UC San Diego

UC San Diego Electronic Theses and Dissertations

Title
Information processing for improved performance of optical networks

Permalink
https://escholarship.org/uc/item/816558vQ

Author
Alic, Nikola

Publication Date
2006

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/816558v0
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA SAN DIEGO

Information Processing for Improved Performance of Optical Networks

A dissertation submitted in partial satisfaction of the

requirements for the degree Doctor of Philosophy

in

Electrical Engineering (Photonics)

by

Nikola Alic

Committee in charge:

Professor Yeshaiahu Fainman, Chair
Professor Philip E. Gill

Professor Laurence B. Milstein
Professor George C. Papen
Professor Paul H. Siegel

Professor Amin Vahdat

2006



Copyright
Nikola Alic, 2006.

All Rights Reserved.



The Dissertation of Nikola Alic is approved
and it is acceptable in quality and form for

publication on microfilm:

Chair

University of California San Diego

2006

iii



DEDICATION

To my family, friends and colleagues,
without whose support this thesis would

not have been possible.

iv



TABLE OF CONTENTS

SIgNAtUTE. ... iii
Dedication. ..o iv
Table of Contents............cooiiiiiiiii v
List of Figures and Tables  ..........ccoooiiiiiii ix
List of Abbreviations.............c.ooooiiiiiiiii XV
Acknowledgements. ... ......ooviiiiiiiiiii Xvii
ViAo xviii
ADSEIACE. ...ov i Xix
Chapter 1 INtroduction.........oooivt v 1
1.1. Dissertation ObJectiVe ..........ccccceciviviiuiiiiiiiiiiiciiicccees 1

1.2. Intensity modulated direct detection fiber optic systems................... 3

1.3. Optical Fiber-Channel Characteristics ..........cocoevvveccinniccnnncinnns 5

1.3.1  Group velocity diSpersion...........cccoeeiviviviiiiiniicininiiciicccnes 6

1.3.2  Polarization mode diSpersion...........c.coceeeveieieieiiieieiccecccccne, 9

1.3.3  Four-wave mixXing ........ccccccevvviniiiniiiiiiiiiiiiccceens 10

1.4. Mitigation of impairments in optical links.........ccccccoovviinnnnnnnn. 14

1.5. Thesis organization...........ccocoeeviviniiiiiiiiiines 17
Chapter 2 Maximum Likelihood Sequence Estimation in Optical Links
without Amplification............cooiit i 20

2.1. INtrOdUCHON ...t 20



2.2. Maximum Likelihood Sequence Estimation for Channels with
MEMOTY vt 22

2.3. MLSE in fiber optic Hnks.........ccooviieieiiiiiccce 28
Probability of Error and Performance ..........ccccccceevveicinnicccnnnnnee. 31

2.4. Performance of MLSE in Conjunction with Different Modulation
FOrmats......ooeiiiic 39

2.5. Performance with A/D CONVErSiON.........ccccviiiiiiiiininiiiiiinnn 42
2.6. Experimental Validation ..........cccccccoviiininiiiiniiiicccccce, 47
2.7. CONCIUSION ... 50
Chapter 3 Sequence Estimation with Constrained Run-Length Coding In
Directly Modulated Multi-Mode Fiber Optical Links..........cccccccceeiniiinininnenne. 53
3.1. INtroduction .....ccovviiiiiiiic s 53
3.2. Multimode fiber reSpONSe.........ccccvvueueiririeiiiriicceecceceees 54
3.3. Data dependent VCSEL response and data-pattern DC balancing by
8D/10D COAE ... 57

3.4. Experimental setup........cccccoviiiiiiiniiiniiiiii 62
3.5. Results and diSCUSSION .........ccceveveieieiiiciciciiccccccc 64
3.6. Chapter SUMMATY........ccccviiiiiiiiiicee 68
Chapter 4 Signal Statistics and Maximum Likelihood Sequence Estimation
In Intensity Modulated Fiber Optic Links with Optical Amplification............ 71
4.1. INtrOdUCHON ...t 71

vi



4.2. Maximum Likelihood (ML) Detection .........cccceceverereenenieneeneeeeeneennes 73
4.3. MLSE in links containing a single optical pre-amplifier ................... 84
44. CONCIUSION ...t 91
Chapter 5 Transmission Experiments with Sequence Estimation ................ 94
5.1. INtroduction ... 94
5.2. Equalization of the NRZ format and receiver structure trade-offs.. 96
Experimental setup.........cccoceovviiniiiiiniiiiiiii 97
Experimental Results and Discussion...........ccccccceevvieiiininiiniinennnnee 98

5.3. Extended dispersion limited reach and spectral efficiency through
narrow filtering and equalization..........cccoecvveivnciinnciinncene, 103
Experimental Setup ..o 104

Results and DiscusSion ..........ccccoeueuiiviniiiiininiicinccccce 106

54. Chapter SUMMATY ........cccoiiiiiiiiiii s 108
Chapter 6 Phase Coding for Suppression of Nonlinear Ghost Pulses in
Long-Haul Fiber Optic Links............ooiie 111
6.1. INtroduction ... 111
6.2. Physics of ghost pulses and intrachannel four-wave mixing......... 114
6.3. The pulse phase transfer in ghost pulse formation and simple data-
independent encoding schemes.............cccccvurueininicinneeninencenne 119

6.4. Data-dependent encoding ...........ccccoeeviviriiiiininiiciininiciieccnnes 125
6.5. Chapter SUMMATY ........cccoviiiiiiiiii e 132

vii



Chapter 7 Summary and Future Directions...........cccoceceviiiniiiniiniinccnnne, 135

7.1. Thesis SUMMATY .....c.ccccviiiiiiniiiiii e 135

7.2. Future DIrections ..........ccocoiiiiiiiiiiniiiiiiiicccs 141
APPENIX A ..o 144
An upper bound t0 Pe.....ccooiiiiiiiiiiiiiiiii e 144

A lower bound t0 Pe.....ooccviiiiiiiiiiiiiiiiii e 146

APPENAIX B 148
REfOIOINCES. .. ot 151

viii



Fig.

Fig.

Fig.

LIST OF FIGURES AND TABLES
1.1 Intensity modulated direct detection (IMDD) fiber optic system schematic. (a)
Direct modulation; (b) External modulation. ..........ceceeveoiiiiininincncncniieieenenne 3

1.2 Compensation in the optical domain vs. equalization in the electrical domain

2.1 Evolution of the bit-by-bit signal space minimum distance dio for four

different information-bearing pulse shapes: RZ (2 pulse widths), NRZ and RZ. 25

Fig. 2.2 System block diagram ..........ccccoeeiiiiiiiiiininiiiiiccc e 29

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

2.3 Performance of MLSE at four different propagation distances. Overlaid with
the results are the error bounds calculated according to Eq. (2.9) ........................ 33
2.4 Performance comparison of MLSE equalized links with different amount of
accumulated dispersion from Fig. 2.3 ..., 35
2.5 Signal space distance histograms for four different amounts of accumulated
dispersion from Fig. 2.3. ......cccoviiiiiiiiiiiiiiii e 36
2.6 Evolution of MLSE signal space minimum distance dmin for four different
modulation formats represented in Fig. 2.1 under bit-by-bit decision................... 41
2.7 Performance of MLSE under A/D conversion for 2, 4 and 5 quantization bits.
In solid line performance under infinite resolution is included for comparison. 43
2.8 Effect of quantization on dmin at 160 km. Inside the dotted circle the infinite

precision dmin is included for comparison. ...........cceeeiviviiiiiniiiinniae 44

ix



Table 1. Power penalties incurred by a/d conversion depending on the accumulated

Fig.

span of ISI for three modulation formats...........ccceeceiviiiiinninnicicice 45
2.9 Distribution of noiseless responses for NRZ (left) and Duobinary (right) for
infinite resolution. This figure emphasizes bunching of responses for NRZ
leading to a smaller requirement of quantization bits for the same span of ISI.

Also see Fig. 2.5(C)-(d).c.oeiviririiiiiiiciicccc s 46

Fig. 2.10 Experimental schematic for the proof of concept experiment......................... 48

Fig. 2.11 Eye diagram at the negative accumulated dispersion equivalent to 170 km in

Fig.

3.1 Isolated Marks for three different launch conditions. (a) Random data.
Substantial BLW in noticeable in the response; (b) Response for the same launch
conditions after data have been encoded by a DC balancing 8b/10b code. A

considerable mitigation of the BLW is achieved availing subsequent equalization

Fig. 3.2 Pictorial representation of direct modulation of a semiconductor laser.......... 60

Fig.

3.3 Experimental setup for MLSE demonstration in multimode fiber links. The

inset shows a photograph of the actual VCSEL mount. ..........cccccoeveveiniiniicnnnee. 62

Fig. 3.4 Back-to-back eye diagrams taken from a 0.5 m long 62.5 mm fiber (a) 2.5 Gb/s.

Fig.

(D) 10 GD/Scciiiiiiiiii s 63
3.5 Eye diagrams after propagation through 400 m in 62.5 pm multimode fiber

for two different launch conditions showed in the INSets ........ccoovvveeevveeeeeeeeeeeeennns 65



Fig.

3.6 MLSE performance for two example launch conditions. The performance
curve corresponding to a narrower-spread response is plotted in magenta, and

THE WIART TN TOA ettt e e e e e e e et eeeessesesseteeeeeessessssneeeeeeesesannnnes 67

Fig. 3.7 MLSE performance after propagation in 400 m of legacy 62.5 mm fiber under

A/D conversion. (a) short differential group delay response; (b) long DGD

FESPONISE. ..utviuietistetitetiet ettt ettt ettt bbbt b et b s b e s b e b e e b e bbbt bbb b b ae s 68

Fig. 4.1 Communication system block diagram..........c.cccoccceviiniiiniininniiiiniiiee, 74

Fig. 4.2 Eigen-value distribution (in one quadrature) in log-log scale (when ordered in

Fig.

Fig.

a descending order) for two filter shapes: Rectangular filter — the eigen-values
correspond to Prolate Spheroidal Functions; and Lorentzian filter — the eigen-
values correspond to harmonic functions............ccccccevviicniniinicnnicce, 80
4.3 Histograms of samples (bars) drawn from a complex Gaussian noise source
(in two orthogonal polarizations) undergoing band-limiting, square-law
operation and integration. Also shown are fits of the chi square distribution
(green line) and the pdf obtained through Karhunen-Loeve expansion (red line)
for time-bandwidth products of (a) 5, and (b) L......cccccveiviniiiiiniiiiecieene 82
4.4 (a) Comparison of the calculated PDF’s (solid lines) with chi-square (dashed
lines) for four channel responses at back-to-back for NRZ format at Eb/NO = 10
dB for a rectangular filter for an ‘000’, ‘111’, ‘101" and ‘010" responses. (b) A

zoomed in detail from the graph (a) that emphasizes how close the intersections

xi



Fig.

Fig.

of the likelihood functions are on the x-axis for the two forms of likelihood
functions. (c) PDF’s from part (a) in logarithmic scale...........ccccceeueiiiniiininnnnnne. 84
4.5 Performance of the SE based on the exact statistic (solid lines) and the chi-
square metric (dashed lines) with sequence estimation at four different amounts
of accumulated dispersion. (a) Ideal rectangular filter used. Performance of the
two approaches is virtually the same; (b) Lorentzian filter.............ccccocoovrinnnnne. 86
4.6 Performance of sequence estimation for the exact and the chi-square

distributions for BT = 1 at back to back and 150 km. (a) Rectangular filter; (b)

Lorentzian shaped filter ... 89
Fig. 5.1 Experimental Setup........cccceveviiiiiiiniiiiiiiiiiiciccccee 98
Fig. 5.2 Non-ideal integrator (0.6 roll-off raised cosine shape) and “dirty” ~12ps
sampler impulse response shapes..........cccooovviiiiinieiiiieiiecce 99
Fig. 5.3 Required OSNR for 10 ® BER for different receiver structures in sequence
estimation (4-state VA with 3-bit A/D)..c.coevivininienieiiiniereseresieeeeeeeeeeeeee 100
Fig. 5.4 Performance of different receiver structures in sequence estimation (4-state
VA with 3-bit A/D) at 75km and 200Km. ...........cccoevrmeieinininiineeccee e 102
Fig. 5.5 Experimental setup block diagram for the 600 km NF-OOK reach................ 104

Fig. 5.6 (a) Comparison of narrowly filtered OOK (in red) and the conventional NRZ

Fig.

(in blue) spectra;_ (b) Eye-diagram at back-to-back..........cccccccuvvviiiniiinnninnns 106
5.7: (a) Viterbi equalizer performance for various receiver structure realizations;

(b) Eye diagram at 600 KM .........cccocviiiiiiiiiiiiiiiiicccces 107

xii



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6.1 Ghost pulse formation. (a) 21-bit stream at the input. (b) Same bit stream after
1250 km of propagation with periodic dispersion compensation and
amplification performed every 50 Km ..., 113
6.2 Ghost pulse formation. (a) Echo pulses form in positions -3 and 3 as mirror
images of genuine pulses in positions -1 and 1. (b) Higher order ghost pulse
formation off first order ghost from part (a)........cccocevvvrieieieieieiecccce, 116
6.3 Effect of dispersion map on Q factor evolution. Periodic map with fast Q drop
in dashed line and aperiodic map much more resilient to intrachannel 4WM in
SOl JIN€...coiiiiiiiic 117

6.4 Eye diagram after 2000 km propagation in a periodic map shown in Fig. 6.3

6.5 Phase transfer in ghost pulses formation. Formed ghost pulses bear the same
phase difference as their parent pulses either 0 (101 case in solid line), or  (10-1
case iN dashed 1INE). ......coeveririiriiiie e 120
6.6 (a) Destructive interference of ghost pulses from parent pulses having phase 0
and =. (b) Pitfall of phase encoding. Destructive interference of 2 outer pulses in

the position where a genuine mark resides, but has an opposite phase from the

OULET PUISES ..o 121

6.7 Data independent phase encodings: Alternate mark inversion (AMI);
Duobinary encoding (DBC); One-bit inversion; ...........cccceeeivveiinnicininiincnne. 122
6.8 Effect of three different data-independent (simple) phase encodings........... 123

xiii



Fig. 6.9 (a)Pulse triple interaction depending on the phase of one of the one side
pulses. (b) zoom into the lower power values from part (a) concentrating on the
energy leakage in position 4 and -4. ..........ccoeviiiiiiininiin 127

Table 2. Binary phase encoding patterns yielding the strongest ghost suppression.......

Fig. 6.10 Eye diagrams after 3000 km for average launch powers of 0 dBm. Means and
deviations cited in arbitrary units. (a) Uncoded stream; (b) Stream coded by AMI,
and (c) Data dependent phase encoding method. Simulated link consists of 30
spans of 100 km (approximately 95 km NZDSF fiber (D = -7.06 ps/nm-km) and 5
km DCF) with residual 20 ps/nm span and pre-compensation of —450 ps/nm. . 129
Table 3. Values of the Q factor and corresponding performance improvements for 3
different launch POWeTs...........coveviiiiiii 131
Fig. 6.11 Q factor evolution for different encoding approaches in (a) periodic and (b)

aperiodic dispersion maps shown in Fig. 6.3 ........ccccccccviiiinniiniiiiiicins 132

Xiv



4WM
A/D
AMI
ASE
ASK
AWGN
BCJR
BER
BL
BLW
BT
CD
DB

dB
dBm
DCEF
DFE
DGD
ECC
EDC
EDFA
EFEC
FEC
FFE
FWHM
Gb/s
GVD
IMDD
ISI
ITU
KL
MDB
MIMO
ML
MLSD
MLSE
MMF

LIST OF ABBREVIATIONS

For-wave mixing

Analog to digital (conversion)

Alternate mark inversion

Amplified spontaneous emission
Amplitude-shift keying (modulation)
Additive white Gaussian noise
Bahl-Cocke-Jelinek-Raviv (algorithm)
Bit-error ratio

Bandwidth — distance (product)

Base-line wander (of the directly modulated laser response)
Time-bandwidth (product)

Chromatic Dispersion

Duobinary (modulation)

decibel (unit)

decibel (relative to 1 mW power level)
Dispersion compensating fiber

Decision feedback equalizer

Ditferential Group delay

Error-correction code(s)

Electronic dispersion compensation
Erbium-doped fiber amplifier

Enhanced forward error correcting code (in the ITU standard)
Forward error correcting (codes)
Feed-forward equalizer

Full-width at half maximum

Giga-bits per second

Group velocity dispersion

Intensity modulation direct detection
Intersymbol interference

International Telecommunication Union
Karhunen-Loeve (expansion)

Modified duobinary (encoding)

Multiple input, multiple output (communication system)
Maximum likelihood

Maximum likelihood sequence detection
Maximum likelihood sequence estimation
Multi-mode fiber

XV



NF-OOK
NLS
NRZ
OOK
OSNR
PDF
PMD
PRBS
PSS
RMS
RZ

SBI

SE
SMF, SSMF
SNR
spb
SPM
VA
VCSEL
VOA
WDM
XPM

Narrowly filtered On-off keying (modulation format)

Nonlinear Schrodinger (Equation)

Non-return to zero (modulation format)

On-off keying (modulation format)
Optical signal-to-noise ratio
Probability density function
Polarization mode dispersion
Pseudo-random bit sequence

Prolate spheroidal functions
Root-mean-square

Return to zero (modulation format)
Single-bit inversion (phase encoding)
Sequence estimation

(Standard) Single mode fiber
Signal-to-noise ratio

samples-per-bit

Self-phase modulation

Viterbi algorithm

Vertical cavity surface-emitting laser
Variable optical attenuator
Wavelength-division multiplex
Cross-phase modulation

Xvi



ACKNOWLEDGEMENTS

The text in the Chapter 2 in part is a reprint of the material as it appears in the Optical
Communication Theory and Techniques. Alic, Nikola; Papen, George C.; Milstein
Laurence B.; Siegel, Paul H.; Fainman Yeshaiahu. “Performance Bounds of MLSE in
Intensity Modulated Fiber Optic Links,” (E. Forrestieri, Ed.), Springer, 2005. The
dissertation author was the primary researcher and/or author and the co-authors listed
in this publication directed and supervised the research which forms the basis for this

Chapter.

The text in the Chapter 4, in part, is a reprint of the material as it appears in Optics
Express, Alic, Nikola; Papen, George C.; Saperstein, Robert E.; Milstein Laurence B.;
Fainman Yeshaiahu. “Signal Statistics and Maximum Likelihood Sequence Estimation
in Intensity Modulated Fiber Optic Links Containing a Single Optical Pre-amplifier,”
Optics Express, Vol 13, 2005. The dissertation author was the primary researcher
and/or author and the co-authors listed in this publication directed and supervised the

research which forms the basis for this Chapter.

The text in the Chapter 6, in part, is a reprint of the material as it appears in IEEE

Photonics Technology Letters, Alic, Nikola; Fainman Yeshaiahu. “Data-dependent

XVil



phase coding for suppression of ghost pulses in optical fibers,” IEEE Photonics
Technology Letters, vol.16, 2004. The dissertation author was the primary researcher
and/or author and the co-authors listed in this publication directed and supervised the

research which forms the basis for this Chapter.

Xviii



1998
1998 — 1999
1999 - 2006
2001
2006

VITA

B.S. in Electrical Engineering, School of Engineering, Belgrade
University, Serbia and Montenegro

Junior Scientist, Institute for Nuclear Sciences “Vinca”, Belgrade,
Serbia and Montenegro

Research Assistant, University of California San Diego

M.S. University of California San Diego

Ph.D. University of California San Diego

PUBLICATIONS

N. Alic, G.C. Papen, R.E. Saperstein, L.B. Milstein, and Y. Fainman, "Signal Statistics
and Maximum Likelihood Sequence Estimation in Intensity Modulated Fiber Optic
Links Containing a Single Optical Pre-amplifier," Opt. Express 13, 4568-4579 (2005),

N. Alic, G.C. Papen, L.B. Milstein, P.H. Siegel and Y. Fainman, "Performance Bounds
Of Maximum Likelihood Sequence Estimation In Intensity Modulated Fiber Optic
Links," Optical Communication Theory and Techniques, (Enrico Forestieri Ed.), Springer

2005, pp. 197 ? 203

N. Alic and Y. Fainman, "Data-dependent phase coding for suppression of ghost
pulses in optical fibers." IEEE Photonics Technology Letters, vol.16, no.4, pp.1212-14

(2004).

Xix



ABSTRACT OF THE DISSERTATION

Information Processing for Improved Performance of Optical Networks

Nikola Alic

Doctor of Philosophy in Electrical Engineering (Photonics)

University of California San Diego, 2006

Professor Yeshaiahu Fainman, Chair

Transmission in optical fiber offers long distance and high-speed, possibly
tens of Terabits per second, optical communications. The utilization of the
theoretically available bandwidth and/or the capacity is hindered by a number of
impairments. Traditionally, these impairments are mitigated in the optical domain.

The main subject of the dissertation is the investigation of performance and

XX



applicability of advanced equalization and coding methods in high-speed optical
communications, which relies on processing in the electronic domain. In particular,
the investigated approaches rely either on processing of the received signal in order
to recover information distorted in transmission, or on encoding and/or shaping of
the transmitted signal in a specific way that mitigates the signal degradations
imposed by the channel.

The specifics of the fiber-optic channel require that the well established
approaches in other areas of communication theory, upon which the presented work
leverages, be adjusted to the conditions of this communication channel (e.g. nonlinear
effects in transmission, square-law detection and signal statistics). In the dissertation,
firm theoretical foundation for the analysis of electronic equalization is established.
Additionally, the proposed and theoretically analyzed techniques are validated
experimentally, demonstrating feasibility of the proposed techniques and providing

corroboration of the theoretical predictions.

XX1



Chapter 1

Introduction

1.1. Dissertation Objective

Fiber optic communications have experienced a remarkable growth during
the last two decades. Wavelength division multiplexed (WDM) systems supporting
tens of channels, each operating at speeds up to 10 Giga-bits per second (Gb/s) have
become ubiquitous [1-2]. Fiber-optic links constitute the backbone of all of the
information traffic, both on the national and the trans-oceanic levels.

There are several important impairments in the fiber-optic channel that limit
transmission distance and/or the communication data-rate. An investigation of
advanced techniques to overcome these issues that hinder reliable information
transmission is the topic of this thesis. Special emphasis will be put on comparing
how the mitigation is performed — optically (i.e. before the signal is detected), or

electronically, after the signal is sensed. As will be demonstrated, the optimal



impairments mitigation is not a static problem, but a dynamic one, and requires an
optimization approach in which the cost is a major concern.

Traditionally, impairment mitigation in fiber-optic links have been attempted
in the optical domain, relaying on the knowledge of the physical origin of the sources
of signal degradation. Although the field of optical communications has reached
maturity on the physical layer level, little (if any) effort has been put into taking
advantage of the vast area of knowledge from the communication theory that has
ensured the steady performance improvement in other areas of communications,
such as wireless and storage. For instance, error-correction codes (ECC) have been
introduced to optical communications only recently [1-3] and their application still
lags other areas of communication.

Investigation of equalization techniques and ECC applications to optical
communications is the main subject of this thesis, especially in comparison to the
optical domain compensation techniques. As it will be stressed throughout this work,
owing to the fiber-optic channel peculiarities, approaches from other areas of
communications cannot simply be translated to fiber-optic system, but need to be
modified to correctly reflect the particular channel characteristics in these systems
(i.e., noise statistics, detection strategies, etc.).

