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NETWORK /| OPTICAL PHASE CONJUGATTION / DISPERSION COMPENSATION / SINGLE LINK
FAILURE / PROTECTION SCHEME /
NUTTHA CHUENPRASERTSUK : FEASIBILITY STUDY ON THE EMPLOYMENT OF OPTICAL
PHASE CONJUGATOR IN WDM RING NETWORKS. THESIS ADVISOR : PASU KAEWPLUNG,
Ph.D., 156 pp.

This thesis proposes a method for placing the optical phase conjugators (OPCs) in DWDM ring
netwerk in order to compensate for the accumulated fiber dispersion in the network. Our methed can
be applied for the placement of both wavelength-shift-free OPC and wavelength-shift OPC, in beth
nermally operated network and network where a link failure is protected by the path protection
algerithm and the span protection algorithms. Our method is implemented by analyzing all possible
traffics in the network, then, finding placement ranges of OPCs, and finally determining the most
suitable positions of OPCs.

By demonstrating our proposed method using bﬂ{h types of OPCs on a sample network which
censists of 6 nodes with total length of 637 km. We found?hat 12 OPCs are necessary for installing in
the werking fiber, while 12 OPCs are required for the protection fiber. When we analyze optical-signal-
te-noise ratio (OSNR) in the sample network that employs the wavelength-shift OPC, the OSNR is
found to drop 1.8245 dB, 1.8405 dB, and 1.8940 dB, where 1 OPC, 2 OPCs, and 3 OPCs, respectively,

are employed on a link-comparing to the OSNR without OPC,

Department

Field of study

Academic year



naAngsNUsznA

nentnusi dsaBaufenldfsiuauideaas ANeRA waztinlaann

¥
yarauanzig gaderensusaunszanslunisnginaesnvinuin ol Taniadl

4

PONINULBUNTEAT WA.AT. WG wiatds NFIHAILS N TunoAn wavdaansoa
| ] dl ! ' ?:/ |QI ¥ oI/ = a a 0 @ | !
wAla ludaununnsaesinge AewsENy aunseiudauinginusdniaiugtan uazaansiu

VALNTZANUBINIEN 7] iU

219901UAMUIATININIETNATINAMNLT N TENTEUIN9TEUINNIATEN I AN TN TN
WAZATALANTUNNANUNNTIRELAZNENYLN (Cooperation Project between department of electrical
engineering and private sector research and development) ﬁiﬁ@unmﬁumﬂumaﬁﬁ%

ARDATEEIZIIA 2 T (2549-2550) LATYUATLALUNTIALAINLUTAANS

4' dl & o v O o 4
gaupmNauY N AU Nratliia1lsnen wazpealinndslauazqaiinaaansiu
PUNITAMUTIAT N1TauarAIaLAT NRAUTTuINATlAtazIHN T asluayulngRdaunlnanaanat

A5an19ANE



TN

LNAREBNVIVINIEL - N

LNAREBN M VEINIE. ..o q

ARRNITNLTENNA ..ot D!

BNTITEU oottt i

ATUEURNT N o 7

AVTUEUN TN, b 0

LINT A LMoo cessss bt e ettt oo 1

1.1 AN UNIUAZAIHAIATYABITIIUT ©ooccrere oo 1

1.2 ARG UITAIAUBINNTVRE oot oottt 4

1.3 UBUA TN e 4

1.4 UBUBURUBINVTVRED i iteiitee et ens st 6

1.5 Usz T RANATIRL IR oot 6

unii 2 VOEHAEVANINNT i eosssessse st et 7

21 SRR THNMUIEILAN . o oot oot oo 7

211 NEYNIAATY AR ABLERAN s 8

2.1.2 ﬁ@ﬁﬂﬁmmmgﬂéwmeﬁﬁﬁwm'ﬁmmﬁm ................................................. 9

2.1.2.1 N3QrUARNIAIATYEYNDS (AHENUAHON 10SS) ... 9

2.1.2.2 MLW@%?W@QL%M&LLM (Fiber diSPersion).....ccc..ccecvveeeeeiiieeeeiieen, 11

2.1.2.3 pandlahidumadureadulanas (Fiber nonlinearity)......ocovvveeve... 14

2.2 92UUNNINARLNANERTUTUIDANINIAT oo 17
2.2.1 uéfﬂmummqwﬁﬁugmﬁmﬁuma%mié’wLLmizuumiﬁ@ﬁLwﬁﬂsﬁ

ﬁmmqmﬁﬂmumm?ﬂ'u ............................................................................ 17

2.2.1.1. WDM systems and COMPONENTS ...ccooiiiiiiiieiiii et 17

2.2.1.2 DWDM SYStEM ..o 18

2.2.1.2.1 ‘Em\m’fwﬁugmmmizuu DWDM ... 19

2.2.1.2.2 DWDM COMPONENT......coiiiiiieee e 21

2.3 TATIUIE SDH oo 29

2.3.1 LATATE SDH WLLAAI oo 29

2.3.2 N311a9iUN1IRULUALaITATIINY SDH ULLIUNI. oo 30



2.3.2.1 n13tlesiunsdnivanresinsedne lnanisilasuaannenapauy (path
[o]go](=To 11e] o) I USRS 31

2.3.2.2 nstlasiuniranualzesiartalaanislddulawasdnses (span

o] 0] (T o11[o] o) H PSR 31
2.4 NnugNugIuesssuLN Eaan199AnsAg e (Dispersion management)... 33
2.5 1ATasAaANALAY (Optical Phase CONJUGAtion) . .........ccovv.vverreeereeeereeeonn. 35

2.5.1 yauifuguesssuuil4Aisesdenamaua (Optical Phase
CONJUGALION) ..ottt 35
2.5.2 mﬁmm@\‘lm?lmﬁqqmwgum ......................................................................... 38
2.5.2.1 Lﬁ?‘lmzﬁ”\iqﬂW\lmLLmqmﬁmiﬁLgﬂquﬁumﬂqmﬁu (wavelength shift)........38

2.5.2.2 1p3addsel ALl ALAST A A A INENIAAL (wavelength shift free) ....39

2.5.3 UsyANBNINATRNARRIANARAT ..o 39
2.5.4 NNIAANIARNDTTUARILATAIRIEANALAT ........ooooovv 40

o 4. :
UNN 3 N139190P729A9e A ARAT T TATITNRIMLILIOUUIATU oo 43

4 O o

3.1 N19979LATaN AR AN ALAT A IHABUAINENIARN. ......coo oo 44
3.1.1 nmenvATasdsgamanasaiinliiaauasneapauuulaseinglng . ........ 45
3.1.1.1 IR NUASTANINLBINIVNAN .o 45

3.1.1.2 Manazitaslungaasesdse aanasaiia liinauANEIARY
UUTATIUVEILING oo 47
o o 1 d‘ a 1 dll dl
3.1.1.3 MINIUUARILMLILATEN AL AALAITHA A A NENIAR UL
TATIUNUNF oot 50

3.1.2 nenvaresdeg amagiia lineuaNetpduuaLulasenanddng

= = = o oy A =
Lﬂﬂﬂiﬂﬂﬂﬂ’]?mﬂﬁ’]ﬂﬂ')ﬁﬂ@llﬂﬂ’]?qﬂu’s{ﬁymquLUUﬂq?Lﬂ@ﬂuﬁquﬂqqﬂ@u

3.1.2.1 1N9AIEFEUNNUAZT A9 I NANLL AR e AR el T e Te e

al Y v o dl dl
ﬂ’]?mﬁlﬁ’]ﬁlﬁ’)ﬂﬂ@‘lﬂﬂq?qﬂu@ﬂ_lwﬂo_llquL‘Ll‘]_lﬂ’]?Lﬂ@ﬂuﬂ’)qﬂﬂ’]’Jﬂ@u... 55

3.1.2.2 MaaAszitaslun1gnaasesdsg aanasaiin linauANeENIARY

1
N

, A P = Iy [y Y
Uuiﬂ?fm']ﬂ NsﬂqﬂLﬁ@ﬂiﬂ\‘]g\mq?L@ﬂﬁ’\ﬂﬂQﬂﬂﬂiﬂﬂW?Qﬂu@mﬁquLLUU

AT R UAIVHENIARE < 60



3.1.2.3 NMINIMUARILULNLATEIASE AALAITHA IHIABUANE NI ARLLIY
Tasetnenidnemeniainia@aussanalnnisgaudtynyinuuunis
WREUADIHENIARI ... 61
. o o 4 e
3.1.3 Mannuerasdeg amlariinliidauananapaulasuulassnenane
dl a a % P o &
danlaeiinsdaasaenalnnisdaudoyoyinuunimeadas............. 64
3.1.3.1 nM3dmaziduniauasianieremaminuulasananaemen o
a ¥ v o 17
nadamnasaanalnnisdaudaanamuunisymesdan 65
3.1.3.2 Manaziiadlunignaesesdss aauasaiin liinaunNeIAaY
S | = = v v o
uulasednenidnemenlenanaa@avnsfoanalnnisgAudnynyinuuy
MATNBATNH cevv- i esmassns e 74
3.1.3.3 MINIAUARILMULATIASE AALAITHA I ABUANANIARLLIY

'
= A o

Tasegnenademaniadnia@suesaanalnnsgaudtyninuuunis

TS (A A DRS00 NN I 78
4 o ¥
3.2 NM9UATRIAE AN ALASTHARDUAIINENIANE .o 83
dl o/ ) dl dl 1 =
3.2.1 N1399LATR AN A ALAITHALR D UANNENIAAULUIATI TN EUNA ... 83
3.2.1.1 NNTIATIEAANIUAITHENIAAE + - oo, 83
3.2.1.2 NNFAMLIEUN AT AAN NN I WA nLuTATatnaUnG ... 85

3.2.1.3 NM9LAIZIEa9lEN1927190A9894 e A ALAITHALAB WA N NIARLLIY
TATAVELNG oo e 87

: S 2 & 4

3.2.1.4 PN IAUARILULALATEIASE ALALASTHAIAE AN 1IARLLIY

TATIUVELNG oot 89
3.2.2 nenuArasdug amagiiniaeuaneIaauLasLulassn s nE e Een Ty

A = > 9 = =
anngaamgfaenalnnisirudu atuunIsasANEARL. ... 93
3.2.2.2 MR luN1999eTa AN A AUASTHA LR OWAY NENIAR LI

Tnsstinanidnemenleainisdanasanalan sApudty uLILNNg

WREUADINENIAR oo 98
3.2.3 nenuArasdeg amatiiniaauanendpauuasLulassn s nE e men Ty
Ansdenefaana nnsfANATY I MULLNNINOATIN .ccooo 104

3.2.3.2 NM1931ANE a9 1N1997191A9094 e A ALAITHAIAB WA N NIARLLIY
TasstnenRanam@enieainis@auasanalnnisdpudtynyiouuunig

PIBAT VN <o, 113



2

3.2.3.3 NMINMUARIULULALATEIASE AALAITHAIAB WA N NIARLLIY
Tasednenidnemenladna@aunafanalnnisgaudtynyinuuunig
MAOT VN ..o, 17

3.3 AAziNg OSNR 1891Asetnea1eATasdae AN ALAT AR WA INENIAAULIY

TATITVLNB ..o, 124

UNT 4 LNATUMAZIBUAUBULE 1o 129
A UNATL oo 129
4.2 TRUAUBLUY o.oovooeeeieeee sttt 130
TURIMNATETIET ..ottt eee e et ea it ettt s, 131
YT RV o DO "R U< crvoveoertETT TR T TS 134
UNANHNNITNNN IR UEFINATEEING oo oo 135

v ¥ A

U AR UAMEINTINUS 111ttt 142



AN9UTUA59
;1379 v
P19 3.1 newdn ﬁﬂvmm::a‘zmwmﬁz%uﬁzgm ........................................................... 45
P1997 3.2 N3l ﬁm/mLL@:i:mzmmmeWﬂﬁlmqﬁ'fqmﬁiﬂluﬁﬁmuﬁmﬁu ...... 47
P97 3.3 wanensniin HAma szeznng LL@U%’]LLM‘LiﬂSLuﬂ’]ﬁ‘fJ’]\iLﬂ?l@ﬂﬁ/\iﬂqﬂLWZQLLZQ\‘] ...... 48
P97 3.4 NN Aan1auazszzme i Aeu AN eWRAUNG .. 55
p15797 3.5 anannn fanauazszaznneililaauudasannnaWindnd .............. 58
P99 3.6 NN 171ﬂ‘vmmezﬂ:mwmmqﬁlﬂﬁmqﬁqmﬁiﬂuﬁﬁmqlﬁmﬁu ...... 59

