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Knioveeble cnoea: KocekaHcHas aUGZPGMMG

B coBpeMeHHbIX peanuax pafvoNoOKaLMK U paJJMOHABUraLlMM KaK Ha3eMHOM, TaK U BO3AyLLU-
HoWi TpebyeTcAa BCE MeHbLUME pa3Mepbl U3NTYyHAIOLUX 3IEMEHTOB, Ha3biBaeMbIX aHTEHHaMM.
Takoi noaxoa NOAy4MN LUMPOKOE pacnpocTpaHeHWe NoYTH BO Bcex cepax TEXHUKU U Ha-
3BaHMe eMy — MUKpOMMWHMaTiopusauua. Moaenupyerca pynopHo-3epKanbHasa aHTEHHa C pe-
c¢nekTopoM cneumnansHoro cevenuns. K aHTeHHe npeabABNAIOTCA JOCTAaTOYHO KECTKME Tpe-
60BaHUA K raGapuTHbIM pasMepaM (BepTUKasbHbIN pasMep He Gonee 61) u K KauecTBy coBna-
A€HUA AnarpaMMbl Hanpae/IeHHOCTU € KOCeKaHCHOW. [lnarpaMMa HanpaBNeHHOCTU aHTEHHbI
B BEPTUKaJIbHOW NJIOCKOCTN AoMKHa 6bITh B BUZle KocekaHca. PynopHo-sepkanbHaa aHTeHHa
¢ pechneKTOpoM, pacCUUTaHHLIM MO MeTOZly FeOMEeTPUYECKOW ONTUKM, He yl0BNeTBOpAET Nno-
cTaBneHHbIM Tpe6oBaHuaAM. Mo3ToMy B AaHHO cTaTbe NPUBOANTCA AOCTATOUYHO UHTEPECHBIN
cnoco6, No3BONAOLLMIA 3HAUUTENBLHO YNYYLUUTL Ka4eCTBO COBMaJieHUA AMarpaMMbl Hanpas-
NeHHOCTU ¢ KoceKkaHcoM Ges yBenuvenua pasmepoB. CeyeHune pecprniekTopa pynopHo-sep-
KanbHOW aHTEeHHbI NPEACTaBNAETCA B BUJE CMNaiHa, NONOXKEHUE HEKOTOPLIX TOYEK KOTOpO-
ro sajaérca B BUAe napaMeTpos ontumusauuu. C noMollbio ONTUMMU3ALMKM MapaMeTpoB
cnnaviHa 6b1N10 NONy4YeHO AOCTaTOMHO BbICOKOE COBMajZleHue AuarpaMMbl HanpaeleHHOCTU
aHTEeHHbI B BEPTUKaJIbHOW MNOCKOCTU € L1aGNOHOM KOCEKaHCHOM AnarpaMMbl HanpaBneHHOC-
1. 3ajaya pewanack B nporpaMmioM nakete ANSYS HFSS (nocrynHa Bcem ctyaeHTam u co-
TpyAHukam IOYpl'Y) metonom kKoHeuHbix 3neMeHToB (FEM). OntuMusauma cevenus pedpnek-
Topa npoBoAunach no WabNoHy KoCceKaHCHOM AuarpaMMbl HaNpaBNeHHOCTH, 3arpyKeHHOW B
BbILLEYNOMAHYTbI MPOrpaMMHbIN MaKeT, C MOMOLLbIO FEHETUYECKOro airopuTMa ONnTUMMU3a-
umm (genetic algorithm). TakumM o6Gpa3oM, c NOMOLLBIO NPUMEHEHUA ONTUMU3ALMU CEYEHUA
pedpnekTopa pynopHo-3epKanbHOM aHTEHHbl ObIIO MONy4YeHO BbICOKOE COBMajieHue Aua-
rpaMMbl HanpaBNeHHOCTU aHTEHHbl B BEPTUKANIbHOM MIOCKOCTU C LIAGNIOHOM KOCEKaHCHOM
AvarpaMMoi HanpaBneHHocTH 6e3 yBennueHna pasMepoB aHTEHHbI.
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Beenenne

B paamonokaiyu u pajHoOHaBUralMK IIHPOKOE ITPUMEHEHHE
HAIUIM Pa3jIMYHbIC TUIIBI AHTEHH (B TOM YHMC/IE U 3ePKaIbHBIE) C
KOCEKaHCHOI auarpammoii Hanpasiaennoctd (JIH) B Beprukans-
Hoil muockoctu [1,2,3]. Takue aHTEHHBI NPUMEHSIIOTCS IS
0030pa npocTpaHcTBa (Ha3eMHbIe CTAHIMM) MM TOBEPXHOCTH
3eMJIH (OOPTOBEIE CTAHIIMH).

Kocekancnass JIH obecrieunBaer pasBHOMepHOoe o0iyueHue
«ueneit» (Moa HUMH TOHMMAIOTCSl BO3IYILIHBIE OOBEKTBI JUIS
Ha3eMHBIX CTaHLMI ¥ HazeMHble 0OBEKTHI 1711 OOPTOBBIX CTaH-
LHi1), HaXOAIIMXCA Ha Pa3slWYHOIl HAKIOHHOH JallbHOCTH OT
obyuaroleil aHTEHHBI, HO Ha OJMHAKOBOH BhIcOoTE. TO €cTh ¢
nomoiieto Takoit JIH MokHO M3MepATh 1anbHOCTH 10 00BEKTa,
4TO UCIOJIB3YETCs B PA3/IMUHBIX JIa/IbHOMEPHBIX PaqMOTEXHHYe-
CKMX CHCTEMAX,

OanuM U3 OCHOBHBIX TpeOOBAHMI K TAKMM aHTEHHAM siBJIs-
ercsd Xopoulee kadecTBo copnajgenus JIH ¢ kocekancHoii B 3a-
JIAHHOM /IMala30He YIJIOB, 3TO IMO3BOJIMT YIIYUIIUTE TOYHOCTh
0o0OHapyKeHUs M JaNbHOCTh JCHCTBHS PaJHMOTEXHUYECKOI CHe-
Tembl. OOBIMHO Takoe TpeDOBaHHE Y/IOBIETBOPSETCA ¢ TOMOLLBIO
YBEJIMYEHHUS Pa3sMepoB aHTeHHbL. JIeHCTBUTENBHO, yBeIHunBas
pasMmepbl aHTeHHBI KadecTso cosnajaeHus JIH ¢ kocexkancHoii
3ameTHo yiaydwiaercs [4]. Ho ObiBaroT Takue curyauuu, Korja
YBEJIMYHBAThL Pa3MEphbl AHTEHHBI HEBO3MOMKHO MCXOs U3 Macco-
rabapurtHbix Tpebopanuii. B takom ciyudae Bo3Hukaer rnpodiema.

B nanHoil craree NPHBOAMTCA WMHTEPECHBIH M 10CTATOYHO
JieficTBeHHbI  criocol, NMpHU3BaHHBIA pPELIMTL TAaKyl 3ajady.
CyTb 3TOro MeTojia 3aKJIuaeTcsl B ONTHMH3ALNHE (OPMBL ped-
JIEKTOpa TPOEKTHPYEeMOii aHTeHHbI 1o mabnony JIH. Jlna pemie-
HHs Takoil 3a1a4u MCIOJb3YETCsl COBPEMEHHBI IpOrpaMMHbIii
nakeT ANSYS HFSS [5] (nporpaMMHBIH TTAKeT JOCTYIEH BCEM
cryaeHTam M cotpyinukam Oxno-Ypansckoro I'ocynapersen-
HOro YHuBepcuTeTa).

IMocranoBKka 32124l

Heobxoaumo paspabotaTh pynopHO-3€pPKaIbHYIO aHTEHHY C
kocekancHoil JIH B BepTHKa/IbHOM [JIOCKOCTH B JlHala3oHe yrI-
noB 6-30°, kpyTuzHa nepearero gponTa JIH pomkHa cOCTaBIATE
ne menee 0,12 I/rpam. MakcuMalbHBIH pa3Mep aHTEHHBI He
JIOJKEH MPEeBBINIATh OA.

OIHUM M3 TIPEUMYIIECTB PYIOPHO-3ePKaIbHON aHTEHHBI MO
CPaBHEHHIO C OCTANBHBIMH ABISETCA TPOCTOTA KOHCTPYKIINH, a
Takke jocTtatoyHo xopomee kauvectBo JIH. Jlna pynopmo-
3epKaJbHOI aHTEHHBI KIHOYEBBLIM MOMEHTOM SIBJIAETCS Pacuér
cedeHus peieKTopa — oT Hero 3aBUCHT kavectro JH.

Pacuér ceuennsn pedaexropa

Kpusyro mnonepeuynoro cevenus peduiekropa pyrnopHo-
3epKaIbHOI AHTEHHBI MOJKHO HAHTH METOJ0M IeOMEeTPHYECKOH
ontuky (I'O). OcHoBHoe nonoxenune 'O — MOLIHOCTL B Iy4Ke
MajaoNMX Jy4ed paBHa MOLIHOCTH B IyYKE OTPAKEHHBIX JIy-
4eii, 3TO MOJIOKEHHE TPUMEHUMO JUISl OIPEe/IesIeHHs! Mol B pac-
KPBIBE QHTCHHBI M HA PACCTOAHUHN OT 3€pKaja.

Ceuenne peduiexropa MMEET /iBa APKO BBIPAKEHHBIX Y4acT-
Ka: BepXHss yacTh peduiekTopa umeer Gopmy OIHM3KYI0 K napa-
OonnuYecKoil, 1 CO3AaET MOYTH NapajeabHbIH MYYOK OTpaKEH-
HBIX JIY4eil; HIKHAS 4acTh 3epkana umeer (opmy, OIM3KYIO K
KpPYrOBOMY LWIMHIAPY, M €O3JaéT pacXosllHecs OTpakEHHbIE
ayuu (puc. 1).

Taxoke Ha JaHHOM PUCYHKE CXEMaTHYHO M300pakEH n3myda-
Tenb. Ochk Z HanpapieHa TOPH30HTAIBHO M OT HeE OTCUMTHIBA-
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I0TCs YIuIbl najienust Ha peduekrop (¢ ), pokyc oboznayaercs

Toukoi I B HEM Haxoautes obnyuarens. OOmyuarens noBEp-
HYT Ha yroa 15 — 25° 1o ecTh MaKCUMaIbHOE H3JTy4YEHHE MPUXO0-
auTest Ha napadoinyeckyto yacts peduiekropa. Cmeras usiyya-
TCIE B BepTHKaJ'IbHOM HaﬂpaBﬂeHHH MOMHO ﬂ.06HTbCH CMEIICHHE
JIH B BepTHKANBLHOMH IJIOCKOCTH.

Jlnst Toro, yToOBl HAWTH KPUBYIO CEHYEHHs 3€pKaia, HYKHO
YCTAHOBHTE 3aBUCHUMOCTE p = p(¢@), TAe p — ITO paauyc-

BEKTOp, NPOBEAEHHBIH U3 (okyca 10 1000l TOYKH HPOQHIIL.
Kpupas cedeHus: 3epKajia OIUCHIBACTCS CIEAYIOLIMM ypPaBHEHH-
eMm [3, 4]

O0(p)

@ Q_
p = p,-exp( [ig=———>dp), M
0

2

rae p, — macmrabusii Muoxkutens (paccrostne OF), @ — yron

oTpakeHHs. Yros oTpameHus sBisieTcs (pyHKUuMed or yria na-
JIeHUsl.  3aBMCHMOCTh yriia oTpaxeHus 0T yrjia [najaicHu:d
(@ = 6(¢)) onpeaensercs CaeAyOLUM BBIPOKEHHEM [3, 4]:

ctgl, —ctel
ctgf = ctgl, + M I!((o)d(p, 2
[1p)dp *

@
rae /(@) — JIH obGmyuarens nmo MOWHOCTH, @, — @, — yron

packpeiBa 3epkaia, @ — ¢, — CEKTOp yIJOB, B KOTOPOM Haxo-
autes kocekancHast JIH. Takum oOpasom, 3ajaBasick yriom Q@
onpe/ensemM yroi ¢ u HaxXoAuM TpeGyeMblil pajinyc-BEKTOP p.

—_Hanpagxn. make.
H3ITyY.

Z:.‘.

Jluneiinbtii ()GJI)"I...

Puc. 1. IMonepeunoe ceuenne pediekropa crieunaibHO (opMbl

JH obiyuarens MOKET UMETh Pa3iIMuHbI BUJ, HAIIPUMED, B
Bu/e Kocunyca. s Toro, utoOb! pacuér Obu1 HanbolIee TOUHBIM
HYJKHO OTIeNbHO paccuntats JIH obiyvarens u nmenHo s neé
MPOBECTH PACUET MO BBIIEYKA3aHHBIM (hOpMYJIaM.

Mopnepuuzanmeit metoqa 'O sABisiercs MeTo[ TocieI0Ba-
TENBHBIX TPHOMHKEHHI [6], TTO3BOMSIOIINIT HEMHOTO YIYUIIHTh
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coenanenue JIH c¢ 3ananHoii kocekancHoii. Ho npu ero uenoss-
30BaHUM HAOIIOAAIOTCA JIOCTATOYHO CHIILHBIE OCUHIUIALMH BO-
kpyr mwabnona kocekancHoit JIH.

Ia6aon kocexkancnoii IH
Wneanenyro kocekancuyo JIH moxbO npexacraButh ciie-
AYIOUHM MaTEMaTHYECKUM BbIPAXKCHHUEM:

1
F(0) = cosec(f) = m, npu 6, <60<0,, 3)

0, BOBCEX IpyrUX HanpaBJIeHUAX,
riae F(@) — JIH no HanpskEHHOCTH OIS 6'| —6'2 — CEKTOop

YII0B, B KOTOpoMm HaxoauTcs kocekancHas JIH. Takasa JIH noka-
3aHa Ha puc. 2a.

Jlnsa peanbHOI 3a/1a4¥ HCTIOJIB30BAHHE CTOJIL CTPOTOTO HIad-
JIOHA HEe MMEeT CMBIC/IA, TaK KaK JOCTHYb MIEATbHOH KPYTH3HBI
HEBO3MOIKHO, 1 peanbHas [IH He moxker obnanare cToib y3Kkoi
HMIMPHHOH TIaBHOro nenectka. [losromy s mabnona BBOAATCS
HEKOTOphIE “YCTYIKH”, KOTOpBIE 3aKIFOYAIOTCSA B CIEAYIOIIEM:
BBOAMTCS “mionouka’” (puc. 20), koTopas 3amaéT IHPHHY TJIaB-
Horo nenectka JIH; kpytusna nepeanero ¢gponra, obpariéHHoro
K MOBepxHOCTH 3emiu 3anaérces B Buae 0,12 1/rpan; ypoBeHb
M3IYYEeHHs] BO BCEX JIPYTHX HampapieHusx Oepércs paBHeiM 0,08
(HopMmupoBanHas BennuuHa). KycouHno-3agannas QyHKius, onu-
ceiBaromas mwabnon kocekancHoi JIH sanuceiBaercst cneayio-
M obpaszom:

cosec(f), npu 6° <60 <30°,
F(0)=1(0,92-0+6,08)/ T,npu—6°<6<6> @
0,08, BoBcex Apyrux HapaBJICHUIX.

[llabnon kocekadcHoit JIH wMeer BaxHOe 3HAYEHHE B
JIAHHOH CTaTke, MOTOMY YTO ¢ HHM OyJayT CpaBHMBATBLCA IMOJY-
yenHas JIH pynopHo-3epkanpHOH aHTEHHBI B BEPTHKAIBLHON
IUIOCKOCTH, TO €CTh 3TO OyJIeT 4eM-TO Bpoje dTanoHa. Takxe
mabnon kocekaHcHoit JIH Oyper ucnosb3oBaH Uit ONTHMM3A-
LIHH.
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Pue. 2. a) Uneansnas kocexancuas JIH;
0) wabdnon kocekancHoit JIH ans onrumuszaumm

B npomnecce ontuMuzanun ¢ HUM Oyner cpaBHHBaThes JIH
AHTEHHBI, KPUTEPHId CXOAMMOCTH — 1ieseBas (DyHKIU.

MopenupoBanue pynopHo-3epKaJbHOi AHTEHHbI

B ANSYS HFSS

Bocnonezopapmmck ¢opmynamu (1, 2), MOKHO pacCUHTATh
ceyenue pedieKTopa pyNnopHO-3epKaibHOH aHTeHHBl, B mpo-
rpammuom nakere ANSYS HFSS [5] 6bu1a co3nana ¢puznveckas
MOJIeJb PYTIOPHO-3€PKaIbHOH aHTEHHBI ¢ Pe(IEKTOPOM, paccyu-
TaHHeIM 110 MeToay ['O. M3 pucyHka BHIHO, YTO HHIKHAS 4acTh
pediexropa umeer Gopmy OIHM3KYIO K LMIMHJPY, a BEPXHSS —
6nu3ka k napabosie. OCHOBHBIMH YaCTSMH 3TOH aHTEHHBI SBJIS-
10TCA: peIeKTOp CrieluaibHOM (POPMBI, MTHPAMUAATIBHBIH PYIIOp
C BOJIHOBOJIHBIM OTPE3KOM, a TaKKe OOKOBBIC IJIACTHHBI, COE/H-
HSIOLIME HMX. AHTEHHA «3allMTBIBACTCS» YEpe3 BOJHOBOJIHBIN
OTpe30K, coeauHsAoIMiics ¢ pynopoM. Ha pucyHke obrexarens
AHTEHHBI (3ALMINACT OT IONAJaHHA BHYTPh AHTEHHBI BJIArH W
ap.) He mokazaH. [Tonspusanys BekTOpa HANPSHKEHHOCTH DIIEK-

TPHYECKOTO T0JIs1 £ — rOpH30HTANbHAS.

Pacuér onexTpoIMHAMHYECKMX XapaKTepPUCTHK pPYNOpHO-
3€PKATBLHOW AHTEHHBI IPOBOJMICA B IPOrPaMMHOM TaKeTe
ANSYS HFSS. Jlannas nporpamma MCHoNb3yeT METOJ KOHEu-
Heix nemenToB (FEM), kotopsiit pasbuBaer obnacth perieHus
HAa KOHEYHO-DJIEMEHTHYIO CETKY B Buje Tetpadapos. [lone B ka-
FJIOM M3 TETPAdAPOB CETKH OIMCLIBACTCH HECKOJIIBKHMMH YpaBHE-
HUSIMHM € HEU3BECTHBIMH KOI(D(UIMEHTAMH, KOTOPBIE HAXOAATCS
U3 CHCTEMBI ypaBHEHMH MakcBesia M IpaHHYHBIX YCIOBHIL.
Takum obpasom, nosie B 001aCTH pELICHHS HAXOIUTCS MYTEM
peLICHHs] CHCTEMbl YPaBHEHHH, OTHOCHTEIBHO HEHM3BECTHBIX
koa(durmentos [5].

JIH B BepTHKaIBHOMH IJI0CKOCTH (XZ) U 111a0JI0H KOCEKaHCHOMH
JIH nokasausl Ha puc. 36. M3 pucynka BujHo, uyto JIH umeer
JocTaTouHo Oolbline OTKIOHEeHHs OT madioHa B JHanas’oHe
yrios -15...0 ®u 15...25° xpyTusHa nepejgHero )poHTa COCTAB-
nset 0,08 1/rpan, uTo Takxke ABIAETCA HEJAOCTATOYHO.
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Puc. 3. Mozenuposanie pynopHo-3epKaibHOil aHTEHHbI
B ANSYS HFSS: a) ¢pusuueckas Moje/b aHTEHHBI;
0) /IH B BepTHKANBLHOH NIOCKOCTH

Hcxonsa w3 pe3ylbTaToB MOJIETHPOBAHHS MOKHO CKAa3aTh,
4TO pa3MepoB PYMOPHO-3ePKaTBbHOI aHTEHHBI HEIOCTATOMHO 1A
obecrieueHus cXoaAuMOoCTH ¢ mabnonoM. Ho sta kondurypauus
AHTEHHBI MOXKET OBITh MCIOJB30BaHA KAK HAYAILHBIH MIH
«0a30BbIii» BapHAHT /U ONMTHMM3AIMOHHOI 3amaun. OnTuMH3za-
MM [MOJIBEPrHeTcs peuIeKTop PyNOpPHO-3€PKANbHON aHTEHHBI.

OnTumnsauus cevenus peduiekropa

PeduniexTop, Kak y»e rOBOPMJIOCH Bbllle, HMeeT (opmy,
BEPXHssl HaCTh KOTOPOI cXoxka ¢ napaboJioi, a HHAKHAA — ¢ Kpy-
rOBBIM LHIMHAPOM. JUts Toro, 4todbl MOHATH 3a Kakoi U3 yda-
cTKOB KocekaHcHoil J/IH oTBedaer Ta nim nHas 4acTs peduiekro-
pa, paszeliMM ceueHue 3epkaia Ha cekropa. Ha pucynke 4 noka-
3aHO CEYEHHME PYIOPHO-3EPKAILHOH AHTEHHBI C BbIJCIEHHBIMU
cektopamu. CeKTop, OTBEHAIOLINI 33 «KPYTH3HY» KOCEKAHCHOH
JH (-10...0° na puc. 36), 3anumaet 25-40 % ot 3epkana mapa-
Gonuueckoif (opMmbl; CeKTOp, OTBeYaloNmMii 3a CcOBMajeHHE ¢
kocekancoM (10...25° na puc. 36), 3anumaer 60-75 % oT 3epka-
na napabonnueckoii opmel H okoso 50% oT 3epkana HHIHHI-
pudeckoii (JOpMBI; CEKTOP, OTBEYANOLIMI 3a craji KOCeKaHCHOK
JIH (25...35° na puc. 30), 3aHHMaeT HHMKHIOIO IOJIOBHHY ped-
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nexTopa unianHapuyeckoit gopmel. Takke Ha pucyHke 4 noka-
3aHbl YIJIbI, XapakKTEPU3YIOLHE PACKPHIB 3epKana M TPaHHLbI
CEKTOPOB, OTBEYAIONINX 3a Ty WM MHYI0 YacTe JIH. Ecin yron
pacKpeIBa 3epKaia JApyroi, BCE paBHO NMPONOPUMS JENEHHS Ha
cexTopa coxpausercs. Jlanuele uMQpPEI MoxyveHs! myTéM napa-
METPHYECKOr0 H3MeHEeHHs (OpMBI pedieKTopa: H3MEHsINCh
(opMBI ceueHNs 3epkana B JIaHHBIX CEKTOpax M Habmojaalochk
HW3MEHEHHE B TOM MM HHOM yuactke JIH.

Cekrop, orBeuatomii
3a kpyT3ny JIH

CekTop. oTBEUAIONIHIT 38
COBMAJACHHE ¢ KOCCKAHCHOM

Cexrop, oTBeMAaIONIHii
3a "cnan" Kocekanca

Puc. 4. [lenenue ceuenns peduiekropa Ha cexTopa,
OTBEYAIoLIHe 3a TO HIIH HHYIO YacTh KocekaHncHoii JIH

Ontumusupyercs (opma 3epkana: cedeHue peduiektopa
NPEJCTaBSseTCs B BU/IE CIUIAHA, KOOPAMHATHI BEPIIMH KOTOPO-
roO 3a/1al0TCs KaK napaMeTpsl ontuMusanuu. Mcnonas3oBaHue B
Ka4yecTBe [1apaMeTpoB ONTHMH3ALMU BCEX TOYEK CIUIAHA CHIIb-
HO YCIOXHHT 3aiady (ONTHMalbHOE YHCIIO TIapaMeTpoB JUIs
onTUMu3auny — 3-4), mosToMy HeoOX0AMMO BBIOHPATH TOYKH B
CEeKTOpax, OTBEYAIOUINX 3@ HYKHBII BaM YHaCTOK KOCEKAHCHOH
JIH. Ecnu Tpebyercs mojHoe coBmajeHue ¢ 1IabJIOHOM Koce-
KancHo# JIH, TO onTHManbHOe pacrojiojKeHHe ONTHMH3HpYe-
MBIX TOHEK ClIe/lylollee: B LIeHTPaJIbHOM CeKTOpe JIBe TOYKH, a B
JIBYX OCTaJBHBIX 10 OHOI. PaccTosiHie MeXIy ITHMH TOYKaMH
HE JI0JDKHO OBITh MaJIeHEKUM — He MeHbIIe /2.

Ha pucynke 5 mnokaszaHa pyrnopHO-3e€pKajlbHas aHTeHHa
¢ ONTUMH3MPOBaHHOIT (opmoil peduiekTopa, a TakxKe cedeHue
3epKaja JI0 H Hocie onTHMH3anin. MakcuManbHOe OTKIOHEHHE
CEUYEHHs, MOTYYEHHOTO TOC/Ie ONTHMM3AIINH, OT CeYeHMs, TOITy-
yexHoro no meroay 'O, cocragasier 0,115 A, a MunumansHoe
0,051 X (puc. 56).

OnTiMH3aLHOHHAS 33/la4a pelagach ¢ MOMOIIBIO TeHeTHYe-
ckoro anmroput™a (Genetic Algorithm) [7], umeromerocs B npo-
rpammuom nakere ANSYS HFSS. Cytb jnanHoro ajaropurma 3a-
KJIIOYAETCsl B CIIEIYIOIIEM: criepBa 3a1aércs Lenesas (yHKLNS
JUI HAYaTIBHO MOMyIAInH (BO3MOYKHBIE PEHICHHs 3a/1auH); faee
3alycKaeTcs LMKI, TI7e MPOUCXOJNT CKpELIMBAHHEe, CeNeKLus U
(dopMHpOBaHHE HOBOIO MOKOJICHHS; TP BHINOJIHEHHH LEJIEBOH
(YHKIMHM 33/1a4a OCTAHABIMBAETCS, A €CJIH OHA HE BBINOJIHACTCS
LMK [IOBTOPSETCS /10 TeX MOp, MOKAa OHA HE BBIMOITHUTCS.
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0,09

00517

0,053A

6)
Puc. 5. a) PynopHo-3epkanbsHas aHTeHHA ¢ ONTHMH3HPOBAHHOI
(hopmoii ceuenns pedniexropa; 0) cevenne pedexropa 1o
H 110CJIe ONTUMH3ALHUK

KonuuecTBo nTepanmii npu pelieHnH Takol 3a7a4du 3aBUCHT
OT YHCIIa MAapaMeTpoOB H HACTPOEK aroputMa. B nanHom ciyuae
JUsl ToJTy4eHus petenus norpebosanock 6onee 800 ureparmii.

Lleneras dynkims 3aaapanack cleayommuM obpazom:

|F(6) - F,,(6)|— min, (5)
rae F(@) — JAH pynopHo-3epKanbHON aHTEHHBI B BEPTHKA/b-
HOH IUIOCKOCTH, Fm 5 @) — wabnon kocekancHoii JIH, noka-

3aHHbI Ha puc. 20.

Ha pucynke 6 nokaszansl /IH pynopHo-3epkaisHOi aHTEHHBI
JIO M TI0CJIe ONTHMU3alMK, a Takke wabnoH xkocexancHoi J{H.
W3 pucynka BuaHo, uto JIH mocie ontuMu3aumM J10CTATOYHO
XOpOIIO COBMAAAeT ¢ madIOHOM, HO HE TIONHOCTBIO: HMEHOTCH
pacxoxaenust B yuactkax -10...-3° u 25...40° [lns nyuinero
COBMAJIEHHs, BO3MOKHO, CTOMT MEpeMellaTh ONTHMH3HPYEMbIE
TOYKH 110 ceueHnIo pediekTopa.

Pediiextop Takoil aHTEHHBI MOJKET MPEICTABIATE HEKOTOPYIO
TpyAHOCT A5 u3rotoBnenns. [lostomy xodercs onmcaTh BO3-
MOKHBII €¢nocO® HM3rOTOBJIEHHMS TAKOrO 3€pKaja: BHavajle Ha
(pesepHOM cTaHKe BbIpe3aloTcss GOKOBBIE IUIACTHHBI, HMEIOLIHE
C O/IHO#i CTOPOHBI ClI0kHYI0 Gopmy (onTHMU3UpoBaHHas (opma
pednexropa); nanee GepyTcs TOHKHE JINCTBI W3 JI0CTATOYHO TUIa-

CTHYHOrO MaTepHala W HAarpeBaloTCs /Ui MPHHSATHS JIOJIKHOI
(bOpMBl, 3aTEM IPHBAPHBAKOTCA K OOKOBEIM CTEHKaM.
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Puc. 6. Cpasnenue JIH pynopHo-3epkabHOil aHTEHHbI
J10 ¥ 1ocJie ONTHMH3aLHH
3akmouenne

1. IlpuBenén cnocol, MO3BONAIOMIMN YIYYIIHTh KA4ECTBO
cosnajienus JIH pynopHo-3epKkanbHOM aHTEHHBI B BEPTHKAIBHOM
IJIOCKOCTH C 3aJIlaHHBIM 11a0loHoM kocekancHoit JIH Ge3 ysenn-
ueHHs pa3mepos aHTeHHbl. Criocol 3akiouaercs B npejicTanie-
HUH cedeHHs pedekTopa B BUJE CIUlaiiHa ¥ nocexylouieii on-
THMH3ALMK MApaMeTpoB criaiiHa. B pesynbraTte nomyuaem arn-
npokcumaunto JIH anrenns! jo wabdnona kocexkancHoii JTH.

2. Paccmorpen cnoco® pacu&ra ceueHHS PYNOpHO-
3epKaJIbHON  AHTEHHBI — METOJ| TI'€OMETPHYECKO ONTHKH.
C noMmoImiBl0 KOTOpOro OBUI paccYMTaH pe()IeKTOp aHTEHHEI
(rnankuit npouab — 10 ONTHMHU3ALHH).

3. IlponemMoHCTpHpOBaHA BO3MOXHOCTh MPUMEHEHHs Ma-
KeTa aleKTpoanHaMuyeckoro moaenupopaHus ANSYS HFSS,
OCHOBAHHOTO Ha METOJIe KOHEUHBIX JIEMEHTOB, NMpH pacuére
ONTHMM3ALINH CIIOKHBIX CTPYKTYP.

4. Ilpusenens! rpauueckue 3aBUCMMOCTH, a uMeHHo JIH
0 M TIOCIE ONTHMH3ALNH, TOATBEPXKIAIOIINE 3HAYMUTEITBHOE
YAy4llleHHE COBMNAJCHUS XapaKTePHCTHK.

5. IlpuBenén BO3MOMKHBI CIIOCOG H3rOTOBJICHUS PYTIOPHO-
3epKajIbHOI aHTEHHBI ¢ pe)IEKTOPOM CJI0KHOIT (hOpMBI.
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OPTIMIZATION OF THE FORM SECTION
OF THE REFLECTOR HORN-REFLECTOR ANTENNA

Svyatoslav V. Dudarev, South Ural State University (SUSU), Chelyabinsk, Russia, slava.dudarev|996@yandex.ru

Alexander V. Dudarev, South Ural State University (SUSU), Chelyabinsk, Russia, alexdydar@yandex.ru

Abstract

In the modern realities of radar and radio navigation both ground and air requires smaller sizes of emitting elements, called antennas.
This approach is widespread in almost all areas of technology and the name of it - microminiaturization. The article simulates a horn-
reflector antenna with a reflector of a special section. To the antenna imposed strict requirements to dimensions (a vertical dimension
of not more than 6?) and the quality matches the directivity with cosequences. The antenna radiation pattern in the vertical plane should
be in the form of a cosecant. Horn- reflector antenna with reflector, calculated by the method of geometric optics, does not meet the
requirements. So this article is quite an interesting way to significantly improve the quality of coincidence of the radiation pattern with
a cosecant without increasing the size. The section of the reflector of the horn-reflector antenna is represented as a spline, the posi-
tion of some points of which is set in the form of optimization parameters. Through optimization of the spline parameters was derived
a fairly high coincidence of the directivity of the antenna in the vertical plane with the template cosequences radiation pattern. The
problem was solved in the software package ANSYS HFSS (available to all students and staff SUSU) finite element method (FEM).
Optimization of the cross section of the reflector is carried out by template cosequences radiation pattern loaded in the aforemen-
tioned software package, using a genetic optimization algorithm (genetic algorithm). Thus, using the optimization of the reflector sec-
tion of the horn-reflector antenna, a high coincidence of the antenna radiation pattern in the vertical plane with the pattern of the cose-
cant radiation pattern without increasing the size of the antenna was obtained.

Keywords: cosecant radiation pattern, horn-reflector antenna, pattern optimization of the radiation pattern, spline, finite element method.
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HAertapes Bnaaumup ®omuvy,

Mockosckuuli mexHuyeckuuli yHusepcumem cgasu Kntoueesbie cnoea: keaHmoeas MexaHukd,

u uHpopmamuku (MTYCH), Mockea, Poccus, K8aHMoeblli 6apbep, 601HO8AA PyHKUUS,
vfsteel2008@gmail.com npo3pa4HoCmb, HAHO3JIEKMPOHUKA, MyHHEIUpogaHue.

PaccMoTpeHbl 0cO6€HHOCTH B3aMMOAEACTBUA MUKPOYACTULL C MPAMOYFOJIbHBIM U
TpaneuueBUAHbIM NOTeHUMaNbHbIM GapbepoM BbicoToi UO. UsyyeHbl 3aBucuMo-
CTM npo3payHocTu Gapbepa OT 3HepruMM 4YacTULbl U XapaKTepUCTUK Gapbepa.
Ona npamoyronbHoro 6apbepa BBeAeHa 0606LeHHan cucteMa napaMeTpos (oT-
HOCUTeNbHaA 3Heprus U NNoLazb), YTo MNO3BONMIIO NONY4YUTb HOBble Gonee 06-
Wwme pesynbrathbl. [ina npaMoyronbHoro 6apbepa onpeaeneHa 3aBUCMMOCTb 40~
6pOTHOCTM Pe30HAHCHOrO MMKa OT ero NOpPAAKOBOro HOMepa W OT 3HEepruM Yac-
TuU. B aHanuTMyeckoM BuAe nonyyveHa 3aBUCUMOCTb BbICOTbI TMKOB OT OTHOCH-
TenbHOWM 3Heprum vactul. PaccMoTpeHbl OCHOBHble OTNMYMUA B3aUMOAEACTBUA
4acTuL € TpaneyueBuAHbIM 6apbepoM Mo cpaBHEHUIO C NpAMOYronbHbIM. YcTa-
HOBMEHO, YTO NPO3PavHOCTb TpaneuMeBUAHOro 6apbepa MeHbLUE MPO3PavHOCTH
npsAMoyronbHoro 6apbepa To# e NAoLYaAM, NPU 3TOM BbICOTA PE3OHAHCHbBIX MU~
KOB 1 UX f,06poTHOCTL MeHbLue. MccneaoBaHa 3aBUCUMOCTb BOJTHOBBIX (hyHKLMM
OT OTHOLLIEHUA SHEPIUM YacTULbl K BbicoTe Gapbepa u oT 3heKTUBHOMN MiioLLa-
An 6apbepa. MpeanoxeHbl MoAenbHbIE NpeACTaBNeHUs, No3sonaiolme obbac-
HUTb MepevUcsieHHble OTNNYUA. DTN NPEeACTaBNEeHNA OCHOBaHbl Ha Pa3fIMYHOM
3¢ppeKTUBHOCTM OTPaXKEHUA MOTEHLMUANIbHLIMM CTEHKAaMU pa3HOM BbICOTHI.
W3 paccMoTpeHHO MoAENM BbITEKAET, YTO ANA TpaneuyuesuaHoro 6apbepa amn-
NUTYyAa OTPaXKEHHOW BOMHbI ANA No6bIX 3HaYeHUN 3Heprum He obpaujaetca B
HoMb. DTO NPUBOAMUT K YMEHbLLEHUIO BbICOTbl PE30HAHCHbIX MUKOB. Y Tpeyrosb-
Horo 6apbepa, HanpuMep, pe3oHaHCHbIE MUKKU MPO3PavyHOCTM BoobLe oTCyTCT-
ByloT. lMoka3aHa BO3MOXHOCTb YNnpaBneHUA Mpo3payHocTbio Gapbepa nyTeM
NPUNOXKEHUA K HeMY NMOCTOAHHOrO HanpseHus. Pa3Butble npepcraBneHus mo-
ryT 6bITb UCMONb30BaHbl B HAHOINIEKTPOHUKE NMpU pa3paboTke HOBbIX NpUGopoB
Ha OCHOBEe KBaHTOBbIX TYHHeJbHbIX 3¢pcheKToB.
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BzaumozeiicTBHEe MHKPOYACTHIL C OTEHIIHATBHBIMH Oaphb-
€paMH pazIM4HON NpHPOAbl ¥ (OPMBI — OCHOBA KBAHTOBOI
(M3MKM M HAHOZIEKTPOHWKH, KOTOopas onpexenser pabory
COBPEMEHHBIX PAaAMOTEXHHYECKHX NMPHOOPOB M KOMILIEKCOB,
cucrem nepenayn U obpaborkn uudopmaunu. CoBpeMeHHBIH
pOCT HMHTEpeca K M3Y4YEHHI0 KBAHTOBOrO TYHHEIWPOBAHUS
CBSI3aH TaKkKe C MPOTPeccOM B HAHOAIEKTPOHHKE (CM., Ha-
npumep, [1]), r1e BO3HHKaeT BO3MOMKHOCTH MCNOIb30BaHHA
KBAHTOBBIX ((EKTOB /Ul KaUeCTBEHHO HOBBIX TEXHOJIOIHH,
HarnpuMep, TYHHEIHPOBAaHHE B YINPABIAEMOM JIBYSMHOM
MOTEHIMAIE YacTO HCHONIb3YeTcs Kak MOJENh MOCTPOEHHS
Kyouros [1, 2].

