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In this work, we present an original method to generate optical pulse trains with random time-

interval values from incoherent broadband sources. More precisely, our technique relies on the 

remarkable properties of a line made of cascaded SPM-based optical regenerators. Depending on 

the regenerator parameters, various regimes with noticeably different physical behaviors can be 

reported. 

 

 
OCIS codes: (190.5530) Pulse propagation and solitons; (190.3100) Instabilities and chaos; 

(070.4340) Nonlinear optical signal processing; (320.7140) Ultrafast processes in fibers. 



1. Introduction 

Over the past years, optical transmission systems enabling very high bit rate operations 

(160 Gbit/s and beyond) have undoubtedly focused much attention from many research groups. 

Alleviating the absence of high-bandwidth electronics at such repetition rates, all-optical 

techniques have been proposed as a viable alternative solution for signal processing. In 

particular, all-optical fiber-based regenerators relying on four-wave mixing [1], self-phase 

modulation (SPM) [2], non-optical loop mirrors optical switch [3] or similariton formation [4] 

have been reported. In essence, optical regenerators allow discrimination between high power 

signal and low power noise thanks to the Kerr nonlinearity, whereas dissipation allows useless 

optical energy to be rejected from the system. Among the various regenerators reported in the 

literature, the scheme introduced by Mamyshev in Ref. [2] appears as the most robust to 

simultaneously offer noise suppression in empty bitslots and power equalization on the ones 

pulses of return-to-zero sequences. Basically, the principle of the Mamyshev’s optical 

Regenerator (MR) relies on the SPM-induced spectral broadening of the degraded signal 

followed by a subsequent offset spectral filtering. Given the ease of implementation, numerous 

works have focused their attention on the performance of such regenerators to efficiently restore 

the quality of corrupted data streams for telecommunication applications [2, 5-7]. 

 

In this work, we adopt a rather different perspective which allows us to highlight original and 

fundamental properties of MRs. More precisely, we study the long-term evolution of light by 

considering the propagation in a line made of a large number of concatenated double-stage MRs, 

thus focusing our attention on the asymptotic resulting properties of such an arrangement. In a 

first part, we describe the regenerator line under consideration and report the existence of 



particular eigenpulses preserving both phase and intensity profiles along the line. In a second 

part, we take benefit of this remarkable property to generate randomly distributed pulse trains 

from an incoherent light source. Finally, for some suitable sets of parameters, we demonstrate 

that the cascaded MRs can support multiple eigenpulses and even limit-cycles. 

 

2. Principle 

The system under consideration (Fig. 1a) is formed by the concatenation of N identical 

elementary optical blocks. Each elementary block comprises two distinct MR stages. In a first 

time, light undergoes a large spectral broadening in a highly nonlinear normally-dispersive 

optical fiber due to the SPM. A detuned optical band-pass Gaussian optical filter (OBPF 1 in Fig. 

1a), centered around ω0 + Ω, is then employed to carve into the spectrum. The shift of the OBPF 

central frequency washes out from the system a large part of the energy. As a result, only high 

peak power pulses which have undergone spectral broadening during the propagation can 

transmit a part of their energy after filtering. The system is thus intrinsically strongly dissipative. 

An intermediate optical amplifier compensates for the loss inherent to the described process and 

boosts the output power to an adequate level for the next MR. The second stage operates in a 

similar way as the first stage, except that the optical filter (OBPF 2 in Fig. 1a) is now centered 

around the initial frequency ω0 and ensures a transparent operation for the whole optical 

block [8]. Following the proposed implementation, evolution of light along the optical system 

was modelled by numerically solving the following nonlinear Schrödinger equation : 
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where u is the slowly-varying envelope of the electric field, β2 is the second-order dispersion 

parameter and γ  the nonlinear coefficient. For the sake of simplicity, we do not incorporate noise 

from the amplifier and fiber losses in our model. 

 

Fig. 1. (a) Schematic diagram of the regenerator line. OBPF : Optical Band-Pass Filter, EDFA : 

Erbium Doped Fiber Amplifier. (b) Eigenpulse intensity (solid line) and phase (dashed line) 

profiles for configuration P1. (c) Asymptotical state of a Gaussian pulse propagating in the line 

as a function of its initial width and peak power. White-shaded area: the pulse converges 

towards the eigenpulse, black-shaded area: the pulse is attenuated and finally suppressed. 

