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In this thesis, the possibility of simultaneous all-optical regeneration of wavelength-
division multiplexed (WDM) signals within the same optical device is investigated. The
optical regeneration scheme discussed in this thesis relies on the exploitation of the
SPM induced by the optical Kerr nonlinearity within an optical fibre. In the work
presented in this thesis, | report the extension of a particular single-channel all-optical
2R regenerator suitable for on-off keying return-to-zero modulation format to WDM
operation. The device is referred to as the Mamyshev regenerator, and provides both
Re-amplification and Re-shaping capabilities for the incoming optical signal.

An in-depth analysis of the single-channel device reveals that remarkable and simple
scaling rules can be established to relate the output properties of the optical regenerator
to the characteristics of the incoming signal to be regenerated and key physical
parameters defining the optical regenerator. The analysis allows general conclusions to
be drawn on the mitigation strategies to be implemented to extend the scheme to the
multi-channel case.

The extension to the multi-channel scenario is then examined. Minimization of the
interaction time between adjacent channels is introduced by inducing a sufficient walk-
off between co-propagating signals. The strength of the inter-channel nonlinearities can
be sufficiently reduced to preserve the optical regeneration capabilities. Two techniques
are therefore reported. One is based on the counter-propagation of two optical signals
within the same piece of nonlinear fibre. The second relies on polarization multiplexing
of two co-propagating signals. Theoretical aspects and experimental demonstrations at
10 Gb/s, 40 Gb/s, and 130 Gb/s are reported.
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Chapter I: Introduction

Over the two last decades, data communicationfictfeds demonstrated continuous growth and
driven mostly by the development of Internet tiatiind the development of new services such
as High-Definition television, video on demand,elmet browsing, online gaming and remote
computing to name but a few. All of these new nmudtdia services are ever more bandwidth-
consuming as compared to traditional voice andcgsudata traffics (e.g. email), and drive an
unprecedented demand for more complex communicat&iworks of higher bandwidth and
capacity. With the development of new broadbandises (e.g. Fibre-to-the-Home), that allows
the delivery of up to 100 Mb/s today and up to HJGn the near future [1], the growth for

more bandwidth is not expected to end anytime soon.

Addressing such a growth demand is not a straigh#ia challenge as numerous technical and
economic factors must be taken into consideratidh Among these, one can identify
infrastructure installation and maintenance cagtgirade possibilities to address the unrelenting

bandwidth growth and the introduction of servicalgy as critical issues.

Because of its huge bandwidth capacity as comparedpper or wireless transmission, optical
fibre can transport a large amount of data witlie same medium over several thousands of

kilometres. The advent of optical amplifiers, warejth-division multiplexing (WDM) [2] or

1



2 Chapter I: Introduction

Optical Time Division Multiplexing (OTDM) [3] and dvanced modulation formats [4] have
allowed the demonstration of ever high capacitpgnaission experiments in the laboratory. A
transmission capacity above 100 petabit per sekibomheter over 7,200 km has been reported
in [5], equivalent to the simultaneous transmissodrnthe content of 400 DVDs per second

between London and Chicago.

In addition to this pure capacity increase, futopgical networks will also need to provide
advanced functionalities for traffic switching,@lling for example an optical signal to be routed
from a source to a destination between intercomdeaptical networks. Such traffic routing is
commonly achieved within an optical cross-conn&gtch, which can be considered as a multi-
input/output fibre port device enabling an optichhnnel on any input fibre to be redirected to

any output port in a static or reconfigurable waly [

This switching equipment is considered the majottiéieck mostly because of their poor
scaling properties with the number of channels theg are costly to replace whenever network
upgrades are needed. Current fibre optical commatinits networks rely on

optical/electronic/optical (OEQO) conversion routisghemes, for which the optical signal is
fundamentally processed in the electrical domaph\ahich necessitate a prior stage of Optical-
to-Electrical conversion before the signal is fipalonverted back into the optical domain thanks

to an Electrical-to-Optical conversion stage.

The development and adoption of new technologipalda of allowing fully optical routing and
switching capabilities at ultra-high-speeds areigomed as the only sustainable solution [7].

One proposed approach is to develop all-opticaichivig and processing techniques to alleviate



Chapter I: Introduction 3

the speed limitations of the OEO schemes as impbgeaglectronics. Among the functions that
are likely to be implemented using an all-opticetheame, we find wavelength conversion [8],
multiplexing/de-multiplexing of Optical Time-domasignals [9], format conversion [10], and
all-optical regeneration [11, 12] to name but a.fé@ver the two past decades, numerous designs
were proposed and their abilities to operate dh hig¢rrates well above 100 Gb/s demonstrated.
They rely largely on two approaches either thosetan active semiconductor devices such as
semi-conductor optical amplifiers (SOASs), or thdbat exploit nonlinear optical effects in

optical fibres.

One of the main drawbacks of all-optical processiechnology arises from the lack of a
disruptive advantage as compared to OEO schemahdowavelength Division Multiplexing
environment, as each WDM channel usually has tedparately processed one would need as
many optical devices be it OEO-based or opticakbass the number of channels. The techno-
economical advantage of an all-optical approaclhéefore not so significant and for that
reason limits the attractiveness of the solutiorwduld be highly desirable if multiple WDM
channels could be processed simultaneously wittéensame device, as this would substantially
change the economics of the value proposition. Agnthre signal processing operations, all-
optical signal regeneration would certainly benéfim the extension to support multi-channel
operation within the same device since single-ceRi®EO regenerators could be saved -

thereby offering major cost reduction.



4 Chapter I: Introduction

1. Origin of signal distortion in optical networks

When an optical signal propagates within an opteawork, several signal impairments can be
observed arising from the optical fibre, and optazanponents the signal has gone through. The
physical origin of this degradation arise fromdé@gradation of the optical to noise ratio (OSNR)
due to accumulation of noise coming from amplifiggbntaneous emission noise (ASE), ii) the
fibore chromatic dispersion and nonlinearities ahdirt interaction. As the signal bit-rate is

increased, additional sources of degradation dae &nom polarization-mode dispersion and the
more significant interactions between the signal aoise. Network elements such as add-drop
multiplexers, optical filters also distort the sagrby introducing spectral distortions and phase

ripple accumulation in the case that numerous ai¢srere cascaded.

If the signal encoding method relies on On-Off Kwyi Return-to-Zero (RZ) intensity
modulation, so that each bit is directly coded itite optical domain by one optical pulse (or
mark) in the case of a ‘1’ bit, or an empty slot &pace) corresponding to a ‘0’ bit, the
impairments that distort the signal are readilynidfeed and arise from the presence of intra-
channel nonlinear effects (Four-Wave Mixing (i-FWNhd Cross-Phase Modulation (i-XPM))
[13]. Signal impairments manifest themselves thiotige generation of new optical frequencies
in initially empty bit-slots (ghost pulses), and @itude fluctuations are experienced on mark
pulses (amplitude jitter). A variable temporal getan be furthermore impressed onto the pulses
(timing-jitter) owing to i-XPM. In addition to thes intra-channel nonlinearities, similar
interacting mechanisms occur between adjacent eéfsma WDM environment. Depending on

the characteristics of the physical medium and deailed engineering of the optical
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transmission line, the relative impact of these@# can vary such that the limitations can arise
from the presence of ghost pulses (inter or intrarcel FWM), and/or strong timing-jitter (i-
XPM), and/or Optical Signal-to-Noise Ratio (OSNRjitation for which ASE-accumulation

predominates.

In order to preserve the signal integrity and emsturcan be transmitted over long distances
and/or be routed across several optical nodesalsigstoration (or regeneration) can be used
periodically along the transmission path. The op@naconsists of removing the accumulated
noise and the elimination of any amplitude and spkdistortions. A review of the different

solutions proposed to provide all-optical regeneratcapable of restoring the signal quality is

proposed in Chapter II.

2. PhD research project

My PhD research project was thus to study the pogito extend a particular single-channel
optical all-regenerator approach (referred to asMlamyshev optical regenerator) to the multi-
channel environment [14]. Because of their largeillility in term of optical properties, optical
fibres were considered as a good candidate to mmgglé such a mitigation scheme because both

dispersion and nonlinearities can be easily tail@aoesuit the application.

This research work was carried out within the frewoik of the 3-year long European Specially
Targeted Research Project TRIUMPH. The main ohjectf this project was to provide a
Transparent Ring Interconnection Using a Multi-wength PHotonic switch, having

transparent optical grooming/aggregation and nweéivelength all-optical regeneration
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capabilities [15]. The initial objectives were t@opose and implement two all-optical 2R
regenerator schemes and to demonstrate simultan@ousssing of 3x40 Gb/s channels and

2x130 Gb/s optical channels as required within fiwal node demonstration trials.

The extension of the Mamyshev technique to muléiretel operation is limited by the presence
of inter-channel nonlinearities resulting from XRd FWM inter-channel interactions, which
directly compete with the nonlinear effect used tbe regeneration operation (Self-Phase
Modulation (SPM)). Only a few research groups hacestigated the possibility to extend all-
optical regeneration schemes to multi-channel daperat the outset of the project. As discussed
in more detail below, the difficulty of such an emsion lies in the necessity to efficiently
mitigate the inter-channel interaction within thptioal regenerator. The design of a reliable

mitigating scheme is therefore key to sustain siamgous processing of WDM channels.

Prior to this project, only few demonstrations mhgltaneous all-optical WDM regeneration had
been reported. Basically, the implementation ohsait-optical regenerators was based on three
operating principles. The first and most obviousisaightforward solution consists in linearly
scaling the number of regenerators with the nunabehannel to be processed such as reported
in [16]. Doing so, WDM channels are processed imalpe, and it is clear that no decisive
advantage from a cost-effective viewpoint is brdugh compared with OEO schemes. The
second approach is more refined and consists myusisingle regenerator to process WDM
channels in a serial fashion within the regenergt2}. The main drawback of this serialization
approach is that channel synchronisation means mbst implemented (e.qg.

multiplexing/demultiplexing operations and use ppepriate time-delay lines). Following this
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approach, simultaneous all-optical Retiming operatvas however demonstrated on 4x40 Gb/s
WDM signals using a WDM cross-talk free regenerdtomed by a single electro-optical InP
Mach-Zehnder modulator [17]. Another serial processtrategy was proposed in [18, 19] by
interleaving the WDM signals in the temporal dombefore being processed, which imposes
the use of RZ pulses with low-duty cycle to prevamy inter-channel cross-talk caused by pulse
overlapping within the regenerator. In [19], alicpl Re-amplification and Reshaping
regeneration of 6x10 Gb/s WDM signals using a fibased Sagnac interferometer was thus
reported using ~7 ps pulse duration. Finally, th&dt solution consists of an all-optical
regenerator with reduced prerequisites for chansgighronicity or signal preconditioning.
Such a solution was proposed by Kuksenkov et @, PA], and Vasilyev et al. [22] as an
extension of the single-channel Mamyshev Re-ancgliibn and Reshaping regenerator to a
WDM environment for 10 and 40 Gb/s WDM channelse fhinciples of these two approaches

and differences with my PhD work are thoroughlyieexed in the next Chapter.

3. Thesis outline

The general background for this work is discusse@hapter Il. First, | review the principle of
all-optical regeneration in terms of operating piptes and signal processing functionalities.
Several implementation schemes proposed for ait@ptregenerators are described with
stronger emphasis on the fibre-based implementatiosit rely on SPM, (the class of device to
which the Mamyshev regenerator belongs). This dasan is worthwhile to better appreciate
the rationale of the solutions already proposeddudress the extension to multi-channel optical

regeneration. This chapter concludes with a rewesuch technical solutions.
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Chapter Ill: deals with the analysis of the Mamysioptical regenerator in a single-channel
environment. Because the choice of the variousnpaters involved in such a regenerator is not
straightforward, a new design approach is propesetallows a drastic reduction in the design
complexity. Selecting the operating parameters fametion of the key regenerator properties is
made possible by the use of a normalized contairtpat relates the physical parameters of the
regenerator to the optical regeneration performahtethis chapter, |1 detail the numerical
modelling | have used to describe the pulse evaiuvithin the regenerator, and detail how the
normalized contour plot is constructed. Modellingd eexperimental validation of the design
rules are presented and discussed. The chaptedudescwith a summary of important

conclusions drawn from the analysis.

In Chapter IV: two schemes are reported that | lstudied to extend the single-channel optical
regenerator to a multi-channel environment. Th& faart of the chapter details the applicability
of the mitigation schemes in light of the conclusiaf the design rules of the single-channel
case, and considers how the inter-channel croksttanifests itself on the regeneration
performance. Then, | will present the first muliamnel mitigation principle | studied and

which is based on a counter-propagating architectdiere the mitigation is obtained by the
minimization of the walk-off time between two WDMannels when they propagate with the
same fibre but in opposite directions. An origimaintribution of this work arises from the

characterization of an additional source of cradls-tthat arises due to the Rayleigh

backscattering spectrum. The applicability of thbhesne is experimentally reported at 10 Gb/s
and 40 Gb/s. In the third part of this Chapterxtiead the processing capability to 4 channels

within a Highly nonlinear polarization maintainirfgore by adding to the former counter-
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propagating scheme, a second mitigation effect élkatoits the large pulse walk-off which is
induced by the differential group delay inside betw the two polarization axes. Finally, | report
the experimental results that addressed the impigatien and the performance of the optical

regenerator for the 2x130 Gb/s channels as propeskoh the project.

Chapter V concludes this manuscript, in which tleg kesults and further directions for this

work are discussed.



Chapter II: General

background

All-optical regeneration is a generic term, whichfact designates a collection of elementary
signal processing functions that may be appliecrtooptical signal. These signal processing
operations provide a means to remove differentkwofdlistortion that can affect an optical signal
by manipulating the incoming signal directly in tbptical domain. Depending on the nature of
the signal degradation and its strength, diffeteshniques have been implemented to suitably
restore the signal integrity. Multiple processingerations can in many instances be achieved

within the same optical device.

In the first part of this chapter, the differengrsal processing functionalities used for all-ogdtica
regeneration are introduced. The fundamental ptiggeused to implement them are then

described.

In the second part of this chapter, | examine tifeerdnt all-optical regeneration devices
operating in a single-channel environment. Becaomse work contribution involves highly

nonlinear fibres, a particular emphasis is placedptical fibre-based techniques. In particular,

10
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the optical regenerator based on spectral broageamd offset filtering is considered in more

detail given its relative simplicity.

Finally, 1 will outline the fibre-based technicablstions proposed so far in the literature to

support multi-channel operation.

*kk

1.  All-optical regeneration

1.1. General principles

In the context of optical transmission, signal aigsons arise from the presence and the
accumulation of amplified spontaneous noise, amdetfiects of the chromatic dispersion, and

fibre nonlinearities. In Wavelength Division Mulkgxing networks, additional sources of signal

distortion are brought by the nonlinear cross-tadkween co-propagating adjacent channels.
Depending on the network architecture, other cbatrons can also be identified. Among those,
we identify group delay ripples introduced by theical components, or noise accumulation due
to the limited extinction ratio of filtering elemisnas being particularly significant. Depending on
the transmission distance and nature of the signphirment the signal must be regenerated
periodically so that noise and distortion are reatband the signal clean up allows satisfactory

signal transmission detection from one end to aroth
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Figure 1I-1 schematically illustrates how thesetdisons translate onto an On-Off Keying
RZoptical signal. Here we have considered an 80dayg-transmission span made of standard
single mode fibres (SSMF). Dispersion compensatfothe accumulated chromatic dispersion is
achieved by using dispersion compensating fiboreKP& the end of the span. The input power
has been intentionally set high to introduce adaagount of nonlinear signal distortion within
the DCF fibre. No dispersion pre-compensation wseion the input signal. Several distortions
are identifiable from the optical eye diagram .Tinst signal degradation obviously arises from
the attenuation experienced along the propagatatly gue to the fibre attenuation, and which
simply decreases the amplitude of the pulse. Tleersktype of distortion manifests itself as
strong amplitude fluctuations on the optical puksther in terms of noise on the mark pulses and
the presence of excess energy in the space (dlsd ghost pulses), as well as modification of
the pulse shape (temporal broadening, introdudaifaa profile asymmetry, etc.). Finally, the last
source of signal distortion stems from the varmatod the pulse position within its temporal slot

and which is referred as to timing-jitter.
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Figure 1l -1: Example of On-Off Keying RZ signal distortions. Top: Se-up used for the modelling

and fibre parameters. The input signal was propagad within a link made of a Standard Single-
Mode Fibre (SSMF) and a Dispersion Compensating Fie (DCF). The gains of the two optical
amplifiers were set so that the average powers ahé¢ SMF and DCF input are both -16 dBm.
Bottom: Optical Eye diagram of the input signal and the output Signal. Signal distortions
corresponding to amplitude fluctuationsD, generation of ghost pulse®, and timing-jitter ® are

depicted. For the purpose of these calculations th@ptical amplifiers are assumed to be both ideal

and noiseless.
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The purpose of the signal regeneration is thergfmremove these distortions and to restore the
characteristics of the optical signal to a suitdélel so that a high overall transmission qualty

maintained.

In light of the different types of signal distontiothree elementary signal processing operations

are defined:

» RE-AMPLIFICATION: this operation compensates for the power lossrexqueed by

the optical signal along the transmission path.

 RESHAPING: this operation consists of restoring the intenpityfile (pulse shape) and
average power level of the incoming signal. Thigurees the function of equalizing
amplitude fluctuations on the mark pulses, remoyhgst pulses in spaces, restoring the
nominal duration of the pulse, and finally removimgccumulated noise within the signal

bandwidth.

 RETIMING: This operation aims at reducing the timing-jiter re-synchronising the

pulse position within its temporal bit-slot.

Depending on the network-case scenario, it is heays beneficial to systematically provide
these three operations at each optical repeatenetwbrk nodes. This is motivated by the fact
that the strengths of the system impairment cabgdibre loss, the amplitude fluctuation and the
timing delay are different. Nevertheless, loss amgblitude fluctuation are usually considered to

be the two major sources of signal impairment instr&ystems as compared to timing-jitter,
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which is more critical in long-haul transmissiorstgms. The Retiming operation is therefore

required less frequently.

Signal regeneration therefore designates any catibmof the three aforementioned operations.
The distinction between those combinations is meguiand conveniently achieved using a
number prefix such as 1R, 2R, and 3R. As illusttate Figure II-2, the simplest regeneration
scheme consists of a Re-amplification scheme (&RJ, is simply implemented using optical
amplifiers based on rare-earth doped optical ampifor Raman amplifiers. 2R-regeneration
combines both optical Re-amplification and Reshgdunctionalities. By adding a retiming

operation to a 2R-regenerator device one obtaBi®-eegenerator.

Retiming >

Re- . 7 \
Amplificatior> Reshapmg>

| 2R >
| 3R =

Figure 11-2: Signal regenerator scheme illustrating the r-amplification, reshaping and retiming
operations on an input signal. Note that the ordeof Reshaping and Retiming can be independently

exchanged for 3R regeneration schemes.

The practical implementation of any 2R or 3R optisaadvantageously appreciated by the

description of four building blocks as illustratedFigure 11-3 (after [12]). It consists of:
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Input_and output adaptation interfaces: (namely signal pre-conditioning and signal

post conditioning). These two blocks are devoteth&(respectively post-) conditioning
of the input and output signals in order to compligh the operating needs of the
subsequent blocks. Conditioning operations carefoer be of different complexity, and
address issues such as input/output power adjustmeise shaping, out-of-band noise
filtering, format conversion, control of the signglolarisation states, signal de-

multiplexing/multiplexing (be it in the time and/equency domain).

A nonlinear gate: this is undeniably the central element of the regator. This block

relies on the exploitation of a nonlinear transmissharacteristic between the input and

the output power of the regenerator (see the restios).

A Switching decision_unit: This element is used to control the state of tlage g

(open/closed) and is only relevant for retiming rapiens. The block requires an
additional clock signal that is used to switch tmmlinear gate. This signal can either be
retrieved from the signal or locally generatedtia case of 2R-regenerators the control
of the gate is generally provided by the incomiignal alone or one of its replicas. On
the other hand, 3R optical generation relies orfigorations in which clock pulses are
generated either using a local pulsed light sotwneing at a clock rate retrieved from the
incoming signal clock. The retiming operation ignhachieved by switching the clock
pulses by the incoming data signal using a nontirggde. Because the clock signal
operates at a different wavelength, wavelength emmeon usually occurs. This

wavelength conversion can be advantageously erglait optical switched networks to
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better accommodate optical paths, and avoid wagtidsiocking [8], or can be removed

in a further wavelength conversion process.

xR
REGENERATOR

—:> Decision Unit
—oo0—

| INPUT I Signal Nonlinear Gate Signal |0UTPUT|

s P Mo

input level

NZ
| |

output level

Figure 11-3: Block diagram of an optical 3R regeneator showing the different building blocks (after

[12]).

The nonlinear gate allows discrimination of low ahdh input levels owing to a power-
dependent transfer function, which relates the wusggnal power to the input signal power. As
illustrated in Figure 11-4(a), the shape of the powransfer function (TF) is ideally a step-like
curve exhibiting two output states to allow bothpditnde equalisation on marks and complete
rejection of the noise in space slots. Obtainirgjegep transition is challenging from a physical
point of view within a single non-linear gate. Powwmansfer functions with smoother profiles are
usually obtained experimentally, resulting in ari-li&e shape as illustrated in Figure II-4(b).
Sharper transitions are however obtained when dasgaeveral regenerators so that a step-like

function is obtained as illustrated in Figure Ib3(Cascading optical regeneration stages can also
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be employed to preserve wavelength transparencggdbcal regeneration schemes that change

the carrier frequency of the output signal in estelye of regeneration.

(a) (b)
A Output A Output
=1 Power =1 Power
( ™ N=1
input /— /— output
N /' — _
J N devices
- Input Power - Input Power
| | | > | | | >
Threshold Threshold

Figure 1l-4: (a) Ideal power transfer function of the nonlinear gate used for reshaping operation. (b)
Power transfer function derived from multiple cascaling of an elementary power transfer function.

1.2. Optical nonlinear gates
In the context of all-optical regeneration, the livear gate is the most distinctive and critical
element of the optical regenerator. To date, aetyaef schemes have been proposed to provide
step-like power transfer functions and each explait intensity-dependent nonlinear process in
an optical material. Three types of nonlinear atidevice are commonly based on optical
semiconductors, Periodically Poled Lithium Niob&#LN) waveguides that exploit cascaded
x® frequency mixing, and glass material exhibitindical Kerr nonlinearities such as optical

fibres. Corresponding nonlinear gates and impleat&mts are reviewed below.
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1.2.1. Optical Semiconductors-based nonlinear gates
Semiconductor Optical Amplifiers (SOA) have beeg thpic of intense interest over the past
decades, mostly because they represent a cheagedein a small footprint suitable for large-
scale integration. Three nonlinear effects cany@odged for semiconductors based nonlinear

gates.

