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v o

]
¥ =

dleuas dsuanslugln 2.2 uaranusiesiiglnsnlidsuan) naunsnlinliauacuas

1%

amnroudasdynnasndauidudyyrnndnldednedia Light  Source  uay

[

Photodetector

Data
Data (Electrical Signal)

(Electrical Signal) Optical fiber —|—|_|—|_|—
I | I | I | SMF,MMF —

| [ : |
I . I .. I
1| Light source Optical | | Photo .~ Deqspn |
I modulator | | . X I detector circuit | |
| | (Optical signal) |
| Laser,LED | I PIN,APD |
e T _ d Lo ]
Transmitter Receiver

g 227 wmannnsdednyny ﬁm"u@mmumuiﬂmLmemﬂmw”

UsznausdagAanan anAny o UN LA LAZFAIAHARTY N MUAY FINAINAD

1

Wulasnuas wagndniaiulsznauaqesantasdynyiniunasnau il

dryoyraulianazasassinduds

A1ngU 2.2 wassdaudsznaudidninldluszuudeanseinudulaiuass

1 o

wiivaeanidu 3 douluey ) lAwn Aadednyay1mniauas (Optical  Transmitter) i leinuas
(Optical Fiber) wazAaTL&nyoy1unnguas (Optical Receiver) Tngazlisaazidanadungld

luiada 2.1.1, 2.1.2 uaz 2.1.3 AUAAL

2.1 PgNAnItUN N ISUAY

doutlsznavusnlunisdeansniuas A fadednyonoumneuas deinutig
wilasdayamiudoyyrouneiln (Electrical Signal) liliiludnyayrounisuas  (Optical

Signal) Tne/lduvasnniiiauas (Light Source) ﬁmﬁﬁﬁmamLLMLW@WLﬂuﬁﬁy@ﬂmﬂﬁuWﬂﬁ

o o

wasantiuinnIsnegandeyadniudynyinuas Inansuegandyainmisuasinane

[

351U N1INBREANINANNLEN (Intensity  Modulation: M), N13NAALAANIIANND
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(Frequency Modulation) Lmzmmﬂqmmmum (Phase Modulation) Tmﬂmm@@mmmq
% [~ Qdd‘a dl = o ¥ % ] 1 1 o

ANl TuRENHauNnNgamszlaududautias lunsdauardiasanisnsadu

Ay dmFunnsnegeaneanddnaunsonnle 2 wwupelaanisueganinamsauay

NNTNRALAANTEURN

A % ¥ ¥ o
nnsnaganlnanssAenisnegandtynadeyadthifuaeflnanss ns

a

TdfasninufaNagEaaNINLAIMLILINEUAN (External Optical Modulator) 421N 9uagLan

NNYUBNATABINBALAAATYTYIUEIUAINDALAANILAI LN RNA NG Ao fARWFDLHEY

1
adaa

(Continuous Wave Laser) N19xaganlatAsdadulsndnauazazaannInnIsuesLas

nauen anvivdaa e finagantaansld feldndsnutiaandn uaslisnargnndnaaiues
FONE QAR NLASIINALFNLaa AR UARLIEY uinITNagIantnensalidadniniTaedne
AHEgegnTunsdetagaiiiesainacinainisa lunisnauauassanisaeuulagaes
o o g=r. & SFF .= A A s . 2 o
nezudduressanLaasiaia anedeiilyuiaunizandatian  Laser Chirp  @aflu

dsngnisainianineanauiatdszlasuutlaslininsuinreanissuaduninlinanuen

= I P gy
ﬂ@uLL@QVLSJ@F;IMﬂQVI NAN AR UINANNFRINIS

Tanananusiaziaenldnisnagaanisanuduluniseeniuy 1Wesani

'
yaa o

o o 2 @ add, .
ﬂqqﬂsﬁusﬁﬂuluﬂ’]ﬁ‘N@CﬂL@mu@ﬂ LL@&MQﬁﬂ’]?[ﬂ?fmﬂﬂ Iﬁﬂm?\?sﬁ\“ﬂuqﬁjm\‘]qﬂwq@ Imﬂ

1 o =

doutlsenautanluidsdnyinmiiasivanslugii 2.3

current
"'--.______ output :
| ' I
2= l : |
3= Caser dfR) i l
Multiplexer =" il ey 1 i
driver : i | Fiber Optic
f : ; I
n-_”#_ i----------------------: :
Bias I

current

319 2.3 uauNINEULITNOUIBNARANATY U AN UAIULILIND A LA

IpepsTaLsenaufoafngdualalias FodUlaias LALLUAINIIALAS
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WNUAIWLABRN (Block Diagram)  89A2#N45) oy 10U ILAILLLNDALAR

2

Tnamsauanedegiin 2.3 Fadedtynyramnsuasiidssnausay sivdsaalavtes uuasniin
LAY BAYFdLLALas B9RznNaNtavidtAnadFngEea lamas wazkuasniauwgluiada
2.1.1.1 uay 2.1.1.2 Tudsundnnisuegannianiduuasdaduiame faznannmaaziaen

Tuiada 2.1.1.3 way 2.1.1.4 ANAAL

2.1.1.1 fadisualaires (Serializer)

naLiNAINg lnsdstaaniaiddnsan sasinseuilstesdnyaaslmiso

lpansTimealaefiuuuianan (ToM) dunisuianaieenidudos o) Tausazdesayld

¥ o

zﬁw?umiwamﬁmWmﬂ‘ﬁmﬁtytyﬁm (Channel) iUy (Parallel) \ie mmﬂmw‘wm

q al v o

dnsnazgndliiAvldlunsasinmles (Buffer)  dwiusindeyaiiiesenanluszuud@izas

1 o a ¥

VL@LSIJ@@? %’I@ummu%mLﬁ@ﬂmmﬁumnﬁ@mm JeUnyeu NLHATRYALLLAYNTH (Serial)

] Y VLS./SJ o ¥

\‘i dogliarusnastayalaniaununanedasdooy U @"JEI?VU‘]_WIfIé/m?WﬂQ’]NL?’ﬂuﬂ’]?@'\‘i

ql o
I

%J’mg@muzgﬁu ﬁuﬁﬁﬂl,ﬁ@ﬁ%’@wu@ﬁ%m:mnﬁu N dasdtyyin Inausazdasdny oyl
dm31ANE R b/s avgnaaniumsdnyanasinidnddeyadunianandainaundmns

AHEIgeTuu N x R b/s

2.1.1.2 unasnuidauas (Light source)

LUANN UL ALAINIUEIN TUN1 TN A LA TR T A UURIRAIN N LATND AN

. . o e g da Y 4 .
WU T UATIAINIZAUABINT AN A1 LUAIN 1 RALAINRaN T lussUUaad196HY
Wileswasntseantadu 2 dssinnae (1)lalenlasuas (Light Emitting Diode, LED)
LAY (2) vavias (Laser - Diode, LD) GRISILI ﬂmmmqLmemmumnmammm

(Semiconductor)

Talanulasuas

TalanlacuasisznausnadnsnesatntLLsasfantau (P-N Junction) 111

1 o a dl 4%/ v = f/ d‘ Y o . . . <3 1
wraan A LA Usznauauledne LaTHIIAIGN 99N99asN lEdL (Drive  Circuitry) Alad



13

o Y

dUDAU LED azmamuasaansnliudaennuenamais 0.8-0.9 luaseau uazianuas 1w

WUURUIWUS (Incoherent Light) fiReauasaznszattaaniiiuanidnsuzadiagluns

1
=

- d oAy e oa o A e Y . X
WAZHAINY1IARUNANNIU AUTUNNLEIALUNATUNNIN9ANNAINNI19Le9ALU NATNTLA S
=) o o 1% [ % d} dld [~3 a a
LED Aasgnanfianisldeuiunisdaansmiuasndaaiuialaiiiu 200 Mo/s anuind LED
azgnsameniudulatiuasuuumansuun (Multi Mode Fiber ; MMF) ingnzmanuindiaes
TUBUIAEUENUAUTNAINTTUTNATLAILAZENUNATN (Core)  2aaiduleinuasuLLnane

