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AHHOTAIHA

PaccmoTpeH kimacc ABYKpaTHBIX (PMHUTHBIX NpeoOpa3oBaHUK XaHKEIs, TO3BOJLIIOIINK ONHCHIBATH IPOXOXKICHUE BHXPEBOTO ONTHYECKOTO
CHTHAJIa 4epe3 JBYXJIHMH30BYIO CHCTEMY C OTPAaHHYEHHBIMH PaJHyCaMH anepTyp B OOBEKTHOH M CHEKTPaJbHOH IUIOCKOCTSIX. PaccumraHb
cOOCTBEHHBIE (DYHKIMHM TaHHOTO IpeoOpa3oBaHMs IPH PA3IMYHBIX HOpsakax Buxps m. [loxydeHHble (YHKIMH TNPEACTaBISIOT cOOOM
OPTOHOPMHPOBAHHYIO CHCTEMY (GYHKLUH, MO KOTOPHIM MOXKHO BBIMOIHUTH PA3JI0KEHHUE INPOHM3BOJIBHOTO OTPAHHUEHHOTO ONTHYECKOTO
pacrpeeneHus ¢ XOpoIlei TOUHOCThIO. BBIMOTHEHa annmpoKCcUMAal[Hs ONTUYECKUX CUTHAJIOB, HE 00JIaIaloIKX PaJnuadbHON CHMMETPUEH.

Kniouesvie cnoea: BUXpeBble ONTHYECKHE ITyIKH; COOCTBEHHbIE (PyHKINHN; pUHUTHOE IpeoOpazoBaHne XaHKeNs; allpOKCUMAIIHS

1. Beenenue

CoBpeMeHHbI YPOBEHb HCIIOIB30BAHUS ONITHYECKOTO BOJOKHA II0 BPEMEHHBIM M YaCTOTHBIM XapaKTePUCTHKAM CTPEMUTCS K
npeseNny nponyckHo#t cmocoGHoctd [1]. OmgHako TpeOoBaHUS K YBEIMYEHUIO 00bEMAa MUPOBOrO Tpaduka MOCTOSIHHO PacTyT.
Jdns  obecrieueHHss COOTBETCTBUSI CETEH CBSI3M TOCTOSHHO pAcTylIMM TpeOOBaHMSAM MO MPOIYCKHOH CIOCOOHOCTH
paccMaTpUBAIOTCS OMOJIHUTENbHBIE MOAXOAB K YIUIOTHEHHIO KAaHAJIOB ONTHYECKOTO BOJIOKHA. OJHMM M3 TaKUX IOAXOJOB
SIBJSIETCS  MOJIOBOE MyJbTuIUieKcupoBanue (mode division multiplexing — MDM) [2,3]. Oco6Goe mnpeuMyIiecTBo st
MOBBIIICHHUS TPONYCKHOM CrMOCOOHOCTH HWH(OPMAMOHHOTO KaHajda JOCTUraeTcsi C IOMOIIBI0 ONTHYECKHX ITYYKOB,
001aaf0IuX OpOUTANBHBIM YIJIIOBBIM MOMEHTOM M HMEIOUIMX OECKOHEYHOE YHCIO BO3MOXKHBIX KBAHTOBBIX COCTOsSHHUit [4].
3HAUUTEIBbHBIA yCIEeX NPUMEHEHUs] TaKoro crocoda YIUIOTHEHHs KaHAJIOB ObUI YXKe MPOJEMOHCTPUPOBAH B ONTHYECKUX
BoJiokHax [5] m B cBoGomHOM mpoctpanctBe [6,7]. Jns dopMupoBaHMs M aHANM3a BHXPEBBIX IYYKOB HCIOJB3YIOT
JIu(bpaKIMOHHBIC ONITHYECKHE 31eMeHTHI [8,9], a 1 BBOJa X B ONTHYECKOE BOJIOKHO MPUMEHSIIOT JTHH30BbIe cuctemsl [10,11].