Amplitude fluctuation on the mark pulses can beaead by using the nonlinear saturation of the
SOA gain characteristic. Although, this is a simpieethod, limitations arise from the
impossibility to reject noise in space slots anctates that the scheme be used in combination

with a second stage that allows noise removal asdhe use of a saturable absorbers [23].

Cross-gain modulation (XGM) and subsequent XPM iwittn SOA have also been reported.
The operating principles stem from phase modificabf the optical pulse that arises from the
local change of the refractive index as the cadmrsity within the SOA is modified due to the
excitation by the signal intensity. This effect raaluse of the change of the SOA gain induced
by the intensity pattern of an incoming pump sigftiaé incoming signal to be regenerated) so
that the gain variations, and thus the intensityepa, is directly transferred onto a probe signal.
Because the output signal is inverted as comparelet input signal, an additional operation is
required to restore the polarity. This can be addehrough several arrangement based either on

advanced spectral filtering or interferometric teicjues [24-27].

The limitations of the regeneration based on XGMsé@mi-conductor optical amplifiers arise
from the consequence of the slow relaxation tinvergithe limited recovery time of the carriers

(from 50 ps up to the ns regime). This intrinsigdimits their use at high bit-rates due to
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pattering effects and restricts them to single-deamperation only. This is not the case with
XPM based schemes [28]. Configurations have begpgsed to overcome this issue either based
on multiple SOA architectures or more recently dquamdot-based SOAs (QD-SOA) which have
a very short relaxation time (from 500 fs down @0 Is) [29, 30], as such are suitable for high-

bitrate applications.

Finally, exploitation of FWM in nonlinear SOAs wpsoposed [31]. The principle is based on the
generation of new higher-order frequency componeis to the interaction of two optical

signals. Although the scheme is fully able to addrkigh bit-rate signal processing, there are
some practical limits due to the low efficiencytbe scheme and its polarisation dependency.

Finally there are constraints due to the specliaaion of the pump and probe signals.

Using cross-absorption modulation in an electrosgtitton modulator has been proposed for 3R
optical regeneration [26, 27, 32, 33]. The pringiplies on the intensity dependent absorption of
a probe signal (consisting of the clock signal)uicell by a pump signal (data to regenerate).
Practical applicability of the scheme is howevdatreely limited since the absorption is both
polarization and wavelength-dependent and requelksdively high input powers. Moreover, it

cannot address high bit-rate signal due to thddidhcarrier recovery time.

Other nonlinear gates have been also proposednterest in them is limited because of their
restricted bandwidth and relative resemblance toedgctronic emitter/receiver devices. Among
these, we find electro absorption modulators [3R-84d self-pulsating gain-switched distributed
feedback lasers diodes [35, 36]. Recently, theiegdulity of micro-ring resonators was reported

from a numerical point of view in [37]. Finally, mew class of nonlinear optical waveguides
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referred to as photonic nanowires have been rgcpriposed as promising nonlinear gates [38].
Because of their sub-um transverse dimensions, suibéx-guiding waveguides provide a
maximal confinement of light so that large optioahlinearity can be obtained. Such devices are
thus well suited for many applications among whicimlinear processing of optical signals (e.qg.
all-optical regeneration [39], wavelength multi-tag [40]). Such waveguides can be fabricated

from glasses or semiconductors (e.g. silicon wanEgu

1.2.2. Periodically poled Lithium Niobate waveguides
These devices exploit the second-order nonline@rantions in Quasi-Phase Matched (QPM)
periodically poled Lithium Niobate. The principlé ihe quasi-phase matching is to modify the
nonlinearity of the medium along the device by add periodic phase shift correction along the
medium to ensure a continual build-up of the harmosignal [41]. Such devices are
manufactured using a multi-step lithographic andceic field poling process to induce a

permanent change in the nonlinear properties.

Signal switching is achieved by a cascaded frequganeration scheme which exploits the QPM
effect: specifically difference and sum frequeneyperation [42]. In the context of optical signal
processing, Periodically poled Lithium Niobate wawieles are generally used for wavelength
conversion as part of an 3R optical regeneratdy,but could also be used as a small foot-print

device for optical OTDM/WDM multiplexing and de-ntiplexing operations [43].
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1.2.3. Optical Kerr effect-based nonlinear gates
The second nonlinear gate category exploits theagferr effect within optical fibres or optical
planar waveguides [44]. The Kerr effect arises fittva nonlinear response of the glass medium
to a strong optical field of intensity |E|? thatddly changes the refractive index of the medium
n(w), wherew stands for the frequency. In Equatidin-1), ny stands for the linear refractive
index; and mis the nonlinear refractive index which is relatedhe third-order susceptibility®

[45], which is dependent on the physical propeniethe optical glass:

n(w) = ngy(w) +n, |E|2 (11-1)

For the optical regeneration of On-Off keying R4gas, the direct consequence of the Optical
Kerr effect is the introduction of an intensity-éegent phase modulation on the optical signal
either induced by the signal itself (Self-Phase Mation (SPM)) [46], or a second optical signal

(Cross-Phase Modulation (XPM)).

SPM refers to the self-induced phase shift" imprinted on an optical field {Eat frequencyuy

during its propagation in an optical fibre. Thisaqtity depends on the fibre length L and optical

intensity |&|? and is obtained by:

AL =

Ln,|E,[* (11-2)
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Similarly, the XPM refers to the nonlinear phas#tshduced on optical field Eat frequencyy
induced by another fieldBpropagating at a different frequenoy. Due to the tensorial nature of
the third-order susceptibilitx®, the nonlinear phase shift experienced for théd fa o, is

dependent on the states of polarization of the ¢oxpropagating fields. When the two optical

fields are linearly co-polarized, the resulting loear phase shifthL experienced aty, is

maximized and expressed by:

2
=2 [ +2]Ef ) (1-3)

The first term in Equatioril|-3) is due to SPM (see Equatign-2)), whereas the second is
attributed to XPM. For optical fields of equal aityde (|&|=|E)]|), the contribution of the XPM

is therefore twice that of SPM for linearly polatkzoptical fields.

As the optical Kerr effect benefits from a quastantaneous response time — which is
considered to be in the femtosecond domain (ive f$¢, optical processing of high bit-rate signal
(>100 Gb/s) can be more easily addressed. Singleneh optical regenerators using optical fibre

can be designed to exploit nonlinear effects offdrg SPM, (XPM), and FWM (FWM) [45].

Three major schemes for fibre-based optical regeoerare distinguished. We describe them

hereafter and highlight their pros and cons.
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1.2.3.1. Sagnac-interferometer-based optical regenerator

The first scheme is based on a Sagnac interferoraktehich the fibrerized version is called the
nonlinear-optical loop mirror (NOLM) [47]. As deped in Figure II-5(a), the principle relies on
splitting the signal to be regenerated into each af the interferometer incorporating a highly
nonlinear fibre (HNLF). The two arms of the intedmeter are formed by the counter-
propagation of two replicas of the input signalhiitthe same optical fibre. Switching is possible
thanks to a power splitter of unequal power coupliatioa. The input peak power of the ‘1’
pulses propagating in one path of the interferométeg. path A) is set so that the pulse
propagation corresponds to the nonlinear regimeereds propagation regime for path B
essentially remains linear. The asymmetric natndeiced by the different power coupling ratio
between the two paths A and B determines the anaiurdnlinear phase difference generated by

SPM between paths A and B.

Depending on the amount of phase shift added, dbeater-propagating signal in the two arms
interfere either destructively or constructivelytbat resulting signal is either reflected back to
the input port or switched to the output port. Fegul-5(b) depicts the ideal power transfer
function (i.e. sinusoidal shape) correspondingh® tase where only the presence of SPM is

considered [47].

As the scheme relies on an interferometric effélog technique is known to be relatively
sensitive to environmental perturbations and isapodtion dependent, so that polarisation
control inevitably needs to be considered. Addressnigh bit-rates is as straightforward,

although it is necessary to consider the effectthdf XPM-induced nonlinear phase shift
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contribution added by the counter-propagating digmathe power transfer function [48]. An
experimental demonstration of such a 2R regenerst@ported in [49] and enabled a Forward
Error Correction (FEC) compatible transmission o¥6000 km of a 42.66Gb/s Dispersion-

Managed RZ WDM signal.

(a) Nonlinear Optical Loop Mirror (NOLM) (b) Ideal NOLM Power Transfer Function

A
=] Output
Power
HNLF
INPUT OUTPUT
PORT PORT
= = 1 Power

Figure 11-5: (a) Nonlinear optical loop mirror scheme in a 2R optical regeneration.

(b) Corresponding ideal power transfer function.

1.2.3.2. FWM-based optical regenerator
The second scheme relies on the generation ofdreyucomponents due to FWM between an
incoming signal and a pump signal [50]. Most comnmaplementations exploit the degenerate
FWM effect and for which the pump signal is plaeg@@ne of the zero dispersion wavelengths of

a dispersion-shifted highly nonlinear fibre.
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A FWM-based 2R optical regenerator is depictedigufe 11-6(a). The signal to be regenerated
is fed into a Dispersion-shifted HNLF together wih intense continuous-wave (CW) pump.
Through multiple FWM processes new frequency siddbare generated - equally spaced by the
initial frequency detuning\F between the input and pump beams — (see on thatoapectrum

in Figure 11-6(b)). A narrow-band output filter igsed to select the corresponding signal
sidebands as the output signal. The choice ofitteband to be filtered is essential in order to
provide suitable optical regeneration (i.e. a pots@nsfer function having a step-like transition).
As explained in references [51-53], the idler waganot be employed to simultaneously provide
both noise rejection on the marks and power ecai@diz on the spaces under the depleted pump
regime. On the contrary, the first cascaded sidgbaported in Figure 11-6(b) is more suitable
since i) at low input signal power the output poweeles quadratically with the signal input
power, ii) at high input signal powers and undex tiepleted pump regime, a plateau can be

reached, resulting in a step-like nonlinear powemgfer function.

(a) (b)

Four-Wave Mixing-based 2R optical regenerator Input Spectrum
Input cw
Input Dispersion-shifted Signal Pump
Signal Highly  Tuneable Optical
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Fibre filter
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Signall position
% .....
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Figure II-6: (a) FWM-based optical regenerator. (b)Spectral content at the input and output of the
dispersion-shifted HNLF, and position of the outpuffilter. AF is the frequency detuning between the

signal and the pump frequencies.

In practice the generation of higher-order freqyepioducts requires high input power so that
spectral broadening of the pump is mandatory temgs stimulated Brillouin scattering (SBS)

[45, 54, 55]. As spectral broadening is also imdnon the regenerated signal, additional
distortion and signal-to-noise degradation are galyeobserved. Using a non-degenerate dual-
pump configuration allows minimization of the sigrimoadening while suppressing the SBS

effect [56].

Because FWM is a parametric process, phase-matatonditions need to be preserved to
guarantee high power conversion efficiency. Thecess is therefore more dependent on the
polarization state of the incoming signals along fibre, and requires with fibres with excellent
longitudinally uniformities in order to preserveetiposition of the zero-dispersion wavelength
[57, 58]. Numerous experiments are reported [5158, 56, 59-66]. Although experimental
works were only reported at 10 Gb/s both for NondReto-Zero and RZ signal, the
applicability to higher bit-rates is not limited bye response time. However a strong alteration of
the pulse shape due to the chromatic dispersicasgociation with nonlinear effects can take

place as presented in [67].

1.2.3.3. XPM-based optical regenerators
The third category encompasses the combinatiorPM or 2R regeneration) or XPM (for 3R

regeneration) and a non-interferometric switchirgthmad. The regenerator architecture was first
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proposed by Suzulat al. in [68]. As depicted in Figure 1l-7(a), the devicensists of an optical
clock signal centred at a frequencyod a dispersion-shifted highly nonlinear fibre and a
narrow-band filter centred at,f« The clock pulse signal is generated from a cladovery
circuit that provide pulses of shorter durationnththe pulse to regenerate at a same repetition
rate. The signal to regenerate and the clock prsded into the HNLF. An optical delay line is
used to adjust the timing of the clock pulse sd thes located on the leading edge (or trailing
edge) of the signal pulse as shown in Figure [)7fbthe presence of an incoming ‘one’ pulse,
the centre frequency of the clock pulse spectrushiied due to XPM within the HNLF. In the
figure, the centre frequency is shifted towardsrignofrequencies at the fibre output. As the
amount of the wavelength shift is directly propomil to the gradient of the signal pulse intensity
profile, the spectral shift is dependent on theutnpeak power of the incoming pulse. Using a
narrow band optical filter centred at allows conversion of this spectral shift into powe
fluctuation by discriminating spaces and marks gail$n this configuration, it is clear that the

output signal is inverted as compared to the ispnal.
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Figure 1I-7: (a) XPM-based optical regenerator. (b)Principle of operation in case of ‘0’ and ‘1’

pulses.

In practice, XPM-based schemes require to controh® state of polarization of the pump and
probe signals to maximize the XPM effect and spéchift, even if polarization independent
XPM schemes have recently been demonstrated [68]augse of their reduced environmental
instabilities, these types of optical regeneratmes among the most studied (see next section).
Finally, other methods have also been proposedavhigh have more stringent requirements for
their set-up and fibre characteristics. This inelidexploitation of the nonlinear polarization

rotation effects used in a Kerr shutter configunati[70, 71], or parametric amplifiers [72].

Finally, regenerators based on Stimulated Ramatie8icey were also demonstrated and reported

in [73].

2. Single-channel SPM-based regenerator

Optical regenerators that exploit SPM are addresstds section. SPM is the simplest nonlinear
effect to stimulate and utilize because the effedelf-induced, and the added nonlinear phase

shift is proportional to instantaneous the puldensity profile [45, 46].

As the phase profile is differently affected by ttte@omatic dispersion whether it is normal or
anomalous, we distinguish between two types ofmegeor: the first one is only applicable in

the anomalous dispersion regime taking advantage fthe soliton effect, and the second
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solution preferably operates in the normal dispersegime and is based on spectral broadening

of the pulse.

2.1. Soliton-based regenerator

Here, the principle relies on the exploitation lo¢ fundamental soliton effect. The fundamental
soliton pulse refers to a particular pulse intgngiofile - which corresponds tosg&chor which

the nonlinear phase induced by the SPM and theepbhange induced by group-velocity
dispersion cancel each other. The direct conseguenthat both the intensity profile and the
spectrum of the pulse remain unchanged whilst theepis propagating within a loss-less fibre.
The condition is obtained for a particular combimatof the temporal width, and the pulse
energy for given fibre properties. One conditiontlierefore to operate in the anomalous

dispersion regime.

The soliton effect refers to the mechanism thatdsrany pulse to evolve to a fundamental
soliton — potentially with some shedding of dispexgadiation in the process due to high order
dispersion [74]. The convergence consists of angssyve self-reshaping of the pulse thanks to a
redistribution of the frequency content, while essérequency content, that does not belong to
the soliton pulse, is radiated away. The conditifors soliton convergence are provided by
selecting the input power conditions and adjustirefibre length with respect to the optical fibre

properties.
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By implementing a soliton conversion stage andyipgla narrow-band optical filter centred at
the optical carrier frequency at the end of th@estét was proposed to filter excess noise to the
mark pulses. This method is referred to the spicfiiered soliton method and was reported at
20 Gb/s [75], and 160 Gb/s [76]. Although this noethexhibits a reshaping capability and a
power equalization of the marks, the presence dfaid noise remains, so that an additional
stage must be provided to remove this noise - siscthe use of saturable absorbers (SA) [12,

17).

Retiming operation was also demonstrated by applgifPhase and/or intensity modulation to the
signal. As described in [17], jitter reduction agsas a consequence of the soliton effect (for
intensity modulation), whereas phase-modulationoses a time-position-dependent frequency
shift that may be compensated for by the grouperslalispersion of the fibre. The scheme is
referred to as synchronous modulation and an d@Raregenerator was demonstrated in [17]

over 10,000 km for a 4x40 Gb/s system.
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2.2. SPM-based and offset filtering
In this part, we describe the operating principfettee 2R optical generator based on SPM-
induced spectral broadening and subsequent offteirfg and which formed the focus of my

PhD project.

The regenerator was introduced in 1998 by P. Mamygh4], and is also referred as to the
Mamyshev optical regenerator, as a large amouatteftion has been paid to it. As illustrated in
Figure 1I-8, the regeneration principle is strafghtvard and relies on spectral broadening on the
incoming pulse due to SPM. A simplified Mamyshevticgd regenerator is reported in
Figure 11-8, consisting of a Highly-nonlinear fibrevhich is used to imprint the SPM to the
incoming pulses, followed by a tuneable opticalroarband optical filter. The operating
principle is also schematically described in Figih&, by considering the spectral evolutions of

a high-peak power and a low-peak power input pudsesfferent locations along the regenerator.

As low-peak-power pulses (nominal ‘zeros’) expecetess spectral broadening than high-peak-
power pulses (nominal ‘one’), discrimination betwewarks and spaces is achieved by placing
an output narrow-band optical filter spectrallyseff from the input signal carrier. The detuned
optical filter collects only a small fraction ofehenergy of low-peak-power pulses, and a larger
energy fraction of the high-peak-power pulses. Mueg, as high-peak-power pulses experience
more spectral broadening, the amount of power thgbassed within the filter bandwidth

saturates at high peak powers. As the spectraliBonlof the pulse along the fibre length leads
to the presence of input peak power-dependent repegpples in the filter bandwidth (as

illustrated in Figure 11-8), a variety of shapesndae achieved (as seen in the text chapter). A
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direct consequence is that the shape of the pawesfer function is dependent on numerous
parameters (i.e. details of the input pulses ahck fcharacteristics, frequency detuning of the
filter, etc). The shape of the offset filter acts a pulse-reshaping element by slicing into the
broadened spectrum pulse and the filter bandwidth the output temporal width. Nonlinear
propagation within the normal dispersion regimepisferable in that it does not allow the
development of modulation instability due to noeln interaction between the signal and ASE
[17]. Furthermore, the SPM spectra generated umdeditions of normal dispersion are

generally flatter, thus leading to smoother pulsgpes at the output of the regenerator [14].
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Figure 11-8: Top: operating principle of the SPM-based spectral broadening and subsequent offset
filtering optical 2R regenerator. Bottom: Examples of power transfer functions obtained for

different output filter detuning and input powers.
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The corresponding set-up is shown in Figure |49 @egraded optical pulse streams are first fed
into an optical amplifier, which is used to bodse¢ ppower to a suitable level at the input of the
highly nonlinear fibre (HNLF). An ASE noise rejemti filter can be employed to remove out-of-
band excess noise. The amplified pulses are thepapgated in the HNLF. A narrow-band filter

is used to carve into the broadened spectrum atotliput of the HNLF providing pulse

reshaping.
: I Highly Optical
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Figure 11-9: Typical implementation of a 2R optical regenerator based on SPM-based spectral

broadening and subsequent offset filtering, with c@esponding parameters.

The applicability of the scheme to operate at 13sGb4], 40 Gb/s [77, 78], and 160 Gb/s [70]
enabling for the last experiment error-free trarssoin up to 1 million kilometres (in association

with a retiming unit has been demonstrated). Nuoeexperimental studies have been carried
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out regarding pulse width restoration [79], polatisn-mode dispersion mitigation [80],

tolerance to residual dispersion [81], BER improeeti82-84], etc.

In addition to the simple set-up, the scheme isealppg since the requirement of the fibre
characteristics are extremely reduced as comparether fibre-based optical regenerators, and

the scheme offers simultaneous noise rejectioraamlitude power equalization.

One of the most important drawbacks of the techempses from an additional timing-delay that
is imprinted onto the pulses of the output sigidd, [67, 85, 86]. This variable amount of time
delay can be caused by any deformations in thensitie and phase profiles present on the
incoming pulse (e.g. peak-intensity and/or pulsdtivifluctuations). The origin of this timing-
jitter arises from the different amount of pulseguency chirp induced by nonlinear propagation
along the HNLF for input pulses of differing powand more specifically from the amplitude-
phase conversion caused by the interaction of B 8ffect and group velocity dispersion. As
illustrated in Figure II-10, the different arrivi@ine is the result of the power-dependent chirp rat
(i.e. chirp slope) value. Furthermore, dependinghanrelative position of the offset filter, this
power-dependent delay is mapped in an asymmetashion onto the output pulses. Figure 11-10
shows that if the filter is offset b{F (-AF) from the carrier frequency of the input sigrtan
pulses with higher (lower) peak power would arrateghe end of the regenerator faster (slower)

than a pulse with the mean peak power.
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Figure 11 -1C: Temporal delay mapping as a function of the input pwer and the position of the offse
filter of the Mamyshev 2R optical regenerator. Tempral pulse intensity and frequency chirp
profiles corresponding to two incoming pulses of sae temporal duration but different input peak
powers are represented at different locations alonthe optical regenerator.

Different chirp fluctuations across the temporabfie of the output pulse can therefore be
obtained. As the detuned filter selects only tlegdiency content of the pulse around a specific
instantaneous frequency, corresponding spectraénbmay be extracted at instant that may vary
from pulse to pulse due to chirp fluctuation, thesulting in timing-jitter. This power-dependent

delay is mapped in an asymmetrical fashion ontootitput pulses and basically depends on the
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relative position of the offset filter - e.g. ifdHilter is offset byF (-aF) from the original central
frequency then pulses with higher (lower) peak powi arrive at the end of the regenerator
faster (slower) than a pulse with the mean peakepoWnless a retiming stage is employed to
compensate for this timing-jitter such as in R&7][ the maximum achievable error-free
transmission would be reduced because of the adationu of timing-jitter along the
transmission path. As the Mamyshev regeneratoonsidered alone, it seems possible however
to reduce the amount of the timing-jitter by eitl@ranging the operating parameters of the

regenerator [88] or by cascading a second Mamys¢ganerator stage [89].

3. Extension to multi-channel processing

Simultaneous optical processing of multiple optivtdDM channels within the same optical
element is undoubtedly a desirable functionality &l-optical telecommunications networks,
potentially offering major technical and economibahefits as compared to any single channel-
based approach. Since optical networks are expéztiegecome more transparent moving forward

a strong interest in multi-channel optical regetierehas developed during recent years.

