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ABSTRACT

By modeling the Rayleigh scattering coefficient along the fiber as a circular complex
Gaussian random variable, this dissertation deiives a general and accurate expression
which describes the intrinsic noise generated by Rayleigh backscattering. The expression
coherence. After experimental verification, this expression has been applied to directly
and externally modniated cable television systems, which use Amplitude Modulated-

Subcarrier Multiplexed (AM-SCM) format. In doing this the system performance in

amplified Intensity Modulated-Direct Detection (IM-DD) digital systems, isolators can be
placed in front and after the in-line amplifiers. However, isolators in the transmission link
will restrict the direction to be one-way and therefore, it may not be the most cost-
effective method to use in bi-directional transmission systems. This dissertation discusses
various kinds of optically amplified bi-directional transmission configurations. In
particular, a series of bi-directional transmission experiments have demonstrated that
systems with a single link and no isolators show the greatest potential in minimizing the
number of components in providing long distance bi-directional transmission.

Furthermore, a derivation of the power penalty expression due to both the effects of
Rayleigh backscattering of the Amplified Spontaneous Emission (ASE) and the signal in
optically amplified IM-DD digital systems, as well as its experimental verification, have
been included. Using this expression a theoretical study of systems with a single link and
no isolators has been performed. Finally, the theoretical study is extended to include
systems utilizing high scattering fiber amplifiers, such as the Praseodymium-Doped
Fluoride Fiber Amplifiers (PDFFAs) or distributed Erbium-Doped Fiber Amplifiers
(EDFAs).



ACKNOWLEDGEMENTS

It is a great pleasure for me to express my sincere thanks to my supervisor Professor

Dr. Jan Conradi for the guidance and excellent facilities that were provided throughout the

committee, Dr. Irvine-Halliday, Dr. Gburzynski, Dr. Grover and Dr. McMullin for

reviewing and commenting this thesis.

I would like to acknowledge the technical support and advice of David Clegg and

Dean Michaels is also thanked for his computer help. particularly for the time he spent on

networking my PC.

I wish to thank my colleagues at TRLabs for their companion and useful discussicas
during this work, particularly Sheldon Walkin, Mike Sieben, Dave Moore, Rainer
Iraschko, Ashish Duggal, Danny Li, Danial Sze. Vipul Rawat and Demetrious
Stamatelakis. In addition, ex-colleagues, such as Dobby Lam, Steve Lai, Tom Young,
Ben Chan, Jeremy Sewall, Caroline Delisle and Yimin Hua are thanked for frequent
discussions in many areas. In particular, Tom Young, Dave Moore, Steve Lai, Ben Chan,
Rainer Iraschko, Sheldon Walkin, Dean Michaels and Mike Sieben are also thanked for

numerous hours on playing poker and bridge with me.

I would like to thank every member in my family and Dominica Cheng for their

encouragement and endurance.

For financial assistance, I am indebted to the Natural Sciences and Engineering
Research Council of Canada, Bell-Northern Research, and TRLabs for supporting this
work through the NSERC/BNR/TRLabs Industrial Chair in Fiber Optic Communications

at the University of Alberta.



TABLE OF CONTENTS

CHAPTER 1 INTRODUCTION......ccccorvuitnrrrrnnrsseeressssssresssssensasssssssssssesssssssssssmsesesens 1
1.1. PREVIOUS RESEARCH ON RAYLEIGH BACKSCATTERING w..v.veeeeeeeeeeeemoeees s 1

" 1.2. OBJECTIVES AND ORGANIZATION .eeereeee oo eeee oo oo oo eoeesee s 3
1.2.1. Organization of the DiSSEration. .........vuveeeuieerereeiiensieteeeeereeesreessesssssresseseens 4
CI{APTER 2 DRB NOISE THEORY .......coiomvuriiiinneresereinitseeesstesesesssesssessessssesssssmessns 6
2.1. DRB NOISE INTENSITY ..cucurtsuineseeaseacsnesnnnenssesssssssmessmesssssssesssssssessessssssssssivssessses 7
2.2. AUTOCORRELATIONS OF DRB NOISE INTENSITY ...covvveurueevermmessiseesrssssssesesssessrens 11
2.3. DEPOLARIZATION AND SPECTRAL DENSITY OF DRB NOISE...vevecuevevverenresseeennns 17
CHAPTER 3 DRB NOISE IN AM-SCM SYSTEMS .....cooeviiereetreressesssssssssensesssessssnns 19
3.1. OVERVIEW OF CATV SYSTEMS .....coveerererrerireeriseemessereeressesessssessssssssssssssssssesssons 19
3.1.1. ATCRILECIUTE «..oviveririnisinisinisnensiirecteniaresessssssssesssesnesesasesasnsanesesssensssessanssns 19
3.1.2. CATV Signal FOIMNat.......ocvuevvereririreeresiiietenisessssesssesssesssssssessssssssssssssesesssaes 22
3.1.2.1. Non-Uniform DRB Noise Spectrum in CNR Calculations ..................... 25

3.1.3. Operating WindoWS......eeeeererereienseessescnnssesssssssesessesesssrssssesssssssesssssssns 25

3.2. EXPERIMENTAL VERIFICATION.....ce.euueterermrnsssersesssssnsssssmsssssssssenesseessssssnsassssons 26
3.2.1. Source Electric Field of General AM-SCM Signal ...........coovevevvvereesreessresnns 26
3.2.2. EXperimental SELUP .........c.vuuererirsmmeresmseiesnmesresssissesssssesessssssessessnsessssssseses 28
3.2.3. Spectrum of the DRB NOISE ......ccccccererivieiiienianisesssessssesessssessssssesssssessssn 30
3.2.4. Fiber Length Dependence of DRB NOISE ..........c.ccecveuerrerereeerserssssssesssesssessins 33

3.3. DRB NOISE IN AM-SCM SYSTEMS....cccvuereuermrenniressisssisesessesensesssesssssssssssessssenns 34
3.3.1. Large Chirping in Directly Modulated SYSIEMS .....c.ocvvvvreerreeerersesisrssessseins 34
3.3.1.1. Comparison of DRB Noise in 1310 nm and 1550 nm Systems................ 40
3.3.1.2. Reduction of DRB Impact by Putting Isolators in LinK..............eeveevnen.n. 41
3.3.1.3. Spectrum Of DRB NOISE ...uccvverrvencrerenireaniresiisssrssuseesssssssssssssssessssessssssses 43
3.3.1.4. Carrier to Noise Ratio Degradation............c.eucemieeeressessssssseesssssessssssens 47



3.3.1.4.2. Systems Utilizing Optical AMPHIETS .....cvevvveeeeeereereeenereenenesennnn 55

3.3.1.4.2.1. Noises of Optical AMPULIETS.......eveveueeeverereeeeeeereeeeeeeeeererens 36
3.3.1.4.2.2. CNR Degradation .........evecueevererereneererenseresreensesssesarassssssarssns 38

3.3.2. Chirpless External Modulation SYStES ..........coceveveeeveeerereeeeerereneseeieensseesn62
3.3.2.1. Carrier to Noise Raiio Degradation...........cce.eeeeeeeeeevevereeesereeseersensnennenn 68
3.3.2.1.1. Systems without Optical AmMPIIfiers............cceueueueeereereerrseerseerersrerenn. 68
3.3.2.1.2. Non-Uniform Modulation Indices..................... SOOI b
3.3.2.1.3. Systems Utilizing Optical AMPIfIErS ....coveveveueeeeeeereeeeereevesseosens 77
CHAPTER 4 DRB NOISE IN DIGITAL IM-DD SYSTEMS ....eeteeeeeeeeeeeeeeoeas 80
4.1. DERIVATION OF POWER PENALTY ..evveuiitneeuirenietesieneceeeteseseeeeeeseessesessesssns svesesees 82
4.1.1. DRB NOIS€ Of SIZNAL ..uevrueerrrereirecvierenreeeeeeteeeeeeseseeeseseeeeessesessssessssssssssssens 82
4.1.1.1. Single In-Line Optical AMPIFiEr.......cvovvmeereieeeeeeeeeeeeeereeeesereseseneessens 82
4.1.1.2. Open Cascade of Optical AMPLEIErS......ceueeveeueeiiireeceeeceeeeeeessreenersneens 85
4.1.2. InCrease i ASE.........ccuovernrecnereerririenerereeireaeeeaesescsesseseseesssesssesssessssssssssssses 89
4.1.2.1. Total Direct Traveling ASE POWET .......coveveveveeeeeeeevereereereensereressssssnsens 89
4.1.2.2. Added ASE dUe tO SRB .....cuerreeteieeeciieeereseeeeeeseeeeeeeseneseesssesessersnnss 90
4.1.2.3. Added ASE due t0 DRB.......cccoevimumrrrrereririececreeseeesessessessssessesesseress O3
4.1.2.4. Added ASE due to SRB and DRB.................. U ORUURRIPIS * & |
4.1.3. NOISE ANALYSIS .....cvviuenirerireeienretereeetiresesesieseeeeseeeesessessessssssresessesssesessssnes 96
4.2. EXAMINATION OF OPEN CASCADE SYSTEMS «...v.vovuiuoeeeeeeeeeneeneresesesnssssesessssssensens 100
4.2.1. POWET PENAILY ..oueeiueirrriereiie et sees et eseeeasessessssesesessosssssssseesses e 100
4.2.2. Total AMPHIET GaAIN...ovveevererrrererererereriresiseeseeeeesesessesesssessssssssssssssssssseesenens 103
4.2.3. End-To-End Bit ETor RALO ...cv..ecveves weneeeesieceeeeeeeeeeseesseeseseesesese s 105
4.3. EXPERIMENTAL VERIFICATION ......ecevvueuirenrenrensrerssssssssssesessessssssnsssssesnsessssssssssas 109
4.3.1. EXPETimental SEHUD .....cecovevvueirerriiererenireeiseeeeceeseesessresssssssesesesssessssssssesenens 109
4.3.1.1. Optical TIANSIMILIET «.....eovrreveerierrrirerisiseeeeeeeseeseseeseesesessssssssessssssennssas 109
4.3.1.2. OPtiCaAl RECEIVET ....ueovmeeririreiiieinreiis et ssesesseessesessssssssssessssesssssnn 111
4.3.2. Receiver Sensitivity Measurement.......oeevereeerenreeereresersereresssesessesessssssesnns 112



4.3.3.1. Single In-line EDFA.......cceceicirenirieririiresieevessesscsessssssssesssssssssssesses 1 19

4.3.3.1.1. Approximation to EXtinction Ratio.........c..eeeverveeeecreesersussseessnsssnnns 122
4.3.3.1.2. Theoretical and Experimental COMPArison ..........cceeienesevrnennn. 124
4.3.3.1.3. Reduced EXtNCHON RALO.....cccerierirrririrrreiseorsrenssssereeressssssssesssans 125
4.3.3.1.4. Discussion of These EXPEriments ...........ceeeeverrermrreeemreessseersrssenns 128
4.3.3.2. Multiple In-line EDFAS.......ccocveveeereirinmirisseersessessesesssssssnesssssssssesans 129
4.3.3.2.1. TWO IN-lINE EDFAS...c..cocuimremrenierreereeeeeereeenes severereesesssssssssssssaes 129
4.3.3.2.2. Three In-1ine EDFAS.....ccccoceevivietieiiirieseesieseseses oo eseveererssressenaes 134
4.3.3.2.3. Discussion of These Multiple In-line EDFA Experiments...............139

4.3.4. End-to-Erd BER MeaSUrement .........cuecrveremreeirmreeirenseessesseerssssessesssssssssnes 140
4.3.5. EXPEriment SUMITIALY «..co.vvuerirreeeeneeenieseresisieessssesssensassssssesessssesssnsssssssssns 144
4.4. BI-NRECTIONAL TRANSMISSION ..u.uturveacsaseseceuesnensesssssesssssnsssssssssessssasssensesnssnns 144
4.4.1. Types of Bi-directional Transmission SYStEMS........coeveeevreeeereeeevssreseessee 145
4.4.1.1. Two Fiber link Bi-directional ...........ccecereeveuiveevereresseesescsscssssassseneressenes 145
4.4.1.2. One Fiber Link with Bi-directional AMpIifiers ...........ceceoveevrerenesenrssennnn. 145
4.4.2 Bi-directional Transmission EXPErMENLS ......c.ceveverecreieeeceneerseessenseessessesses 151
4.4.2.1. Experimental AITangemeNL.............cccuveveeoveererssnseesesssessrssssesnsssassseseas 151
4.4.2.2. Experimental RESULILS ......ccccoeeereeeeeureereeeiieecistce s sts e esssesnesmesvesneas 154

4.5. iMPACT BY INTERNAL AMPLIFIER RAYLEIGH BACKSCATTERING.....0vvviuvreeeeennas 156
4.5.1. Penalty Derivation due to Internal DRB........cccocvveoveerueercesreseereensresssnnns 157
4.5.2. Theoretical ReSUILS ........ccccviiveeninennienneiinnesnsissesesisesscssssesessessesessenesneeseses 161
CHAPTER 5 CONCLUSIONS........coooiuiriirirretseesissiissessssssessssssssssstesessssessessssnssssesns 165
5.1. SUMMARY OF THE RESULTS ON ANALOG SYSTEMS.. rarerssrasesssssasiacsressasearrsseasarnses 1OD
5.2. SUMMARY OF RESULTS ON DIGITAL SYSTEMS ......veeveerevrenseesirssisnsissnssessssnnseesess 166
5.3. FUTURE RESEARCH ...................... 167
APPENDIX A: DERIVATION OF EQN. (2.22) 11viveveeveesseessesesssssseseesssesessssssssesssessses o 176
APPENDIX B: PARAMETER MEASUREMENTS ......coeuiistestensesssescssssseessersesssrssssesssssesssses 177



B.3. Laser Chirp Measurement ..........cccovveueceeemeveesinecsinceeenesenensssssessssssssesssesennn. 180
APPENDIX C: DERIVATION OF EQN. (3.14) 1. eteeeeeeeeeeeteeeeee e e 184
APPENDIX D: DETERMINATION OF THE WORST CNR CHANNEL ........oovevreeerrenennnn... 186
APPENDIX E: ACCOUNT FOR THE SIGNAL DEPENDENCE ......cecuceveerrerereevesrensisnnnn. 188



Table 3.1:
Table 3.2:
Table 3.3:
Table 4.1:
Table 4.2:
Table 4.3:
Table 4.4:

Table 4.5:

Table 4.6.
Table 4.7:
Table 4.8:
Table 4.9:

LIST OF TABLES

Parameters involved in the experiments and calculations. ........cceeueveurerernncn... 30
Summary of fibers used in the eXPeriments. ......e.evvuveeuienirecneeercsesereeiriensnrennen 33
Parameters involved in the CNR calculations. ..........ccoeeveneenniseeecenresensvensennnn 50
List of parameter values used in the calculation of the BER. ....................... 108
Summary of fibers used in the eXPEriMents.........c.cvevererveeresisseiressserssereenees 119
1 in-line EDFA mMeasurement reSults. ...........coueuieieirireiseereeesesssssssessenesens 121
The modification and parameters involved in the calculation of the
PEMALLY....cviniiiiiiimiinrissi st ns e re s e s e e sesne e ae st saesnsnssassbssesseensaen 125
1 in-line EDFA measurement results for the signa! with a smaller eye

OPCIIG . ucurveieeusrctsniresnsee sttt bt s s s e s eas s s care st sasseessssansocsssansnnsans 127
Measurement results for the 2 in-line EDFA configuration. ...........c..ceveu..... 133
Measurement results for the 3 in-line EDFA configuration. ..............co...... 138
Parameters involved in the experiment and theoretical calculation. .............. 143

Link budgets and component counts for various bi-directional system



Figure 2.1:
Figure 3.1:
Figure 3.2:
Figure 3.3:
Figure 3.4

Figure 3.5:
Figure 3.6:
Figure 3.7:
Figure 3.8:

Figure 3.9:

Figure 3.10:
Figure 3.11:

Figure 3.12:

Figure 3.13:

Figure 3.14:
Figure 3.15:
Figure 3.16:

Figure 3.17:

Figure 3.18:
Figure
Figure 3.20:

Figure 3.21:

3.19:

LIST OF FIGURES

A simple DRB ilJUSIAtON. ...ocvceceeeeveeenieetseneeecessssesesesessssessssseesnseseeseensnn T
Tree-and-branch architecture of a typical CATV network..........................20
A basic HFC deSign.......couvuecrecrinuieinrnrineennsesesescssssneesesssessenesssesessnn 21
Spectrum of a subcarrier multiplexed AM-VSB signal .........o.ococovvvrvennn .22
Magnitude spectra of a received TV channel before and after VSB

FIlEriNg IN TECEIVETS.....vvviucierireeeeteictee st nse s s s eess e sees 23
Laser optical output power and diode current characteristic.................nn... 27
Experimental setup for measuring DRB N0IS€..........covetruveereeesssersesresesrenns 29
DRB RIN for various small total rms modulation indices ............ovvuvennnnn. 32
The measured and calculated DRB RIN at 10 MHz and 25 MHz

for various fiber Iengths .........cccvveeevvirvemeecrenniinre e eseeeee e s 34
The ratio of the DRB noises in 1310 nm to that in 1550 nm systems.......... 4]
Transmission links: without and with iSOILOLS ..veveerseeereieeeererier oo, .42

ISOALOTS w.eoeeeeetteti st ve s s s se e s e s s e e s s 43
Calculated RIN of DRB generated from a 50 km long fiber in 1550 nm
system using general expression and Gaussian approximation ...................44
DRB RIN versus fiber length for various chirping efficiencies in

1310 nm and 1550 nMm SYSIEMS ....cucevveireriverenninieeeseensoesessssssesssrsssssnsons 47
A simple CATV transmiSsion..........oveeuecrecrierneeersesssesseenssensssssesssssoneensn 48
CNR for different received powers in 1310 and 1550 nm systems.............51
CNR of channel 2 versus fiber length for different received powers

in 1310 nm and 1550 NM SYSIEMS ....vuevveieieeceneesenessessressersesessesesnsnn, 573
CNR of channel 2 in 1310 nm and 1550 nm systems versus chirping
CIfICIENCY cvvverrtcttctccceres et e s et eesee s eeoess. 55
A simple CATV system diagram utilizing optical amplifiers ...................... 56
Doubly amplified DRB ........ccvcervrrrirerrinnnnssinnnsesesensessensessessssssssssnssessnnsen. 56
CNR versus fiber length in 1310 nm and 1550 nm systems utilizing

Optical AMPHLIETS ..v..vuiviisicsecrerenee st eeeessssasssnsssonsessssssosesessnn e, 62

A series of Lorentzian-shaped noise spectra at DC and carrier frequencies
contributing to the overall DRB noise SPectrum...........evvvevverornonsoseersnsnn. 65



Figure 3.22:

Figure 3.23:
Figure 3.24:
Figure 3.25:
Figure 3.26:
Figure 3.27:

Figure 3.28:

Figure 3.29:

Figure 4.1:
Figure 4.2:
Figure 4.3:
Figure 4.4:
Figure 4.5:

Figure 4.6:
Figure 4.7:
Figure 4.8:
Figure 4.9;

Figure 4.10:
Figure 4.11:

Theoretical DRB RIN for a 50 km long 1550 nm CATYV system,
Rpp=-33.2 dB and 250 MHz, 14 MHz, 1 MHz and 100 kHz

Clannel CNR for 1310 nm and 1550 nm externally modulated systems
with 1 MHz intrinsic laser linewidth and various received powers..............

Channel CNR for 1310 nm and 1550 nm externally modulated systems
with 14 MHz intrinsic laser linewidth and various received powers............

Channel CNR for 1310 nm and 1550 nm externally modulated systems
with 250 MHz intrinsic laser linewidth and various received powers .........72

CNRs in 1310 nm and 1550 nm systems versus intrinsic laser linewidth.
The channels used for calculation are 2, 12,22, 32 and 42........vceeeeeee.... 74

CNR values before and after the non-uniform modulation indices.

CNR values before and after the non-uniform modulation indices and
0.7 dB increase in optical received power have been applied. Also

An open cascade of N amplifiers showing all the contributions to the
direct ASE power at the TECEIVET ........ccvrreeerrririinrsesreniensensecsseesessesssesesseess 90
SRB ASE event in a fransmission link with one in-line amplifier................92

All SRB ASE events in a transmission link with two in-line amplifiers.......



Figure 4.12:
Figure 4.13:
Figure 4.14:

Figure 4.15:

Figure 4.16:

Figure 4.17:

Figure 4.18:

Figure 4.19:
Figure 4.20:
Figure 4.21:
Figure 4.22:
Figure 4.23:
Figure 4.24:
Figure 4.25:
Figure 4.26:
Figure 4.27:
Figure 4.28:
Figure 4.29:
Figure 4.30:
Figure 4.31:
Figure 4.32:
Figure 4.33:

Figure 4.34:
Figure 4.35:

All SRB ASE events in a transmission link with three in-line amplifiers.....92

All DRB ASE events in a 3 in-line amplifier transmission link ................... 95
Power penalty versus number of amplifiers in an open cascade with
G = 1/IL =17 dB, BER=10", Rg=-33 dB and d = 10...........oevoremen.... 101
Power penalty versus number of amplifiers in an open cascade with
GIL=0.5,BER=10", G=17dB, Rgs=-33 dB and d = 10................... 102

Total amplifier gain versus number of amplifiers in link with G IL = 1.
The calculations utilize BER = 10, Rg; = -33 dB d = 10 and the
Penalty as & PATAMELET .......oceeruererereerereerresetesnesesseeseseesseeeneeneeseensesessenss 104

Total amplifier gain versus number of amplifiers in link with G IL = 0.5.
The calculations utilize BER = 10, Rg; = -33 dB, d = 10 and the
penalty as @ PATAMELET .......c.ccvvererrrvrreeererrieeernenieresesssesenessnssssesessssssasnns 105

BER versus gain-loss product for the system using a cascade of 8
amplifiers, with and without Rayleigh backscattering for

interamplifier losses: 14, 17 and 20 dB ........covveveceeeeeeeereeereereesseeseeneens 108
Block diagram of the optical transmitter used in the experiment.............. 111
Block diagram of the optical receiver used in the experiment .................. 112
Back to back configuration for the receiver Sensitivity ............ceeveeeveenens 114
Averaged eye diagram of the Signal .........ccevvvevevveereerieeereeerneseessessessenens 114
Component IST measurement CONfigUration ...........v.ceeeeveveeeeeeresenenanens 115
Eye diagram for the K&L 2.5 GHZ LPF .....cc.cooreueeeeeeeveeeeeeeeeseseesrennnnns 115
Eye diagram for the Veritech amplifier..........cccvvereeeeereereeeesseeereeeesesnes 116
Eye diagram for the Mini-Circuit AMpPlifier........ccoceeerevereereereerssessesnnn. 116
Sensitivities of the receivers with and without the EDFA. ....................... 117
An EDFA unit with gain measurement capability ...........ccoeeeeveeersurnrnnenns 118
The configuration for 1 in-line EDFA eXperiment ........c....eevveevevensnsenns 120
Optical signal power levels during spaces and marks..........coeveueueevennne. 123
AD OPHCEAL TECEIVET ...vvvirencerreieinrerineeiesesesisseresesseeesssssssssssssessessssensosesses 123
Eye diagram for 1 in-line EDFA eXPEriment «......cceeeveveevereerereeenseresnssnans 124
The experimental and theoretical penalties versus the in-line EDFA

BNttt ettt sttt s e sestesen e e snen e eees 125
Eye of the received signal after adjusting the bias slightly.............ceeue.... 126

Experimental and theoretical power penalties for the signal with
a SMALIET €YE OPENING «.evireereereeriereierinriereetieiieeereeeeesreeesesssssenessessessesses 127



Figure 4.36:

Figure 4.37:
Figure 4.38:
Figure 4.39:
Figure 4.40:
Figure 4.41:
Figure 4.42:
Figure 4.43:

Figure 4.44:
Figure 4.45:
Figure 4.46:

Figure 4.47:
Figure 4.48:

Figure 4.49:
Figure 4.50:
Figure 4.51:
Figure 4.52:
Figure 4.53:

Figure 4.54:
Figure 4.55:

Figure 4.56:

Figure 4.57.

Both the experimental and theoretical results for the two extinction

TALOS. cucrrrrerennenserescreasai s e stnsasse st et sssasaesesnassaensasassssnssesssessensase 1 20
Configuration for 2 in-line EDFA eXPEriment ..........c.ecveveveesnernersreenesneen 132
Eye diagram of the received signal in the 2 in-line EDFA experiment......133

Experimental and theoretical results for the 2 in-line EDFA experiment ..134

Configuration for the 3 in-line EDFA €XPeriment..........cocvuervverernevrerevenne ..137
Eye diagram of the received signal in the 3 in-line EDFA experiment......138
Experimental and theoretical results for the 3 in-line EDFA experiment..139

Both the experimental and theoretical results for the 1, 2 and 3 in-line

amplifier CONfIGUrAtIONS .......covevieeisiernirnernssenesesensesssrssssssssssssssessessseneesess 140
Experimental BER on 3 in-line EDFA open cascade systems .................. 142
Experimental BER on 3 in-line EDFA systems with isolators.................. 143

Conventional 2 fiber link bi-directional system with isolators

1 fiber link bi-directional system employing bi-directional amplifiers .......