IIpoxokaeHne BUXpPEBOTO JIA3E€PHOTO Iydka M-TO MOpsiAKa depe3 CPEepHyUecKyro JHUH3Y MOXKET OBITh OMHCAaHO C IOMOIIBIO
npeoOpa3oBaHust XaHKeNs M-To mopsAnaka. B peanbHBIX JMH30BBIX CHCTEMax MMEET MECTO IPOCTPAHCTBEHHOE OTPaHHUYEHHUE, U
JUIA OTIMCaHMS MPOXOXKICHHUS ONTHYECKOT0 CHUTHANIA MCIONB3YIOTCS (QHHUTHBIE (IPOCTPAHCTBEHHO-OTPAHNYEHHBIE) OIIePaTOPHI
pacmpoctpanenns [12,13]. N3-3a mpoCTpaHCTBEHHOTO OTPaHMYCHHS, KaK B OOBEKTHOW, TaKk U B CIEKTPATbHON 00MacTH, B
JBYXJIMH30BOH CHCTEME HEBO3MOKHO MOIYYHTh HACANbHOE n300paskeHue. i1 Toro 9To0kI MOHATH, KaK UCKA3UTCA ONTHYECKHUI
CUTHaJI, HEOOXOJUMO DPA3NOKUTh HUX 1O COOCTBEHHBIM MOJAAM JIMH30BOW CHCTEMBL. B CBA3M C 3TUM IIHMPOKO HCIIONIB3yeTCS
NOHATHE KOMMYHHKAHOHHBIX Mon [14,15]. KOMMYyHUKAIIMOHHBIME MOIAMH JJIS KBaJPATHBIX amepTyp W Mpeobpa3oBaHUsI
DpeHest ABISIOTCS BBITSHYTBIC YIII0BbIe ceponnanpabie Gyukuuu [16,17], KoTOphle MIMPOKO M3ydaeTcs M MPUMEHSETCS B
orruke [18-21]. KoMMyHHKAIIMOHHBIMH MOJAMH JUIS KPYTJIBIX amepTyp W (GHHUTHOTO Tpeobpa3oBaHus XaHKENS SBISIOTCS
kpyrosbie [22] u 0606ménnbIe [23] cheponnanbabie HYHKIIHH.

B pa6orax [24,25] Obuta MpoaEeMOHCTPUPOBAaHA BO3MOXKHOCTH AalMPOKCUMAIMM KaK OJHOMEPHBIX, TaK M JIBYMEPHBIX
OTPaHMYEHHBIX CUTHAIOB CHEepOUITBbHBIME (GYHKIUSIMH, IPOXOASLIMMH Yepe3 JIMH30BYIO CUCTEMY 0€3 NCKaKEHHH.

B pabGote [26] ¢ nenp0 JOCTHKEHHs CBEPXPA3PELIEHHUS TaKKe ObLIM PACCMOTPEHBI CheponaanbHble MOJIBI U 0000IIEHHBIE
chepouanbHble QYHKIMH, OJHAKO BMECTO IMOCIEIHUX MPH pacuére ObLIM UCIOIb30BaHbI MOJMHOMBI LlepHuke. 3amMeTuM, 4TO
MOJMMHOMBI LlepHUKe MMEIOT SBHBIM aHAIMTHYECKHI BHJ M YaCTO HCIOJB3YIOTCS B 3aJjadax aHalN3a BOJHOBOTO ()POHTA H
amantuBHOM ontuku [27-29]. B ommmume ot Gasmca llepuuke cdepoumansHbie (YHKIHH HE WMEIOT aHATHUTHIECKOTO
MPEACTaBICHNS W BBIYMCIAIOTCA KaK COOCTBEHHBIE (DYHKIMM OmepaTopa, CBA3aHHOTO C HEKOTOPOW ONMTHYECKOH CHCTEMOH.
Paznoxxerne mo coOCTBEHHBIM (YHKIIUSM CHCTEMBI HO3BOJSET OLEHUTh HMCKAKCHHWE IEepeaBaeéMOro CHTHaja B IIEJIOM, T.e.
OIICHUTH Ka4eCTBO Mepeaadn HHHOPMAIH CHCTEMOM.

