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Konob6ponos M.C. [IligBumieHHs  €(EKTHUBHOCTI  KOT€PEHTHHX  ONTUYHUX
cnekTpoaHanizaTopiB. — KBamigikaiiitHa po6ota Ha mpaBax pyKOMHCY.

JHucepTaniis Ha 3100yTTS HAYKOBOT'O CTYIEHs JOKTOpa (inocodii 3a creriaabHICTIO
152 «Metpouioris Ta iHpopMaIliiiHO-BUMIpIOBaJbHA TeXHIKa» — HallloHaTpHUM TeXHIYHUN
yHiBepcuTeT Ykpainu «KuiBcbkuil momiTexHiyHuil 1HCTUTYT iMeH1 Iropsi CikopchbKoroy,

MOH Vxpainu, Kuis, 2020.

HuceprariiiHa poOoTa NPUCBAYCHA BUPINICHHIO HAYKOBOI 3ajadvl IiJBUIICHHS
e(eKTUBHOCTI KOTE€PEeHTHUX ONTUYHUX crekTpoananizaropiB (KOC), saxi BXomarh 10
CKJIaZy ONTHYHUX CHCTeM OOpoOKH i1H(pOpMaIlii, HNUIIXOM Y3rOJDKEHHS MapaMeTpiB ix
KOMITOHCHTIB.

[IpakTHyHO B YyCiX BHCOKOPO3BHHCHHMX KpaiHaxX JOCIHIKYIOThCS KOTEPECHTHI
ONTHYHI cHUCTeMU OOpoOkM iHGopmMallii. 3HAYHUX YCIIXIB JOCATHYTO y HAayKOBUX
naboparopisx IMmija KepiBHUITBOM BimomMux BYeHuX: Jx. ['yamena, K.E. Okan,
N. Keticecenra, I'. Ctapka, ®. T.C. KOy, A.W. Lohmann (USA); Yoshiki Ichioka, Tsuyoshi
Konishi, Toshiaki Iwai (Japan); M. Schmid (Germany); A.A. Akaepa, C.A. Matioposa, O.H.
JIutBunenka, C.b. I'ypeBuua (CPCP); Tumuuka I'.C. (Ykpaina); boratuproBoi B.B.
(Pocist). ¥V nux nabopaTopisix, B OCHOBHOMY, IOCHIJKYIOTbCA (i3UYHI OCHOBU 1
MaTeMaTHYHE MOJICJIIOBAHHS TIPUHITUIIIB MOOY0BU ONTHYHUX CUCTEM O0OpOOKH CHTHAIIIB, 1
MPAKTUYHO BIICYTHI JOCIIKSHHS MPUIIaiB, MOOYJOBaHMX Ha OCHOBI TAKUX CHCTEM.

OCHOBHUM €IIEMEHTOM OINTHYHUX CHUCTeM OOpoOKM iHQopMalli € KOTepeHTHUH
ONITUYHUH CHIEKTpOaHai3aTop. TeopeTuyHi OCHOBH POOOTH CIIEKTPOAHAII3aTOPIB 0A3yIOTHCS
Ha CKaJIpHIiN Teopii nudpakmii dpenHens, ska HabIMKEHO OIUCYE PO3IMOBCIOIKCHHSI CBITJIA B
napakcianbHiid 00macTi. BimoMo psig MmoHorpadiii i ctaTeid, mpucBIYeHUX (I3UYHIM OCHOBaM
pPOOOTH KOTEPEHTHHX (JTa3epHUX) CIEKTPOAHATI3aTOPIB. Y TOM K€ 4ac MPAKTUIHO BiACYTHS
HAYKOBO-TEXHIYHA JIITepaTypa, M0 MPUCBIYCHA METOJaM MPOCKTYBAaHHS ONTHYHUX CHUCTEM,

MOKJIAZICHUX B OCHOBY TaKUX CIIEKTpOaHai3aTopis [8].



VY nmaniit qucepTanii AOCHIKYIOThCs nulsixu miaBuiieHHs edextuBHocTi KOC, 1o
0a3yl0ThCSl HA CTBOPEHHI HOBUX CIIEKTPOAHAJI3aTOPIB, sIKI 31aTHI 00po0JIsATH, GPOpMYBaTH 1
BHUMIPIOBATH POCTOPOBI CIIEKTPU JBOBUMIPHUX CUTHAJIB (300pa’keHb ), 110 3MIHIOIOTHCS B
yaci 1 mpocTopi. [ligBuieHHs ePeKTUBHOCTI 10CATAETHCS 3a paxyHOK BUkopuctanHsa B KOC
BX1IHOTO TpaHCHapaHTa y BUIJISII IPOCTOPOBO-YaCOBOTO JUCKPETHOTO MOAYJISTOPA CBITIa
1 peecTpatropa TPOCTOPOBOIO CIEKTpa 3a JIONOMOTOI0 MATPUYHOTO TMpHUiiMada
urnipomiHioBaHHs (MIIB). V3romkxenns napameTpiB Moayisitopa, pyp’e-00’extuBa 1 MIIB
703BOJMIIa TOKpamuTy TexHiuHi xapakTepuctuku KOC. Ilin y3romkeHHSIM PO3yMi€ThCs
BuOip mapamerpiB kommnoHeHTIiB KOC, ski J03BOJSIOTH OTPUMATH  IiJBHUILECHI
xapakrepuctukun KOC. KpurtepieM epeKkTUBHOCTI € 3amporoHOBaHI aBTOPOM MapaMeTpH
(rexuiyni xapakrepuctukn) KOC: yactoTa 3MiHM BXIJHUX CUTHaIIB; poOOYMil Jiara3oH
NPOCTOPOBHUX YacTOT, IPOCTOPOBA CMyra NPOIMYCKAaHHS, TPOCTOPOBE CIIEKTpaIbHE
PO3IiJICHHS.

