
OT3bIB oQrqrarbHoro orrloHeHTa

Ha Alrcceprarluro Ha col{cKaHrle y.renofi crerleHlt

Qusu ro- ruareMarurrecKrrx HayK JIeo nrrena Ang peq ArexcaHA poBrq a

Ha reMy: <<I{cc.neAoBaHrre crarrrcrurrecKrrx cnoftcrn orITlIKo - TepareplloBblx

6uQoronHrrx no.nefi>>

ro creqraJrbHocrrl 1.3.19. JlarepHar Qururca

.{uccepraqlroHHar pa6o:ra JleoHrresa An4pea AnexcauApoBllqa rocBrlrleHa

KOMTTJTeKCHOMy TeOpeTr{rrecKoMy 14 3KCrrepr{MeHT€rrrbHoMy r4ccneAoBaHHro

Koppenrqnfi ouru.recKux H TepareprloBbrx Soronon, Bo3HrIKaK)IIIIdx B rlpoqecce

c[oHTaHHOfO [apaMeTpuqecKofo pacceflIll1ul cBera B cuJrbHo HeBbrpoxAeHHoM no

qacrore pexr4Me. ,{raccepraqlroHHafl pa6ora aKryzurbHa, rIocKoJIbKy B uefi nnepnue

r4ccneAyrcTcr Koppenflr\r4r4 MexAy onruqecrcvvrr u reparepqoBblMu QoroHarr,rvl, To

ecrr $oroHaMr,r, qacrorbr Korophrx pzBnuqarorc.f, Ha ABa rloprgra. .{o Hacrorlrlero

BpeMeHH r,rccneAoBtlrrucb Koppenrquu orrrr{qecKrrx 6u$oronon, [puqeM srofi

TeMarr{Ke rrocBrrrleHo 6omruoe Kon[qecrBo H3BecrHbIx pa6or. flocronrry

6omurrEHcrso MeroAr{K reHeparlun TeparepqoBoro r43nfreH[.fl ocHoBaHo Ha

B3ar.rMoAeitctsuun€BepHoro (onru.recroro) rr3nfreHur c BerrlecrBoM, y.Ier o[THKo-

reparepqoBbrx 6uQoronHbrx rroJrefi uoxer rpr{Becrn K A€rJrbHefiurerray piBBHTI{Io

KaK MeroAoB reparepqosofi Bu3ya.nu3alqlala (imaging) u reparepqoBoro

3oHAr4poBa*vrfl (sensing), raK H cnoco6oB rrepeAaqv v o6pa6orrr,r unQopl,ra\vLr c

r4crroJrb3oBaHr4eM TepareprloBoro r43nyqeHr,rx (6G networks).

,.{uccepraquoHHa, pa6ora H3noxeHa rua 133 crpaH}rrlax MarrllaHorlrlcHoro

TeKcra, coAepxnT 3l pucynox,2 ra6rnqrr r{ cocrouT r{3 BBeAeHLr.f,, qerblpex uraB c

BbIBOAaMU, 3aKJIIO!I eHkIfl. LI CIIHCKa nLITep aTyp bI.

