuiMkara Hatpus B mpomopumu 1:1. [laHHas cycreH3usi HaHOCHJIAch IOCJIOMHO Ha
MOBEPXHOCTh MOHOKPHCTAUIMYECKOH KPEMHHEBOH MOAJOXKKH IyTeM LEeHTpU(YTUpOBaHUS NpU
ckopoct 1000 06/mMuH. Ilepen HaHeceHHEM TOBEPXHOCTh KPEMHHEBBIX ITOJJI0KEK OUYHUINAIACH
B HACBIIEHHOM pacTBope okcuaa xpoma (V1) B KOHIEHTPUPOBAHHOM CEPHOM KUCIOTE, CIOW OKCHAa
KpeMHus yaassics B 4,5 % BogaoM pactBope GhropructoBogopoaHoi kuciotsl (HF) [9].

Amnanornano pabore [9], Mopdosorusi ocaxaeHHeix cioes ZnO wuccienoBanach Ha
pacTpoBOoM 3eKTpoHHOM MuKpockorme (POM) Hitachi S-4800, paboraromeM TpH YCKOPSIOIIEM
HanpspkeHuH 15 kB. CocraB ocaskaeHHBIX IIeHOK ZNO onpeaensuicss METO0M 3HEProJuCIepCHOHHON
PEHTreHOBCKO#  cnekrpockormu  Ha  cnekrpomerpe Bruker QUANTAX  200. Crektpsl
(OTOIIOMHUHECIICHIIUN PETUCTPUPOBATINICH HA JIa3¢pPHOM CIEKTPaJbHOM KOMIUIEKCE Ha OCHOBE
monoxpomaropa SOLAR MS 7504i. [ns Bo3OyxneHHs (OTOMOMHUHECLEHLMH HCIONb30BAIACH
KCEHOHOBas Jlamria MOITHOCThIO 1 kBT. MoHOXpoMaTHuecKue IMHAN U3 CIIEKTPa JIaMITbl BBIACISUIUCD
npu momomu ABorHOro moHoxpomatopa SOLAR DM 160. [lerekTopoM U3IydeHHS CITy>KWIa
mudposas ¢orokamepa Proscan HS101H, ocnamennas kpemuueBoit [13C marpuneit Hamamatsu
S7031. Bce usmepenus NpoBOAWINCH IPU KOMHATHOM TEMIIEpaType.
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Pe3ynabTaThl M X 00cy:KIeHHE

CrpykTypa u Mopdomnorus moiydeHHbIx dactun ZnO Oblna uccienoBaHa metogoM POM.
Ha puc. 1 (a, b, ¢) mpexacrasiens! snekTponHbie Gororpaduu kpuctamioB ZnO, chopMUpOBaHHBIX
B UcxogHOM pactBope mpu PH = 3,35. [Ina nonydenus naHueix POM u3o0pakeHui Karmjsi BOJHOTO
pactBopa ¢ kpuctammiamu ZnO Obl1a oOMeIIeHa Ha MOBEPXHOCTh MOI0KKA MOHOKPHCTAIUTMYECKOTO
KPEMHHS U BBICYILLICHA.

Ha mukpodoTtorpadgusix oT4eTIMBO BUIHBI KOHIIIOMEPAThl U3 KPYMHBIX (¢ quametpom oT 200
1o 550 uMm) u menkux (¢ quamerpoM ot 30 mo 60 HM) YacTHII, TO €CTh, MOJy4YeHHbIC YacTullbl ZNO
HUMEIOT OMMOJaNbHOE paclpeaeseHue no pasmepam. KpymHele yacTuilel UMEIOT (JOPMY BBITSHYTOM
IIECTUTPAaHHON TPH3MBI, XapakTepHYIO I KpUcTaumyeckoro ZnO ¢ rekcaroHaJabHOU
KPUCTANIMYECKONH pEHIeTKOW THMa BIOpHHTA. bojee Menkwe 4YacTHLBI Takke HMEIOT (QopMy
reKCaroHaJIbHBIX CTEP)KHEH WK IJIaCTHH.

e

Puc. 1. DnexrpoHnsie Gpotorpaduu kpucrauios ZnO, chOPMUPOBAHHBIX THIPOTEPMAIBLHBIM METOIOM
npu PH=3,35, Ha HOBEPXHOCTH MOHOKPHCTAIUTNYECKOH KPEMHHEBOH IOUIOXKKH (&, b, C)
U B COCTaBe MaTpHUIbl cHiankaTa Hatpus (d, €)
Fig. 1. SEM images of ZnO crystals formed by hydrothermal synthesis with solution’s pH=3,35
and applied on a single-crystal silicon substrate (a, b, ¢) and as part of a matrix of sodium silicate (d, e)

TTocne BBeAEHWS HAHOYACTHI[ B CTAOMIIM3MPYIONIYIO MAaTpHIly criukara Hatpus (puc. 1, d)
3aMETHO YBEJIMYUIIACH YIOPSIAOYEHHOCTh KOHEUYHOU CTPYKTYpBI, @ TAKXKE IUNIOTHOCTb paclpeeieHus
HAaHOYACTHI[ 10 TOBEPXHOCTH MOMIOXKKH. CIOW KOMITO3UTa TONIMWHOW 1,24 MKM SKBHBaJeHTEH
10 mocnenoBarebHO HAHECEHHBIM CJIOSM B3Becu dactul] ZNO B pacTBOpE CHJIMKATa HATPHSL.
Huamerpsl HaHouacTHil ZNO, pacpeeeHHbIX B 00beMe MaTPHIlbl, BApbUPYIOTCS B uana3one ot 30
1o 50 am. [IpearnonoxxuTenbHo, My3pIpbKH BHYTPH KOMIIO3UTHOTO MaTepuana (puc. 1, €) oOpa3zoBaHbl
BOKPYI' BHEAPEHHBIX HaHOKpucTaiioB ZNO BCleACTBHE MOMagaHus BO3IyXa B MaTPHUILy CHJIMKaTa
HATpHs BO BpeMsI IPOIIecca MOCIOWHOTO HAaHECCHUSI.

Crektpel  QOTOMOMUHECIIGHIIMU KpUCTALIOB ZNO, chOpMUPOBaHHBIX TPU TEMIEpaType
100 °C B Tedenue 2 4 B pacTBOpax C Pa3IMYHBIM 3HAYCHHEM Toka3zaTelis PH 1o u mocie BHeceHUs
B MaTPHITy CHJIMKATa HATPH, MPEJCTaBICHBI Ha pUC. 2.
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Puc. 2. Criexktpsl poTomroMuHecieHINH yacTrll ZnO, TOTYYCHHBIX MIPH Pa3InYHbIX 3HaUYeHUsIX PH pactBopa,
10 (@) u noce (b) ux BHECEHUsI B MATPUILY CHIIMKATA HATPUS
Fig. 2. Photoluminescence spectra of ZnO with different values of solution’s pH before (a) and after (b)
introduction of particles into the matrix of sodium silicate

Ha cnektpe ¢oromomunecnennun ZnO, mOMydeHHOM TIpM KOMHATHOW TeMIlepaType,
MPUCYTCTBYIOT JBE IOJIOCHI C MakCHMyMaMHu B yibTpaduoneroBoil (Y®) u Buammoi obnactu.
B Y® o6nactn MakcHMyM TIOJIOCHI PACTIONIOXKEH Ha JITTHE BOIHBI Amaxt = 383 HM, 9TO COOTBETCTBYET
SHEPrUM H3IydaTelbHbIX nepexoloB 3,24 3B. Takas »sHeprus COOTBETCTBYET SKCUTOHHOH
¢dotomomunectenim  Zn0O, OOyCIIOBIICHHOW  pekoMOuHanmeld  CBOOOJHBIX  DKCHUTOHOB
B nosynpoBoaHuke [10]. Llupokas mosoca (GOTOIOMUHECIICHIIMU ¢ MAKCUMyMOM Ha JUIMHE BOJIHBI
Amaxz = 590 HM CcBs3aHA C W3Ty4aTEIHHBIMH PEKOMOMHAIIMOHHBIMHU TMPOIECCAMH, MPOTEKAIONTUME Ha
IITyOOKHX HSHEPreTHYECKHX YPOBHSX B 3alpelieHHOW 30HE, W €€ IMPOUCXOXKIEHHE OOYCIOBICHO
Pa3NUYHBIMU THIIAMH TOBEPXHOCTHBIX jAe(dekToB [1], TakMX Kak HOHH3MPOBAHHBIC KHCIOPOIHBIC
BakaHcud Vo B MeXIoy3enbHbIe aTroMbl kuciopoxa O; [11]. nst ompeneneHus mprOIHM3UTENBHBIX
3HAYEHWH TIOJIOKEHUN SHEPreTHYecKuX ypoBHeH musa mexmoysnuii O; m Bakancuit kuciopoma Vo
CHEKTp (POTOMIOMUHECIIEHIINU TTOYUYeHHBIX HaHouacTul ZNO ObUT anmpOKCHMHPOBAaH HECKOJILKUMH
cumMeTpuuHbIME QyHKIMIME [aycca (puc. 3, a). MakCHMyMBbI 10JIOC B BUIMMOM OOJAaCTH CHEKTpa
MIPUXOMATCS Ha JKENTHIA W KPacHBIM Wama3oHbl W COOTBETCTBYIOT 2,16 3B (575 um) mia O u
1,86 3B (668 um) a1t Vo. [1o noayyeHHBIM JaHHBIM ObLIa TIOCTPOCHA CXEMaTHUECKask dIHepreTuIecKast
3onHas auarpamma ZnO (puc. 3, b).

W3BeCcTHO,  YTO  COOTHOIIEHHME  WHTCHCUBHOCTH  SKCUTOHHOH W HPHUMECHOM
(OTOMOMHHECLICHIIMH CBSI3aHO C KOHLEHTpauuel npumeceid u nedekToB B ZnO U COBEPIICHCTBOM
ero Kpuctawimdecko crpykrypsi [1, 10, 11].

ITonyuenue xommosuta n3 ZnO B MaTpHlle CHIMKAaTa HaTpus, obnaaaromero 3¢ ¢GeKTUBHON
(OTONMOMHHECLICHIINEH, SABISUIOCH OAHOM M3 OCHOBHBIX 3afad JaHHOW paOotel. [lostomy mis
OIpe/ieieHHs KaueCTBa MONYYCHHOr0 KOMIO3UTa OBbLIO MPEIOKEHO HCIOJIBb30BaTh MOKa3arelb K,
KOTOPBIA  ONPENENSIeTCS]  COOTHOLUEHWEM  MHTEHCUBHOCTM  3KCUTOHHOM M IPUMECHOMU
(OTOMOMUHECLICHLIN Y.

I'padukm  3aBuCMMOCTEH  mokaszarens KadectBa K ot  pH  pactBopa  mis
HaHOCTpYKTypupoBaHHoro ZnO mocie BHeCEHWS B MAaTpUIly CHJIMKATa HATPHUsl MPEJCTABICHBI
Ha puc. 4. Brecenne uvactun ZnO B MaTpHily CYIIECTBEHHO YBEJIMYMBACT 3HAYCHHE MOKAa3aTelis
KayecTBa K; Juii cpaBHEHMs, NpPH OTCYTCTBHM MATpHIBI IIOKa3aresb KadecTBa K HaxomuTcs
B auanazone ot 0,08 mo 0,2. U3 rpaduka BuaHO, uro Hanbolnee kadecTBeHHbIH ZNO, ¢ HAUMEHBIICH
KOHIIEHTpalel CTPYKTYPHBIX 1e(eKTOB, YAAJIOCh MOIy4uTh Ipu PH pactBopa 3,35.
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Puc. 3. Criextp oromomuHeceHIH HaHodacTHr ZNO B MaTpHIle CHITNKATa HATPHS, CHHTE3UPOBAaHHBIX
npu pH pactBopa 3,45, anmpoKcHMHUPOBaHHBINH CHMMETpHYHBIMA (QyHKIMsAMHE ["aycca (@), 1 cxemaTndeckast
sHepreTuyeckas 3ouHast quarpamma ZnO (b). FX Ha quarpamme 0603Ha4eH ypoBeHb CBOOOIHBIX IKCHTOHOB

Fig. 3. Photoluminescence spectrum of zinc oxide nanoparticles in a sodium silicate matrix synthesized
at a solution’s pH of 3.45, approximated by Gauss symmetric functions (a), and a schematic energy band
diagram of ZnO (b). FX on the diagram is the free exciton level
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Puc. 4. I'paduk 3aBucumMocTH nokasaresns kadecta kK ot pH pactBopa ajist HaHOCTpyKTypuUpoBaHHOTo ZNO
TI0CJIC BHCCCHMS B MaTpUIly CUJIMKATa HATPUA. Toukn COCIUHCHBI JIMHHAEH JJIA HariifHOCTH
Fig. 4. Graph of dependence of the quality index k on solution’s pH for nanostrustured ZnO after introduction
of particles into the matrix of sodium silicate. The points are connected by a line for better visibility

[lonmy4yeHHble 1aHHBIE MOKA3bIBAIOT, YTO MHTEHCUBHOCTH (OTOMOMHUHECHEHIUH YacThr ZnO,
HAaHECEHHBIX HA MOHOKPHUCTAJUINYECKYH0 KPEMHUEBYIO IIOJIJIOKKY BBIIIE, YEM Yy aHAJIOTMYHBIX YACTHLL,
BHE/IDCHHBIX B MATPHUILy CHJIMKAaTa HATpUs. JTO CBs3aHO ¢ 0OJbIIeH kKoHIeHTpauel yactun ZnO Ha
MOBEPXHOCTH MOJUIOKKU B CPABHEHHH C KOJIMYecTBOM HaHodacTul ZnO B MaTpuue.

Opnako TpHU BHECEHHM YacTUI[ B MATPHIy CHJIMKaTa HAaTPUS HWHTEHCUBHOCTH IMPHUMECHOM
(OTOMOMUHECIICHIINHN, OOYCIIOBJICHHOW WOHW3WPOBAHHBIMH KHCJIOPOJHBIMU BakaHcusMu Vo U
MEX/I0y3eIbHBIMA aToMaMHu  Kuciopoga O, pe3ko yMEHbBIIAETCS, a YypPOBEHb HSKCUTOHHOU
PEKOMOHMHAINH, B CBOIO OYepe/Ib, M3MEHSJICS HE3HAUUTEIbHO, YTO YBEJIMYUBACT 3HAYCHUE TIOKA3aTeNs
kadecTBa. OTCIOa MOXHO CJIelaTh BBIBOJ O TOM, YTO CTaOWIM3HpYIOIIas MaTpWIla OKa3bIBAaeT
CYIIECTBEHHOE BJIHMSHUE HA WHTCHCUBHOCTh TIOJNOCH (DOTONMIOMUHECHIEHIINH, OOYCIOBICHHYIO
pexoMOMHaIel yepe3 YpoBHH Ae(PEeKTOB KPHUCTAUIMYECKON PELIETKH, COXPAHsS MPH 3TOM BBICOKYIO
WHTEHCHUBHOCTB DKCUTOHHOU pekoMOuHaImu B Y obmacty.

[TockonbKy AMHCCHOHHBIE CBOMCTBa HaHOYacTHIl Zn(O 3aBHCAT OT KpHCTautorpaduyeckoi
OpPHEHTAllUU, pa3Mepa 4YacTHL, MOP(OJOruM M OeQEeKTHBIX LEHTPOB, BBIIBIECHHBIX B PE3yibTaTe
SKCHEPUMEHTOB, TO s YBETUUEHHSI HHTEHCUBHOCTH AMHUCCHH MUCCIIELyEeMbIX HAaHOYACTHUI] HEOOX0AUM
0oJiee TOUYHBIH KOHTPOIb YCIOBHI THAPOTEPMAITLHOTO CHHTE3A.
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3akiIouyenue

Hanouactuipl ZnO ObLIN CHHTE3UPOBAHBI METOIOM T'HAPOTepMaibHOro ocaxkaeuus B 0,01 M
SKBUMOJISIpHOM pactBope Ha ocHoBe ZN(NOs), u TMTA npu temmeparype 100 °C B Tedenue 2 4
n 3HaueHusx PH 3 — 5. Pe3ynprarThl cKaHMpYROLIEH 3JIEKTPOHHOW MHKPOCKOIHMHU MOITBEPIUIIH, YTO
CHHTE3WPOBAaHHBIE HAHOYACTHIBI ZnO HMEIOT IeKCarOHAIBHYIO KPHCTAJUIMYECKYIO CTPYKTYpYy THIIA
Biopuurta. Pa3mep momydennsix Hanodactunr ZnO mMeer OmMonanbHOE pacupeneneHue. Kpucramist
KpPYITHOTO pa3Mepa MUMEIOT CPEeAHUN OUaMeTp YacTHLl OKOJo 375 HM, YacTHIBI MEHBIIEro pasMmepa
UMEIOT CcpenHuid jauameTp okoso 45 HM. OTME4YeHO, 4YTO TMOCIe BHEIPEHHS HAHOYACTHIL
B CTAaOWJIM3UPYIOIIYI0 MATPHIly CHJIHMKAaTa HATPUS YBEIWYHMBACTCS YHOPSTOUYCHHOCTh KOHEYHOU
CTPYKTYPHI, a TaK)Ke IUIOTHOCTh PacIpe/ie]IeHUs] HAHOYACTHII 110 OBEPXHOCTH TIOUIOKKH. B MaTpuie
CHJIMKATa HAaTpUsi OOHApYXHMBAIOTCA TONBKO Kpuctawwibl ZnO Hebombmoro pasmepa. KpymHbie
YaCTHIBl  CEMapUpyOT B  MPOIECCe HAHECEHHS KOMIIO3MTa HA  IIOUIOKKY  METOJIOM
eHTpuyrupoBaHusl.

HccnenoBano BiusiHMe 3HaueHMd PH Ha onTuyeckue xapaktepucTuku Hanoudactuil ZnO.
Crnextpsl  (oromoMuHectieHini yactuly, ZnO m0pH KOMHATHOM TeMmIeparype IOKa3alid, YTO
cTadmIM3upyioniass ~ MaTpHIa  OKas3bIBa€T  CYHIECTBEHHOE  BIMSHWE HAa  MHTCHCUBHOCTH
(OTOMOMUHECIICHIINN KOMIIO3UTHOTO MaTeprana B BUAUMON OOJIACTH CIIEKTpa 3a CUET YMEHBIICHHUS
KOJIMYECTBA IMOBECPXHOCTHBIX ,I[C(l)CKTOB, COXpaHsiad NpHU 3TOM BBICOKYIO MHTCHCHUBHOCTDH SKCUTOHHOM
pekomOuHaru B Y® obnacti. BBeneHHbIN noKa3aTens KadecTBa K momydeHHbIX Hanodactui; ZnO
MO3BOJIMJI  ONPEAEINTh, YTO HAMOONBIICH OTHOCHTENBHOW HMHTEHCHBHOCTBIO JKCHTOHHOMN
(doToMOMIHECIICHIINN 00J1a1al0T 00pa3llbl KOMIO3UTHOTO MaTepHaia, MOJyYeHHbIC MPHU 3HAYCHUSX
pH pactBopa amns TuAPOTEpMANBHOTO cuHTe3a 3,35.

[TomyyeHHBIE KOMITO3UTHBIE MaTepHallbl Ha OCHOBE HaHodacThl] ZnO W CHIMKAaTa HaTpHS,
oOjajaronye BhIpaKEHHONW (DOTOJIOMHUHECIICHIIMEH B oOmactu OnmxkHero Y®, morytr ObITh
HCIIOJIb30BaHbl B CBCTOM3IYyHAOIIUX H q)OTOBOHBTaI/I‘-IeCKI/IX YCTpOﬁCTBaX, a TaKXKE€ B KayCCTBE
ONTHYECKOU cpelipl uisl 0e3pe30HaTOPHBIX JIa3epPOB.
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Abstract. The purpose of the work is to confirm experimentally theoretical estimates for time complexity of
operations of the string processing model linked with the metric space for solving data processing problems in
knowledge-driven systems including the research and comparison of the operation characteristics of these
operations with the characteristics of similar operations for the most relevant data structures. Integral and unit
testing were used to obtain the results of the performed computational experiments and verify their correctness.
The C \ C++ implementation of operations of the string processing model was tested. The paper gives
definitions of concepts necessary for the calculation of metric features calculated over strings. As a result of the
experiments, theoretical estimates of the computational complexity of the implemented operations and the
validity of the choice of parameters of the used data structures were confirmed, which ensures near-optimal
throughput and operation time indicators of operations. According to the obtained results, the advantage is the

ability to guarantee the time complexity of the string processing operations no higher than O(In" (n)*Jﬁ) at all

stages of a life cycle of data structures used to represent strings, from their creation to destruction, which allows
for high throughput in data processing and responsiveness of systems built on the basis of the implemented
operations. In case of solving particular string processing problems and using more suitable for these cases data
structures such as vector or map the implemented operations have disadvantages meaning they are inferior in
terms of the amount of data processed per time unit. The string processing model is focused on the application in
knowledge-driven systems at the data management level.

Keywords: strings processing, lists processing, string operation, concatenation, string splitting, searching by key.
Conflict of interests. The author declares no conflict of interests.

For citation. lIvashenko V.P. String processing model for knowledge-driven systems. Doklady BGUIR.
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Foreword

Knowledge-driven systems encompass a number of management levels [1], each of them
correlated to a set of problems to be solved at this level. The level of data management is responsible
for processing data that are presented as per the data representation model in a specified language.
The texts in these languages are strings. Thus, the problems of data processing can be reduced to those
of string processing.

In knowledge-based systems that include knowledge-driven systems, denotation semantics,
including model-theoretic semantics in logical knowledge representation models and partially

1 Smith B. Methods and algorithms of string computations. Moscow: OO0 “I.D. Williams”; 2006.
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operational semantics are expressed through mathematical abstractions, considering such fundamental
ones as sets. Moreover, in the theory of formal languages the strings themselves are meant to be sets,
and thus such systems that deal with strings as the fundamental form of receiving represented data
require implementation of set processing operations at the syntactic and semantic levels. Therefore,
itis crucial to consider the general model allowing effective performance of string operations
for the sake of effective implementation of set-theoretic knowledge processing operations, including
those of metric characteristics.

The presence of such general model has a special demand in the systems oriented
at the integration of various types of knowledge and problem-solving models. Efficiency is considered
primarily not in terms of performance, but in terms of the maximum delays that occur when
performing operations that are closely related to the minimum throughput. Minimization of the delays
and increasing minimum throughput in light of scalability of system may be more prominent that total
problem time for the systems requiring adaptation to the surrounding medium in real-time close
conditions.

String processing problems are solved in compliance with the proposed model. As the
primary string processing model, the formal data processing model is considered®, containing
the following string processing operations: addition of an element in the string end (push), deletion
of an element from the string end (pop), deletion of string elements (popall), concatenation of strings
(reduction operation) (concat), string splitting (split), obtaining of a string element by index (valueat),
start of iterating (start), iterating by string forward and backward (increment and decrement), break
of iterating (break), checking for an empty symbol (over), obtaining of a current string symbol (value),
keeping of an element (keep), memorizing by (name) number (memorize), remembering by (name)
number (remember), losing by (name) number (lose). A special feature is that the model considers
operations of the entire life cycle, including operations that allow destroying data structures.

Software often uses different data structures for different problems and operations
that are optimized for these problems. However, when solving problems that require operations
for different data structures, which is typical for the systems, focused on knowledge integration, data
conversion from one structure to another is inefficient. In addition, the use of multiple data structures
in some cases complicates implementation and makes it difficult to analyze. The problem is to create
amodel for processing strings with operations of the main set with minimal delays, focused
on the implementation of set processing. The purpose of the work is toconfirm, based
on computational experiments, theoretical estimates of the time complexity of operations of the string
processing model, considered as elements of the metric space, for solving data processing problems
in knowledge-driven systems.

This paper considers a sequential implementation of string processing operations and does not
address parallel implementation.

Routine of experiment

As the result of the experiment, it is expected to obtain data to study a dependence
of the operation time on the size of the string in order to compare it with the theoretical one. Also,
based on experimental data, it is supposed to get the dependencies of the throughput of operations
and compare them with the throughput of the corresponding operations for vector/map structures.
It is expected that the obtained practical data will correspond to the theoretical dependencies,
and the minimum throughput of the implemented operations will exceed that for the vector/map data
structures. To estimate throughput, both the string elements and the strings themselves, which
are accessible from other strings using link elements, are taken as a unit of data. This nesting of strings
makes it possible to implement complex structures of knowledge representation languages at a higher
level, including semantic networks.

2 lvashenko V.P., editors: Shilin L.Yu. Model for processing strings and lists of data for knowledge-driven
systems. Minsk: BSUIR; 2018:106-107.

3 lvashenko V.P., Belchikov A.S., Eremeev A.P., editors: Shilin L.Yu. Models of information processing in
intelligent systems based on semantic technologies. Minsk: BSUIR; 2016: 106-107.
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Traditional ways of representing strings (arrays) cannot meet the requirements, so string
processing operations are implemented on the basis of memory allocation and reallocation operations [1]
and string representation in form of a sequence tree [2], which is a type of B-tree with the structures
on its basis used in file systems and various relational DBMS. However, this paper examines the work
of not only the operations characteristic of such trees, but also the operations of their connection
and separation. The operations of the string processing model were implemented using JavaScript* [a]
and C\C++. To verify the implemented operations and conduct computational experiments,
Unit [3, 4], regression and integration testing [5] were used. Unit tests were designed to check the
correctness of operations, while integration tests implemented fragments of the main scenarios for
working with strings. The results of multiple measurements of the integration test running time were
averaged and the average values were taken as experimental data.

Results and discussion

The results of computational experiments showed a partial superiority of the implemented
operations in comparison with operations on JavaScript arrays. Computational experiments were also
performed (Windows 7, AMD A6-3400M APU, 4GB DDR3-666) and some of their results are
represented by the graphs in Fig.1 and 2, which show that in comparison with operations
on vector\map structures, the implemented operations of the string processing model on string sizes up
to 1000000 elements are close in operation time and provide higher throughput (at least 1000 elements
per second). Also, the analysis of graphs demonstrates that the nature of dependencies for push, pop,
increment, and keep operations is close to linear, which corresponds to the theoretical estimate of the

operating time for a single data element: O(h(r,q,n)+logq(n)-g(n)) (g(n)~1;

q~109(Npe ) /Max 5 N<N; h(r,g,n)~1), where n is the string length, g is the number

of descendants of the tree node. Some deviations from the linear nature of the dependence can
be explained by the influence of memory and cache mechanisms. For graphs of split and concat
operations, the nature of the dependence per data unit is close to power-law, which corresponds to the

theoretical estimate O(h(r,q,n)+logq(n)~(g(n)+ f (n)q)) (f(n)~1). Similar conclusions can be

drawn from the graphs of other operations: O(h(r,q,n)+ log,, (n)-g(n)+(|og§(n)+ log,, (n)-q)- f (n)) -

theoretical estimate.

All operations are performed on a structure of the same type, i. e. the cost of copying data
from one structure to another (from vector to map) and back is eliminated. This allows you to use the
proposed implementation to create systems with minimal delays for operating conditions close to real-
time modes. The confirmed characteristics allow us to implement sequential destructive operations
of intersection and joining of sets with subquadratic time complexity. Further improvement is possible
due to parallel processing.

A study was made of the dependence of the operation time for various parameter values
(the size of the non-leaf node and the size of the leaf node of the sequence tree) of structures used for
data representation. Dependency graphs are shown in Fig. 3. Based on the research results,
the parameters were selected that provide the best operating time.

Within the framework of a given string processing model, such tasks as searching
for the largest (maximum) common subsequence of two strings, searching for the largest (maximum)
common substring [6, 7], calculating the value of metrics on strings [8-11], and others [7] are solved.
To calculate metrics and construct a metric space based on a given model, additional concepts
are introduced that allow calculating the number of characters that can be changed, rearranged,
generated, duplicated, absorbed, and destroyed.

4 Ivashenko V. P., editors: Shilin L.Yu. Model for processing strings and lists of data for knowledge-driven
systems. Minsk: BSUIR; 2018:106-107.
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Fig. 2. The results of the computational experiments comparing to map data structure operations

Let the set of string elements y be:

8()=""s. (1)

Assume &((a,B)) is the editorial prescription (program):

s(<a,5>) e{M,T,R I, D}{i‘(iE(N/{O}))A(iSmax({dim(q)}u{dim(ﬁ)}))} ) (2
which matches each occurrence of a component in a string with the command type: M — matching,
T — interchanging, R — replacement, | — insertion (adding), D - reduction (deletion), where

dim(x) is the y string length, and the number of corresponding types of commands is:
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o((0wB,1)) H o< (( }xk)ms((a,ﬁ)))}‘, where A< {M.T,R,1,D,X,G,C,P,E,F}, )
0(<0L,B,{M}>)=G(<B,(},{M}>). (4)

Assume the minimum total multiplicity Jt(<a,[3,x>) of x occurrence in o and B and

multiplicity K(<OL,B,X>) of exceeded occurrence of y in o as compared to §:

n((0.p)) = m({o«a,y,{m W<t} olo((r M)l e {x}dim(ﬁ)});

K((q,B,x)):max({c(<a,y,{M}>)|ye{x}dim(a)})—n«a,ﬁ,x)). (5)
Then one can find the number of transpositions 0(<a,B,{P}>) as:

of (aB.{P})) = X1 x({.B.1) ) ~o((aB. (M), ©)

with

of(a.p.{P})) =o((B..{P})): of(aB.{M.P})) =o((a.p, (M})) +o( (. {PY)). ™
The number of exchanges (replacements) c((aﬁ X >) can be determined as:

o (X)) =min( {dim()} o aim(B)}) o (. (M. P}) ®

with o(a.B.{X.M})) =o({e.B.{X})) + o((cB.{M})).

The number of generations (5( o.B,{G >) can be determined as:

c(<a,B,{G}>)=max( 0 u{|6 (a) cs( o,B,{ X} )}) 9)
The number of duplications (5(<0L B.{C} >)

G(<0L,B,{C}>):(Zz (B ) max({o ofo((e, )/5([3)|}), (10)

with of(aB,{G.C})) =o({o.{G})) +o((wB.{C})):

o (0B (6.0}) =X, (b)) -0 (0B (X)), (12)

o((0,,{G,C})) =dim(a)) ~({aB,{M,P}))—o((a.B,{X})) (12)
The number of fusions c((a,B,{F})):

o((oB.{F}))=o((B.w.{C}))- (13)
The number of deletions (destructions) c((a,B,{E})) can be determined as:

G(<a,B,{E}>)=6(<B,a,{G}>); (14)

o((o.B.{E.F}))=0((B.a.{G.C}))- (15)
Then the distance (metrics)p,, between strings o and f:

Py ((@.B))=pj ((wB)): (16)
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1(a.p)e Ax A
vk (o} ((e(8))) () < (A(**) / A)x A

5 ((eB))= o) ()=l 17

PHOBD o () fwpy ae{ ) a) V=R an
0% (o) (0. B) e A7)/ ) (A7) )

o () =T il D o (o)) S0 ) a®

. 0[@=(rny)

"o Yo c(rny) (19)

where v, coﬁ-(kw’ﬁ»(i) are the weight coefficients.

Estimation for the time complexity of counting the number of transpositions, exchanges,
generations, duplications, reductions, and fusions with known s((a,B)) is expressed
as O((dim(a)+dim(p))- f (dim()+dim(B))), where f (dim(a)+dim(B)) is the time of access to one
string element.
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Fig. 3. Operation times (s): search by index, deletion, iteration splitting

Conclusion

Computational experiments have confirmed the theoretical estimates of the time complexity
of operations of the model under consideration, which makes it possible to guarantee the time

complexity of string processing operations no higher than O(Ink(n)*Jﬁ). Comparison with similar
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operations on vector and map structures on strings up to 10® showed that the proposed implementation
is no more than two orders of magnitude behind in sequential access and is superior to more than four
orders of magnitude in the tasks of joining and splitting strings. The investigated model is proposed
asa basis for creating technologies for developing intelligent systems that provide a unified
representation of knowledge [12], which have compatibility, scalability, and the ability to work in real
time.
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METOAUKA NWAEHTUPUKALIUU POBOTOB
C YYETOM THUITIA HABHAYEHMUS YIIPABJIEHUSA

APXUITEHKO C.A., LIIWJIMH J1.IO., HABPOLIKUI A.A., KY3HEILIOB A I1.

Benopycckuii 2ocydapemeennvlii yrugepcumem unGOpMamuKky u paouo3iekmpoHuKi
(2. Munck Pecnybnuxa benapycy)

Hocmynuna ¢ peoaxyuro 10 uions 2020
© Benopycckuii rocyIapCTBEHHBIH YHHBEPCUTET HHPOPMATHKH U paanodiaekTponuku, 2020

AHHoOTanusi. B Hacrosimee BpeMs MPOM3BOAUTEIN POOOTOB KaK MPAaBHJIO HCIOJIB3YIOT 3aKPHIThIE MPOTOKOJIBI
COOCTBEHHOW pa3pabOTKH, YTO CYIIECTBEHHO YCJIOXHSET pa3pabOTKy W HMHTErpaluio HOBBIX POOOTOB M
KoMIuiekcoB. Ilpennaraercss MCHONb30BaHUE CTAHOAPTHOW MOCIIENOBATEILHOCTU 3alIPOCOB M OTBETOB MEXKIY
YIPaBJISAIONINM CEPBEPOM M KIHMEHTOM (JOIMyCKaeTcs MPOIYCK HEKOTOpBIX miaroB). IIepBwlif ¥ BTOpoi Imaru
IIpeJHa3HAYeHbI IS MPOBEPKH JOCTYITHOCTH 000pYAOBaHMS IIPU NEPBOM BKJIIOYEHHU CHCTEMBI WIIH BO BpeMs
YCTAHOBKH COCAMHEHMA. B ciydyae ycneurHodl mpoBepKH YNPaBIAIOUIMHA cepBep MEPEeXOIUT K CIeAYIOIEMY
mary. Tperuit W ueTBepTHI IIard HCHOJB3YIOTCS Ui TNEPBUYHOIO KOH(MHUTYPUPOBAHUS W HACTPOWKHU
yzraneHHoro ympasieHus. Ha msaTom mare ocymiecTisercs nepenada nuppoBOro YIpaBisIOMET0 CUTHAIa OT
cepBepa ympaBieHUss K poOory. CurHana mepegaeT BCIO HEOOXOAMMYIO HMH(OPMAIMIO Ul YHpaBlICHUS
ycTporicTBOM poboTta. B kadecTBe Kirouel MCHONB3YIOTCS CTPOKOBBIE MO (1o 256 cumBonoB). Ha mecrom
miare ynpaBJIIOLIMHA CEepBEp MONy4aeT OTBET YNPABIECHUS — CTPYKTYypy HAHHBIX, NEPEIAHHBIX OT KJIMEHTa
(poboTa) anst MOATBEp)KAEHUWS (paKTa MPUHATHS JAHHBIX M BO3BpaTa JONOJHHUTENbHBIX IapaMeTpoB. s
nAeHTH(HUKAINN pOOOTOB MPEATIOKEHa UX KiIaccu(UKanus 10 THITy U Ha3HAYCHUIO, YKa3aHbI JTOCTYITHBIC THIIBI
ynpasieHus. sl IeTanbHOrO OmMcaHus poOoTa HCHONb3yeTcsl BCsl cxeMa MHulManusauuu. [IpeaoxeHHas
METOJMKA IMpeHa3HaueHa JJIsl ONHUCaHusl MHPPACTPYKTYPHO- U ILIAT(OPMO-HE3aBUCUMOTO B3aUMOJACHCTBUS,
YTO MO3BOJISET €r0 MCIOJIB30BaTh B PA3IMYHBIX THIIAX POOOTOTEXHHUECKUX CHCTEM.

KiroueBble cjI0Ba: CTPYKTypa JaHHBIX, YIIPAaBIeHHUE, POOOT, OJIOK MHUIMAIN3ALINH, 3aIIPOC YIPABICHUS, OTBET
yIpaBJIeHUs.