The extension to multi-channel operation is howdiraited by the presence of inter-channel
nonlinearities, as they directly compete with tlemlmear effect used within the nonlinear gate.
In light of the description of the various regertiena principles used for the single-channel case,
suitable multi-channel mitigation is not straightfard to address. For instance, single channel
optical regenerators using optical fibre can beighesl to exploit SPM (SPM), XPM (XPM),
FWM (FWM), and Stimulated Raman Scattering butdktension to multi-channel operation is

limited by the presence of inter-channel nonlinessiresulting from XPM and FWM inter-
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channel interactions, which directly compete witle honlinear effect used for regeneration.
From this, one expects an additional source ofenaisd power fluctuations which degrade the
reshaping performance for individual channels asufised in the next section and Chapter IV in

more detail.

In a multi-channel regenerator, a robust mitigatimmst be provided to limit the cross-talk levels
arising from the inter-channel interactions whilegerving the regeneration performances for
each of the WDM channels as achieved for the siclgéanel case. Besides the pure reshaping
performance, the robustness of the regeneratdretprioperties of the incoming WDM signals is
also a key issue worth investigating. Two additla@nditions can be identified. The regenerator
might be able to ultimately cope with: i) no asstimp on the temporal synchronism across the
WDM channels, so that no precise timing betweenrmaog signals can be priori set, ii) a lack

of knowledge of the polarization states of the matg signals.

Only a few demonstrations of multi-channel 2R gitical regeneration had been reported. This

section summarises the existing solutions and teggrerformances.

3.1. Semiconductor-based schemes
For semi-conductor-based nonlinear gates, only @uarDot SOAs are reported to be of
potential relevance for multi-channel processingutih this is only supported by numerical
predictions [90]. The reduction of the cross-taditvileen optical channels arises from the spatial
isolation of dots, which prevents transfer of @giamongst different spectral regions, provided

these are outside of the inhomogeneous broadeegigr.



40 Chapter II: General background

3.2. Fibre-based schemes
Fibre-based regenerators are obviously more aiteagtven the great design provide flexibility
for tailoring the dispersive and the nonlinear gntjes of the fibre. Modification of the single-
channel regenerator set-up is facilitated enabtmage efficient mitigation of the inter-channel
nonlinearities due to FWM and XPM. SPM-based reganes are the most suitable solution to
support multi-channel operation based either oitosokffect or spectral broadening followed by
optical filtering. An interferometric scheme wasalproposed using a dispersion-unbalanced
NOLM Sagnac interferometer but which required mediming between the incoming signals to

be established [3] at its input.

3.2.1. Fibre-based 2R-regenerator using soliton effect
A direct extension of the spectrally filtered optisoliton method has been proposed in [91] for a
WDM configuration. An experimental demonstration {40 Gb/s-channel regeneration was
reported using a chromatic dispersion managed sehdth polarization multiplexing to reduce
XPM [91]. The dispersion management was realisedabygollection of fibre assemblies
comprising fibres of opposite signs of chromaticspdirsion [92, 93]. Although power
equalization can be achieved, the scheme stilesuiffom an inability to remove in-band noise.
One possibility for alleviating this problem usiaglistributed offset filtering approach has been
proposed [94]; though the practical viability ofsthas still to be demonstrated experimentally

because of the extremely small values of offsatrdag required.
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3.2.2. Fibre-based 2R-regenerator using spectral broadening and

offset filtering
In [21], the use of a specially tailored dispersa®treasing fibre to process 4x40 Gb/s Carrier
Suppressed RZ channels was reported. Due to the doger efficiency of the soliton pulse
compression effect, strong spectral broadeningowitlsignificant inter-channel nonlinear effects
was possible at low input powers (45mW/channel)engbs no deleterious effects due to pulse
interaction was reported. Nevertheless, only momestovements in the Q2 factor (0.7 dB) were

reported due to an excessive amplified spontanemission noise contribution.

A less demanding solution in terms of fibre requiemts was theoretically proposed by
Vasilyevet al. [22] based on a direct adaptation of the set-upgsed by P. Mamyshev. The
operating principle relies upon introducing a rapidlk-off between adjacent channels through
dispersion chromatic management along the devidgnifeant SPM-induced spectral-
broadening can still be preserved when maintaiait@v path average chromatic dispersion over
the complete regenerator length. Doing so, theepi@sporally broadens and shrinks at periodic

stages along the regenerator.

The corresponding set-up is reported in Figurelllal The original design comprised a series of
individuals “cells” made of one highly dispersivertinear fibre (e.g. dispersion compensating
fibre (DCF)) followed by a chromatic dispersion quensator (Figure I1-11(b)). Vasilyeat al.
suggested to use a Periodic Dispersion Group-DBkwice (PGDD) acting as a lumped and
channelized dispersion compensator [95] (Figurdl1le)). This configuration allows the
channels to continuously walk-through each othethsd the group delay difference between

adjacent channels monotonously increases with sxgtr length ((Figure II-11(e)).
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Nevertheless the consideration of both the phadexaplitude response of the PDGG noticeably
complicates the design of the regenerators andgtimisation of the fibre parameters [96] and

in the end would complicate any experimental imgatation.

To overcome this issue, it was proposed to repliaese PGDDs by standard single mode fibre
(SSMF) so that the device can be fully-fibrerize2R2,[ 97]. The latter solution differs
fundamentally from the former since the group delayiation between two adjacent signals
periodically returns to zero (Figure 1lI-11(e)). Bese of the monotonous variation of the group
delay within the SSMF (Figure 11-11(d)), each puilsteracts with the same set of neighbouring
pulses, whereas for the PGDD approach, each puisBybinteracts with a large number of
adjacent pulses. The mitigation performance ish#jjgdegraded as a slight dependence on the

relative time delay between incoming channels pored [98].
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In the framework of the European project TRIUMPHhad the opportunity to participate in the
realisation of an all-fibrerized regenerator desdyrfor 33%-RZ 40 Gb/s channels, and to
perform its early characterization [98] at 4x10 &he characterization showed that the effects
of inter-channel nonlinearities could be suppresa@t a residual power penalty of 0.5 dB
between multiple- and single-channel operationstt{gn absence of any signal degradation). A
maximum 1.5 dB power penalty improvement was adadefor an artificially degraded input
signal but with significant variation between chealsn Based on the same approach further
experiments were conducted for two 33% RZ 43 Gldta dstream (1,200 GHz spectral
separation) and a power penalty improvement ofdB.5vas achieved for both channels for an
artificially degraded input signal [16]. Three-cin@hoperation (600 GHz channel spacing) was
still feasible albeit at the expense of slightlygdeled performance due to an increased XPM-
induced timing-jitter contribution that highlightise presence of a remaining contribution caused
by inter-channel interactions within the opticabré assemblies. Corresponding results are

reported in references [98, 99].

Based on this review, one can wonder whether singslghitecture can be thought about given
that multi-channel optical processing has only begorted for a limited number of channels (up
to 4). The purpose of this thesis is thus to ingast alternative schemes to mitigate the inter-
channel cross-talk within the optical nonlinearegathe motivation to do so is to examine
whether simpler architectures over a fibre dispersnanaged solution can be considered, and to
evaluate their performances and possible limitatiaith respect to single-channel operation.
Among the different approaches, the fibre-based&f®nerator using spectral broadening and

offset filtering was considered over the other teghes because of its easier implementation.
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Due to the lack of detailed analysis in the literaf | first study the single-channel Mamyshev
regenerator in Chapter lll, in order to examine ithgenerator performance with respect to the
operating conditions and nonlinear fibre properties Chapter IV, | examine the various

solutions that could be considered to extend therse to a multi-channel when using a single

piece of fibre.






Chapter Ill: Single-channel

2R-optical regenerator design

This chapter reports the new contributions during PnD work on the design of the single
channel optical 2R optical regenerator based orctspebroadening and subsequent offset
filtering. Taking benefit of fundamental scalingoperties, | identified general rules, which
drastically reduce the design complexity of theiagtregenerator, be it in the absence or
presence of fibre attenuation. This approach tatdd the drawing of fundamental conclusions

that are bit-rate independent.

The presentation of these results and conclusiengigen in Publications A and B. Publication
A reports the presentation of the model used apdttiboretical scaling rules proposed for the
regenerator in the absence of any fibre attenuatidre second Publication presents the
experimental validation of the design rules, armdwhbich the impact of the fibre attenuation loss

has been included.

47
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The complete reference of Publication A (see p&$) :

L.Provost, C.Finot, P.Petropoulos, K.Mukasa, DchBidson, Design scaling rules for 2R-

optical SPM-based regenerators Optics Express 2007 Vol.15 pp.5100-5113.
The complete reference of Publication B (see p&%¢ i&:

L.Provost, C.Finot, K.Mukasa, P.Petropoulos, Dg¢hBrdson, Generalisation and
experimental validation of design rules for SPM-basd 2R-regenerator§, Optical Fiber

Communication conference (OFC 2007), 25-29 Mar 2Q0IMB6.

The chapter is divided into three sections. Finst, will present the model and the theoretical
argument used to derive the design rules. In thergksection, we will present the experimental
validation showing the applicability of the propdseles, and finally we will highlight important

aspects on the applicability of these design rules.

*k%

1. Introduction

Though the regeneration scheme based on speadaddaming and offset filtering was introduced

by P. Mamyshev in 1998 [14], its design has onlgrbaddressed in a few works [14, 67, 100]



Chapter IlI: Single-channel 2R-optical regenerattasign 49

Although the reported conclusions of those worlkswardeniably helpful, no exhaustive guidance
was provided to build up such regenerators fronatsbrand to size it accordingly with the

desired reshaping performance.

The reason for such a difficulty fundamentally lieghe large number of parameters one has to
consider and the difficulty to relate parameterthwhe reshaping properties. As highlighted in
the previous chapter, the design complexity ofNta@nyshev regenerator scales up rapidly when
considering the numerous parameters involved (es se Figure 11-9): fibre parameters (fibre
length, fibre attenuation, chromatic dispersionyoamatic dispersion slope, and nonlinear
coefficient), offset position of the output filtenput power budget, input pulse duration, etc. In
addition, because the requirements imposed onhaeacteristics of the Highly Nonlinear Fibre
(HNLF) are more relaxed than for other regenerasidmemes, fibre parameters can extend over
large ranges. The last argument is even truer wbasidering the variety of glass materials that
could be employed within the nonlinear medium. Tregress made on the manufacturing

process allows non-silica fibre-based devices todmsidered as serious contenders.

As far as fibres with normal dispersion are conedrriwo types can be distinguished and have

been proposed as viable candidate for nonlineaabkgrocessing:

1. Silica-based fibre types. This is the most usua ®aditional category. It includes
full-solid silica HNLF, chromatic dispersion comating fibres (DCF) [101], and

silica-based microstructured optical fibres.
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2. Compound-glasses fibre types. This type correspoodthre formed of non-silica
glass (chalcogenides, tellurite, Bismuth glass@&$jpse glasses were proposed as
alternatives to silica-based fibres because of tiigher nonlinear coefficient — about
1000 times that of fused silica [102-104]. They éndeen therefore considered to be

of a potential interest to exploit Kerr nonlinegst using a reduced power budget.

Figure IlI-1 shows the nonlinear coefficient andyp velocity dispersion ranges associated with
the aforementioned fibre types. Individual fibreaadaoming from either the literature (see Ref
[105-116] for corresponding figures) or from in-Iseuibres are reported. It is noticeable that the
two fibres types essentially differ in their nodarity levels, and to a lesser degree in terms of
chromatic dispersion. However, the two types sigairftly differ in their intrinsic attenuation as
compound glasses exhibit attenuation levels ofva & per meter while silica-bases fibre

exhibits attenuation of a few tenths of dB per kikire.

Although several proof-of-principle experiments t¢ime Mamyshev regenerator have been
demonstrated in silica-based holey fibres [115,],1&6mpound glasses such as chalcogenide
glasses [117-119], or bismuth-oxide [110, 120, 121¢lirect cross-comparison of the pros and
cons of each glass type is not simple because ®f different operating conditions and

implementation set-ups (different lengths, différeit-rates) existing among the reported works.

The existence of such a large range of nonlinegpegties combined with the lack of sufficient
feedback on the influence of each parameter ingbivethe reshaping operation are the two
major issues that are considered in my analysighfersingle-channel case and represent my

major contribution to the field.
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Figure IlI-1: Overview of the group-velocity dispersion and nonlinear coefficient for different fibre
structures and glass material. Data are reported atl550 nm. Full-symbols: silica-based optical
fibres; Open symbols: non-silica compound glass oigal (Refs. [117-119]) fibres and bismuth oxide-
based (Refs. [110, 120, 121]) fibres.

2.  Description of the numerical model

2.1. Nonlinear propagation of an optical pulse within a

nonlinear Kerr medium
The evolution of an optical pulse within a nonlinddre is governed by the well-known

Nonlinear Schrodinger Equation (NLSE) [45].

Let us consider an optical fibre having an attelonatoefficienta(w,z), a nonlinear coefficient

y(w,z). LetBo(w,z) be the mode propagation constant , whestands for the frequency, and z
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the longitudinal position along the fibre. For sakeclarity all frequency dependence will be
dropped throughout the rest of this thesis, anddhgitudinal homogeneity of the fibre will be
considered to be uniform so that the longitudirgpehdence in z is also dropped. Let A(t,z) be
the slowly varying pulse envelope of the electrifoglid of the optical pulse of which the carrier

frequency iswp and initial temporal width is ol

Alt,2)=,/PU(t,2) (11-1)
Where: U(t,z) being the normalized amplitude, apdi® peak power of the pulse. For instance,
for input Gaussian pulse, U(t,0)= expjt/To)?], where the F is the 1/e? half-width. For a

Gaussian pulse, the full-width at half maximumyfiv of the pulse intensity relates t@ With:

Tewin = ZVIN(2)T,.

The NLSE Equation considered is reported in Equafltd-2). Consideration of the nonlinear
contribution has been limited to the SPM term (RidBn) so that both the Raman Scattering
contribution and self-steepening term are negle@®edh a simplification is justified by the fact
that both contributions are only expected to becsimgeificant for optical pulse durations of less
than 1 ps, which is significantly smaller that thetical pulse-widths under consideration here.
The Stimulated Brillouin Scattering contributionsh@so not been considered too, since the line-

width of the pulses we will consider are much larfpan the Brillouin line-width.

(111-2)
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Where:[31, B2, andps being respectively the group velocity, group vélodispersion and third-
order group velocity and defined as the first, selgoand third coefficients of the Taylor

expansion offp aroundwy respectively [45].

The definition of the following normalized quantsi allows the NLSE to be recast into the
standard form provided by Equatignl|-3). These quantities are standard normalisations

introduced in the soliton theory as presented b].[Alote that we implicitly set the third order

dispersion ternf8; to O.

u(z,t) = \/WU (z, t)

N2 = i
I‘NL
z
E—LD
_T _t-pz Scaled time variable expressed in the referenceenamoving
r 7T with the pulse at the group velocity vg (retardexfe)
0 0
T_02 Dispersion length
"8
_1 Nonlinear length
LNL TR
Py
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i ou(&,7) _sgn(B,) a%u(&,7)

2 __i_ ]
o0& 2 or2 +|U(5,T)| U(E,T)— Za Lo u(f,r) (111-3)

Where: sgn(x) being th&gnfunction (if x>0 sgn(x)= +1, else -1)

An analytical solution of the differential equation | -3) only exists in particular cases so that
the integration of the equation for the generalecaan only be achieved numerically. The
numerical solution of the equation can be achiew&dg the widely known Split-Step Fourier

method of which a complete description and impletatgm is reported in [45].

2.2. Scaling factor properties on the NLSE Equation
The form of the standard NLSE EquatiOr|-3) is valuable as it is possible to generate an
infinity of solutions once a particular normalisediution is known. If we assume a loss-less
medium by settingt=0, so that the RHS of Equatignl|-3) is cancelled and u(z4,T/To) is

found to be a solution of the NLSE Equatign! -3), thenit can be showd.u(&.z/Lp,0.T/Ty)

also represents a solution for any real nundjds].

This scaling property can be further interpretad im more useful assertion. By considering two
optical pulses of amplitude;&,z), and A(t,z) propagating in a Fibre 1 (with length, bonlinear
coefficient y, and group velocity dispersiofi; 1), and fibre 2 (with length 4, nonlinear
coefficienty,, group velocity dispersiofi; ) respectively, it can be demonstrated that the two
pulses will evolve to the same scaled profilesathithe time and frequency domains if the two

following conditions are fulfilled.
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1- The initial ratio (i.e. at z=0) between the fibredahe dispersion lengths are equal so that:

(111-4)

1 - NL2 (|||_5)

In other words, the study of a single optical pudéa prescribed initial envelope is sufficient to
predict the evolution of any replica having diffierdemporal and/or amplitude scaling in an
optical fibre having a different fibre length and/fdifferent group velocity dispersion or/and
nonlinear coefficient. Using the two previous cdiais one can compute corresponding fibre

parameters as well as amplitude and temporal gcpirameters.

A similar conclusion can be drawn when the fibteratation is also considered. Noticing that the
loss contribution to the NLSE equation is only aeled thanks to thelp term of the RHS of
Equation(l11-3), the previous two pulses will evolve to the saweed profiles in both time and

frequency domains when a third condition is fudill

3- Their initial aLp products are equal

a Ly, =a, Ly, (11-6)
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Where:a; anda; are the attenuation losses of fibre 1 and fibrespectively.

Despite the apparent simplicity of these three tard (which are easily derived from the
NLSE analysis), a drastic and significant reductdrihe modelling requirement is enabled for
the Mamyshev regenerator. Global bit-rate independmnclusions can be derived on the
propagation of a single optical pulse in a givetiaap fibre for which the four parametersg, B,

B2, vy, are arbitrarily fixed. The extent of such a cosan is however reduced for a lossy media,
as the scaling properties are only valid whenchg value remains constant, and this therefore

needs to be addressed for many cased pfvalues.

2.3. Parameterisation of the power Transfer Function
In this part, attention is paid to the analysis gqratameterisation of the different operating
regimes that are offered by the Mamyshev regenemtpending on the regenerator parameters
settings, three operating regimes can be identdiedl characterized by the shape and the power
dependence monotony of the power transfer funcédendepicted in Figure 1ll-2(a), in which an
ideal Mamyshev regenerator set-up is consideresl r@sgenerator parameters in the figure), we
compute the propagation of an input un-chirpedoaptzaussian pulse-width 0§35 ps duration
(corresponding to 33%RZ 40 Gb/s optical signal) arueak power f2. The output (Gaussian)
filter bandwidth is set to match the initial spattbandwidth and spectral shape of the incoming

pulse.
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An idealized optical amplifier (i.e. no noise isdad in the amplification process) is used to
describe the corresponding power transfer funchigrincreasing or decreasing the input peak
power of the optical pulse at the fibre input p&y. varying the fibre length by -25% and 25%
around the initial length J. three operating regimes are observed as depictEdyure I11-2(b),
and which differ from one another by the variat@fnthe power transfer function which can be
either be; non-monotonous (regime ‘A’) producingngooscillatory structure at high input power
levels, exhibiting a locally flat region (plateaoh the one-level (regime ‘B’), or a purely

monotonic response (regime ‘C’).

The differences in behaviour result from the ripglee to SPM within the pulse spectrum and the
position of the output filter relative to theseplipgs as depicted in Figure IlI-2(c). The pulse
spectrum becomes flat-top for longer propagatirgjagices and the Transfer Function hence
becomes hence monotonic. It is also clear thantige rejection in empty slots is different for
the three operating regimes as seen by the shape tfansfer function at low input power (low

G; value).

Based on the transfer function evolution, we defimeminal input power for the incoming pulse
mark levels, which locally shows a maximum outpuwpr compression (mathematically
determined by the position at which the first dative of the Transfer Function is either zero (for
regimes A or B) or minimum (for regime C)). Thosainis are reported asaGGg, and G in
Figure 1lI-2(b). Intensity and frequency chirp ple$ of the output pulses corresponding to these

three operating settings are reported in Figur@ (ii).
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Figure Il1-2: Illustration of the three possible operation regimes for the Mamyshev regenerator. (a):
parameters of the regenerator set-up considered fathe numerical modelling. (b): Power transfer
functions and corresponding type (A, B, and C) whethe fibre length is changed by -25%, 0%, and
+25 % respectively as compared to the initial lendt Lo. Vertical arrows depict the position on the
transfer function where the output power compressio is locally maximum. (c): Corresponding
spectrally broadened spectra at the fibre output fothe three operating regimes. The spectra were
intentionally offset along the vertical axis for béter readability. The central position and amplitude
of the offset filter is also reported. (d): Pulseritensity profile (bottom) and frequency chirp (top) at
the output of the offset filter. The pulses are plited in a moving reference frame attached to the

input pulse.
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In order to encompass these different regimes asdceated operating input parameters (nominal
input mark power and output extinction ratio), thigarameters are defined: 1) the input peak
power for the mark pulses'Pthat provide a locally maximum output power consgien, 2) the
output power compressignratio of the marks obtained when considering douam amplitude
fluctuation window of + 7.5 % centred around"Pand 3) the output extinction ratio BR
considering an input extinction ratio ERf -10 dB, ER being defined as the ratio between the
input peak powers of ‘zero’ and a ‘one’ pulse havim peak power of 48. Corresponding
definition of the three former quantities can vibpaerived from the power transfer functions

and eye diagram in the figure below:

(a) OUTPUT POWER COMPRESSION RATIO (b) INPUT/OUTPUT EXTINCTION RATIOS
SR BT\ PE
€ in =
~ l } 5
] P 1 (7]
© out —
-~ S
5 t g
5 €
Q p o -
2 p £
8 out %
S
S
< > S
! : (@)
0 Pin1

Input power (a.u.)

Figure 111-3: (a): Definition of the output power compression ratio p for an operating regime

corresponding to the Type B withd=7.5%. (b): Definitions of the input and output exinction ratios.
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Additional parameters quantifying the performantéhe regenerator can also be defined such as

the energy yield, time-bandwidth product and timiieday - as reported in Publication A.

3.  Design rules and parameter scaling

We now present in this section design rules for Msimav regenerators obtained by combining
the previous observations and scaling propertieshef NLSE Equation. First, we report
numerical modelling results considering a loss-tesse situation (a good approximation for silica
fibres) (Publication A). Then we report experiméntsults for which the applicability of the

design rules is experimentally validated (PublmatB).

