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Pa3paboTka onTHYECKNX aHTEHH SBJISETCH BaKHOMU Mpo0OJIeMoil coBpeMeHHoi (oToHuku. [Tpn 3TOM coBpeMeHHbIe
TEXHOJIOTMYECKHE BO3MOXKHOCTH CO3/IaHHUSl TaKHX 3JIEMEHTOB BHOCAT PsAJ OrPaHUYCHMI, TAaKMX KaK IUIaHapHas
MOJYJISILSA  IUAJICKTPHYCCKON MPOHULIAEMOCTH, KPOME 3TOrO, JKEJIATEJIBHO HCHOJIb30BaTh CJIa0O0NOIIOMAONTe
MaTepHaJIbl C HU3KUM IOKa3aTesleM IIpesioMyieHus. B HacTosmieit paboTe npencTaBiieHbl Pe3y/IbTaThl 110 pa3paboTke
U HCCJICNOBAHMIO JM3JICKTPUUECKIX HAHOAHTEHH HA OCHOBE HM3KOKOHTPACTHBIX KBAa3HKPUCTAJUIMYECKUX CTPYKTYD,
KOTOpBIe o0ecnedynBaloT (OPMHUPOBAHKE JICTIECTKA M3JIy4EHUs TUMOJIBHOTO MCTOYHMKA. PacmpenesnieHne MaTepraia
CTPYKTYPBI ONpefesIseTcs ¢ MOMOIIBI0 METOa OOPAaTHOrO AM3aiiHa U KOMIIBIOTEPHOH ONTUMU3ALNHI [UIS JOCTIDKECHUS
Hanboutbliero koagduumenra ycuienus. TeopeTHueckoe HCCIIEOBAHUE CBOWCTB ONTHMU3MPOBAHHONW ONTHYECKON
AQHTEHHBI TI0Ka3ajI0 ycusieHue n3aydenus a0 10 dBi npu ncnosnb3oBaHny MaTepuaioB ¢ KOG QUIIEHTOM mperoMIie-
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ITocyienHue necsATHIETHS CONPOBOXKIAINUCH OYPHBIM pa3-
BUTHEM H3Y4YEHHS HCKYCCTBEHHBIX CpEl IJIs YNpPaBJICHUS
3JICKTPOMAarHUTHBIM INOJIEM — TakKUX Kak (POTOHHBIE KpU-
crawml (PK) m Meramarepaisl, COCTOSINNE W3 HCKYC-
CTBEHHBIX METAa-aTOMOB C PE30HAHCHBIMH cBoicTBamu [l1].
B ®K pacnpenenenne koaduiieHTa mnpenomieHus o0-
JlajaeT MEePUONUYECKOH MOMYJIALUEH, YTO MPUBOTUT K MO-
SIBJICHUIO PAa3pellicHHbIX M 3alpellcHHbIX COCTOSHUA [2].
Oco0plif WHTEpec MPEACTaBJIsET aHAJIM3 30HHOW CTPYKTY-
PHBI, TIOCKOJIbKY OH OTKPBIBACT IPHKJIAJHBIC BO3MOXHOCTH
VI YOPABJICHUS CIIOHTAHHBIM H3JIyYeHHEM B (DOTOHHBIX
yCTpoiicTBaX HaHOMETPOBOIro MaciTaba. B OosbmmHCTBE
CJIy4aeB ONTHYECKOE U3JTydeHHE 00yCII0BJICHO JUIOIbHBIMU
MIepexolaMy 3JICKTPOHOB, BEPOSTHOCTh KOTOPBIX 3aBUCHT HE
TOJIBKO OT MaTPUYHOT'O 3JIEMEHTA, HO M OT JIOKAJIbHOU TJIOT-
Hoctn (oTonHbIX coctosiHuil (JITIPC), Tak HasbiBaeMOM
a¢p¢exre Ilapcenna. Ha uwactorax, cooTBeTcTByIOmUX (o-
TOHHOM 3aNpeNI€HHOM 30HE, COCTOSHUI 3JIEKTPOMAarHUTHOIO
TOJIS HET, TO3TOMY 3JIEKTPOHHBIN IIEPEXO]] C U3TyYCHUEM He
nponsoiinét. HampoTus, BOIM3M rpaHMIl 3alpEIEHHON 30HBI
JIII®C umeer Ooblige 3HAUEHUS, YTO YCKOPSIET U3JIydeHUE
3a CYET yBEJIMYECHUS BEPOATHOCTH 3JIEKTPOHHOIO MEPEXONa.
[Ipumeuatensro, uro JIIIPC ompenenserca HE TOJIBKO
U1 TIEPHOAUYECKUX CTPYKTYpP, HO U Ui IPOU3BOJIHOTO
OM3JICKTPIYECKOTO OKPYXCHHUSI OMHUTTEPa. DTO OTKPHIBACT
NEePCHEeKTUBB /I co3maHus S((EKTUBHBIX HAHOAHTCHH,
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T.€. aHTEHH ONTHYECKOro auamna3oHa. HaHoaHTeHHa mpeo0-
pasyeT CHJIbHO JIOKaJIHM30BaHHOE 3JICKTPOMArHUTHOE IMOJIE,
CO3[IaHHOE IUIOJIbHBIM HCTOYHUKOM, B 3JIEKTPOMATrHHUTHBIE
BOJIHBL B CBOOOIHOM MpPOCTpPaHCTBE M Haobopor. O mu-
3afiHe M NPaKTUYECKOU pealn3allid HAaHOAHTEHH aKTHBHO
MyOJIMKYIOTCS uccyenoBanus, HaunHas ¢ 2010-x, 6iaromaps
nporpeccy B obsactn 3D-Hanorexuostornii [3-5]. Hawo-
AHTEHHB HAaXOIST MPUMEHEHHWEe B OMO30HOMpOBaHWU (6],
CIIEKTPOCKOMHH 7], CO3TaHMM ONTHYECKUX JIOBYLICK [8] u
peayMsaiyy onTHYeCKuX BeraucieHuit [9]. Kpome toro, onu
UMEIOT Ba)XKHOE 3HA4YEHHE B IEPCIEKTHBHBIX KBaHTOBBIX
CHCTeMax Tepefavyd JaHHBIX, Ie HeoOXomuMo (P QEeKTHB-
HO TIepeiaBaTh ONTHYCCKHAE CUTHAJIBI MEKIY PasIMYHBIMA
4acTsMH KBaHTOBO# Hepenaoieit Juuun [9).