A

LALTAS

iaaflszneufanansiiainiduiuudilasiairauazduneunisuand
fudaundn LED 8nn_nastnamnasnudnaansaaiadag faefiu 3 nszuounng aa n1s
AATNNAIIU (Absorption) mslapldaemassnlanAatues (Spontaneous Emission)
wazn1slantaatnasanlngiinaInn1anssF (Stimulated Emission) LETNAREANNNAL
ﬂqﬁlwﬂ'qqmmmqmﬁ'u 13-1.6 lupsew Fduasunazawadn faamannasuiuay
nineeq LED  Asflessiun demimdilaiuanunlnamiios venaniiairesiowan
NNAINIUAIDBNNIZINTT LED NANdIuaeiasiivg LAZANNNTARRLALBREN At LA

o =3 1 o aial 1 o v dla Y o d‘ dld
AANNTEUALLLTININ mﬂ@mmuumwmmwmL@LsnmmﬂﬁLﬂumummhﬂuiuma‘mma‘wm

ANHLTIGILATARINITAN NN LHUE NN

a

dl dld 1 c a a =R A k2 '8

WasanAuantAnandtresialmes luaneainusasaenldiamasiiy
WA HALAS TAEEHAINNNIANHIAANEIUZIANTY  (Characteristics) 289601aL5 7
NARNIAINILAIRAN NI BER A UTA AT UAUNANTILUATL A9ARIANBILAENINTTA

[ o [

Awnafiine fiasiaasiayliliznen el i deyad il luniseaniuutsasiy
LL@mwm@@L@m@Lmﬁx‘]%@%mﬂluumﬁi@iﬂ ATUANHTUZIRN A LTSN IHaInng
Haunsziaduiieninislouealldremi (Forward 'Bias) alma¥ Nbiariasuan tnna
(Photon) panunat ALt An U ATy TEmais Al fauf i anszuadud

Haudae s azlfidudunan dwanslugil 2.4
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Optical Power Output

Laser Current

3171 2.4 noaauduAusszudenszuatlauliunsarte fiunnas
= IS 1 n:l. a ) o a
naasiaieflaageenuafguund T, uaz T, aannaniinualianmgi T,

gandn T,

HaRa131a1NgUR 2. 4azuinlidn AN N 19919 BB LA LT S NKLI

aanilu 2 491 TudauunsnludiuntlaunszLdnIndIAINIsLal s LU A8 (Threshold

a

A A W i = Yo o o =
[.) HIRLTENINTIN Spontaneous Emission T9alANNAIN1UAIRANNIT AR A9

Current, |,

Wudasnagliitinllddwiusmssuady ludeunasailudounilaunsyuagenitAinszug
N a P = ~ P = ¥ , Xo o ~ o
UniFnlanu T9gnizandnmae Stimulated Emission lumaalinndaniauasaanuni A sdiu
o/ a} % el a a o 1
pavivauanszuanilen duaesilsr@nininnisutlansziage Avnuduanansngog
PRIAINTELATA TN IUAUUAZABIN A NTUNINAVETINHNEAINTNITINITN NN LA LN EI
Lﬁﬂﬁ@ﬁﬁﬁﬂﬁlﬁmmmnmi@fmn IagFanANTULIIANl 2 AN A INEnIINIT0L A

nszua (Slope  Efficiency)  laad 'm@uﬂﬁmiﬂ%umﬁﬁuiﬂ'a\m%‘w 1iingnsnasatng 14

nezuunIslsznay wavguuginldiuaeiaas foetivduilaguunigeaun

;?_’

@ﬂwmvm‘wm“ﬁmL@Leﬁm@Wmmﬂ@muﬂ@ﬂﬂmnmmuqﬁr;‘ifmcn AafAszAnsnIndman

'
=

: - £] € y
nsudansEuaazanay wazAnssual aGLAnuaziinty paLdunanianalugy d9as
AsuansznusAanisaIANszuaduludunaunsNagLandTy o ILAs AINAnaNNT9sY
d‘ [ '8 A 1 1 = al dl o o dl o a
Wadua e fiuiandNAINIsdlInENIany NNAInIeuaInaansIaInawias (P,) Ayl

Ansouiluann1 UnIFIaNNI (2.1) [13]



P,=S-(1-1,)+C (2.1)
G P, A8 NAIINLAsINaanTadialTas: Watt
s Aa ANLlsyAnsnIndnsINIsuLlasnszia: WA
a o 2
I, PR ANTELATMENILALIW: Ampere

C A8 ANAINNIAILAITUAN: Watt

o))

2.1.1.3 ﬂ’)ﬁ‘?J@@LZWWI’?\?ﬂQ’?JJL?QI/JJ

1 v 1
= J o Y A 1 o !

annanaNIduFunIIdea s AR leiuasARAnHurN19adinyaadis

1 1 v
o’ o %

AuN1saaanTHNUARAINATIRY AU ATANIINARIARAR U ANANHIZ AR L ARSI

o

1 A A v al dds/
NATIARN NITNRALAANINAIMNLLN NITHRALAANINAITNE LL@ﬁﬂW?N'ﬂ@L@ﬁWﬂ\‘ILW@ Tunia

o 1 o

AZNANMINUANINEALAANI9AN NI Faiuntsnesanndengaduiusadedtyninmia

!
a

wasuazdsaunan lisnadLdn ulnansndengainafuldduaea

q

[ 1%

lun19uegLaAn9ANLEN. dayaazgnunundaaszAunidamiauas Tne

1
o aa o A

AATIATIW 17 AzgnUNEAstITALUNIAYAIULN wazdTynnniRananidu 0 fiay

=)

o o A

QUNUAFIEIZAUAIAIBNANTT ATNANANRUEILTNINNIUALA TS LATNNAINIUAITN

dl 1 o [ dl v o o o dl
aanluannig (2.1) Aeuun NMAWIan lrasnainamaiazulsfiunssiuauianszuad
Heuliuniames sstuinnszuanlewliunamasinisnaunnliaeuulasagsendng 2
52U IFRNNAMUAN g NAINITNAILANIZALINNAIMN LA aaNHN IR LA W 2 szduiauiv

pauansugii 2.5
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H-{}‘!"

Optical Power Output

|

“ﬂ” e I ”

U7 2.5 wdnnisuegannIgAaNdnaInnIANdNRnEsEngng

6 o/ o

dl Y o o a} o 1 dl o L4
nezuanteulimalresnuniaanisiasniatieslanaaanun Wan1wun 1o

1
1 a g

aa 0I A - dl A a ‘A 3 o dl %
nezuatlauniasAads ‘0 LL@Zﬂ?%LL&ﬂ‘ﬂHVINﬂ”IQ\‘]ﬁ@UW 1 ﬂ’?@\‘lLL@\‘]VILLW’W

wsunanuAInszuantlan liLnfqIAEaT

! v
3UN 2.5 wanandAnN INegEANIIAINITNIINTA AuAINTEuATLLAL

[ o [ 6

d‘ o 1 d‘ 1 £ Y o o‘d} L4
TLAUNIANINUIAILALTDINAZENDAN TmmmuumqLmﬂ@umummu@ﬂluﬂum L a5 13

v a

U AaYatn ‘0’ azlfnidanisiasaanyiitias waziiatlaunsziaAuinldiamas

dl 4 o aa v A v o o o ] d! di o o
GHQELMLLVIUZQWVELI'WM@@V]@UM 1 'Q?.illﬂﬂ’]@\‘m’]\?LLZQ\T@@HN’]N’]T]M'WN@@@QN GNL?\I@LWVL‘]JM?'J’QQU

FatifIATIANLLAY (T9aznatnasetlluiide 2.1.3) Aanqeduuaenaza1NIInnIIaeL

A o/ ¥ v A

v
ndmuasaesssAuile uavannsndAudynyndeyanasiade 0 fude 1" nAUABNY
Yo Aa
LS

Tunisuagiannivauidutdaiudesinistleunszua 2 4iln Aa

1
=

nazualuuea () waznszuanagian () Inafinszualuuea aziflusaniuunssfunias
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NIugeLaan (P AUNTLUANDALAR AZUAININUATZALANNUANAINAIAINIS

optica\_out)

v a

wassznaednyoyinde 0 Aude 0 luidl Min1sueganinenssassesiiasasnialund

'
v

anwouziilu Tuuean (Bias T) Iadutinsunszuanasanuaznszualuwea waldlunisdy

e F U ALNTZLATUNNZAN

a o

Tunsdedayaluilaatiuieyadoulugavifludeyanaianidrsiawuuly

Dk

o ¥ v o =

A o o o ' o Nz o Ay =
U7 mquuﬂq?N@@L@m@mmqqu\?ﬂrJWNLmNmQHﬂW@ﬂ\‘ﬁzﬂuu@\‘]Lﬂumg@ﬂﬂuel,usﬁ@@uj f