Metow nucepramiiiHoi poOOTH € TMIiJBHUILIEHHA €(QEKTUBHOCTI KOTE€PEHTHHUX
ONTHUYHUX CHEKTPOAHAJI3aTOPIB, SAKI JIO3BOJIAIOTH BHUMIPIOBATH IMPOCTOPOBI CHEKTPHU
BX1JTHUX CUTHAIIB (300pa’KeHb), 1110 3MIHIOIOTLCS B peajJIbHOMY MacIITabi yacy, 3a paXyHOK
BUKOPHUCTAHHS MATPUYHUX MOMAYJATOPIB CBITIa 1 TMpUHAMadiB BUIPOMIHIOBaHHS, 1
OTPUMAHHS TIJBUIIEHUX TEXHIYHUX XapaKTePUCTUK CIEKTPOAHATI3aTOPIB IUIIXOM
y3ro/KCHHS TTapaMeTpiB iX KOMITOHEHTIB.

VY mauceprartiii Biepiie oTpuMaHi Taki HOB1 HAYKOB1 pe3yJIbTaTH:

1. Bmnepme po3po6ieHo ¢(i3uKo-MaTeMaTUYHY MOJEIb HHU(PPOBOr0 KOTePEHTHOTO
ONTUYHOT'O CIIEKTPOAHAII3aTOPa, IKHI BUKOPUCTOBYE JJIsl BBOAY ONTUYHOTO CUTHATY
MATPUYHUNA MOMAYJSATOP CBITIA, a JUIS peecTparii MPOCTOPOBOTO CHEKTpa —
MATPUYHUN TpUiiMad BUNPOMIHIOBAHHS, IO JIO3BOJWJIO PO3POOUTH METOJ
pPO3paxyHKy CHTHAly Ha BUXOJl MpHiiMadya BUIPOMIHIOBAHHS, SIKUH SIBIISE€ COOOIO
HaOlp au@paKIifHUX MaKCUMyMiB, 3aJ€KHHX BiI TPOCTOPOBOTO CIEKTpa
JOCTIIKYBaHOTO CUTHAITY.

2. Bmepmie oTpuMaHO aHANMITHYHUNA BUpa3 IS PO3PAXyHKY METOAMYHOI MOXHOKHU
BUMIPIOBAaHHS TMPOCTOPOBOI 4YaCTOTH ONTUYHOTO CHUTHANy 3a JIOTIOMOTOIO

KOT€PEHTHOTO ONTUYHOTO CIIEKTpOaHalli3aTropa, sika Oo0yMOBJIEHA MNapakciaJbHUM



HaOamxeHHAM Tipu qudpaxiii OpeHens, 10 J03BOJIWIO BCTAHOBUTHU 3aJICKHICTD
MOXUOKH BUMIPIOBAHHS MPOCTOPOBOI YACTOTH B KyTa IU(paKIIii.

3. Bmepmie po3po06iieHO MeTOIM pO3paxyHKy TEXHIYHUX XapaKTEPUCTUK KOTEPEHTHOTO
ONTUYHOTO CIIEKTPOaHalli3aTopa, a caMme: poO0YOoro CHEKTPAIBHOTO Jiana3oHy,
IIPOCTOPOBOI CMYTH IMPOITYCKaHHS, MPOCTOPOBOTO CHEKTPATBHOTO PO3IUICHHS, IO
JO3BOJIUJIO Y3TOJUTH TMapaMeTpu MoayisTopa, (yp’e-00’ekTuBa 1 mpuiiMada
BUIIPOMIHIOBAHHS 3 METOIO MMiIBUIICHHS €()eKTUBHOCTI BUKOPUCTAHHS KOT€PEHTHOTO
ONITUYHOTO CIEKTpOaHaIi3aTopa.

4.  3anporoHOBaHO HOBY XapaKTEPUCTHKY KOTePEHTHOTO ONITUYHOTO
CHEKTpoaHalli3aTopa — MPOCTOPOBY CMYTY MPOMYCKaHHs, [0 OJHOYACHO BPaxOBYeE
napamMeTpu Moayiaropa, ¢yp’e-o0’ekTuBa 1 mNpuiiMaya BHUIPOMIHIOBaHHS,
ONTHMAaJIbHA IIUPHHA SKOI JO3BOJIMJIA ITiIBUITUTH CIICKTpajbHEe po3/iacHHs Ha 20-
30%.