146
Configuration of a bi-directional amplifier using 2 amplifiers,
2 circulators and 2 BPFs at the signal wavelengths...............ccosvseererusnnnn. 147
Configuration of a bi-directional amplifier using 2 amplifiers,
2 WDMs operating at the signal wavelengths and 4 isolators .................. 148
Configuration of a bi-directional amplifier using 2 amplifiers,
and 2 directional WDMs operating at the signal wavelengths................... 149
Configuration of a bi-directional amphfier using 1 amplifier,
and 4 directional WDM deVICES ......cvrverrrerrirrererrrssnssrissessesiseersessesssnessesans 150
Single fiber link bi-directional transmission system employing
open cascade aMPLfierS......oveviirirrirsrensereriscinnsnrssssssssssesssessesssesssssasesses 150
Full duplex bi-directional transmission with a single fiber link and
3IN-iNE EDFAS.......cccotiirteeeeccrtrrtrreresessesrssnssnsssssessssssssnsessessssnsennes 1 33
Bi-directional transmission using 2 links and 4 in-line EDFAs................. 153
BERs of the different links as a function of the link budget for the
1543 nm and 1541 nm tranSMitters ...eevreeersecrererrsrersersssssescsrssesasassessesesss 155
Double Rayleigh backscattering of a signal induced inside an optical
fIDer AMPLFIET . c.evviiiriiieicreerircsnnerree st s s b s st ennens 157

Power penalty against number of lumped amplifiers for a BER of
10", NA of 0.2 and with the Raylagh scattering loss coefficient



Figure 4.58:

Figure 4.59:

Figure 4.60:

Power penalty against number of lumped amplifiers for a BER of
0" NA cf 0.4 and with the Rayleigh scattering loss coefficient

Isolator spacing against transmission length for a distributed EDFA
system with a BER c:f 10 1 1 dB pgwer penalty and two values of

Penalty against isolator spac;m:f for a 9000 km distributed EDFA
system with a BER of 10"* and two values of Raylélgh
backscattering COffiCIENt ......ccviieviivicrniieririrrrecneccresiec e esssesesensseneenes 104



CATV
CCG

CNR
CSO
CTB

dB
dBc
dBm

LIST OF ABBREVIATIONS

Alternating Current

Amplifier

Amplitude Modulated-Subcarrier Multiplexed
Angled-facet Physical Contact
American Telegraph and Telephone
Amplified Spontaneous Emission
Bit Error Ratio

Bandpass Filter

Bell-Northern Research
Bandwidth

Cable Television

Circular Complex Gaussian
Channel

Carrier to Noise Ratio

Composite Second Order
Composite Triple Beat
Continuous Wave

Decibel

Decibel with respect to the Carrier
Decibel with respect to 1 mW
Direct Current

Distributed Feedback

Degree of Polarization

Double Rayleigh Backscattering
Erbium-Doped Fiber
Erbium-Doped Fiber Amplifier
Frequency Modulation

General Purpose Interface Bus
Hybrid Fiber/Coax

Hewlett Packard

Intensity Modulated-Direct Detection
Intersymbol Interference



LPF
M. Sc.
NA

ocC
PDFFA

Ph. D.
PRBS

58

WBFM

Lowpass Filter

Master of Science

Numerical Aperture

Narrow Band Frequency Modulation
Non Return to Zero

Optical Carrier
Praseodymium-Doped Fluoride Fiber Amplifier
Doctor of Philosophy
Pseudo-Random Bit Sequence
Personick’s Q Factor

Rayleigh Backscattering

Radio Frequency

Relative Intensity Noise
Root-Mean-Square

Receiver

Subcarrier Multiplexed

Signal to Noise Ratio

State of Polarization

Single Rayleigh Backscattering
Television

Telecommunications Research Laboratories
Transmitter

Video Cassette Recorder

Variable Optical Attenuator
Wavelength Division Multiplexer
Wide Band Frequency Modulation



Agj

LIST OF SYMBOLS

ensemble average

time average

complex conjugate

convolution

the Delta function

the Error function

real part

Fourier transform

effective area of optical fiber core

total intensity attenuation coefficient

intensity coefficient due to RB

electrical noise equivalent bandwidth in CATV channel
receiver optical noise equivalent bandwidth

electrical noise equivalent bandwidth in IM-DD receiver
propagation constarit

CNR in channel i

receiver optimal decision threshold

receiver optimal decision threshold including RB impact
extinction ratio

increase in received power

receiver power penalty (dB)

receiver power penalty due to DRB inside lump amplifier

receiver power penalty due to DRB inside distributed
amplifier

RB reflectance in n™ section of fiber

intrinsic laser linewidth



e(n)

&(D
&ir(1.L)
Epre(,L)
Jo

fi

Ju

Jinst

hv

Ip

1(n
Iprs()
IL
Ipc

Ith

i.s‘hr;it
i,l{z:sr
Isig_sp
isigisp.l

isig_:p.ﬂ

ratio between DRB noises in 1310 nm to 1550 nm
differential RB function in n™ section of fiber
length of fiber sections

electrical source field

complex amplitude of source field

complex amplitude of directly traveling field at L
complex amplitude of total doubly backscattered field at L
optical frequency

subcarrier frequency of channel

highest CATV channel frequency

instantaneous frequency

intrinsic laser phase noise

gain of optical amplifier

voltage gain of RF amplifier

gain coefficient

average gain coefficient

chirping efficiency

photon energy

bias current minus threshold current

optical intensity

DRB noise optical intensity

interamplifier loss

DC current

thermal noise current

shot noise current

noise current due to intrinsic laser RIN

noise current due to signal and ASE beating

noise current due to signal and ASE beating during a mark

noise current due to signal and ASE beating during a space



lsp_sp
IDRB,i

IDRB.ij

iprs*(f)

iDRB.imz(f)

LDRB.lump
LDRB,dist
L

L,

L,

Ly

L
Al
Az
M

m(?)

m;

Ns.
N, ch

N,
NA
n;
n;

n;

noise current due to ASE and ASE beating

DRB induced noise current in channel i

DRB induced noise current in channel / generated from j*
fiber section

DRB induced square noise current spectral densiiy

DRB induced square noise current spectral density with
isolators surrounding in-line amplifiers

DRB induced noise current from lumped amplifier

DRB induced noise current from distributed amplifier
length of fiber

fiber length between transmitter and in-line optical amplifier
fiber length between in-line optical amplifier and receiver

fiber length between in-line optical amplifiers, or length of
isolated distributed fiber

total length of lumped or distributed amplifier

downstream signal wavelength

number of optical amplifiers or isolators in AM-SCM
system

AM-SCM modulating signal

peak modulation index in channel i

rms modulation index

number of scattering partitions

number of CATV channels

number of in-line optical amplifiers in digital system
DRB noise reduction

numerical aperture

refractive index of core

refractive index of cladding

polarization state parameter



spontaneous emission factor of an optical amplifier

effective spontaneous emission factor of a chain of optical
amplifiers

Nsp.rot

P, average optical power

Py transmitter launched power

P, directly traveling optical power during a mark

Py directly traveling optical power during a space

Pyi(t,L1) directly traveling optical power at output of amplifier

Pase ASE power of in-line optical amplifier

Pase dir directly traveling ASE power at receiver

Pask.re total ASE power at receiver

Pasepre ASE generated by DRB at receiver

Pasesrs ASE generated by SRB at receiver

Pasers ASE generated by both SRB and DRB at receiver

Pprs(f) DRB noise intensity spectral density

o Personick’s Q factor

q electronic charge

6 initial phase of signal in channel i

RINsig o RIN due to signal-ASE beating

RINpgs RIN due to DRB noise

RINser intrinsic laser RIN

Ripen (7) time-autocorrelation function of DRB noise intensity

R, (7) time-autocorrelation function of complex amphtude of
directly traveling field

Rgy Rayleigh backscattering reflectance for a infinitely long fiber

Rgo,1310 RB reflectance at 1310 nm

Rrb.1550 RB reflectance at 1550 nm

R effective input impedance of RF amplifier

R responsivity

S recapture factor



Or
Oy
o/

- 2
Op.re

L]

Olrp

standard deviation of heavily chirped DRB noise spectrum
total square noise current at receiver during a space

total square noise current at receiver during a mark

total square noise current at receiver during a space
including RB impact

total square noise current at receiver during a mark
including RB impact

short period of time
group velocity
peak-to-peak voltage



Chapter 1
INTRODUCTION

Over the past 30 years, fiber optic communication has evolved from a fundamental
laboratory research idea to a proven technology that is used to transmit data, voice and
video on a commercial basis. The inherent advantages of using optical fibers over
conventional copper wires arise from the properties of optical fiber, such as low loss, vast
bandwidth, small size, light weight, immunity to interference, electrical isolation, low cost
and an abundance of raw materials in nature. Furthermore, with the advent of fiber
amplifiers and wavelength division multiplexing technology, fiber optic technology has
advanced to the point where both local loop and transoceanic transmission systems are
economically and technically justified. Nevertheless, to implement the most cost-effective
systems, apart from taking physical convenience and upgradeability into consideration, it is
essential to recognize and understand system intrinsic noises. Rayleigh backscattering
generated by fibers is one of these intrinsic noise sources, and this thesis is devoted to
theorizing and exploring the impact of Rayleigh backscattering on various fiber optic

systems.

1.1. Previous Research on Rayleigh Backscattering

It is known that signals which are multiply reflected, whether by discrete reflections
from two or more splices or connectors or by Double Rayleigh Backscattering (DRB),
will convert the laser phase noise to amplitude noise through the interference of the
backreflected signal with the original signal. This generates one of the fundamental noise
sources in fiber optic transmission systems [1-13]. The spectrum of this noise has been

calculated for various special cases. For example, if the optical source is unmodulated and



the reflections are discrete or undergo Rayleigh backscattering, the noise spectrum
assumes the original Lorentzian lineshape of the source laser [1], with a spectral width

which is double that of the laser.

considerably, assuming a Gaussian shape. According to their finding, this broad spectrum
has the effect of spreading out the laser phase noise, thereby reducing the noise impact of

this multiple reflection on a system. However, if an optical amplifier is positioned between

amplified [5,11,13], the system impact of this noise can be quite severe. This is
independent of whether the reflecting sites are discrete or continuous in the form of the
Rayleigh backscattering from fibers. If the amplifier is surrounded by optical isolators, this
impact can be substantially reduced.

Gysel and Staubli [14-16] have shown that the interferometric noise power spectral
density generated by a singly Rayleigh scattered signal can be determined through the
scattering properties of the fiber and the autocorrelation function of the signal electric
field. Thus, this method is particularly powerful in that the noise power across the
electrical spectrum of the information signal can be determined. Recently, Atlas et al. [13]
determined the DRB noise impact on an Amplitude Modulated-Subcarrier Multiplexed
(AM-SCM) system using a zero chirp external modulator. Their analysis is very similar to
the one developed in this thesis, even though both investigations were undertaken
independently.

In addition to the aforesaid research on Rayleigh backscatter noise, much research
work has been done on other Rayleigh backscatter-related phenomena. One popular
example is optical time domain reflectometry, which has been widely employed both in the
laboratory and the field to non-destructively measure the spatial dependence of the optical
fiber attenuation, splice and connector loss, and fault location. It has also been
demonstrated that using the spatial dependence of the polarization state of the Rayleigh
backscattered light, optical fibers can be uniquely identified [17]. This method can be

used to remotely update the wiring database of an optical fiber network.



Moreover, linewidth reduction and lasing wavelength hopping for a distributed
feedback laser diode which is exposed to Rayleigh backscattered light from a single-mode
fiber has been investigated [18-19]. Furthermore, it has been shown [20-21] that
Rayleigh backscattering within an erbium-doped fiber amplifier imposes an upper limit on

its gain and performance,

1.2. Objectives and Organization

Even though extensive research has been done on Rayleigh backscattering, there are
still many issues which need to be addressed so that many systems can be implemented
cost-effectively. For instance, with isolators surrounding the in-line fiber amplifier to
avoid RB, bi-directional transmission requires the use of two separate fiber links, with
each carrying signals in one direction, or additional components must be used. That
means extra cost and an increase in system complexity in comparison to systems that
transmit bi-directionally using no isolators and only one fiber link, with different
wavelengths carrying signals in opposite directions. Therefore, one of the main objectives
of this work is to investigate how far we can “push” the one fiber link bi-directional
transmission in practice before RB will seriously degrade and limit transmission
performance,

To achieve this, we first need to derive a general expression which specifies the noise
generated by DRB for systems with an arbitrary amount of source coherence and with
many in-line amplifiers. As mentioned previously, such an expression was not previously
available. Furthermore, since analog transmission is extremely vulnerable to noise, RB
impact could play an important role in designing such systems. Therefore, another goal of
this work is to study the negative impact of RB on analog transmission systems.

With the intention of providing a better understanding and characterization of RB
effects on various forms of transmission systems, the author has constructed several key

research objectives for this dissertation:
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1) derive a general and accurate expression describing the noise due to RB, including
the effect of source phase modulation of arbitrary magnitude.

2) experimentally verify the expression using a source with various amounts of phase
modulation.

3) apply the expression to various analog and digital transmission systems to analyze
their performance in the presence of RB.

4) investigate digital receiver sensitivity degradation due to RB of the Amplified
Spontaneous Emission (ASE) from in-line amplifiers.

5) investigate the impact on systems of the RB that can take place within fiber
amplifiers with high scattering coefficients.

6) experimentally demonstrate the feasibility of bi-directional systems using 1 fiber
link and no isolators, and compare such systems to conventional 2 fiber link

systems.

1.2.1. Organization of the Dissertation

The rest of the dissertation is structured as follows:
e Chapter 2 presents for the first time a general and accurate analytical expression

properties of the fiber and the autocorrelation of the signal electric field. Incorporated
into the theory is the effect of Rayleigh scattering induced depolarization and the
consequent reduction of DRB noise. This expression has proven most general and
useful for the remainder of the text,

e Chapter 3 discusses the impact of DRB noise on analog systems. It first presents the
experimental verification for the general DRB noise expression. This verification is
done in a directly modulated AM-SCM system with various amounts of chirp. Then,
for easy usage, the expression is simplified for directly modulated AM-SCM systems.
In doing this a large amount of chirp has been assumed, a good assumption for directly
modulated AM-SCM laser diodes. Using this simplified expression, directly

modulated AM-SCM systems with and without the use of optical amplifiers, are
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analyzed in the presence of DRB noise. For systems using chirpless external
modulators, the general expression is simplified again. This simplified expression is
then applied to analyze the performance of systems using chirpless external
modulators, with and without optical amplifiers.

Chapter 4 derives a receiver power penalty expression which accounts for both the
impact of DRB noise and RB of ASE from in-line amplifiers, for optically amplified
Intensity Modulated-Direct Detection (IM-DD) digital systems. Using this receiver
power penalty expression the system gain budget for systems without isolators in links
is studied and the validity of the expression is subsequently experimentally confirmed.
Also, bi-directional transmission experiments using conventional 2 fiber link
configurations with the use of isolators, as well as single fiber link configurations
without the use of isolators are conducted and their results are compared. Finally, the
DRB effects inside the fiber amplifiers are also addressed and quantified in terms of the
power penalty.

Chapter 5 summarizes and concludes this work, and also projects the direction for

future research.



Chapter 2
DRB NOISE THEORY

Light propagating along an optical fiber is attenuated due to the combined effects of
intrinsic and extrinsic abscrption and Rayleigh scattering. Extrinsic absorption results
from impurity atoms in the glass material, whereas intrinsic absorption occurs due to the
basic constituent atoms of fiber material. Rayleigh scattering results from small scale
fluctuations in the refractive index of the fiber due to density and composition variations
frozen into the fiber during manufacturing. In modern fibers the loss due to extrinsic
absorption has been reduced to a level that is negligible compared to the loss from
Rayleigh scattering at the wavelengths used in conventional lightwave transmission
systems, thereby leaving the intrinsic absorption and Rayleigh scattering the most
dominant intrinsic loss mechanisms [22-23].

In the electric field domain, the signal optical field traveling along an optical fiber is
continuously scattered in all directions. The forward scattered field propagates as the
signal [24]. A fraction of the backscattered field is scattered within the numerical aperture
of the fiber, is recaptured and then travels in the backward direction. This constitutes the
Rayleigh backscattered field. This backscattered field can undergo backscattering again.
This process is termed Double Rayleigh Backscattering (DRB), and this doubly
backscattered field, which travels with the forward propagating signal, beats with the
signal field at the receiver, generates DRB relative intensity noise and thus increases the
noise level at the receiver. In the rest of this chapter, the primary empbhasis is on the fiber

scattering model and the derivation of general expressions describing the spectral density

of this noise.



2.1. DRB Noise Intensity

Consider a linearly polarized electrical source field e(7)
e(t) = Re[g,(t)e /27 ] @.1)

with optical carrier frequency f, and complex amplitude &,(r), which contains the
inherent laser phase noise and electrical signal information in the forms of amplitude
and/or angle modulation. Re[.] denotes the real part. For mathematical simplicity, we
initially assume the state of polarization is preserved during transmission and
backscattering along the single mode fiber, but this restriction will be removed later. To
determine the total doubly Rayleigh backscattered field, we will partition the fiber into Ny
equal scatter sections of Al along the fiber, and then add up, on a complex amplitude
basis, each doubly Rayleigh backscattered field that is generated from two scatter sections

along the transmission link as shown in Figure 2.1.

Figure 2.1: A simple DRB illustration.



The complex amplitude of the direct traveling field at location z along the link is given
by

Edir (I s Z) = E (f - %JE-(?-F JEJ : 2.2)

where v, @ and B are the group velocity, total intensity attenuation coefficient and
propagation constant. Then, the complex amplitude of the singly Rayleigh backscattered

field from the n™ scatter section at location z = nAl can be expressed as

, ] @ N
. [\ = =+JB |nAl
Aty (t)=-€s(t—n’m)e (5+7) 4p, (2.3)
n v

The differential Rayleigh backscattering function Ap, describes the fraction of
backscattered field due to Rayleigh backscattering in the n™ section of fiber at location
2= nAl in relation to the forward traveling field. Also the backscattered optical intensity,
defined by the magnitude-squared of the optical field, and the reflectance due to Rayleigh

backscattering ARgp  in the n ™ section of fiber are respectively given by

2 ALY ~Znal|
A7 &, i
Agﬁ(l‘j = Es(t_nTJE 2 lﬂpnlz (2.4)
and
2
'AERB (t# )
gy, =2 |, @
( nﬁl) =5 nal
Es{t——|e
v




Proceeding in a similar fashion, at the end of a fiber of length L, the doubly Rayleigh

backscattered field from the n™ and m™ sections located respectively at z =nAl and

z=mAl as shown in Figure 2.1 can be expressed as

. o ° \
~| =+JB [2(n=m)Al
(n—mal ) (2 ] ApPmAp, (2.6)

QEDEB (t L) Edlf(t 2_§ L |€
l v E

Combining each contribution described by Eqn. (2.6) yields the total doubly backscattered
field eppp(t,L) at the end of the fiber as

‘@ ). .
scll —m)Al ) —| =+JB 2(n-m)Al o
AP P R R P i o
n=lm=1 ’

where n and m now denote the indices of the summations.

For an Intensity Modulated-Direct Detection (IM-DD) system, the received optical
intensity is to be detected and converted to an electrical signal by a photodetector. Any
unwanted fluctuations in optical intensity will appear as a noise cutrent or voltage. To
consider the impact of DRB on the IM-DD system, the intensity /(¢) of the aggregate

optical field is obtained as

1(t) =g (1, L) + €pga (1, L)

= (Edir (¢,L)+ epra (1 L))(Edir (8,L)+ €ppa(t sL))i

2 \2 [ ton] :
ZIEdir(t!LXZEFIEDRE(t!LX +2RE[E§;‘,—(I,L)EDRB (I,L)jl (2.8)

where * represents the complex conjugate. The first term in Eqn. (2.8) is the desired

signal intensity, the second term is the intensity due to doubly Rayleigh backscattered light



and the third term is the noise intensity generated by the doubly Rayleigh backscattered
field beating with the forward traveling signal field, The magnitude of the second term is
negligible compared to the third term due to the low backscattering in conventional fibers.
This should be the case even for the event of a space (or logical zero) in a digital system
because the direct field is generally not completely extinguished and is still much larger
than the DRB field. For example, the DRB field generated in a long fiber with an effective
backscattering reflectance of -33 dB is approximately 66 dB smaller than the average
direct signal, whereas for an optical transmitter with a typical extinction ratio of 13 dB,
the field during a space is only approximately 10 dB smaller than the average direct signal.
Therefore, the field during a space is about 56 dB larger than the DRB field. Even if an
optical amplifier with 20 dB gain is situated between the backscattering fibers, the field
during a space is still 16 dB larger than the DRB field that travels around the amplifier and
is thereby doubly amplified. One might expect that if the amplifier gain is increased to 25
dB, the field during a space will only be 6 dB larger than this doubly amplified DRB field;
however, we will show through the analysis in Chapter 5 that only optical amplifiers with
moderate gain can be employed in transmission links impacted by DRB.

Another justification for the neglect of the DRB light intensity is that other signal-
beat noise from optical amplifiers, are usually much greater. The DRB noise intensity is

now defined by

Ingg(t) = zRe[Edir (t,L)Em*(tsL)] 2.9)

Eqn. (2.9) is an expression for the time-dependent DRB noise intensity in terms of the
electric field of the optical signal &4, (¢,L) and the electric field of the DRB light
Epra(t,L). Note that &, (s,L) is the transmitted field and implicitly contains the
information signal and any time dependent chirping induced by directly or externally

modulating the optical source.
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2.2. Autocorrelations of DRB Noise Intensity

To find the DRB noise intensity spectral density one can first determine the ensemble-

average of the time-autocorrelation function of the DRB noise intensity

Ripes (r)= Iprg (I)IDRB e+ 7) (2.10)

and then take its Fourier transform [25,30]. In the above equation, the overbar represents
the time-average. The ensemble-average of the time-autocorrelation function, abbreviated

as simply the average time-autocorrelation in what follows, can be expressed as

<R,DRB (T)>=<IDRB(1)‘1DRB(Y+ T)) (2.11)

and () represents the ensemble-average. If Eqn. (2.9) is inserted into Eqn. (2.11), the

average time-autocorrelation becomes

{leas (. Lheons (1. L)+ 20 (. Lheona e L)

(ed;, (t+7,L)epra* (¢ + T, L) + £, (t + 7, L)eps (t+, L))}

(2.12)

<RIDRB (T» =

After inserting the expression for the total DRB field, Eqn. (2.12) yields
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(2.13)
After expanding and using the statistical property that the mean of a product of functions

of random independent processes, (£4;,...)and (Ap,...) can be expressed as the product
of their means, Eqn (2.13) yields

( Edir (t L)‘Edtr (t +f L)ZZZZ ><Apm*Apn Apk Ap )
(7 zr(l L)Edzr (t"'f L)ZZZZ > éF‘:’m Ap}z Af:’k‘Al:’l)

(Edzr (t L)Edzr(f +T L)ZZ i; ) PmAPnAPk Apy” )
\<é;:ilr (t L)Edlr (l‘ +T L)Z

<R[ DRB (T)> =

(2.14)

S - Noondoudoiop) |

This new equation includes terms composed of the averages of the product of differential
Rayleigh backscattering coefficients and direct traveling fields

Before proceeding, the statistics of the Rayleigh backscattering function has to be
studied and accurately modeled. Since the correlation distance of refractive index
fluctuations in an optical fiber is of the order of molecular dimensions and much smaller

than the optical wavelengths used for fiber communications, each section contains many
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distinct and almost identical scattering centers if the section length Al is chosen to be in
the order of an optical wavelength [14,26]. Then, by the central limit theorem, the
backscattered field from the section exhibits circular complex Gaussian (CCG) statistics

and Ap can be modeled by a CCG random variable [ 14,27]. In addition, since Ap of

<ApmApﬂ*> = <,Apn l2>5(" -m) (2.15)

Here &(n) is the Delta function with the properties that §(n)=1 for n=0, and §(n)=0

otherwise. Substituting Eqn. (2.5) into the above equation yields
s e \ o .
(40ma0,") = ARk, )8(n—m) (2.16)

By equating the average of the Rayleigh backscattering reflectance due to Al as

(ARgg, )= 0, sAl (2.17)

where ; and S are the intensity coefficient due to Rayleigh scattering and recapture
factor [26,28], respectively, the delta correlation can be rewritten in terms of the

measurable quantities as

(Apmgpn*)f o SALS(n—m) (2.18)

The recapture factor is the fraction of scattered power coupled into the fiber in the
backward direction. The product of @, and $ describes the total backscattered power
per meter, also known as the Rayleigh backscattering coefficient. For standard single-

mode fiber, the typical values for this product at 1550 nm are about -70 to -73 dB/m [20].
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With the delta correlated CCG assumption for Ap, as shown in Eqn. (2.18), the

following relation can be derived [13-14]:

(40P, AP, Ap;) = 0

(40n" 3,20, 80"} = 0

(Ap,,,*Ap;a,:képl) = a2 A1 (8(n — 1)3(m ~ k) + 8(n— k)5 (m 1))
(808P, 80" 20" ) = @22 A1 (8 (n— 1S (m— k) + 8(n — k)5 (m~ 1)

(2.19)

After applying the above relations, the average time-autocorrelation expression in (2.14)

becomes

<RI DRB (T)> =

AR
y Nyt Edir |t =2 L "
2Re|{ eg4ir(tL)egy," (e +7,L)- 3,5,

. 252
(n=mAl "\ _a2tn-m
n=lm=1 Edir (l‘ -2 M- T’}:_’f -+, L)E_az(n_m)NAlg

0 S

i
(2.20)

Due to the very small change in the slowly varying complex field envelope within A/, the
summations in Eqn. (2.20) can be accurately replaced with their corresponding integrals as

shown below:

<R1,,RB (z )) =

) *' ~ 22— 2] .
L 2, €dir (f—z*sL)'

2Rel{ & (t,L)ez* (t+7,L)-| | | Y a,2s?
0 OEd",(tsz 32 — 4] "FT,LJ 332(22 gl)dz dzz
P #
(2.21)
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If the following conditions are satisfied:
a) the fiber loss is small within the source field coherence length so that the value of

that the above autocorrelation can be rewritten as

(RIDEE (T)) =
ear(WL)ear +Til)

2Ref( £/ 1% 2-2 L Lz-z [ ~a2(z3-z) ,
I %jsd,-,—-(kz ‘L)Ed,-,(z—z -FT.Lszl-J-E =27 dz vdzy
3 v ) v -

0

CIf SZ

(2.22)
With low attenuation fibers, this condition should be easily satisfied.
b) the source field coherence length is relatively short compared to the fiber length so that

with the definition of a time-autocorrelation [29,30] (or with Eqn. (2.10)),
T
N 5
R,(7)= %ﬂ?_f; )y(e+ 1) (2.23)

the inner integration of &g, *(-+,L)es, (-+7,L) in Eqn. (2.22) approximates a time-
autocorrelation function of the source field. This condition is also satisfied in common

transmission systems. Then, Eqn (2.22) becomes

, L R ) I
<RiDRE (T)> =2Re| | &4y (tiL)Edir*(t +7, L)IEEdir (T) j §=Q2(22—;1 )dzldzz Q:SZSZ
0 0

Lz; - )
=2Rel{ &g (t,L)egpr " (t+7,L)Rg,, ()] | e a3y 4y, a;*s?

00
(2.24)
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where R, (7) is the time-autocorrelation function of the complex amplitude of the

directly traveling field. Rearranging the last equation and using Eqn. (2.10) give rise to

L
<R’ ora (T )> =2 Re[<R5dir "(T)Re,, (7 )_[ e ')'i??x dz, >]Cfs25' 2
0 rd

S ey

= 2[<R€ (TR, i (r))] j‘lzj‘z 2GR )dzldzz a 252

00
= 2%;—2-(20(“ e 2 —1)<|Rgdir (r)|2> (2.25)

Thus, the average time-autocorrelation function of the noise intensity due to DRB is

the electric field of the source. Since the total Rayleigh backscattering reflectance Rz, for

an infinitely long piece of fiber can be expressed [5] as

a.S o

Rep =~ (2.26)
Eqn. (2.25) becomes

<R1,,RB (‘c)) = 2RRb2(2aL +e2oL _ 1)<IR£ ” (r)!2> (2.27)

Typically, the value of Rg, for standard single-mode fiber at 1550 nm ranges from -33 to
-31 dB.
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2.3. Depolarization and Spectral density of DRB Noise

To remove the restrictive assumption made earlier on the preservation of the state of
polarization of the electric field, one can make use of the results from Deventer [31] on
polarization properties of Rayleigh backscattering in single-mode fiber. They simply state
that in a standard low birefringence fiber, the singly Rayleigh backscattered light has the
same State of Polarization (SOP) as the forward traveling light, with its Degree of
Polarization (DOP) equal to 1/3 due to depolarization during backscattering. Thus, 2/3 of
the backscattered light has been depolarized and has a random state of polarization.