113 Amplitude Shift Keying (ASK) 1138 On-Off Keying (OOK)

2.1.1.4 Faguiawaas (Laser Driver)

1 v
Y A '

annviadennauna lHnanianisuesannisauidndandunas falvig
nszualuueauaznizuanenias lagginsaimazninidananssaunszuadayalidsyiu

dl Y o o o o o g
‘W@LMNWZLW@‘ﬂ@usLMﬂ‘UMQL@Lsﬁﬂiﬂﬁ’ﬂlﬁ]')ﬂlUL@Lsﬂ’ﬂﬁ‘

» U
o

I:)optical_out
-———»

Optical Power Output

> |

77 2.6 wAnNsMeuEedadun e FivenAunisAruAnnszuanilau

Tunamasaa I, ua |, WN1sALANINAYLasNaananfaLaLes

bias mod
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1
& o %4

WadynndeyanusidBualawes dymiuinlfeanuiazlawianszud

v o o '8 o % dl o [ % dl [~ ¥ [ % a v
taannn faduiamasazinuinnliuauedyoyrninidudeysdyanuds 1" uaz 0 Wl

o o o Ho o A o o edd e 4 9 X |
TEALNPNICAN [ﬂ’]ﬂﬂ_lLZ\]L“ﬁ’ﬂ'j‘uﬂ’mu’]ﬂﬂﬂqﬂﬁ'ﬁ’lsﬁﬂLﬂ@Eluﬂ'j‘tLL@iﬂNﬂ’?N’]ﬂﬂiﬂu’ﬂﬂ‘ﬁuﬂq

'
o a o A s

v
Audyaunudeyanarianliiunn uasantdusnduaimesasilounszuadayaliunaimes

'
o~ o

Warnsnaganinansy uasi lieanuianamesaziiuiasinunisueganudn

91071 2.6 wanINIIINUIBIFT LA aziulddnsAunszualuLeday

o O [ o Y v v 0 o & v [ 4
U IMUATEAUNNAINILANTI98N  01F89INFIRNNAIMIuasTnaanuInAseal fu i
HANTzLA ULDATN 49T AIUAINFANTBNTZAUNIZLANAALAR (VFDAN Peak-to-Peak 189

|_) azdunanemuLansNgasssa uniamkasdyarnds 1 dulda ‘0 BelA1Aau

mod)

'
IS g

FNsEALNINTY AteazliAnansIpuRanaiadnlunisdedeyationas faduiaitesasies

%

= @ U o 1 tzll k7 dgj ¥ o
Nﬂrm&lLﬁ"JsLuﬂ’]ﬁ‘[ﬁl@ﬂ@u@ﬁiﬁ%u[ﬂ‘ﬂﬂW?Lﬂ@ﬂuLLﬂ@ﬂﬂl‘ﬂ\‘i‘ﬂﬂNﬂ@ uananianasduinliu

1% o

szaunszualiigean ldmnigiunisiuiamesuaz lldunssuafuiinniame fasnuiuls

Tuntsnaglaan A NdntazlAwIsdinasiuandalszansninlunig
nagLan AeAARAeNGReTU (Extinction Ratio) TSENHANNNATILAAINsz AN

UDININDAIARNIN NFIEHANNUINIENINIEALARIEMUAAATA ‘0 (U 1" NnAvannng

722

T 5 P,
Extinction Ratio =101log,, P—l (2.2)
.

G P, Aa AawsLasinaenfunussatdnyooinanaa 1’ Watt

oy
PoAa MAsm e tnaaniunuszaudnionnRanadie 0’ Watt

2.1.2 W@ulasiwas (Optical Fiber)

Wulatdnwgegunroawanlaidu 2 dszianmiuaiuauluuanisunsg

(Propagation Mode) AaLdulesinugsuwuy ivumnequassuuvans mue
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2.1.2.1 i@ulgiuasuuuvuniaga (Single Mode Fiber, SMF)

2 1250m
x (cladding)
F—————5" " 8 —124m

j —————————— (core)

T

317 2.7 nandsantAuaasdautlsznetuazmun mduEnuAuENang

[

gaadulainnasuuuinnmfeaflsznaumae Cladding  inutinidudan

q

2So®

H

waz Core vinutilusonasndednynrndeganiauss

93 o a =l 9 1 Ca
AU lasnuas LL‘LI‘LII‘VISJﬂLﬂﬂ’)ll“ﬂuﬁﬂLZ‘iuBﬂu@uﬂﬂ@’N"ﬂ‘ﬂ\‘i kN1 (Core) bae

[

Fan¥u (Cladding)  dszanmd 8-12 uaz 125 luAsew ANasl Anwuzlasea¥iaaes
LﬁuiﬂﬂmmuuuiumLﬁml,ﬂuﬁqgﬂ‘ﬁ 2.7 daupesunuiauiatanninduleinuasiuy
wanatuaunn w1 lnnsiinasnralndulaflgifaeduuaden nsfidiuasldifeaeluun
waann i lafunansenuainnasnszatgaanaasd yunauunuavsalasuimn
(Chromatic ~ Dispersion)  Ligeaenangd aduuuminidiniulddedayalindnandn
dilevhuasuuuvanevan LAesaInaun atesunLAEN v Ienluntsdedenuay

iuaadngunuaeaduly Asedldunasnaliauaiaiaiuasuadnatnduaiee s

2.1.2.2 idulendwasusmmana v (MultiMode Fiber, MMF)

w125 400m
JVL L (cladding)
50— 2004um
(core)
T

317 2.8 s aNTRLaAsdIuLlsEnatLazTW A UENWALENANY

!
=

gadulatiuasuuunaialuunfitsenaudiag Cladding  Mmsiiiudanix

] o/ ¥

waz Core vinutiiflusianansndednynrnudayanieuss
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duleinuasuuuvanauadoauluglauiaduiiuguinaisesunuias
FanrnTaoilszunns 50-200 uazr 125-400 luAsan Aua1ay Anwuzidulodiiauuy
waetumfudegli 2.8 Wesannauimdusinugudnansaesunuaeadulatiiwauuy
wananauiswa nnvin e lunissie @esuastinuadngidule Rsaunsn’ld LED T
IS 4 4 1 dl o 1l o v a
Haagnndnaasls usitiesannanuuiunalunisunsinan  vinlduanainaziianig
nszanalpsnnfnudo dafianisnszanaaasiadiiasainudariuinazidunisionaugo
' o N Y v a dld 1 ' o K =K o ]
wansineiuwaziaan Ididun1aauniszegnislivinduasndalananiadulediuasls
¥ o = o =KX o D = ol 1w | |
w¥auiuanilyyuimesnisnszaiaaesiad asin ol uuusinsinlindrauines ludos

Ugzand 100 wneidssed [13]

o

2.1.3 AAFUATYUNUNINIAY

: greemgiee e /—p ]
1y IFea Clock —-
\;\ | Electrical > 3
kSZ ﬂ., Clock & Data
i I recovery Demux
Fiber Optic I >
: i i Data
e T n
| Photo —1
" detector
PIN,APD

317 2.9 urun ndaullsznau eI AMNULALILATIAAY
Tnemsatiatlsznausdoasaiunas saaeadynyin fagaudyyindeyauas

Ayoyrosunin wazfapdizaalames

WHUNNERF LA R N ISUAIULIU A2 AU IA A UAAIA3LN 2.9 N3
nraadulnemssatAaAafuLas Tuntsudasdyoramisiaslidudyoynunigdnii
| o o o o= X A ey ~ o v ¥ a A Py
siaanniuiinsaensdtyoaliiawa i e ldulsauinauiuseAugnedanaasiau

o 2

NN (Clock Recovery Circuit) Tnnutinndaaszdidyyiniunfniaanunann

N

¥

pydayanaluianlasu seaniudnouunRnindanseildazgninlildlunng

o al v o

a

qurinauinyann AunTAv9asfn@u (Decision Circuit) narulasdnyaunmmnaiilnnau

a q

v [ % v o o =

aanuiusduaesdayangaundunn  faFudyninmiuasdasuilszneundanaesiaiu
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o

s faaenadryyins (Amplifier) 29asiautastayauaz Aoy 10unAng wavfastisea

latiasisaznannieaziaaasaliluiade 2.1.3.1- 2.1.3.4 mauatsU

2.1.3.1 A25ULAN (Photodetector)

AafuuassznausdaaansnesaunAnaniniudasdyyruanuiduuas
aanududynulidi Tnadwisdimefntuanislsz@nsninetaasdnpa Anng