KondguukT nnTepecoB. ABTOpHI 3asIBISIFOT 00 OTCYTCTBUU KOH(IMKTA HHTEPECOB.

Jas purupoBanmsa. Apxunenko C.A., Ilumun JLIO., Haepoukuit A.A., Kysnenos A.Il. Meronuka
uneHTHdUKanM podOTOB C y4eTOM THIa Ha3HaueHus ynpasnenus. Joknanst BI'YUP. 2020; 18(6): 41-48.
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METHODOLOGY TO IDENTIFY ROBOTS
GIVEN THE TYPE OF CONTROL DESIGNATION

SATANISLAU A. ARKHIPENKA, LEONID U. SHILIN, ANATOLY A. NAUROTSKY,
ALEKSANDR P. KUZNETSOV

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

Submitted 10 June 2020
© Belarusian State University of Informatics and Radioelectronics, 2020

Abstract. Currently, robot manufacturers usually use closed proprietary protocols, which significantly
complicates the development and integration of new robots and complexes. We propose to use a standard
sequence of requests and responses between the control server and the client (some steps may be skipped).
The first and second steps are designed to check the availability of equipment when you first turn on the system
or during connection setup. If the verification is successful, the control server proceeds to the next step.
The third and fourth steps stand for initial configuration and adjustment of remote control. In the fifth step, the
digital control signal is transmitted from the control server to the robot. The signal transmits all the necessary
information to control the robot device. The keys are string fields (up to 256 characters). At the sixth step, the
control server receives a control response - the structure of the data transmitted from the client (robot) to confirm
data acceptance and return of additional parameters. To identify robots, we propose to classify them by type and
designation and indicate available types of control. For a detailed description of the robot, the entire
initialization scheme is used. The proposed methodology is intended to describe infrastructure and platform
independent interaction, which allows it to be used in various types of robotic systems.

Keywords: data structure, control, robot, initialization block, control request, control response.
Conflict of interests. The authors declare no conflict of interests.

For citation. Arkhipenka S.A., Shilin L.U., Naurotsky A.A., Kuznetsov A.P. Methodology to identify robots
given the type of control designation. Doklady BGUIR. 2020; 18(6): 41-48.

BBenenune

IIpu paspaboTke pPOOOTEXHUYECKUX KOMIDIEKCOB YacTO HeoOXoauma WACHTU(UKALINS
OTACNBHBIX poOoTOB. Kak mpaBuio, MpPOW3BOJUTENH TNPOMBIIUICHHBIX POOOTOB W KOMILIEKCOB
WCTIONIB3YIOT 3aKPBITHIE MMPOTOKOIBI COOCTBEHHOW pa3padOTKH, MpeaHa3HAYECHHBIC IS YIPaBICHUS
OJTHUM THUTIOM 000OpyAoBaHHUs. Tako¥ MOJXOM CYIIECTBEHHO YCIIOXKHSIET pa3paboTKy W MHTETPAIUI0
HOBBIX pOOOTOB M KOMITJIEKCOB, TaK Kak:

— mpu pa3paboTKe HOBOro poOOTa WM KOMIUIEKCa HEOOXOIWMO OJIHOBPEMEHHO
pa3pabaTbiBaTh U HETO MPOTOKOJ YAAJICHHOTO YIIPABJICHUS;

— TpW HHTETpay podOoTa WM KOMIUIEKca B OOIIyI0 cHCTeMy HeoOXoAmMma pa3padoTka
CHEUAIBHOIO KOHHEKTOPA.

B nanHoii paboTe mpemrioxkeHa MeToIMKa uACHTU(UKAIMU POOOTOB, HCIIOIL30BaHHE KOTOPO
MTO3BOJIUT YIPOCTHTH Pa3pabOTKy CHCTEM yJAIEHHOTO YIPABICHNUA U MX UHTETPALINIO.

AJITOPUTM KJINEHT-CEPBEPHOr0 B3auMOIeHCTBHS

IIpennaraercss MCIONB30BaHUE YKA3aHHOM Ha pHUC. | TOCIEI0BaTEIbHOCTH 3alpOCOB MU
OTBETOB MEXIy YMPABISIIOMIAM CEPBEPOM M KIMEHTOM (KOHTPOJUIEPOM YIOAJIEHHOTO YCTPOWCTBA).
AJNropuTM JIOMyCKaeT MPOINyCK HEKOTOPBIX maroB. Hampumep, ans yckopeHus: paboThl CTaTHUECKON
CHCTEMBI B 3aKPBITOM CETEBOM KOHTYpPE MOXKHO MPOIYCTUTH mary 1, 2, 3, 4.
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(1) 3anpoc (npoBepka 10CTYNHOCTH)
Request (check availability)

(2) 3ampoc (mpoBepka AOCTYITHOCTH)
Request (check availability)

3 Knuent
v 5 (3) Elianp(;c 611_01\ablilmikuuany13auﬂn (Kontponnep
NpaBAOWHKN | nitialization block request »  yraneHHOro
cepBep yeTpoiicTsa)
Control (4) bnok MHUIMATH3ALHH
Initialization block Customer
server P nitialization bloc »| (Remorte device
controller)

(5) 3ampoc Ha ynpasneHne
Management request

A

(6) 3anpoc BBIMONHEH / OTKIOHEH
Request completed / rejected

Puc. 1. TTocnenoBaTeabHOCTD 3aIIPOCOB M OTBETOB MEXY YIPABIIIIOIINAM CEPBEPOM U KOHTPOIIICPOM
YIAJIEHHOTO YCTPOHCTBA
Fig. 1. The sequence of requests and responses between the control server and the controller
of the remote device

IHarm 1 w 2 mpegHa3HaueHBI A MPOBEPKH JOCTYITHOCTH OOOPYJOBAHUSA TIPH TEPBOM
BKJIFOUEHUN CHCTEMBl WJIM BO BpeMsl YCTAaHOBKM COEIWHEHMs. B ciydae ycnemHod mHTpoBepKH
YIOPaBJISAIOUIMNA CEPBEP MEPEXOANT K CICAYIOLUIEMY IIary, HHaue BBIBOAUTCS cooOmeHne 00 ommnoke u
HPEeKpaIIaeTCsi BBIIOIHEHHE porpaMMbl. JIaHHbII 1Iar He siBisieTcs: 00s3aTenbHbIM (N0t mandatory).

aru 3 1 4 UCNOAB3YIOTCS sl IEPBUYHOTO KOH(MUTYPUPOBAHUSI U HACTPOUKH YIAJIEHHOTO
yhnpaBieHHud. biok MHMIManW3aluyu TpeAHa3HadeH A MpeaBapUTeIbHOW HACTPOMKH, KOoTopas
BKJIIOYAET:

— TMpOBEpKY TUMa poboTa;

— IIPOBEPKY BEPCUM YCTPOMCTBA U IPOTOKOJIA,;

— mony4yeHue HH(GOPMAIUH O TOCTYIMHBIX QYHKIMAX U KOMaHIaX;

— mnony4eHue uHdpopmalu 00 yeTporcTBaX podoTa U METOIaX YIPABICHHUS UMHU.

brok wHunmanuzauu (puc. 2) mpeiucTaBiseT co0Oi CTPYKTYpPY JaHHBIX, ONUCHIBAIOIILYHO
YIIPaBISIEMOE YCTPOMCTBO.

Top level . ‘."' Device List ™, :." Device_0 properties ~'-: ‘_." Control types for Device 0 ™

Type_0 properties

device_0, ' id i i ‘ type_0, : i name
dict, mandatory ; string(256), mandatory i i dict, mandatory i H string, mandatory
' H !
device_1 name ;

type_1 !
dict, not mandatoy H i min_value,

i
string(256), mandatory

a dict, not mandato ™ i | string(256), not
string(256), not mandatory & : z double, mandatory
device_2

available_control_types
- = = max_value
dict, not mandatory = o

Sl WY 5 i type_N | 5 double, mandatory
s 4 dict, not mandatoy ! '

granularity,

pe H
string(256), not mandatory _p-l

string(256). not mandatory

double, mandatory
version,

i Y i i
{ id : 5 &
: string(256), mandatory H P D A s RESESS -

string(256), not mandatory ' i H
: ~ device_N : e H
api version, A dict, not mandatory » ! string(256), not mandatory
string(256), mandatory \ § H H
e z : available_control_types :
devices, . H dict, mandatory H
list, mandatory 4 :

manufacture

3
®

Puc. 2. [Ipumep 6110Ka HHUIMATH3AAN
Fig. 2. Initialization block example

Ha Bepxuem yposae (Top Level) pacronoxeHsl mapameTpsl, XxapakTepu3yromnipe podora:

— |d — yHukaneHblii  wpeHTndukarop (1o 256 cumBonoB). OOs3aTenbHOE 3HAYCHHUE,
NpeaHa3HauYeHHOE A7l ACHTU(QHUKALUN YCTPOHCTBA;

— Name — ums pobora (10 256 cumBoisioB). HeoOs3aTenbHbIN napaMeTp, npeIHa3sHauYeHHbINH
i ynoOcTBa paboTel ¢ poboToM. MIMs He yHMKANbHO B MHOXKECTBE BCEX POOOTOB, HO YHHKAJIBHO
B KOHKPETHOM CUCTEME;

43



JlokJiAnpl BI'YHP DokLabpy BGUIR
T. 18, Ve 6 (2020) V. 18, No. 6 (2020)

— Type — Tun pobota (1o 256 cumBonoB). HeoOs3aTenbHblid nmapameTp, npegHa3sHauYCHHBIN
U yKazaHust Tumna poOorta. CHHCOK BO3MOXKHBIX 3HAYCHHMH YCTAHABIMBACTCS CTAaHAApPTOM IS
KOHKPETHOM BepCHH MMPOTOKOIIA;

— Manufacture — mpomsBoauTens pobora (mo 256 cumBosoB). ComepKUT HHGBOPMALIHIO
0 MPOM3BOIUTEINIC POOOTA;

— Version — Bepcust podota (10 256 cuMBoi0B). COAePIKUT HHPOPMAITHIO O BEPCHH POOOTA,;

— Api version — Bepcusl UCIOJB3YeMOro NPOTOKONA ympaBiieHHs (IO 256 CHMBOJIOB).
Ob6s13aTenpHBIN TapaMeTp, coaepKamuii Homep Bepcun mpotokona URRCP;

— Devices — comcok ycTpoWcTB poOoTa. MUHHMAIbHOE YHCIO YCTPOWCTB — 1,
makcumanbaoe — 32000.

[TapameTpsl, XapakTepu3yIOIIHe yCTPOUCTBA poOoTa:

— Id — unenrudukatop ycrpoiictea B pobdote (10 256 cuMBoIoB). O0s3aTeNbHBIN TAapamMeTp,
YHUKaJIbHBIH B MHOXKECTBE UACHTH()HUKATOPOB YCTPOWUCTB B 3aJJaHHOM POOOTE;

— Name - wumsa ycrpoiictBa (mo 256 cumBojioB). HeoOs3aTtenbHblid  mapamerp,
MpeIHa3HAYCHHBIN [Tt y100CcTBa PabOTHI ¢ YCTPOHUCTBOM PO0OTa;

— Auvailable_control_types — moctymuble THIBI yrpasieHus. OOs3aTeIbHBIA apaMeTp.
CnoBape CONEPKUT KIFOYHM, Ha3BaHUE THUIA YIPABIEHUS, a 3HAYEHWE — CIIMCOK HCIOJIb3yEeMBIX
napameTpoB. CIIHCOK TUTIOB YIIPaBJICHUS TOJDKEH OBITh CTaHAAPTU3UPOBAH.

[MapameTpsl THIA yIIpaBIeHNsT YHUKAIBHBI U KXKAOT0 ycTpoicTa. O0mIue napaMeTpsl s
BCEX TUIIOB YIPaBIICHHUS:

— Name — Ha3BaHue THTIA YIIPABICHUS;

— Min_value — MUHHMaJIbHOE 3HAYCHHE, KOTOPOE MOXKET MPHUHSTH YCTPOHCTBO MpH
3alaHHOM THIIE YIIPABJICHUS (YHCIIO0 TBOWHON TOYHOCTH);

— Max_value — makcumanbHOE 3HAUCHHE, KOTOPOE MOXKET NPHHATH YCTPOHCTBO IpH
3aJlaHHOM THIIE YIIPABJICHUS (YKCIIO0 TBOWHOI TOYHOCTH);

— Granularity — MHHUMaJbHBIA AT YOPABIAIOMIETO BO3ACHCTBHS (YHCIO ABOMHOMN
TOYHOCTH).

Ha 5 mare ocymectBisiercs mepemada MuQpoOBOro YIPAaBISIONIETO CUTHaJIa OT cepBepa
yhnpasiieHus K poOoTy. CurHam mepegaeT Bclo HeoOXoanMylo HH(OpMaIMio IUisl YIpaBICHUS
yCTpOMCTBOM poboTa. B kauecTBe KitOued HCHOMB3YHOTCS CIEIYIOIIME CTPOKOBBIC most (10 256
CHUMBOJIOB):

— Timestamp — TouyHOe BpeMsi OTIpPaBKM [aHHBIX C cepBepa, Ui OOecredeHHs
(YHKIIMOHUPOBAHUSL OTJIOKEHHOTO 3alycka KoMaHJ (HMCIOJBb3yeTCsl COBMECTHO C  KIFOUOM
time_offset_to_start). ®yHKIMS OTI0KEHHOTO WCIOJHEHHUS KOMAHIBI TO3BOJIIET BBITOIHUTE
MpeIBapUTENHLHO 33aJJaHHYIO ITOCIIEA0BATEIIEHOCTh KOMaH/ Ha CTOPOHE poOoTa. [ CHMHXpOHU3aIuu
PpaboOTHI HECKOJIBKUX POOOTOB TpeIaraeTcsl B Ka4eCTBE HAYaIbHON TOYKU 3aJIEP’KKH HCIIOIb30BaTh
HE BpeMs IMONYYCHHS CHUTHaja, a BpeMs OTIpaBKH CHrHama ¢ cepBepa. i KOppeKTHOH
WHTEPIIPETalN TaHHBIX MPEIaraeTcs UCII0Ib30BaTh IMPOTOKOI Ntp;

— Time_offset_to_start — 3agepskka (B MIITHCEKYH/1aX) 0 HaYaia BBIMOJHEHHUsI KOMaH/IbI;

— Device_id — wuaeHTHdHKaNMOHHAsS CTPOKA, yKa3blBalOLIas YCTPOMCTBO poboTa, s
KOTOPOTO TpeIHa3HAYeH YIPABIIAIOIIMNA CUTHAI,
— Stop_condition — ycmoBue OCTaHOBKM BBITTOJHEHHS KOMAaHABL VCIONB3yeTcss Kak

MeXaHu3M ofecriedeHust 0e30MacHOr0 (YHKIIMOHUPOBAHUS pobOTa B Ciydae aBapHUHOTO pa3pbiBa
cBsi3u. Hampumep, ecii ¢ cepBepa K poOOTY TIPHILIET YIPABISIONINI CUTHAT O MOJJIEPIKKE CKOPOCTH
10 M/c, a mocne 3TOro Mpou30IIe]l OOpPBIB CBA3H, TO POOOT OyJAeT HPOJOIDKATH IMOIIEPKHBATH
ckopocTh 10 M/C B TedeHHe HEONpeAeICHHOTO BpeMeHu. 1Ipu ncmosip30Banuy Kiroua Stop_condition
BBITIOJTHEHHE TTOCIIETHEH KOMaHIBI OyIeT MPEeKpaIeHo Yepe3 yKa3aHHbBIN TIepPHO] BpEMCHH;

— Control_type — Tun ynpaBieHHsi, KOTOPbIA JOKEH OBITH HCIIONB30BaH JUIS JIaHHOTO
ycTpoiicTBa. JIOCTyNHBIC THIBI YIpPaBIECHHUsS Ui 3aJaHHOTO YCTPOMCTBAa YKa3aHbl B CXEMeE
WHAIMAIM3aMi. ECii yKa3aHHBIM THI YIPaBICHUS HE TOMIEPKUBACTCS YCTPOWCTBOM pOOOTA,
TO OTBET YyIpaBJICHUs OyIeT coaepkaTh MH(POpMaIHio 00 OmHMOKe, a YCTPOHCTBO poboTa mepenaeT
B COCTOSIHHE TI0 YMOJTYaHHIO;

— Control_value — BxojHbIe MmapameTpbl Ul YKa3aHHOTO THIA yrpasjieHus. Hexotopbie
THUIIBI YIIPABJIEHUST MOTYT HMMETh HECKOJBbKO BXOIHBIX IIapaMeTpoB. B 3TOM ciydae 3ampoc
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yIpaBieHus IO0JDKEH cojepkath nononHutenbHbie moist Control value 2 ... Control_value_N,
OIMCHIBAIOIIEE TOTIOJIHUTEIIFHBIE BXOIHBIE TAPAMETPHI I YKAa3aHHOTO TUIIA YIPABICHHUS.

Ha 6-m mare ympaBisiomuii cepBep IOJydaeT OTBET YNPABICHUS — CTPYKTYpPYy IaHHBIX,
nepeaHHblX OT KiueHTa (po0oTa) Uil MOATBEpXKAEHWs (akTa NMPHHATHS JaHHBIX W BO3BpaTa
JOTIOJTHUTEINIFHBIX TapamMeTpoB. OTBET yIpaBICHHS CONEPKUT CICAYIONIHE TTOJIS:

— Timestamp — mata ¥ BpeMsi MOMEHTa Tepeadyn craryca Ha CTOPOHE KJMeHTa (poboTa).
[TapameTp mpeaHa3sHa4deH I KOPPEKTHPOBKU YIPABJICHHS C YI€TOM 3aJepKKH Iepetady JaHHBIX U
HE MOXKET MPUMEHATHCS I O0ecleueHHs CHHXPOHHOCTH TMepeAayd AaHHBIX, TaK Kak JaHHOe
CBOMCTBO JIOJDKHO OBITH 00ECIIeueHO POTOKOIOM 110 Mojenu OSI;

— Device_id — wumeHTH)UKAIMOHHAS CTPOKa, YKa3bIBAWOIIas YCTPOHCTBO, KOTOPOE
BO3BpAIAET CTATYC;

— Status — ctpoka, cogeprkaias HHGOPMALIMIO O BBIIOIHEHHOH onepanuu (Hanpumep, OK,
Accepted, Failed u 1. n.). Eciiu 3HaueHue kiroya COntrol type B 3ampoce ynpaBieHHs ObLIO PaBHO
“Sensor”, To B cydae yCIICITHOTO BBIOJHEHHS ONEpaLliK B TIOJIE CTaTyc nepenaercs Tekct “Provide”,
a B moJte status_value — 3HaueHUe ceHcopa,

— Status_value — wunHboOpMamus o BBINOJHEHHOI omepauud. B cioydae ycHemiHoro
BBITIOJTHEHHsT onepaimu B Status_value momemnraercsi 3HaueHuWe, MPUHATOC K HCIOMHEHHIO (Kak
MPaBUJIO COOTBETCTBYET MoJIt0 control value B 3ampoce ynpasieHus ), nHaue — 3Hauenue None (Null).
Ecimm B control type ycraHoBieHO 3HaueHHE “SENSOI”, TO BO3BpAIAaeTCs 3HAUEHHUE, IOIYYCHHOE
C JaT4rKa.

Tunsl po60TOB B cXeMe HHUIHAIU3AUNHI

Po6oTeI 1 poOOTEXHHUYECKHE KOMILIEKCH MOTYT OBITh KIacCH(UIIUPOBAHBI IO MHOXKECTBY
Pa3iIMYHbIX HAapaMCTPOB: T'COMETPHUU MAHUITLYJIATOpPA, CTCICHAM CBO6OI[I>I, HCTOYHHUKAM IIMTaHH,
TUTIAM JIBIKCHUSI, TUTIaM yrnpasieHus u 1. 1. [IpeacraBiennas B Tadn. 1 knaccudukamus mo3BoisieT
OBICTPO TONYYUTh MH(OPMAIMIO O TUIE M TNpeJHAa3HaYeHUH poOoTa. [l AeTaabHOrO OMHMCAHUS
poboTa HCHONB3yeTCs BCS CXeMa MHUIHAIN3AINH.

Tabauua 1. Bo3moxsble 3HaueHus a7 noiis “Type” Ha BepXHEM yPOBHE CXEMbl HHUITHATIN3AIUH
Table 1. Possible values for the “Type” field at the top level of the initialization scheme

No 3HaveHue Ornucanue
Value Description
1 | Industrial Pobot, npeaHa3HAYEHHBIN /IS HCIIOJIB30BAHKS B MPOU3BOJCTBEHHOM IPOIECCE

(kax mpaBuII0, MaHHUITYJISILIMOHHBII POOOT)
A robot intended for use in a manufacturing process (typically a manipulation

robot)

2 | Transport Pobot, mnpenHa3HAYCHHBIH IS TPAHCIOPTHPOBKH TPYy30B (Kak MPaBHIIO,
COCTOSILIMM U3 OJHOIO WJIM HECKOJIbKMX MAaHHUIYJSITOPOB M  XOAOBOIO
YCTPOKNCTBA)

A robot designed to transport goods (usually consisting of one or more
manipulators and a walking device)

3 | Anthropomorphic Pobor ob6miero HazHauenus. YenoBekonopo0HbIi podoT
General purpose robot. Humanoid robot
4 | Military PoGOTEI BOEHHOTO HasHAueHMs (Kak MMPABHJIO, JJIS BEICHHUS Pa3BEIKH, YIaCTHA

B 00€BBIX JEHCTBUAX, PA3MHUHUPOBAHUH)
Military robots (usually for reconnaissance, participation in hostilities, mine
clearance)

5 | Other PoGoThI, 111 KOTOPBIX Ha3HAUYEHHE HE OMPEJEIeHO, TU00 He MOAMAaaIoNIie HU
IOJ OAHY U3 BBIMICYKa3aHHBIX KaTeFOpI/Iﬁ

Robots for which no purpose has been defined, or that do not fit into any of the
above categories
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JocTynHble TUNBI yIPABJIEHUS

IMapameTp «1oCTyIHBIC THIBI yripaBieHus» (available control types) ucrmonbs3yercs B cxeme
WHUIWATM3aMi  (puc. 2) JUIA  ONpEIEIeHus MOUIEPKUBAEMBIX JIAHHBIM  YCTPOMCTBOM THIIOB
yIIPaBJICHHUSL.

ITapameTtp available_control_types siBuseTcs «cimoBapem», ComepsKaIluM CIMCOK Tap: KT —
3HayeHre. B KayecTBe KIIOYA YKA3plBAE€TCS WMs THIIA YIIPABICHUS, a B KAueCTBE 3HAYCHUS —
napaMeTphbl JaHHOTO TUITA yIpaBieHus. JlomyCcTHMbIE KITIOYH TPEICTABICHBI B Ta0M 2.

Tadawnna 2. JlocTynHbIe TUITB YIPaBJICHHS IS YCTPOUCTB
Table 2. Available control types for devices

Ne Kirou Onucanue
Key Description
1 position YnpasiieHue IpOUCXOAUT IO MOJIOKEHUIO
Position-based control
2 speed VYpasiieHue IpOUCXOAUT IO CKOPOCTU
Speed-based control
3 acceleration | YmpasneHne mpOUCXOIUT 10 YCKOPESHHIO
Acceleration-based control
4 script VYupaBieHre cleHapueM, MO3BOJIAIONICe KOMOMHHUPOBATh IPYTHE THITBI YIIPABICHUS,

YKa3bIBasg UX MOCJICA0BATCIILHOCTL U IapaMETPhbL
Script control, which allows you to combine other types of control, specifying their
sequence and parameters

5 sensor I/ICHOJ'IIByeTCSI JJIA HOJ‘Iy‘IeHI/Iﬂ JaHHBIX OT JAaTYHUKOB
Used to receive data from sensors
6 custom_N IIpousBosibHBIM TUN yhpaBieHus. Kak npaBuiio, NpOU3BOJIBHBIE THIIBI YIPaBJICHUS

HCHOJIB3YIOTCA JId OpraHru3alun CJIIOKHOI'O, BBICOKOCKOPOCTHOI'O, BBICOKOTOYHOI'O
YIPAaBJICHU C UCHOJIb30BaHUEM OOPATHOM CBSI3M M0 HECKOJIBKUM JaTYUKaM

Arbitrary type of control. As a rule, arbitrary control types are used to organize
complex, high-speed, high-precision control using feedback from several sensors

B Tabn. 3 MNpeaACTaBJICHbI NCPEMCHHLBIC, OIMMCBIBAIOIINE YIPABJICHHUE «II0 IIOJIOKCHHIO,
«IIO CKOPOCTU» U «IIO YCKOPCHHIO».

Taﬁnnua 3. HepeMeHHBIe, OIMMCBIBAONIINC YIIPABJICHUEC 11O MTOJIOKCHUTIO
Table 3. Variables describing position control

Ne Kirou Onucanue Tun naHHbIX OO0s13aTebHEIN apaMeTp
Key Description Data type Mandatory parameter

1 | min_value MuHHMAJILHOE 3HAYEHUE double O0s13aTebHBIH
Minimum value Mandatory

2 | max_value MakcuMaabHOE 3HaYCHHE double O0s13aTebHBIH
Maximum value Mandatory

3 | granularity I'panysipHOCTH double O0s13aTenbHbIN

Granularity Mandatory

4 | max_error MakcumanbHas IOrpeHoCTb double He o6Gs3arenbHbIi

Maximum error Optional

Min_value — MuHHMManbHOE 3HAYEHHE YIPABISIONICTO CUTHANA, KOTOPOE MOMKET MPHHSTH
YCTPOUCTBO (KaK MPaBUIIO — HOJb).

Max_value — mMakcuMasbHBIN 3HAYCHUE YIPABISIOLNIErO CHI'HANA, KOTOPHIA MOXET NPHHSATH
YCTPOMHCTBO.

Granularity — MuHNMasIbHOE 3HAYEHHE IIara ypaBJIcHHsL.

Max_error — mMakcumaibHasi MOTPEITHOCTh MO TOJIOKEHUI0, KaK MPaBUIIo, 00YCIIOBJICHHAS
KOHCTPYKTUBHBIMH OCOOCHHOCTSIMU YCTPOMCTBA WITH YCIOBHSMH €0 SKCILTyaTaliu.

Tun ymnpaBieHUS «CICHApWi» MO3BOJSET OOBEMUHATH MPOYHE THUIBI  YIIPABICHUS
B TOCJICIOBATEIbHOCTh KOMaHA. Takoil TWO yhpaBiieHHs MOJe3€H JJisi OBICTPOrO BBIOJHCHHUS
CIIOXHOM TOCIIEA0BATEIILHOCTH ACUCTBU, KOTOpasi moTpedoBaa Obl OONBIIOTO KOJINYECTBa KOMAaH]I,
OTIPABISIEMBIX JUISl JTAHHOTO KOHKPETHOrO YyCTpoiictBa pobota. Hampumep, eciu mpusoiy,
YIPABJISIEMOMY T10 MOJI0KEHHIO, HY)KHO BBITOIHUTH CIICIYIOIIYIO OCIIEI0BATEIbHOCTh:
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— VYnpaBieHHe M0 MOJ0XKEHUIO —> Y CTaHOBUTH MOJIOXKEHUE 45;

— VYmpagrieHue 1o NOJ0KEHUIO —> Y CTaHOBUTH mosiokenue 0);

— VYmpagieHue 10 NOJ0XKCHHIO > Y CTaHOBUTH MOJIOKEHUE 45,

TO BMECTO TpEX KOMAaHJ, OINMCHIBAIOIIUX 3TO JEHCTBHE, BO3MOXKHO OTIPABUTh OIHY KOMAaHIy
«CLIeHapHi», B KOTOPOU OyAeT yKa3zaHa 3Ta MOCIe0BATEIbHOCTh IEHCTBHI.

Tun ynpaBieHus «ClieHapui» HacIeayeT BCe MePeMEHHBIE, OMUCHIBAIOIINE THII YIIPABICHUS,
KOTOPBI  MOAJCPXKHUBACTCS B  CICHAPUM, a TaKKe JOMOJHUTEILHO JOOABIsSCT  IOJe
max_number_of steps — MmakcuMaibHOE KOJHYECTBO MIATOB CIEHAPHSL.

Tun ynpaBneHust «maTauk» (Sensor) SBISETCS THUIIOM YIPAaBJICHUS TOIBKO (popmanbHO,
MMOCKOJIbKY HCITOJIb3YETCSl HE JIIs TMepefadyd YIpaBisIONIero CUTHajda, a B KadecTBE 3ampoca
nH(popMaIuy ¢ 1aTarka. B Tabi. 4 mpencTaBieHbl CTaTUYCCKHUE IEPEMEHHBIC, ONMMCHIBAIOIINE KakKI0¢
YCTPOMCTBO THITA «JATIUK.

TaﬁJmua 4, HepeMeHHLIe, OIMMCBIBAIOIINC XaAPAKTCPUCTUKHN AJaTUHNKaA
Table 4. Variables describing sensor characteristics

Ne Kirou Omnucanue Tun nanHeIX OO0s13aTeNbHBIN MapameTp
Key Description Data type Mandatory parameter

1 | min_value MuHHMAIBHOE 3HAYEHUE double O0s13aTebHBIIH
Minimum value Mandatory

2 | max_value MakcuManbHOE 3HaYCHHE double O0s13aTebHBIIH
Maximum value Mandatory

4 | max_error MakcumanbHas OrpeHOCTh double He oGs3arenbHbIi
Maximum error Optional

5 | max_delay MakcumanbHas 3aepiKKa double He oGsi3aresnpHbIit

Maximum latency Optional
3akaoueHue

Meromuka wuneTuduKanuu poOOTOB OMUCHIBACT WHPPACTPYKTYpHO- H  IUIaT(OpMO-
HE3aBHCHMOE B3aMMOJICHCTBHE, MOITOMY MOJKET HCIIOJB30BAThCS B JIIOOBIX cHcTeMax. B crarbe
HaMEPEeHHO He yInoMuHaroTcs Hu Mozens OS], Hu onpeneneHHbIe S3bIKH MPOrpaMMHUPOBAHHUS, TaK KaK
mMarepual ABJIACTCA PYKOBOACTBOM  IJId IIOCTPOCHHA CTPYKTYPbl MW IOCJICA0BATCIbLHOCTHU
B3aMOJICHCTBHS CHCTEM, a HE OIMCaHueM UH(PACTPYKTYPHI U IUTATPOPMBI JUIsl B3AUMOICHCTBHSI.

[Mpennoxennass B paboTe METOAWKa IO3BOJIIET ONHCHIBATH CIIOYKHBIE, MHOTOYPOBHEBBIE
CHUCTEMBI C ITOMOIIBIO 0}1HOI71 CTPYKTYPhI, @ TaKXKE€ HCII0JIb30BaTh CZ[HHBIP'I nmoaxon it yIpaBJICHUA
BCEMH yCTpoHcTBaMu poboTa. CTPyKTYpHI 3arpoca 1 OTBETa YIPABJICHUS SIBISIOTCS OJHOBPEMEHHO U
YHUBEPCAJIbHBIMH, ¥ JIETKHUMHU ISl TOHUMaHHSL.
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OHTOJIOI'MYECKHUM MMOAX0/I K OBPABOTKE TEKCTOB
KUTAMCKOI'O SI3bIKA

LSIHb JIYHBD
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AHHoTanus. [ peanu3annu eCTeCTBEHHO-SI3IKOBOTO MMOJIb30BATEIBCKOT0 HHTEp(eiica 1 HHTEIICKTYalIbHOTO
OTBETa Ha BONPOCHl Ha OCHOBE 3HaHMH B paboTe mpeaiaraeTcs Mojelb OOpabOTKH KHTAHCKOTO S3bIKa,
OCHOBaHHasi Ha 3HAaHUAX. B cTaThe paccMaTpUBAIOTCS CYLIECTBYIOIIHME METOIBI 00pabOTKH €CTECTBEHHOTO
SI3bIKa M Pa3HYHbIe 0a3bl 3HAHUI, CBA3aHHBIC C 00PabOTKON eCTECTBEHHOTO si3bika. Ha 0CHOBE aHaN3a JaHHBIX
METOJIOB OBLT CIeNIaH BBIBOJ O TOM, YTO B 00pabOTKE e€CTECTBEHHOIO s3blKa 0a3a 3HAHUM SIBICTCS CaMOW
OCHOBHOM ¥ BaXHON uacThio. ba3a 3HaHMII MO3BOJSIET OOCCHEYHTh OOPabOOTKY eCTECTBEHHOIO s3bIKa,
OCHOBBIBASICh Ha M3HAYaJbHO ONMUCAHHBIX 3HAHMAX, a TaKkKe OOBSICHUTH mponecc oOpabdoTku. Ha ocHoBaHMM
aHaM3a Pa3InYHBIX METOJOB MOCTPOEHHs 0a3 3HAHUN 00 AHIIIMIICKOM M KHTAHCKOM SI3bIKaX ObLI MPEIOKEH
OHTOJIOTHYECKHI TOAX0/ K 00pabOoTKe KUTANHCKOro s3bika. B Mojenu 00pabOTKM KHTAHCKOro SI3bIKa MOKHO
BBIJICITUTh JIBA OCHOBHBIX ACIEKTa UCCIIEOBAHMUS: OCTPOEHHE 0a3bl 3HAHUI O KHUTAHCKOM s3bIKe U pa3paboTka
pemaresnst 3aa4 Ha OCHOBE OHTOJOTrWH. IIpe/IoKeHHBIN MOIXO0/l HANPABICH HAa Pa3pa0OTKy CEMaHTHYECKOM
MOJICNIM 3HAHHUN O KUTaWCKOM si3bike. Kak oMH M3 3TanoB peanu3aluu Moxoja Obula MOCTPOSHA OHTOJIOTHS
KHATAWCKOTO $I3bIKA, KOTOPYK) MOXHO HCIOJIb30BaTh B JAlIbHEHIIEM Uit 0OpabOTKH KHTAfCKOTO s3bIKA.
B nanHoii paboTe paccCMOTpEHBI MepBas BepCcHsl yKa3aHHOW OHTOJIOTUW W MPHUHITUI TOCTPOCHUsT 0a3bl 3HAHUN
0 KMTaliCKOM SI3BIKE. I[HH MOCTPOCHHA OHTOJIOTMHM HAa JAHHOM OJOTall€ HET C€JIWHBIX CTAHAAPTOB UM CUCTCMBI
OLICHKH. Paciupenue u yiydiieHne OHTOJIOTHH M OI[CHKA e¢ KauecTBa TPEOYIOT JaTbHEHIINX HCCIIeIOBAHHIA.

KuiroueBbie ciioBa: texuosorust OSTIS, onrosorust, 00paboTKa KHTAWCKOTO SI3bIKa, 0a3a 3HAHUIA.
KoH(pauKT HHTepecoB. ABTOp 3asBIIeT 00 OTCYTCTBUH KOH(UINKTA HHTEPECOB.

Jdasi uutupoBanus. Lsup Jlyassii. OHTOMOrMYecKHd moaxoa K o0OpabOTKe TEKCTOB KUTAHCKOTO SI3bIKA.
Hoxnanst BI'YIP. 2020; 18(6): 49-56.
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Abstract. To implement natural language user interface and an intelligent answer to questions, the knowledge-
based semantic model for Chinese language processing is proposed. The article gives careful consideration
to the existing methods and various knowledge bases for natural language processing. The analysis of these
methods has led to the conclusion that in natural language processing, the knowledge base is the most
fundamental and crucial part. The knowledge base makes it possible to ensure processing of a natural language
based on initially described knowledge and to explain the processing operations. By virtue of the analysis
of various methods for constructing knowledge bases about the English and Chinese languages, an ontological
approach to the Chinese language processing was proposed. The Chinese language processing model has two
main aspects: the design of knowledge base about the Chinese language and the development of ontology-based
knowledge processing machine. The proposed approach is aimed at developing a semantic model of knowledge
on the Chinese language. As a stage in the implementation of the approach, | designed the ontology of
the Chinese language that can be applied for further processing of the language. This paper considers
the preliminary version of the ontology and the principle of building a knowledge base about the Chinese
language. There are no uniform standards and evaluation system for designing an ontology. Expansion,
refinement and evaluation of the ontology require further research.