B399 3.7 N9AN RAng s2eien9 wazaumuelunIsuATasdag AauAd 289

AN AR T BTERLIVAVED ... oo, 60
AN997 3.8 NTNAN RAanastazszeznailassldannaWAnUAG oo 65
13199 3.9 NN RAnsuazszazn s WAnnanangan i luianianeaiu. ... 71
dl a) a o 1 '&l o/
F113719% 3.10 NIWAN AAN T8N UazAUmEI luN192791Fa9A38 AWALAS 199
AT AR ATEUREIVAVED oo oo, 74
B399 3.11 NIAN AANIUAZILEENNAGUNGA .o 85
;13999 3.12 N3in Aansiazszeenisesnsinnanangan il luianiamnaaii. .. 86

FN3I97 3.13 NIWAN HANIN 282N LazAIMLNTUN199791A9094E ALWALAS 189

TAsgane NN adaleaAs g (WULRAMNENIARNENNG) oo, 88
AN9199 3.14 NNAA Arn1auazazeznienlasulldannna wWaAnUnR ..o 93
;19797 3.15 agUns i Airnsuasszezn i asuwlasa e WANUnG ... 96

N3N 3.16 NaWAn NiAnguazszaznisrasmaninnaangan il luiAniamaoni.... 97
- o - . 4 .
N3N 3.17 NIWAN HANT9 5zaznag wazAUUN EN199791A9094 e ALWALAS 189
Ipatne AN Ta T RNg (WUUNAITNENIARUENENND) oo 98
A13799 3.18 N3N Arnnanavszasnraiilasullaanns wWindn® . 105
;19799 3.19 9N AN ugzszazn e Wiinienanged i ludaniafeaii.. 110
dl a\| = o 1 dl o/
R399 3.20 NIWAN HAN9 szazng wazAMe TuN199791A9094g ALALAS 289
IAatne AR @a lea@anng (WUURAMNENIARLINENND) oo 113
;13999 3.21 Ndaeneisnnnlunisdsdeyauazaruinaresdegmnauaanle ... 125
N3N 3.22 ANBRINdauIzid1e OSNR lulasetinaianeiasasdaganauaari OSNR u

Tn9etne Nl AT AINARAY ..o 127



ANFUTUNN

nwilsznayl T
gﬂ“ﬁl 2.1 @xuu?ﬁl@m@muﬁﬂml,m < TR 7
gﬂﬁ' 2.2 @xuuﬁ@ﬁmmﬁmmmﬁuﬁlﬂLLmﬂmmxmaiﬂ@ .................................................... 8
g‘ﬂ‘ﬁl 2.3 Optical fiber attenuation vs. wavelength [21] ... 10
gﬂﬁl 2.4 Group velocities Laz GVD TuLLﬁi@:ﬂ')’mmfmgu [20] i 11
gﬂﬁl 2.5 Chromatic diSPErSion [23] ... et iieeereeeeeeeeee oot eeeeee et 12
gﬂ“ﬁl 2.6 N3LNA Inter-symbol interference [217 i e 13
37 2.7 Amudiiugazdng B, waz D VOB ANO T 14
g‘ﬂ‘ﬁl 2.8 WDM system and COMPONENTS ....c.ooiiiiiiiiiiiei i, 17
gﬂﬁ 2.9 Iﬂ@m"f’]\aﬁugmmmi:ﬂﬂﬁ@@ﬁiﬁiﬂWﬁﬁmmu DWDM ..o, 21
gﬂﬁ' 2.10 Aulaafidulauasuiiy 2 x 2 AUTUNaRAWANTUAS 2 TSI .covee.e..... 23
gﬂ“ﬁl 2.11 Tm‘m%ﬂﬁugmmmﬁuLﬂ@mﬂ,mmzmu (227 ittt e, 23
gﬂﬁ' 2.12 vannisnnnuleseslireaiamadlugl (n) war Mux Tugd (1) [22].............. 24
gﬂ“ﬁl 2.13 mﬂﬁmmemmmﬁﬂgﬂmzﬁu BOLARNR M. s 26
gﬂﬁ' 2.14 m:‘m"ﬁmmmmmﬁmuﬁmmﬁmmqmﬁ EDFA [22] oo, 27
31 2.15 Tmm’émﬁugmmm OADM [22]. vt 27
gﬂﬁ' 2.16 Tassa¥19183 OXC 7114 Optical Planar Waveguide [22].........c.co...corocccrrce. 28
gﬂﬁ' 2.17 1A9UNI29UMIULIL uni-directional RANMANRTHUIRN oo 30
gﬂﬁ' 2.18 A9V Di-ir@CHONAI ......ovoeveeeeee o e, 30
gﬂﬁ' 2.19 Mitlesiunsdumanreclaseing Inen s AELAITHENIAA . oo 31
31 2.20 mstlesiunnsdumasaestaredne laen s A AR89 oo 32
gﬂﬁ' 221 WATANIIANNTAA N ST UAOUS AR TNBANELL oo 34
gﬂﬁ' 2.22 ﬁzuumiﬁ'@z@ﬁyﬂmmaLm\iﬁlﬁ%mmmLmﬂﬁmwm?%mﬂumﬂmu ................ 34

2111 2.23 mm?wﬁmtyﬂmm@ugmmimﬂm‘zmum? FWM T4 third-order nonlinear

MEAIUM ... 36
dl o/ o/ !
7171 2.24 UUULNAUIBIREY I TUNNTAL. 37
o Y o o u
317 2.25 N9aF19 AN UABUANARLIL THIABUAIINENIARY ..o 38
9117 2.26 NM9AFAY LY IUABUANAULILILABUAIIHENIAR ..o 39
317 2.27 U AN INIRIATOIRIE AWALAT [32] oo 40
31I7 2.28 szuuNsRe ATy AMNUAINENN9NLATRNA A ALAS 1 ENNINATELIL ... 40



&2

dl °© o o o dl a 1 d‘ L o
317 2.29 MAsdyaynseesdtynnuniuneludulauas l498n19aeugInRdTy N
TNNANTLLL oo 41
317 3.1 N9 IUNNINUATEAILANAUAL ..o 44
UM 3.2 TATIUVRFVBEIN .o 45
3117 3.3 AANDFTUID EWLHUAITA SMF .ooooooo 48
717 3.4 n19onsgUnsndasundulanasTunnsdauuua dNu RN 51
31I7 3.5 nn3sginsniasuidulonasTunsguuLNAUENUIRN 51
9117 3.6 1AT9EFRLINNVINGUNTATUAD -t 52
A A co 3 =
917 3.7 N9 MUAAIAAAND FTUTBINAUNIUASTINADNT ..o 53

31I7 3.8 naulasuulasdunissesnainidedaamenlainis@amasaanalnnisgau

Aoy Y UL LN TLUASUAATHEINIAAL ... oot 55

3117 3.9 M3 egnsniastudlonas TN IR UULAMENWIRN o 62

31I7 3.10 n9asginsniasunAL lenas U TAILUUNAITNUIRNY oo, 62

717 3.11 TA99921690t 197 MNQUNTIIMAD .o 63
A 1 a co =

717 3.12 NI WUAAIANRRLND FTUIBINLEUNIUATINANI ..o 64

717 3.13 nanlasuudasidunsaemsniniednemenlaeinadamefoana lnnneg

a4

AUATYEYNBMLLINIITIBATIR -t 65
91l7 3.14 nsasginsniasuudulanasnfluniad s uuumadNuRN 79
31I7 3.15 n9asgunsniasundnlanasdseslunisdeuuunoudnu RN 79
31l7 3.16 n9sgiinsniasundnlauasnflun eduuL N NURN 80
77 3.17 narvginsniasunidulouatdnsedlunisdauuumadnunfing s 80
3117 3.18 TA991N81A0LNANQUNTAINAD ..o 81
A 1 a o P =
717 3.19 NaWUWAAIANARNG TFTUIBINNLEUNIUATINANIT oot 82
317 3.20 LAAIRUIUTBIAINENIARUN HANNNITAIUIDUATNANNNT (B.4) oo 84
91l7 3.21 meagUnsnlasudnlauas lun a8 uuUARIENURNY L L, 90
31I7 3.22 n9asginsniasuudnlonaslun1sdIUUNABENUIRNY 90
3117 3.23 199181 A90LNMINAUNTOINAD oo 91
A 1 a rolx ¥ =
717 3.24 NI WUAAIANARLND FTUIBINAUNIUATINANI oo 92
all & 4 ! [
719 3.25 N9 vgunsniasuuiduleuaslunisdauuumIR AN IIRN e, 100
dl c ¥ ! <
717 3.26 13 vgUnsniasuAuleuaslunAULLNAINUNRNT 100
317 3.27 19911819089 NQUNTAINAD oo 101

K1l 9



gﬂﬁ' 3.28 ﬂmV\Imemﬁmwﬁ%m@mﬂLﬁum\umznﬂmmﬁ ........................................ 103
gﬂﬁ' 3.29 n999gLnsniasuniduleuasdnAlun1sgauunadNuIRNY 118
31 3.30 MevwgUnsnfacdulaugsdrseslunisdauunnauduu AN ... 118
gﬂﬁ' 3.31 nMangunsalasuudnlenasinA N1 sd UL dNUIRNY s 119
31 3.32 mevwgUnsnfasdulaugsdrseslunisdauunmuduun AN ... 119
317 3.33 1A EFIRETIGUNTATIUAD oo 120

a q

717 3.34 ANRANEFTULDINNEUNIUAZINADI oo 122

k1l Q



UNN 1

UNUN

o S L iy o o et .
nsdeansuaniasudeyaiiudiunilaluadnulsyanduaeanysed Aatiuniawmun

o

= dll = Vo 9«:// a 2
nan ntednalulagnisanans @ﬁmumqmuhwﬂmmﬂ?mmummq ATUATINAIN

N

[ %

a izdl a a '8 o 431 [~ = ] dl dl v o
NAREULATH LTEITIYNINNE Q‘VIF;IWuWMﬁ’il‘Ll‘LluLﬂu’ﬂﬂ'&QHWHGVI1®H’]L@uﬂLLuQVI’Niuﬂ’]?

o

acs dJ a g 1 o dl va dd? d’j
wmmgmmu meﬁm?mumumawmm?:uumm'ﬂmﬂw@mmwmmu Tnenaunluum

De

v = @ o o = o = <Ny
tlenanntepnnuduniuazandidnyaeadomniinidnen antulfiauauuamiees
Inentinug dnglsrasdaesdnaninusretmnaesing1dnus sonllddunaunis

AU aztesTaminaindnazlasuaI NI NN Ins
[~ Qs
1.1 AanaLunawazaugIAaa9ilund

o = v a oA o a3 » = o
LN@‘VJﬂﬂuﬁdﬂﬁ’ﬁmﬁlﬂ\‘]ﬂ’]ﬂuﬂ’ﬁ‘[ﬂﬂﬁlﬂ@ﬂ’&"]ﬁ“t’ﬂiﬂﬁ‘zllll@ﬂ@ﬂﬁ‘llﬂ"]ﬁ‘w[%J‘Lﬁ ANl

| o

a dl 1 a ] dll 1 1 9 a
AARNNKNILUNN ﬂ’]?ﬁ]ﬂ[ﬂ'ﬂ&‘ﬂ@%‘@t@%slugﬂLLUU‘IJ@\?ﬂ’]?’&Q@ﬂJwﬂ&IWmLLWﬁ']N’]umu‘ﬂ@\‘iLLﬂ\‘i‘ﬂuﬂ

