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1. BBeneHue B ONTHYECKYIO CBSI3b. OCOOEHHOCTH MOCTPOE-
HHSI ONITUYECKHUX CUCTEM CBSI3H

1.1. OcHOBHBIE ONpeaeieHNs U Kiaaccupurkanmsi.

OnTuyeckrue TEIEKOMMYHUKALIMOHHBIE CUCTEMBI OTHOCSTCS K CHCTEMam
ANEeKTpOCBs3U. [loa cucTeMol IEKTPOCBA3H WIIM CUCTEMOM NEpeiadyd MOHUMAKOT
KOMIUIEKC TEXHHUYECKHUX CPEACTB, BKIIIOUAIONIUN 00OpYyIOBaHHE IS MEpenadu u
IpUEMa CUTHAJIOB U CPEly pacHpOCTPAHEHUs M 00ECIEYMBAIOLINI AJIEKTPOCB3b
OIpEZIeIEHHOTO BU/IA.

B ontuueckoit ¢Bsi3u Aiis nepegauu MHMOPMaIMOHHBIX COOOIEHUI UCTIOb-
3YIOTCS ONTHYECKHE (CBETOBBIE) CUTHaibl. ONTHYECKHE CUTHAIBI MPEACTABIISAIOT
co00i1 3JeKTPOMarHUTHHIE BOJHBI ONTHUYECKOIo Auana3oHa yactoT. Ha puc. 1.1
IIOKa3aHO MECTO OINTHYECKOrO JMana3oHa Ha IIKaje 3JEKTPOMArHUTHBIX BOJIH.
JInst onTUYEeCKO# CBSI3M MPEUMMYILECTBEHHO HMCIOJb3YeTCA Y3KHMl Tuana3oH, pac-
MOJIOKEHHBIA B UHPPAKPACHOM CIIEKTPE.

OnTHyeckoe U3IIydeHHe
YacroTa, Ny (cBer)
]?24 1?22 ]920 ]?ls l(l)lé ]PM ](I)IZ 1?10 ]IOS IIO(; l|04 ]Ioz IIOU
Pentrenosc- MHKDOBOHEL PannoBosiHbI
Y U3ITy4eHHe Koe u3nyye- | YO UK ((I;BT-I) (CB, KB, JITMHHBIE PaJMOBOJIHBI
HHe VYKB)
T T T T \ ] T T T T T T >
' oM 0?2 0 0 ! o 107 1072 10° 10 104 106 108 Anuna

[uana3oH, ucnonb3yembin

BOJIHbI, M

P h ANsi ONTUYECKOW CBA3UN

1 Buaumbin ceet l

400

500 600

[AnuHa BONHbI B HM —

700

Puc. 1.1. DnexTpoMarHuTHOE U3ITy4eHHE

Ilpumeuanue:
BcnoMHMM M3BECTHOE COOTHOLIEHUE MEXKY YaCTOTOW U JUIMHOM BOJIHBI U3-
JIy4EHHUS B BAKYyME:

(1.1)

— 8
rJie ¢ — CKOpoCTh cBeTa B Bakyyme (C = 3 - 10° m/c). I onTHYECKOro U3ITydeHus,
pacmpocTpanstomnierocs B cpeae (medium) ¢ mokasaTesieM MpeaoMICHHS N 3TO CO-
OTHOIIICHUE IPUHUMAET BUJI:
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P (1.2)

nf

OO6paTuTe BHUMaHWE, YTO TIPHU NIEPEX0/Ie U3 OJHOU Cpelibl B IPYTYIO 4acToTa
W3JIYYEHHUS OCTAETCs OCTOSIHHOM, a IJTMHA BOJIHBI U3MEHSETCS.

M3 (1.2) MOXHO MOJIyYHUTh COOTHOIIEHHE MEKIY Moj0coit yactotr Af u co-
OTBETCTBYIOIIMM €My WHTEpBaJIOM JUTHH BOJIH AL. PaccmoTpum mnostocy gactot Af
— ot vactothl f; 10 wactots f,. OueBnaHo, uTo Af = f; — f,. OO03HAYMM "epes Ay U
A2 JUTUHBI BOJIH, COOTBETCTBYIOMmME yactoTam f; u f,. Torma:

AJ— Ny A, Af |

C

W3 (1.3) BUAHO, YTO OJHOM M TOM ke TmoJioce yacToT Af Moryr coorBeTcTBO-
BaTh pazHble wHTEpBabl AA. C yBenmuuenuem f; u f, (ymenbmenuem Ay u A,) Ak
OyJleT YMEHbIIIAThCHI.

(1.3)

B kadectBe cpenpl mepegaud MOKET HCIOJIL30BaThCAd KAaK €CTECTBEHHAS
cpena (okpyXxarolee IpoCTpaHCTBO), TaK U UCKycCTBeHHas. MIcKyccTBeHHOM cpe-
JI0OM Tepenadu, MpeJHa3HAYEHHOM /JIsi HAaImpaBJICHHOIO PAaCIpOCTPAHEHUS >JIEK-
TPOMArHUTHBIX BOJIH, SIBJISIIOTCSI HAIPABIISIIOLINE CPEbl AJIEKTPOCBSI3H HA OCHOBE
METAIUTMYECKUX WIN JUAJIEKTPUUECKUX KOHCTPYKIIHA.

becnipoBonnpie ontudeckue cucreMsl nepeaaun (OCII), ucronp3yromue ec-
TECTBEHHYIO cpenty — atMocdepy, Ha3biBatoT atmochepasiMu (AOCII). Takas cuc-
TeMa Mepelaayd COCTOMT BCErOo M3 JIBYX IMPUEMO-TEPEaloNIMX ONTHYECKUX YCT-
POICTB, KOTOPBIC PACTIONIATAIOTCS HA PACCTOSIHUU MPSMON BUJAUMOCTH.

OgHako  HaWy4dIIMMHU  XapaKTepUCTUKaMU  00JadaloT  BOJOKOHHO-
ontuueckue cucremsl nepeaaun (BOCII), koTopbie UCNOIB3YIOT B KAUECTBE CPEAb
nepeiavn M3JIEeKTPUYECKUE BOJHOBOMBI — onTuueckue BojokHa (OB). Jlns mpo-
M3BOJACTBAa COBpEMEHHbIX OB IpUMEHSETCS BBICOKOYMCTOE KBAapLEBOE CTEKJIO,
o0ecrneunBaroIiee MUHUMAIbHBIC IOTEPU U3TYUYEHUSI IPU PACTIPOCTPAHEHUH.

OB umeer AByXClOWHYIO CTpYKTYpy (puc. 1.2). Ero BHyTpeHHM ClOW, Ha-
3bIBACTCS CEPALECBUHON U SBJISICTCS CBETOBEAYIIMM, & BHEIIHUN CJIIOW HA3bIBAETCSA
000JIOUKOH M HY»E€H, 9YTOOBI CO3/IaTh YCIOBUS VIS YIS KaHHS CBETA B CEP/ILICBUHE
OB. JlnameTp cepateBUHBI MOXKET cocTaBiaaTh 10 0.1 mm. /luamerp 000109k BO-
nokHa coctapisger 0.125 mm. Ha dotorpaduu (puc. 1.3) BUAHO, KaK COOTHOCATCS
JMaMeTp BOJIOKHA U pa3Mep UTOJIBHOTO YIITKa OOBIYHOM IMIBEHMHON UTOJIKH.

OCITI moxHO Ki1accupuuupoBaTh:
e [lo Hasnauenuro — HA CUCTEMBI ISl TPAHCIIOPTHBIX CETEU U CETEN JIOCTYIIA,
o [lo memoody nepeoauu ungopmayuu — Ha HUPPOBBIC U aHATIOTOBEIE,

o [lo cnocoby mynvmuniexcuposanusi — Ha CUCTEMbI C BpeMeHHbIM (TDM -
Time Domain Multiplexing) u gactotabiM win BoHOBEIM (WDM — Wave Divi-
sion Multiplexing) ciocodom o0benuHeHus (pa3aeieHns ) OTACIbHBIX KaHAJIOB;
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3ammMTHOE NOKPHITHE

CepaneBuna

0O00s10uKa

2a =0.008-0.1 mm
2b =0.125 mm

Puc. 1.2. KoHcTpyKIIHS U TEOMETPUYECKUE pa3-

Puc. 1.3. BojokHa B UTOJTFHOM YIIIKE.
MEpBI OIITUYECKOIO BOJIOKHA

e [lo ucnonvzyemoii MoOyiAyuy — Ha CUCTEMBI C aMILUTUTYIHOM, YaCTOTHOM,
($ha30BOM U MOJIIPU3AUOHHON MOIYISIUEH, a TaKKe ¢ MOAYJISALMEH 110 UHTEHCUB-
HOCTH,;

o [lo cnocoby xooupogauusi — Ha CUCTEMbI C JABOMYHBIMU (OMHAPHBIMH) U
MHOT'OYPOBHEBBIMH KOJAMH.

1.2. TonmoJIOruM ONTHYECKUX CeTeH CBSI3M

OnTuyeckas ceTh CBA3M, KaK U Jt00as Apyras CeTh CBS3U, COCTOUT U3 y3JI0B
U COCJIMHUTENbHBIX JIMHHUI. BO3MOXKHBI HECKOJIBKO BApPUAHTOB TOMOJIOTUU MO-
cTtpoeHus cetu (puc.l.4).

Ha puc. 1.4a nokazaHa noJIHOCBSI3AHHAS TOIOJIOTUS WJIM TOMOJIOTHS «KAXK-
ABbI ¢ KaXKIABIM», B KOTOPOU JIFOOOH y3€7l UMEET MPSIMbIC CBSI3U CO BCEMHU OCTaNTh-
HBIMHU y3JIaMH. YHCIIO IYIJIEKCHBIX (PU3HMUECKUX COCTUHUTENIBHBIX JTUHUM M, He-
00XOUMBIX /IS COCTMHEHUST MEXy coO0oil N y3J10B B C€TH 3TOM TOIOJOTUU CO-
CTaBJISCT:

M = N(N —1)

2

JlaHHasi TOTIOJIOTHSI UMEET BBICOKYIO CTENEeHb M30bITouHOCTU. C OgHOM CTO-
POHBI, U30BITOYHOCTh SIBJIIETCS JTOCTOMHCTBOM, TaK KaK OOECIEUHUBAET BBICOKYIO
HaJIe)KHOCTh ceTH. C Ipyroil CTOpOHBI, Takasi U30BITOYHOCTH SIBJISICTCSI HEJIOCTAT-
KOM, TaK Kak MPUBOAMUT K IKOHOMHUYECKOW HeapdekTuBHOCTH ceTu. [loaTomy ua-
1€ MPUMEHSIIOTCSL U30bITOYHBIE, HO HEMOJIHOCBI3aHHbIE BAPUAHTBI TOMOJIOTUH.

Ha puc. 1.40 nokazana si4eMCcTasi TOMOJIOTHS WIJIM TOTIOJIOTUS «CETKa), KO-
TOpass IIOJYy4Y€HA W3 IIOJHOCBA3aHHOW IIyTE€M YIAJIEHUs HEKOTOPBIX CBs3eU
(puc.1.46). B 310l TOMOJIOTHH TaK)Ke UMEETCS] N30BITOYHOCTh, HO B MEHBIIIEH CTe-

(1.4)

3
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NEHU: KKIBIM y3€J CBS3aH OTAEJIbHBIMU COECIMHUTEIbHBIMU JIMHUSMH HE CO BCE-
MU OCTaJbHBIMH y3JIaMH, a TOJBKO C OJNMKAWIIMMU y3JaMU WM Y3JIaMH, UMEI0-
HIMMU K HEeMy HauOoJjbliee TsaroteHue. [Ipu sTom coxpansitorcs 00XOAHBIE, pe-
3€pBHBIC IMyTH MEXKY y3JIaMH U 00€CTIeUnBAETCS JBA-TPU HE3aBUCUMBIX BBIXO/A K
J1000MY Y311y CBSA3U. DTa TOMOJIOTUsS 00J1ajaeT MEHbIIEH, HO TOCTATOYHON HaJIeXk-
HOCTBIO IO CPAaBHEHHIO C TIOJHOCBSA3aHHOM U SKOHOMUYeCKU OoJiee 3 (HeKTUBHA.

B cersx ¢ koabueBoil Tomnosorueit (puc.l1.4B) maHHBIE MEepenaloTCs IO
KOJIbILy OT OJIHOTO y3J1a JI0 APYroro B JIBYX HAlpaBJICHHUSX MO YaCOBOM M MPOTHB
YacOBOM CTpeNKU. UMCIO AYIIIEKCHBIX (PU3NYECKUX COCTUHUTENBHBIX JIMHUNA M,
HEOOXOUMBIX IJIsl COETUHEHUS MEX Ty co00i N y37I0B B C€TH 3TOI TOMOJIOTUH CO-
CTaBJISIET:

M =N (1.5)
['TaBHBIM JOCTOMHCTBOM KOJIBLIEBOW TOIMOJIOTUU SIBJSIETCS Maasi U30BITOYHOCTD.
Konpuesas TOMOJOTUS 4acTO UCIOJB3YETCS ISl CO3JaHUsl TPAHCIOPTHOM CETH,
y3J1bl KOTOPOU SIBJISIFOTCS LEHTPAIbHBIMU AJISL CETEN JoCTyma.

i @

S

Puc. 1.12. Tononoruu ceTeii CBS3M: a — MOJIIHOCBsI3aHHAs, O — TYCUCTAs], B — KOJIBIIEBAsI, T — 3BE3/1000pa3-

Hasd, 1 — HIMHHAasi, € — JPpCBOBUAHAA, 1 — paaAlaJIbHO-Yy3JI0Basd,
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Ha puc. 1.4r nokazana 3Be31000pa3Has Tonosaorus. Kaxasiii nepudepuii-
HBIM y3e]1 B TaKO¥ TOMOJIOTHH MOAKII0YAETCs K eHTpaibHOMY y3iy. Ha puc. 1.4x
MOKa3aHa TOIMOJIOTHS «ITUHAY WK «JIMHEeHAS HeNb.

Yucio nymiekcHbIX (U3UYECKUX COCAMHUTENbHBIX JTUHUU M, HeoOxonu-
MBIX JIJIsl COeAMHEHUST MEKIy co00il N y3JI0B B CETSAX TOMOJOTUN «3BE3/1a» U «IIIH-
Ha» COCTaBJISIET:

M=N-1 (1.6)
Tonosiornu «3Be371a» U «JIMHEWHAS 1IENbY» SBIAIOTCA 0€3bI30BITOYHBIMU. ITO JOC-
TOMHCTBO BJIEYET 3a COOOM M IJIaBHBIM HEAOCTATOK 3TOM TOMOJIOTMH — HU3KYIO Ha-
JEKHOCTh. TeM He MEHee TOIOJOTUs «IMHEHHAs LEeNb» IIUPOKO HCIONb3YETCs B
ONTUYECKUX CETsX. J{JI MOBBIMICHUS HAJIE)KHOCTU MPUMEHSETCSI PE3ePBUPOBAHUE
COCIMHUTEIbHBIX JIMHUIA.

HeGonpimme cetn 0ObIYHO MMEIOT OJIHY U3 TUIIOBBIX TOMoOjoruid. KpymHeie
CETH Yallle UMEIOT CMEIIaHHYI0 Toroyioruio (puc.l.4e, k). Cpeau cMemaHHBIX TO-
MOJIOTHH TaK)Ke MPUHATO BBIICIATH J1Ba HanboJiee pacpOCTPAHEHHBIX BUJIA:

e JlpeBOBHAHAsI TOMOJIOTHSI, IIPU KOTOPOM WEHTPAJbHBIE Y3JIbl PA3JIMYHBIX
3BE3]1 HEPAPXUUYECKU COSAUHSIOTCS MeX Ty co0oit (puc.l.4e). Takas Tomonorus
HanOoJIee YacTO MCIOJIb3YETCs B JIOKAIBHBIX CETSIX, HO HAXOJIUT MPUMEHEHHE
U B TJIOOQJIBHBIX CETSIX.

e PammanbHo-y3ioBasi Tonmosiorus (puc. 1.4x), mpu KOTOPOil LIEHTPAJIbHBIC y3-
JIbl PA3JIUYHBIX 3BE3J COCAUHSIOTCS MO MPUHIUIY «KKIBIA C KaXIbIM» (Kak
BApUAHT, HEKOTOPBIE CBSI3U MOTYT OTCYTCTBOBATh ISl YMEHBIIIEHUS U30BITOY-
HOCTH) UJTU B KOJIBIIO.

1.3. O600meHHAasi cxeMa ONTHYECKOH CHCTEMbI NMepeIavyu
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Puc. 1.5. O6Go061meHHas cxema ONTHYECKOH CUCTEMBI Iepeadn

Ha puc. 1.5 npencraBnena o6o0mennas cxema OCII. OHa Bxiro4aeT ciie-
JYIOIIUE YyCTPOMCTBA:!
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1) MyJabTHILIEKCOP — YCTPOUCTBO, oOecneunBaromiee 00beAMHEHUE (MYITb-
TUIIJIEKCUPOBAHUE) HECKOJIbKMX HE3aBUCHUMbBIX KaHAJIOB (JIEKTPUYECKUX) Ha Tepe-
Jade M UX pazjenieHue (IeMylbTUILUIEKCHpoBaHue) Ha mnpueme. CylecTBYIOT
MYJIBTUILIEKCOPBI ISl OObEIMHEHUS] aHAJIOTOBBIX KaHAJOB U JJIA OOBEIUHEHUS
M (ppOoBBIX KaHaaoB. OCHOBHBIM AHAJIOTOBBIM KaHAJIOM SIBIISIETCA KAHAN MOHAb-
Hoti yacmomsl (TYH), 3anumaromuii nonocy 4vactor mupuHon 4 kl'u. OcrogHoii
yughposou xanan (OLUK) 3anumMaer nmosnocy yactoT mupuHoit 64 k'l (umeer cko-
pocth 64 kOuT/C) M PopmupyeTcs u3 kaHaida TU Ha OCHOBE MMITYJIbCHO-KOJIOBOM
Moy MKM.

B OCII ucnonb3yroTcsi B OCHOBHOM HHU(POBBIC MYIbTHILIEKCOPHI. [ludpo-
BOM MYyJIBTUILIEKCOP pPabOTaeT B COOTBETCTBUM C OAHOW M3 MH(POPMAIIMOHHBIX
TexHoJoruid. HawnOosblnee pacnpocTpaHEHHE TMOIYYUIN TEXHOJOTHHM IUIE3UO-
xponHo#t mudposoit uepapxun (PDH - Plesiochronous Digital Hierarchy), cun-
xpoHHO# 1dposoi uepapxuu (SDH - Synchronous Digital Hierarchy), onrude-
ckoii TpancnoptHoi nepapxuu (OTH — Optical Transport Hierarchy) u Ethernet.

2) OnTnyecKHii KOHBEPTOP, TaK)Ke HA3bIBACMBIA B JINTEPATYPE onmuye-
CKUM MPAHCUBEPOM WU MeOUaKOHEEpMOPOM, BBITIONHIET GYHKIUHU MO TIpeodpa-
30BaHUIO AJIEKTPUUECKUX CUTHAJIIOB B ONTHYECKUE HA MEpe/ladye U ONTHYECKUX B
NICKTPUYCCKHUE C X pereHepanueil Ha npueme (puc. 1.6).

[IpeoOpa3oBarens koaa 1 Ha mepenarouieit cTopoHe npeodpasyer KoJ MyJib-
TUIUIEKCOpA B JIMHEWHBIM KOJ. JIMHEWHBIA KOA JOJKEH 00JajaTh MOBBIIMICHHOU
MIOMEXOYCTOMYMBOCTBIO MPU NEpeiaye U 00ecneynBaTh BOZMOXKHOCTb BbIICICHUS
TaKTOBOW 4acTOThl Ha mpueme. [IpeoOpazoBaTens Kojga 2 Ha MPUEMHOM CTOPOHE
OCYILECTBIISIET 00paTHOE MPeoOpa3z0BaHKUE KOJOB.

Mepepava
: Mpeobpa3soaTtenb Mepepnatowmin

S koga 1 ONTUYECKMIA MOaYIb
3 =
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0 S
s
< I I 2
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3 - kona 2 ONTMYECKMI MOOYNb [————
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Puc. 1.6. CxeMa onTHYECKOTO KOHBEPTEPA

[Tepenaronuit ontuyeckuii Moayias (IIOM) obecrieunBaeT TeHepalyo Or-
TUYECKOTO H3IYYEHHUs] HECylled 4acTOThl (AJIMHBI BOJIHBI), €F0 MOJIYJISIUIO WH-
(GbOpMaIIMOHHBIM CUTHAJIOM U CTBIK C ONTHYEeCKON cpeaoi. DYyHKIUIO TeHepanuu
ONTUYECKOT0 M3JIyYECHHS BBITIOJNHIET UCTOYHUK M3IYUYEHHUs, B KAUECTBE KOTOPBIX
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MPUMEHSIIOT TOJYIPOBOJHUKOBBIC CBETOJIMOJHBIC WJIM Ja3€pHbIC MCTOYHUKHU C
mmrHaMu BotH A = 850; 1300; 1550 awm.

OYHKIUIO MOIYISIUA ONTHYECKOTO U3MTy4YeHUs OOBIYHO BBHITIOJIHSET ONTH-
yeckuil moaynsatop. g adpdexrrBHOro BBoa M3itydyeHus B OB ucnonb3yroT co-
IJ1aCyIOIIME YCTPOWCTBA, HAPUMED, JIMH3bL. X Ha3HaUeHHEe — COrjlacoBaHUE qua-
rpaMM HaIlpaBJIeHHOCTH U pa3MepoB u3inyuarens u OB.

[Tpuemnsiii ontudeckuii Mmoaynb (IIpOM) mpeobpasyer ONTHYECKOE H3ITY-
YEHHUE B DJICKTPUUYECKUI CUTHAJ, POU3BOAUT KOPPEKIIUIO UCKAXKEHUHN, YCUIICHUE U
pereHepanuio nuppoBoro CUrHaia, a TakKe BbIJEICHUE TAKTOBOM YaCTOThI, KOTO-
pas UCHONb3yeTCs Uil CHHXPOHU3ALUK MPUEMHON YacTH MYJbTHUILIEKCOpa C Iie-
JIBIO MPABUJIBHOTO JIEMYJIBTUILIEKCUPOBAHUS KAHAJIOB.

OcHoBHBIM 311eMeHTOM [IpOM sBnsercst pOTONPUEMHHUK, BBITOJIHSIOIIHIMA
npeoOpa3oBaHue ONTUYECKOTO U3IyYEHMs B AJIEKTpUUECKHM curHaid. B kauecTse
(bOTONPUEMHUKOB UCIOJIB3YIOT NMONynpoBoAHUKOBEIE hoTonuoas: Si OJI (PIN u
JDJT) nnst A = 850 um u Ge u InArGa (PIN u JI®OJI) ans A = 1300 u 1550 am.

3) OnTuyeckuii MmyabTHIIEKCOP. [ onTrueckux kaHaoB B BOCII mo-
XKeT OBITh PEATM30BAHO ONTHUYECKOE MYJIbTHILUIEKCUpOBaHHE. OOBIYHO HCIOJNb3Y-
€TCsl aHAJIOTOBOE ONTUYECKOE MYJbTUILUIEKCUPOBAHUE B COOTBETCTBUH C TEXHOJIO-
rueii WDM (Wavelength Division Multiplexing — mMysisTuIuIeKCHpOBaHHE B BOJI-
HOBOH 00JIACTH WJIK CICKTPaIbHOEC MYJIBTUIUICKCHPOBaHue). ONTHYECKHE MYJIbTH-
MJIEKCOPHI TIO3BOJISIIOT OOBEAMHATh M pa3lesiTh KaHallbl, 00pa30BaHHBIC HAa pas-
JUYHBIX ONTUYECKUX HECYIIMX YacTOTax (IJTUHAX BOJIH).

4) TIpoMeXyTOYHBbIE CTAHIMH MOTYT OBITH MPEACTABICHBI Pa3IMYHBIMH
YCTPOMCTBAMHU, HAPUMED, AIEKTPOHHBIMU MYJIbTUIIJIEKCOPAMU BBOJ1a/BbIBOJIA HE-
KOTOPOTO YKCJia DJIEKTPUUYECKUX KaHAJIOB, JIMHEHHBIMU pereHepaTopaMu, ONTHYE-
CKHUMU YCUJIUTEISIMUA, ONTUYECKUMH MYJIbTUIIJIEKCOPAMU BBOIa/BBIBOJIa HEKOTOPO-
ro 4Kcjia ONTUYECKUX KaHAJIOB.

5) dusnyeckan cpeaa. B Hacrosiee BpeMs HawIydliei cpenoi uis nepe-
Jla4yu ONTHUYECKUX CUTHAIOB sBIsAOTCAS OB, M3roTOBIICHHBIE U3 KBAPIIEBOTO CTEK-
na.

Paccmotpum nanee ocHOBHBIE MH(MOPMAITMOHHBIE TEXHOJIOTHH ISl U(po-
BBIX ONTHYECKHUX TPAHCIIOPTHBIX CETEU CBA3U U CETEU JOCTYIIA.

1.4. UadopmManuoHHbIE TEXHOJIOTHHU VISl TPAHCHOPTHBIX ceTel
1.4.1. MudopManiuoHHASI TEXHOJIOTHS NJIE3MOXPOHHOI HM(POBOI nepapxuu

JIJist TpaHCIOPTHBIX ceTell cBsi3u B Havane 70-x roaoB 20 Beka Oblia pa3pa-
0oTaHa TeXHOJIOTHS TUIe3nOXpoHHON nudpoBoit nepapxuu (PDH - Plesiochronous
Digital Hierarchy). B trexuosnorun PDH ncnons3yercss UMIyIbCHO-KOIOBast MOY-
s (MKM) u BpemenHoe pazaenenue xaHaioB (TDM - Time Domain Multi-
plexing). dis mudpoBoit mepenaun Teae@OHHOTO CHTHANIA MCIIONB3YETCS OCHOB-
Hoi 1udpoBoii kaHan (OLIK) co ckopocthio mepenaun uHbopMmaiuu 64 kOut/c.
EBponeiickue ypoBuu nepapxuu PDH npusenens! B Tabi. 1.1.
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Tabmuua 1.1. Yposuu nepapxuu PDH.

Yposenb | Cxopocth nepena- | Yucio [Ipumeuanne
uepapxuu gy, MOuT/c OLIK
El 2,048 30
E2 8,448 120 4 notoka E1
E3 34,368 480 4 moroka E2
E4 139,264 1920 4 moroka E3
E5 564,992 7680 4 moroka E4

Cucrembl PDH Obumn nepBoHavyasibHO pa3zpaOOTaHbl Il MEAHOKHIIBHBIX
CUMMETPUUYHBIX U KOAKCUaJbHBIX Kabenen. Onnako ais ooopynoBanus PDH Obuin
pa3paboTaHbl U BOJIOKOHHO-ONTUYECKHUE UHTEP(PEHCHI.

Henocrarkom texnonorun PDH sBisieTcss HEBO3MOXKHOCTh HEMOCPEACTBEH-
HOTO BBIJICJICHUS JJAHHBIX HU3KOCKOPOCTHOTO KaHaJla U3 JIAHHBIX BBICOKOCKOPOCT-
HOTO CHUTHaja, €M KaHaJbl padOTalOT Ha HECMEXHBIX YPOBHSX HEpPApXUU CKOPO-
creil. Hanpumep, Henb3s BbACIUTH JaHHble KaHaia El w3 ganHbix kanama E3 —
HE0OXOMMO TOCIIEIOBATENBHO JEeMYIbTUILIEKCHpOBaTh KaHail E3 Ha kananel E2,
kanan E2 Ha kananel E1, a 3aTeM Ha oTenbHbIe Tele(OHHBIE KaHATIBI.

1.4.2. UuopmanmoHHasi TEXHOJIOTUSI CHHXPOHHOI 1u(poBoii nepapxumn

B 90-e roner 20 Beka mIMPOKOE PACTIPOCTPAHEHHE TOJMYyUUIIa TEXHOJIOTHS
cuHXpOoHHOH 1dpoBoii nepapxuu (SDH - Synchronous Digital Hierarchy). Tex-
Hosiorust SDH u3HavanbHO paspabaTeiBaiach sl BOTOKOHHO-ONTHYECKUX CHCTEM
nepemnaun (BOCII). B texnomornn SDH Takke MCHonb3yeTcss BPEMEHHOE pasjie-
neHue kanaaoB TDM.

Yposau uepapxuu SDH npusenensr B Ta0im. 1.2. JIMHEWHBIH CUTHANT COOT-
BETCTBYIOIIECTO YPOBHS HA3bIBAETCS CHHXPOHHBIM TPAHCIIOPTHBIM MOIYJIEM
(Synchronous Transport Module — STM) u o6o3nauaercs STM-N.

Bes undopmanus B cucreme SDH nepenaerca B koHTeitHepax. KonTelinep
MpeCTaBIsAeT cO00M CTpyKTypupoBaHHbIe naHHbIe. Ecnu cuctema PDH renepu-
pyeT Tpaduk, KOTOPBIM HY)KHO nepeaaTh no cucteme SDH, To nannasie PDH cHa-
yajia yImakoBBIBAIOTCS B KOHTEHHEPHI, a 3aTeM K KOHTEHHEpY 100aBIIsSETCs 3arojo-
BOK M yKa3aTelu, B pe3ysibrare oopasyercs STM. Vkazatenu mo3BosisioT «HANTH
BHYTpH STM 100BI€ YIIaKOBaHHBIC TyJa JaHHBIC, YTO TIO3BOJISIET X BBIJEIATH, HE
JEMYJIbTUTUIEKCUPYS BECh CUTHAJ IICJTUKOM.

Baxuapim otimmunem SDH ot PDH sBisieTcss oGecrieueHre mojaHON CHHXPO-
HU3AIMK BCEX YCTPOWCTB B ceTh. CHHXpOHM3AIUs 00eCIeUYnBaeT CIUHBIN IS
BCEH CETH OTCYET MPOJOKUTEILHOCTH BPEMEHHBIX MHTEPBAJIOB, B paMKaX KOTO-
PBIX OCYLIECTBISIETCS Nepeaaya u npuem OaitoB uHbopmanu. Hapymenus: cun-
XPOHU3ALMH MPUBOAAT K BOSHUKHOBEHHIO Pa3HUIbI CKOPOCTEH Mepeaadyu U npue-
Ma HH(OpMAIUHU, YTO B CBOIO OYEPEb BBI3BIBAET JMOO MOTEPIO (€CIM MPUEMHHK
paboTaeT MeaJieHHee nepeaaTyuka), 100 AyOaupoBaHue (€CiIu MPUEMHUK pado-
TaeT ObICTpee NepeaaTurKa) 4acTu nHpopMaruu.
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Tabmuua 1.2. Yposuu uepapxuu SDH.

VYposens | CkopocTh nepenauu,
Mowut/c
STM-1 155,520
STM-4 622,080
STM-16 2488,320
STM-64 9953,280
STM-256 39813,12

Texnonorus SDH mmpoko HCMONb3yeTcs B MaruCTPaJbHBIX W 30HOBBIX
TpaHcnopTHbIX ceTsX. [lo cpaBHenuto ¢ texnonorueit PDH ona oGnagaer cine-
JYIOIIMMHU TPEUMYIIECTBAMH:

® BBICOKHE CKOpocTH niepenaun ao 40 ['6ut/c,
® TOBBIIIEHHE TMOKOCTH MEXaHW3Ma MYJbTUILUIEKCUPOBAHMSI, BO3MOKHOCTb

HENOCPEICTBEHHON BCTaBKM HU3KOCKOPOCTHBIX MOTOKOB B BBICOKOCKOPOCT-

HOW TIOTOK U BBIJICTICHUS] HU3KOCKOPOCTHBIX MOTOKOB M3 BHICOKOCKOPOCTHO-

ro MOTOKaA,

® COBMECTUMOCTb CO BCeMH YpoBHsIMU TexHosoruu PDH u ¢ texnomoruei
ATM,

® HaJEKHOE pe3epBUpOBaHUE U IP(HEKTUBHOE YIIPABICHUE CETHIO.

1.4.3. UndopmanmoHHasI TEXHOJIOTUSI ONTUYECKOH TPAHCIIOPTHOI MepapXumn

Haubonee nepcrnekTUBHON B HACTOSIEE BPEMSI CUMTAETCS TEXHOJOTHUS OIl-
tUdeckoit TpancnoptHoi uepapxun (OTH — Optical Transport Hierarchy), ocHo-
BaHHAas Ha peKoMeHaanuu MexXayHapoaHoro coro3a anekrpocBsizu (MCD-T)
(G.709. DTa pexomeHaaIMs ONPeAeIIIeT TPEOOBAHUSI K ONTHYECKUM TPAHCTIOPTHBIM
cetsm (OTN - Optical Transport Network), Bkitouyast CTpyKTypy KaJpoB, 3aroJjioB-
KM, OUTOBBIE CKOPOCTH U (popMaThl JIsl YIAKOBKH NepeaaBaeMoil nadopmanuu. B
HacTosIee BpeMsi craHaapTu3oBanbl 4 ypoBHs uepapxuu OTH (tadn. 1.3). Jlu-
HEHHBIN CHTHAT COOTBETCTBYIOIIETO YPOBHS Ha3bIBACTCS OMTUYECKUM TPAHCIIOPT-
ueiM Moaysem (Optical Transport Unit — OTU) u o603Hauaercss OTU-N.

Tabmuna 1.3. Yposuau uepapxun OTH.

YpoBenb | CKOpOCTh niepeaayd,
I'out/c
OTU-1 2,7
OTU-4 10,7
OTU-3 43
OTU-4 112

3a cYeT pacUIMPEHHBIX BO3MOXKHOCTEH MyJbpTuIUiekcupoBanuss OTN pas-
auudHble TUNbl Tpaduka, Bkatodas Ethernet, Tpaduk cucrem XpaHeHUs JaHHBIX,
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mudpoBoe Buaeo u SDH, moxHO mepenaBath B onHoM Kaape OTU, To ecTh ocy-
IIECTBIISATH KOHBEPTEHITHIO CETEH.

[TpunnunuansabiM oTauyueM TexHojoruu OTH ot PDH u SDH sBasercs
HAJIMYUE HE TOJBKO AJIEKTPOHHOTO, HO M ONITHUYECKOTO YpOBHs. TexHomorus Oblia
pazpaboTaHa creruaibHO I ONTUYeCcKuX ceTeit ¢ mpumenenrnem WDM.

B cerax OTN wucnons3yercs ynpexparomias koppekuusi ommbok (FEC -
Forward Error Correction), xoTopasi Mo3BOJISICT YBEINYUTh ONTHUYCCKUN OFOIKET
BOCII Ha 6 a1b, 9T0 COOTBETCTBYET AOMOTHUTENBHBIM 25 — 30 KM Ha IJTMHE BOJTHBI
1550 HM. DTOT HONMOTHUTENBHBIN OIOKET MO3BOJISIET 3aMEeHUTH cucteMy STM-16
co ckopocthio 2,5 I'6ut/c Ha OTU-2 co ckopocteio 10 I'6ut/c 6€3 momoHUTENb-
HBIX YCUJIUTEIIEH U PETE€HEPATOPOB.

1.4.4. Uudopmannonnas texnosgorus Ethernet

Texunonorust Ethernet mepBonavanpHO paspadarbiBaniack MHCTUTYTOM HH-
KEHEpoB 0 3JekTpoTexHuke U anekrponmke (Institute of Electrical and
Electronics Engineers — IEEE) nns nokambHBIX ceTel, pacIioioOKEHHBIX B OJTHOM
3[IaHHH, U TIOYTH Ccpa3y 3apeKOMEeHI0BaIa ceOs Kak HanboJiee yCIenHas TeXHOIIO-
rusi. [lomasisitoniee OONMBITMHCTBO JIOKABHBIX CeTeil BO BceM Mupe — cetu Ether-
net, T.e. GoJbIIAs YacTh CBSA3CH MKy KIIMCHTaAMU HAaYMHACTCS U 3aKaHYMBACTCS B
cetu Ethernet (c ucnonszosanuem IP nportokosa mosepx Ethernet). Brocnencreun
ucnonb3oBanue Ethernet pacimpuiaocs Ha ceTH T0CTyMa U 1aXKe Ha TPAHCTIOPTHBIC
CeTH.

BaxxHeiime stamsl crangapTu3anud TexHosnoruu Ethernet B onruueckux
CeTsIX NMpUBEIEHbI B Tab. 1.4.
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Ta6nuua 1.4. Buasl u stans! crangaprusaiuu Ethernet ¢ ontuueckumu nuatepdeiicamu (IEEE).

_ q M .
Cran lox| Haummenosanue Ocob6ennoctu uHTEpdetica JtiHA BOJHBL, HM Kon Tur OB HEIO | MIAKCHM. ATHHA
JIapT OB CErMeHTa, M
Ethernet, 10 Méur/c
802.3d {1987 FOIRL 840-860 Manchester MM 2 1000
802.3] (1993 10Base-F 840-860 Manchester MM 2 2000
Fast Ethernet, 100 MouT/c
4B/5B MM 400
802.3u (1995 100Base-FX 1260-1355 AB/5B oM 2 2000
100Base-LX10 Long wavelength 1260-1360 4B/5B OM 2 10 000
802.3ah |2004 e D: 1480-1580
100Base-BX10 Bidirectional long wavelength U- 1260-1360 4B/5B oM 1 10 000
Gigabit Ethernet, 1 I'6ur/c
1000Base-SX Short wavelength 840-860 8B/10B MM 2 550
802.3z 11998 8B/10B MM 550
1000Base-LX Long wavelength 1260-1355 35/108 OM 2 2000
1000Base-LX10 Long wavelength 1260-1360 8B/10B oM 2 10 000
e D: 1480-1500
1000Base-BX10 Bidirectional long wavelength U- 12601360 8B/10B OM 1 10 000
802.3ah {2004 D: 1480-1500
- L | h i ical k
1000Base-PX10 ong wavelength passive optical networks U- 1260-1360 8B/10B OM 1 10 000
D: 1480-1500
- L | h i ical k
1000Base-PX20 ong wavelength passive optical networks U- 12601360 8B/10B oM 1 20 000
10Gigabit Ethernet, 10 I'éur/c
10GBase-SR/SW Short wavelength (LAN/WAN) 840-860 64B/66B | MM (OM3) 2 300
10GBase-LR/LW Long wavelength (LAN/WAN) 1260-1355 64B/66B OM 2 10 000
10GBase-ER/EW Extra long wavelength (LAN/WAN) 1550 64B/66B OM 2 40 000
802.3ae (2002
o i
10GBase-LX4 4 xanana WDM (4x3.125I6urt/c) o ' 8B/10B 2
1318.0-1331.4 oM 10 000
1342.5-1355.9
10/1GBase-PRX Passive optical networks, D: 10 T'6ut/c, U: 1 T6ut/c D:1575-1580 |D:64B/66B OM 1 20 000
U: 1260-1280 |U: 8B/10B
802.3ah {2009 D 1575-1580
10GBase-PR Passive optical networks, D: 10 T'6ut/c, U: 10 I'6ur/c UZ- 12601280 64B/66B OM 1 20 000
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Cran- T'on| HaumenoBaHue OcobenHoctu uHTEpderica JnuHa BonHBI, HM Kon Tun OB Huero | Maxeu. Jumia
IapT OB CerMeHTa, M
40 Gigabit Ethernet, 40 I'6uT/c

64B/66B | MM (OM3) 100
40GBase-SR4 840-860 8
ase Short wavelength (4x10I'6ut/c) 64B/66B | MM (OM4) 150
1264.5-1277.5
802.3ba (2010
Long wavelength, 4 xananra CWDM 1284.5-1297.5
40GBase-LR4 4B/66B M 2 1
0GBase (4x 10T Gurlc) 1304513175 | 4B/66 © 0000
1324.5-1337.5
100 Gigabit Ethernet, 100 I'out/c
64B/66B | MM (OM3) 100
100GBase-SR10 840-860 20
ase Short wavelength (10x10I'6ut/c) 64B/66B | MM (OM4) 150

1204.5-1296 6
100GBase-LR4 4 xanana WDM (4x25T6ut/c) oS0l | eamieeB | OM 2 10 000

1308.1-1310.2

129451296 6
100GBase-ER4 4 xanana WDM (4x25T6ut/c) oS0l | eamieB | OM 2 30000

1308.1-1310.2

802.3ba (2010
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Crangapr |IEEE 802.3ae (10 I'6ut/c) onpenenseT ABa THIA JJOTHISCKUX T10-
nypoBHelt ¢uzudeckoro ypoHs: LAN u WAN. ITogyposens LAN npegHazHadeH
JUTSL KICTIOJTh30BAHMSI B JIOKABHBIX CETAX, a moaypoBeHb WAN — B 11106anpHBIX ce-
TAX CBsI3U. BakHeiiliee OTIMUME MEXKIY HUMHU 3aKIIOYACTCS B TUIE JUHEHHOTO
kojna. [TomypoBenb WAN ucross3yer Koj, COBMECTUMBIN ¢ ypoBHEM STM-64 ue-
papxuu SDH. 310 no3BossieT ucnoias3oBath cuctembl SDH niist nepegaun nmakeTos
Ethernet.

1.4.5. Bo3mo:xHOCTH NOBbIIEHUs 3QPeKTUHBHOCTH TPAHCIIOPTHBIX CeTeH
cBs3u. CnekTpajibHOe MYJIbTHILIEKCHPOBAHME.

Bce paccMmorpeHHblE MH(POPMALIMOHHBIE TEXHOJOTWU ONTUYECKUX TpaHC-
MNOPTHBIX CETEH MCHOJB3YIOT MYJBTHUIUIEKCUPOBAHHE BO BPEMEHHOW 00JsacTu
(TDM). Ilepexox k 6ojee BHICOKOMY YPOBHIO HEPAPXUU MPUBOJUT K YBEITHUCHHIO
KaHAJIBHOM CKOpocTU nepenadnd. OCHOBHBIM CIEPKUBAIOIINUM (PAKTOpOM 1O orpa-
HUYEHUIO KAaHAJbHOM CKOPOCTU SIBISIIOTCA BO3MOXKHOCTH 3JIEKTPOHHOM TEXHHUKHU
(OBICTpOAEHCTBHE), KOTOPBIE MPAKTHYECKU HCUEPIIAHBI.

CaMbIM YCIIEIIHBIM PELICHHUEM, MO3BOJIIIOIIKUM PE3KO YBEIUYHUTh CKOPOCTH
nepenaun 1o ogHomy OB, sBIsieTCS UCIOIB30BAHUE TEXHOJIOTMHU MYJIBTUILIIEKCH-
POBaHUS B BOJHOBOM 00JIACTH WJIM CIIEKTPAIbHOTO MyJsbTuIuiekcupoBanus (WDM
— Wave Division Multiplexing). Cyts TexHOJIOTHH 3aKitodaeTcs B ToM, uto B OB
Ha Iepeaaroleil CTOpoHe OJHOBPEMEHHO BBOJASITCS BBICOKOCKOPOCTHBIE CHTHAJIBI
Ha HECKOJIbKMX ONTHUYECKUX HECYIIHX Ajp... An (pHcC. 1.7).

Kaxx b1l ontrueckuii curiasl GopMupyeTcsi CBOMM NEPEAAIOIINM yCTPOMCT-
BOM. 3aT€M CUTHAJIbI OOBEANHSIOTCS B OJIMH MOTOK C MOMOIIbIO MACCUBHOIO OINTH-
YeCKOro MYJIbTHILIEKCOpa. B cBsi3u ¢ TeM, 4yTo npu 0ObeTUHEHUH TOTOKOB BO3HU-
KalOT 3HAYUTEJIbHBIC MMOTEPH, HAa BBIXOJIE MYJIBTHILIEKCOPA OOBIYHO YCTaHABIIMBA-
eTcst ontuueckuil ycuinutenb (OY), KOTOpBI yCHIIUBAET IPYIIIOBOM CUTHAI.

Ha npuemHoOI cTOpoHE rpynmnoBoil cCUTHall cHOBa ycunuBaetcs B OV, ¢ no-
MOILBIO IEMYJIBTUIIIIEKCOpPA pa3essieTcs M0 OTAEIbHBIM KaHallaM, a 3aTeM Ipeoo-
pa3zyercsl B KaHAJIbHBIE JJIEKTPUUYECKHE CUTHAJBI C MMOMONIBIO OTAEJIbHBIX MPHEM-
HBIX YCTPOMCTB.

B ceTtsx cBA3M MCHOJB3YIOT IJIOTHOE U TpyOO€ CHEKTPaIbHOE MYJIbTHUILICK-
cupoBanue (DWDM — Dense WDM u CWDM — Coarse WDM).

[Ipy MIOTHOM MYJBTUILUIEKCUPOBAHUM HUCIOJIB3YETCSI OJIMH M3 TPEX CIIEK-
TpanbHbIX auamna3oHoB — C (1530-1565 um), S (1460-1530 um) u L (1565-1625
HM), YMCJIO OT/ACJIbHBIX KaHaJloB jocturaeT 80 u 0osee, a pacCTOSHUE MEXKITY -
HaMH BOJIH COCeTHHMX KaHaiaoB MoKeT cocTaBiadaTh 100 I'Ttr, 50 I'T'n, 25 I'T' man
12.5 I'Tu. DWDM ucnosnb3yeTcsi B MArUCTPAIIbHBIX CETSX.

['pyOoe MynbTHIUIEKCHPOBAHUE SIBISETCS YIPOIIEHHBIM BapUAHTOM ILIOT-
HOorO MynbTumiekcupoBanus. Cuctembi CWDM wucnonp3yoT auanazoH IJIWH
BOJIH OT 1270 o 1610 HM, B KOTOpOM opranusyercs 10 18 xaHanoB ¢ marom 20
HM. J[OCTOMHCTBOM 3THX CHUCTEM SIBISIETCsl OOjee HM3Kas CTOMMOCTh 000pyaoBa-
Hus 1o cpaBHeHuto ¢ DWDM. D10 cBsizano ¢ Oosiee HU3KUMU TPEOOBAHUAMU K
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CTaOMJILHOCTH W3JIy4YeHUs WCTOYHUKOB, MapamMeTpaM ONTHYECKUX (PMIBTPOB H
mynbTUIiekcopoB. Cucrembl CWDM Haxondtr npuMeHeHHe Ha TOPOACKUX U 30-
HOBBIX CETSIX.
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Puc.1.7. OGmast cxema nepeaay MUQPPOBLIX CUTHAJIOB 110 ONTUYECKOMY JIMHEHHOMY TPaKTy CO
CIIEKTPATLHBIM YIJIOTHEHUEM

1.5. MudopmannoHHbIe TEXHOJIOTHH VISl CeTel T0CTyna

Paznuunbie BapuaHThI TOCTPOEHUS ONTUYECKUX CETEH J0CTyrna 0003HAYar0T
adopesuatypoii FTTx (Fiber to the X) — OB no HekoTopoit Touku «X». B 3aBucH-
MOCTHU OT TOTO, 10 Kakoro Mecta goxoauT OB, paznuuaroT:

e FTTN (Fiber to the Node) — OB mo cereBoro y3na

e FTTC (Fiber to the Curb) — OB no mukpopaiiona

e FTTB (Fiber to the Building) — OB 10 MHOrOKBapTHPHOTO 37aHHUS
e FTTH (Fiber to the Home) — OB 10 KBapTHUPBI HJIH KOTTE/IXKA.