IMocnenHee aecsaTHIETHE O3HAMEHOBATOCH CTPEMHTENb-
HbIM Pa3BUTHEM TEXHOJOTHH MHKpo3iekTponuku. Crano
BO3MOJKHBIM TOJYyY€HHE W MCCIEOBAHHE OHOIIEKTPOHHBIX
TPaH3UCTOPOB, KBAHTOBHIX TOYEK, M JAPYIHX ME30CKOIHYe-
CKMX cucTeM. B ¢Bs3M ¢ 9THM GONBIION MHTEPEC MPUBJIEKAIOT
3a71a4M, CBA3AHHbIE C TYHHEIMPOBAaHHEM, B TOM YHCIE U Yepe3
pe3oHaHCHBIE YPOBHH. B TO Bpems Kak TyHHeIMpOBaHHE B
HEB3aHMOJEHCTBYIONIEH CHCTEME IPE/CTABIAET AOCTATOUHO
XOpOIIO M3y4YeHHOE SBICHHWE, OTH ABJICHHA B APYTHX CHCTe-
Max (B 4acTHOCTH, Uil OaphepOR OTIMYHBIX OT MPAMOYIOJIb-
HOT'0) M3Y4EHBI €lle HEI0CTATOHO.

B Hacrosimiee BpeMs IOIYNPOBOJHHKOBBIE KBaHTOBO-
pa3MepHble CTPYKTYPbl, B HacTHOCTH TIeTepOCTPYKTYphl ¢
kBaHTOBbIMH AMamu (K51) u Gaprepamu (KB), 3anumaior ju-
JUPYIOIIHE TMO3WLHH B KA4eCTBE MATCPHANIOB I ONTO- H
HaHodnekTponnku. Hamuume B atMX crpykrypax s¢ekra
pPa3MEpHOTO KBAaHTOBAHWSA TPEIOCTABIAET JIONOIHUTEIbHbIE
BO3MOJKHOCTH TI0 MX HMCIONB30BAaHMIO Kak Npu pa3paboTke
HOBBIX NpPHUOOPOB, TaK K MPH COBEPLICHCTBOBAHHH YIKE CY-
mecTByomux. Jpyrod KBaHTOBOMEXaHHYECKHH d((EKT, Ha-
6.T11{J)1’deMbIH B OTHX CTPYKTYpaX, — TYHHE/MPOBAHHE HOCHTE-
Jiled 3apsijia CKBO3b TOHKMH MOTEHUMAJIbHBIM Gapbep TaKkKe
HaXOIMT IIHPOKOE NpakTH4yeckoe npuMeHenwne. Jlns npubo-
POB HAHOANEKTPOHHKH BaKHEUIIMMU cBOMCTBaMM S(Pdekta
TYHHE/IMPOBAHHs HOCHTE/ICH 3aps/ia ABISIOTCS, B YaCTHOCTH,
BLICOKas CKOPOCTh MX BeIOpoca 4epes Oapbep M NpaKTHHeCKH
[oJIHasl €e He3aBMCUMOCThL OT Temnepatypsl [3, 4]. B ciyuae
MHOTOCJIOHHBIX T€TEPOCTPYKTYP, KPOME OOLIYHOrO TYHHEH-
pOBaHMS, BO3MOMKHO HAOJI0IaTh PE30HAHCHOE TYHHEIMPOBa-
HHE, HA OCHOBE KOTOPOrO CO3/IaHbl PE30HAHCHO-TYHHE/bLHBIE
JIMOJIbl M TPAH3UCTOPbI, KBAHTOBO-KACKA/HbLIE J1a3€pPhbl, JIOTH-
YECKHE IEMEHTBI H JIp.

OCHOBHOH XapaKTePHCTHKOH TYHHEJILHOTO 3 deKTa sBJisi-
ercs KOO QUUHEHT MponyckaHus (Mpo3pavyHOCTH) MOTEHIH-
anpHOrO Gapbepa UM cHcTeMbl 0apbepoB. ITa XapaKTepHCTH-
Ka sABIAETCA KJII0YEBOI NPH MPOEKTHPOBAHHH NMPHOOPOB Ha-
HO2JIeKTpoHHKH. Pacuer aToro napamerpa B nuTepatype npo-
W3BOJMTCA, KaK MpaBHIIO, HAa MPUMEpe CUCTEMBI NPAMOYTOIb-
HBIX MOTeHUHATBHBIX OapbepoB c/unn Gez KA [5, 6] u He yuu-
THIBAET PEaIbHBIA BH/1 MOTEHIHANA.

B nacrosiei pabote HaxoxkaeHHe BOJTHOBBIX (YHKIMI 1
KO PUIHEHTOB NPO3PAYHOCTH TPOBOMIOCH [YTEM HEMo-
CPE/ICTBEHHOTO pelleHust craiuoHapHoro ypasHenust Lllpe-
aunrepa B cucteme MAPLE. OcHoBHOe BHUMaHHE cOCpejo-
TOYEHO HA H3YHEHUH BIUAHUA (DOPMBI M Pa3MEPOB OIHHOYHO-
ro Gapbepa Ha BONHOBYIO (DYHKLHIO, KOYQ(UIHEHTE! OTpaxe-
HUs ¥ npospaunoctH. Mccnenosanuck Gapbepbl ABYX BHIOB:
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MpsIMOYTOJIBHBL M TparenneBHIHbli. PesynabTaThl pacueToB npu-
BeJICHbI HUIKE.

IpsimoyroabHblii 0apbep.

B3anmMozeiicTBie MUKPOYACTHIIEI C NPSAMOYTOJIBHBIM MMOTEHIH-
ajbHbIM GapbepoM — 3TO OJIHA M3 HEMHOTHMX 3a/1a4 KBAHTOBOH Me-
XaHHKH, KOTOpas MOXKET ObITh TOYHO pElLICHA B KOHEYHOM BHJIE.
OnHako u 37ech MMEETCS Leblil Psii MOMEHTOB, KOTOPbIE HEI0CTa-
TOYHO OCBEILIEHBbI B JIMTEPATYPE U HA KOTOPBIX XOTENOCh OBl OCTA-
HOBHTBCA. PaccMOTpHM AMHAMHMKY KBAaHTOBO-MEXaHMYecKoil wac-
THLbI B HEOJHOPOJHOH CHCTEME, C DIEKTPHYECKHM MOTEHLHAIOM,
NpEICTABIAIONMM  NPAMOYTO/BHBI  MOTEHIMANBHBIH  Gapbep.
IMorennuanbHas SHEpPrus B 3TOM CIIydae 3aMiChIBaeTCA B BHIE:
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Puc. 1. 3aBicumocTs npospauHocTh Gapbepa
OTHOCHTELHOI IHEPrHH YacTHLLBI

OpHosekTpoHHas BojHoBas  (QyHKums Y(x) B obnactu
0 < x < g0 pomkHa YIOBICTBOPATH OJHOMEPHOMY CTAallHOHAPHO-
My YPABHEHHIO IlIpeaunrepa CIIE/TYIOLIErO BH/a
2 2
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B HoBbeIX 00Go03Hauenusx ypaBHenme I[llpeamnrepa B obiactu
Oapbepa npuodpeTaeT BHI
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Takas nepeHOPMHPOBKA IMO3BOJAET ONPEACINTH NapamMeTphl B
Gonee ob1iem Buie, HE 3aBUCSILEM OT KOHKPETHOH SHEPIHH YacTHIL
U XapakTepHcTHK OapbepoB. BripaskeHue Ulsi MPO3pavyHOCTH Mpsi-
MOYTOJILHOTO Gapbepa Ob110 Nosy4YeHo, Hanpumep, B [7] 1 B niepe-
MEHHBIX (Zz, &) OHO MpHOGpETAET BUJ:
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— OTHOCHTE/IbHAA DHEPrus MHKPO4YaCTH-

upl, B= a — Oe3pasMepHas BelMuMHA (mapamerp
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Oapeepa); E — sneprust Mukpouactuusl, 3B; U, — BeicoTa no-
TeHuuansHoro 6apnepa, aB, a — mmpuna 6apsepa, AHrc.

50 I\
I\
40 Iy
I
2 30; / \
¥(x) / \
204 / \
/. =
10/ AL A
\ !
= R =

—— E=5.094 ev.,T=0.9999993179
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Puc. 2. BonHoBble (yHKUNH U1 pA3/IHYHBIX 3HAYEHUIT SHepruu

B cinywae E < U, uMeeT MECTO TaK Ha3bIBAEMBIH TYH-
HENbHBIH 3((eKT, T.e. «IpOocaydBaHHE» YACTHIEI CKBO3b
Oapbep. ITO sBIEHUE OCTATOYHO XOPOIIO H3YyYEHO W OMUCa-
HO B (pu3ndecKkoil IuTeparype.

Mgl paccMoTpuM ciyyvaii, korga E > U Kpusas npospau-
HOCTH U1 NPSAMOYTOIBHOro Oaphepa Npu 3TOM HMEeT Xapak-
TEPHBI BUII, MOKa3aHHBIH Ha puc. 1.

Bepxusas orubatomas COOTBETCTBYET MaKCHMallbHOMY
3HA4YEHUIO MPOo3pavyHOCTH Oapbepa, paBHOMY exuHHLE. Hiuk-
HSl — COOTBETCTBYET YCIIOBHIO sin’(B+y/e—1)=1 Toraa

=322 @
(2e-1)
Hamuue MaKCHMyMOB H MHHHMYMOB Oﬁyc.ﬂOBHCHO peso-
HAHCOM BOIIH, OTPAXKEHHBIX OT JIEBOH M NPaBoii rpaHuil Gapk-
epa. MakcuMyM Mpo3payHOCTH HABIIO/AeTCs MPH BEHINOJHE-

HHH YCIIOBHA

2.2
Tn

Ag, =e-1= 7 ®)]

B atom ciyyae Ha mmpHHEe 6apbepa yKIaIbIBaeTCs Lenoe
YHCIIO TIOTYBOJIH BOMHOBOM (yHKIMH. Tak Kak aMIUTHTYIbI
OTPaKEHHBIX BOJIH PaBHBI, B PE3YJIbTATE CIOMKEHHS MPOMCXO-
IMT WX B3auMHoe ramenue. OTpajkeHHas BOJHA OTCYTCTBYET,
IUIOTHOCTh BEPOATHOCTH OOHAPY)KEHHS YacTHIBI ClleBa M
crnpapa oT 6apbepa OKa3bIBaeTCsl OTMHAKOBOM M He 3aBHUCALIEH
OT KOOpPAMHATHI M mapameTpoB Oapkepa. BepositHocTh mpo-
XOM/IEHHS YacTHLI HaJl OaphepoM BO3pacTaeTr 10 €IHHHIIBL.
Bun BoMHOBO#H (DYHKIMM B 3TOM Cly4yae MOKa3aH Ha pHc. 2
(myHKTHpHBIE KpHBble). OTMETHM, 4TO BeIMuUMHA P (x) B

ciy4ae, KOrja Ha luMpuHe Oapeepa YK/IaJbIBAETCS TOJIBKO
OJIHa JIEKTPOHHAs NMOJIYBOJIHA OoJiblIe, YeM B Cilydae, Korja
HA IIMPHHE YKJIAJBIBAETCS JIBE MOJYBOJIHBL DTO JIETKO M0-
HATB, €CJIM YUYECTh, YTO BEJMUMHA P (x) ONpeesseT BEpoAT-

HOCTB 06Hapymeunﬂ MHKPO4YACTHILIBI HA TOM HIIA HHOM MaJiOM

OTpE3Ke, a KHHETH4YECKas 3HEPrufd 4YacTHULBl B IIEPBOM Cliy4ac
MEHBIIIE, 4EM BO BTOPOM. AHaIOru4HO IPH BBITOJTHEHHH YCIIOBHA

sin(ak,) = £1 wmn ak, = —’—2’ +an(n=1,2,3...)

Ha HIMpuHe Gapbepa YKIAIBIBACTCA MOMYIEI0E YHCIO MOJTYBOIH
(ToueuHast kpuBas Ha puc. 2). ITosTomy B pe3ynsrate HHTEpdhEpeH-
[[HH MPAMOI W OTPAXKEHHOM BOJIH MPOXO/sIIas BoJHa ociabisercs,
YTO 3KBHUBAICHTHO YMEHBIICHHIO KO3({HUIMEHTa MPO3PAuHOCTH
Oapeepa.

OnpemenuM 3aBUCHMOCTE BBICOTBI PE30HAHCHOTO THKa OT OT-
HOCHTEIHHON SHEPTHH YaCTHIIBL.

JI1st 5TOr0 M3 MaKCHMAaTBHOTO 3HAUEHUs MPo3pavHOCTH Oaphepa
BBIYTEM MHHHMAaJbHOE 3HA4YEHHE NPH TOM JKE OTHOCHTEIBHOI
sHepruu. ITomyunm, 4To BEICOTA NHKa PaBHA

L ol 6
=! e-1¢  (2e-1) ©

COOTBG’TCTBYIOI.I.I&S{ 3aBHCHMOCTE IMOKa3aHa Ha pHC. 3.
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e
Lred

[=]

e=E/Uo

Puc. 3. 3aBHCHMOCTB BBICOTHI ITHKA MPO3PAYHOCTH
OT OTHOCHTEJILHOH JHEPrUM YacTHLbI

Kak BHIHO W3 pUCYyHKa, C POCTOM OTHOCHTEIbHOH IHEPrHH
yYMEHbIIAeTCs BBICOTA NMHUKA M OJJHOBPEMEHHO PACTET €ro LIMPHHA.
[ToncraBuB B BBIpaXKEHHE I /, 3HAUEHHE DHEPTHH NMPH KOTOPOIi
HabmonaeTcss MaKCHMYM, TOTYYHM 3aBHCHMOCTB BBICOTHI ITHKA OT
napamerpa B u mopsakoBoro Homepa muka. CoOOTBETCTBYIOIIEE
BHIP@JKEHHE UMEET BH]T

he—

270,

(I+—)
B

Kak BHIHO, ¢ pOCTOM MOPAAKOBOrO HOMEpa BHICOTA TIHKA
ymeHbinaercs. OJIHOBPEMEHHO PacTeT W €ro IMHPHHA, YTO MPHBO-
JIUT K CHHKEHHUIO JOOPOTHOCTH.

OneHky 10OpOTHOCTH MOXKHO MPOBECTH MO OTHOUIEHHIO JHEp-
T'HH, TIPH KOTOpOW HaOmoJaeTcs MakCHMyM, K IIMPHHE THKa Ha
MOJIOBMHE €ro BBICOTHL. AJFOPHTM pacyera J0OpPOTHOCTH pe3o-
HAHCHOTO IMUKA C MOPAIKOBEIM HOMEPOM N 111 Oapbepa ¢ napamert-
pom B 3akmouancs B crnenyomem:

1. Jns 3apmanHoro » U B no ¢opmyse (5) onpexnensnn 3Hep-

THIO £, TIPH KOTOPOii HAGMIOAAIICH MAKCHMYM.

2. Jlna HaiiIeHHOTO 3HAYEHHS &, 4 10 COOTHOIICHHIO (4)

onpeaensiiu 3HaueHHe Ty, COOTBETCTRBYIOIIEE OCHOBAHMIO MTHKA.
3.  Hcnonw3ys cootHoueHue (6), HAXOIHIN BBICOTY IHUKa A.
3arem no cootHomennio T o =1—0.54 naxomunu 3HayeHue npo-

MYCKaHHA Ha ITOJIOBHHE BEICOTHI IMHKA.
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4. Jlns ompeaeneHus IIMPHUHBI MHKA PEINaloch ypaBHe- Kaxk cnenyer u3 rpaMkoB, ¢ yBEITHYEHHEM NOPAJIKOBOTO HOME-
HUE 1 —0.5h° pa nuka J0OpOTHOCTH YMEHBIIAETCA. DTO MOXKET OBITH CBA3AHO C
1 . 2 o YMEHBIIEHHEM aMILIHTY bl OTPaKEHHBIX BOJIH H TEM CaMBIM C OC-

I+ ———sin“(BVye-1)
4e(e-1) nabrneHueM BIHAHHA Oapbepa Ha PE3OHAHCHBIE XApPAKTEPHCTHKH

NpH yBEJUYEHHH SHEPrUM dacTuilbl. M3 pucyHKa 5 BHIHO, YTO C
pocToM B 106pOTHOCTh NHKA BO3PACTAET, YTO OOBACHACTCS YCHIIe-
£, COOTBCTCTBYIOIIHX IMHPUHE ITHKA HA MIOJIOBUHE €I'0 BRICOTBL.  ypen piusHus Gapbepa HA PE30HAHCHOE MPOXO0JKICHHE YACTHII,

peLICHHE KOTOPOro HaeT ABa HCKOMBIX 3HAYEHHA DHEPTrHH gl H

5. Ilo dopmyne O Cos HAXOIMIM 3HAYCHHC 106- Ha pucyHke 6 mpuBeneHa 3aBUCHMMOCTh NPO3pa4HOCTH Oapbepa

£ - & ot ero s¢dekTuBHOI muomamu B. Kak MOXHO BHIETh M3 PHCYHKA,

POTHOCTH. 3Ta 3aBUCHMOCTh MMEET BH]] OT/ICJIBHBIX MHUKOB, TIPUYEM MEPHOI HX
I'padyku 3aBHCHMOCTeil I0GPOTHOCTH OT HOMepa NuKa i TOBTOPSEMOCTH M BBICOTA PACTYT C YMEHBIICHHEM OTHOCHTENLHOM
napamerpa B npusesens! Ha puc. 4 u 5. SHEPTHU 4YacTHIBL. IIpH 3TOM mepHoa W3MEHSETCs MPOMOPIMOHATb-

HO YMCITY TOJYBOJH, YKJIaJBIBAIOIIMXC Ha MIMpHHE Oaphepa (Kpu-
Bele 1 u 3 Ha puc. 2). JlJoOpoTHOCTE PEe30HAHCHBIX MHKOB PACTET C

120007 ysermmuenneM B (puc. 4). Benvuuna B npejcrapiser co6oii TeXHO-

10000{-* JIOTMYECKHII MapaMeTp, KOTOPHIM MOYKHO YIIPaB/ISATh B IPOLECCE
s000)_ npurotoBiieHus Gapbepa. TakuMm 0Opa3oM, NpeACTaBiIseTCs BechMa
0 B BEPOSITHBIM, YTO HCIOJIB3Ys TEXHOJIOIHYECKHE BO3MOXKHOCTH, MOX-
60001 HO 3()pEKTHBHO BIMATE HA MPOXOKICHHE MHKPOYACTHIL Yepes Mps-
2000] MOYTOJIbHBIN MOTeHUHaNbHbIH Oapbep. KoHeTpykums, coxepakaiuas

BCTPOEHHBIE MOTEHIIHAIbHBIE Oapbephl, MOKET OBITh HCIIONIBL30BAHA
2000

\a.— HE TOJIBKO B MPUOOpAax HAaHOJIEKTPOHHKH, HO M B KauecTBe BeChMa
S 5 . 6 ——— 3(PPEKTHBHOTO TBEPAOTENLHOIO CENapaTopa YacTHIL [0 SHEPIHH.,

n 2. TpaneuuneBuaHbIN Oapbep.
[=—B-50 —B-100---- B-200] HuTepec K TparenuesuaHoMy Gapbepy B 3HAUMTENLHOM cTere-

HHU 0OyCIIOBJIEH H3yueHHEM BO3MOXHOCTH YIPABIEHUsI €ro mpo-
3pauHOCTBIO ITyTEM TIPUIOKEHHS K HEMY HampsbkeHus. Bynem cuu-
TaTh, 4TO BCE HANpshKeHUe Majaet B obnactu Gapsepa. B atoMm ciy-
Yae TOPU30OHTANbHAS BEpLINHA NPSIMOYroJbHOro Gapbepa CTaHo-

Puc. 4. 3aBicuMocTb JOOPOTHOCTH Pe20HAHCHOIO MHKA
OT ero NopsIKOBOro HOMepa JUIs pa3IHYHbIX 3HAUYeHHH B

12000 BUTCH HakIOHHOH U B ATOH obnactu (0<x<a) ypasuenue Illpeaun-
. repa npHoOpeTaeT ciey oMt BUIL:
10000 i 2
d—l:’+2—T(E—(UO+U(x))‘P:0, (7
8000 dx* h
0 7
608 rae U(x)=rx,rae r = U=t
4000 a
- L1 3mecs Uy — BbicOTa NeBOi rpaHuibl Oaphepa, U; — BICOTa
2000 - npaBoii rpaHuiel. ['padguk TpaneumeBuaHOrO Oaphepa MOKa3aH Ha
‘_ — puc. 7a. Pemenue storo mauddepeHranbHoro ypasHeHus (7) Bbl-
40 60 80 100 120 140 160 180 200 paxkaerca uepes GyHkumm Diipu. OCHOBHBIE CBOMCTBA M rpaduKy
| 1 2 A 9THX (DYHKUHI MOXHO HaiTH, HampuMmep B [8]. B atom paznene
,,,,, =l — —n= 1=

OIMUCaHBl Pe3yNbTaThl U3y4eHHs BIUAHUSA (QOpMbI Oapbepa Ha ero
NpO3pavyHOCTh M BOJHOBBIE (PYHKIWH.

Puc. 5. 3aBicumMocTh JOOPOTHOCTH PE20OHAHCHOIO MHKA
oT napametpa Oapeepa B 1 pa3siHuHBLIX 3HAYEHHH 1 1

' o]
0.8 4
0.8
0.6 4
So.64 :
: g 0.4 -
=
o 5
= 02
02 . |
2 4 8
E, 2B
% 20 40 € 80 100 Puc. 7. a) ®opmbl 6apbepos; 6) 3aBUCHMOCTb MPO3PAYHOCTH TpaNeLye-
B BHIHOrO Oapbepa pasinuHOi (OPMBI OT 3Heprun yacTHue: 1 —fgar =0
[F—e-1.0125 —e-1.05 — —e-1.1125] (npamoyroneHbiit  Gapeep); 2 - ga=0.1; 3 - tga=0.17;

4 - =0.3; - =0.5 7} . B
Puc. 6. 3aBHCHMOCTE MPO3PavyHOCTH NPAMOYTONBHOrO Gapbepa rga=03;5 - 1ga=0.5 (tpeyrosibiii Gapuep). Bee Gapbepet umeior

oT napamerpa B O[JHHAKOBY O TUIOLIAb
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3aBHCHMOCTE TIPO3PAYHOCTH TparenneBuHOro Oaprepa
OT JHEPrUM YacTHIbl 00aJaeT PsIOM CYLLECTBEHHBIX OCO-
OeHHOCTEH 10 CPaBHEHHIO ¢ NPAMOYToiabHBEIM OaphepoM. Co-
OTBETCTBYIOIINE TrpaQMKu npejacTasiensl Ha puc. 7. Ilpuse-
JIEHHBIE JIAHHBIE YKa3bIBAIOT HA CJIEAYIONHe 0COOEHHOCTH
B3aHMOJIEHCTBHA MUKPOYACTHIL C MOTEHIIHAILHBIM OapbhepoM:

a) Ha kpHBBIX NpO3pavHOCTH IS TPANeHeBHIAHOTO Oaph-
epa, TaK e, Kak 1 Ha COOTBETCTBYIOIIMX KPHUBBIX Ul NMPAMO-
yrosisHoro 6apsepa HabioaroTes pesoHancHble nuku, OnHa-
KO, 10 Mepe YBEIMYEHMs TaHIe€HCa yrila HakIoHa Mpo3pay-
HocTh Oapbepa ymenbinaercs. OHOBPEMEHHO € 9THM YMEHb-
[IA€TCs BHICOTA PE30OHAHCHBIX MUKOB. [l TpeyrojbHOro
Gapbepa, KOTOPBIif ABISETCS MPEJIEAbHBIM CITydaeM Tparierme-
BH/IHOT'0, PE30HAHCHBIE MTHUKH BOOOLIE OTCYTCTBYIOT (puc. 70,
KpuBas 5).

0) Ilo mepe yBenuueHus TaHreHca yria Hak/IoHa Oapbepa
KpHBasi NPO3PaYHOCTH CMEIIAETCS B CTOPOHY OOJBIIMX 3HA-
yeHUi sHepruu. Ilpu OIHUX M TeX Ke 3HAYEHUSAX IHEPrHH
YACTHIBl MPO3PAuHOCTh HPSMOYIOJIBHOIO Oapwepa Oosbuie,
4eM MpOo3pavHOCTh TpanelueBuHOro Oapeepa TOH Ke IUIo-
LA, 1.

B) Pacripesiesiense mI0THOCTH BEPOATHOCTH OOHAPYIKEHHS
4acTHUIIBl B Mpejenax Oapbepa CYLIECTBEHHO 3aBUCHT OT €ro

dopmsi (puc. 8). B ciyuae nonoxutensoro ykiona W (x)

CHauaja yBEIMYMBACTCS, a 3aTeM, KOTJa SHEPrus YacTHIbI
CPaBHMBAETCSA C BBICOTOH Oapbepa, SKCIOHEHIMATBHO 3aTyXa-
er (puc. 86). B ciyyae oTpuuaTeNbHOro YKJIOHA CHTYallus
npotusonookuas. P (x) cHauaza HKCMOHEHIMATILHO Najia-

eT (B ciayyae, Korjia B AaHHoii obnactu E < Uy), a 3aTem BO3-
pacraet. IIpo3paunocts Gapbepa B 000MX Ciydasx OJHHAKO-
Ba.

OOpaTuM Takke BHHUMaHME Ha COOTHOLUEHMsI Mexly (pa-
3aMu npsimoi v obparHoit BosH. Tlpu otpaskenuu ot Gapbepa
tina 8B (a3a BOJHBI U3MEHSETCS HA TPOTHBOMOIOKHYIO MO
cpaBHeHuto ¢ puc. 80. B sTtom nnane Gapeep Tuna 8B BeJET
cebst mo106H0 onTHyecku Gojiee MIOTHOM cpejie NP OTpake-
HHH JIEKTPOMArHHTHBIX BOJIH.
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Puc. 8. BosHoBble GyHKUMM 151 pasiuuHbiX Gopm
TpaneLueBHHOro NOTeHUHANBHOTO fapbepa:
a)tga=0:0)tga=0.1:8)tga=-0.1.
[Tnowann Beex OapsepoB OJHHAKOBEI

[TousiTh OCHOBHBIE OCOOEHHOCTH MPOMCXOIALINX MPOLIEc-
COB MOJKHO, MCXO/Is1 U3 CIIEAYIOIMX Ka4eCTBEHHBIX MPE/ICTaB-
JICHHMIA.

1. CornacHo HalIMM MPeACTABICHUSIM, HAa OTParKEHHUE
BOJIHBI OKa3bIBAlOT BIMSIHUE B MEPBYIO OUYepe/b BEPTHKAIb-
HBIE TpaHulbl Oapbepa. B aTux o0nacTsax NpoucXoauT cKay-
KooOpa3Hoe W3MeHEHHE MOTeHIINANIA, YTO YKBUBAICHTHO Jieii-

CTBUIO HA 4acTUILy OONBLION CHIIBI (€ KIACCHYECKOI TOUKH 3peHus]
F=-grad(U)), 4T0 NpUBOANT K OTPAKEHUIO YACTULILI U BOSHHUKHOBE-
HUIO OTpaKeHHOH BOIHBI. HaklIoHHBIE TPaHUIBI, BCIEJACTBHE Ma-
JIOCTH JICHCTBYIOMINX CHII, U3MEHSIOT TOJIBKO KHHETHYECKYIO DHEp-
THIO YaCTHIIBL.

2. DddeKTHBHOCTh OTpaKeHHs 3aBHCHT OT BBICOTHI Oapbepa
(moTeHuManbHOM 3Hepruu). IIpu oTpaskeHun oT HHM3KOTO Oaphepa
oriomenne Yo wmano u MO3TOMY BEPOATHOCTH OTPAKEHHS TaK/Ke

E
Masa. ITO NPUBOAMT K TOMY, YTO aMILUTUTY/Ia BOIIHBI, OTPAKEHHOM
ot Oosee HU3KOM TpaHulbl (al), OKa3pIBaeTCs MEHBINE, YeM TpH
OTpasKeHWH OT BBICOKOro Oapbepa (¢2). B mpocteiitiem ciyuae

l -
MOJKHO CHHTATh, HTO | 0.p2, TAC 7 — AMIUIATY THBIH 1{03(13[])[4-

UI

LUeHT oTpaxkenus. Torna u ;1 — Y. 42 - B pesynbrare npoucxoaut
1

CJIOKEHHE JIBYX OTP@KEHHBIX BOJIH Pa3jIMUHON aMIUIMTYIbl. DTH
BOJIHBI [TOJIHOCTBI) HE KOMIIGHCHPYIOT JpYT Japyra. B takoii cucre-
Me ciesa or Oapbepa Beerjia Oy/leT CyIIECTBOBATH OTPAKEHHAs
BoJIHAa. BeneacTaue 3T0ro, MakCMMaibHbIe 3HAYECHHs MPO3pavyHO-
CTH TpamneuuesujHoro Oapbepa OyayT MEHBIIE, 4eM Y MpAMO-
YIOJIbHOTO, & MHHUMaJIbHbIC OoJibIIe. DTO MPUBOJUT K TOMY, HTO
aMIUIMTY/1a PE30HAHCHBIX IHKOB IPH B3aHMOJICHCTBHM ¢ Tparie-
LMEBHIHBIM 0apbepoM MEHBLIE, YeM C NPSAMOYToibHBIM (pHc. 7,
kpusble 2 — 4). B ciyuae tpeyrosbHoro Oapbepa OTpaskeHHE OT
OJIHOIf M3 IPaHNULL OTCYTCTBYET, HHTep(EPEHIINs BOJIH HE IPOHCXO-
JIUT U Pe30HAHCHBIX NMUKOB He Habstonaercs (puc. 7, kpusast 5).

3. Eciu muowmans 6apbepa NOJUIEPKUBAETCS MOCTOSHHOM, TO
IPH POCTE TaHTeHca yIila HakJIoHa Bo3pacraeT ero BeicoTa. lIpo-
3pauHOCTh Gapbepa NpH TOM ONpelensieTcs n3BecTHOI (opmyoit
[7.9]

—%T.f.’!ur({;‘—E}d\'
T=Te . ®)

rie o v f — KilacCH4ecKHe TOuKM noBoporta. Tak Kak BbIcOTa
Oapbepa yBenMUYMBAETCS, YACTHIlE CTAHOBUTCA TpPYJHEE €ro mnpe-
OJI0NIETh, W BCA KpUBas cMemnaercs BrIpaso (puc. 7, KpuBble 2-5
OTHOCHTEJIEHO KpHBOIi 1),

4. Paccmorpum noseaenne W’ (x). Ecaun vactnua asmwketcs
HaJl IPSMOYTOJILHBEIM OapbepoM, CKOPOCTh €€ JIBUKEHUS He MEHs-
ercst (puc. 8a). OcoOblil MHTEpEC MpeCTaBIAET Cllyyaii, Korjaa npu
JIBUKEHUH Haj TpaneiueBUIHBIM OapeepoM Uy < E < Upae
B stom ciyuae, korjga Uy, < E < Uypy, , 9aCTHIA CHAYAIIA JIBUIKET-
cs Haj OapbepoM. Ilo mepe pocta BBICOTHI Dapkepa CKOpPOCTH ee
JIBIZKEHHS YMEHBIIIAETCS H BO3PACTAET BEPOATHOCTH OOHAPYKEHUSA
gacThlpl (puc. 86). DT0 HAXOJUT CBOE OTPaKEHHUE B YBEITHYCHUH
W?(x) no mepe mpoasmxenus Bray0h Gaphepa. Koraa uactuia
jocturaer Touku nopopora (E = U), ee jpanbHeiilee JIBUKEHHE
npuoGpeTaeT TyHHe/bHbI XapakTep. Bemmunna W’ (x) npu stom
IKCIOHEHIMAIBHO yMeHblaeTca. Korja BBINONHAETCS YCIOBHE
Usew > E > Uypgy, UacTHIIA CHAYANIA TYHHEIUPYET CKBO3b Oapbep
(W7 (x) 9KCIOHEHIMATILHO YMEHBIIAETCA), A 3aTeM JIBUKETCS Hal

Gapepom. Ilpu mBmkenun Hax Gapbepom Bemmumna W7 (x)
YMEHBILIACTCS IPH TPOABHAKEHHH HACTHIIBI BIIPABO (M3-3a BO3pac-
TaHust ee ckopoctn). IIpospaunocts Gapbepa B oboux ciryuasx Oy-
JIeT 0/1MHaKoBoii (puc. 80,B).
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PucyHok 9 WITIOCTPHpPYET BO3MOMKHOCTH YIPABIECHHS
MPO3pavyHoOCTLI0 Oapbepa MOCPEACTBOM NMPHIOKEHUS K HEMY
Hanpszenns. Korga HanpsskeHue nmpuiokeHo B MOTOKUTEb-
HOM Hamnpas/IeHHH, BbICOTa Oapbepa BO3pacTaeT W ero mpo-
3pavyHOCTh YMEHbBILIACTCH.

‘o "H1O ‘)

510 15 20 35

Puc. 9. BausHue npHioKeHHOr0 HanpsKeHus Ha 3aBHCHMOCTD 1PO-
3pauHocTH Oapbepa oT dHeprun HactHibl. Popma Gapbepa rnokasaHa
na Beraske. 1. [pamoyronsuelii 6apsep 6e3 nanpsxenns. 2. ITpuio-
skeno Hanpsbkerne (U = 2 B, tga = 0.1) Tak, uto nuowaas dapbepa
He uamensercs. 3. INpunoxkeno nanpskenne (U =2 B, tga = 0.1) Tax,
yTo niowaab, Gapsepa ysenuunsaercs. 4. [lpunoxeno nanpsxenue
(U=2B, tga=0.1) tak, uto ninowais dapbepa yMeHbIIAeTCA

[Ipu onpeaeneHHbIX 3HAYEHMSX SHEPrHH KOIDPUIMEHT
MPONYCKaHHA MOMKET KaK YMEHBLIATHCS, TAK U YBEIMYHBATb-
ca. Ilpu sTOoM KpHBas Npo3payHOCTH CTAHOBUTCS TUIMYHOIL
JUIsl TparenneBHoro 6apbepa u cMelaeTcs BnpaBo (Kpupas
3 na puc. 9). B ciyyae oTpHLATENILHOIO HAINPsKEHUs KpuBas
MPO3pa4HOCTH CMELIAETCS B MPOTUBOMOIOAKHOM Harpasie-
uun (kpusasg 4 Ha puc. 9). D10 cMelleHne CHMMETPHYHO OT-
HOCHTEIBHO KPUBOIl 2, KOTOpas COOTBETCTBYET MPOITYCKaHNIO
Oapbepa ¢ TeM JKe CaMbIM TAHTEHCOM YIJla HAKJIOHA U ILI0La-
[bl0, PaBHOIl IUomIaAM npsmoyroiabHoro Oapbepa. Takoe
H3MEHEHHE MPO3PayHOCTU CBA3aHO, MO HALIEMY MHEHHIO, C
M3MEHEHHEM B MEPBBIX JBYX CIydasx BBICOTBI Oapbepa (Ij10-
maas 6apbepa npu 3ToMm usMensiercs). He cieayer nyrars 910
obcrosTenbeTBO ¢ puc. 8, rie miomans Gapbepa ocraercs
HEU3MEHHOH M KOY(Q(HIMEHT NPONyCcKaHus COOTBETCTBEHHO
HE H3MEHACTCS.
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Jaknwuyenue

PaccMoTpeHBl W CHCTEMATH3MPOBAHBl OCHOBHBIE OCOOEHHOCTH
B3aUMOJICHCTBUS MHKPOUACTHIL C TMPSIMOYTOIBHBIM M Tpaneimne-
BUAHBIM OapbepoM. [lnsa npsmoyroasHoro 6apbepa U3y4eHo noio-
JKEeHHEe MWHMMYMOB M MakCHMMYMOB IPO3pPayHOCTH, OINpejieneHa
3aBHCHMOCTb BBICOTHI PE30HAHCHBIX MHKOB M WX JIOOPOTHOCTH OT

OTHOCHTEJILHOI YHEPruH {il) 4acTHIb! ¥ A(PPEKTHBHOIN M1011a/1H.
lT'}l]

ITokaszano, uto JU1s TpaneueBHHOro Gapbepa 1o CpaBHEHHIO €

MPSAMOYTIOJILHBIM BBICOT@ PE30HAHCHOTO IHKA YOBIBAET € YMEHb-

IIEHHEM OTHOUICHHA (%}. Ipeanomens kauecTBeHHBIE co00pa-
1
JKEHHsl, MO3BOJIAIOLIHE 00BICHHTh YKa3aHHbIE 3aKOHOMEPHOCTH.
ITokaszano, 4To nNpuIOKeHHe K MPAMOYroibHOMY Oapbepy rno-
JIOYKUTENBLHOrO HaMpshKeHus (YBEIMYMBAIOLIETO BBICOTY Oapbepa)
NPUBOJMT K YMEHBIIEHHIO €ro Mpo3pavyHocTH. Beawumna storo
YMEHbUIEHUS] 3aBUCHT OT SHEPrHHM MHUKpovacTHilel. Ecnu nmpuno-
KHTh OTpUIIaTENbHOE HanpsikeHne (YMEHbBIIAIOIEro BRICOTY Oaph-
epa), To pe3yabTar Oy/JeT HOCUTh HEOJHO3HAuYHbIH xapaktep. [las
HEKOTOPBIX 3HAYEHWil SHEPrHH TPO3PAYHOCTh YBEJIWUHTCS, B TO
BpeMs KaK JUls JPYTHX OHA MOJKET YMEHbLIUThCA (CM. pHc. 9).
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THE FEATURES OF THE INTERACTION OF MICROPARTICLES
WITH RECTANGULAR AND TRAPEZOIDAL POTENTIAL BARRIER

Alexey P. Zhilinsky, Moscow Technical University of Communication and Informatics, Moscow, Russia, zhilinsk@yandex.ru
Viadimir F. Degtyarev, Moscow Technical University of Communication and Informatics, Moscow, Russia, vfsteel2008@gmail.com

Abstract

The paper discusses the features of the interaction of microparticles with a rectangular and trapezoidal potential barrier with a height
of UO0. The dependences of the barrier transparency on the particle energy and characteristics of the barrier are studied. For a rec-
tangular barrier, a generalized system of parameters (relative energy and area) was introduced, which made it possible to obtain new,
more general results. For a rectangular barrier, the dependence of the quality factor of the resonant peak on its serial number and on
the particle energy is determined. Analytically, the dependence of the height of the peaks on the relative energy of the particles is
obtained. The main differences between the interaction of particles with a trapezoidal barrier compared to a rectangular one are con-
sidered. It is established that the transparency of the trapezoidal barrier is less than the transparency of a rectangular barrier of the
same area, while the height of the resonant peaks and their Q-factor is less. The dependence of the wave functions on the ratio of the
particle energy to the barrier height and on the effective barrier area is investigated. Model representations are proposed to explain
these differences. These representations are based on the different efficiency of reflection by potential walls of different heights. From
the considered model it follows that for a trapezoidal barrier, the amplitude of the reflected wave for any energy values does not van-
ish. This leads to a decrease in the height of the resonant peaks. The triangular barrier, for example, has no transparency resonance
peaks at all. The ability to control the barrier transparency by applying a constant voltage to it is shown. Developed concepts can be
used in nanoelectronics when developing new devices based on quantum tunnel effects.