A 1

RALAURY (Responsivity) T9AaANERIINITLUasuasnduaanudunszua wazaAtAnnla

o o o

e 2 @ . a = % o ° ~
(SenS|t|V|ty) BN LﬂuﬂqWU@ﬂQQ?gmUﬂquL"ﬂNLL@QWW@@VImrﬁ“ﬂLL@Q“]z’&WNq?QVHﬂ’]?LLﬂ@QLL@Q

a

naueanunszuals Wwda Aafuuasgnuiiveantéiiu 2 atiafe PIN uaz APD
1. PIN (p-type, intrinsic, n-type diode)

PIN Lﬂu@qﬂmaﬁmmﬁﬁ aneroueiilusassia p-i-n (PIN Junction) ANNENIT
Fiatin 3 U921AnN A8 positives, intrinsic- WAz negative-type N ulaanislunegdaunay
(reverse bias) 716 PIN Wfiefluasnannszny PIN azfanislasundsanuinaemuliily
nazualih PIN luifesdiuedrannussuu@essinuduletiuas meziisangn

uazilsznavauleds
2. APD (Avalanche Photodiode)

APD iflugtnsnffuuasanaiiauiigeldlsangnisninisnan (Avalanche
Effect) i lAAAN1sAnuNT0INsziaaulAnIzIansaa LNINNNINgINa a3 anszaL
] ¥
ArulaliegAndnaes PIN wnn doadantiiasasiaen’d APD usansaaduuaslunig

Usynaufansruanaunaimeuasiasldnaany

nazuad laanunannnNTuLlasd Y Teuas a9 FLLAIN A NAN A US TL

ANAIULAIN AR AU L AFIaNN199 (2.3) [13]

I, =RP,M (2.3)

o [ ¥

A o o
N Po AR NIANLLEITNLLNURIAITLILAN: Watt

R AD ANNNIAALIALUAS: AW
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I, Re Adnszuaildeanuianndaiuuas: Ampere
M AR ANz (AU PIN M JAwinriu 1)

n17madu i nsadul i ndeNnan lun1n9adUN1A9NI9LES N lae 4

q

o o = o A o | o o
Ffuuaunasmaaaa lun1sutlasdyrynunnuas lhdudy ool fin yoyunng

IA R IAITudy oy undaufsiunauasiNNIRATY U IUUNRNINAL AN 891N 38N

u

Aryrynnunausnasiaaenadnynins

2.1.3.2 saenadzyaiad (Amplifier)

o

Fraanadnnaiiudiudsznaunilenaniulusafudy i umisuas

1
o o oA

- o = [y o o P
LLANANN fyfy']mmq\‘lblﬂ/\lﬂqmLLU@Q@WﬂﬂW?m?Q@@U U NIUNWNUAIAILRAATULAS ASHAN

1
o  a =

v
dauninuazaglulauzesnszua - Asdunaunaziidoynuninmadulflininisdau

v o

D

Arynyrouuninn uazdtyoyanudaya iweadnanuendausninduaaniily 155 Mb/s Anuau

a7

16 da9dtyqunnuiiu aufludesinnisasnsdynialieglussaunuuizan tnanissang

'
% =

Ayoynnuintenld lussuuaedny oy nunisuasiiiily 2 dau Aa Faananiau (Pre-Amplifier)

LAY AR1LNUAY (Post-Amplifier)

1. FINUYIYNDL

o o

Wa9aInANANAUSANANNIT (2.3)  Fasunasazulasdtynanash

1 v
=K

navaduldeanuieglulamunszua - Blunisdszuaanadyyndluduseliazinau

v o

o % v o

TaluuLeeAl AsuFenanaunAaaINAFUATY U U LAsaEAasimT AL aedtynyn

]
X A

nielanunszualiidulannuussiudsloguanaaiin nlslululdesandn

Transimpedance Amplifier (TIA) LL@SﬁﬁﬂHmzﬁ\igﬂﬁ 2.10
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v+ o+

\\‘\ I TIA

'II_. <+

(n) (1)

b

3171 2.10 (n) AeyrrunieliviaTulatmugsasunlinisanesnaas TIA
Wunasuandyan e inlulamunszuasuiunssuadyyiusunau
asasdn (@) deridunielaudyninidnlulamunssuadudyyiueanlu

ALY TIA

Tunnsudasdryyanednlulamun sz uaddudynnueenlulamulssuaag

| [ %

TIA  duaziidnsinisuilasuinusetiasauatiiAl Transimpedance  (Z,) TnalAnss

£

ANNN9 (2.4)

Av,

Z. =
YA

(2.4)

o

angi# 2.10 (n) lunasingauaessaaena&tyan UL TIA Azt

suNN AT WTTRdn s U RRd AryFanieua niiaa A (I LINARAN NN AGS

v o o

[ 1%

wazaNAFUATY Y UNIKAS Bandnnasuddyontsunaug1easandn (Input-referred

o

v a a

noise current, i ;) TufUANALALTeuMAEuNNg (Source Impedance) Teazdauasians
ﬂ@:mam@ﬁmmﬁmlu%uﬁimiﬂ WAHABN1TAAANNTULINTBNATY YN UTLNIUNI LA 198
gudnlneniseenuu TIA Wiussduaneenuunnasing (Differential Output) Seazansnsn
dnaudtyoyrnssunauls Taadsna TIA fiAui3e 2.5 Gbis nHAT RMS 794 i,YT,A@g'ﬁ'

400nA [14]
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1
[ %

wtihndnAryees TIA Aen1sudasdyomelulamunssuadudyynle

o

Toiuusasutsaz e ldliianisaensdygindiuunsaniunisgaudyyiuufiniuay

1 1
KX a [ % = o

Aynyrudeya AvudtvE1auaNRIluE I NdAynassiasaanadyyialilaseiun

WinNzansall

2. FNYLUAY

uasandryayrasgnutlaaiulamuissfuian vinszauaesdnyyialg

'
1%

wafiazarnnsnun ldvinnasgand o auiinuasdyynudeya léiun udlnasialil

v i 1
o = = 1 o

Fynyrnuazldlngunndnasivasaiunazaasldmaagnady oy uvdaiEangniEandisa

a

o o

wednyyuvan (Main - Amplifier, MA)  Tunasnliseaudynronvunzanlunig

szunanamalil

o o - A AL A o o o . Lo
mqmﬂ’]ﬂ@mmqmﬁ@\jmuﬂﬂlﬂﬂuu 2 LU AR AULNLUINNAAN (leltlng

(7]

Amplifier, LA) A% AIUENELULAILANNNTUENER 1WEH (Automatic  Gain  Control

Amplifier, AGC) tagiANEazN1ITENATUYINID9 LA WAz AGC HANMMULAIgLN 2.11

Vo Va
Increasing Input
signal
;-
£
/o
("
T y =
o
s
AT
Al
ra !

(n) (@)

[ %

g 211 Weddudnelen (n) 209 LA Teldnwoeieidudaland

b

a o

ANEFILATHANNTUNIN (1) 189 AGC Tedanwouiaridunnalauni

ANaNnn TunsUsudmns N st I sannudty oy
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o A o '

AR31N19 18N 8R9A Ty AT TN TUAY A visedRIdouesdty oy N

o

= o ¥ o dl
aanMAUALAY LI AsLansluannm (2.5)

2

Av,
Av,

A=

dl a dl dl N [ 1 o o ://
LN@WQ’]@M'\@’]T’]E‘UW 2.11 s9pafendunnelauaassavene TUTUNTUNNARY