Similarly, when the singly backscattered light undergoes backscattering again, the
doubly backscattered light has the same SOP as the forward traveling light, and its DOP
reduces to 1/9. Therefore, at the end of the link, only 5/9 of the doubly backscattered light
(1/9 plus half the completely depolarized doubly backscattered light) mixes with the direct
signal light and generates DRB noise at the receiver. This differs from the assumption of
completely unpolarized doubly Rayleigh backscattered light at the receiver [5]. The DRB
noise intensity spectral density is now obtained by taking the Fourier transform of the
average time-autocorrelation (Eqn. (2.27)) and multiplying it by 5/9 to account for the

birefringence and depolarization effect of the single-mode fiber:

27 7 = =
deir (r# (2.28)

10 _
PDRB(f)= —9—RR[,2(2(ZL+€ 2dL —I)S <

where 3[-] denotes Fourier transformation, Eqn. (2.28) is the general and accurate
analytical expression describing the expected noise spectrum due to DRB, and is the most
important finding in this chapter. For clarification, this expression is new referred to as
the DRB noise expression. Unlike previous analyses of DRB [1-13], the author is dealing
with the autocorrelation function of the signal electric field without any assumptions about

the form of modulation.
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This expression reveals that for the case of a real time-autocorrelation of the source

spectrum as

Pora(f)= %0 Rgbz(ZCzL +e 2 _ 1){5[1?%# (r )} ® S[RE@_ (-r)]} (2.29)

Since the time-autocorrelation and spectrum of a typical unmodulated DFB laser source
are real and Lorentzian [25,68], respectively, and since the self convolution of a
Lorentzian lineshape is also Lorentzian, albeit of double width, the DRB noise in this case
is also Lorentzian. This conclusion is confirmed by other researchers’ work [1,5,7].
Further uses of the DRB noise expression, applying digital or analog modulation, with

or without chirp, to the source in various systems, are made in the following chapters.
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Chapter 3
DRB Noise in AM-SCM SYSTEMS

A general overview of current cable television systems is presented. For simplicity,
cable television is abbreviated as CATV, even though it was historically coined to stand
for community antenna television. Prior to employing the previously derived DRB noise
expression in various fiber optic CATV systems, the experimental verification of this
expression in a fiber optic Amplitude Modulated-Subcarrier Multiplexed (AM-SCM)
system is discussed. Simplified expressions are then derived to describe the DRB noise in
directly and externally modulated AM-SCM systems, utilizing either 1310 nm or 1550 nm
window laser sources. The Carrier to Noise Ratio (CNR) reduction due to the DRB noise

in these systems is then investigated.

3.1. Overview of CATV Systems

3.1.1. Architecture

Due to the recent deregulation :.f information service businesses, the information
exchange monopoly will soon be re;:-2d extensively. The CATV industry is now facing
competition from telephone companies providing integrated video and telephone services.
On the other hand, the CATV providers can also exploit this opportunity to provide full
telephony integration with delivery of broadcast video. Figure 3.1 illustrates the
traditional coaxial cable based tree-and-branch architecture which was designed to
transport and distribute television programs from the headend office to customers in a
one-way direction. The main disadvantage of tree-and-branch topology is the lengthy
cascade of RF amplifiers which results in reduced reliability and available bandwidth, and

poorer system noise and distortion performance. In addition, this topology lacks bi-
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Figure 3.1: Tree-and-branch architecture of a typical CATV network.

The most widely studied and deployed architecture for providing broadband
interactive integrated services in the past few years is the Hybrid Fiber/Coax (HFC)

architecture [SZsSS]. In a HFC system, as shown in Figure 3.2, the output from an Gptical

single-mode fibers to a serving node. The optical signal is then converted to an electrical
signal by a photodetector and the electrical signal is distributed to the subscribers via the
existing coaxial cable network. Replacing the trunk cable with fiber means that there are
fewer RF trunk amplifiers in cascade, which improves system reliability, picture quality
and bandwidth availability. Since the trunk cable accounts for only about 14% of the total
footage in a network [36], replacement of trunk cable with fiber and reuse of the

distribution cable and subscriber drop can reduce the upgrade cost.
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Node-Serving Area

Figure 3.2: A basic HFC design.

The early design of HFC was to deliver one-way broadcast video, thus the laser output

subscribers share the common upstream bandwidth spanning 5 to 30 MHz. Currently, the
approach used in HFC systems parallels cellular systems in the sense that the size of a
node serving area is shrinking. Since the return spectrum spans 5 to 30 MHz, by shrinking
the node serving area and limiting the number of subscribers served down to a few
hundred, larger return bandwidth per subscriber will be available for interactive services
[33-34]. In addition, with the further reduction in the number of amplifiers in cascade, the

available bandwidth can exceed 1 GHz [32].
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3.1.2. CATV Signal Format

In fiber optic CATV systems, analog AM-Vestigial Sideband (VSB) SCM is used to
deliver multichannel video programs to subscribers. To generate an AM-VSB SCM
signal, a number of baseband video signals are first frequency up-converted by amplitude
modulating various sub-carriers at different RF frequencies, and then each of these up-
converted signals passes through a VSB filter to reduce its bandwidth, and finally these
filtered signals are combined to modulate the optical transmitter. Figure 3.3 shows the

spectrum of the electrical modulating signal.

Channel Carriers AM-VSB Videos

hHH ...

Channel 1 Channel2 Channel 3 Channel N

Figure 3.3: Spectrum of a subcarrier multiplexed AM-VSB signal

However, in current CATV systems, instead of a true VSB filter, bandpass filters are
used at the transmitter. Then at the receiving end, a single VSB filter is employed at the
IF (Intermediate Frequency) stage to give the overall VSB filter characteristics so that the
video modulation on the visual VSB TV signal can be recovered without distortion [37].
The spectra of a received video channel before and after VSB filtering are shown in Figure

3.4.
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Figure 3.4: Magnitude spectra of a received TV channel (a) befors and (b)

after VSB filtering in receivers.

The advantages of using AM-VSB format are its bandwidth efficiency, simple
hardware requirement, and compatibility with existing TV and VCR units. On the other

hand, SCM can also provide an upgradeable and expandable multichannel platform. It is
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expandable in the sense that more channels can be easily added with minimum added
hardware. The upgradeability offered from SCM results from the fact that SCM is
independent of the modulation scheme. In this case, other modulation formats, such as
FM or high-definition compressed digital video, can be transported with AM-VSB video
$0 as to provide a transition period from the analog system to more robust digital systems.
For this reason, this form of digital/analog hybrid system design has been investigated
extensively over the past few years, particularly in the areas of digital video signal, using
quadrature amplitude modulation [38-40] and multi-level VSB modulation [41-42],
employment of linearized external modulator [43-45] and digital signal degradation due to
laser clipping distortion [46-48].

Due to the analog nature of the AM-VSB video signal, it is extremely vulnerable to
coherent and non-coherent interference. The coherent and non-coherent interference
impairments are specified by Composite Second Order (CSO), Composite Triple Beat
(CTB), and Carrier to Noise Ratio (CNR). These figures of merit are defined as follows
[49]:

e CSO: the ratio of the carrier power to the power in the composite second-order
intermodulation tone caused by the second order curvature of the non-linear transfer
characteristic, which, for the Northern America CATV frequency plan, occurs at the
video carrier frequency +1.25 MHz.

e CTB: the ratio of the carrier power to the power in the composite third-order
intermodulation tone caused by the third order curvature of the non-linear transfer
characteristic, which for the Northern America CATV frequency plan, occurs at the
video carrier frequency.

e CNR: the ratio of the carrier power for a given channel to the noise power near

the carrier, assuming a noise bandwidth of 4 MHz.

For good picture quality, the required values of CSO, CTB and CNR at the subscriber
termination are about 55 dBc, 55 dBc and 48 dB, respectively. Therefore, due to added
noise and distortion from RF amplifiers in the trunking and distribution network, the
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required values for these figures before subscriber termination are significantly higher and

are dependent of the number of RF amplifiers in the system.

3.1.2.1. Non-Uniform DRB Noise Spectrum in CNR Calculations

In the carrier to noise ratio definition above, the total noise spectral density is assumed
to be uniform within a channel so that no integration is needed for calculating the total
noise within the channel. However, as we will show later the DRB noise spectral density
can be non-uniform within a channel, thus we have to integrate the DRB noise spectral
density to calculate its total noise. To achieve this we have to determine the appropriate
lower and upper limits in the integral. As shown earlier in Figure 3.4.b, the main detected
video signal occupies approximately 4.2 MHz, ranging from the video carrier f; to f; + 4.2
MHz. Therefore, the total DRB noise that couples into the signal also has a bandwidth of
approximately 4.2 MHz, ranging from f; to f; + 4.2 MHz. Since a noise equivalent
bandwidth of 4 MHz is normally used for CNR measurements, we will follow this
common practice, and thereby use f; and f; + 4 MHz as the upper and lower limits,

respectively, in integrating the DRB noise in this chapter.

3.1.3. Operating Windows

To date, CATV companies deploying HFC systems have mainly been utilizing 1310
nm technology. The reasons for using this technology are many. First, optoelectronics for
analog transmission at this wavelength is considered to be mature and relatively
inexpensive. Second, chromatic dispersion is minimized at this wavelength so that
dispersion-induced distortion is eliminated to ease the strict CSO requirement. Third,
fiber loss at this transmission window is only ~0.35 dB/km. Lastly, transmitters containing
high power solid-state lasers at 1310 nm and linearized external modulators can yield a
system budget of 17 dB.

However, over the past few years much work has been done in incorporating the
benefits of 1550 nm into an HFC environment [50-54]. This is due to the advantages of
using 1550 nm such as the commercial availability of Erbium-Doped Fiber Amplifiers
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(EDFAs) at that wavelength as well as lower attenuation, i.e. 0.25 dB/km as opposed to
0.35 dB/km at 1310 nm. The benefit of lower attenuation is the ability to utilize the
available link budget more efficiently, whether that be in the form of increased optical
splitting loss or longer loop lengths. It has been experimentally demonstrated that no
considerable CSO degradation was observed in either directly [53-54] or externally [52]
modulated systems employing EDFAs. In the directly modulated systems, the dispersion
effect from the standard single-mode fiber was equalized out by a dispersion compensating
fiber. On the other hand, the systems employing an external modulator could yield a link
budget of 25 dB or 100 km. Both of these results suggest the feasibility of using 1550 nm
technology in analog transmission to extend the system reach.

Due to the stringent noise performance and trend of using long fiber in the CATV
system, DRB noise, which depends on the length of fiber, can be a detrimental factor.
Previous research [9,10,12,13], to some extent, has confirmed this degradation. The rest
of this chapter strives to complete the investigation of this negative impact on fiber optic
CATV systems using 1310 nm and 1550 nm laser sources, with and without utilizing

optical amplifiers.

3.2. Experimental Verification
3.2.1. Source Electric Field of General AM-SCM Signal

To verify the DRB noise expression, a generic signal should be used in the experiment.
A directly modulated AM-SCM signal is a good candidate and was used in the experiment
for this purpose. Its effectiveness is due to its analog nature and the fact that various
amounts of phase or frequency modulation [55] can be imposed onto the optical signal,
To clarify, in a directly modulated system the laser output is modulated by varying the
injection current. A typical laser current-to-power transfer characteristic is depicted in
Figure 3.5. Due to the variation of the injection current, the carrier density is varied,
which, in addition to modulating the optical output power, in turn yields a change of the

refractive index and of the optical lasing frequency as well. This change in optical
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frequency, often referred to as static chirp, broadens the spectrum of the source electric

field and can provide a dispersion limit to the transmission bandwidth in many high speed
systems [56-58].

P()

Optical QOutput
""""""""""" A = Modulated Power

— - s
N Ip > 1)
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“7“"7
EZ;‘ Input Modulating
- Current

Figure 3.5: Laser optical output power and diode current characteristic.

The time dependent received optical power in a AM-SCM system can be expressed as
P(t\=P,,(1+m(r))

3.1

where £, is the average received optical power, and m(t) is the modulating signal which
for an SCM signal format is given by

Nch
m(t) = 2 m; cos(2fg‘,-t + 9,-)
i=1

(3.2)

where m;, f; and 6, are respectively the peak modulation index, frequency and initial
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Under an assumption of linear chirp [6,9], where the variation of the optical frequency
is linearly proportional to the change of injected current, the complex amplitude of the

detected electric field is

B0 i_,;n}(tj)f o J00) iEjZEgT!IP m(§)dg 33)

Edir(t); . Aﬁ“
L/

where 7y is the laser chirping efficiency in MHz/mA, ¢(¢) is the intrinsic laser phase noise,
I, is the bias current minus the threshold current, and Agfr is the effective area of the
fiber core and which is introduced to convert the optical power to optical mntensity. The

term e 27 fe represents the time dependent phase due to the chirp. This equation and the
DRB noise expression (2.28) are utilized in the following paragraphs to calculate
theoretical DRB noise spectra, which are then compared to experimental results to

confirm the validity of the DRB noise expression.

3.2.2, Experimental Setup

The DRB Relative Intensity Noise (RIN) terms were determined experimentally in a
directly modulated 42-channel AM-SCM system, using a fixed length of fiher and different
modulation depths. RIN is defined as the detected noise spectral density normalized to the
received power. The experimental setup used is shown in Figure 3.6. In order to
calculate DRB noise spectra for comparison with experimental results, parameters such as
the chirping efficiency, laser linewidth and Rayleigh backreflectance had to be measured as
well. The measured values of these parameters are tabulated in Table 3.1, and the
measurement details are discussed in Appendix B.

In the experiment, fiber connections were either fusion splices or Angled-facet
Physical Contact connectors (APC) to ensure that the dominant backreflection effect was
due to the Rayleigh backscattering. The optical source was an analog optical transmitter

designed and built by Kinh Pham, a former master of science student at TRLabs. The
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laser diode is a highly linear distributed feedback laser diode developed by FUJITSU for
CATV applications. The diode has its peak wavelength at 1543 nm at room temperature
and a built-in isolator with better than -25 dB isolation to prevent external reflection. An
additional isolator was inserted at the transmitter to further reduce the reflection coupling
from the optical fiber, and also at the receiver to stop any reflection from the receiver back
into the optical fiber. The CATV receiver is a model 600 RX module from Ipitek, with a
bandwidth of 8-600 MHz. The detector inside the module is a 131-D ASTROTEC® long-
wavelength PIN photodetector from AT&T. Its specified responsivity at 1550 nm is 1.0

Amp/Watt. Other important parameters involved in the experiment are listed in Table 3.1.

| _ -
" - 50km

Spgct%;m
Analyzer

Analog Transmitter Analog Receiver

—— Electrical
~—— Optical

Figure 3.6: Experimental setup for measuring DRB noise.



Northern Telecom fiber " 50 km
Total average fiber loss @ and 1.54 tom | 0.23dB/km

Raylagh backreflectance @ 154 ,um (Rgb) "~ 332dB

Total average fiber loss @ and 131, ym } "0.35 dB/km

Rayleigh backreflectance @ 1310m (Rmg) | 315 dB

Laser -
" Threshold current (I,,,) } T 18.5mA
" Bias current (Ip) B o T 58.5mA

* Measured intrinsic laser linewidth (4v) 14 MHz
Measured chirping efficiency () | 250 MHZmA

Table 3.1: Parameters involved in the experiments and calculations.

3.2.3. Spectrum of the DRB Noise

The laser current was modulated by 42 RF carriers from a model SX-16 matrix
generator from Matrix Test Equipment, Inc. The carrier frequencies are the Northern
America CATV channel allocations from 55.25 to 337.25 MHz. The modulation index of
each channel was set to 0, 0.24%, 0.43% and 0.86%, which corresponds to a total rms
optical modulation index of 0, 1.1%, 2.0% and 3.9%, respectively, according to the
following relation between total rms modulation index g and modulation index per

channel m; :

(3.4)

=
Il

The laser output power when biased at 58.5 mA was 7.0 dBm, and the received power

after 13.6 dB loss due to 50 km of single-mode fiber from Northern Telecom and 2
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isolators was -6.6 dBm. The measured DRB RIN spectral densities for different total rms
optical modulations are shown in Figure 3.7. The noisy curves represent measured DRB
RIN, and the numbers beside the curves denote the modulation indices used in the
experiment. Since the DRB noise spectral density broadens and reduces as chirp
increases, for valid and accurate noise measurements, the total rms modulation indices
used in the experiment were limited to only a few percent in order to ensure that the DRB
noise was considerably higher than the intrinsic noise floor of the system. The measured
results shown in this figure were obtained by subtracting the detected noise power spectral
densities measured using a variable optical attenuator to replace the 50 km length of fiber
from the noise power spectral densities when the 50 km length of fiber was used and then
normalizing the results to the detected signal power. Note that the presence of the first
five subcarriers was deleted for clarification. The theoretical values in Figure 3.7 were
obtained by inserting Eqn. (3.3) into the general DRB noise expression and then
calculating its Fourier transform numerically. The theoretical noise spectral density
calculated in this way agrees very well with the experimental values, meaning that the
shape of the DRB noise spectrum can be determined accurately by the theory. When the
total rms modulation index was set to zero, the spectral density resembled the laser
linewidth, which had a Lorentzian lineéhape due to the fact that the forward traveling
signal and the doubly backscattered signal created a delayed self-homodyne system.
However, as the index was increased, the noise power spectrum became flatter and wider
because the increasing impact of laser chirp further reduced the correlation of the electric
field, causing the effect of intrinsic laser phase noise to be negligible. The results of this
experiment, as shown in Figure 3.7, point out clearly the generality of the DRB noise
expression by showing the transition between the case when the DRB noise spectrum was
determined by intrinsic laser linewidth to the case when the DRB noise spectrum was
determined by laser chirping. Therefore, the expression can be applied without the
assumption that the source spectrum is either heavily chirped [6,9,12] or chirpless
11,5,7,10,13].
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Figure 3.7: DRB RIN for various small total rms modulation indices.
The numbers beside the curves denote the indices used in the
experiment. The symbolized and noisy curves represent the
calculated and measured DRB RIN, respectively.
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3.2.4. Fiber Length Dependence of DRB Noise

To verify the length deperdence in the DRB noise expression, the DRB RIN spectral
densities at 10 and 25 MHz, with the modulation index equal to zero for three different
fiber lengths, were measured. The experimental setup was the same as in Figure 3.6. The
three fiber lengths were 10 km, 25 km and 50 km, and their fiber losses and Rayleigh
backreflectances are different and listed in Table 3.2. Zero modulation index is used to
obtain maximum DRB noises at these measured frequencies, as previously indicated in
Figure 3.7.

Figure 3.8 indicates that the theoretical values agree very closely with the experimental
values, thus completely justifying the validity of the DRB noise expression. It is worth
noting that the DRB noise continues to grow with length according to 2aL —1. Similar
experimental results on length dependence of DRB noise with different operating
conditions, in which a directly modulated laser source with 1060 MHz rms of laser chirp
was used, has been obtained by Blauvelt er al. [9]. However, with that amount of laser
chirp, their DRB noise came relatively close to the other noise sources present in the

experiment, thereby reducing the resolution of their measurement.

Fiber length Total Average Rayleigh
(km) Fiber Loss (dB/km) | Backreflectance (Rrs)

10 0.219 -32.2dB

25 0.223 -32.5dB

50 0.244 -33.2dB

Table 3.2: Summary of fibers used in the experiments.
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Figure 3.8: The measured and calculated DRB RIN at 10 MHz and
25 MHz for various fiber lengths.

3.3. DRB Noise in AM-SCM Systems

Uses of the general DRB noise expression require numerical calculations which can be
approximated in some cases so that the expression becomes more convenient for use. In
the following sections, the expression is simplified for lightwave AM-SCM systems with
directly and externally modulated transmitters. Also discussed are the theoretical studies

of CNR degradation on these systems.

3.3.1. Large Chirping in Directly Modulated Systems

For most directly modulated laser diodes in AM-SCM systems, the effects of laser
chirp dominate over the intrinsic laser phase noise, as evidenced by the previous
experimental results. In this case, the intrinsic laser phase noise ¢(t) can be ignored, and

Eqgn. (3.3) for the laser complex field amplitude can be simplified to

(™)
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(3.5)
Actr
After Taylor expanding, this equation becomes
* Y R
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and the time-autocorrelation function of the field amplitude can be calculated as
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(3.7

highest channel frequency, the time-average of the product of the amplitude variation and
frequency variation due to chirp in Eqn. (3.7) can be approximated by the product of the
time-average of the amplitude variation and the time-average of the frequency variation.
If the second and higher order terms of m(r) are ignored due to the relatively small m(¢)
in practical systems, the detected DRB noise power spectral density obtained by
substituting the time-autocorrelation in Eqn. (3.7) into the general DRB noise expression

(2.28) becomes
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by multiplying this equation by the squares of the effective area of the core Agﬁc and

detector responsivity R, we obtain the DRB mean square noise current spectral density as

12

e
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3.9

Using the time-average relation below:

cos(2nf,-f) if f;= fJ

otherwise

cos(2nf;t +6; )cos(27f (s +7)+6, ) = (3.10)

(=2 SH R

and the equivalence of multiplication in time domain and convolution in frequency domain,

Eqn. (3.9) becomes
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where ® denotes the convolution. Egn. (3.11) shows that the noise spectrum can be
determined by the convolution of two individual spectra. One is the unit impulse at DC
plus a series of impulses at carrier frequencies with magnitude m;* / 4, and the other is the
spectrum generated due to laser chirping, which is described by the exponential term.
Since the bandwidth of this chirped spectrum is relatively wide and typically exceeds the
highest frequency component of the impulses, these impulses at carrier frequencies can be
ignored in calculating the convolution to a good approximation. Then, Eqn. (3.11) can be

further simplified to

| j2 [yl mg)ag
ipra*(f ) RRb (2*’3*?';-’*'**5"2'ji I)F}.EEERE' e 1 (3.12)

However, for the case of small chirp or chirpless systems, these impulses may have an
impact on the calculation and must be included. Their effects will be thoroughly analyzed
in a subsequent section dealing with externally modulated systems.

If Eqn. (3.12) is rewritten as

_— 2'\

| (CDS(ZE j;r 1, -m(¢ )ng
iprs?( f):-]éERsz(2aL+e§2“Lsl)ﬂgzﬁzs —— (3.13)
' Jsm(zir fy-1, m((f)df)
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then the term JSlﬁ() in the new equation can be shown, as in Appendix C, to be zero,
yielding

———\2
I+T

ipra( f)=£RRb2(2c:L+e'M—1)g.§mg cas{zn | yizp-m((:)ng
t

3 CDS(ZEIT*IP-m(g)dQJ ® S cas[ZfJ'y-Ip-m(é’)dé’J

(3.14)
Note that cos() in the above DRB noise spectrum equation is similar to a time-

simplifying a WBFM spectrum in [59] can be applied here as follows. The instantaneous
frequency of the WBFM field amplitude is determined by its time-derivative of the

argument of the cos function as

d(zzzj;v I, -m(§ )dé‘]

ﬁnsz=§*' yra— L=y 1, -mt) (3.15)

Due to the large amount of chirping, the frequency at time ¢, which is proportional to
modulating signal m(t), as stated in Eqn. (3.15), does not change radically, and therefore,
its phasor completes many revolutions, and contributes some power at that frequency
during a short period of time At. Therefore, the overall spectral density has
approximately the same form as the probability density function of the modulating signal.

Since the modulating signal in SCM systems with numerous channels can be
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approximately described by a zero-mean Gaussian distribution [60,61] with a standard
deviation equal to the rms modulation index u defined by Eqn. (3.4), the shape of the

spectral density is also Gaussian, with its standard deviation g ¢ given by

ﬁrfz#i-}njp (316)

As a result, Eqn. (3.14) simply becomes

(3.17)

With Eqn. (3.17), the DRB mean square noise current spectral density can be easily
determined for directly modulated AM-SCM systems. Also, using Eqn. (3.17) the DRB
noise can be expressed in the form of RIN. Since RIN is usually expressed as being
single-sided, and the density given by Eqn. (3.17) is double-sided, a multiplying factor of

two is required in deriving the DRB RIN as follows:

, P2 f
RINDRB(f)22;+;{2)

EIEDRRb (QCZL+€=2QL )gf-a\/—

(3.18)
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A similar expression to Eqn. (3.18) can be found in [6], in which the multipath interference
noise, due to discrete reflections, was considered. Also, shown in [12] is another similar
expression for DRB RIN in terms of the full width half maximum of the laser optical

spectrum under modulation.

3.3.1.1. Comparison of DRB Noise in 1310 nm and 1550 nm Systems

It becomes obvious from Eqn. (3.18) that the spectral shapes of DRB induced noises
in 1310 nm and 1550 nm laser systems are the same if the operating conditions and the
chirping efficiencies of these two systems are identical. However, due to the higher
Rayleigh backreflectance and fiber loss at 1310 nm, the noise spectrum in a 1310 nm
system is higher than that of a 1550 nm system. To determine the magnitude ratio of a
DRB noise spectrum in 1310 nm systems to a DRB noise spectrum in 1550 nm systems,

the following relation can be easily established and used:

) L ,=20300L
Rgpy310° (2013001 + €™ "*1300% —] :
AN = rbazio” (21300l +e72 ) (3.19)

Rgp,1550° (2411 ssoL + e~ 2%ssok _ 1)

where the subscripts denote the wavelengths. Using this equation with the
backreflectances and fiber losses listed in Table 3.1, Figure 3.9 shows the ratio as a
function of fiber length. It can be seen from Figure 3.9 that the ratio can be as large as 8
dB when short fibers are used in these systems. As the fiber lengths increase, the ratio
decreases and finally plateaus at about 6 dB. Therefore, 6-8 dB higher DRB noise for
1310 nm systems compared to 1550 nm systems can be used as a good approximation.
Note that it can be easily seen in Section (3.32) that this equation is also valid for

externally modulated systems.
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Figure 3.9: The ratio of the DRB noises in 1310 nm to that in 1550 nm systems.

By breaking down the fiber link into shorter sections with isolators as depicted in
Figure 3.10, the DRB impact can be reduced according to the DRB RIN equation (3.18).
By comparing a system with M isolators, each separated by a length of L;, to a system
without isolators in link, one can employ Eqn. (3.18) to determine the reduction of DRB

noise N, by the use of isolators as

_ (M +1)20L, + 7% ) ..
T ey e ) -

where L is the total transmission length and which is equal to M+1 times L, With this
new equation and the losses given in Table 3.1, Figure 3.11 shows the noise reduction
versus the total transmission length in 1310 nm and 1550 nm systems with 2, 5 and 8
isolators (or equivalently 3, 6 and 9 isolated sections). This figure indicates that DRB
noise can be efficiently reduced by breaking down the fiber with isolators. For example,
one can add two isolators into a system to break up the total transmission length into 3

isolated sections. If the total transmission length is 20 km, there will be approximately 2.4
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dB and 3.1 dB DRB noise reduction for 1310 nm and 1550 nm systems, respectively. For
longer transmission length, more isolators have to be added for the similar noise reduction
as shown in Figure 3.11. Note that one must be of course be cognizant of the additional

insertion loss of isolators when designing such link.

Transmitter Receiver

L

Isolator

(b)

Figure 3.10: Transmission links: (a) without and (b) with isolators.
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Figure 3.11: DRB noise reduction for 1310 nm and 1550 nm systems
with the use of isolators.