Cetb noctyna FTTH obOecnieuriBaeT HauOOJBIIYI0 CKOPOCTh JOCTYIA U ca-
MBIl IIMPOKUNA HAOOp yciyr. B Hacrosdiee BpeMs aKTUBHO CTPOATCS CETH, HC-
MoJIb3yroIKe HHGHOPMAIMOHHBIE TEXHOJIOTHU MaccuBHOM onTuieckon cetu (PON
— Passive Optical Network).

B cerax FTTH-PON Mexny akTHBHBIM 000pyI0BaHHEM CETEBOIO y3Jja J0C-
Tyna — ontudeckuM auHeHbiM TepmunaaoM (OLT — Optical Line Terminal) u ak-
TUBHBIM a0OHEHTCKUM O0OPYJIOBAHHEM — ONTUYECKUM CETEBBIM TEPMHHAIIOM HIIA
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y3inoM (ONT — Optical Network Terminal muim ONU — Optical Network Unit) uc-
MOJIB3YIOTCSl TOJIBKO TMACCHUBHBIE omnTHYeckue kommoHeHThl (OB, pa3BerBuTeNH,
pa3beMHbIE COCIMHUTENU U T.M.). YIPOIIEHHAs CXeMa MOCTPOEHUS! OJIHOTO Cer-
MeHTa PON, o6cnykuBaromiero N aboHeHTOB nokaszaHa Ha puc. 1.8.

K HewWHUM CraumoHapHoe ceTesoe 06opyaoBaHMe MaructpanbHbii ABOHEHTCKII ABoHeHTCKoe K aborneHmc-
il Y4ACTOK JIMHEHOTO | y4aCTOK NMHEHOro ceTeBoe Komy obopy-
TpakTa TpakTa obopynosaHme dosaHuto
>
ONT-1 |[&To—>
VolP 2 |t <
—p —
) = 1310 Hm r=1310mm | @ |2
————
IPTV < @ Ly Pislime
<« OLT WDM [——| 2 | ONT-2 &1
, 5 : PEE/ SN <
Internet A = 1490 HM A = 1490 Hm ® w N
P A = 1550 HM o [ €—-NK—p
I—» ONT-N [«+To—>
caTv T’
A = 1550 Hm

Puc. 1.8. Yupomennas cxema ogHoro cermenra PON.

Ontuyeckuii curdan ot OLT paznensercs nopoBuy Mexay ONT wim ONU
C MOMOIIBIO pa3BeTBUTENS (CIUIUTTEpa) ¢ Koddduuuentom aenenus 32, 64 umm
128. B cootBercTBuu ¢ pexomeHaamusamMu MCO: ONT — uaauBuayaapHOEe abo-
HeHTcKoe ycTpoiicTBo, ONU — MHOTOMOIB30BaTEIbCKOE A00HEHTCKOE YCTPOMCTBO.
Jlnst peanmuzanun yeayru kabembsHoro teneBuaeHus (CaTV) K BBIXOJHOMY CUTHATY
OLT noGapnsieTcst aHamoroBblii ontudeckuii curaan CaTV ¢ moMOIbI0 MYJTBTHII-
aexcopa WDM. K ONT nonkmrouatorcst nepconanbubiii komnsiorep (I1K), Teme-
¢on (TD) u renesuzop (TB).

B PON nucxonsmme (or OLT k ONT) u Bocxonsmme (or ONT x OLT) mo-
TOKHU paznessitoTcs B ogHoM OB mo jymmne BosiHbI. OOBIYHO ISl HUCXOISIIETO 1M0-
TOKA UCIONb3YIOT JUIMHY BOIHBI 1490 HM, a Ayt Bocxoasimiero — 1310 uMm, nis ne-
penaun curnana CaTV ucnonp3yercs amuHa BoJHBI 1550 HM. B HUCXOs11IEM T10-
TOKE pealln3yeTCsl CXeMa CBSI3M «TOUYKa—MHOTOTOYKa», TO ecTh Kaxasli ONT 1o-
JydaeT Bcio umHpopmaruio, nepenaBaemyto OLT, u BeiOMpaer Ty, KOTOopas emy
npeaHazHaueHa. B Bocxomsiiem nmotoke or ONT k OLT peanusyercs cxema cBsi3u
«TOYKa—TOYKa», a curHaibl oT pasHbix ONT mepenaroTcsi B pa3Hble MHTEPBAJIbI
BpeMeHu. DTuM mpoueccoM yrnpasisier OLT. Ha puc. 1.9 nokazano nsuxenue na-
KeTOB B ceTH PON B HUCXOSIIIEM U BOCXOIIIIEM ITOTOKAX.

B Hacrosimee Bpems ucnoib3yroTces jaBa Bapuanta texnosorun PON: Giga-
bit PON (GPON), ocnoBannas Ha texHojoruu SDH, u Gigabit Ethernet PON
(GEPON), ocnoBanHas Ha TexHosioruu Ethernet. CpaBHUTENIEHBIE XapaKTEPUCTH-
ku coBpeMeHHbIx ceteid PON npuBenens! B Tabi. 1.5.

OcHoBHbIE NTpenMyIecTBa apxXuTeKTypsl PON:

® TIpenocTaBiieHne aOOHEHTaM TOJIHOTO KOMIUIEKCa YCIyr CBs3u (TenedoHus,
TEJICBUICHUE U MHTEPHET);

® OTCYTCTBHE NMPOMEXYTOUHBIX AKTUBHBIX Y3JIOB;

® DHKOHOMHUS ONTHYECKUX NMPUEMONEPEIATYUKOB B LIECHTPAJILHOM Y3IIE;

e »sxoHomus OB;
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® IIPOCTOTA MOAKIIOYEHHUS HOBBIX AOOHEHTOB M yI0OCTBO 00CTy>KuBaHUs (TIO-
KJIFOUEHUE, OTKIIOYEHUE WM BBIXOJ U3 CTPOS OJHOIO UIIM HECKOJbKHUX a0o-
HEHTCKHX y3JI0B HUKaK HE CKa3bIBaeTCs Ha paboTe OCTANIbHBIX).

Hucxopsawmn notok BocxoasaLmin noTok
ONT-A ONT-A

[c]— -
OLT ONT-B OLT ONT-B
ONT-C ONT-C
a 0
Puc. 1.9. /Iswxkenue makeros B cetrt PON B Hucxosiem (a) u BocxosieM (0) moTokax.
Ta6n. 1.5. OcHOBHBIEC XapaKTEPUCTUKH COBpeMEHHBIX cereit PON
XapaKkTepuCcTHKH GPON GEPON
NHcTUTYT cCTaHaapTU3aLUU ITU-T |IEEE
[on pUHSATHS CTaHIApTA 2003 2004 2009
Craumapt G.984.x 802.3ah 802.3av
CkopocThb nepeau (HUCXO/. MOTOK), ['out/c 1,244 2,488 1 10
0,155; 0,622; | 0,622; 1,244,
CkopocTh nepeaays (BOCXo/1. MoTokK), ['our/c 1244 2488 1 1 10
ba30BbIif TPOTOKOI SDH Ethernet
MakcuMaibHBIN panyc CeTH, KM 20 20 20
MakcumasbpHOe 4nciio aboHeHTOB Ha 0H0 OB 64 (128) 32 (64) 32 (64)
JTmrHA BOJTHBI (HACXOJI. IIOTOK), HM 1490 1490 1577
JTirHa BOJTHBI (BOCXO/. TTOTOK), HM 1310 1310 1310 | 1270
/Tuna Bonael (CaTV), HM 1550 1550

PaccmoTpeHHbIe ceTH MOTYT OBITh OTHECEHBI K CETSIM C BPEMEHHBIM MYJIb-
turiekcupoBanuem PON-TDM. [[ns moBeilieHus: kKayecTBa 00CTyKMBaHUS U YBe-
JUYEHUS CKOPOCTH Tepeaadyu B HACTOsIIEe BpeMsl BEIyTCs pabOThl MO CO3AaHUIO
cereii PON crenyrommero mOKOJEHHUS CO CHEKTpaIbHBIM yruioTHeHruem PON-
WDM.
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2. UCcTOYHHMKH NU3JIYICHUA TJIA OINITHICCKUX CUCTEM CBA3H

2.1. Buapl, mnapaMeTpbl U NIPUHIUIN JeHCTBUA
HCTOYHHMKOB U3JIy4YeHUsI

B cBsi3u ucnonb3yeTcs ABa BUAA UCTOYHUKOB U3IyYEHUSI — MOTYyIPOBOIHHU-
KOBbI€ cBeTomznyyvaromue nuoasl (CU/I) n moaynpoBOHUKOBBIE Ta3epHbIE JUObI
(JII) unu nosrynpoBOAHUKOBBIE Jiazepbl. OCHOBHBIM 3JIEMEHTOM KOHCTPYKIIUU TO-
JTyIPOBOJHUKOBOTO UCTOYHUKA U3TyUYEHUS SIBIIACTCA P-N IEPEXO.

CHU n JIJI MOXHO XapakTepu30BaTh CIECAYIOIIMMU OCHOBHBIMU IapaMeT-
paMH ¥ XapaKTEePUCTUKAMU:

o CpeaHnss IJMHA BOJTHBI H3JIYYeHUS A.

o Illupuna cnekTpa uzaydenus AA.

o IlpocTpaHCcTBeHHbIe XAPAKTEPUCTHKHU: pa3Mepbl U (opma HU3Iydaroniei
IUIOIIAJIKU U AUarpaMma HaIlpaBJIEHHOCTH U3Ty4YEHHUS.

e BarramnepHasi XapaKTepUCTHKA — 3aBUCUMOCTb MOIIHOCTHU M3JIyyeHHUs P,
BBeJiIeHHOUM B OB, OT Toka 4yepes3 p-N mepexo.

e BoubramMnepHasi XapaKTePUCTHKA — 3aBUCUMOCTbh TOKa 4epe3 P-N mepexon
OT HaIpsHKEHUS.

e boicTpoaeiicTBue.

e KodppuumeHT mos1e3H0ro 1eicTBus.

Kpowme Toro, k U npenbsaBasroTcss OObIYHBIEC TPEOOBAHNUS:
® HAJCKHOCTD.
® YCTOMYMBOCTH K U3MEHEHUSIM YCIOBUM OKPYKAIOIIEH CPEIbI,
e MaJible TadapuThl U Macca,
e HeOoJIbIIasi CTOMMOCTb.

B p-n nepexojie mapamienbHO UAYT ABA MPOLIECCa:

1. I'enepanusi cBOOOTHBIX HOCHUTENEH 3apsijia — 3JIEKTPOHOB U JILIPOK, MPO-
MCXOJAIAs C TIOTJIOIIEHUEM KBaHTA SHEPTHH.

2. PexomOuHausl 3JEKTPOHOB M JBIPOK, MPOUCXOJAIIAS C BBIJICICHHUEM
KBaHTa dHEepruu. KBaHT sHEPTUM MOXKET BBIJICTUTHCS B BUJE (POoTOHA (M3TydaTelib-
Has peKOMOWHAIIMS) WK B BHUJIC TEIJla WM YBEIMYCHUS KUHETHYECKOW SHEPruu
TpeThero HocuTes (Oe3bI3mydaresibHas peKOMOUHAIIHS ).

B cocTtostHum paBHOBECHSI MEPEXObl, COMPOBOXKAAIOIIUECS H3ITyYCHUEM U
MOTJIOUIEHUEM CBETA, YPABHOBEMIMBAIOT APYT JIpyra, U U3IyYEHUsI CBETa HE MpPO-
ucxoaut. HempeMeHHOe ycJiOBHe BOSHMKHOBEHUS U3JIy4YeHHs U3 P-N repexona —
€ro mpsimoe cMeweHue. ['oBoOpAT, 4TO K P-N MEPEXOAY NPHUIOKEHO MPAMOE Ha-
NpsiZKeHUue WIH, YTO MEePeXo] CMEUIEH B MPSMOM HAMPABJICHUU, €CIU «+» HCTOU-
HUKAa TI0JIaH Ha P-00JacTh, a «-» — Ha N-o0macth. Hampsokenue oOpaTtHO# mosip-
HOCTH Ha3bIBaIOT 00PATHBIM U TOBOPST, YTO MEPEXOJ CMEIIEH B OOpaTHOM Ha-
MPABJICHUMU.
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Xopomunii HWCTOYHUK JOJDKEH HMETh

BBICOKYI0 BEPOSITHOCTH H3JIy4aTelbHOM

\ L A O O pekoMOMHanuu. OQHAKO 3TOTO HEJOCTATOY-
NV HO, HEOOXOAUMO TaKkxke >PPEKTUBHO BBIBEC-
TH U3JIy4eHUEe u3 rnepexona. MOXKHO Bblje-

«ta— | [
3 ; JIUTh HECKOJIbKO OCHOBHBIX MPHUYMH, MO KO-
n|p TOPBIM HEJb3s1 BBIBECTH M3 MeEpexojia Bce
BO3HUKIIHE POTOHHI (puc. 2.1).
Puc. 2.1. BoiBoa uznyueHus 1. W3iyyenune, BO3HHKaroLee B pe-

3ylbTaTe U3Iy4yaTelIbHOM peKoMOMHaLNH,
XapaKTepU3yeTcsi OTCYTCTBUEM HaIlpaBI€HHOCTH. YacTh ero BooOIIe HE JOCTUTAET
U3ITyYaroNIe MOBEPXHOCTH UCTOYHUKA, 00pasys oOpaTHoe (Jiyun 3 Ha puc. 2.1) u
TopiieBoe (Jiyuu 4) U3aydeHue.

2. K uznyyarornieit moBepXHOCTH CBET MOJAXOAMT MO pa3HbiMu yriaamu. [o-
ATOMY JUISl YaCTH U3IIy4YeHUs (JIy4uH 2) BBIIIOJIHSETCS YCIOBUE MOJHOTO BHYTPEHHE-
ro OTPAKEHUSI M1 OHO OCTAETCsl BHYTPH MOJIyIpoBogHUKA. KpoMe Toro, Ha rpanune
paszjziena BO3HUKAIOT U OOBIUHBIE OTEPH HA OTPaKEHHE.

3. Hakonen, 4acTh U3Ty4eHHs IOTJIOMIAETCS MATEpUAIOM OTYyIPOBOJHUKA
(ryum 1).

OtHotieHne yucna (POTOHOB, BBIEAIIMX U3 MOJYIPOBOJHUKA, K OOIIEMY
YHUCIy aKTOB PEKOMOMHAIIMM, HA3bIBAETCS KBAHTOBOH JI(P(EeKTHUBHOCTHIO WU
KBAHTOBBIM BBIXOJOM.

2.2. CIOHTAaHHAA U BBIHYKJICHHAS JIOMUHECHCHIINH

I'enepanus cBera B P-N nepexojie Ipu MNPONYyCKAHUHU YEPE3 HETO IIEKTpHUYe-
CKOrO TOKa Ha3bIBAETCA SJIEKTPOJOMHUHECUECHIMEH. JltoMuHecUeHInsT ObIBaeT
CHOHTAHHOM (puc. 2.2) U BBIHYXAEHHOMU (puc. 2.3).

[Ipu cnoHTaHHOU NtOMUHECHEHIIUU (pUC. 2.2) BJAEKTPOHBI, MOTJIOTUBIINE
KBAHThI SHEPIUU U MEPEIIe/IINe U3 BaJCHTHON 30HBI B 30HY MPOBOJUMOCTH, Ca-
MOTIPOM3BOJIbHO BO3BPAILAIOTCS B BaJICHTHYIO 30HY B pe3yJIbTaTe PEKOMOUHAIUY C
npipkamu. [Ipy 5TOM OHU OTAAIOT MOTJIOUIEHHYIO YHEPTHUIO B BUE (POTOHA.

[TockonbKy aKThl M3JIy4aTeIbHOM PEKOMOMHAIIMKM MPOUCXOASAT CAMOIIPOU3-
BOJIbHO, (DOTOHBI M3TY4YAIOTCS HE3aBUCUMO JIPYT OT Apyra. ITO 3HAYUT, YTO YACTO-
Ta, (paza (MOMEHT HCIyCKaHUsl), HAMpPaBJIEHUE PACIIPOCTPAHEHHUS U TOJSPHU3AIUS
poauBiierocs: GOTOHA CIy4YalHbI, TO €CTh U3TyUYEHUE HEKOTEPEHTHO.

N3nyuenne CUJ] BO3HHMKAaeT B OCHOBHOM 3a CYET CIIOHTAHHOW JIFOMUHEC-
ueHuuu, 1o ectb CU/I ABiIsIeTCS HEKOT€PEHTHBIM UCTOYHUKOM U3ITyYEHUS.

['eHepamysi KOrepPEHTHOr0' M3TyueHHS. BO3SMOXKHA TOJNBKO MPH BBIHYJKIEH-
HOM JiloMuHecHeHIMHU (puc. 2.3). [ Toro 4ToObl BOSHUKIIO BBIHYKJIECHHOE H3-
Jy4yeHue HeoOXOJMMO, YTOObI M3JlydaTelibHasi peKOMOMHAIMS MPOU30LUIa HE ca-

1
O korepeHTHOCTH cM. 1. 2.3.1.
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MOTIPOM3BOJIEHO, & B PE3yJIbTaTe BO3ICHCTBHS HA BO30YKIECHHBIN AIEKTPOH (OTO-
Ha C 4aCTOTOH V1.

3 o H a n p o B O A MU M O C T #
W) —— W, —e— W,
e Mornowexne CnoHTaHHOe h'V12
- - nsny4vyeHuve
3Heprum
cdoToH
W) —— W, W,

B a n e H T H a 1 3 0 H a

Puc. 2.2. CrioHTaHHas NFOMUHECLIEHLUAS

W; —— W; ——ro Wi——e—o Wi
W
aVaVa TS h-v, A hov,
KBaHT Mornowexune AN BuiHyxaeHHOe
P— LEL AU uanyyexne [aVaVar 2 h'V12
W, S W

W) —e—o W, e @ (6 paze)

Puc. 2.3. Beinyx/ieHHas JTFOMHHECIICHITUS

BrIHYyXI€HHOE U3Ty4eHUE UMEET Ty K€ YacTOTy, Ty K€ MOJISIPU3ALHIO0, Ty
xe (asy W TO Ke HalpaBJeHHUE, YTO W BBIHYXKJawliee u3inydeHue. [loatomy oHO
YCUJIMBAET BBIHYXKIAOIIEE U3IyUYCHUE, HE UCKaxas ero. Ha sBIeHUN BBIHYXKICH-
HOM JIFOMUHECIICHITMN OCHOBaHa padora JI/I.

2.3. CBeToM3Iyyaroniue Juoabl
2.3.1. OnTuyeckue napametrpsbl U xapakrepuctuxku CUJL

Cnekmp u3nyuenus, cpeoHAs 0J1UHA 60JIHbl, WIUPUHA CREKMPA U3IYYeHUs

MunuManbHas 3Heprusi GOTOHOB, BOSHUKAIOIIUX B PE3YJIbTATE U3TydaTeb-
HOM peKOMOWHAIIUU SJIEKTPOHA U JIBIPKH, paBHA IMUPHUHE 3aMPEIICHHONW 30HBI TO-
TynpoBOAHUKOBOH CTpyKTypbl Wy. OmHAKO, MOCKOJIBKY 3JIEKTPOHBI U IBIPKH 00-
Jafal0T KUHETUYECKOW (TEIUIOBOM) HHEprHel, cpeHee 3HaueHHe KOTOPOl paBHO
KT (k = 1.38-10"° /K — mocrosinnast Bombimana, T — Temmeparypa p-n mepexoza
B K), OyyT Bo3HMKaTh (POTOHBI U ¢ OoibIeH 3Heprueit. Ha puc. 2.1 moka3aH Teo-
pernuecknil cnektp usnydeHuss CH1JI — 3aBUCUMOCTh MHTEHCUBHOCTH H3ITyUYEHUS
OT SHEPruu (POTOHOB.

MakcumanbHast ”HTeHCUBHOCTh u3nydeHusi CUJ cootBeTcTByeT (hoTOHAM C
sneprueit Wy + KT /2. Ot OTOHBI HMEIOT AIHMHY BOJHBI Ag, KOTOPYIO Ha3bIBAIOT
CpeaHEN U3ITy4aeMOW JUIMHOMN BOJIHBL:

A = h-c _h-c

- ~ 1
W, +k—T W
2
riae ¢ = 3-10° m/c — ckopocTh cBeta B Bakyyme, h = 6.626-10 " [k c — mocTosiH-
Has [lmanka. [TpubnuxeHHOE PABEHCTBO CIIPaBEUIMBO, €CIIM TEIUIOBAs DHEPTHUs
JIEKTPOHOB U JBIPOK Maja MO CPAaBHEHHUIO C IIMPHUHON 3alpeli€HHOMN 30HBI, TO
ectb 1pu Wy << KT. Jlnst OONBIIMHCTBA IOJYIPOBOAHUKOBBIX MAaTEpHAIOB IIPU

(2.1)
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HOPMAaJIbHOM TEMIIEpaType 3TO YCIOBUE BBIMOIHAETCS, MOATOMY Jajiee OyJleM HC-
M0JIb30BaTh MPUOIMKEHHOE cooTHOIIeHHE (2.1)

MHTEHCUBHOCTH H3I1y4YCHU |

Pacnpegenenve bonbumaHa
| ~ exp(-W / KT)
[MNOTHOCTb 3HEPreTUYECKUX COCTOSHNIN
1SR I~ (W - W)
/ TeopeTuyeckuin CnekTp UsnyyeHns
I~ (W - Wg)25 exp(-W / KT)
AW = 1.8 KT
|max / 2 % N
yav e
Wy Wy + KT /2 Oueprus porona W

Puc. 2.4. Teopernyeckuii CIEKTP U3ITyUdeHUs P-N nepexo;laz.

HIupuna 3anpemennoi 30us1 Wy B (2.1) Beipaxkena B equaunax CU — Jix. B
WHKEHEPHBIX pacueTax Juisl U3MEPEHUS] MaJlbIX 3HAYEHUN SHEPrUU 4acTO HCHOJIb-
3yI0T ApYTyl0 eAuHUIly — 31eKTpoH-BousT (3B)°. llluprna 3anpemenHoi 30HbI Eg

B 3B paBHa:
W
__9
Eq = R (2.2)
€
rae ke = 1.6 - 10 hx/»B. 13 (2.1) u (2.2) momydaem:
be
=€ 2.3
% Eq +byT 23)

rae be = he / ke = 1.243-10° 5B-m, by = k / (20e) = 4.3:10"° 5B/K.

[TapameTps! HanboIee yacTo ucmonb3dyembix mist MM marepuanos mpusene-
HBI B Ta0I. 2.1.

[lIupuna crnekTpa U3IydeHHUs P-N Mepexoja Ha ypOBHE, PABHOM IOJIOBUHE
MaKCUMAaJIbHOM MHTEHCUBHOCTH |yay, TIPUONM3UTEIBHO OMPEACISIETCS COOTHOIIIE-
HUEM

a8 KT ) 18T o (2.4)

w T

g e
riae e = 0.014 K-m. Bropoe paBeHCcTBO B (2.4) momydeHo ¢ yuetoM (2.1).

20m. [y6ept ®@. Cetoamoxs!. - M. ®uzmatiut, 2008. m. 5.2
3 OnekTpoH-BoJbT (3B) - BHECHCTEMHAs eMHMIA SHEPT U, PaBHAsI SHEPIHHU, IPHOOPETAEMOI AIIEMEHTapHBIM 3apsi-
JIoM (3JICKTPOHOM) IO IciicTBHUEM pa3HocTH moteHianos 1 B (1B = 1,6- 10" Jx).
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Tabnmma 2.1.
[Inpwrna 3a- Cpennsis 5}?3%;3114?12: Xapakrepu-
HpeH.[eHHoﬁ JIJIMHA BOJIHBI IlokazaTennb vy CTHUYCCKasa
Marepuan TEJIbHOU pe-
30HBI IpH H3JIyUCHHA, MIPCIOMIICHUSA KOM 6I/IHa]_II/II/I TeMIeparypa,
T=300K, >B MKM JE ’ K
Apcenn ramtis GaAs 1,42 0,87 3.32 2.7-10™ 360
AHTHMOEIL] Fa Ui 073 17 3.8 2410 266
GaSh
®ochun numus InP 1,34 0,93 3.1 1.3-10” 425
ApceHu]] amoMUHMSI- 3.3- 110 370+54x+
rams Gay,AlLAs 1424-2,168 | 0.57-087 | ( 53010 0ox? 1810 22X
Docun apceHnna MHIMA | 7, 135 | 092.167 3.1+0.46y 1.2-10° 425-103y
u rayuas Ing, Ga,AS, Py

Ha puc. 2.5 noka3aHbl OTHOCUTENbHBIEC CIIEKTPATbHbBIE XapaKTEPUCTUKU U3-
Jy4EHUS Pa3IMYHbIX P-N mepexonoB. PacueTsl MpoBeIEHbI B MIPEANOIOKEHUH, YTO
cnektp uznyuenus CUJl umeet Gpopmy:

(a%/2)

(2.5)

FI1)=F .
S S viE
F/F
1.0 T T T | |
W Ao = 0.85 mxm /\ _
Mo = 1.55 MM

0.8 / \ / \
0.6 Mo = 1.3 MKM / \ \
0.4
LA

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

A, MKM

Puc. 2.5. OTHOCHUTENBHBIE CIEKTPAIbHBIE XapaKTEPUCTUKU U3ITYUYEHHs P-N MEPEX0/I0B.
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Puc. 2.6. Cnextp u3nyuenus peanbHoro CU/I.

C pocroM Temmneparypsl
YMEHBIIIAETCS IUPUHA 3alpPEelICH-
HOM 30HBI MOJYNPOBOTHUKA U yBE-
JUYUBACTCS CPEIHSS JYIMHA BOJIHBI
U3ITy4eHUs] Ag ¥ IIMpPUHA CIEKTpa
m3nyaennst AL CUJI. Temneparyp-
HOE cMellleHne Ao OOBIYHO COCTaB-
asgeT Ahg / AT = 0.2 am/K.

dopMa pealbHOM  CIEK-
TpainbHOM Xxapaktepuctuku CHUJI
HECKOJIbKO oTinyaercs or (2.5).
Ha puc. 2.6 npeacrtaBiieH CHEKTP
m3nydenus CUJI Ha ocHoBe GaAs
C LIEHTPaIBLHOM JIJTMHOU BOIHBI 950
HM.

Bammamnepnas (uznyua-
menbvHas, MOOYNAUUOHHAA) Xa-
Ppakmepucmuka

BarramnepHas  xapakrepu-
CTHUKa — 3TO 3aBUCUMOCTH MOIIHO-
CTU U3JIyYEHHUS OT IPSIMOTO TOKa

yepe3 pP-n nepexoa. [To BarTamMnepHoil XapaKTEPUCTUKE MOKHO ONPEACIUTh CUILY
TOKa, HEOOXOUMYIO JUIsl TIOJYyYEHHUS OMPENETICHHON MOUTHOCTH u3inydeHus. Tu-
NUYHas CTaTUYecKas uinydarenbHas xapakrepuctuka CUJl npuBenena Ha puc. 2.7
(9KCIIEpUMEHTAJIbHBIE IAHHBIE).
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Puc. 2.7. UznyuarenbHble Xapaktepuctuku CU/I.
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W3nyuarenpHas xapaktepuctuka CHUJl nuHeitna B paboueit odsactu. [lotok
U3TYUYEHHUS] C POCTOM TEMIIepaTypbl YMEHbIIaeTcss. MOIHOCTD U3TyYeHUs! YMEHb-
ImaeTcs npuMepHo Ha 1% mpu yBenndenny temmeparypsi Ha 1°C.

Juazpamma nanpaenennocmu

Juarpamma HampaBieHHOCTH u3nydeHus CH /] moka3eiBaeT pacmpesesieHne
SHEPTUU W3IYYCHUS B MPOCTPAHCTBE. Ee MPHUHSITO YIIIOBOW PacxXxoIUMOCTBIO, KO-
TOpasi OI[CHUBAETCS 10 YPOBHIO YMEHBIIICHNS MOIUTHOCTH M3JIyYeHHs B MPOCTPaH-
CTBE B JIBa pasa. YTIOBYIO PacXxOJUMOCTh OTPECIISIOT B JIBYX B3aHMMHO TEpIICH-
JAUKYJISIPHBIX TWIOCKOCTSIX — Z, X (9x) U Z, Y (9y) (puc. 2.8, 2.9).

Ox

— —
—_

Py

Puc. 2.8. Yrnosas pacxomgumocts usznyuerus CUJ|

X, Y
L

100% 75% ( 50%

Puc. 2.9. Onpenenenue yriaoBoit pacXoIuMOCTH H3ITydeHHs IO THarpaMMe HaIrpaBIeHHOCTH

2.3.2. DnekTpuYecKne napaMerpsl U xapakrepuctuku CUJL

Bonvmamnepnaa xapakmepucmuka

Baxnoi xapakrepuctukoit CU/I, kak 31eMeHTa dJIeKTPUUECKOH 11eTH, SIBIIS-
€TCS €ro BOJIbTAMIICPHASl XapPaKTePHCTHKA, KOTOpas aHAJOTMYHA XapaKTepu-
CTUKE IMOJIa U UMEET BU



Brumnaa M.C. OnrosnekTpoHnKa
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I =1,| exp v -11, (2.6)
m-or
rae lo — TemtoBo#t obpatHbii TOK; ¢@r =K-T/Q, — TemmepaTypHBIii MOTEHIHAT;

e = 1.602-10*° — 3apsix anekrpona, Kir; m - ko3bdUIMEHT peKOMOHHAINH, 3aBHU-
CSIIUN OT JEKTPOGU3NUECKUX CBOMCTB mojynpoBogHuka (mas Ge m =1, misg Si
m =2, mas GaAs m = 3).

Tok lp Ha3bIBAIOT TETUIOBBIM OOpPATHBIM TOKOM B COOTBETCTBUM C MEXAHU3-
MOM €ro oOpa3oBaHMsI U CHJIBHOM 3aBHUCHUMOCTBIO OT TemmepaTypbl. DYHKIHIO
lo(T) xapaxTepusyroT Temneparypoil yasoeHus Ty, TO €CTh MPUPAIIEHUEM TeMIIe-
paTyphl, BBI3BIBAIONINM YyIBOCHHE Toka. Ecim Ham m3BecTeH TemioBoi TOK lo(To)
npy TeMIepaType mnepexona To, IUist Apyrod temmeparypbl 1 TermoBoi Tok lo(T)
MO>KHO PaCCUUTATh 10 BBIPAKEHUIO:

AT/T
1(T)=1o(To)- 27, (2.7)
rae AT =T — To. Temnepatypy yaBoeHHs Ty MOKHO PACCUUTATh 110 BBIPAKCHHIO:
k-T2
Ty =) (2.8)

g
Ha puc. 2.8 npuBeneHbl BOJbTaMIIEPHbIE XapaKTEPUCTUKU P-N MEPEeXoioB
IUI HanboJjiee pacpOCTPAHEHHBIX MATEPHAJIOB.

I, MA
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Puc. 2.8. BonbT-aMriepHble XapaKTEpUCTUKH P-N IEPEXO0I0B
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Amnaumyono-uacmommuan xapakmepucmuka u ovicmpooeiicmeue CH/[
Ha puc. 2.9 nokaszana ynponieHHas 3xkBuBasieHTHas cxema CUJl. B cxemy
BXOJIAT Iy, - COMPOTUBIICHHE 6a3bl’ AHofa (P-0071aCTH), KOTOPOE OMPEIeIISETCs CO-
MPOTUBJICHUEM MaTepuasa MoJynpoBOJIHUKA, KOHTAKTOB U BBIBOJOB, Iyt — Audde-
pPEHIIMAIBHOE COMPOTUBIICHUE P-N Mepexoa, KOTOPOE MOXKET ObITh ONPEIETICHO U3
BhIpakeHus (2.6)
Faif A or (2.9)
di I
u Cy - tuPy3MOoHHAST €eMKOCTb, MOSBICHHUE
Vaif o KOTOpOH cBsA3aHO ¢ nuddys3ueit B P-n nepe-
XOJl HEOCHOBHBIX HOCHUTENEH 3apsija.
Huddy3roHHas eMKOCTh OmNpeesieT
unepronnsie ceorictea CUJ. Tlpu U >> or
JUTs1 HE€ CIIPaBEIJIMBO

Cr k.-1-7
Cy ~ > (2.10)
Puc. 2.9. YopoieHnHas S5kBUBaJIeHTHAS Or
CXE€Ma H3JIyJaruero pP-n nepexonaa. rae kX =05-1- 663pa3MepHBII71 K03‘b¢’1’m1’1'

€HT, 3aBUCAIIMH OT ToamuMHbl 0a3er W,
(ky = 0.5 mma Wy, >> L m ke = 1.0 gt Wy, << L,, tme L, — mmmnHa muddysun); ter —
s dextrBHOE Bpems auddy3uu (Bpems KU3HU) HEOCHOBHBIX HOCUTENEH 3apsjia B
Oa3e, C.

-d-S
Teff zw/qel—B (2.11)

rae d — TosmMHA aKTUBHOTO CIIOSI, CM; S — TUTOMNIA/Ib MONEPEYHOIO CeUCHHUs 0a3bl,
cM’; B — KOd(hDUIMEHT HU3ITydaTeIbHOW PEKOMOWHAIINH, cm®/c. BHauenus B s
pa3TUYHBIX MaTEPHUAJIOB IPUBEACHBI B Ta0. 2.1.

JlJis onipeiesieHus aMILIATY THO-4aCcTOTHOM Xapakrepuctuku (AUX) Haitnem
u3 (2.9-2.11) nocTosIHHYIO BpEMEHU UCTOYHUKA U3ITYUEHUS T

-d-S
7 =Igir -Cqr =Ky - 7ot =Ky 'w/qel_—B- (2.12)

B mepBom npubmmwkennn AUX CHUJl mpu MalbIX cHTHajaXx MOXET OBITh

npcacraBjcHa B BUAC

F(w)= 1 (2.13)

1+ a)zrs
Ha puc. 2.10 nokazano cemeiictBo AUX CUJ] ans pa3nuyHbIX 3HAYCHUN
CpeIHero TOKa yepe3 P-N mepexo:

% :10.|gia’). (2.14)

F(a’o)

* n-o6macte CUJI Ha3BIBAIOT SMHTTEPOM, P-00IIACTb - Ga30ii.

9



Brumnaa M.C. OnrosnekTpoHnKa
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-2
- 1.0
4.0
-4
s 054 2.0
-6
1/ |0 =0.25
-7
-3
-0
T 0.1 1 10

w/ wo

Puc. 2.10. CemeiicTBO aMIUIUTY THO-4aCTOTHBIX XapakrepucTuk CH/Jl mpu MasibIX BXOJHBIX CHT-
HaJax

[Tonoca nponyckanust CUJI (cBsizaHHas ¢ MaKCUMaJIbHOW CKOPOCTBIO TIepe-
Jla4¥l CUTHAJIOB) MOYKET OBITH ompeaesnieHa mo cpesy AUX Ha yposae -3 1b. Bumno,
4YTO C yBeIM4YeHHUeM cpeaHero toka yepe3 CHU/I ero mosioca nporyckanusi Bo3pac-
Taer.

2.3.3. Koncrpyknuu CHUJ]

Koucrpykmus CUJ] nomxaa obGecriednBaTh 3G(HEKTUBHOCTh BBIBOJA W3ITY-
YeHUsl U3 P-N-mepexojia U BBOJIA €ro B ONTHYECKOE BOJOKHO. Ilo KOHCTpyKUuU
pazmnuatorT CHUJl ¢ MI0CKOCTHBIM WM TOBEPXHOCTHBIM (puc. 2.11) u TopreBsiM
(puc. 2.12) BBIBOJIOM H3TYUYCHUS.

125 MKkm

R, N prrp7 — enekteon
—n* GaAs
W — p~ GaAs (aKTUBHbII CrOW)
+ fff$ 3n. TOK —p* GaAs
L Y /I ] —cTekno SiO; (n3onATop)

— Au (anekTtpog, obecneu.
TENMooTBOA)

Puc. 2.11. Konctpykius u cxema BriatoueHus CUJI ¢ miIoCKOCTHBIM BBIBOJIOM U3ITyUYECHHS

B nmnockoctHoM CH /] ciOHTaHHOE U3TyYEHUE BOBHUKAET B TOHKOM CJIO€ P-N
IepexoJa U BBIXOAUT B TOM K€ HaIlPaBJIICHUH, B KOTOPOM TEYET AJIEKTPUUECCKUHN

10
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TOK (puc. 2.11), To ecTh NEepHEHANKYISIPHO IUIOCKOCTH MEPEX0/A YEPE3 TOITIOKKY.
OT MOMeHTa BO3HMKHOBEHMS JO BbIXOJa W3 P-N mepexoaa (QOTOHBI MPOXOIAT
OUY€Hb MAJICHBKUU MyTh (0 MKM).

Brixonsdiee B MOUIOKKY H3IyyeHUE OyJeT YaCTUYHO MOTJIOLIAThCS MaTe-
pHUaIOM MOJIJIOKKH, CHUKAsi KBAHTOBYIO 3(pPpekTUBHOCTh. UTOOBI yMEHBIIUTH ATOT
3 (dEeKT B MOMIOXKKE JIeTaeTcsl OTBEPCTHE, Yepe3 kotopoe Topen; OB mpakTuuecku
BIIOTHYIO MpUOIIKaeTcs K aktuBHOU obnactu CHU/I.

Takue CUJl uMeOT MUPOKYIO0 MPUMEPHO CUMMETPUUYHYIO AMarpamMmy Ha-
IPABIEHHOCTH (@Px = @y) C PACXOIUMOCTBIO H3ITy4CHHS 120-150° u BcnexcTBHE
3TOr0 HU3KYI0 3(Q(PEKTUBHOCTh BBOJA W3NMyueHUs B BojokHO. lllupunHa crextpa
u3nydyenus mwiockoctHoro CUJI cocrasnsier 30 — 60 HM.

CHJ] ¢ TopueBbsIM BBIBOJOM H3IyueHus (puc. 2.12) umeror mydinue Xxapak-
TepucTUKU. Y mpocreimero TopueBoro CHU/] akTuBHBIN cnoil nMeer ¢popmy na-
payuienenuneaa JuiMHOU L, mmpuHoi W u Tommuuoi d (L>w>>d). Ha puc. 2.12
nokaszaHn CHJl ¢ nBoitHOM rerepocTpykTypor. Ha3BaHne «aBoMHas reTepocTpyk-
Typa» 0003Ha4aeT, 4To 3Ta KOHCTPYKLUUS MUMEET JBOMHOM CJIOW pa3IMYHBbIX MO
CBOICTBaM (IIMpUHE 3aNpPElHIeHHOW 30HbI) MOJYHNPOBOJHUKOB, MPHUIIETAIOIUX K
AKTUBHOMY CJIOI0, KOTOPBIE OTJIMYAIOT 3Ty KOHCTPYKUHIO OT Iipocrenmero JIJI ¢ p-
n mepexonoMm. [lokazaTenb mpelOMIICHUS AKTUBHOIO CIIOS BBIIIE IOKa3aTeseu
MPEJIOMJICHUS TTOJTYTPOBOJIHUKOBBIX CIIOEB 000JIOYEK, MMOATOMY CO3JAIOTCS YCJIO-
BUS IS YJIEp)KaHHUS M PaclpoCTpaHEHHs B HEM BO3HHUKawIMX (HoToHOB. B pe-
3yJbTaTe€ BO3ZHUKIIUE (POTOHBI MPOXOAST B AKTUBHOM CJIO€ 3HAYUTENIbHBIN MyTh,
Tak Kak L Mmoxet coctaBiarh 50-1000 mxm. Ha 3ToM myTH CHOHTaHHO BO3HHKIIIHE
(GOTOHBI CIOCOOHBI BBI3BaTh CTUMYJIMPOBAaHHbIE MU k€ (OTOHBI. B pesynbprate
nsnyaenane CUJ] cranoButcs cinabokorepeHTHBIM. [Ipu 3TOM yBenmnuuBaercs 00-
masi U3ydyaeMasi MOIIHOCTh, CY»KAaeTCs CHEKTP M3IYyYEeHHs M AuarpaMma Harpas-
JIEHHOCTH.

anekTpos A
Ry I
I n* GaAs
_ 2 n* AlGaAs .
[ — g p GaAs (akTuBHBIN Crion) C ) Mz I”l N3 g
R n
+ 3 p* AlGaAs |
| p* GaAs |
I MNokaszatenu npenomMmneHuna
aAneKkTpoa CII0€B MNoJynpoBOAHMKA:
n; = 3.56
n, = 3.53
ns = 3.58

Puc. 2.12. Koncrpykius u cxema BrrodeHust CHJ[ ¢ TOPIICBBIM BEIBOIOM U3TYUCHHUS

Topuesbie CUJ] umeror mupuny crekrpa 10 — 30 M, auarpamMmy Hampas-
JICHHOCTH, B IONIEPCYHOM CEUCHHHU MPEJCTABIIAIONIYI0 COOOM 3JUIHIIC C yriaMu
. 0 o 0
pacxoauMocCTH 1o MeHbIel ocu — 307, a mo GonbIieit — 120°.
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Ha ocnoBe Topuessix CHU/I co3nanpl CynepIrOMUHECIIEHTHBIE UOABI, KOH-
CTPYKLMSI KOTOPBIX ONTUMH3UPOBAHA C LIENBI0 YBEIMYECHUS JOJIM KOI€PEHTHOTO
n3iyyeHusd. CynepiIrOMUHECUEHTHBIE OUOABl 0 CBOMM ITapaMeTpaM 3aHUMAaroT
IPOMEKYTOUHOE MecTO Mexkay o0biuHbIMU CU /T 1 JI/I.

2.3.4. Hemocratkn CUJ

ITpu ucnons3oBanuu CUJI ayiga nepenaun nu@ppoBBIX CUTHAJIOB OHHM Xapak-
TEPU3YIOTCS PAAOM HEAOCTATKOB, OCHOBHBIMM U3 KOTOPBIX SBJISIIOTCS:

1) HHU3KOE TI0 COBPEMEHHBIM TIOHSATHUSM OBICTPOJCHUCTBUE, OTPAHUYHBAOIICE
MaKCUMAaJIbHYIO CKOPOCTh niepeaaun Ha ypoBHe 100- 500 Mowurt/c.

2) IWUPOKUN CIEKTP HM3JIyYEHHS, YTO PE3KO CHIIKACT CKOPOCTh MEepeaayd Io
0IHOMOJI0OBBIM OB BcniencTBrEe XpOMaTUYECKON TUCIEPCHH;

3) Hu3Kas d3PPEKTUBHOCTH BBOJIA U3IYUCHHUS B ONTHUECKOE BOJIOKHO, TaXKe JJIs
CH/I ¢ TopueBbIM U3TyUYECHHUEM.

2.4. JIazepHble 1MOIbI
2.3.1. llpunuun aeiicrBus JI/{

I'maBHO# ocobeHHOCTBIO JIJI SBNISIETCS KOTEPEHTHBIN XapakTep ero u3jayde-
HUs. KorepeHTHOCTh XapakTepu3yeT COTJIaCOBAHHOCTh MeXay (pazamu koneOaHui
B PAa3JIMYHBIX TOYKAX MPOCTPAHCTBA B OJAWUH U TOT K€ MOMEHT BPEMEHHU — IIPO-
CTpaHCTBEHHAs! KOTEPEHTHOCTh WM MEXAy (a3zamMu KoJeOaHWil B OTHON M TOM XKe
TOYKE IPOCTPAHCTBA B PA3JIUYHBIE MOMEHTBI BPEMEHM — BpPEMEHHAsl KOI€PEHT-
HOCTb. AOCOJIIOTHO KOTE€PEHTHBIM SIBJIIETCS MOHOXPOMATHYECKUN TOUYEUYHBIA HC-
TOYHUK U3JIy4eHUs1. CTeneHb KOr€PEHTHOCTH PEAJIbHOIO0 UCTOYHUKA XapaKTEepU3y-
€TCsl BpEMEHEM KOT'€PEHTHOCTH Ty ¥ JJIMHON KOT€PEHTHOCTH Ly

L, =c- 7. (2.15)

Pabota JIJl ocHOBaHa Ha SIBJIEHUU BBIHYXICHHOW JOMHUHEcCHEHIMH. CaMo
CJIOBO JIa3€p U3HAYAJIBHO SBJSJIOCH HE CAMOCTOSITENIbHBIM CIIOBOM, a abOpeBuary-
poii: Light Amplification by Stimulated Emission of Radiation — ycunurens cBeta
IIyTEM BBIHYX IEHHOTO U3JIyYEHHUS.

Ycnoeua, npu komopuix 603nukaem ycunenue céema

[Toka kpucTay1 MoOJyNnpoOBOJIHUKA HAXOAUTCS B COCTOSIHUM PAaBHOBECHS IIe-
PEXO0pbl, COIMPOBOXKIAOIINECS U3JTyYEHUEM U MOTJIOLICHUEM CBETA, YPABHOBEIIN-
BAOT APYT Apyra, U yCUJICHHs CBETAa HE MPOUCXOAUT. JlJIg TOrO YTOOBI B KPUCTAII-
JIe MOIJIO BOBHUKHYTh YCUJIEHUE CBETA, HY)KEH BHEIIHUM NCTOYHUK YHEPIUU — HC-
TOYHUK Hakayku. HeoOxommmo Takxke, 4TOOBI KPUCTAIUT MOTYy4YUI OT TOTO HC-
TOYHUKA KOJMYECTBO JOTOJHUTEIBHOW SHEPTUU, JOCTATOUHOE IJI TOTO YTOOBI
BBIHY’)KJICHHOE HM3JIy4eHHME Hadajlo npeolnanarh Haja CHOHTaHHbIM. Kpurepuem
CIIy’)KAT BO3HUKHOBEHUE MHBEPCHHM HACEJEHHOCTEeN DHEPreTUYECKUX YPOBHEN —
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COCTOSIHUSI, KOT/Ia YHCIIO BO30Y)KICHHBIX aTOMOB IPEBBIINIAET YHCIO HEBO30YK-
JICHHBIX.

