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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, I 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 communications traffic has demonstrated continuous growth and 

driven mostly by the development of Internet traffic and the development of new services such 

as High-Definition television, video on demand, Internet browsing, online gaming and remote 

computing to name but a few. All of these new multimedia services are ever more bandwidth-

consuming as compared to traditional voice and sources data traffics (e.g. email), and drive an 

unprecedented demand for more complex communication networks of higher bandwidth and 

capacity. With the development of new broadband services (e.g. Fibre-to-the-Home), that allows 

the delivery of up to 100 Mb/s today and up to 10 Gb/s in the near future [1], the growth for 

more bandwidth is not expected to end anytime soon. 

Addressing such a growth demand is not a straightforward challenge as numerous technical and 

economic factors must be taken into consideration [2]. Among these, one can identify 

infrastructure installation and maintenance costs, upgrade possibilities to address the unrelenting 

bandwidth growth and the introduction of service quality as critical issues. 

Because of its huge bandwidth capacity as compared to copper or wireless transmission, optical 

fibre can transport a large amount of data within the same medium over several thousands of 

kilometres. The advent of optical amplifiers, wavelength-division multiplexing (WDM) [2] or 
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Optical Time Division Multiplexing (OTDM) [3] and advanced modulation formats [4] have 

allowed the demonstration of ever high capacity transmission experiments in the laboratory. A 

transmission capacity above 100 petabit per second.kilometer over 7,200 km has been reported 

in [5], equivalent to the simultaneous transmission of the content of 400 DVDs per second 

between London and Chicago. 

In addition to this pure capacity increase, future optical networks will also need to provide 

advanced functionalities for traffic switching, allowing for example an optical signal to be routed 

from a source to a destination between interconnected optical networks. Such traffic routing is 

commonly achieved within an optical cross-connect switch, which can be considered as a multi-

input/output fibre port device enabling an optical channel on any input fibre to be redirected to 

any output port in a static or reconfigurable way [6]. 

This switching equipment is considered the major bottleneck mostly because of their poor 

scaling properties with the number of channels and they are costly to replace whenever network 

upgrades are needed. Current fibre optical communications networks rely on 

optical/electronic/optical (OEO) conversion routing schemes, for which the optical signal is 

fundamentally processed in the electrical domain and which necessitate a prior stage of Optical-

to-Electrical conversion before the signal is finally converted back into the optical domain thanks 

to an Electrical-to-Optical conversion stage. 

The development and adoption of new technologies capable of allowing fully optical routing and 

switching capabilities at ultra-high-speeds are envisioned as the only sustainable solution [7]. 

One proposed approach is to develop all-optical switching and processing techniques to alleviate 
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the speed limitations of the OEO schemes as imposed by electronics. Among the functions that 

are likely to be implemented using an all-optical scheme, we find wavelength conversion [8], 

multiplexing/de-multiplexing of Optical Time-domain signals [9], format conversion [10], and 

all-optical regeneration [11, 12] to name but a few. Over the two past decades, numerous designs 

were proposed and their abilities to operate at high bit-rates well above 100 Gb/s demonstrated. 

They rely largely on two approaches either those based on active semiconductor devices such as 

semi-conductor optical amplifiers (SOAs), or those that exploit nonlinear optical effects in 

optical fibres. 

One of the main drawbacks of all-optical processing technology arises from the lack of a 

disruptive advantage as compared to OEO schemes for the Wavelength Division Multiplexing 

environment, as each WDM channel usually has to be separately processed one would need as 

many optical devices be it OEO-based or optical-based as the number of channels. The techno-

economical advantage of an all-optical approach is therefore not so significant and for that 

reason limits the attractiveness of the solution. It would be highly desirable if multiple WDM 

channels could be processed simultaneously within the same device, as this would substantially 

change the economics of the value proposition. Among the signal processing operations, all-

optical signal regeneration would certainly benefit from the extension to support multi-channel 

operation within the same device since single-channel OEO regenerators could be saved - 

thereby offering major cost reduction. 
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1. Origin of signal distortion in optical networks 

When an optical signal propagates within an optical network, several signal impairments can be 

observed arising from the optical fibre, and optical components the signal has gone through. The 

physical origin of this degradation arise from: i) degradation of the optical to noise ratio (OSNR) 

due to accumulation of noise coming from amplified spontaneous emission noise (ASE), ii) the 

fibre chromatic dispersion and nonlinearities and their interaction. As the signal bit-rate is 

increased, additional sources of degradation can arise from polarization-mode dispersion and the 

more significant interactions between the signal and noise. Network elements such as add-drop 

multiplexers, optical filters also distort the signal by introducing spectral distortions and phase 

ripple accumulation in the case that numerous elements are cascaded. 

If the signal encoding method relies on On-Off Keying Return-to-Zero (RZ) intensity 

modulation, so that each bit is directly coded into the optical domain by one optical pulse (or 

mark) in the case of a ‘1’ bit, or an empty slot (or space) corresponding to a ‘0’ bit, the 

impairments that distort the signal are readily identified and arise from the presence of intra-

channel nonlinear effects (Four-Wave Mixing (i-FWM), and Cross-Phase Modulation (i-XPM)) 

[13]. Signal impairments manifest themselves through the generation of new optical frequencies 

in initially empty bit-slots (ghost pulses), and amplitude fluctuations are experienced on mark 

pulses (amplitude jitter). A variable temporal delay can be furthermore impressed onto the pulses 

(timing-jitter) owing to i-XPM. In addition to these intra-channel nonlinearities, similar 

interacting mechanisms occur between adjacent channels in a WDM environment. Depending on 

the characteristics of the physical medium and the detailed engineering of the optical 
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transmission line, the relative impact of these effects can vary such that the limitations can arise 

from the presence of ghost pulses (inter or intra-channel FWM), and/or strong timing-jitter (i-

XPM), and/or Optical Signal-to-Noise Ratio (OSNR) limitation for which ASE-accumulation 

predominates. 

In order to preserve the signal integrity and ensure it can be transmitted over long distances 

and/or be routed across several optical nodes, signal restoration (or regeneration) can be used 

periodically along the transmission path. The operation consists of removing the accumulated 

noise and the elimination of any amplitude and spectral distortions. A review of the different 

solutions proposed to provide all-optical regeneration, capable of restoring the signal quality is 

proposed in Chapter II. 

2. PhD research project 

My PhD research project was thus to study the possibility to extend a particular single-channel 

optical all-regenerator approach (referred to as the Mamyshev optical regenerator) to the multi-

channel environment [14]. Because of their large flexibility in term of optical properties, optical 

fibres were considered as a good candidate to implement such a mitigation scheme because both 

dispersion and nonlinearities can be easily tailored to suit the application. 

This research work was carried out within the framework of the 3-year long European Specially 

Targeted Research Project TRIUMPH. The main objective of this project was to provide a 

Transparent Ring Interconnection Using a Multi-wavelength PHotonic switch, having 

transparent optical grooming/aggregation and multi-wavelength all-optical regeneration 
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capabilities [15]. The initial objectives were to propose and implement two all-optical 2R 

regenerator schemes and to demonstrate simultaneous processing of 3x40 Gb/s channels and 

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

The extension of the Mamyshev technique to multi-channel operation is limited by the presence 

of inter-channel nonlinearities resulting from XPM and FWM inter-channel interactions, which 

directly compete with the nonlinear effect used for the regeneration operation (Self-Phase 

Modulation (SPM)). Only a few research groups had investigated the possibility to extend all-

optical regeneration schemes to multi-channel operation at the outset of the project. As discussed 

in more detail below, the difficulty of such an extension lies in the necessity to efficiently 

mitigate the inter-channel interaction within the optical regenerator. The design of a reliable 

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

Prior to this project, only few demonstrations of simultaneous all-optical WDM regeneration had 

been reported. Basically, the implementation of such all-optical regenerators was based on three 

operating principles. The first and most obviously straightforward solution consists in linearly 

scaling the number of regenerators with the number of channel to be processed such as reported 

in [16]. Doing so, WDM channels are processed in parallel, and it is clear that no decisive 

advantage from a cost-effective viewpoint is brought as compared with OEO schemes. The 

second approach is more refined and consists in using a single regenerator to process WDM 

channels in a serial fashion within the regenerator [12]. The main drawback of this serialization 

approach is that channel synchronisation means must be implemented (e.g. 

multiplexing/demultiplexing operations and use of appropriate time-delay lines). Following this 
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approach, simultaneous all-optical Retiming operation was however demonstrated on 4x40 Gb/s 

WDM signals using a WDM cross-talk free regenerator formed by a single electro-optical InP 

Mach-Zehnder modulator [17]. Another serial processing strategy was proposed in [18, 19] by 

interleaving the WDM signals in the temporal domain before being processed, which imposes 

the use of RZ pulses with low-duty cycle to prevent any inter-channel cross-talk caused by pulse 

overlapping within the regenerator. In [19], all-optical Re-amplification and Reshaping 

regeneration of 6x10 Gb/s WDM signals using a fibre-based Sagnac interferometer was thus 

reported using ~7 ps pulse duration. Finally, the third solution consists of an all-optical 

regenerator with reduced prerequisites for channels synchronicity or signal preconditioning. 

Such a solution was proposed by Kuksenkov et al. [20, 21], and Vasilyev et al. [22] as an 

extension of the single-channel Mamyshev Re-amplification and Reshaping regenerator to a 

WDM environment for 10 and 40 Gb/s WDM channels. The principles of these two approaches 

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

3. Thesis outline 

The general background for this work is discussed in Chapter II. First, I review the principle of 

all-optical regeneration in terms of operating principles and signal processing functionalities. 

Several implementation schemes proposed for all-optical regenerators are described with 

stronger emphasis on the fibre-based implementations that rely on SPM, (the class of device to 

which the Mamyshev regenerator belongs). This description is worthwhile to better appreciate 

the rationale of the solutions already proposed to address the extension to multi-channel optical 

regeneration. This chapter concludes with a review of such technical solutions.  
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Chapter III: deals with the analysis of the Mamyshev optical regenerator in a single-channel 

environment. Because the choice of the various parameters involved in such a regenerator is not 

straightforward, a new design approach is proposed and allows a drastic reduction in the design 

complexity. Selecting the operating parameters as a function of the key regenerator properties is 

made possible by the use of a normalized contour plot that relates the physical parameters of the 

regenerator to the optical regeneration performance. In this chapter, I detail the numerical 

modelling I have used to describe the pulse evolution within the regenerator, and detail how the 

normalized contour plot is constructed. Modelling and experimental validation of the design 

rules are presented and discussed. The chapter concludes with a summary of important 

conclusions drawn from the analysis. 

In Chapter IV: two schemes are reported that I have studied to extend the single-channel optical 

regenerator to a multi-channel environment. The first part of the chapter details the applicability 

of the mitigation schemes in light of the conclusions of the design rules of the single-channel 

case, and considers how the inter-channel cross-talk manifests itself on the regeneration 

performance. Then, I will present the first multi-channel mitigation principle I  studied and 

which is based on a counter-propagating architecture. Here the mitigation is obtained by the 

minimization of the walk-off time between two WDM channels when they propagate with the 

same fibre but in opposite directions. An original contribution of this work arises from the 

characterization of an additional source of cross-talk that arises due to the Rayleigh 

backscattering spectrum. The applicability of the scheme is experimentally reported at 10 Gb/s 

and 40 Gb/s. In the third part of this Chapter, I extend the processing capability to 4 channels 

within a Highly nonlinear polarization maintaining fibre by adding to the former counter-
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propagating scheme, a second mitigation effect that exploits the large pulse walk-off which is 

induced by the differential group delay inside between the two polarization axes. Finally, I report 

the experimental results that addressed the implementation and the performance of the optical 

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

Chapter V concludes this manuscript, in which the key results and further directions for this 

work are discussed. 
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Chapter II: General 

background 

 

All-optical regeneration is a generic term, which in fact designates a collection of elementary 

signal processing functions that may be applied to an optical signal. These signal processing 

operations provide a means to remove different kinds of distortion that can affect an optical signal 

by manipulating the incoming signal directly in the optical domain. Depending on the nature of 

the signal degradation and its strength, different techniques have been implemented to suitably 

restore the signal integrity. Multiple processing operations can in many instances be achieved 

within the same optical device. 

In the first part of this chapter, the different signal processing functionalities used for all-optical 

regeneration are introduced. The fundamental properties used to implement them are then 

described.  

In the second part of this chapter, I examine the different all-optical regeneration devices 

operating in a single-channel environment. Because my work contribution involves highly 

nonlinear fibres, a particular emphasis is placed on optical fibre-based techniques. In particular, 
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the optical regenerator based on spectral broadening and offset filtering is considered in more 

detail given its relative simplicity. 

Finally, I will outline the fibre-based technical solutions proposed so far in the literature to 

support multi-channel operation. 

 

*** 

 

1. All-optical regeneration 

1.1. General principles 

In the context of optical transmission, signal distortions arise from the presence and the 

accumulation of amplified spontaneous noise, and the effects of the chromatic dispersion, and 

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

distortion are brought by the nonlinear cross-talk between co-propagating adjacent channels. 