3.3.1.3. Spectrum of DRB noise

Using Eqn. (3.18), Figure 3.12 shows the calculated DRB RIN generated from a 50
km fiber in a 42-channel CATV 1550 nm system. Also shown is the corresponding
calculated DRB RIN when the general DRB noise expression is used. These calculations
use various total rms modulation indices and the parameters tabulated in Table 3.1. The
solid lines and symbols denote the calculations using the general DRB noise expression
and Gaussian approximation, respectively. With the ratio given in Figure 3.9, the
corresponding DRB RIN in a 1310 nm system can be readily deduced from Figure 3.12.
For this reason, the DRB RIN in a 1310 nm system is not plotted and can be determined
by adding ~6 dB to the results in Figuré 3.12. Also note that 23% of the total rms

modulation index corresponds to a typical 5% peak modulation index per channel.
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Figure 3.12: Calculated RIN of DRB generated from a 50 km long fiber in 1550 nm
system i) using general expression (2.28) denoted by solid lines, ii) using
Gaussian approximation (3.18) denoted by symbols. Insets are the total rms
modulation indices used in the calculation.

This figure indicates that as one increases the modulation depth, laser chirping will change
the noise current spectral density from being determined by the unmodulated laser
lineshape to a broad Gaussian shape, and eventually the intrinsic laser phase noise
becomes insignificant. It is clear that both the general DRB noise expression and Eqn.
(3.18), which has ignored the intrinsic laser phase noise, give essentially the same result
for a total rms modulation index larger than about 2.3%, which corresponds to only a

0.5% peak modulation index for each channel in the system under consideration, since
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these modulation indices provide large enough phase variation due to chirping, as
compared to the intrinsic laser phase noise. This figure also indicates that with the chosen
parameters, DRB RIN for common lightwave 1310 nm and 1550 nm AM-SCM systems
can be as large as -150 dB/Hz and -156 dB/Hz, respectively, which is larger than the
intrinsic RIN of many high quality laser diodes in the standard CATYV frequency range. In
this case, the effect of DRB must be considered when designing such systems. In addition,
since the calculated RIN is rather flat over the CATV frequency range, the frequency-
dependence on the RIN described by Eqn. (3.18) can be removed, yielding

10 _ 1
RIN ppp =—9—RRb2(2aL+e 2L —1)0_—\/—;— (3.21)
f

if the highest CATV channel frequency f, satisfies the following condition:

Ju <<1 (3.22)
20 f

The above simplified equation is frequency-independent and gives less than 0.5 dB
difference from the results obtained by applying Eqn. (3.18) and the general DRB noise
expression to a typical 42-channel CATV system with 23% rms modulation index, highest
CATYV channel frequency equal to 337.35 MHz, Ip =40 mA, and a laser chirp efficiency of
only 55 MHz/mA. Therefore, Eqn. (3.18) and (3.21) can be used accurately in most
directly modulated AM-SCM systems.

Using the simplified frequency-independent equation with parameters listed in Table
3.1 as well as various chirping efficiencies, Figure 3.13 shows the calculated DRB RIN
versus fiber length in 42-channel 1310 nm and 1550 nm systems. These figures illustrate
clearly that DRB RIN is strongly dependent on the laser chirping efficiency and fiber
length. To prevent DRB from causing serious CNR degradation in CATV systems, the
DRB RIN should be as low as -155 dB/Hz; therefore, these figures reveal that the
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transmission distances for 1310 nm and 1550 nm systems are limited only to 15 km and 45
km, respectively, even though laser diodes with large chirping efficiencies of 200 MHz/mA
are used. A detailed study on CNR degradation due DRB noise is presented in the

following section.

=200 MH2z/mA
—o— 100 MHZ/MA.  Homsee
—— 50 MHZ/mA

DRB RIN (dB/Hz)

5 15 25 35 45 55

Fiber Length (km)

(a)
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Figure 3.13: DRB RIN versus fiber length for various chirping efficiencies in
(a) 1310 nm and (b) 1550 nm systems.

3.3.1.4.1. Systems without Optical Amplifiers
Shown in Figure 3.14 is a simple CATV system having one piece of transmission fiber
and no optical amplifiers. The CNR expression of channel  for this system, including

DRB impact, can be obtained as

(3.23)

R, = e OSBRS

where (i,hz), (,z‘s,—,ﬁ,r,l:‘l)i <i1ﬁsgf2) and (imgf) are the mean square noise currents due to

thermal noise, shot noise, intrinsic laser RIN and DRB RIN in channel i, respectively. It
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should be noted that this CNR expression can also be applied to externally modulated

systems without optical amplifiers, which will be discussed later in this chapter.

Fiber

CATV CATV
Transmitter Receiver

Figure 3.14: A simple CATV transmission.

After integrating Eqn. (3.18), the mean square noise current due to DRB RIN in

channel { in directly modulated systems with fiber length L can be expressed as

, fi+B,
<iDRB,i2> = B %? JRIN pra(f )df

. ) _ . (3.24)
“f . “Cr

where erf(:) is the Error function obtained from integrating the Gaussian spectrum of
DRB noise, f; is the frequency of channel i, and B, is the 4 MHz bandwidth, specified for
CNR measurement [49]. Also, the mean square noise currents, due to shot noise and

intrinsic laser RIN, can be respectively expressed as

(isﬁat2> =2qF, RB, (3.25

and
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. 2
(’laser2> = RINgs¢r Pre2 R° B, (3.26)

where g and RIN,,, are the electronic charge and intrinsic lacer RIN, respectively.
With Eqp. (3.23) to (3.26), the CNR of each channel of a directly modulated system can
be determined.

Figure 3.15 depicts the entire CNRs across the CATV spectrum for 50 km fiber
systems, employing directly 1310 nm and 1550 nm modulated laser diodes with 50
MHz/mA chirping efficiency, using received optical power as a parameter. The system
parameters used in the calculation are tabulated in Table 3.3. This figure illustrates that
the CNRs of the directly modulated systems, as earlier revealed in Figure 3.12, are nearly
constant, even for a small amount of chirping efficiency. Therefore, results of examination
of any one channel should apply to all other channels. However, this may not hold true
when more channels are added or when a different CATV frequency allocation plan is
used, such that the highest frequency channel is close to the standard deviation o,
resulting in the failure of the condition (3.22). Figure 3.15 shows clearly that both
systems are degraded by the DRB; however, the 1310 nm system is more seriously
affected, due to higher scattering at this wavelength, and cannot satisfy the 50 dB CNR
requirement even for large received optical powers, indicating RIN domination. For the
1550 nm system, a received power of about -6 dBm results in approximately 50 dB CNR
in the presence of DRB. For instance, using a typical 6 dBm output power laser would
yield a system link budget of 12 dB, or equivalently about 50 km.

It should be noted that chirp and chromatic dispersion-induced distortion can limit the
transmission lengths in 1550 nm systems, and has not been considered in determining the
link budget; however, this distortion can be compensated, by employing either dispersion
compensation fiber [53-54] or electronic means [32,62-63]. This distortion can also be
made to fall outside the band of interest by upconverting the composite modulating signal
to within one octave wide. For illustration, a conventional CATV signal, with channel
carriers ranging from 55.25 MHz to 337.25 MHz, can be up-converted by a 400 MHz
oscillator to 455.25 MHz to 737.25 MHz. If this new signal is now used to modulate the
laser diode, the generated CSO at the receiver will not fall within the signal bandwidth,
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and therefore can be filtered out by an appropriate bandpass filter. After the filter, the
original CSO-free CATV signal can be recovered by down-converting with another 400

MHz oscillator located at the receiver.

Parameters

" Symbols _

) Valueé '

Intrinsic laser RIN

- RIN, laser .

" _158 dB/Hz

Chirping éfﬁciency

50 MHz/mA

Receiver noise current density

T SijJf Hz

Responsivity @ 1.54 pm

1.0

" Responsivity @ 131m

0.85

Rayleigh backreflectance @ 131 wm

~ 31.5dB

Rayleigh backreflectance @ 154 m |

33.2dB

Noise bandwidth )

" Channel modulation index

Table 3.3: Parameters involved in the CNR calculations.
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Figure 3.15: CNR for different received powers in (a) 1310 and (b) 1550 nm systems.
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Figure 3.16 depicts the degradation in CNR for channel 2 of 1310 nm and 1550 nm
systems in relation to fiber length, using the same chirping efficiency and parameters used
in the calculation for Figure 3.15. This figure indicates that at zero fiber length, without
any added DRB noise, the CNR at low detected power increases linearly with detected
power, thereby indicating shot noise limited detection. At +3 dBm received power, there
is a contribution to the total noise from intrinsic laser RIN. As the fiber length increases
the system noise becomes more dominated by DRB RIN, as evidenced by progressively
smaller improvement in CNR at a fixed distance, as the detected power is allowed to

increase from -6 dBm to +3 dBm. Similar to previous results in Figure 3.15, CNRs in

that the 50 dB CNR requirement in 1310 nm systems with short length fibers (10 - 20 km)
can be met, which is somewhat confirmed by the existing 1310 nm CATYV network.
Recall that this result is calculated for a system without isolators in the link, and since

the DRB noise can be reduced by breaking up the total transmission link into isolated

be improved by putting isolators in the link.
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Figure 3.16: CNR of channel 2 versus fiber length for different received
powers in (a) 1310 nm and (b) 1550 nm systems.
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Figure 3.17 depicts the effect of chirping efficiency on the CNR of channel 2 for 1310
nm and 1550 nm systems with transmitted fiber length set to 50 km. In this case, the
dominant noise source is DRB noise when chirping is small. As chirping increases, the
DRB noise spectrum broadens and its spectral density decreases, making its contribution
to total system noise negligible. Therefore, instead of employing short fiber to fulfill CNR
requirement as mentioned earlier, one can utilize laser diodes with larger chirping
efficiencies. For example, by utilizing a laser diode with an approximately 350 MHz/mA
chirping efficiency, a detected power of -6 dBm yields 50 dB CNR in a 50 km 1310 nm
system, as indicated in Figure 3.17 (a). However, a chirping efficiency of only 70
MHz/mA will be required if the system is operated at 1550 nm.
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Figure 3.17: CNR of channel 2 in (a) 1310 nm and (b) 1550 nm systems
versus chirping efficiency.

3.3.1.4.2. Systems Utilizing Optical Amplifiers

Uses of optical amplifiers to increase link budgets in 1310 nm [64-65] and 1550
[13,50-54] nm AM-SCM systems have been demonstrated. A tyj:’:ical optically amplified
CATV system diagram is shown in Figure 3.18. In this diagram, the system is configured
with a post-amplifier and with in-line amplifiers to compensate for the fiber and splitting
losses. It is important that uni-directional amplifiers be used to prevent doubly amplified
DRB [5,13,66]. Doubly amplified DRB, as shown in Figure 3,19, is similar to DRB
within a piece of fiber except that the backscattered signal is now allowed to pass through
the amplifier twice and will generate a noise at a receiver which is much larger DRB noise
generated within a piece of fiber. With the use of isolators, doubly amplified DRB is
eliminated, leaving the system with DRB generated only within isolated fibers. Due to the
very stringent CNR requirement in analog CATV applications, the author will only
consider amplifiers with isolators; however, amplifiers without isolators will be thoroughly

studied and discussed in digital transmission systems in the next chapter.
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Figure 3.18: A simple CATV system diagram utilizing optical amplifiers.
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Figure 3.19: Doubly amplified DRB.

3.3.1.4.2.1. Noises of Optical Amplifiers

In an optical amplifier, Amplified Spontaneous Emission (ASE) is emitted and its

magnitude can be expressed as

Ppsg =my ng, hv(G-1)B, (3.27)
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where ny, and G are respectively the spontaneous emission factor and gain of the optical
amplifier, m; is the polarization state parameter, hv is the photon energy at the operating
wavelength, and B, is the optical noise equivalent bandwidth. n,, equals 1 for ideal
amplifiers, whereas for practical amplifiers it is about 1.3 to 2. m, equals 1 and 2 for
semiconductor and fiber optical amplifiers, respectively. Three inherent noises in receiver
will be generated by this ASE. Two of them result from the electric field beating due to
the squaring effect of the photodetection. They are known as signal to spontaneous beat
noise, which results from the beating of signal and ASE fields, and spontaneous to
spontaneous beat noise, which results from the self-beating of ASE field. For receivers
without polarizers, the mean square noise currents for signal to spontaneous beat noise

and spontaneous to spontaneous beat noise are respectively given by [67,71]
4 , B
2\ _ p 2 8¢ e
)= o Fre PaSEre % (3.28)

and

, , 2/ 2_.5 B, -
<Z:p_sp2> = T(P ASE .rg) R? ?’g’ (3.29)
ny By

to the received ASE power and can be expressed as

<ishat2) =29 Ppsg re R B, (3.30)

Note that these noise equations are general and in terms of the received ASE power, and
can be applied to any optically amplified systems. For example, in the case of multiple
optical amplifier systems, the received power in these equation is replaced by the total

accumulated ASE power at the receiver.
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In CATV systems, the shot noise due to the received ASE power and noise due to
spontaneous to spontaneous beating can be neglected due to the fact that for adequate
CNR detection, the required received power needs to be large, making signal to
spontaneous beat noise a prominent noise source generated by optical amplifier. In this
case, the signal to spontaneous beat noise will only be considered in the following CATV

system analysis.

3.3.1.4.2.2. CNR Degradation

CATYV systems employing 1310 nm and 1550 nm optical amplifiers will be considered
here and both are as depicted in Figure 3.18. In these systems, an optical post-amplifier is
employed to boost the signal before transmission. Since the dominant noise in optically

amplified CATV systems is the signal to spontaneous beat noise, it is not very beneficial to

doubly amplified DRB as depicted earlier in Figure 3.19.
The generic CNR expression for CATV systems utilizing M optical amplifiers, can be

optical amplifiers and by multiple fiber sections:

L 05(mp.%)’ |
, - E— v 7 (3.31)

AN C AN S A S P o2
(11‘11 >+<ls}zat )+<Zlaser >+<lsig§sp )+ 2. \'DRB,i, j >
=1 ,
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where (fDRB.i, j2> is the DRB mean square noise current, due to DRB noise in i channel
generated from j* fiber section, and which can be calculated with Eqn. (3.24). It should
be mentioned that the amplifiers in this system partition the system fiber L into M+1
sections of fiber, each with length L/(M+1); therefore, according to Section (3.3.1.2), the

total effect of DRB should be reduced, as compared to a continuous fiber with length L.
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If the interstage loss equals the amplifier gain, the total accumulated received ASE

power can be calculated as

PASE re = (m, nep1 bV (G =1)B, +my ng,n hv(G—1)B,+...+

» ) !
my ngp, b by (G-1)B, )—E

M ' _ . (3.32)
=my (Zﬂsp‘iJhl’(G I)Bg 7

G

G-1
=My Rgp ot h"%sﬂt

i=1

where ng.r is the effective spontaneous emission factor of a chain of amplifiers and is
given by the summation of the individual amplifier’s spontaneous emission factor. If G >>

1, this equation is simplified to
PASE,re =My Ngp 10t hV B, (3.33)

Then, from Eqn. (3.28) the mean square noise current in the receiver can be expressed as

. 2
<lsig_sp2> =4F¢ Ngp 100 vR°B, 3.39)

From the above equation, it becomes clear that the signal to spontaneous beat noise is
independent of the polarization state parameter m;; therefore the following analysis is
applicable to systems utilizing semiconductor optical amplifiers and systems utilizing fiber
optical amplifiers.

Using Eqn. (3.34), Eqn. (3.24) to (3.26), and the generic CNR expression (3.31),
Figure 3.20 shows the theoretical CNRs in channel 2 versus system fiber length L in 1310
nm and 1550 nm optically amplified CATV systems with received powers of -6 dBm, -3

dBm and 3 dBm and various numbers of amplifiers. In the calculation amplifiers with a
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spontaneous emission factor of 2 are used and the rest of the parameters are the same as
those previously used for the non-amplifier systems, listed in Table 3.3. Also, equal
interamplifier fiber length is assumed, giving equal DRB contribution from each section.
Several important characteristics can be identified in these figures as follows.

in the absence of DRB noise, i.e. at zero fiber length, by comparing the results for the
same received powers, it is quickly realized that CNRs are greatly reduced by introducing
amplifiers to the system, indicating a significant contribution from signal to spontaneous

beat noise. For a received power of -3 dBm and 50 dB CNR detection, only one amplifier

hollowed squares in this figure; however, by increasing the received power to +3 dBm, 50
dB CNR can be obtained with as many as 4 amplifiers in use. Therefore, in optically
amplified systems, with the gain provided from the amplifiers, it is often beneficial to use

higher received power to compensate for the additional noise added by the amplifiers in

the total amplifier gain minus the increase in received power to restore that CNR to
defines the improvement provided by the amplifiers.

As the fiber length increases, the DRB noise starts to contribute to the total system
noise, as evidenced by the decrease in CNR. This degradation is much more severe in the
1310 nm system due to higher scattering at this wavelength. For 1310 nm systems
requiring 50 dB CNR, the longest possible transmission fiber length with 3 dBm received
power changes from about 27 km when no amplifiers are utilized to about 17 km when 4
amplifiers are in use. This reduction is due to the added noise from the amplifiers which
decreases the amount of DRB noise that can be tolerated for a particular CNR. Similar
reduction occurs in the 1550 nm system as well. However, the 1550 nm system, even
with 4 amplifiers, can have as long as 50 km length of fiber and still satisfy the 50 dB CNR
requirement. These figures also indicate that optical amplifiers can be used to extend the
system reach and coverage. For instance, for a received power of -6 dBm in the 1310 nm
system without the utility of amplifiers, the longest possible fiber length is 10 km to satisfy
50 dB CNR; if 3 amplifiers are used and 3 dBm received power is detected, the
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by the utility of amplifiers can be used to compensate the distribution loss for a larger

number of subscribers.
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Figure 3.20: CNR versus fiber length in (a) 1310 nm and (b) 1550 nm
systems utilizing optical amplifiers.

3.3.2. Chirpless External Modulation Systems

Now, the DRB impact on systems that employ chirp-free linearized external
modulators will be investigated. The analysis here parallels the previous one in direct
modulation systems. The DRB noise spectrum will first be derived by applying the general
DRB noise expression to externally modulated systems, and then the degradation in CNR
will be studied based on this derived noise spectrum. In addition, some practices to
combat this DRB harmful effect will also be discussed. v

By setting the chirp efficiency y= 0 in Eqn. (3.3), the detected normalized electric field

amplitude is given by
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Tre. (1+m(z)) e J9(1) (3.35)

F—f,

Eqir (1) =

and after Taylor expanding, the time-autocorrelation function of the laser field can be

expressed as

2 8

R (T)— b [ : m(z‘) m(t )2 J[l+ ﬂ?(}‘ + T) ;;TI(I +f)2+..,]gjlit(¢(!‘+r)¢(l‘))
dir Ef ) |

(3.36)

Since the intrinsic laser phase noise is independent of the signal m(7), the time average in

Eqn. (3.31) can be split, yielding

P [1 n;(t) m(t)E ]{H m(l‘2+ 7) ~ m(z Z f)2+ ] - 72n(p(e+7)-9(7))
Agﬁ 2 | , : |

Re,. ()=

(3.37)

If the second and higher order terms of m(r) are ignored due to the small modulation level
per channel employed in CATV systems, the detected DRB induced mean square noise
current spectral density, ob*ained by substituting Eqn. (3.37) into the general DRB noise

expression (2.28), can be determined in a similar fashion as before, yielding
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where f; are the standard Northers America CATV frequencies allocated from 55.25 to
337.25 MHz. Since the Fourier transform of the phase noise term in the above equation
resembles the lineshape of the source laser, and since the lineshape of a DFB laser is

typically Lorentzian [25,68], the above equation can be expressed as

f o2 _}2 2 20l - —2al 1)\E ESRZ S( £ 71 pLs 25 . \', ZA;V
IDRE (f);’gRRb (,QL,+§' - )P;'e - (f)+;§mi (frﬁ)J@m
(3.39)

where Av is the intrinsic laser linewidth (full width half maximum). Then the final DRB

noise current spectrum and its RIN are given by

10 o 2al A
iDRBE(fFERRbZ(zaLJ“E 2oL - 1)p, % 35(—22=+ ~ 4

and
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As shown in the above equations, and depicted in Figure 3.21, the detected DRB noise
spectrum can be described as a Lorentzian-shaped noise centered at DC, plus a series of
Lorentzian-shaped noises centered at the subcarrier frequencies, and scaled by the

individual modulation indices of the various channels.

Figure 3.21: A series of Lorentzian-shaped noise spectra at DC and carrier frequencies
contributing to the overall DRB noise spectrum.

By summing all the noise contributions from each carrier, Figure 3.22 shows the
calculated DRB RIN versus frequency for a 1550 nm system with L = 50 km, and various
laser linewidths. Using Figure 3.9, located in a previous section dealing with directly

modulated systems, the corresponding results for a 1310 nm system can be easily deduced

higher scattering at this wavelength. Therefore they will not be plotted.
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Figure 3.22: Theoretical DRB RIN for a 50 km long 1550 nm CATV system,

Rpgp=-33.2 dB and a) 250 MHz, b) 14 MHz ¢) 1 MHz and
d) 100 kHz laser linewidths.
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This figure indicates that the last term in Eqn. (3.41), ie. the DRB noise spectrum
centered at each subcarrier frequency, contributes significantly to the DRB noise when the
source linewidth becomes comparable to or less than the frequency spacing of the CATV

carriers. When the linewidth is less than approximately 1 MHz, all of the DRB noise

lasers, even though the DRB noise centered at DC decays rapidly. This impact in terms of

CNR reduction is further explored in the following subsection.
3.3.2.1. Carrier to Noise Ratio Degradation
3.3.2.1.1. Systems without Optical Amplifiers

depicted in Figure 3.14, which is impacted by DRB, one can calculate the CNR of each

channel using the CNR expression (3.23). Similar to previous analyses on directly

Eqn. (3.40) is integrated over the bandwidth B, to obtain its contribution to the total

system noise, yielding the mean square noise current due to DRB noise in channel i as

i . N.. A w fi+B§
10 - B AT N - ] s New . 2 _ *
(iQRB‘52>fm—§RRbE(EQL+e 2ol —l)ggzml%[mn‘(—f)+ > '—i’;— tan I(f - j")}
' ' 7 k=1 7 >~ BV 7
f Afi

(3.42)

In the above equation, index k is used along with the summation to calculate the DRB

contributions from all subcarriers to channel i , and also the DRB noise related to an Arc

By substituting this equation into the CNR expression (3.23), we show in Figure 3.23 the
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lasers whose intrinsic linewidth is equal to 1 MHz. Other parameters used for calculation
are the same as those of the previous directly modulated system, listed in Table 3.3.
Figure 3.24 and Figure 3.25 show the calculated CNR values of the same systems, except
that the intrinsic laser linewidth is now increased to 14 MHz and 250 MHz. Also shown
in these figures are the CNR values obtained with DRB ignored. From these figures, it
becomes clear that the CNR reduction progressively increases as the optical received
power increases. Also, with these figures, the following characteristics can be identified.

As seen in Figure 3.23, when the linewidth is narrow and below approximately 1 MHz,
CNRs are reduced by DRB noise and are relatively flat across the CATV spectrum except
channel 1 to channel 6. This is because as depicted earlier in Figure 3.22.c, the
contributions of DRB noise to high channels are similar. This degradation confirms that
the up-converted noise spectra, as shown in Figure 3.22.c, are significant and cannot be
ignored in determining the CNR. To fulfill the 50 dB CNR requirement for each channel,
received powers of about -3 dBm and -6 dBm are needed for the 1310 nm and 1550 nm
systems, respectively.

However, as the linewidth in the calculation is increased to 14 MHz and 250 MHz,
Figure 3.24 and Figure 3.25 reveal that CNRs are further reduced and that larger
reduction occurs at lower channels. This occurs because the DRB noise spectral density
centered at DC broadens and contributes most strongly to the low end channels, and this
density decreases as the frequency increases, as was previously shown in Figure 3.22.a and
b. In this case, the CNRs in lower channels for the 1310 nm system cannot meet the
requirement no matter how much received power is used, implying that DRB RIN is both
dominating and limiting the CNR. For the 1550 nm system, the CNRs in lower channels

can meet the requirement only if a high received power is detected.
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Figure 3.23: Channel CNR for (a) 1310 nm and (b) 1550 nm externally modulated

systems with 1 MHz intrinsic laser linewidth and various optical received
powers. The solid symbols denote the CNR values with added DRB noise.
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Figure 3.24: Channel CNR for (a) 1310 nm and (b) 1550 nm externally modulated
systems with 14 MHz intrinsic laser linewidth and various optical received
powers. The solid symbols denote the CNR values with added DRR noise.
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To thoroughly examine the CNR in relation to intrinsic laser linewidth, Figure 3.26
shows the calculated CNR values fo. +hannels 2,12, 22, 32 and 42 in 50 km 1310 nm and
1550 nm systems, as the linewidth is allowed to increase from 1 MHz to 10000 MHz. The
calculation is done by substituting Eqn. (3.40) into the general CNR expression (3.23) and
by using -3 dBm received power. The CNR values obtained with DRB noise ignored are
also plotted in this figure. It clearly shows that channels at higher frequencies are less
sensitive to DRB noise. In addition, there exists a linewidth value for each channel for
minimum CNR, i.e. maximum integrated DRB RIN within the channel. Appendix D
shows that by differentiating the DRB noise expression (3.40) to determine the
extremities, the minimum value of a CNR occurs when the linewidth is close to its channel
carrier frequency. This is further confirmed in this figure. Similar to previous results
obtained for directly modulated systems, as the linewidth increases beyond the highest
frequency channel, the laser becomes relatively incoherent, which in tumn broadens and
reduces the DRB noise spectral density, thereby reducing the system degradation due to
DRB. To fulfill the 50 dB CNR requirement, the 1310 nm system must use a laser diode
with a linewidth less than about 1.5 MHz. On the other hand, the 1550 nm system has less
constraint on this linewidth requirement and we can use a laser diode with a linewidth

eitaer less than about 10 MHz or larger than about 300 MHz.

73



54 . i3 o N h - F N ;[
52
50 - S
oy >
[~=]
Z 48 £ Y
= —&—ch. 2
L ——
: ch. 12
44 \ / —A—ch. 22
/ ——ch. 32
42 L d—%—ch. 42
| No DRB
40 0
1 10 190 1000 10000
Linewidth (MHz)
(a)
56
55 F-=ipeirr s S
54 <
53
| 52
= 1
B > [——cnz
o 0y ST
49 —&—Ch. 22
48 ——Ch.32 |||
—%—Ch. 42
47 o R T No DRB |
46 IH: § i & & ¢
1 10 100 1000 10000

Linewidth (MHz)

(b)

Figure 3.26: CNRs in (a) 1310 nm and (b) 1550 nm systems versus intrinsic laser
linewidth. The channels used for calculation are 2,12, 22, 32 and 42.
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3.3.2.1.2. Non-Uniform Modulation Indices

As seen in the previous section, for some externally modulated CATV systems, high
received powers are required so that the CNRs for low channels can fulfill the
requirement. Since the DRB impact is iess for high channels, the CNR at high channels
will exceed the requirement. In order to reduce the CNR channel dependence caused by
DRB, such that the each channel will have the same CNR, one can reduce the coherence
of the laser source by using direct modulation, adding a second stage phase modulator
[8,70] or applying laser dithering [69-70]. In these cases, by applying the proper amount
of phase modulation, the DRB noise spectrum is broadened and reduced across the CATV
frequency band.