The bulk of the work in this dissertation discusses a number of pioneering
attempts to apply advanced coding and equalization strategies in the field of optical

communication. An important contribution of the work is the fact that, except for the



case of long-haul non-linear fiber optic impairments mitigation, all of the techniques
have been experimentally demonstrated, providing verification against the practical

circumstances, adding the validity to the theoretical models and predictions.

1.2. Intensity modulated direct detection fiber optic systems

All existing fiber optic systems are based on an the intensity modulated direct
detection (IMDD) system shown in Fig. 1.1. A laser acts as source of coherent
radiation, whereas the modulation process is performed either in terms of (a) direct
modulation, where the laser current biased above the lasing threshold has a small
signal modulation component, thus impressing the information content onto the

intensity envelope of the emitted light; (b) externally modulated configuration, where

@
Tx Rx
Direct modulation
T (0
- ST Fiber Channel
— = Photo-Diode
Data Source
1011101001
Tx (b)
External Rx
modulation
Modulator @
i N
E A Fiber Channel
Photo-Diode
Demodulation
Data Source|
1011101001
Modulation

Fig. 1.1 Intensity modulated direct detection (IMDD) fiber optic system schematic. (a) Direct
modulation; (b) External modulation.



the laser emits light at a constant power level, and the modulation process is achieved
by an additional (external) modulator (through e.g. electro-optic, or electro-
absorption effect [4-6]) to produce a intensity modulated stream. The signaling
format used exclusively in the existing digital optical communications links is the
non-coherent binary amplitude shift keying (ASK), or often referred to as On-off
Keying (OOK). Within an appropriate bit-slot of duration T (the reciprocal of the bit-
rate R), either a pulse is transmitted, representing a 1-symbol (sometimes called a
“mark”), or no light is transmitted at all (sometimes denoted as a “space”).

In the most common realization, the detection process is achieved by means of
a photo-diode that produces electrical current proportional to the instantaneous
power (magnitude squared) of the incident electric field, if the response time of the
detector is assumed to be as fast as the envelope of the light intensity. Consequently,
any information about phase of the optical fields is lost in the detection process. This,
in turn, directly implies inferior overall performance of IMDD systems with respect
to coherent detection strategies generally considered in communication theory [7-9].
An additional point of interest is the fact that a photo-diode is a square-law detector,
such that the detection process in IMDD systems is inherently non-linear. This is a
major difference with respect to linear coherent detectors in other areas of
communication. Additionally, one might recognize similarity of the system at hand
with the general concept of communication systems whereby the modulated laser

output immediately represents an up-shifted version of the base-band signal,



whereas the square-law detector, in effect, provides non-coherent demodulation by
down-shifting the received signal back to base-band due to its inability to follow the

fast variations of the optical carrier.

1.3. Optical Fiber-Channel Characteristics

The main sources of signal degradation in fiber optic communication systems
are due to the physical characteristics of the fiber-channel.

Signal attenuation occurs in any medium other than vacuum. The minimum
loss in silica fibers occurs at a wavelength of approximately 1550 nm and equals only
0.2 dB/km. This fact was the determining factor to setting the operating window of
the current long-haul fiber-optic telecommunications. Currently, this loss is
compensated by Erbium Doped Fiber Amplifiers (EDFA) [10-12]. The real advantage
of EDFAs is that they can provide up to 40 dB of gain in a fairly flat region around the
minimum fiber loss wavelength, spanning approximately 30 nm (3.6 THz). This
nurtured the widespread use of multi-wavelength systems, as a single EDFA could
amplify many channels (frequency bands) simultaneously without the need for
regeneration (i.e,, conversion of signals into electrical domain, and then back to
optical domain).

After this first obstacle (loss) was removed, and as the bit rates in the optical
links have surpassed 1 Gb/s, several other sources of signal degradation that

hindered reliable communication became apparent.



In this dissertation, communication links operating at speeds up to 40 Gb/s
will be considered exclusively. There exist three dominant physical effects naturally
occurring in any silica-based wave-guiding structure likely to affect the information-
bearing pulses in IMDD systems at the considered communication speeds: (i) Group
velocity dispersion (GVD) — often times (interchangeably) denoted — Chromatic
dispersion (CD), (ii) Polarization mode dispersion (PMD) and (iii) Four-waved
Mixing (4WM). The combined effects of these phenomena cause major obstacle to

reliable information transfer through optical fibers.

1.3.1 Group velocity dispersion

Group velocity dispersion is a linear effect originating from the frequency
dependence of the optical fiber index of refraction. The physics of GVD has been
carefully studied [13-14, 6] and is very well understood.

The sources of frequency dependence of the group index of refraction, ng, are
two-fold: (i) Material dispersion, whereby silica’s dielectric permittivity exhibits
frequency dependence, implying straightforwardly the frequency dependence of the
group index; and (ii) Waveguide dispersion, due to which a single mode fiber, being a
wave-guiding structure, is also wavelength selective, adding to the net amount of the
group index of refraction frequency dependence. The very notion of the group index
of refraction being frequency dependent implies that different frequency components

of the information-bearing pulses will travel at slightly different speeds. As a



consequence, pulses will continuously spread in propagation, and energy from a
particular bit slot will leak into adjacent bit slots.
Mathematically, GVD effect on the slowly varying part of the optical-pulse-

amplitude! A(z,T) can be described by the following equation [13-14]:

jaA(z,T)_lﬂ O*A(Z,T)
oz 2" oar?

) (1.1)
where f is fiber group velocity dispersion parameter, z is the longitudinal
propagation coordinate , T is time in the pulse reference frame [13-14] and j=+/-1.
Eq. (1.1), being a linear equation, can most efficiently solved in the Fourier domain,
yielding:

B o’L

Az=Lao)=Az=0,0)-€ 2 , (1.2)

where A(z,w) is a Fourier Transform of A(z, T), and w is the angular frequency.

Consequently, expressing Eq. (1.2) in the time domain yields:

272

AZ=LT)=F'{Az=L o) = Az=0,T)*e A, (1.3)
where F! stands for an Inverse Fourier Transform, and * for the convolution
operators, respectively. We conclude that the effect of chromatic dispersion in a
single mode fiber is equivalent to a convolution of the input information-bearing
pulse with the quadratic phase-only function. In engineering terms, GVD is an all-

pass filter with quadratic-phase characteristic with respect to frequency, also known

! Sometimes referred to as low-pass equivalent signal



as a chirp. The overall effect the quadratic phase term depends on the distance
traveled, L, and fiber chromatic dispersion parameter, /. In standard single-mode
tiber (SMF), at 1550 nm, f = -20ps’/km. It is perhaps more useful to express the
dimensions of the [ parameter as ps/(km THz) which emphasizes that the rate of
pulse spreading depends on its bandwidth content in addition to the distance
traveled. This latter observation will be taken advantage of in Chapters 4 and 5 in
order to extend the reach of the high-speed equalized links.

An important property of Eq. (1.1) is that it is isomorphic to the diffraction
law in spatial optics [13,15]. However, in Eq. (1.1) time axis assumed a role of a
spatial coordinate in the diffraction law. Thus, the information bearing pulses will
experience diffraction-like spreading in time as they propagate. It is not difficult to
foresee that, with propagation, energy pertinent to one bit of information will slowly
start spreading into adjacent slots diminishing the ability to distinguish difference
between marks and spaces in a communication system based on OOK. This symbol
interposition in communication theory is denoted Inter-symbol Interference (ISI) [7-9,
5]. To summarize, once the fiber losses were made immaterial because of the ability to
efficiently counter their effects through all-optical amplification, GVD-caused ISI
becomes the dominant source of signal degradation in single-mode base optical links.
Mitigation of the GVD-caused ISI through electronic signal processing will be the

main subject of this dissertation.



1.3.2 Polarization mode dispersion

Although the name (single-mode fiber) seems to imply that this waveguide
structure supports a single electromagnetic mode, in reality it does admit two
equivalent modes in the two orthogonal polarizations. All of the effects discussed so
far account for only one of the polarizations. In an ideally circularly-symmetric
waveguide structure the propagation characteristics of these two polarization modes
are exactly equivalent (e.g. mode profiles, group velocities, waveguide dispersion,
etc.). However, it is impossible to achieve perfect circular symmetry of a fiber cross-
section over long distances. First there are manufacturing effects in the drawing
process. Secondly, fiber is often exposed to stress and mechanical vibrations and
strain when laid in the ground (or undersea). As a consequence, in a slightly
asymmetric waveguide that can either be a result of the manufacturing process, or a
product of strain or vibrations, the characteristics of the two polarization modes are
no longer degenerate, such that their group velocities differ. Additionally, owing to
the existence of external perturbations in the propagation medium, the optical fields
in either of the two polarization modes can couple from one polarization state to
another in an uncontrollable fashion. The end result of these polarization mode
dispersion (PMD) effects is generation of a (possibly large) number of slightly time-
shifted replicas of an optical pulse, which have slightly different arrival times at the
receiver [16]. The PMD, thus is an additional source of ISI in fiber optic channels,

particularly of concern in 40 Gb/s and higher speed systems, owing to their reduced
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signaling period (25 ps). To give an illustration of the magnitude of the effect, the
common figure of merit for the PMD in standard fibers is the differential group delay
(DGD) of 1 ps/+km in the legacy single-mode fibers, and 0.1 ps/vkm in the new-
generation SMF [16]. Compared to the effects of chromatic dispersion (CD), ISI
introduced by PMD is at least one to two orders of magnitude smaller, in addition to
the square-root dependence on the propagation distance (in contrast to linear
dependence of GVD). Thus, PMD can become a primary source of degradation only if

GVD-caused ISI is mitigated by all-optical dispersion compensation techniques.

1.3.3 Four-wave mixing

In addition to linear effects (loss, GVD and PMD), the optical fiber also
possesses a nonlinear response to the optical fields. At the data rates of interest in this
work, the dominant nonlinear effect is the four-wave mixing, (4WM) where any three
quanta of the optical field (photons), with (not necessarily distinct) frequencies fi, f>, f3
mediated by the propagation medium (i.e. nonlinear response of the silica optical
fiber) can be mixed, producing a photon at a frequency f: [17, 13]:

fo=f+f,—f,. (1.4)
Obviously, 4WM can lead to energy transfer between both different WDM channels,
as well as energy redistribution within a single channel bandwidth of interest. Note
that both of the above possibilities are necessarily detrimental to the communication

system performance as they introduce distortion to the transmitted information.
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The evolution of the slowly varying amplitudes Ai of four pulses entering the

interaction can be represented by a set of four coupled nonlinear equations:

“_ iy{l A +22 | A 2}”& +2'A2*A3A4ejkz}

dZ k#1

%w{ NN Az+2-A*A3A4e'“}

: k2 ] (1.5)
‘fj—‘}:w{ AP +23 AP A3+2-AA2A4*ej”Z}
%=i7{_l A 2YIAR|A +2~AA2A59W}

Where non-linear terms in Eq. (1.5) are grouped inside the braces, and the linear
effects (e.g. pulse walk-off, GVD and loss) are displayed in a lighter color suggesting
we are concentrating on the non-linear effects only in this section. Out of the 3 non-
linear terms inside the braces, the first one is usually denoted the self-phase
modulation (SPM), the second one — cross-phase modulation, whereas the third term
is usually referred to as the four-wave mixing?. In Eq. (1.5), xis the wave-vector phase
mismatch that governs the efficiency of the 4WM process. It has a contribution from
material dispersion, waveguide dispersion and nonlinear effects, respectively
(x = Aky, + Ak, +Aky, ) [13]:
Ak, =[n@, +n,0, —nw, —nw,]/c

Ak, =[Anyo, + An,o, —An e, — An,e, ]/ c (1.6)
Ak, =7P

2 Note that 4WM in this instance refers to mixing of pulse envelopes with different carrier
frequencies fi, rather than a more general 4WM that denotes any kind of interaction mediated
by a material y® response.
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In Eq. (1.6), c is the speed of light in vacuum, and ni and 4ni are the appropriate fiber
material and waveguide group indices, respectively. When the four carrier
frequencies are all distinct, it is rather difficult to achieve phase matching condition
(x =0) assuming moderate power levels (which is invariably the case in fiber optic
communication systems). The reason for this is that the common single mode fiber
(SMF) has substantial material and waveguide dispersion, such that the pure 4WM
effect, when Ai frequencies are all distinct, can never become appreciable. As a
consequence, the last term inside the braces in all of the coupled equations (1.5) is
typically negligible. Thus, of all the possible wavelength combinations in Eq. (1.5),
only two degenerate cases are of practical importance in standard single mode fibers
(SSMF): (i) Fully degenerate case (fi=f>=f>=f:) is usually denoted as self-phase
modulation (SPM), and (ii) Partially degenerate case (fi=f#fs=f) is often referred to as
cross-phase modulation (XPM or CPM) [18, 13].

The propagation equation in the fully degenerate 4WM case (fi=f=fs=f1), in a
single carrier frequency case (i.e. only one of the four equations (1.5)) and neglecting
the effects of GVD, can be expressed as:

_oU
JE:}/POe lUPu (1.7)

where U is a normalized version of the slowly varying envelope, where Ai is scaled

by the pulse peak power Py and the attenuation term ( A(z,7) = \/FO exp(—az/2)U(z,7))

Although nonlinear, partial differential equation (Eq. (1.7)) has a simple solution of:
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U(z=LT)=U(z=0,T)-e/M®D (1.8)
Thus, when dispersive fiber characteristics are neglected, the effect of SPM is that of

introducing a phase modulation (¢, (z,T)=yP, |U(z=0,T)[ I-e”

) caused by the

pulse itself, and hence the name of the effect (self-phase modulation). Based on Eq.
(1.8) it may appear that this phase modulation should not be of much concern, as it
represents a phase distortion that becomes irrelevant in the square-law detection
process of an amplitude modulated system. However Eq. (1.8) was derived without
accounting for GVD. The interplay of SPM and GVD leads to phase-modulation-to-
amplitude-modulation (PM to AM) transfer (and vice versa), which produces serious
distortions and system performance degradations. Thus, including both linear and
nonlinear effects above, we arrive at a nonlinear propagation equation that in a
degenerate case (SPM) can be expressed as:

au _1, U
e ﬁzaTz

-yPe“|UFU (1.9)
which is one form of the Nonlinear Schrodinger (NLS) Equation.

In the remaining partially degenerate case, the mutual effect of the two optical
pulses at two distinct carrier frequencies (e.g. two WDM channels) can be expressed
by a pair of coupled NLS-like equations:

8U _1 —az 2 -az 2
it ﬂzl PR UL F U, 2R U P U,

i 8U2 au 1
oz a

(1.10)

ﬂzz aTz 7P02e7az |U2 |2 Uz _27\l F)olpozewZ |U1 |2 U2
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where the |U; P U, (i#)) terms represent the cross-phase modulation between the two

fields, and the first partial derivative term in the second of the equations takes into
account the possibility that, due to the difference of carrier frequencies the
information-bearing pulses in the two channels U: and Uz can propagate with
different group velocities®. It is easy to envisage that in multi-channel WDM system
supporting tens of wavelengths, XPM is going to become the dominant source of
degradation. The mechanism of deterioration, similarly to the completely degenerate
case is through the PM-AM conversion arising as a result of the interplay between
GVD, XPM and SPM. An important property of Eq. (1.10) is the factor of 2
multiplying the XPM terms, leading to a twice as efficient process with respect to
SPM. Consequently, in WDM systems, especially with many channels, XPM is the
main source of performance degradation. As it was mentioned in the introductory
section, only single-wavelength systems will be treated in this work, such that the
effects of XPM and inter-channel 4WM will not be considered and are included in this

section for completeness.

1.4. Mitigation of impairments in optical links

Major sources of signal degradation in fiber-optic links were introduced in the

previous section. The combination of these effects hinder transmission at 10 Gb/s

3 The time reference frame in Eq. (1.10) is set with respect to the pulse(s) at frequency ax (i.e.,
the first equation)
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Fig. 1.2 Compensation in the optical domain vs. equalization in the electrical domain

beyond approximately 100 km [5,19]. Here we review existing approaches of the
impairment mitigation. In theory, there exist two approaches to mitigation of channel
impairments: (i) Compensation, and (ii) Equalization.

Compensators rely on the knowledge of the physical effects causing the
distortion, and thus the performance degradation. The rational behind this approach
is to attempt to reverse the physical effects leading to the distortion. Equalizers rely
on the (electronic) signal processing (either analog or digital) performed in order to
extract the information from the corrupted channel responses. In the field of fiber
optic communications, the two approaches are illustrated in Fig. 1.2. Compensators,
in this case, function in the optical domain, i.e. before the conversion from the optical
to electrical domain, whereas equalizers operate in the electrical domain, that is, after
the O/E conversion. An excellent survey of compensation techniques in use in
deployed fiber optic links can be found in [19, 16]. Upon closer examination, it

becomes apparent that all of the techniques applied in the existing links are
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compensators, whether they are employed for GVD, PMD or 4WM mitigation [e.g.
dispersion-compensating fiber (DCF) that has a positive sign of the GVD parameter
2 PMD compensators that separate received light into two polarizations, adjust the
delay between them and recombine the polarizations; parametric process phase
conjugators in highly non-linear fibers (HNLF)]. Although application of
compensation techniques yields exceptional results, the cost of these devices in large
WDM systems containing many wavelengths becomes prohibitively high. In
addition, the requirement that these devices be tunable and adaptive to ambient
variations, especially in a network environment, adds another level of complexity,
and consequently increases their cost. These were the main factors that motivated
research of low-cost solutions for optical networks impairment mitigation, as well as
this dissertation, in the early 2000s. Electronic signal processing (i.e. equalization) and
error control coding were clearly primary areas of interest, especially as they have
demonstrated exceptional results in other areas of communication in the last two
decades. The equalization techniques for optical communications were suggested in
the late 1980’s, however a comprehensive and systematic investigation of the
capabilities of electronic processing techniques has never been undertaken, and
presented an interesting and unexplored research topic.

For the most part, the main area of research to be presented in this
dissertation concerns processing at the receiving end, i.e. equalization, however two

mitigation approaches rely on the application of error correction codes (ECC). Error
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correction coding ensures reliable communication by appending redundant bits to
the information at the transmitting end, thus making the information less prone to
loss in transmission. Alternatively ECC provide means to detect and/or correct the
pieces of information that were corrupted beyond recovery due to either channel
aberrations, noise, or both. The two instances of error control coding applications
discussed in the dissertation are both examples of modulation codes. Modulation
codes [20] impose redundant information in such a way that will altogether shape the
channel response in a specific, desirable, way, such as to mitigate the deleterious
channel response, in addition to providing error correction functionality. Although
examples of modulation codes exist that have found applicability in more than one
area of communication, generally new classes of codes need to be designed for the
particular channel or application. In fact, of the two ECC examples to be presented in
this dissertation one of the encoding schemes is in wide use in electrical Ethernet
applications, whereas the other code was custom designed for the fiber optic channel
to mitigate a certain type of non-linear effect occurring in 40 Gb/s and higher speed

long-haul fiber optic links.

1.5. Thesis organization

The dissertation is organized as follows: Equalization in short-haul fiber optic
links containing no optical amplifiers is examined in Chapter 2. In addition to

performance simulations in single mode fiber optic links, the investigation will be
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focused on particular achievable performance bounds of equalization techniques,
stressing the applicability and achievable performance of equalization for different
modulation formats, as well as under analog-to-digital conversion. We focus on the
difference between the traditional bit-by-bit detection, and sequence detection.
Equalization in directly modulated multimode links is treated in Chapter 3. The
center of attention of this Chapter is in the experimental demonstration of
equalization and, to date, unmatched equalization results facilitated through the
usage of modulation coding that enabled stationarity of the directly modulated laser.

The scope of Chapter 4 is equalization in all-optically amplified links. The
transformation of signal and noise by a square-law detector plays a paramount role
on the statistics in these links, such that the common Euclidean metric is no longer
optimal in detection. In fact, the statistics in all-optically amplified links have long
been treated as chi-square. As it will be shown in Chapter 4, the assumed chi-square
statistics do not correspond to the true statistics in these links, and the exact statistical
distributions will be derived, and used to achieve superior performance. In addition,
a novel modulation format — the Narrowly Filtered On-Off Keying (NF-OOK) capable
of substantially increasing the dispersion limited reach and spectral efficiency of the
WDM systems will be introduced.

In Chapter 5, transmission experiments relying on equalization will be
presented. In particular the equalization of two modulation formats will be

presented: NRZ and NF-OOK. In addition to examining the receiver design trade-offs
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in equalization, the superior performance of the NF-OOK format with respect to
receiver sensitivity and dispersion limited reach is demonstrated.

A particular form of ISI mediated by the nonlinear effects in ultra-long-haul
transmission will be covered in Chapter 6. An approach of phase coding for
mitigation of these intra-channel 4WM effects is proposed and investigated. It will be
shown that data-dependent phase manipulation can substantially outperform data-
independent coding techniques that were initially suggested for this purpose. Finally,
the summary and conclusions of the dissertation, along with directions of future

work will be presented in Chapter 7.



Chapter 2

Maximum Likelihood Sequence
Estimation in Optical Links without

Amplification

2.1. Introduction

In this Chapter we introduce and rigorously assess the performance of a
powerful equalization technique, maximum likelihood sequence estimation (MLSE)
that has been extensively studied and applied in data-storage applications and
mobile telephony in the last decade. Our study is motivated by the fact that MLSE
minimizes the probability of sequence error for channels with intersymbol
interference (ISI) [8], hence our results are a lower bound on the achievable
performance for any electronic dispersion compensation (EDC) technique in intensity
modulated direct detection fiber optic links where additive Gaussian noise
dominates.

Electronic dispersion compensation was first suggested for coherent optical

links in [21], whereas MLSE for coherent optical links has been introduced in [22].

20
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The concept of using MLSE has been revived in [23], where a theoretically optimal
receiver, incorporating a combination of a bank of matched filters and a Viterbi
Algorithm (VA), was suggested for the mitigation of polarization mode dispersion
(PMD). Recently, a mathematical treatise of signal dependent noise in optical links in
conjunction with MLSE was presented [24]. In this Chapter, we examine the
performance of MLSE approach in short-haul intensity modulated fiber optic links. In
particular, we investigate fiber optic communication links assuming that the noise in
the channel is dominated by the thermal noise in the detector. This model is valid for
the case of short haul and metropolitan links [25] that either contain no optical
amplifiers, or where the total noise is dominated by the noise component originating
in the detector and the electronics in the post-detection circuitry [26]. The dominant
noise in this case is the thermal noise from the electronic components that is modeled
as the additive white Gaussian noise process (AWGN). This noise model allows that
the performance of maximum likelihood sequence detection (MLSD) be evaluated in
detail. In contrast to the previous work, we assume a simple receiver structure that
consists of only an integrate-and-dump filter. The employment of this “mismatched”
filter implies that the detection process will be sub-optimal. We quantify, the
reduction in performance resulting from utilization of this practical, but suboptimal,
filter in conjunction with sequence estimation (SE) in fiber optic links.

In the next Section the signal detection theory behind MLSE is introduced,

whereas in Section 2.3. the theory is extended to the single-mode fiber optic links. In



22

Section 2.4, the performance of performance of MLSE with different modulation
formats is investigated, whereas the performance of the approach under A/D
conversion is discussed in Section 2.5 Experimental validation of the approach is

described in Section 2.6. Finally, the Chapter closes by the conclusion in Section 2.7.