B manHON paboTe pacCMOTPEHO MPOXOXKAECHHE ONTHYECKHX CHTHAJIOB Yepe3 JBYXJIMH30BYIO M300paXafonlylo CHCTEMYy Ha
OCHOBE JBOWHOTO (PMHHUTHOTO MpeoOpa3oBaHMs XaHKENS mM-To Mopsaka. BeimosnHeH pacuer Habopa cCOOCTBEHHBIX (DYHKIMHA
TaKOHW CHCTEMBI, YTO IT03BOJIIET aHAJIM3UPOBATH UCKAKEHHE ONTHIECKOTO CUT'HAJIA MPH Iepeade Ha OCHOBE allIPOKCUMAIIUH O
(yaKIHAM U3 3TOoro Habopa. OcymiecTBIeHa aPOKCUMAITUS HEKOTOPBIX CUTHAJIOB C XOPOIIUM YPOBHEM TOYHOCTH.

2. KpaTlme TEOPETHYECCKUEC CBCACHUSA

PaccmoTpuM onTHYecKylo cucTeMy, H300pakEHHYI0 Ha pucyHKe 1. OnTHYecKuil MydoK MPOXOIUT Yepe3 anepTypy pamyca
R B o6mactu D1, Ha OKYCHOM pacCTOSIHHM OT KOTOPOU pacIoio’keHa JTUH3a. 3aTeM B BBIXOIHOHM (HOKAIBHOHN TIIOCKOCTH JIMH3BI
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(B cmektpampHOM miockoctn D,) pacmonoxkena emé onxHa amepTypa paamyca P. BrixomHoe wn300pajkeHHE ITydKa
paccMaTpUBaeTCs B BBIXOIHOW (POKATLHOM IIIOCKOCTH BTOPOM JTMH3BI.

Puc. 1. Cxema ONTHYECKOM CHCTEMBI.

Bynem paccMaTpuBaTh BUXpEBBIE ITyUKH, IPEICTaBUMBIE B popMme:
f(r,0) = f(r)exp(img), D

rie M— IeJI0e YHCII0, IPEACTABIAIoNee COO0H MOPATOK ONITHYECKOTO BUXPSL.
Jnst BEXpeBBIX ITy4koB (1) NMpoXokIeHHE ONTHYECKOTO CHUTHAjda 4epe3 IBYXJIMH30BYIO CHCTEMY, H300paKEHHYIO Ha
pHUcyHKe 1, MOJKET OBITh 3aIMCAaHO CJIEAYIOLIHM 00pa3oM:

Heo [ f(r)exp(ime)](r',@") = ZkTPfj L(r,r";m,P) f (r)rdr -exp(img’), (2)

2 (l: P\/r2 +r’? +2I‘I"C0$(pj
L(r,r’;m,P) =
! \/r2+r’2+2rr’005cp

exp(imp)de, 3)

rae J; — dyukuum beccens, K — BonHOBoe uuncno, f — doxycHoe paccrosnue obeux auH3. TakuM 00pa3oM, €Ciid Ha BXOJE
3aJ]aHHON ONTHUYECKOM CHCTEMBI 3a/IaHO BUXPEBOE pacIpeesicHIe, TO  Ha BBIXOJEe OYyIeT BUXPEBOE paclpenesicHHe, IPH STOM
MOPSZIOK BUXPST M HE MEHSAETCSL.

CobcTBeHHbIE (YHKIMS OIEparopa pacupoctpaneHus Hgp mpencTaBisior coGoil OPTOrOHANBHYI0 CHCTEMY, [0 KOTOPBIM
MOYKHO TIPOM3BOJIUTH PA3JIOKEHHE ONITHYECKUX CHTHAJIOB, HE 0053aTeBHO 00IaIa0IINX paIHalbHOl CHMMETPHEH.

3. PacuéT coOCTBEeHHBIX (PYHKIMI U aNIMPOKCHMAIINS

Pacuérel OyaeM ocylecTBiIATh Npu cienyrommx mapamerpax: K / 2af =1, R =1 u P = 5. B tabmuust 1 u 2 3aHeceHbl
M300pakeHNsI HEKOTOPHIX (YHKIIMK U CYIEPIIO3UINI COOTBETCTBEHHO. HoMep N cOOTBETCTBYET HOMEPY COOCTBEHHOM (PYHKIIUH
B HIOpsIIKe YOBIBaHUS MOAYJIEH COOCTBEHHBIX YHCEIL.