B monynpoBOAHHMKOBBIX Ja3epax dYallle BCEro JJICKTpUYECKas Hakauka —
NPOMYCKaHUE Yepe3 KPUCTAIUT JJICKTPUYECKOTO TOKa. VHBepcusi HaCEeIeHHOCTEH
BO3HHKACT IMOCJIE JTOCTHKEHHS TOKOM HaKa4yKud HEKOTOPOTO MOPOTOBOTO 3HAYCHHSI.
TunoBsle 3HaYEHHSI TOPOTOBOTO TOKA COCTABISAIOT OT €AWHUI] A0 COTEH MUJTHAM-
nep.

Yecnoeua, npu komopuix 6o3nuxaem zenepayusa ceema

Jlsist Toro, 4TOOBI OT peXUMa YCUJICHUS TIEPEUTH K PEKUMY TeHepalluu CBe-
Ta, B JIa3epe MCIOIB3YIOT TOJOXKHUTEIBbHYIO 00paTHYIO CBsA3b. OOpaTHas CBSA3b CO3-
JTAE€TCA C MOMOUIBI0 ONTHYECKOrO0 PE30HATOPa, KOTOPBIM B MPOCTEUILIEM Cilyyae
IPEACTABIIAECT COOOW Mapy MapajuieIbHbIX 3epKal — TaKOM Jia3ep HA3bIBAIOT Ja3e-
pom ¢ pezonaropom Dabpu-Ilepo unu npocro nazepom dadpu-Ilepo (B 3apyodex-
HoU siutepatype FP — Fabry-Perot). Bo3HukHOBeHHE reHepalu B MPOCTEUIIeM
pe3oHaTope JUIMHOM L, cocTodieM U3 ABYX MOJYHpO3payHbIX 3epkan ¢ Kodhdu-
MeHTamMu otpaxkenus Ry u Ry, mosicusercs puc. 2.13.

3epkano . 3epkano
pesoHaTopa ... o R o pesoHaTopa
i -3
L 3
—e
N NARANARARAAS [ >
-
aKTUB Haa cpena Lo
.................................................. At .:...................._............
¥

7Y

aKTMBHas cpepa

Puc. 2.13. Bo3HUKHOBEHUE T€HEPALIMH B ONITUYECKOM PE30HATOPE.

IlepBoe yciioBHe reHepanum (AMILIMTY/IHOE)

JI7is BOSHUKHOBEHHSI T€HEPAIlNH, BO-TIEPBBIX, HEOOXOUMO, YTOOBI ycuieHue
ceema 3a CYET BBIHYXKJIEHHOTO M3JTyYeHHUs B MHBEPTUPOBAHHOMW CPEJIE Npesbiludio
BeNUYUHY NOmMePb, KOTOPBIE CKIAABIBAIOTCS U3 3aTyXaHUsl B aKTUBHOU CpEJIe U T0-
TEph HA OTPAXKEHUS OT MOJIYIIPO3PAUHBIX 3epKaj. B mpocreiiiem ciydae, rnomnaras,
YTO PE30HATOP Jia3epa MOJHOCTHIO 3alOJHEH aKTUBHOM CpEoi, MepBOE YCIOBHE
TeHEPAIMK MOXKHO 3aIMCaTh B BUJIC:

RR,exp((g —a)-L)>1, (2.16)
rae Ry u Ry, — ko3 dunmenTsl oTpakeHus OT 3epKayl pe3oHaTopa (10 aMIUIUTY/Ie
CBETOBOU BOJHBI), § — KOOP(GUIUEHT YCUJICHUS CBETA B MHBEPTUPOBAHHOMN aKTUB-
HOU cpeze, o — KodhDUIMEeHT 3aTyxaHusl CBETa B aKTUBHOM cpene, L — anmmHa pe-
30HaTOpa (PACCTOSIHUE MEKIY 3€PKAIAMM).
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KoHcmekT TeMbl 2. CTOYHUKN M3ITyYESHUS IS ONTHYECKUX CHCTEM CBSI3H

IIepBoe ycioBue renepanuu (pazosoe)

FeHepauHﬂ IIPH BBIIIOJIHCHHH IICPBOIr0 YCIIOBUA BO3MOKHA TOJBKO AJIAA BOJIH
COBMNAJAIOIINX APYT € Apyrom no ¢aze. g 3Toro HeoOX0AUMO, YTOOBI Ha JIJTUHE
pe30HaTOpa YKIAABIBAIIOCH LEI0€ YUCIIO MOJYBOJIH FEHEPUPYEMOTO U3TYyUCHHUS:

A A
L=i-2=i—, (2.17)
2 2n,
rae | — menoe 4Yucio, Ay — JUTMHA BOJIHBI TEHEPUPYEMOTO M3JIYYCHUSI B aKTUBHOM

cpele, A — IIuHA BOJIHBI T€HEPUPYEMOr0 M3JIyYEHUsl B BaKyyMe, N, — MOKa3aTeib
IIPEJIOMIICHUS] aKTUBHOM CPEMBI.

Jazep pabomaem cnedyrouwum oopazom (puc. 2.13). CHauana MUCTOUYHUK
HaKa4Ky, BO3JICHCTBYS HAa aKTUBHYIO Cpelly CO37aeT B HEW MHBEPCHUIO HACEJICHHO-
cTedl. 3aTeM MHBEPTUPOBAHHAS CPE/la HAUMHAET CIIOHTAHHO M3JTy4aTh KBAHTHI CBE-
ta. [lox neficTBUEM CIIOHTAHHOTO M3IIYYeHHs] HAUMHAETCS MPOIECC BHIHYKIEHHOTO
U3ITyYEHHUsI CBETA.

[ToToku cBeTa, uayme B OOKOBBIX HANPABJICHUSIX, OBICTPO MOKUAAIOT aK-
TUBHYIO CpeJly, HE yCTIeB HaOpaTh 3HAYNTEIBHYIO SHEPTUI0. B TO e BpeMs cBeTo-
Basi BOJIHA, PACIPOCTPAHSIONIASCS BIOJIb OCH PE30HATOPA, MEPEOTPAKAsICh MEKITY
3epKajlaMd, MHOTOKPATHO TMPOXOJHUT aKTUBHBIM AJIEMEHT, HEMPEPHIBHO HaOupas
sHepruto. biiaronapss MHBEpCUM HACEIEHHOCTEW 3TOT MPOLECC HOCUT JaBUHOOO-
Pa3HbIA XapakTep U MPUBOJUT K IKCIIOHCHITUATBHOMY YCUIICHHUIO CBETA.

brnaronaps yacTHUHOMY MPONYCKAHUIO CBETA OJHUM M3 3€pKajl pe30HaTOpa
(wn o0ouMHU 3epKajlaMH), M3JIyUYCHHE BBIBOJUTCS HapYXKy, oOpasys Ja3epHbIN
Jy4.

MOITHOCTh JIa3€pHOTO M3JIYYEHUS] MOXKET COCTABJISITH OT JIOJEH W eAUHUIL
MBT 10 HECKOJIBKO COTEH MUJIIUBATT.

2.3.2. OnTuyeckue napamerpsbl U xapakrepuctuku JI/{

Moooewtii cocmae usiyuenus

B JI/I cTtpykTypa 3J€KTPOMarHUTHOTO TOJIsl ONPEIEIISIETCA, B OCHOBHOM, Ta-
paMeTpaMu pe3oHaTopa. B pe3oHaTtope ycioBus reHEpaluy BBIMOJHIIOTCS I He-
CKOJIbKUX THIIOB KOJIEOAHUH, KaXJI0€ U3 KOTOPHIX XapaKTepU3yeTcsl CBOEH 4acTo-
Tol. Takue TUIIBI KoJieOaHWM Ha3bIBAIOT MojaaMHu. Kaxkayro OoTAENbHYI0 MOJYy Xa-
PaKTepU3yIOT TpeMs LenbiMu yuciaamu (1, J, K), KOTopble Ha3bIBAIOTCSA MOJOBBIMH
YUCJIaMU U COOTBETCTBYIOT YHCIy MAaKCUMyMOB pAaCHpPEIEIICHHs SJIEKTPOMATrHUT-
HOTO IOJISl B PE30HATOPE MO TPEM B3aUMHO NEPIEHIUKYIISIPHBIM HAIIPABICHUSIM.

[Tonme3HbIMH ABISIOTCS MPOAOJIBHBIE MOJBI, YACTOTBI KOTOPBIX ONPEAEIISIIOT-
Cs B OCHOBHOM I1OKa3aTeJeM MTPETOMIICHHUSI AKTUBHOW Cpebl Ny U JJIMHOW pPEe30HA-
Topa L.

PaccMoTpum MOIOBBIN cocTaB usilyyeHus: Ha npumepe JIJ{ ¢ pesonaropom
®dabpu-Ilepo. s HEro 4acToThl Vi U JJMHBI BOJH Aj MPOJOJBbHBIX MOJ MOHO
HaiiTi u3 dazosoro yciosus (2.17):
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2-L-n, i-c
—Vi=o
| 2-L-n,
IZle ¢ — CKOPOCTh CBETa B BaKyyMme, N, — MOKa3aTelb MPEJIOMIICHUSI aKTUBHOM Cpe-
1pbl, L — muimHa pe3oHaropa, | — mpoA0IbHOE MOOBOE YUCIIO (YKMCIIO MOJTYBOJIH, YK-
JaIBIBAIONINXCA Ha JUIMHE PE30HATOpa), Aj — IJWHA BOJIHBI B Bakyyme. Ha puc.
2.14 moka3aH crieKTp u3NydeHus azepa ¢ pezoHaropom dadpu-Ilepo.
WuTepBan no vacrore Avp, MEXIy COCEIHHMH NPOAOIBHBIMA MOJAMH | U

i+1 cocraBisier:

(2.18)

c . . C
Av,=——|li+1)-i|=—"—. 2.19
m 2-L-na[( ) ] 2'L-na ( )
N
P(0)
1.0
0.8
Coextp
0.6 H3JIy4eHHd
Coektp — | CUJ
0.4 M3y HEeHES
JI
0.2
Y
0.0 >
1280 1290 1300 1310 1320 1330 1340
A, HM

Puc. 2.14. Cnextp uznyuyenus: FP nazepa

Benuuune Avp, cOOTBETCTBYET HHTEPBAT AAy MEXKIY COCETHUMHU MOJIAMH
2

A, = AVmT'”O (2.20)

ITpu Ag=1.55 mxm, Ny = 4, L=200 MxM noaydaem Adn, =1.5 HM.

Jlazep ®abpu-Ilepo cam 1o cebe SBISICTCS MHOTOMOJIOBBIM. Y MCHBIIICHUE
JUIMHBI pe30oHaTopa L mpuBOIUT K BO3pacTaHMIO MEXKMOJIOBOIO MHTEpBaiga Aim,
MOATOMY B TPEJEIbl JIMHUU yCWICHHUs OyJeT MOIajaarh MEHbIEe MOJ, a 3HA4uT,
MOIITHOCTh KaXKJ10M MoJibl OyeT Bhimie. [lo 3Tol npuunHe nMpeanoyTuTeaIpHee Ko-
potkue pezoHaTopsl (MeHee 100 mxkM). OHM 1alOT BO3MOXKHOCTh pab0TaTh ¢ OJHOM
MIPOJIOJIBLHON MOIOM MpH 00JIee BEICOKOH BBIXOJHOM MOIITHOCTH.

Ha puc. 2.14 noka3zan criektp uznydeHus: FP nazepa. OOmias mupuHa oru-
Oarolell CrieKTpa YCHUJICHHMsS Jla3epa U €€ LIEHTpaJibHas JJIMHA BOJIHBI MPUOJIHN3U-
TEIBHO ONpEACNSIOTCs BhipakeHusMU (2.4) u (2.1). Tloka na3zep He BBHIIET B pe-
KUM reHepanuu, oH BeneT cedsa xkak CUJI, uznydass B OTHOCHUTENBHO IIUPOKOM
CHEKTPE JIJTUH BOJIH.
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OOpatuTe BHUMaHUE, YTO IIEHTpalbHAs JAJMHA BOJIHBI OTMOAOIIEH CIIEKTpa yCH-
JIeHUs J1a3epa B oOLIeM cilydyae He COBNAJAET C JUIMHOW BOJIHBI LIEHTPAJIbHOM IO-
JIOCBI TEHEPALH J1a3epa, NOJ0KEHUE KOTOPOH ompeeinseTcs (a3oBbIM yCIOBUEM
(2.17).

[Iupuna mosoCckl TeHepanuu ja3epa Av cBsi3aHa ¢ JOOPOTHOCTHIO Pe30HAa-
TOpA, TI0JT KOTOPO¥ TOHUMAIOT BEJTUYHHY:
Q= Mo
Av’
TJIe Vo — 4aCTOTa, COOTBETCTBYIOIAs LIEHTPAILHON MOJI0ce TeHepanuu iazepa. s
pe3onatopa @adpu-Ilepo 10GPOTHOCTH MOKET OBITH pACCYUTAHA MO BHIPAKEHUIO:

N -L-v. -4/
Q=2 z-n, -L-v, RlRZ’ (2.22)
c-1-JRR,)
rie R; m R, — xkoapdunmeHTsl orpaxkeHuss oT 3epkan pezoHaropa. U3 (2.21) u
(2.22) mony4daem:

Av="o_ ci-VRR.) | (2.23)
Q 2-z-n,-L-4RR,
DTO COOTBETCTBYET:
Av- 2
C

[Tpu Bo3pacTaHUU TEMIEPATyPhl JJIHMHA BOJHBI Ao, COOTBETCTBYIOIIAS MaK-
CUMyMY OTHOAIOIICH CIIeKTpa jla3epa, CABUTaeTCsl B CTOPOHY OOJBINNX 3HAYCHUH.
Iupura orubaromeii CIIeKTPOB U3ITyUEHUS Ja3epOB U TEMIIEPATyPHbBIC U3MECHEHUS
JUTMHBI BOJIHBI TIpUBEIeHBI B Tabmune 2.2. M3 Tabuuibl BUIHO, YTO TEMIIEparyp-
HbIe KOA(D(PHUIIMEHTHI, TaK)KEe KaK M PACCTOSHHUE MEXKIY IMPOJOJBHBIMH MOJIAMH,
U3MEHSIOTCS TPUMEPHO 0OPaTHO MPOIOPIIMOHAIBHO KBAPATy JJTMHBI BOJIHBI.

Tabmura 2.2

(2.21)

AL = (2.24)

[TapameTp 3HaYEeHUS
JIMHa BOJIHEI, COOT?@TCTBYI-OIH&H MakK- 850 1300 | 1550
CHMYMY OTHOAIOIICH CIIEKTpa, Ao, HM
[Iupuna orubaromieii criekTpa, AL, HM 2,0 5,0 7,0
PaccrositHre MexTy TPOAOIBHBIMHA MO-

nqamu (L = 200 Mxm), AN, HM 0.4 1.0 15
TemmneparypHblii K03)GUIIUEHT H3MEHE-
HUs Ao, dAo/dT, HM/Tpaj

0,22 0,5 0,73

OnHuM U3 HeJOCTaTKOB pe3oHaTopoB Dadbpu-llepo sBisercs HanMUKMe B HUX
MOMEPEYHBbIX MO/, UCKAXKAIOIINX CIEKTP TeHEepaluy ja3epa U 00yCIOBIUBAIOIINX
GbayKkTyanuu MOIIHOCTHU (IIyMbI) U3IIy4eHHs. DTH MObI IPOSBIISIIOTCS KaK caTell-
JUTHI (CIIYTHUKH) KaXI0W MPOAOJIbHON MOJAbl. MEKMOI0BbIE MHTEPBAJIBI IJIsI TO-
nepeunbix Moa coctanisitor 0,01...0,02 um. Yucio nonepeunsix 60koBbIX (lateral)
MOJl ¥ 3HAUEHHs MMOPOTOBBIX TOKOB JIs UX BO3HHMKHOBEHHS 3aBHUCST OT IIMPUHBI
pe30HaTOpa. Y MEHbBIIEHUE €ro MUPHUHBI 0 10 MKM 1 MEHEE yBEINYHUBAET ITOPOTH
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BO3HUKHOBEHUS TOINEPEUYHBIX MOJ BBICOKMX IMOPSJIKOB 0 YPOBHEW TOKA, MPEBHI-
MIAIONIMX BO3MOXXHOCTH JIa3€pa, T.€. OHU HE BO3HUKAKOT. BBICOTa aKTUBHOTO CJIOA
B JI/I Ha NBOWHOM TEeTEPOCTPYKTYpE BCETAAa MEHEE OJHOTO MHUKPOMETPA, YTO B
OOJILIIMHCTBE CIy4aeB MEHbIIE JJIMHBI BOJIHBL. B pe3ynbTaTe B pe30HATOPE MOXKET
BO30Y>KIaThCsl TOJIBKO OJTHA HU3IIas TonepedHas (transverse) Moja.

Bammamnepnas (uznyuamenvnas, mooyiauuoHHaL) XapaKmepucmuKka

BarTtamnepHasi xapaKTEpUCTUKA — 3TO 3aBUCHUMOCTb MOIIHOCTH HU3Iy4YCHUS
OT OPSIMOTO TOKa, KOTOpblk B ciaydae JIJ| HaspiBaroT TokoM Hakauku. JIJ| mmeer
HEJIMHEWMHYIO BaTTAMIIEPHYIO XapaKTEPUCTHKY, KOTOPYID MOKHO B I€PBOM IIpHU-
ONMKeHUH pa30MTh Ha JiBa ydacTka (puc. 2.15)

5

P p)={f"<,” 0) Ptlp <o (2.21)
2 Uy =l )tk -1, mpuly =1y

Ha nepBoM ydacTke mpu MajiblX TOKaX HaKaykd (MEHbLIE MOPOTrOBOTO TOKa

l) JII daxtudecku paboraer kak topueBoir CUJl ¢ mamoil KpyTH3HOH BarT-

aMmIIepHOM XapakTepucTHKu (k; = dP/dl ). IIpu Oonbmux ToKax Haka4yku (OosbIle

noporoBoro Toka ly) JIJI paboTtaer B pexume Jla3epHOW I'eHEpaluu C BBICOKOMN
KPYTHU3HOM BaTT-aMIepHOM XapakrepucTuku (k, =dP/dl ).

[Ipy npuUnOKEHUU HANPSIKEHUS OT
P, MBr BHEIIIHETO MCTOYHHMKA JIa3€pHBIA JHOI HE
T oo / cpa3y IEpEeXOJUT B PEXKUM TI'E€HEpaluu U3-
nydyenud. lIpm Toke MeHbIIE MOPOroBOTO
MMEET MECTO CIIOHTAHHOE H3JIyYCHHE C
OOJBIION IMIMPUHON CIEKTpa U3Ny4YeHUS —
HECKOJIBKO JICCSTKOB MKM (CHHSSI OTH-
Oarorrast Ha puc. 2.14). JIJI paGotaer kak
CU/. Ilpu AOCTMKEHUM TOKOM HAKAYKH
oporoBoro 3HadeHus JIJ| mepexomur B
0 20 20 80 80 100 peXUM TeHepanuu (KpacHas KpuBas Ha
lp, MA puc. 2.14), npu 5TOM HCIyCKaeMoe H3iy-
YEHHE CYLIECTBEHHO CYXaeTcs OIHOBpE-
Puc. 2.15. Barr-amnepHast XapakTepuCTH-  yrapoo 110 WIMPHHE CIEKTpa W IO MpPO-
xa JIL CTpaHCTBEHHON pacxoaumocTu. C 1anb-
HEWIIMM YBEIMYEHUEM TOKA HAKAYKH IIMPHHA CIEKTpa CyXKaeTcs 10 2-5 HM I
MHOromo10BbIX JI/I. C yBennueHueM Toka TakKe MOXKET CIIBUTaThCs LIEHTpaIbHAas
JUTMHA BOJHBI M3-3a MOBBIIICHHS TEMIIEPATyphI P-N nepexoa.

[ToporoBelii TOK B 3HAYUTEIBHOM CTEIIEHU 3aBUCUT OT TEMIIEPATYPHI:

Ly = Lo - &P (AT /Tp) (2.22)
rae Tp - XapakTepucTHYecKas Temmeparypa uiu temmeparypa [lebas (cMm. Tabi.
2.1), lino - mOporoBeIid TOK mpu Temreparype Tp. OObIYHO MOPOTOBBINA TOK st JIJ]
C MOIIIHOCTBIO 10 HECKOJBKUX MBT cocraBisieT 45-80 MA.

> threshold value — moporosoe 3HaueHue, pump - HaKauKa
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ITo BaTTaMIIepHOI XapaKTEPUCTUKE MOKHO OIPENEIUTh TOK HAKaYKU, HEOO-
XOJIMMBIH TS NTOJTy4eHUs! TpeOyeMOil MOLIHOCTH U3JTyUYEHUSI.

uazpamma nanpagiennocmu

Ha nmpocrtpaHcTBEHHOE pacnpenesieHUe Mo U3JIyYeHHs, B OCHOBHOM, OKa-
3bIBACT BJIMSHUE HATM4KME OOKOBBIX MOMEPEYHBIX MOJ. YTIOBask pacXOJUMOCTh U3-
Jy4YE€HUS 3aBUCUT OT TOJIIMHBI aKTUBHOTO CJIOSl U CKayKa MOKa3aTess MperaoMie-
HUsL B rerepocTpykrype. OOBIYHO AMAna3oH yTioB, B KOTOPOM HHTEHCHUBHOCTH
MPEBBIIIAET MTOJIOBUHY MAaKCHUMAaJbHOM, COCTABIISET MPUMEPHO 40° B mIOCKOCTH,
MepIeHANKY SPHOI IIOCKOCTH P-N mepexoxa, u 5°...10° B mIockocTn, mapamiess-
HOU P-N mepexony.

2.3.3. DyekTpUYecKHe MapaMeTpsbl U xapakTepuctuku JIJI

Bonvmamnepnaa xapakmepucmuka

[Io BoabTaMIIEpHOW XapaKTEPUCTUKE MOYKHO OIMPEACIUTh HAIpPSKEHHUE, KO-
TOPOE HYKHO IPWIOKUTH K JIJ[, 9TOOBI Uepe3 Hero MmoTek HyKHbIH TOK. Boabram-
IepHAs Xapakrepuctuka JI/[ mpuHIMIUAIBHO HE OTIMYAETCS OT BOJbTAMIIEPHOU
xapakrepuctuku CU/I. Hanpsokenune Ha JIJI B pexxume J1azepHOil reHepauu npu
HOMMHAJILHOM TOKe Hakauku coctaBisieT 1.5-2 B mg GaAlAs JIJT (A=0.85 Mxm) u
okojo 1.2 B g InGaAsP/InP JIJT (A=1.3-1.55Mkm).

Kosgppuuuenm noneznozo oeiicmeusn

Kosdpduument nonesnoro aeiicteust JIJ[ mpu HOMUHAIBEHOM pEXHUME CO-
crapiusier 10-15%. OH onpenensieTcss OTHOIIEHWEM H3JIYy4aeMOW OINTHYECKON
MOIITHOCTH K MOTpeOsIsieMol aekTpuyeckoi mMomHoctu. KBanToBbIid BhIxOA JIJ]
HEMpepbIBHOTO u3nydeHus nocturaet 40-60%.

2.3.4. Koncrpykuuu JIJI

JUT ¢ pezonamopom @aopu-Ilepo

Ha puc. 2.16a noka3zana KoHCTpYyKIHUs Jiazepa ¢ pezoHaropom Dabdpu-Ilepo
(FP), u3roToBiieHHOr0 Ha OCHOBE apceHua raius. KoHCTpyKIus 3TOro Jiazepa B
1[eJIOM aHaJIoruyHa KOHCTpyKiuu TopueBoro CUJl. Otnuume 3akitodaercs B Ha-
JUYUU BTOPOTO 3epKayia, GOpMUPYIOIIEro pe30oHaTop. 3epkana ((ppeHeneBcKue oT-
paxkaTesn) MoJIy4aroT MUTH(OBKON TOPIEBHIX MOBEPXHOCTEH KPUCTAIUIA WIH MPO-
CTBIM CKaJbIBAHUEM HCKYCCTBEHHOTO KpHCTAJlJIa BJOJb aTOMHBIX IUIOCKOCTEH,
NEPNEHIUKYJIIPHBIX OCH pe30HaTopa. ToNIIMHA aKTUBHOIO CJIOS COCTAaBJSIET OT
0.1 mo 1 MxMm.
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|
anekTpon g
B 2
Ry S £
p* GaAs I% s
_ e p* AlGaAs (06omnouka) | g
_— Sl p GaAs (aktuBHbif crioit) g l
+ 3 n* AIGaAs (o6onouka) 5
I
+ X
n* GaAs (noanoxka) I 1ll lh
anekTpon
805 810 815 820 825 830

[nuHa BONHbI, HM

a §)

Puc. 2.16. Koncrpykuus u cxema BriroueHus JIJ{ ¢ pezonaropom ®@adpu Ilepo (a) u THIINIHBIIH
CHEKTp ero uznyueHus (0)

Ero HomuHanbHas u3nyyaemas JJIMHA BOJHBI cocTaBisier 871 HM (Tadun.
2.1). OmHako €0 MOXKHO YNpaBisaTh B auamnazoHe mpumepHo ot 750 mo 880 Hw,
HaIlpuMep, U3MEHSIsI COOTHOIIEHUE TaJUTUs U aTFOMUHUS B 000JI0UKax (IapaMeTp X,
cM. Tabi. 2.1) u/unu pa3mepsl akTUuBHOM oOnacTu. Ha puc. 2.166 nmokaszaH ciexkTp
Takoro JIJ[ ¢ neHTpaabHOU ITUHON BOIHBI 817.5 HM.

Taxon JIJI siBiIsieTcss MHOTOMOZIOBBIM, TO €CTh HAPSAAy C IJIaBHBIM ITUKOM, B
KOTOPOM COCPEIOTOYEHAa OCHOBHAS MOIIHOCTh W3IyYEHHs], CYIIECTBYIOT MOOO0Y-
Hble MakcuMyMmbl. [llupuHa criekTpa 006b19HO cocTaBisieT 2-3 uM. [Ipu moporoBom
Toke nopsaka 10 MA OHM UMEIOT BBIXOJIHYIO MOITHOCTh 5 — 10 MBT. Temnepatyp-
HBIM Japeid IIMHBI BOJHBI y Jlazepa 0e3 TepMocTtabmimsarnuu coctasisier 0.4
am/°C.

OCHOBHBIM JIOCTOMHCTBOM TaKOTO Jia3epa SIBJISETCS IPOCTOTa KOHCTPYKIUU
u Mayias cTouMOCTb. OCHOBHBIE HEIOCTATKH, OTPAHUYMBAIOIINE HCIIOJIL30BaHUE
stux uctouyHukoB B BOCII: Oonpinas mmpuHa CHEKTpa W3JIyudeHusl U Oojblias
TeMIIepaTypHas 3aBUCUMOCTh U3JIy4aeMbIX JIJIUH BOJIH.

Jlazepbl FP HaxomsT npuMeHeHHEe Ha JIMHUSAX HEOOJBIION MPOTSKEHHOCTU
(JIOKaJIbHBIE CETH) TIPU MPSAMON MOAYJIAIMHM U3TYUYSHHUS TOKOM Yepe3 P-N mepexo

JII.

JIJI ®abpu-Ilepo siBnsiercs MHOTOMOJOBBIM. /{7151 MCmioNib30BaHUs €ro B Ka-
94EeCTBE OJHOMOJIOBOTO MOYKHO HCITOJIB30BaTh OonTHYeCKHid (pribTp. OgHAKO IS
OJTHOMOJIOBOM pabOTHI Yalle UCIOJIB3YIOT 0 HOMOA0BRIC JI/I:

e C pacnpejerneHHoi ooparHoit cBs3bio (DFB - distributed feedback laser),

e ¢ pacmpeneincHHbIM OparroBckum otpaxkenneMm (DBR - distributed Bragg
reflector),

e ¢ BeprukanbHbM pezonaropom (VCSEL - Vertical-Cavity Surface Emitting

Laser).
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JUI ¢ pacnpeoenennoit 00pamuoil céa3vio

Pe3onatop JIJI DFB cocTout u3 akTUBHOM cpebl, BKIIOYAIOUICH B ce0s 1e-
PUOIMYECKYIO OTpaXKaroUlylo CTPYKTypy — peuierka bparra, koropas nu0o HaHO-
CHUTCS Ha MOBEPXHOCTh BOJHOBO/IA, IMOO BHITPABIMBAETCS B HEM. B 3TOM CTpyKTY-
pe BO3HHKAET OparroBckoe orpaxenue (puc. 2.17).

[Tepuon pemerku A moabupaercs Tak, 4YTOOBI OT HEE OTpa)xkanach HYy>KHas
JUTMHA BOJIHBI A. J{J1s1 3TOr0 TOJDKHO BBIMONHATHCA Pa3zoBoe ycinoBue bparra:

2n, Asing, =1, (2.23)

TAE Neff — CPEAHUM TTOKA3aTellb MPEJIOMIIEHUS PEIIETKA bparra BAOJIb ONTUYECKON
OCH pe3oHaTopa Z, O — yrojl MeXy HOPMaJIbIO K TUIOCKOCTH PEIIETKH U OChIO Z.
ITockombKy Og B nanHOM ciydae paser 90°, (2.23) IpHHIMAET BHL:

2ng A=A, (2.24)

VYcaoBue OTpakeHHsI OT MEPUOAMYECKON CTPYKTYpHI (2.24) BBINOJIHAETCS
JUIsl Tyder o0oux HampasieHuM. TakuM oOpa3oM, meprouyeckas pemerka co3a-
€T CEJEeKTUBHYIO0 OOpaTHYIO CBsI3b B 0OOMX HAMPABICHUAX, PACIPEACIICHHYIO IO
Bcer nmHe JIJI, To ecTh OHA OAHOBPEMEHHO SBIISIETCS U PE30HATOPOM U (PUIIBT-
pom. brnaronaps cenextuBHoctu 00paTHO cBsizu B JIJ| DFB oGecneunBaercs pe-
KUM ogHOoMooBoM reHepanuu. Crnexkrp DFB nasepa ¢ manunoi BomHbl 1590 HM
MoKa3aH Ha puc. 2.18.

\ 4

anekTpos > - ;
+ p — InGaAsP v >
J—— p—InP
- INGaASP (akTuBHbIV o) — M N
n — InGaAsP > T
Ry n — InP (noanoxxa) A hz
anekTpos] ;1 i A=dy+d,
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Puc. 2.17. Koncrpykius u cxema Biiaroderust JIJI DFB (a) u korcTpykmust penietku bparra (0)

JIJI DFB cniocoGHbI U3iy4aTh B pa3iWYHBIX CHEKTPAIbHBIX JHAna3zoHax, OT
0.8 mxMm 110 2.8 mxM. [Ipu ucnons3oBanuu crabunuzamnuu temneparypst y JIJI DFB
HAO0JII01aeTCs BBICOKAs CTAaOMIIBHOCTD JUTMHBI BOJTHBI. BBIXO/IHAs MOIITHOCTh MOKET
COCTaBJISITh IECATKA MUJIJTUBATT.

Mupuna cnektpa uznydenust AL nazepa DFB onenuBaercs na ypone —20
nb OT MakCMMaJbHOIO 3HAYEHUs] MHTEHCUBHOCTU. B HacTosiiee BpeMs CyllecT-
BytoT JIJI DFB ¢ AL = 0.01 um. B cnekrpe uznyuenus JIJI DFB na6mrogatorcs 60-
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KOBBbIC MOJIbI, BeIMYMHA TojaBicHus kotopeix SMSR (Side Mode Suppression
Ratio) nomxHna ObiTh HE MeHee 30 ab.
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Puc. 2.18. Cnextp uznyuenus JI/] DFB

Jlazep DFB MoxHO cnenars nepectpanBaemMbiM. M3BecTHO, uTO K03 PuIin-
CHT TEMIICPAaTyYpPHOM 3aBHCHMOCTH JJIMHBI BOJHBI M3JIy4YCHHS TaKOro Jiazepa Co-
craBisier okono 0.07-0.09 um/K°. [TosToMy, ympaBiissi TEMIEpaTypou jasepa,
MOXHO YTIPaBJISITh JUIMHOW BOJIHBI. JIOCTOMHCTBOM TaKOI'o MEpeCcTpanBaeMoOro Hc-
TOYHHUKA SIBJISIETCS MpOoCcTOoTa peanu3anuu. OaHako Auana3oH NepecTpOrMKU JITMHBI
BOJIHBI cocTaBisteT Bcero okoito 400 I'T'1y (HeCKOIbKO HAHOMETPOB).

OrpanudeHHas 00JacTh MEPECTPOUKH SBISICTCS OJHUM M3 OCHOBHBIX HEJIOC-
TaTKOB ATUX Ja3epoB. Jlyummmu Bo3moxkHocTsiMu obnanatot JIII DBR ¢ pacnpe-
JIEJICHHBIM OP3TrTOBCKUM OTPaKCHUEM

JUI ¢ pachpeoenennbim 6pI2co6cKum omparxceHuem

B JI/I DBR B kauecTBe 3epkain pe3oHaTopa Takxke, kak u y JIJI DFB, wuc-
MoJib3yeTcs peiierka bparra, HO oHa BhIHECEHA 3a MPEIENbl aKTUBHOM Cpefibl pe-
30HATOpAa.

Ha puc. 2.19 nokaszana ogna u3 Bo3MoxkHbIx koHcTpykuuid JIJI DBR ¢ nBy-
M pereTkamu bparra. Pemerku bparra BeayT ceOst kak 3epkajia, KOTOpble MOTYT
OTpaxkaThb CBET TOJBKO OJHOW JIMHBI BOJHBI. OIHAKO ISl TMOJYYEHUS Y3KOTO
CIIEKTpa OTPAXKEHUS pelIeTKa J0HKHA ObITh OTHOCUTEIHHO OOJBIINX Pa3MEPOB U C
HEOOJBIION TIIyOMHOM Moay sy, mostomy pezoHatop JIJI DBR (u DFB) o0bru-
HO JUTnHHEE, yeM y JI/] FP’.

® M3MeHeHHte JUTMHBI BOTHBI C M3MEHEHHEM TEMIIEpaTyphbl IPOUCXOIUT U3-32 TEMIIEPATYPHOM 3aBUCHMOCTH IOKAa3a-
TeNs MPEIOMIICHUS.

7 CriekTp OTpakeHus GPIITOBCKOrO OTPaKaTesis ONPEIETIeTCs YHCIOM UHTEP(EPUPYIOLINX OTPAKEHHBIX ITyYKOB,
KOTOpOE€ PaBHO HYMCIY INTPUXOB peuieTku. C yBeIMYEHUEM YHUCia MHTepPEPUPYIOMINX ITyYKOB IIUPUHA CIEKTpa
OTpaxkeHUs yMeHblIaeTcs. [103ToMy yBelnueHHeM 4Kcia ITPUXOB (JUIMHBI PELIETKH) MOXKHO AOOUTHCS TOTO, YTO
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Crnextp m3nyuenus JIJI DBR umeer Takoii xe Bua, kak u cuekrp JI/I DFB.
Opnnako 3a c4et 06obieil cBOOO b TpY (POPMUPOBAHUHN BHEUTHUX pPEIIETOK bpar-
ra B na3zepe DBR nerde noctuds y3K0ii IIMPUHBI CTIEKTPA U3TYUCHHS.

3NeKTPOoAbI
/
InGaAsP INGaAsP
(nacouBHLIR 17 ' (aKTMBHBbIN Criomn)
BOJHOBOL)
+ | p-InP
== InP
- \ T 4
Hyigiyiyl o >
n — InP (nognoxka)
Ru
anekTpos

Puc. 2.19. Koncrpyxkmus JIJI DBR

Jlazep DBR MoHO mepecTpanBaTh 3a CUE€T W3MEHEHHS MOKaszaTeseil mpe-
JoMJIeHHs perieToK. i 3Toro Kk GOKOBBIM 3JIEKTPOJIaM MPUKIIAbIBACTCSA yIpPaB-
JISIFOIIee HAMpPsDKEHUE, KOTOPOEe U3MEHSIET TOK Yepe3 00IacTh PelieToK, IpU 3TOM
U3MEHSIOTCSA WX MOKa3aTeNy MPEIOMIICHHS U PEIIeTKH MepecTpanBaroTCcs Ha Ipy-
TYI0 JJIMHY BOJHBI. [OCKONMBKY MOKa3aTtenab MPeTOMIICHHUS! CYIIECTBEHHO 3aBHCUT
OT YIPABJISIFOIIETO TOKa, J1azep DBR nepectpanBaeTcs B mMpokux mpeaenax.

Eme ogqaum nocromHctBom DBR na3epoB siBnsieTCsl BRICOKAsi CTaOMIBHOCTD
JUTMHBI BOJTHBI TIPH OCYIIECTBJICHUH BHICOKOCKOPOCTHOW MO TYJISIIHH.

JI/[ ¢ 6epmuKanvHbiM pe3oHamopom

JIJI VCSEL B otninuue oT paHee pacCMOTPEHHBIX U3ITy4alOT CBET B HAIIPaB-
JIEHUH, IEPIICHIUKYJISIPHOM MOBEPXHOCTH KPUCTAJLIA.

CoBpemennbie BapuanThl KoHCTpyKimu JIJI VCSEL ocHOBaHbI Ha KCMOJb-
30BaHUU BEPTUKAJIBHBIX ONTUYECKUX MUKPOPE30OHATOPOB C 3€pKajlaMH Ha OCHOBE
YepEeAYIOUIUXCSl CI0EB MOIYMPOBOJHUKOBBIX MaTEpPHANOB PAa3JIUYHOTO COCTaBa
(manmpumep, TBepAbIX pacTBOpoB AlGaAs ¢ paznuunbiM coaepxkanueM Al). Oaun
Y3 BapUaHTOB KOHCTPYKLMU MIPEACTaBIIEH Ha puc. 2.20.

B otnnune oT OOBIYHBIX JIa3€pPOB y BEPTUKAIBHO W3IIy4alolIero O4eHb Ma-
Jasi yrjioBask pacXoJIMMOCTh Jiyda W XOpOoIlas CUMMETPUYHOCTh JharpaMMbl Ha-
MPaBJIEHHOCTU BBIXOAHOTO M3ydeHus. M3mydaromnas miomraaka takoro JIJI moxer
uMeTh (hOpMy KBajipaTa, dJUTHIICA WK Kpyra U pazmep oT 1 1o 100 Mkm B 3aBuCH-
MOCTH OT nipuMeHeHus. [loaromy npu ucnonb3zoBannu VCSEL moxHO mogo0paTh
TaKyl0 CTPYKTYpy U3IydeHHUs, KOTOpasi 00eCrednuT HAaMHOTO JIy4Illee COTJIACOBAaHUE
c OB, dem B ciyuae JIJ[ ¢ TopueBsiM uznydeHuem uiu CUJL. JlomosHUTEILHBIM
MPEUMYIIIECTBOM SIBJISIETCS CTAOMIIBHOCTH TEMIIEPATYPhI U MMapaMETPOB U3TyUCHHUS.

YCIIOBHSI TeHepaIiu OyIyT BBIMOIHATLCS TOJBKO Uit OfHOM Mombl. JlinuHa pesonatopa DBR — menee 2 mm, DFB —
MeHee | MM
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Puc. 2.20. Konctpykmus JIJI VCSEL

Tunuunas mpuna crekrpa JIJI VCSEL 6onbie, ywem y JIJI DFB u DBR u
coctapisgeT 0.8 HM Ha ypOBHE MOJIOBHHBI MAKCUMAIbHOW WHTEHCHUBHOCTH.

C To4YKM 3peHUs] TEXHOJIOTUYHOCTU MPOU3BOACTBA OOIBIINM JIOCTOMHCTBOM
SBIIIETCS BO3MOXXHOCTh Ha OJHOM IIIacTHHE W3TOoTaBiauBaTh Jsazepel VCSEL
OonpImMMH rpynnamu (puc. 2.21).

e

VCSELs

LLLLLX.

1 mm

Puc. 2.21. JIZ1 VCSEL, pa3MenieHHbIC Ha OHON TIOITIOKKE

B nacrosmiee Bpemst maccoBo npousBoasarcs JIJ VCSEL, obecnieunBaronire
paboty BOCII co ckopoctamu a0 10 ['6ut/c. B 2013 rony amepukanckue y4eHbie
sasBuin o co3nanuu JIJI VCSEL ms BOCII co ckopocthio 40 ['ouT/c.
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3. Moayasiuusi ONTHYECKOT0 U3JTy4YeHH s

3.1. ®DyHKIHUH Nepeaiero OnNTUH4eCKOro MoayJis.
BHyTpeHHsIsI 1 BHEIIHSIA MOXYJISILIM S

OnHuM U3 BaXHEHIIMX Y3JI0B ONTUYECKHX CUCTEM CBSI3H SBIIIFOTCS IEpe-
naromue ontuyeckrue Moayiu (IIOM), koTopble BBINOJIHSIOT ClAeAyOIIHE (PyHK-
107078

e ['eHepanusi ONTHYECKOTO U3IyUeHUsl B UCTOUHMKE n3nydenus (MUN).

e MoayAuys ONTUYECKOTO H3JIYYEHMs MEPENaBAEMbIM AJIEKTPUYECKUM
CUTHAJIOM.

e BB0J ONTHYECKOTO U3IYUYEHHUS B CPENY MEPEAAUN C IOMOIIBIO YCTPOUCTB
cornacosanus ¢ OB.

Pazmuuator IIOM c¢ BHyTpeHHer wim npsmon monymnsuuer u [IOM ¢
BHEIIHEN monysiiueit (puc. 3.1). BHyTpeHHsAsS MOAYIsALUsA OCYLIECTBISETCS IMMy-
TeM M3MEHEHUs TOKa Hakauku uyepe3 P-n nepexon MU (CUM wmm JIJI). dns ocy-
LIECTBJICHNUS] BHEIIHEN MOAYJIALMH HMCIOJB3YIOTCS CIEIUAIbHBIE yCTPOWCTBA —
ONTHUYECKUE MOYISATOPBI.

U vC :l> B onTtuyeckoe
i BOJTOKHO

a
i MogynnpoBaHHoe
Uc(t) n3nyveHne
HemopgynuposaHHoe

nanyyeHue

/.

B onTtuyeckoe
1Y, I — yC :> BOMOKHO

T

MogynunpoBaHHoe
n3ny4veHune

Puc. 3.1. Ctpykrypnsie cxembl [IOM ¢ BHyTpeHHeH (TTpsiMoii) (a) 1 BHenTHEH (0) MOAYJISAIIUCH:
NN — ncrounuk nznydenus, M — moaynsarop, YC — ycTpoicTBO COIIacOBaHUS.

[Tepenatomue ycrpoiictBa Ha ocHOBe CUJI ucmonb3yroT OOBIYHO TOJBKO
BHYTPEHHIOIO Moaysauuto. [lepenaromue ycrpoiictsa Ha ocHoBe JIJI MOTyT UMETh
KAaK BHYTPEHHIOIO MOJYJISLNIO, TAK U BHEIIHUN MOAYJIATOP.

3.2. llonnyyenue nudpoBOro curHasia

BoABIIMHCTBO COBPEMEHHBIX CUCTEM CBSI3H ABISIOTCS IUGpoBbIMU. [Ipeod-
pa30BaHME AHAJIOTOBBIX CUTHAJIOB (HAlpUMEp, pEeYd WU BHZIE0) B LU(PPOBYIO
dbopMy IPOUCXOIUT B HECKOJILKO ATAmnoB (puc. 3.2):
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1. Jluckperusanusi aHajIOroBOoro curHaia. J[uckperusanuss ocHOBaHa Ha
teopeme KoTenbHUKOBa, B COOTBETCTBUU C KOTOPOM MO KAHAIY CBSI3M MOYHO Iie-
peaaBaTh BMECTO HEITPEPHIBHOTO aHAJIOTOBOI0 CUTHAJIA €r0 OTAEIbHbBIE OTCUYETHI.

Teopema KotenbHukoBa yTBepkIaeT, 4To qr00as GYHKIMSA C OTpaHMYCHHBIM 9acTOTOH fyp
CHEKTPOM MOXET OBbITh MPE/ICTaBICHa B BUJIE I1OCJIEI0OBATEILHOCTH OTCYETOB, B3STHIX Ye-
pe3 uHTepBan BpeMeHH At SZI/(2~ fup). OTa 1mocie0BaTeIbHOCTh MOXKET ObITh 03 Io-

B | rpElIHOCTH BHOBB IIPEBpALLCHA B UCXOAHBIM CUTHAJ, €CIIM €€ IPOIyCTUTh Yepe3 Uacaib-
gerii ©HY.

2. KBaHTOBaHHE OTCYETOB CUTHajia. {1 3TOro auamna3oH BO3MOXKHBIX U3ME-
HEHHMII aMILIUTY 16l OTCUETOB pasjeisercs Ha 2" ypoBHEH KBaHTOBaHMs (0OBIYHO N
= 8) u KaXAO0My OTCUETy IMPHUIIUCHIBACTCS 3HAUEHUE, COOTBETCTBYIOIIEE OImKam-
IeMy HUKHEMY YPOBHIO.

3. KonupoBanue orcuyeToB curHaia. Ha sToM stame KaKablii OTCUET KOJIH-
pyetcs N-pa3psaHbiM kojoM. Kox mpencrapisier co6oif HOMEp YpPOBHSI KBaHTOBa-
HUS, COOTBETCTBYIOIIETO OTCUETY, B ABOMYHOM opme.

U A Vposin keanmosans
) - ; O
6(110) [~ ———— Lo o
5(101) |- ——————— . S
aoo) |- e T S

cR (o)} I S ‘. S | B

2(010) |——————b——@—— | S

1001) ——f—— L p - _ o

t
O(OOO) T T T T T T T I>
| | | | | | | | | | | |
:001:001:010:011:011:010:010:011:101:110:111:
| |

Puc. 3.2. [lonyuenue mudppoBoro curaana

OnrcanHas TIpoIeAypa MO3BOJISIET IPEBPATUTh JTI000H aHAJIOTOBBIM CUTHAI
B TIOCJICIOBATEILHOCTh CMHHUI] M HYJIEH, U3 KOTOPOU 3aTeM (OPMHUPYETCS MOIY-
JMPYIOIINI CUTHAIL.

3.3. losryyeHne MOAYJIMPYIOLIEr0 3JIEKTPUUYECKOr0 CUTHAJIA

Monynmupyromunii CUrHajl MOoJy4aeTCcsl U3 MOCIEN0BATENbHOCTH JTOTUYECKUX
eIVHUIl U HyJIeH MyTeM JIMHEHHOTO0 KOAWPOBAHMS M MPEICTaBIAECT cOOOM mocie-
JIOBATEIbHOCTD 3JEKTPUUYECKUX MUMITYJbCOB, KOTOpas UCIOIb3yeTCsl MO0 I He-
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MOCPEACTBEHHOTO Bo3aeicTBus Ha VW (pu BHyTpeHHENH MOAYISIUH), THO0 A
BO3JICHCTBHS HA ONTUYECKUNA MOAYJIATOP (IPU BHEIIHEN MOYJIALIMH).