2.2. Maximum Likelihood Sequence Estimation for Channels
with Memory

The broadening of waveforms due to GVD leads to a smaller distinction
between marks and spaces. The incurred deterioration depends on the power spectral
density of the waveform, and the distance traveled [13]. In the case of non-coherent
on-off keying (OOK), the detected quantity is the presence or the absence of the
optical power in a bit period. The corresponding signal space contains, consequently,
only two points (a 0-symbol and a 1-symbol) and is non-negative. A sequence of N
bits, on the other hand, can be represented as a single point in an N-dimensional
space. This signal space is defined as a generalized N-dimensional vector space with

an orthonormal basis function set {¢;(t)}, chosen such that any of the possible

transmitted (noiseless) signal sequence of N bits can be represented as a linear
combination of the basis set functions. As will be clarified in Section 2.3., the signal
space for bit-by-bit decision is a one-dimensional subspace of the space

corresponding to MLSE, leading to the superior performance of the latter.
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If the detection in an optical link is performed on a bit-by-bit basis, the

probability of error can be expressed as [26]:

P :Q(uj’ 2.1)

20,
where Q(X)=(27Z')_0'5J.:O€Xp(—uz/Z)dU, i and io are the average photo-currents

corresponding to marks and spaces respectively, and o, is the standard deviation of

an additive Gaussian noise source. Given that the noise variance is constant, the

performance is completely determined by the distance d (d™ =i —i,) between the

two symbols in the one-dimensional signal space. Note that the bit error probability
can simply be expressed through the pair-wise error probability for the two

constituent symbols P, {1— 0} under a rationale that an error in detection is going to

be made provided that a noise sample is larger then the half of the separation
between the two symbols in the signal space. The argument of the Q function can be
rewritten as:

dj:i/z

O

p (2.2)

In the presence of ISI, the distance dj in the numerator of Eq. (2) is reduced as the

optical energy is transferred from marks to spaces*. To first order, when a fraction of

* Note that the transfer of the optical energy, after (photo-) detection is equivalent to the
diminution of difference electrical currents corresponding to marks and spaces.
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the mark energy ¢ leaks out of an isolated mark, the resulting distance between the
two symbols, d7, is reduced to:

d,=d,"-(1-25) . (2.3)
In order to fully quantify the performance degradation, it is necessary to take into
account all possible bit combinations and average the resulting pair-wise
probabilities of error. All of the pair-wise error probabilities have the Q-function
dependence from Eq. (2.1). However, for the high signal to noise ratios (SNRs)
typically used in optical communications, owing to the sharp descent of the Q
function, the total performance is dominated by the worst case scenario of Eq. (2.3),
i.e., the separation between an isolated mark and an isolated space. The isolated mark
(space) is defined as a mark (space) preceded and followed by at least as many spaces
(marks), as the span of ISI. We define the span of ISI as the number of bit-slots on one
side of an isolated mark whose energy content is larger than 1% of that in the proper
mark time-slot after propagation. As an example, assume that an isolated mark has
broadened such that its tails extend to two extra bits on each side. We define the
“span of ISI” in this case is 2 bits. Because spreading affects both past and future
pulses in the single-mode fiber channel, one isolated mark would occupy 5 signaling
intervals (its proper bit-slot plus 2 bit slots on each side). Thus, of all the possible
patterns, the distance between an isolated mark and an isolated space is the smallest.

We define this distance as di10. Fig. 2.1 displays the evolution of dio at 10Gb/s as a
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Fig. 2.1 Evolution of the bit-by-bit signal space minimum distance di, for four different
information-bearing pulse shapes: RZ (2 pulse widths), NRZ and RZ

function of the accumulated dispersion for three different modulation formats:
Return-to-zero (RZ) — simulation was performed for two different pulse shapes (see
Fig. 2.1); non-return-to- zero (NRZ); Duobinary (DB) [27]. The results were generated
assuming equal average launch powers for all four modulation formats. This
constraint causes di,0 for NRZ and DB modulation to be initially slightly smaller than
for RZ pulses. In the back-to- back case, for NRZ, this degradation is attributed to the
finite rise-time and partial energy leakage into bit-slots where spaces reside. In the
case of DB, the reduction in d10 is caused by the side-lobes that appear in 0-bit slots as
a consequence of filtering, and deteriorates the performance in the initial stages of
propagation [27-29].

As the amount of the accumulated dispersion increases, the performance for

all four formats deteriorates [30]. The rate of deterioration is a function of the spectral
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power density (SPD) width, with DB modulation [27] providing the largest
dispersion-limited reach of the four formats because of an approximate factor of two
reduction in the width of the transmitted PSD with respect to NRZ (and a factor of 4
with respect to RZ) [31].

We first examine the effect of ISI in a noiseless scenario. Broadening of the
waveforms beyond their pre-assigned bit-slots can be interpreted as the introduction
of correlation between the adjacent information bits, which are assumed to be initially
uncorrelated and independent. Conversely, the response in any given bit slot is
defined by the information content transmitted in the preceding bit-slots, as well as
the signaling intervals immediately following the monitored bit-slot. Therefore, the
number of possible channel responses depends on the temporal span of the
waveforms and is directly related to the link distance. Quantitatively, if the input
pulse shape is symmetric, and the ISI spans m bits, there will be 2% * ! possible
responses. If the original pulse is not symmetric, which may be the case in practice,
there will be 2™"' possible responses assuming that ISI spans past m and n

subsequent bits. Alternatively, the span of ISI can be defined as max{m,n}. For the

remaining part of the, we shall assume that the input pulses are sufficiently
symmetric such that that m =n in the previous relationship.

The ISI due to GVD is a deterministic phenomenon. Therefore, the responses
at any given distance of propagation are static if the communication channel is time

invariant. Consequently, in the absence of noise, and over time scales short with
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respect to the time scale of stochastic variations of the channel, it is always possible to
retrieve the information from an ISI-corrupted signal, provided the channel does not
produce ambiguous responses for different inputs. To retrieve the information, it is
no longer sufficient to make the decision on a bit-by-bit basis, but to take into account
as many bits as dictated by the channel memory. In our case, this is approximately
twice the span of the ISI. Therefore, in the simplest realization, after the receiver is
properly trained, the information in an ISI channel can be retrieved by correlating the
received signal against each of the known responses.

The introduction of noise implies that it will generally not be possible to map
the received signal into the set of “known” responses without a finite probability of a
symbol error. In general, minimization of the error probability leads to the maximum
likelihood (ML) test [8,32]. If the signals are corrupted by both ISI and noise, the ML
test can be extended to include the effects of the channel memory (or the
deterministic correlations). It has been proven [33] that for ISI channels with AWGN
and no compensation, or the incomplete compensation of the channel ISI
characteristics, the optimal receiver that minimizes the sequence error probability is
the Maximum Likelihood Sequence Estimation (MLSE) receiver. The bit-error
minimization leads to the maximum a posteriori (MAP) receiver and the BCJR
algorithm [34]. However, in practice, the BCJR algorithm was abandoned for
application to ISI channels without error correction coding due to its substantial

complexity and memory requirements, which do not yield significant performance
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improvement compared to the sequence error minimization. Therefore, MLSE is
equivalent to the detection of 2?7 signals in noise. If the transmitted sequence
consists of N bits, the suggested receiver would have to calculate and compare 2V
likelihoods in the case of a binary input alphabet. However, it has been realized by
Viterbi, Omura and Forney [35-36] that in cases when the communication system
responses include correlations (e.g., through ISI, and/or error correction coding), the
search for the most likely transmitted information sequence can efficiently be solved
in terms of a dynamic programming problem taking advantage of the Viterbi
algorithm (VA). The VA reduces the computational complexity of the search for the
global minimum of the possible likelihood functions from an exponential to a linear
problem with respect to the sequence length. The VA, on the other hand, introduces
an exponential complexity, O(22m*), with respect to the channel memory, which is
typically much smaller than the sequence length. The latter property identifies the
limit on the hardware implementation of VA in practice. Having briefly reviewed the
theoretical background, we next investigate the application of the MLSE approach to

the case of intensity modulated fiber optic links.

2.3. MLSE in fiber optic links

In contrast to RF communication systems that perform linear detection of
amplitude and phase, optical communication systems employ non-coherent square-

law (i.e. nonlinear) detection whose output is proportional to the magnitude squared
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of the optical field. Due to nonlinear square-law detection, the MLSE approach
cannot be directly transferred from RF applications, but needs to be modified to make
it applicable in optical communication systems.

As stated in the previous section, MLSD in the IMDD optical links dominated
by detector thermal noise is equivalent to detection of 2?7+ signals in Gaussian noise.
The optimal receiver in this case is a bank of 22" * 1 matched filters in the electrical
domain [8]. The output of this filter-bank is an input for the VA. In contrast to the
optimal structure above, we analyze a vastly simpler, suboptimal, scheme that relies
on a single integrate-and-dump filter.

The continuous detected signal p(t)=y(t)+n(t) includes the noiseless signal y(t),
and additive noise component n(t) having a power spectral density No/2. This signal,
p(t), is then integrated and sampled periodically every T seconds (T being the bit

period), resulting in a sequence of samples {[(kT)} (k=1, ..., M for a sequence of M

bits) of the integrated signal and noise. The system model is illustrated in Fig. 2.2. The

noise variance, resulting from the linear filtering operation of the integrate-and-

dump circuit is o,” = N,T /2. In addition, noise samples from different bit-slots are

valt pypaltf 7 |raf)

0

T =] [°

square-law integrator
detector n ( t )

Fig. 2.2 System block diagram
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independent and hence the joint conditional probability density function (PDF) can
be represented as the product of the marginal PDFs corresponding to each one of the
M bit slots. The conditional probability that a sequence of samples r was received,

given that a sequence of noiseless responses s, (corresponding to the sequence of

information bits a) was transmitted, can be expressed as:

2
u r(k)—s, (k)
fs, (F18,) = [ exp -, o) : (2.4)
- k=1 NOT
It is customary to introduce the log-likelihood function, defined as:
1 Y 2
s, (15, = log| g (1]5,) | ==Y (£(k)=5,(K)) . (2.5)

N,T &

The sum of squares of the difference of vectors in Eq. (2.5) can be compactly

represented as an [-2 (Euclidean) norm of the difference of vectors r and s,, yielding:

2
r— §g h (2'6)

¢R\sg (r| §§) = 10g|: fR\sg (r| §§)] = —N_1T||

M

where |x]," =>"" x* . The log-likelihood function in (2.5) or its equivalent form in Eq.

(2.6), defines the metric that is used by the VA. The complete process can be
interpreted as a search for a sequence of noiseless responses that is closest, in the
Euclidean sense, to the received signal vector. Note that the form of the log-likelihood
function [Egs. (2.5)-(2.6)] is determined by the PDF of the noise statistics.

In order to use the VA, which is essential to reduce the computational

complexity of the problem, the function whose extremum is to be determined must
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be an additive quantity. By applying the natural logarithm to Eq. (2.4), the product of
marginal PDFs is converted to a sum, and the problem is reduced to the form
appropriate for dynamic programming (i.e., the VA). We stress that the joint
probability of a sequence of bits can be expressed in terms of the product if and only
if the noise samples are independent. Consequently VA is an optimal algorithm for
sequence detection solely under the condition that the joint PDF can be factored on

the bit-by-bit basis.

2.3.1 Probability of Error and Performance

From a theoretical perspective, the VA is an appealing procedure as it lends
itself to an elegant error analysis. With the Euclidean distance interpretation of
Eq.(2.5), the event that the VA has chosen an incorrect sequence, i.e., other than the
one that had actually been transmitted, means that the Euclidean distance from the
received vector to the incorrect, (i.e., erroneous) sequence is smaller than that to the
correct one. Thus, the probability that an incorrect sequence is chosen by the VA is

related to the (Euclidean) distance between the two sequences d(s,,s,) [8]:

d’(s;»s,) =

(2.7)

5 —
=34 =&

where s, and s, are two sequences of noiseless responses corresponding to the two
information sequences a, and a,. Specifically, in the case of AWGN with a noise
variance N,T/2, we can now express the pair-wise error probability between

sequences s, and s, as[8]:
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d(s,.s,) d(e)

P{s,—>s,}=P{4,.. >¢al}=Q(W]EQ[WJ- (2.8)

The binary vector e satisfies the modulo 2 addition relationship a,=a ®e that
mathematically describes the error event of mistaking a binary information sequence
a, for a, . The end result of the analysis provided in the Appendix A are upper and

lower performance bounds [37-38]:

d min

J2N,T

l//"(dmin)'Q[ ]S R< '//’(dmm)-Q[ Jo J (2.9)

2N T

where duin is the distance between the most closely spaced sequences in the signal
space; w' and y" are weighting factors incorporating probabilities of all minimum
distance error events, as well as the number of errors caused by these events. The
contributions of the multiplicities ' and y" to the bounds in Eq. (2.9) are significant
only at low SNR’s, while at the interval of interest in optical communications, i.e.,
moderate to high SNR, the bounds converge tightly, with the performance of the
sequence estimation being uniquely defined by the most closely spaced sequences in
the signal space, i.e., those separated by the distance dmin. Note that once the system
parameters are fixed (input pulse shape, link distance, filter characteristics at the
receiver), dmin is determined as well, such that this parameter can efficiently be used to
predict system performance. Note also that, since the MLSE approach minimizes the

probability of error, dwin can be used to assess (or upper bound) the penalty due to
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using other suboptimal processing techniques such as Decision Feed-Back
Equalization (DFE).

Fig. 2.3 displays the performance curves (BER vs. SNR) for a NRZ signaling
format with four different amounts of accumulated dispersion. The (electrical) SNR is
defined as the ratio between the average electrical power (average power of the M

possible noiseless responses si) and the noise variance:

13,
M
sNR=MiT (2.10)
N
2
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Fig. 2.3 Performance of MLSE at four different propagation distances. Overlaid with the
results are the error bounds calculated according to Eq. (2.9)
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hence the 3 dB difference to the common BER at back-to-back defined by Eq.(1). In
addition, each of the graphs contains the analytical error bounds, as well as the
performance of a bit-by-bit receiver. The dashed line in Fig. 2.3 corresponds to the
case of the optimal MLSE approach described in [23]. The maximum propagation
distance in Fig. 2.3d (160 km, i.e., DL=2700 ps/nm in SMF-28) corresponds to the
propagation length at which the eye becomes completely closed (di0 = 0). In the case
of RZ data, this occurs at approximately 70 km in an SMF fiber (equivalent to the
accumulated dispersion of 1190 ps/nm), for a data rate of 10 Gb/s. The curves in Fig.
2.3 were generated for an idealized modulator with a short rise time that initially
reduces the energy leakage to adjacent bit slots. This idealization was done
intentionally to isolate the effect of ISI due to chromatic dispersion from that
originating from the modulator imperfections. In the back-to-back case with no ISI,
the performance of bit-by-bit decision is the same as that of the MLSE, and all three
curves in Fig. 2.3(a) coincide. Two trends can be noticed in Fig. 2.3: (i), the larger the
accumulated dispersion, the greater the difference between bit-by-bit and MLSE
receiving strategies. The difference in performance is most pronounced in Fig. 2.3(d)
where the eye is completely closed, such that bit-by-bit decision completely fails. On
the other hand, at this distance, sequence estimation is still capable of recovering the
information in this extreme case of ISI. The second important feature is that the

power penalty of MLSE (from the back-to-back case) increases with distance. This fact
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Fig. 2.4 Performance comparison of MLSE equalized links with different amount of
accumulated dispersion from Fig. 2.3

is illustrated in Fig. 2.4 where the NRZ performance curves from Fig. 2.3 are
superimposed. For an error rate of 10°, MLSE requires 6 dB more power relative to
the dispersionless case (i.e. the input) to detect the data at the same BER. The error
bounds in Fig. 2.3 were calculated using Egs. (A5) and (A9). In each case, the
corresponding dmin was found through an exhaustive search in the signal space,
facilitated by the relatively small span of ISI (up to 5 bits). Note that according to Eq.
(2.9), the power penalty is expressed in the amount of the reduction of dwi?. The
resulting histograms of signal space distances for the same four cases used in Fig. 2.3
are shown in Fig. 2.5. As illustrated in Fig. 2.5(a) — (d), the sequence separation
distributions shift toward the smaller values with propagation distance, resulting in
an increased power penalty with respect to the back-to-back case with no ISI. This

result is in accord with intuition, since the information-bearing waveforms become
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more broadened and uniform in shape as they propagate, making it more difficult to
be distinguished and hindering the detection process. From the signal space point of
view, the responses occupy a smaller volume of the signal space, and their number
increases with propagation since the span of ISI is augmented. As a consequence, dmin
is reduced, and the system performance is irreversibly degraded.

The importance of the error bounds in Fig. 2.3 is twofold. First, they provide a
check of the simulation results. Second, owing to the convergence of the bounds
[8,39-40], they facilitate the performance evaluation at low BER’s. For a completely

closed eye, i.e. d10 =0, in order to attain the BER of 102, an (electrical) SNR of 25 dB is
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Fig. 2.5 Signal space distance histograms for four different amounts of accumulated dispersion
from Fig. 2.3.
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necessary. This power penalty of 6 dB is a consequence of the equal amount of
reduction in dmin®> with respect to the back-to-back case. Note, however, that the cited
large power penalty corresponds to the extreme case of a complete eye closure. The
optical communication system performance degradation due to the ISI is severe even
at small amounts of the information-bearing optical pulses broadening, and in these
cases, the power penalties of the MLSE approach, are considerably smaller, as
illustrated in Fig. 2.4.

The results above were derived for a suboptimal integrate-and-dump receiver.
While the optimal detector, consisting of a bank of matched filters, outperforms the
much simpler receiving scheme under consideration, since it maximizes the signal to
noise ratio, simulations indicate a surprisingly small power penalty for the
suboptimal detector (see dashed lines in each of the four parts of Fig. 2.3). In the back-
to-back case, with no ISI, (Fig. 2.3(a)) for the NRZ format, the integrator is the
matched filter, and the optimal MLSE performance coincides with the suboptimal
approach (as well as with bit-by-bit detection). Note that the previous statement
assumes an idealized modulator with short rise-time that does not allow mark energy
leakage to adjacent bit-slots before transmission. The results in this section were
intentionally generated for an idealized modulator to make a clear (theoretical)
comparison between bit-to-bit decision MLSE and the performance of the optimal
receiver. In a realistic setting, the three performance curves in Fig. 2.3(a) do not

coincide. The penalty for sub-optimality at back-to-back amounts to 0.5 dB, whereas
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due to a finite modulator rise time, the difference in performance between bit-to-bit
and MLSE is on the order of 1 dB (see Fig. 2.1). In all other simulation results
presented in this Chapter (Sections 2.2. , 2.4. 2.5. ), this idealization was not used.
When ISl is present, dmin for the suboptimal scheme is somewhat smaller then that for
the theoretically optimal receiver [8,23]. The resulting power penalty for the
suboptimal integrate-and-dump receiver ranges from 1 to 2 dB for RZ waveforms.
For NRZ waveforms, the power penalty has the same magnitude and can be as high
as 3 dB for a completely closed eye when the ISI spans 5 bits. These results indicate
that the performance loss using sub-optimal detection is unexpectedly small, given
the reduction in the receiver complexity. The small power penalties can be intuitively
explained by noting that the information carrying waveforms are broadened in the
dispersive optical channel. Therefore, the matched filters corresponding to these
broadened signals tend towards the uniform amplitude shape equivalent to the
integrate-and-dump filter, reducing the overall power penalty. Our reasoning is
supported by the calculation of the average SNR reduction caused by the utilization
of a mismatched filter. The calculated reductions closely match the deviation from
optimality. This small distance from optimality implies that there is little to be gained
from oversampling the output of the integrate-and-dump filter in the thermal noise
dominated system. The extreme case of oversampling is the matched filter, which is

the largest possible achievable improvement. However, the matched filter performs
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only on the order of a dB better than the receiving structure under consideration,
which renders the gain from oversampling negligible.

We conclude this section with a discussion on the MLSE performance in the
presence of polarization mode dispersion (PMD). In the case of time varying IS, such
as in the case of PMD, tracking and periodic updating of the lookup tables used by
the VA is necessary. PMD tends to additionally spread the waveforms and
consequently, according to the previously presented analysis, reduce dmin. However,
the effect of PMD at speeds and lengths considered in this dissertation (10 Gb/s and
lengths below 200 km) is much smaller than the effects of chromatic dispersion.
Quantitatively, according to the responses generated by the VPI Transmission Maker
PMD models [41], dmin is reduced by approximately 0.1-0.2 dB for a differential group
delay of 30 ps when the accumulated dispersion is equal to 1900 ps/nm. For
performance improvement due to MLSE in systems limited by PMD induced ISI, the

reader is referred to Refs. [23-24].
2.4. Performance of MLSE in Conjunction with Different

Modulation Formats

In this section, we investigate the dependence of the MLSE performance on
the modulation format used. We consider three popular modulation formats in a 10
Gb/s scenario: RZ (2 shapes: (i) Gaussian with full width at half maximum (FWHM)

of 20 ps and (ii) raised cosine shape (FWHM of 50 ps); non-return-to-zero (NRZ)
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format; and the duobinary (DB) [27] format. The performance of these formats with
bit-by-bit decision was examined in Section 2.2. (see Fig. 2.1). The raised cosine

function, mentioned above, for a roll-off parameter ¢, on a unit time interval is

defined as:
1 o<tz
2
1 T | B -« 1+
t)=<—<1+cos|—| |t|— , < 2.11
p(t) 2{ [a(H 2]}} 5 |t 5 (2.11)
0 ’|t|21+_a
2

The relative performance of MLSE for different modulation formats was
determined by calculating dmin as a function of the accumulated dispersion for each
format. Finding dwin is a difficult optimization problem. We applied well established
techniques [3,42-43] for determining dw» for accumulated dispersion up to 3500
ps/nm. The results are shown in Fig. 2.6. Note that the ordinates in both plots are in
the same interval of values, permitting direct comparison. The slight performance
deterioration in the initial stages of propagation for DB and NRZ, mentioned in
Section 2.2. , disappears when MLSE approach is used, and the performance of all
four pulse shapes is virtually the same for those short propagation distances (see Fig.

2.6).
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Fig. 2.6 Evolution of MLSE signal space minimum distance dmin for four different modulation
formats represented in Fig. 2.1 under bit-by-bit decision

The application of MLSE to both duobinary and NRZ considerably reduces
the difference in performance between the two formats, relative to bit-by-bit
detection. The substantial performance improvement for NRZ comes at the cost of a
considerably more complex VA, since the span of ISI for this format is larger than that
for doubinary. Therefore, Fig. 2.6 defines a clear engineering trade-off between the
complexity of the transmitter necessary for the modulation format, the complexity of
the receiver structure, and the amount of launched power.

The results of this section can also be cast in terms of signal space concepts
introduced earlier. As a general rule [8], the probability of error in an AWGN channel
for moderate to large SNR is determined by a minimum distance dmin in the signal
space. The main difference between Eq. (2.2)and Eq. (A6) in the Appendix A is that,

due to ISI, the MLSE signal space becomes multidimensional. The signal space of the
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bit-by-bit detection is one-dimensional, and is a projection of the MLSE space onto a
single dimension. The minimum distance for the bit-by-bit detection is therefore
necessarily constricted and eventually goes to zero when the eye completely closes
(i.e., dio = 0) (see Fig. 2.1), whereas duin for the higher dimensional space can still be
non-zero. Therefore, MLSE is able to extract the information from the ISI corrupted

signal even when the eye is completely closed as illustrated in Fig. 2.1 and Fig. 2.6.