Keywords: OSTIS technology, ontology, Chinese language processing, knowledge base.
Conflict of interests. The author declares no conflict of interests.
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BBenenune

O06paboTka €CTECTBEHHOTO $3bIKa — OJMH W3 OCHOBHBIX KOMITOHEHTOB HHTEJIEKTYaJIbHBIX
cucreM. Llenpro 00pabOTKH €CTECTBEHHOTO SI3bIKa B TAKUX CUCTEMAax SIBIISICTCS MOHMMaHHWE MAIIMHON
TEKCTOB €CTECTBEHHOTO S3blKa M BO3BpPaT TOYHONH WH(POpPMALUHM MOJIH30BATENsIM Ha OCHOBE
pe3ynbTaToB NMOHUMaHuA. M3-3a pasHOOOpa3us U OTKPHITOCTH €CTECTBEHHOTO SI3bIKAa KOMIIbIOTEpHAs
00paboTKa pa3InYHbIX €CTECTBEHHBIX SI3bIKOB IMEET CBOM 0COOEHHOCTH M TPYIHOCTH.

B 00paboTke KUTaiCKOTOo sI3bIKa B OCHOBHOM CYIIIECTBYET JIBE€ OCHOBHBIE 0cOOeHHOCTH [1]:

— B €BPONEHCKUX S3bIKAX, TAKMX KaK AaHIVIMWCKUMI, PyCCKHMH, CJIO0BA B OCHOBHOM IMILIYTCS
¢ npobenamu. OHAKO B TEKCTaX KUTAHCKOTO SI3bIKA HET MPOOENOB JUIS Pa3JIe/ICHUs CIIOB,;

— OJlHAa M Ta K€ 4acTh PEYH MOXKET CIYyKUTh HECKOJBKUMHU CUHTAKCHYECKUMHU KOMIIOHEHTaMHU
6e3 MOpQOIOrnYecKux U3MEHEHHUH, TO €CTh B TEKCTaX KUTAHCKOIO SI3bIKa HE3aBUCHMO OT JIIOOOT0
CHHTAKCHYECKOTO KOMIIOHEHTa, OOCITy)KHBAaeMOTo KaXJ0H dYacTeio pedn, ee Mop¢oJorus He
M3MEHSETCS.

Cpenu COBpEMEHHBIX METOJOB OOpaOOTKH ECTECTBEHHOTO SI3bIKA BBIIENSIOT CIEAYIOINE
HaIpaBJeHUs:

— METO/IBI TOCTPOEHUS CHCTEMBI JIOTHYECKUX PACCYKIEHHUI HA OCHOBE MTPABUII;

—METO/bl MAalIMHHOTO OOYy4YeHHs, OCHOBaHHBIE Ha MAaTEeMaTHYECKOW CTaTUCTHKE U TEOPHHU
nH(pOpMAaIIH.

OnHako, OyIOb TO OCHOBaHHBIE HA TMpPaBHJIAX WM CTATUCTUYECKHE METOJNBI, METOJbI
W CTaHAApThl OLCHKH, HCIIOJIb3yeMble NpH 00paboTKe KHUTAHCKOro $3blKa, MOYTH IOJHOCTHIO
3aMMCTBOBAaHbI U3 METOJOB O00pabOTKH €BPONEHCKHUX S3BIKOB, TAKMX KaK aHINIMicKuidl. B mpomecce
00pabOTKM HEe yUYUTHIBAIOTCS XapaKTePHbIE YEPTHI TEKCTOB KMUTANHCKOTO sI3bIKa [1].
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Jns peanuzanuu riry0OKOro CEMaHTHYECKOT0 MOHMMAHUS TEKCTOB HEOOXOIMMa MOJACPKKa
MIPEICTaBICHUS PA3IMYHBIX CIOKHBIX BHIOB 3HaHWNA. Hampumep, nekcnueckux 0a3 3HAHUMA, KOTOpPbIE
o0ecrneunBaroT JISKCHYECKUI aHAIN3 B TEKCTaX €CTECTBEHHOTO si3bIka. OCHOBHOM I1eNbi0 06a3 3HaHUN
SIBIISIETCSI OMTUCAHUE PA3IMYHBIX CYITHOCTEH U OTHOIIEHHH, CYIIECTBYIOIINX B pealibkHOM Mupe. MeTos
00pabOTKM €CTeCTBEHHOTO SI3bIKa Ha OCHOBE 0a3bl 3HAHWH 3aKIIIOYAETCS B CIEIYIOIIEM: IIPH TOMOIIN
pa3zpaboTaHHO 0a3bl 3HAHWH OIMCHIBAIOTCA PA3IMYHBIE TOHSATHS W OTHOIIEHUS, CYIIECTBYIOIIUE
B TEKCTaX €CTECTBEHHOTO s3blIka. Jlajee, MpH TMOMOIIM pemarens 3a1ad pealu3yloTcsl TIIyOOKHe
paccyKIeHusI UM CEMaHTHYeCKOe MOHUMaHWE TEKCTOB €CTECTBEHHOro s3blka. s o0paboTku
€CTECTBEHHOTO SI3bIKa OCHOBHBIM BHJIOM 3HAHWW SIBISIETCS JMHTBHCTUYECKOE 3HAHHE CO CBOUMH
COOCTBEHHBIMHU S3BIKOBBIMH XapaKTepUCTHKaMu. Kpome JIHMHTBUCTHYECKHX 3HAHWH, BAXHYIO POIb
B TTTyOOKOM CEMaHTU4YeCKOM TOHHMAaHMHA TEKCTOB €CTECTBEHHOTO S3bIKa TaKXKe HIParoT
«TIOBCETHEBHBIE 3HaHM» (aHTI. commonsense knowledge), nnm 3HaHUS 0 TPeAMETHOM 00IACTH.

B maHHO# paboTe paccMOTpPEH OHTOJOTHMUYSCKHH MOAXO0M K 00pabOTKEe TEKCTOB KHUTAMCKOTO
SI3bIKA, TO €CTh MOAXOJ, OCHOBaHHBIH HA OHTOJOTHH, JIeKalleld B OCHOBE 0a3bl 3HAHWU M pelaTess
3aa4, KOTOPBIE COOTBETCTBYIOT JIMHTBUCTHYECKHM XapaKTEPUCTHKAM KUTAalCKOTO  S3bIKA.
OHTONOTHYECKUH TTOIXO]] TpeAronaraeT 00padoTKy TeKCTa ¢ y4eToM 0a3bl 3HAHWW, OMHCHIBAIOIICH
JIMHIBUCTUYCCKUEC XAPAKTCPUCTUKH KHUTaMCKOro S3bIKa BMECTO O6pa6OTKI/I OTACJIIBHBIX HE3aBHCHUMBIX
KHTaCKUX Heporiu(oB, 4TO MOXKET IPPEKTUBHO PEUIUTH MPOOIEMY OTCYTCTBHSI MOP(OIOTUIECKUX
M3MEHEHUH B TEKCTaX KUTANCKOTO SI3bIKA.

Ba3pl 3HaHUH 1J151 00pa00TKH KUTAHCKOI0 SI3bIKA

Hns pemenust mpobiem o0paOOTKM kuTaiickoro si3bika Jlio Yuroanp w3 YHuBepcutera
[uuxya nmpemioxusl O00aBUTh 3HAHHUS B MOZETh OOpaOOTKM KUTAHCKOrO S3bIKa, OCHOBAaHHYIO Ha
JIaHHBIX, M UCCIIEA0BAT TaKyl0 Mojeab oOpaboTku [2]. Kpome 6a3 3HaHuit B obmactu 0OpabOTKH
€CTeCTBEHHOrO s3bIka, Takux kak WordNet, VerbNet, ConceptNet, CylecTBYIOT TakKe W3BECTHBIC
0a3bl 3HaHMH A7 00pabOTKM MMEHHO KuTaiickoro s3bika, Takue kak GKB [3], Chinese ontology
FrameNet [4], HowNet [5] u T. 1.

ba3a 3HaHui, MOCTpoeHHAs NSl KOHKPETHOTO S3bIKa, MOXKET COAEPKAaTh XapaKTePUCTHKU
KOHKPETHOIO sI3bIKa, M 00pabOTKa TEKCTa Ha OCHOBE TaKOH 0a3bl 3HAHUI IO3BOJHUT IOJYYHUThH
pe3yibTaThl, CYIIECTBEHHO JIydllMe, YeéM B CHUCTeMaxX, HE HCIOJb3YIOMuX 0a3bl 3HaHUH.
WnTennexTyanbHble CUCTEMBI JTOJDKHBI 3((EKTHBHO OPraHU30BBIBATH W YNPABIATh PA3THYHBIMU
3HaHWSIMUA ¥ 3P PEeKTHBHO WX 00padarbiBaTh. OHTOJOTHS — 3TO KOHIENTYyalbHAas MOJENb, KOTOpas
OIMCBHIBACT MOHATUS M MX OTHOLICHHUS, a TAaKXKE ONHMCHIBAET CEMAaHTHKY MOHATHH 4Yepe3 OTHOLICHHUS
MEXIy HUMHU. DTa cTaThs Oasupyercs Ha 0a3ax 3HAHMH O KUTAWCKOM S3bIKE, YINOMSHYTBIX BBIIIE,
W TIpe/jiaracT OHTOJIOTHIO JIIsi 00OpabOTKH KUTAHCKOTO S3bIKA HA OCHOBE OTKPHITOM CEMaHTHYeCKOM
TEXHOJIOTHH MPOEKTUPOBaHUA MHTEIUIEKTyallbHbIX cucTeM (TexHosorus OSTIS). Texnonorus OSTIS
npeJHa3HadeHa Ul IpeACcTaBIeHUS M 00paOOTKM pa3lMYHBIX BHUIOB 3HAHWH M OPHEHTHPOBaHA Ha
pa3pabOTKy KOMIIBIOTEPHBIX CUCTEM, OCHOBAHHBIX Ha 3HAHUSX [6].

B pamkax texmomorum OSTIS B kauecTBe OCHOBBI MPEACTABJICHHS 3HAHHUI HCIOJIB3YETCS
SC-xon. DOTO BHYTpPEHHMH S3BIK Ui KOJMPOBAaHUSI 3HAHMHM B MaMSITH, KOTOPBIH oOecrevyuBaeT
YHU(DUIIMPOBAHHOE CEMaHTHYECKH COBMECTHMOE IPEJCTABICHUE PA3IMYHbIX MPEIMETHBIX 00sacTei
U COOTBETCTBYIOIIMX MM OHTOJOrMi. SC-KOJ TO3BOJSET NPEACTABIATH JIOObIe BHUABI 3HAHHM,
MO3BOJISIET M30€KaTh M30BITOYHOCTH U AyOIUPOBAHUS 3HAHHA.

B cocra momenm mnpeamerHoir ob6mactu (I10), mpencraBnennodt B SC-koae, BXOAST
MOCTOSIHHO ~ CYIIECTBYIOIIME OOBEKTHI HCCIIEJOBaHMs, TIOCTOSIHHO CYIICCTBYIOIIME CBSI3U U
CTpYKTYyphl. OHTOJOTHS K€ TpakTyeTcsl Kak crenuuKanus MpeMeTHOH o0jacTu, KoTopas
OTIpeneIIsieT MOHATUS NMPEIMETHON 00JacTh, OTHOIIECHHS MEXIY HUMH W OIMCHIBAET B3aMMOCBSI3H
MpeaMETHON 00J1aCTH C JPYTUMHU CYIIHOCTSIMH, B TOM YHCJIE C APYTHMH MPEIMETHBIMU 00JIaCTAMHU.

baza 3nannii B pamkax texnonoruu OSTIS crpoutcs Ha OCHOBE OHTOJIOTHYECKOTO MOAXO0/IA.
CyIHOCTh NPOEKTHPOBAaHHUA 0a3bl 3HAHUI 3aKIOYaeTcs B IIOCTPOCHHHM HEPapXMUYECKOH CHCTEMBI
MPEeIMETHBIX 00JIACTEW M COOTBETCTBYIOMUX MM OHTONOTHHA. B Texnonmorun OSTIS dopmanuzanuio
3HAaHUIH MOYKHO paccMaTpUBaTh Kak (OpMalIM3alfio U CeNUPUKANNIO TpeaMeTHON obnactu. Takas
MOJIeJIb TIPOCKTUPOBaHUsI 0a3bl 3HAHMH MOXXET MHHUMH3HPOBATh 3aBHCUMOCTh KOMITOHEHTOB 0a3bl
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3HAaHUH MeXIy co00i 1 MUHUMHU3UPOBATh HEOOXOJUMOCTh B3aUMOJCHCTBHS MEXKIY pa3padOTInKaMH
Pa3NUYHBIX KOMIIOHEHTOB.

OcHoBaHHbIE Ha OHTOJOrH4YeckoM noaxone texHonorun OSTIS 3HaHMA KHUTAWCKOro s3bIKa
CTPYKTYpHUPOBaHBI AJis1 00pabOTKHU TEKCTOB KUTAMCKOTO si3biKa. Llenbio mocTpoeHus: 0a3bl 3HAHUN Ha
OCHOBE OHTOJIOTHM SIBIISieTC oOecreyeHue OOINero IOHMMAHUSl JIMHI'BUCTHYECKHX 3HAHWUH
KUTAiCKOrO $I3bIKa, OMNpenesieHHe OOIIECNPHU3HAHHBIX MOHATHH. OHTONOTHS TaKXKe COAEPKUT
OCHOBHBIE TEOPUH M OCHOBHBIE IPUHIIMITBI KUTAHCKOTO S3bIKA, & TAKXKE METOABI U IpaBuiia 00paboTKu
3HaHUH KUTaCKOro si3bika. B Texnomorun OSTIS MeToab! u npaBuiia 00pabOTKH 3HAHUI MOTYT OBITH
OIMCAaHbI KaK SC-areHThl. SC-areHT — 3T0 HEKOTOPhIH 00BEKT, KOTOPBI MOXKET BBINOJHSATH ACHCTBUS
B CEMAaHTHYECKON TaMATH, B KOTOPOW XpaHWUTCA Oa3a 3HaHWU [7]. Pa3zHble mpaBmiia ¥ METOIBI IS
00pabOTKH KUTAHCKOTO S3bIKa MOT'YT OBITH peai30BaHbl B BUJE SC-areHTOB.

I'myOokass 00paOoTKa KHTACKOTO fA3BIKAa BBINIOJNHSIETCA HAa OCHOBE 0a3bl 3HAHUH
O JTMHTBUCTHUKE M CYIIECTBYIOMEH 0a3bl 3HAHWMI KOHKPETHOI npeaMeTHoi o01acti. C momMomrsio 6a3sl
3HAaHUH O JIMHTBUCTUKE pellaTenb 3aJad NpeoOpa3dyeT TEeKCT KUTAWCKOTo sI3blka B CEMaHTHUYECKH
SKBUBAJICHTHBIH ()parMeHT B 0a3e 3HAHMK KOHKPETHOH mpeaMmeTHol oOmactu. B coueranum
C IMHTBUCTUYECKUM 3HAHMEM KUTAWCKOro s3bIKka M 3HAHWEM KOHKPETHOM NpeaMeTHoW o0macT,
WHPOpPMALIUS W3 TEKCTOB KHTAHCKOTO S3bIKA WHTETPUPYETCS B CYIIECTBYIONIYIO 0a3y 3HaHUIA
KOHKPETHOH MpeIMeTHOW 00JIaCTH.

Ilpu BBOZE TEKCTOB KHUTAHCKOIO SI3bIKa B CUCTEMY, Kak IIOKa3aHO Ha puc. 1, mpouecc
WCTIONB3YeTCA JUIA TITyOOKOH 00pabOTKH KUTAWCKOTO S3bIKA.

CemaHTHUECKHIH

Cunraxcadecki AHATHS _ Ceaseisanne _
] amamms Span TeHOBaHHEe CYITHOCTH, KOMIOHeHTos | COUOCTaBTeRHe LO.\!H?HCI}IOB
Texer kuraitckoro | Syntax analysis Cunrakcryeckan 7 Tloratra, OTHOmEHAA Component Linking | TEXCTOB € CeMAHTHKOH 5 Gase
ASHIKE » CTPYETypa | analysis MEKTY HEMH P > SHAHEH
Chinese text Syntax structure Named entities, Concepts, Mapping of text components
Relations between them into the knowledge base

Puc. 1. [Ipomecc amst 06paboOTKH KUTAHCKOTO S3bIKA
Fig. 1. Operations for the Chinese language processing

Jns peanmzanuu nporecca 00OpabOTKM W MOHMUMAHHS KHTAHCKOTO S3bIKa MOXKHO BBIICITHUTH
cnenytromue SC-areHThI:

—SC-areHT aHanM3a CHHTAaKCHYECKMX CTPYKTyp. Ha oOcHOBe CHHTaKCHYECKWX 3HAHUH
0 KATACKOM SI3bIKE€ B BHUJIE JIOTMYECKMX MpPaBUiI JaHHBIH SC-areHT aHaJU3UpyeT CHHTAaKCHYECKHE
KOMITOHEHTBl TEKCTOB KHTAaWCKOTO $53bIKa W BBIICIAET TaKMe KOMIIOHEHTHI, Kak IOJJIeKaliee,
CKazyeMoe u Jip.;

—SC-areHT aHaiIM3a CEeMaHTHYECKHX CTPYKTyp. Ha OCHOBe ceMaHTHYEeCKMX 3HaHHI
O KUTAaWCKOM si3bIke JaHHBIH SC-areHT aHaJM3HpPYeT CEMaHTHYECKHE KOMIIOHEHTHl TEKCTOB
KHTaiCKOTO si3bIKa. B pesynbTare 0OpabOTKH BBIACNSIOTCS UMEHOBAHHBIE CYITHOCTH, TIOHSTHS H
OTHOUICHHUSI MEXY HUMH. ECITM TEKCT COEPIKUT HEKOTOPOE JICHCTBHE, TO areHT TaKKe aHATU3UpPYyeT
O00BEKT U CyOBEKT NEHCTBUS;

— SC-areHT COMOCTaBIICHHUS! KOMIIOHEHTOB TEKCTOB KHTAiCKOTO S3bIKa C CEMaHTHKOW B 0ase
3HaHWH B KOHKPETHOW NpeaMeTHOH obnactu. 3amadelt atoro SC-areHTa SBIISIETCS COIOCTaBJICHHUE
MIOJTYYCHHBIX WMEHOBAaHHBIX CYIIHOCTSH, TMOHATHH W OTHOLICHWH W3 TEKCTOB KHTAHCKOTO S3bIKa
C y37amMu B 0a3e 3HaHUI MOCPEICTBOM BBIYHCIICHHSI CEMAaHTHIECKOT'O CXO/ICTBA.

TakuM 00pa3oM, IMyTEM COMOCTABJICHUS TEKCTa KUTAHCKOTO sI3bIKa C CEMaHTUKOW B 0Oase
3HAHUH BBITTOJIHIETCS npe€aABApPUTECIBLHOC ITIOHNMMAaHUE TEKCTOB KHTaNCKOTOo SI3bIKA.

OO0mas crpykrypa 6a3pl 3HAHMH AJ19 00pad0TKM KUTAlCKOI0 A3bIKA

IIpemmoeHHBI TOMXO0/ 3aKITI0UaeTCs B pa3paboTKe IPEIMETHBIX O00JacTedl KHTaiCKOTO
s3pIka U 00paboTKe crenupruIecKux 3HAHUM, OCHOBAHHBIX Ha OOIICH CTPYKType HpPeIMETHBIX
obnacreli o JsmHrBUCTHKE. (COTJAacHO TPUHIMITY IOCTPOCHHS 0a3bl 3HAHUH, HCIOIb3yEeMOMY
B texHosorun OSTIS, 06a3a 3HaHWII O JIMHIBUCTHKE KHUTAMCKOIO s3bIKA IMPEJCTABISICT COOOM
HePapPXUUIECKYIO0 CUCTEMY Pa3IMIHBIX MPEIMETHBIX 00JacTel JTMHTBUCTHYECKUX 3HAHUNA KUTAHCKOTO
SI3bIKA U COOTBETCTBYIOLIUX UM OHTOJIOTHUH.
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Paznuunble mpeaMeTHbIE OOJIACTH OMKCHIBAIOT PAa3lIMYHBIC ACHEKTHl COOTBETCTBYIOILETO
JMHTBUCTUYECKOTO 3HAHMS KHTAMCKOrO sI3bIKa, a TaKKe IMpaBHJIa M METOIbl 0OpaOOTKH 3HAHWM.
OHTONOTHS TIPEAMETHOW OOJAcTH O JIMHIBUCTHKE KHTAHCKOTO S3BIKA CTPOHUTCS C ITIOMOIIBIO
MOBTOPHOTO  HWCIIOJIb30BaHUSl ~ CYHIECTBYIOIIMX  OHTOJOTMA W  JIMHTBUCTHYECKHX  3HAHWH,
OPHEHTHUPOBAHHBIX HA 0Opa0OTKY KHTaiCKOro s3pika. CyIIeCTBYIONIME OHTOJIOTHMH MMEIOT Ba)KHOE
CIIPaBOYHOE 3HAYEHHWE U1 MOCTPOCHMS HOBOW JIMHTBUCTHYECKOH oHTonormu. Hmke mpuBenena
o0Iast CTPyKTypa MPeAMETHON 00JIACTH KUTAWCKOTO SI3bIKa, MPeCTaBIeHHON Ha s13bike SCn (ogHOM
W3 BAPHAHTOB BHEIIHEro 0ToOpakeHus: TekcToB SC-koza) [8].

110 mekcmoe Kumaickozo A3vIKa

=> yacmnas [10*:
* I10 cunmaxcuca Kumaticko2o si3vika
* [10 cemanmuxu Kumaiicko2o A3vblKa

[IpenmeTHast o00JiacTh CHHTAaKCHCAa KHUTAMCKOTO SI3bIKA ONKMCHIBAET XapaKTEPUCTUKU
CHUHTAKCUCa KUTAHCKOTO $3bIKa, (YHKIUOHAIBHBIE XapaKTEPUCTHKH CHHTAKCUYECKUX KOMIIOHEHTOB.
[IpeamerHas obnacTe CEMAaHTHKH KHUTAWCKOTO SI3bIKA OIMHCHIBACT CEMAaHTHUYECKHE XapaKTEPHCTHKH,
CEeMaHTHYECKHE OTHOLICHHUS W CEMAaHTHYECKYI0 CTPYKTYpy B TEKCTaX KHTAHCKOIO SI3bIKA.
Hnst riryOokoi 00paboTKM KHTAHCKOTO s3bIKa HE0OXOIUMO MOCTPOUTh CEMaHTHYECKYIO OHTOJIOTHIO
KHTaiickoro s3eika. llpeaMeTHass 00nacTh CHHTAaKCHCa, MOCTPOCHHAS Ha OCHOBE JIMHTBUCTUYECKUX
3HAHUM, OTpaKaeT XapaKTePUCTUKU CHHTAKCHCa KUTAWCKOro f3bIKAa M MOXET HCIIOJIb30BaThCs AT
aHaJM3a CUHTaKCHYECKOH CTPYKTYpbl TEKCTOB KHTaiickoro si3bika. IlpeamerHas o0macTh ceMaHTUKU
KHTACKOTO SI3bIKa MCIIONB3YETCsI ATl IOBEPXHOCTHOTO CEMAHTUYECKOT0 aHaIn3a TEKCTa KUTalCKOTo
si3p1ka. OCHOBHOE BHUMAHHUE B JAHHOM HCCIICOBaHMHU YAEISETCS NPeAMETHON o0jacTu CHHTaKcuca
KHUTaCKOTro sI3bIKa, KOTOpask OyAeT MoApOOHO OnMcaHa HIDKE.

B mnpeamerHoit o00macTM CHHTaKCHCA KHUTAMCKOrO s3bIKa HEOOXOAMMO YYHUTHIBATh
CHUHTaKCUYECKYI0O MHQOPMAIMIO O MPEIJIOKEHHSIX, CIIOBOCOUETAHUSIX U CIOBaX KUTAMCKOTO S3BIKA.
Hwxe mnpuBeneH CTPYKTYpHBIH (parMeHT MpeAMETHOW OONacTH CHHTAaKCHCa KUTANCKOTO SI3BIKA,
MIpe/ICTaBIeHHBIN Ha si3bIke SCn.

110 cunmakcuca Kumaiickozo a3viKa
=> yacmuasn [1O*:
* [10 npeonosicenuti Kumaiicko2o A3vika
* [10 cnosocouemanuil KUmMaticko2o s3bika
* I10 cno6 kumaticko2o A3viKa
* I10 wacmeii cnos
* [10 cokpawenuil
* [10 uouom

Ilpeanoxenuss Bcerga paccMaTpUBaJIMCh B KadeCTBE CaMOW MAaJICHBKOW — €IMHHIIBI
uccieoBanus B 001acTH 00pabOTKH €CTECTBEHHOTO SI3bIKa. AHAIN3 NPEIIOKEHUM SBISIETCS BAXKHOM
[POMEXKYTOUHON CTaguel, COCAMHSIONIEH aHauu3 BCEro TEKCTa M AHAIU3 OTHENIBHBIX CIIOB.
[logpoOHoe onycanue 3HaHUN O MPEJIOKEHUAX SBIISIETCS] BXKHBIM 0a30BBIM 3TAIOM JUISI 00pabOTKH
€CTEeCTBEHHOTrO si3bIKa. [IpeamerHast 06aacTh NpeaaoKeHU KUTAHCKOTO S3bIKa UCCIIEAYET pa3IndHble
THIIBI Hpe,I[J'IO)I(eHI/Iﬁ KHUTaNCKOTro SA3bIKa, KOMIIOHCHTHI Hpe):[J'IO)KeHI/Iﬁ U OTHOHICHUA MCKIAY HUMMU.
CeMaHTUYECKH MOJHBIH TEKCT MOKHO pasaciinTb Ha pPAa CJIOKHBIX W HPOCTBIX npennomeHHﬁ.
[Ipocteie mpeanoxkeHus: MOryT OBITH COCTaBJIEHBI M3 psia CIOBOCOYETaHWH, OCHOBAaHHBIX Ha
Pa3IMYHBIX OTHOIICHUAX. Paznnuansie CJIOBOCOUYCTAHUA, B CBOIO 04YEPC/b, TAKXKE NMCIOT CBOU TOYHBIC
CHHTAKCHUYCCKHE U CCMAHTUYCCKUC q)YHKHI/II/I B IMPECAJIOKCHUU.

Hwxke mnpuBesena cTpykTypHas crneunpuKanms OPEeAMETHOH O00JacTH NpeAsioKEeHUR
KHUTalCKOTO S3bIKa, IPECTaBIeHHas Ha s13b1ke SCn.
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110 npeonostcenuii Kumaiicko2o A3viKa

3 MAaKCUMANIbHBIIL KIACC 00BEeKmMo8 UCCcie0068aHusl' .
npeonodcenue KUMaticKo2o si3bika
3 HeMAKCUMATILHBIU KAACC 00bEKMOo8 UCCe008aHUA":
* npocmoe NPeonoNceHUe
* CIOJICHOE NPEOIOdCEeHUE
3 uccredyemoe omuouleHue':
* noonexcaujee™
* ckazyemoe™®
* Oononanenue*
* onpedenerue™
* obcmosimenvbcmeo *
* yycaumenvroe *
* keanmupuramop *

npocmoe npeonodcenue

=> grtoYeHue*:
* npeoiodcenUe ¢ NOONEHCAUWUM U CKAZYEMbIM
* npednodxcenue Oe3 nooueHcauezo U CKa3yemozo
* 0CcObeHHOe NPeonodHCeHIUe

B mpenmerHoll 00macTH MpeIOKEHWH KHUTAMCKOTO SI3bIKa OIMMCBHIBAIOTCS HCCIEIyeMble
a0CcoMOTHBIE MOHATHUS (KJIACChl CYLIHOCTEH), UCCIIeAyeMble OTHOLICHUS U IPYTUe JMHIBUCTHYECKHE
3HaHWsI O TMpelIoKeHusx. Ha ocHoBe 3TWX 0a30BBIX JIMHTBUCTHYECKUX 3HAHWK Jajiee MOTYT
ONMCBIBATHCS IIPABWIIA, 3aJAlOLIUE CTPYKTYPY IpEUIOKEHUN, W JOpyrue 3HaHUS, B YaCTHOCTH,
HEKOTOphIe CHeUu(pHUUECKHe XapaKTepUCTUKU NPEeAsoXKEeHUH KuTalickoro s3pika. Hampumep,
B KUTAlCKOM $3bIKE YHCIUTENIBHOE W KBAaHTU(HUKATOp CTPOro pasznuuarorcs. KsaHTHHUKATOpHI
YKa3bplBAIOT EIWHHIYy M3MEPEHUs. Y  KHTAHCKOro s3blKa €CTh OCOOCHHBIC ClIOBa  JUIA
KBaHTH(QUKaTOpoB. B mpeanMeTHoil ob0macTu ympaBieHHE 3HAHUSAMH  pEAIN3yeTcsl 4depes
HEepapXUUECKOe MPOEKTUpOBaHUE. Takoi MOAXOA K MPOEKTHPOBAHHIO MOXKET YMEHBIIUTH 00JIACThb
MoucKa TMyTed perieHus 3agaud. Ilpu 00pabOTKE KOHKPETHBIX TEKCTOB KHTAHCKOTO S3bIKa
HEOOXOIUMBIE 3HaHHS Ui OOpabOTKM TEKCTOB MOTYT OBITh OBICTPO HaWJeHBI B paMKax
COOTBETCTBYIOIIEH MPEeIMETHON 00JIACTH.

CTpyKTypa MpOCTOTO MPENONKEHHS C TMOMJISKAIUM M CKa3yeMbIM MOXKET OBITh OIHCaHa
B JIOTHYECKOil oHTonoruu. Hampumep, Ha puc.2 ykazaHo Ha s3bike SCg (OJHOM W3 BapHUaHTOB
BHEIIHETO 0TOOpaxkeHus1 TeKCTOB SC-Ko/1a), 4TO NPEeATIOKEHUE C MOICKALIIM 1 CKa3yeMbIM MOXKET
COCTOSITh U3 CYUeCMBUMENbHO20 CI0B0COYEMAHUS U 2/IA20IbHO20 CI080COYEemMAansi, BBITOIHSAIOINX
COOTBETCTBEHHO POJIH nooiexcaujeco U ckazyemozo. Kak mokasaHo Ha puc. 2, mpeamerHas 00J1acTh
HNPEMJIOKEHUM KUTAMCKOTO SI3bIKA COJAEPKHUT ONMCAHMS PA3HBIX MOHATHUI M OTHOLIEHUM, TaKMX Kak
«npeonodicenue ¢ NOONEHCAWUM U CKAZYeMbLM», «noorexcawjee’, «ckazyemoe’» W Ap. JaHHBIHA
¢parMeHT 0a3pl 3HAHMH ONKCHIBAET, YTO INPEIJIOKEHHE C IOAJICKANUM W CKa3yeMbIM MOXKHO
paccMarpuBaTh Kak I0CJIEN0BAaTEIbHOCTh CYIIECTBUTEIBHOIO CJIOBOCOYETAHUS U TIJIAroJbHOTO
CJIOBOCOYETAHHSI C COOTBETCTBYIOLUIMMHU aTpuOyTamMu. B mporecce reHepalui TEKCTOB MPeJIOKEHHE
C MOUIEXKAIUM 1 CKa3yeMbIM MOKET T€HEPUPOBATHCA COMIACHO 33JaHHOU CTPYKTYpE.

- x w
3KBHBaJIeHHT™ R

equivalence®
TpefyIOKEeHHe C IOIeKAIHEM H cxaayervmx.\n e % m ckazyemoe’

; nojTesxanmee’ SR
subject-predicate sentence R predicate
subject
| 2

= 2" b

(m| 7y
o 9 TJIarQJIbHOE CJIOBOCOYETaHHe

/ P verb phrase
©asoBad I0CIeI0BATETEHOCTE

basic sequence®
CYLIECTBHTE/IBHOE CTIOBOCOYETaHHE

\__ noun phrase )

Puc. 2. Jlorugeckoe yTBEepKIEHUE TPO MPEATIOKEHUE C TTOJICKAIIUM U CKa3yeMbIM
Fig. 2. Logical statement about a subject predicate sentence
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AHanmu3  CIOBOCOYETAaHMH  MOXXET  PEIIUTbh  OONBIIMHCTBO  MPOOJEeM,  CBS3aHHBIX
C HEOJITHO3HAYHOCTBHIO 00PabOTKH OTIENIBHO B3SITHIX CJIOB. B KadecTBe MPOMEXYTOUHOTO pe3ysbTaTa
aHajIM3a NPEeAIOKEHUH, aHaJIM3 CIOBOCOYETAHUI TAKXKE SIBISIETCS OCHOBOM it Oojiee TiyOOKOTro
aHanu3a (parMeHToB M MOJHOTO CHHTAaKCH4ecKoro aHanu3sa. [IpeamerHas obiacTe CIIOBOCOYETAaHHN
HCCIIEAYeT THIBl CJIOBOCOYCTAHUI KUTAWCKOTO S3bIKa M OTHOIICHUS MEXAY BHYTPEHHHUMHU
CTPYKTypaMH CJIOBOCOUYETAHHH.

CTpYKTYpbl pa3iM4YHBIX OCHOBHBIX CJIOBOCOYETaHHUH MOTYT OBITH ONHCAaHBI OHTOJOTHEH
COTJIACHO CHHTAKCHYECKMM OTHoIleHusM. Hampumep, Ha puc.3 ykazaHo Ha s3pike SCg, 4TO
[JIar0JIbHOE CJIOBOCOYETAHWE MOXET COCTOATh M3 TIJaroja M Jro0oro apyroro 0a3oBOro
CJIOBOCOYETAHMs WJIM IJIarojia U CYIIECTBUTEIFHOIO B COOTBETCTBHH C OTHOIICHHEM CKa3yeMOIro-
JIOTIOJTHEHUSI.

(" x N\

CcKazy EMOE HOHOTHEHHE
predicate’ Fﬁ:’:-::ﬂ obgees
THIBIOHKUHA®
disjunction® é VIIECTEHTENLHOE
g r7aron é ©a30Ba NOCIEI0BATEIEHOCTE ™

verb basic sequence® &,

3KBHBAJTeHHA*
equivalence*

I71aroBHOE CIOBOCOYETAaHHE w
verb phrase

O« —@

"R
Cckazyemoe’ Q— - 4, —e JOTIONHEeH e
predicate’ object”
A a z /: b
/ 7 3
5a30B0e CJIOBOCOYETAHHE
]Q/ basic phrase
IaroT™ Gasopas moctezoBaTeTEHOCTE*
k verb basic sequence* i

Puc. 3. Jlormueckoe YTBCPKACHHUC PO IIarojJbHOC CJIOBOCOUCTAHUC
Fig. 3. Logical statement about a verb phrase

N3-3a mpoOneMbl KUTaWCKUX TMpaBHJ MHCHbMA, OIpeielicHHe (BBIACICHHE) CIIOB B TEKCTax
KHTaHCKOTO SI3bIKA ABIISETCS BAXHON TEOpETHUECKOM mpobdiaemoit. B obmacti 00paboTku KuTaiickoro
s3pIka  OblT  mpeuioskeH  «CTaHaapT CerMEHTAllid  CIIOB COBPEMEHHOTO KHTAaHCKOro —s3bIKa,
HCIIOJIB3YeMBbIH Jijist 00paboTKH nHpopMarmu» [9]. B 3ToM craHzapTe ClI0BO MPEICTABICHO «EAMHUIICH
cerMeHTaum». To4yHOe ompexaeneHue: «0a3oBas €QUHUIA Ui OOpabOTKM KHTAWCKOTO sI3bIKa
C OIpEETICHHBIMH CEMAaHTUYECKMMH WM TPaMMaTHYECKUMU (QYHKIMAMH». B mpeaMeTHoi obmactu
CJIOB KMTAHCKOTO SI3bIKa UCCIICIYIOTCS THIThI, CHHTAKCHYECKHE U CEMaHTHYeCKUe (PYHKIIMH KATAHCKUX
cioB. B nanHO# npeaMeTHOW 00JacTH ONMCaHNe CIIOB OPUEHTUPOBAHO HAa KOMITBIOTEPHYIO 00pabOTKy
KHATAHCKOTO S3bIKa M HE MOJHOCTHIO COBMA/IAET C ONMMCAHNUEM CIIOB B KUTAHCKO JIMHIBHCTHKE.