B uepnofi rJraBe paccMorpeHbr p€BrprrrHbre MeroAbI reHepaquu vr

AereKTrrpoBaHH, TepareprloBoro r43nfreHrrs. Oco6ufi yuop Aenaercf, Ha na3epHhle

MeroAbr reHeparlulr u AereKTr{poBaHnf, c rloMorrlbro uernnefiHo-ortTl,IqecKl,Ix

Kplrcr€LrrJroB yr rroJryrrpoBoAHlrKoBhrx aHTeHH. Cpe4n HeJIuBepHbIx MeroAoB

perr{crparluu oco6oe BHr,rMaHr4e yAeneHo cBepxlpoBoArlquu 6orouerpaM. Zuenno

grlr MeroAr,rKr,r ucnonb3ylorcq B 3KcrrepuMeHT€Lrrbnofi qacru Anccepraquonuofi

pa6oru. .{anee e erofi xe rnaBe coAepxr.rrcr o6aop ocHoBHbIx cBeAeHwit us

rsaHronofi orrrlrKr,r, [o3BoJrf,rorrlnx p€BAenrrrb clty.u.au HeKJlaccuvecKlax 14

KJraccurrecKux Koppenf,rlnfi. Hanpr.rMep, paccMorpeHbr cryqau cy6rryaccoHoscrofi

lr cBepx[yaccoHoBcrofi crarvcrr4Kr,r cBera. B xonrle uraBbr coAepxl{Tcx o6sop

3Kc[epr4MeHT[rrrbHbrx pa6or, [ocBrrrleHHbrx LIccJIeAoBaHI,Irc Koppen[qufi onrzro-

onrr4qecKr.rx 6uQoroHon, feHepupyeMbrx B rrpoqecce crloHraHHoro

cBera, a raKxe 6oree [puKJraAHbIM o6racuu,rrapaMerpr4qecKofo pacceflIrldfl.



I

TaKr{M KaK KBaHTOBTUT Br,r3yZIJrU3ArlVrs., KBaHTOBOe 3OHALIpOBaH[Ie ]I CIIeKTpOCKO[Ufl

c[oHTaHHOfO rlapaMerpl4rrecKofo pacce sHVfl cBeTa.

Bo nropofi rJraBe coAepxrlTc, TeoperuqecKoe LIccJIeAoBaHue orITIlKo -
TeparepqoBbrx 6rEQoronon. Ha ocHoBaHI4u o6o6rqeHHoro 3aKoHa Kluurro

KzpxroSa BbrBeAena Soprr,ryna Anfl Koppenrqnonnoft Qynrqnu Broporo ropf,AKa

no HHTeHcuBHocrr.r B cnyqae uunymcnofi raycconofi HaKaqKI4 c f{eroM
[ornoqeHr,r, TepareprloBoro H3Jr1..reHnf, B HeJluHefiso-ouruqecKoM Kprlcrzlnne. Ha

ocHoBaHHr4 BbrBeAennofi Soprvrymr ronyqeHhl cJle.{yroque pe3ynbrarbl, Koropble

uan6olee BaxHbr An, gKcnepuMeHTanurofi perllcrpaqul{ KoppewMit. IlorasaHo,

IITO OTHOIIICHHE TETIJIOBO|O PABHOBCCHOTO BKJIAAA K KBAHTOBOMY PACTET IIPU

yBenuqeHr,rr4 qacrorbr c pocroM TeMneparypu. Ha ocHoBaHuLI AaHHoro pacrrera

BbrAeJreHbr o6lacru repareprloBbrx tracror vr reMrleparyp, rpu Koropblx

peKoMeHAyeTcf, 3Kcrrepr,rMeHTiurbHo perucrpnpoBaTb KoppenrIIHI{ MexAy

orrTuqecKuur4 14 TeparepqoBbrMr{ $orouanav Anfl. yMeHbIueHI4-f, BKJraAa re[JIoBbIx

paBHoBecHbrx Snymyaqnfi, BHocrrur4x AecrpyKTIasHHfi BKnaA B BenuquHy

Koppenf,rlufi. flarree cneAyer orMerurb, qro KoppenrquoHHa, Synrqrar Broporo

[oprAKa IIo T4HTeHCIIBHOCTII B 3aB}ICI.IMOCTII OT TIaCTOTbI I,IMeeT MaKCI{MyM IIpI,I

Qurccupooausofi TeMrreparype. rlzcrenno paccMorpeH crytafi 3aBLIcuMocrI4

Berr,rq[Hbr xoppenaqufi or aneprypbr repareplloBoro AereKTopa. Ha ocHoBe

npr{BeAeHHbrx pacqeroB MoxHo ocyurecrBuTb nu6op orITI,IManbHoro pexl{Ma

perrlcrparl[r{ Koppersqufi orrutlecKl{x I,I TepareplloBblx S oroHon.