IMpakTuune 3HAYeHHS oJIepKaHUX pe3ynbTaTiB TUTST rayrysi
ONTUYHOTO MPWJIAI00yAyBaHHSI TMOJIsArae B TOMY, IO PO3POOJIEHI TEOpeTUYHl 1
NPaKTUYHI 3acad  MOOYJOBU CIEKTPOAHATI3aTOPIB  JIO3BOJWIM CTBOPUTH  HOBUH
kiac epexruBHuX 1uppoBux KOC.

[TpakTuyHi pe3ynbTaTH, K OTPUMaHI B JUCEPTAaIlii, J03BOJIHIIN:

1. Orpumatu aHamiTH4HI GOPMYIH NI po3paxyHKy ocHOBHUX xapakrtepuctuk KOC, a
came: poOOYOro CIEKTPaJbHOTO Jlana3oHy, MPOCTOPOBOI CMYTU MPOMYCKaHHS,
IPOCTOPOBOTO CHEKTPATHHOTO PO3/ITICHHS.

2. Po3poOUTH KOTEpPEeHTHHH OINTHKO-CICKTPOHHWMA IMGPOBHA TPOIECOp OOpOOKH
300pakeHb, OTPUMAHUX 32 IOTIOMOTOI0 TEJIEBI3IMHUX a00 TETUTOBI3IHHUX Kamep.

3. Orpumartu mpakTH4HI pexkomeHmarli mo BuOopy kommoneHTiB KOC: ocBITIIOBabHOT
CHCTEMHU, TIPOCTOPOBO-4aCOBOT0 MoaysaTopa cBitia, [133-matpumi (1133 — npuctpiit 3
3apsIOBUM 3B’SI3KOM) JUISI CTBOPEHHS TIFOUOTO €KCIIEPUMEHTAILHOTO CTEHAY OMTHYHOT
cucTeMH 0OpoOKHU 300pakeHb.

4. Poszpobutu Meromm BuMiproBaHHs ~ xapaktepuctuk KOC Ta  mpoBectH

eKCIepUMEHTAIbHI JOCII)KEeHHS! CTEHTy CIIEKTpOaHasi3aTopa.



Otpumani y aucepraiii HOBI pe3yJbTaTH BUKOPUCTaHI y JAEPKABHUX HAayKOBO-
nociiaHux —pobotax: «Po3poOka TeopeTMUHHMX 3acajl NPOEKTYBaHHS EJIEMEHTIB
IUQPAKIIHHOT ONTHKKM Ta cucTeM Ha i1X ocHoBi» (JIP Ne0109U001507); «Omnrtuko-
uudpoBui mporecop st 00poOKH 300pakeHb B TEIUIOBI3IMHUX CUCTEMAX CIIOCTEPEKEHHS»
(AP Ne0118U002070); «Po3pobka HOBUX KpUTEPIiB SIKOCTI 300pakeHHsI TEIUIOBI31IMHHUX
CUCTEM CIIOCTEpPEXEHHS PI3HOr0 MPU3HAYEHHA 1 amapartypu Ui iX Bu3HaueHHs» ([P
Ne01170002300); «Ontuko-uuppoBuil  mpouecop st oOpoOKH  300pakeHb B
TEIJIOBI31MHUX cucTemax crioctepeskeHHs» (1P Ne0118U002070); B HIP «ABaHnpoekT 31
CTBOpPEHHSI CKaHepa HaJBHCOKOI po3AiibHOI 3matHocTi. CkiamoBa yacTWHA: po3poOka
MaTepialliB Y YaCTHHI KOT€PEHTHOTO LU(POBOT0 ONTHKO-EIEKTPOHHOTO Mpoliecopa s
00poOku kocmiuaux 3HIMKIBY (3amoBHUK KII CIIb «Apcenan»).

Takum 4YMHOM, JOCHIKEHHS mpolieciB, mo BigOyBaroTbess y KOC Ta B3aemHe
y3TO/PKEHHSI TTapaMeTpiB KOMIIOHEHTIB CIEKTpoaHalli3aTopa 3 METOI0 MiJABHUINEHHS HOro
epEeKTUBHOCTI, € aKTyaJbHOI HAyKOBOIO 3ajJadeio, IO CTOITh TMepe] OINTHKO-
eJIEKTPOHHUMHU CHCTeMaMu 00poOku iH(opMmariii.