3.1. Loss-less case
This section presents one of the most importantridaning results of this chapter which consists
of a contour map plot. Thanks to a careful selactd the representation space, a synthetic
relationship between the physical parameters assacwith the regenerator and the reshaping

capacity of the regenerator is established usiag#rameters defined earlier in this chapter.

Considering the propagation of a single and unpeliirGaussian pulse fed into the input of the
regenerator and the use of normalized parametasspossible to produce a general contour map

as shown in Figure 111-4 considering a loss-lebsfi@=0).



Chapter IlI: Single-channel 2R-optical regenerattasign 61

0.25

0.20

L/LD

0.10

0.05 L—" _+7 e ..... —7._

710 {-15Y-20 Y-25 [-30 )(-35 )(-40 )49,

1 2 3 4 5 6 7
AF/F,

Output E
= - utput Extinction
p value in % @ Ratio (dB)

Figure Il -4: Normalized map for input un-chirped Gaussian pulses linking the regeneratc
parameters to the regeneration performance: Bold @in lines correspond top contours. Orange

plain lines correspond to ER™ contours (in dB), and black lines correspond to N' contours.
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As the reported information on the map is dendgs,necessary to provide some guidance on how

the map was constructed and should be read.

First, the horizontal axis is the ratio between diffiset detuning of the output filté&XF and the
filter bandwidth k. Ry is set to match the initial input pulse bandwiflith. Ry = 1/(2rTy)). AF is
computed with respect to the incoming carrier & itmput signal. The vertical axis is the ratio

between the fibre length L and the dispersion lehgt

Choosing a combination within this space constragxsh parameter of the regenerator to be set
except two, namely the input peak power and fikmelinear coefficient. By setting the nonlinear
coefficient to a prescribed value, the input peakgr remains as the only free parameter, so that
the power transfer function regime is completelyfirel. Following the definition of the
parameters used to characterize the power trafusfetion, the operating conditions associated to
the selected (L/b; AF/FRy) are completely set. It is therefore possible dmpute the input peak

power parameter'R

The rest of the information is thus reported ussmlines curves representing output power
compression ratip and corresponding operating regime (A, B, or @grating input peak power
Pp" (or equivalently by the N' quantity: N"=Lp/Lni=LpY.Ps:"), and output extinction ratio

ER’™ (considering an input extinction ratio of BR10dB).

The particular results depicted in the presented afa=igure 1lI-4 are however only applicable

to un-chirped Gaussian-shaped pulses. Consideiffggesht input pulse shapes or chirp profiles
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such as those reported in [70, 122, 123] would heweot restrict the applicability of the

proposed method, but would merely result in diffiéi@ntour plots.

Finally the state of polarisation of the incomingral is an input parameter one needs to consider
when applying the previous design rules. Sincenttrdinear refractive index,rdepends on the
polarization state of the fields - owing to thedeal nature of the optical Kerr effect [45, 46],
the value of the nonlinear coefficieng yalue) is modified accordingly. However, for most
commonly used HNLFs (i.e. relatively long and nalgpization maintaining fibres), this
dependence is greatly reduced as the state ofizailan is assumed to evolve randomly along
the fibre. This is attributed to the presence o&lkmphysical disturbances along the fibre giving
rise to birefringence. Under these assumptionestits that an average value for the nonlinear
coefficienty can be employed whatever the incoming polarizasiiates of the incoming signal

[124].

3.2. Lossy case
As the design rules were derived for a loss-lds® fcase, their practical applicability for reatist
highly nonlinear fibres might be restricted, as thiere attenuation must be taken into
consideration in many cases of practical intei$isice fibre loss manifests itself as a reduction of
the spectral broadening, proposing a more generalysis that includes the effect of fibre
attenuation is thus relevant. This next part disesghe inclusion of such a loss by extending the

scaling rules found in the loss-less case.
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3.2.1. Extension of the design rules to a lossy environment
We report that the extension to a lossy environnaérthe contour map plot presented in the
previous paragraph was possible if the normalizig, lquantity of the vertical axis of the map
(Figure 111-4) is replaced by the quantity«fL)*%Lp, where L stands for the effective length of
the fibre. From a physical point of view, the effee length can be understood as the actual
length over which nonlinearities would have beepegienced in the absence of any fibre loss.

Leiis defined as:

_1- expFal)
a

L., (11-7)

The introduction of the normalised quantit;@f(u_)l’z/L cannot be straightforwardly appreciated.
In fact, it is motivated by some previous publisieatks addressing the description of the optical
wave-breaking phenomenon in fibre [125, 126]. Insth works, the description of the phase
evolution of the pulse along the fibre is proposgdassuming that the two chirp contributions
induced by SPM and group velocity dispersion adependently imprinted onto the pulse. As we
report in [127], the effective lengthet quantity is introduced to take into account thieaf of

the fibre loss on the nonlinear phase shift geedry SPM [45].

It is mandatory to recall once again that the aaylility of the scaling rules on a contour plot
map in a lossy environment is only valid if thkp quantity remains constant as previously

discussed.
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3.2.2. Experimental validation
The validity of the scaling rules was experimentalésessed. Using the parameter of the highly
nonlinear fibre reported in Table IlI-1, a two dinsgon contour plot was computed and is
reported in Figure 11I-5 at 1545 nm. The map waspoted by considering an input Gaussian
pulse width of with Fwum=6.15 ps corresponding to the nominal pulse-widtheeimentally

obtained. The corresponding experimental set-upgerted in Figure 1(a) of Publication B.

Fibre

Type B, Bs y a L Leff Lp alo LLe/lLp? (L.Leff) YoLp
ps?km p¥km /W/km dB/km m m m dB -
HNLF 23 0034 18  -213 1,000 790 59311 12.6 0.022 0.014

Table IlI-1: Parameters of the highly nonlinear fibre used for the experimental validation of the

design rules of the single channel optical regenda.

The contour plot Figure 11I-5 was computed condiagran ideal output filter (with no phase
response) whose bandwidth matches the initial @edlipulse width. The third order group
velocity term was not considered here. The opegategime B was achievable for a nominal

input peak power of 3.1 W, corresponding to anetffdter position of ~-3.0 nm.
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Figure 111-5: Contour map corresponding to the expaimental fibre used with iso-lines plots for
several N" and p values. The positions of the experimental pointsfosses) are shown with
corresponding upper and lower bound due to the unctinty in the pulse width estimation (dashed

lines). The carrier wavelength is 1545 nm.
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From an experimental point of view, we were ablexperimentally operate within the area of
the map delimited by the two dashed line in Figlir8, due the uncertainty on the experimental
pulse width (+/-0.1 ps). This area was indeed thetrimteresting as these power transfer function
regimes could be scanned simply by changing tker filosition. Five positions ranging from T1
to T5 were selected, corresponding to offset degsiiof -1.0, -2.0, -3.0, -3.5, and -4.0 nm

respectively (see Figure IlI-6).

We depict in Figure 1lI-6 the five experimental Tumctions, with corresponding values. The
progressive change in the TF as the filter positeoset further from the carrier wavelength is
confirmed. We also report the modelling resultseblasn the experimental data considering the
contribution of the chromatic dispersion slope #m&lvarious insertion losses within the system.
A relatively good agreement is found over the filter positions. As discussed in Publication B,
the discrepancies at higher input peak power lewadse attributed to the differences in the
detailed evolution of SPM generated spectral sated associated with residual chirp on the
initial pulses (as seen in the retrieved intengityfile and frequency chirp reported in Figure 3(a)

of Publication B).
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Figure 111-6: Experimental and modelled transfer functions for the five filter positions (-1nm, -2 nm,

-3nm, -3.5 nm, and -4 nm). Estimated output powerampression ratiop derived from experimental

data is also reported for each filter position.

4.  Additional design consideration

In this part, we highlight some of the main obsé&ores and conclusions drawn from the analysis
of the presented scaling properties. Publicatiorsnd B further detail those aspects as well as
other design consideration such as energetic ysdasitivity to the third order chromatic

dispersion, and impact of the timing-jitter.
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4.1. Limitations induced by intra-channel effects

The design rules are derived based on a single pygroach. As already highlighted in [77], an
additional restriction must be considered when immg1g a train of optical pulses. Such a
limitation arises from the temporal broadening lof bptical pulses during their propagation in
the highly nonlinear fibre, which means that ogtjmalses can extend well outside of their initial

temporal bit-slot. In such a case, nonlinear irtgoas take place through intra-channel FWM,
resulting in the presence of pattern-dependentdaton in the transfer function. The deleterious
intra-channel effects are more prone to occur &gd duty-cycle input signals (i.e. large

temporal pulse widths). In Publication A, this iegs illustrated in Figure 9(a), where we have
reported the variation of the temporal profilestb& oncoming pulse when the regenerator
operates at differenti values and the pulse extends within adjacentdi ss a function of the

pulse duty cycle.

As shown in Figure 9(b) of Publication A, it is gdde to estimate an upper limit on the N2 value
to avoid intra-channel interactions caused by esteesbroadening of the pulse in neighbouring
slots [128, 129]. This upper value is derived bynpating the distortions in the output power for
‘one’ bits in the presence of neighbouring ‘one’lgas with the single-pulse case, so that
conclusions drawn for the single-pulse case arsgpved for a train of optical pulses. When fibre
attenuation is included, the restrictions on theapeeter N2 are actually more stringent and the
corresponding upper limit depends on thle, quantity, since that the temporal broadening is

always larger as compared to the loss-less case ogerating at the same input power level.
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4.2. Influence of the nature of the signal distortions and the

assessment of regeneration performance
One of the main aspects of these modelling finditagbe taken into consideration is that the
transfer assessment was chosen using incoming pigeals of identical shape and temporal
duration but of variable input peak powers. Howelvecause the pulse intensity profile directly
affects the SPM process, the regenerator is exgheéatexhibit different power transfer function

for different input pulse shapes for the same dpegaettings [82].

In order to assess the consequence of such vasatwo possible contributions were considered
for the loss-less case: i) a variation of the inpuise width, and ii) the presence of linear cloinp

the incoming pulse (i.e. due to residual dispensiBach contributions actually induce a different
evolution in the spectral broadening of the pulseé which can result in power fluctuation on the
output mark levels of the regenerator when one nalyi operates in the B-regime. As seen in
the results reported in the Figure 7 of Publicatianthe shape of the power TF can be
substantially modified both by altering the mongtah the TF and changing the output power of

the ‘one’ pulses.

Addressing this intrinsic sensitivity is not straifprward when considering realistically distorted
optical signals propagating within an optical netwd&ince the degree of distortion of the optical
signal would be highly dependent on the transmissgstem and network characteristics
considered, such an analysis is obviously well bdyihe scope of the present work. It was also
the reason why the impact of the presence of th@itd spontaneous emission noise was also

not considered within this analysis. A few worke aorth mentioning regarding the impact of
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the ASE noise or nonlinear intra-channel effectstlen regeneration capability [77, 82, 84, 89,
130]. The conclusions highlight the fact that opieain the B regime and matching the input
power to the plateau range may lead to too mucsitséty to individual input pulse variations so
that the degree of amplitude jitter reduction wolbdintrinsically limited. However, fortunately
by increasing the operating power improvements ha amplitude jitter reduction can be
obtained, as the regenerator exhibits less seitgitvith respect to pulse shape variations as
observed in Figure 7(a) of Publication A. This viagher confirmed with additional modelling
computations as reported in [89] when consideregjistically distorted input optical pulses.
Finally, in Ref. [131] the authors report a geneaglproach to directly relate the Q-factor
improvement with the characteristics of the HNLFedisn the Mamyshev regenerator in the

presence of noise and fibre loss.

4.3. Impact of fibre attenuation loss of on the regenerator

performance
The exploitation of the proposed scaling represemts is helpful to assess the existing trade-offs

between different nonlinear fibre parameters dedént glass material.

In Table llI-2, the physical properties of five Bg of highly nonlinear fibre with typical
parameters are reported, namely a Dispersion 8hifiere (DSF), two silica-based highly
nonlinear fibres with different attenuation los§@F and a highly nonlinear bismuth oxide fibre.
The required fibre length, average input power, energetic yield, outputretidn ratio ER" -
considering an input signal extinction ratio of -dB, are reported for the case of a B-type

operating regime (except for Bismuth-oxide fibma; Which such a regime could not be achieved
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as it was well beyond the upper limit to avoid adja pulse interaction). The corresponding
regime for this case is thus type A, witlp igure of 0.005%. The contribution of the thirdder

group velocity term was ignored in order to simplthe comparison. The incoming signal
considered is a Pseudo-Random Bit Sequence (PRB®URe train with a data rate R=40 Gb/s

and 25 % duty cycle, the frequency detuning wasitfarily) set to 2.5 R (i.e. 100 GHz).

Input

Fibre Chromatic ot  ENergetic
Type Dispersion a L A;/erage ER Yield N alo
ower
ps/nm/km  /W/km  dB/km m dBm dB - dB

- - 0,

DSE 7 1.8 0.2 402 32.9 135 15.5% 6.45 0.32
- - ()

HNLF 1 0.87 20 1 3,602 14.8 13.2 6.7% 7.57 12.7
- - 0,

HNLE 2 0.64 20 0.5 4,712 13.0 13.3 9.0% 7.21 8.66
- - 0,

DCE 120 5 0.6 23 40.8 13.6 15.8% 6.44 0.055

B!smqth -260 1100 900 15 24.0 -13.5 0.76% 9.46 38.7

Oxide fibre

Table IlI-2: Fibre properties, lengths and power requirement to provide the transfer function in the

regime B except for Bismuth oxide fibre of which peameters corresponds to type A withp=0.005%.

A clear trade-off between fibre length/dispersiond athe required input power budget is
observed. Achieving compact devices therefore tlistahe use of fibre with high dispersion
values, such as DSF or DCF. On the contrary aaimgegood performance at practical power

levels requires highly nonlinear fibres. Howevextlaose fibres are usually designed to have low-
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dispersion values, several kilometres of highlylmezar fibre are required and the corresponding
optical regenerators would be more prone to betdithby Stimulated Brillouin Scattering [100]
and likely more demanding in term of fibore homoggneequired. More interestingly the output

extinction ratio is also slightly different anddspendent on the actual , considered: the higher

thealp, the smaller the extinction ratio improventent

In [132], we propose to use a multi-segment fibrearggement to overcome such observed
limitations when using a continuous single fibrehisl allows better management of the
chromatic/nonlinear interaction along the regermergngth. We demonstrate that the proposed
scheme allows a reduction in the length requiremant an increasing output extinction ratio for

the same filter position.

5. Conclusion

In this chapter, | have reported my major contitmg regarding the design of the Mamyshev
optical regenerator in a single-channel configoratiBased on numerical modelling and
consideration of the properties of the equationgegtng the propagation of optical pulses within
nonlinear fibre, the complexity of the design igrsficantly reduced thanks to the definition of
some normalized parameters. Such quantities alloe/ to relate the general physical fibre

parameters with parameters derived from the povesster function of the regenerator and the

! This conclusion is however not applicable to BigmOxyde fibre as the operating regime
corresponds to the A-type, so that the output etin ratio is expected to be better than for

regime B.
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incoming signal characteristics. Such relationslugs be efficiently arranged in a concise two-

dimensional representation using contour plots.

We also demonstrated that it was possible to extieose scaling rules to the case in which the
fibre attenuation needs to be taken into accouhe &xperimental validation demonstrates a
satisfactory agreement with the model. This valatatemphasizes some of the important
tradeoffs existing among the different types ofhiygnonlinear fibres, and how the chromatic

dispersion and fibre losses impact on the scalmgqrties of the optical regenerator.



Chapter IV: Multi-channel

2R-optical regenerator

In this chapter, | review the solutions | have meed to extend the optical regeneration scheme
proposed by P. Mamyshev to the multi-channel emvrent. Taking benefit of the design rules |
established for the single-channel case, two nesleémes are presented. A suitable mitigation of
the inter-channel cross-talk generated within tbelinear optical gate of the optical regenerator
is achieved thanks to the introduction of a largakvoff between the optical channels under
process. Using direction- and polarization- muéyphg, | show that up to 4 channels can be

simultaneously regenerated within the same pietegbily nonlinear fibre.

The chapter is divided into three sections. Firgxamine the key aspects to be considered to
extend the single-channel regenerator to a muénobl case (not only from a cross-talk

mitigation aspect but also in light of the conctus found for the single channel design). From
this analysis, several strategies to extend thglesichannel scheme are then discussed. Following

this review, | describe the two technical solutibisve implemented and analyse their principle

75
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of operation and performance both from a theorktind experimental point of view. In the last
section, the experimental demonstration of simekas processing of 2x130 Gb/s channels

within the same fibre is presented before conclyduis chapter.

The corresponding experimental results are repantéte following 4 papers C, D, E, and F.
The complete reference of Publication C (see p23¢, 1s:

L.Provost, F.Parmigiani, C.Finot, K.Mukasa, P.Petidos, D.J.RichardsofAnalysis of a two-channel
2R all-optical regenerator based on a counter-propgating configuration”, Optics Express 2008

Vol.16(3) pp.2264-2275.
The complete reference of Publication D (see pdd9, 1s:

L.Provost, F.Parmigiani, P.Petropoulos, D.J.Rickand “Investigation of simultaneous 2R
regeneration of two 40 Gb/s channels in a single tpal fibre” , Photonics Technology Letters 2008

Vol.20(4) pp.270-272
The complete reference of Publication E (see pd@g, 1s:

L.Provost, F.Parmigiani, P.Petropoulos, D.J.Rickand K.Mukasa, J.Takahashi, J.Hiroishi, M.Tadakuma,
“Investigation of four-wavelength regenerator using polarization-and-Direction-Multiplexing” ,

Photonics Technology Letters 2008 Vol.20(20) pp6L&s78.
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The complete reference of Publication F (see pd§g, 1s:

F.Parmigiani, P.Vorreau, L.Provost, K.Mukasa, M.Jdlakshi, M.Tadakuma, P.Petropoulos,
D.J.Richardson, W.Freude, J.LeutholdR regeneration of two 130 Gb/s channels within aingle

fibre” , OFC 2009 San Diego 22-26 Mar 2009 JThA56.

*k%k

1. Introduction

1.1. Cross-talk mitigation strategies
As previously described in the preceding chapter,Mamyshev optical regenerator relies on the
exploitation of the SPM generated due to the opKear effect. The extension of this scheme to
a multi-channel case consists in establishing tagwble scheme for simultaneous processing of
several optical channels within the same nonlingate. The design of the multi-channel
regenerator must therefore provide a suitable atitig scheme to limit the deleterious impact of
inter-channel nonlinearities (XPM and FWM) as sasa several optical channels are co-

propagating.

The strength of the non-linear interaction betweejacent channels is usually mitigated by

engineering the chromatic dispersion map alongptitopagation path to ensure strong FWM
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mismatch conditions and a fast walk-off betweersesilto diminish the contribution of the XPM

and aimed at ensuring that the pulses undergo aletenwalk-though.

The FWM interaction is efficiently decreased by aahng the phase matching conditions
between co-propagating signals, and is achievednsyring that propagating optical channels

propagate at a different group velocity along ibesfand/or in different polarization states.

Mitigation of the XPM is however more demandingm$ar to SPM, XPM results in an
intensity-dependent nonlinear phase modulation & aptical pulse induced by a second co-
propagating optical pulse. The total amount of me@r phase shift added by the second pulse is
thus dependent on the interaction time during whightwo pulses are spatially overlapped, the
intensity profile of the interacting pulses, as lvea the polarization states of the two interacting
channels. The nonlinear phase shift induced by#tend pulse is at a maximum for linearly co-
polarized polarization states, and minimum wherednty cross-polarized [45]. For the co-
polarized case, the nonlinear phase shift indugedRM is twice the SPM nonlinear phase shift
for the same pulse intensity. For the Cross-padrisase, XPM still predominates over SPM but
the ratio between XPM and SPM nonlinear phase sshé@tluced to 2/3 (for the same pulse

intensity).

All of these aforementioned cross-talk effects atiseimpact the regenerator ability to exhibit a
nonlinear power transfer function, because of tresgnce of large spectral distortions arising
from large energy transfers and the generationesf frequencies. Consequently, large output

power fluctuations are introduced onto the poweragbociated with each channel as illustrated
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in Figure IV-1. In addition, these fluctuations areghly dependent on the temporal

synchronisation of the adjacent channel.

Figure 1V-1 depicts the variation of the power sfan functions of one optical channel when an
additional second channel is fed into the regeperdthe parameters of the optical regenerator
were set using the design rules proposed for thgleschannel case, so that an optimal transfer
function for the first channel is exhibited. Thelgguwidth was Gaussian 8.25 ps for the two
channels (Bit-slot duration Tb=25 ps). The intarfgroptical signal is arbitrarily formed of

alternating mark/space pulses and the channel agpais 600 GHz. The polarization states of

the two signals are collinear, and this correspaadke worst-case scenario.

Several power TF are been reported for Channebdsidering several values of initial delay
between the two optical channels, as well as tis#tipo of the offset filter (either positively or
negatively offset with respected to the incomingqfrency carriercfiier. The shapes of the
computed Transfer Functions clearly demonstraté tiva key regeneration requirements are
completely lost for most of the cases (either poeggralization on the marks pulse, and/or ghost

pulse rejection).
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Figure IV -1. Impact of the inter-channel nonlinearities on the regeneration performace. Top:
regenerator set-up considered for the modelling. Bom: Comparison of the computed power TF
for channel 1 as function of the output filter posiion Fo, and the initial relative delay between
Channel 1 and 2. Incoming power of Channel 2 remasunchanged and is set so that the marks

input peak power corresponds to E:nl. The channel separation is set so thadafiero =fcarriers +600 GHz.
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As reported in Chapter II, several solutions basedispersion managed solutions have therefore
been proposed to mitigate the large inter-chanaelimearities by providing a relatively complex
set-up using either a multi-fibore assembly [96]dispersion decreasing fibre [21]. One of the
motivations of this work reported in this manustr@as to investigate whether it was possible to
propose a scheme based on a single and continieces @f fibre, since it was definitely of an

easier implementation and operation.

1.2. Pulse walk-off rate vs. single channel optical

regenerator design
In light of the previous paragraph, two solutiora de proposed to extend the single channel
optical regenerator to a multi-channel scheme eityedecreasing the interaction time among
pulses of adjacent channels and/or control of tlar@zation states of the individual channels.
This approach implicitly assumes that a large stiatil averaging effect shall take place so that
interaction time between adjacent pulses is seffity reduced to minimize any pattern-
dependence on the spectral broadening and willecuently force a given pulse to interact with

a large numbenf co-propagating pulses.