Depending on the network architecture, other contributions can also be identified. Among those, 

we identify group delay ripples introduced by the optical components, or noise accumulation due 

to the limited extinction ratio of filtering elements as being particularly significant. Depending on 

the transmission distance and nature of the signal impairment the signal must be regenerated 

periodically so that noise and distortion are removed and the signal clean up allows satisfactory 

signal transmission detection from one end to another. 
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Figure II-1 schematically illustrates how these distortions translate onto an On-Off Keying 

RZoptical signal. Here we have considered an 80 km-long transmission span made of standard 

single mode fibres (SSMF). Dispersion compensation of the accumulated chromatic dispersion is 

achieved by using dispersion compensating fibre (DCF) at the end of the span. The input power 

has been intentionally set high to introduce a large amount of nonlinear signal distortion within 

the DCF fibre. No dispersion pre-compensation was used on the input signal.  Several distortions 

are identifiable from the optical eye diagram .The first signal degradation obviously arises from 

the attenuation experienced along the propagating path due to the fibre attenuation, and which 

simply decreases the amplitude of the pulse. The second type of distortion manifests itself as 

strong amplitude fluctuations on the optical pulse, either in terms of noise on the mark pulses and 

the presence of excess energy in the space (also called ghost pulses), as well as modification of 

the pulse shape (temporal broadening, introduction of a profile asymmetry, etc.). Finally, the last 

source of signal distortion stems from the variation of the pulse position within its temporal slot 

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

and fibre parameters. The input signal was propagated within a link made of a Standard Single-

Mode Fibre (SSMF) and a Dispersion Compensating Fibre (DCF). The gains of the two optical 

amplifiers were set so that the average powers at the 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 fluctuations����, generation of ghost pulses����, and timing-jitter ���� are 

depicted. For the purpose of these calculations the Optical amplifiers are assumed to be both ideal 

and noiseless. 
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The purpose of the signal regeneration is therefore to remove these distortions and to restore the 

characteristics of the optical signal to a suitable level so that a high overall transmission quality is 

maintained. 

In light of the different types of signal distortion, three elementary signal processing operations 

are defined: 

• RE-AMPLIFICATION: this operation compensates for the power loss experienced by 

the optical signal along the transmission path. 

• RESHAPING: this operation consists of restoring the intensity profile (pulse shape) and 

average power level of the incoming signal. This requires the function of equalizing 

amplitude fluctuations on the mark pulses, removing ghost pulses in spaces, restoring the 

nominal duration of the pulse, and finally removing accumulated noise within the signal 

bandwidth. 

• RETIMING: This operation aims at reducing the timing-jitter by re-synchronising the 

pulse position within its temporal bit-slot.  

Depending on the network-case scenario, it is not always beneficial to systematically provide 

these three operations at each optical repeater and network nodes. This is motivated by the fact 

that the strengths of the system impairment caused by fibre loss, the amplitude fluctuation and the 

timing delay are different. Nevertheless, loss and amplitude fluctuation are usually considered to 

be the two major sources of signal impairment in most systems as compared to timing-jitter, 
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which is more critical in long-haul transmission systems. The Retiming operation is therefore 

required less frequently. 

Signal regeneration therefore designates any combination of the three aforementioned operations. 

The distinction between those combinations is required and conveniently achieved using a 

number prefix such as 1R, 2R, and 3R. As illustrated in Figure II-2, the simplest regeneration 

scheme consists of a Re-amplification scheme (1R), and is simply implemented using optical 

amplifiers based on rare-earth doped optical amplifiers or Raman amplifiers. 2R-regeneration 

combines both optical Re-amplification and Reshaping functionalities. By adding a retiming 

operation to a 2R-regenerator device one obtains a 3R-regenerator.  

 

 

Figure II -2: Signal regenerator scheme illustrating the re-amplification, reshaping and retiming 

operations on an input signal. Note that the order of Reshaping and Retiming can be independently 

exchanged for 3R regeneration schemes. 

 

The practical implementation of any 2R or 3R optical is advantageously appreciated by the 

description of four building blocks as illustrated in Figure II-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 devoted to the (respectively post-) conditioning 

of the input and output signals in order to comply with the operating needs of the 

subsequent blocks. Conditioning operations can therefore be of different complexity, and 

address issues such as input/output power adjustment, pulse shaping, out-of-band noise 

filtering, format conversion, control of the signal polarisation states, signal de-

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

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

relies on the exploitation of a nonlinear transmission characteristic between the input and 

the output power of the regenerator (see the next section). 

• A Switching decision unit: This element is used to control the state of the gate 

(open/closed) and is only relevant for retiming operations. The block requires an 

additional clock signal that is used to switch the nonlinear gate. This signal can either be 

retrieved from the signal or locally generated. In the case of 2R-regenerators the control 

of the gate is generally provided by the incoming signal alone or one of its replicas. On 

the other hand, 3R optical generation relies on configurations in which clock pulses are 

generated either using a local pulsed light source running at a clock rate retrieved from the 

incoming signal clock. The retiming operation is then achieved by switching the clock 

pulses by the incoming data signal using a nonlinear gate. Because the clock signal 

operates at a different wavelength, wavelength conversion usually occurs. This 

wavelength conversion can be advantageously exploited in optical switched networks to 



Chapter II: General background 17 

 

better accommodate optical paths, and avoid wavelength blocking [8], or can be removed 

in a further wavelength conversion process. 

 

 

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

[12]). 

 

The nonlinear gate allows discrimination of low and high input levels owing to a power-

dependent transfer function, which relates the output signal power to the input signal power. As 

illustrated in Figure II-4(a), the shape of the power transfer function (TF) is ideally a step-like 

curve exhibiting two output states to allow both amplitude equalisation on marks and complete 

rejection of the noise in space slots. Obtaining a steep transition is challenging from a physical 

point of view within a single non-linear gate. Power transfer functions with smoother profiles are 

usually obtained experimentally, resulting in an “S”-like shape as illustrated in Figure II-4(b). 

Sharper transitions are however obtained when cascading several regenerators so that a step-like 

function is obtained as illustrated in Figure II-4(b). Cascading optical regeneration stages can also 
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be employed to preserve wavelength transparency for optical regeneration schemes that change 

the carrier frequency of the output signal in each stage of regeneration. 

 

 

Figure II-4: (a) Ideal power transfer function of the nonlinear gate used for reshaping operation. (b) 

Power transfer function derived from multiple cascading of an elementary power transfer function. 

 

1.2. Optical nonlinear gates  

In the context of all-optical regeneration, the nonlinear gate is the most distinctive and critical 

element of the optical regenerator. To date, a variety of schemes have been proposed to provide 

step-like power transfer functions and each exploits an intensity-dependent nonlinear process in 

an optical material. Three types of nonlinear optical device are commonly based on optical 

semiconductors, Periodically Poled Lithium Niobate (PPLN) waveguides that exploit cascaded 

χ(2) frequency mixing, and glass material exhibiting optical Kerr nonlinearities such as optical 

fibres. Corresponding nonlinear gates and implementations are reviewed below. 
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1.2.1. Optical Semiconductors-based nonlinear gates 

Semiconductor Optical Amplifiers (SOA) have been the topic of intense interest over the past 

decades, mostly because they represent a cheap device with a small footprint suitable for large-

scale integration. Three nonlinear effects can be exploited for semiconductors based nonlinear 

gates. 

Amplitude fluctuation on the mark pulses can be removed by using the nonlinear saturation of the 

SOA gain characteristic. Although, this is a simple method, limitations arise from the 

impossibility to reject noise in space slots and dictates that the scheme be used in combination 

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

Cross-gain modulation (XGM) and subsequent XPM within an SOA have also been reported. 

The operating principles stem from phase modification of the optical pulse that arises from the 

local change of the refractive index as the carrier density within the SOA is modified due to the 

excitation by the signal intensity. This effect makes use of the change of the SOA gain induced 

by the intensity pattern of an incoming pump signal (the incoming signal to be regenerated) so 

that the gain variations, and thus the intensity pattern, is directly transferred onto a probe signal. 

Because the output signal is inverted as compared to the input signal, an additional operation is 

required to restore the polarity. This can be achieved through several arrangement based either on 

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

The limitations of the regeneration based on XGM in semi-conductor optical amplifiers arise 

from the consequence of the slow relaxation time given the limited recovery time of the carriers 

(from 50 ps up to the ns regime). This intrinsically limits their use at high bit-rates due to 
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pattering effects and restricts them to single-channel operation only. This is not the case with 

XPM based schemes [28]. Configurations have been proposed to overcome this issue either based 

on multiple SOA architectures or more recently quantum-dot-based SOAs (QD-SOA) which have 

a very short relaxation time (from 500 fs down to 100 fs) [29, 30], as such are suitable for high-

bitrate applications. 

Finally, exploitation of FWM in nonlinear SOAs was proposed [31]. The principle is based on the 

generation of new higher-order frequency components due to the interaction of two optical 

signals. Although the scheme is fully able to address high bit-rate signal processing, there are 

some practical limits due to the low efficiency of the scheme and its polarisation dependency. 

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

Using cross-absorption modulation in an electro-absorption modulator has been proposed for 3R 

optical regeneration [26, 27, 32, 33]. The principle relies on the intensity dependent absorption of 

a probe signal (consisting of the clock signal) induced by a pump signal (data to regenerate). 

Practical applicability of the scheme is however relatively limited since the absorption is both 

polarization and wavelength-dependent and requires relatively high input powers. Moreover, it 

cannot address high bit-rate signal due to the limited carrier recovery time. 

Other nonlinear gates have been also proposed but interest in them is limited because of their 

restricted bandwidth and relative resemblance to optoelectronic emitter/receiver devices. Among 

these, we find electro absorption modulators [32-34], and self-pulsating gain-switched distributed 

feedback lasers diodes [35, 36]. Recently, the applicability of micro-ring resonators was reported 

from a numerical point of view in [37]. Finally, a new class of nonlinear optical waveguides 
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referred to as photonic nanowires have been recently proposed as promising nonlinear gates [38]. 

Because of their sub-µm transverse dimensions, such index-guiding waveguides provide a 

maximal confinement of light so that large optical nonlinearity can be obtained. Such devices are 

thus well suited for many applications among which nonlinear processing of optical signals (e.g. 

all-optical regeneration [39], wavelength multi-casting [40]). Such waveguides can be fabricated 

from glasses or semiconductors (e.g. silicon waveguide). 

 

1.2.2. Periodically poled Lithium Niobate waveguides 

These devices exploit the second-order nonlinear interactions in Quasi-Phase Matched (QPM) 

periodically poled Lithium Niobate. The principle of the quasi-phase matching is to modify the 

nonlinearity of the medium along the device by adding a periodic phase shift correction along the 

medium to ensure a continual build-up of the harmonic signal [41]. Such devices are 

manufactured using a multi-step lithographic and electric field poling process to induce a 

permanent change in the nonlinear properties. 

Signal switching is achieved by a cascaded frequency generation scheme which exploits the QPM 

effect: specifically difference and sum frequency generation [42]. In the context of optical signal 

processing, Periodically poled Lithium Niobate waveguides are generally used for wavelength 

conversion as part of an 3R optical regenerator, [7], but could also be used as a small foot-print 

device for optical OTDM/WDM multiplexing and de-multiplexing operations [43]. 
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1.2.3. Optical Kerr effect-based nonlinear gates 

The second nonlinear gate category exploits the optical Kerr effect within optical fibres or optical 

planar waveguides [44]. The Kerr effect arises from the nonlinear response of the glass medium 

to a strong optical field of intensity |E|² that locally changes the refractive index of the medium 

n(ω), where ω stands for the frequency. In Equation (II-1) , n0 stands for the linear refractive 

index; and n2 is the nonlinear refractive index which is related to the third-order susceptibility χ(3) 

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

2
20 )()( Ennn += ωω  (II-1) 

 

For the optical regeneration of On-Off keying RZ pulses, the direct consequence of the Optical 

Kerr effect is the introduction of an intensity-dependent phase modulation on the optical signal 

either induced by the signal itself (Self-Phase Modulation (SPM)) [46], or a second optical signal 

(Cross-Phase Modulation (XPM)). 

SPM refers to the self-induced phase shift SPM
NLφ imprinted on an optical field E1 at frequency ω1 

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

intensity |E1|² and is obtained by: 
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Similarly, the XPM refers to the nonlinear phase shift induced on optical field E1 at frequency ω1 

induced by another field E2 propagating at a different frequency ω2. Due to the tensorial nature of 

the third-order susceptibility χ(3), the nonlinear phase shift experienced for the field at ω1 is 

dependent on the states of polarization of the two co-propagating fields. When the two optical 

fields are linearly co-polarized, the resulting nonlinear phase shift NLφ  experienced at ω1 is 

maximized and expressed by: 






 += 2
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The first term in Equation (II-3) is due to SPM (see Equation (II-2 )), whereas the second is 

attributed to XPM. For optical fields of equal amplitude (|E1|=|E2|), the contribution of the XPM 

is therefore twice that of SPM for linearly polarized optical fields. 

As the optical Kerr effect benefits from a quasi-instantaneous response time – which is 

considered to be in the femtosecond domain (i.e. few fs), optical processing of high bit-rate signal 

(>100 Gb/s) can be more easily addressed. Single channel optical regenerators using optical fibre 

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

Three major schemes for fibre-based optical regenerator are 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 interferometer of which the fibrerized version is called the 

nonlinear-optical loop mirror (NOLM) [47]. As depicted in Figure II-5(a), the principle relies on 

splitting the signal to be regenerated into each arm of the interferometer incorporating a highly 

nonlinear fibre (HNLF). The two arms of the interferometer are formed by the counter-

propagation of two replicas of the input signal within the same optical fibre. Switching is possible 

thanks to a power splitter of unequal power coupling ratio α. The input peak power of the ‘1’ 

pulses propagating in one path of the interferometer (e.g. path A) is set so that the pulse 

propagation corresponds to the nonlinear regime, whereas propagation regime for path B 

essentially remains linear. The asymmetric nature induced by the different power coupling ratio 

between the two paths A and B determines the amount of nonlinear phase difference generated by 

SPM between paths A and B.  

Depending on the amount of phase shift added, the counter-propagating signal in the two arms 

interfere either destructively or constructively so that resulting signal is either reflected back to 

the input port or switched to the output port. Figure II-5(b) depicts the ideal power transfer 

function (i.e. sinusoidal shape) corresponding to the case where only the presence of SPM is 

considered [47]. 