2.5. Performance with A/D convetsion

The preceding discussion assumed continuous detected quantities. A practical
system has to rely on the A/D conversion of the output of the receiving filter. To
analyze the effect of quantization, the output of the detection filter was quantized to
2" output values, where n is the number of quantization bits. The discretization was
performed such that the quantization thresholds uniformly divided the range of
available continuous responses to mimic the automatic gain control (AGC) usually
preceding the A/D block. A typical behavior of the SE algorithm working on the
discretized samples is displayed in Fig. 2.7. When the A/D resolution is insufficient (2
quantization bits in Fig. 2.7), an error floor is evident in the performance curves.
However, as the number of the available quantization levels is increased, the
performance gradually tends to that obtained in the continuous case shown in Fig.

2.3.
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Fig. 2.7 Performance of MLSE under A/D conversion for 2, 4 and 5 quantization bits. In solid
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A quantitative treatment of the performance degradation due to A/D
conversion is a difficult task for the substantial amounts of ISI treated in this work.
The analysis must include the calculation of the penalty due to the discretization
effect of the underlying Gaussian process that can result in statistics that may be
considerably different from Gaussian, especially for a low-resolution quantization
[44]. Instead, we consider the effect of quantization on the minimum distance dmin.
Fig. 2.8 shows the change of dwin as the number of the available quantization bits is
increased. The minimum distance ascends from the value of zero, which corresponds
to the existence of an error floor, towards the continuous case (dashed circle in Fig.
2.8) that is an upper bound on the performance. For low-resolution A/D conversion,
the quantization noise dominates and the theoretical ML metric is no longer

Euclidean [44-45]. The fact that the Euclidean metric is not appropriate is
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illustrated by the dwin value obtained for three bits of quantization shown in Fig. 2.8,
which is substantially different from the one corresponding to the simulated
performance in Fig. 2.7. However, at reasonable resolutions (q > 3 in Fig. 2.8), the
Euclidean metric becomes close to the optimal 29, and calculated values in Fig. 2.8
match more closely to the simulated MLSE performance including the A/D
conversion shown in Fig. 2.7.

The results of numerical simulations on the finite quantization effect are
summarized in Table I, which contains power penalties in dB, for a given span of ISI,
for three modulation formats under consideration. The general trend in performance
with respect to the number of quantization bits is that more resolution is necessary

for a larger extent of ISI. This trend stems from the fact that an increased span of ISI
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Table 1. Power penalties incurred by a/d conversion depending on the accumulated span of
ISI for three modulation formats

ISI span # of quantization bits

Format 2 3 4 5 6
1 0 1.4 0.4 0 -

RZ 2 oo 5.5 1.5 0 -

2 1.8 0.1 0 - -

3 oo 2.1 0.6 0.2 -

NRZ 5 oo 15 1.5 0.1 -
2 oo 2.1 0.9 0.1 -

3 o0 1.9 1.5 0.4 -

Duobinary 4 °0 e0 8.7 1.2 0.5

implies a larger number of channel noiseless responses (22 * ! for the span ISI of m),
therefore, finer resolution is required to enable the distinction between these
responses. At the distance of eye-closure (span of ISI of 2 bits for RZ, and 5 bits for
NRZ), RZ and NRZ modulation formats require four and five bits of A/D conversion,
respectively, to operate at approximately 1 dB from the continuous case. However,
owing to the different evolutions of the waveforms for the two signaling formats, the
NRZ format is less stringent on the necessary number of quantization bits, regardless
of the distance. The cause of this phenomenon can be determined by investigating
how the noiseless responses are distributed. Fig. 2.9 shows a comparison of noiseless
response distributions for the DB and the NRZ formats. While the DB (and RZ)
responses tend to be distributed uniformly in the given interval of values, the NRZ
responses tend to cluster into bands. The band-like structure reduces the penalty due
to the A/D conversion as the discretized quantities behave similarly to their

continuous counterparts. To elucidate how waveforms evolve with dispersion, we
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Fig. 2.9 Distribution of noiseless responses for NRZ (left) and Duobinary (right) for infinite
resolution. This figure emphasizes bunching of responses for NRZ leading to a smaller
requirement of quantization bits for the same span of ISI. Also see Fig. 2.5(c)-(d)

draw the analogy between dispersion in the time domain and diffraction in the space
domain [5, 46]. The flat top associated with NRZ waveform under the influence of
chromatic dispersion (which is equivalent to diffraction in the far field) evolves as the
input waveform Fourier transform, i.e. the sinc function, which has the major part of
its energy contained in the main lobe. In the case of DB and RZ, due to the shape of
their temporal spectra [46], energy leaks uniformly across the span of ISI resulting in
the uniform distribution of the noiseless responses in Fig. 2.9b. The compactness of
the band-like structure depends on the quality of the modulator. With steeper edges
of NRZ waveforms and a higher extinction ratio of the modulator, more compact
bands will form and a lower power penalty due to quantization will result.

The behavior described above implies that MLSE, used in conjunction with

NRZ in a realistic setting with A/D conversion, has potential advantages over the
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other formats. When the A/D conversion penalties are taken into account (for low-
resolution A/D conversion), the overall difference in performance between the NRZ
and duobinary formats is smaller than that shown in Fig. 2.6. It drops below 2 dB for
realistic modulators at an accumulated dispersion of 3500 ps/nm when MLSE is
performed on both formats. The difference in performance is substantially smaller
(0.9 dB) for an ideal modulator whose responses are shown in Fig. 2.9. However,
since the span of ISI grows at a higher rate for NRZ, a more complex VA is necessary
for this modulation format. The better overall performance of DB is due to the slower
rate of increase of the span of ISI with propagation distance. We conclude the
theoretical part of this Chapter by concluding that the span of ISI is the determining

factor for the power penalty due to the A/D quantization.

2.6. Experimental Validation

To test various aspects of MLSE detection for fiber optic systems, a proof of
concept experiment was performed. A practical realization of the MLSE involves
several different elements that are beyond the scope of our analysis (e.g., sequence
locking and synchronization algorithms, fast A/D conversion, etc.). Consequently, an
experiment that demonstrates the ability of the MLSE approach to process the real
data was conceived isolating the above mentioned aspects. The diagram of the

experimental setup is shown in Fig. 2.10. The training and pseudo-random patterns
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Fig. 2.10 Experimental schematic for the proof of concept experiment

were loaded into a pattern generator. The received signal was detected by an
amplified detector, and the resulting waveforms were collected by a sampling
oscilloscope triggered off the data sequence. To construct the lookup tables necessary
for the operation of the VA, the waveforms were averaged to replicate the channel
response in the absence of noise. Observe that the sole purpose of the sampling
oscilloscope in the setup is that of an interface between the detector and the
computer, which circumvents the need for fast electronics. Note also that the setup
used, to a certain extent, duplicates the real system imperfections such as the timing
jitter and power fluctuations. The received waveform for each of these patterns was
collected and post-processed on a PC. The experiments were performed at OC-192
speed (10 Gb/s), at 1550 nm wavelength and with the accumulated dispersion of
-1600 ps/nm, -2240ps/nm and -2700 ps/nm [corresponding to lengths of standard
single-mode fiber (SMF-28) of 100 to 140 and 170 km]. Dispersion compensating fiber
modules were used in the experiment instead of the standard single mode fiber in

order to ensure sufficient SNR with DFB lasers at our disposal. The launched power
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equaled 1.8 dBm in the first case and 3.8 dBm for the latter two cases. The received
powers were -6.2 dBm, -104 dBm and -152 dBm, respectively. The noise
characteristics of the channel were also collected. It was confirmed that, for the
experimental conditions used (i.e.,, without optical amplifiers), the noise statistics
were approximately Gaussian and signal-independent, thus justifying our hypothesis
of the additive electrical noise dominant model, as well as the application of the
Euclidian metric for the VA in Eq (2.6).

The sequence estimation was applied to two thousand pseudo-random 100-bit
patterns in each case. The measured bit-to-bit BER in the first case was 6-10° , in the
second 2-10? and 0.14 in the last case. The decision threshold for the bit-by-bit
decision was chosen as the mean value of the noiseless channel responses after the
MLSE training was performed.

For MLSE, no errors were recorded in the first two cases, i.e. the measured
BER was below 5x10-. In case of propagation on the equivalent length of 170 km, the
BER employing MLSE was 3x10° with approximately four orders of magnitude
improvement over the bit-to-bit BER. Fig. 2.11 shows the received eye diagram at -
2700 ps/nm, for which MLSE BER was 107, in contrast to the 10! raw bit-to-bit BER.
Note that in all three cases, the experimental error rates were below 103, which is
considered the error correction threshold for fiber optic communication systems

according to the ITU guidelines [47].
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Fig. 2.11 Eye diagram at the negative accumulated dispersion equivalent to 170 km in SMF

2.7. Conclusion

In this Chapter, we have analyzed the performance of a suboptimal, but
practical, MLSE receiver designed for short-haul intensity modulated fiber optic
communication systems. The analysis was derived for the case of optical links where
thermal noise originating from the detection process is the dominant noise source. In
contrast to an optimal receiving strategy that relies on a large bank of matched filters,
our study was based on a practical constraint of an integrate-and-dump circuit. We
showed that the MLSE approach can retrieve the information from the ISI corrupted
signal for substantial amounts of accumulated dispersion with an increase in
complexity as well as launch-power. Simulations indicate that the power penalties
associated with MLSE for NRZ data range from 0.2 dB (for distances around 20 km)

to 6 dB at the distances 200 km when the eye is completely closed. It was found that
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the suboptimal MLSE receiver performance is, on average, only 2 dB inferior in
performance to an optimal matched filterbank, which is surprisingly small based on
the significant complexity reduction in the receiving structure. The approach can
substantially extend the dispersion limited reach for a variety of modulation formats.

The effect of the A/D conversion on the performance was also examined. It
was found that without error-correction coding, for NRZ with a span of ISI of five
bits, five quantization bits (32 levels) are required to provide performance within 1
dB of the continuous case. For RZ with a span of ISI of 2 bits, four bits of A/D
conversion are necessary to keep the performance within the same margin above. The
deciding factor on the number of quantization digits is the extent of ISI, as finer
resolution is necessary to discern between an increased number of possible channel
responses. Lastly, our proof-of-concept experimental verification supports the

feasibility and the validity of the approach.
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Chapter 3

Sequence Estimation with Constrained
Run-Length Coding In Directly
Modulated Multi-Mode Fiber Optical
Links

3.1. Introduction

In the previous Chapter, MLSE applied to short-haul single mode links was
investigated. In this Chapter, we examine directly modulated multimode fiber based
links. Multimode fiber links offer a low-cost solution for short-haul high speed data-
communication, as well as optical interconnects [48]. In an attempt to further reduce
the cost of these links, directly modulated lasers can be used at the transmitting end,
instead of much more costly external modulation employed in single mode long-haul
links. In particular, this Chapter will be focused on experimental demonstrations of

MLSE equalized directly modulated multimode fiber links.
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Before describing the experimental results, it is useful to briefly review the
physical characteristics of the channel under consideration, pointing out specific
differences from externally modulated single-mode-fiber based links, discussed in

previous chapters.

3.2. Multimode fiber response

Unlike the single-mode fibers used in telecom, multimode fibers allow
propagation of hundreds of electromagnetic modes. The specific characteristics of the
modes, such as the transverse spatial pattern and group velocity, depend on the
specific waveguide profile [5]. Unfortunately for communication purposes, the
excited modes travel with substantially different group velocities, causing the
splitting of a single launched optical pulse into multiple, slightly delayed, replicate
pulses that develop within meters of propagation. Unless special care is taken most,
or all of the allowed modes are excited when the light is coupled into a multimode
tiber. A channel which produces a (possibly large) number of pulse replicas with
different amplitudes and slightly different times of arrival at the receiver for each
information bearing input pulse, in digital communications theory is defined as a
mulitpath channel [7]. An important property of a multimode fiber response is the
sensitivity of the mulitpath response (i.e. the distribution of the arrival times of the
excited pulse replicas) to the launch conditions [49]. The modal spread can change by

a number of bit signaling intervals depending on the exact conditions that light is
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coupled into the fiber. Similarly, the span of ISI can be increased (or reduced) by
several bits depending on the launch circumstances. At the bit-rates of interest
(currently ~ 1 Gb/s — 2.5 Gb/s, whereas 10 Gb/s links are being developed), the modal-
dispersion for a controlled launch limits the reach in multimode links to
approximately 50 m [5]. Since the amount of dispersion is proportional to the distance
traveled, the common figure of merit for multimode fibers is their bandwidth-
distance product (BL). Legacy multimode fiber is characterized with low BL products
typically on the order of 100 MHz-km, whereas newer multimode fiber achieves
approximately 5 to 10-fold BL increase.

There are several existing approaches to mitigate the multimode impulse
response (i.e. to reduce the time spread of the different mode arrival times at the
receiver):

(i) Restricted launch and detection conditions: This approach takes advantage of

employing precise launch conditions in an attempt of selective mode
excitation. Alternatively, the detection can be performed in a similar manner,
restricting spatial and/or temporal windows of the detector [50]. The idea
behind this method is to prevent excitation of all supported modes, thus
diminishing the temporal spread of the impulse response. This particular
technique was demonstrated as early as 1998 [51], whereas recently
spectacular results have been reported [52]. Note, however that this approach

requires custom optical components, precise positioning systems, lasers, or
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the combination thereof. This, together with the intricacy of coupling
conditions that change from one fiber to another defeats the purpose of low-
cost links that is a principle motivation for using multimode systems;
Although the performance of communication systems in mulitpath channels
in, for instance, wireless communications has been significantly improved by
employing Multiple Input — Multiple Output (MIMO) techniques, such
approaches have failed in multimode fibers. This was mostly due to the fact
that it is virtually impossible to control coupling to (and detection of) a
particular mode separately, making the MIMO approach nearly unfeasible.
Secondly, energy can easily couple from one mode to another during
propagation, such that the high degree of correlation exists between
information contained in groups of modes after only tens of meters of
propagation, making the channel unsuitable for classical MIMO approaches
[54].

New generation multimode fiber. Carefully engineering (i.e.,, designing

waveguide geometry and doping profile that control the exact index of
refraction dependence along the fiber radius), novel multimode fibers having
substantially larger bandwidth-length products (1-10 GHz-km) have emerged
[53]. The larger BL product of this newly engineered multimode fibers allows

longer dispersion limited reach [53];
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(iii)  Equalization. This ISI rich channel, as well as the relatively moderate data
rates compared to telecom applications, made the multimode fiber channel an
excellent candidate for equalization techniques. Numerous experimental
demonstrations of equalization in multimode based links have been presented
in the recent years. However, all of the demonstrations relied on analog FFE
and DFE equalizers. These structures, however, tend to underperform in
heavily noise-loaded conditions, often encountered in multimode fiber
applications. In this section, we shall examine the application of MLSE, which,
as noted previously, achieves optimal performance in these links that are
dominated by Gaussian noise. An additional advantage of the equalization
techniques is that they can be used in conjunction with any of the previous

methods for group delay dispersion reduction mentioned above.

3.3. Data dependent VCSEL response and data-pattern DC

balancing by 8b/10b code

Directly modulated lasers are normally used in data-communication MMF
applications due to their low cost. A vertical cavity surface-emitting laser (VCSEL) is
a specific type of a semiconductor laser, in which the lasing process is established in a
cavity whose direction is orthogonal to the electrical current pumping the structure.
The cavity is technologically realized by depositing multi-layered Bragg mirrors as a

part of the growing process of the semi conductor laser. The combination of directly
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modulated VCSELs and multimode fibers have been proposed to substantially
reduce the cost of these links due to an increased reliability and high yields of
VCSELs.

Recently, a deleterious effect in links incorporating VCSEL/multimode fiber
combination was discovered. As discussed on a phenomenological level in [55], the
VCSEL emitted spatial modes depend on the data pattern driving it. This slight
change in the VCSEL-emitted spatial mode configuration represents an alteration in

the launch condition for the multimode fiber. As discussed in Sec. 3.2., slight changes

a)

Fig. 3.1 Isolated Marks for three different launch conditions. (a) Random data. Substantial
BLW in noticeable in the response; (b) Response for the same launch conditions after data
have been encoded by a DC balancing 8b/10b code. A considerable mitigation of the BLW is
achieved availing subsequent equalization
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in the launch condition, can lead to substantial perturbation in the excited fiber
modes. As an illustration, Fig. 3.1a shows experimentally obtained traces of isolated
marks (surrounded by immediate five 0-bits on each side), enclosed by different
random patterns (beyond the five — delimiting zeros). For obvious reasons, this effect
was coined Base-line wander (BLW). As a consequence of this data-dependent
VCSEL response, the overall communication channel response is non-stationary [55,
56]. Therefore, before any equalization technique can be applied, the effect of base-
line wander has to be mitigated. The described pattern-dependent response entails
VCSEL memory with respect to the data driving it. MLSE, as stressed in the previous
Chapter, seems like a perfect solution to the problem, whereas, an additional memory
of the channel as a whole encompasses the modal dispersion induced ISI, and the
VCSEL memory. In fact this particular approach was proposed by Al-Sowayan and
Lear in their original work on BLW [55]. However, we experimentally found, the
memory of some VCSELs can span more than 20 bits, making the necessary
underlying VA structure too complex for practical purposes. Thus, other means of
mitigation are required.

To put BLW in an engineering perspective, one needs to bear in mind basics

of the laser emitted power (P), driving current (I) characteristic shown in Fig. 3.2. In a



60

P A

1011001110101 11

(NN

Fig. 3.2 Pictorial representation of direct modulation of a semiconductor laser

a directly modulated configuration, the emitted light can be modulated by applying
signal modulation component directly to biasing current, thus affecting the emitted
power and resulting in an intensity modulated laser output. However, if the data-
pattern driving the VCSEL contains long consecutive strings of 1’s and/or 0’s, this
local DC-imbalance of the data is equivalent to an additional DC-valued current that
can cause a slight displacement of the operating point (See Fig. 3.2). As mentioned
previously, this can lead to substantial differences in the response of the
MMEF/VCSEL system, since the effective additional DC term can change the launch
condition. In order to mitigate the non-stationary VCSEL response, the data driving it
need to be made DC-balanced. This can be achieved by imposing redundant bits,
which depend on the transmitted information that will impose the DC balance on the

information being supplied to a VCSEL as a driving current. In other words, by pre-
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coding the information data-stream, it should be possible to achieve restriction of the
operating point excursion, and consequently mitigate the VCSEL base-line wander
and, as a result, reduce the pattern dependent effects.

For our experiment DC balancing was achieved using a well know 8b/10b
code [57]. The 8b/10b code is a block-code, i.e. the encoding process is accomplished
in terms of a table where every 8-bit block of the input data is encoded into a 10-bit
block, according to the encoding table [57]. The 25% coding overhead is considerable.
In order to retain the data throughput, the signaling speed needs to be increased by
the same amount. However, at the speeds under consideration (2 Gb/s), this coding
overhead does not represent serious trouble. In fact, 8b/10b code has been adopted as
a part of XAUI standard for Gigabit Ethernet links [57] whereby the transmission is
performed at a 2.5 Gb/s speed for the information stream of 2 Gb/s. Originally, the
8b/10b code was designed to facilitate synchronization in high-speed links by
ensuring sufficient number of bit-transitions necessary for the clock-recovery. In our
application, we took advantage of the fact that in addition to the mentioned 8b/10b
property, in its original realization, this code also keeps track of the disparity between
1’s and 0’s, ensuring the same number of marks and spaces in any two consecutive
encoded data blocks (20 bits). In effect, the application of the 8b/10 will achieve local
DC balance for any 20 consecutive data bits, making it useful for our application. Fig.
3.1b shows the same isolated marks resulting from the three example launch

conditions from Fig. 3.1a, with 8b/10b encoded data. As predicted, the imposed DC
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balance significantly reduces the BLW to a level, where the channel responses are

sufficiently repeatable to enable the application of equalization.

3.4. Experimental setup

The experimental setup is shown in Fig. 3.3. The laser was a 5 Gb/s Ulm
electronics VCSEL (ULM850- 050TN-UT46FO) with a measured rise time of 70 ps for
a 6 mA bias current and a differential resistance of 60Q. The light was coupled into
the fiber using a molded glass aspheric lens. Registration to the center of the fiber was
accomplished by using a precision stage and a single mode fiber patch cord. The
patch cord was subsequently replaced by the multimode fiber under test. The data-
sequences were generated in a computer and downloaded into a 12.5 Gb/s HP 70843B
pattern generator. The signal was detected using a 25 um diameter New Focus 1580
detector. The resulting signal was then measured using an HP 83480A mainframe
with an HP 83483A plug-in with an electrical bandwidth of 20 Ghz and 8 bits of

resolution, triggered off the data sequence from the pattern generator.

-* VCSEL ﬂ ﬁ Detector

Pattern
Generator

Fig. 3.3 Experimental setup for MLSE demonstration in multimode fiber links. The inset
shows a photograph of the actual VCSEL mount.
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The experimental procedure is as follows. First, training sequences of 100 bits were
transmitted to gather possible channel responses. The received training signal, ri(t) =
si(t) + n(t) was averaged to remove the effects of noise. The averaged sequences were
subsequently integrated on a bit-by-bit basis, to produce the “noiseless” responses,
stored in a computer, and used for sequence estimation processing. The training
sequences also established the synchronization reference. After training, a test data-
set was generated that consists of sequences of 80-bit blocks of random data. A block
of data is next encoded using an 8b/10b code, resulting in a 100 bit sequence. This 100
bit sequence is transmitted through a fiber span. The detected waveforms were stored
in the sampling scope producing 35-samples per bit with 8 bits of resolution per
sample. These samples are then re-binned to replicate an n-bit flash A/D and are
summed to replicate an integrate-and-dump filter. The resulting n-bit discrete
sequence is the input to the Viterbi algorithm that determines the most likely
transmitted sequence of information bits. The noise on the test data will produce

errors. The test procedure ran until 100 errors have occurred in the processing, or

(a) (b)

Fig. 3.4 Back-to-back eye diagrams taken from a 0.5 m long 62.5 mm fiber (a) 2.5 Gb/s. (b) 10
Gb/s
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until 2000 sequences have been transmitted which corresponds to 2x10° bits.
Therefore, the measurement procedure can measure error rates down to
approximately 5 x 10°. The threshold for the traditional bit-by-bit error rate is
generated as the average of the received responses. The clock phase for the bit-by-bit

detection coincided with the sequence estimation clock.

3.5. Results and discussion

Two sets of measurements were conducted. In the first set of measurements,
the back-to-back frequency response of the VCSEL driven at 10 Gb/s was measured
and compensated (see Fig. 3.4b). The back-to-back eye at 10 Gb/s in Figure Fig. 3.4
shows significant degradation owing to the slow frequency response of the laser and
the impedance mismatch of the VCSEL to the pattern generator caused by the series
inductance. Fig. 3.4a shows the eye diagram when the VCSEL was modulated at 2.5
Gb/s speed. Post-processing the data at both data-rates with sequence estimation
resulted in errorless performance over 2 x 10° detected bits.

