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Disclaimer

The information, documentation and figures available in this deliverable, is written by the BONE (“Building the
Future Optical Network in Europe) — project consortium under EC co-financing contract FP7-ICT-216863 and

does not necessarily reflect the views of the European Commission

Page3 of 111



FP7-ICT-216863/ORC/R/PU/D15.1

Table of Contents

CLARIFICATION . . ettt e et e e b e e nn e e n e e snr e e neesnnas 2
NATURE OF THE DELIVERABLE.........ccco ittt ettt 2
DISSEMINATION LEVEL OF DELIVERABLE: ...t 2

DISCLAIMER ...ttt s e et e e e bt e e e b e e e b e e arae e e snteeesnaeeennes 3

TABLE OF CONTENTS ...ttt et e s e e e e nnaa e e nneees 4

1. EXECUTIVE SUMMARY ...ttt snae e nae e anae e snnaeennnae e 6

2. INTRODUCTION ...ttt e et e e s e e st e e e snae e e nnaeeenneeas 7
2.1 OUTLINE OF THE REPORT ..ottt ittt ettt sttt ettt eense e seestennenneas 8

3. MANAGEMENT ACTIVITIES ..ot 9
3.1 WP TECHNICAL MEETINGS ..ottt ettt bbb e e 9
3.2  VCE-T SURVEY OF AVAILABLE EXPERTISE AND FACILITIES ..., 10
3.3 FOCUS GROUPS ...t et b b bbbt b e e e bbb b bt eneenenes 12
34 QUANTIFIABLE MEASURES OF INTEGRATION......cccoiit ittt 12

4. KEY ISSUES IN 100 GB/S TRANSMISSION .......cocoiiiiiiiiiiiiie e 13
4.1 INTRODUCTION ...ttt e bbbt bt e h e e e b e ebesb e s b e s bt e be e e et e ebesbesbesbeabeenentas 13
4.2  SHORT REACH TRANSMISSION ....ooiiiiiiiiieieie ettt 13

B 2.1 TRIPOAUCTION ...ttt ettt ettt 13
4.2.2  Transmitter and RECEIVEF ISSUES ............cccooeriiiiiiiiiiiiieeeee ettt 14
2.3 RESUILS .ottt 15
4. 2.4 CORCIUSTONS ...ttt ettt ettt 18
4.3 LONG REACH TRANSMISSION. ..ottt 19
.31 ODBJOCHIVES ...t 19
4.3.2 SIMUIALION PIAT............ocoooiieeeeee ettt ettt 19
4.3.3 PRELIMINARY RESULTS ....ocviiiiieiieieeet ettt 23
44 REFERENGCES...... ..ottt sttt ettt st st ne st et e be st sbentesneeneeneeneas 30
5. REGENERATION ..ottt saae e e e e e anaeeennes 32
5.1 FIBRE-BASED REGENERATION ....coiiiiiii ittt bbb e 32
5.1.1 Design of single channel OOK 2R FeZERErators..............cccecueumseseiiiiiiaieeeeeee e 32
5.1.2 Multi channel OOK 2R FEZEREFALOTS ...........c.cccueieiaieeiieieee ettt 41
5.1.3 3R Regeneration QOK .............ccooiiiiiiiiiiii ittt 47
5.2 SOA-BASED REGENERATION .....ooiiiiiiiiiieie ettt st 52
5.2.1 SOA-based all-optical regeneration Principle .................ccccceeeveeeeceiieeiieeneeneeeeeieeeeeneens 52
5.2.2 Integrated SOA-MZIS 2R FEQENETALOTS ............cc.ccvvecveereeieeiieesieeieeee e eeseeseesse e sse s essenns 54
5.2.3  GC-SOA format CONVErter FeGENEIALON ..................ccvecveecueeieenreesseeseesesseeseesseeseesesase s 56
5.3 ANALYSIS OF LONG-HAUL TRANSMISSION SYSTEM WITH PHASE-SENSITIVE
AMPLIFIERS: BER PERFORMANCE ESTIMATION......coiiiiieiet et 57
5301 IRIFOGUCEION. ... ettt ettt 57
5.3.2 TREOFY ettt ettt ettt et ae e 58
5.3.3  Semi-analytiCal FESUILS ..........ccoooeiiiiieiieee ettt 59
5.3:4 CONCIUSIOMNS ...t ettt ettt ettt ettt e e ol
5.4 REFERENGCGES...... ..ot bbb bbbt e b e bt sb et et ene e e e 61

6. AMPLIFICATION IN TRANSMISSION......ooiiiiieiiieeeeee e 63
6.1 EXTENSION OF BLACK BOX MODEL OF EDFAS TO INCLUDE VARIATION OF THE
EDF'S LENGTH ..ot e bbbkt e et an ettt b e 63

0. 1.1 IHIFOQUCTION. ...ttt ettt e et et e saeenaeenees 63
0.1.2 Theoretical MOAEIIING.................ccccccoriiiiiiiiiiiiieeeeet et 63
6.1.3 Experimental Measurements and Theoretical Expression Verification............................... 65

Page 4 of 111



FP7-ICT-216863/ORC/R/PU/D15.1

0.1.4  REFOFOICES ...ttt ettt ettt ettt enees 67
6.2 STATE OF THE ART ON BURSTY AMPLIFIED SYSTEMS ........ccoiiiiiiieneee e 68
0.2.1  REJEFEIICES .......c.ee ettt bttt an 69
6.3 AMPLIFICATION IN DIFFERENT KINDS OF AMPLIFICATION SYSTEMS.........cccoce..... 70
7. MONITORING. ... ne e enee 73
7.1 CHROMATIC-DISPERSION MONITORING BASED ON PM-AM CONVERSION .............. 73
T AL IREPOAUCTION. ...ttt ettt eneeebeanaeeeees 73
7.2 PHIRCIPI@ ...ttt 73
7.1.3  TREOFELICAl ANGIYSIS ...t 74
7.1.4  Experiment and DISCUSSTON .............cccoociriiiiiiiiiiiiiiiiit ittt 75
7. 1.5 CORCIUSION ...ttt et ettt ettt e s eseesaeenaeenees 77
7o 1.6 REEIEIICES ...ttt 77
7.2 EVOLUTION OF AN OPM PROTOTYPE FOR OSNR MEASUREMENTS.........ccccoiiininnne 78
721 IREFOAUCHION. ...ttt 78
7.2.2  Status Of the PFOTOIYPE. ........cceeiiii ettt ettt 78
7.2.3 Introducing in-band OSNR measurement in the OPM prototype ..............cccccocoevcveeceennnne. 79
7.2:4  REfOIONCES ..o ettt ettt a e h ettt ettt enee s 82
8. OTHER TRANSMISSION-RELATED JOINT ACTIVITIES WITHIN BONE..... 83
8.1 POLARISATION-RELATED PHENOMENA IN FIBRE BRAGG GRATINGS..........cccccvvenne 83
L1 IHIFOAUCHION.........ceeeeiiiet ettt 83
8.1.2 Influence of the grating parameters on the polarization properties of fiber Bragg gratings.83
8.1.3 Reduction of birefringence in fiber Bragg gratings by using a twisted fiber for inscription.85
8.1.4 Application of the study of the polarization properties to sensing of transversal loads. .....85
815 REJOFEICES ...ttt 86
8.2 ALGORITHMS FOR TUNING AND CONTROLLING LOCAL WAVELENGTH IN
COHERENT DETECTION OF MULTILEVEL PSK SIGNALS ..ot 87
8.2.1  IRIFOGUCEION. ...ttt ettt bt eae e 87
8.2.2  Off-lINE ettt ettt 87
8.2.3  DiGital REAILIME .........c..oouiviiieiiiieeee ettt 87
8.2.4  ANGIOZUE APPIOACH ..ottt 88
8.2.5  REJOIEICES ...t 97
8.3 TRANSMISSION PERFORMANCE OF GBE TRANSMISSION IN WIDE AREA
NETWORKS ..ottt bbb bbb bbb bbb bbbt b bbbt n e 97
8.4  RELIABILITY ANALYSIS OF OPTICAL MODULES FOR FUTURE OPTICAL
TRANSMISSION NETWORKS..... ..ottt 101
841 IRIPOAUCEION. ...ttt ettt st ettt nbe e eseen 101
8.4.2 Reliability of optical PIN RECEIVEF ..............c.cccoeiroiiiiiiiiaiiieeiestee sttt 102
8.4.3 Failure Mode ANGLYSIS ...........cccccuevuiriiiiiiiiiiiieee ettt 104
8.4.4  Network ReliDility 1OSES.........ccuioueuiiiiiiiiit ettt 105
84.5  CORCIUSION ...ttt ettt et et e st et et eenaeeneen 105
8.4.6 REJEIEICES ...t 105
9. CONCLUSIONS ...t b e n e aneene s 106
TABLE OF FIGURES ...t 107

Page S of 111



FP7-ICT-216863/ORC/R/PU/D15.1

1. Executive Summary

This document provides a presentation of the activities of the Virtual Centre of Excellence in
Transmission Techniques (VCE-T) during the first year of the BONE project. The report
starts with an outline of the measures that have been taken centrally within the VCE in order
to encourage integration among the partners. The technical activities of VCE-T have been
centered around four Focus Groups which reflect research interests which are shared among
several of the VCE-T partners. These Focus Groups relate to (a) key issues on 100 Gb/s
transmission, (b) signal regeneration, (c) signal amplification and (d) signal monitoring. The
four Sections that follow present in detail the work that has been carried out within these
Focus Groups, whereas a separate Section is devoted to joint activities relating to
transmission-related topics which are not covered within the Focus Groups.
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2. Introduction
Table 1: Acronyms of the VCE-T partners
FPMs HHI UC3M UPVLC FT GET
ICCS-
AIT NTUA UoA UOP FUB CORITEL
ISCOM POLITO TUE IT PUT ORC
. KPRC/
UEssex USWAN | Ericsson UPC ACREO TID

The aim of this work-package (WP) is to organize and harmonize the transmission-related
activities within the BONE project. There are 24 partners participating in the VCE on
Transmission Techniques — see Table 1. (It should be noted that this Table is not exclusive,
and only shows the main contributors to the activities of the WP — other partners have also
participated occasionally to VCE-T). Since the theme of Transmission in Optical Systems is
rather broad, the interests of the various partners vary significantly. In order to address the
varying background and interests of the partners participating in VCE-T, an extensive
Advisory Board has been put in place. The Advisory Board is responsible for setting out the
integration strategy for the WP and monitoring the progress made towards achieving its goals.
The members of the Advisory Board and their affiliations are shown below:

Periklis Petropoulos (WP leader) and Francesca Parmigiani (ORC)
Karin Ennser (SWANSEA)

Pierluigi Poggiolini (POLITO)

Patrice Megret (FPMs)

Giorgio Maria Tosi Beleffi (ISCOM)

Michel Morvan (GET)

Oscar Gonzalez (TID)

Erwan Pincemin (FT)

The main activities of VCE-T have been grouped within four themes, forming four Focus
Groups. The Focus Groups act as common forums of discussion within the WP, eventually
leading to joint activities between their participants. The definition of the thematic areas of
the Focus Groups emerged after an initial survey that collected the inventory of existing
expertise among the WP partners (milestone M15.1). Although these themes reflect broad
areas of research on transmission, which are shared among several of the VCE participants,
they are not exclusive, as will become evident further into this deliverable. Additional joint
activities are encouraged and monitored within VCE-T, and are used to dynamically steer the
emphasis of the Focus Groups or even to define new Focus Groups within the VCE whenever
this is deemed appropriate.

VCE-T participants have met three times during the first year of BONE. The meetings have
been useful in defining or amending the general integration strategy of the WP,
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communicating joint results and activities, and acting as networking events, which have
actually proven extremely fruitful for the initiation of new joint activities.

2.1 Outline of the report

The aim of this deliverable is to report the actions taken towards encouraging and fostering
integration of the BONE groups working on transmission-related issues. It also provides a
comprehensive presentation of the technical activities carried out during Y1, which highlight
the level of integration already achieved. The report is organised as follows.

Section 3 presents the central activities carried out within the WP in order to encourage
integration among the VCE-T participants. The outcomes of the initial inventory survey and
the WP meetings are listed there. An initial presentation of the current Focus Groups is also
given. Finally, some quantifiable measures of integration are outlined.

Sections 4-7 relate to the technical activities of each of the Focus Groups. They include a
collection of studies, and the presentation of the joint results achieved among the WP partners
in the first year of the project. Section 4 engages with issues associated with 100 Gb/s
transmission, Section 5 is on signal regeneration, Section 6 is on signal amplification and
Section 7 is on signal monitoring.

A selection of four further joint activities conducted among the WP partners during the
reporting period is presented in Section 8. The report closes with some Conclusions in
Section 9, and an outlook to Year 2 activities.
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3. Management Activities

The central activities taking place within VCE-T have been organized so as to encourage
familiarization between the various groups of the WP, and create a forum of discussion for
certain key research topics within Optical Transmission, which are common to several WP
partners. These activities act as a vehicle to facilitate joint actions between the participating
groups, and are presented below. Mention is also given in this Section to the results achieved
in terms of integration during this first year, as these can be quantified in terms of mobility
actions, joint publications, etc.

3.1 WP Technical Meetings

In order to augment integration and to enhance familiarisation with the research interests of
the various groups, it has been considered essential that the WP partners have met in frequent
intervals, especially in this starting phase of the project. Subsequently, the VCE-T partners
have met three times during this year. All meetings have been collocated with events which
have been heavily attended by BONE partners, and have succeeded in ensuring the
participation of partners from almost all of the groups in the WP. The WP meetings have been
seminal in discussing and agreeing the integration strategy of VCE-T, whereas several of the
joint activities in the WP have been initiated during these events. Besides, the meetings have
also been used as opportunities for technical presentations of general interest to the VCE-T
partners, as well as for the communication of the progress and the results achieved in the
jointly conducted experiments.

The first VCE-T meeting took place during the BONE kick-off event at Torino, in January
2008. The main objectives of the meeting were:

e Decision on the VCE-T leadership team and advisory board
e Definition of the technical objectives of VCE-T
e Agreement on initial strategy towards integration

All the meeting objectives were met. The management team of VCE-T was arranged, and the
interest of the partners with respect to the WP technical thematic topics, as these have been
defined within the BONE Technical Annex was confirmed. Certain modifications,
clarifications and changes were noted. It was finally decided that this discussion would be
used as a starting point in a survey among the VCE-T partners, which would collect the
individual partners’ interests and compare them (see Section 3.2 below). Completion of this
survey led to accomplishment of milestone M15.1.

The second VCE-T meeting took place in Athens in June 2008, collocated with the
conference ICTON’08. Participants from 23 VCE-T groups attended the meeting. The
meeting succeeded a teleconference between the Advisory Board members, and aimed at both
refining the integration strategy of the WP and also holding technical discussions themed
around presentations from VCE-T partners. The meeting eventually turned into a useful
workshop around several key issues in Optical Transmission. The agenda was organised
around four longer technical presentations, whereas a number of partners gave short
presentations in lieu of introductions to the activities and interests of their groups. The main
technical presentations given during the meeting were:

e “Transmission roadmap: The operator’s point of view”, by Juan Fernandez Palacios
(TID)
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e “Politecnico di Torino activities on 100G coherent systems” by A. Carena, V. Curri
and P. Poggiolini (POLITO)

e “ISCOM group activities” by Davide Forin (ISCOM)

e “Automatic Frequency control in Optical Coherent Systems” by Josep Prat (UPC) —
reporting a joint activity between UPC and HHI.

Shorter presentations were given by CORITEL and FUB, ICCS/NTUA, UoE, FPMs,
KTH/ACREO, and PUT. In addition, the findings of the VCE-T survey which had been
conducted in the previous months were presented to the consortium. Following initial
discussions at the Advisory Board teleconference, the presentation of the survey, and the
technical presentations of the various partners, the meeting participants agreed on the
formation and the topics of Focus Groups. A typical example that indicates the substantial
contribution of the meeting discussions towards the VCE-T general strategy consists in the
formation of the Group studying Issues Related to 100 Gb/s Transmission. Even though the
general area of 100 Gb/s transmission has been included within the technical areas of interest
of VCE-T, it was only after the presentations of the partners and the discussion that followed
that the specific topics of interest were defined, and a task force was put in place (for a
technical description of the activities of this Focus Group, please refer to Section 4 of this
report).

Finally, during this 2" VCE-T meeting it was agreed among the partners that the final
outcomes of the work carried out within VCE-T would be compiled in a book, which would
collect the views and expertise of the VCE-T participants. A task force for this group has
already been put in place (led by Giorgio Maria Tosi Beleffi, ISCOM and Antonio Teixeira,
IT).

A third VCE-T meeting took place in Rome in October 2008, collocated with the BONE
Annual Plenary Meeting. Once again, the vast majority of the partners were represented in the
meeting by delegates. This meeting was an opportunity for the partners to provide an update
on the progress of the various mobility actions and joint experiments. There was also an
update on the Focus Groups topics and activities, and finally the partners agreed on the
contents of the present report. However, the main conclusion coming out of this meeting was
that partners with common interests tend to group together ever more frequently, and that
joint activities between partners are gaining momentum as we move towards the second year
of the project.

3.2 VCE-T Survey of available expertise and facilities

One of the first activities of VCE-T was to realise a survey among all WP partners in order to
collect their particular interests in Optical Transmission, and gain some appreciation on their
corresponding main field(s) of expertise. The survey also collected a list of facilities available
in each of the groups, while a separate part asked for the expectations of each of the partners
in terms of mode and area of collaboration which they were seeking. Twenty two partners in
total responded to the survey, helping to generate a useful reference document for all partners.

The findings of the survey were circulated electronically to all VCE-T partners, and were
presented orally during the 2™ VCE-T meeting in Athens. For reference, Table 2 lists the
research topics of interest to the various partners of the consortium, as declared by them for
the VCE-T survey.
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Table 2: Declared research topics of interest of the VCE-T partners (taken from the VCE-T Survey)

A. High-speed transmission

Electronic techniques

TUE, PoliTO

100 Gb/s ETDM (multi-level modulation formats)

FT

Digital and analogue processing|

FT, UoP

Ultra-high bit rate (>100Gbits) OTDM signals

Mitigation of transmission impairments

AIT, GET/ENST

Signal P R TSI,

switching,...)

ORC, TUE, AIT, IT, USWAN, UPVLC,
UoA, UESSEX, ACREO/KTH, FUB-
CORITEL

Transmitter-based

Clock recovery and synchronisation

TUE, UESSEX, ACREO/KTH

Technologies|

Ericsson

Ultra dense WDM

FT, PUT, FPMs, ICCS-NTUA

Advanced modulation formats|

USWAN, ACREO/KTH, FUB-CORITEL|

OFDM

PoliTO

Coherent detection techniques

TUE, FT, GET/ENST, PUT

Amplification/Processing

ORC, UoA

Transmission performance of PSK/D(Q)PSK and QAM

Fraunhofer, PoliTO

Backward compatibility

GET/ENST, ACREO/KTH

Development of network planning models and
techno-economic evaluation

AIT, UESSEX

Simulations

ORGC, FT, PUT, IT, Fraunhofer, FPMs,
PoliTO, ACREO/KTH, FUB-CORITEL

Modelling metro and long haul transmission systems| AIT, USWAN
SOA dynamics for phase and amplitude modulated ISCOM
signals|
Reliability of High speed components Ericsson

B. Mitigation of transmission impairments

All-Optical techniques

Fiber based Regeneration in step-index fibres|

ORC, IT, ISCOM, FPMs, USWAN, UoA,
ICCS-NTUA

Fiber based Regeneration in microstructure fibres|

ORC, ISCOM

SOA-based Regeneration

USWAN, UoA, ICCS-NTUA, UESSEX

PMD/Dispersion compensation/emulation

ORC, GET/ENST, IT, FPMs, UPVLC,
UC3M, FUB-CORITEL

Brillouin Effects in fibres,

ORC

Optical filters,

ORC, UC3M

Receiver-based

TUE

Various Techniques|

ORC, Frauhofer,PoliTO

In-line

Pulse shaping

ORC, UPVLC

Techniques- Amplification and processing of phase-|
sensitive signals|

ORC, UoA

Techniques- Fibre-based regeneration|

ORC, ISCOM, UoA

FBGs|

C. Monitoring

Techniques- Phase conjugation UoA
Designing and fabricating new devices
To mitigate the transmission impairments based on| UPVLC

Distributed monitoring

OPM prototype development|

GET/ENST

OTDR based metrology|

FPMs

Transmission layer supervision

GET/ENST, IT, FPMs

monitors

Pulse characterisation 1T
FROG techniques for precise pulse characterisation| ORC
Performance and Reliability of ROADM, power Ericsson
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3.3 Focus Groups

The initial survey which had been conducted among the WP participants towards the
beginning of the lifetime of VCE-T revealed a few research topics of interest that are shared
among several groups. Based on the findings of this survey, the Advisory Board decided to
define four Focus Groups that will independently investigate each of these topics. The final
definition of the thematic areas of the Focus Groups was agreed among the VCE-T
participants during an early WP meeting.