Ta6muma 1. [IpumMeps! cOOCTBEHHBIX (QyHKIMNA

NHunekcsl Ammtyna

m=2,n=1 o
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Ta6muma 2. [IpuMeps! cynepro3unuy COOCTBEHHBIX (YHKIUH

Wnnexcs Ammurtyna daza

m1:2,n1:1
+

m2:-7,n2:2

m1:3,n1:2 6
. I' ‘\
m2:-3,n2:2 \“'/

Tabnuua 3 nokaspiBaeT, KaKMe ONTUYECKHE CHT'HAJIbI OBUIM allPOKCUMHUPOBAHBI C MTOMOIIBIO PACCUUTAHHBIX COOCTBEHHBIX
¢ynkuuid.  Taxke TNpUBEAEHBI IOTPEHIHOCTH  ANMPOKCHMAlMM, BBIPKAIONINE CpPEJIHEKBaJPAaTHYECKOE OTKIOHEHHE
MHTEHCUBHOCTU ONTHYECKOTO ITyYKa OT €ro NpUOIMKEHHsS COOCTBEHHBIMHM (DYHKLUMSAMH CHUCTEMBI. B pa3noeHuH y4acTBYIOT
TOJNBKO T¢ PYHKIMH, Y KOTOPBIX COOCTBEeHHOE 3HaueHue Oombire 0,5 u mpu sTom |m| < 8.

TaﬁJmua 3. AHHpOKCI/IMaL[I/Iﬂ ONTHYECKUX CHUTHAJIOB COOCTBEHHBIMH (i)yHKIlI/IHMI/I CHUCTEMBI

HazBanwue AMIUTATY/1a CUTHAA Anmpoxcumanus OTKIIOHEHHE
«KBaﬂpaT» . . 0 | 0534
«Pamxay n D 0,0868
«TpeyroapHUK» ' ' 0,0982

4. 3akaouenue

Pacuér coOcTBeHHBIX (QyHKIMIT 3aJaHHOW ONTHYECKOW CHCTEMBI NPEJCTaBIsIET COOO0H CI0XKHYIO BBIMHCIUTEILHYIO 3a/auy,
0co0CHHO NpH OOJBIIMX 3HAYECHUSIX Nopsaka BuUxpedl M. Oneparop Hgp, 3ammcanHblil B BeIpaxkeHusx (2) u (3) sBusercs
CaMOCOTIPSDKEHHBIM, MOITOMY €ro coOCTBEHHblE (DYHKUMH JOJDKHBI OBITH JEHCTBUTEIBHBIMH, a, CIEJOBaTeIbHO, MX (asa
JIOJDKHA SIBISTHCSl OMHAapHOW. OJHAKO MOTPENTHOCTH BBIYMCICHUH BHOCST JOTOIHUTENBHBIE ()a30BbIe 3HAYCHUSL.
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Tem He MeHee, Jaxke MPU HAJTMYUU MOTPEIIHOCTEH OCYIIECTBICHUE Pa3JIoKEHHsI HEPaJAHAIbHO -CUMMETPUYHBIX CHTHAJIOB 110
paaranbHO-BUXPEBBIM COOCTBEHHBIM (DYHKIIMSM OKa3aJ0Ch BO3MOXKHBIM, KaK W ObLIO MPOJEMOHCTPHPOBAHO B JaHHOW padore.
[Ipu 5TOM OTKIIOHEHHUS aNMPOKCHMHUPOBAHHBIX (PYHKIIUI OT UX OPUTHHAJIOB cocTaBmin He Oobmie 10%.

CTOUT OTMETUTb, YTO AJISI XOPOILIEH anmpoKCUMALUK pachpe/ielieHiHe ONTUYeCKUX CHIHAIOB B MPOCTPAHCTBEHHOW 00jacTu
D, mepBotii anepTyphl JOIKHBI OBITH HE OOJIBIIIE pa3MEPOB CAMOM alepTypHI.
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