Next, a set of experiments using multimode fiber was performed. As
mentioned earlier, electronic equalization including both MMF and VCSELs is
hindered by the data-dependent VCSEL response [55]. We estimate that the VCSEL
response time exceeds 15 bits at 2.5 Gb/s, making sequence estimation prohibitively
complex because of the large number of possible channel responses. Without any

further compensation, the lowest measured bit-error rates using sequence estimation
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were ~107. To reduce the effect of the data-dependent VCSEL response, the 8b/10b
line code, discussed earlier, was used. The measurements using 8b/10b coding were
conducted at 2.5 Gb/s over 400 m of 62.5/125 um fiber with a 3 dB overfilled
bandwidth of 210 Mhz/km. Data collection and processing was tried for over 20
launch positions. In all cases, the processed BER was below 10°. At the distance
under consideration, the span of ISI for various launch conditions varied between 7
and 9 bits total. The launch power was -3 dBm, whereas the detected power for
different launch conditions varied between -6 dB and -8 dB. As an example, the
resulting eye diagrams for two example launch conditions are displayed in Fig. 3.5
showing a completely closed eye with a measured bit-by-bit BER of 0.2. Using MLSE
processing, no errors were measured on the set of 2 x 10> information bits for both
launch conditions, making the overall BER below 5x10° even for these completely

closed heavily multipath-corrupted eye patterns. We also note that even though the

a)

Fig. 3.5 Eye diagrams after propagation through 400 m in 62.5 um multimode fiber for two
different launch conditions showed in the insets
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input data were encoded by the line-code, no error-control property of the 8b/10b
code was used in the data retrieval. If needed, such error correction can easily be
implemented in addition to the MLSE technique. However, our primary interest was
in demonstrating the capability of equalization, whereas the error correction was out
of the scope of the experiment.

Measurement of complete BER curves was hindered by the effect of the
attenuator needed in the setup to control the SNR. It was found that the optical
attenuator had considerable impact on the received pulse-shapes preventing reliable
data collection for different SNR values. Therefore, in order to determine the
attainable performance, simulations based on the responses collected from the
experiment were performed. Results for the two launch conditions above are shown
in Fig. 3.6. and are similar to the results in the single mode fiber. The shorter group
delay spread response yields superior performance, which, for the best attainable
launch (shown in magenta in Fig. 3.6) can approach the ideal case with no ISI. On the
other hand, the large delay spread double pulse response (shown in red in Fig. 3.6)
operates nearly 6 dB worse than a small delay-spread response at the same
propagation distance. Thus, the optimal increase in modal dispersion limited reach in
multimode fibers depends on both careful selection of the launch condition at the
transmitting end, and the application of equalization at the receiving end of the link.
Certainly, novel generation multimode fibers with improved modal dispersion

properties will further improve this attainable reach.
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The measured SNR in the experiment was 25 — 28 dB. At this signal level, the
simulation results indicate an error rate below 10 (off the plot scale), which is
consistent with no errors detected in the experiment within the processed 2-10° bits.
As noted previously, the performance of MLSE is predicated on the precision of the
quantized signal on which VA operates. To study the effect of quantization on the SE
performance, the responses from the experiment above were quantized prior to
sequence estimation in the same fashion as in the single mode case. Results are
shown in Fig. 3.7. Again, it is clear that more dispersed pulses, i.e. stronger ISI,
necessitates higher quantization precision. For a smaller DGD spread, 4-bit
quantization yields MLSE performance close to infinite precision performance,

whereas to achieve the similar performance in the large DGD case, 5-bit A/D is
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Fig. 3.6 MLSE performance for two example launch conditions. The performance curve
corresponding to a narrower-spread response is plotted in magenta, and the wider in red
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Fig. 3.7 MLSE performance after propagation in 400 m of legacy 62.5 mm fiber under A/D
conversion. (a) short differential group delay response; (b) long DGD response.

necessary. From the results displayed in Fig. 3.7, it can be concluded that, similarly to
the single mode fiber dispersion, even for the heavily ISI corrupted cases,
performance of MLSE with 6-bit quantization coincides with infinite precision

performance.

3.6. Chapter Summary

In this Chapter performance and applicability MLSE in directly modulated
multimode fiber optic links was investigated. Similarly to the previous Chapter,
performance in multimode fiber based links is dominated by the thermal noise in the
detector. However, the major difference in behavior of directly driven VCSEL based
multimode links is the laser (VCSEL) response. As demonstrated, VCSELs exhibit a

nonstationary data-dependent response that is a consequence of the coupling of
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spatial and temporal modes inside the laser cavity. This slight variation in spatial
mode structure produces a change in the coupling condition into the multimode
fiber, resulting in a different channel response. We have demonstrated that in the
presence of the VCSEL base-line wander any type of signal processing is hindered
due to the prohibitively long memory of the effect. Thus, to enable use of equalization
in these links we resorted to the application of modulation codes in order to mitigate
the base-line wander. Based on the conjecture that the main culprit for this
nonstationary response of the laser is the DC imbalance of the data driving it, a well
known 8b-10b code that is a part of the 1G-Ethernet standard was utilized to pre-code
the data driving the VCSEL. In addition to preventing long patterns of ones and zeros
from occurring, this code imposes DC-balance on any two consecutive bytes of the
data. As demonstrated in the Chapter, the introduced DC balance mitigates the
response of the laser to an extent that availed processing.

In the subsequent experiments, more than 20 different launch conditions were
tried, and bit-error-rates below 10° were measured in all instances. Additional
simulations were performed in order to estimate overall performance curves both
with and without A/D quantization. Similarly to the single mode case, it was found
that the performance depends on amount of the ISI that develops. Launches which
initially have a smaller differential group delay perform close to a back-to-back BER
when equalization is applied. On the other hand, power penalty for large differential

group delays can be as much as 6 dB. Nevertheless, equalization was successful for
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all the launch conditions tried. To the best of our knowledge this was the first
successful demonstration of MLSE equalized multimode fiber-optic links based on
directly modulated lasers. The ability to detect information in this heavily distorted
multipath channel with an intrinsically non-stationary response comes at a cost of
25% overhead in using the DC-balancing 8b/10b code. This large amount of the
coding overhead is acceptable for 2 Gb/s links, whereas if the base-line wander is
present in the next generation 10 Gb/s VCSEL’s, the development of novel
substantially lower overhead DC-balancing codes will be necessary. We have
demonstrated that the application of coding can in practice mitigate the deleterious
effects of components in high-speed optical links, and could potentially reduce the
required device tolerances, thus reducing the overall cost of manufacturing and/or

extend the devices life-time.



Chapter 4

Signal Statistics and Maximum
Likelihood Sequence Estimation In
Intensity Modulated Fiber Optic Links
with Optical Amplification

4.1. Introduction

As stated in the previous chapters Maximum Likelihood Sequence Estimator
(MLSE) is the optimal equalizer that minimizes the probability of sequence error for
channels with intersymbol interference (ISI) [8]. MLSE has been broadly utilized in
other areas of communication over the past two decades. The use of MLSE in optical
communications was first suggested for coherent systems in the early 1990’s [21-22].
This research was not pursued because of the development of Erbium doped fiber
amplifiers (EDFA) that enabled non-coherent communication schemes based on on-

off keying (OOK) capable of spanning trans-oceanic distances [1] with all-optical

71
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compensation. Interest in electronic equalization was revived in the early 2000’s
[23,58]. Recently, the first prototype of a Viterbi equalizer operating at transmission
speeds up to 12.5 Gb/s was demonstrated [60-61].

The achievable performance bounds and error analysis of MLSE for electronic
dispersion compensation (EDC) investigated in Chapters 2 and 3 was carried out for
short-haul links containing no optical amplifiers, so that the noise could be modeled
as additive white Gaussian (AWGN). In this Chapter, we extend the analysis of MLSE
to optical links containing a single optical pre-amplifier. The approximate statistics in
these links is often treated as non-central chi-square as reported by Humblet and
Azizoglu [62]. However, while chi-square statistics are appealing because of the
closed form expression for the statistical distribution and the error probability, it is
relatively easy to show that they do not correspond to the true statistics of the
detected signal for existing systems. In the first part of the Chapter, we present our
results on the exact statistics of the electrical signal, derived by means of Karhunen-
Loeve (KL) expansions, and provide insight into the results. In the second part of the
Chapter, we apply these statistics to sequence estimation (SE) when the received
signal is corrupted by the presence of intersymbol interference due to chromatic
dispersion and/or narrow filtering. Finally, we introduce Narrowly Filtered OOK
(NF-OOK) systems that have a potential of significantly increasing the dispersion
limited reach and/or spectral efficiency of the existing fiber-optic systems when used

in conjunction with EDC.
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4.2. Maximum Likelihood (ML) Detection

A natural criterion of performance optimization in a communication system is
that of minimizing the probability of error Pe [63]. Symbol-error minimization under
the known signal statistics is equivalent to the Likelihood Ratio test [63,8]. Thus, for
optimal detection, knowledge about signal statistics is of prime importance. The
simplest (and the most widely studied) case is the detection of known signals in
Gaussian noise. Application of the likelihood ratio test for this case simplifies to the
minimization of the Euclidean distance between the detected signal and the noiseless
responses in signal space [64-65,37]. When the noise is not Gaussian, the likelihood
ratio test still provides the optimal solution but does not correspond to minimization
of the Euclidean distance.

A KL-based approach to statistics derivation for optically preamplified
systems has been reported previously [66-69]. However, KL expansion in [66] was
applied in the frequency domain, whereas in [67-69] the authors apply the saddle-
point approximation in order to calculate the bit-error-rate in a link without ISI, short
of generating a PDF capable of describing channel statistics applicable for use in
sequence estimation. More recently, KL expansion was used in [70-71] to calculate the
statistics of the parametric gain in a link with a chain of optical amplifiers, as well as
the effect of multipath interference (MPI) [72] in fiber optic links. At the time of

preparation of this work, a group from Alcatel research has presented results on
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sequence estimation at OFC 2005 [73]. Although initiated in the KL expansion, the
PDF used in SE by the authors was signal-dependent Gaussian for the system under
consideration.

The rest of the Chapter is organized as follows: first, we provide a derivation
of signal statistics from a statistical optics point of view, irrespective of the
modulation format and/or shape of the optical and electrical filters used. We then
extend previously published results by comparing the error performance when
detection is performed based on the exact statistics to those derived from
approximate non-central chi square distribution. We focus on the fundamental
reasons for the difference in the two approaches.

As a starting point consider detection in a single channel fiber-optic
communication system with an optical pre-amplifier shown schematically in Fig. 4.1.
The deterministic optical field with additive amplified spontaneous emission (ASE)
noise is band-filtered by an optical band-pass filter with impulse response h(t). The

filtered optical signal and noise are converted to an electrical signal by a square-law

h(t)
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Fig. 4.1 Communication system block diagram
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detector (photodiode). The detector is followed by an integrate-and-dump filter that
performs an integration of the electrical signal over a signaling interval T, resulting in
a single sample r(IT) produced every T seconds.

In this Chapter we treat propagation distances up to 200 km without all-
optical dispersion compensation, such that the effects of polarization mode
dispersion (PMD) can be neglected with respect to chromatic dispersion (see Chapter
1). For standard optical amplifiers, the statistics of the ASE are formally identical to a
complex additive white Gaussian noise process with independent in-phase and
quadrature components in both polarizations [74-75]. The total noise power per

polarization is equal to P, =2v=n_(G-1)Bhf, where w is the noise variance per

quadrature component, ns is spontaneous emission factor, G is the amplifier gain, Bo
is the optical filter bandwidth, f is the optical frequency, and & is Planck’s constant.
This noise power definition is related to that in other areas of communication theory,
where the noise power spectral density per degree of freedom (including and
quadratures and polarizations) is No/2.

The presence of the band-pass optical filter h(t) produces colored optical noise
characterized by an autocorrelation function Ra(r) per quadrature component. In
order to derive the statistics, it is necessary that the composite elements in the signal
decomposition be independent. A standard approach of decorrelation of the noise is
the Karhunen-Loéve (KL) expansion [63]. A random process n(t) in a time interval T

can be represented as:
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n(t) = ink@(t); 0<t<T @.1)
k=0

where ¢(t) are orthonormal basis functions, and n« are random coefficients obtained
by projecting n(t) onto the basis functions ¢(t). In the KL expansion, the basis
functions are the eigenfunctions of the solutions to an integral equation with the
kernel Ru(t — t’) (see Appendix B for details). In this case, the random variables nx, are
uncorrelated [63]. Furthermore, since the initial noise process is a Gaussian process,
the variables nx are also Gaussian random variables. Because the variables nx are
uncorrelated and Gaussian, they are also independent.

In general, the resulting statistic can be related to the product of the optical
filter bandwidth, and the time interval of observation (BT) [81]. If the bandwidth of
the optical filter is sufficiently large, the correlation between noise samples becomes
negligible, and the filtered noise process can be treated as approximately white, while
the noise autocorrelation function can be approximated by a Dirac delta-function. In
this case, any orthogonal set of functions satisfies the integral equation (B2) [76].
Particularly advantageous, when applicable, is the use of complex exponentials as a
basis set, where the eigenvalues of the integral equation (B3) become samples of the
noise power spectral density (or equivalently — the filter power spectral density). The
results obtained by Azizoglu and Humblet were based on an expansion in terms of
complex exponentials as the basis functions. In their original paper, the authors

provide results for large time-bandwidth products, where the utilization of Fourier
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harmonics assumption is acceptable (BT ~ 30). However, the time-bandwidth product
in existing systems is between 3 and 5. Thus, a more rigorous approach is necessary.
To include the filtered deterministic signal waveform(s), the quanity s(t)*h(t),
before the square-law detector is projected onto the noise eigenfunction basis ¢(t),
resulting in a set of coefficients Sk, such that both signal and noise are expressed in

terms of the basis functions ¢(t):
PO=[sO+NO]*hO =Y (S, +0) 4O=Y - hO=2 (Pl 44O (42)

In the above equation, signal and noise coefficients are represented in both
orthogonal polarizations (marked by subscripts || and 1). The squaring operation
(assumed to be instantaneous) transforms the statistics of the signal plus a complex
Gaussian noise process of each term px in Eq. (4.2) into a non-central chi-squared
distribution [63] with two degrees of freedom (one per each quadrature component)
in each polarization. The joint probability density for two orthogonal polarizations of
the k-th term in Eq. (4.2) is equivalent to the probability density of a sum of two
independent random variables. The joint PDF is thus a convolution between the PDFs

for each of the polarizations:

ka(”Sk):{%exp{_msk Z]I{msk rJH | exp{_mslk |2},|0{\/|sik2|2r]}(4_3)

2 2 2 2
oy 20, o, 20, 20, o

* 2

where * stands for the convolution operator, o, is the k-th eigenvalue from the

eigenvalue decomposition of Eq.(B3), o is the modified Bessel function of order zero,
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and S'. and S*% are the coefficients corresponding to the projection of the

deterministic signal in each polarization, in a bit slot, onto the k-th eigenfunction. The
sum of the squares of the magnitudes of coefficients S"*, equals the total energy of
the deterministic waveform in the bit-slot. (> " |S/'+[s [ =E). Eq. (43) can
equivalently be represented in terms of the characteristic function @, (») as:

jo’ |8 P jo' |S5 [
exp| ——— 7| eXpl -7 2
1+ jo2o, 1+ jo2o,

4.4
1+ jo2o,’ 1+ jo2o,’ (44)

Qg 5, (@) =

The two polarization components from Eq. (4.3)-(4.4) have been left separated in a
product to make the expression more readable. Each of the non-central variables Sk
has a different underlying noise variance o that is a consequence of the
decorrelation process through the KL expansion. Note that the characteristic
functions of chi-square variables represent a rare case where the actual signs in the
denominator(s), as well as in the complex exponential depend on the adopted signs
in the Fourier kernel due to the fact that the PDF is defined for positive values only.
In the final part of the detection scheme, samples from the random process are
integrated by means of an integrate-and-dump circuit. Taking advantage of the
orthogonality of the basis functions, the integration process is equivalent to a

summation of squares of the coefficients:

2

dt=Y|pF (45)
k=0

ct—

Z[(nk”R +Sk”R)+ j -(nk”I +S. )+(nkiR +SklR)+ j .(nkﬂ +S.4, )M« (t)

o
k=0
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where subscripts R and I stand for real and imaginary parts of the corresponding
coefficients, and j=+/-1. This step is equivalent to a summation of the independent
(non-central) chi-square variables with four degrees of freedom (2 due to the complex
nature of optical fields and 2 for the two polarizations of the field.). The resulting PDF
is a convolution of an infinite number of terms of Eq. (4.3):

exp| - ja)Z |SHk |2 exp| - ja)z ‘ Sik ‘2
e 1+ jo2o,’ 1+ jo2o,’
PN =F "] : -

iy 1+ jo2o,’ 1+ jo2o,’
(4.6)
i 1 r+s', NE 1 r+S*, N
Conv ~exp| ——< |1, — | |* ~exp| — -1, -
k=0 || 20, 20, o, 20, 20, o,

where F' stands for the Fourier transform inverse. Note that it is correct to represent
the net characteristic function as a product if and only if the variables px are
independent. This is achieved only if the basis functions are chosen to be the
eigenfunctions of the autocorrelation function of the colored Gaussian noise process.
If the underlying process were not initially Gaussian, the use of KL expansion is not
sufficient to provide independence, resulting in an incorrect expression for the PDF.
The electrical noise process originating from the detector and the supporting
circuitry and/or an electrical filter can be readily included in Eq. (4.6). However, our
prime interest is comparing the statistics when signal dependent noise is large, as in

[62], so we omit those in our present investigation. Note that filtering in the electrical
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Fig. 4.2 Eigen-value distribution (in one quadrature) in log-log scale (when ordered in a
descending order) for two filter shapes: Rectangular filter — the eigen-values correspond to
Prolate Spheroidal Functions; and Lorentzian filter — the eigen-values correspond to harmonic
functions.

domain will affect the performance even if the electrical noise is neglected in that
excessive filtering will introduce additional ISI, and thus deteriorate the performance.
The PDF (4.6) depends on both the eigenvalues of Ri(r) and signal coefficients S,
and S*, (also uniquely defined by R.(z)). The eigenvalues determine the weight of a
particular non-central chi-square distribution term in the overall expression (4.6). Fig.
4.2 shows the distribution of eigenvalues for two particular filter shapes: Ideal
(rectangular) filter and a Lorentzian shaped filter. These two filter shapes were
chosen because closed form solutions for the corresponding eigen-quantities are
known and tabulated [77-79].

The usefulness of KL expansion approach lies in the fact that the infinite sum

in Eq. (4.6) is dominated by a small number of terms [76]. An accurate representation
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of the signal waveform requires that sufficient number of terms be kept in the
expansion. This number depends on the compactness of the eigenfunctions. For
example, the eigenfunctions of the ideal rectangular filter are prolate spheroid
functions (PSS), known to be a complete set of functions with the smallest time-
bandwidth product of all known functions [81]. It is owing to this property that PSS
require the least number of terms in series expansions for a given accuracy [82]. On
the other hand, the eigenfunctions for the Lorentzian-shaped filter are harmonic
functions (sines for odd, and cosines for even orders). In order to have an accurate
estimation of the signal energy, approximately six times more terms are necessary for
the Lorentzian-shaped, with respect to a rectangular band-pass filter. Consequently,
the two types of filter shapes represent two extreme filtering operations. Results for
an arbitrary filter shape are generally between the two cases (unless an optical filter
with a more gradual roll-off than that of a Lorentzian is used). In practice, it is
sufficient to keep the terms down to 10 of the largest eigenvalue to compute the
PDF. This last statement is particularly important in a case of a Lorentzian filter, as
the time-bandwidth product for such a filter cannot be defined in terms of root-mean-
square (RMS) quantities. Note that the information on the compactness of
eigenfunctions is contained in the rate of decrease of eigenvalues for a particular filter
[81,85], since, in effect, the eigenvalues provide information on the energy contained
in each KL mode. For example, if ordered in descending order, the first few

eigenvalues for the rectangular filter are approximately unity (see Fig. 4.2), whereas
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after the sharp drop-off, the remaining eigenvalues are nearly zero. This sharp
descent of eigenvalues was the foundation of the definition of Slepian’s famous 2BT
theorem (note that we define the full filter bandwidth as B, rather than 2B as used in
Slepian's original work) [81]. If only the eigenvalues equal to one are included in Eq
(4.6), the resulting PDF (for a rectangular filter) is a non-central chi-square
distribution with 4BT degrees of freedom (accounting for two orthogonal
polarizations and in-phase and quadrature components in both polarizations,
according to our notation).

Therefore, any difference between the exact statistics and chi-square arises
from the inclusion of eigenvalues in the “roll-off” region, which, in effect, describe
the extent of noise correlations among adjacent bit-slots. The eigenvalues in the roll-

off region become important for small BT products as a substantial difference
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Fig. 4.3 Histograms of samples (bars) drawn from a complex Gaussian noise source (in two
orthogonal polarizations) undergoing band-limiting, square-law operation and integration.
Also shown are fits of the chi square distribution (green line) and the pdf obtained through
Karhunen-Loeve expansion (red line) for time-bandwidth products of (a) 5, and (b) 1
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between the non-central »? and the exact distribution occurs (see Fig. 4.3). This is a
consequence of the fact that for small BT products, the number of eigenvalues close to
unity is commensurate with the number of eigenvalues in the roll-off region and the
impact of the effect of the latter on the overall PDF becomes significant.

Fig. 4.3 shows histograms obtained simulating two different values of time-
bandwidth products for NRZ modulation for ‘all-zeros” (or a ‘zero-rail’) response
where the dissimilarity between the to PDF’s is the largest (see next Section). The chi-
square function, with the number of degrees of freedom defined by the BT product of
the system, under-estimates the histogram around the maximum value, whereas the
exact statistical distribution follows the histogram much more closely, particularly for
the low time-bandwidth product, BT = 1 shown in Fig. 4.3(b). As explained above, the
discrepancy in the PDFs originates in neglecting noise correlations that result if the
basis functions are not chosen to be the eigenfunctions of R«(7). The major assumption
in the presented derivation is that the noise statistics before the square-law detector is
a colored Gaussian process. The most obvious case when this assumption is satisfied
is in a link, either with, or without all-optical dispersion compensation that contains a
single optical preamplifier, such that nonlinear mixing of signal and noise occurs only
due to the square-law detection and not during propagation. Alternatively, the signal
statistics will obey those derived in this work, as long as the noise from the last
amplifier in an amplifier chain dominates and signal-noise and noise-noise nonlinear

mixings generated during propagation can be neglected.
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4.3. MLSE in links containing a single optical pre-amplifier

The major impact of intersymbol interference (ISI) in communication systems
is to increase the number of responses at the output with respect to the input [37].
Our previous derivation suggests that in an optically amplified system each of the
responses at the output will have a different corresponding PDFs (i.e. likelihood
functions). Fig. 4.4 shows an example of the PDFs, calculated using the method in the

previous section, in both a linear and a logarithmic scale, for a total span of ISI of 3
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Fig. 4.4 (a) Comparison of the calculated PDF’s (solid lines) with chi-square (dashed lines) for
four channel responses at back-to-back for NRZ format at Eb/NO = 10 dB for a rectangular
filter for an ‘000’, ‘111", “101” and ‘010’ responses. (b) A zoomed in detail from the graph (a)
that emphasizes how close the intersections of the likelihood functions are on the x-axis for

the two forms of likelihood functions. (c) PDF’s from part (a) in logarithmic scale
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bits for a signal to noise ratio (SNR) of 10 dB. The span of ISI is defined as the total
number of bits affected by the energy leakage to adjacent bit-slots, due to ISI. The
calculated PDFs are shown for the following responses: (i) ‘all-zeros’ in magenta, (ii)
‘all-marks’ in dark red, (iii) ‘isolated space’ in blue, and (iv) ‘isolated mark’ in light
orange. These responses are characteristic in the sense that in each one of them a
mark (or a space) is surrounded by marks (or spaces) for the whole extent of ISI. In all
three parts of the figure, superimposed are the non-central chi-square distributions
(dashed lines) for the same time — bandwidth product BT. The relatively extent of the
tails of the distributions is due to their ~exp(-x) dependence. For large SNR, the
derived PDFs become more Gaussian-like with characteristic symmetry around the
mean and ~exp(-x?) behavior in the tails. Note additionally that PDFs corresponding
to the responses with substantial deterministic field (such as marks, at back-to-back),
the difference between the exact statistics and chi-square is significantly smaller than
for responses with less optical power (e.g., spaces at back-to-back).