1in aziiuldan ansn1srenadyn naesAn s dtyn i AsA N UaIn s ey

dnelau lunsdlfinuenauuy AGC ANTuazaInisatlasuulagle

® FNALNERNNAAN

[ o -:II 1 % a o o I dl o dl =
dusasendtalunisldauiazaziansaeieidunalaunmasa el
Funynasawadnidasndnnnassgnasna i aulaeddnsnisvenendudadi uel
= o Y QI dl a 5 = o [ a 9 o
wnfdtyynsaunalua)diandsiinatuaedyyinargnasnsuuyldidwgedu doyoin
e ninnazgnanAaL (Clip). aduiloyii e nisouaniaesls vinli LA Aqly

o 3

annsnin i ud o nneuzdents

® FuENELULAILANNIIUENEER TR

[~ o dld 1 al g o o A %

WAL ENAAINAINITONINNGT TntiaziauLlsznaLdNAtyAa Fiaaens
wUUKUsANERIINITENY (Variable-Gain  Amplifier, VGA) Uay d9UALANERTINTENE
#5110 (Automatic Gain Control) IAIANHULNIINWIUEIATUNN L AGC UaNFNeA LA fi
A % [ v % o/ dl v v 1 dl
ABANATNITTTUNTUTUdR TN sene I sauiudy g tne Tiaan e Tugaen

udadued saiuaz i liAanssinARUIaIA YA

diwpeaiu TIA Tddnazdlu AGC vi3a LA fiiadtyoynmesunaudiuguniu

AN MTLNAUAAATUYNIFENIN LaeAUATY QI UsLINIUE BN saedaaenadtynns

uan (Input-referred noise voltage, v, )
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P ¥

2.1.3.3 AUy 1uuing uazdygrmdeaya  (Clock and  Data

U

Recovery)

wdsanaensdynnmudaafaaany dyyinazgndslilineinnisgau
o o ~ o o PRipy o vy
o AneanunaIndyaiaiidann wazindnynanfnafdausn g ldanasga

1
=

Aynunnudayandunnlndlae IWRmansaiudy AN ngaunaunt Aluanafagiy
2.12
m Decision Circuit NS\
»| D Ql—»
> Phase & Loop
Frequency Eilter
1 detector

dl o o A 1% o
g‘ﬂ‘Vl 2.12 WNATUWRAANNITNINIUARIAIN A tyty”nmmﬁmm: EUEUNEY

a
I

doyaiatlsznansag famsadumanarANd fansasdnynyrunesgil VCO

=< o v o o Ry Y o =
sﬁ\jmqﬂquq@]u@wmqmu’]ﬁﬂq LL@mr:yty']mu’]Wmmﬂua\lﬂmﬂzgﬂuﬂﬂL‘W'a

%

o v 7 -dl v a
NN AL meGAﬂ@Nu@V]QGQ?MQQMIQ

o

9110 2.12 udnanisiaenaessaARdn i Anuazdnyonudaya 5

a
1
¥ =

anndnygyrnudayaneananndaenadyninargndadinndifonsadumanazadnud

a

(Phase & Frequency detector) famsaadtiinaazinsufFeuaumasasdryyndaya

TuianesdyanamwnAnanigna¥isuann Vo (Voltage: ~Control  Oscillator)  w&n1#

|
=

FrytIUeaNUILANTNANNLANANTIAHALAZAINND FrNaasd Ty nula A1 AN
sinaagas i fan savdtyuanuaesgil (Loop Filter) azledtynyrmuinau Beuauaansn 14

A uiudfusa veo e lfldd iy nuunRniaeanildnazaaunaseiuiudoy i

aya Aaandudy nnAningnaiwauludiazgnuivaanty 3 mae Ae Hlaunauly

=2

wWraueunudyyiudeyaiidiun, deeanldifudyyiuufing wazldlunisdsy

a

a o ¥

AunLaeIA1udauseniandn Retimed twalilaanunisaasnisquiindnyoyinudeyadn

winzanlunassinduladsuandlugy [15]
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2.1.3.4 faatizea lases (Deserializer)

[ %

o P y Py ~ o
NAIAINN ﬁyfy’]msll‘ﬂﬁq\lj@LLUU@Hﬂ?Ngﬂmﬂqﬂﬁmm’]mu@:ﬁqﬂuN’]Lﬁ‘ﬂU?ﬂﬂ

4 o

¥ !
wda dryaunaudayadasnaonuiageiifavgnuanaanliiiudeyatuusuiuninans

a a

] 1% ]

dasdnyn e ussneugndadngsiag s salarefininds lnandeanduiaAdtes

=

e feyaildnfaziltnmanuiamainfudeyaneugndesiuidGuslameifing

' !
o A A o

Aodednyaynainisuas duineeddynudeyaninniioge R b/s gnuaneaniiu N

o

dasdrynnslnsusaztasdnynnaslnIuiEa RIN bls

[

2.2 ilasandnananisiatngullansdann

JTLIL == TN VAVAN

_ I;f;?l:l:lil;iir ) Optical fiber ’ ,,,,,,,,,,,,,,,,,,
Electric Optlcal Attenuated iand
Input pulses power pulses d ortedioptical

power pulses
o VAVAN
_— avalanche e e - Amplifier _—
photodiode Electric current Voltage p};_l;_qg_?nd
pulses containing i i amplifier noise;

i photodetector noise;

7U% 2.13 fadusi9 Anasentslaneuldeesdoyyily

%

sruudeadamiaiast sznaulildaanisannau nanszanalasunmn Aoy

FUNIUATNAITULAN LATADYTYIUTUNIUAINF LN AT e

Tunnsaednsewdulainuasdyununiaunisaanainsadedyoy ol

[

o a

auiaAaFudy yeaziiaauRaiawll fuliasainnizaanaunias n1snIzangaanaes

%

&rUtuNnd LAZNITUNINIANTRIA DY LN UTLNAUIITIN ARINFA LAY YiTaLRAANA2Te1e

o

Arynyraussuanalugii 2,13 dmduniseanuuuniudneunesnisuasianiialaifiv

2.5 Gb/s Insdinudulatiuasuuninunmen tadenaclnasogiansuzresdnyyinne



28

NNIAANAUNIAY N1INTLANE IATNIAN LATATYIYIUILNIUAINAIATIRALULAILALFAULL

doynynnd eazidantesiiadasing o aznaasie i luiadedn 2.2.1-2.2.4

2.2.1 N1aanau (Attenuation)

o

WaugaauneinudulaiiuaasiindsngnisninisanneuniAsau fnas
uasazgnannanadetemndinNszasn e lngulsiuuuuaeaings Inanalnnisanneuy
Tudwlediuasiiugiuniann 3 Usangnisal As n139ANAY (Absorption)  NM9NTLIAY

(Scattering) A¥N1IGEYIALAINNITUHIIA (Radiative losses) [13]

'
a %

Auue i PO) unndsuasludnlevuaiiqaEusunssasnie Z = 0 az

1HNNAAINAIANT WAILAWNI b Tluszeenng Z Wusadannnsi (2.6)

P(z)=P(0)-107="®) (2.6)

1 1 ¥
39 o A ANTasnaunlIdsraddulediuaslunias dB/km InanAtiay

o v o

wnvisetiptauatiuAIAINENI AR LAY ddeA Ty

Aannsudtlyminisannanaasdnnuasainnnn ldlaanisldfaasne
NNAININUES (Optical Amplifier) iNanTIWRaw weduiulunsdinasdyoyiudae
seazn e ldiiu 15 AlaAT NANEN9AAY 1,550 nm - TellAd e Uz 0.3 dB/km tiald

o

P (0) = 1 mW Haunuasluannig (2.6) azlaniaanaansaasunsninininlanwindu P (15

) 107 (0.3x15/10)

km) = (1 mW =0.3556 mW

o o

HufReridsnunsiasasgrdsliliszann 64.5% vsatszunns -6 dBm
4‘ A 1 o Y a o dIQJ Y o o o o o o e
T9Dasafltesagfundinadunsdeqldfaananidewmauaunszaadiuasisainn iy

Frytunauaan s aills

2.2.2 n19nszanalagunmn (Chromatic dispersion)

n1snszanelATuIANABNIIENANN9RRNIRINAGLAIANNAINEN1IAA WY

dl s a Y o a dl 1 3 a 1
mmzmwmﬁ“ummumﬂﬂmu WWuladuas an LRBLNARTNNTINLNRINA WaLaslaasLas
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AANNINANLAINLNIAAY TIUAATANENIAALAZHAIANNETINGH (Group  Velocity) T