The role of the Focus Groups is to promote discussion and collaboration around topics of joint
interest, and to define the core technical areas of the WP without however restricting the
partners’ activities to these areas alone. In addition, the Focus Groups are viewed as dynamic
areas, the orientation of which may be reviewed as required during the lifetime of VCE-T.
The definition of the four Focus Group topics and their moderators were agreed during an
early WP meeting (2““l VCE-T meeting, Athens — see Section 3.1), and are as follows:

e Key issues in 100Gb/s transmission (moderator: Juan Fernando Palacios, TID)

e Signal regeneration in fibres (moderator: Periklis Petropoulos, ORC) and
semiconductor optical amplifiers (moderator: Giorgio Maria Tosi Beleffi, ISCOM)

e Amplification in transmission with emphasis on burst amplification (moderator:
Antonio Teixeira, IT)

¢ Signal monitoring (moderator: Michel Morvan, GET)

The technical activities of these Focus Groups in the first year of the project are presented in
detail in this report, along with additional joint activities of the VCE-T partners (see Sections
4 through to 8).

3.4 Quantifiable measures of integration

The first year of VCE-T has already seen a number of joint activities being initiated, whereas
the first joint publications stemming from the activities of the WP have appeared. In total,
there have been five short- or longer-term mobility actions between partners, and seven joint
experiments. These experiments also include those which have not required the mobilisation
of human resources, but have been the result of a joint effort between two or more VCE-T
partners. Seven joint papers resulting from the various joint activities have already been
accepted for publication in journals or conference proceedings.

In addition, VCE-T has jointly organised with WP2 the Summer School on “Electronics and
Signal Processing for Optics”, which took place at FPMs in October 2008. The members of
VCE-T assisted in the organisation of the School by participating in its Organising and
Technical Committees, giving lectures and also by participating with students who attended
the School programme.

It is worth noting that at the end of the first year of the project, there is evidence of a
gathering momentum in the integration activities of the VCE-T partners. As an indication of
this evidence, it is noted that there have been a further three mobility actions in preparation,
whereas there have been discussions of joint proposals being organised among partners.
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4. Key Issues in 100 Gb/s Transmission (TID, ACREO,
POLITO, AIT)

4.1 Introduction

The continuous and significant growth in IP traffic due to converged IP networks,
forthcoming high-bandwidth services and new Internet users is expected to drive current
network capacity to its limit. Therefore, carriers are seeking to improve their networks with
higher bandwidth optical links. In this study we analyse the feasibility to deploy an all-optical
meshed backbone at 100 Gbps.

Specifically, we investigate a suitable modulation scheme to accomplish:
e Moderate optical and electrical complexity.
e Appropriate commitment between OSNR and spectral efficiency.
e Suitability for the operator’s fibre plant.

The last point is crucial for a non-disruptive evolution to 100G. The design of the links is
determined by:

e Link distance: this is a deterministic parameter conditioned to physical impairments.
However, it is very important to obtain a maximum link reach value regarding the
operating conditions in order to implement efficient all-optical restoration techniques.

e Number of crossed nodes. Every ROADM consists of a number of filters. The effect
of these filters on data signal degrades the transmission quality and, therefore, reduces
the maximum distance. The quantification of this degradation is one of the aims of this
study.

e Physical impairments. Attenuation and chromatic dispersion are well-kwon
impairments. Optical amplifiers are a good solution for attenuation and chromatic
dispersion is managed today by both optical and electrical modules. The critical point
in 100G transmission is PMD. This sort of dispersion is non-deterministic and difficult
to manage. Furthermore, the tolerance to PMD in 100G optical transmission is one
tenth of 10G transmission. The influence of PMD on optical reach is also analyzed in
our study.

4.2 Short Reach Transmission

4.2.1 Introduction

Increasing capacity is a constant demand in modern optical communications. Research efforts
on highly spectral efficient modulation formats, such as DQPSK [1], use of polarization
multiplexing [2], SSB formats [3] etc. address this problem. Despite the advantage in
transmission rate of such formats, most of the existing network architecture is designed for
IM/DD systems. Moreover, the inflicted cost in upgrading of equipment provides a limiting
factor to the end-customer services. A technology therefore is required to bridge the
transmission rate gap between OOK and advanced modulation formats in order to enhance the
development of end-customer services, while at the same time guarantee compatibility with
the existing optical network.
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In the past, incoherent 4-level ASK was considered as a way to increase the spectral
efficiency [4]. However, in order to achieve spectral efficiency a higher order optical filtering
is required [5]. This is due to the inherent back-to-back OSNR degradation of 4-ary ASK as
compared to OOK due to the introduced power levels. The power leveling should be carefully
adjusted according to the dominant noise factors affecting the system [6, 7]. Walklin and
Conradi [8] examined 4-ary ASK performance against 10 Gbs OOK in terms of dispersion
and relative intensity noise (RIN) tolerance. According to [8] the transmission distance of
dispersion limited systems can be extended through the use of multilevel signalling. A
comparative study [9] has also shown that the nonlinear Kerr effect affects less 4-ary ASK
than OOK. Nevertheless, the enhanced tolerance to dispersion, nonlinear effects and the
spectral advantages of multilevel signals are not sufficient to counterpart the initial back-to-
back OSNR penalty in end-to-end long-haul communications. However, the use of 4-ary ASK
was also proposed as a way of contacting amplitude multiplexing [10]. A fibre based
technique based on FWM achieving this amplitude multiplexing is proposed in [11].
Recently, Kikuchi et al. [12] demonstrated a technique that minimizes intersymbol
interference in multilevel signalling and through this the implementation of various 32 level
systems was achieved [13]. This same technique was demonstrated to implement a multilevel
ASK modulator.

In this work, we examine the potential utilization of 4-ary ASK in short high capacity optical
transmissions as means to upgrade the transmission rate by taking advantage of its spectral
characteristics. This study examines effectively the possibility use of 4-ary ASK in future 100
Gbps Ethernet technology. Moreover, the study also shows that multilevel signaling may be
appealing under scenarios where cost effective, high-capacity, short-distance techniques are
required.

4.2.2 Transmitter and Receiver Issues

The simplest approach to construct a 4-level ASK optical signal a power addition of two
optical fields [5]. Kikuchi et al. [12] have also suggested a reduced inter-symbol interference
(ISI) method by using two BPSK modulators in order to synthesize coherently a 4-ary ASK.
In all cases, the level spacing should be carefully set so as to minimize the effect of physical
impairments [6, 7]. In this paragraph, we extend the design strategies by proposing a minimal
all optical 4-level ASK transmitter design. The design is based on a basic MZI modulator
which is appropriately imbalanced to result in a quadratic level spacing.

2& v

—>

Ontnnt Sional

Figure 1: Proposed Transmitter design

Briefly, we consider an imbalanced MZI (Figure 1) utilizing nested MZIs operating as
intensity modulators at each arm and a 3-dB attenuator is introduced at the lower arm. The
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MZI imbalance is driven by the coupling coefficient c at the input of the MZI. The amplitude
of the optical field at the output of the MZI is then:

E(t):%(t)—g\/l—czB(t) (1)

where A(t) and B(t) correspond to the modulation of the two electrical sequences, multiplexed
to give the 4-level ASK signal, on the CW. Using (1) the four possible power levels which
result are plotted in Figure 2 as a function of the coupling coefficient. The dashed lines
correspond to the required quadratic level spacing as defined by the highest power level.
Evidently, there are 2 regions of operation, at ¢ = 0.33 and 0.81, corresponding to an
alternative mapping of input sequence bits to symbols. Note also that another set of solutions
exists for the through port of the transmitter, however the power efficiency is greater for the
Cross port.
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Coupling Coefficient ¢

Figure 2: Power levels vs coupling coefficient. Circles: Power Level 3, Crosses: Power Level 2, Solid line:
Power Level 1, Dashed lines: required quadratic levels relative to Power Level 3.

At the receiver, an electronic logic circuit implementing a priority encoder is required for the
decoding. In the past, Walkling and Conradi [5] have utilized a priority encoder operating at 5
Gbaud. It should be noted that the current technology supports 50 GHz D type flip flops and
comparators and therefore the technology for 100 Gbps Ethernet using multilevel ASK is
already accessible and cost effective.

4.2.3 Results

A4.2.3.1  4-ary ASK

In order to examine the reach of 4-ary ASK transmissions we simulated a basic link as shown
in Figure 3. The optical and electrical filters assumed were 3" order Gaussian and 3™ order
Bessel filters, respectively, and no optical amplification was assumed. The optimum cut-off
frequencies for optical and electrical filtering were found to be 120 GHz and 50 GHz,
respectively, as shown in Figure 4. In Figure 5 the BER as a function of the OSNR is plotted
for 100, 160 and 200 GBps in the back to back case. Note that for the OSNR measurements
the noise power is measured within 0.1 nm. According to the figure, high OSNR levels are
required for error free transmission at BER = 10°. However, for an OSNR equal to 43.8 dB a
transmission rate of 200 GBps could be attained for short transmissions.
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Figure 3: Basic link model
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Figure 5: BER vs OSNR for 100, 160 and 200 Gbps 4-ary ASK.
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Figure 6: BER vs Residual Dispersion for 100, 160 and 200 GBps 4-ary ASK (OSNR = 45 dB).
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Next, we examine the effect of dispersion on high speed 4-ary ASK. In Figure 6, the
dispersion tolerance of 4-ary ASK is examined. According to the figure, error free
transmission at BER = 10” and for an OSNR of 45 dB can be achieved without dispersion
compensation at distances of 180m, 350m and 1050m of SMF for 200, 160 and 100 GBps,
respectively. Longer reach can be attained either by using FEC or alternative fiber types (i.e.
NZDSF).

A4.2.3.2  Higher Level ASK

In this paragraph we examine the benefit that can be obtained by utilizing more power
signaling levels. Using the methodology described in [8] we simulated an 8-level ASK
system. In Figure 7, the effect of the temporal pulse width in a 128.1 Gbps 8-ary ASK system
is shown for the back-to-back case. The optimum pulse width is in the range 0.75 to 0.80
times the symbol period, however the exact value depends on the optical and electrical filter
bandwidths.

i h i i i i i 1 3
* E ] 39 40 4 4 43 44 45
OSNR (d8)

Figure 7: BER vs OSNR for a 128.1 GBps 8-ary ASK utilizing pulses of different temporal widths.

Opu': al fiter bandwidth
-
—_

3, . =
4 3 4 B 6 7
Electrical filter bandwidth %10

Figure 8: log;o(BER) vs Optical and Electrical filters’ 3dB bandwidth for 128.1 GBps 8-ary ASK
(OSNR = 45 dB, Pulse Width= 75% Symbol Slot).

In Figure 8, the optimum optical and electrical 3 dB cut-off frequencies for the case of a 128.1
Gbps (3x42.7 Gbps) 8 level ASK system with pulses of temporal width 75% to the symbol
period are identified. These are 50 GHz and 30 GHz for optical and electrical filters
respectively, corresponding to 1.17 and 0.70 times the baud rate. Comparing these figures to
the 4-ary ASK case, we conclude that the optimal electrical filter bandwidth is slightly higher
for the 8-ary ASK case. Moreover, the sensitivity in both optical and electrical filter
bandwidths is greater in the 8-ary case than the 4-ary case. Therefore the transmitter and the
filters are required to have greater stability in terms of frequency drift. Another conclusion
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from the graphs is that the BER values obtained show that the use of FEC is required to
achieve error free transmissions at 107

Next we consider the case where multiple channels are transmitted inside SMF without
dispersion compensation. We simulated a 9 channel system with 150 GHz channel spacing. In
Figure 9 the BER of the centre channel as a function of SMF length is shown. The optimum
optical and electrical filter 3-dB bandwidths were found to be stable through the 600m to
850m range and their values were 100 GHz and 30 GHz, respectively. Commenting on the
graph we conclude that the performance is almost linearly decreasing in the range 600m to
850m. Moreover, the absolute values of BER are low enough to allow the use of FEC.

10"

| | | |
600 650 700 750 800 850
SMF length (m)

Figure 9: BER vs SMF length for 128.1 GBps 8-ary ASK 9 channel system (OSNR = 45 dB, Pulse Width= 75%
Symbol Slot).

4.2.4 Conclusions

In this study we examined the feasibility of using 4-ary and 8-ary ASK as a candidate for 100
Gbps short optical links. According to the analysis multilevel ASK requires high OSNR
values in order to achieve error free transmissions. We focused on the filtering effects and we
managed to identify the optimum 3 dB bandwidth values for both electrical and optical filters
under various scenarios. We studied the influence of pulse width on BER performance and
found that an optimum is obtained at around 75% the symbol rate. We also examined the
reach of a 9 channel optical network utilizing 8-level ASK with a 0.66 spectral efficiency
without using polarization multiplexing. Our findings show that BER performance decreases
linearly in the range 600m to 850m SMF but the absolute BER values found are sufficient in
order for the systems to be used in conjunction with FEC.

From the above we conclude that 8-ary ASK is an attractive solution for 100 Gbps Ethernet
where short links are required. The main advantage of this format is that it requires no extra
costly optical components. Moreover, the reach can be extended by the use of electrical
equalization, forward error correction and finally the use of NZDSF fiber.
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4.3 Long Reach Transmission

4.3.1 Objectives

A4.3.1.1  Main goal

The main objective of the working group on 100Gbps simulation is to determine the
maximum reach for a 100 GbE link with a 111Gbps bitrate

Therefore, we are interested in the joint effect of these elements:
e Transmitter characteristics: modulation formats DQPSK and PM-QPSK.

e Fibre characteristics: chromatic dispersion, polarization mode dispersion,
attenuation and non-linear effects.

¢ Nodes characteristics: cascaded ROADM.
e Receiver characteristics: sensibility and FEC techniques.

A4.3.1.2  Other studies

After the study and description of a single link, our purpose is to investigate the interaction
among different channels in the same fibre. Especially, we focus on:

e Inter-channel non linear effects.

e Effect of multirate and multiple modulations in different channels. We are mainly
interested in the coexistence of 100G and 40G lambdas in the same fibre.

4.3.2 Simulation Plan

Our simulation plan is based on different simulation platforms (e.g VPI photonics). The
common parameters for every simulation are the following:

o Fibres:

SMF DFC

Attenuation

0,35 0,5
[dB/km]

Chromatic
dispersion 20 -100
[ps/nm-km]

PMD

12 Variable
[ps/(km) "]

Chromatic dispersion is compensated by means of DFC.

o Amplification: We assume the use of EDFA when necessary. The parameters to
characterize optical amplification are:

= Noise Figure: 5dB.
» Gain: the necessary to compensate losses:
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e Booster: 16dB
e In-line amplification: 2x18dB (amplification span: 80km.)
e Pre-amplifier: 10dB.
= Saturation Power: 18dBm.
o ROADM. MUX/DEMUX characteristics:
Filter type: pass band
Transfer function: Gaussian.
Filter order: 3
Insertion loss: 3dB
Bandwidth: 0.75*BitRate.
Channel spacing:
=  40Gbps: 50GHz.
= 100Gbps: 100GHz.
o 2 configurations:
» | MUX and 1 DEMUX (1 WSS):

e i i

O O O O o

desl Pl I B BALL [ desl
Gain =3 dB zain = 3 dB
MoizeFigure = 5 dB MoizeFigure = 5 dB

= 2 MUX and 2 DEMUX (2 WSS):

= ‘|> Inpat ‘[F uﬁj'l Igg.n ﬂ adpu Input. ‘[F dﬂj" |!j-1 ﬂ ap ‘I> el )

[k[==1 Pl 1 L0 1 PALLC LI 1 deal
Gain=6dB Gain = 6 dB
MoizeFigure = 5 dB MoizeFigure = 5 dB

The scheduled activities are outlined below.

A4.3.2.1  Maximum optical reach for DOPSK and POLMUX-QPSK.

The first stage in the study is to obtain the maximum all-optical reach for a point-to-point link
(No ROADMs in the link). This reach will be determined by optical impairments and the
characteristics of the transmitter.

N lambdas are considered in the optical link. Therefore, the study is aimed to evaluate how
many 100G channels can be delivered in one fibre according to the maximum allowable
power. Optical conditions are:

o Transmitter power: variable from -11dBm to 0dBm. (Joint to a commercial booster).
o Maximum optical BER at the receiver: 107,
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The study will include the following tasks:

Task BitRate [Gbps] Modulation PMD ps/(km)*?
3.1a 40 DQPSK 0.1,0.3,0.5,0.7, 1
3.1b 100 DQPSK 0.1,0.3,0.5,0.7, 1
3.1.c 40 POLMUX-QPSK 0.1,0.3,0.5,0.7, 1
3.1d 100 POLMUX-QPSK 0.1,0.3,0.5,0.7, 1

A4.3.2.2  Maximum number of ROADM when separated 80km.

This activity aims to obtain the maximum number of ROADM in an optical link when they
are as close as an amplification span (80 km). This will be the worst case in an optical mesh.
The purpose of the study is to evaluate the effect of the filters on optical transmission.

Optical conditions are:
o Transmitter power: variable from -11dBm to 0dBm. (Joint to a commercial booster).
o Maximum optical BER at the receiver: 10,

The study will include the following tasks:

Number of _

BitRate . 2

Task MUX/DEMUX (Gbps] Modulation PMD ps/(km)
per ROADM P

32.a 1 40 DQPSK 0.1,0.3,0.5,0.7, 1
3.2.b 2 40 DQPSK 0.1,0.3,0.5,0.7, 1
32.c¢ 1 100 DQPSK 0.1,0.3,0.5,0.7, 1
3.2d 2 100 DQPSK 0.1,0.3,0.5,0.7, 1
3.2 1 40 POLMUX-QPSK | 0.1,0.3,0.5,0.7, 1
3.2 2 40 POLMUX-QPSK | 0.1,0.3,0.5,0.7, 1
32.¢g 1 100 POLMUX-QPSK | 0.1,0.3,0.5,0.7, 1
3.2.h 2 100 POLMUX-QPSK | 0.1,0.3,0.5,0.7, 1

A4.3.2.3  Influence of the ROADM placement in the link.

Taking into account the maximum reach for an optical link without ROADMs, the next step is

to evaluate the distance reduction because of the introduction of ROADM in the link.

Given that PMD is not compensated in-line, it will be necessary to determine if ROADM

placement in the link is important enough for the achieved optical reach.

The objectives for this activity are the following:
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e To determine if ROADM placement in the link is important in optical reach.

e To determine the optical signal quality at the receiver when going through N
ROADMs (with different distances between ROADMSs), being N lower than the
maximun number of ROADMs obtained in section 3.2.

Optical conditions are:
o Transmitter power: variable from -11dBm to 0dBm. (Joint to a commercial booster).
o Maximum optical BER at the receiver: 10,

The study will include the following tasks:

Number of _

BitRate . 12

Task MUX/DEMUX (Gbps] Modulation PMD ps/(km)
per ROADM P

33.a 1 40 DQPSK 0.1,0.3,0.5,0.7, 1
3.3b 2 40 DQPSK 0.1,0.3,0.5,0.7, 1
33.c 1 100 DQPSK 0.1,0.3,0.5,0.7, 1
3.3.d 2 100 DQPSK 0.1,0.3,0.5,0.7, 1
3.3.e 1 40 POLMUX-QPSK | 0.1,0.3,0.5,0.7, 1
33.f 2 40 POLMUX-QPSK | 0.1,0.3,0.5,0.7, 1
33.¢g 1 100 POLMUX-QPSK | 0.1,0.3,0.5,0.7, 1
3.3.h 2 100 POLMUX-QPSK | 0.1,0.3,0.5,0.7, 1

A4.3.2.4  Multi-rate coexistence in the same fibre.
The Optical coexistence of different modulation formats and different bitrates supposes
degradation in optical transmission quality due to interchannel impairments.

This activity aims to perform a quantitative and qualitative analysis of such degradation for
different modulation formats:

Optical conditions are:

o Transmitter power: variable from -11dBm to 0dBm. (Joint to a commercial booster).
o Maximum optical BER at the receiver: 10,

The study will include the following tasks:

Intermediate Number of channels (BitRate) P
Task ROADM? NRZ | DQPSK | PM-QPSK PMD peftkm)
34.a NO X (10G) | Y (40G) - 0.1,0.5, 1
3.4.b NO X (10G) - Z (40G) 0.1,0.5, 1
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34.c NO X (40G) | Y (100G) 0.1,0.5, 1
3.4d NO X (40G) - Z (100G) 0.1,0.5, 1
34.e YES X (10G) | Y (40G) - 0.1,0.5, 1
3.4.f YES X (10G) - Z (40G) 0.1,0.5, 1
34 YES X (40G) | Y (100G) 0.1,0.5, 1
3.4h YES X (40G) - Z (100G) 0.1,0.5, 1
344 NO X (10G) | Y (40G) | Z(40G) 0.1,0.5, 1
3.4j NO X (40G) | Y (100G) | Z (100G) 0.1,0.5, 1
3.4k YES X (10G) | Y (40G) | Z(40G) 0.1,0.5, 1
3.41 YES X (40G) | Y (100G) | Z (100G) 0.1,0.5, 1

Where X, Y and Z are an appropriate number of channels to observe the interchannel effect.

For these simulations we could simulate links of the Spanish photonic mesh (end to end
distance, ROADM location, etc)

4.3.3 PRELIMINARY RESULTS

A4.3.3.1  Maximum Reach for DOPSK at 100G

Next figures show the main results of the simulations carried out by ACREO, TID and
POLITO.

OSNR <107

0 ps DGD, xy =155
8ps DGD, xy=125

12 ps DGD, xy = 30

1 1 L r . 1 1
0 B 10 15 20 25 30 35 40
X, # channels

Figure 10: Maximum number of spans for different PMD values (source: Acreo)
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Figure 11: Maximum reach without intermediate ROADMs for different PMD values (high order PMD, one

outcome) (source: TID)
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Figure 12: Maximum reach with intermediate ROADMs for different PMD values (high order PMD, one
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Figure 13: Maximum reach without ROADM in absence of PMD as a function of number of channels and for
different launch power per channel. Considering a maximum booster power of +17 dBm (source: POLITO).
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Taklng a look on the above figures we can check that the maximum reach without
regeneration strongly depends on both PMD and the number of channels per fibre.