OOBIMHO [HM3alffH HAHOAHTGHH OCHOBAaH Ha W3BECTHBIX
u3 paguo(U3NKU KOHCTPYKIMSX, a TakKe HA HHTYHTHB-
HBIX COOOpaKCHUAX. AJIBTCPHATHBHBIM IIOIXOTIOM SIBJIAIOTCS
METOfBI 00paTHOrO AW3aifHa C WCIIOJIb30BaHMEM METONOB
gicienHod ontumusanmu [10,11). JlaHHBIE MeTOmBI TIpHU-
BOIAT K CJIOKHOMY paclpefeIeHUI0 MaTepuasia, HO IpH
3TOM CTPYKTYPhl IEGMOHCTPHUPYIOT OoJiee BBICOKHE Xapak-
TEPUCTUKH 110 CPABHECHUIO C MEPHOTWICCKUAMI aHAJIOTaMIL
BospImHCTBO METONOB 0OpaTHOTO AW3aifHa IPEIIoIaraioT
3ajaHue TpeOyeMbIX 3JIEKTPOMArHUTHBIX CBOICTB YCTpOIi-
CTBa, TOCJE 4YEro aJropuTM HaXOAUT COOTBETCTBYIOIIYIO
3TUM TpeOOBaHUAM CTPYKTypy. OTHacTH 3TO HANOMMHAET
meronsl rosiorpadun [12]. Hegasuo [13,14] coobuianocs o
KBa3WKPUCTAJUIITIECKAX CTPYKTYPaX, OCHOBAHHBIX HAa MOJH-
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Puc. 1. (a) [uarpamMma HampaBICHHOCTH M3JIyYCHHS 3JIEMCH-
TapHoro mumousisi. (b) JluarpamMma HampaBIGHHOCTH H3JTyYeHHs
9JIEMEHTAPHOT'O JHUIOJISA, BCTPOCHHOTO B IICHTP KBa3MKPHCTAILIU-
YecKou CTPyKTyphl JlyTMHa BOJIHBI M3imydeHnst paBHa A = 1550 nm.

(uKamm 0OpaTHOTO MPOCTPAHCTBA, B KOTOPHIX (popMupy-
ercs TojHas 3anpenieHHass ¢oToHHasg 30Ha B 2D- m 3D-
cpenax HpH HU3KOM IMAJIEKTPHUYECKOM KOHTpacTe. AHajo-
TUYHBIA OXON TO3BOJIIII pa3paboTaTh ONTUYECKU PO3pay-
Hble KBa3HUKPUCTAIJIMYECKUE CTPYKTYPbl C CEJICKTHBHBIM
paccestHEEeM, 3aBUCSIIAM OT [UIMHBI BOJIHBI M HAIPABJICHUS
najatomero cseta [15,16]. JlaHHble CTPYKTYphl OCHOBAHBI
Ha paclpeneeHUd MHOXXECTBA CHHYCOM[AJIBHBIX PEIIETOK
C MHMBHLYaJIbHBIMU YTJIOBBIMU KOOpPOMHATAMU B OOpaTHOM
IPOCTPaHCTBE. Ba)KHO MOMYEPKHYTb, YTO, IOCKOJIBKY 30HHAS
CTPYKTypa KBasMKPUCTAUIMYCCKAX CHUCTEM MOXET HEIOo-
CPEINCTBEHHO 3aBHCETh OT OPHCHTAIMH PEHIETOK, HX MOYKHO
ONITHMHU3HPOBATh UL JOCTI)KCHUSI BBICOKOTO YCUJICHHS B
ONITHYECKUX aHTEHHAX Ha MX OCHOBE.