Keywords: quantum mechanics, quantum barrier, wave function, transparency, nanoelectronics, tunneling.

References

|. Demikhovsky V.Ya, Vugalter G.A. (2000). Physics of low-dimensional quantum structures. Moscow: Logos. 248 p.

2. Dovzhenko, Y. (201 1). Nonadiabatic quantum control of a semiconductor charge qubit. Physical Review B, vol. 84, No. 16, pp. 161302.
3. Kapteyn C.M.A. (2001). Carrier emission and electronic properties of self-organized semiconductor quantum dots: dissertation. Berlin:
Mensch&Buch Verlag. 156 p.

4. Schmalz K., Yassievich I.N. (1994). Characterization of Si/Sil-xGex/Si quantum wells by space-charge spectroscopy. Physical review B,
vol. 50, no |, pp. 14287-14301.

5. Dragunov V.P., Neizvestnij I.G., Gridchin V.A. (2000). Fundamentals of nanoelectronics. Novosibirsk: NGTU. 331 p.

6. Aladishkin A.Yu. (201 1). Tunnel phenomena in Nanophysics. Nizhny Novgorod. State. Un-T. Nizhny Novgorod. 32 p.

7. Landau L.D., Lifshits E.M. (1974). Theoretical Physics, v.3, Quantum Mechanics. Non-relativistic theory. Moscow: Science. 752 p.

8. Handbook of special functions, ed. M. Abramowitz and |. Stigan, M. "Science", 1979, 830 p.

9. Levich V.G, Vdovin Yu.A., Myamlin V.A. (1971). Course of Theoretical Physics, vol. 2. Moscow: Science. 936 p.

Information about authors:
Alexey P. Zhilinsky, Professor, PhD, Moscow Technical University of Communication and Informatics, Department of Physics, Moscow, Russia.

Vladimir F. Degtyarev, associate professor, Ph.D., Moscow Technical University of Communication and Informatics, Department of Physics, Moscow, Russia.

T-Comm Tom |3. #8-2019




rAPMOHUYECKUA 3AKOH PACNMPEOAENEHUNSA PEJIES-PAUCA

CMmupHoB AnekcaHap AneKkcaHapoBuY, DOI 10.24411/2072-8735-2018-10296
Cesepo-Kaskasckuii PedepanbHbiil yHugepcumem,
2. Cmasponons, Poccus, shursun@mail.ru

Bbonpape Bukrtopua BurtanbesHa,
Cesepo-Kaskasckuii PedepanbHbiil yHugepcumem,
2. Cmasponons, Poccus, viktori-bondar@yandex.ru

PoxxeHko Onbra AMuTpueBHa,
Cesepo-Kaskasckuii PedepanbHoiil yHugepcumem,
2. Cmasponons, Poccus, r.o.d@mail.ru

HAapxanua AHHa [MutpuesHa,
Cesepo-Kaskasckuii PedepanbHbiil yHugepcumem,
2. Cmasponons, Poccus, anna2205 | @yandex.ru
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B MaremaTMuyeckux Moaenax pacnpocTpaHeHWA BOJIH UM CUTHANIOB BO3-
HUKaeT 3ajja4a onpefesieHUa pacnpejesnieHnsa aMnauTys B KOHE4YHOMN Tou-
ke. Ecnu B Mogienax otcyTcTBYI0T aMnnuTyAHble hilyKTyalumm, To pacnpe-
AeneHue B GonbLUMHCTBE 3aZlay4 CYUTAETCA FAPMOHUYECKMM C Heonpeje-
nénHon dasoi, pacnpepeneHHol pasHoMepHo. Momumo dnykryauun
dasbl B pesynbrare pasnuyHbix PUIMHECKUX NPOLECCOB NPU pacnpoct-
paHEeHUU BOJIH BO3HMKAIOT [OMOJIHUTENIbHO aMNnuUTyAHble (nyKTyauum.
B 6onbluMHCcTBE 3aAa4 pacnpefeneHue aMIIMTY/, B OAHOM JiyYe cuuTaer-
cA nopuunHAetca pacnpeaeneHuio Paiica unu pacnpeaenenuio Penes B
npeaenbHoM cny4vae 6e3 perynapHoi coctaenaouwei. MonyyeH HoBbIN
3aKOH pacnpefiefieHMA Ha OCHOBe YCpeJHEHUA 3aKOHa pacnpejeneHus
aMNUTYA FapMOHMYHOTO pacrnipeAeneHua MO 3aKOHy pacnpejeneHus
aMnnuTya c perynapHoi coctaenaouwel Paica. Mpeanoxena metoauka
nony4yeHua paja rapMOHMYECKM 3aKOHOB pacnpepgenenus. [ocrosep-
HOCTb MOMNY4YE€HHOro pesynbTaTta NMOATBEPXAAETCA TeM, YTO B YACTHbIX
cnyyasax pacnpegeneHue CBOAUTCA K U3BECTHLIM.
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SJIEKTPOHUKA. PAODUOTEXHMNKA

IMocranoBka 3aaaun.

B 3ajavyax MareMaTH4yecKoro MO,l[eJalOBaHHH pacnpom‘pa-
HCHHA BOJIH B PAJAHOTCXHHKE, ONITHKE, aKYCTHKE H 1Ip. BO3HHKaA-
T 3a1a4H CTaATHCTHYCCKOTO aHa/lu3a 1nmoJida BOJIHBI B KOHEYHOM
TOYKE. HM&QTCS W3BECTHBII 3aKOH pacnpmen{mm MI'HOBCHHBIX
3HAYEHMIl AMILUIMTY/L |1, KOTOpPBIA COOTBETCTBYET 3ajadam ¢

rapMOHHYECKHMH Tipolieccamu [ 1, 2

2

,mpu 0 <pu <y, (1)
(1 -1

w(p) =

rae vy > () — MakCHMaJIBHO BO3MOJKHOE 3HAYCHME AMININTY AbI

(orudatoneii). B npukiaaHoM rniaHe 3TOT 3aKOH paccMaTpHBa-
10T B 110J1e, 00pa30BaHHOM HEKOTOPBIM PaJMOCHIHAIOM WIIH OII-
THYECKOI1 BOJIHOMH, KOTOpas pacrpocTpaHasach Yepes HeOAHOPO/I-
HYIO Cpely B pesyibTare pasiudHbiX (usudeckux 3(QeKTor,
Tepser uHpopmaiuio o ase. To ecTb ee CUMTAIOT PABHOMEPHO
pacnpenenénnoii B unrepsaie (0,27m). Onnako janHbli 3aK0H
CHPABE/UIMB JUIs MOJIENiel, I/Ie CPEHss aMIUINTYIa |1 BOJIHbI
PH PacripOCTPAHEHHH HYEPe3 HEOHOPOIHYIO Cpey
HEM3MEHHO.

Ha mpakTHke cyLIeCTBYET MHOMKECTBO MOJelneil, rje B pe-
3yJbTaTE PACNpPOCTPAHEHHs BOJIHBI Y€pe3 HEOJAHOPOIHYIO Cpe1y
BO3HHKAIOT aMILTUTY/IHbIE (IYKTyallny, 4acTo Ha3blBaeMble 3a-
MUPAHHAMH WM MEpUaHuAMH. DTH (GIyKTyaun B pasinyHbIX
3aja4ax, HanpuMep, B Teopusix ¢asosoro (Gpouta [3] onucsisa-
I0TCs 3aKOHOM pacripesenienns Paiica [4] s y > 0

ocTacTe

2
Yz_qg fro[ﬁql] @
4 c

G

Y
w(y) =
26°

rae [, — momuduumposanuas pyHkums beccens nepsoro pojia

HYJICBOTO MOPS/KA, > =7°/G> — NapavMeTp, XapakTepusyio-
HIMH  OTHOLIEHHE PEryaspHoi (cpeaHeil) cocTaBinsiomed K
(yKTyauHMoHHOH  (IMCTIEPCHH)  COCTABJISIOIIEH  aMILUINTY b
fpouecca.

Taxum oOpa3zom, eciin B MaTEMaTHYECKOI MOJIENH OJJHOBpE-
MEHHO TPHCYTCTBYIOT JIBA MO00HBIX Mpolecca, To He0OX0 MO
HaliTH HOBBII 3aKOH pacnpejeNeHnsl aMIInTY/ 1, ONMUCBIBAIOINI
1o100HkIe SIBICHNS OTHOBPEMEHHO.

Pemenne 3agaun
Pewum 3aj1auy ycpeaHendeM rapMoHHyeckoro 3akosa (1) no
3akoHy Paiica mnn obobGumennoro pacnpenenenuns Penes (2),

" *
NOJIyYHB HOBBIH 3aKOH w (1), YYHTBIBAIOIMX 00a mnpouecca.

[pu 5TOM yutem, uto 0 < p <y

W= [wwrdy

0
j ——— X —q Iy q
Il ) 2060 4P

ChenaeM nozjcranoBky vy = pch x, 3amenns npezen unrer-
puposanus |1 Ha 1, B Beipaxkenue (3) u nosyunm

N (uehx)*  5) (V2¢ )
w (W)=—= |uchx-exp ——-——q~ |[,| — pchx gx'
(1 2 ].[Ll . 7 flol —
ITpencraBum dynkimio beccens B Buze pana [5]
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rae [(z) — ramma ¢ynxuusa. C yuerom (5) Beipakenue (4)
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Buecem noa audipepentman ch xdx = d shx, yunteigas
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Wurerpan
chp -—Q (2 (e+1) dr’ 0
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BXOJIALIMI B laHHOE BhIpaxkenne (6), Tabauunsrii [5, ¢. 333].

o V-0-1 0-V-I o
Jx"'l(x+B)‘Qexp(—r|.\"}dx=l"{V)|3 2 q 2 ex;:(-;]}W. v0) _‘Q(Bl‘ﬂ
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B Hatem cirydae MMEIOT MECTO napaMerphbl [Uis BhipakeHus (8)
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toraa Tabnuunblii uuTerpai (8) B BeipaskeHHH (6) nMeeT BUIL
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6[ C[ 2 'J} | 9 g 2 ‘.:—I- .|| 2
9)

rie WaB(z) — (yHKuMs YuTTEKepa, ABIAIOIIAACSH PELICHHEM

JuddepeHmansHOro ypasHeHH!s

1/4-B* a 1
V' + 72[3 +———1y=0
z z 4
[Tocne wnrerpupoBanus (6) corjsacHo (9) nojayuum 3akoH
pacnipeseseHus (4) B Buje
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852q
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a0 2k &
L H

k WL& =
o k!'l(k+1)o +795 \ 40°

-
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Ha pucynke | npeacrapiensl rpaguueckue SMopsl pacrpe-
nenenus (10) 118 YacTHBIX 3HAYECHHH q2 .

0 0.5 1 1.5 n/c

Pue. 1. Mapmonunueckuii 3akoH pacnpejenenus Penes-Paiica

BriBoabl

[Tonyuen 3axon pacnpenenenus (10), koTopoe MOKHO Hc-
MOJIL30BaTh MPH MaTeMaTHYECKOM MOJIEIHPOBAHUN BOJHOBBIX
MOjIesIel pacnpocTpaHeHnst BOJIH B pa3iiMuHbIX cpejax. Binsuue
Cpelbl Kak pa3 ckasbiBaetcd Ha mapametpe ¢. OIHAKO MOMKHO
OTMETHTh, UTO (pyHKIMA YHUTTEKepa J0CTaTOuHO CIOKHO MOjIe-
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NHpyeTcs, TaK Kak sBisietcs perieHueM JuQdepeHinaisHoro
ypaBHenus. Bmecre ¢ tem untepecHs! yactsie ciaydan. Hanpu-
Mep, €clM HCXOJHBIM 3aKOHOM pacnpejenetus (ayKryarnii
aMIUIMTY bl CYNTATh HE 3aKOH pacrpenenenus Palica, a ero npe-
Je/IbHOE 3HaYeHue npu g — () 3aKoH pacnpeenenus Penes

2
w(7)=l,e><p —7—, ’
c” 20°

(1)

TO MOKHO MOJIYYHTH O,LlHOC'I‘OpOHHe-HOpMaﬁbeIﬁ 3aKOH pac-
npeaeicHus.

2

OOBIMHO HA MpaKTHKE NPU MOJCIMPOBAHMHM 9TO O3HAYAET
BO3BHUKHOBeHME OueHunii B pesyibrate HHTEpdepeHLUH He-
CKOJILKUX BOJIH.

Anamusz rpaduka (puc. 1) nokaseiBaer, 4YTO YBEIHHYCHHE
GuyKTyaluit aMIanTy/Ibl, T.€. 0 MEpe yMeHbIIEeHUs mapaMerpa

2
¢~ 3aKOH pacnpe/eneHus HMeeT Bee 0OJIbIIE BEPOATHOCTH Hy-
NEBbIX anManuTya. Tak, HarnpuMep, npu 3aKOHE pacripejie/ieHus
Pestest (q2=0) MCXOHON aMIUTUTY/Ibl PE3yJILTHPYIOIHHA 3aKOH

pacnpejenenis OyaeT UMeTh BH OIHOCTOPOHHE-HOPMAIbHOTO
3akoHa (12).

s 2
Haxke npu Quykryaunsx Paiica (g~ =4) coxpansercs sepo-
ATHOCTH CYILECTBOBAHMS HYJIEBBIX 3HaueHnit amruutyzael. [To
2 -
Mepe pocTa napameTpa ¢, 4To COOTBETCTBYET BOJIHE Ge3 (uyk-

Tyauuil, MakCHMyM I[UIOTHOCTH BEPOSTHOCTH COOTBETCTBYET
snauennio /o =1. Pacnpenenenne (10) npubnmixaercs K rap-

MOHHYECKOMY pachpejenennto (1), uMerolmeMy MoJ0BHHHYIO
yateodpasHoyio Gopmy, HTO NOJTBEP/KAACT BEPHOCTH BBIBOJIOB,
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HARMONIC LAW DISTRIBUTION RAYLEIGH-RICE

Aleksandr A. Smirnov, Victoria V. Bondar, Olga D. Rozhenko, Anna D. Darjania, Marina V. Mirzoyan,
Federal Autonomous Educational Institution of Higher Education North-Caucasian Federal University, Stavropol, Russia,
shursun@mail.ru

Abstract

The mathematical models of the propagation of waves or signals arises a problem of determination of the distribution amplitude in the
endpoint. If there are no amplitude fluctuations in the models, the distribution in most problems is considered to be harmonic with an
indefinite phase distributed uniformly. However, in addition to phase fluctuations as a result of various physical processes, additional
amplitude fluctuations occur during wave propagation. In most problems, the distribution of amplitudes in a single beam is considered
to be subject to the rice distribution or the Rayleigh distribution in the limiting case without a regular component. A new distribution
law is obtained on the basis of averaging the law of distribution of amplitudes of the harmonic distribution over the distribution of
amplitudes with the regular component of rice. The proposed method of obtaining a happy harmony of the laws of distribution. The
reliability of the obtained result is confirmed by the fact that in particular cases the distribution is reduced to the known.

Keywords: distribution law, rice distribution, Rayleigh distribution, one-way normal distribution.
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KOHLUENUUg NOCTPOEHUA U NMPOBJIEMbI OPTAHU3ALLUU
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lMpepacTaBneHbl AOCTOMHCTBA M HEAOCTATKM METOAOB aHANIOFOBOWM KOMMEHCALMU CUrHana npu
MCNoNb30BaHMU TEXHONOIMKU NMONHOAYMNEKCHON CBA3U B CUCTEMax Nnepefayu AaHHbIX MO Lie-
nAaM nutaHuA. PaspaGoTka TexHONOrMmM NONHOAYNNEKCHOM CBA3U ABMAETCA NMEPCNEKTUBHbIM
HanpasfieHWeM B 06/1acTM TeNeKOMMyHUKaLMM, TaK Kak B YCNOBUAX GbICTpOro passutua tene-
KOMMYHMKALMOHHBIX CUCTEM BCe Gonee aKTyanbHbIMU CTAHOBATCA METOAbI MOBbILUEHUA CMEK-
TpanbHo# 3¢ppeKTUBHOCTU cUcTeM cBA3U. PaccMOTpeHbl OCHOBHbIE NpeUMyLLLeCTBA TEXHONO-
rMKU NONHOAYNINIEKCHOM CBA3M, A TaK XKe NpeAcTaBieHbl NPEANOCbIIKM UCMONb30BaHUA AAHHOMN
TEXHOJIOTUU ANA NepefayvM AaHHbIX MO LenAM nuTa-HuA. A UMeHHO To, YTO B CUCTEeMaXx nepe-
AavM AaHHbIX MO LenaM NUTaHUA CBOGOAHBIM ABNAETCA OrPaHU-YEHHDbINH YaCTOTHbIW AUANa30H,
NO3TOMy NpUMeHEHNEe TEXHONOIMMU MONHOAYMIEKCHOW CBA3M ABNAETCA aKTyallbHOW 3ajaven
Ha AaHHbIA MOMeHT. Tak)Ke onMcaHa KOHLENLMA NOCTPOEHUA NONHOAYMNNEKCHOW CUCTEMBI Ne-
peAaym AaHHbIX NO LenaM nutaHuaA. PaccMoTpeHbl ocHOBHbIe Npo6neMbl peanusauum aHHON
CUCTEMBI MEpeAaym AaHHbIX, 3 UMEHHO OCYLLECTBIIEHUE KOMMEHCALUU CUTHaNa Mexay nepe-
AAaTYMKOM M NMPUEMHMKOM, MOLLIHOCTU KOTOPbIX MOFYT pasnuyarbca Ha coTHU Aeuuben. Onu-
CaH MeTo/, aHanoroBoi KOMMEHCaLun € UCNoNb30BaHMEM NepecTpanBaemMoro ¢asospaiyare-
NA W aTTeHloaTopa, METO/, KOMMEHCALUMU CUrHaNa C UCMONb30BaHUEM 2-X KaHasIbHOTro Ludpo-
aHanoroBoro npeo6pasoBarens U cnoco6 ¢ MCNoNb30BaHMEM CUMMETpUpYIoLLEero TpaHcgop-
Maropa. Takke paccMOTpeHbl Npo6nemMbl peanusauum JaHHbIX METOAOB aHANIOrOBOW KOMMNEH-
cauum B TEXHONOIMU NONTHOAYMNNEKCHOM CBA3U. OnncaH JOCTUKUMDIN YPOBEHb KOMMEHcaLum
B Teopuu u npaktuke. MpounseegeHo MaTeMaTUYeckOoe MoAENMpOBaHMEe CUCTEMbI NOSTHOAYM-
NEKCHOM CBA3M C NPUMEHEHMEM OMUCAHHbIX METOAOB aHAIOFOBOM KOMIMEHCALMM, a TaKXke
npoBeAEHO dKCMepUMeHTaNbHOe UCCNief0BaHUe, B pe3ynbTaTe BbINOMHEHUA KOTOpPOro Gbinun
onpepeneHbl OCHOBHbIE (haKTOpPbI, BAUAIOLLME Ha YPOBEHb aHANIOFOBOWM KOMMEHCaLMM.
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CBA3b

Beenenne

B nacrosuiee BpeMs B HAy4HOM COOOIIECTBE BE/ICTCA AKTHB-
Has pabora 1o paspaboTKe TeXHOIOIHil, KOTOPBIE JISATYT B OCHO-
BY CHCTEM CBS3H 5-I'0 MOKOJICHHS. DTH TEXHOJIOTHH HAIPABJIEHbI
HA [OBbILICHHE A(PPEKTUBHOCTH HCIONIB30BAHUS HACTOTHO-
BPEMEHHOI'0 Pecypca, OCBOSHHE HOBBLIX, paHee HEe HCIONb3ye-
MBIX [HAlla30HOB YaCTOT, CHUKEHHE JIONH Ciy:KeOHOH HuHpOop-
mauud. [lpumepaMu Takux TEXHOJIOTHIl sBJIAIOTCA HEOPTOro-
HanbHele MeToibl qoctyna (Non Orthogonal Multiple Access),
MHOXKECTBEHHBIH JIOCTYI ¢ pa3peskeHHBIM KojoM (Sparse Code
Multiple Access), MeTo/1 (POPMHPOBAHHUS HEOPTOTOHAIBHEIX He-
CYLIMX € MOMOIIL OaHka rpedendaTrix puasTpos u ap. [1,2,3].

Taroke, 0JIHOI M3 HOBBIX TEXHOJIOTHIT MO3BOJIAIONIMX TIOBBI-
cuTh A((PEeKTHBHOCTE HCMONB30BAHUA  YACTOTHO-BPEMEHHOTO
pecypca SBISETCS TEXHOJIOrMA MMOJTHOIYIUIEKCHOH mepenaqyn
JIaHHBIX B O€CrpoBOJIHBIX cucTeMax cBsa3u [4]. Mcnonb3oBanue
YAaCTOTHOTO pecypca CTPOro periiaMeHTHPYETCS MeKyHapo-
HBIMH W PErMOHAILHBIMH OpPraHM3aLMAMH, TO3TOMY Iepeaaya
JIAHHBIX BEJIETCHA B CTPOTO BBIJIEIEHHOHN I0JI0CE YaCTOT, BCIE/CT-
BHE HTOr0 HEOOXOMMO UCKATh clIOCOOB! AP(PEKTHBHOTIO HCTIOJIb-
30BaHUSL MMEIOIIEToCss 4acToTHOro pecypea. CyTh TEXHOIOIMH
MOJIHO/YIIICKCHOH CBA3H 3aK/II0YaeTcs B TOM, 4TO Iepejaya
[IPHEM CHUTHAJIOB MPOH3BOIATCS OJHOBPEMEHHO B OJIHOH 110J10Ce
yactoT. To ecTh OTCYTCTBYET BpeMeHHOe D0 4acTOTHOE pas-
JIeJICHHE TepeaBaeMoil M npuHuMaeMmoil uHdopmanuu. 910
[IO3BOJISIET JI0 JIBYX Pa3 MOBBICHTH 3((PEKTHBHOCTL UCIIOIB30BA-
HUS YACTOTHO-BPEMEHHOT0 pecypea. JlanHasi TeXHOIOIHs MOKeT
OBITH C YCIIEXOM [PHMEHEHA HE TOJIBKO B OECIPOBO/IHBIX CHCTE-
Max, HO U B CHCTEMaXx epe/Iadyn JaHHbIX 10 LersM MUTaHus.

Cpean pasiH4HBIX MPOBOJHBIX KOMMYHHKALIMOHHBIX TEXHO-
noruii Power Line Communication (PLC) umeet Gonbioii Ha-
YUHBII MHTEpeC M MpejcTaBaseT co0ol OYeHb NPUBJIEKATEIEHOE
pelienne JUIs MOJKIIOYEHUS Pa3IuuHbIX TeXHOJIOTHIl IHPOKO-
nonocHoro jgoctyna. Texnomorus PLC Oasupyercs Ha MCIONb-
30BaHWM JTHHUIT BJIEKTpornepeaay Ui BBICOKOCKOPOCTHOMH mepe-
Jaynd uHpopMayu. ['TaBHBIM MPEeHMYIIECTBOM Iepeaud JaH-
HBIX 110 1IeMSAM NMUTAHHA SBISAETCH TO, YTO OHA MCIHOJIB3YET HH-
(pacTpykTypy, KOTOpas sBisieTcs ropasno Oosee pacrnpocTpa-
HEHHOH, uem mobas apyras npoBojHas MH(PACTPyKTypa, Mo-
5TOMY He TpedyeT NPOKJIaIKH HOBBIX JIMHHI CBSI3H.

ITpumeneHne TEXHOIOIMH MOJHOTO JyNIeKca B CHCTEMax
nepesiavun JAHHBIX MO LEeNsIM MUTaHuA 1elecoodpa3Ho 1o psiay
IPHYMH.

— Pabouas mnosoca wacToT OrpaHMYeHa JHaNa3oHOM OT
1 x['u go 30 MI'n, ucnons3oBanue Oojee BBICOKMX YacTOT HE
1esecoodpasHo B CBA3H ¢ OOJIBIIMM 3aTyXaHUEM CHIHala B
anekrporposoake [5]. Texuuueckas peannsanus MOJHOAYII-
ﬂeKCHOr‘I CHCTEMBEI nepeﬂatm JIAHHBIX 110 LEIAM IMHTAHHUA B 2TOM

JIMANIA30HE  YacTOT  3HAYMTENIBHO  [pOIE,  4YeM  JUid
OecnpoBO/IHBIX  CHCTEM  CBA3H, paboTaloux B JHanasoHe
1-10 I'T'm.

— bonbiioe konmuyecTBO Momex, BbI3BaHHBLIX padoTOi pas-
JIMYHOTO OBITOBOIO M MPOMBILUICHHOTO 000PY/10BaHHs, 4acTOT-
HO-CEJIEKTUBHBIE 3aMHpaHus, 3aTyXxaHHe cHUrHana B Kadere,
yMeHbLIaeT U 0e3 Toro He OOJBIIOI YacTOTHBIA pecypc, CKo-
pOCTh Tepedayd JaHHBIX M JAJbHOCTh JEHCTBMA CHCTEMBL.
B Takux ycioBusAx, HECOMHEHHO, aKTyallbHOH SBJISETCA 3a/a4a
MOBBIIEHUS 3()(PEKTHBHOCTH YaCTOTHO-BPEMEHHOTO pecypca J10
JIBYX pa3, 4TO MOJKET OBITh JOCTHTHYTO 34 CUET IMOJHOIYILIEKC-

HOIl nepejiaun JaHHbIX 0€3 BPEMEHHOI0 M 4acTOTHOIO pasjielie-
HUSL.

— B03MOKHOCTE IOCTHIKEHUS BBICOKOM(P(EKTHBHBIX M0Ka3a-
Teseit paboThl AHAIOTOBBIX M LIM(POBBIX METO/I0B KOMIIEHCALIUH
CHrHaja COOCTBEHHOrO MepeaaTyuKa B NPHEMHOM KaHale,
BCJIGJICTBHE HCIOJIB30BaHMS HM3KOYACTOTHOTO JHMarna3’oHa J1o
30 MI'n.

MHOKeCTBO BOIIPOCOB, KAcCAIOWINXCs MOCTPOSHUS MOITHOLY-
IUIEKCHBIX CHCTEM CBSI3M JUIsl OeClpOBOIHBIX pelIeHHH Hecaeno-
BAHO, OJJHAKO JUISl CUCTEM IEPelaul JaHHBIX M0 LENsSM MHTaHus
JlaHHAs. TEXHOIIOTHsl sBJIseTcss HOBOH M Tpebyer npopaboTKH.
Tak kak nepenaya BeeTcA OJHOBPEMEHHO M Ha OJHOI YacToTe
NPHEMHHUK JOKaJIBHOIO Y3/1a MOMHMO IOJ€3HOTO0 CHTHala IpH-
MET CHTHaJ, M3Iydaemblii coOCTBEHHOMN mepenaronieil 4acTelo,
STOT CHMIHAaJl MMEET Ha3BaHWE CHrHajJ-ioMexa CcoOCTBEHHOTO
nepejatunka ¥ Oyner paccmotpeH nanee. Ecim kaxum-mn6o
obpazom He u30aBUTCA OT CUrHaNa-MOMEXH COOCTBEHHOTO
nepeaarvyuka, TMPHEM IMOJIE3HOTO CHTHAIA [PEJICTaBIseTCs He
BO3MOJKHBIM.

B cBsi3u ¢ 3TUM B MOIHOYIJIEKCHBIX CHCTEMAX CBS3H NPH-
MEHAIOTCS Pa3/IMYHbIE METO/IbI AHAJIOrOBOH M LM(POBOH KOM-
[eHCallMM CHIHAJIa-IIOMEXH cOOCTBEHHOTO nepejatunka. B nau-
HOM CTaThe MBI OCBATHM IPOOIEMBI H IYTH UX PEIICHHUS, BO3HH-
KaloIIUE MPH MOCTPOCHHH TMOJHOAYIIICKCHBIX CHCTEM TEpeaaiyn
JIAHHBIX 110 LENsAM IUTaHWs, B TOM 4YHCJIEC B CPaBHCHHH C
OecrpoBOIHBIMU aHAIOTAMH.

1. KoHuenuusi nocTpoeHust NMOJHOAYIJIEKCHOH CHCTEMBI
nepeJayn JAHHBIX M0 HENsIM MHTAHUSA

[MonHoayuieKkcHas cHcTeMa repeadn JaHHBIX [0 HErsM IH-
TAHHs BO MHOTOM CXOKa C aHAJOTHYHBIMHU peLeHusMu Juis Oec-
NpoBOIHOH cBA3u. [IpobieMa MONIHOMYIIEKCHBIX CHCTEM Tepe-
JIauHd JaHHBIX Oe3 BPEeMEHHOTO M 4YacTOTHOTO pasJielieHHs 3a-
KJII0YaeTcs B TOM, YTO MOIUIHBIH CUTHAII COOCTBEHHOTO MepeiaT-
YHMKa Ha BBIXOJIE YCHIIMTENS TIOCTYNAeT B NMPHUEMHBIH KaHam W
co3JlaeT nmomexy Juid npuema v o0padoTKH MOJIE3HOTO CHrHala
OT yJaJeHHOro nepeaarynka. MomHocTh cOOCTBEHHOro CHUrHama
B mpuemMHOM KaHane MmoxkeT Ha 100 u Gonmee nb npeBwimarh
MOULIHOCTh TOJIE3HOTO CHTHAjJa OT Y/JAJICHHOTO MepeaaTynKa.
Jlns Toro 4todbl MOMHOAYIUIECKHAs cHCTeMa cBs3H 3apaboTaia,
HeoOxoaumMo obecrneunTs pas3psaszky Oonee 80 nb mexay mepe-
JIAIOIIMM M ITPHEMHBIM KaHanamu. Jlns 9Tux neneii B moaHomyn-
JIEKCHOH CHCTEME CBSI3M TNPOM3BOJMTCSA KOMIIEHCAIMs CHIHAja
cOOCTBEHHOTO Nepe/laTyiKa B IPMEMHOM KaHalle Kak B aHaloro-
BOM TaK H B LIM(pOBOM BHJIE,

OCHOBHO# Hjeeif METO0B aHaJIOrOBOH KOMIIEHCALMH SIBJIS-
ercst T, 4To (POPMUPOBAHNE KOMIICHCALMOHHOTO CHUTHAA Mpo-
MCXOJUT B PaJMOMacTOTHOM  jiHanasoHe, o  AHajloro-
ungpororo npeobpazoparesst. KomreHcalnoHHbsli cUrHai j1oi-
7KEH OBbITh HJICHTHYEH CHUIHALy-IIOMeXe COOCTBEHHOIO Iepesar-
4HKa, HO OBITE B npoTHBO(asze [4].

CucremMa aHaJIOrOBOH KOMIIEHCAIMH Heo0XoUMa s T10-
JIQBIICHHS MPSAMOr0 CHrHAIa [epeaTdiKa, IOCTYIAIOLEro B
NPUEMHBIH KaHall, LA(QPOBas KOMIICHCALMS WCIIONBL3YETCs JUIs
[O/IABJICHAS. CUTHAJIOB, BBI3BAHHLIX MHOTOJIYYEBLIM pacipo-
CTPAHEHHEM CHI'HAIIOB MEJM/LY Mepe/alolinM U NPHEMHBIM KaHa-
nom. Takum oOpa3om, NOJTHOJAYIUIEKCHAs CHCTEMa IepeiaadyH
JIAHHBIX TI0 LEMsM MUTAHUS BKJIIOYaeT B ce0s YeThIpe OCHOBHBIE
COCTABHBIE YACTH: NEePeJIAtoNNii KaHall, TIPHEMHbII KaHall, TPaKT
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aHaJIoroBOil  KOMIIEHCAIIMH, TPakT UH(POBOH KOMIEHCAIMH
(puc. 1).
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Puc. 1. O0mas KOHUENUM MOCTPOCHHA MOJHOAYIIEKCHOH CHCTEMBI
nepeaavH JaHHbIX M0 LEnsM MUTaHus

l'[peﬂnarae'rcsl CHCTEMA Mnepeilavyv JaHHBIX MO HEenAM MHTa-
HUg o0ecreumBaeT mepeaadyy H npueM HH(OOPMALMH MEKIy
JABYMA Y3JIaMH OJTHOBPEMEHHO B ORHOﬁ nojgoce 4acToT B npeiac-
nax jauanaszona 1-30 M1,

,[[a.nee B CTarbe /4 0003HaYeHUs [10JIE3HOI0 CHUrHalla OT
YAAUICHHOIO nepeaaTynuka HCNoJdb3yeTCa TCPMHH «I10JIE3HBIH
CHrHann», a aias 0603Ha‘iCHHH CHI'Hal1a CO6CTB€HHOTO nepeaar-
HHKa nncwnammero B l'lpHeMHblﬁ KaHaJa HCNOJIBE3YETCA TEPMHH
HWCHIHAJI nmoMexar.

2. Amnanorosas
npodJieMbl peann3anum

CyliecTBYIOT Pas3iMuHbIe MOAXO/AbL U Peajn3aluu Lernu
aHaJIOroBOil KOMITEHCAIIH.

1) Amnanoropas KOMIEHCAllMs C MWCIIOIB30BAHHEM, Mepe-
cTpanBaeMoro (azospaiiarels H arteHoartopa (puc. 2).

KOMICHCALLHS, 0530[) METOA0B,
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Puc. 2. Ananorosas KOMIIEHCALMS € HCIOIb30BaHHEM
nepecrpauBacMoro Q)MOBP&UI&TCJ’IS! H arreHraropa

B nepecrpanBaemMoM (hasoBpaiiatene [POMCXOJHT TOJ-
cTpoiika a3kl curHaiza, a B HepecTpauBaeMOM aTTeHKarope
NPOM3BOANTCS ocnablieHne CHrHala KOMIIEHCALNH, 4TOObI CHI-
HaJI KOMIICHCALIWM M CHIHAI-IIOMEXa [OCTYNANLIHE B CyMMAaTop
MMEJIH OJIMHAKOBOE ociabieHne HO NpH TOM ObLIH B MPOTHBO-
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(haze. Jlannoe pelieHHE MOAXOMUT TONBKO JUIS Y3KOMOJOCHBIX
CHMIHAJIOB, ITOCKOJIBKY MPH YJIJIeHUN OT Hecylleil 4acToThl ypo-
BeHb KoMIieHcalmu Oy/iet cHmkartees [4]. Kpome storo, B oim-
yue o1 cucTeM OEeCrpOBOIHOM CBSA3M, /1€ CUTHAN MoMexa ociad-
asierest Ha 20-30 ab, npoxoas nyTh My nepeatoiei u npu-
€MHOIi aHTEHHOM, B CHCTEMax Mepeiayuu JaHHbIX 110 LensM Mu-
TaHMS CHTHA-TIOMEXa, MOCTynas B CyMMAaTop, NPaKTHYECKH He
ocnabusieres, ocnabieHne BHOCHT TOMBKO (PHILTP HIDKHUX Hac-
TOT. DTO NPUBOJUT K TOMY, YTO [0JIE3HbII CHIHAl IPOXOJNT KaK
yepes coriacyoiiee yCTpoHcTBo, TaK M Yepe3 TPaKT KOMIeHca-
MK, TAKUM 00pa3’oM, Ha BLIXOJE CYyMMAaTOpa MOTYT MOSBHTHCS
MCKa/KEHHs M0JIE3HOT0 CHrHana.