Ha ocHOBe MOCTPOCHHOW OHTOJOTMM CHHTAKCHCAa KHTAHCKOTO SI3bIKA MOXET OBITh
OCYIIECTBIICH CHHTAKCUYECKNH aHallN3 TEKCTOB KUTAWCKOTO SI3bIKa U TEHEPAIUs TEKCTOB KUTAWCKOTO
S3bIKa, KOTOPBIE COOTBETCTBYIOT OHTOJIOTHHM CHHTAaKCHCa KHTAiCKOro s3blka B 0a3e 3HAHHUN
O JIMHTBHCTHKE. ba3za 3HAHWI AENUT JIMHTBUCTHYECKUE 3HAHUSI KUTAHCKOTO SI3bIKA Ha pa3indHbIC
MpeJMeTHble O00JIacTH, 4YTO TMOJIE3HO /IS YIpaBICHUS W TPUMEHEHHS CHHTAKCUYECKUX |
CEMaHTUYECKUX 3HAHUH KHTAWCKOTrO s3bIKa. ba3za 3HaHWI O KUTAHCKOM SI3BIKE MOXKET 3HAYMTEIHLHO
MTOBBICUTH 3(pPEKTHBHOCTH 0OPAOOTKH KUTANCKOTO SI3BIKA.

3akiaoyenue

OHTONOTMS  WCMNONB3YeTCs AN IOCTPOEHUS  €IMHOM  CEMaHTHYECKOM  MOAENIn
JUHTBUCTUYECKUX 3HAHUH KUTAMCKOTO sI3bIKa M 3 (EKTUBHON OpraHn3alliy NPeAMETHBIX 3HAHUN IS
00pabOTKM TEKCTOB KHTAWCKOTO s3bIKa. [IpemymaraemMplii TOAXOM BHITOACH TSI PEIICHHS MTPOOIEMBI
OTCYTCTBHSA WHTEPIIPETAllMH JIMHIBUCTHYECKUX 3HAHWH TpH 00paboTKe KHUTAHCKOro S3BbIKA.
[IpemioxkeHHplii B~ JaHHOW CTaThe MOAXOJ  SBJSIETCS  MPEIBAPUTENBHBIM  PE3YJIbTATOM
WCCIIEIOBATENBCKOM PaboThl 0 00paboTKe KUTAWCKOTO SI3bIKa HA OCHOBE OHTOJOTHH. DddekTuBHas
WHTETpalysi MEXIy CEeMaHTHYECKH J3KBHBAJCHTHBIMU ()parMeHTamMyd W 0a3oi 3HAHUM KOHKPETHOMN
MpeIMEeTHON o0acTu TpedyeT Oosee rryOOKOTo HCCIeI0BaHMS.
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WCCJIEJIOBAHUE BJUSHUA YCJIOBUI NOJAYHA O30HO-BO3AYIIIHOM
CMECH HA ITPOLECC YJAJIEHUA ®OTOPE3UCTA C IOBEPXHOCTH
KPEMHUEBOM IIVIACTUHBI

THUXOH O.U., MAZIBEMKO C.1., BOPJIYCOB C.B., BAPAXOEB A.JI., KAMJIAY I1.B.
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Hocmynuna 6 pedakyuro 22 utona 2020
© Benopycckuii rocy1apcTBEHHBIH YHUBEPCUTET HHPOPMATHKH U paguodiekrporrku, 2020

AnHOTanus. PaboTa mOCBsAIICHA U3YYCHUIO 3aBUCUMOCTH PE3YJIbTaTOB 00pPabOTKU (hPOTOPE3UCTHBHBIX ILICHOK
Ha TOBEPXHOCTH KPEMHHUEBBIX IUIACTUH B Cpele O30HA OT YCJIOBMH M MapaMETPOB NPOBEAECHMs Ipolecca.
BrICOKHIT OKMCIUTENBHBIN MMOTEHIMA 030Ha OOOCHOBHIBACT BO3MOXKHOCTH €TO NPUMEHEHHUS U YIalCHHS
OpPTaHUYECKHX TUICHOK B YCIOBHSIX aTMOC(HEPHOTO MaBICHHUSI. DKCIEPIMEHTHI BEIIONHSIINCH C UCTIONb30BaHHEM
pa3pabOTaHHOTO HCCIEAOBATEIIHCKOTO CTEHA, B KOTOPOM BaphHPOBAJICS PEKUM H CIOCOO HarpeBa IUIACTHHHI,
aTaKKe crmocod mMmogadnm raza K MOBEepXHOCTH (oTopesmcra. B KadecTBe HKCIEPUMEHTANBHBIX 00pa3IoB
BBICTYIIaJII KPEMHHUEBBIE IUIACTHHBI CO CPOPMHUPOBAHHBIM CIIOEM (OTOPE3UCTUBHOW MACKUPYIOMICH IUICHKU
TomuuHON 1,35 MKkM. BBlIO ycTaHOBIIEHO, YTO IS 0OECTIeueHUs] PABHOMEPHOCTH HarpeBa TIACTHUHBI M0 BCE ee
MOBEPXHOCTH TIEJECOO0PA3HBIM ABJAETCS HCIOJIB30BAHHE KEPAMUYECKOr0 HH(PAKPACHOTO HarpeBarelis.
IIpu mogaue 030HO-BO3AYIIHOM CMECH B IIEHTP HarpeToro obpasia HaOII0Aanoch HAJIWYHE OCTAaTKOB
yaamsieMoro (OTOpe3UCTa, CBS3aHHOE C IEPernagoM TEeMIIEpaTyphl B €ro IPUIOBEPXHOCTHOH OOJIACTH.
s perieHuss MaHHOW MPOONEMBI OBUIM PAcCYUTAHBI KOMIBIOTEPHBIE MOJICTH TEMIIEPATYPHBIX PEKHMOB
AJIEMEHTOB PEAKIIMOHHOTO 00BheMa, KOTOPBIE MTOKA3alld, YTO PaccesHIe IMOTOKa pabovero rasa 1mo HoBEPXHOCTH
KPEMHHEBOW TUTACTHHBI ITO3BOJIIET 3HAYHUTENHFHO YBETUYUTH S(P(GEKTUBHOCTh yaaneHus QoTopesucra,
a TpH KadeCTBEHHOM IOJ0Ope pexuMa OoOpabdOTKH o00ecreduBaeT II0JIHOE CHATHE (POTOPE3UCTUBHOTO
MaTepuana. [loryueHHbIe TaHHBIE OBLTH 3KCIIEPUMEHTAIBLHO ITOITBEPKICHBI ITyTEM UCIIONB30BaHMsS cerapaTopa
MOTOKa O30HO-BO3AYIIHOW cMmecHu. [IpoBeaeHbl 3KCHEPUMEHThl MO HCCIEIOBAHMIO BIIUAHHUS PACCTOSHUS OT
MTOBEPXHOCTH ITUIACTHHBI JI0 MECTa BBOJA pabodero rasa Ha CKOPOCTh yAaJieHHsA (HOTOpE3NCTa, MOKa3aBIIIHE,
YTO YMEHBIICHHE PACCTOSHHUS CIOCOOCTBYET COKpAIIEHUIO IIOTepPh O30HAa B pe3yjbTaTe TEPMHUYECKOTO
pa3ioXeHus: U, COOTBETCTBEHHO, MOBBIILIEHUIO CKOPOCTH YAAJICHUS MaTepHaa.

Karouesblie cioBa: ynaneHue poTopes3nucra, 030H, 030HO-BO3YIIHAS CMECh, TEMIEpATypa IUIACTHH.
KoH(pIuKT HHTepecoB. ABTOPHI 3asBJISIOT 00 OTCYTCTBHH KOH(INKTa HHTEPECOB.
Jnsa nutuposanus. Tuxon O.U., Magseiiko C.H1., bopaycos C.B., bapaxoes A.JI., Kamnau I[1.B. UccnenoBanue

BJIMSIHUSL YCJIOBHH MOJa4Yd O30HO-BO3JAYIIHONH CMECH Ha Mpolecc yaaneHus (OTOPE3UCTa € MOBEPXHOCTH
KpeMHHUeBo# miactunbl. Jokmanel BI'YHUP. 2020; 18(6): 57-65.
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STUDY OF THE INFLUENCE OF OZONE-AIR MIXTURE SUPPLY CONDITIONS
ON THE PROCESS OF THE PHOTORESIST REMOVAL FROM THE
SILICON WAFER SURFACE
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Abstract. The study is devoted to the research of the dependence of the processing results of photoresistive
films on the silicon wafers surface in an ozone environment on the conditions and parameters of the process.
The high oxidizing potential of ozone justifies the possibility of its use for removing organic films under
atmospheric pressure. The experiments were carried out using the developed research bench, in which the mode
and method of heating, as well as the method of supplying gas to the surface of the photoresist, were varied.
Silicon wafers with a formed 1,35-pum thick masking photoresist film were used as experimental samples. It was
found expedient that uniform heating of the plate over its entire surface can be achieved using a ceramic
IR heater. When the ozone-air mixture was introduced into the center of the heated sample, the presence
of the removed photoresist residues was observed, which was associated with a temperature drop in its surface
area. To solve this problem, the computer models of the temperature regimes of the reaction volume elements
were calculated. They showed that the scattering of the working gas flow over the surface of the silicon wafer
would significantly increase the efficiency of photoresist removal, and with a good selection of the treatment
regime it would ensure complete removal of the photoresist. The data obtained were experimentally confirmed
by using an ozone-air mixture flow separator. Experiments were carried out to study the effect of the distance
from the wafer surface to the working gas inlet on the photoresist removal rate. They showed that a decrease
in the distance reduces the ozone loss due to thermal decomposition and, consequently, increases the material
removal rate.

Keywords: photoresist removal, 0zone, 0zone-air mixture, wafers temperature.
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BBenenune

Pa3ButHe MHUKPOSJIEKTPOHUKH, POCT CTENEHM HHTETpaldd X MaclTa0oB  BBIIYyCKa
uHTErpajibHbIX MUKpocxeM (MMC) cTuMyUpyIOT IPOIECcChl pa3padOTKH U BHEJAPCHUS COBPEMEHHBIX
U BBICOKOO((EKTUBHBIX METOJ0B 00pabOTKM Ha BCEX OJTamax I[POU3BOJACTBA. YMEHbLICHUE
XapakTEepHBIX Pa3MepOB TOMOJOrMM M3roTaBnuBaeMblx MMC 3HaYMTENbHO MOBBILACT TPEOOBAHUS
K MPOU3BOJUTEIHFHOCTH M TOYHOCTH BBITIOTHEHHS TEXHOJIOTHYECKUX OTIEpaIuid, YTO HEOOXOIUMO IS
JOCTYDKEHHSI BBICOKHX Pa0OYHMX XapaKTEPUCTHK IONYNPOBOIHUKOBEIX yCTpoicTB. B TO ke Bpems
aKTyaJIbHBIMU CTaHOBATCS BOIPOCH! COKPAIIECHHUS 3aTpaT Ha BBITYCK TOTOBOM MPOAYKLWH, BBEACHUS
KOMIUIEKCHBIX MEp IJISi POCTa SHEProcOepekeHHsl MPOU3BOJCTBEHHBIX KOMIUIEKCOB M ITOBBIILICHUS
9KOJIOTMYHOCTH IIPOU3BOICTBA COITIACHO COBPEMEHHBIM CTaHlapTaM.

TexHonoruss gopmupoBanusi cTpykrypsl UMC comepXuT psal MOBTOPSIOMIMXCS ONepaunui
(MexomnepaoHHass OYHCTKA ITOBEPXHOCTH MOJYNPOBOAHUKOBBIX IUIACTHH OT OPraHUYeCcKuX
3arpsi3HEHUH, yJjaleHne (OTOPE3UCTHBHBIX MACKUPYIOIIMX IUICHOK), KOTOPBIE pea3yroTCs
C WICTIOJIb30BAHNEM JKUJIKMX TEXHOJIOTMYECKHX CpeJ WJIM BaKyyMHO-TUIa3MEHHOTO O0OpyIOBaHMUS.
[Iponecchl KUIKOCTHOW XMMUUECKOH 00pabOTKM 00J1a1al0T BEICOKOH CKOPOCTBIO M CEIEKTUBHOCTBIO,
HO B HEKOTOPBIX CIIy4asx HE TO3BOJISIOT O0ECIeYNTh HEOOXOIUMBIM ypOBEHb TOYHOCTH, a TaKXKe
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COBMECTHMOCTh C MPOIECCAaMU «CyXOi» razogaszHoil 00paboTku. Cyxue MeToasl 00pabOTKU TaKxke
SIBIISTFOTCS OOJIee MPENMOYTHTEILHBIMU B CBSA3U C OONBIICH YACTOTON M SKOJOTHYHOCTBIO TIpoIiecca.

OnHUM W3 aJbTEPHATHBHBIX METOJOB VAAICHHUS OPraHUMYeCKHX (DOTOPE3UCTHBHBIX
MaCKUPYIOIIUX IUICHOK U 3arps3HEHH sBiseTca 00paboTKa MONTYNPOBOAHUKOBBIX IIACTUH
C MCIOJIB30BaHUeEM 030HA [1]. Dh(heKTHBHOCTD MPUMEHEHHsT 030HA 000CHOBAaHA €0 CIIOCOOHOCTHIO
B Ta30BOM (haze aKTHBHO PEarupoBaTh C OPraHMYECKHMMH MOJIEKYJIAaMH W BelleCTBaMH. BBICOKHIA
OKHCIIMTEbHBINA MOTEHIMAN TTO3BOJISIET UCIOIb30BaTh O30H B COCTaBe pabounX ra3zoB mpu o0paboTke
B YCJIOBUSIX BaKyyMmMa HJIHM aTMoc(epHOro AaBicHUs. Bo3MokHOCTH 00paboTKH Mpu aTMOoc(epHOM
JAaBICHUN 3HAYUTEIBHO YyMEHBINAET 3aTPaThl, CBA3aHHBIE C OKCIUTyaTanueld BaKyyMHOTO
000pYIOBaHMS, YTO TAKIKE MOXKET CIIOCOOCTBOBATH COKPAIIICHHIO BPEMEHH BBITIOIHEHHS OTICPAITHi.

OCHOBHBIMHM XapakTEPHBIMH XUMHUYECKUMH CBOWCTBAMH O30HA SBIISIOTCS €ro crocoOHOCTh
K Pa3JIOKEHHIO H CUIIBHOE OKUCIIUTENbHOE JIeHCTBHE. biarogaps 3TUM CBOWCTBAM M OCYIIECTBIISCTCS
MIPOIIECC OYUCTKH W yAalieHus (HOTOpe3wcTa, 3aKIIOYAlONINiica B MPeBpaIlleHn:d 00pabaThIBaeéMbIX
opraHuueckux coenuHeHuil B neryuue Bemiectsa (H2O, CO;, N). BonpmmHCTBO peakuuii OKucIeHHS
OPraHUYeCKHX COCAMHECHUI C yUaCTUEM 030HA MPOXOJIT 10 CIIeAyIomeMy nyTH [2]:

0,+RH——>R+0,+OH. 1)

JlBa aroma KHCIOpOJa BBIACISIOTCS B BHIE Mojekynsl Oz, a OAMH BXOAWT B COCTaB
MPOIYKTOB Pa3JIOKECHUS.

['enepanust o3oHa (O3) mis GpopMupoBaHus paboueii ra30BOH CMECH MOXET BBITOIHATHCS
C UCIOJIb30BAHUEM  OapbepHOTO  pa3psfa, SJIEKTposn3a, (POTOXUMHUECKOro  crmocoba U
BBICOKOYACTOTHOTO dIeKTprdeckoro nois [3]. Ha mpaktuke Ooinblliee MpUMEHEHHE HAaXOAUT CUHTE3
030Ha B OapbepHOM paspsne. KoHneHTpanus o30Ha B rase, B OOJIBIIMHCTBE CIIy4aeB, OTPAaHUYHBACTCS
5-7 o0bemH. % [2]. Pa30aBiieHHBIC I'a30BbIC CMECH 030HA JIOBOJIBHO YCTOWYMBBI MPH YMEPEHHBIX
temnepatypax. C poctom Temmnepatypsl ckopocTh pacmama Oz yBemuuuBaercs. CormacHo [4]
yBenuueHne Ttemmeparypsl Ha 50 °C moBwimaer crenenp pacmaga Oz Ha 40 %, ciemoBaremnbHO,
MOBBIIICHHE TEMIIEPATYPhI BHI3bIBAET CHIDKEHHE KOHLICHTPAIIMU 030HA B 030HO-BO3AYIIHOW CMECH.

[MpumenuTensHO K mporeccy oOpaboTku (oTope3ucta cKopocTh R ymameHus matepuana S
JaCTHI[AMHU BEIIECTBa X MOXET ObITh orucaHa hopmyJioii [5]

RX(S)(x)l_‘xeil/TS ! (2)

rae ['x — MOTOK peakIMOHHBIX YacTHIl (B HAIlIeM CITy4ae 030Ha);
Ts — Temnepatypa obpasna.

[ToTok wacTui npeacTaBisieT co00il CBEPTKY IIOTHOCTH PEAKIIUOHHBIX YACTHIl U CKOPOCTH MX
MOJIa4M Ha TIOBEPXHOCTh. YBEIHUYCHHE TUIOTHOCTH PEAKIMOHHBIX YAaCTHI], CKOPOCTH MX MOTOKA HIIH
000ux (paKTOPOB MPUBENET K POCTY CKOPOCTH YAAJCHHUS MaTepraa.

Ha kauecTBO mporiecca yaaneHus poTope3ncTa ¢ MoBEPXHOCTH KpeMHHUEBO# (SI) MmiacTHHBI B
030HO-BO3/IyIITHOIM CMECH CHJIBHOE BIIMSIHAE OKa3bIBACT PABHOMEPHOCTh HarpeBa o0pasiia IpH nojade
Ha ero MOBEPXHOCTh MOTOKA ra3a, KOTOpasi MOJKeT ObITh 00ecrieueHa HECKOIBKIMH CIIOCOOAMH.

[TepBblit crioco6 3akiroyaeTcs B peIBapUTEIBHOM TOJIOTPeBe paboyueii ra30Boi CMECH Iepen
nojiaueii B peakuoHHbIN 00beM. [10o100HBIN Mpoliece TEOPETHUECKH MOXKET OBITh pean30BaH MyTeM
NPUMEHEHUS] JICHTOYHBIX HarpeBaTeliell WM HarpeBaTelbHBIX OOMOTOK, HO HEOOXOIMMOCTh
NOJJIEP)KaHUsl JIOCTATOYHO BBICOKOW TeMIlepaTypbl Ta30BOH CMeECH B YCIOBHSAX aTMOC(EpHOro
JaBIICHUST 3HAYUTEIILHO TOBBINIAET DSHEPreTHUECKHE 3aTparhl, a UyBCTBUTEIBHOCTH 030HA
K Temrepatype [4] MoxkeT MPUBOANUTH K IIOTEPSIM 030HO-BO3/YIITHON CMECH JI0 MIOCTYIUICHUS B KAMEPY.

Hdpyrum crnocoOoMm siBisieTcss M3MEHEHHE MeToja mojadu pabouero rasa. B stom ciydae
PaBHOMEPHOCTh HarpeBa JOCTHraeTcsl IMyTeM IMOJIa4id HEepa3orpeToro raza cpasy 1o BCeH Iuiomaan
oOpabarpiBaeMoil miacTuHbl [6]. st 3TOrO HMCMOJB3yeTCsl CHEIMANbHBIN cernaparop, WMEHOIH
MHOXECTBO PAaCHpeACICHHBIX IO €ro IOBEPXHOCTH BBIXOIHBIX oOTBepcTHil. Ilyrem crpororo
COTJIACOBAHMS PAaCCTOSHUS 10 00pasla, MOTOKa raza u pabouyeil MOLTHOCTH HarpeBaTells, cernapaTrop
MO3BOJISIET 00ECTIEYNTh HEOOXOIUMBIH [T 00paObOTKH YPOBEHB TEMIIEPATYPHI.

KitoueBbIMM  KOHTpPOIMPYEMBIMH apaMeTpaMH Ipu 00paboTke MaTepHaloB B 030HO-
BO3AYIIHOW CMECH, TakKUM 00pa3oM, SIBISIOTCS KOHLEHTpAlMs O30HA W 3HAYEHHUS TEeMIIEpaTypbl
B paboueMm o0beme [7]. OcobeHHOCTH, 3aKimoYaromiascs B pasnokeHnr Oz TPH TOBBIMIEHHBIX
Temreparypax, 000CHOBBIBAET HEOOXOUMOCTh JIOKAJIHM3allMU HarpeBa B 00JacTH 00pabaThiBaeMOro
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oOpa3na ¥ KOHTPOJISI PEKHUMOB BO3JICHCTBUSA Ta30BOM CMECH Ha €ro IMOBEPXHOCTh. llpu »TOM
HEPaBHOMEPHOCTh pPAaclpeieieHrs] TeMIepaTypsl MO MOBEPXHOCTH 00paslia MOXET MPHBOIUTH
K CHIDKCHHIO CKOPOCTH M Ka4decTBa BBIMONHEHHUs omeparuii. [[puMeHnTensHO K 3amade pa3paboTKu
TEXHOJIOTHYECKOT0 Tpolecca yaaleHus GoTope3rcTa B 030HO-BO3AYLIHON cMecH IPH aTMOC(HEpHOM
JABICHUN HEOOXOJUMBIMHU SIBIISIOTCS MOWCK W pealn3allis METOIOB 00eCledeHHUs] IMOCTOSHHOTO
3HAYEHHSI TEMIIEPATypHOTO MPOGUIIS U pacIIpeieIeHNs Ta3a 10 BCeH IUIOIIAI! IIACTHHEI.

MeToauka NMPOBEACHUSA IKCIICEPUMECHTOB

Uzyuenne mponecca 00paboTKH (HOTOPE3UCTUBHBIX IIEHOK B cpeie 030Ha (O3z) mpoBoauIoch
C UCIIOJIb30BaHUEM DPa3pabOTaHHOTO MCCIEJOBATENBCKOIO CTEHIA, CTPYKTYpHas cxeMa KOTOpOTro
TIpeACTaBJIeHA Ha puc. 1.

O06paboTka 00pa3oB OCYMIECTBISIIACH B 00beMe padoueil KaMepsl, MPeACTaBIIomel coboit
KBapieByto TpyOy auamerpoMm 150 MM u BeicoToi 80 MM. B HIDKHEH 4acTH KaMephbl pacroiaraioch
YCTpOMCTBO HarpeBa, Ha KOTOpoe Momemanack oOpabaTeiBaeMasi KpeMHHeEBas IUIacCTHHA. BepxHuit
Y HIDKHUAH TOPIIBI KaMephl 3aKPhIBAIMCH KPBIIIKaMu. B BepXHEH KpBIIIKE WMENHCHh OTBEPCTHS LIS
moAaBoJa IMHWTaHUSA K HarpeBarCJito M BBOJA KOHTaKTI/Ip}/IOHlel\/'I C TIOBCPXHOCTBIO IIJIACTHUHBI
TEPMOTIAPhI, a TaK)Ke OTBEPCTHE JJIS 3aKpeIUICHUs IITyIepa, UCIOIb3YeMOro sl oAayn pabouero
ra3a K o0pasiy. DKCepUMEHTHI IPOBOIMIHACH B YCIOBUAX aTMOC(EPHOTO JaBICHUSI.

,Z[HSI mogorpeBa IUIaCTHH 6I)IJ'II/I HUCIIOJIB30BaHbl [Ba THIIA HaI‘pCBaTeJ]CfI: COCIUMHCHHBIC
napajuienbHo 1Be kBapreBble jammbl KI'-220-1000-3 muamerpom 11 MM u MomHOCTBIO 1 KBT
Kakaas, a Takke kepammueckuii nHppakpacHsii (UK) narpeBarens momrHocThio 450 BT pazmepom
100x100 mm. CxemaTtudeckoe m300paxkeHne paboueil kamepwl IMpencTaBieHO Ha puc. 2. CTerneHb
HarpeBa 00pabaThIBacMOW IUIACTHUHBI KOHTPOJIMPOBAIACH XPOMEJIb-ATFOMENICBOM  TepMOIapoit
Y yCTaHABJIMBAJach BENWYMHOW I[TOaBaeMOro HampspkeHus. [lmaBHas perynmpoBKa HaNpsHKEHHS
BEITIOHSIACH C IIOMOIIIBIO TAO0OPATOPHOTO aBTOTpaHCchopMaTOpa.

O3oHarop
Ozonizer

l

Pa6 Hsmepurens

abo4asd kamepa TeMnepaTyphl

Working chamber Temperature
meter

T

UK-nonorpes

Brok ynpassenus Si mIacTHH
Control unit IR-heating of
Si wafers

Puc. 1. CtpykTypHas cxema UCCIeI0BaTEeIbCKOTO CTCHAA
Fig. 1. The structural diagram of the research bench

O30H0-BO3/1yILIHAS CMECh O30HO-BO3/IyLIIHAS CMECh
Ozone-air mixture 4 Ozone-air mixture 4
P 3 p
L~ 3
. !
>
! >

a b
Puc. 2. Cxema paboueit kamepbl [T yaaieHus: (OTOPE3UCTUBHON IUICHKH B YCIIOBHSIX aTMOC(EPHOTo TaBICHUS
C MCIIOJIb30BaHUEM: TAIOTEHHBIX JiaMmIl (a); kepamuueckoro UK-uarpesarens (b)

1 — kBaprieBas Tpy6a; 2 — HarpeBarenb; 3 — Si acTuHa; 4 — mTynep HarycKa 030HO-BO3IYIIHON CMECH
Fig. 2. Drawing of a working chamber for photoresist film removal at atmospheric pressure using:
halogen lamps (a); ceramic IR heater (b)

1 — quartz tube; 2 — heater; 3 — Si wafer; 4 — ozone-air inlet fitting
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Ilepen mnpoBeneHHEM DHKCIEPUMEHTOB OBUIO HM3YYEHO BIHUSHHE THUIA HCIOIB3YEMOTO
HarpeBarTesii Ha XapakTep pa3orpeBa HCCIeIyeMOH IIacTUHBI €O  cioeM  (oTopesucTa.
Vcnonb30BaHue KBapLEBBIX TaJIOTEHHBIX JIAMII MPOJEMOHCTPHPOBAIO HEPABHOMEPHOCTH HArpesa,
MOPOSIBIIIONIYIOCS. B W3MEHEHHMHM IBeTa (OTOPE3UCTHBHOTO MOKPBITHS  MPEUMYIIESCTBEHHO
B IICHTPAIPHOW OO0JACTH IUIACTHHBL. OTO OOBSCHAETCA pasHUIEH B TEOMETPUUCCKHUX pa3Mepax
Harpesaressi M IUIACTUHBI, a 3HAYWUT, OONBLIMM HAarpeBOM 30HBI, HEIOCPEACTBEHHO HaXOISIIEHCs
B KOHTaKTe ¢ JammnaMmu. [laHHBIH pe3ynbTaT ykazal Ha HeoOXOIMMOCTh UCTIOJNBb30BaHMsl HarpeBaTels
c OombILell TUIOIIAABI0 KOHTaKTa ¢ 00beKTOM 00paboTKku. [IpoBeneHHOE B aHAIOTWYHBIX YCIOBHUSX
HCCIIeIOBaHNE XapaKTepa HarpeBa IacTuHbl kepamuueckuM MK Harpesartenem mokasano OTCyTCTBUE
30HBI C XapaKTEPHO OTIMYHBIMH LIBETAMU (DOTOPE3UCTUBHOTO MOKPHITHS, YTO TOBOPUT O MOBBILICHUH
PaBHOMEpPHOCTH HarpeBa IUIACTHHBI MO BCEW ee Momanu. B cBA3W ¢ STHUM Ans NPOBEACHUS
JKCIIEpUMEHTOB OBIT BBIOpaH Kepamudeckuii 450 Bt WK marpeBarens. OpHako HEIOCTATKOM
0J00HOT0 THIIA HAarpeBaTens ABJSETCS MHEPLUUOHHOCTh HArpeBa, MPOSIBIISIONIASACS B OTHOCUTEIBHO
MEAJICHHOM M3MEHEHHH paboueil TemmepaTypbl IpH IOACTPOMKE BEIUYMHBI I10JIaBACMOTO
HanpspKeHUs, 9To TpeOyeT 6ojiee AMUTENBHOM NpoLeayphl Moa0opa pexkuMa paboThl yCTpOcTBa.

[lony4yeHnue o030HA OCYIIECTBISUIOCH ¢ momoulpto reneparopa «O30H-10». T'eneparop
MpeHa3Ha4YeH JAJIs MOJIyYeHHUS 030HAa U3 OCYUIEHHOT'O KHCIOpOJa WM BO3AYyXa B BBHICOKOBOJIBTHOM
AIIEKTPUYECKOM paspsifie. biiok cuHTe3a 030HA B reHeparope MpeAcTaBisieT co00i TOPU30HTAILHBIN
anmapar THIAa KOXyXOTPyOuaToro TemIOOOMEHHHKA C TpPEeMS TIa30pas3psiiHbIMH  3JIE€MEHTaMU
c OapbepoM Ha BBICOKOIIOTEHIMAIBLHOM 3JIeKTpone. BenuunHa xoHueHtpaunu reHepupyemoro Oz u
MIPOM3BOAUTEIHLHOCT,  YCTPOWCTBA ONpEIENAIOTCS 3HAuU€HHEM  3a7jaBaeMoro TOKa MUTaHMA
MOBBIILIEHHON YacTOTBl M pacxoJOM ra3a, KOTOpPbIE YCTaHaBJIMBAIUCh C IOMOIILI OpPraHOB
yrnpasiieHusl reHepatopom. s mojayd ra3oBod cMmecu B paboumii 00beM HCCIENOBaTEIBCKOIO
CTEH/Ia UCTIOJIL30BAJICS Oe3MAacTIsIHBII KOMIIPECCOp, MOIKII0YAEMbIi K BXOIY 030HaTOpa.

B  kadecTBe OKCINEpUMEHTAIBHBIX  OOpa3lOB  CIYXWJIM  KPEMHHUEBBIE  IJIACTHUHBI
muamerpom 100 MM. Ha moBepXHOCTH TacTWH WMeNcS C(OPMHPOBAHHBIM B CTaHJAPTHBIX IS
MPOMBIIIJICHHOCTH  YCIIOBUSIX (HAHECEHWE, CyIIKa, OKCIOHUPOBAHWE, 3aAyONMBaHUE) CIIOH
(dhoTope3ucTuBHON Mackupyomeh rieHku Mapku S1813G2SP15 Tonmunow 1,35 MM,

s aHanmu3a TOJNYYEHHBIX SKCIEPHUMEHTAJIBHBIX HAHHBIX M OOBSCHEHHUS HAOJI0JaeMbIX
3¢ GEeKTOB HCIONB30Bajach IMOCTPOCHAs M PACCUMTAHAs KOMIIBIOTEpHAss MOJENb paclpeeeHus
TEeMIIepaTypsl B pEeakOHHOM o0beMe. B Mojeny ObuUTH 3a1aHbl CIeqyIoNre mapaMeTpbl: JHaMeTp
kamepsl — 140 MM, BoicoTa — 50 MM; nuameTtp miaactuHbl — 100 MM; paccTOsiHME OT OTBEPCTHUS BBOAA
raza o miactuHbl —7 MM. [lnactuHa B oObeMe Kamephl pacrojarajach Ha YCIOBHOH MOJEIH
kepamuueckoro MK narpesarens. ['a3 nmomaBascs depes Inlet B BepxHeM Topiie KamMepsi.

Jns  ompeneneHusi CKOpPOCTH ynaneHus (OTope3ncTa ¢ IMOBEPXHOCTH TUIACTHUHBI Vg
C TMIOMOIIBIO 3JIEKTPOHHBIX J1a0OPaTOPHBIX BECOB M3MeEpsuIach Macca o0pasua 10 U mocie oopadoTku
B 030HO-BO3YLIHOM CMECH U BBIYUCIISIIACH Macca YAAIEHHOTO B €MHHUIYY BpeMEHH (OTOpE3UCTa.

3ajaga WCCIENOBAaHMSA  3aKIOYyallach B ONPENCIICHWM  YCIOBUH M MapaMeTpoB,
00ecTeYnBaONINX KaueCTBEHHBIH pe3ybTaT yaaleHus (OTOPE3UCTa C IMOBEPXHOCTH KPEMHHEBOH
actTuHbl. MccnenoBanock BIusiHUE criocoba HarpeBa M METOAa Mojadd paboyero rasa Ha MpoLece
00paboTKH MaTepHuala, a TaKKe 3aBHCHUMOCTh CKOPOCTH yIaneHUs (HOTOPE3UCTHBHOW IUICHKH OT
paccrosiaus | Mex 1y KpeMHHEBOH ITACTHHON U MECTOM BBOJIa 030HO-BO3/YIIIHOW CMECH.

PesynabTaThl 1 X 00cy:KIeHHE

YcTaHOBOYHBIE KCIIEPUMEHTHI MOKA3aJIH, YTO YCIOBHUS U CIIOCOO MOJaud 030HO-BO3IYIITHON
CMECH K TOBEPXHOCTH KPEMHHEBOW IJIACTHHBI B CYIIECTBEHHOHM CTENEHH BIMAIOT KaK Ha CKOPOCTb,
TaK U Ha paBHOMEPHOCTbH yAajeHus! GOTOPE3NCTUBHOM IJICHKH. B kauecTBe mpumepa 3ToMy Ha puc. 3
MOKa3aH pe3yibTaT 00padOTKM IUIACTHHBI C (POTOPE3UCTOM INPH LEHTPATM30BAaHHOW 10/a4Ye 030HO-
BO3YIIHON CMECHU U3 OJIHOI'O OTBEPCTHS.

OobpabaTbiBacMasi TIacTUHA ¢ (OTOPE3UCTUBHOM IUIEHKOM pacrojarajach Ha MOBEPXHOCTH
Harpesatelnsd, IITYLEp MOAAaud O30HO-BO3AYIIHOM CMECH YCTaHaBJIMBAJICS Ha pPACCTOSIHUHM 1 cM
HaQJI HEHTPOM IUIacTHHBL. [lmactmHa oOpabaThiBaiach B TeUeHHE 7 MHH TIOCJIE  HarpeBa
1o temnepatypsl 250 °C. Ilpu OompmuX 3HAYEHUSAX TEMIEPATyphl MPOUCXOIUT TEPMHUECKOE
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paspyiieHue CTPYKTYphl (OTOpPE3UCTa, YTO B YCIOBUAX MPOM3BOJCTBA TOBBIIIACT BEPOSITHOCTH
MOBPEXKJICHUS YK€ TMOJTOTOBICHHBIX IMOJNYMPOBOJHHKOBBIX CTPYKTYp; MEHbBINAs BEUYMHA
TEMIIepaTyphl HE MO3BOJISIET OCYNIECTBUTD MPOIIECC CHATHS (POTOPE3UCTUBHOMN TUICHKH B CpE/ie 030HA.