B HacTosieit pabore Mbl peiaraeM HAU3KOKOHTPACTHBIE
HAHOQHTEHHBl Ha OCHOBE KBA3HUKPHCTAJIMYECKUX CTPYKTYpP
ISl YCUJICHUSI M3JTy9CHUS TUIMOJIPHOTO NCTOYHUKA Ha JUTNHE
BOJIHBI TPAHHUIIB CTON-30HHI (puc. 1). It HaxokneHus: pac-
MpeesieHAs] MaTepualia B CTPYKType HCIONb3yeTCs METON
oOpaTHoro au3aiiHa. B oOpaTHOM IpocTpaHCTBe 3agaercs
Habop PEIIETOK CO CJIy4ailHBIMU YIJIOBBIMU KOOPAMHATAMH,
KOTOpbIe ONTHMHU3HUPYIOTCA AJIS1 HOCTIDKCHHUS HauOOJIbLIEro
koa(¢punmenTa ycusieHnss HaHoaHTeHHBL. [IpoBeneHs! pacye-
THL U CTPYKTYP U3 MaTepualia ¢ Ko3(pUIMEeHTOM IpesioM-
Jienus: 1.48, KOTOPBIl COOTBETCTBYET NOCTYIIHBIM MaTepHa-
JIaM (JIMOKCHI KPEMHHs, MOJIMMEPHl U 1p.). B pesymbrare
ONTUMU3ALMU COKYCUPOBAHHOE YCHJICHHE W3JIyYeHUS Ha-
HOAHTEHHBI OoJiee YeM B JBa pa3a BBIIIE [0 CPABHEHHUIO CO
CTPYKTYpPOU 10 ONTHMH3AIINH.

Aun3saiiH cTpyKTypbl

KBasukpucranmmdeckass GpoToHHass CTpyKTypa (opMmupy-
ercs B pesyspTare IpeodpaszoBaHus Pypbe MaKkCUMYyMOB
(meypTaoOpa3sHBIX MTHKOB), PACIIOJIOKCHHBIX Ha OKPYKHOCTH
B 00paTHOM NPOCTPAHCTBE C MHAWBUIYAJIbHBIMU YIJIOBBIMU
KOOpIWHATaMH, HO OIMHAKOBBIMH aMILUIATYIOH U (a3oil.
B npsiMmoM mpocTpaHcTBe pacnpenesieHre Marepuana chop-
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MHPOBAaHHOH CTPYKTYpHl OyAEeT MMETh HEIPEPHIBHBIA IMOKa-
3aTesTb IpesTOMIICHUS. [{J11 BOSMOYKHOCTH 3KCIEPUMEHTAITb-
HOT'O BOCHPOW3BENICHNST (POTOHHOH CTPYKTYPBHI ITPOBOIUTCS
OvHapm3ammsi Cpefpl, B pe3ylbTaTe KOTOPOH IOTydaeTcst
CTPYKTypa, COCTOSIIAs W3 IBYX MaTepHAJIOB C Pa3sHBIMU
TOKa3aTesIsIMM  TIPEJIOMJICHNsI. MaTtemaTindeckun OHHapHOe
pacIperiesieHle ToKa3aTesisl MPEJIOMIICHUST MOKHO TpefcTa-
BUTb CJICHYIOIIIM 00pa3oM:

N
Ny (1) :®{Zsin(ki -r)}, (1)
i=1
rae ©® — ¢ynkuus Xesucaiina, N — oOmiee 4uc/i0o MaKkcu-
MYMOB Ha OKPYXHOCTH B OOpaTHOM IpocTpaHcTBe, ki —
HampaBJIieHHe K MakCUMyMy C HHAeKcoM i. OTMeTHM, 4To
IIPU NOCTPOCHUU (PAKTUYECKH HCIHONIB3YIOTCA [Ba MAaKCH-
MyMa, ITOCKOJIbKY IpeoOpasoBanie Pypbe CHHYCOMTATBHON
(YHKIMH COOTBETCTBYET ABYM JIeJIbTa-O0pa3HBIM ITHKaM C
koopanHatamu +kjj B obpaTtHoM mpoctpancTse. Kaxnas
pelnreTka MMeeT ONMHAKOBEI Imepuon a = 526 nm, mo3TomMy
pacCcTOsIHUE OT LICHTPA OKPYXKHOCTH [0 KaXXIOTr0 U3 MaKCH-
mymoB pasHo |ki| = Ko = 2a/a. Ha puc. 2, a npeacrasiieHo
pacrpesieieHue eCATU PEeIIeTOK Ha OKPY)KHOCTH B oOpaT-
HOM IPOCTPAHCTBE CO CIyYallHBIMU YIJIOBBIMH KOOp[IMHATa-

MH Q.

B npuBenenHoM ypaBHeHUH GYHKLMSA XeBUcaiina onpene-
JIgeT mpouenypy Ounapusauuu. buHapHOe pacnpenesieHue
MOKasaresst MPeToMIICHHsT Np(r) OymeT paBHO HYJO [JIs
OTpHULIATESIbHBIX 3HaYeHUi Qypbe-00pasa u equHuLe — I
TIOJIOXKHUTEITbHBIX. [IycTh HOJNB COOTBETCTBYET MOKA3aTeNio
npesioMyieHnss Bosgyxa Ny = 1. EpuHune! npencrasisior
MaTepuai Ny = 1.48, xapakTepHBIN 11 IIMPOKOTOCTYITHBIX
IAJICKTPUKOB, TAKMX KaK MOJMMEPHI HJTH TUOKCUJ KPEMHHUSL.
JIOIOJTHATEIIBHO TPEeIIosiaraeTcs, YTo Marepuas obsamaet
ciabeiM  morsomenreM tand = 0.001. OtmetruM, YTO B
pe3yabraTe OMHapu3alMy (akTop 3aloNHEHud 111 00ouX
Matepuasios coctasigeT 50 %.