2) Ewme oauuM M3BECTHBIM CrocobOM aHalOroBOH KOM-
MeHcarum sBisieTcsl crnocod ¢ HUCHoIb30BaHHEM CHMMETPHPYIO-
iero Tpancopmaropa (puc. 3).
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Puc. 3. AHanorosas KOMNEHcalMs ¢ UCMOIb30BaHUEM
CHMMETpHpYIOLLero Tpancdopmaropa

Jlna Toro utoOk! n3dexkaTh ONMCAHHOTO OTPAHHYEHHS MO T0-
jgoce Hactor, HeoOXoauMo olecneunTs MPOTHBO(A3HOCTL MO-
JIE3HOr0 CHIHA/A W CHUIHAJIA-TIOMEXH BO BCeil 10J0ce 4acToT.
Jlas aTHX neneit MoxkeT ObITh MCHOJB30BAH CHMMETPHPYHOLIHI
Tpacopmatop, UMEIOIIMH OJIMH BXO M JiBa BbiXxoja. CHrHabl
Ha BBIXO/IAX CHMMETPHPYIOMIErO TpaHc(OpMaTopa HHBEPCHBI.
Henb3st yTBEpaaTh, 4TO CUMMETPHPYIOLIMI TpaHchopMmaTop
obecreunBaeT HICAIbHYIO MPOTHBO(AZHOCTL BLIXOAHBIX CHI'HA-
JIOB, HO JIIS1 CHTHAJIOB ¢ mosocoii 6omee 10 MI'1, ypoBeHb KOM-
MeHCauu ¢  HCroIb30BaHHeM TpachopMaTopa 3HAYMTENIBHO
l'lpCBl)CXU,ElHT ypOBCHb KOMITCHCAllHH ,EIOCTH)K[/]MI:][:] C NMOMOUIBEH
nepecrpausaemoro (asoppatuaress (puc. 3) [4]. Jluuus 3anepk-
KH M aTTeHIoaTop HeoOXOAWMBI Ul COTJIacOBaHHS CHIHA/A-
MIOMEXH M TMOJIE3HOIO CHIHAJIA 110 3a/IEPHKKE M aMILIUTY/IE.

Eme ool npo6iemoii, KOTOPY0 HEOOXOMMO PELINTD /L
MOJIHOYTUIEKCHOI CHCTEMBI Nepe/iady JAaHHBIX MO LEMnsIM MuTa-
HH#, ABISETCS MPOXOKIAEHHE TOJIE3HOT0 CHTHANA 4epe3 TPakT
KomneHcaun. JIns aTix neneii ¢ yenexom MoxkeT ObITh npuMe-
HeH umpkyiaTop. biarojaps emy, Mojae3Hblil CUrHAT OT yAaJIeH-
HOI'Q HCpCl{ﬂT"{HKa HE nocrynaeT B KaHaJl KOMIICHCAllMH, U ClIC-
JIOBATEILHO HE CO3/1aeT HCKAKEHHI Ha BBIXOJ/IE cyMMaTopa.

HemoctaTkoM JaHHOTO METO/AA ABAAETCS HEWAealbHOCTh
YACTOTHOI XapaKTePHCTHKH CHMMETPHpYIOLlero tpancdopma-
TOpa, H, CIEJ0BATEIbHO, NPOTUBO(AZHOCTL CHUIHAIOB HA €ro
BbIXO/ie o0ecnevnBaeTcs He BO Beeil 1ojoce 4acTor.

3) Xopouum penieHueM JUIA TOJHOAYIIIEKCHOH CHCTEMBI
nepejavn JaHHBIX MOKET CTaTh METOJ aHAJOTOBOH KOMIEHCa-




CBA3b

IIHH C HCIOJb30BaHHEM 2-X KaHAJIbHOTO uﬂd}po-aﬂa.nomnom
npeoGpazoarens (puc. 4).
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Puc. 4 Ananoropas KOMIIEHCANA C HCTIONB30BAHMEM JBYXKAHAIILHOIO
un(po-aHanorosoro npeodpasosares

JlBa curHana npoTHBONOIOKHOH MOJISPHOCTH (HOPMUPYIOTCS
B LM(POBOM BUJIE M 3aTeM MOCTYMAIOT HA BXOJ 2-X KaHAIILHOTO
mdpo-ananorosoro npeodpasosarens (LIAIT). Curnansr Ha
BbIXOJIe LHM(po-aHanoroporo npeoGpasoBareis COBEPIIEHHO
CHHXPOHHBI, HO TIPH 3TOM B NpoTHBOG(A3e BO Beeil mosoce 3aHu-
MaeMbIX yacToT. CHrHall ¢ OJJHOTO M3 BBIXOJIOB YCHIHBAETCS U
MOCTYNAET Ha BXOJl COrIIACYIOLIEro ycrpoiicTBa M jaajiee B JH-
HHI0 nepenayn. CUrHan BTOPOro BBIXOJA YCHIMBAGTCS M MOCTY-
MaeT Ha BXOJl TPAKTa KOMIIEHCALINH, T/Ie MPOUCXOIHUT MOACTPOii-
Ka ocnabieHus U 3aepKKU CUTHANA, U Jalee B CyMMaTope CHr-
Ha/l-IOMeXa M CHrHall KOMIEHcalun cymmupytotes. Jlns peamu-
3alMH 3TOTO METoja He TpebyeTcs MCNOJIB30BaHHE IMPKYJIATO-
pa, MOCKOJIBKY IMOJIC3HBIA CHIHAJI HE MOXKET MOCTYNHTh HA BXOJL
KOMITEHCHUPYIOLIEro TpakTa. TeopeTHYEeCKH JaHHbIH METOJ Mo-
3BOJIAET MOJHOCTBIO M30AaBUTLCS OT HEJAOCTATKOB ONMCAHHBIX
BBILLIE METOIOB aHAJIOroBOi KomreHcauuu. Ha TouHocTh JaHHO-
ro MeToja Oy/eT BIuATh olMOKa HACTPOIKHU MepecTpaHBaeMoro
aTTEeHI0ATOPa 1 MepecTpauBaeMon JIHHUH 3aJIePIKKH.

3. JlocTHXKHMBIH YPOBeHb KOMIEHCAUHM B TEOPHH H
NpaKkTHKe

TeopeTnueckH JaHHbIE MOIX0/bI JOKHBI 00ecneYnBaTh Bbl-
COKHIi YpOBeHb KOMIeHcalnu curaana-nomexu 1o 80 ab u 6o-
Iiee, OJIHAKO HA NMPAKTHKE JaHHOE 3HA4YeHHE COCTABIAET OKOIO
40 nb. Dto cBA3aHO ¢ TeM, YTO HA YPOBEHb KOMNEHcALMH OyayT
OKa3bIBATh BIUSAHME Takue (AKTOPbI KAK HETOYHOCTh HACTPONKH
9JIEMEHTOB KOMIEHCHPYIOLIETO TPaKTa, W3MEHEHHE XapaKTepH-
CTUK YCTPOHCTB NPH U3MEHEHUH TEMIEpaTypsbl, ()a30Bble IYMBbI
cuHTE3aTopoB U ap. Ommnbka HACTPOHKHN NepecTpauBaeMoi JiH-
HHHM 3aJlepiKkd OyJeT BHOCHTH 3HAYMTEIBHO MEHBIIMH YpPOH
CHCTEME MOJHOIYTUIEKCHOH Mepe/iaun JaHHBIX MO LEnsAM MHTa-
HHSI, IO CPABHEHMIO ¢ CHCTEMOMH MOJHOYTIIIEKCHOMH OecrpoBo-
HOIt cBsi3u. CBsI3aHO 3TO B MEPBYIO OUEpe/Ib C JMAMa30HOM HC-
nosib3yeMsIx yactoT. Cucremsl GecnpoBOIHOM CBSI3H paboTaio-
mue B auanasone 2-10 ['Th, 3sHauntensHo Goliee UyBCTBUTEILHBI
K ommbKe HACTPOWKH MepecTpauBaeMoOi JTHHUH 3aJePKKH, IO
CPaBHEHHIO C CHCTEMOM Mepefauy JaHHBIX 10 LEeNnsM MHTaHus,
paboraromieii B auanasone 1-30 MI'n (puc. 1). YpoBeHs kom-
MEHCALMM TaKikKe 3aBMCHT OT OIMOKHM HAcCTpOHKHM mepecTpau-
BAaeMOro arreHioaropa (puc. 2, 3).

Ilpon3BeneHO MaTeMaTH4ECKOE MOJEIMPOBAHHUE BIHSIHUS
OLIMOKH HACTPOMKM DJIEMEHTOB KOMIIEHCHPYIOLUEro TpakTa Ha
ypoBeHb KoMmneHcauuu. Jlns MoOAeIMpOBaHHMs HMCIHOIb30BANCH
curtan nonocoid 30 MI'y na necymeii 15 MI'n s PLC cucre-
mbl cBsi3u 1 1 [T s cucteMbl OecnpoBOAHOI CBA3H.

Ha pucynke 5 npuBefieHa 3aBUCHMOCTb YPOBHS KOMIIEHCA-
LM OT OMIMOKK HACTPOIKH NnepecTpauBaeMoil IMHHH 3a/IepHKKH.

60 T T 1 '
—— Hecymas 15 MI'n
50 .| —— Hecymas | I'Ti

40

30+

20+

YpoBeHb KoMIeHcaIu, 15

0 I 2 3 4 5
Ommbka HacTPOTIKI JIHIN 3aIEPKKH, HC

Puc. 5. 3aBHCHMOCTB YPOBHS KOMIEHCALMH OT OLIMOKH HACTPOHKH
riepecTpanBaeMoil JIMHUH 3a/1EPIKKH

Kak BujtHo 13 puc. 3, i Hecyeit 1 I'T'n, omnbka nactpoii-
KH JIMHAH 33/1€pKKH B | HC OPHBOJHUT K 3HAYMTEILHOMY CHHIKE-
HUIO ypoBHs KommneHcauuu Ha 30 u Gonee 1b. B ciydae nusko-
YaCTOTHOI'O CUTHala 7Ta OlKOKa He TaK KPUTHYHA, U oMOKa B
| He npuBeneT K notepe yporHs komneHcauuu Ha 10-15 ab.

Ha pucyHke 6 npuBejieHa 3aBUCHMOCTb YPOBHSI KOMIIEHCa-
LMK OT OIMOKH HACTPOIHKHM NepecTpauBaeMoro arTeHaTopa.

60 T r

VYporeHs koMrnieHcarui, 1b
2 Lt 4 i
= = = =
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Ommbka HacTPOIIKN HepecTpalBaeMoro arTeHoaropa, 1b

Puc. 6. 3aBUCHMOCTD YPOBHS KOMIIEHCALMH OT OLIMOKH HACTPOIKH
nepecTpanBaeMoro arreHraropa

Kak BuaHO u3 puc. 6, omuOKa HACTPOHKHK NepecTpanBaeMoro
aTTeHoaropa Ha 3 b MPUBOAMT K CYMIECTBEHHOMY CHWIKEHHIO
ypoBHs KoMneHcaunu Ha 30 nb.
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DT0 HAKIaJBIBAaeT JKECTKHe TpeOOBaHMA K TOYHOCTH Ha-
CTpOWKH TepecTpaHBaeMOro arTeHoaropa. [lonydeHHas 3aBH-
CHMOCTh HE 3aBHCHT OT YaCTOTHI HECYIIEH M COBMANaeT /IS BbI-
COKOYACTOTHBIX M HU3KOYACTOTHBIX CHTHAJIOB.

Jlanee GBLIO BHITIONHEHO IKCTIEPHMEHTAIBHOE HCCIIEIOBAHHE
BIMSAHHS ONIMOKH HACTPOWKH MepecTpanBaeMoro (azoBpariarens
Ha YPOBEHb KOMIIEHCAIINH CHTHAIA COOCTBEHHOTO MepeIaTuyhKa B
NPUEMHOM TpakTe. JKCIEpUMEHTalbHAs YCTaHOBKa ObLIa
cobpaHa mo cxeme, MpeCTaBICHHON HA PHC. 2, © MPHBEJIEHA HA
puc. 7.

Puc. 7. DkcnepuMeHTAILHAS YCTAHOBKA

I'eneparop cursanoB (OpMHUPYET TapMOHHYECKHH CHIHAI.
CurHan mocTynaeT Ha BXOJ JEMHTENs MOIIHOCTH, C TEPBOTO
BBIXO/]a KOTOPOTO, CHT'HAJ MOCTYNAeT Ha BXOJ MEepecTpanBagMo-
ro (azoBpamiarens, a co BTOPOTO BBIXOAA HA BXOJl NepecTpau-
BaeMoro arreHroaropa. Hactpoiika nepecrpanBaemoro arreHioa-
TOpa, MPOU3BOANTCA TAKUM 00pa30oM, YTOOBI CUTHAIIBL HAa BBIXOJIE
¢asoBpamarens U arreHoaTopa ObUIM OMHAKOBOWH MOIIHOCTH.
CurHansl ¢ BBIXOJa IepecTpanBaeMoro (pazoBpaiarens U arre-
HIOATOpa CKIaJbIBaloTCs B cymMmarope. OcTaBIIMiics TOclie KOM-
MeHCAllMH CUTHAN TIOCTYMAeT Ha BXOJ aHAIM3aTopa CIEKTpa.
3aBHCHMOCTH YPOBHS KOMIIEHCAIIMH OT OMIMOKH HACTPOMKH Ie-
pecTpanBaeMoro aTTeHKaTropa NnpuBe/ieHa Ha puc. 8.

IToBopoT a3kl cHrHaNa MPOMCXOAUT HE PABHOMEPHO Ha pas-
HBIX 4acTOTaxX, YTO YXYALIAeT KOMIIEHCALMIO TPH HCMOIb30Ba-
HHUH IIHPOKONOIOCHBIX CHTHATIOB.
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Puc. 8. 3aBHCHMOCTE YPOBHS KOMIIEHCALIHH OT OLUMOKH HACTPOHKH
repecTpanBaeMoro aTTeHaropa
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[Tomumo nepeduclieHHBIX (AKTOPOB, HA YPOBEHL KOMIIEHCA-
IIHH HECOMHEHHO Oy/IeT BIMATH HEPABHOMEPHOCTH AMILIUTY/IHO-
YacTOTHOI XapakTepucTHKH (AUX) CHMMETpPHPYIONIEro TpaHc-
(opmaropa u mymel kantoBanus LIAIL Jlns olleHKH XapakTe-
PHCTHK YCTPOWCTB, MCIIONB3YEMBIX A MOCTPOSHUS MONHOMYII-
JIEKCHOHN CHCTEMBI Mepeayu JaHHBIN M0 LEMAIM MUTAaHH NPOU3-
BE/ICHO HKCMEPHUMEHTANbHOE HM3MEpPEHHE 3aBHCHMOCTH YPOBHS
KOMIIEHCAIIMH AN 4YacToTHOro nuanasoHa ot 1 mo 30 MI'm.
MomsocTs curnana Ha Bxoge cymmaropa 0 nbm.
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Puc. 9. Cxema coequnenns 000pynoBaHuUA.
s usmepennii 6611 copmuposan OFDM curnan B nonoce 30 MI'y

W3mepenue MPOM3BOAMIOCE IO CXeMe€ IIPHUBEJEHHOI Ha
puc. 9a,0.

Pesyneratel usMepeHuil npusesensl Ha puc. 10, Jlns
2-xananbHoro I[AIla xoMmeHcalus CHrHala-MOMEXH IPOHM3BO-
JIUTCS. paBHOMEPHO BO BCEH I0J0Ce 4acToT M aoctHraer 35 ab.
Jlns cuMmMmerpupylolero tpancopmMaropa ypoBeHb KOMIIEHCA-
uun cocrasnsier 30 ab, 1 3T0 3HAUEHHE U3MEHSAETCS B 3aBHCHMO-
CTH OT 4acTOThl M 3aBUCHT OT AMILIMTYJ0-4aCTOTHOH Xapakre-
PHCTHKH TpaHC(opMaTopa.

Kpome 3TOro, mpomsBeieHO HCCIIEIOBAHHE 3aBUCHMOCTH
YPOBHS KOMIIEHCAI[MH OT MOIIIHOCTH CHUTHAJTIOB Ha BXOJE CyMMa-
TOpa. 3aBMCUMOCTB MpHBEJieHa Ha puc. 11.
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Puc. 10. 3aBHCHMOCTE YPOBHA KOMIIEHCAL[HH OT YaCTOTHI

VYpoBeHb COOCTBEHHBIX LIYMOB I[IPUEMHOI anmaparypsl co-
craBisieT -90 nbm. Kak BHIHO M3 3aBHCHMOCTH Ha puc. 11, npu
0ONBIINX YPOBHAX BXomHOro currana (-30 — -50) nbM ypopens
KOMIIEHCAIHU cOoCTaBiseT -33 b, 3aTeM NMpH CHUKEHWH OTHO-
HIEHHSA CUTHAI/IIyM HusKe 35 b aHalorMyHo najaer u ypoBeHb
KOMIIEHCAIIHH,
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MoOIHOCTh CHIHAIOB Ha BXOJE CyMMarTopa, ab

Pue. 11. 3aBUCHMOCTE YPOBHA KOMIEHCALMH OT MOLLIHOCTH CUTHAJIOB
Ha BXOJIe cyMMaTopa

OTa 3aBHCHMOCThL I10Ka3bIBAET, YTO HAa BXOJ CymMaropa
Jydiue nojasarb 0osnee ociiadiieHHbIE CUTHANB! JUI JOCTHIKEHUS
OoJiblIero 3HaYeHHUs pesyibTUpYylollei pa3pssku. B Gecriporoji-
HBIX CUCTeMax CBA3M 3TO ociablIeHHe J0CTHraercs, Hanpumep,
3a CYET pa3sHeCeHHs repejarouleid u MpUeMHOH aHTeHHBI H B3a-
UMHOIT opueHTauuel ux auarpamm HanpasiaeHHoctH. Jlns PLC
CUCTEM 3TO JIONOJHUTENBHOE OcablieHHe CHrHaNa-nmoMexu Ha
BXO/IE CyMMAaropa MOeT ObITh JJOCTHIHYTO, HAalpUMep, 3a CHeT
NPUMEHEHUS LIMPKYJsTOpa (puUc. 3).

Takum o0pa3om Ha pe3yabTHPYIONINIT YPOBEHb aHAIOrOBOH
KOMIIEHCAIIMK CHIHAJNA B MOJHOAYIUIEKCHOW CHCTEME Iepeaadyu
JIAaHHBIX TI0 IeNAM NUTaHus OyJeT BIUATh MHOKECTBO (haKTOpOB,
BKJIIOYasi HACTPOHWKY O3JIEMEHTOB KOMIIEHCHPYIOLIErO TpakTa,
AYX cummerpupymoliero TtpaHchopMaropa, YpPOBEHb IIYMOB
KBAaHTOBAaHUSA IU(PO-aHAIOroBoro npeodpaszoparers.

B peanphoii cucteme ypoBeHL AHAJIOTOBOH KOMIIEHCAIHH
MOJTHOAYIUIEKCHONH CHCTEMBI MepejlavyM JAHHBIX Takke Oyaer
OrpaHHYMBATLCA MOIHOCTBIO MEPEOTPAKEHHBIX JIyde, UMero-
IMX pa3HYHbIC 3aCpPKKH M ocnabieHus, I8 KOMIIEHCAlMH
KOTOPBIX NpeHa3HayeHa uudposas cucTema KOMIEHCALHUH.

Puc. 12. ®otorpadus sxcnepuMeHTaNbHOI yCTaHOBKH

Jlns npoBepKH YPOBHS aHAJIOTOBOH KOMIIEHCALIUH B pealib-
HBIX YCIIOBHAX paboThl MOMHOAYIUIEKCHOH CUCTEMBI Nepeiadn
JaHHBIX Obl1a coOpaHa HKCIepuMeHTalbHAS YCTAHOBKA T10 CXe-
Me, puBeeHHOH Ha puc. 4. DoTorpadus HIKCNEPUMEHTATBHOI
YCTaHOBKH ITPHBE/ICHA Ha puc. 12,

HcenenoBasicss ypoBEHb aHAJIOTOBOIT KOMIICHCALHH CHCTEMbI
nepeayy JaHHbIX MO LENsAM MUTAHUA B PEalIbHBIX YCIOBHAX Ul
curtana B nojoce 30 MI'n (puc. 6). YposeHr KoMneHcaiuu
MPUHUMAaET 3HaueHus B Juanasose ot 22 jno 33 nb. JlanbHeiimas
KOMIICHCALMA CHIHAIA-TIOMEXH JI0JIKHA NPOU3BOIUTLECA B 1M (-
POBOM BHJIE.

3akaveHne

B pesynbrate npoBe/ieHHBIX WUCCIE0BAHHI MOMKHO cllenaTh
BBIBO/| O 11€]1eCO00pa3HOCTH [IPUMEHEHHS TEXHOJIOTHH MTOJTHOLY-
IUICKCHOM Mepeau JaHHBIX /Ul CHCTEM Mepeavyu JaHHBIX [0
uensM nutanus. [IpuMeHeHHe JaHHOI TEXHOIOIHH MO3BOIMT JI0
IBYX pa3 MNOBBICHTE (M(EKTHBHOCTL MCIOIL30BAHUS YaCTOTHO-
BpeMEeHHOro pecypca. [IpoBejieHHbIe MaTeMaTHYECKHE PacyeThl
M JKCIIEPUMEHTAILHBIC JaHHBIE MOATBEPIKAAIOT PEan3yeMOCTh
JAHHOH TEXHOJIOTHH U €€ 2(P(PEeKTHBHOCTS.

[TpoBenieHne KCNEPUMEHTAILHOIO HCCIIEIOBAHNUS BBIABHIO
¢akropsl Biusioue Ha paboTy aHAIOrOBOH KOMIICHCALIMHM CHT-
Hajla COOCTBEHHOIO Mepejarinka B npueMHoM Tpakrte. K Takum
(akTopaM OTHOCATCS OMIMOKH HACTPOHKH 3JIEMEHTOB KOMIIEH-
CHPYIOLLErO TPaKTa, a HMEHHO OlIMOKA HACTPOIKH MepecTpau-
BAEMOro arreHroaTopa, (asoBpawiatels W JMHHH 3aJCPIKKH.
DKCNEpUMEHTHI NOKa3alH, YTO NPHUMEHEHHE aHAJIOTOBOI CHCTE-
MbI KOMIIEHCALIMH U1 COXPAHEHUs BEICOKOTO YPOBHA ee paboro-
crocobHOCcTH TpebyeT BBICOKOTOYHOH HACTPOMKH AIIEMEHTOB,
BXOJIAIIUX B €€ COCTaB.

[IprMeHeHHe Lenu aHalIOrOBOM KOMITEHCALMH B PeasbHBIX
YCITOBHSAX T03BOJISIET A00MTHCS KOMIEHCAIMN CHTHATIA TIOMEXH B
35 nb. PesynbTupytommii YpoBeHb Pa3BA3KH CKJIAJBIBAETCH M3
AHAJIONOBOH KOMMEHCAlMH, UH(POBOIi KOMIEHCAIMK, a TaKkKe
ociabiaeHus CUTrHAaja TIOMEXH MEK/Ty NepeAatolM H MPHEMHBIM
KaHaJIOM.
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Abstract

This article presents the advantages and disadvantages of analog signal compensation methods when using full-duplex communication
technology in power line transmission systems. The development of full-duplex communication technology is a promising direction in
the field of telecommunications, as in the conditions of the rapid development of telecommunication systems, methods of increasing
the spectral efficien-cy of communication systems are becoming increasingly important. This article discusses the main benefits of full-
duplex communication technology. Presented prerequisites for the use of this technology for data transmission over power lines.
Namely, in the data transmission systems through the power supply circuits, the limited frequency range is free, therefore the applica-
tion of full-duplex communication technology is an actual task at the moment. The concept of building a full duplex data transmission
system is described. The main problems of the implementation of this data transmission system are considered, namely the imple-men-
tation of signal compensation between the transmitter and the receiver, the powers of which can vary by hundreds of decibels. An ana-
log compensation method using a tunable phase shifter and attenuator, a signal compensation method using a 2-channel digital-to-ana-
log converter, and a method using a balancing trans-former are described. The problems of implementation of analog compensation
methods in full-duplex communication technology are considered. The achievable level of compensation is described in theory and prac-
tice. Produced by mathematical modeling of a full-duplex communication system with an analog com-pensation methods described. An
experimental study was conducted, as a result of which the main factors affecting the level of analog compensation were identified.

Keywords: full-duplex communication, analog compensation, power lines, data transmission system, OFDM, phase shifter, attenuator,
balancing transformer, digital-analog converter, circulator.
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KorHutneBHas MynbTMareHTHas CaMOOpPraHM3aLmsa B HacTosALLee BPeMA ABNACTCA NPEAMETOM MHTEHCUBHBIX UC-
cneaoBaHuii B 06nactm MH(OKOMMYHNKALIMOHHBIX TEXHOJOTUI, TaK KaK Ha CErOfHALLIHWUA AeHb peLueHus yn-
paBneHua AnA TPaAULIMOHHbLIX MYNILTUMEANAHBIX YCNYT YCTapeny, Y4To co3AaeT HoBble NpoGnemsl B paborTe Te-
NeKOMMYHUKaLMOHHOro 060pyAoBaHMA Ha ceTAX CBA3U. DTa HOBaA NapajurMa NOCTPOEHUA pacnpeaeneHHbIX
MHTENNeKTyanbHbIX CUCTEM YNpaBneHUs MpuBneKaeT Kk cebe BHUMaHMe, KaK MUccnepoBaTenien, Tak U paspa-
60TYMKOB MHAYCTPUANbHBLIX NpUNoXeHuin. PasyMeetcs, MMEHHO KOrHUTUBHLIA NOAXOA ABNAETCA CaMbIM nep-
CMEKTUBHLIM KaHANJATOM ANA NOCTPOEHUA CUCTEM YNpaBNeHNA HOBOTO NoKoneHus. PaccMoTpeHbl OCHOBHbIE
MOJileny MHOTOareHTHOM CaMOOpPraHU3aLUmn AnA Ka4eCTBEHHOrO ynpaBneHus TenekoMMyHukaumamu. Knioue-
BbIM MOMEHTOM B KOTHUTUBHBIX MOAENAX YNpaBneHNa TAKUMU CETAMU ABNAETCA NOCTPOEHUE ABTOHOMHBIX Me-
XaHU3MOB NpUHATUA pelueHun. MpeacraBneHa peanusauua KOTHUTUBHON MOJENM YNPaBEHUA TENEKOMMYHU-
KauuAMKu Ha Gaze Teopum urp. ABTOpbI B AHHOM CTaTbe aHANIU3UPYIOT BO3MOXKHOCTU NPUMEHEHUA 3TON MO~
fienn B 3ajjavye AMHAMU4eCKON OPKECTPOBKN M pacrpejeneHns pecypcoB Ha MNOCKOCTU ynpaBneHus npo-
rpaMMHO-KoHpUrypupyembix cetent. Ocoboe BHUMaHMe yaeneHo pa3paboTaHHOH MHOrOareHTHOM apXUTEKTy-
pe cucteMbl ynpasneHnus, ¢asbl KOTOPOH 06pasyioT pasnuyHbie BUAbI UFP C yHacTUEM MHTENNIEKTYaNbHbIX
NPOrpaMMHbLIX areHToB, NPpeAHa3HA4EHHON /1A OPraHWU3aLMUmM aBTOMaTU3MPOBAHHONM KOOPAMHALIMM 3arNpOCOB,
NOCTynaloLuUX OT YPOBHA NPUNOXKEHUNA, N COOTBETCTBYIOLLIUX MM ceTeBbiX pecypcos. MpeanoxeH noaxopa K
areHTHoMy 0by4eHMIO Ha OCHOBe MeTOAa NMHEWHOW perpeccum AnA NPOrHO3MPOBaHUA 3HAYEHUA BPEMEHM
oxupaanua. PaspabatbiBaeMas MHOroareHTHas CMCTeMa Ha OCHOBE TEOPETUKO-UrPOBOTrO NOAXOAA NOKa3biBa-
€T HOBble BO3MOXXHOCTM Ha NMYTU peanu3aLun HOBbIX CUCTEM YNpPaBAEeHUA TENEKOMMYHUKALMAMHU.
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Beenenne

«Mbl cnocobnel 3aeasanyme 6 oyoyujee nilib Ha Hebobloe
PaccmosiHue, Ho O4e6UOHO, Hmo coerams npPeocmounm oueHb
muozoey — Anan Tolopune.

M3-3a nocroauno passusatomuxcs MKT cucrem nossasercs
HE0OXO0/IMMOCTh Pa3paboTKH HOBBIX PEIICHHIT Ul MOUICPIKKH
[POLECCOB  IKCILIYATALIMOHHOIO YIPaBJIeHHs CeTSMH  CBSI3H.
Pe(3)Bomionus ynpasieHus TeIeKOMMYHHKAIIUAMH 00yCIOBIeHa
MEPeXo0M OT TPAJAMLMOHHBIX LEHTPATH3OBAHHBIX CHCTEM
YIpaBjieHHst K MYJIbTHANCHTHBIM CAMOOPIraHWU3YIOIUMCS CHCTE-
mam [1]. Ouenano, uto mobas pe(?)BONIONMS MOJAXOI0B I
APXUTEKTYPBI CUCTEM YIPABJICHUA JIOJKHA COMNPOBOKIATHCA
COOTBETCTBYIOLUMH H3MEHEHUSIMH B MATEMATHUYECKUX MOJIEIISIX,
JeXKalnX B OCHOBE 3TOro ynpasienus. [lostomy pacemorpum
MaTeMaTHYECKY10 MO/Ie/Ib KOTHHTHBHOI'O 10/1X0/1a Ha Gase Teo-
pun urp. Jlast nzydenus noct-NGN cereil BeibepemM KOHUEIIHIO
MPOrpaMMHO-KOH(GHUIYPHUPYEMBIX ceTell ¢ e€ COCTaBIAIOIMMH
3a/1a4aMHM YIIPaB/ICHUA [POU3BOIMTEILHOCTBIO,

Mozaenn MHOTOATEeHTHOI CAMOOPraHW3ALHH

AJI1 yNPABJIEHHS TeJIeKOMMYHHKAUHAMH

[To mepe ycroxKHeHUs cereil CBA3M TPaJNLHOHHBIX MOJIENEi,
Taknx kak TMN, OSS / BSS, ocHOBaHHBIX Ha CHCTEMaXx YIpag-
JICHHSA C YEIOBCYECCKHMM BMELIATE/ILCTBOM, ()Gﬂapy'ﬂmsaroms Hx
Hezoctatkn [2]. X QyHKUHOHAIBHOCTD € JKECTKO LEHTPAINn30-
BAHHBIM [PHHIMIIOM HE MOKET CIPaBUTLCA C MOSBICHHEM HO-
BBIX CHTYaUMH W JAMHAMUYECKUM M3MCHEHMEM JaHHBIX, HE MO-
#KeT o0ydarbesl Ha OCHOBE oOfbiTa M Tpedyer o0IUpHBIX 00HOB-
nenmii. B pesyabTare MCCIeA0BaTEIbCKHE OTPACIH CKJIOHHBI
QKHIATH pa:&BHTHQ HOBBIX MMOJAX0/10B, pﬂa_ﬂ[r‘]:iy(f]\-'[b[x Ha OCHOBEC
NPUHIUNA caMoopranu3aiun ¢ 1o0aBleHHeM KOTHHUTHBHBIX
TEXHOJOrHI M3 COBPEMEHHOH KOHLENLHH pPACHpEeIe]IeHHOr0
MCKYCCTBEHHOTO MHTEIIEKTA.

Mgl paccmarpuBaeM caMOOpPraHH3alHio Kak JMHAMHYECKHii
M aJalTHBHBIA [IpoLEce, IJIe CHCTEMbl PEOPraHu3yloT H/HIH
NOJUIEPAKUBAIOT BHYTPEHHHE CTPYKTYpbl 0e3 HeoOXOAuMOCTH
BHELIHET0 KOHTpoJs [3].

B nacrosiee Bpems camoii noaxojsiuei cpejoii s peaiu-
3aLMK CAMOOPTAHM3YIOLIMXCS MOJEIEH ABIAETCS MHOTOareHT-
Has cucreMa. bonbIMHCTBO pa3paloTaHHBIX MPOTOTHIIOB CaMoO-
OPraHU3yIONIMXCH CHCTEM [POrPAMMHO pPEeaIM30BaHbl B apXH-
TekType MAC. B pesyiabrate X KOMOMHAIIMH MHOTOAreHTHBIC
CaMOOPTraHH3YIOIHECH CHCTEMbI HHTETPHPYIOT B ce0e YHUKab-
HbIE CBOHCTBA, OTJIMYAIOLIME X OT JPYIHX BAPHAHTOB MOCTPOE-
HHS CHCTEM YIPABICHUS TENEKOMMYHHKALMAMH.

KIi04eBbIM MOMEHTOM B KOTHHTHBHBIX MOJIEISAX YIPABICHNUS
CETAMM SIBJIACTCS OCTPOCHUE ABTOHOMHBIX MEXaHM3MOB [TPHHSI-
THS pelieHnil. ITaJOHHBIMI MOJIEIISIMH JUIS JIOCTHKEHHS aBTO-
HOMHOTO TPHHATHA PEIICHUI ABJIAKTCA KOHTYPBI YIIpaBJICHUA,
takne kak MAPE-K u FOCALE. [3.4] Kpome Toro, eue o110l
Ba’KHOI XapakTEpUCTHKOI KOTHUTHUBHONH MOJEIH, OCHOBAHHOI
Ha CaMOOPraHn3alnm, ABAseTCA CrocoOHOCTh K 00YUeHHUIO.

basupysch Ha CHHTE3€ MOCHEHUX MCCIIeI0BaHMIT MO JaHHO-
MY HanpasleHHI0 KOTHUTHBHBIE MOJENH CHCTEM YIpaBJeHHA
MOZKHO PA3JIEIMTh HA TPH IPY b

— Te, xotopeie cTpositcs Ha 0asze MalIMHHOTO O0Yy4eHHs
(MCKyCCTBEHHBIE HEHPOHHBIE MOJIEIHN);

— Te, KoTOpbIe OCHOBBIBAIOTCS Ha Oasze HEYETKOH JIOTMKH
(MO/1e/11 KOTHUTHBHBIX KapT COCTOSHMIA);

— Te, kortopblie Oa3upyloTCs Ha TEOPUH WrpP (TEOPETHKO-
UTPOBBIE MOJIEITH).
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OnnoBpeMeHHO, Kak nokaszano B padorax [5,6], cyuecrsyior
pas/MyHbIe MEXAHHW3Mbl PEATH3ALNH MPHHIMIIOB CaMOOpraHusa-
LUMH B MYJIbTHAICHTHOMH CHCTEME, H3 KOTOPBIX B JJAHHOH CTaThe
PAcCMOTPEHbI PhIHOYHBIE TEOPETHKO-UIPOBbIE MexaHu3mbl. Tlona-
rasch Ha BbIOOP MOAXOAAUICH MOJEIN WIPhI, € MOMOILBIO TAKHUX
MaTeMaTHYECKHX alapaToB Kak (pyHKIMS MOIE3HOCTH, CXOHMO-
CTH K cocrosuuio pasHosecus (r.e. How-pasnopecus, [lapero-
PaBHOBECHS, PEIUIMKATOPHAA JTMHAMHUKA U T.JL.), Mbl MOKEM paspa-
foratk abcTpakiyi, MO3BOIAIONIME HAM MOIYHYHTH MOAPOOHYIO
MHPOPMALMIO O BO3MOKHOM [MOBEJIEHHH CHCTEMbI, PELIHTL 3a/1a-
uy o0yueHHsl ¥ ONTHMH3ALHH TIAPAMETPOR CHCTEMBI.

B 0CHOBHOM TEOPETHKO-HIPOBas CaMOOPraHW3allng BOCIIPH-
HMMAeT BCE MONAjalolINe [10)] €e M3Yy4yeHHEe paclpe/lelieHHble
BBIYMCIHTENbBHBIE MOJIENH, KaK pasnnuHbie BuAbl urp. Ocoben-
HOCTH KOTHHUTHBHBIX MOjelei Ha 0ase TeopuH UIp BKIOYAIOT:
ABTOHOMHOCTb, COLMAIILHOE M0BE/IEHHE, PEAKTHBHOCTD WIIN [1PO-
AKTMBHOCTE [7], areHThl y4acTBYIOT B MIPE HE3aBHCHMBIMH HI-
pPOKaM# M BEIOMPAIOT M3 BO3MOIKHBIX CTPATErHid.