If chromatic dispersion or distortion induced by the non-flat gain spectrum of the

an engineering point of view, one can apply non-uniform modulation indices to each
channel and use Eqn. (3.23) to obtain the desired overall system CNR. For the previously
investigated 1550 nm 42-channel externally modulated CATV system, with an intrinsic
laser RIN of -158 dB/Hz, 5% modulation index for each channel (ie. 23% rms optical
modulation index) and a CNR target of 50 dB, the received power required at a 6
pA/ VvHz noise current density receiver is -7.5 dBm with DRB neglected. If DRB is
included, the CNR will be degraded, particularly for the low frequency channels. Figure
3.27 shows the reduced CNR for this system with a fiber length equal to 50 km and a 14
MHz laser linewidth.

To cancel the channel dependence, while keeping the same total rms optical
modulation index according to Eqn.(3.4), Eqn. (3.23) can be used in an iterative fashion to
determine the required values for m; for uniform CNRs. Figure 3.27 also shows the
determined uniform CNRs and the non-uniform modulation indices m; after the system
has been engineered in this way. This figure indicates that by employing the non-uniform
modulation indices, the CNR channel dependence can be completely canceled, and that the
overall CNR reduces from 50 dB to 49.2 dB. As expected, the non-uniform modulation
indices for low end channels are higher than 5%, whereas the indices for high end channels

are lower than 5%.



Similarly, one can use the above :ngineering method with increased received power to
retair. original uniform 50 dB CNRs. Figure 3.28 shows the corrected CNRs and the non-
uniform modulation izdices m; used to achieve the original uniform 50 dB CNRs. The
received power needed to retain the original 50 dB CNRs is determined to be -6.8 dBm,
which corresponds to a 0.7 dB increase in optical received power. The above simple
example is intended to illustrate that DRB impact on CNRs in external modulation systems
can possibly be corrected with non-uniform modulation indices. along with a small amount

of power penalty in received optival power.

—-— dégraded CNR
—&- CNR after engineering

CNR (dB)

—®— non-uniform index applied

Modulation Index (%)

43 Attt 4

1 5§ 9 13 17 21 25 29 33 37 41

Channel Nuinber

Figure 3.27: CNR values before and after the non-uniform modulation indices.
Also listed are the modulation indices used for obtaining a uniform
CNR across the TV spectrum.
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Figure 3.28: CNR values before and after the non-uniform modulation indices and 0.7
dB increase in optical received power have been applied. Also listed are the
modulation indices used for retaining 50 dB CNR across the TV spectrum.

3.3.2.1.3. Systems Utilizing Optical Amplifiers

From Figure 3.26, in order to transmit CATV signals in 1300 nm and 1550 nm
practically, the intrinsic laser linewidth should be either relatively narrow or relatively
wide. To this end, this section will analyze only the impact of DRB on optically amplified
externally modulated systems with narrow linewidth laser sources. By substituting the
DRB mean square noise current (Eqn. (3.40)) into the generic CNR expression (3.31), the
CNR in externally modulated systems, utilizing optical amplifiers as depicted in Figure
3.18, can be calculated. Figure 3.29 shows the calculated CNR for channel 2 as a function
of system fiber length in 1310 nm and 1550 nm optically amplified systems with the
received power and number of amplifiers as parameters. In the calculation, 1 MHz laser
linewidth and ny, of 2 are assumed, and the lowest channel is considered, for it has the

worst CNR, as indicated in Figure 3.23,
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With zero fiber length, i.e. no DRB, these systems have the same received signal and
noises as in the previously analyzed optically amplified directly modulated system.
Therefore, as was expected from previous results in Figure 3.20 in the directly modulated
systems, the signal to spontaneous beat noise reduces the CNR considerably as revealed in
Figure 3.29. In addition, for a received power of -3 dBm and 50 dB CNR detection, only
one amplifier can be used in these systems. However, by increasing the received power to
+3 dBm, as many as 4 ampiifiers can be used.

For 50 dB CNR and 3 dBm received power, the longest possible transmission lengths
are about 50 km and more than 60 km for 1310 nm and 1550 nm systems with 3
amplifiers, respectively. Compared to externally modulated systems without amplifiers
and with a received power of -6 dBm, thess transmission lengths are extended. Therefore,
just as the system with direct modulation, optical amplifiers can be used in the system with

external modulation to increase its transmission span and distribution coverage.

3dBi & 0 ampﬂj
3 dBii & 1 amp.

3 dBm & 2 amps.
3dBm & 3 amps. {
3dBm & 4 amps.
—¥—-3 dBm & 0 amp.
=8=-3dBm & 1 amp.
=6—.6 dBm & 0 amp.

L)
oe]
LB NN N

CNR (dB)

0 10 20 30 40 50 60

78



CNR (dB)

3dBm & 0 amp.

3dBm & 1 amp. [T
3dBm & 2 amps.

3dBm & 3 amps. ||
3dBm & 4 amps. ||

XN |

] —¥—-3dBm & 0 amp.

wy =E—-3dBm & 1 amp. L

—8—-6dBm & 0 amp.

50 60
Length (km)

(b)

Figure 3.29: CNR in channel 2 versus fiber length in (a) 1310 nm and (b) 1550 nm

systems utilizing optical amplifiers.
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Chapter 4
DRB Noise in DIGITAL IM-DD SYSTEMS

Since digital systems can tolerate more noise than analog systems, the DRB effect
becomes insignificant in most of the digital systems. However, for systems with an optical
amplifier that does not employ any isolators, the noise generated by the doubly amplified
DRB of a signal, as shown in Figure 4.1, can be detrimental and limit the usable gain of
the amplifier [3,5]. Besides this doubly amplified DRB noise, singly amplified Single
Rayleigh Backscattering (SRB) of the backward traveling ASE and doubly amplified DRB
of the forward traveling ASE from the optical amplifier also occur as illustrated in Figure
4.2. When systems employ multiple in-line ampiifiers, multi-amplified SRB and DRB of
ASE and DRB of a signal will also be generated. This occurrence, which increases the
total received ASE and noise at a receiver thereby reducing its sensitivity, has not been
considered previously.

In conventional uni-directional optically amplified Intensity Modulated-Direct
Detection (IMaDD) transmission systems, thical isolators are piac:ed in front and after the
However, doing so also makes bi-directional transmission on a single fiber more

complicated and involves the implementation of more components.

Transmitter Fiber Amplifier Receiver
Sign : d Re:ewed ngﬂal
€ " DRB Signal

Figure 4.1: DRB of signal in a system using 1 in-line amplifier
and no isolators in link.
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Figure 4.2: SRB and DRB of ASE in a system using 1 in-line amplifier and
no isolators in link: (a) SRB of ASE and (b) DRB of ASE.

On the other hand, optically amplified systems that do not employ isolators in the link
show a potential promise for minimum component requirement and maximum network
flexibility. In this chapter, the impact due to Rayleigh scattering on such systems will be
investigated thoroughly. To elucidate the context of this writing, the phrase “open
cascade of amplifiers” is now used to refer to as a chain of optical amplifiers for which
optical isolators are not located between the amplifiers in the chain.

To quantify the detrimental effect due to the multi-amplified SRB and DRB of ASE
and DRB of a signal in an open cascade system, a receiver power penalty expression will
be derived for the first time. The power penalty, caused by Rayleigh scattering effects, is
defined as the relative increase in received optical power that is required to obtain the

same Bit Error Ratio (BER) as when Rayleigh scattering is not included in systems. Then,
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by applying this power penalty equation, BER, total available amplifier gain and power
penalty in open cascade systems will be studied. Following this will be a series of OC-48
transmission experiments for the verification of the theoretical work. In addition, to
demonstrate the feasibility of bi-directiona! transmission using an open cascade of optical
ainplifiers, an experimental comparison of full duplex OC-12 bi-directional transmission
open cascade systems to conventional 2 fiber systems is also presented in this chapter. At
the end of this chapter, the impact of internal DRB of a signal, which is generated within

high scattering optical fiber amplifiers and distributed fiber amplifiers, will also be studied,

4.1. Derivation of Power Penalty

to as the noise generated by DRB of a signal and, (ii) Rayleigh backscattering of ASE will
result in an increase in ASE at the receiver, due to both SRB and DRB of ASE. These
two effects are quite different in the sense that DRB noise is a coherent noise, whereas the
increase in ASE is incoherent, and can be analyzed on a power basis. This section first
determines the total DRB noise in an open cascade systermn. Secondly, it determines the

increase in receiver ASE due to the multi-amplified SRB and DRB of ASE. Finally, by

accounting for the total impact caused by Rayleigh backscattering. Note that unlike the
author’s previous work [66], no constraints on the amplifier gain and interamplifier loss

will be imposed on the following DRB noise and increase in ASE derivation.

4.1.1. DRB Noise of Signal

4.1.1.1. Single In-Line Optical Amplifier
Consider a simple system with a single in-line amplifier without any optical isolators.
There are 3 generic DRB mechanisms in this system as Figure 4.3 illustrates: 1) both

backscattering events occur before the amplifier, 2) both backscattering events occur after
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the amp]jﬁer and 3) the first backscattérmg event occurs after the amp]iﬁer and the second

noise contribution due to the large amplﬁcatmn of the amplifier. By modifying Eqn.
(2.7), the doubly amplified doubly Rayleigh backscattered field can be expressed as

L L, 7 7

—_ =] a 7

& & n—-m)Al —(—'FjﬁJz{ﬂ-M)Al 7 7
epra(t,.L)=G Z Z dzr( o 1() )e 2 AP AP,  (41)

where G is the net optical power gain of the amplifier, L is the fiber length before the
optical arplifier and L is the total fiber length.

Receiver

Direct Singal

Mechanism 1 '\ Mechanism 2

Figure 4.3: Different DRB mechanisms in a single in-line amplifier
system without using isolators.

Since the amplifier does not change the statistical properties used previously in
deriving DRB noise, the derivation parallels that of chapter 2, yielding the DRB mean
square noise current spectral density, including the effects of the backscattering

mechanisms 1, 2 and 3:
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where L, is the fiber length after the amplifier. The first two terms inside the bracket are
due to the DRB mechanisms 1 and 2, and the last term, which is proportional to the
square of the amplifier gain, is derived from mechanism 3. Again, this equation is general
and is given in terms of the time-autocorrelation of the received electric field. In the
special case where L,, L,—>co, the source is not modulated and the complete
depolarization is assumed, the equation reduces to that of Gimlett et al. [5].

To compare the contributions from these three different mechanisms, Figure 4.4 shows
the calculated values of the three terms inside the bracket of Eqn. (4.2) as a function of
fiber length. In the calculations, L, and , are the same, and both have a typical loss of
0.25 dB/km, and a moderate amplifier gain of 13 dB is utilized. Two important
characteristics can be identified. First, all the contributions from Mechanisms 1, 2 and 3
increase substantially at short fiber lengths. However, the effect of mechanism 3 levels off
beyond 20 km of fiber. In a typical range of fiber lengths that commonly appear between
in-line amplifiers, whick is approximately 40 km to 100 km, the contribution due to
mechanism 3 is independent of the fiber length and significantly dominates the
contributions due to mechanisms 1 and 2. Secondly, for higher amplifier gains, this
dominaticn will further strengthen; therefore, one can conclude that in systems utilizing
open cascade amplifiers, each with a practical amplifier gain, the effects of mechanisms 1

and 2, and the length dependence, can be neglected to a good approximation, as

ipre2(f) = 1?0 Rszsterﬁz(l ~ e~ 20y )(1 — 20, )GZS<,HE " (r)lzl\

10 2
= ?RszgterﬂszSGREd# (Tj >

(4.3)
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There is only one significant DRB mechanism in a single in-line amplifier system, and
from the above equation, the DRB noise due to this mechanism can be determined by the
products of the Rayleigh backscattering reflectance of the fibers (Rzs?) that have
backscattered the signal, and the gain (G°) that the backscattered signal experiences during
the round trip between backscattering. Similarly, the DRB noise generated by each DRB
event in a system employing many in-line amplifiers can also be determined. By summing
of all these DRB noises, the total DRB noise for such a system can be calculated, as

shown in the following subsection.
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Figure 4.4: Comparison of the contributions due to the three different
mechanisms of DRB of a signal in a single in-line amplifier link.

4.1.1.2. Open Cascade of Optical Amplifiers

To derive the total DRB noise for systems with open cascades of multiple optical
amplifiers, we consider a system as depicted in Figure 4.5. The system has N identical
amplifiers and N+1 fibers, each with the identical Rayleigh backscattering reflectance and

fiber loss IL..
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Figure 4.5: An open cascade systemn with N identical in-line amplifiers
and N+1 interconnecting fibers.

The total DRB noise is composed of N contributions that have traveled around one
amplifier as depicted in Figure 4.6, plus the N-/ contributions that have traveled around
two amplifiers and one interamplifier loss as depicted in Figure 4.7, plus N-2 contributions
that have traveled around three amplifiers and two interamplifier losses as depicted in
Figure 4.8 and so on. This gives rise to the following expression:

ipre?(f)=

A
10 -, NG? +(N -1)G*1? +(N -2)G 14+ .+ 2
—_— RRézﬁZAV eff [ J#, Edir (Tj >

9 GzN z(N D

:%Rﬂ;z‘fﬁ Agr [ % C”L) - ')j’SQF"Ed; ) )

(4.9

N DRB Events

Figure 4.6: DRB signal which travels around one amplifier.
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L

N-2 DRB Events

Figure 4.8: DRB signal which travels around three amplifiers.

Note that in deriving this equation, the contributions generated within N+1 fiber sections
and the fiber length dependence have been neglected, which is justified by the earlier
comparison in Figure 4.4. It becomes clear from this equation that this noise increases not
only with the number of amplifiers in link, but also with the product of interamplifier loss
and amplifier gain. Therefore, an open cascade link with the amplifier gain being greater
than the reciprocal of interamplifier loss resulting in (G IL) > 1, will enhance DRB noise;

thus, such a link configuration should be avoided. On the other hand, a link with the
resulting in (GIL)<1, can have an impact on reduction of the DRB noise. A detailed
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study of the impact of this gain-loss product on system performance will be presented after
the derivation of the penalty power expression.

For common uni-directional transmission systems with optical isolators surrounding
each amplifier, the multi-amplified double Rayleigh backscattering is eliminated, and the
systems are left only with the cumulative effects of double Rayleigh backscattering within

each fiber section between amplifiers:

10 ] 2
ipRBiso” (1) =5 Rrs R Ay (N +1)20L, + &2 —1)3<|R€ (@) > (4.5)

where L; is the fiber length between amplifiers.

In the previous work on analog systems, DRB noise spectral densities have been used
to determine its impact. However, for baseband digital IM-DD systems, it is the total
received noise power within the receiver bandwidth which determines the BER, rather
than the noise spectrum. As long as the digital modulation process does not broaden the
DRB noise spectrum beyond the signal bandwidth required for detection, all the DRB
noise will fall within the receiver bandwidth. Therefore, by integrating the noise spectral
density described by Eqn. (4.4) over frequency, one can calculate the total DRB noise for

the open cascade system. Then, substituting the following identity:

.[ S<'R£dir (T)'2>df = <,R€dir (O)lz> = {f_Z (4.6)

into Eqn. (4.4) yields the total DRB noise in the open cascade system as

N .
(iprs®) = 199RR,,21>,£9%26221'(G ™9 4.7)

i=l1
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Since the noise induced by DRB is due to the beating between the direct traveling
signal field and the DRB field, then in an IM-DD binary system, with marks and spaces
respectively denoted by large and small signal fields, DRB induced noise during marks will
be larger than that during spaces. To account for this signal-dependence, Appendix E

shows that the noise given by the last equation can be modified to
. i lo B ] N ) B y 3 _ =3
(iors,?) =5 Res*Pre RR?G? Y, i(G 1LY (4.8)

represents the received averaged power. This equation will be used later to derive the

general power penalty expression.

4.1.2, Increase In ASE

Here, the direct traveling ASE power and the increase in ASE, due to SRB and DRB
in the previously described system is calculated. The direction the signal travels is defined
here as forward. For mathematical convenience, the forward traveling ASE and backward

traveling ASE that each amplifier emits are assumed to be equal. For bi-directionally

4.1.2.1. Toial Direct Traveling ASE Power
Figure 4.9 depicts the contribution from each amplifier to the total received direct
ASE power in the open cascade system with N amplifiers. Summing all these

contributions yields this power as

PAsE,dif = Pasg IL+ Pisp G I + Pase G? IL3+. +Pssk G-l N

11:{ t-(G )" J (49)

=P T '
FASE 1-GIL
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Pas: G¥ 1LY
_Jlase( -

Figure 4.9: An open cascade of N amplifiers showing ali the contributions to the direct
ASE power at the receiver. P, is the output ASE power of an amplifier.

4.1.2.2. Added ASE due to SRB

Multi-amplified SRB ASE in systems utilizing one to three amplifiers is first
investigated. Based on these results, a generalization will then be made so that the multi-
amplified SRB ASE in the N open cascade amplifier system can be determined. Figure
4.10 to Figure 4.12 show the SRB events that occur in transmission links utilizing one,
traveling and the subscripts, 1, 2 and 3, denote the locales of amplifiers. In the one in-line
amplifier case, there is only one SRB event, and the SRB of ASE power at the receiver
can be easily calculated by multiplying the backward traveling ASE power from the
amplifier by the Rayleigh backscattering reflectance, amplifier gain and transmission loss

between the amplifier and receiver, giving rise to

Pase,srB = Pase Rpp G IL (4.10)
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For the two in-line amplifier case, as shown in Figure 4.11, there is one SRB event
generated by the backward traveling ASE from amplifier 1, and two SRB events generated
by the ASE from amplifier 2. By adding these three contributions, the SRB ASE power

can be calculated as

Puse,sre = Pase Rry G IL + Pysg Rpp G IL? + Pysg Ry, G2 112
4.11)
= Pas Rpp G IL[(1+G*112)+ G IL]

For the 3 in-line amplifier case, as Figure 4.12 shows, a total of six SRB events are

generated, and the SRB ASE power can be expressed as

Pase.sre = Pase Rey G IL[(1 + G + G )+ G IL(1+ GIL? ) + GZIE] (4.12)

By proceeding in a similar fashion, the ASE power due to SRB of backward traveling

ASE in the N open cascade amplifier system can be calculated as

(1 +e ).+ ‘”)] .
Pase. srp = Pasg Rrp G IL - S |
(¢ ’L)(l +(GI) +..+c I‘LJZ(N_Z’)]+§..+(G i)'

(4.13)

I~

= Pase Rry G IL[E ()" %}

This equation indicates clearly that the SRB ASE power increases significantly with the

number of amplifiers and the gain-loss product.
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Figure 4.10: SRB ASE event in a transmission link with one in-lisie amplifier.
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Figure 4.12: All SRB ASE events in a transmission link with three in-line amplifiers.
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4.1.2.3. Added ASE due to DRB

Multi-amplified DRB ASE in systems utilizing three amplifiers is first investigated.
Based on this result, a generalization will subsequently be made so that the multi-amplified
DRB ASE in the open cascade amplifier cystem can be determined as in the previous
section. Figure 4.13 shows the total number of DRB ASE events generated in a
transmission link employing three in-line amplifiers. In this figure, the subscript f denotes
the forward traveling of ASE. The ASE powers, due to DRB of the forward traveling
ASE from the 3", 2" and 1" amplifier, can be respectively described as

Pase Rrp2 G2 IL [(1 + G2 +GIt)
Pase Riy? G2 [G L(1+ G2 + G4IL4)+GIL(1+GZILZ)] and
Pass Ry G2 IL[G® 112 (14 G212 + G*IL*)+ G2 12 (1+ G 1?)+G* 1 |

The summation of these effects yields the total DRB ASE power in this three in-line

amplifier system as

[(1+61+62 m2)(1+ G2 +GIL*)+ |

2 172 4.14)
GIL(1+GIL)(1+G*I?)+ G? 112 (

Pase.pre = Pasg Rrp? G2 IL

By praceeding in a similar manner for the N open cascade arnpliﬁer system, the total ASE

(4.15)

N
f* s $ gy 10 1) 1=(o)
Pase,ore = Pase Rpy* G2 IL E(G IL) 1= GI) - (G IL)2

-
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Again, this equation indicates that the DRB ASE power also increases substantially with

the number of amplifiers and the gain-loss product.

.

DRB ASE;; (3 Events)

ik

il

N
M
4

DRB ASE;; (3 Events)
(b)
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Figure 4.13: All DRB ASE events in a 3 in-line amplifier transmission link.
As shown are the contributions from the (a) 3™ amplifier,
(b) 2™ amplifier and (c) 1* amplifier.

4.1.2.4. ASE Power Due to SRB and DRB
By combining Eqn. (4.13) and (4.15), the total induced ASE power from both the
multi-amplified SRB and DRB can be readily obtained as

N N ) 28
i} , o w-i 1-(GI 1- GIL)
Pisp g =P RppyGIL ) SIGIL PIRY 1+R G'—*% , ,

This equation, along with Eqn. (4.8) describing the DRB noise during spaces and marks
and Eqn. (4.9) describing the total direct traveling ASE power at the receiver, will be
applied later in this section to derive the power penalty expression in order to quantify the

degrading impact of Rayleigh backscattering.
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4.1.3. Noise Analysis

In an IM-DD digital system with optical fiber amplifiers, the significant noise sources
are several. They include the receiver thermal noise, signal to spontaneous beat noise and
Spontaneous to spontaneous beat noise. Since the shot noises due to the ASE and the
signal are much less than the Spontaneous to spontaneous beat noise and the signal to
spontaneous beat noise [92], these shots noises are ignored. With optical noise equivalent
bandwidth B, and electrical noise equivalent bandwidth B,., the mean square noise
currents of the signal to spontaneous beat noise and spontaneous to spontaneous beat

noise due to the direct ASE power can be respectively expressed as [71-72]

f

. o 2 B,
\lsigésp;g) =285 PysE gir R* 15 (4.17)

B,

and

<isp_j:p2> = (PASEidz‘r )2 %2 B!: (4.18)

where Pasgqir is the direct ASE power at the receiver and has been given by (4.9). To
determine the receiver sensitivity Penalty due to the RB impact, one may first consider the
mean square noise currents for spaces and marks, with RB impact neglected. They are

respectively given by

2_ /. 2 2 . 2
gp E<lsig!sp,0 >+<¥sp§:p )*(ﬁ‘h >

L 2 B, 228, /.,
=2P Pasg,q4ir R f“F(PASE,dir) R zrg’+<lm‘?‘>
a a

(4.19)

and
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2_ /- 2 . 2 . 2
01 "'(’Sig_.sp,l >+<‘sp_sp >+<lth l\

, B 2_,B ' (4.20)
= 2R Pysg air R 5+ (Pase.ar ) 2t (i?)
o 0

If the RB impact is taken into account, the received ASE power will be increased and

the DRB noise will be added to the receiver. As a result, these noise expressions become

Bl' €

B ~
0o,r8" = 2Py (Pask.dir + Pasg, rs )R> 2t (Pase.dir + Pase.rs)” R 2 +<ith2> + (iDRB.02>
o (]

(4.21)

and

o1,r8° = 2P, (PASE. dir + PASE,RB )9‘2 % + (PASE.dir + PAsE,RB )29‘2 %Le‘ + <l':h2> + (iDRB,12>

(4.22)

It is clear from these equations that the noises are enhanced in the presence of RB;
therefore, to restore the original BER, the received signal power has to be increased. The
amount of necessary increase in the received optical power, or the power penalty, will be

determined as follows.

By approximating the spontaneous to spontaneous beat noise as Gaussian distributed,
an assumption which yields only slight over-estimation in receiver sensitivities [72-73], the

BER can be determined through the following relation:

1 -0?
BER = 0 o exp > (4.23)
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where Q is the electrical signal to noise current (or voltage) ratios, also known as
Personick’s @ factors. In obtaining the minimal BER, the Q values during spaces and

marks are equated, giving rise to

0-A%=2_ DA% (4.24)

where D is the receiver decision threshold. If the impact of RB is included and an increase
in the receiver power &P is introduced to restore the same Q value when RB is absent or

neglected, the expression for Q becomes

. R&PR-D Dpp — Fy 6P R .
0=8%A-Drs _Drys - H#R (425)

OLRB 00,RB

where Dgs is the new optimal decision threshold in the presence of Rayleigh
backscattering. Appendix F shows that when the penalty is modest, by substituting Eqn.

(4.17) to (4.22) into (4.24) and (4.25), the power penalty (in decibels) can be expressed as

AP =10log(6P)
( Pase.dir + Pase.RB 2 {ipra®) d + (4.26)
=101Dg( ASE, dir + PASE,RB +10log -2 < B >d71

PASE  dir

il (4.27)
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Again, in this generic expression, Paszair is the direct travel ASE power and Pasgzs is the
added ASE power by SRB and DRB, and which are respectively given by Eqns. (4.9) and
(4.16). Also in this expression, (z‘mgz> is the total mean square DRB noise current at the
receiver and has been given by Eqn. (4.7). This expression indicates that the degradation
arises from 2 sources. The first is the penalty induced by the added ASE power by SRB
and DRB. The second is the penalty induced by the DRB noise, and this penalty increases
positively with the Q factor and inversely with the extinction ratio d. Eqgn. (4.7), (4.9),
(4.16) and (4.26) yield the most important results in the derivation and they will be applied
in the following section in order to analyze the performance of open cascade systems. To

clarify, they are stated again as follows:

. 2\_10_ 5 2—72 zHir . E;NE;:)
<1DRB >=‘9_RRb BAR*G?Y i(GIL) 4.7
B i=1 _ .
~ 1-(em)"
PASE,dir = Pasg IL 1-GIL
(4.9)
L P 1-(on)? ~(em))|
=P GIL) {(GIL)" ™" - ———— 14 Rpp G— 16
Pase,rB = Pasg Ry ‘él( ) (o)’ +Rpp G ~(G1L) (4.16)
Pask 4 +;1‘ SERB. 77 Qz(imsz)d-kl g
_ ASEdir T Fast,re | o0 1 Q7 \'DRB”) d 4 o
AP-IOlog[ . )+101csg 1 2 PIR? —d_} (4.26)

Note that by substituting Eqns. (4.9) and (4.16) into the penalty expression (4.26), it can

be realized that the Pase terms are eliminated. Therefore, the penalty expression is

independent of the received ASE power, or the noise figures of optical amplifiers.
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4.2. Examination of Open Cascade Systems

Here, using the power penalty expressions (4.26), along with (4.7), (4.9) and (4.16), a
theoretical study of systems utilizing open cascade amplifiers is presented. First, two
kinds of systems are investigated: systems with interamplifier losses being equal to
amplifier gains and systems with reciprocals of interamplifier losses being significantly
larger than the gains. The former system represents conventional transmission link design,
and the latter represents a new design which promises the reduction of multi-amplified
double Rayleigh backscattering effects. After the investigation, the inter-amplifier loss and
gain constrains are removed, and the end-to-end BER will then be calculated as a function

of the inter-amplifier loss and amplifier gain product.