The following figures show some of the simulation schemes used by ACREO, TID and
POLITO.
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Figure 14: DQPSK Simulation Scheme in VPI Transmission Maker (source: ACREO)

DQPSK receiver with BER estimation

This galaxy represents DOPSK receiver with BER estimation. With approgniate coding, the | and @ branches could be
modeled as separate DPSK systemns. In order to evaluate the BER of the DOPSK systems, we separately compute the
BERs of each of this two DPSK-systems and then avarage the results.

When InputDataType=Blocks, it is assumed that input signal is represented by @ Sampled band. The upper part, with
BER_DPSK modules is active in this case

When InputData Type=Parameterized, it is assumed that input signal is Parameterized, and naise is represented by
Moise Bins . The lower part, with RxBER module is active in this case.

Note: Phase noise is nof taken into account, in the case of Parameterized input.
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Figure 15: DQOPSK Receiver Scheme in VPI Transmission Maker (source: TID)
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Figure 16: Optical links with intermediate ROADMs in VPI Transmission Maker (source: TID)
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Figure 17: DQPSK Transmitter Scheme in OptSim (source: POLITO).
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Figure 18: DQPSK Modulator Scheme in OptSim (source: POLITO).

Figure 19: DOPSK Receiver Scheme in OptSim (source: POLITO).
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A4.3.3.2  Maximum Reach for PM-QPSK at 100G

POLITO also studied PM-QPSK with coherent receiver for polarization, frequency and phase
recovery applied through electronic DSP processing of the received signal. In the next figure
is shown the maximum reach for this modulation format.
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Figure 20: Maximum reach without ROADM in absence of PMD as a function of number of channels and for
different launch power per channel. Considering a maximum booster power of +17 dBm (source: POLITO).

In the following we report some of the simulation schemes used by POLITO for PM-QPSK.
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Figure 21: PM-QPSK Simulation Scheme in OptSim (source: POLITO). The UsrLib block in the middle of the
layout is a custom block for simulating the 90-degree optical hybrid and the local oscillator. Then, it is followed
by four balanced photodiodes. The UsrLib block on the right is for simulating the DSP processing of the four
electrical signals coming out of the system.
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Figure 22: PM-QPSK transmitter Simulation Scheme in OptSim: the four data stream reaching the PM-QPSK
modulator. (source: POLITO).

Figure 23: PM-QPSK modulator with the laser source in OptSim (source: POLITO).
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Figure 24: QPSK modulator in OptSim (source: POLITO).
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5. Regeneration (ORC, ISCOM, UoA, ICCS/NTUA)

5.1 Fibre-based regeneration

In present-day networks the regeneration functions are performed in electronic devices and
therefore an O/E/O conversion is necessary. Thus the effort to develop the Reshaping and
Retiming functions in a pure optical device is essential to enhance transparency, scalability,
and flexibility in optical networks [1]. 2R and 3R regeneration preserves data quality and
allows for improved transmission distances, thus enhancing transparency, scalability, and
flexibility of optical networks. Moreover, wavelength conversion is important to avoid
wavelength blocking at nodes of the optical networks.

Fiber-based schemes represent one of the most promising approaches to optical regeneration
due to their ultrafast nonlinear response and design versatility [2].

The argumentation for the motivation behind simultaneous processing of multiple channels
within the same device is also quite straight-forward, since it may potentially offer major
technical and economic benefits. However, direct extension of the technique to the multi-
channel regime is generally restricted by the presence of nonlinear interactions of the various
wavelength channels as they are transmitted simultaneously through the same fibre,
competing directly with SPM. These effects result in distortions of the broadened spectra
which manifest themselves as large bit-pattern-dependent signal power fluctuations at the
output of the system. These effects can be reduced to tolerable levels by ensuring complete
and rapid “walk-through” of the data pulses — either by exploiting some form of specific
chromatic dispersion management within complex fiber assemblies [3, 4, 5], by using
dispersion decreasing fiber [6], or by using bi-directional propagation [7].

5.1.1 Design of single channel OOK 2R regenerators

AS5.1.1.1  Self-phase modulation based regenerator

The original all-optical signal regeneration scheme based on SPM in optical fibres was first
reported by Mamyshev in [8], and is schematically illustrated in the block diagram of Figure
25. The degraded optical pulse streams are first fed into an optical amplifier which is used to
boost the power to a suitable level at the input of the HNLF. The amplified pulses are then
propagated in the HNLF where they experience spectral broadening due to Kerr-induced
SPM. A narrow-band filter is used to carve into the broadened spectrum at the output of the
HNLF discriminating high from low input peak power pulses and thus providing a pulse
reshaping operation, as shown in Figure 25.

In the work reported herein, we consider transform-limited Gaussian pulses at the input, with
a variable peak power Pin and a half-width at the 1/e-intensity point TO. Figure 25 lists the
remaining parameters of the regenerator. The customizable parameters of the HNLF are the
chromatic dispersion (D or B2), the nonlinearity coefficient vy, the fibre length L, and the
attenuation coefficient a. The output optical band-pass filter (OBPF) is detuned from the
carrier frequency by an offset value AF. In order to distinguish the impact of the amplified
spontaneous emission (ASE) noise from the intrinsic ability of the regenerator to eliminate
ghost pulses, we have not considered any ASE noise in our simulations.
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Figure 25: Schematic of a typical optical regenerator based on SPM.

The general performance of a 2R regenerator can be quantified by means of the power
Transfer Function (TF) (output vs. input pulse peak power) of the system. Depending on the
interplay between the broadened pulse spectrum and the detuned filter position, we
distinguish three possible forms of TF behaviour depending on the detailed nonlinear pulse
evolution and the resulting interplay with the filtering process (see Figure 26): A) non-
monotonic variation; B) locally flat; or C) a monotonic variation with input peak power [9].
Generally speaking, a B-type TF will give optimum performance in terms of amplitude noise
suppression on the ones. However, apart from this requirement, the optimal regenerator must
also be designed to provide i) sufficient extinction for the zeros; and i1) reasonable energy
efficiency. In order to parameterise the TF, we first set the nominal input peak power for the
one bits P, at the point where the absolute value of the derivative of the TF is minimised.
We can then define p as the relative output power variation for input pulse powers ranging by
+7.5 % around P;", and ER,y as the output extinction ratio value between one and zero bits
when the input extinction ratio ERi;=0.1. These parameters are shown schematically in Figure
27.

As discussed in [9], the key TF parameters of the regenerator can be related to its physical
properties. These relationships are shown in the multidimensional contour plot of Figure 4
[9], where Lesr, Lp and N are the effective length, dispersion length and soliton number
respectively, defined in [9].

A B (4
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T 1 1 —/ 1
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Figure 26: Illustration of the three possible TF types for the SPM-based regenerator: non-monotonic evolution
(A), locally flat evolution (B), or monotonous variation (C).
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Figure 27: Definition of the parameters used to parameterize the power TF of the regenerator. Left: Definition
of the input (ERin) and output (ERout) extinction ratios. Right: Example showing these corresponding
parameters on a model TF.
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Figure 28: Contour map of a 2R regenerator based on a HNLF with 2.1 dB/km attenuation.

Although the effect of dispersion on the regenerator performance is evident in Figure 28, the
map does not contain the effects of dispersion slope S, which are investigated in this
deliverable. For this purpose, we chose three different operating points on the map, X, Y and
Z, corresponding to the three different types of TFs, A, B and C respectively (see Figure 28),
and study how the TFs of each of these points change as we vary S. For these simulations, we
consider 6.7 ps Gaussian pulses at the input, and a HNLF with a y of 18 W'.km™, D of
-3 ps.nm™ km™ at the input wavelength, and o of 2.1 dB.km-1. The 0.57 nm Gaussian filter is
centred at a 3-nm offset (on the short-wavelength side) relative to the input. Considering these
parameters, it is possible to move among the various points simply varying the length of
HNLF: 0.56 km for point X, 0.59 km for point Y and 0.78 km for point Z. Points X and Z
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have been chosen to give similar nominal value of the output peak power compression p (3%)
when the dispersion slope is neglected.

Figure 29 shows an example of the temporal and spectral profiles of the pulses at the output
of the HNLF for various values of S. The input peak power is 36.5 dBm and the length of
HNLF is 0.6 km, whereas the remaining system parameters are the same as mentioned above.
As expected, an increase of the dispersion slope gives rise to an asymmetric spectrum and
hence the power on the two sides of the central wavelength is not equal. In particular, as the
magnitude of S increases, the side of the spectrum that corresponds to higher power
components in the temporal profiles of Figure 29(a) experiences a broader spectral
broadening (longer wavelengths in Figure 29(b)), while opposite behaviour takes place for the
lower power components. This effect causes the value of p to vary, allowing us to improve or
worsen the shape of the TF. In the simulations, the filter position is arbitrarily chosen to be on
the short-wavelength side of the spectrum. It is worth noting, that should we wish to place the
filter on the long-wavelength side, then we would need to invert the sign of S in the
calculations, in order to obtain the same conclusions.
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Figure 29: Effect of dispersion slope on the (a) temporal and (b) spectral profile of pulses at the output of the
HNLF.

We first study the evolution of the TFs for point X. The results are shown in Figure 30(a) for
various dispersion slopes, where only the top sections of the TFs (corresponding to the power
equalisation of the ones) are displayed. We focus on this part of the TF, since a change in S is
not expected to have a great effect on the equalisation of zeros. From Figure 30(a) it can be
seen that increasing the magnitude of S, we move from an A- type TF to a B- and C- type TF.
Correspondingly, the output peak power compression improves as the magnitude of S
increases, reaching the minimum value of p=0% for S = -0.123 ps/nm”.km to degrade again if
S is further increased, moving to C-Type TFs.
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Figure 30: Power TFs for varying values of'S. (a) Point X. (b) Point Y. (c) Point Z.

We next consider point Y, which corresponds to a B-type TF (p = 0%) when S = 0. As shown
in Figure 30(b), as we increase the magnitude of S, p increases, and the TF becomes either of

an A- or C-Type, depending on the sign of S. As an indication, p= 1% when S =
0.123 ps/nm”.km, and 0.5% when S = -0.123 ps/nm” km.

By further increasing the length of fibre, we move to point Z on the contour plot of Figure 28,
which corresponds to a C-Type curve with p= 3% when S = 0. As shown in Figure 30(c), the
TFs tend towards a B-Type curve as the value of S increases, whereas further increase of S
gives rise to a non-monotonic TF (Type A). For this to happen of course, the sign of S needs
to be opposite than that applied previously for point X. In this case, to achieve a B-type TF
with p= 0%, the dispersion slope has to be S = 0.246 ps/nm” km.
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Figure 31: Energy yield at Pl in as a function of the dispersion slope
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As mention above, the possibility of varying the dispersion slope allows us to move along the
x-axis of the contour map of Figure 28, while keeping the other parameters constant. Its
magnitude increase is beneficial in the case of a relatively short HNLF which exhibits a Type
B TF by virtue of a high S (such as in the case of point X). Indeed, this regenerator will
exhibit an increased energy yield, since the filter is placed on the high-power side of the
spectrum. Note that the energy yield is defined as the ratio of the power at the output of the
filter to the power at the input of the HNLF. On the other hand, a relatively long HNLF with a
high value of S may exhibit a Type B TF (point Z in the above discussion). However, since
the filter sits on the low-power part of the spectrum, the corresponding energy yield of the
regenerator decreases. Figure 30 summarises these results by showing the variation in energy
yield at the nominal input peak power as a function of the dispersion slope for the three points
considered above.

In conclusion, when a HNLF with a high dispersion slope is used for regeneration, it is
important that the value of S is taken into account in the system design, since it can play an
important role to improve the regenerator performance.

A5.1.1.2  Induced phase modulation on an Auxiliary Carrier

A5.1.1.2.1  Experimental Set-up

The main element in the experimental demonstration shown below is a dispersion shifted
(DS) fiber which acts as the nonlinear element (loss 0=0.2 dB/km, nonlinear coefficient y=2.2
[W*km]", chromatic dispersion D=0.19 ps/nm km @1542.14 nm, dispersion slope
So=0.0634 ps/nm’°km and differential group delay (PMD factor) DGD=0.13 ps, overall length
of 10 km). This special fibre is obtained in a single fabrication process, without splicing. This
feature limits the fluctuation of the zero dispersion wavelength (around 1539 nm) responsible
for the reduction of parametric gain and gain bandwidth and also for issues relating to
maintenance of a fixed phase relation between the interacting waves [10]. Figure 32 shows
the set-up. The signal is generated by the Transmitter, constituted by a DFB laser (A=1542.9
nm) and an intensity modulator (IM) driven by a 10 Gbps PRBS generator (PRBS length 2°'-
1). After attenuator ATT1 the modulated signal is fed to the 2R regenerator. The optical
amplifier allows us to set the value of signal power for optimum reshaping function.

Tranemiter | S ATT1 : OA1 E1=P+§ PC2 OA2 PBC PC4 PBS DM
(1542,9) ﬁ q

PG - Polarization Controller
ATT - Attenuator
DA - Optical Ampilfier

Figure 32: Set-up of the experimental device

DFB2 generates the pump at A=1542.1 nm; polarization controller PC1 brings the pump on
the same state of polarization as the signal. A 3dB coupler couples pump and signal. The
overall optical field (E1=S+P) is then processed by a block made up of a polarization
controller (PC2) and an optical amplifier (OA2) that increases the power of the pump and the
signal up to the power needed in the non-linear process (~80 mW). A polarization beam
combiner (PBC) is used to couple, at the entrance of the DS fiber, E1 with a new auxiliary
carrier signal E2 (~5mW - 1535.8 nm). In this way, these fields are both forced to be on linear
orthogonal States Of Polarization (SOPs) by means of PC2, PC3 and the PBC. Another
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polarization controller (PC4) and a polarization beam splitter (PBS), placed at the DS output,
allow us to filter one state of polarization of the output.

The beating of signal and pump near Ay in non-linear regime causes, via the optical Kerr
effect, modulation of the fiber refractive index. The whole field propagating along the fiber
will consequently be phase modulated with a modulation frequency equal to the pump-signal
detuning (wp-ws) [11, 12 and 13].

It is well known that an angular modulated signal may be resolvable as the summation of
infinite sinusoidal terms with the general pulsation of ®y+n(wp-ws) and amplitude J,(x),
where J;s the Bessel function of the first kind and x is the modulation index. In our case the
modulation index depends on the geometric average of the power of pump and signal, the
non-linear coefficient y, and the length of the non-linear medium (the DS fiber). This
phenomenon can be modelled from the non linear Schrédinger equation. Concentrating the
attention on the non-linear element, we obtain the expression of the approximated field
subject to the non-linear effect

E(zt)= Ey(t)exp (7]E (1) 2)

_ —iw,t —iogt —iw,.t
E(t)=E e +Ee "+ F e 1)

where

Ey is the input field. In our system Ey, the sum of two strong components, Pump and Signal, at
frequencies wp and s, participating in the non-linear process, and the auxiliary carrier, at
frequency m,; the auxiliary carrier is too weak to take part in the generation of any non linear
processes but it will be affected by it. We can express the approximated field propagating into
the fiber as

; 2iyz4[P, P - —i —i —i
Eo(t)zel}/zP,we 1724] Fs pCOS((a’p a’g)t)(Epe io,t + Ese iogr 4 Eace za)act) (2)

Where Py is the total power of the incoming signals. This expression describes a phase-
modulated signal. The exponential of cosine can be expanded in Bessel Series:

Ey(t)= e (Epe”"”"’ FEeo g Eaceiwmti‘jo (21/P1,Pszy)+ Zw: 2emT”,]n (@+/P,Pszy)Cos [1(@, - w)]]
n=1
3)

The main comb (Combl) in the SOP of El is induced by the phase modulation and arises
directly from the beat of P and S. In the SOP of E2, orthogonal to the first one (E1), there is a
second comb (Comb2), in the area of the injected third auxiliary carrier, as reported in Figure
33; Comb2 is produced by the phase modulation induced on E2. The second comb, Comb?2,
reproduce the first comb but at the converted wavelength. In this way we increase the
conversion range reducing, moreover, the noise extracting the converted signals from Comb2

[1].
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From equation (3) we can perform a simulation of the output field, Figure 33, and obtain the
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The Bessel-like behaviour of the transfer functions (Pout vs. Pin) has been demonstrated and
in Figure 34 we report a measurement of the capacity of the higher order characteristics in
reshaping the signal. This feature depends on a non- zero threshold and a spread maximum
that we can exploit for reshaping use. In fact, by adjusting the signal and pump power (Pp,Ps),
at the DS fiber input, it is possible to choose the better working point in order to erase the
noise of an incoming corrupted signal over both the zeros and the ones [1, 12, 13, 14].

A5.1.1.2.2 Discussion

The non-linearity at the base of the process is able to phase-modulate not only the optical
beating field, that induces the non-linearity itself, but any kind of other optical carrier
propagating through the fiber 1535.8 nm in this case. Subsequently, the optical spectrum of
this new carrier will present a series of components, each one reproducing the high data rate
amplitude modulation of the original incoming signal and each one with the same Bessel-like
transfer function.

In Figure 35 we report the BER results obtained at 10 Gbit/s, in both the back to back
configuration and in propagation, for the ITU-GRID channels 54 (1534.2 nm) and 46 (1540.5
nm). The propagation was performed using a cable deployed between the cities of Rome and
Pomezia encompassing different kind of fibres, G.652, G.653 and G.655. The better
performance on the Ch.54 depends on the better signal to noise ratio respect to the Ch. 46.
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Figure 35: BTB and propagated BER measurements vs received power for ITU Ch 46 and 54.

In Figure 36 we report the measures of the amplitude of the first four replicas in function of
the input signal power (dotted line). For each replica we also report (continuous line) the
simulations of the correspondent characteristic derived from equations (4) and (5). It is
evident that the in-out power-transfer characteristic of the n-th order replica is alike to the
correspondent order Bessel function which argument is proportional to the root square of
signal power through the non-linear coefficient of the fiber. The use of a low power auxiliary
carrier (E2) with an orthogonal SOP, respect to El, is a way to reduce the detrimental effects
due to spurious non-linearity directly induced by high powered pump and signal. Furthermore
the optical signal to noise ratio (OSNR) related to the replica of Comb2, could be simply
enhanced just by increasing the power of E2 [1].

. . '
P ni] - Pa ] Ps ]

Figure 36. Measured (dot line) and simulated (continuous line) characteristics of the first four replicas of the
Combl1 (superior series) and of Comb2 (inferior series).

In this kind of non-linear process where two or more signals at different wavelengths,
propagate into a DS fiber with different group velocities the dispersion plays a critical role.
Having the field generating the non-linearity near Ao (1539 nm in our special DS fibre)
reduces the phase mismatch between the two components of El, thus enhancing the
significance of the non-linear effect. Moreover the low wavelength fluctuation of Ay is a
further way to maximize the Multi Wave Mixing phenomena and the efficiency in the power
transfer to the generated replicas.

The group velocity trend inside an optical fiber is similar to a parabolic curve with his
minimum at the zero dispersion wavelength, Ao. Then, the closer the group velocity of E2
(DFB3) is to the group velocity of E1 the better the efficiency of the process that induces the
generation of Comb2 when the auxiliary optical carrier is injected into the DS fibre. In our
special fiber the wavelength with the more suitable associated group velocity is 1533 nm.
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Indeed, as reported in the Figure 37, the generation of the auxiliary carrier side bands
(Comb2) has maximum efficiency around 1533 nm.
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Figure 37. Different configuration of Comb2 obtained emphasizing via PC4 and PBS the SOP of E2. In the tree
cases we take different wavelength for E2 in the surroundings of the maximum efficiency frequency (E2=
1531.4, 1533, 1534.5nm)

5.1.2 Multi channel OOK 2R regenerators

A5.1.2.1 2R regeneration step exploiting the FWM non linear effect

In the recent years the improvement in optical device technologies and optical
telecommunication systems has been remarkable. Thus, in just a short time, all optical
processing of signals has become a reality. Moreover WDM and DWDM techniques, have
made the simultaneous transmission of several data clients in each optical fiber possible. This
permits a growth of data traffic for each optical cable of Tbit/s but, for this reason, an
interruption of communication, even just for a few instants, can provoke serious damages in
terms of data loss, especially using today’s high bit rate. Mobile phone (GSM and UMTS),
Cat-TV, internet, IP TV, P2P services, video calling and other services can require a high data
rate. To the other end, there can be several kilometers of optical fibre between one data
processing node and the following one, and this involves the uses of one or a chain of optical
amplifiers. Every amplifier step can be equipped from a regenerator system; in this way, the
data elaboration unit can offer an amplifier and regenerations section.

These kinds of systems must be able to guarantee the high bit rate demanded by the several
clients; in fact the optical cables can offer robust services and a very large bandwidth. The
O/E/O data conversion used to manage the data client must be, where possible, avoided
because it needs more processing time with respect to the time needed from all optical
systems and all optical signal management. O/E/O conversion implies electrical regeneration
and this provokes a bottleneck effect in every regeneration step of the system.