PaccMmoTpum 1Ba Hanbosee NOMyIsipHbIX JIMHEWHBIX KO/a: 0€3 BO3BpaICHUS
k Hyro NRZ (Non Return to Zero) u ¢ Bo3BpamieHuem k HyJiro RZ (Return to Zero)
(puc. 3.3).

Ioo1I001:o10:011:011:010:010:011:101:110:111:
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| | | | | [
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[ [ [ [ [ [ 1
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Uc_Rz(t)A :II:II:II:II:II:II:II:II:II:II:II:
L e e T T Y T O O A T A O
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Puc. 3.3. [lonyyenue MOIy IMpPYIOIIETo CUTHAJIA

Kon NRZ siBnsiercs 6€3b130BITOUHBIM JIBYXypOBHEBBIM KOZ0oM. B Hem joru-
YECKOW €JMHUIIE COOTBETCTBYET O0Jiee BBICOKHI ypoBeHb HampspkeHus U;, a jo-
ru4ecKkoMy Hymro — 6osee Hu3kuil Uy (unm Hao0opoT). OTIHYUTENbHON 0COOEHHO-
cteio NRZ siBnisiercst To, 4TO ypOBEHb CUTHAJIA HE U3MEHSIETCS B TEUECHUE TAKTOBO-
ro uHTepBaia tr (BpeMs, 0TBOJMMOE Ha Mepeiady OJTHOro OUTa):
1

B,
e By — ckopocTh mepeaun jaHHbIX B OuT/c,

HoctounctBamu kona NRZ sBnsitoTcst mpoctast peanuzanus (MCXOJHBIN CHUT-
HaJl HE HAJI0 HU CHEIUAJIbHO KOJMUPOBATh HAa MEpEAarolleM KOHIE, HU JIEKOAUPO-
BaTh HA MPUEMHOM KOHIIE), a TAKKE€ MUHUMAJIbHAS CPEJIU IPYTUX KOJOB MPOIMYCK-
Hasl CIOCOOHOCTh JIMHUU CBA3M, TpeOyemasi Mpu JaHHOU ckopoctu nepenaun. Hau-
0oJjiee yacToe U3MEHEHUE CUTHAJIa B CETH OyAET MpPU HENPEPHIBHOM UYEpPEAOBAHUU
enuHUIl 1 Hynel (mpu nmepenave nocnenoBarenbHocTy 1010101010...). Iepuon Ta-
KOM MOCIIEIOBATENbHOCTU COCTABISIET Tnrz = 217, TO ecTh Tpebyemasi MpomycKHas
crocoOHoCTh uHUM B ['11 cocTaBut
1 1 By

Tarz 2ty 20

tr (3.1)

(3.2)

! Beipaskenne (3.1) crpaBeyIMBO TONBKO TS JABYXYPOBHEBBIX KOOB. Jljisi MHOTOYPOBHEBBIX KOJIOB, MO3BOJSIONIHX
3a OIMH TAKTOBBIA MHTepBan nepexasath N 6ut uapopmaruu (N=10g, M, roe M — gucno ypoBHeit), THTeIb-

HOCTB 9TOr0 MHTepBaia paBHa tt =n/By =1/B. B — ckopocts nepenaun pauHeix B 6oaax. box (auri. baud) — ean-

HHIIa CKOPOCTH Iepejiauy CUrHajia, KOJIMYeCTBO CUMBOJIOB B ceKyHIy. Ha3Bana no umenu Omuist bono, nzobpera-
Tens koaa boo — KoAMpOBKY CUMBOJIOB ISl TEJIETAMIIOB.

3



Brumnaa M.C. OnrosnekTpoHnKa
KoHcriekT Tembl 3. MOy SIS ONTHYSCKOTO U3ITyYEeHHS

OTtMeTuM, 4TO NOCJeAHee paBeHCTBO B (3.2) nmoaydeHo ¢ yuetom (3.1).

ITpu popmupoBannu koxa RZ Mexay 3jeMEHTaMH CUTHajla CO3JIal0TCs 3a-
IIUTHBIC TIPOMEKYTKH — TOCJIC 3HAYaIeTO YPOBHS CHTHAJa B IEPBOM TOJOBUHE
OWTOBOTO MHTEPBAJIA CIIEAYET BO3BpAT K HEKOTOPOMY «HYJICBOMY» YPOBHIO. B 3a-
BUCHMOCTH OT TOTO, KaK BBIOpAaH «HYJIEBOW» YPOBEHB, 3TOT KOJ MOXET OBIThH
JIBYXYPOBHEBBIM («HYJIEBOI» YPOBEHb COBIIAJACT C OJJHUM U3 3HAYAIINX YPOBHEH,
HarnpuMep, ¢ 0oJiee HU3KUM) M TPEXYPOBHEBBIM («HYJIEBOI» YPOBCHb HE COBIIAJIa-
eT HU C OJJHUM W3 3HAYallluX YPOBHEH M BhIOMpacTCs OOBIYHO MOCEPEANHE MEXKITY
3HAYallMMH YPOBHSMH). B ONTHKE dale MCIOiIb3yeTcs IBYXYPOBHEBBIN BapHaHT
(MIMEHHO ATOT BapUaHT MMOKa3aH Ha puc. 3.3).

B 3aBucHMMOCTH OT COOTHOIICHHUSI JUTUTETLHOCTEH 3HAYAIIETO U «HYJIEBOTOY
yYpOBHEH B TAKTOBOM MHTEpBaJIe TOBOPAT 0 Kogax RZ-50 (mmuTensHOCTh 3HAYaIe-
ro ypoBHs coctaBisieT 50% ot tr), RZ-33 (mmreapHOCTh 3HAYAIIErO0 YPOBHS CO-
craBisier 33% ot tr), RZ—67 (mauTensHOCTh 3HAYaIIero YpoBHs coctaBiseT 67%
oT tT)

[Tockombky s koga RZ m3MeHeHHe YpOBHS CHTHaja IMPOUCXOIUT BHYTPH
TaKTOBOT'0 HWHTEpBAJIa MEPUOJ YepeOBaHUS YPOBHEH NpHM HamOoJee YacTOW HX
cmene (mocnenoBarenbHOCTh 11111111...) Oyaer paBeH TAKTOBOMY UHTEpBaLy | =
TRZ-

1 1
AFgz :T_:_: By (33)

Rz Ut
3.4. BHyTpeHHSsI MOAYJIALMS

[IpocTreiimuM u Hanboee pacnpoOCTPaHEHHBIM CITOCOOOM MOAYJIALINU U3ITY-
yenus WU sBasieTcs BHYTpPEHHsIT MOAYJSILUSI, KOTOpas OCYIIECTBIISIETCS MyTeM
M3MEHEHHUsI TOKa Hakauku yepes P-n nepexon MU (CUJ wm JI).

Onnolt u3 BaxkHbIX XapakTepucTtuk MU, kak Mbl yxe 3HaeM, sIBISETCS Bat-
TaMIiepHasi WM MOAYJISILIMOHHAS xapakTtepuctuka (puc. 3.4). U3 rpadukoB BUAHO,
YTO MPU W3MEHEHHHM TOKa M3MEHSETCS BBIXOJIHAs onTuyeckas moiHocts MU, To
€CTh, YINPAaBJISII TOKOM, MOKHO 3aCTaBUThb BBIXOJHYI) MOIIHOCTh M3MEHSTHCS IO
Hy)kHoMy 3akoHy (NRZ unu RZ) (puc. 3.5). [loaTroMy Takasi MOIyJISIIIHUS SIBIASIETCS
MOZYJIALIMEN IO MOIIIHOCTH WJIM UHTEHCUBHOCTH.

['1aBHOE TPEUMMYILECTBO MEPENAOIINX YCTPOUCTB C BHYTPEHHEU MOAYJIS-
Uel — CYUIECTBEHHO MEHbINAasi CTOMMOCTh IO CPaBHEHUIO C YCTPONCTBaMHU C
BHEIIHEN MOAYJISALIMEN.

O6o0menHnas crpykrypHas cxema [IOM mpeacrasiena Ha puc. 3.6. B Heit
MOYHO BBIICJIUTH TPU METIIA YIIPABIICHHUS:

o yhIpaBiieHHe paboueil TeMnepaTypoi HICTOYHUKA,

o yIpaBJIE€HUE CPEAHEN MOIIHOCTHIO (MOIIHOCTBEO M3ITy4YEHUS HpPH Iie-
penaye soruyeckoro 0) BBIXOJHBIX ONTUYECKUX UMITYJIbCOB,

o yIpaBi€HUE aMIUTATY0M (MOUTHOCTBIO U3JIYyUEHHUS MPU NIepeaayde Jo-

TUYECKOU 1) BBIXOJHBIX ONTHUYECKUX UMITYJIHCOB.



Brumnaa M.C. OnrosnekTpoHnKa
KoHcriekT Tembl 3. MOy SIS ONTHYSCKOTO U3ITyYEeHHS

P, MxBT P, MBT
80
5
70 —
—250L—" 4 || —
60
50 —_—
n g a0 3
30 // =t 2
] ] T 550
20 » —=
1
N / / /
o LF 0
0 5 10 15 20 25 30 35 40 45 50 0 20 40 60 80 100
I, MA lp, MA
a S

Puc. 3.4. Barramnepnrie xapakrepuctuku CUJL (a) u JI (0)

P() a A P(t)

Puc. 3.5. Buytpennsist mogymsius uzinyderust C1UJI

KoHnkperHas cxema ynpaBlieHUs MOXKET COJIEpKaTh OJHY, JIBE WX BCE TPH METIU
yrpasieHus. ChopMUpOBaHHBIH MOy IUpPYOIMN curHal Ue nrz(t) wmm Ue gz(t) mo-
naercs Ha Bxoa Ui,

Cxema cmabunuzayuu memnepamypsl I0OKa3ana Ha puc. 3.6 KpacHBIM IBe-
toM. [Ipy M3MEeHEeHNH TeMIiepaTypbl MEHSIOTCS CPEIHSS IJIUHA BOJHBI H3TyUEHUS
(2.1), mmupuna cnekrpa uznydenus CUJ] (2.4), mmpuna orubaromeil CrieKTpa u3-
nyuenus JIJI, a Takxe BosbTammepHelie (2.6) u BarramnepHsie (puc. 3.3) xapakre-
puctuku. [losTomy Temmeparypy HCTOYHHKA HW3IYyYCHHUS, OCOOCHHO JIa3E€pPHOTO
HY>KHO CTaOMJIM3UPOBATbD.



Brumnaa M.C. OnrosnekTpoHnKa
KoHcriekT Tembl 3. MOy SIS ONTHYSCKOTO U3ITyYEeHHS

Tepmucrop
Uin " . I, Hcrounux Pos
MITYJIbCHBII YCUINTENb ou
yTOKa Haxz'{xn > 3Ty EH M B i
BIXOIHOM
(L1 mam CUT) -~
A A OINTUYECKUN CUTHA
®doroxpeTeKTop
Tepmoxomo-
CxeMa ympaBIeHHs Cxema ympaBieHus HWJIBHUK I
aAMIUTUTY 101 CpeHel MOIIHOCTBIO + offo O y *
BBIXO/IHBIX BBIXO/IHBIX ‘
OINTHYCCKUX ONTHYECKUX Cxema -t T " [TuxoBsIi
HTETpaTop
UMITYJIbCOB HMILYJIbCOB TPaBJICHUS
’ d TzMEepaTypOf/‘[ T AeTeRTop
A A
Pmo Pm

Puc. 3.6. CrpykrypHas cxema [IOM ¢ BHyTpeHHEH MOy IsIIHCH.

Cxema cTabwin3anuu TeMIepaTypbl BKIIOYAET CXEMY YIpaBJiCHHUS TemIle-
paTypoi, TEpMUCTOpP U TepMOXONoauiIbHUK. HykHOe 3HaueHue temmeparypbl o
II0JIA€TCsl HA OJUH BXOJ CXEMBI yIIPaBJICHUS TeMrepaTrypoul. Mzmepenune tekyiuen
TeMIlepaTypbl UCTOUHHUKA | OCYLIECTBISETCS NaTYMKOM TEMIIEpaTypbl Ha OCHOBE
TepmucTopa’. Pe3ynbrar usmepeHus: mocTynaer Ha BTOPOM BXOJl CXEMbI yIIpaBiie-
HUsl TemriepaTypoil. Cxema yrpaBieHUs CpaBHUBAET 3HAUYCHUS TEMIIEpaTyphl, MO-
CTYNHUBIIHME HAa €€ BXOJbl U B 3aBHCHUMOCTU OT pe3yjbTaTa CpaBHEHUS YIPABISET
paboTtoii TepMoxosioauIbHUKa. OOBIYHO TPUMEHSIOTCS MOTYTPOBOIHUKOBBIE TEP-
MOXOJIOIMIBHUKH Ha 0CHOBE dddekra ITenprbe’.

Cxema cmabunuzayuu AmMnaumyosbl 6bIXOOHbHIX ONMUYECKUX UMNYIbCOE
noka3ana Ha puc. 3.6 3eieHbM 1BeToM. OHa BKIIIOUaeT (GOTOAETEKTOP, MUKOBBIN
JIETEKTOP U CXEMY YINPABJIEHUS aMIUTUTYA0N BBIXOJHBIX ONTHYECKUX HUMITYJIbCOB.
Ha oauH BXOJ cXeMbl yOpaBi€HHsS aMIUIUTYAOW MMIYJbCOB MOJAETCA HYKHOE
3HAYEHUE AMIUTUTYAbl UMITYJIbCOB Pro (MOIIHOCTH M3Iy4EeHHs] IPU NEpeayu Jo-
rudeckoi 1), Ha Ipyroil — Texyliee 3HauYeHue 3Toi BenuuuHbl Py, g uamepenus
TEKYLIEro 3HAYEHUS! YacTh M3yYEeHUsS] MCTOUYHMKA C TIOMOIIBIO OTBETBUTENS WIIU
MOJIYIIPO3PAaYyHOTO 3epKajia OTBOAUTCA Ha (poroaerekTop. M3MepeHrne aMIuuTyabl
OCYILECTBIISIETCS. TTUKOBBIM JIeTeKTOpoM. (CXema yIpaBlEHHUS aAMIUIUTYJIOW HM-
MyJIbCOB CpaBHUBAET Py 1 Ppp U B 3aBUCHMOCTH OT pe3yibTaTa CpaBHEHUS YIIPaB-
asieT K03 OUIIMEHTOM yCHIICHHS] UMITYJIbCHOTO YCHIIUTENSI TOKA HAKauKH.

Cxema cmabunuzayuu cpeoHeil MowyHocmu u3zjiydyeHus (npu OMHAPHOM
KOJIE C paBHOM BepoATHOCTHIO mepenaun 1 u O cpeaHsis MOIIHOCTh paBHA
Po+ (P1-Po) /2, tne Po u Py — MmomHOCTH M3nmydenus npu rnepeaade 0 u 1 coot-
BETCTBEHHO) TOKa3aHa Ha pHucC. 3.6 cuHUM 1BeTOM. CpenHsAsS MOIIHOCTh CTa0MIIH-

? [0y pOBOIHUKOBBII PE3HCTOP, COMPOTHBIIEHHE KOTOPOTO CYIIECTBEHHO H3MEHACTCS C H3MEHEHHEM TeMIIEPaTy-
pBI.

* Dpdexr IMenbThe — BhIICTCHHAE MM MOMIOMEHHE TEIIA TPH POXOXKICHHH SMEKTPHIECKOr0 TOKA 4epe3 KOHTAKT
JBYX Pa3IWYHBIX MPOBOAIINX MaTEpPHaNIOB. BrineneHne Temna cMeHseTCsl MOTIOIEHUEM IPH N3MEHEHNH Harpas-
nerus toka. OTkpeIT K. Ilensthe B 1834 r. BennunHa BBIAENAEMOr0o WM MOIJIOLUIAEMOr0 TEIUIA 3aBUCST OT BHJA
KOHTAKTHPYIOIIMUX BEILIECTB, CUJIBI M BPEMEHHU IPOXOXKAECHUS TOKA.
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3UpPYETCs IYyTEM PEryJIMPOBAHUSA TOKA CMEIIECHMS HUMITYJIbCHOI'O YCHUIIMTENSA TOKa
HAKa4KU.

C noMoIIbI0 OTBETBUTEINS WM TOJIYIIPO3PAYHOTO 3€pKAJIa YaCTh U3ITyUYECHUS
UCTOYHUKA OTBOAUTCS Ha Qotomerekrop. C (POoTOAeTEeKTOpa MPUHATHIA CUTHAI
(poTOTOK) MOCTYMAET HA OJAMH BXOJl HHTErpaTopa, Ha JAPYrod ero BXoJ MOCTYyHaeT
TO 3HaYEHHE TOKA CMEIICHHs, KOTOPOE MBI OyJIeM MOAep>KUBaTh. BbIXOAHOM cUT-
HaJl MHTErpaTopa BO3paCTaET NPHU YBEINYEHUN CPEIHEN MOIIIHOCTH TPUHUMAEMBIX
(bOTOIETEKTOPOM HMITYJILCOB, W YMEHbBIIAETCS MpU ee yMeHblleHuu. Cxema
YIpPaBJIEHUSI CPEAHEN MOIIHOCTHIO ONTUYECKUX UMITYJIbCOB YMEHBIIAET TOK CMeE-
LICHUS NPU BO3PACTaHUM MOCTYIAIOLIErO0 C UHTErpaTopa CUTHAJIa U YBEIMYMBACT
TOK CMEILCHUS IIPU €r0 YMEHbIIICHUH.

ITOM na ocnoBe CUJI nMer0T HEBBICOKOE OBICTPOICHCTBUE U IPUMEHSIOTCS
TOJIBKO B OTHOCUTEIBHO HU3KOCKOPOCTHBIX CHUCTeMax nepenadn. OIHAKO MpHUMe-
HeHue [IOM c¢ BHyTpeHHel Moaynsuned Ha ocHOBE JIJ[ B BBICOKOCKOPOCTHBIX
CUCTEMAaX IEepeayu TAKKE OIPAHUYEHO. JTO CBA3AHO C OJHUM M3 HEIOCTATKOB
BHYTPEHHEW MOJYJISIIUM, 3aKJIIOYAIOIIUMCS B BO3HUKHOBEHHMM Iapa3sUTHOM dYac-
TOTHOW MOAYJISUUU («UUPIHUHTa») BbIXOAHOTO u3nyudeHus I[IOM. duszmueckas
IpUYMHA 3TOro 3P¢eKTa 3aKioYaeTcs B TOM, YTO MOKa3aTeab MPEIOMIIEHUS I0-
JYTIPOBOJHUKOBOTO Marepuaia, a 3HaUYUT M U3Nydyaemas UIMHA BOJIHBI (4acToTa)
3aBUCAT OT IpoTekaromniero Toka (2.17). IlapasutHas yactoTHas MOIYJALMS TPH-
BOJUT K paclIMpeHuto crekTpa uznydeHus [1IOM n yBenuyeHnIo NCKaKeHHUI CUT-
Hana B OB. IloaToMy BHYTpEHHSs MOIYJISLMS MCIOJIB3YETCS IIPU CKOPOCTAX IIe-
pemaun g0 10 I'6ut/c. Ilpu Gosiee BBHICOKHUX CKOPOCTSX MEpeaadydl HCTOIb3YeTCs
BHEIIHSSA MOAYJIALMSA, KOTOPAsk UCKIIFOYACT «YUPITHHTY.

3.5. BHemHsisi MoxyasiuMst
3.5.1. [TapameTpbl ONTHYECKOTO MOAYJIATOPA

Onrtuueckuii MOAYJSATOP — 3TO ONTOAJIEKTPOHHOE YCTPOMCTBO, MpPEIHA3HA-
YeHHOE JJI1 BBOJA MH(OpPMAallMU B HECYIIEEe M3JIyUEHHE 3a CUET M3MEHEHHUS BO
BPEMEHHU OJHOM M3 €ro XapakTepucTuk. [[puHIMNINATBEHO BO3MOXKHBIMHU SIBJISFOTCS
aMIUTMTYJIHAsI, YacTOTHAs, (ha30Basi M MOJSpU3AMOHHAs Moaysus. Bee atu BuU-
JIbl MOIYJISIHAM HAXOASAT MMPUMEHECHHUE B ONITHYECKUX CUCTEMAX CBSI3H.

OCHOBHBIMM MapaMeTpaMu ONTUYECKOTO MOAYJISATOPA SIBJISIOTCS:

e [IyOMHA WIX CTENEHb MOAYJISLUN

® [10J10Ca MPOITYCKaHUs U BPEMS MEPEKIIIOUEHUS
® BHOCHUMBIE IOTEPU

e noTpedsieMas ANEKTPUIECcKasi MOIIHOCTh

['1yOuHa WM cTeneHb MOMYJISIIIAM 1] SBJISIETCA OJHOM U3 CaMBIX BaXKHBIX
XapaKTePUCTUK MOAYJIATOpPA U OMNpEeNsieT CTENeHb U3MEHEHUS MOIYJIUPYEMOTO
napameTpa.

JIist MOy IATOpa MHTEHCUBHOCTH BEJIMYMHA 1] ONPEEIISIETCS] BRIPAXKECHUEM:
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Al
n :ﬂ, (34)

I max
rae Almax — MakcUMallbHOE M3MEHEHHE MHTEHCUBHOCTH H3JIYYEHHUS B MOAYJIUPO-
BAaHHOM CHUTHaje, |max — MakcUMalibHasi MHTEHCUBHOCTh M3JIYyYEHUS B MOJYJIUPO-
BAHHOM CHUTHAJIE.
Jlist pazoBOTO MOAYIISATOPA BETUYMHA 1| OMIPEAEIISICTCS BRIPAKCHUEM:

77=sinzA(p$, (3.5)

/1€ AQPmax — MAKCUMAJIBHOE U3MEHEHHE (ha3bl MOIYTMPOBAHHOTO CUTHAIA.

IMonoca mpomyckanusi Af. DTor mapamerp ompenenser Auana3oH 4acToT
MOJyJIALIMK, B KOTOPOM MOXXET paboraTh ycTpoiicTBo. [losmoca mpomyckanus or-
penensercs pa3HOCThIO MEXIY BEPXHEW M HUYKHEW 4acTOTaMU, NMPU KOTOPBIX II1y-
OuHa MonyysIuu ymeHbaercs Ha 50% oT MakcumanbHOU BeadHuHbl. C 1OJI0COM
nponyckanus Af csizan mapamerp, Ha3bIBa€MbIil BpEMEHEM NEPEKITIOYCHUST MOJTY-
asTopa ts 1 XapaKTepHu3yIOIUi ero ObICTPOCHCTBHE:

2r

t — T
S Af

(3.6)

Buocumbie morepu @, . [lorepn, BHOCHMBIE MOIYIATOPOM, ONPEACTIIOTCS
dbopmynamu:

a”_ :10 Ig%’ (373)

max
a, =10lg -, (3.76)
lo
rae | — HMHTeHCUBHOCTH cBeTa, reHepupyemoro MU (B orcyTcTBHE MoysaTopa), lo
— MHTCHCHBHOCTh CBETa HA BBIXOJE MOJIYJATOPAa B OTCYTCTBUE DIIEKTPUUYECKOTO
Moynupyromero curaana. @opmyna (3.7a) crpaBeanuBa IJii MOAYJISITOPA, B KO-
TOPOM TIPH TPUIIOKECHHUH JIEKTPUISCKOTO CUTHAIA YBEITMINBACTCS NHTCHCUBHOCTD
npoxojsmiero ceera, a (3.70) — ains MOIynsATOpa, B KOTOPOM IMPU MPUIIOKEHUU
AIIEKTPUIECKOTO CUTHAJIA YMEHBIIACTCSI HHTEHCUBHOCTD MTPOXO/ISAIIETO CBETA.

IMoTpebasiemas 3JjieKTpHYecKass MOITHOCTL. MOIyJISITOp SBJISETCS aKTHUB-
HbIM KOMITOHEHTOM, TO €CTh JIJIT 0OeCIeueHns ero paboThl HEOOXO0IUMO 3aTpadH-
BaTh JJICKTpOodHepruto. IloTpebiaseMas MOMYIATOPOM MOIIHOCTh BO3pPAacTaeT C
POCTOM YacTOThI MOAYJISALIUU, ITO3TOMY IPHUHATO OLICHUBAaTh HE aOCOJIOTHOE 3Ha-
YeHHUE TOTPEOIIEMOi MOIITHOCTH Pg), a oTHOIICHUE Py / Af.
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3.5.2. ®u3nyeckue ABJIEHNS, HA KOTOPBIX MOKeT ObLITH OCHOBAHA PadoTa o1-

THY€CKOr0 MOAYJISITOPA

BHewHsass MoAyisiius MOXKET ObITh OCHOBAHA Ha CIEAYIOMMX (U3HUECKUX
SBJICHUAX:

e Dnexrpoontuyeckuit 3¢ ekt Ilokkenbca — U3MEeHEHNE TapaMeTPOB MOKa3a-
TeNsl MPEIOMJICHUsI HEKOTOPBIX MaTepuanoB (Hampumep, HuobOarta JIUTHS
LiNDO3) mon meticTBueM 3JIeKTpUYECKOTO HampsbkeHus. Mcnonb3yercst st
$ha30BOM M aMILTUTYJHON MOIYJISIIHH.

e Marnutoontuueckuid 3ppext dapanes — BpanieHUe MIOCKOCTH MOJSPU3aA-
LMY U3JIyYeHHUS] B HEKOTOPBIX Marepuaax (aMOppHbBIX U KPUCTATINYECKUX )
MO/ I€MCTBUEM MAarHUTHOTO MOJISI, CO3/1aBa€MOr0 AJIEKTPUUYECKUM TOKOM.
Hcnonb3yercs nins $a30Boil U aMITUTY THOM MOAYJISIIUY.

e Akycroontuueckuil 3p(HeKT — u3MEeHEeHNE apaMeTPOB MOKa3aTessl MPEIOM-
JIEHUS] HEKOTOPBIX MaTEpHAIOB MOJ ACHCTBUEM aKyCTHYECKON (MM MeXa-
HUYECKOI) BOJIHBI, CO3/IJaBa€MON MOTyJIUPYIONUM curHaioM (dddext bpar-
ra, a¢dexr Pamana — Hara). Ucnonp3yetcs mist a3oBoil U aMILTUTYTHOU
MOJYJISILUY, a TAKXKE B KAYECTBE KOMMYTaTOpPa ONTHYECKUX ITyYKOB.

e DyektpoabcopOrnonHbit ekt Dpanna-Kenapiia — u3MEeHEHHE 3aTyXa-
HUSL B HEKOTOPBIX MaTepHayiax Moj ACHCTBUEM 3JeKTpuyeckoro mois. Mc-
MOJIb3YETCs ISl aMIUTUTYTHON MOJTYJISILIVH.

Hau6onee mmpokoe npumenenune B BOCII nomyuuiin 31€KTpOONTHYECKHIMA
(OOM), u snexTpoadbcopOunoHHbI (DAM) MOIYIATOPHI, KOTOPBIE UCTIOIB3YIOTCS
P CKOPOCTAX nepenaun ot 2,5 ['o6ut/c qo 100 ['6ut/c u BhIIIIE.

3.5.1. DnekTpoonTUYECKUA MOTYJISATOP

Paccmotpum npunnun nevictBus 90OM (puc. 3.7). OH ocHOBaH Ha JIMHEH-
HOM 3JieKkTpoonTuyeckoM 3 dexre wim ddexre [Tokkennca, 3akaovaronEeMcs B
TOM, YTO MOKa3aTeNb MPEIIOMIICHUSI HEKOTOPBIX MaTepHaioB (HUOOAT JIUTHS, apce-
HUJ TQJUIAS U Ap.) JTMHEWHO U3MEHSETCS MPU MPUIIOKEHUH BHEIIHETO AJIEKTpHYe-
CKOTO TIOJIS:

n(E)=ny + An(E) = ny + kpng’%, (3.4)

r7ie Ng — MoKa3aTeib MPEJIOMIICHUS SJIEKTPOONITUYECKOT0 MaTepHralia B OTCYTCTBUE
3JIEKTPUUYECKOT0 MO, Ky — ynpyroonTuieckas HOCTOSHHAS WM TocTosiHHAsK [1ok-
KEJIbCA IEKTPOONTHUECKOTO0 MaTepuana (Juisi HuobaTta mutust K, = 3.7-10 " m/B),
E — HanpsoKeHHOCTH AJIEKTPHYECKOTO TOJIS.
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Us

Mogaynupo-
d BaHHbIA cBET

Hemogynupo-
BaHHbIM cBeT | g b e |

_v

Avelika
MNokkenbca

Puc. 3.7. DnextpoonTiuueckuil (pa3oBblii MOy IATOP

N3 (3.4) cnemyeT, 4TO mMOKa3aTedh MPEIOMIICHUS JIEKTPOONTHYECKOTO Ma-
Tepuaya sBIsSeTCs (PYyHKUMEH MPUIIOKEHHOTO K KpUcTany HampsbkeHus Us (cos-
JAIOIIEro B KpUCTalie HanpspkeHHoCTh mojst E = Ug / d).

[Ipu mpoxoxe yepe3 KpucTa JiuHou L (aza uznydeHus: u3MEHUTCS Ha Be-
JUYUHY:

#(E)=2En(E). (35)

ITycTe Ha sueliky Ilokkenbca momaeTcs MEPEMEHHOE HANPSIKEHUE Uc_NRz(t),
MpeACTaBISAIONIee COO0M IMOCIE0BATEILHOCTD MPSIMOYTOJIBHBIX HMMIYJIBCOB. B
ATOM CJIy4ae B TEUEHHE Ka)XJOro TAKTOBOro MHTEepBasa Us MOXKET NpUHUMATH OJ-
HO M3 ABYyX 3HaueHud — Ugy wim Uj;, 4TO COOTBETCTBYET HANPSAKEHHOCTAM dJIEK-
Tpudeckoro nosis B kpuctamie Eg = Ug / d wm Uy = Uy / d. Tlpu sTtom daza, npu-
oOperaemasi HEMOJYJIMPOBAHHBIM U3JYYEHUEM IPU MPOXOJI€ Yepe3 KPUCTAIII, U3-
meHuTCs Ha @o(Eq) mmm ¢1(E;), To ecTh Bo3HUKHET (ha3oBast MO TyJISIIHS.

AwMrmuTyna n3smMeHeHus (a3l COCTaBUT

27 7-kpngL(U; —Ugy)  7-kpngL-AU
ro=2E ((E,) () = T )T

3nauenue AU = AU,, npu kotopom A@ = 7, Ha3bIBAIOT MOJYyBOJIHOBBIM Ha-
PSKEHUEM.

NS

kphoL

Jlis momyuyeHus: OOJBIION aMIUTUTYIbl U3MEHEHHUs (a3bl HEOOXOIUMBI J0-

BOJIBHO BBICOKHE HAMPSKEHUSI.

(3.6)

(3.7)

10
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C nomompto siueriku Ilok-
KeJIbca MOYKHO TOJTYYUTh HE TOJIb-
KO (ha30ByH0 MOIYJISILUIO, HO H
MOIYJISIUI0 0 WHTEHCUBHOCTH.
dazoBas 3ajep)Kka cama 1o cede
HE BJIUSET HA UHTEHCUBHOCTDH CBe-
TOBOTO Ty4yKa, OJHAKO (pa30BbIN
' MOJYJISITOP, TTIOMEIICHHBIA B OJTHO

Momynpoearse wiedo wuHTepdepomerpa Maxa-

ceer I,
Hennepa (MMMII), moxeT neict-

Bxogsawmi

ceer I —

Puc. 3.8. DnekTpoonTUUecKuii MOAYISTOP HHTCH- BOBATh KaK MOJIYJISATOP MHTECHCHUB-
CHBHOCTH HocTH (puc. 3.8).
[ImanapHbIi BOJIHOBO/I,

dopmupytrouuii ML n3roraBiauBaeTcs U3 3J€KTPOONTUYECKOro Marepuana. Eciu
BXOJIHasi MTHTEHCUBHOCTH |; B MHTEp(epomeTpe neauTes MoIoiaM, TO UHTEHCUBHO-
CTH BbIxosmiero lyg u Bxossiiero |l cBeTa CBSI3aHbI CIASAYIONUM 00pa3omM

3
| ='i+'i‘°°S(A¢’)=..-cosz(%}'--cosz TR AU ) )
0 > i i 214

[Ipu pazmaxe MOAYJIUPYIOLIETO HAMPSKEHUS] PABHOM IOJYBOJIHOBOMY OO€CIICUH-
Baetcsa 100% mopyssius.

3.5.2. D1ekTP0oadCOPOUMOHHBII MOXYJIATOP

PaccmoTrpum npunnun nevicteust 9AM (puc. 3.9) Ha ocHOBe > deKkTa Iek-
tponorsomieHus: Opanna-Kengeima B ann3zoTponHsix cpeaax. Iddexr Dpanima-
KenppIma cOCTOUT B CMEIIEHUH CIEKTPa MOTJIOMICHHUS TOTYITPOBOIHUKOBOTO KPH-
CTajula B CTOPOHY OoJiee JJMHHBIX BOJH MOJ JEHCTBHEM HAIPSHKEHHOCTH JJICK-
Tpuueckoro nosst. Ha puc. 3.10 noka3aHbl CHEKTPHI MOTJIOMIEHUS NTPU BBIKIIOYECH-
HoMm (OFF) u Bxmtouennom (ON) anexktpuueckoM moisie. BugHo, uto Ha ompene-
JICHHOM NJIMHE BOJIHBI MOXHO TOJYYUTh OOJIBLIYIO TIyOMHY MOIYJISIIUU 110 HH-
TEHCUBHOCTH.

~4— [1nnHa BOIHbI

Us Pa6ouas
[NVHE BOSHbI

OFF

g 4

Mogynvpo-
BaHHbI CBET

Hemopynupo-
BaHHbIN CBET

ON

KoadhduumeHT nornoweHus

MonynpoBoaHuk

OHeprus oToHa —

Puc. 3.9. Dnexrpoabcopbunonnslii Moxynsatop uaten-  Puc. 3.10. D ekt snexrponorio-
CHBHOCTHU IICHUS
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JoctounctBamu DAM SBISIOTCS BBICOKHME CKOPOCTH M TIIyOMHA MOMIYJIs-
LMW, MaJble YIPABJIAIOMINE HANPSKEHUSA, a TAKKE TEXHOJIOTMYHOCTD, MO3BOJISIO-
uias uHTerpuposatsh moaystop ¢ JIZI DFB u JIZI VCSEL.

3.6. ®opMaThl MOAYJISIMU, IPUMEHsIEMbIe B COBPEMEHHBIX ONITHYe-
CKHUX CHMCTEeMAaX CBS3M C BHEUIHel MOayJasinuen

3.6.1. ®opmaThl aMILIMTYAHOI MOAYJISIUA

B dopmarax ammumrymHor momysiuu (ASK, Amplitude Shift Keying) mo-
TyJIAPYEMBIM TTapaMETPOM YaIlle BCETO SBISCTCS WHTEHCUBHOCTD JICKTPOMArHUT-
HOU BOJIHBI cBeTa. Cpeau aMILTUTYIHBIX (POpMATOB HanOoJIee W3BECTHBIMU SIBIIS-
10TCsl OMHapHbBIe (hOpMaAThI, UMEIOIINE J1Ba WH(POPMAIIMOHHBIX 3HAYCHHUS MOIIHO-
CTH, HallpUMEp, COOTBETCTBYIOIIUX BKIIOUEHHOMY M BBIKIIOUEHHOMY COCTOSHUIO
nepeaaTynka. Takue GopMatsl B 3apyOeKHOMU JIuTeparype 0003HauaroT abOpeBua-
typoit OOK (On/Off Keying).

Haubosnee nomnyisipHbIMU Cpeid aMIUTUTYAHBIX OMHAPHBIX (DOPMATOB MOMY-
JSAUK ABsIOTCA opmatel 6e3 Bo3Bpamenus k Hymo ASK-NRZ (Non Return to
Zero) u ¢ Bo3BpainenueM K Hymo ASK-RZ (Return to Zero).

B ¢opmare ASK-NRZ curnan, cooTBETCTBYIOIIEH JOTUYECKOW EIUHUIIE,
MPEICTABIACTCS ONTUYECKUM HMITYJIbCOM JUIMTEIBbHOCTHIO Uy, paBHOW MepUOIy
cienoBanus cuMBoiIOB. B ¢dopmare ASK-RZ curnan, cOOTBETCTBYIOIIEH JoTHYe-
CKOM €IMHMIIE, IPEACTABIAETCS ONTHYECKUM UMITYJIbCOM JUIMTEIBHOCTBIO B, < tr.

CymectByeT Takke ynyumeHHblii Bapuant ASK-RZ — ASK-CRZ (Chirped
RZ), xotopslii hopmupyercst npu npoxoxaeHnu curnaia B popmare ASK-RZ ye-
pe3 (pa3oBbIli MOAYJIATOP, HA KOTOPBIM MOJAETCS MEPUOAUICCKUN CUTHAJ C YacTO-
TOM ciefgoBaHus MHGOpMaMOHHBIX curHaioB. B curnane ASK-CRZ undopmariuio
HECeT aMIUTUTYAHAs MOAYJISAIHNS, a (a3oBast CIY>KHT TSI YMCHBIIICHUS HEJIWHCH-
HBIX MCKQ)KCHHH M YYBCTBHTEIBHOCTH K IMOJISPH3AIMOHHON MOJIOBOM JHCIICPCHUH.
OTOT popMaT mpuUMEHSIETCS IS ceTei co ckopocTsimu oT 10 I'6uT/c.

st cereit co ckopoctamu 40 ['OuT/c M BBIIIE UCTIOIB30BAHUE AMILIUTY/I-
HBIX OMHApHBIX (POPMATOB CTAHOBUTCS HEIEIECOOOPA3HBIM, H3-3a PE3KOTO BO3pac-
TaHUS YYBCTBUTEIBHOCTH MOJYJMPOBAHHBIX TAKUM O0OPa30M CHUTHAJIOB K HENH-
HEWHBIM U JUCTIEPCHOHHBIM MCKAXEHUSM U YKECTOUCHUS TPEOOBAHMI K OTHOIIIE-
HUIO CUTHAJIA K IIyMy Ha IPHEMHOU cTopoHe. [losTomy nist cuctem mepenadu co
ckopoctsimMu 40 I'6ut/c u 60nee pazpaboTaHbl HOBbIE (POPMATHI BHEIIHEW MOy~
MU, KOTOPhIE YMECHBIIAIOT MIHUPUHY ONTHYECKOTO CTIEKTpa CUTHAIA W YIydIIaroT
YCTOWYNBOCTh K UCKOKECHUSIM. B HOBBIX (popMaTax HCIOIB3YIOT MHOTOYPOBHEBOE
KOJIMPOBAHUE C UCIIOIb30BaHUEM (DA30BOM MOAYJIAIMH, a TAK)KE KOMOWHAIIMKN aM-
TUTUTY AHOM, (Pa30BOM U MOJISAPU3AITUOHHON MOTYJISIIHM.
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KoHcriekT Tembl 3. MOy SIS ONTHYSCKOTO U3ITyYEeHHS

3.6.2. ®opmatsl pa3o0Boii MOAYIAUMHU

B dopmarax dazosoii moayssiuu (PSK, Phase Shift Keying) moxymnupye-
MBIM TTaPAMETPOM SIBIIIECTCS (haza dJIEKTPOMArHUTHOW BOJIHBI CBETa. B onTtruueckux
CHCTEMax OYEHb CIIOKHO PEaTM30BaTh MOAYJISIMIO a0COIIOTHOTO 3HAaYeHUs (asbl,
MO3TOMY MPAKTUYECKUN WHTEpEC MPEJCTaBISAIOT opMaThl Ha OCHOBE nuddepen-
nransHOU (hazosoit moaysinuu (DPSK — Differential PSK), B koTopseix nnpopma-
IIUST COJICP’KUTCSL B Pa3HOCTH (Pa3 MEXIy ABYMs IOCIIEIOBATEIbHBIMUA UMITYJIbCA-
mu. Ha puc. 3.11 mokazano, kak (opmupytorcs aByxypoHeBbie PSK-NRZ u
DPSK-NRZ curnanel. 3akoH nu3MeHeHus (pa3bl B 3aBUCUMOCTH OT 3HAYEHUH Tepe-
JTaBaeMbIX MHPOPMALIMOHHBIX OUT MpecTaBieH B Taou. 3.1.

Kpome nByxypoBHeBoro gopmara DPSK momyuun pacripoctpaHeHre 4eThI-
pexypoaeBbiii opmar DQPSK (Differential Quaternary PSK). 3akon n3MeHeHwust
¢da3pl B 3aBUCUMOCTH OT 3HAUCHUN TEeperaBaeMbIX MHPOPMALMOHHBIX OUT Mpen-
cTaBjieH B Ta0m. 3.2.

®dopmat DQPSK mo3BosseT 3a 0lMH TaKTOBBIM MHTEpPBAI IepeaaTh cpasy 2
out mHpopMaruu. DTO MO3BOJSET B 2 pa3a CHU3UTh CKOPOCTH IOJaBAEMOr0 Ha
MOJIYJIATOPbl MOAYJIMPYIOIIETO AJIEKTPUYECKOTO0 CUTHAja, TO €CTh B 2 pa3a CHHU-
3UTh TPEOOBAHUS K OBICTPOICHCTBHUIO JICKTPOHUKH.

JIis HArAsSgHOTO TPENCTaBICHHS] TUCKPETHBIX IBYXYPOBHEBBIX M MHOTO-
YPOBHEBBIX aMIUIUTYAHBIX U ()a30BbIX (POPMATOB MOIYJSIIUU TPU ONPEACTCHHOM
COCTOSIHMH TOJISIPU3AIMH UCTIONB3YIOT (pa30Bbie BEKTOPHBIE AMATPAMMBI, HA KOTO-
pbix och | cooTBeTcTBYeT (hazoBomy casury 0 (cuHdaszHas cocTaBisomas), a 0Ch
Q — casury m/2 (kBagpaTypHas cocTaBisitonias). JimHa BekTopa onpeessieT aM-
IUTMTYAy HanpspkeHHocTH E, a yronm moBopota — ero ¢aszy. Yacto camu BeKTOpa HE
MOKAa3bIBAIOT, @ OCTABIISIOT TOJIHKO TOUYKH COOTBETCTBYIOIINE BEPIIMHAM BEKTOPOB.
Ha puc. 3.12 nokazansl (azossie quarpammbl opmatoB ASK, DPSK u DQPSK.

Jlyumieit yCTOWYMBOCTHIO K HEJIMHEWHBIM HCKaxeHussMm B OB oGnamator
dbopmatsl ¢ Bo3BpaToMm Kk Hylto DPSK-RZ u DQPSK-RZ. B stux ¢opmarax uc-
MOJIB3YETCSl JOMOTHUTEIIbHAST aMIUTUTYIHAasT MOMYJISIIUS, HE HECyIas HHUKAKOW
nHpopmanuu (puc. 3.13).

3.6.3. KomOuHupoBaHHbIe (popMATHI MO ISIIIUH

B BricokockopocTabix BOCII xoportiio 3apekoMeHoBaiu cedsi KOMOUMHUPO-
BaHHbIE ()OPMATHI MOTYJISIUH.

OmHUM U3 MHUPOKO MPUMEHSIEMBIX BUIOB MOJYJISIIIUH SIBIISETCS aMIUTATY /-
Ho-(azoBas ASK-QPSK — coueranne 6unapHoro gopmara ASK u detpipexypos-
HeBoro DQPSK (puc. 3.14). DTy Momymsiuio WHOTIA Ha3bIBAIOT KBAaJApPaTypHOUN
(Quadrature). ASK-QPSK moxetr nmmers ¢popmat NRZ wim RZ w mo3BomsieT 3a
OJIMH TaKTOBBIN MHTEPBAJI NepeaaTh cpazy 3 Out nahopmaruu.

Eme onun Bun monpynsaunuu, npumensemeii B BOCII — nonsipu3zaiimoHHO-
¢dazoBas monyssauus DP-QPSK — coderanue nByXypOBHEBOH MOJSPU3ALUOHHOM
(DP, Dual Polarization) moaymsiuu (1Ba OPTOrOHAIBHBIX COCTOSIHHS IOJIIPH3a-
uuu Ey u Ey) u uetsipexyposresoit DQPSK (puc. 3.15). Orot popmar Mogynsuu
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KoHcriekT Tembl 3. MOy SIS ONTHYSCKOTO U3ITyYEeHHS

MO3BOJISIET 33 OAMH TaKTOBBII MHTEpBaJ nepeaars 4 Outa nHGopMauu — 1mo 2 Out
Ha Ka)XJIOM COCTOSIHUH TOJIIPU3ALIUH.

0 0 1 1 0 1 0 0 0 1 0

Phase Shift Keying (PSK)

[Ba 3HayeHusA ha3bl, OQHO 3HAYEHUE UCNONb3yeTcs ANs nepeaayun nornyeckoro 0,
Apyroe — ons nepepgaym noruyeckom 1

Differential Phase Shift Keying (DPSK)

[Ba 3HaueHus hasbl: Npu nepegade norudeckoro 0 paza He U3MeHsIeTCH,
npu nepenaye norunveckon 1 cpaza nsmeHsietcs

Puc. 3.11. Moaynsuus DPSK-NRZ

Tabnuma 3.1
3nayenue ne- | Popmar PSK - abcomtor- | @opmat DPSK — n3mene-
penaBaemMoro HOE 3Ha4YeHue ¢asbl @ Hue dassl Ap

bura Bapuant 1 | Bapuant 2 | Bapuant 1 | Bapuanr 2
0 0 T 0 T
1 T 0 T 0
Tabnumna 3.2
3HayeHue nepenaBae- | dopmar DQPSK -
MO apbl OUT u3MeHeHne ¢aspl A
00 3n/2
01 0
10 T
11 /2
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Brumnaa M.C. OnrosnekTpoHnKa
KoHcriekT Tembl 3. MOy SIS ONTHYSCKOTO U3ITyYEeHHS

Q Q Q
11
'O 1 0 1 01
| | 10 I
00
a 0 B
Puc. 3.12. ®a3oBsie quarpammsl hopmatoB moaysiiun ASK (a), DPSK (6) u DQPSK (B)
I, oA
0: 0] n| O t
> curHan RZ-DPSK
no ®asoBsbIii Mogaynatop (OI'ITI/HGCKMI/I)»
MoaynsTop | . o NRZ-DPSK | VHTEHCMBHOCTM 1o
T (onTryeckwit)
. CHCRERTK
DPSK kogep o
LI
UNRZ 4 T MNocnenoBaTenbHOCTb
1 0 1 1 MMMynbCOB Ang
dopmupoBaHna RZ
t (anekTpuyecknin)

curHan B popmate NRZ
(anekTpuyeckun)

Puc. 3.13. ®opmupoBanue curaana DPSK-RZ

Puc. 3.14. ®a3oBas nuarpamma curnana ASK-QPSK

Ha puc. 3.16 nokazana crpykrypHas cxema [IOM, ucnonas3yromniero 3tot
dbopmat moaynsuun. Cxema COIEepKUT OAHOMOJIOBBIN JIJI, M3inyueHue KoToporo
paszeinsercs B nojsipu3amoHHoM paserBurelie [IP1 nopoBHy Mexay OByMs Op-
TOTOHAJIBHBIMU JINHEHHBIMU MOJISIPU3ALIHSIMU.
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Qy
11

01

00

a 3]

Puc. 3.15. ®a3oBas quarpamma curnana DP-QPSK

KBagpatypHbIn
moaynatop X

DQPSK

nl2
MP1 T M - DPSK rnP2
Qx DP-QPSK
na —>< . >

I KBagpaTypHbIn
y moaynaTtop Y

DQPSK

Puc. 3.16. Ctpykrypnas cxema [IOM ¢ DP-QPSK.