U3 pesynprata skcmepuMeHTa (pHic. 3) BHAHO, YTO HA TOBEPXHOCTH IIJIACTHHBI TIOCIE
00pabOTKH COXpaHWIHCh OONACTH C HeyaJleHHBIM (DOTOPE3UCTOM, 3aHUMAarommue mopsaka 15 %
wiomaau. Hambonee xapakTepHas 30HA pacrionaraertcsi B IEHTpEe IUIACTUHBI HAa YYacTKe TMOJ
MITYIIEPOM TOJa4l O030HO-BO3AYIIHON cMecu. HabmogaeMbrii 3Q(eKT yMEHBIICHUS KOJINYeCTBA
yAAISIEMOr0 MaTepHaja MPearnoiIoKUTEILHO CBA3aH CO CHIDKCHUEM TeMIIepaTyphbl JaHHOTO y4acTKa
TUTACTHHBI TI0 MPUYHMHE TOJa4l Hepa3orpeToro pabdodvero raza. DKCIEPUMEHTAIBHbIC JTAHHBIC ObLIH
MPOAHAJM3UPOBAHBl TP IOMOINM KOMITBIOTEPHOM MOJIENH, TOCTPOSHHOW CO  CIEAYIOIIUMHU
YCIIOBUSIMH: JIMAMETP OTBEPCTUS BBOZAA raza — 8§ MM, ckopocTh motoka — Up =10 m/c. Pesynbrar
MOJICJIMPOBAHHUS TIPE/ICTABIICH HA pUC. 4.

U3 npencraBneHHOro Ha puc. 4 W300paXKeHUs BUIHO, YTO T0Jaua Ta3a B CEPeUHY IIaCTHHBI
MEPIECHINKYIISPHO €l BeJeT K YMEHBIICHHIO TEMITEPATYPhI B IIEHTPE Ha BeaHUUHY okoio 20 °C.
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Puc. 3. PesynbTaT 00pabOTKH IUIACTHHBI Puc. 4. PesynpTatr MoJIenupoBaHUs HarpeBa
¢ oTopesucToM npu nojaue 030HO-BO3TYLIHOM MIOBEPXHOCTU KPEMHHUEBOM IIJIACTUHBI IIPU II0J1a4e rasa
CMECH T10 LICHTPY MJIAaCTUHBL 10 ICHTPY MJIACTUHBL
Fig. 3. The result of processing of wafer Fig. 4. The simulation result of the silicon wafer
with photoresist when an ozone-air mixture is supplied surface heating when gas is supplied in the
in the center of the wafer center of the wafer

Jlns aHam3a Ka4eCTBEHHOT'O COBITAACHUS JAHHBIX MOJICTTMPOBAHMUS M PEaIbHO HAOII0IaeMbIX
pe3ynpTaToB 00paOOTKH OBUI TPOBENEH SKCHEPHMEHT, NPH KOTOPOM INTYLEp II0a4d O30HO-
BO3/yLTHOW CMECH ObLII YCTAHOBJICH HAa PACCTOSTHUM 1 CM OT MOBEPXHOCTHU IUTACTUHBI 110 HEOOJIBIITUM
yriioM k He. [InactuHa obpabaTeiBanmach B TeueHHe 7 MHUH MOcje HarpeBa jo0 temiepaTypsl 250°C.
Pesynbrar 00paboTku mpencraBieH Ha puc. 5. Takke Obula paccuuTaHa MOJENb C aHAJIOTMYHOU
OIMCAHHOW paHee KOH(UTrypalmueil, HO cO CMEIIEHHBIM B HaNpaBJIeHWH OcH X Ha 60° moTokoM rasa
¢ Ug = 25 m/c. PesynbraT MoJIeTMpoBaHus IPEICTaBIIeH Ha pHcC. 6.

Puc. 5. PesynpraT 00paboTKH TUTACTHHEL Puc. 6. PesynbTaT MoJieTMpoOBaHus HarpeBa
¢ (OTOPE3UCTOM TIPH 10/1a4e 030HO-BO3IYIIHOM TIOBEPXHOCTH KPEMHHUEBOM TIJIACTUHBI TIPU 10Jja4e rasa
CMeCH TIOJ] YTJIOM K TIOBEPXHOCTH TUIACTHHBI o yriaom 60° x ee MmI0CKOCTH
Fig. 5. The result of processing of wafer with Fig. 6. The simulation result of the silicon wafer
photoresist when an ozone-air mixture is supplied surface heating when gas is supplied at an angle
at an angle to the wafer's surface of 60° to its plane
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Ha nanHoM u300paskeHnu nokasaH 3QQeKT, aHaJOrHIHbIN mpeasiaymeit moaenu. O0nacTs Ha
MOBEPXHOCTH IJIACTUHBI, CMEIICHHAs] OTHOCUTELHO [IEHTPa M3-3a U3MCHEHUsS HAMpaBJICHHUS MOTOKA
ra3a, XxapakTepu3yeTcsi MCHBIIIMM 3HAYCHUEM TIOBEPXHOCTHOW Temmeparypbl. Hanbomnbimas pasHuna
Temneparyp coctasisieT okojio 25 °C. JlaHHbIe pe3yabpTaThl NOATBEPKAAIOT MPEATIONOKEHUE O TOM,
YTO TPUYHHON HE IMOJHOTO yAaJieHHs (QoTope3ncTa Mpu 00pabOTKe pa3orpeToi TIACTUHBI 030HO-
BO3JIYITHOW CMECBIO MOTYT SIBJISTHCS MEPEnajibl TEMIIEPaTyphl Ha €€ MOBEPXHOCTH.

Hns nposepku >¢ddexta BIUSHHUSA Ha TEMIEpaTypy MOBEPXHOCTH KPEMHHEBOHW IJIACTHHBI
pacmpeqenieHHOH ToAa4yu MOTOKa Ta30BOM CMECH C NpHUMEHEHHEM cemaparopa Obula MOCTpOCHA
KOMITBIOTEPHASI MOJICNb, B KOTOPOH BMECTO OJHOTO OTBEPCTHS JUAMETPOM 8 MM HaJ MOBEPXHOCTHIO
IJIACTUHBI UMEJICS MAacCHB 8X8 OTBEpPCTHH MuamMeTpoM 4 MM Ha paccTOsSHUH 13 MM Apyr OT Apyra.
JlanHble oTBepCTHs BhICTyNaNU B kadecTBe Inlet s nomaunm raza co ckopocthio motoka Ug = 2,4 m/c.
PesynbpTar MomenupoBaHus, MPeACTABICHHBIA HA PHC. 7, IEMOHCTPUPYET MPAKTUICCKH PABHOMEPHOE
pacmperneneHue Temmepatrypsl 1o Bced Twromanu 100 MM mmactmHbl. HepaBHOMEpHOCTH, HeE
npesbimaromas 5 °C, HabmroaeTcs 3a IpeeiaMu 1 Ha rpaHuie ycinoBHoi monenu MK narpesarens.

Hdns  SKclepuMEHTANbHOW  MPOBEPKH  PE3yNbTaToOB  MOJCNMPOBAHHMA  IUIACTHUHBI
¢ GOTOPE3UCTHBHOM MICHKON MOMEIAUCh HA MOBEPXHOCTh HArpeBaTellsi, HA PACCTOSHUM | CM Haj
o0Opas3IoM pacrojiarajcs cemapaTop IIOTOKa rasa, TemiepaTypa HarpeBa cocrtasisuia 250 °C.
[o pe3ynbraTaM SKCHEpUMEHTa YCTAaHOBIICHO, YTO pasJielicHHE MOTOKA Ta3a MO3BOJIMIIO MOJTHOCTHIO
OYHCTUTH 00pabaThIBAEMbIC TIIACTUHBI OT HMEIOIIETocs (POTOPE3UCTHBHOTO MOKPHITHSI.

Ipu yBenuueHun pacctosiaus | OT MecTa mogadu 030HO-BO3MYIIIHONW CMECH JI0 TTOBEPXHOCTH
KPEMHHEBOW TIACTUHBI XapaKTep PACIONIOKEHHsI OCTATKOB (POTOPE3UCTUBHOM IJICHKH CYIIECTBEHHO
HE M3MEHSICS, B TO BpeMs Kak CKOPOCTh €€ yJAalieHus yMeHblnanack. Ha puc. 8 mpencraBieHb
pe3ybTaThl SKCIEPUMEHTOB, TPOBEICHHBIC MPH CICAYIONIMX YCIOBUSIX: TEMIEepaTrypa IUIACTUHBI
B mporiecce oopadoTku — 250 °C, BpeMs 00pabOTKH — 8 MUH.

E
240 = = 1,451
=& 141
o
£ & 1351
5o
235 g§ 1,3 1
€8 1,25
= o
= 8 1,21
11230 g e
g5 1,15
BE 1,11
=]
o
225 52 1,057
2.5 1 . . . .
2 1 2 3 4 5
© Paccrosinue ot cermaparopa noTokKa rasa g0 IJjIaCTHHBI, CM
220 Distance from the flow separatoror to the wafer, cm
Puc. 7. PesynpTar MogenmmpoBaHus HarpeBa Puc. 8. 3aBucuMoOCTs CKOPOCTH yIaNeHUs GoTope3ncra
IMOBEPXHOCTHU erMHI/IeBOﬁ IJIaCTUHBI IIPH OT paCCTOSAHUA | OT c€maparopa MoTokKa raza 10 mjiaCTHUHbI
oJlaye ra3a yepe3 MacCUB OTBEPCTHI Fig. 8. The dependence of the photoresist removal rate
Fig. 7. The result of simulation of heating the on the distance | from the flow separator to the wafer

surface of a silicon wafer when gas is supplied
through an array of holes

VMeHbIIeHHE PacCTOSAAHUA | mo3BosseT IMOTOKY 030H0-B03,HYHIHOﬁ CMECH 6LICTpee J0CTUT'aTh
MOBCPXHOCTHU pa3orpeTof/'I INIACTUHEL. DJTO CHOCO6CTByCT COKpAIlICHUIO MOTEPb O30HA B PE3YyJIbTATC
TEPMHUYCCKOIO pas3jIOKCHUSA B IHPUIOBEPXHOCTHOM CJIOE€ 10 BSaHMOHeﬁCTBHH Kucjopozaa
C MOJICKYJIaMH (bOTOpeBI/ICTa " YBCIHMYCHUIO o0BeMa KOHOCHTPHUPOBAHHOT'O pa60qer0 rasa B o0nacTu
06pa60TKI/I OKCHICPUMCHTAJIIBHOT O 06pa3ua, 4TO MPUBOAUT K POCTY CKOPOCTU YAAJICHUA MaTcpuaa.
HO, KaK IIOKa3aJI 3KCIICPUMCHTBI, IIPU 3TOM CYHICCTBEHHYIO POJIb HAYMHACT UI'PATh OXJIAXKACHHUC
MMOBEPXHOCTH IUIACTHUHBI, YTO INPUBOJUT K CymeCTBeHHOﬁ HEPAaBHOMCPHOCTU CKOPOCTHU YAAJICHUA
MaTtepuajia 1 HaJIM4YUKO OCTAaTKOB q)OTOpCBHCTHBHOfI IIJICHKW Ha IMMOBECPXHOCTH IIACTUHBI.

3akiIouyenue

OnHUM U3 OCHOBHBIX (DaKTOPOB Iporecca yaaneHus (GoTOpe3ncTa B 030HO-BO3AYIIHOI cMecH
sBisieTcs: pabouasi TeMmneparypa ooOpadarsiBaeMoro o0pasiua, KOTopasi 3aBUCHT KaK OT XapaKTEPHCTHK
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HarpeBaTels, Tak U OT PEKMMOB W YCIOBUN MOABOJA K IMOBEPXHOCTU IUIACTUH Ta30BOM cMmecH.
HepaBHOMEpHOCTH pacmpeneieHus TeMIepaTypsl 10 IUIOMAAN TOBEPXHOCTH KPEMHHEBOH TIACTHHEI
MIPUBOJUT K TOSBICHUIO XapaKTEPHBIX OONacTel, ylaleHrne Marepuajia ¢ KOTOPBIX MPOUCXOIHT CO
3HAYUTEIILHO MEHBIICH CKOPOCThIO. PelieHre AaHHOW MPOOJIeMBI OOECIICYMBACTCS PABHOMEPHBIM
pacnpezieieHHeM MOTOKa pabodero raza OJHOBPEMEHHO IO BCEH IUTaCTHHE, YTO MPH KaYeCTBEHHOM
COTJIACOBAaHUH CKOPOCTH TOTOKA, PACCTOSHISI OT MECTa BBOZa B KaMepy 0 oOpasiia M TeMIepaTypsl
HarpeBa, KOMIICHCUPYIOIIEH OXJaXJCHUE IUTACTUHBI, TO3BOJISIET MOJHOCTBIO YAANATH CIIOM
(hoTOpe3uCTUBHON IICHKH. J[J11 3TOr0 HEOOXOUMO UCTIONB30BATh CICIMAIBHBIC CEapaTophl, Yepes
KOTOpBIE TIPOTOHSIETCS 030HO-BO3TYIITHAS CMECh.

Merton ynmanenus ¢oTOpe3ucTa C MPUMEHEHHEM O30HA IPH YCIOBHW €ro KadeCTBEHHOU
peanu3anuyd  MOXET TI0Ka3aTh BBICOKYIO J(G(EKTUBHOCTh TMPH HKCIIOJIB30BAHUUM B  COCTaBe
TEXHOJIOTMYECKOI0 IPOLECCa H3rOTOBICHUS H3ACIUN DJIEKTPOHHOW TeXHHUKU. Huskuil ypoBeHb
MTOBPEXACHUH 00pasia, OTHOCHTEIbHAS MPOCTOTA PEANH3AlMH MPH WHTETPAIMK B CYIIECTBYIOIIHE
TEXHOJIOTHUECKUE MapUIPYThl M3TOTOBJICHUS HM3JCIHUMA SJICKTPOHHOM TEXHUKU JEIaeT 3TOT METO[
HEMPENU3UOHHONW 00pabOTKK IMOJYIPOBOJHUKOBBIX IUIACTHH IMPHUBIICKATEIBHBIM IS JajbHEHIICH
pa3paboTKH 1 MTPOMBIIIUIEHHOTO MTPHUMEHEHUSI.
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AJJAIITUBHBIN HIUPOKOIIOJOCHBIN MAJOLITYMSILIIUIA
YCUJIUTEJIb PAIIMOYACTOTDI

MAJIEBUY N.1O., 3AAII I1.B.

OAO «KF Paoapy — ynpasaarowas komnanus xonounea « Cucmemvl paouoiokayuuy
(2. Munck, Pecnybauxa Benapycs)

Hocmynuna 6 pedaxyuio 31 aszycma 2020
© Benopycckuii rocy1apCTBEHHBIH YHHBEPCUTET HHPOPMATHKH U paanodiekrponuku, 2020

AHHOTAUUS. AJaNTUBHBIC IIMPOKOIIOJIOCHBIE MAJIOIIyMSIIUe yeuiauTenn paanodactoTel (AILIMYP) maxonar
IIMPOKOE TpPHUMEHEHHE IPU TOCTPOSHHM CHCTEM 3alllUThl PaJUONPHEMHBIX TPAaKTOB OT HEJIHMHEHHOTro
MOPaXXKEHUS B YCIIOBUSAX HECTAIMOHAPHOW 3JIEKTPOMAarHUTHON oO0cTaHOBKH (OMO). OnHUM M3 MEPCHEKTUBHBIX
HampaBieHud pabor mo cozmanuio AIIMYP sBusercs paspaboTka YCTpOHCTB B Kiacce CXeM
¢ nepexioyaeMbiMu 1iensiMu. Co3faHie TakuX YCTPOMCTB HMMEET OINpeelieHHble OCOOCHHOCTH, MOCKOJBKY,
Hapsly C HEoOXOAMMOCTBIO oOecriedyeHHs Maioro Kod(d¢uuuenta myma H OU(PPOBOTO YIPaBICHUS
PETYIUPOBOYHON XapaKTEPUCTHKOM, TpeOyeTcs: 00ECIeUNTh BHICOKYIO JTHHEHHOCTh U OOJIBIION AMHAMHYCCKUI
mmnamnazoH ([/]) yerpotictBa. B HacTosmme#t paboTe mpencTaBIeHBI pe3yNIbTaThl IOTHKO-IBPHUCTHIECKOTO CHHTE3a
AIIMYP ¢ amanTuBHO perymupyeMbIM KOX(QQHUIMEHTOM IIepelavd, KOTOPBIH M3MEHAETCS 3a CUeT
MepeKIIfovueHus 1ernedl  TpaHcopMaTopHOil 00paTHOW cBs3u. C  HENbl0 TMPOBEPKH  (PYHKIIMOHAIBHBIX
1 TEXHHYECKUX XapaKTepHCTUK cuHTe3npoBaHHOro AIIIMYP m ontummzammm ero mapamMeTpoB pa3paboTaHa
W WcceoBaHa MoAenb B mporpammuoit cpene ADS. IlpemnoxeHHoe TexHmueckoe perreHue AIIMYP
obecnieumBaer guckperHoe (23,14,10u 5 nb) mmpokomonocHoe u3MeHeHHe KodpduIueHTa Iepenadd,
mpu 3ToM JIJI 1O UMHTEpMOAYNIALMH TPEThEro TMopsaka B Iepecdere k mnosoce | MIm cocraBmser
coorBercTBeHHO 83, 92,98 1 104 nb. CryneHuyatoe u3MeHeHHe Kod(pQUIMEHTa Tepeiaadydn B  LeNnu
TpaHc(hOPMATOPHOW OTPHUIATEILHOW 00paTHOW CBs3u paspaboranHoro AIIIMYP mo3Bosser u3bexkarh
HaKOIUICHHs JIOTIOJHUTEbHBIX LIIYMOB B CTPYKType M oOecredYrBaeT HU3KHHA KOI(QQUIUEHT IIymMa, KOTOPBIA
He mpeBbiraer | ab. Texmudeckue xapakrepuctukn AIIMYP mno3BonsioT ananTHBHO HapalluBaTh
MePerpy304YHyI0 CIIOCOOHOCTh PAAMONPHUEMHOTO TpPakTa C IMPONOPIHMOHAIBHBIM pacimupeHueM ero /]
B yCIOBHAX HecTanmuoHapHoH OMO u TakuMm 00pa3oM 00€CHeYdTh MOBHIIICHHE Y(PPEKTHBHOCTH CHUCTEMBI
YPOBHEBOH 3alIWTHl OT HEIWHEHHOTO MOpaKeHHs MPUEMHBIX TPAKTOB CPEICTB PAIHOCBA3H, PAJHONOKAINN U
paArOHABUTALINH.

KuroueBble ciioBa: aJanTUBHbINA IIMPOKOIIOIOCHBINA MAOIIYMSIIUN YCUITUTENb PAANOYACTOTHI, 00OpaTHas CBS3b
6e3 moTepb.

KoH(pIuKT HHTepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHH KOH(MINKTa HHTEPECOB.

Jasi uutupoBanusi. Manesny W.1O., 3asm [1.B. AnanTuBHBIN IMHUPOKOIIOJIOCHBIA MaJOMIYMSIIIANA YCUITUTETh
pamuouactotsl. Joxnaasr BIYUP. 2020; 18(6): 66-74.
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Abstract. Adaptive broadband low-noise radio frequency amplifiers (ABLNRFA) are widely used
in the construction of systems for protecting radio receiving paths from nonlinear damage in a non-stationary
electromagnetic environment (EME). One of the promising focus areas on the creation of ABLNRFA
is the development of devices in the class of circuits with switched networks. The creation of such devices
has certain features, since, along with the need to ensure a low noise figure and digital control of the regulation
characteristic, it is required to provide high linearity and a large dynamic range (DR) of the device. This paper
presents the results of the logical-heuristic synthesis of ABLNRFA with an adaptively adjustable transducer
gain, which changes due to switching of transformer feedback circuits. In order to check the functional
and technical characteristics of the synthesized ABLNRFA and optimize its parameters, a model was developed
and studied in the ADS environment. The proposed ABLNRFA technical solution provides a discrete (23, 14, 10
and 5 dB) wideband change in the transmission coefficient, while the DR for third-order intermodulation in
terms of a 1 MHz band is 83, 92, 98 and 104 dB, respectively. A step change in the transducer gain in the circuit
of the lossless feedback circuit developed by ABLNRFA avoids the accumulation of additional noise in the
structure and provides a low-noise figure that does not exceed 1 dB. The technical characteristics of ABLNRFA
allow one to adaptively increase the overload capacity of the radio receiving path with a proportional expansion
of its DR in the conditions of non-stationary EME, and thus increase the efficiency of the level protection
system against nonlinear damage to the receiving paths of radio communication, radar and radio navigation.
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BBeaenue

CoBpeMeHHbIE TEHJICHIMN 00ecIIeYeHHs] TOMEXO03aIMIICHHOCTH PAAHOTEXHUYECKUX CUCTEM
OTIPENEIIAIOT 3a7ady MOBBIIEHUS 3PQPEKTHBHOCTH aJAaNTHBHOW 3alUTHl PAIHONPHUEMHBIX TPAKTOB
OT HETTMHEHHOTO TIOpaXXeHUs. B yCIOBUIX HecTalMoHApHON 3IEKTPOMAarHUTHON O0OCTAaHOBKH OJTHUM
W3 TEPCHEKTHBHBIX MOJXOJOB peIIeHHs MPOOJIEeMbl SBISETCS HCIOJNB30BAHUE aJalTHBHBIX
[IMPOKOIONIOCHBIX ~ MAJOLIYMSsIUX ~ ycuwiuTeneit paauodactotel  (ALLIMVYP),  mo3Bossroiux
MOCPENICTBOM OIEPATUBHOTO PEryIUpoBaHUs Kod(QQHUIMEeHTa Tepeadyd BBIMOIHITH COTIACOBAHUE
IuHaMuuyeckoro auamasoHa (J1J[) pamuompumemMHOro TpakTa C JAMHAMAYECKHM JHAla30HOM
PETHCTPUPYEMOro IPYIIIOBOTO paguocuryana [1].

K mnacrosmemy Bpemenn B obOnactu mnpoektupoBaHus ALLIMYP nHakomneH oOmMpHBINA
(akronornyecknii mMarepuan. OCHOBHBIE TMOAXONbl KAHATU3UPYIOTCS B HANpPaBICHUSAX Pa3BUTHUSA
MIOCJIE/IOBATEIBLHBIX CTPYKTYP C MEPEKII0YaeMbIMU aTTEHIOATOPHBIME cekuusimu [2, 3], ¢ OaitnmacHoi
koHpurypammer [1,4,5] wm c¢ pexkondurypupyemoit crpykrypoir [6-8]. Bmecre ¢ aITHM
HEOOXOJMMOCTh TOBBIIICHHS JIMHEHHOCTH ¥ MUHHMHU3AIMA Kod(D(UIMEeHTa NIymMa oOmpeaeniser
aKTyaJIbHOCTh HOBBIX MOJIXOZ0B B pa3paboTke TexHnuyeckux pemennid AILIMYP.
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Cunres AIIIMYP

CormacHo cucTeMHO-HepapxuueckoMy monxony AIIMYP wmoxHO paccMmarpuBaTth Kak
CTPYKTYpY, 00pa3zoBaHHYI0 (YHKIMOHAIBHBIMH 3BEHBSIMH (KOTOpBIE 00ecredrnBaloT, COOCTBEHHO,
YCUJIGHWE CUTHANA), MACCUBHBIMH COCITUHHUTENBHBIMH LEMSMH (OCYIIECTBISIOUIMMHU CBSI3H MEXKIY
YCHIINTENbHBIME 3B€HBSIMH) 1 KOMMYTAIITMOHHBIMH HETISIMHU (BBITOHSIONUME aIalITHBHOE U3MEHEHHE
Kod(duUIMeHTa epeadr CHCTEMBI TOCPEACTBOM MEPEKITIOYCHNUS JIEMEHTOB TTACCHBHOM IMTOACXEMBI).

Heo6xonumocTs peanuzanuy Manoro ko3gduuuenTta nyma, 3HaueHue KOTOpOoro OOBIYHO He
JOJDKHO TpeBbIIaTh 2...3 1b, co3maeT OmpeleNieHHbIe CIOXHOCTH HCIOJIb30BaHUS TIYyOOKHX
TUCCUIIATUBHBIX OOpaTHBIX CBS3EH [UIA TONydeHUs BbICOKON nmHeitHocTH AIIIMYP. Anamms
TEXHUYECKAX XapPaKTEPUCTHUK MAJOMIyMAIINX BBICOKOJMHEWHBIX YCWJIMTENEH PagrodacTOTHI
MOKAa3bIBAET, YTO HauboJIee MePCIEKTHBHOM SIBIISIETCS] CTPYKTYpPa C IIUPOKOMOIOCHBIM YCHIUTEIbHBIM
3BeHOM (K), OXBaueHHBIM PEaKTHBHOH (T. €. 6€3 MOTepb, «OECIIyMHO») OTPHUIATEILHON 00paTHON
ces3pio (OOC) (puc.1).

T1 T2

Out

Puc. 1. Cxema ycumurens paguodactotsl ¢ OOC 6e3 moTeps
Fig. 1. RF amplifier circuit with lossless feedback

Takasi cxema MO3BOJISIET 33 CYET M3MEHEHHs MepeaaToYHbiX oTHommeHniH 0oMoTok (N1 1 N2)
tpanchopmaropos (T1 u T2) perymupoBars K03)HUIMEHT MEepeaaul yCTPOHCTBa:

2N1-N2
ANT’-N22 +1+(N1-N2)°

G=20lg| K 1+K{ (N1+N2)} , @)

obecnieunsas G or 4 1o 16 nb.
Ucnonp3oBanue peaktuBHOM e OOC UCKIIOYAET MOSBICHUE JOMOJHUTEIBHBIX IIIYMOB U
JTaeT BOBMOKHOCTh OCYIIECTBHUTH ONTHMAIBHOE ABYCTOPOHHEE COTIIACOBAHUE CTPYKTYPHI C TpakToM [9]:

KCBH = 1+|_N12+N22_2N1'N2+1| _|—N12+N22—2N1-N2+1| @
|4N2%-N27 +1+(N1-N2)?| [ANIZ - N2® +11 (N1-N2)?| |

O eKTUBHOCTD JMHEAPU3ALUH TIEPEAATOUHON XapaKTEPUCTUKH CUCTEMBI Bbime Ha 5...10 ab,
4yeM B ycrpoiictBax ¢ auccunatuBHbiMu OOC [1], u npu onenke mo Bxoxy AIIIMYP mocpencrsom
Touku nepecedeHus J-ro nopszka (11PJ) ompenensercs 3aBUCHMOCThIO

P 3, —11P3, +—.201g| 14— K 2ZNLN2
(J-1) 4-N1?-N2° +1+(N1-N2)

(NL+N2)|. 3)

O4eBHIHO, HEMPETIOKHBIM YCIOBHEM O0ECIIeUeHHs BBICOKMX KaueCTBEHHBIX MTOKa3aTeNel mpu
cuareze AIIIMYP sBrnsercs onTumanbHBIA BBIOOP WHTETPAIBHOIO MAJIOIIYMSIIErO YCHIINTENS,
BBITIOJIHSIEMBII ¢ yueToM Koadduuuenta ycuienus K, koapdunuenra nmryma NF, BEIXOTHONH TOUYKH
KOMIIpeccuu P_ioyt M BXOJHON TOYKM TiepecedeHus: TpeTbero mopsaka |IP3, xapakrepusyromeit
TUHEHHOCTh mpubopa. IlapameTpsl KOMMepYecKH JOCTYNMHBIX MAJNOIIYMSIINX  aKTUBHBIX
KOMIIOHEHTOB PaJHO4YaCcTOTHOTO THara3oHa NpuBeAeHBI B Ta0. 1.
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TaﬁJmua 1. KOMMep‘IGCKI/I JAOCTYHHBIC paAO4YaCTOTHBIC UHTCTPAJIbHBIC MAJIOIIYMSIINUEC YCUITUTCIIN
Table 1. Commercially available RF integrated low-noise amplifiers

Moxers Hpoip:;b;z;enb qaCTOTHI)liI/lI—‘ IiLI/IaHa3OH, K, NF, Py 1P3,
Model Manufacturer Band, GHz b Ab AbM AbM
PHA-1+ Mini-Circuits 0,05...6,0 15,7 1,9 22,6 25,4
RFCA8818 Qorvo 0,04...1,0 18 2,3 25 19
HMC8410 Analog Devices 0,01...10 19,5 1,1 21 13,5
TQP3M 9036 Qorvo 0,1...2,0 19,8 0,45 20 16,2
RF3827 Qorvo 0,005...1,5 20 1,1 25,1 18,1
MAAL-010570 Macom 0,1...35 22 0,8 22 9,8
MAAL-010704 Macom 0,1...3,5 22 0,8 22 9,8
SPF5043Z Qorvo 0,05...4,0 23,5 0,65 22,7 7,0
MGA-62563 Broadcom 0,1...3 23,5 0,9 18 11,2
SPF51227 Qorvo 0,1...4,0 27 0,42 22,3 6

[IpuopurerHO (TIpH MPOYHUX COMOCTABUMBIX TapaMeTpax) BEIOUPAETCS yCUIUTEIbHBIN PHUOOp
c HauOonpmuM K u HauBbiciiuMm mapamerpoMm |IP3. IlpuHrMas Bo BHUMaHue aaHHbIE Tabn. 1 u
yuuThIBas HeoOxomumocTh peamusamuun B AIIMYP  rtiy6okoit OOC ¢ ynpaBisieMbIMU
XapaKTepPUCTUKaMH, B KAYeCTBE YCHIIMTEIHHOTO MOJYJISl BO3MOXKHO HcToinb3oBanne MGA-62563.

Ha puc.2 npuBenena cxema cunresupoBaHHoro AIIMYP c¢ aganTUBHO H3MEHSEMBIM
KO3 (UIIMEHTOM Tiepefiaud 3a CYeT JUCKPETHOIrO W3MeHeHMs TiyOuHbl TpanchopmaropHoit OOC,
BBITIOTHSIEMOH MTOCPEACTBOM MIEPEKITIOUEHUS 00MOTOK TpaHchopMaTopoB TiluT2
koMmyTtatopamu SW1... SW4.

In >—/m— ——> Out
SW 1~ - sw3
SW 2 I~ ¢ 20 —— sw4

o>

Puc. 2. Cxema ALIMYP ¢ xommyTarueir 00MOTOK B menu Tpanchopmaroproit OOC
Fig. 2. ABLNRFA circuit with switching windings in the transformer NFB circuit

B cnoxkoiinoit OMO ximoun SWI1...SW4  OTKpbITBI, M BXOJHOH TpyNIOBOH CHrHal
Macitabupyercsi ¢ kodddunuentom nepenadd Gmax = K. [lpu mpeBbillieHHU mopora mneperpys3ku
PaAMONPUEMHOTO TPAKTa MOCIIEA0BATEEHO BKIIFOUatoTCsl OnHapHbIe komMmyTatopbl SW1; SW1 u SW3;
SW2 u SW4, ycranaBnmBasi cooTBETCTBEHHO pexxuM BbIcokoro (Gg = 14 nb), cpemnero (Gec = 10 ab) n
Hu3koro (G = 5 nb) kospdunuenrta ycumnenust ALLIMYP. Takum obpazom, anantupys G k TeKkyniemy
cocrosiaio OMO, AIIIMYP obecrieunBaer MOpPOTOBYIO0 3aIIATy PAAMONPHEMHOTO TpakTa oOT
HEJINHEHHOTO MOPaXKEHHUSI.

MoneaupoBanne AIIIMYP

C menbio MpOBEepKH (QYHKIMOHAIBHBIX M TEXHUYECKUX XapaKTEPUCTHK CHHTE3MPOBAHHOTO
AIIIMYP u ontumMuzanmu ero napaMeTpoB pazpaboTaHa Mofeib ycTpoicTsa B cpene ADS (puc. 3).
JInst onmcanust 3IeMEHTOB cxeMbl yemuTeabHoro 3seHa (MUC MGA-62563, T1 u T2) ucnonb3oBaHbl
MOJIEJI CTaHJAPTHOM OWOTMOTEKH cpelbl MOJeNupoBaHHsA. Mojenun OWHApHBIX KOMMYTaTOPOB
SW1...SW2 BhINOJHEHHBIE Ha JIUCKPETHBIX DJIEMEHTaX, MOBTOPSIOT CTPYKTYpY MPOTOTHIIOB BUA
HMC194AMS8, HMC221B, HMC574AMSS.
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SW1, SW2, SW3, SW4 -srikt: 21 1B
SW1, SW3 -ski1, SW2, SW4 -prik: 10 1B
SW1, SW3 - ek, SW2, SW4 - B 5 1b

Ha puc. 4, a, 6 npencraBieHbl COOTBETCTBEHHO 3aBHCUMOCTH KOA(PQUIMECHTa YCHICHUS U

SPDT_Static
swi1
State=1
Bxog s |
In ol __‘1:
2 n2
XFERTAP 4 =
XFer6 D
N12=0.5 o =
N13=0.5 SPDT_Static
- na SwW2 Brixox
State=0 Out
& MGAG2563 012009 ] AT
c4 Gnd &V — XFer?
C=10.0uF cnal_| i c’ - " N12=0.5
-4 N13=0.5
! i )l Tput || bias 2810 .
=0 )
MGA62563 dka maa62563| 150809 3 i‘;vDsT—S“m
1 R L State=1
R3 o4 =
R=560 Ohm 5 L=100.0 uH Il
R= E
1 |
Tl ~
v_DC 1 all
35;25\, SPDT_Static
swa
State=0

Puc. 3. Mogens AILIMYP B cpene ADS
Fig. 3. ABLNRFA model in ADS environment

koad¢urmenta myma AILIMYP ot gacToTs! 7151 KOPOTKOBOIHOBOM YacTi MB nuamazona.

Gmax
Gmax GB GC GH
L3/ e ——— — / / /
,,,,,,,,,, | 1.2
7 i B o114
194 Gs R 1
8 g g Qg
= c5 L/ e ]
S 5 Ge e = — —-—= T
24— = - = - = T = = - 35
g ' £ 5 09 /
S5 o 5
2E ] / o SE
c 5 1 H S =2
£ = 9 z =
- & ] z
2 - Y 8 N S N A S
4] | 170 180 190 200 210 220 230

R L o e S RAREEREEEEEAEEseEmns
150 160 170 180 190 200 210 220 230 240 250

Yacrora, MI'1g
Frequency, MHz

a

Yacrora, Mg
Frequency, MHz

b

Puc. 4. 3aBucumoctu koddurmentos ycuienus (a) u myma (b) ALIMYP ot actoTsr
Fig. 4. Dependences of the gain (a) and noise figure (b) of ABLNRFA on frequency

Ha puc. 5, a, b, c,d npencrasnensr xontypbl IMD3 (kupHble nMHUHM) M Kod(dumeHTa
nepenaun AIIIMYP (ToHkHe JIMHUK) B pekiMe MaKCUMAITLHOTO (Gmax = 23 11B), Beicokoro (Gg = 14 n1b),
cpenrero (Gc=10xab) u Huskoro (Gu=5nb) ycuienus npu BO3JNEHCTBUU JIBYXTOHAIBHOTO
TECTOBOI'O CUTHAJIA ¢ MOIIHOCTBIO KaYKI0M KOMIIOHEHTEI COOTBETCTBEHHO —23, —14, —10 u —5 nbm.