In order that MLSE based on the VA be applicable, the noise samples in
different bit-slots need to be independent [8]. Note that the independence of noise
samples, in a typical fiber-optic system shown in Fig. 4.1, cannot be achieved without
a bank of optical filters that would achieve decorrelation physically. Thus, the
practical receiver under consideration does not achieve optimal ML performance as
there will always be some noise correlation between the adjacent bit-slots not taken

into account in detection. However, the marginal densities derived in the previous
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Fig. 4.5 Performance of the SE based on the exact statistic (solid lines) and the chi-square
metric (dashed lines) with sequence estimation at four different amounts of accumulated
dispersion. (a) Ideal rectangular filter used. Performance of the two approaches is virtually the
same; (b) Lorentzian filter.

Section give a superior description of signal statistics than chi-square PDFs (see Fig.
4.3). Fig. 4.5 shows the performance of suboptimal, but practical sequence estimation
(SE) in a fiber-optic communication system operating at 10 Gb/s using the exact
statistics derived in the previous section at four different distances of propagation for
two different filter shapes. All simulations were carried out for NRZ waveforms
assuming a raised cosine shape with a roll-off parameter of 0.6 with the extinction of
13 dB. The performance curves are given with respect to the ratio of the average
optical energy per bit Ev to the total noise power spectral density No. Note that, we
assume that the four noise sources (the in-phase and in-quadrature components in
two orthogonal polarizations) are independent, such that No in this case equals four

times the power spectral density per noise component No’/2. This quantity is, in our
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opinion, the proper figure of merit that establishes a fair comparison between the
signal and the noise.

As shown in Fig. 4.5, for an ideal rectangular filter, there is virtually no
difference in SE performance for a time-bandwidth product BT = 5 (typical of the
existing systems at 10 Gb/s with a 50 GHz band-pass filter), even though the resulting
likelihood functions for the chi-squared distributions and the exact distributions are
clearly different (See Fig. 4.4(a)). To clarify this surprising result, recall that the
decision threshold is defined by the intersection of two likelihood functions. Note
that the mean values, as well as the locations of maxima of both the chi-square
distributions and the true PDFs virtually coincide Fig. 4.4(a)). If sequence estimation
is performed assuming chi-square distributions for all responses, the abscissae of
intersections of the different chi-square distributions are extremely close to the
intersection abscissae of the true PDFs (see Fig. 4.4(b) that shows zoomed -in image of
intersections of the exact statistical distributions in solid lines, and approximate chi-
square curves from Fig. 4.4(a)). Different decisions on the incoming bits in using the
two statistical distributions can occur only when a sample falls into the region
between the intersections for the exact distribution and chi-square distribution. This
event has a low probability of occurrence for the two families of PDFs considered.
The resulting BER assuming non-central chi-square statistics is, thus, asymptotically
the same as that of the true statistic which can be observed in Fig. 4.5(a). The

performance difference is further reduced because the distinction between the true
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statistics and chi-square becomes smaller for large values of SNR. Note that according
to Eq. (B4) the increase of SNR reduces the effect of the eigenvalues in the roll-off
region. This case is very much similar to the Gaussian approximation of a Poisson
distribution where the overestimate of Gaussian relative to Poisson on the lower end
is balanced with the underestimate on the higher end of the distribution. In a
Gaussian approximation to a Poisson distribution, these effects cancel providing a
good estimate for total BER, even though the PDF approximation is not nearly as
satisfactory. To summarize, the performance estimates of fiber optic links containing
optical pre-amplifiers (with or without ISI), based on the non-central chi-square
distribution yield asymptotically correct result assuming rectangular band-pass
filters, even though the decisions are based on an incorrect statistics.

The results in the Fig. 4.5(b), on the other hand, show chi-square statistics to
be inadequate for filter shapes significantly different from an ideal rectangular filter
with an equal filter bandwidth. For this general case, statistics derived from a KL
expansion must be used. The performance difference for the exact statistics and chi
square distribution for non-rectangular filters is reduced at longer propagation
lengths (see Fig. 4.5(b)). As discussed in the previous section, when the responses
with substantial amount of the deterministic field (in which the difference between
the true statistics and chi-square is diminished) considerably outnumber channel
responses with smaller deterministic energy content, which occurs with the increase

of the ISI span at longer propagation distances, the average performance based on



89

a) | | b) | |
0.1 ] back-to-back 01 —— back-to-back
I~ —— 2550 ps/nm e~ T~ —— 2550 ps/nm
0.01 0.01 -
3 1E-3 \\\ - 3 1E-3 | N
B e4 “\ \ S D e X
N \J N
\g \i \\ ‘\
1E-5 N O 1E-5 R }
Y
\J N » \J
\ . \
1E-6 4—| Exact statistic ‘\ . 1E-64— Exact statistic \ \e
----- ¥ statistic ----- 4 statistic
1E-7 I I , 1E-7 I I ,
10 12 14 16 18 20 22 10 12 14 16 18 20 22
E/N, [dB] E/N, [dB]

Fig. 4.6 Performance of sequence estimation for the exact and the chi-square distributions for
BT =1 at back to back and 150 km. (a) Rectangular filter; (b) Lorentzian shaped filter

chi-square distributions becomes closer to the decision making based on the
exact statistics.

As the BT product is reduced, the eigenvalues uniformly decrease regardless
of the filter used [76] (see Fig. 4.2 for BT = 1) and are close for different filter shapes.
The statistics become substantially different from chi-square for systems with a BT
product on the order of 1 (see Fig. 4.3(b)), and the distribution obtained through KL
expansion is required.

Fig. 4.6 shows the performance of the system narrowly filtered with a 10 GHz
optical filter, in a 10 Gb/s link, at back-to-back and 150 km for a rectangular, and a
Lorentzian shaped optical filter.

The system with BT =1 in Fig. 4.6 has the total span of ISI equal to 5 bits at
back-to-back (2 bits on each side of an isolated mark, plus the mark itself), and, as

such, cannot be used in conjunction with standard bit-by-bit decision. SE is capable of
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retrieving the information for such a system at back-to-back (see Fig. 4.6(a)).
Additionally, SE can extract the information at the distance of 150 km (see Fig. 4.6(a))
with a power penalty of 1.5 dB, which is in clear contrast with a 4.5 dB penalty in a
common system with BT = 5 (see Fig. 4.5). Fig. 4.6(b) shows the performance of the
system with BT =1 at back-to-back and 150 km filtered by a Lorentzian type filter.
The performance is close to that of a rectangular filter. Although the probability
distributions are clearly different for BT = 1, the power penalty for using an incorrect,
chi-square likelihood function is only 0.3 dB. This remarkable behavior is again
attributed to the proximity of the likelihood intersections of the chi-square
distributions relative to those using the exact channel statistics.

Narrowly filtered OOK systems (NF-OOK) systems can only be implemented
jointly with electronic dispersion compensation. Note that tight filtering is necessary
both at a transmitter, before launching (or multiplexing) to a transport fiber, and at a
receiver in order to (i) limit the amplifier noise, as well as (ii) the crosstalk from the
neighboring channels. Possible benefits from these systems are two-fold. They
provide a very simple realization of high spectral efficiency, operating using standard
on-off keying (OOK) modulation. In addition, the reduced spectral content of these
systems makes them substantially more resilient to chromatic dispersion, yielding
longer dispersion limited reach, even with respect to systems employing phase
modulation such as duobinary [84], or DQPSK [85-86]. These systems allow a limited

penalty in performance at back-to-back, whereas they could potentially give large



91

dividends in extending the dispersion limited reach. This is because the span of ISI of
such systems, which determines circuit complexity for EDC, grows at a very slow
rate due to their forced small spectral content. The main scope of this Chapter is
signal statistics, however, and investigation of performance of NF-OOK with regards

to the reach will be presented in the next Chapter.

4.4. Conclusion

In this Chapter, we have analyzed the statistics associated with detection in
fiber optic communication systems optical amplifiers. In addition, we have examined
the effect of these statistics on detection incorporating (ML)SE with ISI introduced by
the accumulated dispersion in propagation and/or filtering performed at the
transmitting and the receiving end of the link. The main difference with respect to
un-amplifed systems examined in the previous chapters is signal-dependent
correlated noise statistics. These statistics are a result of the amplified spontaneous
emission noise from the optical amplifier undergoing band-limiting (due to an optical
filter), interacting with the deterministic signal through square-law detection. The
presence of signal-dependent correlated noise has two important consequences on
detection: (i) In a general case, all of the attainable channel responses have different
underlying statistics, (ii) Maximum likelihood detection is impeded by the noise
correlation of the responses in different bit slots. In this Chapter, the proper signal

statistics in these links were derived. The analysis by means of a Karhunen-Loeve
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expansion clearly indicates that the signal statistics are profoundly dependent on the
shape of the optical filter used and can be substantially different from the commonly
assumed non-central chi-square distribution for the time-bandwidth products in
existing systems. However, while inadequate for describing the signal statistics, we
have found chi-square statistics to be surprisingly good for BER assessment. In fact,
the BER estimation based on the approximate statistics is substantially superior to the
resemblance of the actual approximate chi-square and the exact statistics PDFs. As
demonstrated, the origin of this relatively small penalty for using improper statistics
in detection lies in the close separation of likelihood intersections (for the exact signal
statistics and the approximate — chi-square statistics). Consequently, this effect can be
elucidated by partial cancellation of leading and trailing tails’ contributions of the
approximated and the exact PDFs in their effect on BER.

Lastly, we have for the first time introduced Narrowly filtered OOK systems
that have a potential of substantially increasing spectral efficiency and/or dispersion
limited reach of the existing WDM systems, when used in conjunction with electronic
dispersion compensation. The analysis of such systems, as well as the signal

processing based on the MLSE favor strict calculation of signal statistics.
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Chapter 5

Transmission Experiments with

Sequence Estimation

5.1. Introduction

In this Chapter we will present experimental demonstrations of high-speed
equalization performed by means of Viterbi Algrithm (VA)-based sequence
estimation. These results are in a separate chapter because the complete preceding
treatment of equalization in high-speed fiber optic links was exposed from the
theoretical point of view. Theoretical receivers are often too complex for practical
purposes at transmission speeds under consideration. The complexity reduction of
practically realizable receivers comes at a cost of inferior performance. All of the
experiments presented in this Chapter were designed to match the current
technological capabilities. This practical impediment bounds the attainable
performance and reach. Consequently, the results presented in this Chapter depart

from the theoretical optimal predictions treated in the previous part Chapters. Unlike

94
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“proof-of-concept” experimental validations presented in Chapters 2 and 3, in this
Chapter, complete bit-error rate measurements will be presented.

The experiments incorporate a sampling oscilloscope to provide access to
channel statistics and waveform responses, and remove the requirement for fast
electronics. However, strictly speaking, they cannot be considered as full-scale
transmission experiments as they do not contain clock recovery from the received
data. In fact, the sampling scope in all of the experiments is synchronized by the
pattern generator trigger (i.e. the transmitter) emitted synchronously with the data-
frame repetition rate. While the frame synchronization in the experiments is perfect,
the data collected from the sampling scope exhibit the same amount of timing jitter as
the data in real time, and thus, the bit-wise synchronization is not perfect. For a small
number of samples per bit period in a sampling scope capture, the observed jitter can
be substantially worse than the real time jitter, owing to the coarse quantization of the
oscilloscope time base, causing up to 0.5 dB power penalty.

In the rest of the Chapter, two sets of experiments will be discussed: (i)
Equalization of standard Non-return to zero (NRZ) format in Metropolitan Area —
type propagation distances (up to 250 km); and (i7) Long-haul propagation relying on
a Narrowly Filtered OOK format that was introduced in the previous Chapter. The
latter experimental demonstration presents both the first experimental demonstration

of the novel modulation format, as well as, to date, the longest propagation distance
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reached (600 km) without any use of optical dispersion compensation, pre-

compensation and/or pre-chirping at the transmitter in 10 Gb/s links.

5.2. Equalization of the NRZ format and receiver structure
trade-offs

As stated in Chapters 2 and 4, Maximum likelihood (ML) detection in the
presence of ISI requires complete knowledge of the signal statistics. These statistics
depend on the total number of bit slots affected by the spreading of the information
bearing waveforms that we define as the span of ISIL. If the Viterbi algorithm (VA) is
used for the search for the most likely sequence, then in order to achieve ML
performance: (i) the signal statistics must be independent on a bit-by-bit basis, and (ii)
the equalizer must have information available about the channel responses for the
complete span of ISI [33,8]. The first requirement is never true in optical links because
the noise statistics are non-Gaussian and correlated [66-73], such that VA is not an
optimal algorithm. The second requirement results in complex equalizer structures
because the VA complexity increases exponentially with channel memory [33,8].
However, the trade-off between the algorithm efficiency and complexity still favors
the application of sequence estimation (SE) based on VA with approximate channel
statistics gathered through training for a fixed VA complexity. This suboptimal, low-
complexity configuration has been demonstrated to achieve satisfactory performance

and is becoming a method of choice in equalized high-speed fiber optic links [60]. In
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Sections 5.2.1-5.2.2 we examine the performance of SE based on a low-complexity VA

for several receiver structures.

5.2.1 Experimental setup

The experimental setup is shown in Fig. 5.1. A zero-chirp modulator was used
to produce an OC-192 with EFEC (10.7 Gb/s) data stream. In-line optical amplification
was performed after each of the 4 conventional single mode fiber (SMF) spans with
average dispersion per unit length of 17ps/km-nm. The channel launch power into
each span was maintained at -3 dBm using variable optical attenuators (VOA, not
shown in the diagram). Preceding the pre-amplifier stage, the output from the span
was combined with an Amplified Spontaneous Emission (ASE) noise source whose
power was monitored and controlled by VOAT1 for flexible adjustment of the Optical
Signal to Noise Ratio (OSNR) at the receiver. An amplified PIN receiver was used for
detection. VOA2 guaranteed a constant received power of -6 dBm throughout the
experiment. The resulting in variable OSNR that was monitored on an optical
spectrum analyzer in real time. Training and data sequences were loaded into a 10
Gb/s pattern generator serving as the primary data source. Traces from a fast
sampling oscilloscope, triggered by the data pattern, were acquired and returned to
the computer to perform data processing. Throughout the experiment, a 4-state VA
with 3-bit A/D converter was assumed. The architecture fully emulates a dedicated

receiver structure, as well as the bit-error ratio (BER) evaluation sub-module [88].
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A short pseudorandom bit sequence (PRBS) was used for training, whereas BER
measurements were performed using a long PRBS sequence that was run until at
least 100 errors are detected. The appropriate PRBS sequences in both stages (training
and BER measurement) of the experiment were divided into partially overlapping
230-bit parts allowing for performance degradation due to patterning effects. BER
measurements were performed until the level of 10 is reached, ensuring operation

below the practical 7% overhead FEC threshold of 2x10- [47].

5.2.2 Experimental Results and Discussion

An additional advantage of the experimental setup in Fig. 5.1 is that it
facilitates the quantification of performance under different receivers supplying the
information to the VA. In particular, we concentrate on the following cases: 1 sample
per bit (spb), 2spb, 1- and 2-spb with the sampling is performed with a non-ideal

sampler that spans a short time window instead of an (ideal) delta
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function. For the best performance, 2spb waveforms were sampled at ¥4 and % of the
bit interval [60], whereas 1spb was taken at the center of the bit-interval. Finally, to
examine the effect of energy detection, samples gathered from the sampling
oscilloscope were combined to produce the response of a non-ideal integrate-and-
dump filter having a raised cosine shape with 0.6 roll-off parameter defined earlier.
The sampling circuit convolves the input waveforms (consisting of signal and noise)
with its own impulse response. We note that sampling can never be performed
instantaneously and always spans a finite time duration. Here we examine the effect
of an extended sampling time in conjunction with SE. The functional shapes of the
non-ideal integrator and the non-ideal sampler are shown in Fig. 5.2. The measured
required optical signal to noise ratio (OSNR) to achieve 10 BER for various detection

strategies up to 225 km in increments of 25 km is shown in Fig. 5.3. The difference of
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5 dB in required OSNR between different receiver configurations is noticeable. This
difference reflects a tradeoff between the amount of the captured energy by various
receiver structures and their ability to distinguish the waveforms for different
channel responses. An additional benefit of the integrate-and-dump receiver and the
“dirty” sampler is noise averaging that aids in detection.

Extending on the conclusions from Chapter 2, the detection of a binary
sequence consisting of N bits in signal independent noise is equivalent to finding the
closest (noiseless) signal point to the received sample, among the possible 2N points in
an N-dimensional signal space [8, 39-40]. Thus, the ability to capture more energy in
detection is equivalent to a more dilated signal space (facilitating the detection).
Alternatively, utilizing several samples per bit provides better performance through
an increase of the space dimensionality which avails better distinction among the

channel responses. In signal dependent noise, decision regions are defined by
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intersections of the likelihood functions. Consequently, more advanced analysis
methods for their investigation are required [89-90]. Nevertheless, the interpretation
in terms of signal independent noise, outlined above, normally provides good
qualitative guidelines on the overall performance.

Our experimental findings corroborate that energy detection outperforms
few-samples-per-bit sampling as long as the complexity of the VA matches the
accumulated span of ISI. The most important feature in Fig. 5.3 is the sharp
performance deterioration for the integrate and dump receiver after 120 km. Note
that a 4-state VA no longer has a complete knowledge about the channel responses
after approximately 100 km, as the waveforms spread beyond 3 bits. Thus, even if the
noise statistics were independent on a bit-by-bit basis, the requirement (ii) from
Section 5.2. would not be satisfied, and the sequence estimation is not “Maximum
Likelihood”. For the given 4-state VA, the performance advantage of the non-ideal
integrate-and-dump receiver diminishes after approximately 125 km. Finally, after
200 km, multiple-samples-per-bit receiver outperforms the integrator. To summarize,
adopting several samples per bit detection strategy yields longer reach (up to 50 km
for NRZ format) at a cost of inferior performance (up to 5 dB) at shorter propagation
distances. This inferior performance of multiple samples per bit at shorter distances
can be mitigated by the application of “dirty” sampling (displayed in Fig. 5.3 by the
suffix _d). Employing “dirty” multiple-samples-per-bit detection combines partial

noise averaging with better estimation of the response waveforms that correspond to
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the increase of the dimensionality of the detection. In order to closely examine the
performance for different receivers, Fig. 5.4 shows performance comparison at 75 km
and 200 km. Results clearly indicate that the integrator provides superior
performance to that provided by few-samples-per-bit, as long as the complexity of
the VA matches the ISI. Note that at 200 km (see Fig. 5.4) after the initial better
performance of the integrator for low OSNR'’s, the multiplicity of closely spaced error
events in the signal space causes the error floor formation at approximately 5x10-.
However, as the span-contributed ISI overwhelms the available VA complexity,
detection based on multiple-samples-per-bit is capable of better distinction between
the channel responses, resulting in a longer. In Fig. 5.4 included are experimentally
measured 16-spb performance curves at 75 km and 200 km demonstrating

exceptional performance that results at the cost of substantial complexity of such
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Fig. 5.4 Performance of different receiver structures in sequence estimation (4-state VA with 3-
bit A/D) at 75km and 200km.
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receivers. Note that detection based on 16-spb is still not optimal. Optimal detection
in correlated noise must incorporate a bank of filters matched to the appropriate
Karhunen-Loéve basis functions that are the eigenfunctions of the noise
autocorrelation function. However, this optimal detection strategy, is impractical for

current lightwave systems and was not attempted experimentally.

5.3. Extended dispersion limited reach and spectral efficiency
through narrow filtering and equalization.

The experiments in the previous Section were focused on the equalization in
metropolitan network distances, as well as receiver designs trade offs on
performance. The reach of an equalized link is ultimately defined by the equalizer
complexity (unless the signal space minimum distance is equal to zero).

With the application of EDC, the dispersion-limited reach is no longer directly
related to the eye opening penalty, because detection is not performed on bit-by-bit
basis (see Chapter 2). More important to determining the practically attainable reach
is the complexity of the underlying algorithm, which dictates the complexity of the
integrated circuit. Regardless of the equalization technique used, the complexity is
related to the span of intersymbol interference (ISI). Unlike the analog equalizers such
as traditional Feed-forward (FFE) and Decision-feedback equalizers (DFE), an
additional performance penalty for digital equalizers is imposed by the analog-to-

digital (A/D) conversion. Narrowly filtered On-Off-Keying (NF-OOK) modulation
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format was proposed in the previous Chapter and in [91] in order to extend the reach
of conventional equalized links. The rational behind this approach is to intentionally
introduce ISI at the transmitter which reduces the subsequent span-contributed ISI
yielding a longer reach for the equalized link. This, to our knowledge, is the first
experimental demonstration of the new technique in extended dispersion-limited
reach of NF-OOK, used in conjunction with sequence estimation (SE) at the receiver.
The experiments have validated OC-192 transmission over 600km SMF link, and the

results are in complete agreement with theoretical results.