In the literature there are several systems achieving 2R regeneration operation based on
different theories. Supercontinuum system can be achieved to obtain a 2R regeneration
operation; interferometric structures use the nonlinearity of media to realize the regeneration
effect. Saturable absorbers, Q-switched lasers and semiconductor devices can be used to
obtain the same noise compression and signal regeneration. Our attention is on a particular
kind of optical fibre and the non linearity that this presents. Using a DS fibre, in fact, it is
possible to realize a 2R regeneration step exploiting the FWM non linear effect (as shown in
the previous section). This kind of system can be used also in a WDM scenario, like
regenerators based on nonlinear optical loop mirrors or on dispersion compensation maps.

The systems based on a FWM non linear effect can realize also a wavelength conversion and
the properties can be used when one or more systems do not accept a particular wavelength.
Thus, if we want access in a network but it does not work with our wavelength, we must
realize wavelength conversion before run through this network. The second characteristic of
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2R system is that it is able to manage one or more signals at the same time; in fact, we can
find single-channel or multi-channel 2R regeneration systems. The single-channel system can
manage only one client and in a WDM scenario we must use several step, one for each client.

Our 2R regeneration system is based on a non linear optical fibre able to generate several
replicas of the incoming signal. These replicas have the same modulation format as the
original signal and their presence is due to the beating between pump signal and client signal.
The transfer function of the replica is like the Bessel function and guarantees the compression
of the noise present in the client signal. In this way, a wavelength conversion and the data
regeneration is obtained. If the pump power is very high and around the zero dispersion
wavelength of the optical fibre, we are able to obtain more replicas with different behaviors.
Using a polarization beam splitter (PBS) is possible to handle two paths at same time starting
from one modulated signal placed at one wavelength. At the output from PBS there are two
orthogonal components and the pump signal is divided at 50% to each path to guarantee the
reshaped function.
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Figure 38. Set-Up used for the experiments. FC first component, HC orthogonal component. Output spectrum
(on the right) referred to First Component.
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The configuration reported in Figure 38 uses a DFB source placed at 1541.350 nm (S1) to
simulate a client signal and an ECL source (P1) as pump signal placed at 1539.820 nm. S1 is
modulated by an external Mach-Zehnder modulator at 10 Gbit/'s NRZ PRBS. After 1R
section, S1 and P1 are coupled with a 10% coupler; then, there is a PBS to obtain two
different orthogonal paths and two polarization controllers (not in figure) are used to
distribute the right pump power at two signals. The system is now able to manage two
different clients using only one wavelength. Exploiting a particular DS optical fibre (present
in 2R Regenerator step) and its non linear effect, each orthogonal component will send in a
different way of the DS cable. In fact, FC component is send, coupled with the pump signal,
from input to output of the optical DS fibre and the HC component is send, coupled with the
pump signal, from output to input of the optical fibre; in this way two signals that run trough
in the optical fibre will see different parameter, thus two components uses the same optical
medium.
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Figure 39: Noise (on the left) and regenerated signal (on the right).

A thin-film filter has been used to select the right order of replica and to remove the other
unwanted signals. The first replica that we have selected, has the properties to obtain a noise
compression to the mark level. The system works with two regenerated signals at the same
time without interference; this is guaranteed by the orthogonal polarization state of the
signals. The system uses two amplifiers for each path and a chain of amplifiers for the pump
way to obtain the right pump power. To reach this result we have used a pump power value
around 10 dBm distributed for each path.

Figure 39 shows the signal before and after the regeneration operations. This refers to the first
components, but the result for the orthogonal signal is the same. Selecting the right working
point of the replica transfer function the system is able to compress the noise on the mark
level and give back a reshaped signal as shown in the figure.
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Figure 40: BER measurements.

BER measurements have been evaluated in back to back and propagation conditions. We have
used 100 km deployed DS optical cable placed between Rome and Pomezia. In both
conditions no error-floor has been observed. Figure 40 (a) and (b) show the BER
measurements for Channel 1 and Channel 2, respectively, either in the presence or absence of
the second path, in this case intended as the interfering signal. The difference between the
presence or absence of interfering signals is very small, the penalty is only 0.7 dB at 1.00 E-
10; in this way this system can manage more signals without interference. Propagation along
100 km of deployed cable is of course worse in terms of BER, with respect to the values of
the regenerated signals.

In WDM and DWDM scenario, a single channel system will be replaced from multi-channel
regeneration systems. In fact, our system is a first approach to the multichannel configuration
which becomes a fundamental step in the context of all optical regeneration. Instead of using
a 2R single channel regeneration system to each client in the WDM scenario, is it better, in
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terms of cost and power consumption, to use a multichannel system for all clients present in
the optical network.

A5.1.2.2  Four-channel extension to the Mamyshev regenerator

AS5.1.2.2.1  Experimental set-up

In this Section we demonstrate a four-channel extension to the Mamyshev regenerator [8] and
investigate its potential for the simultaneous processing of 4x10 Gb/s return-to-zero (RZ)
wavelength division multiplexed channels. As previously discussed, a direct extension of the
technique to the multi-channel regime is generally restricted by the presence of nonlinear
interactions of the various wavelength channels as they are transmitted simultaneously
through the same fibre, competing directly with SPM. These effects result in distortions of the
broadened spectra which manifest themselves as large bit-pattern-dependent signal power
fluctuations at the output of the system.

In order to reduce the detrimental effects of nonlinear crosstalk, it is required that the pulses
in the various channels exhibit an effectively large walk-off between them during their
propagation in the nonlinear fibre. To this end, we can directly observe that the largest walk-
off rate between any two signals is obtained when these propagate in opposite directions.
Then the regenerating system can be optimised separately for each direction. This approach
takes advantage of the rapid walk-off induced by both the large DGD of a specially developed
PM-HNLF and a bi-directional architecture. Numerical and experimental results demonstrate
the reduction of inter-channel cross-talk as well as the potential of the scheme for 2R
regeneration.

PM-HNLF Ch. 4

|=> Offset «
E Filter -/\

E§I ......... Polarization
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Channel 1 2 3 4
PRBS PRBS 2 PRBS 2 PRBS 1 PRBS 1
Input wavelength (nm) 1545.5 1549.9 1554.6 1561.8
Filter Offset (nm) -0.8 -0.8 -0.8 -0.6

Figure 41: Experimental set-up and corresponding channel properties.

By implementing this approach in a bi-directional architecture, as previously discussed,
simultaneous processing of four WDM channels is possible. The corresponding experimental
set-up is reported in Figure 41. Four 10 GHz pulsed data streams were generated by Gain
Switched (GS) laser diodes with pulse durations of 7-8 ps. All channels were individually
amplitude modulated with 231-1-10ng PRBS. The corresponding channel carrier frequency and
PRBS allocation are reported in Figure 41. Each channel was then individually amplified and
fed into the PM-HNLF via a polarization beam combiner (PBC). Two optical circulators
separated the transmitted and the reflected signals from the HNLF at both fiber ends. Finally,
a 0.53-nm bandwidth tunable optical filter at port 3 of the circulator acted as the reshaping
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and decision element (see Figure 41 for the corresponding relative offsets). The PM-HLNF
was 1-km long and has a chromatic dispersion value of -4.2 ps/nm/km at 1550 nm (slow axis)
for a nonlinear coefficient of ~20 W' km™. The birefringence value was as high as ~7x10™
corresponding to a DGD value of ~2.3 ps/m. The fiber has a loss of 4.2 dB/km and a nominal
polarization extinction ratio of -30 dB (over 100 m).

A slight difference in the spectral broadening was observed between the two axes of the fiber

under single channel operation which we attribute to the opto-geometrical/loss anisotropy

existing between the two polarization axes. This variation was compensated for by adjusting

the input power accordingly. Due to the lack of sufficient high power amplifiers in our

laboratory, we reduced the filter detuning for Channel 4 slightly and allowed a small power

penalty for Channel 2, thereby permitting use of lower power amplifiers within the system.
Input power (mW)
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Figure 42: Experimental TF obtained for the four channels in both the absence and presence of the interfering
channels. The arrows indicate the corresponding operating input powers. Inset graphs detail variations at low
input powers (logarithmic scale). Input powers measured at the fiber inputs.

A5.1.2.2.2 Results

First, we assessed the device characteristics in terms of the static power TFs for each channel
propagating in isolation. As reported in Figure 42, the four channels exhibit somewhat
different TFs, which originates predominantly from the noticeably different characteristics of
the input channel pulses (spectral bandwidth, presence of side-lobes and residual chirp, etc.)
and which translates into noticeably different SPM-broadened spectra (see Figure 43). We
then compared the TFs obtained in the presence of all interfering channels operating at the
nominal operational input power. Optical delay lines were adjusted to ensure maximum pulse
interaction between the co-propagating signals. This was achieved by maximizing the
generated Four-Wave Mixing components, observed when the launched signals were co-
polarised. As can be seen in Figure 42, the various TFs overlap well, illustrating the absence
of strong inter-channel cross-talk amongst the various channels. As already pointed out in the
previous sections, for low input powers, we clearly observe cross-talk that manifests itself as
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a constant power floor and which has a different value according to the particular channel
considered (see inset Figure 42). This is due to additional spectral components that fall within
the offset filter bandwidth. Depending on the considered channel, this power floor originates
either from the co-propagating signal, or from the backscattered contribution of the counter-
propagating signal. A more visual illustration can be found in Figure 43 where transmitted,
backscattered, and output pulse spectra are plotted. The presence of this additional collected
power results in a slight decrease in the extinction ratio of the various channels, which is
primarily due to the particular channel allocation chosen.
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Figure 43: Single- and multi-channel spectra obtained at fiber output ports X and Y, and output channels (all
channels operating at nominal input operating powers).

BER measurements were carried out for the four channels both under single- and multi-
channel operation (Figure 44). As compared to the back-to-back case, our experiments
confirmed that the system does not introduce any additional power penalty when operating in
a single channel configuration (except for Channel 2), and similar performance is obtained
when operating in the presence of the other channels. By selecting a sub-optimum bias
voltage setting for the modulator, we then artificially degraded Channel 3, which we believed
presented the worst cross-talk scenario. A power penalty improvement of up to ~1.8 dB (at
BER=10") can be obtained under both single and multi channel operation. The corresponding
eye-diagrams show both simultaneous amplitude equalization and noise rejection in the empty
slot.
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Figure 44 . BER measurements of the four channels in the absence and presence of interfering channels. The
additional BER curve for Channel 3 corresponds to the degraded signal case. Corresponding eye diagrams of
the input degraded and output regenerated data stream.

5.1.3 3R Regeneration OOK

A5.1.3.1

The growth of network data traffic, mainly driven by new services and applications, has been
a market driver in the TLC (Telecommunication) segment. High speed internet, email
services, 2G and 3G mobile phones, video-calling and conferences, symmetric peer to peer,
remote storage, e-services, avatars and community applications (facebook, linkedin) are only
a few examples of new available services and applications. All these entities involve an
intensive use of the network resources, thus a system able to support very high bit rates is
necessary [15]. Interruptions and congestions of the networks can provoke serious damages
for the users, especially at today’s data rate. Thus, the O/E/O conversion must be avoided, or
be extremely limited, and devices able to guarantee an efficient wavelength allocation
enhancing the QoS and at the same time reducing the network congestion, without domain
conversion, is the only way to create robust services [16, 17]. Using optical networks, the
rates can increase also with a WDM approach, which make several optical carriers available
thereby multiplying the overall capacity.

Different devices have been proposed to realize the 2R regeneration function, using
interferometric structures, saturable absorber, EA modulators, parametric amplification, non
linear fibers or semiconductor devices. In recent years, strong attention has been devoted to
WDM signal regeneration due to the development of WDM communication systems. WDM
regenerators based on nonlinear optical loop mirrors or on dispersion compensation maps
have been proposed [18, 19, 20 and 21].

Introduction
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3R, in particular, regeneration with wavelength conversion capabilities is considered a key-
function able to preserve data quality and allow for improved transmission distances, thus
enhancing transparency, scalability, and flexibility of optical networks. Several groups have
worked on the realization of 3R systems with and without wavelength conversion capabilities
and several products are now on the market. OKI, for example, developed an all-optical 3R-
Regenerator, which uses a specialized optical-repeater technology with functions for re-
amplification, re-shaping to remove optical signal wave distortion, and re-timing to avoid
timing jitter accumulation. The OKI 3R works at 160 Gbps on a single channel. KDDI
developed a 40 Gbps 3R regenerator based on EA modulator able to assess the WDM TLC
transmission needs. Our approach, in a single channel scenario, is mainly based of a
dispersion shifted fibre, as 2R core, and on a SOA based ring laser, as retiming core.

Regarding the Re-shaping and the Re-amplification unit (2RU), simulations and experimental
results, at 10 Gbit/s, are presented. Wavelength conversion and 2R regeneration through the
characteristic non-linearity of a particular dispersion shifted optical fiber has been studied and
achieved [22]. In that cases the envelope of the beating between a CW pump and a modulated
signal, near the zero dispersion area (around 1539 nm), determined a phase modulation of the
whole incoming optical field generating new frequencies spaced by the pump-to-signal
detuning range. The non-linearity at the base of the process is able to phase-modulate not only
the optical beating field that induce the non-linearity itself, but any kind of other optical
carrier propagating through the fiber. Subsequently, the optical spectrum of this new carrier
will present a series of components each one reproducing the high data rate amplitude
modulation of the original incoming signal enhancing, in this manner, the overall device
wavelength conversion range. Furthermore, because of the nature of the non-linear effect, the
in-out power-transfer characteristic of the n-th order replica is alike to the correspondent
order Bessel function and a reshaping function occurs.

Regarding the Clock Recovery unit (CRU), the attention has been focused on a circuit based
on a fiber ring laser, which contains a single semiconductor optical amplifier (SOA), as active
device, which provides both gain and modulation. The ring circuit was tested with both
pseudorandom data sequences and periodic data patterns up to 10 Gb/s generating clock pulse
trains across a 30 nm tuning range. The operation of the present clock recovery ring based
structure relies on the fast gain saturation of the SOA, induced by the incoming data stream,
that generates the modulation in the cavity and determines the injection locking of the fiber
laser. The standard mode-locking SOA ring based technique has been extended introducing a
Fabry-Perot cavity to select the right oscillating frequency [23]. Preliminary results, not
reported here, shown that this configuration is able to works at 40 Gbit/s too. Desirable
features of the CRU unit are the wide repetition frequency and wavelength locking ranges and
the broad wavelength tuning range of recovered signal that it may provide.

Regarding the Re-Sampling unit (RU), a configuration based on the classical FWM non linear
effect has been adopted. The incoming modulated signal, infact, is coupled with the
sinusoidal-like modulated optical clock signal, recovered by the second stage, and injected
into a 6 km long standard dispersion shifted fibre (DS). The net effect is a real re-sampling of
the signal visible on the optical generated replica. In order to improve the performances of the
non-linear effect we narrowed the optical spectrum of the clock through a cross-gain
modulation effect (XGM) obtained into a semiconductor optical amplifier (SOA).

A5.1.3.2  Experiments and Results

The experiments related to the reshaping section are carried out in a 10 km long DS fiber,
with loss ¢=0.2 dB/km, nonlinear coefficient y=2.2 [W*km]", chromatic dispersion D=0.19
ps/nmKm (at the pump wavelength 1542.14 nm), dispersion slope So=0.0634 ps/nm°km and
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differential group delay (PMD factor) DGD=0.13 ps. This particular fibre is obtained from a
single spinning fabrication process. This feature limits the fluctuation of the zero dispersion
wavelength (around 1539 nm) responsible for the reduction of parametric gain and gain
bandwidth and also for troubles in maintenance of a fixed phase relation between the
interacting waves [24]. Moreover working close to zero dispersion area is a way to achieve a
greater non-linear response using powers typical of available booster amplifiers.
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Figure 45: 2R unit set- up and optical spectrum at the DS output.

Two DFB (DFB Source and DFB pump) laser sources used to generate respectively a signal
(S), at A=1542.9 nm, and a cw pump (CWP1), at A=1542.1 nm, are mixed together, in order to
induce the requested non-linearity, as reported in Figure 45. In order to restrict the power
depletion, due to Brillouin scattering phenomena, signal and pump are directly phase
modulated. The signal, PRBS 10 Gbit/s NRZ, passes through a 10% coupler (A), preceded by
an attenuator (ATT), used to measure the real optical input at the entrance of wavelength
converter reshaper (WCR). After the 10% coupler there is a block made up of an EDFA
(OA1l) and a band pass filter (BF1) followed by an attenuator (ATT1) that allow us to set the
value of signal power for optimum reshaping function. Combination of signal and pump,
through 50% (B)coupler, is processed by a block made up of an erbium-doped power
amplifier (OA2) and a band pass filter (BF2). This block increases the power of the pump and
the signal up to the power needed in the non-linear processes.

Tx 10 Gb/s PRBS

1542.9 nm
C

Figure 46 : Clock Recovery Unit set-up.

A third DFB (DFB) laser source is used to inject, through a 30% coupler (C), the auxiliary
continous-wave optical carrier (CW2) that, modulated along the propagation by the non-
linearity, will present at the DS output a comb-like optical spectrum. The overall optical field
spectrum has been reported in Figure 45.

Figure 46 shows the experimental layout related to the Timing Extraction Stage. The test data
patterns were produced modulating a DFB laser source which operates at 1542.9 nm, with a
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lithium niobate external modulator driven by a 10 Gbit/s PRBS pattern generator. This
incoming non-return-to-zero (NRZ) data pattern, injected into the loop circuit with a 10%
optical fiber coupler (Cl), goes into an Alcatel M128 bulk model SOA1, with a 0.5 mm
cavity length, 20 dB gain for small signal and a 40 nm amplification bandwidth, and is
blocked by a first faraday isolator (ISO 1).

A second Faraday isolator (ISO2) was inserted into the ring to ensure unidirectional counter
clock-wise oscillation. Starting from the ISO2, the oscillation goes into a first stage, made by
a polarizer followed by a polarization controller, able to optimize the oscillating polarization
state for the SOA1. This stage is followed by ISO2 and by a second block made by a Fabry-
Perot cavity (FP), realised with two optical mirrors whose reflectivity is equal to 99%, and a
variable optical delay line (ODL1). A subsequent 1 nm optical tunable filter is used to select
the wavelength needed. The -30 dBm clock signal, extracted via a 10v, coupler (C2), goes into
an EDFA, a 1 nm bandwidth optical filter able to erase the ASE contribution and then is
subsequently processed by an external SOA (SOA2), an Opto-Speed 1550MRI/X model with
30 dB gain for small signal and 30 nm amplification bandwidth, to obtain amplification and to
simultaneously erase the amplitude noise. This particular configuration permit to obtain a
sensible enhancement of the pulses train extracted.

1544 nm FEEEA 30%

—A
1541 nm C1 S04 3
DFB _{:> @. e
50% EDF
BER |}— RX ois |
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Figure 47: Re-Timing Unit set-up.

Figure 47 shows the experimental layout related to the Re-Sampling Stage. After SOA2, the
recovered clock information at 1544 nm, is injected into a SOA (SOA3), an Alcatel M18 bulk
model, with a CW signal through a 30., coupler. The cross gain modulation inside the SOA3
modulates the CW pump with the same information carried by the signal coming from the
ring. In this manner we have a clock information with a narrower optical spectrum. At this
point this signal at 1541 nm is coupled with the original 10 Gbit/s NRZ PRBS signal at
1542.9 nm, through a 50, coupler, and amplified in order to perform the retiming process
inside a 6 km long DS fibre via a FWM process. An OPL2 is used to set the exact position of
the data pulses in order to match it with the ones coming from the clock.

The generation of a so high number of components, at the end of 2RU, can be explained by
the presence of the Kerr phase modulation process. The envelope of the beating between
pump and signal, near A (1539 nm in our case), determines a phase modulation of the whole
incoming field that generates new frequencies spaced by the pump-to-signal detuning range
(wp-ws) [25]. The transfer function of these channels shows a non-zero threshold and a spread
maximum that we can exploit for reshaper use. By adjusting the signal and pump power, at
the DS fibre input, it is possible to choose the better working point in order to reshape the
incoming corrupted signal, as reported in Figure 48.
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Figure 48: Comparison between experimental transfer function, dotted line, of Ch. 47 with simulation,
continuous-line. Noise compression in a Non-Return-to-Zero 10 Gbit/s coded signal

The behaviour of the converted signals depends both on the SNR, due to the different
generation efficiency, and to the chromatic dispersion regime seen by each channel along the
device. The non-linearity at the base of the process is able to phase-modulate not only the
optical beating field, that induce the non-linearity itself, but any kind of other optical carrier
propagating through the fiber 1535.8 nm in this case. Subsequently, the optical spectrum of
this new carrier will present a series of components each one reproducing the high data rate
amplitude modulation of the original incoming signal and each one with the same Bessel-like
transfer function.
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Figure 49: BTB and propagated BER measurements vs received power for ITU Ch 46 and 54.

In Figure 49 we report the BER results obtained at 10 Gbit/s, in the back to back
configuration and in propagation, for the ITU-GRID channels 54 (1534.2 nm) and 46 (1540.5
nm). The propagation was performed using a cable deployed between the cities of Rome and
Pomezia encompassing different kind of fibres, G.652, G.653 and G.655. The better
performance on the Ch.54 depends on the better signal to noise ratio respect to the Ch. 46.

In Figure 50(a) we report the clock information at the output of the SOA2 used to obtain
amplification and to simultaneously erase the amplitude noise from the ring.