Kaxnaa nossipuzanus mocrynaer Ha CBOM KBaJpaTypHBIA MOIYJIATOp, Ha-
npumMep, Ha ocHoBe ML, KOTOpBIN B KaKI0U U3 ABYX BeTBeU Takxke nmeer ML
¢ (a30BBIM MOIYJISATOPOM, a B OJHOW M3 HUX JOMOJHUTENBHO (Da3oBpamaTeab Ha
n/2. KBanpatypubiii Mmoaynstop dopmupyet curHanel DQPSK. Jlanee curnamsi
DQPSK ¢ opTroroHalbHBIMH TOJIIPHU3AIASIMU 00bETHHSIOTCS ¢ TomoIbio ITP2.
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Bbeunna M.C. OntoanekTpoHuka
Koncnexr Temsr 4. [IpueMHHKH Ul ONTHYECKUX CHCTEM CBSI3H

4, HpI/IeMHI/IKI/I JJIA OIITHYECCKHUX CUCTEM CBA3HU

4.1. Oomue ceaenusi o poroanoaax. OcHoBHbIE MapaMeTpsl (poToAUOAA

OcHoBHBIM 371eMeHTOM (poTonpremHoro yctporictsa (DIIY), ocymiecTastomero
npeoOpazoBaHuE ONTHYECKOTO0 CHUTHAJIa B AJIEKTPUUYECKUI M MEpPBUYHYIO 00pabOTKy
ANEKTPUYECKOro cUrHania, spiusercs goronpuemMHuk (PII) nnu poronerexrop. B kaue-
ctBe QoronpuemHukoB B OCII B HacTosdIlee BpeMsl UCNONb3y0TCa KBaHTOBble DII —
dboToaunosl (D).

@OoTOINO XAPAKTEPUIYIOT CIEAYIOIMMU OCHOBHBIMU MTapaMETPAMMU:

e Brxemneit kBaHTOBOM 3((EKTUBHOCTHIO UM KBAHTOBBIM BBIXOJIOM
e TOKOBOU 4yBCTBUTEIBHOCTHIO
e CIeKTpaJIbHOM XapaKTEPUCTUKON UyBCTBUTEIBHOCTU

®J1, kak u CUJ u JIJI, npeacraBasier coboit p-n-nepexona. Padbora ®J[ ocHoBana
Ha SIBJICHUH BHYTPEHHETO (OTO3(PPeKTa — MOrIOUEHUN ONTUYECKOTO U3JIyUeHHs MaTe-
pHaIoM MOIYNPOBOJHHUKA, COMPOBOXKAAKOIIEMCS T€HEpPAUUEl MOJIBHKHBIX HOCHUTENEH
3apsana. [Ipyn HanMuMm 3aMKHYTOM LENM B P-N-TIEPEX0JI€ BOZHUKAET TOK, Ha3bIBAEMBIU
dboTOoTOKOM.

Eciu MOIIHOCTh Majaroliero ONTUYECKOro u3nydeHus dactorou f paBHa P, To

yuciao GoToHoB, magaronmx Ha OJ] B eAuHUIY BpEeMEHH, PaBHO:
P

P
roe h =6.626-10 JIx ¢ — mocrosiuHas I1nanka.
B ugeanbnom ®J] kaxablii najgaromuil Ha Hero (OTOH MOIJIONIAETCS U POKAACT
ANIEKTPOHHO-ABIPOYHYIO Napy (CBOOOIHBIN 3JIEKTPOH U JBIPKY), TO €CTh YUCIO POK-
JAeMBIX B €MHHILY BPEMEHH DJIEKTPOHOB Ne pr PABHO YMCILY NAJAIOIIMX B €UHUILY Bpe-
MeHU (OTOHOB Nph. Kpome toro, B upeansnom ®JI Kaxablii POAMBLIMKICSA 3IEKTPOH
JOCTHTAET P-N-TIepeXoaa U BHOCUT BKJIaJ B POTOTOK |y, 3HAYMT:
uoeanshvtit DI — Ng e =Ny, 4.2)

udeanvhoiti @I — 1y =Ng - e, 4.3)

n (4.1)

e ge = 1.602-10*° K1 — 3apsiy anexrpoHa.

B peanabnom ®/] yacts nagaromux Ha OJ] hoTOHOB HE MOTIOMIAETCS. 3HAYUT B
peaibHOM D] 4KMCI0 POXKAAEMBIX B €IMHUIY BPEMEHH 3JIEKTPOHOB Ne pr HE PABHO YMC-
Iy NaJaloUMX B €AUHUIY BpEMEHU (POTOHOB Ny

peanviwiti B — Ng pp <Ny (4.4)

Taxxe B peasnibHOM D] He KaXIbld AJIEKTPOH, POJAUBIIUKCS B PE3YJIbTATE MO-
rionieHus: poroHa, BHOCUT BKJIaA B GoToTOK. OO03HAUMM Yepe3 Ng YUCIIO «IOJIE3HBIX)
AJIEKTPOHOB, KOTOPHIE 33 €IUHUILY BPEMEHU Jaiu BKiaa B GoToToK. OHO MeHbIe 00-
IIEr0 YUCJIa POAUBIIHUXCS DJIEKTPOHOB Ne py.

peanvhviil DI — 15 =N, e, (4.5)

Beenem nonsitne BHelmIHell KBAHTOBOH 3()(PeKTUBHOCTH (KBAHTOBOI'O BbIXO-
na) n — 0e3pa3MepHOl BEIIMYMHBI, MIPEACTABIISIIONIEH CO00M OTHOIIEHUE YMCTIa «II0JIe3-
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HBIX» DJIEKTPOHOB N, POKAAIOLIUXCA B €JUHULY BPEMEHH, K 4UCIy (POTOHOB Ny, Ma-
naromux Ha O/ B ennHUIy BpEMEHMU:

n=—e (4.6)

OueBunno, 4yro a8 uuaeanbHoro MJI Ne=nNepr=Ngy ¥ N =1. [ua peanpHoro DJI
Ne <Nepr <Nppumn <1
ToxoBoii 4yBCTBUTENbHOCTHIO S O/l HA3BIBAIOT OTHOIIEHNE BO3HUKIIIETO B HEM

(oroToka lpn K MOITHOCTH MAJAIOIIET0 Ha HETO ONTHYECKOrO U3IydeHus P:

|
S = ph. 4.7
: (47)

TOKOBYIO UyBCTBUTEIIBHOCTD IIPUHSATO BhIpaXkaTh B A/BT.

ToxkoBas uyBcTBHTEIEHOCTH DJ] 3aBHCHUT OT JIMHBI BOJHBI (4ACTOTHI) A IafOIIIC-
ro ontuueckoro uznyuenus. U3 (4.5), (4.6) u (4.1) cnenyer:

S(f)=nd 5(2)=y% (4.8)

hf hc
rie ¢ = 3-10° m/c — ckopocTh cBeTa B BakyyMme, f — qactora magaromero na dJI onrude-
CKOTO M3JIyYeHHUs, A — IJIMHA BOJHBI Majgaroriero Ha @/ onTuaeckoro u3IydeHus B Ba-
KyyMme. 3aBUCHUMOCTh TOKOBOW YYBCTBUTEIHHOCTH OT JUTMHBI BOJIHBI HA3bIBAIOT CIIEK-
TPAJIbHON XapaKTePUCTUKON YYBCTBUTEJIbHOCTH.

U3 (4.8) ciemyet, 4TO pU MOCTOSIHHOM 77 MOHOXpOMAaTHYeCKasi TOKOBasi 4yBCTBU-
TenbHOCTh DJ] BO3pacTaeT ¢ yBEIMYCHHEM JJIMHBI BOJHBI. 3HAYUT BO3PACTET U YUCIIO
POXJIaeMbIX B €IMHUIY BPEMEHHU DJICKTPOHOB, B TOM YHCJIE M «ITOJC3HBIX» — JAFOIINX
BKJIaJ1 B ()OTOTOK.

Nneansupii @] uMeeTr HEOTpaHUYEHHBIA CIIEKTPAJIBHBIM JMAaNa3o0H 4YyBCTBU-
TenbHOCTU. CHeKTpajabHbI AMana3oH YyBCTBUTENBHOCTH peasibHoro MdJ[ orpanuueH
MHUHUMAIBHOM Amjn I MAKCUMAJIBHOU Amay JJIMHAMH BOJIH.

MakcumanbHas IJTHHA BOJHBI Amax OMTHYECKOTO M3TYUEHUS OMPENeseTCs Kpac-
HOM rpanuneit pororddexra:

hc b
max :VT:E_E’ (4.9)
g 9
rie Wy un Eg6 — IIMpUHA 3ampenieHHod 30Hbl B JIk m 3B cooTBETCTBEHHO,

be=1.243 - 10" 3B'm.

HwxHsst rpaHuna auana3oHa 4yBCTBUTEIIBHOCTH, CO CTOPOHBI KOPOTKHUX JJIMH
BOJIH, OOYCJIOBJIEHA CHJIBHBIM TIOTJIOIICHUEM M3JIy4YCeHHS BOJIM3U MOBEPXHOCTH MOJY-
MIPOBOJIHUKOBOTO KpUCTAJIIA.

Ha puc. 4.1 nokaszaHbl CHEKTpajdbHbIE XapaKTEPUCTUKU YYBCTBUTEIBHOCTH pa3-
muabix OJ]. U3 puc. 4.1 caenyer, uto p-i-n ]I Ha ocrose INGaAs/InP u Ge obecrie-
YUBAIOT BBICOKYIO YYBCTBHUTEIIBHOCTh BO BCEM JIMANAa30HE JJIUH BOJH, MCIOJIb3yEMBbIX
JUIS ONTUYECKOU CBSI3H.

@/ paboTaeT npu NPUIIOKEHUU K HEMY OOpPaTHOrO HANPSIKEHUS CMEIICHUS, KO-
rJa «+» mojgaercs Ha N-CIoM, a «—» — Ha P-CIION.
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L
\
AN

InGaAs/InP

1.0F

0.8}
0.7}
0.6
0.5}
0.4}
0.3} 7
02+
01} -~

TokoBasi YyBCTBUTENBLHOCTL, A/BT

0 500 1000 1500
[nnHa BOMHbI, HM

Puc. 4.1. CnexTpanbHble XapaKTEPUCTUKH YyBCTBUTEIbHOCTH
UIeabHOTO U peanbHbIXx D/ ¢ p-i-N cTpyKTypOi

4.2. Buabl (poTOaAN0T0B

MoskHO moka3ath, uTo @J[ Ha OCHOBE POCTOTO P-N Tepexoaa 00Iaaar0T HU3KON
KBaHTOBOU A(()EKTUBHOCTHIO, a 3HAYUT U HU3KOM UyBCTBUTEIHHOCTHIO. [loaTOMY B
OCII ucnonp3yror ycoBepmeHcTBoBaHHbIe BUabl ®J] — OJ] ¢ p-i-n cTpykrypoii u na-
BUHHBIE D]].

JlBa BapuaHTa CTpYKTYpbI P-i-N ®J] mokazansr Ha puc. 4.2. B atux @] mexy p
U N CJIOSMH TTIOMEIIICH €Ile OJIMH CJIOM, CJIab0JIerupOBaHHBIN TOHOPHOM (puc. 4.2a) win
akuentopHoi (puc. 4.20) npumeckio. KoHlleHTpalus npuMecu B JTOMOJHUTEILHOM CII0€
TaK Majia, YTO €ro MOXKHO CYMTATh COOCTBEHHBIM | TIOTYIPOBOTHUKOM.

CJiou P 1 N Ha3bIBAIOT 030 U KOJUIEKTOPOM COOTBETCTBEHHO, €CIIH I-CIIOM ¢11a0b0
JICTUPOBAH JTOHOPHOW MPUMECHIO, U KOJJICKTOPOM M 0a30i COOTBETCTBEHHO, €CIU -
ClIoi ¢mabo JerHpOBaH aKIEeNTOPHON mpuMmechio. ClIoi | Ha3BIBAIOT ITOTJIOMIAIOIIIM,
TaK KaKk MIMEHHO TIOTJIONIEHHbIE B HEM ()OTOHBI TaIOT OCHOBHOM BKJIAJ B (DOTOTOK.

- +
ba3za Konnekmop
o [i(m n
a - @ P
Mpsamas ObpatHas
3acBeTka 3acseTka
+ -
ba3za Konnekmop
n i (p7) P
6 P - © P
Mpsmas Ob6patHas
3acBeTka 3acBeTka

Puc. 4.2. ®J] ¢ p-i-n cTpykTypoit
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B p-i-n ®]J] moxer ObITh peasm3oBaHa MpsiMas 3aCBETKA, KOTJa MPUHIMAEMOE
ONTUYECKOE U3NTydeHUe najaeT Ha 0a3y, u oOpaTHas, KOrja OHO MaJacT Ha KOJUIEKTOP.
JIJIsi yMEHBIIIEHUST OTPaKEHUS MAAI0NIEr0 N3IIyYCHHUS Ha MMOBEPXHOCTh 0a3bl MIIM KOJI-
JICKTOpPa HAHOCST aHTHOTPAXKAIOIIEE TTOKPHITHE.

baza 00bIYHO MMEET MEHBIIYIO TONIIKMHY, YeM KOJUIEKTOp, moatoMy DJI c mps-
MO} 3aCBETKOM OOBIYHO UMEIOT OOJIbIlee OBICTPOACHCTBHE.

Ha puc. 4.3 moka3ana KOHCTPYKIHS THIIMYHOTO P-i-N GoToamnoaa ¢ rereporepe-
xo/ioM Ha ocHoBe (ochuaa uuausa InP. CunbHO JerupoBaHHBIE P" u N* ciou InP sB-
JIAI0TCsT MHpoKo3oHHbIME (Eg = 1.35 5B), a mornomatomuii N° ciaoit Ing47Gag s3AS,
UMECIOIIMIA OCTATOYHYIO KOHIICHTPAIIUIO JTOHOPHOW mpumecH (i-Clloi) — y3KO30HHBIM
(Eq=0.74 3B).

OnTHueckoe AHTHOTpa)aro1iee
H3JIy4YCHHC ITOKPBITHC
(~+ KOHTaKT |
SiO, SiO,
n-—InP P*—InP n-—InP

.

N~ — INGaAS norIomaronui CiIoun

N* — InP mogmoxka

— KOHTAKT

Puc. 4.3. p-i-n ®J] ¢ npsmoii 3acBETKOM Ha OCHOBE (ochuaa HHANS

[Tpuemuuk OCII qomkeH NpUHUMATH U3Ty4eHUE MaJOW MOIITHOCTH, OCJIa0JIEHHOE
B MPOLECCE pacnpocTpaHEHUsi Mo (u3nueckou cpene nepenauu. [loatomy QoToToK,
BOo3HUKaroui B @/, oueHb Maj U €ro TPYJHO YCUIUThH 0€3 BHECEHUS JOTOJIHUTEIHHO-
ro Imryma.

YBenuuuth GOTOTOK MEPE] YCUICHUEM MOXKHO JIByMs CITIOCOOaMMU:

1. yBeNIMUUTh MOIIHOCTH Majgaromiero Ha ®J[ u3aydeHus: ¢ MOMOIIbIO MpeIBapU-
TEJIBLHOT'O ONTUYECKOTO YCUITUTEIS;

2. yBEIMYUTH HEMOCPEJICTBEHHO (POTOTOK, PEaTM30BaB MEXAHU3M €r0 JJABUHHOTO
YMHOKEHHUS.

Bropoii criocob peanusyercs B naBuHHbIX OJ] (JIDT). [1st sTOoro B p-i-N cTpyK-
Type K CHIBLHO JIETMPOBAHHBIM CII0AM P U N 106aBIIOT Cpe/He IErnpoBaHHbI N-C1oii
(puc. 4.4a) wim p-cinoii (puc. 4.46). TonmmHa I-CJI0S YBEITUIUBACTCS 110 CPABHEHUIO C

p-i-N CTPYKTYpOii.
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+ Croii —
. . naguHHo20
Konnekmop lNMoanowarowuti crnod YMHOXEHUS basa
a n* i () n p*
-« ® ©
@ ' @ . @ e <«
© P
— Croii +
. . naguHHo20
Konnekmop lMoanowarowuti crnod YMHOXEHUS basa
+ i — +
6 P i (p) p n
-« O ®
@ > @ . @ . <«
@ P

Puc. 4.4. Jlaunnasie ®J]

3a cYeT yBEeNWYCHUS HAMPSHKCHUS CMEIICHHS 10 3HAYCHWH, OJM3KHUX K MPOOUB-
HBIM, B I-CJI0¢ TIPOUCXOANT 3D (HEKTHBHOE YCKOPEHUE HOCUTEIIEH 3apsja, POJIUBIINXCS B
pe3yJlibTaTe MOTJIOMICHUS MAJAar0IIer0 U3JIyICHUs, U B JOMOJHUTEIBHBIN CIIONW Mmomama-
10T HOCUTEJH 3apsijia ¢ OOJBIION KUHETUYECKOW dHEprueil. DTON SHEPrUr OKa3bIBACTCS
JOCTATOYHO JIJISi OCYIIIECTBIICHUS YIApPHON MOHHU3AIMHA aTOMOB JOTIOJTHUTEIHHOTO CIIOSL.
Boznukiue B pesysibpTaTe yIapHOW HOHU3AIMN HOCHTEIN B CBOIO OYEpEh OCYIIECTB-
JSI0T yIapHYI0 MOHM3AIMIO0, BBI3BIBASI POXKJICHWE HOBBIX HOCHUTENICH. DTOT MPOIECC
IPUBOJUT K TOMY, YTO KOHIIEHTpAIlMs HOCHUTEJEH JIaBHHHO HapacTaeT. B pesymnbTate
dotorok yBennunBaeTcsi B M pa3. Bennunny M Ha3biBatoT K0d(pPUITUEHTOM JIABUHHOTO
YMHOXKCHHSI.

4.3. BoabTamnepHasi xapakrepuctuka ®J]

Ha puc. 4.5 moka3zaHo ceMeENCTBO BOJIbTAMIIEPHBIX Xapakrepuctuk P/l npu
pa3HbIX 3HAYEHHUAX MOLIHOCTH P majaromiero Ha Hero usnydeHus. CeMeicTBO BOJBT-
amrepHbIX xapaktepucTik (BAX) @/ p-i-n cTpyKTypbl ONMKMCHIBACTCS BHIPAKEHUEM

| =1y exp2-—1 ~S-P=lp+ 1, (4.10)
o1

rae lo — TeruoBoit oOpatHbIil TOK, A; U — Hampspkenne cMemmenust, B, ¢ =K -T/ O —
TemneparypHbiid norennman, /K, k= 1.38- 107 JIx/K — mocrossaHas boasimana; T
— abcomoTHas Temriepatypa, K; S — TokoBast wyBctBUTEeTEHOCTE D], A/BT.

Kak mbl yxe 3HaeM u3 Tembl 2 «ICTOYHUKH WU3Ty4EeHUs IS ONTUYECKUX CUCTEM
CBSI3U», TOK lg CHJIBHO 3aBUCHUT OT TEMIIEPATYPhI U €r0 MPUHATO XapaKTepHU30BaTh TEM-
nepaTypor yABOEHHUs TOKa.

[Tepesiii wien B (4.10) onuceiBaeT TeMHOBOM TOK |y (black current — tok B oTcyT-
CTBHE ONTHYECKOIO U3Iy4EHHs ), BTOPOH WICH NPEACTaBIIAET cO00M POTOTOK lpp.

ITo cemeiictBy BAX MOXXHO ompesennTh TOKOBYIO 4yBCTBUTENIbHOCTH D] (puc.
4.5).
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Bripaxxenue (4.10) He

I A YYUTHIBACT BO3MOKHBIN

npoboit ®J mnpu oueHb

Al TeMHOBO OOJIBIIMX 3HAYEHUSIX 00-
g= —Ph TOK PaTHOTO HAMPSKECHHUS CMe-
AP IICHUs, KOTOPBIM XapakTe-

pusyercss OBICTPBIM YBEJH-
yeHueM Toka (puc. 4.6).
Hampsikenue, HauuHas ¢

)
I
o
\\
YC

\ KOTOpPOTO HabIo1aeTcs

P1 Alph BO3pACTAHUE TOKA, HA3bIBa-
P,=P, + AP eTcsl HalpsbKeHHeM Ipo0os
(breakdown)  Upg.  Has

P3 kpemaueBblx @OJ[ oHO co-

craBiager 200-300 B, nns

: repmanueBbix — 20-60 B.
Puc. 4.5. Boiasramnepusie xapaktepuctuku @/ p-i-n cTpyKTyphl. p

Onpenenenre TOKOBOM 4yBCTBUTENBHOCTH 110 BAX DA p-I-n cTpyKTYpEI
paboTaroT TpuU OOpaTHBIX

HAIPSDKSHUSIX CMEIIEHUS 110 MOJIYJIIO CyIecTBeHHO MeHbINX Uypg. JIDJ[ paboTarot npu
00paTHBIX HANPSHKEHUAX cMeleHus], Ou3Kkux K Upg. s TemHOBOTO TOKa U (hOTOTOKA
JI®]] cripaBelITUBBI COOTHOIICHUS

loe =M - Tpem + Toenm (4.11)
lph =—M-S-P, (4.12)
rae M — xkoagdunment 1aBUHHO-
B\ ro yMHOX€HUS, lpcm — yMHOXKae-
Masi COCTaBJISIONIAs TEMHOBOTO
TeMHOBOI TOKa, a lpcnm— €ro HeymHOXae-
TOK Masi COCTaBJISIOIIAS.

Kosddurment naBuHHOTO
yMHOxeHusa JIOJ] cuibHO 3aBU-
CUT OT HANPSIKEHUSI CMEILICHUS U
oT Temmneparypbl. OOBIYHO €ro
5 AMPOKCUMUPYIOT BHIPAKECHUEM:

1 -1

M = 1_[UiT | (4.13)

bd

13
I
(e)
N
YC

U
N

/l P, rae A — smnupudeckuii Koahdu-
IIUEHT, KOTOPBIM JUIsI Pa3HBIX
JI®/] npuHUMaeT 3HAYEHHS OT 2
Puc. 4.6. BoasramnepHsie gapaKTepI/ICTI/IKI/I no 6. IMTapamerpsl Uyg 1 A B

€ YHCETOM Hpobos (4.13) 3aBHCAT OT TeMIIEpaTyphl

Ubd(T)ZUde +U; (T _To)
AT)=A,+6(T -T,). (4.14)
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M B (4.14) Upgo, Ag — HampsiKeHUe
100 25’ % npo0oss U SMIUPHUUECKUN KO-
45 0C bunmreHT npu Temmeparype o,
70 °C Ur, At — TeMmreparypHble KO3(-
(GUIMEHTHl HaNpsHKeHUS Tpo0os
U SMIOUPHUUECKOT0 KO3PPUILIUEH-
ta. Ha puc. (4.7) nokaszansl 3a-
BUCUMOCTA M OT HampspKeHUS |
. / TemriepaTypsl. [lpu HanpsxeHu-

Fi
A X, HEAOCTATOUHBIX /IS HACTYII-
/ / nenuss jgaBuHbl, M =1 u JIDO]]

%y Bener cebs kak DJI p-i-n cTpyk-
1 TYpBHI.

0 100 200 300 400 N3 pucynka BumHa HEo0-

U, B XOJUMOCTh CTAaOWJIM3allUU TEM-
neparypsl M HalpsOKEHHS MMHATA-
Hust JIO/] nist crabunmzanuy Ko-
¢ uieHTa JTAaBUHHOIO YMHO-

]
D —

10 ,} J
j i

i !

| 1

[

Puc. 4.7. 3aBucumoctb Ko3ppunreHTa JaBHHHOTO YMHO-
»enust kpemHueroro JIOJ[ ot HanpspkeHUs U TeMnepaTypbl

xeuusa M.

4.4. Cxembl BKiIO4YeHuss ®JJ

[Tagaromee ontTuueckoe uznydenue B coorseTcTBuu ¢ BAX npeobpasyercs B O]
B DJICKTPUYECKUN CUTHAJ — TOK M HaIpsDKEHHE. Yale BCero 3T0T CUTHAJI Majl, I03TOMY
OCHOBHOM 3a/1a4€y AJIEKTPUYECKOU CXEMBI, B KOTOpYyI0 BKirouaercss D/, saBusercs ero
YCUJICHUE.

VYcunuBaTe MOXKHO Kak HalpsbKEHHE, TOTIa cxeMa OyneT coAepKaTh YCUIIUTEINb
HanpsokeHust (YH), Tak U TOK, TOrma B COCTaB CXEMbl BOWIIET YCWJIMTENIb (POTOTOKA
(YOT). BoIXOHBIM CUTHATIOM YCHIJIUTENS B 00OMX CIIy4asx JOJHKHO OBITh HANPSKEHHE,
nostomy YOT nomkeH Takke OCyHIECTBIATh MpeoOpa3oBaHuE TOKA B HAIIPSIKEHUE.

1. Cxemvr ¢ YH

1.1. Cxema c YH 6e3 oopamnozo cmewenuss @/ (pomosonvmauuecxkas)

Cxema, nmokazaHHasi Ha puc. 4.6a Ha3siBaeTcsl (poToBONIbTaMUECKON. B 3TOM cXxeme
®J1 mpocTo MOAKIII0YAETCS KO BXOAY YCUIIUTENS HanpspkeHus (puc. 4.8a).

Yeunurenb HanpsKEHUS UMEET OYE€Hb BBICOKOE BXOJHOE COMPOTHUBIICHUE, I0-
stomy DJ] Oyner paboTath B pexuMe XOJIOCTOTO X0/1a, U paboure TOYKH Ha CEMEICTBE
BOJIbTAMIIEPHBIX XapaKTEPUCTUK OyAyT Jie)KaTh HA HATPY30UHON MPSMOM, KOTOpasi COB-
nazgaet ¢ ocsto U (puc. 4.80).

N3 (4.10) npu | = 0 nosyyaem:

Io expi—l + 1, =0.
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Paboune
TOYKH

U
O VH U
“~ Uout =0 >
N VANED: _
i Pq Harpysounas
npsiMasi (COBIIL.
P, ¢ ocbio U)
P3
a 0

Puc. 4.8. ®oroBonpTanyeckas cxema (a) 1 ceMeCcTBO ee pabounx Touek Ha BAX (0)

N3 3tOro cooTHomeHust cieayer, 4to Hampsbkenue Ha O] (Ha Bxonae ycuiauTens Ha-
NPSIKEHUS ) B 3TOM CIIy4ae paBHO:

| o
U=¢;ln —I—+1 : (4.15)
0
BrIxoiHOE HanpsDKEHHE B 3TOH cxeme OyAeT paBHO:
Uot =K-U, (4.16)

rae K - koappuiueHT ycunenus yCuinmuTerns.
Henmocratkom 3ToM cXeMbl SIBIsSCTCS HENMHEHHAs CBS3b MEXIY (OTOTOKOM, a,
CJI€JIOBATENIHHO, M ONTUYECKOM MOIIIHOCTBIO M BBIXOAHBIM HAMPSKEHUEM.

1.2. Cxema ¢ YH c oopamuvim cmewernuem DJ

B cxeme puc. 4.9a Tok uepez ®JI npeobpaszyercs B HANMPsHKEHUE, KOTOPOE 3aTEM
ycunuBaetrcss B YH ¢ BBICOKMM BXOJHBIM compoTuBiieHueM. [[1s mpeoOpazoBanust ¢o-
TOTOKa BO BXOAHOE Hamnpsbkenue Y H ucnonb3yercs pesuctop R.

Tok | wepe3 @] 6yner onpenenstoes cootHomenueM (4.10) npu U = —E. Bxoa-
Hoe comnpoTuBieHue YH odeHb BelMKo, MO3TOMY TOK depe3 pe3uctop R Oyner paBen
Toky | uepe3 @1, a nanpspkenue Ui, Ha Bxoae YH Oyner paBHO:

U, =-1"R, (4.17)

[Ipu Takom BKJITIOYEHUHU CEeMENCTBO pabounx Todyek DJ] Oymer ynexatb HA HArpy-
304YHOM MpsAMOM, MOKa3aHHOU Ha puc. 4.90. BrixonHOe HanmpspKeHUE B ATOU cxeme Oy-
JET PaBHO:

Ut =K-U;, =—-K-1-R, (4.18)
rae K - koapdurment ycunenus YH.
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Paboune
TOYKHU

PERVAR

Uout P 1 \l \
_T_ P, w
Ps Harpy3o'{Haﬂ)\

npsAmas -E/R

| A=

YH

1
|

a §)

Puc. 4.9. Cxema ¢ YH u o6parabim cmemenunem @/ (a) u cemeiicTBo ee padbounx Touek Ha BAX (0)

2. Cxemol ¢ YOT

Yame Bcero ucnoib3ytores cxembl ¢ YOT. Cxema (puc. 4.10a u 4.11a), B koTo-
pout @/ noxkirouaercs K Bxoay Y DT, BHIITOJTHEHHOTO HA OCHOBE OINEPAIMOHHOTO YCH-
JUTENS U pe3ucTopa R B menu oTpuiiatensHOi 0OpaTHON CBS3HM, Ha3bIBACTCS TPAHCHUM-
NeJaHCHOM, Tak Kak ee Kod(hHUIMeHT nepenadu, paBHbBIA OTHOIIECHUIO BBIXOIHOTO Ha-
NPSIKEHUS K BXOJHOMY TOKY UMEET pa3MEepPHOCTh COMPOTUBIIEHUS (UMIIEAaHCa).

2.1. Tpancumneoarncrnas cxema bes oopamuozo cmeweruss PN

Ha puc. 4.10a nokazana TpaHcumneaaHcHas cxema, B kotropoid @J[ pabotaet 6e3
oOpatHoro cmemienus. [lockonabky Ujns = 0 (BX0OJ 3a3eMIIeH), @ Y ONEPallUOHHOTO YCH-
mutenst Uy, = Ujp., @] paboTaeT B pekuMe KOPOTKOTO 3aMbIKaHUs, U paboure TOYKH
Ha CEMENCTBE BOJBTAMIIEPHBIX XapaKTEPUCTUK OyAyT JeKaTh HA HATPY30UHOU MPSMOH,
KOTOpasi COBIAJIAaeT ¢ ochio |.

N3 (4.10) caenyer, uto npu U = 0 TeMHoBO# TOK lp; TOxke Oyaer pasen 0. Toraa
yepe3 @J] OyneT Teub TONbKO POTOTOK lgn:

I=1,,=-S-P (4.19)
BrixonHoe HanpspbkeHue OyneT paBHO:
Uit =1'R=-S-P-R (4.20)

I[OCTOI/IHCTBaMI/I 9TOro BapuaHTa TpaHCI/IMHeI[aHCHOP'I CXEMbI BKIIIOUCHUSA SABJIA-
IOTCSI BBICOKasl JIMHECHHOCTD HpeO6p330BaHI/IH ONTUYECKOU MOIIDHOCTH B BBIXOAHOC Ha-
MMPs’KCHHUC, d TAKIKC UCKIIFOYCHHUC IITyMa TCMHOBOT'O TOKaA.

2.2. TpancumneoancHnas cxema ¢ oopamuvim cmewjeHuem O/

B cxeme puc. 4.11a nokazana TpaHcUMIIeJaHCHAas cxema, B kotopoit @/ paboTta-
eT ¢ oopatHbM cMemeHueM. [1o nepemennomy Toky dJI B 3TOM cxeme Takxke paboTaet
B PEXKUME KOPOTKOT'O 3aMbIKaHUSI.
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I A
|
R >
[ 1
— Harpyzounas
npsiMast (COBIL.
Ui c ochio |)
[ 4 DO — U
>
Uin+ P = O
+
© P, \“ PaGouue
\\: SZ Uout TOYKH
P ¢ P
S . =
a 0
Puc. 4.10. TpancumnenancHas cxema 6e3 ooparaoro cmemenus O/ (a) u cemeiicTBo ee pabounx TO-
yek Ha BAX (0)

B a10ii cxeme Hanpsikenue Ha dhotoaunone U pasuo —E, mosromy u3 (4.10) crneny-
€T, YTO TOK Uepe3 HEeTO paBeH:

=1, -[exp(ij —1J ~S.P (4.21)
o7

CewmeiictBo padounx touek ®J] OyAeT nexarb Ha Harpy304YHOU MPSIMOM, KOTOpas
napauienbHa ocu | (puc. 4.110).

'Y
o -E R |
-
1
|
\\“ SZ T Harpyzounas
Uin npsmas
d - \ E U
>
Uin+ P = O \ /
+
N Pa6
Uyt P, aboune
TOYKH
r -
Ps
a 0
Puc. 4.11. TpancumnenancHasi cxema ¢ oopatHeiM cmenieHrueM O/ (a) u cemelicTBO ee pabounx TOYEK

Ha BAX (0)
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Bpixo1HOE HaNpsKEHUE B 3TOM CXEME, TAKKE KaK B MPEAbIIYyLIEH, PaBHO:

Ut =1 -R. (4.22)

JIOCTOMHCTBaMHM 3TOTO BapHaHTa TPAHCHUMIIEAAHCHON CXEMbI BKJIIOUYCHHS SIBIIS-
I0TCS BBICOKAsl JIMHEHHOCTh MPeoO0pa3oBaHus ONTUYECKONW MOIIHOCTH B BBIXOJIHOE Ha-
npsDKeHHE, a Takke 00Jiee BHICOKOE MO CPAaBHEHUIO C MPEIbIIYIIUM BapUAHTOM OBICT-
pOIecCTBHE.

4.5. llympt @A u YOT

OCHOBHBIM UCTOYHUKOM IIyMOB B D] siBnsgercss Apo0oBoii myMm. K BOZHHMKHO-
BEHUIO JIpOoOOBOTO IIyMa MPUBOAMUT JUCKPETHBIN Xapaktep Toka. KomnuecTBo mpeomo-
JIEBIIMX MOTEHIMAIBHBIN Oapbep 3aps/IoB HEOAMHAKOBO B KaXKJbIi MOMEHT BPEMEHH,
YTO MPHUBOJUT K HEOOJIBIINM OECTOPSAIOYHBIM OTKJIOHEHHSIM TOKa OT €ro CpeaHEro
3HavyeHus. CpeaHekBaapaTuyeckoe 3HaueHHe mrymoBoro toka ofly), oOycioBieHHOE
ApoOOBEIM 1IIyMoM B 1iosioce 9actoT Af mst ] p-i-n cTpyKTypbl MOKHO pacCYMTATH I10
BBIPAKECHUIO:

2(1g)=2-Gp - 1 -AF =2-Gg (I gy + I )- AF (4.23)

B JI®/] x 1poOoBbIM HrymMam J0OaBIIAIOTCS IIYMbI JJABUHHOTO YMHOXKEHUS U IS
CPEAHEKBAAPATUUYECKOTO 3HAYEHNS IIYMOBOI'O TOKA CIIPABEIJIMBO BBIPAKEHHUE:

2 2
o2(14)=2-0e - [M2-F(M)- (1 3y + Togm )+ Tnonm |- AT , (4.24)
rne Af — nonoca nponyckanus ®@ITY, koTopas A0KHA ObITH HE MEHBIIIE TTOJIOCHI YaCTOT

Moayaupyromero curHana, F(M) — mym-daktop win ko3hUIUEHT ITyMa JIABUHHOTO
YMHOKEHHUSI, KOTOPBIA MOXKHO OMpeNIeTuTh o (hopmynam MakuHTaiipa:

2
onsa IO/ na puc. 4.4a: F(M)=M -|1—-(1- X)(%) : (4.25)
: 1) (M -1
ona JIOM na puc. 4.46: F(M ): M - l—(l——j : (Tj : (4.26)
X

rae M — cpenauii K03 PUIIMEHT TaBUHHOTO YMHOXXEHHUS, TPH MHUIIMUPOBAHUH JIABUHBI
JIEKTPOHOM (4.25) nnm apipkoit (4.26), X = a/b — nonmszarmonHoe oTHoIICHNE, @ U b —
KO3 PUITUCHTHI YIapHON HMOHHM3AIMK AJIEKTPOHOB W JbIpok: st Si X = 0.05-0.1, mis
Ge - X oimm3ko k 1, mrst AsGa — x = 0.4-0.5.

Ha  puc. 412  mpuBeneHbl  pe3yibTaThl  PAacuye€TOB  BEIUYUHBI
Ye(M) = 10Ig[F(M)/F(1)] npu pazmuunbix X s JIO/I, crpykTypa KOTOPOro MoKa3aHa
Ha puc. 4.4a.

Kak BunHO 13 (4.23) n (4.24) npu o4eHb MalbIX CUrHanax (Mayslx lyh), 1poOoBon
IIIyM BBI3bIBACTCS B MIEPBYIO OYEPEIb TEMHOBBIM TOKOM. VIMEHHO TEMHOBBIM TOKOM OTI-
penensitorces npeaenbabie Bo3MoxHocTu O/ mo o6HapykeHHo caabbIX MOTOKOB U3IY-
YeHUsI IPU OTCYTCTBHUHM 3acBETOK. [1oaTOMY kenaTenbHo, YTOOBI TEMHOBOM TOK OBLI Kak
MOXHO MeHblne. [To atomy napamerpy @JI p-i-N CTPYKTYpHI KIMEIOT MIPEUMYIIECTBO TIe-
pen JI®/1, onHaKO HECMOTPS HA 3TO, KAK Mbl YBUJMM IPHU U3YUYEHUH CIICIYIOIIEH TEMBI,
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¢doronpuemMHusie ycTpoiicTBa Ha ocHOBe JID/[ yacTo mO3BONIAIOT PErUCTPUPOBATH Ooee

cl1a0ble ONITUYECKUE CUTHAIIBI.

YF(M)’ ZlB

5

20

15

10

N

x=0.01

5/___———-"""/
Pt

" 10 100 1000
M

x
1
o

Puc. 4.12. 3aBucumocTs K03 PuIrieHTa nryma ot
K03 QUIMEHTA JTJABHHHOTO YMHOKCHUSI.

Jpo6oBoii myM HMEET HOpMallb-
HOE paclpeiesieHue U SIBISETCS OesbIM,
TO €CTh €ro CIEKTpajbHas IJIOTHOCTb S
(B1/I'1) HE 3aBUCHUT OT YacTOTHI CUTHAJA,
KpOME HM3KOYAaCTOTHBIX CHUTHAJIOB, IJIE
HPOSIBIISIOTCS M30BITOUHBIE LIYMBI (pHC.
4.13).

[Tpupona M3OBITOUYHBIX LIYMOB IO
KOHLIa He u3ydeHa. M3BecTHO, 4TO mpu
U3MEpPEHNN CPEIHEKBaPATHYECKON
IUIOTHOCTH LIyMa HaOJII0AeTCsl €€ HEeOor-
pPaHUYEHHOE BO3pacTaHUE NMPU CHHKEHUH
YaCTOTBL. DTO MPUBOJUT K HEOIPEIEIECH-
HOCTH U3MEpPEHUN CHUTHAJIOB C MOCTOSH-
HOI cocraBisome. bopoTsesi ¢ u30bI-
TOYHBIMU
ryMaMu

MO>KHO ITyTE€M BBEJICHUS MOAYJISLIUU. N

ymel ycunutenss (HOTOTOKa pPacCMOTPUM Ha () = const
npuMepe TpaHcumIenancHo cxemsl (puc. 4.11). Jlns
ATOM CXEMbI HEOOXOJMMO YUUTHIBATH TETUIOBHIE IITYMBI - r
pe3ucTopa oOpaTHOU CBA3M R, MIymMOBOM BXOJHOM TOK Fposanenme

oneparmonHoro ycwiurens (OY) u mrymoBoe Hampsi-
xenue OV, npuBeneHHoe kK Bxoay. CpenHekBajparu-
YECKOE 3HAYEHUE IIYMOBOIO TOKA YCWIMTEIS B MOJIOCE

qactot Af;

az(la):[$+s| +2—U2]Af ,

N306bITOYHbIX wymoB

Puc. 4.13. CniektpaJibHas TUIOT-
HOCTbH JJPOOOBBIX IITYMOB

(4.27)

r7Ie S| — CIeKTpaiabHas TUIOTHOCTh ITYMOBOTO Toka YT (A’Tw), Sy — CIIEKTpalibHas
IJIOTHOCTH LIYMOBOTO HanpsbkeHus Y OT, npuseneHHast KO BXO1y (BZ/FII).
PesynpTupyromee cpeiHEKBagpaTUUECKOE 3HaueHue 1ymoBoro Toka ®OJf ¢ YOT:

a?(1y)=0"(14)+0%(1,).

(4.28)

3Has CpeHEKBAAPATUYECKOE 3HAUYEHNUE ITYMOBOI'O TOKA, MOKHO ONPEIEIUTh Be-
JUYHUHY TOPOTOBOM MOIIHOCTU Ppin, KOTOPOl COOTBETCTBYET OTHOIIEHHE CUTHAJIA K
mrymy paBHoe 1. [l 3TOro Hy>KHO NPUPABHATH CUTHAI ((POTOTOK lpy) K mrymy:

\/O_Z(Id )+02(|a) = Iph

N3 (4.29) nonyyaem:

(4.29)

onst PIN @LT: Py :é GeAf + (quf)2+|:2qe|bc+—4':;‘T S +S—U2]Af

R
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Bbeunna M.C. OntoanekTpoHuka
Koncnexr Temsr 4. [IpueMHHKH Ul ONTHYECKUX CHCTEM CBSI3H

1
S-M?

4-k-T S
+\/(|v| 2|:(|v| )ge Af )2 + Af [qu(M 2|:(|\/| Noem + |bcnm)+T+S| +R—g}

onaJI®:  Ppin = -(M 2F (M )geAf +

(4.30)
Ha puc. 4.14 npencraBieHbl pe3yJibTaThl pacyeTa 3aBUCUMOCTEW YPOBHS MOPOTro-
BOI MOIIHOCTH Ymin OT CKOPOCTH Nepeaayr U KodpGUIMEeHTa JABUHHOTO YMHOXKEHUS.
Pacuer mnposenen mis1 AsGa @] npu cuenyromux mnapamerpax: S = 0.7 A/Br,

lpem = 1 HA, loe nm = 0, R =100 Owm, T=300K, S, =3.2:10%° A¥I'n,
Su=4.2-10Y BYIn.
Ymin, nbMm
-20 T
—— 155 Ml'y
—— 622 Mly
—— 25ITy /,..-"
-30 —— 10ITu
B /
—50 \~_/ /
—60
1 10 102 103 104

M

Puc. 4.14. 3aBUCUMOCTH YPOBHS MOPOTOBOI MOIIHOCTH OT KO3 PUIIMEHTA TaBUHHOTO YMHOKEHUSI.

N3 puc. 4.14 Buano, uro JIO/] no3BoJisIeT pErUCTPUPOBATH MEHBIIINE CUTHAIBI IO
cpaBHEeHHUIO ¢ P-i-n ®JI. Kpome Toro, BUIHO, YTO CYIICCTBYET ONTUMAIBHBIN K03(du-
[IUCHT JJABUHHOTO YMHOEHUS, 3aBUCSIIINI OT IIUPUHBI TTOJOCHl ONTUYECKOTO CUTHAJIA.

4.5. DxBuBajieHTHasA cxema D/ ¢ BXOAHOH HeNbI0 YCUJINTEIA

OKBHUBAJIEHTHAs cXeMma JJId MepeMeHHOro Toka (puc. 4.15) oTpuuarenbHO CMe-
meHHoro @O/ npu cnabbIX CUrHallaX BKJIIOYAET B ce0s reHepaTopsl portoToka lgn 1 mry-
moBoro |, Toka, muddepennmansayo npoBoauMocTh Gp 1 eMKocTh nepexoja Cp.
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o

® ® [

o [

I
||
"

Puc. 4.15. DxBuBanentHas cxema O/l ¢ BXOTHON LENBbIO YCUITUTEIS

YC

N

7 =Ry - (Cp +Cyy) -

Ecmu MOITHOCTDb H3JIYUYCHHUA, MMAJA0OIICTO Ha q)OTOJII/IO}I HU3MCHACTCA 6BICTpO (BBI-

Opeub.

GD:

Al
AU

Puc. 4.16. Onpenenenne nuddepeHnnansHo MpoBo-
nuMocTH mo BAX

Ecou ®]] paboraeT nmpu oTpUIlaTE/Ib-
HOM CMEIICHUH, IIYHTUPYIOIIAsi IPOBOJIU-
Mocth Gp B cxemax Ha puc. 4.9a, 4.10a u
4.11a umeeT HEOOJBIIYIO BEIUYHUHY, KOTO-
pasi COOTBETCTBYET HAKJIOHY BOJIbTaMIIEPHOM
XapaKTEePUCTUKU TIPH OTPHUIATEIIBHOM CMe-
mieHuu (puc. 4.16), TO ecTh €e COIPOTHBIIC-
HUE BEJTUKO M OHA MPAKTUYECKU HE BIUSET
Ha Uj,. B cxeme Ha puc. 4.8a Bennunaa Gp
Ha00OpOT BEJUKA.

K emkoctu nepexoma Cp mapamiensHo
MOJKJIIOUEHBI BXOJHOE CONMPOTHUBJIEHUE Rjy U
BXxoAHasi eMKkocTh Cj, ycunurens GoToToka,
KOTOpasi BKJIIOYAeT B ceOsl TakKe €MKOCThb
MoHTaxa. Ri, 11 cxeMnbl 4.8a R, OeckoHeu-
HO BEJIMKO, JiJis cXembl 4.9a — paBHO R, s
cxem 9.10a u 4.11a — paBHo 0).

brictponeiicteue ®J1 B nepBom mnpu-

OmKEeHNH OIIPCACIIACTCA MOCTOSIHHOM BpCMCHHU

(4.27)

COKOCKOPOCTHBIE CUTHAJbI), EMKOCTH OyayT BiuATh Ha Uj,, BHOCSA MHEPLUHMOHHOCTh U
cHUXkas ObicTpojeiicTBue. Eciu MOIIHOCTE M3IydeHUs, agaromero Ha GoToauoa 13-
MEHSIETCS. MEIJICHHO (HU3KOCKOPOCTHBIE CUTHAJIbI), TO BIUSHUEM EMKOCTEH MOKHO
IIPEHE
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Koncnekr Temsr 5. @oTonpuemMHsie ycTpoiicTBa

5. @oTonpueMHbIe YCTPOMCTBA

5.1. HpI/IHIII/Il'II)I npueMa OIITH4Y€CKUX CUTHAJIOB

[To mpuHIMIY perucTpanyuu U MEepBUYHON 00pabOTKH WH(POpPMAIUU, COACpPIKa-
MIeHCsl B ONTUYECKOM CUTHAJIE, Pa3IUYaroT JBa METOAa NMpHeMa ONTUYECKOro H3Iyde-
HUS:

® METOJ MPSMOTO JETCKTUPOBAHUS (PHEPTETUICCKUN TIPUEM),
® METOJ IpHeMa CO CMEIICHHEM ONTHYECKMX CHTHAJoB Ha (poromerekTope (Kore-

PEHTHBIN TIpUEM).