As the scheme relies on an interferometric effect, the technique is known to be relatively 

sensitive to environmental perturbations and is polarization dependent, so that polarisation 

control inevitably needs to be considered. Addressing high bit-rates is as straightforward, 

although it is necessary to consider the effect of the XPM-induced nonlinear phase shift 
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contribution added by the counter-propagating signal on the power transfer function [48]. An 

experimental demonstration of such a 2R regenerator is reported in [49] and enabled a Forward 

Error Correction (FEC) compatible transmission over 10,000 km of a 42.66Gb/s Dispersion-

Managed RZ WDM signal. 

 

Figure II-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 of frequency components due to FWM between an 

incoming signal and a pump signal [50]. Most common implementations exploit the degenerate 

FWM effect and for which the pump signal is placed at one of the zero dispersion wavelengths of 

a dispersion-shifted highly nonlinear fibre. 
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A FWM-based 2R optical regenerator is depicted in Figure II-6(a). The signal to be regenerated 

is fed into a Dispersion-shifted HNLF together with an intense continuous-wave (CW) pump. 

Through multiple FWM processes new frequency sidebands are generated - equally spaced by the 

initial frequency detuning ∆F between the input and pump beams – (see on the output spectrum 

in Figure II-6(b)). A narrow-band output filter is used to select the corresponding signal 

sidebands as the output signal. The choice of the sideband to be filtered is essential in order to 

provide suitable optical regeneration (i.e. a power transfer function having a step-like transition). 

As explained in references [51-53], the idler wave cannot be employed to simultaneously provide 

both noise rejection on the marks and power equalization on the spaces under the depleted pump 

regime. On the contrary, the first cascaded sideband reported in Figure II-6(b) is more suitable 

since i) at low input signal power the output power scales quadratically with the signal input 

power, ii) at high input signal powers and under the depleted pump regime, a plateau can be 

reached, resulting in a step-like nonlinear power transfer function. 
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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 output filter. ∆∆∆∆F is the frequency detuning between the 

signal and the pump frequencies. 

 

In practice the generation of higher-order frequency products requires high input power so that 

spectral broadening of the pump is mandatory to suppress stimulated Brillouin scattering (SBS) 

[45, 54, 55]. As spectral broadening is also imprinted on the regenerated signal, additional 

distortion and signal-to-noise degradation are generally observed. Using a non-degenerate dual-

pump configuration allows minimization of the signal broadening while suppressing the SBS 

effect [56]. 

Because FWM is a parametric process, phase-matching conditions need to be preserved to 

guarantee high power conversion efficiency. The process is therefore more dependent on the 

polarization state of the incoming signals along the fibre, and requires with fibres with excellent 

longitudinally uniformities in order to preserve the position of the zero-dispersion wavelength 

[57, 58]. Numerous experiments are reported [51-53, 55, 56, 59-66]. Although experimental 

works were only reported at 10 Gb/s both for Non-Return-to-Zero and RZ signal, the 

applicability to higher bit-rates is not limited by the response time. However a strong alteration of 

the pulse shape due to the chromatic dispersion in association with nonlinear effects can take 

place as presented in [67]. 

1.2.3.3. XPM-based optical regenerators 

The third category encompasses the combination of SPM (for 2R regeneration) or XPM (for 3R 

regeneration) and a non-interferometric switching method. The regenerator architecture was first 
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proposed by Suzuki et al. in [68]. As depicted in Figure II-7(a), the device consists of an optical 

clock signal centred at a frequency Fclock, a dispersion-shifted highly nonlinear fibre and a 

narrow-band filter centred at Fclock. The clock pulse signal is generated from a clock-recovery 

circuit that provide pulses of shorter duration than the pulse to regenerate at a same repetition 

rate. The signal to regenerate and the clock pulse are fed into the HNLF. An optical delay line is 

used to adjust the timing of the clock pulse so that it is located on the leading edge (or trailing 

edge) of the signal pulse as shown in Figure II-7(b). In the presence of an incoming ‘one’ pulse, 

the centre frequency of the clock pulse spectrum is shifted due to XPM within the HNLF. In the 

figure, the centre frequency is shifted towards shorter frequencies at the fibre output. As the 

amount of the wavelength shift is directly proportional to the gradient of the signal pulse intensity 

profile, the spectral shift is dependent on the input peak power of the incoming pulse. Using a 

narrow band optical filter centred at Fclock allows conversion of this spectral shift into power 

fluctuation by discriminating spaces and marks pulses. In this configuration, it is clear that the 

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

pulses. 

 

In practice, XPM-based schemes require to control of the state of polarization of the pump and 

probe signals to maximize the XPM effect and spectral shift, even if polarization independent 

XPM schemes have recently been demonstrated [69]. Because of their reduced environmental 

instabilities, these types of optical regenerators are among the most studied (see next section). 

Finally, other methods have also been proposed but which have more stringent requirements for 

their set-up and fibre characteristics. This includes: exploitation of the nonlinear polarization 

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

Finally, regenerators based on Stimulated Raman Scattering were also demonstrated and reported 

in [73]. 

 

2. Single-channel SPM-based regenerator 

Optical regenerators that exploit SPM are addressed in this section. SPM is the simplest nonlinear 

effect to stimulate and utilize because the effect is self-induced, and the added nonlinear phase 

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

As the phase profile is differently affected by the chromatic dispersion whether it is normal or 

anomalous, we distinguish between two types of regenerator: the first one is only applicable in 

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

of the pulse. 

 

2.1. Soliton-based regenerator 

Here, the principle relies on the exploitation of the fundamental soliton effect. The fundamental 

soliton pulse refers to a particular pulse intensity profile - which corresponds to a sech² for which 

the nonlinear phase induced by the SPM and the phase change induced by group-velocity 

dispersion cancel each other. The direct consequence is that both the intensity profile and the 

spectrum of the pulse remain unchanged whilst the pulse is propagating within a loss-less fibre. 

The condition is obtained for a particular combination of the temporal width, and the pulse 

energy for given fibre properties. One condition is therefore to operate in the anomalous 

dispersion regime. 

The soliton effect refers to the mechanism that forces any pulse to evolve to a fundamental 

soliton – potentially with some shedding of dispersive radiation in the process due to high order 

dispersion [74]. The convergence consists of a progressive self-reshaping of the pulse thanks to a 

redistribution of the frequency content, while excess frequency content, that does not belong to 

the soliton pulse, is radiated away. The conditions for soliton convergence are provided by 

selecting the input power conditions and adjusting the fibre length with respect to the optical fibre 

properties. 
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By implementing a soliton conversion stage and applying a narrow-band optical filter centred at 

the optical carrier frequency at the end of the stage, it was proposed to filter excess noise to the 

mark pulses. This method is referred to the spectrally filtered soliton method and was reported at 

20 Gb/s [75], and 160 Gb/s [76]. Although this method exhibits a reshaping capability and a 

power equalization of the marks, the presence of in-band noise remains, so that an additional 

stage must be provided to remove this noise - such as the use of saturable absorbers (SA) [12, 

17]. 

Retiming operation was also demonstrated by applying a Phase and/or intensity modulation to the 

signal. As described in [17], jitter reduction arises as a consequence of the soliton effect (for 

intensity modulation), whereas phase-modulation imposes a time-position-dependent frequency 

shift that may be compensated for by the group-velocity-dispersion of the fibre. The scheme is 

referred to as synchronous modulation and an optical 3R-regenerator 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 principle of the 2R optical generator based on SPM-

induced spectral broadening and subsequent offset filtering and which formed the focus of my 

PhD project. 

The regenerator was introduced in 1998 by P. Mamyshev [14], and is also referred as to the 

Mamyshev optical regenerator, as a large amount of attention has been paid to it. As illustrated in 

Figure II-8, the regeneration principle is straightforward and relies on spectral broadening on the 

incoming pulse due to SPM. A simplified Mamyshev optical regenerator is reported in 

Figure II-8, consisting of a Highly-nonlinear fibre, which is used to imprint the SPM to the 

incoming pulses, followed by a tuneable optical narrow-band optical filter. The operating 

principle is also schematically described in Figure II-8, by considering the spectral evolutions of 

a high-peak power and a low-peak power input pulses at different locations along the regenerator. 

As low-peak-power pulses (nominal ‘zeros’) experience less spectral broadening than high-peak-

power pulses (nominal ‘one’), discrimination between marks and spaces is achieved by placing 

an output narrow-band optical filter spectrally offset from the input signal carrier. The detuned 

optical filter collects only a small fraction of the energy of low-peak-power pulses, and a larger 

energy fraction of the high-peak-power pulses. Moreover, as high-peak-power pulses experience 

more spectral broadening, the amount of power that is passed within the filter bandwidth 

saturates at high peak powers. As the spectral evolution of the pulse along the fibre length leads 

to the presence of input peak power-dependent spectral ripples in the filter bandwidth (as 

illustrated in Figure II-8), a variety of shapes can be achieved (as seen in the text chapter). A 
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direct consequence is that the shape of the power transfer function is dependent on numerous 

parameters (i.e. details of the input pulses and fibre characteristics, frequency detuning of the 

filter, etc). The shape of the offset filter acts as a pulse-reshaping element by slicing into the 

broadened spectrum pulse and the filter bandwidth sets the output temporal width. Nonlinear 

propagation within the normal dispersion regime is preferable in that it does not allow the 

development of modulation instability due to nonlinear interaction between the signal and ASE 

[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 [14]. 
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Figure II-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 II-9. The degraded optical pulse streams are first fed 

into an optical amplifier, which is used to boost the power to a suitable level at the input of the 

highly nonlinear fibre (HNLF). An ASE noise rejection filter can be employed to remove out-of-

band excess noise. The amplified pulses are then propagated in the HNLF. A narrow-band filter 

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

reshaping. 

 

 

Figure II-9: Typical implementation of a 2R optical regenerator based on SPM-based spectral 

broadening and subsequent offset filtering, with corresponding parameters. 

 

 

The applicability of the scheme to operate at 10 Gb/s [14], 40 Gb/s [77, 78], and 160 Gb/s [70] 

enabling for the last experiment error-free transmission up to 1 million kilometres (in association 

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

tolerance to residual dispersion [81], BER improvement [82-84], etc. 

In addition to the simple set-up, the scheme is appealing since the requirement of the fibre 

characteristics are extremely reduced as compared to other fibre-based optical regenerators, and 

the scheme offers simultaneous noise rejection and amplitude power equalization. 

One of the most important drawbacks of the technique arises from an additional timing-delay that 

is imprinted onto the pulses of the output signal [14, 67, 85, 86]. This variable amount of time 

delay can be caused by any deformations in the intensity and phase profiles present on the 

incoming pulse (e.g. peak-intensity and/or pulse-width fluctuations). The origin of this timing-

jitter arises from the different amount of pulse frequency chirp induced by nonlinear propagation 

along the HNLF for input pulses of differing power, and more specifically from the amplitude-

phase conversion caused by the interaction of the SPM effect and group velocity dispersion. As 

illustrated in Figure II-10, the different arrival time is the result of the power-dependent chirp rate 

(i.e. chirp slope) value. Furthermore, depending on the relative position of the offset filter, this 

power-dependent delay is mapped in an asymmetrical fashion onto the output pulses. Figure II-10 

shows that if the filter is offset by ∆F (-∆F) from the carrier frequency of the input signal then 

pulses with higher (lower) peak power would arrive at the end of the regenerator faster (slower) 

than a pulse with the mean peak power. 
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Figure II -10: Temporal delay mapping as a function of the input power and the position of the offset 

filter of the Mamyshev 2R optical regenerator. Temporal pulse intensity and frequency chirp 

profiles corresponding to two incoming pulses of same temporal duration but different input peak 

powers are represented at different locations along the optical regenerator. 

 

Different chirp fluctuations across the temporal profile of the output pulse can therefore be 

obtained. As the detuned filter selects only the frequency content of the pulse around a specific 

instantaneous frequency, corresponding spectral content may be extracted at instant that may vary 

from pulse to pulse due to chirp fluctuation, thus resulting in timing-jitter. This power-dependent 

delay is mapped in an asymmetrical fashion onto the output pulses and basically depends on the 
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relative position of the offset filter - e.g. if the filter is offset by ∆F (-∆F) from the original central 

frequency then pulses with higher (lower) peak power will arrive at the end of the regenerator 

faster (slower) than a pulse with the mean peak power. Unless a retiming stage is employed to 

compensate for this timing-jitter such as in Ref. [87], the maximum achievable error-free 

transmission would be reduced because of the accumulation of timing-jitter along the 

transmission path. As the Mamyshev regenerator is considered alone, it seems possible however 

to reduce the amount of the timing-jitter by either changing the operating parameters of the 

regenerator [88] or by cascading a second Mamyshev regenerator stage [89]. 

3. Extension to multi-channel processing 

Simultaneous optical processing of multiple optical WDM channels within the same optical 

element is undoubtedly a desirable functionality for all-optical telecommunications networks, 

potentially offering major technical and economical benefits as compared to any single channel-

based approach. Since optical networks are expected to become more transparent moving forward 

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

The extension to multi-channel operation is however limited by the presence of inter-channel 

nonlinearities, as they directly compete with the nonlinear effect used within the nonlinear gate. 

In light of the description of the various regeneration principles used for the single-channel case, 

suitable multi-channel mitigation is not straightforward to address. For instance, single channel 

optical regenerators using optical fibre can be designed to exploit SPM (SPM), XPM (XPM), 

FWM (FWM), and Stimulated Raman Scattering but the extension to multi-channel operation is 

limited by the presence of inter-channel nonlinearities resulting from XPM and FWM inter-
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channel interactions, which directly compete with the nonlinear effect used for regeneration. 