1
Ay o o

wiriu Asldfetaamslinfeniuinldivaduseensesn dsngnisaiiuiunfanduluan

a
|

TANWIABNIINITANLAINAIINIETINGH (Group Velocity Dispersion, GVD) Lia4a1nn1g

nszanaiilunasasamfanguaaiuilaiiurasanneianau SuiAenisnszaalasuifn

%

FuagiuANNEIAAUTLIEY AudiaundeannafuresunasiilianainaunIg

b3
al [

Raeuesdynaliasannnisnazanaiiazinuausiae

[

ANUANANTBINIINTZAN8LATHIANNIAIN 2 wuaAadan lduan

Wuleniuas uargiluusvietinnauy

2.2.2.1 N13N32aedN3a8 (Material Dispersion)

217 2.14  N19988NT 40BN IRNNAR LA LDIANHIFIUDILAIUF AL

a

dl b3 o 1 o/ ° v 1 dl a
ANNNENIA R LA WL LA WA AU L LLZNLLW@ZWQWNHWQﬂ@uLﬁuVIWQiﬂ

=2 1, 2 | r::l’n a o
EN‘]J@’1HWWQ1mNW?®NﬂuL?Eﬂﬂ?Wﬂ{]ﬂ’]ﬁ‘muﬁﬂﬂ’]?ﬂ?3@’18Lﬂﬁqmﬁj

e A

v 1
m@m‘x@mFﬁﬁzﬁaLﬁmﬁumnmﬁ‘ﬁmmuﬁﬂm (Refractive Index) 189940

LNUNANTANFANAUANNHI AT UIAIAINLITARLLAINLALUNIINIU A9 AN IF IR 9 LA
ARl et AR NANAUAINAINEIIARY UBLLA AN ULAINNIRINUAAIN DA LEIAZH
o o @ A P , = L A = o § ¥ a
ANHNNANTANALNATY ARRaridaaa N NAAL NN LAAIAINENIAR LA N 1TAA
v o Y 4 D e - 4 .
N19NTZANLURNNAANUTLNAUAIEAITNENIAABLANAIAWLAUNIL LA UN N1

ANBUzNINITANTIAnUARIAIgLN 2.14
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2.2.2.2 N1INIEAENTINDUIAAL (Waveguide Dispersion)

5 J
S Pid -~ .
Sel L0 S .
oo o
— = ¢
T ~ ~
e ~ .
.” o ~§
b2 eecccccceccccccemaccemanas > SETETTIRE y2S W ) _|_|_

ny core
n, cladding

= v o = - Y =
g‘]J‘VI 2.15 N172878NINEANUAIN AL LA LA UAUAUN IS IIEUN 19N

wansineiwiniuasmuniglinelanenaslilinfeniuizandsngnisaliian

NTNIZAEVIANI AR

1 4

NNINTZANT VORI AR U ATUINGIZAIAIIUN I uAgnuLiaTuszudnglu
WNUNATN (Core) wazluianmu (Cladding) sz 80 sia 20 wafidus n1snszareinau
d‘ ! & & o L4 d’ a Y o 1 o
Hasannnisunszesuds 20 iWefiduifludan i deazidunaeldizondiuwadluununanedu
o SUCIPRNNY Y N % y da vy .
Weasannadriinundesnd tagiuiuat neIoaauLgsnaenliaqe sTaunig

] a | o dl [ dl % d? A 3 9/42( 1 o

unsnszaredwierpaudNIsognisuilasulinanauisetesadld auatiuniseanuuy

u

Auleninuag aNHENIINIZANLENT LN ARLIAAIAZLIN 2.15

ANNINszatelagNIfn (D)  MARAINNIINIZANETITARLA DU ARUT

nanN1dnesuiaINIsanaleaanaNnasi (2.7) BeRuaeilu ps/ (nm -km)

1dry, d (1 27C
== S — | = =22 2.7
Lodd—dAlyY, = 2 @0

=2 N ?:/ dl a
g L ARTSAENINYNUNANLLANLA LN

9 ABAINI9INUNIIAN (Time Delay) ¥saN1IMUNLLLINGH (Group Delay)

AAANAIHNENIARULDILAS

< >
o) X

BANAYNHLETINGN (Group Velocity)

C ABANANNNITILAN

d 2
d 2

=

AAANNIINRLAASIRY GVD BNl B, =
2 2

S
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dl o A 1 P2 o d‘
LN@“’W\L?EI\‘]ZQNT]’]?IVIN@%LLQﬂ’]ﬂqﬁ‘ﬂﬁzﬂqﬂ‘ﬂ'ﬂﬂﬁl‘ﬂﬂw@’e{Lu'ﬂ\W'}ﬂﬂ'\?ﬂﬁ‘Z”’ﬂﬂ

1ATNNBN (toyp ) F9ANNITN (2.8)

tewo =DLo, (2.8)

T4 L Aescasnaiauuaf uadaunig

0, AaANNaegLlnmsu (Spectral Width)

nM3nszanelAINIANBINNNTEIARNRATa9ERTIANITIgIaA AN T 6

Tuszuu Luﬂ\‘if‘ﬂ”lﬂﬂ’]?ﬂ? "'\]WEIIV’]?N’WL‘lﬂ‘V]WIM@GJDJ’]MLLZQ\W]@\m?”@’]EI@@ﬂ [CREISIE ARSI

¥

LN NENLATAINNNFI B AN AT LA denaliii AN s mAeNTLRWLesdndanafie

u

el®_

1
o o o

Aaruawialyninisunauive e & I AFUA TN N SLaL g R AN NITILNA

2

g ada Ui a'/ o 1 14 o
w1 nau AaudlalaavialuinTasnnadedy o auasinwdulavinuasiuugaganisnszans
(Dispersion Compensation Fiber) adufuiudulatiuasiisenisdenngeessazaniu

S~
ZMIATNUN

amsunnadedygandaudulainuasiuuivuaipgasaassaznieliing
15 AlaLms HANENARL 1,550 nm  azlgAn D aandulatinnaanuuTrua@eauuy
NIM3FIU (Standard SMF) 18 ps/(nm -km) wazAINNdWaLUNASNTeIwasaLasnIHHAY

0,=0.09 nm Heunuanlugaunig (2.8) azlarinisnszangeanaesiadivindiy 27 ps

1
= ¥

WalFaumeuAInisnIzansaanuasiadiuA NN sIaIAuD nNgasas
M3IANNNIEL 2.5 Gb/s BINAT 400 ps  ANITNsYaneeniiAtlszan 6 wWefidusues

. don ek d o - X o .
gl sedulaniandyyiuasianaulihiiasanilyuinissunausyndng

[
1
o g v v == 1

ansnixsulia w0 ud NN e nfagas ldtnaznatiu [13]

o o q

2.2.3 AU LNIUANNAIMTIARLILEN (Photodetector Noises)

ATy LNAUALAARINAIAIIRA L LA TR T LAsdINa T medau

%

Fununoudieyasiadnyrynisuinau (Signal to Noise Ratio, SNR) Weias lasanidnyouns

o o

dl dl a IS g o
AU b ﬂqiﬂLLW?ﬂ?QNﬂUﬁmmqm%@N@ ‘Vl"]ELﬁLWlIOL’ﬂﬂ'W@V] URACHANAIANGNUY AT

o



32

A o

SUNIUANEAIRTIAALLAIHR DL AaU 3 fo Aedtyyinsuniualaudnvzadan, Aty

v = . = . v v
FUNIUNIZUANA UazdTy TUTUNTUILNAUAINNTRU [13] Feaznanaseazidaasalllufde

2.2.3.1-2.2.3.3 ANAAL

2.2.3.1 Y 104sUNIUAIBUANYTETER (Quantum or Shot Noise)

¥
o o a K

Aty mﬂmmmumaumummmLﬂummmﬁmmmuwmmmm IR

o [ 27

nse mummﬂ@ﬁummauimﬂu@mﬂmﬂu Lﬂﬂ@’]ﬂﬂ’]ﬁ‘LLﬂQ\‘IﬁW‘ﬂ@\‘]ﬂ?vLL@WLﬂﬁ‘llulfﬂ\i
A [ A a A =KX o o 4 o o
Lu‘ﬂ\‘i"ﬂ’]ﬂ@ﬂ’]WﬂQﬂ\liﬁJﬁlﬂLu‘ﬂﬂ“ﬂ‘ﬂﬂIWﬁl‘ﬂuVI LAUNINHNIDIFAIATIAT LAY Beazilsdiunganiy

FUNUIANNTZUALAS AINIZUAd Y IUNIUARNAN (1 mimfmmmim (2.9)
(i5) =02 =201 ,BM*F(M) (2.9)