O6a metona peanusyrorcsi poronpueMHbiMu ycTporictBamu (PITY) Ha ocHOBe
doroaronos (DJ]) — p-i-n cTPyKTypsI WK JaBUHHBIX (pHC. 5.1).

- (0]
| Pervctpupyembliii curHan %

= I Pernctpupyembln curHan +

Pernctpupyemsbii curHan = o
| pvpy (I g OMOPHbI CUrHan @A
- A
| OnopHbIv curHan 8
a 0

Puc. 5.1. [IpuHIMIBI TPSAMOTO AETEKTUPOBaHHUS (2) U KOTepeHTHOTo npuema (0)

IIpu npsAMOM eTeKTUPOBAHUM HA (OTOUYBCTBUTENbHYIO Miomanky d/I mana-
€T HENOCPEACTBEHHO PETHCTPUPYEMOE ONTUYECKOE n3nyueHue (puc. 5.1a). Hanpsoxen-
HOCTb 3JIEKTPUUYECKOIO MOJIsI CBETOBOW BOJIHBI HA (POTOUYBCTBUTENBHON Iouaake O/l
UMeeT BUJ:

E = Eq exp(—i(at +¢)), (5.1)
rae Eg, ® u ¢o— ammmurtyaa, kpyronasi 4yactota u ¢aza BOJHBI.

DTO ONTUYECKOE U3IIyUYEeHHE BBI30BET (POTOTOK, MPOMOPIUOHATIBHBIA €r0 MOIIHO-

ctu P:

lph =—S-M-P, (5.2)
rae S — TokoBasi 9yBCTBUTENBHOCTE D), M — K03 GUIIMEHT TaBUHHOTO YMHOXEHUS
(st @[] p-i-n cTpyKTYpHI paBeH 1).

MoIHOCTh U3TyYEHUSI MOXKHO CBSI3aTh C HAMPSHKEHHOCTBIO DJIEKTPHUUECKOTO T0-
TIST:

P:v-A-i;-E-E*, (5.3)

12
r7e V — CKOpOCTb CBETA B cpejie, & = 8.85-10 " d/M — snexTpruueckasi HOCTOSIHHAS, € —
OTHOCHUTEJIbHASL JUAJIEKTpUYECKasi MPOHUIIAEMOCTh cpefibl, A — Momaab PoToaeTeKTo-
pa, E — koMruiekcHO-conpsiKeHHas BETMYMHA HAMIPSXKEHHOCTH SJIEKTPUUECKOTO OIS,

[Tockonbky u3 (5.1) caeayer, uto E - E" = Eg, u3 (5.2) u (5.3) nonyuyaem:

EoE

| y=—S-M-v-A ES. (5.4)

p
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Koncnekr Temsr 5. @oTonpuemMHsie ycTpoiicTBa

Takum 00pa3oM, IpH MPSMOM AETEKTUPOBAHUM CUTHai Ha Bbixoje P/l mponop-
UMOHAJIEH KBaJpaTy aMILIUTY/bl CBETOBOI BOJIHBI (MHTEHCUBHOCTH) U HE HECET HUKA-
KoM uH(popMaImu o ee yactore u ¢ase.

IIpu KOrepeHTHOM JeTeKTHPOBAHMU Ha (POTOUYBCTBUTENbHOU muiomiaake dJ
UHTEP(EPUPYIOT BE CBETOBOM BOJHBI — BOJIHA peructpupyemoro usnydenus E (5.1) u
onopHas BosHa E, (reference):

E, =E,oexp(—i(ot+e,)), (5.5)

B sTOoM ciiyyae MOIIHOCTh M3JIy4€HHsS Ha (POTOUYBCTBUTEIBHOW IUIOLIATKE OKAXKETCS
paBHOM:

P=v-A.gL25-(E+Er)-(E*+E;‘). (5.6)
[Toncrasinss B (5.6) Beipakenus (5.1) u (5.5), nonyuum:
P=v. A-i;-[Eg +E2 4 260K, cos((@—a, X+ oo, )] (5.7)
C yuerom (5.2) nony4um:
EoE
lpp=-S-M-v- A-L-[Eg +EZ +2E,E, cos((a)—a)r)t+go—gor)]. (5.8)

2

Takum o6pazom, BeixoaHOUW TOK DJ] comep UT MOCTOSHHBIE COCTaBJISIOIIUE,
00yCJIOBIIEHHBIE TPSIMBIM (DOTOACTEKTUPOBAHUEM HCCIIEyEMOTO U OIMOPHOTO TOJEH, a
TAKKe COCTABJIAIOILYI0 HA pa3sHOCTHOMH yactoTe (0 — ;). Tak kak aMmmuTyaa GpoToToKa
Ha pPa3HOCTHOM YacTOTE 3aBUCUT OT MOLIHOCTU OIIOPHOTO U3IyYEHUS, CYLIECTBYET BO3-
MOKHOCTb «yCHJICHHS» CJIa00TO MOJIE3HOTO CUTHAJA 32 CUET MOIHOTO OMOPHOTO MU3ITY-
yenusi. Kpome toro, B poTtoToke coxpaHsieTcss nHGOpMaIus 0 4acToTe M ¢aze MpUHU-
MaeMO#l CBETOBOW BOJIHBI. TpeTbeil 0COOEHHOCTHIO SIBISIETCS TEepeHOC WHMOPMAIUU O
gacToTe U (pa3ze MpUHUMAEMOTO U3ITyYCHHS M3 OMTHYECKOTO Auamna3oHa () B 00JacTh

paano4acToT ((D — (Dr).

5.2. KBaHTOBBIi npeaes1 1eTeKTUHPOBAHUS

KBaHTOBBIM IIpeaenoM NeTEKTUPOBAHUS HA3BbIBAIOT MOPOTOBYIO MOIIHOCTh, KOTO-
PYIO MOKHO 3aperucTpupoBars ¢ nomoupro uaecanpHoro OIIY. Ilox naeansapiv OITY
MMOHUMAIOT KBAHTOBBIM CUETYMK, HE CO3/JAIONTMNA ITYMOB W MMEIOIINN KBAaHTOBYIO 3(-
¢dbexkTuBHOCTH, paBHYI0 1. KBaHTOBBIN TIpenen IAETEKTUPOBAHUS OOYCIOBIICH TOJBKO
CTaTUCTUYECKOW MPUPOION M3TydeHUs cBeTa ((DOTOHHBIMH UM KBAHTOBBIMH IITyMaMH ).

®ITY cunrtaer POTOHBI B TEUEHNE HEKOTOPOT'O UHTEPBAa BPEMEHH, HA3bIBAEMOTO
BpeMeHeM HaOmtoieHus. [ nudpoBbIX CUCTEM CBSI3U C BPEMEHHBIM YILLIOTHEHUEM 3TO
BpEMS PABHO JUIMTEIBHOCTH TAKTOBOTO MHTEpBAJIA tr.

[Ipeanonoxum, 4To Ha (POTOUYBCTBUTENbHYIO MuIomaaky ®J[ magaer moTtok us-
JIy4€HHs C MIOCTOSIHHOW MHTEHCUBHOCTBIO J, TO €CTh cpenHee yucio GoToHoB Ny, mpH-
HumaeMbIx OITY 3a Bpems tr, TOCTOAHHO, HE3aBUCHUMO OT I10JIOKEHUS it Ha Ocu BpeMe-
Hu. Torga BeposITHOCTb PErucTpaliviy 3a BpeMs It HEKOTOpOro yucia GOoTOHOB, PAaBHOTO
Nph, OyAET MoaYMHATHCA 3aKoHy IlyaccoHa:
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-N
(N ph )nph e ™

plgn.tr )= (5.9)
ph*
Hucnepcus uncna GpoToHOB i pactipenenenus [lyaccona paBHa:
()= N - (5.10)

ITockonbky kBaHTOBas 3P(eKTUBHOCTH UaeainbHoro ®OIIY pasHa 1, yucno Bo3-
HUKAIOLUX 32 BpeMsl tt CBOOOAHBIX JIEKTPOHOB Ne, CO3AAOINX (POTOTOK OYJET paBHO
qucIy (OTOHOB Nyp. DTO 3HAYMT, YTO AUCHEpCcHs Ne OyIeT paBHA JUCIIEPCUH Ngp:

o(ne)=Nyy, - (5.11)

Bripaxxenue (5.11) npeacrasisier coboit aucnepcuio GOTOTOKa, 00YCIOBICHHYIO
KBAHTOBBIM IIYMOM, TO €CTh OTHOIIEHHE curHana K mymy S/N mams gororoka Oyaer
paBHO:

2 2
S/N = 2"’“ _Non
c (' ph) N ph

[Tpu mpsiMOM JETEKTHPOBAHUM CpeIHEe 3HAYCHHE MOIIHOCTH MaJaroIIero H3JIy-

yeHHs OyJIeT paBHO:

_ N
P=hf.—"M (5.13)

tr
rae h = 6.626:10>* Jx-c — mocrosiHuas [lmaHka, f — 4acTOTa ONTHYECKOTO H3ITyUCHHSL.
C yuerom (5.12) 3anumem (5.13) B Buze:

poni. SN (5.14)

tr
KBanTOBBIN TIpenen aerekTupoBanus gocturaercs npu S/N = 1, To ects mpu mo-
poroBoii MomHoctu Py paBHOI:
hf
Po=—"-
tr
N3 (5.15) caengyer, yTto st AETEKTHUPOBAHUS ONTHYECKOrO M3IYUYEHHS JTOCTATOYHO,
9TOOBI Ha (poTOUYBCTBUTENBHYIO MTomanaky dJl 3a Bpems tr moman xots Ob1 oguH (o-
TOH.

on- (5.12)

(5.15)

Ecnu xBanToBas ¢ dextuBHocTs PIIY paBHa n < 1, oHa NOSBUTCS B BBIPAXKEHUU
IS TIOPOTOBOM MomHOCTH Py
hf
P,=—.

q (5.15)
Mt

PaccmoTpum Temeph ciydaid, Korja majaromiee Ha (OTOUYBCTBHTEIBHYIO TLIO-
maaky ®J[ uznyueHre MOIyIHMPOBAHO JBYXYPOBHEBBIM IIU(POBBIM CUTHAIOM, B KOTO-
poMm joruueckast 1 mpeacTaBisieTcsl U3Ty4YeHUEM HEKOTOPOM MHTEHCUBHOCTU J B Tede-
HUe uHTepBaIa tr, a nornuecknuit 0 — OTCYyTCTBUEM HM3ITy4YEHHUS] B TEUCHHE MHTEpBania tr
(M3MydeHUEM HYJIE€BOM MHTEHCUBHOCTH). [Ipenmnonoxum, 4To BEpOSTHOCTH MOSBJICHUS
norudeckou 1 u mornueckoro 0 oquHAKOBBI U paBHBI .5.
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Torna npu npueme soruueckoit 1 B Tedenue ty Oyaer 3aperucTpupoBaHo Ny, (o-
TOHOB. CpeiHee YHiCIIo 3aperucTpUPOBAHHBIX (POTOHOB OyneT paBHO Npn, a gucnepcus
YKClla 3aperuCTPUPOBAHHBIX (POTOHOB OyAeT ompenensThes BoipaxkeHueM (5.10). [lpu
npueme noruueckoro 0 6yaet 3apeructpupoBaHo 0 (HOTOHOB, IPUYEM U CPETHEE YHCIIO
3aperuCTPUPOBAHHBIX (POTOHOB OyaeT paBHO 0, U AWCIEPCHUS YMCIIA 3apErHCTPUPOBAH-
HbIX oToHOB OyeT paBHa 0.

BeposiTHOCTB 01IMOKH Pe B 3TOM cilydae OyJeT paBHa:

pe =0.5- p(0[2), (5.16)
rae P(0 | 1) — BeposATHOCTH TOTO, YTO NpHU NpUeMe Jorndeckoi | B Teuenue tt He OymeT
3aperucTpUpoBaHO HU OAHOTO (hoToHa. M3 (5.9) monmyuaem:

p(ojr)=e """ (5.17)

N3 (5.16) u (5.17) MOXKHO MOJTYYUTHh MUHUMAIBHO HEOOXOUMOE YHUCIIO (POTOHOB
JUTSI TIOJTYYEHUS 3aIaHHON BEPOSITHOCTH OLITUOKHU:

Nph =IN0.5—In p. (5.18)
s OITY ¢ kBaHTOBOM 3(phekTUBHOCTHIO 1M (5.18) nmpumeT Bu:
Ny = 0'5; Inpe (5.19)

Ha puc. 5.2 noka3ana 3aBUCHUMOCTh MUHHUMAJIBHO HEOOXOIUMOTO yncia (POTOHOB
Nph OT BEpOATHOCTH OIIMOKHM IPH Pa3JIMYHBIX 3HAYEHUSAX KBAHTOBOU 3(P(PEKTUBHOCTH 1.

N3 (5.19) MOXHO MOJIYYUTH BBIPAKEHUE JII OPOrOBOM MOIIHOCTH U3JIy4YEHUS,
OTPAaHUYEHHOW KBaHTOBOW MPUPOJION CBETA, B PACCMAaTPUBAEMOM ClIydae:

quinh:mB-(an.S—ln Pe), (5.20)
2ty 2m
rae B = 1/ t; — ckopocTh nepeaaun JaHHBIX B OUT/C.
Ha puc. 5.3 nokaszanbl pe3ynbTaThl pacueToB 1o BeipakeHuto (5.20) 3aBucuMO-

. . _ 112
CTel MOPOroBOi MOLIHOCTHU M3ITy4eHHus: Py oT ckopoctu nepenaun B mpu pe = 107
MwuHMManbLHO HeobxoamMmoe Yncrno OTOHOB

80 T I T T 111
n=1
[
70 s n=08
e n=06
60 - n=04
m""""“---.__
50 _h__-‘_‘_ e --‘-h"l-u.__‘
-‘"--""'l—h__h‘_-‘- P, | i
40 T Sl
—l—___._l_-“. h-‘_-"‘-h.___‘
30 L T i b
ettt L] | l_‘___‘-- --n...h_‘_._‘__-h‘.
bt | .-_-'"--'—n----_.__ -“-_h"'""——n...,_ i
20 ¥ =
10
1013 1012 1011 10-10 10-° 10-8

BeposTHOCTb OwnbKu

Puc. 5.2. 3aBucuMocTb HE0OX0AUMOTO KOoIndecTBa (POTOHOB HA TAKTOBBIM MHTEPBAI
OT BEPOSITHOCTH OITUOKH
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[NoporoBbin ypoBEHb MOLLHOCTU, ABM [MoporoBbi ypoBeHb MOLWHOCTU, ABM
_30 T TTTITTIT T T T TTIT1T I —25 T T TTTTIIT T TTTTI0
——— A =850 HM — n=1 L]
-35 _ i =30 _ r
A = 1300 Hm L n=0.8 bt [ L
_ gl -y 1/ L L
_40 ——— A=1550 Hm 35 —— n=06 g
1 40|l | —— n=04 Lt
—-45 f,f ':,r /r" '.f"
/# —45 y .r#.- e
-50 iz M
, 50 allpabapia
55 *:r /'/ *‘,-: L
Pl -55 A LT
_60 ',f I/'/.f',r
—60 aill LT
1 Iy e
-65 L] 65 p LTl
.v":ﬂ’ﬁ L~ /;g",f'
-70 Fa —70 L1t
-75 =75
10 100 103 104 108 10 100 103 104 105
CkopocTb, MéuT/c CkopocTb, M6ut/c
a §

Puc. 5.3. 3aBUCHMOCTB TOPOTOBOTO YPOBHS MOIITHOCTH OT CKOPOCTH IIepeiaun
npu Pe = 10 a—1 = 0.8, 6 — A = 850 nwm.

5.3. doTonpueMHbIEe YCTPOUMCTBA ¢ MPSAMbIM JIeTeKTHPOBAHUEM

B BOCII, obecneunBarommx ckopocts nepenayu a0 10 I'6ut/c, B o0cCHOBHOM HcC-
nonp3ytorcss OIIY ¢ npsMbIM AETEKTUPOBAHUEM ONITUYECKUX CUTHAJIOB.

O6o06mmenHas crpykrypHas cxema ®OIIY mpsiMoro geTeKTUpOoBaHUs MPUBEJCHA HA
puc. 5.4. OHa BKJItOUaeT onTUYecKuil npeaycunurens, GJl, ycunurens GoToTOKA, KOP-
PEKTOp M YCWINTEIb HAMPSHKEHUSI C aBTOMATUYECKOW perynupoBkoit ycusnenus (APY).
HekoTropsie 371€MEeHThI CTPYKTYPHOUM CXEMBI, HAIPUMEP MPEAYCHIUTEIb, MOTYT OTCYT-
CTBOBATb.

. Yecunutenob
—®» Ontudeckun [—» Yeunutenb 3R -
—p| MPEOYCUNUTESD |—pp PR doToTOKa MR PELaIEE Hané):\)gi,mg pereHepartop

Puc. 5.4. O600mennas crpykrypaas cxema OITY.

Ontuyeckuii MpeayCUIuTeNb MO3BOJISIET TOBBICUTH 4yBCTBUTENbHOCTH DIV, ec-
JI1 OCHOBHBIMU UCTOYHUKAMU IIYMOB SBISItOTCS O/ 1 YOT.

@] npeobpazyeT NpUHUMAEMbIA ONTUYECKUN CUTHAT B AJIEKTPUUYECKUN TOK, MPO-
NOPLMOHAIBHBIN MOITHOCTH onTUyeckoro curHana. Cnepyromuii 3a @] YOT ycunu-
BaeT (POTOTOK M peoOdpa3yeT ero B HAMPSHKEHNUE TaKOW BEIMYUHBI, TIPH KOTOPOU IITYMBI
MOCJICTYIONUX TIETIeH MPAKTHYECKN HE BIHSIIOT HA OTHOIIICHUE CUTHAJI/TITYM.

JIns kOMIeHcauu UCKaKEHUW, BO3HUKIINUX MTPU PACIIPOCTPAHEHUH ONTHYECKOTO
CUTHaJa Mo BOJOKHY U BO BxojaHou nenu PITY (D] Bmecte co Bxomom YDT), ycra-
HABJIMBAETCA KOPPEKTOp, KOTOPBIA IpeacTaBisger coOol anexkrpuyeckuid ¢puiabtp. Ha-
3HAUYEHHUE KOPPEKTOpa — MAaKCUMU3UPOBATh OTHOUIEHUE CUTHAJ/IIYM Ha BXOJI€ pEereHe-
paropa 3JIEKTPUYECKUX CUTHAJIOB.

Ycunutenb HanpsiKEHUS YCUIIMBAET CUTHAN J0 TpeOyeMBbIX BEIMYMH JUIS Jaib-
Hermen obpaboTku curHaita. B ®ITY yacro ucnonb3yior cxemy APY, koropas kom-
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MEHCUPYET U3MEHEHUS 3aTyXaHHs JIMHEWHOTO TPaKTa, M3MEHEHHUS MOIIHOCTH U3JTyya-
Tens, u3MeHnenue napamerpoB @/ (ocodbenno JID/), ycunureneir poToToka u Hampsi-
KCHHSL.

3aKII0YUTENBHBIM ATAllOM 00pabOTKM MPUHATOrO curHaia (LudpoBoro) sBiseT-
Csl €r0 pereHepanus, mojJ KOTOPOil MOHUMAIOT MOJIHOE BOCCTAHOBJICHHE TEpEIaBacMOro
curtana. BoccranaBnuBaetcsi curtan B 3R perenepatope. Akponum 3R o3nauaer, 4to
pereHepupyercss He ToJbko amiuuTyna (reamplifying) u  ¢dopma HMMIYJIbCOB
(reshaping), HO 1 MOJIOKEHUE UMITYJILCOB Ha BpeMEHHOM IIKaje (retiming).

OIIY ¢ npsMbIM J€TEKTUPOBAHUEM MpeAHA3HAYEHBI IS MpUEMa ONTUYECKUX
CUTHAJIOB C aMIUTUTYIHOM MOAYJSIIMEN WM MOIYJALKEN MO MOIIHOCTU (MHTEHCUBHO-
ct). Ecnu npuHuMaemblii curHai OblT MOJIYJUPOBAaH MHAYE, HEOOXO0AUMO Mpeoldpa3o-
BaTh UCXOJHYIO MOJYJIALIUIO B AMILTUTYTHYIO.

Ha puc. 5.5a nokasansr Ounapusie curHansl NRZ DPSK. Tam xe moka3zana ¢a-
30Bas AMarpaMMa TaKOTO CHTHaa, MOKa3bIBAIOMIAsl, YTO CHTHAIBI JIOTUYECKON «1» H
«0» UMEIT OIMHAKOBYIO MOIIHOCTD, a (pa3bl oTinuyatorcst Ha 180 rpagycos. s npue-
Ma TaKMX CHTHAJIOB, MOXET MCIIOJIb30BaThCs MpeoOpazoBatTenb (ha30BOM MAHUITYIISAIIUN
B aMIuiuTyAHy10. OH npeacrasisier co0oit uareppepomerp Maxa-Ilennepa (MMLI), B
OJTHO M3 IIJIed KOTOPOTO BMECTO (ha30BOTO MOAYJIATOPA BKIFOYEHO YCTPOMCTBO 3aA€PK-
KU Ha BpeMsl, paBHOE TakToBOMY uHTepBany tr. [locnme MMI] curnasnsl ¢ oAMHAKOBBIMU
dazamu CKIaABIBAIOTCS, & CUTHAJBI B MPOTUBO(A3€e MOIABIISIOTCS, M CUTHAIIBI TpHOOpe-
TAlOT MOJYJISIHMIO [0 MHTEHCUBHOCTU (pHC. 5.50) u mMoryT peructpupoBatbest OITY ¢
IPSIMBIM JIETEKTUPOBAHUEM.

| TN = 0

WU ﬂ I r’,UHJ I

AN LU , : S
L ! —l f\l ’nme
RN S | o 1 1 L

Original

AR

mm ?Result
e >

? 1 0 1 1 1 0 0 1

§ ok
| Delayed

Puc. 5.5. Bpemennsie u ¢azosbie quarpammel curaasia NRZ DPSK (a) u mpeodpa3zoBanue ¢a3zoBoii
MOJYJISIIIAY B aMIUTUTYAHYO (0).

5.4. PereHepanusi NpUHATOr0 CUrHaJIa. BeposATHOCTH OIIMOKH.
IHapamerp Q

Perenepanuss HOCUT TIOpPOTOBBINM XapakTep: Korjpa HampspkeHue U(t) B cxeme
CpPaBHEHMs B MOMEHT IIPUHATHUS pelIeHUs 0oJiblie NOporoBoro 3HaueHus Uy, TO BOC-
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CTaHaBIUBaeTCA «1», a eciu OHO MEHbIIe, To BoccTtaHaBmuBaetcs «0» (puc. 5.6). Cna-
Oble BO3MYIIEHUSI CUTHAJA MPU 3TOM YCTPAHSIOTCS TOJHOCTBIO, YTO U OOYCIIOBIMBAECT
BBICOKYO TTOMEXO03aIIUIIIEHHOCTh IIU(PPOBHIX JIMHUM.

Cuuraercs, 94To MU(PPOBOH CUTHAI BOCCTAHOBJIEH IMOJHOCTHIO, €clii KO3 duIu-
enT omubok (BER) MeHbiie cnenuduiupoBaHHOTO ISl JaHHOW JMHUM 3HAYCHUS
(06raH0 10™%). KoadduimeHt ommnGoK SBIsercss Mepoil BepOSTHOCTH OIIMOKH B JIH-
HUU.

Hapsiny ¢ ko3¢ duinenToM ommboK UCTOIb3YEeTCsl APYTrod, OJJHO3HAYHO CBSI3aH-
HBIM ¢ HUM MapaMeTp, Ha3bpiBaeMbli mapamerpoM Q win Q-daxtopom. CBs3b MeExay
kodhpunrerToM ommbok u Q-hakTopom UMeeT BU:

2
erfc(\%j eXp| — (?2
BER= = (5.21)
2 Q-2r
Ha puc. 5.7 nokazana 3aucumocts BER ot Q. Bunno, 4to ko3¢ dumuenty ommobok 10~
? COOTBETCTBYeT 3HaueHHe Q, IPHMEPHO paBHOE 7.

Ur(t) A
[Tepenanublii
CUTHAJI
1 0 1 1
t
e - R A >
Ll =B
TH(0) W T A T
: [TpunsTHIIH
: CUTHAJ

\ i

MoMeHTEI IMMPUHATHUSA PCIICHUA

| o
Usr(t) Ommodxal  BoccranoBaeHHBIH

/ CHUT'HAJI

1 0 1 0

Poocccccaaaaan

t
L

Puc. 5.6. Perenepanus curnana B popmate NRZ: ui(t) — ucxomusiit (MOIymMpyIOIIUii) CUTHAI,
Ur(t) — mpMHSATHIN CHrHAI Ha BXOJIE pereHepatopa, Usgr(t) — cMrHa Ha BBIXOJIE pereHeparopa.
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MapameTp Q

Puc. 5.7. 3aBucumoctb k03 unneHTa ommodOK OT BENINIHHBI TapameTpa Q

[Tapamerp Q otHOcuTcs Kk cuctemHbiM mapamerpam LCII (pekomennanuu MCD
G.972 u G.976). On uzmepsieTcs mpoie, 4eM Ko UIMEHT OUMOO0K, MOXKET H3Me-
pAThCA 0e3 mepephiBa CBA3U. M3MepeHus MpoBOASITCS O «TJIa3-AuarpaMMe» U METOJIOM
casura nopora pemenust (MCT — 3 0.201).

N3 puc. 5.10 BuaHO, 9T0 KO3(PIUIHEHT OMMOOK CYIIECTBEHHO 3aBHCHUT OT IIpa-
BUJILHOTO BBIOOpA MOPOTOBOTO 3HAYCHUS.

bynem cuuratp, uro OIIY npuHuMaer OMHAPHBINA CUTHAJ C MOIIHOCTSMH CUTHA-
na P1 u Py, cooTBeTCTBYIOIMMU Tiepeaade yjorudeckoid 1 u 0, coorBercTBeHHo. [lona-
ras, 4To MoJjioca MpOIycKaHusi mpeoOpasoBarens Af mocraToyHa Juisi HEMCKaXKCHHOM
nepeavyd CUrHalia, MoJydyuM JUIsl BBIXOJHBIX HanpsbkeHuid curHana Uis, Ugs m nucnep-
cunt 1rymMoB 6°(Uyy), 6°(Ugn) Tipu mepenade mormdeckoii 1 0, COOTBETCTBEHHO.

Uss =1 juR=5-R-M-R, (5.22)
Ugs = I jnoR=S-Py-M -R, (5.23)
o?(Uyn)=|o?(1gy)+ 0% (1,)] K- Af, +U2 - Af,, (5.24)
2 Ugn) = |o2(140)+ 02(1,)]- KZ - Af, + U2 - AF,, (5.25)

rae Af; = % j K,z(a)) -do u Af, = 1 I K,(®)-do - sxBHBaneHTHBIC MOJOCHI MPO-

0
nyckaHust YOT 1y HCTOUHUKOB TOKA U HAIIPSIKEHUS.

Ha puc. 5.8a noka3ansl 3aBUCUMOCTH TUIOTHOCTH BEPOSITHOCTH MIHOBEHHBIX 3Ha-
YEHUH HANPsDKEHUSA HA BXOJE PELIAOLIErO yCTPOMCTBA PEreHepaTopa Mpu IpueMe Jio-
rudeckoil «1» u «0». PacueTsl npoBeaeHbl 115 CAeYIOMMX UCXOAHbIX AaHHbIX: Cp=2.5
I'éut/c, R=100 Om, C,=1 n®, P,=25 mkBt, Py=2.5 mxBT, M=5. HanpsikeHnus Ha BbI-
xone ®PITY cocraBunu: Uis=1 B, Uy=0.1 B, U1;=0.015 B, Uy,=0.085 B. Illymsl nipen-
[0JIaraJIuCh TayCCOBCKUMH. JlJis TOro, 4yTOObl YBUIETH MEPECEUEHUs pacupeleeHui
CUTHAJIOB TIpH npueMe Jorudeckoro «0» u «1» Ha puc 5.86 Te ke 3aBUCHUMOCTH TOKa-
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3aHbl B Jorapudmuyeckom macmrtade. Ha piucynke xopoiio BUAHO, Kak HaJl0 BRIOUPAThH
HOPOT PEUICHHUS.

p(w), /B p{u), /B
50) 100,

10 /\ £
e
=S
NESS=¢ \
10 1x107 f v \
f I \

4
1107 = - -
-03 -01 01 03 05 07 09 11 13 13 -03 0 0.3 1 L3

u B uB

a 0

(¥

Puc.5.8. IIOTHOCTH BEPOSTHOCTU HANPSKEHHUS Ha BXOJI€ PELLAIOLIET0 YCTPONCTBA IpU nipuemMe jorudeckoi 1 u 0 B u-
HeltHOM Macitabe (a) u morapudmmaeckom (0).

MO3KHO [TOKa3aTh, YTO ONTHMAJILHOE 3HAYCHHE TI0POTa COCTABJISIET:
U. . = Uy U +Ugs Uy
por —
U no +U nl

(5.26)

5.5. ®ITY KOrepeHTHOro nMpuemMa.

Cy1ecTByIOT IB€ pa3HOBHIHOCTH KOT€PEHTHOTO MpHeMa — FeTEPOJIUHHBIN U To-
MOAWHHBINA. ONTHYECKUI reTepOAUHHBIN NMPUEeM OCHOBAH Ha CMEIIMBAHUU U3ITyYEHUS
CUTHaJa 4acTOThl  C M3JIyYEHHUEM OMOPHOr0 UCTOYHHMKA (FE€TEPOJIMHA) C YACTOTOU
OJIM3KOM K YacToTe curHaia. Jjisi cMemMBanus U3JIy4eHUH UCTIOIb3YIOT MOJIyIpo3pad-
uele 3epkaia (I1113) niu Hanpasinennsie otBeTBuTeH (HO) (puc. 5.9).

nna HO
w lw - wy
w |w - w

of —» /[

Wr Wy

a 0

Puc. 5.9. KorepentHnoe npeodpa3zoBaHne ONTHYECKOTO CUTHAIA.

Beriie 66110 MokaszaHo, 4To (POTOTOK B 3TOM CIydae ONMpPEACSIETCS BhIpaKeHUEM
(5.8) u comepkuUT MOJIE3HYIO NEPEMEHHYIO COCTABIAIOIIYIO |on, C Pa3HOCTHOMN YacTOTOI
® — ©r. Beipa3uM ee yepe3 MOITHOCTHU U3NTyyeHus curnana P u rereponnna P

| oy =—2SM /P - P, cos((@—o, t+p—o,) (5.27)

B ®IIY korepeHTHOro npruemMa Ha 4acToTy (O — @y HACTPAUBAETCS MOCIELYOLINI
YCUJIUTENb, KOTOPBIA HA3bIBAIOT YCHJIUTENIEM IpomexyTouHor vactorsl (YIIY). VIIY
OTQWIBTPOBBIBAET U YCHIIMBAET 3Ty cocTaBsitonryro otoroka. C Beixoga YIIY curnan
IIOCTYNAET Ha AEMOAYJIATOP.
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PaccMoTpuM aMITHTYJHYI0 MOAYJISIMIO CUTHAJIOM C BepXHeW 4acToToi fy,,. B
ATOM Ciydae CIeKTp (OTOoTOKa OyJEeT coAepk aTh HECYIIYIO YAaCTOTy ® — My U JBE OOKO-
BBIX IOJIOCHI ¢ 00mmel mupunoi cnektpa Af = 2f,p,. 10T cnexrp Beigenser YIIY u no-
JAeT Ha JEMOAYJIATOP — KBAAPATHUYHBIA IETEKTOP. MOIIHOCTh CHTHAajla Ha BBIXOJAE
KBaIPaTUYHOTO JIETEKTOpa MPOIMOPLMOHANIbHA MTPOU3BEIEHUIO KBajpara (OTOTOKA Ha
COMPOTHUBJICHUE HArpy3kH Ry:

t: = t N .
Pam () = 1 50, Ry =2S*M *P(t)P,Ry* (5.28)

OnHUM U3 OCHOBHBIX MCTOYHHUKOB IITymMa NpPH TakOM Ipueme OyaeT ApoOOoBOM
IIyM, BbI3bIBaeMblil u3nydeHuem rerepojauna. Jns CKO mrymoBoro toka, o0ycioBieH-
HOTO IPOOOBBIMU IIIyMaMH I€TE€POJIMHA, MOKHO 3aIHUCATh:

(14 ) =20, SMP,Af =40, SMP, f,,. (5.29)
MomHOCTh IITyMOB TIpU TIpreMe OyAeT paBHa:
P, =0"(l4)Ry =40.SMPRy fpp. (5.30)

OnpenenuM MOPOTOBYI0 MOIIHOCTH CHTHAajla, COOTBETCTBYIONIYIO OTHOIICHHIO
curHaina K mymy, pasaomy 1. [IpupaBuuBas (5.28) k (5.30) u pernas moydeHHOE ypaB-
HEHUE OTHOCUTEIRHO P, momydnm:

20 Tupp
min = "oy (5.31)
Pa3HOBHIHOCTBIO FETEPOAMHHOTO MpUEMA SBIIAETCS TOMOJAUHHBIN MPHEM, KOTrAa
4acToTa TeTepoIMHA BBHIOMpPAETCS paBHOM Hecyllell yacToTre curHaia. B aTom ciyuae

(5.21) npumer Bux:

| g =—25M /P(t)- P, (5.32)

N3 (5.31) cnenyet, 4TO B 3TOM Cilyuyae JAEMOAYJSATOP HE HYXKEH, a TpeOyemas mo-
noca nporryckanust Af = f,, BbIIensIeTcs ycunuTeneM cUrHana, KOTOPBIH IO CYIIECTBY
IpeacTaBisieT cobor (UIBTP HIKHMX YacTOT C TOJIABJIEHUEM IOCTOSIHHOW COCTaB-
asroiedd. MOIHOCTH 3JIEKTPUYECKOTO CUTHANIA TPU TOMOJAMHHOM MpueMe OyJIeT paBHa

Pamg () = |§hu Ry = 4S*M2P(t)P.Ry, (5.33)

d MOIIIHOCTDb ITYMOB!

Py =0 (14 )Ry =20, SMPRy fpp . (5.34)
HOpOFOBaH MOHIIHOCTb CUT'HAJId B 9TOM CJIy4dac€ COCTABUT:

f
Prin = M- (5.35)

2SM
Comnoctassist (5.28) u (5.30) ¢ (5.33) u (5.34), MOKHO cAeNaTh BBIBOJ, UYTO TPHU
TOMOJIMHHOM TpHEME MOIIHOCTh MOJIE3HOTO CUTHaja OKa3bIBaeTCs B 2 pa3a OoJibliie, a
MOIIIHOCTh IIIYMOB — B 2 pa3a MEHbIIIE (3a CUeT Cy>XEHHUs B 2 pasa MoJOChl YACTOT CHUT-
Haia Af), yem mpu rerepoarHHOM npreMe. Takum oOpa3oM, TOMOJAMHHBIN MpUEM IpH
UCIIOJIb30BAaHUU aMIUTUTYAHOW MOJIYJISIIIMK oOecrieunBaeT B 4 pas3a OoJibliee OTHOIIIE-
HUE MOIIIHOCTEW CHTHaja K IyMy, YeM reTepoauHHbii npuem. M3 Beipakenuii (5.31) u

! TMosicuum, kak momyueH pesyibTar: | ;Z)hu =452 MP(’[)PIr cos? ((a) -y )[) =252 MP(’[)Pr +282 MP(t)P, COS(Z(a) -y )t)

Bropoe ciaraemoe Oy/eT OTGUIBTPOBAHO NPH JETEKTHPOBAHKH, TO €CTh MOXKHO 3anucarh: | ghu = ZSZMI:’(t)Pr .
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(5.35) cienyer, yTo OpOroBas MOIIHOCTh CHTHAJIA P TOMOJUHHOM TpueMe B 4 pas3a
MEHBIIIE, YeM MPHU TeTEPOIHHHOM.

[Tpu mocTaTOYHOI MOUTHOCTH T€TEPOIUHA PACCMOTPEHHBIE KOT€PEHTHBIE METO/IbI
npreMa Mo3BOJIIOT JOCTUYh KBAHTOBOTO TMpeJiesia IeTeKTHPOBAHMUS.

[Ipu reTepoJMHHOM U TOMOJAMHHOM IpHeMe Tpedyercs o0ecleyuTh COorjiacoBa-
HHUE BOJIHOBBIX ()POHTOB Ha MOBEPXHOCTH (HOTOAMOA TPUHUMAEMOTO H3JIyICHUS U W3-
TydeHus TerepoauHa. YacToThl MOAYIUPYEMOTO0 MCTOYHHKA M3IYUYCHHS U TeTepoIuHa
JIOJDKHBI OBITH IOCTATOYHO CTAOMITHHBIMHU.

Paccmotpum korepentHoe PITY mist curnanos DP QPSK (puc. 5.10), dopmupo-
BaHUE KOTOPBIX OBLIO paccMOTpeHO B riaBe 3. Bxognoit curnan ®OIIY P ¢ nomomibio
nosisipu3anronHoro crumrrepa (PBS1) nenutcst Ha nBe opTOroHalbHBIE TOJISIPU3ALIM-
OHHBIE KOMITOHEHTHI, KaXKJ1asi U3 KOTOPBIX CMEIIMBACTCS C HEMPEPHIBHBIM H3Ty4CHUEM
omopHoro nazepa P, B aByx 90° onrtmueckux cmecureasx (polarization-diversity 90-
degree optical hybrid) (puc. 5.11).

e [lucbcp. OIMMIX |
[ dOIX HIx
—| : —H - ALIM1X
CvrHan P = Px| gp0 [ PAZX — _
[ ®3X I Qx
| — ! — F—t Aumnax Ho
Monspu3aunoHHbIi Py ——»[ ®04X : N
r.
enaTrep & L _____ Augpe. 092X S 8P
OnTuyecknn AHarnozo- o T .
cvecuTens 1 —» S
yugposoe &>
y npeobpa- 5 EP
OnTuyeckuii 308aHUe > < S >
cMecuUTeNb 2 - — — — — — — — — — ————— — — ° g
§ ! [ucpcp. O3LY ! B S ™
Monspu3aLyoHHbIN ! »[OLY oy o>
cnnuTTep 2 > I —H | ALIMNLY —-
OnopHbIi Py 0 > LAY !
PHbIN 90 - —— ——
nasep P, —— N ——»-[®03Y Qv o[ Aun2y
> T
Py —»-[®O4Y |
| _____ Audp. 09012Y
lNMonspusayuoHHoe u keadpamypHoe pasdernieHue

Puc. 5.10. YnpouieHHast CTpyKTypHasi cxema i IpreMa CUTHAJIOB
¢ popmatom moayssiiur DP QPSK.

Ha BeIxogme kaxaoro cmecurens GOpMUPYIOTCS 4 ONTHYECKUX CUTHAJIA, KOTOPHIC
SIBJISIFOTCS. KOMOMHAIIUSIMU BXOJIHOT'O ONITHYECKOT'O CUTHAJIA W U3JIyYEHHUs OTIOPHOTO Jia-
3epa. OTU CUTHAJBI IOCTYMAIOT Ha MU epeHITnaIbHBIE ONTOAICKTPOHHBIE TPeoOpa3o-
Barenu (ODII), Kaxaplid U3 KOTOPHIX COCTOUT W3 NBYX (DOTOIMOJOB U CXEMbI BBIUNTA-
Hus. Ha Beixogax OOII BbIIeNAIOTCS aHAJIOrOBbIE AJIEKTpUdeckue curHaisl ly, Qy, Iy,
Qy, YCIOBHO COOTBETCTBYIOIIMX JBYM IapaM KBaJpaTypHBbIX KOMIIOHEHT MPHHSATOrO
ONTUYECKOr0 CUTHAIA (110 JBE€ KOMIIOHEHTHI B KaXKJIOM M3 JIByX OPTOTrOHAIBHBIX MOJIS-
puzaiui).
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90° oNTUYECKUN cMmecuTenb

MonsipusaunoHHbin |
cnmuttep PBS |
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| p— |
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\< |
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Puc. 5.11. Ontuyeckuii cMecurens B cxeme koreperntnoro ®OITY Ha puc. 5.7.

AHanoOroBbIe CUTHANBI C BBIXOJOB OamaHCHBIX (DOTOMPUEMHHKOB OIUGPOBHIBA-
forcsa B ObicTpoaeiicTByrommx ALIIL Yacrorta auckperuzanuu ALl BeiOupaercs us yc-
noBus 2 orcyeTa Ha 1 6011, TO ecTh mpu 6uToBOM ckopoctu 100 I'6ut/c oHa coctaBuT 50
I'Tu. ITocne ALIII curnansl noctynatot B 6110k 1uppoBoit 00padotku curnanos (L{OC).
O0paboTKa COCTOUT M3 HECKOJBKHX oreparnuii (puc. 5.12).

Ha nepBom mare 610k [{OC ocyiiecTBiasieT CHHXPOHU3AIUIO U KOPPEKIUIO OT-
CYETOB KOMIIOHEHTOB CUTHAJIOB U UX Cria)kUBarollyto punsrpanuto. [Ipu sTom:

® YCTPAHSIOTCS OUIMOKHU, HAPUMEP, CBSI3aHHBIE C OTHOCUTEJBHOM 3aJIEPKKOM BbI-
6opok Mexy | 1 Q KOMIOHEHTaMH CUTHAJIa Y TOJSPU3ALMOHHBIMU UCKAKEHUS
B ONITHYECKOM CMECHTEIIE,

® [IPOMU3BOAMUTCS MPEOOpa3oBaHUE ACUHXPOHHOM yacToThl AuckpeTusauuu AL
(50 I'uraotrcueToB B CEKyH/y) B YAaCTOTY 2 OTCYETa HA CUMBOII,

® CIIAKMBAHHE OTCYETOB, YCTPAHAIOIIEE HEPABEHCTBO aMIUIMTYJ M3-3a PA3IHUUs
B BEJMYMHAX TOKOBOM YYBCTBUTEJIBHOCTH OAJAHCHBIX MPUEMHUKOB U OTKJIOHE-
HUSL OT HOMUHAJIbHBIX 3HAU€HUH (Pa30BBIX 3a/I€pKEK B CMECUTETIE.

Ha BTopoMm miare npou3BOAUTCS SJEKTPOHHAS KOMIICHCAIIUS TUCTIEPCUU B JIMHUU.
Takas xommneHcalys B BO3MOXKHA IMOTOMY, YTO TIPH KOT€PEHTHOM MPUEME B DJICKTpUUE-
CKOM CHUTHAJIe COXpaHsAETCs MOoJHas HHPOPMaIUs 0 KOMIIJIEKCHON OrvbaroIiei onTuye-
ckoro moiist. KoMrneHncanusi 1ucnepcu MPOBOAUTCS HE3aBUCHUMO IS 3JIEKTPUUYECKHUX
CUTHAJIOB, COOTBETCTBYIOIIUX ABYM OPTOTOHAJIBHBIM MOJIIPU3ALUNA ONTUYECKOTO CHT-
HaJa.

Ha TpeTpeM miare npumMeHsieTCsl alTOPUTM MOMCKA TOCTOSSHHOT'O 3HAYEHUSI MOAY-
ns curaana (CMA — constant modulus algorithm). Dot anroputm obecrieunBaeT Mu-
HUMU3ALMIO OTKJIOHEHUS! aMIUTUTYAbl CUTHAIa OT HEKOTOPOTO UCKOMOIO CPEJTHErO 3Ha-
YEHUS.

Ha detBepToM 11are oneHMBAETCS U YCTpPaHSETCS pa3sHOCTh YacTOT MEXJY OIOp-
HBIM JIa3€pOM U ONTHUYECKOM HECylIeH MPUHATOrO CUTHajla, KOTOopas MPUBOIUT K Bpa-
mieHuo (a3oBor JUarpaMMal.

Ha nisitom 1rare orieHMBaeTCs: 1 KOMIIEHCUPYETCs (pa30BbIH IIyM.
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OanHble ot ALIT:
50-10° OTCYETOB B CEKYHAY

e T B0 1,
1 141

CUHXPOHU3aLMS 1 KOppeKLms
OTCYETOB KOMIMOHEHTOB CUTHAsOB,
crnaxvisaroLwas unbTpaums

CKOppeKTMpOBaH-
Has yacTtoTa 2
oTcyeTa/cumBon

KomneHcaumsi xpoMaTuieckom
avcnepcum

CKOppeKkTUpoBaH-
Has yacTtoTa 2
oTcyeTa/cumBon

Anroputm CMA

YactoTa
1 oTcuyet/cumBon

Bbeunna M.C. OntoanekTpoHuka
Koncnekt Temsl 5. @oTonpueMHbIe yCTPOHCTBA

[eTekTMpoBaHne CUMBOOB

YactoTa
& 1 oTcueT/cumBon

Koppekumns dasbl

YactoTa
1 oTcueT/cumBoOn

Koppekumns yacTtoTbl

Puc. 5.12. Oneparuu, BeimonHsiemsie 6:10kom LHOC.