[ n1aBHO# OCHOBOI TEOPHUHU UIP ABJISETCS TEOPHUS! MOJIE3HOCTH,
KOTOpasi, B CBOIO OYepe/lb, ONpeeeHa akcuomarusaiuei or-
HOIICHHIT NPEANOUTEHHsT areHToB. PalMoHanbHBIe TOBE/ICHUS
areHToB (POPMYIUPYIOTCH METOAAMH areHTHOro odydeHus, opu-
EHTUPYIOINXCA Ha Makcumu3auuu Qynkumii nonesnocru. Ta-
KM 00pa3om, (pyHKIHSA MOAE3HOCTH UCIOB3YETCH Ul MOJIE/IN-
POBaHUSA ONTUMH3AIHH B MHOTOAreHTHBIX CHCTEMAaX.

[IpuMepom TeopeTHKO-HIPOBOI caMOOpPTraHW3allHN ABIAETCS
PBIHOYHAS MOjIEIb, KOTOpAs paccMaTpuBacT pacrpesie/ieHne
OrpaHUYEHHBIX PECYPCOB KAK CAMOOPraHu3yloluiics npouece B
YCJIOBHSX BBICOKOH auHamuyHocTH., M3-3a TOro, uro oraeisHo-
MY areHTy JOCTYIHA ML JIOKAAbHas HHGOPMaLHa, CIHHCT-
BEHHO BO3MOMHBLIM BAapHaHTOM pelieHus ri1olalibHOi 3a1aun
SIBJISIETCS JICLCHTPAIN30BAHHAS KOOP/MHALIMS MEHJLYy areHTaMH.
BsaumozeiicTBue MKy areHTaMH B MYJIBTHAreHTHOI cucreme
MOKeT OBITh Pa3HOrO THIA, HAC HHTEPECYIOT T€, B OCHOBE KOTO-
PBIX JI€HkAT COTPYAHUYECTBO MM KOHKYpeHuus. B ciyyae koH-
KYPEHLMH areHThl UMEOT COOCTBEHHBIE LIEIH, KOTOphIE MPOTH-
BOpEYaT JAPYT APYry U He 00A3aTe/IbHO COBNAAIOT ¢ I100alIbHOH
cucremoil. MIx neiictsust (crparernu) Moryt ObiTh BbIOpaHbl B
COOTBETCTBHH € MX LEIeCO00Pa3ZHOCTBIO. DTa KOHLENILHUS HIHpPO-
KO M3y4allach B paMKax TEOPHH HEKoomnepaTHBHbIX urp. Jlpyrue
THITBI UI'P, TAKHE KAK KOOMEPATHBHBLIE W IBOJIOLMOHHBIE HIPBI,
ONpEeAEIsOT HHTEPEC K UX BHEAPEHHIO B 00JIACTH TEJIEKOMMY-
HuKanmii [8].

Tabmuua |

Teopust UIP B CETEBOM KOHTEKCTE
KOMMNOHEHT Hrpbl CereBoii KOHTEKCT

[IporpamMMHble areHTbl, KOTOpbIE HIPAIOT POJH
JIeNIerHPOBAHHBIX CYOBLEKTOB CETEBBLIX 3aNpoCcOB
H/HIH PecypecoB, Mojb3oBaTeneH u/nin oneparo-
POB M T.JL.
[Inan neficTBuil, KOTOPBIH AOJIKEH NPEANPHHATD
HIPOK BO BpeMs MIPbl: 3arpailiBaHHe pecyp-
COB/OTBET Ha 3aMpOCHI, B3aHMOJCHCTBHE MENIY
KOMIIOHEHTAMH, YCTAHOBJICHUS LIeHb H T./L.
MoTHBaLMA HIPOKOB MPeCTaBIeHa MPHOBLIBIO H
OlEHEHA ¢ MCnob3oBanieM (GYHKIHI nonesHo-
CTH Ha OCHOBE PAa3NHYHBIX NAPAMETPOB: BHPTY-
a/lbHbIe JICHEKHbBIE 3aTPaThl, CETEBbIE HArPY3KH,
QoS mT.a
Pecypebl, 3a KOTOpblE KOHKYPHPYIOT MIPOKH,
VUacTBYIOLLHE B HIPE: MPOIMYCKHAA CMOCOOHOCTS,
MOIIHOCTD, MO3HLIHA B OHEPCIH U T, /1.

Hrpoxku

Crparerus

Boiurpoii

Pecypcsi




MHDOPMATUKA

KorunTupHasa Moaens Ha 6a3e TeOpHH Urp

AJIS1 ABTOMATHYECKOT0 YIIPABJIeHNS

npousBoauTensHocThio B [IKC

B nocneaHue  rojbl  TEXHOJOTHH  HPOrpamMMHO-
KOH(UIypHpYEMBIX CeTeil U BHPTYaIH3alMKi CEeTEeBBIX (DYHKUMH
MOJIYYHIIH IIMPOKOE pacnpocTpanenne Giaroaaps yHHKaILHOMY
B3aHMO/ICHCTBHIO OPraHM3alMH MO CTAHJAPTH3ALHK ¢ coolIe-
cTBaMu pa3paboTYHKOB nporpammuoro obecnedenus. [9] Dtu
TEXHOJIOTUH TAKKE ABIAIOTCA KIIOUEBBIMH (JAKTOPAMH B dBOJIO-
MM CHCTEM YMpPaBJIEHUS TEICKOMMYHHKAIMAMH HOBOTO MOKO-
nenns. C MX NOMOLIBK JocTuraercs Tpedyemas rubkocTs certe-
BbIX HH(PACTPYKTYP, MPOCTOTA BUPTYAIH3ALUH CETEBLIX PECyp-
COB, YBEIHMYHBAETCH YPOBEHb MPOrpaMMHUPYEMOCTH H YIpOLIA-
ercst CO3/laHue HOBHIX MpuiokeHuit U cepsucos. Ilpu obuem
JIOCTYIIE K PECYpPCaM B pactpe/IesieHHON apXUTeKType Ipejara-
€M MyJIBTHAreHTHOE IJIAHUPOBAHUE 3a/1a4 M PECYPCOB IIPH JKC-
IUTyaTally MporpaMMHO-KOH(GUTYPHUPYEMBIX CeTeH,

Jlornueckasi ApXHTEKTYPa CHCTEMBbI

PaccMOTpHM cHCTEMY, MOCTPOSHHYIO HAa OCHOBE TPHHIIMIOB
MPOTrpaMMHO-KOH(UTYpHpyeMoii ceTn. Jlornueckas apxuTexkTy-
pa TaKoi cHCTeMBI MPEJICTABIIeHa Ha pHc. 1.
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Puc. 1. OGo0uieHHas apxXHTEKTYpa MOZIENH U1 AMHAMHYECKO#
OpKecTpoBKH «3arnpoc-pecypey» B [TKC

CI/]CTCMa COCTOMUT H3 HECKOJIBKHX BBIYMHCIIHTE/IBHBIX CEpBepDB,
COe/IMHEHHBIX Yepe3 kommyTaTopsl OpenFlow B ceThb, ynpagise-
Myto KoHTposiepoM. CylniecTByeT COBOKYITHOCTh HECKOILKHX KOH-
TPOJIEPOB Ha IUIOCKOCTH YMPABICHHS, KOTOPHIE COEIHHSIOTCS
JIPYT ¢ APYTOM BOCTOYHO-3aMajIHBIMK HHTep(eiicamu. B npuBeu-
HOIl peanu3allii NMOTOKH Pa3lIMYHBIX 33/1ay MOCTYNAKT H3 IUI0C-
KOCTH TpHJIOMKEHHI1, 3aTeM IEHTPaJH30BaHO HAIPaBIAIOTCA K
o6ciy;KHBaHHIO KOHTPOJLIEPOM, NMPHYEM Ha KKI0M cepBepe co3-
Jaercsi ouepe/ib 3aj1a4 Ha BhlojiHeHue. [Topsaok pacnipesienenus
3a/1a4 ONpe/IeNIAeTCs JIOTHKOH KOHTpOIiepa.

[Ipy MynbTHAreHTHOM MOJXOJE peaau3yerTcs MOJENb pac-
HPEIC/ICHHBIX BBIYHCIICHHH, B KOTOPOil NMPOLECChI OPKECTPOBKH
BO3HUKAIONIMX 3a/a4 U OPraHu3allii OYepe/H BBINOIHAIOTC B
3aBHCHMOCTH OT TOBEICHHS JENerHpOBaHHBIX ABTOHOMHBIX
areHToB. Y Ka)JI0ro nMporpaMMHOIO areHTa YCTaHOBJIeHA (yHK-
1M T10JIE3HOCTH, areHTHl TIPUHAMAIOT pPelleH s IyTeM cTpemIie-
HHSl MAKCHMH3HPOBATH CBOKO MPHOBLIH (110J1€3HOCTH).

ITon areHToM nOHMMAaeTCs NMPOrpaMMHblil 0OBEKT, Haxoxs-
umMiics B BbIMHCIMTENBHOH cpesle (arenTHoil muatdopme),
BBITIOJTHSAIOLIHI CBOIO 337134y,

Kak npezcrasieno Ha puc. 1, B pazpabotaHHoii apxuTekType
COJIEPIKATCS OCHOBHBIE DJIEMEHTHI CHCTEMBI, TAKHE KAK areHTh
3aj1a4, areHThl PECYPCOB M areHThl KOHTPOJLIEPOB.

ATeHT 3a/1a4d TNpeJICTABIISET BBIYHCIMTENLHYIO 3a/1auy, KOTO-
PYI0 HeOOXOIMMO 3aIUIaHUPOBATE H BBITIONHUTL Ha cepeepax [TKC.

ATeHT pecypca MpeiCTaBiIseT CEpBEp, Ha KOTOPOM MOTYT
BBINOIHATECA 3ajauM. Llens arenTa pecypca — 3anjaHupoBaTh
KaK MOKHO OOJIbLIE 33/1a4 M MOIYYHTh MAKCHMAIILHYIO NPUOBLIL
OT BBINOJIHEHUS 3a/1a4.

ATEHT KOHTpOJIIEpa OTBEYAET 32 POJIb MOCPEIAHHKA, KOTOPbIi
KOOP/IMHHUPYET MPOLIECC OPKECTPOBKHM areHTOB 3a/1a4 [0 areHTam
pecypcoB (T.e. co3/aeT HayajlbHbIe KOOPJHHUPOBAHHBIE YCIOBUS
JUIs pacripe/ie/ieH|s BO3HUKAIOIHX 3a71a4 [0 ceBepam).

ArentHas niatdopma [10,11] B GoabIIMHCTRE Cly4aeB sBjIs-
ercst sjpoM stanoHHoit moaenu FIPA [12] u oBecneunpaer HH-
(pacTpykTypy Ui pa3pabOTKH areHTOB M WX HCIIOJIb30BaHMUs,
BKJIFOYAsl: OTIEPALIHOHHYIO CHCTEMY, (DYHKIIHOHAILHOCTE KOMMY-
Hukaunu v ynpasnenus. Cranpapr FIPA onpenenser cepsucel,
KOTOPbIE JIO/DKHBI NMPE0CTaBIIATh JII0OYH areHTCKY0 11atdopmy:

— Cucrema ynpapieHHs areHTaMM NpejHa3HayeHa Juisd co3-
JIaHus, yIaJeHus, KOHTPOIIS COCTOSHHH, PErHCTpalui, MOOHIIb-
HOCTH, KOMMYHHKAallH{ ar¢HTOB;

— Menekep aupextopuii npejacrasiser coboit  ciyxkOy
(OKENTBIX CTPAaHMI», IJIe areHThl MOTYT 1my0aHKoBaTh HH(OpPMA-
M0 O TNPEJOCTABIAEMBIX CEPBHMCAX, YTO MO3BOJIAET HCKaTh
areHTOB C ONpPE/IEICHHBIMH XapaKTePUCTHKAMH;

— CepBHchbl nepejaul KOMMYHHUKAIIMOHHBIX COOOILEHNI 101
JIEP/KHBAIOT CBA3bL MEJNJIY areHTaMW Ha JIOKalbHOH muatdopme
MK HA JIOKATLHOH M yJIaJeHHoil niardopmax.

PaccMoTpHM nNpuMEHEHNE TEOPHH MTP MPH peau3alii Kor-
HUTHBHON MOJIENTH JUISl PELICHHs! 33/1a4H YIPaBjieHusl MPOH3BO-
aurensHocTbio B [IKC. Maremarnyeckue OCHOBbL M 0OLLMiA
B3TJIA/1 HA OCHOBHBIE MMOJAXO0/Ibl K IUIAHMPOBAHHUIO Paclpe/ieeH s
PECYPCOB B paclpe/ieieHHbIX BBIYMCAMTENBHBIX CPElax, MOKHO
Haiitu B [13,14].

CTOHT OTMETUTB, Y4TO NpHU paspaboTke coOCTBEHHON MojENH
MBI MCMOJIb30BAJIM OCHOBHBIE PE3YNILTAThl H3 CJIELYIOIMX Omy0-
nuKoBaHHbIX pabor [15,16,17].

MarteMaTHUYeCcKOe ONHCAHHE MOJETH

IIpu mocTynieHnH HOBBIX MOTOKOB 3ajlad CHCTEMa aBTOMa-
THYECKH BBITMOJIHAET LMK JHHAMHYECKOrO IIAHUPOBAHMsA, CO-
crosiuid U3 AByX (pa3. [lepeas ¢a3a onuckiBaeT mpoiece JAnHa-
MHMYECKOH OPKECTPOBKH «3ajlaya — pecypchl», a Bropas (asza —
JIMHAMHYECKOE pacIipe/Ie/iecHHe PECYpPCOB CPe/IM areHToB B pa-
LIMOHAJIBHOI MHOroareHTHoit cucreme ouepesiei.

CamoopraHu3aiisi Mes/1y IpPOrpaMMHBIMH areHTaMH peau3y-
€TCs Ha OCHOBE PazIMYHBIX METOJIOB, OJHUM BAPHAHTOM W3 KOTO-
PBIX ABIACTCH PBHIHOYHEIA MexaHusM. OTMeTHM, 4TO NpHMEHeHHe
PBIHOYHOTO MOXO0/1A CBA3AHO CO CXOAUMOCTBIO CHCTEMEI H €€ TIPH-
OmDKEHNEM K COCTOAHMIO paBHOBecHa. Teopust urp (axTuyecku
SIBJISICTCA WleA/TbHBIM MAaTEMATHYECKHM anmnapaToM Ul MOJETHPO-
BAHUS M OITUCAHHSI ABTOHOMHBIX MHOTOAreHTHBIX CHCTEM.

Ilycts F — nabop ceTeBbIX ()YHKIHIT (BEI3BAHHBIX COOTBETCT-
BEHHO Mo TpebOBaHMAM 3aMyLICHHBIX NPHIOKEHHI), Mperoc-
TaBJISIEMBIX CeTbIO, U T — Habop rpynn arentos 3agay. Ilycts s
Kaxoi cereBoil (ynkumu f,€F 6yner pET — rpynna areHToB
3aj1a4, COCTOALIAs M3 A, AareHTOB, KOTOPbIE 3aHHTEpecoBaHbI B f,,
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a S — Habop M areHTOB pecypcoB (cepBepoB), KOTOpbIE €€ mpe-
nocransior. Ilyers dj, — 3anepikka noTokoB 3ajay, NpUHaIe-
JalMX B rpynne p, nepej 10CTHKEHHEM cepBepa iES.

Jng kaxkzaoro motoka 3aaad, NMpPOXOAALIEro uepe3 BbIOpaH-
HBIH CEpBEP, 3TOT CEPBEP JOLKECH BBIICINTH ONPEACIEHHOE KO-
JIMYECTBO BBIYMCIHTENBHBIX PECYPCOB H PECYPCOB Ui XpaHe-
HHUA, KOTOPbIE OTPAKAIOT Pacxojisl s cepsepa. Paccmarpupas
obumii cepBep €S, Mbl GyJieM CCBLIATLCS HA JOMOJHUTENbHBIE
3aTparhbl, MOHECEHHBIE CEPBEPOM i JUIS TOTO, 4TOObI TapaHTHPO-
BaHHO oOecrneunTh HEOOXOJMMBIMH pEcypcamn HOBBIH MNOTOK,
3anpairuBaomuil pyHKIHIO f, KaK Cp,.

C.TICI[OB&TGII]:HO pacxonoMm ia cepBepa iHa ynpasjieHHe BCEMH
(F)

MOTOKAMH 33/1a4 B IPYIINE arcHTOB 3a/1a4 P ABJIACTCA C , KOTO-
Pblil NPONOPLHOHAJIEH KOJIMYECTBY areHTOB /1;;, , TO €CThb!
c=¢ o (1

ip

Jlpyrue pacxojibl Julsi cepBepa CBsA3aHbl ¢ MPOIYCKHOM crio-
COOHOCTBIO, BBIJIEJIEHHOH KOHTPOJUIEPOM B COOTBETCTBHM C 3a-
npocamu. [Tycts b,,— M0JI0Ca NPONYCKaHHs, NOTy4YeHHas cephe-

poM { Ui ynpaBjieHWs TPYINOH areHToOB 3aj1a4 p, H p.l*“’ =

CTOMMOCTb €/IMHHLIbI MTPONMYCKHOH crnocoOHOCTH, 3a/laHHOi cep-
Bepy i KoHTposiepoM. OGpaTuTe BHUMaHHE, YTO 3HayeHue p,”

HE 3aBHCHT OT rpynrsl areHToB 3anad. CoOTBETCTBEHHO, CTOH-
MOCTh O0LIell NMPOMyCKHON CrocOOHOCTH, MCHOIL3YEMOH JaH-
HBIM CEPBEPOM, COCTaBIISIET:

C lB}_pI{B}b (2)

C napyroii cTOpoHBI, JOXOA Ul CepBepa, CBA3aHHBI ¢ mpe-
JOCTaBleHHeM ceTeBOi (YHKIMH, MPOMNOPLHOHANEH KaK KOJH-
YeCTBY 3aj1a4, KOTOPhIE €ro HCMONIB3YIOT, TaK U cToMMOCTH f, ¢,

NPUMEHSIEMOI K 3TOMY cepsepy. Eciu Mbl HPEANoIoxum, uTo
CepBEpPBI JIO/DKHEI BBIIIAYMBATE ar¢HTaM KOHTPOJIIEPOB KOMHC-
CHIO, MpeJcTaBieHHy1o Kodpduunentom komuccun ye[0,1], To
(haxTHYECKHIi JOXOJ /U cepBepa i, CBS3aHHBIH ¢ MpeaocTaBie-
HHEM CeTeBOi (YHKLMH f, sl TPYIIbl areHToB 3a1a4 p, Oyder
BBITJIAZIETH TAK:

R,=p"4,> 3)
(Fy _a (F) —
rae p® =p, P (1-y).
Mexanuzm JUIs ONIpeJie/iIeHud BEIM4YHHBI UpOHYCKHOi‘Jl CITIO-
cOoOHOCTH, KOTOPYIO BBI3BIBAET Kask/blil cepsep, Oyaer paccMmar-
puBats ¢ nomoueto mozenu IllrakensGepra GIESJ . Koropas na-

NpaBjieHa HA MAKCUMU3aLMI0 (YHKIHH MOI€3HOCTH areHTa ce-
Bepa, onpeaenseMoii cinexyomum obpaszom:

Uy, M (b, )=BR,,-A[C, " +C, ] » )

rae b, =(b,,b,,...b,,) — BEKTOp MPOMYCKHOH CrMOcOOHOCTH,

KOTOprI“i COIAEPHHUT IPOIYCKHYIO crocoOHOCTh bip’ JanpoliicH-

HYIO B KOHTPOJUIEPE KaKIbIM i-bIM cepBepoM, a ;,p, — cooTBert-
CTBYIOUIME KOHCTAHTHI, B3BEHIHBAIOIHE OTHOCHTEJILHYIO pelie-
BaHTHOCThH JOXOI0B W 3aTpar.

C fapyroii CTOpPOHBI, areHTHl 3adad B rpymnne p BeIOMparoT
cepBep, TaKKe NMPUHUMAas BO BHUMaHME 3aJIepiKKy JI0 ero Jioc-
THKEHHA ., M TEKYIIYI0 CTOMMOCTH ceTeBOi (YHKIMH Lo
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Opnako, yeM Golibile MOTOKOB 3a/ad, HCIOIb3yeT OJHH H TOT
€ CepBEp, TEM MEHBLUE MPOIYCKHAs CMIOCOOHOCTh BhLIEISETCS
KaKJI0MY U3 HUX.

B yactHOCTH, OKMAAETCS, YTO (DYHKLHS NMOJE3HOCTH KAXKI0TrO
areHTa 3ajlaud B rpymne p OyJer yBelIuuuBaThcs B 00nEME pecyp-
COB, BBIIEIIEMBIX 3TOMY areHTy, TO €CThb, biy/Ai, M yMeHbIIATHCA

~

KaK B CTOMMOCTH P-.pm* Tak ¥ B 3aaepkke d;,.Yuutesas Beé 9710,

KK/l areHT 3ajauu BHIOHpaeT cepsep, Onarogaps KOTOPOMY OH
MOJKET MAKCHMU3HPOBATH (QYHKIIHMIO IOIE3HOCTH:

U ip'.”\} (’l.p )=In(e, ii }-QZESip'FJ "a'sdip 3 ©)
P
rae (Mp, Aaps..., Mvips) — BEKTOP COCTOSIHMS, KOTOPBIH COIEPHHUT
YHCIIO TIOTOKOB M3 TPYIIIBI AreHTOB 3a71a4, O0CIyKHBAEMBIX Kak-
JIbIM CEPBEPOM B S; dy,ay,a3— COOTBETCTBYIOIINE KOHCTAHTHI, B3Be-
[IHBAOLIHE BKIA/BI B (DYHKIIHIO TIOJIE3HOCTH MPOITYCKHOIH Criocod-
HOCTH, 3aTpayeHHOIl CTOMMOCTH, 3aIaHHOI CEPBEPOM, U 3aJIEPIKKY,
C KOTOPOIii MPHXOMUTCS CTAIKHBATBCS, YTOOBI JOCTHYB CEPBEpA.
[pouniocTpupyeM MpeIIoKeHHYI0 TeOPETHKO-HIPOBYIO
MOJIENh B3aUMOJICHCTBHS MEXKIY areHTamHu PecypcoB (cepsepa-
MH) W areHTaMu 3ajad B MY/IbTHATEHTHOH CHCTeMe pacrpeje-
NEHHOTO yrpasieHus. PellneHns, npHHUMaeMble areHTaAMH pe-
CYPCOB W areHTaMH 3ajiad, 3aBHCAT OT MHIHBHIYalbHBIX HHTE-
PECOB U OT pelleHH i, MPHHIMAEMBIX JAPYTHMH OTIIOHEHTAMH.

¥y _ ¥
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Puc. 2. Knaccudmkauus pasnnyuHbeix BHI UIP,
NPUHHMAEMBIX [U18 IMHAMHYECKOro NJaHUpPOBaHHsl

Cxema pa3iM4HBIX BHJIOB UTP LKA JHHAMHYECKOTO YIpaB-
nenns B [TIKC npejicrasiena na puc. 2. B paszesne (A) Mbl 060-
3HAYAEM WIPY GJ,,"“J CpeM areHTOB OJHOH M TOM Ke TpyIIbl
areHToB 3anad pET, rie Mbl HCNONB3YEM HBOIIOLHOHHYK) TEO-
PHIO UTP M PEIUIMKATOPHYIO AuHAMKKY [ 18] mns moaenmpoBanus
npolecca NMpPHHATHS peleHus areHtamu 3agad. B paszene (B)
Mbl 0obo3Hauaem urpy lllrakensOepra Gpm [19], koTopas moze-
JIMPYET KOHKYPEHTHBIE B3aUMOJICHCTBHS MEXK/Y areHTaMmHu pe-
CYpPCOB JUId BO3MOKHOCTH TIPEIOCTaBICHHA OOCIyKHBaHMS
areHTOoB 3a/1a4 U3 IpyIIsl p.
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Haxkonen, B paszaene (C) Mbl npejjlaraeM HeKOONEepaTHBHYIO
urpy GW, KOTOpas MOJIEIHPYET KOHKYPEHLHIO MEXy areHTa-
MH 3a71a4, NOJKIIOYEHHBIX K i-OMY areHTy pecypca, 4To0bl
YIIYUIIATE CBOH MO3MIMH B palnoHansHoii mojgenn CMO, koto-
pas CTPOUTCA HA OCHOBE ayKIIMOHHOTO Mexanu3ma. [Tponmmoct-
PUpOBaHHBIE UIPbl OYAYT BOCIPOM3BOAMTLCS KaKIbI pas B co-
OTBETCTBHM € M3MEHEHHMSIMH HEKOTOPBIX CHCTEMHBIX YCIIOBHI,
OHM NMOBTOPSIIOTCA JI0 TEX T0p, MOKA Bce 0OBEKTHl B CHCTEME HE
JOCTHTHYT HOBOT'O YCTOHYUBOIO COCTOSHMSL.

A. DBOJIIOIIHOHHAS HIPa Gl,”:} cpe/u areHToB 3a/a4

Kaxapiii arenT 3ajau M3HAYadbHO STOMCTHYEH, TAK Kak OH
MPUHUMAET PEIIEHHs C 11e/IbI0 MaKCUMHU3almHu cBoeli cobeTBeH-
HOM TI0JIE3HOCTH Uip”"". OjHako, yem OoJIble YHCI0 areéHTOB

3aj1a4 M3 TPYNIbI P, MOJAKIIOUEHHBIX K [-OMY areHTy pecypca,
TeM HibKe (QYHKIMA TOIe3HOCTH 3Toro arenta 3ajgauyn. Criesosa-
TEJIBbHO, HA MPOLIECC MPHHATHSA PELIEHHIT areHTOM 3a1a4 BAMAIOT
pELICHHs, NPHHHMAEMBIE APYTUMH areHTaMH, NPHHALIE/KAIIHMK
K TOii ke rpymne p. Kpome Toro 4yacto BO3HMKaeT MMHTALMOH-
HOE [MOBEACHHE IPU PACCMOTPEHHM B3auMOJIeiicTBHIT Mem Ty
areHTamM, KOTOpble PAlHOHAIILHO MBITAIOTCS MaKCHMH3HPOBAThH
CBOK) BBITOJYy IYTEM HMMHTALNH pPEILIEHHil JPYruX areHTos,
obecreunBaroinx OOJIBIIYIO BBIFOY.

bazupysck Ha Tak Ha3bIBAEMOIl PEIIMKATOPHOI ANHAMMKE, U
cornacHo pabote [15], anst kax1o#i rpynnsl areHtos 3ajaau peT
MBI OMHCBIBAEM IBOJIOIHOHHYIO HIPY CHEAYIOLIMM 00pa3soM:

— Cocras HIPOKOB COCTOMT M3 A, areHTOB 3aj1a4 n3 nabopa 7

— Crparerus onpejensiercs Kak BpiOop areHra pecypcea, K Ko-
TOPOMY KasK/Iblil areHT 3a1a4i B rPyIIe Pelaer noaKIouHThes;

— MyHKIMA MOAE3HOCTH: NOJIE3HOCTh WM BBITOJA, Mojydae-
Mas KaKIbIM areHTOM 3a/lauM, CBS3aHHBIM ¢ BBIOOPOM areHTa
pecypca, paBHa Uin“M’ Kak onpejeneHo B (5).

Tenepb Mbl MOzKEM 0003HAYUTH YpaBHeHUE ]Je]'lJ'l[dKaTOpl-[Oﬁ
JHHAMHKH j.,r‘ UI'PbL, KOTOPOE OIHUCHIBACT, KAK HU3MCHACTCA KO-

I
JIMYECTBO areHTOB 3a/1a4 B rpynne P, BeIOHPAIOLINX 110JIKII0Ye-
HHE K JIOCTYIHBIM areéHTaM PeCcypcoB TOAbKO B 3aBUCHMOCTH OT
CBOETO MOBEJICHM.

s 8% 1 4
Aoy = [Uil\lTA A’il’_j__zijr‘ujp” “;“jn]’ (6)

lp: ip
i JeS
rAe A W A COOTBETCTBEHHO obo3HavaeT o01Iee HHCII0 areHToB

3a/1a4 IPyNibl P H KOJIHHYECTBO areHTOB 3a/1ay u3 p, HOAKIIOUEH-
HBIX K /-OMY areHTy pecypca.

OueHb BaXKHO OTMETHTD, YTO B IBOTIOLHOHHON TEOPHUH HTD
(DYHKIIHA BBIMIPBILIA XapakTEPU3yeT YCIex OTACIbHBIX CTpare-
THif, @ He OT/CABHBIX YYaCTHHKOB B3anMojeicTBus. Takum 06-
pasoM, B TOATPYMIE C Ay areHTOB 3ajad, MOJAKTIOYEHHBIX K
i-OMY areHTy pecypca, BCE areHThl 3ajad Mo1y4aioT OJHHAKO-
BYIO (DYHKIIMIO MOJE3HOCTH U.'p""-“'j,lp. OO0mumii pe3ynbTar 3BO-

JIOIMOHHONH TEOPHH HIP TOKa3bIBAE€T, YTO TOYKA PaBHOBECHS
JUld JIMHAMHUKH PEIUIMKATOPOB ABJIsETCS (PUKCHPOBAHHOM, clie-
JIOBATENLHO, BCE AreHTHI 3a/1a4 Moay4aloT OJIMHAKOBOE MPEHMY-
LIECTBO, TO €CTh U‘.I“"'-"’ = Uii‘“’-"’ Ui Beex i, JES.

OGo3HauuM nepeMeHHyo O _F‘F":

() — 12 by Pz (g )] (7)
=€ ’

i
W13 (7) 3ameTHm, 4TO CIEIYIOUIHE COOTHOLICHHS BBIMOIHSA-
10TCA /1715 Beex i, j,kES n pEL:

o_ 9" (8)

Pl w__! m
W ’ Qi-J (] =<k Q (P
Ji ik

B Tteopeme 1 Oyier nokasaHo, 4To ypaBHEHHE PEILIMKATOPOB
(6) jutst Kax/1I0H IPYNIBL areHTOB 3aj1a4 P JIOMYCKAeT YHHKAIbHOE
pelienue 11 11060ro BEKTopa npoIryckHoi ciocobHOCTH b,

Teopema 1. Jlnsa Bcex p€T u moboro 3ajlaHHOro BeKTopa
IPOITYCKHOIT crOCOOHOCTH, YpPaBHEHHE MHAMHKH PEIIHKATOPOB
(6) jomyckaeT YHHMKaJbHOE SBOJIIOIMOHHOE pPaBHOBECHE A,,

Kpome Toro, uuciio 2 areuToB 3ajad M3 rpynibi p, MOAKIIO-

YEHHBIX ¢ OOIMM areHTOM pecypca iES NpH COCTOSHHH PAaBHO-
BECHA, MOWKET ObITh MONYHEHO ClICAYIOUIHM 06[}330!\-{:

" b
iie : ©)

ip
P [
z b_u’ i

i=s

raeb, eb, -

s
b. Urpa UlTakeastepra G,,‘ ) cpenm areHToB pecypcos
H AreHTOB 32124
Arentsl pecypcos B urpe llltakensGepra BeICTYNAIOT B Kave-
CTBE JIHJIEPOB, @ areHThl 3a/la4 — nocjenosateneii. B Teopeme |
OBIITO OMMCAHO pacnpeaeieHne A, COBOKYITHOCTH PET rpynisl

AFCHTOR 3a/1a4 MPH CXOJHMOCTH K PABHOBECHIO.
Bees JiBe CJEAYIOHUIHE BCIIOMOTATEIbBHBIC INEPEMCHHBIC

Pp=4 (Bp," -Bc,) (10)

=A™ (1)
Ucnonesys (3), (9), (10) u (11) B (4), MOKHO nepenucarsb
(YHKIMIO T0JI€3HOCTH U, *Varenra pecypca [ES cueyonmnm

oOpazom:

, b,
Uipiba\l{bp}:pip Zb 12} = _}r‘_bip ) ([2)
kp =ik
keS

Jis kai1oii rpynmbl areHToB 3aj1a4 pET corsacHo padore
[15] mer onpenennm HekooneparusHyio urpy lllTakensbepra
cIIeYIOIMM 00pazom:

— HaGop urpokos cocrout u3 nabopa M areHToB pecypcoB 13
nabopa S;

— Jlannag urpa onpejiensieT BEJIWUUHY MPOIYCKHOI crnocob-

HOCTH bip’ KOTOpas NnoJuKHa ObITh 3anpollcHa KOHTpoOLJIepoM

JUTs 00CTYKMBAHUS TOIKIIOYEHHBIX areHTOB 3a/1a4 W3 TPYIILL P.
Jlns kax10ii rpynnel areHToB 3aaa4 B 7 Mbl MPEJNoaaraemM, uto
Takoii 00beM MPOMyCKHOH crnocoOHOCTH OrpaHHYeH 3HaAUYCHHEM
B; Taxum obpaszom, nabop crpareruii MMeer BHI g — l‘[ B » Tae
ie8s
B=[0,B], a H B, 0003HA4aeT JeKaPTOBO MPOU3BE/ICHHE;
jes
— MyHKIMSA 10JIE3HOCTH: TOJIE3HOCTb KAMI0I0 arcHTa pecyp-
ca i€ SpasHa Uip‘“*", Kak onpejeneno B (12).

Janee nns nrpsr HlTakennGepra Gp‘s' onpejensaemM pesyiib-
TaThl 0 €€ COCTOAHMAX PABHOBECHS.

[lycts b,*€B. Ilpopuns crpareruit (b,*, 1,*) — cocrosnne
pasrosecus au1s urpst G, ecim s Beex b,€B u i€S | o

U, b, .4,)20, " 0,.4) (13)
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ITpu BOIIOLMOHHOM PABHOBECHH A,*, YMCIIO areHTOB 3aj1au,
MOJKIIOUEHHbIX K CeBepy /, paccunTeiBaeTcs 1o opmye (9).
Ilyerts bp’ :(bip‘,bm'). rae bm' — BEKTOpP MPOIMYCKHOH Cro-

coOHOCTH Bcex HIpokoB (areHTOB pecypco). Crparerus
bp*={bu,*,bg‘,,*,...;‘bla.;p*} HaspiBaercs «ctparerueii lrakensGep-
ra» s urpsl G,°, ecin uis Beex €S umeem

5 A (14)

b].p'=argmaxh‘l.(\ﬂ.Uip'R’"{bip,b
3HaueHHe Uip'“*"(bp"jp') — nonesHocte no llTakennOepry

; s
nuaepa i B urpe G,

Teopema 2. Urpa G].,‘S} JIONYCKAET E€JMHCTBEHHYI0 TOYKY
pasHogecus 1o [ltakensOepry.

l'[ocPe;[cmoM IPE/JICTABICHHBIX BBILIE JIBYX MIPOBBIX MOjie-
neit G, T Gp‘s’ MBI [IPOJIEMOHCTPHPOBAJIH OOLIHI MeTOJL JUTs
JINHAMMYECKOI  OPKECTPOBKM  PECYpcoB B MPOrpamMMHO-
KoH(pHTypHpyeMoii cetn. OIHAKO 3a]a4ya ynpaBieHus MPON3BO-
mutensHocthio B [IKC eme tpeGyer cnocobHocTH nojiepixu-
BaTh B PEKHUME PEabHOIO BPEMEHN MexaHu3Mbl (P dexTuBHOrO
pacnpeie/ieHuss pecypecoB, MO3BOAIOIINE YAOBIETBOPATL Tpe-
Gosannsa k SLA uan QoS cornawenuii. Takum oGpaszom, B BTO-
poii dase paspaboTanHoil KOFHUTHBHON MOJIE/IM paccMaTpuBaeT-
¢ MoJielb pauroHaasHoit CMO, npeanasHadeHHas Juist ciydas
HEXBAaTKH PECYPCOB.

ITycTe B rpynmie p cymiecTyeT HabOp A, areHTOR 3aj1a4, BBIOH-
paroumx MOAKIIOYeHHe K i-oMy cepepy. Mcxons u3 Teopun mac-
coBoro obcmykuBanua s G(PEeKTHBHOTO pacrpeie/eHns pecyp-
COB NPUMEHAIOTCA npHopuTeTHbie Mojenn CMO. Oxanako s Ha-
LIEro WCCIE/A0BAaHMS NMPUMEHSETCS Wied pPalMOHANLHOI MOJe/H
CMO cpean HHTEIIEKTYAIbHBIX MTPOrpaMMHBIX areHTos [20].