ANEARINAYY (twisted pair) 1ee aetALaUNUIIN (coaxial cable) TaluilaqiiuifFun

g

\ ) = & X o o
ﬂ']?@ﬂm@&lﬂ@ (data traffic) NN DLANNINTUAINNFW NN AR A T TaE ZNN@GLVIﬂ’]ﬁ‘

1y
! ¥ a

dl a IS (N oA dl o = =2
AeansbugduuuAnuuuAd avldineananazsesfulsununisdedayaiinnau uas

b

2281z 19 IUNNIRAADARANIN A aINI9A9 13 b AT N TN TR UIN1782479979 T TN

(Electrical communication) U NTIUNN5R0 A1 INWES (optical communication) Hagann

o 6

o » =y = = X o gy
mmuummmamm@maLmemLuummwzﬁamemiéﬂmw:mw%@mmu N lwnNg

1
a a

A
= o % X P P » ~
@@’&’1?1’1’1@LL@Q&’]N’]?O?@Q?UL@‘N’]M%@H@W LWNﬂu‘ﬂﬁl’]\‘]ﬁ]ﬂLu@\iiﬂ ﬁﬂqqﬂq‘i@‘ﬂ’&’]ﬁ‘gﬂ LIRS

a

1 [ o dld a ! 1 o = 1 dl =
dulauasiilusnarsnildseanannlunasdsdudyniupndndanFaumnay

o o Y 1 oo

dl dl ! & Ay A 1
U Qﬂ@qﬂﬂiﬁﬁﬂmﬂgﬂé’]m@uﬂ aznuIdulauasidaananung [1] %

2]

1: Adwlouasidnsnisgandunasertuasludulauadsnn M lddsdrgoynliscas

n9lna nduasldginsninaudnynnuazginsninensdyyindesninnisdaeansiuuau

o = o ¥ o = A oW A & =
2. Ul uaeNau AR NLAZUN TN TR NI RARAI LANNE AINN1INRAUIALANAY
#1190 Mudulauas vanaduidndostuitugnaiamant I lgauudunuinay wunng

a = D X v A A
IWNTR9N1NN1IRRAT ITNINTUAINNIT HENUALTI LA



%

3. Wuwlauasgnuanuiaindanausuliin AsdsAaindynyiusuniunianau

wmdn il Ml aanugneesaesdyanugaienfouinauiudelssinnau 419a199
avlifuussazlimumidsiuuazdeiiuduay seiunisuauanaeu IE&y o umuasiiesn

Weaaluanusonsenla

1

4. 1Aulenaanianndzai ldinismaany wazniraanwuugnelatadiulaigal

q

L% ] zl/ a d’/ o L% o b3 26 ¥ 96/ % ¥
ANNATUNUA DRI U R Az AINTY vinTRausnndulonadld 1 lEuN T uas g uwle
=

wasglsilangnisldauienauuansasddulouasunaduiiengnisldeulseann 40 U an

A INFBINNIN9N eI N EaTReNaN

i
3

andennlenanann winlddalasetnaniauas (Optical network) #lf&ulewaaiily

1%

fananelunsdedyoyiasiu draruwminzanadiedslunislddulasednaununan (Core

network), Tasedneandeszezlng (Long-haul network), TasedneLdiaonindna (WAN) 43e

wiingeialATaaneUATNAS (MAN)

Tasadnawuusaumufulasednanlduagatsunivaalulnsaang MANWAN

o “ W b ¥ b . v a s
Wasanniiulassinedanalsl (reliability) A ssuiuassdayamazdayainisimiunig
TunAnnamzaiy waziinnstlesiunisanaesiasen (Protection) lunnsdsdagyalulasadine
wusaswauinisutnisid e sdyay1anngiaan (Time Division Multiplexing, TDM) @4
lginsnilulassdrauuudiannseiing dexidnisuiisnasidinlddesdnyoiumnieaaiueng

dl Fr— r - o L4 173 e‘ =
AL (Wavelength Division Multiplexing, WDM) mﬂummmhfqﬂmmmuLmewu,zw
annsndediayaaundents (analog) WAszazII9szdNAIINENIAAL(channel spacing) £

1 1 dl ¥ = ¥ 1 = a a dg( = va dl | 1
vwagdun el lduuumiaiilfacnaddss@nsnmannaw asldnisnlaswdunisuienng

L‘?Jjﬂ%‘ﬁmﬁﬂgﬂg’]mwmﬁmmmqﬂauLLUUMu’]LLﬂu (Dense Wavelength Division

1
a o a o

Multiplexing, DWDM) wni [2] Tneidifnetnaauiqaningqades laun elseidnsnaden
2199 DWDM - Aidaxn3ninvunAnNendAaui liuesieyaisuundniud® (Dynamic traffic)
WATANUUAAILEY (static  traffic)  Tun19de8171ulATae [3] 4AN130N9UIINALNNS
4 Ao y . o 42 o o me
TanAaauld [ N19AeANTHIUANALN LINBLANANTIOUZ89 LY Wusdu [4] 91uRdedh

Anmuneaiun1stlesiun1saN1e9ssLL DWDM 1% N191INT2LUAE (algorithm)  1iie

o

= dl dl ! dl o o v dl 3| % =
NANALUEUNINTTANAANTI9A N1TAATINIT LETUAITNENIARY [5], [6] SERTITRIREY

9

a o

SUARYNANEIN1TINATENTEN B A TN WA TUIZ UL DWDM UULR9U1AA1 [7]



LLG]@Qﬂﬁ’ﬂﬂﬁl@\‘lﬂ’]ﬁ‘ﬂ[ﬂﬁ"mﬂﬂﬂﬁg\‘] Nag

iaeinglianin M lddaasdniswmunlassng

ynaugeasiasiaiiies wsithazvinnsasuulasialassdnaarfeeaanugs deiuaaiulli
nsmungtnsainldlulassdnauny ginsainldlulaseinailaqiiug 2 dsznn Taun
gnsnfuuuiniuivzeglnsnididnnsating (Active component) uazgLnsniuuuiefinsius
A rdl 16 & o o . ] m & a :l/ =
visegneninlaildnasanulunisinau (passive component) usiginsniBiannsaiindriug

¥

ANNNLTIAN A9BNENITUNN lEgU NIl LU uNaTW T99295UdayanlANFIgITIuLAY
srazn1eluntsdelnadu uAfazlnanssnUaUATNNT W N1TaANauLRIdy Y10l
(Attenuation), mﬂmﬂ@@ﬂmmz@mﬁm (Dispersion) wazAN Il d iy (Nonlinearity)

WALINEINNTRAANTRANTZNL IR

N13aANAUATY Y IAIIAINIITANI9ALEN199 19U nenlren e dtysynns (Amplifier)
i N5l eresaenadyyaniuiuaniedie (EDFA) wusi dufunisdanishama s
= ¥ . . g [ | Yy Y 1A o
#n13'4 Dispersion Compensating Fiber (DCF) 274tilugneimnuiva lvirsamaidunqn iy

TasstnalaifuAniuun [8] uazinieldipsasdsgaaiaslunisdannishamasdulnanis

o 1 =R 1 di Y 1A o‘aI/ 1 v dl o
s lusnunisnenansaasiasttaina liAmhawe ‘ﬂu@z@uﬂ'ﬂum’]mﬁ"ﬂﬂﬁﬂﬂﬂLWZQLL@\? AT

v
= o o

wAIpanaLATaNAIgAALAITNA1ITBNA Bnviededinnsndnnisao N liidumaduls
a0 A= A o A o = ~
fngl AnanenuidsnAnsfeaiuni19esesdg A aLasluszuunN198eanImMeuaLg
o el G- 4 day
anmRaneftu[9] ,[10] naganATasdagAmanadlusruunN1sdad InIauas g duleias
WuU DSF ieanpdinefiulinaignaiuegnaaauniantis [11] n199anLuLnI9919LATas
Agaauaslunisdsszaznigina [12] lnadasiasnisdnnishamasduiazinnsads a
dldl | v dl o ZJ/ ¥ 1 A ]
I ALA9919NNINAa8s LY dastunasldinuaTasdsg A auaiuangle 2 409 Aa 199
Normal dispersion LL@Z‘ﬁ’Nﬂ@’Nﬂ 2489 Anomalous dispersion finanauenangetieiiazin
%A Eye penalty g9 n13ANH NS 1911183994498 AW ALAILND INANT TN ULIBTLLLILAN
aan [13] [u WNANEI999n191TadAe anfainesdu usu n1sAneinisldeu
\PFpReg A anAANaan Nonlinear noise ANN LATEIBENEA IRy IUNUaL TszULIRDANS
sreznvina[14] nsAnenisldeuaresdsg amlanasieannaaintsngnisaiaanla
dudadusendulowas Inaagidmumisasnisnaesesdegananasldanilugasa lu
AUMUNINALATUA LN 1H Power ivaasdneannmsii [15] nsAnmInIg 1w
d o | , o J cday
iFasdagAaLasiNaan Nonlinear phase noise Tuszuuinisdeansuuuscayinatisnldnng

NBAIAALLIL Phase Shift Keying (PSK) [16] uazanganlainisldirsedssamausslu

sruudedNInneinauuy DWDM Weanailtymaewisadmesiuuazainaldiduiduduans



¥

Wulanas [17] winnsldenuianaatiudunisldaenlussuunisaagnslussaznialng way

a

o 1 o o g 1 1 dd‘ U 1 v K 1
falufianuidsalatinmugnnnsaiinn g lulasednantalas andaannatanndnesiuasinag

b

o

terasdegpanasnnldlulasadne

(&

6

o o [ % a ¥ dl o 3| rd‘ 1 1
Arufunisdanishamaidu nnsldiasesdegaanaaiualnsnininaula udau
flaqiiuiesesdsgantsuastivasinisinun I lunnsdeasuuulnatisuazliinaiinnsiin

ANAINTNe9gLnInlNn 1 lulAsetnaniauauLILSuRWAE

TianeninusilazAnsuazdiauedsnislduesesdegaanisuaslulasedne
a o a a e dl. a rnlx o 1 dl Y o = dl
ARLLTARBNLULNWIU LianNaTaRa sy Tnaaneluaunsn inaiuaniiinanign
A41915UN1979749 10 TA AL A UABIAN TN DY TEHZNIN LAZRANI9UDINTINAN LAINN
A1 11N199792 N N2NNATINNA LAZAIMUARAI LU T1HN17919 NN LA NN D ARNA

1esRamefulinniigauazldanuinaesgnanivinga
s (3 a o
1.2 IUszdaAURINIFINE

Anensldanuaesdegamauas(Optical Phase Conjugation, OPC) lulmssdng

o a a &

AULTAL ALBNLLLIWIAN BAST LA UMINN1999ATasdg AawasNeTAite Aaineas

U

)

fu inaanuasasfdinasiululaseinapsibaghdnunuasunon  aearunanlg e

TAgetenneulnf uazinnsduivianlaliin 1 dnad@enla wazAnEnaaed (Optical signal

to noise ratio, OSNR) tlaandiezasdagamanasdalllulasste

a

1.3 AUADWANLUUIY

= o X = ' 9 o P )
1. AnmANFAugutesssuudednsiudulausaiariadesing o) inasanns
Reienaesdrynaleduldsdiuidulauaslagiannziaaaspdina siusaus

A lRamasdululnsang

=3 a 1 % :l/ rd‘ U 1
2. AnwnamadRlassdnaiuuasian wisunsgunealnlalulasedne iy

A1

3. AnAnnuLAnAsasniTileni sl deudesdtyaniiuy TDM, WDM  uay

DWDM

4. AneAmaNTTRra9ATadIL AWALAT N9 ANINATNNID LATAIDENINIS

il uesgiinanl



10.

11.

12.

13.

14.

15.