Ha 3akmrounTenbHOM 3Tane OnmpeneisiioTCs 3HA4YEHUs] MPUHSTBIX CHMBOJOB H
MpUMeEHsieTCsl alropuTM uctnpayieHus: ommook (FEC), KoTopsiil M03BOJIIET YMEHBITUTD
-2 -12
ko3 dunuent ommbdok (BER) ot 2 10 10 1077,
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6. OnTuyeckoe BOJOKHO. MHOroMOJI0BbIE U OJTHOMO/10BbIE
B0JIOKHA. KOHCTPYKIIMM U MapaMeTphbl

6.1. KoncTpykuusi onTuyeckoro BojiokHa. Knaccugukanus onru-
YeCKHMX BOJIOKOH

OB, ucnosp3yemMble B CBSI3H, NMPEICTAB-
3ammuTHOE NOKPHITHE JSA0T COOOM IWIMHIPUYECKUN JBYXCIIOMHBIN
IURJIEKTpUYECKU BoHOBOA (puc. 6.1). BHyT-
PEHHHUM CJIOM BOJHOBOJA HA3bIBAIOT CEPALICBHU-
HOH, BHEIIHUM — 000J0uKoi. [ToBepx 000s10u-
KU HAHOCUTCS TEPBUYHOE 3alUTHOE IMOKPHI-
tue. Ono 3ammmaer OB or Bo3nmelcTBUS OK-
py’karoleil cpenbl (Bjarv, abOpa3uBHBIX U Me-
XaHUYECKUX BO3JeHCTBUM). B nanbHeiiem
P TIPOU3BOJICTBE ONTHYECKOTO Kabemns Ha OB
(wm Ha HeckoJibko OB OJIHOBPEMEHHO) MOXKET
HAHOCUTBHCSI BTOPUYHOE 3aIIUTHOE OKPBITHE.

PacnpocTpanenne ONTHYECKOTO CHTHAjJa NPOMCXOIUT B cepaueBuHe OB.
CBer B cepiAlLIEBUHE YAEPKUBAETCS Onaroaaps SBJICHUIO IMOJHOIO BHYTPEHHETO
OTPa)KECHUS HA TPAHUIIE MEXKY CepilleBUHON 1 000m0uKoi. [ToaToMy cepiieBiuHa
U3TOTABJIMBAETCS U3 ONTHYECKH OoJsiee MIOTHOro Marepuania (¢ OOJbIIMM MOoKa3a-
TeJeM MPETOMIICHHS).

OCHOBHBIM MaTepHUaIOM JJI U3TOTOBJICHUS CepleBHHBI U 000m0uku OB
SIBISIETCS KBapLeBoe cTekio (ruiasiensiii kBapi SiO,)'. s mocTikenns Tpedye-
MOTO Pa3IMuus MMOKa3aTeNIeH MPEIOMIICHUs CEpALICBUHA W/UIN 000JI0UKa JIETUPY-
IOTCSI IPUMECSIMU, U3MEHSAIOUIMMHU MOKa3aTeNlb MPEJIOMIICHHSI KBAPLEBOrO CTEKJIA.
Haubonee dacto ucmombiytorcs okcupn repmanus GeO,, mentokcun ¢ocdopa
P,0Os, noBBImIaOMMe MOKa3aTeNh MPEIOMIICHHS KBapIeBoro crekia, u ¢rop F u
okcug 6opa B,03, moHMmKaromue ero moka3aTeib IPEIOMIICHHS.

[TokazaTenu mpenoMIIeHUsT CEPAINICBUHBI U OOOJOYKH B TOMEPEYHOM Cede-
HUU BOJIOKHA MOTYT OBITh MOCTOSIHHBIMH, & MOTYT U3MEHSTHCS M0 MEPE yAaleHUs
oT onrtuyeckod ocu. OB, y KOTOpBIX MOKa3aTeNd MPETOMIICHHSI CEPIALIEBUHBI U
000JIOYKH TIOCTOSIHHBI, HAa3bIBAIOT BOJOKHAMU CO CTYNEH4YaTbIM NpoduiaeM Io-
KazaTeJs NpejoMJieHus1 Win cryneH4yarbiMu. OB, y KOTOpBIX MOKa3aTenu npe-
JIOMJICHUS CEpJILEBUHBI W/WJIKM OOOJIOUKM HM3MEHSIOTCS, HA3bIBAlOT BOJIOKHAMH C
rpajueHTHBIM Npo(PuiIeM MNoKa3aTedsl NPeJOMJIEHHUS] WM TPAJIMEHTHBIMU.
bonee cnoxxHble B U3rOTOBIEHNUU rpagueHTHbIe OB M03BOJISIIOT yIy4YIINTh WX OTI-
TUMU3UPOBATH ONTUYECKUE XaPAKTEPUCTUKHU BOJIOKOH.

[To konm4ecTBY pacrpocTpaHsSOmMXCcs MoJ (TMOHSATHE MOHBI OyneT pac-
cMoTpeHo B 1. 6.2.1) OB nemsitcst Ha MHOroMoaoBbie (MM OB) u oqHOMOI0BBIE
(OM OB). B 3apy0exHoii muteparype Ajisi 0003HaUYEHUS ITHX THIIOB BOJIOKOH HC-

CepaueBuHa

0O0o0J10uKa

Puc. 6.1. Crpykrypa OB

! CyH_leCTByIOT TaK¥KE€ MJIACTUKOBBIC MHOTOMO/IOBBLIC BOJIOKHA, KOTOPBIC MOTYT U3TOTAaBJIMBATHCA U3 PA3JIMYHBIX I1O-
JIMMEPHBIX MaTCpHaJIOB.
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nons3yroT abopesuarypet MMF — multimode optical fiber u SMF — single-mode
optical fiber.

[Io Tunmy nucnepcuoHHOM Xapakrepuctuku OB pasznendrorT Ha cTaHAapT-
uble (SF — standard fiber), co cmemennoii nucnepcueii (DSF — dispersion shifted
fiber), ¢ HenyaeBoii cmemennoii mucnepcueit (NZDSF — non zero dispersion
shifted fiber).

[To 3Haky XxpomaTuueckol Aucnepcuu B paboyeMm [uara3oHe JIMH BOJH
pPa3IMYarOT BOJIOKHA C MOJIOKUTEIIBHOW U OTPULIATENIbHON JUCIIEPCUEH.

[To cnekTpanbHOM 3aBUCUMOCTH KO3(PUIIMEHTA 3aTyXaHUs OT JUIMHBI BOJI-
Hbl MO’XHO BBIJICJIUTH BOJIOKHA C HYJIEBBIM BOJAHBIM mukom (ZWP — zero water
peak), nMmeromme CHIKEHHOE 110 CPAaBHEHHUIO C OOBIYHBIMH BOJIOKHAMH 3aTyXaHHUE
BOM3M UTHH BOIHBEI 1383 u 1290 uwMm.

[To uyBcTBUTENBHOCTH TIOTEPh B OB Kk m3rubam paznmuuaror OB, uyBCcTBH-
TenbHbIE K u3rudam, u OB, HeuyBCTBUTENbHBIEC K U3TH0aM.

Juametpsl cepaueBrHbl U 000s0ukn OB crangaptusoBansl. JlJi1 MHOTOMO-
JIOBBIX KBApIIEBBIX BOJIOKOH YCTaHOBJICHBI cieAyromue auaMmeTpsl: 50, 62.5, 85 u
100 mxM. Haubosee yacto UCIosib3yroTCs TIepBhIe J1Ba pa3Mepa. Juamerp cepaie-
BUHBI 0JJHOMOAOBBIX OB MoxeTr coctaBisiTh oT 7 10 10 MKM (Z1711 OJJHOMOJOBBIX
OB BMecTO nuaMeTpa CepALeBUHbBI HOPMHUPYETCS AUAMETP MOJIOBOIO IMOJS, CM. II.
6.2.1). CtangapTHbIi AuaMeTp 000J0YKH OJAMHAKOB JIJII O0OMX THIIOB BOJOKOH U
cocTtaBiyisieT 125 MkMm.

6.2. @aKTOPHI, BJIUAOIINE HA CUTHAJIBI, PACIIPOCTPAHAIOIINECH 110
ONTHUYECKUM BOJIOKHAM

IlepenaBaembie mo OB onTuyeckue MudpPOBbIE CUTHAIBI Yallle BCEro Mpej-
CTaBJISIIOT COOOM MOCIIEIOBATEIFHOCTH KOPOTKUX ONTHYECKUX UMITYJIbCOB. B mpo-
necce pacrpoctpaHeHus no OB umnynbChl 3aTyXarOT (MX MOUIHOCTh YMEHbIIIAET-
Ccs) M3-32 BHOCHMBIX BOJIOKHOM NOTEPb, a Takke uckaxarorcs. Hanbonee Hexe-
JaTeIbHBIA BUJI UCKAXXEHUM — yIIMpeHUe (yBEJIUYCHHUE JIUTEIbHOCTH) UMITYJIb-
COB, pacnpocTtpasstomuxcsa no OB, Ha3bpIBaeTCs AUCHEePCHE.

6.2.1. BHocuMble ONTHYECKHUM BOJIOKHOM noTepu. CoOCTBEeHHbIE H T0TOJIHHU-

TeJbHbIe MOTepu. MONIHOCTH U YPOBHM U3J1yYeHHU S

BHocuMbie onTudeckuM BoJIoKHOM moTepu (insertion loss) a; (3aryxanue
OB) u3MepsITCsA B COOTBETCTBUHU C BHIPAKEHUEM:

P_
_ n
out
rae Pin u Poyt — MomHOCTH M3nydeHus: Ha Bxojie U Beixoae OB, cOOTBETCTBEHHO.
BHocumbie motepu BeipakaroT B Aeruoenax (1b). MomHocTH u3inydeHus: 00bIYHO

BbIpakaroT B BaTTax (BT) niau mumnuBarrax (MBT).
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BHocumbie moTepu &, MOXHO pa3[eluTh Ha COOCTBEHHBIC MOTEPH, XapaK-
TEePHU3YIOIINECcss COOCTBEHHBIM 3aTtyxanueM (instrictic) ay ;, ¥ JOMOIHUTEIBHBIE TTO-
tepu (additional) ay_:

L =ai +aLa- (6.2)

CoOcTBeHHOE 3aryxaHue @ ooycimoBiaeHo camuMm OB u Bo3pacraer ¢ yBe-
audeHueM ero anuHbl. s onHopoanoro OB MoxHO paccuutaTh KoddduiMeHT
3aTyXaHHs 0L — BEIMYMHY COOCTBEHHOT'O 3aTyXaHHs Ha €IMHULLY JJIMHBIL:

o =i (6.3)

L
rae L - nmuaa OB, kM. KoadduuuenT 3atyxanusi BelpaxaroT B AenuOenax Ha Kd-
aometp (nb/km). KoaddunueHnt 3aTyxanus sSBISICTCS HOPMUPYEMBIM HTapaMeTPOM
JUTSI BOJIOKOH BCEX THIIOB.

Mgl yxe 3HaeM, 4Tto KoaduuueHT 3atyxanust OB cioxxHbIM 00pa3oM 3aBU-
CHUT OT JJIMHBI BOJHBL. B Hcmosnb3yeMoMm aiisl CBSA3M CHEKTPaJIbHOM JIMana3oHe Mpu-
HSTO BBIIEJATH MATh OKOH MPO3PavyHOCTH — 00JIacTed ¢ MOHMKEHHBIM K03 duim-
€HTOM 3aTyXaHHs, B Ipesierax KOTOPBIX BBIOMPaAOT pabouyro JJIUMHY BOJIHBI (M-
Hbl BoJiH) OCIL.

IIpu pacdyeTe MOIIHOCTH U3Iy4Y€HUs, pacnpocTpansaromerocs no OB, u3z no-
MOJHUTENIbHBIX UCTOYHUKOB IOTEPh OOBIYHO YUUTHIBAIOT TOJIBKO MOTEPHU B COE/IH-
HEHUSX ONTUYECKHX BOJIOKOH:

aa =Npap +Npyay, (6.4)
rae Ny, Nyt — unciio HepazbeMHBIX (permanent) u pazsemHbix (plug-type) coenune-
HMM, ap, Ayt — CPEIHUE TIOTEPU B OJHOM HEPA3BEMHOM H OJHOM Pa3bEMHOM COCIU-
HEHUHU.

Pacuer nnuHBI pereHepannoHHOro yvactka npu npoektupoBannu BOCII
YUHUTBIBAET TAKXKE JOIMOJHUTENIbHBIE MOTEPH, KOTOPHIE MOTYT BO3HUKHYTh H3-32
nerpaganuu OB (u apyrux komnoneHtoB BOCII) B mponecce skcruryatanuu. K
JOTIOJTHUTENBHBIM MOTEPSIM TAKKE OTHOCSTCS:

® T[IOTEpPH IPU BBOJIE U BBIBOJE U3ITYUYEHHS B BOJOKHO. OOBIUHO YUUTHIBAIOTCS

B IPUBOJUMBIX Mpou3BoauTeasiMu napamerpax IIOM ¢ BOJIOKOHHBIM BBIXO-

oM 1 ITPOM ¢ BOJIOKOHHBIM BXOOM.

e u3rubHeie notepu. [lpu cobmoeHNH AOMYCTUMBIX PAJIUyCOB U3THMOOB Ka-
oenst 1 OB 3T moTepu MOXHO CUUTATh TPEHEOPEKUMO MAJIBIMHU.
® [OTEepHU, CBS3aHHBIE C HapylIIEHUsIMU reomerpuueckoil opmbel OB u ciy-

YailHO pacrloyiOKEHHBIMU CTPYKTYpHbIMHU nedexramu. Eciu nepednciieH-

HbI€ HAapYyUICHU SBJISIFOTCS CJIEICTBHEM HECOBEPUIEHCTBA TEXHOJIOTUH IPO-

n3BojicTBa OB, TO CBA3aHHBIE C HUMHU ITOTEPHU YYTEHBI B BEJIUYMHE YKa3aH-

HOTO TpOU3BOAUTENeM K03 duiMeHTa coOCTBEHHOTO 3aTyxanus. OmHako

TaKhe HapylIeHUs MOT'YT BO3HUKHYTh U B nipouecce 3kcruryatauuu BOCII B

pe3ysbTaTe BHEIIHUX BO3JEUCTBHUI Ha ontuyeckuid kadens u OB u npusec-

TH K CYHUIECTBEHHOMY YXY/IICHHIO KaueCTBa CBSI3M W/WIM K YCKOPEHHIO

npoueccoB aerpaganuu OB, To ecTb MOBBICUTH BEPOSITHOCTh MOBPEXKIACHUS

BOCII. Takue ciydyau BBISBIISIFOTCS MPHU MPOBEIECHUU MPOPUIAKTUUECKUX

U3MEPEHUN U JTUKBUIUPYIOTCS B IIJITAHOBOM MOPSIIKE.
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OdeHp 9acTO BMECTO MOIIHOCTH HW3ITy4YeHHUS (ONTHYECKOro CHUTHaja) Huc-
MOJIB3YETCS JIpyrasi BeJIMYWHA, Ha3blBaeMas yPOBHEM H3IY4YCHHS (OMTHUYECKOTO
CUTHaJa). YPOBEHb M3JIYUYEHUs BhIpaxaroT B jaeuudOenax mMomHoctu (abm). Ypo-
BEHb U3Ty4yeHHs Y CBSI3aH C MOUTHOCTHIO U3NTydeHus: P BeIpakeHHEM:

P
Y =10-I93, (6.5)

z
rae P, — MmomHoCTh u3nydyenus, npunsTas 3a 0 1bm. B TexHuke ontuueckoit cBs3u
OPUHATO CYUTATh, uTo P, = 1 MBT.

OTMeTuM, 4TO ypOBEHb U3IIy4YEeHHS (B OTIMYHME OT MOIIHOCTH) MOXET IpH-
HUMAaTh Kak moJjioxkurenbHble (mpu P > 1 MBT), Tak ¥ oTpuuaTeabHble 3HaYEHUS
(npu P < 1 MBr).

Jlerko moka3zaTh, 4TO BbIpaxeHue (6.1) s ypoBHEH H3IIydeHUS MOXKHO
IPEICTaBUTh B BUJIE:

a :Yin _Yout’ (6-6)
r7e Yin 1 You — YPOBHU U3Iy4eHHs Ha BXoJ€e U Beixoae OB.

6.2.2. Ilucniepcusi B ONTHYECKUX BOJIOKHAX. BuabI qucnepcuu

Jucnepcuro (yIupeHue onTHYSCKOro uMimyinca) B OB NpHHATO OlEHUBAThH
o gopmye:

At =1toy ~tin (6.7)

rne i 1 toy — JNTMTETFHOCTH UMITYJIbCa Ha BXojie U Bbixo/ie OB cOOTBETCTBEHHO.
Yumpenue ontudeckoro ummnyiasca B OB BbI3bIBacTCS TpeMsl HE3aBUCHUMBI-
MU QU3NYECKUMU IPUYNHAME, TIOATOMY TIPHHATO Pa3IndyaTh TPU BUA IUCIICPCHH,
KOTOpbIE OYyT MOAPOOHO PACCMOTPEHBI HIDKE!
® MEXMOJOBYIO HJIU MOJOBYIO (cM. M. 6.3.3), MMEMIIYyI0 MECTO TOJIEKO B
MHOromMo0B5IX OB,
® XpoMaTH4YeCKyH (cM. 6.4.3), UMEIOIIYI0 MECTO KaK B MHOTOMO/IOBBIX, TaK U
B 0JJHOMOJOBEIX OB,
® MOJISIPU3AIMOHHYI0O MOJIOBYIO WJIM TOJspU3alnoHHyio (cMm. 6.4.3), umero-
IIY}0 MECTO KaK B MHOTOMOJIOBBIX, TaK U B 0JHOMO0BbIX OB,

6.3. MHOroMo/10BbI€¢ ONTHYECKNE BOJTOKHA
6.3.1. MoabI B OITHYECKUX BOJJOKHAX

B npuOnmKkeHuH reoMeTpUYecKor ONTHKH crocoOHOocTh OB HampaBiaTh
CBET MOYKHO OOBSICHUTh HA OCHOBAHUH SIBJICHHS TIOJHOIO BHYTPEHHETO OTPaXKCHHUSI
Ha PaHHUIIC pa3jeia ABYX JUIICKTPUUCCKUX CPEl ¢ Pa3HbIMU IOKa3aTe/IIMU Tpe-
JIOMJICHHS — ONITHYECKH O0JIee IJIOTHOM CepAICBUHBI N U ONITHYECKU MEHEE TUIOT-
Hou o6omouku OB n,.
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[Tpennonoxum, 4To JIy4r OT HEKOTOPOTO UCTOYHHKA (POKYCHUPYIOTCS B IICH-
Tpe Topua OB (puc. 6.2). B 3aBUCUMOCTH OT BETUYHHBI yTa Pjo, KOTOPHIN 3TH JTTy-
41 00pas3yloT C OChIO, UMEIOT MECTO:
1. ny4u cepAlEBUHBI WM HampaBisieMble Tyud (KOPUYHEBBINA JTyd), KOTOpPHIE Ha
rpaHuIle CepALCBIHA-000104YKa UCTIHITHIBAIOT MOTHOE BHYTPEHHEE OTPAKEHHE.
2. Jyun 00OJOYKHU (CHHUH Jy4), KOTOPbIE UCIBITHIBAIOT MOJHOE BHYTPEHHEE OT-
pa’keHHe Ha TPaHuUIle 000I0UKa-3aIUTHOE TOKPHITHE.
3. Jy4u, BBIXOZSIIME B OKPYXKAOIIEe MPOCTPAHCTBO (3€JICHBIH JTy4), 151 KOTOPBIX
HE BBIMOIHAIOTCS YCIOBUS OJTHOTO BHYTPEHHETO OTPAXKCHHUS.

3awmTHoe
nokpbITUE

Ob6ono4ka

Puc. 6.2. Monsr B ctyneruatom OB

JI71s1 ONTUYECKOM CBSI3M MOTYT MCIIOJIb30BaThCA TOJIBKO HANPaBJIsiEMbIE JTy4H,
JUISl KOTOPBIX BBIMIOJIHEHO YCJIOBHUE MOJHOIO BHYTPEHHETO OTPA)KEHUSI HA TPAHULIE
CEep/IlIEeBUHA-000JI0UKa, a 3HAYUT UX DHEPIHsl OCTAETCS COCPEAOTOYCHHOU BHYTPHU
cepaueBruHbl. CBONCTBOM HampaBisieMOCTH 1Jis kaxaoro OB oOnanmaer orpaHu-
YEHHOE YUCIIO Jy4el, HAYIIHUX O]l ONPEAEICHHBIMU TUCKPETHBIMU YTiaMu, KOTO-
phi€ MOJYYWIN HA3BaHUE HANIPABJIAEMBbIX MOJ.

Kak ormeuanock Beiie, Bce OB Mo KOAMYECTBY paclpOCTPaHSIOMINXCS B
HUX Ha pabouel JUIMHE BOJHBI HAMPABISEMBIX MOJ MOXHO Pa3JeIuTh HAa MHOTIO-
MoaoBbie (OB, B KOTOPBIX YUCJIO HAMpaBsieMbIX MOJI OOJbIIE OJTHON) U OITHOMO-
noBbie (OB, B KOTOpPBIX CBOMCTBOM HAMpaBJISIEMOCTH 00JIa/Ia€T TOJBKO OJIHA MO-
na). B reomerpuyeckoi TpakTOBKE €IMHCTBEHHOW Moje ogHoMoaoBoro OB cooT-
BETCTBYET JIy4, pacCIpOCTPAHSIONTUNCS BAOJb onTuueckoit ocu OB.

Henanpagpisiemple Tydn Tak)Ke Ha3bIBAIOT MOJAMHU U Pa3IMYyalOT CPEeIu HHUX

MObI 000JI04YKH (CUHUH JIyd HAa pUC. 6.2) U MOABI U3JIyUYeHUs1 (3eJEHBIN Tyd Ha
puc. 6.2).

6.3.2. AnepTypa 4 4nc/jioBas aneprypa. UYuciaio HanpapJisieMbIX MO/

W3 puc. 6.2 BUIHO, YTO HAMpaBIsEMbIMU OyAYyT TOJBKO T€ Jy4H, YIJIbl Maje-
HUSL KOTOPBIX (j Ha TpaHUIly CEpIlEBHHA 000JOYKA YIOBIETBOPSIOT YCIOBHIO
O = Qo :arcsin(n2 / nl), T/1€ (cr - KPUTUUYECKUN YroJl MOJHOIO BHYTPEHHETO OT-
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paxeHnsa. MOXHO ITOKa3aTh, YTO MaKCHUMAaJbHbIM YroJ NaJcHUS HANPABISIEMOTO
ayda Ha Topell OB @jomax MOKET OBITh paBeH:

(1
Piomax = arcsinl —-/nf —n3 |, (6.8)

No
rae Np — MoKa3areib MPEIOMIIEHUS CPENIbl, U3 KOTOPOU BBOAUTCA n3inydeHue B OB.
BennuuHy @jomax Ha3bIBAIOT AaNIEPTYPOil WK anepTypHbIM yriom OB.
JI1. MHOTOMOJOBBIX BOJIOKOH HOPMHUPYEMBIM ITApaMETPOM SBJISECTCS YHMCJIO-
Basi aneprypa NA — cuHyc anepTypHOro yria npu BBojie uznydeHus B OB u3 Bo3s-
ayxa (ng = 1):

NA =/n? —n3 . (6.9)

Yucsio HanpaBJisieMbIX MO/ B cTyrieHyaToM OB MOXHO MpUOJIMKEHHO Olle-

HUTD I10 BBIPAKCHUIO!
2

. [V
M =int 5| (6.10)

rze int o3HavaeT ey 9acTh 4ncia, V — HopMupoBaHHas yactrotra OB. Hopmupo-
BaHHAs 4acTOTa — 3TO Oe3pa3MepHBII NapaMeTp, ONPEAeIIIEMbIA BbIPAXKECHUEM:

V= 27 eore NA , (6.11)

A

e leore — pamuyc cepaneBunbl OB, A — AyIMHA BOJHBI UCTOYHUKA U3TyYCHUS B Ba-

kyyme. Omnenka (6.10) MOXeT MCIOB30BaTLCSA MPHU OOJIBIIIOM YHCJIC HAIpaBlise-
MBIX MOJI.

6.3.3. Me:xmonoBas qucnepcusi. LHlupoxonosiocHocThL

MexMo10Bast TUCIEPCUS UMEET MECTO TOJBKO B MHOIOMOJOBBIX OB U siB-
JSI€TCS. B HUX OCHOBHBIM BUJOM JUCIEpCUU. [[Ba Apyrux BHAa AUCIEPCHU — XPO-
MaTH4YeCKasl ¥ MOJISIPU3ALUOHHASI MOJIOBAsI TAKKE UMEIOT MECTO B MHOTOMOJOBBIX
OB, HO 00yCJOBJIEHHbIE MU UCKAKEHUS HE 3aMETHBI Ha (POHE HCKaXEHUM, 00y-
CJIOBJICHHBIX MEXMOJOBOU TUCIIEPCUEH.

MexmMo10Bast qUCIiepcrst BOZHUKAET M3-3a TOro, yto B OB ogHOBpEMEHHO
pacmpocTpaHsieTcss 0oyiee OJHOM MOJBI, KaXKJash U3 KOTOPBIX XapaKTepU3yeTcs
CBOEN CKOPOCTHIO pacnpocTpaneHus Baoib OB.

Puc. 6.3 nosicHgeT BOSHUKHOBEHHE MEKMOIOBOM TUCTIEPCUU B CTYIIEHYATOM
BOJIOKHE, MOJJIEPKUBAIOLIEM pacrpocTpaHeHue Tpex MoiA. CKOpOCTH BCEX MO
BJI0JIb X TpaeKkTopuil B cryneHyatom OB OynyT onnHakoBsiMH. OIHAKO BpeMmH,
KOTOpO€ MOHATOOUTCS KaXI0M n3 HuX miia mpoxoxnaeHus 1 km OB, Oyzaer pas-
JUYHBIM, TaK KaK MPU 3TOM OHHU MPEOAOJIEBAIOT pa3Hoe paccTosinue. COOTBETCT-
BEHHO, MOPIIMY SHEPTUH, IEPEHOCUMbBIE pa3HBIMU MOAaMHU, Ha Bbixoa OB nmpumyt
HE OTHOBPEMEHHO. [IepBhIM NpPHUIET UMITYJIBC, KOTOPBIM HECET MOJA HU3LIETO MO-
pslika, UMEroIas KpaTyallui myTh. 3aTeM OyAyT NPUXOAUTH UMITYJIbCHI APYTUX
moz. Ha Beixoge OB uMMIyJnibChl OTAENBHBIX MOJ, NMPUIIEAIINE B Pa3HOE BPEMS,
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cioarcsi, 00pa3ys 0ojee MUPOKUiA, 0 CPABHEHUIO C BXOJHBIM, ONTUYECKUN M-
MyJIbC.

MexmonoByto aucnepcuto B OB miuHoM L, MOXHO paccuuTaTh MO BbIpa-
AKEHUIO:

At, =D, L, (6.12)
rae Dp — koadpummeHT MexxMo0BON AUCTIEPCUU, KOTOPBIM MPUHSATO BHIpAXKaTh B
HC/KM.

BxoaHow B .
UMY IbC bIXOOHOM
e
/\ ¢ Moga Bbicokoro nopsigka
>
> - 4}—‘47 N,
t; t;

Mopa 1 /\ /\ t \2/ .

Mogaa Hu3wero nopsigka

<
2

Q

N
>
>
\ AN

<
B

V]
w
>
>
':—t

a 0 B

Puc.6.3. Bo3HUKHOBEHHE MEKMOJIOBOM TUCTICPCHUU B BOJIOKHE CO CTYIIEHYATHIM IPOQUIIEM IT0-

Kasares MpeJoMIIeHHUs, JOPMBI BXOJITHOTO U BBIXOAHOTO ONTHYECKUX UMITYJILCOB (). TpaekTo-

puu MepuaoHaNbHBIX Jyuel B OB co ctyneHuaTsiM npoduiem nokaszaresns npeaomiieHus (0).
CryneHyatslii IpoQuiIb MOKa3aTes IpeaoMIeHus (B).

JI1st cTyneH4aToro MHOrOMOJOBOTO BOJIOKHA Dy, Ha JJIMHE BOJIHBI A MOXKHO
IPUOIMKEHHO OMPEAEITUTH MO PopMyJie:

Dy,(4)= WQTM)A(z), (6.13)

rae Nig(A) — TpynmoBoii mokasarens mpesnoMieHus cepaneBunsl OB, ¢ — ckopocTb
ceera B BakyyMme (C~ 300 000 km/c), A(A) — BbicoTa mpoduist OB. st nig u A
CIPaBE/IJINBHI BBIPAKCHUS

Mg (1) =n(2)- zdr(‘jl—f), (6.14)
A(2) = g (4) -3 (2) (6.15)

2n; (2)
3amuck dny(A)/dA B (6.14) o3Hauaet npou3BoaHYyO QyHKIMK N1(A) MO IIMHE BOJ-
HBI A.

C MexMO0BOM HCTIepCHEl CBsI3aH mapaMeTp, Ha3biBaeMblii KO3 unmen-
TOM HIMPOKOMOJOCHOCTH WJIU MIHUPOKONOJIOCHOCThI0O OB, KOTOpHBIl HOpMUpYETCs

JUIsE MHOroMo10BBIX OB:

0.44

W=—-.
D, (6.16)
Bripaxkenne (6.16) momydeHo B MPEANOI0KEHUU, YTO UMITYJIHChl HA BXOJ/I€ U BBbI-
xone OB umerot rayccoBckyto ¢popmy. Koadduruent 0.44 B (6.16) siBnsiercs 6e3-
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pazMepHbIM. [IIMpOKONOJOCHOCTh MPUHATO BbIpaXKaThb B MErareplax, yMHOKEH-
HBIX Ha kwtoMeTp (MI''km). OHa npeacTaBiseT coO0i MoIocy HponyCKaHI/I;I2 OB
JIMHOU 1 KM.

B OB c u3BectHOi mupokomnonocHocteio W Bcerja cymecTByeT KOMIpO-
MHUCC MEXJIY CKOPOCTHIO M JAJbHOCTBIO MEpeAaud, KOTOPbI MOXHO BbIPa3uTh
bopmyIioi:

W =AF-L, (6.17)
rae AF — mosoca mporyckaHusi, HeoOXoaumast Jjisl epeladl CUrHaia ¢ HyXHOU
CKOpPOCTBIO, L — paccTosiHue, Ha KOTOpOE HYKHO MepelaTh CUTHAIL.

MO>XXHO cuuTaTh, YTO MUHUMaJIbHAsI He0OXoauMasi moJjioca npomnyckanus AF
ONpENENAETCS UPUHON CIIEKTPa, 3aHUMAEMOT0 MOAYJIUPYIOUIUM JIEKTPUUECKUM
curHasioM. [Ipu MCHoab30BaHUM JIBYXYpPOBHEBBIX KOJIOB €€ MOXHO PacCUMTaTh IO
BBIPAKECHUSM:

AF\Rz = % st kona NRZ, (6.18)

AF\rz =B, 1 xona RZ. (6.19)
B (6.18) u (6.19) B, — OuroBas ckopocTh nepenadu JaHHbiX (0ut/c). [Tomocs! mpo-
nyckaaus AFyrz 1 AFgz Bepakatorcs B repmax (I'm).

6.3.4. 'paieHTHOE MHOTOMO/I0BO€ BOJIOKHO

BenuunHa mmpokonosoCHOCTH IS CTyIeHYaThIX MHOTOMOI0BbIX OB orpa-
HuynBaercs BennuuHou 20-50 MI'-km. U3 Beipaxkenwuit (6.17) u (6.18) cnenyer,
yto 1o Takomy OB mnmHol 1 KM MOXHO mepenaTh 0e3 pereHepalii CUTHAll C
MaKcHUMallbHOU ckopocThio Beero 40-100 MOuTt/c. 3T0 oueHb Majo.

JIist yMEHBIIEHUS MEXMOJIOBON NHUCTIEPCUU U YBEIWYEHUS IHPOKOIOJIOC-
HOCTH ObUIM pa3paboTaHbl MHOroMojioBble OB ¢ m3MeHsAOmUMCS B Mpeaeiax
CEp/LIEBUHBI MOKA3aTeJIeM MPEIOMIICHUS, KOTOpble Ha3biBaloT OB ¢ rpaineHTHBIM
npoduiieM moka3aTessi MPeITOMIICHHUS.

Haubonwiiee pacnpoctpanenue noayduwin rpagaueHTHeie OB ¢ yceueHHbIM
CTENEHHBIM TpOUIEeM TOKa3aTessl MPEJIOMIICHHS, B KOTOPBIX MOKa3aTesb IMpe-
nomuieHus Ny cepaneBunbl OB ¢ pagnycoMm Igore YMEHBIIIAETCS C YBETUYECHUEM pac-
cTosiHuA I ot ocu OB 110 3aKk0HY OJIM3KOMY K MapaboIMueCKOMY

r a
nf(r)=ngo | 1=2A+| ——| |, mpn 0 < || < Feor, (6.20)
core
rae Nijp — mokazaTtenb npenomiienust Ha ocu OB, A — Bricota npodusis OB Ha ero
ocH, ( - Mmokazareyib cTerneHHoro npoduss. [lokasarens npenoMaeHUs 000J0UKH
N, SIBJISIETCS TIOCTOSSHHOM BEJIMYMHOM

n2 =n10-—\/1—2A. (6.21)

? Tonocoit npomnyckanus OB Ha3pIBaeTCs HHTEPBAT YacTOT, B KOTOPOM 3HAUYE€HUE aMIUINTYIHO-YACTOTHOW MOIYJIS-
MoHHON xapakTepuctuku (AUYMX) OB Gombllie win paBHO MOJIOBUHE €€ MAaKCUMaJIBHOTO 3HadueHus. AUMX — 3a-
BUCUMOCTh MOJYJISI KOMIUICKCHOTO KO3((HIMEHTa Mepenayd OruOaroiieii MOIHOCTH ONTHYECKOTO H3ITyUCHHUS,
MOAYJUPOBAHHOI'O TApMOHUYCCKHUM CUT'HAJIOM, OT YaCTOTHI MOAYJIAILIUH.
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Ha puc. 6.4 mo-
na(r) Ka3aHbl TPO(GUIH MOKa-

12 q=10 3aTeJIeN MPETOMIICHUS C

/// \\\ =20 pasIMYHBIMA  3HAYe-

L / / / / \\\\ 2::—1000 HUAMU TIOKa3aTens CTe-

_g=o IIEHHOTO npodus.

1 Pacuersl npoBOAMINCH
ISt Nyg =1.5, A=0.01.

YceueHHbIM TIPO-
¢unbp mokazarens mpe-

142
0 E 0 25 st jjomuiennss OB Ha3biBa-
I, MKM IOT TIOTOMY, YTO 3aBH-
Puc. 6.4. YceueHHbIe CTeNeHHbIe PO ToKasaTess npenom-  CAMOCTD (6.20) orpa-
JIEHMYSL. HUYCHA (yceueHa)
CEpJILIEBUHOM.

Ha puc. 6.5 moka3aHbl TpaeKTOpUH HEKOTOPHIX JIydeil (MOJ) B TPAJUECHTHOM
OB. Buano, 4To paauanbHble U3MEHEHUS MOKA3aTessl MPEIOMICHUSI TPUBOIAT K
VICKPUBIICHUIO TPACKTOPUH JTyUdeH.

a

Puc. 6.5. TpaekTopun MepuInoHAIBHBIX JIydei (a) B OB ¢ yceueHHBIM CTETICHHBIM
npoduiieM mokasarens npeaomiaeHus (0).

Mopae Hu3IIEero Mopsiika, Takke Kak U B cTyneHdatsix OB, cooTBeTcTBYyET
TpaekTopusi BIosb ocu OB, a Moae caMOro BBICOKOI'O MOpPSJAKAa COOTBETCTBYET
TPAEKTOPHsI, KacaTeabHasi K IOBEPXHOCTH pa3jieia CepALIEBUHBI U 000JI0UYKH.

CkopocTh 1100010 JTyuya, KpoMe 0ceBOro, B rpaaueHTHoM OB Oynet u3me-
HATHCSA BJOJB €ro Tpaekropuu (puc. 6.5). OHa OyneT HauMEHBIEH TPU TPOXOK-
neanu ocu OB u HanGonpiieit BOu3u obonouku. [Ipoduns mokazarens npenom-
JeHus moAOupaeTcs TakuM 00pa3oM, UYTOOBI BBIPOBHITH BpEMEHA MPOXOXKICHUS
paznuuHbix Mo o OB. Camas ManeHbKasi CKOPOCTh, HO M KpaTyaidllias TPaeKTo-
pust Oyner y Jiyda, TpaeKTOpHsi KOTOporo conaaaer ¢ ockto OB, e nokasareinb
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TIPEIOMJICHUST MakcuMasieH. Jlpyrue qydu uMeroT OoJiee TTMHHBIC TPACKTOPUHU, HO
1 OOJIBIIIYIO CPEJTHIOI0 CKOPOCTD .

[ToaHOCTBIO BBIPOBHSTH CKOPOCTH PACHPOCTPAHEHUS] PA3IUYHBIX JIyden
BJIOJIb OC MHOTOMO/JIOBOTO rpagueHTHoro OB, TO ecTh COBCEM HCKIIIOYUTh MEX-
MOJIOBYIO TUCTIEPCHUIO HEBO3MOXKHO. OJIHAKO €€ MOXKHO CYIIECTBEHHO YMEHBIIUTb.
[TorTOMYy MIMPOKOIOJOCHOCTh TPAJUCHTHBIX MHOTOMOJOBBIX OB 3HaunuTENbHO
OoJibIle, YeM CTyNeHYaThIX, U JeXKUT B npeaenax 200 — 2000 MI'tt km.

TeM He MeHee Takas MIMPOKOIOJIOCHOCTh BCE PAaBHO HEIOCTATOYHA IMPOTS-
»keHHbIX OCII. IToatomy mns mpotspkeHHbIX OCII MpUMEHSIOT TOJIBKO OJTHOMOJIO-
Bble OB, B KOTOPBIX MEXKMOJI0Basi TUCTIEPCUS OTCYTCTBYET.

6.4. OMTHOMOI0OBBIC ONTHYECKHE BOJOKHA

6.4.1. YcaoBue 10CTHKEHUSI OTHOMOIOBOTO pe:kuma padotbl OB.

I[.mma BOJIHBI OTCECYKH

MoxHo nokaszaTth, uTo OB co cTyneHyaThiM npoduaeM nmokasaress IpeIoM-
JeHus: OyJIeT OJTHOMOJOBBIM, €CIM €r0 HOPMHPOBAaHHAsS YACTOTA YIOBJICTBOPSET
YCIIOBHIO:

v <2405, (6.22)

Bripaxxenne (6.22) mpeacTtaBiseT co00M yCIOBUE TOCTHUKEHUSI OJTHOMOJIO-
BOro pexkuma padotsl OB mnm ycinosue ogHomomoBoct OB. U3 (6.11) u (6.22)
MO>KHO TIOJIYYUTh APYTYIO (POPMY YCIOBHS JOCTUKEHUS OJTHOMOOBOTO PEXKUMA!

27 NA
12 oy =, (6.23)

I71€ Agyt — JJIMHA BOJIHBI OTCEYKH, PA3ACIIAIONIas peKUMbI OJJTHOMOJIOBON U MHO-
TOMOJOBOM IEPEIAYH.

PaznuuaroT niuHy BOJIHBI OTCEUKH BOJIOKHA, PACCYUTAHHYIO IO BBIPAKEHUIO
(6.23), u TMHY BOJIHBI OTCEYKH BOJIOKHA B KaOeie. [lepBas COOTBETCTBYET BOJIOK-
HYy, WCIBITBIBAIONIEMY cllaboe HampspkeHne. OHaKo Ha TPAKTHUKE MPUXOIUTCS
UMETH JIeTI0 ¢ KabeseM, KOTOPBIA TPH MPOKIIAIKE MTPETEPIIeBACT MHOKECTBO U3TH-
00B. BOJIOKHO WCHIBITBIBACT HANpPsDKCHHE, KaK B MPOIECCe POU3BOJICTBA Kabes,
TaK U MO0 OKOHYAHWW WHCTAUIANMHA. HampspokeHue mpUBOIUT K TIOJABJICHHUIO TI0-
OOYHBIX MOJI U CMEIIECHUIO JJIMHBI BOJHBI OTCEYKH B CTOPOHY KOPOTKHX BOJIH.
JliviHa BOJTHBI OTCEYKM BOJIOKHA B KaOelle MOXKET OBITh OIpeielieHa TOIBKO dKCIIe-
PUMEHTAJIBHO.

6.4.2. lnameTp MOI0BOIO IOJIAA

Jlns oqHoMon0BeIX OB BMECTO YMCIIOBOM anepTypsl U IUaMETpa CEPALIEBU-
Hbl HOpPMUPYETCS AMAMETP MOJOBOIO IOJIA — LIMPUHA PACIPEACICHUS aMIUIUTY-

® [Ipu mokazatene podwIIs IPEMEPHO PABHOM ( ~ 2 TPAeKTOPUH PA3IHIHBIX Jydei (MOX) IMEIOT pa3HbIe aMILTH-
TYAbl, HO O[ll/IHaKOBblﬁ nepuona.
4 B JIMTEPATYPEC TAKKC BCTPEUAIOTCA TCPMUHBI «AUAMETP ITOJIA MOABD), «KIUAMETP MOAOBOI'O IIATHAY.
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JIbl HaIMPSDKEHHOCTH DJIEKTPUYECKOTO IMOJISI OCHOBHOW MOJBI B MONEPEYHOM ceve-
Hun OB. Jlns OB co crynenuaTsiM npoduieM moka3aTens TpeToMIeHUs OTHOCH-
TEJILHOE paclpe/ie/iCHHe HANpPsHKEHHOCTH TOJsi OCHOBHOM Mogasl E(r) xopoiro
onuckiBaetcs pynknuer I'aycca F(r), a nuamerp ompenensercs Ha ypoBHe 1 /e
=0.369 ot ero makcumyma Enay (puc. 6.6):

)= B0 el 407 (6.24)

max dmf

Jlnamerp MOIOBOro mOJIA
] (i MOYKHO TAaKXKe OIIPEICINTh
1o | OcHosHoi Mo %//?‘ [0 PACIPEIECIICHUI0 WHTEH-
b\ (N N\ Yposetb Lle CHBHOCTH IIOJII OCHOBHOW
monbel I(r) B momepeyHOM
ceuenun OB. Tak kak
I(r) ~ E%(r), B oTOM ciyuae
JTUaMEeTp OMpeJeNsieTcss Ha
ypoue 1/e¢* =0.135 or

MaKCUMyMa |yax

OuameTtp
0.6 MOZOBOro nong

Hmga  cryneHdaroro

OJHOMOAOBOI'O BOJIOKHA
Puc. 6.6. OHpe}IeHeHI/Ie AnaMETpa MOIOBOTO ITOJIA CTYIICH- JII/IaMeTp MOJZIOBOTO IOJII dmf
qatoro OB MOXHO MPHOJIMKEHHO pac-
CUUTATh I10 BBIPAKCHHIO:
d ¢ = 2rC0I'€
m - .

(2T NA (6.27)

A

N3 (6.27) BUAHO, YTO AMAMETP MOJIOBOTO MOJS PACTET C YBETUYCHHEM JIHMHBI
BOJIHBI.

6.4.3. lucnepcusi B 0THOMOAOBBIX ONTHYECKHX BOJTOKHAX

B 01HOMOIOBBIX BOJIOKHAX MUMEKT MECTO JBA BUJA JUCIEPCUUA — XPOMATHU-
YyecKas U MOJISIPU3AlMOHHAs MOJIOBAs.

XpoMaTHyeckasi JUCIEPCUSl BO3HUKACT M3-3a TOrO, YTO CIIEKTP OITHYE-
CKOTO CHTHajla UMEET KOHEUHYIO MUPUHY AL U pa3HbIE CIIEKTpaIbHbIe KOMITIOHEH-
ThI cUTHaNa ABUXKYTCs B OB ¢ pa3HbIMU CKOPOCTAMM.

Xpomaruueckyto aucnepcuto B OB nnuHolM L, MOXHO paccuuTarh MO BbI-
PaXEHUIO:

Aty =|Dg,|-AA-L, (6.28)
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rae Depr — ko3 punment xpomarndeckoit qucnepcuu. Koadduument xpomaruye-
CKOW JUCIIEPCUU MPHUHSITO BbIPAXKATh B MUKOCEKYHJIaX HA HAHOMETP Ha KUJIOMETP
(rc/(am-kMm)). mipu Takou pasMepHOCTH Dgn, Bemuumny AL B (6.28) Hy)XHO mOJI-
CTaBJIATHh B HAHOMETpax (HM), a L — B kM.
Koaddumument xpomarnueckort nucrnepcuu Dgn, MpUHSTO mpencTaBisTh B
BUJIe CyMMBI KOd(hpurueHToB Dy MaTepuansuoit u D, BOTHOBOIHON AUCTICPCHIA:
Denr = Dinat + Dy (6.29)
MarepuanpHass gucnep-
CUsl XapaKTepu3yeT W3-
MEHEHHE CKOpPOCTH pac-
- MPOCTPAHEHUSI BOJHBI B
Avcnepcus OJTHOPOJHOM cpere, 00y-
CJIOBJICHHOE€  3aBHCUMO-
CTBIO TIOKa3arens Ipe-
JOMJIEHUSI ~ Cpedbl  OT
JUIMHBL BOJHBI. BoiHO-
BOJHAsA Jucriepcusi o0y-
ciaoBieHa TeM, uto B OB
15 Nomac| || Aop BOJIHA PAaCHpOCTPaHSIETCs
120 125 130 135 140 145 150 155 1.60 4aCTH4YHO B CCPALCBHUHC,
[INHA BOMHbI, MKM YaCTUYHO B 000JI0YKE, TO
€CTh ISl HEE MOKa3aTellb
MPEJIOMIICHUS] TPUHHMA-
€T HEKOTOPOE CpeHEE 3HAUEHUE MEKY MOKa3aTelIeM MPEIOMIICHHS CEPALICBUHBI
U MOKa3aTeyieM MpeJIoMIICHUsI 000J0UYKH, KOTOPOE 3aBUCUT OT JJIMHBI BOJHBI. 3a-
BUCUMOCTh CPEHETO IOKa3aTessi MpPeJIOMJIEHUS OT JUIMHBI BOJHBI CBSI3aHA HE
TOJILKO C 3aBUCHUMOCTBIO OT JJIMHBI BOJIHBI MTOKa3aTeIeH MPEIOMIICHUSI CEPALICBU-
Hbl ¥ OOOJIOYKH, HO M C M3MEHEHHEM TIyOWHBI TMPOHWKHOBEHHS TIOJIS BOJHBI B
000JI0YKYy, TPUBOJAIIEE K U3MEHEHUIO CPEIHErO MOKA3aTeNsl MPEIOMIICHUS Jaxe
MIPU TTOCTOSIHHBIX MOKA3aTEISIX MPEIOMIICHUS CEPALIEBUHBI U O00JIOUKH.
Ha puc. 6.7 moka3zansl 3aBUCUMOCTH KO3 (HUIIMEHTOB MaTepHATbHON (Kpac-
Has KpWBasi), BOJHOBOJIHOMN (CHUHsISI KPUBas) U PE3yJbTUPYIOIIEH XpOMaTHYECKON
(kopu4HEBas KpuBasi) TUCTIEPCUH OT JIJTMHBI BOJIHBI, pACCUUTAHHBIC JJIsI CTaHIapT-
HOTO OJIHOMOJIOBOT'O BOJIOKHA. M3 pucyHka BUAHO, 4TO KOA(PPUIIMEHT MaTepHUalib-
HOM JUCIIEpPCHHM MMEET 3HAK U MPU HEKOTOPOU JJIMHE BOJIHBI A = Agmat TPOXOJUT
yepe3 (0. Kpome TOro, BUIHO, 4TO CYIIECTBYET Takasl IJIMHA BOJIHBI, IPU KOTOPOM
KO3 PUIIMEHTHI MaTepUaIbHON M BOJHOBOJHOM AMCIEPCUN PaBHBI MO MOAYJIO U
UMEIOT MPOTUBOMOJIOKHBIC 3HAKU, TO €CTh KOADPHUITMEHT XPOMATHICCKOM AUCTIEP-
CUU PaBEH HYJ0. DTy IJIMHY BOJIHBl HA3bIBAIOT JJIMHOM BOJIHBI HYJIeBOH XpoMa-
THYECKOH IMCIePCUuM WIH IPOCTO AJIUHON BOJTHBI HYJIEBOM TMCIIEPCUH Aqp.
BOnu3u ayuHBI BOJIHBI HYJIEBOW JUCIIEPCHUU 3aBUCUMOCTH Den(A) xoporiio
anMPOKCUMHPYETCS JIMHEHHOUN (yHKITUEH:

Dy (4)=Sop (4= op ), (6.30)

15

10 Marepvansfas
Aucnepcus

BonHoBogHas
aucnepcus

Dchr, NC/(HM*KM)
o

Puc. 6.7. Xpomarndeckas aucriepcus B crangaptaom OB.
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rae Sop — HAKIOH KOA(pUIIMEHTa XPOMAaTUYECKOW TUCTIEPCUU Ha AJIUHE BOJHBI
Aop. Haxnon koadduumeHTa XpoMaTUYECKON IUCIIEPCUU MPUHSITO BBIPAXKATh B
rc/(HM*KM) — THKOCEKYH/IaX Ha HAHOMETp B KBAJPATe HA KITOMET.