The number of interacting pulses can be estimayethd® walk-off rate W which represents the
spatial separation rate at which two optical cesrienoves away from each other while

propagating within the optical fibre. Denoting tiweo optical carrier frequencies withy andwy,
W is defined as the inverse of the group velociffetenced3,(«1) - B(«) and is expressed in

km/ps. For convenience, a walk-off lengtly Ican be defined as the spatial separation over a

prescribed duration (for instance the pulse dunafi). Ly is thus defined as:
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_ T, T, T,

T
L =-0= 0 = = 0
tw |,31 (a)l) -5 (wzx |,32(w1 - 0)2)| |:82 -Aa)1—2|

(1V-1)

WhereAwy.-; is the spectral separation between the two opftieglenciesy andw,

The smaller the \y, the faster the pulses are moving away from orathan. From additional
manipulation of Equatiofi\V-1), one can deduce Equatiory-2), where the normalised length

ratio L/Lp has been introduced.

L L
— =T |Aw_|— (1V-2)
L~ Tolbaal

The number of interacting pulses can be easilysasskeusing Equatiofi\/-2). Considering two
33% duty-cycle RZ optical signals running at 40 $G0l=5ps) with optical carriers spectrally
separated by 600 GHz, we obtained anyLfatio of 1.2*twhen operating with a realistic LfL
figure of 0.2. This ratio corresponds to a walk+affe W~19 ps/km. Such a value is undeniably
small as compared to the corresponding bit-slotopge(T,=25 ps), and typical fibre lengths
would lead to the same pattern-dependence on tWwerpwansfer function as highlighted in the
previous part: one pulse would only interact withmst two pulses of the adjacent channels if

the fibre is one kilometre long.
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The same conclusion holds if the spectral separasioncreased as illustrated in Table IV-1, in
which we have reported the walk-off W expressed &action of the bit-slot duration per km of

fibre considering different carrier separations aitetates.

From Table IV-1, the extension of the single-filmeangement of the Mamyshev regenerator
within a single piece of fibre is therefore extréyrlemited due to the extremely low walk-off rate

induced by the chromatic dispersion and the speséparation of the channel. Owing to the
scaling rules applicable to the single channelgfesules, this conclusion holds whatever the

dispersion value of the optical fibres used.

Sianal Bitslot Walk-off Walk-off Walk-off Walk-off Walk-off
Bi t-%{ate duration To rate for rate for rate for rate for rate for
AF=600GHz AF=900GHz AF=1200GHz AF=1800GHz AF=2400GHz

WITy WITy WITy WIT, WITy

Gbls ps PSS (km) (/km) (/km) (/km) (/km)
40 25.0 5.0 0.75 1.13 151 2.26 3.0
80 12.5 2.5 0.38 0.57 0.75 1.13 1.5
100 10.0 2.0 0.30 0.45 0.60 0.91 1.2
130 7.7 15 0.23 0.35 0.46 0.70 0.9

Table IV-1: Walk-off rate as a function of the chamel separation and bit-rates. Rate is expressed as
the fraction of bit-slot duration Tb per kilometre of HNLF fibre. Results are reported for a 33%

duty cycle RZ signal.



84 Chapter IV: Multi-channel 2R-optical regenerator

In conclusion, no sufficient averaging effect candbtained to mitigate XPM-induced cross-talk
simply by increasing the chromatic dispersion vadfiehe fibre. The chromatic dispersion and
walk-off rate must therefore be de-coupled to goim an efficient mitigation of the inter-
channel nonlinearities (arising from the walk-ofte) without compromising the role of the
chromatic dispersion in the spectral broadening antdsequent power transfer function

characteristics.

2. Counter-propagating scheme

In this part, | report the first mitigation schemeeenable processing of two optical signals within
the same optical fibre. This scheme is referreastthe counter-propagating scheme and consists
in propagating the two optical signals in opposlieections within the same optical fibre. In

doing so, the walk-off rate is maximised - res@tin a very strong mitigating effect.

| highlight however the presence of a new crods-teburce arising from the Rayleigh
backscattering due to the counter-propagating siggmamerically and experimentally assess the
level of this new source of cross-talk and demastithat is sufficiently low so that no

detrimental effect should be anticipated.

The applicability of the scheme is experimentaliyrmbnstrated at various repetition rates ranging
from 10 Gb/s through 40 Gb/s, and finally 130 Glé&jng benefit of the single-channel design

rules.
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2.1. Principle of operation
Figure V-2 depicts the regenerator set-up baseda aounter-propagating architecture. The
scheme has the same design complexity as the sihglinel regenerator, and can be envisioned
as the superposition of two single-channel optiegenerators with common input/output ports.

Two optical circulators on each end of the HNLF ased to feed and extract the input and output

/

signals.
INPUT SIGNAL #1 INPUT SIGNAL #2
Optical Highly Optical
f circulator Nonlinear circulator f
carrier 1 Fibre carrier 2
AW, A
OUTPUT SIGNAL #2 T 'T’ OUTPUT SIGNAL #1

fcarner1+AF1 fcarrier1+AF2

SR

Figure IV-2: Schematic of the counter-propagating ptical regenerator based on SPM spectral

broadening and offset filtering.

One major advantage of the approach relies in itje $imilarity that can be anticipated for the
design, operating conditions and more generalljop@ance as compared to the single-channel

case.
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An interesting feature here lies in the extremabhlrelative pulse walk-off as compared to the
co-propagating case. Whereas the walk-off time eetwtwo optical frequencies arises from the
difference between group velocities in the co-pgaieg case, the counter-propagating scheme
permits one to benefit from the summation of theugrvelocities. Given the small contribution
of the chromatic dispersion to the group velodatygomplete de-correlation between the walk-off

time and the chromatic dispersion is achieved,\&m&duces to:

— 1 ~ 2 neff (a'l) (|V_3)
Bola) + By () c

Where Ry is the effective index of the fundamental mod&equencyw.

For silica-based fibres {~1.45 at 1550 nm), the expected walk-off rate Weftectively
10 ns/m, whatever the channel separation. As coedparthe co-propagating case (typical value
of ~20 ps/km for a 33% RZ signal operating at 4@sglihe walk-off rate is therefore increased

by a factor of 5.10

Such an arrangement is straightforward to propg&sen though a maximum number of just two
optical channels can be processed, the schemedmas benefit - mostly arising from the
possibility to independently operate the two opticlaannels taking into account the spectral

properties of the HNLF and the single-channel desig
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This solution is highly similar to the dual-stagagte channel Mamyshev optical regenerator
incorporating a bi-directional scheme as reportedllB3]. The second regenerator was indeed
implemented by counter-propagating the output sighdhe first regenerator stage within the

same fibre, to provide wavelength-conversion frgeration.

2.2. Experimental demonstration for 2x10 Gb/s 2x40 Gb/s

optical channels
Two experimental set-ups were investigated regylitintwo sets of results achieved at 10 Gb/s
and at 40 Gb/s. The first set-up was used to exyetially assess the cross-talk level arising from
the Rayleigh backscattering (as shown in Figure f5Poblication C) and the second to
demonstrate the feasibility of the scheme in a emsploying a realistic 25% duty cycle optical
pulse train running at 40 Gb/s and to confirm theemce of any deleterious inter-channel cross-

talks (see Figure 1 of Publication D).

The two experiments used the same operating conditior the channel allocation and offset
filter positions: the two channels were separateanSapart, and the positions of the offset filters
were set so that the initial carrier wavelengthasapon was preserved as reported in Figure 1 of

Publication D.

The experimental assessment of the regeneratingatkastics was conducted by measuring the
static power TF function of the two channels in #iisence and the presence of the interfering
channel. The average input power of the interfeghgnnel was set in order to operate on an
appropriate portion of the corresponding TF for thark pulse level. Results are reported in

Figure IV-3 with corresponding nominal input power the mark pulse levels of P1 and P2.
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Some differences in the TF shapes of the two cHarare observed, and are attributed to the
difference in the respective pulse durations usmdtlie two channels, as well as a slight
additional contribution arising from the differechromatic dispersion value at the two input

carrier wavelengths.

No differences in the static power TF functions evebserved in the presence or absence of the
interfering channel, which confirms that the spactiroadening was not perturbed by inter-
channel nonlinear effects. However at low input pova constant output levels was achieved for
the TF in the presence of the interfering chanar resulted in a decrease in the maximum
output extinction ratio as compared to the sindgilanmel case. For the 40 Gb/s experiment, the
reduction is however limited for the second Chanasl the output extinction ratio is slightly
reduced to 31.2 dB — as compared to an initialevali34.8 dB for an initial input extinction ratio

of 10 dB as reported in Figure 1V-3.
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Figure 1V-3: Power transfer functions (in linear (a-b) and log (c-d) scales) of Channel 1 & 2 in the

presence (channel ON) and in the absence (channeFE) of the counter-propagating signal.

Finally, the performance was confirmed with Bit-&rRate (BER) measurements. No significant
deterioration associated with this output extinctratio decrease was observed. As compared to
the single-channel case, a power penalty of less €hl dB at a BER=10was reported at the
output of the optical regenerator for the two chedarfas reported in the BER plot in Figure 4(a)
of Publication D). These results confirm i) the eloise of excessive inter-channel nonlinearities
within the HNLF, and ii) the absence of significaleigradation resulting from the presence of the

power floor level due to Rayleigh scattering fromma@nel 2.The reshaping capacity of the optical
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regenerator in a dynamic environment was not studige to the lack of realistically degraded
optical signals. It was however anticipated that performance would have been highly similar

to the single-channel case.

The origin of the power floor at low input powevdéts can be attributed to an additional spectral
contribution arising from the backscattering of tmunter-propagating signal along the HNLF
fibre because of Rayleigh backscattering [134Figure IV-4(a), we report the difference in the
various spectra that was observed at one end ofHtleF fibre. Depending on the spectral
allocation and offset filter position, we highligtitat a fraction of this backscattering signal can
fall within the filter bandwidth and results in tpeesence of a constant power floor on the power

TF.

The detailed analysis of this cross-talk constgutiee second contribution of this study and
theoretical details as well as modelling consideraare reported in Section 3 of Publication C.
As depicted in Figure IV-4(b), the correspondingdapal extent of the backscattered signal
exhibits a dependence on the average input powttreagignal. As expected, the strength of the
contribution of the backscattered signal has angtrdependence on the fibre scattering
properties, the operating parameter settings (flvoperties, length, and input power) and the
wavelength separation of the incoming channels. IMattention is therefore paid to the

experimental characterization of the Rayleigh beattering cross-talk level and its potential

impact on the output-extinction ratio with respéatthe operating parameters. | proposed a
numerical model, which allows computation of thekszattered spectrum. Excellent agreement

between the numerical model and experimental datachieved. For the considered fibre, the
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backscattering level was found to be approxima8glydB below the transmitted signal when

considering the operating parameters of the 40 &tgsriment.
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Figure 1V-4: (a) Spectra measurement at the Channel2 output port of the backscattering
contribution of Channel 1 alone, of the Channel 2 @y spectrum and when both channel are
present. The grey-shaded area, represent the opticéilter position and bandwidth (8A=2.8 nm).
Modelled Rayleigh backscattering and SPM spectra a reported. (b) Influence of the input peak
power of a PRBS sequence of marks pulses on the Ragh backscattering spectra. Experimental

data correspond to the 10 Gb/s experiment.

2.3. Conclusion
In the previous section, we have examined the piisgito use a counter-propagating scheme to
simultaneously regenerate two optical channelsiwithe same optical fibre. The scheme is
highly efficient to mitigate the inter-channel nim@arities by maximising the walk-off between

the two channels. The scheme also preserves tleditgenf the single-channel design rules, such
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that the expected performance of the multi-chanasé shall be very similar to that of the single-

channel case.

The scheme introduces another source of crossarékng from the Rayleigh backscattering
contribution that is of a much higher level in HNIfiBre as compared to standard fibre. The
impact of the contribution was nevertheless fountitn introduce any significant performance
deterioration as compared to the single-channe¢ das the reported operating parameters

settings.

The major drawback lies in the fact that only 2rofels can be regenerated using this scheme in

isolation.

3.  Polarization-multiplexing scheme

In this section, we report the second scheme we lpgwposed to simultaneously process 4
channels within the same piece of optical fibree Thinciple of the scheme is to co-propagate
two linear cross-polarized polarized channels withiPolarization-maintaining highly nonlinear
fibore (PM-HNLF). The scheme takes benefit from thierential group delay (DGD) existing

between the two polarization fibre axes to provadeapid walk-though of the channels and a
sufficient mitigating effect. By adding to this she the counter-propagating approach

previously proposed, the channel capacity can loéldd up to 4 channels.

Based on modelling work, the existence of a minind@D value was identified that allowed

sufficient mitigation of the inter-channel nonlimg@s for the co-propagating channels.
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Finally, we experimentally demonstrated the po#igifitio simultaneous process 4 channels at 10

Gb/s using a PM-HNLF prototype gratefully providegthe Furukawa Electric Company.

3.1. Principle of operation
The rationale of the scheme takes benefit fromdégendence of the cross-modulation strength
versus that of SPM on the polarization states opropagating pulses [45, 135]. The most
deleterious case corresponds to linear and coipethbeams for which XPM is maximised and
is two-fold higher than the SPM term [45, 124] —dhbsence of any walk-off contribution.
Conversely the XPM contribution is minimum for lareand orthogonal polarization states
leading to a three-fold reduction of the XPM namelr phase as compared to the linear co-

polarised case [45]. In addition, the phase matchonditions for FWM are also cancelled.

Figure IV-5 depicts the schematic of the proposagleéementation, and relies on the use of a
polarization maintaining (PM) fibre. Aligning theolarization states of the incoming channels
onto the neutral axis of the PM fibre ensures thatpolarization states of the incoming channels
are preserved during propagation along the fibodarization beam combiners are used to feed
(and extract) the orthogonal linear polarizationrmponents and align the input state of

polarization onto the polarization axis of the &br
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Figure IV-5: Schematic of the polarization- multiplexing optical regenerator based on SPM spectral

broadening and offset filtering.

As a maximum three-fold reduction of the XPM-inddoeross-talk might not be sufficient to
satisfactorily mitigate the inter-channel nonlingas, the additional mitigating effect stemming
from the DGD between the axes of the PM fibre dan be exploited. This DGD arise from the
anisotropy of the spatial refractive index probliethe fibre resulting in different group velocgie
between the two fibre axes that one distinguisises tast and a slow axis. The DGD per length

unit is expressed from the birefringence paranttand the light velocity c:

DGD(CL)) — B(Cw) — nslow(a*) - nfast(a‘) (|V-4)

c

Where: Row and mus are the effective indices of the optical eigen-ewdlong the fast and slow

axes of the fibre at frequency
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With typical birefringence B values ranging fromi*l@p to 10°, the corresponding DGD ranges
from a few tenths ps/m up to 3.5 ps/m. These valresmore than two orders of magnitude
higher than the typical value 25 ps/km arising fréime contribution of the group velocity

difference for our 40 Gb/s bit-rate case study.

3.2. Numerical investigation
I numerically assessed the existence of the minid@D value required to limit XPM-induced
output fluctuations on the power transfer functi@specially at low input power. As the
nonlinear pulse propagation requires a vectoridhit®m of the NLSE, these studies were

completed using a commercial software: VPItranrmois$siom VPI photonics [136].

Figure IV-6 (a) depicts the system investigatede parameters of the PM-HNLF are reported in
Table IV-2. The operating parameters of the reganewere set so that the power TF of Figure
IV-6 (b) is obtained for Channel 1 in the absentéhe interfering Channel 2. The input pulse
width was 8.25 ps and output filter offset was 8. The output power fluctuations at position
A along the TF was then computed in the presencE€lannel 2 which was cross-polarised
relative to Channel 1. The optical signal consisitdlternating marks and spaces for which the
average power was set to correspond to the inpuepof point B (1.5 W peak power). Figure

IV-6 (b) represents the relative output power fliadions as a function of the initial temporal

delayt, between the two channels and the fibre birefricgeb.
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Figure IV-6: (a) Schematic used for the numerical radelling (with initial delay 1,>0). (b) Static
power TF for Channel 1 as a function of input power Input peak power for position A is set at 10 %
of the nominal input peak power corresponding to pimt B. (c) Influence of birefringence on the TFs
variation obtained at point A of the TF (b) as a function of the initial delay 1o (pulse peak power of
interfering channel set at 1.5 W). Variations are omputed from the single-channel scenario (i.e. in

the absence of the interfering channel).
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Chromatic

Fibre  Chromatic Dispersion L Effective Birefrinaence Extinction
Type Dispersion P y o length 9 Ratio
slope
ps/nm/km  ps/nmzkm /W/km dB/km m m - dB
PM- 4.2 0.0046 20 32 1,000 707.4 6.9°10 30
HNLF ' ' : : ' ' (/200m)

Table IV-2: Properties of the Polarization maintairing highly nonlinear fibre used in the experiment

(Values are reported at 1550 nm).

It is clear that increasing the birefringence (@odivalently the DGD) decreases the sensitivity
to XPM-induced cross-talk and also diminishes tepethdence on the initial temporal delay
between channels. For the worst- case scenariocthra¢sponds to when the output power
fluctuation are maximunmg~2 ps), a minimum birefringence B value of 3.9'1DGD value of
~1.3 ps/m) is required to limit the XPM —inducedput power fluctuations to within +/- 10% at

input power A as compared to the single channed.cas

3.3. Experimental demonstration at 4x10 Gb/s
The scheme was experimentally assessed by comgjdéxilO Gb/s channels case. A suitable
fibre with a birefringence value as high as 6.9 ¥&s provided by Furukawa Electric Company.
The fibre combined the structure of a PANDA fibrghaan elliptical core [137]. The properties

of the PM-HNLF are reported in Table IV-2.
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Because of the record DGD value of 2.3ps/nm at IBB0a huge mitigating effect was expected.
The fibre parameters were appropriate to set-upevdce with equipment available in the
laboratory considering an output filter detuning -6f8 nm. The optical power budget was
nevertheless very tight when considering all of toatributing optical losses brought by the
different optical components. This explains why were only able to consider a 0.6 nm offset

detuning for one of the four channels.

The corresponding set-up is depicted in Figure IVF@ur 10 Gb/s channels were employed,
allocated using a 600 GHz channel grid. The chaalhetation to feed the two fibre ports was
not symmetrical: the two inner carrier wavelengthannels were fed into the same port, whereas
the two remaining channels were fed to the secitmd port. This was done to allow the study of
closely spaced co-propagating channels. As thekdamnal used to generate the pulse pattern
was the same for the four channels, optical dalagslwere employed to control the relative
temporal delay between the co-propagating chanBgissetting the optical delay lines, it was
possible to operate in the worst-case scenarianedo ensure and maximize adjacent pulse
interaction. The optical delay lines were adjustecexacerbate the spectral distortions at the
output of the fibre when the two co-propagating roteds were co-polarized on the same

polarization axis of the PM-HNLF.
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PM-HNLF ch. a4

Polarization
Offset 000 Controler
Filter
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 IV-7: Schematic of the experimental set-up sed to simultaneously process 4x10 Gh/s
channels within the PM-HNLF.

Similar to the counter-propagating approach, theppsed scheme was assessed by successive
characterization of the static power TF in the eneg and in the absence of an interfering
channel, and finally through BER measurements. Avgropenalty (as low as 0.1 dB) as
compared to the back-to-back is reported for thehdnnels. By selecting a sub-optimum
modulation bias current at the transmitter, arfieidl degradation of Channel 3 was achieved.
The regenerator showed good performance and deratatstthat up to 1.8 dB power penalty
could be compensated for in the presence of tlee timerfering channels (as reported in Fig.5 of

publication E).
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3.4. Conclusion
In this section, we have examined the possibilityuse a polarization multiplexing scheme to
simultaneously regenerate two co-propagating dpticannels within the same optical fibre. By
exploiting the huge DGD values existing betweentthe polarization axes of a PM-HNLF, we
were able to demonstrate the applicability of tlohesne and demonstrate that excellent
mitigation could be obtained by exploiting the pation walk though and DGD to minimize

inter-channel cross-talk.

By combining this scheme with the counter propaggtsolution, a maximum number of 4
channels can be simultaneously processed withisahee piece of optical fibre. | experimentally

demonstrated the applicability of the scheme iRrED4Gb/s transmission experiment.

4.  Experimental demonstration for 2X130 Gb/s channels

In the framework of the European project, the ceuptopagating scheme was implemented in
the final demonstrator of the optical grooming sWitThe optical regenerator demonstrated the

processing of two 130 Gb/s optical channels.

The experimental results are reported in the labti€ation F given at the end of this manuscript

(see page 145), and are published under the fallpvéference:
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F.Parmigiani, P.Vorreau, L.Provost, K.Mukasa, MJdlakshi, M.Tadakuma, P.Petropoulos,
D.J.Richardson, W.Freude, J.Leuthol@R regeneration of two 130 Gb/s channels within aingle

fibre”, OFC 2009 San Diego 22-26 Mar 2009 JThA56.

Thanks to the low chromatic dispersion exhibitedh®yHNLF fibre, a power budget of ~25dBm
was necessary for each channel. Because the twoehseparation was large as compared to the
output filter detuning (2 nm), no degradation do¢he Rayleigh backscattering was reported on
the BER measurement. Since the separation betwsebtwo channels was 14 nm, an HNLF
having a reduced chromatic dispersion slope wasined| to limit the spectral asymmetry in the
broadened spectra of the two channels. The HNLFK usethe experiment was gratefully

provided by The Furukawa Electric Company. Thedfiproperties are reported in Table IV-3.

Chromatic Dispersion

Fibre Type  Chromatic Dispersion a L Effective length

slope
ps/nm/km ps/nmz/km /W/km  dB/km m m
HNLF -0.31 0.0031 22 1.21 310 297

Table 1V-3: Properties of the highly nonlinear fibre used in the experiment (values are reported at
1550 nm).
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5.  Summary and discussion

In this chapter, we have examined the possibibityextend the SPM spectral broadening and
offset filtering-based optical 2R regenerator sat $everal channels can be processed within the
same piece of fibre. First | have reviewed theowsisources of cross-talk and how they impact
the reshaping performance of the regenerator. Utiegdesign rules derived for the single-
channel case, it was then demonstrated that aasuladtdecrease in the nonlinear interactions
between co-propagating adjacent pulses could ba&ingat by changing the walk-off rate in a

single piece of fibre in the normal dispersive negji

| therefore proposed to implement a counter-propagacheme allowing the processing of two

optical channels. Doing so, an additional sourcero$s-talk due to Rayleigh backscattering was
observed. The cross-talk level was sufficiently kmwensure that the scheme was still applicable.
However, based on modelling work, we calculated tiwg/ Rayleigh scattering was expected to

scale with respect to the operating parameterebtitical regenerator and the signal bit rate.

| proposed to use polarization multiplexing to dieuthe processing capacity thanks to a PM-
HNLF, in which co-propagating channels are crodsijed and aligned on the orthogonal
polarization axis of the fibre. Numerical modellimgrk demonstrated the applicability of the
scheme at 40Gb/s. Because of the relative highnwiio dispersion of the available fibre, the

power budget was limited so that only a 4x10 GRfseement was demonstrated.