= ada 13 dl o 1
ﬂﬂHWQﬁﬂqﬁlm\‘]’]uLﬂﬁ“ﬂ\?@\‘lﬂqﬂL‘V‘l@LL@Q&Luiﬂ?\W’mLLUUQ\‘ImeJu

APAE AU IULATEs A AL ALaIN I Tldduaudesngaunlasedne

WUIUFAIBL

asrzinauniarisnna lunisldeuasesdegmanaeiiuld s a1

1 1
a 6 o/ o

Arhawmasiuliiiufamasiuniimuauazldanuangnsaiivinduanuaudas

D

Nasnlamnly

q

° ° . - o oA %% 4 qu . a co o
ﬂ’muﬂﬁﬁLLMH\WI'J’]\?'@‘]JH?M@’WWWLLWLNV]Lﬂu1ﬂ1®‘1ﬂﬂﬁmMLW@iﬁﬂqmﬂLW@ﬁ‘ﬂ]uBﬂ’]

=Sb.

4n

UFu1lg938n1990umsasde pulauas bilg lanulassdnanddnedanlasdlinng

9

o

= [y o = dll
L@ﬂﬂqﬂm')EIﬂﬂiﬂﬂqﬁ‘ﬂﬁu@mquLLUUﬂWTLﬂ@ﬂuﬁQ’]NEqQﬂ@u (path

a

protection)

diulgadimaaaesesdsgamauaslifldliiulassdnenldedenladinng

a % v o/ 1 .
L@ﬂﬂqﬁlﬂﬁﬂﬂ@‘lﬂﬂﬁﬁ‘q ALATUTUILLLLUNIINBALUN (Span Protection)

UFuilpadsnignnsiesesdagamanaslildlifusruuiiiannnanaaduinis
iwazuulas (Shift wavelength) tasannnas ldiAasdag i anasazinlipons

o . S
QLI VSN fal s N TAVISREATIMISALAN:

|
. o

15113995n199791A909 898 AL A LASTHALAAUAINNENIAAU (shift wavelength)
W FlanuTassanendd e @anlendnis@anitsatna lnnsdAud L

n3lasuAINe19AAL (path protection)

Uit etaTasdag Al auasTiaRaUAINENIARL (shift wavelength)
A P

Tldlarutasadne IR anTean tein s @emasaang lnnsfAudty ooy

N19MaAINN (span Protection)

AAT1EIiia Optical signal-to-noise ratio (OSNR) 22935 LILMasa N7 bain1s 14
NuATadegAaLal nszLeTaedsg Alanatazin Al OSNR anadadig

NN

FeuFaemauIneninusaiuany ol



1.4 URULUAURINIGARE

1 v
NAABIIINNIINLATENAS A ALAITLTAT I BLU U AU Ag ALB NN

=® aal dl [ dal U dl [ a raI/ 1
AnwN3an1gnvATasdg AaLaslldinednnisuatesianeitululasene
WINLIL

aa = o o y Ay - ,
mmmf;ﬁmmwLmifaqmqﬁL'vmmeu‘tm\amwiummmmﬂiﬁﬂgmimmmiu
wlsimaLds
AvUAIUILEasd I, 9raenadludngdan leasng R NG

v o

srazingreudnsdasdny s usaudsialdluntsldAruanidsnisang

'
A o

\ATRadag LN ALAN

o 04 aa dll =l a dd‘d 1 dl al
s linemiudae@an laai@e g NanIznInNte T lasi@anig 1

v
o

| dl 1
Penaan e i

nuuanalanisgandynaaniu nalnnisgaudnyiiuunisaauaay

£N1IARL LAY N1INARTNH 1IN

v
AMMUANANIINARBIAIEINITANUI LN TPe R IANNN1INAAa9 LT LA

1.5 dszlaminaininazlasi

1.

2.

MN199941Azesdse A aLas TulAseaine DWDM Wilingumau

AONULLANIANUINADBNI9210ATeNAsg AALAT A niuTassdinauuunfuasd

ANHLASINE

WAUILAENAFBLNANATNIIIULEINI199191ATedg Al anas Tulasedie

DWDM UL I AN nN 187 N IURLILFNGT

ANNALAZUN A UA AT UNNITINIT9LF LU



unin 2

NOBYUASWANNG

laqiiu n13dearsnisuandiuidunuInd uiunisdearsuangeau 1iesaind

Anaialun1sdedayage uasdesdyminlunisuinnainis@eansuuuini anndlalasy

u u

il ¥
A '

Han19sUNIUAINARULAN WA uas Ay inieuen froanantiRvanil asinng

WM 9@ty U unmneuasannszuy WM wuuids Tiduseuy DWDM  $9finng

=3
gl
=
|
X

% ¢

anmanduasdldludesdyunandaaiu waiudszdansnwlunisalfunngeau welu
] dl Y v o = v dl 1 o
nsaslagsauLasangANgnaAdRdnsany - aziinalFidededynyinlurzacnielng

Aatlyw e esann wasaziinnisuavean kazaiannlillsunau dyyiniuasans

' £
] o = a =

dasdnyourunag Indiu M linedsdayaniaiaulil feili asiinisinesesdaganauas

u

v
v KR A

dnun M lusyuuieudlatlgmunanid fasiu asinasdaesasdeg amauas i ld sz

Waudlailoyunisuaneanaesdnanns win1saasesdsgamanas fainlinasanuang

v
IS o o

AynunnuiANanas AN A9ARIRNsANENaNI AN TsATesdg Aanas T

=

TAratnemuunzan tnaluunil ﬂfohf;ﬁﬁugmm@\‘w:uum@%@maﬁwngﬁusl,ﬂ LAY WaEnNIT

o G o

afwAnddtyyIn anunlinana iU A mTLATA AMALE LAZILUINI

o

AR A UTLLATasdes Aauas Tulagedne
2.1 FEULRAATHIULAW LIRS

seuvanarsindulaiaslaevialidnasananaimiug 319 2.1 aalsenaudog

B9ALTENBLNAN'T Af LATasdeAtyunniuas (Optical transmitter) 1{uleiuwas (Optical fiber)

o o

LazLATaSFUATY Y nULas (Optical receiver)

Y doya
Yaya (Tyanautes)
(Fayana Tvldly) |—|° °|—| I—I
v
I | I | I | vl
_>
r—wFY 1oy N 1 00F® DN\l ¥ i3 3iostIirr———— 1
| y | | |
: uraeanuiaueaa > voquamoimanas L | | dansredvuag > 235daaula |
. b 1 . - |
Light i v | | (Photo detect D t
|| (Light source) (Optical modulator) I ( tytymum)l (Photo detector) (Decision circuit) |
I Laser,LED I | PINAPD |
L - ___ I e e e e e a
i o A o
INI0ITIT YR I 3095 UT ey IR

917 2.1 szuvdeanseinudulauas 18]



o o 1Y 1 9 . . Y
mmmzuumimmmﬂ@mumu’lﬂu,ma?:min@ (Long-haul transmission) WA A LA LA

=

Tug1n 2.2 aziiulddnfglnsniaeadnyninmiguas (Optical amplifier) %90 ginsninou

3

I | 1
o

&ryruns (Repeater) 219AUszidnaniaiilugee iesannisgoyideindsanuninazuludu

v - |
lauaslngazlung fuAduilsz@nanirannaud i niauas luusaza1LAINE19AAY

a

(Optical attenuation coefficient: dB/km) NN IHNNAUATY Y ULAsaAAdLazaIaazLily

b4 s o [ . 1 [ o [ %
e liginsningaadudtyouiniuas (Optical detector) @ uN9nATIAdLNNASIBUAS LS

' 1
% 1 o o o =

A1nFuAINAIURIgANgUNTIR IR UATY U UKA9AZ AN TR LU AN A KA

]
]

nnaseulninldaadraninla (Sensitivity) -~ @vauagiuusazainnasgininingady

kT

Atyrynd

©

Optical Fiber

Tx @

Optical Fiber

amp >~ ==~

| amp

e e LO - =1 ©)

Optical Fiber B | Optical Fiber

917 2.2 svun@adynunurnudulauasluscaznislng

211 naugnisdedrianasnudulauas

= o @ | w Y V- | a9
Lummnm&itywmumLﬂummmmmiﬂﬁwuwm muumummmmﬂmmm

N

o

vty unaeelanlaNdNARS T LaNN128LNNFAR (Maxwell's equation) TagiiTasu

WANTUINITLAUNINABIATY YIRS AINANNITANTHUUILUUN T UALAZANNITAI

[~

'
4 =

wunuuauINudnan auineiga azldaunimnisduntsaasdyyrnnasludulanas

q

3 A

Wl saaunisi 2.1) TelaeFananasiamiiedt aunnsaannluduideduresisamaans

(Nonlinear Schrodinger equation, NLSE) [19] [20]

oA 1

2
o 2" ﬂZaTz AT A .

Tne? A ilunsaumau (Envelope) weedtyine, o uAnduilsz@nanisannau

: ' ddd
9

(Attenuation Constant), f3, Lﬂum‘wm‘i_l‘ﬂﬂmﬂ’] A (Group-velocity dispersion, GVD), »

Fupndudsranianuldifudadu (Nonlinear coefficient), z \uszaznafidyeyninas



- 9 - v = B L s 4
wiunludulauas ey T funsaudedananinaeunlindeniuaguiongu (Vg) @9

ANNTOLEAIAIIUANNNIN (2.2)

T=t-% (2.2)

'
= o

o7 tiiunanasd WeRANTUINALNININNBIRIEANNNTN (2.2) TIwandDaTlade N

%
%

] o o L A = o o dl =2
nasiaRaddy e warlusnAansgouLds (Loss) NaIATeYI dsnnaullninszaznig

|
o o

gaudulenas udaunngaren1asdy LA foaiATasas 1Aty uLas aniunwaln
= d’ ] v o/ % o [ LS 0% =

a8d A8 GVD ( B,) Teaana ldna niiadusanineeen wasduiunatigaying Ao Na1ed

dsngnisniimes (Kerr effect) dailutanngnasaimaanlaidudaduneludulauasiivin

Taaasdynnuasidaaundasmingzaznie  uazdsnaldailnaiuaasdyyinaens

[

a 14 dl s ¥ 49{ o o
ARNANAIL T,mﬂ*mm"nm;ul,mwmﬂﬂﬂ{]m?mm@ﬂumulﬂmewu@ﬂ UNIANIUAIQAN

k1l
1

(Peak power) aavdtyoyand luiadadalihilunisuaniansuniladaninasawaddny i

o dl g ' ¥ 1 N
ﬂﬂﬂiﬁﬂ@’nﬂ’]LL@’J@EI’N@%L@E@

212  {ladandenasioglssuaznideaesdoynnn
2.1.2.1 n3gryAaniasdtysyans (Attenuation loss)

a 1 ° o

WunisgoydaAnndsdnanduiiasniannnisnuasaunielwdulauaaiu

o

78TN1aNe] tne HANNITUARINITAANEURIAIATYTYIM A3l
P(L) = P(0)—al (2.3)

Toedl  P(L) Ae Mdspesdtynauiadnisuasinszas L aanginsnidednyoyin (dB)

P(0) Aa nasducyuiadnistasialnsnidednyounns (dB)

a A ANAIAITRINITAANEL (dB/km)



10

100
First i
>0 window ! | L Early 1970s
n ' 1980s
1990s

Attenuation (dB/km)

0. 1 | 1 1
600 800 1000 1200 1400 160

Wavelength (nm)

(=}

1800

g‘]ﬁ 2.3 Optical fiber attenuation vs. wavelength [21]

AUSUANAFINITaANaL ¢ wulAnaetullluuAaTANENIARUAITUN 2.3 @

al

)}

namadulAea 3 LéfuimﬂLﬁuuu@m%qLﬂuLﬁuﬂ?:Lmmﬁq'é”mﬂmiqm&lLmﬂ Arynyoureaidule
waslugaedugn 80 ludrudugeipasnidudulisdiuanddesnmmegodadmyninses
dlouasludaslatess 80 uazaregauduiivduansiadulanasiug alaaiiu ssuudule
wasludosusnvida Aken (first window) Wasinauiiaane1 AR szan 0 850 nm L

BlﬂLL@Qﬁﬁq@Wﬂ%aﬂWLLNZQ'}ﬂL’é%u(l:ﬁzﬁjﬂL?W@ZWU@@H@MﬁLﬁﬁﬂ’]ﬂﬂ’]’m%uLL@ZﬁN@‘H'ﬂ\i Rayleigh
) ylelg

a o =

. =< o v o | o dl o Y o
scattering TN WdnsguAsdnaunniAgesadusclugn 2.3 wdsantuAdnig

o o %

WanngUnsnigednyynamnauasin Wilnisldauamanwuennsgaydedoyanolugen 2

v o

' '
== = o o

(second window) @uanslaeAUAATNIANNLNIARY 1310 nm HERINNTGTULALATY AN

@

n41 0.5 dB/km TugasT) 1977 Nippon Telegraph and Telephone (NTT) Tawamnnnsldau

sruudulouasungeai 3 (third window) HAYINEN9ARY 1550 nm WAZSSLAAITNARIINT

!
=

qoudedtyeyiossngan 0.2 dikm  lwnsldewiiudndunisdaiudeyaszasdus

svuy LAN uflugi nagldannuananaun 850 nm dawlussuudeiudayanielnaasld
A A o = o o Y I~ .