Ha puc. 6, a, b, ¢, d cooTBeTCTBEHHO MUl PEKUMOB MaKCUMAJIbHOTO, BHICOKOTO, CPEAHETr0 U
Huzkoro ycuinenus ALLIMYP npencrasnenst 3aBucumocty ot yactotel KCBH Bxozaa (ToHKas auHUS)
n KCBH BrIxoga (kupHasi THHUSA) B KOPOTKOBOJIHOBOM yacTH MB nuamnaszona.
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Impedance at m1 marker Impedance at m3 marker
Huoeganc Mapkep M1 Hnnenanc Mapeep M3

‘ 48241 +j2,144‘ ‘ 673ss+j3,0671

! Gain at m1 marker Gain at m3 marker
Koad. yemr maprep ]l Koodeh. yern. Maprep M3

IMD3 at m1 marker IMD3 at m3 marker
‘Vpoeess IMD3 Mapxep M1 Vpoeess IMD3 Mapeep M3

‘ —71,067 ‘ J{ﬁ

a
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Hupeganc Mmapkep M1 HMOenan: MapEeEp M3
‘ 48241 + j2_144‘ ‘ 67385+ js_usﬁ
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c

Impedance at m1 marker Impedance at m3 marker
Mapkep M1 HmMuenanc Maprep M3
‘ 48241 + j2,144‘ ‘ 67385+ js,mﬂ
Gain at m1 marker Gain at m3 marker

Koo, yorr maprep Ml Koadd. yern. mapxep M3

IMD3 at m! marker IMD3 at m3 marker
‘¥Ypoepess IMD3 mapxep M1 ¥pogess IMD3 Mapeep M3

‘ 96 _‘Sﬁ ‘ 98 09(1

d

Puc. 5. Kourypst IMD3 (xupnbie nmuaun) n kodddunuenra nepegaun AILIMYP (ToHkue TMHNHN) B peKUMe
MakcHUMaIbHOTO (), Beicokoro (b), cpeanero (C) u Huskoro (d) ycHIeHUs IpH BO3ACHCTBHN
JABYXTOHAJIbHOI'O TECTOBOI'O CUT'HAJIa
Fig. 5. Contours of IMD3 (bold lines) and ABLNRFA (thin lines) transmission coefficient in the mode
of maximum (a), high (b), medium (c) and low (d) gains when exposed to a two-tone test signal

71



JlokJiAnpl BI'YHP DokLabpy BGUIR
V. 18, No. 6 (2020)

T. 18, Ne 6 (2020)

2.00 ane 20
17
1754 ]
g = ]
EE 1 2 25
ce ] B -
g 2 1.504 =]
Eém %i 9__
m% ma 4
NS 1 o+ ]
o \ e
3 U> -
1.254 S
1O e I e
150 160 170 180 190 200 210 220 230 240 250 150 160 170 180 150 200 210 220 230 240 250
Yactora, MI'11 Yactota, MI'n
Frequency, MHz Frequency, MHz
a b
oo 2.00 e 2.00
1.75H 1.754

in
=
|
=
)
T

KCBH Bxox (Borxon)
VSWR In (Out)

.25+ 1_25_/’///
1004

L0~
150 1e0 170 180 190 200 210 220 230 240 250 150 160 170 180 190 200 210 220 230 240 250
Yacrora, MI'1g

Yacrtora, MI'1
Frequency, MHz Frequency, MHz

KCBH Bxox (Boixos)
VSWR IN (Out)

c d
Puc. 6. 3aBucumoctu ot yactotel KCBH Bxona (ToHkas nuHMsA) 1 BeIxoAa (kupHas muaus) ALLIMYP
B p&XXHUME MaKCHUMabHOTo (), Beicokoro (D), cpeanero (¢) u Huszkoro (d) ycuneHus
Fig. 6. VSWR frequency dependences of the input (thin line) and output (bold line) of ABLNRFA
in the maximum (a), high (b), medium (c) and low (d) gain modes

Pe3y.]'[bTaTbI H UX oﬁcymenne

I[Mpennoxennoe Texuuyeckoe pemerne AILIMYP obecrieunBaer auckpernoe (23, 14, 10 u 5 1b)
LIMPOKOTIONIOCHOE N3MEHEHHE KodppuunenTa nepegadu, npu 3tToMm /] mo nHTepMOayIaLu TPETHETO

(DDim3) mopsika
DDims = (2/3)-(11P3 — 10logBW — NF) (4)
B TlepecueTe K IOJIoCE MpONycKaHus paauonpuemHoro Tpakta BW =1,0MIn cocrasuser

cooTBeTCcTBeHHO 83, 92, 98 m 104 nb.

Crynenuatoe wu3MeHeHue Koddduuumenrta mnepemaun B uenu TtpanchopmaropHoir OOC
paspabotanHoro AILIMYP no3Bossier n30exaTh HAKOIJICHHS TOTOJIHUTEIbHBIX IIIYMOB B CTPYKTYpE
u obecrieunBaeT HU3KUIM K03(DUIMEHT 1myMa, KOTOpblid He npeBbimaer 1 nb u comocraBum ¢ NF
HCIOJIb3YEMOT0 YCUIUTEIBHOTO MOTYJIS.

[Ipu cormacoBaHHON KOMMYTalMM B TpaHC(OPMATOPHBIX Lemax nocienosarenbHoii OOC o
Hanpsokernio (T1) u mapamiensHO OOC 1o ToKy (T2) BBITOMHSIOTCS YCIOBHS COTIACOBAHHS

B MIPHCOEANHUTENBHBIX ceueHmsx ALLIMYP.
Texnndyeckue  xapaktepuctukn  AIIIMYP  no3BonsroT  ajanTUBHO — HapalluBaTh

MEPETPY309HYI0 CIIOCOOHOCTh PAIMOTPUEMHOTO TPAKTa C MPOTOPIIMOHAIBHBIM pacimuperneM ero JJ1
B ycHoBHSX HectannoHapHod OMO m TakuM oOpa3oM oOecnednTs TOBbImIeHHE 3()()EeKTHBHOCTH
CHCTEMBI YPOBHEBOM 3aIIUTHI OT HETMHEWHOTO MOPaKEHUsI PUEMHBIX TPAKTOB CPEJCTB PaAHOCBIA3H,

paanoJIoOKallu U paInOHaBUT AlIUH.
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3akiIouyenue

Takum 00pazoMm, MOCPEACTBOM JIOTHKO-IBPHCTUYECKOTO CHHTE3a pa3padoTaH aJamnTHBHBIN
ITUPOKOTIONIOCHBI  BBICOKOJMTMHEWHBIN MAaJOIIyMSIIHA yCHIUTENb PagrHovdacTOThl ¢ UG POBBIM
MepeKIIroueHeM 1erneii TpanchopMaTopHOi 0OpaTHOMN CBSI3H.

[IpoBeneHHple WCCHEMOBAaHUS TEXHUYECKOTO pEHICHHWS pa3padOTaHHOTO —aJanTHBHOTO
IIUPOKOTIONIOCHOTO MAJIOIIyMSIIIEro ycuiurtens paawodactorsl B OBY nuama3zoHe mokasand, 4To
o0ecrneurnBaeTCs IMCKPETHOE MMUPOKOIOIOCHOE U3MEHEHHE KO3 (DUIIMEHTA Nepeladr ¢ CTYICHYATHIM
YBEIIMYCHUEM JMHAMHUYECKOTO JMama3oHa YCTPONCTBa MpH COXpaHCHMU Ko3(duimMeHTa ryma
Ha YPOBHE, COITOCTaBUMBIM C IITyMaMH aKTHBHOTO 3JIEMEHTA.

Pa3paboTranHbIil aanTHBHBIN MIUPOKOTOIOCHBIA MAIOIIYMSIIIANA YCHUIIUTENb PaIl04YacTOTHI
NPEACTABISICT MEPCHEKTUBHOE YCTPOWUCTBO [JISI HCIOIB30BAHUS B COCTABE CHUCTEM 3alllUThI
paAMONpPHUEMHBIX TPAKTOB OT HEIWHEHMHOTO TOpaKeHWsl B  YCJIOBHAX  HECTAI[MOHAPHOMN
ANEKTPOMAarHUTHOI 0OCTaHOBKH.

Cnmcok JIuTepaTypsbl

1. Manesnu N.IO. Memoov: cunmesa wupoKononrocHvix yCUnUmMenNbHulX MpPAaKmos ¢ KOHMPOAUPYeMbIMU
napamempamu ouHamuyeckozo ouanasona. Muuck: Tonnuk; 2004.

2. Perez J.P.A. Automatic Gain Control. Techniques and Architectures for RF Receivers. New York:
Springer; 2011.

3. Zumbahlen H. Linear Circuit Design Handbook. Elsevier-Newnes; 2008.

4.  Manesnu U.IO. Cuctema ypoBHEBOH 3alIUTHI C EPEKIIOYACMBIMHI YCHUIIUTEIBHBIMU CEKIMSIMA. M 36ecmus
Benopycckoii unsceneprnoii akademuu. 1997;1(3):125-129.

5. Wu Chun-Pang, Tsao Hen-Wai. A 110-MHz 84-dB CMOS Programmable Gain Amplifier With Integrated
RSSI Function. IEEE Journal. Solid-State Circuits. 2005;40(6):1249-1258.

6. Manesuu W.I0. Cumnmes @vicokonuneunvix paouoyacmomuvix YCUIUMETbHbLIX mpakmos. MUHCK:
Becrrpunt; 20009.

7. Manesuu N.IO., CononoBuu [I.A. IIIupoKONOIOCHBIH YCHIUTEIh BBICOKOH YacTOTHI C KOMMYTHPYEMBIM
ko3 dunuenrom nepenaun. Hayrka u oennas bezonacnocmo. 2017;2(52):25-28.

8.  Manesnu N.IO., 3asu I1.B. CuHTe3 MMPOKONOJOCHOTO MAJOLIYMSIUET0 YCHIIMTENS C YIpaBisieMbIM
CTYIIeHYaThIM KOd(GGUIMEeHTOM Tnepenaun. Becmuux Boewnoii axademuu Pecnyonuxu benapyco.
2018;4(61):133-139.

9. Kajfez D. Scattering matrix of a directional coupler with ideal transformers. IEE Proc Microwaves &
Antennas. 1999;146(8):295.

References

1. Malevich I. Y. [Methods for the synthesis of broadband amplifying paths with controlled parameters of the
dynamic range]. Minsk: Tonpik; 2004. (In Russ.)

2. Perez J. P. A. Automatic Gain Control. Techniques and Architectures for RF Receivers. New York:
Springer; 2011.

3. Zumbahlen H. Linear Circuit Design Handbook. Elsevier-Newnes; 2008.

4. Malevich LY. [Level protection system with switchable amplifying sections]. lzvestiya Belorusskoy
inzhenernoy akademii. 1997;1(3):125-129. (In Russ.)

5. Wu Chun-Pang, Tsao Hen-Wai. A 110-MHz 84-dB CMOS Programmable Gain Amplifier With Integrated
RSSI Function. IEEE Journal. Solid-State Circuits. 2005;40(6):1249-1258.

6. Malevich I.Y. [Synthesis of High-Linear RF Amplifier Paths]. Minsk: Bestprint; 2009. (In Russ.)

7. Malevich LY., Solonovich D.A. [High frequency broadband amplifier with switched gain]. Nauka
i voyennaya bezopasnost. 2017;2(52):25-28. (In Russ.)

8. Malevich 1. Y., Zayats P.V. [Synthesis of a wideband low noise amplifier with a controlled step gain].
Vestnik Voyennoy Akademii Respubliki Belarus. 2018;4(61):133-139. (In Russ.)

9. Kajfez D. Scattering matrix of a directional coupler with ideal transformers. IEE Proc Microwaves
& Antennas. 1999;146(8):295.

73



Jloknanpl BIYUP
T. 18, N2 6 (2020)

DokLaby BGUIR
V. 18, No. 6 (2020)

Bkianx aBTopoB

Bcee ABTOPEI B paBHOﬁ CTCIICHHU BHCCJIM BKJIaa B HAITMCAHHUC CTAaTBH.

Authors’ contribution

All authors equally contributed to the writing of the article.

CaeneHust 00 apTopax

Masesna U.1O., n.T.H, mnpodeccop, rIaBHBII
HAYYHBIA COTPYIHHK CIYKObI (DyHIaMEHTAIBHBIX U
npukianaeix ucciaenopanmii OAO «Kb Pamap» —
YOpaBSOmas KoMmanus XouguHra «CHCTEMBI
PaIUOIOKALIUIY.

3asn I1.B., nauansHuk otnena OAO «Kb Pamap» —
yhOpaBisonias KOMIAHUSA XojauHra «CHCTeMbl
panuoNOKALIUI».

Azpec U1 KOppeCHOHIeHIUT

220026, Pecniyonuka benapycs,

r. Mumnck, [Taptuzanckuii np-1, 64 a,

OAO «Kb Pagap» — ynpasisitoniast KOMIaHUs
xonauHra «CHCTEMBI paTuoIOKAIIHAI

ten. +375 (17) 295-30-91;

e-mail: p.zayats@kbradar.by

3asn [Tasen Bnagumuposuy

74

Information about the authors

Malevich I.Y., Doctor of Science, Professor,
Principal Research Scientist of the Fundamental and
Applied Research Division of JSC “KB Radar” —
Managing Company of “Radar Systems” Holding.

Zayats P.V. Head of Department of JSC
“KB Radar” — Managing  Company  of “Radar
Systems” Holding.

Address for correspondence
220026, Republic of Belarus,
Minsk, Partizanski ave., 64 a,
JSC “KB Radar” — Managing Company
of “Radar Systems” Holding
tel. +375 (17) 295-30-91;
e-mail: p.zayats@kbradar.by
Zayats Pavel Vladimirovich


http://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/Principal+Research+Scientist

JlokJiAnpl BI'YHP DokLabpy BGUIR
T. 18, Ve 6 (2020) V. 18, No. 6 (2020)

@
http://dx.doi.org/10.35596/1729-7648-2020-18-6-75-80
Original paper

UDC 621.317.335.3

SIMULATION OF ELECTROMAGNETIC FIELD DISTRIBUTION
IN THE MEASURING CELL FOR DETERMINING THE DIELECTRIC
PERMITTIVITY OF MATERIALS AT MICROWAVE FREQUENCIES

NATALIA A. PEVNEVA, ALEKSEI A. KOPSHAI, ALEXANDER L. GURSKII

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

Submitted 6 July 2020
© Belarusian State University of Informatics and Radioelectronics, 2020

Abstract. To determine the dielectric permittivity of materials in a wide frequency range with the automation
of measurements and the necessary accuracy, measuring cells have been created to ensure the simplicity
of the design of the waveguide path. In order to obtain information about the suitability of measuring cells based
on irregular SHF waveguides for estimation of dielectric parameters of materials, we simulated the structure
of electromagnetic field in the system consisting of two irregular waveguides and waveguide chamber placed
between them using a three-dimensional electrodynamic simulation in Ansoft HFSS package environment.
The distribution of the electric field was simulated when an empty polyethylene tube, a rod of fluoroplastic and
arod of textolite are placed in the measuring cell. It was demonstrated that high order modes fade out in
irregular waveguide and do not affect the precision of obtained results, and significant edge effects were not
detected. It allows one to utilize measuring cells based on irregular waveguides together with a scalar or vector
network analyzer and using the partial filling of the waveguide method or the modified Nicholson — Ross — Weir
method for measurements of dielectric permittivity & of materials. The results of modeling the dependence of the
amplitude and phase of the reflection coefficient of the textolite and fluoroplastic on the frequency in Ansoft
HFSS environment are given. The simulation results are compared with the results obtained experimentally.
The frequency dependencies of € were obtained experimentally for test materials — textolite and fluoroplastic —
in the frequency range of 25,95-37,50 GHz. The experimental data are in satisfactory agreement with the results
of theoretical calculations and do not go beyond the boundaries specified by the measurement uncertainty.
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Foreword

Today one can observe the growth in need for precise and reliable contactless methods and
instruments to measure dielectric permittivity ¢ of materials in a wide range of microwave
frequencies. Quite a lot of such methods are known [1], but the means of their implementation are
insufficiently developed. As a result of the analysis of existing methods and instruments for measuring
the dielectric permittivity € of materials, two methods were chosen for constructing measuring
instruments: the method of partial filling of the waveguide [2] and the modified Nicholson — Ross — Weir
method [3]. They can be used as the basis for measuring the properties ¢ of materials under study

75



JlokJiAnpl BI'YHP DokLabpy BGUIR
T. 18, Ve 6 (2020) V. 18, No. 6 (2020)

in various aggregate states, provide broadband frequency measurements and automate them, with the
necessary measurement accuracy (~5 %); simplicity of the composite waveguide path design and
practical implementation of the measurement technique [4-6].

To create advanced measurement tools based on the methods mentioned above, it is necessary
to optimize the geometry of the measurement cells (MC) intended for placement in the waveguide
system of the sample under study. This requires accurate information about the spatial structure of
the electromagnetic field in a cell, given his distortions caused by the configuration of the waveguide
and the introduction of the test sample in the form of a rod in the case of solid materials or dielectric tube
which is subsequently filled with sample, if liquid or powdered substances. In particular, to improve the
accuracy and reliability of measurements using irregular waveguides, it is necessary to minimize the
influence of edge effects and higher-order modes. The purpose of this work is to obtain information
about the spatial distribution of the electromagnetic field in the measuring cell for determining the
permittivity of materials on the microwave, which would minimize the influence of the above effects.

Routine of calculations and experiment

In order to obtain information about the structure of the electromagnetic field inside the MC,
a system consisting of two irregular waveguides and one waveguide chamber placed between them
was simulated using the Ansoft HFSS (High Frequency Structural Simulator) three-dimensional
electrodynamic modeling environment [7].
Taking into account the results of numerical modeling, the MC was manufactured as part of
a waveguide system used for further connection to a vector circuit analyzer to measure
the permittivity of materials. Experimental measurements were carried out on test samples, which
were taken as textolite and fluoroplast, since their parameters are well known. For measurements,
the method of partial filling of the waveguide was implemented, for which an installation was
assembled based on the vector network analyzer “Meter of complex reflection and transmission
coefficients R4-MVM-37>, a waveguide path in the 25.95-37.50 GHz band and an MC optimized
based on the results given below. The installation scheme is described in detail in [5], and the
measurement method and accuracy assessment were similar to those given in [5] and [8], respectively.
To obtain the most reliable results, the sample's contribution to the field change must be significant
while minimizing interfering factors. To make sure that the assumption is correct that the introduction
of the test sample into the MC will cause a significant change in the pattern of electric field
propagation, the introduction of a fluoroplast rod and a textolite rod into the MC was modeled.

Results and discussion

In the HFSS-modeled system, we obtained and analyzed the electric field distribution (Fig. 1).
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Fig. 1. Scheme of the distribution of the electric field in the simulated measuring cell
To obtain reliable results, it is necessary, in particular, to ensure a sufficient degree
of uniformity of the field in the section perpendicular to the waveguide axis at the sample location.
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As can be seen in the box in Fig. 1, this condition is met in a sufficiently large area in the central part
of the extended section of the waveguide. If the cross-section dimensions ensure the forming of the
necessary field structure, then by gradually increasing the waveguide cross-section, this structure can
be preserved, and the dimensions of the measuring cell can be increased. At the point of transition
from the waveguide to the horn, higher-order modes appear, but with a sufficiently smooth expansion
of the waveguide (a small flare angle of the horn), the intensity of these waves is small (Fig. 2).
Fig. 2 represents the upper line (non-zero) for the Hio wave intensity, and the remaining four lines
for the Hao, Hzo, Hao, and Hso waves are near zero, as shown by the simulation results.

Directional properties in an irregular waveguide made in the form of a horn can be estimated
approximately using the Kirchhoff-Huygens method [9]. Because the horn basically retains the same
field character as the waveguide, they assume that in an aperture there are two field components
EY and HX, the amplitude of which does not depend on Y-coordinates, and changes along
the X-coordinate according to the cosine law. However, unlike the surface of the open end of the
waveguide, the aperture of the horn cannot be excited in phase, since a cylindrical (in sectorial horns)
or close to spherical (in pyramidal horns) wave propagates in the horn.
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Fig. 2. Frequency dependence of the wave intensities Hio, Hzo, Hzo, Hao, Hso

Three cases were modeled for materials with known parameters in order to consider the
behavior of the electric field in the MC when a dielectric rod is inserted into it in the HFSS
environment. Fig. 3 shows the distribution of the electric field when an empty polyethylene tube is
placed in the MC, Fig. 4 demonstrates a rod made of fluoroplast, and Fig. 5 — a rod made of textolite.
Fig. 3-5 depict the propagation of the Hio wave on the left and the Hxo wave on the right. Computer
simulation determined that higher-order modes are damped in an irregular waveguide and do not
affect the accuracy of the results obtained, as well as no significant edge effects were found.
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Fig. 3. The distribution of the electric field when an empty polyethylene tube is placed in the measuring cell
(on the left wave propagation Hio, on the right — Hao)
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Fig. 4. The distribution of the electric field when the rod of fluoroplastic is placed in the measuring cell
(on the left wave propagation Hio, on the right — Ha)
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Fig. 5. The distribution of the electric field when the rod of textolite is placed in the measuring cell
(on the left wave propagation Hio, on the right — Ha)

Since the method for measuring the permittivity is based on finding the S-parameters,
HFSS modeled the propagation of the reflected wave in the measuring cell and obtained a graph
of the dependence of Si1 on the frequency in the frequency range 25.95-37.50 GHz (Fig. 6). Sharp
dips in the dependence that occur at a number of frequencies can be eliminated by calibrating the
measurement path during measurements.

Based on the results obtained, we optimized the geometric dimensions and shape of a MC
made for measuring the dielectric parameters of materials in the frequency range 25.95-37.50 GHz
in conjunction with a scalar or vector circuit analyzer. The MC is assembled from two horn antennas
and a waveguide chamber placed between them, in which an insert with a hole for rod-shaped samples
is placed.

The optimized measurement cell was used in conjunction with a vector circuit analyzer
to study the dependence of the amplitude (Si1) and phase (pi11) of the reflection coefficient
of anumber of materials on the frequency f. As an example, Fig.7 shows the results for
fluoroplast (a, b, d) and textolite (b, d, €) in the frequency range 25.95-37.50 GHz. In particular,
the experimental (solid lines) and HFSS-modeled (dotted lines) dependences of the amplitude (a, b)
and phase (c,d) of the reflection coefficient on frequency are shown, as well as the obtained
dependences of € on frequency (d, e).
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Fig. 6. Dependence of Si1 on frequency in the frequency range 25.95-37.50 GHz
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Fig. 7. Experimental (solid lines) and simulated in HFSS (dashed lines) dependences of the amplitude (a, b)
and phase (c, d) of the reflection coefficient on frequency, as well as the obtained dependences of ¢
on frequency (e, f) for fluoroplastic (a, c, e) and textolite (b, d, f) in the frequency range 25.95-37.50 GHz
(in Figures (e) and (f) the dashed lines show the boundaries of the region of uncertainty of the obtained results)

The results of numerical modeling of the amplitude and phase of the reflection coefficient
were used as input parameters in the mathematical model for calculating the permittivity and it was
found that the permittivity calculated theoretically does not exceed the limits set by the measurement
uncertainty.

Conclusion

As a result of numerical modeling and analysis of electric field distribution in
the measurement cell of microwave range, consisting of a pair of irregular waveguides with
a waveguide chamber in-between, in the absence and presence of the rod-shaped samples of a certain
size, we have established that in this system there is a significant impact of the presence of samples
on the spatial structure of the field, while the influence of edge effects and higher-order modes is
reduced to a negligibly small level in comparison with permissible measurement uncertainty.
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Based on the obtained data, measurement cells are developed that are used in the
implementation of the method of partial filling of the waveguide and the modified Nicholson — Ross —
Weir method, which are the basis for measuring the properties of various materials in liquid and solid
states. This ensures broadband frequency measurements, their automation, and the necessary
accuracy (~5 %) with a simple design of the composite waveguide path. The experimental data
obtained for the test materials are in agreement with the data of theoretical calculations and do not
exceed the limits set by the uncertainty of the measurement results.
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AnHoranusi. Ilens paboTel — CHUCTEMHO NMpPOAHAIU3UPOBATH W OOOOIINTH BHICOKOTOYHBIH HM3MEPUTEIbHBIN
CUTHAJI U1l OLIEHKH 3alUIIEHHOCTH B KaHajaX yT€YKU B IIyMaX BBICOKOI'O YPOBHsI JUCKPETHO-KBAHTOBAaHHBIM
MPEJCTaBICHAEM PEYEBBIX CHUTHAJIOB MPUHIMIAMH aAMIUIUTYIHO-UMITYJIbCHOM MOAYJALUHU. YCTaHOBIEHO, 4TO
JUCKpPETH3allks MO BPEMEHH U KBAHTOBAHUE IO YPOBHIO BBICOKOCKOPOCTHBIX BBICOKOKAYECTBEHHBIX PEUYEBBIX
CUTHAJIOB JJISI TpeoOpa3zoBaHus B H(POBYIO (GopMy SBISIOTCS OCHOBHBIMHM HCTOYHHUKAMHU YTEUKH HH(OpMAIIUH.
[lokazaHo, 4ro st ONpeAeNeHUs CTENEeHNW 3allUIIeHHOCTH WH(OpPMAIMM TIPH BBICOKOKAYECTBEHHOM
BBICOKOCKOPOCTHOM Iepesiade B IMPOKOIIOIOCHBIX KaHaj axX Iepeaadn nHpopManu HeoOX0JMMO HCIIO0JIb30BaTh
CIIOXHBIH WM3MEPUTENBHBINA (TECTOBBII) KOMIO3WTHBIA curHajl. TpeOoBaHMS K H3MEPUTEIFHOMY CHTHAIY
OTIPENIENAIOTCS 0COOEHHOCTSIMM JHCKPETHO-KBAHTOBAHHOTO TPEJCTABICHHUS PEUYEBBIX CHTHAJIOB. B KadecTBe
HU3MEPUTENILHOTO CHMTHAJla IPEAJIOXKEHO HCIIONb30BaTh IMEPUOIUYECKYIO HMMITYIbCHYIO IIOCIEN0BATENBHOCTD
TpeyroiapHOil (opmbl. II3MepuTeNbHBIH CHrHal TPeyroibHOM (OpMBI HMEET MPEUMYLIECTBO Iepen
TapMOHHYECKUM CHTHAJIOM B IIPOIlECCE BBIACICHHS IIyMa KBAaHTOBAaHHUS, TaK KaK IO3BOJIIET JOCTHYH Oojee
BBICOKOM TOYHOCTU IpH ero oOpaborke. JIIg OLEHKM 3aIIUIIEHHOCTH KaHaja, 0O0yCIOBIEHHOTO aMIUTHTYIHO-
HMIYTECHONH MOIYNALMEH, HMCHOIb3yeTCsl TapMOHMYECKHH CHTHaJ, C(HOPMHPOBAHHBIA W3 TEPHOAUIECKOU
UMITYJIbCHOHM TOCIIE0BaTENbHOCTH TPEYroiabHOH (opMbl MeTogoM mpeobpazoBanust Dypwe. Mcrnonb3oBanue
MIPEJIOKEHHOTO U3MEPHUTENBHOTO KOMIO3UTHOIO CUTHAJIA MO3BOMSET YCTAHOBUTh €T0 YHCIECHHYIO 3aBUCHMOCTD
C YHCICHHBIM 3HAaY€HHWEM CHUTHala, NPHHATOrO B KaueCTBE HOPMHPOBAHHOIO, M CPABHUTH Ul NPUHATHUSL
pelleHrss O 3allUINEHHOCTH pedeBoro curHama. IIpeacraBneHHble B CTaTbe€ MaTEpUANbl  SBISIOTCS
OPUTMHANBHBIME M MOTYT OBITh HCIIOJIB30BaHBl IIPH OIIEHKE 3aIUIICHHOCTH KaHAJIOB YTEYKH PEUEBBIX
CUTHAJIOB, TNpeoOpa3oBaHHbIX B HudpoByto ¢opmy. Kpome TOro, monyueHHble pe3y/ibTaThl IO3BOJSIOT
MIPOBOJNTH JaJbHEHIINE MCCIeIOBaHMUS 3alIUIIIEHHOCTH PEYEBBIX CHUTHAJIOB TIPH UX 00paTHOM IpeoOpa3oBaHIH
13 UQGPOBOIH POPMBI B NCXOAHBIA CUTHAIL.

KiioueBble cjioBa: 3amura WHGOPMAIlMK, KaHAI YTEYKH pPEUEBOrO CHTHANA, JIUCKPETHO-KBAHTOBAHHBIM,
KOMIO3UTHBIN CUTHAJIL.

KoH(pIuKT HHTepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHH KOH(DINKTa HHTEPECOB.
Jasa unurupoBanus. Kenesmwsk B.K., Jlaspos C.B.,, ®ununnosuu A.I'., bapanosckuit M.\M. Cunrte3

N3MEPHUTENFHOI0 KOMIIO3UTHOTO CHTHAJa JUIS OLEHKM 3allMIIEHHOCTH PEYEBBIX CHUTHAJIOB IPH JIUCKPETHO-
KBaHTOBaHHOM npeoOpasoBanuu. Joknaasl BI'YHWP. 2020; 18(6): 81-87.

81



JlokJiAnpl BI'YHP DokLabpy BGUIR
T. 18, Ve 6 (2020) V. 18, No. 6 (2020)

SYNTHESIS OF A MEASURING COMPOSITE SIGNAL FOR ASSESSING THE
SECURITY OF SPEECH SIGNALS DURING DISCRETE-QUANTIZED
TRANSFORMATION

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

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 20 August 2020
© Belarusian State University of Informatics and Radioelectronics, 2020

Abstract. The purpose of the work is to systematically analyze and generalize a high-precision measuring signal
for assessing the security in leakage channels in high-level noise by discrete-quantized representation of speech
signals using the principles of amplitude-pulse modulation. It has been established that time sampling and level
quantization of high-speed high-quality speech signals for digitalization are the main sources of information
leakage. It is shown that to determine the degree of information security for high-quality high-speed
transmission in broadband information transmission channels, it is necessary to use a complex measuring (test)
composite signal. Requirements for the measuring signal are determined by the features of the discrete-
quantized representation of speech signals. It is proposed to use a periodic pulse sequence of a triangular shape
as a measuring signal. The triangular measurement signal has an advantage over the harmonic signal in the
quantization noise extraction process, since allows you to achieve higher accuracy when processing it. To assess
the security of the channel due to pulse-amplitude modulation, a harmonic signal is used, formed from a periodic
pulse sequence of a triangular shape by the Fourier transform method. The use of the proposed measuring
composite signal makes it possible to establish its numerical dependence with the numerical value of the signal
taken as normalized and compare it to make a decision about the security of the speech signal. The materials
presented in the article are original and can be used to assess the security of the channels of leakage of speech
signals converted into digital form. In addition, the results obtained make it possible to carry out further studies
of the security of speech signals during their reverse conversion from digital form to the original signal.

Keywords: information security, speech information leakage channel, discrete-quantized, composite signal.
Conflict of interests. The authors declare no conflict of interests.

For citation. Zheleznjak V.K., Lavrov S.V., Filipovich A.G., Baranouski M.M. Synthesis of a measuring
composite signal for assessing the security of speech signals during discrete-quantized transformation. Doklady
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BBenenune

[TpuHIMITEI OIIEHKW 3aIIWIIEHHOCTH WH(QOPMAIMOHHBIX CHCTEM OTIMYAIOTCS Ha3HAuYCHHEM,
BHJAMH CHUTHAJIOB, (DM3MYECKUMH TOJSIMA pacCeuBaHUs, KaHajmamu yTtedkn uHpopmarmm (KYH).
Wndopmanmonnsie cucrtembl (MC) ompenensioTcst CTpyKTypaMu, HX COCTaBHBIMH 3JEMEHTaMH,
rapaMeTpamH, B3aUMOCBSA3IMH MEXAYy HUMH, YCIOBUSMH IPUMEHEHHS, BHEUTHUMH BO3JEHCTBHUAMM.
Orto mo3Bonsier chopMupoBaTh 0000MIeHHYI0 Mojenb 3amuthl uH(popMmarmu (3U), koropyro
pEaIN3YIOT CXEMHO-KOHCTPYKTHBHBIMU PEIICHUSAMU.

Zanury UC cHHTE3UPYIOT ¢ MOMOIIIbI0 00001eHHo# Mojenu 31 [1] Ha ocHOBaHWM aHaIK3a
ONTHMHU3HMPOBAHHBIX, 3AIIHUIIIEHHBIX OT YTEUYKH CHCTEMHBIX 3JIEMEHTOB U BHEAPEHUEM dMEPKEHTHBIX
CBOWCTB, YTO TIO3BOJISIET CPOPMYITHUPOBATH METO/IbI, IPUHIIMITBI, CPEACTBA 3aIIUTHI HHPOPMAIMH U UX
OLICHKH OT YTE€UKH WH(POPMALHH.

TexHUYEeCKOH 3allUTe OT YTEUKH aHAIOTOBOW peueBoit nH(opMmaluu nocesiieHa padora [2].

Ilepemawa  AMCKPETHO-KBAHTOBAaHHBIM  TPEACTABICHHEM  BBICOKOYACTOTHBIX  PEUYEBBIX
CUTHAJIOB IO BBICOKOCKOPOCTHBIM ILIMPOKOIOJOCHBIM KaHajaM CHCTEM CBS3H OOYCIIOBIMBAET
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HEOOXOIUMOCTh OOOCHOBAaHUSI M MPAKTUYECKOW peanu3aliyl 3allUIICHHOCTH HMX OT YTEUYKH IO
TEXHUYECKMM KaHaJIaM.

Lenp paboThl — CUCTEMHO IPOAHANIN3UPOBATh U OOOOIIUTH BEICOKOTOUHBIN M3MEPUTEIIBHBIN
CUTHaJ [yl OLIEHKM 3alUIIEHHOCTHM B KaHajaX YTE€UYKH B IIyMax BBICOKOTO YPOBHS JAMCKPETHO-
KBAHTOBAaHHBIM IPEACTaBICHHEM PEUYCBBIX CHIHAJIOB IPHUHLMIAMH aMILIMTYIHO-UMITYJIbCHOM
Moaymsmun  (AMM), peanm3ylomyiM — BBICOKOYACTOTHYIO BBICOKOCKOPOCTHYIO —Tepeiady  IIo
LIMPOKOTIOJIOCHBIM KaHallaM CHCTEM CBS3H.

B pabore [1] paspaborana 00OOLICHHAs MOJENb 3alIUThl WHPOPMALUHK, B KOTOPOU
aHATM3UPYIOTCS MH(POPMAMOHHbIE NOJs paccenBanus, Gopmupyromue KYU uHpOpmManmoHHbIX
cucreM. HopMaTHBHBIM CUTHal 3aLUIIEHHOCTH KaHala YTEUKH peueBod MH(GOPMALUU yCTAaHOBJIECH
Kak rapmonuueckuit mameputenbHbll curHan mo CTh 34.101.29-2011. [ns 3amuThl OT yTEUKH
uHpopmanun B [1] mepedrcieHbl HOBbIE PELICHHS C UCIOJIB30BAaHUEM:

— CHTHAJIA JIMHEHHO-4aCTOTHOM MOYIIAIMU ¢ TipeoOpazoBanueM Buruepa [3];

— CUTHaJIa JIMHEHHO-YaCTOTHOM MOAYJISILIMU C YaCTOTHO-BPEMEHHBIM Mpeoldpa3zoBaHueM [4];

— MEaHJpPOBOM TMOCIENOBAaTEIbHOCTH U OLEHKH 3aIlMIIEHHOCTH OT YTEYKH pPEYEeBbIX
CHT'HAJIOB, TIPEOOPa30BaHHBIX B OMTOBYIO MOCIIEIOBATEIBHOCTH [5];

— YaCTOTHO-MOJYJIMPOBaHHOTO CUrHana 0e3 pa3pbiBa (as3bl AJsl OLEHKH PEYEBBIX CHTHAJIOB,
mpeodpa3oBaHHbIX B HU(GPOBYIO hopmy [5];

— CHCTeMBI W3MepHuTenbHON aBToMartm3mpoBaHHON (CUA), koTopas ocymiecTBiser cOop
nmepBUYHOM m3MepuTenbHOW wHpopmammu B KY  pedeBoit mHpOpMammu  (aKyCTHYECKH,
BUOPOAKyCTUYECKUHM, JJIEKTPOAKYCTHUECKUN, MArHUTHBIA, 3JICKTPUYCCKHUM, 3JICKTPOMArHUTHOTO
MOJIsl, HAaBOJOK IIOJEH pacceMBaHUS Ha ILIENM YIPABICHMS, HNUTAHUS WU 3a3€MJICHHS), OLICHUBACT
BeIMYHMHY pa30opurBocTy peun B KYU no HOpMaTnBHO-METOIUYECKUM TPeOOBaHMSIM, 0OecrieunBas
MOJIHOTY OLICHKH 3alMIIEHHOCTH 00beKTOB MH(popMaTH3auu [2].