Regarding the CRU unit and in the case of NRZ signals, the Fabry-Perot cavity plays a key
role since it simultaneously filters out a big amount of modes, that oscillate inside the cavity,
and, furthermore, by tuning the mirrors with a piezo-driver control, forces the cavity to
resonate at the repletion incoming data rate. Without such resonance the locking conditions,
in the case of NRZ signals, can be extremely difficult. The reasons of such behaviour stand on
the large frequency band of resonance of the ring. If the FP is instead introduced in the loop
and its band is tuned around the frequency of the data rate input, it will select the exact
oscillating frequency giving raise to a pulse trains. The cavity fundamental frequency was 7.5
MHz and the locking bandwidth of the ring has been measured and it is equal to about 5
MHz.
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Figure 50: a) Clock recovered at the output of SOA2. b) Retiming of the incoming signal.

In Figure 50(b) we report a preliminary result concerning the converted replica at 1544.7 nm
obtained at the end of the 6 km long DS fibre. The FWM is obtained by the beating of the
incoming signal at 1542.9 with the clock extracted at the output of the SOA2 at 1541 nm. It is
possible to see that the retiming process, due to width of the generated clock pulses,
determines a format translation from NRZ to RZ format.

5.2 SOA-based regeneration

As already discussed previously, a key attribute of the all-optical approach is that the signals
are not converted to electronics and remain in the optical domain: no broad-bandwidth
electronics are necessary and only simple DC powering of the devices is required. The high-
bandwidth of the all-optical technique also allows data rate independent operation, scaling
easily from 2.5Gb/s to >40Gb/s operation with the same device.

The basic technique of all-optical regeneration is to use nonlinear optical materials to allow
one light beam to affect another without using electronics [26]. Another very promising
technique that can be applied for high-speed data signals at 10, 40 Gb/s and beyond uses
nonlinear semiconductor optical amplifiers (SOAs) as the core of optical regeneration devices
based on interferometric optical switching gates [27]. SOAs based on indium phosphide (InP)
optoelectronic semiconductor materials [28] are practical devices because they provide
optical gain (unsaturated gain >30dB at 1550nm wavelength), are compact (<2mm size),
require very low optical switching energies (<1001fJ), are polarization insensitive (<0.5dB)
and can be incorporated in low-loss integrated optical structures [29].

5.2.1 SOA-based all-optical regeneration principle

The basic principle of how an SOA based all-optical regenerator operates is shown in Figure
51. This is shown for a Mach-Zehnder interferometer (MZI) structure that incorporates an
SOA in each arm of the MZI. The MZI has two inputs: the degraded data and a cw beam at a
different wavelength.

Inpm r mm

Output regenerated data

Input cw Ilght

Figure 51. Schematic diagram of the operation of a MZI-based 2R regenerator.
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Incoming optical data signals are configured to cause a gain reduction in one of the SOAs.
This gain reduction produces an accompanying refractive index change that results in a phase
change for the local cw light beam travelling through that SOA (the upper arm in Figure 51).
This light beam on the upper arm of the MZI then optically interferes with the non-phase-
shifted beam from the lower arm at the MZI output coupler. The induced phase difference
causes the output light to be redirected from one output port to the other. As shown in Figure
52, if the phase difference is pi radians, then all of the light appears out of the upper MZI
output and no light appears from the lower MZI output. Since the shape of the phase
dependent output (Figure 52) is nonlinear and has an S-shape, this effect reshapes the
distribution of any amplitude noise at the input of the regenerator. The regeneration occurs by
effectively ‘squeezing’ the noise so that the output optical signal to noise ratio (OSNR) can be
dramatically improved.
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Figure 52. Relative transmission of the MZI upper output port as a function of the induced phase shift in the
SOA (black line). The insets schematically show how input (I/P) amplitude noise is ‘squeezed’ on the MZI output
(O/P) port when the induced phase shift is close to pi radians.

The dynamics of this process are very important for high-speed operation and are greatly
affected by the type of SOA. In particular, the SOA has an optical gain recovery time that
determines how fast the incoming data signals can be and still achieve good regeneration.
Recent device improvements in SOA design for fast recovery times (typically 1/e ~16ps) [28]
and techniques such as ‘push-pull’ operation [30] allow the MZI type of all-optical
regenerator to be extremely effective for 40Gb/s data signals. Figure 53(a) shows a schematic
diagram of how this differential switching architecture operates. The input data is split and
injected into two inputs of the MZI. With correct relative time delay (At) and powers,
cancellation of the slow gain recovery component is possible, as shown in Figure 53(b).
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Figure 53. (a) Schematic diagram of ‘push-pull’ MZI operation. (b) The slow recovery of the ‘push’ phase is
cancelled by the ‘pull’ phase change, creating a high-bandwidth switching window.

5.2.2 Integrated SOA-MZIs 2R regenerators

The evolution from bulk-component SOA regenerators to complex integrated structures was
made possible by exploiting a unified integration platform based on hybrid technology [31].
This photonic integration platform is a pragmatic combination of the best available optical
technologies for active and passive optical devices. The platform is uniquely designed for
passive assembly of the different components in order to maintain high optical performance
and low insertion losses, but at much lower cost. In a similar method to the electronic printed
circuit board used in electronics, a planar silica on silicon waveguide acts as a motherboard to
host both active and passive devices. Integration is achieved by plugging precision-machined
silicon submounts or “daughterboards” carrying individual optical components into the
motherboard. The individual components have precision cleaved features for accurate
mechanical positioning on the daughterboard. In the case of the development of single-
element SOA-MZI optical gates, the daughterboards are designed to host monolithic twin
SOA chips and provide all suitable alignment stops. These SOAs are specially designed to
have high gain and maximized nonlinearity by incorporating optical mode expanders. Figure
54 shows photographs of photonic integrated prototype devices along with the corresponding
motherboard schematic designs. The fully packaged and pigtailed SOA-MZI optical gate is
shown in Figure 54(a), along with the motherboard design, as shown in Figure 54(b). The
fibre pigtailing is also achieved with a passive assembly approach using arrays of optical
fibres in precision V-grooves on a silicon carrier. The daughterboard depicted in Figure 54(c)
consists of a twin SOA array and is flip-chipped onto the motherboard [32].

As device cost is predominantly defined by packaging and pig-tailing, the easiest way to
reduce it is by the integration of multi-element arrays of devices on a single chip and package.
Multi-element switch arrays will also help to reduce the footprint of active elements in an all-
optical processing card so that cost reduction, device availability and ease of use are likely to
make switch arrays an enabler of all-optical techniques. Figure 54(d) shows the photograph of
a quadruple array of optical gates integrated using hybrid integration technology. The
corresponding motherboard design is shown in Figure 54(e) with two daughterboards clearly
marked. In this case, each daughterboard hosts a quad array of SOAs (Figure 54(f)), forming
two SOA-MZI optical gates.
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Figure 54: (a) Packaged and pigtailed SOA-MZI optical gate, (b) corresponding motherboard design and (c)
twin SOA silicon submounts, (d) packaged and pigtailed prototype device containing four SOA-MZI optical
gates on a single photonic chip, (e) corresponding motherboard design and (f) quad array of SOAs used for

constructing each double SOA-MZI gate within the chip.

A5.2.2.1  Mobility action on detailed investigation of the regenerative properties of 2R
SOA-MZI all-optical regenerators

The in-depth investigation of the variants of SOA-MZI based 2R regenerators will be carried
out by NTUA in collaboration with UoA in regards of their regenerative properties, namely
the BER performance, the sensitivity in timing jitter, the cascadability performance etc. The
joint activity has already started aiming at a complete theoretical, numerical and experimental
evaluation of the devices. The theoretical analysis aims at BER estimation utilizing power
transfer and jitter characteristics of the specific 2R regenerators. The memory effect in
combination with the degree of the transfer characteristics nonlinearity effect on the jitter
accumulation will be explicitly studied. Filter effects are also an important issue for detailed
investigation.

The numerical analysis includes full NLSE simulation for the transmission of the high bitrate
signal and full numerical simulation of the SOA-MZI regenerators. The cascadability
performance of the different variants of the 2R regenerator will be investigated in terms of the
bit-rate, power of the transmitted signal, transfer function of the regenerator, jitter effects and
dispersion management maps.

The aforementioned analysis will be supported by experimental measurements.

A5.2.2.2  Current Status of the joint action — Timeplan — Expected outcome

The mobility action is currently running and will be completed before 31% of December.
Currently the different variants of the 2R regenerators based on SOA-MZI modules are
theoretically investigated working on the development of a full model taking into account the
basic phenomena taking place inside semiconductor optical amplifiers. Moreover, a
theoretical model for the estimation of the BER based on the power transfer characteristics of
the regenerator is in preparation. For the next period, and after the models’ optimization,
theoretical and numerical analysis will be carried out in order to decide on the proper
operating regimes for the uppermost performance of the specific devices serving as in line
regenerators in a transmission system. The next step is to carry out experiments in order to
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verify the analytically and numerically derived results. The expected outcome of this activity
is the preparation of at least one long paper including the results of the activity.

5.2.3 GC-SOA format converter regenerator

In a gain clamped SOA (GC-SOA), constant optical gain is obtained over a broad input power
range by means of an internal laser. GC-SOA are attractive devices for all-optical signal
processing due to several characteristics. Due to the presence of an internal laser, faster
response is expected [33]; the non-linear interactions occurring between the input signal, the
free carriers and the internal laser have been exploited for wavelength conversion, reshaping
and format conversion [34,35]; the gain independence on the injection current is explored to
obtain a regenerator with a true regeneration characteristic [36]. The linear gain curve has
been exploited for all-optical WDM switching. In this work we present a review of our work
regarding non-linear applications of GC-SOA for all-optical signal processing; these include
format and wavelength conversion, regeneration, and signal reshaping.
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Figure 55: 2R regeneration with GC-SOA.

The GC-SOA internal laser power varies inversely to the input signal power, maintaining
constant optical gain. In Figure 55(a) and Figure 55(b) the GC-SOA output optical spectrum
and output power are depicted as a function of the input power. When the input signal power
is in the low level, small variations are observed in the generated laser power; around the
threshold power (about -2.5 dBm, for a current of 200 mA) the power of the laser drops
considerably (for a variation of 2 dB in the input, the output power decreases 12 dB). For high
powers of the input signal a laser power variation is verified (of about 0.6 dB per dB in the
input); however, most of this power is amplified spontaneous emission (ASE) noise, since a
very broadband filter was utilized. This regenerator experimental setup at 2.5 Gb/s is very
simple and compact. The distorted input signal is completely regenerated and the output
extinction ratio (ER) is also enhanced (11 dB, for input ER of 7.5 dB). The laser relaxation
oscillations are not visible in Figure 55(e), since a photodiode with 4 GHz of bandwidth was
utilized (the oscillations are around 10 GHz).
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In [34] we have proposed a simple, non-inverting format converter from RZ to Non-RZ
(NRZ) with eventual wavelength conversion capabilities. The operation principle is illustrated
in Figure 56(a) [35], where the temporal evolutions of the GC-SOA carrier density and
internal laser power are represented when two consecutive optical pulses are injected,
considering a pulse spacing (TP) close to the maximum modulation rate of the GC-SOA
internal laser. In the “high power” mode the internal laser is NRZ modulated with the inverted
equivalent of the input logical information. This laser is generated inside the GC-SOA but is
available at its output, due to the limited reflectivity of the GC-SOA facets and gratings;
therefore RZ to NRZ format conversion is obtained at the GC-SOA output at the internal laser
wavelength. To improve the output NRZ signal characteristics and allow eventual tunable
wavelength conversion, a XGM stage in a common SOA is cascaded. Pulse width
independent operation was experimentally reported at 10 Gb/s, with undistorted output signal.
Conversion at higher bit rates is expected if a GC-SOA with a DBR laser with higher
modulation speed is designed [36].
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Figure 56: RZ to NRZ format conversion.

As a conclusion, Gain clamping can be used to achieve several sets of functionalities
expanding the possibilities of SOA operation window. Regeneration, wavelength conversion
without recurring to external lasing and format conversion are only some of the prominent
possibilities of these devices.

5.3 Analysis of Long-haul Transmission System with Phase-Sensitive
Amplifiers: BER performance estimation

The impact of phase-sensitive amplification on the BER performance of a phase-modulated
link is semi-analytically estimated revealing its effectiveness in handling nonlinear phase
noise.

5.3.1 Introduction

In contemporary optical communications research, Phase-Shift Keying (PSK) modulation
formats have emerged as one of the most prevalent solution for future long-haul optical
transmission systems. The accumulation of linear and nonlinear phase noise through
consecutive fiber spans, degrades the Bit Error Rate (BER) of this type of modulation formats
and therefore limits the maximum transmission distance [37]. Phase-Sensitive Amplifiers
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(PSAs), based on either interferometric or non-interferometric schemes [38,39] seem the most
appropriate means for simultaneous amplitude and phase noise mitigation.

To evaluate the performance of a phase modulated link using a PSA, one must accurately
evaluate the statistical properties of the residual phase and amplitude noise at the output of the
PSA. The performance of interferometric PSAs and phase noise averaging regenerators was
recently presented by Wei et. al. [40], considering however a Gaussian noise source
disturbing the signal. In our work, a more detailed analysis is carried out based on the phase
and amplitude input-output characteristics of a PSA based on Four Wave Mixing (FWM).

5.3.2 Theory

The PSA considered in this work is based on degenerate four-wave mixing in fibers. The
phase-sensitivity is achieved by placing the pumps at frequencies that provide a non-
frequency shifted image of the signal. The frequency condition for phase-sensitive interaction
1S wptwpy=2ws. The accurate expressions giving the dependence of the output on input
signal can be found in [39]. In Figure 57 a transmission system utilizing one such PSA is
depicted.
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Figure 57: A transmission system with two fiber segments and a PSA placed between these two
segments

Our aim is to calculate the BER at the receiver side and identify the impact of PSA on the
overall BER performance.

The noise statistics along the first segment (Figure 57) are described by the joint probability
density function (PDF)of phase ¢ and normalized amplitude a in an optical communication
system [41].

w 2
P(a,,¢,) = zalcexp( HLL ]xln[P 2;1 JxeXP{—in[%+¢NL,1(1—Tn,1)]}
1~n,1

iP5, T, P T..C,\ st L1 Co
(6)

ASE, 1" n,1~n,1

where Psg 1s the inverse of the optical signal-to-noise ratio, ¢y is the nonlinear phase
shift, 7, is the n™ order of the Bessel function, and C, 1, T, functions of n, P4sg1, on1 [41].
Assuming that the PSA is working in the linear regime, the new joint PDF Ppgy(41, y1) (41,
w the normalized amplitude and the phase at the output of the amplifier respectively) that
corresponds to the statistics of a signal at the output of the amplifier can be straightforwardly
calculated [42] applying the theorem of transformation of random variables:
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As the signal propagates inside the second span, it acquires an additional amplitude and phase
noise a, and ¢, respectively. The total amplitude and phase noises are therefore A=a»A4; and
@=w1+oNL2Hp2 where phase ¢y > is the nonlinear shift induced by the input amplitude at the
second span. To calculate the joint PDF P,,(A4,p) of A and ¢, one starts from the joint
conditional PDF Py(az,p2|A1,w1) of a; and ¢, given the values of 4, and y,. This PDF is quite
similar to equation (6), the only difference being that the incident amplitude is now A;|u|
instead of |uo| and that the parameters of the second span must be used:

© a Cla,’+1 20
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(8)

ASE2" n2>'n2

In (8) PASE;:Nznsphf(G—1)B/|A1uo|2 and the terms, 7,5, C,» are calculated according to the
expressions given previously using P4sg,» and @nz 2 instead of Pysg1 and @nz 1. Given the fact
that a,=A4/A4; and p,=-y1-@n.2, the unconditional joint PDF of 4 and ¢ at the output of the
second transmission link can be as below:

A, ]PPSA(AP ‘//1) (9)

A
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Once P,.(A4,p) is evaluated, one may estimate the PDF P,,(¢) using numerical integration
and the BER can be calculated by numerically integrating P, () in the interval
[<p>+n/2,<¢p>+37/2] for the case of a PSK system where <¢> is the average value of ¢.

5.3.3 Semi-analytical results

Utilizing the above analysis, the performance for a typical PSK system is studied with and
without the inclusion of a PSA regenerative module. For our numerical simulations we have
considered the fiber parameters of [39] and [42]. In the calculations that follow, the
transmission span consists of 5000km of single-mode fiber with attenuation coefficient
a1=0.2dB/km. Dispersion effects are neglected. Optical amplifiers are placed every 50km
having ng,=1.5, each coupled to an ideal optical bandpass filter with bandwidth equal to
200GHz, which is broad enough to accommodate 40Gb/s phase modulated signals. Our
calculations reveal that a small BER improvement is observed at the PSA output, a behavior
already noticed in [42]. However, the question is if the PSA is capable to prevent phase noise
accumulation along the second segment. The actual position of the PSA may greatly influence
the BER performance at the receiver, depending on the transmitted signal’s power. One
should avoid positioning PSA right before the receiver, since the BER is only marginally
improved in this case. One should also exclude positions at lengths shorter than the mid point
of the link, as the PSA would not restrain the amplitude noise of the input signal since it
operates in the linear regime. It would therefore seem that the PSA should be placed closer to
the receiver but not on the receiver itself.

These intuitive assumptions are verified by calculations presented in Figure 58(a). The two
horizontal black lines correspond to the BER performance of the conventional link (no PSA
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involved) for transmitted signal power equal to ImW and 0.5mW respectively and are
included in the figure as performance reference. The solid line with dots (triangles) shows the
BER at 5000km for 0.5mW (1mW). The pump power of PSA is 0.3W. It is observed that the
BER performance at the receiver depends on the PSA position for the ImW signal. The lower
BER value is obtained for a PSA located 3400km away from the transmitter. For 0.5mW, the
exact position of PSA is not that critical, as the effect of nonlinear phase noise is less
catastrophic in this case. The regenerative properties of the PSA are also investigated in terms
of the signal transmitted power in Figure 58(b). The PSA is placed at 3500km. The BER
performance before and after the PSA is not substantially different; at the receiver side
however, the BER is much lower when a PSA is used achieving almost a five orders of
magnitude improvement for ImW (red line with dots) compared to the uncompensated link
(blue line with white triangles). This is another indication of the significant suppression of the
nonlinear phase noise component inside the PSA.
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Figure 58. (a) BER at the receiver as a function of the PSA position. (b) BER as a function of signal power.
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Figure 59. PDF of phase noise at different link locations: before PSA at 3500km (BPSA), right after PSA
(APSA), and at the receiver (PSA_R). The phase PDF for the uncompensated link at the receiver (UL _R) is
also plotted.

The regenerative properties of the PSA are better illustrated in Figure 59, where the phase
noise PDF of the phase noise for a ImW transmitted PSK signal is depicted in different
locations, namely before the PSA (BPSA), after the PSA (APSA), and at the receiver side
(PSA_R). The PDF of for the uncompensated link (UL _R) is also included for comparison.
The PDFs are related to the BER performance depicted in Figure 58 for signal power equal to
ImW. The PDF of the phase noise at the receiver is significantly affected by the PSA
presence in the link. It is evident that phase occurrence in [-n,-m/2] and [n/2,x] is less frequent
when a PSA is incorporated compared to the uncompensated link. This implies that the
transformation of the phase statistics prevents the rapid phase noise build-up taking place
across the later stages of the long-haul transmission.

Page 60 of 111



FP7-ICT-216863/ORC/R/PU/D15.1

5.3.4 Conclusions

In summary, the statistics of phase noise along a long-haul transmission link utilizing phase-
sensitive amplification were semi-analytically calculated. The PSA can provide significant
BER improvement as long as nonlinear phase noise is the dominant noise source provided
that it is placed closer to the receiver. Through WP-15 it is expected to develop further this
activity carrying out comparative studies between phase-sensitive schemes and phase-
preserving schemes that restrain the amplitude noise of phase-modulated systems. Moreover,
a more detailed study taking into account PSA detrimental effects such as pump noise and
Raman effect will be the subject of a future activity.
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6. Amplification in Transmission (IT, ISCOM, UPC)

6.1 Extension of Black Box Model of EDFAs to include variation of the
EDF's Length

6.1.1 Introduction

Fiber optical Amplifiers (EDFAs) were key technology for the 4th generation of Optical
Communication Systems [1]. Recently, also Passive Optical access Networks (PON) are
introducing EDFAs and remotely pumped EDFs for: enhancing the maximum number of
users and distances [2] and providing resilience, high capacity and scalability in fully passive
optical networks [3].

The gain and noise figure of the EDFAs can be described by a set of propagation and rate
equations [4]. Nevertheless, the main drawbacks of this method are: a) the difficulty to obtain
certain fiber parameters, such as the erbium concentration and distribution in the fiber, cross
sections, etc; b) the high time consumption to numerically solve each specific case of the
pump power and signal inputs, even after considerable computation time reduction using
approximate solutions based on overlapping factors [5].

Alternatively, black box models (BBM) have been proposed as a simplified model, based on
experimental data obtained by simple test measurements, without knowing internal details of
the amplifier [6, 7, 8]. In this section, we present an explicit extended BBM, including EDF
length variations, as a powerful tool for EDFA’s design and remote EDF amplification in the
next generation networks [2, 3].

6.1.2 Theoretical Modelling

The black-box models of EDFA presented in the literature [6, 7, 8] apply to optical amplifiers
which can be modelled as a quasi-two level system with single photon transitions. They are
based on the assumption of homogeneous saturation of the amplifier which means that the
spectral gain is entirely determined by the average distribution of the population inversion [8].
This means that the same saturation condition and same spectral gain can be achieved with
many different combinations of pump power and signal power.