VY nuceprariii Ha OCHOBI cKaJisipHOi1 Teopii nudpaxiii dpeHenss MPoBEACHO aHAII3
NOLIMPEHHS! KOTEPEHTHOrO CBITJa uepe3 y3araiibHeHy ontuuHy cuctemy KOC, sxa
CKJIQJIa€ThC 13 JIa3zepa, BX1IHOTO TpaHcmapaHTa, pyp’e-00’€KTHUBA 1 MATPUIHOTO MpUiiMaya
BurnpominioBadHsa (MIIB). SIkmo TpaHcmapaHT po3TalloOBaHWM B TepeaHid (oKaIbHIM
IUIONIMHI 00’ €KTHBA, TO B 3a7HIA (OKaIbHIN IJIOMHMHI 00’ €KTHBA (HOPMYETHCS PO3MOALT
aMIUTITYAW TIOJIsA, SIKMM TPOMOPLIHHUN MPOCTOPOBOMY CIIEKTPY BXIJHOT'O CHTHAITY
(koedimienTy mpomyckaHHsS TpaHcmapaHTta). [IpoBemeHi JOCHIIHKEHHS METOIUYHOT
MOXUOKH BUMIPIOBAHHS MPOCTOPOBOI YAaCTOTH CIEKTpa curHaidy 3a gomomoror KOC
MOKa3aiu, M0 BioMi (OPMYNH, SIKIi 3aCTOCOBYIOTHCS [IJIi BH3HAYEHHS IPOCTOPOBOT
YaCTOTH CIIEKTpa CUTHATY, CIIpaBeUIMBI TUTHKHU IS TapakcianbHOi obmacti. Po3pobieno
HOBUH METOJT PO3PaXyHKY BITHOCHOT MOXHUOKH, 3aCTOCYBaHHS SIKOT'O HA IPUKIA/l 331aHOTO
CIIEKTpOaHali3aTopa MoKasano, mo HabmmkeHHs OpeHens B Mexxax Kyrta audpaxiii Big 0°
1o 10° 3abe3neuye BimHOCHY MOXHOKY MeHITy 32 1,5% [8].

Oo6rpynTOoBaHo, mo BuKopuctanus y mudppoux KOC (HKOC) maTpuyHuX IpUCTPOiB

BBOJly 1 BUBOJY ONTHYHUX CUTHAIIB JO3BOJIIE NOCTIKYBaTH 1 0OpoOJATH IBOBUMIpHI



ONTHUYHI CUTHAJH, SIKI 3MIHIOIOTBCS B MpOCTOpi 1 yaci. OgHaK 1€ BUMAarae rnepeTBOPEeHHs
BX1JHOTO 1 BUXIJTHOT'O CUTHAJIY B TUCKPETHY LU(PpOBY (HOpMY, 110 CIIOTBOPIOE MPOCTOPOBUI
cnexktp curHainy Ha Buxoal LIKOC. Jnsg pociigkeHHs Takux CHOTBOPEHb HEOOX1IHO
po3pobutn (Pizuko-marematnuny wmozenb [IKOC, skuii BUKOPUCTOBYE MaTpUYHI
MopyJisiTopu cBiTiia 1 MIIB.

Posrnsnyto matematuuny mopenb mudpooro KOC, y3arampHeHa cxema SKOTro
CKJIQZAETHCS 3 MOCIIIJIOBHO PO3TAIIOBAHUX €JIEMEHTIB: JIa3epa, OCBITIIOBAIBHOI ONTHYHOT
cucrteMu, npoctopoBoro moxayistopa ceitia (IIMC), dyp’e-06’ekTuBa Ta MATPUYHOTO
npuiiMada BunipomiHtoBanHs. dizuko-maremarnyda mojenb LIKOC, BpaxoBye NUCKpETHUH
xapakrep [IMC Ta MIIB. 3ampomnonoBano wmoxeni okpemux KommoHeHTiB I[KOC.
O6rpynroBaHo BuOip ocHOBHHX XxapakTepuctuk KOC Tta po3po0ieHo Ha OCHOBI
3arporioHoBaHoi Mojeni KOC meronn po3paxyHKy IIMX XapaKTEPHCTHK. 3arpOIIOHOBAHO
s Bu3HaueHHs edextuBHOCTI KOC BHKOPHUCTOBYBAaTH TaKi XapaKTEPUCTHUKU: POOOUMi
Jiana3oH MPOCTOPOBHUX YacTOT; MpocTopoBy cmyry mpomyckanus (ITCIT) (SBP — Spatial
Bandwidth Product); mpoctopoBe cHekTpanbHe pPO3AUICHHS, MOXUOKY BHUMIPIOBAHHS
npocTopoBoi yacToTH. Hali61mbi BaxkinuBoto xapakrepuctukoro € [1CII, sxa BuU3Haya€eThCS
YHICJIOM PO3AUIBHUX TOYOK, SIK1 3MaTHUHN (OpMYBaTH CIIEKTPOAHATI3aTOP.

IIpu mnpoektyBanni KOC BaxiaumBO 3a0e3mednTH HEOOXiJAHI HaBeACHI BHIIE
XapaKTepUCTUKHU. Byno po3risiHyTo MeTtoau po3paxyHKy xapaktepuctuk KOC, xomu y
SIKOCTI BXIJHOTO TecT-00’€KTa 00paHO HEMpPO30pUH €KpaH 3 MPSIMOKYTHHM OTBOPOM.
Otpumano Qyskiito ans po3paxynky [ICII, mocmimxenns sxoi mokasano, mo KOC mae
MaKCHUMaJIbHy CMYTY TMPOIYCKaHHS, KOJW pPO3MIp BXIJHOTO TpaHCIapaHTa IOPIBHIOE
paxaiycy BxigHOi 3iHUIN (yp’e-00’ektrBa. Hocmimkenns xapakrtepuctuk KOC mokasarno,
1o:

1. Pobounit niama3oH MPOCTOPOBUX YAaCTOT OOMEKYEThCS IMapaMeTpamMu ONTUYHOT
cuctemu KOC. ['pannmunHa MakcumaigbHa TPOCTOPOBA YACTOTa YUM OIibIIa, THM
OLTBIINI TiaMeTp anepTypHOi miadparmu 00’ €KTHBA Ta MEHIIIA Horo (hOKyCHA BiJICTaHb.