B pabore [6] mpeatokeH TapMOHHYCCKHUM H3MEPUTEIBHBIA CHUTHAN JUIA  OIEHKH
3alIMIIEHHOCTH 1O  BbicokouyacToTHOMY KVYW npu AHWM-curHaie B IHUPOKOHOJIOCHBIX
BBICOKOYACTOTHBIX KaHalaX CHUCTEM CBSI3M M3 COPMUPOBAHHOW MEPUOJMYECKONH HNMITYJIbCHOM
MOCJICZI0BATEIBHOCTH TpeyrojibHOM ¢GopMbl. Ha ocHOBaHWUM TOHKOW CTpyKTypbl AMM-curnaia
BBIJICJIAIOT WCXOAHBIA PEYEBOM CUTHAJI C IIOMOIIBIO OLEHKH OTHOIICHUS «CHUTHAJI — ILIyM»
TFapMOHHYECKOTO HW3MEPUTEIbHOTO CHIHajla IIPH MaKCHUMaJIbHOM YYBCTBUTEIBHOCTH IIPH €ro
o0OpaboTke.

TpeOGoBanusi K M3MePUTEIBLHBIM CUTHAJIAM /IS OLIEHKH 3aIIMIIEHHOCTH PeYeBbIX CHTHAJIOB
NMPHU THCKPETHO-KBAHTOBAHHOM MPeodpa3oBaHNH

JIMCKpETHO-KBAaHTOBAHHOE IIPEACTABICHUE PEYEBBIX CUTHAJIOB OCYILIECTBISIFOT 3aMEHOMN
HENPEPBIBHON IIKAJIbI MIHOBEHHBIX 3HAQYEHMM HENPEPBIBHOTO CUTHAJIA JHUCKPETHOM IIKAION
JINHEHHO-JIOMaHOM alMpOKCUMALUU.

KBanTyromiee ycTpoHCTBO SBISIETCSI OCHOBHBIM MPEOOPA3YIONUM YCTPONCTBOM, COAECPIKAIUM
JIUHEHHBIA W HENMHEHHBIA d5eMeHThl [7]. B 3To#t CBSI3M KBaHTyIOIEEe YCTPOHCTBO MPEIACTABIISIET
c000¥1 COBOKYITHOCTP 3JIEMEHTOB, TIAPAMETPOB U CBSI3E€H MEXKITYy HUMH, UCKITIOYasi H30BITOYHBIE CBS3H,
KOTopasi oONamaeT SMEep/DKEHTHBIMH CBOWCTBaMH. VealbHBIM KBaHTHPYIOIIUM YCTPOHCTBOM
SIBJISIETCSI HEJIMHEMHOE YCTPOMCTBO C HYJIEBOM NaMATHIO, NEPENATOYHAs XapaKTepUCTHKAa KOTOPOM
mpejcTaBieHa CTyleH4aTod (QYHKIMEeH C WHTepBaJlaMH KBAHTOBaHWs BXOJHOTO CHTHaia A,
HaXOJSAIIMMHUCS B OJHO3HAYHBIX COOTHOIICHHUSX C KOJUPYIOIIMM BXOIHBIM LU(PPOBBIM CHUTHAIOM
C CHCTEeMaTHUYeCKOH OIMMOKOW KBAaHTOBAaHWS, MPUCYIICH KBaHTHpYIOIIeMy ycTpodcTBy. OHa paBHa

A A
ﬂ:E npu CpeaHeM 3HAYCHUU, PABHOM HYJIIO. CpCﬂHCKBaZLpaTI/I‘leCKOC 3HAYCHHUE G = T , INIOTHOCTH
243

. 1
BCPOATHOCTU CUCTCMATUUICCKOU OIIMOKH KBAHTOBAHUS paBHa Z [8]

JII/ICerTI/I?:aHI/ISI CurHajla COCTOUT B 3aMCHE HCIIPEPLIBHOIO CHIHAaJIa TEMU WM WHBIMH
JUCKPETHBIMU 3HAYCHUAMU 110 BPEMEHU, 110 YPOBHIO 100 110 BPEMCHHU U YPOBHIO.

I[HCerTPBaL[I/Iﬂ o BpPEMCHU COOTBCTCTBYCT BBLIACICHUIO 3HAUCHUI CHUTHaja B 3apaHee
q)HKCPIpOBaHHBIe MOMCHTBI BPCMCHU T, rac T — nepuon HCpHO,I[H‘leCKOﬁ OCICA0BATCIbHOCTH
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NpSIMOYTOJIEHBIX UMITYJIbCcOB [7]. KBaHTOBaHME MO ypOBHIO COOTBETCTBYET BPEMEHH CHUTHaja IpU
JIOCTI)KEHHM WM 3apaHee JOCTUTHYTBHIX YPOBHEH, OTCTOSIIMX APYr OT Apyra Ha MOCTOSHHYIO
BeJIMUUHY A, T7Ie A — nHTEpBaN KBaHTOBaHMA. [IMCKpeTH3aIys CUTHANA 110 BPEMEHU W KBAaHTOBaHHE
M0 YPOBHIO COOTBETCTBYIOT BBINCJICHHIO B 3apaHee (PUKCUPOBAHHBIE MOMEHTHI BPEMEHH 3HAUCHUI
HETIPEPBIBHOTO CUTHANA, OJKAMIIMX K GUKCHPOBAHHBIM YPOBHSIM KBaHTOBaHUs [7].

JuckpeTn3amys MO0 BPEMEHM 3aMEHSET HENpPEephIBHYIO (YHKIHMIO pPEIIeTYaTo, KOTOpas
ONpE/eNSeT COBOKYIHOCTh BBIJCICHHBIX OpAMHAT Wi Juckper [7]. Dynkims pemerdatas —
(GyHKIMS, 3HaYCHUsI KOTOPOW OMpe/CNCHbI TOJIbKO HPH TUCKPETHBIX 3HAUCHMSAX aprymeHta. Ecium
3ajaHa HenpepbiBHas (yHKuus Bpemenu f(t), To ee cpenHee 3HaUCHUE NPH JUCKPETHBIX 3HAYCHHUSIX
aprymenra t = t, mpeobpasyercs B pemerdaryio pynkuuio f(tn). PasHocTs IBYX cOCeqHMX 3HAYCHUI
aprymenta Tn = th+1 — tn (th+1 > tn) ompenensier MHTEpBaN AUCKpETHU3AIMU (TIEPUO MOBTOPEHUS) TIO
Bpemenu, Tme N = 1,2, ... m[9].

JluckpeTH3ays 1Mo BPEMEHH M MOJIYJSLHS OCYLIECTBISIOTCS HMITYIBCHBIM MOIYJISTOPOM.
BxomHOW BEIMYMHOW HMMITYJILCHOTO MOJIYJISATOpA SIBJSETCS HENpepbIBHAS BEIMYMHA BXOJHOTO
CHI'HaJa, BBIXOJHOW — MOIYJIMPOBAaHHAs MOCIEIOBATEIbHOCTh UMITYIbCOB. [Ipy AM ammiuTyasl
UMITYJIBCOB U3MEHSIFOTCS IO 3aKOHY MOJIYJIMPYIOIIETr0 BXOAHOTO HempepbIBHOTO curHana X(t), ecnu Ha
HEro BO3JCHCTBYET MEPHOIUUESCKAsl MOCIEI0BATEIBHOCTh UMITYIbCOB [6], Ha BbIXOIE cHOpMUPOBAH
curtan peurerdatoii Gpynkuuu X(NT) mpu t=nT. [Ipu momave Ha BXOJ TapMOHHUYECKOTO CHUTHAJIA
(bopmupyeTcss AUCKPETHO-KBAaHTOBaHHbINA curHai [6]. [Ipu paBHOMEpPHOM KBaHTOBaHUH IO YPOBHIO,
W3-32 HEJMHEHHOCTH TapMOHHYECKOTO CHTHajla TO (opMe, IIyM KBaHTOBAaHHMS HE SBIISETCS
paBHOMEpPHBIM B TEUYEHHE IMEpHoJila TapMOHMWYecKoro curHana. Jlnsg ¢opmupoBaHus mIyma
KBAaHTOBAHUSl C PaBHOMEPHBIM NEPUOJOM IMOBTOPEHUS JIMHEWHON aMIUTUTYJIHOH XapaKTEpPUCTUKOM
MPE/IOKEHO MCIIOIb30BaTh CUTHAJ TMEPUOAMIECKON NMITYIbCHON MOCIIEIOBATEIBHOCTH TPEYTOIBHON
(bOpMI)I C BO3BMOXHOCTBIO OIICHKN MOIITHOCTH CUTHaJIa K MOIIHOCTU IIyMa KBaHTOBAaHU.

Cunres HU3MEPUTECIBbHOT0 KOMIIO3UTHOI0 CUIrHaJIa

Jns hopmupoBaHUsT N3MEPUTENFHOTO KOMIIO3UTHOTO CUIHAJIA B KQUECTBE MCXOJHOTO CUIHAJIA
UCTIONB3YeM TIEPUOIMYCCKYI0 HMITYJIbCHYIO II0CIIEA0BATEIbHOCTh TPSIMOYroNbHOM (opmbl (puc. 1)
c nepuoziom 7, paBubiM 1/ F,, rme F, — cpemHsis 4acTtoTa mosiochl, paBHO#M pa300pUYUBOCTH PEUEBOTO

CUTHAJIA, i=1,_n n=20 [10], AMTETbHOCTH UMITYJIbCA T:%’ F, = 250; 500; 650; 800; 950; 1125;
1300; 1500; 1700; 1875; 2050; 2250; 2425; 2725; 3100; 3500; 3850; 4550; 6150; 8600 I'my.

A

[ 4(0)
A

3T T 5T ¢

T 0 T
4 4 4 4

| N

Puc. 1. HOCHGHOB&TGHLHOCTB NpsAMOYTOJIbHBIX UMITYJILCOB
Fig. 1. The sequence of rectangular pulses

Pasnoxenue HCpI/IO}II/I‘IeCKOﬁ MMOCJICAOBATCIIbHOCTU IPAMOYT'OJIbHBIX UMITYJILCOB B DA CDpre

umeeT cieayroumi Bup [11]:

4A & sinkot
fi)="23 =, @)
T k=1 k

T
rme A — ammumaTyna curhama; K — #Homep rapmonuku (k=1,3,5,...); 0)=T— — yTioBas 4acToTa

I
CUTHAaJa, TH — [epuoJ CurHaja.
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[Ipeobpasyem aBTokoppensaunonHol ¢ynkuueit (AK®) mnepuoanveckyro HMITYJIbCHYIO
MIOCIIEZI0BATENBHOCTD MPSIMOYTOIFHON (DOPMBI B TIEPHUOAMYECKYIO UMITYJICHYIO MTOCIIEA0BATEIHHOCTD
TpeyroiapHOH ¢GopMbel. B pesympraTe mnpeoOpa3oBaHUS TOIYYHNM HEOOXOTUMBIA W3MEPHUTEIHHBIN
KOMIIO3UTHBIH (OT aHMIMACKOrOo COMPOSIte — COCTaBHOW) CHTHAN, MPEJACTABICHHBIA B BHIC
TIepPHOIMYECKON MMITYIbCHOM MOCTEI0BATENBHOCTH TPEYTObHOH (GOpMBI ¢ MoOmIHOCTHIO A7 u
JUIMTEIBHOCTRIO  mMIyabca 27 [12], tme A — aMmiuTyga UMIOyJdbca  HMITYJIBCHOM
MocJIeIoBaTebHOCTH TpsiMoyronbHOi hopmbl 1 7 = 1000; 769; 625; 526; 444, 385; 333; 294, 267,
243; 222; 206; 183; 161; 143; 130; 110; 81; 58 mkc (puc. 2).

A R, (D

A’r

IR
LI-]
o 1
=}
S
~
lqlﬁ
-

Puc. 2. ABTOKOppeIsAuoHHast (yHKITHS
Fig. 2. Autocorrelation function

PaznoxxeHne mepruoauvecKkoil IMITYIbCHOM MTOCIIEA0BATENBHOCTh TPEYTOIBHON (OPMBI B PsIIT
dypwe umeet crneayroumii Bua [11]:

k1
2 sinkot

o
OB YL @

= k

N3 dopmyn (1) u (2) BUAHO, YTO B OTJIUYME OT IEPHOIAMYCSCKON IOCIECIOBATCILHOCTH
MPSIMOYTOJIBHBIX MMITYJIBCOB JUISI TEPUOJUYECKON MMITYJIBCHOM MOCITIEN0BATEbHOCTH TPEYTONbHOM
(OopMBI YETHBIE TapMOHHWKH OTCYTCTBYIOT, a aMIUTUTYAbl HEYETHBIX TapMOHHK YOBIBaIOT
MNPONOPLUOHAIBHO BTOPOM CTENIEHHM HOMEPOB TapMOHHUK, 4YTO IO3BOJSIET MPOU3BOAUTH OIEHKY
3aIUIIEHHOCTH TI0 MePBOM (OCHOBHOM) rapMoOHUKe. JIJI 3TOTO MONYYeHHBIN CHTHAT MIEPUOIUIECKOMN
MMITyJICHOW TIOCIIEZIOBATEIBHOCTH TPEYrobHOW (GopMBI 0€3 ero HWCKaXeHHs BBOIAT B KaHA
Mepelayn pevYeBoro curHaia. Ha BbIXOoJe KaHalla repeiavyd IMOTy4aroT MpeoOpa30BaHHBIA CHTHAN B
BUJIC BBIOODKM M OINMOKH KBaHTOBAaHWS, KOTOpbIe 00padaThIBalOT B KAXKIOH M3 MOJOC PaBHOM
pasbopurBocTH. I3 mMEepHOANYECKOW WMIYJILCHONW TIOCIIEAOBATEIBbHOCTH TPEYTONbHOW (HOpMBI
BBIIETISIIOT CIIEKTPaIbHBIE COCTABIISIONINE METOIOM MpeoOpa3oBanus Dypbe ¢ OTydeHHEeM OCHOBHOM
TapMOHHMKH TapMOHWYecKoro curHaiga. OIEHKYy 3allMIIeHHOCTH PEeYeBOr0 CUTHAJa BBIMOIHSIOT
CpaBHEHHEM IOJYYEHHOTO OTHOIICHHUS CUTHAJI/IIYM ¢ HOPMHPOBaHHBIM [6].

3akiIouyeHue

Takum o00pa3zoMm, Ul OLEHKHM 3aIIMIIEHHOCTH KaHaja YTEYKH PEYEBBIX CHTHAJIOB IPHU
JTUCKPETHO-KBAHTOBAaHHOM  NPEOOPa30BaHWM  MPEAJIOKEHO  HCIONB30BAHWE  HM3MEPUTEIIHHOTO
KOMIIO3UTHOTO curHana. Ilpeanoxen cmoco® cHHTE3a W3MEPUTENBHOIO KOMIIO3UTHOTO CHUTrHala,
MPEICTAaBICHHOIO B BUJE MEPUOANYECKON MMIYJIBCHOW MOCIEI0BATENILHOCTH TPEYTroJIbHON (OPMBI,
(dbopMupyemMoii W3 TEPUOANYECKOW TOCIENOBATENFHOCTH MPAMOYTONBHBIX HWMITYJIBCOB IyTEM
[I0CJIE/I0BATE/IbHOTO  aBTOKOPPEIJISILIMOHHOIO IpeoOpa3oBanus. lcronp3oBaHue IpeuIoKEHHOTO
U3MEPUTEIILHOTO KOMIIO3UTHOIO CHUTHAja II03BOJIIET YCTAHOBUTH €r0 YHCICHHYKO 3aBUCUMOCTbH C
YHUCJICHHBIM 3HAYEHUEM CUTHAJIA, IPUHATOrO B KAYECTBE HOPMUPOBAHHOI'O, U CPABHUTH ISl IPUHATUL
peuieHuss O 3amMiieHHoOcTH pedeBoro curHana B KYU. IlomydenHsle pe3yabpTaThl IO3BOJISIEOT
MPOBOJUTH [JalbHEHIINE HWCCIEAOBAHMS 3alIMLIICHHOCTH PEYEBbIX CUTHAJIOB NPH HX O0OpaTHOM
npeoOpa3oBaHUK U3 HUPPOBOK POPMBI B UCXOTHBIN CUTHAIL.
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Abstract. The paper presents justification of a binder material for incorporating carbon particles into the inter-
fiber space of electromagnetic radiation absorber. A method for carbon particles incorporation into a fibrous
material has been developed. It is based on applying a carbon-containing nanocomposite to the fibrous
material’s surface. Previously, the research of carbon particles incorporation into a synthetic material by using
an aqueous solution were carried out, which ensured a uniform distribution of carbon particles in the material
structure. However, the properties of the material have changed significantly upon mechanical deformation.
Therefore, the carbon particles incorporation process was investigated using various nanocomposites obtained
on the basis of mixtures of vinyl acetate polymer, or epoxy polymer, or surface-active substance with carbon
black. Based on the results of electron microscopic analysis and the reflection and transmission coefficients
frequency dependences in the frequency range 0.7-17 GHz, the efficiency of using a nanocomposite based on a
mixture of surface-active substance and carbon black to create electromagnetic radiation absorbers was justified.
Such electromagnetic radiation absorbers have the transmission coefficient value about —18 dB and reflection
coefficient value about —12 dB in the frequency range 7-13 GHz. Carbon-containing electromagnetic radiation
absorbers based on fibrous material have thickness less than 3 mm, properties of flexibility and resistance to
mechanical deformation. It can be used in various fields, in particular for hiding objects from radio frequency
reconnaissance or protecting equipment from external interference.

Keywords: carbon black, electromagnetic radiation absorbers, nanocomposite, reflection coefficient,
transmission coefficient.
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Foreword
To date, various binder materials are used to create absorbers and screens of electromagnetic

radiation. It is known that paint and varnish materials are widely used to create composite coatings
with the addition of powdered conductive materials [1, 2], characterized by low values of reflection
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coefficients (up to —15dB) and transmission coefficients (up to —20 dB) in the frequency range
of 8-12 GHz. At the same time, such composite coatings do not retain their electromagnetic radiation
shielding properties during deformation.

There are also methods for creating electromagnetic radiation screens based on gypsum and
concrete composite materials [3, 4], characterized by low transmission coefficients (up to —20 dB) and
reflection coefficients (up to —15 dB) in the frequency range of 0.7-17 GHz. However, such materials
have significant weight and size parameters and do not have the properties of elasticity and flexibility.

It is known that hydrophilic polymers are utilized to create composite materials [5, 6] with the
transfer coefficients ranging from —20 to —40 dB in the 8-12 GHz frequency range. At the same time,
such composite materials have not only the property of flexibility, but also resistance to variations
in ambient temperature.

During the research work of the State Scientific Inspection program for 2016-2020
"Photonics, Optoelectronics and microelectronics”, the task was set to select the optimal binder for
fixing carbon particles in the fibrous structure of the electromagnetic radiation absorber. Thus,
we studied the properties of several samples of electromagnetic radiation absorbers made using
various binders that differ in the properties of adhesion, density, strength, elasticity and flexibility,
and resistance to mechanical deformation.

Earlier [7], studies were conducted on the use of water-based and adhesive composites
(solutions of sodium silicates or polyvinyl acetate emulsions) for incorporation of carbon particles into
foamed and fibrous materials. The reflection coefficient of such materials is —14 dB, the transmission
coefficient varies up to —20 dB in the frequency range of 8-12 GHz. The use of an aqueous solution
to incorporate carbon particles does not solve the problem of their fixation in the structure
of the material, but the particles penetrate deep into the material and are distributed throughout
its volume. The use of a solution of sodium silicates helps to fix the particles only on the surface
of the material. Based on these results, it was decided to create nanocomposites based on a vinyl
acetate polymer, an epoxy polymer, and a solution of surfactants with the addition of carbon black.

A fibrous material consisting of chaotic polyester fibers (70 %) and polypropylene fibers
(20 %) was selected as an electromagnetic radiation absorber material for incorporating carbon
particles. It should be noted that this material has the properties of density (from 100 to 1000 g/m?),
strength, flexibility, elasticity, shape stability, heat and noise insulation. The thickness of the fibrous
material is hot more than 2 mm.

The choice of carbon black for incorporation into the fiber structure of the electromagnetic
radiation absorber is due to its physical and chemical properties: dispersion, highly developed surface
(5-150 m?#qg), particle density (1.76-1.9 g/cm?®), low transmission coefficient (up to —40dB
in the frequency range of 8-12 GHz), carbon Black is a collection of spheroidal particles (the primary
structure of carbon black), the coalescence of which leads to the formation of a secondary
structure (Fig. 1, a), called the aggregates, up to 90 nm [8]. Also, in the structure of carbon black,
atertiary structure, agglomerates, is isolated, resulting from the physical connections of a set
of aggregates (Fig. 1, b). Thus, carbon black is characterized by a disoriented particle structure, surface
organophilicity, nanoscale primary and secondary structures (from 10 nm), and a variety of particle
distribution forms (spheroidal, branched, linear, ellipsoidal).

a b
Fig. 1. Carbon black structural units: a — aggregate; b — agglomerate
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Routine of experiment

For the production of samples of electromagnetic radiation absorbers, a method was developed
for fixing allotropic carbon particles in a fibrous material, which includes the following steps.

1. Preparation of a carbon-containing nanocomposite: mixing a binder composite (vinyl
acetate polymer, epoxy polymer, and surfactant) and carbon black powder in a ratio of 1: 0.5.

2. Cutting the fibrous material into fragments of the required size and shape.

3. Application of a carbon-containing nanocomposite to the surface of a fragment of a fibrous
material.

4. Retention of fibrous material fragments for 24 hours under standard conditions.

In accordance with the developed method, the following samples of electromagnetic radiation
absorbers were obtained:

— synthetic fibrous non-woven material with a nanocomposite based on a mixture of vinyl
acetate polymer and carbon black (sample No. 1);

— synthetic fibrous non-woven material with a nanocomposite based on a mixture of epoxy
polymer and carbon black (sample No. 2);

— synthetic fiber non-woven, on the surface of which a nanocomposite based on a mixture of
surfactant and carbon black is applied (sample No. 3);

— synthetic fibrous non-woven material with a nanocomposite based on distilled water and
carbon black (sample No. 4).

To determine the level of penetration of carbon particles into the internal structure of the
fibrous material, an electron microscopic analysis was performed using a non-contact video measuring
microscope Norgau NVM-2010, equipped with a color camera CCD 1/2". The Norgau NVM-2010
video measuring microscope has extensive capabilities in measuring linear-angular values of surfaces
of various materials and processing the measured data with an error of £(3.0+L / 200) microns, where
L is the measured length, mm, and magnification of the optical system from 0.7 to 4.5 times.

Studies of the shielding properties of the obtained samples of electromagnetic radiation
absorbers were based on measuring the transmission coefficients (S21) and reflection coefficients (S11)
of electromagnetic radiation in the range of 0.7-17 GHz, for which a panoramic transmission and
reflection coefficient meter SNA 0.01-18 was used [9]. The reflection coefficient was measured in
two modes: matched load (S11) and short-circuit (Siime), i. €. a metal reflector was located behind the
test sample. The choice of this range is due to its use for information exchange in mobile
communication systems, between radar stations and computer equipment, etc.

Results and discussion

Based on the results of microscopic analysis of the surface and cross-section of the obtained
samples of electromagnetic radiation absorbers, it was found that carbon black particles do not
penetrate deep into the material of sample No. 1, on the surface of which a nanocomposite based on a
mixture of vinyl acetate polymer and carbon black was deposited (Fig. 2, a). A layer of carbon-
containing nanocomposite 500 microns thick is fixed on the surface of the fibrous material of sample
No. 1 (Fig. 2, b).

Fig. 2. Micrograph of sample No. 1: a — surface; b — cross section
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The thickness of the layer of carbon-containing nanocomposite from a mixture of epoxy
polymer and carbon black deposited on the surface of sample No. 2 is 300 microns. Fig. 3, b shows
that the boundary between the carbon-containing nanocomposite layer and the fibrous material
is clear, which indicates that carbon particles do not penetrate into the depth of the material.

Fig. 3. Micrograph of sample No. 2: a — surface; b — cross section

Fig. 4, a, b show that the mixture of surfactant and carbon black deposited on the surface
of sample No. 3 contributed to the uniform distribution of carbon particles over the entire thickness
of the sample, as well as their fixation on the material fibers and in the inter-fiber space.

Fig. 4. Micrograph of sample No. 3: a — surface; b — cross section

As already mentioned in [8], an aqueous carbon-containing solution contributes to the uniform
distribution of carbon particles in the structure of the material. In this work, to compare the efficiency
of penetration of carbon particles deep into the material, sample No. 4 was also made, on the surface
of which a nanocomposite based on distilled water and carbon black was applied. Fig. 5 makes it clear
that carbon particles actually penetrate deep into the material. With that, it should be noted that their

distribution in the structure of the material is similar to the distribution of particles in the structure
of sample No. 3.

Fig. 5. Micrograph of sample No. 4: a — surface; b — cross section
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The results of the analysis of frequency dependences of the reflection coefficients of
manufactured samples obtained during measurements in the modes of matched load and short circuit
(Fig. 6) show that the values of the reflection coefficients for sample No. 3 do not differ significantly
when measured in the two modes and are —2.6 ... —14.4 dB in the frequency range of 0.7-17 GHz.
The frequency dependences of the reflection coefficients of sample No. 3 confirm the results
of electron microscopic analysis, since the uniform distribution of carbon particles throughout
the structure of the fibrous material reduces the power of the electromagnetic wave due to its repeated
re-reflection in the inter-fiber space and absorption when interacting with each fiber with carbon
particles fixed on their surface. The transmission coefficient of sample No. 3 is -2.9 ... -19.9 dB and
is minimal in comparison with the values of the transmission coefficients of other samples, which also
confirms the above assumptions and proves the effectiveness of sample No. 3 for shielding
electromagnetic radiation in the frequency ranges of 0.7-17 GHz (Fig. 7).

J GHz £ GHz

0,7 4,0 7.2 10,5 13,7 17.0

S||,l'.”!l
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20

Fig. 6. Reflection coefficients frequency dependences of samples, obtained by measurements in modes
matched load (a); short circuit (b)

f. GHz

Ey, db

Fig. 7. Transmission coefficients frequency dependences of samples

Conclusion

The presented results of the study of the internal structure of samples of electromagnetic
radiation absorbers with incorporated carbon particles and the frequency dependences of the reflection
and transmission coefficients in the frequency range of 0.7-17 GHz show that an effective binder
material for creating such absorbers is a nanocomposite based on a mixture of surfactant and carbon
black. Electromagnetic radiation absorbers based on synthetic fiber material, on the surface of which
a nanocomposite based on a mixture of surfactant and carbon black is deposited, are characterized by
a uniform distribution of carbon particles in the fiber base, which provides a transmission coefficient
of the order of —18 dB and a reflection coefficient of —12 dB in the frequency range of 7-13 GHz.
Such electromagnetic radiation absorbers can be used to shield radar equipment from external
interference or hide objects from radar reconnaissance. It should also be noted that these absorbers
also have insignificant weight and dimensions, possess flexibility properties and are resistant to
mechanical deformation.
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Annoranusi. Ilenbio pa®oOTHl SABISUIOCH HKCCIICAOBAHHE BIMSHHS COCTaBa Tra30BOM Cpeasl B IPOIECCe
pacTUbUICHHST Ha JJIEKTPOPU3NICCKHAE XapaKTePHCTHKU IUICHOK OKCHAa BaHAAWsA, HAHECEHHBIX METOJ0M
HMIYJIBCHOTO PEaKTUBHOTO MAarHETPOHHOTO PACHBbUICHUS BaHAJAWEBOAW MHIICHH B cpene Ar/O2 pabodmx ra3oB.
[Toy4eHbl 3aBUCUIMOCTH HAIIPSHKEHUS pa3psia MarHeTPpOHa, CKOPOCTH HAHECEHUSI, YJEIBHOTO COMPOTUBIICHHUS,
Temnepatypaoro kodg¢uipenta conporusicHus (TKC), mUpUHBI ONTHYECKOH 3alpeIieHHON 30HBI IUICHOK
OKCHJa BaHaAMs OT KOHIICHTpAIMM KHCIOpOJa B CMECH Tra3oB. YCTaHOBIEHO, YTO MpPH PEaKTHBHOM
MAarHeTPOHOM  pachbUIeHHH (GOPMHUPYIOTCA amMopdHbIe IUICHKH OKcuJa BaHagus. [loka3aHo, dTO
3MeKTPO(U3NIECKUE CBOMCTBA HAHECEHHBIX IUICHOK OKCHIA BaHAIHs HMEIOT CHJBHYIO 3aBHCHMOCTH OT
KOHIICHTpaluu Kuciaopoaa B Ar/O» cMecH ra3oB, YTO CBS3aHO C OOpa30BaHHEM B IUIGHKE CMECH Pa3IHIHBIX
MIPOMEXXYTOYHBIX OKCHIIOB BaHAIWsA. YCTAaHOBICHO, YTO C TOYKH 3PCHHS HCIIOJNB30BAHUS IUICHOK OKCHIA
BaHaJWsA B KadeCTBE TEPMOUYYBCTBUTEINBHBIX CJOEB IUICHKA HEOOXOMUMO HAHOCHTH MPH KOHIICHTPAIUSIX
KHCJIOpoAa B cMecH Ta3oB oT 17 mo 25 %. [Ipu maHHBIX KOHIEHTpAIMsIX KHCIOpoaa Oe3 HarpeBa IOJIOKEK
MOJIYYEHbI IJIEHKW OKCHJA BaHAIUs C YACIbHBIM CONPOTHUBICHHUEM (0,6—-4,0)-102 Om'M, TKC 2,2-2,3 %/°C
U IIUPUHOW 3ampelIeHHOW 30HBI IS TpAMBIX TepexonoB 3,7-3,78 aB. IloxydeHHBIE XapaKTEPUCTHKH
MO3BOJISTFOT MCTIOJIB30BATh JJAHHBIE TUIEHKH B KQUe€CTBE TEPMOUYYBCTBUTENBHBIX CIOEB MUKPOOOIOMETPOB.

KiroueBble cj10Ba: OKCHJ] BaHa Vs, PEAKTHBHOE MarHETPOHHOE PACTIBUICHHUE, TOHKHE TUICHKH, MUKPOOOIOMETp.
KoH(pIuKT HHTepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHH KOH(INKTa HHTEPECOB.

BaarogapHocTu. VccnemoBaHusi BRIIONHEHBI NpH (uHaHCOBOH moanepxke BPOOU B pamkax HaydHBIX
npoektoB Ne TI9KUTI-016 u Ne T20KUTI-013.

Jast uuruposanus. Hryen T. /1., 3ansko A.H., 'onocos JI.A., 3aBaackuit C.M., Mensaukos C.H., Konoc B.B.
DJeKTpopU3NIECKHEe CBOWCTBA IIEHOK OKCHIA BaHA (¥sl, HAHECEHHBIX METOJOM PEAKTHBHOI'O MAarHETPOHHOTO
pacnbuienus. Joxnansr BI'YUP. 2020; 18(6): 94-102.
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Abstract. The aim of this work was to study the effect of the gas composition during sputtering on
the electrophysical properties of vanadium oxide films deposited by pulsed reactive magnetron sputtering
of a vanadium target in an Ar/O, medium of working gases. The dependences of the magnetron discharge
voltage, deposition rate, resistivity, temperature coefficient of resistance (TCR), and the band gap of vanadium
oxide films on the oxygen concentration in the gas mixture are obtained. It was found that amorphous films of
vanadium oxide are formed during reactive magnetron sputtering. It is shown that the properties of the deposited
vanadium oxide films have a strong dependence on the oxygen concentration in the Ar/O, gas mixture, which is
associated with the formation of a mixture of various intermediate vanadium oxides in the film. It was found that
from the point of view of using vanadium oxide films as thermosensitive layers of microbolometers, the films
must be deposited at oxygen concentrations in the gas mixture of 17 to 25 %. At the given oxygen
concentrations without heating the substrates, vanadium oxide films with a resistivity (0.6-4.0)-102 Ohm-m,
TCR 2.2-2.3%/°C and a band gap for direct transitions of 3.7-3.78 eV. The obtained characteristics make it
possible to use these films as thermosensitive layers of microbolometers.

Keywords: vanadium oxide, reactive magnetron sputtering, thin films, microbolometer.
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BBeaenue

B mnocnennue roasl MHTEHCHBHO BEIyTCS HCCIEIOBaHMs, HalpaBiICHHbIE Ha pa3pabOTKy
MHTETpalbHBIX HeoxnaxkaaeMbix wuH(pakpacHsix (MK) MHKpOOOIOMETPUYECKHX MPUEMHHKOB,
HCIONB3YIOIIMX TEPMOPE3UCTUBHBIE CBOMCTBA 4YyBCTBUTENBHOrO 3ieMeHTa [l]. OCHOBHBIM
MPEeNMYIIeCTBOM TNPHUOOPOB Ha OCHOBE HEOXJIAXKAAEMBIX MHKPOOOJIOMETPHUECKHX TMPHUEMHHKOB
SIBIIIETCS] OTCYTCTBHE CUCTEMBI KPUOTEHHOTO OXJIaXAeHUs. 110 4yBCTBUTENBPHOCTH TaKHe MPUEMHUKHI
NPUOMKAIOTCSL K KPUOTEHHBIM (DOTOHHBIM NPUEMHUKaM, YTO MO3BOJIIET CO34aBaTh Ha OCHOBE
HeOXJaXAaeMbIX MHKpoOonomerpoB MK  mpubopsl, wumeromme Maible Ta0apuThl,  Bec,
JHEPronoTpedbIeHne U HU3KYI0 CTOMMOCTh. JTO OTKPBIBA€T BO3MOJKHOCTH pa3padaThiBaTh Ha 0ase
HEOXJIAXKJAEMBIX MUKPOOOJIIOMETPUYECKUX MPUEMHUKOB MIPUOOPHI HE TOJIBKO Il BOGHHON TEXHUKH,
HO M JUId NPUMEHEHWs B IPOMBIIIJIEHHOCTH, OXPAHHBIX CHCTEMAaX, MEAMLUHE, 3KOJIOTMYECKOM
MOHUTOPHWHTE, Ha TpaHcnopte [1, 2].

Pabora mMukpoOonoMeTpa OCHOBaHAa Ha MOBBILICHUH TEMIEPaTypbl TEPMOUYBCTBUTEIHLHOTO
MaTepuaia (TepMope3ucTopa) 3a cueT mnorjouieHus mnagaromero MK wmsnyuenns. M3menenue
TEMIIEPATypPhl BBI3BIBAET W3MEHEHHUE D3JIEKTPUYECKOTO COMPOTHUBIICHHUS TEPMOPE3UCTOpPA, KOTOPOE
npeoOpasyeTcst B HampspKEHHE M U3MepsieTcs BHEIIHEH IeTnbio. TepMOdYyBCTBUTEIBHBINH MaTephal
MHUKpOOOJIOMETpa JIOJDKEH 00J7agaTh BBICOKMM 3HA4CHHEM TeMIIEpaTypHOro KoddduimenTta
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anekrpuueckoro compotuBieHus (TKC), wmambiMu 3HaYeHHSIMH YJEIBHOTO CONPOTHBICHUS,
TEIUIONPOBOJHOCTH M ITyMOB. Takke BaKHBIM BOIPOCOM SIBIISIETCSI BO3MOXKHOCTH HCITONB30BAHUS
MAaHHOTO  MaTepWaja B CTAaHAAPTHBIX  TEXHOJOTHYECKMX  MpPOIeccax  HM3TOTOBJICHHA
MOJTYTTPOBOTHUKOBBIX HUHTErpaIbHBIX MHKPOCXEM, YTO MO3BOJISIET (hopmMupoBaTh
MHUKpPOOOJIIOMETPHUYECKYIO MAaTPHUITy W CIUTHIBAIOIIYIO AIEKTPOHUKY HA €AMHOM Kpuctaie. OMHUM U3
TaKuX MaTepualioB siBJsieTca okcup BaHamusi VOy. [lnenkn okcuna BaHanus 001amal0T HAWITYYITAM
coueTaHWeM ToKazareneil: cpaBHUTENHHO BBICOKMM TKC, HU3KHMM YJEIBHBIM CONPOTHUBICHHEM
Y HU3KOMW CIIOCOOHOCTBIO K CO3JJaHuI0 moMeX [3].