4.2.1. Power Penalty

By setting the interamplifier loss IL reciprocally equal to the amplifier gain G (i.e.
G IL = 1) for Eqn. (4.7), (4.9) and (4.16), these equations are reduced to

PASE dir = Ppgsg ILN (4.28)
: 10 N(N +1)
(ivrs*) = RRbZEezmzcz(—i—z——] (4.29)
and

1
NWV+D

Res G N(N + 1;(2N + 1)]

P, = Pase Rrp G IL
ASE,RB = FASE RRb [ (4.30)

Substituting these equations into the general penalty expression (4.26) yields the penalty

for an N open cascade amplifier system having interamplifier loss being reciprocally equal

to amplifier gain as
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, o N- ) 2 (N+1)2N -
AP:]DIQg(I-FRRbG—N;I+RRbZGE(N l)g *1)}.
’ (4.31)

g . . . 1=1
N N+1)d
mlcg{l —§Q2RR£ G? L;i)d—*l}

signal, SRB and DRB of ASE, and these Rayleigh backscattering effects as a function of
the number of amplifiers in the open cascade. In the calculation, the amplifier gain and

interamplifier loss are equal to 17 dB and -17 dB, respectively, and other parameters are

comes mainly, but not entirely, from the noise due to the DRB of the signal, and this

penalty rises substantially with the number of amplifiers in the cascade.

—.— ciue to DRB signal
=8&—due to RB ASE

1 2 3 4 5 6 7 8 9 10

Number of Amplifiers

Figure 4.14: Power penalty versus number of amplifiers in an open cascade with
G = VIL = 17 dB, BER=10", Rg,=-33 dB and d = 10.
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Now, the gain-loss product in Eqn. (4.7), (4.9), and (4.16) is set at -3 dB (i.e. 0.5),
which exemplifies the situation of systems with reciprocal of interamplifier loss being 3 dB
limited only to five. This is due to the progressively decreasing signal power as the signal
propagates toward the receiver. These newly obtained equations are then substituted into
the general penalty expression (4.26) in order to calculate the reduced power penalties
with the transmission link engineered in this way. Figure 4.15 depicts these reduced
power penalties. Comparing this figure to Figure 4.14 clearly reveals that the penalties,
particularly the penalty due to DRB of signal, have been greatly reduced by engineering
the amplifier cascade in this way. It is also important to note that when the number of
amplifiers is 1 or 2, there is no real advantage to this form of engineering; however, for

more than 2 amplifiers, the benefit becomes clear.

1 = e —— —c—
=9—due to DRB signal
0.8 4+~ —%—due to RB ASE
—o—total

Penalty (dB)

Number of Amplifiers

Figure 4.15: Power penalty versus number of amplifiers in an open cascade with
GIL = 0.5, BER=10", G = 17 dB, Rg,=-33 dB and d = 10.



4.2.2. Total Amplifier Gain

Since the above engineering method limits the possible number of in-line amplifiers in
transmission link, the total available gain of a chain of in-line amplifiers may also be
restricted. In what follows, the total available gain of a chain of in-line amplifiers will be
simply abbreviated as the total amplifier gain, and will be calculated by summing each in-
line amplifier’s gain.

Using Eqn. (4.7), (4.9), (4.16) and (4.26) as in the previous subsection, Figure 4.16

and Figure 4.17 depict the total amplifier gains of the above systems versus the number of

determines the gain-loss product to be equal to 1, and in the other systems the gain-loss

product to be equal to 0.5. Note that the total amplifier gain is calculated as the number

compared to the previous power penalty calculations, but is determined by applying the
penalty expression .

In Figure 4.16, for 0.5 dB penalty when there is one in-line amplifier, the total gain is
equal to the sole amplifier gain, which is about 20 dB. If the number of amplifiers
employed in link is increased to 10, then each amplifier gain has to be lessened to about 11
dB for the same 0.5 dB penalty. However, the total amplifier gain is enhanced to about
110 dB. If the allowable penalty is increased 2 dB, each amplifier gain can be operated at
about 14 dB, and therefore a total of about 140 dB total amplifier gain will be available.

For the case where reciprocal of interamplifier loss is significantly larger than amplifier
gain, Figure 4.17 shows that due to the reduced multi-amplified Rayleigh backscattering
effects, each amplifier can have a higher gain, which results a total amplifier gain of about
80 dB for 0.5 dB penalty, or more than 90 dB for 2 dB penalty with only five amplifiers in
link.

By comparing the results of these two kinds of links, one finds that the operating

link with the gain-loss product being equal to 1. Nevertheless, both kinds of open cascade

links can provide large total amplifier gains, provided that each in-line amplifier has a

103



moderate gain, and these total amplifier gains can be further increased by allowing a

modest power penalty.

140 e —
o ~ —&—penalty = 2dB
120 1= —6—penalty = 1 dB g —
100 ~@—penalty=05dB |__1__~T _- —

)
(=]

Total Amplifier Gain (dB)
& oo
=3 S

1 2 3 4 5 6 7 8 9 10
Number of Amplifiers

Figure 4.16: Total amplifier gain versus number of amplifiers in link with G IL = 1.
The calculations utilize BER = 10™, Rz, = -33 dB d = 10 and
the penalty as a parameter.
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80 =&—penalty = 1 dB
—&—penalty = 0.5 dB

Total Amplifier Gain (dB)
2

Number of Amplifiers

Figure 4.17: Total amplifier gain versus number of amplifiers in link with G IL = 0.5.
The calculations utilize BER = 10", Ry, = -33 dB, d = 10 and the
penalty as a parameter.

4.2.3. End-To-End Bit Error Ratio

In the previous section, the relation between the total amplifier gain, number of

However, in order to determine the total loss budget of an open cascade system, knowing
the total amplifier gain is not enough because the total loss budget also depends on the
optical launched power, the spontaneous emission factors of optical amplifiers, and the
sensitivity of the receiver. Here, the total loss budget and the end-to-end BER of an open
cascade system in relation to the gain-loss product is studied.

To determine the total loss budget, the penalty expression is not applicable, and i

at the receiver need to be considered. The noises during spaces and marks have been

previously given by Eqn. (4.21) and (4.22).
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The received signal power for an open cascade system, as depicted in Figure 4.5, can
be readily determined as the launched power P, multiplied by the amplification and
attenuation during its propagation toward the receiver:

B, =P, GY N+ (4.32)

From Eqn. (4.24), the Q factor can be rewritten as

_BR - R (4.33)
O1,RB + 0o RB

Q,

By substituting the noise equations (4.21) and (4.22) into the above equation, and
subsequently making Py and P, in terms of the launched power P, and extinction ratio d,
we obtain the Q factor as a function of the gain-loss product, launched power and
extinction ratio. Using this function as well as the BER equation (4.23), the end-to-end
system BERs for a 10 Gb/s system with an open cascade of 8 amplifiers are calculated and
presented in Figure 4.18. In the calculation, a preamplifier with 20 dB gain is assumed in
the receiver, and the parameters used are listed in Table 4.1. 5 dBm launched power is
used and could correspond to the output power of a transmitter equipped with an external
modulator followed by a post-amplifier. Three interamplifier losses are used, namely 14,
17 and 20 dB, and all amplifiers are assumed to have identical gans. Also shown are the
BERs when RB is not present, representing a similar system with isolators in-between
amplifiers.

This figure reveals that there exists a minimum BER at a certain value of the amplifier
gain in the open cascade system, i.e. as the amplifier gain increases, the BER first
decreases, and then rises again after passing through a minimum. This behavior can be
explained as follows: when the amplifier gain is small, the thermal noise at the receiver is
dominant, and the low detected signal power gives rise to the poor BER. As the amplifier
gain increases, the detected signal power increases and so does the total noise power.

Since the DRB noise is not significant in this low gain region, the increase in signal power
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is larger than the increase in the total noise power; therefore, the BER is reduced. As the
amplifier gain further increases, the detrimental DRB impact becomes important. Once it
has become the dominant noise source in the receiver, the BER increases with the
amplifier gain because in this higher gain region, the increase in DRB noise power is larger
that the increase in signal power. The larger increase in DRB noise power is due to the
fact that the DRB noise is approximately proportional to the quadruple of the amplifier
the square of the amplifier gain.

Recall that DRB noise is a form of RIN, and therefore, increasing the launched signal
power will not affect the curves on the right hand side in Figure 4.15. However, the
curves on the left hand side, which signify thermal noise or signal to spontaneous beat
noise domination, will shift to the left by using higher launched power. When the
interamplifier loss is equal to 20 dB, no matter how the amplifiers are operated, a low

BER cannot be achieved in the open cascade system. However, if the interamplifier loss is

amplifier can be operated at about 15.4 to 16.4 dB, resulting in an amplifier usable range
of about 1.0 dB. Thus, for such system, a total of a 153 dB (17 dB x 9) loss budget can
be available.

As one further reduces the interamplifier loss to 14 dB, this usable range broadens to

roughly 2.7 dB (amplifier gain from 11.7 to 14.4 dB), and a total of a 126 dB (14dB x 9)
gain in the conventional optically amplified system which employs isolators, as evidenced
by the dotted lines in this figure.

To conclude, systems with an open cascade of amplifiers, each operated at a moderate

additional option for economic network implementation and growth.
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Figure 4.18: BER versus gain-loss product for the system using a cascade of 8
amplifiers, with and without Rayleigh backscattering for interamplifier

losses: 14, 17 and 20 dB.
Parameter Symbol Value
Launched power Py 5 dBm
gain of preamplifier 20dB
RB reflectance | Rz -33dB
Receiver optical noise bandwidth B, 1.5x126 GHz (i.e. 1.5 nm)
Receiver electrical noise bandwidth B, 7x 10°Hz
Front-end thermal noise current density 13 pA/Hz
Spontaneous emission factor Nsp 1.5
Extinction ratio d 10
Detector responsivity D 0.7 A/W

Table 4.1: List of parameter values used in the calculation of the BER.
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4.3 Experimental Verification

In this section, the experimental setups and results for verifying the validity of the
power penalty expression (4.31) are presented. In the experiments, setups using one to
three in-line EDFAs, with and without isolators, have been used. For a fixed BER, by
comparing the measured optical powers at the receiver when in-line isolators were not
used to the powers when in-line isolators were used, the penalties due to RB impact have
been determined. By comparing the measured power penalties to the theoretical values,
the validity of the penalty expression has been confirmed. Lastly, end-to-end BER has
been measured as a function of the gain-loss product and compared to the theoretical
values for verifying the validity of the theoretical studies in Section (4.2.3) and the

existence of a minimum BER in the open cascade system.

4.3.1 Experimental Setup

4.3.1.1. Optical Transmitter

The block diagram of the optical transmitter used in the experiments is depicted in
Figure 4.19. The laser source was a DFB laser diode with model number NTSL79NA. It
was situated in a Prototype 1550 nm Laser/Mach-Zehnder Modulator, and was built by
Jason Lamont and David Clegg of Trilabs. The source had a lasing wavelength of 1530.8
nm at 20 °C and was chosen because at its lasing wavelength, sufficient power gain could
be obtained from our in-house EDFAs for analyzing the RB impact. Recall that RB
impact increases significantly with the in-line amplifier gain. This source had an intrinsic
RIN of less than -140 dB,Hz over 3 GHz and a laser linewidth (full width half maximum)
of 6 MHz.

At the time of conducting these experiments, the Mach-Zehnder modulator inside this
prototype was not yet available. In this case, this prototype was utilized only as a
continuous-wave laser source and an external modulator was employed. The modulator
utilized was a 1x2 electro-optic switch from United Technologies Photonics. A

polarization rotator was used to connect the diode output to the modulator. By adjusting

109



the polarization of the diode output, the transparency and electro-optic effect of the
modulator could be maximized.

The modulating signal was a Non Return to Zero (NRZ), 27-1 Pseudo-Random Bit
Sequence (PRBS) at a data rate of OC-48 (ie. ~2.5 GHz), originating from an HP
70841A Pattern Generator. The comparatively short pattern was used because of the low
frequency cutoff of the Mini-Circuit power amplifier, which was required to boost the
modulating power for obtaining full switching operation. With the amplifier, the RF
power at the modulator was about 27 dBm, which was sufficient for nearly full switching
operation [74]. A DC voltage was supplied to bias the modulator and any changes in the
DC voltage would vary the extinction ratio of the output signal. Therefore, by altering the
voltage slightly, various extinction ratios could be generated. This feature was utilized in
the experiments to prove the extinction ratio dependence in the general power penalty
expression (4.31).

An optical isolator with better than 50 dB isolation was ir.__.ted right after the
modulator to eliminate any reflections entering the modulator which would generate
additional noises. After the isolator, the net modulated output power to the transmission

fiber was about -5 dBm.
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Figure 4.19: Block diagram of the optical transmitter used in the experiment.

4.3.1.2. Optical Receiver

The block diagram of the receiver used in the experiments is shown in Figure 4.20, In
this receiver, an EDFA with serial number TRL-R0302-004 was used as a preamplifier to
increase the receiver’s sensitivity. An isolator was situated in front of the EDFA to stop
the backward traveling ASE from being coupling into the transmission link. Before
photodetection, an optical Bandpass Filter (BPF) was added after the EDFA to filter the
out-of-band forward traveling ASE. With the BPF, the spontaneous to spontaneous beat
noise was reduced. The photodetection was performed by an OC-192 PIN/Preamp
Module from BNR. This module had about 20 dBQ trans-impedance gain, 10 GHz
bandwidth and a very low noise characteristic. A second stage amplifier from Veritech
with 10 GHz bandwidth was also utilized so that a sufficiently large signal could be
generated for subsequent measurements. Since the amplifier was designed for AC-

coupling, a DC block was inserted between the module and the amplifier to remove the
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DC from the detected signal and to ensure proper operation. To remove the out-of-band
noise, a K&L 2.5 GHz lowpass filter was placed after the amplifier. Note that this optical
receiver configuration and the previously described optical transmitter configuration were

used for all the experiments discussed in this chapter.

DC Veritech &I
Block Amp. LPF

N ,ﬁé’
— >
AU i < Electrical

OPTICAL RECEIVER

— OPtiESI
e Electrical

Figure 4.20: Block diagram of the optical receiver used in the experiment.

4.3.2. Receiver Sensitivity Measurement

Here the back to back receiver sensitivity measurement is discussed. Figure 4.21
shows the sensitivity measurement setup. It utilized the optical transmitter and receiver
setups described above, The modulating signal was a 2’-1, NRZ, PRBS at a data rate of
2.5 Gb/s. The output of the transmitter was connected to the receiver through a JDS
7000 Variable Optical Attenuator (VOA). The VOA had a 90% output port and a 10%

was connected to an HP 8153A optical power meter. The exact power ratio of the 90%
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port to the 10% port was measured to be 10.2 dB. Therefore, by setting the calibration
factor of the power meter to 10.2 dB, the average power to the receiver could be readily
read from the power meter.

The output of the receiver was halved through a 6 dB power splitter from Mini-
Circuit. One of the split powers was connected to an HP 70004A Error Detector to
determine the BER, and the other was connected to an HP 541208 Digitizing
Oscilloscope in order to determine the extinction ratio of the signal. The oscilloscope was
General Purpose Interface Bus (GBIP)-connected to a Macintosh II Si computer and the
data acquisition was performed using a software package called LabVIEW. Using 2
LabVIEW program and Matlab program, named respectively HP54123T Trace Average
and FOCSS, and written by Sheldon Walklin, a Ph. D. student at TRLabs, a time-averaged
eye diagram of the detected signal could be obtained. Figure 4.22 shows an eye diagram
with maximum eye opening. This was achieved by carefully adjusting the DC bias of the
electro-optic switch in the transmitter for a minimum BER. This diagram reveals that
there was some Intersymbol Interference (ISI) generated in the signal, thereby causing eye
closure. To determine the source of ISI contribution, a simple configuration, shown in
Figure 4.23, was used to analyze the K&L 2.5 GHz LPF, Veritech 10 GHz amplifier and
Mini-Circuit 4.2 GHz amplifier. Figure 4.24 to Figure 4.26 present the eye diagrams
when these components were undergoing the test. These diagrams indicate that a
significant amount of ISI arose from the Mini-Circuit amplifier. This ISI could explain the
eye-closure of the signal. Since this amplifier was used to drive the external modulator in
the transmitter, the effective extinction ratio would then be reduced.

By adjusting the VOA, a set of BERs for various received powers was obtained. With
these data, the receiver sensitivity was plotted, producing Figure 4.27. Also plotted was
the sensitivity of the transmitter when the EDFA, isolator and BPF in Figure 4.19 were

removed. This figure clearly shows the benefit of employing EDFA as a preamplifier.
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Figure 4.21: Back to back configuration for the receiver sensitivity.
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Figure 4.22: Averaged eye diagram of the signal.
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Figure 4.23: Component ISI measurement configuration.
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Figure 4.24: Eye diagram for the K&L 2.5 GHz LPF.
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Figure 4.25: Eye diagram for the Veritech amplifier.
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Figure 4.26: Eye diagram for the Mini-Circuit Amplifier.
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4.3.3. Receiver Power Penalty Measurements

Previously, the receiver sensitivity was measured without any transmission fiber and
in-line EDFAs. At this time, transmission links with one to three in-line EDFAs were
respectively introduced into the setup shown in Figure 4.21 and in each case the receiver
sensitivity, which gave a BER of 5x107°, was measured as a function of the net EDFA
gain. To factor out the ASE in order to measure the signal gain of the EDFA accurately, a
90/10 power splitter, polarization rotator and polarization splitter were employed after
each EDFA, as depicted in Figure 4.28. Since the signal had a better than 20 dB
polarization extinction ratio, as stated in the specifications, and the ASE is unpolarized,
the polarization rotator could be adjusted such that one output of the polarization splitter
was maximized and the other was minimized. By subtracting the minimum, which
contained only half ASE, from the maximum, which contained the signal plus half the
ASE, the net signal power could be determined. The signal gain could also be determined

with the knowledge of the component losses. In addition, since the DRB of the signal is
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almost completely unpolarized, this gain measurement method has the ability to factor out
the DRB noise. In this EDFA unit, a BPF was included and was situated in front of the
amplifier to prevent the out-of-band singly amplified SRB of ASE from saturating the

amplifier.

EDFA 90/10
: Coupler

Rotator

G (fiber to fiber Gain)

Figure 4.28: An EDFA unit with gain measurement capability.

In the one in-line EDFA situation, two different values of extinction ratio were used to
confirm its dependence on the penalty expression. After that, measurements of two and
three in-line EDFA cases were taken to further verify the number-of-amplifier dependence.
In each case, to ensure that the transmission link experienced the worst case of amplified
DRB effect, each in-line EDFA was immediately surrounded by at least 10 km of fiber.
Also measured were the sensitivities when isolators were placed in front and/or after each
EDFA to effectively eliminate the RB impact. Table 4.2 summarizes the fibers used in the

experiments, and the fiber were measured using the setup in Appendix B.
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Symbolin | Fiber length Total Average - ﬁayléighﬁ ]
diagrams (km) Fiber Loss (dB/km) | Backreflectance (Rgs)
Li 25 0.223 T 325dB
L, 50 0.244 -33,0 dB
Ls 10 0.219 -32.2dB
» 10 0.232 326dB
Ls 50 0.243 -333dB )
Ls 25 0.218 -32.1dB

Table 4.2: Summary of fibers used in the experiments.

4.3.3.1. Single In-line EDFA

The setup for one in-line EDFA experiment is shown in Figure 4.29. The F.DFA unit,
as drawn in Figure 4.28, was surrounded by transmission fibers L, and L, to generate the
amplified RB effects. The EDFA employed in the unit had a serial number of TRL9407-
BF450-001. Since deep saturation of the EDFA would limit its available gain, a VOA was
placed directly after the transmitter to lower the input power to the EDFA. In this case,
by setting the reading of the VOA to 7.6, the input power to the EDFA became -21.5
dBm. A BPF was placed at the end of the transmission fiber (L;) to filter the out-of-band
ASE arriving from the in-line EDFA. This BPF was not placed directly after the in-line
EDFA because doing so would reduce the effective gain seen by Rayleigh backscattering.

The VOA at the receiver was utilized to adjust the received power and to obtain a BER of

5x10°'°,

119



Pattemn
Generator

Emror ] _
Detector [ Power | o

——— Splitter
GBIP Digitizing M Bl
4= === = = Oscilloscope L

0C-48

Optical
"\ Recevier ]

Optical

Transmitter

< = =>  GBIP
— Electrical
Optical

Figure 4.29: The configuration for 1 in-line EDFA experiment.

Table 4.3 shows the required received powers to obtain a BER of approximately
5x10-10 for various values of the in-line EDFA gain. The approximation in the BER
measurement is due to the difficulty in obtaining exactly 5x10-19, For example, in a
thermal noise dominated system which has a BER of 5x10-10, a change of only 0.025 dB
in received power yields a change of 1x10-10 in the BER.

To verify that most of the received power was contributed from the directly traveling
signal, a polarization rotator, followed by a polarization splitter, was inserted prior to the
power meter at the receiver when the gain of the in-line EDFA was the largest (ie. 24.8
dB). Through careful adjustment of the rotator, the maximum difference between the
outputs of the polarization splitter proved larger than 175 dB, implying that all the received

powers listed in Table 4.3 were essentially contributed from the directly traveling signal.
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To measure the required received power for the similar BER (5x10"% without the
Rayleigh backsattering impact, an optical isolator replaced the BPF inside the EDFA unit
and was inserted directly after the EDFA unit. With this arrangement, the VOA, was
adjusted to 8.5 in order to retain the same level of input power to the EDFA. Note that it
is important to keep the input powers to the EDFA the same because the signal to
spontaneous beat noise is dependent of the EDFAs input power. The received powers for
a BER of about 5x10"° were found to be independent on the amplifier gains, and equal to
-37.1 dBm for both low and high amplifier gains. By subtracting -37.1 dBm from the
received powers measured previously in the presence of RB, the penalty penalties due to

the RB impact were obtained and shown in Table 4.3 as well.

Net Gain G | Received Power P,, | BER | Power Penalty AP
(dB) (dBm) (dB)

T 145 | 368 4x 1070 03
166 -36.9 lex10™ [ 02
18.6 366 3x1070 07
206 360 | 8x10° | 11

219 | 348 [ axi0° 53
229 -33.8 I5x10® | 33
235 312 4x10™ 59
243 | 293 [8x10® 78 B
C 248 | 253 [sxi0° | 1

Table 4.3: 1in-line EDFA measurement results.

To calculate the theoretical penalty, the extinction ratio of the signal has to be
determined. To determine an extinction ratio, one needs to know the ratio of the AC gain

to DC gain of a receiver [75]. Since the gain ratio was unknown in this case, only an
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approximation of the extinction ratio could be obtained. This was accomplished in the

following subsection.
4.3.3.1.1. Approximation to Extinction Ratio
Hlustrated below is a way to determine an extinction ratio of an optical signal. Figure

4.30 depicts optical power levels during spaces and marks. The average received optical

power can be expressed as

Pe=2(1+3) (434

By multiplying the responsivity of the photodetector, the detected DC current becomes

(l+=)‘;'ﬁ (4.35)

For a receiver as shown in Figure 4.31, the detected peak-to-peak voltage can be

expressed as

1 o
Vp-p=B(1-— |R-grr R (4.36)

where grr and R is the voltage gain and effective input impedance of the RF amplifier,

gz 2pc 8RF-R+Vy_p

d = . (4.37)
2Ipc-grrR-Vp_p
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Therefore, the extinction ratio can be determined if all the parameters in the right hand
side of the last equation can be measured accurately. However, as the eye diagram

1
d'=——— ) Zero
— . ~ —— Optical Power

Figure 4.30: Optical signal power levels during spaces and marks.

L
o Amplifier
Photodetector /' \ ’ — ”
— l | - 21 Oscilloscope
l I V — - ;f
§ Pp

Figure 4.31: An optical receiver.

To approximate an extinction for the detected signal, the eye diagram for the detected
signal as shown in Figure 4.32 was used. In this diagram, the highest trace during a space
and the lowest trace during a mark contributed the most errors when compared to other
traces, due to the smallest eye opening. In addition, with the pattern of the modulating
signal being only 2’-1, these traces occurred once every 127 bits, thereby accounting for

most of the observed bit errors. Hence, to a good approximation, these traces could be
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used as the normalized optical powers during a space and a mark to define the extinction
ratio of the signal. If the minimum of the signal outputted from the modulator was
assumed to have almost zero optical power as compared to its maximum, the normalized
zero point in this eye diagram also corresponded to the true zero optical power point.
This assumption was justified because a large modulating power was used to drive the
modulator in the experiments [74]. By using the highest and lowest traces respectively as
the optical power for a space and a mark, the extinction ratio could be approximately

obtained as 3.7.

Eye Diagram

Normalized Amplitude
e o

— L - _J
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Symbol Number

Figure 4.32: Eye diagram for 1 in-line EDFA experiment.

4.3.3.1.2. Theoretical and Experimental Comparison

The previously derived penalty expression (4.31) assumed the presence of connecting
fibers with the same Rayleigh backscattering reflectance. However, the fibers used in
these experiments did not have this property. To account for this, a simple modification of
the expression is required, and which is listed in Table 4.4. Also listed are the parameters

used in the calculation of the power penalty. Figure 4.33 depicts the experimental and
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theoretical penalties for this single in-line EDFA experiment. This clearly demonstrates

that the theory agrees closely with the experimental measurements.

7RRBZ . RRB.LI RéBL;
o T 61

— ~ I 1 _

Table 4.4: The modification and parameters involved in the calculation of the penalty.
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Figure 4.33: The experimental and theoretical penalties versus the in-line EDFA gain.

4.3.3.1.3. Reduced Extinction Ratio
In this experiment, the power penalty was investigated again for the same
configuration, as shown in Figure 4.29. In this case, the DC voltage was changed slightly

to obtain an eye with a smaller opening. Figure 4.34 shows the eye of the received signal



after the DC bias adjustment. The extinction ratio of the eye is approximately equal to

1.8.

Eye Diagram

08 1 12 14 18 18 2
Symbol Number

0 02 04 08

Figure 4.34: Eye of the received signal after adjusting the bias slightly.

By going through the same measurement procedures as utilized previously, a set of
required received powers and penalties for various in-line EDFA gains were recorded, as
listed in Table 4.5. To calculate the theoretical power penalty as a function of the in-line
EDFA gain, the penalty expression, along with Table 4.4 and 1.8 for the extinction ratio,
was used. Both the experimental and theoretical values are presented in Figure 4.35.

Again, this figure shows agreement between the theoretical and experimental results.
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Net Gain G | Received Power P,, | BER | Power Penalty AP
(dB) (dBm) (dB)
16.8 34.8 5x 107 0.4
19.6 347 3x10° 0.5
20.6 342 5x 107 10
21.5 -31.9 6x 10 3.3
224 293 7x107° 5.9 )
22.7 245 6x 107 10.7

Table 4.5: 1 in-line EDFA measurement results for the signal

with a smaller eye opening.