OmHOYacHO HEOOXiTHO BpaxoByBaTH po3mipu MIIB [8].



2. TliaBUIIUTH CIEKTpajIbHE PO3ALUICHHS MOXKJIIMBO BuOopoM MIIB 3 MeHmnmu po3mipamu
mikcenss Ta 301UIbleHHAM (OKYCHOI BifcTaHi 00’ekTuBa. Kommpomic BHpINIyeThCS
3aJjaHUMU BUMoramu 10 xapakrepuctuk KOC [8].

PosrisinyTo 3acTocyBaHHS 3alponoHOBaHOTO Merony st po3paxyHky [ICIT KOC,
AKUU Ma€ Taki MmapamMeTpH: po3MIp BXIJHOTO TpaHcmapaHTa 25 MM; (OKyCHa BIACTaHb 1
niaMeTp BXiaHOI 3iHuIl 00’ekTrBa 100 MM 1 50 MM BIATIOBIJIHO; JIOBXKWHA XBHJII Jiazepa
0,6328 wmxM; I133-matpuns mae 24-10° mikcemie 1 po3mip 4YyTamBOi IUIOMIANKH
36 X 24 mm?. Jlns takoro KOC IICII (SBP) = 4900.

Po3rnsinyTa MOKIMBiCTh TOKpamieHHs XxapaktepucTuk KOC nuissxoM BUKOPUCTAHHS
y skocTi ¢yp’e-00’ektuBa audpaxiiiinux nia3 [8]. Ha Biaminy Bin cdepuuHux IiH3,
nudpakxiiiifi JiH31 GOpMYIOTh SIKICHIIIE 300pakKeHHsI 32 paXyHOK BHUIpPaBJIeHHs abeparliil.

Oco0nuBO BaXXJIMBOIO YMOBOIO BUKOpUCTaHHS audpakuiinoi niHu y KOC e
3a0e3MnedeHH sl JIHIHHOT 3aJIeKHOCTI MK KOOpAMHATAMH Y (POKaJIbHIM TUIONIMHI 00’ €KTHBA
Ta MPOCTOPOBUMH YACTOTAMH y CIIEKTPi BXIJHOTO TpaHcmapaHTa [8].

PosrnsiHyto mpukian  po3paxyHKy rpaHuuHuX —xXapaktepuctuk KOC, 1o
BUKOPUCTOBY€E  TeNiii-HEOHOBUW Jlazep 3  JOBXKHUHOIO  XBWJIl  BUIIPOMIHIOBaHHS
632,8 uM 1 nudpaxiiitHo ooMmexeHult ¢Gyp’e-00’ekTUB 3 (HoKycHOW BiacTanHio 100 MM.
VY 3aaniit hokabHIN TUIOMKUHI 00’ €KTHBA BCTaHOBICHA Kamepa 3 [133-marpuriiero popmary
4000%2624, sixa Mae mikcedi 3 po3MipoM 5,9%5,9 MmxM. Po3Mip 4y TiIMBOI MUIOIIAKA MATPHUIT
23,6x15,5 mm?. BXinuuil TpaHcmapaHT aiaMeTpoM 25 MM pO3TAalIOBaHMIl B mepesHiii
dokanbHIi TUTONIMHI 00’€KTHBAa. BCTaHOBIEGHO, IO OOMEXKEHHS Y CIEKTPAIbHOMY
po3ainenHi KOC o00yMmoBieHi: BXITHHM TpaHCIapaHToM cTaHoBiATh 0,04 MM~ 1
06’extuBoM — 0,049 MM~1; MIIB — 0,15 mm~l. [nsa y3ropkeHas [133-matpumi 3
ontuyHoto cuctemoro KOC po3mip mikcens moBuHeH ckimanatu 1,5 mxm. Peanpni [133-
MaTpHIll MalTh OUIBII PO3MIPU MIKCENIB, 5Ki 1 0OMEXYIOTh MPOCTOPOBE CIEKTPAIbHE
posninennas KOC [8].

Ha ocHOBI po3pobienoi ¢izuko-marematuddHoi Mojaeni [IKOC o6rpyHToBaHi
0COOJIMBOCTI BUKOPUCTAHHS MaTPHIHUX MOJYJISITOPIB CBITIIA, a came [8]:
1. Po3mozin aMmutiTy i moJis y miiomuHi crekTpainsHoro ananizy KOC sBise co6oro

pe3yabTaT cyMH AUQPPAKIIHUX MaKCUMyMIB, SIKl 3aJie’KaTh BiJ MPOCTOPOBOTO CIIEKTpa



300pa)KE€HHS, 1110 CIIOTBOPEHUU IMIYJbCHUM BIATYKOM cHeKTpoaHaiizaropa. [lomoxeHHs
MaKCHUMYMiB BU3HAYAETHCS NEP1010M MaTpuuHOi cTpykTypu [IMC, ix mmpuHa — po3mipoM
MOJIYJIATOpA.