C. Hexooneparupnas urpa G,

B AYKIHOHHOIi ouepenn

Bo Bropoii dase nukna anHammueckoro ynpasnenus B [TKC
Mbl @HAJIN3HPYEM MHOTOAreHTHYIO CAMOOPIaHU3YIOLYIOCH MOo-
JIellb B BUJIE HEKOONepaTuBHOi urpel. [Ipu 2TOM areHTsl KOHKY-
PHPYIOT 32 MO3ULKHK B OYEPE/IN CTABKAMH, CEIaHHBIMU JIeTallb-
no. Torna nannas MoOJeNb Ouepeid ABISETCH ayKIHOHHOIL.
ArenT, jKenaloluii crath nobeanTeNeM B ayKIIMOHE, HCIOJIb3YET
TPH JIOCTYITHBIX €My BapHaHTa CTpaTeruii:

— Crpareruio, COOTBETCTBYIOLLYIO paBHOBecHI0 1o Homy;

— Crpateruio ciy4yaiHbIX CTaBOK;

— Crpareruio, CO3/1aHHY0 Ha OCHOBE JIMHEIHHOM perpeccHu.

Janee noapobHO paceMOTPUM MOJIEb HEKOONEPaTHBHOMN
urpst G, .

Iyers 3apannas mozens odepean tuna M/D/1 co ckopocerbro
obcimyKHBaHMSL U YCIYT B €AMHMIYY BpeMeHH. ATeHThl 3ajad,
KOTOpbIE COEIMHAIOTCA C i-bIM areHTOM pecypca (cepepom),
MOCTYNAIOT B OUepe/lb B COOTBETCTBHM ¢ pacnpeaenenueM [Tyac-

COHa Co cpeﬂﬂeﬁ CKOpOCTBIO /TLJ_” AI'cHTOR 334 CIHHHILY BPEMCHH.

CpeaH areHToB 3a1a4

bbl1o nokazano B nepBoii (asze, uTO 3HaUEHHE 2, B onpeje-

NEeHHBI MOMEHT BpeMmeHH omnpenensercs no gopmyne (12). Ka-
AJIBIH AreHT 33/1a4K MMEeT OJIMHAKOBOE 3HaueHHe (PYyHKINH 1Mo-
nesnocrn U™, kak onpeneneno B (5), n oTensHOe 3HaUCHHE
CTOMMOCTH BPEMEHH OKHIAHUSA Y, CrEHEPHPOBAHHOE W3 PaBHO-
MEPHOr0 KyMynaTuBHOro pacripenenenus A(y)=Ay npu y€[0,y,],
rae y,— obmenssectHoe 3HavyeHue. Koraa aredt 3agaum npuxo-
JINT B OYEPE/Ib, OH JHOO MPHHUMAET PeleHHEe HE BXOJUTDH B O4e-

peab, IMb0 MIATHT CepBepy CTABKY X, KOTOpas He MOISKHT
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IEPECMOTPY M BO3BpaTy, 4TOOBI MOJYYHTL MECTO B OYEpPE/Iu.
Taknum oGpa3om, ecii OH JI0JDKEH K/1aTh B ovepean W eanHuily
BPEMEHH T10CJI€ MPEJOCTABIEHUA CTABKM X, €r0 KOHEYHas MpH-
6bitb Uy "-x-yW. Korjia HOBBIIi areHT 3aja4u BXOAMT B Ove-
peitb, ceppep OyeT H3MEHATD MOPSJIOK CBOEH OYepe/iH COracHo
poLe/ype, B KOTOPOil areHT ¢ HauBbicLieii cTaBkoii Oyaer 06-
cayxuBarees nepebiM. Ipeanonaraercs, 4ro ouepeab cyuiect-
BYET B TedeHue untelibHoro spemenu. CornacHo [16] Mbl ume-
€M CJIEYIOIINE MPEUI0KEHMS:

Mpenaoxenne 1. YuuTeiBas 10MyIIEHHS MOIEIH, OXKHae-
MO€ BpeMs, KOTOPOE areHT, OMIavnBalollinii cTaBky, MPOBOJNT B
ouepejIn, onpesieIseTes ClAeayonuM 00pasom:

W= - (as)
Ay [1-TB(x HrB(x)]
rae r=(Aip™ Wi, 310 KO PUIUMEHT HCMOIBL30BaHus, X* — npej-
CTABISIET MAKCHMAaJIBHYIO CTaBKY, MOJYYEHHYIO CEpPBEPOM, H
B(x) siBasiercst (pyHKIMEH pacripe/ieneHns BeTUHUHHBI X.

Jlns 3ajanHoOro cpenero BpeMeHH 0OCIyKHBaHHS Ouepe/lb
SIBIIAETCA COLMANBLHO KBa3HONTHMAIBHOM, €CIIM areHThl PaHkKH-
pytoTcs TakuM obpa3oM, uTo JUIsl ONPEIeIeHHOr0 YHC/Ia areHTOB
B OUEpe/IM CPE/IHEE 3HAUCHHE 3aTPaT M0 BPEMEHH, MOTPAuCHHBIX
areHTaMM, CBOJMTCA K MHHUMYMY.

Mpennomxenne 2. Jlna moboro 3ananHoro A(y), (yHkums
CTABOK X(Y) MPHUBOJMUT K COLMAIBHO KBa3HONTHMAILHON ovepe-
1M, ecii x(Y) ABISETCS CTPOro Bozpacrarowteil PpyHKimei no vy.

CyTb npejcTaBIeHHBIX TPE/UIOKEHUIT 3aK/1I09aeT B TOM, 4TO
JUISE MHHHMM3a1lHHA CPeIHEer0 3Ha4eHHs 3aTpaT 1Mo BpeMeHH ode-
peaM J0CTATOYHO PaHKMPOBATh areHTOB MO WX 3HAYECHHAM
CTOMMOCTH BpeMeHH Ooxujanus y. Tak Kak, npH yclIoBHH, YTO
X(y) sBAAETCA CTPOro Bo3pacTawouieii (pyHKUMei 1o y, areHThsl ¢
0os1ee BLICOKHMHM 3HAUEHMSAMH Y Pa3Mellalnch Mepejl TeMH, Y
KOTOpBIX 0O/lee HM3KHME 3HAUCHMS Y, M, CIIE/IOBATENILHO, 00CIIy-
JKHBAIUCH MEPBLIMH,

Teneps nycrs z=h;, U, A u r=(k;, Yu. Cornacuo [17],
ecnu r>z/(1+z) arentwl ¢ y<zy,/(r(1+z)) HaxopdaTcs B ovepejiH,
Jen1as CTaBKy:

| rAy |

x=—* (1+z-— e
A *A {[I/(I+z)]+rAy}‘ [1/(1+z)]+rdy

p

5 (16)

A arentsl ¢ y>(zy)/(r(1+z)) He BCTynaoT B odepe/ib, TO/A
9TH crparerun odbpasyror pasHosecue no Homy, T.e. Hu ojauH
areHT He OTKJIOHHMTCH OT CBOEH CTpaTeruu, MOTOMY YTO ITO
JIy4Inrii cnocof MakCMMHM3MPOBaTh CBOKO NpHOLLIL. bonee Toro,
ecnu r<z/((1+z)), TO BCe areHTHl PemIAlOT JeaaTh CTABKH Clle-
AYH0IMM obpaszom:

= B : , (17

’t.p.A(I"'} Ay UritAy) ;l.‘p'A(|-l‘+l‘A7)

Taxkum oOpazom, 3TH cTpaterun Takke (GOpMHPYIOT paBHO-
BecHe 1o Homry.

YuuTheiBas NPUBEICHHBIC BBILIE CTPAaTEryy, ObIJI0 J0Ka3aHO B
[17], uTo cepBep MOKET MAKCHMHU3HPOBATL CBOI J10X0J1 (CyMMy
BCEX [MOJYYEHHBIX CTABOK), PEryjupys 3HA4Y€HHE CKOPOCTH
o0cayKUBaHus u* TaK, YTOObI:

U_ l'['a\!A
G
¥ 7" (TA)
w147 U, ™A

1 (18)

[Tomumo cTparernun pasHosecus no Hanry, Bce areHTs MOTYT
BLIOpATH JIBE JIPYTHE CTPATErHH: CIYHaiHYI0 W JIMHEHHYIO per-
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peccuto. B ciywaiinoii crparerum areHt ciyuaiineiv oGpazom
peliaeT, BXOAMTh B OYEpe/b MIM HET, H BBIOMpaAET ciyuaiiHyio
cTaBKy M3 pasHomepHoro pacnpeaenenus [0,X]. [lauc ne Boiitn
B O4epe/lb yCTAHOBIIeH Ha /2y, .

ITpn crTparermsix ¢ JuHEHHOH perpeccHeil areHThl 3aaay
cHaOeHbl croco0HOCTRIO K o0yuenuio. Bce areHtsl moryr
YUHUTBCS HE TOJIBKO HA COOCTBEHHOM OIBITE, HO M Ha OIbITE JpYy-
rUX MIPOKOB M MPOrHO3MPOBATH BPEMs OKMIAHHS C MOMOLIBIO
METO/I0B JIMHEHHOI perpeccuu. A 3aTeM paccuuTarh HX OINTH-
MalbHbIE CTABKH:

max, G=U, "V -x-W(x), (19)
rae x+W(x) — pyHKUHS CTOUMOCTH.

C pacnpezenenuneM crasok B(x) uz (15) mbl Mmoem ornpejie-
nUTh 00UIMIT BUT TMHEHHOI perpeccHOHHOI MOJIeNn MeXIy 3Ha-
YEHUSAMH CTAaBOK M BPEMEHEM OKNJIaHHs, KaK MOKa3aHO HHIKE:

W'=ax+bx’+¢, (20)

OcHoBpiBasich Ha HAOMOAEHHAX, UMEIOINX (POPMY MaPHBLIX
3HadeHuit (x;,W(x;)), koTopele OBLIM MOJYYEHBI OT MPEIbLILYHIHX
00C/Iy’)KMBAaCMBIX arcHTOB, C TOMOIIBI0 METO/a HAUMEHBIIMX
KBQ/IPATOB MM ITOPUTMA TPAMEHTHOrO CITYCKa, MBI IOIYHUM
TouHBIT BU (hopmyibl (18). 3aTemM, HCMOIB3YS 3TY JIMHEIHYIO per-
PECCHIO CO 3HAYEHHMEM CTaBKM X;, paccuntanHoii no (16) mwm (17),
MBI MOJKEM TPeJICKa3aTh 3HaYeHHe BpeMeHH oxuaanns W(x;).

Hanomuum, urto juis (pyHkumn ontumusauun (19), urobsl
HATH ONTHUMAIBHYIO CTABKY, areHT BbIOEpeT CTaBKY, MaKCHMHU-
3UPYIONLYI0 YHeTY10 npubbulb G, U3 CBOEr0o MpoQuIs CTPaTErHn
CTABOK {X}.3/1€Cb BO3HMKAET BONPOC, KaKUM 00pa3oM Mbl MO-
JKEM YCTAHOBHTE NPOQH/IL CTPATErHH HA3HAYCHUS CTAaBOK {x}?

Ecnn kaxblii arent crniocode sanomuHats N nap sHaueHHid
(x;,(x;)), TO /U1 KajK10TO areHTa i/ CyLIECTBYET CBOH Mpoduiib
CTpaTeruit CTaBOK {X}={X; Xexpls...s Xexpr-1}. Ha Oase mannoro
MpouIs areHT MOKET HAHTH ONTHMAIBHYIO CTABKY IYTEM BbI-
MOHEHMST onTUMM3annn 1o (19).

Wrak, BO BTOpOIi (haze Mbl MOKazainH MyJbTHATEHTHYIO MO-
JIEIb JUIs JIMHAMMYECKOTO PACIIPE/IC/IiCHUs PECYPCOB B NMOATPYII-
e areHToB 3a/1a4, NoCTynaroumx K BelOpanHoMy cepeepy. boiin
MPEJUIOIKEH 110/IX0/] K areHTHOMY 00YYEeHHIO Ha OCHOBE METo/1a
JIMHEHHOM perpeccu Julsl MPOrHO3MPOBAHUS 3HAYEHUS! BPEMEHH
oxuganust Wix;). Oauako arentHoe odyueHHe BOBCE HE OrpaHu-
YHBAETCS JAHHBIM METOIOM, €r0 MOKHO PaCIIUPUTEL H YKPENHTh
JIPYTHMU criocodamu.

3akaouenune

IIpenoxena paspabotka aByxdasHoil apXUTEKTYPbl KOTHH-
THBHOI MOJIE/IM, NPeAHA3HAYEHHON JUIS YIIPABICHHS TPOH3BO-
JIMTENILHOCTRIO B [1POrpaMMHO-KOH(Gurypupyemeix cetsx. llox
C/IOBOM «KOTHMTHBHBIE» [OJIPA3yMEBAlOTCsl PAaCHpe/IeieHHbIE
MHTEIUICKTYAIbHBIE CHCTEMBI CO CHOCOOHOCTBIO 0Oecrne4unBarh
NPUHIMTTHAILHO HOBOI YPOBEHb aBTOHOMHOCTH OJarojaps BHe-
JIPEHHIO areHTHOI TEXHOJIOTHH M MPUHIIMIIA CAMOOPTaHH3alHK B
npoueccax ynpasienus. C Toukn 3penns Oyaymmx nocr-NGN
cereii, CONpoOBOXKAAIONIMXCA HEOJAHOPOJHOCTBIO M BBICOKOI Jn-
HAMHYHOCTBIO, TAKOIl MOAX0/1 BBITJISINT ONPaBAAHHBIM.

PaspabarpiBaemMasi MHOroareHTHasi CHCTEMa Ha OCHOBE Teo-
PETHKO-MIPOBOTO M0/1X0/1a MOKa3bIBAET HOBBIE BO3MOKHOCTH Ha
NYTH peajn3aluu HOBBIX CHCTEM YIPaBICHHSA TENCKOMMYHHKa-

uusimu. Kak Gbu10 nokasaHo B JaHHoil pabote, juisi aBTOMaTH3M-
POBAHHON KOOPAMHALIMH «3AIIPOC-PECYPC» U JHMHAMHYECKOTO
pacnpe/ielleHdss PecypcoB Ha [UIOCKOCTH YIpaBleHUs ceTei
T1KC nepcrneKTHBHBIM pellieHHEeM SIBJISIeTCS HCIOIb30BaHHe pas-
JIMYHBIX BHJL UTP, TAKHX KAK IBOIIOLMOHHBIE, HEKOONEPATHBHbBIE
n urpel Lltakens6epra.

Jas panbHeiimmx paGot ObLIM MOCTABICHBI 3a1a4H MPOBE/Ie-
HUSI UIMHTALMOHHOIO MOJICMPOBaHKs paspadaTbiBaeMoi Moje-
M M HCCe0BaHne npodiieM MYyJIbTHAreHTHOro oOyuyeHus s
yiyuiienust padorocnocobHocTH paspabarbiBaeMmoil aBTopamu
KOTHHTUBHOH MOJICIIH YIPaBICHHS.

Jluteparypa

I.  Tomwowmein Ab., Kowne 3.H., bopoouncrkuii A.A. Re-
evolution of telecommunications management: from hierarchical to
multi-agent systems.

2. Camyimos K.E., Yykapun A.B., Apxuna H.B. busnec-npoueccs! u
MH(OPMALIHOHHBIE TEXHONOMHH B YIIPABICHHH TEIEKOMMYHHKALHOHHBIMH
komnaHusimu. M.: Anbnuna [adnuweps, 2009. T. 9. C. 44,

3. Agoulmine N. (ed.). Autonomic network management princi-
ples: From concepts to applications. Academic Press, 2010.

4. White S.R. et al. An architectural approach to autonomic com-
puting // International Conference on Autonomic Computing, 2004.
Proceedings. IEEE, 2004. C. 2-9.

5.  Serugendo G.D.M., Irit MP.G., Karageorgos A. Self-
organisation and emergence in MAS: An overview // Informatica. 2006.
T.30. Ne 1.

6. [Topodeyrkuit B.H. Camooprannsalnsa 4 MHOTOareHTHbIe CHC-
tembl. 1. Mosiean MuoroarenTHoit camooprannsaunn // Mssectus Poc-
cuiickoil akanemun Hayk. Teopus u cuctembl ynpasienus. 2012, Ne 2.
C. 92-92.

7. Wooldridge M., Jennings N.R. Intelligent agents: Theory and
practice // The knowledge engineering review. 1995. T. 10. Ne 2. C. 115-152.

8. Han Z et al. Game theory in wireless and communication net-
works: theory, models, and applications. Cambridge university press, 2012,

9. Nadeau T.D., Gray K. SDN: Software Defined Networks: an
authoritative review of network programmability technologies. "O'Reil-
ly Media, Inc.", 2013.

10.  Bordini R.H. et al. A survey of programming languages and
platforms for multi-agent systems // Informatica. 2006. T. 30. Ne 1.

11.  Kravari K., Bassiliades N. A survey of agent platforms // Jour-
nal of Artificial Societies and Social Simulation. 2015. T. 18. Ne 1. C. 11.

12, Bellifemine F., Poggi A., Rimassa G. Developing multi-agent
systems with a FIPA-compliant agent framework // Software: Practice
and Experience. 2001. T. 31. Ne. 2. C. 103-128.

13.  Crobenes I1.0. u ap. MynbTHareHTHas cHcTeMa MijaHHPOBa-
HUS 33714 B NPOrpamMMHO-KOHDHTypupyembix cetax // KomnbioTephbie
HHCTpYMeHTh! B oDpasoBannu. 2013, No 4.

14.  Konosanoe M.I". m np. Moaenb B3anmoaeiicTBus norpedunre-
Jieit ¢ ylaqeHHbIMH BBIUHCIHTEIBHBIMH PecypcamMi uepes nocpeAHHKOB
/I Cuctemsl n cpeactsa Hupopmariku. 2009. Ne. 19. C. 5-33.

15. 'Oro S. et al. A game theoretic approach for distributed resource
allocation and orchestration of softwarized networks // IEEE Journal on
Selected Areas in Communications. 2017. T, 35. Ne. 3. C. 721-735.

16.  Kleinrock L. Optimum bribing for queue position // Operations
Research. 1967. T. 15. Ne. 2. C. 304-318.

17.  Lui F.T. An equilibrium queuing model of bribery // Journal of
political economy. 1985. T. 93. Ne. 4, C. 760-781.

18.  Weibull JW. Evolutionary game theory. MIT press, 1997.

19, Simaan M., Cruz J. A Stackelberg solution for games with
many players // IEEE Transactions on Automatic Control. 1973. T. 18.
Ne. 3. C. 322-324.

20.  Hassin R. Rational queueing. Chapman and Hall/CRC, 2016.

e —————

T-Comm Tom |3. #8-2019




NMHOOPMATUKA

GAME THEORY-BASED COGNITIVE MODEL FOR DYNAMIC PERFORMANCE MANAGEMENT
IN SOFTWARE-DEFINED NETWORKS

Nguyen Cong Danh, SPbGUT, St. Petersburg, Russia, nguyencongdanh0109@gmail.com
Boris S. Goldstein, SPbGUT, St. Petersburg, Russia, bgold@niits.ru
Vasiliy S. Elagin, SPbGUT, St. Petersburg, Russia, elagin.vas@gmail.com
Anastasia V. Onufrienko, SPbGUT, St. Petersburg, Russia, anastasia.499 | @mail.ru

Abstract

Nowadays, cognitive multiagent self-organization is the subject of intensive research in the field of info-communication technology,
because today, management solutions for traditional multimedia services are outdated, which creates new problems in the operation
of telecommunication equipment.This state-of-the-art in constructing distributed intelligent systems for telecommunication manage-
ment is already receiving attention both from researchers and from industrial application developers. This article discusses the basic
models of multi-agent self-organization for telecommunications management. A key point in cognitive network management models is
the construction of autonomous decision-making mechanisms. The purposes of this paper are to present the implementation of a game
theory-based cognitive model for network performance management, to analyze the possibilities of using this model in dynamic orches-
tration and resource allocation use cases in software-defined networks. Thus, special attention has been devoted to the developed mul-
tiagent management system architecture, the stages of which form various game-theoretic models with the participation of intelligent
software agents, designed to organize automated coordination of requests from the application layer to the corresponding network
resources. The authors proposed an approach to agent training based on the linear regression method for predicting the value of wait-
ing time. The developed multi-agent system based on the game-theoretic approach shows new opportunities for implementing new
telecommunication management systems.

Keywords: multiagent self-organization, network management, request and resource matching, resource allocation, SDN, post-NGN.

References

I. Goldstein A., Nguyen D., Borodinsky A. Re-evolution of telecommunications management: from hierarchical to multi-agent systems.
(in Russian)

2. Samuilov K.E., Chukarin A.V., Yarkina N.V. (2009). Business processes and information technologies management of telecommunication
companies. Moscow: Alpina Publishers. Vol. 9. P. 44. (in Russian)

3. Agoulmine N. (ed.). (2010). Autonomic network management principles: From concepts to applications. Academic Press.

4. White S.R. et al. (2004). An architectural approach to autonomic computing. International Conference on Autonomic Computing, 2004.
Proceedings. IEEE, pp. 2-9.

5. Serugendo G.D.M,, Irit M.P.G., Karageorgos A. (2006). Self-organisation and emergence in MAS: An overview. Informatica. Vol. 30.
No. I.

6. Gorodetskii V.I. (2012). Self-organization and multiagent systems: |. Models of multiagent self-organization. Journal of Computer and
Systems Sciences International. Vol. 51. No. 2, pp. 256-281.

7. Wooldridge M., Jennings N.R. (1995). Intelligent agents: Theory and practice. The knowledge engineering review. Vol. 10. No. 2, pp. | 15-152.
8. Han Z. et al. (2012). Game theory in wireless and communication networks: theory, models, and applications. Cambridge university press.
9. Nadeau T.D., Gray K. (2013). SDN: Software Defined Networks: an authoritative review of network programmability technologies. - "
O'Reilly Media, Inc.".

10. Bordini R.H. et al. (2006). A survey of programming languages and platforms for multi-agent systems. Informatica. Vol. 30. No. |.
I'l. Kravari K., Bassiliad.N. (2015). A survey of agent platforms. Journal of Artificial Societies and Social Simulation. Vol. 18. No. I. P. I ].
12. Bellifemine F., Poggi A., Rimassa G. (2001). Developing multi?agent systems with a FIPA?compliant agent framework. Software:
Practice and Experience. Vol. 31. No. 2, pp. 103-128.

13. Skobelev P.O. et al. (2014). Multi-agent tasks scheduling system in software defined networks. Journal of Physics: Conference Series. -
IOP Publishing, Vol. 510. No. I, pp. 012006.

14. Konovalov M.G. et al. (2009). A model of consumer interaction with remote computing resources through intermediate. No. 19, pp. 5-33.
(in Russian)

15. 'Oro S. et al. (2017). A game theoretic approach for distributed resource allocation and orchestration of softwarized networks.
IEEE Journal on Selected Areas in Communications. -Vol. 35. No. 3, pp. 721-735.

16. Kleinrock L. (1967). Optimum bribing for queue position. Operations Research. Vol. 15. No. 2, pp. 304-318.

I7. Lui F.T. (1985). An equilibrium queuing model of bribery. Journal of political economy. Vol. 93. No. 4, pp. 760-781.

18. Weibull J.W. (1997). Evolutionary game theory. MIT press7.

19. Simaan M., Cruz J. (1973). A Stackelberg solution for games with many players. IEEE Transactions on Automatic Control. Vol. 8.
No. 3, pp 322-324.

20. Hassin R. Rational queueing. - Chapman and Hall/CRC, 2016.

Information about authors:

Nguyen Cong Danh, postgraduate, Department of Infocommunication systems of SPbGUT, St. Petersburg, Russia

Boris S. Goldstein, Professor of the Department of Infocommunication systems of SPbGUT, St. Petersburg, Russia
Vasiliy S. Elagin, associate Professor of the Department of Infocommunication systems of SPbGUT, St. Petersburg, Russia
Anastasia V. Onufrienko,- postgraduate, Department of Infocommunication systems of SPbGUT, St. Petersburg, Russia

T-Comm Vol.l3. #8-2019




TPAHCIMOPT

ONMPEAENIEHUE MECTOHAXOXKAEHMSA MAJILIX BO3AYLUHbIX
CYAOB NPU ABAPUAX U KATACTPODAX
C UCNOJIb3OBAHUEM CNMYTHUKOBbLIX CUCTEM

DOI 10.24411/2072-8735-2018-10299

AnhntMaramb6etos AnTtan 3ycdaposuu,
ATOO "Mncmumym Kocmu4eckol mexHUKU u mexHosoaui"”,
2. Anmamel, Kaszaxcman, altayzf@mail.ru

Epemun [lenuc NeaHoBuy,
ATOO "MHcmumym kocmuyeckoll mexHUKU U mexHoso2ul",
2. Anmamel, KasaxcmaH, denis.e@bk.ru

Xakcbirynosa Ouuapa MNanumxaHoBHa,
ATOO "Mncmumym Kocmu4eckol mexHUKU u mexHosoaui"”,

2. Anmamel, KazaxcmaH, zhaxygulova.d@istt.kz .
Knro4eenle cnoea: MOHUmOPUHZ hosiemHou

Kanuesa Pumma AbGpabikanapoBHa, mpaekmopuu, MOHUMOpUHz, Masoe 8030ywHoe cydHo,
ATOO "MHcmumym Kocmudeckol mexHUKU u mexHosoaud"”, 27106a71bHAA HABU2AUUOHHAA CNYMHUKO8AA CUCMEMA,
2. Anmamel, KazaxcmaH, keshrim95@gmail.com CnymHUK08as ceAsk, be3onacHocme nosiema.

Heob6xoauMocTe MOHMTOPUHIA BO3AYLUHbLIX OGLEKTOB BO3HUKIA C MOMEHTA MNOABNEHUA CAaMUX BO3-
AYLIHbIX 0GBLEKTOB, U peLlanuch C UCNONb30BaHUEM TAaKUX UHCTPYMEHTOB, Kak paiMOCBA3b, paauo-
neneHraums, paauonokauus u apyrmx. C nossneHueM rno6anbHoOM CNyTHMKOBOW HaBUraLUM Hava-
Nnocb MaccoBOe BHeJpeHUe HaBUraLlMOHHOTo 060py/A0BaHNA NPaKTUHECKU BO Bce chepbl BOEHHOWM
W XO3ANCTBEHHOW AEATENLHOCTU YesloBeKa U B NepByio ovepe/b Ha NOJABUKHbIE 06beKTbI (aBTOMO-
6unu, Bo3ayLIHbIE Cya, MOPCKME CyAa U T.4.). DTO NO3BOIUNO 3KUNAXKaM BO3/YLUHbIX CY/10B C Bbl-
COKOM TOYHOCTLIO OMNpeAenaTL CBOM KOOPAUHATLI B PeXXMMe peanbHOro BpeMeHu npu niobbix no-
roAHbIX ycnosuax. OpHako opraHusauua 6ecnepe6oitHoi nepefaym AaHHLIX HA Ha3eMHble AucneT-
YepcKue NyHKTbl ocTaBanack npobneMarnyHoi. B cBA3M c 3TUM, CUCTEMbI MOHUTOPUHIA BO3JYLLIHBIX
CyAOB B MEpBYIO O4epefib YCTaHABMMUBAJIMCb HA BOEHHble CaMoOMNeTbl U CaMONeTbl FPpaXKjaHCKOM
aBMaLMK, 2 OCTaJIbHbIE KaTeropuu U BU/bl aBUALIMM OCHALLANIUCh TONLKO CUCTEMAaMM CBA3W. TakuM
o6pa3oM, B HacTosAllee BpeMA B Ma/iOi aBUALMK CylecTBYeT Npo6neMa oTCyTCTBMA HaBUIaLMOH-
HBIX YCTPOWCTB, MO3BOMNAIOLIMX NPOBOAUTL MOHUTOPUHT Noneta u obecneumsBalowmx ceasb. B pe-
3ynbraTe, Npy aBapuHOM NOCa/ike BO3AYLUHOIO CylHA MaJ/iOi aBUALIMM HA NMOUCK €70 MECTOHAXO0XK-
AeHun TpebGyeTtca 60nbLIOE KONUYECTBO BPEMEHU U CUJI, YTO HE NO3BONAET OKa3aTb IKCTPEHHYIO Mo~
MOLLL NacCaXKMpaM U 3KUNaxy cyaHa.

YkasaHHylo npo6neMy cnoco6Ha peluuth paspabartbiBaeMas cUCTeMa OonpefenieHA MeCTOHaXoX-
AEHUA ManbiX BO3AYLUHBIX CY[JOB C UCMOJIb30BAHUEM TEXHOMNOIUM rMoGaNibHLIX HABUraLMOHHbLIX
CNYTHUKOBBLIX CUCTEM U MOGUNBLHOW CNyTHUKOBOW cBA3U. [laHHaA cucTeMa BKIIOYaeT ycTpoicTea
ANA perucTpauum MecrononoxeHus HabniogaeMoro o6bekra, nepeaaim AaHHbIX NOCPEACTBOM MO-
6MnbLHOM COTOBOM M CMYTHUKOBOM CBA3M, 06paboTKMU, XpaHEHUA U oToGparkeHna AaHHbix. Mpeana-
raemMas cucteMa, nyTeM HenpepbIBHOW PerncTpauum u nepeaaym AaHHbIX O MECTOMOJNIOKEHUU BO3-
AYLIHOTO Cy/iHa Ha3eMHOMY JUCMETYEPCKOMY LiEHTpPY, Cnoco6CcTByeT MMHMMU3aLMUKU BPEMEHU U CY-
YKEHUIO 30HbI NOUCKA BO3/lYLLHOIO Cy/iHa, COBEPLUMBLLETO aBapUAHYIO NOCaAKY.
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Beenenue

Manas aBuaims ABIsSETCA OCHOBOI aBHallMK OOIIETo Ha3Ha-
yenust (AOH) u oGecrneunBaeT nepeBo3Ky MaccaKHpoB U IPy30B,
a TakikKe CeIbCKOXO3AHCTBEHHbIC, MATPY/IbHbIE, CAHUTAPHBIE,
yueOHbIE M JIpyrue HyK/bl HaceneHus M crpanbl. Karteropus
MasblX BO3AYLIHBIX cyaoB (BC) Britodaer jierkue M cBepxJier-
ke BC, a taoke GecnMaoTHLIE NeTaTeNbHBIE AMnaparbl Maccoit
or 10 kr. K Hacrosmemy momenty uncnentocte BC, otHOCs-
mMxcs K Manoil apuanuu cocrasaser 89 % ot obuiero umcna
BC. ITpu 2TOM pPbIHOK MaJI0i aBHaliK MPOI0/IKACT HHTEHCHBHO
pactu [1, 2] u Tpebyer coBeplueHcTBOBaHUA cHCTeMbl Oesonac-
HOCTH, CBEPXTOYHOTO KOHTPOJS MEPEeMEUIEHUS BO3IAYIIHBIX CY-
JIOB M HCKII0YEHHs OMIHOOK, OCHOBAHHBIX HA HEJAOMOHHMAHHH
NUIoTa M AHCneTyepa.

[To panueiM MeKrocy/1apcTBEHHOTO aBHALIMOHHOTO KOMHUTE-
Ta (MAK) B 2018 r. B rpaxmaHckoil aBHallMH TOCYJapcTB-
YYACTHHKOB Merocyaapersennoro CornamieHus o rpaikia-
CKOH aBHalMu M 00 MCTONBb30BAHHHM BO3/YLIHOTO MPOCTPAHCTBA
13 58 aBuanpouciiecTBuii 35 MpoOM30MIIO0 ¢ YyHAaCTHEM MalbIX
BC, B pesynprare uero norndian 44 yenosexa. OCHOBHBIMM ITPH-
YUMHAMU JIAHHBIX MPOMCLIECCTBHIA ABISIOTCS uenoBedeckuil ax-
TOP H HEUCNPABHOCTh TeXHUKH [1].

[Tpu Bemonnenun nojeror BC mManoil aBHalmu Ha MeCTHO-
CTH, YJAICHHOH OT paaapoB HACTOJBKO, YTO OTCIEKHBAHME MX
IMOJIETA OKA3BIBACTCH HEBO3MOXKHBIM, B cnyqae anapuu HJIH Karta-
crpoel nmouck mecra apapuiinoit nocaaku BC npencrasisier
coDoii cloKHYI0 3a/1a4y, BBINOIHEHHE KOTOpoil Tpebyer 3Ha4uM-
TEeJIbHBIX BPEMEHHBIX M (DUHAHCOBBIX 3aTpaT, 4TO TPUBOJMT K
CHHMIKEHHIO BEPOSITHOCTH CIIACEHHs JKNU3HH JIIOJICH.

3HAYUTENILHO COKPATHTL BpeMsi U CY3HMTh 30HbI noucka BC,
COBEPUIMBLIETO aBApHIHYIO MOCAJKY, MOMKHO [yTeMm odecrede-
HUS HENPEepPBIBHOTO HMH(OPMHPOBAHWSA HA3eMHBIX JHCIIETYEp-
CKMX MYHKTOB HABMIallMOHHONH MH(OpMalneid o noiere, B TOM
YHUCIE JIAHHBIE O TPACKTOPMM M mapamerpax nojera. B coepe-
MECHHBIX CHCTEMax ynpasﬂ{:}ms MOJIETOM B LEJI4X HaBHMIauHH
ucronb3yiores npubdopel GPS/Imonace, kotopeie Aal0T 3HATH
koopauHaTel BC Tonbko sxunaxy 0e3 nepeaaun JaHHBIX HazeM-
HBIM JHcheTdepckuM nyHkTam. becniepeboiinas nepenaua noc-
TOBEPHBIX HABUTALMOHHBIX JAaHHBIX ¢ 17100a1bHON HABUIALMOH-
Holi crrytHukoBoi cuctembl (THCC) B peskiMe peajibHOro Bpe-
MEHH MOXKeT ObITh OpraHu30BaHa ¢ UCIOJIL30BAHMEM HOBEHIINX
JIOCTHKEHNI B 00J1aCTH nepeayn CHrHAIOB Yepes HU3KoopOu-
TalbHBIC MOOMIILHBIE CITYTHHKOBBIE CHCTEeMBI CBsi3n [ 1, 2].

B cBsa3m ¢ 3THM, cO3/1aHHE CHCTEMbI MOHHTOPHHIA MOJIETHOI
TPACKTOPHM  MaIbIX BO3JAYLIHBIX CYJOB C HCHOJIb30BaHHEM
I'HCC u HM3K0OpOMTAIBHBIX CIYTHUKOBBIX CUCTEM CBS3M SIBJIS-
eTcs aKTyallbHOM 3a/1aueii.

JIlnTepatypusblii 0030p

OnpejienieHHe MECTOHAXOAJICHUS. U IAPAMETPOB (CKOPOCTS,
YCKOpEHHE M HalpasieHHe MepeMeLieHns) JBHAKEHUs BO3/Ly1l-
Horo cyana (BC) B mpocrpaHcTse — 0JiHA M3 OCHOBHBIX 3ajad
nHaguramun, C 1enbi0 HAa3eMHOrO OIpe/esieHHs MecTOMNOoI0Ke-
Hus 1 napameTpoB asvieHns BC MoryT ObITh NpUMEHEHBI T€0-
TEXHUYCCKHE, ﬂC’I'pOHOMH‘]CCKHL‘, pa,i’.lHO'['CXHH'-[{BCKHG H CBETO-
TexHUueckue cpejacrtea nasuranun [3]. HanGonee pacnpoctpa-
HEHHBIMH ABIAIOTCA PAIMOTEXHHUYECKHE CPEJCTBA HABUrallHH,
OCHOBaHHbIE HA M3IIYUYEHHH W MPHUEME PaIHOBOIH OOPTOBBIMH H
HA3eMHBIMH PAJMOTEXHUYECKUMH YCTPOHCTBAMH W H3MEPEHUH

T-Comm Vol.l3. #8-2019

TPAHCMOPT

[apamMeTpoB pPaJMOCHIHAA, HECYLIEro HABMIallMOHHYIO HHpOpP-
mannio. OCHOBHOI CHCTEMOI paIMOTEXHHYECKHUX CPE/ICTB HaBu-
raiun ABageTcs paanoHaBurammMonnas cucrema (PHC). Knaccn-
¢nxaums PHC npeacrasnena na puc. 1 [3].

i AanbHAAR Hasurayna
] 1 NWAHHAR HaBsUrauuna

[ no HasHa4YeHWo

no MeToay onpeaensHua
NONOXKeHWs!

PHC

no MeTogy M3mepeHus
pagnoHaBurayuMoHHbIX
napameTpos

aMnNUTYHO-BPEMEHHBIE i
4acToTHO-(hasoekie ]

Puc. 1. Knacendukarma PHC

B nactosiuiee Bpemsi HabatoaeHue 3a nonerom BC ocyiuect-
BJISIETCS C UCTIONBh30BAHUEM CIIEIYIONIHX cHeTeM [3]:

- paauocucTeMbl OmmKHEH HAaBHralMu M MOCAIKH
(VOR/DME — VHF Omni-directional Radio Range/ Distance
Measuring Equipment u ILS — instrument landing system);

- PaJIHOCHCTEMBI JIA/IbHE HABHIALIHH;

- CIYTHHMKOBBIE Pa/IMOHABHIAIIMOHHBIE CHCTEMBI (CHCTe-
Ma C TeXHOJIOrHell aBTOMATHYeCKOro 3aBUCHMMOro HabIoaeHus-
sewannsa A3H-B — Automatic dependent surveillance-broadcast
ADS-B).