= | & =
RN p ARALRAEADINTLLLA LLAN

AAULUAIATNN I 1aR 95 AT AR UILAN

po))s

BAIAMINNTBINIZuALAHA1TF? APD Tunsal PIN azdiAnilu 1

o))

B
M
F(M) RAasanadni e (Noise Figure) MiAnannansus

41 (Random Nature) 289n3z1auN1904a3 lunsad PIN azunuau 1

2232 ”Eynvf}mmmun?mmﬁm (Dark Current Noise)

Atusy ﬂmmmunmmumﬂu@mmﬁmmmuwmmmu’LummMummammn
NPLNUAIAIIARLLALLAY AR AT LA Lad N BRI UL TS a9 L Le g daund U
flaulinaannaiialiifailu Quantum Noise B09n3zkad A Aausurnisunauiauetiunig

% o’ o R o rdl A % = M v
@@ﬂLmuimamﬁwmmwLLm:“fmmqmaLL@zaﬂﬂ@mML@@ﬂim nezuaum (Ip) mlFan

ANN199 (2.10)

(i5)=2q1,BMF(M)+2ql B (2.10)

I, AaA" Bulk Dark Current

EXD_
Zo
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I Aer1nseuasai@eia (Surface Leakage Current)

2.2.3.3 ”ryzymﬁumum’m?@u (Thermal Noise)

FryunousunauanuFaududynnsuniunifiaauannsasiuniuinan
(Load Resistor,R,) AAAINNITUNIIANTAINTZ AT ILAIANNNTIARDUN BLINIENTD
fanmsaudulusafuniuinannialudansady feazulsdunsafiugungd nezua

FoueynnusunauANieu (i ) nldanaunish (2.11)

B (2.11)

Qs s 3|

T fer1guuugidnysnd viedusaiaatv

XD
Zo

Kg AaANAN184 Bolzmann d9i@ANwinf 1.38 x 10°° J K

2.2.4 Frynynusunauannsaasadauaunns (Amplifier Noise)

&unyrnusunauannsaagnadnnnls Tnaudailunszuadyoyimsunou
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BNC 50 vi3a 75 Taviu DC 044 GHz
SMA 50 Tniin DC 14 24 GHz
SMB 50 e DC 044 GHz
S Y@ 50 Tniin DC {1410 GHz
TNC 50 Taviu DC 044 GHz

N-Type 50 Ta3fa DC 04 12.4 GHz
UHF 50 Tasiu DC 114 300 MHz

DC up to 2.5GHz and

Mini-UHF 50 Taia

voltage up to 335V
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Laser Diode Characteristics
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ABSTRACT

This paper presents successful transmissions of 2.5 Gb/s
optical transponder over 15-km standard single-mode
fiber and 50-km TrueWave fiber. The bit error rate
performance better than 10° and power penalty have
been experimentally determined using our own designed
bit error rate tester. The detailed implementation of 2.5
Gb/s optical transponder prototype is also given.

Keywords: optical transponder, directly modulated
laser, bit error rate tester

1. INTRODUCTION

Data traffic has increased dramatically due to a constant
boost in Internet usage and new multimedia applications.
To support such an increasing traffic, optical fiber links
have been deployed worldwide, particularly in major
cities, university campuses, office buildings, and even in
hospitals. The typical components used for transmitting
and receiving data over those optical links are optical
transceivers and optical gigabit Ethernet (GbE) modules.
With an integration of high-speed data multiplexer and
demultiplexer chips, a.k.a. serializer and deserializer
(SerDes), the optical transceiver will be transformed into
an optical transponder. Commercial products of optical
transceiver, GbE module and transponder are becoming
available at multi gigabit-rate capability such as 1, 2.5
and 10 Gb/s. Current research and development (R&D)
is in pursuit of higher data rates [1, 2], such as. a
demonstration of 40 Gh/s optical GbE module for the
very-short-range (VSR) transmission [3].

Various techniques are applied to increase the total
transmission capacity of optical fiber, for example, the
well-known wavelength division multiplexing (WDM)
or the single channel with high bit-rate using different
modulation formats [4]. The most adopted technique in
industry is a transmission of multiple WDM channels
with each channel using the intensity modulation (IM)
format and the non-return-to-zero (NRZ) data coding
due to narrower required bandwidth, lower cost and less
complexity in the signal’s generation and recovery.
Especially, at receiver end, the IM signal can be directly
recovered by a photodetector. Whereas, at transmitter
end, the 1M signal can be generated either by a directly
modulated laser (DML), an external cavity laser (ECL),

an electro-absorption modulated laser (EML), or a
Lithium Niobate Mach-Zehnder modulator (MZM)
together with a continuous wave laser (CWL). Among
these options, the DML is less expensive and consumes
less power. Therefore, it is preferable for assembly of
affordable optical modules, and thus chosen in our
design of optical transponder.

There were transmissions reported on using merely
DML without SerDes at various wavelengths, bit-rates,
and distances [5, 6]. But, to the best of our knowledge,
no report is on the bit error rate (BER) performance of
2.5 Gh/s optical transponder over 15 km long standard
single-mode fiber (SSMF) and 50 km long TrueWave
SMF. This TrueWave SMF is compliant with the ITU-T
G.655 nonzero-dispersion fiber (NZDF), which has a
much lower dispersion slope than SSMF. The chromatic
dispersions at 1550 nm wavelength are approximately 18
and 5 ps/nm/km for SSMF and TrueWave, respectively.
Smaller dispersion will allow a longer uncompensated
distance. Hence, the system cost, especially in long haul,
will be lower with a reduction in optical amplifiers and
dispersion compensation modules.

The focus of our work is on assembly of an
economical 2.5 Gh/s optical transponder prototype, to be
utilized in-an intermediate range (IR) transmission like a
metropolitan area network (MAN) linked by several
spans of SMFs. To verify the error-free transmissions of
prototype, our own designed bit error rate tester (BERT)
was also constructed. The details of our experimental
setup and bit error rate (BER) results are elaborated in
Section 3 and 4, respectively.

2. DESIGN AND IMPLEMENTATION

Our” 2,5 Gb/s optical transponder consists of
several main components as shown by the schematic
block diagram in Fig.1. The upper row of components is
transmitter end; where as the lower row of components
is receiver end. Prior to being assembled onto one
printed circuit board (PCB), all components were
individually tested to verify their performances and
signal integrity. These components are either in the form
of evaluation boards or discrete devices mounted on our
testing PCB. The most difficult problems encountered
were signal integrity and impedance matching across
every board. The assembly of all components onto our
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designed multi-layered PCB will be completed in a next
phase of work after the PCB arrives from fabrication.
The descriptions of transmitter and receiver, including
the BERT, will be as follows.

i
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Fig.1 Schematic block diagram of optical transponder
2.1 Transmitter

Sixteen parallel data, each at 155 Mbit/s bit-rate,
are combined into one serial data stream at 2.5 Gb/s via
the 16:1 multiplexer (IC# MAX3891 from Maxim). One
of standard signal levels typically used for high-speed
data is the differential LVPECL (Low Voltage Positive
Emitter-Coupler Logic), which helps removing some
common-mode noise from corrupting data bits. Because
of the differential signal, both 2.5 Gb/s data and 2.5 GHz
clock outputting from the multiplexer will each has two
outputs as indicated by ‘2’ on the interconnected lines.

Next, the serial data stream is amplified by the

laser driver (IC# MAX3869 from Maxim), such that its
peak-to-peak current level is sufficient for the NRZ data
modulation at a laser diode or the DML, in our case. The
output current from this chosen laser driver can be varied
from O up to 60 mA. The extinction ratio (ER) larger
than 8.2 dB, specified by the standard ITU-T G693, was
experimentally proven to be attainable.
An uncooled distributed feedback (DFB) Laser (model#
D572 from Triquint Semiconductor) was chosen as DML.
The uncooled feature implies no temperature electric
cooler (TEC) integrated and no temperature stabilizing
circuit required. The 3-dB spectral width was measured to
be as narrow as 0.09 nm centering.at 1552.03 nm for.the
lowest fiber attenuation of about 0.24 dB/km. This
emitting wavelength and the 2.5 Gb/s bandwidth limit of
DML make our design differ from [5] but similar to [6].
The maximum ER-was measured to be at least 15 dB.
This DML has two input ports: the direct current (DC)
port for biasing in a forward-biased state and the radio
frequency (RF) for direct modulation (DM) by the laser
driver’s output. The 2.5 Gb/s IM light output will
propagate through either 15 km long of cascading SSMF
or 50 km long of TrueWave SMF.