Bo rperrefi rJraBe cneAyer BbrAeJrr,rrb Aaa 6roxa 3KcrrepI{MeHTEUIbHbIx

r4ccneAoB auuir. flepnrrfi 6nox [ocBrrrleH 3KcrrepI{MeHr€LIIbHofi pa6ore ro nepexoAy

oT pexr4Ma napaMeTpHrrecKofo ycr4neHlds. K pexuMy cIIoHTaHHoIo

rrapaMeTpr4qecKofo ycuneHu, B cJrrrae pefl4cTpaqul,I B aH€IJIOIBOU peXnrr{e. B

pefr.rcrparlr{r4 TepafeprloBoro r43nytreH[.f, c rloMolrlbto cBepxnpoBoA.f,Iuefo

qacrHocrra, uo4po6Ho o[ucaHa opuruH€LrrbHa, 3KcrIepI4MeHT€LIIbHaf, ycraHoBKa An,

BEJII4I{I,IHE

6onouerpa. florasaHo, rrro rrepexoA Ha BTopyto rapMoHI,IKy HaKarrKH [o3Bonrer

nepefirn B pexl4M crIoHTaHHoro ycr4renus, 6eg rlorepl{ B

perucTprlpyeMblx cLlrH€uIoB. Bropaa qacTb oKcrlepuMentalrnofi pa6otu

[ocBf,rrleHa rrccJreAoBaHHro orKJIuKa cBepxlpoBoAtulero 6olouerpa,

pefucTpr4pyroqefo TepafeprloBoe r,r3ryrreHue, a TaKxe ToKoBhIx uoxa":aHnfi

QoroenexrpoHHoro yMHoxrrreJrfl, perrrcrpl4pylouero orlTuqecKoe I,I3nf{eHI4e I'I

rroKa3aHlr.fl JraBraHHoro Soro4rzo4a. Bce sHueyKa3aHHble MeroAbI perucrpa\uvr

r.rMeror aH€uroroBsrfi xaparrep. flnx 6ororraerpa u $otoeJleKTpoHHoro yMHoxureJlr,

Ha ocHoBaHrrr.r MoAeJrr,r rayccoBoro pacnpeAeJleHl4f, ToKoBbIx rIOKa3aHI{I{ npLI

[yaccoHoscrofi crarucrr.rKrr Soroor.reron, npoBeAeHa a[[poKcrIMaIII,If,

crarvcrtrrrecKoro paclpeAeJreHrrr roKoBblx norasaHzfi BbIIIre yKa3aHHbIx

AereKTopon.,{aHna, an[poKcuMarluq rro3BoJI]IJIa aBTopy rtonyqllTb 3aBI,IcI{Mocrb
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KoJrr4r{ecrBa Qoroorueron or MoIrIHocrI4 HaKarrKu. [ang:F^at, 3aBuc]IMocrb

cornacyerc;-. c 3aBr4c[Mocrbro, [onf{eHHofi c uouolllbro Qoprvrynrt, I{3BecrHoil ns

paHee [poBeAeHHbrx rrccJre4onanufi ctIoHTaHHoro uapaMerpurlecKoro pacceflHl4fi'

cBera. fiatuat.qacrb r,rccJreAoBaHvrfl Aaer ronqoK AJIf, AalrHefiurux uccneAoealPtuit,

Koropbre MoryT 6rrrr cBr3aHbr c rcanu6poarofi TepareprloBblx LI orITI'IqecKI4x

AereKTopoB B aHiuroroBoM pexr,rMe. B ronrle rJIaBbI rIpI,IBeAeHrr rpaQurla ToKoBbIX

uoxa:annfi JraBuHHoro Soro4uo4a B cnf{ae armoqennofi n BEIKJIK)qennofi

HaKarrKLr. ,{annue rpa0rarn [oKa3brBalor o6lacm Blrt4fl:glvrs.upn6opnrrx [ryMoB' rITo

rro3BoJr.fler B A€rJrbHefiureu ncKJrrorrlrrb LIx BtruflHufl. rlpli perucrpaql4rl roppenrqufi.