5.3.1 Experimental Setup

The experimental setup is shown in Fig. 5.5. A zero-chirp modulator was used
to produce an OC-192 data stream. In-line optical amplification was performed after

each of the nine conventional single mode fiber (SMF) spans with average dispersion
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Fig. 5.5 Experimental setup block diagram for the 600 km NF-OOK reach
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maintained at 0 dBm using variable optical attenuators (VOA, not shown in the
diagram). Preceding the pre-amplifier stage, the output from the 600km span was
combined with an ASE source whose power was monitored and controlled by VOA1
for flexible adjustment of the OSNR at the receiver. As before, an amplified receiver
was used for detection. VOA2 guaranteed a constant received power of -6 dBm
throughout the experiment, resulting in variable OSNR that was monitored on an
optical spectrum analyzer in real time. Training and data sequences were loaded into
a 10Gb/s pattern generator serving as the primary data source. Traces from a fast
sampling oscilloscope, triggered by the data pattern, were acquired and returned to
the computer to perform data processing. The architecture fully emulates a dedicated
receiver structure, as well as the BER evaluation sub-module [88]. A short
pseudorandom bit sequence (PRBS) was used for training, whereas BER
measurements were performed using a long PRBS sequence that was run until at
least 100 errors were detected. Processing and training were performed in blocks of
230 bits, where the appropriate PRBS sequences in both stages of the experiment were
divided into partially overlapping 230-bit parts allowing for performance
degradation due to patterning effects. BER measurements were performed until the
level of 10 is reached, ensuring operation below the practical 7% overhead FEC

threshold of 2x1073 [47].
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5.3.2 Results and Discussion

In order to exceed the dispersion limited reach of 500 km, standard NRZ was
filtered to approximately 3.8 GHz FWHM bandwidth. Fig. 5.6 shows both the
launched and standard NRZ spectrum measured using a 10-MHz resolution optical
spectrum analyzer, as well as a back-to-back eye diagram for the launched NF-OOK.
The ISI-span of NF-OOK at back-to-back, for the filter used, was measured and
simulated at 3 bit slots, with completely closed eye, as illustrated in Fig. 5.6b. A
conventional (unprocessed) bit-by-bit detection BER equals 0.17 for this heavily
distorted launch state. The response of narrowly filtered waveforms does not change
appreciably during the first 120 km, whereas the ISI-span gradually increases in
subsequent spans, in approximate steps of 120km. This slower rate of information-
bearing pulse spreading is primarily responsible for the extended reach of NF-OOK,

and is a fundamental advantage used in our reduced-complexity detection scheme.
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Fig. 5.6 (a) Comparison of narrowly filtered OOK (in red) and the conventional NRZ (in blue)
spectra;
(b) Eye-diagram at back-to-back
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The experimental setup including the sampling oscilloscope allowed BER
measurement for several receiver structures preceding the Viterbi algorithm (VA): (i)
ideal integrate-and-dump, (ii) a non-ideal integrator with a shape approximated by a
0.6 roll-off raised cosine; (iii) 1-sample per bit (spb), and (iv) 2 spb. A 64-state VA was
used throughout the experiment, whereas the quantization depth was varied from 4
to 7 bits to investigate the impact of A/D conversion on the performance. Results for
various combinations of receiver structures and the number of quantization bits, as
well as the eye-diagram at 600 km are shown in Fig. 5.7. Note that 64-state VA with 4-
bit A/D, presently a realistic architecture at 10 Gb/s is capable of driving BER well
below the FEC threshold for all receiver structures under the consideration. More
importantly, the low-pass filtered shape of the waveforms allows for negligible

difference in performance between 1-spb and 2-spb receiver structures. BER curves
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Fig. 5.7: (a) Viterbi equalizer performance for various receiver structure realizations;
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for 5-bit A/D were also plotted to illustrate that the quantization process, rather than
the VA complexity dominates the performance of sequence estimation at a given
amount of accumulated dispersion. We note that the performance under a (non-ideal)
integrate-and-dump receiver structure, capturing more energy of the information-
bearing waveforms, shows superior performance to sparse sampling of the
amplitude. However, the onset of the error-floor formation implies that the
multiplicity of minimum-distance error events for the integrator is noticeably larger
than that of multiple samples per bit detection.

Finally, Fig. 5.7 also illustrates the performance of NRZ format for the same
complexity VA. An error floor above the FEC threshold is evident in the performance
curve. Thus, even under advanced detection conditions for the NRZ receiver, i.e., an
integrate-and-dump receiving filter and 7-bit A/D quantization, NF-OOK
demonstrates a superior performance with respect to NRZ, at a given propagation

distance and with the same complexity equalization scheme.

5.4. Chapter Summary

In this Chapter, experiments with sequence estimation were presented. In
addition to performance evaluation, the investigation was also focused on receiver
structure trade-offs. Results of two sets of experiments were presented: For the first
part, equalization of the common NRZ format in metropolitan-type distances was

demonstrated, whereas in the second part of the Chapter experimental demonstration
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of the extended reach of the NF-OOK was presented, opening the possibility for
equalization techniques to long-haul networks.

In particular, we have compared the performance of different receiver
structures used in combination with the Viterbi-algorithm-based sequence estimation
for the equalization of GVD-induced intersymbol interference in fiber optic links. Our
experimental results demonstrate that energy detection, by means of a non-ideal
integrate and dump filter, provides superior performance to intensity waveform
sampling by few samples per bit detection, as long as the ISI does not overwhelm the
available equalizer complexity. On the other hand, multiple samples per bit provide a
longer reach at a cost of a more complex receiver structure that involves
oversampling (at tens of giga-samples per second), and up to 5 dB power penalty for
the case of 2 samples per bit. Our results suggest that detection based on multiple
samples per bit can be substantially improved by employing “dirty” sampling by
combining energy detection and waveform sampling, reducing the (required OSNR
for 10 BER) power penalty to within 2 dB for 2 spb based on a 12 ps “sampling”
window.

By reducing the bandwidth of the transmitter, we have demonstrated an
extended reach of equalized links beyond 500 km, and a reach of 600 km at OC-192
speed was demonstrated (over cumulative dispersion of 10200 ps/nm). The
technique, introduced in Chapter 4, employs narrow filtering of a conventional NRZ

transmitter, enabling a substantial extension in the dispersion-limited-reach, if used
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in conjunction with VA-based processing. As already pointed out in Chapter 4, the
slow rate of increase of the ISI-span allows the use of low-complexity equalizers for

the same amount of accumulated dispersion.



Chapter 6

Phase Coding for Suppression of
Nonlinear Ghost Pulses in Long-Haul

Fiber Optic Links

6.1. Introduction

In all of the previous chapters, mitigation of linear effects in fiber optic links
was investigated. In particular, various aspects of electronic equalization for
mitigation of chromatic and modal dispersion have been studied. In this Chapter
mitigation of nonlinear effects will be examined. Specifically, mitigation of ghost
pulses that arise in long-haul dispersion-managed links with lumped optical
amplification will be investigated. The “ghost” pulses appear in return to zero (RZ)
time slots carrying 0-bits in the transmitted data stream. They are generated by
repeated nonlinear four-wave mixing (4WM) of the dispersion-broadened, partially

overlapping data pulses carrying 1-bits.

111
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In general, ultra-long haul links span several thousands of kilometers. Optical
amplification in these links is performed in periods of 50 km (in submarine systems)
to 100 km (in terrestrial links) [1]. The amplifier separation is determined by the
tradeoff between the desired-end-of-link Optical Signal to Noise Ratio (OSNR), and
the cost, as decreasing the EDFA separation leads to a slower accumulation of the
amplified spontaneous emission (ASE) noise, whereas reducing the number of
amplifiers (i.e. extending the separation between the amplification hubs) reduces the
link cost.

As stressed at several occasions already, information bearing pulses spread in
propagation. To counter this effect, all-optical compensation is used in long-haul
links. Dispersion compensation is commonly performed periodically such that the
compensation sites, that inherently add substantial losses, coincide with amplification
hubs. Thus, in long-haul links, dispersion compensation is performed periodically
with periods ranging from 50 km to 100 km. Although the nonlinear effects in optical
fibers are relatively weak, the extremely long interaction lengths over trans-oceanic
distances allow considerable buildup of (small) nonlinear contributions in
propagation. Consequently, considerable signal degradations due to the
nonlinearities incur in long-haul links. In fact, the non-linear effects present a major
obstacle for reliable communication in these links. In this Chapter of the dissertation
one specific example of nonlinear interaction will be studied. In 1999, formation of

“Ghost pulses” in ultra-long haul systems was reported [91-93]. The term “ghost
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pulses” was attributed to the apparition of pulses inside 0-bit slots that lead to
decision errors in detection (see Fig. 6.1). It was soon concluded that the ghost pulses
are a consequence of periodic nonlinear interaction in long-haul links are going to
present an ultimate limit for optical links (both single, and multi-channel) operating
at 40 Gb/s and higher. Therefore, mitigation techniques for this nonlinear impairment
at high communication rates are necessary. Although several different approaches
have been proposed for ghost pulse mitigation, the utilization of modulation codes
will be investigated in this Chapter. Specifically, as will be demonstrated in Sec. 6.2.

ghost formation can be mollified by encoding the phase of the information bearing
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Fig. 6.1 Ghost pulse formation. (a) 21-bit stream at the input. (b) Same bit stream after 1250 km
of propagation with periodic dispersion compensation and amplification performed every 50
km
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pulses. Even though the modulation format is still OOK (i.e. intensity modulation),
the proposed method relies on using the extra degree of freedom of optical phase by
assigning specific phase patterns to the amplitude modulated information. Note that
the optical phase is inconsequential in direct detection, however the phase encoding
can impede formation of ghost pulses in such a way that it will enable reliable
detection.

The rest of this Chapter is organized as follows: The physics of the ghost-pulse
formation will be reviewed in Section 6.2. as well as the effect of the phase on the
ghost pulse formation. Simple data-independent phase codes as a method for ghost
pulse mitigation will be examined in Section 6.3. In section 6.4. , a better approach
relaying on data-dependent phase encoding for ghost pulse mitigation will be
introduced. It will be shown that data-dependent encoding strategies substantially
improve performance in these links. Finally, a Chapter summary is presented in

Section 6.5.

6.2. Physics of ghost pulses and intrachannel four-wave
mixing

In order to determine mitigation techniques for ghost pulses, let us first

examine physical effects leading to their formation. As stated in Chapter 1, pulse

propagation in optical fibers is modeled by the Nonlinear Schrodinger (NLS)
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Equation. Note, however that in long-haul links the NLS parameters become (quasi)
periodic [94]:

ou 1 o°u
I—=—d(z)—+
oz 2 ()8t2

G(z)|uf u, (6.1)
where u(z,t) is the pulse complex amplitude of the optical field, z is the spatial
coordinate in the direction of propagation, t is the time in the reference frame moving
with the pulse center, and d(z) and G(z) are periodic functions that include the effects
of dispersion management (DM), fiber nonlinearity, loss and gain. In our study we

consider a return-to-zero (RZ) bit stream consisting of N pulses with a pulse shape

p(t) in a bit duration T. The total field of the bit stream u(t) is described by

u(t) = ZN/H a(k)p(t—KT), where a(k) is either 1, or 0, when the corresponding

k=-N/2
information bit at the position k equals to “one”, or “zero”. Ablowitz and Hirooka
[94] and Inoue and Maruta [95] modeled the formation of ghost pulses g; in “space”
slots of the bit stream using a linear equation with a periodic forcing term (under the
small ghost magnitude assumption |gjl<<luxl, where gj is the complex amplitude of

the ghost pulse in the j-th position):

.00, d(z) g
i—+
oz 2 ot

=-9(2)u, u,U, (6.2),

and U, = p(t—KT) represents the pulse at the bit position =Tk, and the location T; of

the ghost pulse is determined by phase matching condition in time:

j=n+m-—lI, (6.3)
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such that the pulses U,,U;and U, ; interact through the four wave mixing (4WM)

process affecting the information carrying bit in the position Tj, be it a one, or a zero.
Note the similarity between the intrachannel 4WM in time positions in Eq. (6.3), and
the phase-matching condition in Eq. (1.3) in frequency.

Next, we analyze a simple example of a bit stream consisting of a 3 bit
sequence, 1 0 1, with the respective time positions Tk corresponding to indexes k =-1,
0, 1. Two pulses cannot form a ghost pulse between them (time position T;
corresponding to j = 0), because the phase matching condition cannot be fulfilled at

this position. However, new pulses are formed in the time positions k = -3 and 3. Fig,,
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Fig. 6.2 Ghost pulse formation. (a) Echo pulses form in positions -3 and 3 as mirror images of
genuine pulses in positions -1 and 1. (b) Higher order ghost pulse formation off first order
ghost from part (a)
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6.2a shows the result of a split step simulation applied to a 40 GHz pulse train with 5
ps pulse full width half maximum (FWHM) and average power of 6 dBm in a
dispersion map consisting of 24 spans of 40 km of standard single-mode fiber (SSMF)
and 10 km of dispersion compensating fiber (DCF) with amplification after each span.
The results of Fig. 6.2(a) demonstrate that the intrachannel 4WM has the effect of
forming “mirror image” pulses, or the pulse echoes, as they were fist termed by
Mecozzi, Shtaif et al. [96-98] (i.e., mirror images around k = 1 and -1). Once the
primary echoes are formed, their energy is readily used for alimenting the secondary
and all subsequent echoes. The continuing echo formation is illustrated on a
logarithmic plot in Fig. 6.2b, where additional higher order ghost pulses appear when
the plot scale is extended to show the lower values.

One additional effect in Eq. (6.1) is of importance, namely the effect of the

dispersion map on intrachannel 4WM. As stated above, the dispersion in Eq. (6.1)
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enters through the periodic parameter d(z). Judicious choice of dispersion maps were
a focus of research attention in the early 2000’s [99-100]. The effect of dispersion map
configuration is illustrated in Fig. 6.3 that shows an evolution of the Q factor with
propagation for a simple periodic map with complete compensation (dashed line in
Fig. 6.3) and a more advanced map that includes both pre-stretching (pre-
compensation) and incomplete compensation per span (solid line in Fig. 6.3). The
chosen figure of merit (the Q factor) is the argument of the Q function from Eq. (2.1),
stressing the average effect of eye-diagram degradation. This quantity has stuck with
the field of optical communications despite the obvious confusing relation to the
cumulative function of the Gaussian distribution, it originates from.

A counter-intuitive effect evident in Fig. 6.3 is that Q factor can ascend after
an initial decrease. Such “magicdispersion maps ” (as named by Turitsyn et al.) [100]
need to be designed for each link separately, including all the parameters of
propagation (e.g. number of channels, launch power per channel, amplification site
separation, total propagation length, etc.). With these properties available to a
designer, as demonstrated by Turitsyn and Essiambre [99-100] such effects of Q
increase can be taken advantage of to substantially improve performance and
increase the reach of long-haul links. However, although the dispersion mapping is a
powerful technique, it cannot prevent ghost pulse formation altogether.

To summarize the effects of intrachannel mixing introduced in this section,

Fig. 6.4 shows a simulation of an eye-diagram after 1250 km of propagation. For



119

0.02
0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004

0.002

Fig. 6.4 Eye diagram after 2000 km propagation in a periodic map shown in Fig. 6.3

better illustration the total effect of intrachannel interactions, mark-positions are
plotted in blue, whereas the 0-bit positions in the eye diagram are plotted in red. By
close examination of Fig. 6.4, we conclude that there are three effects resulting from
the intrachannel 4WM: (i) Ghost pulse formation, or the formation of pulses in the 0-
bit positions; (ii) Amplitude jitter of the marks, that is a consequence of the energy
redistribution through 4WM defined by Eq. (6.3); and (iii) large timing jitter that is a
consequence of XPM-like intrachannel interactions in Eq. (6.3) when j =n and m =1
[94]. Having briefly introduced physical effects leading to the formation of ghost

pulses, we shall proceed to mitigation of this deleterious effect.

6.3. The pulse phase transfer in ghost pulse formation and
simple data-independent encoding schemes

To approach phase encoding for mitigation of ghost-pulse formation, let us
start out by inspecting the phase of the echo pulses. Several authors investigated this

issue, [93-98] for pulse sequences with constant phase, concluding that the phase
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difference of the echo pulses is retained during the propagation. Mathematically, the
phase transfer can easily be established from the Eq. (6.2). Fig. 6.5 shows an
interaction resulting from a 101 pattern, examined in the previous Section. Here,
however, the initial pulses have an initial phase difference of 0 and 7 (emphasized by
the 101 and 10-1 label in the plot, respectively). The phases of the first-order ghost
pulses are shown in the lower part of Fig. 6.5. As demonstrated in the previous
section, ghost pulses (as a consequence of 4WM) are formed as mirror images of the
genuine 1-bits in the bit-stream. Concentrating on the phase of the formed mirror-
image pulses Fig. 6.5 shows the result of the split-step simulation that demonstrates
that the echo pulses retain the phase, or more precisely the phase difference, of their

parent pulses. For example, the pulse in the position -3 that is the mirror image of the
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Fig. 6.5 Phase transfer in ghost pulses formation. Formed ghost pulses bear the same phase
difference as their parent pulses either 0 (101 case in solid line), or n (10-1 case in dashed line).
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pulse in the position 1 has a 7 phase shift, just as the its parent pulse (in position 1).
Same conclusion is reached for the ghost pulse in position 3 and its parent in position
-1. Consequently, the phase encoding can be used to our advantage to mitigate the
ghost pulse formation. As stressed in the previous section, strong ghost pulses are
formed in zero-positions surrounded by multiple marks on both sides.

Both Eq. (6.3) and the reasoning from the previous paragraph suggest that the
1-bit phases can be tailored such to achieve destructive interference of the ghost
pulses, pictorially illustrated in Fig. 6.6(a). In addition, care must be taken not to
inflict destructive interference in the positions where genuine marks reside. The latter
effect is illustrated in Fig. 6.6b that shows a result of propagation of 5 consecutive
marks (after 1250 km of propagation) encoded as -1111-1. Under these circumstances
the two outer marks with the phase of 7 will be imaged onto the middle mark having

the zero initial phase, and as a result of this unfair two-against-one interaction, the
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Fig. 6.6 (a) Destructive interference of ghost pulses from parent pulses having phase 0 and .
(b) Pitfall of phase encoding. Destructive interference of 2 outer pulses in the position where a
genuine mark resides, but has an opposite phase from the outer pulses
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middle mark is reduced, leading to an error at the receiver. Extending this reasoning,
there are 3 possible simple encoding strategies capable of suppressing the strong
ghost formation in a zero-slot surrounded by multiple marks on both sides (while
ensuring that no genuine marks are affected by the encoding): (i) Single bit inversion,
where one of the intermediate marks is encoded by a 7 phase shift; (ii) Duobinary
encoding (DB) where a whole group of marks on one side of the zero-bit exhibits the
phase-change and (iii) Alternate Mark Inversion (AMI), in which phase is changed by
7 for every other mark in the bit-stream. The three simple encoding approaches are

illustrated in Fig. 6.7. We refer to these approaches as “simple” in that they are aimed
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only at mitigation of the strong ghost, such that they can be thought of as short-span
phase encodings (in terms of the length of the overall sequence). Fig. 6.8 shows the
simulation result of the three encoding approaches. We can see that the AMI
approach has slightly better overall performance than the other two approaches. The
total average performance in terms of the Q improvement for AMI amounts to
approximately 1.4 dB improvement in a long pseudo-random stream of pulses.
Quantitatively speaking, the stated improvement of 1.4 dB is relatively modest. This
small performance improvement is commensurate with the simplicity of the
underlying coding schemes that are designed to counter only strong interaction
encompassing up to five pulses. As demonstrated in the following Section, to achieve
superior improvement and the overall system performance, more complex, data-

dependent approach is necessary that takes into account the long channel memory

illustrated in Fig. 6.2(b).

Ly 1 e e e
VN (L T L A
RN 1 , (R

NRIRTITANRATAYA

E e 1 i (N

g in : i L }

A B ER TR NI S YA

o1+ R NTIN B L L{LAY S N it
i RN R {
: M " 0"l v " \
-100 -50 0 50 100

Time [ps]

Fig. 6.8 Effect of three different data-independent (simple) phase encodings



124

Note that in difference to the equalization techniques examined in the
previous chapters of the thesis, the phase encoding is performed at the transmitting
end of the link. The virtue of the phase codes is that they do not introduce any
increase in the line rate (or, equivalently do not reduce the information content
transmitted), as no additional bits need be transmitted. The introduced redundancy is
in the phase of the signal that otherwise does not affect the square-law detection.
Phase codes, on the other hand require an additional phase modulator at the
transmitter in addition to an encoder to accomplish phase encoding of the
transmitted bits. For the phase encoding approach to be effective in mitigation of
intrachannel 4WM, the pulse phases need to be conserved over long distances of
propagation. More precisely, the destructive interference upon which the phase
interactions are based necessitates only that the relative phase between the pulses
entering the interaction be retained. The nonlinear interaction encompasses between
20 to 100 pulses in a 40 Gb/s stream. This is relatively tiny interval compared to the
microsecond coherence time of modern telecommunication lasers. As the last and the
strongest argument, the phase encoding has been demonstrated using differential
phase shift keying (DPSK) modulation [86]. Indeed propagation beyond 5000 km at
40 Gb/s with DPSK have been demonstrated, corroborating the pulse phase
difference in a data-stream is indeed sustained over long propagation distances.
Consequently, our proposed method of using phase to suppress the ghost pulses can

be used in the same way it enables DPSK.
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6.4. Data-dependent encoding

As has been pointed out in the preceding sections of this Chapter, the greatest
risk for bit errors from intrachannel 4WM comes from the ghosts arising in a single 0-
bit slot surrounded by symmetric patterns of ones (e.g. 11011, 1110111 etc.) [97-98].
As an approach for reducing the strong ghost pulse formation, use of phase coding
(e.g., duobinary coding (DB), modified duobinary (MDBC) and alternate mark
inversion (AMI)] has been proposed in the previous section and demonstrated in
[101-102]). The proposed phase coding schemes rely on the fact that the phase of a
ghost pulse has a fixed relationship to the phases of the genuine “ones” in the bit-
stream that enter the 4WM process. Thus, the strongest ghosts can be eliminated by
tailoring the phase of the surrounding 1-bit slots to cause destructive interference
between the various contributions to a ghost. However, while the above-mentioned
coding techniques are highly efficient in eradicating strong ghosts, they do not
mitigate weaker “side ghosts” that materialize in the time slots of multiple
consecutive 0-bits. With the intention of suppressing these side ghosts as well, efforts
should aim at energy redistribution among the 1-bits in a block of marks, instead of
manipulating the phases of marks to achieve only destructive interference of the echo
pulses [96], since, in according to Eq. (6.3), no code can achieve destructive
interference in several consecutive time slots. Consequently, in this section we shall
examine the use of data-dependent encoding that provides a 3 to 10 times the

reduction in energy leakage from 1-bit slots to 0-bit slots as compared to the coding
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schemes investigated in Sec. 6.3. , [101-102], and thus, significantly improves the
performance. To the best of our knowledge this is the first accomplishment of
efficient data-dependent coding for alleviation of nonlinear effects in fiber-optic
transmission systems.

In order to provide an illustration and a mathematical framework for the
data-dependent codes, we again first examine a 3-pulse interaction. Assuming a
transmission system with small nonlinear effects, the nonlinearity can be treated as a
perturbation to the solution of the linear part of the NLS, [103, 13]. The solution of
the linear propagation equation for a Gaussian input pulse, gx(0,t), normalized such
that max(|q, (0,t)/A,|)=1, is given by [103,13]:

6 = A2 exp[~(p*—IC/2)(t-T,) +iq, |, where p*(2)=T,* (T, + D*(2)); and D(z) = [’ ,(s)ds;
C(2)=-D@)/T,*+D*(2)), r(2)=T, /T, -iD(z)), such that Ax is the pulse amplitude
(k=1,2,3), 6 is the initial phase of the pulse, (Trwum is the input pulse full width at half
maximum), Tk is the time slot corresponding to the k-th pulse and /& is the fiber

group velocity dispersion parameter. The amplitudes, Ak, can be calculated from the

pulse energy transfer equations. For instance [103-104]:

_ E, 6.4
A= 1+2exp[—2E,F(2)] 64

where,
F(z)= —f: 7(S)D*(s)p(s)T, sin(CAT > — A@)exp(-2 p>AT *)ds (6.5)

with energy conservation:
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A(2)+2A%(2)= A’(0) +2A%(0) =E, (6.6)
and, a2(2)=eXp(—IOZa(S)dS). In the previous equations « and xz) are the fiber

attenuation and nonlinear parameters, respectively. AT=T1-Tk is the temporal pulse
separation in the bit-stream. For our three-pulse example, the phase difference is

defined as aA@=20,-6 -6, being the fiber attenuation and nonlinear parameters,

respectively. For values 6, =6, = 6;=0, Eq. (6.4) implies that energy will leak from the
central pulse into the side pulses, however, by choosing 6, =6, =0 and 6; =7, this

process will be reversed and the two side pulses will pump the energy into the
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central pulse. This process is illustrated in Fig. 6.9, showing the split-step simulation
result of the output power distribution obtained from the 3-pulse interaction in a
dispersion managed 1200 km fiber link. The features of interest, which are
highlighted in Fig. 6.9b, are the side ghost pulses. It can be noted that, if the
appropriate phase coding is applied (i.e. €:=6, =0 and 6; =r,) the side pulses will

aliment the central pulse, and less energy will leak into the side ghosts.