INockonpKy OuarpamMma HampaBjIeHHOCTH M3JIy4eHHs IU-
MOJIBHOTO HCTOYHMKA (pHC. 1,a) HMMeeT TOPOMAAIbHYIO
¢dbopMy, MBI OI'paHUYMBAEM PACIIpeiesICHUe TT0Ka3aTesIs Ipe-
JIOMJICHHSI B TIPSAMOM IPOCTPaHCTBE IO (hopMe HUCKa ¢
nuametpoM ocHoBanuss L = 8a wu BeicoToit h=2a. Ha
puc. 2,b mOKasaH TpPHMEpP TaKOil CTPYKTYpbl Ha OCHOBE
CJIy4alfHOTO pacHpelesIeHHsT YIJIOBBIX KOOPIMHAT PEIIETOK
B 0OpaTHOM IPOCTPaHCTBE.

Oontum n3auuna CTpyktypbl

YucsieHHOE MOJEINPOBaHKE, MIPENCTaBJIEHHOE B padoTe,
MIPOBOMJIOCH C MOMOMIBIO KOMMEPYECKOTO IPOrpaMMHOIO
obecnieuenua CST Studio Suite. DneMeHTapHBI TUIOJb,
OpPHEHTHPOBAHHBIN BIOJIb OCH Z, ObIJT PACIIOJIOKEH B IIEHTPE
KBa3HKPUCTAJUTMYCCKON CTPYKTYphl (puc. 2,b). Tlpu stom
HETOCPECTBEHHO HUCTOYHHUK OKPYKEH BO3LyXOM, 3aIlOJIHf-
IOIIMM HeOOJIbIlIoe IMIMHPUIECKOE POCTPAHCTBO BOKPYT.
M3MmeHeHne XapakTepUCTUK M3JTy9IEHHS AUIONS 00YCIIOBIIe-
HOo m3MmeHenueM JIIIOC. OrmeTum, 4TO paHee CyLIECTBEH-
Hoe yBemmueHne JIIIPC nHabiromanoch Ha Kpasx CTON-30H
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Puc. 2. (a) CxemaTndeckoe MpencTaBICHHE IECATH MAaKCUMyMOB B OOPaTHOM HPOCTPAHCTBE CO CIIy4aiiHBIMH YIJIOBBIMH KOOPAMHATAMHU
peweTok «;. (b) V300pakeHue CreHepHpOBaHHOM KBa3UKPUCTAIIMIECKOI CTPYKTYPhl HA OCHOBE CJTy4YaifHBIX YIVIOBBIX KOOPIMHAT PEIIETOK.
(¢) HopMHpOBaHHBI CIHEKTP MOIMHOCTH M3JIYYEHHsI 3JIEMEHTAPHOTO [MIIONS, BCTPOCHHOTO B LEHTP KBAa3sMKPUCTAUINIECKON CTPYKTYPBL
(d) InarpaMma HaIrpaBJICHHOCTH H3JTyYeHHs! 3JIEMEHTapHOIO JIHIIOJsA, BCTPOCHHOIO B LIEHTP KBa3sUKPUCTAIUIMYECKOI CTPYKTYpbL [{nHa

BOJIHBI U3JTyueHusi paBHa A = 1550 nm.

omaoMepHbIX DK [17]. DTOT 3hdeKkT 0OBICHAETCS YMEHB-
[IIEHAEM TPYIIIOBOI CKOPOCTH Mon Sw/SK BOIM3M TpaHmIl
CTOI-30HBI 110 CPABHEHUIO C TPYMIIOBOH CKOPOCTHIO MOX B
CBOOOTHOM HPOCTPAHCTBE M, KAaK CJIEACTBHE, IPUBOIUT K
noseiternio JITIPC B Touke HaxoxpeHus ucTodHuka [18].
Yepes uziydaeMyro JUIIOJIEM MOIIHOCTb P BelnvuHy yBe-
ymyenusa JIIIPC MoxHO HaliTH, 3Has [EHCTBUTEIBHYIO
4acTh mMmmenanca usiaydenns [19]. TlonydeHHoe 3HaueHHe
HOpPMHUpYeTCSl Ha Wu3JydeHue aumnois Po B omHOpomHOM
cpere co CpemHMM IOKa3aTesIeM MPEIOMJICHHS CTPYKTYPBHL
Ha puc. 3,c nokasan HOPMHPOBaHHBIA CIEKTP MOIIHOCTH
W3JTydCHUS] AWNONS JUISl CIIy9aifHOrO paclpernesieHus Ha-
MPaBJICHUIl PElIeTOK B KBAa3WKPHUCTAJUIMYECKOH CTPYKTYypE.
CrieKTp HEMOHCTPUPYET TIOJIOCY IIOAABJICHUSI H3JIyYCHHUS
(doToHHYIO 3ampeleHHYI0 30HY) BOKPYI [IJIMHBI BOJIHBL
1370 nm. JI71s1 [71MHBI BOJIHBI TEJIEKOMMYHUKAIIMOHHOTO [Ha-
nasoHa A = 1550nm HaOmofgaeTcd ycuIeHHE MOLIHOCTH
U3JTy4eHHUs] 10 CpaBHEHHIO C OfHOpomHoil cpepoi. Kak
W3BECTHO, B [JaJIbHECH 30HE W3JIyYCHHUS AWIONS BEKTOPHI

3JIEKTPUYECKOH M MAarHUTHOH HAaNpsKCHHOCTU CHH(A3HBL
IlosTomy Ha pyuHe BoHbL 1550 nm oxupaercs 3¢ ¢pexTuB-
HBIil [IepeHOC 3Hepruu B fajbHee mose [20).