 

3. Existence of eigenpulses 

Before studying the propagation of an incoherent wave in the regenerator line, some physical 

insights could be gained by considering the asymptotic evolution of a single Gaussian pulse in 

the system. For instance, we consider a chain comprising regenerators of which parameters 



follow the configuration P1 from Table I. Following the results from Ref [5], this configuration 

corresponds to a monotonic transfer function exhibiting a constant output power (plateau) over a 

large input power range. 

 

TABLE I : Parameters of the different configurations 

Configuration Fiber Length L Dispersion D Frequency Offset Ω EDFA Gain G 

P1 1240 m - 5 ps/nm/km 150 GHz 10.6 dB 

P2 413 m - 5 ps/nm/km 80 GHz 7 dB 

P3 2000 m - 0.8 ps/nm/km 100 GHz 9 dB 

P4 1000 m - 0.5 ps/nm/km 90 GHz 9 dB 

 

For this configuration and depending on the characteristics of the input pulse (full width at half-

maximum temporal width and peak power), we found that a Gaussian pulse propagating in the 

regenerator chain can converges towards two well-defined states. The first state corresponds to 

the absence of light, demonstrating that the propagating pulse is progressively attenuated, and 

eventually completely suppressed. The second state corresponds to a pulse of determined 

intensity and phase profiles (see Fig. 1b). More interestingly, we observe that this particular 

pulse is left unaffected after propagation into an elementary block. Consequently, this stable 

solution is denoted as eigenpulse by a direct analogy with linear algebra. It is worth noting that 

the eigenpulse shape and width are mainly imposed by the filter shape and bandwidth [6], 

whereas the spectral chirp results from the nonlinear propagation along the optical fibers [5]. The 

convergence dynamics towards the two possible states is illustrated in Fig. 1c in which basins of 

attraction corresponding to the system have been plotted as a function of the initial parameters of 

the input Gaussian pulse. The white-shaded area corresponds to an attraction towards the 



eigenpulse of the line whereas the dark-shaded area represents the state for which pulse is 

suppressed. 

 

Fig. 2: Evolution of an incoherent wave with the parameters of configuration P1. (a) input, (b) 

for N =2, (c) N=30. 

 

4. Generation of random-time pulses sequences 

We consider now the evolution of an incoherent wave which slowly varying amplitude is 

assumed to be a stochastic field of zero mean, obeying Gaussian statistics. The spectral 

bandwidth of this incoherent source was fixed to 80 GHz, corresponding to a coherence time in 

the order of 12.5 ps. From an intuitive point of view, we can expect that the propagation of such 

a multiple peaked structure in the line would asymptotically result in the vanishing of the portion 

of the signal exhibiting small peaks, whereas convergence towards an eigenpulse can be 

anticipated for higher peaks. This process is illustrated in Fig. 2 where we have plotted the 

evolution of an incoherent input signal (Fig. 2a) when few cascaded stages were considered. As 

expected, and for only N=2 (Fig. 2b), a sequence of picosecond pulses of nearly similar shape is 

observed. By increasing N, we can furthermore check that each outgoing pulse matches the 

eigenpulse associated to the line (e.g. N=30, Fig. 2c). It is understandable that the number and 



the temporal localization of the output pulses are intrinsically seeded by the initial random 

process associated to the input incoherent signal, and thus they are highly erratic. 

 

At this stage, we would like to emphasize that the operating regime of the optical regenerator, or 

equivalently the fiber parameters and the offset filter position, have a substantial influence on the 

asymptotic evolution of the propagating input signal. To illustrate this point, we consider the 

parameters of the configuration P2 given in Table I. This regenerator line approximately exhibits 

the same eigenpulse as the configuration P1 but differs by a different power transfer function 

with a non-monotonic evolution. As a result, the basin of attraction obtained for an incident 

Gaussian pulse differs significantly from the one obtained with the first configuration (Fig. 3a): 

we observe the existence of two distinct narrow areas to be compared with a much larger domain 

for configuration P1. Consequently for the same input incoherent wave, a reduced number of 

pulses is generated, as illustrated in Fig. 3c. 

 

 



Fig. 3. (a) and (b) Asymptotical states of a Gaussian pulse propagating in the line as a function 

of its initial width and peak power for configurations P2 and P3. (a): White-shaded area: the 

pulse converges towards the eigenpulse; black-shaded area: the pulse is attenuated and finally 

suppressed. (b): White-shaded area: the pulse converges towards the second eigenpulse, gray-

shaded area: the pulse converges towards the first eigenpulse and for black-shaded area: the 

pulse is attenuated and finally suppressed. (c) and (d): Asymptotic pulse trains for configurations 

P2 and P3. (e): Evolution of the different eigenpulse peak powers as a function of the dispersion 

parameter D for the configuration P3. 