2. MiHiMaJIbHI CHOTBOPEHHS IIPU BUMIPIOBAHHI CIIEKTpa 300paKeHHs OYIyTh Y TOMY
BUIAJIKY, KOJU y (OpMYyBaHHI PO3MOAUTY aMIUIITYId MOJS B IUIOUIMHI aHaJi3y NnpuiiMae
y4acTh TUIbKH MAaKCUMYMH HYJIBOBOTO TIOPSIKY [8].

3. MakcumanbHa cMyra TpOIMYCKaHHs Tpoliecopa OyAe y BHIAAKy, KOJIU pajaiyc
BX1JTHOT 31HUII1 00’ €KTUBA JOPIBHIOE pO3Mipy (j1aronani) MaTpuil moayiastopa. [Ipu upomy
pO3MIp MaTpulll MpuiiMaya NOBUHEH JOPIBHIOBATH PO3MIPY MOJIYJISTOPA.

4. Tudpaxuiiina eQeKTUBHICTh KOXKHOTO MAaKCUMYMY BH3HA4ya€eThCs, MEPII 32 BCE,
BiJHOIIICHHSIM TLIOIIi TIPO30POi YaCTUHU TIKCEsI 10 HOro MOBHO1 TUIOIIHHHY.

Takum 9uHOM, BUKOPUCTaHHS JUCKPETHOTO MOJIyJsiTopa cBitia i MIIB mo3Bosse
ctBoput HoBuii kiac LIKOC, skuii y moeaHaHHI 3 KOMIT IOTEPHOIO TEXHIKOK 3HAYHO
PO3IIUPIOE TX CI1IBHI (YHKIIIOHAIBHI MOXKIUBOCTI. ['010BHOIO 0c0o0muBicTIO Takoro [TKOC
€ TepexiJ BiJ HETIEPEPBHOTO BX1IHOTO ONTUYHOTO CUTHATY (300pa’keHHs) 1 HOTO CIeKTpa
710 X JUCKPETHUX 3HAUYEHb, 1110 MPU3BOJUTH 0 CIIOTBOPEHHS BUMIpIOBaHOTO criekTpa. Lli
CIIOTBOPEHHSI BU3HAYAIOTHCS IMITYJIbCHUM BIATYKOM 1 KOTE€PEHTHOIO TIepeaBajbHOI0
GyHKITi€r0 onTHYHOI cructeMu [8].

JInist miaTBepKEHHS pe3yIbTaTiB MPOBEJAECHUX TeopeTHUHHX gociimkens KOC Oymo
pO3p0o0JIEHO 1 CTBOPEHO JIAOOPATOPHHMM CTEHJ] OINTUYHOIO CIIEKTpOaHaii3aTopa, SKUU
JI03BOJIMB IPOBECTH TaKi TOCIiKeHHS [8]: BUMIpIOBaHHS PO3IO/iLIYy IHTEHCUBHOCTI CBIT/Ia
B audpakiiiHii KapTHHI, sika cpOpMOBaHa TECT-00’€KTOM; BH3HAYCHHS BIAMOBITHOCTI
MOJIOKEHHS  TU(MpaKIMifHUX MaKCUMyMiB B IUIONIMHI CHEKTPAJIBHOTO aHami3y ix
MIPOCTOPOBIHM YaCTOTI; BUMIPIOBAHHS CIIEKTPIB TECT-00’€KTIB, OTPUMAHUX 3 BUKOPUCTAHHS
JIBOX J1a3epiB 3 PI3HUMU JOBKWHAMU XBWJIb; BUMIPIOBAHHS y3araJbHEHUX XapaKTEPUCTHK
KOC. Po3po6eHo HOBI MeTOAM BUMIpIOBaHHS y3araibHeHuX xapaktepuctuk KOC, a came:
po6OUYOro MPOCTOPOBOTO CIEKTPAIBHOTO Jiana3oHy, MPOCTOPOBOi CMYTH MPOIYCKaHHS,
MIPOCTOPOBOTO CIIEKTPAIIBHOTO PO3IIICHHS, MOXHUOKH BUMIPIOBaHHS MPOCTOPOBOI YaCTOTH.
3anmponoHOBaHO HOBUW METO]] BUMIPIOBAaHHS POOOYOTO Jialla30Hy MPOCTOPOBHUX YACTOT, B

AKOMY TecT-00’€kToM oOpaHo audpakiiiiny rpatky. st BUMIpIOBaHHSI ITPOCTOPOBOIO



CHEKTPAJIBHOIO PO3JJICHHS 3alpOlOHOBAHO BUKOPUCTOBYBATH AM(PPAKUIAHY TpaTKy 3
MOCTIMHUM TEpioOoM, a 3MEHILIEHHA IMepioay (30UIbLIEHHS MTPOCTOPOBOI YacTOTH)
JOCSTAaeThCA 3a PAaXyHOK 3MIHM KyTa MaJiHHS JIa3€pHOro My4Ka Ha TpaTKy.