B verneprofi rJraBe rrpHBeAeHbr sKcrIeprIMeHT€uIbHbIe HccJIeAoBaHld.fl

Koppensqufi onruqecKr4x r{ TepareprloBblx Qoronon. Buepnrte B Mlape aBTopoM

ronyqeHa 3aBr,rc6MocTb HopMllposanHofi Koppenf,Lluouuoft QyHrcIlnn BToporo

noprAKa orrruKo-TeparepqoBoro 6nQoionHoro IroJl.f, Iro HHTeHcI{BHocrl4 or

MorrlHocr[ HaKaqKu. flora:aHo, trro Aausrrfi rpaQur o6parno rIponopIII4oH€LIIeH

KBaApary roeSSuqueHTa rlapaMerpurlecKoro yckrlrelrua) qro coorBercrByer

flpu pervcrparluvr

TIO3BOJIUJIO OTCEtIb

cnyqalo cIIoHTaHHOfO IIapaMeTpHr{ecKoIo pacceflIJLrfl, cBeTa.

roppemqufi uctIoJIb3oBuulc, rasuHHHfi Qoro4rao4, rrro

upu6opnue rxyMbr or o4Ho$oroHHoro rIpIKa, TeM caMbIM rIpaBI'IJIbHo frecrb

BJrr,rrHlre rxyMoB. .{anee rpr4BeAeHbl AByMepHbIe 3aBucuMocrl4 s$Qexrnnnofi

Koppenf,Iluonnofi Synrquu ToKoBbIx norasanufi 6onorraerpa

SoroslerrpoHHoro yMHoxlrrenr rrpu pa3nl{r{Hblx MolrlHocrflx HaKarIxu. B cnf{ae

QoroenerrpoHHoro yMHoxHTeJr.f, HeJIb3f, oAHo3Har{Ho BbIAeJIHTb o6lacm B[rvtflHl/,fl'

rrryMoB. flosrol,ry 6ula [poBeAeHa [polleAypa nouraronofi AI'IcKpLIM]lHaWkr

ruyMoB, vTo Io3BOJII,IJIO yBenUqI4Tb BeJIUqUHy Koppenqqufi.

B 3aKJrroqeHrre Ar4cceprarlutr 6uru cAeJIaHbI ocHoBHbIe BbIBoAbI

Ar{ccepraIluonHofi pa6otrr.

Creneur o6ocHosaHHocrrl HayqHbIx TIOJIO)(EHI{I4 BbrBoAoB,

cqoprrrynprpoBaHHbrx B Ar.rcceprarl[oHHofi pa6ore JleoHueea A.A., He BbI3bIBaer

corraHenuft. ,{ocroBepHocTb rtonyrleHHblx pe3ynbTaToB noATBepxAaeTcfl'

r4cnoJrb3oBaHlreM pa3nr{trHbrx MeTo.qoB LI3MepeHU' napaMeTpoB I{ccneAyeMblx

crpyKTyp, [pLrBoArrrl[x K r.rAeHTLIqHbIM pe3ynbraraM. TeopernuecKue pacu6rrt u

3KcrrepHMeHT€UIbHbIe pe3yJIbTaTbI TaKxe cornacyK)Tcf, MexAy co6oil.

flparcrnuecKas 3HarrlrMocrr pa6orbl cocrol4T B ToM, tITo nonyqeHHble B

Ar4ccepraqraounoft pa6ore pe3ynbrarbr co3Aarcr ocHoBy Anq Aarbuefiurux pa6or n

o6lacru KBaHToBbrx orrrr,rKo-TeparepqoBblx paspa6oroK TaKux KaK, KBaHTOBUUI

Blz3yaJrla3ar\Ids, KBaHTOBOe 3OHALIpOBaHUe

TeparepqoBoM AI,Iana3oHe qacTor u3nyqeHHfl .