From this, one expects an additional source of noise and power fluctuations which degrade the 

reshaping performance for individual channels as discussed in the next section and Chapter IV in 

more detail. 

In a multi-channel regenerator, a robust mitigation must be provided to limit the cross-talk levels 

arising from the inter-channel interactions while preserving the regeneration performances for 

each of the WDM channels as achieved for the single-channel case. Besides the pure reshaping 

performance, the robustness of the regenerator to the properties of the incoming WDM signals is 

also a key issue worth investigating. Two additional conditions can be identified. The regenerator 

might be able to ultimately cope with: i) no assumption on the temporal synchronism across the 

WDM channels, so that no precise timing between incoming signals can be a priori set, ii) a lack 

of knowledge of the polarization states of the incoming signals.  

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

section summarises the existing solutions and reported performances. 

3.1. Semiconductor-based schemes 

For semi-conductor-based nonlinear gates, only Quantum Dot SOAs are reported to be of 

potential relevance for multi-channel processing though this is only supported by numerical 

predictions [90]. The reduction of the cross-talk between optical channels arises from the spatial 

isolation of dots, which prevents transfer of carriers amongst different spectral regions, provided 

these are outside of the inhomogeneous broadening region. 
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3.2. Fibre-based schemes 

Fibre-based regenerators are obviously more attractive given the great design provide flexibility 

for tailoring the dispersive and the nonlinear properties of the fibre. Modification of the single-

channel regenerator set-up is facilitated enabling more efficient mitigation of the inter-channel 

nonlinearities due to FWM and XPM. SPM-based regenerators are the most suitable solution to 

support multi-channel operation based either on soliton effect or spectral broadening followed by 

optical filtering. An interferometric scheme was also proposed using a dispersion-unbalanced 

NOLM Sagnac interferometer but which required precise timing 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 optical soliton method has been proposed in [91] for a 

WDM configuration. An experimental demonstration of 4x40 Gb/s-channel regeneration was 

reported using a chromatic dispersion managed scheme with polarization multiplexing to reduce 

XPM [91]. The dispersion management was realised by a collection of fibre assemblies 

comprising fibres of opposite signs of chromatic dispersion [92, 93]. Although power 

equalization can be achieved, the scheme still suffers from an inability to remove in-band noise. 

One possibility for alleviating this problem using a distributed offset filtering approach has been 

proposed [94]; though the practical viability of this has still to be demonstrated experimentally 

because of the extremely small values of offset detuning 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 dispersion decreasing fibre to process 4x40 Gb/s Carrier 

Suppressed RZ channels was reported. Due to the high power efficiency of the soliton pulse 

compression effect, strong spectral broadening without significant inter-channel nonlinear effects 

was possible at low input powers (45mW/channel), whereas no deleterious effects due to pulse 

interaction was reported. Nevertheless, only modest improvements in the Q² factor (0.7 dB) were 

reported due to an excessive amplified spontaneous emission noise contribution. 

A less demanding solution in terms of fibre requirements was theoretically proposed by 

Vasilyev et al. [22] based on a direct adaptation of the set-up proposed by P. Mamyshev. The 

operating principle relies upon introducing a rapid walk-off between adjacent channels through 

dispersion chromatic management along the device. Significant SPM-induced spectral-

broadening can still be preserved when maintaining a low path average chromatic dispersion over 

the complete regenerator length. Doing so, the pulse temporally broadens and shrinks at periodic 

stages along the regenerator. 

The corresponding set-up is reported in Figure II-11(a). The original design comprised a series of 

individuals “cells” made of one highly dispersive nonlinear fibre (e.g. dispersion compensating 

fibre (DCF)) followed by a chromatic dispersion compensator (Figure II-11(b)). Vasilyev et al. 

suggested to use a Periodic Dispersion Group-Delay Device (PGDD) acting as a lumped and 

channelized dispersion compensator [95] (Figure II-11(c)). This configuration allows the 

channels to continuously walk-through each other so that the group delay difference between 

adjacent channels monotonously increases with regenerator length ((Figure II-11(e)). 
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Nevertheless the consideration of both the phase and amplitude response of the PDGG noticeably 

complicates the design of the regenerators and the optimisation of the fibre parameters [96] and 

in the end would complicate any experimental implementation. 

To overcome this issue, it was proposed to replace these PGDDs by standard single mode fibre 

(SSMF) so that the device can be fully-fibrerized [22, 97]. The latter solution differs 

fundamentally from the former since the group delay variation between two adjacent signals 

periodically returns to zero (Figure II-11(e)). Because of the monotonous variation of the group 

delay within the SSMF (Figure II-11(d)), each pulse interacts with the same set of neighbouring 

pulses, whereas for the PGDD approach, each pulse briefly interacts with a large number of 

adjacent pulses. The mitigation performance is slightly degraded as a slight dependence on the 

relative time delay between incoming channels is reported [98].  
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Figure II -11: Schematic of a typical optical regenerator based on SPM. (a) Schematic of the proposed 

dispersion-managed multi-channel optical 2R regenerator after [22]. (b) Detailed description of the 

optical cell used in the multi-channel optical regenerator consisting of a piece of normally dispersive 

highly nonlinear fibre and a dispersion compensator unit. (c). Dispersion compensator 

implementation using periodic group delay devices as proposed in [22], and corresponding group 

delay variations. (d) Dispersion compensator implementation using Standard Single-Mode fibre as 

proposed in [97], and corresponding group delay variations. (e) Comparison of the group delay 

evolution as a function of the position within five cells when the dispersion compensator unit made of 

a periodic group delay device (top graph) or standard single mode fibre (both top and bottom 

graphs) based on data from [98]. 
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In the framework of the European project TRIUMPH, I had the opportunity to participate in the 

realisation of an all-fibrerized regenerator designed for 33%-RZ 40 Gb/s channels, and to 

perform its early characterization [98] at 4x10 Gb/s. The characterization showed that the effects 

of inter-channel nonlinearities could be suppressed with a residual power penalty of 0.5 dB 

between multiple- and single-channel operations (in the absence of any signal degradation). A 

maximum 1.5 dB power penalty improvement was achieved for an artificially degraded input 

signal but with significant variation between channels. Based on the same approach further 

experiments were conducted for two 33% RZ 43 Gb/s data stream (1,200 GHz spectral 

separation) and a power penalty improvement of 2.5 dB was achieved for both channels for an 

artificially degraded input signal [16]. Three-channel operation (600 GHz channel spacing) was 

still feasible albeit at the expense of slightly degraded performance due to an increased XPM-

induced timing-jitter contribution that highlights the presence of a remaining contribution caused 

by inter-channel interactions within the optical fibre assemblies. Corresponding results are 

reported in references [98, 99]. 

Based on this review, one can wonder whether simpler architecture can be thought about given 

that multi-channel optical processing has only been reported for a limited number of channels (up 

to 4). The purpose of this thesis is thus to investigate alternative schemes to mitigate the inter-

channel cross-talk within the optical nonlinear gate. The motivation to do so is to examine 

whether simpler architectures over a fibre dispersion-managed solution can be considered, and to 

evaluate their performances and possible limitations with respect to single-channel operation. 

Among the different approaches, the fibre-based 2R-regenerator using spectral broadening and 

offset filtering was considered over the other techniques because of its easier implementation. 
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Due to the lack of detailed analysis in the literature, I first study the single-channel Mamyshev 

regenerator in Chapter III, in order to examine the regenerator performance with respect to the 

operating conditions and nonlinear fibre properties. In Chapter IV, I examine the various 

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

piece of fibre. 
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Chapter III: Single-channel 

2R-optical regenerator design 

 

This chapter reports the new contributions during my PhD work on the design of the single 

channel optical 2R optical regenerator based on spectral broadening and subsequent offset 

filtering. Taking benefit of fundamental scaling properties, I identified general rules, which 

drastically reduce the design complexity of the optical regenerator, be it in the absence or 

presence of fibre attenuation. This approach facilitated the drawing of fundamental conclusions 

that are bit-rate independent. 

The presentation of these results and conclusions are given in Publications A and B. Publication 

A reports the presentation of the model used and the theoretical scaling rules proposed for the 

regenerator in the absence of any fibre attenuation. The second Publication presents the 

experimental validation of the design rules, and for which the impact of the fibre attenuation loss 

has been included. 
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The complete reference of Publication A (see page 109) is: 

L.Provost, C.Finot, P.Petropoulos, K.Mukasa, D.J.Richardson, ”Design scaling rules for 2R-

optical SPM-based regenerators”, Optics Express 2007 Vol.15 pp.5100–5113.  

The complete reference of Publication B (see page 125) is: 

L.Provost, C.Finot, K.Mukasa, P.Petropoulos, D.J.Richardson, “Generalisation and 

experimental validation of design rules for SPM-based 2R-regenerators”, Optical Fiber 

Communication conference (OFC 2007), 25-29 Mar 2007, OThB6. 

 

The chapter is divided into three sections. First, we will present the model and the theoretical 

argument used to derive the design rules. In the second section, we will present the experimental 

validation showing the applicability of the proposed rules, and finally we will highlight important 

aspects on the applicability of these design rules. 

 

*** 

 

1. Introduction 

Though the regeneration scheme based on spectral broadening and offset filtering was introduced 

by P. Mamyshev in 1998 [14], its design has only been addressed in a few works [14, 67, 100]. 
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Although the reported conclusions of those works are undeniably helpful, no exhaustive guidance 

was provided to build up such regenerators from scratch and to size it accordingly with the 

desired reshaping performance. 

The reason for such a difficulty fundamentally lies in the large number of parameters one has to 

consider and the difficulty to relate parameters with the reshaping properties. As highlighted in 

the previous chapter, the design complexity of the Mamyshev regenerator scales up rapidly when 

considering the numerous parameters involved (as seen in Figure II-9): fibre parameters (fibre 

length, fibre attenuation, chromatic dispersion, chromatic dispersion slope, and nonlinear 

coefficient), offset position of the output filter, input power budget, input pulse duration, etc. In 

addition, because the requirements imposed on the characteristics of the Highly Nonlinear Fibre 

(HNLF) are more relaxed than for other regeneration schemes, fibre parameters can extend over 

large ranges. The last argument is even truer when considering the variety of glass materials that 

could be employed within the nonlinear medium. The progress made on the manufacturing 

process allows non-silica fibre-based devices to be considered as serious contenders. 

As far as fibres with normal dispersion are concerned, two types can be distinguished and have 

been proposed as viable candidate for nonlinear signal processing:  

1. Silica-based fibre types. This is the most usual and traditional category. It includes 

full-solid silica HNLF, chromatic dispersion compensating fibres (DCF) [101], and 

silica-based microstructured optical fibres. 
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2. Compound-glasses fibre types. This type corresponds to fibre formed of non-silica 

glass (chalcogenides, tellurite, Bismuth glasses). Those glasses were proposed as 

alternatives to silica-based fibres because of their higher nonlinear coefficient – about 

1000 times that of fused silica [102-104]. They have been therefore considered to be 

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

Figure III-1 shows the nonlinear coefficient and group velocity dispersion ranges associated with 

the aforementioned fibre types. Individual fibre data coming from either the literature (see Ref 

[105-116] for corresponding figures) or from in-house fibres are reported. It is noticeable that the 

two fibres types essentially differ in their nonlinearity levels, and to a lesser degree in terms of 

chromatic dispersion. However, the two types significantly differ in their intrinsic attenuation as 

compound glasses exhibit attenuation levels of a few dB per meter while silica-bases fibre 

exhibits attenuation of a few tenths of dB per kilometre. 

Although several proof-of-principle experiments on the Mamyshev regenerator have been 

demonstrated in silica-based holey fibres [115, 116], compound glasses such as chalcogenide 

glasses [117-119], or bismuth-oxide [110, 120, 121], a direct cross-comparison of the pros and 

cons of each glass type is not simple because of the different operating conditions and 

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

The existence of such a large range of nonlinear properties combined with the lack of sufficient 

feedback on the influence of each parameter involved in the reshaping operation are the two 

major issues that are considered in my analysis for the single-channel case and represent my 

major contribution to the field. 
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Figure III-1: Overview of the group-velocity dispersion and nonlinear coefficient for different fibre 

structures and glass material. Data are reported at 1550 nm. Full-symbols: silica-based optical 

fibres; Open symbols: non-silica compound glass optical (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 nonlinear fibre is governed by the well-known 

Nonlinear Schrödinger Equation (NLSE) [45]. 

Let us consider an optical fibre having an attenuation coefficient α(ω,z), a nonlinear coefficient 

γ(ω,z). Let β0(ω,z) be the mode propagation constant , where ω stands for the frequency, and z 
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the longitudinal position along the fibre. For sake of clarity all frequency dependence will be 

dropped throughout the rest of this thesis, and the longitudinal homogeneity of the fibre will be 

considered to be uniform so that the longitudinal dependence in z is also dropped. Let A(t,z) be 

the slowly varying pulse envelope of the electrical field of the optical pulse of which the carrier 

frequency is ω0 and initial temporal width is T0. 

 

),(),( ztUPztA p=  (III-1)  

Where: U(t,z) being the normalized amplitude, and Pp the peak power of the pulse.  For instance, 

for input Gaussian pulse, U(t,0)= exp[-1/2(t/T0)²], where the T0 is the 1/e² half-width. For a 

Gaussian pulse, the full-width at half maximum TFWHM of the pulse intensity relates to T0 with: 

0FWHM Tln(2)2T = . 

The NLSE Equation considered is reported in Equation (III-2). Consideration of the nonlinear 

contribution has been limited to the SPM term (RHS term) so that both the Raman Scattering 

contribution and self-steepening term are neglected. Such a simplification is justified by the fact 

that both contributions are only expected to become significant for optical pulse durations of less 

than 1 ps, which is significantly smaller that the optical pulse-widths under consideration here. 