HaBeneHi ekciepuMEHTaNbHO OTpUMaH1 AUPPAKIIAHI KAPTUHU BiJl TECT-00 €KTIB Y
BUIJISI/IL ILJTMHY, KPYTJI0i Ailadparmu, nudpakuiiftHoi rpaTku, BAMIPIOBAHHS IHTEHCUBHOCTI
AKUX MTIATBEPIUIN PE3YJNbTaTH TEOPETUYHOrO MojetoBaHHsI. OTpUMaHO IPOCTOPOBI
CHEKTPH MPO30pOi JABOBUMIPHOI CTPYKTYpPH, HOCHIIKEHHS SIKHX JO03BOJII€E BU3HAUUTHU
cepeqHl PO3MIpH 1 JUCIIEPCII0 PO3MIPIB KOMIPOK TKaHWHU. Takuil METOJ MOXKE 3HAUTH
IMPOKE BUKOPUCTAHHS Y TEKCTUIIbHIN MpoMuciaoBocTi. OTpuMaHi y AucepTalli pe3yabTaTi
nocnipkens Oynu Bukopuctani Ha KII CIIb «Apcenam», 1m0 MiATBEPKYETHCS aKTOM
BITPOBA/I>)KEHHS.

Kuro4oBi c;i10Ba: KorepeHTHUI ONTHUYHUN CIIEKTPOAHAI13aTOP, MATPUUYHU MTpUitMay
BUIIPOMIHIOBAHHSI, TPOCTOPOBUN MOIYJSATOP CBITJIA, MPOCTOPOBA CMyTa MPOMYCKaHHS,

IPOCTOPOBUM CIEKTP, Gyp’€-00’EKTHUB.

SUMMARY

Kolobrodov M.S. Increasing the efficiency of coherent optical spectrum analyzers.
Qualification scientific work manuscript copyright.

Thesis for the scientific degree of Doctor of Philosophy on speciality 152 "Metrology
and information-measuring equipment”. — National Technical University of Ukraine “Igor
Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2020.

The questions of increasing the efficiency of coherent optical spectrum analyzers
(COSA) as a part of optical processing systems by coordinating the parameters of their
components are considered in dissertation work.

The first section discusses methods and systems of optical information processing that
use optical radiation as a signal information carrier for its processing. The advantage of this
usage is that the light field is more informative than electric current. COSA is the main

component of such systems.



Based on the scalar theory of Fresnel diffraction, the analysis of the propagation of
coherent light through the generalized optical system of the COSA was fulfilled. The optical
system consists of a laser, an input transparent, a Fourier lens and a matrix detector (MD).
If the transparent is located in the front focal plane of the lens, then in the back focal plane
of the lens an amplitude distribution is formed which is proportional to the spatial spectrum
of the input signal (the transmittance of the transparent). Conducted researches of the
methodical error of measuring the spatial frequency of the signal spectrum using COSA
have shown that the known formulas, which are used to determine the spatial frequency of
the signal spectrum, are valid only for the paraxial region. A new method for the calculation
of the relative error is developed. Usage of the method on the example of a given spectrum
analyzer showed that the Fresnel approximation within the diffraction angle from 0 ° to 10
° provides relative error of less than 1.5%.

It is substantiated, that using of matrix input and output devices of optical signals in
digital COSA (DCOSA) allows one to research and process two-dimensional optical signals
that change in space and time. However, this requires converting the input and output signal
into a discrete digital form, which distorts the spatial spectrum of the signal at the output of
the DCOSA. To research such distortions, it is necessary to develop a physical and
mathematical model of a DCOSA that uses matrix modulators of light and MD.

The second section discusses the mathematical model of the modern DCOSA. It’s
generalized scheme consists of sequentially located elements: laser, an illuminated optical
system, spatial light modulator (SLM), Fourier lens, and matrix detector (MD). The physical
and mathematical model of the DCOSA takes into account the discrete nature of the SLM
and the MD. Models of individual components of the COSA are proposed.

In the third section, the choice of the basic characteristics of the COSA is
substantiated and methods for calculating these characteristics are developed on the basis of
the proposed model of COSA. It is proposed to use the following characteristics to determine
the efficiency of the COSA: operating range of spatial frequencies; spatial bandwidth
product (SBP); spatial spectral resolution; energy resolution; spatial frequency measurement

errors. The SBP is the most important characteristic, which is determined by the number of



separation points that the spectrum analyzer is capable to generate. This band is analogous
to the operating spectral range.

When designing a COSA, it is important to provide the necessary specifications
mentioned above. The methods for calculating the characteristics of the COSA were
considered when an opaque screen with a rectangular hole was selected as the input test
object. The function was obtained for calculating the SBP. The research of the function
showed that the COSA has a maximum bandwidth when the size of the input transparent is
equal to the radius of the entrance pupil of the Fourier lens.