Finally, we reported the experimental demonstrabbrsimultaneous processing of 2x130Gb/s

optical signals within the same optical fibre usihg counter-propagating scheme.



Chapter V: Conclusions

and future directions

1. Conclusions

All-optical regeneration allows for flexible optiesignal processing by manipulating and
restoring the signal quality directly in the opticdomain as compared to the conventional
approach of O/E/O circuits, which involves procegsthe signal in the electrical domain and
requires pre- and post-optoelectronic conversiommdrous optical regeneration schemes have
been proposed and experimentally demonstrated theelast decade, but only a few addressed
the scalability issue when numerous optical WDMroteds are to be processed and which

restricts the practical benefits of the all-opticeneration techniques.

In this thesis, we have investigated several smigtito extend one particular all-optical 2R
regenerator to operate in the multi-channel regifiee work proposed in this thesis was thus
divided into several parts. First, the single clen2R all-optical regenerator proposed by
P. Mamyshev has been studied allowing one to desbree scaling rules linking the physical

parameters of the optical regenerator parts toofiteeal performance and regeneration output
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characteristics. The study permits an assessmeheables of each physical parameter defining
the nonlinear gate (i.e. chromatic dispersion, imealr coefficient and optical loss). Doing this,

the design of the optical regenerator was dradfisahplified.

The extension to a multi-channel processor was fiveposed using two simple but efficient

mitigation schemes to alleviate for the inter-chareffects occurring within the nonlinear fibre.

The first scheme consists of counter propagatirgdptical signals within the same fibre and is
highly similar to the bi-directional architecturé the single channel regenerator reported in
[138]. The second scheme exploits the reductioth@finter-channel cross-talk arising from the
differential group delay-induced walk-off betweeawvotco-propagating signals in a polarization-
maintaining highly nonlinear fibre. The combinatiohthe former and latter schemes allows up

to 4 optical channels to be processed within tineesaptical fibre.

For each of the mitigating schemes reported inwluisk, | report that the inter-channel cross-talk
was indeed sufficiently mitigated allowing the sagmo be processed as in the single-channel
case. An additional cross-talk source arising ftomRayleigh backscattering was identified and
found not to be highly problematic for the reportegerimental configurations and signal bit-

rates.

The main advantages of the bi-directional and prdéion multiplexing schemes is that they
exhibit a high similarity and therefore should dewsioate similar performance as for the
corresponding single-channel case, even if no @xpatal checking has been done using
realistically degraded optical signals. The progoapproach has thus been implemented in the

framework of the European Project TRIUMPH to prac2s130 Gb/s channels. We believe this
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approach is easier in term of optical design aspawed with other unidirectional schemes [96,
98, 99, 139]. The unidirectional scheme on the rottaad, benefits from not imposing any hard
limits on the maximum number of channels, but iseexely difficult to scale up as the bit-rate is

increased due to the limitations caused by the-tttannel XPM.

2. Future directions

The proposed solutions offer varying degrees dfieese to nonlinear cross-talk and differing
operational advantages/drawbacks. From a practicel cost perspective, co-propagating
schemes are likely to be preferable, although thexaiion of such systems at very high bitrates
(>100 Gb/s) has still to be demonstrated. It i® ats be appreciated that the best choice for a
given transmission system will depend on the dedariature of the impairments — for example
the final answer may be different depending on maiethe system is OSNR or nonlinearity-
limited. Such questions have been considered ircéise of single channel devices, but similar
considerations in the multi-channel case are btillted. Among the critical issues we have
identified in our work is the sensitivity of SPM4®d schemes to input pulse duration/shape and
which may dictate the need for dynamic devices lol@paf conditioning the individual channels
at the regenerator input (e.g. chirp compensatranable optical attenuation and pre-filtering).
However, whatever the ultimate solution, the scémescaling to higher channel counts is
intrinsically limited by the requirement for larg&er-channel spacing in order to accommodate

the necessary spectral broadening.

Even if the all-optical regeneration could bendfam their extremely low response-time to

process very high-bit rate channel as comparedotventional electronics circuits, the large
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scale adoption of such all-optical technologiedl stimains limited, mostly because of their
inability to cope with high-channels count systeand also field-related issues (device footprint,
system stability, reliability). The development mbre compact optical nonlinear gates driven
either by optical chip concepts with nonlinear glasbstrates [140], or with the development of
new highly nonlinear media suitable to operate igh tbit-rate [141], could eventually bring

benefit to all-optical applications technologies.

Addressing the simultaneous processing of all-aptregeneration of phase-encoded signals
could also be beneficial as such modulation forarat envisaged with great interest for next-

generation high capacity transmission systems.
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Design scaling rules for 2R-optical self-phase
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Abstract: We present simple scaling rules to optimize the design of 2R
optical regenerators relying on Self-Phase Modulation in the normal
dispersion regime and associated offset spectral filtering. A global design
map is derived which relates both the physical parameters of the regenerator
and the properties of the incoming signal to the regeneration performance.
The operational conditions for optimum noise rejection are identified using
this map and a detailed analysis of the system behavior under these
conditions presented. Finally, we demonstrate application of the general
design map to the design of a regenerator for a specific 160 Gb/s system.
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1. Introduction

All-optical regeneration is likely to be an important function within future optical
communication systems providing a route to optical networks of increased scalability,
capacity and flexibility, as well as reduced network management complexity and costs.
Optical regeneration is progressively more attractive as transmission speeds increase since this
places ever more stringent demands on existing impairment mitigation techniques such as
dispersion and PMD compensation.

In this paper, our interest is on 2R regeneration i.e Reamplification and Reshaping of
optical data pulses. An optical data stream can be corrupted by a variety of physical effects
including: uncompensated dispersion, inter- and intra-channel nonlinear effects, the
accumulation of Amplified Spontaneous Emission (ASE) noise, and Polarization Mode
Dispersion-induced temporal pulse broadening. Intra-channel nonlinear effects, such as intra-
channel Four-Wave Mixing (i-FWM) and intra-channel Cross phase modulation (iXPM) for
example are responsible for the generation of ghost pulses inside zero-bit slots, amplitude
fluctuation in the one-bit pulses and the introduction of timing jitter [1]. These effects are
particularly severe and limit the maximum usable span length.

Over the past decade, there have been numerous experimental demonstrations of optical
2R regeneration schemes, designed to work with either On-Off keying amplitude modulated
(OOK) and/or phase-shift keyed (PSK) signals. A particularly interesting fiber based
regeneration technique for Return-to-Zero (RZ) OOK signals based on Self-Phase Modulation
(SPM) followed by offset filtering has been proposed and experimentally demonstrated by
Mamyshev [2]. This method has drawn much attention due mainly to its ease of
implementation and robustness. Its main advantages include a reduced sensitivity both to
environmental instabilities, as compared to systems relying on interferometric effects (e.g.
nonlinear optical loop mirrors), and its low polarization sensitivity relative to other
regenerating schemes based on effects such as Four-Wave Mixing. Finally, unlike other
technologies that exhibit a longer response time (such as semiconductor optical amplifiers),
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the quasi-instantaneous response time of Kerr nonlinearities in optical fibers makes the
scheme directly applicable to high bit-rate operation. Using the Mamyshev approach a number
of 2R and more recently 3R optical regenerators (i.e. 2R regenerators with an additional
retiming operation) have been experimentally reported at 10 Gb/s and 40 Gb/s with either
OOK-RZ [2, 3] or Carrier-Suppressed RZ (CS-RZ) formats [4, 5]. The ability to handle data
impaired either by iFWM [6] or ASE [7, 8] has also been confirmed. Significant advances in
fiber technology, such as the emergence of holey fibres [9], fibers made of compound
materials (for instance chalcogenide [8]) or bismuth oxide [10, 11], have further enhanced
interest in this technique. Due to their high nonlinearity coefficient, these latter waveguides
are proposed as attractive media for reducing the power budget and/or increasing the
compactness of the devices.

Despite the numerous experimental demonstrations, the design optimization of such
regenerators is not straightforward, because of both the wide variety of input signal
parameters (pulse width, duty cycle, input power), and the numerous physical properties of
the fibers (chromatic dispersion D, nonlinearity coefficient v, and length L). To date, only a
few works have introduced any form of design guideline [2, 7, 12-14] and even these have
addressed the problem either within the context of a pure nonlinear regime [13, 15], or have
considered only a fixed fiber length [3]. However, neither of these approaches facilitates
cross-comparison between different fiber systems. In this work, we report the development of
global scaling rules for the 2R regenerator based on Mamyshev’s technique. We first
introduce the physical parameters of the regenerator and define associated parameters that can
be used to assess the regeneration performance. From this process, we identify an optimum
operation regime in terms of rejection of amplitude noise [16]. We study the quality of the
regenerated pulses at the output of the regenerator for operation under these optimal
conditions, and extend our conclusions with a simulation example showing the applicability of
the design rules for a regenerator operating at 160 Gb/s.

2. Regenerator and regeneration parameters
2.1 Regenerator principles and associated parameters

In this first section, we recall the principle of the SPM-based Mamyshev regenerator as shown
schematically in Fig. 1. The degraded optical pulse streams are first fed into an optical
amplifier which is used to boost the power to a suitably high level at the input to the highly
nonlinear fiber (HNLF). (Note that an additional filter is often inserted after the amplifier to
reject the out-of-band ASE noise). The amplified pulses are then propagated in the HNLF
during which 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 acting both to
provide intensity discrimination as discussed below, and as a pulse shaping element.

Optical ASE rejection Highly OPtgcald
Amplifier Filter Non_llnear passban
Fibre Filter
e f Output
Signal Signal
» N ~_ »
X x5
/
L Length AF  Filter detuning
Lo Heimere RS it G eln B, Chromatic dispersion Foaer Filter bandwidth
SR DR BeSKPoKEy Y Nonlinearity coefficient

o Attenuation coefficient

Fig. 1. Schematic of a typical optical regenerator based on Self-Phase Modulation.

The amount of spectral broadening experienced by the signal in the HNLF is to first order
proportional to the time-derivative of the pulse intensity profile. This allows one to
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discriminate between high and low peak power pulses simply by detuning the narrow-band
filter away from the input signal carrier frequency. A detuned optical filter will collect only a
small fraction of the energy of low-peak-power pulses (nominal ‘zeros’), which experience
less spectral broadening than high-peak-power pulses (nominal ‘ones’). Thus, undesired ghost
pulses can be suppressed at the output of the regenerator and the overall mark-to-space
extinction ratio can consequently be improved.

In addition, the regenerator should perform amplitude equalization on the ‘ones’, and also
the nominal shape and width of the transmitted pulses should be retained. In general this
requires a condition under which the spectrum broadens in proportion to an increase in the
signal power. Although this condition can be satisfied both in the normal and the anomalous
dispersion regimes, nonlinear propagation within the normal dispersion regime is preferable in
that it does not allow the development of modulational instability, or the nonlinear interaction
of the signal with ASE, both of which can introduce additional noise [17]. Furthermore, the
SPM spectra generated under conditions of normal dispersion are generally flatter, thus
leading to smoother pulse shapes at the output of the regenerator.

In the work presented here, we have assumed transform-limited Gaussian pulses at the
input, with a variable peak power P™ and a half-width at the 1/e-intensity point T,. Figure 1
lists the remaining parameters of the regenerator. The customizable parameters of the HNLF
are the chromatic dispersion (D or B,), the nonlinearity coefficient y and the fiber length L.
The output optical band-pass filter (OBPF) is detuned from the carrier frequency by an offset
value AF. To adhere with our previous statements, the filter is Gaussian with a 1/e half-
bandwidth of Foppr, which matches the corresponding input pulse 1/e half-bandwidth F, (i.e.
Foppr = Fo = 1/(27Ty)), and has a flat phase response. In order to distinguish the impact of the
ASE noise from the intrinsic ability of the regenerator to eliminate ghost pulses, we have not
considered any ASE noise in our simulations. (Nevertheless, the effects of ASE are
qualitatively discussed in a separate section in the paper).

It should also be noted here that in order to be able to devise some general scaling rules,
we have chosen not to consider the impact of fiber loss in this study. Although the effects of
attenuation can be quite significant, the general trends described in the following sections are
still valid when this is considered. Quantification of the precise effects of fiber losses will be
the subject of a separate study.

2.2 Assessment of the regeneration function

The ability of the regenerator to offer both extinction ratio improvement and amplitude
equalization is defined by the transfer function (TF). The TF simply describes the variation of
the output pulse energy as a function of the input pulse energy. In the particular type of
regenerator considered here, input pulses of the same peak power and shape but with different
duration, (and hence energy), do not exhibit the same output response. As detailed in Ref. [8],
the principle of the regeneration is based on the temporal derivative of the intensity profile of
the pulse and not on an instantaneous power response as in an interferometric switch. As a
result, the regenerator can ultimately exhibit as many TFs as there are input pulse shapes. In
this work, we overcome this limitation by considering only the case of Gaussian pulses at the
input. The same remarks apply also to the output pulses. We have therefore considered that
the pulse width T, and pulse shape remain largely unchanged at the regenerator output, so that
we can define the TF as a function of the output pulse peak power P, versus the input peak
power P, (the validity of this statement will be shown in Section 4 below).

Depending on the interplay between the broadened pulse spectrum and the detuned filter
position, three possible regimes for the TF can be identified, as graphically illustrated in
Fig. 2. The variation of the output power relative to the input can either be non-monotonous
(regime ‘A’), exhibit a locally flat region on the one-level (regime ‘B’), or be purely
monotonous (regime ‘C’). It is clear that regime ‘B’ offers the largest power equalization
ability, and represents the preferred operational regime.
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Fig. 2. Illustration of the three possible TF types for the SPM-based regenerator: non-
monotonic evolution (A), locally flat evolution (B), or monotonous variation (C).

Parameterization of the TF shape has been previously proposed in order to analytically
predict the regeneration performance and concatenation effects [18, 19]. In these earlier
studies, the TFs were approximated by tanh-like, sigmoid or more drastically by linear
piecewise functions. Unlike these authors in our global approach we chose to define
parameters directly extracted from the TFs, and to evaluate the regenerator performance on
this basis. The three parameters that we use are graphically illustrated in Fig. 3, and are
described below:

e The nominal input peak power for the marks P,™. This value is defined as the input
peak power for a ‘one’ bit that locally exhibits maximum peak power compression at
the output. Mathematically, this value corresponds to the input peak power at which
there is either a local maximum (type A), a sign change in the curvature of the TF
(type B,) or a local minimum in the TF derivative (type C),

e Taking into consideration this P, value, an output extinction ratio ER™" is computed
for an arbitrarily fixed input extinction ratio of ER™=-10dB. We define the
extinction ratio as the ratio between the peak powers of a ‘zero’ and a ‘one’ pulse.

e Finally, the assessment of the output power equalization on the marks is quantified by
introducing the difference €, which is defined as the total variation in output peak
power for an input peak power ranging between -7.5 % and +7.5 % around P,". The
output peak power compression p is defined as the normalized ratio |e|/P,*"".

in A
ER" . E‘)m Pow  p=e/P™
1 €
P,]om.... o _;:I-/
| |
out F’OOLIt 1ogivs!
ER =W POOUt : ) 5: Pin R
] ]
pe" ‘,;1;?'

Fig. 3. Definition of the parameters used to parameterize the power TF of the regenerator.
Left: Definition of the input (ER™) and output (ER") extinction ratios. Right: An example
showing these parameters on a model TF.

It will become obvious in the following section that although the precise choice of various
of these values (e.g. ER"=-10dB and variation in the incoming pulse peak power of
+ 7.5 %) might seem somewhat arbitrary, they do not affect the generality of the developed
model. These values are only used to provide an indication of the quality of the TF for a
physically reasonable choice of input signal parameters, rather than a specification of
particular operating conditions.
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Finally, it is also worth noting that the TF alone does not provide any information on the
pulse quality at the regenerator output, or the corresponding power efficiency. These effects
will be studied separately in Section 4 of this paper.

3. Modeling results

We now consider the nonlinear Schrédinger equation (NLSE) that governs the propagation of
the pulse within an optical fiber. We limit the contributions of the dispersive effects to the
group velocity dispersion B, term and the nonlinear contributions to the effects of SPM. The
medium is assumed to be lossless (a=0). We follow the well-known analysis (which can be
found in [20]) which allows us to express the slowly varying pulse envelope in a standard
form using the following set of normalized parameters:

Z T t-
u(z,t):\/NzU(z,t); §=L—; —T—:# (1)
D 0 0
T,’ 1 2_Lp
Lp=tt. L=t N @)
P |ﬁ2 M VP, Lo

with t and z the time and the longitudinal position along the fiber respectively. Here, B is the
group velocity, P, the pulse peak power, U(z, t) the normalized slowly varying field envelope
of the pulses, and Lp and Ly, are defined as the dispersion and nonlinear lengths respectively.
The NLSE can then be written as:

2
ia“(@T) _sgn(B,) d u(%, 7) + |u(§,1)‘2u(§, 7)=0 3)
o€ 2 ot

Our approach benefits from the use of scaling factors and allows us to derive a global set
of solutions by only considering any one solution of the standard form. For example, if
u(z/Lp,T/Ty) satisfies Eq. 3, then for any real number 8, the pulse envelope 8.u(8%.z/Lp,0.T/Tp)
is still a solution of Eq. 3 [20]. From a practical point of view, if we consider two pulses with
different initial peak powers (P, P,), and different initial pulse widths (T, T,) but of the same
initial shape, then these pulses will evolve to the same scaled profiles in both time and
frequency when two conditions are fulfilled: (a) that the fiber length in the two cases is the
same proportion of the dispersion length (L;/Lp=L,/Lp,); and (b) that they exhibit the same
N2 value (Lnpi/Lpi=Lnio/Lps). This scaling rule drastically reduces the complexity of the
problem, as global bit-rate-independent conclusions can be derived from the analysis of a
single case in which the four aforementioned parameters Ty, P, B, and y are arbitrarily fixed.

By using these scaling factors, and by virtue of the normalized quantities N, Ly, and L/Lp,
where Ly is defined with respect to the nominal input peak power P,", our calculations
demonstrate that it is possible to relate the three TF parameters (P,", ER®" and p) to the
physical parameters of the regenerator (fiber parameters L, v, B, and filter detuning AF). The
interdependencies between the three parameters can be represented in the two-dimensional
space formed by the normalized fiber length L/Lp and the normalized output filter detuning
AF/Fy, as shown in the multi-contour plot of Fig. 4.

Figure 4 shows that the two-dimensional space is split into two distinct areas that
correspond to the ‘A’ and ‘C’ TF regimes, with the ‘B’ regime lying along the common
boundary. For a fixed AF/F, ratio, a small L/Lp, ratio yields a non-monotonous TF variation
(regime ‘A’), whereas a monotonic variation (regime ‘C’) is experienced at high L/Ly, ratios.
This illustrates the spectral evolution of the pulse along the fiber length: For short fiber
lengths the SPM-spectrum is characterized by ripples which lead to the features of regime ‘A’,
whereas for longer lengths the SPM-broadening has saturated and the extra energy of higher
power pulses only contributes to an increase in the power that passes through the offset filter
(regime ‘C’). More interestingly, we identify the region of maximum power equalization
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(regime ‘B’) over a large range of N values when operating under specific conditions for the
fiber length and filter detuning.

B-TYPE

N,"=18
- N,"=20

= in o /2y Output Extinction
EIRRIE %) Ratio (dB)

Fig. 4. Normalized map for input unchirped Gaussian pulses linking the regenerator parameters
to the regeneration performance: Bold plain lines correspond to p contours. Orange plain lines
correspond to ER* contours (in dB), and black lines correspond to N, contours.

The map directly provides simultaneous access to the parameters to be employed and to
the expected performance. Additionally, some interesting observations can be made at this
stage. As it might be expected, the output extinction ratio improvement is mainly determined
by the position of the output filter and a minimum offset detuning value of 1.5xF, is necessary
to significantly improve the input extinction ratio. The extinction ratio improvement has a
remarkable dependence on the length of propagation as, the variation of the output extinction
ratio for high input peak powers is progressively altered and tends to saturate when increasing
AF/F, for a fixed L/Lp ratio. This behavior is accounted for by the development of pedestal
structures in the wings of ghost pulse spectra (i.e. the onset of wave-breaking), which are
more likely to be sampled by the detuned filter.

As far as the optimal regime ‘B’ is concerned, we have found a relationship between the
optimal fiber length Loy and the corresponding N,™ value (defined as (yP,""To*/B,)"?):

L

opt,B - K—?n ( 4)

Ly N,
where K, is a fitting constant equal to 0.382 (with a +4% error) over a range of N values
between 5.5 and 23. Although this relation has been found numerically rather than
analytically, we note that it is of a similar form as the relations describing both the optical
wave-breaking distance for Gaussian pulses [21] and supercontinuum design rules [22]. There
is a linear relationship between the optimal normalized filter detuning AF/F, and the
corresponding N, value:

%:0.71&*“—2.13 5)

0
Equation 4 shows that a balance needs to be maintained between the dispersive and
nonlinear contributions and demonstrates that a design consideration based solely on the value
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of the fiber nonlinearity is therefore insufficient. Again, we emphasize that the proposed rules,
as well as the map of Fig. 4, are directly applicable to any bit-rate systems by an appropriate
setting of the input pulse duration T, and only depend on the pulse shape characteristics.

According to Fig. 4, the fiber length and filter position need to be carefully chosen to
ensure operation in the optimal regime ‘B’. However, it is interesting to note that there is a
quite broad region close to the boundary between regimes ‘A’ and ‘B’, where the ratio p does
not change significantly. This provides a convenient route towards relaxing the design
considerations without greatly affecting the TF shape.