AINENIAAUN 1550 nm TTaqriuiinamunisldanudulawaslugan 4 (forth window)

FUANNFIEANEAAUINALIL 1625 nm
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2.1.2.2 Aanesiureadulanas (Fiber dispersion)

”aam&i’imwmLLm@i:Lﬁmm@ﬁmﬁmmn%mﬁ@LauMﬁqiﬂMﬁuiﬁulﬁLLmq nsfinieml
unauiain intramodal dispersion Wag intermodal delay effects Tmﬂﬂfiiamiﬁﬂumd’iﬁ
ANNITDRTLNEANENITATIAADLANNNFINGH  (group  velocities) 28 TUNANITAUNIG
(guided modes) ﬁﬁl\immi"?qmjmﬁﬁﬂmmi?fammwﬁamuiuiiiﬁi@ﬂumﬁiﬁuWﬁaluiﬁuiﬂ
WA gﬂi'?i 2.4 \{lun13uanasneeingedANNLEINGNLATNNINTTANUBIANNLTINGH (group
velocity dispersion: GVD) Lﬁﬂ‘ufﬁimmf;i'mﬂ?iuﬁiaiﬁuiﬁ”dfimmL“‘iqmjmimiwi@:mm

aAAURAANFANTULAZAZHANg94AT Zero-dispersion  wavelength  GVD  flu

'
e o

dsngnisaindryrynauasniie] dsenaudasnangaanud M liesdtlsznauusasminuiniu
a @ o o S ma g - % A a =
HAHFINgNANNIY AN uAazedAsznaueedty sy nuiasAuN e i dulawaenang

Uanamislunaiuansneiu 2 &y rnuasenaaiundeanliiflanndelananig

A A
/:\ Group Velocity

GVD

o

i

i

|

i

i

i
i
i

i

|

i

i

i

Ajoojap dnolo

Zero dispersion

Wavelength \

Wavelength

9110 2.4 Group velocities waz GVD TulsazANe19ARY [20]

Intramodal dispersion %38 Chromatic dispersion iun132818fm8anUa9nadhn

- 1

Anaululnuai@al (Single mode) Wadsdnynrnumasirudulanasuuuluuaifan (Single

1
6o

mode fiber: SMF) naaaspamasiuaaudulauasazisudaiiasandyyinuaslsenasaw

v Q;d} 1 dld 1 o a o 9 dl 1 o 1 o a o
ANNANLANDTILAAL AN NAILBIATUINLALRLEU LA ANNNY NATRIAN AT

¥ 1
o =

PR utazn lE g uAaz AN UNI9A28 AN LA Teazn iR add N oud

v o

o . a =X Y o idl a
N197ULAIBBN (broadening) meumqmmﬂmamﬁum@mu AN M TUN19IALNS

A
AR



L_ B LD
v ow C oK

me L AR 781ZN4 (km)

27

\A AR Group velocity K =7

ANANNTIN (2.4) azldiAruiEanguwinmy

At =Lp,Aw
sl 1
T 5°p B\
S %) ow

B, R Group velocity dispersion : GVD parameter

v A 1 % &l 2
dnasuetlufacneinnauaz s

1
YR
Vg
Ar=——2A2=DLAA
A

Il D Aa Dispersion (ps/nm/km)

~ .%QG‘%\.O
Epoe A
= tb,\«e_,.-' . e(S\O
g s { | {\cdSp
=2 Zero-dispersion point .-~ 2!
@A
I >4
a 1> B "% .
= N TT + 8 -
7 = A\
g Wavelength dispersion
220 =
A
| | |

I I I
1200 1400 1600
Wavelength (nm)

31/71 2.5 Chromatic dispersion [23]
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(2.9)
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1
[

Chromatic dispersion t{uHazanta9maINeiTUAINTaR (material dispersion) 14

|
A

Wasunandannldindulauauazfameffuainvianaau (waveguide dispersion) 4

Wunaanansuzglinaesdulanas g 2.5 uansafamasiunuansieiulinisaniy

'
| o =

£NNARLTBILEN N9ENFYONNTIANENIARL 1310 nm §115U SMF: ITU-T G.652 39il
mamw'aﬁmﬂu@uﬁ (zero-dispersion point) AEMANLALHATRIRANE FTULE feldndntiu
IfinsuUfusaielifaAnameMudugudinuasaduuay 1550 nm duduqaiis
Fmsnnsaanausn 1 Gendulousalsvinniian Dispersion shifted fiber (DSF: ITU-T
G.653) WAT Lz’ﬁfLﬂLLmﬁﬁmamwﬁ‘fﬂﬂLﬂu@uﬁﬁmwmfam?{mmu 1550 nm LsiTenL&

lengatlsznniian Non-zero dispersion shift fiber (NZDSF: ITU-T G.655)

'
@ =2 o

agn9laimn TussuungdamnanFa N T IA T NEN AR UTIA Y U ULAS

7 a7

1 '
o/ 3 a

1srnaufLnaNtAINENIARLIINL AT LAz dNITaaNANENARUNIN ITIAAAN A4

ralx | Ce d‘ di ell A 1 Yo a raI/ 1 1 1 o
wesfuiuguinnuepduanimasten iunaaanfame ffuasnge uansneiuly
M AiRannsi e waesdnynInslutesdnyo eIy (Signal distortion) wazguwesl

WinuduileaunannAtA Nt dulARawna s (Dispersion slope) Taannsiatinew

o al a 49( o Y a k74 % [ % 3 dJ b4 1 0 U o b4
a9ty asiiaauazi iiAnn1sdauiuniaeswaddo o et ldvanasudlaasnn 1
%@Hmﬁmmﬁmwmmﬁ gﬂﬁ 2.6 40WN13UAANNIILAA Inter-symbol interference (ISI) ann
NARALNDTTI

“1” “0” )

- Separated pulses

\

«“1” “0” “]»

| | | | - Barely distinguishable
| | | | pulses

“po “« «p
I [ Addedup |
| | signal | |

- Indistinguishable
pulses

Distance along fiber ———» Tnter-symbol

interference

31/7 2.6 N1917im Inter-symbol interference [21]
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491 intermodal  delay unazasuiazivuan1sAUn 9 TeLas luAaNaneliA
L e . s o o da o4 s y ,
WANFANAULEIAIAINLTINGgNN AN DAL nuTLN A T du e LasiuuuaneTune (Multi-

mode fiber : MMF) 9HKNA7Uu39N31 SMF

1
6 o/

NNTULNT2989RA N FTY wiawlu 2 199A® Normal  dispersion,  Anomalous

dispersion fa31#1 2.7

Normal dispersion region ARLNMAEIULTZNALIRIANNENIARLENIAINITE

A4 dAnve o, el SNANE A
PARUN IHFINdndauniANNNIARKELNIN azilAn D<0 lae ﬁz >0

Anomalous dispersion region AALFRNAIULIZNELUBIANNE1IAAUGUAINITD

A Anea P A p i =
Lﬂ@‘ﬂumimL?Qﬂqq'&qumﬂﬂ’)qﬂﬂq')ﬂ@uﬁlﬁl’)ﬂqq [THAT D >0 e ﬂz <0

a

Zero dispersion wavelength A2 ApnAaNesTWWNTLAUT D=0 waz B, =0 u

Q

Single mode fiber (SMF) zero dispersion wavelength @Qjﬁ 1310 nm wazlu Dispersion-

shifted fiber (DSF) zero dispersion wavelength 'ﬂ?ﬁ 1550 nm

Normal dispersion Anomalous dispersion
region region
I
N 182 I D
= |
Q I
>
o I
A I
.. U
IS Iﬁ Wavelength
2 I~ D
()
Q I
L
a I
I
|

Zero dispersion wavelength

7171 2.7 Pouduiugszudng B, uar D ludasueshaineiiu

2.1.2.3 Anuldidudadureadulanas (Fiber nonlinearity)

o

Kerr effect flutlsangnisainvinliddaivnm  wasuudasldniuindenuaes

1
al o 1%

Fouorainliinaaesdyyrandaianisinisulasundasldinsaue g Aunidsanuaes
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o o d‘ ndl dld é( lar © [ = ' dl
&gy wanasdryraiuldsunl sl inendaustiuad funndssuizandn n1saay

9

wlaad1eldifuwdadu (Nonlinear phase shift) waunsautitsngnisnl Kerr effect 1%
nasadynununieluszuudulanasaaniiuainilszinnaa Self-phase  modulation

(SPM) Cross-phase modulation (XPM) kae Four-wave mixing (FWM)

1) Self-Phase Modulation (SPM) \finainniailasuutlasnaaesdyoulaanias

[

o/ all all = o 3| o Y a dll [
AANATYUNUNAIMNDLAUINWNURATU U ULAN @mﬂum‘mﬂummm?m@uLWmmmmmﬁm

o

o

WAIFENAIURIFF N esTedRan Tl AsuwL aaaTluld feannisii (2.9)

[

_ 0 (2T)

Aw
No oT

(2.9)

= o

el A, PedRgNIslasunlasnasanisaan

3

¢ A0 warasdnnniaeullilesainaanuliidudadu

D

WA By (2, T)damnsaAtuanlfann

¢NL=n2(27ﬂjL|Eo|2 = n,k,L|E,| (2.10)

|
= Lo a o =

Tael  n, A dnilsz@nasatisinuin lddlud g (Nonlinear-index coefficient)
L A8 AN RLE W e LA (km)
2 l ¥ o
B[ e anudinaesdyoinua

K, A9 WATAAL 1NN (free space wave number)

sPM  nIfaldnmau (Spectrum) 299ty MTENERRNLAZINATRIA Y YN0

[

1
= a

o 4 . . ¢ od @ o da o o
wanulilazgnintaatihunngausaunsesnandyanuiadaailuisnantlsununise

SIULAIGIGA

2) "Cross-Phase ‘Modulation (XPM) 19annnsaftiasifinduilon 2 4o ouuaany

g ' o ]

dl dl c dl a ¥ 1 o/
AMHOAAUNIN @, HAT @, TNHATANNNU ?QNL@HVI’NiﬂIHL@HlHLL@\? Tneisay EUELNEL

1 1
o

Wad o desdryeyrnmilsazgninfiantih limau aewldainnases XPM Gailutlsngnisnd

A4a X A °o o o 4 & a4 o= Sd Ao
1/1mmmum@\m’mmmmmﬂmmEy’wmum'aummﬂ@uwmummmma@@ﬂiﬂmumm

u

I iavasdynnuaanlaaulilanniga

|
v A

Unfudnidae 2 dynrnuasdanudaduniiilu o, sy o, fuauniellludule

LAY WANAINY 2 AnyrynnuuadazauiEanguiuanssiuteanisnauEangu ldmsanum
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1 v
[ %

azifluiladaninuuanisnaenataesis 2 dyayrnuaslutleingnisal Xem Tag

[~

I
a o o

Usngn19n] BazifiATUTNATY I ULAIINABIINAAAY TINaT09TuAEHAININNGIT09

SPM D4 2 winlnailaaesdyyronideulilifiasann SPM uaz XPM feaunisi (2.11)