[IpuMeHsiemble pajMOCHCTEMbl ONIMKHEH HaBHUTallMM Tpe-
CTaBIAl0T co0O0i  KOMIJIEKCHBIE CHCTEMbl paJHMOHABUTAIINH,
BKJIIOUaolne 60pTosoe 000py/10BaHHE W HA3EMHBIE BCEHANPAB-
JIEHHBIE a3MMYTAJIbHO-/Ia/IBHOMEPHBIE PaJHOMasikH H 10canod-
HO-pajioMasiyHbie rpynnsl. [IpuHumn 1eicTBrs JaHHbIX CHCTEM
OCHOBAH Ha OMNpeIe]eHHH JalbHOCTH 1 a3uMyTa HalIlio1aeMoro
00BEKTa TI0 OTHOHICHHIO K Ha3eMHOMY painnomasky (PM).

Cucrema nozposseT onpeaensats koopanHatel BC He Tonbko
Ha OopTy, HO M B HaseMHOM nyHkre. Jlns HazemHoro onpejesne-
HHS JanbHOCTH R 1 asumyTa 0 BO3/LyLIHOTO CY/IHA OTHOCHTEIb-
HO pajnoMaska (puc. 2) nepeaaTdyik Ha3eMHOTO Maska MochUia-
eT 30HIMPYIOIINE HUMIYJIbChl, KOTOpbIE peTpaHciupyer Oopro-
Boe obopynoeanne BC, a 3aTrem npuHHMaeT HazeMHOe 000pyn0-
ganue. JlanbHocts R BC oT gaHHOro pajgmoMaska paccuMThbIBa-
eTCH MCXO/ISl M3 M3MEPEHHOI0 BPEMEHH 3a/ICPKKH OTBETHOTO
CHI'HAJIA 110 CPABHEHMIO C 3anpocHeIM curnanoM. Onpeenerne
azuMyTa 6 NPOMCXOAMT MO YITOBOMY MOJIOMKEHHIO JHATPaMMBl
HAIpaBJIeHHOCTH B MOMEHT MPUX0/1a OTBETHOrO curHana [1].
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Puc. 2. Cxema onpeaenexus nonoxenns BC
YTIIOMEPHO-1ATBHOMEPHBIM METO/I0M
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Paaunocucremsl
creIyIoume 3anaun:

—  HenpepeiBHOE omnpejenenue mectononoxenns BC kak
Ha OopTy, TaK U Ha 3eMJIe;

—  BBINOJHEHHUE T0JIETA I10 38/IAHHOMY MapLIpyTy;

—  BBIBOJ camolieta B Jo0y10 3aJaHHYI0 TOYKY HE3aBHCH-
MO OT ycn(}m{ﬁ BHJIHUMOCTH C yxa'saHueM MOMEHTa Mnojaxoja K
TOYKE M MOMEHTA €€ MpoJIeTa;

—  OCYILIECTBJICHWE KOHTpOJHpyemoro mnpobusanus o006-
TAYHOCTH M 3aX0/1a HA MOCA/IKY;

—  HaDJIOIeHHUE C 3eMJIM [0 MHANKATOPY Kpyrosoro 0030-
pa (MKO) 3a camosaeramu, onpeaesieHHe UX KOOPAMHAT U OI0-
3HaBaHUE CAMOJIETOB, eC/Ii OHH 00OpY/10BaHLI CaMOETHOI ar-
naparypoii CHCTEMbI ONO3HABAHHS.

Pannorexunueckas cucrema B O1mzkHel HaBuraumu padoraer
Ha YIBTPAKOPOTKHX BOJIHAX, 0TOMY OOMEH CHTHAJAMH MEKLY
CamMOJIeTOM M HA3eMHBIM MaskOM BO3MOJKEH JIMIIbL HA JAlbHO-
CTAX NPAMO BHIHMOCTH, KOTOPask B OCHOBHOM 3aBHCHT OT Bbl-
COTHI MOJIETa, HaNpUMep, NMpH BeicoTe noieta 10 kM JaabHOCTB
jeiicteus cocrapaser 10 380 kM. B ropuoit mecTHOCTH M 1pH
HAJMYUK TIPEMSITCTBII HA IYTH PAacpOCTPaHEHMs YIbTPAKOPOT-
KUX BOJIH JIa/IbHOCTh JEHCTBUS CUCTEMbI YMEHBIIACTCH.

Hawnbonee pacnpoctpaneHHOH pajMOHABUTAIIMOHHON CUCTe-
MOI1 3axo0/Ja Ha MOCaJKy SIBISIETCH KypCO-IJIMCCcaaHas cucrema.
ﬂaHHHﬂ CHCTEMA COCTOMT M3 KprDB()l"() H TJIHCCaJIHOIO pa,!_l]-{()-
MasikoB, 00pasylolMx MOCA04HO-PAAHOMATYHYIO TPYINTY M
M3JIYHAIOIINX  PajMOCHTHAABL B npoctpaHcTBo. Kypcopoii u
TJIMCCATHBIA paHOMAasKH YCTAHABIMBAIOTCA B HEMOCPEICTBEH-
HO# GamM30cTH K B3/MeTHO-nocano4Hoil nonoce (BITIT). Ipuem n
obpaborka curuajzioB Maskos OopToBbiM 0Oopy/l0BaHHeM obec-
[eYHBAET HABEJCHME CAMOJIETa B TOPU3OHTAILHOH ILIOCKOCTH
(1o Kypcy) W BepTHKaIbHOI rutockoctH (mo ramccane). Cxema-
THYHOC H306pa}1\'cnne T]pl)l_lBCCB MmocajKku camoiera 1o [(ypl.:()'-
IJIMCCA/IHOI CHCTEeME TTOKa3aHo Ha pHc. 3 [2].

OmKHElil HABUrallMM  MO3BOJIAIOT pelaTth

. Hampa rocinie | McaR

[ l3ockocm, wesau

Puc. 3. Cxema nocajiku camonera no KprOvFJ'llicca,B.H(}ﬂ CHCTEME

WUmnynbeHo-(asoseie M (pa3oBble PajMOCHCTEMBl Jla/IbHEH
HABUTALIMK TIOJIYYUIIH IIMPOKOE PACpOCTpPaHEHHe, TaK KakK I0-
3BOJIIFOT OOBEKTAM OIpe/ieliaTh CBOM KOOPJMHATEI, KOTJa OHH
He HAXOJATCs B 30HE MPAMOH BHAHMOCTH pajnomaskoB. [lanHbie
CHCTEMBI HCITOJIB3YIOT CBEPX/UIMHHBIC BOJIHBIL, /U1 KOTOPBIX Ha-
Omonaercst crnabasi 3aBHCHMOCTL  3aTYXaHMs HAMPSIKEHHOCTH
[0Ji OT PAcCTOSHHA, YTO [03BOJIsET 0o0ecHedYnTh JalbHOCTh
neiicteus cucremsl Oomnee 900 km [8].

OCHOBOH pajIMOCHCTeM JIaIbHEH HABUTALMK SABISIOTCSA ONOpP-
HBIE CTAHLMHM C M3BECTHBIMM KOOPJMHATAMM, KOTOPBLIE TOIBKO
NoOChL1alT HABUTI'AIIMOHHBLIC CHI'HAJIBI.

B cBoro ouepenb, 6oprosoe obopyaosanne BC npunumaer u
oOpabaTkIBaeT CHIHATIBI,

Jlns onpenenennst koopaunar BC npumeHsieTcs pasHOCTHO-
JIJILHOMEPHBIH METO0Jl, OCHOBAHHBIH Ha IMOCTPOCHHH JIMHHI
paBHBIX  Pa3HOCTHBIX  paccrosHuil. [lpuHumn  pasHocTHO-
JaTbHOMEPHOTO METO/1a 3AK/II0YAETCs B M3MEPEHHH C MOMOIIIBIO
NPUEMOMHINKATOPA BPEMEHHOH pPa3sHOCTH MEXKIY NpPUXOI0M
CHTHAJIOB OT Maphbl CTaHIMif. JTa pa3HOCTh ONpeienseT JHHUI0
MOJIOKEHUS BO3AYIIHOIO ¢y/Ha B Bujae runepboss. Jlus onpe-
aenennst TouHelx KoopauHaT BC HeoOX0AMMO MHHMMYM JIBE
napel cranuuii [9].

PagnoTexHUUecKkHe CHCTEMBI JalibHell HaBHTralluk peluarT
CIIEIyIOIIHE 3a/1a4H:

—  onpeaenenne Mecrononoxkenns BC ¢ nomomnbio crienu-
ANBHBIX KapT ¢ runepOoInYecKkoii ceTkoii;

—  ompejesieHHe HAaBUTalMOHHBIX JIEMEHTOB MOJeTa;

—  peTpaHcisLMs CHTHAJIOB JUIsl Mepeadn Koop/HHaT ca-
MOJIETOB, Teprnsaiux OeAcTBHE, W NMpPH MOUCKE YKUMaxKei, co-
BEPUIMBIINX BBIHYKIECHHOE MPH3EMIICHHE.

HaunGonee coBeplieHHBIMM SBISIOTCS CHYTHHKOBBLIE pajino-
HaBuraunoHuele cuctemel. Cucrema ¢ texuonorueit A3H-B no-
3pojiser Habmoaare 3a AswixkenneM BC u nosyuars napamerpbl
neuxenns BC, kak na Gopry BC, Tak ¥ Ha Ha3eMHBIX TIYHKTaXx.
Jlannas cucrema xapaktepusyerca Haubolee BBICOKOH TOYHO-
CTBIO ONpeJIeeHNs HaBuraunoHHeIX napamerpos BC cpean Beex
n3BecTHeIX cucteM. B ocnoe A3H-B nexut cucrema riodalib-
Horo nosutonnposanus GPS wim cucrema unepumaibHoif Ha-
BUTAIMM JUIA OTpEJe/ieHHsl TOYHBIX KOOPAMHAT BO3YIIHOTO
cyjiHa B mpocTpaHcTie [2].

Bozayuinsie cyia, 000py/10BaHHBIE CHCTEMOI ¢ TEXHOJIOTHEH
A3H-B, takxe cnocoGHbI nepeasarh Takyo HHGOpMaIMIO, Kak
KYPC, BBICOTA, TOPH3OHTA/ILHAS M BEPTHKAIBHAA CKOPOCTh, JPY-
rumM BC, a TakKe Ha3seMHBIM [YHKTaM, HaXO/SIHMCS Ha pac-
crostauu J10 440 Kkm.

[1pu ucnons30BaHUK cHCTEMEI ¢ TexHosorueii A3H-B Ha ak-
paHax pajaHoIOKAllMOHHON CTAHIMK JABHIKEHHS BO3IYUIHBIX CY-
noB u Ha 6opry BC orobpaxaercs TouHas KapTa pacroaokeHns
BC.

Cucrema ¢ texnonorueit ASH-B (ADS-B) cocrour u3 cie-
JYIOIINX KOMIIOHEHTOB (pHc. 4):

—  [epeslalolLylo MOJCHCTEMY, KOTOpas BBINOIHACT (YHK-
unu HOpMHPOBAHUS W TIEpeLadu JOHECeHHH HAa OTIIPaBIIAIOLIEM
BO3/IYIIHOM CYJHE/TPAHCIOPTHOM CpeCTBe/TIPENsTCTBHHI;

—  paavoBelaTelbHbI pekuM IMHUN Tepe/iadn JaHHBIX,

—  NpPUEMHYIO MOJICHCTEMY, KOTOpas BK/IoYaeT (DYHKIHH
npueMa M cOOpPKM JIOHECEHHil HAa NMPHHUMAIOIIEM BO3YLIHOM
Cy/IHE/TPAaHCTIOPTHOM CpEeJICTBE WIIM B NPUHHMAROILEH Ha3eMHOH
CHCTEME.

________________________ 1
rCMCTEMa ADS-B

MepepaT4uk

» WicTounmkn
HABWraLWOHHBIX
AaHHBIX

» [laHHble o
M3MEPEHWH |

« Bapometpudeckan
BBICOTA,

« [Ipyrie BeIXOAHbIE
AaHHble

MNpwemHmuk

pagvoBeljaTensHbIi pexum

NUHUM Nepefaqn gaHHbix | OOPa0OTKA AaHHbIX

Puc. 4. KomnoHeHTs! cucTeMbl ¢ TexHonorueit ASH-B
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B npouecce pabotst cucrems ¢ Texnonorueit ASH-B BC on-
penensier ceoe mecronosoxkenue no cucreme 'HCC, 3arem ne-
penaTuuK, ycraHoBiaeHHbl Ha BC, nepegaer nanHble nmocpejicT-
BOM pajiMocHrHana. PagvocurHan npuHUMAaeTcsl MpUeMHUKaMM,
YCTAHOBJICHHBIMM Ha JIPYTMX CaMoOJleTax M Ha3eMHBIX MMYHKTax,
riae npoucxoaut odpaborka nosyueHnoi uupopmarun. OcHOB-
HBIMH JOCTOMHCTBaAMH Cpe,lCTB pa,uuonasurauuu ABJIAKOTCH HX
crocoOHOCTL paboTaTh MPAKTHUECKH B JHOOBIX METEOpPOJIOrnye-
CKUX YCIIOBMSIX JHEM M HOYbIO, TIPOU3BOAMTL M3MEPEHHs C BbI-
COKOI TOYHOCTBIO M onpeaenarts abcomorneie koopaunarsl BC
¥ MYTEBYHO CKOPOCTh MOJIeTa.

OyHaKo pajiMOTeXHUYECKHE CPEICTBA TMOJBEPIKEHBI €CTecT-
BEHHBIM M OPraHH30BaHHBIM [OMeXaM, OrpaHHuYeHbl B JaJIbHO-
CTH JICHCTBHSL, TOMHOCTh WX H3MEPEHHIl CHMXKAETCH 110 Mepe
yaanenust BC o1 Ha3eMHO# 110/iIcHCTEMB] H PAJHOJIOKALIMOHHOIO
OopHeHTHPa. B CBA3M ¢ DTHUM, NPUMEHEHHEM PAIHOTEXHHUYECKHUX
CPEJICTB HaBUTallMM HEBO3MOKHO 00ecneuuTh OecrpepbiBHbII
MOHHTOPHHT MPH MOJETE U ONPEAEIEHNE MECTOHAXOMICHUA TIPH
aBapHsx M KaTacTpohaxX MabiX BO3IYIIHBIX CYJIOB.

Cucrema MOHHTOPHHIA MOJIeTHOH TPAEKTOPHH
MaJbIX BO3AYIIHBIX CY10B

PaspabarbiBacMasi cucTeMa MOHHTOPHUHTA MOJICTHOH Tpaek-
TOPHHM MAJIBIX BO3AYIIHBIX CYOB MpejacTasiseT coboii aBToMa-
TU3HPOBAHHYIO CHCTEMY, BBINOJHAKLIYI0 cOOp Telnemerpuye-
CKHX M HABHUTALUMOHHBIX JAaHHBIX, Tepe/iaqy JaHHBIX C UCTIOIb30-
BaHHEM MOOMJIBLHON COTOBOIl MM CIYTHHKOBOH CHCTEM CBSI3M,
npuem, 00paboOTKy, apXHBHPOBAHHE JAHHBIX M BhIAa4y HH(OP-
MaLMH 110JIb30BATCIIAM CHCTEMBI.

CHCTCM& COﬂﬂ‘p}KHT Tpl"] OCHOBHBIX KOMIIOHCHTA — TCpMHHaJT.,
uentp obpaborku jaanubix (L[OJ1) u aueneruepckuii ueHTp
(JAL1). OcHOBHBIMHM KOMIOHEHTAMH TePMHHANIA ABISAIOTCH HABU-
ralMOHHBII MOJIYJIb, MOJTYJIH CBSI3H, OapOMeTpHUECcKHii JaTYHK 1
JIATYMKH COCTOSIHMA TepMmHHana. TepMuHan ycTaHaBIMBAETCs HA
6opr BC u obecnieunBaeT perucTpalfio BXoIHOH HH(popMam
(TeneMeTpHYeCKMX M HABHTAllHOHHBIX JIAHHBIX) O COCTOSAHWH
nabmonaemeix BC u nepejauy JaHHbIX 1M0Cpe/icTBOM MOOHIIb-
HO# COTOBOM MJIM CITyTHUKOBOH CBSI3M B LEHTP 00pabOTKH JlaH-
Hpix. [HOJ1 obecrnieunBaer aBTOMATHUYECKHil, HENpepbIBHBIA M
napajieabHbli BO BpEMEHH MPUEM JaHHBIX OT BCEX 3apPErucTpH-
POBaHHBIX TepPMHHANOB, 00paboTKY N apXHBUPOBAHHE JAHHBIX,
1 npeaocTapinenne obpaboranneix ganueix B [ B nucneruep-
CKOM IIEHTpe 0ToOpakaloTes JaHHbIE O MECTOTIOIOKEHUH U JIpY-
rie napamerpsl BC, ¢ moMombio KOTOPEIX YNPOIIAIOTCS MJIeH-
tudukanus BC u nouckopsie pabotel B ciiyyae upe3BelbaiiHOil
CHTyauuH.

AaropuT™ GyHKUHOHHPOBAHUSI CHCTEMbI MOHUTOPUHTA
NOJIETHOH TPACKTOPHH MAJIbIX BO3AYIIHLIX CY/10B

Anroput™ (pyHKIIMOHHPOBAHWA CHCTEMBI MOHMTOPHHTA IM0-
JIETHOH TPAeKTOPHH MAIbIX BO3IYIIHBIX CYAOB MPEACTABICH B
Bujie UML (Unified Modeling Language) anarpaMMbl JesTenb-
HOCTH (pHcC. 5).

JlaTuuKkK cOCTOSHHS TepMUHANA (JIaTYHK KOHTPOJIS LEI0CT-
HOCTH TEPMHHAIIA M JIATYHK KOHTPOJIS Tpoca) U GapomeTrpuuie-
CKMil JaT4HK TepMHHANA BCerJa HaxoIATcs BO BKIIOYEHHOM
cocTosHuU. [IpH MOAHATHH BO3IYIIHOIO CyjHA Ha BhICOTY Oa-
POMETPHYECKHIT IATYMK PETHCTPUPYET M3MEHEHHE aTMoc(epHo-
ro JIaBIeHHs W MPOMCXONT BKIIOYEHHE MOJIyJIei TepMHHAaa.
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Jlanee GOPMHPYIOTCS OCHOBHBIE TEJIEMETPUYECKHE M HABH-
ralHOHHBIC JAHHBIC: M3MEPEHHE aTMOC(EPHOro AaBlIeHMs, Ofl-
penenenne mMectononokenns BC, BpeMeHH 1 J1aThl, YPOBHA 3a-
pslia aKKyMYJISATOPa, PEerHcTpalis JaHHbIX C 1aTYMKOB KOHTPO-
7151 HEJOCTHOCTH TepMuHaia. IloyueHHble JaHHbIe COXPaHIOTCS
Ha KapTe NaMaTH TepMHUHAIIA.
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Puc. 5. Jluarpam Ma AeATENbHOCTH CHCTEMBI MOHHTOPHHIA NOJAETHOI
TPACKTOPHH MAJBIX BO3JYHIHBIX CY10B

Bo Bpewmsi ceaHca CBf3H, KOTOPBIl MPOMCXOIUT C 3a/aHHBIM
MEPHOJIOM, HAKOIUIEHHBIH MAKET JIAHHBIX, MEpeaaeTcs B LEHTP
00paboTKH JaHHBIX MPEUMYHIECTBEHHO MOCPEJICTBOM MOOHIIB-
HOIT coToBoii cBa3n GSM, a B ciyyae ee OTCYTCTBHS — 10 MO-
OnbHON cnyTHHKOBOI cBa3m Iridium. Jlucneruep cucrembl Mo-
HUTOPHHIA MOJETHOI TPAEKTOPHH BO3AYIIHBIX CYJ0B MOKET
U3MEHHUTh YacTOTY Mepe/lady JIaHHBIX BO BPEMs CEaHca CBA3M C
TePMHHAJIOM.

LlenTtp 0OpaGOTKN JAHHBIX MPHHUMAET JaHHBIE C TEPMHUHAIIA,
POU3BOIUT KOHTPOJIb HEIOCTHOCTH JAHHBIX C MOMOLIBIO LIMK-
mnyeckoro m3deItounoro kogaa (CRC — Cyclic redundancy
check) B uensx BbisiBIEHHS OMIMOOYHBIX AaHHBIX H uX 00paboT-
Ky. [lpu obpaGoTke maHHBIX YCTAHABJIMBACTCS CaHKIMOHHPO-
BAHHOCTH [10JIETA M aHAIN3 HA HAIMYME HEUITATHOH CHTYaIMH.
B ciayuasx nadmojieHust Hepa3peleHHoro nojera win odHapy-
JKEHUs HELITATHOH cUTyaluu, Hanpumep, nagenue BC (peskoe
MOBBILICHHE JIaBJICHHS, PETHCTPUPYeMoe OGapoMeTpHYeCKHM

—
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JAaTYUKOM), HApyUIEHHE LEJIOCTHOCTH TePMUHANA, OTCYTCTBHE
CHIHajla OT TepMHHAlA, W JAPYrHX, CHCTEMOIl MpepycMOTpPEeHO
YBEJIOMICHHE © CHTYallMid OTBETCTBEHHBIX JIML, a TaKKe
CHCTEMHOTO COOOIICHHS JICHKYPHOMY JIHCIIETHEpY.

Bes coGpannas uHdopmaius, B TOM 4dicie 00 OTIpaBleH-
HBIX TPEBOKHBIX YBeJoMIeHMAX, apxusupyercs B 11O u na-
panienbHO oToOpaaercs B IMCTIETYEPCKOM LEHTPE B BHJIE Kap-
ThI MECTOMOJIOKEHNS TEPMHHAIOB, IPadMKOB MOKa3aHMIT 1aTuH-
KOB MOHMTOpHHTa W uHpopmaumn o BC (permctpanuoHHBIi
HOMEp, MOJIelb, BIIaJIelIell, IKCIUIyaTaHT, HaJleT 4acoB, MOCIe/l-
Hee TeEXHHYecKoe 00CTyKHBaHUE ).

BeiBon

Peanusauus npepiaraeMoit CHCTEMbI MOHHUTOPUHIA MOJIET-
HOIl TPAaeKTOPHM MaibIX BO3JYUIHBIX CY/IO0B MO3BOJIMT Hempe-
pBIBHO HAO/IOAATH 3@ TPAEKTOpHEll M mapaMeTpamMH noiera Ma-
JIbIX BO3JAYIIHBIX CY/0B, YAAICHHO WACHTHOHIMPOBAThH 3aperu-
CTPHPOBAHHBIC BO3JYLIHbIC 00BEKTHI M COOMpATH CTAaTHCTHYE-
ckyro uHpopmanuuio o0 ux nonerax. B pesynbrare noBbicHTCS
YPOBeHb 0e301acHOCTH MOJETOB MaJIbIX BO3/1YLIHBIX CY/I0B.

[IpyMeHEeHHE CHCTEMBI TAKIKE HMMEET BaXKHOE COLMAIILHOE
3Ha4YeHME, TAaK KaK B Clydae aBapHM WIM KatacTpo(bl cHCTEMa
MO3BOJINT MHUHUMW3HPOBATh BpeMsi OOHApy:KeHUs MecTa aBa-
puiinoit nocaaku (karactpodust) BC 1 yMeHbLINTL 30HY MOKHCKA
BC, 4TO NOBBICHT BEPOATHOCTD CHIACEHHs JtOEl.

Kpome Toro, 6aarosaps npuMeHEHHIO CHCTEMBI MOMKHO OyjeT
OCYLIECTBIIATh TEXHUYECKHIT KOHTPOIbL 3a MApKOM Majoi aBua-
MM, BBIABIATL (DAKTHI HECAHKIIMOHMPOBAHHBIX MMOJIETOB BO3IY1II-
HBIX CY/J0B, KOHTPOJIHPOBATh JEATENLHOCTh TOCYJAPCTBEHHBIX H
YACTHBIX BJIA/IC/IBLEB BO3AYIIHBIX CY/J10B MaJlOi aBHalllH.
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Abstract

From the moment the air/aero/aerial objects appeared the necessity of monitoring for them arose and were solved using different tools,
such as radio communications, radio direction finding, radar and others. With the advent of global satellite navigation, the massive intro-
duction of navigation equipment began in almost all areas of human activity and especially in mobile (moving) objects (cars, aircraft,
ships, etc.). This allowed aircraft crews to accurately determine their coordinates in real time under any weather conditions. However,
the organization of uninterrupted data transmission to ground control centers remained problematic. In this regard, aircraft monitor-
ing systems were primarily installed on military and civil aircraft, while the other categories and types of aircraft were equipped only
with communication systems. Thus, currently, there is the lack of navigation devices allowing flight monitoring and communication in
small aviation. As a result, in case of emergency landing of small aircraft, it takes a lot of time and effort to find its location, therefore
providing emergency assistance to passengers and crew is not possible. This problem can be solved by the system for determining the
location of small aircraft using technologies of global navigation satellite systems and mobile satellite communications. This system
includes devices for registering the location of the observed object, transmitting data via mobile cellular and satellite communications,
processing, storage and displaying of data. The proposed system, by continuously recording and transmitting aircraft location data to
the ground control center, helps minimize time and narrow the search area of the aircraft that made an emergency landing.

Keywords: monitoring of flight trajectory, monitoring, small aircraft, global navigation satellite system, satellite communication, flight safety.
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Electromagnetic scattering by small particles is an important key problem of the diffraction
theory. From the moment of occurrence of the first papers on this subject and up to now,
the most widely used mathematical model, applied for solution to a problem of scattering
on small objects, is dipole approximation (Rayleigh approximation). This approach is quite
detailed for particular cases of scattering on spheres and ellipsoids when solution to an asso-
ciated electrostatic problem can be obtained explicitly. It should be noted that problem
solution in electrostatic approximation in a general case is a complicated problem in itself
and labor input for its solution is comparable to the labor input for solution of an initial wave
problem. The existing methods for its solution have a range of fundamental limitations.
This paper develops methodology based on the use of pattern equation method (PEM)
which was initially proposed in 1992. It was clearly demonstrated in a significant number of
publications that PEM has important advantages over multiple alternative methods and is
quite efficient for solving a wide range of problems. While building up a new approach to
the analysis of scattering on small bodies, we used a high convergence of PEM, established
in the above papers. Indeed, as was demonstrated by previous works of the authors of the
given article, in order to solve a problem of scat-tering on impedance bodies, the typical
size of which is comparable to the primary field wavelength, it is sufficient to consider one
to three summands in the scattering pattern decomposition, depending on polarization of
an incident field. This circumstance allowed obtaining explicit formulas for integrated scat-
tering characteristics, applicable for impedance scatterers of complex shape. This paper
develops approximated method of calculation of integrated characteristics of scattering on
thin dielectric cylinders, based on the use of PEM. Explicit formulas were obtained for inte-
grated scattering characteristics, which are applied to dielectric cylinders with arbitrary
cross section. Applicability of the obtained ratios is analyzed by a range of examples: scat-
tering on an elliptic cylinder and scattering on a cylinder, the cross section of which has a
shape of superellipse. As shown by the presented re-sults, the obtained approximated rela-
tions are quite accurate in a wide range of problem parameters.
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Introduction

For the time being, Rayleigh approximation is virtually the
only mathematical model used to solve a problem of scattering
on small bodies [1]. In well-known monographs [2 — 4], this ap-
proach is quite detailed for particular cases of scattering on balls
and ellipsoids when solution to an associated electrostatic prob-
lem can be obtained explicitly. It should be noted that problem
solution in electrostatic approximation in a general case is a
complicated task. The existing methods for its solution have a
range of fundamental limitations [5]. This paper develops an
approach based on the use of pattern equation method (PEM).
The approach was proposed in papers [6 — 9]. It was demonstrat-
ed that PEM has important advantages over multiple alternative
methods (e.g. see [10]) and is quite efficient for solving a wide
range of problems. While building up a new approach to the
analysis of scattering on small bodies, we used a high conver-
gence of PEM, established in the above papers. Indeed, as was
demonstrated by calculations, in order to solve a problem of scat-
tering on bodies, the typical size of which is comparable to the
primary field wavelength, it is sufficient to consider one to three
summands in the scattering pattern decomposition, depending on
polarization of an incident field. This circumstance allowed ob-
taining explicit formulas for integrated scattering characteristics,
applicable for scatterers of complex shape.

Basic Relations and Results

Let us illustrate the above-mentioned by several examples.
Let an electromagnetic wave having a single magnetic field
component which is different from zero — /{_ be incident on a
magnetodielectric cylinder with directrix S, defined in polar
coordinates (r,¢) by a relation

r=plp), (M

Fig. 1. Problem geometry

and generatrix parallel to axis Oz. We assume that time depend-
ence is proportional to exp(ja)f) where w=ck, k=274,
while 4 and ¢ are wavelength and electromagnetic constant

correspondingly. The following interface conditions will take
place on the border of the scatterer:

: ~rrli)
H(,_) _ i loH: 6H 2)
zZIs zZIs € On an
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where [ is electromagnetic field inside the cylinder,
H, = H_f‘” + H') is total magnetic field outside the cylinder,
HE") is the field scattered by the cylinder, &, g are the permit-
tivity and permeability of the cylinder material, (7‘/;1 means dif-

ferentiation in the direction of outer (regarding the area inside
S') normal. Let us consider scattering of a flat wave propagated
at angle @+ 7 to axis X (Fig. 1). In this case, incident field

H_f") is given by
H"" = explikr cos(p - 0))- (3)
We will use the following representations for fields Hi") and
H__f"], obtained within the approach stated in [6 — 9]:

xf2+in

Ig Q+y exP(— ikr cosy )dy > (4)

—‘r,-“’ for

H _E” — mZb,”Jm(k( )exp(fmqo)-

m=-x

H[t’](! 49

In relations (2) and (3) k) =k gu, J, (x) is Bessel func-
tion [12],

oH . 0
oa)=— —_—— H
sle)=4 (G112
is the cylinder scattering pattern and
{ X
on :

wherein H,("E}(x) is Hankel function of second kind [12].

By replacing value H_ for H_f") in representation (6) and

]exp[fkr cos(a — ga)]}{ ds (©)

value H_f” for H. in (7) in accordance with boundary condi-

tions (2), we obtain the following system of integro-algebraic
equations:

A= |5 exmy{ WAoo -0 o)

uu— o

&fk"‘[p (#hos(a—9)~ (s -1, (K () x

(8)
xexp| ikp( ) cos(a—9) |dp
404 ; I wr {[k‘ i Hf,”'(’fm p(qo))+
+ ;n%((:;))ﬁ,‘f’(k “’p(qo))] +ielkp(p)cosy -
_,{'p'(qﬁ)siny/]H_{,”(k“]p(cﬁ))}gw*"r”)x 9)

X exp [—fkp(gﬁ)cos(!;/)—ingﬁ] dydg

wherein
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“”—ij H( co)»(o{k“ ()i (k0 p(p))+

w5 2'@) o0 v oH!"  p'(p)oH"
,O(QS')H (k ( )):| [ﬁ'(‘f/’} or olp) op }_;{w

x HO (k" p(p))lexp(~ inp)dg (10)

With a purpose of algebraization of systems (9) — (10), we
use the pattern decomposition into Fourier series:

9)= Y a, explimp)- ()

Hi=—=

By substituting (11) in (9) — (10), we obtain an algebraic
system represented as

a, = ZG,‘,::,’”b, (12)

by =b0+ 3,68, 13
wherein .

6= F2 PN 515 ) -in 222 (5 ) -

4l . p.(9)

~J.,(r»..(fp))[ (0150 +im AL 50 ol - oo

(14)

g = ﬂéH (p,{;(?){,o () (7.(p)-in p‘? -;;Hff’ 55(40)}}—

7

(
1O (m)[p,(qawi,'(p(;o )+im 280103 o }}epr n—mypklo
(15)

(@), (¢)cos(p - 0)+ p.(p)sin(p - 0)]+

| PO P o) in f;;gj;ﬂ.s: (oo ))}

xexpli[p, (¢ )cos(p - 0)—molide .

where

(16)

(17)

)=kJeuplp )=kplp).

Using the reduction method, it is possible to proceed from
system (12), (13) to the following equations:

n=N,-1

a, =a® + Zancm, m=0,£1,22,....2(N, -1), (18)
n=-N,+l
where
(0) _ (ab) g (0) (ab) ~(ba) , 9
am - ZGmn bn G:m: zcml’ G.hr {I )
n=—N,+l I1=—Ny+l

It should be noted that equation system (18) nominally corre-
sponds with the system of equations obtained during the analysis
of scattering on the impedance cylinder [13 — 15].

As shown by the analysis of relations (14) — (19), in the case of
H — polarization, the first three summands in the pattern decom-
position (10) have a similar infinitesimal order by ka parameter.
At that, it is sufficient to consider only one summand in the inter-
nal field decomposition (11). Therefore, these summands shall be
taken into account in order to obtain the correct results. Numerical
calculations demonstrated the fairness of this provision.

Thus, expressions for g in Fourier series for scattering pat-

tern (11) in the approximation under consideration are given by

e O e 0 (20)
m A
A= (_; 6 (__" _G{JIGIEDEI
G,,G, |G 0=G10Gy Gy, -
~G_0Go,Gy 1 —G_1,Gy Gy 2D
A =af‘:}((_7“_”(f_r'” GluGul)
{U](G 0 + GGy, )
+a1(“)(G Guu +G I{JG[} 1)’ (22)
Ay = GEI;J (C_;n,—|(_;i.1 +G, Gy, )+
af][” (G -G =G LG, )+
+a1[01 (Gﬂ.lc_;—l,—l +G(J.—!G—1.—1)’ 23)
A _a({]](G Gllﬂ +G“ |Gi li)+
a{(][}) (GI.UG—L—E + GI,—EG—L(J)
+a](m (G 11G00 =G0 1G 10 )’ (24)

whereG =1-G,,» ¢,/ =0,£l.

As an example of using the relations obtained above, figure 2
shows dependence of normalized cross section of flat wave scat-
tering on an elliptic dielectric (& = 2.25, g =1) cylinder on ka.

ko,
2?’ I

10°°
10
0™
107
10°°
107
10°°
10~°

-—ll!
10750

1l s ka
0™ 1

10

Fig. 2. Dependence of normalized cross section of plane wave scattering
on an elliptic dielectric (& = 2.25, 1 =1) cylinder on jqa.
Full curve presents an exact solution. Circles present an approximated
solution given by relations (20) — (24). Curves |1 — 3 were obtained with
alb=1, 2,4 correspondingly.
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Full curve presents an exact solution. Circles present an ap-
proximated solution given by relations (20) — (24). As demon-
strated by the results presented in this figure, the approximated
explicit solution has a quite high accuracy in a wide range of
problem parameters.

Figure 3 shows dependence of normalized cross section of
flat wave scattering on an elliptic dielectric (¢ =2.25,u=1)
cylinder on ka. In this case, shape of the cylinder cross section
is defined by formula:
9q. s

Xl T (25)

a b

Full curve presents an exact solution. Circles present an ap-
proximated solution given by relations (20) — (24). As in the pre-
vious example, the approximated explicit solution has a quite
high accuracy in a wide range of problem parameters.