Finally, it follows from Eq.2 and 4 that the optimum length L, 5 scales inversely to the
square root of the B,y product. This favors the use of highly nonlinear, compound glass fibers
(see e.g. [8, 10, 11]), whose extremely high nonlinearities are usually accompanied by large
values of chromatic dispersion. However, these fibers also exhibit significantly higher
propagation losses, which are likely to compromise the validity of this observation.
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Fig. 5. (a): TBP of the regenerated pulse as a function of N|™. Red dashed line represents the
value for transform-limited Gaussian pulses. (b): Variation of the normalized temporal pulse
FWHM as a function of N,"™. (¢): Normalized output pulse chirp for various N, values. As a
reference, the initial Gaussian pulses are also shown. (d): Variation of the timing jitter induced
by the regenerator over a + 7.5% input peak power range as a function of N;". Dashed lines in
(a) and (b) show the performance that can be achieved when chirp compensation is considered.

4. Properties of the regenerated pulses

As mentioned earlier, for the design optimization of a 2R regenerator, an analysis of the TF
characteristics should also be accompanied by in-depth assessment of the quality of the
regencrated pulses. We therefore examine the characteristics of the optical pulses at the output
of the regenerating system, in terms of time-bandwidth product (TBP), pulse width, chirp and
induced timing jitter. We specifically focus on the preferred operation regime ‘B’. Then,
according to Eq. (4), Eq. (5) and Fig. 4 each value of N;" corresponds to a unique set of
regenerator parameters.

In Fig. 5(a) we plot the variation observed in the TBP, as we move along the ‘B’ contour.
It is to be noted that the pulses deviate only slightly from the transform-limited case (0.441),
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especially for larger values of N;". We attribute the degradation of the TBP at small values of
N, to the more pronounced peaked structure of the SPM broadened spectrum which is
reflected in the filtered spectrum at the output of the regenerator. Unlike the TBP, the
temporal FWHM of the pulse is decreases smoothly with increasing N, [see Fig. 5(b)]. As
far as the shape of the output pulse is concerned, a slight asymmetry can be observed —
however this is found to be negligible and it is even less noticeable at high values of N, as
depicted in Fig. 6.
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Fig. 6. Normalized intensity profiles: (a) before linear chirp compensation, and (b) and after
linear chirp compensation. As a reference, an initial Gaussian pulse is also shown (dashed
lines).

A closer examination of the chirp reveals that it varies in a rather linear fashion across the
largest portion of the output pulses for all values of N;", and that the chirp rate is positive
[Fig. 5(c)]. This behavior is characteristic of the pulse evolution close or above the optical
wave breaking condition [23]. A consequence of the chirp on the pulses is that they acquire an
additional timing delay relative to linearly propagating pulses, which is a function of N;". In
order to quantify this power-dependent timing delay we introduce the quantity Tm,s as
follows:

Ty =| Tm, [ (1 +8)p," J-Tm, [ (1-3)p," ]| ©
j tI(L, 1) dt

where Tm,[ P" |22 (7)
II(L,t) dt

Tm, 5 traces the relative variation of the temporal position (i.e. the timing jitter) of the
output pulses over an input peak power variation of +7.5% (i.e. =0.075) around P,". The
temporal position of the pulse is defined as the first-order moment integral (center of gravity)
Tm, of the output pulse intensity profile I, obtained for an input pulse with peak power P,
(Eq. 7). We demonstrate in Fig. 5(d) that this variation is almost independent of the operating
value N,", so that the same amount of timing jitter is introduced whatever the operating
condition along the ‘B’ contour. The amount of timing jitter is found to be around 8% of the
initial pulse width T. The abrupt variation at small values of N|" is explained by the presence
of a small asymmetry of the output pulses which affects the computed Tm, value.

Since the output pulses have a smooth and linear chirp, it is possible to consider offset
filter with a phase response designed to compensate this chirp (alternatively a suitable length
of anomalously dispersive fiber can be used for the same purpose). In Figs. 5(a), 5(b), and 6
we have included the corresponding plots that represent the TBP, the normalized pulse width
and the pulse shapes respectively after optimum linear chirp compensation is applied,
demonstrating that it is possible to achieve almost identical characteristics to the input pulses.
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5. Discussion

In the following subsections we examine the impact of various system parameters on the
regenerator performance. In particular, we consider: how some variation in the input pulse
parameters (i.e. the pulse width and temporal chirp) can affect the regenerator TF; how the
power efficiency and extinction ratio of the regenerating system are affected by the operating
conditions; and how coherent interference between adjacent pulses nonlinearly propagating in
the HNLF can degrade the regeneration. In addition, we provide qualitative comments on the
contribution of ASE noise, and discuss the consequences of using an output filter with a
bandwidth other than the nominal F, value considered above on the TF parameters. Finally,
we summarize our observations and draw some conclusions on how to go about choosing the
best operating conditions for a given system.

5.1 Pulse width variation and residual dispersion

In order to ensure robust operation, a regenerator should be able to demonstrate tolerance to
input pulse width variations and residual chirp, since these are both likely to be affected
during transmission by environmentally-driven chromatic dispersion variations, ASE-signal
interaction and polarization-mode dispersion. Since the TF is dependent on the intensity
derivative of the input pulse [8], a variation in the input pulse width would be translated into a
variation in the output pulse energy. For the case of unchirped pulses, the consequence of this
variation can be appreciated from a study of Fig. 4, where an increase (decrease) in the pulse
width may shift the operating condition e.g. from regime ‘B’ to regime ‘A’ (‘C’), due to the
dependence of L, on Ty. In Fig. 7(a), we show TFs obtained when the pulse width is varied
from -20% up to 20% of its nominal value Ty, when the system is operating in regime ‘B’
with a fixed value N;""=10 (defined for the nominal value Ty).
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Fig. 7. (a). TFs for an input pulse width variation between -20% and +20% relative to T,.
(b): TFs for linearly chirped input pulses with either positive (C>0) or negative (C<0) linear
chirp. The axes correspond to normalized pulse energies with respect to energies E; o, ™ and
Ejop " of the unchirped nominal case for N;"=10.

The appreciation of the effects of residual chirp is less straightforward to establish.
Following [24, 25], we have adopted a simple approach that consists of positively (negatively)
prechirping the input pulse by linear propagation in a segment of anomalous (normal)
dispersion fiber. This has allowed us to vary the pulse width at the input of the regenerator by
either +10% or +20 % of the nominal T, value. The corresponding TFs are plotted in
Fig. 7(b), again for nominal operation in regime ‘B’ with a value N;"=10. All modified TFs
are of type ‘A’ and exhibit a higher output pulse energy than the unchirped case. This
behavior originates from the fact that the SPM spectra are not as flat when the input pulses are
chirped [21].

From these results, we can conclude that the regeneration is not significantly compromised
by the presence of large variations in both the input pulse width and the residual chirp. It
could be argued that cascading a second regeneration stage, as is frequently done with
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Mamyshev regenerators to eliminate any overall-frequency shift, might be beneficial in terms
of offering an additional power equalization step. In this way all power fluctuations at the end
of the first stage could be fully compensated.

0.2
-500(a) ] (b)
0.15
.40
o
A - kel
g -30 v, 2 01
% >
i /
20 0.05
10/
0
5 10 15 20 25 5 10 16 20 25
in in
N1 N1

Fig. 8. Output extinction ratio ER,,, improvement (a) and energy yield (b) as a function of N,
when operating along the optimal regime ‘B’.

5.2 Output Extinction ratio, energy yield

On the basis of the discussion presented so far, it follows that operation at high values of N;"
is favorable in terms of both extinction ratio improvement and pulse quality. However, when
operating at high powers, the power spectral density of the signal reduces, since the SPM-
induced spectral broadening is more pronounced. Therefore, the proportion of energy that
passes through the offset filter decreases with increasing N;". Additionally, this reduction in
spectral density at high values of N," is accompanied by optical signal-to-noise ratio (OSNR)
degradation in the presence of out-of-band ASE noise [26]. These considerations lead to a
trade-off between the improvement in the regenerator performance and the energy yield of the
system (i.e. the ratio of the power at the output of the filter to the power at the input of the
fiber), as shown in Fig. 8. Inter-pulse interactions during their propagation in the HNLF are
also likely to further restrict the maximum value of N," that can be used in the systems as
discussed below.

5.3 Interaction between adjacent pulses

Up to this point, we have concerned ourselves with the study of the propagation of single
Gaussian pulses in the regenerator. It is important however, to study the limits at which the
consideration of a stream of pulses will affect the system operation. Under the combined
effects of normal dispersion and nonlinearity, Gaussian pulses typically broaden and evolve
into trapezoidal-shaped pulses, as illustrated in Fig. 9(a). The extent of the pulse broadening
has therefore to be investigated to address the possibility for adjacent pulses to spread and as a
result partially collide within the HNLF. In that case, both coherent interference and nonlinear
interactions would result in strong oscillations in the temporal profile of overlapping pulses
[27]. The possibility of a collision is determined by the pulse duration with respect to its time
slot, that is to say the pulse duty cycle. )
Figure 9(a) shows that the pulse width within the HNLF increases with the value of N;™.
Interactions between adjacent pulses are therefore likely to be more severe when operating at
high peak powers. We have simulated the propagation of three adjacent pulses of the same
nominal peak power P,", when operating under regime ‘B’. We have observed the
fluctuations in peak power between adjacent filtered output pulses, caused by pulse-to-pulse
interactions, and compared them to the pulse peak power obtained for the single pulse case.
Fig. 9(b) summarizes the results we obtained for three different duty cycles, namely 33%,
25% and 20%. It is clear that there is a maximum N;" value below which adjacent pulse
interaction does not compromise the regeneration. These N, values were quantified as 10, 20
and more than 25 respectively for the three values of duty cycles that we considered. One can
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therefore operate at high peak powers when the pulse duty cycle is sufficiently low. However,
the possibility that the incoming pulses suffer from timing jitter should also be considered,
since this will further restrict the maximum N, value.
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Fig. 9. (a). Temporal evolution of the input pulse for various N, values; the bit slot occupation
for 20, 25, and 33% duty cycle is also shown. (b). Variation of the peak power of three
propagating pulses relative to the single pulse case as a function of N, for duty-cycle values
of 20%, 25% and 33%.

5.4 ASE noise contribution

Having explored the design of the 2R regenerator in the absence of any incoherent noise, we
take the opportunity to present some qualitative statements on the main consequences of the
contribution of ASE. Firstly, the presence of in-band ASE noise will critically affect the ‘one’
pulses by introducing some distortions in the pulse shape, thereby affecting both the pulse
width T, and the peak power. By assuming an OSNR value higher than ~20dB [8], any
variations in the pulse width will affect the operation of the regenerator in the same fashion as
was described in Subsection 5.1 above. Additionally, it is obvious that the filtering action of
the regeneration system favors the elimination of ASE noise. Any in-band ASE can be
rejected by operating with a large filter offset value, whereas out-of-band ASE can be rejected
by placing an ASE rejection filter at the input of the HNLF [26].

5.5 Impact of the filter bandwidth

So far, we have required that the pulse width at the output is maintained the same as that at the
input. However, it is possible to consider a different filter bandwidth at the output for duty
cycle conversion applications [28]. A variation in the output filter bandwidth does not affect
the global trends presented in Fig. 4. For a fixed fiber length, it is possible to retrieve a ‘B’-
type regime by simply adjusting the filter position. For example, use of a broader (narrower)
filter requires smaller (larger) filter offset AF, which will affect the regenerator performance
by reducing (increasing) the output extinction ratio, while at the same time, the energy
efficiency of the system will also be increased (decreased). However, it also needs to be
appreciated that a broader (narrower) filter bandwidth will increase (reduce) the output pulse
asymmetry, since a larger (smaller) amount of rippled spectrum will be allowed to pass
through the filter.

6. Applying the design rules to specific optical systems

The study presented in this paper links the system parameters, such as bit rate and pulse duty
cycle, to the various parameters of the regenerating system, such as the fiber properties, the
required power levels and the filter offset. Using the specifications of the map presented in
Fig. 4 as a starting point, it is evident that the optimum operating conditions for such a
regenerator will depend on several factors, such as the available spectral bandwidth, the power
budget and even the nature of the predominant impairments targeted during the regeneration
process. In the discussions above we have highlighted the various performance trade-offs that
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have to be taken into account when designing a regenerator for a specific system. For
example, taking all of the above into account we concluded that for a 33% duty-cycle a
maximum N;" value somewhere in the range 7-10 is likely to provide the best overall
compromise between the different effects (see Fig. 9).
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Fig. 10. Peak power distributions and temporal pulse shape at the input of the regenerator (top)
and at the output (bottom) for a data signal at 160 Gb/s.

We tested the applicability of our design rules in a simulation example that considered
33% RZ Gaussian data pulses at 160 Gb/s. Note that such pulses can be generated using a
source like that reported in Ref. [29], or by using simple OTDM techniques. We transmitted a
212-bit-long Pseudo-Random Bit Sequence with an average power of 15.5 dBm into two
segments of 80 km of standard fibre with complete dispersion compensation (second and
third-order). The simulation was performed by using commercial software (VPI
TransmissionMaker from VPISystems). Intrachannel cross-phase modulation and four-wave
mixing introduced noise into the signal, as shown in the optical eye diagram of Fig. 10 (top).
The data sequence was then fed into a 2R regenerator, which was designed according to our
design rules. The HNLF included in the regenerator had a chromatic dispersion D=-
0.78 ps/nm-km, a nonlinearity coefficient y=20 W'km™ and a total length L=347 m.
According to Fig. 4, this regenerator operates in regime ‘B’ when the normalized output filter
offset is 3.3 and N, is 7.75. This value corresponds to a pulse peak power P,;"=1.92 W, or an
average power of 340 mW at the input of the regenerator. We considered ideal amplification,
i.e. no ASE noise within the link. Figure 10 compares the optical eye diagrams at the input
and the output of the regenerator. Corresponding intensity distributions for the one- and zero-
bit pulses are also plotted [as calculated at the center of the eye corresponding to the center
position of the bit slot (t=0)].

The statistical data show that both suppression of the ghost pulses and reduction in the
amplitude noise distribution on the ones is achieved. According to Fig. 10, the variance of the
distribution of the amplitude noise is reduced by a factor of ~2. The introduction of timing
jitter manifests itself by adding some asymmetry on the output optical eye diagram.
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7. Conclusion

We have presented simple and generalized scaling rules for the design of 2R optical
regenerators based on SPM in normally dispersive fibers. Our present study, which was
restricted to the case of Gaussian input pulses and lossless fibers, has shown that the
regenerator performance can be mapped onto a parameter space defined by the fiber
properties (as expressed by L/Lp), and the filter offset position. Our scaling rules show how
the bit-rate (pulse width) affects the system performance, and we have identified the optimal
operating conditions which ensure power equalization for a broad range of incoming powers.
We have also identified the trade-off that exists between performance and energy efficiency,
and have examined the characteristics of the regenerated pulses under different operating
conditions. A detailed extension of the study to include the effects of fiber loss is naturally of
great practical interest, as is extension of the mapping concept to other pulse forms. Our initial
studies in both of these directions confirm that the trends that we have identified in the present
study can be extended directly to both of these cases, albeit with quantitative changes to the
design maps [30]. A study of the impact of other high-order effects (e.g. Stimulated Brillouin
Scattering, Stimulated Raman Scattering or Two Photon Absorption) is also likely to be of
interest depending on the precise nature of the fiber host material (e.g. silica- or non silica-
based).
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Abstract: We report a 2R optical regenerator based on the Self-Phase
Modulation and offset filtering technique in a bi-directional architecture for
the simultaneous processing of two optical channels at 10 Gb/s within a
single highly nonlinear fiber. Whereas excellent mitigation of the inter-
channel nonlinear crosstalk is experimentally demonstrated, we identify
Rayleigh backscattering as the major source of crosstalk and show how it is
related to the regenerator parameters and operational settings. Finally, we
demonstrate that this crosstalk does not introduce any significant additional
penalties as compared to single channel operation.
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1. Introduction

Over the recent years, all-optical signal processing has attracted much attention in the field of
optical telecommunications. The main argument for optical processing techniques is that they
can easily support high bitrate operations (far beyond 40 Gb/s) thereby bridging the gap
between the ultra-high capacity of optical transmission systems and the limited bandwidth of
electronic equipment. Within this context, all-optical regeneration schemes (either just signal
Re-amplification and Reshaping (2R) or complete with Retiming (3R) operation) have been
proposed as an alternative to the conventional approach based on optical-electronic-optical
conversion [1]. Numerous reported implementations exploiting nonlinear effects either in
optical fibers [2-4], or in semiconductor optical amplifiers (SOAs) [1] have proven without
doubt the power of the approach. However, the true potential of all-optical techniques will
only be realized in a cost effective manner if it proves possible to process multiple channels
simultaneously in a single device. The challenge in achieving multi-channel operation is to
mitigate coexisting cross-channel nonlinear effects, which give rise to crosstalk.

In this paper, we experimentally investigate an optical scheme based on the Mamyshev
regenerator [5] which allows the simultaneous processing of two optical channels. The
technique uses a bi-directional architecture [6, 7], which allows the use of a single highly
nonlinear optical fiber (HNLF) without giving rise to nonlinear crosstalk between the
channels. After a first brief description of the working principle, we identify the presence of a
different source of crosstalk originating from the backscattering contribution. An analysis of
this contribution is presented allowing the determination of the crosstalk levels. We then
experimentally validate the proposed model, and move on to demonstrate that the presence of
a second channel does not impose any additional power penalty to the operation of the
regenerator.

2. Principle of operation

The optical 2R regenerator under consideration is based on the scheme proposed by
Mamyshev in Ref. [5]. Its operation relies on the dependence of the Self-Phase Modulation
(SPM) induced spectral broadening on the gradient of the pulse intensity profile. The incident
pulse train to be regenerated passes through a length of HNLF and an offset filter and is then
used to carve into the broadened spectrum, providing pulse reshaping on the marks and noise
removal from the spaces, which originates both from noise accumulation and generation of
ghost pulses due to intra-channel nonlinearities [8]. This regeneration process results in better
discrimination between the marks and spaces. This scheme is suitable for the on-off keying
modulation format, and has drawn much attention to date, mainly due to its simplicity and
ease of implementation using HNLF. In a previous work, we have provided some generalized
rules that link the physical design of the optical regenerator to its performance [9].

The extension of the regenerator to a multi-channel environment requires an effective
mitigation of the inter-channel crosstalk arising from Kerr nonlinearities, such as Cross-Phase
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Modulation (XPM) and Four-Wave Mixing (FWM), which compete with SPM [10].
Nonlinear crosstalk typically manifests itself as the introduction of strong asymmetries in the
broadened spectrum, which result from an incomplete pulse interaction between the co-
propagating adjacent channels. In order to alleviate these nonlinearities, one has to minimize
the interaction time between pulses by ensuring a complete and fast walk-through. Such
mitigation is usually achieved by providing a suitable chromatic dispersion map. In the past,
this has been achieved through either a specific arrangement of fiber assemblies of alternating
dispersion [11], highly specialized fibers [12], or dispersion compensating devices with
spectrally periodic responses[13]. In Ref. [6], Matsumoto proposed a wavelength-conversion-
free all-optical 2R regeneration scheme, where a single channel is transmitted twice along the
same fiber taking advantage of a bidirectional architecture to enhance the regenerative
performances. Herein, we propose a mitigation scheme that relies on a similar bi-directional
configuration in which two different optical channels are propagating in opposite directions
within the same optical fiber [7].

Figure 1(a) schematically illustrates the corresponding implementation. The major benefit
of this solution lies in the extremely high relative walk-off value Ty between the two counter-
propagating channels, which is typically ~2/V,(A), where V,(A) is the group velocity at
wavelength A (e.g. for silica-based fibers: T,=10 ns/m). Interestingly, this value is almost
independent of the chromatic dispersion and the spectral separation of the channels. The
immediate result of a high Ty value is that the nonlinear (NL) phase ¢nr induced by XPM
manifests itself as a constant phase shift across the whole pulse (proportional to the ratio
between the pulse peak power and Ty), as illustrated in Fig. 1(b). It follows that no additional
frequencies are generated from this XPM contribution, reducing the distortion induced on the
SPM-broadened spectrum. Note that any frequency chirp due to incomplete pulse collisions
occurring at the two ends of the HNLF is expected to be negligible due to the large T,, (see
Fig. 1(b)). Similarly, because of the relatively high walk-off, there is no FWM phase-
matching condition between the two counter-propagating pulses. More generally, each signal
evolution is insensitive to other propagation-related issues (e.g. the variation in the pulse
intensity profile along the fiber, or change in the polarization states) as well as to the
cumulative effects of a large number of pulse collisions. Last but not least, the general
operating principles relating to the single channel regenerator [9] are preserved and can be
applied directly to the bi-directional configuration.
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Fig. 1. (a) Schematic of the bi-directional regenerator. (b) Variation of the nonlinear phase self-
induced on the first pulse by SPM (green curve) and XPM (orange curve) arising from the
interaction with a second counter-propagating pulse. The NL phases are plotted across the
temporal window of the first pulse.

3. Crosstalk due to backscattering

Despite the reduction in the XPM crosstalk, the proposed bi-directional architecture
introduces a new source of crosstalk resulting from the reflections of the counter-propagating
signal as it propagates along the HNLF. Since these reflections co-propagate with the second
signal, they may give rise to some performance degradation, and therefore their contribution
needs to be thoroughly investigated.
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These reflection contributions come from either local defects generating a strong signal
reflection (e.g. reflections at connections and splices, or extraordinary defects in the fibers), or
more predominantly from the backscattering experienced along the HNLF. The fiber
backscattering mechanism is essentially governed through a Rayleigh scattering process, and
originates from sub-wavelength non-uniformities along the fiber. For an optical fiber, these
defects are found at regions of refractive index variation across the transverse fiber profile.
Given the localized nature of the process, the overall backscattering results from the
summation of the elementary scattering contributions created both across and along the optical
fiber. The strength of the process is quantified through two parameters [14]: the local
scattering coefficient - oR(A,z), representing the strength of the backscattering-process, and
the backscatter re-capture fraction Sp(A,z), that represents the fraction of the backscattered
light that is recollected within the fiber core. The backscattering properties of an optical fiber
are generally highly dependent on their refractive index profile as well as the manufacturing
and drawing conditions and might vary from fiber to fiber. Due to their higher core-cladding
refractive index difference and the resulting higher numerical aperture, HNLFs exhibit higher
backscattering coefficients than conventional transmission fibers.