Jns momydyeHus TUICHOK OKCHJIA BaHATUS TPEAJIOKEH PSII METOIOB OCAXKACHUS, TAKHX Kak
30J1b-T€lb, HEHTPU(YTUPOBAHUE, PACIBUTUTENFHBIA MAPOIN3, XUMUYECKOE OCaXKIEHHE U3 Ta30BOU
(ha3bl, HOHHOE pacHbUICHHE, SJIEKTPOHHO-TYYEBOE MCIAPEHNE W UMITYJILCHOE JlazepHoe ocaxaenue [4-9].
OpHako 1O HACTOAINIETO BPEMEHH WIMPOKOE MPOMBINUIEHHOE HWCIOJIB30BaHUE TAaHHBIX METO/IOB
CAEPKUBAETCS CIOXKHOCTHIO MOTy4eHus mieHOK VOy ¢ 33JaHHBIMH XapaKTePUCTHKAMH. DTO CBI3aHO
C TEM, YTO OKCHJ BaHAAWsI UMEET MOPsAKA ABAALATU MATU Pa3HBIX OKCUIHBIX COCTOSHUN, U TOJIBKO
HEKOTOpPbIC M3 HUX 00JIaatoT TpeOyeMbIMHU CBOMCTBaMU. M3-3a y3KOTO quamna3oHa TeXHOIOTHYECKUX
nmapaMeTpoB, 00ecreunBaronMX CTaOUILHOCT M ONTHMAIBFHOCTh XapaKTEPUCTHK OKCHUJA, MPOIECC
(hopmupoBanus wieHOK V Oy SBIISETCS CIIOXKHBIM IS YIIPABICHUS U TPYTHO BOCIPOU3BOIUMBIM,

OnuuM w3 HauboJiee MEPCIICKTUBHBIX METOJOB (DOPMUPOBAHUS IUICHOK OKCHJAa BaHAIUS
SIBJISIETCS. PeaKTHBHOE MarHeTpoHHoe pacmbiienue [10]. Metox obGecrieunBaeT BBHICOKHE CKOPOCTH
HAaHECeHWS M XHMHYECKYI) YHCTOTY HAaHOCHMBIX CIIO€B, TIO3BOJSIET B IMUPOKUAX TMpeaenax
BApbUPOBATh CTEXMOMETPUUYECKHM COCTaB IUICHOK 3a CYET HM3MEHEHHUS MapIHalbHOTO JIaBICHUS
peakTUBHOTO rasa B kamepe. MccienoBaHnIo CBONCTB TIEHOK OKCHJIa BaHAIMsI, HAHOCHMBIX METOIOM
PEaKTUBHOTO PaCHBIICHHUS, TIOCBAIICH PAJ] CTATeH, OJHAKO B ATHX CTaThiIX Yallle BCETO MCIIONB3YeTCs
BBICOKOYACTOTHOE PACHBUICHUE M OCHOBHOEC BHHUMAaHHE YACISICTCS BIUSHUIO TTApaMETPOB Ipoliecca
pacIbUICHUS Ha AJIEKTPOXPOMHBIC U ONTHYECKHE XapaKTEepUCTHKW TuieHOK [11]. B To ke Bpems
MPAKTHYECKA OTCYTCTBYIOT TPEJCTaBIEHHBIE B CTAaThAX pE3yNbTaThl HUCCIEAOBAaHUH, TIe
JUISI HAHECCHHSI  TJICHOK — HCIIONB3YEeTCSl  METOJ  HUMIYJbCHOTO  PEaKTHBHOTO MAarHETPOHHOTO
pacHbUICHUS W aHAJIM3UPYETCS BIMSHHE HapaMETPOB Ipoliecca Ha 3JEKTPO(U3NYSCKUE CBOMCTBA
IDICHOK C TOYKH 3PEHHS HMCIOIBF30BAaHUS OKCHA BaHAIMS B KaUECTBE TEPMOUYYBCTBHUTEIBHBIX CIIOEB
MukpoOomomeTrpoB. Takum o00pa3om, IeNbI0 paOOTHI SBISIIOCH HCCIEAOBAHWE BIMSHUS COCTaBa
ra30BOM Cpejbl B POIIECCE PACIIBUICHUS Ha 3JIeKTPO(U3NIECKUE CBOWCTBA IUIGHOK OKCHJA BaHAIus,
HAaHOCHMBIX METOJIOM WMITyJIbCHOTO pPEaKTUBHOTO MAarHEeTPOHHOTO pacIlbUIeHUusT 0e3 Harpesa
TTOJITIOKEK.

MeTO}]I/IKa MNPOBEACHUSA IKCICPUMEHTA

Ha puc. | mpencraBnena cxema 3KCIIEPUMEHTAIBHONW YCTAaHOBKM JJIsSi HAHECEHMS TUICHOK
OKCHJa BaHagWsl METOJOM HMITYJIbCHOTO PEAKTUBHOTO MAarHeTPOHHOI'O pAacIbUICHUS. Y CTaHOBKa
BBINOJIHEHA Ha 0ase BakyymHoro nocta BY-2MII. Kamepa BakyymMHO# ycTaHOBKH Obl1a 000pyJ0BaHa
MarHeTpoHHOH pacmeiuTeabHON cuctemMoir MARS.011-80 ¢ mumensto &80 MM W MOHHBIM
HMCTOYHUKOM Ha OCHOBE TOPIIEBOT0 X0J/UI0BCKOro yckoputens EHIS.007-150.

Bpamaemslii moanoxKkoaepkaTenb pacronarajica Ha paccTosHud 120 MM OT MOBEPXHOCTH
MUILEHH MarHeTpoHa. B mpomecce HaHeceHMs IMJICHOK OChb BpAILEHHs MOAJIOXKKH HaxXOIWiach Ha
paccrosituu 100 MM OT ocH MarHeTpoHa. J[jist muTaHusi MarHeTpOHa MCIoJb30BasIcs Ostok ruTanus (BIT)
APEL-M-1.5BP-800-2 (OOO «IlpuknaaHas 351eKTpoHruKa», Poccus) MomHocThiO 1,5 KBT.

[Inenkn okcuaa BaHaIUsl HAHOCWIMCH Ha cTpyKTypbl SisNi/Si m ontuyeckoe crexino BK7.
B xome okcmepuMeHTOB Kamepa BakKyyMHOH yCTaHOBKM OTKauMBaJlach g0  OCTATOYHOTO
napnenns 103 Tla u npomsBoamMiach NpeaBapHUTENbHAS HMOHHAs OYMCTKA IOMIOXKEK. Jlus 3Toro
B MOHHBIM ucTouHuK mnonaBaicss Ar. Ilotok Ar cocraBmssn Qar = 30 mi/muH. Bpems oumcTkw,
HanpsDKEHUE U TOK pa3psaa BO BCEX SKCIEPUMEHTaX ObUIM MOCTOSHHBIMU M COCTaBILLIM { = 6 MuH,
Uqs=80B, lg=7,0 A cooTBeTcTBeHHO. OYHCTKA MPOU3BOIMIACH B PEXKIME BPAIICHUS MTOJIOKKH.

3areM MPOW3BOJIWIIACH OYKMCTKA MHIICHH MAarHeTpoHa OT 3arps3HeHuit. Jlns 3toro
B Ta30paclpe/IeIUTEeNIbHYI0 CUCTeMy MarHeTpoHa mnofaBaiicsi Ar. IloTok Ar B kamepy cCOCTaBIsul
Qar = 60 Mn/MuH. BanaaueBas MUILLIEHb pacubUIsIach B TeUeHHE 2 MUH Ipu Toke paspsaga = 1,5 A.
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Jlyis pacTibUICHUST BAHAUEBOW MUIIICHHU UCIIONB30BANICS OUTIONSPHBIN aCUMMETPUICHBIN UMITYJIbCHBIH
TOK (dacToTa cnemoBaHusi umiylibcoB F = 10 k[, aMImiMTyna MOJIOXKHUTENLHOTO uUMIynbca 60 B
U JUTMTENBHOCTH 3 MKc). [locie 3Toro B ra3opacnpe/ieIuTeNIbHYI0 CHCTEMY MarHeTpoHa IMOJaBasicst
KHCJIOPOJ, ¥ IPOM3BOAMIIOCH paclbuleHne MUIIeHH B cpene Ar/Oz pabounx ra3os. IIpu sToM 3HaYeHUS
pacxoJioB pabovMX Ta30B YCTAHABIUBAIUCH TaKUE, KOTOPBIC BIIOCIEJCTBHH HCIIOIL30BAIUCH TPU
HAaHECEHUH IUICHOK. B TakoM pexuMme MUILNEHb pachblisUIach B TCUCHHWE 2 MHUH NPU TOKE paspsia
I:=15A. Hdanee mnpou3BOOMIOCH HAaHECEHWE IUICHOK OKCHAa BaHaaus. J{Is 3TOTO MOAJIONKKH
MOJIBOIMIINCH B 30HY HaHECEHHs. B mpoiiecce skcriepuMeHTOB cojiepkanue kuciopoaa B Ar/O; cmecu
ra3oB (/o02) mmensumoch ot 0 mo 67 % mpu obmeMm pacxoxe raza 60 mu/muH. {15 mommepkaHus
3aJIaHHOTO PacXo/a Ta30B MCIIOJIb30BAJIICh aBTOMAaTHUECKHE PEryIATophl pacxona raza (PPI) PPI-1.
Bo Bcex skcmepuMeHTax TOK pas3psaa MOANCPKUBAICS MOCTOSHHBIM U cocTaBisul lt= 1,5 A. Tlpu
9TOM HampsDKeHHE paspsama u3MeHsIoch oT 450 mo 583 B B 3aBHCHMOCTH OT KOHIICHTPAITHH
Kuciopona. ToNIuHa HAHECEHHBIX TUICHOK COCTaBIsuia okoJio 150 HM M peryimpoBaliach BpeMEeHEM
HaHECEHHsI B 3aBUCHMOCTHU OT KOHIEHTpaluu Kuciopoaa B Ar/O; cMecH ra3oB.

>
[MojuioKka
Substrate
K oTkaunoii cucteme
n T n  Topump
MarseTpoH HoHHbIH HCTOYHHK [:>
Magnetron lon source

=
S—— =

—
—
bI1 maruerpona

bI1 neiitpanuzaropa | | bII HoHHOTO HCTO4YHHKA
Magnetron PS Neutralizer PS lon sourse PS

il I L

Puc. 1. Cxema BKCHCpHMeHTaHLHOﬁ YCTaHOBKH JIs1 HAHECCHU A IIJICHOK OKCHUa BaHa AU METOAOM
HUMITYJIbCHOT'O PEAKTUBHOI'O MArHETPOHHOI'O paClblICHUS
Fig. 1. Experimental setup for deposition of vanadium oxide films by reactive magnetron sputtering method

TonmmuHa  HAHECEHHBIX  CJIOEB OTIpesieNsiIach c MTOMOIIIBIO ONITUYECKOTO
uHTeppepomerpuueckoro npoduiomerpa ITOMU-08. Crpykrypa u (a30BBIi COCTaB HaHECEHHBIX
wieHok onpexaessunch Metomamu EBSD  (Electron Backscateered Diffraction) u pamanoBckoit
cnekTpockonuu. [l wuccrmegoBaHus mieHOK MeTtogoM EBSD  ucmonpioBancs  ABYIy4eBOH
AJIEKTPOHHO-HOHHBIH MUKpockon Versa 3D Lovac (CLHA). dudpakinuoHHble KapTHHBI MOTyYECHBI
IIpU yriie HakjIoHa noanoxku 70°. MccnenoBaHuss KOMOMHAIIMOHHOTO PaccesHUsI CBETa IUICHOK OBbLIH
MpoBeeHbl Ha CKaHHWpylomeM KoHgpokaabHoM MuKpockonie SOL Instrument Confotec NR500
C MCTIOJIb30BaHUEM JIazepa C JUIMHON BOJIHBI 473 HM ¥ MOITHOCTBIO 3 MBT. CHieKTpbl ONTHYECKOTro
MpoITycKanus 1mieHoK B auamnazoHe 300-900 HM moxy4eHsl ¢ moMolnbko criekrpodoromerpa IIpockan
MC-121. IlluppHa ONTHYECKOM 3alpelleHHON 30HBl HAHECEHHBIX IUIEHOK OIpENeNsulach MO Kparo
COOCTBEHHOI'0 IOIJIOIEHHS IUIEHOK.

s vccnenoBaHus 3IEKTPUUECKUX CBOMCTB HAHECEHHBIX TUIEHOK (POPMHUPOBAIUCH TECTOBBIE
CTPYKTYphl. JlJI1 3TOro Ha MJIEHKY OKCHIAa BaHaAWs METOJOM HOHHO-TY4YEBOIO paCHbLICHHA
HaHOCHIUCHh Ni KOHTakThl. C(OpMHPOBaHHBIE PE3UCTOPHI HMENN MPSMOYTOJIBHYIO (hOpMY pa3zMepoM
7,5%15 MM (koadduitnent hopmer Ky = 0,5).

DNEKTPUUYECKOE CONPOTUBIEHUE PE3UCTOPOB M3MEPSUIOCH NMPU KOMHATHOW TeMIlepaType NMpH
Toke 100 MKA. Y[enpHOE CONpPOTHBIEHHE IICHOK PACCUUTHIBAIOCH HMCXOIS W3 COMPOTHBICHUS
pesucropa R, ero kodddurmenta popmol Ky 1 TOMIMHBI IIICHKH OKCHJIA BaHAIUS 110 popmyIe

Rd
- &)

[

rae d — ToNInKMHA IUIEHKHA OKCHUIA BaHAIUA.
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IIpu u3mepernsx TKC mieHOk Temmeparypa TepMOPE3UCTOPOB MU3MEHSIIACh OT KOMHATHOW
1m0 90 °C u obpatHO co ckopocthio 5 °C/mMuH. TemmepaTypHblii K0d(D(DHUIMEHT COMPOTHBICHUS
paccauTsIBalCs 0 popmyTie

a=2 %R0, @)
R dT

rae T — TeMreparypa TepMOpe3ucTopa.

Pe3yabTaThl U HX 00CYsKIEHHE

[IpoBeneHsl wHccClienOBaHMSA MPOLECCOB  HMITYJIBCHOIO PEAKTUBHOIO  MarHeTPOHHOI'O
pacmbuieHHsT BaHagueBod MumieHH B cpeae Ar/O» paboumx razoB. Ha puc.2 mpencrasiena
3aBUCHUMOCTD HANPSDKCHUS paspsiia OT KOHIEHTpaluu Kucioponaa B Ar/Oz cMecH ra3oB. 3aBHCUMOCTb
MOJTydeHa B pexXuMe crabmim3anuu Toka paspsama Iy = 1,5 A. O6muit pacxox ra3oB MOAIEP>KABAIICS
noctosHHBIM 60 Mi/MuH. CKOpPOCTH OTKa4KM HAaCOCHOW CHCTeMOW cocTaBisuia okoio 1200 ii/c.
[Tpu nanHBIX pacxopaax ra3a gaBiuenue B kamepe obuto 0,05 I1a.

IIpu pacmbuieHnn V MHUIIEHH B cpene Ar HampsbkeHHe paspsima coctasimsuio Up = 437 B.
[Ipu yBenuyennu copepxanus kuciopoga B Ar/Oz cMecH ra3oB HalpspKEHUE pas3psiia IepBOHAYATIBHO
yBEIMUUBAIIOCH U gocTturano Mmakcumyma Ut = 550 B ipu ['o2 = 27 %. [Ipu nanbHelemM yBenndeHnu
KOHIIEHTPAIMN KHCIOPOAa HAmpshKeHHWE paspsaa HEe3HAYUTEeNbHO CHIDKANOCh, W mpu o2 = 37 %
HaOmonancs MuauMyM HanpspkeHus Uy = 529 B. [lanpHelimee yBenmueHu# o2 ONsSTh MPHUBOIIIIO
K pocty Hampspkerus. [Ipu koHreHTpanuu kuciopoaa 67,5 % HanpspkeHue paspsaa coctaBisuio 573 B.
IIpn ymensiienun ['o2 HampspbkeHME paspsia U3MEHSUIOCh 10 TOMY K€ 3akoHy. l'ucrepesuc
HanpsDKEHUS,,  XapakTepHbI OIS  NPOLECCOB  PEaKTHMBHOTO  MAarHETPOHHOTO  HaHECEHHS
AUBJICKTPUYCCKUX IIJICHOK, OTCYTCTBOBAJI. Takas HBOﬁHaH 3aBUCUMOCTb M3MCHCHHA HAIIPSIKCHUA
paspsga OT KOHUEHTPALMM KHCIOpPOAa W OTCYTCTBHE THUCTEpe3Hca, IO-BHIUMOMY, CBSI3aHBI
¢ popMupoBaHHEM Ha MOBEPXHOCTH MUIIEHH PA3IMYHBIX NPOMEKYTOUHBIX MPOBOMASAILIMX OKCHIOB
BaHAIUs, CTEXHMOMETPHYECKUH COCTaB, JJIEKTPUYECKash MPOBOJUMOCTb M KO3(G(HUIMEHT HOHHO-
AIIEKTPOHHOM AYMHUCCUH KOTOPBIX 3aBUCHT OT MaplUabHOTO JIaBJICHUS KHCIOPO/a.

Ha puc. 3 npeacraBieHa 3aBHCUMOCTb CKOPOCTH HAaHECEHUs IUIEHOK OKCHJA BaHAAWS OT
KOHIIEHTpanuu kuciaopoaa B Ar/Oz cmecu ra3os. Ilpu pacnbsuieHun V MullieHH B cpefie AT CKOPOCTb
HaHeceHust coctapisia 0,34 uM/c. [lpu n00aBKe KUCIOPOAAa CKOPOCTh HAaHECEHHs TEpBOHAYATBHO
yBeIMUUBaach u gocruraia Mmakcumyma 0,38 am/c ipu oz = 12,5 %. [Ipu ganbHeiieM yBenn4eHun
KOHIIEHTPALMM KHCJIOPOJla CKOPOCTh HaHeceHWs cHmkanack a0 0,07 HM/C IpH KOHUEHTpaLuU
kuciopoga 63 %. Ha ydacTke CHMXEHMSI CKOPOCTH HAHECEHHS MOXKHO BBIJCIIUTh TPHU OOJIACTH:
12,5-33,0 %, 33,0-43,0% wu Gonee 43,0 %. B mepBoii U TpeThelr 001aCTH CKOPOCTh HAHECEHUS

CHMIKACTCA IUIaBHO ITPU YBCIINYCHHUH Foz, Ha BTOPOM YYaCTKE UMCCT MECTO PE3KOC CHUIKECHHUE CKOPOCTHU.
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Puc. 2. 3aBUCUMOCTD HaMPsDKEHUS pa3psia OT Puc. 3. 3aBUCUMOCTH CKOPOCTH HaHECEHUS OT
KOHIICHTpAIlU1 KUCjIopoaa B AI/OQ CMECHU Ira3oB KOHIICHTpAallu KUCJIOpOJa B AI'/OZ CMECHU I'a30B IpU
IIpyu paClblJICHUA BaHa)meBoﬁ MHUIIECHU METOAOM paciblICHUA BaHaHHGBOﬁ MUIIICHU METOAOM
PEAKTUBHOI'O MArHETPOHHOI'O PACIIbIIICHUS PCAKTUBHOI'O MArHETPOHHOI'O PACIIbIJICHUA
Fig. 2. Dependence of the discharge voltage onthe  Fig. 3. Dependence of the deposition rate on the oxygen
oxygen concentration in an Ar/O; gas mixture concentration in the Ar/O, gas mixture during sputtering
during sputtering of a vanadium target by the of a vanadium target by the method of reactive
method of reactive magnetron sputtering magnetron sputtering
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AHanu3 HaHeCEHHBIX IUICHOK MeTogom EBSD mokazam, uWro Ha Bcex oOpasiax
He Habmromanock nudpakimonHoi kapTuHbl. [lomockl Kukyun, xapakTepu3yronme KpUCTauTHIeCKe
IDIOCKOCTH, MOJHOCTHIO OTCYTCTBOBAIH, YTO CBHIETENHCTBOBAIO 00 aMOpP(HON CTPYKTYpe OKCHAA
BaHanus. AMoOp(dHOE COCTOSIHME IUIEHOK Takke TMOATBEPKACHO METOJOM pPaMaHOBCKOH
cnexTpockonmu. Ha puic. 4 mpencraBieHa 3aBUCHMOCT YICIHHOTO COMPOTHBIIEHHS TUIEHOK OKCHIA
BaHAJMs TIPU KOMHATHOW TeMIEepaType OT KOHIEHTpanuu kuciaopoga B Ar/Oz cmecu razoB. Ilpm
pachblUIeHHH BaHAJWEBOW MHUIICHH B aTMocdepe Ar yAeIbHOE CONPOTHBICHHE IUICHOK COCTAaBIISLIIO
p=5-10° Om-m. Ilpu yBenuueHMM KOHLEHTpamuu Kuciaopona 10 7,0 % ynenbHoe CONpOTHBIECHHE
IUIEHOK HE3HAYMTENBHO YBENIHMIuBanock 10 2-10° OM M u manee pesko Bozpactano a0 2,5-102 Om'm
npu [0z = 16,7 %. Ilpu naneHeiimem yBenuuenun ['op B quanaszone 16,7 — 25 % p nmepBoHaYaibHO
cHmkanock 10 6:10° OM M u nanee yBenuuusanoch 10 4-102 Om M. [pu ganbHeiimem yBenudeHun
KOHIIEHTPAIMH KUCIIOPO/Ia B CMECH T'a30B COMPOTHBIIEHHE PE3NCTOPOB YBEIMUMBAIOCH J0 JECSITKOB
Meraom, T. €. (GOpPMHUPOBAIINCH TUIIIEKTPHUECKUE TICHKH.

Ha puc. 5 npencrasieHsl TeMeparypHbie 3aBucuMocti conpotusienus R(T) mieHok okcuaa
BaHa/IWs, HAHECEHHBIX MPH Pa3IMUYHON KOHIEHTpauu kuciopoaa B Ar/O, cmecu ra3oB. [lomyueHHbIe
SKCIICpUMEHTaNTbHbIEe 3aBUCUMOCTH R(T) anmpoKCHMHUPOBAIKCH C UCIIOIB30BAHUEM SKCIIOHEHIIHATBHON
(QYHKIMM U PacCUUTHIBAJIACH JOCTOBEPHOCTH ANPOKCHMMANKK K2, KoTopas XapakTepu3oBaia 0Ju30CTh
MOJTYYEHHON 3aBHCUMOCTH K SKCIIOHEHIIMANBHOW (MIeaNbHOCTh KPUBOH). Y CTAHOBIIEHO, YTO TUICHKH,
HaHeceHHbIe IpH o2 MeHee 3 %, nmenu nonoxutensHbiil TKC 1 conpoTuBnenne TMHERHO 3aBUCEIIO
or Temmeparypel 1 (puc.5, kpuBasl). Takoe moBemeHHWE XapaKTepHO [JIsI METAJJIOB.
[Ipu yBenn4yeHnH KOHIEHTpalMHU Kuciaopoda 10 8 % CONpOTUBICHHE HAHECEHHBIX IJICHOK TaKxkKe
nuHeHHo 3aBuceno ot T, HO TKC TICHOK CTaHOBWICS OTpHIATENbHBIM (KpuBbIe 2, 3).
[Ipu nanpHelimem yBenmaeHuH ['o2 COMpOTHBIEHNE TUICHOK YBEIHYUBAIOCH, U KPUBBIE TpHoOpeTay
XapakTepHbI SKCIIOHEHIMAIBHBIN XapakTep (KpuBble 4—6). [Ipu aTrom oTMeuanoch yBenuuenue TKC
mwieHok (puc. 6). Ha ydactke o2 or 16 mo 29 % TKC mnenok cocraBmsn 2,2—2,3 %/°C npu
k? 6onee 0,995. Ipu ysenmuuennu o, 6onee 30 % TKC mienok camxkancs 1o 1,6-2,0 %/°C. ITpu s3tom
JIOCTOBEPHOCTD aIMpOKCUMAIIUH Takke cHuxkanach 10 0,974 npu ['op = 63 %.

-1 R, Om
10 R, OEhm

107

I

Yaensroe conporusienne, OMxm
Resistivity, Ohmxm

10 103 ' 4
10% | 3
107 E 2
10" J
10° T A L
0 510 1520 25 [, % 20 40 60 80T, C
Puc. 4. 3aBucuMOCTb YAETHHOTO CONPOTHUBICHUS Puc. 5. TemneparypHsle 3aBUCUMOCTb COIIPOTUBIICHUS
TUICHOK OKCH/JIa BaHAWA OT KOHICHTpAun TIJICHOK OKCHJIa BaHaJusl, HAHCCCHHBIX ITPU pa3n1/mHoﬁ
kuciopoaa B Ar/O; cmecu ra3os KOHIIeHTpaluu kuciopoaa: 1 — 4,76 %, 2 — 9,1 %,
3-13%,4-16,7%,5-20%,6—-25%
Fig. 4. Dependence of the resistivity of vanadium Fig. 5. Temperature dependence of the resistance of
oxide films on the oxygen concentration in the Ar/O; vanadium oxide films deposited at various oxygen
gas mixture concentrations: 1 — 4.76%, 2 — 9.1%, 3 — 13%,

4 -16.7%, 5 — 20%, 6 — 25%

Jia pacdera onTHYECKOW MIMPWHBI 3aMPENICHHON 30HBI MOMYYEHBI CIEKTPHI ONMTHYECKOTO
MIPOMTYCKAaHMs TUICHOK OKCHIla BaHamus (puc. 7). YCTaHOBJIEHO, YTO IUICHKH, HaHECEHHBIE Tph [ o2
MmeHee 30 %, obnazany BHICOKUM ONTHYECKUM noriouienneM. CpeaHuii Ko3QOUIUEeHT NpomyCKaHus
B obmactu cniektpa 450-900 um He mpesbrman 0,3. Kpail onTryeckoro mporrycKaHus HaXOAMIICS Ha
mmHe BOJHBL okoJio 350 um. [pu yBenuuenun o2 G6omee 30 % KodhUIMEHT MPONMYCKAHUS PE3KO
yBenmuuBaics 1o 0,6-0,8 (puc. 7, kpuBas 5), u Kpail ONTHYECKOTO MPOITyCKaHHs CMEIIAJICS B CTOPOHY
OoJee IMHHBIX BOJIH.

C wWCronp30BaHUEM TOJYYEHHBIX ONTHYECKHX CIIEKTPOB IMPOBEACHBI PACUYETHl ONTHYECKON
LIMPHUHBI 3alpeleHHON 30HBI IUICHOK. B CBs3M ¢ aMOpPQHOI CTPYKTYpoil MJICHOK, OTCYTCTBHUEM
JAHHBIX O CTEXMOMETPUYECKOM COCTaBE IUIEHOK M TEOPETUYECKHX PACUETOB 30HHON CTPYKTYpPHI
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IUIGHOK OKCHZA BaHAAMs Ul pacueTa 3alpeliecHHON 30HBI MOCTPOCHBI CIIEKTPAIbHBIE 3aBHCUMOCTH
(ahw) ot oHepruu QoTOHA UL TPSIMBIX W HENPSIMBIX pa3pelleHHbIX TnepexonoB. [lupuHa
3allpelIeHHOW 30HBI Ey onpepemsiack ImyTeM AKCTPANOJALUM NPSIMOJMHEWHBIX  Y4aCTKOB
zaucumocteit (ahw)? u (ahw)Y? ot smeprum Gportona hw 1o mepecedenus ¢ ocwo ademuce. Ha puc. 8
MPENCTaBIeHbl 3aBHCHMOCTH IIMPHHEBI 3aIpEIleHHON 30HBI It OpsaMbix (1) u HempsaMbeix (2)
pa3pelIeHHBIX TIEPEX0I0B OT colepkanms Kuciaopoma B Ar/O, cmecu ra3oB. lllnpuHa 3ampenieHHoiH
30HBI TAK)KE MMeEJNa CIIOKHYIO 3aBUCHMOCTB OT ['oz. JIJIsl MpsMBIX mepexoq0B MIMPHHA 3alpeIleHHO
30HBI M3MEHsIach B mpezaenax ot 3,48-3,78 sB. Ilpu manbix koHneHTpanusax kuciopoaa (Foz = 4 %)
NIMPHHA 3aTpeIleHHOo 30HbI cocTaBisua 3,48 5B u yBennuuBanachk 10 3,78 5B npu ['o2 = 19 %, nanee
cHmkanach 110 3,67 3B npu oz = 29 %. [Ipu nanpHeiineM yBeIHMueHUN KOHIIEHTpAUU Kucioposa Eg
yBenuuuBanach 10 3,78 3B mpu o2 = 46 %. AHanoru4selii xapakTep KpWBOW OBUT MOIy4YeH LIS

HETIPSMBIX ITepexo0B, HO 3HaueHU Eq mmenn 6omee auskue 3naudenus (ot 3,06 1o 3,61 3B).
kZ

- 0.995

-+40.99

- 0.985

- 0.98

+40.975

. 10,97
10 20 30 40 50 [y, %

Puc. 6. 3asucumocts TKC u noctoepHocTn annpokcumanuu k? sapucumoctu R(T) nieHoK okcuaa BaHaus
OT KOHIIEHTpauuu Kuciopozaa B Ar/Oz cMecH ra3oB
Fig.6. Dependence of the TCR and the reliability of approximation k? of the dependence R(T) of vanadium oxide
films on the oxygen concentration in the Ar/O; gas mixture
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Puc. 7. CnekTpbl ONTHYECKOTO MPOMYCKAHHSI TNIEHOK Puc. 8. 3aBUCHUMOCTh IMIUPUHBI 3aMPEIIEHHON 30HBI
OKCHUJIa BaHAJUsl, HAHECEHHBIX IIPU Pa3IMYHOM IUIEHOK OKCH/a BaHA us Ju1d npaMbIx (1) u
KOHIICHTpAIUH Kuciaopoaa B Ar/O; cMecH ra3os: HETPAMBIX (2) pa3pelieHHbIX EPEX0I0B OT
1-125%,2-16,7 %, 3 - 25,0 %, 4 — 29,2 %, KOHIICHTPAIUH Kuciopoaa B Ar/Oz cMecH ra3os
5-37,5%,6—-458%,7-625%
Fig. 7. Optical transmission spectra of vanadium oxide Fig. 8. Dependence of the band gap of vanadium
films deposited at various oxygen concentrations in an oxide films for direct (1) and indirect (2) allowed
Ar/O; gas mixture: 1 —12.5 %, 2 - 16.7 %, 3—25.0 %, transitions on the oxygen concentration in the Ar/O;
4-29.2%,5-37.5%,6-45.8%, 7-62.5% gas mixture

AHalM3 TOJMYYEeHHBIX pe3yJbTaTOB IOKA3bIBAET, YTO 3aBUCHMOCTU HAIPSDKEHHS pa3psiaa,
ckopoctn HaHeceHUs TUIeHOK, TKC, yaensHOro COMPOTHBICHUS W IIUPHUHBI 3alPENIEHHON 30HBI OT
KOHIIEHTPALlMH KHUCIIOPOJa UMEIOT CIIOKHBIN Xapaktep. JlaHHOe moBeAeHue, M0-BUANMOMY, CBSA3aHO
C TE€M, YTO HaHECCHHbIE IUIEHKH MPEJICTABIISIOT COO0H CMECh Pa3IHMYHBIX MPOMEXYTOYHBIX OKCHIIOB
BaHaJIUs, JEKTPO(DU3NIECKHE CBOHCTBA KOTOPHIX UMEIOT OouIblne pa3nuuus. M snexkrpodusnyueckue
CBOWCTBa IUICHOK ONPEAENAIOTCS COOTHOIICHHEM KOHIEHTpAUMid 3THX OKCcHIOB. PopmupoBaHHE
IUICHOK OKCHa BaHaus ¢ Beicokumu 3HaueHusMu TKC (2,2-2,3 %/°C) orMedanock B CpaBHUTEIHHO
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y3KOM JMamna3oHe KoHIeHTparwii kuciaopoga (ot 17 mo 29 %). Ilpm 3TOM HOCTOBEPHOCTH
amnmpoKCHManuu cocrasistia 6ojee 0,995, UTo TOBOPHUT O BBICOKOH mMueambHOCTH KpHBoit R(T) BO
BCEM TEMIIEpAaTypHOM [Hala30HE U3MEpEeHUHA. B JaHHOM Juana3oHe KOHIEHTpaUUW KHCIOpOAA
YJIeJbHOE CONpPOTUBJIEHHE TUIEHOK Haxomunoch B mpenenax (0,6-4,0)-102 Om-m. Oanako npu Top
Oonee 25% ynenpHOE CONPOTUBIECHHE IUIEHOK PE3KO YBEIMYMBAIOCH W CTAHOBWIIOCH OoJjee
0,1 OM'M, 4TO HE TMO3BOJSET KCIOJIH30BATh TAKHUE IUICHKA B MHUKPOOOIOMETpax M3-3a BBICOKOTO
CONPOTUBJICHHS. AHAIM3 3aBUCUMOCTH INHUPHHBI 3alpelICHHON 30HBI OT [0 TOKa3bIBaeT,
YTO B JMana3oHe KOHLEHTpauuil kuciopona B Ar/O; cmecu razoB 17-25 % Habmogaercss MAaKCUMyM
3HaueHud Eq. [l mpsiMpix mepexonoB Eq m3mensercs ot 3,7 mo 3,78 3B, mis HENpSIMBIX MEPEX0I0B
ot 3,47 no 3,61 3B. CnexyeT Takke OTMETHTb, YTO B JAHHOM JIHAaa30HE KOHIIEHTPALWN KUCIOpOaa
HamnpsDKEHUE paspsa MOHOTOHHO YBEIUYHMBACTCS W OJHO3HAYHO 3aBUCUT OT [02. CKOpOCTH
HaHECCHHS TUICHOK MMEET CPaBHHUTEIBHO BhICOKHEe 3HaueHms oT 0,32 mo 0,38 mHM/c. 3TO mO3BOISIET
3¢ (eKTUBHO W BOCTIPOM3BOANMO HAHOCHTH TUIEHKH OKCHJIA BaHATUS TSI UCTIOJIH30BAHUS B Ka4eCTBE
TEPMOYYBCTBUTEIIBHBIX CIIOEB MHUKPOOOIOMETPOB.

3akiaouyenue

[IpoBeneHsl HCCIETOBAaHHS IMEKTPOPU3NIECKUX XapPaKTEPUCTHK IUICHOK OKCHIAa BaHAIHA,
HAHECEHHBIX METOJOM PEaKTHBHOTO MAarHETPOHHOTO pPAcIbUICHUS BaHAIUCBONH MHIICHH B Cpele
Ar/O; paboumx Ta30B. YCTaHOBJEHO, YTO METOJ HMMIIYJILCHOTO PEAKTHBHOIO MAarHETPOHHOIO
pacmbuIeHHST MOXeT 3(PQEKTHBHO HCIONB30BATHCS JUI KOHTPOJMUPYEMOTO M BOCHPOU3BOIMMOTO
HAHECECHUs IUICHOK OKCcHAa BaHaius. [Ipy peakTHBHOM MAarHETPOHOM DACIbUICHHH (HOPMHUPYIOTCS
amMopdHble IUIGHKM OKCHIa BaHAAWs, KOTOpBIE TPEACTaBISIIOT COOOH CMeCh pas3IHYHBIX
MIPOMEXXYTOUYHBIX OKcuaoB. [Ipu kKoHLEHTpamu kucinopoaa B Ar/Oz cmecu ra3o 17-25 % 6e3 HarpeBa
HOJJIOKEK TIOJNYYEHbI TUICHKH OKCHIA BaHAus C yAEIbHBIM compotusieHueM (0,6-4,0)-102 Om-m,
TKC 2,2-2,3%/°C w mupuHON 3ampeniecHHONH 30HBI JUIS NpsAMBIX TepexonoB 3,7-3,78 3B.
[lony4yeHHble  XapaKTEPHCTHKH  TO3BOJSIOT  KCIONB30BAaTh JaHHBIE IUICHKM B  KadecTBeE
TEPMOYYBCTBHUTEIBHBIX CII0E€B MUKPOOOIOMETPOB.
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