¢NL:n2k0L(|EO|2+2|E1|2) (2.11)

pry 2 A 1y A PR -
bHA |E0| AR AIMNLANUBN TUNRLAINAIMNDANUNIN w,

afall
afall

2 " 4 O
B[ Ao avndneesdoinuadiannuiadunt o,

1
a o

3.) Four Wave Mixing (FWM) timaandyoy auiiaanuiianeiis4 manund
ANANAUS AN RawlY N19d1EAND (frequency matching) AzyinlAIAANNITNELLNNAS
1 2% 1 o o o a [ [ dl |dg{ a [ % o
drulfuntunaziu nnsnafiadmruiadaniudvaaunn Inafnandyyiuiad
waNe] TeIdtyy N HAINAAI AU AN ANNAWAY AanFunisfindtynyiaaand g

(f,) andyeyrupand f, £, £, daduliauaunii (2.12)

e A ] (2.12)

o

1 ¥
uwarRauluaasnisdugia (Phase matching condition) Aatl

k, =k +k, —k, (2.13)

b2
o o

Taedl k. A8 AdAsdamd o Audn n asilss@naninany FWM

HaT89 FWM lunsiiaasdesdyoynnddan 3andn Intra-channel FWM (IFWM) az#in
FryuRadNNIzanEeanuNIemMNNAYUTNALazUAUn 1A Ghost pulse TUN
TudtytunninueaemuLL On-off . keying (QOK) @miuraaas FWM  Tunstiizaavans

a o dl 1 a d? = dl dl |alI a
oH ﬁym’]mmmﬂuummum LL@Z@%NV’]QWN@MLLNLN@ﬂ"JWNﬂTﬁNWLﬂ@

E2he =2
o
Lo
o
i
)
2
2

' dl [ dl o 1 dld |dI o Y a a
f WLzmum_lmW34merNmytyﬁmm@u”@mmqm%mﬂummm’mmwmmm

=
z
£
=
=
©
=
=~
ap

4 1
=X A

LFINATNINATBLHEIAIN FWM AzHANuieNtiasndl XPM

=2¢
©
2?
>
)
=

nrantiymainanuldidudaduaesdulawasaunsanldlnanisdnassaanuens

dl 1 1 dl v | 1 dl dl di o 4 QI o o
panluwsiazinamen e lilsve svinsresusaz AR UNINNgALINETN NIRRT
o/ dl < 1 o dl 1 o [ b2 49{ % :I/ 3 %
wasdyryrnuLiiasainadanguaesdny o unuanseiuiuld idanaunwFauviainle

o 1 dl [~ % 49( 4 ! o
nsdugaNDullFannaudae i
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o a [ o
2.2 %‘ZUUﬂ’]%‘NﬂﬁlLW@ﬂ‘ﬁ EUEUIUNIILLAS

& i !
221 WANNTUANEINUFIWAEALNIReANIFe ATz IUNNITARINANS

Ay IUTIATNENIAAL

2.2.1.1 WDM systems and components

N Optical fiber x
1 1
TX [— > | RX
A A2
X |—» < 5 £g [—»|RX
2 X 58
I |ge > 3| !
| B 52 |
I |SE =g | !
| Post Amplifier In-line Amplifier Pre Amplifier I
An My
X || o S —>|RX
Tunable Receiver (could
source include optical
filter)

gﬂﬁ 2.8 WDM system and components

AN ANEA N UA LI LAIN T AINNTIUDILLBAIAT NI AIA N 1E T4 179D
wanlddnaaanenaaulafans 800 nm 04 1,600 nm [23] TINAIUILAINLENIAAL
~ o % = : A 2y = o
wnuneineswaiunasldauinanuatsaesiasstineisnasdedoya, naw, uazi@ussion
dm31n13aadinyanrniage naanasldilszlominesanua A NeNARUANINN B TUI AL
Tiddszansnminnanhlanidusesdnisldinalulad WM [24], [25] dayausazgnas

PIRLATRATY I LAY lusazAYINE ALt sz ULLATBdALsE N LY WDM (usa gl

dl a o o 4‘ v a [ G 1 ¥ ¥ =
N 2.8 NAtUeUItUANUIW N ﬂ'ﬁ’]&lﬂ’]‘)ﬂ@u"wgﬂﬂ@ﬁlLW@ﬂﬁJLL@Z@\ﬂﬂIﬂ’]NL?NHSLELLZQ\‘ILZQHL@EI‘J

v o

wazginsailanenieazideniuluaiueiapdunsasnis ludasusnszuy WM aziflunng
A9IANLNIARUINEN 2, 4, 8, 12, wax 16 ANenanaulnglddednyayaniluszasniadis)
walulaglusyeardnunpAa coarse WDM (CWDM) waz dense WDM (DWDM) 1msinng

ATmuINI7r09nATulat aziiaNde9iUTARN T AUDITL U LUNNUTRILAALAITNENIADL

il o

wAlulatl CWDM vialiudaazilsraziinsaasnauenaaauatif 20 nm (3000 GHz) Ha1uau

|
aa o

AYNENIAAUBET 18 AMNENIAALLATYNANABYTINALAIINENARY 1270 nm D4 1610

a

nm AINNIATTINITU-T G.694.2 dauinalulad DWDM dutsniarilszaviinetedusay

ANINENIARLANAAZALT 200, 100, 50, 190 25 GHz lasdanwsutdesdtynoliaunem
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]

1 lFanuniufesdesdyyin augilnsnidsdny i ldnuiazanunsndednyoyoll

IS o 4

Tinaneriuilamnslnadesdatnaniseadnynyiamnuduns v lisendnenisimun1saes

[

%

Fouounasinudulauasazrfesinisaeadtynruseglnsninens Aoy nmieuas

3
raNnsnuLNAnEizng g ugUnsaieednyyuniuaslifsi

%

1)  Post amplifier : a9l3naudnaadaiaiiuniasansdoynyio

I o

2) Line amplifier : an9ldszndnanadedoyoyiouiludas) eTaganisannen

. o y
yrnndilasannidulenas

! 4

3) Preamplifier : vinnasaenadysyinunelfudyynnlinaunandieilnniiy

Atyrynd

douszaizinvaesginaniag g duaumaauas (span)  Bwsdaslininualig

1% o o

sraznnnniiullaundsdnnagnanneuas mnliginsniaanadyninmiauasla

1% o

aN130RIAa L 1 AviTann TR 11 4aus L1919 ASATY U NULAE NN AN ATY Y EUTLINAUNY

ISP

uas (Optical signal-to-noise Ratio: OSNR) HANANT9as kasnatlsz@nsnini lifuesseuy

2.2.1.2 DWDM System

5211 DWDM luiesiaaadszii Dense Wavelength Division Multiplexing 4w

A )y o A ialagy o o a & Ao
N1ANITULAAANT NNUAIALLAT L AN UARN FELNE LAY ALA I WTALAIN N ATATNENY

p PR | . = R py Y
ARUASTILNENANLAES 11 1,33 ¥aa 1.55 LiAsa (Hupu Wellndesvuudaaisdeyauaie
dasdtynynouluszutdeanssaedulanasiiugemsiuiulusay nAasseauun dnasdinhs
s¥uy TDM/PCM (Time division multiplex / pulse code modulation) Aldseuuansidainitly
AUNBILAN barTel SDH/SONET (Synchronous digital hierarchy / Synchronous optical
network) Ml&ulanasluszuuansds 93z SDH/SONET - danunsndadayalsdsg
ANNNLFIMANETLAL Faaeinaidu AINNSINERTN 2.5 Gb/s TalilureaszLy STM-16 N kdseu

{ prd )| = X, & o A~ 5 o

An8dY OC-48 F2UUABAIINANNIITUIATDEIN 1TAINNAUAL INANUALIULARANT LU

A A

e aszuy STM-16 Blidulawasisaduman (isegmonlussuuiuge) Tnalduas

= A o : o o o o 4w , o
IWENANNENIAALLAGA (LTl 1.55 VLNV’]?@H) Lﬂuﬂ@quﬂﬁqﬂﬁ‘u@qm@ﬂu@ﬂ@qﬂéﬁ‘ﬂ\‘i@fytqu

NgndnganiusasmatianslaRWANT (Multiplex) Tenineusaensasaiannsating

HIINTAVDINYEFRINNIWEINLY udnszuLReansazdsdayaliiieia 2.5 Gbls 9

D
PN

|

Faxnneiiazdedeyaniduiiennaemisde uazianansniannisluneayauiaaAues
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q v o
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multiplexing TeWewIN T DWDM luilaqiiy
22421 Taaaf1eiiug uaesszuy DWDM

Tuszuy WDM AN dnfanlfiaananua1anai 1.33 way 1.55 luAsau unu
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|
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TRINENANNAMNENIAAULASINTIY T 155  lNATEN  LATAINNEITARLLANTILARY

| o

DRty ez igasinetie (channel spacing) ldunn-a1alaifs 1 Tuasen virannnan 1

Tunseu @ntias 1WuszLy DWDM svuumiledl 8 deedtynyin enalsznaulldaanau e1a
P < = )
ARXLLLAY 1550, 1551, 1552, ***, 1557 lupsan d9nNiafalduas channel spacing
wiaiy 1 Tuasew dwsiu nsliinuualil channel spacing HANaee] BuuNIEDINI9RAN

Tanalsididmanisdedayavisaiiniem (bitrate) NNNNTUAIEL
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u
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Transmitter  AnuiinlasudeayanidlWidnudypiunasudodadngidulauas
Transmitter nisgAazdauateani 1 Avnenaaan Dewdu 1 desdtynyin dedayauamii
Tedtyny1nt e1agnaaRmandn198Ldnnselind N TmLIngININT U 2.5 Gb/s %38 10
Gb/s WuAa Antuuasngedtyyiunianneaaausnaiy azgnandnfaiuiae
NTTUIUNIINIAIAIE Optical Multiplexer (Mux) Wedsldsatlarantafaedulewaaies
Wunen daganinunislusendnadunisazgnannaudnynimmin liiasiAtaauiduugs
' 2 9 a ~ o A o g o o v o o

aauad Assesiantinaudayniilu Optical Amplifier inuinnaenadnyny1aadmn

dadtyryinunianiu  WHwiaruduuasuannanazinunisstelllng  TAdmyeyan

b

o

ayandslussuudniudnyanudayauiunanealudnsuzaasiadioys  Gedtynnns

a

e

N

adnmunsludulouas  azifiadsingnisninGandafamasdu  (dispersion) 70l

oA ’]cj o O o

Fouounnuiadiiunnsuiueen LadnsnasluAaafialfundeyavisein Indnsngegaaeg
o il/ XK v = e b Y dl o £ dl o

TEUUAARY ANUUTELL DWDM mmmu@ﬂmm Dispersion compensator lWanNIn§u
ANATINAENUIBEAN ITRTUIAAITNIAABANI ALY AND atiNANINTZLL DWDM &
AN HENIARLLAIUANZIAT HATNAAND STUIIN AtiaNE AN TRV NTasdTyaUausiae B9
sruLRAanuINTesdTy NN ffesialiauguanazianlalany uansenuneshaine i
X P " | oA a a o = =
dnaudos lusruulassine@eansavisn nzelassinenddsy@nsnings endnaziinng
921U SDH/SONET isziflussiinfAuaeiu fsdmeuiuiasanisaeeaAnis madnium
sz lnafinalnseanis TNEP (Telephone network expansion) Tuszuyu SDH/SONET #
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Accumulate Dispersion (ps/nm/km)
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G=axlL (3.8)

Aa attenuation coefficient Winfw 0.275 dB/km [30]
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14 oPC 2 6in

3 - 2 985N 113 km
lfn1asene 31.075 dB
14 OPC 1 6in

3 >4 LN 71 km

4 — 1 32812N79 305 km
Tnnasuene 83.375 dB
14 OPC 3 i

4 —5 2 38ZNN9 184 km
Tfn1ase1e 50.6 dB

14 OPC 2 fin

4 - 3 7TUTNN 71 km
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dAnasue1e 19.525 dB
1 OPC 1 6in