5 OTrMmeTuM, 4TO 3a-

BUCUMOCTh  MaTepHalib-
10 HOW JUCTIEPCHHU OT JJIU-
= MaTepuaribHas XpomaTuyeckas
£ 5 Aucnepeus ancnepcus HBI BOJIHBI IIPH H3MCHC-
=
z HUU MOKa3aTessl MPeoM-
g2 0 JICHUSA CEepLIEBHHBI
s s KBapLEBOTO BOJIOKHA
9] BontosoaHan (MI3MEHEHHH  JIETHPYIO-
I;s’['lﬂ AugEnepcus e IPUMECH W/UIM CTe-
oy NEHU JICTUPOBAHUS) Me-
HSE€TCS B OYE€Hb HEO0OJb-
-0 A Ao MUX Tpenesax. 3aBHCH
12 125 13 135 14 145 15 155 1é pea : _
[nvHa BonHbl, MKM MOCTH BOJIHOBOOJHOHU

JIUCTIEPCUU  OT  JUIMHBI
BOJIHBI, HalpOTHUB, CUJIb-
HO 3aBHCUT OT KOHCTPYK-
uu (podutst mokaszarens npenomierus) OB. 3To mo3BosseT B MIMPOKUX Mpeie-
Jax ynpaBisTh 3aBUCUMOCTBI0 XpOMAaTUYECKON AUCHEPCHH OT JJIMHBI BOJHBI, W3-
MEHSISI TP ATOM JIJTMHY BOJIHBI HYJICBOH Tuctiepcuu Agp (puc. 6.8).

Puc.6.8. Cmenienue aIMHbBI BOJIHBI HYJIEBOW XpOMaTUYECKON
JTUCTIEPCUU MTyTEM U3MEHEHHUS BOJTHOBOJIHOM JUCTIEPCHUHU.

[IprurHON MOJSAPU3ALMOHHO-MOI0OBOM AMCIEPCUH SIBIISIETCS aHU30TPONUS
(nBynyuenpenomiienre) OB, npuBoasimias K 3aBUCUMOCTA CKOPOCTH paclpocTpa-
HEHHUSI CBETa OT MOJIsIpU3aluy. AHU30TPONUS 00YCIIOBIIEHA HAPYLIEHUSIMU KPYTo-
Boii cumMeTpun OB: 3JITMNTUYHOCTHIO CEPALIEBUHBI, HEKOHIIEHTPUYHOCTBIO CEPJ-
LIEBUHBI U 000JOYKH, BHYTPEHHUMU W BHEIIHUMH HECUMMETPUYHBIMU HaIpsiKe-
HusiMu (puc. 6.9).

BHYTPEHHWE

@ @&

reQmMaTpuA HanpaxeHwe

BHelUWHWe

@ 7 ) 10

HanpaxeHne Harke KpyqeHiae

Puc.6.9. HpI/I‘II/IHBI BO3HUKHOBCHU A HOHHpHSaHHOHHO'MOHOBOﬁ JAUCTICPCUU

B nonepeynoM cedeHun aHU30TpOnHOr0o OB MOXKHO BBISIBUTH B3aUMHO
HepIEHINKYJIIPHBIE OCH HaUMEHbIIeH 1 Hanbonbmei ckopoctu (puc. 6.10). [Ipo-
M3BOJILHO HAIIPaBJIECHHBIA BEKTOP HAMPSKEHHOCTU JIEKTPUUECKOTO MOJsi £ MOXKHO
pa30XKUTh Ha JABE COCTABIISIONIME, HAMPABJICHHBIE BIOJIb ATUX oceil. CkopocTu
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pacmpoCTpaHEHHs ITHX COCTABIIAIOMUX OYIyT pa3iuYHbI, YTO MPHUBEAET K yIIUpe-
HUIO ONITHYECKOTO UMITYJIbCA.

H,qean bHOE BONOKHO

o i

BeicTpan ock

OBbblUHOE BONOKHO

-

MegneHHan ocb
Puc. 6.10. Bo3HHKHOBEHUE MOJIAPU3ALNOHHO-MOI0BON AUCTIEPCUHU

B OonpmuHcTBe 0HOMOZOBBIX OB pacrnonokeHue oceil HauOoJIbIIeH U
HaWMEHBIIIEH CKOPOCTH CIIy4alHBIM 00pa30oM MEHSETCS BIO0JIb BoJIOKHA. [loaToMy
MOJISIPU3ALIMOHHAsA MOJIOBAs TUCIIEPCUSI UMEET CTATUCTUYECKYIO TTPUpOay. MOKHO
CUUTaTh, YTO yUIMpPEeHHUE Npoxozsiiero no OB uMmmynbca pacTeT ¢ yBEIUUYCHUEM
JUTMHBI L mponopiimoHaaIbHO KBaAPATHOMY KOPHIO M3 3TOM JJTMHBI

At, =D,L, (6.31)

riae Dp — ko3 puuuent nonapu3auoHHO-MOA0BON AUCIIEPCHH.

6.5. TunbI M CTAHAAPTHI ONTUYECKUX BOJIOKOH

B Hacrosiiiee Bpemsi MUPOKO UCHOIb3YIOTCS HECKOJIBKO OCHOBHBIX KJIaCCOB

OB B cooTBeTcTBHH ¢ pekomermammsivu ITU-T*:

e (.651 MuoromogoBoe 50/125 MKM ¢ rpaJlMEHTHBIM MpoduiIeM mnokasaresns
MIPEJIOMJICHUS;

e (5.652 CranaapTHOE OJJHOMOOBOE;

e (.653 OnHOMOIOBOE CO CMEILIEHHOM AUCTIEPCUEH;

e (.654 OgHOMOOBOE CO CMEIICHHON JIMHOM BOJIHBI OTCEUKH;

e (G.655 OgHOMOAOBOE C HEHYJIEBOM CMEIIEHHOW JIUCTIEPCUE;

e (.656 OgHOMOJOBOE C HEHYJIEBOW CMENIEHHOW JUCTIEPCUEN ISl IIUPOKOIO-
JIOCHOM mepenayy;

e (.657 OgHOMOJIOBOE C YMEHBIICHHBIMH MOTEPSIMU HA M3rubax Majoro pa-
auyca.

* ITU-T - (International Telecommunication Union - Telecommunication Standardization Sector) - Cexrop cras-
JlapTU3aluK TeJIEKOMMYHHUKaUi MexlyHapOoIHOTO COI03a 3JIEKTPOCBSI3U
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6.5.1. Cranpaprt G.651.1 — muoromonosoe OB

Cranmapt G.651.1 pacnpocTpaHseTcss HAa MHOTOMOJOBOE OINTHYECKOE BO-
JIOKHO C IMAMETPOM CBeTOBeayIieit kuibl 50 MKM U 0005104KK 125 MKM U Ha BO-
JIOKOHHO-ONTHYECKUI Kabellb Ha ero ocHoBe. B HeM coxepikarcs pekoMeHAaluu
10 OCHOBHBIM MapaMeTpaM 3TUX BOJOKOH, KOHTPOJIHPYEMBIM XapaKTePUCTUKAM U
JOTYCTUMBIM HOpMaM (Tab. 6.1). ITOT THM BOJIOKHA B HACTOSIIIEE BPEMS UCITOJTh-
3yeTcsl TOJBKO B KOPOTKUX, BHYTpHoOBeKTOBbIX BOJIC ¢ paGoueil JMHONW BOJIHBI

850 u 1300 HM.

Ta6u. 6.1. ITapamerpsr MHOTOMOT0BBIX OB

[Tapamerp 3HaueHue
HomunansHoe 3aTyxanue Ha juirHe BoJHbI 850/1300 HM (1b/kM) <24/<05
MaxkcumanpsHoe 3aTyxanue Ha amuHe BoHbl 850/1300 um (nb/xm) <25/<0.8
[IupokomnosiocHocTh Ha JumrHe BOTHBI 850/1300 aHM (MI'T1-kM) >400/> 800
JlnvHa BOJIHBI HYJIEBOW AUCTIEPCHH Agp (HM) 1297-1316
Haxon koa¢¢uipienTa XxpoMaTudeckon AUCepcun Sop Ha JITMHE BOJI- <0.101
HbI Aop (1c/(HM-KM))
Uucnosas aneprypa NA 0.200 £ 0.015
O} PexTuBHBIN M0Ka3aTeab NPETOMICHHUS Neff HA AJIMHE BOJHBI 1.4897 / 1.4856
850/1300 um
Juametp cepAeBHHbI Ugore (MKM) 50.0+ 3.0
Juametp 0005109kd Aelag (MKM) 125.0+ 2.0
HexoHIEeHTPpUYHOCTD CEepAIIeBHHBI U 000JI0YKU (MKM) <3.0
DITUNTAYHOCTD CEPAIICBUHBI <5%
JunamMeTp 3alIUTHOTO NOKPBITUS (MKM) 245+ 10
Pabounii quamna3oH Temmneparyp -60°C - +85°C
TecToBoe ycunue Ha pa3pbiB (TH/M) >0.7

Crannapt ISO/IEC 11801 onpenenser Takke KATErOPUU yJIyUIICHHBIX MHO-
roMo1oBbIX OB, onITUMHU3HPOBAHHBIX /IJIs1 BEICOKOCKOPOCTHBIX JIOKATBHBIX CETEH U
OTIUYAIONINXCST OOJIbIIEH HIMPOKOIMOIOCHOCThIO (Tabn. 6.2). Karteropuss OM?2
BKJIFOYAET MHOI'OMOJIOBBIE BOJIOKHA, MpEAHA3HAUYEHHBIE JUUISI CKOPOCTH Iepeaayvu
no 1 I'oéut/c, kareropus OM3 — MHOTOMOJIOBBIE BOJIOKHA JIJIsi CKOPOCTH Tepeaadn
o 10 I'out/c.

Tabm. 6.2. Kateropun maoromotoBeix OB

Kareropwust BosiokHa OM1 OM?2 OM3

[II1pOKOIOIIOCHOCTH IPH UCIIOIB30BAHUH CBE-
TOJIMO/1Aa B KAUECTBE UCTOYHMKA U3TYyYECHHsSI Ha
qnune BosHbl 850/1300 am, MIT1 kM

400/800 600/1200 1500/500

[I1pOKOIOIOCHOCTH IPU UCTIONB30BaHUH JIa-
3epa B KQUeCTBE NCTOYHUKA M3TyUeHHUs Ha - - 2000
JummHe BoJHBI 850 M, MI'T kM

MaxkcumanbHas JjIuHa cerMeHTa 850 uMm 550/- 750/110 /300
ceru s Gigabit Ethernet / 10
Gigabit Ethernet, m 1300 am 550/- 2000/110 -
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6.5.2. Cranaapt G.652 — crangapTHoe ognoMoa0Boe OB

Pexomenpanus G.652 omnmchiBaeT reoMeTpUYECKUe, ONTHUYECKUE, MEXaHU-
YecKWe mapaMeTpbl W mapaMeTpsl nepemaun cranmaptHeix OB (SF - standard
fiber). CrammaptasiM OB Ha3bIBalOT OJHOMOZOBOE BOJIOKHO CO CTYIIEHYATHIM
npoduiieM mokazatens npeiromiieHus (puc. 6.11). 3To BOJOKHO ONTUMU3HUPOBAHO
JU1si BTOporo okHa mpospadnoctu (1260-1360 um). Ero jqiuHa BOJIHBI HYJEBOU
JUCTIEPCUM COCTABISET Agp ~ 1.35 MKM.

Ny

8.3 MKM
0.34%
Ny
125 MKkm
-4 -
Ny
8.3 MKM
0.30%
Ny *
0.09%
46 MKM
>
125 Mkm
- >

Puc. 6.11. Tlpodunu mokasaTenei MpenoMIIeHNs CTaHIAPTHBIX 0JTHOMOA0BBIX OB

B Texymeit pegakuun G.652 cranmaptasie OB pa3nenensl Ha 4eThIpe KaTe-
ropun — A, B, C, D (ta6:. 6.3). Ontudeckue BojokHa kateropuii C u D sBistoTcs
BoJlokHamMu ZWP, oOnanaonumMy MOHWKEHHBIM 3aTyXaHUEM Ha JIJIMHE BOJIHBI
1383 HwMm.

Crannaptasie OB nMeroT xpoMmatuueckyto aucnepcuto Ha A = 1310 am me-
Hee 3.5 mc/(am-xkM), a Ha A = 1550 BM mx mucmepcus Bo3pactaeTr g0 20-23
nc/(HM KM), XOTsI 3aTyXaHue Mpu 3ToM ymeHbmaercs 10 0.2 1b/kM U OHU MOTYT C
YCIIEXOM HCITOJIb30BAThCS Ha 3TOM JJIMHE BONHBL. [Ipw 3TOM JyIMHA ydacTka pere-
HEepary OOBIYHO OTPAHUYHUBACTCS XPOMATHICCKOM JTUCIIEPCUEH.

Ta6u. 6.3. ITapameTpsl cTaHIAPTHBIX OAHOMOI0BEIX OB

3nauenue a1 OB kareropun
A B C D

[Tapamerp

KoaddunmenT 3atyxanus Ha 1uia-

e Bosmbr 1310/1550 ry (zB/i) 05/04 0.4/0.35 0.4/0.3 0.4/0.3

Koadduiment 3aTyxanus Ha 1iu-

He BOJIHbI 1625 HM (1b/km) - 0.4 - B
Koadduiment 3aTyxanus Ha 1iu- 3 3 0.4 04
He BostHbI 1383 M (1b/km) '
MakcumanbHOe puparieHue 3a- 01/ /o1 /o1

TyxaHus npu HamoTke 100 BUTKOB
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Tapamerp 3navenue s OB kateropun

A B C D
Ha OmnpaBky auameTpoM 30 MM Ha
JutrHe BoJIHBI 1550/1625 uMm (1b)
JlnameTp MO10BOTO 1OJIst Ut Ha 8.6-95 8.6-95 8.6-95 8.6-95
JuiHe BoJIHBI 1310 HM (MKM) o o o o
Juametp 0005109k Aelag (MKM) 125.0+1.0 125.0+1.0 125.0+1.0 125.0+1.0
HexoHIIeHTPUYHOCTD CeP/IIICBUHBI 0.6 06 0.6 0.6
1 00010YKH MaKCUMaJibHast (MKM) ' ' ' '
Hexpyrnocts o6on0uku (%) 1.0 1.0 1.0 1.0
MakcumaibHas kaOeJbHas JIJIHHA
BOJTHEL OTCEUKH (HM) 1260 1260 1260 1260
iﬂﬂ(ﬁd ‘;OHH”I HYHCBOM ANCHEPCHI | 1300-1324 | 1300-1324 | 1300-1324 | 1300-1324

D

MaxkcumainbHbIi HaKJIOH K03 du-
UEHTa XPOMATUYECKOW TUCTIEP-
CHH Sop HA JUTHHE BOHHE hop 0.092 0.092 0.092 0.092
(HC/(HMZ-KM))
Koadunuent nonsipuzaninoHHo- 05 0.2 05 0.2
MozoBoii aucnepcuu Dy (ic/ \/KM) ' ' ' '

6.5.3. Cranaapt G.653 —oqnomonoBoe OB co cmemenHoii 1ucnepcueii

C menpro ONTUMM3aLMK JUCIIEPCHOHHBIX IMAPAMETPOB 0AHOMOAOBBIX OB Ha
qnuHe BoJIHBL 1550 HM, Ha koTOpou KBapueBble OB nME0T MUHMMAaIbHOE 3aTyXa-
Hue, OblIM pa3paboTaHbl I'paJueHTHbIE ofHOMOAOBbIE OB. VYcnoxussa npoduib
nokaszatens npenomiienus (puc. 6.12) u nemnas ero hopmy 6IU3KON K TPEYrOIHHOH,
nonyurwsin OB, umeroiue UIMHY BOJHBI HYJIEBOM aucnepcud BOIu3u 1550 HM.
Takue OB nonyuunu nasBanue OB ¢ nHyneBoi cmenieHHoi nucnepcueit (ZDSF —
Zero Dispersion Shifted Fiber) win npocro co cmemennoi aucnepcueii (Disper-

sion Shifted Fiber - DSF). Ix mapaMeTpbl perjiaMeHTUPYIOTCS PEKOMCHIAIMCH
G.653.

1.0
0,8 n
0.8
0.7 -
0.6 -
0.5
04 -
0.3
0.2

0.1
0.0 | i Puc. 6.12. Ilpodunu mokazarteneit mperoMIeHHs

OB co cMeleHHOM aucnepcuei

TpeyronbHUK
Ha NeegecTane

HeTuipexcnoiHoe

npenomneqns A (%)

OTHOCMTENBHBIR NoKasaTeNL

-0.1

505 15 25
Pagye (Miw)
Ot OB uMerT xpoMathyeckyro aucrnepcuto Ha A = 1550 um menee 3.5
nc/(am kM), a HA A = 1310 "M no 20 nc/(am km).

-25 -15
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BosnokHa co cMmenieHHoW Aucnepcuen npeaHa3HaueHbl 11 BHICOKOCKOPOCT-
HBIX JIMHUH CBSA3M C OOJBIION JUIMHOM PEreHepalMoOHHOr0 y4yacTka 0e3 MmpuMeHe-
HUSl TEXHOJIOTHMHU CIEKTPAIBLHOTO YIJIOTHEHHs. BO3MOXHO Tak)kKe MCIOJIb30BAaHUE
ATOr0 ONTHYECKOT0 BOJIOKHA B CHCTEMAaX CO CIEKTPAJIbHBIM YIJIOTHEHHEM IPH OT-
PaHUYEHHOM MPOTSKEHHOCTH PEreHepallMOHHOrO y4acTKa, MOHMKEHHOW MOIIHO-
CTH IE€pPEJaBAEMOr0 CUTHAJIa U OTPAHUYEHHOW MIOTHOCTU CHEKTPAIbHBIX KOMIIO-
HEHTOB. YKa3aHHbIE OIPAHUYCHUS CBSI3aHbl C HEITMHEUHBIMU UCKAXEHUSMH, TIPO-
SIBJISFOIIMMHUCS BOJIM3U JITMHBI BOJIHBI HYJIEBOW JAMCIEPCUU TIPU YCUICHUH MHOTO-
YaCTOTHOT'O CUTHAJA.

Cornacno pexkomenaamuu G.653 OB co cMmenieHHO# qucnepcuent pa3aens-
IOTCSl Ha JIBe KaTeropun A u B mo 3HaueHuto ko3¢pduireHTta noaspu3aluoHHON
MOJIOBOU aucriepcuu. BoiokHa kateropuu B Me0T MEHBIIYIO MOJISPU3ALUOHHY IO
MOJIOBYIO ucCIIepcHio (Tadi. 6.3).

Tabm. 6.4. [TapameTpsr o1HOMOI0BBIX OB co cMeneHHoM Aucriepcrueit

3unauenue a1 OB kareropuu
[TapameTp A B
Koadduuument 3aryxanus Ha aiauHe BoJaHBI 1550 HM 0.35 0.35
(nb/xm)
MaxkcumanbHOe IpUpaIICHUE 3aTyXaHus IIPU HAMOTKE
100 BuTKOB Ha ompaBKy aguamerpom 30 MM Ha JJIMHE 0.5 0.1
BoJIHbI 1550 M (ab)
Huametp MogoBoro noss dms Ha [uimHE BoIHBI 1550 HM
(wixcw) 7.8-8.5 7.8-8.5
Huametp 0005109kd Aelag (MKM) 125.0+1.0 125.0+1.0
HekoHIeHTpUIHOCTD CepIIIeBUHBI B 000JI0OUYKH MaKCH- 0.8 06
MajbHas (MKM) ] ]
Hexkpyrnocts o6om0uku (%) 2.0 1.0
MakcumanpHasi KabellbHas JJIMHA BOJHBI OTCEUKH (HM) 1270 1270
MaxkcuManbHbIN KO3OQPUIIUEHT XpoMaTHUECKON AUCTIEp-
cuut Dene B muamnasone umd BoiH 1525-1575 um 3.5 -
(c/(HM-KM))
MaxkcuManbHbINH HAaKJIOH KO3 dUIIHEeHTa XPOMAaTHIECKON
qUcTiepcuu Sop B quamna3one JumH BoyH 1500—1600 aM 0.085 -
(HC/(HMZ'KM))
3aBHCUMOCTh MUHUMAJBbHOTO K03 du- | 1460-1525 um _ 0.085-(A-1525)-3.5
[IUEHTa XPOMATUYECKOU JUCTIEPCUU OT
IIJIMHEI BOJIHEI B TUAIIa30HE 1525-1625 rm o 3.5/ 75'(7‘_1600)
3aBUCUMOCTh MAKCUMAJIBHOTO KO3 (- 1460-1575 um _ 3.5/75-(A-1500)
WIMEHTa XPOMATHYECKON AUCTIEPCUU
E)T JUTAHBI B(I))J'IHBI B JMalia3oHe b 1575-1625 mm - 0.085-(A-1575)+3.5
KoaddunmenT nonspusaimoHHO-MOA0BOH JUCTIEPCUN
0.5 0.2
Dy (mic/ \/KM)




BbinnHa M.C. ONTO3NEeKTPOHMKA
KoHcneKT Tembl 6. OnTn4eckoe BosIoKHO. MM 1 OM BONOKHA. KOHCTpYKUMKU M napameTpsbl

6.5.4. Crannapt G.654 —oqnomoa0oBoe OB co cMeleHHOM AJIMHOM

BOJIHBI OTCECYKH

Cranmapt G.654 ompenensieT 0JHOMOJIOBOE BOJOKHO CO CMEIICHHOM JJv-
Hou BoyiHbl oTceuku (CSF - Cutoff Shifted Fiber), mpennasznadennoe s npots-
YKEHHBIX HA3€MHBIX W MOJABOJHBIX JIMHUN CBSI3U. DTO BOJOKHO MMEET CHIXKEHHOE
1o CpaBHEHHUIO co craHnapTHeM OB 3aryxanue BOAM3U IIUHBI BOJIHBI 1550 HM.
Ero nnunHa BonHbI HyneBou aucnepcuu JexuT BOau3u 1300 uM. [[mmHa BOITHBI OT-
CEUKH CMeEIlleHa B JJIMHHOBOJIHOBYIO OOJIACTh, €€ MaKCHUMAaJIbHOE 3HAYCHHE CO-
ctaBisietr 1530 M.

Ocobennocteio OB crannmapra G.654 sBnseTcs yBEIHMYCHHBINH TUAMETP MO-
JIOBOTO TIOJISI, TTO3BOJISIONIUN 00ECTIEYNTh MAKCUMAJIBLHYIO TabHOCTH Mepeaadn 3a
CYET MCIIOIH30BAaHUS OOJIBITNX YPOBHEH ONTHYECKOW MOIITHOCTH.

Cranmapt onpenensier 4 kareropun BosiokoH CSF — A, B C u D, otnmuaro-
ecss HOMUHAIBHBIME JHAMETPOM MOJIOBOTO TIOJISA, KOI(DPUITMEHTOM 3aTyXaHUs
U JIUCTICPCUOHHBIMH XapakTepucTukamu. Bomokna kareropun B u D umeror Han-
Oonplid AuamMeTp mMojnoBoro mois (mo 15 mxm). Bonokna kareropuit B, C u D
MMEIOT CHIKeHHBIH ¢ 0.5 10 0.2 me/VkM K09)(HIHEHT MoIpH3aHOHHOM MOIO-
BOU aucniepcud, a BojJokHa kareropuii A u C — cHmkeHHBIHN ¢ 22 10 20 nc/(HM-KM)
KOA((PHUIIMEHT XPOMATHUECKOU TUCTIEPCUH.

Ta6n. 6.5. [Tapamerpsl ogHOMOI0BBIX OB €O cMeIIeHHOM JTTUHON BOJTHBI OTCEYKU

3nauenue s OB kareropuu

[TapameTp

A B C D
KoaddunmenT 3aTyxanus Ha JUTHHE
BomHb1 1550 1M (1B/k) 0.22 0.22 0.22 0.20
MakcumanbHOE IpupanieHue 3aTyxa-
Hust ipu HaMmoTKe 100 BUTKOB Ha OI- 05 05 05 20

paBky auamerpoM 30 MM Ha JUIMHE
BOJIHBI 1625 HM (1b)

Jluametp MOZOBOTO NOMA f HA WMKE | g5 105 | 9513 | 95105 | 11.5-15.0
BOoTHBI 1550 HM (MKM)

Juametp 060109KH Agjag (MKM) 125.0+1.0 | 125.0£1.0 | 125.0#1.0 | 125.0+1.0

HGKOHHGHTpI/I‘IHOCTB CCPALCBHUHELI U

0.8 0.8 0.8 0.8
000JI04YKH MakCUMaJIbHas (MKM)
Hekpyrnocts o6omouku (%) 2.0 2.0 2.0 2.0
MakcumanbHas KaOelpHast JUIMHA BOJI- 1530 1530 1530 1530

HBI OTCEYKH (HM)

MaxkcuManbHbIi KO3POUIUEHT XPO-
MaTudeckoi aucnepcuu Dissomax Ha 20 22 20 23
JuinHe BoJIHBI 1550 HM (ic/(HM-KM))

MakcumanbHBIM HaKJIOH Kod(duiimeH-
Ta XPOMATHYECKOMN TUCTIEPCHA S1550max 0.070 0.070 0.070 0.070
Ha JUIMHE BOJHBI 1550 HM (HC/(HM2~KM))

Koadduuument nonspuzaunoHHo- 05 0.2 0.2 0.2

MozoBo# aucnepcuu Dy (mc/ \/KM)
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6.5.5. Cranpapt G.655 —ognomon0B0oe OB ¢ HenyJ1eBoi

CMEILLEHHOM qucnepcue

Cranpapt G.655 onpenensier 0JITHOMOJIOBOE BOJIOKHO C HEHYJIEBOM CMEIIEH-
Hoii nucnepceueit (NZDSF — Non Zero Dispersion Shifted Fiber), npennasnaueH-
HOe s ucrnoib3oBanHus ¢ cuctemamu DWDM (Dense Wavelength Division
Multiplexing — TIOTHOTO CHEKTPaIBHOTO MYJIBTHUILUICKCUPOBaHMs). DTH BOJOKHA
OTJIMYAIOTCSA OT BOJIOKOH cTaHjapta G.653 cMeleHueM JUIMHBI BOJHBI HYJIEBOM
JUCTIEPCUM BBIILIE WJIM HIDKE JMarna3oHa paboThl ONTHYECKOTO YCHUIIUTEINS, YTO
oOecreunBaeT MojaBiIeHUEe HEMMHEHHBIX 3((PEKTOB MPH yCUICHUH MHOTOYaCTOT-
HOTro curdHayiia. OHU ONTHUMU3MPOBAHBI JJI1 UCIOJIB30BaHUS B Jauara3oHe ot 1530
10 1565 um. JlonmycTUMo pacuiMpeHue auana3oHa ux Ucnoiab3oBaHus oT 1460 go
1652 HMm.

Crannapt pazaensier BoiokHa NZDSF na tpu kateropun - C, DuE (A u B
UCKJIIOUEHBI U3 Bepcuil ctanaaprta, HaunHas ¢ 2006 r.), KOTOpbIE Pa3IMYaAIOTCs 110
3HAYEHUAM XPOMATUUYECKOU JUCIIEPCUH U paboueMy JAHAMa30HYy.

Tabu. 6.6. [Tapamerpsr omHOMOI0BEIX OB ¢ HEHYJIEBOM CMEIICHHON AUCTIEPCUEH

Mapamerp 3nauenue nis OB kaTeropuu

C D E
Koadduuument 3atyxanus Ha
mumHe BoaHBI 1550/ 1625 uMm 0.35/0.4 0.35/0.4 0.35/0.4
(nb/xm)
MaxkcumansHOe npupalieHue 3a-
TyxaHus npu HamoTke 100 BUTKOB
Ha omnpasKy auamerpoM 30 MM Ha 05 0.1 01
JutnHE BOJIHBI 1625 M (1b)
Juametp Mo0BOr0 Noist s Ha 811 811 811
JuinHEe BOJIHBI 1550 HM (MKM)
Juametp 000109Kh Aejag (MKM) 125.0+1.0 125.0+1.0 125.0+1.0
HeKoHIIEeHTPUYIHOCTD CepPIIeBUHBI
1 000JIOUKH MaKCHMaJIbHAs (MKM) 08 06 06
Hexpyrnocts 06009k (%) 2.0 1.0 1.0
MaxkcumanpHas kKaOenbHas IIHHa 1450 1450 1450
BOJIHBI OTCEUKH (HM)
f;‘a““OH PADOIX AMHI BOMK, | 1530 165 14601625 14601625
KoaddummenT nonspusanmoHHO-
Mo10Bo# aucniepenu Dy (mic/ \/KM) 0.2 0.2 0.2
Xpomamueckas oucnepeus 6 15301565 1460-1550 1460-1550
ouanaszoue OJUH 80JH (HM)
MaxkcumanbHbli K03 HUIIUEHT 201 465
XpOMaTHUEeCKOM sucrepcr |Dma| 10.0 W (1-1460)+3.29 | ——(1-1460)+4.66
(ic/(HM-KM))
MunuManbHbIN K03GGUITHEHT 70 542
XPOMAaTHUYECKOM auCTiepCHH |Dumin| 1.0 — (ﬂ, - 1460) —-4.2 E (/1 —1460)+ 0.64
(ric/(HM-KM)) 90
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3unauenue s OB kateropuu

[Tapamertp C D E

MakcumanbHas BeJIMIuHa

5.0 — _
| Dmax|_| Dmin| (HC/(HM'KM))

3Hak ko3 durrenTa xpomaruye-

o + WM — HC OIIpCACIICHO HC OMIpCACICHO
CKOU JUCIICPCHUU

Xpomamuueckas oucnepcusi 6

1565-1625 1550-1625 1550-1625
ouanaszoue OJUH 80JH (HM)

MakcumanbHbIid KO3 PUIIeHT 506 412
XpoMaTuueckoi qucnepcuu |Dmay| onpe.’ ~——(1-1550)+6.2 | —=(

2 —1550)+9.31
(nc/(am-xm)) 5 5

MHHI/IMaHLHHﬁv K03 punment 297 33

XpomaTHyeckoii gucrepcu |Dinl onpes. == (1-1550)+2.8 | ==(1-1550)+6.06
75 75

(ic/(HM-KM))

MaxkcumanbsHas BEITHINHA

|DmaX|_|Dmin| (nc/(am-xm)) OIIpCA. _ B

3nak ko3 durrienTa xpomaruye-
CKOM HCepCuu

+ WM — HC OIIPCACIICHO HC OIIPpCACIICHO

Ha cerogusmHuil 1eHb CyIIECTBYET JBa MOJAXO0JA K CO3[aHUIO BOJOKOH C
HEHYJIEBOM CMENIEHHOM nucnepcueii. OCHOBHOE pa3Inunie MEXIy HAMH 3aKJIro4da-
€TCsl B peaju3yeMoM JuaMeTpe MoaoBoro nojis. C yBelInyeHueM 3TOro napamerpa
ya00Hee BBOAUTH H3IYyYE€HUE B CBETOBOJA, YTO OCOOEHHO BaxHO i DWDM-
CUCTEM, HMCHOJB3YIOIIMX CIOKHYIO HHTETpalbHYIO ONTHUKY. boiblmuii nuamerp
MOJIOBOT'O TIOJISI TIO3BOJISIET MOBBICUTH YPOBEHb MOITHOCTH U3JIyYEHHS], BBOJIUMOIO
B BOJIOKHO. OJJHAKO BOJIOKHA C MEHBIIMM AMAMETPOM MOJOBOTO MOJIsSI 00JIaJat0T
MEHBIITUMU MOTEPSIMU Ha U3rudax u OoJee MoJIoroi AUCIepCuoHHON KpuBoi. O0a
MO/IX0/Ia B paBHOM Mepe 00ecneynBaloT MOAaBICHHE HETMHEWHBIX d(PPEKTOB.

6.5.6. Cranaapt G.656 —oqnoMmoaoBoe OB ¢ HeHyJ1eBOl cMeleHHOI

aucHnepcuei 1Jas NMPOKONOJIOCHOM nepeaadu

Cranpapt G.656 onpenensieT 0THOMOJOBOE ONTHYECKOE BOJOKHO C XpoMa-
TUYECKOW JUCIepCHUeil, KOTopas MPEBBIIAET HEKOTOPOE HEHYJIEBOE 3HAYEHHUE BO
BCEM Juara3oHe JuH BoJH OT 1460 no 1625 um. Dto OB mpenHa3zHadyeHo s
cucreM chnekrpanbHoro yrwiotHeHuss CWDM (Coarse Wavelength Division
Multiplexing) u DWDM.

KoadduimenTs! 3aTyxanus U XpoOMaTUYECKOW aucnepcur BoyiokoH G.656
HOPMUPYIOTCS OTAEIBHO JJIS pa3HbIX auana3zoHoB. OB umerT criaxeHHylo Xa-
PAKTEPUCTUKY 3aTyXaHus: Wi J1iauH BoaH 1460-1530 HM TUIMYHOE 3HAYEHUE CO-
crasiisietr 0,35 nb/km, mns nuanazona 1530-1565 um - 0,275 nb/xkm, a nns nuamna-
30Ha 1565-1625 um - 0,35 nb/km.

JuameTtp monoBoro noiist 3Tux OB y paznuyHbIX Npou3BOAUTENEH BapbUpPy-
ercst oT 7 1o 11 Mxm.

6 Byner onpenenen B cneayrolieil Bepcuu cTangapra
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Tabm. 6.6. [Tapamerpbr omHOMO0BEIX OB ¢ HEHYI€BOM CMEIIEHHON TUCTIepCUEi
JUIS LLIUPOKOITIOJIOCHOM TEpeiayu

[Tapamerp 3HaueHue
Koadduuuent 3aryxanust Ha anuse BoaHbl 1460 uM (1b/km) 0.4
Koaddurnment 3aryxanus Ha nmune BonHb! 1550 HM (1b/kM) 0.35
Koadduuument 3aryxanust Ha aiuHe BoaHbI 1625 uM (1b/km) 0.4
MakcumanbHOE MpHUpalieHne 3aryxanus npu Hamotke 100
BUTKOB Ha OIPaBKy auaMeTpoM 30 MM Ha JUTHHE BOJIHBI 0.5
1625 um (nb)
JuameTp Mo10BOr0 1osist Oy Ha JutuHe BostHBI 1550 HM 20-11.0
(MKM) ' '
Juametp 000109KH Aejag (MKM) 125.0+£1.0
HeKoHIIEHTpUYHOCTh CepIIIEBUHBI U 000JI0YKH MaKCUMaJTb- 08
Has (MKM) '
Hekpyrnocts 060510uku (%) 2.0
MakcumanbHasi KaOeabHas JUTMHA BOJHBI OTCEYKH (HM) 1450
Jlnana3on pabo4ux AJUH BOJIH, HM 1460-1625
Koaddunuent nonsgpusaunoHHO-Mo0BoO# qucnepcun Dy 0.2
(ric/ \/KM) '
Xpomamuueckas oucnepcust 8 Ouanazome OJuH 801 (HM) 1460-1550
MakcumanbHbIA KOAPGUITUEHT XPOMATHIECKON JUCTIEPCUU @ ( 114 60)+ 460
|Dmax| (1¢/(HM-KM)) 90 '
MunuManbHbIN KO3()PUIHMEHT XpOMATHUECKON TUCTICPCHH E ( 114 60)+ 10
|Dmin| (trc/(HM-KM)) 90 '
Xpomamuueckas oucnepcust 8 Ouanazome OJuH 801 (HM) 1550-1625
MakcumanbHbIA KOIDPHUITUEHT XPOMATHIECKON AUCTICPCHH 4.72 ( a1 1550)+ 9.98
|Dimax| (1¢/(HM-KM)) '
MuHUMabHBIN KOG OHUIIMEHT XPOMATHIECKOW TUCTIEPCUH 0.98 ( a1 1550)+ 36
|Drmin| (1c/(HM-KM)) 75 '

6.5.7. Ctanpapt G.657 — ogHoMoa0B0oe OB ¢ yMeHbIIEHHBIMH MOTEPSIMH HA

U3rudax MaJjioro paamyca

Crangapt G.657 onpenenser omaomoioBoe BosiokHo BIF (Bend Insensitive
Fiber), obGnanaroriee HU3KOM BOCIPUUMYHUBOCTBIO K H3ruOaMm, IpeaHa3HAYCHHOE
JUISL ONITHYECKUX CETEN JTOCTYIIA.

OO6b1yHbIe OB 04YeHb YyBCTBUTENBHBI K MAKpOU3ruoam (U3ruosbl, paanyc Ko-
TOPBIX MHOT'O OOJbIIe paguyca cepaueBuHbl OB), Tak kak Ha U3rude HapyuarTCs
yCJIOBUSI TIOJIHOTO BHYTpPEHHEro orpaxkenus (puc. 6.13) u u3inyueHue HauyWHaAET
BBIXOJUTH U3 cepAleBuHbl B 00010uky OB. Ilpu 3TOM pe3ko Bo3pacTaroT BHOCH-
Mble OB notepu.

[Tockonbky yBenuuenue 3aryxanusi OB ObICTpo pacTeT ¢ yMEHBIIICHHEM pa-
nuyca u3ruba, cTaHgapTaMH OINPEACNIeTCS MUHUMAIBHBIA TOMYCTUMBIA Pagnyc
u3ruda, KOTOpBIH elle HEe MPUBOJUT K 3aMETHOMY BO3PACTaHUIO BHOCHUMBIX I10-
Tepb. Jns oObruabix OB MUHMMAaNBHBINA JOIMYCTUMBIN pagnyCc M3ruda cOCTaBIseT
30 MM, Ipu 3TOM KPOCCOBOE 000pyI0BaHHE pa3padbaThIBacTCs AJs paguyca u3rnoa



BbinnHa M.C. ONTO3NEeKTPOHMKA
KoHcneKT Tembl 6. OnTn4eckoe BosIoKHO. MM 1 OM BONOKHA. KOHCTpYKUMKU M napameTpsbl

He MeHee 100 MM 1 OKa3bIBaeTCs JOBOJBHO FPOMO3JKUM. /[ TpaHCTIOPTHBIX ce-
TEW 3TO HE UMEET 3HAUEHUS, HO I CETEU JIOCTYIIA SIBJIAETCA HEAOCTATKOM.

3awmTHOoE O6ornouyka HaHocTtpyktypel  CepguesuHa
nokpbITUE

Puc. 6.14. Koncrpykuust OB G.657

Puc. 6.13. IloTepu u3mydeHus
Ha U3rudax

[TosTomy ObL1 pa3zpaboTtan HOBBIM TN OB — OB ¢ mMansiMu motepsimMu Ha
Makpou3rudax. Otum OB mocpsiieHa pekoMeHaanus MexayHapoIHOTO COo3a
anekTpocBs3u G.657. Koncrpykiuss OB ¢ mansiMu moTepsMu Ha Makpous3rubdax
npenacrasiieHa Ha puc. 6.14. 91o OB umMeer B 000704Ke HAHOCTPYKTYPbI, KOTOPbIE
OTpa)karoT OOPAaTHO B CEPJILIEBUHY CBET, BBIIICIIINN B 000JIOUKY B pe3yjbTaTe Ha-
PYIICHHUS YCIOBUI TIOJHOTO BHYTPEHHETO OTpaxkeHus (puc. 6.15).

OnTtuyeckoe
n3ny4yeHve

OnTtunyeckoe
n3nyyeHve

CeppueBuHa CeppueBuHa

OTpaxatoLme HaHOCTPYKTYpbI O6blyHasa obonoyka
a 0
Puc. 6.15. Yaepxanue cBera B cepaneBune OB crangapra G.657

[Tapamerpst OB B cootBeTcTBUU ¢ pexkomennaiueir G.657 mpuBeneHbl B
Tab. 6.7.
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Tab6mn. 6.7. ITapameTpsr oqHOMOAOBEIX OB ¢ yMEHBIIEHHBIMU TIOTEPSIMA
Ha U3rubax Majoro paguyca

ITapametp

3nauenue s OB kareropun

Al

A2

B3

B4

MakcumanbHbIi K03 du-
LIMEHT 3aTyXaHus B Juara-
30He auH BoaH 1310—
1625 um (nb/xm)

0.4

0.4

0.4

0.4

MakcumanbHbIin K03 du-
[IUEHT 3aTyXaHUs Ha JJINHE
BostHBI 1383 um (n1b/xm)

0.4

0.4

0.4

0.4

MaxkcumanbsHbli K03¢h du-
IIMEHT 3aTyXaHus Ha JUTHHE
BoJiHBI 1550 M (n1b/km)

0.3

0.3

0.3

0.3

JlnameTp MOIOBOTO TOJISI
dms Ha mmHEE BoaHEL 1310
HM (MKM)

8.6-9.5

8.6-9.5

8.6-9.5

8.6-9.5

JnameTp 000109KH Uelag
(MKM)

125.0+0.7

125.0+0.7

125.0+0.7

125.0£0.7

HekoHueHTprYHOCTH
CEpLIEBUHBI U 000JIOUYKHU
MaKCHMaJbHas (MKM)

0.5

0.5

0.5

0.5

Hekpyrnocts 00051049KH
(%)

1.0

1.0

1.0

1.0

Maxkcumanpnas kadeapHas
JUTMHA BOJIHBI OTCEYKHU
(EM)

1260

1260

1260

1260

JluanazoH JUIMH BOJIH, B
KOTOPOM HOpPMHpOBaHA
XpomaTudeckas AUcIepcus
(GLY)

1300-1324

1300-1324

1250-1350

1250-1350

MakcuMabHBIN HaKJIOH
ko2 PunmenTa xpomaTu-
YECKOU JTUCTIEPCUH
(ric/(aM>-km))

0.092

0.092

0.11

0.11

KoaddurmenT nonspuza-
HUOHHO-MOJIOBOM JUCIIEep-

cuu Dy (ic/ \/KM)

0.2

0.2

0.5

0.5

Ilomepu na makpouseubax

Panunyc onpaBku (MM)

15 10

15 |10 |75

15 |10 |75

75 150

Yuciio BUTKOB

10 1

10 |1 |1

10 |1 |1

MakcumanbHOE puparie-
HUE 3aTyXaHUs HA JIJIMHE
BostHBI 1550 uM (1b)

0.25 | 0.75

0.03]01|05

0.03/01]05

0.03

0.08 | 0.15

MakcumanbHO€E IIpupanie-
HUE 3aTyXaHus Ha JJINHE
BOJIHBI 1625 HM (1b)

1.0 | 15

01]02|10

010210

0.1 |0.25

0.45

Cranpgaprt paznenser OB Ha 2 kaTteropun — A u B. OB kareropuu A 1o or-
TUYECKUM MapaMeTpaM COOTBETCTBYIOT cTaHAapty G.652D, HO umeroT yiyudIieH-
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HbIE€ XapaKTePUCTHKHU NoTeph Ha m3rude. 10 ButkoB OB, HaMOTaHHOTO Ha OMpPaBKy
auamMeTpom 15 MM, He TOJDKHBI YBETUUHMBATh 3aTyxaHue 6omnee yem Ha 0.25 nb Ha
nnuHe BoHbI 1550 um. Onun Butok OB, HaMOTaHHOTO Ha onpaBKy AuameTpom 10
MM, HE JIOJKEH yBEJIMYMBaTh 3aTyxaHue Oosee yeM Ha 0.75 nb Ha njvHE BOJIHBI
1550 um. OHu npumenumsl B okHax mpospayHoctu O, E, S, C u L (To ecTh BO
BceM auanazoHe ot 1260 mpo 1625 um). [InvHa BOJIHBI HYJIEBOW AUCIEPCUU ITHUX
OB nexur B nuanazone oT 1300 mo 1324 uM. uamerp cepalieBUHBI COCTABIISET
oT 8.6 10 9.5 MKM.

Bosiokna kareropumn B mpuroansl ajis nepenad Ha BojiHax jimHOM 1310,
1550 u 1625 HM Ha OrpaHUYEHHbIE PACCTOSHUS, CBSI3aHHBIX C TPAHCIIOPTOM CHUT-
HaJIOB BHYTPHU MOMENIEHUN U JOMYCKaIOT MEHBIINE [0 CPABHEHHUIO C BOJIOKHAMU
kareropuu A paauycel n3ru6os. 10 ButkoB OB Ha ompaBke auameTpoMm 15 MM He
JIOJKHBI YBENTMUUBaTh 3aryxanue 0onee yem Ha 0.03 nb na anune Bosnnsl 1550 HM,
OJIUH BUTOK Ha ompaBke nuameTpom 10 MM — Gonee yeM Ha 0.1 nb. [[nuna BosHBI
HysneBou aucnepcuu 3tux OB nexut B auamnazone ot 1300 o 1420 am. Jlnamerp
CEpALEBUHBI COCTABISET OT 6.3 10 9.5 MKM.
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