The Stimulated Brillouin Scattering contribution has also not been considered too, since the line-

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

 

 (III-2)  
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Where: β1, β2, and β3 being respectively the group velocity, group velocity dispersion and third-

order group velocity and defined as the first, second, and third coefficients of the Taylor 

expansion of β0 around ω0 respectively [45]. 

The definition of the following normalized quantities allows the NLSE to be recast into the 

standard form provided by Equation (III-3). These quantities are standard normalisations 

introduced in the soliton theory as presented in [45]. Note that we implicitly set the third order 

dispersion term β3 to 0. 
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Where: sgn(x) being the sign function (if x>0 sgn(x)= +1, else -1) 

 

An analytical solution of the differential equation (III-3) only exists in particular cases so that 

the integration of the equation for the general case can only be achieved numerically. The 

numerical solution of the equation can be achieved using the widely known Split-Step Fourier 

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

2.2. Scaling factor properties on the NLSE Equation 

The form of the standard NLSE Equation (III-3) is valuable as it is possible to generate an 

infinity of solutions once a particular normalised solution is known. If we assume a loss-less 

medium by setting α=0, so that the RHS of Equation (III-3) is cancelled and u(z/LD,T/T0) is 

found to be a solution of the NLSE Equation (III-3), then it can be shown δ.u(δ².z/LD,δ.T/T0) 

also represents a solution for any real number δ [45]. 

This scaling property can be further interpreted into a more useful assertion. By considering two 

optical pulses of amplitude A1(t,z), and A2(t,z) propagating in a Fibre 1 (with length L1, nonlinear 

coefficient γ1, and group velocity dispersion β2_1), and fibre 2 (with length L2, nonlinear 

coefficient γ2, group velocity dispersion β2_2) respectively, it can be demonstrated that the two 

pulses will evolve to the same scaled profiles in both the 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 fibre and the dispersion lengths are equal so that: 
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2- Their respective initial N² ratio (i.e. at z=0) are equal so that  
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In other words, the study of a single optical pulse of a prescribed initial envelope is sufficient to 

predict the evolution of any replica having different temporal and/or amplitude scaling in an 

optical fibre having a different fibre length and/or different group velocity dispersion or/and 

nonlinear coefficient. Using the two previous conditions one can compute corresponding fibre 

parameters as well as amplitude and temporal scaling parameters. 

A similar conclusion can be drawn when the fibre attenuation is also considered. Noticing that the 

loss contribution to the NLSE equation is only achieved thanks to the αLD term of the RHS of 

Equation (III-3), the previous two pulses will evolve to the same scaled profiles in both time and 

frequency domains when a third condition is fulfilled: 

3- Their initial αLD products are equal  

 

2211 DD LL αα =  (III-6) 
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Where: α1 and α2 are the attenuation losses of fibre 1 and fibre 2 respectively. 

 

Despite the apparent simplicity of these three conditions (which are easily derived from the 

NLSE analysis), a drastic and significant reduction of the modelling requirement is enabled for 

the Mamyshev regenerator. Global bit-rate independent conclusions can be derived on the 

propagation of a single optical pulse in a given optical fibre for which the four parameters T0, Pp, 

β2, γ, are arbitrarily fixed. The extent of such a conclusion is however reduced for a lossy media, 

as the scaling properties are only valid when the αLD value remains constant, and this therefore 

needs to be addressed for many cases of αLD values.  

2.3. Parameterisation of the power Transfer Function 

In this part, attention is paid to the analysis and parameterisation of the different operating 

regimes that are offered by the Mamyshev regenerator. Depending on the regenerator parameters 

settings, three operating regimes can be identified and characterized by the shape and the power 

dependence monotony of the power transfer function. As depicted in Figure III-2(a), in which an 

ideal Mamyshev regenerator set-up is considered (see regenerator parameters in the figure), we 

compute the propagation of an input un-chirped optical Gaussian pulse-width of T0=5 ps duration 

(corresponding to 33%RZ 40 Gb/s optical signal) and a peak power Pp1. The output (Gaussian) 

filter bandwidth is set to match the initial spectral bandwidth and spectral shape of the incoming 

pulse. 
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An idealized optical amplifier (i.e. no noise is added in the amplification process) is used to 

describe the corresponding power transfer function by increasing or decreasing the input peak 

power of the optical pulse at the fibre input port. By varying the fibre length by -25% and 25% 

around the initial length L0, three operating regimes are observed as depicted in Figure III-2(b), 

and which differ from one another by the variation of the power transfer function which can be 

either be; non-monotonous (regime ‘A’) producing some oscillatory structure at high input power 

levels, exhibiting a locally flat region (plateau) on the one-level (regime ‘B’), or a purely 

monotonic response (regime ‘C’). 

The differences in behaviour result from the ripple due to SPM within the pulse spectrum and the 

position of the output filter relative to these ripples as depicted in Figure III-2(c). The pulse 

spectrum becomes flat-top for longer propagating distances and the Transfer Function hence 

becomes hence monotonic. It is also clear that the noise rejection in empty slots is different for 

the three operating regimes as seen by the shape of the transfer function at low input power (low 

G1 value). 

Based on the transfer function evolution, we define a nominal input power for the incoming pulse 

mark levels, which locally shows a maximum output power compression (mathematically 

determined by the position at which the first derivative of the Transfer Function is either zero (for 

regimes A or B) or minimum (for regime C)). Those points are reported as GA, GB, and GC in 

Figure III-2(b). Intensity and frequency chirp profiles of the output pulses corresponding to these 

three operating settings are reported in Figure III-2(d). 
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Figure III-2: Illustration of the three possible operation regimes for the Mamyshev regenerator. (a): 

parameters of the regenerator set-up considered for the numerical modelling. (b): Power transfer 

functions and corresponding type (A, B, and C) when the fibre length is changed by -25%, 0%, and 

+25 % respectively as compared to the initial length L0. Vertical arrows depict the position on the 

transfer function where the output power compression is locally maximum. (c): Corresponding 

spectrally broadened spectra at the fibre output for the three operating regimes. The spectra were 

intentionally offset along the vertical axis for better readability. The central position and amplitude 

of the offset filter is also reported. (d): Pulse intensity profile (bottom) and frequency chirp (top) at 

the output of the offset filter. The pulses are plotted in a moving reference frame attached to the 

input pulse. 
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In order to encompass these different regimes and associated operating input parameters (nominal 

input mark power and output extinction ratio), three parameters are defined: 1) the input peak 

power for the mark pulses P1
in that provide a locally maximum output power compression, 2) the 

output power compression ρ ratio of the marks obtained when considering a uniform amplitude 

fluctuation window of ± 7.5 % centred around P1
in, and 3) the output extinction ratio ERout 

considering an input extinction ratio ERin of -10 dB, ERin being defined as the ratio between the 

input peak powers of ‘zero’ and a ‘one’ pulse having a peak power of P1
in. Corresponding 

definition of the three former quantities can visually derived from the power transfer functions 

and eye diagram in the figure below: 

 

 

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

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

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

3. Design rules and parameter scaling 

We now present in this section design rules for Mamyshev regenerators obtained by combining 

the previous observations and scaling properties of the NLSE Equation. First, we report 

numerical modelling results considering a loss-less case situation (a good approximation for silica 

fibres) (Publication A). Then we report experimental results for which the applicability of the 

design rules is experimentally validated (Publication B). 

3.1. Loss-less case 

This section presents one of the most important contributing results of this chapter which consists 

of a contour map plot. Thanks to a careful selection of the representation space, a synthetic 

relationship between the physical parameters associated with the regenerator and the reshaping 

capacity of the regenerator is established using the parameters defined earlier in this chapter. 

Considering the propagation of a single and un-chirped Gaussian pulse fed into the input of the 

regenerator and the use of normalized parameters, it is possible to produce a general contour map 

as shown in Figure III-4 considering a loss-less fibre (α=0).  
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Figure III -4: Normalized map for input un-chirped Gaussian pulses linking the regenerator 

parameters to the regeneration performance: Bold plain lines correspond to ρρρρ contours. Orange 

plain lines correspond to ERout contours (in dB), and black lines correspond to N1
in contours. 
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As the reported information on the map is dense, it is necessary to provide some guidance on how 

the map was constructed and should be read. 

First, the horizontal axis is the ratio between the offset detuning of the output filter ∆F and the 

filter bandwidth F0. F0 is set to match the initial input pulse bandwidth (i.e. F0 = 1/(2πT0)). ∆F is 

computed with respect to the incoming carrier of the input signal. The vertical axis is the ratio 

between the fibre length L and the dispersion length LD.  

Choosing a combination within this space constrains each parameter of the regenerator to be set 

except two, namely the input peak power and fibre nonlinear coefficient. By setting the nonlinear 

coefficient to a prescribed value, the input peak power remains as the only free parameter, so that 

the power transfer function regime is completely defined. Following the definition of the 

parameters used to characterize the power transfer function, the operating conditions associated to 

the selected (L/LD; ∆F/F0) are completely set. It is therefore possible to compute the input peak 

power parameter P1in. 

The rest of the information is thus reported using iso-lines curves representing output power 

compression ratio ρ and corresponding operating regime (A, B, or C), operating input peak power 

Pp1
in

 (or equivalently by the N1
in quantity: N1

in=LD/LNL=LD.γ.Pp1
in), and output extinction ratio 

ERout (considering an input extinction ratio of ERin=-10dB). 

The particular results depicted in the presented map of Figure III-4 are however only applicable 

to un-chirped Gaussian-shaped pulses. Considering different input pulse shapes or chirp profiles 
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such as those reported in [70, 122, 123] would however not restrict the applicability of the 

proposed method, but would merely result in different contour plots. 

Finally the state of polarisation of the incoming signal is an input parameter one needs to consider 

when applying the previous design rules. Since the nonlinear refractive index n2 depends on the 

polarization state of the fields - owing to the tensorial nature of the optical Kerr effect [45, 46], 

the value of the nonlinear coefficient (γ value) is modified accordingly. However, for most 

commonly used HNLFs (i.e. relatively long and non-polarization maintaining fibres), this 

dependence is greatly reduced as the state of polarization is assumed to evolve randomly along 

the fibre. This is attributed to the presence of small physical disturbances along the fibre giving 

rise to birefringence. Under these assumption, it results that an average value for the nonlinear 

coefficient γ can be employed whatever the incoming polarization states of the incoming signal 

[124]. 

3.2. Lossy case 

As the design rules were derived for a loss-less fibre case, their practical applicability for realistic 

highly nonlinear fibres might be restricted, as the fibre attenuation must be taken into 

consideration in many cases of practical interest. Since fibre loss manifests itself as a reduction of 

the spectral broadening, proposing a more general analysis that includes the effect of fibre 

attenuation is thus relevant. This next part discusses the 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 environment of the contour map plot presented in the 

previous paragraph was possible if the normalized L/LD quantity of the vertical axis of the map 

(Figure III-4) is replaced by the quantity (LeffL)1/2/LD, where Leff stands for the effective length of 

the fibre. From a physical point of view, the effective length can be understood as the actual 

length over which nonlinearities would have been experienced in the absence of any fibre loss. 

Leff is defined as:  

 

α
α )exp(1 L

Leff

−−=  (III-7) 

 

The introduction of the normalised quantity (Leff.L)1/2/L cannot be straightforwardly appreciated. 

In fact, it is motivated by some previous published works addressing the description of the optical 

wave-breaking phenomenon in fibre [125, 126]. In those works, the description of the phase 

evolution of the pulse along the fibre is proposed by assuming that the two chirp contributions 

induced by SPM and group velocity dispersion are independently imprinted onto the pulse. As we 

report in [127], the effective length Leff quantity is introduced to take into account the effect of 

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

It is mandatory to recall once again that the applicability of the scaling rules on a contour plot 

map in a lossy environment is only valid if the αLD quantity remains constant as previously 

discussed.  
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3.2.2. Experimental validation 

The validity of the scaling rules was experimentally assessed. Using the parameter of the highly 

nonlinear fibre reported in Table III-1, a two dimension contour plot was computed and is 

reported in Figure III-5 at 1545 nm. The map was computed by considering an input Gaussian 

pulse width of with TFWHM=6.15 ps corresponding to the nominal pulse-width experimentally 

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

 

Fibre 
Type ββββ2 ββββ3 γγγγ    αααα    L Leff L D ααααLD L.L eff/LD² (L.Leff)  1/2/LD 

 ps²/km ps3/km /W/km dB/km m m m dB - - 

 
 

HNLF  
 
 

2.3 0.034 18 -2.13 1,000 790 59311 12.6 0.022 0.014 

 

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

design rules of the single channel optical regenerator. 

 

The contour plot Figure III-5 was computed considering an ideal output filter (with no phase 

response) whose bandwidth matches the initial and ideal pulse width. The third order group 

velocity term was not considered here. The operating regime B was achievable for a nominal 

input peak power of 3.1 W, corresponding to an offset filter position of ~-3.0 nm. 
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Figure III-5: Contour map corresponding to the experimental fibre used with iso-lines plots for 

several N1
in and ρρρρ values. The positions of the experimental points (crosses) are shown with 

corresponding upper and lower bound due to the uncertainty 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 able to experimentally operate within the area of 

the map delimited by the two dashed line in Figure III-5, due the uncertainty on the experimental 

pulse width (+/-0.1 ps). This area was indeed the most interesting as these power transfer function 

regimes could be scanned simply by changing the filter position. Five positions ranging from T1 

to T5 were selected, corresponding to offset detunings of -1.0, -2.0, -3.0, -3.5, and -4.0 nm 

respectively (see Figure III-6). 