BaxxHol XapaKTepHCTUKO! HAHOAHTEHH fBJIIeTCS HAIPaB-
JICHHOCTb H3JIy9CHUS, T.C. YCIJICHHE MOIIHOCTH Iepefa-
Yl U TpueMa B KOHKPETHOM HampasieHud. HampapieH-
HOCTb H3JIy9CHHUS XapakTepusyeTcsi Kos(uumeHTOM Ha-
npasnientoro aeicreust (KHI): D(0, ¢) = 47P(0, ¢)/Pio,
rre P(0, ¢) — MI0OTHOCTh MOIIHOCTH M3JTy4CHUS B HAIIPaB-
JleHnn cdepudecknx yrioBeix koopmuuaTr (0, @), P —
MOJIHAsi MOIIHOCTb M3JIy4CHUsI BO BCEX HANpaBJICHUAX. Xa-
PaKTEPHUCTUKOM, KOTOpast YIUTHBACT IIOTEPH B MaTepHaax,
00pasyloluX KBasUKPUCTAJUIMIECKYIO CTPYKTYPY, SIBJISETCS
ko3¢ duiment ycurenns (KY) G, koTopbii OmHO3HA4YHO
cessan ¢ KHII G=nD, tne 0 <n <1 — xoadpdum-
ent nonesnoro aeiicteust (KITH). Ha puc. 2,d mokasana
TpexXMepHast JuarpaMMa HalpaBICHHOCTH JUIIOJS, PACIIOo-
EHHOTO B IIEHTPE KBAa3UKPHUCTAJIMYECKOH CTPYKTYPHI Ha
mmHe BostHEL 1550 nm. HeonmTuMusupoBaHHast onTudeckast
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Puc. 3. I'paduk 3aBucumMocTH MakcuMyma KoddduimeHTa ycu-
JIeHUsI OT HOMepa HTepaluii, IOJIydeHHBII MeTOomoM OaliecoB-
CKOW onTuMH3almu (roy0ast JIMHHS) M JIOKAJIbHO-IPBDKKOBOM
onruMuzanueil (KpacHasi JIMHES). 3eICHON WITPUXOBOM JIMHHCH
NOKa3aHa (yHKLMs anmpokcuMmalmu. BcraBkoil mokasaHa Kpusas
CXOIMMOCTH B JIorapu(pMU4ecKoM Macirabe.

aHTEeHHa IEMOHCTpUpyeT MakcuMaibHblil KY Gy = 5.25dBi
W IMpHUHY OCHOBHOIO JiemecTKa, paBHyio 43°. Ilpunsito
CYNTaTh, YTO B BHICOKOHAIPABJICHHBIX aHTCHHAX MIMPUHA
OCHOBHOTI'O JICTIECTKA JWarpaMMbl HaIPaBJICHHOCTH COCTaB-
JSIET HeCcKoJbKo rpagycoB (5 — 20°), a KY nopsinka 10 dBi.
Takum 00pa3oM, HEONTUMU3NPOBaHHAS KBa3UKpUCTAJLIMYe-
CKasi aHTEHHAs CHCTeMa HE SIBJISICTCS BHICOKOHAIIPABJICHHOM.

Onmmwaau,vm HaHOAHTEeHHbI

OcHoBHasl 33/1a4a ONITUMH3ALUK COCTOsJIA B ONPENEICHUN
TCOMETPHN KBa3HUKPUCTAJUINIECKON HAaHOAHTEHHBI, oOecIie-
YMBAIONIEH BBICOKYIO HAIIPaBJICHHOCTb M3JTyYCHHS IHIOJIb-
HOTO HMCTOYHMKA B BBIICJICHHOM HarpasjieHuH. i aToro
MBI TPUMEHIIM [BYX3TAallHYIO IPOLEAYPY ONTUMH3ALIH.
Ha nepBoM 3Tane ncrnosb30Basicss UTEPALOHHBIN aJITOPUTM
Baiteca [21], OCHOBaHHBIA Ha MOMCKE MUHUMYMOB (DYHKIIHH
C anpuOpH HEU3BECTHBIM YHCJIOM JIOKAJIBHBIX IKCTPEMYMOB.
l'eomerpust cTpykTypsl, MakcumyM KY Gy m HampasiieHue
YCWJIEHHS 3aBUCAT OT MOJIIPHBIX KOOPAMHAT PEHICTOK «.
Takum obOpasoM, maremaTndeckas (OPMYJIMPOBKa 3aJaddd
CBOIOMTCS K HOKCKY IVI0OasibHOro Makcumyma G, 11e1eBoit
¢bynxun Hamreii cucremsl Go(d), T.€. MaKCUMU3aLUK 3Ha-
gerusi KY Gy mpu BapbHUpOBaHWM TOJIIPHBIX KOOPIOWHAT
peIeToK:

Gm—ogrgagxzﬂGo(a.). (2)

baitecoBckass onTHMHU3aLUs MCHOJIB3YET BEPOSATHOCTHYIO
MOJIeJIb HAa OCHOBE T'ayCCOBBIX IPOLIECCOB IS NPENCKA3aHUs
3HAYCHMH [IeJIeBON (DYHKIIMM B TOYKaX, [7Ie OHA emlé He ObuIa
nccyienoBana. IlpenmymecTBoM 3TOro momxoma SBJISIETCS
3¢ (PEKTUBHOCTD VI ONTUMH3ALUH PECYPCOEMKUX (YHKIUH,
TpeOyYIOINX 3HAYUTEIIbHBIX BBIYUCIIUTENbHBIX 3aTpat. s
3TOrO Ha KaXK[OM IIare ajJropuTMa ONTUMH3ALUKA CTPOUTCS
BEPOSATHOCTHASI MHTEPIIOJIANNS 1IeIeBOi PyHKINN MEeXKTy e
W3BECTHBIMH 3HAYCHUSIMH, COOTBETCTBYIOIIMMH HabopaM o,
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MOJTyYCHHBIM Ha TPEABIIyINX urepamusx. s Monenmpo-
BaHUS allPUOPHOIO PACIPENENICHUSI UCIIOIb3YeTC IayCCcoB-
CKHI1 TIpoliecC, B pe3yJibTaTe KOTOPOro ONpeeseTcs HeKas
GYHKLMA TIOJIE3HOCTH, HA OCHOBE KOTOPOU BHIOMPAIOTCS
HanOoJiee BEpOsITHBIC 3HAYCHUS B Habope «f U CIemy-
folero miara urepanud. Takum oOpasom, GallecoBckasi Om-
TUMU3aLUs MUHAMU3UPYET BBIYUCIICHUE 11eJIeBOM (PyHKIMHY,
HO MaTeMaTH4ecKasl CJIOXHOCTb OIpefesIeHus CJIeLyIOonero
iara yBeJIMYMBAeTCs], IIOCKOJIbKY BO3PACTaeT Pa3sMEpHOCTb
3agaud. [1oaTOMy Ha ompeiesieHHOM 3Tare GaiecoBcKast OIl-
TUMU3aLUs OKa3biBacTcsi MeHee (P(HEKTUBHOIM, YeM Ipyrue
METOIBL

Ha nepBoii urepauuu HCIOJIb30BaJICA CJIyYaiiHO creHe-
PUpOBaHHBII HA0Op YIJIOBBIX KoopaumHart «; (puc. 2,a).
Brrancienne auarpamMMbl HAIPaBJICHHOCTH H3JTyYCHUS B
JaJIbHEM I10JIe TIPOBOAMJIOCH Ha JumHE BOJIHHEL A = 1550 nm.
Ha xaxnoii ureparmu anroput™ 0aiileCoBCKON ONTUMU3ALUN
BBIUHCIISACT LIEIEBYIO (PYHKIMIO U KOPPEKTHPYeT 3HA4eHHS
HOJIAPHBIX KOOPAMHAT (¢, YTOOB! Y/Iy4YIIUTbh 3HAYEHHE Liesie-
BOU (DYHKIMH, OKUIaEMOE Ha CJICYIOIIEeM Iare.

Bpemsi BrlUmCIICHHS LeJIeBOM (YHKIMM 3aHUMaIo Ha
HAIIUX BBYUCIIUTEIBHBIX MOIIHOCTAX NPHOIU3UTENIBHO 40 s.
Bpemsi BbIIIOJIHEHUS NIEPBBIX UTEpalil ObIJIO COMOCTaBUMO
C BpEMEHEeM BBIUHCJICHHS LeJieBOi (YHKLMM, ONHAKO IO
Mepe YBEJIMYCHHsI Yiciia UTEpaldil 3aTpadrBacMoe BpeMsi
yBenmunBajock. [Iporecc 6alleCOBCKON ONTHMU3alMU ObLT
octaHoBJIeH mocie 800 mTepanuii, MOCKOJIBKY BBHIITOJHCHUE
OfHOi wuTepammu mnoTpeboBaio okojo yaca. Ha pumc. 3
royiy0oii JMHHMEll NOKa3aHa 3aBUCUMOCTb Makcumyma KY
OT HOMEpa HTepalii MeTomoM OaifleCOBCKOW ONTUMHU3a-
muu. Makcumym KY yBenuuuBaeTcsa ¢ pocToM HoMepa
nreparmu u crpemutes K 10 dBi. BusyamsHo rpadumk mo-
cruraer mwiaro Ha ypoBHe Gy = 9.24dBi. Ha BcraBke
[IOKa3aHa KpHBasg CXOMUMOCTH MakcuMyMma KY oT Home-
pa urepanuu B JjorapudmudeckoMm Macmrabe. Ilpencras-
JICHHAs 3aBUCHMOCTb HOCHT JIMHCHHBIA XapakTep H MO-
KET OBITh aNmpOKCHMHUPOBAHA JIOTapU(PMUIECKON (YHKIH-
eit Go(n)~3lg(n+ 1)+ 0.3, e N — HoMep HTepaLyyL.
3eJieHbIM LITPUXOM OTMeueHa (YHKIMS allpOKCUMALUH,
KOTOpasi XOpOLIO ONHCHIBACT KPUBYIO CXOOUMOCTH.