3 — 5 2ULN 206 km
N9 56.65 dB
1 OPC 2 #in

3 = 6 728N 307 km
Tfnnasaene 84.425 dB
4 OPC 3 #in

Tfnnasuene 19.525 dB
14 OPC 1 6in

4 - 5 98ENN 135 km
ldnasaene 37.125 dB
14 OPC 1 §in

4 - 6 7LULNN 236 km
Ifn1asene 64.9 dB

14 OPC 2 fin

5 1 9812N79 197 km
Tfindsaene 54.175 dB
14 OPC 2 6in

5> 2728¢n724 318 km
lfn1asene 87.45 dB
14 OPC 3 i

5 — 3 32¥N9 206 km
ldindsaene 56.65 dB
14 OPC 2 6in

5 — 4 958120 135 km
Tfnnavagnel 37.125 dB
14 oPC 160

5 6 92812N9 101 km
Tfindsaene 27.775 0B

1% OPC 1 6

6= 1981N19 96 km
linasaeng 26.4 dB
1 OPC 1 6in

6 — 2 FTUTNWN 217 km
ldAnasuene 59.675 dB
1 OPC 2 6in

6 — 3 922¥N9 307 km
Tfnnavene 84.425 dB
14 OPC 3 6in

6 — 4 9Y8ZNN 236 km
ldnasasng 64.9 dB
1 OPC 2 6in

6 — 5 928NN 101 km
lfnasaeng 27.775 dB

14 OPC 1 fq

AIMNANNITN. (3.7) WAL TUNWANINAINLAL AN UIBLATDILALNALAIATN AT

71 3.21 LAZUNUANTNAITNYATN N TALTIATY TN N AAAIANLATEIANE AL ALAY T8 AN

winfu 15.3 dB [16] [31] [32] 1314 leAN $m914913211919 OSNR Tulag9anefanguesaada

galauasiu OSNR lulasstinaeallldanarrasdagamanas 18 a19199 3.22
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Tassthendslailiananresdag amauas

1 — 2 #m3149U OSRN -1.528 dB
14 OPC 1 i

1 — 3 8m31479U OSRN -1.687 dB
14 OPC 2 i

1 - 4 9m3149U OSRN -1.918 dB
14 OPC 3 i

1 - 5 @m31491U OSRN -1.92 dB
14 OPC 2 i

1 - 6 8m9149U OSRN -1.94 dB
14 OPC 1 6

2 - 1 9m31491 OSRN -1.528 dB
14 OPC 1 sin

2 - 3 9731491 OSRN -1.689 dB
14 OPC 1 §in

2 - 4 An71491 OSRN -2.066 dB
14 OPC 2 in

2 - 5 AR71491 OSRN -1.852 dB
14 OPC 3 i

2 > 6 2797421 OSRN -1.799 dB
1 OPC 2 6in

3 - 1 8m91491 OSRN -1.687 dB
14 OPC 2 6in

3 — 2 891421 OSRN -1.689 dB
14 OPC 1 i

3 — 4 891491 OSRN -2.484 dB
14 OPC 1 i

3 - 5 an31471 OSRN -1.880-dB
14 OPC 2 i

3 — 6 aM31491 OSRN -1.907 dB
14 OPC 3 i

4 — 1 9n371491 OSRN -1.927 dB
14 OPC 3 i

4 — 2 9n31491 OSRN -2.066 dB
14 OPC 2 in

4 - 3 2n31491 OSRN -2.484 dB
14 OPC 1 §in

4 — 5 8n3d91 OSRN -1.448 dB
1 OPC 1 i

4 - 6 9n31421 OSRN -1.675 dB
14 OPC 2 fin

5 - 1 8791491 OSRN -1.952°dB
1 OPC 2 §in

5 — 2 8R71421 OSRN -1.852-dB
14 OPC 3 6in

5 — 3 831491 OSRN -1.880 dB
14 OPC 2 6in

5 — 4 8791491 OSRN -1.448 dB
14 OPC 1 i

5 — 6 8731491 OSRN -1.858 dB

6 — 1 8731421 OSRN -1.94 dB
14 OPC 1 6in

6 — 2 971491 OSRN -1.799 dB
14 OPC 2 6in

6 — 3 8m31421 OSRN -1.907 dB
14 OPC 3 6in

6 — 4 9731491 OSRN -1.675 dB
14 OPC 2 in

6 — 5 9m31491 OSRN -1.858 dB
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1% OPC 1 6in

14 OPC 1 fin

AN ANTNN 3.22 1 HALTINUNERIIE9U OSNR - 11U1ANLaAY TAtLaNATNAI U

4. doy oy o X
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wiraadagaawad 1 69 an OSNR a9 -1.8245 dB

L3RR ALWALAS 2 B0 am OSNR 4 -1.8405 dB

wP3asdgAulanAd 3 fia aA OSNR A9 -1.8940 dB
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Employment of Optical Phase Conjugators in
Transparent DWDM Single-Ring Network

Nuttha Chuenprasertsuk' and Pasu Kaewplung®
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F-mail:

Alwiteaer - The emplovment of optical phase conjugsaior
(OPC) in DWDM single-ring network Is studled. We proposs
an algorithm thatl can ensure the minimam number of OPC,
as wiell ax the most suitable position in the network.

L. Introduction

The SOMET/SDH-based ring topology has been widely
employed as metro-area networks (MANs) owing 1o ils
provision of reliability, superior protection and restaration
achemes. However, the exponential  increase  in
transmission capacity nowadays demands for the migration
from the legacy time-division multiplexed (TDM)-based
technology to the transparent dense-wavelength-division
multiplexing (DWDM)  scheme  over  the  incurnbenl
SOMET/SDH ring networks, When an optical signal
remaing in optical domain durng the tranamission inoa
network that has relatively long links, signal  power
attenuation, dispersion, and the Kemr effect become main
sources of signal distortion. For compensating the Gber
attenuation, the optimum amplifier placement  for the
transparent ring network has been alveady studied [1].
However, an  aliractive method for  overcoming  the
diepersion and the Kerr effect in the ring network etill hag
mever been reported.

For dispersion compensation, the optical phase
conjugation technique is very interesting since the Kemr
effect is bv-product reduced by paforming optical phase
conjugation [2], [3]. Nevertheless, up to now, the optical
phase conjuzation has been focused only on long-haul
pomt-to-point applications, and has never been extended ita
performance to any scales of optical networks [4], [5].

In this paper, we propose, for the {irst fme n oour
knowledge, a practical algorithm  for the optimum
placement of optical phase cenjugators (OPCS) in DWDM
single-ring network in order o overcome the dispersion,
By applving our propose algorithm to a sample network
congisted of & nodes with total length of 637 km, 12 OPCs
are necessmy for all commumnication traffic Lo be able 1o
tran=mit in the network within 2 dispersion limt.

LI Algorithm For OPC Placement

The network sample for demonstrsting our algorithm s
shown in Fig. 1. The network is consisted of 6 nodes, 5
links, and the commmmication i the network can be
bidirectional. Our algerithm can be explained in 3 main
sleps.

A. Find wlf posstble frogffics

The total number of traffic, which is the shortest path,
between any 2 nodes 15 NaMA-1) where N s number of
nodes in network. From the sample network, we show all
possible traffics in term of distances [rom sources Lo
destinations m Table 1.
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Fig 1: Sample ring network
Table 1: All pressible shortest path LrafTics from samp e nebwork

1—2121 km 2—1 121 km 3—1 234 km
| =3 234 km 2—53 113 km 3=2 113 km
134 305 ko 24 184 ko =t T1 km
1=+ 197 ki 2% 318 km 3% 206 km
15 96 ki 26 217 km 3 307 km
4—+1 305 km 45— 197 km fi—s1 %6 km
A2 184 ki S4Z 318 km G2 217 km
a-33 Tl km 53 306G ki G-3 307 kkm
4—5 135 kim §—+1 135 km fi— 236 km
4—6 356 km G 101 km fi—55 101 km
B. Find placemend ranges of QPC

In the dispersion compensation mechanism using  the
optical phase conjugation, the accumulated dispersion
aleng the length of the Gber before the OPC is cancelled by
the amount of the accumulated dispersion along the fiber
length after the signal is phase-conjugated by the OPC
Thus, among the different dispersion values resulted from
the wavelengths used in the network, we must choose the
maxinm dispersion value for determining the locations of
OPC since the channel wavelength that exhibits  the
maximum  dispersion will always reach the meaximum
dispersion tolerance D al the distance shorter than other

channelzs. Mext, for each traffic obtained from step 4. we
explore the possible range of the location of OPCs with the
constraint that both the accurmulated disperzion values
entering the OPCs and the destination must be less than
£ . and at the same lme the possible location range of

OFCs most vield the minmum nomber of OFC, This
procedure will be repeated for obtaining the location ranges
of OPCS for all possible traffics in the network,

For our sample network, we assign 5 wavelengths
centered at 1550 nm with spacing of 0.8 nm.  The standard
single-mode fiber (SMF, G.052) with the fiber dispersion
(£} equals to 165 pskminm, and the dispersion slope

{13,) of 0.05 ps/ kmv/nm’, both at 1550 nm, is used for



12 km

=
UEF b

signal transmission,  As a result, the maximum channel
dispersion can be caleulated by using p, and 13, and is
16.58 pakminm. With p_ = £1600 ps'nm, Table 2 shows
the possible range of location for installing the OPCs, in

term of distance from sowrce to  destination,
carrespondingly to each possible traffic shown in Table 1.

Table 2: All possible ranges for placing OFC in the paths from Table |

=42 41-96 =] 4105 =] TBOE

1==3 TH96 =43 3896 el JEO6

1=t 619, 183-288 | 2-=t 6298 Gt o Reed OPC
1—5 6600 25 b0, 192288 | 30 600

| noneed OPC | 736 7306 Tt 1955 28R
a1 61.96, I83288 | =] 66.96 =1 nomeed OPC
47 62-96 5—7 64-96, 152288 | o2 7296

Aeid o meed OFC Send B0 B 3206, LRG-2HE
A-alf 4508 Sl 450 £t TOOE

A =i TG S 3 Ll o 5 ]

Figure 2 shows the map containg all lecation ranges of
OPC for all traffics in (a) clockwise and (b)) counter-
clockwise directions. Snce the installed OFPCs have to
support all traffics in the network, the placement location of
OPCs in a link between two nodes must be within the
intersected product of the location ramges given by all
traffics existed in that link. For example, on the link
between MNode #1 and #2 in the clockwise direction (Fig
Ha)), we have the location range of OPCE equal to 4196
km from the traffic from Mode #1 to #2, the mmge of 78-9%
km from Node #1 to #3, the range of 61-96 kim from Mod
el to #d, and the range of 192-288 km from Node#5 to #2
(equivalent to 91 km from Node #6 to #1 added with 21 km
from Mode #1 to #2), Therefore, the intersection among
these ranges resulls in the range of 78-91 km.  This range of
distance is the location range sttilable for installing the OPC
in the lmk between Node #1 and #2. By peafoming this
procedure, we finally have 12 OPCs for the sample
network. (6 OPCs on clockwize and 6 OPCe on counter-
clockwise).