Intuitively, the impact of Rayleigh backscattering will depend on the spectral position and
evolution of the incoming signal as well as the relative position of the output offset filters: the
strength of this crosstalk will be expected to increase as the spectral separation between the
two channels decreases. This kind of crosstalk was previously highlighted in a wavelength-
conversion-free all-optical single channel regenerator [6]. Here we present a simple approach
that allows one to derive the backscattered spectrum induced by a nonlinearly propagating
signal. The validity of the theoretical expressions presented in Section 3.1 below is then
experimentally verified in Section 3.2. This will allow us to draw some general and useful
conclusions on the impact of Rayleigh backscattering on SPM-based devices that follow a bi-
directional configuration. It will be shown in the second part of this paper, where extensive
system measurement are reported that this effect only slightly affects the device performance.

3.1 Theoretical prediction

So far, the limitations imposed by Rayleigh backscattering have theoretically and
experimentally been studied for the cases of bidirectional transmission links or distributed
amplification in optical communication systems. These studies have represented Rayleigh
crosstalk as either coherent (intra-channel) or incoherent (inter-channel) sources of
interference [15, 16], and have also accounted for the partial depolarization effect experienced
by the backscattered signal [17]. However, these studies have been limited to regimes where
nonlinear effects could be neglected. In this Section, we derive an expression for the power
spectral density of the Rayleigh backscattering contribution of a propagating signal. We
propose a simple model to extend the estimation of the Rayleigh backscattering contribution
when a distributed spectral broadening of the propagating signal is experienced along the
optical fiber. Following the analysis in Ref. [18], the power spectral density of the
backscattered field is directly proportional to the power spectral density of the incoming
signal. This statement is still valid for modulated signals provided that: (a) the signal is
cyclostationary (e.g. such as a Pseudo Random Bit Sequence (PRBS)), and (b) the bit slot
duration T}, is very short compared to the fiber round trip time T\, defined as 2L/V4(A), where
L is the fiber length. The average backscattered intensity can be interpreted then as an
incoherent summation of a large number of elementary uncorrelated backscattered
contributions. High bitrate systems (e.g. >10 Gb/s) and typical fiber lengths (of the order of
several hundreds of meters) fully satisfy these conditions.

Let S(t, A, zo) be the power spectrum of the incoming signal obtained at a distance z, from
the fiber input at an instant t. Defining Spg as the corresponding backscattered power spectral
density of the backscattered field integrated over the fiber length, L, we have:
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L 2y
2z —-a(A)z
Sps(t,A)= j aR(k,ZO)SR(k,ZO)S[t—V ((;L)JL’ZO] Ie ®) dz dz, (1)
g z=0

z,=0

with 2z¢/V,(A) being the retardation term corresponding to the round trip time over the
distance z, and o(A) the attenuation coefficient of the fiber.

The corresponding power spectrum of the total average contribution Sgstorar(A) is
obtained averaging Eq. (1) over time:

L 220 l_e—lx(l)zo
Sgs,ToTAL (l):<SBs(t»7“)>¢ =og (A)Sg () I S t_V O\)’}%Zo Wdzo (@)
g t

Z0=0

with () denoting the time average. One should note that the relations shown above are valid
t

under the assumptions that (a) the level of backscattering is small enough, so that the reflected
signal does not experience any nonlinear effects; the backscattered contribution only
experiences power decay due to the fiber attenuation; and (b) the state of polarization of the
backscattered signal is preserved. Equation 2 also assumes that the parameters o and Si do
not vary along the length of the fiber.

3.2 Experimental characterization of the backscattered spectrum

In order to validate the expressions and assumptions made in the previous Section, we
experimentally measured the backscattered spectra as a function of the input power of a
pulsed signal. The measurements were performed using the experimental set-up depicted in
Fig. 2.

High power
2311 long PRBS i
Generator (10 Gbis) '\1

HNLF parameters at 1550 nm

Length 1 km
Attenuation -213  dB/km
Effective length 0.79 km

2" order dispersion 230 ps¥km
3" order dispersion 0.03 ps’’km
Nonlinear coefficient 18  /Wikm

10 dB Isolator Backscattered Power Backscattering
Att. Signal Meter Contribution

Fig. 2. Experimental set-up used for the characterization of the backscattered signal, and the
corresponding HNLF parameters.

A gain-switched laser diode operating at 1545 nm generated 6.8 ps-long Gaussian pulses
at a 10 GHz repetition rate. The pulse stream was intensity-modulated by a LINbO; modulator
using a 2°'-1-long PRBS and fed into an optical amplifier delivering up to ~25 dBm average
output power at the fiber input. The signal was then launched into the HNLF (see Fig. 2 for
the fiber parameters) after being first coupled into a circulator, which was used to separate the
incoming signal from the outgoing backscattered signal. At the fiber output, an optical isolator
was employed to block any undesirable Fresnel reflections created at the fiber end facet. Both
transmitted and reflected spectra were measured. The power at the input of the HNLF was
monitored using a 90:10 optical power splitter.

Figure 3 compares (a) the backscattered spectra to (b) the SPM broadened spectra
obtained in the forward direction for various input power levels. Consecutive spectral traces
are vertically offset in the two plots by 5 dB for easier reading. As the input peak power
increases, the variation in the backscattered and forward-propagating spectra becomes ever
more noticeable — both in terms of shape and spectral extent. We observe that the
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backscattered spectra exhibit a common flat-top shape, which becomes more pronounced as
the input power increases. This behavior is explained by the weighted summation of all the
spectral ripples exhibited in the SPM-induced broadened spectrum (see Eq. 2). Additionally, a
saturation effect arising from the fiber losses restricts the backscattered spectral extent by
limiting the contribution of frequencies generated at longer distances. Note that in our
experiment, the presence of a strong contribution of constant bandwidth (equivalent to the
input signal bandwidth) which can be observed at the wavelength of the incoming signal was
due to the presence of a parasitic reflection (around -23 dB) experienced at the connection
between the circulator port 2 and the tap coupler input port.
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Fig. 3. (a) Measured backscattered spectra as a function of the input average power of the
signal. (b) Measured transmitted spectra as a function of the retrieved input average power of
the pulses. Consecutive spectra in (a) and (b) are offset by 5 dB for clarity and acquired with a
0.1 nm resolution bandwidth. Color dashed lines correspond to same power level for each
spectrum. (c) Backscattered levels within a 0.1 nm bandwidth as a function of the input average
power for various offset positions from the input central wavelength. Input average powers are
given at the input port of the fiber.

As can be noted, increasing the input power, the strength of the frequency components
around the flat-top region remains constant, while the overall spectral bandwidth broadens. To
underline this, the backscattered level within a 0.1 nm bandwidth is reported in Fig. 3(c) as a
function of the input average power of the signal (or alternatively as a function of the input
average power) when various offset positions are considered. The combined results of the
spectral broadening and backscattering are clearly summarized in this figure and allow
prospecting the level of the backscattering signal for the bi-directional configuration. We
clearly observe a saturation effect with an asymptotic convergence to about -35 dBm. The
presence of this saturated regime undoubtedly allows a certain degree of freedom in the choice
of the regenerator parameters. For instance, an increase in the input power and a consequent
increase in the offset filter position can be chosen without significantly changing the
backscattering contribution, which remains at a nearly constant level. Finally, when a two-
channel configuration is considered, Fig.3(c) facilitates the determination of the
backscattering levels as a function of the channels separation and the relative position of the
offset filters.
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3.3 Comparison between theoretical and experimental results

In this Section we compare the experimentally measured backscattered spectra to those
obtained by the expression reported in Section 3.1. Equation. (2) is evaluated by considering
the experimental parameters, the insertion losses of the system, the properties of the optical
fiber and the nonlinear propagation of an incoming Gaussian pulse that is governed by the
Nonlinear Schrodinger Equation [10]. Parameter or was retrieved from a spectral attenuation
measurement and found to be ~5.5 dB/km/pum*, while Sy was acquired from a bi-directional
high resolution optical time-domain reflectometry measurement [19]. Moreover, this last
measurement confirmed the excellent longitudinal homogeneity of the scattering properties of
the HNLF used and the absence of any detrimental localized defects. The Sgor product was
eventually estimated to be -32.8 dB/km at 1550 nm.
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Fig. 4. (a-d) Comparison between experimental (black curves) and computed backscattered
spectra (red curves) obtained from the contributions of the sole backscattering modeling (green
curves) and the experimentally measured point-reflection (blue dashed curves) for four
different input average powers. (a): 16.2 mW; (b): 53.3 mW; (c) 74.4 mW; and (d) 149.1 mW.
Resolution bandwidth: 0.1 nm.

Some computed spectra are reported in Fig. 4 together with their corresponding
experimental ones for four different input average powers (16.2,53.3,74.4, and 149.1 mW
respectively). In order to achieve a better accuracy in our simulations, we used a measured
spectral trace at port 2 of the circulator as our starting data corresponding to case (a) in Fig. 4,
and derived the remaining cases by properly scaling the input power. The green curves in
Fig. 4 show the numerical backscattering spectra, while the blue dashed curves show the
spectra of parasitic reflection previously mentioned. The red curves are the final calculated
spectra, formed by summing these two contributions (green and blue curves). The agreement
with the experimental traces (black curves) is extremely good as the mismatch over the flat
region range is within 0.8 dB, which is attributed to insertion loss measurement uncertainties.

From the previous discussion, we can conclude that the optical noise induced by Rayleigh
backscattering crosstalk can be accurately quantified when the conditions set in Section 3.1
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are satisfied. However these conditions depend strongly on the fiber properties (i.e. chromatic
dispersion, nonlinear coefficient, attenuation loss, and scattering properties), its length and the
properties of the incoming signal (pulse width duration, bit-rate). Nevertheless it is interesting
to point out that the fiber length directly determines the number of pulses that contribute to the
backscattered signal and can be estimated as M=)2L/(V,Tg) where 2 holds for the mark
probability ratio. Referring to our setup, one finds 1~2.5-10° pulses. This large number of
pulses gives rise to strong averaging effects and subsequently the individual properties of the
pulses (e.g. amplitude jitter, mark density probabilities) become insignificant, so that the
backscattered contribution is likely to remain constant for a degraded incoming signal when
strong amplitude variation is experienced.

Although the results presented in this section have allowed us to derive some conclusions
regarding the level of the induced Rayleigh backscattered signal in a simple manner, a more
precise study would require the exact statistics of the data signals to be considered in order to
accurately assess the effects of the interaction of this type of noise with the transmitted signal
at the detection stage. However, since the degradation introduced by Rayleigh backscattering
appears to be low enough, so that it does not affect the optical signal-to-noise ratio to any
significant extent, it is unlikely to alter the performance of the system.

4. Experimental implementation of the two-channel optical regenerator

In this Section, we describe the implementation of an optical regenerating device using the
proposed bi-directional architecture at 10 Gb/s in order to evaluate i) the mitigation of XPM,
and ii) the impact of the presence of the Rayleigh backscattering noise. To assess the
performance of the XPM mitigation, we characterized the regenerator in a single- and dual-
channel operation, and for various filter offsets. Finally, we present bit-error rate (BER)
measurements on the two channels taken under conditions for which backscattering crosstalk
is present.

4.1 Experimental set-up

Figure 5 depicts the experimental set-up of the optical regenerator. Two optical channels
sitting at A;=1549.7 nm (Channel 1) and A,=1554.2 nm (Channel 2) respectively, were
generated by two chirp-compensated Gain-switched laser diodes. The pulses were Gaussian
with a similar temporal duration of ~6.3 ps. Both signals were intensity-modulated using two
complementary 2*'-1 long PRBS running at a repetition rate of 10 GHz. The HNLF used was
the same as in the previous experiment (see Fig.2 for fiber parameters). Two adjustable
optical filters (0.57 nm bandwidth each) were employed as the offset filtering elements at the
HNLF output ports. In the following 8A; denotes the corresponding wavelength-detuning
value with respect to the initial carrier wavelength A;, where i = (1, 2) is the channel number.

Channel 2

Fig. 5. Experimental setup of the optical 2R optical regenerator.
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4.2 Characterization of the regenerator properties

We characterized the optical regenerator both in the presence (ON case) and in the absence
(OFF case) of the second interfering optical channel. We firstly considered the evolution of
the power transfer functions (TFs) of the two channels, by representing the output power
variation as a function of the nominal input power. It is worth noting that we have mainly
focused our study in the spectral range where the broadened channel spectrum and the
backscattered spectrum were overlapping, which corresponds to the worst-case scenario. Note
that we have taken more detailed measurements for Channel 1, but similar results are also
expected for Channel 2.

For each considered filter offset position, the power P; (and P,), corresponding to the
optimal (nominal) operation power of channel 1 (channel 2) for the OFF case, was directly
measured from the TFs. Examples of measured TFs obtained for the two channels are shown
in Fig. 6(a) on a linear and a logarithmic scale in order to clearly appreciate the characteristics
of the regeneration at high- (linear scale) and low- input power levels (logarithmic scale)
respectively. To better appreciate the effect of crosstalk, the TFs for channel 1 are reported for
various filter detuning values. As 0, increases, the corresponding nominal operating point P,
obviously increases, due to the requirement for a broader SPM spectrum [9]. The
corresponding values of P; and P, as a function of the offset filter positions are summarized in
Fig. 6(b). Note that the slight dependence of the operating power on the sign of 8\, shown for
Channel 1 can be explained by the slightly asymmetric SPM spectral broadening. Similar
measurements were repeated in the presence of the second channel (ON case), the average
power of which was set to the previously determined nominal value (P, or P,) for
OA; = -2.8 nm. The corresponding TFs are also shown in Fig. 6(a).

A comparison between the TFs of the ON and OFF cases for a given A clearly shows
that whereas at high input power levels (marks) the overlapping of the TFs for both cases is
satisfactory, at low input powers (spaces) a constant power floor is clearly experienced. From
these results, we can conclude that the mitigation of the XPM and FWM-induced interchannel
crosstalk is particularly efficient, since there is no variation in the TF evolution. However, the
presence of the power floor limits the maximum achievable output extinction ratio (defined as
the ratio between the power in a ‘one’ and a ‘zero’ slot [3]. The presence of this power floor is
obviously explained by the presence of the Rayleigh backscattered signal that falls within the
bandpass of the optical filter. This noise floor becomes more significant as the wavelength of
the output signal approaches the central wavelength of the second channel, as anticipated from
a direct observation of the results shown in Fig. 3(c).

In Fig. 6(c), we compare the evolution of the output extinction ratios as a function of the
operating filter offset position for an initial extinction ratio of 13 dB. For Channel 1, we
clearly see that there is no change when the filter position is placed far apart from the second
channel (6A,<0). In contrast, when the filter is centered between A; and A, (i.e. dA,;>0), the
higher the offset position, the higher the output extinction ratio degradation. A similar trend is
observed for Channel 2. A more clear view of the crosstalk level is given in Fig. 7(a), where
the spectra measured for all possible ON/OFF cases are shown (taken at point A in Fig. 5).
Considering 8A,=-2.8 nm, the backscattered contribution of Channel 1 within the filter
bandwidth (grey-shaded band) can clearly be observed. The power calculated from the
backscattered spectrum within the filter bandwidth is ~-37 dBm, which corresponds to the
observed noise floor level obtained for the corresponding TF (Channel 2) in Fig. 6(a). Similar
conclusions are drawn when operating at different offset values. To facilitate a direct
extraction of the backscattered levels, a factor of ~2.4 should be applied on the input average
powers of Fig. 3(c) to match the convention of Fig. 6 (i.e. input powers are expressed at the
output of the high power amplifiers and not at the fiber input). This coefficient represents the
insertion losses of the components employed between the high power amplifier and the input
fiber port. Recalling that the backscattered levels are reported with a 0.1 nm bandwidth
resolution and that an additional 10 dB attenuator is used in this Section, a good agreement is
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found between the observed TF power level floors and corresponding counter-propagating

backscattered levels.

(a) POWER TRANSFER FUNCTIONS

| Channel 1 ]
04 §hq=2.0 nm 5k4=2.8 nm 8.4=3.3nm
“ [mw) e
03 | 7 .4\ g #
2 ".‘\\ ¥ N ll \\3
A f o ?
0.2 7 i ¥ v
4
5 0.1 5 &“‘ ‘,"
W) | ) W
2 Ll | L T, G 2. TP TN N ..
2 0 100 200 300 400 500 O 100 200 300 400 500 600 O 100 200 300 400 500 600
3 _
@ 1 1
2 (dBm) Vol Vadili Vil
g -10 # 1 7
$ 20 £ f |
< 4 £
; / /
-30 ¥ ] -4
.40 T ;/‘:’. X .—-—.,—.—"-.r'.:j. ; /‘/
-50 v . -
4 _i- e
-60 oo
(dBm)| (dBrh) v (dBm)

30 <20 10 0 10 20 30

| Channel 2 |
025 dho=-2.8 Nnm
T (mw) A
0.2 el i =
ol =
0.15 -
0.1 (-
§ .05 ."
g /| | (mW)
3 0 100 200 300 400 500
5
o T
& _|(dBm) o
g -10 :
Z 20 11
b3
-30 i
46 ok o/
-50
-60 Mo
Lol (dBm)

-30 -20 10 0 10 20 30

Average input power

=30 20 <10 0 10 20 30

Average input power

Legend:

= Second channel absent
(OFF case)

+ Second channel present
(ON case)

(b) NOMINAL OPERATING POWERS

2 45 ey
[} ¢ Channel1| ¢
% 35 o Channel 2

o .

5 25—y :

£ o o

,‘_E‘ y °"8 7

£ .05

S

z

-4 -2 0 2 4
Filter Offset 51 (nm)

-30 20 <10 0 10 20 30

(C) OUTPUT EXTINCTION RATIOS

-20 |
80— 1
-40

35 -3 25 -2 15 -1

o
b S
2 20!
8
£ 80 s =T
2 e il Y
) e
$ 1 15 2 25 3 35
2
3 T S Wy
O .20,

.30 -2 o .l s

e d
40 o=

35 -3 25 -2 15 -1
Filter Offset 52 (nm)

Fig. 6. (a) Power TFs for Channels 1 and 2 for different filter detunings in the presence and in
the absence of the second channel. (b) Nominal input power as a function of the filter offset
position for both channels. (c) Output extinction ratio as a function of the filter offset value for
both channels in the presence and in the absence of the second channel for an input extinction
ratio of 13 dB. The reported input powers are measured at the output of each high power

amplifier.

Finally, BER measurements were carried out to assess the overall system performance.
As a working point we chose again an offset detuning of 2.8 nm for both channels. Fig. 7(b)
shows the corresponding BER traces for the two channels in the presence/absence of the other
channel. As compared to the back-to-back measurement, under single channel operation, the
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regenerator introduces a negligible power penalty for Channel 1 and a negative power penalty
of -0.6 dB for Channel 2 at error free operating conditions (BER=10"). In the presence of the
second channel, the results demonstrate that a small extra power penalty is introduced due to
the backscattering process. The corresponding additional penalty remains however limited to
just 0.1 dB for Channel 1 and 0.4 dB for Channel 2 at error-free operation, which can be
attributed to the different backscattering level (~-32.9 dB, and ~-29.4 dB for channel 1 and
channel 2 respectively) by referring to Fig.3(c). No evidence of stimulated Brillouin
scattering was experienced in any of the reported characterization measurements on the
regenerator.
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Fig. 7. (a) Experimental spectra measured at point A of Fig. 5 when either of Channels 1 or 2
are present or not and for operating powers P, and P, set for dA;=-812=2.8 nm. (0.1 nm
resolution bandwidth). Gray-shaded area represents the offset filter 3 dB bandwidth used for
Channel 2. (b) BER measurements of the regenerator for the two Channels (operating powers
set for dA,;=-612=2.8 nm). 3 dB-bandwidth of the electrical filter ~6.5 GHz.

5. Discussion and conclusion

We have presented a bi-directional optical regeneration scheme to simultaneously process two
optical channels in a single HNLF, by minimizing the otherwise strong impact of the crosstalk
induced by inter-channel nonlinearities (XPM, FWM). The interchannel crosstalk is largely
mitigated, due to the extremely high walk-off value between the two counter-propagating
signals. Nevertheless, a new source of crosstalk is identified arising from the Rayleigh
backscattering contribution along the HNLF. We have demonstrated that this contribution can
be predicted within an excellent degree of confidence, by considering the evolution of the
distributed spectral broadening of the propagating signal and the operating parameters of the
regenerator. The presence of this backscattering contribution limits the maximum achievable
output extinction ratio of the regenerator by contributing a constant background level on the
regenerator TF at low input powers. This level is directly dependent not only on the fiber
properties (namely backscattering properties and presence of local defects along the fiber), but
also on the operating conditions of the regenerator (input power, channel separation, detuning
filter position). Through BER measurements we have confirmed however, that this
backscattering contribution is generally not likely to introduce any significant penalties to the
operation of the regenerator.

Ghost pulses should only slightly contribute to the spectral extent of the backscattering
spectrum as they experience less spectral broadening than the marks. Consequently, it is
expected that this scheme should exhibit similar performance to the single channel Mamyshev
regenerator, when degraded signals are considered.
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It is not straightforward to generalize this analysis for systems operating at higher bit-
rates, or regenerators with different HNLF parameters. This difficulty originates from the
existence of a close relationship between the fiber parameters (e.g. length, chromatic
dispersion, loss) and the performance of the regenerator (e.g. input power, TF behavior, filter
detuning) [9]. The spectral extent of the backscattered contribution is determined by the
selected filter offset position (which dictates the spectral broadening of the signal in the
forward direction), whereas the corresponding backscattering noise level mainly arises from
the fiber parameters and the input average power, which both depend directly on the bitrate.
However, an interesting observation is that as the bit-rate increases (i.e. the pulse width
decreases), the fiber length required to achieve a certain level of regenerative performance
decreases [3]. Hence, it is likely that the impact of the increase in the input power levels due
to the higher bit-rates in Eq. (2) will be counterbalanced by this reduction in the fiber length.
A precise quantification of these counter-balancing effects is beyond the scope of this study.

Finally, the proposed architecture can be used to offer a wavelength-transparent two-
channel optical regenerator by cascading a second regenerator to the one described above. It is
important to appreciate that any crosstalk due to backscattering in such a two-stage
configuration would not accumulate within the second regenerator stage, since these
contributions have too low a power to give rise to any substantial spectral broadening. This
could overcome the limitations induced by coherent backscattering crosstalk as anticipated
from [6, 16] when considering a single channel regenerator operating in a bidirectional
configuration, as the overall contribution of the backscattered crosstalk would exclusively
arise from the second channel in the second stage. Recently the proposed scheme has been
extended to the simultaneous processing of up to four WDM channels within the same HNLF,
combining this proposed bidirectional architecture with a polarization multiplexing scheme
[20].
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