Harnee Ui COBEpHICHCTBOBAHUS [3aiiHa KBAa3HKPHCTAJI-
JIMYECKO CTPYKTYpHI IOCJIEe TNPUMEHEHUs OaileCOBCKOTO
JITOpUTMa Mbl UCIOJIb30BAIM METOH JIOKAJIbHO-ITPBDKKOBON
ontumusaimu (basin-hopping) [22). JaHHBLA aqroput™ co-
yeTaeT B cebe [Ba KJIIOUEBHIX MOJXOfA: CIIy4dailHOE BO3MY-
HICHHE MapaMeTPOB CHUCTEMBI ¢ IOCJCAYIOIIeH JIOKAIbHON
ONTUMHA3ALMEN! U BEPOATHOCTHBIA KPATEPUA NPUHATUA HO-
BBIX HabopoB «;. B kadecTBe HawasjbHOI mTepanuu ObuM
B3ATHl YIJIOBBIE KOOPIOHMHATHI, IIOJyYCHHBIE B pe3y/bTaTe
OaiiecoBckoil onTuMu3au. Mbl OKHOaeM IONOJHHUTEIBHO
YIIYYIIATb Pe3YJIbTaThl, JOCTUTHYTHIC Ha MPEIbIIyIIeM 3Ta-
me.

Ha puc. 3 xpacHoil JMHUel MOKa3aHa 3aBUCHMOCTb Mak-
cumyma KY or HoMmepa urepaiuy, MOJTydeHHass METOIOM
JIOKaJIbHO-TIPBDKKOBOM onTuMu3aliy. B xone uccienoBanus
6bu10 BBIMONTHEHO 800 WTepammii ¢ BpeMeHEeM BBIYHMCIIC-
mua 40s Ha Kaxaylo urepanuio. B pesynbraTe 3HaueHue
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Puc. 4. (¢) Cxemarmyeckoe IpeCTaBICHHE NECATH MAaKCHMyMOB B OOpPAaTHOM IIPOCTPAHCTBE C YIVIOBBIMU KOOpPIMHATAMH PELICTOK ¢,
HOJIyYeHHBIMH B pe3yibTaTe onTuMusaumy. (b) M3o6paxkeHHe CreHepHPOBAHHON KBA3MKPHCTAJUIMYECKOH CTPYKTYPH Ha OCHOBE ONTHMU-
3MPOBAHHBIX YTJIOBBIX KOOPAMHAT PemieToK. (¢) HOpMHUPOBAaHHBIA CHEKTP MOIIHOCTH H3JIYYCHHUS 3JIEMEHTAPHOTO MHIIONS, BCTPOCHHOTO B
LEHTP KBa3HKPUCTAUIMIECKOH CTPYKTYphL (d) JlmarpaMma HampaBJICHHOCTH H3JIyYCHHS 3JIEMEHTapHOIO NHIIOJS, BCTPOSHHOTO B LICHTP
KBa3UKPHCTAJUIMYECKON CTPYKTYphL. [lJIiHA BOJHBI M3mydeHus paBHa A = 1550 nm.

KY ©Oputo makcummsupoBano 10 ypoBHsi Gy = 9.92dBi
HaGsomaemass 3aBHCHMOCTb XOpOIIO ONUCHIBAETCH paHee
OPE/JIOKEHHON  alpoKCHMUpYomIeil (GyHKuuei (3eseHast
IITPUXOBAst JIHUS).

Mel mpoBesin  MCCIICHOBaHWE T'€OMETPHU ONTHMH3HPO-
BaHHOW CTPYKTYPHI, NOJy4EHHOH aJrOpUTMOM JIOKaJIbHO-
MPBDKKOBOM ONTHMU3AIMU. Pe3ynbTaThl OoNnTUMH3ALNN IS
HOJIAPHBIX KOOPAWHAT PELIETOK IPECTaBJIeHbl Ha pHuc. 4, a.
BonbmuHCTBO MAaKCHMyMOB Ha OKpPYXHOCTH COCPENOTO-
9YeHO B TOJIIOCE JUIA TIOJIOKHTEIBHOIO HAIPABJICHUS OCH
Ky. TeomeTpus onTUMHU3MPOBAHHON KBa3UKPUCTAJLIMIECKOM
AQHTEHHBI B NPSIMOM IIPOCTPAaHCTBE MOKaszaHa Ha puc. 4,b.
BusyanbHO pacnpenesieHne MaTepuaa HallOMHHAeT Opar-
TOBCKYIO PEUICTKY C YEpEfOBAHHEM CJIOCB B HAIPaBJICHUH
ocu y. CiekTp HOPMHPOBAHHON MOITHOCTH n3JydeHus P /Pg
Ha puc. 4,c [EMOHCTPHPYET MAaKCUMYyM BOJIM3M JJIMHBI
BostHBE 1620 nm. HecmoTps Ha To, uro mmk JITIOC cmemen
OTHOCHUTEJIBHO OXKHaeMO UTMHBL BOJIHBI 1550 nm, a¢pdext
YCHJICHHS] MOIITHOCTH U3JTy9CHHS IIPOSIBIISIETCS B HEOOIBIIOM