O Cheose the OPC positons, witcl ylelds the minimim
accumulated dispersion al nodes

In the ring topology, signal may be dropped at arbitrary
nodes.  Hence, within the possible range for placing the
OPC, we should choose the OPC position, which yields the
mimirmum accumulated dispersion at node,  The oplinmuim
position to achieve the lowest accumulated dispersion at
node is always the minimum boarder of the OPC location
range. For example, the optimum position is 78 km for the
link between MNode #1 and 2

-1 — m - - -
ab s L] L
I———F+—O0—+0—0
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(b} Coaunter-cboe kwise dinecthon

Fig ® Maps of the OPC Incation ranges for all traffics,

1. Verification

Figure 3 shows the accurmulated dispersion of all traffics in
the sample networks when the OPCs are placed following
our algorithm. From Fig. 3, we can obaerve elearly that,
for all raffic, the accumulated dispersion at any point in the
network is less than ). which is mdicated by dashed
Jines, This mention that the use of OPCs incorporated with
our placement algorithm can cause the ring network to be
operated transparently under the limit dispersion.
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Fig 3 Acommulated dispersion of all trafics

IV, Conclusion

An algorithm for the placement of OPC in single ring
network was proposed for the first time to our knowledge.
O algorithm can be emploved for overcoming the
dispersion and the Kerr effect of all wavelengths when the
installed ring network is upgraded 1o support  the
transparent DWDM signal transmission.  Our algorithm is
also simple and practical without the necessity of solving
the oplimization problems.
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Alntract - The employment of optical phuse conjugator
(OFC) and dispersion compensaing unit (DCU) for upgrading
oplical metrering networks s siudied. We propose an
algorithm thal cm ensure the minkmum number of OPC and
DT ax well ax the mosi suitahle position in the network.

L. Introduction

The SONET/SDH-based ring topology has been widely
emploved as metro-area networks (MANE) owing o il=
provision of reliability, superior protection and restoration
schemes. However, the exponential increase in
transmission capacity nowadays demands for the migration
from the legacy time-division multiplexed (TDM)-bazed
techmology to the tansparent dense-wavelength-division
multipleing (DWDM)  scheme  over the  incumbent
SOMNET/SDH ring networks, When an optical signal
remims m oplical domain durmg the lemsmission in a
network that has relatively long links, signal power
attenuation, dispersion, and the Kemr eifect become main
sorces of signal distortion, For compensating the fiber
attenuation, the optimum  amplifier placement for the
transparent ring network has been already studied [1].
However, an  sttractive method for overcoming  the
dispersion and the Kerr effect in the ring network still has
never been reported.

For dispersion compensation, the optical phase
conjugation technique is very interesting since the Kerr
effect is by-product reduced by performing optical phase
conjugation [2], [3]. Nevertheless, up o now, the optical
phase conjugation has been focused only on fong-tml
point-to-pomt applications, and has never been extended ils
perforrmance Lo any scales of oplical networks [4], [5]. By
applying our propose algorithm to a sample network
consisted of 6 nodes with total length of 637 km, 12 OFCs
are necessary for all communication traffic to be able (o
transmit in the network within a dispersion limit.

In order to overcome the dispersion, we propose, for
the first time introduces an eptinial algorithm for placing
the dispersion compensatmg unit (DO, Our algorithm can
support both  non-slope-compensated  (N8) and  slope-
compensated (5C) DCUs, and can ensure the minimum
number of DCUs. We assign a part of the optical pan-
European network (OPEN) [6] with the total length of
1,882 km ag a 4-ring-intersected sample network. as shown
in Fig 1. By apphing our algorithun, we show that for the
channel spacing range of 0.2 nm - 1.0 nm, the required total
number of DCUs for ®-channel signal 1s 44 for both NSC-
and SC-DCUs,

100

Fig, 1: Parm ol OFEN [7] that is used as sample network.

1. Algorithm for OPC Placement

The network sample for demonstrating our algorithm is
chown in Fig 2 The network is consisted of 6 nodes, 5
links, and the communication i the network can be
bidirectional. Our algorithm can be explained in 3 main
steps.

A. Find all possible traffics

The total number of maffic, which is the shorest path,
between any 2 nodes is M<(N-1) where N i3 number of
nodes in network. From the sample network, we show all
possible traffics in term of distances from sources to
destinations in Tuble 1.
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Fig. 2 S;.rrph ring netvwork
Table 12 All possibie shortest path trafTies fran sample network
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B, Find placement ranges of OPC

In the dispersion compensation mechanism using the
optical phase conjugation, the accumulated dispersion along
the length of the fiber before the OPC i= cancelled by the
amount of the acoumulated dispersion aleng the fiber length
after the signal i= phase-conjugated by the OFC.  Thus,
ameng the different dispersion values resulted from the
wavelengths used in the nelwork, we must choose he
maxirmum dispersion value for determining the locations of
OPC since the channel wavelenzth that  exhibits the
miaximum  dispersion will always reach the maximum
dispersion tolerance 1 al the distance shorter than other
channels. Mext, for each traffic obtained from step A, we
explore the possible range of the focation of OFCa with the
constraint that both the accusmlated  dispersion values
entering the OFCe and the destinations pmst be less than
D . and al the same time the possible loeation range of

OFCs must vield the minimum oember of OPC. This
T — -

Figure 2 shows the map contains all location ranges of
OPC for all traffics in (a) clockwizse and (b) counter-
clockwise directions,  Since the installed OPCs have 1o
support all traffics in the network, the plagement location of
OPCs in oo link between two nodes must be within the
mtersected product of the location ranges given by all
traffics existed in that link. For example, on the link
between Mode #1 and #2 in the clockwise direction (Fig,
2a)), we have the location range of OPCs equal o 41-96
ke from the rafTic from Mode #1 (o #2, the range of 78-96
ke from Mode #1 to #3, the range of 61-% km from
Modestl o #4, and the range of 192-288 km from Node#5 to
#2 (equivalent to 91 km from Mode #6 to #1 added with 91
km firam Mode #1 to #2). Therefore, the intersection among
these ranges results in the range of 78-21 km. This range of
distance is the location range suitable for installing the OPC
in the link between MNode #1 and #2. By performing this
procedure, we finally have 12 OPCs for the sample network.
(6 OFCs on clockwize and 6 OFCs on counter-clockwize).

— =3 e AW N S i
PR Y =3 & & 1 At =™ I f 1 =
D —O——4) ¥4 —0) —0) v
1 DD T1 ko 14 LAY hm
() Clockwise direction
o 7 -— e
L] — d e =T -n——-——n - Pt | —
W ! i 5 ol -
@ HO—— 00—+ 00— é ¥
W Lm [ELRET) [LER T km Nikm [F{ETY
(b} Commter-chockwise direction

Fig 32 Maps ol the QOFC Incation ranges for all trafTics,

procedure will be repeated for obtining the location rmges
of OFCE for all possible traffics in the network

For our sample network, we assign 5 wavelengths
centered at 1550 mm with spacing of 0.8 nm. The standard
single-mode fiber (SMF, G.652) with the fiber dispersion
(D) equals to 16.5 pafminm, and the dispersion slape
(D) of 0.05 ps/ km/nm’, bath at 1550 nm, is used for

signal transmi=sion.  As @ result, the maximom channel
dispersion can be calculated by using 1, and [, and is

16,58 pskm/mm. ' With o, = +1600 pa’mm, Table 2 shows

the possible range of loeation lor installing the OPCs, in
termn of  distanee.  fom  souarce o destination,
correspondingly to each possible trafTic shown in Table 1.

Tabbe 2: Al possible ranges for placing OFC in the paths from Table |
[ 1—zarms [a-st .o [ 3=1 m0s ]

L Choose the OPC positions, wiich ylelds e minimion
accumilate d dispersion af nodes

In the ring topology, signal may be dropped at arbitrary
meodles Henee, within the possible range for placing the
OFC, we should choose the OPC position, which vields the
minimum accumulated dispergion at node.  The optimum
position o achieve the lowest accumulated dispersion at
node is alwaye the minimum boarder of the OPC location
range, For ecample, the optimum position is 78 km for the
link between Node #1 and #2,

ITL. Verification

Figure 3 shows the accummlated dispersion of all traffics in
the sample networks when the OPCs are placed following
cur algorithm. From Fig. 3, we can observe clearly that, for
all traffic, the accumulated dispersion at. any point in the



network is less than D), which is indicated by dashed

lines. This mentions that the use of OPCs incorporated
with our placement algorithm can help the ring network to
be operated transparently under the lirnit dispersion.
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Fig. 4 Accurmulated disp ersion of all traffics

Accurmulated Dispersion

IV. Optimum DCU placement algorithm
Our algorithm consists of 4 steps as follows:

Stepi: Communication light paths between ary two nodes.
Let the communication between any two nodes can be
bidirectional, in this step, the possible light paths between
any two nodes are generated, and finally only the shortest
paths are selected for signal transmission

Step 20 Genwerele U constraints,

First, we assign a group of wavelengths which will be used
in the network. The number of wavelength can be larger,
smaller, or equivalent to the number of noade. Then, the
following constraints are generated.

(A) Path Constraints

N o S (
O ot Y
A/

ﬂ.u-.\;?.’a : L P L

Fig. % Light path between adjicens nodes

o

The path constraint for aptimum DCU placement 12
D 0 % L VP Doy # N V= D (1)

According to Eq. (1), for a path started from node X to node
¥ with the length of Lo (¥=F), the accumulated

dispersion (D .. ) from node Z of signal at wavelength |
A4 3 will increase with the amount of 13 =« L where 13 is
the dispersion at 4 of the transmission fiber of the path,

At the smme time, the accumulated dispersion will be
compensaled by the amount of' B, = N where Do

ig the dispersion of DO at 4 and N, g the number of

DCU on path XT. Finally, we obtain the total accumulated
dispersion at the output of nede Fequals w D

(B) Maximmim dispersion constraints.
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For each wavelength, it is required that the accumulated
dispersion at ary point in the network should not exceed the
maximum acceptable accurnulated dispersion D [8].

Therefore, we have the constraint,

=D .<D <D (2)

max — e,

(C) Integrality constraints
For each path X¥, N must be an integer.

(D) Objective function
Minimize(N) (3)
Where N is total number of DCU in the network

Step 3. Solve the constrecint equenions.

Since our problem is a type of mixed-integer linear
programming (MILP), this optimization problem can be
solved by the soft wares such as X-Press.MP and C-plex. As
a result from solving the problem, the number of DCU in
each link and the accumnulated dispersion at every node is
obtained.

Step 4: Place the DCLE.

The DCUs are placed in the network at a position where at
least one wavelength exhibits the accumulated dispersion
that reaches .

V. Optimal DCUs placement in sample network

For demonstrating our algorithm in really existing network,
wee uge part of OFEN a3 a sample network a2 shown in Fig.
1. O samiple netwerk 8 assumed to operate as ring
topology and is consisted of 4-intersected rings with 10
nodes, 13 lmks, and has the total length of 1,882 km. For
transmission fiber, the standard single-mode fiber (SMF,
G652, which exhibits the dispersion (D) of 165

pslren lkmr and (£y of 0,05
g ot [lam at 1,550 nm [ 9], We employ 2 types of DCUs:
the MS-DCU that has & of (—82)ps (/o with & of

the dispersion  slope

0,25 pe/one Slom both at 1,550 nm, and the length of the

ME-DCU can perfectly compensate for the accumulated
digpersion of the 100-km-transmitted length of G.652 fiber,
and the SC-DCUs that has same characteristics as the NS-
DT except the reverse zign of the dizpersion slope [5].
Mexl, we assign the group of 9 wavelengths with the center
wavelength located at 1,550,012 nm.  Following the
procedures described in section 2, we obtain the minimum
number of DCU and the appropriate location of DCUs in the
network, By varying the channel spacing (AA) from 0.2 nm
to L4 min, we compare the total number of both tvpes of
[ that requiines inthe sianple network in Table 1, From
Table 1, the total number of DCUs equals to <44 for both
tvpes af DCUs although A4 increases from 0.2 o 1o 1.0
nm, These results indicate that we can use the NS-DOCU 1o
ohiain the same network performance a2 using the SC-DOLL
This aignificantly helps reducing the cost of the network



because the NS-DCU is usually less expensive than the SC-
DCU. For AA= 12-1.4 nm, the number of NS-DCU

necessary for the network becomes greater than that of SC-
DCU due to large over- and under-compensation.

VI. Conclusion

An algorithm for the placement of OPC and DCU for
upgrading transparent DWDM optical metro-ring networks
was proposed for the first time to our knowledge. Our
algorithm can be employed for overcoming the dispersion
and the Kerr effect of all wavelengths when the installed
ring network 1s upgraded to support the transparent DWDM
signal transmission with the minimum number of OPC and
DCU. Our algorithm is also simple and practical without
the necessity of solving the optimization problems.
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