L4

+

ko,

2T
10 ®
10~
1o
10 *®
10~
107
10 ~"*
i0 ~°

-10 T
5 10 * 10°-*

V.

e Al F—

s s ka

10 1

Ligagil

Fig. 3. Dependence of normalized cross section of plane wave scattering
on an elliptic dielectric (g = 2.25, g =1) cylinder on kq.
Full curve presents an exact solution. Circles present an approximated
solution given by relations (20) — (24). Curves | — 3 were obtained with
q,=2- 4, 8 correspondingly

Conclusion

As shown by the above results, PEM allows obtaining explic-
it expressions for characteristics of the scattered field, with the
accuracy sufficient for practice, which is up to @/2=0.3 (a is
the typical size of a scatterer). It should be noted as a definite
advantage that, contrary to the approach set out in [5, 18 — 20],
use of PEM does not imply solving of associated static problems
and, particularly, calculation of particle polarizability tensor is
not required.
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MCMNOJIb3OBAHUE METOAA ANATPAMMHbBIX YPABHEHUW AN1A AHAJTIU3A PACCEAHUA
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AHHOTauuA

PaccesiHne 3n1eKTpPOMarHUTHbIX BOJH MaslbIMU YacTULIAMM ABMACTCA BaXKHOM KIHOYEBOM 3azjaqeit Teopum andpakumm. C MOMeHTa NosBeHUA nepebix pabor, no-
CBALLEHHBIX 3TOW TeMATWKe M BrIOTb A0 HACTOSLLEro BpeMs Hanbornee MCrosb3yeMoi MaTeMaTUHeCcKoN MOAEbIO, MPUMEHAEMON MPU PELLIEHUM 3a4a4W O pac-
CeAHUM Ha ManbIX Tenax, ABNACTCA AvnorbHoe npubnmkenune (npubnuxenue Panes). [aHHbIi nogxos AOCTaTOMHO NOAPOGHO U3NOXEH A/IA HACTHbIX CllyYa-
€B PaccesHUs Ha LLapax W 3/IUMCOMAAX, KO PELLEHWe BCMOMOraTesbHOM 3/1EeKTPOCTATUHECKOM 33441 MOXHO MOJTy4uTb B siBHOM Buge. OTMmetuM, 4To pe-
LLEHWe 33/)a4M B DNEKTPOCTATUHECKOM MpUBKeHNN B OBLLEM Clyae, caMo Mo cebe, ABNACTCA CIIOKHOIM 3aJa4el, TPYAOEMKOCTb PEeLEHNA KOTOpPON CoMnoc-
TaBUMA C TPYAOEMKOCTBIO PELLEHMS MCXOAHOM BONHOBOM 3afa4un. CyllecTBytoLLmMe METOAbI €€ PELLEHUS UMEIOT PAZ MPUHLMIUANbHBIX OrpaHuyenuit. B gaw-
HOW paboTe pa3BuUTa METOAMKA, OCHOBaHHaA Ha UCMOJb30OBAHWUM METOAA AnarpaMMHbIX ypasHeHuii (MAY), Bnepsble npeanoxxeHHoM B 1992 r. B sHaunTensHoM
Yncne nyGnamMKaLmin HarnsaaHO NPOAEMOHCTPUPOBaHO, 4to MY obnafaer BaXKHbIMU MPEUMYLLIECTBAMA NEpes MHOTMMM arnbTEpPHATUBHBIMUA METOAMKAMMU U BECh-
Ma 3ppeKTUBEH MPU PeLLEHNM LLIMPOKOTrO Kracca 3a4ad. [pu nocTtpoeHnn HOBOro Moaxoza K aHasinsy paccesHWs Ha MasibiX Tenax Hamu Gbina Mcronb3oea-
Ha YCTaHOBJIEHHAA B yKa3aHHbIX Bbllle paboTax Bbicokas ckopocTb cxoaumoct MAY. [leicTBUTENbHO, Kak MOKa3aHo B MpeAblAylunx paboTax aBTOpoB Ha-
CTOALLEN CTaTbW, A/IA PELUEHWA 33Ja41 PACCeAHNA HA UMMEAAHCHBIX TeflaX, XapaKTepHbIil pa3Mep KOTOPbIX COMOCTABUM C ASIMHOM BOJHbI NEPBUHHOrO MO,
[IOCTaTOMHO Y4eCTb, B 3aBUCMMOCTM OT MOJIAPM3ALIMM MaJAIOLLEro MoJis, OT OAHOTO A0 TPEX ClaraeMbiX B PasioKEHWUN AMarpaMMbl paccesHus. DTo obcTos-
TENbCTBO A0 BO3MOXHOCTb MOJYyHMUTh ABHbIE POPMySibl 417 UHTErpasibHbIX XapaKTEPUCTVK paccenHms, MPUMEHNMbIE AN UMMEAHCHbBIX paccenBaTesien CIoxX-
HoM dpopMbl. B fanHoi paboTe passuta NpubMmKeHHan METOAMKA PacHeTa MHTErparibHbIX XapaKTEPUCTUK PAaCCeAHUA HA TOHKUX AWU3EKTPUYECKUX LUIMHAPAX,
OCHOBaHHas Ha ucnonb3osanum MAY. MonyyeHb! sABHbIE POPMYIbI AN UHTErParbHbIX XapaKTEPUCTUK PACcCenHUA, MPUMEHUMbIE A/1A AWU3NEKTPUHECKUX LIMIUH-
[IPOB MPOM3BOJILHOTO MOMEPEYHOro ceveHus. [pUMEHNMOCTL MOsyHeHHbIX COOTHOLLIEHU NMPOAHANM3MPOBaHA HA PAAE MPYMEPOB: PACCeAHUN Ha SIUMTUYE-
CKOM LMNIMHAPE U PAacCeAHNM Ha LUNMHAPE, MOMEpEHHOe ceHeHne KOToporo uMeet ¢opMy cynepannunca. Kak nokasbiBatoT NpuBefieHHble pesyribTaTbl, Mosy-
YeHHble MpUBAMIKEHHbIE COOTHOLLIEHNA OBMafAOT JOCTATOMHON TOYHOCTBIO B LUIMPOKOM AMarasoHe NapaMeTpoB 3ajaqu.

Knioueebie cnoea: paccesHue ceéema Ha Masbix 4acmuyax, npubnuxerue Pasies, memod duazpammHbix ypasHeHud,
paccesHue 31eKMPOMAzHUMHbIX 80JTH, YUC/IEHHbIE MemOodbl meopuu ducppakuuu.
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The future development of OFTN is due to the creation of
complete optical photon networks and optical communication
lines. In such systems, without the use of electronic devices
and electronic processes, signal transmission, reception and
processing will be fully photonized. For this purpose, optically
controlled optical switches, new high-capacity optical cross-
switches, remote optical feeder optical amplifiers, optical
pulse generators, optical passive elements: optical level chan-
nel separators, couplers, optical vents, chromatic dispersion
compensators, optical filters, polarizers and circulators, multi-
plexers and demultiplexors, optical processors, etc. new opti-
cal devices are created along with optical devices. Thus, it is
advisable to look at the application of all components of the
new generation OFTN, including the creation of new photon
switches based on theoretical, experimental, and computer
modeling. The article discusses the principles and methods of
layout, routing and methods for constructing compressed
information channels over fiber-optic networks, as well as the
parameters of the photon switches used. In principle, a new
controllable photon switch for high capacity photo switches is
proposed.
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Introduction

Extensive research of various levels of optical fiber
transmission networks (OFTN) requires the creation of new
methods and architectures for switching and routing of
information streams. Due to the demand for new multimedia
communications services in addition to existing communications
services, in keeping with the amount of information that is
rapidly transmitted to growing users, a significant increase in the
number of optical network equipment, including optical
switching devices requires the development of new
commutational technologies. These technical issues are
successfully solved on the basis of the physical principles of
optical-quantum, electro-optical, magneto-optical, acousto-optic,
microelectro-optical and other semiconductor, micromechanical
optical structures [1, 3-7].

Optical photon switches in optical networks

In modern optical networks, the optical photon switches used
for optical channel switching are mainly used:

— thermo-optical;

— electro-optic;

— liquid crystal;

— acoustic optical;

— interferometric;

— Micro Electro Mechanical System (MEMS);

— diffraction;

— nonlinear optical fiber base;

— on the basis of semiconductor optical crystal, etc.

Modern photon switching technology uses non-lockable and
non-blocking switches based on MEMS, electro-optical, optical
fiber and semiconductor materials [1, 3-7]. At the same time,
many different photon switches using photonic crystals based on
thermo-optic, electro-optic, liquid crystal matrices based on
different physical quantum-optical properties are also
investigated.

The construction of a new photon switch
Figure 1 shows the general design of the new photon switch
and its elements.

11""" lnn

Fig. 1. General scheme of the photon switch model:

1 — fiber optic unit capable of interacting in space; 2 — half-spherical
switching surface; 3 — mechanical part capable of interacting in space;
4 — crystalline; 5 — microprocessors; 6 — scanning lasers; 7 — focusing
lens; 8 — optical wavelength transmitter; 9 — switchable photon channels

As shown in Figure 2, the design of the photon switch is
simple but its sizes are also regulated by the size of the
micrometer.  Electromagnetic,  packet and  differential
piezoomorphs such as micromotive engine [7], piezoelectric

deflectors, reversive motors [5] and other microelectromechanical
and piezoceramic motifs, including interferometric, optical,
dielectric, and crystalline optical based on optical multicomponent
systems [6] and so on. can be used. Piezomeric motors are
considered to be based on semi-transparent mirrors in channel
switching considering the ability of piezomeric motors to work
with submicrometers and microseconds and their frequency range
within the first electromechanical frequency range to move the
working bodies in the presented version.

The semi-transparent mirror surfaces of the 2-and-a-half
spherical commutation surfaces of the matrix form are located at
DL distance. DL distance mirrors are adjusted to the micromotive
motors that provide reversible non-linear 7D directions.

A block diagram for the management of the photon switching
channels shows in Figure 2.
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Fig. 2. A block diagram for the management
of the photon switching channels

Work principle of photon switch

For switching and managing photon channels in a photon
switch, each of the used microcontrollers is individually operated
by micromative motors based on the control demands included in
the automatic control system (Figure 3).

As shown in Figure 1 and Figure 2, the photon switch has
input/output ports of 2, from the input/output ;. Each port

has the ability to perform the input and output functions.
The optical part of the photon switching interconnected 1
space contains *“»” number signals from the 7, wavelength

optical photon channels compressed by the spectrum.

With the help of 5 micromobiles, the 6 scanning lasers tend
to interact the channels needed to be able to move 7D in space
which is based on an appropriate command given by the
automatic control system attached to 4 crystals in order to switch
to the other 9 switchable optical photon output channels by
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and are guided to a semi-transparent mirror through 7 lenses.
Channel switching is carried out with the help of a translucent
mirror located at the crossing point and a stream of optical
information is transmitted to 9 dial-up optical photon channels.
Each translucent mirror that performs optical channel
switching can have two situations. One of the situations is the
initial or passive state of semi-transparent mirrors. In this case, a
translucent mirror does not prevent optical light flooding and the
beam of light reflects on the channel. In the second case, the
translucent mirror is upward [2, 5]. In this case, the translucent
mirror interrupts the optical torque and directs the optical pole to
separate optical fibers, dividing each other in two directions
perpendicular to each other. Active working parts of semi-
transparent mirrors are covered in layers that reflect and transmit
part of the optical light flood. The status of the semiconductor
mirror is controlled by a command given by the automatic
control system, which corresponds to the network flood status.
The surface of two and a half spherical commutations of the
proposed photon switch consists of n number vertical lines in the
form of a matrix and a translucent mirror moving k number in
the line of the n number horizontal column lines. In this case, it
is possible to switch the number of channels corresponding to the

combination of 2.2""!_1+2 in the switch nxn and the

direction of incoming optical input flooding can be oriented in
different directions, including the opposite direction (suitable for
wavelength selection and control program).

With the help of a photon switch interferometric, diffraction,
poor parameterization of optical fiber, photon switching of
channels can also be carried out using the physical properties of
semiconductor optical crystals instead of semi-transparent
mirrors for switching channels at the intersection of optical
channels with the help of a photon switch.

Optical photon switching is provided in 2 directions for
increasing switching speed and optimum movement:
1 — micromechanical part of a fiber optic unit capable of
interacting in space 1 and 2 — space interconnected
micromechanical units. With the help of 5 micromative motors,
which are integrated into the moving ends of 4 crystals, 2 and a
half spherical switching surfaces, (with matrix, consists of nxn
number input and output motion photon channels) and 6"
scanning laser selects the closest distance from bottom-top to the
right-left or at different angles and provides optical channel
switching in microns.

All conditions of the 2 and a half spherical switching surfaces
are controlled and controlled by the automatic control system of
the optical photon switching channels. Comparative analysis of
optical switches switching channels is shown in Figure 3.

The main parameters characterizing photon switches in
optical networks are the number of port-channels and the
switching time of channels. Comparative analysis results show
that although the switching period is over, it is possible to switch
n number nxn channels to » number output channels because
MEMS type photon switches are small (30 times) and at the
same time row power consumption (approximately 100 times
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less power on other switches) [4]. However, currently there are
various designs of optical photon switching models in 3D, with
the type of switch between the constructors and the port/channel
capacity due to the switching speeds of the channels.

Number of ports / channels | N

Proposed new photon switch

2048 .- -~

1024
According to the wavelength

1000
3D MEMS
100 —4—
Electro-optic
10 —

Switching time, t

10ms
Acousto-optic

10ps 10ns
Liguid crystal

Thermo-optic

Fig. 3. Comparative analysis of port-channel number of photon switches
in full optical networks, channel switching time

In order to enhance the technical capabilities of MEMS type
optical photon switches, the number of ports/channels in the new
optical photon switch can be many times higher than the existing
switches and such switches are of great importance for optical-
photon cross-switches with high capacity.

Conclusion

As a result of the analysis optical photon switches carried out
in the article, the principle of the construction of a new optical
photon switch has been substantiated and its architecture and
working principle given. A number of ports/channels in the new
optical photon switch can be many times higher than the existing
switches and such switches are of great importance for optical-
photon cross-switches with high capacity.
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AHHOTauusa

PaccMaTtpuBatoTca MeToapbl MaplLUpyTU3aLMM WM apXWTEKTYpa, B TOM YMCIIE, MPUHLMMbI MOCTPOEHUE U aHanNW3 MapaMeTpoB KOMMYTaTOpPOB
ONTMYECKUX KaHAMOB YMIOTHEHHbIN MO ASIMHE BOJHbI B BOTOKOHHO-OMTUYeCcKMX ceTaX. OBOoCHOBaHbI U MpeanioXeHbl HOBbIM YNpaBiAeMbli
$OTOHHBIN KOMMyTaTop. B pesynbrate MpoBeAEHHOro B CTaTbe aHaNM3a OMTUYECKUX (POTOHHBIX KOMMYTaTOPOB Oblil OBGOCHOBAH MPUHLMM
MOCTPOEHMA HOBOIO OMTUYECKOrO (POTOHHOFO KOMMYTaTOpa, AaHbl €ro apXUTEKTYpa U MpUHLUMN paboTbl. Yvcno noptoe/kaHanoB B HOBOM
onTM4ecKoM (POTOHHOM KOMMYTaTOpe MOXeT ObiTb BO MHOro pas 6osiblue, YeM B CyLLECTBYIOLUMX KOMMYTaTOpaX, M TakMe KOMMYTaTopbl
MMeOT 6OonbLLIOE 3HAYeHWE AJIA ONTUHECKMUX (POTOHHBIX KPOCC-KOMMYTaTOPOB C BbICOKOM MPOMYCKHOM CMIOCOBHOCTBIO.

Knro4veesblie cnoea: onmogosiokKoHHbIE cemu, ¢OmOHHbIe nepekto4amersiu, MUKpo31eEKmpoMeXaHUHeCKaa cucmema,
onmu4ecKul KaHarn, 0/1UHA 80JIHBbI.
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This paper represents the method of automatic pedestrian recogni-
tion by a high-resolution Doppler spectrogram unique characteristic.
The recognition is performed in a road scene with moving cars on
the background. The Doppler spectrogram is regarded as a two-
dimensional radar image. Taking into consideration the features of a
pedestrian micro-Doppler signal, the processing of a two-dimension-
al radar image is reduced to a one-dimensional threshold. The algo-
rithm has been developed for operating in a sliding window mode
alongside the continuous acquisition of data on the target Doppler
spectrum. The proposed technique has been developed analytically
and does not require the use of machine learning and deep learning
algorithms. Experimental research was conducted on two types of
road scene objects: pedestrians and automobiles. The experiment
results showed that the proposed method can distinguish a pedestri-
an from a moving automobile even if a Doppler bandwidth is similar.
The work investigates the detection probability of the proposed
method according to the signal-to-noise ratio and the false alarm
probability. It enables to set requirements for a radar system on a
design stage or to evaluate the possibility of applying the method in
existing systems. The method is suitable for application in the radar
and computer vision fields. The proposed technique was developed
for use in driver assistance systems and the automotive vehicle
industry to recognize pedestrians and take necessary measures for
collision avoidance.
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Introduction

In recent years, there has been a steady trend of radar applica-
tion in the development of self-driving car systems [1,2]. Radars
are generally applied for target range and velocity estimation.
Also, radars are used for surrounding area mapping as a part of a
complex sensor system, providing different multi-dimensional
information about a road scene [3,4]. Herewith, digital methods
are used both in the radar systems and computer vision systems
for signal processing and automatic target recognition (ATR).
Detection of pedestrians against other road scene objects on the
background is one of the important problems for a collision-
avoidance system.

According to [5], the development of the radar target recogni-
tion method consists of three stages:

1. The selection of objects and scenarios for recognition;

2.  The selection of a feature extraction algorithm and a
measurement technique;

3. The selection of the decision-making criterion.

This paper continues the previous work [6] and concludes the
consideration of all three stages.

The European New Car Assessment Programme (EURO
NCAP) considers four main classes of road scene objects: a ve-
hicle, a pedestrian, a cyclist, and a motorcyclist. This research is
focused on pedestrian recognition when observing a road scene
with moving vehicles and pedestrians. A cyclist and a motorcy-
clist are not studied to simplify the analysis of target features.
Nevertheless, the proposed technique is supposed to be a part of
a complex recognition system.

Methods based on Doppler signatures [7,8] and RCS signa-
tures [9] are commonly used to recognize a pedestrian against the
background of other road scene objects by one frame. These
techniques provide recognition results in a short time (millisec-
onds, dozens of milliseconds). Besides, there are techniques that
extract additional information from the signal slowly varying
characteristics obtained by high-resolution measurements of the
micro-Doppler (m-D) effect [10-22]. Radar sensor application
involves the use of known radar signal processing methods and
the established terminology. Thus, for radar target signal detec-
tion in a background interference, the following basic concepts
are used: the probability of detection (Pp), the probability of false
alarm (Py), and signal-to-noise ratio (SNR). The performance of
signal detection is traditionally represented as P;, dependence on
the SNR and Py [23].

The recognition task is solved by machine learning and deep
learning approaches in the significant list of publications [11-22].
The performance of these algorithms is determined by accuracy,
correct classification rate, and confusion matrix obtained in ex-
periments.

It should be noted that some algorithms have quite a high ac-
curacy of about 99% [12]. However, there has been insufficient
research into the accuracy dependence on the SNR and Py and
requires additional studies.

The application of automotive radar sensors for unmanned
vehicles implies restrictions on the cost and the hardware compu-
tational load [1,2]; also, there are strict requirements for the
transparency of decision-making algorithms [7] and unambiguity
of target recognition regardless of a road scene conditions.

Therefore, this paper represents the pedestrian recognition
method wherein the processing of a Doppler spectrogram as a
two-dimensional (2D) radar image is consequently reduced to the

one-dimensional (1D) threshold, calculated according to the
Neyman-Pearson criterion, which characteristics are well-
studied.

1. General description of the recognition task

Fig. 1 represents an example of a dangerous road scenario,
showing the necessity of recognition. The pedestrian has to by-
pass some irregular obstacle (e.g., a puddle, repair works, a dog,
etc.) on a sidewalk. The unmanned vehicle must recognize the
moving target as a «pedestrian» and considering their ability to
move unpredictably avoid possible collision and ensure safety.

|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
|

Fig. 1. The road scenario where a pedestrian has
to step on a roadway to avoid an obstacle

In mathematical terms, the recognition task is defined as fol-
lows. Let b={b;,, b>...b,} be a plurality of objects. Suppose
A={A, A, ..A,} is a predefined class alphabet that object b
belongs to and x={x; x, ...x;} is a dictionary of features that
describes objects of plurality 5. According to these terms, recog-
nition is function F that matches given object b, by its features x
to class 4

A =F @b |x=(x,%.x)i=1.M (1)

For the developed method, objects belonging to plurality 5
denote radar targets. The predefined classes are «pedestrian» and
«automobile». Features x are a set of spectral components ex-
tracted from a micro-Doppler signal, which allows distinguishing
a pedestrian from an automobile in a road scene. The essential
features are 2D spectrum components that represent the periodic-
ity of a radar image over the time axis (Fig. 2).

a) " Pedestrian m-D 2D Spectrum b) 3 Car m-D 2D Spectrum

25 25
2
15
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Cycdles per kHz
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] 5 10 0 5 10
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Fig. 2. (a) Spectrum of a pedestrian m-D Signal;
(b) Spectrum of an automobile m-D signal
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A Doppler spectrogram is regarded as a 2D radar image and
considered as a micro-Doppler signal. To obtain a 2D spectrum,
a 2D fast Fourier transform (FFT) of a Doppler spectrogram is
used:

N1 M-

Slk,l]= z Zs[n,m]e

n=0 m=0

kn Im
—jla(—+—
/ (N' ] )

M, (2)

where 4,/ are spatial frequencies in n and m directions, respec-
tively; S[k/] — a 2D spectrum of a 2D radar image s[nm];
N and M are the number of samples in » and m directions,
respectively.

The horizontal axis of 2D spectrum S[k,/] (Fig. 2a) shows the
periodicity of a micro-Doppler signal, and its physical meaning
is a frequency of arm and leg swing.

2. Recognition algorithm

Let us reduce a recognition process to a signal detection
process including a background interference, where the interfer-
ence is a response from a vehicle and noise. Further, the prob-
ability of detection P, will define the correctness of mapping a
given radar target b; to class 4; — «pedestrian» (1), if the target
is a pedestrian. In other words, the Pp is considered as a recogni-
tion probability in terms of recognition. Let us apply the princi-
ples of the optimum signal detecting from [24]. A quadrature
receiver should be used to detect a stochastic signal with a ran-
dom phase in the background noise, and to detect a signal with
the presence of interfering signals, a filter must be used.

Since the essential feature is a spectral component that lies
only on one axis of the 2D spectrum, it is sufficient to perform a
1D Fourier transform for all the Doppler frequency slices and
then to average the result over each slice of the cadence fre-
quency.

Step 1.

s{n,ni] Clicm]

-5, FFT
_
_—
—_—
_—

Fig. 3. Step 1: Fourier transform for all the Doppler frequency slices,
where n is time, m — Doppler frequency, k£ — cadence frequency

For each m-th Doppler frequency slice of spectrogram s[n,m],
the mean value of the slice is subtracted, then FFT in time direc-
tion #n is executed. An FFT from the spectrum is called a cepstral
analysis and result image C[k,m] is called a cadence diagram.
Such processing is provided in [15], succeeded by applying ma-
chine learning algorithms for recognition.

Step 2.

Considering that the periodicity in each Doppler frequency
slice would remain virtually unchanged for the constant pedes-
trian speed [6], cadence diagram C[k,m] can be averaged over
each slice of a cadence frequency k. The result is a 1D cadence
frequency vector.
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Fig. 4. Step 2: The averaging of cadence frequency slices,
where k is a cadence frequency and m is a Doppler frequency

Step 3.

The threshold can be applied to the resulting 1D vector. The
threshold is defined by the Neyman-Pearson criterion. If a Dop-
pler spectrogram belongs to a pedestrian, then within a 1D spec-
trum, a response is observed on the frequencies from 1 to 2.5 Hz.

The detection threshold value is defined by P [25] and it is
calculated as follows:

h=.\-2LnP, , 3)

cadence frequency

Fig. 5. The thresholding of a 1D cadence frequency vector,
where / is a defined threshold level

Figure 6 represents the flowchart of the algorithm, uniting all
the steps.

Input spectrogram

2D matnx

Subtract mean value of
Doppler frequency slice
fromthe slice

Y
FFT of each doppler
frequency slice

Cadence diagram

| Average each time slice |

1D vector

X
I Threshold I

I Recognition result l

Fig. 6. The recognition algorithm flowchart
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The mean value of arm swing frequency is 0.5 Hz, while a
pedestrian moves at 1 km/h speed, according to [26]. The arm
swing frequency is 1.25 Hz for 7 km/h speed. The swinging of
both arms is observed in the spectrogram without distinguishing
the left hand from the right one. This means that a cadence fre-
quency is doubled: 1 and 2.5 Hz for 1 and 7 km/h, respectively.
Consequently, the observation time should be no less than Is.

3. Conditions of the algorithm
Since the recognition algorithm is based on the changing
of Doppler frequency periodicity, the radar velocity resolution
is the most important parameter that determines the possibility of
applying the method.
C

T2f,

where c is the speed of light, T is the period of the frame, and £,
is the carrier frequency.

The velocity resolution should be such that it was possible to
distinguish limb movements from the body movement. The peak
velocity of arms and legs movements is approximately equal to
the double body velocity. This can be seen in velocity profiles in
[27-28]. Thus, the velocity resolution should be no lower than
the minimum defined pedestrian velocity (e.g.: if vp -1 km/h,
then dv<l km/h).

The power level of the signal reflected from limbs is about
15-20 dB lower than of the one from a body; hence, the resolu-
tion should be increased by 2 times.

The radial component of a target velocity is measured in or-
der to obtain a Doppler spectrogram. The radial velocity is de-

4)

fined as v = vcos0. An angle 0 is the angle between a target

velocity vector and a radar radius vector. In case a target moves
in parallel to a radar sightline, 0 is also a radar target direction of
arrival (DOA), which is shown in Fig. 7. If 6=60°, then v="2 v
and taking into account the above-mentioned, the velocity reso-
lution should be additionally increased by 2 times.

Since the observation time is about 1-2s, overtaking or on-
coming traffic leads to rapid DOA changing and causes a signifi-
cant change of a Doppler spectrogram form.

Fig. 7. A typical road scene where automobiles move toward each other

Figure 7 illustrates the situation showing how under the con-
ditions of oncoming traffic the observed velocity of a grey vehi-
cle decreases and becomes zero when passing a vertical radar
antenna plate. In other words, the radial acceleration is observed.
The velocity change of the front, middle, and back parts of a car
happens non-uniformly because a car is a distributed target.
This is shown in Fig. 8.

F
[+]
=
2 s
E ([ TR T Eee siwulil(fu:..-d T
=
=
2,
2
0=45°  0=60°
T T T T T T =5
26 27 8 29 30 31
time, s Lo

7
Fig. 8. The Doppler spectrogram of the automobile that crosses the radar
antenna plate. The red lines show the car front part DOA 6
at different moments

This spectrogram (Fig. 8) has periodicity over the time axis,
and it leads to errors on the decision-making step because the
cadence diagram has the same spectral components as a pedes-
trian one. Also, acceleration influence on a Doppler spectrogram
form is discussed in [6].

Based on the foregoing, the following conditions have to be
met in order to obtain a correct recognition result:

a) The velocity resolution of a radar should be 4 times
higher than the defined minimum pedestrian velocity:
dv<l Vmine

b) The operating range of the target azimuth should be
limited by -60°<6<60°, where the characteristics of the cosine
are close to the linear.

4. Analytical characteristics and simulation result

The detection probability of a stochastic signal with a random
phase in the background noise [25] is calculated according to the
following analytical expression:

P, = O(\J2SNR,h), (5)
where 4 is the detection threshold, SNR is the signal-to-noise
ratio, and Q(a,b) is a Marcum Q-function [25] defined by

Q(a,b) = _Er exp[— e ;a: Jf,, (ar)dr

where /[y(x) is a modified Bessel function.

The curves calculated by (5) are shown in Fig. 11 with the
solid lines.

The model used for the simulation is a Doppler spectrogram
calculated by the velocity profiles from [27]. An additive white
Gaussian noise (AWGN) was added to a spectrogram to provide
a defined the SNR. A window with the length of 1.5s slides
along the spectrogram and sets the input data for the recognition
algorithm (Fig. 6). For the given Pp, the threshold is computed,
and the decision on whether the target is a pedestrian or not is
made for each step of the slide window.
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A Doppler spectrogram for a vehicle is calculated according
to the simplified model described in [6]. This model has disad-
vantages: it does not account for changes in signal amplitude
depending on a distance and DOA change. Different types of a
human gait and it non-uniform nature are not considered either.

1 T T —
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08 foobint
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o
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o
@

Hy |f¢ analytic. =107

Probability of detection PD

o4} S model PF=1{II'2
01 J
DD‘ 5 10 il5 Z;J 2‘5 3‘0 3‘5 40
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Fig. 11. The performance of the developed method. The solid line
depicts analytical Py calculated by (5); the dashed line shows Pp
obtained by the simulation. Red colour stands for P10
blue colour stands for P10~

The result of the simulation is represented in Fig. 11. The
simulated curves do not fully match analytical curves calculated
by (5). The curves obtained by the simulation follow the shape of
analytical ones but lay 2.3 dB to the right. This shift can be in-
terpreted as a P decrease at the constant SNR. Or, alternatively,
the proposed algorithm requires an increase of the SNR to main-
tain the same Pp value. This decrease is explained by the fact
that an FFT uses a sine wave and cosine wave forms and matches
them. Since a slice of a Doppler spectrogram is not a harmonic
signal and closer to a pulse signal with sin(x)/x form, there is
inconsistency with the analytical calculation conditions, and
hence, the P decreases. Despite the discrepancy, the proposed
method performance can be calculated by (5), taking into ac-
count the SNR decrease (-2.3dB).

5. Experimental research

In the experiment, the radar evolution board AWR1243Boost
of Texas Instruments was used. The technical description is pro-
vided in [29]. The LFMCW fast-ramp technique was used for
measurement with the following parameters: 79 GHz carrier fre-
quency, 4 GHz sweep bandwidth, 5 MHz sample rate of complex
point ADC, 256 complex samples per chirp, 40 ps chirp duration
Tp, 156 ps chirp repetition interval, 256 chirps per one frame,
40ms total frame duration 7, and 25 frames per second.

Signal pre-processing

To obtain a Doppler spectrogram, the algorithm represented
in Fig. 12 was used. Beat signals obtained by each sweep are
stored in the matrix for the whole frame. After the frame ends,
the mean value of each fast time slice is subtracted from the slice
to remove static clutter. Then FFT for each fast time slice is
computed to estimate a Doppler frequency. The averaging of
each Doppler frequency slice is applied to the obtained matrix.
The result is an instantaneous Doppler spectrum, which is used
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to form a Doppler spectrogram. There is no range resolution in
this case, but it is permissible due to a significant simplification
of the signal pre-processing algorithm in the laboratory condi-
tions.

fJL Te =
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Tt
Doppler freq.
L) —’ ne
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slow time l ¥
¥ v
Doppler freq.

Fig. 12. The signal pre-processing algorithm
used to obtain a Doppler spectrogram

Scenarios

Two types of road scene objects were studied in the experi-
ment; a pedestrian (Fig. 13) and an automobile (Fig. 14). The
pedestrian moves uniformly straight along the radar sight line
with 3 different velocities: =3, 4.5, and 6 km/h. Two types of a
gait were studied: a normal type with natural arm swing and the
one without swinging, when arms are pulled close to the body.
The pedestrian started to move while being out of the radar field
of view. Some of the representative experimental data of the pe-
destrian are shown in Fig. 13.

Et °
E ba
-E I L
b) '0"2 E
g |
=3 km'h 2 :[
1o arms E J :P'
% y : " i,
~ - - g : o " ¢ E_
R <if A e e !
) 10m E E
\-‘p‘—lﬁknb'h '%' : . ]
T~ //! . g :
= = R * time, s :

Fig. 13. On the left — the experimental scenarios for the pedestrian and
the corresponding spectrograms are on the right side of the picture
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Even without arm swing, the pedestrian Doppler spectrogram
has a periodical structure formed by leg movements as it is
shown in Fig. 13b. This allows using the proposed method when
a human carries bags without swinging arms.

The automobile also moved uniformly straight along the ra-
dar sight line with 3 different velocities: =5, 10, and 20 km/h.
The automobile started to move in front of the radar and then
comes out of the radar view field as shown in Fig. 14.
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Fig. 14. On the left — the experimental scenarios for the automobile and
the corresponding spectrograms are on the right side of the picture

Experiment results

The data obtained during the experiment is a set of Doppler
spectrograms. The field of interest has been cut out of the whole
spectrogram manually. The proposed recognition method was
applied to each spectrogram as shown in Fig. 6.
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Fig. 15. The performance of the proposed recognition method:
the dashed lines depict Pj, obtained by the simulation; the asterisks show
P, obtained experimentally. Red colour stands for P;=1 0
blue colour stands for P;=107

The SNR for the experimental data was calculated as the
mean value of all target signal points within a single spectro-
gram.

As a result of the experiment, the performance chart (Fig. 15)
was obtained. The asterisks show the characteristics obtained by
experimental data processing. The experimental data have been
obtained not for a wide range of the SNR. Nevertheless, the ex-
perimental points lie on the simulated curves. This makes it pos-
sible to suppose that the detection performance of the proposed
method is determined by (5) with an equivalent reduction of the
SNR by 2.3 dB.

i

i

Conclusion

This paper provides the method of automatic pedestrian rec-
ognition in the road scene by a micro-Doppler signal for self-
driving vehicle radar systems. An automobile and a pedestrian
are treated as objects of the road scene. An input for the recogni-
tion technique is a segment of a Doppler spectrogram with dura-
tion not less than 1s and with all target micro-Doppler signal
bandwidth. The probability of recognition P, is 0.9 with P=10"
and SNR=>20. The P is estimated according to the SNR and Py.
The method considers features of a moving target Doppler spec-
trum; namely, a Doppler spectrum bandwidth of a moving auto-
mobile is comparable with a Doppler spectrum bandwidth of a
pedestrian. Also, the conditions of the method are discussed. The
velocity resolution of the radar must be not lower than % of the
defined minimum pedestrian velocity. The target DOA must be
limited by £60°.

The signal processing is reduced to the 1D detection thresh-
old defined by the Neyman-Pearson criterion. Machine learning
and deep learning algorithms are not used within the method.
The proposed method is considered to be used jointly with other
recognition techniques, which provide a quick recognition result
by one frame (~20ms). This method can be improved by using
CFAR algorithms which provides an estimation of the threshold
in the current conditions. The developed method can be applied
in self-driving vehicle radar systems and driver assistance sys-
tems. The method advances the micro-Doppler signal analysis,
improves the characteristics of the existing pedestrian recogni-
tion techniques, extends an application field of radar recognition
systems and establishes the role of radars among other sensors in
complex computer vision systems.

The future research supposes the development of a complex
automatic recognition method for all four road scene object
classes: a vehicle, a pedestrian, a cyclist, and a motorcyclist.
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METO/Z ABTOMATUYECKOIO PACNMO3HABAHUA MNELLEXOAOB B JJOPOXHOW CLIEHE
no CUrHAJ1Y MUKPO-AOMNJIEPA ANA PAANOJIOKALMOHHbIX CUCTEM BECIMUJIOTHOIO
ABTOTPAHCIIOPTA

lny4eeckui Andpeiu Bnadumuposuy, AO "KOTHUTUB", e. Mockea, Poccus;
Tomckut 20cydapcmeeHHblIl yHUsepcumem cucmem ynpasneHus u paduosnekmporuku (TYCYP), e. Tomck, Poccus,
pluch.andry@gmail.com

AHHOTauuA

[NpeanoxeH MeToA pacrozHaBaHWsA MeLexofa Mo YHUKaIbHOW XapaKTepUCTMKe CrieKTporpammbl [onnepa, M3sMepeHHOM C BbICOKMM paspe-
LeHneM. 3a4a4a pacro3HaBaHus peLLaeTcs B JOPOXXHOM cLeHe Ha ¢ oHe ABWKYyLLMXCA aBToMobunen. [lonnepoBckas cnekTporpaMMa paccMa-
TPUBAETCA KaK [BYXMEPHOE PaAMOSIOKALMOHHOE M3obpaxeHue. YumTbiBas ocobeHHOCTU curHana mMukpo-Lonnepa newexoga, obpabotka
[ABYXMEpHOro U300paXkeHWs cBefileHa K OAHOMEPHOMY MOpPOroBoMy. ANIropuTM pa3paboTaH A4Jis UCTMIONb30BaHUA B PEXMME CKOMb3ALLErO OK-
Ha, MPY HEMpepbIBHOM MOCTYMIeHUM MHGOPMaLMK O JOMIEPOBCKOM crekTpe Lenu. Metog nosyyeH Npy aHaMUTUHECKOM PeLLEHUN 3a4a4u 1
He TpebyeT NpMMEeHeHWs NOAXOA0B MALLUMHHOTO OBYYeHUA U HEMPOHHbIX CeTel. DKCNEPUMEHTaIbHOE UCCIef0BaHNe MPOBOAUIINCE Ha ABYX
TMMax o6BLEKTOB AOPOXKHOM CLIEHbI: Mellexoaax U aBToMobunsx. MokasaHo, YTo MeToa cnocobeH OTINYUTL NeLuexoaa oT aBToMobunsa ga-
)K€ MPpU COMOCTaBUMOW MrHOBEHHOM nosnoce [onnepoeckoro cnektpa uenu. MccnegosaHa BepoATHOCTb NMPaBUIbHOTO OBHAPYXKEHUA Lienu
paspaboTaHHOro MeToAa B 3aBUCMMOCTM OT OTHOLLIEHWS! CUrHaJI/LLYM 1 BEPOATHOCTU JIOXKHOW TPEBOrn. DTO MO3BONAET 3a4aTh TpeboBaHMe K
PaAVONOKALMOHHOM CUCTEMA Ha 3Tare MPOEKTUPOBaHUA M OLEHUTb BO3MOXXHOCTb UCMOJIb30BaHUA METOAA B YK€ CyLLECTBYHOLLMX Pagnoro-
KaLMOHHbIX KoMrnekcax. MeToa noAxoauT Afis MpUMEHeHUs Kak B o6iacTi paguonokaumm, Tak U B 06nacTv KOMMbloTepHOro 3peHus. Me-
TOA pa3pabarbiBanca Ans NpUMEHEHUA B UHAYCTPUM BeCnnIoTHOro aBTOTPAHCMOPTA U CUCTEM MOMOLLM BOAUTENIO AJIA PACcNO3HABaHMA MeLle-
XOZAOB U MPUHATUA HEOBXOAUMbIX MEP A1 MPEAOTBPALLEHUA CTONIKHOBEHUI B HEMPEABUAEHHbBIX CUTYaLus.

Knroyeesie cnoea: mukpo-Lonnep, npeobpazosarue Pypse, asmomamuyeckoe pacnosHaeaHue uesnel, pacno3HagaHue newexodos,
kadeHcHas duazpamma, asmomobusibHbIl paduosokamop.
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