14 | B ] 3
12 —&— Experimental I
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e

S N & & 0

e

15 16 17 18 19 20 21 22 23 24 25
Fiber to Fiber Gain (dB)

Figure 4.35: Experimental and theoretical power penalties for the signal
with a smaller eye opening.
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4.3.3.1.4. Discussion of These Experiments

To illustrate the extinction ratio dependence, the experimental and calculated power
penalties for the two extinction ratios used in the previously experimental measurements
are depicted together in Figure 4.36. Also shown in this figure is the theoretical power
penalty versus in-line amplifier gain for an optical signal with a perfect extinction ratio. It
can be seen from this figure that extinction ratio has a significant impact on determining
the power penalty. In addition, this figure indicates that for the high amplifier gain, the
experimental results give a consistently higher penalty than the theoretical calculations.
The reason for this discrepancy can be two-fold. First, as Appendix F illustrates, the
penalty expression determines the lower bound value, and the deviation from the actual
value increases with the amplifier gain. Second, in determining the extinction ratio, the
assumption that the normalized zero in the eye diagram corresponds to the detection of
the zero optical power will overestimate the real extinction ratio.

Nevertheless, in most practical situations, only a small penalty can be tolerated;
therefore the in-line amplifier gain in an open cascade link is restricted only to some

moderate value. Note that the more detailed study on the open cascade system was
experimental results for the two different extinction ratios, particularly for low amplifier

gains, the validity of this expression has been experimentally verified for a single in-line

amplifier.
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Figure 4.36: Both the experimental and theoretical results for the two extinction ratios.

4.3.3.2. Multiple In-line EDFAs

4.3.3.2.1. Two In-line EDFAs

Figure 4.37 depicts the experimental configuration for a transmission link with an open
cascade of two in-line EDFAs. This configuration is similar to that of the single in-line
EDFA experiment, except that an EDFA unit, 2 reels of fiber and a VOA have been
added. The added EDFA unit, dubbed EDFA unit 2 in the diagram, contained an EDFA
with serial number TRL9407-BF450-002, and a polarization rotator, polarization splitter
and power meter to measure the signal gain, as illustrated previously in Figure 4.28. The
details of the fibers have been previously given in Table 4.2. The VOA, between the
EDFA units was intended to adjust the transmission loss such that the interamplifier loss
could be adjusted to be equal to the amplifier gain. This condition has been applied in the

derivation of the penalty expression (4.31).
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In this experiment, the VOA, was set to 6.1, yielding -20 dBm input power to the first
EDFA unit. The measurement procedures for determining the required received power to

give a BER of about 5x10™'° can be briefly described as follows:

a) Set the gain of the EDFA unit 1 to some value G.

b) Adjust the VOA; such that the total loss of the transmission is also 1/G.

c) Adjust the gain of the EDFA unit 2 to G as well.

d) Readjust the gain of the EDFA unit 1 to G since this gain will change slightly due to
the change in ASE level after procedure ¢ and d.

e) Readjust the gain of the EDFA unit 2 since this gain will change slightly due to the
change in ASE level after procedure d.

f) Repeat procedures d and e until no noticeable changes occur in the gain.

g) Vary the VOA, attenuation to obtain a BER of approximately 5x107'° and record the

received power.

By following and repeating these procedures, a series of received powers for various
in-line EDFA gains were obtained and are listed in Table 4.6. Note that the listed received
power in this table had been proven to contain mostly the forward traveling signal by using
the polarization method as discussed previously in Section (4.3.3.1). Also given in this
table are the power penalties compared to the isolated EDFA system, in which an optical
isolator replaced the BPF inside the EDFA unit 1 and was added right behind the EDFA
unit 2. With these isolators, the Rayleigh backscattering effects were essentially
eliminated.

Figure 4.38 depicts the eye diagram of the received signal in this experiment, which
determines the extinction ratio for the theoretical power penalty. The opening of this eye
had been maximized by carefully adjusting the DC bias for a minimum BER at the
beginning of the measurement. The extinction ratio in this case was approximately equal
to 3.6. By inserting this value into the penalty expression (4.31) and considering the
differences in the Rayleigh backscattering reflectance of the fibers given in Table 4.2, the

power penalties are calculated and listed in Table 4.6. Figure 4.39 shows these calculated
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penalties along with the experimental penalties. Again, the theoretical values accurately
match the experimental values in this two in-line EDFA experiment; the underestimation
of the penalty expression in a high gain region has been addressed earlier in Section
(4.3.3.1.9).
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Net Gain G | Received Power P, | BER | Power Penalty AP
(dB) (dBm) (dB)
15.6 " 360 7x10° | 06
16.3 361 3x10° | 05
17.2 T 362 5x100 | 0.4
18.3 T 359 4x100 07
188 | 235.4 3x100° 1.2
19.6 ' 345 5% 1070 1.9
20.7 335 4x107 T 3.1
" 5x1070 49

212 31.7
219 29.8 3x 1070 6.8

22.6 - 260 | 6x10™ 10.6

o

o

Mormalized Amplitude
o o
o

3 14 16 18 2

04 06 08

1 12
Symbol Number

Figure 4.38: Eye diagram of the received signal in the 2 in-line EDFA experiment.
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Figure 4.39: Experimental and theoretical results for the
2 in-line EDFA experiment.

4.3.3.2.2. Three In-line EDFAs

Depicted in Figure 4.40 is the configuration for the three in-line EDFA experiment.
Compared to the previous configuration for the two in-line EDFA case, another EDFA
unit and 2 reels of fiber were added to make up this new arrangement. The newly added
unit, as earlier shown in Figure 4.28, contained an EDFA with serial number TRL-R0303-
005. Note that, as mentioned before, the VOAs between the EDFA units were to provide
the adjustment ability so that the condition of interamplifier loss being equal to amplifier
gain could be satisfied.

With this configuration, the input power to the first EDFA unit was -17.6 dBm. The
measurement procedures concerring the required received power for a BER of about
5x10™° are logically similar to those concerning the two in-line EDFA case; for purposes

of clarification, they are stated as follows.
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a)
b)

d)

e)

g)

h)

R
k)

Set the gain of the EDFA unit 1 to some value G.

Adjust the VOA, such that the total loss of the transmission between the unit 1 and
unit 2 is 1/G.

Adjust the gain of the EDFA unit 2 to G.

Adjust the VOA; such that the total loss of the transmission between the unit 2 and
unit 3 is 1/G.

Adjust the gain of the EDFA unit 3 to G as well.

Readjust the gain of the EDFA unit 2 to G since this gain will change slightly due to
the change in the ASE level after procedure d and e.

Readjust the gain of the EDFA unit 1 to G since this gain will change slightly due to
the change in the ASE level after procedure b - £,

Readjust the gain of the EDFA unit 2 due to the change in the ASE level after
procedure g.

Readjust the gain of the EDFA unit 3 due to the change in the ASE level after
procedure f - h.

Repeat procedures f - i until no considerable changes occur in the gain.

Vary the VOA. attenuation to obtain a BER of approximately 5x10™° and record the

received power.

By following and repeating these procedures, a series of received powers for various

in-line EDFA gains were obtained, all of which are listed in Table 4.7. Again, the listed

received power in this table had been proven, by using the polarization method previously

discussed, to contain mostly the forward traveling signal power. Also given in this table

are the power penalties in comparison to the isolated EDFA system, in which an optical
isolator replaced the BPF inside the EDFA unit 1 and was added directly after the EDFA

units 2 and 3. With these isolators, the Rayleigh backscattering effects were basically

eliminated.

Concerning the determination of the extinction ratio for the theoretical power penalty,

Figure 4.41 depicts the eye diagram of the received signal in this experiment. The opening
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of this eye had been maximized through careful adjustment of the DC bias in order to

obtain minimum BER at the beginning of the measurement. The extinction ratio in this

(4.31) and considering the differences in the Rayleigh backscattering reflectance of the
fibers given in Table 4.2, the power penalty are calculated and listed in Table 4.7. Figure
4.42 compares the experimental measurements with the calculated penalties. Again, the
theoretical values correspond accurately with the experimental values in this three in-line
EDFA experiment; the underestimation of the penalty expression in the high gain region

has been addressed in Section (4.3.3.1.4).
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Net Gain G | Received Power P,, BER Power Penalty AP
(dB) (dBm) (dB)
14.3 -36.3 4x 10" 0.4
15.3 -36.1 4x10"° 0.6
16.3 -35.5 4x10"° 1.2
17.5 -34.5 4x107" 1.8
19.0 -31.9 4x 10" 4.8
19.9 -28.5 5x 10" 8.2
20.4 245 5x10"° 12.2

Table 4.7: Measurement results for the 3 in-line EDFA configuration.
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Figure 4.41: Eye diagram of the received signal in the 3 in-line EDFA experiment.
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Figure 4.42: Experimental asid theoretical results for the 3 in-line EDFA experiment.

4.3.3.2.3. Discussion of These Multiple In-line EDFA Experiments

To illustrate the number-of-amplifier dependence in the penalty expression, the results
obtained previously for the single in-line EDFA configuration, and the results for the two
and three in-line EDFA configurations, are depicted together in Figure 4.43. Since the
allowable penalty in practical systems is only a small amount, and the penalty expression
predicted the experimental results for three different numbers of in-line EDFA closely,
particularly for low amplifier gains, the number-of-amplifier dependence in this expression
has been satisfactorily confirmed. Tt should be pointed out that the slight decrease in the
eye opening for the longer span, as shown in Figure 4.32, Figure 4.38 and Figure 4.41
could be a result of the ISI effect generated by the residual chirp of the UTP switch and

fiber dispersion.
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Figure 4.43: Both the experimental and theoretical results for the
1, 2 and 3 in-line amplifier configurations.

4.3.4. End-to-End BER Measurement

In this experiment, the condition of amplifier gain-loss product being equal to 1 was
removed, and thus the system BER was measured as a function of this product. By
comparing the measured BERs in the open cascade system to the theoretical BERs
calculated by considering all the significant noises in the receiver, the previous theoretical
studies in Section (4.2.3) has been verified.
penalty measurement was utilized in this experimental measurement. The modulating
signal was a 2’-1, NRZ, PRBS at a data rate of 2.5 GHz. Two interamplifier losses were
used for the measurement: 18 dB and 20 dB. It should be noted that in the previous

procedures the VOA attenuation at the receiver was adjusted to obtain a BER of about



5x10"°, but in this experiment, this VOA attenuation was fixed for each interamplifier
loss.

In the experiment, when the interamplifier loss was first fixed at 18 dB, BERs at the
receiver were recorded for various in-line EDFA gains. For each recorded BER, the gain
of each in-line amplifier was adjusted carefully and repeatedly until they were equal. Next,
the interamplifier loss was increased to 20 dB, and then a new set of BER values were
recorded. Both of these measured BERs as a function of the EDFA gain are depicted in
Figure 4.44. Also depicted are the theoretical BER values calculated by considering all
the significant noises in the receiver, as discussed in Section (4.2.3) and with the
parameters listed in Table 4.2 and Table 4.8. Figure 4.45 depicts the measured and
theoretical BERs for the same setup except an isolator replaced the BPF inside the EDFA
unit 1 and was added right after the EDFA 2 and 3. Again, with these isolators, the RB
effects were virtually eliminated.

Figure 4.44 clearly shows the experimental existence of a minimum BER at a certain
value of the amplifier gain in the open cascade system. As confirmed by Figure 4.45, there
is no evidence of such behavior in optically amplified isolated systems. It is worth
mentioning that when the gain is a few dB less than the loss, the open cascade system is
not degraded by the DRB noise, and its BER is determined by the combination of thermal
noise, signal to spontaneous beat noise and spontaneous to spontaneous beat noise.

Therefore, determination of the theoretical BERs in the low gain region requires the

equivalent bandwidth of a chain of optical bandpass filters, and these are difficult to
measure accurately. In this case, some practical values for the spontaneous emission
factors and optical noise equivalent bandwidth were used to calculate the theoretical
BERSs, and which are listed in Table 4.8.

On the other hand, when the gain is large, the open cascade system becomes
dominated by the DRB noise. As a result, the signal to spontaneous beat noise and
spontaneous to spontaneous beat noise can be ignored so that the BER in this high gain
region, which is only determined by the DRB noise, can be utilized to verify the theoretical

studies discussed earlier in Section (4.2.3). Figure 4.44 shows a reasonably close
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agreement between the measured BERs and the theoretical BERs. The consistently higher
BERs obtained from theory can be explained as follows. In the calculation, an extinction
ratio of 3.3 is used, which is the worst case extinction ratio since it was estimated by using

the highest and lowest traces in the eye diagram in Section (4.3.3.2.2).

-4 ‘ e Experimental & Lo164B
-5 ——t— ~—e— Experimental & L=20dB
- - 3 - - Theoretical & L=18¢B

- = & - - Theoretical & L=20dB

Log(BER)

Gain - Loss (dB)

Figure 4.44: Experimental BER on 3 in-line EDFA open cascade systems.
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Figure 4.45: Experimental BER on 3 in-line EDFA systems with isolators.

Parameter Symbol Value

Optical noise equivalent bandwidth | B, 1.5%125 GHz (L. 1.5 nm)

Spontaneous emission factor Nsp 1.3

Extinction ratio d 3.3

" Electrical noise equivalent bandwidth Bre 25GHz

Gain of preazﬁplifier 20 dB

“Interamplifier loss ' L ~ 180r20dB

" Number of amplifiers 3

Responsivity 0.7

Front-end thermal noise current density | ) 13 pA/Hz

Table 4.8: Parameters involved in the experiment and theoretical calculation.
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4.3.5. Experiment Summary

The above experimental results of the one, two and three in-line amplifier
measurements demonstrate the validity of the penalty expression for open cascade
systems, particularly for modest power penalties. In addition, the theoretical studies on
the end-to-end BER in relation to the gain-loss product discussed in Section (4.2.3) has

been experimentally confirmed.

4.4 Bi-directional Transmission

Recently, much research has been done on bi-directional transmission systems which
use a single fiber [76-80], largely because bi-directional transmission could have great
cost-saving potential since the number of fiber links and optical components can be
reduced by a factor of two. In addition, by merging upstream and downstream traffic
from two separate fiber links into one, a vacant fiber link is left for non-intrusive
maintenance or upgrade purposes. This section will discuss different bi-directional system
configurations. It includes conventional two fiber link systems, single fiber link systems
with special amplifier configurations for eliminating the amplified RB effects and also
single fiber link systems employing open cascade amplifiers. As seen earlier, the open
cascade systems feasibly provide large system gain for long distance applications. To
demonstrate the bi-directionality of open cascade systems, 2 wavelength bi-directional
transmission experiments have been performed using open cascade systems. In addition,
bi-directional transmission experiments using conventional 2 uni-directional links have
been conducted. Both of these experiments will be presented and their results will be

compared, based on the number of components required for implementation.

144



4.4.1 Types of Bi-directional Transmission Systems

4.4.1.1. Two Fiber link Bi-directional

Figure 4.46 depicts a conventional 2 fiber link bi-directional system. In this system,
isolators are used to surround the in-line amplifiers so as to eliminate the amplified RB
effects. In some situations, it could be more cost-effective to add BPFs to the link in
order to filter the out-of-band ASE and to reduce or avoid the gain compression due to
ASE accumulation for the higher system gain and lower amplifier noise figure. Since the
isolators restrict the transmission direction to one-way, the system demands two links,
each with its own amplifiers and isolators as shown, in order for bi-directional
transmission to setup. Clearly, such systems necessitate the highest number of

components possible for implementation.

Figure 4.46: Conventional 2 fiber link bi-directional system with isolators in each link.

4.4.1.2. One Fiber Link with Bi-directional Amplifiers

Another kind of bi-directional system which has the ability to reject amplified RB
effects is generically shown in Figure 4.47. The shown system employs either optical
couplers, circulators or Wavelength Division Multiplexers (WDM:s) at the terminal ends in
order to combine or separate the signals traveling in the opposite directions. For such a
system, only a single transmission fiber link is required, creating the potential for an impact

on cost reduction. To compensate for the transmission loss for a longer fiber span, special
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amplifier configurations can be used. These amplifier configurations should have the
ability of amplifying the direct signals at different wavelengths and traveling in opposite
directions, but attenuate their respective backscattered signals. Thus, the span can be
extended and at the same time, the amplified effects of Rayleigh backscattering can bé
prevented. Such amplifiers, referred to here as bi-directional amplifiers, can be

implemented in many ways [77-78].

Bi-directional Amplifiers RX

[\

()8 X _GLN

At this point, three different modes of bi-directional amplifier implementation will be

considered. First, one can create a system with two amplifiers, two circulators, two

reveals that the upstream signal, with a wavelength of A,, is routed from port 2 to port 3
of the entrance circulator, and along that path it is amplified and then routed back to the
transmission fiber through port 1 to port 2 of the circulator at the rear. Any backscattered
signal at this wavelength occurring after the rear circulator traveling to this circulator will
be routed from port 2 to port 3 and will be filtered out by the BPF, which has a passband
at A,. Similarly, the downstream signal, with a wavelength of A;, is routed from port 2 to
port 3 of the rear circulator, is amplified and is then routed back by the entrance circulator
to the transmission fiber. All the backscattering of this signal happened after the entrance

circulator will be routed from port 2 to port 3 and be stopped by the BPF, which has a

146



different passband wavelength. Therefore, this kind of amplifier setup has the ability to
amplify the directly traveling signal in both upstream and downstream directions but
rejects their corresponding backscattering. Since BPFs are situated virtually between
amplifiers, this configuration helps reduce the amplifier saturation. Furthermore, by using
optical highpass and lowpass filters instead of BPFs and by arranging short wavelength
signals in one direction and long wavelength signals in another direction, multiple

wavelength bi-directional transmission is also possible with this configuration,

directional amplifier setup to a conventional 2 fiber link system with BPFs, it becomes
clear that the single fiber link system requires additional 2 circulators but 4 isolators and 1
fiber link less. Currently, the cost for the circulator is still relatively expensive. Once the
cost is reduced, this single fiber system could have an impact on reducing the system cost.
It is clear from this figure that one can replace the two circulators with two 50/50
couplers and still maintain the same functionality. The advantage of doing so is cost

reduction since the coupler is less expensive than the circulator, but the drawback is the

~ Solid lines - routes of direct signals
~ Dotted lines - routes of backscattered signals

Figure 4.48: Configuration of a bi-directioral amplifier using 2 amplifiers,
2 circulators and 2 BPFs at the signal wavelengths.
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The second configuration utilizing 2 amplifiers, 2 WDMs operating at signal
wavelengths and 4 isolators, is shown in Figure 4.49. In this configuration, the upstream
signal at A, is routed to the upper path by the WDM at the entrance, and routed back by
the WDM at the rear to the transmission link after the amplification. Any backscattered
signal at this wavelength is routed to the upper path, and is impeded by the isolator.
WDMs in this configuration also have an effect in the reduction of ASE accumulation.

Presently, JDS Fitel is marketing WDMs that are directional and ideal for such
applications. The specified wavelengths are 1533 nm and 1557 nm, each with a
transmission bandwidth of + 3 nm. Use of these directional WDMs infers that there will
be no need for the added isolators, thereby simplifying the configuration, as shown in
Figure 4.50. With the relatively low cost and adequate performance of these WDM
devices, this amplifier configuration can be employed for reducing the bi-directional
system implementation cost or for providing an easy and efficient form of maintenance and

upgrade. Also, multiple wavelength bi-directional transmission is feasible by using closely

Figure 4.49: Configuration of a bi-directional amplifier using 2 amplifiers,
2 WDMs operating at the signal wavelengths and 4 isolators.
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Figure 4.50: Configuration of a bi-directional amplifier using 2 amplifiers,
and 2 directional WDMs operating at the signal wavelengths.

Utilizing these directional WDMs, one can even design a more cost-effective bi-
directional amplifier. Figure 4.51 depicts this distinct and innovative design [81]. This
particular system exploits only 1 amplifier, but 4 directional WDMs. Following the black
arrows in this figure one can easily see that the upstream signal A, travels through the
amplifier, and any backscattered signal at this wavelength will be rejected by the last
WDM. On the other hand, the downstream signal, denoted by the gray arrows, is routed
by the WDMs to the input of the amplifier, and after the amplification, is rerouted to the
transmission link in its original direction. Again, all the backscattered signal at this
wavelength will be stopped by the first WDM.

It becomes clear that both signals travel through the amplifier in the upstream
direction, as opposed to those in the previous configurations. Again, closely spaced
wavelength sources can be used for multiple wavelength bi-directional transmission. Since
this configuration requires only one amplifier and 4 relatively inexpensive WDM devices,
the cost of which is much less than a typical fiber amplifier, this configuration can be
utilized to reduce the bi-directional system implementation cost significantly, or to provide

a means of increasing the capacity of the existing system.
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Figure 4.51: Configuration of a bi-directional amplifier using 1 amplifier,
and 4 directional WDM devices.

When designing a bi-directional system which employ open cascade amplifiers, each

with a moderate gain, as depicted in Figure 4.52, one can quickly recognize that this

previous configurations. Also, due to the absence of BPFs and WDMs in link, this bi-
directional link provides maximum networking flexibility, multiple wavelength
transmission, and enables the use of optical time-domain reflectometry, which cannot be

used, at least in a straightforward fashion, in all previous configurations discussed above.

Figure 4.52: Single fiber link bi-directional transmission system
employing open cascade amplifiers.
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4.4.2 Bi-directional Transmission Experiments

To demonstrate the feasibility of employing open cascade configurations for bi-
duplex bi-directional system with a single fiber link and open cascade of up to four
EDFAs. In the experiments, the system BER as a function of the link budget was
measured. The link budget is defined as the end-to-end total available power budget for
the fiber and component losses. For component count comparison, the experimental BER
on a conventional system that used two fiber links, each with its own EDFAs and isolators

has also been determined.

4.4.2.1. Experimental Arrangement

5 separate 170 km long single fiber bi-directional transmission system configurations
have been examined and measured. Note that in the context of what follows, a pre/post
amplifier means that the EDFA in question is used both as a preamplifier by the receiver
and as a post or power amplifier by the transmitter; this also implies that the length of the
fiber between the pre/post amplifier and the transceiver is sufficiently short so that RB
effects could be ignored in this part of the link. The transceiver in the context of this
writing is a terminal end in which a transmitter, receiver, optical BPF and circulator are
situated. The 5 configurations considered are: two and three in-line amplifiers; two
pre/post amplifiers; two pre/post amplifiers and one in-line amplifier, and two pre/post and
two in-line amplifiers.

In order to ensure that the system experienced the worst case amplified RB effects,

amplifiers had at least the same amount of fiber on the link side. As an example, Figure
4.53 depicts the experimental configuration for the three in-line EDFA system. The two
in-line EDFA configuration is the same except that VOA,; and EDFA; are removed and
the fibers are redistributed in the link. Similarly, for the pre/post amplifier configurations

the first and last EDFAs are placed adjacent to the transceivers.
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The transmitter 1 was the analog transmitter discussed and used in chapter 3. It was
biased at 30 mA and had a 1543 nm lasing wavelength and a -1 dBm output modulated
power, which was measured after the circulator. The transmitter 2 had a lasing
wavelength at 1541 nm and -5 dBm modulated power measured after the circulator. Both
transmitters were directly modulated by a 622 Mb/s PRBS of pattern length 27-1; this
short pattern was limited by the low frequency cutoff of the transmitters and receivers.
Note that since these signal wavelengths were spaced close together on the relatively flat
region of the EDFA gain spectrum, they experienced similar amplification, and thus similar
link budgets would be expected.

One common receiver was used and switched between the two terminal ends during
the BER measurement. The receiver used was the TRLabs/BNR OC-12 Receiver, which
had measured sensitivities of -26.3 dBm and -27.0 dBm for the 1543 nm and 1541
transmitters, respectively. BPFs were used in front of the receiver not only to reduce the

spontaneous to spontaneous beat noise, but also to reject the backscattering of the

the bi-directional performance and component count will be compared, is shown in Figure
4.54,

As in previous experiments, all of the fibers used were standard non-dispersion shifted
single-mode fibers, possessing the characteristics mentioned earlier in Table 4.2, and all
connections between fibers were either fusion splices or ultra low reflection APC

connectors with the return loss being better than -60 dB.
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Figure 4.53: Full duplex bi-directional transmission with a single fiber link
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Figure 4.54: Bi-directional transmission using 2 links and 4 in-line EDF As.
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4.4.2.2. Experimental Results

By adjusting the values of VOASs in each configuration, system BERs as a function of
the link budget could be measured. Figure 4.55 presents these measured results, which
were obtained in the five open cascade configurations, as well as in one and two in-line
EDFA uni-directional link configurations. The link budgets for the 1543 nm transmitter
were consistently a few dB higher than the 1541 nm transmitter due to the higher output
power of the 1543 nm transmitter. As expected, the results show that the in-line EDFA
configuration results in a higher link budget than pre/post configuration with the same
number of EDFASs; this is mainly because the pre/post amplifiers are saturated by the
transmit signals thereby reducing the operating gains. For this reason, a BER of 10® for
the 1541 nm signal detection in the two pre/post EDFA configuration could just be

achieved after the 170 km transmission.

—&—2 pre/post & 2 in-line amp. —e— 3 in-line amp.
—&—2 pre/post & 1 in-line amp. —e—2 in-line amp.
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Figure 4.55: BER:s of the different links as a function of the link budget for
(a) the 1543 nm and (b) 1541 nm transmitters. Dotted lines denote uni-
directional links, and solid lines denote bi-directional links.

Table 4.9 summarizes the results in terms of the link budget for the 1541 nm
wavelength and the component count for the various two, three and four amplifier
configurations. This wavelength is considered for it has smaller link budgets. These
results reveal that for a one-way link loss of about 40 dB, a single two amplifier bi-
directional link and two single amplifier uni-directional links will meet a 40 dB loss budget
with the same net two-way OC-12 transmission capacity. Both configurations use the
same number of EDFAs, but the bi-directional link uses half the fiber and filter, and two

circulators as oepposed to four isolators. For links with a loss about 60 dB, the loss budget

directional links with one less amplifier, two fewer filters, half the fiber and two circulators
against eight isolators.

To conclude these experimental results, in the absence of network operation
considerations, have demonstrated that not only are bi-directional open cascade systems

feasible for long distance applications, but they also require fewer components to
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implement, hence allowing one more options for economic network implementation and

growth.

Link Budget (BER=10")

EDFA Cﬂnfig{iif‘atiqn éqmppnent Cgﬁ;g

a) Bi-directional EDFAs |Filters | Circulators| ~ dB |Equivalent
fiber length km

72 306

2 pre/post, 2 inline 4
3 inline | 3
2 pre/post, 1 inline 3

inline B 2
2

69 293

2
2
2 60 | 255
2
2

2 inline. A 2 48 | 204
2 pre/post 40 | 170 _

b) Unidirectional EDFAs | Filters | Isolators -
2 links, 2 EDFAs/link | 4 4 8 66 |  2x281
2

2 links, 1 EDFA/link 2 |4 | e | 2x19

Table 4.9: Link budgets and component counts for various
bi-directional system configurations.

4.5. Impact of Internal Amplifier Rayleigh Backscattering

Recently, there has been considerable interest in using long distributed Erbium-Doped
spontaneous emission and applicability to solition transmission [82-86]. In these systems,
EDFs are employed not only as an amplifying fiber but also as the transmission medium.
By using dispersion shifted EDFs, lossless [83-84] and as well as dispersion free [85-86]
transmission using 1550 nm sources have been demonstrated.