 

We depict in Figure III-6 the five experimental TF functions, with corresponding ρ values. The 

progressive change in the TF as the filter position is set further from the carrier wavelength is 

confirmed. We also report the modelling results based on the experimental data considering the 

contribution of the chromatic dispersion slope and the various insertion losses within the system. 

A relatively good agreement is found over the five filter positions. As discussed in Publication B, 

the discrepancies at higher input peak power levels were attributed to the differences in the 

detailed evolution of SPM generated spectral side lobes associated with residual chirp on the 

initial pulses (as seen in the retrieved intensity profile and frequency chirp reported in Figure 3(a) 

of Publication B). 

. 
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Figure III-6: Experimental and modelled transfer functions for the five filter positions (-1nm, -2 nm, 

-3nm, -3.5 nm, and -4 nm). Estimated output power compression ratio ρρρρ derived from experimental 

data is also reported for each filter position. 

4. Additional design consideration 

In this part, we highlight some of the main observations and conclusions drawn from the analysis 

of the presented scaling properties. Publications A and B further detail those aspects as well as 

other design consideration such as energetic yield, sensitivity 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 pulse approach. As already highlighted in [77], an 

additional restriction must be considered when considering a train of optical pulses. Such a 

limitation arises from the temporal broadening of the optical pulses during their propagation in 

the highly nonlinear fibre, which means that optical pulses can extend well outside of their initial 

temporal bit-slot. In such a case, nonlinear interactions take place through intra-channel FWM, 

resulting in the presence of pattern-dependent fluctuation in the transfer function. The deleterious 

intra-channel effects are more prone to occur for large duty-cycle input signals (i.e. large 

temporal pulse widths). In Publication A, this issue is illustrated in Figure 9(a), where we have 

reported the variation of the temporal profiles of the oncoming pulse when the regenerator 

operates at different N1in values and the pulse extends within adjacent bit slots as a function of the 

pulse duty cycle. 

As shown in Figure 9(b) of Publication A, it is possible to estimate an upper limit on the N² value 

to avoid intra-channel interactions caused by excessive broadening of the pulse in neighbouring 

slots [128, 129]. This upper value is derived by computing the distortions in the output power for 

‘one’ bits in the presence of neighbouring ‘one’ pulses with the single-pulse case, so that 

conclusions drawn for the single-pulse case are preserved for a train of optical pulses. When fibre 

attenuation is included, the restrictions on the parameter N² are actually more stringent and the 

corresponding upper limit depends on the αLD quantity, since that the temporal broadening is 

always larger as compared to the loss-less case when operating 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 findings to be taken into consideration is that the 

transfer assessment was chosen using incoming pulse signals of identical shape and temporal 

duration but of variable input peak powers. However because the pulse intensity profile directly 

affects the SPM process, the regenerator is expected to exhibit different power transfer function 

for different input pulse shapes for the same operating settings [82]. 

In order to assess the consequence of such variations, two possible contributions were considered 

for the loss-less case: i) a variation of the input pulse width, and ii) the presence of linear chirp on 

the incoming pulse (i.e. due to residual dispersion). Such contributions actually induce a different 

evolution in the spectral broadening of the pulse and which can result in power fluctuation on the 

output mark levels of the regenerator when one nominally operates in the B-regime. As seen in 

the results reported in the Figure 7 of Publication A, the shape of the power TF can be 

substantially modified both by altering the monotony of the TF and changing the output power of 

the ‘one’ pulses. 

Addressing this intrinsic sensitivity is not straightforward when considering realistically distorted 

optical signals propagating within an optical network. Since the degree of distortion of the optical 

signal would be highly dependent on the transmission system and network characteristics 

considered, such an analysis is obviously well beyond the scope of the present work. It was also 

the reason why the impact of the presence of the amplified spontaneous emission noise was also 

not considered within this analysis. A few works are worth mentioning regarding the impact of 
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the ASE noise or nonlinear intra-channel effects on the regeneration capability [77, 82, 84, 89, 

130]. The conclusions highlight the fact that operating in the B regime and matching the input 

power to the plateau range may lead to too much sensitivity to individual input pulse variations so 

that the degree of amplitude jitter reduction would be intrinsically limited. However, fortunately 

by increasing the operating power improvements in the amplitude jitter reduction can be 

obtained, as the regenerator exhibits less sensitivity with respect to pulse shape variations as 

observed in Figure 7(a) of Publication A. This was further confirmed with additional modelling 

computations as reported in [89] when considering realistically distorted input optical pulses. 

Finally, in Ref. [131] the authors report a general approach to directly relate the Q-factor 

improvement with the characteristics of the HNLF used in 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 representations is helpful to assess the existing trade-offs 

between different nonlinear fibre parameters of different glass material. 

In Table III-2, the physical properties of five types of highly nonlinear fibre with typical 

parameters are reported, namely a Dispersion Shifted Fibre (DSF), two silica-based highly 

nonlinear fibres with different attenuation loss, a DCF and a highly nonlinear bismuth oxide fibre. 

The required fibre length L, average input power, energetic yield, output extinction ratio ERout - 

considering an input signal extinction ratio of -10 dB, are reported for the case of a B-type 

operating regime (except for Bismuth-oxide fibre, for which such a regime could not be achieved 
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as it was well beyond the upper limit to avoid adjacent pulse interaction). The corresponding 

regime for this case is thus type A, with a ρ figure of 0.005%. The contribution of the third order 

group velocity term was ignored in order to simplify the comparison. The incoming signal 

considered is a Pseudo-Random Bit Sequence (PRBS) RZ pulse train with a data rate R=40 Gb/s 

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

 

Fibre 
Type 

Chromatic 
Dispersion γγγγ    αααα    L 

Input 
Average 
Power 

ERout 
Energetic 

Yield 
N ααααLD 

 ps/nm/km /W/km dB/km m dBm dB -  dB 

 
DSF 

-7 1.8 0.2 402 32.9 -13.5 15.5% 6.45 0.32 

 
HNLF 1 

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

 
HNLF 2 

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

 
DCF 

-120 5 0.6 23 40.8 -13.6 15.8% 6.44 0.055 

 
Bismuth 

Oxide fibre 
 

-260 1100 900 15 24.0 -13.5 0.76% 9.46 38.7 

 

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

regime B except for Bismuth oxide fibre of which parameters corresponds to type A with ρρρρ=0.005%. 

 

A clear trade-off between fibre length/dispersion and the required input power budget is 

observed. Achieving compact devices therefore dictates the use of fibre with high dispersion 

values, such as DSF or DCF. On the contrary achieving good performance at practical power 

levels requires highly nonlinear fibres. However, as those fibres are usually designed to have low-
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dispersion values, several kilometres of highly nonlinear fibre are required and the corresponding 

optical regenerators would be more prone to be limited by Stimulated Brillouin Scattering [100] 

and likely more demanding in term of fibre homogeneity required. More interestingly the output 

extinction ratio is also slightly different and is dependent on the actual αLD considered: the higher 

the αLD, the smaller the extinction ratio improvement1. 

In [132], we propose to use a multi-segment fibre arrangement to overcome such observed 

limitations when using a continuous single fibre. This allows better management of the 

chromatic/nonlinear interaction along the regenerator length. We demonstrate that the proposed 

scheme allows a reduction in the length requirements and an increasing output extinction ratio for 

the same filter position. 

5. Conclusion 

In this chapter, I have reported my major contributions regarding the design of the Mamyshev 

optical regenerator in a single-channel configuration. Based on numerical modelling and 

consideration of the properties of the equations governing the propagation of optical pulses within 

nonlinear fibre, the complexity of the design is significantly reduced thanks to the definition of 

some normalized parameters. Such quantities allow one to relate the general physical fibre 

parameters with parameters derived from the power transfer function of the regenerator and the 

                                                 
1 This conclusion is however not applicable to Bismuth-Oxyde fibre as the operating regime 

corresponds to the A-type, so that the output extinction ratio is expected to be better than for 

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

dimensional representation using contour plots.  

We also demonstrated that it was possible to extend those scaling rules to the case in which the 

fibre attenuation needs to be taken into account. The experimental validation demonstrates a 

satisfactory agreement with the model. This validation emphasizes some of the important 

tradeoffs existing among the different types of highly nonlinear fibres, and how the chromatic 

dispersion and fibre losses impact on the scaling properties of the optical regenerator.  
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Chapter IV: Multi-channel 

2R-optical regenerator  

 

In this chapter, I review the solutions I have proposed to extend the optical regeneration scheme 

proposed by P. Mamyshev to the multi-channel environment. Taking benefit of the design rules I 

established for the single-channel case, two novel schemes are presented. A suitable mitigation of 

the inter-channel cross-talk generated within the nonlinear optical gate of the optical regenerator 

is achieved thanks to the introduction of a large walk-off between the optical channels under 

process. Using direction- and polarization- multiplexing, I show that up to 4 channels can be 

simultaneously regenerated within the same piece of highly nonlinear fibre. 

The chapter is divided into three sections. First, I examine the key aspects to be considered to 

extend the single-channel regenerator to a multi-channel case (not only from a cross-talk 

mitigation aspect but also in light of the conclusions found for the single channel design). From 

this analysis, several strategies to extend the single-channel scheme are then discussed. Following 

this review, I describe the two technical solutions I have implemented and analyse their principle 
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of operation and performance both from a theoretical and experimental point of view. In the last 

section, the experimental demonstration of simultaneous processing of 2x130 Gb/s channels 

within the same fibre is presented before concluding this chapter.  

 

The corresponding experimental results are reported in the following 4 papers C, D, E, and F. 

The complete reference of Publication C (see page 127), is: 

L.Provost, F.Parmigiani, C.Finot, K.Mukasa, P.Petropoulos, D.J.Richardson, “Analysis of a two-channel 

2R all-optical regenerator based on a counter-propagating configuration”,  Optics Express 2008 

Vol.16(3) pp.2264-2275. 

The complete reference of Publication D (see page 141), is: 

L.Provost, F.Parmigiani, P.Petropoulos, D.J.Richardson, “Investigation of simultaneous 2R 

regeneration of two 40 Gb/s channels in a single optical fibre” , Photonics Technology Letters 2008 

Vol.20(4) pp.270-272. 

The complete reference of Publication E (see page 143), is: 

L.Provost, F.Parmigiani, P.Petropoulos, D.J.Richardson, 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) pp.1676-1678. 
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The complete reference of Publication F (see page 145), is: 

F.Parmigiani, P.Vorreau, L.Provost, K.Mukasa, M.Takahashi, M.Tadakuma, P.Petropoulos, 

D.J.Richardson, W.Freude, J.Leuthold, “2R regeneration of two 130 Gb/s channels within a single 

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

 

*** 

 

1. Introduction 

1.1. Cross-talk mitigation strategies 

As previously described in the preceding chapter, the Mamyshev optical regenerator relies on the 

exploitation of the SPM generated due to the optical Kerr effect. The extension of this scheme to 

a multi-channel case consists in establishing a sustainable scheme for simultaneous processing of 

several optical channels within the same nonlinear gate. The design of the multi-channel 

regenerator must therefore provide a suitable mitigating scheme to limit the deleterious impact of 

inter-channel nonlinearities (XPM and FWM) as soon as a several optical channels are co-

propagating. 

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

engineering the chromatic dispersion map along the propagation path to ensure strong FWM 
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mismatch conditions and a fast walk-off between pulses to diminish the contribution of the XPM 

and aimed at ensuring that the pulses undergo a complete walk-though. 

The FWM interaction is efficiently decreased by cancelling the phase matching conditions 

between co-propagating signals, and is achieved by ensuring that propagating optical channels 

propagate at a different group velocity along the fibre and/or in different polarization states. 

Mitigation of the XPM is however more demanding. Similar to SPM, XPM results in an 

intensity-dependent nonlinear phase modulation on one optical pulse induced by a second co-

propagating optical pulse. The total amount of nonlinear phase shift added by the second pulse is 

thus dependent on the interaction time during which the two pulses are spatially overlapped, the 

intensity profile of the interacting pulses, as well as the polarization states of the two interacting 

channels. The nonlinear phase shift induced by the second pulse is at a maximum for linearly co-

polarized polarization states, and minimum when linearly cross-polarized [45]. For the co-

polarized case, the nonlinear phase shift induced by XPM is twice the SPM nonlinear phase shift 

for the same pulse intensity. For the Cross-polarised case, XPM still predominates over SPM but 

the ratio between XPM and SPM nonlinear phase shifts reduced to 2/3 (for the same pulse 

intensity). 

All of these aforementioned cross-talk effects directly impact the regenerator ability to exhibit a 

nonlinear power transfer function, because of the presence of large spectral distortions arising 

from large energy transfers and the generation of new frequencies. Consequently, large output 

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

synchronisation of the adjacent channel. 

Figure IV-1 depicts the variation of the power transfer functions of one optical channel when an 

additional second channel is fed into the regenerator. The parameters of the optical regenerator 

were set using the design rules proposed for the single-channel case, so that an optimal transfer 

function for the first channel is exhibited. The pulse width was Gaussian 8.25 ps for the two 

channels (Bit-slot duration Tb=25 ps). The interfering optical signal is arbitrarily formed of 

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

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

Several power TF are been reported for Channel 1, considering several values of initial delay 

between the two optical channels, as well as the position of the offset filter (either positively or 

negatively offset with respected to the incoming frequency carrier fcarrier1. The shapes of the 

computed Transfer Functions clearly demonstrate that the key regeneration requirements are 

completely lost for most of the cases (either power equalization 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 performance. Top: 

regenerator set-up considered for the modelling. Bottom: Comparison of the computed power TF 

for channel 1 as function of the output filter position F0, and the initial relative delay between 

Channel 1 and 2. Incoming power of Channel 2 remains unchanged and is set so that the marks 

input peak power corresponds to Ppin
1. The channel separation is set so that fcarrier2=fcarrier1+600 GHz. 
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As reported in Chapter II, several solutions based on dispersion managed solutions have therefore 

been proposed to mitigate the large inter-channel nonlinearities by providing a relatively complex 

set-up using either a multi-fibre assembly [96] or dispersion decreasing fibre [21]. One of the 

motivations of this work reported in this manuscript was to investigate whether it was possible to 

propose a scheme based on a single and continuous piece of 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 solutions can be proposed to extend the single channel 

optical regenerator to a multi-channel scheme either by decreasing the interaction time among 

pulses of adjacent channels and/or control of the polarization states of the individual channels. 