Following the BBM proposed in [7], the gain characteristic GdB(X) of the amplifier, expressed
in dBs, can be described as:

G (A)=T(44,)-| G”(4,) -Gl (4

ref

)]+Gi () (1)

where A.r is a reference wavelength and, GdBref()\qef) and GdBref(?») are, respectively, a reference
signal gain at A.r and a signal gain spectrum, at reference signal and pump input powers.
Finally, T(A, Awf) is the named Tilt function that can be experimentally measured from two
gain spectrums measured at different saturation conditions, GdBl(X) and Gde(k), without any
knowledge about internal detail of the amplifier [7]:
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G"AM)-G"(A) _ ad)+r(d)
GldB(/lref) - GdB(ﬂ f) a(4, f) +7( ref)

T(2s ) =
)

where a()) and y(A) are, correspondingly, the absorption and emission coefficients. They are
related to the corresponding cross sections G,(A) and c.(A) by the expressions: o(A) =
Ga(MNg: and y(A) = Ge(A)Ng;, [9] where Ng, = [drag(ry) [P (r)|? represents the effective
erbium concentration over the cross section of the fiber (r;) overlapping with the signal
propagation mode ‘W(I+).

Equation (2) can be demonstrated knowing that the optical gain along the erbium doped fibers
can be described by [7]:

GdB ZL [0{ )]]]\Yz -L—a(ﬂ,)-L 3)

Er

where N,/Ng; is the mean inversion and L is the EDF length.

On one hand, the tilt function T(A, A.f), as shown in (2), should be independent of the length
of the EDF. This is experimentally verified and shown in Figure 60. It can be seen that the
differences between the two tilt functions corresponding to 10 m and 15 m EDF are less than
0.05 dB. Nevertheless, the 5 m EDF shows higher deviations (max 0.15 dB) at long
wavelengths due to the experimental error in T(A, Awf) calculation, since the gain under two
different saturation levels vary less at longer wavelengths.

1.8
1.6 -
1.4 4

T(A,Aref)

04 —— T(A\Aref) per EDF 15m
—=— T(A\Aref) per EDF 10m
0.2 1 —a— T(A\Aref) per EDF 5m

0 T T T T
1520 1530 1540 1550 1560 1570

wavelength [nm]

Figure 60: Values of the tilt curve T(J, A, for different lengths of the EDF HE980 for a pumping wavelength of
1480nm. The reference wavelength is A= 1543.73nm, Pp=12 dBm and Pin=0 and -10 dBm for each EDF
length

Alternatively to (2), it can be shown, using (3) that:

G®(A,L)-L,—G"(A,L)-L,
G"(A,,L) L, -G(,,L) L

ref *

T(A,Ay)= 4)

ref 2
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by considering two gain spectrums GdBl(X, L;) and Gde(X, L,) measured at different
saturation conditions (P 1, Pp1), (Pin2, Pp2) and different EDF lengths L; and Lo.

The BBM (1) can be extended to predict the signal gain, G**(A, Py, P,, L), at any wavelength
(A), input 51gnal power (Pj,), input pump power (Pp), and EDF length (L), by using (4).
Identlfymg G® (1, L1) as the signal gain spectrum at the target parameters (Pm, P,, L);
2(X Lz) as the gain spectrum at a reference configuration (Pinref, Ppref, Lrer); G4 I(Xref, L))
and G",(Awt, Ly) as signal gain values at Aef, at the target and reference configurations
respectively, in that case, the signal gain G B\, Pin, P,, L) can be obtained from (4) as:

G"B(/’t P.P.L)=T(44,)[G"(%,.B,.P,.L)
L. GdB (ﬂ’ef "B”M"%’fd’Lfd)]Jr_GdB (’1 By >B:,ref'>Lr4) ®
Ly L,

In comparison with previous BBM, an extra term, proportional to the difference between
reference and target EDF lengths, is formally added to earlier expression (1).

G”(A.B,.P,,L)=Eq(l)+

©6)
+( ik Lz (Me’)[ “( P,.L,)~G*(AB, . .P, .L,)]

ref 2" in,ref >~ pref > ref in,ref > p,ref > ref
ref

where (6) is an expression equivalent to (5).

The characterization of the gain G*®(Aref, Pin, P,, L) at the reference wavelength (A.r) can be
done using the well known empirical expression[10, 11]:

GO(f)psL)

a(P,, ,L) 7
P (7
+ I

Sat( )

where Gy (small signal gain), Py (saturation power) and o are usually treated as fitting
parameters. The values of Gy, Ps and a depend on the input pump power and EDF fiber
length (Pp, L). Once a set of representative experimental values are obtained, the value of
G®B (s, Pin, P,, L) at any arbitrary conditions can be obtained by interpolating Go(Pp, L),

Ps.(Pp, L) and a(Pp, L) and using (7). This is a similar procedure as the one proposed in [12]
to include pump power dependency. While 1D interpolation is applied in [12], 2D
interpolation is used to include EDF lengths dependencies.

G(F,.FP,,L)=

in?

6.1.3 Experimental Measurements and Theoretical Expression Verification

For experimentally checking the accuracy of the proposed extended BBM, two gain curves at
different saturation levels are measured for a EDF L= 10 m, and the tilt function T(A, Af) 1S
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calculated using (2). Also one of the two gain spectra is used as reference gain curve G(A,
Pin,ref, Pp,ref, Lref) Of the eXtended BBM (5) and (6).

20

15 A

10

Gain [dB]

5 4 - G1

-10

1520 1530 1540 1550 1560 1570
wavelength [nm]

Figure 61: Gain curves at different saturation levels GdBI(/l) and Gng(/l). Arer = 1543.73 nm, P,= 12 dBm, P;, =
0 dBm for G*®,(3) and -10 dBm for G*,(3).

Secondly, a set of signal gain curves versus input signal power are measured, at reference
wavelength Ay, for a set of EDF lengths and pump powers. For this study: L =2 m, 10 m, 20
m; and P, = 6 dBm, 12 dBm, 20 dBm; were chosen. Figure 62 shows the values of Gy(P, L),
Psa(Pp, L) and a(P,, L) obtained from fitting the experimental measurements with (7).

Once all the experimental data is obtained, without knowing any detail of the amplifier
characteristics or internal elements generating extra losses, the gain at reference wavelength
G*®(heet, Pin, P,, L) is obtained by interpolation of the experimental data shown in Figure 62
and using (7). Finally, using (5) or (6), previous T(A, Aes) and GB(A, Pinret, Pprer, Lrer), the
gain for any desired signal wavelength, signal power, pump power and EDF length, GdB(k,
Pin, Pp, L), can be obtained.
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Figure 62: a) Gy(Pp, L) and P, (Pp, L) and b) o(Pp, L) from the experimental measurements for 2, 10 and 20 m
of EDF at Pp = 6, 12, 20 dBm and reference wavelength /., = 1543.73 nm.

An extra set of gain spectra have been measured for checking the accuracy of the proposed
BBM. While the reference wavelength, EDF length and pump power are: Aer = 1543.73 nm,
Lier=10 m, P, f = 12 dBm; the measured and calculated gain spectra are compared at longer
EDF lengths (15 m) and different signal wavelengths, signal power and pump powers in
Figure 63a); and at shorter EDF lengths (2 m) in Figure 63b).
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Figure 63: Comparison of experimental gain measurements, using (1) and Extended BBM (6) for 15 m EDF a)
and 2 m EDF b) at different pump power and input signals.

As it can be seen in Figure 63a, the calculated gain with the extended BBM, (6), fits very well
with the experimental measurements for 15 m of EDF, with differences under 0.5 dB at the
1535 - 1565 nm band; differences increase to 1.5 dB maximum at 1530 nm, the most critical
and less used wavelength in system applications. The results obtained using (1) are also
shown in Figure 63 for evaluating the relevance of the additional length dependent term, main
difference between (1) and (6). For longer EDF lengths, Figure 63a, differences up to 5 dB
can be found when neglecting the length dependent term.

Regarding the comparison at shorter EDF lengths, Figure 63b, the new BBM expression, (6),
achieves significantly better results: differences under 0.8 dB in the whole spectrum (even
under 0.3 dB between 1535 nm and 1560 nm). Also significant differences up to 4.8 dB in the
1530 - 1560 nm regions are found when the length dependent term is not considered (1).
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6.2 State of the art on bursty amplified systems

Optical Burst Switching (OBS) has been proposed as a technique to overcome issues related
to WDM deployment (lack of fine granularity in wavelength routing and electronic speed
bottleneck in SONET/SDH [1, 2]. In such networks, the data packets are assembled into
bursts on the WDM channel and transported across the optical core to the destination. An
inherent aspect of this methodology is the existence of long interburst idle intervals (from
nanoseconds to seconds). However, this technology is in its early stages and several problems
have to be surpassed, namely the amplifier transients. EDFA time response depends on both
pump and signal powers. In next generation network, it is also possible to have continuous
power variation due to add and drop function of different channels in WDM systems or in
bursty systems. Trend of the new optical access networks seems to be that one to realize
WDM and bursty network in down and up direction respectively. Here our attention will be
concerted on burst mode transmission in amplified system; some example of solution to this
problem will be presented and some test, produced in ISCOM, will be reported of EDFA
transient effects on burst transmission.

To solve this problem, proposed solutions are:
e Automatic Gain Controlled [3];

e Optical Feedback Loop [4];
e Larger effective area of erbium doped fiber [5].

Nakaji at all [3] studied gain dynamic at different pump wavelengths (980nm and 1480nm) to
understand response speed necessary for pump power control. Due to the difference of gain
dynamics for the two pumps, they targeted two different implementations of gain control
circuit. Gain fluctuations in EDFA 1480nm pumped are suppressed through an high-speed
ACG circuit based on a gain detector. Input and output signal are monitored for this aim
(Figure 64, left). When EDFA gain changes ACG circuit imposes to 1480nm laser to change
output power. In EDFA 980nm pumped, the high-speed ACG circuit is based on an optical
delay time. In this case it is necessary monitoring input power to have the possibility to
change pump power before that the input change in EDFA. That is obtained by inserting an
optical delay
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Figure 64: (H. Nakaji et al. / Optical Fiber Technology 9 (2003) 25-35) High speed ACG controller in EDFA
1480nm pumped (left) and 980nm pumped (right).

line (SMF in Figure 64, right) between power monitor and power input in EDF. When EDFA
gain change ACG circuit change pump power too; this appears during the signal travelling in
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SMF before EDF. So when signal arrives in EDF, 980nm has already changes its power and a
correct gain is experienced.

Zhao at all [4] performed experiments on a gain control implementing a feedback loop.
Important elements of this loop are a Fabry-Perot filter and two long period gratings (Figure
65); their resonance wavelengths are tuned bending the fiber section containing the grating.
Grating losses change with resonance. Filter band has to stay in gain window of the EDFA
and in attenuation window of the gratings. For different roundtrip loss of each wavelength it
is possible to realize single or dual lasing operation and so a single or dual control laser. This
structure reduces gain fluctuations thanks to a clamped gain.
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Figure 65: (C.-L. Zhao et al. / Optics Communications 225 (2003) 157—-162)

Awaji at all [5] proposed to use an erbium doped fiber with larger effective area obtaining a
reduce transient on for optical packet of 400ns at single wavelength or WDM signal.
Advantage of this technique is the not necessity to use other component to monitoring power
or to realize feedback loop. This solution is improved introducing a gain flattening filter
(GFF) to flatten the gain for WDM signal (Figure 66). In their scheme the GFF is a mid-GFF
with an over pumping scheme. Over pumping produced a saturated gain to reduce transient
effects due to power changing. To reduce transient effects induced by wavelength change is
necessary use the GFF too.

pre-EDF post-EDF
Mid-GFF

High power pump LD

Figure 66.: (Awaji, Furukawa, Wada, Kong, Chan, Man, ONDMZ2007 Proc)
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6.3 Amplification in different kinds of amplification systems

Laser signal at 1555nm is amplitude modulated by electroabsorption modulator controlled by
a Pulse Pattern Generator Anritsu MP1763B, as reported in Figure 67. Pulse Generator allows
to create PRBS sequence spacing with zero sequence to obtain burst generation. In this
configuration, we analyzed the burst signal travelling in EDFA versus optical input power in
amplifier and versus optical pumping of doped fiber.
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Figure 67: Test-bed set up
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Figure 68: Transient effects vs. pump power.

Experimental results show that pump power increase generate a growth of packet distortion
due to a stronger transient effect. In Figure 68 are pictured the effets due to a pump signal of
1100mA and 1600mW.

This configuration has been used to evaluate the behavior of two burst that run trough a GC
SOA. A signal produced by a DFB laser placed at 1500 nm, has been amplified by an EDFA
and modulated by an electro-absorption modulator (EAM). At this point, with an 50% coupler
two path with different delays was introduced to guarantee two bursty signal with different
characteristics. GC SOA was diver with current up to 200 mA and a temperature fixed to
25°C. The output was filtered and sent to the oscilloscope to evaluate the GC SOA behavior.
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Figure 69: Experiment Set-Up.

A total burst composed by a first burst and a second burst take after the optical fibre, has been
sent in input to a GC SOA; the input signal is shown in the following picture:

Varying the current that driver the SOA amplifier we have obtained different amplifier levels.
The current was varied between 100 mA up to 200 mA. We show the output in the next
figure:
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Figure 70: GC Output with different values of driver current.

These are the output signals after the filter and the attenuator using three different values of
SOA driver current: 100 mA; 150 mA and 200 mA respectively.

Considering that the modern telecommunications adopt also Raman amplification as
distributed technique, a comparison between RAMAN and EDFA amplification for packet
based optical system at 10 Gb/s must be considered. The packets used are obtained by
intercalating PRBS bits with zero bits with packet sizes equal to: 5000 bits, 10000 bits, 15000
bits and 20000 bits, having in all off time and equivalent to the previous burst size.

The implemented experimental setup consists of an external cavity laser peaking at 1550 nm,
followed by a polarization controller and a Mach-Zehnder external modulator driven at 10
Gbit/s. After passing by an optical isolator the optical signal is injected into 45 km of standard
single mode fiber (SSMF). As a receiver, a NEL photonic packet receiver an Agilent digital
oscilloscope and an Anritsu BER tester were used. To achieve backward Raman amplification
we use a Fitel HPU-CLI2W pump set , containing 14 pump lasers, at the following
wavelengths: 1410.0; 1410.2; 1416.9; 1417.3; 1424.2; 1429.8; 1437.9; 1444.3; 1452.1;
1458.1; 1465.5; 1472.6; 1494.8 and 1502.4 nm. The aggregate optical power is equal to 1029
mW. To achieve EDFA amplification, an identical scheme was implemented taking into
account that the output power in both cases was equal to 0 dBm.

The obtained results are plotted in Figure 71 and Figure 72. Figure 71 depicts the results for
the system BER with the two amplification schemes; Raman and EDFAs. The difference
between the two configurations power penalties is 1.1 dB (at 10™'"), being more penalizing for
the EDFAs amplification scheme. This could be mainly due to the ASE noise and to transient
effect associated with the EDFAs.
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Figure 71: Experimental BER for the Raman and EDFA amplification, the back to back situation is also
displayed. The lines are visual guides.

Figure 72 depicts the transient effects in the time domain by observing the bit sequence on the
oscilloscope, for each amplification scheme.
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Figure 72: Bit sequence at the receiver: Left — Raman amplification, right— EDFA amplification. The vertical
scale is arbitrary and the horizontal scale is 500 ns /div.
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7. Monitoring (GET, Huawei)

7.1 Chromatic-Dispersion Monitoring based on PM-AM Conversion

A scheme for chromatic dispersion monitoring based on phase modulation-amplitude
modulation (PM-AM) conversion is proposed. A nonlinear element (NLE) used as a phase
modulator is introduced to improve the performance of the chromatic dispersion monitoring.
The scheme is investigated numerically for 40-Gb/s data of NRZ, RZ and CSRZ. The
monitoring range can be 1670-ps/nm and the sensitivity can be as high as 0.012-dB/(ps/nm)
for NRZ data. The corresponding values for RZ50 and CSRZ are 680-ps/nm and 0.0046-
dB/(ps/nm), 620-ps/nm and 0.0092-dB/(ps/nm), respectively.

7.1.1 Introduction

In the high speed optical transmission system, optical impairments that signal suffered, such
as ASE noise, chromatic dispersion (CD), self-phase modulation (SPM), polarization mode
dispersion (PMD), cross talk, filtering effects, cross phase modulation (XPM) and four-wave
mixing (FWM), etc., are increasing. It is becoming necessary to monitor and mitigate or
eliminate them in order to maintain the optical signal quality acceptable. For CD monitoring
(CDM), depending on the object detected the methods can be classified into two categories.
One is the transmission media oriented no matter with or without the participation of optical
signal itself and spectrum domain is concentrated. The other one is the optical signal itself
oriented and temporal domain is concentrated. The former comprises the power or phase
detection based on side band [3, 5, 9, 10], clock component detection [2, 4, 6, 11] or pilot tone
[7, 8, 12, 13]. The operation time scale of micro-second is the prominent strongpoint of the
medium oriented CDM. However, the applied scope of medium oriented CDM is limited to
the coupling degree between its results and the deteriorated signal. The latter leads to the
sample analysis and the complexity dramatically reduced in cost of the increased computation
complexity. The reliability of the results is subject to the accuracy and the amount of the
aggregate as well as the algorithm. To avoid the above disadvantages, we propose a novel
CDM scheme which tries to use the whole signal as the investigation object and deduce a
solid outcome as the reference for tunable chromatic dispersion compensator.

7.1.2 Principle

The chromatic dispersion is rooted from the diverse speed for different wavelengths in
transmission medium. The subsequent envelope of the signal will fluctuate consequently. It is
unfeasible to extract the fluctuation directly due to the attribute of its transient character. A
practical approach is to measure the power change through converting the fluctuation into the
average power change.

Fi ber Link
ii: Phase | || PMAM | | Power

Mbdul at or Convert er Mt er

Figure 73: Conceptual block diagram for CDM
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The schematic diagram of the proposed scheme is shown in Figure 73. The signal suffered
from chromatic dispersion inputs into a segment of nonlinear medium (e.g. semiconductor
optical amplifier (SOA)) where the temporal phase is modulated due to Kerr effect, while
envelope of the signal is kept unchanged. The signal then inputs into an interferometer array
where the phase change is converted into envelope change, i.e. phase modulation to amplitude
modulation conversion. Finally, the detected average power is used as the index to find out
the accumulated CD of the signal. The phase modulator is not essential, but by introducing it,
the phase modulation will be strengthen, which will remarkably improve the final detection
sensitivity and the chromatic dispersion range.

7.1.3 Theoretical Analysis

Phase change of the signal passed through a segment of fiber link with chromatic dispersion
¢.p and the resultant phase change ¢,,,,, due to the NLE are shown as equation (1) and (2),

respectively.
sen(, ) |,32| o1 /) |ﬂ2|
I,t)=——"F=2 2 — ¢+ —.arctan——=L 1
dep(ly.1) 24, |ﬂ2| 72 arctan = (1)
—1/2 T2
bepen (U lo,t) = dop (1) + Tg 1B, (T04 + ﬂzzllz) exp(— ﬁ} (2)
Ty + p3l

Where / and /, are the length of the fiber link and NLE, respectively, and ¢ is measured in a
reference frame moving with the pulse. 7, y and B, are the FWHM of the signal, nonlinear
factor and the peak power of the pulse, respectively. For 1550-nm window, g, is negative.
So, equation (1) can be simplified as equation (3).
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In PM-AM converter, assume two power-equal branches of the signal are synchronously
summed up. Then the total phase change 4(¢) of the PM-AM converter output signal is

0= ¢CD(llat)+¢§D+NL (4,1,t) (4)

Although both of the pulse energy after the fiber segment and the NLE are the same as

T,/2
J. 0// exp(—t2 irs )dt , the summed-up energy E,,,_,, 1s the function of the residual dispersion as
-7, /2
2 (T2 Tyt Ag(t)
Epyoay = 1) =TT + pRi? v exp| - —2—— cosz{—}dt 5
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where A@(t)=dep,n(l.1.1)—dep(,2). In order to increasing the sensitivity it is instructive to
add an additional phase change Ap between the branches and shift the Ag(r) to around
kr+x/2, k is integer. Then equation (5) is transformed to (6)

52 7242 Ag(t)+Ap
£, —72(r +,3212 2 exp| ———2—— cos{— dt 6
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7.1.4 Experiment and Discussion

Fi ber Link
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Figure 74: Block diagram for CDM

The system configuration is illustrated as Figure 74. The signal is amplified to saturation
power of the saturated SOA with pre-amplifier. In the saturated SOA, the phase is modulated

due to the variation of the carrier density with the equation 0¢/0! =—ag/2 where a is the
line-width enhancement factor and g is the gain of the saturated SOA [1].

Two kinds of interferometer array are studied. One is based on Mach-Zehnder Interferometer
(MZI) as shown in Figure 75(a); the other one is based on the multi-branch configuration as
shown in Figure 75(b). In Figure 75(a), optical signal is equally or unequally divided into two
branches with a splitter. One of them is going through a nonlinear element (NLE) such as a
saturated SOA or a segment of high nonlinear fiber (HNLF) which is used as phase
modulator. The time delay of the other branch is adjusted, so that the combination of the two
branches at the succeeding coupler generates as a notable power change as possible. In the
multi-branch configuration, the pre-amplifier EDFA following an optical filter with
bandwidth 0.3nm increases the average power to 100mW which is about the saturated power
of the nonlinear amplifier SOA B.