2.2 Receiver

A reverse process happens at the receiver end. The
attenuated and distorted 2.5 Gh/s IM light is detected by
a photodetector and got converted back into 2.5 Gb/s
electrical signal. In our case, an avalanche photodiode

(APD) (model# P173A from Triquint Semiconductor),
which can detect 1550 nm light, was chosen over a P-I-N
photodiode because of a larger multiplication gain
according to its specification sheet. In contrast, it
requires a higher voltage at about +33 volts to operate in
a reverse-biased. However, this APD has a low power
sensitivity at -34 dBm; that means a very weak optical
signal can detected by APD, but not PIN.

In addition, this APD combines a linear electrical
preamplifier into its module to further enlarge the output.
Without this amplifier, the electrical output will not be
detectable by our high-speed oscilloscope. The amplifier
powered by +3.3 volts outputs differential signal, as
indicated by ‘2’ on the interconnected lines.

Finally, the 1:16 demultiplexer and clock recovery
chip (IC# MAX3880 from Maxim) separates 2.5 Gb/s
serial data back into sixteen 155 Mbit/s parallel data as
well as recover 155 MHz clock signal. This clock is
required for sampling detected parallel data at the BERT.

2.3. Bit Error Rate Tester

Since a commercial BERT is extremely expensive,
we constructed our own BERT from circuit boards and
programmed 2 FPGA (Field Programmable Gate Array)
(Spartan 111 chips from Xilinx) with the VHDL (Very
High speed integrated circuit Hardware Description
Language) programming. Our BERT performs two
functions: as data generator and bit comparator.

For data generator, the first FPGA chip generates
both 16 parallel data and clock signals as inputs into the
16:1 multiplexer. The data signals are sixteen parallel
single-ended LVPECL signals, each at 155 Mbit/s bit
rate, whereas the clock reference signals are 155 MHz
differential LVPECL.

For bit comparator, the second FPGA chip
continuously receives both the differential LVDS (Low
Voltage Differential Signal) 16 parallel data and
recovered clock signals from the 1:16 demultiplexer. At
first, it must detect the frame boundary of receiving data
pattern. Once the frame is locked, it will simultaneously
regenerate-the same bit pattern as being generated at the
generator side.~Subsequently, the bit-by-bit comparison
between the regenerated and the receiving data patterns
will result in two numbers: number of error bits, and
number of compared bits. The ratio of these two
numbers. will ‘be the 'desired BER measurement. Of
course, some error deviation will occur due to the limited
four 7-segment LEDs (Light Emitting Diode) on the
FPGA board used to display both numbers.

3. EXPERIMENTAL SETUP

The implementation of our experimental setup is
shown in Fig.2, excluding the BERT since it cannot fit
within this picture. All components are arranged in the
same direction of signal flow as in the schematic block
diagram in Fig. 1.
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Fig.2 Experimental Setup of 2.5 Gb/s Optical
Transponder

For the first implementation, two circuit boards
were constructed for mounting laser and photodetector
with their proper drive and bias circuits, as shown by the
upper and lower right boards in Fig.2. The characteristics
of both DML and APD were verified. Then, the signal
integrity tests were performed between the multiplexer,
demultiplexer and laser driver evaluation boards from
Maxim. A reason for choosing Maxim is because of its
local sale representatives in the country. Besides Maxim,
[7] gives a list of IC chips from other vendors such as
Philips Semiconductors and Analog Devices. For the
next implementation, all IC chips, drive and bias circuits,
DML and APD module will be assembled together onto
our already designed PCB once it is delivered.

The next step is BER measurement. Fig.3 shows
the block diagram of BER experimental setup. The data
generator part of BERT outputs 16 parallel data signals,
each at 155 Mb/s bit rate. The data pattern of these 16
channels are programmed such that the combined 2.5
Gb/s serial signal will follow the standard pseudorandom
bit sequence (PRBS) of length 27-1. The PRBS pattern is
typically used for testing data transmission. Then, the
PRBS signal is sent into the laser driver to provide a
peak-to-peak modulation current of 44.8 mA, while the
DC bias current is set at 35.29 mA. The calculated ER is
9.08 dB, which is higher than-the ITU-T G.693 - Optical
interfaces for intra-office system.
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Fig.3 Block diagram of BER measurement setup
After the 2.5 Gb/s PRBS IM signal was generated

by our optical transponder prototype, it was launched
either into 15-km SSMF or 50-km TrueWave SMF. The
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15 and 40 km are about the lengths for short-range (SR)
and IR transmissions, in accordance with the SONET
(Synchronous Optical NETwork) standard. The total loss
in 15-km SSMF was measured to be 13 dB, which is
much higher than a calculated value from just the fiber
attenuation owing to the additional losses from 12 fusion
splices, 14 simplex SC-type connectors, and possible
defects in 6 cascading spools of SSMF. Whereas, the
measured total loss in 50-km TrueWave was 12.5 dB, a
slightly higher value than a calculated one from only the
fiber attenuation owing to the insertion losses from 6
simplex SC-type connectors used for interconnecting 2
cascading spools of TrueWave SMF with transponder.
The power level of optical signal is measured by a
power monitor. This power monitor also has a variable
optical attenuator that can adjust its output power over a
wide range. Hence, the received power level at APD can
be varied in the BER measurement process. Eventually,
the attenuated and distorted 2.5 Gb/s IM signal was
detected by the APD. The recovered serial signal was
demultiplexed back into 16 parallel data channels and
fed into the bit comparator part of BERT. So, the BER
results at different received powers can be determined.

4. EXPERIMENTAL RESULTS

The experimental results of our optical transponder
prototype are as follows. First, the eye diagram of 2.5
Gb/s NRZ optical signal output from the DML at -3 dBm
power level is examined as shown in Fig.4. A small kink
in the rising portion of eye-diagram is caused by the
DML’s overshoot response from the IM data bit ‘0’
being near the threshold current. Afterward, this optical
signal is attenuated by 15-km SSMF and a variable
optical attenuator integrated within the power monitor,
such that the input power at APD is -30 dBm. The eye
diagram of 2.5 Gb/s NRZ electrical signal output from
the APD module is shown in Fig.5. Both eye diagrams
display the thick lines at data crossing and bit levels,
which indicate noises and jitter problems. Nevertheless,
both eye diagrams pass the data masking test of ITU-T
G.691 standard - Optical interfaces for single-channel
STM-64, STM-256-and-other SDH systems with optical
interfaces

Fig. 4 Eye diagram of 2.5 Gb/s NRZ optical signal
output from the DML
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Fig. 5 Eye diagram of 2.5 Gb/s NRZ electrical signal
output from the APD module

The BER performances from our BERT are shown
in Fig.6. There were three different data transmission
cases: back-to-back (circle), 15-km SSMF (triangle) and
50-km TrueWave SMF (square). The back-to-back case
is the baseline performance of our transponder prototype.
It also used as a reference line for determining a power
penalty under different transmission cases. According to
the BER plot, the power penalty read at 10° BER is 0.65
(-29.5-(-30.15)) dB. This penalty might be caused by the
back-reflected power at connectors and splices as well as
the chromatic dispersion (CD) from fibers. Based on our
calculation of CD for both the SSMF and TrueWave
SMF cases, the CD effect is roughly the same at about
1/16 of bit period. So, the power penalty should be the
same in both transmission cases, which is agreed with
the experimental results here. And obviously, a much
longer distance can be achieved via the TrueWave SMF.
In addition, all 3 lines show no BER floor. Therefore,
they imply an error-free transmission performance of our
optical transponder prototype.
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5. CONCLUSION

In summary, we successfully demonstrated the
error-free transmissions of 2.5 Gb/s optical transponder
prototype over 15-km SSMF and 50-km TrueWave fiber.
The experimental BER performance and power penalty
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were determined using our own designed BERT. The
implementation of 2.5 Gb/s optical transponder and
BERT was described in details.
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DFE Source Test (Tra&) 2554 nm
1552.024 nm 0.01 nm
2.544 nm 4365 dB
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REF =5.00 c Bm
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-5 00
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=95.00 3
1547 046 1552034
0.1 nm e ~R0.00 dBm
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-4.59 dBm
0.090 Am
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1557.021

side mode suppression ratio: 43.68 dB

Spectral width @-3dB: 0.090 nm
Spectral width @-20dB: 0.180 nm
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