This approach implicitly assumes that a large statistical averaging effect shall take place so that 

interaction time between adjacent pulses is sufficiently reduced to minimize any pattern-

dependence on the spectral broadening and will consequently force a given pulse to interact with 

a large number of co-propagating pulses. 

The number of interacting pulses can be estimated by the walk-off rate W which represents the 

spatial separation rate at which two optical carriers moves away from each other while 

propagating within the optical fibre. Denoting the two optical carrier frequencies with ω1 and ω2, 

W is defined as the inverse of the group velocity difference ( ) ( )2111 ωβωβ −  and is expressed in 

km/ps. For convenience, a walk-off length LW can be defined as the spatial separation over a 

prescribed duration (for instance the pulse duration T0). LW is thus defined as:  
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Where ∆ω1-2 is the spectral separation between the two optical frequencies ω1 and ω2 

 

The smaller the LW, the faster the pulses are moving away from one another. From additional 

manipulation of Equation (IV-1), one can deduce Equation (IV-2), where the normalised length 

ratio L/LD has been introduced. 
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L
210 −∆≈ ω  (IV-2) 

 

The number of interacting pulses can be easily assessed using Equation (IV-2). Considering two 

33% duty-cycle RZ optical signals running at 40 Gb/s (T0=5ps) with optical carriers spectrally 

separated by 600 GHz, we obtained an L/LW ratio of 1.2*π when operating with a realistic L/LD 

figure of 0.2. This ratio corresponds to a walk-off rate W~19 ps/km. Such a value is undeniably 

small as compared to the corresponding bit-slot period (Tb=25 ps), and typical fibre lengths 

would lead to the same pattern-dependence on the power transfer function as highlighted in the 

previous part: one pulse would only interact with at most two pulses of the adjacent channels if 

the fibre is one kilometre long.  
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The same conclusion holds if the spectral separation is increased as illustrated in Table IV-1, in 

which we have reported the walk-off W expressed as a fraction of the bit-slot duration per km of 

fibre considering different carrier separations and bit-rates. 

From Table IV-1, the extension of the single-fibre arrangement of the Mamyshev regenerator 

within a single piece of fibre is therefore extremely limited due to the extremely low walk-off rate 

induced by the chromatic dispersion and the spectral separation of the channel. Owing to the 

scaling rules applicable to the single channel design rules, this conclusion holds whatever the 

dispersion value of the optical fibres used. 

 

Signal 
Bit-Rate 

Bitslot 
duration ΤΤΤΤ0000    

Walk-off 
rate for 

∆∆∆∆F=600GHz    

Walk-off 
rate for 

∆∆∆∆F=900GHz    

Walk-off 
rate for 

∆∆∆∆F=1200GHz    

Walk-off 
rate for 

∆∆∆∆F=1800GHz    

Walk-off 
rate for 

∆∆∆∆F=2400GHz    

Gb/s ps ps 
W/Tb 
(/km) 

W/Tb 
(/km) 

W/Tb 
(/km) 

W/Tb 
(/km) 

W/Tb 
(/km) 

 
40 
 

25.0 5.0 0.75 1.13 1.51 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 1.5 0.23 0.35 0.46 0.70 0.9 

 

Table IV-1: Walk-off rate as a function of the channel 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. 
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In conclusion, no sufficient averaging effect can be obtained to mitigate XPM-induced cross-talk 

simply by increasing the chromatic dispersion value of the fibre. The chromatic dispersion and 

walk-off rate must therefore be de-coupled to guarantee an efficient mitigation of the inter-

channel nonlinearities (arising from the walk-off rate) without compromising the role of the 

chromatic dispersion in the spectral broadening and subsequent power transfer function 

characteristics. 

2. Counter-propagating scheme 

In this part, I report the first mitigation scheme to enable processing of two optical signals within 

the same optical fibre. This scheme is referred to as the counter-propagating scheme and consists 

in propagating the two optical signals in opposite directions within the same optical fibre. In 

doing so, the walk-off rate is maximised - resulting in a very strong mitigating effect. 

I highlight however the presence of a new cross-talk source arising from the Rayleigh 

backscattering due to the counter-propagating signal. I numerically and experimentally assess the 

level of this new source of cross-talk and demonstrate that is sufficiently low so that no 

detrimental effect should be anticipated. 

The applicability of the scheme is experimentally demonstrated at various repetition rates ranging 

from 10 Gb/s through 40 Gb/s, and finally 130 Gb/s, taking benefit of the single-channel design 

rules. 
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2.1. Principle of operation 

Figure IV-2 depicts the regenerator set-up based on a counter-propagating architecture. The 

scheme has the same design complexity as the single-channel regenerator, and can be envisioned 

as the superposition of two single-channel optical regenerators with common input/output ports. 

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

signals. 

 

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

broadening and offset filtering. 

 

One major advantage of the approach relies in the high similarity that can be anticipated for the 

design, operating conditions and more generally performance as compared to the single-channel 

case. 
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An interesting feature here lies in the extremely high relative pulse walk-off as compared to the 

co-propagating case. Whereas the walk-off time between two optical frequencies arises from the 

difference between group velocities in the co-propagating case, the counter-propagating scheme 

permits one to benefit from the summation of the group velocities. Given the small contribution 

of the chromatic dispersion to the group velocity, a complete de-correlation between the walk-off 

time and the chromatic dispersion is achieved, and W reduces to: 
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Where neff is the effective index of the fundamental mode at frequency ω1. 

 

For silica-based fibres (neff~1.45 at 1550 nm), the expected walk-off rate W is effectively 

10 ns/m, whatever the channel separation. As compared to the co-propagating case (typical value 

of ~20 ps/km for a 33% RZ signal operating at 40 Gb/s), the walk-off rate is therefore increased 

by a factor of 5.105! 

Such an arrangement is straightforward to propose. Even though a maximum number of just two 

optical channels can be processed, the scheme has some benefit - mostly arising from the 

possibility to independently operate the two optical channels taking into account the spectral 

properties of the HNLF and the single-channel design. 
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This solution is highly similar to the dual-stage single channel Mamyshev optical regenerator 

incorporating a bi-directional scheme as reported in [133]. The second regenerator was indeed 

implemented by counter-propagating the output signal of the first regenerator stage within the 

same fibre, to provide wavelength-conversion free operation.  

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

optical channels 

Two experimental set-ups were investigated resulting in two sets of results achieved at 10 Gb/s 

and at 40 Gb/s. The first set-up was used to experimentally assess the cross-talk level arising from 

the Rayleigh backscattering (as shown in Figure 5 of Publication C) and the second to 

demonstrate the feasibility of the scheme in a case employing a realistic 25% duty cycle optical 

pulse train running at 40 Gb/s and to confirm the absence of any deleterious inter-channel cross-

talks (see Figure 1 of Publication D). 

The two experiments used the same operating conditions for the channel allocation and offset 

filter positions: the two channels were separated 5 nm apart, and the positions of the offset filters 

were set so that the initial carrier wavelength separation was preserved as reported in Figure 1 of 

Publication D. 

The experimental assessment of the regenerating characteristics was conducted by measuring the 

static power TF function of the two channels in the absence and the presence of the interfering 

channel. The average input power of the interfering channel was set in order to operate on an 

appropriate portion of the corresponding TF for the mark pulse level. Results are reported in 

Figure IV-3 with corresponding nominal input power for the mark pulse levels of P1 and P2. 
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Some differences in the TF shapes of the two channels are observed, and are attributed to the 

difference in the respective pulse durations used for the two channels, as well as a slight 

additional contribution arising from the different chromatic dispersion value at the two input 

carrier wavelengths. 

No differences in the static power TF functions were observed in the presence or absence of the 

interfering channel, which confirms that the spectral broadening was not perturbed by inter-

channel nonlinear effects. However at low input power, a constant output levels was achieved for 

the TF in the presence of the interfering channel, and resulted in a decrease in the maximum 

output extinction ratio as compared to the single-channel case. For the 40 Gb/s experiment, the 

reduction is however limited for the second Channel, as the output extinction ratio is slightly 

reduced to 31.2 dB – as compared to an initial value of 34.8 dB for an initial input extinction ratio 

of 10 dB as reported in Figure IV-3. 
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Figure IV-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 (channel OFF) of the counter-propagating signal.  

 

Finally, the performance was confirmed with Bit-Error Rate (BER) measurements. No significant 

deterioration associated with this output extinction ratio decrease was observed. As compared to 

the single-channel case, a power penalty of less than 0.1 dB at a BER=10-9 was reported at the 

output of the optical regenerator for the two channels (as reported in the BER plot in Figure 4(a) 

of Publication D). These results confirm i) the absence of excessive inter-channel nonlinearities 

within the HNLF, and ii) the absence of significant degradation resulting from the presence of the 

power floor level due to Rayleigh scattering from Channel 2.The reshaping capacity of the optical 
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regenerator in a dynamic environment was not studied due to the lack of realistically degraded 

optical signals. It was however anticipated that the performance would have been highly similar 

to the single-channel case. 

The origin of the power floor at low input power levels can be attributed to an additional spectral 

contribution arising from the backscattering of the counter-propagating signal along the HNLF 

fibre because of Rayleigh backscattering [134]. In Figure IV-4(a), we report the difference in the 

various spectra that was observed at one end of the HNLF fibre. Depending on the spectral 

allocation and offset filter position, we highlight that a fraction of this backscattering signal can 

fall within the filter bandwidth and results in the presence of a constant power floor on the power 

TF. 

The detailed analysis of this cross-talk constitutes the second contribution of this study and 

theoretical details as well as modelling consideration are reported in Section 3 of Publication C. 

As depicted in Figure IV-4(b), the corresponding spectral extent of the backscattered signal 

exhibits a dependence on the average input power of the signal. As expected, the strength of the 

contribution of the backscattered signal has a strong dependence on the fibre scattering 

properties, the operating parameter settings (fibre properties, length, and input power) and the 

wavelength separation of the incoming channels. Much attention is therefore paid to the 

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

impact on the output-extinction ratio with respect to the operating parameters. I proposed a 

numerical model, which allows computation of the backscattered spectrum. Excellent agreement 

between the numerical model and experimental data was achieved. For the considered fibre, the 
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backscattering level was found to be approximately 30 dB below the transmitted signal when 

considering the operating parameters of the 40 Gb/s experiment.  

 

Figure IV-4: (a) Spectra measurement at the Channel 2 output port of the backscattering 

contribution of Channel 1 alone, of the Channel 2 only spectrum and when both channel are 

present. The grey-shaded area, represent the optical filter position and bandwidth (δλδλδλδλ=2.8 nm). 

Modelled Rayleigh backscattering and SPM spectra are reported. (b) Influence of the input peak 

power of a PRBS sequence of marks pulses on the Rayleigh backscattering spectra. Experimental 

data correspond to the 10 Gb/s experiment. 

 

2.3. Conclusion 

In the previous section, we have examined the possibility to use a counter-propagating scheme to 

simultaneously regenerate two optical channels within the same optical fibre. The scheme is 

highly efficient to mitigate the inter-channel nonlinearities by maximising the walk-off between 

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

channel case. 

The scheme introduces another source of cross-talk arising from the Rayleigh backscattering 

contribution that is of a much higher level in HNLF fibre as compared to standard fibre. The 

impact of the contribution was nevertheless found not to introduce any significant performance 

deterioration as compared to the single-channel case for the reported operating parameters 

settings. 

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

isolation. 

3. Polarization-multiplexing scheme 

In this section, we report the second scheme we have proposed to simultaneously process 4 

channels within the same piece of optical fibre. The principle of the scheme is to co-propagate 

two linear cross-polarized polarized channels within a Polarization-maintaining highly nonlinear 

fibre (PM-HNLF). The scheme takes benefit from the differential group delay (DGD) existing 

between the two polarization fibre axes to provide a rapid walk-though of the channels and a 

sufficient mitigating effect. By adding to this scheme the counter-propagating approach 

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

Based on modelling work, the existence of a minimum DGD value was identified that allowed 

sufficient mitigation of the inter-channel nonlinearities for the co-propagating channels. 
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Finally, we experimentally demonstrated the possibility to simultaneous process 4 channels at 10 

Gb/s using a PM-HNLF prototype gratefully provided by the Furukawa Electric Company. 

3.1. Principle of operation 

The rationale of the scheme takes benefit from the dependence of the cross-modulation strength 

versus that of SPM on the polarization states of co-propagating pulses [45, 135]. The most 

deleterious case corresponds to linear and co-polarised beams for which XPM is maximised and 

is two-fold higher than the SPM term [45, 124] – in absence of any walk-off contribution. 