Table 2. Binary phase encoding patterns yielding the strongest ghost suppression

Bit pattern Phase Encoding
1101 1-101 or 1101
11001 1100-1 or 1-1001
110001 1-10001
110011 11001-1 or 1100-11

1100011 11000-11
11101 11-10-1 or —11101
111011 11-101-1
111001 11-100-1 or —111001

1110011 11-10011

11100111 11-1001-1-1

1110001 11-10001

11100011 11-10011

111000111 11-1000-111

1111001 1-11-100-1

The existence of more than 3 pulses leads to more complex interactions that
are difficult to analyze in a closed form. Consequently, by means of simulation, we
have determined data dependent phase encoding patterns that yield the best ghost
suppression. Our observations can be summarized as follows: (i) code has to be skew-

symmetric about an isolated 0-bit surrounded by 2 blocks of marks to prevent strong
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ghost formation [101]; (ii) alternate mark-doublet inversion (AMDI) of blocks of
marks (dividing a block of marks into doublets and changing the phase by 7 of every
other doublet) should be used to impede energy leakage into multiple successive 0-
bit slots; and (iii) interaction between antipodal doublets within blocks of more than 3
consecutive marks, coded by AMD], leads to an undesirable variance in the power of
1-bits after 10 dispersion map periods, implying that for these long blocks of marks,
the alternate mark inversion is preferable. Table 1 summarizes empirically
determined codes that achieve the best suppression of ghost pulses in the most

frequent short bit patterns. Our investigations have been performed in dispersion

i, = 03484
L, ¥ 00013
=0.016%
?929.0020

Fig. 6.10 Eye diagrams after 3000 km for average launch powers of 0 dBm. Means and
deviations cited in arbitrary units. (a) Uncoded stream; (b) Stream coded by AMI, and (c) Data
dependent phase encoding method. Simulated link consists of 30 spans of 100 km
(approximately 95 km NZDSF fiber (D =-7.06 ps/nm-km) and 5 km DCF) with residual 20
ps/nm span and pre-compensation of 450 ps/nm.
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maps with a fixed amount of pre-compensation in settings with complete, as well as
residual, dispersion per-span. We found that, for complete compensation per span,
both AMI [101] and our data-dependent phase codes, defined in Table I, increase the
Q by approximately 2.8 dB and 6 dB, respectively. The number of overlapping pulses
used in our simulations was varied between 8 and 20 pulses.

We have applied phase coding methods described above to pseudo-random
bit sequences (PRBS) of 128 bits to quantify the performance. Fig. 6.10 shows eye-
diagrams obtained for a 40 Gb/s stream after 3000 km (TFWHM = 5 ps). The
simulated dispersion map consisted of approximately 95 km of non-zero-dispersion-
shifted fiber (NZDSF) with D = 7.06 ps/nm-km and 5 km of dispersion compensating
tfiber (DCF) with 20 ps/nm residual dispersion per span and with —450 ps/nm pre-
compensation. Applying code patterns described in Table 1, resulted in reduced
values of mean and variance in the signal power of spaces (see Fig. 6.10). The high
launch power in Fig. 6.10 was chosen to create a clearer illustration of the effect of
coding. The dependence of performance improvement on the launch power, based on
20 random sequences, is summarized in Table 2. The unusually large values of Q are
attributed to the fact that the amplifier noise was excluded from calculations,
primarily to show the deterioration in performance due to ghost pulses. Compared to
AMI, which suppresses only the strong ghosts appearing in symmetric patterns, our
data- dependent coding technique reduces the average power-leakage into multiple

0-bit slots and, in so doing, further decreases probability of bit errors. Notice that
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Table 3. Values of the Q factor and corresponding performance improvements for 3 different
launch powers.

Q [linear]
Encoding method
Launch
Power | no coding AMI | Data-dependent
-4 dBm 81.0 95.0 127.4
0 dBm 30.2 36.5 57.3
6 dBm 7.1 9.5 12.8
Q Improvement (20109(Qgoded/Qnc))[dB]
Encoding method
Launch
Power | no coding AMI Data-dependent
-4 dBm 1.4 4.0
0 dBm 1.6 5.8
6 dBm 2.6 5.2

symmetric patterns occur with low probability, making the data independent AMI
less effective. In contrast, our novel data dependent coding approach increases the Q
factor by 4 dB showing an additional improvement of about 2.6 dB at realistic input
power levels (-4 dBm).

Strictly speaking, it is not valid to refer to the modulation technique
introduced as a code since the encoding process for arbitrary length information
sequences has not been defined. The importance of the work is in the fact that it
represents the first instance of applying data-dependent patterns to mitigate the
nonlinear effects in fiber optic communications.

It is important to stress the fact that the phase coding approaches cannot
substantially increase the error-free distance of an ultra-long haul link, however, they

do ensure an improved performance at any given point in the link, which was
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Fig. 6.11 Q factor evolution for different encoding approaches in (a) periodic and (b) aperiodic
dispersion maps shown in Fig. 6.3

demonstrated quite recently in [105]. The extension of the error-free distance is
determined by the gain in performance and amounts to approximately 10 dispersion
map periods for our data-dependent phase encoding scheme.

In conclusion to this section we provide the evolution of the Q factor with
propagation distance for different encoding methods under the same conditions
presented in Fig. 6.3. Results clearly demonstrate superiority of data dependent

encoding approach irrespective of the dispersion map used.

6.5. Chapter Summary

In this Chapter, mitigation of intrachannel four-wave mixing effects by means
of phase encoding was investigated. This mitigation approach is effective
independently of the dispersion map configuration, although the actual map does

play a role in the amount of performance improvement. Phase encoding has the



133

benefit that all processing is lumped at the transmitting end of the link. Two general
phase approaches have been investigated: (i) data-independent approaches (single-bit
inversion, duobinary and alternate mark inversion) and (ii) data-dependent phase
encoding. Data-independent approaches adopt simple phase encodings irrespective
of the information content transmitted. They are aimed at diminution of strong ghost
pulses formation that materialize in isolated 0-bit slots surrounded by multiple 1-bits
on each side. The approach of choice among these simple coding schemes is the
alternate phase inversion approach that introduces a phase-change by 7 at every 1-bit
in the data stream. On average this coding approach provides only about 1.4 dB
performance improvement that is a consequence of the fact that it redistributes the
energy from strong ghost pulses into surrounding 0-bit slots. In addition, data-
independent phase encoding approaches have been shown to introduce excess
amplitude jitter of 1-bits, reducing the overall usefulness of the method. This outcome
clearly led to the introduction of data-dependent phase encodings. The introduced
data-dependent approach involves the use of a data-dependent phase patterns to
suppress small ghost pulses that are resistant to previously proposed coding methods
(e.g., DBC, MDBC, and AMI [101-102]). Our method is useful for practical low-power
RZ systems, providing approximately 4 dB improvement of the Q factor. It shows
about 2.6 dB additional improvement over that provided by data-independent phase
coding methods on a typical terrestrial 100 km dispersion map period. The coding

scheme provides comparable improvements for a broad interval of average launch
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powers, both in dispersion maps with residual dispersion per span, as well as in

those with complete compensation.
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Chapter 7

Summary and Future Directions

7.1. Thesis Summary

In this dissertation several approaches to mitigation of major impairments in
fiber optic digital communications systems have been presented. The main interest
was in the investigation of the applicability of equalization and, to a lesser extent,
modulation and coding techniques. This is in difference to the more common (and
currently universally employed) all-optical mitigation approaches in fiber optic
systems. Our intention was to develop a firm theoretical foundation for the
performance evaluation in fiber optic systems, as well as to quantify the performance
of equalization under the constraint of the current state of processing technology. On
the practical side, the aim of the investigation was to develop methods for mitigation
of impairments in high-speed optical communication systems, which require little
modification of the existing infrastructure. Consequently, for all of the presented

approaches the complete processing is performed either at the transmitting, or the
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receiving end of the link (or at both ends), thus not requiring any additional changes
of the transport plant of the existing systems.

In the first five chapters of the dissertation, an extensive treatment of the
maximum likelihood sequence estimation was developed in different channel
regimes. In Chapters 2 and 3 MLSE in short-haul links containing no optical
amplifiers was treated. The performance in these systems is dominated by the
thermal noise component originating in the detector. A full scale theoretical
apparatus was presented that enables rigorous performance evaluation. Extending on
the previous work in linear coherent communication systems, the performance
bounds for MLSE in optical links were derived. An excellent match between the
theory and experimental result was established. In addition, the developed
methodology enabled evaluation of MLSE performance for various modulation
formats. It was shown that better performance under bit-by-bit decision translates
into superior performance under MLSE. However, with the application of MLSE the
difference in performance between different modulation formats considered
diminishes.

Special attention was devoted to the interpretation of the results. The superior
performance of MLSE in channels with ISI was related to the decision making based
on groups of bits at a time. The size of this group of bits has to correspond to the
extent of the ISI in the channel, in order to achieve optimal performance. A

geometrical analogy of detection in channels with ISI to the decision making in a



137

multi-dimensional space was established. In addition, it was shown that the
traditional bit-by-bit detection corresponds to decision making in a single
dimensional space (which is a subspace of the MLSE signal space). Consequently, it
was concluded that MLSE can never under-perform bit-by-bit decision.

An important observation from the results is that the power penalties
incurred by employing equalization based on the non-coherent square-law detection
are substantial and can exceed 6 dB. However, the real advantage of the approach is
its low cost and flexibility in a network environment, or in adaptability to the ambient
induced perturbations.

The focus of the investigation in Chapter 3 was the application of MLSE in
directly modulated multimode fiber links. The experimental equalization results
including MLSE in multimode fiber based links with directly modulated VCSELs
were presented. In particular, the experimental BER was measured below 10, after
400 m of propagation (for a completely closed eye) in a spool of legacy multimode
fiber in which transmitting information over 100 m is seldom achieved. It was shown
that in order to enable signal processing, the use of modulation codes that force data
DC-balancing is required. The utilization of modulation codes enables the
transmission of information on an otherwise dysfunctional link without any
additional optical components.

Chapter 4 focused on the application of MLSE in longer reach links that

incorporate optical amplification. The inclusion of optical amplifiers results in signal
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dependent noise statistics. The exact statistics were derived by means of Karhunen-
Loeve expansions. It was shown that the exact signal statistics not only substantially
deviate from the thermal noise dominated regime (prevalent in the communications
literature), but they also differ from the commonly cited chi-square statistics. The
exact signal statistics depend heavily on the exact shape of the optical filter in the
link. Due to the colored nature of the noise that is a consequence of optical filtering at
the receiver, maximum likelihood detection becomes prohibitively complex.
Nevertheless, suboptimal detection relying on a simple integrate-and-dump filter
showed satisfactory performance. On the other hand, the performance improvement
based on utilizing the exact statistics is relatively small and amounts to up to 1 dB in
most cases. This surprising result was elucidated through the process of decision
making in sequence estimation and the closeness of likelihood functions
intersections’ based on the exact and the approximate chi-square statistics. In
addition, a novel modulation format was introduced in this Chapter — Narrowly
Filtered OOK that incorporates very narrow filtering of the conventional NRZ format,
at the transmitter. This narrow filtering is utilized as a means of taming the rate of
increase of the span-contributed ISI, which, in turn, allows longer reach with the
same complexity equalizers. In addition, the NF-OOK provides a simple way of
increasing the spectral efficiency of the existing WDM systems by 2-5 times due to the

confined spectral content achieved through narrow filtering at the transmitter.
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Chapter 5 was devoted to experimental results of equalization by means of
sequence estimation in metropolitan and long haul networks. Special attention was
devoted to the performance of different receiver structures preceding the Viterbi
equalizer. The experiments performed were based on the practical constraint of low
complexity equalizers with low resolution A/D conversion. This technologically
enforced complexity reduction necessarily entails deterioration of performance with
respect to theoretical receivers. It was demonstrated that the integrator outperforms
few samples per bit receivers by as much as 5 dB as long as the information bearing
waveforms do not spread beyond the coverage of the employed Viterbi equalizer. As
soon as this happens, the performance of the sequence estimation based on an
integrator deteriorates rapidly and integrator receiver is outperformed by the
multiple samples per bit that enable a longer reach for the same complexity of the
underlying equalizer. The advantage of employing “dirty” samplers whose
“sampling” window extends over an extended period of time was discussed.
Through this extended sampling, more energy is captured and the noise is averaged,
bringing the performance closer to that of the integrator. Experimentally, a power
penalty reduction from 5 dB to 2 dB was demonstrated for a 12 ps dirty sampler that
retained an extended reach of 50 km over the integrate-and-dump receiver for the
same complexity equalizer. The first experimental demonstration of the NF-OOK
format was also presented in this Chapter. A current record reach of 600 km was

achieved utilizing a zero-chirp modulator at the transmitter in a link containing no
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optical dispersion compensation. This result clearly indicates the validity of the
theoretical predictions regarding the reduced ISI spreading that is a consequence of
the forced reduced spectral content of the modulation format.

All of the impairments treated in this dissertation present various realizations
of intersymbol interference (ISI). Whereas the first five chapters focused on a more
common chromatic dispersion caused ISI mitigation, Chapter 6 was devoted to
mitigation of ISI mediated by the fiber nonlinearity. The “ghost” pulses materialize in
0-bit slots in ultra-long haul optical links causing errors in detection. The formation of
the ghost pulses is a consequence of periodic nonlinear interactions and energy
transfer between the dispersion broadened 1-bit pulses in propagation. An approach
of applying phase codes was proposed and investigated for mitigation of this severe
effect that is predicted to be the main impairment in the next generation 40 Gb/s long
haul links. The method relies on assigning specific phase patterns onto the
information-bearing pulses” envelope (in the intensity modulated data stream) that
prohibits and/or mitigates the formation of ghost pulses in these links. The main
conclusion of the investigation is that data-dependent phase encoding approaches
yield a substantially superior performance to the data-independent codes (e.g.
alternate mark inversion, or duobinary). The superiority of data dependent codes was
demonstrated for various launch powers, as well as dispersion map configurations.
Although the developed code patterns were ‘ad-hoc” and lack rigor, their significance

is in that they represent the first instance of the successful coding application in
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mitigation of nonlinear effects in optical fiber communications. In fact, since the first
publication of the work presented in this dissertation, several research groups
pursued the outlined approach, defining more powerful codes, as well as developing

information-theoretic bounds on the achievable performance of the method.

7.2. Future Directions

Although the dissertation covered in depth both theoretical and practical
aspects of equalization in high-speed optical links, many problems remain
unanswered and require further investigation. In particular, in order to place the
results obtained in a firm information theoretic framework, the capacity of the fiber
optic channel needs to be addressed. This is especially true with respect to the
application of the introduced narrowly filtered modulation formats. Closely related
to the investigation of the capacity of the fiber optic systems is the use of advanced
error correction coding approaches. The technological advancements are close to
availing fully integrated iterative detection techniques at 10 Gb/s transmission
speeds. Consequently, advanced detection techniques relying on turbo equalization
and/or incorporating Low Density Parity Check codes are expected to become
commercialized within years. Although sporadic attempts to evaluate performance of
these advanced coding approaches in fiber optic channel have been undertaken, no

systematic investigation has been conducted. In particular, as has been proven in the
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past, the experimental demonstration of these techniques is going to be both exciting
and challenging.

Within the last year, the interest in coherent optical communication has been
revived. With respect to this latest development, it is important to stress that the
methods presented in this dissertation, with appropriate modifications, can be used
both for practical equalization, and theoretical evaluation of equalization
performance in coherent optical links.

In the present work, only single channel systems and/or impairments in single
channel systems were examined, both theoretically and in the experiments. Further
research should certainly incorporate evaluation of equalization in a more realistic
WDM environment. The detection in fiber optic links is based on single user
detection where each user (or alternatively few time-division multiplexed users) has a
pre-assigned single frequency band (i.e. a WDM channel). Many of the impairments
in the fiber optic channel discussed in this dissertation naturally open a possibility for
multi-user detection as well as cross channel coding in which no single user has a
dedicated communication band (or equivalently — a channel), where the information
is transmitted and detected in parallel for all the interfering channels. Such
approaches do not fit the current infrastructure of the fiber optic systems, but
nevertheless present an interesting alternative, as well as almost completely

unexplored research area. This research direction offers a possibility for both
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scientific exploration, as well as communication beyond the limits imposed by the

existing system architecture.



Appendix A

This appendix contains the detailed derivation of the performance bounds
from Chapter 2 that is an adaptation of the theory presented in [3,24]. Throughout the
derivation, it is invariably assumed that error events can be shorter than the whole
transmitted sequence (sometimes referred to as elementary error events), which has

the virtue of neglecting the leading and the trailing zeros of the error vector.

An upper bound to P,

The probability of error for the error event {s, —s,} is:
Pe)<P{4,.. >4, | A®} P{A@®), (A1)
where P{A(e)} is the probability that the particular elementary error event, starting at
the given position in the sequence, occurs. Since the event that P{A(e)} starts at the

given position is already included in the event P{¢§l+g >4, } , the probability of error

can be only upper bounded in Eq. (A1), and hence the inequality sign. The only thing

left is to calculate P{A(e)} . For a sequence of independent data, the probability of an

error pattern e of length R can be expressed as:
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R
P{A®)} = H[ e(")) (A2)
k=1
on the premise that all errors are equally likely.
Let the union of all possible error events e be a set E. The bit-error probability
Pe can be calculated as the sum of all possible error-patterns weighted by the number

of errors in each one of them:

P = Zw(e) P(e)<Zw(e) Q[ \/(%)J P{A@®)}. (A3)

Owing to the sharp descent of the error-function-complement, in the
moderate to high signal-to-noise ratio (SNR) operation regime, the expression for Pe
will be dominated by the sequences that are the hardest to distinguish, i.e. minimum
distance error events, separated by the distance dmin

Consequently, we finally reach the expression for the upper bound of the

probability of error:
F’eS‘//’(dmm)-Q[ O ] (A5)
2N, T
where
Vi) = Y WeP{A@), (A6)

ecE(dyy)

and E(dwin) is the subset of E including the error events with the distance dmin.
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A lower bound to P,

In order to estimate a lower bound to the bit-error probability, we consider an
idealized situation in which the detection process is aided by a genie that supplies
additional information on the transmitted sequence to the receiver. In such a case, it
should be obvious that this idealized receiver will outperform any receiver working
without this sort of genie assisted detection. Specifically, let us assume the genie
operates as follows: when a sequence a=(a,,....,a, ) is transmitted, the genie at
random chooses another sequence a'=a-+e, which has at least an error on the k-th
transmitted symbol a,. Next, upon detection, it is assumed that the genie tells the
receiver that either a, or a' was transmitted. Therefore, the receiver is supposed to

make a decision between only two sequences. This can be achieved optimally with a

probability of error:

d(e)
P = — . A7
s (8) Q[ '—2N0T] (A7)

Thus, the probability that the genie-aided receiver makes an incorrect decision on a,

is:

ecE 2N T

0

P =ZW@Q[ a(e) J-P{A(g)}, (A8)

where, similarly to the previous case, P{A(e)} is now the probability of occurrence of

the particular error pattern e offered by the genie. Neglecting the less probable error
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events from the summation in Eq. (A8) and, as before, keeping only the dominant

term corresponding to dmin, we arrive at:

O (A9)

Pe ZW”(dmin).Q{\/m\]/

where, now

y'(d)= D, PIA®) (A10)

ecE(dyiy)

. From

is the probability that a data sequence chosen at random is such that d(e)=d,,,
the Eq. (A9) and Eq. (A5), it becomes obvious that the minimum distance is the most
important parameter that defines the system performance. Although the
multiplicities " and y’ of the error events separated by dwin affect the bounds (A5)

and (A9), their contribution can be significant only at low signal-to-noise ratios due to

the sharp descent of the erfc function [3].



Appendix B

Appendix B contains several important relationships of Karhunen-Loéve
expansion used for computation of eigen-quantities required for the signal
probability density function calculation in optical links containing optical amplifiers
from Chapter 4.

The relationship between ASE with noise power spectral density No/2 and
variance v7 per quadrature, per polarization, and the noise autocorrelation function
(of a wide-sense stationary AWGN process) after filtering with a filter, H(f), (in the
optical domain) is established by the following Fourier transform relationship:

R,(t—t)=2-Ra()=F" {2-v, |[H(f) [} (B1)
where Rn(r) is the autocorrelation function of the noise process in one quadrature
(the noise processes in the two quadratures are independent), and F'{-} represents

the inverse Fourier transform.

As required by the derivation, in order to de-correlate variables ni, the
expansion needs to be done in terms of eigenfunctions of the filtered noise
autocorrelation function R.(t — t’) [63] that is, according to Eq. (B1), closely related to

Rn(7):
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]ﬁn(t—t')-qﬁk(t')dt': v,

Sy ——

{hE—t)*h' -} 4 t)dt'= 0,7 ¢ (). (B2)

In Eq. (B2) * stands for the convolution operator and /" is the conjugate of the optical

filter impulse response. Eq. (B.2), can be expressed in the normalized form:
T —~
[{nt—ty*h" t-v} g ) dt' = 4 4, (1) (B3)
0

where
A =0 1v} (B4)
It is obvious that eigen-quantities need to be calculated only once for a given
system configuration. Specifically, while the eigenfunctions are uniquely defined, the
eigenvalues need only be scaled by the value of the noise variance for the particular
conditions to be able to generate the PDF for a given signal to noise ratio. Note that
the eigenvalue equation in Eq. (B.2) is expressed in terms of a single quadrature
component of the field (either the real or the imaginary part). Assuming that real and
imaginary parts of the noise process are independent, Eq. (B.2) can be rewritten for
each polarization by multiplying it by a factor of 2. In this case, however, the
eigenvalues obtained from (B.2), and used as noise variances for KL terms in Eq.
(4.2)-(4.4) need to be divided by 2.
For an arbitrary filter shape, the eigen-quantities need to be calculated
numerically. The simplest, although sometimes not sufficiently accurate approach to
find the eigen-quantities consists of forming a square autocorrelation matrix of the

filtered noise process /" (same as autocorrelation function of the optical filter for
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AWGN input) of order equal to (or greater than) the number of samples per bit
period in the simulation. The middle row of this symmetric Toeplitz matrix should be
the central portion of the autocorrelation function — symmetric around zero. The
eigen-value decomposition of this matrix provides approximate eigenvalues and
sampled versions of the eigenfunction for the given filtered white noise process.
However, standard routines in double precision can be imprecise for this particular
problem when several eigenvalues are closely spaced as in the case of a flat-top filter.
In this case special numerical approaches have to be adopted [80, 83]. Note that if the
continuous autocorrelation function R«(7) is being sampled and represented by an
NxN matrix 7, although the elements of /" can be made arbitrarily close to the
autocorrelation function Ru(7), this does not necessarily imply that the eigenvalues of
the matrix will converge to the eigenvalues of the (continuous) autocorrelation
function for any common matrix norm [87]. However, the imprecision in the PDF
calculation will marginally influence the BER, in a way similar to the BER estimate

based on the chi-square distribution treated in the main body of the Chapter 4.
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