Hayunar HoBIr3Ha pe3yJrbraron pa6orrr:

raru6ponxa AereKTopoB



Paspa6oraH Teoperuqecrufi rIoAxoA, ocHoBaHHufi sa o6o6qenHoM 3aKoHe

Klslruro - Kupxro$a, uo:aonusuufi nonyqurb aHaJrurLrqecKoe BbrpaxeHue Anr
HopMl4posaHHofi Koppenf,Iluouuofi SyHrquz BToporo rroprAKa rro uHTeHcr{BHocrr,r

An, orITI,IKo-TeparepIIoBoro 6ra$oronnoro rIoJI{ B MHoroMo.qoBoM cnyqae c yrreroM

noDIoIrIeHLL HeJII,IHefinrru KpHcranJroM Ha reparepqoBbrx qacrorax. CosAaH MeroA

3Kc[epHMeHT€tlIbHoi,t o6pa6orKl{ ToKoBbrx rroKul3 aruufi orrrr{r{ecKnxvreparepqoBbrx

AereKTopoe, pa6orarcql4x B aHanoroBoM pexuMe, KoropHft uossoJrrer orrpeAenf,Tb

KoJII4rlecrBo gneMeHTapHbrx SoroorcueroB, perr{crpr{pyeMbrx AereKTopaMr.r.

Paspa6orana u ycrrelxHo peanl{3oBaHa cxeMa gKcrrep[MeHTilrbHofi ycraHoBKu rro

feHepallzl4 Lt AeTeKTIIpoBaHUIo otITIiIKo-TeparepIIoBbIx 6u@oronnux uolefi, B

xoropofi BnepBble ocyqecrBJl.f,ercfl rpsMoe r43MepeHrre KoppenflqnoHuofi Synxquz
6uQoronoB AaHHoro rr.r[a.

IIo [peAcraB.nexHofi Allcceprar;rlu Mo?r(Ho cAeJrarb pflA BotrpocoB n

sapreqanufi:

l. flpn nocraHoBKe 3aAaqLI He o6ocnoeana neo6xoALtMocrb rrpoBeAeHr.rf,

TeopeTl,IqecKoro I1lccneAoBallvrs. BItuflHLrfl MHOTOMOAOBOTO XapaKTepa

AereKrupyeMblx uolefi Ha BeJIHuI,IHy KoppeJr.fl rlrdoHHofi Qynxqrau.
2. Hescna oco6ennocrb rldcrorpaMM ToKoBbrx rroKa3aHrrfi O3y rrMeHHo rrpu

perHcTpalluu c[oHTaHHoro [apaMerpr4qecKofo pacceflIdl1.s., KaK 3TO

oTMeqeHo Bo BTopoM 3alrl[qaeMoM IIOnOXeHT,[r ; f rrCTOrpaMMbr BbrrJIf, ArT
KaK Knaccr{qec Kr.re [ac[oprHbre xap aKTepr,rcrr,rKra @3Y.

3. B qeM npeuMylrlecrBa ollrl4Ko-reparepqoBoro 6nsorona no cpaBHeHr4ro c

Tfq-Tfq 6n@orouola An{ 3aAaq repareprlosofi ceHcopr/rKrr t4liyt

Ba3yanrr3aryuu?

4. B pa6ore [oKa3aHo, KaK Ha ocHoBe AereKTupoBaHufl xoJrocroro u

c r,rf HiurbHoro s oroHoB o flpe.qenu rb Kopp enf, rIHoHHyro QyHrqraro orrrr4Ko-

TeparepqoBoro 6u0oroHa. flpe4craBrrflercfl, rrro Anfl r{croJrb3oBaHufl

rrpeAnoxeuuofi MeTOAT4KH Ailfl npnueueuufi B ceHcopr,rKe LUtv

BJa3yaJrur3arr4kr, ueo6xo4urrao perxarb o6paruyro 3a$aqy, To ecrb rro
rEruercrqeficx uusopvrar\Ll;rt o6 o6rerre B olrurrecKoM Ar4ala3oHe, a raKxe

Koppenrquouuofi SyurqrEu ronyrrHrb unooprr,raquro o6 o6rexre B

TepareprloBoM Ar4ana3oHe. Karnu o6pa:orvr MoxHo sro c4elarr?
5. B pa6ore I,IMeIorc{ rpaMMarl4r{ecKr4e r,r cr,rHTaKcuqecKr,re oruu6rcz. Ha

pr.{cyHKax, orHoc-f,rrluxc, K co6crseHHbrM pe3ynbraraM, o6oauaqeHue

ocefi [pe.qcraBJreHo ro Ha pyccKoM, To Ha anmuficroM ,3brKe.