Conversely the XPM contribution is minimum for linear and orthogonal polarization states 

leading to a three-fold reduction of the XPM non-linear phase as compared to the linear co-

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

Figure IV-5 depicts the schematic of the proposed implementation, and relies on the use of a 

polarization maintaining (PM) fibre. Aligning the polarization states of the incoming channels 

onto the neutral axis of the PM fibre ensures that the polarization states of the incoming channels 

are preserved during propagation along the fibre. Polarization beam combiners are used to feed 

(and extract) the orthogonal linear polarization components and align the input state of 

polarization onto the polarization axis of the fibre. 
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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-induced cross-talk might not be sufficient to 

satisfactorily mitigate the inter-channel nonlinearities, the additional mitigating effect stemming 

from the DGD between the axes of the PM fibre can also be exploited. This DGD arise from the 

anisotropy of the spatial refractive index profile of the fibre resulting in different group velocities 

between the two fibre axes that one distinguishes as a fast and a slow axis. The DGD per length 

unit is expressed from the birefringence parameter B and the light velocity c: 
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Where: nslow and nfast are the effective indices of the optical eigen-modes along the fast and slow 

axes of the fibre at frequency ω. 
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With typical birefringence B values ranging from 10-4 up to 10-3, the corresponding DGD ranges 

from a few tenths ps/m up to 3.5 ps/m. These values are more than two orders of magnitude 

higher than the typical value 25 ps/km arising from the 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 minimum DGD value required to limit XPM-induced 

output fluctuations on the power transfer function, especially at low input power. As the 

nonlinear pulse propagation requires a vectorial solution of the NLSE, these studies were 

completed using a commercial software: VPItranmission from VPI photonics [136]. 

Figure IV-6 (a) depicts the system investigated. The parameters of the PM-HNLF are reported in 

Table IV-2. The operating parameters of the regenerator were set so that the power TF of Figure 

IV-6 (b) is obtained for Channel 1 in the absence of the interfering Channel 2. The input pulse 

width was 8.25 ps and output filter offset was -0.8 nm. The output power fluctuations at position 

A along the TF was then computed in the presence of Channel 2 which was cross-polarised 

relative to Channel 1. The optical signal consisted of alternating marks and spaces for which the 

average power was set to correspond to the input power of point B (1.5 W peak power). Figure 

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

delay τ0 between the two channels and the fibre birefringence B. 
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Figure IV-6: (a) Schematic used for the numerical modelling (with initial delay ττττ0>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 point B. (c) Influence of birefringence on the TFs 

variation obtained at point A of the TF (b) as a function of the initial delay ττττ0000     (pulse peak power of 

interfering channel set at 1.5 W). Variations are computed from the single-channel scenario (i.e. in 

the absence of the interfering channel). 
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Fibre 
Type 

Chromatic 
Dispersion 

Chromatic 
Dispersion 

slope 
γγγγ    αααα    L 

Effective 
length Birefringence 

Extinction 
Ratio 

 ps/nm/km ps/nm²/km /W/km dB/km m m - dB 

 
PM-

HNLF  
 

-4.2 0.0046 20 3.2 1,000 707.4 6.9 10-4 
30 

(/100m) 

 

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

(Values are reported at 1550 nm). 

 

It is clear that increasing the birefringence (and equivalently the DGD) decreases the sensitivity 

to XPM-induced cross-talk and also diminishes the dependence on the initial temporal delay 

between channels. For the worst- case scenario that corresponds to when the output power 

fluctuation are maximum (τ0~2 ps), a minimum birefringence B  value of 3.9 10-4 (DGD value of 

~1.3 ps/m) is required to limit the XPM –induced output power fluctuations to within +/- 10% at 

input power A as compared to the single channel case. 

3.3. Experimental demonstration at 4x10 Gb/s 

The scheme was experimentally assessed by considering 4x10 Gb/s channels case. A suitable 

fibre with a birefringence value as high as 6.9 10-4 was provided by Furukawa Electric Company. 

The fibre combined the structure of a PANDA fibre with an 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 1550 nm, a huge mitigating effect was expected. 

The fibre parameters were appropriate to set-up a device with equipment available in the 

laboratory considering an output filter detuning of -0.8 nm. The optical power budget was 

nevertheless very tight when considering all of the contributing optical losses brought by the 

different optical components. This explains why we 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 IV-7. Four 10 Gb/s channels were employed, 

allocated using a 600 GHz channel grid. The channel allocation to feed the two fibre ports was 

not symmetrical: the two inner carrier wavelengths channels were fed into the same port, whereas 

the two remaining channels were fed to the second fibre port. This was done to allow the study of 

closely spaced co-propagating channels. As the clock signal used to generate the pulse pattern 

was the same for the four channels, optical delay lines were employed to control the relative 

temporal delay between the co-propagating channels. By setting the optical delay lines, it was 

possible to operate in the worst-case scenario regime to ensure and maximize adjacent pulse 

interaction. The optical delay lines were adjusted to exacerbate the spectral distortions at the 

output of the fibre when the two co-propagating channels were co-polarized on the same 

polarization axis of the PM-HNLF. 
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Figure IV-7: Schematic of the experimental set-up used to simultaneously process 4x10 Gb/s 

channels within the PM-HNLF. 

 

Similar to the counter-propagating approach, the proposed scheme was assessed by successive 

characterization of the static power TF in the presence and in the absence of an interfering 

channel, and finally through BER measurements. A power penalty (as low as 0.1 dB) as 

compared to the back-to-back is reported for the 4 channels. By selecting a sub-optimum 

modulation bias current at the transmitter, an artificial degradation of Channel 3 was achieved. 

The regenerator showed good performance and demonstrated that up to 1.8 dB power penalty 

could be compensated for in the presence of the three interfering channels (as reported in Fig.5 of 

publication E). 
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3.4. Conclusion 

In this section, we have examined the possibility to use a polarization multiplexing scheme to 

simultaneously regenerate two co-propagating optical channels within the same optical fibre. By 

exploiting the huge DGD values existing between the two polarization axes of a PM-HNLF, we 

were able to demonstrate the applicability of the scheme and demonstrate that excellent 

mitigation could be obtained by exploiting the polarization walk though and DGD to minimize 

inter-channel cross-talk. 

By combining this scheme with the counter propagating solution, a maximum number of 4 

channels can be simultaneously processed within the same piece of optical fibre. I experimentally 

demonstrated the applicability of the scheme in a 4x10 Gb/s transmission experiment. 

 

4. Experimental demonstration for 2X130 Gb/s channels 

In the framework of the European project, the counter-propagating scheme was implemented in 

the final demonstrator of the optical grooming switch. The optical regenerator demonstrated the 

processing of two 130 Gb/s optical channels. 

The experimental results are reported in the last Publication F given at the end of this manuscript 

(see page 145), and are published under the following reference: 
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F.Parmigiani, P.Vorreau, L.Provost, K.Mukasa, M.Takahashi, M.Tadakuma, P.Petropoulos, 

D.J.Richardson, W.Freude, J.Leuthold, “2R regeneration of two 130 Gb/s channels within a single 

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

Thanks to the low chromatic dispersion exhibited by the HNLF fibre, a power budget of ~25dBm 

was necessary for each channel. Because the two channel separation was large as compared to the 

output filter detuning (2 nm), no degradation due to the Rayleigh backscattering was reported on 

the BER measurement. Since the separation between the two channels was 14 nm, an HNLF 

having a reduced chromatic dispersion slope was required to limit the spectral asymmetry in the 

broadened spectra of the two channels. The HNLF used in the experiment was gratefully 

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

 

Fibre Type Chromatic Dispersion 
Chromatic Dispersion 

slope γγγγ    αααα    L Effective length 

 ps/nm/km ps/nm²/km /W/km dB/km m m 

 
HNLF 
 

-0.31 0.0031 22 1.21 310 297 

 

Table IV-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 possibility to extend the SPM spectral broadening and 

offset filtering-based optical 2R regenerator so that several channels can be processed within the 

same piece of fibre. First I have reviewed the various sources of cross-talk and how they impact 

the reshaping performance of the regenerator. Using the design rules derived for the single-

channel case, it was then demonstrated that a substantial decrease in the nonlinear interactions 

between co-propagating adjacent pulses could be obtained by changing the walk-off rate in a 

single piece of fibre in the normal dispersive regime. 

I therefore proposed to implement a counter-propagating scheme allowing the processing of two 

optical channels. Doing so, an additional source of cross-talk due to Rayleigh backscattering was 

observed. The cross-talk level was sufficiently low to ensure that the scheme was still applicable. 

However, based on modelling work, we calculated how this Rayleigh scattering was expected to 

scale with respect to the operating parameter of the optical regenerator and the signal bit rate. 

I proposed to use polarization multiplexing to double the processing capacity thanks to a PM-

HNLF, in which co-propagating channels are cross-polarized and aligned on the orthogonal 

polarization axis of the fibre. Numerical modelling work demonstrated the applicability of the 

scheme at 40Gb/s. Because of the relative high chromatic dispersion of the available fibre, the 

power budget was limited so that only a 4x10 Gb/s experiment was demonstrated. 

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

optical signals within the same optical fibre using the counter-propagating scheme. 
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Chapter V:  Conclusions 

and future directions 

 

1. Conclusions 

All-optical regeneration allows for flexible optical-signal processing by manipulating and 

restoring the signal quality directly in the optical domain as compared to the conventional 

approach of O/E/O circuits, which involves processing the signal in the electrical domain and 

requires pre- and post-optoelectronic conversion. Numerous optical regeneration schemes have 

been proposed and experimentally demonstrated over the last decade, but only a few addressed 

the scalability issue when numerous optical WDM channels are to be processed and which 

restricts the practical benefits of the all-optical regeneration techniques. 

In this thesis, we have investigated several solutions to extend one particular all-optical 2R 

regenerator to operate in the multi-channel regime. The work proposed in this thesis was thus 

divided into several parts. First, the single channel 2R all-optical regenerator proposed by 

P. Mamyshev has been studied allowing one to derive some scaling rules linking the physical 

parameters of the optical regenerator parts to the optical performance and regeneration output 
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characteristics. The study permits an assessment of the roles of each physical parameter defining 

the nonlinear gate (i.e. chromatic dispersion, nonlinear coefficient and optical loss). Doing this, 

the design of the optical regenerator was drastically simplified. 

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

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

The first scheme consists of counter propagating two optical signals within the same fibre and is 

highly similar to the bi-directional architecture of the single channel regenerator reported in 

[138]. The second scheme exploits the reduction of the inter-channel cross-talk arising from the 

differential group delay-induced walk-off between two co-propagating signals in a polarization-

maintaining highly nonlinear fibre. The combination of the former and latter schemes allows up 

to 4 optical channels to be processed within the same optical fibre. 

For each of the mitigating schemes reported in this work, I report that the inter-channel cross-talk 

was indeed sufficiently mitigated allowing the signal to be processed as in the single-channel 

case. An additional cross-talk source arising from the Rayleigh backscattering was identified and 

found not to be highly problematic for the reported experimental configurations and signal bit-

rates. 

The main advantages of the bi-directional and polarization multiplexing schemes is that they 

exhibit a high similarity and therefore should demonstrate similar performance as for the 

corresponding single-channel case, even if no experimental checking has been done using 

realistically degraded optical signals. The proposed approach has thus been implemented in the 

framework of the European Project TRIUMPH to process 2x130 Gb/s channels. We believe this 
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approach is easier in term of optical design as compared with other unidirectional schemes [96, 

98, 99, 139]. The unidirectional scheme on the other hand, benefits from not imposing any hard 

limits on the maximum number of channels, but is extremely difficult to scale up as the bit-rate is 

increased due to the limitations caused by the inter-channel XPM. 

2. Future directions 

The proposed solutions offer varying degrees of resilience to nonlinear cross-talk and differing 

operational advantages/drawbacks. From a practical and cost perspective, co-propagating 

schemes are likely to be preferable, although the operation of such systems at very high bitrates 

(>100 Gb/s) has still to be demonstrated. It is also to be appreciated that the best choice for a 

given transmission system will depend on the detailed nature of the impairments – for example 

the final answer may be different depending on whether the system is OSNR or nonlinearity-

limited. Such questions have been considered in the case of single channel devices, but similar 

considerations in the multi-channel case are still limited. Among the critical issues we have 

identified in our work is the sensitivity of SPM-based schemes to input pulse duration/shape and 

which may dictate the need for dynamic devices capable of conditioning the individual channels 

at the regenerator input (e.g. chirp compensation, variable optical attenuation and pre-filtering). 

However, whatever the ultimate solution, the scope for scaling to higher channel counts is 

intrinsically limited by the requirement for large inter-channel spacing in order to accommodate 

the necessary spectral broadening.  

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

process very high-bit rate channel as compared to conventional electronics circuits, the large 
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scale adoption of such all-optical technologies still remains limited, mostly because of their 

inability to cope with high-channels count systems and also field-related issues (device footprint, 

system stability, reliability). The development of more compact optical nonlinear gates driven 

either by optical chip concepts with nonlinear glass substrates [140], or with the development of 

new highly nonlinear media suitable to operate at high bit-rate [141], could eventually bring 

benefit to all-optical applications technologies. 

Addressing the simultaneous processing of all-optical regeneration of phase-encoded signals 

could also be beneficial as such modulation format are envisaged with great interest for next-

generation high capacity transmission systems. 
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This paper was published in Optics Express and is made available as an electronic reprint 
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Systematic or multiple reproduction or distribution to multiple locations via electronic or 
other means is prohibited and is subject to penalties under law. 

 

 



 

 



Publication A 111 

 

 



112 Publication A 

 

 



Publication A 113 

 



114 Publication A 

 



Publication A 115 

 



116 Publication A 

 



Publication A 117 

 



118 Publication A 

 



Publication A 119 

 



120 Publication A 

 



Publication A 121 

 



122 Publication A 

 



Publication A 123 

 



124 Publication A 

 



 

125 

 

 

2. Publication B 

 

Publication B was published under the following reference: 

L.Provost, C.Finot, K.Mukasa, P.Petropoulos, D.J.Richardson, “Generalisation and experimental 

validation of design rules for SPM-based 2R-regenerators”, Optical Fiber Communication conference 

(OFC 2007), 25-29 Mar 2007, OThB6. 
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