Another possible way to implement end-to-end lossless and dispersion free
transmission is to utilize a 1310 nm transmitter source along with amplifiers functioning in
this wavelength. The key benefit of the 1310 nm system is the exploitation of the zero
dispersion characteristic at 1310 nm of the most commonly installed standard fiber
throughout the world; for such a system, no dispersion compensation techniques are

required. To date, the most promising candidates for providing 1310 nm amplification are
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the Praseodymium-Doped Fluoride Fiber Amplifiers (PDFFAs), and due to their benefit,
there has been a lot of ongoing research work both on analog [64-65,87-88] and high
speed digital [89-90] transmissions in the past few years.

In the previous analysis, the effect of Rayleigh backscattering within the fiber
ampliuers as depicted in Figure 4.56, was ignored. This is a valid assumption as long as
the Rayleigh backscattering coefficient of the amplifying fiber is sufficiently small, such as
with EDFAs. However, for systems using fiber amplifiers with high baskscattering
coefficients, such as PDFFAs, this RB impact cannot be neglected. Similarly, if one uses
long distributed . . rAs, the internal scattering along the full system length also has to be
included because distributed EDFs are effectively lossless and long, and hence a
considerable amount of RB would be expected. The following section will explore the

impact of RB in these systems.

DRB of Signal

—

Direct Signal
Optical Fiber Amplifier

Figure 4.56: Double Rayleigh backscattering of a signal induced
inside an optical fiber amplifier.

4.5.1. Penalty Derivation Due to Internal DRB

The DRB noise generated within a “lumped” fiber amplifier is different from that

which is generated in a long piece of fiber because the conditions:

a) the fiber loss is small within the coherence length

b) the source field coherence length is relatively short compared to the fiber length

157



given in Section 2.2, may not be satisfied when deriving the DRB noise spectrum, due to
short length and large gain coefficient of the amplifier. Here a “lumped” fiber amplifier is
referred to as a short fiber amplifier, with a typical length ranging between a few meters to
several tens of meters. The failure of conditions (a) and (b) will not result in a closed form
expressicm for the DRB noise spectrum. Nevertheless, one can still calculate the total
apply the general power penalty expression (4.26) to characterize this irnpact on digital
IM-DD systems which employ a chain of isolated lumped fiber amplifiers.

Inserting 7 = 0 in Eqn. (2.21), the total DRB mean square noise current generated

within an amplifier with length L, can be expressed as

% Pdir(stI)
e 1 L [ 5] Lz : , , 202 2
= lim & | 2( 4“2 z 2 oSS Redr
> Tf: J 2 (12222 je:\p[f g(z)dz]dzldi?.

(4.38)

where g(z) is the gain coefficient and Py (t,L)) is the cptical signal power at the Dutput of

Py (1,11) = (Edzr (t. Ly Jegin™ (L ))Asﬁ (4.39)

As shown similarly in Appendix A, for high speed transmission systems, Py (z,L;)
inside the double integral in Eqn. (4.38) can be extracted and written as the average

optical power P,. in order to eliminate the time dependence, yielding
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By approximating g(z) as the average gain coefficient g,, the mean square DRB noise

current expression becomes

, Ly zy
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00 (4.41)
259 ‘1 79 -
=2P %2 < f" La2s2
4g,°
Since the square of the gain of a lumped amplifier (G2 = ¢24°™ ) is much larger than

2goL; +1, the total mean square noise current for a lumped amplifier is given to a good

approximation by

: 2\_p 222G 22 N
<iDRB,lmp">§B-e R 2 — 0“8 (4.42)
0

Note that polarization is assumed to be preserved within a lumped fiber since the amplifier
length is fairly short, and that the subscript lump is used to specify lumped amplifiers. For
systems using a chain of N lumped fiber amplifiers with isolators surrounding the
amplifiers so as to eliminate the multi-amplified RB effects as in the open cascade

situation, the total accumulated DRB noise can be expressed as
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aligned polarization for DRB and by substituting go — 0 into Eqn. (4.41), one obtains the

mean square noise current due to DRB for this system as

: 2 L? 2 o
(’DRB,dz‘st2>= &R 5 ~—a,’s (4.44)

where the subscript dist denotes the distributed EDFA. It becomes clear from this
equation that due to the square of the amplifier length dependence (L), the total noise can
be lowered by placing isolators in the link in order to break down the total distributed fiber

length into N isolated pieces of length L,. In such a case the total noise becomes

L2
- 2Ls” 5 ,
<‘DRB,dist2>= [ P’ R 2 —-a,28° ] (4.45)

Inserting Eqn. (4.43) and (4.45) into the generic penalty expression (4.26) gives the power

penalties due to internal DRB for these system as

" 2 2 -
_ Q G 2 d+l )
APy —IOIOg{l——Z N—Zgoz ag 25 71 (4.46)
and
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APd,s,—IOIOg{l——--2 N— > S dsl (4.47)



It should be mentioned that similar to the case of an open cascade of EDFAs, where

the DRB noise penalty also involves a term in N G2, so too here for the lumped
amplifiers can one reduce the impact of DRB noise within the amplifiers themselves by
designing a system with a larger number of low gain amplifiers. This can readily be
accomplished by creating a single amplifier composed of several amplifying fibers with

isolators in between. The above theory provides the design criteria for such a system.

4.5.2. Theoretical Results

Three different systems are considered: single-mode fiber systems with either lumped
EDFAs or lumped PDFFAs and systems utilizing distributed EDFAs as the transmitting
medium. In step-index single-mode fibers, the recapture factor S is related to the

Numerical Aperture (NA) through the following approximation [26,28]:

2 2 2
- NA
§=~0223" =72 — 092372 (4.48)
n n

where n; and n, are the refractive indices of the core and cladding of the fiber.
Substituting this equation into Eqn. (4.46), Figure 4.57 presents the calculated power
penalty for a BER of 10™'* against the number of lumped fiber amplifiers in a link, with the
Rayleigh scattering loss coefficient as a parameter. In the calculation, each amplifier is
25 m long and has an internal gain of 25 dB and a NA of 0.2. Also, a 10 dB extinction
ratio and a refractive index of 1.5 for the fiber core are assumed. Figure 4.58 presents the
penalty for the case in which the NA used in the calculation is increased to 0.4. Since
PDFFAs typically have large NA ranging from 0.2 to 0.4 [65,88-90] and the best reported
internal scattering loss coefficient ranges from 0.02 dB/m to 0.05 dB/m [65,88-90], these
two figures clearly indicate that lower NA and lower scattering loss values need to be
achieved before PDFFAs can be used in long concatenation links. It is worth mentioning

that since the scattering loss of a fiber has been shown to be reduced with lower NA {911,
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being able to design PDFFAs with low NA could have an very substantial impact on
reducing the internal DRB effect.

Nevertheless, for lumped EDFAs, because the scattering loss coefficient is as small as

0.5 dB/km and because the NA is smaller than 0.2, the DRB contribution from the EDFAs
gives a negligible penalty for links with many amplifiers. For example, for an EDFA
having a NA of 0.2 and a scattering loss coefficient of 1 dB/km, one could concatenate

250 amplifiers for a penalty caused by the internal DRB impact of less than 0.1 dB.
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Figure 4.57. Power penalty against number of lumped amplifiers for a BER of 10™, NA
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Figure 4.58: Power penalty against number of lumped amplifiers for a BER of 10, NA
of 0.4 and with the Rayleigh scattering loss coefficient as a parameter.

For distributed EDFA systems, Figure 4.59 shows the calculated isolator spacing, or
equivalently, the distributed EDF length, required to achieve a BER of 10" as a function

of the total full system length. It is calculated for a power penalty of 1 dB, extinction ratio

increase the isolator spacing. The use of short isolator spacing gives rise to two
limitations. First, more isolators need to be utilized, thereby increasing transmission loss
and system cost. Second, since the optimum puﬁlping scheme for distributed EDFAs is bi-
directicnal pumping [82-83], the constraint on isolator spacing limits the distance between

pump stations, and as a result, more pump stations need to be installed.
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Chapter 5
CONCLUSIONS

In this dissertation, the Rayleigh backscattering impact on transmission performance of
various forms of fiber optic transmission systems has been studied. By modeling the
scattering coefficient as a delta-correlated circular complex Gaussian random variable a
general and accurate expression for the double Raleigh backscattering noise has been
derived. This DRB noise expression has been successfully verified in simple experiments

using a generic AM-SCM signal generated by direct modulation of a DFB laser.

5.1. Summary of the Results on Analog Systems

The noise expression was then simplified in directly and externally modulated AM-

SCM systems to facilitate easier use. In dirzctly modulated systems, it is clear that DRB

that this Gaussian shape can be calculated using a simple equation in terms of fiber length,
Rayleigh backreflectance, total fiber loss coefficient, rms modulation index, chirping

efficiency and bias current.

ignored and the DRB RIN is clearly composed of a series of Lorentzian laser lineshape
noise spectra, centered at DC and subcarrier frequencies, and can be expressed in terms of
fiber length, Rayleigh backreflectance, total fiber loss coefficient, laser linewidth and peak
modulation of each channel.

Both of these simplified DRB noise expressions have been applied to 1310 nm and

1550 nm systems with and without the use of optical amplifiers to determine their received
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o
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* DRB noise can be reduced by inserting optical isolators to break up the transmission
link.

® DRB noise in 1310 nm systems is about 6 dB higher than that of 1550 nm systems.

e In directly modulated systems, DRB noise spectrum is relatively flat, and it decreases
with chirping efficiency. Therefore, systems using laser diodes with large chirping
efficiencies can reduce the DRB noise significantly, giving rise to a improvement in
CNR.

¢ In externally modulated systems, DRB noise spectrum, on the other hand, shows a
strong frequency dependence. To reduce this dependence, optical sources with either
relatively narrow or wide linewidths should be used. Through the use of such sources,
the DRB noise in CATV frequency and CNR degradation will also be reduced.

® Both 1310 nm and 1550 nm systems equipped with optical amplifiers have been shown
to be capable of extending the system reach and coverage in the presence of DRB by
using a higher received power to compensate for the additional noise added from the

amplifiers.

5.2. Summary of Results on Digital Systems

The impact of RB on optically amplified IM-DD digital systems has been investigated.
To quantify this impact, a generic power penalty expression describing the degrading
effects due to the backscattered ASE and signal has been derived, and subsequently
verified by a series of OC-48 transmission experiments. The experimental results have
confirmed the validity of the expression, particularly for modest penalties. Using this
derived expression, it has been demonstrated that open cascade systems are capable of
providing large system gain provided that each in-line amplifier has moderate amplifier
gain.

In addition, different kinds of bi-directional transmission configurations have been
discussed. Bi-directional systems, using bi-directional amplifiers composed of 4 WDMs,

as shown in Figure 4.51, prove promising in the areas of system cost reduction and
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upgrade, in comparison to existing 2 fiber link bi-directional systems. However, open
cascade systems still require the minimum number of components to implement, and it has
been experimentally confirmed that bi-directional open cascade systems provide similar
system power budget but require fewer components, compared to the 2 fiber link bi-

directional systems.

noise generated inside high scattering fiber amplifiers or distributed fiber amplifiers, has

been obtained. Calculated results have shown that for systems that employ lumped

when employing PDFFAs or distributed EDFAs, due to their relatively large numerical

aperture and Rayleigh scattering coefficient, the penalty could be severe.

5.3. Future Research

Future work in the context of bi-directional transmission could comprise detailed
investigations of the implementation for open cascade system configurations as well as for
other system configurations, such as systems employing one fiber link and WDMs, and
systems with two separate fiber links. A insightful comparison could consider the net
transmission capacity, link budget and cost concurrently. Furthermore, systems combining
various configurations could be of special interest in some particular situations.

Concerning the performance of EDFAs in open cascade and WDM routing

computer simulation study, accomplished by former M.Sc. student, Caroline Delisle [93].
Special attention should be given to the effects of amplifier gain compression and variation
across the spectrum, as well as noise figure in multiple wavelength bi-directional

transmission.

]
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Appendix A: Derivation of Eqn. (2.22)

Let x() be a fast varying function and y(r) be a slow varying function, then the time-

average of the product of these functions for a duration of time T can be approximated by

the products of time-averages of these functions as

() y() = x(1)- y(r) (A1)

or more specifically,

1}() ()d l,?()d 1}()61 (A2)
—ix{t)-yt)ar=— | xi{t)dt-— t)dt .
T, T 77

This can be rewritten as

T 1 T r
[x0)-y(0)dr = [x(t)ar- [ y(e)ar (A3)
0 0 0

Now, invoking the above relation to the innmer integral in Eqgn. (2.21), in which

Eqir*(-)€4ir(+) is the fast varying function and ¢ is the siow varying function, yields a

new expression for this inner integral as

23

-2 -2z —2a(zy—z
fsd;,*(t—2—2——1,L)-£d,-,(t—22——’+ r,L)e 2a(z2-a)y,
0 1% 1%

(A9

22 2
1 -2z 20—z ol
=—J.£d1r*(t_2#,L £dir t—2_2—__l+ T,L dZ] . je 2a(22 Zl)dzl
25 v v 0

Substituting this expression into Eqn. (2.21) gives rise to Eqn. (2.22).
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Appendix B: Parameter Measurements

B.1. Rayleigh Backscattering Reflectance

The setup used to measure RB reflectance is shown in Figure B.1.1. The optical
power after the Variable Optical Attenuator (VOA) was -6.6 dBm and the power at port 2
of the circulator was -8.3 dBm, which was the incident power on the fiber under
measurement. The measured loss from port 2 to port 3 of the circulator was 1.0 dB. The

power meter connected to the fiber determined the fiber loss, and the power meter

The measured fiber, which was manufactured by Northern Telecom, was 50 km long
fiber and was used in the experiments in Section (3.2). The measured power at the other
end of the fiber was -20.0 dBm, meaning that the fiber loss was 11.7 dBm. Also, the

backscattered power at port 3 was -42.5 dBm. By removing the fiber, the measured

dBm was due to fiber backreflection. To further confirm that this fiber backreflection was
due to Rayleigh backscattering (instead of discrete reflection along the fiber), we reversed
the fiber and noticed no change in the power reading. In this case, the Rayleigh
backscattering reflectance could be easily determined as -42.5+148.3 = -33.2 dB. These
measurements were repeated for a 1310 nm laser source to obtain the RB reflectance at

this wavelength.

. Fiber Under
Optical o
. Measurement
Circulator

e et B
Transmitter VOA r : \V4 — Power

at 1543 nm 7N Méter

Power
Meter

Figure B.1.1: Setup for measuring RB reflectance.
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B.2. Laser Linewidth Measurement

The measurement technique used in the experiment was the standard delayed self-
homodyne [25]; the setup for this measurement is depicted in Figure B.2.1. The delay
path was a 10 km standard single-mode fiber, and which should give a measurement
resolution of about 10 kHz. The polarization controller was employed to align the
delayed field polarization for maximum mixing efficiency. The optical receiver was a New
Fucus detector followed by a SHF 90P electrical amplifier, both of which were chosen
mainly for their very low cutoff frequencies. Figure B.2.2 depicts the measured beat
spectrum and a calculated 14 MHz Lorentzian lineshape. This result clearly shows that

the laser linewidth can accurately be described by a 14 MHz Lorentzian lineshape.

50/50 50/50

Coupler e Coupler
X ~{—
Analog

Tf@s@FtEf 10 km Polarization
at 1543 nm Fiber Controller

To
Spectrum
Analyzer

Figure, B.2.1: Delayed self-homodyne linewidth measurement setup.
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Figure. B.2.2: Measured beat spectrum and a calculated

14 MHz Lorentzian lineshape.
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B.3. Laser Chirp Measurement
To measure the chirp efficiency of the DFB laser inside the analog transmitter, the

gated delayed self-homodyne technique [25] was employed. The experimental setup was

signal was applied to modulate the laser. To clarify, the setup is depicted in Figure B.3.1.
The gated sinusoid, as generated in Figure B.3.2, switched the laser between two states of
operation conditions: one was under CW operation and the other was under sinusoidal
modulation. If one chooses the gating period corresponding to the differential delay
between two paths, then the setup will effectively function as an optical homodyne system,
having a CW local oscillator which mixes with a laser source that is under continuous
sinusoidal modulation. With a small amount of chirp, the narrowband FM theory applies,
and the mixed spectrum can be described by standard Bessel-function.

In the measurement, the delaying fiber was 10 km long, resulting in approximately a
0.05 ms differential delay. In this case, a 10 kHz square pulse was used as the gating
source, and the sinusoid frequency was 100 MHz. The measured spectra for 3 different
bias currents were shown in Figure B.3.3. In obtaining these spectra, the peak voltage of
the sinusoid was adjusted such that the first null occurred at the fundamental frequency of
the sinusoid (i.e. 100 MHz). The bias currents and their corresponding peak voltage levels
are listed in Table B.3.1. As seen in the FM theory, the null corresponds to the case for

which the Bessel function of the first kind and of the first order J;(f8) was equal to zero,

be expressed as

| %_ (B.3.1)

m\

i
S
n

E

where Af and f, are the maximum frequency deviation and sinusoid frequency,
respectively, and yand Al are the chirping efficiency and peak modulation current actually

seen by the laser diode, respectively, ycan be expressed as



Bfm _383-100MHz
A7 AT

(B.3.2)

14

Note that due to the microstrip circuitry and electrical connections used in the packaging
of the optical transmitter, the input modulating signal will be affected before it reaches the
laser dicde. In this case, we determined A as follows.

We applied a 100 MHz continuous sinuscid with a fixed peak voltage of 1.08 V to the
transmitter and initially set the biasing current initially far above threshold such that no
clipping occurred. The current was slowly reduced until the second ordei “armonic
dramatically shot up indicating the clipping of the signal. This occurred at a current of
34.6 mA. Since the threshold of the laser was 18.5 mA, the effective peak modulating
current was determined to be 16.1 mA. Therefore, a ratio of the input voltage to effective

peak modulating current could be established as
1 1 A ,
R=—7——= 0.015? (B.3.3)

Using this relation and Eqn. (B.3.2), the effective peak modulating currents for the
different sinusoid voltages and chirp efficiencies were determined and listed in Table

B.2.1.

" Bias Current Sinusoid Effective Modulating | v
(mA) Voltage (mV) Al (mA) (MHz/mA)

60 102 1.53 250
50 98 147 261
30 92 138 278

Table B.3.1: Measurement results,
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Figure. B.3.2: A gated sinusoid.
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sinusoid. The numbers beside the curves are the bias currents.
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Appendix C: Derivation of Eqn. (3.14)

0

+T
Objective: To show sin(.’lrc [y-1,-m({)d¢ ]
4

Proof

+7 T/2 1+7

sin(zzz J'y-Ip-m(C)dCJz% j sin(Zn jy.l,,-m(g“)d(;)dz
! -T/2 !

T2

1
== Jsin(grsr — v )ar (C.1)
-T2

where ¢ is the total chirp-induced phase change at time . This phase change will vary
around zero and is generically depicted in Figure C.1. A consideration of two cases
follows.

Case 1: when 7=0,

] T/2 1 T/2
= Isin(¢,—¢,)dt=? fJodr=0
-T2 =-T/2
(C2)

Case 2: Once 7# 0, then sin(¢,+, - ¢,) varies between 1 and -1 with #. Since the average

of the modulating signal is zero in CATV systems, the following relation can be yielded:

1 T/2
"]‘: J.Sin(¢t+1' "¢r)dt =0
-T/2
(C.3)

On the other hand, for cos( +r— O ), when 7= 0, cos(0)=1 (instead of 0); therefore its

average is also 1, and this average decreases as T increases and eventually approaches zero
when 7 exceeds the coherence of the ¢ variation. Using the above equations, Eqn. (3.149)

can be obtained.
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Figure C.1: Time variation of the total phase change due to chirping.
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Appendix D: Determination of the Worst CNR Channel

For an external modulated system, the total DRB noise in channel i is given by Eqn.

(3.40), as

J Si+4MHz

N, 2
. 10 - 2l 4 f < my, - f=F
2\ _p 2210, > 2al 1 3 k 1 k
(1orn ) = B2 - Riy? (201 + l)n[tan (AV)+k=1 . ( Av

Ji

(D.1)

From this equation and Figure 3.22, it is clear that noise contributions due to the up-
converted spectra (i.e. the second term inside the square bracket) to each channel are the
same. Therefore, in determining the most affected channel, these contributions are

unimportant and can be ignored. After differentiating Eqn. (D.1) and equating to zero, we

obtain
. ivrs.?) 3 tan‘l(f" +4MHz)_[a _l(l,-_)
T oAV dAv Av " av
Av ~(f; +4MHz) A S
0=— 2 2 N P IN
Av? +( f; + 4MHz) Av Av®+ fi” Av
0=((f; +4MHz)S; - Av?) (D.2)
Therefore,
Av = [(f; +4MHz) ; (D.3)
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Since the sign of the derivative in Eqn. (D.2) changes from positive to negative when Av

increases slightly through Av = J( fi+ 4MHz) fis Av= \/ ( fi+ 4MHz) fi will yield a

maximum value of the DRB noise given by Eqn. (D.1) or (3.40).
Due to the fact that f; +4MHz and f; are approximately equal in regards to the

CATYV frequency allocation,

Av=(f; +4MHz); = f; (D.4)

is obtained. Thus, the worst affected channel is the one whose has a frequency nearest to

the linewidth of the source.
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Appendix E: Accounting for the Signal Dependence

The total average DRB noise is given by Eqn. (4.7), and is expressed as

[l

, 7 N .
<iDR52) = EORRbIEEZERZGIZ Z(G IL)E(N—:)
i=1

(E.1)

This equation reveals that the average DRB noise is proportional to the square of the
average received direct signal power P,. The square dependence can be explained as
follows. The DRB noise is a result of the beating between direct signal field and DRB
signal field, which is indeed a distributed sum of the time-delayed versions of a direct
signal field, as depicted in Figure E.1. Each of these time-delayed versions is also in
proportion to the direct signal field.

For digital systems, it is the DRB noise during spaces and marks which is important.
In receiving a space, the DRB signal power is proportional to the average direct signal
power P, because of the averaging effect due to the distributed summation, as shown in
Figure E.1. Note, however, that the direct signal power is equal to P, (power during a
space) instead of Pr. In receiving a mark, the DRB signal power is still proportional to
the average direct signal power P, for the same reason, but the direct signal power is
equal to P, (power during a mark) in this case. Therefore, intuitively, we can replace P,

in the average DRB noise equation with P, Py and P, P, respectively for cases of

following equation is obtained as a resulit:

\ 10 A
<iDRB'i2> = ?Rﬁbz-—p@ PEERZGZ

M=

F1(c3/%

!

[}
—

(E.1)

where P; is either Py or P;.
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Figure E.1: Formation of a DRB signal.
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Appendix F: Derivation of the Power Penalty

For the case without RB:
During a space, from Eqn. (4.24), and (4.19), we obtain

D-FR D-F®R ,
o= 20T . — (F.1)

ap s B’*'Z . y B, ; [, 1
\/ 2RoPasE.dir - R+ Pasgdir” 5= R + (im?)
~o o

Making D as a subject yields

: Bre s o 2Bwes 7o . -
D= Q\/EPDPASE,dir f’iﬁ; + Ppsg air? =R + (i) + R (F.2)

a a

Similarly, during a mark, we have

_RR-D _ ,
=TT = — (F.3)

AR-D

. B, o > Bro o2 .2

\/EFiPASE,dir 2R+ Pasg,ai” 3 R+ (in?)
[2]

Q

o

Substituting Eqn. (F.2) into Eqn. (F.3) and then rearranging the equation yields

- — — - e (F.4)
_ _ _ . 2
B, _|B,, _B, B iy
2 FE*%—ZQ re  oDre 10 +2<fh> —
| Bo  Bo Pase,dir R°Pyse air

PASE dir =
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For the case with RB:

By increasing the received power by 8P to keep the Q factor the same, we can express

Eqn. (F.2) and (F.3) respectively as

Bre 2
2Po8P(Pase air + PASE,RB)_Bre R+
(2]

Dpg =0 o+ PDtSPﬁ
(PasE, dir + Pask ks )2 %9‘2 + (iDRB.02> + <l}hz)

and

RO6PR-D
0= 1 i

B
2R8P(PasE, ir + Past. ks )B—m R+
(2]

(Pase, air + Pase.ra )2 %’j‘ %2+ <iDRB,12> + <izh2>

Substituting Eqn. (F.5) into (F.6) yields

Q2(2%:: R(Pask, dir + Past. ks JOP(R - Po)+ <iDRB,12> - <iDR5,DZ >J =

(F.6)

B o
2P05P(PASE,dir + PASE RB )-}SE R2 .+

R2P2 (R - By)* - 2%6P(B - By )0 0

(Pase.dir + Pas.zp )2 %’jﬁz + (iDR,B,Dz> + (f;h2>

Arrangement of the above equation yields
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8P(Py - By)~ —L\ ol | \'DRB ]
R R25P(F - By)
PASE dir + PASE,RB = — — = = — 7. 2\ /. 5\
Ql e Zre 20 J;j,;_";_'lB - EBy6P e (ZDEBD > (lthf)
B, B, B, FASE.dif +FASE‘R£ xR (PASE dir + Pasg RE)Z

It becomes clear from Eqn. (F.8) that when the penalty is modest, i.e. when 8P and Pase sz
are small, and when (iDRBigz) is relatively small compared to the other terms in the
denominator in Eqn. (F.8), the denominators in Eqn. (F.4) and (F.8) are approximately

equal. Therefore, dividing Eqn. (F.8) by Eqn. (F.4) yields

Pase.dir + PaSERB _ — ®*P(R-m

—— (F.9)
PASE dir A-FR

Note that the above inequality is due to the neglect of the dominant term &P in the
denominator in Eqn. (F.8). By substituting the expressions (4.8) for the DRB noises

during a space and mark into Eqn. (F.9), the following equation is obtained:

10 N z N-1

‘SP(Pl EPO) QE—RszPI‘EG z ( ( )

PASE, dir + PASE,RB <. ’ i1 . (F.10)
PAsE, dir A- Ry o

After substituting the following equations into (F.10):
1 -
PI—P0=P1(1—--‘;) (F.11)

and
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.12
) (F.12)
we obtain
PASE, dir + PASE,RB <oP QZIOR 2G2§:i(GlL)2(N-1) OP d +1 (F.13)
SoF—Q"—Rgp Y I
PaSE dir 9 i=1 2d-1
or equivalently
\-1
PASE, dir + PASE,RB 210 5 5 y aAN-1)1d+1 -
&P > —== = 1-Q* —Rrp?G N i(GIL — (F.14)
PASE .dir 9 Z} (i) 2d-1
From this equation, the penalty AP can be expressed (in decibels) as
AP 210log(5P)
-1
PAsg dir + P N aN-D)1d+1
> 10log| ~ATEAr T ASERE | 10109/ 1- 10 92R, 262 S i(G L2V 1) L4 41
PAsE, dir 9 = 2d-1
(F.15)
or (from Eqn. 4.7)
2(; 2\ .\
P ir+P Qi +1 o
AP 3 10log| —235:4r TZASE.RB | 101og] 1~ <’;R32>d+ - (F.16)
PASE, dir 2P,*R° d-1
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