BuureyxasaHHble 3aMeqaHu.f, He cHzxaror o6qufi sHcorcufi yponenr pa6oru
I4 He yMaJIrK)T 3HaqI,IMO0TLI ALIccepTaULIoHHOro LICCIeAOB AHus.. ,{zccepraqrroHHirf,

I{CCJIeAOBaHLT eM,pa6ora Jleonrreaa A.A. f,Br.f,ercq 3aKoHqeHHbrM HayqHbrM



Soprr,rzpyroqr,rM Aa.nrHeftruee Ha[paBneHr{e Anf, r,rccneAoBanufi KBaHToBbrx

oco6eHsocrefi TepareprloBoro Lr3nfreHr,lfl .

Taruu o6pa:ona,

3acnyxr,rBaeT rrpucyxAeHr,r.f,

HayK rro crerlr4€LrrbHocru 1.3.19. Jla:epHar Qusura.

OQnqua;rurrrfi orrroHeHT:

MnuruHa Ereua lrvrnrpueBHa, AoKTop Srasnrco-MareMaruqecKLrx HayK, upo$eccop,

3aBeAyrcrquir ta6oparopuefi <<@euroceKyHAHat orrrr{Ka An, HaHorexuonornfi>,

xaSe4pu HaHo3JreKrpoHr4KH PTy MI,IPSA

TEJI.: +7(495)215-6s-6s,

rc6.3026

e-mail: mishina_elena57@mail.ru

Of E Oy B O MI'IP 3A - P oc cprfi crufi rexnorrorrarr ec K uir y uunepc r{rer

119454 Poccux, r. Mocrna, rrJr. rpocrreKr BepHa4croro, 4. 78

reJr. : +7 (49 5)21 5 -65 -65, rc6. 3026, e-mail: mirea@mi

Co4epxaHr4e aBropeQepara Jleonrresa A.A. coorBercrByer coAepxaHr{ro

Ar{cceprarluu.

.{uccepraqux orBeqaer rpe6oaaHlaflv.) ycraHoBneHHbrM Mocxoscrurvr

rocyAapcrBeHHbrM yHuBepcureroM uMeHu M.B. JloMoHocosa K pa6orarvr

noAo6noro poAa. Co4epxanne Aucceprarluu coorBercrByer crrerluanbHocru

1.3.19. Jlasepnar @nsnra (.ro Snsnxo-uareMarrdrrecKr,rM nayrau), a raKxe

Kplarepuf,M, orrpeAeneHHbrM rrr. 2.1-2.5 floroxeru4fl, o rpr4cyxAeHnpt freHbrx
creneHefi B MocroscxoN,r rocyAapcrBeHHoM yHuBepcr{Tere r,rMeHr{

M.B.Jlorr,roHocoBa, o$oplaneHa cornacno rpe6oBaHlrlrM floroxeHrlfl, o coBere rro

3aIrIr4Te 4uccepraqnfi Ha coLrcKaHr,re ;ruenofi crerreHr.r KaHAr.rAara HayK, Ha

coucKaHr,re yueHoft crerreHlr AoKTopa HayK MocroncKoro rocyAapcrBeHHoro

yHr,rBepcrarera r{MeHu M.B. JIoMoHocoBa.

coucKareJrb Jleonrren AH4pefi Anercan4poBrrr

yrenofi crerreHu KaHAr,rAara Snszxo-MareMarlrtrecKux

A- E.A. Mr'rruuna

A /,'ag/
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