nosioce otHocuTenbHO muka JIIIPC. Ha puc. 4,d moxa-
3aHa TpeXMEpHas [HuarpaMMa HaIpaBJICHHOCTH H3JTyYeHUs
paccMaTpuBaeMON CTPYKTYpHl Ha ajiHE BOJHBI 1550 nm.
I'maBHBI JeniecTOK HampaBjieH NPeUMYIIECTBEHHO B II0JIO-
KUTEJIbHOM HallpaBJIeHUU OCH ), a B NPOTHBOIOIOXKHOM
HAaIlpaBJICHUH UHTEHCUBHOCTb M3JIyYCHUS CYIIECTBEHHO IIO-
nasyieHa. Illupunaa riaBHOTO JlemecTka cocrasisieTr 20°, a
makcnmyM KY nocruraer Gy = 9.92 dBi. Mcxons u3 aroro
MOXXHO CKa3aTh, YTO ONTUMHU3HPOBAHHAs KBAa3WKPUCTAILIH-
YyecKas CTPYKTypa peajn3yeT PeXUM BBICOKOHAIIPABJICHHON
HAHOAHTEHHBI C 3aJaHHBIMU XapaKTePUCTHKAMU.

O6cyxaeHue pe3ynbTaTtoB

[TockosbKy nOH3aiiH B 0OpaTHOM MPOCTPAaHCTBE HE Orpa-
HuYeH (B OTIMYME OT MEPUONMYECKUX (POTOHHBIX aHAJIo-
rOB), XapaKTEPUCTUKH TMPEIJIOKEHHO! AHTCHHOW CHCTEMBI
MOryT ObITh MOmHMHUIMpPOBaHB. C ITOMOIIBI0 METOHIOB OII-
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THUMH3AIMA MBI MOXKeM C(OpPMHPOBaTh C(HOKYCHPOBAHHOE
U3JTy4eHUE BCTPOCHHOIO JUIIOIBHOTO UCTOYHUKA 7S Oostee
4eM OfHOro HampasieHus. Ilo CpaBHEHHMIO C BBICOKOHa-
NpaBJICHHBIMY IUIA3MOHHBIMH aHTEHHAMM Hallla KOHCTPYK-
WSl IMECT 3HAUUTEIFHO MCHBIINE NICCHIIATHBHBIC IIOTCPH
(tan§ =~ 1073), uro mocTUraeTcs 3a CYeT HCMOJIb30OBAHHUs
AU3JICKTPIYECKOI0 MaTepuajia ¢ HU3KUM KOHTPACTOM IMO-
KasaTesiell MpPEJIOMJICHHsS MaTepuasioB M OTKa3a OT pesH-
CTUBHBIX Harpy3ok. CoBpeMeHHbIC METOHbl 3JIEKTPOHHO-
JIy4eBO! JINTOTpadyyl IO3BOJISIOT HU3TOTOBHUTH IIPEJIOKCH-
HyI0 CTPYKTYpPY C TOYHOCTBIO B HECKOJIbKO HAHOMETPOB H3
AOCTYIHBIX ONTUYECKU IPO3pauHbIX Nojmmepos. Mcrosnb-
30BaHHC HU3KOKOHTPACTHBIX JUICKTPUUECKUX MaTEPUAIIOB
B KOHCTPYKLHU Hallefl aHTEHHBI HMMEET INPEHMYIIECTBO
TaKXe W Iepel HAHOAHTCHHAMH C BHICOKMM 3HAYCHHCM
AU3JICKTPIYECKON MPOHNIIAEMOCTH B ONTHYCCKUX CHCTEMax
nepefayy HHGOPMAIUH, TIOCKOJIBKY OHH OOJIagaloT HU3KHM
K03()(UIUEHTOM OTPa’KeHHs PH MPHEME CUTHAJIA.

3aknioyeHue

TakuM 00pa3oM, Mbl IPOAEMOHCTPUPOBAIIM AUAJICKTPH-
YeCKyl0 HAaHOAHTEHHY Ha OCHOBE KBa3sHMKPUCTAJJIMYECKOH
CTPYKTYPHI C HA3KAM KOHTpacToM MaTepuayio 1.48, 3amaH-
HYI0 Ha OCHOBE MeTofa NW3aifHa B OOpaTHOM IPOCTPaH-
cTBe. B 0OpaTHOM IpoCTpaHCTBE cilyyaiiHoe paclpenesiecHue
MAaKCHMYMOB BIOJIb OKPY>KHOCTH COOTBETCTBYET MHOXECTBY
pEILIeTOK B NPSIMOM MpOCTpaHCTBe. [l1s moCTIKeHHus Ha-
MPABJICHHOTO YCHJICHUS] BCTPOCHHOT'O IUIIOJIBHOTO HCTOYHHU-
Ka MBI ONTHMHU3HPOBAJIM CTyYallHbIC YIJIOBbIE KOOPIMHATHI
pemeTok. C(oKycHpOBaHHOE YCHIICHHE M3JTy9CHHS B TaKOM
CTPYKType HaOmonaeTca BOJIM3U I'PAaHNYHOU 4acTOTHI CTOI-
30HBL. MBI IOKa3aJiy, YTO B ONTUMU3UPOBAHHOI CTPYKType
ko3¢ ¢purmenT ycrnenus nocrturaet 10 dBi. AETeHHBI Takoro
TUIA MOTYT HafiTH NPHMEHEHHE B ONTHUYECKUX CHCTEMax
nepenadn MHGOPMAINN 1 BBHIYHCIICHHA.
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