Fiber Link

Fiber Link

Filter Filte:

.
NLE — — 1% O 7l o
. | || Power >~ » — P g On H
Splitter Time Delay Coupler Meter — — i On g Meter
CDM
(a) (0)

Figure 75: Two kinds of interferometer arrays: (a) active MZI and (b) multi-branch configuration.

A7.1.4.1  NRZ system

(@) )
436 [ 205
200
43
4251 88T
421 180
450 185
L 15k
408 . . . .
176 . . !
.06 206
0e ! 14 24 200 400 600 a24
cD ¢ 10° psinm? CD {psinm)

Figure 76: The average power as a function of accumulated chromatic dispersion (CD) for 40Gb/s NRZ data.
The CDM configurations are based on (a) active MZI and (b) multi-branch.
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The proposed scheme is first verified for 40-Gb/s NRZ signal. For CDM based on the
integrated active-MZI, the time delay is set as 1-ps. The average power as a function of the
accumulated CD is shown in Figure 76(a). The range is 1670-ps/nm and the sensitivity is
0.0016-dB/(ps/nm). In the multi-branch configuration, the time delays for the branches
arerl=8ps, r2=17ps and r3=2ps, respectively. The range is 600-ps/nm. In the low region
smaller than 170-ps/nm the sensitivity is about 0.012-dB/(ps/nm) which is higher than the
sensitivity 0. 003-dB/(ps/nm) in the high region larger than 170-ps/nm. This property is
preferred since the requirement for high sensitivity is much higher when the residual
chromatic dispersion is approaching zero. These two sensitivities are improved much better
than that of the two-branch configuration where it is as low as foresaid 0.0016-dB/(ps/nm).

A7.1.4.2  40-Gb/s RZ system
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Figure 77: The average power as a function of accumulated chromatic dispersion (CD) for 40-Gb/s RZ50 data.
The CDM configurations are based on (a) active MZI and (b) multi-branch.

The proposed scheme for RZ system is also verified. Figure 77 shows the average power as a
function of CD for 40 Gb/s RZ50 signal. In Figure 77(a), the time delay for active MZI is 1-
ps as well, and the range is 680-ps/nm and the sensitivity is 0.003-dB/(ps/nm). In Figure
77(b), the time delays for the multi-branch are 71=3ps, 2=15ps and 3 =8ps, respectively.
The range is 190-ps/nm and the sensitivity is 0.0046-dB/(ps/nm), which is much lower than
that of the NRZ data.
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A7.1.4.3  40-Gb/s CSRZ system
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Figure 78: The average power as a function of accumulated chromatic dispersion (CD) for 40-Gb/s CSRZ data.
The CDM configurations are based on (a) active MZI and (b) multi-branch.

The experimental results for 40-Gb/s CSRZ data are shown in Figure 78. As expected, the
range of the two-branch configuration with time difference 1-ps is about 620-ps/nm, which is
larger than 160-ps/nm of the multi-branch configuration with time delays z1=0ps, 72=0ps
and 73=9ps. But the sensitivity of the former is 0.0035-dB/(ps/nm) which is smaller than

0.0092-dB/(ps/nm), the sensitivity of the latter.

7.1.5 Conclusion

The proposed scheme has been verified for NRZ, RZ and CSRZ modulation signals at 40-
Gb/s. It should be noted that the performance values shown in Table 3 are merely specific
configuration oriented. It is potential to improve the performance further more through other
more effective configuration.

Table 3. Performance values of the proposed scheme for NRZ, RZ and CSRZ modulation signals at 40-Gb/s

40-Gb/s Asynchronous-MZI é\/(l) i&%ﬁﬁiﬁl
data Range | Sensitivity Range Sensitivity
(ps/nm) | (dB/(ps/nm)) | (ps/nm) (dB/(ps/nm))
NRZ 1670 0.0016 600 0.012
RZ50 680 0.003 190 0.0046
CSRZ 620 0.0035 160 0.0092
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7.2 Evolution of an OPM prototype for OSNR measurements

7.2.1 Introduction

TELECOM Bretagne has been working on a free-space based OPM prototype since 2005 in
the framework of a collaboration coordinated by the PERDYN platform (www.perdyn.fr).
The results achieved during the different phases of this work have been reported in the
deliverables D-VD-T.3, D-JP-T.2, D-JP-T.3 of the e-Photon ONe+ NoE.

In this contribution we will briefly summarize the present status of the prototype and discuss
the approach we are following in order to address the measurement of the in-band OSNR.

7.2.2 Status of the prototype

The key elements of the OPM prototype are a low PDL 900 mm™ reflection relief grating and
a 512 pixels InGaAs array with 25 pm pitch integrated in a commercial linear camera. The
selected optical configuration corresponds to a couple of lenses with 30 and 250 mm focal
lengths and an incident angle on the grating of 53 degrees. A control software featuring the
generation of a table of monitored parameters (power level, wavelength, ITU channel number,
out-of-band OSNR), the definition of alarm generation criteria, and the display of these
alarms, was developed.
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InGaAs Aray

Figure 79 : View of the OPM prototype

Two channel profile reconstruction routines were developed, both based on the assumption of
a Gaussian beam profile in the InGaAs array plane. The first one aims to reconstruct each
WDM channel individually while the second one fits the acquired data with a sum of
Gaussian functions. In order to limit the computing time, this collective reconstruction
process is performed across a sliding window whose width is locally adjusted. We have
shown that this second method provides a better measurement accuracy of the power and the
peak wavelength of the channels. The operation of the OPM has been evaluated in presence
of 40 Gbit/s NRZ channels with 100 or 50 GHz spacing.

Since the -3 dB width of our OPM is about 25 GHz, the validity of the Gaussian beam profile
approximation will depend on the actual modulation format used at 40 Gbit/s. In particular it
is not valid for CSRZ or RZ33% modulation formats. For these formats, one channel will be
identified as a group of two (CSRZ format) or three (RZ 33% format) channels. This issue
can be solved by controlling the OPM spectral resolution (either by optical means such as a
variable aperture or by a digital post-processing of the data generated by the photodetector
array) or by changing the shape of the reference functions in reconstruction routine. More
details on these points will be given in a future deliverable.

The OSNR measurement represents another feature which should be improved in our OPM
prototype. In the present version, the OSNR measurement is based on the peak and valley
method, commonly used in Optical Spectrum Analyzers. Taking into account the resolution of
our OPM, the OSNR can be measured for channels separated by 90 GHz from their
neighbours. This method is then not suitable for a 50 GHz grid; moreover, its assumption of
identical noise level in and out the multiplex bands is not valid when WDM channels are
filtered by network elements; this is particularly the case with ROADM which are deployed
now at an increasingly larger scale. In the next section we will discuss on the different options
to introduce in-band OSNR monitoring in our prototype.

7.2.3 Introducing in-band OSNR measurement in the OPM prototype

Several techniques have been proposed to measure the in-band OSNR of a single optical
channel:

- polarization nulling method [1], [2]

- low frequency beat noise measurement [3]
- uncorrelated beat noise measurement [4]

- orthogonal delayed-homodyne method [5]
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- narrowband RF analysis at the half-clock frequency [6]

- sub-carrier multiplexing [7]

- pilot tones [8]

- orthogonal polarization heterodyne mixing [9]

- nonlinear loop mirror [10]

- high birefringent loop mirror [11]
In principle any of these methods may be associated to a power and wavelength monitor in
order to provide power, wavelength and in-band OSNR monitoring according to the scheme
shown in Figure 80. However it is clear that the insertion loss of a demultiplexer and a Nx1
switch is very prohibitive in terms of cost and compactness. Moreover the characteristics of
the demultiplexer may impact the in-band OSNR measurement. Another possible drawback
comes from the sequential procedure for the OSNR measurement which will make slower the
monitoring of this parameter. As the speed required for the OSNR monitoring is rather slow
(~1 second according to [12]), this point does not seem critical. Anyhow, the integration of
the in-band OSNR measurement in a common WDM monitoring platform represents an
attractive approach.

ap |
LTAP ]

1x2 WDM P & A
coupler measurement

DMUX

Monitoring

Nx1
switch

Single channel
in-band OSNR
measurement

Figure 80 : Association of a multi-channel power & wavelength monitor with a single channel in-band OSNR
monitor.

However most of the available methods seem difficult to integrate in the OPM structure that
we developed: the fibre loop-based techniques use a specific per channel optical set-up and
the techniques which involve an electrical signal analysis require an electrical bandwidth
which is not compatible with the characteristics of the available detector arrays. Therefore, in
spite of its limitations in presence of PMD, non-linear birefringence and PDL, the
polarization nulling method seems to be the most suitable to be associated with our OPM
prototype and could constitute a convenient trade-off in terms of cost and monitoring
performance.
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Figure 81 : Schematic of the OPM prototype modification to implement in-band OSNR measurement.

Figure 81 shows schematically how the OPM prototype has to be modified to include an
OSNR measurement feature using the polarization nulling method. A polarization controller
is placed before the input of the prototype and a linear polarizer is inserted in the OPM set-up,
between the input lens L; and the diffraction grating.

For a given channel, the input polarization is adjusted in order to minimize the channel power
and then the linear polarizer is rotated by 90° and the corresponding channel power is
acquired. These two power values allow calculating the in-band OSNR of this channel
(assuming un-polarized noise). There are different options to make this procedure automatic,
for instance by using a polarization beam-splitter and two detector arrays.
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Figure 82 : Experimental set-up for the characterization of the in-band OSNR monitoring with the OPM.

We performed preliminary tests of the proposed configuration using the experimental set-up
shown in Figure 82 which allows to compare the OSNR values measured with an Optical
Spectrum Analyzer and the out-band and in-band OSNR values provided by the OPM. We
checked that the polarization nulling method yields the same results than the present out-of
band method in presence of a broadband noise source.

The next phase of our study will be focused on the evaluation of the feasibility of this
approach in presence of a WDM multiplex. The issues to be addressed include the in-band
OSNR measurement in presence of a narrow-band noise and the extension of the
measurement algorithm for a group of 50 GHz-spaced channels with different polarization
states.
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8. Other transmission-related joint activities within BONE

8.1 Polarisation-related phenomena in fibre Bragg gratings (UPVLC,
FPMs)

8.1.1 Introduction

Fiber Bragg gratings (FBGs) have attracted considerable attention in the recent years because
of their numerous applications in optical fiber technology [1]. Uniform FBGs are
characterized by a constant periodic modulation of the core refractive index. They act as
narrowband reflection filters centered around the Bragg wavelength. Phase-shifted FBGs are
slightly more complex structures since they exhibit a transmission notch within the reflection
band of the spectral response. They allow the achievement of specific telecommunication
applications such as channel selection in a multichannel communication system [2], all-
optical switching [3], pulse shaping [4] and tunable optical filtering [5]. They can also be
advantageously used for sensor applications to measure the transverse load [6].

Both uniform and phase-shifted FBGs are commonly manufactured by transversally
irradiating one side of an optical fiber with an intense UV interference pattern. It is generally
admitted that this side-written fabrication process induces a small quantity of birefringence
that combines with the intrinsic fiber birefringence and leads to polarization dependence
within the grating [7, 8]. While this small amount of birefringence slightly affects the grating
spectral response, it causes the orthogonal polarization modes to experience different
couplings through the grating. In terms of polarization properties, it leads to polarization
dependent loss (PDL), differential group delay (DGD) and particular normalized Stokes
parameters evolutions with wavelength.

Monitoring the polarization properties of FBGs is of high interest to perceive their impact in
transmission systems as well as to develop new demodulation techniques for simultaneous
strain and temperature FBG sensors [9]. In the framework of the BONE network it has been
done a complete analysis in that field, studying, both theoretically and experimentally, the
wavelength dependency of PDL, DGD and normalized Stokes parameters associated with the
transmitted spectrum of phase-shifted and uniform FBGs written into photosensitive single
mode fiber. The Jones formalism and the solutions of the coupled mode equations have been
used to derive theoretical expressions for the normalized Stokes parameters of phase-shifted
FBGs. PDL and DGD evolutions with wavelength have been computed using the same
mathematical formalism. It has been shown that all the measured polarization properties
evolutions can be accurately and rapidly simulated using the derived relationships, which is
valuable to design optical systems or to evaluate their performances. Moreover, several
techniques to reduce the birefringence induced by the inscription process have been studied.
Finally, the study of the polarization properties has been applied to the sensing of transversal
forces on fiber Bragg gratings.

8.1.2 Influence of the grating parameters on the polarization properties of fiber Bragg
gratings.

As mentioned before, due to the lateral inscription process, photo-induced birefringence is
present in fiber Bragg gratings (FBGs) written into photosensitive single mode fiber. The
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birefringence value is generally too small to be perceived in the grating spectral response but
it can lead to significant polarization dependent loss (PDL) values and differential group
delay (DGD) evolutions. The evolution of the PDL and the DGD as a function of the grating
parameters and the birefringence value have been theoretically analyzed [10]. It has been
shown that the PDL and the DGD values with wavelength can be strongly enhanced by a
modification of the grating parameters. For example, Figure 83 shows the influence of the
grating length on the PDL and the DGD. Simulations carried out using the coupled mode
theory and the Jones formalism have been confirmed by experiments conducted on FBGs
written into photosensitive single mode fiber. Figure 84 shows the good agreement between
theory and experiment for the PDL and the DGD evolutions of 1-cm long m-shifted fiber
Bragg grating.
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Figure 83: Evolution of the transmission, PDL and DGD curves as a function of the grating length.
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Figure 84: Comparison between experimental and simulated evolutions for a 1 cm long m-shifted FBG.

This work brings a complete characterization of polarization related phenomena in FBGs and
presents a great interest for the evaluation of system performances and the design of gratings
for specific applications, either for telecommunications or sensing purposes.
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8.1.3 Reduction of birefringence in fiber Bragg gratings by using a twisted fiber for
inscription.

For telecom applications, especially in the context of high bit rate transmissions where
polarization dependent properties are critical, it is essential to obtain components with low
Polarization Dependent Loss (PDL) and Differential Group Delay (DGD) values. The studies
on the polarization properties of FBGs report that gratings can exhibit significant PDL and
DGD values. In this context, it is therefore important to find solutions to reduce the PDL and
DGD of these devices. It has been studied the possibility to reduce these values by using an
original manufacturing technique that introduces polarization mode coupling into the FBG
[11, 12]. This technique consists on use a manufacturing setup in which the grating is written
in a twisted fibre along its axis; the fibre is then relaxed after the writing process. The degree
of coupling is then related to the twist rate. As it can be observed in Figure 85, the values of
DGD and PDL are greatly reduced by using this manufacturing technique.
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Figure 85: PDL and DGD of twisted FBG (simulation)

8.1.4 Application of the study of the polarization properties to sensing of transversal
loads.

In this study it has been demonstrated that that the PDL and DGD curves of uniform FBGs
written into standard single mode fiber contain the information to realize temperature-
insensitive transverse strain sensors, which is not possible via amplitude spectral
measurements [13-14]. In the experiments, FBGs were placed between two metal plates and
the load was applied by a stepper motor that presses the upper rectangular compressing plate.
The transverse force was applied in the range 0 N — 500 N by steps of 50 N. Figure 86
presents some results obtained in the transmitted spectrum of the PDL and DGD curves of a 5
mm long FBG. It can be observed that, for transverse force values ranging between 0 N and
300 N, the birefringence generated by the transverse load is too weak to obtain a
discrimination between the x and y modes. However, the PDL and DGD evolutions present
two main peaks whose amplitudes evolve as a function of the transverse force value. This
strong amplitude variation can be advantageously used for sensing of transversal forces on
FBGs.
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Figure 86: Transmitted spectrum, PDL and DGD evolutions as a function of the transverse force value.
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8.2 Algorithms for tuning and controlling local wavelength in coherent
detection of multilevel PSK signals (UPC, HHI)

8.2.1 Introduction

In this joint activity, many approaches for the optical frequency estimation problem were
considered. The designs we decided to take into account were included in both digital and
analogue domains.

For the digital domain we investigated two approaches, the off-line processing and the real-
time approach. Whereas for the analogue domain we took into account several designs
coming from RF techniques [1], also with the ones tested in optical communications [2].

8.2.2 Off-line

For the oftf-line approach, the same receiver architecture is used, almost all times. A sketch of
it is shown in Figure 87. Here the challenge is in the development of feed-forward processing
algorithms that can compensate the frequency offset between local laser and received signal.
Two remarkable references studying this are [3] and [4]. Ref. [3] shows a nice and easy
approach to solve the problem, while [4] is more complex, but it can compensate a span of
+ 5 GHz.

Optical N Re
B
/_\ - Scope
m . +
90° Hybrid m
Laser

Figure 87: Schematic of a generic off-line receiver

8.2.3 Digital Realtime

Off-line processing is open and nice, but it is not implementable with the technology that
nowadays we can use or handle. That is the reason why we are studying another digital
approach, a real-time one. A schematic of that system could the one displayed on Figure 88.
In principle, the idea is to keep the frequency discrimination in the analog domain. Next an
ADC (low-speed) is placed. It can be low-rate (up to 1 MSa/s) because of the low bandwidth
of the error signal. Afterwards, comes the signal processing block, which can be a classical
one (PI control) or a more advanced (nonlinear). Next, the signal output of the DSP is driven
to the optical VCO.
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Figure 88: Schematic of a digital real-time loop

This approach is affected by several important parameters. The first one is the frequency
discriminator implementation, while the second, and more important, is the overall loop
delay.

Frequency discriminator is limiting the frequency range that we will be capable to track and
compensate, and also its lineality will be limiting the performances of all the system.

The loop delay will limit the loop bandwidth, as it happens in the optical PLLs. So we will
have a residual frequency error that we will not be able to compensate.

8.2.4 Analogue approach
This is the main approach we are working on. We are focusing on the implementation of this
architecture, but not discarding the others shown.

The frequency discriminator is just a delay-and-multiply architecture; that works pretty well
[2]. However, for avoiding high amplitude changes at the electrical part, we are thinking
about using a digital discriminator, replacing the analog multipliers by XOR gates.

Data detection Frequency

Optical PN | e '
Input \./ / X 5
L.._.+ . Im
90° Hybrid l ————————————————————————————————————
Data detection
Optical Loop
VCO Filter

Figure 89: Scheme of the proposed analog frequency estimation loop

For the optical VCO, thing are not so clear, and we have been thinking on 3 different
approaches.
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The first one, is a true optical VCO, very fast and reliable. Is an optical VCO that can be
controlled like an electrical one. A schematic is shown in Figure 90. To our knowledge, it was
first developed at PoliTo. However, its architecture is somewhat complex (and maybe high-
cost). The objective is to control a Single SideBand (SSB) tone modulation of the local laser.
That is the reason why an IQ modulator is used. Details of its performance and
characterization for using it in optical phase-locking can be found on [5].

Control o
signal 90
Electr.
Electrical Hybrld
VCO

Figure 90: Diagram of the optical VCO

The other 2 are more simple approaches. One is based on tuning the current of the phase
section of a GCSR laser. It presents some difficulties for setting an operating point, and could
exhibit some hysteresis, depending on the range we are operating [6]. However, in our case
we could use it. A DFB laser also can be used, working in a saturation point and modulating
its adiabatic chirp for changing the wavelength. However it could give a high residual
amplitude change.

In order to make an entire up-down design, first we have focused to the SSB optical VCO.
The objective is to try the three VCO architectures and then decide which one is more
convenient. But first of all we will focus on the first one.

The loop filter will be a standard Proportional-Integral filter. It is shown in Figure 91.

Figure 91: PI filter proposed.

A8.2.4.1  Simulations

Two sets of simulations were run. First of all, departing from the theoretical equations that
came from loop linearization, we introduced it into Matlab, for numerical analysis. While
these simulations were running, we build a VPI model and characterized the optical VCO
model, and, after that, we implemented a VPI module for the full loop.

A8.2.4.1.1 Theoretical model

In order to see the analog approach performances, we have built the theoretical model
equations, and introduced them in Matlab for numerical analysis. The transfer function, after
loop linearization, can be expressed as:
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KK, S+K-K 1+K K
P OTRR K —87K, WRPP,; T=—nr
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where Ko is the sensitivity of the optical VCO module (Hz/V), % is the photo-detector’s
responsivity, Ry is the load impedance, Ps is the received optical power, Pro is the local
oscillator optical power, K, is the proportional gain of the loop filter, K; is the integral gain of
the loop filter, and T is the time constant of the system.

Theoretical Loop Bandwidth (-3 dB) Settling Time (10 % final value) step response 100 MHz

100

Setting time (ns)
a
3

1 10 100

Time constant (ns) Time constant (ns)

Figure 92: -3dB loop bandwidth (left), and setting time for a 100 MHz step response (right), as a function of the
system’s time constant

From this model, we evaluated the loop delay impact. The conclusion is that when loop delay
is of the order of the time constant, then system performances dramatically decrease. This is
shown in Figure 93, where the setting time at 10% for a low frequency step (100 MHz) was
used as a measure of the performances of the loop.

Setting time (10 % final value) for a 100 MHz step

200 e R -

Figure 93: loop delay impact on loop setting time, for 10 ns and 1 ns loop delay.

A8.2.4.1.2 VPImodel

While the theoretical model numerical analysis was running, we were implementing a VPI
model for that analog approach. A schematic is shown in Figure 94.
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Figure 94: Schematic used in VPI simulations

The first simulations where for characterizing the different modules of the AFC loop.
Precisely we did it for the optical VCO and the frequency discriminator.