 

5. Multiple eigenpulses and limit-cycles 

For other suitable sets of parameters, we have also observed that the regenerator line reveals 

more complex behaviors, such as the existence of multiple eigenpulses and limit-cycles. For 

instance, looking at the evolution for the configuration P3 in Table I, two distinct eigenpulses co-

exist in the system with respective peak powers of 3.7 W and 4.2 W. When considering an input 

Gaussian pulse, the convergence towards one of the two invariant solutions or towards a 

suppressed state is highly dependent on the input pulse characteristics as depicted in the contour 

plot in Fig. 3b. We observe a multiplicity of basins of attraction for the three possible states 

forming a complex pattern associated with the formation of the 3.7 W peak power eigenpulse 

(gray-shaded areas), or 4.2 W peak power eigenpulse (white-shaded areas), or alternatively to the 

absence of light (black-shaded areas). Similarly when an input incoherent wave is considered, an 

asymptotical evolution towards a pulse stream exhibiting a random combination of the two 

eigenpulses is observed (see Fig. 3d).  



At this point, we would like to emphasize that the number of attractors, and thus the possibility 

to observe chaos in the system, depends on the ratios between the different parameters defining 

the system. To illustrate this property, we consider now the configuration P3 and study the long 

term evolution of a given incoherent wave for different values of the dispersion parameter D 

ranging between -1.5 ps/nm/km and 0 ps/nm/km. The peak power values of the multiple 

eigenpulses that coexist in the system are reported in Fig. 3e as a function of the dispersion 

parameter D. For high dispersion values, the system converges towards a single well-defined 

eigenpulse. As the dispersion decreases, many bifurcations occur and the number of eigenpulses 

significantly increases. Finally, for very small values of D, a large number of attractors coexist 

and the system presents a chaotic behaviour. 

 

Now, we would like to report a particular case for which a propagating pulse can evolve 

following a limit-cycle trajectory comprising a plurality of eigenpulses. Taking for example the 

parameters of the configuration P4 from Table I, we demonstrate that the corresponding 

cascaded MRs can support a limit-cycle made of three eigenpulses respectively denoted Pulse A, 

B, and C plotted in Fig. 4a-c. After each elementary MRs block, an A-type input pulse is 

transformed into a B-type, a B-type into a C-type, and eventually a C-type into an A-type, so that 

the limit-cycle takes the form: [Pulse A � Pulse B � Pulse C � Pulse A � …]. It is worth 

noting that a longer limit-cycle made of four elements can be also observed for the same 

configuration. 

When an incoherent input wave is injected in this system, the two co-existing limit-cycles 

promote the apparition of a stream made of multi-level amplitude pulses which is function of the 

number N. This behaviour is represented in Fig. 4 which shows the evolution of an initial 



incoherent wave (Fig. 4d) into a sequence of pulses with multiple peak powers (Fig. 4e and 4f). 

Note the difference in the sequence when an additional elementary block is added. 

 

 

Fig. 4. (a), (b), and (c) represent intensity and phase profiles of the pulses constituting the limit-

cycle. The pulses peak powers are 5.51 W, 4.39 W, and 8.35 W, respectively. (d) Input 

incoherent sequence. (e) Pulse train for N=299 trips and (f) pulse train for N=300.  

 

 

5. Conclusion  

In this work, we have used a novel approach to highlight original properties of all-optical 

regenerators based on self-phase modulation and subsequent spectral filtering. It results that such 

regenerators can be used to generate random sequences of optical pulses from an incoherent 

wave. This behaviour, which could find applications in the field of random processes generation, 

is related to the existence of eigenpulses which can propagate unchanged through the regenerator 

line and act as attractors for the incoming pulses. We anticipate that this last property could be of 



a particular interest for the design and optimisation of double-stage Mamyshev’s optical 

regenerators for optical telecommunications. 

By changing the regenerator parameters, we also report the existence of multiple eigenpulses and 

limit-cycles. Finally, we expect from these results that Mamyshev’s regenerators are likely to act 

as efficient nonlinear gates in fiber cavity lasers, and thus become a novel method to achieve 

passive mode-locking. 

 

We would like to acknowledge Dr. P. Petropoulos and Prof. D.J. Richardson (Optoelectronics 

Research Centre, Southampton, UK) for fruitful discussions. 
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