The research of the characteristics of the COSA showed that:

1. The operating range of spatial frequencies is limited by the parameters of the
optical system of the COSA. The maximum spatial frequency is greater, the larger
is the diameter of the aperture diaphragm of the lens and the smaller is its focal
length. At the same time, the dimensions of the MD must be taken into account.

2. One can increase the spectral resolution by choosing a MD with smaller pixels
and increasing the focal length of the lens.

3. The energy resolution depends on the parameters of the MD and the relative
aperture of the Fourier lens, i.e. the higher is the relative aperture of the Fourier
lens, the higher the energy resolution will have the COSA.

The application of the proposed method for calculating the SBP of the COSA has

been considered. The COSA has the following parameters: input transparent size 25 mm;
focal length and diameter of the entrance pupil of the lens 200 mm and 50 mm, respectively;
laser wavelength 0.6328 microns, CCD has 24-10° pixels and the size of the sensitive surface
IS 36 x 24 mm. For such a COSA, SBP = 4900.

The possibility of improving the performance of COSA by using diffraction lenses as
a Fourier lens is considered. Unlike spherical lenses, diffraction lenses form a high-quality
Image by correcting aberrations.

A particularly important condition for using a diffraction lens in the COSA is to
provide it with a linear relationship between the focal plane coordinates of the lens and the

spatial frequencies in the input spectrum.



An example of the calculation of the limit characteristics of the COSA using a helium-
neon laser with a wavelength of 632.8 nm and a diffraction-limited Fourier lens with a focal
length of 100 mm is considered. In the back focal plane of the lens installed a CCD camera
with format 4000 x 2624 with pixel size 5.9 x 5.9 microns. The size of sensitive area is
23,6x15,5 mm?. Input transparent with diameter 25 mm is located in the front focal plane of
the lens. It is established that the limitation in the spectral resolution of the COSA is due to:
the input transparent is 0,04 mm™1; the lens is 0,049 mm™1; the MD is 0,15 mm~. The
pixel size should be 1.5 microns in order to align the CCD with the optical system of COSA.

In order to obtain formulas for calculating the main characteristics of the DCOSA, a
method for determining the video signal at the output of the MD of the spectrum analyzer
was developed. This method takes into account the discrete structures of the modulator and
the MD and allows to optimize the parameters of the components of the DCOSA. The
characteristics of the DCOSA are investigated, which are limited by the diffraction effects
and the matrix structure of the input and output devices (optical signal) in order to optimize
the parameters of the spectrum analyzer.

On the basis of the developed physic and mathematical model of DCOSA, the features
of using matrix light modulators are justified. Namely:

1. The field amplitude distribution in the COSA spectral analysis plane is the sum of
diffraction maximums that depend on the spatial image spectrum, which is
distorted by the impulse response of the spectrum analyzer. The position of the
maximum is determined by the period of the matrix structure of the SLM, their
width is determined by the size of the modulator.

2. Minimal distortions in the measurement of the image spectrum will be when only
zero order maximum are involved in the formation of the field amplitude
distribution in the analysis plane.

3. The maximum bandwidth of the processor will be when the radius of the input
pupil of the lens is equal to the size (diagonal) of the modulator matrix. The size of
the matrix detector should be the size of the modulator.

4. The diffraction efficiency of each maximum is determined primarily by the ratio of

the area of the transparent part of the pixel to its full plane.



Thus, the use of a discrete light modulator and an MD allows to create a new class of
DCOSA, which in combination with computer technology greatly enhances their
functionality. The main feature of DCOSA is the transition from continuous optical input
signal (image) and its spectrum to their discrete values, which leads to distortion of the
measured spectrum. These distortions are determined by the impulse response and the
coherent transfer function of the optical system.

In the fourth section the results of an experimental research of COSA are presented.
To confirm the results of the theoretical researches of COSA, which were presented in
section 3, a laboratory model of an optical spectrum analyzer was developed and created. It
allowed the following researches: measurement of the light intensity distribution in the
diffraction image generated by the test object; determining the position of the diffraction
maximum in the plane of the spectral analysis of their spatial frequency; measuring the
spectrum of test objects obtained from the use of two lasers with different wavelengths;
measurement of generalized characteristics of COSA. New methods for measuring the
general characteristics of COSA have been developed, namely: operating spatial spectral
range, spatial bandwidth product, spatial spectral resolution, and spatial frequency
measurement error. A new method for measuring the operating frequency range was
proposed in which a test object is selected is a diffraction grating. It is proposed to use a
constant-period diffraction grating to measure spatial spectral resolution, and a reduction in
the period (increase in spatial frequency) is achieved by changing the angle of incidence of
the laser beam on the grating.

The experimentally obtained diffraction images are given from the test objects in the
form of a slit, a circular aperture, a diffraction grating, whose intensity measurements were
confirmed by the results of theoretical modeling. Spatial spectrum of a transparent two-
dimensional structure are obtained. The research of the spectrum allows to obtain the
average sizes and dispersion of the sizes of unit fabrics. This method can be widely used in
the textile industry. The results of the research obtained in the dissertation were used at the
ARSENAL Special Device Production State Enterprise, which is confirmed by the act of

implementation.
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