Regarding the optical VCO, it was implemented by using 2 mach-zehnder modulators, with
30 dB ER, and biasing them at a null of its transfer function. Then, both were driven by the
electrical VCO output, but with a 90° phase difference. After some runs, we obtained an
optimal working point. At that point the optical VCO output power was of -9 dBm, with -12
dBm at the main component, and -34 dBm on the harmonic with more power (it was the
optical carrier). The screenshots corresponding to these data, are shown in Figure 95.

MH\M\:HMHIM\ s i

A ||||l|||‘ ‘ il |IIIi i

Figure 95: (left) optical spectrum at the output of the optical VCO. (right) the same signal in time domain.

Next we characterized the performances of the frequency discriminator. In Figure 96 four
curves displaying its behaviour are shown. As we will see when we will talk about the loop
implementation, for practical reasons we decided to use a 100 ps delay, which will allow us to

work within a range of + 2 GHz.
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Figure 96: Frequency discriminator output as a function of the frequency difference between LO and received
signal.

Control output Error signal

Figure 97: Output signal of the PI control (a), error signal (b), eye-diagram (c), and spectrum of the optical
VCO output power when locking frequency (d).

After characterizing and optimizing such modules, we run several simulations of the loop.
The general parameters where:
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Bitrate 10 Gbps

DPSK modulation format
10x64 bit time window
First order loop T=3 ps

2 GHz frequency step

As a first result, we obtained the inset figures displayed in Figure 97. There we can see the
output signal of the PI control, the error signal (which starts ringing and finally is minimized),
the data eye-diagram once demodulated, and a spectrum of the optical VCO output power.

We also evaluated the phase noise impact to the frequency control. We evaluated it in a range
of values for common lasers. As we expected, it introduces a residual error, with gaussian
statistics, that cannot be tracked nor compensated at all. The variance of such error is
proportional to the laser linewidth, as we could expect.

Error signal variance vs laser linewidth

1,E-17 .
/“\ .
o
< s ¢
§ 1E18 + - - - *-
©
& ¢ *
> *
© *
5 1,E-19 y
[72]
S
]

1,E-20 :

1 10 100

Laser Linewidth (MHz)

Figure 98: Error signal variance as a function of the laser linewidth

A8.2.4.2  Loop Implementation

Regarding the loop implementation, we have identified all main components. Figure 99
shows a schematic of the overall loop. Unfortunately, some of the components (like the
analog multipliers) could not be bought in time, so we only characterized the ones we had.
Another exchange between both institutions will lead to a prototype of such loop.

First of all, we characterized the filters after the RF 90° hybrid and that electrical hybrid.
Please note that the electrical filters placed at each branch of the hybrid must have the same
response. Results are shown in Figure 100 and Figure 101. In Figure 100, we can see the
results of the electrical hybrid, which is the main limit for the tracking range of the loop.
Taking a look at both, magnitude and phase difference responses, the range of operating
frequencies are from 2 GHz to 4 GHz. That is the main reason why after the amps located at
each output branch, a bandpass filter is placed.
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Figure 99: Schematic to be implemented
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Figure 100: Magnitude response (left) and phase difference response (right) of the 90° electrical hybrid
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Figure 101: Magnitude (left) and group delay (right) responses for the filters placed at each branch of the 90°
hybrid.

With these components and the IQ modulator, we made a first implementation of the optical
VCO. Results are shown in Figure 102. For obtaining that figure, we activated the max-hold
function and tuned the electrical VCO, for covering the full range of that optical VCO. Taking
a look at Figure 102, we can see that such optical VCO, has a residual amplitude modulation,
with a slope of 3 dB. Also, when approaching to the limit of + 4 GHz a high peak appears at
the opposite side of the spectrum. This peak corresponds to a worst case condition, and is 12.7
dB below the principal component.
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Max hold function for the output spectrum of the
optical VCO
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Figure 102: Max hold function for the output spectrum of the optical VCO.

With all these data, we can now compare to the other optical VCO approaches. Results are
shown in Table 4. For the tunable laser source, we display results obtained by [6], from a
GCSR laser, model NYW 30-009 from ALTITUN. For the DFB laser approach, we retrieved
data obtained from measurements carried out with a Panasonic LNFEO3YBE1UP at UPC
premises.

Table 4. Comparison between possible optical VCOs.

Linewidth | Tuning Tuning Freq. Residual
speed range slope Amp.
change
SSB-1Q 100 kHz 10 MHz 2 GHz 260 MHz / | 2.8 dB
mod. V
GCSR 25 MHz 100 MHz 18 GHz 320 MHz / | 0.1 dB
V
DFB 1 MHz 1 GHz - 14 GHz /| 7.4dB
V

A8.2.4.3  Proof of concept off-line experiments

In order to see the potential improvement when using the AFC proposed, we carried out some
off-line experiments. The setup used is depicted in Figure 103. It is a back-to-back version of
a 10 Gbaud RZ-8PSK (30 Gbps) transmission system [7]. Here, the frequency estimation
algorithms used where:

. Simple linear regression
e  Feedforward version of the feedback loop
. Algorithm proposed in [3]
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Figure 103: Experimental setup
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Figure 104: Received phase before and after linear regression correction

In Figure 105, we can see the estimation results. We compared between 4 different cases:
e  No frequency difference
3 GHz of frequency difference
3.5 GHz of frequency difference
3 GHz of frequency difference and 10 dB side-lobe suppression ratio
There, we can see that for no frequency difference, both methods, linear fitting and the delay-
and-multiply, work quite well, whereas the proposed in [3] is detecting the frequency
difference corresponding to the sidelobe.
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Figure 105: Estimated frequency vs frequency drift
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8.3 Transmission performance of GbE transmission in wide area
networks (FUB, ISCOM)

Gigabit Ethernet (GbE) transmission is evolving to become an end-to-end technology
spanning across Local Area Network (LAN), Metropolitan Area Network (MAN) and Wide
Area Network (WAN), with several impacts also in the backbone segment. Spreading of
Ethernet technique in wider and wider networks will have to take into account photonics
switching aspects, typical of backbone networks, and in particular of the Wavelength Division
Multiplexing (WDM) technique. In order to verify the suitability of GbE transmission over
wide area networks we investigate on the transmission performance of GbE links. ZE GbE
was introduced to achieve optical networks with links shorter than 70 km, but when we
assume point-to-point optically amplified links the maximum transmission distance is limited
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by physical impairments as the reduced signal to noise ratio and distortions due to the

saturation gain caused by the burst nature of Ethernet transmission.

In this report we show experimental results on GbE transmission with EDFA optical
amplification in different configurations for a maximum distance of 350 km, and we also

include the All Optical Wavelength Conversion.

In Figure 106 we report the three experimental set-ups. In particular, in Figure 106(a) we
have a GbE transmission in a link 200 km long when the Optical Amplifier (OA) is located
after 100 km. In Figure 106(b) the OA is located near the transmitter and the link is 150 km;
in this case, an Optical Filter is deployed in order to reduce the ASE contribution. In Figure
106(c) two EDFAs and an Optical Filter are deployed, achieving a transmission over a link

350 km long.
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Figure 106: Experimental Setup
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In Flgure 107 we report the Throughput vs Input Receiver Power for a 200 km link, when the
OA is located after 100 km. The sharp step behaviour of curve is clearly shown and it is due
to the synchronization process that requires a minimum input power of signal. When the
synchronisation starts the transmission performance is perfect and the Analyzer does not
reveal any data loss for input power higher than -25.4 dBm, also for long time measurements,
showing an error probability close to zero.

Throughput vs Input Receiver Power
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Figure 107: Throughput vs Input Power in a link 200 km long

In Figure 108 we report the Throughput vs Input Receiver Power when the OA is located
after the transmitter. In this case an optical filter is necessary to limit the ASE contribution.
Also in this case a sharp step behaviour is shown.

Throughput vs Input Receiver Power
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Figure 108: Throughput vs Input Receiver Power in a link 150 km long

In Figure 109 we report Throughput vs Input Receiver Power when two OAs and an optical
filter are deployed in a link 350 km long (as shown in Figure 106(c)).
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Throughput vs Input Receiver Power
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Figure 109: Throughput vs Input Receiver Power in a link 350 km long

In all measurements, when the Input Power at the receiver is about -25 dBm, the links and the
interfaces go up and the throughput is equal to 1 Gbit/s. This confirms that GbE transmission
is well suitable as transport support also for long distance and this enables GbE to operate as
carrier technique.

To verify the compatibility of GbE transmission with backbone all optical processing
techniques we experimentally investigate on the All Optical Wavelengh Conversion (AOWC)
of GbE signals. Details of this activity, that includes some restoration operation and QoS
tests, are reported within the Deliverable of WP11. Here we only report some physical aspects
and we summarize affirming that AOWC does not induce any floor degrading effects.

Pre Am A
Input signal - P - mp

—> ——FDFA ——{é#h-% =
’\5|gnal ) 7 \ |—|
Fiber
= I EDFA DS@10km
ed EDFA
Pum
o
| m
Output signal /" Converted signal | g
_ﬂd EDF" | S
culput |,.

Figure 110: Wavelength converter set-up: Ph Mod phase modulator to control Brillouin effect.

Aoump

The AOWC is based on the FWM in a DS fibre and the scheme is reported in Figure 110. The
input signal (A;=1553.30 nm) is amplified by a dual optical amplificatory stage and it is
mixed inside the DS fiber (10 km long) with the amplified pump coming from an external
cavity laser (ECL) (A,=1553.76 nm). The signal power at the DS fiber input is 6 dBm and 7.6
dBm for signal and pump respectively. The output wavelength is selected by means of the
optical demultiplexer (DEMUX) that permits to switch between A; and the converted A,.

In Figure 111 we report the optical spectrum at the output of the DS fiber that shows the
signal replicas generated with high efficiency by means of the FWM effect; in our experiment
we use the wavelength at 1554.12 nm for A,. The efficiency of such a process can be much
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high and it depends on the pump power; furthermore, it is a wide bandwidth effect since it can
be achieved in all the C bandwidth.
17.0

A

A1 i\, | 1554.120 nm
REF |- 2{ i
Em “ A -9.25 dBm

AV

s

P

-63.0
1549.00 nm 1552.50 nm 1556.00 nm

Figure 111: Optical spectrum at the DS fiber output. Resolution: 0.05 nm, 10.0 dB/div

8.4 Reliability Analysis of Optical Modules for Future Optical
transmission Networks (Ericsson, KTH)

Reliability of optical networks depends on reliability of components. This in turn strongly
depends on the detailed design of the structures, processes and technologies used to fabricate
them. Reliability testing and investigation must start at the beginning of the design phase to
expose any potential weaknesses of the design. This report reviews the reliability testing that
was undertaken on an optical PIN Receiver module and subsequent testing for network
reliability to expose the failure modes and hence resulted in a redesign of the module. This
approach across all components and modules eliminates failure modes early in the design
process and ensure long term reliability of the optical network.

8.4.1 Introduction

The reliability of the entire communications network is dependent on the reliability of each
device used in that network. Even though redundant transmission systems allow higher
reliability, the maintenance costs can be minimized if reliable components are used.
Investigations carried out on optical devices and modules indicate that they have failure
mechanisms that are accelerated by both temperature and moisture. In many of the proposed
applications, the devices will be located in environments that are subject to both high
temperature and potentially high humidities. Information about the accelerating effect of both
temperature and humidity is therefore essential to ensure that the devices are fit-for-purpose.

Reliability in Design and new technologies in optical communications is essential as
businesses and consumers expect uninterrupted service and fault free operation. Costs
associated with the failure of optical components can be significant. The relative costs of
correcting field failures and redesigning are significantly higher than the initial cost of design
of the optical component. There is also an additional need to integrate full electronic controls
into the earlier designs of simple optical components. Increased complexity and capability,
leads to increased failure modes. This paper reviews the reliability testing that was undertaken
on an optical PIN Receiver module and on an optical network carrying traffic.
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8.4.2 Reliability of optical PIN Receiver

The drive to ensure reliable optical networks has resulted in several standards having been
defined by Telcordia Technologies. This section highlights the reliability testing undertaken
on a PIN Receiver module used in long haul and metro networks and the effect this has had
on understanding the failure modes and consequent redesign of the module to eliminate the
failure mode. This product design is based upon a PIN photodiode with a low-noise
transimpedance amplifier (TTA), which has low power consumption, high sensitivity and high
gain [1].

The module were tested for qualification and reliability required by Telcordia GR-468-CORE
and MIL-STD-883 demonstrating the performance, reliability and integrity of the device.
The tests included mechanical shock, vibration, temperature cycling and high temperature
storage testing, solderability, fiber pull, damp heat, low temperature storage and ESD
threshold. Electrical and optical performance tests were conducted prior to and after each
reliability test. The change in product performance resulting from the environmental exposure
was measured and compared with the established acceptance criteria. Complete results of few
of the tests, including electrical/optical performance data, environmental conditions, actual
test profiles and summary are provided in this paper. These tests were performed in
compliance with GR-468-CORE [2], using the test methods and conditions described therein
on a subgroup of at least eleven test samples. The test sequence consisted of the detector
module reliability tests identified below in Table 5.

Table 5. Receiver Qualification Details

Test Conditions
. 5 times/axis with TEC
Mechanical Shock 500, 1.0ms
Condition A, 20g,
Vibration 20 - 2,000Hz, 4 min/cyc,
4cycles/axis
Fiber Pull 1 kg; 3 times; 5 seconds
) 85°C
High Temp. Storage 92000 Hours
-20°C
Low Temp. Storage 92000 Hours
-40°C to 85°C,
Temperature Cycling 100 Cyc. Pass/Fail
500 Cyec. for Info.
85°C/85%RH
Damp Heat 1000 hrs

The vibration test was conducted on the PIN Receiver samples in accordance with MIL-STD-
883, Test Method 2007 Test Condition A. Each test sample was subject to an
electrical/optical performance test after which it was exposed to four cycles of vibration per
axis, in each of three mutually perpendicular axes. The vibration profile covered the
frequency range of 20 to 2000 Hz and was 4 minutes per cycle in duration. Prior to the start of
the vibration test, the vibration controller was programmed with the required test profile and a
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vibration survey was performed to ensure the vibration level was essentially identical across
the mounting surface of the test samples. Once the vibration profile was verified and the
fixture was surveyed, the qualification samples were prepared for testing. The vibration was
induced into each test sample by mounting them two at a time onto a square test plate. The
test plate containing the two test samples were then rotated on the face of the circular adapter
plate in order to expose all test samples to the three different lines of force (X, Y & 7).

The mechanical shock test was conducted on the same PIN Receiver samples that had
undergone vibration and was performed in accordance with MIL-STD-883, Test Method
2002 as required by GR-468-CORE. Each test samples was subject to an electrical/optical
performance test after which it was exposed to five, 500 G, 1.0 ms shock pulses per axis in
both positive and negative direction for each of 3 mutually perpendicular axes. This resulted
in the application of a total of 30 shock pulses per test sample.

This procedure required that an acceptable shock pulse be established prior to formal
qualification testing by mounting an accelerometer to the test fixtures and subjecting that test
fixtures to a series of “trial” pulses in order to attain a compliant pulse. Once the number of
cushions, proper drop height and charge pressure was determined, the configuration was
recorded in the worksheet and a sample waveform was digitally captured to evidence the
compliant pulse.

The mechanical shock was induced into each test sample by mounting them onto a square test
plate that was, in turn, mounted onto a cube. Three test plates were used for this test, with
each plate mounted in a different orientation on the surface of the 8 inch cube. The 3 test
plates were then rotated about the cube in order to expose all test samples to the six different
lines of force (X1, X2, Y1, Y2, Z1, & Z2).

Once each test samples was exposed to a complete series of shock pulses (30 total) they were
returned to the test station for final electrical/optical performance testing.

The mechanical shock and vibration tests performed on a subgroup of 25 devices resulted in
a total of three device failures; two occurring in vibration and one occurring in mechanical
shock. The occurrence of these device failures does not adversely affect the qualification
status of the product since the Telcordia, GR-468-CORE sampling plan allows for 2 failures
in any one test when using a sample size of 25.

An extensive evaluation on each of the failed devices was undertaken. In each case, the failed
device was subject to failure mode analysis (FMA) that resulted in the establishment of firm
corrective action implemented and verified to ensure similar failures would not occur in
future production.

The high temperature storage test was conducted in accordance with GR-468-CORE. Each
test sample was subject to an electrical/optical performance test after which it was subject to
4000 hours of exposure to at least +85°C. During this test period, the test samples were
subject to 5 interim electrical/optical performance tests at the 96, 480, 768, 1032 and 1512
hour marks. Once 4000 hours of exposure were completed, all test samples were subject to a
final electrical/optical performance test.

Figure 112 shows the results of the high temperature aging test at 85° C performed on the
module for over 4000 hours indicating that they had passed as the sensitivity change was
within £0.5 dB.
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Figure 112: Results from the High Temperature Aging test on the Receiver module.

8.4.3 Failure Mode Analysis

The specific findings and corrective actions resulting from the failure mode analysis are
described below.

A8.4.3.1  Vibration Test Failure I:

This device failed when a small solder ball had become dislodged due to the vibration from
the housing assembly. The solder ball then came to rest inside an internal cavity near the RF
connector pin enabling it to short the RF signal to case ground. As a result the following
corrective actions have been implemented to prevent future failures. The previous method of
attaching components to the housing assembly using an uncontrolled amount of solder has
been changed to use “solder performs”. The use of solder preforms in lieu of solder paste
ensures that a necessary and consistent amount of solder is applied to the component/board
interface which precludes the formation of solder balls.

A8.4.3.2  Vibration Test Failure 2

This device failed as a result of the failure of an alternate PIN diode used within receiver.
Failure mode analysis lead to the conclusion that poor metallization on the PIN diode itself
resulted in the use of excess bonding force during the application of the bond wire to the PIN
diode. The effect of the additional force was to overstress the semiconductor material of the
PIN diode in a manner that created a latent defect within the PIN diode that revealed itself
later during the vibration test.

A8.4.3.3  Damp Heat Test Failure

Damp heat storage testing consists of storing the device in an ambient temperature of 85°C
with relative humidity at 85%. To comply with Telcordia GR-1221, uncontrolled environment
requirements, the device is stored for a minimum of 2000 hours in this environment. The
evaluation of the eleven samples that were tested found that four receivers had failed during
the 1000 hours of damp heat exposure required for Telcordia qualification. The failure
observed was that the responsivity was lower than as shipped. This signature is consistent
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with insufficient light getting to the PIN. Suspected failure mechanism is epoxy used to fix
fibre in alignment to the photodiode. The epoxy swelling at the fiber ferrule caused
misalignment of the fiber. The package was non-hermetic. The results confirmed that the
epoxy fixing process coupled to a non-hermetic package is an inherent weakness in the
design.

The shortcomings were overcome with newer designed packages which were hermitically
sealed and laser welded, not epoxied. These were tested in the damp heat chamber and passed
proving that they will withstand high humidity conditions.

8.4.4 Network Reliability tests

The receiver module with the above problem and two receiver modules with a new redesign
was used in three different transponder cards and tested for test traffic through the cards.
Tests show plots relating to the redesigned receiver module having no traffic errors and one
plot with a large drop showing traffic errors, thereby affecting the optical network reliability.
The plots from data on the network show how the failed component affected network
reliability and traffic.

The evidence suggests that the use of the product with the old design placed in uncontrolled
environments, especially where they might be exposed to high temperatures and humidity
could cause network reliability problems by inducing traffic errors. Hence the new design has
been used for both controlled and uncontrolled environment to ensure network reliability.

8.45 Conclusion

Review of the reliability testing on an Optical Receiver module and the subsequent tests in an
optical network has been undertaken in his paper. The review has highlighted some of the
design issues and failure modes that were exposed due to the Reliability testing. This caused
traffic errors to be induced in the optical network in which this module was used. This had
resulted in a redesign of the module earlier on the design process and showed no traffic errors
in the network with the redesign of the module. This approach across all components and
modules ensures long term reliability of the optical network.

Work will continue between KTH and Ericsson in comparing the FIT rate for the above
receivers and also splitters used in transmission systems and this will be used to review and
estimate the reliability of various transmission systems.
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9. Conclusions

This document has reported the progress that has been achieved during the first year of VCE-
T. The integration strategy that has been followed has first been outlined. The central feature
of this strategy has been the formation of Focus Groups to investigate separately research
topics which are common among several VCE-T partners. The Focus Groups which are
currently active relate to (a) key issues on 100 Gb/s transmission, (b) optical signal
regeneration, (c) signal amplification, and (d) monitoring. Beside the activities of these
Groups though, there have been several other joint activities within Y1 of the project, on
topics spanning from device work through transmission to reliability analysis studies.

It is anticipated that a larger number of joint activities will be initiated within the second year
of the project. An early indication of this serves the fact that there have already been a
number of applications for mobility actions submitted to the WP management. These mobility
actions are on the topics of signal regeneration and unrepeated signal transmission using
maximum likelihood sequence estimation algorithms.

It is planned that there will be a further two WP-wide meetings in Year 2. The first of these
will take place in summer 2009 and is planned to be collocated with an event that will be
attended by several partners (details are to be confirmed), whereas the second meeting will be
collocated with the BONE Annual meeting, which again will ensure a large number of
attendees. In the meantime, the VCE-T Advisory Board will be monitoring the progress
achieved towards integration throughout the year, and will take corrective actions if required.
To this end, the Advisory Board will be reviewing the quarterly reports submitted by the
various partners, and will discuss any issues either on telephone conferences or via email.
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